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The application of supramolecular concepts such as self-
assembly to the solid state offers an approach to crystal design
and crystal engineering, namely supramolecular synthesis of
solids, that is based upon the design of infinite networks. Self-
assembly of more than one molecular component, modular self-
assembly, is particularly attractive since it can be accomplished
in one-pot reactions with existing molecular components and
allows for facile fine-tuning of structural and functional
features. The challenges and opportunities that face crystal
engineering are illustrated by concentrating on the super-
structural diversity that has been exhibited in 2D network
structures. Despite the observed superstructural diversity,
which can manifest itself in the form of supramolecular
isomerism, and the range of molecular components that have
been utilized, these structures have in common an inherent
ability to mimic clays by intercalation of guest molecules.

From molecules to crystal engineering and design
That the physical and chemical properties of crystalline solids
are as critically dependent upon the distribution of molecular
components within the crystal lattice as the properties of its
individual molecular components has provided impetus for
research into crystal design and engineering. In such a context,
it is probably more than coincidental that the late 1980s
represents a watershed for research in this area. A provocative
statement by Maddox1 highlighted the issue as follows: ‘One of
the continuing scandals in the physical sciences is that it
remains in general impossible to predict the structure of even
the simplest crystalline solids from a knowledge of their

chemical composition’. It is reasonable to assert that Maddox’s
statement still holds true, especially for organic solids. Never-
theless, it has not precluded a seemingly exponential growth in
research activity devoted to the subjects of crystal design and
crystal engineering. This should be unsurprising since the
implications of crystal engineering go beyond materials science.
Indeed, the term crystal engineering was first coined in a
contribution by G. M. J. Schmidt concerning the subject of
organic solid-state photochemistry.2 An important consequence
of Schmidt’s research into solid-state reactions is that it is
implicit by use of the term crystal engineering that crystals can
be thought of as the sum of a series of molecular recognition
events, self-assembly, rather than the result of the need to ‘avoid
a vacuum’. In other words, crystal engineering uses the
concepts of supramolecular chemistry. It is now evident that
supramolecular chemistry, defined by Lehn as chemistry
beyond the molecule,3 and ‘supramolecular assemblies’ are
inherently linked to the concepts of crystal engineering.
Therefore, crystal engineering has implications that extend into
areas as diverse as pharmaceutical development and synthetic
chemistry. In the context of the former, there are important
processes and intellectual property implications related to
polymorphism.4,5 In the context of synthetic chemistry, solid-
phase organic synthesis can be solvent free and offer significant
yield and regioselectivity advantages over solution phase
reactions,6 including some that cannot be effected in solu-
tion.7–9

The field of crystal engineering developed further in the
1980s thanks to a series of papers and monographs by
Desiraju10,11 and Etter12 that concentrated upon applying the
Cambridge Structural Database for analysis, interpretation and
design of noncovalent bonding patterns in organic solids. In this
contribution, we focus upon how these supramolecular concepts
have been exploited to rationally generate laminated archi-
tectures in the solid state. Particular emphasis is placed upon
supramolecular isomerism and how it affords superstructural
diversity in two classes of compound: coordination polymers
and organic networks.

Coordination polymers: networks from first
principles
Coordination polymers exemplify how crystal engineering has
become a paradigm for the design of new supramolecular
architectures. In this context, the work of Wells13,14 serves as an
excellent reference point. Wells defined crystal structures in
terms of their topology by reducing them to a series of points
(nodes) of a certain geometry (tetrahedral, trigonal planar, etc.)
that are connected to a fixed number of other points. The
resulting structures, which can also be calculated mathemat-
ically, can be either discreet (zero-dimensional) polyhedra or
infinite (one-, two-, and three-dimensional) periodic nets. It is
perhaps surprising that it was not until the 1990s that the
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approach of Wells began to bear fruit in the laboratory. Discrete
coordination compounds that are based upon Platonic or
Archimedean polyhedra have attracted considerable interest in
recent years15–17 and are conceptually related to the ‘Wellsian’
approach. However, we shall focus upon infinite architectures,
for which Robson and coworkers18 delineated principles that
facilitated rapid development of the field of coordination
polymers. In effect, Robson extrapolated Wells’ work on
inorganic network structures into the realm of metal–organic
compounds and coordination polymers. In this context, the
‘node and spacer’ approach has been remarkably successful at
producing predictable network architectures. Scheme 1 illus-
trates some of the simplest architectures that can be generated
by using commonly available metal moieties and linking them
with linear ‘spacer’ ligands.

These network structures are salient from a design per-
spective as follows:
• Each of the networks illustrated in Scheme 1 is based upon at

least two components (i.e. the metal node and the ligand
spacer) and the components can be pre-selected for their
inherent ability to self-assemble. These network structures
can therefore be regarded as blueprints for the construction of
networks that, in principle, can be generated from a diverse
range of chemical components, i.e. they are prototypal
examples of modular frameworks. It should be noted that the
construction of networks from single component systems also
represents an important area of activity but that there are
conceptual differences between the two approaches.

• The architecture alone often affords information that allows
the chemist to predict some of the bulk properties. For
example, most of the structures in Scheme 1 inherently
generate cavities that are based upon the size and length of the
spacer ligand. The 3D architectures A–C represent in some
ways the ultimate challenge in terms of crystal engineering
since they lead directly to crystal structure prediction. It
should therefore be unsurprising that diamondoid19 and
octahedral20–22 frameworks have attracted considerable atten-
tion. In general, for 3D architectures one would expect
rigidity to be coupled with porosity, i.e. analogies to zeolites
may be drawn. In the case of 1D structures one would
normally expect close-packing variability in the context of
how adjacent networks pack with respect to one another.

• We have coined the term ‘supramolecular isomerism’23 to
define the existence of more than one superstructure for a
given set of molecular components. This concept is illustrated
by structures B and C, which represent cubic and hexagonal
diamondoid structures, respectively, and structures D and E,
which are also supramolecular isomers of one another. It is

important to note that, although supramolecular isomerism
affords superstructural diversity, it also limits the number of
possible architectures to those that can be generated rationally
from the molecular components that are present in a
network.
The diversity of network structures that can result from

supramolecular isomerism is the focus of this article. In the case
of 2D architectures, one would anticipate that networks would
possess an inherent ability to intercalate guest molecules, i.e.
clay-like properties will be expected. As revealed herein, this is
indeed the case for many of the 2D networks that have been
studied by us and other groups. We also highlight the surprising
degree of diversity that can exist in 2D structures.

Square-grid coordination polymers
Square-grid networks exemplify a particularly simple and
commonly reported example of a predictable 2D metal–organic
network. Square grid coordination polymers are based upon 1+2
metal:ligand complexes with linear bifunctional spacer ligands.
They were first reported using cyano ligands24–26 and have
recently been expanded in terms of chemical type and cavity
size to include pyrazines,27–30 4,4A-bipyridine(bipy)30–35 and
longer analogues of bipy.23,36 These compounds can indeed be
regarded as being analogues of clay minerals since they also
have an ability to intercalate guest molecules. However, they
have added features that are not likely to be present in clays and
they are complementary to ‘organoclays’,37 which are chem-
ically modified inorganic clays or calixarene ‘organic clay
mimics’,38,39 that are based upon calix[4]arenesulfonate salts
that form alternating hydrophobic and hydrophilic layers. For
example, cavities lie within the plane of the structure and they
are suitable for either interpenetration or enclathration of a wide
range of organic guest molecules. Furthermore, since they are
designed from first principles, it is possible to design the
cavities to be inherently hydrophobic or hydrophilic and to tune
their dimensions, although interpenetration can mitigate against
the existence of frameworks with very large cavities.40 Finally,
it should be noted that the metal sites can possess chemical as
well as structural properties. Indeed, catalytically active sites
have been incorporated into square-grid structures.32

Square-grid networks generated with bipy spacer ligands
were first reported by Fujita et al.32 Fujita’s compounds are
based on Cd(II) and related structures were subsequently
reported for other transition metals, including Co(II) and Ni(II)
and Zn(II). Although these 2D coordination networks are
isostructural within the coordination grid (effective dimensions
of the diagonals are ca. 1.3 3 1.3 nm), the crystal structures of
compounds can differ in the manner in which the networks stack
with respect to each other. In particular, interlayer separations
can lie in the range 0.6–0.8 nm and the quantity of guest
molecule can vary. [M(bipy)2(NO3)2]·guest (M = Co, Ni)41–43

exhibits three basic packing modes (Fig. 1). These packing
modes are similar in that the square-grid networks are parallel to
one another but they differ in the manner in which the square
grids pack with respect to one another and the relative
proportion of guest molecule that is present. Type A compounds
exhibit 2+1 guest+host stoichiometry and interplanar separa-
tions of ca. 0.6 nm, type B compounds generally crystallize with
2.5 guest molecules per metal center and interlayer separations
are ca. 0.8 nm. Type C compounds have interlayer separations
that are similar to those seen for type B compounds and have
3+1 stoichiometry.

In all of these compounds the proportion of the crystal that is
occupied by guest molecules is ca. 50% by volume. In such a
situation it becomes reasonable to question whether interactions
between the guest molecules determine the cavity shape and
crystal packing of the square grid polymers rather than vice
versa. Careful examination of the crystal packing in {[Ni-
(bipy)2(NO3)2]·2pyrene}n reveals that the pyrene molecules

Scheme 1 A schematic representation of some of the simple 3D and 1D
network architectures that have been structurally characterized for metal–
organic polymers: A. octahedral; B. cubic diamondoid; C. hexagonal
diamondoid; D. helix; E. zigzag chain; F. molecular ladder.
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form an independent noncovalent network that is com-
plementary from a topological perspective with the square-grid
coordination polymer. Indeed, the resulting crystal represents
what is to our knowledge the first compound in which it has
been revealed that two very different types of 2D net
interpenetrate. The square-grid coordination networks [Fig.
2(a)] possess inner cavities of ca. 0.8 3 0.8 nm and stack in such
a manner that they lie parallel to one another with an interlayer
separation of ca. 0.79 nm.

The pyrene nets [Fig. 2(b)] are sustained by edge-to-face
interactions and contain cavities of dimensions ca. 0.65 3 0.35
nm. The planes of the neighboring molecules intersect at an
angle of ca. 60° and there are no face-to-face stacking
interactions between the molecules. The pyrene nets can be
regarded as distorted (4,4) nets (if the node is the point in space
at which the vectors of the four pyrene planes intersect) or as a
distorted brick wall form of a (6,3) net (if the nodes exist at the
point of the edge-to-face interactions). It is important to note
that, as revealed by Scheme 2, a (6,3) planar net is also
complementary from a topological sense with the (4,4)
coordination polymer net and that the coordination polymer nets

must pack in a staggered manner if they are to fit with the
noncovalent net.

That the crystal structure can be viewed as coexistence of
interpenetrating covalent and noncovalent nets is potentially
important in the context of understanding the structure and
stoichiometry of other compounds that are based upon inter-
penetrated covalent and noncovalent nets. It also illustrates how
polarity in crystals can be generated from subtle packing of
achiral components, since the pyrene molecules form chiral
nets.

This mode of packing is not unique to {[Ni(bipy)2-
(NO3)2]·2pyrene}n. Indeed, its naphthalene analogue, {[Ni(bi-
py)2(NO3)2]·3C10H8}n,43 can be interpreted as being the result
of interpenetration of hexagonal and square nets and a study of
a series of related compounds has revealed the presence of
noncovalent nets in every compound.44 The noncovalent
hexagonal nets formed by naphthalene and veratrole are
illustrated in Fig. 3.

Coordination polymers in which identical (4,4) planar
networks interpenetrate have been observed to exhibit two types
of interpenetration, both of which are examples of inclined
interpenetration.40 The most commonly encountered form
might be described as diagonal/diagonal inclined interpenetra-
tion and was observed in the prototypal [M(bipy)2X2]n

Fig. 1 Perspective views of the stacking of square-grid network architectures of formula [M(bipy)2(NO3)2]: (a) A type grids; (b) B type grids; (c) C type grids.
The square grid is represented schematically.

Fig. 2 Space-filling illustrations of the two independent networks in
[M(bipy)2(NO3)2]·2pyrene: (a) the metal–organic coordination polymer
square-grid, and (b) the noncovalent (4,4) net of pyrene molecules.

Scheme 2 A schematic diagram that illustrates how honeycomb (6,3) and
square (4,4) nets can interpenetrate.
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compound [Zn(bipy)2(H2O)2]SiF6.32 The other mode of inter-
penetration might be described as parallel/parallel inclined
interpenetration and to our knowledge has only been reported
for two compounds.45,46 These types of interpenetration are
illustrated in Scheme 3(a) and 3(b), respectively, and differ in
how the networks orient and cut through each other.

Parallel refers to a structure in which a ‘spacer’ ligand from
one network threads through the cavity of the other, diagonal
refers to a structure in which a ‘node’ from one network (e.g. the
metal moiety) is within the cavity of the other. One would
anticipate that the structure that is adapted by a particular
compound would be influenced by several geometric factors:
the relative size of the cavity; the distance between adjacent
nodes within a network; the thickness of the layers and how this
limits the interlayer separation of adjacent networks; the steric
bulk of the node. In this context, it is important to note that, with
all other things being equal, the diagonal/diagonal mode of
interpenetration facilitates an interlayer separation that is 41.4%
greater than that of the parallel/parallel mode. Furthermore, the
diagonal/diagonal mode ensures a staggered orientation of
parallel layers whereas an eclipsed orientation is necessary if
the parallel/parallel structure is present. Therefore, in terms of
steric considerations, it would be expected that the diagonal/
diagonal mode would be most favored. However, circumstances
where the interlayer separation would ideally be shorter, or
where the metal atoms in adjacent layers would be eclipsed (e.g.
to maximize interlayer interactions) could favor the parallel/
parallel mode.

The structures we have studied that are based upon
complementary covalent and noncovalent networks exhibit a
third mode of inclined interpenetration that is a hybrid of the
modes described above: parallel/diagonal inclined interpene-
tration. The noncovalent (4,4) arene networks exhibit parallel
inclined interpenetration with respect to the (4,4) metal–organic
coordination networks, whereas the covalent coordination
networks demonstrate diagonal inclined interpenetration with
respect to the arene networks [Scheme 3(c)]. This structural
feature means that the nitrate groups of adjacent parallel
coordination polymer grids are staggered and that the interlayer
separation is a consequence of the size of the arene network. It
should therefore be unsurprising that Type A grids result when

templated by the smallest arenes (benzene and derivatives) as
they exhibit smaller interlayer separations than type B and C
packing. Grid types B and C occur in the presence of larger or
more arenes.

A question that cannot yet be answered with certainty
concerns whether or not the noncovalent networks of aromatic
molecules can exist in the absence of the coordination polymers.
In this context, the existence of a 1+1 binary compound between
ferrocene and pyrene45 represents an important prototype since
pairs of ferrocene molecules are stacked inside a pyrene 2D
network that is sustained by noncovalent C–H…p interactions
(Fig. 4). This pyrene network is a slightly distorted version of
that observed in {[Ni(bipy)2(NO3)2]·2pyrene}n.

From the above it should be clear that even for the relatively
narrow class of compounds of formula [M(bipy)2X2]n, there are
many permutations of metal, anion and guest. It should be noted
that grids in which there are two types of spacer ligand,
rectangular grids, have also been reported.29,30 It therefore
seems likely that square and rectangular grids will represent a
generic class of synthetic clay mimic.

Other 2D architectures
The existence of supramolecular isomerism is well exemplified
by the diverse range of architectures that can be generated by
self-assembly of T-shaped nodes. In the context of coordination
polymers, this effectively means linking of mer-substituted
octahedral metal moieties or trisubstituted square-planar metal
centers. In such a situation the stoichiometry is based upon a
1+1.5 metal : spacer ligand ratio. The T-shape node has thus far
produced examples of 1D, 2D and 3D networks. There are three
distinct 2D supramolecular isomers: brick wall,45,48–55 herring-
bone,51,56–58 and bilayer.59–61 Schematic illustrations of these
structures are presented in Scheme 4(a)–(c), respectively. It is
interesting to note that, if one calculates the possible 2D
networks that are possible for T-shaped nodes (Scheme 4), three
of the five possibilities have already been realized.

The brick architecture was first observed as the product of the
reaction between heptacoordinate Cd(II) and 1,4-bis[(4-pyr-
idyl)methyl]-2,3,5,6-tetrafluorophenylene.35 The T-shape
geometry is the result of two nitrate ligands chelating in a
bidentate manner, thereby occupying four of the seven
coordination sites. The structure is triply interpenetrated and, as
such, does not have channels or cavities. Interestingly, in a
similar system using the non-fluorinated pyridyl-based ligand, a
1D ladder structure was observed. In several of the compounds
that exhibit the herringbone or ‘parquet floor’ architecture the
coordination sphere is similar to that of the brick architectures:
heptacoordinate Cd(II) or Co(II), with two terminal bidentate

Fig. 3 Space-filling illustrations of the hexagonal (6,3) networks formed by
(a) veratrole, and (b) naphthalene in the intepentrated structures [Ni-
(bipy)2(NO3)2]·3aromatic.

Scheme 3 A schematic that illustrates the three modes of inclined
interpenetration that have been observed for square-grid networks: (a)
diagonal/diagonal, (b) parallel/parallel, and (c) parallel/diagonal.

Fig. 4 A space-filling illustration of the crystal structure of the cocrystal
formed by ferrocene (green) and pyrene.
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nitrate ligands and coordination to one end of three 4,4A-
azopyridine bridging ligands; an isostructural example has also
been reported with 1,2-bis(4-pyridyl)ethyne as the bridging
ligand.60

The bilayer architecture has been observed in at least three
compounds.59–63 Interestingly, it has been observed as the
product from the reaction of Co(NO3)2 and bipy, which also
generates ladder, square-grid and herringbone architectures.
The bilayer form of [Co(bipy)1.5(NO3)2] is observed if crystal-
lization occurs in the presence of CS2

59 or H2O.61,63 The
bilayers pack by partial interdigitation (Scheme 5), which

allows 1D channels to run through the structure. This structure
is somewhat relevant since it represents one of the first reported
examples of a synthetic compound that might be regarded as a
metal–organic zeolite, i.e. the structure is porous and stable to
loss of guest.63 The bilayer architecture has also been reported
for systems using 1,2-bis(4-pyridyl)ethane.64

The number of supramolecular isomers already observed in
the Co(NO3)2/bipy system indicates the importance of template
and crystallization conditions. It seems reasonable to assert that
it is only a matter of time and effort before the weave and long-
and-short brick motifs, Scheme 4(d) and 4(e), respectively, will
also be realized.

In terms of topology, it should be noted that brick and
herringbone motifs are both examples of (6,3) nets and can
therefore be regarded as being closely related to honeycomb
(6,3) nets. Honeycomb networks are quite common in organic
structures because of the availability of trigonal nodes (i.e.
1,3,5-trisubstituted benzenes such as trimesic acid and species
such as the guanadinium cation) but they seldom occur in the
context of metal–organic polymers because trigonal and
trigonal-bipyramidal coordination geometries are relatively
rare. However, [Cu(pyrazine)1.5]BF4

65 is based upon trigonal
Cu(I) and it should therefore be unsurprising that it crystallizes

as a honeycomb (6,3) net. That there now exist a number of
ligands with trigonal geometry means that it is likely that a
wider range of honeycomb structures will be generated in the
near future.

3D structures via 2D structures
Manipulation of 2D structures represents a possible entry into
the generation of 3D architectures. In such a context, there are
two relatively simple strategies: cross-linking of 2D structures
and interpenetration of identical or different 2D networks.

Cross-linking becomes feasible if one selects an appropriate
2D structure that has functionality in the axial direction. Such an
approach has been widely used by clay chemists and hence the
term ‘pillaring’ might be applied to describe such a process.
[M(bipy)2(SiF6)] could be used as a prototype in the context of
coordination polymers since it can be regarded as having been
generated from square-grid coordination polymers that are
cross-linked by m-SiF6 anions.20,22

Interpenetration is a widely encountered phenomenon40 that
can mitigate against the existence of frameworks with very
large cavities. However, Scheme 6 reveals that there are

situations in which interpenetration can occur, generate porosity
and afford 3D structures. Square-grid polymers that are based
upon longer spacer ligands such as 1,2-bis(4-pyridyl)ethane

Scheme 4 A schematic illustration of 2D nets that can be generated for T-shape building blocks: that have been characterized or might be expected to occur:
(a) brick wall; (b) bilayer; (c) herringbone; (d) long-and-short brick; (e) basket weave; (d) and (e) are yet to be realized.

Scheme 5 A schematic that illustrates how porosity can be generated by
partial interdigitation of bilayer networks.

Scheme 6 A schematic diagram that illustrates how square-grids can
interpenetrate and generate channels.
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(bipy-eta) or 1,2-bis(4-pyridyl)ethylene (bipy-ete) can inter-
penetrate in such a fashion.40,41

Organic networks–molecular and ionic structures
involving trimesic acid
It is possible in both principle and practice to draw a number of
analogies between organic networks and coordination poly-
mers. In particular, the ‘node and spacer’ approach can be
employed equally well with noncovalent interactions as with
coordinate covalent bonds. This is especially true for hydrogen
bonds, for which the donor (i.e. a protic hydrogen atom) and the
acceptor (i.e. a region of electron density) can be compared with
metal atoms and ligands, respectively. Furthermore, as noted by
Etter,12 in cases where there are multiple hydrogen bonding
sites, there is a fair degree of predictability concerning which
donors and acceptors will engage. In this context, networks that
involve NH…O and/or OH…O hydrogen bonds, including
those that exploit the carboxylic dimer or its deprotonated form,
represent a wide range of reliable and ubiquitous supramo-
lecular synthons that already have been applied in a broad range
of systems.

Molecular networks sustained by trimesic acid
Hydrogen-bonded 2D networks are well exemplified the well
known structure of trimesic acid (1,3,5-benzene tricarboxylic
acid, H3TMA), a polyfunctional carboxylic acid that is

inexpensive and chemically robust. It possesses trigonal
exodentate functionality that facilitates self-assembly into two
dimensions. Fig. 5 illustrates how the hydrogen-bonding pattern
in 2D networks formed by H3TMA generates cavities of
predictable size (ca. 1.4 nm diameter). In pure H3TMA66 the
honeycomb grid is puckered and the cavities are filled by self-
inclusion, or interpenetration, of other networks. However,
subsequent reports revealed that there are methods for preparing
the non-interpenetrated or open framework form of
H3TMA.67,68 If crystallized in the presence of alkanes, H3TMA
forms open-framework honeycomb layers that align in such a
manner that adjacent sheets are almost eclipsed with respect to
each other [Fig. 5(b)]. The resulting architecture observed in the
crystal structure is essentially identical to that depicted in Fig.
5(a).

H3TMA represents an example of a self-assembled motif.
However, this limits options in terms of supramolecular
synthesis, especially when compared to modular systems. The
H3TMA network can be modified in several ways if modular
approaches are employed. For example, [H3TMA][bipy]1.5

would be expected to exist as an expanded form of H3TMA
since the pyridine–carboxylic acid supramolecular synthon
appears to be more stable than the carboxylic acid dimer itself.69

As depicted in Fig. 6, the anticipated expanded honeycomb
structure indeed occurs and the cavities are large (ca. 2.6 3 3.5
nm). However, the cavities are filled by the interpenetration of
three independent networks [Fig. 6(b)], thereby affording a
close-packed structure with no cavities. This type of inter-
penetration, parallel interpenetration, resembles weaving, is

Fig. 5 Schematic (a) and space-filling (b) views of the open-framework phase of trimesic acid.

Fig. 6 The cocrystal formed by trimesic acid and 4,4A-bipyridine: (a) a single ‘expanded trimesic acid’ honeycomb network and (b) a space-filling view of
how the puckered honeycomb networks interpenetrate.
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facilitated by puckering of the pseudohexagons that form the
network. Indeed, the hexagons resemble the chair conformation
of cyclohexane.

Rao and coworkers recently reported a related structure that
is based upon modular self-assembly:70 an organic network
formed by trithiocyanuric acid (TCA) and bipy. Adjacent layers
are aligned parallel to each other and there is no inter-
penetration.

Networks sustained by anions of trimesic acid
Anionic forms of H3TMA also represent an appropriate node for
generation of 2D superstructures. Ammonium salts of the
deprotonated forms of H3TMA offer a simple entry into such
systems.71–73 Scheme 7 illustrates two motifs that demonstrate
how the ammonium moiety might extend anionic forms of
H3TMA into honeycomb networks.

In the case of TMA32 and the dicyclohexylammonium
cation, supramolecular isomers A74 and B75 have both been
observed to generate laminated structures. The generation of A
or B appears to be solvent dependent. It has also been shown
that self-assembly of the lamellar structure can occur on
surfaces.74 An important feature of architectures that are
sustained by A and B is that some of their components and
features can be fine-tuned without destroying the basic
architecture. For example, the ammonium cation substituents
can be changed without influencing the basic molecular
recognition properties in the context of motifs A and B. For

secondary amines, organic substituents would extend above and
below the network, and in appropriate circumstances would
preclude interpenetration.

If alkyl substituents are present on the ammonium cation and
the stoichiometry is 1+2 then the typical result is a laminated
material with poor ability to adsorb molecules because of
interdigitation of the alkyl substituents.72 However, use of
dibenzylamine mitigates against interdigitation and promotes
reversible incorporation of aromatic guest molecules.73 The
resulting compounds are structurally related to clays, but they
are inherently hydrophobic and have generic affinity for a wide
range of aromatic guests over alcohols or water. In a series of
host–guest compounds, the stoichiometry remains constant,
[NH2(CH2Ph)2]2[HTMA], but there is variation in the geometry
of the hydrogen bond layer and in the manner in which guest
molecules are incorporated. In general, the benzyl groups form
a plethora of aromatic C–H…p interactions to the surrounding
guest molecules. The unit cell lengths are typically multiples of
ca. 1.2 3 1.7 3 2.1 nm (stacking axis, short axis and long axis,
respectively). The length of the stacking axis represents the
interlayer separation and a doubling of the length of the stacking
axis occurs when adjacent layers are not related by translation.
Multiples of short and long axes also occur because of
differences in the arrangement of guest molecules between
benzyl groups. In effect, guest molecules and/or benzyl groups
do not necessarily repeat with the asymmetric unit of the H-
bonded layer. The crystal structures might be classified based
upon the stacking axis as being of one of two types: (a) identical
packing of adjacent layers (i.e. related by translation); (b)
adjacent layers which are different from each other. The
hydrogen bonded sheets can be either flat or corrugated. In
effect, the host matrix is a flexible, generic host material for
aromatic molecules. A representative series of structures is
illustrated in Fig. 7 and, as should be clear, there is no
interdigitation of benzyl groups.

A series of related structures that is based upon two-
dimensional layers resulting from hydrogen bonding of the
trigonal guanidinium cation, C(NH2)3

+, and organic sulfonate
ions RSO3

2 has been extensively studied by the Ward group.76

Interdigitation of the organic substituent of the sulfonate ions on

Scheme 7 The two supramolecular isomers that have been seen for self-
assembly of carboxylate and ammonium moieties in [NH2(c-
C6H11)2]3[TMA].

Fig. 7 The crystal structures of four ‘organic clays’ sustained by [(trimesate){NH2(CH2Ph)2}2]. The benzyl moieties preclude interdigitation and facilitate
reversible sorption of aromatic molecule: (a) pyrene; (b) naphthalene; (c) nitrobenzene; (d) veratrole.
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adjacent layers and ionic hydrogen bonding predictably leads to
a series of laminar architectures.

Summary and conclusions
The fundamental precept of crystal engineering is that all
information necessary for design of extended 1D, 2D and 3D
structures is already present at the molecular level in existing
chemical species. However, crystal engineering does not
address the important issues of crystal structure prediction,
crystal growth and crystal nucleation. In the case of growth and
nucleation, the role of kinetic factors and inhibitors in
controlling morphology, polymorphs and supramolecular iso-
mers is critical. Crystal engineering does not yet address control
of such factors, rather it afford ‘recipes’. Based upon this
understanding and the results described herein one can make
several assertions:

Prediction vs. design

It is important to stress the significant conceptual difference
between crystal engineering and crystal structure prediction.
They are not synonymous. In short, crystal structure prediction
is precise (i.e. space group and exact details of packing are
defined) and deals primarily with known molecules, many of
which are not disposed to predictable self-assembly.77,78

Crystal engineering is far less restrictive from a conceptual
perspective since it focuses more broadly upon the design of
new and existing network architectures. In effect, the principles
of design are based upon a blueprint, in many cases a blueprint
that is first recognized via a serendipitous discovery, and they
allow the designer to select components in a judicious manner.
Therefore, a desired network structure or blueprint can be
limited to chemical moieties, in many cases commercially
available moieties, that are predisposed to a successful outcome.
In short, crystal engineering represents a paradigm for supramo-
lecular synthesis of new solid phases and there are no real limits
in terms of chemical moieties that can be involved.

What does self-assembly mean in this context of crystal
engineering?

That one can exploit self-assembly principles to design new
solid phases has important implications. First and foremost, all
the information necessary to build networks is already stored in
known molecules. In the context of the results reported herein,
all structures are air- and water-stable and were generated in
one-pot reactions using commercially available reagents. Sec-
ond, if one uses a modular self-assembly approach then fine-
tuning of structures is both facile and can be effected broadly. It
should be intuitive that most molecules are not self-com-
plementary, i.e. their molecular recognition sites cannot be fully
satisfied by self-assembly. It therefore follows that modular
structures, i.e. those based upon more than one component, are
often going to be both more diverse and more controllable than
single component phases.

Relevance to 0D structures

The principles of self-assembly have also been applied towards
the design and isolation of discrete molecular structures. Such
structures are exemplified by molecular squares79–81 and, more
recently, by striking examples of new high molecular weight
compounds that can be described as spheroid organic82,83 or
coordination architectures.15–17,84 The design principles behind
the isolation and development of these new classes of
compound are based upon applying the concept of self-
assembly in the context of geometric considerations found in
regular (Platonic) and semi-regular (Archimedean) solids.82

Interestingly, such structures are also known in zeolites (e.g.
Linde A, which is based upon an edge-skeleton generated by

fused, truncated octahedra85) and in biological self-assembled
systems such as mammalian picornaoviruses.86–89

It is reasonable to expect a great deal of synergy between
these two areas of research. In the context of how self-assembly
of discrete structures will influence crystal engineering, it is
reasonable to assert that a wide range of nanosized molecular
species will become available for self-assembly of synthetic
clay-like and zeolite-like architectures. Such structures would
be unprecedented and offer nanoscale channels and cavities in
addition to novel functionality. The hierarchy of such systems,
which is inherently a consequence of self-assembly approaches,
and the interesting possibilities that exist for use of such
‘secondary building units’ in materials science have already
been highlighted by others.90,91
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As determined by X-ray crystallography, tetranuclear
metal–metal bound molecular loops [Rh2(DAniF)2]2-
(O2CCH2CO2)2 (DAniF = N,NA-di-p-anisylformamidinate)
react with 2-N donor linkers to give a tubular structure
{[Rh2(DAniF)2]2(O2CCH2CO2)2(NC5H4CHCHC5H4N)2}n
1, and a sheet-like structure with interstitial dichloro-
methane molecules for [Rh2(DAniF)2]2(O2CCH2-
CO2)2(NCC6H4CN)2}n 2; when the assembly unit was
changed from [Rh2(DAniF)2(O2CCH2CO2)]2 to the square
[Rh2(DAniF)2(O2CCO2)]4 and the linker NCC6F4C6F4CN
was used, the compound {[Rh2(DAniF)2]4(O2C-
CO2)4(NCC6F4C6F4CN)4}n 3, was formed, in which there
are infinite tubes of square cross section having entrained
CH2Cl2 molecules.

Oligomers and polymers in which a key organizing element is
a coordinated metal atom, for example, a square-coordinated
PdII or PtII atom or a tetrahedral zinc atom, are currently the
subjects of vigorous study in many laboratories.1 This work is
driven by the search for novel materials, distinguished by
special magnetic properties,2 micro- and meso-porous struc-
tures,3 or catalytic properties.4

Several years ago we began to explore the possibilities of
employing strongly bonded dimetal units, such as Mo2

4+ and
Rh2

4+, that can be suitably complexed to control their reactivity
and then linked to form linear,5a,b square,5c,d triangular5c and
polyhedral5e structures. The linking process entails the use of
di- and tri-carboxylic acids which attach themselves to adjacent
pairs of equatorial sites in the M2

4+ entities, as shown

schematically in A. The arrays that can be built up in this way
have as great a range of sizes as those previously made2 but
differ from most of those in forming initially as neutral species
rather than as highly charges ones. However, charge may
readily be introduced—in a controlled, stepwise fashion5b,d—
by oxidation of the Mo2

4+ units.
Here we report that by using axial linking, as shown

schematically in B, it is possible to take simple oligomers and
connect them to form one- and two-dimensional polymers.
These, again, are initially neutral but can be oxidized. This is the
first time such architectures have been created by using dimetal
building blocks. We also show how the nature of the polymeric
structure can be controlled by choosing axial linkers of the right
length, a principle that will be of importance in all future
work.

In the examples reported here we have utilized dirhodium,
Rh2

4+, building blocks shown as II and III in Fig. 1. The square,
III, has been reported before5c but the loop, II, is a new unit, not

reported before, though it is somewhat similar to loops that have
been made with Mo2

4+ units.6 Dirhodium units were used here
because they have a strong affinity for axial ligands, unlike
Mo2

4+ units. As axial linkers we have employed IV, V, and VI,
(Fig. 1).

With IV, {[Rh2(DAniF)2]2(O2CCH2CO2)2(NC5H4-
CHCHC5H4N)2}n 1 is obtained.‡ It has a tubular structure
shown in Fig. 1(a). In Fig. 1(b) there is a schematic
representation of this structure§ showing how the rings (II) are
related alternately by centers of inversion and two-fold axes.

While the formation of such tubes might be considered the
‘obvious’ outcome of linking units of type II by axial bridges,
it can only result when the linkers are long enough to keep the
bulky p-anisyl groups from clashing with each other. With a
shorter linker, V, major clashes would occur and therefore a
different structure arises in {[Rh2(DAniF)2]2(O2CCH2-
CO2)2(NCC6H4CN)2}n 2. This sheet-like structure is shown as
2(a), where dichloromethane molecules are omitted, as 2(b)
where the sheets are viewed edge-on and the CH2Cl2 molecules
are included, and in schematic form as 2(c). The CH2Cl2
molecules were well ordered and refined without difficulty. The
sheet belongs to the two-dimensional space group Cmm, the
highest symmetry possible in a rectangular sheet structure.

When the assembly unit was changed from II to III and the
linker VI was used, the compound {[Rh2(DAniF)2]4(O2C-
CO2)4(NCC6F4C6F4CN)4}n, 3 was formed, in which there are
infinite tubes of square cross section. A portion of the entire
structure is shown as 3(a) while 3(b) shows a portion of one of
the units, including one of the entrained CH2Cl2 molecules; 3(c)
shows a schematic representation of this structure.

Other studies of these compounds and the syntheses of other
assemblies of different topologies containing different dimetal
units and axial ligands are in progress.

We are grateful to the National Science Foundation for
support of this work, and to Johnson Matthey for a generous
loan of RhCl3.

Notes and references
‡ The general experimental conditions were described in ref. 1. Elemental
analyses were satisfactory for all compounds. The following procedure
describes the preparation of 1·3CH2Cl2·0.5Et2O. A CH2Cl2 solution (10
mL) of II (82 mg, 0.05 mmol) was carefully layered with a CH2Cl2–Et2O
solution (1:1, 20 mL) of trans-1,2-bis(4-pyridyl)ethylene (18 mg, 0.10
mmol). Red crystals formed after several days. A similar method was used
for 2·4CH2Cl2 and 3·12.36CH2Cl2. The yields are essentially quantita-
tive.
§ Crystal data: for 1·3CH2Cl2·0.5Et2O: C95H95Cl6N12O16.5Rh4, M =
2293.17, monoclinic, space group C2/c, a = 56.521(4), b = 19.016(2), c =
19.564(2) Å, b = 103.053(2)°, V = 20484(3) Å3, Z = 8, m(Mo-Ka) =
0.857 mm21, T = 213(2) K. The structure, refined on F2, converged for
13458 unique reflections and 613 parameters to give R1 = 0.082 and wR2
= 0.182 and a goodness-of-fit = 1.031.

For 2·4CH2Cl2: C86H80Cl8N12O16Rh4, M = 2232.86, triclinic, space
group P1̄, a = 12.708(2), b = 14.378(2), c = 14.997(3) Å, a = 65.810(3),
b = 72.693(3), g = 74.766(3)°, V = 2355.0(7) Å3, Z = 1, m(Mo-Ka) =
0.984 mm21, T = 213(2) K. The structure, refined on F2, converged for

† Most of the results reported here were presented in a poster at
Contemporary Inorganic Chemistry, II, March 12–15, 2000, College
Station, TX, USA.
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6163 unique reflections and 578 parameters to give R1 = 0.051 and wR2 =
0.119 and a goodness-of-fit = 1.010.

For 3·12.36CH2Cl2: C196.36H144.72Cl24.72F32N24O32Rh8, M = 5660.01,
triclinic, space group P1̄, a = 18.235(6), b = 18.430(6), c = 18.665(6) Å,
a = 81.839(7)°, b = 81.775(6), g = 80.742(7)°, V = 6082(3) Å3, Z = 1,
m(Mo-Ka) = 0.891 mm21, T = 223(2) K. The structure, refined on F2,
converged for 15333 unique reflections and 814 parameters to give R1 =
0.094 and wR2 = 0.211 and a goodness-of-fit = 1.014. CCDC 182/1852.
See http://www.rsc.org/suppdata/cc/b0/b007347o/ for crystallographic files
in .cif format.
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Fig. 1 Synthesis of compounds 1·3CH2Cl2·0.5Et2O, 2·4CH2Cl2 and 3·12.36CH2Cl2. Views of the extended structures are given in the middle section as
follows: (1a) structure of 1; (2a) structure of 2; (2b) intercalating architecture in 2; (3a) structure of 3 and (3b) a space filling drawing of 3 showing CH2Cl2
molecules inside the square tube. A schematic view of the corresponding structure is shown in the lower section. In the top section, there are axial CH3CN
molecules (not shown for clarity) at each Rh atom in I and III. For II, there are two CH3CN molecules distributed on the four Rh atoms. The p-anisyl or
DAniF groups have also been omitted for clarity. Color labels: Rh, red; N, blue; O, green; C, gray; F, yellow; Cl, orange; H, turquoise.
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Easily prepared, cone-like, extended cavity calix[6]pyrrole is
shown to form strong complexes with iodine and other
halide ions as well as with trihaloalkanes and electron
deficient aromatic systems.

The host–guest chemistry of calixpyrroles has been the subject
of intensive research aimed at gaining both understanding and
control on guest recognition and binding.1 Recently, Sessler and
coworkers2 reported that calix[4]pyrroles 1 are effective and

selective receptors for anions and neutral guest species.
Calixpyrroles that have been tailored to the size, shape and
binding modes of target guests were shown to exhibit improved
binding ability.3 Here we report the selective binding of anions,
haloalkanes and aromatic guests by recently reported, cone-like,
extended-cavity 1,1,3,3,5,5-meso-hexaphenyl-2,2,4,4,6,6-
meso-hexamethylcalix[6]pyrrole.2,4 Calix[6]pyrroles are a new
class of molecules characterized by a six-pyrrolemethane rim.
The cross section of the hexapyrrolemethane rim is significantly
larger than that of calix[4]pyrroles, ca. 110 cf. 24 Å2.
Additionally, in the stable conformation of calix[6]pyrroles,
such as 2, three of the meso phenyl substituents form a trigonal
cavity with a volume of ca. 500 Å3. Such extended-cavity
receptors may allow efficient and selective binding of electron
defficient aromatic guests as well as large anions such as I2.
These substrates can not be efficiently recognized nor com-
plexed by the smaller calix[4]pyrrole systems.3b,5

Calix[6]pyrrole 2 was prepared using a modification of a
previously reported method.4a Benzophenone (5 g, 27.4 mmol),
pyrrole (5 mL, 72.3 mmol) and BF3·OEt (5 mL, 39.5 mmol)
were dissolved in dry ethanol (250 mL) and stirred at room
temperature for 5 days under an inert atmosphere. The
precipitate was then filtered off and washed with cold ethanol,
offering di(phenyl)di(pyrrol-2-yl)methane 3 as a colorless solid
(40% yield). An additional crop of 3 could be isolated from the
mother-liquor using column chromatography [silica, dichloro-
methane–hexane (1+10), 50% total yield for 3]. Calix[6]pyrrole
2 was obtained by stirring a solution of 3 (300 mg, 1 mmol) in
60 mL of dry acetone–ethanol (1+1) containing CF3CO2H for 5
days under inert atmosphere. The product was isolated by
filtration (43% yield). An additional crop of 2 could be isolated
from the mother-liquor using column chromatography [silica,
dichloromethane–hexane (3+7), 52% total yield for 2].

Similarly to earlier studies by Sessler and coworkers on the
complexation of calix[4]pyrroles with different guest species,
proton NMR spectroscopy was found to be a useful tool for the

determination of binding constants between different guests and
calix[6]pyrrole, 2.6 Quantitative assessments of anion binding
constants were made by following the induced shifts in the 1H
NMR spectra of the host as a function of the concentration of the
guest in an acetonitrile–chloroform (1+9) solution at room
temperature (298 K). Table 1 lists the association constants
between 2 and the different guests. For comparison, the
complexation of octamethylcalix[4]pyrrole with the same guest
species was studied under the same conditions (Table 1).

In accordance with previous studies performed by Sessler and
coworkers octamethylcalix[4]pyrrole displays a clear prefer-
ence towards fluoride ions over larger anions, the binding order
being F2 > > Cl2 > Br2 > I2. In contrast, probably due to its
extended cavity, 2 exhibits a clear preference to iodide over
smaller halides. Here the binding order switches to I2 > F2 > >
Cl2 > Br2. We interpret this binding order and the high affinity
towards iodide in terms of the geometrical fit between the
extended cavity of 2 and the iodide ion, allowing full binding of
the anion by up to six pyrrole rings. Being the smallest halide,
the fluoride ion may fit and bind efficiently to only part of the
pyrrolemethane ring. Similar effects have previously been
reported for the binding of cations to the cavities of crown
ethers.7

Calix[6]pyrrole 2 is found to bind also to trihalogenated
species such as trichloroethanol, trifluoroethanol, tetrafluoro-
borate and trifluoroacetate and forms significantly stronger
complexes with such guests than with their nonhalogenated
ananolgs (Table 1). The reason for this is revealed from the
crystal structure† of such a complex between 2,2,2-tri-
chloroethanol and 2 (Fig. 1). Unlike simple calixpyrroles that
bind their guests predominantly through X2…H–N bonds,2,3b 2
anchors the 2,2,2-trichloroethanol guest through one (dis-
ordered) H–O…H–N hydrogen bond with the hydroxy group,
d(O84b…H–N18) = 2.411 Å; a(O–H–N) = 169.11°;
d(O84a…H–N70) = 2.412 Å; a(O–H–N) = 175.95°;
d(O84a…H–N44) = 2.725 Å; a(O–H–N) = 156.97°, and three
pphenyl…Cl–C bonds between the Cl atoms of the guest and the
p electron clouds of the three axial meso-phenyl groups forming

Table 1 Binding constants of calix[6]pyrrole 2 and 1,2,3,4-meso-
octamethylcalix[4]pyrrole 1, with different guest molecules

Guest Calix[4]pyrrole Calix[6]pyrrole

F2 23 800 1080
Cl2 6800 650
Br2 270 150
I2 < 10 6600
SCN2 < 10 < 10
p-MeC6H4SO3

2 < 10 150
BF4

2 < 10 2350
MeCO2

2 400 < 10
CF3CO2

2 70 1150
EtOH < 10 < 10
CF3CH2OH < 10 80
CCl3CH2OH < 10 60

This journal is © The Royal Society of Chemistry 2001
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the pseudo-threefolded cavity of 2: d(Cl79–p(C34–C39)) =
3.38 Å; d(Cl80–p(C60–C65)) = 3.00 Å; d(Cl81–p(C8–C13))
= 3.45 Å.

The stable conformation of 2 brings two electron-rich pyrrole
rings, situated in a 1,4 position to one another, into a parallel and
cofacial orientation. These two rings are spaced ca. 7.1 Å apart.
Being an electron rich ring system, the hexapyrrolemethane ring
is suitable for hosting electron poor conjugated species in
between a pair of cofacial pyrrole rings. The additional four
pyrrole rings are capable of forming multiple hydrogen bonds
with appropriate guests, making the system an interesting host
for different nitro- and carboxy-aromatic compounds. Fig. 2
shows the crystallographic structure† of a complex between p-
nitrotoluene/nitrobenzene and 2. Interestingly, though crystal-
lized from a solution containing nitrobenzene and p-nitro-
toluene in a 10+1 ratio, the crystal structure clearly indicates the
1+1 inclusion of nitrobenzene and p-nitrotoluene within the
cavity of 2. As can be seen in Fig. 2, the nitroaromatic guest is
fixed to the cavity of the host through short range p–p
interactions between the nitro group of the guest and the two
sandwiching pyrrole rings of the host, d(nitro(plane)…pyrrole-
(plane)) = 3.55 Å. Three of the other four pyrrole rings are
involved in hydrogen bonding with the nitro group of the
encapsulated guest, d(NH1…O80) = 2.23 Å, d(N1…O80) =
3.06 Å, a(O–H–N) = 172.94°, d(NH31…O80) = 2.38 Å,
d(N31…O80) = 3.18 Å, a(O–H–N) = 143.67°,
d(NH19…O81) = 2.45 Å, d(N19…O81) = 3.23 Å, a(O–H–N)
= 165.11°.

In conclusion, calix[6]pyrrole 2 shows a wealth of binding
modes to different substrates, ranging from simple anions to
aromatic derivatives. The axial meso phenyl groups form a
genuine preorganized cavity and actively participate in binding

trihalogenated compounds. The application of calix[6]pyrroles
to the separation and identification of such compounds is under
investigation.

This work was supported by the Israel Science Foundation,
Administrated by the Israel Academy of Sciences and Human-
ities and by the Fund for the Promotion of Sponsored Research
at the Technion.

Notes and referenecs
† Crystal data: for 2·2.5CCl3CH2OH·1.5CHCl3·3CH3CH2OH·5.5H2O:
grown in the dark from 2,2,2-trichloroethanol–chloroform–ethanol. A
single crystal was mounted on the Nonius Kappa CCD diffractometer,8 and
cooled to 170 K under a nitrogen stream. Data were collected with graphite-
monochromated Mo-Ka radiation (l = 0.71070 Å) by applying o and w
rotations. Data reduction was performed using DENZO-SMN software.9
The structure was solved using direct methods (SHELXS-9710) and refined
by SHELXL-97.11 All non-H atoms of the macrocycle and the tri-
chloroethanol inside the cavity, excluding the disordered hydroxy oxygen,
were refined anisotropically. Hydrogen atoms of these moieties were placed
at calculated positions and refined as riding on their carbon and nitrogen
atoms. Difference Fourier maps based on the macrocycle and the guest
inside, revealed another moderately disordered trichloroethanol bound to
the macrocycle outside the cavity, and another four sites of severely
disordered molecules such as trichloroethanol, chloroform, ethanol and
water. All the disordered positions of the solvent molecules were refined
isotropically. 38 hydrogen atoms belonging to some of the disordered
solvent molecules were not allocated. Mr = 1804.83, monoclinic, space
group P21/n, a = 17.773(10), b = 20.2090(10), c = 26.2590(10) Å, b =
107.730(3)°, V = 8983.6(8) Å3, T = 170.0(1) K, Z = 4, m = 0.076 mm21,
14 385 relections measured, 14 385 unique which were used in all
calculations. The final R(F2) was 0.1168 [I > 2s(I)].

For 2·2.5C6H5NO2·0.5C7H9NO2: grown in the dark by slow evaporation
of a chloroform solution. A single crystal was mounted on the Nonius
Kappa CCD diffractometer, at 293 K. Data collection and reduction as
above. The structure was also solved and refined as above. All non-H atoms
of the macrocycle and the guests were refined anisotropically. Hydrogen
atoms were placed at calculated positions and refined as riding on their
carbon and nitrogen atoms except for the N–H hydrogen atoms of the
pyrrole rings which were localized on a Fourier difference map and refined
isotropically. Mr = 1392.66, monoclinic, space group P21/n, a =
19.455(1), b = 19.762(1), c = 22.027(1) Å. b = 115.405(2)°, V =
7649.8(5) Å3, T = 293 K, Z = 4, m = 0.076 mm21, 16 018 relections
measured, 15 694 unique which were used in all calculations. The final
R(F2) was 0.0740 [I > 2s(I)].

CCDC 182/1864. See http://www.rsc.org/org/suppdata/cc/b0/b007788g/
for crystallographic files in .cif format.
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Fig. 1 The molecular structure of the complex between 2,2,2-tri-
chloroethanol and calix[6]pyrrole 2. Solvent and other molecules not
situated in the cavity of the host have been omitted for clarity.

Fig. 2 The molecular structure of the complex between calix[6]pyrrole and
nitrotoluene/nitrobenzene. Molecules that are not situated in the cavity of
the host have been omitted for clarity.
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Using four linear bifunctional ligands of different lengths
and Ni(NO3)2, three coordination polymers containing big
rectangular cavities were shown to form selectively, despite
the fact that all the four ligands are known to form square
grid coordination polymers when they are reacted independ-
ently with M(NO3)2.

The utility of linear bifunctional ligand such as 4,4A-bipyridine
1 has been well explored in the studies of crystal engineering of
coordination polymers.1–4 Although there are a considerable
number of reports dealing with designing square grid coordina-
tion polymers, their rectangular counterparts are not explored to
that extent. The synthesis of rectangular grids at will allows the
modulation of size and function of the cavity. Only few
rectangular grid polymers have been designed either using two
charged ligands or using charged and neutral ligands.6–9

However using two neutral ligands to date only one rectangular
grid coordination polymer has been reported.10 In this structure
the rectangular cavities are too small to enclatharate guest
molecules. Recently we have shown that the higher analogues
of 1, 1,4-bis(4-pyridyl)benzene 2 and 4,4A-bis(4-pyridyl)biphe-
nyl 3, can also be used in designing open square grid polymers
with dimensions of 15 3 15 and 20 3 20 Å.11,12 Herein we
show that one can employ these longer ligands to design their
rectangular counterparts.

Single crystals of {Ni(1)(2)(NO3)2·6C6H6}n 4 in 62% yield
were obtained by layering a MeOH solution (2 ml) of Ni(NO3)2
(6 mg, 0.002 mmol) over a benzene solution (7 ml) of 1 (3.2 mg,
0.002 mmol) and 2 (4.6 mg, 0.002 mmol). Similarly single
crystals of {Ni(1)(3)(NO3)2·8C6H6}n 5 were prepared in 76%
yield by using 3 instead of 2. The crystal structures of 4 and 5
revealed the selective formation of rectangular grids with the
entrapment of benzene molecules.13† In both the complexes the
Ni atom has octahedral geometry with four pyridyl groups at the
equatorial and two nitrates at the apical positions.

Complex 4 forms 2D-network containing rectangular grids of
dimension 11.3 3 15.6 Å and encloses six benzene molecules
per metal, two of them are embodied in the rectangular cavities
while the other four exist between the layers [Fig. 1(a)].14

Ligands 1 and 2 bridge the metal atoms in the (010) and (001)
directions, respectively. The rectangular grid planes sit in (011)
plane and pack in the direction of (100). Benzene molecules
form a two-dimensional layer [Fig. 1(b)] which is similar to that
of naphthalene molecules in the crystal structure of {M(4,4A-
bipy)2(NO3)2·3C10H8}n (M = Co or Ni).15 The network of
benzene molecules can be described as one of the semi-regular
planar networks, which are described by Wells,16 when benzene
molecules are depicted as nodes and aromatic interactions as
node connections. The packing of the grids is as follows: the
moieties of 1 deposit on each other such that 2,6 and 2A,6A-C–H
groups of 1 form C–H…O hydrogen bonds (C…O 3.126,
3.568 Å; C–H…O 151,148°) with the uncoordinated O atoms of
the Ni(NO3)2 moiety. As a result this leads to a C–H…O
hydrogen bonded layer that divides the whole structure into an
infinite number of two-dimensional compartments with a width
of the longer ligand [Fig. 1(c)]. Each of these compartments

accommodates two benzene layers which interpenetrates
through the moieties of 2 such that each molecule of 2 interacts
with 12 benzene molecules via edge-to-face aromatic inter-
actions.

Complex 5 also formed 2D-network containing rectangular
grids of dimension 19.9 3 11.3 Å and enclosed eight benzene
molecules per metal. Similarly to 4, only two benzene
molecules were encapsulated in the cavities while the remaining
six exist between the layers (Fig. 2). Ligands 1 and 3 bridge

Fig. 1 Space filling representations for (a) rectangular grid unit of 4
containing two benzene molecules; (b) layer of benzene molecules
exhibited by complex 4; (c) side view (101) of the packing of grids and
benzene layers in 4. Note that the C–H…O bonded layers and benzene
layers (110) are parallel to each other but perpendicular to grid planes
(011).
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metal atoms in (001) and (100) directions, respectively, and the
grid planes pack in the (010) direction. The packing of the grids
is similar to that of 4 but now there are three layers of benzene
molecules accommodated in each compartment as the width of
the compartment is increased from 15.6 to 19.9 Å [Fig. 2(b)]. In
this triple layer the outer layers have the same topology as
shown in Fig. 1(b) and are linked together by a middle layer,
(6,3) net, that is generated by two disordered benzene
molecules. In effect each moiety of 3 is surrounded by 18
benzene molecules via edge-to-face aromatic interactions.

Our attempts to prepare a 15 3 20 Å grid polymer by using
ligands 2 and 3 and Ni(NO3)2/Cu(NO3)2/Co(NO3)2 were futile
as single crystals suitable for X-ray studies were not obtained.
Hence we considered 9,10-bis(4-pyridyl)anthracene 6 as a
replacement for 2. The layering of an MeOH solution of
Ni(NO3)2 over a benzene solution of ligands 3 and 6 resulted in
single crystals of the complex {Ni(3)(6)(NO3)(H2O)·
2C6H6·NO3}n 7 (yield 55%).† Single crystal analysis reveals

the formation of a coordination polymer containing rectangular
grids of dimension 20 3 15.7 Å (Fig. 3). Each grid
accommodates four benzene molecules (two are only partly in
the cavity), disordered nitrates and H2O. Unlike 4 (8 Å) and 5
(7.8 Å), 7 has an interlayer separation of only 4 Å as no guests
exist between the layers. The packing of the grids is different
from that of the above structures as the layers here deposit on
each other in an offset fashion over the two ligands. It is
interesting that the rectangular grids formed selectively from
two different ligands although ligands 1–3 and 6 are known to
form square grids when they reacted independently with
M(NO3)2. Given the big size of these rectangular cavities it is
also noteworthy that these grid layers are non-interpenetrated.

K. B. thanks the Japan Society for the Promotion of Science
(JSPS) for postdoctoral fellowship.

Notes and references
† Crystal data for 4: C62H56N6NiO6, monoclinic, space group C2/c, a =
16.123(2), b = 11.341(1), c = 31.106(4) Å, b = 104.190(2)°, U =
5514.0(11) Å3, T = 193 K, Z = 4, Dc = 1.253 g cm23, l = 0.7107 Å,
17 529 reflections measured, 6477 unique (Rint = 0.0549) which are used in
all calculations. R1 = 0.062 and wR2 = 0.141.

For 5: C80H72N6NiO6, orthorhombic, space group Pnna, a = 39.824(3),
b = 15.5840(9), c = 11.2915(9) Å, U = 7007.7(8) Å3, T = 193 K, Z = 4,
Dc = 1.206 g cm23, l = 0.7107 Å, 42836 reflections measured, 8301
unique (Rint = 0.0435) which are used in all calculations. R1 = 0.069 and
wR2 = 0.173.

For 7: C58H44N6NiO7, monoclinic, space group C2/c, a = 15.774(1), b =
19.975(2), c = 16.207(1) Å, b = 106.398(2)°, U = 4898.8(7) Å3, T = 193
K, Z = 4, Dc = 1.350 g cm23, l = 0.7107 Å, 15 750 reflections measured,
5732 unique (Rint = 0.0560) which are used in all calculations. R1 = 0.069
and wR2 = 0.192. The coordinated H2O and NO3 groups were disordered
on two sides of the layer with 0.5 occupancy.

CCDC 182/1861. See http//www.rsc.org/suppdata/cc/b0/b007014i/ for
crystallographic files in .cif format.
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Fig. 2 (a) Space filling representation of rectangular grid unit in 5 containing
two benzene molecules. (b) Packing of the grids in 5. Note that each
compartment accommodates three layers of benzene (disorder of the
benzene molecules in the middle layer is not shown).

Fig. 3 (a) Space filling representation of a rectangular grid unit in 7. Note
that this contains four benzene molecules.
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The synthesis of novel functionalized fullerene derivatives is
reported: a DNA minor groove binder such as trimethoxy-
indole-2-carboxylate (TMI) and an oligonucleotide chain
have been covalently linked to C60 with the aim of
duplicating DNA interactions for increasing sequence se-
lectivity.

Fullerene C60 and its organofunctionalized derivatives have
recently become a topic of interest in bioorganic and medicinal
chemistry. This class of compounds has shown high potential in
a wide variety of biological activities, such as DNA photo-
cleavage, HIV protease inhibition, neuroprotection and apopto-
sis.1 In particular, the excited state properties of C60 may offer
viable routes to novel pharmacological tools.2

One of the problems of photodynamic therapy is the
addressed delivery of a photoactive agent to its target. That is
why conjugates of fullerene with molecules possessing bio-
logical affinity to certain nucleic acids, proteins, cell types,
organelles, etc., might be of particular interest. Additionally,
C60 itself might facilitate the interactions of certain biologically
active molecules with lipophilic membranes of living cells and
consequently improve cellular uptake due to its high hydro-
phobicity.

Recently, some conjugates between C60 and nucleic acid-
specific agents (acridine,3 netropsin4 and complementary
oligonucleotides5,6) have been reported, with the aim of better
understanding the mechanism of action and to increase their
cytotoxic properties and specificity. Coupling of fullerene to an
intercalator or a minor groove binder already leads to higher
affinity and specificity of the derivatives towards target DNA.4
The next step envisages the improvement of the photocleavage
efficiency of the conjugates, possibly by stabilizing their
duplexes and triplexes and increasing their sequence selectiv-
ity.

In order to achieve these goals, we have designed derivative
(1) of fulleropyrrolidine linked to trimethoxyindole (TMI) and

an oligonucleotide chain simultaneously. The rational design of
this derivative was based on a synergistic effect of two different

linkers such as TMI and oligonucleotide. The TMI unit is
characteristic of a class of natural antibiotics named duocarmy-
cins, possessing antitumor activity in the picomolar range, in
part due to high affinity and selectivity of the TMI group for the
minor groove in AT-rich sequences of DNA.7 The effect of the
oligonucleotide chain could be considered both to induce high
sequence-selectivity and to increase water solubility, one of the
main problems of C60 derivatives for biological application.

The designed compound 1 was prepared following the
general synthetic strategy summarized in Schemes 1–2, accord-
ing to the known procedure for the synthesis of full-
eropyrrolidines, based on the 1,3-dipolar cycloaddition of
azomethine ylides to C60.8,9

Scheme 1 Reagents: i, dioxane, 0 °C, then rt 18 h; ii, TFA, CH2Cl2, rt, 20
min; iii, NMM, HOBT, EDC, CH2Cl2; iv, Pd/C 10%, H2, MeOH; v, toluene,
reflux, 50 min; vi, TFA, CH2Cl2, rt, 1 h.
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The appropriate O-benzylaminoacid 4 was prepared by
alkylation of the mono protected (Boc) ethylenediamine 2 with
benzyl a-bromoacetate 3 (Scheme 1).

Deprotection of the amino functionality by TFA in 8 led to
amine 5, which was coupled to trimethoxyindole-2-carboxylic
acid 610 to afford amino ester 7. The latter was deprotected at
the carboxylic function by catalytic hydrogenation and the
resulting acid 8 was allowed to react with C60 and N-Boc-
6-aminohexanal 9 to yield the desired multifunctional full-
eropyrrolidine 10.† The latter compound was in turn depro-
tected to obtain the desired salt 11 by treatment with TFA
(Scheme 1).

The designed product 1 was synthesized following a general
synthetic strategy for the preparation of oligonucleotide con-
jugates previously reported11–13 and summarized in Scheme 2,
but the new procedure contained several modifications. Origi-
nally the reaction was initiated by activation of the oligonucleo-
tide terminal phosphate by means of Mukaiyama reagents,
triphenylphosphine–dipyridyl-2,2A-disulfide in the presence of
DMAP.14 However, it appeared that interaction of the activated
phosphate with the amino group of the fullerene derivative did
not lead to satisfactory yields of conjugation. Thus, it was
necessary to use 6-aminocaproic acid as a spacer between the
two moieties.

The phosphorylated oligonucleotide (16-mer) 12 was acti-
vated at its terminal phosphate, precipitated by lithium
perchlorate in acetone according to the method described by
Knorre et al.11 and attached to the e-amino group of 6-aminoca-
proic acid 13 in water in the presence of triethylamine to afford
the carboxylic acid derivative of oligonucleotide 14 in quantita-
tive yield. Coupling of 14 with fullerene derivative 11 was
performed in a similar way, by activation of the carboxylic
group with Mukaiyama reagents in organic media to obtain the
desired conjugate 1. Purification of 1 was performed by
electrophoresis in 1% agarose–0.1% triton X-100 gel using tris-
acetate buffer, followed by excision of the colored band and
electroelution, or digestion of agarose with b-agarase.5,6

In summary, we have described the synthesis of the bis-
functionalized fulleropyrrolidine 1 containing two different
linkers capable of modulating and inducing high sequence
selectivity. Results on duplex and triplex helicex DNA
formation and the synthesis of an enlarged series of compounds
for structure–activity relationship studies will be reported in due
course.

This work was supported by MURST (cofin. ex 40%, prot. n.
mm03198284), by Regione Friuli-Venezia Giulia, fondo Anno
1998, and by the European Community (TMR program
BIOFULLERENES, contract No. ERB FMRX-CT98-0192).
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A catalytic antibody has been discovered that degrades
oligomeric ester substrates.

A topic of current interest to both the chemical and global
community alike concerns the development of readily degrad-
able polymers and benign agents necessary for polymer
breakdown.1,2 From an environmental perspective, microbial/
enzymatic approaches for polymer breakdown are very attrac-
tive, and while a number of commercially used polymers are
sensitive to biodegradation, a large variety of commonly used
materials are essentially resistant.3–5 Furthermore, our current
understanding is not sufficient to fully predict a degradability
profile or to specifically target an enzyme/microorganism that
could degrade a man-made, synthetic polymer.6

Antibodies bind biological macromolecules or haptens with
high affinities and specificities.7 We and others have reported
antibodies that bind phosphorus transition-state analogues can
catalyze the hydrolysis of carbonate, ester, carbamate and amide
substrates.8 Yet, to date there have been no reports of antibody
catalysts that accept oligomeric versions of these simple
substrate classes. Herein we report the first example of a
catalytic antibody capable of degrading synthetic oligomeric
esters.

Several tactics could be envisioned in a hapten design for an
antibody-catalyzed hydrolysis of an oligomer. Among the ones
we considered include: (1) a transition-state analogue used as a
repeating unit, and (2) a pseudo-symmetric transition-state
analog. Both approaches have merit, but to date no method-
ology for antibody-catalyzed oligomer degradation has been
disclosed.8 We recently synthesized the new transition-state
analogue phosphorodithioate hapten 1 and used this molecule
attached to keyhole limpet hemocyanin (KLH) to obtain
antibodies with excellent catalytic activity for the hydrolysis of
carbonate 2a (kcat 2.7 min21) and good activity to ester 2b (kcat
0.27 min21).9 Based on the carbonate and esterolytic activities
seen from antibodies derived from 1 and its pseudo-symmetric
structure we reexamined this panel of antibodies for possession
of ‘deoligomerase’ activity. Our objective was thus to see if an
antibody could perform either a stepwise degradation from an
oligomer’s terminus or mediate nonselective endo-cleavage on
a starting oligomer and resulting subunit structures.

Before antibody screening could be engaged a set of
oligomers that could be recognized based on 1’s haptenic
structure needed to be prepared. While aromatic oligocarbonate
structures were deemed to be the most highly congruent
substrates for antibody library recognition we found such
molecules to be unstable for screening. As a second choice,
consideration was given to oligoesters. Polyesters are notori-
ously insoluble in both aqueous and organic solvents.2 How-
ever, we found that smaller molecular weight oligoesters could
be synthesized in a controlled stepwise and highly pure
manner.10 Furthermore, these oligomers displayed good stabil-

ity and workable solubility parameters for the kinetic analysis of
the appearance and disappearance of distinct oligomeric
subunits. Based on these considerations (vide supra), and the
need for maximal antibody substrate recognition, 4-hydroxy-
phenylacetic acid 3 was chosen as our monomer for oligomeric
synthesis.

Twenty-five monoclonal antibodies (mAbs) were screened
against tetramer 4, where the term ‘tetramer’ refers to the total
number of aromatic residues, that contained distinct terminal
units (Fig. 1). Though 4 was only soluble up to 250 mM in
aqueous buffer (50 mM PIPES, 50 mM NaCl, pH 6.7, 5%
DMSO cosolvent), we were still able to conduct the assay at 500
mM of 4 under heterogeneous conditions using an orbital shaker.
Three mAbs were found that cleaved the tetramer by cutting at

† Electronic supplementary information (ESI) available: experimental
procedures are provided including kinetic assays, and full characterization
(1H and 13C NMR, HRMS, HPLC traces) of the compounds under
discussion (4, 6–8, 10–12). See http://www.rsc.org/suppdata/cc/b0/
b008065i/

Fig. 1 Structures of hapten 1, inhibitor 9, carbonate 2a, oligoesters 4, 6,
10–12, simple esters and products derived from hydrolysis, 2b, 3, 5, 7 and
8.
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all three ester linkages. Interestingly, none of these antibodies
were noted previously to be catalysts for the hydrolysis of the
simple carbonate 2a, hence they had not been previously
examined as catalytic antibodies for monoester hydrolysis.9 The
most impressive mAb, OB2-48F8, was studied in greater detail
since it degraded 4 to the products 3, 5, 6, 7 and 8 (Fig. 1) with
the best overall rate estimated semi-quantitatively from the sum
of product concentrations measured by HPLC. Thereafter, the
antibody was freshly prepared and extensively purified by
protein G affinity chromatography followed by MonoQ ion
exchange chromatography. Notably, the antibody specific
activity increased upon purification, as required. Also, the Fab
fragment of OB2-48F8 was prepared, purified, and displayed a
similar activity compared to the whole IgG. Hence, we ruled out
contamination by esterases as a source of the deoligomerization
reaction.

Due to the solubility limitations of 4, the trimer 6 was used as
a substrate to quantitatively obtain an assessment of antibody
activity. The upper limit of solubility of 6 in the above buffer–
cosolvent system was 750 mM and allowed a full kinetic
analysis of the formation of 3 and 7 by OB2-48F8 (kcat = 2.2 3
1022 min21, Km = 580 mM, kcat/kuncat = 1.5 3 103). The
phosphorodithioate 9 was a competitive inhibitor (Ki = 6.2 mM)
for this route of trimer degradation.11,12 Concurrently, the
antibody also catalyzed the cleavage of 6 to subunits 5 and 8
(kcat = 1.5 3 1023 min21, Km = 520 mM, kcat/kuncat = 1.2 3
102). The observed activity was interesting in the light of the
haptenic structure for which conventional wisdom would
predict a preferred hydrolysis to yield 5 and 8. We also tested
the antibody-catalyzed hydrolysis of 2b,9 the ester most
congruent to 1 and 9, as well as the cleavage of the two primary
ester products 7 and 8. OB2-48F8 catalyzed the hydrolysis of 2b
(kcat = 1.0 3 1022 min21, Km = 289 mM, kcat/kuncat = 3.3 3
102) and was competitively inhibited by 9 (Ki = 16.5 mM). The
antibody also cleaved 7 (kcat = 1.7 3 1023 min21, Km =
695 mM, kcat/kuncat = 1.1 3 102) and 8 (kcat = 2.0 3 1023

min21, Km = 940 mM, kcat/kuncat = 90). Thus, mAb OB2-48F8
was capable of completely degrading 6 to its component
monomeric building blocks. Unexpectedly, the trimer 6 was a
better substrate than ester 2b for reasons that remain unclear.
Additional studies employing the novel phosphorodithioate
moiety might reveal unusual features with regard to the
correlation between hapten and substrate structures.

Finally, to investigate the capabilities of OB2-48F8 for
degrading larger oligomers approaching ‘real’ polymers, we
synthesized polyesters 10–12 that contained additional repeat-
ing units (Fig. 1). The pentamer 10 (MW 729) was sparingly
soluble (less than 30 mM) in our aqueous buffer conditions,
however using a 500 mM heterogeneous mixture of 10
degradation still occurred into subunit structures (Fig. 2). As
detailed in Fig. 2, there was an initial increase in the dimers 7
and 8 followed by a decrease as monomers 3 and 5 increased.
This was rationalized based on the above cleavage preferences
and consecutive-reaction kinetics. Over a one month period
near neutral pH at ambient temperature in the presence of
antibody, approximately 200 mM of 3 was formed from
degraded 10. Without antibody, less than 3% occurred. In a
similar fashion, OB2-48F8 also broke down polyesters 11 (MW
863) and 12 (MW 997) that were virtually insoluble under our
assay conditions, yet cleavage occurred at multiple sites to yield
suboligomers as primary products (data not shown). Sig-
nificantly, the antibody was stable for more than a month under
heterogeneous conditions while the progress of these reactions
was being monitored.13 All the observations and data confirmed
that the antibody performed oligomer degradations by ‘multi-
mer’ processing using nonregioselective, kinetically biased
endo-cleavage, rather than a stepwise deoligomerization
through cleavage of monomers from a terminus.

In conclusion, a catalytic antibody has been discovered that
degrades oligomeric esters. Our findings are of fundamental
importance as now catalytic antibodies share another trait
thought only to be associated with enzymes, the biodegradation
of oligo and polymeric materials.1

We thank Dr Peter Wirsching for reviewing the manuscript.
Financial support was provided by The National Institute of
Health (GM 43858) and The Skaggs Institute of Chemical
Biology.
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The choice of a hydrophilic bio-polymer, such as cellulose, as
the support of the water soluble Pd(OAc)2/5 TPPTS system,
leads to a new and efficient heterogeneous catalyst for the
Trost Tsuji allylic alkylation reaction.

The heterogeneous catalysts designed for the synthesis of fine
chemicals are usually supported either on inorganic oxides
(silica, carbon..) or on organic synthetic polymers.1 If one
excludes the case of supported metal particles modified with the
appropriate asymmetric inductor (tartaric acid, cinchona alka-
loids… ),2–5 most of these catalysts are anchored metal
complexes; the anchoring bond links a surface atom either to the
metal centre or to an atom of one of the ligands at a position as
remote as possible from the active metal centre. The control of
the selectivity of the surface anchoring reactions is one of the
major difficulties; yet this affects directly the selectivity of the
target organic reaction.

About ten years ago, the so-called Supported Aqueous Phase
Catalysts were developed for the heterogenization of biphasic
water/organic catalysts.6 This immobilisation procedure takes
advantage of the hydrophilicity and of the high specific surface
area of an inorganic support. The former character is necessary
to maintain the catalyst-containing water film on the solid, the
latter is responsible for the substantial activity increase as
compared to that achieved in a biphasic medium. Silica is the
most used support; mesoporous glass beads of controlled pore
size distribution are the favourite, although the precise role of
the porosity is so far not unambiguously demonstrated. This
methodology is particularly well suited to the reactions non-
feasible under conventional biphasic conditions such as, for
example, those which involve water non-soluble reactants7 or
water-sensitive reactions.8 We wish to report here the first
example, to our knowledge, of a catalyst supported in an
aqueous film on a natural polysaccharide, cellulose.

This polymer, which has unlimited availability as a renew-
able agro-resource and is biodegradable, presents a number of
interesting structure related properties9 which have so far, to our
knowledge, never been explored in the field of catalysis. Here,
we have used its high hydrophilic character, induced by the
presence of numerous hydroxy groups. Thus, we have im-
mobilised on a cellulose powder the water soluble catalytic
precursor Pd(OAc)2/5 TPPTS [TPPTS = P(m-C6H4SO3Na)3]
using the SAP methodology and we have tested the catalytic
properties of this solid for the allylic substitution of (E)-
cinnamyl ethyl carbonate by morpholine [eqn. (1)]. 

(1)
The cellulose powder (a generous gift from Institut Textile de

France, Ecully, France, particles size: 80 mm) is characterised
by a degree of crystallinity of 53% (determined by XRD), a
specific surface area equal to 1.35 m2 g21 (from the isotherm of
N2 adsorption of the solid evacuated at 108 °C) and a wetting

volume equal to 4.5 mL g21 (defined as the volume of water
which can be added to 1 g of solid before a drop of liquid can be
visualised). All the manipulations are performed under inert
atmosphere using classical Schlenk tube techniques. The
catalyst is synthesised following the so-called incipient wetness
method as described in ref. 10. Typically, Pd(OAc)2 (52.5 mg,
0.23 mmol) and TPPTS (732 mg, 1.3 mmol) are dissolved in de-
aerated water (12 mL) under magnetic stirring (30 min, 40 °C).
This solution is then poured onto cellulose (2.5 g, pre-evacuated
at 120 °C (10 h, 1024 Torr)) and the mixture stirred at 40 °C for
30 min. Water is then evacuated at rt (2 h at 1021 Torr, 2 h at
1024 Torr). The dry mustard yellow solid (CELL–SAP-Pd) is
characterised by a 0.75% Pd content (determined by ICP) and a
3% wt water content (determined by TGA). The latter parameter
is varied by addition of the desired quantity of water directly
onto the solid with a syringe under magnetic stirring (rt, 30
min).

The catalytic tests are performed as described in ref. 10 under
the following conditions: solvent: PhCN, T = 50 °C,
[1]–[2]–[Pd] = 25+30+1; [1] = 30 mmol L21. The reaction is
followed by GPC (HP 5890, HP5 column, Tinj = 240 °C, Tdet.
= 280 °C), calibrated against authentic samples. Analysis of the
palladium content of the organic solutions at the end of each
catalytic test is performed by ICP or ICP-MS when neces-
sary.

The activity of CELL–SAP-Pd is strongly dependent on its
water content (Fig. 1), a phenomenon which has already been
observed with most silica–SAP catalysts.10–13 For these latter,
one maximum is generally observed which seems to depend on
the precise reaction (catalyst, reactants) under investigation.
With CELL–SAP-Pd, two maxima of activity are evidenced.
The first corresponds to a water content of 26 wt% or 0.5 g H2O/
g CELL; 1 is converted after 100 min to a 60% level with a
100% selectivity for 3. The second is with 66 wt% H2O or 6 g
H2O/g CELL; then the solid is much more active and 1 is fully
converted to 3 within 100 min.

For the most active solid (66 wt% H2O), we tested the
influence of the method of introduction of water on the solid.

Fig. 1 Influence of the water amount (g H2O/g CELL) on the catalytic
activity of (Pd(OAc)2/5 TPPTS) supported on CELL, /: tR = 50 min; -:
tR = 100 min and on silica D (tR = 10 min. Exp. cond.: solvent: PhCN, T
= 50 °C, [1] = 30 mmol L21, [1]–[2]–[Pd] = 25+30+1.
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For this purpose, we added the desired water amount to the
benzonitrile solution of the reactants. This biphasic solution is
then poured on the ‘dry’ CELL–SAP-Pd sample. Instanta-
neously, the solution becomes monophasic but remains colour-
less; this confirms the high hydrophilicity of the surface of
cellulose and suggests that palladium remains essentially on the
solid. The activity of this sample is lower than that obtained
with the general method (60 vs. 95% yield 3 after 100 min). But,
we suspect that the main origin of this discrepancy is the
uncontrolled agglomeration of the solid particles under the
catalytic conditions; this necessarily induces major problems of
diffusion of the reactants to the active centres. Accordingly, we
observe also some irreproducibility of the activity of the solid
CELL–SAP-Pd as soon as its water content lies above 1 g H2O/
g CELL.

In none of these catalytic tests, is the presence of palladium
detected in the organic catalytic solutions once the reactants are
fully converted: the leaching of palladium, if any, is below
0.6%. This result is very encouraging because it is the first
condition which must be met before one can envisage the
possibility of recycling a supported catalyst, one of the
advantages which is expected from the heterogenization of any
molecular catalyst. It is then worth finding a way to improve the
dispersion of the solid particles in the liquid organic medium.

In water, the surface of cellulose is anionic;9 therefore
cationic surfactants should easily interact with the outer surface
of the particles, and confer on them a hydrophobic character.
This should facilitate their dispersion in an organic medium
such as benzonitrile. When a small amount of cetyltrimethy-
lammmonium bromide (CTAB) is added to the solution of the
reactants, the dispersion of the solid particles CELL–Pd-SAP
(2.6 g H2O/g CELL) is de visu excellent and concomitantly their
activity increases sharply (Fig. 2). The increase of the
concentration of CTAB (given as the initial concentration in
PhCN) is beneficial for the activity, but concomitantly the
palladium leaching increases up to an unacceptable level (Table
1). The addition of triethylpropylammonium bromide
NEt3PrBr, which is not a surfactant but a common phase
transfer agent in catalysis, improves neither the activity of the
same solid, (Fig. 2) nor its dispersion, but simultaneously the
palladium leaching is less severe (Table 1). Finally, we observe
that CTAB, even at low concentrations, kills the activity of the
related silica–SAP-Pd (40 wt% H2O) (Fig. 2).

The interpretation of all these data clearly needs a more
detailed investigation; yet, some important comments can
already be made. The increase of the activity of CELL–SAP-Pd

with its water content may be related to a greater mobility of the
complex with increasing thickness of the water layer on the
surface. But some properties must clearly be correlated to the
nature of the support itself: water induces a swelling of the
cellulose,9 a property which increases the surface accessibility.
Thus for example, it is known that the specific surface of a
cotton powder is very low when determined from the adsorption
isotherm of N2, and raises values two orders of magnitude larger
when determined from the adsorption of H2O.9 The double
maximum may also reflect the structure of cellulose and more
specifically the fact that the amorphous part is more accessible
to the reactants than the crystalline part. Finally, CTAB clearly
has a complex role, but it acts definitely as a surfactant,
favouring the dispersion of the cellulose particles in the organic
reaction medium and most probably also its swelling.

These data are very encouraging; they show the potential of
cellulose as a support for the immobilisation of water soluble
catalysts for fine chemical synthesis, these latter reactions are
generally compatible with the thermal stability of this natural
polymer. We are currently exploring the many other means of
immobilisation of complexes which are possible on this type of
solid, so as to take advantage of the specific chemical and
structural properties of these polysaccharides as compared to
the inorganic oxide supports traditionally used in the field of
catalysis.

This work was financially supported by CNRS. M. R.
Chatelin and P. Gayrine (ITF) are acknowledged for many
encouraging and stimulating discussions.
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Fig. 2 Influence of NEt3PrBr (.) and of CTAB (/) on the activity of
CELL–SAP-Pd (2.6 g H2O/g CELL and of CTAB on the activity of silica–
SAP-Pd (0.87 g H2O/g silica) (D). tR = 5 min. Exp. cond.: solvent: PhCN,
T = 50 °C, [1]: 33 mmol L21, [1]–[2]–[Pd] = 25+30+1.

Table 1 Palladium leaching from CELL–SAP-Pd (2.6 g H2O/g CELL) into
the organic solvent after the catalytic tests performed under the conditions
given below Fig. 1 and 2

Ammonium
bromide
Nature Conc/mmol L21 Pd/ppm % Pd

CTAB 0 1.2 0.6
3 9 3
9 14 8
30 47 20

NEt3PrBr 9 9 5
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Biosynthetic incorporation of labelled sodium acetates into
bisorbicillinol in Trichoderma sp. USF-2690 suggests that
bisorbicillinol is derived from 12 acetate units. Successful
bioconversion of the labelled bisorbicillinols to bisorbibute-
nolides (bislongiquinolides) and bisorbicillinolides using the
washed mycelium of the strain suggests that there are
biosynthetic routes from bisorbicillinol to bisorbibutenolide
and from bisorbicillinol to bisorbicillinolide.

The ‘Bisorbicillinoids’, comprised of dimeric sorbicillin-related
natural products, have recently been described by Nicolaou et
al.1 Several compounds in the group, possessing complex
structures, exhibit interesting biological activities, e.g., inhibi-
tion of the production of TNF-a by macrophages and mono-
cytes,2 inhibition of b-1,6-glucan biosynthesis,3 and scavenging
of the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical.4–7 The
biosynthesis of bisorbicillinoids is of interest to many in-
vestigators5,8–10 and, recently, biomimetic total synthesis has
been investigated.11–13 In particular, the biosynthetic pathway
of bisorbibutenolide5 (bislongiquinolide, 3)14 has been pro-
posed to involve several distinct routes.5,10 We recently
reported that Trichoderma sp. USF-2690 produced seven
bisorbicillinoids, including bisorbicillinol 1, bisorbibutenolide
2, and bisorbicillinolide 3,4,5 with presumed biogenetic routes
from 1 to 2 and from 1 to 3 through a branch point as a common
intermediate anion (Scheme 1).5 The routes were postulated
based on the finding that 13C-labeled sodium acetate was
incorporated into 1 via a polyketide pathway prior to incorpora-

tion into 2 and 3. We wished to establish the biosynthetic
relationship between 1, 2, and 3, and report herein the result of
a preliminary labelling experiment that provides evidence of the
biosynthetic routes from 1 to 2 and from 1 to 3.

Trichoderma sp. USF-2690 was first cultivated on a
reciprocal shaker at 30 °C for 2 d.† The washed mycelium from
the fermentation broth was then suspended in five 0.5-liter
flasks each holding 150 mL of the medium (pH 7) containing
0.1% sodium [1-13C]acetate or 0.1% sodium [2-13C]acetate and
0.5% polypeptone, and again fermented with reciprocal shaking
at 30 °C for 2 d. The filtered broth (1 L) was extracted with ethyl
acetate (0.5 L 3 2) at pH 3. The organic extract, concentrated in
vacuo, was applied to a Sephadex LH-20 column and eluted
with methanol. The fraction including 1 was rechromato-
graphed using medium-pressure liquid chromatography
(MPLC) under the following conditions: support, YMC-ODS-
AQ 120-S50; solvent, acetonitrile–H2O (1+1, containing 0.1%
trifluoroacetic acid); detection, UV at 370 nm. Two types of
labelled bisorbicillinol 1 were obtained. The experiment using
sodium [1-13C] acetate gave 1 ([1-13C]-1) with 10 13C-enriched
carbons (C-1, C-3, C-5, C-7, C-1A, C-3A, C-5A, C-1B, C-3B, and
C-5B) in the 13C-NMR spectrum. The expected incorporations
at C-9 and C-11 were not observed. We previously reported that
bisorbicillinol 1 had a keto–enol tautomation between C-9 and
C-11 in solution, and the 13C signals of C-9 and C-11 did not
appear in the 13C-NMR spectrum.4 Therefore, the lack of peaks
at C-9 and C-11 did not necessarily mean that the 13C atoms
from sodium [1-13C]acetate were not incorporated at C-9 and

Scheme 1 Biosynthetic pathway from bisorbicillinol 1 to bisorbibutenolide (bislongiquinolide 2) and bisorbicillinolide 3.
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C-11. On the other hand, the feeding experiment using sodium
[2-13C]acetate enhanced the peak strength of 12 carbons (C-2,
C-4, C-6, C-8, C-10, C-12, C-2A, C-4A, C-6A, C-2B, C-4B, and
C-6B) in the 13C-NMR spectrum of 1 ([2-13C]-1). These results
suggested that 1 was formed by the dimerization of six acetate
units, which combined in the head-to-tail manner typical of fatty
acids and polyketides, to give linkages between C-1 and C-7 and
between C-4 and C-8 according to the Diels–Alder reaction.

The incorporation study employing each labelled bisorbicilli-
nol 1 as a precursor of bioconversion was accomplished in the
following manner. The fungus, inoculated in 0.5 L flasks
containing 150 mL of the medium (pH 7) composed of 2.0%
glucose and 0.5% polypeptone, was preincubated on a recipro-
cal shaker at 30 °C for 9 d. Mycelia were washed with sterilized
water and then the washed mycelium was inoculated in 0.5 L
flasks containing 150 mL of sterilized water with 10 mg of non-
labelled and 5 mg of 13C-labelled bisorbicillinol 1. The cultures
for isolation of bisorbibutenolide 2 and bisorbicillinolide 3 were
incubated for 72 and 10 h, respectively. The filtrate obtained
from each broth was adjusted to pH 3 and extracted with ethyl
acetate. LH-20 column chromatography and repetitive MPLC
yielded 2 and 3, respectively.

The 13C-NMR spectrum of bisorbibutenolide 2 obtained from
the broth fed with [1-13C]-1 had 12 13C-enriched peaks at C-1,
C-3, C-5, C-7, C-10, C-12, C-1A, C-3A, C-5A, C-1B, C-3B, and
C-5B. This definitive result established the existence of a
biological synthetic route from 1 to 2, as we had proposed
previously.5 In addition, the enrichment of C-10 and C-12 of 2
meant that the two invisible carbons in the 13C-NMR spectrum
of 1 were enriched by sodium [1-13C]acetate. Furthermore, the
consecutive feeding study of [2-13C]-1 confirmed the validity of
bioconversion from 1 to 2 in the fungal strain. This finding was
consistent with the expectation based on a typical polyketide
pathway that the 13C–enrichments at C-2, C-4, C-6, C-8, C-9,
C-11, C-2A, C-4A, C-6A, C-2B, C-4B, and C-6B were observed in
the 13C-NMR spectrum of 2.

Proof of biosynthesis of bisorbicillinolide 3 via bisorbicilli-
nol 1 as a precursor, was then performed in the same manner.
The bisorbicillinolide 3 obtained from the broth fed with
[1-13C]-1 gave the characteristic 13C-NMR spectrum of 3,
which had 12 peaks enhanced at C-1, C-3, C-6, C-8, C-10, C-12,
C-1A, C-3A, C-5A, C-1B, C-3B, and C-5B. The continued
experiment using [2-13C]-1 led to the expected 3, into which
excess 13C-atoms were incorporated at C-2, C-4, C-5, C-7, C-9,
C-11, C-2A, C-4A, C-6A, C-2B, C-4B, and C-6B. The results of a
feeding study using [1-13C]-1 and [2-13C]-1 ascertained that
bisorbicillinolide 3 was biosynthesized from bisorbicillinol 1 as
a precursor.

To examine the possibility that the biosynthesis from
bisorbicillinol 1 to bisorbibutenolide 2 occurred via bisorbicilli-
nolide 3, or from 1 to 3 via 2, time course studies on
bioconversion of products in the washed mycelium were
performed using high performance liquid chromatography

analysis. Non-labeled bisorbibutenolide 2 or bisorbicillinolide 3
was added to the washed mycelium prepared above, and the
culture broth was incubated at 30 °C for 72 h. No other products
were detected in either experiment.

These observations from the 13C-feeding studies indicate that
there are biosynthetic routes from 1 to 2 and from 1 to 3 in
Trichoderma sp. USF-2690. The supporting experiments might
rule out the possibility of biosynthesis from 1 to 2 via 3 or from
1 to 3 via 2 and the reverse biosynthesis from 2 or 3 to 1. These
results suggest the presence of the first anion as a branch point
and the second anion following the C–C bond cleavage. Further
incorporation studies will clarify the detailed biosynthetic
mechanisms through the two precursor anions.

This work is supported in part by a grant-in-aid for Scientific
Research (C) (No. 12660100) to A. H. from the Ministry of
Education, Science, Sports and Culture of Japan.
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Water in supercritical carbon dioxide microemulsions are
examined as a new medium for the extraction of metal ions
from contaminated surfaces, and are shown to extract
> 99% of the copper from a spiked filter paper with as little
as a two-fold excess of surfactant.

Supercritical carbon dioxide (scCO2) has many advantages as a
solvent for extractions in environmental remediation including
enhanced diffusivity (mass transfer), chemical stability, and
pressure-dependent solvation properties that facilitate simple
separations. The absence of a liquid–vapor interface above the
critical temperature (31 °C) results in zero surface tension, and
is particularly advantageous for extraction from solid surfaces
since scCO2 may easily penetrate the pores of solid matrices.
The challenge for extracting metal ions comes from the fact that
supercritical carbon dioxide has no permanent dipole moment
and a low dieletric constant (ca. 1.5). Hence, hydrophiles and
metal salts typically have near zero solubility. Ligands such as
b-diketones, dithiocarbamates, and organophosphorus reagents
have been used to solubilize metals into scCO2.1 The solubility
of the ligands is quite good in some cases, but solubility of the
metal–ligand complexes remains low, limiting practical appli-
cations. Solubility of the metal complexes can be enhanced with
highly fluorinated ligands,2 but complexes that have moderate
CO2 solubility often require a large excess of ligand for efficient
extraction.1e,g,i,2e Yazdi and Beckman have shown that attach-
ing ‘CO2-philic’ tails, consisting of either highly fluorinated or
polysiloxane groups, to ligands increases the solubility of the
metal complexes and results in moderately efficient metal
extractions (up to 87%) in liquid CO2.3 The approach of
designing specific fluorinated ligands has the drawback that
efficient extraction depends on the metal being present as a
simple metal salt in a specific oxidation state.

Our approach differs significantly from strategies to date in
that we solubilize the metal ion with water in CO2 micro-
emulsions. Johnston et al.4 and Eastoe et al.5 first demonstrated
that a perfluoropolyether ammonium carboxylate surfactant
was effective in forming water microemulsion droplets ( < 10
nm in diameter) in supercritical carbon dioxide. We report here
on using these water-based microemulsions as a new medium
for metal extraction from contaminated surfaces. The nano-
droplets of water suspended in CO2 take advantage of both the
high solubility of metal ions in water and the high difussivity of
CO2 to penetrate pores that are inaccessible to bulk water. The
pressure-dependent solvent strength of CO2 can be used to
control formation and disruption of the nanodroplets. This
extraction scheme is particularly attractive for remediation of
heterogeneous waste in which small amounts of metal con-
taminants are dispersed throughout a large volume of solid
waste. Typically, such extractions require an amount of water or
solvent proportional to the volume of solid material. With
microemulsions, CO2 is effectively used as a diluent and the
amount of water need only be proportional to the amount of
metal to be extracted, making it possible to decontaminate
grams of waste with mL of water.

Water in carbon dioxide microemulsions were formed in a
stainless steel variable volume view cell.6 The standard
amounts of material added for microemulsion formation were

0.2 g PFPE-NH4, 10 g CO2 and 60 mL water. Selected
experiments were done with 0.122 g PFPE-NH4, 10 g CO2 and
42 mL water (data in Table 1). All extractions were conducted at
207 bar and 45 °C. Filter paper was spiked by two different
methods. A 42.5 mm diameter filter paper was submerged in
aqueous 1 M copper nitrate for at least 48 h (method 1). After
drying, the filter paper was cut into quarter sections and
extractions were conducted on one section of the paper. For
method 2, 5–6 mg of Cu(NO3)2 was dissolved in 30 mL of water
and the entire solution was added dropwise to a piece of filter
paper. Each filter paper was dried for at least 24 h and placed in
a small extraction cell (ISCO, 3 mL cell). The microemulsion
was recirculated through the extraction cell at a flow rate of 10
mL min21. The kinetics of extraction from the filter paper were
followed with UV–VIS spectroscopy (Hewlett–Packard model
8453). At the completion of the extraction, at least 50 mL of
neat CO2 was passed through the extraction cell (207 bar, 25 °C)
to remove residual fluorinated surfactant from the filter paper.
The filters were digested and copper concentrations were
determined by ICP-AES.

The extinction coefficient for the 733 nm band of Cu(NO3)2
in the water/CO2 microemulsion was determined to be 59.3
M21 cm21.7 The low energy absorption band is blue shifted
compared to copper nitrate in nitric acid (810 nm) at ambient
conditions (Fig. 1). We attribute this shift to two factors: copper
binding to the surfactant head groups and a decrease in the
polarity of water in the micelle core. The maximum solubility of
copper in the microemulsion was found to be 3 M.

Extractions of copper from spiked filter paper were con-
ducted to examine the effectiveness of the microemulsion in
removing metal contaminates from solid surfaces (Table 1).
More than 99% of the copper is extracted in one step from
smaller pieces of filter paper. Extraction efficiency decreases
when a larger piece of filter paper is used, but following with a
second extraction improves the efficiency to 82–99%. The
kinetics of extraction from a spiked filter paper (method 1) were
followed by UV–VIS spectroscopy (Fig. 1). The absorption
from copper reached a maximum after 60 min of exposure to the
microemulsion, with no further increase after an additional 90
min. The kinetics of extraction with microemulsions are much

Table 1 Extraction of copper from filter paper at 45 °C and 207 bar for 1 h,
using 122 mg surfactant and 42 mL water

Number of
extractions

Weight of
filter paper/g

Concentration,
initial/ppm % Extracted

1a 0.018 81400 99.65
1a,b 0.019 81400 99.53
1c 0.384 3430 58.5
2c 0.386 4090 98.0
2c 0.238 6630 82.8
2c 0.096 16400 99.7

a Extraction from Whatman No. 3 filter paper; % extracted based on
measured value from an unextracted piece of spiked filter paper; method 1
spiking procedure (saturated solution). b Using 50 mL water. c Extraction
from Whatman No. 5 filter paper; % extracted based on a calculated value
for 5 and 6 mg Cu(NO3)2; method 2 spiking procedure.
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faster than those observed recently with CO2-soluble polymers
that required many hours to days for extraction.8 In addition to
improved kinetics, the microemulsions have improved effi-
ciency compared to previous studies with CO2-soluble chelat-
ing agents. In general, past extractions have required a
tremendous excess of ligand to achieve reasonable metal
extractions ( > 1000 fold).1 By comparison, at the maximum
solubility of copper, the molar ratio of surfactant to copper in
the microemulsion is approximately 3.

Europium fluorescence lifetimes and emission spectra were
examined to probe ion solvation in the water in CO2
microemulsions. The relative heights of the europium emission
bands at 593 and 615 nm provide information on the first
solvation sphere around the europium ion.9,10 In the micro-
emulsion, the 615 nm band gains in intensity, indicating that the
center of inversion around europium is removed by displace-
ment of water in the first hydration sphere by another ligand.11

Two possible ligands are available in the microemulsion core:
the carboxylate head group of the surfactant or carbonic acid,
formed by CO2 dissolved in the aqueous phase. As a control,
europium chloride was dissolved in D2O and the headspace over
the solution was pressurized to 3000 psi with carbon dioxide to
introduce bicarbonate with no surfactant present. The europium
emission spectra appeared the same as in water at ambient
conditions, suggesting that the carboxylate head group of the
surfactant is solely responsible for the changes in the emission
spectra of europium ion dissolved in the microemulsion.

Futher evidence for surfactant binding comes from lifetime
experiments using H2O- and D2O-based microemulsions. The
isotope effect provides a way to determine the number of water
molecules surrounding the europium ion using the equation: n =
C*(1/tH 2 1/tD), where n is the number of water molecules, C
is a constant (1.05 for Eu), tH is the fluorescenece lifetime in
H2O, and tD is the fluorescence lifetime in D2O (lifetimes in
milliseconds).9 The lifetime of europium(III) ion in the water in
supercritical CO2 microemulsion was found to be 120 ms and
increased to 274 ms when the microemulsion was formed with
D2O. Using the above equation with the measured lifetimes
gives ca. 5 water molecules in the first hydration sphere of the
europium ions. As the fully hydrated ion has 8 to 9 water
molecules,12 this result suggests that the surfactant displaces 3
or 4 water molecules from around the europium ion.

Radioactive and heavy metal contaminants are often present
as water-insoluble metal oxides in heterogeneous waste. To
demonstrate the versatility of the microemulsion in metal
extraction, the microemulsion was formed with a 20 wt% nitric
acid solution instead of pure water. The increase in acidity was
confirmed by dissolving methyl orange indicator in the
microemulsion. The indicator appeared bright red when the

microemulsion was formed with 20% nitric acid as opposed to
orange when distilled water was used. The ability of the acidic
microemulsions to extract metal oxides was examined with
europium oxide. Based upon visual observation, 10 mg of
europium oxide completely dissolved into a microemulsion
formed with 20 wt% nitric acid after stirring for 1 h.

Water in supercritical carbon dioxide microemulsions are
effective for extraction of metals from solids. At maximum
solubility, a 3 M solution of copper can be obtained within the
microemulsion core. The nanodroplets offer the advantages of
rapid and efficient extractions with a versatile environment.
Making the microemulsion with 20 wt% nitric acid rather than
pure water allowed europium oxide to be solubilized. Agents
that oxidize low valent metal oxides or water-soluble chelating
agents could also be introduced into the microemulsions to
expand the types of metals that may be extracted and to provide
selectivity in mixed metal extractions. Metal is readily re-
covered by simply dropping the CO2 pressure below the cloud
point, causing the water to coalesce into a single droplet with all
of the metal and some surfactant. Initial experimental work has
indicated that surfactant recycle should be possible by adding
excess water and reducing pressure to destabilize the micro-
emulsion while maintaining surfactant solubility. An additional
270 mL of water was added to a copper-saturated microemulsion
at 207 bar, and then pressure was reduced to 101 bar. At 101 bar,
phase separation occurred and the aqueous phase settled to the
bottom of the cell, while a significant fraction of the surfactant
remained in the upper phase. No copper was observable in the
upper phase by UV–VIS. The ability of the microemulsion to
concentrate the metal into a small volume of water makes it
particularly attractive for extractions from contaminated solids
that often have small amounts of metal dispersed over a large
volume of solid waste.
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The a-effect for the reaction of a sulfonyl ester exhibits a
bell-shaped dependence of the a-effect on solvent composi-
tion as do the corresponding reactions with a carbonyl and a
phosphinyl ester, and the magnitude of the a-effect is found
to be dependent on the magnitude of the bnuc value,
suggesting TS stabilization as the cause of the a-effect.

Since the a-effect term was given by Edwards and Pearson in
1962 to the abnormally enhanced reactivity shown by nucleo-
philes having a pair of unshared electrons adjacent to the
nucleophilic center,1 numerous studies have been performed to
account for this phenomenon.2–11 However, the cause of the a-
effect has not been clearly understood.2–11 One of the intriguing
aspects in a-effect studies has been the finding that the
magnitude of the a-effect is dependent on the nature of the
electrophilic center, generally increasing as sp3 < sp2 < sp for
carbon centers,2–4 though some exceptions exist.5 Equally
interesting, as well as controversial, has been the effect of
solvent on the a-effect.6–9

In order to shed light on the effect of solvent on the a-effect,
we initiated systematic studies and in 1986, we investigated the
reaction of p-nitrophenyl acetate (PNPA) with butane-2,3-dione
monoximate (Ox2) and p-chlorophenoxide (ClPhO2), as the a-
and corresponding normal-nucleophile, respectively, in
DMSO–H2O mixtures of varying compositions.6a We found,
unexpectedly, a bell-shaped dependence of the a-effect (kOx2/
kClPhO2) on solvent composition.6a A similar bell-shaped trend
was observed for the corresponding reaction of p-nitrophenyl
diphenylphosphinate (PNPDPP).6b However, Moss reported
that the reaction of PNPA with o-iodosylbenzoate (IBO2) and
ClPhO2 in DMSO–H2O mixtures shows no maximum a-effect
but exhibits a decreasing a-effect trend.7 More surprisingly, a
contrasting solvent behaviour was found recently:8 the reaction
of PNPA with Ox2 and ClPhO2 in MeCN–H2O mixtures
exhibits an increasing a-effect trend as the mol% MeCN in the
medium is increased.8a Similarly, the a-effect for the reaction of
PNPA with benzohydroxamates and m-chlorophenoxide in
MeCN–H2O mixtures also resulted in an increasing a-effect
behaviour as the concentration of MeCN in the reaction medium
was increased.8b

It appeared to us as potentially highly informative, in
investigation of the a-effect, to vary the electrophilic center
systematically and to couple that with variation of solvent. We
report herein such a study for the reaction of a sulfur centered
substrate, p-nitrophenyl benzenesulfonate (PNPBS), with Ox2
and ClPhO2 in DMSO–H2O mixtures as shown in eqn. (1), and
compare the results with the data for the corresponding
reactions of PNPA and PNPDPP.

C6H5SO2-OC6H4NO2-p + Nu2 ?
C6H5SO2Nu + 2OC6H4NO2-p

Nu2 = CH3C(O)C(CH3)NNO2 (Ox2), an a-nucleophile
p-ClC6H4O2 (ClPhO2), a normal nucleophile

(1)

As shown in Fig. 1, the second-order rate constant increases
as the mol% of DMSO in the medium increases for both Ox2

and ClPhO2 systems: the rate enhancement upon solvent
change from 10 to 90 mol% of DMSO is 2190 and 3330 for Ox2
and ClPhO2, respectively. Interestingly, the plot of log kOx2 vs.
mol% of DMSO shows downward curvature, while that of log
kClPhO2 vs. mol% DMSO exhibits upward curvature. As a result,
the difference in rate constant between Ox2 and ClPhO2
increases up to ca. 50 mol% DMSO but decreases beyond this
point. Such a differential solvent effect on rates leads to the
solvent dependent a-effect profile, shown in Fig. 2; i.e. the
sulfonyl system exhibits maximum a-effect at ca. 50 mol%
DMSO, as do the carbonyl and phosphinyl systems. Therefore,

† Electronic supplementary information (ESI) available: Tables of rate
constants. See http://www.rsc.org/suppdata/cc/b0/b007000i/

Fig. 1 Plots showing the effect of solvent on second-order rate constants
for the reaction of PNPBS with Ox2 and ClPhO2 in DMSO–H2O mixtures
at 25.0 ± 0.1 °C.

Fig. 2 Plots showing the effect of solvent on the a-effect for the reaction
of PNPA, PNPDPP and PNPBS with Ox2 and ClPhO2 in DMSO–H2O
mixtures at 25.0 ± 0.1 °C.
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the bell-shaped a-effect behaviour has been found to be general
for the reactions of the three different electrophiles with Ox2
and ClPhO2 in DMSO–H2O mixtures.

Moreover, interestingly, the magnitude of the a-effect is
strongly dependent on the electrophilic center; i.e. the a-effect
in 50 mol% is ca. 300, 40 and 200 for the carbonyl, phosphinyl
and sulfonyl systems, respectively. The small a-effect for the
phosphinyl system compared to the carbonyl and sulfonyl
systems is striking. Bruice showed that the magnitude of the a-
effect is dependent on the magnitude of the bnuc value for
reactions of a variety of substrates with hydrazine and
glycylglycine: the a-effect decreases with decreasing bnuc
value.10 Similarly, Bernasconi observed no a-effect for the
addition reaction of primary amines including hydrazine and o-
methylhydroxylamine to Meldrum’s acid, a system for which
bnuc = 0.22.11a

The bnuc values for the reactions of PNPA with substituted
phenoxides in various DMSO–H2O mixtures are available,12

but the ones for the reaction of the phosphinyl and sulfonyl
systems have not been reported. Therefore, we performed the
reaction of PNPDPP and PNPBS with a series of substituted
phenoxides in 50 mol% DMSO, in which the maximum a-effect
is observed. The plots of log kZC6H4O2 vs. pKa (ZC6H4OH)
exhibit good Brønsted type correlation: bnuc values are 0.64,
0.21 and 0.54 for the carbonyl, phosphinyl and sulfonyl
systems, respectively. Thus, the bnuc value for the phosphinyl
systems is much smaller than for the carbonyl and sulfonyl
systems, and, moreover, the bnuc value follows the same order
as the a-effect in magnitude. Therefore, one can suggest that the
small bnuc value is responsible for the small a-effect exhibited
by the phosphinyl system. This argument is consistent with our
recent report that the reaction for an sp hybridized carbon center
exhibited an unexpectedly small a-effect in which the bnuc
value was 0.32.5

As demonstrated in Fig. 2, the effect of solvent on reactivity
is significant. Such a solvent effect on rate can be achieved by
destabilizing the ground-state (GS) and/or stabilizing the
transition-state (TS). We recently found that the GS of Ox2 and
ClPhO2 becomes destabilized upon addition of DMSO to the
reaction medium,6c however, the GS energy difference between
Ox2 and ClPhO2 is constant for the three systems. Therefore,
if the GS energy difference between Ox2 and ClPhO2 were
mainly responsible for the a-effect, the magnitude of the a-
effect should be about the same, regardless of the nature of the
electrophilic center. However, our results show that this is not
the case. Therefore, the present results clearly suggest that the
difference in the GS energy is not solely responsible for the a-
effect.

The magnitude of the bnuc value has been understood as a
measure of bond formation between the nucleophile and the

substrate in the TS of the rate-determining step; hence the TS
structures of the carbonyl, phosphinyl and sulfonyl systems
would vary according to the different bnuc values. One can
expect that the TS stabilizing effect would be smaller for the
reaction system in which the degree of bond formation between
nucleophile and substrate in the TS is less advanced (reactant-
like TS), and vice versa. Accordingly, one can suggest that the
TS stabilizing effect would be developed to a lesser extent for
the phosphinyl system compared with the carbonyl and sulfonyl
systems, based on the smaller bnuc value obtained for the
former, which would explain the small a-effect observed for the
phosphinyl system.

More systematic studies are underway including theoretical
investigation for better understanding of solvent effect on the a-
effect.

The authors are grateful for the financial support from
KOSEF of Korea (1999-2-123-003-5 and 2000-123-02-2) and
E. B. also thanks NSERC of Canada for a research grant.
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With excess PhI under Pd catalysis, 1-PrOH was converted
to a mixture of 3,3-diphenylpropenal and trans-2,3-di-
phenylpropenal by a concerted, oxidative sequence that
involved two arylative couplings and an olefinic aldehyde
that was generated in situ.

Recently in our laboratory, Pd on porous glass was developed as
a heterogeneous catalyst1 for promoting Glaser-type and Heck
arylative couplings2 without the need for solubilising or
activating ligands. Significantly, with excess allyl alcohol and
with PhI in air, Pd on porous glass gave trans-cinnamaldehyde
(1) along with 3-phenylpropanal (2; see entry 2, Table 1).1
Consistent with literature reports,3,4 in the absence of air, and
without the addition of Ag+ salts, 2 predominated and 1 was not
obtained (entry 1, Table 1).

With PhI in excess, the diarylated compounds 3 and 4
appeared as major products from allyl alcohol, along with 1 and
2 (entry 3, Table 1). This diarylation appeared to contrast with
a wealth of literature data on the Pd catalysed arylation of that
alcohol.3 Without Ag+ salts,4 one might expect that the first
arylation of allyl alcohol would be accompanied by rapid
migration of the olefinic bond to afford mainly 3-phenyl-
propanal (2), thereby removing the opportunity for a second
Heck arylation to occur.

Although air facilitated the dehydrogenation for the reaction
in entry 2 of Table 1,5 the results in entry 3 and co-formation of
biphenyl suggested that the arylating agent may have had an
additional role. To support this contention, we now report that
1-PrOH with excess PhI can afford a mixture of 3,3-di-
phenylpropenal (4) and trans-2,3-diphenylpropenal (5), even
under an inert gas atmosphere (see entry 9). This remarkable
transformation has been performed with either Pd(OAc)2 or Pd
on porous glass as catalyst6,7 (which was used for all entries in
Table 1) includes microwave heating8 in a reactor of our
design.9

A comparable stepwise process would require oxidation of
the hydroxy function of 1-PrOH, dehydrogenation of the
hydrocarbon chain and two Heck-like arylative couplings of the
resultant olefin. However, for the one reaction, successive
intermolecular Heck arylative couplings onto the same olefin
are rare.10 Intramolecular examples usually have involved
mono-arylations of more than one carbon–carbon double
bond.11

Mono-arylated products were not observed in the reaction of
1-PrOH, rendering as unlikely, a multi-step sequence involving
successive intermolecular Heck arylative couplings with an
olefin formed by dehydrogenation in situ.12 The absence of
detectable intermediates implies that the process was concerted
and may constitute a new reaction.

Formation of biphenyl and benzene as by-products indicates
that PhI served as both an oxidant and a reactant. Buchwald and
Palucki observed similar behaviour of their arylating agent in
the ‘Pd’ catalysed reaction of cyclohexanol with 4-tert-
butylbromobenzene to produce the corresponding a-arylated
cyclohexanone and tert-butylbenzene.13 They surmised that
some of the haloarene was simultaneously reduced during
oxidation of the alcohol to cyclohexanone.

Although variations in the order of transformations and
alternative routes are possible for the present reaction, the
pathway in Scheme 1 appears to account for the products, by-
products and their relative proportions.

Preliminary investigations (see Table 1) into the process
utilised cinnamaldehyde (1),14 cinnamyl alcohol (6), 3-phenyl-
propanol (7) and 3-phenylpropanal (2). Cinnamyl alcohol (6)
afforded diarylenal 4 as a major product (along with 3 and the
2,3-diphenylpropenol isomer 8), irrespective of whether or not
the atmosphere contained air (entries 5 and 6). Under argon,
3-phenylpropanal (2) gave 2,3-diphenylpropanal (9) and prod-
ucts of higher oxidation state, including 1, 4 and 5 (entry 7).
3-Phenylpropanol (7) afforded 4 and 5 as major products, along
with traces of 1 and 2 (entry 8). The product distributions
obtained from Pd catalysed reactions of excess PhI with 6, 7 and
2 suggest that several competing processes were operating,
including a-arylation,13 Heck-like arylative coupling of olefinic
bonds2 as well as the new process described herein and
illustrated by Scheme 1.

These outcomes may have depended on whether or not
coordination of the olefin to Pd occurred in conjunction with the
establishment of a strong Pd–O bond, leading to a chelation
controlled reaction. Such bonds have been suggested for
palladium catalysed oxidation of alcohols.15 Scheme 1, pro-
posed for the reaction of 1-PrOH commences with Pd–O
chelation and proceeds preferably through metallaoxetane
intermediates,16 which account for the observed products and
their relative distribution. In the case of allyl alcohol (entry 3),
it appears that the double bond and the hydroxy group of the

Table 1 Example reactions and conditions

Entry Starting material (mmol) PhI/mmol Ar or Air
Major products
(percentage of total detected) Turnover Number

1 CH2NCH–CH2OH (13) 6 Ar 2 (59), CH3CH(Ph)CHO (23) 170
2 CH2NCH–CH2OH (13) 6 Air 1 (60), 2 (40) 120
3 CH2NCH–CH2OH (14) 34 Air 1 (16), 2 (7), 3 (24), 4 (26) 450
4 PhCHNCH–CHO, 1 (13) 34 Ar or Air 4 (99) 245 (Ar), 170 (Air)
5 PhCHNCHCH2OH, 6 (13) 34 Ar 3 (36), 4 (18), 8 (15), 9 (10) 700
6 PhCHNCHCH2OH, 6 (13) 34 Air 3 (6), 4 (62), 8 (13) 560
7 PhCH2CH2CHO, 2 (6) 34 Ar 1 (5), 3 (16), 4 (39), 5 (6), 9 (18) 270
8 PhCH2CH2CH2OH, 7 (10) 34 Ar 4 (60), 5 (18) 50
9 CH3CH2CH2OH (20) 34 Ar 4 (80), 5 (18) 30
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alcohol compete for the Pd and products from both Heck-type
arylative coupling (2 and 3) as well as the sequence in Scheme
1 (diarylenal 4) result.

We thank Professor A. Hallberg and Dr M. Larhed of
Uppsala University, Sweden, and Dr H. Weigold of CSIRO for
reviewing drafts of the manuscript and for helpful discussion.
The work was supported by a postdoctoral fellowship (for U.K.)
from the German Academic Exchange Service (DAAD).

Notes and references
1 J. Li, A. W.-H. Mau and C. R. Strauss, Chem. Commun., 1997, 1275.
2 A. de Meijere and F. E. Meyer, Angew. Chem., Int. Ed. Engl., 1994, 33,

2379; R. F. Heck in Comprehensive Organic Synthesis, series eds. B. M.
Trost, I. Fleming, vol. ed. M. F. Semmelhack, Pergamon, Oxford, 1993,
vol. 4, p. 833.

3 J. B. Melpolder and R. F. Heck, J. Org. Chem., 1976, 41, 265; A. J.
Chalk and S. A. Magennis, J. Org. Chem., 1976, 41, 273; A. J. Chalk
and S. A. Magennis, J. Org. Chem., 1976, 41, 1206; T. Jeffrey, J. Chem.
Soc., Chem. Commun., 1984, 1287; R. C. Larock, W.-Y. Leung and S.
Stolz-Dunn, Tetrahedron Lett., 1989, 30, 6629; S.-K. Kang, K.-Y. Jung,
C.-H. Park, E.-Y. Namkoong and T.-H. Kim, Tetrahedron Lett., 1995,
36, 6287; G. Dyker and P. Grundt, Tetrahedron Lett., 1996, 37, 619.

4 T. Jeffery, Tetrahedron Lett., 1991, 32, 2121.
5 C. R. Strauss, Aust. J. Chem., 1999, 52, 83.
6 A Into a dry, two-necked flask fitted with a reflux condenser and an inert

gas (Ar) bleed line was placed a solution of 1-PrOH (0.784 g; 13.06
mmol) and PhI (12.674 g; 62.12 mmol) in dry, deoxygenated N,N-
dimethyl acetamide (DMA; 50 mL). Anhydrous NaOAc (5.80 g; 70.70
mmol) and Pd(OAc)2 (0.564 g; 2.51 mmol) were added and the mixture
was heated at 125 °C for 16 h, then cooled, quenched with 80 mL H2O
and extracted with Et2O (1 3 80 mL, 2 3 50 mL). The ether extract was
washed thrice with water, dried with MgSO4 and the ether removed in
vacuo. Unconverted PhI was recovered by vacuum distillation at 40 °C
and 1 3 1022 mbar and biphenyl was removed by sublimation (80 °C
and 1 3 1022 mbar). Flash chromatography (silica gel 60, di-
chloromethane+pentane 1:1) afforded pure product 4 (395 mg). B Into
a dry, two-necked flask fitted with a reflux condenser and an inert gas
(Ar) bleed line was placed a solution of 1-PrOH (749 mg; 12.48 mmol)
and PhI (6.971 g; 34 mmol) in dry, deoxygenated N,N-dimethyl
acetamide (DMA; 50 mL). Anhydrous NaOAc (4.127 g; 50 mmol) and
Pd on porous glass (containing 19 mmol Pd)1 were added and the
mixture was heated at 125 °C for 16 h, then cooled. Work up as above
yielded pure product 4 (73 mg).

7 Although Pd(OAc)2 undergoes thermal decomposition to give finely
divided Pd metal and gases including CO2, methane and ethane (see
M. T. Reetz and M. Maase, Adv. Mat., 1999, 11, 773; M. T. Reetz and
G. Lohmer, Chem. Commun., 1996, 1921), no evidence was obtained to
associate that redox process with the present reaction.

8 Into a dry PTFE vessel under nitrogen was placed a solution of 1-PrOH
(0.803 g; 13.4 mmol) and PhI (6.853 g; 33.6 mmol) in dry,
deoxygenated N,N-dimethyl acetamide (DMA; 50 mL). Anhydrous
NaOAc (4.19 g; 51.0 mmol) and Pd(OAc)2 (50.4 mg; 0.22 mmol) were
added and the mixture was heated for 10 min at 220 °C in a microwave
batch reactor9 (MBR), then cooled. Work up as in footnote 6 yielded
pure product 4 (280 mg). For other examples of Pd catalysed reactions
under microwave heating, see M. Larhed and A. Hallberg, J. Org.
Chem., 1996, 61, 9582; U. Bremberg, M. Larhed, C. Moberg and A.
Hallberg, J. Org. Chem., 1999, 64, 1082; M. Larhed, M. Hoshino, S.
Hadida, D. P. Curran and A. Hallberg, J. Org. Chem., 1997, 62,
5583.

9 C. R. Strauss and R. W. Trainor, Aust. J. Chem., 1995, 48, 1665; K. D.
Raner, C. R. Strauss, R. W. Trainor and J. S. Thorn, J. Org. Chem.,
1995, 60, 2456.

10 For examples see, T. Sugihara, M. Takebayashi and C. Kaneko,
Tetrahedron Lett., 1995, 36, 5547; B. M. Choudary, R. M. Sarma and
K. K. Rao, Tetrahedron, 1992, 48, 719.

11 L. F. Tietze, Chem. Rev., 1996, 96, 115; M. Lautens and S. Piguel,
Angew. Chem., Int. Ed., 2000, 39, 1045.

12 In water at high temperature, Pd(OAc)2 catalysed Heck arylations have
been reported with olefins generated in situ. However, at 400 °C, the
reaction between PhI and 1-PrOH gave 1-propylbenzene by a
mechanism that was not determined. See E. J. Parsons, CHEMTECH,
1996, 26(7), 30.

13 M. Palucki and S. L. Buchwald, J. Am. Chem. Soc., 1997, 119,
11 108.

14 A. Amorese, A. Arcadi, E. Bernocchi, S. Cacchi, S. Cerrini, W. Fedeli
and G. Ortar, Tetrahedron, 1989, 45, 813.

15 S. Ait-Mohand, F. Henin and J. Muzart, Tetrahedron Lett., 1995, 36,
2473; V. Bellosta, R. Benhaddou and S. Czernecki, Synlett, 1993,
861.

16 E. Bernocchi, S. Cacchi, P. G. Ciattini, E. Morera and G. Ortar,
Tetrahedron Lett., 1992, 33, 3073.

Scheme 1

30 Chem. Commun., 2001, 29–30



Grignard reagent mediated reaction of Cp2Zr(II)–ethylene complex with
imines†

Tamotsu Takahashi,* Yuanhong Liu, Chanjuan Xi and Shouquan Huo

Catalysis Research Center and Graduate School of Pharmaceutical Sciences, Hokkaido University; and CREST,
Science and Technology Corporation (JST), Sapporo 060-0811, Japan. E-mail: tamotsu@cat.hokudai.ac.jp

Received (in Cambridge, UK) 13th September 2000, Accepted 2nd November 2000
First published as an Advance Article on the web 11th December 2000

Imines which do not react with Grignard reagents reacted
with EtMgBr in the presence of a catalytic amount of
Cp2ZrCl2 to give ethylated products in excellent yields; the
stoichiometric reaction of the imines and the zirconocene–
ethylene complex did not give the ethylated product,
whereas addition of MeMgBr or BuMgCl to the mixture
afforded the ethylated product after hydrolysis.

We have found that a zircononcene–ethylene complex
Cp2Zr(CH2NCH2) (2)1 and its ate complex
[Cp2ZrEt(CH2NCH2)]MgBr2 prepared from Cp2ZrEt2 (1) and
zirconacyclopentanes1 were involved in the zirconium-cata-
lysed reaction of olefins with EtMgBr3 which was first reported
by Dzhemilev.4 In order to extend this type of reaction we
investigated a catalytic and a stoichiometric reaction of imine
with EtMgBr in the presence of zirconocene. In this paper we
would like to report a zirconium-catalysed reaction of imine
with EtMgBr and the unusual effect of addition of Grignard
reagents on the formation of a new C–C bond in the
stoichiometric reaction of imines with the zirconocene–ethyl-
ene complex.

Imines 3a–d, easily prepared from the corresponding alde-
hydes and amines, do not react with EtMgBr in THF at even
50 °C to give addition products. When 20 mol% Cp2ZrCl2 was
added to the mixture of the imines and EtMgBr in THF, the
reaction proceeded smoothly at rt to produce substituted amine
derivatives 4 in excellent yields after hydrolysis. The results are
shown in Table 1. At least 3 eq. of EtMgBr was needed to finish
the reaction, and the use of 10 mol% of Cp2ZrCl2 decreased the
yield of products 4 [eqn. (1)].

(1)

We investigated the stoichiometric reactions of imines with
the zirconocene–ethylene complex. And quite surprisingly, we
found that the stoichiometric reaction of 3c with 2 did not give

the coupling product (only 7% of 4c) after hydrolysis. It puzzled
us, however, that when an additional amount of EtMgBr (1 eq.)
was added to the reaction mixture, the desired product 4c was
obtained in 64% yield. Moreover, addition of 4 eq. of EtMgBr
to the mixture gave an excellent yield of 4c (93%) [eqn. (2)].

(2)

It is noteworthy that the use of different Grignard reagents
also afforded only the same ethylated product 4c, with improved
yields as shown in Table 2.

It is interesting that the reaction of 3a with 2 gave the
ethylated product 4a in 57% yield after hydrolysis. This
indicates that the azazirconacylopentane 5a was formed in the
case of 3a. A similar effect of addition of a Grignard reagent
was also observed. In fact, addition of 1 eq. of MeMgBr to the
mixture of 3a and 2 afforded 4a in 75% yield after hydrolysis.
When 4 eq. of EtMgBr was added to the mixture of 3a and 2, the
product 4a was formed in 97% yield after hydrolysis.

These results suggest that there is an equilibrium between
azazirconacyclopentane 5 and imine 3 and that the position of
the equilibrium lies to the left under the conditions used here. If
an irreversible step such as ring-opening and b-hydrogen
abstraction is involved in the reaction, in other words, when
additional Grignard reagents are added, the reaction goes to the
right as expected to give the ethylated products. Deuterolysis
instead of hydrolysis of the reaction mixture after addition of 4
eq. of MeMgBr to a mixture of 3c and 2 afforded deuterated
product 4c DCH2CH2(t-Bu)CHNDCH2Ph (65% D) [eqn. (3)].
This strongly suggests that the complex 6c is the reaction
product of MeMgBr with a mixture of 3c and 2. When 6c was
treated with 2 eq. of CuCl for 6 h at rt, ethylated imine
tBu(Et)CHNNCHPh (7) was obtained in 48% yield after
hydrolysis.

We also carried out the reactions of a mixture of Cp2ZrEt2
and imine 3a with various electrophiles5,6 and the results are
summarized in Table 3.

† Electronic supplementary information (ESI) available: reaction proce-
dures and NMR data. See http://www.rsc.org/suppdata/cc/b0/b007456j/

Table 1 Zirconium-catalysed addition of EtMgBr to iminesa

Table 2 The effect of addition of Grignard reagents under stoichiometric
conditions

Grignard
reagents

Yield of 4c (%)a

1 eq. of RMgXb
Yield of 4c (%)a

4 eq. of RMgXb

MeMgBr 40 70a

EtMgBr 64 93
n-BuMgCl 38 64
sec-BuMgCl 22 96
t-BuMgCl 7 15

a GC yields of ethylated product 4c. b Amount of addition of RMgX.
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(3)

We have developed several zirconium-catalyzed reactions, in
which a zirconocene–olefin complex acts as the key catalytic
species. In the light of our previous work, a plausible
mechanism for this catalytic addition of EtMgBr to imines is
shown in Scheme 1, which involves: (1) generation of

zirconocene–ethylene complex 2 from Cp2ZrCl2 and two eq. of
EtMgBr; (2) coupling with imine 3 to form azazirconacyclo-
pentane 5; (3) ring-opening reaction by EtMgBr; and (4) b-
elimination to regenerate zirconocene–ethylene complex 2 and
to release metalated amine 9.7 The ring-opening reaction
occurred exclusively on the Zr–N bond, because no deuterium
incorporation was found in the Et group of products 4 in the
catalytic reaction when the reaction mixture was quenched with
MeOD. As expected, this catalytic reaction did not proceed with
MeMgBr. When higher magnesium alkyls, namely, n-PrMgBr
and n-BuMgCl, were used, the formation of addition products
was not observed from the reaction with imine 3a, indicating no
coupling reaction between the zirconocene-substituted olefin
complex and the imine.
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Cobalt acetate is an effective catalyst for the selective allylic
oxidation of unsaturated steroids using tert-butyl hydro-
peroxide especially when used in a supported form when it
can be easily recovered and reused.

Allylic oxidation is a reaction of fundamental importance in
organic chemistry with applications in areas ranging from
agricultural products to pharmaceuticals.1,2

The allylic oxidation of unsaturated steroids such as D5-
steroids has traditionally been carried out with chromium
reagents such as CrO3–pyridine complex,3 chromium trioxide
and 3,5-dimethylpyrazole,4 pyridinium chlorochromate,
(PCC),5,6 pyridinium dichromate (PDC),6 sodium chromate,7
sodium dichromate in acetic acid8 and pyridinium fluoro-
chromate.9 However the large excess of reagent used in these
procedures along with a difficult work-up and production of
environmentally hazardous chromium residues, makes these
reactions increasingly unacceptable on a commercial scale. Of
greater preparative interest has been the use of hydroperoxides
combined with different types of catalysts.10–17 Despite the
good yields reported with CrO3,10 hexacarbonylchromium
Cr(CO)6,11,12 pyridinium dichromate13 and RuCl314 to prepare
allylic oxidation products from D5-steroids, the toxicity of the
chromium compounds and the high cost of the ruthenium
catalyst renders the procedures unsuitable for commercialisa-
tion and led us to recently report the use of cuprous salts, CuBr,
CuCl, Cul, and a cupric salt CuCl2, as well as copper metal as
catalysts for this type of reaction.17

Allylic oxidation of steroids, particularly at the 7-position,
has attracted interest over many years. The D5-steroids can be
oxidised to 5-en-7-ones, which are known as inhibitors of sterol
biosynthesis and have some use in cancer chemotherapy.18 This
has encouraged us to find new, more environmentally accept-
able methods for this reaction. The heterogenisation of
inorganic reagents and catalysts useful in organic reactions is a
very important area in clean technology.19 In this communica-
tion we report the use of cobalt acetate in homogeneous,
(Co(OAc)2·4H2O), and more importantly, heterogeneous forms
(catalysts 1, 2, and 3 prepared as reported previously20,21) for
this type of allylic oxidation reaction.

Using D5-steroids 4–7 and 12 as substrates (Scheme 1) allylic
oxidation products 8–11 and 13 were obtained in very high,
isolated yields, 70–86% (Table 1). Apart from the reaction with
substrate 6 which required benzene as solvent and a temperature
of 70 °C all the reactions were performed in acetonitrile using a
milder temperature of 50–55 °C. The best results were obtained
using the supported catalyst 3 which may be a result of its
greater organophilic character. No significant reaction occurs in
the absence of catalyst or in the presence of the catalyst support
only.

In a typical reaction to a solution of 17-oxoandrost-5-en-3b-
yl acetate 4 (660.90 mg 2 mmol) in acetonitrile (12 ml) under
nitrogen, catalyst 3 (60 mg, cobalt loading 0.41 mmol g21) and
tert-butyl hydroperoxide (ca. 2.4 ml 12 mmol) were added.
After 24 h under magnetic stirring at 50 °C, the catalyst was
removed by filtration and the solution was poured into sodium
sulphite solution (10% aq.) and extracted with diethyl ether. The

extract was washed with aq. saturated solution of NaHCO3,
water, dried and evaporated to dryness to give 7,17-dioxo-
androst-5-en-3b-yl acetate. These reactions are very selective
compared to those carried out using Fe(acac)3 as catalyst
reported by Kimura et al.15,16 Mo(CO)6 has also been described
as catalyst for this reaction, but this led to epoxidation of the
cholesteryl acetate under similar oxidative conditions.16

While the product yields of the allylic oxidations are very
similar under homogeneous and heterogeneous conditions, the
easier recovery of the catalyst in the heterogeneous reactions
make these more environmentally friendly processes. Fur-
thermore using the heterogeneous catalysts 2 and 3 it was
possible to reuse the catalyst with only a small reduction in the
product yields, under similar experimental conditions (80% for
recycled catalyst 2 and 81% for recycled catalyst 3, Table 1).
Our catalytic method is also effective for other unsaturated
steroids. Thus the D4-steroid 14 gives the testosterone acetate
15, in a yield of 70% (Scheme 2). Furthermore, the method is
also effective in the presence of an oxidatively vulnerable
secondary alcohol group. The steroid 16 is oxidised to the
alcohol product 17 with impressive selectivity (71%) (Scheme
2).

In summary we have discovered a new efficient and
relatively environmentally friendly method for the preparation

† UK Patent applied for. Scheme 1
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of D5-7-oxo-steroid and D4-3-oxo-steroid from easily available
steroid substrates using t-BuOOH as the oxidant and supported
Co(II) as an easily recoverable and reusable catalyst. A study of
the effects of different oxidants and other types of hetero-
geneous catalyst on this and related reactions is presently under
investigation.

We wish to thank the RAEng-EPSRC for a Clean Technol-
ogy Fellowship (to J. H. C.) and the Universidade de Coimbra
for financial support (to J. A. R. S.).
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Table 1 Allylic oxidation of unsaturated steroids

Substrate/
mmol t-BuOOHa/ml Catalyst/mmol Co Solvent Time/h Temp./°C Prod.

Isolated
yield (%)

4/1 1.2 Co(OAc)2·4H2O/0.012 CH3CN 20 50 8 84b

5/2 2.4 Co(OAc)2·4H2O/0.024 CH3CN 24 50 9 86
4/1 1.2 1/0.01 CH3CN 18 50 8 85
4/1 1.2 2/0.009 CH3CN 20 50 8 84
4/1 1.2 2/(recycled, 0.008) CH3CN 20 50 8 80
4/1 1.2 1/ 0.005 CH3CN 24 50 8 40c

6/1 1.2 2/0.022 Benzene 48 70 10 70c

4/1 1.2 3/0.016 CH3CN 20 55 8 85
4/1 1.2 3/ (recycled, 0.014) CH3CN 20 55 8 81b

4/2 2.4 3/0.0025 CH3CN 24 55 8 86
5/2 2.4 3/0.0025 CH3CN 20 50 9 82b

7/1 1.2 3/ 0.007 CH3CN 24 55 11 72c

12/0.65 0.8 3/0.016 CH3CN 20 55 13 73c

14/0.63 0.8 3/0.006 CH3CN 3 55 15 70c

16/1 1.2 3/0.016 CH3CN 24 55 17 71d

a 5.0-6.0 M solution in decane (Aldrich). b Traces of starting material and a by-product are visible by TLC but not detectable in the 1H-NMR spectra (500
MHz) of the crude product. c Recovered by flash chromatography (ethyl acetate–petroleum ether 40–60 °C). d Calculated on the basis of the 1H-NMR signal
(6H) of the crude product.
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First evidence of the in vitro oxidation of 1,2,3,4,6-penta-
galloylglucose to the ellagitannins, tellimagrandin II and
1,4,6-tri-O-galloyl-2,3-O-hexahydroxydiphenoyl-b-D-glu-
cose, has been obtained with a partially purified enzyme
from leaves of Tellima grandiflora (fringe cups, Saxi-
fragaceae).

It was already recognized in the mid 1950’s that ellagitannins,
a widespread subclass of hydrolyzable plant tannins, were
characterized by 3,4,5,3A,4A,5A-hexahydroxydiphenic (HHDP)
acid residues (5) that occur in Nature in the form of various
glucose esters and which, after hydrolytic release, sponta-
neously rearranged to the dilactone, ellagic acid (6). It was
discussed very early on that the biogenesis of such ellagitannins
in plants should originate from 1,2,3,4,6-penta-O-galloyl-b-D-
glucose (1) as the principal precursor,1 a view that was
corroborated and refined later by Haslam and coworkers. It was
proposed by these authors that the energetically preferred 4C1
conformer of 1 was sequentially oxidized to tellimagrandin II
(2) and casuarictin (3).2,3 The recently recognized role of
ellagitannins as promising chemotherapeutic agents4,5 has
stimulated remarkable success in the challenge of chemically
synthesizing such compounds.6,7 The biosynthesis of ellagi-
tannins, in contrast, still remained completely obscure. The
present situation was illustrated in a recent review article8 with
the statement that ‘the in vitro biaryl coupling of 1 has yet to be
achieved by an isolated enzyme.’ In several attempts to
elucidate the mechanism of such a transition with the enzyme
systems laccase/O2 or peroxidase/H2O2

9 only free ellagic acid
(6) had been detected, while the formation of true ellagitannins,
characterized by glucose-bound HHDP residues, has never been
achieved.

We concluded that inadequate analytical techniques repre-
sented the decisive obstacle in such investigations, which

suffered from minimal enzyme reaction rates yielding numer-
ous structurally closely related reaction products and unspecific
by-products, and particularly from the inherent risk of con-
tamination with in vivo formed ellagitannins that had been
transferred into the enzyme assays by complexation with
proteins. Such problems are eliminated by using radioactively
labeled compounds, a technique that dramatically increases
both the sensitivity and specificity of test systems. We therefore
produced [U-14C]pentagalloylglucose by photoassimilation of
14CO2 in leaves of the gallotannin synthesizing plant Rhus
typhina (staghorn sumac) in > 99% purity.10 This compound
was used as standard substrate in an extended screening
program for enzymes that formed reaction products liberating
[14C]ellagic acid (6) upon hydrolysis, thus providing a general
probe for the in vitro synthesis of ellagitannins of widely
differing structures.

By this strategy we were able to discover a novel soluble
enzyme in leaves of Tellima grandiflora (Pursh) Lindley (fringe
cups, Saxifragaceae), a weed that is known as a rich source of
ellagitannins. The partially purified protein11 was found to
catalyze the conversion of [U-14C]pentagalloylglucose to
several radioactively labeled products, while no reaction
occurred in the presence of denatured enzyme (Fig. 1). The most
prominent peak among these compounds coincided with
authentic tellimagrandin II (2) in two different HPLC systems
with acetonitrile and MeOH gradients, respectively. This
fraction was isolated and hydrolyzed (4 M HCl, 100 °C, 4 h) to
afford glucose, gallic acid and ellagic acid (6) as sole 14C-
labeled degradation products as determined by HPLC and
liquid-scintillation counting of the eluates, thus indicating the
in vitro synthesis of a true ellagitannin.

Under the conditions given in Fig. 1, the enzyme reaction
proceeded linearly for 30 min and had pH and temperature
optima at pH 5 and 45 °C, respectively. Normal Michaelis–
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Menten kinetics were observed for the substrate, pentagalloyl-
glucose (1), up to a maximal concentration of 320 mM, while
increasing substrate inhibition occurred above this value.
Replots of this data according to Lineweaver-Burk revealed a
Km value of 110 mM (Vmax = 33 pkat [0.12 mmol h21]).

For the unequivocal determination of the structure of the
reaction product, 100 mg of unlabeled pentagalloylglucose (1),
chemically synthesized from triacetylgalloylchloride and b-D-
glucose12) was incubated in a scaled-up enzyme assay,
affording 1.7 mg pure reaction product of > 93% purity after
semi-preparative HPLC.13 Negative FAB-MS of this substance
revealed prominent peaks for the deprotonated molecular ion
[M 2 H]2 at m/z 937 (tellimagrandin II 2, Mr 938) and m/z 635
(trigalloylglucose, Mr 636).14 Proton NMR spectroscopy (500
MHz) displayed signals that corresponded to those of an
authentic sample of tellimagrandin II (2). In particular, three
characteristic singlets at d ppm (TMS) 6.91 (2H), 6.94 (2H) and
7.05 (2H) were detected in d4-MeOH that corresponded to the
aryl-2,6 hydrogens at C-1, C-2 and C-3 of 2, respectively, while
the singlets at d 6.47 (1H) and 6.60 (1H) were due to the 2,2A-
hydrogens of diphenic acid (5) bound at C-4,6. Also the
chemical shifts for the glucose moiety were in full agreement
with those of authentic 2.

The reaction product displayed, however, strong additional
singlets at 6.61 (1H) and 6.63 (1H) ppm that apparently were
due to a different compound with a C-2,3 linked HHDP unit, as
concluded by comparison with 1H NMR data from authentic
samples of 2,3-O-hexahydroxydiphenoylglucose, casuarictin
(3) and pedunculagin (structure as 3, but with a free anomeric
OH-group at C-1). Evidently, the enzyme preparation had
catalyzed the simultaneous synthesis of both tellimagrandin II
(2) and isomeric 1,4,6-tri-O-galloyl-2,3-O-hexahydroxydiphe-
noyl-b-D-glucose (4) that had not been separated by RP-HPLC.
This latter, unusual ellagitannin is not known as a natural
product; it has been recently obtained, however, by total
synthesis in two enantiomerically pure forms, mahtabin A and
pterocarinin C, characterized by 2,3-R- and S-HHDP residues,
respectively.15,16 (An earlier report proposing this structure for
a compound named cercidinin A from Cercidiphyllum jap-
onicum17 has been questioned by these authors.) Detection of
such a compound raises questions about the specificity of the
enzyme(s) catalyzing such transformations that prompt con-

siderations on the eventual cooperation of product-specificity
guiding enzymes, analogous to the recently reported ‘dirigent’
protein involved in lignan biosynthesis.18

In summary, first evidence has been provided by our results
that the long sought clue to unravel the old enigma of
ellagitannin biosynthesis is now available.
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tannins. Financial support from the Deutsche Forschungsge-
meinschaft (Bonn), the Fonds der Chemischen Industrie
(Frankfurt/M) and from research grants of the University of
Ulm is gratefully acknowledged.

Notes and references
1 O. Th. Schmidt and W. Mayer, Angew. Chem., 1956, 68, 103.
2 R. K. Gupta, S. M. K. Al-Shafi, K. Layden and E. Haslam, J. Chem.

Soc., Perkin Trans. 1, 1982, 2525.
3 E. A. Haddock, R. K. Gupta, S. M. K Al-Shafi, K. Layden, E. Haslam

and D. Magnolato, Phytochemistry, 1982, 21, 1049.
4 K. S. Feldman, K. Sahasrabudhe, R. S. Smith and W. J. Scheuchen-

zuber, Bioorg. Med. Chem. Lett., 1999, 9, 985.
5 M. N. Clifford and A. Scalbert, J. Sci. Food Agric., 2000, 80, 1118.
6 K. S. Feldman, K. Sahasrabudhe, S. Quideau, K. L. Hunter and M. D.

Lawlor, in Plant Polyphenols 2. Chemistry, Biology, Pharmacology,
Ecology, G. G. Gross, R. W. Hemingway and T. Higuchi, eds., Kluwer
Academic/Plenum Publishers, New York, 1999, p. 101.

7 K. S. Feldman and K. Sahasrabudhe, J. Org. Chem., 1999, 64, 209.
8 R. F. Helm, L. Zhentian, T. Ranatunga, J. Jervis and T. Elder, in Plant

Polyphenols 2. Chemistry, Biology, Pharmacology, Ecology, G. G.
Gross, R. W. Hemingway and T. Higuchi, eds., Kluwer Academic/
Plenum Publishers, New York, 1999, p. 83.

9 G. G. Gross, in Comprehensive Natural Products Chemistry. Vol. 3.
Carbohydrates and Their Derivatives Including Tannins, Cellulose, and
Related Lignins, B. M. Pinto, ed., Elsevier, Amsterdam, 1999, p. 799.

10 H. Rausch and G. G. Gross, Z. Naturforsch. C: Biosci., 1996, 51,
473.

11 Fresh leaves (80 g) of Tellima grandiflora were homogenized in liquid
N2, extracted with 250 ml Tris-HCl (1.5 M, pH 8.0)–Na borate (0.2 M,
pH 7.5) (1+1, by vol.) and centrifuged (30 000 3 g, 30 min). The
supernatant was depleted of phenolics by stirring with Amberlite XAD
(20 min), filtered and fractionated with (NH4)2SO4. The 30–80% pellet
was resuspended in HEPES buffer (50 mM, pH 6.0), desalted,
concentrated by ultrafiltration and chromatographed on a Sephacryl S-
300 (Pharmacia Biotech) column (40 3 2.4 cm i.d.) in HEPES
buffer.

12 G. G. Gross, Z. Naturforsch. C: Biosci., 1983, 38, 519
13 The reaction mixture (400 ml vol., pH 5, containing 100 mg 1 and 850

mg protein) was incubated for 60 min at 30 °C. After stopping the
reaction by heat-denaturing the enzyme, the mixture was extracted with
EtOAc. The contents of the dried organic phase were subjected to semi-
preparative RP-18 HPLC on Kromasil (5m, 250 3 20 mm i.d.; gradient:
solvent A = 0.05% aq. H3PO4, B = acetonitrile; 0–1 min 5% B, 1–2
min 5–18% B, then isocratic at 18% B; flow rate 22 ml min21). Relevant
fractions were immediately neutralized, depleted of organic solvent in
vacuo, extracted with EtOAc and rechromatographed twice by RP-18
HPLC on Reprosil NE (5 mm, 250 3 8 mm i.d.; solvents and gradient as
in Fig. 1; flow rate 2.4 ml min21). The purified product was neutralized,
depleted of MeOH and applied to a column of Sephadex LH-20 (60 3
12 mm i.d., in water). After rinsing with water to remove H3PO4, the
product was eluted with MeOH and lyophylized, affording 1.7 mg
material of > 93% purity as determined by analytical HPLC under the
conditions given in Fig. 1.

14 R. Isobe, T. Tanaka, G. Nonaka and I. Nishioka, Chem. Pharm. Bull.
(Tokyo), 1989, 37, 1748.

15 K. Khanbabaee and K. Lötzerich, Liebigs Ann., 1997, 1571.
16 K. Khanbabaee and K. Lötzerich, J. Org. Chem., 1998, 73, 8723.
17 G. Nonaka, M. Ishimatsu, M. Ageta and I. Nishioka, Chem. Pharm.

Bull. (Tokyo),1989, 37, 50.
18 L. B. Davin, H. B. Wang, A. L. Crowell, D. L. Bedgar, D. M. Martin,

S. Sarkanen and N. G. Lewis, Science, 1997, 275, 362.

Fig. 1 RP-18 HPLC analysis of in vitro formed oxidation products of
[14C]pentagalloylglucose with an enzyme from Tellima grandiflora leaves.
Assay mixtures, containing 12.5 mg (2,500 dpm) 1 and enzyme (4 pkat) in
50 ml HEPES buffer (50 mM, pH 5.0), were incubated at 30 °C for 60 min,
stopped by heat-denaturing of enzyme, and analyzed by RP-18 HPLC. (—),
Enzyme assay; (…), blank with acid-denatured enzyme. (1), Pentagalloyl-
glucose; (2) tellimagrandin II. HPLC conditions: Reprosil NE, 5 mm, 250 3
4 mm i.d.; solvent A = 0.05% aq. H3PO4, B = 0.05% H3PO4, in MeOH;
gradient 0–1 min 10% B, 1–3 min 10–30% B, 3–20 min 30–40% B, 20–40
min 40% B; flow rate 0.7 ml min21. Radioactivity was determined by
fractionation of eluates and subsequent liquid-scintillation counting.
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Polystyrene-supported ruthenium complex 8 is a robust pro-
catalyst for olefin metathesis that can be used in non-
degassed solvents and recycled without added stabilisers.

Recent enthusiastic interest in olefin metathesis has been fuelled
by the development of well-defined transition metal catalysts.1
These catalysts have found wide application because they
provide facile alkene exchange, often late in a synthetic
sequence.2 Grubb’s alkylideneruthenium 13 is particularly

popular because it is easy to handle. Undesirable features of
these systems are that they are not amenable to recycling and
that they give rise to high levels of ruthenium contamination.
Recent work has sought to address these problems.4–7 Hoveyda
and co-workers established 56,7 as a remarkably robust complex
that was stable to silica gel chromatography using non-degassed
eluent and could therefore be recovered and recycled. Recently,
Barrett’s group reported a ‘boomerang’ system 38 for sequester-
ing the catalytic species onto vinyl polystyrene. Indeed 3 could
be reused, as long as an alkyl alkene additive was added to
intercept the unstable catalytic methylidene carbene
(Cl2(PCy3)2RuNCH2).8 Complex 2 can be transferred to vinyl
polystyrene in the same way, with corresponding benefits.9

We are interested in developing a robust immobilised catalyst
for olefin metathesis that can be readily modified to operate in
a range of solvent environments. The ability to utilise non-
degassed solvent offers practical simplicity and could widen the
scope of this reaction. The reported stability of 5 was attractive
and we reasoned that a suitably modified version could be
attached to a range of polymer supports. In this communication,
we describe initial studies leading to a recyclable, polystyrene-
supported analogue of complex 5 that promotes olefin met-
athesis in non-degassed solvents.

We envisaged that the isopropyl portion of the phenol ether
could be extended to accommodate some functional handle that
would allow attachment to any chosen support (Scheme 1).
Thus, opening of racemic d-hexanolactone 6 with sodium
methoxide,11 subsequent Mitsunobu reaction with 2-vinylphe-
nol12 and saponification provided 7. Treating the pendant acid
of 7 with aminomethyl polystyrene under standard conditions
afforded the polystyrene supported ligand. Direct formation of
the alkylideneruthenium7 would be expected to be more
efficient but we reasoned that reaction of styrene 7 with 1 would
generate 8 more simply and in sufficient quantities to permit our
initial study. One disadvantage of this approach is that the
accumulation of free phosphine effectively inhibits olefin

metathesis.10 This is reflected in the fact that treatment of resin
7 with stoichiometric Grubb’s complex afforded loadings of
only 0.12 mmol g21 (as determined by phosphorus analysis),
while treating the resin with five successive portions of 10
mol% of 1 essentially doubled the loading to 0.20 mmol g21.
Simple filtration and washing of the resin gave 8 as dark brown
beads that could be dried, stored in air and used more than a
month later with no apparent decrease in activity. In all cases no
colour change, or corresponding decomposition was observed
during the loading of the catalyst8 even after extended reaction
times.

Polymer-supported complex 8 was then tested for activity
using representative diene substrates for ring closing metathesis
(Table 1). It is notable that the rates of reaction were somewhat
slower than those reported using homogenous Grubb’s alkyli-
dene 1, so that reaction of benchmark substrates such as diethyl
diallylmalonate (entry 2) was only 42% complete after 90 min.
All of these reactions however, provided good to quantitative
yield of product within 5 h. Preparative scale transformation
(153 mg, 5 mol%, 4 h) of benzyl N,N-diallylcarbamate (entry 1)
gave isolated product in 91% yield after chromatography.

The easy manipulation of 8 is noteworthy. In each case,
general laboratory grade dichloromethane (DCM) was used
without degassing, in an air atmosphere, so that substrates were
simply dissolved and added to the resin in a plastic solid phase
organic synthesis tube fitted with a glass frit. The tube was then
sealed and subjected to agitation by 360° rotation at rt. Filtration
and washing with DCM afforded the product and the remaining
resin used for further transformations.

Recycling of 8 was tested by treatment of the same batch of
resin with equal, successive portions of benzyl N,N-diallyl-
carbamate, without addition of stabilising alkene (Table 2).8
Indeed 8 proved to be remarkably robust providing good yields
over five successive runs at 5 mol% catalyst. In subsequent runs
yields declined steadily and the beads turned from dark brown
to black.

We have also demonstrated the ability of 8 to perform cross
metathesis. Heating a two-fold excess of (Z)-1,4-diacetoxybut-
2-ene13 with 4-allylanisole and 8 in DCM under reflux for 9 h
furnished the cross-coupled product (33%) along with the
anisole homodimer (18%). The recovered resin retained its
brown colouration, rather than turning black. Subsequent ring

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b007304k/

Scheme 1 Reagents and conditions: i, sodium methoxide, MeOH, 0 °C to rt,
6 h, 95%; ii, 2-vinylphenol, diisopropyl azodicarboxylate, PPh3, THF, 0 °C
to rt, 14 h, 64%; iii, 1 M NaOH, dioxane, rt, 12 h, 88%; iv, polystyrene-NH2,
DIC, HOBt, CH2Cl2–DMF (1+1), rt, 12 h; v, Cl2(PCy3)2RuNCHPh, DCE, rt,
12 h.
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closing metathesis of benzyl N,N-diallylcarbamate using this
resin afforded the cyclised product in 85% yield over 90 min,
confirming the retention of catalytic activity.

Olefin metathesis using 1 is typically performed in degassed
solvent, for example, previous studies of 5 were performed in
argon-saturated solvent and atmosphere (only chromatography
using non-degassed solvent was reported).7 We believe that this
communication is notable because studies involving non-

degassed solvent have not been widely reported. We also found,
however, that for reactions corresponding to entries 1 and 5
using non-recyclable complex 1 in non-degassed DCM pro-
ceeded in good yield and draw attention to recent discussion
relating to the oxidative decomposition of alkylideneruthen-
iums.14 In the case of Barrett’s boomerang system 3 however, it
is necessary to add 10 mol% hex-1-ene to prevent decomposi-
tion.8 It is therefore interesting that 8 promotes olefin metathesis
for up to five cycles, without added stabiliser.

The ability to perform olefin metathesis in polar protic
solvents is a desirable goal that has so far been addressed by the
development of water-soluble phosphine ligands.14,15 We
therefore investigated the effect of a different polymer support
on the solubility and catalytic activity of the complex. Thus,
amine-functionalised TentaGel (0.3 mmol g21) was converted
into TentaGel-8 and in preliminary experiments we observed
ring-closing metathesis in non-degassed MeOH, although there
was significant variation between batches of resin. The best
reaction proceeded in 31% yield after 6 h of reaction (entry 6)
and the worst gave 18% after overnight reaction with double the
quantity of resin (100 mg). The lower yield of this transforma-
tion presumably reflects the much lower loading offered by this
TentaGel resin but does suggest that modification of the
supporting polymer is a viable strategy.

In summary, we have reported a novel polymer supported
pro-catalyst for olefin metathesis that is robust and easy to use.
That 8 is stable to non-degassed solvents and can be recycled
without the use of stabilising additives is notable and inter-
esting. An attractive feature of the precursor 7 is that it can be
attached to any solid support.

We are grateful to the University of Bath for a studentship (to
J. S.) and to Professor B. V. L. Potter for helpful advice and
encouragement.

Note added to proof: two notable papers have been published
since the submission of this manuscript: (a) S. B. Garber, J. S.
Kingsbury, B. L. Gray, A. H. Hoveyda, J. Am. Chem. Soc.,
2000, 122, 8168; (b) Q. Yao, Angew. Chem., Int. Ed., 2000, 39,
3896.
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Table 1 Olefin metathesis using polymer supported complex 8a

Table 2 Recycling of 8 for the RCM of benzyl N,N-diallylcarbamatea

Conversionb

1 2 3 4 5 6 7
91c 81 68 67 63 46 40
81d 69 68 33 21 11 —

a All runs performed in non-degassed CH2Cl2 for 90 min. b Relative
integration of 1H NMR. c 5 mol% 8. d 1.5 mol% 8.
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Treatment of a-iodo cycloalkanones bearing an acetylenic
side chain with AlCl3/ICl afforded spirocyclic ketones in
good yields.

Spirocyclic systems are core skeletons of several important
natural products, such as gloiosiphone A1 and ginkgolide B.2
They also constitute the main frameworks of spirocyclic chiral
auxiliaries having a C2 axis of symmetry.3 During our work on
radical cyclization of a-iodo ketones,4 we became interested in
developing a general method for synthesis of spirocyclic
ketones from a-iodo ketones. We envisaged that iodo-carbocy-
clization of a-iodo ketones, as depicted in Scheme 1, could be
exploited for annulation of five- and six-membered rings.
Generation of enolate from a-iodo ketone 1 with simultaneous
transfer of I+ to the acetylenic moiety might be effected with a
Lewis acid, M(Ln)x, to give intermediate 2. Subsequent
cyclization of the intermediate 2 would afford spirocyclic
ketone 3. In the past decade, free-radical atom-transfer
cyclization of iodo substrates mediated with hexabutylditin5 or
other reagents6 has emerged as a routine method. Ionic iodo-

carbocyclization of iodo malonates7 and ionic seleno-carbocy-
clization of seleno ketones8 have also been described. In this
communication, we report results obtained from our investiga-
tion of iodo-carbocyclization of a-iodo ketones.

We first sought appropriate Lewis acids that could effect
formation of an enolate from a-iodo ketones. Many Lewis acids
including TiCl4, BCl3, AlMe3, Me2AlCl, SnCl4, MgBr2 and
AlCl3 were examined. We found that AlCl3, Me2AlCl and TiCl4
effect the desired transformation of 1 to 3 in dichloromethane,
although in low yield (10–20%). A plausible mechanism is
proposed for the reaction using AlCl3 as catalyst, Scheme 2.
AlCl3 reacts with a-iodo ketone to generate an aluminium

Scheme 1

Scheme 2

Table 1 Ionic iodo-carbocyclization of a-lodo cycloalkanones

This journal is © The Royal Society of Chemistry 2001
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enolate9 and ICl. The acetylenic moiety on the side chain then
complexes with ICl to give intermediate B. Cyclization of B
(pathway a) would afford AlCl3-complex C. In principle, AlCl3
is catalytic and gets regenerated at this stage. Because it would
complex with the product, one equiv. of AlCl3 is needed. Upon
aqueous work-up, complex C is hydrolyzed to spiro ketone 3.
According to this mechanism, ICl is generated in the first step
and participates in the subsequent cyclization. Therefore, we
felt that addition of ICl from an external source might facilitate
cyclization. Indeed, we found that treatment of iodo ketones
5–1010 with a mixture of AlCl3 (1.5 equiv.) and ICl (1.2 equiv.)
in dichloromethane at 0 °C afforded spirocyclic products 11–16
in good yield.11 The results are summarized in Table 1. Products
11–16 are all obtained as a single geometric isomer and are
tentatively assigned to be Z isomers.12 Presumably, the
conformation of intermediate B, as depicted in Scheme 2, favors
the formation of the exclusive Z isomers. Annulation of both
five-membered rings (entries 1–3) and six-membered rings
(entries 4–6) is achieved. In entries 1–3, by-product 4 is formed
in trace amount ( < 5%) from direct addition of Cl2 to the
iodonium moiety, pathway b in Scheme 2.13 Since addition of
an external source of ICl significantly enhances the yield of the
carbocyclization process, an alternative mechanism involving
enolate formation with simultaneous complexation of ICl to the
acetylene unit is also possible.

In conclusion, we have demonstrated that an ionic iodo-
carbocyclization of a-iodo cycloalkanones can be effected with
Lewis acid, AlCl3. Addition of ICl greatly enhances yields of
spirocyclic ketones. In comparison with free-radical atom-
transfer cyclization, the present method has two distinct
advantages: (i) as tin reagents are not used, tedious separation of
products from tin residues is avoided; (ii) whereas free-radical
atom-transfer cyclization is only useful for synthesis of the five-
membered ring, this method allows annulation of both five- and
six-membered rings. Applications of this reaction for total
synthesis of natural products are under investigation in our
laboratory.

We thank the National Science Council of the Republic of
China for financial support.
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A new approach for the synthesis of supported zeolite Y
membranes is presented, using a synthesis gel containing
seeds to avoid any unnecessary ex situ pre-treatment of the
support.

Zeolitic membranes can be applied in many separations of
either liquid or gaseous components. It is important to be able to
draw from a large number of different zeolite membranes to
enhance the scope of this approach further. Various procedures
have been proposed for the synthesis of membranes with
different zeolites, e.g. for MFI membranes a direct synthesis
method has been reported1–3 as well as a synthesis route
involving pre-adsorption of zeolite crystals and subsequent
secondary growth.4,5 However, in some cases membranes
become efficient only after many repeated syntheses steps.2 In
another example vapour phase transport was used to synthesise
mordenite and ferrierite membranes.6 Here we report a
conceptually new and improved method for membrane prepa-
ration.

Owing to its large pore system and its specific counter-ion-
dependent adsorption properties, zeolite Y is an interesting
material for a membrane and/or a catalytic membrane reactor.
Although zeolite Y membranes have been synthesised pre-
viously, the methods used involve the deposition of pre-formed
crystals employed as seeds on the support7 or rubbing of the
support with zeolite crystals.8,9 These ex situ synthesis methods
work well on a laboratory scale, but are unlikely to be applicable
for larger scale uses.

We showed recently that a coating of zeolite Y on common
stainless steel could be achieved with a new synthesis
procedure, using a seeded synthesis mixture.10 We report here
that this method can be successfully employed to synthesise a
zeolite Y membrane in situ. The behaviour of this material as a
membrane was tested in the separation of the light molecules N2
and CO2, since membranes able to separate these techno-
logically important gases are not common nor readily availa-
ble.

Two different synthesis mixtures were prepared. The first
mixture, prepared in two steps with sodium silicate as the silica
source and sodium aluminate as the alumina source, was seeded
according to the procedure described previously,10 by ageing a
mixture highly concentrated in NaOH and incorporating it in a
gel of general molar composition 10 SiO2+Al2O3+5.2
Na2O+180 H2O (G1). A second type of gel, unseeded, was
prepared in one step using colloidal silica (Ludox HS-40,
DuPont) as the silica source with a general molar composition
10 SiO2+Al2O3+4 Na2O+180 H2O (G2). Porous stainless steel
disks, coated with a 15 mm thick porous titania layer
(Trumem™) were used as supports. They were calcined at
300 °C prior to use to ensure they were free of organic deposits.
Synthesis took place at 100 °C under rotational conditions (180

rpm) for 7 h in a Teflon-lined autoclave. During the synthesis,
only the titania side was in contact with the synthesis mixture,
the stainless steel side being protected by a Teflon disk. After
synthesis the coated supports were washed and dried at 120 °C.
Permeation measurements using single components of CO2 and
N2 and binary mixtures of CO2/N2 were performed by the
Wicke–Kallenbach method at 30 °C. The feed and permeate
sides were kept at atmospheric pressure while helium was used
as sweep gas with a flow rate of 100 ml min21. Feed, retentate
and permeate streams were analysed with a mass spectrometer.
The zeolite layer on the support faced the feed side in the
permeation measurements. Characterisation of the materials
was performed by XRD and SEM. The Si/Al ratio was
measured by ICP-AES of the powder and was equal to 2.

In agreement with previous observations on stainless steel
plates,10 the use of the unseeded synthesis mixture (G2) resulted
in a very low coverage of the titania layer even after 24 h of
synthesis. Accordingly, no separation of the gas mixture could
be observed. By contrast, when using the seeded mixture (G1),
a good coverage of the support was obtained, although XRD
could not evidence the presence of zeolite Y, probably owing to
the thickness of the layer. However, the system did not show
any real separation of N2 or CO2. When single component
experiments were carried out, fluxes of N2 and CO2 were 8.58
3 1027 and 6.05 3 1027 mol m22 s21 Pa21, respectively. The
ideal selectivity and the selectivity measured for a 1+1 mixture
were nearly equal, at 0.7 and 0.63, respectively. Besides, large
amounts of the sweep gas were found in the retentate. This
indicates the presence of pinholes in the membrane. SEM
showed that individual crystals were still present. This implies
that crystal intergrowth was not achieved.

A second synthesis step can induce the intergrowth of the
zeolite crystals supported after the first synthesis, however,
when using the same seeded mixture (G1) for the second
synthesis, degradation of the first layer occurred and impurities,
namely zeolite P, were formed on the surface. This might be
caused by the high pH of the synthesis mixture. To avoid the
degradation of the zeolite Y layer, the second synthesis was
performed, using the unseeded synthesis mixture (G2) of lower
alkalinity. In this case, XRD evidenced that zeolite Y was
present on the surface, and that impurities were not present.
SEM images showed that the layer was well intergrown (Fig. 1).
This layer was ca. 0.7 mm thick and permeation measurements
confirmed that a closed layer had been synthesized.

Fig. 2 shows the fluxes of N2 and CO2 in the single- and
binary-component measurements as a function of CO2 partial
pressure for the latter material. Both curves cannot be explained
by the Knudsen diffusion mechanism, since N2 diffuses faster
than CO2 in the Knudsen diffusion region. The effect of the
surface diffusion of CO2 should be taken into account. When
plotting the separation factors of the CO2/N2 mixture vs. the
CO2 partial pressure, the separation factor is greater than the
ideal separation factor calculated with the single component
fluxes. This indicates that adsorbed molecules of CO2 partly
blocked the pores and depressed the permeation of N2. The
separation factor CO2/N2 increased with increasing partial

† Present address: Laboratoire de Catalyse et Spectrochimie, ISMRa,
University of Caen, 6, Bd du Maréchal Juin, 14050 Caen (cedex), France
‡ Present address: Department of Chemical Engineering, Osaka University,
1-3 Machi-kaneyama, Toyonaka, Osaka 560-8531, Japan.
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pressure of CO2, showing that the effect of pore blocking caused
by adsorbed CO2 is more pronounced when the CO2 content in
the feed stream is higher. This trend is in good agreement with
the data obtained for the separation of other gas mixtures such
as n-butane/methane,1 n-butane/isobutane11 and ethane/meth-
ane12 over silicalite membranes. Although the separation
behaviour was much improved, the fluxes did not decrease
significantly (fluxes of N2 and CO2 were respectively 4.59 3
1027 and 9.41 3 1027 mol m22 s21 Pa21 in single-component
experiments). The presence of a dense amorphous phase is thus
not likely as this would manifest itself in a lowering of fluxes.
Furthermore, this interpretation is consistent with SEM charac-
terisations (Fig. 1).

We have shown that a high quality zeolite Y membrane can
be synthesised by combining two synthesis steps. With this
method a seeded gel layer is first deposited on the support upon
dipping it in the synthesis mixture. The seeds initially present in
the synthesis mixture are also part of the supported gel layer.13

Therefore their growth occurs directly on the support and this
gives rise to a dense layer when exposing the system to a second
synthesis step.

In conclusion, we have shown that seeds on the support are
necessary to allow the growth of a supported Y membrane.
Unlike previous reports,8,9 seeds can easily be brought to the
support during synthesis. This method simplifies the process of

attaching nuclei onto the support and opens up new vistas for
supported zeolite membranes.
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obtained sequentially after synthesis with G1 and G2 synthesis mixtures: (a)
top view, (b) cross-section.

Fig. 2 CO2/N2 permeation measurements. (a) fluxes, (b) separation factor
(CO2/N2).
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The cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)-
cyclopentane/[PdCl(C3H5)]2 system catalyses allylic amina-
tion in good yields with a very high substrate/catalyst ratio;
a turnover number of 680 000 and a turnover frequency of
8125 h21 can be obtained for the addition of dipropylamine
to allyl acetate in the presence of this catalyst.

Allylamines are fundamental building blocks in organic
synthesis and their preparation is an important industrial goal.1
Allylic amination is an efficient method for the formation of
allyl–nitrogen bonds.2 The classical method to perform this
reaction is to employ palladium complexes associated with
mono-3 or di-phosphine4 ligands. Phosphine-amine5 ligands
have also been used successfully. Even if the catalysts formed
by association of these ligands with palladium complexes are
efficient in terms of yield of adduct, the efficiency in terms of
the ratio of substrate/catalyst is low. In general 1–5% of these
catalysts must be used. With one of the most active catalysts
based on a polystyrene–phosphine–palladium complex the
reaction can be performed with as little as 0.018% catalyst
(TON: 3200).6 Nevertheless, very high values of ratio substrate/
catalyst have not been reported for this reaction.

Our aim was to obtain complexes capable of very high
turnover numbers in catalysis. The nature of the phosphine
ligand on complexes has a tremendous influence on the rate of
catalysed reactions. Recently a tetraphosphine based on a
cyclobutane ring led to the formation of palladium catalysts for
copolymerization that are more efficient than those of dppe by
a factor of ten.7 In order to find more efficient palladium
catalysts we decided to study the influence of the new tetrapodal
phosphine ligand, cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphi-
nomethyl)cyclopentane (Tedicyp 1)8,9 in which the four

diphenylphosphinoalkyl groups are stereospecifically bound to
the same face of the cyclopentane ring, on the rate of allylic
amination reaction.

Our first objective was to evaluate the difference of
efficiency for allylic amination between a monophosphine
ligand such as triphenylphosphine, a diphosphine ligand such as
1,2-bis(diphenylphosphino)ethane (dppe) and our tetraphos-
phine 1. We observed that the addition of dioctylamine 8 to allyl
acetate 2 in the presence of 0.001% catalyst, led to the addition
product 14 in 1 and 3% conversion when PPh3 and dppe,
respectively, were used as ligand and 99% conversion with
Tedicyp (Scheme 1, Table 1). A similar tendency was observed
for the addition of diallylamine 9 to allyl acetate 2. In the
presence of 0.001% catalyst, only 7% conversion was observed
with dppe. With Tedicyp the conversion was 73% in the
presence of 0.0001% catalyst.

Next we tried to evaluate the scope and limitations of
Tedicyp–palladium complex for this reaction. The addition rate

was slightly decreased for the addition of morpholine 11 to 2. A
conversion of 93% is observed in the presence of 0.01%

Scheme 1

Table 1 Palladium catalyzed allylic amination11

Allyl
acetate Amine

Product
(major
isomer)

Ratio
a/bh

Ratio
substrate/
catalyst

Turnover
frequencyi/
h21

Yield
(%)

2 7 13 — 1 000 000 8125 68c

5 000 000 8333 14ef

2 8 14 — 100 000 2062j 99bf

1 000 000 7083 17af

2 9 15 — 100 000 2388 95e

1 000 000 8111k 73df

2 11 16 — 10 000 250 93e

100 000 1111 57e

2 12 17 — 1 000 13 81c

2 27 29a 85/15 10 000 250 97bf

90/10 100 000 1229 83cf

2 28 30a 68/32 1 000 49 78ag

3 7 18a 94/6 1 000 45 95a

95/5 10 000 160 36b

3 9 19a 95/5 1 000 30 85e

3 11 20a 86/14 1 000 41 99a

84/16 10 000 183 44a

4 6 21a 100/0 100 2.5 98e

100/0 1 000 6.6 43e

4 7 22a 100/0 1 000 10.3 92d

4 8 23a 100/0 100 3.9 95a

100/0 1 000 13.3 84b

4 10 24a 93/7 100 4.1 98a

94/6 1 000 20.4 49bf

4 11 25a 91/9 100 4.1 100af

92/8 1 000 17.5 51e

5 11 26 — 100 0.5 65ef

Conditions: catalyst, see ref 10, THF, 25 °C, a 24 h. b 48 h. c 72 h. d 90 h.
e 130 h. f 55 °C. g In toluene. h For compounds 18–25, a corresponds to the
linear isomer and b to the branched isomer (Scheme 1). For compounds 29
and 30, a corresponds to the monoaddition product and b to the diaddition
product (Scheme 2). i TOF calculated between initial time and 24 h.
j Calculated after 48 h. k Calculated after 90 h.
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catalyst. A turnover number (TON) of 57 000 and a TOF of
1111 h21 were obtained in the presence of 0.001% catalyst. On
the other hand, a significant steric effect was observed with the
bulky diisopropylamine 12. In the presence of 0.1% catalyst
only 81% conversion was obtained after three days.

The complex formed by association of Tedicyp and
[PdCl(C3H5)]2 seems to be more stable and less sensitive to
temperature and poisoning than the complexes formed with
diphosphines.

These results prompted us to investigate the allylation of
amines with substituted allyl acetates. When we used cinnamyl
acetate 3 in the presence of 0.1% catalyst high yields were
obtained for the addition of dipropylamine 7 and diallylamine 9.
A TON of 4400 has also been observed with morpholine 11. We
noted a good regioselectivity for the amination of cinnamyl
acetate 3 in favour of the linear isomer. Similar selectivities
were observed for the addition of diethylamine 6, dipropyl-
amine 7 and dioctylamine 8 to (E)-hex-2-en-1-yl acetate 4. (E)-
N,N-dialkylhex-2-enylamines 21a–23a were obtained regio-
and stereo-selectively in good yield. The regioselectivity of the
addition of cyclic amines 10 and 11 is slightly lower; 6 and 8%
of the branched products 24b and 25b are obtained with
pyrrolidine 10 and morpholine 11. Much lower TON and TOF
were observed in the course of the amination of hindered
3-acetoxy-1,3-diphenylprop-1-ene 5.

With primary amines, we obtained mixtures of monoaddition
and diaddition products (Scheme 2). Benzylamine 27 led to the
monoaddition product 29a in 83% conversion and 90%
selectivity in the presence of 0.001% catalyst with a TOF of
1229 h–1. The addition rate of cyclohexylamine 28 is slower
with a TOF of 49 h21 and a lower selectivity in favour of the
monoaddition product 30a is observed.

Finally, we tried to gain some information on the structure of
the palladium–Tedicyp complex formed. Addition of 1 equiv. of
Tedicyp to 0.5 equiv. of the dimer [PdCl(C3H5)]2 gave a clean
31P NMR spectrum which shows two broad signals at d 19 and
25 (vs. H3PO4). The characteristic signals of the free phosphine
at d 216.3 and 217.7 were not observed. Addition of 1 equiv.
of Tedicyp to 1 equiv. of [PdCl(C3H5)]2 gave an identical 31P
NMR spectrum. Addition of 2 equiv. of Tedicyp to 0.5 equiv. of
[PdCl(C3H5)]2 led to a more complicated spectrum; mainly four
signals of free phosphines at d216.9, 218.2 , 219.3 and 220.9
and some broad peaks between d 40 and 10 were observed in 31P
NMR. In the first case, addition of 1 equiv. of Tedicyp to 0.5
equiv. of the Pd complex, produced broad signals at d 19 and 25
suggesting that this complex is involved in a succession of
equilibria due to a fast coordination–dissociation process of the
four phosphines of the ligand. The absence of peaks of free
phosphines probably arises from the equilibrium rate which
seems to be of the order of the NMR time scale. Similar results
have already been described; for example, Pd(PPh3)3 is largely
dissociated and the equilibrium rate is of the order of the NMR
time scale even at low temperature.12 Addition of 10 equiv. of
allyl acetate or addition of 10 equiv. of allyl acetate with 10
equiv. of dipropylamine to this Pd–Tedicyp complex (ratio Pd-
dimer/Tedicyp = 0.5) has no influence on the 31P NMR
spectrum; the two broad signals observed at d 19 and 25 are
unchanged.

We have also examined the importance of the ratio
palladium/Tedicyp for the catalysis. We observed that if the
reaction is performed with Pd-dimer/Tedicyp ratios of 0.5, 1
and 2, the rate of the reaction decreases. The TONs after 40 min
were, respectively, 8100, 4000 and 1300 for the addition of
dipropylamine 7 to allylacetate 2 with a ratio substrate/catalyst

of 100 000. These results seems to indicate that the active
palladium catalyst requires one tetraphosphine for one palla-
dium centre.

In conclusion, the Tedicyp–palladium complex obtained by
addition of Tedicyp to [Pd(C3H5)Cl]2 provides a convenient
catalyst for the allylic amination reaction. This catalyst seems to
be more stable and less sensitive to poisoning than the
complexes formed with mono- and di-phosphine ligands. This
stability probably arises from the presence of the four
diphenylphosphinoalkyl groups stereospecifically bound to the
same face of the cyclopentane ring. All four phosphines
probably cannot bind at the same time to the same palladium
centre, but the presence of these four phosphines on the ligand
close to the metal centre, along with steric factors, seems to
increase the coordination of the ligand to the palladium
complex. In the presence of this catalyst the amination reaction
can be performed with as little as 0.0001% catalyst. These
results represent an inexpensive, efficient, and environmentally
friendly synthesis. Further applications of this ligand will be
reported in due course.
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for providing financial support.
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The ligands cyanate and di-2-pyridyl ketone (dpk) are used
to construct a tetranuclear cobalt(II) complex involving m1,1-
cyanate bridges: [Co4(dpk-OH)2(dpk-OMe)2(NCO)4], which
shows a dicubane-type structure, with two missing vertices,
and having ferromagnetic interactions.

A considerable ongoing research has been directed at the
preparation of molecule-based magnets over recent years. In
this area, great activity has been focused on obtaining nanoscale
magnets in which each microcrystal behaves as a single domain.
A way to deal with the preparation of nanomagnets concerns
single molecules having ground electronic states with a large
number of unpaired electrons.1 In relation to the ligands for the
preparation of those clusters, a variety of blocking organic
compounds has been used, most of them providing oxo-bridges
between metallic centers.2

An efficient way for the generation of interactions between
metallic centers concerns the use of pseudohalide ligands.
Among these, azide has been undoubtedly one of the most
interesting magnetic coupling species found so far in molecular
magnetism.3 One of the latest findings found for this ligand is its
incorporation into cubane-type systems and those exhibiting
m1,1-azido bridges have been observed to be ferromagnetic.4
The cyanate pseudohalide is a more unusual ligand, its
chemistry and bonding properties have been the subject of
several studies5 which focussed upon its ability to coordinate to
metals, and its ability and adaptability as a bridging ligand.6 It
shows preference for the end-on bridging mode, through the
nitrogen atom. In this kind of bridging, the cyanate ligand has
been shown to be able to mediate ferromagnetic interactions.7

As mentioned above, in most of the clusters for nanomagnets,
the intermetallic connections take place through oxo-bridges. In
this way, the coordination behavior of di-2-pyridyl ketone (dpk)
as a ligand has also attracted much attention.8 Its hydrolyzed
derivatives, namely, the gem-diol9 and its respective mono- and
di-anions, are potential chelating or chelating-bridging ligands.
In fact, a number of mononuclear10 and oligomeric poly-
nuclear11 complexes derived from these ligands have been
isolated and crystallographically characterized. Solvolysis reac-
tions are also observed to occur in contact with other solvents
thus widening the possibilities in structural arrangement.

For the indicated reasons above, the simultaneous use of dpk
and cyanate ligands could be expected to enhance the formation
of intermetallic bridges. Thus, taking into account these
considerations, this work reports on a ferromagnetic tetra-
nuclear cobalt(II) system of formula [Co2(dpkOH)(dpkO-
Me)(NCO)2]2, the structural core of which can be described as
that of a ‘dicubane’ having two missing vertices. Very few
examples of cobalt(II) dicubanes are known12 and no cobalt–
m1,1-cyanate polynuclear compound has been characterized
structurally and magnetically to date. Furthermore, as far as we
are aware, this is the first example of a ‘cubane-type’ system
involving cyanate ligands.

Reaction of dpk, Co(NO3)2·4H2O and KNCO yielded,† after
evaporation, a brown-red crystalline material, the composition

of which was consistent with the formula [Co2(C23H20N4-
O4)(NCO)2] 1. The X-ray crystal structure determination of 1
(Fig. 1)‡ revealed that it consists of centrosymmetric tetra-
nuclear units in which the cobalt(II) ions are connected through
the ligands NCO, dpkOH, and dpkOMe (the latter tworesulting
from solvolysis of the dpk ligand) to give a face-shared
dicubane-like coordination core containing two missing ver-
tices (Fig. 1).

The Co(II) ions exhibit slightly distorted octahedral
[CoN3O3] and [CoN4O2] environments, with the Co–N dis-
tances ranging from 2.024(6) (dpk) to 2.146(4) Å (cyanate) and
the Co–O distances ranging from 2.025(3) to 2.244(3). The EO
cyanate bridges form an angle with the metal of 101.8(2)°, while
the Co–O–Co angles range from 97.1(1) to 100.6(2)°. The
Co…Co distance through the combined cyanate and oxo bridges
is 3.283(2) Å, while those corresponding to the oxo-bridges
alone are 3.144(1) and 3.238(2) Å.

The temperature dependence of the magnetic susceptibility
cm of 1 has been investigated in the range 4–300 K. The product
cmT continuously increases upon cooling and its value, per 4 Co
atoms, at room temperature is 11.7 cm3 K mol21, which is larger
than the 7.5 cm3 K mol21 expected for four isolated spin-only
S = 3/2 ions. This larger value is the result of contributions to
the susceptibility from orbital angular momentum at high
temperatures, which produces effective moments per cobalt
atom in the range 4.7–5.2 mB.13 A maximum of 18.3 cm3 K
mol21 appears at 12 K. After this maximum, cmT decreases
[Fig. 2(a)]. This behavior is characteristic of a system exhibiting
intramolecular ferromagnetic interactions; while the sudden
decrease must be associated to spin–orbit coupling and/or the
existence of intermolecular interactions. It is not possible to fit
the behavior of an array of four high-spin CoII centers given
current theory, even if the centers are orbitally degenerate.
Besides, in the present compound the environment of the Co(II)
centers which are in distorted octahedra, probably removes the
degenereracy. Taking into account that, even for the simplest of
the possible Co(II) tetranuclear systems (i.e. a square planar
cluster with a single J value14), fitting has not been carried out,
the extreme difficulty of modeling a four-J system (see Scheme
1) for this cation that should include aspects such as spin–orbit
coupling, magnetic anisotropy, orbital degeneracy, etc, should
be appreciated.

Fig. 1 Stereoview of the tetranuclear structure of compound 1. Sizes of
spheres is in the order Mn > C > N > O. Hydrogen atoms have been
omitted for clarity.
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In order to gain more information on 1, we investigated the
variation of the magnetization M vs. the applied magnetic field
H, in the field range 0 < H/T < 7 at 5 K and results are shown
in Fig. 2(b), where it can be observed that the magnetization
reaches the saturation value expected for a tetranuclear
ferromagnetic cobalt(II) compound, i.e. Nbg/2 ( ≈ 12). Further
studies are being undertaken to thoroughly characterize this
system.

The ferromagnetic behavior of this compound can be
explained by the existence of end-on cyanate bridges, with
angles close to 100°, which gives rise to moderately strong
ferromagnetic interactions.7 In addition, the oxo bridges in the
compound also promote ferromagnetic interactions, as has been
observed in related cubane oxo-bridged compounds.11b

In conclusion, the combination of dpk and cyanate ligands
has been shown to be a good strategy for obtaining ‘cubane-
like’ systems and related nickel, cobalt and manganese systems
are now under investigation. The resulting compound 1 shows
a tetranuclear molecular structure of dicubane type which is
unprecedented for cyanate ligand. The bridging ligands con-
necting the cobalt(II) ions provide global ferromagnetic ex-
change interactions.

Fundings by the Basque Government (grant PI 99/53), the
University of the Basque Country (grant UPV 130310-EB201/
1998), and the Dirección General de Enseñanza Superior-MEC
(Spain) (grant PB97-0637) are gratefully acknowledged.
Z. E. S. thanks the University of the Basque Country for a
doctoral fellowship.

Notes and references
† Experimental procedure: reaction of a methanolic solution (10 cm3)
containing dpk (1 mmol) with a aqueous solution (10 cm3) containing both
Co(NO3)2·4H2O (1 mmol) and KNCO (1 mmol) yielded, after two weeks
evaporation, a brown crystalline material 1. Yield 63%. Elemental analysis.
Calc. for C25H20N6O6Co2: C, 48.56; H, 3.26; N, 13.59; Co, 19.06. Found:
C, 48.13; H, 3.15; N, 13.22; Co, 19.06%.
‡ Crystal data: C25H20N6O6Co2, M = 618.33, monoclinic, space group
P21/c (no. 14), a = 13.039(1), b = 12.303(1), c = 19.365(1) Å, b =
122.57(1)°, V = 2618.0(4) Å3, Z = 4, Dc = 1.569 g cm23, 2qmax = 60°,
T = 293 K, w–2q scans; Lorentzian, polarization, and extinction corrections
were made, m(Mo-Ka) = 13.2 cm21, 14672 reflections measured, 6653
unique (Rint = 0.1483) all included in the refinement; structure solution by
direct methods; 353 parameters refined R1(Fo) = 0.058 [for 6653
reflections with I > 2s(I)]; wR2(Fo

2) = 0.098 (all data); quality of fit 0.80.
Max./min. residual peaks in the final difference map 0.531/20.605 e Å23.
Diffraction data were collected on an Enraf-Nonius CAD-4 diffractometer.
The structure was solved by direct methods and refined with SHELXL-97.14

All non-H atoms were refined anisotropically. CCDC 182/1849. See http:
//www.rsc.org/suppdata/cc/b0/b008256m/ for crystallographic files in .cif
format.
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Using rhodium complexes of tertiary phosphines with
carbonyl groups b to the P atom, ethene and CO react in
methanol to give products involving increased chain growth
(octane-3,6-dione, methyl 4-oxohexanoate) compared with
PEt3 complexes and unsaturated products (methyl prope-
noate, penten-3-one and 1-methoxypentan-3-one from addi-
tion of methanol to penten-3-one); mechanistic studies
suggest that the ligand carbonyl group prevents coordina-
tion of the keto group in the growing chain.

Reactions between ethene and CO in methanol generally give
perfectly alternating polyketones or methyl propanoate (MP),
with the best catalysts being based on palladium complexes of
mono- or ditertiary phosphines,1,2 although we have recently
reported that highly electron rich rhodium phosphine complexes
can give high selectivities to pentan-3-one (DEK), with the two
extra H atoms required being derived from methanol, which
forms methyl formate (MF).3 We presented evidence that the
selectivity to pentan-3-one (DEK) arose because of binding of
the keto-oxygen atom in the growing chain to the rhodium atom
to give an h2-3-oxopentyl intermediate. Since this complex has
18e, it more readily protonates and reductively eliminates
pentan-3-one than undergoing further insertion to give chain
growth (Scheme 1).3

One of our interests is in the production of CO/C2H4
oligomers for use as low-volatility solvents containing rela-
tively high oxygen content, so we were interested in the
possibility of encouraging chain growth and hence of prevent-
ing the formation of the h2-3-oxopentyl intermediate. We,
therefore, synthesised a range of phosphines which themselves
contain carbonyl groups b to the P atom in the hope that these
carbonyl groups might compete with coordination of the keto
group in the growing chain and encourage chain growth.

The ligands shown in Table 1 were synthesised by the
reaction of R2PH (R = Et, But, Cy) with the appropriate bromo
compound, RACOCH2Br. (RA = Ph, Et, OEt), followed by

removal of HBr with base (Scheme 2). Catalytic reactions were
then carried out, synthesising the active catalyst in situ from the
ligand and [Rh(acac)(CO)2] (Hacac = pentane-2,4-dione). The
results of these reactions are shown in Table 1 and indicate that,
apart from the complex derived from But

2PCH2C(O)Ph, which
does not give an active catalyst, catalysts based on these ligands
show quite different selectivities compared with those involving
PEt3. In particular, chain growth to octane-3,6-dione (OD) and
methyl 4-oxohexanoate (M4OH) has become significant and
the unsaturated products, penten-3-one (EVK) and methyl
propenoate (MA) are observed. A further product, 1-methoxy-
pentan-3-one (1M3P)† is a major product. We have shown in
separate experiments that this is formed by addition of methanol
to penten-3-one (EVK) in an uncatalysed reaction under the
experimental conditions employed. The selectivity to medium
chain products (!7 chain atoms) can be as high as 57.6%,

Table 1 Products obtained from the carbonylation of ethene catalysed by rhodium complexes of b-ketophosphines and related ligandsa

Ligand MA MP EVK DEK 1M3P M4OH OD
Total
turnover MCP(%)

Et2PCH2C(O)Ph 4.4 4.4 2.0 24.0 12.5 2.4 9.0 58.7 40.7
Et2PCH2C(O)Et 6.7 7.8 3.1 23.4 12.0 2.6 7.1 62.7 34.6
Et2PCH2C(O)OEt 12.2 6.8 3.7 38.2 14.3 5.8 9.7 90.7 32.9
Et2PCH(Me)C(O)Me 7.2 6.9 1.4 39.7 6.7 2.5 3.1 67.5 18.2
Cy2PCH2C(O)Ph — 4.0 — 0.5 1.2 2.0 0.7 8.4 46.4
But

2PCH2C(O)OEt — 2.1 1.7 7.7 11.2 — 4.4 27.1 57.6
But

2PCH2C(O)Ph — — — — — — — 0 —
Et2PC2H4OMe 4.1 15.0 1.5 37.3 17.8 3.0 9.2 87.9 34.1
Et2PC2H4NEt2 — 26.9 trace 41.1 3.3 — 4.4 75.7 10.2
Me2PCH2P(O)Me2 — 10.7 0.9 3.5 3.7 — 2.9 21.7 30.4
Me2PCH2P(O)Me2

b 4.4 5.1 3.4 24.9 13.4 2.9 14.3 68.4 44.7
a [Rh(acac)(CO)2] (0.1 mmol), phosphine (0.4 mmol), CO (35 bar), ethene (35 bar), methanol (10 cm3), 110 °C, 24 h. Amounts expressed as catalyst
turnovers. b 2 equivalents of ligand used, i.e. (0.2 mmol). MA (methyl propenoate, methyl acrylate), MP (methyl propanoate), EVK (penten-3-one, ethyl
vinyl ketone), DEK (pentan-3-one, diethyl ketone), 1M3P (1-methoxypentan-3-one), M4OH (methyl 4-oxohexanoate), OD (octane-3,6-dione), MCP
(medium chain products, 7+ atoms in backbone).

Scheme 1 Proposed role of an h2-3-oxopentyl intermediate in determining
the selectivity of ethene carbonylation to pentan-3-one catalysed by Rh/PEt3
complexes.3

Scheme 2 Sythesis of b-ketophosphine ligands. RB = H, R = Et, RA = Ph,
OEt, Et; RB = H, R = But, RA = Ph, OEt; RB = H, R = Cy, RA = Ph; RB
= Me, R = Et, RA = Me. Reagent: i, NaOH.
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whereas with PEt3 the selectivity to pentan-3-one (DEK) can be
> 80% with only traces of medium chain products being
formed. Similar results to those for the b-ketophosphines are
obtained (Table 1) using other ligands with O g to the P atom
such as Me2PCH2P(O)Me2, or Et2PCH2CH2OMe, but not with
N in this position; Et2PCH2CH2NEt2 behaves more like PEt3,
although the rate is lower.

We have also carried out the reaction using PhCOCH2PEt2 in
CD3OD and find that the methyl groups of pentan-3-one (DEK)
and of methyl propanoate (MP) contain 0 or 1 D atoms.‡ This
contrasts with reactions involving PEt3,3 where multiple
deuteriation of the methyl groups of pentan-3-one (DEK) is
observed.

These results point to the conclusion that, in these systems,
the carbonyl group in the growing chain does not coordinate,
presumably because the coordination site is blocked by the
carbonyl group b to the phosphine (Scheme 3). Intermediate A
in Scheme 3 is an 18e complex, so may protonate and
reductively eliminate pentan-3-one (DEK). Alternatively, CO
may insert leading to chain growth. We have shown that
multiple D incorporation into the methyl group of pentan-3-one
(DEK) in the Rh/PEt3 catalysed reactions carried out in CD3OD
occurs via b-H abstraction in the h2-3-oxopentyl intermediate to
give an enolate. A similar b-H abstraction in the h1-3-oxopentyl
intermediate, B in Scheme 3, would lead to penten-3-one (EVK)
bound only through the double bond and it appears that this
decoordinates to give free penten-3-one (DEK), rather than
undergoing reversible C–H bond breakage and multiple D
incorporation.

The formation of methyl propenoate (MA) is also of
considerable interest, not only because it indicates that acrylates
can be products from CO/C2H4 reactions under non-oxidative
conditions, but also because it indicates that a carbomethoxy

mechanism1 is operating in addition to the hydride mechanism
which is responsible for the other products. This suggests that
CO insertion into the Rh–OMe bond competes with b-H
abstraction and CO can insert in the 18e complex (C in
Scheme 3). Acrylates can be products of CO/alkene reactions in
the presence of oxygen.5,6

In conclusion, all of the products obtained from the reaction
of CO with ethene in methanol in the presence of rhodium
complexes containing phosphine ligands with a carbonyl b to
the P atom can be explained as in Scheme 3 if one carbonyl
group in the phosphine is coordinated to the rhodium.

We thank BP and the EPSRC for funding (R. A. M. R.) and
Dr E. Ditzel and Mr P. Howard for helpful discussions.

Notes and references
† Since this product has seven atoms in the chain and contains two O atoms
(bp 62 °C at 24 Torr),4 it may be a suitable component of a low volatility
solvent mixture, so is included when calculating the percentage of medium-
chain products produced in the reaction.
‡ The methylene groups contain from 0 to 2 D atoms on account of post-
reaction exchange with the solvent.3
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Scheme 3 Proposed mechanism of ethene carbonylation catalysed by Rh/b-ketophosphine (PEO) complexes. The products shown in boxes have been
observed (Table 1), but the assignments of the metal containing intermediates are tentative.
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Compound 1, containing an octamethylferrocene donor
linked to a nitrothiophene acceptor via an ethenyl linker,
shows a static first hyperpolarisability b0 of 95(±10) 3 10230

esu, which is reduced to 10(±2) 3 10230 esu on oxidation of
the octamethylferrocene unit; this provides for a simple
redox-based switching of the NLO characteristics of the
compound.

Compounds displaying non-linear optical (NLO) properties are
of considerable interest because of their possible applications in
the emerging technologies of optoelectronic and photonic
devices.1 Second-order NLO effects, including second-har-
monic generation, and especially electro-optic modulation are
important in interfacing massive amounts of electronic data to
wideband optical communication. At the molecular level, the
efficiency for electro-optic modulation is determined by the
second-order non-linear polarisability, also called the first
hyperpolarisability, b. A large value of b is generally associated
with molecules which have a donor/conjugated bridge/acceptor
(D-p-A) structure, such that there is a long-range charge-
transfer transition from one end to the other and consequently a
substantial difference between the ground-state and excited-
state dipole moments.

The ability to switch the NLO response of a molecule ‘on’
and ‘off’ reversibly by a simple controllable perturbation would
add significant value to the utility of NLO molecules, from the
point of view of developing molecular photonic devices whose
properties can be switched by modifying one of the component
parts.2 Despite the large number of molecules with large first
hyperpolarisabilities, there are remarkably few examples in
which such reversible switching has been demonstrated. Of
these the majority depend on isomerisation or tautomerisation
of the molecule, such that the nature of the conjugated bridge
linking the donor and acceptor termini undergoes a substantial
change.3 A more appealing method of controlling the second-
order NLO response of a molecule would be a reversible redox
change, in which either the donor (D) unit is oxidised or the
acceptor (A) unit is reduced. The result in either case would be
a loss of the charge-transfer capability and a consequent drop in
the hyperpolarisability b.2 To date there is a single example of
this in the literature, from the group of Coe, comprising a
{Ru(NH3)5}2+ donor linked to a viologen-like acceptor; the
value of b decreased by an order of magnitude on one-electron
oxidation of the Ru terminus. Subsequent re-reduction of the Ru
terminus completely restored the SHG properties of the
compound.4

We describe here a new molecule for second-order NLO
applications (1) which contains an octamethylferrocene donor
unit and a nitrothiophene acceptor, linked by an ethenyl bridge.
The reversible octamethylferrocene–octamethylferrocenium
couple, at modest potential, provides an ideal route for redox-
based switching of the hyperpolarisability. Compounds which

contain ferrocene units as the electron donor, with a single
conjugated side-arm linked to an acceptor unit, have been
exceptionally popular for studying SHG in the last decade.5 The
redox activity of the ferrocene donor unit however has not until
now been exploited for switching purposes; use of the
octamethylferrocene unit in 1 will both enhance its electron-
donor properties compared to ferrocene, and will reduce the
redox potential to make redox-based switching more facile.

Compound 1 was prepared in good yield† by a Wittig
reaction between 1A,2,2A,3,3A,4,4A,5-octamethylferrocenylme-
thyltriphenylphosphonium bromide6 and 5-nitro-2-thiophene-
carbaldehyde in tetrahydrofuran (THF); the crystal structure is
in Fig. 1.‡ The cyclopentadienyl ring of the donor, the ethenyl
bridge, and the nitrothiophene acceptor are essentially coplanar
which will clearly optimise end-to-end charge-transfer via the
conjugated system. The electronic spectrum in CH2Cl2 (Fig. 2)

Fig. 1 Crystal structure of 1 together with selected bond distances. The
structure of the complex cation of [1]+(PF6)·CH2Cl2 is essentially identical,
and the bond distances for this are given in square parentheses after the
corresponding value for 1. Fe–C (average) 2.05 [2.10], N(1)–O(1) 1.242(4)
[1.232(3)], N(1)–O(2) 1.228(4) [1.235(3)], N(1)–C(1) 1.423(4) [1.428(3)],
C(1)–C(2) 1.354(5) [1.356(4)], C(2)–C(3) 1.405(4) [1.401(3)], C(3)–C(4)
1.377(4) [1.379(3)], C(1)–S(1) 1.719(3) [1.718(2)], C(4)–S(1) 1.738(3)
[1.731(2)], C(4)–C(5) 1.442(4) [1.446(3)], C(5)–C(6) 1.348(4) [1.336(3)],
C(6)–C(7) 1.449(4) [1.461(3)] Å.

Fig. 2 Electronic spectra of 1 and [1]+(PF6) in CH2Cl2.
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shows transitions at 644 nm and 447 nm which we ascribe to the
two relevant D ? A charge-transfer transitions;7 in agreement
with this, both transitions are strongly solvatochromic, with the
absorption maxima changing from 586 and 409 nm respectively
in hexane, to 655 and 453 nm respectively in dimethyl
sulfoxide. Compound 1 undergoes a reversible octamethylferro-
cene–octamethylferrocenium redox interconversion at 20.30 V
vs. the ferrocene–ferrocenium couple in THF. Accordingly,
one-electron oxidation of 1 by treatment with 1 equiv. of
ferrocenium hexafluorophosphate in MeCN afforded [1]+(PF6)
in high yield.§ This complex has also been structurally
characterised,‡ and the structure of the complex cation [1]+ is
essentially identical to that of 1 apart from minor changes in the
Fe–C bond distances (see caption to Fig. 1). In the oxidised
complex [1]+ the charge-transfer transitions of 1 are absent,
replaced by the characteristic weak LMCT transition of the
ferrocenium unit at 851 nm (Fig. 2).

We used the hyper-Raleigh scattering method8 to measure the
first hyperpolarisability b of 1 and [1]+ in CH2Cl2 solution using
a 1064 nm laser. The value of b obtained for 1 [316 (±32) 3
10230 esu] is much greater than that for [1]+ [25 (±5) 3 10230

esu], as we would expect based on the above arguments. Part of
this change is however ascribable to the fact that the value of 1
is resonantly enhanced due to absorption by the CT transitions
in the region of the second harmonic of the excitation laser at
532 nm; this effect is not so significant for [1]+ whose
absorbance at this wavelength is much lower. Consequently the
two-level model9,10¶ was used to derive the static hyper-
polarisability (b0) in each case, and b0 values of 95 (±10) 3
10230 and 10 (±2) 3 10230 esu were obtained for 1 and
[1]+(PF6) respectively. Thus, compound 1 has a SHG efficiency
about one order of magnitude greater than does [1]+.

The redox interconversion of 1 and [1]+ thus provides a basis
for an effective switch of the second-order NLO properties of
the complex. The switching effect is illustrated in Fig. 3, which
shows (solid line) the alternation in the value of the first
hyperpolarisability as a sample of 1 is alternately oxidised (by
addition of Bu4NBr3) and then reduced (by addition of
hydrazine). Exactly similar results were obtained starting with
[1]+ and alternately reducing and oxidising it (dotted line).
Given the large number of D–p–A complexes based on
ferrocenyl donors which have been prepared for NLO studies,5
this redox-based switching is clearly of wide applicability for
the development of switchable NLO materials.2
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Notes and references
† To a mixture of 1A,2,2A3,3A,4,4A,5-octamethylferrocenylmethyltriphenyl-
phosphonium bromide (1.75 g, 2.68 mmol) and dry THF (100 cm3) under
N2 at 278 °C was added potassium tert-butoxide (0.33 g, 2.94 mmol). The
red suspension was allowed to warm up to 0 °C and was stirred for 30 min
at this temperature, after which time 5-nitro-2-thiophenecarbaldehyde (0.50
g, 3.21 mmol) was slowly added. The resulting green solution was stirred at
room temperature for 3 h. After quenching with water and removal of
solvents in vacuo, chromatographic purification (alumina, 1+1 diethyl
ether–hexane) afforded pure 1 (0.87 g, 72%). Found: C, 63.8; H, 6.7; N,
3.1%; C24H29FeNO2S requires C, 63.9; H, 6.4; N, 3.1%. EIMS: m/z 451
(M+, 100%). 1H NMR (300 MHz, CDCl3) d 1.62, 1.66, 1.82, 1.95 (all 6 H,
s, CH3 groups attached to Cp rings), 3.35 (1 H, s, CH of Cp), 6.73 (1 H, d,
J = 16 Hz, CHNCH), 6.82 (1 H, d, J = 4 Hz, thienyl CH), 6.99 (1 H, d, J
= 16 Hz, CHNCH), 7.80 (1 H, d, J = 4 Hz, thienyl CH).
‡ Crystal data: for C24H29FeNO2S: M = 451.4, monoclinic, space group
P21/n, a = 14.960(2), b = 9.4435(18), c = 15.639(4) Å, b = 102.200(14)°,
U = 2159.4(8) Å3, Z = 4, Dc = 1.388 Mg m23, m(Mo-Ka) = 0.815 mm21,
F(000) = 952, T = 173 K, 4930 independent reflections with 2q < 55°.
Refinement of 270 parameters converged at final R1 = 0.0393, wR2 =
0.1155. For C24H29FeF6NO2PS·CH2Cl2: M = 681.3, triclinic, space group
P1̄, a = 10.2058(9), b = 12.1655(11), c = 13.0266(11) Å, a = 73.439(2),
b = 68.807(2), g = 77.176(2)°, U = 1432.6(2) Å3, Z = 2, Dc = 1.579 Mg
m23, m(Mo-Ka) = 0.906 mm21, F(000) = 698, T = 173 K, 6498
independent reflections with 2q < 55°. Refinement of 396 parameters
converged at final R1 = 0.0390, wR2 = 0.0968. X-Ray measurements were
made using a Bruker SMART CCD area-detector diffractometer; structure
solution and refinement was with the SHELXTL program system version
5.1, 1998. CCDC 182/1853. See http://www.rsc.org/suppdata/cc/b0/
b008056j/ for crystallographic files in .cif format.
§ To a solution of 1 (0.15 g, 0.33 mmol) in N2-purged dry MeCN was added
ferrocenium hexafluorophosphate (0.107 g, 0.32 mmol) and the mixture
was sonicated in an ultrasound cleaning bath for 15 min. After evaporation
of the solvent the residue was washed several times with ether until the
filtrate was colourless, and was then dried yielding pure [1]+(PF6) (0.18 g,
91%). Found: C, 47.9; H, 5.1; N, 2.3%; C24H29FeF6NO2PS requires C, 48.3;
H, 4.9; N, 2.4%. FABMS: m/z 451 (M+ 2 PF6, 100%).
¶ One of the referees has pointed out that the two-level model (ref. 9) cannot
be applied with accuracy to ferrocenyl-based systems such as these in which
two charge-transfer processes contribute to b (ref. 7). This is true, however
because of its simplicity and the lack of readily applicable alternatives it
remains in wide use as long as its limitations are understood (ref. 10).
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Fig. 3 Redox switching of the hyper-Raleigh scattering response between 1
and [1]+ in CH2Cl2 (concentration of samples, 4 3 1025 M). The solid line
shows the response obtained starting with 1 and then alternately oxidising
and re-reducing it; the dotted line shows the response obtained starting with
[1]+(PF6) and then alternately reducing and re-oxidising it. The parameter
plotted on the y-axis (i2w/I2

w) is proportional to b2.
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The values of the 1J(199Hg199Hg) coupling constant in
solution of the asymmetric dimercury(2+) complexes with
the stoichiometries Hg2

2+/18-crown-6 and Hg2
2+/18-crown-

6/15-crown-5 are 220 300 and 284 100 Hz, respectively,
representing the largest scalar couplings measured.

Very large scalar coupling constants have been observed
between heavy metal nuclei and have been attributed to
relativistic effects. The largest value known at present is the
one-bond 199Hg199Hg coupling in the polycation [Hg–Hg–
Hg]2+ 1 with a magnitude of 139 600 Hz.1 The largest coupling
constant between two different nuclei is a 71 060 Hz
1J(195Pt205Tl) coupling observed for the compound [(NC)5Pt–
Tl].2

The use of solid-state 199Hg NMR for the determination of
the 199Hg199Hg coupling of [Hg–Hg]2+ salts involving magnet-
ically inequivalent mercury atoms, has been proposed,3 but
appears not to have been carried out. We report here on the
synthesis of asymmetric dimercury(2+)–crown ether complexes
which are kinetically stable on the NMR time scale at low
temperatures and provide straightforward access to the
199Hg199Hg coupling constants.

Treatment of [Hg–Hg]2+ with 1 equiv. of 18-crown-6 in
CH2Cl2 produces the dimercury(2+) complex 2 in which
one Hg is complexed to the macrocyclic crown ether.† The
mixed ligand complex [Hg2(18-crown-6)(15-crown-5)-
(Me2SO)](O3SCF3)2 3a containing one 18-crown-6 and one
15-crown-5 co-ordinated to dimercury(2+) was formed upon
reaction of 2 with 1 equiv. of 15-crown-5.†

The 199Hg NMR spectra of 2 and 3 consist of a superposition
of the patterns of the two isotopomers with one 199Hg nucleus
(abundance 14.00% each) and the isotopomer containing two
199Hg nuclei (abundance 2.84%). The latter arises from an AB
spin system. The outer transitions of the AB system could not be
observed because of very low probabilities (e.g. 0.3% of the
inner transitions as calculated for 3b) and because of linewidths
of ca. 60–80 Hz for 2 and 3, which are attributed to chemical
shift anisotropy (CSA) relaxation. The coupling constant is
readily derived from the distances of the inner lines of the AB
system and of the shifts na and nb which are obtained from the
patterns of the isotopomers containing one 199Hg nucleus. The
value of the 1J(199Hg199Hg) coupling constant in 2 is 220 300
Hz. An even larger 199Hg199Hg coupling constant (263 200 Hz)
is observed for the mixed 18-crown-6/15-crown-5 complex 3a
in CH2Cl2. The 199Hg NMR spectrum of a solution of 3a in
MeOH at 223 K shows the presence of two asymmetric
dimercury(2+) complexes. The parameters of one of these
species correspond to those of [Hg2(18-crown-6)(15-crown-
5)(Me2SO)](O3SCF3)2 3a in CH2Cl2, the other species is
assigned to [Hg2(18-crown-6)(15-crown-5)(MeOH)](O3SCF3)2
3b, which is thought to be formed according to the equilibrium
(1).

[Hg2(18-crown-6)(15-crown-5)(Me2SO)]2+ + MeOH "
3a

[Hg2(18-crown-6)(15-crown-5)(MeOH)]2+ + Me2SO
3b

(1)

The size of the Hg–Hg coupling constant of 3b is 284100 Hz,
and we believe that this represents the largest scalar coupling
constant recorded so far. The 199Hg shifts of the mercury atoms
complexed to 18-crown-6 macrocycles appear at low fre-
quencies compared with the Hg atoms coordinated by
15-crown-5 or bridging Me2SO.

The complexes 2 and 3c (all attempts to isolate 3a gave 3c)
were characterised by single crystal X-ray diffraction:‡ as can
be seen from Fig. 1, 2 exists as a dimer {[Hg2(18-crown-
6)(Me2SO)(m-Me2SO)](O3SCF3)2}2 in the solid state. Curi-
ously, the crystals of 3c are built from two different complexes:
the asymmetric unit contains one [Hg2(18-crown-6)(15-crown-
5)(Me2SO)](O3SCF3)2 and one [Hg2(18-crown-6)(15-crown-
5)(H2O)](O3SCF3)2 species which is shown in Fig. 2. In 2 and
3c the coordination geometry of the mercury atoms complexed
to a 18-crown-6 is hexagonal-bipyramidal with the other Hg
atom and one oxygen of Me2SO or H2O in axial position and the
crown oxygens in the equatorial sites. The 18-crown-6 ligands
are located slightly off-centre with respect to the mercury
atoms, presumably as a result of the steric demands of the
Me2SO ligand coordinated to the same Hg atom. The mercury
atoms reside slightly off the 18-crown-6 plane which is shifted
towards the terminal Me2SO ligands. The 15-crown-5 macro-
cycle is coordinated in a ‘half-sandwich’ manner.

Fig. 1 Structure of {[Hg2(18-crown-6)2(Me2SO)(m-Me2SO)]}2
4+ (cation of

2). Thermal ellipsoids are shown at the 20% probability level.

Fig. 2 Structure of {[Hg2(18-crown-6)(15-crown-5)(H2O)]2+ (part of 3c).
Thermal ellipsoids are shown at the 20% probability level.
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Notes and references
† Synthesis and data: for 2: a mixture of [Hg(Me2SO)6](O3SCF3)2

4 (0.1
mmol, 0.0968 g) in CH2Cl2 (0.5 mL) and elemental mercury (0.1 mL) was
stirred vigorously for 2 h and 0.1 mmol (0.0264 g) of 18-crown-6 was then
added. Colourless crystals were obtained from a 0.4 M solution in MeOH
after 10 days at 277 K (0.060 g, 54%). Anal. Calc. for C36H72F12Hg4O28S8:
C, 19.31; H, 3.24. Found C, 19.34; H, 3.26%. 199Hg NMR (53.63 MHz,
shifts relative to 2 mmol HgO in 1 ml 60% HClO4, sweep width 50 kHz,
time domain size 64 K, typical number of scans 20000, CH2Cl2, 243 K): d
435 (Hg atom complexed to 18-crown-6), 944; J(199Hg199Hg) 220300
(±790) (corresponding to an uncertainty of the difference of the two inner
AB lines of ±4 data points).

For 3a: a solution of 0.1 mmol (0.1120 g) of 2 in 0.5 mL of MeOH was
treated with 0.1 mmol of 15-crown-5 (0.0220 g). All attempts to isolate 3a
gave 3c: colourless crystals of 3c were obtained upon standing of a solution
of 3a in MeOH for 3 weeks in contact with the atmosphere (0.070 g, 56%).
Anal. Calc. for C50H96F12Hg4O36S5·H2O: C, 24.20; H, 3.98. Found C,
24.08; H, 3.89%. 199Hg NMR for 3a, (CH2Cl2, 223 K): d 304 (Hg atom
complexed to 18-crown-6), 1023; J(199Hg199Hg) 263200 (±570); i, (MeOH,
223 K): d 317, 1032, J(199Hg199Hg) 266600 (±590); 3b (MeOH, 223 K): d
345, 972, J(199Hg199Hg) 284100 (±860).
‡ Crystal data: for 2: C36H72F12Hg4O28S8, M = 2239.78, triclinic, space
group P1̄ (no. 2), a = 9.547(5), b = 11.836(2), c = 15.548(2) Å, a =
78.39(2), b = 77.21(4), g = 83.79(2)°, V = 1674.5(9) Å3, T = 213(2) K,

Z = 1, Mo-Ka radiation (l = 0.71073 Å), 5809 reflections collected, 4795
independent reflections (Rint 0.0274), 3457 reflections with I > 2s(I), R1 [I
> 2s(I)] = 0.0373, wR2 (all data) = 0.0726, goodness-of-fit 1.021. The
structure was solved by direct methods (SHELXS-86),5 and refined by full-
matrix least-squares methods on F2 (SHELXL-93).6

For 3c: C50H96F12Hg4O36S5·H2O, M = 2481.94, triclinic, space group
P1̄ (no. 2), a = 12.289(2), b = 15.902(4), c = 21.254(4) Å, a = 92.25(2),
b = 93.06(2), g = 93.35(2)°, V = 4136.7(15) Å3, T = 213(2) K, Z = 2,
Mo-Ka radiation (l = 0.71073 Å), 8498 reflections collected, 8004
independent reflections (Rint = 0.0508), 5405 reflections with I > 2s(I), R1
[I > 2s(I)] = 0.0566, wR2 (all data) = 0.1483, goodness-of-fit 1.032. The
structure was solved and refined as for 2.5,6 CCDC 182/1851. See http://
www.rsc.org/suppdata/cc/b0/b007581g/ for crystallographic files in .cif
format.
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The reaction of BunM (M = Li, Na) with [(R,R)]-bis(a-
methylbenzyl)amine in the presence of pmdeta results in the
formation of the chiral lithium amide complex (R,R)-
{[Ph(Me)CH]2NLi·pmdeta} and, remarkably, the sodium
enamide, {[PhC(NCH2)NH]Na·pmdeta}2; both compounds
have been authenticated by single crystal X-ray diffrac-
tion.

Our knowledge of the structural chemistry of alkali metal
amides is now firmly established and indeed, many of the
structural features found in these complexes have become
largely predictable. As a result of their widespread applicability
in synthesis most of our understanding has come from detailed
solution and solid state studies on lithium amides, though there
has been a steady increase in the study of the heavier metal (Na,
K) complexes.1,2 Limited hydrocarbon solubility, increased
reactivity and possible reductions in selectivity are the reasons
often quoted for the limited use of Na and K complexes, though
implicit within this is also the belief that while structural
differences will occur as a result of increasing cation size, the
complex formed and the resulting chemistry will be essentially
similar to that of the lithium counterpart. While most structural
studies have indicated this is probably the case, there is also the
possibility that the change in metal can effect dramatic and
unexpected structural outcomes, which is important given that
many alkali metal reagents are generated and used in situ.3

We reported recently that in the presence of pmdeta
(N,N,NA,NA,NB-pentamethylethylenetriamine), a-(methylben-
zyl)benzylamido lithium will produce the expected monomer,
(R)-[(Ph(Me)CH)(PhCH2)NLi·pmdeta], 1,4 while the sodium
complex will undergo the facile low-temperature transforma-
tion to a 2-azaallylic anion system, {[Ph(Me)CÌNÌC(H)Ph-
]Na·pmdeta} 2,6 as has also been described, in detail, for the
analogous alkali metal complexes of dibenzylamine.7 In
comparing the Li complexes, the added methyl group increased
the stability of the amide complex to azaallyl formation. We
also noted the surprising paucity in solid and solution state
structural information which is available on enantiomerically
pure chiral alkali metal amides,4 especially in light of their
important role in synthesis.5 With this in mind, we extended our
studies to the complexes of [R-(R*,R*)]-bis(a-methylbenzyl)a-
mine and herein report the solid state structure of (R,R)-
{[Ph(Me)CH]2NLi·pmdeta}, 3, and the remarkable transforma-
tion of the amide to an enamide with crystallisation of
{[PhC(NCH2)NH]Na·pmdeta}2 4. Both structures have been
determined by single crystal X-ray diffraction.

The preparative methods towards 3 and 4 are shown in
Scheme 1. Complex 3 was prepared by the addition of BunLi to
a hexane solution of (R,R)-bis(a-methylbenzyl)amine at
278 °C. Ligand pmdeta (1 equiv.) was added to the bright
orange solution on reaching ambient temperature, resulting in a
yellow precipitate which was redissolved on addition of
toluene. Cooling the pale brown solution to 220 °C resulted in
a large crop of pale yellow prismatic crystals, yield 67%.†

Synthesis of 4 was by essentially the same method, the
difference being that the amine was added to a hexane
suspension of BunNa at 278 °C.† Pale yellow crystals of 4 were
obtained at room temperature after ca. six days, but only after
reduction of solvent to a minimum (ca. 5 ml for 5 mmol
reaction).†

Complex 3 crystallises in the orthorhombic space group
P212121 and is monomeric, as shown in Fig. 1.‡ In general, the
structure is similar to that previously described for 1;4 the Li
centre is four coordinate, bonding with the three available N
atoms of pmdeta and Namido, is in a distorted tetrahedral
environment and with comparable Li–N bonding distances. The
most interesting feature of the structure though is the arrange-
ment of the methyl groups, both in terms of their location in
relation to the metal centre and their close proximity to the plane
defined by C9, N1 and C1. Close H3C…Li interactions of 2.74
and 2.78 Å in the dimer (R,R)-{[Ph(Me)CH]2NLi·thf}2 are
described as being of possible importance in explaining
stereochemical outcomes in deprotonation reactions.8 Given the
similarity in the conformations adopted by the amido moieties

† Electronic supplementary information (ESI) available: analytical data for
3 and 4. See http://www.rsc.org/suppdata/cc/b0/b007482i/

Scheme 1 Synthesis of (R,R)-{[Ph(Me)CH]2NLi·pmdeta} 3 and
[PhC(NCH2)N(H)Na·pmdeta]2 4 (L = pmdeta).

Fig. 1 Molecular structure of (R,R)-{[Ph(Me)CH]2NLi·pmdeta}, 3: all H
omitted for clarity. Selected bond distances (Å) and angles (°); Li(1)–N(1)
1.949(6), Li1–N4 2.170(6), Li1–N3 2.222(6), Li1–N2 2.343(6), N1–C1
1.4454, N1–C9 1.446(4); N1–Li1–N4 117.1(3), N1–Li1–N3 119.8(3), N4–
Li1–N3 111.2(3), N1–Li1–N2 137.1(3), N4–Li1–N2 81.7(2), N3–Li1–N2
81.9(2), C1–N1–C9 110.4(2), C1–N1–Li1 117.2(3), C9–N1–Li1 125.3(3),
N1–C1–C3 115.9(3), N1–C1–C2 109.3(3), C3–C1–C2 106.3(3).
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in the dimeric thf and monomeric pmdeta complexes of
[(Ph(Me)CH)(PhCH2)NLi] it might have been expected that
such close interactions and amide conformations would be
carried through from (R,R)-{[Ph(Me)CH]2NLi·thf}2 into the
structure of 3. As such, in viewing the solid state structure of 3
and the location of the Me groups it would be easy to conclude
that the metal centre is dictating the orientation of the
Ph(Me)CH moieties. However, while the asymmetry in
Li…CH3 interactions observed in (R,R)-{[Ph(Me)CH]2-
NLi·thf}2 remains, the analogous distances in 3 are significantly
longer at 2.989 Å (C2–Li), and 3.325 Å (C10–Li). The closest
distance is therefore only comparable with that observed in 1, of
3.04 Å. Also, the amido moieties in the thf and pmdeta
structures of (R,R)-[Ph(Me)CH]2NLi do not adopt a similar
orientation. In 3 the Me carbons and Namido are almost co-
planar, which is evident if we consider a plane defined by N1,
C9, C1 above which C10 and C2 lie 4.2 and 15.5°, re-
spectively.

While the monomeric nature of 3 in the solid state was
somewhat predictable the crystalline product and subsequent
structure obtained from the Na reaction was not. We were
probing whether the additional Me groups on the benzylic
carbons would effect the formation of an azaallylic anion, as
such the formation of the sodium enamide dimer, 4, was entirely
unexpected.

Complex 4 crystallises in the triclinic space group P1̄ and is,
as evident in Fig. 2, dimeric.‡ What is initially striking about the
complex is that it is an amide, with a formal M–N bond, rather
than a 1-azaallyl complex in which the Na cation is located
above the NÌCÌC fragment as observed in similar systems,9
and which may have been anticipated on metalation of a
primary enamine. The propensity noted for ketimides to
undergo a 1, 3 sigmatropic rearrangement to 1-azallyl com-
plexes may hint at a possible mechanism for the formation of 4
involving the formation of [PhC(Me)NNNa] and PhC(H)NCH2
as intermediates. Whether this involves the formation and
subsequent cleavage of a CÌN bond from a 2-azaallyl
intermediate complex is under investigation. A proton shift
from Me onto N as found in [{CH2ÌC(tBu)ÌN(H)-
Li·hmpa}2]10 with subsequent stabilisation of the enamide over
the 1-azallyl structure via dimerisation in the solid state would
result in 4. The 1H and 13C NMR do not give a conclusive
answer as to whether the complex in solution adopts a 1-azaallyl
arrangement, though the chemical shift of the CH2 doublet,
centred on d 2.65, is significantly upfield from the region
expected for PhCNCH2 and is perhaps indicative of a reduction
in the double bond character.

The main features of 4 are the central cyclic (NNa)2 ring core
about which the amide moieties adopt a trans configuration.
This is wholly consistent the two other structurally charac-

terised sodium primary amides with which 4 can be compared,
[PhN(H)Na·pmdeta]2 5,11 and [2-PhOC4H6N(H)Na·
pmdeta]2,12 and is a common feature of many sodium secondary
amides.13 In all three cases the Na cation is five coordinate,
however the tripodal connectivity of pmdeta in 5 makes it more
closely related to 4. In 5 the anilino moieties tilt at an angle of
65° relative to the (NNa)2 ring plane, whereas in 4 the amide
ligands are directly perpendicular, influenced no doubt by the
sp2 nature of C1.

We thank the Australian Research Council and Monash
University for financial support.

Notes and references
‡ Crystallographic data: for 3: C25H41N4Li, M = 404.56, T = 123 K,
orthorhombic, space group P212121, a = 9.987(2), b = 13.692(3), c =
18.553(4) Å, V = 2537.0(9) Å3, Dc = 1.059 g cm23, Z = 4; F(000) = 888,
m(Mo-Ka) = 0.64 cm21, 2qmax = 56.9°, final R, Rw = 0.091, 0.126. No =
3246 ‘observed’ [I > 2s(I)] reflections out of N = 5769 unique. GOF =
1.10.

For 4: C13H31N4Na, M = 266.4, T = 123 K, triclinic space group P1̄, a
= 9.8409(2), b = 9.9864(3), c = 10.7169(2) Å, a = 94.128(1), b =
114.261(2), g = 98.962(1)°, V = 937.59(4) Å3, Dc = 0.944 g cm23, Z =
2; F(000) = 296, m(Mo-Ka) = 0.77 cm21, 2qmax = 56.6°, final R, Rw =
0.084, 0.083. No = 2457 ‘observed’ [I > 2s(I)] reflections out of N = 4391
unique. GOF = 2.04.

Crystallographic data collected on a Nonius Kappa CCD with crystals
mounted under oil. All H atoms placed in calculated positions.

CCDC 182/1835. See http://www.rsc.org/suppdata/cc/b0/b007482i/ for
crystallographic files in .cif format.
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Using vesicular polymerization, water-soluble polyelec-
trolyte nanocapsules have been prepared, that are able to
undergo a reversible swelling transition upon changing the
pH and/or salt concentration.

In recent years considerable progress has been made in
developing synthetic methods that allow preparation of materi-
als with precise control over size and morphology at the
nanometer level. One typical example is the formulation of
hollow nanoparticles. For such nanocontainers a widespread
range of applications such as confined reaction vessels, drug
carriers or protective shells for cells or enzymes have been
proposed. Similar and very effective nanometer sized contain-
ers, viz., micelles and vesicular structures, are already used by
nature in biological systems. However, due to the non-covalent
interactions responsible for their formation, these objects have
only a limited stability and may undergo structural changes.
Many applications (e.g. in drug delivery) require more stable
particles. Mechanically stable polymer nanocapsules can be
prepared using a variety of different techniques (see for
example refs. 1–9). In view of their high stability and low
permeability it is, however, generally rather difficult to load
polymeric capsules after formulation or to release substances
from their interior in a controlled way at the desired target.
Consequently prior to any application of such polymer shells
ways have to be found to control their permeability.10 One
possibility to realize this is nicely demonstrated by a naturally
occurring polymeric nanocontainer: the protein shells of the
cowpea chlorotic mottle virus (CCMV) show a reversible, pH-
induced structural transition.11 Increasing the pH from ca. 5 to
7 leads to a swelling of the protein shells by ca. 10%. During
this swelling gated pores are opened in their shells which allow
free molecular exchange between the interior of the virion cages
and the bulk medium. Recently this gating transition of the
virion particles has been used for host–guest encapsulation.12

Practical applications of virion cages on a technical scale are not
feasible due to the difficulties in handling and producing larger
quantities. Here our aim is to find a fairly simple synthetic
mimetic of these virion cages able to undergo a similar
structural transition.

The conformation of polyelectrolytes is very sensitive
towards changes in ionic strength, pH and other external factors.
Hence water-soluble polymer hollow spheres formed by a
covalently crosslinked polyelectrolyte shell could be a suitable
model system. The carboxylate groups of nanocapsules based,
for example, on poly(acrylic acid) dissociate increasingly with
increasing pH. As a result of the associated electrostatic
repulsion between the identically charged carboxylate anions
along the polymer backbone the particles should swell con-
siderably. Similar to the virion cages, the permeability of the
swollen poly(acrylate) shells should increase and enhance
molecular exchange between the interior of the particles and the
bulk medium. Here we describe a synthetic route to nanometer-
sized poly(acrylic acid) hollow spheres. To demonstrate their
potential for host–guest encapsulation and controlled release
their swelling behavior in aqueous media of different pH and
ionic strength, has been investigated.

Recently we succeeded in preparing hydrophobic polymer
hollow spheres with diameters ranging from several nanometers

up to hundreds of micrometers by polymerization of hydro-
phobic monomers in the lipid bilayer of vesicles or liposomes.5
While the size and shape of the resulting polymer particles are
directly determined by the templating vesicles, the polymer
scaffold can be modified fairly easily, using conventional
chemical reactions.

The preparation of hydrophobic polymer hollow spheres has
already been described elsewhere.5 Therefore we just recall
briefly the individual steps. We prepared small unilamellar
vesicles from the synthetic surfactant dimethyldioctadecyl-
ammonium chloride (DODAC) by ultrasonification of aqueous
lipid dispersions (2.1 g DODAC in 97.9 g bidistilled water).
This yields unilamellar vesicles with an average diameter of 100
nm, however, with a rather high polydispersity. The lipid
bilayers of the vesicles were swollen by incubating them in the
presence of hydrophobic monomers (0.52 g, i.e., 25 wt% with
respect to the lipid) for 2 h at 60 °C. A crosslinking
polymerization of the monomers was initiated by UV-irradia-
tion (2 h) at room temperature. Afterwards the resulting
polymer particles were isolated from the vesicles by repeated
precipitation in a large excess of methanol–water (3+1) until 1H
NMR spectroscopy indicated complete removal of the surfac-
tant (yield: 81%). As hydrophobic monomers we used mixtures
of tert-butyl acrylate (t-BUA) and ethylene glycol dimethacry-
late (EGDMA) as the crosslinking agent. For selective saponifi-
cation of the tert-butyl ester groups13 the crosslinked poly(tert-
butylacrylate) hollow spheres were dissolved in dioxane and
stirred for 8 h at 80 °C in the presence of a catalytic amount of
hydrochloric acid. The resulting poly(acrylic acid) particles
were precipitated in diethyl ether and finally dried by lyophili-
zation from dioxane (yield 89%). 1H NMR spectroscopy
indicates full conversion of the poly(tert-butyl acrylate) under
these conditions.

The resulting poly(acrylic acid) particles are dispersable in
aqueous media. Fig. 1 shows a characteristic cryogenic electron
micrograph (cryo-TEM) of a representative sample in an
aqueous phosphate buffer at pH = 7. The micrograph shows
clearly that the polymer particles are hollow. Although we

Fig. 1 Cryo-transmission electron micrograph of poly(acrylic acid) hollow
spheres in an aqueous phosphate buffer at pH = 7.
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cannot completely exclude their presence due to the limited
resolution of the method, no solid latex particles or fragments of
the shells can be detected. The size of the particles is in good
agreement with dynamic light scattering experiments (see
below) and they are polydisperse as are the parent DODAC
vesicles. This reflects that the newly formed poly(acrylic acid)
hollow spheres have survived intact the isolation and saponifi-
cation procedure.

The sensitivity of the particles towards changes of the pH
and/or ionic strength of the buffer is the basic requirement for
their use as controlled release devices. Therefore we investi-
gated in a first set of experiments the behavior of the
poly(acrylic acid) hollow spheres in phosphate buffers of
varying pH. It has to be emphasized that the ionic strength of the
buffers used for these experiments was carefully kept constant
at 0.1 M by addition of sodium chloride. Although electrostatic
interactions are shielded considerably this salt concentration is
close to physiological conditions (ca. 150 mM), the relevant
range for most pharmaceutical applications. Additionally the
systems are quite insensitive towards small ionic impurities at
this concentration.

The pH-induced dimensional changes of the particles were
investigated by dynamic light scattering and Fig. 2 shows the
results. To take into account small variations in the average
radius of different batches of the precursor vesicles we plotted
a reduced hydrodynamic radius Rh/Rh,0 (Rh =  hydrodynamic
radius of poly(acrylic acid) hollow spheres; Rh,0 =  hydro-
dynamic radius of the polymer containing vesicular precursors)
as a function of pH. As can directly be seen the dimensions of
the particles increase considerably with increasing pH. In the
range pH 4–8 their radius increases by a factor of about 4 (i.e.,
their encapsulated volume increases by a factor of 64!). It
should be emphasized that this swelling is completely reversi-
ble. The different curves in Fig. 2 refer to nanocapsules of
different crosslinking density which was controlled by the
molar fraction of the crosslinker EGDMA in the particles. With

increasing crosslinking density, the maximum swelling de-
creases and the swelling transition is shifted towards higher pH,
which is a result of the increasing fraction of the non-ionic
EGDMA comonomers. The same effect has also been observed
for other polyelectrolyte gels.14 It is important to note that the
poly(acrylic acid) hollow spheres precipitate at low pH. The
first points of the different curves in Fig. 2 represent the lowest
pH values for which stable particle dispersions were obtained.
Such a pH-induced precipitation could be highly interesting for
applications since it represents a convenient way to separate the
particles after their loading from the solution.

The effect of varying salt (NaCl) concentration is shown in
the inset of Fig. 2. Throughout this series of measurements we
kept the pH constant at 6 where the poly(acrylic acid) is highly
ionized. As can directly be seen with decreasing salt concentra-
tion the swelling of the particles increases and tends towards a
saturation value, which is due to decreasing electrostatic
shielding effects. Similar observations have been made with
macroscopic poly(acrylic acid) based gels.15 It is interesting that
we can conclude from these data an increase of the radius of the
poly(acrylic acid) hollow spheres by up to a factor of 10 (i.e. the
encapsulated volume increase by a factor of 1000!) at low salt
concentrations.

In conclusion, we have presented a convenient way to prepare
new, pH-sensitive nanocapsules based on crosslinked poly-
electrolyte shells. These particles undergo a reversible swelling
transition upon changing the pH and/or the salt concentration of
the system which reversibly changes their dimensions. We
expect that this swelling will have considerable influence on the
permeability of the shells of these nanocapsules which makes
these systems highly interesting for applications in areas such as
drug delivery. Initial preliminary results indicate that this
‘gating transition’ can successfully be used for controlled
encapsulation and release of biopolymers such as enzymes.
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An entirely new method for the dynamic kinetic resolution
of a racemic, 2-methyl substituted, unsymmetrical 1,3-dike-
tone via enzymatic reduction to give an enantiomerically
pure compound is introduced.

The dynamic kinetic resolution of a-substituted b-keto esters by
chemical1 or biocatalytical2 reduction is particularly useful due
to the simultaneous introduction of two stereogenic centres into
the molecule in combination with a theoretical maximum yield
of 100%. Although this method has proven broad applicability
in stereoselective synthesis, the corresponding dynamic kinetic
resolution of 2-substituted 1,3-diketones is rarely found in the
literature.3 Our aim is directed toward extending dynamic
kinetic resolution to enantio- and regioselective reduction of
alkyl-substituted 3,5-dioxoesters, which would enable the
introduction of up to four stereogenic centers by two consec-
utive reduction steps.

The attempted enantioselective ketone reduction of
3,5-dioxohexanoate esters by chemical methods4 or bio-
transformation5 usually results in complex mixtures of several
stereo- and regioisomeric products with one or both keto groups
reduced. We figured out that this difficult transformation can be
accomplished by using isolated enzymes to afford optically pure
5-hydroxy-3-oxohexanoates in high yield.6 Herein we wish to
report in preliminary form on the first enantio- and re-
gioselective enzymatic reduction of 4-alkyl-3,5-dioxohex-
anoates resulting in formation of one out of a total of 8
monoreduction and 8 bisreduction products.

tert-Butyl 4-methyl-3,5-dioxohexanoate (1) was prepared by
acylation of the bisenolate of tert-butyl 3-oxovalerate with
commercially available Weinreb acetamide.7 For the enzymatic
reduction recombinant alcohol dehydrogenase from Lactoba-
cillus brevis (recLBADH) was chosen, which has been cloned
and overexpressed in E. coli.8 recLBADH exhibits a broad
substrate range and considerable stability even towards highly
reactive compounds like 6-chloro-3,5-dioxohexanoates.6,8 Co-
factor (NADPH) regeneration succeeds via a coupled-substrate
process. Propan-2-ol (200 mM) was applied in excess to the
reaction mixture as an auxiliary substrate in order to shift the
equilibrium of the reaction towards the desired direction
(Scheme 1).9

NMR data of the major product (4S,5R)-2 which was
obtained in 66% isolated yield, clearly proved the regioselective
monoreduction of the keto group at C-5. Additionally, from
GC-MS data of the crude product after derivatisation with
(F3CCO)2O, pyridine, no evidence could be found for the
reduction of the keto group at C-3. In order to verify the
proposed absolute configuration and to enable precise determi-
nation of the enantiomeric excess, (4S,5R)-2 was transformed
through sodium borohydride reduction into lactone 4 via diol
(3RS,4S,5R)-3. Lactonisation and dehydration gave the un-
saturated lactone (5R,6R)-4 which is known in racemic form10

(Scheme 2).

As a standard a racemic 1:1 mixture of syn- and anti-lactone
rac-4 was synthesised from keto ester 5 by sodium borohydride
reduction, subsequent chain elongation, and, finally, lactone
formation as described above (Scheme 3). The four stereo-
isomers of syn/anti-rac-4, which were formed in equal amounts,
can be separated by HPLC on chiral stationary phase (Daicel
Chiracel OB).

An authentic sample of the enantiomeric syn-lactone (5S,6S)-
4 was synthesised by the same sequence starting from bakers’
yeast reduction of 5 via the known11 ethyl (2R,3S)-2-methyl-
3-hydroxybutyrate (2R,3S)-6 (Scheme 4).

The spectroscopic data (1H-NMR, 13C-NMR, MS) of
(5S,6S)-4 and of (5R,6R)-4, produced via enzymatic
(recLBADH) reduction of 1, are identical. Comparison of the
CSP-HPLC data of both lactones revealed the (4S,5R)-absolute
configuration for the product 2 of the recLBADH reduction.
This product is formed in almost enantiomerically pure form
(99.2% ee, HPLC data); the diastereomeric ratio of syn+anti
97+3 is likewise very high (NMR and HPLC data).

Scheme 1 Reagents and conditions: i, 1 (20 mM), propan-2-ol (200 mM),
NADP+ (1 mM), pH 6.5, recLBADH (360 U), 23 h, rt (66%).

Scheme 2 Reagents and conditions: i, NaBH4, EtOH, 0 °C; ii, cat. TsOH,
toluene, reflux, 2 h (60% over two steps).
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In summary, we have shown the regio- and enantioselective
reduction of tert-butyl 4-methyl-3,5-dioxohexanoate via dy-
namic kinetic resolution to give an almost enantiomerically and
diastereomerically pure compound introducing two stereogenic
centers can be done efficiently by enzyme-catalysed reduction.
This method represents a novel entry into the chemistry of
polypropionates based on a biomimetic approach via poly-
ketides. This method should be extendable towards dynamic
kinetic resolution of other 2-alkyl-substituted unsymmetrical
1,3-diketones.
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Cyclopropanation of styrene with diazoacetates, performed
in aqueous/organic biphasic media or homogeneous alco-
holic media in the combination of toluene by using chiral
bis(hydroxymethyldihydrooxazolyl)pyridine–ruthenium
catalyst, resulted in high enantiomeric excess up to 96–97%
and trans+cis stereoselectivity to 97+3.

Enantioselective reactions of olefins and diazoacetates cata-
lyzed by a variety of metal complexes to provide chiral
cyclopropane materials have been well investigated.1 We have
reported ruthenium catalysts of chiral bis(dihydrooxazolyl)pyr-
idine [pybox] for that purpose and their prominent feature of
high trans-stereoselectivity with higher enantioselectivity.2,3

Very recently, we reported a characteristic derivative of pybox,
hm-pybox 1, having two hydroxymethyl groups as the symmet-
ric chiral stems of the oxazoline rings.4 We observed that hm-
pybox exhibits high solubility in water. One of the recent
demands for organic synthesis and catalysis, with environ-
mental concerns in mind, has been for the reactions to be carried
out in non-halogenated solvents or in aqueous and protic
media.5 We therefore had expectations of developing a new
process in aqueous media for asymmetric catalytic cyclopropa-
nation using our water-soluble bis(hydroxymethyldihydro-
oxazolyl)pyridine–ruthenium catalyst. In addition, however, we
demonstrated the tolerance of the catalysis to protic media, such
as alcoholic mixtures.

We surveyed previous research related to the catalytic
cyclopropanation of olefins and diazoacetates but we could find
no systems effective in aqueous media or protic solvents.4
However, we discovered that the existence of a free hydroxy
group on chiral ligands does not interfere with the smooth
running of cyclopropanation for copper catalyzed reactions, for
example, in the case of bis(oxazoline) ligands 26 or 37. It had
also very recently been reported that although a small amount of
water in the reaction solvent diminishes enatioselectivity of
cyclopropanation with rhodium catalyst, the unfavorable effect
of water was reduced by addition of an appropriate phosphite
ligand.8 Accordingly, we were intrigued to examine the
catalysis with hm-pybox 1 and [RuCl2(p-cymene)]2 4.

First, we tried an aqueous media for the cyclopropanation of
styrene and (+)-menthyl diazoacetate 5a with hm-pybox in the
presence of co-solvent THF or toluene (Scheme 1). (+)-Menthyl
ester was chosen on the basis of better matching to the (R,R)-
absolute configuration of pybox, which ought to give higher
enantioselectivity according to our previous work.2b The use of
a single organic solvent resulted in lower yields and lower
enantioselectivities (run 1 and 2 in Table 1). Surprisingly,
addition of water to both media in runs 1 and 2 dramatically
improved the enantioselectivities and slightly the yields (runs 4
and 5). This phenomenon can be simply accounted for by the
increase of the solubility of the active catalyst Ru(hm-
pybox)Cl2(vacant or solvent) derived from hm-pybox 1 and pre-
catalyst [RuCl2(p-cymene)]2 4. It could easily be seen from the
dark-violet coloring of the bottom phase that most of the
catalyst was dissolved in the aqueous phase. Into the two-phase
system of water and organic solvent (initial ratio = 1+2), a
solution of the diazoacetate 5 was slowly added under vigorous
stirring to give the desired cyclopropanes 6 in moderate yields
with higher enantioselectivity (88% for 6t, runs 3 and 4). The

Table 1 Asymmetric cyclopropanation of styrene and (+)-menthyl diazoacetate 5a with chiral hm-pybox 1 and [RuCl2(p-cymene)]2
a

6t + 6cb %Eec

Solvent of
Run Initial solvent (ml) 5a (ml) Yield % Ratio 6t 6c

1 THF (3) THF (3) 39 83+17 8 30
2 Toluene (3) Toluene (3) 38 89+11 8 28
3 THF (2) + H2O (1) THF (3) 46 95+5 78 45
4 Toluene (2) + H2O (1) Toluene (3) 56 96+4 88 51
51st

d Toluene (0.5) + H2O (0.5) Toluene (1.5) 57 97+3 94 76
52nd

e Toluene (1.5) 62 97+3 97 90
a Styrene (10 mmol), diazoacetate (2.0 mmol), pybox (0.14 mmol), [RuCl2(p-cymene)]2 (0.05 mmol, 5 mol% of Ru), 40 °C. A solution of diazoacetate in
3.0 ml of the same solvent was slowly added by syringe for 6 h to the mixture of styrene and the catalyst in the initial solvent. b Isolated yield, ratios by 1H
NMR. c %Ee determined by the reported method, see ref 2. Absolute configuration: 6t for all runs, (1S,2S); 6c for run 1 and 2, (1R,2S); 6c for runs 3 and
4, (1S,2R). d Half scale for run 1: diazoacetate (1.0 mmol), styrene (5.0 mmol), catalyst 5 mol%, for 4 h.  e After ether extraction of the reaction mixture of
the first run, styrene (5.0 mmol) and toluene (1.5 ml) were added followed by slow addition of 5a in toluene.

Scheme 1
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organic layer was extracted with degassed (or absolute) diethyl
ether and concentrated to give the products. As the active
species remained in the aqueous phase, the second run was
carried out by addition of styrene and diazoacetate to give a
similar result (run 5). We are now further investigating the
optimization and multi-time reuse of the catalyst.

In this aqueous system, addition of phase-transfer reagents
such as (n-Bu4N)(HSO4) (10 mol% of 5a) into the system of run
4 resulted in no improvement upon the reaction and the
selectivities. On the other hand, when alcohols such as ethanol,
isopropyl alcohol, and tert-butyl alcohol in place of water were
adopted to provide a homogeneous protic media, isopropyl
alcohol resulted in the best enantioselectivities, up to 96% ee for
trans-6t and 88% ee for cis-6c at 30 °C (Table 2, run 4).
(2)-Menthyl diazoacetate 5b showed a decrease of ee to 90%
for trans-product (run 5), because of the unmatched steric pair
toward R,R-absolute configuration of the ligand. Single use of
isopropyl alcohol gave moderate ees (run 7). We have thus
found that the choice of alcoholic solvents apparently influences
the enantioselectivity. However, at present we cannot define the
origin of the stereochemical outcomes for protic solvents.

We next intended stereochemical tuning of the hydroxy-
methyl group of 1 using hydroxyethyl-pybox 7 [he-pybox]
synthesized from (2)-threonine (Scheme 2).† However, in
aqueous biphasic media, toluene–H2O, the enantioselectivities
with ruthenium–7 catalyst were not increased by using
(2)-menthyl diazoacetate at 40 °C: 80% ee for trans and 50%
ee for cis, in 96+4 trans+cis ratio (75% yield). In toluene–i-
PrOH the enantioselectivities increased to 91% for trans and
78% ee for cis, in 94+6 trans+cis ratio (78% yield). In
comparison, classic ip-pybox 8 with similar bulkiness to 7 was

found in toluene–i-PrOH media to give 93% ee for trans and
90% ee for cis, in 97+3 trans+cis ratio (84% yield). He-pybox 7
thus proved to be inferior to iso-pybox 8.

In conclusion, the hydroxymethyl derivative of pybox can
provide excellent stereoselectivities for cyclopropanation of
styrene, compared to the hydroxyethyl or isopropyl derivatives,
in moderate yields in aqueous and protic media. We hypothesize
that appropriate solvation of water or alcohols around the
hydroxy group causes a more favourable stereochemical
environment around the active site for the cyclopropanation.
Work is now under way to investgate the mechanism of reaction
and on applications to other catalytic reactions performed in
aqueous media.

Footnotes and references
† Synthesis of he-pybox: the route is illustrated (Scheme 2) starting from
(2)-threonine methyl ester·HCl and 2,6-pyridinecarboxylic acid chloride.
7; white solid. mp 94–95 °C. dH (300 MHz, CDCl3, Me4Si) 1.30 (d, J 6.4,
6 H), 2.70 (br d, 2 H), 3.77 (dq, 2 H), 4.29 (dt, 6 H), 4.59 (dd, 2 H), 7.91 (t,
1 H), 8.15 (d, 2 H). dC (75.5 MHz, CDCl3, Me4Si) 19.5, 70.1, 70.4, 73.2,
126.1, 137.7, 146.5, 163.6.

1 General reviews: Catalytic Asymmetric Synthesis 2nd, ed. I. Ojima,
Wiley-VCH, New York, 2000; Comprehensive Asymmetric Catalysis
I-III, ed. E. N. Jacobsen, A. Pfaltz and H. Yamamoto (eds.), Springer-
Verlag, Berlin, 1999. For catalytic cyclopropanation: M. P. Doyle, M. A.
McKervey and T. Ye, Modern Catalytic Methods for Organic Synthesis
with Diazo Compounds, John Wiley & Sons, Inc., 1997; M. P. Doyle and
M. N. Protopopova, Tetrahedron, 1998, 54, 7919.

2 (a) H. Nishiyama, Y. Itoh, H. Matsumoto, S.-B. Park and K. Itoh, J. Am.
Chem. Soc., 1994, 116, 2223; (b) H. Nishiyama, Y. Itoh, Y. Sugawara, H.
Matsumoto, S.-B. Park and K. Itoh, Bull. Chem. Soc. Jpn., 1995, 68,
1247; (c) H. Nishiyama, N. Soeda, T. Naito and Y. Motoyama,
Tetrahedron: Asymmetry, 1998, 9, 2865.

3 Related researches: review for chemistry of oxazoline ligands: K. Ghosh,
P. Mathivanan and J. Cappiello, Tetrahedron: Asymmetry, 1998, 9, 1; F.
Fache, E. Schulz, M. L. Tommasino and M. Lemaire, Chem. Rev., 2000,
100, 2159.

4 S. Iwasa, H. Nakamura and H. Nishiyama, Heterocycles, 2000, 52,
939.

5 Reviews: P. A. Grieco, Organic Synthesis in Water, Thomson Science,
London, 1998; B. Cornils and W. A. Herrmann, Aqueous-Phase
Organometallic Catalysis, Wiley-VCH, Weinheim, 1998; D. Sinou,
Transition Metals for Organic Synthesis, Vol. 2, ed. M. Beller and C.
Bolm, Wiley-VCH, Weinheim, 1998, 398. Papers for examples: K.
Yonehara, T. Hashizume, K. Mori, K. Ohe and S. Uemura, J. Org. Chem.,
1999, 64, 5593; J. Holz, D. Heller, R. Stürmer and A. Börner,
Tetrahedron Lett., 1999, 40, 7059; S. Kobayashi, S. Nagayama and T.
Busujima, Tetrahedron, 1999, 55, 8739; W. Xie, J. Fang, J. Li and P. G.
Wang, Tetrahedron, 1999, 55, 12 929 and references therein.

6 H. Fritchi, U. Leutenegger and A. Pfaltz, Helv. Chim. Acta, 1988, 71,
1553.

7 O. Hoarau, H. Ait-Haddou, M. Castro and G. G. A. Balavoine,
Tetrahedron: Asymmetry, 1997, 8, 3775; O. Hoarau, H. Ait-Haddou,
J.-C. Daran, D. Cramailère and G. G. A. Balavoine, Organometallics,
1999, 18, 4718.

8 D. C. Wynne, M. M. Olmstead and P. G. Jessop, J. Am. Chem. Soc., 2000,
122, 7638 and references for solvent effect in catalytic cyclopropanation
cited therein.

Table 2 Asymmetric cyclopropanation of styrene and (+)-menthyl diazoacetate 5a with chiral hm-pybox 1 and [RuCl2(p-cymene)]2 in the presence of
alcoholsa

6t + 6c %Eeb

Solvent of
Run Initial solvent (ml) 5a (ml) Yield % Ratio 6t 6c

1 Toluene (1) + EtOH (1) Toluene (3) 67 96+4 35 2
2 Toluene (1) + t-BuOH (1) Toluene (3) 54 91+9 11 15
3 Toluene (1) + i-PrOH (1) Toluene (3) 78 95+5 92 65
4c Toluene (1) + i-PrOH (1) Toluene (3) 52 97+3 96 88
5d Toluene (1) + i-PrOH (1) Toluene (3) 78 95+5 90 88
6 THF (1) + i-PrOH (1) THF (3) 73 96+4 89 58
7 i-PrOH (2) i-PrOH (3) 59 95+5 84 30

a The reaction scale and procedures were the same as those described in Table 1. b Absolute configuration: 6t for all runs, (1S,2S); 6c for run 2 and 6, (1R,2S);
6c for runs 1,3,4,5 and 7, (1S,2R). c At 30 °C. The cyclopropanation did not proceed at 20 °C. d In place of (+)-menthyl diazoacetate, (2)-menthyl ester 5b
was used.

Scheme 2 Reagents and conditions: (a) Et3N, CHCl3, rt, 12 h, 92%. (b)
TBDMSCl, imidazole, CH2Cl2, rt, 3.5 h, 98%. (c) LiBH4, THF, 0 °C ~ rt,
6 h, 75%. (d) PPh3, imidazole, CCl4, CH2Cl2, rt, 4.5 h, 44%. (e) Bu4NF (1.0
M in THF), rt, 3 h, 100%.
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The reaction of 2 equivalents of 1,3-dimesitylimidazolium
chloride with Cp3Yb affords the salt [bis(1,3-dimesitylimida-
zolium)cyclopentadienide] [bis(cyclopentadienyl)dichloro-
ytterbate]; the T-stacked cation is composed of two
imidazolium fragments that are C–H…C(p) hydrogen
bonded to the bridging cyclopentadienide anion.

N-Heterocylic carbene transition-metal complexes have been
the subject of intense study in recent years.1 Öfele,2 and more
recently Tilset and coworkers,3 and our group4 have demon-
strated the utility of imidazolium salts for the preparation of
transition-metal (TM) carbene complexes via protonolysis of
Cp–TM and other suitable ligand-TM bonds. Encouraged by the
fact that N-heterocyclic carbene complexes of the type CpA2M-
(carbene) (M = Sm, Yb; CpA = EtMe4C5) have been prepared
by traditional methods,5 we were prompted to seek a new route
to such compounds by treatment of lanthanocenes with
imidazolium salts. However, the outcome of one of these
experiments was unexpected and resulted in the formation of a
remarkably persistent T-stacked cation. There is considerable
current interest in such X–H…p systems, not only from the
structural and theoretical standpoints, but also because of the
recognition of this type of interaction in peptide and protein
structures6 and supramolecular architectures.7 Furthermore, the
reactivity patterns of imidazolium salts are of interest because
of their use as ionic liquids.8

The reaction of 2 equivalents of 1,3-dimesitylimidazolium
chloride (ImidCl) with Cp3Yb in refluxing tetrahydrofuran
afforded the golden-orange salt [bis(1,3-dimesitylimidazo-
lium)(m-cyclopentadienide)][bis(cyclopentadienyl)dichloro-
ytterbate], [Imid2Cp][Cp2YbCl2], upon recrystallisation from
toluene.9 Although the spectroscopic data were consistent with
the proposed formulation, unambiguous identification of the
structure of the salt required an X-ray crystallographic experi-
ment.‡ The most remarkable structural feature is the unprece-
dented geometry of the complex cation, [Imid2Cp]+ (1+) which
can be regarded as two “interlocked” cationic 1,3-dimesitylimi-
dazolium fragments encapsulating a cyclopentadienide anion
(Fig. 1). Interestingly, the “glue” that binds this cation together
appears to be two C–H…C(p Cp) hydrogen bonds comple-
mented by interionic attractions. The confined cyclopentadie-
nide anion, which is slightly disordered, has an average C–C
bond distance of 1.341(10) Å and an average C–C–C bond angle
of 108.0(6)°. Both values are close to those reported for a typical
“free” [C5H5]2 anion.10 Likewise, the metrical parameters for
the 1,3-dimesitylimidazolium moieties are virtually identical to
those reported for 1,3-dimesitylimidazolium chloride.11 The
only significant difference is the slight shortening of the C(1)–H
bond in 1+ [0.819(9) vs. 0.944(9) Å for ImidCl] which is an
expected consequence of the weaker C–H…Cp hydrogen bond
(vs. C–H…Cl). The C–X (X is the Cp ring centroid) distance is
3.086(8) Å which is significantly shorter than the 3.85 Å
distance in e.g. the neutral T-stacked 4-methylpyridine hex-
amer.7 Likewise, the H…X distance is 2.295(9) Å and lies at the
short end of the range of C–H…Cp contacts reported recently

by Harder for ammonium and phosphonium cyclopentadienide
salts (2.30–2.63 Å).12 The C–H–X and H–X–H angles are
162.4(5) and 167.9(5)°, respectively. The average H–C(Cp)
distance ( < d > = 2.561 Å) and the average C(1)–H–C(Cp)
angle ( <y > = 150.9°) yield a relatively high value of 341 for
each of the hydrogen bonds using Harder’s C–H…Cp hydrogen
bonding scale.13 Somewhat surprisingly, the two 1,3-dimesityl-
imidazolium moieties are not mutually orthogonal but are
arranged at an angle of 70° with respect to each other. This
structural feature is most likely a consequence of crystal
packing effects. For example, there is a somewhat close
interaction of H(3) with Cl(1) on an adjacent [Cp2YbCl2]2
anion (2.662 Å) as shown in Fig. 2. Although the structure of

† Electronic supplementary information (ESI) available: DFT calculations.
See http://www.rsc.org/suppdata/cc/b0/b005450j/

Fig. 1 Thermal ellipsoid plot (30% probability surface) of 1[Cp2YbCl2]
(most hydrogen atoms omitted for clarity). Selected metrical parameters
including bond lengths (Å) and angles (°); note that X is the Cp ring
centroid: C(1)–H(1) 0.819(9), C(1)–N(1) 1.330(4), C(1)–N(2) 1.334(4),
N(1)–C(3) 1.381(4), N(2)–C(2) 1.378(4), C(2)–C(3) 1.335(5), N(1)–C(21)
1.451(4), N(2)–C(31) 1.457(4), C(11)–C(12) 1.311(6), C(12)–C(13)
1.352(7), C(13)–C(13A) 1.378(10), H(1)–X(1A) 2.295(9), av H(1)–C(Cp)
2.561(9), Yb(1)–Cl(1) 2.5530(9), Yb(1)–X(1B) 2.329(5), av Yb(1)–C(Cp)
2.614(5); H(1)–X(1A)–H(1A) 167.9(5), X(1A)–H(1)–C(1) 162.4(5), H(1)–
C(1)–N(1) 124.1(1), H(1)–C(1)–N(2) 127.9(1), N(1)–C(1)–N(2) 108.0(3),
C(1)–N(1)–C(3) 108.8(3), C(1)–N(2)–C(2) 108.7(3), N(1)–C(3)–C(2)
107.2(3), N(2)–C(2)–C(3) 107.4(3), (X1B)–Yb(1)–Cl(1) 107.8(1), (X1B)–
Yb(1)–X(1C) 127.3(1), Cl(1)–Yb(1)–Cl(1A) 95.03(4).

Fig. 2 Partial crystal packing diagram for 1[Cp2YbCl2] showing the cation–
anion C–H…Cl interaction (most hydrogen atoms omitted for clarity).
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[Cp2YbCl2]2 has not been reported previously, the metrical
parameters are unexceptional and are not commented on here.

Interestingly, the complex cation persists in toluene solution.
Unfortunately, 1[Cp2YbCl2] is virtually insoluble in aromatic
solvents after initial crystallisation and decomposes rapidly in
coordinating solvents hence 13C NMR experiments were not
informative. However, it was possible to demonstrate the
persistence of 1+ by means of an electrospray ionization (ESI)
mass spectrum of a saturated toluene solution of 1[Cp2YbCl2]
which exhibited an envelope with the anticipated isotopic
intensity distribution in the region of m/z 674–678. This
experiment confirmed the presence of 1+ in solution and
revealed that the only other major peak in the positive mode
corresponds to the 1,3-dimesitylimidazolium cation. As ex-
pected, electron impact (EI) and chemical ionization (CI) mass
spectra of solid samples of 1[Cp2YbCl2] did not evidence
significant peaks attributable to 1+, presumably because the
high energy required to volatilize the solid exceeds the weak
binding interactions of the complex cation.

The reaction clearly proceeds differently than had been
expected and, although the mechanism remains unclear, some
insight into the process can be gleaned from the nature of the
products. Instead of protolytic cleavage of a Cp ligand and
formation of CpH [eqn. (1)], Cp3Yb can be regarded as

(1)

undergoing nucleophilic attack by two chloride anions to
eliminate a Cp2 anion which, in turn, associates with two
imidazolium cations to form 1[Cp2YbCl2] [eqn. (2)]. Such

(2)

imidazolium salt reactivity may offer additional insights into the
solution structure and catalytic behavior of imidazolium-based
ionic liquids.8

Interestingly, density functional theory (DFT) calculations
(see ESI for details†) indicate that the reaction of Cp2 with a
model imidazolium cation (R = Me) is highly exothermic (91.4
kcal mol21). However, we have not yet calculated the activation
energy for such a process; moreover, no account has been taken
of solvent effects. Single-point DFT calculations on a model
system (R = Ph) predict the bond energy of the imidazolium–
Cp interaction to be 31.4 kcal mol21. As such, this interaction is
of a similar magnitude to H…O–R hydrogen bonding and
represents the strongest C–H…C(p) bond yet reported.

In conclusion, the formation and persistence of the T-stacked
cation 1+ stems both from electrostatic attractions and also from
the appreciable acidity of the imidazolium protons which
facilitates rather strong C–H…Cp (p) hydrogen bonding. In a
sense, 1+ can be regarded as an organic analogue of an “inverse
sandwich” complex.

We are grateful to the National Science Foundation, the
Robert A. Welch Foundation, the Natural Sciences and
Engineering Research Council (Canada) and Acadia University
for financial support. We would also like to thank the Atlantic

Region Magnetic Resonance Center (Dalhousie University) for
the acquisition of some NMR spectra.

Notes and references
‡ Crystal data for 1[Cp2YbCl2]. Formula (half of each cation and anion in
the asymmetric unit): C28.5H32.5Cl1N2Yb0.5, Mw = 525.04, orange blocks,
orthorhombic, space group Pnma, a = 16.785(4), b = 19.727(6), c =
15.847(3) Å, V = 5247(2) Å3, Z = 8, Dc = 1.329 g cm23, m(Mo-Ka) =
1.923 mm21 . A single crystal of 1[Cp2YbCl2] was covered with
perfluoro(poly)ether and mounted on a Nonius KAPPA CCD diffractometer
at 153(2) K. A total of 29 722 reflections were collected in the range of 2.39
< q < 29.12° using Mo-Ka radiation (l = 0.71073 Å). Of these, 7037
independent reflections (Rint = 0.0859) were used to solve (direct methods,
SHELXS) and refine (full matrix, least squares on F2, SHELXL) the
structure of 1[Cp2YbCl2]; wR2 = 0.0664, R = 0.0403. Note: all hydrogen
atoms except those on the encapsulated Cp ring were found in the Fourier
difference maps; those on the said Cp ring were placed in calculated
positions. CCDC 182/1848. See http://www.rsc.org/suppdata/cc/b0/
b005450j/ for crystallographic data in .cif format.
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N-Bound a-cyanocarbanion complexes
Ru+Cp(NCCH2R1)(PPh3)2 1 react with electron deficient
olefins to afford the conjugate adduct
Ru+Cp(NCC2R1CHR2CR3R4)(PPh3)2 2, kinetic studies of
which revealed that complex 1-catalyzed Michael reactions
of nitriles proceed via transformation of 1 to 2 and
subsequent ligand exchange with nitriles.

Transition metal a-cyanocarbanions have attracted much atten-
tion as active species for stoichiometric1 and catalytic2,3

carbon–carbon bond formations of nitriles, and studies on their
structure and reactivity4,5 are particularly of importance to
develop novel transformations of nitriles bearing high selectiv-
ities, atom efficiency and sustainability.6 In 1989 we presented
a new methodology for catalytic carbon–carbon bond formation
of nitriles initiated by a-C–H activation of nitriles with low-
valent transition metal catalysts.2a Capture of the a-cyano-
carbanion intermediate with electrophiles provides a family of
catalytic C–C bond formations at the a-position of nitriles under
neutral conditions.2 N-Bound a-cyanocarbanion complexes,
mer-Ru+H(NCCH2CO2R)(NCCH2CO2R)(PPh3)3, derived by
a-C–H activation of alkyl cyanoacetates with RuH2(PPh3)4,
have proven to be reactive species and active catalysts for the
RuH2(PPh3)4-catalyzed aldol and Michael reactions of ni-
triles.2b,7 Further studies revealed that a variety of N-bound
transition metal a-cyanocarbanion complexes act as efficient
catalysts for the aldol and Michael reactions of nitriles.8

One of the most important aspects of this chemistry is to
clarify and control the C–C bond forming process on the a-
cyanocarbanion intermediates. Direct nucleophilic attack of
zwitterionic N-bound a-cyanocarbanions to carbon electro-
philes has been postulated for the crucial step in these catalytic
aldol and Michael reactions.2b,3b,7,8 Isomerization to C-bound
a-cyanocarbanions5 and subsequent carbometallation1 are al-
ternative possibilities for this process; however, precise mecha-
nistic information on this step still remains to be explored.
During the course of our systematic studies on the structure and
reactivity of transition metal a-cyanocarbanions5 we have
succeeded in the isolation of intermediate for catalytic Michael
reactions of nitriles. We describe here the conjugate addition of
N-bound a-cyanocarbanions, Ru+Cp(NCCH2R)(PPh3)2 1 to
electron deficient olefins, and mechanism of the catalytic
Michael reactions of nitriles.9

When a 25.0 mM solution of N-bound a-cyanocarbanion
Ru+Cp(NCCH2SO2Ph)(PPh3)2

5 1a in benzene was allowed to
react with dimethyl ethylidenemalonate (1.0 equiv.) at room
temperature under argon atmosphere, conjugate addition and
subsequent 1,3-hydrogen shift occurred to give the correspond-
ing N-bound a-cyanocarbanion Ru+Cp[NCC2(SO2Ph)CH-
MeCH(CO2Me)2](PPh3)2 2a in 99% isolated yield. Complex 2a
was characterized by 1H, 13C{1H}, 31P{1H} NMR, IR, mass

spectra and elemental analysis.§ Characteristic downfield shifts
of the IR absorption (2153 cm21) and 13C NMR signal (d 143.7)
of the cyano group indicate that the a-cyanocarbanion is N-
bound,¶ and the zwitterionic structure has been unequivocally
established by a 1H–13C HMBC experiment.∑ Similar treatment
of cyanoacetate and ketonitrile analogs 1b (R1 = CO2Et)8d and
1c (R1 = COBut) gave the corresponding adducts 2b, c in 98
and 98% isolated yields. Various electron deficient olefins such
as dimethyl benzylidenemalonate, benzylidenemalononitrile,
pent-3-en-2-one, and acrylonitrile reacted smoothly with 1a at
room temperature to afford 2d–g in 98, 99, 31 and 36% yields,
respectively.

As well as complex 1,8d complex 2 shows comparable
catalytic activity for the Michael additions of nitriles. Typically,
the reaction of (phenylsulfonyl)acetonitrile 4 (4.00 M) with
dimethyl benzylidenemalonate 3 (4.40 M) in the presence of 1a
or 2d catalyst (0.120 M) in THF at 25 °C for 24 h gave adduct
5 in 86 and 88% isolated yields, respectively. In order to obtain
insight into the mechanism of the complex 1-catalyzed Michael
addition of nitriles, kinetic studies on the reaction of 1a with an
excess amount of 3 in THF-d8 were carried out by means of 1H
NMR (500 MHz) analysis using an internal standard (bibenzyl).
The consumption rate of 1a exhibited clean pseudo-first-order
dependence on the concentration of 1a (kobs = 6.61 ± 0.04 3
1024 s21 at 25.0 °C, [1a]0 = 2.00 3 1022 M, [3]0 = 2.00 3
1021 M), and the kobs values showed linear dependence on the
initial concentration of 3 ranging from 2.00 to 4.00 3 1021 M,
indicating the second-order rate constant k1 as 2.9 ± 0.1 3 1023

dm3 mol21 s21 at 25.0 °C. Dependences of kobs vs. [3]0 at
25.0–45.0 °C are shown in Fig. 1. The rate data correlate well
(R2 = 0.990) with the Arrhenius relationship of ln(k1) vs. 1/T,
where the DH‡ and DS‡ values were determined as 41 ± 3 kJ
mol21 and 2148 ± 8 J mol21 K21, respectively. The second-
order kinetics and the large negative value of DS‡ clearly
indicate that the conjugate addition of 1a to 3 proceeds via a
direct ionic pathway without any contact of olefins with the
metal center. Ru+Cp[NCCH(SO2Ph)CHMeC2(CO2-
Me)2](PPh3)2 could not be detected during 1H NMR experi-
ments, indicating that the process involves a fast 1,3-hydrogen
shift after the conjugate addition. When complex 2d was
allowed to react with nitrile 4 at room temperature in THF-d8,

† Electronic supplementary information (ESI) available. Experimental
section. See http://www.rsc.org/suppdata/cc/b0/b007517p/
‡ Dedicated to Professor J. F. Normant on the occasion of his 65th
birthday.
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dissociation of Michael adduct 5 and regeneration of complex
1a can be monitored by 1H NMR spectroscopy. The consump-
tion rate of 2d was first-order on the concentration of 2d ([2d]0
= 2.00 3 1022 M, [4]0 = 2.00 3 1021 M) and independent on
the concentration of 4 ([4]0 = 2.00–3.50 3 1021 M). The first-
order rate constant k2 was determined to be 7.3 ± 0.3 3 1026 s21

at 25.0 °C. The observed first-order kinetics on the ligand
exchange process is ascribed to rate-determining formation of
the 16-electron complex [RuCp(PPh3)2]+ which would be
followed by fast rebound process of the carbanion of 4 from
outer sphere of the metal.

The complex 1a-catalyzed Michael reaction of nitrile 4 with
olefin 3 can be rationalized by the mechanism shown in Scheme
1. Direct ionic addition of 1a to 3 and a subsequent
1,3-hydrogen shift affords complex 2d, which undergoes a rate
determining process of ligand exchange with 4 to form adduct
5 and regenerate catalyst 1a. In order to verify this mechanism,
kinetics on the overall catalytic Michael reaction of 4 with 3
were carried out at 25.0 °C in THF-d8 using the same NMR
technique. The initial rate of the formation of 5 was constant
(d[5]/dt = kobs = 1.44 ± 0.03 3 1027 dm3 mol21 s21), when the
reaction was started at an initial concentration of [1a]0 = 2.00
3 1022 M, [3]0 = 2.00 3 1021 M and [4]0 = 2.00 3 1021 M.
Almost the same kobs value of 1.49 ± 0.03 3 1027 dm3 mol21

s21 was obtained when complex 2d was employed as the
catalyst ([2d]0 = 2.00 3 1022 M). These rate constants are
first-order on the concentration of catalyst 1a or 2d, and zero-
order on the concentration of both nitrile 4 and olefin 3. Thus,
the rate law for the catalytic reaction can be expressed as d[5]/dt
= k3[Ru] ([Ru] = [1a]0 = [2d]0 = [1a] + [2d]), which leads to
the relation k3 = kobs/[Ru]. The calculated k3 value of 7.7 ± 0.9
3 1026 s21 (25.0 °C) is well in accord with that of k2; the rate
constant of rate-determining step of the proposed catalytic
cycle.

In summary, we have identified the active species of the
catalytic Michael reactions of nitriles, and presented a definitive
mechanism for the reactions. This is a rare case because most
reported mechanistic investigations for catalytic Michael reac-
tions of nitriles deal mainly with substrate and product analysis
while speculating on the crucial step of carbon–carbon bond
formation. Efforts are currently underway to investigate more
fully the dynamic behavior of transition metal a-cyanocarban-
ion intermediates in a variety of carbon–carbon bond forming
processes of nitriles.

This work was supported by Research for the Future
program, the Japan Society for the Promotion of Science, and a
Grant-in-Aid for Scientific Research, the Ministry of Education,
Science, Sports, and Culture, Japan.
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The role of ruthenium catalysts for the oxidation of alkanes
with peracetic acid in trifluoroacetic acid has been con-
firmed.

During the course of simulation of the functions of cytochrome
P-450 enzyme with transition metal complexes, we have found
that transition metal-catalysed oxidations of various substrates
can be performed highly efficiently.1 In 1994 we reported that
ruthenium-catalysed oxidation of alkanes with peracetic acid in
ethyl acetate gives the corresponding ketones and alcohols.2
Furthermore, the RuCl3-catalysed oxidation of cyclohexane in
TFA proceeds highly efficiently to give cyclohexyl tri-
fluoroacetate and cyclohexanone with high conversion and high
selectivity.2 Recently, Moody and O’Connell reported that the
oxidation of cyclohexane using urea hydrogen peroxide (UHP)
in TFA without a metal catalyst gives cyclohexyl trifluoro-
acetate,3 which was originally reported by Deno et al.4 They
obtained the rate constants (k = 3.3 3 10–5 M21 s21) for the
oxidation of cyclohexane with UHP in TFA in the presence or
absence of RuCl3 catalyst, indicating that the system is not
ruthenium dependent. They claimed our system (peracetic acid–
Ru) is not ruthenium dependent. However, our system using
peracetic acid is quite different from that of UHP oxidation.
Here, we describe our ruthenium-catalysed oxidation of alkanes
with peracetic acid, which is very fast and an efficient
ruthenium dependent reaction. The kinetics show the rate is 105

times faster than previously reported.
As described in our previous paper,2 the oxidation of

cyclohexane with peracetic acid in the presence of ruthenium on
charcoal (Ru/C) or RuCl3 (1 mol%) catalyst in ethyl acetate
gives cyclohexanone along with a small amount of cyclohex-
anol [eqn. (1)]. No oxidation takes place without a catalyst.

(1)

Treatment of cyclohexane with 0.5 eq. of peracetic acid
proceeds in the presence of Ru/C catalyst to give cyclohexanol
and cyclohexanone (4+93) with 97% selectivity (conv. 8%). In
contrast, treatment of cyclohexane with 3 eq. of peracetic acid
afforded cyclohexanol and cyclohexanone (2+68) with 70%
selectivity along with dicarboxylic acids (adipic acid–glutaric
acid–succinic acid = 46+44+10), which are derived from the
oxidation of cyclohexane-1,2- and -1,3-diones under the
reaction conditions, with 25% selectivity (conv. 51%). Peracetic
acid is quite effective for the ruthenium-catalysed oxidation of
alkanes, while hydrogen peroxide does not give any oxidation

product because of the decomposition of hydrogen peroxide to
give O2 and H2O by the contact with RuCl3, indicating that
peracetic acid is clearly different from hydrogen peroxide in the
present non-TFA system.

In order to generate more active oxo-metal species which
may lead to high conversion and high selectivity for the
oxidation of alkanes,527 we used TFA. As described in our
previous paper,2 the RuCl3-catalysed oxidation of cyclohexane
with peracetic acid in a mixture of TFA and CH2Cl2 (5+1) for 4
h gave cyclohexyl trifluoroacetate and cyclohexanone with 90%
selectivity (85+15) and 90% conversion [eqn. (2)]. However,

(2)

the same reaction in the absence of RuCl3 for 24 h gave
cyclohexyl trifluoroacetate only in < 3% yield.

The present catalytic oxidation can be applied to a variety of
alkanes. The representative results of the ruthenium-catalysed
oxidation of alkanes with peracetic acid in a mixture of TFA and
CH2Cl2 are shown in Table 1. Both linear and cyclic alkanes can
be converted into the corresponding esters of trifluoroacetic
acid along with ketones. The reaction of adamantane gave
adamantan-1-ol, which was formed by hydrolysis of 1-ada-
mantyl trifluoroacetate.

Kinetic experiments on the reaction of cyclohexane with
peracetic acid in TFA were carried out. In the presence of a large
excess of cyclohexane, the rate was first-order with respect to

Table 1 Ruthenium-catalysed oxidation of alkanes with peracetic acid in
TFAa

Alkane
Conversionb

(%) Product
Yieldc

(%)

Cyclohexane 90 Cyclohexyl trifluoroacetate 77
Cyclohexanone 13

Cyclooctane 81 Cyclooctyl trifluoroacetate 40
Cyclooctanone 10

Adamantaned 70 Adamantan-1-ole 89
2-Adamantyl trifluoroacetate 9

Norbornanef 90g exo-2-Norbornyl trifluoroacetate 61
Hexane nd Hexyl trifluoroacetatesh 24b

Hexanonesi 6b

a To a mixture of alkane (2.5 mmol), RuCl3 (0.025 mmol), TFA (5 mL) and
CH2Cl2 (1 mL) was added dropwise a 30% peracetic acid (5.0 mmol)
solution in ethyl acetate over a period of 2 h. After stirring for 2 h, the
reaction was quenched by adding 5% aqueous sodium sulfite solution.
b Determined by GC based on the starting alkane using an internal standard
(acetophenone). c Determined by GC based on the converted alkane. d TFA
(5 mL), CH2Cl2 (10 mL) and acetic acid (5 mL) were used as a solvent. e 1-
Adamantyl trifluoroacetate was readily hydrolyzed to give adamantan-1-ol
during the work up. f The IUPAC name for norbornane is bicyclo-
[2.2.1]heptane. g Not determined. h 2-:3-Hexyl trifluoroacetate = 45:55.
i 2-:3-One = 34:66.
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the concentration of peracetic acid (Fig. 1). The first-order rate
constant increased with an increase in the concentration of
RuCl3 (Fig. 2), but the rate constant was independent of the
concentration of cyclohexane. The rate law for the ruthenium-
catalysed oxidation of cyclohexane with peracetic acid in TFA
and CH2Cl2 was expressed by the equation (2d[cyclohexane]/
dt = k[RuCl3][CH3CO3H]). The second-order rate constant was
determined to be k = 5.4 M21 s21. In contrast, the rate constant

for the oxidation of cyclohexane without a metal catalyst is very
small (k < 1026 s21). These results clearly show that the
oxidation of cyclohexane is catalysed by RuCl3 catalyst
dramatically.

Intermolecular deuterium isotope effect (kH/kD) of the
ruthenium-catalysed oxidation of cyclohexane–cyclohexane-
d12 in TFA was determined to be 2.9, which is smaller than the
value (6.8) obtained from the same oxidation in ethyl acetate,
indicating that a more reactive species is involved in the
oxidation in TFA. The oxidation can be rationalized by
assuming the mechanism which involves oxo-ruthenium spe-
cies. The reaction of LnRuIII with peracetic acid would give
LnRuIIIOOC(O)CH3 which undergoes heterolytic cleavage8 to
give the LnRuVNO species. Hydrogen abstraction with the oxo-
ruthenium species and recombination would give an alcohol.
Under the reaction conditions, an alcohol can be converted into
either the corresponding trifluoroacetate or ketone. Actually,
control experiments show that cyclohexanol is readily con-
verted to a mixture of cyclohexyl trifluoroacetate and cyclohex-
anone under the reaction conditions.9 The ruthenium-catalysed
oxidation with peracetic acid is quite different from the
oxidation with hydrogen peroxide in TFA, where electrophilic
reaction of perfluoroacetic acid is involved. It is noteworthy that
cyclohexanone has never been obtained from the reaction of
H2O2–TFA.3,4

In summary, the oxidation of alkanes with peracetic acid in
TFA proceeds efficiently in the presence of ruthenium catalyst
to give the corresponding trifluoroacetic acid ester.
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Fig. 1 Pseudo-first-order rate plot of the ruthenium-catalysed oxidation of
cyclohexane with peracetic acid in the presence of TFA. Solvent, TFA–
CH2Cl2–AcOEt = 5+1+1; [RuCl3] = 7.1 3 1024 M; [CH3CO3H] = 1.4 3
1022 M; [cyclohexane] = 3.6 3 1021 M; 20 °C; kobsd = 3.9 3 1023

s21.

Fig. 2 Dependence of the first-order rate constants kobsd on the concentration
of RuCl3. Solvent, TFA–CH2Cl2–AcOEt = 5+1+1; [CH3CO3H] = 1.4 3
1022 M; [cyclohexane] = 3.6 3 1022 M; 20 °C.

66 Chem. Commun., 2001, 65–66



A new solid acid catalyst: the first phosphonate and phosphonic acid
functionalised microporous polysilsesquioxanes†

Magdalena Jurado-Gonzalez, Duan Li Ou, Bradley Ormsby, Alice C. Sullivan and John R. H. Wilson

Department of Chemistry, Queen Mary and Westfield College, Mile End Road, London, UK E1 4NS. 
E-mail: a.c.sullivan@qmw.ac.uk

Received (in Cambridge, UK) 10th October 2000, Accepted 17th November 2000
First published as an Advance Article on the web 14th December 2000

A novel microporous solid acid, the phosphonic acid
modified polysilsesquioxane [(HO)SiCH2CHPO(OH)2-
CH2CH2SiO2(OH)]n P2, from the new single precursor
compound [(EtO)3SiCH2CHPO(OCH2CH3)2CH2CH2-
Si(OEt)3] 1, is reported, along with the catalytic activity of
P2 for the pinacol–pinacolone rearrangement.

The development of functionalised porous silicas1a,b and
polysilsesquioxane materials1c,d for various applications is
proceeding at great pace as evidenced by recent reviews and
reports on synthesis and applications in this area. Functional
groups or their precursors may be attached to silica via
compounds (RO)3Si(CH2)nX where X may be further modified
if required. Such materials offer a wide spectrum of potential
applications for example as acid, base, or oxidation catalysts or
asymmetric carbon–carbon coupling catalysts, or as biocompat-
ible surface groups.1a,b,2 In the context of the present report
efforts are also being directed towards the synthesis of
functionalised porous polysilsesquioxanes, where the func-
tional group is an integral part of a single framework precursor.
Examples include polysilsesquioxanes with built-in NLO and
luminescence chromophores,3a,b built-in crown-ether4 or cy-
clam5 groups for ion sensing applications or ferrocenyl groups
for electrochemical applications.6

It occurred to us that phosphonic acid functionalised silicas
and polysilsesquioxanes might offer a new class of solid acid
materials with wide-ranging potential to act as catalysts, ion
exchange and separation materials. There were no examples of
such materials previously reported in the literature.

We report here on unique examples of the uniformly
modified phosphonate and phosphonic acid polysilsesquiox-
anes [(HO)SiCH2CHPO(OCH2CH3)2CH2CH2SiO2(OH)]n P1
and [(HO)SiCH2CHPO(OH)2CH2CH2SiO2(OH)] P2 prepared
from the new precursor compound [(EtO)3SiCH2CH-
PO(OCH2CH3)2CH2CH2Si(OEt)3], 1, 1,4-bis(triethoxysilyl)-
2-(diethylphosphonato)butane. Compound 1 was formed‡ as
shown in eqn. (1) by radical addition of HPO(OEt)2 to the ene
fragment in 1,4-bis(triethoxysilyl)but-2-ene7 and was fully
characterised by solution phase NMR, mass spectrometry and
elemental analysis.

HPO(OEt) +

[(EtO) SiCH CH CHCH Si(OEt) ]

[(EtO) SiCH CHPO(OCH CH ) CH CH Si(OEt) ]

2

3 2 2 2
Bu OOBu

3 2 2 3 2 2 2 3

t t

N æ Æææææ

1
(1)

P1 was obtained as a transparent monolith after acid-
catalysed sol–gel processing of 1 in THF.§ The solid state 13C
CP MAS NMR spectrum of P1 had peaks close to those
observed for compound 1; the 29Si spectrum showed one broad
resonance at 263 ppm consistent with predominantly T2 type
silicon sites while the 31P NMR showed a single peak at 35 ppm
similar to that of 1. Treatment of P1 with concentrated

hydrochloric acid gave the corresponding phosphonic acid
modified material P2.¶ The absence of any Qn type resonances
in the 29Si CP MAS NMR of P2 indicates that the transforma-
tion from ester to acid occurred without any Si–C cleavage. The
decrease in C+P ratio and changes in the NMR spectra from P1
to P2 (in particular the disappearance of the signals due to the
phosphonate ester group 2PO(OCH2CH3)2 at 63 ppm, see
Fig. 1), is consistent with the formation of the phosphonic acid
from the ester. Average formulae for these materials derived
from C+P ratios and based on predominantly T2 environments
(66% condensation) are [(HO)SiCH2CHPO(OEt)2CH2CH2-
SiO2(OH)]n P1 and [(HO)SiCH2CHPO(OH)2CH2CH2-
SiO2(OH)]n P2.

The material P2 was found to be microporous by nitrogen
sorption porosimetry with very narrow pore size distribution.

It is our intention initially to utilise the phosphonic acid
functionality in these and related materials we have prepared for
various catalytic transformations. Preliminary experiments
based on catalytic pinacol–pinacolone rearrangement and
dehydration of cyclohexanol were used to test the reactivity of
the phosphonic acid functionality in P2. A range of solid acid
catalysts have been reported to catalyse pinacol–pinacolone
rearrangements; examples include metal substituted alumino-
phosphates,8 lanthanide substituted zeolites,9 heteropoly-
tungstates,10 various SAPOs (silicoaluminophosphates)11 and
polyphosphoric acid.12

A reaction between P2 (0.2 g) and pinacol (6.0 g) at 140 °C
(no solvent) resulted in 80% conversion to pinacolone after
12 h. Control experiments∑ using mesoporous or microporous
silicas under the same conditions afforded no rearranged
product. Attempted dehydration reactions using P2 (0.25 g) and
cyclohexanol (25 cm3) (C6H11OH+PO(OH)2 = 60+1) at 120 °C
resulted in about 15% conversion to cyclohexene (1H NMR of
the cooled reaction mixture) after 12 h. In control experiments
using mesoporous or microporous silica under the same
conditions no cyclohexene was produced. Industrial processes
for production of cyclohexene require high temperature and
pressure whereby cyclohexanol is fed to activated catalysts such
as silica, alumina or zinc aluminate at 380–450 °C (see ref. 13
for example). Neat phosphoric acid used in large excess is also
active between 160–170 °C. 14

A detailed systematic study of both reaction types will be
carried out to optimise the catalyst performance.

† Electronic supplementary information (ESI) available: Fig. 2 nitrogen
sorption isotherm of P2 and Fig. 3 BJH pore size distribution of P2. See
http://www.rsc.org/suppdata/cc/b0/b008192m/ Fig. 1
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Our material P2 and related materials we have prepared15 are
also subjects for other studies including rearrangements,
condensations, ion exchange and binding of biological mole-
cules.

We thank EPSRC for a quota studentship to Bradley Ormsby,
and Grant GR/M78281; Greg Coumbarides (QMW), Peter
Haycock and Harold Toms of the ULIRS High Field NMR
Service at QMW, Abil Aliev ULIRS solid state NMR service at
University College London, for NMR. We also thank the
University of London Central Research Fund and the Faculty
Research Support Fund of Queen Mary and Westfield College
for support.

Notes and references
‡ 1,4-Bis(triethoxysilyl)-2-(diethylphosphonato)butane 1: 1,4-bis(tri-
ethoxysilyl)but-2-ene (30.0 g, 78.8 mmol) and diethyl phosphite (21.8 g,
158 mmol, 20.3 ml) and di-tert-butyl peroxide (0.58 g, 3.9 mmol, 0.72 ml)
were heated at 140 °C for 18 h under nitrogen. The resultant mixture was
distilled under reduced pressure to yield 1 (22.5 g, 55%) bp 147 °C, 0.4 mm
Hg; Calcd C 46.3, H 9.1. Found C 46.1, H 9.0; m/z 541.5 (M + Na)+ 519.5
(M+), 473.4 (M 2 OCH2CH3)+; Calcd for C20H48Si2P 519.2574; Found
519.2569; NMR: [(6CH3

5CH2O)3Si1CH2
2CH{PO(O9CH2

10CH3)2}-
3CH2

4CH2Si(O7CH2
8CH3)3] superscripts indicate proton or carbon envi-

ronments as appropriate 1H(CDCl3) d 0.51–1.03 (complex m, 4H, 1CH2,
4CH2), 1.05 (t, 9 H, 8CH3, 3JHH 8 Hz), 1.06 (t, 9 H, 6CH3, 3JHH 8 Hz), 1.27
(t, 6 H, 10CH3, 3JHH 8 Hz), 1.56–1.91 (complex m, 3H, 2CH, 3CH2), 3.66 (q,
7CH2, 3JHH 8 Hz), 3.69 (q, 5CH2, 3JHH 8 Hz), 3.95 (m, 9CH2, 3JPH 10 Hz);
13C (CDCl3) d 8.17 (d, 4CH2, 3JPC 4 Hz ), 8.92, 9.01 (d, 1CH2, 2JPC 6.5
Hz), 16.30, 16.39 (d, 10CH3, 2JPC 6.5 Hz ), 18.10 (s, 6CH3,8CH3), 23.56 (s,
3CH2, 2JPC 4 Hz), 32.16, 34.35 (d, 2CH, JPC 138 Hz), 58.09 (s, 5CH2), 58.29
(s, 7CH2), 61.16, 61.25 (d, 9CH2, 2JPC 6.5 Hz); 29Si (CDCl3) d 245.65 (s,
4C-Si), 247.66, 247.94 (d, 1C-Si, 3JPSi 40 Hz); 31P (CDCl3) d 36.13 (s).
§ P1: Compound 1 (4.45 g, 8.58 mmol), THF (37 ml) and 1 M HCl (0.8 ml)
were stirred under dynamic nitrogen for 1 h and stored in a polythene bottle.
Gelation occurred after 11 d. The transparent monolithic gel obtained was
air dried for 1 week and then dried at 60 °C in an oven for 24 h. A transparent
monophasic crack-free glass was produced. This was powdered, washed
with water, ethanol and ether consecutively, and then dried under vacuum
at 120 °C for 24 h; 13C CP MAS d 14.3, 16.9, 23.2, 33.2, 63.1; 29Si CP MAS
d 263.5; 31P CP MAS d 34.5; Calculated average formula based on T2

environments [(HO)SiCH2CHPO(OEt)2CH2CH2SiO2(OH)]n C+P = 3.1,
Found C/P = 2.8; Calculated for P1·3H2O C, 26.2; H, 6.3, P 8.5. Found C
26.6, H 6.0, P 9.6%.
¶ P2: Powdered P1 (1.00 g) and concentrated HCl (100 ml) were refluxed
for 24 h. The mixture was filtered through a fritted funnel and washed with
excess H2O to remove all traces of HCl, followed by ethanol and ether. The
residue was dried under vacuum at 120 °C for 24 h; 13C CP MAS d 16.5,

23.1, 33.6; 29Si CP MAS NMR d 266.2; 31P CP MAS NMR d 33.5;
Average formula based on T2 environments [(HO)SiCH2CH-
PO(OH)2CH2CH2SiO2(OH)]n C+P = 1.55, Found C+P = 1.35; Calculated
P2·2H2O C 16.3, H 5.1, P 10.5. Found C 14.2, H 4.3, P 10.5%; BET surface
area 354 m2 g21; micropore surface area 345 m2 g21; micropore volume
0.192 cm3 g21; total pore volume 0.219 cm3 g21.
∑ Control experiments were carried out with microporous and mesoporous
silicas prepared by standard methods from TEOS and with samples of these
treated with concentrated HCl and washed in the manner described above
for P2.
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A novel cycloisomerization reaction of enynes 4 in the
presence of ZnBr2 and THF (1 eq.) in CH2Cl2 at 240 °C gave
exo-methylenic 1,3-dienes 5 in moderate to good yield.

Lewis acid-promoted reactions are an important part of modern
synthetic chemistry.1 Recently, prototropic cycloisomerization
reactions of enynes and dienes have been recognized as atom-
economic tools to construct rings, and transition metal-
catalyzed cycloisomerizations in particular have received much
attention.2 However, only a few examples of Lewis acid-
promoted cycloisomerizations (intramolecular ene reactions)
have been reported so far.3,4a,b

The design of a Lewis acid-promoted enyne cyclization
requires that a highly electrophilic alkene (or alkyne) has
coordination sites for a Lewis acid and that the other component
(alkyne or alkene) works as a nucleophile. Alkenes with three
ester groups are considered to be highly electrophilic and very
reactive towards nucleophilic olefins,5 and they may react
intramolecularly with alkynes which are relatively unreactive
nucleophiles.6‡ We thus examined Lewis acid-promoted intra-
molecular cyclization of the designed triester-substituted alkene
1. Reaction of 1 in the presence of ZnBr2 at rt gave cyclized
product 2 and H2O-adduct 3 in 45% and 10% yields,
respectively (eqn. (1)).

(1)

The formation of 2 can be explained as shown in Scheme 1.§
Nucleophilic attack of the alkyne moiety to the electrophilic
olefin complexed with ZnBr2 in A gives intermediate B.¶ A
1,3-hydride shift then leads to complex C, which isomerizes and
then forms diene 2 with Et3N. The formation of hydrated
product 3 is presumed to result from attack by trace amounts of
water on complex A.

If the isomerization step in C is prevented, exo-methylenic
1,3-dienes should be the primary products in this process. The
enyne 4, which is prevented from undergoing isomerization due
to the lack of a proton, was designed and Lewis acid mediated
reactions examined. After several conditions were examined
(see below), reaction of 4 in the presence of ZnBr2 (1.2 eq.) and
THF (1 eq.) in CH2Cl2 at 240 °C for 17–19 h gave exo-
methylenic 1,3-dienes 5 in 29–67% yields (eqn. (2), Table 1).∑
The g-lactone structure of 5 was suggested by the presence of a
characteristic CNO absorption (1771–1779 cm21). 1H, 13C, 1H/

13C-HSQC, HMBC and NOESY spectra were in agreement
with the lactone structure drawn in eqn. (2). The crystal
structure of 5a was elucidated by X-ray diffraction analysis
(Fig. 1).** The diene is slightly twisted from the plane in order
to reduce steric repulsion between the ester and HPhCN groups;
the torsion angle of the diene moiety (•C5-C3-C2-C12) is
21.9°. This cisoid diene may be effective as an acceptor in the
inverse electron demand Diels–Alder reaction (see below).

(2)

† Electronic supplementary information (ESI) available: experimental
procedures and spectral data for described compounds and crystallographic
data for 5a. See http://www.rsc.org/suppdata/cc/b0/b008103p/

Scheme 1

Table 1 Cycloisomerization of 4 to 5

Substratea R1 R2 Ar Product (yield)

4a H Et Ph 5a (67%)
4b H Et p-Tol 5b (58%)
4c H Et p-MeO-C6H4 5c (41%)
4d Me Et Ph 5d (53%)
4e n-Propyl Et Ph 5e (46%)

(4e recovered 36%)
4f H Me Ph 5f (29%)
4g H iPr Ph 5g (50%)b

a All reactions were carried out using 0.30–0.58 mmol of 4, 1.2 eq. of
ZnBr2, and 1.0 eq. of THF at 0.41 M for 4 in CH2Cl2 at 240 °C for 17–19
h, unless otherwise noted. b THF was not added. Addition of THF gave 5g
in 40% yield along with recovered 4g (24%).
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With 4a,b, the yield of 5 decreased when THF was omitted
from the reaction (for 5a to 11–36%, for 5b to 11–25%).†† The
effect of THF is presumed to be that coordination of THF to Zn
adjusts the strength of the Lewis acid and prevents side
reactions.‡‡ For 4g, the reaction without THF gave a slightly
better yield (see Table 1).

Use of ZnI2–THF instead of ZnBr2–THF gave 5a in 62%
yield. Use of SnCl4 (278 °C) or ZnCl2–THF (240 °C) gave 5a
in lower yield (24–-39% including inseparable complex
mixtures). The reaction of 4a with ZnBr2–THF was also
performed at a higher temperature (0 °C to rt), however, the
yield of 5a decreased (32%), probably because of the instability
of the diene product. The reaction of 4a using 0.3 eq. of ZnBr2–
THF afforded 19% of 5a along with recovered 4a (62%),
therefore the reaction requires a stoichiometric amount of Lewis
acid.§§

Thermal reactions of 4a and 1 (CH3CN, 80 °C, 24 h or
toluene, 110 °C, 24 h) without Lewis acid only afforded
complex mixtures along with recovered starting materials
(38–87%). A RuClH(CO)(PPh3)3-catalyzed reaction (toluene,
110 °C, 7 h) of 4a was examined but did not proceed.8

Only a few examples of synthesis of heterocycles by
cycloisomerization using transition metal catalysts have been
reported.9 Therefore, the present method should provide an
efficient alternative to transition metal-catalyzed cycloisomer-
izations. Also, the product cyclic dienes are electron-deficient
and suitable for cycloadditions such as inverse electron demand
Diels–Alder reaction10 and transition metal-catalyzed [4 + 3]
cycloadditions.11 The inverse electron demand Diels–Alder
reactions of 5a with the electron rich dienophiles 6 and 8 were
thus examined (eqn. (3)). C–C bond formation proceeds readily,
however, the observed regio- and stereoselectivity was low.¶¶

(3)

In summary, a novel Lewis acid-promoted enyne cycloiso-
merization to give cyclic dienes has been developed. This new

reaction provides a highly efficient means to prepare electron-
deficient cyclic dienes. The application of this methodology
towards the construction of carbocycles and diverse hetero-
cycles is under investigation.

We are grateful to Dr K. Yamamoto (Osaka University) for
measurement of mass spectra and elemental analysis. We thank
Mr Y. Yanase for experimental assistance.

Notes and references
‡ Thermal ene reactions6a,b and FeCl3-promoted chlorinated cyclizations6c

of allylic and propargylic esters of ethylenetricarboxylic acid have been
reported.
§ The alternative mechanism is that 1 undergoes an ene reaction initially to
give a cyclic allene that rearranges to 2.
¶ The coordination of a Lewis acid to a C·C bond was reported recently.12

The intermediate A (Scheme 1) can be drawn as shown above.
∑ Cyclizations were also examined using 10a–c as substrates. Using similar
conditions, only starting material was recovered.
** Crystal data: C18H18O6, M = 330.34, monoclinic, a = 8.1206(3), b =
10.5914(3), c = 19.7984(7) Å, b = 100.513(1)°, V = 1674.2(1) Å3, T =
296 K, space group P21/c (no. 14), Z = 4, m(Mo-Ka) = 0.099 mm–1,
number of reflections measured = 4062, number of independent reflections
= 3845 (Rint = 0.025), R, Rw = 0.047, 0.052 for 2473 observed reflections
(I > 2s(I)). CCDC 182/1839. See http://www.rsc.org/suppdata/cc/b0/
b008103p/ for crystallographic files in .cif format.
†† The reaction of 4a in THF as a solvent did not proceed.
‡‡ Use of propylene oxide instead of THF in the reaction of 4a gave 5a in
lower yield (28%), along with recovered 4a (21%). The combination of
Lewis acid and Lewis base is used in some Lewis acid-mediated
reactions.7
§§ Formation of cyclic dienes is in marked contrast with the FeCl3-
promoted reaction of dimethyl ester analog of 1 and 4d giving chlorinated
cyclization products.6c Investigation of the difference in Lewis acids is
underway.
¶¶ The stereochemistries of 7a, 7b and 7bA were tentatively assigned as
shown in the supplementary information by the observed NOE’s.
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Fig. 1 ORTEP drawing of 5a (50% probability ellipsoids). Selected bond
lengths (Å) and torsion angle (°): C1–C2 = 1.499(3); C2–C3 = 1.460(2);
C3–C4 = 1.501(2); C1–O1 = 1.344(2); O1–C4 = 1.444(2); C2–C12 =
1.345(2); C3–C5 = 1.344(2); •C5–C3-C2–C12 = 21.9(3). More detailed
structure data are given in the supplementary data.
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The high-pressure rate coefficient for the formation of the
new peroxide FC(O)OO(O2)SF from recombination of
FC(O)O and FS(O2)O radicals has been determined by laser
flash photolysis at 296 K; density functional theory calcula-
tions indicate peroxide stabilization and allow estimation of
an O–O bond dissociation energy of 20.6 ± 3 kcal mol21.

Early syntheses of fluorinated peroxides involved the coupling
of oxy-radicals to form the peroxide bond.1 In fact, the co-
photolysis of the mixtures of peroxides SF5OOSF5/CF3OOCF3
and SF5OOSF5/FS(O2)OO(O2)SF have been employed by
Cady and coworkers to prepare SF5OOCF3 and SF5OO(O2)SF.1
The fluorinated peroxides allow study of the role that the
electron-withdrawing effect of electronegative groups plays on
their reactivity, energetics and conformation. Here we report the
determination of the rate coefficient for the recombination of
FC(O)O and FS(O2)O radicals to form the new peroxide
FC(O)OO(O2)SF at 296 K. In addition, the rate coefficient for
the reaction of FS(O2)O with CO has been determined for the
first time.

A laser flash photolysis–absorption spectroscopy configura-
tion described in detail elsewhere,2–7 was employed in the
present experiments. Typically, samples of 30–40 mbar of
FS(O2)OF in the presence of 130–300 mbar of CO, 15 mbar of
O2 and up to 900 mbar of SF6 were irradiated with the emission
of an excimer laser operating on the 193 nm ArF transition. No
more than 30 single shot experiments from fresh samples were
averaged and analysed up to 5 ms for each set of conditions. In
the photolysis, electronically excited FS(O2)O radicals in the B
2E state are initially formed and afterwards collisionally
deactivated to the X 2A2 ground state via a manifold of low-
lying vibrationally excited states.4,5 After ca. 250 ms the excited
radicals are thermalized.5 On the other hand, photolytically
generated F atoms are rapidly consumed by recombination with
CO to form FCO radicals, which subsequently recombine with
O2 and yield FC(O)O2 radicals. Finally, these radicals form
FC(O)O radicals by self-reaction. The whole reaction mecha-
nism is detailed in refs. 6–9. FCO and FC(O)O2 are almost
quantitatively consumed at 200 ms. Thus, the well established
mechanisms involved in the FS(O2)O2–5 and FC(O)Ox (x = 0,
1, 2)6–9 radical chemistries lead to the conclusion that over 300
ms only FS(O2)O and FC(O)O survive and the mechanism
reduces to eqns. (1)–(5)

FC(O)O + FC(O)O ? FC(O)OO(O)CF (1)

FS(O2)O + FS(O2)O ? FS(O2)OO(O2)SF (2)

FC(O)O + FS(O2)O ? FC(O)OO(O2)SF (3)

FS(O2)O + CO ? FSO2 + CO2 (4)

FS(O2)O + FSO2? FS(O2)O(O2)SF (5)

Under the present conditions, reactions (1) and (2) are pressure
independent with high-pressure rate coefficients of kH,1 = 5.5
3 10213 8 and kH,2 = 4.6 3 10214 cm3 molecule21 s21,
respectively.3 Second-order plots of the absorbance monitored
at 450 nm after photolysis of FS(O2)OO(O2)SF/CF4 and
FS(O)2OF/CO/O2/SF6 mixtures are depicted in Fig. 1. In the
first case, the generated FS(O)2O radicals [absorption cross-

sections s(FS(O2)O) = 3.64 3 10218 cm2 molecule213] react
exclusively according to reaction (2). In the latter case, a fast
component due to the above mentioned thermalization of
excited FS(O2)O radicals is followed by a second component
with a slope much higher than the observed for the first mixture.
Absorbance vs. time profiles were numerically fitted employing
the mechanism described by reactions (1)–(5). The modelling
leads to radical concentrations such that the absorbance may be
mostly attributed to FS(O)2O absorption with a small contribu-
tion due to FC(O)O radicals [s(FC(O)O) = 6.7 3 10219 cm2

molecule21 8]. Moreover, the calculations show that the higher
slope observed in signal (B) of Fig. 1 is predominantly due to
FS(O2)O consumption by reaction (3). At longer times and
higher CO pressures these radicals are also consumed in
reaction (4). However, the low FSO2 concentration precludes
the determination of k5, for which reasonable values ranging
from 2 3 10212 to 7 3 10211 cm3 molecule21 s21 do not affect
the modelling results. Between ca. 175 and 1060 mbar the rate
coefficients determined for reaction (3) remain independent on
total pressure such that they can be certainly ascribed to the
limiting high pressure value. All experimental results are very
well reproduced using the kH,1, kH,2 and k5 values given above
as well as kH,3 = (1.2 ± 0.3) 3 10212 cm3 molecule21 s21 and
k4 = (1.8 ± 0.7) 3 10217 cm3 molecule21 s21 for reactions (3)
and (4). The errors quoted are 2s. The value of kH,3 is normal
for this type of reaction10 while the low value of k4 is quite
consistent with the measured activation energy of 7 kcal
mol21.11 The experimental study is supplemented by density
functional theory thermochemical computations to determine
the bond dissociation energies of O–O, C–O and O–S bonds in
FC(O)OO(O2)SF. For this, standard enthalpies of formation of
the peroxide and the relevant radicals were calculated. The
value for FC(O)OO(O2)SF was estimated using the isodesmic
reaction: FOOF + FC(O)OH + HSO3F ? FC(O)OO(O2)SF +
2FOH. Energy calculations were carried out on optimized
geometries and harmonic frequencies evaluated employing the
hybrid B3LYP density functional with the 6-311++G(d,p) basis

Fig. 1 Plot of the inverse of the absorbance vs. time. (A) 8.1 mbar of
FS(O2)OO(O2)SF and 16.4 mbar of CF4; (B) 29.3 mbar of FS(O2)OF, 132.4
mbar of CO, 14.3 mbar of O2 and 890.0 mbar of SF6. The solid line is the
result of the modelling described in the text.
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set.12 Unless otherwise indicated, the experimental enthalpies of
formation of the species involved in this and other isodesmic
reactions given here are from ref. 10. According to the
experimental uncertainties, an error level for all derived
thermochemical properties of this work of ±3 kcal mol21 is
estimated. From the calculated enthalpy of the isodesmic
reaction of DH0

r = 44.7 kcal mol21, the value
DH0

f,298(FC(O)OO(O2)SF) = 2229.4 kcal mol21 was derived.
The enthalpy of formation for FS(O2)O was estimated from the
experimental bond dissociation energy, De(FS(O2)O–F) = 33.1
kcal mol21,2 and DH0

f,298(FS(O2)OF) = 2136.9 kcal mol21

obtained from the isodesmic reaction FO2 + HSO3F ?
FS(O2)OF + HO2 (DH0

r = 40.0 kcal mol21). In this way,
DH0

f,298(FS(O2)O) = 2122.8 kcal mol21 results. Using the
above enthalpies of formation for FC(O)OO(O2)SF and
FS(O2)O together with DH0

f,298(FC(O)O) = 2 86.0 kcal
mol21,13 we obtain the enthalpy change DH0

298(FC(O)O–
O(O2)SF) = 20.6 kcal mol21 which is similar to the value
measured for the FS(O2)O–O(O2)SF bond of 22.1 kcal
mol21.3

Finally, using DHf,298(FS(O2)OO) = 2110.2 kcal mol21,
estimated using the isodesmic reaction FO2 + HSO3F ?
FS(O2)OO + FOH (DH0

r = 40.4 kcal mol21), and
DH0

f,298(FCO) = 44.6 kcal mol21,7 DH0
f,298(FC(O2)OO) =

276.1 kcal mol21,6 and DH0
f,298 (FSO2) = 296.2 kcal

mol21,14 dissociation energies for other bonds in
FC(O)OO(O2)SF were evaluated. The resulting values are:
DH0

298(FC(O)OO–(O2)SF) = 57.1 and DH0
298(FC(O)–

OO(O2)SF) = 74.6 kcal mol21. These results indicate that no
energetically feasible exit channels for the peroxide decomposi-
tion exist. The minimum-energy pathways for the recombina-
tion reaction (3) and for FC(O)–OO(O2)SF and FC(O)OO–
(O2)SF dissociations show a smooth energy profile without a
maximum: no transition state was found on the B3LYP/6-311 +
G(d) surface. Thus the enthalpy changes can be assimilated to
the respective bond dissociation energies. Scarcely probable is
the competition between the reaction FC(O)O + FS(O2)O ?
CO2 + FS(O2)OF and reaction (3). This assumption is supported
by the fact that most fluorine abstraction reactions by either
FS(O2)O or other radicals exhibit relatively large activation
energy values (ca. 10–30 kcal mol21) and consequently very
small room temperature rate coefficients. In particular, for the
similar reaction FNO2 + FS(O2)O ? NO2 + FS(O2)OF an
activation energy of ca. 30 kcal mol21 can be estimated from
the measured value of 10 kcal mol21 for the reverse reaction,15

the enthalpies of formation of FNO2 and NO2 molecules10 and
the above values for FS(O2)O and FS(O2)OF. The present
results indicate that after formation by reaction (3), the new
peroxide is mostly collisionally stabilized at room temperature.
However, the low O–O bond dissociation energy leads to

significant decomposition as temperatures rises, such that a
gaseous sample of FC(O)OO(O2)SF finally degrades to the
more stable peroxide FC(O)OO(O)CF.6–9

Further experimental and theoretical work on
FC(O)OO(O2)SF is underway.

This work was supported by the Universidad Nacional de La
Plata, the CONICET and the CICBA.
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The a-ketocarbene 2-oxocyclohexa-3,5-dienylidene (lmax =
360, 375 and 388 nm) is detected upon laser flash photolysis
of 2-bromophenol in aqueous solution; its formation is
confirmed by photoproduct studies.

para-Substituted halogenophenols have been shown to undergo
heterolytic photodehalogenation in polar protic solvents.1–10

The mechanism of this process could be clarified by demonstra-
tion of the formation of the carbene 4-oxocyclohexa-2,5-dieny-
lidene (lmax = 370 and 384 nm), which is long-lived enough to
be detected by nanosecond laser flash photolysis experiments in
aqueous solution.1

This intermediate arises from HCl elimination; its character-
istic reactivity is governed by its triplet multiplicity: the
addition of oxygen yields the para-benzoquinone O-oxide (lmax
= 460 nm) and subsequently para-benzoquinone, and the
reduction by H-donor molecules such as alcohols gives rise to a
phenoxyl radical (lmax = 385 and 400 nm) and subsequently to
phenol. Reactions with water and the halogenophenol itself
produce hydroquinone and 5-chloro-2,4A-dihydroxybiphenyl
respectively, in agreement with earlier studies.2–5 This mecha-
nism of the photoreactivity of 4-halogenophenols was later
confirmed by several studies using transient absorption spec-
troscopy, EPR, and photoproduct analysis.6–10

In the case of aqueous 2-chlorophenol (2-ClP) or 2-bromo-
phenol (2-BrP), UV irradiation leads to photocontraction into
cyclopentadienic acids and to photohydrolysis.11,12

The ring contraction corresponds to a Wolff rearrangement;13

it is also observed in the photolysis of a-diazoketones.14 The
similarity of the two reactions led to the proposal of inter-
mediate formation of the a-ketocarbene, 2-oxocyclohexa-
3,5-dienylidene, in both cases.12,14 However, this carbene has
not until now been detected, the first intermediate reported in
aqueous solution on a nanosecond time scale being the ketene
fulvene 6-oxide (lmax = 255 nm), which subsequently adds a
water molecule to yield fulvene 6,6-diol (lmax =
295 nm).15,16

The photo-Wolff rearrangement is expected to proceed on the
excited singlet surface.13,17 A putative singlet a-ketocarbene
arising as an intermediate on the reaction coordinate of ring
contraction might have a lifetime in the subnanosecond range,
as indicated by time-resolved studies of a-diazocarbonyl
compounds.18,19 On the other hand, a-ketocarbenes may have
triplet ground states.17 Currently available evidence indicates
that the photoinduced dehalogenation of 4-halogenophenols
proceeds on the excited triplet surface.1,10 The formation of

triplet a-ketocarbenes in the analogous reaction of 2-halogeno-
phenols is therefore conceivable, either preceding ring contrac-
tion or in competition to it. A recent photoproduct study of the
degradation of 2-ClP in aqueous surfactant solutions indicated
that both singlet and triplet pathways may contribute to product
formation.20

The transient spectrum obtained by laser flash photolysis of
aqueous 2-ClP (Nd+YAG laser, Quanta-Ray DCR-1, pulse
duration 7 ns, lexc = 266 nm) is dominated by the strong and
broad absorption of the species resulting from ring contrac-
tion,16 which mask a possible contribution from a carbene
which, in analogy to that derived from 4-halogenophenols, is
expected in the 350–420 nm range. However, careful examina-
tion of the transient spectrum in oxygenated solution revealed a
very weak band with a maximum around 475 nm (e 3 F = 11
± 3 M21 cm21), reminiscent of the quinone oxide resulting from
addition of O2 to 4-oxocyclohexa-2,5-dienylidene.1 Upon
addition of propan-2-ol (0.085 M), an equally weak new species
with a two-band absorption (lmax = 380 and 400 nm, e4003 F
= 9 ± 3 M21 cm21) could be detected, indicating the formation
of a phenoxyl radical21 in these conditions.

These results suggested the transient formation of a triplet a-
ketocarbene in the photochemistry of aqueous 2-ClP, but a
direct proof of its presence was still lacking. Based on the
hypothesis that the photoinduced reactions proceed on the
triplet surface, it could be argued that 2-BrP, because of its
intrinsically faster intersystem crossing, might be better suited
as a substrate molecule to detect the carbene.

Laser flash photolysis of aqueous 2-BrP (1023 M) yielded the
ring contraction products, ketene and enol, just as with 2-ClP.
However, an additional transient absorbing within the wave
length range 350–400 nm (lmax = 360, 375 and 388 nm, Fig. 1,
spectrum 1) was also observed. This species decayed by first-
order kinetics with kd = 2.5 3 105 s21. In deoxygenated
solutions containing propan-2-ol (0.17 M), it was converted into
the phenoxyl radical with a formation rate of 1.6 3 106 s21 (Fig.
1, spectrum 2). In oxygen-saturated solutions we found again
the broad band with maximum around 475 nm (Fig. 1, spectrum
3), which had a formation rate of 9.0 3 106 s21.

As seen in Fig. 2, all these transients derived from
monophotonic processes. We deduced from the slopes of the
linear relationships of absorbance vs. laser pulse energy the
following values of e 3 F : 90 ± 20 M21 cm21 for the end-of-
pulse transient at 388 nm, 130 ± 25 M21 cm21 for the phenoxyl
radical at 400 nm and 175 ± 30 M21 cm21 for the transient
observed in oxygenated solution at 475 nm.

Table 1 Quantum yields of photolysis (Fd) and of formation of products in neutral aqueous medium

Conditions Fd Fcyclopentadienic Acids Fpyrocatechol Other products detected

2-ClP N2 or O2 0.065 ± 0.007 0.042 ± 0.008 0.012 ± 0.001 none
2-BrP N2 0.085 ± 0.008 0.035 ± 0.007 0.009 ± 0.001 biphenyls and phenol (f =

0.005)
O2 0.065 ± 0.007 0.035 ± 0.007 0.011 ± 0.001 none
N2, propan-2-ol (0.17 M) 0.07 ± 0.007 0.025 ± 0.005 0.009 ± 0.001 phenol (f = 0.024)
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The complete analogy of the transients shown in Fig. 1 with
those observed in the photochemistry of 4-halogenophenols1

prompted us to assign the end-of-pulse transient to the a-
ketocarbene formed by dehalogenation of 2-BrP. The reactivity
with propan-2-ol and O2 demonstrate the triplet character of this
carbene; the 475 nm transient is therefore assigned to the ortho-
benzoquinone O-oxide resulting from addition of O2. Based on
e = 3000 M21 cm21 for the phenoxyl radical at 400 nm21 and
assuming complete conversion of the a-ketocarbene into the
phenoxyl radical, values of F = 0.04 ± 0.01 and F = 0.003 ±
0.001 are found for the quantum yields of carbene formation
from 2-BrP and 2-ClP, respectively. The molar extinction
coefficient of the a-ketocarbene at 388 nm is estimated as e =
2100 ± 500 M21 cm21.

Product studies were undertaken to confirm the occurrence of
an additional reaction pathway in the case of 2-BrP, besides that
leading to ring contraction. The substrate (5 3 1024 M 2-ClP or
2-BrP in neutral aqueous solution) was irradiated at 280 nm
with low light intensities and the irradiated solutions were
analysed by HPLC (Table 1). Within detection limits, only
photocontraction and photohydrolysis are observed in the case
of 2-ClP; the reaction is not measurably affected by the presence
of O2 or of propan-2-ol (0.017 M). In the case of 2-BrP, the
formation of phenol and of three new products eluted after
2-BrP are observed in deoxygenated solutions. One of them,
also obtained by bromination of 2,2A-dihydroxybiphenyl, is
likely to be 2-bromo-6-(2A-hydroxyphenyl)phenol. In oxy-
genated solution biphenyls and phenol are not formed and the
quantum yield of 2-BrP photolysis is reduced. The addition of
propan-2-ol (0.17 M) clearly favours the formation of phenol,
decreases the quantum yield of 2-BrP photolysis and inhibits
drastically the formation of biphenyls. These results demon-

strate that the photoproduct distribution of 2-BrP is indeed
different from that of 2-ClP. The presence of biphenyls and of
phenol among the photoproducts is indicative of the character-
istic triplet carbene reactions, addition to the substrate and H
abstraction, in analogy to the photoproducts from 4-halogeno-
phenols.1 Quinoid compounds are absent, which is not surpris-
ing in view of the instability of ortho-benzoquinone.

To summarize, we have been able to characterize a hitherto
unknown triplet a-ketocarbene by means of transient absorption
spectroscopy and characteristic reactivity. The yield of this
carbene is over ten times higher from 2-BrP than from 2-ClP, in
agreement with the hypothesis that intersystem crossing at the
molecular level precedes its formation. The relatively long
triplet a-ketocarbene lifetime, of the order of microseconds,
excludes the possibility of it being an intermediate on the way
to ring contraction. It is therefore likely that ring contraction and
formation of the triplet carbene are competing reactions, as
indicated in Scheme 1.
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Fig. 1 Transient absorption spectra from neutral 2-BrP (1023 M).
Absorbances normalized at P = 1 mJ pulse21 and A(266) = 1.5. 1:
deoxygenated solution, differences between absorbances measured at the
pulse end and 16 ms after. 2: deoxygenated solution containing propan-2-ol
(0.17 M), absorbances measured 2 ms after the pulse end. 3: oxygen-
saturated solution, absorbances measured 1 ms after the pulse end.

Fig. 2 Dependences of transient absorbances on pulse energy.

Scheme 1
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The compound (h5-C5Me5)Al?Al(C6F5)3, which is the first
valence isomer of a dialane, has been prepared by treatment
of [Al(h5-C5Me5)]4 with Al(C6F5)3 and characterized by X-
ray crystallography and NMR spectroscopy.

Compounds with aluminium–aluminium bonds are attracting
considerable recent attention. The simplest such compounds are
the dialanes, R2AlAlR2, and a number of these have now been
structurally authenticated.1 It occurred to us that valence
isomers of dialanes, viz. RAl?AlR3, might be capable of
existence if the appropriate substituents were employed. DFT
calculations2 on the prototypical dialane, H2AlAlH2, revealed
that the valence isomer HAl?AlH3, is less stable than
H2AlAlH2 by 9.17 kcal mol21. However, replacement of one of
the dialane hydride substituents by cyclopentadienide inverted
this order and (h5-C5H5)Al?AlH3 1 is more stable than the
dialane (h2-C5H5)(H)Al?AlH2 by 10.79 kcal mol21. In view of
the foregoing, [Al(h5-C5Me5)]4 [65 mg, 0.40 mmol of Al(h5-
C5Me5) units]3 was treated with Al(C6F5)3·PhCH3

4 (250 mg,
0.40 mmol) in 30 mL of toluene at 25 °C. After being stirred for
4 h at 25 °C, the yellow reaction mixture was heated to 50 °C for
30 min. Upon cooling to 25 °C, the reaction mixture was filtered
and the solvent and volatiles were removed from the filtrate to
afford a dark amber oil from which yellow crystalline (h5-
C5Me5)Al?Al(C6F5)3 2 (220 mg, 80% yield, mp 131–133 °C)
deposited over a period of 24 h. The mass spectral data† for 2
are consistent with the proposed dialane isomer formulation.
The presence of (h5-C5Me5)Al and Al(C6F5)3 moieties in 2 is
evident from the 1H, 13C, and 19F NMR spectroscopic data,†
noting however that the equivalence of the C5Me5 ring carbon
and Me resonances could be due to the well known fluxional
behaviour of cyclopentadienyl–aluminium systems.5 The 27Al
NMR spectrum of 2 comprises singlet resonances at d 2115.7
and 106.9. Given that the 27Al chemical shifts for the model
compound 1, as computed by the GAIO method,2b,6 are d
2107.9 and 109.0 for the (h5-C5Me5)Al and AlH3 centres,

respectively, analogous assignments have been made for 2.†
Further support for the proposed assignments stems from the
experimentally observed 27Al chemical shifts for monomeric
(h5-C5Me5)Al (d 2150)7 and Al(C6F5)3·arene [d 52 (benzene);
d 61 (toluene)].4 The overall trend of 27Al chemical shifts is
consistent with the transfer of electron density from the
alanediyl to the Al(C6F5)3 fragment upon formation of the
Al?Al donor acceptor bond of 2.

The foregoing spectroscopic conclusions were confirmed by
X-ray crystallography.‡ Compound 2 crystallizes in the C2/c
space group with Z = 8; the solid state consists of individual
molecules of the dialane isomer and there are no unusually short
intermolecular contacts. The pentamethylcyclopentadienyl sub-
stituent is attached in an h5 fashion and the ring centroid–Al–Al
moiety deviates only modestly from linearity [170.1(3)°]. The
Al–Al bond length in 2 [2.591(3) Å] is shorter than those in the
dialanes {(Me3Si)2CH}4Al2 [2.660(1) Å],1a {2,4,6-Pri

3-
C6H2}4Al2 [2.647(3) Å],1b and {But

3Si}4Al2 [2.751(2) Å]1c but
identical to that in [RIAl–AlClR] {R = [(Me3Si)2C(Ph)C(Me3-
Si)N]) [2.593(2) Å]}1d within experimental error. The average
Al(1)–C bond length of 2.178(7) Å [Al–centroid 1.810(8) Å] is
considerably shorter than those reported for Al(h5-C5Me5)
[2.388(7) Å]8 and [Al(h5-C5Me5)]4 (2.344 Å, av. Al–centroid
2.011 Å).7 Such a shortening is anticipated as the partially
antibonding aluminium ‘lone pair’ orbital of Al(h5-C5Me5) is
transformed into the donor–acceptor bond with the concomitant
development of positive and negative charges on the aluminium
centres.9 The same trend is evident for other group 13 (h5-
C5Me5)M?acceptor complexes10 and is true for both main-
group and transition element acceptors.

In conclusion, we have prepared (h5-C5Me5)Al?Al(C6F5)3,
a valence isomer of a dialane. This compound also features the
first example of an Al?Al donor acceptor bond.

We are grateful to the National Science Foundation, Robert
A. Welch Foundation, and the National Academy of Sciences,
through Sigma Xi, The Scientific Research Society for financial
support.
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Electron-correlated DFT calculations with a large basis set
show that propane adds to coordinatively unsaturated
aluminium, as in the clusters (HO)3Al(OH2)x (x = 0, 1), by
aluminium insertion into a C–H bond, followed by hydrogen
migration to an oxygen atom and predict correctly experi-
mental observations; the alternative pathway involving
alkyl–oxygen interaction has a much higher energy barrier
and does not predict correctly the experimental results.

Following the progress of superacid chemistry, the reactions of
hydrocarbons on aluminosilicates, including zeolites, have been
interpreted as involving the activation by hydron transfer to
form carbocations as intermediates or transition structures.1
This type of activation, characteristic of superacids in solutions,
e.g. HF–SbF5,2 HF–TaF5,3 or H2O–AlX3,4 is not found for
trifluoromethanesulfonic acid (TFMSA), which activates al-
kanes by an oxidative mechanism.5 Yet, TFMSA is a much
stronger acid than the zeolite catalysts.6 This paradox, observ-
able to an outsider, has been lost to the researchers in the
field.

The computations on the activation of alkane C–H bonds
have attempted to describe the accepted mechanism and sought
mostly pathways based on hydron transfer.7 The same held for
the hydrogen chemisorption on alumina, responsible for the
high-temperature H2/D2 exchange,8 which was thought to
involve heterolysis of the H–H bond, with the hydron going to
the oxygen (base) and the hydride to aluminium (acid).9

Standard ab initio (MP2) and DFT (B3LYP) geometry
optimizations with large basis sets and search of the reaction
coordinate without the imposition of a pathway have shown,
however, that hydrogen chemisorption occurs through the
interaction of H2 with the aluminium (metal ion catalysis) until
both hydrogen atoms are bonded to Al, after which one
hydrogen migrates to oxygen.10 The reactivity of aluminium
centers varied in the order: tri- > tetra- > penta-coordinated
and the tetracoordinated aluminium in a silica-alumina cluster
chemisorbed hydrogen by the same mechanism.10b

Alumina catalyzes the H–D exchange of saturated hydro-
carbons as well,11 a reaction also classified as acid–base
catalysis.11 Like the hydrogen chemisorption, the reaction of
methane with Al(OH)3 was described as a heterolytic reaction
with an acid–base pair on the surface, with a hydron going to the
negative oxygen and a methyl anion to the metal.12 A
computational search in which the reaction pathway was not
presupposed was, therefore, in order. We studied the reaction of
propane with aluminium hydroxide clusters, (HO)3Al(OH2)x (1,
x = 0; 2, x = 1).

B3LYP/6-31G** geometry optimizations and frequency
analyses (giving also the zero point energy corrections, ZPE),13

transition structure searching by the STQN (Synchronous
Transit-Guided Quasi Newton) method,14 and reaction pathway
identification by intrinsic reaction coordinate (IRC)15 tracking
were conducted with the Gaussian 98 program,16 as described
before.10 Pathway b (defined below) for chemisorption on 1
was also examined by MP2/6-31G**, to check the agreement
between the two methods (as done in previous work).10a To
model the alumina surface, the geometry of the tricoordinated

aluminium reactant 1 was the optimized geometry of 2, with the
water ligand removed.10 In the reaction of 1 with propane, the
O1–O2–Al–O3 dihedral angle was kept constant. The alter-
native of freezing the outer atoms of the cluster and allowing the
aluminium atom a breathing movement gave a similar potential
energy barrier (PEB) for H2 chemisorption.10a Our goal was to
explore the existence of a reaction pathway, rather than to
determine accurately the relative energies of reactants, inter-
mediates, and transition structures.

Weak complexes of propane with 1 (3) and 2 (4) were located
and two types of chemisorption products were identified, with
C–Al bond (5 and 6, respectively) and with C–O bond (7 and 8,
respectively), shown in eqns. (1) and (2). The relative
reactivities of primary and secondary C–H bonds were also
tested [series a and b in eqns. (1) and (2)]. The O–alkyl
complexes were less stable than the Al–alkyl complexes by 5–7
kcal mol21.

(1)

(2)

All chemisorption products react further to form hydrogen
and propene, complexed with the aluminium cluster. The
energies of intermediates and products, relative to the starting
materials, are shown in Table 1.

It is seen that chemisorption and dehydrogenation are
catalyzed by both tricoordinated and tetracoordinated alumin-
ium centers. The former are more reactive, just as for the
hydrogen chemisorption.10 For the aluminium–alkyl pathway,
eqn. (1), a primary C–H bond (a) is more reactive than a
secondary C–H bond (b). Only option b was studied for the O–
alkyl pathway [eqn. (2)], because the alkyl group acquired a
positive charge. On the aluminium–alkyl pathway, the barrier
for alkane chemisorption (TS1) is much smaller than the barrier
(TS2) for the dehydrogenation step, whereas in the oxygen–
alkyl pathway, TS1 is higher in energy than TS2. The O–alkyl
pathway is higher in energy than the aluminium–alkyl pathway.
In the second step of the reaction on 2, the cleavage of an Al–O
bond is easier than the elimination of propene. If the cluster was
part of a solid, the lattice rigidity would determine the degree of
Al–O bond separation. Therefore, the elimination step was
followed at two lengths of the labile Al–O bond: the same as in
the intermediate (6 or 8) and extended by 0.2 Å. Both values are
given in Table 1, for each reaction pathway; the latter are
smaller.

The transition structure for the chemisorption step on the
aluminum–alkyl pathway,14 shown in Fig. 1 (left)17 for the
reaction 1 ? 5a, was similar to that for hydrogen chemisorp-
tion. The imaginary frequency was the bending of the Al–H
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bond toward O (migration of hydrogen from Al to O).18 Thus,
the reaction mechanism consists of the insertion of aluminium
into the C–H bond, followed by hydrogen migration from Al to
O, just as for hydrogen chemisorption.10 In the elimination step,
there is less cleavage of the Al–C bond than of the C–H bond at
the transition state (Fig. 1, right).19 For the elimination step of
the O–alkyl pathway, the hydrogen is transferred to another
oxygen atom.

The reactivity order prim > sec and the prediction that
hydrogen exchange [reverse of eqn. (1)] is faster than further
reaction of the olefin (e.g. on acid sites) agrees with the
experiment. (The exchange of H2 with the clusters has lower
barriers than the exchange of the C–H bonds.10) The described
mechanism is relevant for the hydrogen exchange11,19 and
alkene hydrogenation/alkane dehydrogenation.20 These reac-
tions have been described as catalyzed by Brønsted acid centers,
with carbocations as intermediates or transition struc-
tures.7,9,12,21 The cleavage of H–H and C–H bonds by insertion
of metal atoms and ions (metal and metal ion catalysis), known
for heavy metals, particularly noble metals, was not considered
for aluminium. We show now that Al(O–)n sites with n = 3 and
4, are active in metal ion catalysis. An increase in reactivity for
‘broken lattices’ of zeolites or for extraframework aluminium
species in steamed zeolites is predicted.

This research was supported by the grant CTS-812704, from
NSF, and by a grant of supercomputer time from NCSA, in
Urbana, IL.
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Table 1 Relative energies of intermediates, products, and transition structures for the reaction of propane with aluminium hydroxide clusters 1 and 2a,b

Catalyst
cluster

Reaction
pathway

Physisorbed
reactant TS1

Chemisorbed
complex TS2

Physisorbed
product(s)

Isolated
products

1 Al–CH2Etc 24.01 32.19 31.24 57.10 17.63 29.23
1 Al–CHMe2

d 24.01e 35.14e 33.54e 62.41 17.63 29.23
1 O–CHMe2

f 24.01 72.31 37.34 70.35 34.77g 29.23h

2 Al–CH2Eti 21.93 43.95 25.59 74.20,j 72.21k 26.56 29.23
2 Al–CHMe2

l 21.93 —m — — — —
2 O–CHMe2

n 21.93 82.22 32.28 75.98,o 67.31p 43.77 29.23q

a B3LYP/6-31G**//B3LYP/6-31G**, kcal mol21, relative to the isolated starting materials (1 or 2 and PrnH). b 1 cal = 4.184 J. c 1? 5a, eqn. (1). d 1?
5b, eqn. (1). e MP2(FC)/6-31G**// MP2(FC)/6-31G** values are 26.33, 33.59 and 31.50 kcal mol21, respectively. f 1? 7b, eqn. (2). g Propene chemisorbed
on the (H2O)2AlH–OH2 cluster. h 46.65 kcal mol21 if (H2O)2AlH–OH2 is a product. i 2? 6a, eqn. (1). j d(Al–OH2) = 2.11 Å, see text. k d(Al–OH2) = 2.31
Å, see text. l 2? 6b, eqn. (1). m Decomposition to 5b occurred. n 2? 8b, eqn. (2). o d(Al–OH2) = 2.00 Å, see text. p d(Al–OH2) = 2.20 Å, see text. q 48.14
kcal mol21 if the hydrogenated cluster is a product.

Fig. 1 Left: transition structure (TS1) for the chemisorption of propane
(primary C–H) on a tricoordinated aluminium cluster ( 1 ? 5a). Right:
transition structure (TS2) for the elimination of propane from the
chemisorbed complex 5a.
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Reactions of Me3Al with 1,2-diaminobenzene [1,2-
(H2N)2C6H4] or anthranilic acid, [1,2-(H2N)(HO2- C)C6H4],
followed by treatment with acetonitrile, afford tetranuclear
and hexanuclear aluminium-containing ring systems; a
single crystal X-ray structure on the hexametallic product
reveals the construction of quinazoline ligands arising via
insertion of acetonitrile into Al–N bonds.

It is well over one hundred years since the trimerisation of
nitriles to triazines by organometallic reagents was first noted,
by Hofmann1 using sodium, and by Frankland2 in his studies on
Et2Zn. During the 1960s, Wade3 and Lappert4 did much to
advance the understanding of nitrile binding and insertion
reactions at main group centres; however, the potential of such
reactions for synthesising useful heterocycles and interesting
metal-containing ring systems has remained largely undevel-
oped.

Recently, we described the synthesis of large aluminium-
containing ring systems via treatment of Me3Al with hydra-
zines;5 these included a highly unusual octa-aluminium struc-
tural analogue of a tetrapyrrole. The key macrocycle-forming
step revolves around the insertion of acetonitrile into the
aluminium–nitrogen bonds of intermediate amide species. With
a view to probing the generality of this approach for the
synthesis of aluminium-containing macrocycles, and also to
evaluate the potential of this methodology for constructing
nitrogen heterocycles, we have extended the study to other
classes of amine substrate. Here, we describe the reactivity of
Me3Al towards 1,2-diaminobenzene [1,2-(H2N)2C6H4] and
anthranilic acid [1,2-(H2N)(HO2C)C6H4]. The former gives rise
to a tetranuclear complex, the latter to an unprecedented
hexanuclear species incorporating N-heterocyclic ligands.

Slow addition of a solution of Me3Al (2 equivalents) in
toluene to 1,2-(H2N)2C6H4, followed by a 12 h reflux, afforded
a pale brown solution. After removal of the solvent under
reduced pressure, the residue was dissolved in acetonitrile and
heated to reflux for 2–3 min. Slow cooling of this solution,
followed by standing at room temperature for 2 days, gave
colourless needles of 1 in 40% yield (Scheme 1). The 1H NMR
spectrum‡ of 1 consists of four equal intensity singlets in the
Al–methyl region (d 20.37 to 20.75) together with a similar
intensity singlet at d 1.29 attributable to carbon-bonded methyl
groups. X-Ray analysis§ reveals the product to be the Ci
symmetric twelve-membered macrocyclic complex 1 compris-
ing four aluminium atoms (two bridging and two chelating), six
nitrogen atoms and two carbon atoms, The structure of this
product is closely related to that obtained from the reaction of
MePhNNH2 with Me3Al,5 and is not described in further detail
here.

In the absence of acetonitrile, the 2+1 reaction of Me3Al and
1,2-(H2N)2C6H4 (in toluene) has been shown to afford the
asymmetric complex [(Me2Al)2AlMe(C6H4(NH)2)2]·AlMe3 2.6
This, or a closely related derivative, is the likely precursor to 1.
Formation of the 12-membered ring product is brought about by
insertion of two acetonitrile molecules into the Al–N bonds, in

a related manner to that postulated for the reaction of hydrazines
with Me3Al/MeCN.5

Similar treatment of anthranilic acid, [1,2-(NH2)-
(HO2C)C6H4] (twice sublimed) with 2 equivalents of a toluene
solution of Me3Al affords, after work-up in acetonitrile, large
yellow prisms for which the 1H NMR spectrum possesses nine
distinct singlets in the Al–methyl region. The X-ray analysis§ of
the product revealed the chiral trimeric hexanuclear complex
[(Me2AlL)(MeAl)(m3-O)(m-O)]}3 3 (L = quinazoline) shown
in Fig. 1. The central Al3O3 ring has a twisted boat
conformation, whereas the three attached Al2O2CN rings each
have a folded envelope geometry. All six aluminium atoms
exhibit marked departures from ideal tetrahedral geometry with
angles in the range 100.9(2)–124.4(3)°. Although not possess-
ing strict C3 symmetry [the methyls on Al(2) and Al(4) are ‘up’,
whilst that on Al(6) is ‘down’], the pattern of bonding
throughout the structure is essentially three-fold symmetric. It is
interesting to note that whilst all of the Al–O bond lengths
within the central Al3O3 ring and also those to O(2), O(4) and
O(6) are all essentially the same [1.770(4)–1.794(4) Å], those to
Al(1), Al(3) and Al(5) are all significantly longer
[1.811(4)–1.827(4) Å]. As 3 is not the product of a chiral
synthesis, the presence in the crystals of molecules of only one
chirality is a consequence of spontaneous resolution upon
crystallisation.

Whereas the formation of 1 can be rationalised in terms of
acetonitrile insertion into the aluminium–nitrogen bonds of 2,
the carboxylic acid group of anthranilic acid contributes oxygen
atoms to the Al3O3 core around which the quinazoline ligands
are clustered. The reaction reproducibly affords 3 in ca. 45%
yield; its hydrolysis then readily releases the 2-methyl-4(3H)-
quinazolinone heterocycle 4 (identified by comparison of NMR
data with those of an authentic sample) in excellent yield. We

† Present address: School of Chemical Sciences, University of East Anglia,
Norwich, UK NR4 7TJ.

Scheme 1 Compounds 1–4 (inserted molecules of acetonitrile are shown in
bold).
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note that the formation of N-heterocycles by this methodology
is related to the intramolecular Ritter reaction7–9 in which
nitrilium salts, generated in the presence of Friedel–Crafts
reagents, react with a second nitrile molecule to give quinazo-
line ring systems.9

Future studies will focus on further exploiting nitrile
insertions into aluminium (and gallium) bonds to access unusual
inorganic ring systems and nitrogen heterocycle products.
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For 1: 1H NMR (400 MHz, C6D6, 298 K), d20.75, 20.48, 20.42, 20.37
(4 3 s, 8 3 3H, AlMe), 1.29 (s, 2 3 3H, CMe), 6.36–7.27 (3 3m, 8H, aryl
H), NH not seen. 13C NMR (100.6 MHz, C6D6, 298 K), d 212.24, 212.81
(br, AlMe), 28.91 (br, AlMe), 25.99 (br, AlMe). IR: n(N–H) 3247
cm21.

For 3: 1H NMR (400 MHz, CDCl3, 298 K), d 20.87, 20.82, 20.59,
20.47, 20.46, 20.45, 20.24, 20.23, 20.22 (9 3 s, each 3H, AlMe), 2.79

(s, 3H, Me-quin), 2.88 (s, 3H, Me-quin), 2.89 (s, 3H, Me-quin), 7.61 (m, 3H,
quinH), 7.82 (m, 3H, quinH), 7.92 (m, 3H, quinH), 8.35 (m, 3H, quinH). 13C
NMR (100.6 MHz, CDCl3, 298 K), d212.24, 211.56 (2 3m, 3 3 AlMe),
27.22, 26.79, 26.45, 25.43, 25.10, 24.57 (6 3 s, 3 3 AlMe2), 25.53,
25.82, 25.93 (3 3 s, Me-quin), 117.15 (m, 3 3 aryl C), 125.28–127.61
(overlapping m, 9 3 aryl C), 136.33 (m, 3 3 aryl C), 150.98 (m, 3 3 aryl
C), 158.45 (m, 3 3 aryl C), 169.31 (m, 3 3 aryl C). EI-MS: m/z: 807 (M+

2 Me). IR: n(m3-O)Al3 800 cm21.
§ Crystal data: For 1: C24H42N6Al4, M = 522.6, orthorhombic, space group
Pbca (no. 61), a = 8.717(1), b = 16.868(1), c = 20.416(2) Å, V =
3002.0(4) Å3, Z = 4 (the complex has crystallographic Ci symmetry), Dc =
1.156 g cm23, m(Cu-Ka) = 16.1 cm21, F(000) = 1120, T = 183 K; clear
prisms, 0.27 3 0.23 3 0.13 mm, Siemens P4/RA diffractometer, w-scans,
2182 independent reflections. The structure was solved by direct methods
and the non-hydrogen atoms were refined anisotropically using full-matrix
least squares based on F2 to give R1 = 0.069, wR2 = 0.173 for 1479
independent observed reflections [|Fo| > 4s(|Fo|), 2q < 120°] and 162
parameters.

For 3: C36H48N6O6Al6, M = 822.7, orthorhombic, space group P212121

(no. 19), a = 12.152(1), b = 16.054(1), c = 22.310(1) Å, V = 4352.3(6)
Å3, Z = 4, Dc = 1.256 g cm23, m(Cu-Ka) = 17.9 cm21, F(000) = 1728,
T = 173 K; yellow rhombs, 0.50 3 0.23 3 0.23 mm, Siemens P4/RA
diffractometer, w-scans, 4017 independent reflections. The structure was
solved by direct methods and the non-hydrogen atoms were refined
anisotropically using full-matrix least squares based on F2 to give R1 =
0.055, wR2 = 0.133 for 3483 independent observed reflections [|Fo| >
4s(|Fo|), 2q < 128°] and 488 parameters. The absolute structure of 3 was
determined by use of the Flack parameter which refined to a value of
20.07(7).

CCDC 182/1855. See http://www.rsc.org/suppdata/cc/b0/b007810g/ for
crystallographic files in .cif format.
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Fig. 1 The molecular structure of 3. Selected bond lengths (Å); Al(1)–O(1)
1.811(4), Al(1)–N(2) 2.021(5), Al(2)–O(1) 1.785(4), Al(2)–O(3) 1.788(4),
Al(2)–O(2) 1.779(4), Al(3)–O(3) 1.827(4), Al(3)–N(22) 2.034(5), Al(4)–
O(3) 1.770(4), Al(4)–O(4) 1.783(5), Al(4)–O(5) 1.785(4), Al(5)–O(5)
1.825(4), Al(5)–N(42) 2.015, Al(6)–O(1) 1.784(4), Al(6)–O(5) 1.794(4),
Al(6)–O(6) 1.785(5).
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Two C-glucosyl porphyrins are prepared using Ramberg–
Backlund and Lindsey methods for the key conversions, and
thiosugars are shown to react with perfluorophenylpor-
phyrins.

Photofrin®, a mixture of hematoporphyrin oligomers, is cur-
rently used clinically for the photodynamic therapy (PDT) of
cancers, but suffers from a variety of problems including
solubility and dosing.1 Because of their potential selective
binding to various cell types, porphyrins appended with a
variety of saccharides have been examined as possible agents
for PDT.1,2 Most recently, sugar-specific binding to rat
hepatoma cells by porphyrin glycoconjugates has been de-
scribed.2 Their efficacy as antibiotics and anti-viral agents is
also under intense investigation.1 Since metalloporphyrins are
well-established catalysts, the attachment of sugars to effect
regio- and stereo-selective oxidations has also been examined,
albeit with limited success.3 Additionally, there are several
requirements for the successful commercialization of any of
these adducts: (a) effective synthesis in high yields, (b) stable
products, in this case to hydrolysis, and (c) highly pure
compounds.

It is interesting that with few exceptions,4–6 the glycoconju-
gate has been oxygen linked via a glycosidic bond to a phenolic
aryl porphyrin. When the syntheses of these O-linked materials
are examined, one finds that disappointingly low yields are
reported, considering that the Lindsey porphyrin synthesis
yields are typically 45–65%.7 We believe that one problem may
be that the frequently used O-glycosyloxybenzaldehyde starting
materials, when subjected to the Lindsey porphyrin synthesis
using BF3 catalysis, can undergo a competing and yield-
reducing Suzuki O to C-glycoside rearrangement.8 Addition-
ally, a perceived problem with the O-glycosides is the inherent
possibility for glycosyl cleavage by acids, and in biological
systems by glycohydrolases. We wish to describe our prelimi-
nary results, which provide possible solutions to both the issues
of poor yields and hydrolytic instability, namely the preparation
of C- and S-glycosylated aryl porphyrins in high yields. Both
yield and stability are crucial factors for the successful
incorporation of sugar moieties into porphyrin combinatorial
libraries, since the linkage must be stable both during the
formation, subsequent reactions, and in the presence of a variety
of functional groups.

For the C-glycoside series, we chose to exploit earlier work
from our laboratory where the Ramberg–Backlund synthesis is
used to link sugars to aglycones.9,10 Thus, after screening
several alternative functional equivalents of p-bromomethyl-
benzaldehyde, we settled on a,aA-dibromo-p-xylene as an
inexpensive starting material. This was condensed with 1-thio-
b-D-glucose tetraacetate11 to afford thioglucoside 1. Then
conversion to the silylated material 2 was accomplished by
treatment of 1 with tert-butyldimethylsilanol in the presence of
silver triflate and 2,6-di-tert-butylpyridine.12 The replacement

of the acetyl groups with benzyl ethers to obtain 3 was achieved
by deprotection of 2 with sodium methoxide, followed by
benzylation. The sulfide 3 was oxidized to the sulfone 4 with
monoperoxyphthalic acid (MMPP). The resulting sulfone was
employed in the Ramberg–Bäcklund synthesis of the exo-glucal
5 under Chan’s conditions.13 The two isomers (Z)-5 and (E)-5 in
the ratio 8+2 were identified by NOE measurements, which
showed an effect between H-1 and H-3 in the case of the E-
isomer. In some cases the intermediate a-bromosulfone 6 was
isolated from the reaction mixture and then converted to the
exo-glucal 5 by treatment with base. The hydrogenation of 5
with palladium 5% on alumina afforded the b-C-glucoside 7,
identified by the coupling constant J = 9.2 Hz, indicating an
anti-diaxial configuration of the anomeric H-2 with respect to
H-3. The cleavage of the silyl ether 7, followed by Swern14

oxidation gave the aldehyde 9, which was utilized in the
synthesis of the porphyrins 10 and 11 in 15 and 53% yields
respectively, under Lindsey conditions.7 The materials obtained
showed the expected spectroscopic data. The hydrogenolysis of
the benzylic protecting groups yielded the porphyrins 12 and 13,
without reduction of the porphyrin. S-Glycosides were chosen
as worthy conjugates because they are considered to be good
mimics of O-glycosides with enhanced stability toward enzy-
matic hydrolysis.15

The second reaction sequence begins with 5,10,15,20-tetra-
(perfluorophenyl)porphyrin which can be routinely made in
gram quantities in high yields by the Lindsey procedure.7 The
reactivity of the para-fluoro group toward a large variety of
nucleophilic substitution reactions has been well estab-
lished.4,16 The tetrakis(thiogalactosyl) and tetrakis(thiogluco-
syl) derivatives of this fluorinated porphyrin are formed in > 85
and 90% yields, respectively, by modifications of previously
described procedures.16 Specifically, the porphyrin is dissolved
in amine-free DMF, five equiv. of the sodium salt of the
thiosugar added, and the mixture stirred at rt for 4 h. Purification
is accomplished on silica-gel using an ethanol–ethyl acetate
gradient as eluent.

DNA photocleavage assays are widely used to evaluate the
photoreactivity of porphyrin compounds, though DNA is not
the primary site of Photofrin activity.1,5,6 Thus we used standard
plasmid photocleavage assays to evaluate the photoreactivity
and compare these results with those for other porphyrins. The
conditions used to evaluate the photodamage to plasmid DNA
caused by porphyrin compounds varies, but our analysis (see

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b008489l/

Table 1

Compound
Partition coeff.
octanol–water

DNA
photocleavage

5-glu-triPP 12 68 Fair
Tetra glu PP 13 30 Poor
Tetra thio glu F4PP 50 Poor
Tetra thio gal F4PP 38 Fair
DiMePy + MeOHPa 7 Excellent

a Ref. 17.
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Table 1 indicates the compounds reported herein exhibit poor
photoreactivity which is consistent with other glycosylated
porphyrins.1,5,6 The amphipathic character of the macrocycle
derivative has been shown to correlate to cell toxicity in vitro,1
so the partition coefficients are reported. To date, for this class
of compounds, the activity is much poorer than the 5,10-
bis(4-methylpyridinium)-15-(4-methylphenyl)-20-(4-hydroxy-
phenyl)porphyrin (DiMePy+MeOHP) found by combinatorial
methods,17 and for some other tetraphenylporphyrin deriva-
tives.1

In conclusion, both the C and S linked glycoporphyrins can
be synthesized in high yields exceeding 50% based on starting
aldehydes using more efficient synthetic strategies. These
compounds are stable to hydrolysis and show some photo-

activity. Despite significant efforts by a large number of groups,
there are few effective photodynamic therapy (PDT) agents,
thus there remains a need to further develop the chemistry and
the structure–activity relationships of this class of compounds.
In contrast to the present clinical use of Photofrin® for the PDT
of cancers, it may be found that different porphyrinic com-
pounds are needed to more effectively treat different cancerous
tissues, or for other therapeutic uses.
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We report on the fabrication of a polypyrrole/poly(methyl
methacrylate) coaxial nanocable through the sequential
polymerization of methyl methacrylate and pyrrole mono-
mers inside the channels of mesoporous SBA-15 silica,
followed by the removal of the silica template.

There has been tremendous interest in the development of
conducting structures with nanometer dimensions. These nano-
structured conducting materials could find many attractive
applications such as electromagnetic interference shielding,
electrochromic devices, supercapacitors, polymeric electrodes
and sensors.1 Recently, many nanotubules and nanowires of
polymers, metals and carbons have been produced through
template approaches with various membranes,2 layered in-
organic solids,3 zeolites and mesoporous materials.4 Generally
conducting polymers themselves, however, possess poor me-
chanical properties, and are very difficult to process. To
overcome these drawbacks, much research effort has been
focused on the development of processes to combine conduct-
ing polymers and polymer matrices with good tractability.5
Although many different conducting polymer composites have
been developed, no nanostructured conducting-polymer/poly-
mer composites have, as yet, been reported. Herein, we report
the preparation of polypyrrole/poly(methyl methacrylate) coax-
ial nanocable using mesoporous silica as a template.‡

In the synthesis, mesoporous SBA-15 silica was utilized as a
template. Mesoporous SBA-15 silica with regular hexagonal
pores of 7.5 nm was prepared by the reported method.6 To
synthesize tubular PMMA within the pores of SBA-15, methyl
methacrylate (MMA) was incorporated into the pores of SBA-
15 silica and MMA was subsequently polymerized. The amount
of MMA was precisely controlled so that the polymerization
could occur selectively on the inner surfaces of mesopores of
SBA-15, resulting in a tubular structure of PMMA. Pyrrole
monomer was polymerized using FeCl3 as an oxidant inside the
tubular holes of the PMMA/SBA-15 composite, resulting in a
PPy/PMMA/SBA-15 nanocomposite. The removal of SBA-15
silica template by etching using an aqueous HF solution
produced a PPy/PMMA nanocomposite.

The pore size distribution (PSD) curves of SBA-15, PMMA/
SBA-15 and PPy/PMMA/SBA-15 were derived from nitrogen
adsorption isotherms and are presented in Fig. 1. The pore size
of SBA-15 silica (7.5 nm) was decreased to 6.2 nm when the
polymerization of MMA was conducted and the TEM image of
PMMA incorporated SBA-15 exhibited a nearly hexagonal
arrangement of pores, demonstrating the formation of tubular
PMMA inside the mesopores of SBA-15 silica. The pore
volumes of SBA-15, PMMA/SBA-15, and PMMA/PPy/SBA-
15 are 0.63, 0.23, and 0.07 cm3 g21, respectively. Thermogravi-
metric analysis (TGA) showed the weight ratio of SBA-15:
PMMA+PPy = 50+27+23 in the PPy/PMMA/SBA-15 compos-
ite. Elemental analysis of the PMMA/PPy nanocomposite
revealed a 1+1 weight ratio of PMMA and PPy, which matches

well with the TGA data. The weight ratio can be also calculated
from the change of pore volumes after considering the bulk
densities (1.2 g cm23 for PMMA and 1.5 g cm23 for PPy) and
the weight increases from the consecutive addition of two
polymers. The ratio was calculated to be PMMA+PPy = 1+0.8.
When the weight ratio was derived simply from the decrease in
the pore sizes of the composites, the weight of PMMA is much
lower (PMMA+PPy = 0.4+1). However, this discrepancy can
be explained by the incorporation of PMMA into the com-
plementary pores (micropores) of SBA-15 silica. Recently,
Kruk et al. revealed that many micropores in the walls of SBA-
15 silica interconnect primary mesopores.7 When polymeriza-
tion of MMA occurs, PMMA might fill these micropores in
addition to partial filling of the mesopores. Therefore, the actual
amount of PMMA incorporated into SBA-15 is larger than the
calculated amount of PMMA derived solely from the partial
filling of mesopores.

Small angle X-ray scattering (SAXS) patterns were obtained
at various times during the synthesis. The diffraction pattern of
SBA-15 showed typical hk0 reflections (100, 110 and 200) from
the hexagonal arrangement of pores. The peak intensity in the
SAXS of PMMA/SBA-15 and PPy/PMMA/SBA-15 decreased
compared with that in SBA-15 silica, but the peak positions of
the XRD patterns were nearly identical. These results show that
the SBA-15 structure remained intact during the synthesis,
demonstrating the usefulness of SBA-15 silica as a nano-
reactor.

The PPy/PMMA nanocomposite was obtained by HF etching
of the SBA-15 silica template. It has been reported that acid
treatment does not decrease the electrical conductivity of PPy.8
The resulting polymer/polymer nanocomposite was dried at
100 °C under vacuum to obtain the dry powder which was
analyzed by FTIR spectroscopy. The IR spectrum of the
nanocomposite exhibited characteristic peaks from both
PMMA and PPy. One very unusual observation is that there are
two carbonyl peaks associated with PMMA. The curve-fitted

† Electronic supplementary information (ESI) available: FTIR spectra,
XRD patterns and TEM images. See http://www.rsc.org/suppdata/cc/b0/
b006197m/

Fig. 1 The pore size distribution curves of SBA-15, PMMA/SBA-15 and
PPy/PMMA/SBA-15. The curves were obtained from the adsorption branch
of the nitrogen isotherm calculated by the BJH method. The isotherms were
collected at 77 K on a Micrometrics ASAP2010 Gas Adsorption Analyzer
after degassing at 250 °C at 30 mTorr for 5 h.
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spectra of the carbonyl region of the PPy/PMMA nano-
composite exhibited one major peak at 1727 cm21 and a
shoulder at 1700 cm21 [Fig. 2(a)]. The carbonyl peak at 1700
cm21 indicates hydrogen bonding interactions between PMMA
carbonyl groups and PPy N–H groups. On the other hand, the
peak at 1727 cm21 arise from the free carbonyl groups of
PMMA. Such a strong interaction between PPy and PMMA has
not been reported before in the micrometer-sized PPy/PMMA
composites. Judging from these data, it seems that the outer
PMMA layer is intimately mixed with PPy at the nanometer-
scale [Fig. 2(b)].

The PPy/PMMA nanocomposite could be easily molded by
compression under 25 kN cm22 at 220 °C for 10 min using a
pelletizer. Interestingly, the AFM image of the compression-
molded PPy/PMMA composite revealed highly oriented and
unidirectional structures (Fig. 3). The well aligned structure was
observed nearly all over the sample, which seems to result from
template synthesis inside regular hexagonally arranged meso-
pores of SBA-15. The compression-molded PPy/PMMA nano-
composite exhibited an electrical conductivity of 1.7 S cm21.
Considering that the typical conductivity of chemically synthe-
sized PPy lies in the range 1–10 S cm21, the conductivity of our
PPy/PMMA composite seems to be low. However, when we
consider that the PPy wires in the PPy/PMMA nanocomposite
are surrounded by insulating PMMA tubules, limiting full
exposure of the conducting surface of PPy, the conductivity is
relatively high which might result from the good alignment of
the PPy chains.

We are grateful to the Brain Korea 21 Program supported by
the Korean Ministry of Education for the financial support.
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Fig. 2 (a) Curve-fitted IR spectra of the PMMA carbonyl peak for the PPy/
PMMA nanocomposite. (b) A schematic illustration of coaxial nanocable of
PPy/PMMA.

Fig. 3 AFM images of PPy/PMMA nanocomposite: (a) height image and (b)
phase image. The film was fabricated by compression-molding of the PPy/
PMMA nanocomposite at 220 °C under 25 kN cm22 for 10 min. The images
were obtained with Nanoscope IIIa Dimension 3100 SPM (Digital
Instruments) in tapping mode.
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A hydrolytically stable sugar phosphonate coupled to a
steroid via a long and semi-rigid spacer (synthesized via a
12-step sequence) binds both to the mannose-6-phosphonate
receptors of certain cancer cells and to the lipid bilayer of
vesicles, thereby serving as a multivalent adhesive between
cell and vesicle surfaces.

Mannose-6-phosphate plays a key role in the intracellular
retention and secretion of lysosomal hydrolytic enzymes.1
Thus, this sugar residue inserted on the enzymes directs the
transport of the newly synthesized enzymes from the Golgi
apparatus to the lysosomes. Membrane-bound mannose-
6-phosphate receptors assist in both the secretion and internali-
zation of the lysosomal enzymes. It has been demonstrated that
the population of mannose-6-phosphate receptors is increased
abnormally in breast cancer cells as compared to those of benign
breast disease.2 The receptors can, therefore, provide a handle
with which to attack the cells.3 For example, drugs and vesicles
endowed with mannose-6-phosphate moieties could, in princi-
ple, bind selectively to cancer cells owing to the enhanced
presence of mannose-6-phosphate receptors. It is this potential
vulnerability of the cancer cells which motivates the present
paper. A recent paper describing vesicles containing phospho-
lipids bearing a sugar-binding boronic acid that adhere to
erythrocytes embodies a similar philosophy.4

Actually, the use of mannose-6-phosphate moieties to target
bioactive molecules is not as attractive as it might seem. The
problem lies in the susceptibility of sugar phosphates to
hydrolysis by various phosphatase enzymes. To circumvent this
problem, we have recently developed synthetic routes to two
phosphonate analogs of mannose-6-phosphate (M6-P); one is
isosteric with the phosphate moiety while the other is not.5
Both, however, are hydrolytically stable. Upon submitting the
analogs for biological testing, it was found that the isostere (but
not the non-isostere) binds to M6-P receptors as effectively as
does M6-P itself.5

Encouraged by the results of our biological testing, we
proceeded to construct a molecule (14) that could bind both to
cancer cells and to vesicles and, in this manner, serve as an
‘adhesive’ between the living and chemical systems. Our
interest in attachment to cancer cells arose from the widespread
attention given to vesicles (also called ‘liposomes’) as drug
delivery vehicles in cancer therapy.6

Vesicles are spherical objects composed of one or more lipid
bilayer shells surrounding an aqueous interior. Their diameter
ranges from 30 nm (‘small’) to 10–200 mm (‘giant’), and we
have had considerable experience with both types.7 Often in our
vesicle research we add cholesterol, owing to its high affinity
for lipids bilayers and to its strengthening effect upon the
vesicles. It was for these properties that a cholesterylamine unit
was selected as the vesicle-adhering unit. All told, about a dozen
steps were required to synthesize the cell/vesicle adhesive
(Scheme 1). Reactions were generally run at the 50 mg level
because scale-up often reduced the yields. Great attention to
purification by chromatography was necessary throughout.

4-Nitrophenyl-a-D-pyranoside 1 was used to initiate the
synthesis (Scheme 1). Compound 1 was first selectively
protected on the primary hydroxy with a 4-methoxytrityl group
to give 2. The secondary hydroxys were then protected with
benzoyl groups (2 to 3). Attempts to benzylate these hydroxys
instead of benzoylating them led to degradation. Compound 3,
fully protected, was selectively deprotected only at C-6 with the

Scheme 1 Reagents and conditions: (a) CH3OTRCl, pyridine, 94%; (b)
BzCl, pyridine, 90%; (c) Ce(NH4)2NO3CN–H2O 95+5, 80 °C, 90%; (d)
Swern oxidation, (COCl)2, DIEA, DMSO, THF, 5: 37%, 5A: 63%; (e)
Wittig–Horner, TEMDP, NaH, benzene, 6A: 40%; (f) H2 Pd/C, EtOH, 86%;
(g) PPH3, HN3, DEAD, toluene, 65%; (h) LiAlH4, Et2O, 95%; (i) succinic
anhydride, TEA, Et2O, 90%; (j) DCC/HOBT, DMAP, N-Et-morpholine,
CH2Cl2, 80%; (k) MeOH–NH3, 4 °C, 90%; (l) Me3SiBr, pyridine, CH2Cl2
then Na cation exchange resin, 40%.
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aid of a redox reaction involving ceric ammonium nitrate. The
resulting primary alcohol 4 was then subjected to a Swern
oxidation and converted into a product that gave two spots when
developed with rhodanine. Both products showed the presence
of an aldehyde proton in the NMR (one at 9.70 ppm and the
other at 9.28 ppm in a ratio of 37 and 63 respectively).
Purification of the mixture by chromatography gave the latter
aldehyde whose NMR spectrum indicated the occurrence of a
E1cb-type elimination of a benzoate during the Swern oxida-
tion. In the course of the actual synthesis, however, the aldehyde
mixture (5 and 5A) was used without separation in a Wittig–
Horner reaction to produce two phosphonates (6 and 6A) in 25%
and 40% yields, respectively. At this point, phosphonate 6 was
isolated by chromatography and hydrogenated to 7, a reduction
that both removed the unsaturation and converted the nitro
group into an amino group. Meanwhile, in this convergent
synthesis, chemistry was being performed on the steroidal
portion of the molecule starting with cholesterol 8. Thus,
cholesterol was transformed into a-cholesterylamine 10 using a
literature procedure with only slight modification.8 We now had
in hand the necessary two amines which were joined together
via a succinoyl unit by first acetylating 10 with succinic
anhydride to give 11. Carbodiimide coupling of 11 with 7 then
gave 12 which needed only to be deprotected to produce the
final compound.

Deprotection was accomplished by first debenzoylating 12
with methanolic ammonia. The phosphonate diester 13 was
used to obtain the disodium phosphonate salt with the aid of
trimethylsilylbromide; purification of 14 was performed by
chromatography on silica gel. An overall yield of only 2.6% is
indicative, in part, of the difficulties in preparing and purifying
this large and bipolar molecule.

Microscopically visible giant vesicles, comprised of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), com-
pound 14 or its phosphate counterpart,9 and 1-palmitoyl-
2-oleoyl-3-phosphoglycerol (POPG) were prepared in Hepes
solution (1 mM) by the hydration method,7 using ratios from
87+5+8 to 75+17+8, respectively. An aliquot of the vesicle
suspension was added to a petri dish containing MCF-7 breast
cancer cells (half-confluent) in Dulbecco’s phosphate buffer
solution (DPBS, Sigma). The petri dish was gently swirled and
placed under a light microscope. Giant vesicles adjacent to
cancer cells were grasped with a micropipet under suction and
slowly withdrawn from the cells. The majority of the giant
vesicles containing 14 or its phosphate counterpart failed to
release the cells but continued to stick to them. When such
vesicles were pulled away from the cancer cells, either the cell
(Fig. 1) or the vesicle (Fig. 2) was substantially distorted. Fig. 1
shows how a withdrawn vesicle retains its contact with the
cancer cell via an elongated fiber originating from the cancer
cell. Fig. 2 shows how a spherical giant vesicle, attached to a
cancer cell via 14, deforms into an ellipsoid upon application of
a lateral force. Control runs, carried out with identical vesicles
except that their bilayers possessed a non-adhesive steroid, the
succinate derivative of cholesterylamine, failed to produce a
similar effect in the majority of cases. These experiments
suggest that 14 does indeed serve as a chemical adhesive.

Submicroscopic vesicles (100 nm in diameter) were prepared
by hydration of a film of POPC–14–POPG mixture with a 0.96
mM solution of a water-soluble fluorescent dye (Lucifer Yellow
CH, dipotassium salt), followed by 19 extrusions through a 100
nm polycarbonate filter. Elution through a Sephadex G-50
column removed all dye not bound in or on the small vesicles.
The fluorescent vesicles were then added to a cancer cell culture
in medium and allowed to sit for 40 min. At the end of this
period, medium and unbound vesicles were washed away with
DPBS, and epifluorescence microscope pictures were taken of
the cancer cells (Fig. 3). The cancer cells are seen to display a
fluorescence consistent with surface binding of the fluorescent
vesicles. As a control experiment, the chemical adhesive 14 was
omitted from the vesicles, and the cancer cells failed to display
fluorescence. This again suggests the efficacy of the chemical
linkage between vesicle and cell. Definite experiments includ-

ing flow cytometry are being planned. Yet even at this stage of
our work the steroidal phosphonate appears to be a promising
tool in selective targeting of breast cancer cells.

This work was supported by grant GM21457 from the
National Institutes of Health to F. M. Menger.
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Fig. 1 (a) A giant vesicle containing the phosphate counterpart of 14 has
attached itself to a cluster of cancer cells. (b) The vesicle is slowly pulled
away from the cells with a micropipet. A fiber (arrow) forms between the
vesicle and cells. Bar = 20 mm.

Fig. 2 A giant vesicle containing adhesive 14 and attached to a cancer cell
showing a sphere-to-ellipsoid distortion upon application of a lateral force.
Bar = 20 mm.

Fig. 3 (a) Phase contrast image of MCF-7 cells that have been incubated
with submicroscopic vesicles. The vesicles contain adhesive 14 within their
membranes and Lucifer Yellow CH in their aqueous interior. (b)
Fluorescence image of the same cluster showing fluorescence-labeled cells.
Bar = 25 mm.
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The electro-oxidation of water-immiscible liquid aliphatic
acids (RCO2H) leading to decarboxylation to afford a
hydrocarbon (R–R) may be achieved using an emulsion
formed via insonation so that the organic phase continuously
extracts the products; in complete contrast to conventional
monophasic electrolyses, the type and yield of products
obtained from this biphasic Kolbe electrolysis are independ-
ent of the electrode material used.

The introduction of power ultrasound into homogeneous
solutions has a considerable effect upon mass transport
processes due to macroscopic streaming and microscopic
interfacial cavitational events;1 the sonication of biphasic media
can result in the formation of an in situ emulsion,224 primarily
due to cavitational events that occur preferentially at the phase
boundary.3 These mechanical forces act to divide droplets again
and again forming microdroplets and effectively ‘homogenis-
ing’ the heterogeneous system.

Electrosynthesis in emulsion media is long established.5,6

Sono-emulsion systems have considerable potential for applica-
tion in electrosynthesis because (i) there is no need for emulsion
stabilising reagents, (ii) the separation of products is facile, (iii)
aqueous solutions may be co-emulsified with a sparingly
soluble liquid depolariser, resulting in a medium of high
conductivity, (iv) high rates of mass transport can be achieved,
and (v) the electrode surface is continually activated.7

We report the use of sono-emulsion media to study the
electro-oxidation of hexanoic acid (Kolbe reaction). Previous
sono-electrosynthetic studies8212 have focussed upon the
effects of ultrasound on Kolbe electrolysis, exclusively under
monophasic conditions, and with seemingly contradictory data.
In this work it is shown that under biphasic conditions, although
Kolbe electrolysis is conducted at a potential far beyond that
required for solvent decomposition, an efficient conversion of
hexanoic acid into decane is achieved at both platinum and
boron-doped CVD (chemical vapour deposited) diamond film
anodes. Surprisingly, the anode material does not affect the type
or ratio of products formed.

An electrochemical cell equipped with an ultrasonic probe§
was used as reported earlier.13 With an ultrasound intensity of
190 W cm22, this configuration leads to forceful mixing and
emulsification of two-phase systems such as water | decane. The
biphasic emulsion systems of hexanoic acid (ca. 5 mL) in
aqueous 1.0 M NaOH (ca. 15 ml) had a conductivity of ca. 20
mS cm21 and pH of 6.1. These values were kept more or less
constant throughout the electrolysis by the reduction of water at
the platinum counter electrode, and the gradual dissolution of
the organic acid into the aqueous solution phase.

Power ultrasound was used to emulsify ca. 15 mmol of
hexanoic acid in an aqueous 1.0 M NaOH biphasic system.
After the passage of 1 Faraday (per mole of hexanoic acid) of
charge (ca. 1500 C, sufficient to quantitatively convert hexanoic
acid assuming a one-electron oxidation process) the reaction

was stopped, excess hydroxide neutralised with acid, and the
organic products extracted with ethyl acetate and analysed by
GC–MS and NMR spectroscopy. Data summarised in Table 1
describe the conditions used and the yields of the main product,
decane—the Kolbe dimer, generated in this electrolysis process.
At platinum electrodes, it can be seen that a threshold current
density (or applied potential) exists below which the Kolbe
process cannot compete against background processes such as
oxygen evolution. As in the monophasic case,14 increasing the
temperature at which the reaction takes place causes a decrease
in current efficiency; decreasing the aqueous electrolyte
concentration also has this effect. The effect of the current
density can be rationalised as follows. Initially, increasing the
current density causes the current efficiency to improve, and
good yields of decane are observed at current densities in the
range 0.2–0.3 A cm22; at values of 0.35 A cm22 and higher, the
current efficiency decreases. This can be rationalised in terms of
the flux of hexanoate towards the electrode surface. The
ultrasound-determined mass transport limiting current (Ilim) in
homogeneous solution is given by1 eqn. (1):

I
nFADc

lim =
d (1)

where n refers to the number of electrons transferred at the
electrode, F is the Faraday constant (96485 C mol21), A is the
area of the platinum working electrode (1.1 cm2), D and c refer
to the diffusion coefficient and the concentration of hexanoate
in the emulsion respectively, and the Nernstian diffusion layer
thickness,1 d is ca. 5 mm. Using the Wilke–Chang method15 for
estimation of diffusion coefficients, and further assuming the
viscosity of the emulsion to be not too different from that of
water, a hypothetical mass transport controlled limiting current

† Present address: Department of Chemistry, Loughborough University,
Loughborough, UK LE11 3TU.
‡ Present address: School of Chemistry, University of Bath, Claverton
Down, Bath, UK BA2 7AY.

Table 1 Results from galvanostatic electrolysis experimentsa

2 Me(CH2)4CO2H ? Me(CH2)8Me

Mass of
hexanoic
acid/g

Concentration
of NaOH/M

Current
density/
A cm22 Tenperature/K

Yieldb (%)
of decane

1.1 cm2 platinum disc anode

1.72 1.0 0.08 293 0
1.72 1.0 0.13 293 24 ± 3
1.83 1.0 0.18 293 45 ± 5
1.82 1.0 0.35 293 40 ± 5
1.67 0.1 0.18 293 17 ± 2
1.87 1.0 0.18 313 3 ± 1

0.25 cm2 free-standing polycrystalline boron-doped CVD diamond anode

1.80 1.0 0.35 293 40 ± 5
1.80 1.0 0.70 293 14 ± 5
a Reaction conditions: oxidation of hexanoic acid at a 1.1 cm2 platinum
anode (or at a 0.25 cm2 free-standing polycrystalline boron-doped CVD
diamond electrode) in an aqueous NaOH/hexanoate emulsion system in the
presence of power ultrasound (7 mm electrode-to-horn distance, 190 W
cm22). Charge equivalent to 1 Faraday per mol of hexanoic acid was passed
before analysis (ca. 1500 C). b Yields based upon quantitative analysis of 1H
NMR signals.
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density of up to ca. 1 A cm22 may be inferred. Hence, the
oxidation is a mass transport controlled process and not limited
by electrode kinetics. Increasing the current density beyond the
mass transport limit gives rise to additional oxygen evolution
rather than the desired Kolbe process, resulting in loss of
efficiency. Decreasing the current density below a critical value
of ca. 0.1 A cm22 causes the Kolbe process to stop as the anode
potential falls below the threshold required for Kolbe elec-
trolysis.

The Kolbe dimer is not produced exclusively: GC–MS and
NMR analysis of the electrolytic products permits the identi-
fication of the ester, amyl caproate, formed in < 5% yield. The
absence of any pentenes and pentanols is novel and surprising.
This is indicative of a trapping of the initial reaction
intermediates at the electrode surface; the pentyl carbocation is
unlikely to be formed as a free intermediate during elec-
trolysis.

It is widely known that ultrasound damages the surface of
platinum electrodes.1 Recently, boron-doped CVD diamond
electrodes have been employed in the presence of ultrasound
with negligible damage to the electrode surface.16 Furthermore,
diamond surfaces are chemically inert under hostile conditions
and after long-term electrolysis at very positive potentials.17

The level of boron doping is high, typically ca. 1020 cm3,
corresponding to a B+C atom ratio of 1+1000, allowing a
resistivity of 0.3 mΩ m to be achieved.18

Galvanostatic electrosynthesis experiments employing a
boron-doped CVD diamond anode were conducted at different
current densities, and the products analysed as before. The
products observed in conventional Kolbe electrolyses suggest
that the electrode material exerts a strong control, with products
predominantly derived from carbocation intermediates detected
at carbon anodes.14 Surprisingly, electrosynthesis at a boron-
doped CVD diamond anode under sono-emulsion conditions
again gives rise to the detection of predominately the Kolbe
dimer (see Table 1). Current efficiencies and yields are only
slightly lower than those observed at platinum electrodes.
Interestingly, the ester, amyl caproate is again the sole by-
product, suggesting that a mechanism similar to that at platinum
electrodes is operative.

In summary, Kolbe electrolysis has been accomplished under
the novel conditions of an emulsion generated in situ by power
ultrasound. This method of electrosynthesis renders good yields
of product and is highly charge efficient. For the first time in
150 years,19 the electrode material used and conditions
employed are observed to have only little effect upon the type of
products formed. Although the mechanism of the reaction is
unclear, it may involve encapsulation of intermediates within
the organic component of the emulsion. This type of electro-
synthetic methodology shows promise for wider application.

We thank the Royal Society for financial support through a
University Research Fellowship (F. M.), and DeBeers Industrial
Diamond Division, UK and the EPSRC (GR/N 12051) for
supporting this work.
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Two decanuclear cyclic Cr(III) complexes have been syn-
thesised in high yield by solvothermal techniques: magnetic
susceptibility studies reveal ferromagnetic Cr…Cr exchange
in one, and antiferromagnetic Cr…Cr exchange in the
other.

The synthesis and magnetic characterisation of molecules with
large numbers of unpaired electrons have attracted intense study
since the discovery that molecular aggregates stabilising high
ground spin states can display the phenomenon of single-
molecule magnetism.1 Cyclic complexes are of particular
interest as models of infinite one-dimensional chain compounds
and in the study of quantum-size effects,2,3 and are known for
several first row d-transition ions.4 Among these, Fe(III) rings
have received most attention5 and can generally be made under
ambient conditions. By contrast, few cyclic chromium com-
plexes have been reported,6 and require much harsher synthetic
conditions owing to the kinetic inertness of Cr(III).7

Solvothermal techniques allow high reaction temperatures in
low boiling solvents, whilst maintaining the advantages of
solution chemistry (e.g. crystallisation of products). However,
there are few reports of solvothermal syntheses of molecular
clusters.8 We report here the solvothermal synthesis of [Cr10(m-
O2CMe)10(m-OR)20] (R = Me 1, Et 2) in high yield. These are
the highest nuclearity cyclic clusters yet reported for Cr(III), and
1 displays the rarely observed phenomenon of ferromagnetic
Cr(III)···Cr(III) exchange.

Heating trinuclear basic chromium acetate, [Cr3(m3-O)(m-
O2CMe)6(H2O)3]Cl·6H2O (100 mg), in MeOH or EtOH (10 ml)
in a Teflon-lined autoclave at 200 °C for 1 d followed by slow
(0.1 °C min21) cooling to room temperature over ca. 2 d yields
large, dark-green crystals of 1 or 2, respectively (60–70%).
Single-crystal X-ray diffraction analyses9 reveal cyclic decanu-
clear structures (Fig. 1), similar to the ‘molecular ferric wheels’
reported by the groups of Lippard5a and Winpenny.5b The Cr10
rings are close to planar, with each pair of neighbouring Cr(III)
ions bridged by one m-acetate and two m-alkoxide groups. In
both compounds the rings are closely aligned perpendicular to
the crystal {1 0 21} plane. In 1, the Cr10 rings in any given layer
adopt a staggered configuration relative to those in adjacent
layers (Fig. 2), while in 2 they are more closely ‘eclipsed’.

The magnetic behaviour of 2 is relatively straightforward: cT
vs. T decreases slowly from 300 to 120 K and then more quickly
to 2 K (Fig. 3). This is indicative of weak, intra-ring
antiferromagnetic exchange between Cr(III) ions. The best
simulation10 is obtained with J = +0.9 cm21 (Fig. 3).
Introduction of inter-cluster or zero-field splitting (ZFS) effects
do not improve the simulation. Corroboration of this number
comes from fitting 1/c vs. T (linear to low temperature, data not
shown) to the Curie–Weiss law, giving a Curie constant of C =

18.8 cm3 mol21 K and a small Weiss constant of Q = 23.4 K.
The Cr···Cr exchange can then be calculated from Q,6b giving J
= +0.94 cm21.

The magnetic behaviour of 1 is more complicated. cT vs. T
increases from 18.3 to 20.0 cm3 mol21 K between 300 and 22
K, indicating the presence of ferromagnetic interactions, before
decreasing down to 2 K (Fig. 4). The high-temperature data
(above 50 K) can be fitted to the Curie–Weiss law with C =
18.2 cm3 mol21 K and Q = +4.1 K. The decrease of cT below
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Fig. 1 Molecular structure (50% thermal ellipsoids) of [Cr10(O2C-
Me)10(OMe)20] 1. Bond length ranges: Cr–O(Me) 1.935(7)–1.985(8) Å,
Cr–O(acetate) 1.969(8)–2.005(7) Å. Cr···Cr distances: 2.985(3)–2.994(3)
Å. Bond angle ranges: Cr–O(Me)–Cr 98.0(3)–100.3(4)°. The analogous
ranges for 2 are: Cr–O(Et) 1.951(6)–1.980(6) Å, Cr–O(acetate)
1.981(7)–1.998(7) Å, Cr···Cr 2.992(2)–2.997(2) Å, Cr–O(Et)-Cr
98.5(3)–100.1(3)°.

Fig. 2 Packing diagram of 1 viewed down the crystallographic b axis. All
Me groups have been omitted for clarity.
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20 K is indicative of an antiferromagnetic contribution to cT.
The cT vs. T curve can be modelled with a ferromagnetic intra-
molecular exchange between neighbouring Cr(III) ions of J =
24.5 cm21 and a weak antiferromagnetic inter-molecular
exchange of Jinter = +0.26 cm21 (see Fig. 4). It is worth noting
that it is the ferromagnetic nature of the intra-ring coupling in 2
that allows detection of an antiferromagnetic inter-ring inter-
action at temperatures below 20 K: a similar inter-ring coupling
in 1 would be barely detectable. The ferromagnetic interaction
is predominant as evidenced by the initial increase in cT down
to 20 K. The decrease of cT below 20 K could not be modelled
by inclusion of ZFS effects, or by having ferromagnetic
exchange in one of the two independent molecules of 1 and
antiferromagnetic exchange in the other.

The magnetic behaviour of 2 (antiferromagnetic intra-ring
exchange, resulting in a non-magnetic S = 0 ground state) is
common for cyclic complexes. However, J = +0.9 cm21 is very
weak compared to other cyclic Cr(III) complexes (typically +6
to +10 cm21).6 The ferromagnetic interactions observed in 1 are
highly unusual: there are very few previous examples of
ferromagnetic Cr(III)···Cr(III) exchange in molecular systems11

and, furthermore, only two previous examples of ferromagnet-
ically coupled cyclic complexes of any metal ion.12

The so-called GHP model13 correlates the exchange constant
in ‘planar’ {Cr2(m-OR)2} dimers with (i) Cr–O(R)–Cr bridging
angle (f), (ii) Cr–O(R) bond length (r) and (iii) dihedral angle
between the bridging plane and the O–R vector (q). Our systems
are complicated by the non-planarity of the {Cr2(m-OR)2}
bridges imposed by the m-O2CMe groups: these bridges are also
likely involved in the exchange pathways. However, we note
that both 1 and 2 have an average f ≈ 99° and in the GHP model
are in the ‘crossover’ region between (weak) antiferromagnetic
and ferromagnetic coupling regimes. This is consistent with the
observed small values of |J| ≈ 0.9–5 cm21. Furthermore, the
smaller average q values observed in 2 than in 1 are consistent
with the more antiferromagnetic exchange in the former: this
effect has been observed previously in ethoxide vs. methoxide

bridged Cr(III) dimers.14 Thus, we attribute the differing
magnetic behaviour of 1 and 2 to a combination of the above
effects.

We thank the EPSRC and Italian MURST for financial
support. This work was also supported by 3MD EU network
contact no. ERB 4061 PL 97-0197.
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A porphyrin bearing a peripheral enaminoketone function
allows the preparation of conjugated dimeric porphyrins
linked through metal ions.

Multiporphyrin assemblies are involved in several biological
processes such as photosynthesis or electron transfer. Mimick-
ing those assemblies and their activity has been a challenge for
chemists and numerous examples of multiporphyrin com-
pounds have been described in recent years.1–22 The connection
between porphyrin nuclei may involve C–C bonds, hydrogen
bonds, direct metal–metal or m-X bonds, catenation of porphy-
rin ansa-derivatives, coordination of appropriate peripheral
substituents to metal centers, etc. More recently, after the
molecular wires described earlier by Crossley and Burn,8
several groups are pursuing efforts to obtain conjugated
oligoporphyrinic molecules directly linked through one, two or
even three covalent bonds.10–13 This covalent approach suffers
some drawbacks: synthetic and separation problems, iterative
reactions to obtain larger molecules, variations of the linking
bonds limited to C–C or C–N.

The use of coordination bonds15–21 has the advantage of
offering an additional choice: each metal center may present its
own geometry and coordination number depending on the
element and its oxidation level, in addition to the variations due
to the nature of the internal coordination sites of the porphyr-
ins.

Here we describe a substituted porphyrin acting both as an
internal (with the four pyrrole nitrogens) and as an external
(with an enaminoketone moiety) ligand. The external coordina-
tion site is coplanar and fully conjugated to the porphyrin
aromatic system.22 In contrast to most systems assembled with
metal ions, where little or no interaction is observed in the
ground state between the porphyrins, the porphyrin–porphyrin
conjugation in our dimers linked by metal ions will be
illustrated by their electronic spectra and electrochemical
behaviour.

meso-Tetraarylporphyrins bearing a keto group located on an
additional ring attached to an aryl substituent and a pyrrolic b-
carbon have been known since 1980 but their reactivity has been
little investigated.23–26 In the course of a search for extended

porphyrin chromophores we reacted ketone 1 with nitrogen
nucleophiles. Under mild acid catalysis, reagents of the general

composition H2N–X (X = OH, NHTs, OSO3H) gave in
variable yield enaminoketone 2, the highest yield (90%) being
observed with hydroxylamine O-sulfonic acid–AcOH–NaOAc
in refluxing CH2Cl2. Enaminoketone 2a showed a UV–VIS
similar to the starting material (lmax = 451, 568, 614 and 709
nm). The b-N–H NMR signals could be detected at d 9.0 (N–H
involved in a hydrogen bond with the carbonyl group) and d
5.48 (free N–H, shielded by a vicinal phenyl ring).

Enaminoketone 2 presents remarkable coordinating proper-
ties: in addition to the internal 4N tetradentate macrocyclic
coordination site, the enaminoketone group is a potential N+O
chelating external site (an analog of the acetylacetonate ligand)
that might couple porphyrins to form homo- or hetero-
polymetallic complexes. One would predict that the coordina-
tion at the enaminoketone site should be favoured over the
introduction of metal ions in the core of the porphyrin, but one
also expects the stability of the internal complex to be of orders
of magnitude higher for the same metal ion; in particular with
first row transition metals the porphyrin–metal–porphyrin
connection is expected to be of low stability. Accordingly,
heterometallation may be performed along two routes by using
as an intermediate either an internal complex or the porphyrin
base dimer (Scheme 1).

Metallation of 2a (R = Ph) with nickel acetylacetonate (one
or more equiv.) rapidly gave a highly insoluble product
containing one metal and two porphyrins formulated as 3a (M1

= Ni; M2 = M3 = H2). Treatment with acetic acid, which is
unable to remove nickel from the 4N site of a porphyrin,
quantitatively regenerated the starting material. However, on
prolonged reaction in refluxing toluene with a 1:1 porphyrin/
nickel ratio, metallation of the porphyrin occurred and gave
mononuclear Ni–2a, while excess reagent gave trinuclear 3a
(M1 = M2 = M3 = Ni). The formation of Ni–2a is best
explained by the low stability of the nickel bridge—it did not
survive chromatographic conditions—and the slow formation
of the most stable metallation product. The same trinuclear
compound 3a (M1 = M2 = M3 = Ni) was formed when Ni–2a
was treated with an excess of nickel acetylacetonate. Similarly,
several trimetallic bisporphyrins were prepared (Ni/Cu/Ni; Ni/
VNO/Ni; Ni/Pd/Ni).

There remained the question of the relative arrangement of
the porphyrins around the metal, since the dimers may have a
center or a plane of symmetry. COSY and NOESY experiments

Scheme 1 Metallation of enaminoketone 2 (squares): vertical arrows =
metallation of internal site of porphyrin, slow and irreversible under the
reaction conditions; horizontal arrows = metallation of external site (fast
and possibly reversible reactions).
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confirmed the structure and the dimeric nature of 3. Additional
information was obtained when we turned to the more soluble
meso-tri(3,5-di-tert-butyl)phenylporphyrin series. Heating
equimolecular amounts of palladium(II) acetate and enaminoke-
tone 2b in refluxing toluene for 3 h led almost exclusively to 3b
(M1 = Pd; M2 = M3 = H2). Again, NMR experiments
(ROESY) confirmed the relative position of the porphyrins: HH
ROESY cross signals were observed between two protons of the
cyclised phenyl ring and the para proton and the tert-butyl
protons of a meso-aryl group belonging to the other porphyrin.
This compound survived chromatographic purification and is a
good starting material for heterometallic dimer preparation.
Indeed, metallation with zinc acetate gave the mono- and bis-
metallated 3b (M1 = Pd; M2 = Zn; M3 = H2 or Zn).

These new porphyrin dimers all showed similar electronic
spectra and an electrochemical behaviour indicative of the
conjugation introduced through the connecting metal between
the two aromatic rings. For example, the lowest energy band of
3a (M1–3 = Ni) shifts to 700 nm (e = 33000 dm3 mol21 cm21)
in comparison to the band observed at 649 nm (e = 18500 dm3

mol21 cm21) for Ni–2a (Fig. 1). The HOMO–LUMO gap
estimated from these data is reduced to 1.77 eV in the dimer 3a
(M1–3 = Ni) compared to 1.91 eV for the monomer Ni–2a
(already a very low value compared to the gap reported for
nickel porphyrins, E ≈ 2.3 eV). The corresponding bases such
as 3b (M1 = Pd; M2 = M3 = H2) display bands at even longer
wavelengths (730 nm, e = 39000 dm3 mol21 cm21), which can
be compared with that of 2b (711 nm, e = 8500 dm3 mol21

cm21).
The monomer Ni–2a showed two one-electron oxidations at

0.46 and 0.83 V vs. Fc/Fc+. In trimetallic 3a (M1–3 = Ni), the
first oxidation is split into two one-electron oxidation waves
(one electron per porphyrin) at 0.32 and 0.50 V, indicative of a
strong interaction between the two porphyrins. The removal of
the first electron therefore occurs at a potential 0.14 V lower
than for the monomer (a value equal to the difference between
the gaps taken from the electronic spectra). A two-electron
oxidation (or rather twice a one-electron oxidation of each
porphyrin ring) is further observed at 0.68 V. It seems that the

removal of the first two electrons from the dimer has led to a
disruption of the conjugation between the two rings. The dimer
(already oxidised by two electrons) now behaves like two
independant nickel monomers. All waves are quasi-reversible
(DEp = 60–90 mV), showing that dimer 3a (M1–3 = Ni)
remains intact during this overall four-electron oxidation–
reduction process.

In conclusion, we confirmed that efficient porphyrin–
porphyrin interaction could be achieved via metal coordination.
The synthesis of bis-enaminoketoporphyrins where two ex-
ternal coordination sites are located in divergent directions is in
progress. These compounds should allow the preparation of
more highly conjugated oligomers.

We thank R. Graff for the NMR experiments.
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The first example of a structurally characterized, rationally
designed, triplet ground-state bis(semiquinone) complex is
presented; the intramolecular exchange coupling is ferro-
magnetic with J = +209 cm21.

Molecular structures of organic biradical ligands are important
to those concerned with construction of molecule-based
magnetic materials using the metal-radical approach,1,2 and to
those with an inherent interest in electronic properties of open-
shell organic molecules.3

Recently, we reported several semiquinone-type ligands to be
used as building blocks for high-spin molecules and open-shell
materials.4,5 Among these new ligands is S = 1/2 quinoneme-
thide-semiquinone (QMSQ) present in the complex (LZn)2(1A-
H), the structure of which has been reported as well as its

conversion to both a mixed-valent species and to a biradical,
(LZn)21, shown below.5,6 Herein, we report both the molecular
structure and magnetic properties of S = 1 (LZn)21 [TpCum,Me

= hydrotris(3-cumenyl-5-methylpyrazolyl)borate].
For clarity, we will refer to the mono-oxygenated rings of

(LZn)2(1A-H) and (LZn)21 as A-rings, and the dioxygenated
rings as either the dioxolene- or the B-rings. Structural changes
that accompany conversion of (LZn)2(1A-H) to biradical
(LZn)21 are consistent with the Lewis structures above.

The crystal structure of biradical (LZn)21 shows that the
asymmetric unit contains two symmetry-independent molecules
that differ primarily in torsion angles of A- and B-rings (and
cumenyl ring torsions), and are therefore different conformers
that also have an opposite sense of chirality.† An ORTEP of
(LZn)21 is shown in Fig. 1, where hydrogens and cumenyl

groups have been omitted for clarity. Bond lengths, angles, and
torsions are summarized in Table 1 and Fig. 2.

Fig. 1 50% ORTEP of (LZn)21. Hydrogen atoms, cumenyl groups and THF
molecules have been omitted for clarity.

Table 1 Average bond lengths and torsion angles for (LZn)21a,b

Bond Rav/pm

C1–O1, C55–O4 129.35, 128.35
C6–O2, C50–O3 128.15, 127.15
C1–C6, C50–C55 146.05, 146.55
C3–C99, C53–C99 148.30, 146.95
C99–C100 137.65

Ring
Average torsion
angles

C1–C6, C50–C55 50.33, 42.68
C100–C105 18.05

a Averages for conformers I and II, the two symmetry-independent
molecules in the asymmetric unit. b Torsion angles are relative to the plane
made by atoms C3–C53–C99–C100.

Fig. 2 Comparison of structural features of (LZn)2(1A-H) (left) and (LZn)21
(right). Averaged bond lengths (in pm) are shown for (LZn)21. See text for
details.
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The A-ring C–O bond of (LZn)21 (ca. 124 pm) is sub-
stantially shorter than the A-ring C–O single bond of (LZn)2(1A-
H) (140 pm),5 consistent with carbonyl character for the former.
In fact, as seen in Table 1 and Fig. 2, the pattern of long and
short bond lengths for the A-ring in (LZn)21 confirms its
quinoidal character.

The A-ring of (LZn)21 is twisted 18° while the dioxolene
rings are twisted ca. 46° from the plane made by atoms C3, C53,
C99 and C100, allowing conjugation of the dioxolene rings with
the A-ring.

Fig. 2 shows bond length deviations (S|Di|) of the B-rings
from a 3,5-di-tert-butylorthosemiquinone ring.7,8 As we
pointed out previously, the dioxolene rings of S = 1/2
(LZn)2(1A-H) are quite different from those of a semiquinone
(S|Di| = 27.9 pm) due to the QMSQ bond formulation.5
However, S|Di| = 11.6 pm for the dioxolene rings of (LZn)21
indicating a greater similarity to a semiquinone, but also
consistent with some delocalization of spin/charge into the A-
ring, since we maintain that S|Di| ≠ 0 is an indication of a
delocalized electronic structure.

The magnetic susceptibility of microcrystalline (LZn)21 was
measured from 2 to 300 K using a SQUID magnetometer, and
is plotted as cparaT vs. T in Fig. 3. Modeling the temperature-
dependent cparaT product of S = 1 molecules can be achieved
by fitting to a modified Bleaney–Bowers expression:9,10
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where, g is the isotropic Landé constant (g = 2.0023), b is the
Bohr magneton, T is temperature in Kelvin, k is Boltzmann’s
constant, V is the Weiss constant representing a weak
intermolecular interaction, and 2J is the singlet–triplet energy
gap (J > 0 for triplet ground-state and J < 0 for singlet ground-
state).

The best fit of the data give J = +209 ± 1 cm21 and V ≈
20.03 K. The very small Weiss constant is consistent with
negligible intermolecular interactions due to the large, insulat-
ing hydrotrispyrazolylborate ligand, while the moderately large,
positive exchange parameter, J, indicates that (LZn)21 is a
triplet ground-state biradical consistent with its p-connectivity.
The symmetry of the bis(semiquinone) ligand of (LZn)21
precludes degeneracy of the SOMOs, nonetheless, delocaliza-
tion of spin into the quinone-methide unit (A-ring) gives rise to
a substantial exchange integral, stabilizing the triplet state
relative to the singlet state. However, the different spin
distribution, lower symmetry, and therefore attenuated delocal-
ization into the A-ring results in a slightly smaller J for (LZn)21
than for Yang’s biradical (J ! +245 cm21).11,12

This work is funded by the National Science Foundation.
D. A. S. thanks the Camille and Henry Dreyfus Foundation for
a Camille Dreyfus Teacher-Scholar Award, and Professor Frank
Tsui (Department of Physics, UNC-CH) for the use of his
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Notes and references
† Crystal data for (LZn)21: C126H160B2N12O8.25Zn2 which includes 3.25
molecules of THF solvate per Zn2 complex, red crystals, M = 2127.02,
triclinic, space group P21/n; a = 38.110(4), b = 18.827(2), c = 38.448(4)
Å, b = 118.546(2)°, V = 24233(4) Å3, Dc = 1.166 g cm23, Z = 8, T =
158(2) K, R = 0.0730; wR2 = 0.2174, GOF = 1.016.

Measurements were carried out on a standard Siemens SMART CCD-
based X-ray diffractometer equipped with a normal focus Mo-target X-ray
tube (l = 0.71073 Å) operated at 2000 W power (50 kV, 40 mA). The
structure was solved and refined with the Brüker SHELXTL (version 5.10)
software package (G. M. Sheldrick, Bruker AXS, Madison, WI, 1997). All
non-hydrogen atoms were refined anisotropically with the hydrogen atoms
placed in idealized positions. Modest restraints were placed on the lattice
solvates to retain chemically reasonable geometries. Refinement was
carried out using blocked least-squares matrices. F(000) = 9088;
reflections collected, 184229; no. of unique reflections, 34986; no. of
parameters, 2655; R = 0.0730; wR2 = 0.2174; (Dr)max = 1.967 e Å23.

CCDC 182/1860. See http://www.rsc.org/suppdata/cc/b0/b008037n/ for
crystallographic files in .cif format.
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Antimony(III) halides form highly unusual infinite one- or
two-dimensional networks when coordinated to dithio- or
diseleno-ether ligands or macrocyclic selenoethers. The
structures adopted are contrasted with those observed for
related bismuth(III) species. 

We have been interested for some time in the coordination
chemistry of group 16 donor ligands. The vast majority of
compounds involving thio-, seleno- or telluro-ether coordina-
tion incorporate d-block elements.1 Also, we have shown that s-
donation towards low valent metal centres increases sig-
nificantly as group 16 is descended.2 However, there are
relatively few examples of complexes involving p-block
elements with these ligands. We have therefore extended our
work to investigate the interaction of thio-, seleno- and telluro-
ether ligands with p-block metalloids. These elements exhibit
very different electronic environments compared to d-block
elements and p-bonding effects are unimportant. Specifically in
this communication we report the synthesis and structural
characterisation of three antimony(III) halide complexes involv-
ing group 16 donor ligands, including the first examples
containing selenoether ligation. Antimony(III) thioether com-
plexes are rare, the only structurally characterised examples
being [SbCl3(1,4-dithiacycloheptane)], [(SbI3)2(1,4-dithiane)],
[SbX3([9]aneS3)] (X = Cl or I) and [(SbCl3)2([18]aneS6)]
([18]aneS6 = 1,4,7,10,13,16-hexathiacyclooctadecane).3

Reaction of SbBr3 with 1 mol equiv. of the dithioether
MeS(CH2)3SMe in anhydrous MeCN solution yields a pale
yellow solid of empirical formula [SbBr3{MeS(CH2)3SMe)}].†
Crystals were obtained by slow evaporation from a solution of
the compound in MeCN. The structure shows (Fig. 1)‡ that this
species adopts a two-dimensional sheet array derived from
distorted octahedral Sb(III) centres coordinated to three mu-

tually fac terminal Br ligands and three S-donor atoms from
different dithioether ligands, two of which, S(1) and S(1*), may
be regarded as m-bridging since they also form weak inter-
actions to an adjacent Sb centre. While the Sb–Br distances are
normal for primary Sb–Br ligation, the Sb–S distances are ca.
3.2 Å, suggesting secondary interactions. The second sulfur in
each dithioether coordinates to a nearby, symmetry-related Sb
centre to generate the infinite array. The cis angles at Sb lie in
the range 80.3(1)–104.49(7)° and the angle at the bridging
thioether, S(1), is 104.4(7)°. The Sb–S distances reported for
known Sb(III) thioether species span a considerable range, e.g.
in [SbX3([9]aneS3)], X = Cl (chain structure with seven-
coordinate Sb) has d(Sb–S) = 3.156(3)–3.409(3), while X = I
(discrete monomer with distorted octahedral Sb and fac
[9]aneS3) gives d(Sb–S) = 2.840(2)–2.895(2) Å, while for
[(SbI3)2(1,4-dithiane)] (infinite chain with five-coordinate Sb}
d(Sb–S) = 3.274 and 2.336 Å.3 The Sb–S distances in our
complex are comparable with those above.

The selenoether analogue [SbCl3{MeSe(CH2)3SeMe}] was
obtained similarly,† although this species is rather less stable,
turning black over a period a few days even when stored in a N2
purged dry-box. The structure of this complex (Fig. 2)‡ is
markedly different from the thioether analogue above, adopting
an infinite one-dimensional chain. The Sb centres exhibit a
distorted octahedral coordination environment comprising two
cis terminal Cl, two m-Cl and two mutually cis Se atoms from
different diselenoethers. Thus the chains are derived from
weakly associated, asymmetric Sb2Cl6 units linked by bridging
diselenoether ligands, Sb–Cl(2) 2.451(3), Sb–Cl(2*) 3.236(3)
Å. Indeed, the Sb–Cl(2) distance is very similar to the terminal
Sb–Cl(1) and Sb–Cl(3) distances, with a weak secondary Sb–
Cl(2*) interaction. The Sb–Se distances of ca. 3.2 Å are very
similar to the Sb–S distances in the dithioether species above,
again suggesting rather weak, secondary interactions.

The coordination of Sb(III) to the tetraselenoether macrocycle
[16]aneSe4 (1,5,9,13-tetraselenacyclohexadecane) was also
probed to investigate the effect of the constrained cyclic ligand,

Fig. 1 View of a portion of the two-dimensional structure of
[SbBr3{MeS(CH2)3SMe}] with the atom numbering scheme. Selected bond
lengths (Å): Sb–Br(1)  2.572(2), Sb–Br(2)  2.503(2), Sb–Br(3) 2.575(2),
Sb–S(1) 3.253(5), Sb–S(2*) 3.155(5), Sb–S(1*) 3.291(5).

Fig. 2 View of a portion of the one-dimensional structure adopted by
[SbCl3{MeSe(CH2)3SeMe}] with the atom numbering scheme. Selected
bond lengths (Å) and angles (°): Sb–Cl(1) 2.388(3), Sb–Cl(2) 2.451(3), Sb–
Cl(3) 2.424(3), Sb–Cl(2*) 3.236(3), Sb–Se(1) 3.204(2), Sb–Se(2) 3.244(2)
Å; Cl(2)–Sb–Cl(2*) 76.8(1).
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while retaining the trimethylene linkage between the donor
atoms. Reaction of SbBr3 with [16]aneSe4 in MeCN affords a
yellow powder of stoichiometry [(SbBr3)2([16]aneSe4)].† The
crystal structure of this species shows (Fig. 3)‡ a two-
dimensional sheet array derived from [16]aneSe4 molecules
coordinated in an exocyclic configuration to four Sb centres
each of which bridge to another selenacrown. The geometry at
Sb can be described as five-coordinate via primary interactions
to three fac terminal Br and secondary interactions to two cis Se
atoms from different macrocycles to give a distorted square-
pyramidal coordination environment. The Sb–Se distances in
[(SbBr3)2([16]aneSe4)] are shorter than those in [SbCl3{Me-
Se(CH2)3SeMe}] above, although this may be due to the lower
coordination number at Sb in the former. The weak Sb–Se
interactions in these systems are considerably longer than
normal Sb–Se bond distances in, for example, [Sb(SeMe)3]
which average 2.580 Å.4

The main features which these new compounds have in
common are the retention of the pyramidal SbX3 unit observed
in the parent antimony trihalide5 and the occurrence of weak,
secondary Sb–S or Sb–Se interactions on the opposite face
which leads to the S or Se atoms occupying mutually cis
coordination sites.

The very low solubilities exhibited by the new compounds,
presumably associated with their polymeric nature, has severely
hindered attempts to obtain solution NMR spectra, however the
IR spectra show features associated with coordinated dithio- or
diseleno-ether and n(Sb–X).

Surprisingly, the structures of the three new antimony species
are each quite different from their bismuth(III) analogues. The
thioether compound [Bi4Cl12{MeS(CH2)3SMe}4]·H2O forms a
three-dimensional open-framework lattice incorporating
pseudo-cubane Bi4Cl12 units linked by bridging dithioether
ligands, while [BiBr3{MeE(CH2)3EMe}] (E = S or Se) and
[BiCl3{MeSe(CH2)3SeMe}] all adopt an infinite two-dimen-
sional sheet array derived from planar Bi2X6 units linked by

bridging dithio- or diseleno-ether ligands. Finally,
[BiBr3([16]aneSe4)] adopts a one-dimensional ladder structure
derived from almost planar Bi2Br6 ‘rungs’, which are linked by
bridging [16]aneSe4 ‘uprights’, leaving two mutually trans Se
atoms within each crown uncoordinated.6 These differences are
unexpected given the subtle change from Bi(III) to Sb(III) and
serve to extend further the diverse range of structures identified
for thio- and seleno-ether complexes with p-block elements.

We thank the EPSRC for support.

Notes and references
† Satisfactory elemental analyses and IR spectroscopic data were obtained
for the new compounds.
‡ Colourless {or yellow: [(SbBr3)2([16]aneSe4)]} crystals were obtained by
slow evaporation from a solution of the appropriate compound in MeCN. X-
Ray crystallographic data were collected on a Rigaku AFC7S four-circle
diffractometer, T = 150 K. Structure solution and refinement were
routine.7–10

Crystal data: for [SbBr3{MeS(CH2)3SMe}]: C5H12Br3S2Sb, M =
497.73, orthorhombic, space group Pna21, a = 14.105(2), b = 9.446(1), c
= 9.781(1) Å, V = 1303.2(3) Å3, Z = 4, Dc = 2.537 g cm23, m(Mo-Ka)
= 116.11 cm21. 1364 unique reflections of which 1022 with F > 4s(F)
were used in all calculations. Final R = 0.041, Rw = 0.049.

For [SbCl3{MeSe(CH2)3SeMe}]: C5H12Cl3SbSe2, M = 458.18, mono-
clinic, space group P21/c, a = 9.622(5), b = 12.882(3), c = 10.376(4) Å,
b = 101.89(4)°, V = 1258.5(8) Å3, Z = 4, Dc = 2.418 g cm23, m(Mo-Ka)
= 85.59 cm21. 2344 unique reflections of which 1934 with F > 4s(F) were
used in all calculations. Final R = 0.041, Rw = 0.053.

For [(SbBr3)2([16]aneSe4)]: C12H24Br6Sb2Se4, M = 1207.08, mono-
clinic, space group P21/n, a = 10.276(2), b = 13.340(3), c = 10.755(2) Å,
b = 113.71(1)°, V = 1370.1(4) Å3, Z = 2, Dc = 2.926 g cm23, m(Mo-Ka)
= 160.58 cm21. 2536 unique reflections of which 1724 with F > 4s(F)
were used in all calculations. Final R = 0.035, Rw = 0.039.

CCDC 182/1865. See http://www.rsc.org/suppdata/cc/b0/b007805k/ for
crystallographic files in .cif format..
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Fig. 3 View of a portion of the two-dimensional sheet adopted by
[(SbBr3)2([16]aneSe4)] with the atom numbering scheme. Selected bond
lengths (Å) and angles (°) Sb–Br(1) 2.687(1), Sb–Br(2) 2.537(1), Sb–Br(3)
2.601(1), Sb–Se(1) 2.989(1), Sb–Se(2*) 3.193(1) Å; Se(1)–Sb–Se(2*)
82.55(3).
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The X-ray crystal structures of three low molecular weight
models of catechol oxidase with three different coordination
modes are reported; and the compound with a bridging
catecholate is shown to be the catalytically most active
form.

A range of biological dicopper sites have similar structures,
with three histidine donors for each of the two Cu sites and Cu–
Cu distances of ca. 3.5 Å. These include the oxygen transport
protein hemocyanin, the oxygenation enzyme tyrosinase and the
oxidation enzyme catechol oxidase. The active sites of these
dicopper proteins are structurally well characterized;1–6 thor-
ough spectroscopic studies, combined with computational
investigations, have defined the electronic structures of the
active sites,7,8 and extensive kinetic studies9,10 have led to the
proposal of mechanisms for oxygen transport and activation, as
well as oxygen and electron transfer. The assumption of a
bridging catecholate as the active species in catechol oxidase7

was recently challenged on the basis of crystallographic data,
which suggested an active state with a monodentate cate-
cholate.6

Low molecular weight model compounds have helped to
understand structural, electronic and mechanistic features and
are expected to be useful for the development of new catalysts.
A number of CuII-based models with catechol oxidase activity
have been reported,11–16 but only few relevant experimental
structures with coordinated catecholate have appeared so far.11

In particular, there is no example where the various coordina-
tion modes of catecholate, including the putative intermediates
with bridging or monodentate catecholate, have been analyzed
with identical coligands, and for some relevant coordination
models there have not been any structural data available so
far.

We have successfully used mono- and di-nuclear CuI and
CuII compounds with bispidine-type ligands to stabilize m-
peroxodicopper(II) compounds.17,18 We now present prelimi-
nary results on the catechol oxidase activity of the correspond-
ing CuII compounds with 3,5-dtbc in MeOH (3,5-dtbc =
3,5-di-tert-butylcatechol; spectrophotometric analysis of the o-
quinone product).14,15 The mononuclear CuII complex of L1 is
inactive, in contrast to the dinuclear compounds with L2 and L3.

One equivalent of [Cu2(L3)(solv)2]4+ (solv = solvent) produces
in a stoichiometric process 2 equivalents of quinone, while 13
equivalents of quinone are produced per h in a catalytic reaction
with [Cu2(L2)(solv)2]4+. It emerges that the catalytic activity is
a function of the catechol binding mode and stability, and this
may differ for all three CuII compounds.

To examine this, the electronically deactivated substrate
tccH2 (tccH2 = tetrachlorocatechol) was added in various
concentrations to methanolic solutions of the three CuII

compounds, and substrate binding was monitored spectropho-
tometrically. For [Cu(L1)(solv)]2+ a strong absorption band
appeared at ca. 450 nm; for [Cu2(L2)(solv)2]4+ and [Cu2-
(L3)(solv)2]4+ equilibria between species with absorptions at ca.
450 nm and ca. 530 nm were established; with L2 the species
with the lower energy transition was more stable than with L3,
where it disappeared with an excess of catechol (see ESI†).
These results are in accord with the assumption that [Cu2-
(L2)(solv)2]4+ and [Cu2(L3)(solv)2]4+ lead to catecholate-
bridged active compounds, while [Cu(L1)(solv)]2+ leads to a
mononuclear catecholate compound. A molecular model19 (see
Fig. 1) indicates that the ethylene-bridged dicopper(II) com-
pound is suitable and highly preorganized for a bridging
catecholate.

Single crystals of [Cu(L1)(tccH)](ClO4) 1, [Cu(L1)(tcc)] 2
and [Cu2(L3)(tcc)](ClO4)2 3 were obtained by reaction of the
CuI precursors with the fully chlorinated quinone (tcbq) or with
tccH2 and O2, followed by slow evaporation of the solvent (full
experimental details, including synthetic procedures, crystal
growth, spectroscopic (IR, UV–VIS) and elemental analytical
data, are given as ESI†).20,21 ORTEP plots are shown in Fig. 2.
The structure of 1 is of poor quality, but catecholate binds
unambiguously as a monodentate, monoprotonated ligand (see
analytical data in the ESI†). Also shown in Fig. 2 is an ORTEP
plot of [Cu2(L4)(tcc)2] 4. L4 has a non-coordinating pyridyl
substituent at each copper center and, therefore, leads to
copper(II) chromophores with the usual in-plane chelating
catecholate coordination mode.

The C–C and C–O bond lengths of tcc22 and tccH2 confirm
the assignment as coordinated catecholate in all four structures.

† Electronic supplementary information (ESI) available: S1–S3: titration
data; S4: experimental; S5: colour version of Fig. 1. See http://www.rsc.org/
suppdata/cc/b0/b008714i/ Fig. 1 Molecular model of [Cu2(L2)(tcc)]2+.
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The geometry around the CuII centers can be described as
square pyramidal, with N1, the pyridine N-atoms and one of the
catecholate O atoms in the square plane and N2 at the axial
position; in 2 O8 completes the coordination sphere to an
elongated octahedron, and in 4 the second catecholate-O
substitutes one of the pyridine-N atoms. 2 is only sparingly
soluble in most solvents; the UV–VIS spectrum of a very dilute
solution (MeCN) indicates an equilibrium between the mono-
and bidentate coordination modes of catecholate, i.e. structures
1 and 2 (Fig. 2).

The most prominent structural difference between 3 and the
other known structure of a catecholate-bridged dicopper(II)
complex is the orientation of the catecholate bridge (angle
between the line through the two metal ions and the line through
the two catecholate O-atoms: 13.6° in 3, 32.0° in
[Cu2(L2)(TCC)]2+ (computed), 63.1° in11). It is interesting that
the increasing puckering of the catecholate bridge correlates
with the catalytic activity in the 3,5-dtbc to 3,5-dtbq reaction.

For the model reactions involving bispidine-based ligands it
appears that catecholate oxidation occurs at a catecholate-
bridged dicopper(II) site by electron transfer from the catechole
to the CuII ions; reoxidation of the Cu centers by molecular
oxygen produces water and the active catalyst (the absence of
H2O2 has been checked by reaction with KI). An interesting
question is how thermally stable copper(II) peroxo compounds,
generated during the catalytic process, affect the reaction. This
and a thorough analysis of the electronic structures of the
various structural modes are the subject of further studies in this
area.

Generous financial support by the German Science Founda-
tion (DFG), the Fonds of the Chemical Industry (FCI) and the
Landesgraduiertenförderungsprogramm of Baden-Württem-
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Bruker-AXS CCD diffractometer (Mo-Ka radiation, l = 0.71073 Å, w-
scans). Structures were solved by direct methods and refined against F2

(SHELXTL V5.10). 2: C31H31N5O8Cl4Cu, M = 806.9, monoclinic P21/
c, a = 16.5741(9), b = 13.5311(7), c = 16.0711(8) Å, b =
110.439(1)°, V = 3377.3(3) Å3, Z = 4, 8154 independent reflections,
qmax = 28.3°, 597 parameters, R1 = 0.042, wR2 = 0.112. 3:
C55H61N9O23Cl6Cu2, M = 1555.9, monoclinic, P21/n, a = 12.1045(2),
b = 33.7116(5), c = 15.8529(2) Å, b = 103.798(1)°, V = 6282.3(2)
Å3, Z = 4, 7686 independent reflections, qmax = 22°, 901 parameters,
R1 = 0.054, wR2 = 0.154. 4: C75H75N15.50O14Cl8Cu2, M = 1828.2,
triclinic, P1̄, a = 19.3832(5), b = 19.5174(5), c = 24.2065(7) Å, a =
71.184(2), b = 80.390(2), g = 76.041(2)°, V = 8372.5(4)Å3, Z = 4,
28535 independent reflections, qmax = 24.7°, 2017 parameters, R1 =
0.069, wR2 = 0.205. CCDC 182/1863. See http://www.rsc.org/
suppdata/cc/b0/b008714i/ for crystallographic files in .cif format.

21 We were not able to isolate semiquinone species; when using a CuI+Q
stoichiometry of 1+1, quantitative formation of CuII–chloro compounds
and a coupling product between catechol (formed by reduction of the
quinone by the CuI complex) and quinone indicated nucleophilic
substitution at the catechol; R. M. Buchanan, B. J. Fitzgerald and C. G.
Pierpont, Inorg. Chem., 1979, 18, 3439.

Fig. 2 ORTEP plots of [Cu(L1)(tccH)]+ 1, [Cu(L1)(tcc)] 2, [Cu2(L3)(tcc)]2+

3 and [Cu2(L4)(tcc)2] 4 (50%) probability level). H-atoms, ester groups and
counter ions have been omitted for clarity. Selected bond lengths (Å) and
angles (°) for 1; 2; 3; 4; Cu(1)–N(1): 2.020(11); 2.042(2); 2.027(5);
2.094(5). Cu(1)–N(2): 2.320(12); 2.433(2); 2.359(5); 2.293(5). Cu(1)–N(3)
1.987(11); 2.009(2); 2.004(6); —. Cu(1)–N(4) 1.989(11); 2.031(2);
1.985(6); 1.995(5). Cu(1)–O(7) 1.915(9); 1.909(2); 1.898(4); 1.947(4).
Cu(1)…O(8) 2.76; 2.46; —; 1.898(4). N(1)–Cu(1)–N(2) 84.06(44);
80.97(8); 83.93(19); 82.24(17). N(1)–Cu(1)–N(3) 81.71(44); 80.56(9);
81.5(2); —. N(1)–Cu(1)–N(4) 81.94(44); 82.15(9); 82.4(2); 80.37(18).
N(1)–Cu(1)–O(7) 176.85(47); 172.97(8); 178.1(2); 164.10(18). N(2)–
Cu(1)–N(3) 96.66(44); 91.42(8) 95.6(2); —. N(3)–Cu(1)–N(4) 161.28(48);
161.58(9); 161.7(2); —. 4: O(8)–Cu(1)–O(7) 86.70(17).
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A photo-responsive gas separation membrane modified by
an organic azo derivative in a porous glass tube shows
decreased gas permeance upon stimulation with an Xe-
lamp, which returns the starting level upon stopping the
irradiation.

It is well known that azobenzene derivatives show photo-
reversible cis–trans isomerization.1,2 Such conformational
change leads to many chemically photoinduced changes so that
many applications can be envisaged; among these is the
possibility to control the chemical functions by ‘on–off
switching’. Several investigations considering this concept have
been reported.3–5 In addition, there are many researchers that
are attempting to develop membranes with stimuli–response
functions. For example, polymeric separation membranes with
stimulation–response functions such as pH ultrafiltration mem-
branes7,8 or liquid membrane separating the intended ions by
light9 are now actively investigated.

On the other hand, porous glass membranes which possess
relatively sharp pore size distributions are now actively
investigated because of their high gas selectivity, ease of control
of the pore size and easier molding.6 However, the pore size of
all such membranes is fixed rigidly so no such membranes can
respond to physical and/or chemical stimuli.

In this study, as a new concept, the preparation of a porous
glass membrane surface modified by an azo derivative was
carried out for use of gas flow control. Furthermore, control of
the gas permeability by the photoinduced cis–trans switching
property of the compound under light irradiation was investi-
gated.

Porous glass tubes were prepared and gas permeance
measurements at 300 K were carried out according to the
procedure reported elsewhere.10 The chemicals which were
used in this study were purchased either from Wako Pure
Chemical Industries Co., Ltd. and Aldrich Inc. or used without
any purification. The azo derivative, 11-[4-[(4A-hexylphenyl)-
azo]phenoxy]undecanoic acid (6Az10CO2H) was synthesized
using the route reported by Seki et al.11 Initially, a porous glass
surface treated with 3-aminopropyldimethylethoxysilane as a
coupling agent was placed into a solution of 6Az10CO2H and
THF and refluxed at 373 K for 20 h. Subsequently, the porous
glass was refluxed in THF for > 24 h and then washed with THF
several times. The azo modification membrane tube (one end
was sealed by epoxy resin) was attached to the Pyrex glass tube
by epoxy resin and then the support tube with the membrane
was placed inside a stainless steel permeation cell equipped
with a silica window through a flange connection, after drying
at 348 K in vacuum for 1 h. Using the prepared membrane, gas
permeances of pure N2 and He were measured by a mass flow
meter. The single feed gas of N2 and He was passed
continuously outside of the membrane under a pressure of ca.
3.03 3 105 Pa (3.0 atm) at room temperature (300 K). Light
irradiation from a Xe lamp (500 mW cm22) was directed to the
quartz window which could be covered with a thick board to
interrupt irradiation. The pore size distribution of the sample
after drying at 348 K under vacuum for several hours was
measured by a nitrogen adsorption isotherm using a conven-

tional volumetric apparatus (BELSORP 28SA, BEL JAPAN,
inc.). Absorption spectra were recorded on a Shimadzu model
2501 instrument controlled by a personal computer.

The pore size distributions of the porous glass membranes
before and after modification with the azo derivative were
measured by nitrogen adsorption isotherms. As shown in Fig. 1,
a main peak at ca. 1.7 nm (radius) for the non-modified and azo
modified glass tubes was observed. The surface area of the azo
modified glass tube (surface area: 108.9 m2 g21, pore volume:
9.10 3 1024 m3 g21) was ca. 30% lower than that of the non-
treated sample (surface area: 152.0 m2 g21, pore volume: 1.36
3 1023 m3 g21). This suggested that 6Az10CO2H is mainly
located on the surface of the porous glass and not in the
pores.

By using the modified membrane, changes of N2 flow before
and after Xe-lamp irradiation were investigated at 300 K. As
shown in Fig. 2, the flow of each gas drastically decreased
during Xe-lamp irradiation while the flow increased by stopping
irradiation. These cycles could be continued > 30 times.
Furthermore, there was no light response when similar
experiments were performed using non-treated porous glass or
porous glass treated with the silane coupling agent only. The
increase in temperature close to the modified membrane in the
apparatus upon Xe-lamp irradiation was 3–5 K. Thus thermal
vibrations around the pores of the glass tube gradually increased
the amplitude of N2 permeance. The length of the folded

Fig. 1 Pore size distribution for the porous glass tube (a) before and (b) after
surface modification with 6Az10CO2H.

Fig. 2 Gas flow variation of N2 (——) and He (- - - -) passing through the
surface modified glass membrane under Xe-lamp irradiation or non-
irradiation.
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NNC6H4C6H13 moiety of the modifier is 2.377 nm and from
these results reorientation of this part of the modifier upon
isomerization would reduce the gas permeance by covering the
entrance of the pores of the glass substrate.

The absorption spectrum of the azo modified sample under
Xe-lamp irradiation is plotted in Fig. 3 which shows a peak at
ca. 360 nm from the trans form and a broad peak at ca. 480 nm
from the cis form with a trans/cis ratio of 90/10. On the other
hand, this ratio was reduced to 75/25 when UV light (low
pressure Hg lamp) was used as a light source and no light

response to gas flow was observed. Variation in the permeance
relates to rapid cis to trans isomerization with the cis form of the
derivative being resistant to permeance (see results of pore size
distribution), however, a detailed mechanism could not be
established in this study.

Thus, further experiments are now being performed to
establish the detailed mechanism of the permeation in an
attempt to obtain finer regulation for several gases by
considering the interplay between the molecular size of the azo
derivative and the pore size of the substrate.

We wish to acknowledge Dr K. Tawa for her assistance in
measuring the UV–VIS spectra of the sample. We also thank
Mrs H. Kobayashi and Y. Tatematsu for their help on every
experiment in this study.
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A simple one-pot synthesis of size and shape controlled
ZnTe nanocrystals using a monomeric molecular precursor,
[Zn(TePh)2][TMEDA], has been studied by varying the
growth temperature or the templating surfactants.

In recent years, nanomaterials have drawn enormous interest
from the scientific community because of their special charac-
teristics that are different from the bulk such as quantum
confined electronic band structures,1,2 novel optical,3 catalytic,4
and electronic properties.5 Since novel properties in nanoscale
materials depend on their size and shape, one of the frontier
issues of nanochemistry research is morphology controlled
synthesis of nanocrystals.

While sulfur and selenium based II/VI nanocrystals such as
CdS and CdSe are widely explored,6–9 there have not been
many reports on the preparation of metal telluride nanocrystals.
Furthermore, while there are some examples of Cd and Hg
based tellurides,10–14 studies on ZnTe are very limited. ZnTe, an
attractive semiconductor with a direct gap of 2.26 eV (ca. 548
nm) in the green region of the electromagnetic spectrum, can be
a useful material in several applications such as green light-
emitting diodes, buffer layers for HgCdTe IR detectors, or as the
first unit in a tandem solar cell.15 Until now, only two reports on
the preparation of colloidal ZnTe nanocrystals exist; however
the resulting nanocrystals were either large (length 500–1200
nm, width 30–100 nm)16 or only their optical properties were
investigated without isolation or characterization of the nano-
crystals.17 In fact, there have not been any reports on isolated
ZnTe nanocrystals < 10 nm. When ZnTe particles are on the
order of 10 nm, quantum size effects appear and control of the
optical properties is possible by simply changing the particle
size. It is then feasible to have tunability of the opto-electronic
properties from the green to the UV region.

In this report, we describe a simple one-pot synthesis of
morphology controlled ZnTe nanocrystals using a single
molecular precursor, [Zn(TePh)2][TMEDA]. Upon thermol-
ysis, this precursor produces ZnTe nanocrystals which are either
spherical or of rod-like structure depending on the growth
conditions and the choice of stabilizing surfactants. Fur-
thermore, the size of the spherical ZnTe nanocrystals is
controlled by the growth temperature and quantum confinement
effects are observed. To the best of our knowledge, this paper
reports the first isolated and well characterized ZnTe nano-
crystals with quantum confined properties.

Even though metal chalcogenolato complexes have been
widely studied previously as single-source precursors to group
12 chalcogenide semiconductor materials,6,12,18 the develop-
ment of zinc tellurolate molecular chemistry is still limited.19–21

A pyridine adduct of a mesityltellurolate zinc complex prepared
by Bochmann et al.22 and the dimeric compound [Zn{TeSi-
(SiMe3)3}2]2 prepared by Bonasia and Arnold23 have been
known to generate ZnTe upon pyrolysis. In our study, we
synthesized a polymeric phenyltellurolate zinc complex using a
dealkylsilation process that was similarly employed to obtain a
organotellurolato cadmium compound.24 The reaction of dime-
thylzinc with 2 equiv. of PhTeSiMe3 gives the pale yellow
product Zn(TePh)2, which was then reacted with TMEDA to
give [Zn(TePh)2][TMEDA].25 X-Ray crystallographic studies
of [Zn(TePh)2][TMEDA]26 shows that it is monomeric and that

the zinc center adopts a distorted tetrahedral geometry with a
large Te–Zn–Te angle of 118.29(6)° and a small N–Zn–N angle
of 84.1(4)° (Fig. 1).27

A one-pot synthesis of ZnTe nanocrystals was carried out by
the thermolysis of [Zn(TePh)2][TMEDA]. According to TGA,
it is observed that the thermolysis of [Zn(TePh)2][TMEDA]
begins with the dissociation of the TMEDA donor ligand, with
ZnTe and Ph2Te produced in the following thermolysis step at
higher temperatures.28 As similarly observed by Yamamoto and
Steigerwald in related work on alkyl- or phenyl-chalcogenolate
ligand systems,12,29 the thermolysis of its complexes cleanly
produces the desired nanocrystals.

In a typical synthesis of spherical ZnTe nanocrystals, upon
injection of the precursor (0.50 g, 0.88 mmol) dissolved in 5 ml
of trioctylphosphine into the hot dodecylamine solvent (8.17 g,
44.1 mmol), immediate formation of nanocrystals was observed
by the appearance of a pale yellow color. The crystal growth
temperature was kept at either 180 or 240 °C for 2 h and the
resulting solution was pale yellow in both cases. The solution
was treated with butanol and centrifuged to isolate the yellow
nanocrystals as a solid product.

Using the same conditions and procedures, the injection of
the precursor into the mixed surfactant solvent trioctylamine (20
ml)–dimethylhexylamine (5 ml) and leads to a shape change of
the nanocrystals from spherical to rod-like and after 2 h a gray
precipitate of ZnTe nanocrystals was obtained from the initially
pale yellow solution at 180 °C. It is believed that the
combination of the two different surfactants provides rod-like
micelles during the one-dimensional crystal growth process.30

The obtained spherical ZnTe nanocrystals are moderately
monodispersed and their sizes can be controlled by changing the
growth temperature. Relative to the position of the 548 nm (2.26
eV) absorption band edge of bulk ZnTe, blue shifts of 0.53 and
1.31 eV are found for the nanocrystals grown at 180 and 240 °C,
respectively with larger shifts being seen for samples grown at
higher growth temperature (Fig. 2A).31 Similar blue shifts are
also observed in the photoluminescence spectra: band maxima
are 451 and 377 nm, respectively, for samples grown at 180 and

Fig. 1 ORTEP drawing of [Zn(TePh)2][TMEDA]. Selected bond distances
(Å) and angles (°): Te(1)–Zn(1) 2.5769(14), Te(2)–Zn(1) 2.5876(15),
Zn(1)–N(1) 2.126(9), Zn(1)–N(2) 2.145(9); Te(1)–Zn–Te(2) 118.29(6),
N(1)–Zn(1)–N(2) 84.1(4).
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240 °C (Fig. 2B). These results suggest that smaller nano-
crystals are produced at higher growth temperatures where more
nucleation sites exist and relatively less available ZnTe material
is present for each nucleus during the growth process.

High resolution transmission electron micrographs
(HRTEM) show that the spherical ZnTe nanocrystals have
average sizes of 4.2 (±1.1) and 5.4 (±0.9) nm for samples grown
at 240 and 180 °C, respectively (Fig. 3A). Powder X-ray
diffractometry (XRD) and selected area diffractometry (SAED)
reveal patterns corresponding to (111), (220) and (311) of the
cubic phase of ZnTe nanocrystals (Fig. 3C, D). This result is
similar to that of TOPO-capped spherical ZnSe nanocrystals
described in a previous report.31 TEM of the rod-like ZnTe
nanocrystals show that the diameters of the rod-like nano-
crystals are quite uniform (ca. 25 nm) with lengths of several
hundred nanometers (200–700 nm) giving an aspect ratio from
8 to 30 (Fig. 3B). The rod-like ZnTe nanocrystals are also cubic
phase as confirmed by XRD and SAED analysis.

In conclusion, the results here constitute a simple and
convenient one-pot synthesis of morphology controlled ZnTe
nanocrystals using a monomeric molecular precursor,
[Zn(TePh)2][TMEDA]. By varying the growth temperature or
the choice of the templating surfactants, the size and shape of
the nanocrystals are controllable and quantum size effects are
observed. We believe that this strategy can be extended to the
facile synthesis of nanocrystals of other materials.

This work was supported by the Tera Level Nanodevices
National Program of KISTEP. We thank KBSI for the TEM
analyses and Professor S. J. Kim and Dr Y.-M. Kim of Ewha
Womans’ University for X-ray crystallographic analysis of the
sample.
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Fig. 2 Optical spectra of ZnTe nanocrystals grown at (a) 240 and (b) 180 °C;
(A) UV–VIS absorption spectra, (B) Photoluminescence spectra.

Fig. 3 (A) HRTEM analysis of spherical ZnTe nanocrystals grown at
240 °C, (B) TEM analysis of rod-like ZnTe nanocrystals, (C) powder X-ray
diffraction and (D) selected area diffraction patterns of 4.2 nm ZnTe
nanocrystals.
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Two self-assembly organometallic molecular cages, each
comprising 11 components and two different bridging
ligands, were prepared from one-step reactions; both of these
cages exhibit relatively high affinity and shape-selectivity
toward planar aromatic compounds.

Self-assembly has been recognized as a most efficient process
that organizes individual molecular components into highly
ordered supramolecular species.1 Relying on strong metal–
ligand interactions, the design and study of well arranged metal-
containing macrocycles or three-dimensional cage molecules
has emerged as a promising research area in modern supramo-
lecular chemistry.2

To date, most of the one-step self-assembly transition-metal
containing supramolecular species reported in the literature
have been synthesized from the same metal components and
bridging ligands.2,3 The incorporation of different metal
components or more than two different types of bridging
ligands are much rarer.4 In most cases, such supramolecules
were prepared from two or more steps.5

Recently, we have prepared a series of self-assembly
molecular squares and triangles that incorporate photoactive
chromophores. We have demonstrated that the geometry, length
and electronic properties of the bridging ligand play an
important role in determining the shape of the final self-
assembly products and their resultant photophysical, photo-
chemical and electrochemical properties as well as their binding
capabilities in molecular sensing applications.3a,b,6 As an
extension of our previous work, we set out to design and
synthesize self-assembly cage-type molecules that comprise
two different types of ligands, which require more precise
bonding directions between the metal components and the
bridging ligands in order to avoid the formation of undesired
oligomeric species. During the progress of our work, two
communications have appeared that describe the two-step
preparation of rectangular structures utilizing 2,2A-bipyrimidine
(BPM) or bisbenzimidazolate and 4,4A-bipyridine as bridging
units.5a,d‡ We report, herein, the synthesis of two new cage
molecules, each involving two different bridging ligands and
assembled from eleven individual components, including a
route that involves only one stage and yet leads to high yield.
Their photophysical properties and binding behavior toward
electron-rich aromatic compounds are also described.

Two synthetic routes to these cage molecules have been
investigated (see Schemes 1 and 2). The first involved synthesis
of the BPM bridged Re(I) dimer and subsequent replacement of
the bromo ligand by triflate (OTf) in acetone to isolate complex
1.5d Subsequent reflux of 1 and the corresponding tridentate
ligands, 1,3,5-tris(2A-ethynyl-4B-pyridyl)benzene (TEPB)7 or
2,4,6-tris(4A-pyridyl)-1,3,5-triazine (TPTA)8 in THF for 3 days
afforded reddish products with general formula {[fac-
Re(CO)3]2(m-BPM)}3(m-L)2(OTf)6 (2, L = TEPB; 3, L =
TPTA).†§

Cages 2 and 3 were characterized by several different
analytical techniques including IR, NMR, elemental analysis,
and electrospray ionization mass spectrometry (ESI-MS). IR
spectra of both cages 2 and 3 indicate typical tricarbonyl
patterns with facial arrangements.9 Elemental analyses con-
firmed the proposed stoichiometry. 1H NMR spectra of both
cages 2 and 3 exhibit very clean and simple chemical shifts,
ruling out the possible existence of other oligomeric species.
The ESI-MS measurements have provided a straightforward
identification of the cage structures of 2 and 3.† The excellent
agreement between the observed and simulated isotopic
distributions for the molecular ion unambiguously confirms the
proposed molecular structures for 2 and 3.

After successful isolation of the desired cages 2 and 3, we
wondered if it was possible to prepare them in a simpler one-
step process. The synthesis was initiated by refluxing (OTf)-
Re(CO)5, BPM and L (TEPB or TPTA) in a 6+3+2 ratio in THF
for one week and, subsequently, cages 2 and 3 were isolated in
47 and 41% yield, respectively. The BPM bridged dimer,
[(CO)3ReOTf]2(m-BPM), would be expected to form first in the
solution considering the extra stabilization through the chela-
tion effect of BPM. Indeed, the formation of one precursor,
which is more thermodynamically stable than the other possible
intermediates, is important for a self-assembly process that
comprises more than one bridging ligand. Subsequently, the
thermodynamically driven self-assembly process between
[(CO)3ReOTf]2(m-BPM) and the corresponding TEPB and
TPTA ligands afforded the final cage products.

The absorption spectra of 2 and 3 in MeCN feature intense
bands in the near-UV region and a low-energy band at 470 nm,
tailing past 600 nm.§ This low energy band is assigned to the

† Electronic supplementary information (ESI) available: experimental
procedures, characterization data for 2 and 3, a figure showing the ESI mass
spectrum of cage 2 and a figure showing the electronic absorption spectra of
2 and 3 in MeCN solution. See http://www.rsc.org/suppdata/cc/b0/
b007658i/ Scheme 1
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Re(dp) to BPM (p*) charge-transfer transition (MLCT). Both 2
and 3 are non-emissive in room-temperature MeCN solution.
Several BPM-bridged Re(I) tricarbonyl complexes have been
reported that exhibit a lack of emission.5d,10 These observations
have been attributed to the energy gap law effect,11 resulting in
the low-energy 3MLCT excited state undergoing very efficient
nonradiative decay. However, it is also possible that an
emission band is present but is too red-shifed to detect on our
instrumentation.

According to MM2 molecular modeling results, the inter-
planar distances between the two tridentate ligands in 2 and 3
are 3.5 and 4.2 Å, respectively.12 These interplanar distances are
comparable to the recently reported rectangular structures5a,d

and the molecules are considered to have very effective p–p
stacking that contributes to the highly thermodynamically stable
structures.4a,c The nearly co-planar arrangement between the
two tridentate ligands and the overall six positive charges in 2
and 3 render them promising hosts for electron-rich planar
aromatic compounds. Table 1 summarizes the association
constants (Ka) of 2 and 3 with different aromatic compounds.
Not surprisingly, there is virtually no association between p-
dimethoxycyclohexane and either 2 or 3 and only a very small
association between spherical sodium tetraphenylborate and 2
or 3. On the other hand, both 2 and 3 showed relatively strong
association toward planar aromatic compounds. There are no
clear binding differences between 2 and 3. The shape selectiv-
ity, however, deserves more attention and is being further
investigated. A significant difference in Ka values was observed
for the isomers of dimethoxybenzene, where m- and p-
dimethoxybenzene > > o-dimethoxybenzene. A similar trend

of shape selectivity has also been observed for Pd and Pt based
square complexes.13

We are grateful to the U.S. Department of Energy (Grant DE-
FG02-89ER14039) for support of this research.

Notes and references
‡ After submission of our manuscript, an article describing the preparation
of cages 2 and 3 using a similar two-step procedure appeared.5e

§ Two possible geometrical isomers of 1 can exist, namely syn- and anti-
isomers in terms of the mutual arrangement of two triflate ligands. The
formation of subsequent cage compounds requires the presence of syn-
isomers in solution. The high yields ( > 50%) of both cage-compounds
suggests that either 1 existed mainly as the syn-isomer or a mixture of both
syn and anti-isomers where the latter subsequently rearranges to the syn-
isomer due to more favorable thermodynamic processes.
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Scheme 2

Table 1 Association constants (Ka/M21) of 2 and 3 with different guestsa

Guest 2 3

o-Dimethoxybenzene 0.81 3 102 0.99 3 102

m-Dimethoxybenzene 5.9 3 102 6.1 3 102

p-Dimethoxybenzene 4.5 3 102 4.2 3 102

1,3,5-Trimethoxybenzene 8.9 3 102 9.1 3 102

2-Naphthalenesulfonic acid, sodium salt 11.2 3 102 11.6 3 102

1,5-Naphthalenedisulfonic acid, disodium
salt 26.4 3 102 20.7 3 102

2,6-Naphthalenedisulfonic acid, disodium
salt 15.6 3 102 13.8 3 102

Sodium tetraphenylborate 0.75 3 102 0.60 3 102

p-Dimethoxycyclohexane < 0.01 3 102 < 0.01 3 102

a Binding was monitored by following the phenyl proton of TEPB for cage
2 and b proton of TPTA for cage 3. The spectra were recorded at 300 MHz
in DMSO-d6 solution at 298 K.
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Reaction of an aqueous solution of Na2bpdc (H2bpdc =
biphenyldicarboxylic acid) with an organic solution of
Co(NO3)2 via a diffusion route leads to a pillared three-
dimensional structure in which the heterometallic so-
dium(I)–cobalt(II) trilayers are connected by carboxylate
groups of the pillared ligand bpdc22.

One of the challenges in crystal engineering is to predict the
crystal packing from molecular structures. A reasonable
approach to build three-dimensional structures based on layered
structural motifs is to control the packing of layers by organic
pillars of changeable length and/or type. This approach has been
demonstrated to be effective towards assembly of both non-
covalent and covalent pillared networks.1 Pillared structures are
potentially important for applications in absorption, separation
and catalysis.2 A variety of pillar-layered structures including
positively and negatively charged or neutral layers have been
synthesized.3 Organically templated molybdenum oxides
MOXI-1, -8, -24, -37 and indium phosphate (InPO) involve
nitrogen donor pillars that connect to oxide layers.4 Metal
phosphonates of the type Mz+

4/z(O3P–R–PO3) use phosphonate
pillars O3P–R–PO3 where R is an alkyl or aryl group.5
However, only a few pillared structures are built upon ligands
containing carboxylate groups. Limited examples include exo-
bicarboxylate in bilayer6 and isonicotinate (with a carboxylate
group and a pyridine nitrogen) in three-dimensional pillared
structures.7 In this contribution, we report a three-dimensional
structure consisting of sodium(I)–cobalt(II) heterometallic tri-
layers and biphenylenecarboxylate pillars, 1. It is interesting to

note that this structure represents the first example of carboxy-
late pillared structures containing heterometallic layers.

The title compound was synthesized by mixing organic and
aqueous solutions via slow diffusion techniques. A DMF
solution of Co(NO3)2 (0.1 M, 1 mL) was carefully layered on an
aqueous solution of Na2bpdc (0.1 M, 1 mL), through a 2 mL
mixed (buffer) solution of EtOH–water (2+3). Pink block
crystals of Na2Co(bpdc)2(H2O) 2, suitable for X-ray diffraction
analysis,† appeared after several days. Single crystal X-ray
analysis revealed that each sodium ion has a distorted triangular
bipyramidal (tbp) coordination. The apical positions of the tbp
are occupied by two carboxylate oxygen atoms (O1, O2) from
two bpdc22, while the equatorial positions are occupied by a h2-
oxygen atom (O5) of a water molecule and two carboxylate
oxygen atoms (O3, O4) from another two bpdc22. Each sodium
metal is connected with four adjacent sodium atoms located in

the same plane through four carboxylate groups via anti–anti
mode, leading to a two-dimensional grid-like metal network
with Na…Na distances of 6.083 Å (along the b-axis) and 6.809
Å (along the c-axis). Two of these topologically identical Na
planes are interconnected by Co. The octahedrally coordinated
cobalt ion is located at the inversion center as a node, connected
to four adjacent sodium ions through four O atoms at equatorial
positions, two of which are trans h2-oxygen atoms (O5, O5i) of
water molecules, and the other two, trans carboxylate h2-
oxygen (O1, O1i). The remaining two (axial) positions around
Co(II) are occupied by terminal water molecules (O6, O6i). This
arrangement results in a heterometallic metal slab consisting of
a Na(I)–Co(II)–Na(I) trilayer running parallel to the bc plane,
with the edge-shared sodium(I) and cobalt(II) separated by
3.397(2) Å. A view of the metal slab is illustrated in Fig. 1. This
metal trilayer is quite different from that of a pillared zinc
biphenylylenebis(phosphonate) Zn2(O3PC12H8PO3)·2H2O,8 in
which not only the metal atoms are connected to five
neighboring metals by four PO3 groups, but also they form a
monometallic single layer.

The unique heterometallic trilayers in 2 are cross-linked by
bpdc22 ligands to form a pillared three-dimensional structure
(Fig. 2). Two CO2

2 groups of each bicarboxylate attach the
adjacent metal layers as a stud. Each group adopts a different
coordination mode. One binds a metal layer through its two
oxygen atoms to two sodium ions in a bidentate anti–anti mode.
The other, at the opposite end of the bpdc22, forms tridentate
bonds with the neighboring layer through its two oxygen atoms,
coordinating to two sodium ions (in an anti–anti mode) and to
one cobalt ion (with the h2-oxygen). The twisting of the bpdc22

ligand is a result of orientation adjustment to achieve a stable
coordination geometry for both carboxylate and the metal ions
from the layers above and below the pillar, and the skew–skew
mode of the CO2

2 groups. The width of the heterometallic

Fig. 1 View of 2 along the crystallographic a-axis. Solid and cross-shaded
circles are Na and Co, and open and shaded circles are O and C atoms,
respectively. Selected bond lengths (Å) and angles (°): Na–Co 3.397(2),
Co–O(1)  2.042(3), Co–O(6) 2.044(3), Co–O5 2.210(3), Na–O(1)  2.530(4),
Na–O(5) 2.509(3), Na–O(2)iv 2.487(4), Na–O(4)iii 2.271(4), Na–O(3)ii

2.238(5); Na–Co–Nai 180, Na–O(5)–Co 91.88(11), Na–O(1)–Co
95.36(14). Symmetry codes: i 2x + 1/2, 2y + 1/2, 2z21; ii 2x, y, 2z + 1/2;
iii: 2x, y + 1, 2z + 1/2; iv: x, 2y, z 2 1/2.
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trilayer is 3.75 Å. The distance between the two neighboring
trilayers is 11.5 Å. The shortest average distance between
neighboring benzene rings is 3.75 Å, falling in the range of p–p
interactions. This non-covalent interaction may stabilize the
pillared structure. However, the closely packed biphenylene
groups in the title compound are too close to accommodate
guest solvent molecules. The connectivity of bpdc22 (m5) in this
heterometallic structure cannot be obtained by mixing different
ratios of aqueous solutions of Na2bpdc (0.1 M) and Co(NO3)
(0.1 M), (VNa2bpdc/VCo(NO3)2

= 1+1, 1+5, 1+10, 10+1, 5+1; V =
volume). The product from these reactions is a one-dimensional
structure with a single Co ion center, 1

∞ [Co(bpdc)(H2O)2],9
which was confirmed by powder XRD. The one-dimensional
chain in this structure was formed by connecting six-co-
ordinated Co ions through the four m-H2O, and two trans m-
bpdc.

The present work has shown that heterometallic pillared
structures can be effectively synthesized using a bicarboxylate

as a pillar molecule. Furthermore, it is likely that other transition
metal elements with similar coordination habits and pillars of
different length may replace Na/Co and bpdc22, respectively, to
form other related pillared structures. Suitable choices of
ligands may also lead to porous, 3D pillared networks.

This work is generally supported by the National Science
Foundation (Grant DMR-9553066).

Notes and references
† Crystal data for 2: Na2CoC28H24O12, M = 657.38, monoclinic, space
group C2/c (no.15), a = 3.746(6), b = 6.083(1), c = 13.363(3) Å, Z = 4,
V = 2500.0(8) Å3, Dc = 1.747 g cm23, crystal size 0.10 3 0.06 3 0.04 mm,
m(Mo-Ka) = 0.795 mm21. The intensity data were collected with an Enraf-
Nonius CAD4 diffractometer using graphite-monochromated Mo-Ka
radiation (l = 0.71073 Å). 196 unique reflections of which 1097 were
measured; R1[I > 2s(I)] = 0.063, wR2 (all data) = 0.0668, GOF = 0.951.
The structure were solved by direct methods (SHELXS-86) and refined by
full-matrix least-squared methods (SHELXL-97). All non-hydrogen atoms
were refined anisotropically.

CCDC 182/1862. See http://www.rsc.org/suppdata/cc/b0/b007344j/ for
crystallographic files in .cif format.
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Fig. 2 Perspective view of 2 down the b-axis, The same labeling scheme as
in Fig. 1 is used. The width of heterometallic trilayer is 3.75 Å and the
interlayer distance is 11.5 Å.
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This work describes a new strategy for the preparation of
hyperbranched polymers from commercially available A2
and BBA2 type monomers without any catalysts; the rapid
reaction of A groups with B groups results in the formation
of dimers that can be regarded as a new sort of ABA2 type
monomer; further polymerization of ABA2 gives hyper-
branched polymers; through this approach a new kind of
water-soluble hyperbranched polysulfone-amine was syn-
thesized by polyaddition of N-methylpropane-1,3-diamine
(BBA2) to divinyl sulfone (A2).

Hyperbranched polymers have received attention for about 10
years due to their unique chemical and physical properties.1–9 It
is known that hyperbranched polymers are prepared mainly by
polycondensation of ABx type monomers.10–14 Most ABx type
monomers are unavailable commercially. A significant ap-
proach to hyperbranched polymers, therefore, would be the
polymerization of commercially available difunctional and
trifunctional monomers. Unfortunately, the polycondensation
of A2 and B3 type monomers usually leads to the formation of
a three-dimensional network.1 Interestingly, Kakimoto and co-
workers15 reported that hyperbranched aromatic polyamides
were synthesized by polycondensation of diamines (A2) with
trimesic acid† (B3) at low monomer concentration in the
presence of special catalysts. The hyperbranched polymers were
accessible only when the feed monomer ratio was 1+1. Gelation
occurred within 10–20 min when the feed ratio of A2 to B3 was
3+2.15,16

This work found that gelation can be avoided at different feed
ratios if A2 monomers and BBA2 (instead of B3) monomers are
used. Both B and BA can react with A, and B is more active than
BA. The difference in reactivity may be due to the distinction in
chemical environment or chemical structure of the two
functional groups. If the reaction between B and A is much
faster than that between BA and A, the predominant intermediate
formed at the initial stage of the polymerization is the dimer
(AA–BBA2), which can be regarded as a new kind of ABA2 type
monomer. Further polymerization of ABA2 gives a hyper-
branched polymer. The approach for synthesis of hyper-
branched polymers from two types of reactive monomers is
essentially different from that invented by Davis and co-
workers in which the new functional group A is formed by
reacting a B3 monomer with a reagent.17

To test the aforementioned concept, two kinds of monomers
were selected as the raw materials (Scheme 1). Monomer 1 is
attractive due to its strong electron-withdrawing group (SO2)
linking double bonds. The sulfone group may guarantee the
high reactivity of vinyl groups in the nucleophilic addition,
which results in fast reaction without catalyst.18 The structure of
2 is interesting since it contains an active hydrogen atom in the
secondary-amino group and two active hydrogen atoms in the
primary-amino group. The former is more active than the latter
in the nucleophilic addition due to the effect of the electron-
donating group attached to the secondary-amino group.19,20 At
the start of the polymerization, secondary-amino groups of 2
react rapidly with vinyl groups of 1 to afford 3. Species 3 is now
an ABA2 monomer with one double bond and two active

hydrogen atoms. Further polymerization of 3 leads to higher
species and finally to a hyperbranched polymer.

FTIR has been used to investigate the reaction process. For
the polyaddition of 1 to 2 with a mole ratio of 1+1 (Fig. 1), the
area integration of the absorption band from 1625 to 1602 cm21

(assigned to double bonds) decreases to approximately a half of
feed 1 during the initial 12 s. However, little change can be
observed for the absorption bands from 3240 to 3450 cm21

(assigned to primary-amino groups; the secondary-amino
groups can not be observed in the IR spectrum). Then, the peaks
of primary-amino groups and double bonds gradually decrease
with the reaction. At about 5 h, the peak owing to the double
bonds disappears completely, while that of the primary-amino
groups is still observed (Fig. 2). These data fully support the
polymerization mechanism shown in Scheme 1. Close monitor-
ing of this polymerization by HPLC further demonstrates the
reaction is initially very fast. The corresponding peak of
monomer 1 vanished after about 10 s. Moreover, in the mass
spectrum of the reaction mixture at the initial reaction stage, the
molecular ion peak of the ABA2 monomer (M = 206.3) is
observed at m/z = 207.1 (M + 1), and the fragment ion peak (M
= 190.3) for ABA2 losing its primary-amino group is found at
m/z = 190.1. These data suggest that dimer 3 is indeed
generated by the reaction of the secondary-amino groups with
vinyl groups.

Scheme 1 Polymerization mechanism of A2 and BBA2 monomers.

Fig. 1 In situ FTIR spectra of the reaction mixture of dinvinyl sulfone (DV)
and N-methylpropane-1,3-diamine (NPA) with the feed ratio of 1+1 in
chloroform within initial 12 s.
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When the initial mole ratio of A2 to BBA2 is equal to 1, the
hyperbranched polymer was synthesized through the following
procedure (P1 in Table 1): Under vigorous stirring and nitrogen
atmosphere, divinyl sulfone (3.5445 g, 30 mmol) was added to
a solution of N-methylpropane-1,3-diamine (2.6445 g, 30
mmol) in 15 ml of chloroform. The reaction mixture was kept at
40 °C for 96 h. Precipitation of the reaction mixture with 500 ml
of MeOH and 8 M aqueous HCl (10 ml) gave the white
hyperbranched polymer in 90% yield, which has a molecular
weight, Mn, of 18530 (vapour-pressure osmometer) and a glass
transition temperature of 222.8 °C (measured on a PE Pyris-1
DSC thermal analyzer under nitrogen at a heating rate of 20 °C
min21 from 280 to 200 °C). The resulting polymer shows good
solubility in water and polar organic solvents such as DMF,
NMP and DMSO, which provides further support for the
polymerization mechanism without network formation. A
combination of IR, 1H and 13C NMR spectra confirmed the
structure of the hyperbranched polymer. For hyperbranched
polymers, the degree of branching (DB)21 is calculated from the
ratio of branched units (Nb) and terminal units (Nt) to the total
units (branched units, terminal units and linear units). In this
work, the branched unit is the tertiary-amino group, the terminal
unit is the primary-amino group, and the linear unit (Nl) is the
secondary-amino group. In the 1H NMR spectrum, the peaks of
Nb, Nl and Nt were found at 3.58, 3.31 and 3.19 ppm,
respectively. Additionally, a tertiary-amino group is also
formed during the reaction of the A group and B group. Since
there is a methyl group (CH3) attached to the tertiary nitrogen,
the peaks of the formed tertiary-amino group (NB) are different
from that of the branched tertiary-amino group in the 1H NMR
spectrum. The peak of the methylene group (CH2) attached to
NB was found at 3.75 ppm, and that of the methyl group at 2.9
ppm. Therefore, NB has no influence on the calculation of DB.
The DB calculated from the integration ratio of corresponding
peaks (Nb, Nl and Nt) is summarized in Table 1.

When the feed ratio is equal to 3+2, it is more difficult to
avoid gelation for the polycondensation systems of A2 and B3
monomers.13,19 In this article, no gelation occurred during the
polymerization with the 3+2 ratio in organic solvent. The end-
capped polymer with benzoyl chloride is soluble in chloroform
and other polar solvents such as DMF, NMP, and DMSO.
Examination of the FTIR and HPLC showed the expected

reaction mechanism as given in Scheme 1. For the resulting
hyperbranched polymer with 3+2-feed ratio, the terminal units
should contain vinyl groups and primary-amino groups. The
peaks of the vinyl groups were observed at 6.4 (CH2N) and 6.8
(CHN) ppm in the 1H NMR spectrum.

In conclusion, a novel approach for synthesis of hyper-
branched polymers was presented. Water soluble hyper-
branched polysulfoneamines were prepared by polyaddition of
N-methylpropane-1,3-diamine (BBA2) to divinyl sulfone (A2). It
is likely that the simplicity of this process and the generality of
the method will make this new approach attractive for the
synthesis of larger scale hyperbranched polymer materials.

This work was supported by the National Natural Science
Foundation of China (No. 29974017) and the Gore &
Associates Inc. of U. S. A.
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Fig. 2 In situ FTIR spectra of the reaction mixture of dinvinyl sulfone and
N-methylpropane-1,3-diamine with the feed ratio of 1+1 in chloroform from
13 s to 5 h.

Table 1 Direct polymerization of divinyl sulfone with N-methylpropane-
1,3-diamine

Sample Ratioa Solvent Time/h
Yield
(%)

DB
(%) hinh

b Mn

P1 1+1 CHCl3 96 90 58.7 0.17 18530
P2 3+2 CHCl3 120 94 71.8 0.15 15385
P3 1+1 NMP 96 92 57.4 0.18 19860
P4 3+2 NMP 120 95 73.5 0.16 17110
a The initial mole ratio of divinyl sulfone to N-methylpropane-1,3-diamine.
b The inherent viscosity (dL g21) of the resulting polymer measured at a
concentration of 0.5 g dL21 in water solution at 25 °C.
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We report the use of supercritical carbon dioxide (scCO2) to
create a diverse range of polymeric composites incorporating
thermal and solvent labile guest materials such as proteins;
no additional co-solvents are required; the entire process can
be carried out at near ambient conditions; polymer morphol-
ogy is controllable; high loadings of guest species can be
achieved and the protein function is retained.

Tissue engineering scaffolds and controlled drug delivery
devices are polymeric composites designed to release precise
amounts of guest species, e.g. growth factors and biotechnology
drugs, at rates matching the physiological need of the tissue.1
The challenge is to incorporate such biologically active guest
species, without loss or change of activity, into a polymer host.
There are well documented problems in maintaining protein
conformation and activity under conventional processing meth-
ods due to either the presence of an organic/aqueous solvent
interface (e.g. double emulsion particle formation), elevated
temperatures (e.g. polymer melt processing), or mechanical
agitation of solutions.2 A further challenge in producing these
composites is to control the morphology of the composite, e.g.
to generate a pore size distribution that promotes cell infiltration
or a controlled porosity to influence polymer degradation and
controlled release characteristics.

Here, we report a supercritical fluid mixing technology that
overcomes both of these limitations in one processing step. The
combination of gas-like and liquid-like properties makes scCO2
a unique polymer-processing medium.3,4 scCO2 has long been
proposed as the ideal medium for preparation of polymer based
materials containing bioactive species, primarily because no
solvent residues would remain in the final product. Progress has
been slow because scCO2 is generally a poor solvent for polar
guest species5 and for polymers.6 and this has resulted in
extensive use of scCO2 as an anti solvent.7,8

However, scCO2 does interact with a broad range of
amorphous polymers leading to depression of the glass
transition temperature (Tg).4 Under these conditions the poly-
mer is plasticised, substantially lowering the viscosity and
allowing efficient incorporation of insoluble guest particles into
the polymer (see Contents Page illustration). Briefly, powdered
samples of polymer and bioactive guest are placed in the
autoclave and scCO2 added. Neither the guest, nor the polymer,
dissolves in scCO2. The precise conditions of temperature and
pressure required to plasticise the polymer are determined by
the composition of the polymer. For the biodegradable
polymers poly(DL-lactide) (PLA), poly(lactide-co-glycolide)
(PLGA) and polycaprolactone (PCL), near ambient temperature
(35 °C) and modest pressures (200 atm) are sufficient. Efficient

agitation of the scCO2 swollen polymer leads to homogeneous
distribution of the guest particles throughout the polymer
matrix. The vessel is then depressurised to produce either
monolithic samples or encapsulated particles. For monoliths,
the composite material is formed inside the autoclave. For
particles, the entire contents of the vessel are forced out under
pressure through a computer controlled orifice. Depressurisa-
tion is rapid, and is controlled by the action of a flush valve. The
encapsulated particles are retrieved from a cyclone collector and
the CO2 may be repressurised and recycled. The methodology is
based on the technique of particle generation from supercritical
suspension (PGSS) and was initially developed for the prepara-
tion of powder coatings for paint applications, with the aim of
decreasing processing temperatures.9 The whole process can be
performed in < 1 h at near ambient temperatures on a gram to
multi kg scale in a single processing step. No solvent residues
remain after processing and a wide range of loadings (up to 70%
by weight), morphologies, and porosities are accessible.

To demonstrate the principle we have prepared porous
composites of PLGA (75% DL-lactide+25% glycolide, Mw = 26
kDa, intrinsic viscosity = 0.6) incorporating a high loading of
calcium hydroxyapatite (HA). Such materials are required for
bone regeneration applications (Fig. 1A, B). A PLGA compos-
ite incorporating the enzyme catalase at 50% w/w loading is
also shown (Fig. 1C) The catalase particle morphology is totally
unchanged after processing, the protein is intimately mixed with

† Electronic supplementary information (ESI) available: methods and
measurement of ribonuclease A activity. See http://www.rsc.org/suppdata/
cc/b0/b008188o/

Fig. 1 SEMs of composites. (A and B) Images of internal fracture surface of
composite of HA (40 wt%) and PLGA (60 wt%). At low magnification the
distribution of HA and the porosity is evident, at higher magnification the
intimate mixing of HA and PLGA is observed. (C) Catalase (50 wt%)
incorporated into a PLGA matrix (50%). Micron-scale pores in the polymer
and the distinctive protein particle morphology are evident. (D) High-
surface area microparticle composite [fluorescein (sodium salt) (8 wt%) and
PCL (92 wt%)] produced by direct atomisation.
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the biodegradable polymer, and porosity in the polymer phase is
clearly evident.

The ability to plasticise such polymers at close to 37 °C and
the inherently low solubility of proteins in scCO2 provides a key
processing advantage; thermal and solvent labile species can be
processed easily whilst preserving protein structure and func-
tion. We have demonstrated this for three enzymes; ribonu-
clease A, catalase and b-D-galactosidase. For ribonuclease A, a
number of investigators have studied the activity after exposure
to a wide range of solvents and environments using a standard
assay.10 Using scCO2 (170 atm; 37 °C for 10 min), we have
prepared composites of ribonuclease A (10 wt%) and PLA (Mw
30 kDa). The enzyme was then released to a Tris buffer at 37 °C
for 5 min and analysed (see ESI†). The total concentration of
protein released was verified by a Coomassie protein assay and
the activity of the released protein was measured. The data
presented in Fig. 2 demonstrate that the activity of the enzyme
is preserved. Thus scCO2 behaves in a similar manner to
conventional anhydrous solvents, with the advantage that no
solvent residues are introduced. Indeed, scCO2 processing even
removes the conventional solvent residues that are almost
always found in guest and polymer materials. Clinical use of
such composites requires controlled release of the guest from
the polymer host. Release of ribonuclease A from the PLA
composites over a 70 day period revealed an initial burst release
of < 10% of the dose over the first 2 days followed by close to
zero-order release kinetics until the delivery device was
exhausted.

We have also demonstrated that this scCO2 mixing technol-
ogy leads to fine control of the morphology of polymer
composites. Others have demonstrated that scCO2 can be used
to create microcellular foams of amorphous polymers, and that
control of the magnitude of pressure drop and the rate of
depressurisation influence strongly the porosity and pore
size.11,12 The data in Fig. 3A were recorded following a ‘slow’
(over a 2 h period), whereas Fig. 3B shows the effect of a ‘fast’
(2 min) depressurisation. SEM images show that the ‘slow’
material possesses a small population of large pores (diameter
100–500 mm) whereas the ‘fast’ material has higher porosity
and the pore size distribution, within the resolution of SEM, is
more heterogeneous. Mercury porosimetry reveals significant
differences in the pore size distribution of small pores that are
not visible in the SEM images. ‘Slow’ depressurisation
produced micropores between 50 and 100 nm diameter and no
pores in the 500 nm to 5 mm range. Conversely, ‘fast’
depressurisation produced no micropores in the 50–100 nm
range, but many in the 500 nm to 5 mm range. Thus, supercritical
mixing offers a mechanism of controlling both macro- and
micro-porosity without the addition of porogens13 and via a
one-step process. We have also observed such macro- and
micro-porosity in protein loaded composites.

For many applications, the polymer/drug composite is
required as micron-scale particles particularly for controlled
release and lung or subcutaneous delivery systems.1 Our
technique can also produce such micron-scale composite
particles. After the mixing step, direct atomisation is achieved

by releasing the pressure of the system across an orifice of
known diameter, with particles forming as the CO2 expands
rapidly. The image in Fig. 2D shows an example of the type of
particle morphology generated when processing a model
system. The composite particles have a high surface area and
their size may be fine-tuned by control of the orifice diameter.
Typically the mean diameters fall in a range between 24 and 50
mm, a range that has been shown to be suitable for lung delivery
of low density particles.14

The novel supercritical mixing process described here
requires neither the guest nor the polymer to dissolve in scCO2.
The process is performed at near ambient temperature and
conventional solvents are not required.15 Hence, it is especially
applicable to thermally labile or solvent sensitive guest species
and polymers. Most importantly we have demonstrated that
protein functioning is retained for a range of enzymes after the
processing. The technique is applicable to production of
composites for any technology requiring thermally labile
materials dispersed throughout a polymer host.

We thank the Royal Society and EPSRC for Fellowships
(S. M. H. and K. M. S.) and the RFBR for support.
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Fig. 2 Evidence of retention of ribonuclease A activity. Measured activities
of the released enzyme (four grey-filled symbols) correlate well with
calibration data (/ symbols) and best fit line.

Fig. 3 Controlling PLA pore structure. A, ‘slow’ depressurisation over a
2 h period. B, ‘fast’ depressurisation over a 2 min period.
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A carboxylate encapsulated by arene groups arranged in a
bowl-like shape coordinates to Fe(II), Co(II) and Cu(II) to
form mononuclear complexes with atypical structures en-
forced by the extreme steric demands of the ligand.

Carboxylate groups (from Asp or Glu side chains or C termini)
play key roles as supporting ligands in a diverse array of
metalloprotein active sites.1 Such carboxylates are notable for
the facility with which they adopt different binding modes,2 in
particular during the catalytic cycles of dioxygen-activating
mono- and di-iron enzymes.3 In efforts to synthesize models of
these metalloprotein active sites, we4 and others5,6 have begun
using sterically bulky carboxylate ligands in order to control
coordination geometry, mimic the hydrophobic active site
environment, and access coordinatively unsaturated species
akin to those implicated during enzymatic catalysis. For
example, novel biologically relevant structures and reactivity
have been discovered for iron complexes of carboxylates 14 and

2,5 which contain arene substituents on the benzoate unit that
provide a high degree of hydrophobic ‘shielding’. In expecta-
tion of even greater encapsulation of metal sites in model
complexes, we targeted 3, a carboxylate derivative of the known
irregular ‘bowl-shaped’ 4-tert-butyl-2,6-bis[(2,2B,6,6B-tetra-
methyl-m-terphenyl-2A-yl)methyl]phenyl (Bmt) fragment that
was used to isolate various species BmtX (X = Br, SH, SO, SI,
SO2H, AlH3).7 Herein we report the successful synthesis and X-
ray crystallographic characterization of BmtCO2H (3-H) and
Fe(II), Co(II) and Cu(II) complexes of 3, which adopt atypical
structures owing to the extreme steric bulk of the new
carboxylate ligand.

The synthesis of BmtCO2H was achieved by lithiation of
BmtBr,‡ addition of CO2(g), acidification, and then column
chromatography. The product was identified using spectro-
scopic (ESI†) and X-ray diffraction§ data. Treatment of

BmtCO2H with BunLi in thf afforded the lithium carboxylate
(BmtCO2Li·2thf) that was isolated as an analytically pure solid
for use as the starting material for the preparation of metal
complexes.

Reaction of BmtCO2Li·2thf (2 equiv.) with MCl2 in MeOH
afforded [M(BmtCO2)2(MeOH)n]·mMeOH [M = Fe(II), Co(II),
n = m = 4; M = Cu(II), n = 2, m = 0]. Use of > 2 equiv. of
the carboxylate yielded the same products, indicating that only
two of these bulky ligands may be accommodated. The X-ray
crystal structures§ of the Fe and Cu complexes are shown in
Figs. 1 and 2, respectively. The Co structure is isomorphous
with that of Fe, so only data for the Fe case is presented.
Common to all of the complexes is a trans disposition of two

† Electronic supplementary information (ESI) available: detailed proce-
dures for the syntheses of BmtBr, BmtCO2H and BmtCO2Li as well as
characterization data for all new compounds. See http://
www.rsc.org/suppdata/cc/b0/b006647h/

Fig. 1 Representation of the X-ray crystal structure of [Fe(BmtCO2)2-
(MeOH)4]·4MeOH as 50% thermal ellipsoids, with H atoms and the solvent
molecules omitted for clarity. Selected bond distances (Å) and angles (°):
Fe(1)–O(2) 2.125(18), Fe(1)–O(3) 2.162(2), Fe(1)–O(4) 2.091(2),
Fe(1)…O(1) 3.225(2); O(4)–Fe(1)–O(2) 89.69(8), O(4)–Fe(1)–O(3)
90.86(10), O(2)–Fe(1)–O(3) 89.30(8).

Fig. 2 Representation of the X-ray crystal structure of [Cu(BmtCO2)2-
(MeOH)2] as 50% thermal ellipsoids, with H atoms omitted for clarity.
Selected bond distances (Å) and angles (°): Cu(1)–O(2) 1.893(2), Cu(1)–
O(3) 1.950(2), Cu(1)…O(1) 3.245; O(2)–Cu(1)–O(3) 91.70(9), O(2)–
Cu(1)–O(3a) 88.30(9).

This journal is © The Royal Society of Chemistry 2001
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BmtCO2
2 ligands that coordinate in a syn monodentate fashion.

The noncoordinating carboxylate oxygen atoms participate in
hydrogen bonding with the bound MeOH ligands (Fig. 3).
Additional hydrogen bonding occurs in the Fe and Co
complexes involving included solvent MeOH molecules. Sim-
ilar intramolecular hydrogen bonding patterns have been seen in
other Fe(II)8 and Cu(II)9 carboxylate complexes and have been
suggested to play a role in stabilizing their structures.

Mononuclear bis(carboxylato) iron(II) complexes possessing
trans carboxylates are rare, 4a,c,10 and [Fe(BmtCO2)2(MeOH)4]
is a unique example with an all-oxygen donor set. The Ocarb–
Fe–Ocarb angle of 180° presumably results from the tendency of
the BmtCO2

2 ligands to position themselves as far apart as
possible. This angle in the other two known bis(carboxylato)
iron(II) complexes with trans monodentate carboxylate groups
deviates significantly from linearity [168.5(2) and
154.74(8)°].4a,c,10 The small space remaining in the equatorial
plane of the octahedral BmtCO2

2 complex is ideal for
accommodation of small donors such as MeOH.

A Cu(II) complex possessing the same donor set as [Cu(Bmt-
CO2)2(MeOH)2] has been reported,9a but in this complex of a
functionalized benzoate (‘furosemide’) there are additional
weak axial interactions between the Cu(II) center and the
carboxylate oxygen atoms from adjacent molecules [Cu–O
2.720(4) Å]. In the BmtCO2

2 compound, no other potential
donor ligand is within bonding distance to the square-planar
Cu(II) center due to blocking of the apical site by the carboxylate
xylyl groups. The mononuclear structure of the complex
contrasts with the familiar dinuclear paddlewheel11 or other
common topologies in which carboxylates bridge between
multiple Cu(II) centers.12 The discrete structure of [Cu(Bmt-
CO2)2(MeOH)2] is also unusual insofar as many Cu(II)
carboxylate complexes which exist as monomers in solution
form intermolecular hydrogen bonded extended structures in
the solid state.13

In conclusion, we have developed a synthesis of the
carboxylate 3 in which the ligating unit is encapsulated in an
irregular ‘molecular bowl’. The extreme steric demands of the
ligand have been illustrated through characterization of the
monomeric Fe(II), Co(II) and Cu(II) complexes comprising two

molecules of 3 coordinated trans in a syn monodentate mode.
Further studies will explore the potential for the use of 3 and the
complexes described herein for accessing unusual structures
pertinent to nonheme, carboxylate rich metalloprotein active
sites.

We thank Dr Katherine Aubrecht and Dr Victor G. Young,
Jr., for the structural determination of BmtCO2H (3-H), Jamie
Schneider for her efforts in improving the synthesis of BmtBr,
and the NIH (GM38767 to L. Q.) for financial support.
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Fig. 3 Coordination spheres of (a) [Fe(BmtCO2)2(MeOH)4]·4MeOH
(showing two of the MeOH solvent molecules; the other two are highly
disordered) and (b) [Cu(BmtCO2)2(MeOH)2], with hydrogen bonding
interactions indicated by dashed lines. Relevant interatomic distances (Å):
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O(1)…O(3) 2.511(3) Å.
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In vivo administration experiments using stable (13C) and
radio (14C) labeled precursors provide further evidence for
vascular plant proteins engendering specific but distinct
phenolic coupling modes, i.e. in this case for stereoselective
8–2A coupling leading to the optically active lignans,
(–)-blechnic and (–)-brainic acids.

The ferns (Pteridophytes) are evolutionary forerunners of the
gymnosperms and angiosperms. They contain various phenolic
natural products which may represent some of the earliest
examples in planta of control of stereoselective phenolic
coupling. For example, Blechnum spicant (deer fern) and B.
orientale1 accumulate the unusually linked, optically active,
8–2A lignans, (2)-blechnic 1 and (2)-brainic 2 acids.

Gymnosperm and angiosperm lignans are frequently derived
from stereoselective 8–8A coupling of two monolignol
(hydroxycinnamyl alcohol) radicals,2 and the recent discovery
of dirigent proteins (Latin: dirigere, to guide or to align) and
their corresponding genes gave a new perspective into how free
radical coupling is controlled in plants in vivo.3–5 There have
been no reports on the stereoselective control of other coupling
modes, and hence establishing the mechanism of 8–2A linked
lignan formation in the Blechnaceae would be instructive.

The MeOH extract of B. spicant contains as its principal
metabolites, caffeic acid 3, 5-caffeoyl shikimate 4, (2)-trans-
blechnic acid 1 and (2)-brainic acid 2. An unknown compound

5 was also isolated, which on standing in open solution (in
CH3CN or H2O) over 72 h, was converted into (2)-trans-
blechnic acid 1. Compound 5 ([a]D2128°, c 0.58, MeOH) had
a molecular formula of C18H14O8 as evidenced from its HR-MS
(381.7373 [M+Na]+); furthermore, comparison of its 1H and
13C NMR spectral data with those of (2)-blechnic acid (2)-1
revealed that both structures were very similar, except for a cis-
double bond in 5 [1H NMR: 6.74 (1H, d, J = 12.7 Hz, H-7A),
5.88 (1H, d, J = 12.7 Hz, H-8A); 13C NMR: 139.7 (C-7A) and
120.2 (C-8A)] vs. the trans double bond in blechnic acid 1 [1H
NMR: 7.57 (1H, d, J = 16.1 Hz, H-7A), 6.27 (1H, d, J = 16.1
Hz, H-8A); 13C NMR: 143.3 (H-7A) and 117.8 (H-8A)]. Correla-
tions (or connectivities) for compound 5 were determined by
2D-NMR (1H-1H COSY, HMQC, HMBC) spectroscopic
analyses conducted at low temperature (225°C), and the
configuration of the cis-double bond was further confirmed by
both NOE experiments and a comparison to that of (2)-trans-
blechnic acid 1.

The precursor relationships to the optically active 8–2A linked
lignans was examined through deployment of radiolabeled Phe
6, Tyr 7, cinnamic 8, p-coumaric 9 and acetic acids as potential
precursors over extended durations (Table 1). Thus, caffeic acid
3, 5-caffeoyl shikimate 4, (2)-cis-blechnic 5, (2)-trans-
blechnic 1 and (2)-brainic 2 acids, were individually isolated
with the relative total radiochemical incorporation for each
estimated by liquid scintillation counting (see Table 1).
Significantly, a rapid incorporation into (2)-cis-blechnic acid 5
( ~ 3%) was noted within 8 h, relative to that of (2)-trans-
blechnic 1 and (2)-brainic 2 acids (@0.1%). This indicated that
(2)-cis-blechnic acid 5 was the initial coupling product, since it
was apparently further metabolized into (2)-trans-blechnic 1
and (2)-brainic 2 acids based on the trends of total incorpora-
tion noted for 1 and 2 which approached c. 1–2 and 3–4% over
48–84 h, respectively. A less likely interpretation is that 5 might
be a shunt metabolite and not directly involved in the formation
of 1 and 2. For each time frame examined, the relative
incorporation into (2)-brainic acid 2 was higher than that into
(2)-blechnic acid 1, suggesting that cis-blechnic acid 5 was
more effectively channeled into (2)-brainic acid 2 rather than
into (2)-blechnic acid 1. In a somewhat analogous manner,
both [3-14C]cinnamic 8, and [2-14C]p-coumaric 9 acids served
as precursors, whereas neither [U-14C]tyrosine 7 nor
[2-14C]NaOAc were incorporated into any of the various
metabolites of B. spicant examined, (data not shown).

L-[3-13C], [2-13C] and [1-13C] phenylalanine 6 (1.0 mM)
were next individually administered to B. spicant fronds for 5
days, with the resulting (2)-brainic 2 and (2)-trans-blechnic 1
acids isolated by preparative mBondapak C18 column HPLC
and subjected to 13C-NMR spectroscopic analyses (see Fig. 1a–
d). Only the data for (2)-brainic acid 2 are presented. Fig. 1a
shows the natural abundance NMR spectrum and the corre-
sponding assignments for (2)-brainic 2 acid; these are based on
2-D NMR spectroscopic analyses (HMQC, HMBC and 1H-1H
COSY) and previous assignments by Wada et al.1 The
(2)-brainic 2 acid obtained following administration of
[1-13C]Phe 6 displayed carbon-13 enriched resonances for C-9
and C-9A at 170.5 and 170.6 ppm, respectively (Fig. 1b). In a

† Electronic supplementary information (ESI) available: 13C-NMR spectra
of (a) natural abundance (2)-trans-blechnic 1 acid, as well as (2)-trans-
blechnic acids 1 obtained following administration of (b) [1-13C], (c)
[2-13C] and (d) 3-13C]-phenylalanine 6 (1 mM) to B. spicant fronds for 5
days; all spectra were recorded under identical conditions.

The relative carbon-13 enrichments noted were higher for (2)-brainic
acid 2 than for (2)-trans-blechnic 1 due in large part to the much higher
endogeneous levels of the latter in B. spicant. See http://www.rsc.org/
suppdata/cc/b0/b008174o/
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similar manner, administration of [2-13C]Phe 6 gave enhanced
signals for the C-8 and C8A resonances of (2)-brainic 2 acid at
55.4 and 118.2 ppm (Fig. 1c), whereas with [3-13C]Phe 6, the
corresponding enhanced signals at C-7 and C7Awere at 88.0 and
142.7 ppm (Fig. 1d). Comparable results were observed for
(2)-trans-blechnic acid 1 biosynthesis (see ESI†).

We propose that the 8–2A linked lignans, (2)-blechnic 1 and
(2)-brainic 2 acids, result from oxidative coupling of caffeic
acid 3 as depicted in Scheme 1. Based on the trends of relative
incorporations into 5, 1 and 2, this conversion is likely to result
via stereoselective coupling of two molecules of either cis- or

trans-caffeic acid 3 to first afford (2)-cis-blechnic acid 5. Less
likely, stereoselective coupling could involve p-coumaric acid 9
with subsequent hydroxylation of the aromatic ring to ulti-
mately afford the corresponding catechols 1 and 2. In any case,
by comparison to the dirigent mediated stereoselective bimo-
lecular coupling of coniferyl alcohol 10 affording (+)-pinor-
esinol 11, it is tempting to suggest that the formation of the
blechnates 1 and 2 may involve a comparable process.4,5 This
will be established in the future by isolation and character-
ization of the relevant proteins and enzymes involved in the
biosynthesis of (2)-trans-blechnic acid 1 and its derivatives in
B. spicant; nevertheless both 8–8A and 8–2A linked phenyl-
propanoid coupling products are under full proteinaceous
control thereby stipulating the outcome of stereoselective
coupling.

The authors thank the USDOE (DE-FG03-97ER20259) and
the NSF (MCB-9976684), as well as the L. B. and D. Cullman
and G. T. Hargrove Center for Land Plant Adaptation.
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Table 1 Incorporation of 14C-labeled potential precursors into various B. spicant phenolic metabolites (% incorporation)

Potential precursor administered (radio-activity)
Metabolic
period (h)

Caffeic
acid 3
(% incor-
poration)

5-Caffeoyl
shikimate 4

(2)-cis-
Blechnic
acid 5

(2)-
trans-
Blechnic
acid 1

(2)-
Brainic
acid 2

A [U-14C] Phenylalanine 6 (200 mL, 148 kBq, 18.5 GBq nmol21) 4 1.2 1.7 1.1 < 0.1 < 0.1
8 2.3 3.4 3.0 < 0.1 0.1

12 2.3 2.5 2.6 0.1 0.4
18 2.0 3.2 3.9 0.5 1.4
24 2.9 4.1 2.3 0.6 1.6
30 2.9 5.1 2.7 0.7 1.6
36 5.0 4.7 2.0 0.7 1.9
48 4.5 5.3 1.4 1.1 2.9
84 2.8 3.3 1.3 2.1 4.2

B [3-14C] Cinnamic acid 8 (200 mL, 185 kBq, 1.89 GBq nmol21) 24 2.9 6.9 3.5 2.0 1.5
50 3.8 5.6 1.0 1.1 1.4
84 2.7 5.6 1.2 1.5 1.2

C [2-14C] p-Coumaric acid 9 (200 mL, 148 kBq, 6.07 GBq nmol21) 24 1.0 3.0 1.4 0.5 0.7

Fig. 1 13C-NMR spectra of (a) natural abundance (2)-brainic 2 acid, as well
as (2)-brainic acids 2 obtained following administration of (b) [1-13C], (c)
[2-13C] and (d) [3-13C]phenylalanine 6 (1 mM) to B. spicant fronds for 5
days; all spectra were recorded under identical conditions.

Scheme 1 Proposed stereoselective coupling of caffeic acid 3 leading to
(2)-trans-blechnic acid 1.
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Ternary complexes of formula [Gd–DO3A–L–(H2O)] (where
L is a carboxylate-containing ligand) display exchange
lifetimes of the metal-coordinated water that can be
modulated as a function of L.

Paramagnetic Gd(III) chelates are currently under intense
scrutiny for their use as contrast agents (CAs) for magnetic
resonance imaging (MRI).1 Their efficiency is usually ex-
pressed in terms of relaxivity (r1), which represents the
relaxation enhancement of the water protons at mmol concen-
tration of the paramagnetic agent. The relaxivity is the result of
a complex interplay of several structural, dynamic and elec-
tronic parameters. Recently, it has been shown that the
exchange lifetime of the coordinated water, tM, may have a key
role in determining the relaxivity of a Gd(III) complex.2 In fact,it
has been found that tM covers a whole range of values ranging
from few ns in the aqua-ion3 up to several ms in complexes of
octadentate neutral macrocyclic ligands.4 In systems containing
one coordinated water only (q = 1) it has been shown that the
exchange process occurs through a dissociative mechanism and
the relative exchange rate is dependent upon the energy
difference between the nona-coordinate ground state and the
octa-coordinate transition intermediate.5 Thus, an increased
encumbrance in the ground-state structure results in a smaller
energy jump to reach the intermediate state with a consequent
increase in the water exchange rate.6 Moreover, it has been
found that in DOTA-like systems, the isomer possessing a
twisted antiprismatic structure displays an exchange rate of the
bound water that is ca. 50 times faster than that observed for the
isomer endowed with a more compact square antiprismatic
geometry.7,8 Thus, minor structural variations may have
remarkable effect on the exchange lifetime of the coordinated
water in lanthanide(III) chelates.

As far as the use as CA for MRI is concerned, optimal values
of tM for the attainment of high relaxivities [once the Gd(III) is
part of a slowly moving macromolecular substrate] fall in the
range of few tenths of ns.9 Thus, it is relevant to gain more
insight into the structural factors which are responsible of the
exchange rate of the coordinated water. Recently, it has been
shown that coordinatively unsaturated Gd(III) chelates with q >
1 are able to readily form ternary complexes with suitable
ligands such as carboxylates. The formation of such adducts
involves the replacement of one or more Gd-bound water
molecules by the ligand.10,11 Herein, we show that the mixed
complexes [Gd–L–LA–(H2O)], where L is the heptadentate
ligand DO3A12 and LA is a carboxylate-containing ligand,
display exchange lifetimes of the metal coordinated water
which can be modulated as a function of the added ligand.

The formation of ternary adducts has been followed by
analyzing the changes of relaxivity upon LA concentration. The
[Gd–DO3A] complex has a relatively high r1 value (6.0 mM21

s21 at 20 MHz and 25 °C14) as the largely dominant isomer13

displays two metal-bound water molecules (average q value =
1.8). Upon adding sodium propionate or L-alanine to a solution
of [Gd–DO3A], a progressive decrease of r1 was observed (Fig.
1). This effect is related to the replacement of one Gd-
coordinated water molecule by the entering ligand. The fitting
of these data according to the PRE (proton relaxation enhance-
ment) theory15 allowed us to estimate either the relaxivities of
the ternary complexes, which are consistent for Gd(III) chelates
of the expected molecular size and q = 1, or the binding
constant between the paramagnetic complex and the ligand
(Table 1).

As a further check, we evaluated, by luminescence measure-
ments, the metal complex–substrate affinity as well as the
hydration state of the resulting mixed complexes. The compar-
ison between the rate constants of the luminescence decay for
[Tb–DO3A] adducts in H2O and D2O assures about the
presence of a residual lanthanide bound water molecule,
whereas by looking at the changes in the intensity of the
emission spectra at 545 nm [corresponding to the DJ = 1
transition of Tb(III) ion] upon the addition of the substrates, KA
values in agreement with those measured by the PRE analysis
were obtained (Table 1).

The exchange rate of the metal bound water molecule in this
class of paramagnetic complexes may be conveniently deter-

Fig. 1 PRE titration of a 1.15 mM solutions of [Gd–DO3A–(H2O)2] with L-
alanine (-) and sodium propionate (5); 0.235 Tesla, pH 7, 25 °C.

Table 1 Relaxivities, 1+1 association constants and hydration numbers (q)
for [Ln–DO3A–LA–(H2O)] (Ln = Gd or Tb) ternary complexes (20 MHz,
25 °C)

[Gd–DO3A–LA] [Tb–DO3A–LA]

LA r1/mM21 s21 KA/M21 KA/M21 q

Propionate 3.7 17 25 1.0
L-Alanine 4.7 19 < 50 1.35
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mined by measuring the temperature dependence of water 17O-
R2p.

In fact, the R2p values are basically a function of q, tM and the
electronic relaxation times of the metal ion Tie (i = 1,2). Two
different regimes can be met, one occurring at low tem-
peratures, in which the changes in R2p are mainly determined by
tM (slow exchange region) and one at higher temperatures,
essentially dominated by Tie (fast exchange region). For many
systems displaying tM in the range of few hundreds of
nanoseconds R2p displays a bell-shaped curve (as shown in Fig.
2 for [Gd–DO3A–(H2O)2] at 7.05 T, tM298 = 80 ns). The 17O-
R2p values for the ternary complexes [Gd–DO3A–propionate–
(H2O)]2 and [Gd–DO3A–alanine–(H2O)] are significantly
smaller than those of the parent chelate owing to the reduction
of q in the ternary adduct. Interestingly, the observed behaviour
is consistent with the occurrence of a fast exchange of the metal
bound water molecule in the case of [Gd–DO3A–propionate–
(H2O)]2 (tM298 = 8 ns). Thus on going from [Gd–DO3A–
(H2O)2] to [Gd–DO3A–propionate–(H2O)]2 there is a con-
siderable shortening of the residence lifetime of the inner sphere
water molecule. Furthermore, the observed tM is much shorter
than that of [Gd–DOTA–(H2O)]2 and, interestingly, it is in the
range of optimal values for providing the highest relaxivities for
MRI applications.9

Surprisingly, the profile for the [Gd–DO3A–alanine–(H2O)]
adduct displays a different shape, indicative of a longer tM value
(tM298 = 180 ns). This may reflect the occurrence of a
hydrogen-bonding interaction between the metal bound water
molecule and the positively charged a-amino group of the
amino-acid, which could also be mediated by a solvent water
molecule (Scheme 1).

In order to further check this hypothesis 17O-R2p vs. T profiles
of the adducts between [Gd–DO3A–(H2O)2] and aminobutyrate
anions differing in the position of the protonated amino group
were recorded (Fig. 2).

The 17O-R2p values for the adduct with a-aminobutyrate are
similar to those of the L-alanine adduct (tM298 = 120 ns).
However, when the –NH3

+ group is shifted to the b-position, the
exchange lifetime decreases significantly (tM298 = 80 ns).

Therefore, these results clearly suggest that the position of the
protonated amino group plays a key role for controlling the
water exchange rate of the metal bound water molecule.

In summary, though it is difficult to foresee a MRI
application for the Gd(III) based ternary complexes investigated
in this work, the results here reported indicate a novel route to
the modulation of the exchange rate of the coordinated water in
Gd(III) complexes. Moreover, one may seek for the formation of
ternary complexes between suitably functionalized Gd(III)
chelates and endogenous substrates containing carboxylate
functionalities.

Financial support from MURST and CNR (Biotechnology PF
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Fig. 2 17O-R2p vs. T of 27.3 mM solutions of [Gd–DO3A–(H2O)2] (/),
[Gd–DO3A–propionate–(H2O)]2 (5), [Gd–DO3A–alanine–(H2O)] (-),
[Gd–DO3A–a-aminobutyrate–(H2O)] (8) and [Gd–DO3A–b-aminobutyr-
ate–(H2O)] (2); 7.1 Tesla, pH 7.

Scheme 1 Proposed representations of the ternary [Ln–DO3A–alanine–
(H2O)] adduct. The elongation of the residence lifetime of the metal bound
water molecule may result from the occurrence of the hydrogen bonding
network.
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Reversible isomerization of the two axial azobenzene sub-
units leads to modulation of the fluorescence due to the basal
tetrapyrrolic chromophore in a new hexa-coordinated phos-
phorus(V) porphyrin 3, illustrating its utility as a molecular
photoswitch.

‘Emitter–quencher’ assemblies based on porphyrin building
blocks are attracting increasing attention because of their
importance as either model compounds in photosynthetic
research or photoswitches in the fabrication of molecular
electronic/optical devices.1,2 While a great variety of covalently
or non-covalently bound porphyrin–acceptor motifs are now
known to closely mimic the initial, photoinduced electron
transfer (PET) events of natural photosynthetic reactions,1 the
utility of such motifs as photoswitches has not been firmly
established. In this regard, it is interesting that a key recurring
theme of most earlier attempts to construct porphyrin-based
photoswitches involves intramolecular PET coupled to iso-
merization (E/Z) of the azobenzene group.3–8 This theme is an
appealing one, and especially so, in view of the ready
availability of PET-based non-porphyrinic photoswitches that
incorporate azobenzene moieties in their architecture.2 How-
ever, barring a recent exception,4 photoswitching function has
not been demonstrated in any of the porphyrin–azobenzene
conjugates reported so far. Herein, we describe the lumines-
cence on/off behavior observed in a novel, metalloid porphyrin-
based photoswitch 3, which is constructed by utilizing the
‘axial-bonding’ capability of a phosphorus(V) porphyrin-
(Fig. 1).

The hydroxide salt of photoswitch 3 was synthesized in 70%
yield by reacting [5,10,15,20-tetra(tolyl)porphyrinato]phos-
phorus(V) dichloride 1 and 4-hydroxyazobenzene (excess) 2, in
refluxing pyridine and purifying by column chromatography
[silica gel, CHCl3–MeOH 10+1, v/v)].9 The 1H NMR spectrum
of this ‘axial-bonding’ type metalloid-porphyrin shows charac-
teristic, porphyrin ring-current-induced upfield shifts for the
protons on the axial aromatic ligands,10 with the magnitude of
shift for a given proton being a function of its separation
distance from the porphyrin p-plane (see Fig. 1). On the other
hand, effects due to the substitution of axial chlorides by the
aryloxo ligands are minimal for the porphyrin pyrrole-b and
meso-aryl proton resonances. However, in the 31P NMR
spectrum, the signal due to the central phosphorus ion of 3 was
seen to be shifted downfield (d 2194.9, 85% H3PO4 external
reference) compared to that of 1 (d 2229.4) but is within the
typical range expected for hexa-coordinated diaryloxo phos-
phorus(V) porphyrins.9 Further support for the structural
integrity of 3 arises from the appearance of its molecular ion
peak at m/z = 1093 ([M]+) in the FAB mass spectrum.

The UV/VIS spectrum of 3 is essentially a summation of the
spectra of 1 and 2 (1+2 molar ratio), with the porphyrin Q- and
B-bands [lmax/nm (log e): 610 (4.03), 566 (4.28), 436 (5.36)]
clearly distinguishable from the absorption due to the two trans
azobenzene moieties in their E isomeric form [lmax/nm (log e):
341 (4.86)] [Fig. 2 (top curve)]. These spectral features suggest
that there is no electronic communication between the por-
phyrin and the azobenzene chromophores and, more im-
portantly, that it is possible to individually address the
photochemistry of these two subunits in this bichromophoric

system. Accordingly, continuous irradiation of 3E (5.9 3
1025 M, MeCN) at 345 ± 5 nm resulted in the time-dependent
decrease of its absorption band centered at 341 nm concomitant
with a slight increase of absorption in the B-band region,
suggesting isomerization of the porphyrin-bound azobenzene
subunits to produce 3Z.11 The reverse thermal reaction was also
spectrally monitored and the E form could be recovered
quantitatively (Fig. 2).

Excitation of a MeCN solution of 3E at 345 nm resulted in no
fluorescence emanating from the azo chromophore as is the case
with the precursor 2. On the other hand, the porphyrin
component of the complex showed a fluorescence spectrum
(lexc = 465/565 nm) typical of a hexa-coordinated phosphor-
us(V) porphyrin.9 The fluorescence quantum yield [Ff, esti-
mated using (5,10,15,20-tetraphenylporphyrinato)zinc(II),
ZnIITPP, as the standard] of 3E (0.01) is less than that of
[5,10,15,20-tetra(tolyl)porphyrinato]phosphorus(V) dihydrox-
ide {[PV(TTP)(OH)2]+, Ff = 0.045}. Interestingly, the fluores-
cence intensity due to 3Z (produced by continuous irradiation at
345 ± 5 nm) is only 60 ± 5% of that due to 3E, and the thermal
back reaction regenerates the fluorescence of 3E as illustrated in
Fig. 2 (inset). This E/Z interconversion was repeated 5–6 times

Fig. 1 Molecular structure of photoswitches investigated in the present
study. The numbers indicated adjacent to protons on the azobenzene moiety
are the corresponding porphyrin ring-current-induced 1H NMR chemical
shifts [i.e. Dd (free 2 bound)] observed for 3E.
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with < 5% loss of the material (UV/VIS and fluorescence), thus
establishing the ability of 3 to be an effective and stable
photoswitch.

What is the origin of weak fluorescence observed for 3 and
what is the mechanism of its photoswitching function? Among
the various possible mechanisms considered by us,† an
intramolecular PET from the axial azobenzene donors to the
singlet excited state of the basal phosphorus(V) porphyrin seems
to be the most probable pathway for the quenching of
fluorescence in 3E. This interpretation is consistent with not
only the exoergicity for such a PET reaction (DGPET = 20.16
± 0.03 eV‡), but also a similar interpretation made earlier for the
quenching observed in a series of aryloxo phosphorus(V)
porphyrins reported by us.9b Moreover, Ff for complex 4E

(Fig. 1), which is endowed with the electron withdrawing nitro
group at the axial azobenzene ligand, was seen (Ff = 0.035) to
be more than that of 3E.§ Thus, accepting that PET is occurring
between the axial ligand and the singlet porphyrin in this donor–
acceptor complex, the photoswitching function demonstrated
here can be rationalized in terms of the distance dependence of
PET. As schematically represented in Fig. 3, the distance
between the basal porphyrin and the axial ligand in 3Z is shorter
than that in 3E explaining the additional fluorescence quenching
observed for the former isomer.

Recently, electro-switch and proton-switch properties of an
supramolecular ensemble comprising of ZnIITPP and axially
ligated 4-(phenylazo)pyridine has been reported but, the effect
of E/Z isomerization on the luminescence properties of this
system was not observed.3 Similarly, studies on the covalently

connected azobenzene–porphyrin conjugates reported by
Hunter and Sarson revealed that photochemistry of the
porphyrin components of these novel chromophoric assemblies
is essentially unaltered but, the photochemical isomerization of
their azobenzene components could not be detected.5 On the
other hand, fluorescence properties of the early azobenzene–
porphyrin systems reported by several groups were not
investigated in detail.6–8 While this work was in progress,
photoswitching features of an azobenzene-linked diporphyrin
complex have been described.4 However, because of the
extensive absorption by the two dissimilar porphyrin chromo-
phores in the UV/VIS region, spectral detection of the E/Z
isomerization in this system was not as facile as demonstrated
here for 3.

In summary, the new phosphorus(V) porphyrin 3 is an
effective and stable photoswitch. Its photoswitching ability is a
result of the isomerization-induced modulation of the PET
between the axial azobenzene subunits and the basal porphyrin
scaffold. Further studies on 3 and other closely related ‘axial-
bonding’ type photoswitches are currently in progress.

We thank the CSIR (New Delhi) for financial support of this
work.

Notes and references
† Excitation of 3 at 345 nm resulted in weak fluorescence in the range
550–750 nm but control experiments have suggested this to be entirely due
to the residual absorption by the porphyrin chromophore. Moreover, the
excitation spectrum of the compound (emission collected at the porphyrin
fluorescence band maximum) did not show absorption corresponding to the
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Fig. 2 Time-dependent UV/VIS spectral changes observed upon continuous
irradiation of 3E (solvent: MeCN, [3E] = 5.9 3 1025 M). Top curve
represents the initial spectrum with the subsequent lower ones resulting
from continuous irradiation of the solution at 345 ± 5 nm at 25 °C for 1, 2,
5, 7, 9, 12 and 16 min, respectively (PTI 150 W Xe-arc lamp model A1010,
PTI model 1366-MONO monochromator). The dotted curve close to the top
curve is the spectrum obtained after keeping the irradiated solution in the
dark for several hours. Inset: fluorescence spectra of (––––) unirradiated 3E,
(– – –) 3Z obtained upon irradiating 3E and of (· · · ·) 3E resulting from the
back thermal reaction of 3Z (solvent: MeCN; lexc = 465 nm).

Fig. 3 Reversible E/Z isomerization in 3 (P = porphyrin).
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Optically clear thin mesoporous films with covalently
attached fluorescein entities are shown to exhibit very fast
response pH sensing.

Dye-doped mesostructured compounds are currently attracting
interest with respect to possible optical applications such as
materials exhibiting amplified spontaneous emission and las-
ing.1–3 The mesoporous forms are also promising for optical
applications when doped with dyes. Dyes can be attached
covalently to the matrix by introducing hydrolysable units onto
the dye molecules.4 Principally this should allow one to remove
the surfactants quantitatively, leaving behind a porous matrix
with anchored dye molecules. The porous structure is especially
important for optical sensing applications where fast diffusion
of the molecules towards the sensing species is of interest.

Previous investigations on optical sensors has focused
predominately on sol–gel glasses. The attractive points of sol–
gel glasses are their ease of processibility as well as thermal and
mechanical robustness. A few examples include oxygen sensing
by Ru-complexes,5 pH sensing,6 and ion sensing.7 As far as pH
sensing is concerned, the diffusion of the molecules into the
dried glass is sometimes a limiting factor, usually leading to
rather long response times (up to minutes),7 a task which could
be improved with mesoporous materials. Here, we show that
mesosporous thin films8 prepared by acidic sol–gel chemistry
and low-temperature block-copolymer extraction9 can function
very effectively as pH sensors. The pH sensitive dye is
covalently anchored to/within the mesoporous SiO2 wall in
order to prevent leaching during optical pH measurements. We
also demonstrate that the response of the dye-modified
mesoporous silica thin films is very fast, indicating the
possibility of using these materials in sensor devices.

Fluorescein isothiocyanate (FITC) was used as the pH
sensitive dye and was derivatized with 3-aminopropyltriethox-
ysilane (APTS). Typically, 7 mg of FITC was dissolved in 20.4
g of EtOH and was allowed to react with 10 mg APTS for 3 h.
Afterwards, 2.0 g of the block-copolymer F127 [poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide), (PEO)106(PPO)70(PEO)106, BASF], 1.6 g H2O, 0.25 g
HCl (2 M) and 8.5 g tetraethylorthosilicate (TEOS) were added.
This solution with a molar composition of TEOS–F127–H2O–
HCl–FTIC–APTS–EtOH = 1+4 3 1023+2.5+0.012+4.4 3
1024+1.1 3 1023+10.9 was refluxed for 1 h. After the solution
had cooled to rt, thin films were prepared by dip coating. Films
were withdrawn from solutions with 10 cm min21, resulting in
~ 900 nm thick films on an area of 2.5 3 2.5 cm2. The films
show a considerable thickness variation when prepared by dip-
coating. Apart from the fact that the ends are swelled thick, the
film thickness increases along the dipping direction. When the
same solutions are spin-coated (3000 rpm, 30 s), more
homogenous thin films ( ~ 1500 nm) are produced, with a
thickness variation of 5% (apart from the edges which are also
swelled thick).

A typical X-ray pattern of an as-synthesized thin film is
depicted in Fig. 1(a), showing several peaks in the region
between 0.8 and 3.5 2q°. The peaks can be indexed in the P63/
mmc space group indicating that the composite thin film

consists of a hexagonally packed arrangement of cages (a =
113, c = 181 Å, c/a = 1.60).8 One further non-indexable peak
is observed at a d spacing of 51 Å; this peak may be attributed
to the 200 reflection of a cubic Im3m phase which can also be
derived under similar conditions with F127 as a block-
copolymer.8 The 110 reflection is hidden by the intense
reflection of the hexagonal structure at ~ 1° 2q. From the
relative intensities we conclude that the hexagonal phase is the
major part, whereas the cubic phase is only present in small
amounts. However, as both structures are composed of cage-
like entities, and porosity itself determines the sensing proper-
ties, the presence of minor amounts of a second phase is not of
significant importance. We note also that the use of higher
concentrations of APTS did not result in ordered meso-
structures. This fact is attributed to the pH increase brought
about by the basic amine. Hence, we adjusted the concentration
of APTS carefully, in order to have an access for complete dye
derivatization but still having a pH resulting in thin films with
mesostructural order.

A key point is the low temperature removal of the surfactants.
Fresh films ( ~ 1 d old) show severe cracking when treated in
EtOH at 80 °C. The same is true, even when the films are aged
for several days at rt. However, we observed that when the films
had first been aged at rt for about 10 d and afterwards for 3–5 d
at 70 °C, the stability of these films is sufficiently high to allow
surfactant removal by extraction without decrease of the optical
transparency.

The extraction time itself was optimized in order to
completely remove the surfactants. IR spectroscopy was used to

Fig. 1 X-Ray diffraction patterns of fluorescein-doped thin mesostructured/
mesoporous films prepared with F127. (a) As-synthesized, (b) after
calcination, and (c) after extraction. The inset in (c) shows a magnification
of the higher 2q° range.
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follow the surfactant removal during extraction by monitoring
the C–H vibrations in the range 2700–3000 cm21. Within the
first 4 h of extraction, the intensity of these bands steadily
decreased, until finally only weak bands in this wavelength
region remained. These bands were still present after 24 h of
extraction and may be attributed to vibrations due to the
occluded dye and the excess APTS used for the dye derivatiza-
tion. X-Ray patterns showed that prolonged treatment in EtOH
at 80 °C results in a decrease of the unit-cell constants compared
to the as-synthesized material (Fig. 1c). The unit-cell parame-
ters (a = 90.1, c = 144.6 Å, c/a = 1.60) are larger than those
of a calcined thin film made from the same composition (a =
69.8, c = 111.8 Å, c/a = 1.62), showing a lower contraction of
the SiO2 framework when employing extraction for block-
copolymer removal. We note that even after prolonged
treatment in EtOH (24 h) not only the optical transparency and
the mesostructure are retained but also the X-ray patterns
exhibit all reflections seen for the as-synthesized material.

For the demonstration of pH sensing, we chose a simple
configuration in which the thin films were excited by the 488
nm line of an Ar+ ion laser at 45° and the photoluminescence
(PL) was detected normal to the film surface. Typical PL spectra
are depicted in Fig. 2a at a pH of and 3.1 and 11.2. As expected,
the PL intensity of the thin films is dependent on the pH and is
stronger under basic conditions. A typical titration curve is
depicted in Fig. 2b. Compared to solution, the titration curve is
relatively broad. This may be attributed to an inhomogeneous
dye environment. Moreover, fluorescein possesses three pK
values which can hardly be distinguished in solution (pK1 =
2.08, pK2 = 4.31, pK3 = 6.43) and which might also cause
some broadening.10

The response time of the mesoporous films upon changing
the pH is fast, being in the range of a few seconds. Fig. 3 depicts
a typical set of data which was obtained by exchanging the
solution from pH 3.8 to 9.4. We attribute the fast response to the
fact that the porous structure facilitates the diffusion of H3O+

(OH2). While it is possible the dye is located both at the pore
interface and incorporated within the SiO2 wall, this does not
hinder the anchored fluorescein entities to respond rapidly to
changes in pH. From time dependent measurements we
evaluated the time for the change in the PL signal to 95% of the
final value to be in the range of ~ 7 s. We note that with the
exception of small capillaries coated with sol–gel glass,11 this is
faster than in  purely sol–gel based optical pH sensors.7,12

Here, we have demonstrated that dye-doped mesoporous thin
films are suitable candidates for optical solid-state pH sensors.
An important point is the careful optimization of the processing
conditions which are necessary to obtain thin mesoporous films
with high optical quality. As expected, the response time is very
fast, due to the mesoporosity of the thin films. On the other
hand, the high processibility of the solid state precursor solution
should allow one to extend this chemistry to other sensing
arrangements, e.g. to evanescent wave optical fibers13 or to pH
sensing microtips.14

This work was supported by the NSF under grant DMR
95-20971, DMR 9634396, the U.S. Army Research Office
under grant DAAH04-96-1-0443 and made use of the Materials
Research central facilities supported by the NSF under award
DMR-9632716.

During review of this manuscript, Fau et al.15 reported pH
sensing in patterned mesoporous materials where the sensing
agent was attached by post-synthesis modification.
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Fig. 3 Time dependent photoluminescence response of a fluorescein doped
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Novel W–Nb–S composite inorganic nanotubes have been
generated by replacing W in the S–W–S sandwich layers of
WS2 by Nb. The tubes are uniform, with the Nb concentra-
tion 10 atom%. Raman spectral features of the tubes are
described.

Inorganic fullerene (IF) nanotubes, e.g. MX2 (M = W, Mo; X
= S, Se), first reported by Tenne et al.,1 have engendered
considerable scientific interest because they are good semi-
conductors and display excellent wear-resistant properties. To
date, various approaches to the synthesis of these materials have
been developed, such as chemical transport,2 gas–solid reac-
tions3 and in situ heating,4 leading to pure MX2 nanoparticles,
short and long tubes, bundles, and even microtubes. The
structural features, lubricating properties and electronic behav-
iour of the IF nanotubes have been widely investigated.5–8 For
example, a single WS2 nanotube has been used successfully as
a microscope probe.3,9 Recently, Levy and coworkers showed
that small amounts of noble metals (Au and Ag) could be
intercalated between WS2 tube walls.10,11 Akin to their bulk
crystals, IF nanotube band gaps are dependent upon tube
diameter.12 It is therefore interesting to prepare doped nano-
tubes and to assess their electronic and mechanical perform-
ance. Here, we describe the generation of a novel WxNbyS2 IF
nanotube containing ca. 10 atom% Nb.

We prepared needle-like WOx (mainly W18O49) nanotubes
by the previously described procedure.13 The needles were then
covered with a suspension of Nb2O5 (Aldrich, 99.9% pure,
particle size < 2 mm) in acetone, and the acetone was allowed
to evaporate leaving Nb2O5 uniformly distributed over the
needles. The sample was then reheated to ca. 1100 °C under 200
Torr H2S. Using a scalpel, the grey needle-like deposit was
removed from the quartz surface, subjected to high resolution
transmission electron microscopy (HRTEM, JEOL-4000) and
to energy dispersive X-ray (EDX, element > B) and Raman
spectroscopic (Renishaw system 1000, l0 = 514.5 and 632.8
nm) analysis.

Previously, we had refined the oxide–sulfide conversion
method7 and successfully created very long pure WS2 nano-
tubes by forming WOx nanorods prior to oxide–sulfide
conversion.4 We have now found that the constituent atoms of
Nb2O5-coated WOx nanorods easily diffuse at high temperature
(ca. 1100 °C), particularly through materials possessing
substantial vacancies. Thus Nb probably occupies some of the
W positions within W18O49, leading to WxNbyOz. This
replacement process is reminiscent of the behaviour of the bulk
oxides, but in this case the nanorod templates and the suboxide
features were retained. The presence of gaseous H2S in the
chamber facilitated oxide-to-sulfide conversion in an identical
manner to that found for the synthesis of pure WS2 or MoS2
nanotubes,1,3,4 resulting in homogeneous W–Nb–S composite
nanotubes. These tubes are straight, ca. 5–10 mm long and ca.

20–100 nm in diameter. HRTEM images of the tubes are not
different from those of WS2 nanotubes. The majority have
hollow cores, less than 30% of them being fully or partly filled
with elongated WOx crystals. Concentric nanotubes (layer
separation ca. 0.62 nm) are observed. The outer layers are
smooth and appear to be free of lattice defects. All the tubes are
closed, ca. 20% by flat caps, forming a ca. 90-degree
connection with the cylinders. Dislocations at the cap–cylinder
junctions are apparent [Fig. 1(a), arrowed]. EDX revealed the
presence of Nb [Fig. 1(b)] within the nanotubes. Measurements
on ten isolated hollow nanotubes revealed a ca. 9+1 W to Nb
atomic ratio, the metal+sulfur ratio being ca. 1+2. The overall
stoichiometry of the nanotubes is WxNbyS2 (x = 0.9, y = 0.1,
5% uncertainty). The flat tip feature (ca. 90-degree angle with
the body) of the nanorods is determined by their intrinsic
crystalline nature.13 Hence, the flat nanotube tips probably form
as a result of oxide–sulfide template conversion. This con-
jecture is supported by supplementary experiments, which
showed that NbS2 nanotubes could not be prepared directly
from Nb2O5 powder alone. These results confirm that the
suboxide plays a key role in the IF nanotube formation, and the
process can be written in terms of eqns. (1) and (2):

WOx (nanorod) + Nb2O5 (particle)? W0.9Nb0.1Ox (nanorod) (1)

W0.9Nb0.1Ox (nanorod) + H2S (gas)
? W0.9Nb0.1S2 (nanotube) + H2O (gas) (2)

In order to ascertain whether or not Nb was present as an
intercalate within the WS2 tube walls, or as a dopant in the WS2
structure, we undertook additional EDX analyses. The results
showed that the W+Nb+S ratio remained nearly constant,
independent of nanotube diameter and position. This behaviour
is consistent with the EDX mapping, and implies that the
nanotubes are fairly uniform. When intercalated Au and Ag are
present, the nanotubes are heterogeneous, irrespective of their
diameter and length.10,11 Heterogeneous intercalation is likely
to lead to internal stresses owing to the different atomic
diameters of W and Nb, resulting in significant defects. In fact,

† Electronic supplementary information (ESI) available: HRTEM image of
a typical 10-layered W0.9Nb0.1S2 nanotube, layer separation = 0.62 nm and
Raman bands of W0.9Nb0.1S2 and WS2 nanotubes and their assignments.
See http://www.rsc.org/suppdata/cc/b0/b007074m/

Fig. 1 (a) HRTEM image showing a ca. 90-degree flat cap, layer separation
= 0.62 nm. Dislocations at the cap-cylinder junctions are apparent
(arrowed); (b) EDX of an isolated hollow tube, revealing the presence of W
and Nb. S signals are omitted from this profile.
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our HRTEM observations show that the distance between layer
fringes is ca. 0.62 nm [Fig. 1(a)], identical with that in pure
WS2; only a few defects are present. Furthermore, expanded
layer separations, i.e. > 0.62 nm, would be expected if Nb were
to be intercalated between the WS2 layers. However, very few
crystals were found with expanded layer separations. Thus our
nanotubes are Nb-doped and not intercalated.

Additional experiments have revealed that the W+Nb ratio
can be altered by applying various amounts of Nb2O5 coating to
the WOx nanorods, prior to passage of H2S during heating. The
Nb concentration (ca. 10% atom%) can be doubled in the
nanotubes; however, our results showed that Nb-dominated
W–Nb–S tubes are difficult to construct.

The Raman spectrum of W0.9Nb0.1S2 nanotubes taken with
632.8 nm excitation is identical to that of WS2 nanotubes. The
514.5 nm spectrum of the Nb-doped tubes, however, does show
some differences from that of WS2 (Fig. 2), notably the
appearance of a medium intensity band at 313 cm21, a shoulder
on the low wavenumber side of the e2g

1 band at 356 cm21 and
an increase in the relative intensity of the 192 cm21 band. The
intensity of the 192 cm21 band is ca. half that of the disorder-
induced zone-edge phonon [LA(M)] band at 173 cm21 for WS2,
whereas its intensity for the Nb-doped tubes is ca. 5 times that
of the 173 cm21 band. The 192 cm21 band has been observed
in the Raman spectra of 2H-bulk and nanotubes of WS2, but has
not been assigned.14 Its increase in relative intensity on going
from pure WS2 nanotubes to Nb-doped WS2 nanotubes implies
that it is caused by scattering from a disorder-induced zone-
edge phonon. The band at 313 cm21 has not previously been
seen in the Raman spectra of any form of WS2, and is also
probably due to the increased disorder in the lattice owing to the
presence of Nb. The shoulder at 351 cm21 is the first overtone
of the LA(M) band, with its apparent intensity enhanced by its
proximity to the strong band at 365 cm21. The Raman bands
and their assignments are summarised in Table 1 of ESI.†

The formation of W0.9Nb0.1S2 nanotubes can be accounted
for by considering the layered structure of the W0.9Nb0.1S2
crystals. According to our EDX analysis, only ca. 10% of the W
atoms are replaced by Nb. Therefore, we suggest that the Nb-
doped material remains as the 2Hb-type WS2 structure, rather
than becoming the 2Ha-type NbS2 structure. We propose a
model for layered W0.9Nb0.1S2 (Fig. 3). In this structure, the
doped Nb atoms (medium circles) should not cause severe
lattice defects and can easily be stabilised by neighbouring
atoms. This suggestion is supported by our Raman spectra; the

spectra of the Nb-doped and pure WS2 tubes are identical using
632.8 nm excitation, whereas new bands attributable to
increased lattice disorder are seen using 514.5 nm excitation.
The crystal lattice spacing, particularly c/2, remains almost
unchanged when compared with that of pure WS2 layers. If a
nanotube is to be formed by rolling up such composite layers,
one would not expect a significant c/2 change. This conjecture
is also supported by the facts that the composition of our
nanotubes is uniform and that we did not observe severe defects
on the tube walls.

We thank the Royal Society, the JFCC, the EPSRC and the
ULIRS, for financial support. We are grateful to J. Thorpe and
D. Randall (Sussex) for assistance with TEM and SEM
facilities. We thank M. Mayne and I. Maurin for helpful
discussions.
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The syntheses of the quinoxaline and pteridine proligands (3
and 4) related to molybdopterin are described and 3 has been
characterised complexed via its dithiolene group to a
CpCo(III) centre (5). Each of 3–5 has the sensitive hemiami-
nal unit of molybdopterin, unprotected, verifying its stability
in vitro.

The pioneering studies on representatives of the molybdenum
enzymes by Garrett and Rajagopalan1 showed that each
contained a prosthetic group that comprises a pteridine carrying
a C4-side-chain at pteridine C-6, having two sulfur atoms which
ligate molybdenum. A series of X-ray crystallographic determi-
nations on molybdenum and tungsten enzymes2 further clarified
the structure of the cofactor and its mode of ligation to Mo and
W. Thus, the metals are chelated by an ene-1,2-dithiolate
(dithiolene) which is part of a tricyclic system, in which a

dihydropyran ring is fused to a partially reduced pteridine, 1.
The pterin (2-aminopteridin-4(3H)-one) moiety is generally
known as molybdopterin.

We have previously described3 the synthesis of CpCo(III)
(where Cp = h5-cyclopentadienyl) complex 2 which involves
ligation of the metal by a dithiolene moiety as part of a
dihydropyran fused to a partially reduced pyrazine, as in 1.
However, 2 differs from 1 in several key respects. Firstly, 2 has
a benzene ring instead of a pyrimidine ring; secondly the
terminal primary hydroxy (phosphate) is absent; and thirdly,
and crucially it retains a urethane at the nitrogen of the
hemiaminal unit. It was far from certain that, freed from this
protection against possible cleavage of the N–C–O system, the
cyclic aminal would be stable, especially during the process of
ligand release and complexation to a metal centre. Thus, to
assess whether there are any special effects operating in the
natural system which maintain the hemiaminal linkage, it was
essential that structural analogues of 1 without the urethane be
prepared. We describe here the synthesis of just such model
compounds, the proligands 3 and 4 and the cobalt complex 5
derived from 3.

We have previously described syntheses of quinoxaline 64

and protected pteridine 10.5 Hydrolysis of the acetal in 6 then
reaction of 7 with fluoren-9-ylmethyl chloroformate (Fmoc-Cl),
under carefully defined conditions gave a high yield of a 2+1
mixture of cis6 (the desired) and trans tetracyclic products 8
which could not be separated by chromatography. Reduction of
the mixture with sodium cyanoborohydride proceeded stereo-
selectively producing 9a6 and 9b6 which could be separated. It

is notable that there were no problems associated with the
presence of a second alcohol group—neither cyclisation to give
an oxepino[2,3-b]quinoxaline nor acylation of the primary
hydroxy occurred.

Release of the Fmoc nitrogen protection, most efficiently
using diethylamine,7 gave the unprotected compound 3 which
retained the hemiaminal unit. It remained to verify that this
sensitive functionality would survive conditions to release the
enedithiolate and form a metal complex. This indeed proved to
be possible for, using caesium hydroxide for hydrolytic ligand
release, with subsequent trapping by reaction with CpCoI2,
complex 5 was produced (Scheme 1).

A comparable sequence led to the isolation of a pyranopter-
idine having an unprotected hemiaminal unit. Thus, treatment of
pteridine 10 with trifluoroacetic acid allowed selective removal
of the acetal protection giving diol 11 then reaction of this with
Fmoc-Cl produced a separable mixture of pyran-containing
products in which the ratio of cis-12a6 (desired) to trans-12b6

(2+1) was comparable to that in the quinoxaline series.
Conducting the cyclisation reaction at rt produced a more
favourable ratio (4+1) of products but the reaction was much
slower, not being complete after 1 week. N-Deprotection of the
‘wrong’ isomer 12b led cleanly back to 11 (incidentally

† Present address: School of Chemistry, University of Nottingham,
University Park, Nottingham, UK NG7 2RD.

Scheme 1 Reagents and conditions: i, TsOH·H2O, MeOH, reflux (92%); ii,
Fmoc-Cl, 1,4-dioxane, 35 °C, 14 h (92%); iii, NaB(CN)H3, AcOH, CH2Cl2,
MeOH, rt (92%); iv, 9a, Et2NH, THF, rt (80%); v, CsOH, CHCl3, MeOH,
rt then Cp(Co)I2 (55%).
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confirming the lability of the N–C–O unit) which could thus be
recycled. Cyanoborohydride reduction of the cis isomer pro-
ceeded stereoselectively in high yield and removal of the N-
8-protection from 13 gave pro-ligand 46 with the hemiaminal
unit intact and having the same relative stereochemistry8 as the
prosthetic groups in the natural cofactors (Scheme 2).

Both 3 and 4 are relatively stable compounds. However, after
several weeks at rt, and without protection from moisture or
oxygen, each reverted to the corresponding ring opened diol, 7
and 11. This must involve reversible proton-catalysed cleavage
of the N–C–O system revealing dihydro-systems 14 and then
irreversible aerial oxidation (Scheme 3). The stabilities of the
pyranoquinoxalines and pyranopteridine established in this
work make it unlikely that any special properties of the enzyme
environment need to be invoked to explain the tricyclic form of
molybdopterin found in all the crystal structure determinations,2
save that it must be protected from oxidation. The proton-
catalysed cleavage of the N–C–O system, which we have

suggested9 may be intimately involved with catalysis at the
metal centre, can now be studied in vitro with the compounds
described herein. We shall be reporting on such studies in due
course.

We thank the EPSRC for post-graduate (B. B.) and post-
doctoral (B. B.) support for this work.

Notes and references
1 For a leading reference see R. M. Garrett and K. V. Rajagopalan, J. Biol.

Chem., 1996, 271, 7387.
2 M. K. Chan, S. Mukund, A. Kletzin, M. W. W. Adams and D. C. Rees,

Science, 1995, 267, 1463; M. J. Romão, M. Archer, I. Moura, J. J. G.
Moura, J. LeGall, E. Engh, M. Schneider, P. Hof and R. Huber, Science,
1995, 270, 1170; H. Schindelin, C. Kisker, J. Hilton, K. V. Rajagopalan
and D. C. Rees, Science, 1996, 272, 1615; F. Schneider, J. Löwe, R.
Huber, H. Schindelin, C. Kisker and J. Knäblein, J. Mol. Biol., 1996, 263,
53; R. Huber, P. Hof, R. O. Duarte, J. J. G. Moura, I. Moura, M.-Y. Liu.
J. Legall, R. Hille, M. Archer and M. Romão, Proc. Natl. Acad. Sci. USA,
1996, 93, 8846; J. C. Boyington, V. Sladishev, S. V. Khangulov, T. C.
Stadtman and P. D. Sun, Science, 1997, 275, 1305; J. Knäblein, H.
Dobbeck, S. Ehlert and F. Schneider, Biol. Chem., 1997, 378, 293; C.
Kisker, H. Schindelin, A. Pacheco, W. A. Wehbi, R. M. Garrett, K. V.
Rajagopalan, J. H. Enemark and D. C. Rees, Cell, 1997, 91, 973; M.
Czjzek, J.-P. Dos Santos, J. Pommier, G. Giordano, V. Méjean and R.
Haser, J. Mol. Biol., 1998, 284, 435; A. S. McAlpine, A. G. McEwan and
S. Bailey, J. Mol. Biol., 1998, 275, 613; J. M. Dias, M. E. Than, A.
Humm, R. Huber, G. P. Bourenkov, H. D. Bartunik, S. Bursakov, J.
Calvete, J. Caldeira, C. Carneiro, J. J. G. Moura, I. Moura and M. J.
Romão, Structure, 1999, 7, 65; H. Dobbek, L. Gremer, O. Meyer and R.
Huber, Proc. Natl. Acad. Sci. USA, 1999, 96, 8884; H.-K. Li, C. Temple,
K. V. Rajagopalan and H. Schindelin, J. Am. Chem. Soc., 2000, 122,
7673.

3 B. Bradshaw, A. Dinsmore, C. D. Garner and J. A. Joule, Chem.
Commun., 1998, 417.

4 A. Dinsmore, C. D. Garner and J. A. Joule, Tetrahedron, 1998, 54,
3291

5 A. Dinsmore, C. D. Garner and J. A. Joule, Tetrahedron, 1998, 54,
9559

6 In each case, relative stereochemistry was determined by NOE
experiments involving the hydrogen atoms at the pyran/pyrazine ring
junction and at the hydroxymethyl-bearing carbon.

7 M. Ueki, N. Nishigaki, H. Aoki, T. Tsurusaki and T. Katoh, Chem. Lett.,
1993, 721; K. C. Nicolau, C. W. Hummel, M. Nakada, K. Shibayama,
E. N. Pitsinos, H. Saimoto, Y. Mizuno, K. Baldenuius and A. L. Smith,
J. Am. Chem. Soc., 1993, 115, 7625.

8 D. C. Rees, Y. Hu, C. Kisker and H. Schindelin, J. Chem. Soc., Dalton
Trans., 1997, 3909.

9 S. P. Greatbanks, I. H. Hillier, C. D. Garner and J. A. Joule, J. Chem. Soc.,
Perkin Trans. 2, 1997, 1529.

Scheme 2 Reagents and conditions: i, TFA, CH2Cl2, 0 °C?rt (90%); ii,
Fmoc-Cl, 1,4-dioxane, H2O, 35 °C, 14 h (84%); iii, 11a, NaB(CN)H3,
AcOH, CH2Cl2, MeOH, rt (92%); iv, Et2NH, THF, rt (85%).

Scheme 3

124 Chem. Commun., 2001, 123–124



     

Bimetallic m-cyanoimide complexes prepared by NCN group transfer†

Daniel J. Mindiola, Yi-Chou Tsai, Ryuichiro Hara, Qinghao Chen, Karsten Meyer and
Christopher C. Cummins*‡

Department of Chemistry, Room 2-227, Massachusetts Institute of Technology, Cambridge, MA 02139-4307, USA.
E-mail: ccummins@mit.edu

Received (in Irvine, CA, USA) 8th August 2000, Accepted 9th October 2000
First published as an Advance Article on the web

A cyanoimide [NCN] transfer reagent has been developed
and applied to the synthesis of the m-NCN systems (m2;h1,h1-
NCN) {M[N(R)Ar]3}2 (Ar = C6H3Me2-3,5; M = V or U, R =
But; M = Mo, R = Pri).

Small molecules or ions comprised of combinations of the
elements C, N and O hold inherent fascination due to their
simplicity and their importance with respect to the global cycles
that involve them. Studies in which reactive metal complexes
are employed for small molecule activation can shed light on
manifolds of processes that permit such substrates to be
manipulated. Recent reports involving dinitrogen, nitrous
oxide, carbon monoxide, and cyanate ion serve to exemplify
this approach. The present work is concerned with cyanoimide
ion, [NCN]22, the attributes of which as a ligand in coordination
chemistry currently are not well understood. To this end has
been developed a new reagent for the synthesis of cyanoimide
complexes, a reagent based on the bicyclic
amine 2,3+5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene
(Hdbabh). For references relating to this work see ESI.†

As reported by Carpino et al., the synthesis of Hbdabh
proceeds via an N-bromo derivative, Brdbabh or alternatively
from the hydrobromide salt BrH2dbabh.1,2 Treatment of
Brdbabh with trimethylsilyl cyanide in DMF has been found to
provide the desired N-cyano derivative NCdbabh in essentially
quantitative yield as colorless leaflets subsequent to re-
crystallization from diethyl ether.3 Cyano-dbabh thus prepared
constitutes a reagent for transfer of the neutral [NCN] fragment
to reducing metal complexes under mild conditions, the
reactions being two-electron redox events that occur with
concomitant release of anthracene.4 Methodology based on the
ability of the dbabh skeleton to effect group transfer coupled
with anthracene formation has been documented previously in
the case of [N]2 transfer to form chromium(VI) nitrido
complexes.5

Several metal complexes have been found to effect smooth
[NCN] abstraction from cyano-dbabh. Treatment of a molybde-
num metallaziridine–hydride complex known to serve as a
source of the relatively unhindered three-coordinate molybde-
num(III) fragment Mo[N(Pri)Ar]3 1 (Ar = C6H3Me2-3,5),6 with
0.5 equiv. of NCdbabh in diethyl ether at 25 °C led to rapid and
essentially quantitative formation of the diamagnetic dinuclear
m-cyanamide derivative (m-NCN)[1]2. Anthracene removal was
effected by filtration of the reaction mixture through activated
charcoal, and orange crystals of (m-NCN)[1]2 were obtained in
63% yield by storing a concentrated Et2O solution at 235 °C
(Scheme 1). Prepared analogously using the 13C-labeled reagent
N13Cdbabh3 was the isotopomer (m-N13CN)[1]2, an isotopomer
of interest due to its 13C NMR quintet (1JCN 24 Hz) at 176 ppm
and its strong IR nNCN stretch appearing at 2061 cm21, this
value being red-shifted by 61 cm21 relative to that for its
unlabeled counterpart.3 A low energy band at 475 nm in the

visible spectrum of (m-NCN)[1]2 is assigned tentatively to a
fully allowed transition from the molecule’s eu HOMO to its eg
LUMO, assuming idealized D3d symmetry for the complex.
Calculation of the HOMO–LUMO gap for a model system,
using NH2 in place of N(Pri)Ar ligands, gave a value (1.38 eV)
well in accord with the experimentally observed quantity.3,7

Based on the orbital scheme developed for diamagnetic (m-
NCN)[1]2, an analogous divanadium complex was expected to
exist as a ground-state triplet. Such a complex was obtained
upon reaction of V[N(R)Ar]3 28,9 (R = But) with 0.5 equiv. of
NCdbabh (Scheme 1). The purple–black microcrystalline solid
thus obtained analyzed correctly for (m-NCN)[2]2, exhibited the
expected strong nNCN at 2037 cm21 {(m-N13CN)[2]2 had an IR
stretch at 1982 cm21}, and was found to possess a meff of 3.01
mB in solution at 25 °C.3 Purification of (m-NCN)[2]2 was
accomplished as for the molybdenum derivative, the isolated
yield being 91%. The divanadium complex (m-NCN)[2]2 shows
an interesting electrochemistry. Two reversible reduction
processes can be observed at 21.61 and 22.42 V (vs.
[FeCp2]0/+). An oxidation event at 20.68 V was found to be in
a range convenient for chemical oxidation. Oxidation of (m-
NCN)[2]2 thus was accomplished using silver triflate, a regimen
providing paramagnetic {(m-NCN)[2]2}[O3SCF3] in 56% yield.
Oxidized (m-NCN)[2]2 was characterized fully, including its
magnetochemistry and X-band EPR spectrum in solution.3

That complex (m-NCN)[1]2 contains a linear 5-atom MoN-
CNMo chain was confirmed by single-crystal X-ray crystallog-
raphy (Fig. 1(a)),§ the molecular structure in question being
found to incorporate a crystallographic center of inversion at the
cyanoimide carbon along with a Mo–N–C angle of 176.6(4)°
(two crystallographically independent molecules were confined

† Electronic supplementary information (ESI) available: introductory
section with associated references as well as synthetic, spectroscopic,
crystallographic and DFT calculation details for all complexes. See
http://www.rsc.org/suppdata/cc/b0/b006517j/
‡ Alfred P. Sloan Fellow, 1997–2000.

Scheme 1 Reaction scheme for 0.5 equiv. of NCdbabh with the metal
complexes M[N(R)Ar]3 to form the m-cyanoimide complexes of the type (m-
NCN)[M{N(R)Ar}3]2 (M = Mo, R = Pri; M = V or U, R = But).
Intermediate complexes have not been observed.
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in the asymmetric unit, one of which possessed an inversion
center about the cyanoimide carbon). As for the m-nitrido
dimolybdenum complex (m-N)[1]2 studied previously,6 the six
isopropyl substituents are directed to the molecule’s interior, the
six aryl residues consequently occupying polar positions. Given
the properties of vanadium-containing (m-NCN)[2]2, its struc-
ture presumably likewise incorporates a linear 5-atom chain
with metal termini.3

In contrast is the structure of the diuranium derivative (m-
NCN)[3]2§ derived from the reaction of (THF)U[N(R)Ar]3
3-THF10,11 with 0.5 equiv. of NCdbabh (Scheme 1). X-Ray
crystallography revealed in this case a bent geometry at the
cyanoimide nitrogens [U–N–C 162.6(5)°], the molecule ex-
hibiting again, however, inversion symmetry at the cyanoimide
carbon atom (Fig. 1(b)).12 The bent geometry adopted by the
cyanoimide nitrogens in (m-NCN)[3]2, taken together with the
observation of a congruence in the U–Namide and U–Ncyanoimide
distances, may be indicative of relatively little p bonding in the
uranium–cyanoimide interaction. In contrast, the transition-
metal derivative (m-NCN)[1]2 exhibits a Mo–Ncyanoimide dis-
tance shorter by 0.115(6) Å than the Mo–Namide distance in the
same complex. Recently it has been suggested that the high
nodality of its valence 5 f orbitals renders mid-valent uranium
less effective at p bonding than its transition-metal counter-
parts.13,14 Using the 13C-labeled reagent N13Cdbabh, it was
found that the isotopomer (m-N13CN)[3]2 evinces a broad 13C
NMR resonance at 133 ppm.

It is believed that the ultimate step in formation of these m-
cyanoimide systems is the combination of a putative terminal
cyanoimide complex with unreacted complex. Formation of the
bridged-cyanoimide complexes most likely occurs via mono-
nuclear reduction of NCdbabh, a process evidently being slow
relative to consumption of unreacted metal complex. This work
establishes NCdbabh as an efficient source of the [NCN]
moiety, its implementation having led to smooth assembly of
dinuclear cyanoimide-bridged complexes of vanadium, mo-
lybdenum and uranium. In addition to showing that dbabh

represents a versatile platform for group transfer reactions, the
present work makes available for study a new class of
cyanoimide-bridged dimetal complexes. Mononuclear com-
plexes featuring a terminal cyanoimide ligand remain attractive
as synthetic targets.15,16
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35% probability level. Selected distances (Å) and angles (°): Mo(3)–N(7)
1.947(6), Mo(3)–N(8) 1.994(6), Mo(3)–N(9) 1.960(7), Mo(3)–N(12)
1.852(7), N(12)–C(2) 1.233(7); Mo(3)–N(12)–N(2) 176.6(4). (b) Structural
diagram of (m-NCN)[3]2 with thermal ellipsoids at the 35% probability
level. Selected distances (Å) and angles (°): U–N(4) 2.226(7), U–N(1)
2.219(6), U–N(2) 2.225(6), U–N(3) 2.291(6), N(4)–C 1.189(8), U–C(21)
2.787(8); C–N(4)–U 162.6(5).
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The first crystal structure of a 10.10.10 cryptand has been
determined, during which an unusual single crystal phase
transition was observed; at room temperature, crystals of
macrobicycle 1d are monoclinic (a) but undergo a first-order
topotactic phase change at 207 K to a triclinic (b) lattice; full
structure determinations at 150 and 210 K were carried out
and show that both phases adopt the in–in cryptand
conformation.

The foundations of modern host–guest chemistry were laid in
two papers published by independent research groups in 1967
and 1968. The former was the first report of alkali metal
complexes of a polyether macrocycle,1 and the latter the first
report of guest inclusion in a diaza macrobicycle.2 The first
result gave birth to the crown ethers, the second to the
cryptands, both ‘household’ words in the field of supramo-
lecular chemistry.3

We became interested in the all-hydrocarbon bridged cryp-
tands 1 originally described by Simmons and Park2 from the
point of view of isolating the effects of the two N (or HN+) sites
to produce linear inclusion complexes with various neutral and
ionic guests. Although the ‘original’ crown ether, dibenzo
18-crown-6, has itself been the subject of no less than ninety X-
ray crystal structures,4 only one crystallographic study has been

published on an ‘original’ cryptand, i.e. 1c.5 In this work, the
bis(hydrochloride) cryptate [H2(1c)Cl]+ Cl2 co-crystallizes
with the unusual polyaqua cation H13O6

+, the latter species
being the main focus of the paper. However, no satisfactory
representation of the cage itself was derived from the data,
owing to the presence of extensive disorder.

Taking into account the respective melting points in the 1
series indicates that the n.n.n cryptands are conformationally
mobile where n is odd, while those where n is even will be
conformationally stable.6 This may explain the difficulties the
previous workers experienced with 1c. We thus prepared the
10.10.10 cryptand 1d7 and undertook first to obtain an X-ray
crystal structure of the empty, neutral receptor. In the course of
the determination, we observed a single-crystal phase transition,
and now report on the structure of 1d, the first of a 10.10.10
cryptand,8 and this unusual occurrence of polymorphism.

Crystals of 1d (from light petroleum) were prismatic, but
most of them displayed a peculiar form, with a large recess
on one of the faces of the prism, often reducing the crystal
to a hollow ‘box’ open on one side. A similar crystal habit

has been observed for triethylenetetramine [H2N(CH2)2-
NH(CH2)2NH(CH2)2NH2] and could be attributed to the
presence of N[(CH2)2NH2]3, a by-product of the synthesis,
which selectively inhibited the development of certain faces.9

At ambient temperature crystals of 1d are monoclinic (a-1d),
but undergo a sharp phase transition at 207 K. Of several
crystals tested, all crumbled to powder or converted to
polycrystalline blocks at this temperature, except one which
was initially of exceptionally good quality and on which a full
structure determination was performed at 210 K in space group
I2/a (a non-standard setting of C2/c, no. 15). At the moment of
transition (monitored by rotational diffractograms taken after
every 1 K cooling step) a part of the crystal split off and the
remainder appeared to become a non-merohedral twin. Its
reflections were indexed on a triclinic lattice (b-1d), which was
confirmed by a full structure determination at 150 K in space
group P1̄ (no. 2). No further phase transformations were
observed on cooling to 100 K.

The molecular structure of 1d in the a and b phases is shown
in Fig. 1 (ESI†). In the former, monoclinic phase, the molecule
lies across a crystallographic twofold axis, which is perpendicu-
lar to the N…NA vector. Two of the decamethylene chains,
C(1)– C(10) and C(1A)–C(10A), are related by this axis. In each
chain, two atoms [C(7) and C(8) or their equivalents] are
disordered over two positions with occupancies of 0.779(8) and
0.221(8). The third decamethylene chain is bisected by the
twofold axis, and its four central C atoms are equally disordered
over two conformations which are symmetrically related by this
axis, but neither of which possesses C2 symmetry. In the b phase
the molecule has no crystallographic symmetry. The average
volume per non-hydrogen atom, 24 Å3 (a-1d) or 23 Å3 (b-1d),
is considerably higher than the typical value for an organic

† Electronic supplementary information (ESI) available: experimental
details of the crystal structure determinations, orientation and phase
transformation matrices and diagram of the unit cells of a- and b-1d. See
http://www.rsc.org/suppdata/cc/b0/b008044f/
‡ Present address: Department of Chemistry and Biochemistry, University
of California, Los Angeles, 405 Hilgard Ave., Los Angeles, CA 90095,
USA. E-mail: mascal@chem.ucla.edu.

Fig. 1 Molecular structure of 1d in the monoclinic (a, top) and triclinic (b,
bottom) polymorphs, shown in the same crystallographic aspect and scale.
Displacement ellipsoids are drawn at the 50% probability level. In a-1d,
primed atoms are related to their equivalents by the operation of the twofold
rotation axis. H atoms are omitted.
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compound of 18 Å3, but close to the value of 22 Å3 found in the
nearest structurally studied analogue, N[(CH2)4]3 N.10,11

In both structures the lone pairs on the nitrogen atoms point
into the cavity, the pro-cryptate ‘in-in’ conformation of macro-
bicyclic hosts.12 The bond distances are not unusual, while the
torsion angles within the chains represent anti or gauche
conformations and their patterns are different in the two
structures. The molecule is slightly more elongated in the b than
in the a phase, the transannular N…N distances being 9.14 and
9.01 Å, respectively. No significant empty volume was found in
either structure or in any disorder component.13

As such topotactic phase changes between single crystal
phases are relatively rare for molecular crystals, we sought to
identify and describe the transformation between the high
temperature a form and the low temperature b form, as
illustrated in Fig. 2. The b phase is generated from the a form
by first transforming the I-centered monoclinic lattice onto its
primitive trinclinic one by application of the transformation
matrix (21

2
1
22

1
2 / 12 1

22
1
2 / 0 0 21), then by an origin shift of ca.

aA/2, and finally a considerable shear of the lattice, roughly
along the cA ( = c) axis, widening all three lattice angles by
7–13°. In both structures the molecules are packed in layers,
parallel to the (0 1 0) plane in a-1d or the (1 1 0) plane in b-1d
(Fig. 2 shows the projections on these planes). The intra-
molecular N…N vector is coplanar with the layer, rigorously in
a-1d, and within 3° in b-1d. The interlayer separations are
essentially equal in the a and b forms (8.32 and 8.36 Å,
respectively). In either case the adjacent layers are shifted
against each other along the c axis (which forms the same angle
of 15.5° with the N…N vector). In a-1d the shift is exactly c/2
(ca. 7 Å), each molecule fitting the gap in the adjacent layer. In
b-1d the shift is only 4 Å (ca. 0.3c) and the molecule adopts an
asymmetric conformation to accommodate to a partial over-
lap.

Although this degree of reorganization could be considered
incompatible with a topotactic transition, it is not unprece-
dented: Gougoutas has identified examples where considerable
molecular motions appear to be necessary to effect the observed
phase transformations.14 The difficulties we encountered in
retaining singularity suggest that in the present case we were
operating at the limits of topotaxy.

The unit cell parameters of 1d change remarkably between
210 and 293 K (Table 1), while the Laue symmetry and
systematic absences remain the same. With increasing tem-
perature, the unit cell actually contracts in the direction of the
twofold axis (b) by 0.286 Å (1.72%) while expanding in the
perpendicular directions, again implying substantial conforma-
tional changes. Unfortunately, at room temperature the crystals
decay completely in the X-ray beam within a few hours, hence
a full structure determination was not possible.

Organic polymorphism is a frequently observed but poorly
understood phenomenon which is rarely examined in detail.15

Despite this, it is of substantial relevance to biomolecular and
pharmaceutical sciences.16 Here we have sought to describe an
occurrence of polymorphism in the first structurally charac-

terized 10.10.10 cryptand, requiring a significant degree of
molecular reorganization. The historically2 and practically7

important Simmons and Park cryptand 1d has also been shown
to reside in the ‘in-in’ pro-cryptate macrobicycle conformation
in the solid state.

This work was supported in part by the EPSRC, and the
authors are grateful to the University of Durham for provision of
the X-ray and computational facilities and to Professor J. A. K.
Howard for helpful discussions.
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Fig. 2 The phase transformation of 1d. Left: the structure of a-1d and the
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Table 1 Crystal data for 1d§

T/K 293 210 150 120
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group I2/a I2/a P1̄ P1̄
a/Å 14.083(6) 13.515(1) 10.209(1) 10.165(6)
b/Å 16.357(4) 16.643(1) 12.334(5) 12.311(5)
c/Å 14.398(5) 13.934(1) 13.904(1) 13.876(3)
a/° 90 90 63.78(1) 63.95(2)
b/° 106.93(5) 103.12(1) 74.73(1) 74.69(3)
g/° 90 90 70.54(1) 70.44(4)
U/Å3 3173(1) 3052.4(4) 1466.9(3) 1456(1)
Z 4 2
Total reflections 8874 8612
Unique reflections 2696 4916
Rint 0.045 0.064
Data with  I > 2s(I) 1547 3394
R[I > 2s(I)] 0.084 0.065
wR(F2), all data 0.254 0.164
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Phosphinite based palladacycles show extremely high activ-
ity in the Suzuki coupling of both sterically hindered and
electronically deactivated aryl bromides, especially in the
presence of one equivalent of free ligand.

There has recently been considerable interest in the synthesis of
new, high activity palladium-based catalysts that can be used in
low concentration in the Suzuki reaction (Scheme 1) since such
catalysts have the potential to be used in industrial systems. In
particular, palladacyclic catalysts in which a ligand coordinates
to the metal centre through both a donor atom and metallated
carbon have shown considerable promise. Beller and co-
workers demonstrated that palladated phosphine complexes
show good activity1 whilst we have shown that the palladated
triaryl phosphite complex 1 and the bis(phosphinite) PCP-

pincer complexes 2 show excellent activity.2,3 High activity is
not limited to metallated phosphorus donor systems—Milstein
and co-workers have shown that a palladated imine complex
shows excellent activity,4 whilst Zim et al. have shown that
palladated thioether complexes can also be used.5

To the best of our knowledge, the use of P,C-bidentate
phosphinite palladacycles as catalysts in the Suzuki reaction has
not been investigated. We report here the synthesis of such
complexes, the remarkable activity they show in the Suzuki
reaction and present preliminary evidence that suggests that the
active catalysts are likely to be low coordinate palladium(0)
species.

The reactions of the ligands 3a and b with palladium chloride
in toluene at reflux temperature gives the complexes 4a and b in
good yields. Complex 4c is best prepared by the reaction of
[PdCl2(NCPh)2] with 3c in THF at reflux temperature. All the
complexes 7 are obtained as a mixture of cis and trrans
isomers.2

The application of the complexes 4a–c as catalysts in the
Suzuki reaction was studied and the results are summarised in
Table 1. The complexes 4a and b prove to be extremely active
catalysts for both the ‘easy to couple’ substrate 4-bromoaceto-
phenone and the more challenging, electronically deactivated
substrate 4-bromoanisole. To the best of our knowledge, the
activity shown by the catalyst mixture of 4b and one equivalent
of added ligand 3b (entry 13) is the highest reported for any
Suzuki reaction—over five times higher than for the analogous
reaction catalysed by palladium complexes of the phosphine
ligands 5.6 By contrast, the previous highest reported activity
with a palladacyclic catalyst in this reaction was with complex
1 which gave a turn-over number (TON) of 1 million.2 More
importantly with the electronically deactivated substrate 4-bro-
moanisole the catalyst systems reported here show up to 45
times higher activity than the previous best catalysts—the
related bis(phosphinite) pincer complexes 2.3 Similarly the
activities seen with the sterically hindered, electronically
deactivated substrates 2-bromotoluene and 2-bromo-m-xylene
are over an order of magnitude higher than any catalyst systems
in the literature.3

Complex 4b generally shows higher activity than 4a,
presumably due to the higher electron density that the
phosphinite ligand confers on the palladium centre—this
increase in electron density facilitates oxidative addition of the
aryl bromide. The observation that 4a seems to show very little
difference in activity in the coupling of phenylboronic acid with
either 4-bromoacetophenone or 4-bromoanisole indicates that
the oxidative addition of the aryl bromide may not be the rate
determining step in the catalytic cycle. Comparing entries 3 and
7 it can be seen that decreasing the steric profile of the
metallated ring has a deleterious effect on the rate of reaction,
however 4c still shows substantially higher activity than its
previously reported bis(phosphinite) PCP pincer counterpart, 2
(R = H).3 The importance of the metallation in the pre-catalysts
is demonstrated by comparing entries 3, 8 and 9. The addition of
a second phosphinite ligand to the metallated complex gives an
increase in activity, by contrast the formation of bis(phosphi-
nite) complexes in situ leads to substantially reduced reactivity.
In other words addition of a second phosphinite is only
beneficial if there is a metallated ring in the complex, otherwise
it is deleterious. This demonstrates that the orthometallation of
the pre-catalyst is extremely important; the possible role it plays
is addressed below.

By contrast with the extraordinary results obtained with the
deactivated aryl bromide 4-bromoanisole, complex 4b proved
to be a very poor catalyst when 4-chloroanisole was used as a
substrate, indeed substantial deposition of palladium metal was
observed almost immediately upon heating. Interestingly, we
found that rapid decomposition of all three complexes 4a–c
occurs even if the 4-chloroanisole is left out of the reaction
mixture. To gain evidence for the mechanism of decomposition
a reaction was performed between 4c, PhB(OH)2 (4 molar
equiv./Pd) and K2CO3 (5 molar equiv./Pd) in toluene at reflux
temperature. The reaction was performed over 24 h, although
decomposition started within seconds of the reaction reaching
about 50 °C. After this time the supernatant liquid contained a
mixture of compounds which included some unreacted 4c. A
GC-MS spectrum of the mixture revealed the presence of some

Scheme 1 The Suzuki biaryl coupling reaction.

Scheme 2 (i) Et3N, toluene, reflux temperature, 18–20 h; (ii) For 4a and b:
PdCl2, toluene, reflux temperature 18–20 h; (iii) For 4c: [PdCl2(NCPh)2],
THF, reflux temperature, 20 h.
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of the new phosphinite species 6c, this was confirmed by
comparison with the spectrum obtained for a genuine sample of
6c. In addition, hydrolysis of the reaction mixture led to the
formation of 2-phenylphenol, again demonstrated by GC-MS
and compared with an authentic sample. A plausible mechanism
of decomposition which results in the liberation of 6c and
palladium metal is shown in Scheme 3.

Since the complexes 4 show no reactivity with aryl bromides
or chlorides in toluene at reflux temperature it is possible that
the transmetallation and reductive elimination steps outlined in
Scheme 3 also occur as initiation steps in the catalytic cycles of
Suzuki reactions catalysed by these species and that the low
coordinate mono-phosphinite species 7 represent the active
catalysts in these reactions. Similar low coordinate species have
been postulated as being the active catalysts in high activity
Suzuki systems which employ palladium complexes of the

phosphines 5.6 Part of the explanation given for the high activity
of these latter complexes is that transient p-coordination of the
secondary aryl ring of the ligand to the palladium centre may
help to stabilise the low coordinate complex. The introduction
of the oxygen atom into the ligands gives a higher degree of
flexibility, thus it would be expected that the secondary aryl
functions of the ligands 6a–c would participate in p-complexa-
tion with the metal centre even more readily than those in the
ligands 5. Furthermore, due to higher p-acidity of the
phosphorus donors, the ligands 6 would stabilise the zero-valent
palladium complexes better than the ligands 5.

In summary, the catalysts described here show by far the
highest activities yet reported in any Suzuki coupling reactions.
These complexes are ideal catalysts for the coupling of
deactivated and sterically hindered aryl bromides as they are
comparatively inexpensive, very easily synthesised and can be
used to give high conversions at extremely low concentrations.
In addition preliminary results suggest that the active catalysts
in these reactions may be low coordinate Pd(0) species.

We thank the EPSRC for funding and Johnson Matthey
Chemicals for funding, the loan of palladium salts and access to
their rapid catalyst screening programme.
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Table 1 Suzuki coupling of aryl halides with phenylboronic acid catalysed by palladium phosphinite complexes. Reaction conditions: 10 mmol aryl halide,
15 mmol PhB(OH)2, 20 mmol K2CO3, 30 ml toluene, 130 °C, 18 h

Entry Aryl halide
Catalyst 
([Pd]/mol% Pd)

Conversion
(%)a

TON/103

(mol product/
mol Pd)

1 4-Bromoacetophenone 4a (1024) 90 900
2 4-Bromoacetophenone 4a (1025) 20 2 000
3 4-Bromoanisole 4a (1024) 85 850
4 4-Bromoanisole 4a (1025) 26 2 600
5 4-Bromoanisole 4b (1024) 91 910 000
6 4-Bromoanisole 4b (1025) 42 4 200
7 4-Bromoanisole 4c (1024) 29 290
8 4-Bromoanisole 4a + 3a (1024) 100 1 000
9 4-Bromoanisole Pd(dba)2 + 2 3a (1024) 36 360

10 4-Bromoanisole 4a + 3a (1025) 87.5 8 750
11 4-Bromoanisole 4b + 3b (1025) 50 5 000
12 4-Bromoacetophenone 4b + 3b (1026)b 100 100 000
13 4-Bromoacetophenone 4b + 3b (1027)b 47.5 475 000
14 2-Bromotoluene 4b + 3b (1023) 100 100
15 2-Bromo-m-xylene 4b + 3b (1023) 48 48
16 4-Chloroanisole 4b (1.0) 6 0.006

a Determined by GC, based on aryl halide. b 24 h reaction time.

Scheme 3
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Square-wave voltammograms of the complex Mo(His-Ne-
C2H4CO2Me)(h-allyl)(CO)2 (His = Nd,N,O-L-histidinate) 2
recorded at variable temperatures establish the existence of
two isomers in solution in both the reduced and the oxidized
paramagnetic form of 2; a complete analysis yields thermo-
dynamic parameters such as equilibrium constants, DG and
DH for all species.

Fluxionality is frequently observed in organometallic com-
plexes in solution.1,2 In the course of our studies on the labelling
of biomolecules with organometallic complexes we have
reinvestigated the compound Mo(His)(h-allyl)(CO)2 1 (His =
Nd,N,O-L-histidinate). The synthesis of this complex was first
reported by Beck and coworkers twenty years ago.3,4 Since that
time, fluxionality in diamagnetic complexes of the general
formula M(h-allyl)(CO)2L2X (M = Cr, Mo, W) has been
studied in some detail by NMR spectroscopy in solution.5–7 For
some derivatives, a good stability of the one-electron oxidized
species was demonstrated,8,9 but related fluxionality was never
mentioned. There seems to be no obvious method for investiga-
tions of this kind on the paramagnetic species [M(h-allyl)-
(CO)2L2X]+.

We were intrigued by the excellent stability of complex 1 and
its potential as a covalent marker for biomolecules, in particular
by IR or electrochemical detection. In complex 1, three different
orientations of the His ligand with respect to the (allyl)(CO)2
plane are possible. The stereochemical implications of fluxional
processes in M(h-allyl)(CO)2L2X have been discussed, but all
complexes investigated so far were either achiral or racemic
mixtures.7 Here, we report the synthesis of the enantiomerically
pure methyl propionate derivative Mo(His-Ne-C2H4CO2Me)(h-
allyl)(CO)2 2 and its complete characterization. The presence of
two isomers of 2 is shown by NMR and electrochemical
investigations. An unusual case of coalescence in temperature-
dependent square-wave voltammograms is reported and we
demonstrate how a complete analysis of the electrochemical
data gives detailed quantitative information on both isomers of
the paramagnetic, one-electron oxidized 2+. This information is
difficult to obtain otherwise with such accuracy.

Compound 2 was synthesised in 65% yield by reacting
Mo(His)(allyl)(CO)2

3 with 3-bromomethylpropionate in the
presence of equimolar amounts of Cs2CO3 in DMF, under an
atmosphere of Ar. Compound 2 is completely stable under Ar
and can be stored in air on the benchtop for several days without
decomposition.

X-Ray quality single crystals of 2·2MeOH were grown by
slow pentane diffusion into MeOH at +4 °C. An ORTEP
representation of 2·2MeOH§ is depicted in Fig. 1. The chirality
around the metal atom is clearly determined by the known
stereochemistry of the amino acid L-His. The Mo(allyl)(CO)2
moiety is in a facial arrangement, with the terminal carbon

atoms of the allyl ligand oriented towards the carbonyl ligands.
Such a conformation has been shown to be energetically
favourable10 and is observed in all solid-state structures of this
type reported thus far.6,7,11–13 The allyl ligand is located trans
relative to the histidine-Nd atom [N(8)] and bound symmet-
rically to the Mo atom, with Mo–C distances of 2.328(3) Å
[Mo(1)–C(17) and Mo(1)–C(19)] and 2.209(2) Å [Mo(1)-
C(18)]. The two MeOH molecules form hydrogen bonds with
the carboxylato group, with O…O contacts of 2.750(10) Å
[O(14)…O(20)] and 2.800(10) Å [O(13)…O(30)].

In solution, the situation is more complex. Two sets of signals
are observed in the 1H NMR as well as in the 13C NMR
spectrum of 2, indicating the presence of two isomers (2a and
2b, see Scheme 1) in solution. The ratio between both isomers
is solvent dependent [DMSO 53+47, MeCN (293 K) 57+43,
MeOH 77+23]. The presence of two isomers in the special case
of Mo(allyl)(CO)2L2X with L2X = cyclopentadienyl (Cp) has
been explained by rotation of the allyl group. In the more
general case where L2X comprise heterodonor atoms (N, O, P
etc.) fluxionality is brought about by a trigonal twist of the L2X
plane with respect to the Mo(allyl)(CO)2 core.12 Recently, we
reported the presence of two different allyl orientations in the
same crystal structure of a CpMo(allyl)(CO)2 derivative.14 For
2, if one of the isomers has the conformation observed in the
solid-state structure, the other detectable isomer could either
have the NH2 or the carboxylato group trans to the allyl ligand.
In accordance with NMR data (vide infra), preliminary results
from DFT calculations show the latter is the energetically
favoured conformer of the two,15 with the third isomer being too
high in energy to be observed by NMR spectroscopy (< 0.1% at

† Electronic supplementary information (ESI) available: analytical data for
2. See http://www.rsc.org/suppdata/cc/b0/b007822k
‡ Present address: Institute for Pharmaceutical Chemistry, University of
Heidelberg, Im Neuenheimer Feld 364, D-69120 Heidelberg, Germany.
E-mail: Nils.Metzler-Nolte@urz.uni-heidelberg.de

Fig. 1 ORTEP plot for 2·2MeOH, with thermal ellipsoids at 50% probability
level. Selected bond distances (Å): Mo(1)–N(8) 2.216(2), Mo(1)–N(12)
2.256(2), Mo(1)–O(14) 2.214(2), Mo(1)–C(15) 1.945(3), Mo(1)–C(16)
1.944(3), Mo(1)–C(17)NMo(1)–C(19) 2.328(3), Mo(1)–C(18) 2.209(2).

Scheme 1 Molecular structure of the two isomers of 2.
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500 MHz 1H NMR). The chemical shift of the imidazole proton
signals are at d 8.62 and 7.12 in isomer 2a and d 8.02 and 6.92
in isomer 2b. We assume that the imidazole nitrogen atom is
trans to the allyl ligand in isomer 2a and trans to a CO in 2b.
The chemical shift difference may then be rationalized by the
different trans influences of the allyl and CO ligands. Variable
temperature measurements in MeCN yielded DG‡ = 66.7 ± 0.5
kJ mol21, consistent with a trigonal twist mechanism of
interconversion.11,12

The cyclic voltammogram (CV) of 2 in MeCN (scan rate of
0.1 V s21, 25 °C) shows a wave with reversible appearance at
E1/2 = +86 mV vs. Fc/Fc+. This value is in the range reported
for several other analogous pseudo-octahedral Mo com-
plexes.8,9 Controlled potential coulometry (at +0.5 V vs. Fc/Fc+)
reveals that the wave arises from a one-electron oxidation of 2.
However, the oxidation of 2 does not proceed via an
uncomplicated reversible single electron process. At slow scan
rates, the peak separation increases with increasing scan rates
from 85 mV at 0.025 V s21 to 140 mV at 0.8 V s21, but at even
faster scan rates (up to the highest value measured of 25 V s21)
it remains almost constant (±10 mV). This behaviour can be
accommodated in a ‘square scheme’ shown in Scheme 2,
assuming the presence of two isomers in both the oxidized and
reduced form of 2.

The presence of two species was readily detected by square-
wave voltammetry (SWV). Square-wave voltammograms at
four different temperatures are shown in Fig. 2. At 260 °C, the
anodic and cathodic scans are fully symmetric [curve (d)]. This
shows that the equilibrium composition of the reduced form (the
starting material 2) is maintained after the oxidation for the time
period of equilibration at +0.6 V and during the time of the scan,
i.e. for at least a few seconds. Because the equilibrium constants
for the oxidized and reduced forms are quite different (see
below), the isomerisation reaction must be correspondingly
slow at 260 °C. At 220 °C anodic and cathodic scans are
different [curve (b)] and it is observed that oxidized 2+ exhibits
a preference for the state with the lower redox potential. At even
higher temperatures two components are no longer discernible
by SWV and a situation analogous to coalescence in NMR

experiments is reached [curve (a)]. Curve fitting (COOL kinetic
software) to the model of reversible oxidation of two independ-
ent species with equal diffusion coefficients was performed. At
260 °C the values E1(1/2) = +15 mV and E2(1/2) = +100 mV
vs. Fc/Fc+ were obtained, with relative contributions of 40 and
60% for the species with E1(1/2) and E2(1/2), respectively in
accordance with 1H NMR data. From the equilibrium data at
260 °C the following DG0 and K values of Scheme 2 are
calculated [counter-clockwise direction, starting with the reduc-
tion reaction and assuming E°(Fc/Fc+) = 0.400 V vs. NHE]:
DG1

0 = 240.1 kJ mol21, DG2
0 = 20.72 kJ mol21, DG3

0 =
+48.3 kJ mol21,  DG4

0 = 27.5 kJ mol21, K2 = 1.5 and K4 =
68. It should be noted that in reduced 2 the form with the higher
redox potential is slightly favoured, whereas the oxidized form
exhibits a strong preference for the species with the lower redox
potential. Analysis in terms of the van’t Hoff isochore yields
standard reaction enthalpies DH2

0 = 22.5 kJ mol21 and DH4
0

= 28.3 kJ mol21 for the reduced and the oxidized forms of 2,
respectively. Small values are expected because the same types
of bonds and presumably similar geometric parameters are
present in all species. The difference of ca. 6 kJ mol21 may well
be attributed to increased solvation of the oxidized species as a
consequence of their positive charge.

Poli and coworkers have investigated stable paramagnetic
organometallic Mo compounds in some detail.16,17 As shown
herein, electrochemical measurements provide valuable in-
formation about equilibrium constants and thermodynamic
parameters for fluxional paramagnetic species. This informa-
tion cannot easily be derived by other common analytical
techniques in organometallic chemistry. Currently, detailed
calculations are performed to reveal the structure of all isomers
and the mechanism of interconversion along with applications
of compound 2 for the labelling of biomolecules.

We are grateful to Professor K. Wieghardt for his support of
this work.
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Scheme 2 Square scheme showing the redox reactions and rerrangements of
2. At 260 °C: DG0

1 = 240.1 kJ mol21, DG0
2 = 20.72 kJ mol21, DG0

3

= +48.3 kJ mol21, DG0
4 = 27.5 kJ mol21. From electrochemical

experiments at variable temperatures: DH0
2 = 22.5 kJ mol21, DH0

4 =
28.3 kJ mol21.

Fig. 2 Square-wave voltammograms of 2 at 25 °C [(a), scan rate 60 Hz],
220  °C [(b), scan rate 20 Hz], 240 °C [(c), 20 Hz] and  260 °C [(d), 20
Hz]. Concentration of 2 1 mM, 0.1 M NBu4PF6 in EtCN, vs. Fc/Fc+ as
reference.
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Apoprotein of horse-heart myoglobin promoted enantio-
selective hydrolysis of 4-nitrophenyl esters of amino acids,
which allowed nearly perfect kinetic resolution of racemic
N-Boc-phenylalanine ester (Boc-Phe-ONp).

Protein catalysis has a potential for asymmetric synthesis.1
Apoproteins of cofactor-dependent proteins have attracted
attention as the new candidates, since they possess a chiral
hydrophobic cavity which can bind asymmetric substrates
stereoselectively.2,3 However, the successful examples are
limited. Recently, we have found that the apoprotein of
cytochrome b562 binds chiral porphyrins enantioselectively4

and catalyzes template-assisted metalation of porphyrins.5
Herein we report a novel asymmetric catalysis of apomyoglobin
in hydrolysis of amino acid esters,6 and wish to highlight an
extremely high enantioselectivity for N-Boc-phenylalanine
4-nitrophenyl ester (Scheme 1).

Apomyoglobin is one of the most extensively studied
apoproteins,7 and has been reported to catalyze hydrolysis of
4-nitrophenyl alkanoates.8 Horse-heart myoglobin was treated
with dilute hydrochloric acid and butanone to give apomyoglo-
bin, which was subjected to extensive dialysis against phos-
phate buffer (pH = 7.0, 10 mM).9 Hydrolysis of N-Boc-
phenylalanine 4-nitrophenyl ester (Boc-Phe-ONp) (Scheme 1)
was investigated in a phosphate buffer containing 1% dioxane at
4 °C,10 where the uncatalyzed hydrolysis ([Boc-Phe-ONp]0 =
6.25 mM) proceeded sluggishly (Fig. 1d; Ω) to furnish only 11%
conversion even after 240 min.11 On the other hand, addition of
apomyoglobin to the system resulted in a considerable accelera-
tion of the reaction, where the L-isomer was preferentially
hydrolyzed over the D-isomer. For example, when racemic Boc-
Phe-ONp (12.5 mM) was mixed with apomyoglobin (62.5 mM),
the hydrolysis proceeded smoothly to reach 60% conversion in
only 8 min. Upon mixing of the reaction mixture with ether or
ethyl acetate, the products (Boc-Phe-OH and 4-nitrophenol) and
unreacted Boc-Phe-ONp were completely extracted into the
organic phase. Chiral HPLC analysis of the organic phase with
Chiralcel™ OD-H or Sumichiral™ OA-4700 showed that
unreacted Boc-Phe-ONp is predominantly the D-isomer with an
L+D ratio of 1+99 (98% ee), while the hydrolyzed product (Boc-
Phe-OH) has an L+D ratio of 18+82. Thus, the hydrolysis with
apomyoglobin enables nearly perfect kinetic resolution of
racemic Boc-Phe-ONp.

The hydrolysis of Boc-Phe-ONp (62.5 mM) also proceeded to
attain 100% conversion by using an equimolar amount of
apomyoglobin. Furthermore, upon addition of a fresh feed of
the substrate (0.2 equiv.) to this reaction mixture, the hydrolysis
ensued without significant loss of the activity, indicating that
the reaction turns over catalytically with respect to apomyoglo-
bin. The hydrolysis most likely occurs via acyl transfer to an
imidazole group located within the heme pocket. In fact, the
reaction was not accelerated by holomyoglobin, whose heme
pocket is blocked by the native guest.8 On the other hand, when
imidazole was used as a reference catalyst, Boc-Phe-ONp was
hydrolyzed much more slowly than with apomyoglobin. For
example, the hydrolysis in the presence of 10 equiv. of
imidazole (62.5 mM) with respect to Boc-Phe-ONp proceeded
to 4% conversion in 20 min (Fig. 1c; 8), where the pseudo first-
order rate constant (kobs = 1.4 3 1023 min21) was only 2.7
times as high as that of the uncatalyzed reaction (kuncat = 5.2 3
1024 min21) (Fig. 1d; «).12

In order to obtain further insight into the enantioselective
catalysis of apomyoglobin, the kinetics of the hydrolysis of the
L- and D-isomers of Boc-Phe-ONp (12.5 mM) were investigated
in the presence of apomyoglobin (62.5 mM). When Boc-L-Phe-
ONp was the substrate, the hydrolysis took place smoothly to
give Boc-L-Phe-OH and 4-nitrophenol quantitatively within
only 10 min (Fig. 1a). The pseudo first-order rate constant
(kL

obs) was 4.9 3 1021 min21, which is 940 times larger than
that in the absence of the apoprotein. In contrast, hydrolysis of
the D-isomer proceeded very slowly (Fig. 1b) with a rate
constant (kD

obs) of only 3.1 3 1022 min21 (kD
obs/kuncat = 59),

which is 16 times smaller than that of the L-isomer under the
same conditions.

Upon increasing the initial concentration of the apoprotein
from 25 to 125 mM, the hydrolysis rates of Boc-L-Phe-ONp and

Scheme 1

Fig. 1 Time courses of the hydrolysis of Boc-Phe-ONp in phosphate buffer
(pH 7.0, 10 mM) containing 1% dioxane at 4 °C: (a) Boc-L-Phe-ONp–
apomyoglobin (12.5+62.5 mM), (b) Boc-D-Phe-ONp–apomyoglobin
(12.5+62.5 mM), (c) Boc-Phe-ONp–imidazole (6.25+62.5 mM) and (d) Boc-
Phe-ONp (6.25 mM) without catalyst.
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Boc-D-Phe-ONp both showed a saturation signature (Fig. 2a),
indicating that the apoprotein and Boc-Phe-ONp form a
complex which serves as a reactive intermediate. Lineweaver–
Burk plots11,13 gave a maximum rate constant for the L-isomer
(kL

cat) of 6.1 3 1021 min21, which is approximately 16 times
larger than that for the D-isomer (kD

cat = 3.8 3 1022 min21)
(Fig. 2b).14 On the other hand, the Km value for the hydrolysis
of Boc-L-Phe-ONp (KL

m) was evaluated to be 1.5 3 1025 M,
which is comparable to that of the D-isomer (KD

m = 1.4 3 1025

M).12 Thus, the high stereoselectivity of the hydrolysis is not
due to the enantioselective binding of the substrate (KL

m
21/

KD
m
21 = 0.95) but is more likely due to the large difference in

reactivity between the L- and D-isomers of Boc-Phe-ONp within
the heme pocket.

The enantioselectivity of the apomyoglobin-mediated hy-
drolysis was found to be highly sensitive to the substrate. For
example, when the N-protecting Boc group (R2) of the substrate
was replaced with benzyloxycarbonyl (Z-Phe-ONp, 12.5 mM),
the rate constant of the hydrolysis of the L-isomer with
apomyoglobin (62.5 mM) was considerably decreased (kL

obs =
5.5 3 1022 min21, kD

obs = 3.1 3 1022 min21) to furnish a
kL

obs+kD
obs of only 1.8.15 Lower enantioselectivities were also

observed when Boc-PhGly-ONp (R1 = Ph, kL
obs/kD

obs = 1.8)16

and Boc-Ala-ONp (R1 = Me, kL
obs/kD

obs = 1.9)16 were the
substrates in place of Boc-Phe-ONp, although the L-isomers
were again preferentially hydrolyzed.

In conclusion, through the present studies on the utilization of
the apoprotein of horse-heart myoglobin as a potential chiral
catalyst, we have demonstrated a highly enantioselective
hydrolysis of a phenylalanine 4-nitrophenyl ester (Boc-Phe-
ONp), whose selectivity is one of the highest reported to date.
Exploration with other natural and mutated apoproteins is one
of the subjects worthy of further investigation for extending the
scope of reactions.

We thank JSPS for financial support. Y. I. thanks the JSPS
Young Scientist Fellowship.
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Imidazolium cations, such as those commonly used in
preparing ionic liquids (ILs) can easily be derivatized to
include task-specific functionality, such as metal ligating
groups that when used as part of the solvent or doped into
less expensive ILs, dramatically enhance the partitioning of
targeted metal ions into the IL phase from water; the
strategy of preparing task-specific ILs is applicable to a wide
range of designer solvent needs.

Owing to their unique chemical and physical properties, ionic
liquids (ILs) have received recent attention for applications as
solvent alternatives,1–4 where, for example, ILs can be used in
place of organic solvents in synthesis, catalysis, electro-
chemistry and liquid/liquid extractions. The formulations
commonly reported for ILs have relied on pyridinium or
imidazolium cations bearing simple alkyl appendages as the
cation. Changes in IL physical properties have been accom-
plished by altering the length of the alkyl groups on the rings4–6

allowing for fine-tuning their viscosity, hydrophobicity and
melting points.6,7 More recently, ionic liquid formulations have
been expanded in scope to include other heterocyclic aromatic
molecules as well as ions with structurally and functionally
complex side chains.8–10

It has been demonstrated that organic solutes (e.g. aromatic
molecules such as simple benzene derivatives)1,2,4 can be
partitioned to specific ILs based on the hydrophobicity of the
solute and IL. In contrast, the partitioning of metal ions into an
IL extracting phase in liquid/liquid systems is negligible owing
to the tendency of the metal cations to remain hydrated and in
the aqueous phase, thus necessitating the use of an extractant
molecule that forms complexes directly with metal ions to
increase their hydrophobicity.11–15 The drawbacks associated
with this approach lie in finding extractant molecules that
remain exclusively in the IL under all process conditions and
also in understanding the increased complexity of the system
upon the addition of solutes. Here, we report the first use of
task-specific ILs, i.e. those with targeted functionality designed
into the IL solvent. In the present example, new compounds
which have been designed specifically to both be ionic liquids
and to extract heavy metal ions (e.g. Hg2+ and Cd2+) are
reported.

Mercury(II) and cadmium(II) were targeted in this study as
part of our ongoing efforts to find alternative separations
strategies for removing these toxic, easily transported metal
ions from the environment.16 The bases for the modified ILs
were 1-alkyl-3-methylimidazolium, Cnmim+ (n = 4, 6, 8) salts
of PF6

2which form two-phase systems when contacted in equal
volume with water.2 ILs that incorporated thiourea, thioether
and urea into derivatized imidazolium cations were thus
prepared,† that when combined with the PF6

2 anion, functioned
as both the hydrophobic solvent and metal ion extractant in
liquid/liquid separations. The new ILs (Fig. 1) may either be

used directly as the bulk solvent or may be doped‡ as an
extractant into less expensive ILs, such as [C4mim][PF6].

The distribution ratios§ of Hg2+ and Cd2+ between our chosen
standard for this study, [C4mim][PF6], and an aqueous phase at
pH = 7 were 0.84 (Hg2+) and 0.03 (Cd2+), indicating a
preference for these metal ions to be retained in the aqueous
phase. The thioether-appended IL 1, as either the extracting
phase or in 50+50 mixtures with [C4mim][PF6] at pH = 1 or 7,
is effective in partitioning both metal ions to the IL phase (Table
1). The thiourea derivative 2 extracts Hg2+ from water
comparably to 1, however distribution ratios are much lower
when 2 is diluted with [C4mim][PF6]. IL 2 is much less effective
at extraction of Cd2+ (D values of 20 and 23 at pH of 1 and 7,
respectively) and when diluted with [C4mim][PF6], IL 2 does
not extract Cd2+ at all.

IL 3 (another thiourea derivative), and 4–6 (urea derivatives)
were prepared and their behavior as extractants for Hg2+ and
Cd2+ when mixed in equal mass ratios with [C4mim][PF6]
measured as a function of aqueous phase pH (Fig. 2). The results
are similar, in that each of these ILs {as 1+1 (mass) mixtures
with [C4mim][PF6]} efficiently extract Cd2+ and Hg2+, as
shown in Fig. 2. In general, the distribution ratios of Cd are

Fig. 1 Structures of the cations combined with PF6
2 to make the ILs utilized

in these studies.
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lower than observed for Hg, and in the case of ILs 4 and 6, the
differences are over an order of magnitude. ILs 3 and 5 give the
highest distribution ratios for each metal ion, and the extraction
using IL 6 is the most affected by lowering the pH (although all
four ILs exhibit lower distribution rations at the lowest values of
pH studied). In comparing these results with those in Table 1, it
is to be noted that distribution ratios as high as 710 (Hg2+, IL 3)
were observed in this latter study, even though the ILs were
utilized as 1+1 mixtures with [C4mim][PF6].

Both the appended functional group and the alkyl group
appear to affect the extraction. The extended alkyl ‘tail’ near the
thiourea group in 3 results in a significant increase in D values
for both metals. For the various functional groups, the D values
for Hg2+ are the highest with urea > thiourea with the ‘tail’ >
thioether > thiourea, while those for Cd2+ decrease from
thiourea with the ‘tail’ > thioether > urea > thiourea.

We are currently investigating additional series of task-
specific ILs with each functional group to elucidate the trends in
both structure and function of the IL and to control the physical
properties of these new extracting solvents. Additional studies
are also required to determine if the metal ions can be
effectively stripped from these solvents, although they are
currently also being investigated for their ability to retain
metallic catalysts in the IL for synthetic applications.

This work was supported by funding from the Division of
Chemical Sciences, Office of Basic Energy Sciences, Office of
Energy Research, U.S. Department of Energy (R. D. R., Grant
No. DE-FG02-96ER14673), the PG Research Foundation
(R. D. R), Research Corporation (J. H. D., Grant CC 4758), the
Alabama Supercomputer Authority (A. W.), and the Nichols
Corporation (A. W.).
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(0.156 mol) of n-butyl isocyanate dissolved in 25 mL of acetonitrile. The
combined solution was stirred overnight followed by removing the solvent
in vacuo. The residue was then dried overnight in vacuo. Proton NMR
spectroscopy confirmed the structure of the product as being the desired
urea-appended imidazole, and the crude material was used in the next step
without further purification.

Under a nitrogen atmosphere, the reaction residue was redissolved in
acetonitrile (100 mL) and 28.0 g (0.164 mol) of propyl iodide was added.
The mixture was then heated gently without refluxing. After stirring with
heating overnight, the acetonitrile was removed in vacuo, leaving a sticky
residue. The residue was washed in water and the aqueous layer washed
twice with 100 mL of diethyl ether. To the aqueous solution was added a
solution of 36.0 g (0.194 mol) KPF6 in 100 mL of water. The mixture was
stirred overnight at 40 °C, during which time a biphasic system formed
comprised of an upper aqueous phase and a lower product phase. (Anion
exchange for each of the ureas can also be accomplished using AgPF6 in
acetone.) The aqueous phase was decanted and the product was washed four
times (2 h contacts) with 100 mL water to remove any remaining KPF6.
After the last water wash, the ionic liquid was dissolved in acetonitrile and
toluene was added to aid in the azeotropic removal of water. Any solids
were removed by filtration and the solution was then rotary evaporated. The
isolated product was dried in vacuo for 24 h while being heated to 60 °C.
Unoptimized yield: 45.2 g (68%). The general procedure for the preparation
of the urea-functionalized ionic liquids 5 and 6 and the thiourea-
functionalized ionic liquids 2 and 3 is analogous, each being formed in
similar yield.
‡ When preparing the 1+1 mixtures of the solid samples with [C4mim][PF6],
solutions of 5 and 6 were prepared as a 1+1 ratio of the cations and added
to [C4mim][PF6] followed by sonication and gentle heating for 30 min to
form the solution. Solutions of 1–4 were prepared as 1+1 weight ratios in
[C4mim][PF6] followed by thorough mixing.
§ Metal ion distribution ratios were determined by mixing equal volumes of
the IL and aqueous phases followed by vortexing (2 min) and centrifuging
(2000 g, 2 min) to equilibrate the phases. Addition of either 203HgCl2 or
109CdCl2 (ca. 0.005 mCi, 5 mL) was followed by two intervals of vortexing
(2 min) and centrifuging (2000 g, 2 min) to ensure that the phases were fully
separated. The phases were separated and dispensed into shell vials from
which 100 mL of each phase was removed for radiometric analysis. The
results are reported as distribution ratios and are calculated as the
radioactivity in the lower phase divided by the radioactivity in the upper
phase. Each experiment was done in duplicate and the results agreed to
within 5%.
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Table 1 Distribution ratios for Hg2+ and Cd2+ in systems incorporating ILs
1 and 2

IL M2+ pH (aq)
Distribution
ratio System

1 Hg2+ 1 200 1 only
Cd2+ 1 330 1 only

1 Hg2+ 1 170 1 + [C4mim][PF6] (1+1)
Cd2+ 1 310 1 + [C4mim][PF6] (1+1)

1 Hg2+ 7 210 1 only
Cd2+ 7 380 1 only

1 Hg2+ 7 210 1 + [C4mim][PF6] (1+1)
Cd2+ 7 360 1 + [C4mim][PF6] (1+1)

2 Hg2+ 1 350 2 only
Cd2+ 1 20 2 only

2 Hg2+ 1 74 2 + [C4mim][PF6] (1+1)
Cd2+ 1 0.0086 2 + [C4mim][PF6] (1+1)

2 Hg2+ 7 340 2 only
Cd2+ 7 23 2 only

2 Hg2+ 7 100 2 + [C4mim][PF6] (1+1)
Cd2+ 7 0.0074 2 + [C4mim][PF6] (1+1)

Fig. 2 Distribution ratios for Hg2+ (filled symbols) and Cd2+ (open symbols)
with ILs 3–6 utilized in a 1+1 weight ratio with [C4mim][PF6] and contacted
with aqueous phases of variable pH.
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New types of amphiphilic polysiloxane diblock copolymers
containing a pure polysiloxane backbone were prepared by
the functionalization of poly(dimethylsiloxane)-block-poly-
(methylvinylsiloxane) copolymers, synthesized by ‘living’
anionic ring opening polymerisation of 1,3,5,7-tetramethyl-
1,3,5,7-tetravinylcyclotetrasiloxane (D4

v) and hexamethyl-
cyclotrisiloxane (D3).

Amphiphilic block copolymers find widespread technological
applications especially as non-ionic polymeric surfactants. The
coexistence of the dissimilar segments, which show a different
solubility in a specific solvent, produces unique properties
because of their ability to self-organize at interfaces and in
solution and thus modify interfacial properties and enhance
compatibility or separation.1 Typically, purely organic back-
bones are found in this type of surfactant, nevertheless inorganic
polymer segments, especially polysiloxanes show properties
that are advantageous, such as biocompatibility, robustness,
flexibility etc.2 Although polysiloxanes have superior proper-
ties compared to common organic polymers their controlled
formation as block copolymers is nearly unexplored.

In recent years the interest in amphiphilic block copolymers
has grown especially due to their surface activity and their
lyotropic behaviour.3 Amphiphilic block copolymers with a
hydrophobic polysiloxane part are predominantly known in
combination with organic hydrophilic blocks such as poly(eth-
ylene oxide) or polymethacrylates.4 As far as we know there is
only one example in literature citing a block copolymer with a
pure polysiloxane backbone bearing carboxyl groups pendant to
the polysiloxane chain.5

In this paper we present the formation and post-functionaliza-
tion of block copolymers of poly(dimethylsiloxane) (PDMS)
and poly(methylvinylsiloxane) by ‘living’ anionic ring opening
polymerisation.

Valuable precursors for a post-functionalization are silane-
bonded vinyl groups. For the preparation of a vinyl-function-
alized block via anionic ring opening polymerisation a cyclic
monomer with a sufficient reactivity is needed. The only
commercially available monomer that fulfils this demand is
1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane (D4

v).
D4

v did not show satisfactorily polymerisation initiated by
butyllithium with the usual donor solvents (THF, DMF, DMSO,
HMPA). Therefore another initiator with a higher basicity, i.e.
trimethylsilylmethyllithium, (CH3)3SiCH2Li, was used to trans-
form the carbanionic acids into the silanolate species.6 Usually
polymerisations of unstrained cyclic siloxanes, such as cyclo-
tetrasiloxanes or larger rings, are more difficult due to the
presence of intra- and intermolecular reactions of the active
ends leading to an equilibrium reaction between the ring, an
oligomeric, and a polymeric species. It was shown that the
equilibrium is shifted to the polymeric species if additives able
to separate the ion pair between the oxidic end group and the
lithium ion are added to the reaction solution. Typical additives
are ethylenediamine, diglyme, cryptands and crown ethers like
12-crown-4.7

Block copolymers from ‘living’ ring opening polymer-
isations are obtained by using a polymer as macroinitiator and
extending it with a second monomer. For the PDMS-block-
poly(methylvinylsiloxane) we observed that the extension of a

PDMS chain with poly(methylvinylsiloxane) only leads to the
addition of up to five monomeric units until the final
equilibrium between polymeric and ring species is reached,
while the polymerisation of D4

v first allows for a much better
control of the equilibrium. Therefore, the polymerisation of
vinylmethylcyclotetrasiloxane was initiated with trimethylsilyl-
methyllithium in a first step and the chain was extended by
PDMS in a second step8 (Scheme 1). With this procedure block
copolymers with polydispersities around 1.40 and block lengths
up to 10.000 with varying poly(methylvinylsiloxane) content
were obtained (Table 1).

The resulting block copolymers have purely hydrophobic
properties but the vinyl groups can easily be transformed into a
variety of other functional groups. The double bonds of the
methylvinylsiloxane blocks were modified either by hydro-
silation9 or by epoxidation.10 In the latter case further
modification reactions of the polyepoxide block were carried
out11 (Scheme 2).

The hydrosilation of the double bonds with Karstedt’s
catalyst at 70 °C worked quantitatively as confirmed by the
disappearance of the vinylic protons in 1H NMR. HSi(OEt)3,
HSi(OMe)3 and HSi(CH3)2Cl were used for this reaction to
obtain a functionalized polysiloxane block. While the trialk-
oxysilane groups can be hydrolysed and used for cross-linking
reactions, the chlorosilanes are able to react with a variety of
nucleophiles, like alcohols, carboxylic acids, etc.

Another possibility of the double bond functionalization is
the epoxidation12 followed by the subsequent ring opening of
the oxirane ring. The epoxide was quantitatively formed by a
selective oxidation of the double bonds with m-chloroperoxy-
benzoic acid (MCPBA) in methylene chloride or toluene proved
by 1H NMR. SEC measurements of the epoxidised samples
showed that only a small amount ( < 4%) of high molecular
weight (cross-linked) polymer was formed. The cross-linking
was almost quantitatively suppressed by working in high
dilutions.13 The obtained epoxide was opened with different
mono- or difunctional nucleophiles, such as hydroxide ions,
diamines, diols, dicarboxylic acids, hydroxy-functionalized
ethers and carboxylic acid chlorides (Scheme 3). These
reactions resulted in the formation of a hydroxide group at one
carbon atom and the coupling product with the nucleophile at

Scheme 1
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the other. Modification of the epoxide block by reaction with
amines or alcohols was catalysed by LiClO4. Nucleophilic
attack of the epoxide by the nucleophile on the more hindered
carbon atom (SiCHNCH2) was not observed in 1H NMR spectra
which indicates an almost quantitative attack on the terminal
methylene carbon atom. In the case of modification with oxalic
acid the reaction was performed in N,NA-dimethylformamide to
dissolve the reactant and additionally catalysed by pyridine.
Hydrolysis of the epoxidised block copolymers leads to the
corresponding 1,2-diol side groups and may either be acid- or
base-catalysed. Epoxide opening worked quantitatively, which
was proved by 1H NMR (disappearance of the signals of the
epoxide protons at 2.2, 2.7 and 2.9 ppm). The processing
parameters of the ring opening reactions allow for the
preparation of different materials. High dilution of the block
copolymers in the solvent during the ring opening leads to linear
polymers while cross-linked hydrogels are formed in low
dilution. To completely suppress cross-linking reactions using
multifunctional nucleophiles a large excess of reactants is
necessary and harsh purification conditions should be avoided.
For a total prevention of cross-linking reactions it is advisable to
use monofunctional protected ring opening agents and remove

the protecting groups afterwards. Additional advantages of this
procedure are simpler purification and analyses. In those cases
in which hydroxy groups are formed during the ring opening or
other functionalities are present, no elution in the SEC
experiments was obtained due to interaction with the column
material. This was avoided by protection of the free functional
groups.

In summary new methylvinyl-substituted polysiloxane di-
block copolymers were prepared by ‘living’ anionic ring
opening polymerisation. The vinyl group was used for a further
functionalization to obtain silicon alkoxide substituted or
amphiphilic block copolymers with a variety of functional
groups.

We gratefully acknowledge the financial support by the
Fonds zur Förderung der wissenschaftlichen Forschung Austria
and Wacker-Chemie for their kind donation of chemicals.
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Table 1 Selected data of typical PD4
v-b-PD3 block copolymers prepared

Sample
Mn (Mw/Mn)
(PD4

v-block) m n

Mn (Mw/Mn)
(PD4

v-PD3-
diblock)

Ratio by
1H NMR
(PD4

v/PD3)
Ratio by SEC
(PD4

v/PD3)

1 2840 (1.36) 33 96 9940 (1.46) 0.38 0.40
2 1900 (1.36) 22 22 3520 (1.38) 0.86 0.85
3 1730 (1.21) 20 82 7840 (1.36) 0.25 0.28
4 1480 (1.14) 17 50 5190 (1.31) 0.35 0.40

Scheme 2

Scheme 3
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g-Alkylidenebutenolides are biologically significant compounds
and comprise compounds as structurally and functionally
diverse as the inhibitor dihydroxerulin (Z-61, Scheme 16) of
cholesterol biosynthesis or the carotinoid peridinin (Z-18a,
Scheme 5) which plays a dominant role in marine photo-
synthesis. For the stereo-controlled obtention of g-alkylidenebu-
tenolides Z-2 or E-2 with or without alkyl substituents at C-a or
C-b, a general strategy has been developed (Scheme 1). The key
step of this strategy is the stereospecific anti-elimination of
water from diastereopure g-(a-hydroxyalkyl)butenolides lk-1 or
ul-1—be they racemic or enantiopure (lk = like, ul = unlike: g-
(a-hydroxyalkyl)butenolides lk-1 give g-alkylidenebutenolides
Z-2, while g-(a-hydroxyalkyl)butenolides ul-1 furnish the
isomeric g-alkylidenebutenolides E-2. As dehydrating agents
we used mixtures of triflic anhydride and pyridine or of diethyl
azodicarboxylate and triphenylphosphine. Previous b-elimina-
tions providing g-alkylidenebutenolides exhibited in general
little stereoselectivity and no stereospecifity at all (exception:
Scheme 10), irrespective of whether this b-elimination was
performed separately or took place in situ.

Introduction
Butenolides are g-butyrolactones with a Ca=Cb bond. They
abound in nature, revealing a great variety of substitution
patterns.1 Among many others, one finds g-alkylidenebuteno-
lides. The most prominent representatives of this class are
vitamin C, the pulvinic acids [a-aryl-b-hydroxy-g-(a-carboxy-
benzylidene)butenolides], the pulvinones [a-aryl-b-hydroxy-g-
(benzylidene)butenolides], and derivatives thereof. However,
there are also g-alkylidenebutenolides which are totally devoid
of heteroatom substituents at Ca or Cb. Several such g-
alkylidenebutenolides are biologically significant.

Their simplest conceivable representative is g-methylene-
butenolide. This is a natural product (‘protoanemonin’2) and

known to be an antibiotic. The highly unsaturated g-alkylidene-
butenolides dihydroxerulin (Z-61, Scheme 16) and xerulin
(trans,Z-66, Scheme 17) are structurally unique, intensely
yellow fungal colorants.3 Isolated as 90+10–65+35 mixtures,
they were found to inhibit the biosynthesis of cholesterol
without being cytotoxic; they prevent the incorporation of 14C-
acetate—but not of 14C-mevalonic acid—into cholesterol
produced from HeLa S3 cells (ID50 = 1 mg g21).3 Suppressing
a different step of the biosynthesis of cholesterol is what three

† Dedicated to Dr Klaus Brückner (retired from Cela-Merck, Ingelheim) on
the occasion of his 75th birthday.
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Scheme 1 Strategy for the stereoselective generation of g-alkylidenebuteno-
lides by anti-eliminations from g-(a-hydroxyalkyl)butenolides.

Scheme 2 Reagents: i, Br2, H2O, 35% 4 + 33% re-isolated 3; ii, HCl, H2O,
hn, 70%; iii, NEt3, CH2Cl2, 91%.
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of the present top ten block busters of the pharmaceutical
industry effect—namely Lipitor®, Zocor® and Pravachol®. The
structurally most complex g-alkylidenebutenolides of the
substitution pattern under scrutiny are the carotinoids peridinin4

(Z-18a, Scheme 5) and pyrrhoxanthin5 (Z-18b, Scheme 5).
Peridinin plays a key role in marine photosynthesis by
dinoflagellates, which make up much of the sea plankton. Light
harvesting by Amphidinium carterae is effected by a chromo-
protein whose 2 active centers contain 2 3 four molecules of
peridinin, 2 3 one molecule of chlorophyll A and 2 3 one
molecule of a (digalactosyl)diacylglycerol.6 The conversion of
light into chemical energy is a fundamentally important
process.7 Pyrrhoxanthin participates in algal photosynthesis.

Each of the g-alkylidenebutenolides just mentioned has
attracted synthetic attention in recent years8 (Scheme refer-
ences: vide supra), as have several others, too. The latter
comprise the goniobutenolides A (Z-27) and B (E-27, Schemes

9, 29), the antibiotic lissoclinolide (trans,Z,trans-52, Scheme
14), the isomeric structure trans,E,trans-52 once assigned to
tetrenolin (Scheme 15), constituent Z-72 of the roots of
Chamaemelum nobile L. (Schemes 19, 22), the alkaloid
pandamarilactam-3y (Z-85, Scheme 23), the cytotoxin nosto-
clide II (Z-89, Scheme 24), the wood constituent freelingyne (Z-
93, Scheme 25), melodorinol (Z-99, Scheme 26), the antibiotic
patulin,9 and an eudesmanolide.10

The present article reflects the current interest in the
preparation of such compounds.11 Specifically, it compiles
ways of assembling such g-alkylidenebutenolides by means of

Scheme 3 Reagents: i, Stille coupling; ii, either KI, Na2S2O8, H2O, or ICl,
CH2Cl2, 48–73%; iii, DBU, CH2Cl2.

Scheme 4 Reagents: i, I2, AgO2CCF3, THF, ‘good yield’; ii, Et2O,
‘quantitatively’; iii, for Z-12b: Pd(PPh3)4, CuI, BuNH2, benzene, 65%.

Scheme 5 Reagents: i, LDA, THF–hexanes, for a: addition of 16a, Z-
18a+E-18a mixture: 18% relative to 16a = 12% relative to 15a, for b:
addition of 16b, Z-18b+E-18b mixture after preparative TLC: 13% relative
to 16b = 8.4% relative to 15b, for a and b: stereopure products after
preparative HPLC, Z-18a: 2.9% relative to 16a = 1.9% relative to 15a, E-
18a: 2.8% relative to 16a = 1.9% relative to 15a, Z-18b: 5.9% relative to
16b = 3.7% relative to 15b, E-18b: 4.9% relative to 16b = 3.1% relative
to 15b.
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the strategy outlined in Scheme 1.12 Its key step is an anti-
elimination of a leaving group Het at CaA and an adjacent proton
at Cg from diastereopure g-(a-heteroalkyl)-substituted buteno-
lides 1. If the latter possesses stereostructure lk-1, the anti-
elimination of aA-Het and g-H establishes Z-configured g-
alkylidenebutenolides Z-2 while the isomeric starting materials
ul-1 serve as precursors of the stereocomplementary g-
alkylidenebutenolides E-2. In order for these eliminations to be
stereospecific, there must not be competing syn-eliminations.
Neither may the elimination products Z- and E-2 equilibrate
under the reaction conditions—Z-2 is slightly or distinctly more
stable than E-2.

To the best of our knowledge, the earliest realization of a
(fairly) anti-selective elimination of type ul-1? E-2 is due to
Font et al. in 1989.13 As shown in Scheme 2, the dehydro-
bromination of the g-(a-bromoethyl)-substituted butenolide ul-
6 with NEt3 gave a 90+10-mixture of E- and Z-5.

Scheme 6 Reagents: i, NEt3, Ac2O, 91%.

Scheme 7 Reagents: i, DBU, CH2Cl2, 67%;18 ii, NEt3, CHCl3, 85%
(experimental part)–90% (according to Scheme);19 iii, NEt3–CHCl3,
59%.20

Scheme 8 Reagents: i, for a: DBU, CH2Cl2, 71%, for b: DBU, CH2Cl2,
crystallization, 62%.

Scheme 9 Reagents: i, (F3C–CO)2O, NEt3, CH2Cl2, then MeOH, 79%; ii,
Ac2O,NEt3, DMAP, CH2Cl2, 99%.

Scheme 10 Reagents: i, TsCl, pyridine, 86%; ii, same as (i), 86%; iii, for a:
(EtO2C)2CH2Na+, THF, 78%; iv, for b: (EtO2C)(PhSO2)CH2Na+, THF,
82%; v, for c: NaN3, DMF, 85%; vi, for d: NaOAc, DMF, 70%; vii, same
as (iii), 70%; viii, same as (iv), 81%; ix, same as (v), 86%; x, same as (vi),
73%.
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One must be aware that such an E-selectivity can easily be
erased by an ensuing (partial or completely) E ? Z isomeriza-
tion. This is evidenced, for instance, by the DBU-mediated
dehydroiodinations tabulated in Scheme 3.14 The b-substituents
R2 of elimination products Z-10b–e destabilize the neighboring
alkylidene substituents R1 so much that substrate ul-11e
undergoes a 100% syn-selective b-elimination.

Clearly, such a thermodynamically driven E? Z isomeriza-
tion may be exploited for synthesizing Z-g-alkylidenebuteno-
lides selectively. This is underlined by the elaboration of the g-
[(trimethylsilyl)methylene]butenolides E-10a and b shown in
Scheme 4.14 The g-(iodomethylene)butenolides E-12a and b
obtained from these compounds by iodolysis provided the
stereopure isomers Z-12a and b within 1 h at room temperature.
Compound Z-12b underwent a Sonogashira–Hagihara coupling
with alkyne 13 which proceeded with retention of configuration
at the CaANCg bond and provided the vitamin A lactone analog
Z-14 in 65% yield.

The fairly sophisticated b-eliminations of Scheme 5 allowed
Ito et al. to achieve the first syntheses of the g-alkylidenebute-
nolide carotinoids peridinin (Z-18a) and pyrrhoxanthin (Z-
18b).15 Benzenesulfonic acid was eliminated from the g-(a-
phenylsulfonyl)-substituted butenolides 17 which were formed
in situ by the addition of the appropriate lithiated sulfone 15a or
b to the respective aldehydoester 16a or b. This addition is
expected to lack simple diastereoselectivity—like the first step
of the Julia–Lythgoe olefination. Therefore, the corresponding
intermediates 17 should arise as lk,ul-mixtures. The latter
circumstance explains, in conjunction with the stereochemical
relationships of Scheme 1, why the elimination products 18a
and b resulted as Z,E-mixtures.

One concludes that stereospecific b-elimination routes to g-
alkylidenebutenolides depend on the availability of diaster-
eopure lk- and ul-configured g-(a-heteroalkyl)-substituted bute-

nolides 1. These compounds have been prepared successfully
from sugars, by (Mukaiyama) aldol additions, and by the route
of Scheme 30, as specified in the following sections.

b-Eliminations from sugar lactones16

D-Glucurolactone and acetyl chloride react to give the saturated
lactone lk-19 shown in Scheme 6. Treatment with triethylamine
in acetic anhydride induced two b-eliminations.17 First, the
CaNCb bond formed, as inferred from the analogous conversion
lk-21 ? lk-22 in Scheme 7.18 Then, the CaANCg bond was
established. 57% of the Z-configured and 34% of the E-
configured g-alkylidenebutenolide 20 resulted,17 i.e. the second
elimination was non-stereoselective.

In a similar manner, the perbenzoate lk-21 of D-seduheptulo-
nolactone and triethylamine undergo multiple b-eliminations
(Scheme 7).18–20 As in the case of Scheme 6, the second
elimination lacks stereocontrol since the g-alkylidenebutenolide
23 forms as a 55+45 mixture of anti-elimination product Z-23
and syn-elimination product E-23.19 By a 10-fold increase of the
reaction time, a third elimination of benzoic acid ensued. It

Scheme 1124 Reagents: i, 2,2-Dimethoxypropane Amberlyst-15, DMF,
68% (ref. 25 60%, ref. 26 70%); ii, same as (i), 74% (ref. 25 77%); iii triflic
anhydride, pyridine (4.0 equiv.), CH2Cl2, 74% (ref. 27 70%); iv, same as
(iii), 70% (ref. 27 74%); v, trans-3-(tributylstannyl)prop-2-en-1-ol,
Pd2(dba)3·CHCl3, AsPh3, LiCl, THF, 78%; vi, trans,trans-5-(tributyl-
stannyl)penta-2,4-dien-1-ol, Pd2(dba)3·CHCl3, AsPh3, LiCl, THF, 57%; vii,
same as (v), 68%; viii, same as (vi), 75%.

Scheme 1224 Reagents: i, HCl (12 M), CH2Cl2, MeOH, 78%; ii, same as (i),
73%; iii, same as (i), 65%; iv, same as (i), 71%; v, ButMe2SiCl, imidazole,
molecular sieves 4 Å, DMF, 73%; vi, same as (v), 48%; vii, same as (v),
70%; viii, same as (v), 51%; ix, triflic anhydride, pyridine, CH2Cl2, 81% of
a 99+1 Z-43+E-43 mixture; x, same as (ix), 69% of a 97+3 Z-44+E-44
mixture; xi, same as (ix), 63% of a 96+4 E-43+Z-43 mixture; xii, same as
(ix), 73% of a 97+3 E-44+Z-44 mixture; xiii, HF·pyridine, THF, 96% of a
94+6 Z-45+E-45 mixture; xiv, same as (xiii), 92% of diastereopure Z-46; xv,
same as (xiii), 86% of a 94+6 E-45+Z-45 mixture; xvi, same as (xiii), 96%
of a 95+5 E-46+Z-46 mixture.
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created the conjugated g-alkylidenebutenolide 24 as a pure
cis,Z-isomer.20 Since the yield of this compound measured
60–80%, the CaANCg bond of its precursor 23 (55+45 Z+E
mixture, 85–90% yield if isolated) must have partly reverted to
the Z-geometry under the influence of thermodynamic con-
trol.

Thermodynamic control must also be responsible for the
syn(!)-preference of the related, DBU-driven b-eliminations of
acetic or benzoic acid from the acylamino-substituted sugar
lactones ul-25a and b, respectively (Scheme 8).21

Why triethylamine and the tris(trifluoroacetate) derived from
the butenolide lk-28 shown in Scheme 9 give a 1+3 ratio of anti-
and syn-elimination, while the analogous triacetate does so in a
2+1 ratio, is difficult to rationalize.22 But clearly, the findings of
Schemes 6–9 suggest that in g-(a-heteroalkyl)-substituted
butenolides which are to undergo a selective anti-elimination
and provide sterically homogenous g-alkylidenebutenolides
thereby, the leaving group should not be a carboxylic acid.
Presumably, a better leaving group is called for.

This thought represented our start into g-alkylidenebuteno-
lide syntheses.12 However, it had already been considered by
Khan and Adams in 1995 when they published the study
displayed in Scheme 10.23 The starting materials of these
authors were two readily accessible sugar lactones, namely the
dimethyl ether lk-30 of L-ascorbic acid and the dimethyl ether
ul-30 of D-isoascorbic acid. Treatment of these species with
tosyl chloride at room temperature in pyridine provided the
diastereomeric ditosylates lk-31 and ul-31, respectively, both in
86% yield. At 60–80 °C, these compounds became elimination
substrates upon treatment with a variety of reagents acting as
bases and nucleophiles simultaneously. Behaving as bases, they

induced highly stereoselective anti-eliminations of toluene-p-
sulfonic acid which established the homogeneously configured
CaANCg bonds of the presumed intermediates lk-32 and ul-32,
respectively. Then, the same reagents substituted the allylic
tosyloxy group nucleophilically: 70–86% of the pure Z- and E-
isomers of the g-alkylidenebutenolides 33a–d resulted.

Khan’s and Adams’ results encouraged us to develop our b-
elimination route12,24 from sugar lactones to stereodefined g-
alkylidenebutenolides (Schemes 11–17). Clearly, we felt more
strongly their message ‘this route in principle should work’ than
we anticipated how profoundly differently our materials
behaved in comparison to theirs. We were to deal with ‘true’
a,b-unsaturated lactones while they had used a,b-unsaturated
lactones, which, constituting vinylogous carbonates, are reso-
nance-stabilized. Accordingly, none of our g-alkylidenebuteno-
lides could be heated overnight at 60–80 °C like theirs (vide
supra) without suffering decomposition, not to speak of
undergoing extensive E–Z-isomerization much earlier. Indeed,
in each step following the installment of the crucial CaANCg bond
skillful experimentation was called for in our work lest the
CaANCg bond geometry be eroded.

Our methodology study (Scheme 1124) started from the
hydrogenation products 34 (‘L-gulonolactone’) of L-ascorbic
acid and epi-34 (‘D-mannonolactone’) of D-isoascorbic acid.
Acetonide formation, bis(triflate) formation, and in situ b-
elimination furnished the butenolide-based enol triflates lk- and
ul-36, respectively, as described earlier.27 In the presence of
2 mol% Pd2(dba)3·CHCl3, AsPh3 and LiCl, these compounds
underwent smooth Stille couplings with trans-3-(tributyl-

Scheme 1328 Reagents: i, HBr, HOAc, afterwards addition of MeOH, 78%
(ref. 29: 90%); ii, same as (i), 71% (ref. 30: 63%); iii, Tf2O, pyridine,
CH2Cl2, 95%; iv, same as (iii), 63%; v, Ph3P, acetonitrile, 96%; vi, same as
(v), 80%.

Scheme 14 Reagents: i, LDA, THF, ButPh2SiOCH2–CHNO, 278 °C ?
60 °C, 93%; ii, same as (i) but 278 °C ? 25 °C, 72%; iii, trans-Bu3Sn–
CHNCH–CH2OH, Pd2dba3·CHCl3, AsPh3, THF, 74%; iv, same as (iii),
78%; v, HF·pyridine, THF, 81%; vi, same as (v), 84%.
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stannyl)prop-2-en-1-ol and trans,trans-5-(tributylstannyl)-
penta-2,4-dien-1-ol. The a-alkenylated butenolides 37 and 38
resulted. They were liberated from their acetonide groups,
furnishing the triols 39 and 40, respectively (Scheme 1224).
After selective tert-butyldimethylsilylation of their primary OH
groups, the remaining secondary OH group of compounds 41
and 42 was poised to undergo the desired anti-elimination after
activation with triflic anhydride. Pyridine accomplished this
task at 225 °C. The a-alkenyl-g-alkylidenebutenolides 45 and
46 resulted in 86–96% yield. Their isomeric purities were Z+E
= 94+6 or 6+94 in the former case and Z+E = 100+0 or 5+95
in the latter. The viability of our strategy had thereby been
demonstrated.

In two other sequences, the known29,30 twofold SN2-attack of
HBr upon the primary and the activated secondary OH group of
lactones 34 and epi-34 delivered the dibromodihydroxylactones
lk- and ul-47 selectively (Scheme 13). Bistriflate formation in
the presence of pyridine made possible two b-eliminations.
They led to the bromine-containing g-alkylidenebutenolides Z-
and E-48 as almost pure diastereomers. Allylic substitution by
triphenylphosphine gave the corresponding phosphonium salts
49 with complete retention of the Z- and partial loss of the E-
geometry.

The ylide derived from phosphonium salt Z-49 reacted with
ButPh2SiOCH2–CHNO with complete retention of the CaANCg
bond geometry (Scheme 1428). The newly formed CbA = CgA
bond of olefination product 50 was either trans- or cis-
configured, depending on whether the Wittig reaction was
conducted at 60 or 25 °C. The bromoethylene moiety of the
respective product trans,Z- or cis,Z-50 could be coupled with
trans-Bu3Sn–CHNCH–CH2OH in the presence of catalytic
Pd2dba3·CHCl3 and AsPh3. All CNC bonds maintained their
configurations under these conditions and did so, too, in the
terminating desilylation step. It rendered, in the trans,Z,trans-
series, the g-alkylidenebutenolide trans,Z-trans-52, which had
been described as the antibiotic lissoclinolide. This was the third
and is the hitherto shortest synthesis of this compound. Two

entirely different syntheses of lissoclinolide had been realized
shortly before in the laboratories of Rossi31 and Negishi.32

Disappointingly, the ylide derived from phosphonium salt E-
49 reacted with ButPh2SiOCH2–CHNO with complete inversion
of the CaANCg bond geometry,28 i.e. providing the same Z-
configured condensation products trans,Z-50 or cis,Z-50 which
we had already prepared starting from the isomeric phosphon-
ium salt Z-49 (Scheme 14). This means that the ylide in question
underwent a thermodynamically driven E? Z-isomerization.

Scheme 15 shows how we managed to get at least small
amounts of the Stille coupling product trans,E,trans-51 (which
our Wittig approach had failed to give) from the bromoolefin
precursor trans,E-50 by a partial isomerization of the previously
obtained (cf. Scheme 14) coupling product
trans,Z,trans-51. A subsequent desilylation furnished isomer
trans,E,trans-52 of lissoclinolide (trans,Z,trans-51). This iso-
mer was until then suspected to represent ‘tetrenolin’.33

However, having both isomers at hand, we proved by 1H-NMR
spectroscopy that “tetrenolin” possesses the structure of
lissoclinolide.

Scheme 16 shows the first synthesis of dihydroxerulin (Z-
61).34 It allowed us to assign a trans-configuration to the CNC

Scheme 1528 Reagents: i, trans-Bu3Sn–CHNCH–CH2OH, Pd2dba3·CHCl3,
AsPh3, THF, 71% trans,Z,trans-51 + 20% trans,E,trans-51; ii, HF·pyridine,
THF, 89%.

Scheme 1634 Reagents: i, ButMe2SiCl, imidazole, DMF, 58%; ii, pyridine,
triflic anhydride, CH2Cl2, 78% (Z+E > 99:1); iii, LiCl, NiCl2(PPh3)2, THF,
Bu3SnH, 83% (Z+E = 94:6); iv, HF·pyridine, THF, 80% (Z+E = 96+4); v,
Dess-Martin periodinane, CH2Cl2, 90% as a 95+5-mixture, recrystallized as
a 98+2 Z+E mixture, 82%; vi, 60, nBuLi, THF, Z-59, after repeated
chromatographies 30% Z-61 and 25% mixture of other isomers.
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bond which could not be assigned by the spectroscopic study of
the natural specimen3 because of signal overlap with con-
taminating xerulin (trans,Z-66, Scheme 17). A conceptionally
different synthesis of dihydroxerulin has since been elaborated
by Rossi et al.35 Initially, we sulfonylated the three OH groups
of the Oprim-tert-butyldimethylsilyl protected L-gulonolactone
53 with triflic anhydride. The resulting tristriflate 54 underwent
two in situ b-eliminations of triflic acid, the first elimination
rendering butenolide 56, the second leading to the isomerically
pure alkylidenebutenolide Z-55. The enol triflate moiety of this
compound was hydrogenolyzed readily to give lactone Z-57 in
the presence of catalytic NiCl2(PPh3)2 and stoichiometric
Bu3SnH. A Wittig reaction of the derived aldehyde Z-59 with

the ylide corresponding to the phosphonium salt 60 followed
but, unfortunately, exhibited no stereocontrol: it delivered 30%
dihydroxerulin Z-61 and 25% of at least two isomers. Yet, this
synthesis encompasses only 2 3 5 consecutive steps in the
linear sequences and a final converging step.

The first synthesis of xerulin (trans,Z-66) was also effected
by our b-elimination strategy (Scheme 17).36 We started with
the diacetate of dibromolactone lk-47 (preparation:29,30 Scheme
13). A reductive elimination37 established the CaNCb bond of
butenolide lk-62 and a subsequent base-promoted elimination
the CaANCg bond of the g-alkylidenebutenolide 63 (97% Z). An
SN2 reaction of this compound with triphenylphosphine pro-
vided the corresponding phosphonium salt 65 (96% Z). The
terminating reaction of Scheme 17 was a Wittig olefination. It
showed no more stereocontrol than the Wittig reaction of

Scheme 1736 Reagents: i, Na2SO3, NaHSO3, MeOH, H2O, crude product
treated with MeOH–HCl, 92% overall (ref. 37: 64%); ii, triflic anhydride,
pyridine, CH2Cl2, 63% (Z+E 97+3); iii, PPh3, H3C–CN, 100%; iv, K2CO3,
64+Z-65 11+2, CH2Cl2, 28% trans,Z-66 + 27% [cis,Z-66 + small amount of
isomer(s)].

Scheme 1840 Reagents: i, LDA, THF, Ph–CHNO, 76%; ii, MsCl, pyridine,
0 °C ? 80–90 °C, 87%; iii, same as (ii) but only rt, 96%.

Scheme 1941 Reagents: i, 70+67 1+1, piperidinium acetate, HOAc, 36%.
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opposite polarity used for synthesizing dihydroxerulin (Z-61;
Scheme 16). Thus, it furnished equal, but separable, amounts of
xerulin (trans,Z-66; 28% yield) and its isomer cis,Z-66. The
recently published, differently tailored synthesis of xerulin by
Negishi et al. is free from such a drawback.38

b-Eliminations from (Mukaiyama) aldol adducts
Aldol additions of type-67 butenolides, via their quantitatively
derived enolate (Schemes 18, 20) or via an equilibrium fraction
of the same kind of enolate (Scheme 19), as well as the more
widely used Mukaiyama aldol additions of the corresponding

siloxyfurans (Schemes 21–25, 27–29) constitute versatile
preparations of g-(a-heteroalkyl)-substituted butenolides 1. The
addition of 5-lithio-2-(tert-butoxy)furans to an aldehyde fol-
lowed by hydrolysis of the resulting heterocycle provides an
altervative for attaining the same goal (Scheme 26).

In general, a high degree of simple diastereoselectivity in
such aldol additions is limited to the use of a-chiral aldehydes
(where lk-selectivity of Mukaiyama aldol additions occurs39)
whereas achiral aldehydes usually show little simple diaster-
eoselectivity. Accordingly, the aldol additions shown in
Schemes 18–21 provided the aldol addition products 68, 71
(formed in situ, not isolated), 74 and 79 as lk,ul-mixtures. Not
having separated them, the subsequent stereoselective forma-
tion of a g-alkylidenebutenolide was observed in a single case
(lk-/ul-68 + mesyl chloride–pyridine ? Z-69; Scheme 18)
where thermodynamic control was achieved.

A somewhat related Z-preference occurred during the
deketalization of the g-alkylidenebutenolides Z- and E-75 of
Scheme 20: Z-75 underwent this reaction with complete
retention of configuration while E-75 exhibited some E?Z-
isomerization.

If the diastereomeric mixtures of (Mukaiyama) aldol addition
products initially obtained are separated, the resulting lk-
isomer, through an anti-elimination, gives a Z-configured
alkylidenebutenolide and the ul-isomer, the E-alkylidenebute-
nolide. Thus, treatment of the thiophene-containing Mukaiyama
products lk- and ul-71 with Tf2O and pyridine in dichloro-
methane provided the alkylidenebutenolides Z- and E-72 as
single isomers in 67 and 70% yield, respectively (Scheme 22).
Z-72 is a constituent of the roots of Chamaemelum nobile L.

The pyrrolidone-containing Mukaiyama product lk-84 and an
excess of both diethyl azodicarboxylate and PPh3 gave the
isomerically pure Z-configured alkylidenebutenolide panda-
marilactam-3y Z-85 (Scheme 23). It is noteworthy that the BF3-
promoted aldol addition leading to substrate lk-84 was fairly
diastereoselective starting from the (trimethylsiloxy)furan 81
(? lk:ul = 88+12) and very diastereoselective starting from the
(tert-butyldimethylsiloxy)furan 82 (? lk:ul = 97+3).

The terminating elimination 88?89 in the synthesis of the g-
alkylidenebutenolide nostoclide II (Z-89, Scheme 24) was also

Scheme 2042 Reagents: i, LDA, THF, 73; ii, crude product from step (i),
MsCl, pyridine, 31%.

Scheme 2143 Reagents: i, 76a–e+77 1+1.2, SnCl4, CH2Cl2, aqueous HCl; ii,
Ac2O, NEt3, 4-pyrrolidinopyridine, CH2Cl2.

Scheme 2244 Reagents: i, BF3·OEt2, aldehyde, CH2Cl2, 40%; ii, pyridine,
CH2Cl2, triflic anhydride, 67%, Z-72+E-72 100+0; iii, same as (ii), 70%, E-
72+Z-72 > 99+1.
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Z-selective, even when substrate 88 was a mixture (73+27) of lk-
and ul-isomers. Probably, E-89 is sterically too hindered to be
formed under the reaction conditions (DBU, reflux temperature
in chloroform).

Various (trimethylsiloxy)furans and b-iodomethacrolein (90)
undergo Mukaiyama additions with much more diastereocon-
trol than simpler a,b-unsaturated aldehydes (e.g. crotonalde-
hyde, cinnamic aldehyde). In the presence of BF3 etherate,
(trimethylsiloxy)furans like compound 81 add to b-iodometha-
crolein with > 99% lk-selectivity to furnish compounds like lk-
91. Using ZnBr2 as a promoter, the same reactants display an
opposite 87+13 ul-preference. This also makes compound ul-91
accessible as a single isomer (after chromatographic separa-
tion). Each of the aldol adducts lk- and ul-91 was coupled with
3-ethynylfuran under Pd(0) catalysis (? lk- and ul-92, re-
spectively).

To our consternation, the anti-eliminations lk-92 ? Z-93 and
ul-92 ? E-93 did not yield even trace amounts of product when
tried with the elsewhere successful triflic anhydride–pyridine
mixture. On the other hand, eliminations with excess diethyl
azodicarboxylate–excess PPh3

48 were high-yielding (94% Z-93,
87% E-93) and anti-selective. Thus, natural freelingyne (Z-93)
resulted as a 92+8 Z+E- and the unnatural isomer E-93 as a 98+2
E+Z-mixture. Two other stereoselective syntheses of free-
lingyne are known. They stem from Katsumura et al.49 and
Negishi and Liu50 and are based upon the palladolactonization
of a C·C-containing carboxylic acid followed by a protonolysis
of the resulting palladium–carbon bond.

The g-alkylidenebutenolide syntheses compiled in Schemes
26–29 differ from those collected in Schemes 18–25 since now
the CaANCg bonds are formed through Brønsted (TsOH, HOAc/

D) or Lewis acid (AgF) mediated b-eliminations. Using the
Mukaiyama precursors as diastereomeric mixtures, only the E1-
like elimination/fragmentation 96 ? Z-97 (Scheme 26) was
selective. It furnished, through a subsequent benzoylation,
melodorinol (Z-99).

b-Elimination from a differently prepared
g-(a-hydroxyalkyl)butenolide
Our most recent approach to alkylidenebutenolides is presented
in Scheme 30.54 It is conceptually novel, remarkably ster-
eoselective and, as far as the variablity of the substituents is
concerned, potentially versatile. Therefore, it looks promising
for an analogously shaped synthesis of peridinin (Z-18a). The
latter is currently being pursued in these laboratories in
collaboration with Professor de Lera (Universidade de Vigo,
Spain). Peridinin plays a key role in the photosynthesis of
marine algae.6

The starting point of Scheme 30 is the racemic trihalodiene
109. So far, its 8-step synthesis54 from the iodomethacrolein 90
is superior to potential short-cuts. Compound 109 was elabo-
rated with a high degree of regio- and stereocontrol into the
target butenolide 116. First, it underwent a selective Suzuki
coupling with the phenyl-substituted vinylboronic acid 110 at
the less hindered CNC(–H)–I terminus—for steric and bond-
energy reasons. Monocoupling product 111 was isolated in 56%
yield. Under the same conditions, but using only 3% Pd(PPh3)4
rather than 5% as previously, compound 111 underwent a
second Suzuki-coupling. Its reaction partner was now the ate-
complex formed from the cyclohexyl-substituted vinylboronic
acid 112 and aqueous NaOH. According to Roush et al.,55 b-
alkyl-gem-dibromoolefins undergo Suzuki couplings site-se-
lectively with their E–C–Br bond. In agreement with that, we
isolated the desired Z-configured monobromoolefin 113 in 79%
yield. It was converted by Br/Li exchange into an organolithium
compound. The latter was quenched by dropwise addition to an
excess of neat ethyl chloroformate. This provided ethyl ester
114. Upon exposure to HCl, the acetonide ring was cleaved and

Scheme 2345 Reagents: i, 80, BF3·OEt2, 80% (lk-84+ul-84 = 88+12); ii, 80,
BF3·OEt2, 48% 84 (lk-84+ul-84 = 97+3) + 20% recovered 80; iii, 80,
Bu4N+F2 (10 mol%), ButMe2SiOTf, 37% 83 (ul-83+lk-83 = 70+30) + 11%
84 (ul-84+lk-84 = 70+30); iv, diethyl azodicarboxylate, PPh3, 82%; v,
DBU, 92% (Z-85+E-85 = 90+10).

Scheme 2446 Reagents: i, ButMe2SiOTf (0.5 equiv.), CH2Cl2, 93% of the
mixture; ii, DBU, CHCl3; HCl, 96%.
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a spontaneous lactonization provided the g-(a-hydroxyalkyl)-
butenolide 115. Its anti-selective dehydration was effected by
treatment with excess PPh3 and diethyl azodicarboxylate, i.e. by
the established protocol of the dehydrations lk-92 ? free-
lyngine (Z-93; Scheme 25) and lk-84 ? pandamarilactam-3y
(Z-85, Scheme 23). In this way, we obtained butenolide 116 in
94% yield as a 95+5 Z+E mixture or, after recrystallization, in
90% yield as a pure isomer.

Other accesses to g-alkylidenebutenolides
The best alternative to making Z-configured g-alkylidenebute-
nolides by the b-elimination route of Scheme 1 is the
metallocyclization/protonolysis strategy of Scheme 31. It has
been pushed forward in recent years by the combined efforts of
the Negishi, Rossi, and other groups.31,32,35,38,49,50,56

A reliable route to the less stable alkylidenebutenolides E-
119, except the b-elimination route described, has yet to be
developed. It seems conceivable, though, that the strategy of
Scheme 32 could work. It represents a tandem metallocycliza-
tion/C,C-coupling approach and would start from pentenynoic
acids 120 and unsaturated halides or triflates. While itself

apparently unexplored, an analogous formation of E-configured
g-alkylidenebutanolides from pentynoic acids and aryl,57 alke-
nyl,58 or alkynyl halides (triflates) has been described.59
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The isomerisation of vinyldisilanes 1 to allyldisilanes 2
catalysed by palladium-on-carbon in diethyl ether under
hydrogen is described.

Three principle aspects of allylsilane chemistry have contrib-
uted to the tremendous utility of allylsilanes in organic
synthesis.1 Firstly, a variety of methods are available for
preparing the allylsilane group with high regio- and stereo-
control.2 Secondly, the allylsilane group is stable to many
commonly used reagents, thus allowing the group to be carried
through many synthetic sequences unchanged. Thirdly, is the
ability of allylsilanes to act as allyl anion equivalents with a
range of electrophiles (intramolecular C–C bond formation is
particularly useful), generally with high and predictable stereo-
and regio-control in the product alkene. Allyldisilanes 2 might
be anticipated to possess broadly similar attributes to allylsi-
lanes for use in synthesis. In contrast to allylsilanes however,
allyldisilanes 2 are a relatively unexplored class of materials. A
deterrent to investigating their chemistry is the lack of concise,
general methods available for their preparation, particularly
under mild conditions. Lautens and co-workers have developed
a six step sequence to allyldisilanes from propargylic alcohols,3
and Pornet et al. have reported a specific synthesis of the
simplest allyldisilane [3,3-bis(trimethylsilyl)prop-1-ene] in two
steps from 3-(trimethylsilyl)prop-1-yne.4 The synthetic poten-
tial of allyldisilanes is indicated by observations from both
Lautens and Pornet that disilylpropenes react with electrophiles
(aldehydes and iminium ions) to give trans-vinylsilanes.

We recently reported a one step highly chemoselective
method for the preparation of vinyldisilanes 1 from aldehydes
(Scheme 1).5 During our investigations into the synthetic
applications of vinyldisilanes,5,6 we attempted debenzylation of
lactam 3 using Pearlman’s catalyst which, however, suprisingly
generated the trans-allyldisilane 4 in an unoptimised 47% yield
(Scheme 2). We communicate here our preliminary results
concerning the development of this unusual isomerisation for
the synthesis of allyldisilanes 2.

Double-bond migrations can occur during homogeneous or
heterogeneous hydrogenation to an extent which is profoundly
affected by the catalyst used (palladium catalysts being
particularly active during heterogeneous hydrogenation),7 but
in many cases the process is not noticeable in the reduced

product. Isomerisation of isolated olefins to allylsilanes has
been reported under homogeneous catalysis by Matsuda and co-
workers using cationic rhodium or iridium catalysts pre-
activated with H2.8 Also, Mori et al. have recently reported the
isomerisation of isolated olefins to allyl bis-metalated [(SnR3)2
and SnR3/SiRA3] compounds (formed as 1+1, cis–trans mix-
tures) using RuClH(CO)(PPh3)3.9 However, application of
Matsuda’s conditions {using [Rh(norbornadiene)(dppb)]BF4}
or Mori’s conditions to simple vinyldisilanes failed to generate
any isomerisation and therefore our attention focused on the
heterogeneous process. Initial experiments with Pearlman’s
catalyst under the original conditions using vinyldisilane 5
established that the presence of H2 was essential for reaction to
proceed, but that incomplete isomerisation was observed and
reduction to the disilane 7 was a significant competing reaction
(Scheme 3).

Although a number of different reaction variables with
Pearlman’s catalyst in acetic acid (and also 10% Pd/C in EtOH)
were investigated for the isomerisation of vinyldisilane 5 to
allyldisilane 6 (temperature, time, catalyst pre-activation,
stirring and not stirring), the most notable variations were
obtained by varying the solvent (Scheme 3), which is known to
have a large influence on the extent of double bond migration.7
For Pearlman’s catalyst, hexane produced mainly reduction,
whereas moving to DCM or ether resulted in a very encouraging
ratio of isomerised to reduced material after 2–3 h (the
proportion of reduced material increased at longer reaction
times). Within the scope of the present study, 10% Pd/C in ether
was found to give the best results (Table 1): complete
conversion of vinyldisilane 5 to trans-allyldisilane 6 and
(chromatographically inseparable) disilane 7 (94+6 respec-
tively, 94% yield of allyldisilane 6). These conditions also
successfully isomerised other vinyldisilanes to allyldisilanes: 8
to 9 (88%) and 10 to 11 (91%), for which hydrogenated disilane
was also observed at similarly low levels (6 and 7% re-
spectively).

Reaction of vinyldisilane 5 using 10% Pd/C in ether under D2
instead of H2 gave allyldisilane 6 for which the 1H NMR

Scheme 1 Reagents and conditions: i, Br2C(SiMe3)2, CrCl2, DMF, 25 °C,
24 h; ii, see text.

Scheme 2 Reagents and conditions: i, 20% Pd)OH)2/C, H2 (1 atm.), AcOH,
25 °C, 12 h.

Scheme 3 Reagents and conditions: i, 20% Pd(OH)2/C, H2 (1 atm.), solvent,
25 °C.

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b008565k Chem. Commun., 2001, 153–154 153



spectrum indicated that D had not been incorporated into either
of the olefinic positions, but had been incorporated (51% by
mass spectrometry) at the carbon atom bearing the two
trimethylsilyl groups. One possible mechanistic sequence for
the isomerisation consistent with this observation involves
initial olefin coordination to palladium, followed by formation
of a p-allylpalladium hydride which can undergo partial H/D
exchange prior to hydride delivery selectively3 to the more
substituted end of the allylic system.

Density functional theory (DFT) calculations at the B3LYP/
6-31+ G* level indicate that the vinyldisilane 1 (R = Et) is less
stable than the allyldisilane 2 (R = Et) by 7.2 kJ mol21 (a
predicted ratio of 5+95 at 25 °C). The energy minimised
structure for the vinyldisilane 1 (R = Et, Fig. 1) shows that the
cis SiMe3 group orients itself to minimize allylic strain (with the
H of the allylic methylene that eclipses the double bond) at the
expense of a 1,2-eclipsing interaction [Me–Si(cis)–C–Si-
(trans)]. In contrast, the trans SiMe3 group has a relatively less
demanding 1,3-allylic strain maximised (with the vinylic H) as
this leads to the two SiMe3 groups adopting a staggered
arrangement of their Si–Me bonds with respect to each other.
The 1,2-eclipsing interaction and allylic strain in vinyldisilane 1
(R = Et) could be the origin of its instability compared with the
allyldisilane 2 (R = Et).

The energy minimised structure for the allyldisilane 2 (R =
Et, Fig. 2) suggests that the presence of a SiMe3 substitutent
both above and below the plane of the double bond might retard
(re)association with the catalyst and hence reduction; moreover,
since the allylic H substituent [of CH(SiMe3)2] eclipses the CNC
double bond it is now in an unfavourable orientation to reform
the p-allylpalladium hydride suggested above.

As discussed earlier, Lautens and Pornet have shown that
disilylpropenes undergo reactions with electrophiles. However,

Lautens and co-workers also observed that higher 1,1-di-
silylalk-2-enes failed to undergo reaction with aldehydes using
a range of Lewis acids.3 Nevertheless, we have preliminary
evidence that such allyldisilanes can undergo synthetically
useful reactions. For example, following the conditions of Ito et
al. for acetalisation–intramolecular allylsilane cyclisation10

gave, with allyldisilane 11 and benzaldehyde the trans-
2,3-disubstituted oxepane 12 (JC(2)H-C(3)H = 10 Hz)10 possess-
ing a trans-vinylsilane moiety (JCHNCHSi = 19 Hz) for further
synthetic elaboration (Scheme 4).

In summary, we have developed an experimentally straight-
forward method for the synthesis of allyldisilanes from
vinyldisilanes; this allows access to allyldisilanes in two steps
from aldehydes and should better allow the potential of
allyldisilanes in organic synthesis to be realised.

We thank Dr G. H. Grant (University of Oxford) for
performing the DFT calculations, Dr J. M. Goodman (Uni-
versity of Cambridge) for useful discussions and the EPSRC
National Mass Spectrometry Service Centre for mass spectra.
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Fig. 1 The B3LYP/6-31+ G* optimised structure of vinyldisilane 1 (R =
Et).

Fig. 2 The B3LYP/6-31+ G* optimised structure of allyldisilane 2 (R =
Et).

Scheme 4 Reagents and conditions: i, PhCHO (1.4 equiv.), TMSOTf (2
equiv.), CH2Cl2, 278 °C, 3.5 h.
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A comprehensive study on the influence of substituents at
the alkyne terminus on the thermal biradical cyclisation of
enyne-allenes shows a good agreement of the rates with s ·.

Although the cycloaromatisations of enediynes (Bergman)1 and
enyne-allenes (Myers–Saito)2 play a fundamental role in the
mode of action of the natural enediyne antitumor antibiotics3

alternative thermal cyclisations with an altered regioselectivity
have only been addressed recently. After the discovery of a
novel cyclisation of enyne-allenes (C2–C6, see Scheme 1) in
1995,4 this reaction has been studied extensively,5 and ample
evidence for the occurrence of the fulvene biradical B2,6 has
been collected through experimental5f,6 and theoretical in-
vestigations.7

Moreover, the C2–C6 cyclisation has become a valuable
synthetic tool for the construction of carbocyclic8 and hetero-
cyclic9 ring systems as the intermediate biradical can undergo a
second C–C bond formation followed by a formal 1,5-H shift to
provide a convenient access to polyaromatic systems.

Engels et al.7a predicted on the basis of calculations that for
1 (Y,Z = H) the thermal C2–C6 cyclisation should be extremely
accelerated with X = NH2 in comparison to X = aryl, or talkyl
due to a special stabilisation of the biradical intermediate. In
order to verify their prediction we decided to study the
electronic effect of the substituent X in 1 on the thermal
behaviour, which should also give some mechanistic insight in
the polarity of the transition state. Herein, we describe the
synthesis of the novel enyne-allenes 1a–f and their kinetics.

The key step in the preparation of enyne-allenes 1a–f is based
on the rearrangement of the propargyl† alcohols10 2a–f with
ClPPh2. (Scheme 2) Enyne-allenes 1a–f were purified by low-
temperature chromatography as far as possible, but their
thermal instability precludes any elemental analysis. Some
relevant IR and 1H NMR data are presented in Table 1. Rapid
cyclisation of 1f even at rt prevented both isolation and a
reliable kinetic analysis.

For the kinetic analysis the enyne-allenes were cooled and
subjected to three DSC (differential scanning calorimetry)
investigations. This method allows the recording of kinetic data
over a range of temperatures in a single experiment.11 To ensure
that we monitor indeed the C2–C6 cyclisation, product studies
were conducted for both preparative and DSC thermolyses. As
rate constants determined at very low and very high tem-
peratures proved to be unreliable, we resigned to make an
Eyring analysis. Hence, only the cyclisation onset temperatures,
reaction rates in the central temperature range (at 50, 60 and
70 °C) and DG≠ 60°C are provided in Table 2. Data for enyne-
allene 1g was added for comparison.12

According to the data in Table 2 the lowest cyclisation
temperature is found for enyne-allene 1f with R = NMe2, which
unfortunately could not be isolated. The most stable representa-
tive is 1e with R = F. Quite obviously the cyclisation rate
constants do not follow a simple picture with electron-
withdrawing substituents on one side, and electron-donating
substituents on the other.

For a more detailed discussion we will concentrate on the rate
constants at 60 °C that constitute the most reliable data due to
the form of the DSC curves. In the above analysis we find a rate
acceleration of 2.6 (at 60 °C) when going from R = F to NO2.Scheme 1

Scheme 2 The reaction of 2a–f with ClPPh2, first at 240 °C and then at rt,
leads directly to benzofluorenes 3a–f (3a: 42%, 3b: 47%, 3c: 62%; 3d: 68%,
3e: 31%, 3f: 45%).

Table 1 The IR (allene, alkyne) and 1H NMR data of the desired enyne-
allenes 1a–f

1a 1b 1c 1d 1e

IR (allene)/cm21 1924 1924 1923 1908 1924
IR (alkyne)/cm21 2216 2199 2215 2212 2227
1H NMR/ppma 6.75 6.26 6.78 6.80 6.83
a Allenic proton showing characteristic doublet with J = 10.1–10.7 Hz.
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Such accelerations are characteristic for radical reactions (2- up
to 5-fold acceleration),13 but much too low for reactions
involving polar intermediates where the rates typically change
over 2–7 orders of magnitude.

To further evaluate the data we correlated the log (k/kH)
values against the well-known substituent constants, s · (for
radical reactions), and sp, sp

+ and sp
2 (for polar reactions).14

The poor correlation with the polar substituent constants sp,
sp

+ and sp
2 (Fig. 1) clearly contradicts any polar intermediate

in the thermal C2–C6 cyclisation, such as a zwitterion. On the
contrary, a good correlation is obtained using s · values
(reaction constant r = 0.643).15 The latter correlation is strong
support, together with earlier mechanistic evidence,6 that the
C2–C6 cyclisation is a biradical cyclisation. Moreover, it
enables a good insight into the electronic structure of the
transition state, as even bona fide radical reactions, but with a
polar transition state, correlate with polar substituent constants,
such as sp, sp

+ and sp
2.13 Thence, the C2–C6 cyclisation of 1

proceeds via an extremely unpolar transition state (TS), in
contrast to the Myers–Saito cyclisation, where the occurrence of
unpolar and polar TS’s is discussed.16

The reaction constant now allows us to predict the cyclisation
rate and the free activation energy of 1f and 1g at various
temperatures (Table 2). The higher rate constant for 1f is in
agreement with the fact that we have not been able to isolate it.
The difference DDG≠ 60°C = 23.5 kJ mol21 when going from
R = H to R = NMe2 is drastically smaller than predicted for 1
(no benzoannelation, Y,Z = H) upon changing from X = H to
NH2 (DDG≠ 25°C = 257 kJ mol21).7a Obviously, the sub-
stituent effect in our study is heavily attenuated because of the
phenyl spacer between R and the alkynyl group.

In summary, the present study definitely rules out zwitter-
ionic intermediates in the C2–C6 cyclisation and supports the
biradical hypothesis. For the first time, a thermal biradical
cyclisation was demonstrated to follow the radical substituent
constant s ·. This finding is notable as calculations have as yet
described the TS to contain no biradical character.7

We are indebted to the DFG, the Volkswagenstiftung and the
Fonds der Chemischen Industrie for continued support. Addi-
tionally, we would like to thank Dr Kiau for providing the
temperature onset for 1g.
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Table 2 Kinetic data of enyne-allenes 1a–g and various s values13 for comparisona

Enyne-allene R 1a NO2 1b CN 1c OMe 1d H 1e F 1f NMe2 1g Me

TDSC/°Cb 43 45 46 51 53 — 50
k50°C/s21 3 1023 2.06 ± 0.46 1.42 ± 0.43 1.40 ± 0.10 0.86 ± 0.24 0.69 ± 0.05 3.07c 0.95c

k60°C/s21 3 1023 5.65 ± 0.98 4.36 ± 1.04 4.23 ± 0.37 2.29 ± 0.49 2.13 ± 0.04 8.20c 2.54c

k70°C/s21 31022 1.55 ± 0.21 1.22 ± 0.26 1.08 ± 0.08 0.59 ± 0.17 0.56 ± 0.05 2.11c 0.66c

DG≠ 60°C/kJ mol21 96.27 96.96 97.04 98.74 98.94 95.21c 98.46c

s
· 0.57 0.46 0.24 0 20.08 0.90 0.11
sp 0.81 0.70 20.28 0 0.15 20.63 20.14
sp

+ 0.79 0.66 20.78 0 20.07 21.70 20.31
sp
2 1.27 1.00 20.26 0 20.03 20.12 20.17

a Measured by DSC. b Onset temperature in the DSC. c Calculated from the correlation of the rate constants with s· (see Fig. 1a).

Fig. 1 Correlation of the log (k/k0)-values with the different substituent
constants.13
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The reaction of an a-stannyl ester with a-alkoxy or hydroxy
ketones in the presence of SnCl2 gave aldol-type products
with high selectivity in a chelation-controlled manner.

Stereoselective C–C bond formation is undoubtedly important
for organic syntheses. Since the transition state of the reaction
concerned demands a rigid structure for a selective reaction,
chelation of a substrate bearing coordinative sites to a metal
center often has a significant effect on the stereoselectivity. A
number of selective reactions under chelation-controlled condi-
tions have been reported for carbonyl addition by carbon
nucleophiles.1 Reetz has developed chelation-controlled aldol-
type addition to a-alkoxy aldehydes using enol silane in the
presence of Lewis acids.2 However, chelation-controlled addi-
tion of a metal enolate or its equivalent to a-alkoxy ketones is
scarcely known in spite of the fascinating structure of the
products which would be tertiary alcohols bearing a stereocon-
trolled O-substituent. This is probably because the reaction
conditions required to achieve the addition to ketones, which are
much less reactive than aldehydes, would be too severe to
control the selectivity. In this communication, we report a
highly diastereoselective addition of an ester enolate equivalent
to a-alkoxy or hydroxy ketones using an a-stannyl ester–
stannous chloride system in a chelation-controlled manner.

In the initial trials, we obtained moderate selectivities of
diastereomers 2 and 3 in the reactions of a-alkoxy ketone 1 with
a lithium enolate3 or zinc enolate equivalent4 [eqns. (1) and (2)].
These results prompted us to develop a novel system having
high chelation ability.

(1)

(2)

A stannyl nucleophile is often used for stereoselective
organic synthesis.5 Keck has reported chelation-controlled
addition of allylic stannanes in the presence of TiCl4.6 We
examined the reaction of a-stannyl ester 4 in the presence of
metal halides, and the results are summarized in Table 1.

However, the use of TiCl4 as an additive gave a complicated
mixture with a small amount of the aldol-type product which
was confirmed in a crude reaction mixture by NMR (entry 1). In
the presence of BF3·OEt2 almost no reaction took place and the
starting ketone was recovered (entry 2). Recently, we have
reported a carbonyl addition system using a-stannyl ester or
tributylallylic stannane with SnCl2 in which transmetallation
occurs to generate an active species.7 This activation method-
ology successfully attained the stereoselective reaction of 4 with
1 in the presence of SnCl2 to give the product in 40% yield with
excellent selectivity (entry 3). Changing the solvent from
CH2Cl2 to MeCN improved the yield while retaining high
selectivity (86% yield, > 99+1, entry 4).†

The relative configuration of the stereochemistry of 2 was
unambiguously determined by its X-ray analysis and the
ORTEP drawing is shown in Fig. 1.‡ It corresponds to the
product which is formed by chelation-controlled alkylation.

Although the reaction mechanism is now not clear, we
assume that the active species is chlorinated stannous ester 5
which is generated by transmetallation between 4 and SnCl2
(Scheme 1). The metal center has high Lewis acidity and thus
high chelation ability to alkoxy ketone. The carbonyl addition
proceeds via transition states which direct the selective addition
by chelation. In fact, a transmetallation was confirmed by the
following experiment. A mixture of a-stannyl ester 4 and SnCl2
in MeCN at room temp. gave 71% yield of Bu3SnCl which was
confirmed by 119Sn NMR. A lower yield (16%) of Bu3SnCl was
observed when CH2Cl2 was used as a solvent. This significant
solvent effect on the transmetallation accounts for the difference
in yields in entries 3 and 4 (Table 1). Unfortunately, the signal

Table 1 Reaction of a-stannyl ester 4 with 1a

Fig. 1 Molecular structure of 2.

Scheme 1 Plausible path of chelation-controlled addition.
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corresponding to the generated nucleophilic tin(II) species was
not detected probably because of its broadening in 119Sn
NMR.

Various alkoxy ketones were investigated and the results are
shown in Table 2. The reaction with the a-ethoxy ketone 6 also
gave the aldol product 7 in high selectivity and yield (entry 2).
Even isopropoxy ketone 8, which has a bulky substituent, was
also subjected to this reaction system to afford 9 exclusively
(entry 3). The reaction with 2-methoxypropiophenone 10
provided the selective aldol-reaction in > 95+5 selectivity
(entry 4). When the cyclic substrate 12 was used, 13 was
selectively formed in a 92+8 ratio (entry 5). The relative
configuration of the cyclic product 13 was determined by NOE
experiment. The increased intensity at the carbonyl methylene
protons was observed by irradiating the axial proton bonded to
the methoxy-substituted carbon.

The chelation-controlled reaction using hydroxy carbonyl
compounds without protection is a challenging problem
because organometals for chelates are readily affected or
quenched by the protic sites. Actually, the reaction with a-
hydroxy ketone 14 performed under Reformatsky reaction
conditions or using a lithium enolate according to the proce-
dures employed in eqns. (1) or (2) did not effectively proceed
and a significant amount of the starting ketone was recovered.
Surprisingly, the stannyl ester–SnCl2 system can provide high
yield and high selectivity of 15 even with the use of hydroxy
ketones 14 [eqn. (3)].8 Other additives, TiCl4 and BF3·OEt2 for
the reaction of 4 with 14 gave the recovered ketone 14 and low
yields (9 and 26%) of 15, respectively. The reaction with
2-hydroxypropiophenone 16 also gave the product 17 in high
selectivity [eqn. (4)].9 These results show the strong advantage
of our system which tolerates protic conditions.

(3)

(4)

In conclusion, we have shown a highly diastereoselective
addition of an alkoxycarbonylmethyl group to a-alkoxy or
hydroxy ketones, controlled by the chelation effect, using an a-
stannyl ester–SnCl2 system. The transmetallation between the
a-stannyl ester and SnCl2 generates an active species which has
high Lewis acidity to form a chelate. Further investigation of the
scope and limitations of the methodology, and the reaction
mechanism is now under way.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and
Culture, of the Japanese Government.
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The scaffold bis-succinimide 4 is shown to react twice with
1,2,4,5-tetrakis(bromomethyl)benzene 5 specifically at the
para-related bromomethyl groups to form a multi-ring
alicyclophane system 3 in which the benzene ring is
sandwiched between the alicyclic frames to form a molecular
‘hamburger’.

In earlier work on proximity effects and structure–activity, one
of us (DNB) demonstrated that the chemistry of an alkene p-
bond could be completely negated by screening access to the p-
system by suitably positioned benzene rings,1 as in 1 where the
alkene p-bond was situated in the valley between the two
benzene rings. In this paper, we report another aspect of
reactivity modification by proximity screening in which a
benzene ring is positioned in the centre of a pair of extended
alicyclic frames in a molecular equivalent of a hamburger,
where the benzene ring corresponds to the ‘meat’ and the
framework as the protective ‘bun’ (Fig. 1)†.

The synthesis of the molecular ‘hamburger’ 3 represents the
second generation of our alicyclophanes3 and draws on ideas
expressed by Vögtle (aliphanes)4 and the concept of stacked
[2.2]cyclophanes (chochins) reported by Misumi5 and Naka-
zaki6. By building a benzene ring into the alicyclophane and
then attaching a second alicyclic spacer component onto the
opposite face, it is possible to screen both sides of the benzene
ring from reagent approach.‡

Reaction of the bis-succinimide 43 with 1,2,4,5-tetrakis-
(bromomethyl)benzene 5 in dimethylformamide containing
solid potassium carbonate afforded a bromine free product
having m/z = 1157.2590 (M + Na+, calcd. 1157.2607) and thus
confirming the 2:1-molecularity of the reaction. Comparisons
of the N–N separation in 4 (AM1 6.30 Å) with the different
bromomethyl C–C distances in 5 (AM1 C–C distances8 are
annotated on 5 in Scheme 1 and range from 2.91–5.77 Å)
support preferential formation of the dual para-substituted
product 3§ since less deformation of the molecular frame is
required to achieve cyclisation.¶ In order to gain evidence upon
which to secure the ‘hamburger’ structure 3, reactions were
conducted between 4 and o-, m- and p-xylylene dibromides 6–8
as these subunits are each present in 5. In all cases, reference to
the N–N distances of starting scaffold 4 and product alicyclo-
phanes 3, 9, 10 (see Table, Scheme 2) shows that significant
frame deformation is required for cyclisation to occur, a feature

somewhat surprising considering the expected rigidity in
[n]polynorbornane frames comprised of fused norbornanes.∑

The product from bis-succinimide 4** and p-xylylene
dibromide 6 was assigned the alicyclophane structure 9** on
the basis of mass spectrometry (m/z 606.1591, calcd. 606.1589).
Product 9§ displayed 1H and 13C NMR spectra that reflected its
C2v-symmetry. Similar reaction between m-xylylene dibromide
7 and spacer 4 produced an isomeric alicyclophane assigned
structure 10** (m/z = 606.1586). The 1H NMR spectrum of 10
was also indicative of a compound with C2v-symmetry and was
unchanged down to 270 °C supporting a facile ‘flipping’
motion of the m-phenylene bridge. By extrapolation, any
meta,meta-linked structure for 3 is considered untenable since
the N–CH2 protons would not be diastereiotropic (as seen in 3)
owing to ring ‘flipping’. The reaction of o-xylylene dibromide
8 with 4 takes a different pathway and leads to production of a
2+2  product 11§ (m/z 1212.3197, calcd. 1212.3179) resulting
from dual intermolecular alkylation. Significantly, the endo-
protons in 9 were more shielded than those in 10 and this offers
further structural support for the para,para-structure of molec-
ular ‘hamburger’ 3 in which the endo-protons occur at even
higher field (d 1.11, 1.21).

Conclusive chemical support for the structure of 3 was
provided by the interrelation between alicyclophane 13,§
prepared by the reaction of the dichlorodurene†† 12 with

Fig. 1

Scheme 1

Scheme 2

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b008178g Chem. Commun., 2001, 159–160 159



scaffold 4, with the alicyclophane 14§ which has been isolated
as an intermediate in the preparation of ‘hamburger’ 3 (Scheme
3). This was achieved by debromination of 14 by treatment with
tributyltin hydride. As the alicyclophane 13 must be para-
linked (single aryl proton resonance at d 7.51 is definitive), this
shows that 13 has the same motif and the derived ‘hamburger’
3 must be para,para-linked.

In order to assess the steric protection offered by the scaffold
structures to reagent approach to the benzene ring in the
‘hamburger’ 3, it was treated with hot nitric–sulfuric acid (1:1
v/v). No reaction occurred even at elevated temperatures
however blank reactions, conducted on the alicyclophane 9,
produced a mono nitro derivative, while the related alicyclo-
phane 10 produced a mixture of dinitro derivatives similar to
that observed for m-xylene. This demonstrates that nitration will
proceed on the benzene ring when only one face is screened by
the scaffold, but that reaction is precluded by incorporation of
the second scaffold-containing ring.

In conclusion, we have demonstrated that macrocycles can be
produced by reaction of xylylene dibromides with the bis-
succinimide 4 and that intramolecular cyclisation occurs to form
alicyclophanes with p-xylylene dibromide 6 and m-xylylene
dibromide 7, whereas intermolecular reaction occurs linking
two scaffold units when the shorter o-xylylene dibromide is
employed. The double cyclisation of the bis-imide 4 with
1,2,4,5-tetrakis(bromomethyl)benzene produced the para,para
substitution ‘hamburger’ product 3 in which the benzene ring is
sandwiched between the alicyclic scaffolds, so much so that it
resisted electrophilic substitution even under forcing condi-
tions.

D. N. B. thanks the Centre for Molecular Architecture for a
Research Fellowship 1998–2000, and the Central Queensland
University merit grants scheme for partial funding. Dr Martin
Johnston is thanked for his interest in the project and for
conducting the NMR experiments. Dr Alan Lough (Chemistry,
University of Toronto) is thanked for the X-ray structures**
reported herein.
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reactivity studies of the central aryl ring; further, it does not have the
‘hamburger’ appearance.

‡ We have recently shown that alicyclophanes containing an isobenzofuran
subunit already display increased stability owing to the scaffold frame
offering reagent approach control from one face.7
§ All new compounds gave appropriate high resolution mass spectra and
consistent 1H and 13C NMR spectra.
¶ While there is literature precedent2,9 for intramolecular cyclisation
involving successive nucleophilic reactions at the benzylic bromide
positions of 1,2,4,5-tetrakis(bromomethyl)benzene 5 occurring exclusively
at the para-related sites, literature examples reveal that for more flexible
bis-alkylating linkers, such as those forming bis-(crowns ethers), ortho- and
meta-linked products are the preferred mode of cyclisation.9 Indeed, our
finding is one of the few examples in which para-linkage occurs and is a
direct consequence of the compatibility of the N–N separation of the
scaffold (6.30 Å) and the fixed positions of the benzylic carbons (5.77 Å),
as mentioned in the text.
∑ The IUPAC name for norbornane is bicyclo[2.2.1]heptane.
** Crystal data for 4 C22H18O5F6N2, M = 504.38, monoclinic, space group
P21/c (No. 14), T = 150(1) K, a = 13.7369(6), b = 7.7697(4), c =
20.4778(6) Å, b = 108.483(2)°, U = 2072.9(2) Å3, Z = 4, Dc = 1.616 g
cm23, m(Mo Ka) = 0.150 mm21, 10968 reflections collected, R(F) =
0.0907, R(wF2) = 0.1209 for all 4696 independent reflections, [R(F) =
0.0518, R(wF2) = 0.1078 for 3168 data with F > 4s(FO)].

Crystal data for 9 C30H24O5F6N2, M = 606.51, orthorhombic, space
group Fdd2 (No. 43), T = 150(1) K, a = 18.4480(2), b = 28.7380(4), c =
9.6088(8) Å, U = 5094.2(4) Å3, Z = 8, Dc = 1.582 g cm23, m(Mo Ka) =
0.137 mm21, 7636 reflections collected, R(F) = 0.0459, R(wF2) = 0.0818
for all 1553 independent reflections, [R(F) = 0.0330, R(wF2) = 0.0762 for
1326 data with F > 4s(FO)].

Crystal data for 10 C34H32O6F6N2, M = 678.62, triclinic, space group P1̄
(No. 2), T = 150(1) K, a = 10.1160(7), b = 10.8820(7), c = 14.0090(11)
Å, U = 1451.40(4) Å3, Z = 2, Dc = 1.553 g cm23, m(Mo Ka) = 0.131
mm21, 11411 reflections collected, R(F) = 0.0911, R(wF2) = 0.1435 for
all 5116 independent reflections, [R(F) = 0.0586, R(wF2) = 0.1292 for
3671 data with F > 4s(FO)].

For all structures the data (collected on a Nonius Kappa-CCD instrument)
were integrated and scaled using the DENZO-SMN package (Z.
Otwinowski and W. Minor, Methods in Enzymology, 1997, 276, 307). The
structures were solved and refined using SHELXTL V5.0 (G. M. Sheldrick,
SHELXTL\PC V5.1, Bruker Analytical X-ray Systems, Madison, Wiscon-
sin, U.S.A). CCDC 182/1868. See http://www.rsc.org/suppdata/cc/b0/
b008178g/ for crystallographic files in .cif format.
†† The IUPAC name for durene is 1,2,4,5-tetramethylbenzene.
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Quadruple hydrogen bonded fullerene dimer 8 with a very
high dimerisation constant (Ka ! 1.0 3 106 M21) was
synthesised and fully characterised.‡

Fullerenes have interesting properties that may be utilised in
applications such as organic photovoltaic (PV) devices.1 The
bulk-heterojunction version of such cells especially has re-
ceived much attention recently. In this type of device, a blend of
an electron donor (for example a p-conjugated polymer) and an
electron acceptor (for example a fullerene derivative) serves as
the active PV layer.2 Very recently, influencing the morphology
of the bulk heterojunction layer by simply changing the
spincoating solvent resulted in a substantial increase of the PV
power conversion efficiency to a record value of 2.5%.3 A more
intimate mixing of the components most likely resulted in both
a larger internal donor–acceptor interface area and increased
percolation of at least one of the components. Charge carrier
transport in the polymer phase was further improved on the
nanoscopic scale due to enhanced polymer inter-chain inter-
actions.

Another potential way to obtain desired bulk-heterojunction
architectures is through supramolecular assembly of the
constituents. Hydrogen bonding is particularly useful in the
construction of supramolecular structures.4 Strong non-cova-
lent binding can be obtained using multiple hydrogen bond
arrays, especially with Meijer’s self-complementary 2-ur-
eidopyrimidin-4-ones.5 With this unit, ultra-strong non-cova-
lent coupling can be achieved, reaching association constants of
> 108 M21.5c

Here we report on the preparation of a [60]fullerene
derivative bearing one 2-ureidopyrimidin-4-one moiety as the
hydrogen bonding unit. This molecule serves as a model
compound for supramolecular fullerene arrays based on
multiple hydrogen bonding interactions.

The synthesis of target molecule 8 started from easily
accessible 1,2-bis(hexyloxy)benzene.6 Friedel–Crafts acylation
yielded keto ester 1,7 which was transformed into the corre-
sponding p-tosylhydrazone 2. Subsequently, carboxylic acid 4
was prepared using the following one pot procedure:8 first,
heating the anion of 2 in the presence of [60]fullerene in o-
dichlorobenzene (ODCB) at 80–90 °C gave fulleroid 3a,
together with methanofullerene 3b, higher adducts and [60]full-
erene. This crude mixture was photoisomerised quantitatively
to a mixture of 3b, higher adducts and [60]fullerene. Hydrolysis
of this mixture yielded crude acid 4, which was purified by
column chromatography. The overall yield for the conversion of
2 into 4 was 36%. Carboxylic acid 4 was converted into the
corresponding acid chloride 5, after which reaction with sodium
azide yielded the corresponding acyl azide 6. Heating 6 in the
presence of 6-methylisocytosine at 80 °C for 2 h afforded 8 in
good yield.

Dimer 8 showed 29 signals for C60-sp2 carbons in 13C NMR,
in accordance with C2h symmetry. The resonances at d 172.8
(a), 156.5 (b) and 154.4 (c) are characteristic for the
2-ureidopyrimidin-4-one moiety.5a The signals at d 80.6 and
52.4 are diagnostic for the cyclopropyl moiety.8 The 1H NMR
spectrum recorded in CDCl3 showed the typical resonances5a

for the four dimer bonding hydrogen atoms of 8 at d 11.81 (Hb)
and d 10.40 (Hc), a signal at d 12.98 for the intramolecularly
bonded Ha, and one at d 5.75 for the vinylic proton Hd (Scheme
1). When the concentration of compound 8 was lowered to 1.0
3 1025 mol l21 no dissociation was observed, thus giving a
lowest estimate of the dimerisation constant of 1 3 106 M21, in
good agreement with the values obtained for other ureidopyr-
imidinone derivatives.5a To probe a possible influence of the
fullerene core on the hydrogen bonding unit, equimolar
amounts of dimer 8 and dimer 9 of N-butylaminocarbonyl-
6-methylisocytosine (9)5 were dissolved in CDCl3. A statistical
mixture of the possible dimers was obtained (Fig. 1) as was
concluded from the integration of the absorptions of all protons

† Electronic supplementary information (ESI) available: details of prepara-
tion and spectroscopic characterization of all compounds. See http://
www.rsc.org/suppdata/cc/b0/b008006n/
‡ See also the following paper in this issue: J. J. González, S. González,
E. M. Priego, C. Luo, D. M. Guldi, J. de Mendoza and N. Martı́n, Chem.
Commun., 2001, DOI: 10.1039/b008005p.

Scheme 1 (a) p-TsNHNH2, MeOH, 6 h., D, 61%; (b) 1. NaOMe, py, 30
min., rt, C60, ODCB, 80–90 °C, 16 h; (c) ODCB, 500 W flood lamp, 100
min; (d) ODCB, HOAc, HCl, H2O, 16 h, 36% (2?4, 3 steps); (e) SOCl2,
CHCl3, 1 h; (f) NaN3, ODCB, DMAC, rt 75 min; (g + h) 2-amino-
4-hydroxy-6-methylpyrimidine, py, 70–80 °C, 2 h, 71% (4?8, 3 steps).
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Ha–d in 1H NMR. The most pronounced shift is observed for the
resonance of Hc.

While 8 shows characteristic absorptions for a methanofuller-
ene in UV-Vis, the FTIR-spectrum showed a peak pattern at
1695, 1658, 1586 and 1513 cm21, indicative of a pyrimidin-
4(1H)-one dimer9 and the typical fullerene absorption at 526
cm21. The MALDI-TOF spectrum of 8 featured a parent peak
at m/z = 1217.8 for the monomer.

The redox behaviour of fullerene derivatives 3b, 4, 8, and that
of 95a was determined by cyclic voltammetry (Table 1). The
cyclic voltammogram of 3b showed four reversible waves
corresponding to reduction of the fullerene core, with values
typical for methanofullerenes.8 In the case of carboxylic acid 4
an additional wave was observed at 21.80 V, which was
attributed to the reduction of the acid moiety. Finally, the cyclic
voltammogram of 8 showed the similar four waves correspond-
ing to reduction of the fullerene core as well as a weak wave at
21.84 V and a shoulder at 21.15 V. The latter two waves are
related to the 2-ureidopyrimidin-4-one moiety as was confirmed
upon comparison with 95a (21.02 and 21.60 V).

In an exploratory experiment towards application in a PV
device, the processability of dimer 8 was shown as follows:

When filtered solutions of MDMO-PPV10 and 8 [both 1.0 (m/v)
% in chloroform] were mixed in a ratio of 1+4 and the mixture
was subsequently spincoated on a glass substrate, an optical
quality film was obtained.

Other supramolecularly interacting fullerene compounds
have been reported recently.11 The synthesis of 8, however,
represents the first example of a hydrogen bonded fullerene
dimer. With both fullerene cages connected through the very
strong quadruple hydrogen bonding motif, provided by the
ureidopyrimidinone moiety, the application in supramolecular
electronics is within reach. Non-covalent multifullerene arrays
based on bis(ureidopyrimidinone) substituted fullerenes are
currently under investigation.

These investigations were financially supported by the Dutch
Ministries of EZ, O&W and VROM through the EET program
(EETK97115) and by the Netherlands Organization for Energy
and the Environment (NOVEM) through the NOZ-PV Program
(146.120-008.3).
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Fig. 1 (a) 1H NMR of 8 in CDCl3. (b) 1H NMR of equimolar solution of 8
and 9 in CDCl3.

Table 1 Redox properties

Com.a E1
red

b E2
red

b E1red
c E3

red
b E2red

c E4
red

b

3b 20.66 21.04 — 21.55 — 22.00
4 20.72 21.09 — 21.60 21.80 22.02
8 20.68 21.01 21.15 21.56 21.84 22.02
C60 20.60 21.09 — 21.63 — 22.07
9 — — 21.02 — 21.60 —
a Experimental conditions: V: vs. Ag wire, GCE as the working electrode,
Bu4NPF6 (0.1 M) as the supporting electrolyte, ODCB–MeCN (4+1) as the
solvent, 100 mV s21 scan rate. b Waves corresponding to the reduction
processes of the C60 cage. c Waves corresponding to the reduction processes
of the ureidopyrimidinone moiety.
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A C60-dimer connected through a highly directional fourfold
hydrogen bonding motif has been synthesized; photo-
physical measurements reveal a strong electronic coupling
through the hydrogen bond edge.†

The design and synthesis of [60]fullerene dimers is currently
attracting considerable attention.1 Different strategies have
been adapted for the construction of C60-dimers: the net result
is, however, that the two monomeric units are, in the resulting
dimers, attached through diversified, covalent linkages.

Sijbesma, Meijer et al. have reported the preparation of
remarkably stable dimers (Ks > 106 M21) evolving from
derivatives of the 2-ureido-4-pyrimidone moiety, via a self-
complementary array of four hydrogen bonds.2 The same
strategy was afterwards employed for the synthesis of calix-
[4]arene dimers.3

In this communication, we wish to report on the synthesis of
the first, rigid noncovalent C60-dimer system, in which both
molecular subunits are linked by a self-complementary DDAA
(donor–donor–acceptor–acceptor) array of hydrogen bonding.4
The selected four-point hydrogen bond motif, based on a
2-ureido-4-pyrimidone moiety, guarantees the molecular recog-
nition in solution and leads to a novel noncovalent constructed
model system.

Two different routes, as summarized in Scheme 1, were
pursued to synthesize dimers 1a,b. In particular, N-substituted
2A,5A-dihydro-1AH-pyrrolofullerene 4a was prepared from p-
formylbenzoic acid (2) and N-(3,6,9-trioxadecyl)glycine (3a).5
The polyether chain, located on the pyrrolidine ring, allows the
sufficient solubility of compound 4a in most organic solvents.
In 4a, the carboxy functionality was then transformed into the
corresponding isocyanate by a Curtius rearrangement of the
intermediate acyl azide generated with diphenylphosphoryl
azide (DPPA).6 Reaction with aminopyrimidone (5) afforded
dimer 1a in a 3% overall yield.‡ The poor yield for this three-
step, one-pot process can be rationalized in terms of competitive
reactions either of the azido group in DPPA or of the amino
group in 5 with the C60 core of 4a.

Performing first the C60-based reaction with aldehyde dimer
8, already containing the ureidopyrimidinone dimerization
edge, successfully circumvented these interfering reactions.
Accordingly, the reaction of acetal 6 with DPPA, followed by in
situ reaction of the resulting isocyanate with aminopyrimidone
5, afforded 7. Subsequent deprotection of 7 with catalytic
HClO4 in 5+1 dioxane–CHCl3 led to 8 in a 50% yield from 6.
Reaction of dimer 8 with C60 and N-substituted glycines 3a,b
under the same conditions used for the preparation of pyrrolidi-
nofullerenes, gave the respective dimers (1a,b) in moderate
yields (ca. 50%).

From the FTIR spectra characteristic evidence was derived
for both subunits, namely, C60 and the heterocycle. It is worth
mentioning that although a diastereomeric mixture should be
formed, the 1H-NMR spectra (500 MHz) show only the
presence of a pure compound. Thus, the 1H-NMR spectra of
1a,b disclose the signals of the pyrrolidine protons at ca. 5.2 and
4.3 ppm (J = 9.6 Hz; geminal hydrogens) and a singlet at 5.1
ppm (CH), in good agreement with similar monoadducts. Large
downfield shifts were found for the urea NH protons in
compounds 1a,b, at ca. 12.0 ppm, (CDCl3). This observation is
consistent with four DDAA hydrogen bonds in the noncovalent

† See also the preceding paper in this issue: M. T. Rispens, L. Sánchez, J.
Knol and J. C. Hummelen, Chem. Commun., 2001, DOI:
10.1039/b008006n. Scheme 1
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C60-dimer system. In addition, the chelated NH at position 1
was observed at ca. 13.0 ppm.

The CV of dimers 1a,b give rise to four reduction waves in
deoxygenated CH2Cl2, while six reduction waves were found
when a toluene–acetonitrile solvent mixture (4+1 v/v) was used
(Fig. 1). As can be seen from an inspection of the parent C60 and
related pyrrolidinofullerenes, the waves at 20.62, 21.01,
21.60, 22.08 V (in toluene–MeCN), and  20.69, 21.05,
21.61 V (in CH2Cl2) correlate to the one-electron reduction
steps of the C60 moiety. These values are, nevertheless,
cathodically shifted relative to those of C60.7

However, it is important to point out that the voltammograms
of dimers 1a,b indicate that both fullerene moieties are reduced
simultaneously. This observation, in conjunction with the
above-listed spectroscopic characterization, supports the crit-
ical argument that there is little, if any, electronic interaction
between the two C60 subunits in the dimers.

The remaining signals at 21.14 and 21.85 V (in toluene–
MeCN) and 21.18 V (in CH2Cl2), are associated with redox
processes of the heterocyclic ureido(oxo)pyrimidinyl addend.

The excited states properties of 1a were studied by steady-
state emission and time-resolved flash photolysis. Emission
experiments, carried out with an excitation wavelength of 400
nm, gave rise to a distinctive solvent dependence. For instance,
conditions that leave the hydrogen-bonded C60-dimer intact (i.e.
chlorobutane or CH2Cl2), led to an almost 50% quenching of the
fullerene fluorescence around 710 nm relative to a 2A,5A-
dihydro-1AH-pyrrolofullerene reference (see Table 1). This
implies a markedly accelerated deactivation of the fullerene
singlet excited state within the C60-dimers and, hereby,
resembling a trend established earlier for the most prominent
fullerene dimer, namely, C120.

Upon adding protic solvents, such as ethanol, trifluoroethanol
and hexafluoroisopropyl alcohol to a CH2Cl2 solution of 1a a
progressive enhancement of the fullerene fluorescence was
observed. It should be noted that the solvents employed reveal
different protic strengths and, therefore, different affinities to
interfere in a disruptive manner with the hydrogen bonding
along the following order: ethanol < trifluoroethanol <
hexafluoroisopropyl alcohol. Importantly, in the most protic
solvent (i.e. hexafluoroisopropyl alcohol), the emission quan-
tum yield reached almost the value of a reference 2A,5A-dihydro-
1AH- pyrrolofullerene. From this we may propose that under the
experimental conditions probed the dissociation into monomer
subunits is essentially complete. On the other hand, the quantum
yield in the weakest protic solvent (i.e. ethanol) is close to the
values determined in chlorobutane or CH2Cl2, suggesting a
nearly dimeric appearance of 1a under such conditions.

In conclusion, we have synthesized the first C60-dimer linked
via a highly directional fourfold hydrogen bonding motif.
Electrochemical results indicate that there is no mutual
interaction in the ground state between both C60 subunits. In
contrast, the photophysical data, disclosing distinguishable
differences between the monomer and the dimer, can be taken as
first evidence for the strong electronic coupling mediated
through the hydrogen bond edge.

Work is currently in progress directed to interface strong
electron donor units with the C60 core through a self-
complementary array of hydrogen bonds.

This work was supported by CICYT (projects PB93-0283
and PB98-0818) and in part by the Office of Basic Energy
Sciences of the US Department of Energy. This is contribution
NDRL-4280 of the Radiation Laboratory. This paper is
dedicated to Professor José Barluenga on the occasion of his
60th birthday.
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(CNO), 527 (C60) cm21; 1H-NMR (CDCl3, 500 MHz, 25 °C): d = 13.02 (s,
2H; NH), 12.26 (s, 4H; NH), 7.78 (br s, 8H; ArH), 5.94 (br s, 2H; pyrim),
5.23 (d, J(H,H) = 9.66 Hz, 2H; CH2N), 5.14 (s, 2H; NCHR), 4.30 (d,
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(MALDI-TOF): 1292 (M+, 100), 1028 (M 2 pyrim+, 40).
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Fig. 1 Cyclic voltammogram and squarewave voltammogran (in V vs Ag/
Ag+) of compound 1a in toluene+MeCN (4+1 v/v) solution containing 0.1 M
n-Bu4NClO4 with glassy carbon; scan rate at 200 mVs21.

Table 1 Fluorescence quantum yieldsa of 1a in various solvents, a
fulleropyrrolidine reference and C120 at room temperature

Compound solvent
Fluorescence
quantum yields 1a

Dichloromethane 3.05 3 1024

Chlorobutane/ethanol 3.3 3 1024

Chlorobutane/trifluoroethanol 3.65 3 1024

Chlorobutane/hexafluoroisopropanol 4.9 3 1024

Fulleropyrrolidine dichloromethane 6.0 3 1024

C120
b toluene 3.95 3 1024

a Measured at 710 nm. b See reference 8.
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A tetraazaporphyrin (TAP) prepared by condensation of
1-ferrocenyl-1,2,2-tricyanoethylene in the presence of mag-
nesium shows an intense, broad near-IR band in the
700–1300 nm region, which may be ascribed to charge-
transfer transitions from the ferrocenyl moiety (substituents)
to the TAP ligand.

Ferrocene (Fc)-modified porphyrins,1 porphyrazines,2 and
phthalocyanines (Pcs)3 have been reported over the past few
decades. Although these compounds show characteristics
ascribable to the Fc moiety such as the FeII/III redox couple, their
spectroscopic properties are generally similar to normal por-
phyrins and Pcs, except for a slight change in the shape or
positions seen occasionally. In this regard, the TAP compound
which we report here, i.e. 2,7,12,17-tetracyano-3,8,13,18-tetra-
ferrocenyl-5,10,15,20-tetraazaporphyrinatomagnesium, 1, is
unusual in showing an intense, broad absorption band in the
near-IR region (700–1300 nm), beyond the Q band. TAPs are
structurally intermediate compounds between porphyrins and
Pcs, and some porphyrins4 and Pcs5 are known to show near-IR
absorption bands having much weaker intensity than the Q
band, which can be assigned to either d–d transitions6 in the
central metal or charge-transfer (CT) transitions from the
central metal to the ligands. Our compound 1, on the other hand,
has a broad, intense near-IR band, which may be assigned to
charge-transfer from the iron in the substituent group to the TAP
ligand, as described below.

Compound 1 was synthesized, in the presence of magnesium,
by condensation of 1-ferrocenyl-1,2,2-tricyanoethylene, 2,
which was obtained from chloromercurioferrocene and tetra-
cyanoethylene.7 Fig. 1 shows the electronic absorption and
magnetic circular dichroism (MCD) spectra of 1 and 2. The
starting material 2 showed two absorption peaks at 363 and 628
nm, while the TAP 1 had absorption maxima at 382, 623, and
962 nm. From the shape and intensity of the MCD band, the
bands at 382 and 623 nm of 1 are assigned as the Soret and Q
bands, respectively. The near-IR band can not be a p–p*

transition in the TAP ligand, since the Q band corresponds to the
HOMO–LUMO transition in the normal porphyrinic com-
pounds. In addition, the possibility of this being a d–d transition
is small because of the large absorption coefficient (e = 13200
dm3 mol21 cm21), which is a few orders of magnitude larger
than normal d–d transitions (0 < e < ca. 102 dm3 mol21 cm21;
the d–d transition is a forbidden transition by the Laporte
selection rule). The only feasible possibility appears to be CT
transitions between the Fc moiety and the TAP ligand (the
magnesium ion in the center of the TAP skeleton does not
participate since it does not contain d electrons). However, since
this kind of near-IR band has not been detected in Pcs and
porphyrins having only a Fc moiety,1,3 the presence of electron-
withdrawing cyano groups in the close proximity may be of
crucial importance. In accordance with this conjecture, the peak
wavelength of the near-IR band changed from 962 nm in
chloroform to 905 nm in ethanol and further to 888 nm in
DMSO.

In order to further gain some insight into the origin of the
near-IR band, redox potentials of 1 and 2 were measured in o-
dichlorobenzene, and the spectra of the electrolysed 1 have been
recorded. Compound 2 showed one reversible oxidation peak at
0.38 V vs. Fc/Fc+, which can be assigned to the FeII/III couple,
and one irreversible reduction peak at 21.35 V, which can be
tentatively assigned to the formation of the tricyanovinyl-
localized anion-radical.8 The TAP 1 showed two reversible one-
electron reduction processes at 20.84 and 21.28 V, and one
reversible four-electron oxidation process at 0.06 V and one
irreversible quasi one-electron oxidation process at 0.97 V.
From the amount of the current and the position, the first
oxidation is clearly assigned to the Fc moiety, i.e. FeII/III and
other couples are TAP-centered. Of course, an irreversible
reduction peak tentatively assigned to the tricyanovinyl moiety
in 2 disappeared in 1, because the two cyano groups of the three
cyano groups in 2 were used for the TAP core formation. The
potential difference between the 1st oxidation and reduction
potential of the TAP ligand (1.81 V) is much smaller than that
of general tetraazaporphyrins (ca. 2.1–2.2 V)9 due perhaps to
the stabilization of the LUMOs by cyano groups. If the band in
the near-IR region of 1 is associated with CT between the Fc
moiety and the TAP ligand, the shape of this band should
change significantly by electrolysis positive of the first
oxidation potential. Accordingly, the solution of 1 was
electrolysed at 0.21 V and the concomitant spectroscopic
changes were monitored (ESI†). With the progress of elec-
trolysis, the near-IR band faded away, the Soret band lost its
intensity by one-third, and the Q band shifted to the red at 663
nm, in accord with the above expectations. From the linear
relationship between the absorbance and concentration (Beer’s
law experiments, ESI†), the possibility of the near IR band
being due to the aggregation can also be ruled out.

Furthermore, the molecular orbitals of the starting material 2
were calculated using the time-dependent DFT method, realized
in the Gaussian 98W program (B3LYP functional and the SVP
basis set).10 The results of the first 10 lowest transitions are
shown in Table 1. Transitions 1–3 and probably 5 correspond to
a broad band between ca. 500 and 800 nm, and those 7–10
would be related to a strong band at ca. 350–400 nm. Taking
into account that orbitals 76 (dyz, E = 21.235 eV), 75

† Electronic supplementary information (ESI) available: absorption spectra
and Beer’s law experiments. See http://www.rsc.org/suppdata/cc/b0/
b007515i/

Fig. 1 Electronic absorption and MCD spectra of 1 (solid lines) and 2
(dotted lines) in chloroform.
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(LUMO+1, dxz, 21.245), 73 (HOMO, dxy, 26.486), 72 (dx2-y2,
26.563), 71 (a1(p, Fc, 47%) and dz2(53%), 27.305), and 70
(a1(p, Fc, 51%) and dz2(43%), 27.459) are the iron ion or
ferrocene-centered orbitals, while the orbital 74 (LUMO,
23.551) has 76% of its density on the tricyanovinyl fragment,
the band to the longest wavelength between ca. 500 and 800 nm
can be assigned to CT transitions from the filled iron ion orbitals
in ferrocene to p* orbitals of the tricyanovinyl group.
Unfortunately, similar calculations on 1 could not be performed,
because the molecule was too large. However, considering that
the Mössbauer parameters of 1 (isomer shift d = 0.68 mm s21,
quadrupole splitting DEQ = 2.31 mm s21) and 2 (d = 0.68,
DEQ = 2.06) are similar, and accordingly that the state of the
iron ion in the two compounds is similar, the near-IR band of 1
may also be assigned as CT transitions between the Fc moiety
and the TAP ligand with electron-withdrawing cyano groups11

(i.e. the above CT transitions in 2 may correspond to the CT
transitions from the iron ion in the Fc toward the nitrile groups
in the TAP ligand of 1). Thus, although the CT bands reported
so-far on porphyrins and phthalocyanines have always been
between the central metal and the ligands,4,5 compound 1
appears to be the first porphyrin or phthalocyanine which shows
a CT band from the metal in the substituent to the parent
ligand.

V. N. N.  is grateful to JSPS for financial support (grant
P98418). This work was partially financed by a Grant-in-Aid
for Scientific Research (B) 12020206 from the Ministry of
Education, Science, Sports and Culture, Japan to N. K.
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Table 1 Calculated transition energies, oscillator strength (f), and configurations for compound 2

Transition
Energy/
eV (nm) fa Configurationsb

1 1.726 (718) 0.0002 72?74 (75%) 72?76(10%)
2 1.896 (654) 0.0208 73?74(57%) 73?76(15%)
3 2.297 (540) 0.0012 71?74(24%) 70?74(22%) 72?75(14%)

71?76(11%) 70?76(10%)
5 2.629 (472) 0.0073 72?75(28%) 73?74(19%) 72?76(14%)

73?76(14%) 71?74(12%)
7 3.223 (385) 0.0170 73?76(27%) 70?74(17%)
8 3.413 (363) 0.0094 69?74(87%)
9 3.506 (354) 0.2525 71?74(33%) 70?74(29%) 68?74(16%)

10 3.547 (350) 0.0025 72?76(14%) 73?75(11%) 70?75(11%)
71?75(10%)

a f greater than 0.0001 are shown. b Configurations greater than 10% are shown.
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Isostructural d10 metalloenediynes of Cu(I), Pd(0) and Ag(I)
exhibit metal-dependent variations in their thermal Berg-
man cyclization temperatures which correlate with differ-
ences in their alkyne termini separations.

The intriguing chemical reactivities and antitumor properties of
the enediyne antibiotics1 have generated considerable interest in
controlling thermal Bergman cyclization reactions with simple
synthetic motifs. Within this theme, structure/activity relation-
ships for organic enediynes have documented the importance of
the alkyne termini separation (d) as well as molecular strain in
the ground and transition states.2–5

Recent work documenting that metal ions can greatly
influence the conformation of the enediyne linkage thereby
modulating the thermal reactivity of the resulting complex6–8

broke ground for metal geometry control of Bergman cycliza-
tion reactions. It has now been shown that Bergman cyclization
temperatures of metalloenediyne complexes of a given metal
and enediyne ligand can be reduced by > 80 °C by variations in
metal center geometry from tetrahedral to planar or tetra-
gonal.6,9–11 However, the influence of different metal ions on
the Bergman cyclization temperature for a specific enediyne
ligand within a well defined metal complex geometry has not
been systematically evaluated. To this end, we report the X-ray
structures and thermal reactivities of two homoleptic d10

metalloenediyne complexes [Cu(I) and Ag(I)] of 1,2-bis(diphe-
nylphosphinoethynyl)benzene (dppeb, 1). In conjunction with
the Pd(dppeb)2 analog 2,9 these complexes comprise a unique
isoelectronic and isostructural set which exhibit significant
differences in alkyne termini separation and consequently
Bergman cyclization temperatures.

The Cu(I)‡ and Ag(I)§ metalloenediyne complexes were
prepared by reacting 2 equivalents of 1 with the appropriate
monovalent metal salt under N2 to generate the [M(dppeb)2]+

d10 metalloenediyne cation.
Complexes 3 and 4 were isolated and purified by re-

crystallization from CH2Cl2–diethyl ether and MeCN–H2O,
respectively, as well as characterized in solution by NMR (1H,
13C) and mass spectrometry.

The X-ray crystal structures¶ of the cations of 3 (Fig. 1) and
4 (Fig. 2) reveal the isostructural identities of these complexes
with respect to 2.9 Both d10 metal centers have local tetrahedral
geometries with nearly idealized P–M–P angles (3: 107°, 4:
108°). The tetrahedral geometries of these species promote a
decrease in the alkyne termini separation d, relative to the free
ligand but force an increase in d relative to square planar or
tetragonal geometries.10,11 For 2–4, the average alkyne termini
separation increases by 0.19 Å along the series Cu(I) (3.44 Å) <
Pd(0) (3.47 Å) < Ag(I) (3.62 Å). For 2 and 3, the differences in
d are statistically insignificant. The average M–P bond lengths
also increase from Cu(I) (2.33 Å) ≈ Pd(0) (2.33 Å) < Ag(I)
(2.52 Å), reflecting contributions from both variations in atomic
radii as well as metal–ligand covalency. Both structures exhibit

bent alkyne units due to distortion of the enediyne unit induced
by metal chelation. For 3, the P–C·C and C·C–C angles are 166
and 170°, respectively, while for 4, the same angles are 165 and
173°. The dppeb ligands in both complexes are also planar
which minimizes out-of-plane structural contributions to the
thermal reactivities of the complexes.

Off-resonance (l = 785 nm) Raman spectra of 1–4 as a neat
oil (for 1) or solid states have been obtained in order to assess
electronic contributions to the geometric structures which may
influence thermal Bergman cyclization reactivities. The spectra
(1, 3 in Fig. 3) are comprised primarily of alkyne (2150–2170
cm21), as well as phenyl ring and 1,2-disubstituted benzene
group frequencies (500–1600 cm21).12 The spectra of the metal
complexes 2–4 are remarkably similar, indicating that with
exception of the alkyne stretch, all of the ligand normal modes
are relatively isolated from the effects of metal ion coordination.
To this end, nC·C for 1 (2160 cm21) is nearly degenerate with
the average alkyne stretch for 3 (2168, 2155 cm21) and 4 (2165,

† Electronic supplementary information (ESI) available: differential scan-
ning calorimetry data for complexes 2–4. See http://www.rsc.org/suppdata/
cc/b0/b008337m/

Fig. 1 ORTEP of the X-ray structure of the cation of 3 shown at 50%
probability. Only the ipso carbon atoms of the phenyl rings are shown for
clarity. Selected bond lengths (Å) and angles (°): Cu(1)–P(2) 2.3176(14),
Cu(1)–P(13) 2.3406(14); P(2)–Cu(1)–P(2A) 110.14(7), P(2)–Cu(1)–P(13)
111.17(5), P(2)–Cu(1)–P(13A) 110.25(5), P(13)–Cu(1)–P(13A) 103.72(7),
P(2)–C(3)–C(4) 166.3(5), P(13)–C(12)–C(11) 167.0(4), C(3)–C(4)–C(5)
171.1(5), C(10)–C(11)–C(12) 169.0(5).

Fig. 2 ORTEP (50% probability) of the X-ray structure of the cation of 4
with phenyl rings removed for clarity. Selected bond lengths (Å) and angles
(°): Ag(1)–P(2) 2.477(4), Ag(1)–P(13) 2.524(4), Ag(1)–P(38) 2.527(4),
Ag(1)–P(40) 2.508(4); P(2)–Ag(1)–P(13) 110.52(14), P(2)–Ag(1)–P(38)
110.49(12), P(2)–Ag(1)–P(49) 109.97(9), P(13)–Ag(1)–P(38) 105.08(8),
P(13)–Ag(1)–P(49) 108.40(12), P(38)–Ag(1)–P(49) 112.26(13), P(2)–
C(3)–C(4) 165.1(13), P(13)–C(12)–C(11) 170.0(13), P(38)–C(39)–C(40)
159.9(16), P(49)–C(48)–C(47) 164.6(15), C(3)–C(4)–C(5) 172.6(14),
C(10)–C(11)–C(12) 170.7(14), C(39)–C(40)–C(41) 175.9(15), C(46)–
C(47)–C(48) 173.4(16).
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2153 cm21) which are comprised of two anisotropic vibrational
components within the solid state. For 2 however, these values
are shifted to lower energy by an average of 9 cm21 (2155, 2149
cm21) indicative of only very modest back-donation from Pd(0)
to the alkyne p-system through the empty p- and d-orbitals of
the phosphine. This electronic contribution is not significant
and likely does not strongly influence enediyne reactivity.

The Bergman cyclization temperatures for 2–4 have been
determined by DSC in the solid state (Table 1) and show the
following dependence on metal ion: Cu(I) (227 °C) ≈ Pd(0)
(222 °C) < Ag(I) (266 °C). The DSC temperatures correspond
to formation of the Bergman cyclized 1,4-phenyl diradical
intermediate and rapid reaction to generate intractable black
product complexes in the solid state. Unlike thermal cyclization
reactions in the presence of H-atom donor in solution, the
absence of a large excess of H-atom donor in the solid-state
reaction inhibits quenching of the intermediate to specifically
trap the disubstituted benzene product. In the absence of H-atom
donor, we and others13 have observed formation of black,
insoluble polymeric products for various enediyne thermal
cyclization reactions.

The Bergman cyclization temperatures directly correlate with
the increased alkyne termini separation between 2 and 3, and 4.
The 44 °C variation in the cyclization temperatures reflects the
intimate relationship between the geometric structure of the
metalloenediyne and the Bergman cyclization temperature of
the resulting complex. Unlike previous examples of diverse
structural variations in either metalloenediyne composition and/
or geometry which strongly influence Bergman cyclization
temperatures, in this case subtle variations in M–P bonding can
introduce significant increases in d and consequently the
thermal stabilities of the complexes. These results system-
atically reveal the prominent role that metal ions can play in
affecting Bergman cyclization of the enediyne ligands and the
intimate contribution that the specific metal ion has in
modulating the reactivities of these metalloenediynes.
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§ Synthesis of 4: dppeb (0.11 g, 0.22 mmol) was stirred under nitrogen with
AgNO3 (0.019 g, 0.11 mmol) in degassed acetone (20 ml) at room
temperature for 3 h after which the solvent volume was reduced by half in
vacuo. A saturated, aqueous solution of NH4PF6 was then added producing
a white solid that was removed by filtration, recrystallized from acetone–
H2O, and dried in vacuo. Crystals suitable for characterization by X-ray
crystallography were grown from a saturated MeCN–H2O solution. Yield
64.9 mg (46%). dH(400 MHz, CD3CN), 7.60–7.70 (m, 8H), 7.30–7.34 (m,
24H), 7.06 (t, 16H). dC(CD3CN), 132.82, 131.99, 131.79, 131.73, 131.33,
130.17, 126.94, 112.01, 87.60. dP(CD3CN, rel. to 85% H3PO4), 217.77
(apparent doublet, unresolved DJAg(x)–P (x = 107, 109); apparent JAg–P

223.62 Hz), 2143.28 (sept., PF6). Anal. Calc. for C68H48AgP5F6·H2O: C,
64.83; H, 4.00. Found: C, 64.76; H, 3.80%.
¶ Crystallographic data: for 3: C70H52Cl4CuF6P5, M = 1367.40, ortho-
rhombic, space group Pbcm, Z = 4, a = 11.5309(4), b = 20.2376(7), c =
28.5051(11) Å, V = 6651.9(4) Å3, m(Mo-Ka) = 0.667 mm21, T = 135 K,
6846 unique reflections (Rint = 0.063) were used in all calculations. A
Bruker platform goniometer equipped with a SMART 6000 CCD detector
was used for data collection using the w scan technique. Direct methods
(Bruker software: SHELXS) were used in the solution of the structure.
Anisotropic thermal parameters were used on the non-hydrogen atoms
while isotropic thermal parameters were used on the hydrogen atoms which
were included as fixed atom contributors for the final least-squares
refinement. Within the unit cell, the cation, anion and solvent molecules lie
in special positions. The final agreement factors were R = 0.0495 (observed
data), Rw = 0.0610 (all data).

For 4: C68H54AgF6O3P5, M = 1295.9, orthorhombic space group Pb21m,
Z = 4, a = 11.4950(4), b = 20.2486(7), c = 28.7007(9) Å, V = 6680.3(4)
Å3, T = 113 K, m(Mo-Ka) = 0.4802 mm21, 8056 unique reflections (Rint

= 0.063) were used in all calculations. Anisotropic thermal parameters
were used on the non-hydrogen atoms and hydrogen atoms were included as
fixed atom contributors with isotropic thermal parameters for the final least-
squares refinement. The electron density map contained several other partial
occupancy peaks that were attributed to water. The structure contains two
PF6 anions, one of which is disordered but well resolved. Both PF6 anions
lie on a crystallographic mirror plane. The final agreement factors were R =
0.0574 (observed data), Rw = 0.0737 (all data). CCDC 182/1867. See http:
//www.rsc.org/suppdata/cc/b0/b008337m/ for crystallographic files in .cif
format.

1 A. L. Smith and K. C. Nicolaou, J. Med. Chem., 1996, 39, 2103.
2 K. C. Nicolaou, G. Zuccarello, C. Riemer, V. A. Estevez and W.-M. Dai,

J. Am. Chem. Soc., 1992, 114, 7360.
3 P. Magnus, S. Fortt, T. Pitterna and J. P. Snyder, J. Am. Chem. Soc.,

1990, 112, 4986.
4 J. P. Snyder, J. Am. Chem. Soc., 1990, 112, 5367.
5 J. P. Snyder, J. Am. Chem. Soc., 1989, 111, 7630.
6 B. P. Warner, S. P. Millar, R. D. Broene and S. L. Buchwald, Science,

1995, 269, 814.
7 B. Konig, W. Pitsch and I. Thondorf, J. Org. Chem., 1996, 61, 4258.
8 A. Basak and J. Shain, Tetrahedron Lett., 1998, 39, 1623.
9 N. Coalter, T. E. Concolino, W. E. Strieb, C. G. Hughes, A. L.

Rheingold and J. M. Zaleski, J. Am. Chem. Soc., 2000, 122, 3112.
10 P. B. Benites, D. S. Rawat and J. M. Zaleski, J. Am. Chem. Soc., 2000,

122, 7208.
11 D. S. Rawat, P. J. Benites and J. M. Zaleski, J. Am. Chem. Soc., 2000,

submitted.
12 D. Lin-Vien, The Handbook of Infrared and Raman Characteristic

Frequencies of Organic Molecules, Academic Press, Boston, MA,
1991.

13 J. A. Jens and J. A. Tour, J. Am. Chem. Soc., 1994, 116, 5011.

Fig. 3 Off-resonance Raman spectra of neat samples of dppeb 1 and
[Cu(dppeb)2]PF6 3 obtained with 1 mW at l = 785 nm.

Table 1 Bergman cyclization temperatures of d10 metalloenediynes

Compound
Cyclization
temperature/°C

Alkyne termini
separation/Å

2 222a 3.47
3 227 3.44
4 266 3.62

a This value was originally reported as an onset temperature (209 °C).9

168 Chem. Commun., 2001, 167–168



Dimerization of tris(o-ureidobenzyl)amines: a novel class of aggregates†

Mateo Alajarín,*a Antonia López-Lázaro,a Aurelia Pastor,a Paul D. Prince,b Jonathan W. Steed*b and Ryuichi
Arakawac

a Departamento de Química Orgánica, Facultad de Química, Campus de Espinardo, Universidad de Murcia,
E-30100 Murcia, Spain. E-mail: alajarin@um.es

b Department of Chemistry, King’s College London, Strand, London, UK WC2R2LS. E-mail: jon.steed@kcl.ac.uk
c Department of Applied Chemistry, Kansai University, Suita, 564-8680 Osaka, Japan.

E-mail: arak@ipcku.kansai-u.ac.jp

Received (in Cambridge, UK) 2nd October 2000, Accepted 11th December 2000
First published as an Advance Article on the web 4th January 2001

Dimeric aggregates are formed by the assembly of two
tripodal moieties which are held together, both in solution
and in the solid state, by a belt of 6 hydrogen-bonded urea
functions.

When two or more identical subunits are geometrically and
functionally complementary, they may self-assemble to form a
super molecule.1 Urea or thiourea functionalities are excellent
candidates to construct molecules that self-assemble by hydro-
gen-bonding not only in the solid state but are able to persist in
solution.2 Rebek3 and Böhmer4 have independently established
that calix[4]arenes containing four urea functions at the upper
rim form dimers by interdigitation of the all eight ureas in a
head-to-tail directional array of 16 hydrogen bonds. Mendoza
and coworkers have described dimeric capsules derived from
tris(ureido)calix[6]arenes.5 Herein we report a novel type of
self-assembled dimeric aggregate derived from tris(o-ureido-
benzyl)amines which resemble the structure of ureidocalixar-
enes.

The tris(ureas) 1–36 shown in Scheme 1, easily available7

from previously reported tris(o-azidobenzyl)amines,8 showed
dramatic differences in their 1H NMR spectra when recorded in
CDCl3 or DMSO-d6. While the spectra of 1–3 in DMSO-d6
displayed the expected patterns consistent with averaged C3v
symmetries (Fig. 1a), by changing the solvent to CDCl3 a new
set of signals corresponding to a dimer (see below) emerged in
each case. The ratio in which both species, monomer and dimer,
were present in CDCl3 depended on the substituent R2 to a great
extent. Thus, while for the tris(urea) 1 (R2 = p-tolyl) only the
signals attributed to the dimer were apparent, for the tris(ureas)
2 and 3 (R2 = Bn) their spectra were interpreted as

corresponding to equilibrium mixtures of both compounds (Fig.
1b).

The dimeric species featured two well separated doublets
assigned to the diastereotopic methylenic protons of the
(ArCH2)3N fragment (Jgem = 14.5–15.7 Hz), instead of the
singlet observed for the same nuclei in DMSO-d6. In the dimers
emerging from 2 and 3 the ABX systems formed by the three
protons of the –CH2NH– fragments were clearly evident. The
signals assigned to the NH protons of the dimers (near 6.0 and
7.6 ppm, in 2·2 and 3·3) appeared significantly sharp and shifted
to lower field when compared to those attributed to the
monomers (near 5.2 and 6.3 ppm). The involvement of the urea
carbonyl groups as hydrogen bonding acceptors is supported by
the d value of their carbon atoms in the 13C NMR spectra, which
were shifted to downfield in CDCl3 (Dd = 2.8–3.2 ppm). FT-IR
of CHCl3 solutions of 1 (13.7 mM) and 2 (16.4 mM) revealed
typical hydrogen-bonded NH-stretching bands9 at 3317–3327
cm21.

All those data revealed that the dimers 1·1, 2·2 and 3·3 should
possess a highly ordered, hydrogen-bonded structure. Further
indication of the existence of 1·1 and 3·3 in solution came from
ESI-MS experiments. This technique was used in virtue of its
gentle ionization and has been reported to reflect, at least
qualitatively, solution phenomena.10 The spectra in CHCl3
showed the molecular ions of the protonated dimers 1·1 (1463)
and 3·3 (1547).

Thus, monomers and their dimeric aggregates coexist in
equilibrium in CDCl3. Preliminary calculations of the dimeriza-
tion constant of 1 by 1H NMR experiments at three concentra-
tions (in the range 1–10 mM in CDCl3) following known
equations11 showed values (82518, 83832 and 84755 M21)
which are comparable within the experimental error margin.

† Electronic supplementary information (ESI) available: 1H NMR spectra.
See http://www.rsc.org/suppdata/cc/b0/b007955n/

Scheme 1

Fig. 1 (a) 1H NMR spectrum (300 MHz) of the tris(urea) 2 in DMSO-d6 (the
singlet at 3.39 ppm is H2O from the solvent), (b) 1H NMR spectrum
measured in CDCl3 showing a mixture of 2 and 2·2.
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Since DMSO-d6 is able to disrupt the intermolecular hydrogen
bonds, only the monomeric species could be observed in this
solvent. The thermodynamic stability of the dimeric aggregate
1·1 proved to be higher than 2·2 and 3·3. The dimer 1·1 is
virtually the only species observed (!98%) in a 30 mM CDCl3
solution of 1. In contrast, the 1H NMR spectra of 2·2 and 3·3 in
CDCl3 solutions of the same concentration displayed consider-
able amounts of their respective monomers (15–20%). These
dimerization equilibria were concentration dependent, and
could be shifted toward the monomer by decreasing the
concentration. These equilibria could be also totally shifted to
the monomeric tris(urea) by adding DMSO-d6 (40%) to the
CDCl3 solution. Finally, the composition of a mixture of 2 and
2·2 was found to be temperature dependent; an increase in the
temperature shifted the equilibrium toward the monomer. Thus,
the 85+15 ratio of 2·2 to 2 measured at 296 K decreased to
72+28 at 323 K (38 mM in CDCl3).

A single crystal X-ray structure12 of 2·2 confirmed unambi-
guously the existence of the hydrogen-bonded dimers in the
solid state, and provided an exact description of their geometry
(Fig. 2). The dimer is composed of two enantiomeric units
entangled via their urea residues, which form a belt of 12
hydrogen bonds with N…O distances ranging from 2.897(4) to
3.024(4) Å. The dimeric core is of approximate S6 symmetry,
although this is broken by the pendant phenyl substituents. The
centre of the capsule is empty and is too small to contain any
guest species, however extensive disordered solvent exists in
external pockets formed by the aryl groups of the dimer. On the
basis of the NMR data (CDCl3) we believe that the conforma-
tion shown by the solid state structure of 2·2 is retained in
solution.

The formation of heterodimers by the combination of two
homodimeric species is a well-known phenomenon in ur-
eidocalixarenes.3,4 In our case, a mixture of equimolecular
amounts of the dimers 1·1 and 2·2 in CDCl3 did not show the
formation of heterodimers. However, the 1H NMR spectrum of
an equimolecular mixture of 2·2 and 3·3 revealed the appear-
ance of signals attributable to the heterodimer 2·3, besides those
of homodimers 2·2 and 3·3 and monomers 2 and 3. In this
experiment the region of the aryl-NH protons (7.45–7.80 ppm)
was especially informative (Fig. 3). Thus, four NH singlets
appeared (Fig. 3c), two of them due to the homodimers 2·2 (d =
7.63 ppm) and 3·3 (d = 7.61 ppm), and the other two to both
aryl-NH protons of the heterodimer 2·3 (d = 7.51 ppm and d =
7.73 ppm). The integration revealed a nearly statistical mixture
of the three dimers.

In summary, we have shown that tris(o-ureidobenzyl)amines
1–3 self assemble to form dimeric aggregates in which six urea
groups constitute a cyclic array involving a closed network of
12 hydrogen bonds.

This work was supported by DGES (Project PB95-1019) and
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Fig. 2 A perspective view of the molecular structure 2·2, as projected along
the pseudothreefold axis containing the two pivotal nitrogen atoms.

Fig. 3 Partial 1H NMR spectra (300 MHz, CDCl3) showing the NH-aryl
region: (a) 2·2; (b) 3·3 (the doublet at 7.53 ppm was assigned to the
monomer 3); (c) mixture of equimolecular quantities of 2·2 and 3·3.
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Two new extended chromophoric systems, in which a
4-aminoazobenzene moiety is linked to a cyclo-bridged
hexatriene electron withdrawing group, have been synthe-
sized, and show large optical nonlinearities and unexpected
blue-shifted absorption in comparison with shorter chain
analogues.

Organic and polymeric second-order nonlinear optical (NLO)
materials have been extensively studied for their potential
applications involving optical signal processing and tele-
communications.1 One of the major challenges in this area of
research is to design and synthesize second-order NLO
chromophores simultaneously exhibiting large first molecular
hyperpolarizability (b), high chemical and thermal stability, and
good optical transparency.2,3 Most attempts to design molecules
with large b since the 1980s have been based upon ‘push–pull’
compounds,4 in which a p-conjugated bridge is endcapped with
an electron donor group and an electron acceptor group. From
the two-level model,5 the b value of this type of chromophore is
a strong function of the absorption maximum (lmax), leading to
the so-called nonlinearity–transparency tradeoff.

Among all the attempts to solve this kind of trade-off, it has
been proved that the nature of p-conjugated bridge of
chromophores is one of the crucial factors in determining the
linear and nonlinear optical properties of the chromophores. For
example, Alain et al. recently reported6 that chromophore 1
(Fig. 1), in which a biphenyl moiety is present between the
diphenylpolyene unit, exhibits a 45 nm (2400 cm21) blue-
shifted absorption and similar optical nonlinearity compared
with its all diphenylpolyenic analogue (chromophore 2, Fig. 1),
though the conjugation bridge of 1 is much longer. It seems a
worthwhile job to study further the linear and nonlinear optical
properties of the chromophores by using a combination of
different types of conjugation bridges.

Therefore, we have recently designed two new chromophores
(I and II in Fig. 2)† in which the conjugation bridge of

isophorone-protected triene with the terminal acceptors is
linked to a donor-substituted azo benzene bridge.

The first molecular hyperpolarizabilities of chromophores I
and II were measured by Hyper-Rayleigh Scattering (HRS) in
methanol using the fundamental excitation wavelength of 1064
nm; p-nitroaniline (PNA) was used as the external reference.
The b values of I and II were found to be 2890 3 10230 esu and
3490 3 10230 esu, respectively, and by using the two-level
approximation model, the zero-frequency hyperpolarizabilities
b0 of I and II were extrapolated to be 337 3 10230 esu and 198
3 10230 esu, respectively.

† Electronic supplementary information (ESI) available: synthesis and
structural characterization of several new compounds of this work. See
http://www.rsc.org/suppdata/cc/b0/b007653h/

Fig. 1 Chemical structures and properties of chromophores 1 and 2.

Fig. 2 Chemical structures of chromophores I, II and their corresponding
triene-only and azo-only analogues (chromophores 5–10).
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Besides the target chromophores I and II, the other six
chromophores (5–10, see Fig. 2), which are the azo-only or
triene-only analogues of I and II, respectively, will also be
discussed below.8,9

The linear and the nonlinear properties of these chromo-
phores are summarized in Table 1. It can be seen that I and II,
two chromophores employing the combination of azo benzene
and conjugated triene as their conjugation bridge, display
unexpectedly blue-shifted absorption compared with the corre-
sponding azo-only or triene-only analogues, although the length
of their conjugation bridge is much longer. For instance, the
absorption maxima of I is about 15 nm (500 cm21) blue-shifted
compared with 5, 6, and 7 in different organic solvents. And as
shown in Fig. 3, there is no significant broadening of the main
absorption band for I, if another absorption band around 400 nm
in their UV-Vis spectrum is taken into account, and this is also
the case for II. All these results show that for I and II, the
electron transmission process between donor and acceptor
groups is affected, and the intramolecular charge transfer (ICT)
efficiency is reduced. This reduction may occur through using
different types of bridge with different energy orbitals other
than the most efficiently conjugated bridge possible.

Although the p-electron delocalization efficiency of I and II
is somewhat reduced, it should be noted that the b0 values of I
and II are quite competitive with those of their corresponding
analogues from the theoretical investigation and the experi-
mental results. This appears to be at variance with the
predictions of the two-level model. However, besides the
nonlinearity–transparency trade-off mentioned above, the two-
level model also adduces that the b value is a strong function of
the oscillator strengths (f) and Dm, the change of dipole moment
upon excitation. Thus it can be phenomenologically deduced
that the reduction of the ICT efficiency of chromophores I and
II does not accompany a decrease in their f and/or Dm values,
and this has been partially verified by the experimental results.

As shown in Table 1, the oscillator strengths (f) of I and II,
respectively determined to be 1.0 and 1.1, are significantly
higher than those of the corresponding azo-only or triene-only
analogues. It seems that the larger oscillator strengths of I and
II may be one of the major points for counterbalancing the
effects of blue shifts. Further study is needed for a full
interpretation.

In summary, we have explored two new NLO chromophores
with combined conjugation bridges and found that they possess
blue-shifted absorption and large molecular nonlinearities.
Experimental results indicate that the combined conjugation
bridge tunes the linear and nonlinear properties of the
chromophores in a different style from those of common
homologous chromophores. We expect this methodology to
build up new molecular engineering, thereby providing a new
opportunity for defeating the ‘nonlinearity-transparency trade-
off’. Design and synthesis of further chromophores with
different types of combined conjugation bridge, and a detailed
investigation of the origin of this new effect are currently in
progress.

This work was supported by the National Natural Science
Foundation of China and by a grant of the Key Fundamental
Research Programs of China.
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Table 1 The linear and nonlinear properties of chromophore I, II and 5–10

Solvatochromism dataa (lmax/nm) Theoretical investigation7 Experimental results

CHCl3 AcOEt DMF NMP b0
b fc b0

HRS
d f2

I 490 492 511 519 52.6 2.3302 337 1.0
5 519 504 527 535 46.8 1.5646 — 0.72
6 — — — 534 — — 60e —
7 508 505 525 533 42.5 1.4965 55e 0.86

II 510 507 517 533 — — 198 1.1
8 562 — — — — — 90e —
9 568 — — — — — 27e,13 —

10 516 524 545 553 — — — 0.82
a AcOEt: ethyl acetate, DMF: dimethylformamide, NMP: N-methylpyrrolidone. b AM1/FF results, in units of 10230 esu. c ZINDO/S-CI results. d Dispersion-
corrected b values (in units of 10230 esu) of I and II were calculated by using an approximate two-level model. e b0

HRS values are estimated from the data
of b0

EFISH previously reported8 according to the following equation: b0
HRS = (6/35)1/2b0

EFISH.

Fig. 3 Comparison of the absorption spectra of chromophores I, 5, and 7 in
methanol.
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Nitroethylene, formed during the selective catalytic reduc-
tion (SCR) of NO2 by C2H4 over H-ferrierite, was deter-
mined to be an intermediate in SCR due to its decomposition
behavior in forming N2.

In the selective catalytic reduction (SCR) of NOx (NO and NO2)
by hydrocarbons, both spectroscopic observation and product
analysis support the contention that HNCO and HCN are among
the intermediates related to N2 formation. However, the routes
to the formation of these compounds are under discussion.
Yokoyama and Misono1 proposed that nitro compounds are
precursors of HNCO and HCN, and Cowan et al.2 speculated
that MeNO2 is an intermediate in the SCR of NOx by CH4 while
Zuzaniuk et al. reported that HNCO is produced by nitro-
methane decomposition over Al2O3.3 Joubert et al. also
suggested that 2-nitropropane is an intermediate during SCR
over a Pt-based catalyst.4 In this study, we conducted a product
analysis of the SCR of NO2 by C2H4 over H-ferrierite, which
shows activity for this reaction,5 and attempted to elucidate the
pathway of formation of the nitrogen-containing compounds.

The catalyst sample was obtained by wash-coating ca. 30 mg
of H-ferrierite (Tosoh; HSZ-720HOA, SiO2/Al2O3 = 17.0)
onto a miniature cylindrical cordierite honeycomb (8 mm
diameter 3 9 mm length, 400 cells in22).6 Catalytic activity
tests were carried out under conventional flow reactor condi-
tions at ambient pressure. The reactant gas for the SCR of NO2
was composed of 1000 ppm NO2, 1000 ppm C2H4 and 5% O2
diluted in He. Products were analyzed with an FTIR spectrome-
ter (Nicolet; Magna 560, resolution set at 0.5 cm21) equipped
with a multi-reflection gas cell (Gemini Specialty Optics;
optical path length = 2 m) and GC (Agilent; Micro GC).

Fig. 1(a) shows the gas-phase IR spectrum of the products of
SCR at 473 K. To show the unknown band clearly, the

absorption bands of coexisting NO2 and C2H4 were subtracted
from the original spectrum to an optimum extent. The
absorption bands at 1562 and 1546 cm21 were tentatively
ascribed to nitro groups. To confirm this assumption, nitro-
ethylene (NE), which was the most probable compound formed,
was synthesized according to the literature,7 and its gas-phase
spectrum [Fig. 1(b)] was obtained. Characteristic bands ap-
peared at 1562, 1546, 1384, 1377, 1365, 1355, 963, and 888
cm21. Comparison with the standard spectrum of 2-nitroethanol
[Fig. 1(c)], used as a precursor for the synthesis, shows that this
compound was not a contaminant in the synthesized NE. The
unknown bands in Fig.1(a) agreed completely with those of NE.
To our knowledge, this is the first report of the observation of a
gas-phase NE IR spectrum. It is clear that NE is formed during
the SCR of NO2 by C2H4. As a comparison, the standard
spectrum of nitromethane is shown in Fig. 1(d), which is clearly
different from that observed during SCR.

Fig. 2 shows the effect of contact time with a reactant gas on
the formation of NE and N2 at 523 K. The concentration of NE
in the product gas decreased drastically at contact times > 0.15
s, becoming negligible at contact times > 0.3 s; on the other
hand, the N2 concentration increased with increasing contact
time. This result suggests that NE is an intermediate in the
production of N2. In similar experiments at 623 and 723 K, NE
formation was not observed at any contact time, indicating that
NE decomposition or a secondary NE reaction is very fast at
higher temperatures.

Using the synthesized NE, we further investigated its
reactivity over H-ferrierite. In the presence of 5% O2,
decomposition of diluted NE (ca. 230 ppm) became prominent
above 600 K; CO2 CO, NH3 HCN and trace amounts of HNCO
and N2 were observed as the products. The formation of HCN
and HNCO is in accord with theoretical calculation results for
the thermal decomposition of NE through a four-membered-

Fig. 1 Gas-phase IR spectra of (a) product gas of SCR of NO2 by C2H4, (b)
nitroethylene synthesized in this study, (c) standard 2-nitroethanol and (d)
standard nitromethane.

Fig. 2 Effect of contact time on NE and N2 formation. Symbols indicate the
concentration of NE (5) and N2 (2) in the product gas.
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ring structure (4H-oxazete N-oxide).8 NH3 is speculated to be
produced by catalytic hydrolysis of HCN9 and HNCO,10 which
simultaneously form CO and CO2, respectively.

The formation of NH3 led us to invoke successive occurrence
of the conventional SCR reaction, i.e., selective reaction of NOx

with NH3 to form N2 in the presence of excess O2, over this
proton-type zeolite catalyst.9 Incidentally, under most reaction
conditions, the product gas of the SCR of NO2 with C2H4
contains more NO than NO2; partial reduction of NO2 to NO by
C2H4 must have occurred, in addition to the total reduction
process. To confirm the above possible role of NH3 we
conducted NE (230 ppm) decomposition over H-ferrierite in the
presence of 1000 ppm NO and 5% O2, as shown in Fig. 3.
Conversions in this figure were defined as follows:

NOx and NE conversion = (Inlet concentration – Outlet
concentration)/(Inlet concentration) 3 100 (%)

Conversion to products = (Product concentration)/(NE inlet
concentration) 3 100 (%)

In the presence of NO + O2, NE decomposition became
prominent above 425 K, and the conversion increased with
increasing temperature. It is noteworthy that both the NOx

conversion and conversion to N2 were almost equal to the NE
conversion below 623 K. This result strongly suggests that both
NE and NOx molecules supplied, respectively, one nitrogen
atom to form one N2 molecule. The rather high conversion to
CO at lower temperatures, amost equal to the NE conversion,
might be produced by the decomposition of HCO2H. We
confirmed that HCO2H is easily produced by the oxidation of
HCHO with NO2 and also decomposed to CO and H2O over H-
ferrierite under conditions similar to that for the present SCR
reaction. Formaldehyde should be formed by NE decomposi-
tion, simultaneously with HNCO.8

To summarize these results, we conclude that the NE we
detected is not merely a byproduct in HC-SCR but is very
probably an intermediate in the formation of N2, through
conversion to HNCO or HCN followed by formation of NH3.
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Fig. 3 Behavior of NE decomposition over H-ferrierite. The feed gas was
composed of 230 ppm NE, 5% O2 and 1000 ppm NO. The total flow rate
was 160 ml min21, corresponding to 21 000 h21. Symbols indicate NE (5)
and NOx conversion (-), and conversion to CO2 (Ω), NH3 (8), N2 (Ô), CO
(2), HNCO (.), N2O (”), HCN (û) and HCHO (Í).

174 Chem. Commun., 2001, 173–174



Triple-decker main group cations†

Alan H. Cowley,* Charles L. B. Macdonald, Joel S. Silverman, John D. Gorden and Andreas Voigt

Department of Chemistry and Biochemistry, The University of Texas at Austin, Austin, Texas 78712 USA.
E-mail: cowley@mail.utexas.edu

Received (in Columbia, MO, USA) 16th June 2000, Accepted 27th November 2000
First published as an Advance Article on the web 8th January 2001

The syntheses of the first main group triple-decker cations
are described, namely, [(h5-C5Me5)Sn(m-h5-C5Me5)Sn(h5-
C5Me5)][Ga(C6F5)4] and [(h6-C7H8)In(m-h5-C5Me5)In(h6-
C7H8)][(C6F5)3BO(H)B(C6F5)3], both of which have been
characterized by X-ray crystallography; the former was
prepared by the reaction of Sn(h5-C5Me5)2 with Ga(C6F5)3,
while the latter was prepared by treatment of [In(h5-
C5Me5)]6 with an equimolar mixture of B(C6F5)3 and
H2O·B(C6F5)3.

An elegant approach to the formation of multidecker, sandwich-
type anions of the heavier main group elements consists of the
addition of cyclopentadienide anions to neutral metallocenes in
the presence of weakly coordinating cations.1,2 However, to our
knowledge, the inverse of this approach has not been reported,
viz. the synthesis of homonuclear multidecker p-block cations
by the addition of positively charged fragments to neutral
metallocenes in the presence of appropriate anions. We report
two different but complementary reactions that demonstrate the
viability of the latter approach.

Since it is known3 that the reaction of Sn(h5-C5Me5)2 with a
variety of acidic reagents results in salts of [Sn(h5-C5Me5)]+, it
was reasoned that, in principle, this cation should be able to add
to Sn(h5-C5Me5)2 to afford the desired triple decker cation [(h5-
C5Me5)Sn(m-h5-C5Me5)Sn(h5-C5Me5)]+ 1+. Moreover, it was
recognized that the choice of the gegenion would be important,
bearing in mind that (a) the anion should be weakly coordinat-
ing, and (b) the chance of obtaining a crystalline product would
be maximized if the anion and cation were of comparable size.
Addition of a toluene solution of Sn(h5-C5Me5)2

4 (0.38 g, 0.98
mmol) to a solution of Ga(C6F5)3

5 (0.60 g, 1.0 mmol) in the
same solvent at 0 °C resulted in a yellow precipitate which was
recrystallized from hot toluene solution to afford 0.51 g (74.5%
yield) of [1][Ga(C6F5)4]. The positive and negative CI mass
spectra for [1][Ga(C6F5)4] revealed the presence of 1+ and
[Ga(C6F5)4]2 ions, respectively.6 The 1H, 13C and 119Sn NMR
spectra6 evidenced only one type of C5Me5 group and a unique
Sn center thus suggesting reversible dissociation of 1+ into
Sn(h5-C5Me5)2 and [Sn(h5-C5Me5)]+. Definitive structural
information was provided by a low-temperature X-ray crystal
structure.7 As shown in Fig. 1, the solid state consists of 1+ and
[Ga(C6F5)4]2 ions8,9 and there are no unusually short interionic
contacts. The structure of 1+ is such that a pentahapto C5Me5
ring serves as a bridging group for two Sn(h5-C5Me5) units.
Within experimental error, the two Sn atoms are located
equidistantly from the ring centroid [X(1C)] of the m-(h5-
C5Me5) group [2.644(19) Å] and the Sn(1)–X(1C)–Sn(2) angle
is close to 180° [174.9(4)°]. The average distance from the Sn
atoms to the ring centroids of the two terminal (h5-C5Me5)
rings, X(1A) and X(1B), is shorter than that to the bridging (h5-
C5Me5) moiety [2.246(18) Å] and lies between the values
reported for Sn(h5-C5Me5)2 (2.396 Å)3c and [Sn(h5-C5Me5)]+

(2.157 Å).3c The X(1A)–Sn–X(1C) and X(1B)–Sn–X(1C)
angles of 154.6(7) and 151.8(7)°, respectively are very similar
to the values reported for Sn(h5-C5Me5)2 (av. 154.9°).3c An
intriguing feature of the overall structure is that 1+ adopts a cis-

type geometry while the triple decker anions [(h5-C5H5)3Tl2]2
and [(h5-C5H5)Cs2]2 possess transoid arrangements.1b,2

A second method of triple decker cation synthesis recognized
the isolobal relationship of e.g. [Sn(h5-C5H5)]+ and [In(h6-
C6H6)]+ thus suggesting that cations of the latter type should
add to In(h5-C5Me5) units.10 Since protolytic cleavage of In(h5-
C5Me5) in the presence of an arene solvent represented a
potential source of [In(arene)]+ cations, we treated In(h5-
C5Me5) (0.1 g, 0.4 mmol) with equimolar quantities (0.195
mmol each) of B(C6F5)3

11 and the Brønsted acid
H2O·B(C6F5)3

12 in toluene solution at 0 °C. The reaction
mixture afforded colorless crystals (0.25 g, 70.4% yield) upon
storage at 230 °C for several days. Since the product could not
be characterized unambiguously on the basis of spectroscopic
data,6 an X-ray crystallographic study was undertaken.7 The
solid state (Fig. 2) consists of [(h6-C7H8)In(m-h5-C5Me5)In(h6-
C7H8)]+ 2+ and [(C6F5)3BO(H)B(C6F5)3]2 ions8 with 1.5
additional toluene molecules per asymmetric unit. There are no
unusually short interionic contacts. The central core of 2+

features an h5-bonded In atom on each face of the (m-C5Me5)

† Electronic supplementary information (ESI) available: summary of
theoretical data. See http://www.rsc.org/suppdata/cc/b0/b005425i/

Fig. 1 View of [1][Ga(C6F5)4] with hydrogen atoms omitted for clarity.
Selected bond distances (Å) and angles (°): Sn(1)–C(1n) av. 2.556(18),
Sn(1)–C(3n) av. 2.896(18), Sn(2)–C(2n) av. 2.540(14), Sn(2)–C(3n) av.
2.92(2), Sn(1)–X(1A) 2.259(18), Sn(1)–X(1C) 2.632(19), Sn(2)–X(1B)
2.232(18), Sn(2)–X(1C) 2.655(19), X(1A)–Sn(1)–X(1C) 154.6(4), Sn(1)–
X(1C)–Sn(2) 174.9(4), X(1C)–Sn(2)–X(1B) 151.8(4).

Fig. 2 View of [2][(C6F5)3BO(H)B(C6F5)3]·1.5C7H8, with hydrogen atoms
and non-coordinated toluene molecules omitted for clarity. Selected bond
distances (Å) and angles (°): In(1)–C(1n) av. 2.807(3), In(1)–C(2n) av.
3.752(3), In(2)–C(1n) av. 2.722(3), In(2)–C(3n) av. 3.598(3), In(1)–X(1A)
2.528(4), In(1)–X(1B) 3.490(4), In(2)–X(1B) 2.435(4), In(2)–X(1C)
3.325(4), B–C av. 1.646(4), B–O av. 1.559(4); X(1A)–In(1)–X(1B)
124.4(4), In(1)–X(1A)–In(2) 176.0(4), X(1A)–In(2)–X(1C) 130.3(4).
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group. The In–ring centroid [X(1A)] distances of 2.528(4) and
2.435(4) Å for In(1) and In(2), respectively are longer than
those reported10 for monomeric [2.288(4) Å] and hexameric
[2.302(4) Å] In((h5-C5Me5). As in the case of 1+, the metal–X–
metal angle in 2+ is close to linear [176.0(4)°]. The triple decker
structure of 2+ is completed by capping h6-bonded toluene
molecules. The In–ring centroid [X(1B) and X(1C)] distances
of 3.490(4) and 3.325(4) Å for In(1) and In(2), respectively are
considerably longer than those reported for [In(I)·2mesitylene]+

(2.83 and 2.89 Å).13 Nevertheless, it is interesting to note that,
akin to 1+, the toluene–(m-C5Me5)–toluene moieties are dis-
tinctly bent [124.4(4) and 130.3(4)° for X(1A)–In(1)–X(1B)
and X(1A)–In(2)–X(1C), respectively] and that the overall
cationic geometry is cisoid.

Part of the reason for the long arene distances in 2+ may relate
to the fact that the net +1 charge is delocalized over two In
centers. However, the bonding in 2+ can be interpreted in two
different ways, namely (a) as a triple-decker sandwich cation or
(b) a base-stabilized inverse sandwich cation. Density func-
tional theory (DFT) optimization14 of the model system [In(m-
h5-C5H5)In]+ predicts a D5h symmetric structure with a
computed In–X distance of 2.515 Å, close to the value observed
experimentally for 2+. Moreover, the h6-coordination of two
benzene molecules to the [In(m-C5H5)In]+ moiety causes only a
slight perturbation of the core thus lending credence to model
(b). Furthermore, the benzene–In bond dissociation energy (6.6
kcal mol21) suggests a very weak interaction. In sharp contrast,
calculations on [(h5-C5H5)Sn(m-h5-C5H5)Sn(h5-C5H5)]+ as a
model for 1+ predict a much more tightly bonded triple-decker
sandwich environment—the weakest bond (36.6 kcal mol21)
being that between [(h5-C5H5)Sn(h5-C5H5)] and [Sn(h5-
C5H5)]+ fragments. Thus the (C5Me5) acidolysis methodology
may be used to prepare isolobally related compounds with very
different properties. We are currently investigating the utility of
this technique for the synthesis of larger sandwich, cluster and
mixed-metal compounds.

We are grateful to the National Science Foundation and the
Robert A. Welch Foundation for financial support.
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Reversible voltammetry was achieved (E°A = 20.13 V vs.
NHE at 25 °C at pH 7.1) for the FeIII/FeII redox couple of
mycobacterial KatG catalase–peroxidase in films of dimyr-
istoyl phosphatidylcholine, which also catalyzed electro-
chemical reductions of hydrogen peroxide and oxygen.

The mycobacterial KatG catalase–peroxidase1,2 oxidatively
activates the prodrug isoniazid (isonicotinic acid hydrazide)
used to treat tuberculosis. Mycobacterium tuberculosis catalase-
peroxidase is a dimer of 80 kDa subunits, both of which contain
an iron heme. Oxidative activation of isoniazid may occur
through several possible pathways. The FeIII form of the
enzyme can react with peroxides to form an unstable inter-
mediate peroxidase compound I that oxidizes isoniazid.3 The
catalase–peroxidase can oxidize isoniazid in the presence of
dioxygen and a reductant, similar to cytochrome P450 cataly-
sis.4 The FeIII enzyme receives one electron forming FeII

enzyme, to which dioxygen binds to give an FeII–O2 inter-
mediate that is the precursor of a high-valent active oxidant.5,6

Oxidation of isoniazid by the catalase–peroxidase can also be
initiated by superoxide.7 Knowledge of redox chemistry,
oxidation kinetics, and reduction of H2O2 with the catalase–
peroxidase is critical for elucidation of pathways for isoniazid
oxidation. Here we report the first example of direct, reversible
electron transfer between the FeIII/FeII redox couple of the
catalase–peroxidase from M. tuberculosis in thin films of
dimyristoyl phosphatidylcholine (DMPC) on electrodes. These
enzyme–lipid films catalyzed electrochemical reduction of
H2O2 and of dioxygen.

Films of stacked lipid bilayers provide a biomimetic
environment facilitating direct electrical communication be-
tween electrodes and redox sites of incorporated heme en-
zymes.8,9 Fig. 1 shows a reversible cyclic voltammogram (CV)
for the FeIII/FeII redox couple of M. tuberculosis catalase–
peroxidase (enzyme obtained as in ref. 3) in a DMPC film in pH
6.0 buffer. Films were made by spreading 10 mL of an aqueous
vesicle dispersion of 1 mM DMPC and 0.05 mM enzyme evenly
onto a basal plane PG disc electrode (area = 0.2 cm2) and
drying overnight.10 The film thickness was ca. 0.5 mm.

Catalase–peroxidase/DMPC films in oxygen-free buffers
gave symmetric CV peaks with equal reduction and oxidation
peak heights that depended linearly on scan rate from 0.01 to 1
V s21. Peak widths at half-height were ca. 200 mV, and
reduction–oxidation peak separations were ca. 50 mV, exceed-
ing the 90/n mV peak width and 0 mV peak separation,
respectively, predicted by theory for ideal thin layer voltam-
metry. Integration of CVs gave enzyme surface concentration of
2.1 3 10210 mol cm22. Results are typical for non-ideal thin
film protein voltammetry.9 Formal potentials (E°A) of the
catalase–peroxidase obtained as midpoint potentials of reversi-
ble CVs are compared with other enzymes in Table 1.

Recently Wengenack et al.11 reported irreversible voltam-
metry for the KatG catalase–peroxidase on graphite electrodes.
Cyclic voltammograms with the enzyme in solution showed a
FeIII reduction peak, but no reverse oxidation peak, and
reversibility of square-wave voltammograms was unsubstan-

Table 1 Electrochemical results for enzymes in DMPC films and watera

Enzyme pH
E°Ab/V
(vs. NHE)

Gc/
mol cm22

Sloped/nA
mM21

Rel. rates of
H2O2 redn.e

Catalase–peroxidase film 6.0 20.058 2.1 3 10210 1.3 0.06
Catalase–peroxidase film 7.1 20.128 2.1 3 10210

Catalase–peroxidase in water 7.6 20.028 (from ref. 11, by titration)
HRP film 6.0 20.065 1.8 3 10211 1.8 1.0
Catalase film 6.0 20.18 9.0 3 10211 0.11 0.01

a Average of at least two electrodes in 20 mM phosphate buffer at pH 6.0, 25 °C. Standard deviations were ca. ±5 mV for E°A and @15% for other quantities.
b Estimated as midpoint potentials of reduction–oxidation peaks in CV. c Determined by integration of CV peaks at low scan rates and application of
Faraday’s law. d Calculated by linear regression of amperometric responses to various concentrations of hydrogen peroxide using rotating electrodes at 1800
rpm at 0.24 V vs. NHE. e From steady state currents as nA nmol21 enzyme at 1800 rpm at 0.24 V vs. NHE, proportional to turnover rate, relative to HRP
= 1.

Fig. 1 Background subtracted cyclic voltammogram (CV) at 100 mV s21

and 25 °C of catalase–peroxidase–DMPC film on basal plane PG electrode,
in pH 6.0, 20 mM phosphate buffer purged with purified nitrogen for 20 min
before CV. Note that E/V (vs. NHE) = 0.244 + E/V (vs. SCE).
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tiated by the data.11 The potentials of these irreversible redox
peaks are controlled by kinetics and do not yield E°A for the
FeIII/FeII couple of the enzyme.

The Soret absorbance band of catalase–peroxidase shifted
slightly from 407 nm in pH 7 solution12 to 409 nm in DMPC
films, similar to myoglobin/DMPC films.13 When the catalase–
peroxidase was purposely denatured at pH 3.5, the Soret band
disappeared and a new broad band at ca. 375 nm appeared.
These results suggest that catalase–peroxidase in DMPC films
at pH 6–7.5 is similar in secondary structure to the native
enzyme.

If the FeII enzyme generated by reduction reacts with oxygen
and product FeII–O2 is reduced by the electrode, reduction
current will increase due to the catalytic process, and the FeII

oxidation peak will decrease or disappear. Fig. 2 shows such
voltammetric behavior of catalase–peroxidase/DMPC in air-
saturated buffer. Increased reduction current results from
additional electrons injected into FeII–O2, and the likely product
is hydrogen peroxide as found for other iron heme enzymes.9
This catalytic reduction is ca. 0.4 V more positive than direct
reduction of oxygen on DMPC/PG electrodes (Fig. 2).

Catalase–peroxidase/DMPC films also catalyzed the reduc-
tion of hydrogen peroxide. Without H2O2, enzyme–DMPC
films give similar cyclic voltammograms on quiet (cf. Fig. 1)
and rotating electrodes [Fig 3(b),(d),(f)]. After adding H2O2,
reduction current was greatly increased to give catalytic steady-
state (limiting) currents for the catalase–peroxidase at 0.4 mM
H2O2 (Fig. 3(a)] and for HRP at 0.05 mM H2O2 (Fig. 3(e)]. For
catalase (bovine liver), partly reversible FeIII/FeII redox peaks
are still detected even at 1 mM H2O2 [Fig. 3(c)], and steady state
was not achieved. The onset of catalytic current for reduction of
H2O2 occurred at ca. 0.24 V vs. NHE for catalase–peroxidase,
0.14 V for HRP and 0.1 V for catalase. In no case was a direct
FeIII oxidation peak observed.

Amperometric responses for enzyme–DMPC films at 0.24 V
vs. NHE to various concentrations of H2O2 were measured at
rotating electrodes (Table 1). H2O2 presumably reacts with the
FeIII enzyme to give compound I,3 which is reduced by the
electrode in a catalytic cycle. Relative turnover rates from these
steady-state currents14 in nA nmol21 enzyme were in the order:
HRP > catalase–peroxidase > catalase (Table 1).

Results presented above demonstrate direct, reversible elec-
tron transfer between electrodes and M. tuberculosis catalase–
peroxidase in DMPC films. Catalytic reduction of oxygen
involving the oxyferrous enzyme proceeded similarly to
electrochemical catalytic cycles of cyt P450 enzymes.8,9 For
catalytic electrochemical reduction of H2O2, the catalase–
peroxidase in DMPC films resembles HRP more than cata-
lase.

Reversible voltammograms allowed estimation of a formal
potential of 20.128 V vs. NHE in DMPC films at pH 7.1. An
observed E°A–pH dependence of 253 mV pH21 puts the value

at pH 7.6 in DMPC films at 20.155 V. This is significantly
more negative than 20.028 V obtained recently in solution at
pH 7.6 by spectroelectrochemical titration.11 Results for other
iron heme proteins suggest that E°A values in DMPC films may
differ from solution values by 100 mV or more as a result of
lipid–enzyme and film–electrode interactions.9 In comparison,
HRP and the catalase–peroxidase have similar formal potentials
in DMPC films (Table 1), even though the value for HRP in
solution was reported at 20.278 V.11 Thus, the previous
conclusion11 that the catalase–peroxidase E°A is 200 mV higher
than HRP may be modulated by enzyme environment.
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Fig. 2 CVs at 100 mV s21 of KatG–DMPC films in pH 6.0 buffer saturated
with air (– —) and without oxygen (—), and enzyme-free DMPC film in pH
6.0 buffer saturated with air (---).

Fig. 3 Rotating disk CVs of enzyme–DMPC films on PG at 1800 rpm and
100 mV s21 in pH 6 buffer illustrating catalytic electrochemical reduction
of H2O2: KatG enzyme–DMPC films at (a) 0.4 mM H2O2, (b) 0 mM H2O2;
Catalase-DMPC films at (c) 1.0 mM H2O2, (d) 0 mM H2O2; HRP-DMPC
films at (e) 0.05 mM H2O2, (f) 0 mM H2O2. Buffer solution was purged with
purified nitrogen for 20 min before CV; curves for different enzymes were
offset for clarity.
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In contrast to the well documented role of charge- and
resonance-assistance in very short hydrogen bonds, a very
short O–Hacid…Owater hydrogen bond [O…O 2.4791(13) Å]
in the title acid is ascribed to the cumulative stabilisation
from s- and p-bond cooperativity.

Very short (very strong) O–H…O hydrogen bonds are formed
with unusually activated donors and acceptors, as between an
acid and its conjugate base (O–H…O–) or in the hydrates of
strong acids (O+–H…O). With H…O distances in the range
1.2–1.5 Å (O…O 2.2–2.5 Å), very short H-bonds have a
significant covalent component (O–H ≈ H…O) and bond
energies in the range 15–40 kcal mol21. The substantial
covalent character of very short H-bonds, a result of three-
centre–four-electron contribution, O•–•H…••O Ô O••…H•–•O,
is responsible for their distinctive properties: the near linear
geometry (q =  170–180°), the lengthening of O–H distance (up
to 0.2 Å) and the very large IR bathochromic shifts (up to 2000
cm21 in ns).1 Typical examples are the intramolecular hydrogen
bonds in monobasic salts of dicarboxylic acids.2 Very strong
hydrogen bonds are relevant in the context of proton transfer
phenomena in chemical and biological systems and they have
been studied with spectroscopic, crystallographic and computa-
tional methods.1a The overall picture that emerges from such
studies is that very short H-bonds have a quasi-covalent
character. This is in contrast to strong hydrogen bonds (H…O
1.5–2.2 Å, O…O 2.5–3.2 Å, energy 4–15 kcal mol21) that are
largely electrostatic in nature.1b

In addition to charge-assisted hydrogen bonding (CAHB: O–
H…O–, O+–H…O) in carboxylic acids, very short hydrogen
bonds have been observed in the neutral b-diketone enol
fragment, …ONC–CNC–OH…, wherein resonance-assistance

through p-bonds (RAHB) results in unusual bond shortening.3
We show here that a composite array with s- and p-bond
cooperativity, O–H…ONC–O–Hacid…Owater–H…O, can
shorten an intermolecular O–Hacid…Owater hydrogen bond into
the regime of the very short H-bond (O…O < 2.50 Å). This kind
of H-bond array has been referred to as ‘polarisation enhanced
hydrogen bonding’ by Jeffrey.1a Our example of a very short
hydrogen bond is: (i) intermolecular, (ii) not of the charge-
assisted type,4 (iii) not of the acid–conjugate-base type5 and (iv)
does not contain highly activated donor/acceptor groups.6

Recrystallisation of 2,3,5,6-pyrazinetetracarboxylic acid 1†
from 20% aqueous HCl afforded diffraction quality crystals of
the dihydrate. Low-temperature (123 K) single crystal X-ray
analysis of 1·2H2O (P1̄, Z = 1)‡ showed it to contain a very
short O–Hacid…Owater H-bond [d = 1.50 Å, D = 2.4791(13) Å,
q = 170.3°]§ that is part of cooperative array I [Figs. 1 and
2(a)]. In this very short H-bond, both the carboxylic acid O–H
donor ability and the water O atom acceptor basicity are
simultaneously enhanced through polarisation, as shown in Fig.
2(b). Such a strong polarising effect involving water was noted
recently in the complex, Ph3PNO–1,4-diethynylbenzene–H2O
(4+1+2).7 The other O–H…O/N bonds in the crystal are in the
short to medium range (Table 1).

In order to probe such a polarisation-induced H-bond
shortening in related acids, the crystal structures of pyrazine-
2,3-dicarboxylic acid 2 and 5,6-dimethylpyrazine-2,3-dicar-

Fig. 1 Crystal structure of tetra-acid 1 showing the cooperative O–H…O
synthon I. The water molecule acts as a H-bond donor to the CO2H group
of the next layer (shaded differently). Metrics of the very short O–H…O
bond are indicated. Displacement ellipsoids are drawn at the 50%
probability level for non-H atoms.

Fig. 2 (a) Cooperative synthon I in tetra-acid 1. The acid group marked # is
replaced with H2O in diacids 2 and 3. (b) Donor and acceptor groups
enhanced by polarisation in I. (c) Tautomer synthons IA and IB (not
observed).
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boxylic acid 3 were analysed. Diacid 2 is reported as a dihydrate
(C2/c).8 Diacid 3 was also determined to be a dihydrate by low-
temperature X-ray diffraction (Pbcn).‡ Both these crystal
structures contain synthon I with O…O distances in the short
(strong) regime [2·2H2O 2.562, 3·2H2O 2.5269(12) Å]. The
very short O–H…O bond in 1 compared to the short bond in 2
and 3 may be rationalised through differences in their extended
arrays: the CO2H donor in 1 [marked with # in Fig. 2(a)] is
replaced by H2O in 2 and 3. The relative shortness of the O–
H…O bond in 3 compared to 2 could be because the donor O–
Hacid is more polarised by the stronger O–Hwater…O = C–O–H
bond in 3 [2.922 vs. 2.8747(12) Å].

Another reason for the very short O–Hacid…Owater bond in
tetra-acid 1 compared to the short H-bond in diacids 2 and 3 is
the presence of twice as many electron-withdrawing groups in
the former structure. Thus, molecular (4 CO2H groups on a N-
heterocycle) and supramolecular (extended cooperative array I)
features act in concert, resulting in the very short O–H…O bond
in 1. An analysis of the Cambridge Structural Database (April
2000 update) substantiates our observation. While CO2H…OH2
H-bonding is present in many carboxylic acids (ca. 150 contacts
in the range O…O 2.40–2.80 Å),¶ the very short H-bond region
( < 2.50 Å) contains mostly the oxalic acid dihydrates (11/13).
In these crystal structures, activation of the donor O–H in the
1,2-dicarboxylic acid moiety results in very short O–Hacid···O-
water bonds, a point not mentioned in the original publica-
tions.9

A novel feature of this work is the influence on H-bond
shortening of cooperative stabilisation, a phenomenon hitherto
not discussed in the extensive literature1–6 on very short
hydrogen bonds. Once again, akin to polarisation by water,7
precedent for H-bond shortening through cooperative assistance
comes from the weak C–H…O category, namely 2-ethynylada-
mantan-2-ol.10 The presence of two types of CO2H groups in
the same crystal, one that engages in a very short H-bond and
the other with a normal H-bond, permits an assessment of O–H
bond lengthening (Table 1). Thus, the very short O–H…O bond
in 1 displays the expected characteristics: near linear geometry
(q = 170.3°), O–H lengthening (0.1 Å) and O–H ns in
agreement with the reported correlation (1398 cm21).∑

In order that our s- and p-bond cooperativity argument
through synthon I is tenable, the presence of tautomers IA and IB
in tetra-acid 1 [Fig. 2(c)] must be rigorously excluded, because
such motifs would contribute towards resonance stabilisation (I
Ô IAÔ IB), and in effect negate the present hypothesis.
Carboxylic acid groups may be characterised as CNO and C–O
or as a delocalised carboxylate by their single and double bond
lengths.11 A difference of > 0.1 Å implies a static CO2H group
while a smaller difference ( < 0.02 Å) means a resonating or
disordered carboxylate. The > 0.1 Å difference between C–O
and CNO bond distances in 1–3 (Table 1) confirms that synthon
I is present in their crystal structures, and not a resonance-
stabilised motif.

In summary, we have shown that polarisation through a finite
s- and p-bond cooperative array can shorten an O–H…O bond

into the very strong regime. This study adds to our knowledge
of the traditional H-bond shortening phenomena, namely
through charge- and resonance-assistance.
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Table 1 Geometry of O–H…O/N hydrogen bonds and C–O bond lengths

Acid Hydrogen bond geometry

O–H…O O–H…N
Bond length

O–H/Å D/Å da/Å q/° O–H/Å D/Å da/Å q/° C–O/Å CNO/Å

1b 0.96(3) 2.4791(13) 1.50 170.3 0.85(3) 2.9393(16) 2.01 156.1 1.3113(17) 1.2022(15)
0.91(2) 2.7010(12) 1.74 162.6 1.2957(16) 1.2174(14)
0.89(2) 2.7811(12) 1.80 171.9

2c 1.05 2.562 1.58 170.9 0.73 2.840 1.87 166.4 1.304 1.208
0.86 2.922 2.04 147.4

3b 0.968(18) 2.5269(12) 1.55 167.2 0.87(2) 2.8963(13) 1.97 155.1 1.3143(13) 1.2122(13)
0.872(18) 2.8747(12) 1.92 162.4

a d Values are neutron-normalised (O–H 0.983 Å). b This work. c Ref. 8.
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A binary metal system of nickel(0) and zinc(II) phenoxide
catalyzed the chemo- and regioselective cyclotrimerization
of monoynes.

There is considerable interest in organotransition-metal chem-
istry based on their wide application in organic syntheses. Over
the past few years, we have studied the development of new
organonickel chemistry.1,2 In the course of this research, we
found that cyclotrimerization (or [2 + 2 + 2] cycloaddition) of
enones and alkynes occurred in the presence of both nickel(0)
and some other metal species such as aluminum phenoxide or
zinc halide.3,4 Inspired by the synergistic effects of binary metal
catalysts, we applied this concept to the cyclotrimerization of
two or three different monoynes,5 in which the control of
chemo- and regioselectivity is a crucial problem. We report here
the remarkable effects of a zinc(II) phenoxide co-catalyst in the
nickel(0)-catalyzed cyclotrimerization of monoynes.6

We first investigated the reaction of methyl propargyl‡ ether
(1a) with methyl propiolate (2) (Scheme 1). When a THF
solution of 2 (2 eq.) was added dropwise with stirring over 5 min
at rt to a THF solution of 1a (1 eq.), Ni(acac)2 (5 mol%), PPh3
(10 mol%), Et2Zn (50 mol%), and PhOH (80 mol%), a mixture
of two regioisomeric cycloadducts 3a and 4a, which were
formed by the chemoselective coupling of one molecule of 1a
and two molecules of 2, was obtained in 78% yield (Table 1, run
1). The major isomer (95% selectivity) was determined to be 3a
by the spectral analyses. Other benzene derivatives such as 5, 6,
and 7 were not obtained in this reaction. In contrast, when the
reaction was carried out without both Et2Zn and PhOH,
chemoselectivity did not occur (runs 1 and 2 vs. run 3). While

other metal species such as Et2Zn itself, ZnCl2, and aluminum
phenoxides also assisted the nickel catalyst in the cycloaddition,
a noticeable amount of 6 was detected by GC analysis (runs
5–8). The results indicate that the remarkable chemoselectivity
is due to the effects of a zinc phenoxide prepared from Et2Zn
and PhOH in situ.7,8

We explored the scope of the chemo- and regioselective
cyclotrimerization of various 1 with 2 in the presence of Ni(0)–
PPh3–Et2Zn–PhOH (Scheme 2). In each reaction, competing
self-trimerizations were suppressed. When 2 was added slowly
over 60 min to the reaction medium involving hex-3-yne (1c),

† Electronic supplementary information (ESI) available: experimental and
characterization data. See http://www.rsc.org/suppdata/cc/b0/b008882j/

Scheme 1

Table 1 Catalytic cycloaddition of 1a and 2a

Yieldb (%)

Run Catalytic system (3a + 4a) 5 6 7

1 Ni(acac)2–PPh3–Et2Zn–PhOHc 81 (78) 0 0 0
2 Ni(cod)2–PPh3–Et2Zn–PhOHd (67) 0 0 0
3 Ni(cod)2–PPh3

e 10 19 19 11
4 Ni(acac)2–Et2Zn–PhOHf 0 0 0 0
5 Ni(acac)2–PPh3–Et2Zng 30 0 8 4
6 Ni(cod)2–PPh3–Et2Znh 29 0 13 5
7 Ni(cod)2–PPh3–ZnCl2i 38 0 26 4
8 Ni(acac)2–PPh3–Me3Al–PhOHj 21 0 56 4
a All reactions were carried out as follows: a THF solution of 2 (2 eq.) was
added dropwise over 5 min at rt to a THF solution of 1a (1 eq.) and catalysts.
b GC yield. Isolated yield is in parentheses. The yield of 7 is estimated on
the basis of those of 3–6. c Ni(acac)2–PPh3–Et2Zn–PhOH =
0.05+0.1+0.5+0.8. d Ni(cod)2–PPh3–Et2Zn–PHOH = 0.05+0.1+0.4+0.8.
e Ni(cod)2–PPh3 = 0.05+0.1. f Ni(acac)2–Et2Zn–PhOH = 0.05+0.5+0.8.
g Ni(acac)2–PPh3–Et2Zn = 0.05+0.1+0.5. h Ni(cod)2–PPh3–Et2Zn =
0.05+0.1+0.4. i Ni(cod)2–PPh3–ZnCl2 = 0.05+0.1+0.4. j Ni(acac)2–PPh3–
Me3Al–PhOH = 0.05+0.1+0.5+0.8.

Scheme 2
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the cross-cyclotrimerization adduct 3c was obtained as the sole
product (Table 2, entry 3). tert-Butylacetylene (1d) and
(trimethylsilyl)acetylene (1e) were also applied to the cyclo-
trimerization (entries 4 and 5). Biaryl compounds 3f–h were
synthesized from the reaction with the corresponding aryl-
acetylenes 1f–h, respectively (entries 6–8). The presence of an
electron-withdrawing group on arylacetylene tended to increase
the regioselectivity. A conjugated enyne 1i reacted with 2 to
give an a-methylstyrene derivative 3i with an excellent
regioselectivity (entry 9).

Interestingly, the cyclotrimerization of three different mono-
ynes was also effectively promoted by the nickel(0) and zinc
phenoxide system mentioned above. Thus, when 2 (1 eq.) was
added dropwise over 60 min to a mixture of 1c (1 eq.) and
ethylbut-2-ynoate (8, 1 eq.) in the presence of the binary metal
catalyst (Scheme 3), a mixture of three-component cycloadduct
9 and its regioisomer 10 was preferentially obtained along with
small amounts of other benzene derivatives 3c, 11, and 12
(Table 3, run 1). On the other hand, in the reactions without zinc
phenoxide, the desired 9 and 10 were obtained in lower yields
(runs 2–4).

The transition-metal-catalyzed cyclotrimerization of alkynes
has been extensively studied by several research groups.9
However, in contrast to intramolecular reactions,10 a fully
intermolecular reaction has not yet been established as a useful
synthetic method. We have demonstrated that the binary metal
system of nickel(0) and zinc(II) phenoxide effectively catalyzes

the chemo- and regioselective cyclotrimerization of two or three
different monoynes. While the detail is being investigated
further in our laboratory, the present finding should help address
a longstanding problem in the cyclotrimerization.

This work was supported by Grants-in-Aid for Scientific
Research on Priority Areas (A) (No. 283, ‘Innovative Synthetic
Reactions’) from the Ministry of Education, Science, Sports and
Culture, Government of Japan (Monbusho).
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Table 2 Cylocotrimerization of 1 and 2 in the presence of Ni(acac)2–PPh3–
/Et2Zn–PhOHa

Entry 1 Add. time/min Product(s) Yieldb (%) Ratioc (3+4)

1 1a 5 3a, 4a 78 95+5
2 1b 5 3b, 4b 60 95+5
3 1c 60 3c 41 100+0
4 1d 60 3d, 4d 50 92+8
5 1e 20 3e, 4e 64 90+10
6 1f 10 3f, 4f 53 94+6
7 1g 20 3g, 4g 55 93+7
8 1h 60 3h 49 100+0
9 1i 20 3i, 4i 68 93+7
a All reactions were carried out as follows: a solution of 2 (2 mmol) in THF
(2 mL) was added dropwise with stirring to a mixture of 1 (1 mmol),
Ni(acac)2 (0.05 mmol), PPh3 (0.1 mmol), Et2Zn (1.0 M in hexane, 0.5 mL),
and PhOH (0.8 mmol) in THF (5 mL) at rt. b Isolated yield. c Determined by
integration of the aryl protons of 1H NMR.

Scheme 3

Table 3 Cyclotrimerization of 1c, 2, and 8a

Yieldb (%)

Run Catalytic system (9 + 10) Byproductsc

1 Ni(cod)2–PPh3–Et2Zn–PhOHd 45 (48) 3c (4) + 11 (1) +
12 (8)

2 Ni(cod)2–PPh3
e ( < 3) 8 ( > 90%

recovery)
3 Ni(cod)2–PPh3–Et2Znf (13) 11 + 12 (total 5)

+ other
products

4 Ni(cod)2–PPh3–Me3Al–PhOHg 24 (27) 3c (5) + 6 (3) +
11 (2) + 12 (7)
+ 13 (13)

a All reactions were carried out as follows: a THF solution of 2 (1 eq.) was
added dropwise with stirring over 60 min at rt to a THF solution of 1c (1
eq.), 8 (1 eq.), and catalysts. b Isolated yield. GC yield is in parentheses.
c The yield of 12 (m/z = 308) is estimated on the basis of that of 11.
d Ni(cod)2–PPh3–Et2Zn–PhOH = 0.05+0.1+0.5+0.8. e Ni(cod)2–PPh3 =
0.05+0.1. f Ni(acac)2–PPh3–Et2Zn = 0.05+0.1+0.5. g Ni(cod)2–PPh3–
Me3Al–PhOH = 0.05:0.1+0.4+0.8.
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Cyclotrisilene, (tBu2MeSi)4Si3, was reacted with phenyl-
acetylene to produce an unusual 1,2,5-trisilabicyclo-
[3.2.0]hepta-3,6-diene derivative, whose structure was deter-
mined by NMR spectroscopy and X-ray crystallography; a
mechanism for its formation is proposed.

The synthesis and characterization of a number of isolable
double bond species consisting of the heavier Group 14
elements has been accomplished since the first isolation of
tetramesityldisilene by West et al. in 1981.1,2 Cyclotrime-
tallenes (R4M3, M = Si, Ge, Sn), i.e. compounds with
endocyclic metal–metal double bonds, have been prepared:
cyclotrigermenes in 1995,3 cyclotrisilenes in 1999,4,5 and
cyclotristannene in 1999.6 Quite recently, we have succeeded in
the preparation of the first mixed cyclotrimetallenes consisting
of two different Group 14 elements: 1- and 2-disilagermirenes.7
These compounds exhibit an enhanced reactivity arising from
the combination of a highly reactive metal–metal double bond
and a highly strained three-membered ring skeleton in one
molecule, which gives access to new cyclic and bicyclic
compounds by addition and cycloaddition reactions.8 Recently,
we have also succeeded in transforming the cyclotrigermenes
and cyclotrisilene into the cyclotrigermenylium ions9 and
cyclotetrasilenylium ion,10 which are free germyl and silyl
cations, respectively. Herein, we report on the reaction of
cyclotrisilene 1 with phenylacetylene to produce an unusual
product with a bicyclo[3.2.0]hepta-3,6-diene skeleton, and
report also on its reaction mechanism.

Cyclotrisilene 1 was allowed to react with excess phenyl-
acetylene in C6D6 at rt. The orange colour of 1 disappeared
within 15 h to give a 1,2,5-trisilabicyclo[3.2.0]hepta-3,6-diene
derivative 2 in a 65% yield (Scheme 1). No reaction occurred
with trimethylsilylacetylene, bis(trimethylsilyl)acetylene, or
diphenylacetylene, and a complicated reaction mixture was
formed with hex-1-yne.

The structure of 2 was determined by mass spectrometry,
NMR spectra and X-ray crystallography. The mass spectrum of
2 showed a very weak parent ion at 916, with fragmentation
peaks at 859 (M+ 2 tBu) and at 759 (M+ 2 SiMetBu2). The 1H
NMR spectrum showed two olefinic protons at 7.42 and 7.98
ppm, as well as peaks indicating the presence of four different
tBu2MeSi groups, and two phenyl groups. The 13C and 29Si
NMR spectra were also consistent with this structure being a
1+2 adduct of 1 and phenylacetylene. As shown in Fig. 1,
compound 2 has a bicyclo[3.2.0]hepta-3,6-diene skeleton, the

formation of which can be explained by the consecutive
addition of one molecule of phenylacetylene to the SiNSi double
bond, and by the insertion of a second molecule of phenyl-
acetylene into the Si–Si single bond in the resulting cyclo-
trisilane ring. The cycloaddition reaction of acetylenes with a
SiNSi double bond to give the disilacyclobutene derivative is
well known,11 but the insertion of C–C multiple bonds into a Si–
Si single bond at ambient temperature without the use of a
catalyst has not been reported.

The formation of 2 was quite interesting for us, and prompted
us to investigate its formation mechanism. Under the same
conditions as above, deuterium-labelled cyclotrisilene, 1–d6,12

in which the CH3 groups in the di-tert-butyl(methyl)silyl
substituents on the saturated silicon atom were replaced by a
CD3 group, was reacted with phenylacetylene to give 2a–d6 and
2b–d6 in a 1+1 molar ratio.13 This result indicates that 2 is not
formed via a simple [2 + 2] cycloaddition and insertion process.
A more likely mechanism is as follows. First, the phenyl-
acetylene undergoes cycloaddition to the SiNSi double bond of
1–d6 to form the 1,4,5-trisilabicyclo[2.1.0]pent-2-ene deriva-
tive 3–d6, which then isomerizes to the 1,2,3-trisilacyclopenta-
3,5-diene derivative 4–d6, which has a conjugated SiNC–CNSi
system in a five-membered ring. Secondly, one tBu2(CD3)Si
group on a saturated silicon atom migrates to an unsaturated
silicon atom to give the 1,2,3-trisilacyclopenta-2,4-diene deriv-
ative 5–d6, which has a conjugated SiNSi–CNC system in a five-
membered ring.14 Finally, the silole intermediate 5–d6, is
trapped by phenylacetylene via a [2 + 2] cycloaddition across

† Electronic supplementary information (ESI) available: experimental
procedure, spectral data and X-ray data (CCDC 182/1876) of the products.
See http://www.rsc.org/suppdata/cc/b0/b008375p/

Scheme 1

Fig. 1 Structure of 2 (hydrogen atoms are omitted for clarity). Selected bond
distances [Å] are: Si1–Si2 2.477(1), Si1–C2 1.893(3), Si2–Si3 2.388(1),
Si2–C3 1.943(3), Si3–C 11.909(3), Si3–C4 1.892(3), C1–C2 1.351(4), C3–
C4 1.356(4). Selected bond angles [°] are: Si2–Si1–C2 95.8(1), Si1–Si2–
Si3 92.6(0), Si3–Si2–C3 73.7(1), Si2–Si3–C1 101.7(1), Si2–Si3–C4
75.0(1), Si3–C1–C2, 119.0(2), Si1–C2–C1 130.5(2), Si2–C3–C4 104.7(2),
Si3–C4–C3 106.5(2).
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the SiNSi double bond to afford a mixture of 2a–d6 and 2b–d6
(Scheme 2). However, the silole intermediates 4 and 5 were not
observed in monitoring the reaction of 1 with phenylacetylene
using NMR spectroscopy, which is probably due to their high
reactivity. Even with equimolar quantity of phenylacetylene,
the product 2 was formed together with unreacted 1.

To have a better understanding of the isomerization of 3 to 5,
ab initio calculations on the parent system (6–8) were carried
out at the Beck3LYP/6-31G(d) level, and all isomers 6–8 were
found as energy minimum structures. The bicyclic structure 6
was the most unfavourable, probably due to the highly strained
three- and four-membered bicyclic structure, and the siloles 7
and 8 were more stable by 1.0 and 13.1 kcal mol21 relative to

6, respectively. The conrotatory isomerization of 6 to 7 may be
unfavourable because of the fixed bicyclic structure of 6. The
last compound consequently isomerizes by the migration of the
hydrogen atom to give the thermodynamically most stable silole
structure 8, with a SiNSi–CNC conjugated system.

This work was supported by Grant-in-Aid for Scientific
Research (Nos. 10304051, 12020209, 12042213, 12740338)
from the Ministry of Education, Science and Culture of Japan,
and TARA (Tsukuba Advanced Research Alliance) fund.
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From a two-phase mixture of water and oil (either commer-
cial fuel or pure organic solvent), a simple amino acid
derivative, N-lauroyl-L-alanine has been shown to be able to
gelate the oil phase selectively; SEM and FT-IR provided
molecular level insights into the process of gelation.

Much has been achieved in the field of polymeric gels and their
applications.1 Although several excellent non-polymeric low
molecular mass organogelators have been developed,2,3 the
ability of an organogelator to gelate one solvent in preference to
another from a given mixture has still not been evidenced. This
becomes an even more daunting task when one of the solvents
in such a mixture is water. This is because, in contrast to their
macromolecular counterparts, the network structure formed by
low molecular weight organogelators are often held together by
non-covalent interactions such as hydrogen bonding.3 Under-
standably, water competes for the hydrogen bonding sites in the
gelator molecule, thereby disrupting the self-association of the
gelator and ruining gelation. We discovered that a fatty acid

derived amino acid, N-lauroyl-L-alanine, 1, is a simple and
effective system for the selective gelation of non-polar organic
solvents such as aromatic and aliphatic hydrocarbons. Herein
we report for the first time an organogelator, which is capable of
achieving solvent-specific gelation from a two-phase mixture.
To derive a proper structure–property correlation, related
compounds 2–4 were also synthesized.‡

First the efficiency of 1 in gelating various aromatic and
aliphatic hydrocarbon solvents was examined§ (Table 1). For a
series of n-alkanes with 6 < n < 12, the MGC passed through
a maximum for n = 8, and another minimum was reached for n
= 16, where n is the number of C-atoms in the aliphatic
hydrocarbon. The gels formed in aliphatic hydrocarbons were
translucent in nature while those formed in aromatic solvents
were found to be transparent. Since the above solvents also form

major constituents of petrol, we found that 1 could indeed gelate
a wide range of commercial fuels (Table 1).

Representative SEM¶ of the gels of 1 obtained from either n-
heptane (Fig. 1A) or toluene (Fig. 1B) shows the presence of a
network of fibers of varying thicknesses. In the heptane gels, a
profusion of thin fibers (0.5–1.5 mm) was seen while in toluene
gels individual fibers of regular thickness (3.0 mm) appeared to
merge into thicker fibers (6–15 mm). Solvent molecules get
entrapped in the fibrous networks due to surface tension
resulting in gelation.

We then investigated selective gelation of a discrete volume
of such fuels by 1 when it is present in a two-phase system. A
mixture of double-distilled water (2 mL) and an oil (2 mL) was
taken in a test tube and 1 (10 mg) was added to the two-phase
mixture. Compound 1 was solubilized either by heating or by
injection of an ethanolic solution of 1 leaving the mixture to
equilibrate. Remarkably, as soon as rt was attained, the oily
layer was found to be completely gelated leaving the aqueous
layer unaffected. Even upon standing for ~ 1 week, both the
phases remained intact with their respective states of gelation
and non-gelation. When the experiment was repeated with
periodic or continuous violent agitation (a model ‘oil-spill
situation’) the above mixture formed an emulsion which, upon
cooling to rt, rapidly solidified into a mass where the phase

† Also at the Chemical Biology Unit, JNCASR, Bangalore 560 064, India.
This work was supported by the Swarnajayanti fellowship grant of the
Department of Science and Technology (Government of India) awarded to
S. B.

Table 1 Gelation properties of 1 (1 mmol) and minimum gelator
concentration (MGC) in g L21 (gelator/organic solvent) necessary for
gelation of various organic solvents at 25 °C

Organic liquid MGC Organic liquid MGC

n-Hexane 7.0 Benzene 8.0
n-Heptane 2.6 Toluene 3.5
n-Octane 2.4 o-Xylene 5.1
n-Decane 2.5 m-Xylene 5.5
n-Dodecane 2.7 p-Xylene 2.7
n-Hexadecane 2.4 Mesitylene 2.2
Isooctane 3.4 Cyclohexane 4.0
Petrol 11.9 CCl4 8.8
Kerosene 3.2 1,2-Dichlorobenzene 5.0
Paraffin oil 5.1 Carbon disulfide 5.9

Fig. 1 SEM of gels of (A) n-heptane and (B) toluene with 1.
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boundaries were indistinct. Heating of this gelled emulsion to
> 50 °C resulted in the ‘melting’ of the mass which separated
into discrete aqueous and organic layers. When this was allowed
to cool undisturbed, as before only the organic layer was gelated
selectively. Similarly, a given volume of commercially availa-
ble petrol could be gelated from a two-phase mixture.
Importantly the gelation was unaffected even in the presence of
(a) NaCl (at various concentrations) or (b) chelation inducing
metal salts (e.g. CuSO4), or (c) oxidizing agents (e.g. KMnO4)
or (d) other impurities present in water from natural sources (not
shown).

Next, the roles of various functional groups involved in the
self-assembly process were investigated by blocking one by one
the hydrogen bonding sites in 1 via chemical modification. First
the carboxylic acid (-CO2H) in 1 was converted to its methyl
ester, 2. Then the amide moiety (-NH-C(O)) in 1 was subjected
to N-methylation to give 3. Interestingly, neither 2 nor 3 induced
any gelation. Thus the presence of both the -CO2H and the
secondary amide (-NH-C(NO)) appear to be essential for self-
association of the monomer into fibers (Fig. 1) a necessary
prerequisite for gelation.

In order to understand the precise roles of the -CO2H and
-NH-C(NO) residues in 1 in the process of gelation, detailed FT-
IR studies were carried out.∑ First, FT-IR spectra of (a) the solid
(KBr pellet) from a dried benzene gel of 1, (b) solutions of 1 (c
= 60 mg mL21) in benzene and (c) in a non-gelatable solvent
such as CHCl3 were compared (not shown). The amide and the
–CO2H moieties in 1 are as strongly hydrogen bonded in the gel
state as they are in the solid state. Benzene does not interfere
with the intermolecular association. The amide I band in the gel
state was almost as strongly hydrogen bonded as in the solid
(1646 cm21). However, in CHCl3 the amide I band (1669 cm21)
evidenced a weakly hydrogen bonded species probably between
the oxygen of the amide carbonyl and the acidic H of CHCl3.
This is confirmed by efficient gelation of CCl4 by 1. Thus
solvents capable of hydrogen bonding suppress gelation in these
systems by disallowing the self-assembly process.

The -CO2H sites of 1 in both solvents form dimers of
comparable strength (1732 cm21). Thus the factor controlling
gelation of 1 seems to be hydrogen bonding at the amide sites
(-N–H…(O)NC–N–H…(O)NC-), which is significantly affected
by the polarity and protic nature of the solvent. However, the
strength of the amide I band is considerably weaker in CHCl3
(1669 cm21) than in benzene (1648 cm21). It is this difference
in strength that most probably determines whether the solvent
promotes or inhibits perpetuation of the superstructure. In
addition to the amide site, the availability of the free -CO2H is
mandatory for the dimer formation leading to gelation. This was
confirmed with 4 where the free amine cannot form analogous
dimers and despite the presence of amides, the gelation did not
occur.

In summary, in order to exhibit gelation, the molecule must
have the capacity to self-assemble in three-dimensions to form
fibrous networks. Self-assembly of 1 is evident from SEM. IR
studies show that this process involves at least two interactions
(-CO2H and (O)NC–N–H) where each residue promotes the
formation of a supramolecular array. In water, due to the
presence of a lipophilic alkyl chain, 1 exerts a hydrophobic
effect4 and excludes water. Additional stabilization of such
aggregates most likely originates from Van der Waals contacts
of the polymethylene chains. This promotes the self-organiza-
tion of 1 and in the process it is able to gelate hydrocarbon-
based fuels or solvents even in the presence of water. While the
present system is interesting, the necessity to heat and cool the
samples in order to achieve phase separation significantly limits
its use for the containment of oil-spills. Clearly issues such as
requirement of heating to achieve gelation have to be addressed
before a real-life application is possible. Nevertheless the
present system demonstrates its unique ability to confer phase-
selective gelation of toxic solvents from complex mixtures.

Notes and references
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as a solid, mp: 84 °C (97% yield). [a]D

25 (c = 2 in CHCl3) = +16.6°. IR
(cm21): 3348, 1704, 1646, 1520. 1H-NMR (300 MHz, CDCl3) d: 0.88 (t, J
= 6.5 Hz, 3H), 1.25 (br m, 16H), 1.45 (d, J = 7 Hz, 3H), 1.61 (m, 2H), 2.22
(t, J = 8 Hz, 2H), 4.54 (m, 1H), 6.4 (d, J = 9 Hz, 1H). LR-MS: 271 (M+,
2%). Anal. calcd. for C15H29NO3: C, 66.38; H, 10.77; N, 5.16. Found: C,
66.62; H, 10.94; N, 4.92%. Methyl N-n-dodecanoyl-(S)-alaninate (2) was
synthesized by reaction of L-alanine methyl ester hydrochloride (Fluka)
with dodecanoyl chloride (1.1 eq.) in dry CHCl3 and Et3N (2.2 eq.). Isolated
as a solid, mp: 65 °C, (97% yield). [a]D

25 (c = 2 in CHCl3) = +14.0°. IR
(cm21): 3300, 1732, 1650, 1537. 1H-NMR (300 MHz, CDCl3): d: 0.88 (t, J
= 7 Hz, 3H), 1.26 (br m, 16H), 1.41 (d, J = 6.5 Hz, 3H), 1.62 (m, 2H), 2.18
(t, J = 8 Hz, 3H), 3.73 (s, 3H), 4.56 (m, 1H), 5.93 (d, J = 9 Hz, 1H). LR-
MS: 285 (M+, 2%). Anal calcd. for C16H31NO3: C, 67.33; H, 10.95; N, 4.91.
Found: C, 67.52; H, 11.03; N, 5.05%. N-n-Dodecanoyl-N-methyl-(S)-
alanine (3) was synthesized by the reaction of N-methyl-L-alanine (Fluka) in
dry DMF with dodecanoyl chloride (Fluka) and Et3N (1.1 eq.). Isolated as
a solid, mp: 79 °C, (64% yield). [a]D

25 (c = 2 in CHCl3) = +10.1°. IR
(KBr) (cm21): 1701, 1645, 1541. 1H-NMR (300 MHz, CDCl3) d: 0.87 (t, J
= 6.5 Hz, 3H), 1.26 (br m, 16H), 1.44 (d, J = 7 Hz, 3H), 1.62 (m, 2H), 2.21
(t, J = 8 Hz, 3H), 2.91 (s, 3H), 4.53 (m, 1H). LR-MS: 285 (M+, 2%). Anal.
calcd. for C16H31NO3: C, 67.33; H, 10.95; N, 4.91. Found: C, 67.22; H,
10.58; N, 4.74%. N-Dodecyl-(S)-alaninamide (4) was prepared by catalytic
hydrogenation (10% Pd/C) in MeOH of N-benzyloxycarbonyl-NA-hex-
adecyl-(S)-alaninamide, a compound that was prepared by DCC coupling of
(S)-N-Benzyloxycarbonylalanine (Fluka) and n-hexadecylamine (Fluka) in
dry THF. Isolated as a hygroscopic solid, mp: 54 °C (87% yield). [a]D

25 (c
= 2 in CHCl3) = +12.8°. IR (KBr) (cm21): 3320, 1630, 1560. 1H-NMR
(300 MHz, CDCl3) d: 0.86 (t, J = 7 Hz, 3H), 1.2 (br m, 18H), 1.26 (m, 2H),
1.43 (d, J = 7 Hz, 3H), 3.2 (m, 2H), 4.09 (m, 1H), 7.5 (br s, 1H). LR-MS:
256 (M+, 40%). Anal. calcd. for C15H32N2O·0.25 H2O: C, 69.04; H, 12.56;
N, 10.74. Found: C, 69.36; H, 12.83; N, 10.48%.
§ The ability of 1 to gelate a given solvent was tested by solubilizing 1 (1
mmol) in the desired solvent (7.5 mL) by gentle heating and allowing the
solution to spontaneously cool to rt. The gel was allowed to stand for ca. 15
min at rt. MGC was calculated as described in the literature.3a

¶ Scanning electron micrograph (SEM) was recorded using a Cambridge
stereoscan S-360 SEM. A glass plate bearing a droplet of 1 dissolved in
benzene or n-heptane was attached to the sample stage after completion of
gelation and sputtered with gold to 100–150 Å.
∑ 1 was dissolved in the desired concentrations in benzene or CHCl3 and
loaded into a solution cell of a JASCO 410 FT–IR spectrometer. Spectra
were corrected for solvent absorption.

1 S. Miyazaki, F. Suisha, N. Kawasaki, M. Shirakawa, K. Yamatoya and D.
Attwood, J. Controlled Release, 1998, 56, 75; Y. Ito, N. Sugimura, K. Oh
and Y. Imanashi, Nat. Biotechnol., 1999, 17, 73; H. Lee and T. G. Park,
Biotechnol. Prog., 1998, 14, 508; Using Stimuli-Responsive Polymers in
Bioseparation, ed. I. Yu. Galaev, Bioseparation Special Issue, 1999, 7,
175.

2 See for a recent highlight: J. H. van. Esch and B. L. Feringa, Angew.
Chem., Int. Ed., 2000, 39, 2263.

3 (a) K. Hanabusa, M. Yamada, M. Kimura and H. Shirai, Angew. Chem.,
Int. Ed., 1996, 35, 1949; (b) P. Terech and R. G. Weiss, Chem. Rev., 1997,
97, 3133; (c) K. Yoza, N. Amanokura, Y. Ono, T. Aoka, H. Shinmori, M.
Takeuchi, S. Shinkai and D. N. Reinhoudt, Chem. Eur. J., 1999, 5, 2722;
(d) A. Aggeli, M. Bell, N. Boden, J. N. Keen, P. F. Knowles, T. C. B.
McLeish, M. Pitkeathly and S. E. Radford, Nature, 1997, 386, 259; (e) J.
Van Esch, F. Schoonbeek, M. de Loos, H. Kooijmann, A. L. Spek, R. M.
Kellogg and B. L. Feringa, Chem. Eur. J., 1999, 5, 937; (f) R. Oda, I. Huc
and S. J. Candau, Angew. Chem., Int. Ed., 1998, 37, 2689; (g) R. J. H.
Hafkamp, M. C. Feiters and R. J. M. Nolte, J. Org. Chem., 1999, 64, 412;
(h) S. Bhattacharya and S. N. G. Acharya, Chem. Mater., 1999, 11, 3121;
(i) T. Brotin, R. Utermohlen, F. Fages, H. Bouas-Laurent and J.-P.
Desvergne, J. Chem. Soc., Chem. Commun., 1994, 1401; (j) U. Beginn, S.
Keinath and M. Möller, Macromol. Chem. Phys., 1998, 199, 2379; (k) Y.
Osada and J.-P. Gong, Adv. Mater., 1998, 10, 827; (l) T. Oya, T. Enoki,
A. U. Grosberg, S. Masamune, T. Sakiyama, Y. Takeoka, K. Tanaka, G.
Wang, Y. Yilmaz, M. S. Feld, R. Dasari and T. Tanaka, Science, 1999,
286, 1543.

4 C. Tanford, The Hydrophobic Effect: Formation of Micelles and
Biological Membranes, Wiley, New York, 1980.
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[(MeCN)3PdCl]+, generated in situ, reversibly dispropor-
tionates to give [(MeCN)2PdCl2] and [(MeCN)4Pd]2+. The
neutral species is a reactive and highly regioselective catalyst
for 1,6-diene cycloisomerisation.

Early examples of transition metal-catalysed cycloisomerisa-
tion reactions1 employed hepta-1,6-dienes (e.g. 1) as sub-
strates.2–4 Since dialkyl diallylmalonates 1 may form cyclo-
pentane 2 and cyclopentenes 3 and 4, much of the focus in their
cycloisomerisation has been the efficient control of re-
gioselectivity (Scheme 1). A pioneer in this area was Grigg,4
who reported regioselective [(PPh3)3RhCl]-catalysed isomer-
ization of 1b to 2b (CHCl3, reflux 8 h)‡ or 4b (EtOH, reflux,
12 h).‡ Under palladium catalysis [5 mol% Pd(OAc)2 or PdCl2]
isomeric 3b and 4b were obtained in good yields (80–88%) and
with good regioselectivity (92294%) for 3b (CHCl3, reflux 6–8
h).‡ Much more recently, a number of other catalyst systems
have been developed for selective isomerisation of 1 to 2 or 4,5
although catalysts for selective conversion of 1 to 3 still remain
rare.4,6 Our attention was drawn to the recent report by
Heumann and Moukhliss7 on the use of
[(MeCN)(42m)Pd(Cl)m](22m)+ {generated in situ from the
neutral complex [(MeCN)2PdCl2]} for cycloisomerisation. By
use of 1 or 2 equivalents of AgBF4 (per Pd), 1b was isomerised
to 3b (79%, 18 h, reflux, 5 mol% Pd, CHCl3) or to 2b (39%, 8 h,
reflux, CHCl3), respectively. This led the authors to conclude
that it is the catalyst charge that controls the regioselectivity.7

We have recently been studying the mechanism by which
[(MeCN)2Pd(allyl)]+ (5 mol%) in CHCl3 cycloisomerises 1a.8
The primary and predominant product is 2a, however, on co-
addition of 1 mol% [Cl2Pd2(allyl)2], which is not itself an active
catalyst, both 2a and 3a are generated at approximately equal
rates. This suggested to us that it could be the presence of
chloride, rather than the charge, that determines the re-
gioselectivity in the Heumann system.7 Consequently, we
attempted to isolate [(MeCN)3PdCl]+ from a freshly prepared
solution {AgOTf, MeCN, CHCl3, [(MeCN)2PdCl2], filter}.
However, chloride redistribution through monomer/m-halide
dimer equilibrium resulted in crystallisation of the neutral
dichloride [(MeCN)2PdCl2],§ leaving the more soluble com-
plex [(MeCN)4Pd][OTf]2¶ in solution. Since nearly all Pd-
catalysed 1,6-diene cycloisomerisations employ cationic pro-
catalysts5b,c,6,7 there seems to be a general assumption that
halide abstraction to generate a mono- or di-cation is a pre-
requisite for activity. In fact, pure neutral [(MeCN)2PdCl2]
turned out to be a far more active catalyst than the analogous
mono- or di-cationic complexes. For example, in the presence

of 5 mol% [(MeCN)2PdCl2], a CHCl3 solution of 1a was
quantitatively cycloisomerised in just a few minutes at 60 °C.
The catalyst was also active at lower temperatures, e.g. at 40 °C,
100% conversion was achieved in under 2 h with 97%
regioselectivity for 3a and no trace of 2a evident by GC.∑

Neutrality and the presence of chloride appear to be
important features in the activity of [(MeCN)2PdCl2]: simple
salts** [PdI2, Pd(OAc)2, Pd(O2CCF3)2] failed to isomerise 1a at
60 °C in the presence or absence of added MeCN (10 mol%)
over a period of many hours. As indicated above, the cations are
much less reactive and addition of 5 mol% NBu4X (X = Cl, Br
or I) to [(MeCN)2PdCl2], to generate an anionic palladate-type
species, completely inhibited catalysis. A stoichiometric reac-
tion between 1a and [(MeCN)2PdCl2] in CDCl3 was followed
by 1H NMR (500 MHz) at 25 °C. There were no observable
complexation processes,†† just the slow consumption of 1a and
appearance of 3a. To gain more information, the kinetics of the
catalytic reaction (5 mol% Pd) were measured (HRGC) in
CHCl3, CH2Cl2 and 1,2-dichloroethane (DCE) at 23, 40 and
60 °C. In nearly all cases, an induction period was followed by
a pseudo-zero-order rate profile over three to four half-lives (ca.
90% conversion).

The induction period indicates that [(MeCN)2PdCl2] must be
a pro-catalyst, however, there is no direct reaction between the
complex and 1a observable by NMR, vide supra, and although
the induction period is followed by pseudo-zero order kinetics
(i.e. steady-state catalyst concentration) no trace of any co-
product from pro-catalyst reaction is evident by GC analysis.‡‡
We also prepared and evaluated [(PhCN)2PdCl2],
[(ButCN)2PdCl2], [(DMSO)2PdCl2] and [(PhCN)2PdI2] as cata-

† Electronic supplementary information (ESI) available: general experi-
mental procedure, typical GC analyses and table of regioselectivities
obtained with the various catalysts. See http://www.rsc.org/suppdata/cc/b0/
b009356o/

Scheme 1 Transition metal-catalysed cycloisomerisation of 1,6-diene 1.

Fig. 1 Plot of variation of the concentration of 1,6-diene 1a (M, y-axis) with
time (s, x-axis) during cycloisomerisation by 5 mol% [(RCN)2PdCl2] in
1,2-dichloroethane (DCE) or CHCl3 at 23 or 40 °C. Concentration
determined by GC analysis. For full details see ESI†.
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lysts. Only the chloro-complexes were active for cycloisomer-
isation of 1a. The rate of reaction of 1a using the pro-catalysts
of type [(RCN)PdCl2] were similar, with DCE proving the best
solvent. The ButCN-bearing complex generally showed the
highest activity. With the more coordinating ligand, DMSO, the
catalyst was substantially less active (ca. 70% conversion in
42 h at 40 °C in DCE). However, it was highly selective, giving
a 110+1 ratio of 3a over isomeric 2a and 4a. By preparing the
m-halide dimer, [(DMSO)2Pd2(m-Cl2)Cl2] we obtained a more
reactive catalyst (90% conversion, 22 h, 40 °C, DCE) which still
displayed excellent regioselectivity for 3a (99%).

The regioselectivity of the isomerisation of 1a to 3a mirrors,
but far exceeds, that observed by Grigg using PdCl2, vide supra.
However, PdCl2, being a relatively insoluble polymeric species,
requires use of more vigorous conditions (8 h, reflux in
CHCl3).‡ In contrast, monomeric complexes [L2PdCl2] (L =
RCN or DMSO)9 allow reaction at lower temperatures, under
neutral conditions and extremely high regioselectivity is
attained. For example, using [(ButCN)2PdCl2] as catalyst,
> 99% conversion of 1a occurred in 90 min at 40 °C in CHCl3
and 3a was isolated in 96% yield and high purity (97.5%) after
chromatography. In summary, compared to the analogous
cations [(RCN)3PdCl]+ and [(RCN)4Pd]2+, complexes of the
type [(RCN)2PdCl2], are far more active pro-catalysts for
1,6-diene cycloisomerisation.10 Furthermore, most catalysts4,6,7

generate isomeric 2 and 4 from 1, whereas with the neutral
catalysts the regioisomer 3 is obtained with very high
selectivity. Ironically, [(MeCN)2PdCl2] has been used as a
precursor for [(MeCN)3PdCl]+ generation in situ, however, due
to chloride redistribution, it remains present in the reaction
mixture. Nonetheless, preliminary labelling experiments em-
ploying [2H2]-5,11 demonstrate that catalysis by
[(MeCN)2PdCl2] is not the exclusive process when
‘[(MeCN)3PdCl]+’ is employed (Scheme 2).

Of note is the finding that, unlike labelling studies of cationic
Pd-catalysts that generate the regioisomer 2a,5c,8 no scrambling
of 2H is observed with the neutral chloride catalysts (cf. [2H2]-7,
Scheme 2). This bodes well for elucidation of the complete
pathway between 1 and 3 and detailed NMR, kinetic and
isotopic labelling studies,8 to distinguish hydropalladation,
cyclometallation and C–H insertion pathways,1–5 will be
reported in full in due course. Additionally, novel chiral ligands
allowing the generation of analogous neutral complexes are
being tested for asymmetric induction.

We thank the University of Bristol and the EPSRC
(GR/N05208) for support. We also thank Professor Ross A.

Widenhoefer (Duke University, USA) for sharing results prior
to publication.

Notes and references
‡ To effect catalyst activation, the solvent was pre-saturated with HCl gas
before addition of the substrate and heating to reflux.
§ [(MeCN)2PdCl2] was isolated in 66% yield (based on Cl) and its identity
confirmed by comparison (FT-IR and mp) with an authentic sample.
¶ Such disproportionation to generate the achiral pro-catalyst
[(MeCN)2PdCl2] may well explain why cycloisomerisation of 1b with 5
mol% ‘[(MeCN)3PdCl]+/sparteine’ in CHCl3, generates 3b in essentially
racemic form, but with ‘[(MeCN)4Pd]2+/sparteine’, 2b and 3b are obtained
in 60 and 37% ee respectively, see ref. 7.
∑When pure 2a was exposed to 5 mol% [(MeCN)2PdCl2], no isomerisation
could be detected (1H NMR) over a period of 22 h at 40 °C. However, in
some reactions small quantities of the isomer 2a were generated. Most
often, these disappeared in the later stages of reaction and the maximum
level of 2a reached during reaction was < 0.5% of the total mixture of
alkenes.
** In contrast to Pd(OAc)2 and Pd(CF3CO2)2, it may be noted that PdI2 is
essentially insoluble in CHCl3. However, the soluble complex
[(PhCN)2PdI2] was also found to be ineffective. Furthermore, the insoluble
polymer PdCl2 (or a combination of Pd(OAc)2/HCl) generates a moderately
active catalyst, see ref. 4(c).
†† However, in the last ca. 20% reaction a slight broadening of the signals
of 1a became apparent suggesting reversible and unfavourable complexa-
tion at the NMR timescale.
‡‡ This suggests the possibility of substrate-induced establishment of a pre-
equilibrium (dissociation of nitrile or chloro-bridged dimers) or solvent–
catalyst reaction to generate the active species. Ongoing studies will address
this issue through full analysis of the kinetics.

1 Reviews: (a) B. M. Trost, Acc. Chem. Res., 1990, 23, 34; (b) B. M. Trost
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2 A. Bright, J. F. Malone, J. K. Nicholson, J. Powell and B. L. Shaw,
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3 E. Schmitz, R. Urban and G. Zimmermann, J. Prakt. Chem., 1976, 318,
185; E. Schmitz, U. Hench and D. Habisch, J. Prakt. Chem., 1976, 318,
471.

4 (a) R. Grigg, T. R. B. Mitchell and A. Ramasubbu, J. Chem. Soc., Chem.
Commun., 1979, 669; (b) R. Grigg, T. R. B. Mitchell and A. Ramasubbu,
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Trans. 1, 1984, 1745.

5 (a) Y. Yamamoto, N. Ohkoshi, M. Kameda and K. Itoh, J. Org. Chem.,
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6 N,N-ligand-bearing cationic Pd–Me complexes ‘[(N,N)PdMe]+’, gen-
erated in situ from the chloride, have recently been found to be active for
selective conversion of 1a to 3a; R. A. Widenhoefer, personal
communication.

7 A. Heumann and M. Moukhliss, Synlett, 1998, 1211.
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Kaiser, unpublished work.
9 See for example, B. N. Storhoff and H. C. Lewis, Coord. Chem. Rev.,

1977, 23, 1.
10 Although these neutral, stable and homogeneous complexes have

previously been overlooked as catalysts for 1,6-diene cycloisomerisa-
tion, they are well known to catalyse non-hydride migratory cyclisation
reactions such as Cope and related rearrangements and alkyne
cyclotrimerisation: for detailed discussion see J. Tsuji, Palladium
Reagents and Catalysts, John Wiley, Chichester, 1995.

11 K. L. Bray and G. C. Lloyd-Jones, Eur. J. Org. Chem., 2001, in
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Scheme 2 Conditions: i, 5 mol% [(MeCN)3PdCl][OTf] (prepared from
[(MeCN)2PdCl2] by halide abstraction in MeCN with 1 equivalent AgOTf,
then removal of AgCl by filtration, evaporation and redissolution in
CHCl3), 40 °C, CHCl3; ii, 5 mol% [(MeCN)2PdCl2], 40 °C, CHCl3.
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Mixed glycosyl disulfides are not only glycomimetics but also
glycosyl donors that may be readily constructed in either
armed ether-protected or disarmed ester-protected and in
soluble or solid-supported forms from corresponding glyco-
syl methanethiosulfonates and used in the glycosylation of a
variety of representative acceptors.

Oligosaccharides and glycopeptides are essential tools for the
investigation of the enormous variety of biological functions
that require specific carbohydrate-containing structures.1 Fur-
thermore, their potential as therapeutic agents is clear.2 As a
result, the formation of the glycosidic linkage continues to be a
dominant theme in carbohydrate chemistry.3 Yet despite the
development of many elegant strategies, there is still no
generally efficient and stereoselective method available. To this
end, a number of glycosyl donor systems have been developed
in which differences in their anomeric leaving groups have an
often critical effect upon reactivity. Of the variety of glycosyl
donor systems available, thioglycosides 1 have proved one of

the most popular.4 Strategies for tuning their reactivity,
including armed/disarmed5 donors, active/latent donors6 or the
use of bulky leaving groups,7 have culminated in elegant one-
pot glycosylation systems.8

With the goal of extending the scope of glycosyl donor
reagents with sulfur at the anomeric centre, we have examined
the utility of glycosyl disulfides 2. These appeared attractive for
several reasons: (i) the mixed disulfide linkage is a flexible one
that may be cleaved for ready aglycon adjustment in reactivity
tuning methods.9 (ii) If used as a linker in solid-supported
glycosylations, the anomeric mixed disulfide linkage would
allow bidirectional (reductive or hydrolytic) cleavage, that
would be of great advantage in both the analysis and use of solid
supported glycosylation systems. (iii) The coordination of a
potential thiophile by both sulfur atoms may offer enhanced
reactivity over single sulfur thioglycoside systems.10

Remarkably, despite these positive indications and the high
utility of thioglycosides 1, the use of glycosyl disulfides 2 as
glycosyl donors in O-glycoside bond formation is unexplored.11

This neglect of glycosyl disulfides may in part be due to the lack
of efficiency in existing syntheses.12 We therefore set ourselves
the goals of (a) developing efficient and general methods for the
construction of glycosyl disulfides and (b) exploring their utility
as glycosyl donors in O-glycoside formation.

Methanethiosulfonate (MTS) reagents allow the rapid and
efficient formation of mixed disulfides.13 We have previously
demonstrated the utility of glycosyl methanethiosulfonates in
the site-selective glycosylation or proteins.14 In order to test
fully the efficiency and scope of their use as reagents we

prepared a representative range of glycosyl disulfides 2a–e
(Scheme 1) in which the structure of the coupling thiol 4 was
varied. Thus, addition of ethanethiol 4a to equimolar glucoMTS
3a14 gave ethyl glucosyl disulfide 2a† in an excellent 96%
yield. Similarly, more complex dipeptide glucosyl disulfide
2b15 (62% yield), as a potential glycopeptide mimic, or
galactosyl glucosyl disulfide 2c (60% yield), as a potential
trehalose analogue, were also prepared in fair yield simply by
reaction of the appropriate thiol 4b,c, respectively, with 3a. It
should be noted that in all cases the b anomeric stereochemistry
of the glucoMTS was preserved in the product disulfides. This
also demonstrated the compatibility of this method with
partially-, 4b, or even un-protected, 4c, thiols. To investigate the
effect of protecting groups in the glucoMTS 3, we prepared
perbenzylated glucoMTS 3b, which also reacted smoothly with
ethanethiol to give 2d (78% yield).16

Having demonstrated the efficient synthesis of several
different glucosyl disulfides 2a–d, we chose ethyl glycosyl
disulfides 2a,d as model systems in which to investigate their
utility as glycosyl donors with the representative selection of
glycosyl acceptors 5a–c (Scheme 2). As Table 1 shows,
glucosyl disulfide 2a allowed the successful preparation of
simple 6a, disaccharide 6b17 and glycopeptide 6c18 O-gluco-
sides. In all three cases exclusive b-stereoselectivity was
observed. However, consistent with the disarmed and peracety-
lated nature of 2a, moderate yields and acetyl migration side-
products19 were obtained under a variety of conditions. The
disarmed nature of 2a was further confirmed by the lack of
reactivity with I2 but the efficient conversion of 2a to
acetobromoglucose 7 using IBr.20 With the aim of improving
efficiencies, the activation of armed perbenzylated glucosyl
disulfide 2d was investigated next. We were delighted to find
that under the optimal conditions elucidated for the activation of
2a (NIS, TESOTf, CH2Cl2), 2d rapidly and smoothly21 gave
methyl glucoside 8a in an excellent 90% yield. Furthermore,
reaction of 2d with more hindered acceptors 5b,c gave good
yields of disaccharide 8b22 and glycopeptide 8c23 O-glucosides,
respectively.

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b008734n/
‡ Some of this work was presented at a joint meeting of the RSC
Carbohydrate and Bioorganic groups, Warwick, July 6 2000 and at the 20th
International Carbohydrate Symposium, Hamburg, August 30, 2000.

Scheme 1

Scheme 2
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To test the applicability of glycosyl disulfides to solid-
supported glycosylation strategies we used mercaptomethylpo-
lystyrene 4e as a suitable thiolfunctionalized support (Scheme
3). Such was the reactivity of 3b that even with solid-supported
thiol 4e reaction proceeded rapidly (1 h) to give solid-supported
glycosyl disulfide 2e.24 The cleavage of 2e as a representative
disulfide-linked glycoside from the support in a bidirectional
manner was then demonstrated. Firstly, a small portion of 2e
was taken and treated with tributylphosphine to yield configura-
tionally stable tetrabenzyl 1-thio-b-D-glucose 9. The potential
ability to retune 9 in a latent/active manner to create a glycosyl
donor bearing an alternative aglycon (in this case bearing a
methyl) was demonstrated by smooth conversion into 1025

using methyl methanethiosulfonate. This also showed the
release of solid-supported glycosyl disulfide glycosyl donor 2e
from the resin in the form of a solution phase glycosyl donor 10,
thereby demonstrating the potential of the resin as a platform for
the creation of solution-phase donors. Next, the ability of 2e to
act as a solid-supported glycosyl donor was clearly demon-
strated by activation with NIS, TESOTf in the presence of
glycosyl acceptor 5a to yield methyl glycoside 8a in a good
overall yield (67% over 2 steps). This is also a traceless
cleavage method that installs reducing end functionality.

In summary, we have demonstrated the ready and efficient
preparation of a wide range of glycosyl disulfides using
differently protected glycosyl methanethiosulfonates. Fur-
thermore, we have shown for the first time that glycosyl
disulfides may be used as efficient glycosyl donors in both
solution- and solid-phase systems for the preparation of O-
glycosides including disaccharides and glycopeptides. The
disulfide linkage offers enhanced utility in aglycone alteration,
use as a linker to solid supports and higher activation rates, the
full potential of which is the subject of current investigations.
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Table 1 Results of glycosylation reactions using dithioglycosides 2 as
donors

Donor Conditionsa

Reac-
tion
time/h

Accep-
tor

Pro-
duct Yields (%)b

2a NIS, reflux 24 5b 6b 32c (b only)
2a NIS, TfOH 22 5b 6b 26c (b only)
2a NIS, TfOH, CH3CN 24 5b 6b 2c (b only)
2a NIS, TMSOTf 4.5 5b 6b 30c (b only)
2a NIS, TMSOTf, CH3CN 6 5b 6b 16c (b only)
2a NIS, TESOTf 2 5b 6b 36c (b only)
2a I2 168 5b — —
2a IBr 30 min — 7 82 (a only)
2a NIS, TESOTf 15 min 5a 6a 24c (b only)
2a NIS, TESOTf 24 5c 6c 34c (b only)
2d NIS, TESOTf, 0 °C 40 min 5b 8b 75 (9+11 a+b)
2d NIS, TESOTf 0 °C 1 5a 8a 90 (9+15 a+b)
2d NIS, TESOTf, 0 °C 1.5 5c 8c 73d (1+1 a+b)
2e NIS, TESOTf 4 5a 8a 67e (1+2 a+b)
a All reactions at rt in CH2Cl2 unless otherwise stated. b All yields are for
isolated products. c See ref. 19. d See ref. 23. e Yield over two steps:
mercaptomethylpolystyrene 4e with 3b then glycosylation.

Scheme 3 Reagents and conditions: i, Et3N, CH2Cl2; ii, PBu3, CH2Cl2; iii,
MeSSO2Me, Et3N, CH2Cl2; iv, MeOH, CH2Cl2, NIS, TESOTf.
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Oxidation of adamantane and 2,3-dimethylbutane by me-
thyl(trifluoromethyl)dioxirane is accompanied by chemi-
luminescence (CL); formation of the emitter of CL, triplet
excited trifluoropropanone, is proposed to occur via a
concerted oxenoid mechanism of oxygen insertion into C–H
bond of the hydrocarbons.

Chemiluminescence (CL) is a promising rapidly developing
area of chemistry of new class of hyperenergetic molecules—
dioxiranes.1,2,3a,b,4 In 1981 it was suggested1 that isomerization
of dioxirane into the corresponding ester should lead to the
electronic excitation of the latter. Recently it was revealed that
decomposition of dioxiranes in the absence of reactive sub-
strates under certain conditions really results in production of
the light emission.2,3a,b Apart from the study of CL of isolated
dioxiranes, dioxirane intermediate has been also postulated to
explain luminescence in biochemical systems.5

On the other hand, dioxiranes are known to be highly
effective yet selective oxidants in respect to various classes of
organic compounds.3 Some of these oxidation reactions are
exothermic enough6 to generate excited species and conse-
quently to produce CL. The area of oxidative CL of dioxiranes
seems to be highly perspective from the viewpoint of funda-
mental questions of chemistry of excited states since it could
provide new valuable information not only on mechanisms of
CL, but also on some aspects of generation of light in
biochemical reactions as it has been suggested that dioxirane
intermediates may be involved in biochemical oxidations.7a

However, in spite of these promising perspectives, so far the
literature contained only a single report on generation of CL in
the course of oxidative reactions of isolated dioxiranes. In 1994
CL occurring during oxidation of olefin (9-arylmethylene-
10-methyl-9,10-dihydroacridine) with isolated dimethyldioxir-
ane (DMD) was reported.4

In this communication we report the observation of a novel
type of CL of dioxiranes occurring during oxidation of saturated
hydrocarbons, such as adamantane (Ad) and 2,3-dimethyl-
butane (DMB), with isolated methyl(trifluoromethyl)dioxirane
(TFD).7a We also suggest a plausible mechanism of lumines-
cence generation. To the best of our knowledge, CL in the
reaction of alkanes with dioxiranes is unprecedented.

We have found that interaction of Ad and TFD is accom-
panied by light emission in the visible spectrum region (lmax =
430–470 nm). Under air atmosphere, the maximum intensity
of CL and the total amount of light (S) evolved in the reaction
(18 °C, CCl4, [Ad]o = 0.063 mol l21, [TFD]o = 0.0019 mol
l21) were equal to 2 3 106 photon s21ml21 and 1.4 3 107

photon ml21 respectively. However, significant increase in CL
intensity (ICL) was observed when the reaction was carried out
under nitrogen atmosphere. This effect testifies in favour of the
triplet nature of the CL emitter since it is known that oxygen
quenches triplet excited states.

Reaction of Ad with TFD is known7a,b to obey a second order
low (first order on each substrate):

W = k2[Ad][TFD]
or, under pseudo-first order conditions:
W = k1[TFD], where k1 = k2[Ad].

Indeed, under [TFD]o < < [Ad]o, the plots ln(ICL) vs. time
were found to be linear, yielding reproducible values of k1.
From this k2 values were estimated at different temperatures
(Table 1). The activation parameters for k2 calculated from the
data of Table 1 are equal to Ea = 8.2 ± 0.7 kcal mol21 and logA
= 6.5 ± 0.5.

Under pseudo-first order conditions the rate of the reaction
(W) is connected with the CL intensity by the following
expression:

ICL = oCL W = oCLk2[Ad][TFD] = k1[TFD] (1)

where oCL is yield of CL.
The value of oCL was estimated from eqn. (1) using k2 values

taken from Table 1. Thus, at 18 °C oCL is equal to 1.2 3 10211

Einstein mol21. The yield of CL calculated from the ratio
S/[TFD]o ≈ 1.16 3 10211 Einstein mol21 is in agreement with
that obtained from eqn. (1).

CL occurring under interaction of dioxiranes with alkanes
appeared to be a more general phenomenon. In fact, we have
found that interaction of DMB with TFD is also accompanied
by light emission. The yield of CL (estimated as S/[TFD]o ratio)
is equal to 2.6 3 10212 Einstein mol21 (at 18 °C). It is important
to note that the region of CL appeared to be the same as for the
reaction of TFD with AD, i.e. lmax = 430–470 nm.

What is the mechanism of CL occurring under reaction of
TFD with Ad and DMB? Interaction of alkanes with dioxiranes
is known3,7 to result in the formation of the corresponding
alcohol and ketone–dioxirane reduction product. In the course
of previous studies it was shown3,7 that oxidation of alkanes
(including Ad and DMB) by TFD is a bimolecular reaction
implying involvement of high-ordered (so-called butterfly)
transition state (Scheme 1 (path (a)).†

Therefore, it seems to be reasonable to attribute the light
emission to the mechanism depicted in Scheme 1. According to
the proposed mechanism only corresponding alcohol R–OH and
trifluoropropanone (TFP) could be regarded as potential CL
emitters. However, we can exclude alcohols from the considera-
tion since they emit in the shorter wavelength region of
spectrum than that recorded for CL in our system. Indeed, the
range of CL observed upon oxidation of DMB and AD by TFD
corresponds to the phosphorescence (PS) of TFP, testifying that

Table 1 Dependence of the rate constant of oxidation of Ad by TFD on
temperature (solvent-CCl4, N2 atmosphered)

T/K 251 262 272 279.5 283.5 288.5 291.5

ak2 (l mol21 s21) 0.23c 0.47 0.73 1.42 1.57 1.83 2.25
0.51b

a Estimated as k2 = (k1/[Ad]o); k1 values were obtained from pseudo-first
order kinetic plots of CL damping with [TFD]o = 1.8–3.8 3 1023 mol L21

and [Ad]o = 4–6.3 3 1022 mol  L21; most data are averages (±5%) from
duplicate or more runs. b Value of the rate constant obtained previously7a (in
CH2Cl2–TFP mixture) under second-order rate conditions by non-CL
method (GLC). c Extrapolated to 251 K from Arrhenius equation.
d Replacing N2 with O2 atmosphere does not affect the rate constant of the
reaction.
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the latter in triplet excited state (TFP*
T) is indeed an emitter of

CL.‡ Recent calculations5a also favor the proposed mechanism
of CL: oxygen insertion into C–H bonds of saturated hydro-
carbons was shown to be about 265–270 kcal mol21

exothermic6a so that the sum of enthalpy and activation energy
(according to our data ca. 8 kcal mol21 for the reaction of Ad
with TFD) should be sufficient for excitation (Scheme 1, path
(b)) of, at least, triplet state of TFP. In fact, the energetic level
of TFP*

T is equal8 to ca. 75 kcal mol21, whereas the singlet
excited level of TFP8 is about 9 kcal mol21 higher and unlikely
to be occupied in the reaction.

One may note that the yield of CL arising during oxidation of
alkanes with TFD was found to be relatively low.§ This fact is
not surprising since numerous oxidation reactions are charac-
terized by rather low yields of CL (ultra-weak CL). In
particular, this is characteristic for light emission recorded in
certain biological systems.9

It is of interest that we failed to record CL upon interaction of
Ad with less reactive DMD. This is despite the fact that DMD,
similar to TFD, is known to oxidize Ad into the corresponding
alcohol.7e Probably, the slower rate of Ad oxidation by DMD,
compared with that of TFD,7b accounts for the impossibility of
recording CL due to its low intensity and the quenching of
excited acetone (formed by analogy with TFP) by molecules of
solvents or other reagents. However, introduction of 9,10-dicya-
noanthracene (DCA) in the system results in the  appearance of
light emission ([DMD]o = 3.1 3 1022 mol l21, [Ad]o = 4 3
1022 mol l21, [DCA]o = 6.6 3 1025 mol l21, CCl4–acetone =
2+1, 20 °C). DCA was found to be the emitter of the CL
observed. One may suppose, that in this case DCA serves as a
CL activator and enhances CL intensity as a result of energy
transfer from excited acetone, formed by analogy with the
mechanism suggested for TFD oxidation of alkanes (Scheme 1,
path (b)). However, in contrast to the TFD case, along with
triplet ketone, significant contribution of singlet excited states
of acetone seems to have taken place since only insignificant
quenching (ca. 20%) of CL intensity by oxygen is observed in
this reaction. Consequently, excitation of DCA is likely to be
caused by transfer of energy from both singlet and triplet
excited molecules of acetone (Scheme 2).

Likewise, effect of CL enhancement is observed when
reaction of TFD and AD is carried out in the presence of DCA,
obviously due to transfer of energy from the TFP*

T on the
activator with subsequent radiative deactivation of the latter.

In conclusion, oxidation of alkanes by TFD is accompanied
by CL.¶ We have proposed a plausible mechanism of CL
(Scheme 1 (path b)) to explain our observations. We suggest to
call this novel type of CL butterfly chemiluminescence or, in
more general sense, oxygen-transfer chemiluminescence. To the
best of our knowledge, this is a new mode of chemiexcitation
not only for dioxiranes but also for other liquid-phase organic
reactions with peroxide participation.

We thank Russian Foundation for Basic Research (project No
99-03-32140a) and program of Leading Scientific Schools
Support (project No 00-15-97323) for financial support of this
work. We are also grateful to Professor Curci (University of
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critical reading of the manuscript.

Notes and references
† Oxidation of DMB by TFD (as 1+1 ratio) leads exclusively to the
corresponding alcohol.7a Likewise, interaction of Ad and TFD (as 0.9 ratio)
results in the formation of 94% of adamantan-1-ol (Ad-OH), 5% of
adamantane-1,3-diol and trace amounts of adamantanone (as a result of
further oxidation of Ad-OH).7b Apart from these compounds and TFP no
other products or even intermediates were detected in the course of the
reactions of alkanes with TFD.7 Kinetics evidence and the other
experimental data3,7 also testify in favour of absence of any other routes
(including those involving participation of radicals) of the reaction except
that depicted in Scheme 1 (path (a)). In particular, very low frequency factor
values (logA ~ 6.6–10) noted7a,c for oxidation of alkanes by TFD are
regarded as support for the existence of a highly ordered transition state
preceding the formation of reaction products.
‡ PS spectrum of TFP was recorded on Hitachi MPF-4 fluorimeter at 77K
(lexc = 320 nm): the spectrum has a broad maximum in the region 400–490
nm (spectrum of PS of TFP recorded in gas phase8 has a shift to longer
wavelength region at ca. 30 nm).
§ Estimation of the yield of excitation of TFPT

* was made on the
assumption that the quantum yield of its PS is about equal to that of acetone,
i.e. 1025. Under this approach, the yield of chemiexcitation of TFP was
estimated to be 1024 and 1025% for the reaction of TFD with AD and DMB
respectively.
¶ We have observed CL occurring upon interaction of TFD and DMD with
various types of organic compounds including some polyaromatic hydro-
carbons, dyes (rhodamine 6G, eosine), europium chelates etc. CL intensities
recorded in these reactions in many cases are significantly higher then those
observed in the reaction of dioxiranes with Ad and DMB (unpublished
results). The study of CL arising in reactions of organic compounds with
dioxiranes is under progress in our laboratory.

1 W. Adam and R. Curci, Chim. Ind. (Milan), 1981, 63, 20.
2 (a) D. V. Kazakov, A. I. Voloshin, N. N. Kabal’nova, S. L. Khursan,

V. V. Shereshovets and V. P. Kazakov, Russ. Chem. Bull., 1997, 46, 456;
(b) D. V. Kazakov, A. I. Voloshin, N. N. Kabal’nova, V. V. Shereshovets
and V. P. Kazakov, Mendeleev Commun., 1998, 49; (c) D. V. Kazakov,
N. N. Kabalnova, A. I. Voloshin, V. V. Shereshovets and V. P. Kazakov,
Russ. Chem. Bull., 1995, 44, 2193; (d) D. V. Kazakov, A. I. Voloshin,
V. V. Shereshovets, V. N. Yakovlev and V. P. Kazakov, Mendeleev
Commun., 1998, 169; (e) D. V. Kazakov, A. I. Voloshin, V. V.
Shereshovets and V. P. Kazakov, in Bioluminescence and Chemilumines-
cence: Perspectives for the 21st Century, ed. A. Roda, M. Pazzagli, L. J.
Kricka and P. E. Stanley, John Wiley & Sons, 1999.

3 For reviews on dioxirane chemistry, see: (a) V. P. Kazakov, A. I.
Voloshin and D. V. Kazakov, Russ. Chem. Rev., 1999, 68, 253; (b) W.
Adam, L. P.  Hadjiarapoglou, R. Curci and R. Mello, in Organic
Peroxides, ed. W. Ando, Wiley, New York, 1992, V. 4, p. 195; (c) R. W.
Murray, Chem. Rev., 1989, 89, 1187; (d) R. Curci, A. Dinoi and M. F.
Rubino, Pure and Appl. Chem., 1995, 67, 811.

4 K. Sakanishi, Y. Kato, E. Mizukoshi and K. Shimizu, Tetrahedron Lett.,
1994, 35, 4789.

5 (a) W. A. Francisco, H. M. Abu-Soud, A. J. DelMonte, D. A. Singleton,
T. O. Baldwin and F. M. Raushel, Biochemistry, 1998, 37, 2596; (b) F. M.
Raushel and T. O. Baldwin, Biochem. Biophys. Res. Commun., 1989,
164, 1137.

6 (a) M. N. Glukhovtsev, C. Canepa and R. D. Bach, J. Am. Chem. Soc.,
1998, 120, 10 528; (b) A. G. Baboul, H. B. Schlegel, M. N. Glukhovtsev
and R. D. Bach, J. Comput. Chem., 1998, 19, 1353.

7 (a) R. Mello, M. Fiorentino, C. Fusco and R. Curci, J. Am. Chem. Soc.,
1989, 111, 6749; (b) R. Mello, L. Cassidei, M. Fiorentino, C. Fusco and
R. Curci, Tetrahedron Lett., 1990, 31, 3067; (c) W. Adam, G. Asensio, R.
Curci, M. E. Gonzalez-Nunez and R. Mello, J. Org. Chem., 1992, 57,
953; (d) W. Adam, R. Curci, L. D’Accolti, A. Dinoi, C. Fusco, F.
Gasparrini, R. Kluge, R. Paredes, M. Schulz, A. K. Smerz, L. Angela
Veloza, S. Weinkotz and R. Winde, Chem. Eur. J., 1997, 3, 105; (e) R.
Curci, A. Dinoi, C. Fusco and M. A. Lillo, Tetrahedron Lett., 1996, 37,
249. 

8 P. A. Hackett and D. Phillips, J. Phys. Chem., 1974, 78, 665.
9 (a) K. Osada, Y. Furukawa, M. Komai and S. Kimura, J. Clin. Biochem.

Nutr., 1990, 8, 185; (b)  J. S. Sun, Y. H. Tsuang, I. J. Chen, W. C. Huang,
Y. S. Hang and F. J. Lu, Burns, 1998, 24, 225; (c) I. Kruk, K. Lichszteld,
T. Michalska, K. Nizinkiewicz and J. Wronska, J. Photochem. Photobiol.
B-Biology, 1992, 14, 329.

Scheme 1

Scheme 2

192 Chem. Commun., 2001, 191–192



Dissolution of small diameter single-wall carbon nanotubes in organic solvents?

Jeffrey L. Bahr, Edward T. Mickelson, Michael J. Bronikowski, Richard E. Smalley* and James M. Tour*

Department of Chemistry and Center for Nanoscale Science and Technology, MS 222, Rice University, 6100 Main
Street, Houston, Texas 77005, USA. E-mail: tour@rice.edu

Received (in Columbia, MO, USA) 19th September 2000, Accepted 27th November 2000
First published as an Advance Article on the web 8th January 2001

The solubility of small diameter single-wall carbon nano-
tubes in several organic solvents is described, and character-
ization in 1,2-dichlorobenzene is reported.

Owing to their phenomenal electrical and mechanical proper-
ties, single-wall carbon nanotubes (SWNTs) have been an area
of intense research since their discovery in 1991,1 and a variety
of potential applications have been proposed.2 Many of these
applications will likely require chemical modification to
facilitate manipulation of the tubes. Consequently, there have
been significant efforts to derivatize SWNTs.3 These efforts,
including our own, have been hampered by minimal or
complete lack of solubility in common organic solvents. We
report here a screening of organic solvents, many of which have
previously been found advantageous towards the dissolution of
C60 and C70 fullerenes.4 Solubilization of SWNTs is expected to
facilitate both their chemical derivatization and investigation of
their photophysical properties.

The SWNT samples used for this study were produced by a
gas-phase catalytic process developed by Smalley and cowork-
ers.5 This process is capable of producing SWNTs with
diameters of ca. 0.7 nm, considerably smaller than SWNTs
typically produced by laser oven methods.5,6 The production
material was used directly, with no purification. The material
used for this investigation consisted of mostly carbon nano-
tubes, and contained ca. 5 atom% residual iron catalyst, as
verified by scanning electron microscopy (Philips XL 30
ESEM) and EDAX (energy dispersive analysis with X-rays).
An SEM image of the SWNTs is shown in Fig. 1

UV–VIS absorption spectroscopy was used to determine
solubility as follows. Several different concentrations of SWNT
solutions in 1,2-dichlorobenzene were prepared by sonication
(Cole-Parmer B3-R, 55 kHz). The solutions were then filtered
through glass wool until no visible particulate remained, and the
absorption spectrum was recorded (Fig. 2). A 100.0 mL aliquot
of each sample was placed in a warm water bath, and the solvent
was removed with a gentle stream of nitrogen. The samples
were dried in an oven at 130 °C for 1 h and then weighed to
determine the mass of solubilized SWNT. This concentration
(in mg L21) in conjunction with the absorbance at 500 nm,
allowed preparation of the plot shown in the inset of Fig. 2. The
slope of the linear-least-squares fit is then analogous to the
familiar extinction coefficient of Beer’s Law.7 This value was

used to determine the concentration of all subsequent samples,
which were prepared in the following manner. Several mg of
SWNT material were placed in a scintillation vial containing 10
mL of solvent. The amount of SWNTs used was sufficient to
ensure undissolved material. The vial was capped and sonicated
for 1 h. The solution was filtered through glass wool until no
particulate remained, and the absorption spectrum was re-
corded. The concentration was determined as described above.
The results are shown in Table 1. A single production batch was
used to generate the results shown in Table 1. The stability of
these solutions varied from ca. 4 h to more than 3 days for
1,2-dichlorobenzene. Since the solubility of SWNT samples
might vary from batch to batch, two other batches of gas-phase
grown material were checked for their solubility properties in
1,2-dichlorobenzene. The results were within ca. 10% of the
original batch.

Fig. 1 SEM image of the SWNT material used for this investigation.

Fig. 2 Absorption spectrum of the SWNT material at a concentration of 27
mg L21 in 1,2-dichlorobenzene. Inset: Optical density at 500 nm of the
SWNT material in 1,2-dichlorobenzene at different concentrations. The
straight line is a linear-least-squares fit to the data; slope = 0.0286.

Table 1 Room-temperature solubility of the SWNT materiala

Solvent mg L21

1,2-Dichlorobenzene 95
Chloroform 31
1-Methylnaphthalene 25
1-Bromo-2-methylnaphthalene 23
N-Methylpyrrolidinone 10
Dimethylformamide 7.2
Tetrahydrofuran 4.9
1,2-Dimethylbenzene 4.7
Pyridine 4.3
Carbon disulfide 2.6
1,3,5-Trimethylbenzene 2.3
Acetone —b

1,3-Dimethylbenzene —b

1,4-Dimethylbenzene —b

Ethanol —b

Toluene —b

a The sonicator bath water temperature rose to ca. 35 °C over the course of
1 h. b Solubility in these solvents was < 1 mg L21
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1,2-Dichlorobenzene was found to be a reasonable solvent
for the SWNTs. A photograph of the SWNT samples dissolved
in 1,2-dichlorobenzene at differing concentrations is shown in
Fig. 3. The 1,2-dichlorobenzene solutions could be filtered (0.2
mM PTFE, Sartorius), dried for 1 h at 140 °C, and then re-
dissolved.

The issue of solution vs. suspension for SWNT in organic
solvents is unresolved. Although there was no visible partic-
ulate in the solutions reported here, the terms ‘metastable
solution’ or indeed even ‘suspension’ may be equally applica-
ble. The question of whether solvation means exfoliation of
nanotube ropes into individual nanotubes is perhaps inherent in
this issue. In an attempt to determine whether these solutions/
suspensions were comprised of individual tubes, we performed
atomic force microscopy (Digital multi-mode SPM)8 on
samples deposited from 1,2-dichlorobenzene solutions. Sam-
ples from a ca. 5 mg L21 solution showed mostly small bundles
which are likely comprised of several nanotubes, based on
height analysis of ca. 1.5–1.9 nm and lengths of ca. 500 nm.
Analysis of samples deposited from more concentrated solu-
tions revealed larger bundles or ropes with heights of ca. 6 nm
and lengths of 1–3 mM. These bundles are a result of the
significant van der Waals interaction between the sidewalls of
the tubes. It is therefore possible that solubilization in
1,2-dichlorobenzene does not completely exfoliate the SWNT
bundles to give individual nanotubes. Alternatively, individual
tubes could be present when in solution, but these coalesce
when spin-coated on the substrate for imaging.

Solutions in 1,2-dichlorobenzene did not pass through a 1.2
mM PTFE membrane (Sartorius). This does not conclusively
mean that all tubes in the solution were longer than 1.2 mM. A
few longer tubes may form a mat on the membrane, preventing
passage of shorter tubes. In addition, these membranes are
‘torturous path’ filters, which may require significant solute
deformation; a difficult task for these exceedingly rigid tubular
structures. We also attempted to pass a ca. 30 mg L21

1,2-dichlorobenzene solution (this solution was sonicated for
ca. 20 min) through a 3 mM, track-etched polycarbonate
membrane (Poretics). The pores in these membranes are nearly
‘straight’ holes (relative to their diameter) which do not require
significant solute deformation for passage. The filtrate con-
tained 13 mg L21 of SWNTs. This solution did not exhibit a
Tyndall effect (632 nm) 20 min after filtration. This suggests
that most particles in the solution are on the order of 0.6 mM in
length or smaller, though this is of course an extremely crude
estimate of particle size. In addition, at this concentration, the
solution absorbs ca. 50% of the incident light at 632 nm. After
ca. 1 h, the solution did exhibit a Tyndall effect, and particulates
became visible shortly thereafter. It is then reasonable to
suppose that individual tubes might indeed exist in the solution

at low concentrations, but they eventually form ropes, then
bundles of larger size. In more concentrated solutions, the tubes
are likely to exist only as ropes or bundles. Whenever dealing
with such large, rigid molecules however, the question of ‘true’
solubility persists.

A report recently appeared in the literature concerning
dissolution of laser-oven produced SWNTs (diameter ca. 1.2
nm) in organic solvents.9 The authors presented extensive
spectroscopic characterization of the dispersions, and con-
cluded that highly polar solvents such as dimethylformamide,
N-methylpyrrolidinone, and hexamethylphorphoramide were
the most attractive solvents. We have also investigated the
solubility of laser-oven produced tubes (obtained from
Tubes@Rice) in 1,2-dichlorobenzene, which was briefly
touched upon in the aforementioned report. We found the raw
production material to possess a solubility similar to that of the
gas-phase catalytically grown tubes in 1,2-dichlorobenzene, at
ca. 75 mg L21. However, this material consists of as little as
40% SWNTs, the remainder being comprised of amorphous
carbon amd metal catalysts. We found purified material from
Tubes@Rice (consisting of ca. 90% SWNTs) to be con-
siderably less soluble in 1,2-dichlorobenzene, at 35 mg L21. It
is therefore likely that impurities play a role in dissolution of the
laser-oven grown SWNTs. Alternatively, the purification
process may affect the integrity of the SWNTs, altering their
solubility properties. Concerning the differences observed
between the laser-oven produced material and the gas-phase
catalytically produced material, it is not clear whether these
arise from the nature of the tubes themselves (i.e. the diameter
or possibly differing helicity mixtures), or merely arise from the
different impurities or intermolecular packing characteristics of
each production method.

We are currently seeking to take advantage of the dissolution
ability of 1,2-dichlorobenzene to facilitate chemical derivatiza-
tion of the gas-phase catalytically produced SWNTs.

We thank Dr Robert Hauge for helpful discussions. We
gratefully acknowledge the financial support of NASA (NASA-
JSC-NCC 9-77, OSR#99091801) and the NSF (NSR-DMR-
0073046#) for this work.
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A salt-free functionalisation of phenols with either butadiene
or isoprene in the presence of palladium catalysts has been
developed, which gives octadienyl- or decadienylphenols
selectively.

Transition metal-catalyzed C–C coupling reactions of arenes
with unsaturated organic compounds are of increasing im-
portance for the synthesis of fine chemicals, agrochemicals and
intermediates for pharmaceuticals.2 However, a general prob-
lem in most arene transformation reactions is the production of
at least stoichiometric amounts of salts due to the necessity of
using Lewis acids or suitable activating groups, e.g. halides, on
the aromatic ring. Despite considerable efforts in the past, only
a few examples of direct atom-efficient functionalizations of
aromatic compounds are known.3 Hence, the development of
efficient ecologically-favorable protocols for the construction
of C–C bonds to aromatic rings is one of the important goals for
catalysis.

In 1967 Smutny4 described the first palladium-catalyzed
telomerization reaction5 of phenol with buta-1,3-diene, which
yielded O-allylated octa-2,7-dienyl ethers. In the original paper
Smutny also reported the observation of C-allylated phenols,
although neither product yields nor the reaction conditions were
given. Later on, telomerizations with phenol were studied by
Weigert,6 Beger7 and Kaneda et al.8 In all these studies only the
corresponding O-allylated ethers were obtained.

In this paper we describe the catalytic salt-free reaction of
naphthol and electron-rich phenols with buta-1,3-diene and
1,3-isoprene giving selectively C-allylated phenols.

While studying the telomerization of buta-1,3-diene with
methanol,1 we became interested in the reaction of 1,3-dienes
with substituted phenols and naphthol. Applying our previously
optimized conditions (0.1 mol% Pd(OAc)2–1 eq. PPh3 in THF
at 90 °C) the reaction of 100 mmol b-naphthol with 200 mmol
buta-1,3-diene yielded both of the expected O-allylated prod-
ucts (1-naphthoxyocta-2,7-diene 1: 30% yield and
3-naphthoxyocta-1,7-diene 2: 7% yield) as well as significant
amount (25%) of the ortho-C-allylated product 1-(octa-2,7-die-
nyl)-2-naphthol 3 (Scheme 1).

By variation of the catalyst system, the reaction temperature
and the ligand-to-metal ratio we discovered that it is possible to
obtain the C-allylated products selectively (Table 1). Using

optimized conditions (L+Pd = 3+1; addition of 1 mol%
triethylamine) 3 was obtained in 84% yield (ratio C+O-allylated
products = > 50+1).† Interestingly, this reaction, which
resembles the classic Friedel–Crafts allylation, proceeds with
high regioselectivity. Apart from 3, only a small amount ( < 3%)
of a second C-allylated naphthol was obtained. The efficiency
of the simple Pd(OAc)2–PPh3 catalyst is remarkable: even in the
presence of only 0.01 mol% Pd-catalyst, a 76% yield of 3 was
obtained (TON = 7600).

In order to understand the formation of the C-allylated
telomerization product we studied the reaction of 1 in the
presence of catalytic amounts (0.5 mol%) of Pd(OAc)2–2 PPh3
in toluene at 70–90 °C. After 30 min at 70 °C none of the C-
allylated product 3 was observed. However, after 1.5 h at 90 °C
the formation of 3 began, and after 6 h (90 °C) 3 was the main
product in the reaction mixture, although other C-allylated
products (ca. 5–10%) were detected. Based on detailed
mechanistic studies of the telomerization of butadiene and
methanol9 we propose the following mechanism for the
formation of 3 (Scheme 2).

The Pd(0)-catalyzed dimerization of buta-1,3-diene affords
the L–Pd–(h1,h3-octadiendiyl) complex 4. Subsequent protona-
tion at C6 and attack of the oxygen atom at C1 or C3 yields the
corresponding naphthyl allyl ethers 1 and 2. Due to the
improved leaving group ability of naphthol compared to an
aliphatic alcohol, 1 and 2 are in equilibrium with 5 under the
reaction conditions.10 Allylation is also possible ortho to the
hydroxy group, due to the ambident character of napthol. As this
reaction step is irreversible, 3 is the main product of this
reaction. The large influence of the P+Pd-ratio on the yield of 3

Scheme 1 Scheme 2
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is explained by a deactivation of the Pd catalyst at a low ligand
concentration and an inhibition of the catalyst activity in the
presence of an excess of phosphine ligand.

In order to demonstrate the generality of the palladium-
catalyzed C-allylation of phenols we studied the reaction of
buta-1,3-diene with electron-rich phenols and the reaction of b-
naphthol with isoprene (Table 2). C-Allylations similar to b-
naphthol are observed with 3-methoxyphenol, 3,5-dimethox-
yphenol, a-naphthol, 3-dimethylaminophenol and
3,4-methylenedioxyphenol. In contrast phenol yielded only the
corresponding O-allylated ethers.

Similar to electrophilic aromatic substitutions, the reaction of
butadiene and 3-methoxyphenol, 3,4-methylenedioxyphenol
and 3-dimethylaminophenol, gave not only the ortho-C-
allylated products 6–10, but also the para-allylated compounds
7c and 9c.

The reaction of b-naphthol with isoprene proceeds re-
gioselectively to give the C1-substituted b-naphthol.

In conclusion, we have shown that electron-rich phenols react
with 2 molecules of 1,3-dienes in the presence of Pd catalysts to
give C-allylated phenols. After reduction with hydrogen and Pd/

C the corresponding alkylated products are obtained in high
yields. The telomerization of phenols with dienes constitutes a
salt-free functionalisation of the aromatic nucleus, which
proceeds with remarkable catalyst turnover numbers.

We thank Dr W. Baumann (IfOK, Rostock) for performing
the NMR studies and Mrs K. Kortus and S. Buchholz for the GC
analysis. This work was supported by the Alexander-von-
Humboldt-Stiftung (grant for G. S.) and the State Mecklenburg-
West Pomerania.
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mixture was transferred into a steel autoclave charged with 14.4 g (100
mmol) b-naphthol. After cooling with dry ice 11.0 g (200 mmol) of
butadiene were condensed in the autoclave. The reaction was carried out by
stirring at 90 °C. After the reaction the resulting residue was purified by
flash chromatography (hexane–ethyl acetate) to afford 21.1 g (84%) of 3.

3: 1H NMR (CDCl3, 400 MHz) d = 1.29 (m, 2H), 1.88 (pseudo-q, J =
7.5 Hz, 3H), 3.66 (s, 2H), 4.80 (dd, J = 10.0, 2.0 Hz, 1H), 4.84 (dd, J =
17.2, 2.0 Hz, 1H), 5.40 (dt, J = 14.6, 7.1 Hz, 1H), 5.53 (dt, J = 15.1, 6.0
Hz, 1H), 5.60 (ddt, J = 17.1, 10.0, 6.5 Hz, 1H), 5.83 (bs, 1H), 6.96 (d, J =
8.5 Hz, 1H), 7.19 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H), 7.34 (ddd, J = 8.5, 7.0,
1.5 Hz, 1H), 7.50 (d, J = 8.9 Hz, 1H), 7.64 (d, J = 8.5 Hz, 1H), 7.80 (d, J
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128.42, 129.26, 131.55, 133.20, 138.63, 151.28.
MS: m/z: 252 [M+], 157 [M+ 2 C7H11] (100).
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Table 1 Telomerization of buta-1,3-diene with b-naphthola

Entry Ligand L+Pd
Conversionb

(%)
Yield 3c

(%)
Selectivity 3
(%)

Ratio
(3)+(1 + 2)d

1 PPh3 1:1 75 25 33 1
2 PPh3 3+1 82 76 93 38
3 PPh3 10+1 94 75 80 9
4 PPh3 50+1 75e 32 42 5
5 PCy3 3+1 73 38 52 2
6 P(C6H2(OMe)3)3

f 3+1 0 — — —
7 P(tBu)3 3+1 0 — — —
8 P(OC6H3(C4H9)3)3

g 3+1 57 16 29 0.3
9h PPh3 3+1 90 8 9 0.1

10i PPh3 3+1 88 69 78 29
11j PPh3 3+1 91 84 92 76

a 100 mmol b-naphthol, 200 mmol buta-1,3-diene, 0.1 mol% Pd(OAc)2, 50 ml THF, T = 90 °C, 16 h. b Conversion based on b-naphthol. c GC-purity > 80%.
d Ratio of peak areas (GC) (3)+(1 + 2). e C-Alkylated products with only one butadiene unit were also formed. f Tris(trimethoxyphenyl)phosphine. g Tris(2,4-
di-tert-butylphenyl) phosphite. h 60 °C. i 120 °C. j Addition of 1.0 mol% NEt3.

Table 2 Telomerization of buta-1,3-dienes with different substratesa

Entry Educt Ligand Product
Yieldb

(%)

Ratio
C+O-
alkc

1 a-Naphthold PCy3 6 47 > 98+2
2 b-Naphthole PPh3 3 84f > 98+2
3 Resorcinol monomethyl ether PCy3 7a–c 63 > 98+2
4 Phloroglucinol dimethyl etherg PPh3 8 72 > 98+2
5 3-Dimethylaminophenol PPh3 9a–c 41 > 98+2
6 3,4-Methylenedioxyphenolh PCy3 10 46f > 98+2
7 b-Naphtholi PCy3 11 55 > 98+2
a 100 mmol ROH, 200 mmol buta-1,3-diene, 90 °C, 16 h, THF, 0.5 mol%
Pd(OAc)2, Pd+PR3 1+3, NEt3.  b GC-purity > 98%.  c Ratio of peak areas
(GC).  d 12 h.  e 0.1 mol% Pd(OAc)2.  f GC-purity > 80%.  g 12 h, toluene,
0.01 mol% Pd(OAc)2.  h 150 mmol ROH were used.  i Isoprene was used
instead of buta-1,3-diene, 100 °C, toluene, 1 mol% Pd(OAc)2, isoprene–
ROH 3+1.
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It is possible (and occasionally preferable) to define bond
energies of polyatomic molecules by dissociation of the
molecule at a given bond into two radical fragments, e.g. for
a tetra-atomic molecule ABCD.

However it has long been recognized that the quantity derived
in this manner will bear little relation to the actual energy
content of the bond in the molecular ground-state equilibrium
geometry, due to internal reorganization of the radical frag-
ments. Clearly, a rigorous method for determining the distribu-
tion of bonding energy at the equilibrium geometry of a
polyatomic molecule using its wavefunction or charge density
would be highly desirable. In particular, it would provide a
powerful analytical tool for quantum chemistry by enabling
precise, quantitative statements to be made about the nature of
bonds in a given environment, as an alternative to other indirect
measures such as bond lengths; bond orders; charges or higher
multipoles; or (in some cases) aromaticity indices.1,2

E (B–C) · E(ABCD)–E(AB·)–E(CD·) (1)

Traditionally, the energies of specific bonds in a molecule
have been estimated from its atomization energy SD0 (if
vibrationally corrected) or SDe by making assumptions about
other bonds in the molecule. For example, the energy of the C–C
bond in ethyne, ethene or ethane may be calculated ‘precisely’
if the C–H bond energy is assumed to be either constant for all
three compounds, or the same as the bond energy in methane
(trivially SDe/4). Other approaches to calculating bond energies
which should be mentioned here include Grimme’s idea of
parameterizing the atomization energy in terms of bond critical
point (topological) properties;3 Bader’s proposal of relating the
bond energy to the integral of the energy density over the
interatomic surface;4 and Krygowski et al’s method of para-
meterizing the C–C bond energies as a single exponential
function of experimentally observed bond lengths.5

Like Grimme’s approach, the method outlined here does not
make any assumptions about the constancy of C–C bond
energies across any series of compounds, enabling individual
bond energies to be derived for each such bond in a molecule.
Our approach is to parameterize the potential energy surface for
each bond in a way which best reproduces the atomization
energies across a series of related compounds, assuming only
that chemically similar types of atoms interact via the same
potential.

Molecular geometries and total energies of benzene, naph-
thalene, five linear polyacenes (anthracene, tetracene, penta-
cene, hexacene and heptacene), five angular phenacenes
(phenanthrene, chrysene, picene, fulminene and [7]phenacene)
and four ‘composite’ benzenoid hydrocarbons (triphenylene,
pyrene, perylene, coronene) were obtained at B3LYP/
6-311G** level of theory, and used in the subsequent fitting
procedure. Comparing the best experimental bond length values
for benzene, naphthalene and anthracene, derived from low-
temperature crystallographic studies and corrected for libra-
tional effects,6 we find very good agreement with structures

optimized at this level of theory, around 0.006 Å mean
difference. Vibrationless atomization energies SDe were de-
rived from the molecular total energies by subtracting the
energies of the free ground state atoms at the same level of
theory, i.e. C(3P) = 237. 85599 and H(2S) = 20.50216, in
Hartree atomic units. The parameterization procedure begins by
defining a set of additive bond energies with respect to an
estimated vibrationless atomization energy SDe

calc:

S S SD E E
n ne

calc C – C) + C – H
CC CH

= ( ( ) (2)

At first glance, the above partitioning of atomization energy
seems inappropriate for the systems we have chosen to illustrate
the method, namely p-electron molecules with conjugated p-
bonds, and aromatic hydrocarbons in particular. An extension of
the HMO model due to Longuet-Higgins and Salem7 predicts
the following bond-energy contribution for any pair of neigh-
boring carbon atoms m and n

Emn (C–C) =  2{U(r) + 2pmn b(r)} (3)

where r is the C–C distance, U(r) and ß(r) are the s-bond
potential energy and the resonance integral, respectively, and
pmn represents the p-electron bond order for atoms m and n. The
latter quantity depends on the LCAO-MO coefficients of all the
occupied MOs, and thus is a function of the whole molecular
geometry, not just the m–n distance r. On the other hand at the
equilibrium molecular geometry there is a simple linear
relationship between the bond order pe

mn and the equilibrium
bond distance re

mn:

pe
mn = p(re

mn) = (R1 2 re
mn)/(R1 2 R2) (4)

where R1 (R2) is the length of a ‘pure’ single (double) C–C bond
of the sp2–sp2 type. It follows from eqs. (3) and (4) that for p-
electron hydrocarbons at equilibrium there is a universal
function E(r) which defines bond energies as dependent of
equilibrium bond distances re

mn,

Emn (C–C) = E(re
mn) (5)

The above result is valid providing that all the carbon atoms in
the molecule are considered equivalent (a usual assumption in
the HMO model). However, in aromatic molecules one finds
two kinds of atoms: tertiary (with one hydrogen atom attached)
and quaternary (with no hydrogen atom attached). Thus, up to
three kinds of C–C bonds may be distinguished in these
molecules (see below), with possible different bond-energy
functions Ei(r), (i = 1,2,3).

In our approach, the C–C bond energies are represented by
one or more Morse functions, slightly modified to give E (C–C)
= De at r = re (rather than zero energy at r = re).

Ei (C–C) = De
i {1 2 [1 2 exp {2ai (r 2 re

i)}]2} (6)

slightly modified to give E (C–C ) = De at r = re , rather than
zero energy at r = re (here re and De correspond to the minimum
of the Morse function, not to some equilibrium bond distance).
The subscript/superscript i labels the Morse function to be
applied. In fact it would be equally feasible to parameterize
Ei(C–C) with a three parameter harmonic model, i.e.

† Electronic supplementary information (ESI) available: data for attempted
fittings and exact and calculated atomisation energies for the final model.
See http://www.rsc.org/suppdata/cc/b0/b007657k/
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Ei (C–C) = De
i {1 2 ai (r 2 re

i) 2} (7)

but since the Morse function allows for anharmonicity without
introducing any more parameters, we consider it superior for
this application. At first, the bonds to terminal hydrogen atoms
were also parameterized with Morse functions, but it was found
essentially impossible to extract this data from the atomization
energies (the optimized C–H bond lengths vary from just 1.084
to 1.086 Å over the whole data set). Thus the single value of
E(C–H) for all such bonds was finally chosen as a parameter in
the fitting procedure.

The next step is to define a normalized c2 statistic which will
be minimized with respect to variations in the model parameters
during the fitting procedure.

c2
e

calc
e

2}
mols

= -S S S{ D D
n

(8)

This statistic is minimised in a simple iterative algorithm
employing numerical partial first derivatives of eqn. (5) with
respect to the model parameters in SDe

calc. This has been
implemented as a MATHEMATICA 48 routine which is freely
available from the authors, on request.

Topologically we can distinguish three types of C–C bond in
polyacenes (see Fig. 1). These are (i) bonds between carbon
atoms both bearing hydrogens; (ii) bonds between carbon atoms
where only one of the carbons bears a hydrogen; and (iii) bonds
between carbon atoms where neither bears a hydrogen. Thus it
could be expected that the potential energy surface for these
three types of bonds will differ, such that three independent
Morse functions for each type of bond will be required to
correctly describe all types of polyacene. However, we began
the fitting procedure assuming that a single C–C potential
energy surface might describe all types of C–C bonds, i.e. a
four-parameter fit of {De, a, re} plus E(C–H) for all sixteen
compounds. The result was quite poor reproduction of the
‘exact’ B3-LYP/6-311G** atomization energies by the model
calculated ones: the average (percentage) accuracy 100(c2/
nmols)

1
2 being just 0.5%. Subsequent improvement of the model

by distinguishing between chemically distinct types of C–C
bond led to a final model with ten parameters (three Morse
functions as described above) reproducing the atomization
energies with 0.04% average accuracy over all sixteen com-
pounds. The fitted model parameters are as follows (in units of
kJ mol21, Å21 and Å): type (i) C–C bonds {De, a, re} =
{530.83, 5.052, 1.3549}; type (ii) C–C bonds {DeA,aA,reA} =
{498.45, 6.448, 1.3922}; type (iii) C–C bonds {DeB,aB,reB} =
{490.49, 4.102, 1.3642}; and E(C–H) = 431.47 kJ mol21. The
data for all of the fits attempted and the exact and calculated
atomization energies for the final model are supplied as ESI.†.
Here we will just mention that by far the worst agreement
between any SDe and SDe

calc is found for septacene (SDe =
25212 kJ mol21 and SDe

calc = 25232 kJ mol21, a 0.08% error).
It should be noted that an error of 20 kJ mol21 on the
atomization energy represents < 1 kJ mol21 error on the
average C–C bond energy, since septacene has 30 C–C
bonds.

The bond energies derived from the final model by
substituting the optimized C–C bond lengths for r in eqn. (6)
vary over a range of 438–531 kJ mol21 in the sixteen
compounds, with the C–C bond energy in benzene being at the
upper end of this range. The complete distribution of C–C
bonding energy is illustrated in Fig. 2 for just a few of the
molecules: benzene, perylene and coronene. The values for
perylene and coronene nicely demonstrate the Clar classifica-

tion9 of so-called ‘empty rings’ at the centre of composite
polyacenes. The energies of innermost C–C bonds are much
lower than those of the outermost bonds of the molecules,
indicating that p-electron stabilization is concentrated in the
peripheral rings (e.g. the difference in C–C bond energies
between the peripheral rings and the central rings in perylene
and coronene is 246 and 107 kJ mol21, respectively). It should
also be mentioned that the bond energies reported here, and
those derived by this method in general, will be slightly higher
than any experimental estimates because by necessity we use
SDe values (e.g. the experimental SD0 for benzene is 5464.8 kJ
mol21, compared with our SDe value of 5670 kJ mol21).

To test whether the fitted parameters from our best model are
sufficiently general to reproduce atomization energies and
hence bond energies for polyacenes not in the fitting set of
sixteen compounds, we have optimized four additional mole-
cules at the same level of theory: benz[a]anthracene, benzo[c]-
phenanthrene; benzo[e]pyrene and benzo[g,h,i]perylene. In-
deed, we find that the ten-parameter Morse model reproduces
the atomization energies of these compounds to the same
accuracy obtained for the compounds present in the fit. So we
may conclude that the parameters given here are sufficiently
general to predict bond energies for most benzenoid hydro-
carbons, with the possible exception of helicenes, where strong
steric interactions may need to be explicitly treated in the
model.

In addition to providing individual bond energy data, this
parameterization procedure leads to a model of the molecules in
question whose parameters also lend themselves to chemical
interpretation. Consider the harmonic force constant f = 2a2De
computed as the second partial derivative of  eqn. (3) with
respect to r. The model predicts f for type (i), (ii) and (iii) C–C
bonds approximately in the ratio 1.6+2.5+1.0, information that
probably has not been obtained before by any other method,
experimental or theoretical.

In conclusion: the method for determining polyatomic
molecule bond energies presented here should be applicable to
essentially any series of related compounds (not only hydro-
carbons); with the proviso that a more detailed treatment of the
C–H bond and some types of steric or long-range interactions
may be required for some families of compounds.

Financial support by the British Council and Polish Komitet
Badan Naukowych for the visit of S. T. H to Warsaw is
gratefully acknowledged.
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Fig. 1. Definition of C–C bond types.

Fig. 2. C–C bond energies (kJ/mol21) for benzene, perylene and
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A novel family of redox-active dinuclear copper(II)-based
macrocycles self-assembled from dithiocarbamate ligands
has been synthesised; a naphthyl-spaced complex exhibits
selective electrochemical recognition of perrhenate and
dihydrogenphosphate anions.

The use of metal-directed self-assembly techniques provides a
facile route to novel host macrocycles capable of binding
charged and neutral guest substrates.1,2 In some instances
macrocycle formation can be templated by the guest and
therefore the size and stability of the assembly is promoted by
the complementarity between host and guest.3

We recently demonstrated the utility of the dithiocarbamate
(dtc) moiety as a coordinating group4 in the transition metal-
directed construction of nano-sized resorcarene-based assem-
blies.5 The incorporation of redox-active metal–ligand units
into the macrocycle framework of a host introduces the
possibility of using the host as an electrochemical sensor for
guest substrates.6 Herein, we describe the application of
dithiocarbamate ligands in the construction of metal-directed
self-assembled macrocycles. A range of copper-based, redox-
active metallomacrocycles, their structural characterisation and
preliminary electrochemical anion sensing results are pre-
sented.

The starting diamines were simply prepared by reaction of
the appropriate bis(bromomethyl)aromatic compound with neat
alkylamine. Dithiocarbamate copper(II) macrocycles were pre-
pared in a one-pot synthesis from the parent secondary amines
by reaction with carbon disulfide, potassium hydroxide and
copper(II) acetate. The crude powders were recrystallised from
dichloromethane–ethanol mixtures to afford the analytically
pure metallomacrocycles 1–7 in yields of 40–70%.

Electrospray mass spectrometry (ESMS) in pure methanol
solutions confirmed the presence of all dinuclear macrocyclic
structures. Treatment of copper(II) macrocycle 1 with iron(III)

chloride gave upon crystallisation the complex [Cu2L2][FeCl4]2
8.7 The structure of 8 was characterised by X-ray crystallog-
raphy‡ and is shown in Fig. 1. There is only one crystallo-
graphically unique copper(III) ion present, a centre of inversion
relating the two copper ions. The copper–copper distance in 8 is
quite short at 5.5 Å. In profile, the structure of 8 forms a step-
like structure, the two aromatic phenyl groups remaining planar
and the two dtc–Cu–dtc moieties twisting out of the plane at an
angle to the plane of the aromatic rings. There are two
tetrachloroferrate(III) anions associated with each macrocycle
and each exhibits a single axial interaction via a chlorine atom
to a copper(III) centre, Cu–Cl 3.00 Å. The nature of this solid-
state association led us to consider the possibility of anion
interactions with the oxidized macrocycles.

The electrochemical properties of the copper(II) metallo-
macrocycles 2, 4 and 7 were investigated in CH2Cl2–MeCN
(4+1) using cyclic and square-wave voltammetry with NBu4BF4
as the supporting electrolyte. The xylyl-spaced complex 2
exhibits two quasi-reversible oxidation waves at 0.06 and 0.20
V [Table 1 and Fig. 2(a)]. The observation of two oxidation
potentials indicates either electrochemical coupling between the
two proximal copper centres or that in solution the two copper
centres are in different coordination environments. The naph-
thyl-spaced complex 4, with more separated copper centres,
exhibits a single, broad, quasi-reversible oxidation wave at
0.19 V suggesting two overlapping waves [Fig. 2(b)]. However
interestingly, the biphenyl-spaced copper(II) complex 7 again
exhibits two distinct reversible oxidation waves at 0.04 and 0.19
V respectively even though molecular models predict that this
complex possesses the longest Cu…Cu distance [Fig. 2(c)].

The copper(II)/(III) redox couples of macrocycles 2, 4 and 7 in
the presence of anions (ReO4

2, H2PO4
2, Cl2, Br2, NO3

2)
(Table 1) were investigated by square-wave and cyclic
voltammetry. Notably, substantial cathodic shifts in oxidation
potential are seen for naphthyl-based macrocycle 4 with
tetrahedral anions such as dihydrogenphosphate and per-

† Electronic supplementary information (ESI) available: diamine structures,
experimental and characterisation data. See http://www.rsc.org/suppdata/
cc/b0/b007296f/

Fig. 1 Structure of the copper(III) complex 8 with associated FeCl42 anions;
ellipsoids at 20% probability.
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rhenate.8 For example with 4 the addition of five equivalents of
tetrabutylammoniumperrhenate gave a cathodic shift of 85 mV
in the Cu(II)/Cu(III) redox couple (see Fig. 3). The complexed
anion effectively stabilises the copper(III) oxidation state.
Interestingly no significant perturbations were observed with
chloride, bromide or nitrate anions. In contrast the smaller
xylyl-spaced macrocycle exhibits a noticeable cathodic pertur-
bation to chloride (20 mV) but little response to nitrate, bromide
or the larger anions such as perrhenate or dihydrogenphosphate.
For the control bis(diethyldithiocarbamate)copper(II) a single
quasi-reversible oxidation wave at 0.07 V is observed which
exhibits no significant perturbations in oxidation potential on
the addition of anions.

The interaction of 4 with perrhenate was investigated further
by UV–VIS spectroscopy. Solutions of 2, 4 and 7 in CH2Cl2–
MeCN (0.1 M NBu4BF4) were oxidised with NOBF4 to the
corresponding dicationic copper(III) complexes.§ On addition
of 5 equiv. of NBu4ReO4 to freshly prepared [4]2+ (lmax = 421
nm) a bathochromic shift of 10 nm was observed in the
maximum absorption. However, no such shifts were observed

on the addition of NBu4ReO4 to [2]2+, [7]2+ or the oxidised
monocation of bis(diethyldithiocarbamate)copper(II).¶ Further
evidence for the interaction of [4]2+ with ReO4

2 came from ES-
MS studies.9 Oxidation of copper(II) macrocycles in acetoni-
trile–dichloromethane mixtures with copper(II) triflate, per-
chlorate or tetrafluoroborate gave in all cases the doubly
oxidised species, [Cu2L2]2+ of the copper(III) macrocycles (L =
ligand). Addition of ReO4

2 anions to solutions of macrocycle 4
oxidised with copper(II) triflate or tetrafluoroborate gave the ion
corresponding to the doubly oxidised species [Cu2L2][ReO4]+,
1275.2.∑ This species was predominant even in the presence of
a large excess of tetrafluoroborate anion. Space filling molec-
ular models indicate anions such as ReO4

2 and H2PO4
2 may

comfortably occupy the cavity and bridge the copper centres in
4, but are too large for the xylyl-spaced 2 and too small for
biphenyl-spaced 7. This suggests this macrocyclic system may
exhibit a measure of anion selectivity based upon the macro-
cycle ring size.10

In summary, copper(II) metallomacrocycles 1–7 are novel
examples of redox-active macrocyclic hosts whose oxidation
states and hence binding affinities can be chemically switched
by redox control. In addition we have demonstrated the use of
the dtc–copper(II)/(III) redox couple as an electrochemical
anion-sensing unit. These preliminary electrochemical sensing
results suggest anion selectivity is dictated by the size of
dithiocarbamate copper(II) macrocycle.

Financial support for this work was provided by EPSRC,
AWE Aldermaston and the Universities of Oxford and
Reading.

Notes and references
‡ Crystal data for [Cu2L2][FeCl4]2 8: C42H56Cl8Cu2Fe2N4S8, Mr =
1419.78, triclinic, space group P1̄, Z = 1, a = 10.751(12), b = 12.229(14),
c = 12.598(14) Å, a = 95.657(10), b = 107.331(10), g = 98.744(10)°, U
= 1544 Å3, Dc = 1.526 g cm23, m = 1.76 mm21, 5535 unique data.

CCDC 182/1869. See http://www.rsc.org/suppdata/cc/b0/b007296f/ for
crystallographic files in .cif format.
§ 2: Cu(II) lmax = 432, Cu(III) lmax = 416; 4: Cu(II) lmax = 433, Cu(III)
lmax = 421; 7: Cu(II) lmax = 440, Cu(III) lmax = 431; bis(diethyldithio-
carbamate)copper(II): Cu(II) lmax = 434, Cu(III) lmax = 425 nm.
¶ UV–VIS spectroscopic anion titrations with the neutral receptors gave no
evidence of anion binding. Preliminary UV–VIS titrations of [4]2+ with
NBu4ReO4 gave a stoichiometry of 1+2 receptor+anion.
∑ Under the same conditions oxidized receptors 2 and 7 gave only very weak
peaks for adducts with ReO4

2.
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Table 1 Electrochemical dataa

Receptor

2 4 7

E1⁄2/V 0.06 0.19b 0.04
0.20 0.19

DE (Cl2)c/mV 20 < 10 < 10
DE (NO3

2)c/mV < 10 < 10 < 10
DE (Br2)c/mV < 10 < 10 < 10
DE (ReO4

2)c/mV < 10 85 < 10
DE (H2PO4

2)c/mV < 10 85 < 10
a Obtained in CH2Cl2–MeCN (4+1) solution containing 0.2 mol dm23

NBu4BF4 as supporting electrolyte. Solutions were ca. 1 3 1023 mol dm23

in receptor and potentials were obtained with reference to Ag–Ag+ electrode
at 293 K, scan rate = 100 mV s21. b Broad quasi-reversible oxidation wave:
Epa = 0.25 V, Epc = 0.11 V, suggesting two overlapping waves. c Cathodic
shift of E1⁄2 oxidation potential produced by presence of 5 equiv. of anion
added as their NBu4

+ salts.

Fig. 2 Square-wave voltammograms of (a) 2, (b) 4 and (c) 7 in CH2Cl2–
MeCN (1+1), NBu4BF4 supporting electrolyte, Ref: Ag/AgCl.

Fig. 3 Square-wave voltammograms of (a) 4 and (b) 4 plus 5 equiv. of
NBu4ReO4; in CH2Cl2–MeCN (1+1), NBu4BF4 supporting electrolyte, Ref:
Ag/AgCl.
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The bis-carbene precursor, 1, gives a thermally very robust
Pd(II) catalyst for Heck coupling that maintains activity
even in boiling diethylacetamide (bp 184 °C) in air.

One common and significant limitation of some homogeneous
catalysts is their relatively rapid deactivation, particularly when
high temperatures or harsh conditions are needed; this is often
the case for cross-coupling reactions and alkane functionaliza-
tion.1 The facility of P–C bond cleavage reactions has been
implicated in catalyst deactivation of phosphine complexes.2
For example, the deactivation of the [IrH2(tfa)(P{C6H4F}3)2]
catalyst in alkane dehydrogenation was shown to correlate with
the appearance of C6H5F, the product of P–aryl hydro-
genolysis.3

The recent discovery of imidazole-based carbenes4 and of
their effectiveness as ligands5 offers an opportunity to develop
phosphine-free homogeneous catalysis. These carbenes are not
only excellent ligands for late transition metals but are also able
to promote a variety of catalytic reactions, including C–C6 and
C–N7 coupling and olefin metathesis.8 The thermal stability of
carbene complexes is often high and they lack sensitive bonds
that might be cleaved in any deactivation process. Since thermal
stability of phosphine complexes can be improved by incorpora-
tion into a chelating ligand, as in the well known ‘pincer’
phosphines,9 the same strategy might be useful in enhancing
stability in the carbene case. Several authors have recently
reported thermally stable palladium complexes active for the
Heck reaction either with carbene or with pincer phosphines of
both mono- and multi-dentate types as ligands.6b,d,e,i,j,10

We now report that the known carbene precursor,11 1, readily
formed by an improved synthesis (95% yield), reacts with
Pd(OAc)2 to give a carbene complex, 2, as shown in Scheme 1
(ESI†). The thermal stability of the product is emphasized by
the fact that the final stage of the synthesis of 2 takes place at
160 °C.

Fig. 1 shows the structure and metric parameters of the
resulting complex from an X-ray structure determination.‡ The
molecule is flat with a ligand bite angle of 79°. Otherwise, the
metric parameters are similar to those previously found for
related complexes.6b,d The Pd–C distance (2.038(6) Å) in-
dicates that the bond is essentially single with very little back
donation, as expected for this strongly Fischer-type carbene.
This Pd–C distance is somewhat longer than in most prior
cases,6b,d probably because the two high trans-effect carbene
ligands are mutually trans.

The stability that ligand 1 imparts to complex 2 is apparent
from comparison with other Heck catalysts containing chelating
ligands. Catalysts 36d,e and 412 are very active for the Heck
reaction when used under nitrogen at 140 °C. Complex 3,

however, is reported6e to decompose in dimethylacetamide
(DMA, bp 165 °C) above 70 °C. Our own work shows that in
refluxing DMA in air, complex 3 begins to deposit Pd black
after 8 h and complex 4 deposits Pd black after 17 h, while our
complex, 2, is unchanged ( > 24 h). Other Pd pincer complexes,
of PCP and SCS types, are also known as Heck catalysts.10

The new complex 2 shows catalytic activity under argon for
a standard Heck reaction between PhI and styrene (Table 1,
entry 1) in refluxing diethylacetamide (DEA, bp 184 °C) in the
presence of NaOAc as base.§ We find that with 0.2 mol%
catalyst, good yields and turnover frequencies are found.
Complex 2 shows comparable activity to the Heck catalysts, 3
and 4, at least for PhI (Table 1, entries 1–3). Bromobenzene and
styrene can also be converted to trans-stilbene in essentially
quantitative yield in the presence of 5 mol% catalyst, NaOAc,
and refluxing DMA, within 1 h (Table 2, entry 1). Surprisingly,
but not uniquely,10b,c,e the catalyst retains activity even under
air (Table 2, entry 2). Iodobenzene and styrene can also be
converted to trans-stilbene in near quantitative yield in the
presence of 5 mol% 2, NaOAc, and refluxing DMA in a reflux

† Electronic supplementary information (ESI) available: synthesis details
and NMR data. See http://www.rsc.org/suppdata/cc/b0/b008038l/

Scheme 1

Fig. 1 ORTEP diagram of complex 2 showing the atom numbering scheme.
Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and
angles (°): Pd(1)–N(10) 1.979(4), Pd(1)–C(3) 2.033(6), Pd(1)–C(16)
2.044(6), Pd(1)–Br(2) 2.4099(7); N(10)–Pd(1)–C(3) 78.9(2), N(10)–Pd(1)–
C(16) 79.6(2), C(3)–Pd(1)–C(16) 158.5(2), N(10)–Pd(1)–Br(2) 179.03(13),
C(3)–Pd(1)–Br(2) 100.29(16), C(16)–Pd(1)–Br(2) 101.18(16). Thermal
ellipsoids are drawn at 50% probability.
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apparatus open to the air (Table 2, entry 3). A yield of 89% can
still be obtained in only 1 h if 1 mol% of 2 is used (Table 2, entry
4). To see if the TOF could be improved at low loading, we find
that as little as 1024 mol% of 2 still gives a TOF of 16.500 after
20 h under air (Table 2, entry 5). Aryl chlorides react more
slowly (Table 2, entry 6). Other alkenes react satisfactorily—for
example, n-butyl acrylate and PhI give the Heck product in 99%
yield after 1 h in refluxing DMA with 1 mol% catalyst.

In view of recent studies that find evidence that the active
species can be metallic palladium,13 we checked 2–4 for
heterogeneity by the Hg drop test.14 Heck catalysis with 2–4
was unaffected by the presence of Hg, and no induction period
is observed for 2, so a homogeneous active species is likely.

On the standard model of the Heck reaction, with
[Pd(0){PR3}2] as the key intermediate, a pincer carbene might
seem to be a poor choice, even if the carbene is an acceptable
replacement for the tertiary phosphine of the standard system.
On the Amatore–Jutand model,15 however,
[Pd(0)(OAc){PR3}2]2 is the key intermediate. Our work
supports this model if the pyridine part of the pincer ligand is
considered as replacing the OAc group. It is true that
[Pd(0)XL2]2 would normally be expected to adopt a trigonal
geometry, but the presumed intermediate Pd(0) form of the
metal being d10, there should be no strong penalty to adopt the
pincer geometry. Eisenstein and Clot16 are currently looking at
such mechanistic issues in detail.

The results are of interest not so much as an advance in Heck
catalysis—other catalysts can be better6,10—but as an indication
that chelating carbenes can provide ligand systems that give
high catalytic activity with excellent stability, even in air. This
approach should be widely applicable to the development of
non-phosphine late metal homogeneous catalysis.

We thank US DOE (J. A. L.) and NSF (R. H. C.) for funding
and Matthew Torres for some preliminary observations.

Notes and references
‡ Crystal data for 2: C11H7Br2N5Pd·H2O, monoclinic, space group P2(1)/n,
a = 8.7782(4), b = 14.3181(6), c = 13.5684(6) Å, a = 90, b =
107.1600(10), g = 90°, Z = 4, D = 2.011 g cm23, m = 6.044 mm21, 5300
measured reflections, 1467 [R(int) = 0.0310] independent reflections, R =
0.0225 [F > 2s(F)]. Crystals were grown by diffusion of CH2Cl2 into a

DMSO solution. Data collection: Siemens Smart CCD diffractometer
(l = 0.71073 Å). The structure was solved by direct methods and was
refined using the SHELXTL 5.1 software package. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were assigned to ideal
positions and refined using a riding model. CCDC 182/1880. See http:/
/www.rsc.org/suppdata/cc/b0/b008038l for crystallographic files in .cif
format. The diffraction frames were integrated using the SAINT17 package
and corrected for absorption with SADABS.18

§ General Heck procedure: NaOAc (360 mg, 4.4 mmol) and the catalyst
were placed in a 3-necked flask fitted with a reflux condenser and degassed.
Aryl halide (4 mmol), styrene (640 mL, 5.6 mmol), and solvent (DMA or
DEA, 5 mL), were added under Ar or air. The reaction vessel was placed
into an oil bath preheated to the desired temperature. Aliquots (200 mL)
were removed after fixed times and added to 10 mL CH2Cl2. The organic
layer was extracted five times with 10 mL portions of water and dried with
MgSO4. The mixture was then filtered and the CH2Cl2 removed in vacuo.
The residue was dissolved in CDCl3 or CD2Cl2 and analyzed by 1H NMR
(400 MHz).
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Table 1 Comparison of yields for catalysts 2–4 for the reaction of PhI with
styrene in refluxing DEA to form trans-stilbene (under Ar with 0.2 mol%
catalyst and NaOAc)a

Entry Catalyst 0.5 h 1 h 1.5 h 2 h 4 h

1b 2 48, 494 58, 298 67, 230 73, 188 85, 109
2 3 36, 370 48, 247 62, 213 72, 185 84, 108
3 4 50, 514 61, 314 67, 230 75, 193 90, 116
a Reported as: yield (%), TOF [mol product/(mol Pd 3 h)]. Yield
determined by 1H NMR based on amount of product vs. amount of starting
material remaining. b Average of two runs.

Table 2 Heck reaction between aryl halides and styrene to form trans-
stilbene. All reactions carried out in refluxing DMA with NaOAc as base

Entry
(air/Ar) Aryl halide

2
(mol %)

Reaction
time/h

Stilbene
yield
(%)a

TOF
[mol prod./
(mol Pd)(h)]

1 (Ar) PhBr 5 1 > 99 20
2 (air) PhBr 5 1 > 99 20
3 (air) PhI 5 1 > 99 20
4 (air) PhI 1 1 89 89
5 (air) PhI 0.0001 20 33 16.500
6 (Ar)b p-(CHO)C6H4Cl 5 20 75 15
a Yield determined by 1H NMR based on amount of product vs. amount of
starting material remaining. b In the presence of n-Bu4NBr (20 mol% vs.
Pd).
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A stereoselective synthesis of the diaminoalcohol core of
Ritonavir illustrates a novel approach to hydroxyethylene
dipeptide isosteres, based on the regioselective reduction of
amino acid-derived epoxyalcohols.

Ritonavir (1), approved in 1996,1 is a potent and clinically
effective peptidomimetic inhibitor of the protease of HIV, with
high oral bioavailability.2 The structure of Ritonavir was
designed to target the enzyme’s active site and is based on the
hydroxyethylene dipeptide isostere 2.2a In the original synthesis
of the inhibitor,3 the diaminoalcohol 2 was obtained from the
corresponding diaminodiol 3 by a multi-step deoxygenation

approach.4 The core 2 was then statistically monoacylated to
introduce the first side chain while the second flanking residue
was introduced in the final step. This strategy has some
drawbacks: loss of 2 through undesired bis-acylation, im-
possibility of introducing different residues on the isostere’s C1
and C4, which originate from the Ca of the same aminoacid via
the reductive dimerization of the corresponding aminoalde-
hyde,4 and a less than optimal stereocontrol in the synthesis of
3. Several approaches have been proposed to overcome these
limitations, based on aminoacids as precursors from the chiral
pool5 or on enantioselective synthetic strategies.6 In this
communication we describe a short and efficient synthesis of
the monoprotected Ritonavir core 9 which utilizes the amino-
acid derived epoxyalcohol 4 as key intermediate (Scheme 1).

The epoxyalcohol 4 was obtained from phenylalanine, in four
steps and 40% overall yield, as described previously.7
2,3-Epoxyalcohols are regioselectively converted into the
corresponding 1,3-diols by Red-Al;8 accordingly, when the
epoxyalcohol 4 was treated with this reagent (3 equiv.) in THF
at 50 °C for 24 h, attack of hydride took place selectively to give
the Boc-protected aminodiol 5 {[a]25

D = 218 (c 0.2, MeOH)} in
60% yield after chromatography. In order to convert this
compound into the required diaminoalcohol 9, it is necessary to:
i) selectively activate the hydroxy group on C4 towards
displacement by a suitable precursor of the aminogroup and ii)
invert the configuration of C2 which is opposite to that of 9.
Differentiation of the two secondary hydroxy groups, selective
activation and inversion of the configuration of C2 were

obtained in a single step by treating the diol with 3 equiv. of
methanesulfonyl chloride and 6 equiv. diisopropylethylamine
(DIPEA) in 1,2-dichloroethane, at 80 °C for 6 h. The dimesylate
6 initially obtained spontaneously cyclizes via SN2 attack of the
carbonyl oxygen of Boc on the neighbouring sulfonate ester to
give the inverted oxazolidinone 7. Displacement of the second
mesylate was obtained by treating crude 7 with 1.5 equiv. NaN3
in DMSO for 18 h at 50 °C, in the presence of 1 equiv. of
18-crown-6, affording the azide 8 [[a]25

D = 235 (c 0.2, MeOH)]
in which all the stereocenters have the correct configuration
(50% for the two steps). The stereochemistry of the ox-
azolidinone 8 was established from NOE experiments. These
show a 3% enhancement between the ring H4 and H5,
consistent with a trans relationship between these protons,
while in the cis-oxazolidinone 12 (Scheme 2) a 11% enhance-
ment is detected between the same protons. The Boc-protected
amino group was then restored by treatment of 8 with equimolar
amounts of Boc2O and NaH in THF, at 25 °C for 12 h, followed
by hydrolysis of the resulting N-Boc heterocycle with Cs2CO3
in MeOH–water at 25 °C for 2 h.9 Finally, hydrogenation of the
azide, in MeOH over 10% Pd/C, gave the monoprotected (S,S,S)
hydroxyethylene dipeptide isostere 9 {[a]25

D = 219 (c 0.2,
MeOH)} in 20% overall yield from the epoxyalcohol 4.

The synthetic approach shown here can be expanded to
obtain the epimeric Phe-Phe dipeptide isostere 13 with the
opposite configuration at the alcoholic carbon (Scheme 2). In
this case the diol 5 is treated with sodium hydride in THF at
25 °C for 12 h to give, in 85% yield, the cis-oxazolidinone 10
arising from a normal acyl transfer cyclization10 {[a]25

D = 242
(c 0.2, MeOH)}. The NOE enhancement between the ring

Scheme 1 Reagents and conditions: (a) Red-Al, THF, 50 °C, 60%; (b)
MsCl, DIPEA, 80 °C; (c) NaN3, DMSO, 18-crown-6, 50 °C, 50%, 2 steps;
(d) NaH, Boc2O, THF; (e) Cs2CO3, MeOH–H2O, 67%, 2 steps; (f) 1 atm H2,
10% Pd/C, MeOH, 100%.
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protons (11%) is consistent with the cis stereochemistry of the
ring substituents. With the first hydroxy group thus protected,
the second OH can be activated as mesylate, in CH2Cl2 at
0 °C,11 and the resulting oxazolidinone 11 is then converted into
the selectively protected (S,R,S) isostere 13 {[a]25

D = +1.0 (c 2,
MeOH)} by the same sequence of reactions seen before for the
synthesis of 9 (Scheme 2). The overall yield of 13 is 22%, from
the epoxyalcohol 4.

We have thus described a novel approach to the synthesis of
the (S,S,S) dipeptide isostere of Ritonavir 9 and its (S,R,S)
epimer 13, based on the regioselective ring opening of an
epoxyalcohol with aluminium hydride. This strategy leads to a
mono-protected diaminoalcohol from which peptidomimetic
protease inhibitors can be directly obtained by coupling with
different peptide, or non-peptide, residues. The approach is not
limited to isosteres with identical side chains, and it should thus
be possible to extend this methodology to the synthesis of a
repertoire of isosteres with different residues, starting from the
corresponding, readily available epoxyalcohols.7 The synthesis
of dihydroxyethylene dipeptide isosteres from the same epox-

yaminoalcohols 4 has been described previously;7,12 the present
extension to the synthesis of monohydroxyethylene isosteres
further demonstrates the synthetic utility of these inter-
mediates.

This work was supported by Istituto Superiore di Sanità,
National Research Program on AIDS and the University of
Trieste.
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In addition to a quadruply bonded dichromium(II,II) com-
pound of unusual structure, we have obtained a dinuclear,
antiferromagnetically coupled, CrIII complex [Cr2(m-
OMe)2(h3-N,C,NA-H2DpyF)2Cl2·MeOH, H2DpyF =
CH(NH-pyridyl)2] containing a transformed formamidinate
group in which the central carbon atom has changed from
sp2 to sp3 hybridization and Cr–C bonds have been formed;
details of the crystal structure of the organometallic
compound are given here.

The use of formamidinate ligands of the type RNC(H)NR and
ArNC(H)NAr to bridge M2

n+ dinuclear units (M = various
transition metal atoms, n = 4, 5, and 6) has been intensively
studied.1 Typically, paddlewheel structures, I, have been
obtained. More recently there has been wide interest in creating
longer chains of metal atoms.2 Thus we decided to use
amidinate ligands with more than two N atom donors. One such
ligand is the anion of N,NA-di(2-pyridyl)formamidine, HDpyF,
II, where the two Ar groups are 2-pyridyl groups. In this way
chains of three and four collinear chromium(II) atoms, III, were
obtained.3

After we recently found that dimolybdenum compounds of
the DpyF ligand have many coordination isomers in solution,4
we have carried out the reaction of CrCl2 with LiDpyF in THF
in the molar ratio of 1+2. This reaction affords the dinuclear
species of Cr2

4+ as an unsymmetrical yellow isomer of the type
IV as the major product.5 During the work-up process, the

solvent from the reaction mixture was removed under vacuum
and the solid residue, which also contained LiCl, was washed
with methanol, a solvent in which IV is not significantly soluble
but LiCl is. We noticed that upon the addition of very dry
methanol, a deep red solution was produced above the solid IV.
After filtration, the red methanol solution was layered with

diethyl ether and red crystals of Cr2(m-OMe)2(h3-N,C,NA-
H2DpyF)2Cl2·MeOH were obtained in low yield.†

The structure‡ consists of two very similar but crystallo-
graphically independent molecules, one of which is shown in
Fig. 1. It comprises an edge-sharing bioctahedral (ESBO)
dichromium unit with two methoxy groups defining the shared
edge. The Cr2O2 unit is planar in accordance with lying on a
crystallographic inversion center. A chlorine atom on each
chromium atom is cis to the methoxy groups. The other three
coordination sites comprising a face of each octahedron are
occupied by a carbon atom and two nitrogen atoms of a
tridentate ligand derived from what was the usual form of the
DpyF anion, II. The carbon atom is trans to the chlorine atom.
The DpyF ligand has been transformed to the monoanion, V.
Binding to the chromium atoms no longer occurs in the usual
way, by bonds to the amidinate N atoms, but instead through the
two pyridyl N atoms and the central C atom. Thus there are two
fused five-membered rings with the N atoms trans to the
methoxy groups. The methoxy bridges are but slightly asym-
metric with Cr–O distances of 1.971(2) and 1.984(2) Å. They
are very similar to those found in CrIII–O(H)–CrIII units of
hydroxo-bridged amine complexes6 and in some other com-
pounds with Cr(m-OMe)2Cr cores7 where they are in the narrow
range of 1.95–1.99 Å. The Cr–N distances of 2.086(2) to
2.101(2) Å are also as expected.8

The Cr–C distances of 2.059(3) and 2.068(3) Å in the two
nonequivalent molecules are within the normal range of
2.04–2.13 Å. The Cr–Cl distances of 2.4653(8) Å are more

Fig. 1 Plot of one of the independent molecules in Cr2(m-OMe)2(h3-N,C,NA-
H2DpyF)2Cl2·MeOH. Hydrogen atoms refined during the X-ray diffraction
study are shown as arbitrarily sized circles. Selected distances (Å) and
angles (°) are Cr(1)…Cr(1A) 3.0751(8), Cr(1)–C(6) 2.059(3), C(6)–N(2)
1.444(4), C(6)–N(3) 1.455(4); N(2)–C(6)–N(3) 111.0(2), N(2)–C(6)–Cr(1)
108.8(2), N(3)–C(6)–Cr(1) 108.7(2), N(2)–C(6)–H(6) 105(2), N(3)–C(6)–
H(6) 110(2).
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difficult to compare with previous results because the presence
of halide ions in six-coordinate CrIII organometallic compounds
is rare.9 However, a comparison can be established with fac-
Cl3Cr(1,5-diamino-3-azapentane), a coordination compound
which has three Cr–N distances varying from 2.08(1) to 2.11(1)
Å and three Cr–Cl distances varying from 2.303(7) to 2.332(7)
Å.10 Clearly the Cr–Cl distances in the present case are
significantly longer, by more than 0.13 to 0.16 Å. A large trans
effect for carbon atoms in CrIII organometallic compounds has
previously been documented.11

All hydrogen atoms were found and refined. In the crystal
there is extensive intermolecular hydrogen bonding involving
pairs of nonequivalent molecules and also the interstitial
methanol molecules. Thus, it is not surprising that the
crystalline compound is stable towards exposure to oxygen and
moisture.

The most remarkable feature of this compound is the
transformation that occurs at the sp2 methine C atom of the
DpyF anion, II, whereby the hybridization is changed to sp3 at
the methanide C atom upon hydrogen atom capture by the inner
N atoms giving the monoanion V. In II, the N–C(H)–N unit is
typically planar with short C–N distances of 1.31–1.33 Å,1,12

but in V those distances increase to 1.433(4)–1.455(4) Å. These
are also ca. 0.1 Å longer than those of the corresponding N–
Cpyridyl bonds. Also consistent with the presence of a methanide
group in V are the bond angles around the central C atom
(including those involving the C–H bond) which are very close
to those expected for a tetrahedral atom. Thus the internal
consistency of all the structural data supports beyond any doubt
the formulation given here.

To our knowledge this is an unprecedented transformation of
a formamidinate group (although many other transformations
are known13) with concomitant formation of a stable Cr(III)
organometallic compound. Only one additional report exists of
a transformation of an sp2 C atom in a formamidinate to an sp3

C atom. This was observed when dimerization of two
formamidinate anions was induced by a tantalum compound
giving the dianion PhNC(H)N(Ph)C(H)(NPh)2,13 but here the C
atom has four bonds and is thus unable to bind to metal
atoms.

Finally, magnetic measurements (Fig. 2)§ show antiferro-
magnetic coupling of the two chromium atoms through the
methoxy bridges. The fitting of the data using an S = 3/2 dimer
model7,14 leads to an exchange interaction, J, of 218 K and a g
value of 2.04. This is consistent with the magnetic behavior of
other dinuclear CrIII-organometallic compounds.15

We gratefully acknowledge the National Science Foundation
for financial support and Dr. L. M. Daniels and Professor K. R.
Dunbar for help with the crystallographic and magnetic
measurements, respectively.
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In three runs by two different people yields of 5–10% were obtained.
‡ Crystal data: C25H32Cl2Cr2N8O3, M = 667.49, monoclinic, space group
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(R,R,R)-g-Amino acids with side chains in the 2-, 3-, and
4-positions, prepared by addition of acyloxazolidinones to
a nitroolefin and hydrogenation, have been coupled to g-
tetra-, and g-hexapeptides which are shown to form (M)-
2.614 helices in the crystal state and in MeOH solution.

While there is a lot of activity in the field of b-peptides, their
homologs, the g-peptides, have received much less attention, so
far.1–3 It has been discovered that g-peptides form helical
secondary structures in solution, detectable by NMR spectros-
copy, with chains as short as four residues, and that homologa-
tion of L-a-amino acids to L-b- and L-g-amino acids leads to
peptides, folding to helices of alternating polarity and helicity
(a: N ÿ C (P), b: N Ÿ C (M), g: N ÿ C (P)), and of increasing
stability. The g-peptides studied hitherto consisted of g4-
residues (side chains at C(4))1,2 or of g2,4-residues (two side
chains, one at C(2) and one at C(4)),2,3 rel. configuration l or u.†
Inspection of models leads to the conclusion that g2,3,4-peptides
of type 1/2 (Fig. 1), built of (R,R,R)-amino acid residues, should
be able to form a 2.614-helix without steric interference of the
side chains within the helical backbone.

The required g-amino-acid building blocks were prepared
stereoselectively by Michael addition of the modified Evans
acyloxazolidinones 3 to nitrobutene (? 4),4 reductive cleavage
(? 5), hydrolysis, and N-Boc or C-OBn protection (? 6, 7)
(Scheme 1). Coupling of amino acids 6 and 7 gave dipeptide 8,
which after appropriate deprotection yielded dipeptide building
blocks which were coupled to tetra- and hexapeptides 1 and 2,
respectively.

Of the protected g-tetrapeptide 1 we obtained crystals
suitable for X-ray structure analysis.‡ The quality and size of
the samples allowed only for isotropic refinement and the
determined structure is shown in Fig. 2a. The structure is
characterized by two consecutive 14-membered H-bonded
rings, one between the NH of residue 3 and the CNO of the Boc-
protecting group and the other between the NH of residue 4 and
the CNO of residue 1. Thus, both intramolecular H-bonds fit into
the typical pattern of the 2.614-helix (H-bond between NH of

residue i and CNO of residue (i 2 3)). The carbamate NH of
residue 1 and the amide NH of residue 2 are involved in
intermolecular H-bonding to the ester CNO and to the CNO of
residue 3 respectively, resulting in a two-dimensional H-bonded
network. Residues 1 to 3 show the typical backbone conforma-
tion found in the (M)-2.614 helix ((2)-sc for the C(2)–C(3) and
the C(3)–C(4) ethane moieties). The side chains at C(2) and
C(4) are in lateral positions, while the C(3)–Me bonds form
angles of approximately 35° with the helix axis. The C-terminal
residue has an extended backbone conformation ((±)-ap for the
C(2)–C(3) and the C(3)–C(4) ethane moieties). Since the C-
terminal ester group has no NH-group which could form an

Fig. 1 g2,3,4-Tetra- and hexapeptide derivatives 1 and 2 used for the structure
determinations and Fischer representation of the required amino acid
building blocks.

Scheme 1 Synthesis of the building blocks used for the preparation of
peptides 1 and 2. Hydrolysis of lactam 5a in 6 M HCl and subsequent Boc-
protection yielded amino acid 6. The same procedure was applied with 5b,
followed by benzylation and Boc-deprotection to obtain 7. Compounds 4
and 5 were used as mixtures of diastereoisomers, and separation was
performed at the stage of the corresponding g-amino acid. Coupling of
amino acids 6 and 7 with HATU [O-(7-azabenzotriazol-1-yl)-N,N,NA,NA-
tetramethyluronium hexafluorophosphate] to dipeptide 8 proceeded
smoothly. Appropriate deprotected derivatives of 8 were fragment coupled
to tetrapeptide 1 and hexapeptide 2 using EDC (1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide·HCl)/DMAP as reagents.
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intramolecular H-bond the conformation of residue 4 may by
determined by crystal packing factors.

The observation that g-peptides with just four residues form
a helical structure in the crystal state led us to examining g-
hexapeptide 2 by means of high-resolution NMR techniques.
2D-NMR Studies were carried out on a 500 MHz spectrometer
with solutions in CD3OH. We used DQF-COSY and TOCSY
techniques to assign all 1H resonances in their respective spin
systems. HSQC and HMBC experiments led to the assignment
of the amino acid sequence. ROESY spectra of 2 at different
mixing times were acquired and NOEs were extracted from
spectra with a mixing time of 300 ms.

The NOEs were classified according to their relative volume
in three distance categories with the following upper bound
distance limits: strong < 3.0, medium < 3.5 and weak < 4.5 Å.
A total of 83 NOEs were used as distance restraints in simulated
annealing, following the XPLOR protocol. This calculation
yielded a set of 20 structures with low restraint violation and
minimum energy (Fig. 2b). The structures show a well-defined
left-handed helix with three 14-membered hydrogen-bonded
rings from CNO of residue i to NH of residue i + 3. The helix has
a pitch of ca. 5.0 Å and has ca. 2.6 residues per turn. An overlay
of the backbone of one of the NMR-derived structures of 2 and
the backbone from the crystal-structure of tetrapeptide 1 is
shown in Fig. 2c. This superposition shows a good agreement
between the central residues of the two molecules.

This study shows that g2,3,4-peptides constructed from
(R,R,R)-trisubstituted g-amino acid residues adopt well
defined (M)-2.614-helices without steric interferences of the
side chains, and allowed for the first time the characterization of
this secondary structural motif by X-ray crystal structure
analysis.

Notes and references
† Peptides built of g2,4-amino acids with rel. configuration l form 2.614

helical structures, while a tetrapeptide consisting of the corresponding u
residues was found to form a turn motif.
‡ Crystal data for C46H80N4O7 1: M = 801.14, monoclinic, space group
P21, a = 9.462(2), b = 20.472(6), c = 13.866(4) Å, b = 106.14(2)°, V =
2580.1(12) Å3, Z = 2, Dc = 1.031 g cm23, m(Cu-Ka) = 0.543 mm21,
crystal size 0.30 3 0.20 3 0.02 mm. Data were collected on an Enraf
Nonius CAD-4 diffractometer using graphite-monochromatized Cu-Ka
radiation. A total of 4479 unique reflections (3.32 < 2Q < 66.23°) were
processed of which 1140 were considered significant with Inet > 3s(Inet).
Part of the structure was solved by direct method with SIR97,5 the
remaining non-H-atoms were found from a difference Fourier map. The
non-H atoms were refined isotropically with SHELXL97.6 The number of
observed reflections did not allow anisotropic refinement. H-atoms were
calculated at idealized positions and included in the structure factor
calculation with fixed isotropic displacement parameters. Final residuals
were R = 0.0898 and Rw = 0.1961 (GOF = 1.525) for 243 parameters.
CCDC 182/1874.

The structure was determined by B. Schweizer of our X-ray service.
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Fig. 2 (M)-2.614 Helical structures of g-peptides 1 and 2. a, Structure of g-tetrapeptide 1 in the crystal state determined by X-ray structure analysis. b, Bundle
of 20 conformers of hexapeptide 2 in MeOH obtained by simulated annealing calculations using restraints from NMR data. c, Superposition of the peptide
backbones from the X-ray diffraction structure (blue) and NMR structure (red).
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Reaction of indole 19 via the derived aryl radical gives the
tetracycle 20 in 43% yield. This compound contains the
ABCE-rings of both Aspidosperma and Strychnos alka-
loids.

The pentacyclic Aspidosperma alkaloids such as aspidospermi-
dine 1 and the heptacyclic Strychnos alkaloids such as

strychnine 2 remain interesting targets for synthetic chemists
owing to their chemical architecture and their biological
activities.1 The tetracyclic sub-structure 3, consisting of the
ABCE-rings of both these series of natural products represents
the core of these molecules and functionalised examples of this
tetracycle have featured in the total synthesis of both Strychnos
and Aspidosperma alkaloids.2 Efficient approaches to 3 carry-
ing appropriate functionality would allow not only the synthesis
of these natural products but also related non-natural products.
Some years ago, we commenced a programme of research based
on a strategy of radical cyclisation to form oxindoles (indolin-
2-ones) followed by carbanion cyclisation to create the B- and
C-rings.3 Murphy has disclosed a tandem radical cyclisation
route to this tetracyclic structure in which the B- and E-rings are
created by an aryl radical addition to a double bond followed by
internal trapping of the resultant radical by an azide.4 This
provides an alternative to the ‘radical-polar crossover’ chem-
istry developed by the same group and utilised in a synthesis of
(±)-aspidospermidine 1.5 Parsons has also reported a con-
ceptually different approach to the Aspidosperma skeleton
using aryl radicals.6 We now wish to disclose a new route to the
ABCE–tetracycle using a novel tandem radical route to create
the C- and E-rings.

The new disconnection sequence is shown in detail in
Scheme 1. The key features of this plan involve the addition of

radical 6 to the indole 3-position to create the E-ring. The a-
amino radical generated in this step can then be captured in a
6-exo manner to create the C-ring. In order to generate radical 6,
it was decided to take advantage of the well-known ability of
aryl radicals to abstract hydrogen atoms via a 6-membered ring
transition state.7 This analysis led back to the tertiary amide 7 as
the substrate for a series of radical reaction steps under the usual
conditions of tributyltin hydride (TBTH) and a suitable
initiator.

The synthesis of radical precursor 7 commenced with indole-
3-acetic acid 8 (Scheme 2). Treatment with sodium hydride and
methyl iodide gave the N-methylindole-3-acetic acid 9 in 93%
yield. Reaction of 9 with oxalyl chloride in THF at 0 °C gave the
acid chloride 10 which was reacted immediately with 2-bromo-
benzylamine hydrochloride in the presence of excess diisopro-
pylethylamine to give amide 11 in overall 86% yield. Alkylation
of 11 with 5-bromopentene using potassium hydride as base in
THF and tetrabutylammonium iodide as catalyst proceeded
smoothly resulting in tertiary amide 7 in 73% yield. The 1H
NMR spectrum of 7 showed clearly the presence of two
rotamers caused by restricted rotation about the amide bond.
The minor rotamer possessed a singlet resonance at d 4.72
assigned to the benzyl group in 7a (Fig. 1) whilst the major
rotamer displayed a singlet at d 4.56 assigned to the benzyl
group in 7b. Integration of these signals revealed a ratio of 6+5
favouring 7b. It is well known that the timescale for amide bond
rotation to occur is considerably longer than the lifetime of
radical intermediates which means that cyclisation of the
translocated radical derived from major rotamer 7b is unlikely.8

Scheme 1

Scheme 2 Reagents and conditions: i, NaH, THF, 0 °C, then Mel warm to
20 °C, 12 h, 93%; ii, oxalyl chloride, THF, 0 °C to 20 °C, 20 h; iii,
2-bromobenzylamine hydrochloride, N,N-diisopropylethylamine, dichloro-
methane, 0 °C, 2 h, 86%; iv, KH, THF, 0 °C, then 5-bromopentene,
tetrabutylammonium iodide, warm to 20 °C for 20 h, 73%, v, TBTH (or
TBTD), AIBN, xylene, reflux, 10 h.
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With this problem in mind, reaction of 7 with TBTH at reflux in
xylene under dilute conditions (0.02 M) was carried out. A
complex mixture of products was obtained and to help
determine the nature of the products, the reaction was repeated
using tributyltin deuteride (TBTD). Extensive spectroscopy on
the isolated products allowed assignment of the structure 12
(both rotamers) to the major product (50%) and structure 13 to
one of the minor products (18%). Both products contained the
intact alkene unit indicating that tetracycle formation had not
occurred whilst the product 12 from reaction with TBTD
contained deuterium adjacent to the nitrogen indicating success-
ful radical translocation. Addition of the intermediate a-amido
radical to the indole C-2 followed by rearomatisation to give 13
is not unreasonable given the results of Moody9 and related
work by Bowman10 in other heteroaromatic systems. Product 12
could simply be arising from the major rotamer 7b which cannot
cyclise. However, the isolation of 13 indicates that the rather
nucleophilic a-amido radical prefers to add to the indole ring at
the C-2 position.

Following the precedent in the work of Fang,11 we decided to
introduce an electron-withdrawing group at the 2-position of
indole 7 to encourage addition of the nucleophilic a-amido
radical to C-3 of the indole. Reaction of 3-methylindole with
triphenylphosphine–thiocyanogen has been reported to give
2-cyano-3-methylindole in 85% yield.12 Treatment of 7 under
these conditions led only to starting material. A variety of other
studies to introduce a cyano-group at the 2-position were
undertaken but eventually it was decided to develop a new route
to the desired radical precursor (Scheme 2). The required
secondary amine was prepared following the chemistry of
Fukuyama and Bowman.13 Reaction of 2-bromobenzylamine
hydrochloride with sulfonyl chloride 14 gave sulfonamide 15 in
86% yield (Scheme 3). Alkylation using 5-bromopentene and
caesium carbonate as base gave 16 in 93% yield and removal of
the 2-nitrosulfonamide group was achieved in high yield using
potassium carbonate and benzenethiol yielding secondary
amine 17. Reaction of 17 with the acid chloride 18 (derived
from the acid14 by reaction with oxalyl chloride in THF at 0 °C)
gave the radical precursor 19 in 83% yield. Again the NMR
revealed the presence of rotamers in a ratio of 1.1+1. Reaction
of 19 with TBTH in refluxing 5-tert-butyl-m-xylene (ca.
200 °C) under syringe pump conditions gave some 50% of
reduced product (19 with Br = H) and 43% of 20 which had
undergone the desired translocation–cyclisation–cyclisation
sequence. Tetracycle 20 was isolated as a mixture of 4
diastereoisomers in a ratio of 8+3+2+1. The relative ster-
eochemistry of the four diastereoisomers obtained cannot be
assigned from their NMR spectra owing to the contiguous
quaternary centres at the BC- and CE-ring junctions. Calcula-
tions show the trans,trans stereochemistry at these ring
junctions to be of very high energy leaving 6 possible
diastereoisomers, four of which possess the natural cis CE-ring
junction stereochemistry and two of which possess the trans
CE-ring junction stereochemistry. Although the transition state
for the addition of the a-amido radical to the 3-position of the
indole would seem to favour creation of a cis CE-ring junction,
we cannot rule out the formation of isomers containing the
trans-CE, cis-BC stereochemistry.

In summary, we have shown that the sequence of radical
reaction steps shown in Scheme 1 is successful if a cyano group
is present at the indole C-2. This short sequence to tetracycles
such as 20 may provide a rapid entry into indole alkaloid natural

products and related compounds and is under active in-
vestigation.
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The reactivity of diphosphine-bridged heterobimetallic Fe–
Pd alkyl complexes was evaluated for the insertion of CO,
isonitriles, ethylene, methyl acrylate and norbornadienes
and the crystal structures of the precursor alkyl complex, the
iminoacyl derivative and the five-membered ring complex
resulting from ethylene insertion into the palladium–acyl
bond are reported.

The insertion of small molecules such as CO, isonitriles, olefins
and alkynes into palladium–carbon bonds represents reactions
of fundamental importance for stoichiometric organic synthesis
and industrial catalysis.1 An example of the latter is the
alternating copolymerisation of CO and olefins, which has
triggered considerable research on alkene insertion into the
palladium–acyl bond.1,2 Whereas previous studies have been
concerned with the influence of the stereoelectronic properties
of the (usually chelating) ligand bonded to the Pd centre on this
chemistry, we present here a different approach aimed at
evaluating the influence of a metal adjacent to the reactive Pd on
its reactivity, with the hope that cooperativity effects may lead
to beneficial bimetallic effects.3

In the alkyl complexes [(OC)4Fe(m-dppx)PdCl(Me)] [1a,
dppx = Ph2PNHPPh2 (dppa); 1b, dppx = Ph2PCH2PPh2
(dppm)], prepared by reaction of [Fe(CO)4(dppx-P)] with
[PdCl(Me)(cod)], the methyl ligand is trans to the formally
dative Fe?Pd bond, both in solution, as deduced from the small
3J(PH)cis coupling constant ( < 4 Hz) with the Pd-bound P atom,
and in the solid state, as established by X-ray diffraction for 1b
(Scheme 1, Fig. 1).‡§

These complexes react with CO under atmospheric pressure,
more rapidly (3 h) in the case of 1b because of its higher
solubility, to form 2a,b. Quantitative carbonylation of 1a was

achieved in CH2Cl2 in < 1 h under 20 atm CO. The trans
arrangement of the acetyl ligand and the metal–metal bond
suggested by the spectroscopic data is retained in the solid state,
as shown by comparison with the spectroscopic data for the
corresponding iminoacyl complexes 3a,aA which were prepared
by instantaneous reaction of 1a with a stoichiometric amount of
(xylyl)N·C or PhCH2N·C, respectively, and characterised by
X-ray diffraction in the case of 3a (Fig. 2).‡§ As expected, the
iminoacyl ligand is almost orthogonal to the palladium
coordination plane.4

Since 2a did not react with ethylene (at 1 atm), we turned our
atttention to more electrophilic, cationic systems and prepared
complex 4b by chloride abstraction in CH2Cl2 in the presence of
MeCN (Scheme 1). Interestingly, this reaction did not lead to
CO deinsertion, a reaction often observed with Pd(II) acyl
complexes. Complexes 4a,b are more readily prepared by

† Electronic supplementary information (ESI) available: Experimental. See
http://www.rsc.org/suppdata/cc/b0/b007171o/

Scheme 1

Fig. 1 View of the crystal structure of 1b. Selected bond lengths (Å) and
angles (°): Fe–Pd 2.8408(9), Pd–P(2) 2.2098(14), Pd–C(5) 2.066(6), Pd–Cl
2.361(2), Fe–P(1) 2.256(2), Fe–C(1) 1.761(7), Fe–C(2) 1.897(9), Fe–C(3)
1.799(8), Fe–C(4) 1.869(8); Cl–Pd–Fe 94.10(5), Cl–Pd–C(5) 87.4(2), P(2)–
Pd–C(5) 85.2(2), P(2)–Pd–Cl 172.42(6), C(5)–Pd–Fe 174.3(2), Pd–Fe–P(1)
92.35(4), Fe–Pd–P(2) 93.40(4), C(2)–Fe–Pd 93.5(2).

Fig. 2 View of the crystal structure of 3a. Selected bond lengths (Å) and
angles (°): Fe–Pd 2.7356(12), Pd–P(2) 2.274(2), Pd–C(5) 1.978(2), Pd–
Cl(1) 2.402(2), Fe–P(1) 2.271(2), Fe–C(1) 1.758(8), Fe–C(2) 1.785(9), Fe–
C(3) 1.795(10), Fe–C(4) 1.806(10), C(5)–N(1) 1.319(8); Cl(1)–Pd–C(5)
84.0(2), P(2)–Pd–C(5) 90.8(2), Pd–C(5)–C(6) 116.4(5), Pd–C(5)–N(1)
124.6(5), C(5)–Pd–Fe 164.4(2), C(5)–N(1)–C(7) 127.0(6), Pd–Fe–P(1)
91.86(6), Fe–Pd–P(2) 91.27(5), Cl(1)–Pd–P(2) 171.75(6).
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halide abstraction from 1a,b using AgBF4 in CH2Cl2–MeCN,
which generates [(OC)4Fe(m-dppx)Pd(Me)(NCMe)]+, followed
by instantaneous in situ reaction with CO. Complexes 4a,b were
indeed more reactive than 2a,b since ethylene insertion into the
Pd–acetyl bond occurred under atmospheric pressure to afford
after ca. 15 h the stable complexes 5a,b in quantitative
spectroscopic yields (Scheme 2).‡ The latter represent rare
examples of isolable insertion products of an unstrained alkene
into a Pd–acyl bond.5

IR spectra show an absorption at 1634 cm21 (5a) and
1633 cm21 (5b) for the acetyl carbonyl coordinated to Pd. The
crystal structure of 5a (Fig. 3)§ established that the s-bonded
carbon atom is trans to the metal–metal bond. The BF4

2 counter
ion weakly interacts with the N–H proton [d(N…F) = 3.105 Å].
To the best of our knowledge, there are only two precedents for
the structural characterisation of a 2CH2CH2C(O)Me ligand,
both in mononuclear Pd complexes.5

The stable methyl acrylate insertion products 6a,b were
isolated in ca. 90% yield after stirring 4a,b for 18 h in the
presence of 10 equiv. of methyl acrylate (Scheme 2). Insertion
of norbornadiene or dimethyl norbornadiene-2,3-dicarboxylate
into the Pd–C bond of 4b occurred within ca. 30 min with
complete regio- and stereo-selectivity to afford yellow 7 or
orange 8, respectively. The 1H NMR data of 8 unambiguously
indicate that insertion across the exo-face of the sterically less
hindered CHNCH double bond is preferred over that of the more
‘activated’ MeO2C–CNC–CO2Me double bond.

In order to mimic the next step in the alternating CO/olefin
insertion chemistry, 5a,b were reacted with CO under atmos-
pheric pressure and the six-membered chelate complexes 9a,b
were obtained after ca. 4 h [eqn. (1)].

(1)

This reaction is reversible since 5a,b are regenerated under
reduced pressure. The lower reactivity of 5a,b compared to
[(OC)4Fe(m-dppa)Pd(Me)(NCMe)]+ is most likely due to the
presence of a chelating ligand at Pd, suggesting that opening of
the dative ketone?Pd bond is necessary for CO insertion into
the Pd–CH2 bond to proceed. The reaction leading to 9a is
indeed much faster in the presence of a few drops of MeCN.

The bimetallic templates around which various C–C coupling
reactions have been performed in this work do not appear, at the
moment, to be more reactive than mononuclear cationic Pd(II)
complexes reported recently.5b However, they have allowed the
complete characterization of key intermediates, including in the
chemistry of functional monomers.

We thank Elf-Atochem and Elf-Aquitaine, the Centre
National de la Recherche Scientifique, the Ministère de l’
Education Nationale, de la Recherche et de la Technologie and
the COST D-12 programme of the European Commission (DG-
XII) for financial support.

Notes and references
‡ The dppm complexes are generally more soluble than their dppa analogs
and therefore better amenable to NMR studies. Selected spectroscopic data
(all 1H, 13C{1H} and 31P{1H} NMR spectra were recorded in CDCl3 at 298
K) are provided as ESI.†
§ Crystal data: 1b: C30H25ClFeO4P2Pd, Mw = 709.14, monoclinic, space
group P21/c, a = 10.931(2), b = 12.0774(15), c = 22.688(3) Å, b =
98.48(3), V = 2962.5(7) Å3, Z = 4, Dc = 1.590 g cm23, m(Mo-Ka) =
1.328 mm21, 24 209 reflections collected, indep. reflections 5811 (Rint =
0.0549), GOF 1.110; final R, Rw indices [I > 2s(I)] 0.0599 and 0.1677 for
353 parameters.

3a: C38H33ClFeN2O4P2Pd•0.5CHCl3, Mw = 900.99, monoclinic, space
group C2/c, a = 39.920(8), b = 11.851(2), c = 16.940(3) Å, b =
105.60(3), V = 7719.0(24) Å3, Z = 8, Dc = 1.551 g cm23, m(Mo-Ka) =
1.140 mm21, 24 525 reflections collected, 6796 indep. reflections (Rint =
0.0867), GOF 1.042; final R, Rw indices [I > 2s(I)] 0.0574 and 0.1241 for
448 parameters.

5a: C32H28BF4FeNO5P2Pd•CH2Cl2, Mw = 902.52, monoclinic, space
group P21/n, a = 12.468(2), b = 14.540(3), c = 20.969(4) Å, b =
103.40.3, V = 3697.9(12) Å3, Z = 4, Dc = 1.623 g cm23, m(Mo-Ka) =
1.170 mm21, 29 287 reflections collected, 7202 indep. reflections (Rint =
0.0607), GOF 1.001; final R, Rw indices [I > 2s(I)] 0.0573 and 0.1404 for
457 parameters.

CCDC 182/1872. See http://www.rsc.org/suppdata/cc/b0/b007171o/ for
crystallographic files in .cif format.
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Scheme 2

Fig. 3 View of the crystal structure of 5a. Selected bond lengths (Å) and
angles (°): Fe–Pd 2.7208(9), Pd–P(2) 2.1861(14), Pd–C(5) 2.054(6), Pd–
O(5) 2.130(4), Fe–P(1) 2.240(2), Fe–C(1) 1.802(6), Fe–C(2) 1.791(7), Fe–
C(3) 1.786(6), Fe–C(4) 1.806(6), C(7)–O(5) 1.256(8); O(5)–Pd–Fe
96.13(12), O(5)–Pd–C(5) 81.5(2), P(2)–Pd–C(5) 87.4(2), Pd–C(5)–C(6)
105.7(4), Pd–C(5)–N(1) 124.6(5), C(5)–Pd–Fe 172.5(2), Pd–O(5)–C(7)
112.7(4), Pd–Fe–P(1) 91.12(5), Fe–Pd–P(2) 95.48(5), O(5)–Pd–P(2)
167.93(12), C(6)–C(7)–O(5) 119.0(5), C(3)–Fe–Pd 88.9(2).
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2-Dimethylaminopyridine (pyNMe2; py = 2-pyridyl) reacts
with [H2Ir(OCMe2)2L2]+ (L = PPh3) to give a cyclic carbene
complex [H2Ir(NCHN(Me)py)L2]+ via an oxidative addition,
reversible a-elimination sequence.

The conceptual conversion of eqn. (1) is highly endothermic
(DH = 111 kcal mol21, triplet; 119 kcal mol21, singlet). If the
carbene is sufficiently stabilized by a metal fragment and by p-
donor heteroatom substitution in the a-position (Fischer
carbene), however, such a conversion becomes thermodynam-
ically allowed. For example, both alkene to carbene1–3 and THF
to carbene4,5 rearrangements of this sort are known, but elevated
temperatures may be required for satisfactory rates.4–5

CH4? :CH2 + H2 (1)

We now report a room-temperature route for the title reaction
[eqn. (2)] via the activation of two geminal C–H bonds and
liberation of H2.

(2)

We find that 2-dimethylaminopyridine (pyNMe2, 1 equiv.)
reacts with [IrH2(OCMe2)2L2]BF4 1 in CH2Cl2 at 25 °C to give
the cyclic heteroatom-stabilized carbene complex 2 (25 °C, 15
min, 78%), by a net reaction that resembles eqn. (1).† The
identity of the product follows from the 1H NMR spectrum, in
particular the appearance of a low-field singlet of intensity 1H
at d 11.71 assigned to the CHNIr proton. The NMe group of
intensity 3H appears as a singlet at d 3.50. The two inequivalent
hydrides (1H each) resonate at d29.98 and d217.78 as triplets
of doublets (2JPH 16, 2JHHA 4 Hz), indicating each is cis to the
two phosphines. The 13C NMR shows a low-field resonance at
d 155.9 characteristic of Fischer carbenes.

The reaction is also possible for 2-diethylaminopyridine
(pyNEt2, 1 equiv.) to give the analogous product 3 (25 °C, 15
min, 80%), shown in eqn. (3). The spectral data for 3 is similar

(3)

to that for 2, in particular, the 1H NMR spectrum shows high-
field resonances at d 210.80 and d 217.92, characteristic of
terminal iridium(III) hydrides. The two hydrides (2JPH 17 Hz,
2JHHA 4 Hz) are mutually coupled and coupled to the PPh3

ligands. The formation of 3 was also confirmed by a crystal
structure determination (Fig. 1).‡ The Ir–C distance of 2.018 Å
is consistent with predominant single bond character while the
C–N bond distance of 1.322 Å indicates some multiple bond

character as expected from the resonance form 3b generally
preferred by Fischer carbenes. Even with b-hydrogen atoms
available, we see only the a-elimination product 3. Preferred a-
vs. b-elimination in metal alkyls has been reported.6,7

The evidence discussed below suggests formation of 2
proceeds by initial C–H bond activation, perhaps to form an
intermediate H2 complex 5. Loss of H2 leads to an alkyl, 6,
which then rearranges to the observed carbene 2, by a-
elimination (Scheme 1).

Formation of an agostic C–H…M bond is typical in
complexes related to 1. For example, the known 2,6-di-

Fig. 1 An ORTEP view of the cation of [Ir(PPh3)2(pyNEtC-
MeH2]BF4·CH2Cl2 3. Selected bond lengths (Å): Ir(1)–C(6) 2.018(5),
Ir(1)–N(1) 2.142(4), N(2)–C(1) 1.410(6), N(2)–C(6), 1.332(7). Only the
ipso carbons of PPh3 are shown for clarity. The ligand H atoms are in
calculated positions. The hydrides were refined with Ir(1)–H(1) 1.43(5) Å
and Ir(1)–H(2) 1.47(5) Å, no doubt shortened by systematic error.

Scheme 1
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phenylpyridine species 7,8 is fluxional [eqn. (4)] via a pathway
analogous to that of Scheme 1. To probe the formation of a

(4)

possible agostic C–H…M intermediate 4 in the present case, we
treated 1 in CD2Cl2 with pyNMe2 at low temperature and
monitored the reaction by 1H NMR. At 280 °C, a new species,
8, is seen that is too reactive to isolate [eqn. (5)]. After 40 min

(5)

at 0 °C, it converts to 2. Comparison of 8 with the fully
characterized, stable material 9, made via the route of eqn. (5),9
shows very close 1H NMR spectral similarities, suggesting 8
has the agostic structure, 4, shown in Scheme 1. For example,
the inequivalent hydrides resonate as a pair of signals (8, d
220.69, d229.84; 9, d219.20, d228.60) coupled both to two
cis phosphines (8, 2JPH 17 Hz; 9, 2JPH 15 Hz) and to each other
(8, 2JHHA 7 Hz; 9, 2JHHA 8 Hz).

Net loss of H2 occurs and free H2 was detected (d 4.2) in the
1H NMR spectrum of the reaction mixture. After loss of H2 to
generate a vacant site cis to the newly formed iridium alkyl, an
a-elimination gives the final product.

Reversible a-elimination is rare,6 but remarkably, this
process is facile in this system. Dissolving the carbene 2 in
acetone rapidly gives 6 by reversal of the a-elimination step.
The Ir–H of the product 6 resonates as a triplet at d216.14 (2JPH
14 Hz). This colorless alkyl complex was crystallized from
acetone–diethyl ether and characterized by a crystal structure
(Fig. 2). The equilibration of 2 and 6 was further probed by 1H
NMR. The colorless alkyl complex 6 dissolved in fresh CD2Cl2
at 25 °C with loss of acetone to give the yellow carbene 2 within
seconds. In a typical case, 6+2 occur as a 1+1 ratio (integration

of the hydride peaks). Incremental addition of acetone to the
solution then led to displacement of the equilibrium in favor of
6. For example, when 2 and 3 equivalents of acetone were
added, the mole ratio of 6+2 became 2+1 and 3.3+1, re-
spectively.

Several factors may make the rearrangement of the agostic
species (8) to the carbene (2) thermodynamically favorable, in
contrast with the highly endothermic base case of eqn. (1). The
metal complexation stabilizes the carbene but this is not
sufficient on its own, as shown by the failure of the agostic
8-methylquinoline species 9 to convert to the corresponding
carbene, a species that is as yet unknown. Heteroatom
stabilization by the adjacent amino group is clearly an important
stabilizing factor. In addition, carbene 2 can be considered as a
metallacycle with 10 p-electrons, which could in principle
benefit from aromatic stabilization.

In summary, we have a rare double C–H activation route that
provides a mild and fast synthetic method to generate chelating
Fischer carbene complexes.

We thank the NSF (R. H. C, J. W. F), the DOE (J. C.), and the
Korean Research Foundation (D.-H. L., grant KRF-
2000-015-DP0305) for funding.

Notes and references
† Synthesis: 2: the BF4 salt of 1 (280 mg, 0.3 mmol) was dissolved in
degassed CH2Cl2 (4 mL) and 2-dimethylaminopyridine (37 mg, 0.3 mmol)
was added. The resulting clear yellow solution was stirred for 15 min. Slow
addition of diethyl ether (ca. 10 mL) gave a light yellow precipitate. The
solution was then filtered and the light yellow powder was washed with
diethyl ether (15 mL) and dried in vacuo to give pure 2. Yield: 217 mg
(78%). Complex 3 can be prepared similarly by treating 1 with 1 equiv. of
2-diethylaminopyridine. Satisfactory analytical and spectroscopic data were
obtained for 2 and 3.
‡ Crystal data: 3: IrCl2P2F4N2C44BH44, pale yellow crystals, M =
1036.74, triclinic; space group P1̄ (no. 2), a = 11.8113(4), b = 12.6330(5),
c = 16.5025(7) Å, a = 100.210(2), b = 107.894(2), g = 101.536(2), V =
2219.4(2) Å3, Z = 2; Dc = 1.551 g cm23; T = 183 K, l(Mo-Ka) = 0.71069
Å, Nonius KappaCCD; no. reflections [I > 3.0s(I)] = 6997; R = 0.043, Rw

= 0.042, GOF = 1.34.
6: IrP2F4O2N2C49BH52; colorless crystals, M = 1041.93; monoclinic,

space group P21/n (no. 14), a = 14.4246(6), b = 14.7760(6), c =
22.8912(7) Å, b = 107.342(2)°, V = 4657.2(3) Å3, Z = 4; Dc = 1.49 g
cm23; T = 183 K, l(Mo-Ka) = 0.71069 Å, Nonius KappaCCD; no.
reflections [I > 3.0s(I)] = 5722; R = 0.032, Rw = 0.034; GOF = 0.81.

CCDC 182/1870. See http://www.rsc.org/suppdata/cc/b0/b007679l/ for
crystallographic files in .cif format.
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Fig. 2 An ORTEP view of the cation of [Ir(PPh3)2(pyNMeCH2)(Me2-
CO)(H)]BF4·Me2CO, 6. Selected bond lengths (Å) are: Ir(1)–C(6) 2.072(5),
Ir(1)–N(1), 2.126(4), N(2)–C(1) 1.338(7), N(2)–C(6) 1.480(7). The ligand
H atoms and the hydride are shown in calculated positions.
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The reaction of bis(2-tert-butyl-4,5,6-trimethylphenyl)ger-
mylene (Ar2Ge:) with tert-butylphosphaalkyne furnishes a
germadiphosphacyclobutene derivative with an exocyclic
–C(But)NGeAr2 group at one phosphorus atom, which was
characterised by an X-ray structure analysis.

The addition of dialkyl-silylenes and -germylenes to the P·C
triple bonds of thermally stable phosphaalkynes represents a
simple method for the synthesis of three-membered ring
systems containing a PNC double bond that are difficult to
prepare by other routes. For example, the silylene R2Si: (R =
CMe3) reacts smoothly with phosphaalkynes to afford the
corresponding phosphasilirenes.1 The dialkylgermylene 12,3

also undergoes a [2 + 1] cycloaddition reaction with tert-
butylphosphaalkyne from which the germaphosphirene 2 can be
isolated (Scheme 1).4 The diarylsilylene Mes2Si: behaves
differently and furnishes a phosphadisilacyclobutene via step-
wise addition of two silylene molecules to the phosphaalk-
yne.5

We have now addressed the question if, similar to the
silylenes, the use of a diarylgermylene would furnish a different
result. Thus, from the reaction of the germylene 4 (which, in
analogy to 1,6 exists as the digermene 3 in the solid state)7 with
tert-butylphosphaalkyne gave orange-coloured crystals which
were isolated in 59% yield. The analytical data for these crystals
were indicative of a 1+1 adduct composed of 4 and the
phosphaalkyne. However, the 31P NMR spectrum revealed the
presence of both two- and three-coordinated phosphorus atoms,
thus excluding the formation of a three-membered ring system
analogous to 2 and suggesting the presence of a larger ring
system (Scheme 2).

In agreement with the analytical and spectral data, an X-ray
crystallographic analysis (Fig. 1)‡ revealed that two molecules
each of the phosphaalkyne and 4 had reacted to furnish
compound 5† comprised of a germadiphosphacyclobutene with
an additional, exocyclic GeNC double bond. The bond lengths
of both the exocyclic GeNC and the endocyclic PNC double
bonds were in accord with those of previously reported, similar

bonds. The remaining bond lengths and angles also did not
reveal any unusual features.

The unexpected formation of 5 is without precedence in the
chemistry of germylenes and phosphaalkynes. It is, at best,
comparable with the addition of the germylene 4 to 1,3-diynes,
a process proceeding through the C–C bridged bis(germacyclo-
propenes) 6 as the intermediate on the way to the rearranged,
acetylene-linked bis(germaethenes) 7 (Scheme 3).8 In analogy
to the formation of 7, it may be assumed that here also the
reaction sequence is initiated by the addition of 4 to the
phosphaalkyne to afford a three-membered ring system of type
8 with subsequent opening of the P–Ge single bond. Cyclo-
dimerisation of this intermediate would then yield compound
5.

A cyclodimerisation of this type should produce several
conformers with varying orientations of the substituents on the
exocyclic C atom. In fact, the 31P NMR spectrum of 5 contains
two doublets for two-coordinate phosphorus atoms at d 269.0
and 271.5 as well as two doublets in the high-field region at d
28.1 and 234.4. These signals remain unchanged even on
heating a sample to 80 °C, presumably on account of the steric
crowding at the exocyclic carbon atom. The existence of two
conformers in solution is further supported by the observation

Scheme 1

Scheme 2

Fig. 1 Molecular structure of 5 (50% probability ellipsoids, hydrogen atoms
omitted). Selected bond lengths (Å) and angles (°): P(1)–P(2) 2.1703(14),
P(2)–C(6) 1.702(4), C(6)–Ge(2) 1.982(4), P(1)–Ge(2) 2.4351(9), P(1)–C(1)
1.822(3), C(1)–Ge(1) 1.833(4); P(2)–P(1)–Ge(2) 78.73(4), P(1)–Ge(2)–
C(6) 79.15(11), Ge(2)–C(6)–P(2) 105.0(2), C(6)–P(2)–P(1) 93.39(15).

Scheme 3

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b008472g Chem. Commun., 2001, 215–216 215



of numerous, in part overlapping, signals in the 1H and 13C
NMR spectra that cannot be assigned unambiguously. The 1JPP
coupling constants of 16 and 21 Hz for the two conformers are
inexplicably small; related ring systems9 have values of ca. 250
Hz.

Financial Support by the Deutsche Forschungsgemeinschaft
and the Fonds der Chemischen Industrie is gratefully acknowl-
edged. We thank Professor Marsmann, Paderborn, for the 31P
NMR spectra.

Notes and references
† Preparation of 5: to a suspension of 3 (0.35 g, 0.41 mmol) in n-hexane (20
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suppdata/cc/b0/b008472g/ for crystallographic files in .cif format
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The neutral, paramagnetic molecular square [Co(HAT)Cl2]
1,4,5,8,9,11-hexaazatriphenylene (HAT) form stacks with
large open, water-filled channels that constitute approx-
imately 37% of the void space in the crystal. 

The nitrogen heterocyclic molecule, 1,4,5,8,9,11-hexaaza-
triphenylene (HAT) and its derivatives have been studied in the
context of supramolecular chemistry,1 photochemistry2 and
organometallic chemistry.3 The HAT molecule exhibits a
symmetrical arrangement of three bidentate binding sites that
resemble three fused 1,10-phenanthroline units. The topology
of the coordination sites renders HAT an especially interesting
ligand for paramagnetic metals due to the fact that the triangular
geometries promote spin-frustration if the magnetic interactions
between paramagnetic metals are antiferromagnetic. Given that
superexchange through similar molecules such as pyrazine,
bipyrimidine and pyrazino[2,3-f][4,7]phenanthroline (pap)4

bridges are typically antiferromagnetic, we expect that HAT
bridges will also promote antiferromagnetic exchange between
paramagnetic metal centers. In terms of HAT coordination
chemistry, one can envision the elaboration of a three-
dimensional framework, e.g. the fascinating chiral compound
[Ag(HAT)ClO4•2MeNO2]∞ ,5 but if fewer than three binding
sites are occupied by metal ions, it is conceivable that cyclic
oligomers such as molecular squares6 or one-dimensional
polymers will ensue.

In spite of the interest in the HAT molecule, its chemistry has
not been widely explored. Presumably, this is due to the fact that
it is not commercially available and is insoluble in nearly all
common solvents. Two main synthetic approaches to HAT have
been reported, one of which employs triaminotrinitrobenzene, a
compound that is used as a mild explosive in military
applications.7 We have elected to use an alternative six-step
procedure beginning with commercially available precursors
that leads to HAT in low overall yields.8 Colorless, prismatic
crystals of HAT were grown from hot water and subjected to a
single-crystal X-ray study.† As Fig. 1 clearly shows, HAT
forms one-dimensional zigzag chains that run along the c axis.
Adjacent HAT molecules in the same chain are rotated 180°
from each other and engage in p–p interactions at distances of
ca. 3.25 Å (sum of the van der Waals radii is 3.54 Å).9 The
orientations of HAT molecules between chains are tilted by ca.
38° from a parallel arrangement. The packing of the chains is
pseudo-tetragonal, with vacancies between the chains being
occupied by water molecules that assume close contacts to the
nitrogen atoms of the HAT molecules (ca. 2.8–3.0 Å).

The title compound was prepared from the addition of
aqueous solutions of HAT and CoCl2 in a 1+1 ratio. Slow
evaporation of the water led to the formation of orange
prismatic crystals of the product in 65% yield.† The solid-state
structure of [Co(HAT)Cl2]4•27H2O revealed that the compound
is a molecular square with four distorted octahedral Co(II) ions
coordinated to cis HAT molecules (Fig. 2). Each HAT bridge is
bound to only two Co atoms and forms an angle of 105° with
respect to the plane of the metal atoms. The remaining
coordination sites of the Co ions are occupied by two terminal
Cl2 ligands. The distortion from a regular octahedron is evident

from an examination of the Co–N distances [two each at
2.177(10) and 2.145(9) Å] and the Co–Cl distances [2.397(4)
Å]. The angles about the Co atoms are ca. 90° with the
exception of the chelating N–Co–N which is 77.8(3)°. The
CoCl2(L–L)2 corners exhibit alternating chirality (D,L,D,L)
which allows for the formation of a square rather than the open-
chain analog. The individual squares pack in an eclipsed fashion
along the c axis (Fig. 3) which results in the formation of large,
open channels of 6 Å in diameter. The interactions between the
stacks are dominated by p–p interactions between HAT ligands
at 3.40 Å, a distance that is slightly longer than the interaction
observed in HAT•2H2O, but shorter than the sum of the van der
Waals radii.

It is worth mentioning at this point that the void space in this
structure occupied by water molecules represents ca. 37%10 of

Fig. 1 Structure of HAT•2H2O: (a) side view of a dimerized chain, (b) side
view of two adjacent chains and (c) projection in the bc plane.

Fig. 2 Molecular structure of the [Co(HAT)Cl2]4 molecule.
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the total volume, which places this compound in the category of
a microporous material. As many as 27 disordered water
molecules were located in the channels created by the stacking
of the squares and in the interstices between the stacks. The
ability of this material to reversibly absorb and desorb water
molecules and other molecules in the solid state is under
investigation.

The magnetic properties of [Co(HAT)Cl2]4•27H2O were
investigated over the temperature range 2–300 K. The behavior
of cmT is shown in Fig. 4. The room-temperature value of cmT
is 10.41 emu K mol21 which corresponds to four magnetically
isolated Co ions (S = 3/2; g = 2.34). Below 150 K and down
to 2 K, cmT steadily decreases which can be attributed to the
well known zero-field splitting of high-spin Co(II) ions and also,
possibly, to antiferromagnetic exchange between the Co
centers. The anisotropy of these Co(II) systems precludes a
quantitative analysis of these data, but it is possible to compare
these data to the corresponding behavior of the model
compound Co(bpy)2Cl2 with isolated Co (S = 3/2) centers. As
indicated in Fig. 4, the decrease in cT observed for Co(bpy)2Cl2
below 150 K is essentially identical to that observed for
[Co(HAT)Cl2]4, thus it must be concluded that the moment
decrease is due exclusively to the zero-field splitting of the Co
ions. Magnetic exchange through the HAT ligand in this
particular case is negligible compared to the ZFS.

In conclusion, a novel magnetic molecular square composed
of CoII ions and HAT ligands has been prepared and
characterized in the solid state. Several aspects of this molecular
structure are particularly noteworthy. It is one of the few neutral
molecular squares known to date, and it forms a microporous
solid with channels of 6 Å diameter and 37% void space. Efforts
to use the HAT ligand to produce new clusters as well as
polymeric structures with paramagnetic metal centers are in
progress.
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Notes and references
† Crystal data: for [C12N6H6]•2H2O: C12H10N6O2, Mw = 270.26, mono-
clinic space group Pc, a = 6.9260(14), b = 9.242(2), c = 18.158(4) Å, b
= 90.04°, V = 1162.3(4) Å3, T = 110(2) K, Z = 4, Dc = 1.544 Mg m23,
Graphite-monochromated Mo-Ka radiation (l = 0.71069 Å), Bruker CCD
diffractometer, F(000) = 560, m = 0.112 mm21, 0.07 3 0.04 3 0.04 mm,
8715 reflections measured, 4374 of which were unique (Rint = 0.0673). The
structure was solved by direct methods (SIR97)11 followed by Fourier
synthesis, and refined on F2 (SHELX-97. G. M. Sheldrick, University of
Göttingen, 1997). The isotropic thermal parameters of equivalent hydrogen
atoms were constrained to be identical. All other atoms were refined
anisotropically. The final refinement gave R(F2) = 0.0522 and R2

w(F2) =
0.0958, by using 2601 reflections (I > 2s).

For [Co(HAT)Cl2]4•27H2O: C48H78Cl8Co4N24O27, Mw = 1942.64,
tetragonal, space group P42/nnm, a = 17.663(3), c = 12.171(3) Å, V =
3797.1(13) Å3, T = 110(2) K, Z = 2, Dc = 1.699 Mg m23, graphite-
monochromated Mo-Ka radiation (l = 0.71069 Å), Bruker CCD
diffractometer, F(000) = 1988, m = 1.233 mm21, 0.05 3 0.04 3 0.02 mm,
32898 reflections measured, 2469 of which were unique (Rint = 0.0925).
The structure was solved by direct methods (SIR97) followed by Fourier
synthesis, and refined on F2 (SHELX-97). The solvent molecules are
disordered, and were modeled as 16 crystallographically independent
oxygen atoms all of them with occupancy factors less than one. All other
non-hydrogen atoms were refined anisotropically. The final refinement
gave R(F2) = 0.0824 and R2

w(F2) = 0.2056, by using 783 reflections (I >
4s).
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crystallographic files in .cif format
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showing the channels created by eclipsed stacking of the [Co(HAT)Cl2]4

squares (solvent molecules are omitted).

Fig. 4 The cmT vs. T plot (H = 1000 G) for [Co(HAT)Cl2]4 (5) compared
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Derivatives of tetraethynylethene (TEE, 3,4-diethynylhex-
3-ene-1,5-diyne) and (E)-1,2-diethynylethene ((E)-DEE, (E)-
hex-3-ene-1,5-diyne) provide a unique class of p-conjugated
building blocks for modular construction of one- and two-
dimensional carbon-rich scaffolds such as monodisperse, lin-
early p-conjugated oligomers extending in length beyond 10 nm
or large macrocyclic all-carbon cores. Lateral functionalisation
of these novel chromophores with donor–acceptor substituents
strongly enhances their advanced materials properties and
leads to exceptional third-order optical nonlinearities. New
photochromic molecules were prepared which undergo photo-
chemical cis ? trans and trans ? cis isomerisation without
competing thermal isomerisation pathways, thereby paving the
way for applications as light-driven molecular switches in
optoelectronic devices.

Introduction
Acetylenic scaffolding started in 1869 with the discovery of the
oxidative alkyne coupling by Glaser.1,2 Soon after, Baeyer
recognized the potential of this reaction for forming infinite all-
carbon chains, [–C·C–]n, known today as carbyne.3 The advent
of the Eglinton–Galbraith variant of the Glaser coupling
reaction in 1956,4 which uses cupric salts in donor solvents such
as pyridine, paved the way for the pioneering work by
Sondheimer and co-workers, who described the first synthesis
of [18]annulene in 1959.5,6 This milestone in physical organic
chemistry, which provided experimental support for the Hückel
rule defining aromaticity, was followed by the synthesis and
investigation of a large number of macrocyclic p-electron
perimeters, including many dehydroannulenes containing acet-

ylenic bonds.7–9 Methodological advances such as the Hay
variant for oxidative homo-coupling10 and the Cadiot–Chodkie-
wicz protocol for oxidative hetero-coupling11 expanded the
application of acetylenic scaffolding into the fields of polymer
and natural product synthesis.2 Today, progress in acetylene-
based molecular construction is greatly fueled by the advent of
powerful novel metal-catalyzed acetylenic homo- and cross-
coupling protocols.2,12,13

In the mid 80s, the observation of fullerene formation by
mass spectrometry14 stimulated our research group to search for
other, synthetic carbon allotropes.15,16 We developed ‘pre-
cursor’ routes to the cyclocarbons (cyclo-Cn), n-membered
monocyclic rings of sp-hybridised C atoms with unique
electronic structures resulting from two perpendicular systems
of conjugated p-orbitals, one in-plane and one out-of plane.15–17

In collaborative efforts, we showed that these all-carbon
molecules undergo ion-molecule coalescence reactions in the
gas phase under clean formation of fullerenes.18,19 At the same
time, we identified two-dimensional all-carbon networks,20

containing as repeat unit the cross-conjugated framework of
tetraethynylethene (1, TEE, 3,4-diethynylhex-3-ene-1,5-diyne)
(Scheme 1), as potential advanced materials and attractive

synthetic targets.15,16 While our hope of producing such
networks with high crystallinity was not substantiated, it
initiated the research featured in this article.

Tremendous synthetic efforts are currently ongoing in the
area of acetylenic scaffolding, targeting exceptional molecular
architecture and functional advanced materials, and the reader is
referred to review articles and monographs for a better
appreciation of these developments.21–32 Here, we describe how
derivatives of tetraethynylethene (1) and (E)-1,2-diethynyl-
ethene (2, (E)-DEE, (E)-hex-3-ene-1,5-diyne) have been used to
prepare a great diversity of functional carbon-rich compounds
such as chromophores with high second- and third-order optical
nonlinearities, molecular photochemical switches, large two-
dimensional carbon cores, and linearly p-conjugated molecular
rods extending in length beyond 10 nm.
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birthday.
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Scheme 1 Synthesis of tetraethynylethene (1).38 i, CBr4, PPh3, 50%; ii,
Me3Si–C·C–H, [Pd(PPh3)4], CuI, BuNH2, PhH, 88%; iii, K2CO3, wet
MeOH, 87%.
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Synthesis and properties of tetraethynylethenes
and (E)-1,2-diethynylethenes
Tetrakis(phenylethynyl)ethene (3) was the first TEE derivative
synthesised by Hori et al. in 1969,33,34 and the first peralkylated
and persilylated derivatives were reported later in the 70s by
Hauptmann.35 Taking advantage of modern Pd(0)-catalyzed
cross-coupling methods,12 our research group introduced in the
early 90s more general synthetic protocols, providing access not
only to the parent compound 136 but also to virtually any desired
substitution pattern about the central ten-carbon TEE core.
These methods have been comprehensively reviewed;37 they
are illustrated in Schemes 1 and 2 for the synthesis of TEE 138

and (E)-DEE 4.39

Recently, another general procedure for the synthesis of hex-
3-ene-1,5-diynes was described by Jones and co-workers which
does not rely on Pd(0)-catalyzed cross-coupling.40 A large
variety of (E)- or (Z)-DEE and TEE derivatives could be
prepared using the carbenoid coupling–elimination strategy
shown in Scheme 3.

Another synthesis of TEE derivatives results from the acid-
catalyzed thermal elimination of an orthoester moiety from
1,1,2,2-tetraethynylethane (3,4-diethynylhexa-1,5-diyne) de-
rivatives (Scheme 4).41

The stability of TEE and DEE derivatives largely depends on
the number of free ethynyl residues in the molecule. If all

acetylene residues are silylated, alkylated or arylated, the
compounds are kinetically very stable and display high melting
points or decomposition points which in the case of arylated
derivatives reach 200 °C and higher. With increasing number of
free terminal alkyne groups, the stability rapidly decreases:
derivatives with two ethynyl residues already are quite labile in
the neat state and the parent TEE 1 rapidly decomposes at 25 °C.
Remarkably, we never observed any Bergman cycloaromatisa-
tion of TEEs and DEEs;42,43 at higher temperatures, other
decomposition channels presumably become dominant.

Over 30 X-ray crystal structures of TEE and DEE derivatives
have been solved.44 They all revealed fully or nearly planar p-
conjugated carbon cores, which in most cases, also include
terminal aryl rings. In some solid-state structures, terminal aryl
rings are not in plane with the central core, presumably due to
crystal packing effects. In these cases, they adopt an orthogonal
orientation, thereby maintaining conjugation with the second
set of p-orbitals in the adjacent C·C bond. The length of the
central CNC double bond in TEE and DEE cores usually varies
between 1.34 and 1.37 Å, whereas the C·C triple bond lengths
vary between 1.17 and 1.22 Å.45

One of the striking characteristics of TEE derivatives is the
complete chemical inertness of the central olefinic bond. All
attempts to add electrophiles, carbenes, 1,3-dienes or 1,3-di-
poles to this electron-deficient46 bond failed.47 Thus, 1,3-dipo-
lar cycloaddition with diazomethane occurred at one of the C·C
bonds rather than at the central CNC bond. Similarly, oxidations
or epoxidations of this bond were unsuccessful and epoxide 5
could only be prepared in an indirect way as shown in Scheme
5.48

Functional advanced materials based on arylated
TEEs and DEEs
The physical properties of the TEE and DEE chromophores are
further enhanced by arylation, generating a variety of desirable
functional derivatives for advanced materials applications.
Thus, the fully planar tetraphenyl derivative 3 and the p-
acceptors 2,4,7-trinitrofluoren-9-one or (2,4,7-trinitrofluoren-
9-ylidene)malononitrile form highly ordered donor–acceptor p-
complexes of 1+2 donor–acceptor stoichiometry in the solid
state.49,50 The donor/acceptor orientation in the extended layer
structures seen in the crystals is electrostatically controlled and
shows a good correlation with the calculated atom-centered
point charges on both components.

Scheme 2 Synthesis of (E)-1,2-diethynylethene 4.39 i, Me3Si–C·C–H,
[PdCl2(PPh3)2], CuI, NEt3, 20 °C, ≈ 50%; ii, DIBAL-H, CH2Cl2, 0 °C,
85%; iii, Me2ButSiCl, Et3N, DMAP, 25 °C, 98%; iv, K2CO3, MeOH, 25 °C,
90%. DIBAL-H = diisobutylaluminum hydride, DMAP = 4-(N,N-
dimethylamino)pyridine.

Scheme 3 DEEs and TEEs by a carbenoid coupling–elimination strategy. i,
LHMDS, HMPA, THF, 280 °C; ii, Bu4NF, THF, 70% (DEE), 90% (1);
yields over 2 steps.40 LHDMS = lithium hexamethyldisilazane, HMPA =
hexamethylphosphorous triamide.

Scheme 4 TEEs by acid-catalysed orthoester thermolysis. i, (EtO)3CH, cat.
CSA, CH2Cl2, 94%; ii, CSA, 150 °C, 0.1 Torr, 5 min, 25–33%.41 CSA =
camphorsulfonic acid.

Scheme 5 Synthesis of epoxide 5. i, MeSO2Cl, NEt3, CH2Cl2, 220 °C ?
20 °C, 80%.48
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One of the most interesting properties of arylated TEEs and
DEEs is their ability to undergo reversible, photochemical trans
? cis and cis ? trans isomerisation.51 These isomerisations are
not observed in the corresponding derivatives lacking aryl
substituents. Since both cis and trans forms benefit from strain-
free planarity—in contrast to azobenzenes52 and stilbenes53

which are nonplanar in the cis forms—the photochemical
processes are not accompanied by undesirable thermal iso-
merisation, a quality reached only in a very small number of
photochromic materials known today.54 The photoisomerisa-
tion is of substantial preparative use and was applied to the
synthesis of donor–acceptor substituted TEEs, such as 6 and 7,
for nonlinear optical studies (Scheme 6).44c A detailed in-

vestigation revealed a strong dependence of the quantum yields
for photoisomerisation from the pattern and degree of aryl
functionalisation, solvent polarity and excitation wavelength.51

For a bis(4-nitrophenyl)-substituted DEE, the trans–cis iso-

merisation was also shown to occur electrochemically at the
stage of the dianion.45c

We have taken advantage of the photochemical trans–cis
isomerisation process to construct light-driven molecular
switches.55 Compounds (R,R)-8 and (R,R)-9 are hybrid systems
consisting of a TEE core with two attached (R)-configured 1,1A-
binaphthalene moieties (Scheme 7).56 They can be reversibly

interconverted in CH2Cl2 solutions with light of l = 398 or 323
nm. No thermal isomerisation was observed at room tem-
perature, and the system displayed high resistance to photo-
fatigue.

A further enhancement in complexity of molecular functions
that can be expressed with TEE derivatives was achieved with
the synthesis of the three-way chromophoric molecular switch
(E)-10 (Scheme 8).57 This compound contains three addressable

subunits which undergo individual reversible switching cycles:
(i) a central TEE core which can be reversibly photoisomerised
between its cis and trans forms, (ii) a dihydroazulene unit that
can be transformed upon irradiation into a vinylheptafulvene
(vinyl-7-methylenecyclohepta-1,3,5-triene) moiety58 and (iii) a
proton-sensitive N,N-dimethylanilino group. Of the eight result-
ing possible interconverting states, a total of six could be
detected. Individual interconversion processes such as three

Scheme 6 Synthesis of donor–acceptor substituted TEEs 6 and 7 by
photochemical trans–cis isomerisation.44c i, p-O2N-C6H4I, [PdCl2(PPh3)2],
CuI, NEt3, 20 °C, 66%; ii, hv (366 nm), Et2O, 37%; iii, Bu4NF, wet THF;
iv, p-O2N-C6H4I, [PdCl2(PPh3)2], CuI, NEt3, 20 °C, 56% (2 steps); v, hv
(366 nm), CHCl3, 20%.

Scheme 7 The couple (R,R)-8/(R,R)-9 represents a novel, fully light-driven
molecular switch.56

Scheme 8 Two of the three switching functions expressed by the three-way
chromophoric molecular switch (E)-10.57 The third one (not shown) is the
trans–cis isomerisation of the TEE core.
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‘write–erase’ processes and one process mimicking the function
of an AND logic gate could be separatively addressed. The latter
process relies on the interesting observation that the photo-
chemical opening of the dihydroazulene to the vinylhepta-
fulvene moiety occurs only after protonation of the dimethyl-
amino group, as shown in Scheme 8. We are now investigating
in interdisciplinary collaboration, whether TEE- and DEE-
based molecular switches could find application in photo-
addressable memory storage and readout devices or as wav-
eguides.59

Donor–acceptor substituted TEEs display some of the highest
known third-order optical nonlinearities60 and in case of
acentricity, also very large second-order nonlinear optical
effects.61 Comprehensive investigations by Günter, Bosshard
and co-workers under non-resonant conditions helped to
establish structure–property relationships which provide useful
guidance for the future design of nonlinear optical materials.60

In particular, these studies clearly demonstrated the important
role of two-dimensional conjugation in enhancing third-order
nonlinear optical effects.62 The highest values of the second
hyperpolarisability, g, that describes molecular third-order
nonlinear optical effects,63 were measured for perarylated TEEs
such as 7 (Scheme 6), 11,44c 1244b or 1344b in which as many as
six conjugation paths are effective (Scheme 9). In addition to

full two-dimensional conjugation, low molecular symmetry was
also found to be of particular importance for enhancing third-
order nonlinear optical effects. Thus, the lower-symmetrical
nitrothienyl derivative 13 gave a higher value for g than
obtained for 7, 11 or 12 possessing higher molecular symme-
tries. A theoretical model was derived to explain these
experimental findings;64 the reader is referred to the original
literature for more details.

Two-dimensional scaffolding: expanded carbon
cores
Two families of molecules featuring large all-carbon cores were
constructed from suitably functionalised TEE derivatives,
perethynylated dehydroannulenes and expanded radialenes.
Oxidative Glaser–Hay macrocyclisation of cis-bis(trialkyl-
silyl)-protected TEEs yielded the per(silylethynylated) octade-
hydro[12]annulenes 14a,b and dodecadehydro[18]annulenes
15a,b with fully planar p-conjugated carbon cores as evidenced
by X-ray crystallography (Scheme 10).65,66 The yellow-colored

[18]annulenes 15a,b, with a large HOMO–LUMO gap (2.57 eV
in pentane) are aromatic, whereas the purple-colored [12]annu-
lenes 14a,b, with a smaller HOMO–LUMO gap (1.87 eV), are
antiaromatic. Electrochemical studies46,66 showed that [12]an-
nulene 14b undergoes stepwise one-electron reductions (Eo =
20.99 and 21.46 eV vs. Fc/Fc+ (ferrocene/ferricinium couple)
in THF) more readily than [18]annulene 15a (Eo = 21.12 and
21.52 V). This redox behavior is best explained by the
formation of an aromatic [4n + 2] p-electron dianion from
antiaromatic 14b, whereas 15a loses its aromaticity upon
reduction. Removal of the six silyl-protecting groups in 15a
yielded the perethynylated derivative with the molecular
formula C30H6 which was stable in dilute solutions for a few
days at 220 °C in the dark. All attempts, however, to prepare
crystalline networks15,16 by oxidative acetylenic coupling
failed.

Formal insertion of ethynediyl67 or buta-1,3-diynediyl moie-
ties between each pair of vicinal exo-methylene units in the
cyclic framework of radialenes leads to the carbon-rich
expanded radialenes of which the perethynylated derivatives
16a–c are the first representatives (Scheme 11).66,68 They
possess nanometer-sized carbon sheets with diameters, not
including the SiPri

3 groups, of ca. 17 (16a), 19 (16b) and 22
(16c) Å. They are amazingly stable and readily soluble
compounds with melting points above 220 °C and can be
viewed as persilylated C40, C50 and C60 isomers, respectively.
Mass spectrometric analysis revealed that even larger carbon
sheets extending to C120 cores are formed and, with the recent
advances in gel permeation chromatographic (GPC) techniques,
we are currently attempting their separation and character-
isation. Electrochemical investigations showed that 16a–c are
powerful electron acceptors, capable of undergoing multiple
reversible one-electron reductions, but are not readily oxidized.
Both UV/Vis and electrochemical analyses suggested that
cross-conjugation is not very effective in the macrocyclic
perimeters and that the extent of p-electron delocalisation in all

Scheme 9 Top: schematic representation of the possible conjugation
pathways in perarylated TEEs. Paths a and b depict trans- and cis-linear
conjugation, and path c depicts geminal cross conjugation. (D donor, A
acceptor). Bottom: fully two-dimensionally conjugated chromophores with
high second hyperpolarisabilities, g.60,64

Scheme 10 Planar, perethynylated aromatic (15a,b) and antiaromatic
(14a,b) dehydroannulenes.65,66
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three compounds is limited to the longest linearly-conjugated p-
electron fragment corresponding to a dodeca-3,9-diene-
1,5,7,11-tetrayne-1,12-diyl moiety (–C·C–CRNCR–C·C–
C·C–CRNCR–C·C–).

The materials properties of the expanded radialenes were
greatly enhanced upon donor functionalisation, leading to the
stable derivatives 17a–c with fully planar p-chromophores.69

These compounds exhibit large third-order nonlinear optical
coefficients, can be reversibly reduced or oxidised, and form
Langmuir monolayers at the air–water interface. Particularly
intriguing is the UV/Vis spectrum of trimeric 17a, which
features a strong low-energy absorption band in the visible
region with an exceptionally large molar extinction coefficient
(e = 171 000 dm3 cm21 mol21 at lmax = 646 nm). The studies
with expanded radialenes executed so far suggest that p-
electron delocalisation in these cross-conjugated macrocycles is
not well understood, and high-level theoretical calculations of
the structural and electronic properties of these large perimeters
would be very desirable.

Novel linearly p-conjugated oligomers and
polymers with all-carbon backbones
After the introduction of the Pd(0)-catalysed cross-coupling-
based syntheses of TEEs and DEEs in 1991,36 we rapidly
became interested in applying these building blocks to the
construction of novel oligomers70 and polymers with linearly p-
conjugated all-carbon backbones. In particular, we targeted the
first synthesis of poly(triacetylene)s (PTAs),71 thereby extend-
ing the progression of all-carbon polymer backbones which
leads from polyacetylene72 to poly(diacetylene)73 and, ulti-
mately, to carbyne74 (Scheme 12).39

Starting from suitable TEE or DEE monomers, we prepared
by oxidative acetylenic coupling under end-capping conditions

several larger-chain PTA polymers such as air-stable 18–20
(Scheme 13).39,69 Deep red–brown 18 was soluble in hot CHCl3

and in 1,2-dichlorobenzene above 65 °C and showed an optical
gap of Eg = 2.0 eV which is in the range of the values measured
for poly(diacetylene)s.75 It can be reversibly reduced at the
remarkably low potential of E = 20.65 V (vs. Fc/Fc+).39 In
polymer 19, with laterally appended donor groups, the optical
gap is substantially reduced as compared to 18 and appears at Eg

= 1.6 eV.69 Lacking the laterally appended alkynyl groups, the
optical gap in 20 is raised to Eg = 2.4 eV.

A particularly interesting accomplishment in the chemistry of
poly(triacetylene)s is their first synthesis by topochemically
controlled polymerisation of hexa-1,3,5-triynes in the crystal,
which was recently described by Fowler and co-workers.76 A
highly original supramolecular control of spatial alignment and
orientation of the hexa-1,3,5-triynes in the crystal lattice was
required for this 1,6-polymerisation to occur.

In the largest body of our work on PTA rods, we focused on
the preparation and study of monodisperse oligomeric series as
models for the corresponding infinite polymers.77 We first
prepared by oxidative coupling under end-capping conditions
the two oligomeric series 21a–e78,79 and 22a–f,80 extending in
length up to 5 nm (Scheme 14). Compounds in series 21a–e
undergo facile one-electron reduction, with the number of
reversible reduction steps being equal to the number of TEE
moieties in each molecular rod. Thus, the first reduction of 21a

Scheme 11 Expanded radialenes 16a–c and 17a–c.66,68,69

Scheme 12 Progression of linearly p-conjugated all-carbon backbones from
trans-polyacetylene to carbyne.39

Scheme 13 Poly(triacetylene) polymers prepared by oxidative acetylenic
coupling under end-capping conditions.39,69 Mn = number-averaged
molecular weight, Xn = degree of oligomerisation.
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occurs at E = 21.57 V (vs. Fc/Fc+ in THF) whereas the first
reduction of 49.2 Å long 21e is much more facile, occurring at
21.07 V. The highly colored oligomers are amazingly stable to
air and can be stored on the laboratory bench for months without
decomposition. Correspondingly, no oxidation of these rods
was observed in THF below 1.0 V (vs. Fc/Fc+).

Of particular interest was the determination of the effective
conjugation length (ECL)81 in PTA oligomers and polymers.
The effective conjugation length indicates the number of repeat
units in a conjugated polymer that is required to furnish size-
independent properties. From the chain-length dependence of
the linear and third-order nonlinear optical properties of
oligomers 22a–f (Scheme 14), the effective conjugation length
was extrapolated in the range of 7–10 monomer units,
corresponding to 42–60 carbon–carbon bonds. It is noticeable
that most linearly p-conjugated polymers show an ECL in this
length range.77a,81

In more recent work, we prepared the series of stable
monodisperse PTA oligomers 23a–h (Scheme 14) which extend
up to a 17.8 nm long 24-mer.82,83 This is the longest known
molecular rod featuring a fully conjugated non-aromatic carbon
backbone. This series enabled for the first time the investigation
of the evolution of the physicochemical properties of PTAs into
the higher oligomeric regime where saturation of the properties

becomes apparent. In good agreement with the extrapolative
studies conducted with the previous oligomeric series 22a–f,
evaluation of linear (UV/Vis) and nonlinear (third-harmonic
generation (THG) and degenerate four-wave mixing (DFWM))
optical properties, Raman scattering and electrochemical data
supported an onset of saturation at about n = 10 monomeric
units, corresponding to 60 carbon–carbon bonds. Based on the
spectroscopic data, we had proposed a preference of the
molecular rods for adopting a planar s-trans conformation
(orientation of two adjacent double bonds with respect to the
bridging buta-1,3-diynediyl linker) of the p-conjugated back-
bone.82 Such a conformational preference was recently con-
firmed by an X-ray crystal structure analysis of 4-mer 23c.83

The nonlinear optical investigations showed a power law
dependence (g ª na with a ≈ 2.5) of the second hyper-
polarisability g on the number of monomeric repeat units n until
a smooth saturation is reached. The experimentally observed
power law dependence as well as the measured upper boundary
for electron delocalisation in a one-dimensional molecular wire
(about 60 carbon–carbon bonds) were nicely reproduced in
quantum-mechanical calculations using the Valence Effective
Hamiltonian (VEH) method combined to a Sum-Over-States
(SOS) formalism.84

These investigations were further extended to two families of
monodisperse terminally donor–donor and acceptor–acceptor
functionalised PTA oligomers 24a–f and 25a–f (Scheme 14).85

A dramatic influence of the end-groups on the electronic
properties of these materials was observed. As an example,
saturation of the linear optical properties in the donor–donor
series 24a–f occurred already at the stage of 4-mer 24d, whereas
the properties of the acceptor–acceptor series 24a–f resembled
much more those of the Me3Si-end-capped PTA oligomers
22a–f.

In another approach,86 the PTA oligomers were dendritically
encapsulated87 into shells of Fréchet-type88 (26–28, Scheme 14)
or carbosilane dendrons.89 As an important result, UV/Vis
studies demonstrated that the insulating dendritic layers do not
alter the electronic characteristics of the PTA backbone, even at
higher generation level. Electronic conjugation involving the
acetylenic fragments in the PTA backbone is presumably best
described as being cylindrical rather than resulting from orbital
overlap within a distinct plane and is therefore maintained upon
rotation about C(sp)–C(sp) and C(sp)–C(sp2) single bonds. This
conclusion, which requires further validation coming from other
studies, is of substantial importance for the rich area of
acetylenic scaffolding.90

Moving further along the progression from polyacetylene to
carbyne (Scheme 12), we recently prepared the first series of
monodisperse poly(pentaacetylene) (PPA) oligomers 29a–c
(Scheme 15).86b Compared to the corresponding PTA oligo-

Scheme 14 Poly(triacetylene) oligomers prepared by oxidative acetylenic
coupling.78–80,82,83,85,86

Scheme 15 Synthesis of the first poly(pentaacetylene) oligomers 29a–c.86b

i, CuCl, TMEDA, air, CH2Cl2, 20 °C, 10% (29a), 6% (29b), 3% (29c).
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mers 21a–e, we find the PPA derivatives much more delicate in
terms of stability and processability. Therefore, it will be
interesting to see how much further we will be able to move
synthetically along the backbone progression leading to car-
byne.

Hybrid systems
TEEs and DEEs are readily combined with other building
modules for further enhancement of advanced materials
properties. We prepared by Sonogashira cross-coupling a large
series of mixed oligomers with a spacer inserted between two
DEE moieties (Scheme 16) and found that the resulting hybrid

systems featured properties not displayed by the individual
components.91 Thus, the heterocyclic derivatives 30a–c con-
taining pyridine, pyrazine or thiophene spacers, respectively,
showed a strong fluorescence emission (fluorescence quantum
yields in CHCl3 at 20 °C: FF: 0.40 (30a), 0.65 (30b), 0.21 (30c))
which was present to a significant extent neither in DEE
oligomers nor in the individual heteroaromatic spacer compo-
nents. Pyridine derivative 30a provided an interesting example
of a molecular system, in which both the electronic absorption
and emission characteristics can be reversibly switched as a
function of pH. Upon protonation, the most intense electronic
absorption band shifts from 337 to 380 nm and the fluorescence
quantum yield decreases strongly from FF = 0.40 to FF =
0.07.

In another study, the porphyrin–DEE hybrid rods 31a–c,
extending in length from 2.3 (31a) to 3.8 (31b) and 5.3 nm
(31c), were prepared by synthetic routes featuring Sonogashira
cross-couplings between meso-iodinated porphyrin components
and DEE moieties as key steps (Scheme 17).92 Both UV/Vis and

electrochemical studies confirmed the existence of substantial
electronic communication between the two porphyrins rings in
31b across the trans-enediynediyl bridge. On the other hand, the
spectra of 31b and 31c closely resemble each other, indicating

that saturation of the optical properties in the oligomeric series
already occurs at the stage of ‘dimeric’ 31b. Stationary
voltammetric investigations in CH2Cl2 showed that the terminal
DEE substituents act as strong electron acceptors which induce
large anodic shifts (up to DE = 190 mV) in the first, porphyrin-
based reduction potential.

Finally, novel classes of organometallic macrocycles (such as
32, Scheme 18)93 and long molecular rods have become

available by Pt–TEE molecular scaffolding.94,95 The series of
stable oligomers 33a–f was prepared by oxidative Glaser–Hay
oligomerisation under end-capping conditions. They extend in
length from 3.3 (monomeric 33a) to 12.1 nm (hexameric 33f).
Both linear and nonlinear optical properties of these compounds
revealed an almost complete lack of p-electron conjugation
along the linear backbones due to the insulating character of the
Pt centers and the absence of p-character in the Pt–C(sp) bonds.
Purification, separation and characterisation of these remark-
able organic–inorganic hybrid materials reached the perform-
ance limits of currently available analytical and preparative gel
permeation chromatography.

Conclusions
Ten years after we started this research, tetraethynylethene
(TEE) and (E)-diethynylethene ((E)-DEE) building blocks
clearly represent one of the most versatile known molecular
construction kits for the development of functional molecular
architecture. Acetylenic scaffolding, starting from these mod-
ules, provided donor–acceptor substituted chromophores with
exceptional optical nonlinearities, monodisperse poly(triacety-
lene) (PTA) oligomers with linearly p-conjugated all-carbon
backbones expanding to unprecedented lengths, large carbon
sheets with unusual chromophoric properties and a new class of
light-driven molecular switches. This research has clearly
contributed to expanding the limits in size and complexity of
stable, monodisperse functional scaffolds that are accessible by
organic synthesis. At the same time, it has advanced the
fundamental knowledge of p-electron delocalisation in acet-
ylenic molecular architecture. Only the tip of an immense
‘iceberg’ of structural diversity accessible through TEE and

Scheme 16 Incorporation of spacer moieties into DEE oligomers.91

Scheme 17 Porphyrin–DEE hybrid molecular rods.92

Scheme 18 Novel organometallic macrocycles and molecular rods by Pt–
TEE molecular scaffolding.93,95
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DEE scaffolding has been explored today, and this chemistry
will undoubtfully provide in the future many new classes of
chromophores with multinanometer dimensions which could
find use in optoelectronic devices and in the development of
molecular-scale electronic circuitry.

I thank the many co-workers and collaborators for their
enthusiastic contributions to this research; their names are
included in the literature references. Funding for this work was
provided by the Swiss National Science Foundation and the
ETH research council (TEMA grant and joint grant with
Professor P. Günter).
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A new method to construct a fluorescent saccharide
biosensor based on a lectin protein is successfully proposed
using post-photoaffinity labeling modification coupled to
aldehyde chemistry.

A biosensor is regarded as one of the ideal systems to monitor
ions and molecules of biological importance both in vivo and
in vitro,1,2 since a protein framework can provide a superior
molecular recognition scaffold. To carry out the rational
coupling of a signal transduction device with the molecular
recognition events on a protein scaffold, most examples rely
upon site-directed mutagenesis,3 GFP (green fluorescent pro-
tein) fusion strategy4 and protein total-5 or semi-6synthesis. In
contrast to genetic technologies, however, chemistry-based
versatile methods for the manipulation of biomacromolecules
have not been satisfactorily developed. In fact, there are still
limited numbers of procedures that are capable of the site-
directed introduction of unique thiol3 or ketone7 groups into
native proteins in order to tag unnatural signaling molecules.

We describe herein a new method named as ‘post-photo-
affinity labeling modification’ to construct a fluorescent
saccharide-biosensor based on a naturally occurring saccharide-
binding protein, concanavalin A (Con A). Con A, a kind of
lectin family, can bind a-D-mannoside and a-D-glucoside
derivatives selectively.8 An active site-directed modification of
the lectin was conducted by the photoaffinity-labeling tech-
nique using p-azidophenyl-a-D-mannopyranoside 1. The sub-
sequent oxidative degradation of the mannose part to produce
aldehyde tags, followed by the chemical modification with a
hydrazine derivative yields a fluorescent lectin.

The affinity ligand 1 which has both a a-mannoside unit, the
strongest monosaccharide ligand for Con A, and a phenylazide
group as a photoaffinity labeling group was synthesized as
shown in Scheme 1. Peracetylmannose was glycosylated by p-
nitrophenol in the presence of BF3·Et2O,9 followed by deacyla-

tion with NaOMe and conversion of the nitro-group to azide in
the conventional manner to afford the target 1.10

The post-photoaffinity labeling modification for Con A is
briefly outlined in Scheme 2. When the ligand 1 was bound to
the binding pocket of Con A, photolabeling via nitrene
generation was carried out by UV light irradiation (l =
254 nm).10 The labeled Con A was purified by gel chromatog-
raphy (Biogel-P-30), followed by affinity chromatography
(Sephadex G-100). Two fractions bearing the lessened affinity
to the Sephadex column than native Con A were obtained.†  The
analysis by MALDI-TOF mass spectroscopy shows that the first
fraction showing no affinity to Sephadex is a Con A
homodimer, the monomer of which is modified with 1 mole of
1 (a mass peak appeared only at 25 850 ± 10 due to Con A plus
1), and the second one showing moderate affinity is a
heterodimer that comprises the modified Con A monomer (1
mole of 1 per 1 mole of Con A) and the unmodified monomer
[two mass peaks appeared at 25 850 ± 10 and 25 583 (native
Con A)]. The total yield of the modified Con A is about 30%. To
determine the labeled site, the labeled Con A was digested by
lysyl-endopeptidase (at 37 °C, pH 9.0 for 15 h in the presence of
3 M urea).11 The HPLC (ODS column) and MALDI-TOF mass
analyses of the digested peptides showed that only two
fragments [the peptide 1 (A1-K30) and the peptide 6 (R60-
K101)] among 10 fragments of the digested peptide were
labeled with 1 mole of the ligand 1. The crystal structure of Con
A12 shows that these two peptides are strongly involved in the
sugar binding. Especially, Tyr12 in fragment 1 and Tyr100 in
fragment 6 form a hydrophobic fence of the binding pocket.
These reasonably suggest that the photoaffinity labeling
reaction site-selectively proceeds under the present conditions.
Subsequently, the mannose unit of 1 introduced by photo-
affinity labeling can be converted by oxidation with periodate
(IO4

2) under mild conditions into unique aldehyde groups
(CHO-Con A),13 that can be chemoselectively labeled with
hydrazine- or aminooxy-appended fluorophores [DCCH-Con A
in the case of DCCH (a coumarin derivative)-hydrazine].14

Secondary structure of the modified Con As was monitored
by CD spectroscopy. A negative Cotton peak at 218 nm,
characteristic of the typical b-sheet, in all of the modified Con
As (the labeled, CHO-, and DCCH-Con A), is comparable to
that of native Con A,15 suggesting that the secondary structure
is not significantly disturbed by the present modification.

DCCH-Con A showed an absorption at 435 nm16 (Fig. 1a)
and a strong fluorescence at 485 nm (excitation at 435 nm), due
to the coumarin unit, an environmentally sensitive fluorophore.
Thus, we monitored emission spectral changes of DCCH-Con A
by the addition of methyl-a-D-mannoside (Me-a-Man), the
strongest mono-saccharide ligand for native Con A (inset of
Fig. 1b). With increasing concentration of Me-a-Man, the
emission intensity at 485 nm is gradually lessened and the
change is saturated at less than 10 mM. The saturation curve
(Fig. 1b) obtained by the fluorescent titration can be analyzed by
a Benesi–Hildebrandt plot to give a binding constant of 1.9 3
10 3 M21 for Me-a-Man. Similar saturation curves were
observed in the fluorescent titration of other types of sacchar-
ides and the association constants are determined as summa-

† Electronic supplementary information (ESI) available: experimental and
spectral data for 1, and a colour version of Scheme 2. See http://
www.rsc.org/suppdata/cc/b0/b008323m/
‡ Visiting Professor at the Institute of Molecular Science, Okazaki,
444-8585, Japan.

Scheme 1 Synthesis of photoaffinity labeling reagent 1. Reagents and
conditions: (a) (i) p-nitrophenol, BF3·Et2O (1 eq.), dry CH2Cl2, rt, 3 days;
(ii) NaOMe, dry MeOH, rt, 2 h (55% for 2 steps). (b) 10% Pd/C, MeOH, rt,
30 min (95%). (c) (i) NaNO2, 0.4 M HCl, 0 °C, 30 min; (ii) NaN3, 0 °C,
20 min (61%).
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rized in Table 1. It is clear that the order of the affinity constants
for various saccharides is the same as that of native Con A (Me-
a-Man > Me-a-Glc > Me-a-Gal, Me-b-Glc), although the
affinity constants are lower than the literature values of native
Con A17 determined by ITC (isothermal titration calorimetry)
measurement. Significantly these results imply that the molec-
ular recognition event occurring in the binding pocket of
DCCH-Con A can be directly transduced by the fluorescence
signal. This is the first step toward the rational design of
fluorescent saccharide biosensors based on lectins. The reduced
selectivity of DCCH-ConA might be due to the partial blocking
of the sugar-binding pocket by the appended fluorophore and/or
the structural disturbance of the binding site by the unnatural
groups. Details are now under investigation in our laboratory.

We believe that this strategy is so general that other
fluorescent biosensors may be produced showing different
saccharide specificities by the simple replacement of the sugar
part of 1 and the usage of the corresponding lectin.

T. N. is a JSPS fellow for Japanese Junior Scientists. This
research was partially supported by a specially promoted area
(Biotargeting, No. 12019258) and a Grant-in-Aid for COE

Research (No. 08CE2005) from the Ministry of Education,
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Scheme 2 Schematic illustration for semisynthesis of DCCH-ConA. The typical structures of the oxidative degradation of mannose are shown.

Fig. 1 (a) UV-vis spectrum of DCCH-ConA; (b) fluorescence titration
curve of DCCH-ConA with Me-a-Man. [DCCH-ConA] = 3 mM, 50 mM
HEPES buffer (pH 7.0), 1 mM MnCl2, 1 mM CaCl2, 0.1 M NaCl at 15
±1 °C, lex = 435 nm; inset: fluorescence spectral change of DCCH-ConA
by the addition of Me-a-Man.

Table 1 The binding constants (K) of DCCH-ConA for saccharides

K/M21

Saccharide DCCH-ConA Native ConA

Me-a-mannoside 1900 11 000a

Me-a-glucoside 1450 3 000a

Me-b-glucoside 520 —b

Me-a-glactoside 570 —b

a Ref. 16. b The binding constants for Me-a-galactoside and Me-b-
glucoside have not been reported because of their low affinity.
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Density functional studies of model tribora-macrocyclic
Lewis acids indicate extremely strong binding of the methyl
anion, which in some cases exceeds that of B(C6F5)3. In
addition anion selectivity for the fluoride ion is implied by
binding energies ca. 200 kJ mol21 greater than those of other
halides.

The formation of donor/acceptor complexes exploiting the well
known Lewis acidic nature of organo-boranes and -alanes has
been the subject of much recent research interest.1 In part, this
stems from the role of species such as MAO or B(C6F5)3 as
hydride or alkide abstractors in the generation of highly active
cationic olefin polymerisation catalysts.2 In such cases the
activity and stability of catalysts are known to be strongly
dependent on the extent of interactions between the cationic
transition metal species and the anionic donor/acceptor com-
plex.3 Attempts have been made to manipulate the nature and
strength of ion pairing interactions in solution, for example
through the use of sterically more encumbered Lewis acids.4 An
alternative to the manipulation of the steric environment about
the Lewis acidic centre is the incorporation of additional
acceptor sites within a multidentate framework. By analogy
with classical chelating agents such species offer the possibility
for even stronger anion binding and the greater delocalisation of
negative charge. Recently several groups have investigated this

approach using bifunctional Lewis acids such as 1.5 A logical
extension of this strategy is the development of macrocyclic
multidentate Lewis acids. Classical macrocyclic donor ligands
are well noted for the formation of exceptionally stable metal
complexes and for slow dissociation kinetics.6 In addition, by
the incorporation of acceptor sites into a medium-sized cyclic
structure ring strain is released on anion binding via the
pyramidalization of planar boron centres.

This work explores the nature of two such model compounds,
1,4,7-trifluoro-1,4,7-triboracyclononane 2 and perfluoro-
1,4,7-triboracyclononane 3, and their complexes with a number
of anions (H2, F2, Cl2, Br2, CH3

2). To facilitate  quantitative
interpretation of the results, the binding energy of tris(penta-
fluorophenyl)borane 4 with CH3

2 has also been computed at
the same level of theory. Although there are some recent density
functional studies of simple mono-functional boranes (BH3 or
BF3) and their complexes with neutral Lewis bases,7 studies of
anion binding to boranes (either mono- or poly-functional) are
limited to a recent high-level study of complexes of BH3 with
PH2

2, OH2 and Cl2,8 and a semi-empirical investigation of
anion complexes of macro-bi- and -tri-cyclic boranes.9

The geometries of 2, 3 and their various donor–acceptor
complexes were optimized at the Hartree-Fock level using
3-21G and 6-31+G* basis sets (Fig. 1 and 2) (see also ESI†).
The minimum energy geometries for F2, Cl2, and Br2
complexes with both macrocyclic Lewis acids 2 and 3 feature
symmetrical binding of the anion to all three boron centres (see
Tables 1 and 2). For hydride anion, however, three different BH
distances are observed in the minimum energy structure. The
H2 anion bridges two boron centres in near symmetrical fashion
{r(B–H) = 1.429, 1.414 Å for [2·H]2; 1.351, 1.364 Å for
[3·H]2}, but interacts minimally with the third boron atom
{r(B…H) = 2.668 Å for [2·H]2; 2.813 Å for [3·H]2}. Such a
geometry is unsurprising given the small size of the hydride
anion, the m2- bonding mode for bridging hydrogen atoms being
far more common than the face-capping m3-mode in polyhedral
boron hydrides, for example. BH distances can be compared to
those determined by X-ray diffraction for hydride complexes of
bidentate Lewis acids {e.g. with ‘hydride sponge’
[1,8-(Me2B)2C10H6

.H]2, r(B–H) = 1.20(5), 1.49(5) Å and
[(HBC4H8)2·H]2, r(B2H) = 1.28(2), 1.31(2) Å}.11 In general
the closest BH contacts for [2·H]2 and [3·H]2 are somewhat
longer (ca. 5–10%) than those determined experimentally.
Conceivably this may reflect the anomalous shortening found
for E–H bonds determined by X-ray diffraction, as the B…B
distances to be spanned by the hydride ‘ligand’ in both the
macrocyclic and bidentate complexes are very similar (2.473
and 2.535 Å for the macrocyclic complexes; 2.480 and 2.544 Å
for the bidentate species).

The BCl distances in [2·Cl]2 and [3·Cl]2 (2.654 and 2.329 Å,
respectively) are also somewhat longer than those found in the
chloride complex of the bidentate Lewis acid ‘chloride sponge’,
[1,8-(Cl2B)2C10H6·Cl]2 [1.86(1)–2.10(1) Å].12 In this case,
however this reflects the significantly longer B…B distance to
be spanned by the Cl2 ligand {3.373 and 3.311 Å for the
macrocyclic complexes compared to 3.055 Å for
[1,8-(Cl2B)2C10H6·Cl]2}. Comparison with the structure of the
known B2F7

2 ion shows a similar trend for the fluoride
complexes of 2 and 3.

† Electronic supplementary information (ESI) available: geometry
optimization details and results of calibration calculations. See
http://www.rsc.org/suppdata/cc/b0/b007544m/

Fig. 1 Definitions of parameters defining the macrocyclic complex
geometries.

Fig. 2 HF/6-31+G* optimized geometries of (i) [2.H]2 and (ii) [3.CH3]2.
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The binding energies for F2 and Cl2 complexes of
macrocycles 2 (307.9 and 107.3 kJ mol21, respectively) and 3
(595.7 and 385.4 kJ mol21, respectively) can be compared to
values of 265.7 and 141.8 kJ mol21 calculated by Boutalib and
coworkers for the corresponding complexes with BH3 at the G-2
level of theory.8 For all the anions examined the binding energy
is considerably enhanced by perfluorination of the tribora-
macrocycle. For the smaller anions H2 and F2 extremely high
binding energies are observed for the perfluorinated macrocycle
(692.3 and 595.7 kJ mol21). The weaker binding found for
complexes of Cl2 and Br2 reflects a poorer size-match
selectivity (anion/macrocycle) and the greater B…X distances
(2.329 and 2.445 Å, respectively). Fluoride anion recognition is
an area of much current interest,13 and these data imply that
[9]aneB3 macrocyclic species have much potential in this
regard.

The case of methyl anion binding is intriguing; although a
strong overall attractive interaction is found for the symmet-
rically bound (C3 symmetry) system, [3·CH3]2, reflected by a
binding energy (492.9 kJ mol21) in excess of that calculated for
the analogous complex of B(C6F5)3 (vide infra), the global
minimum for both [2·CH3]2 and [3·CH3]2 features less
symmetrical anion binding. In each case, binding of the anion
within the cavity is essentially monodentate, featuring a single
short B…C distance {1.651 Å for [3·CH3]2} and two other
B…C distances long enough to preclude any significant
interaction {2.984 and 3.016 Å for [3·CH3]2}. For 3 the binding
energy for the methyl anion in this asymmetric mode is found to
be 555.3 kJ mol21; for each complex the less symmetrical C1
binding geometry is found to be energetically more favourable
than the C3 mode of attachment by at least 60 kJ mol21.

Given the importance of methyl anion abstraction in the
initiation of olefin polymerisation processes, we sought to
compare the CH3

2 binding capabilities of 2 and 3 with that of
the commonly used Lewis acid 4. At the B3-LYP/6-311+G*/
/HF/6-31+G* level with a scaled HF/3-21G vibrational correc-
tion, we obtained a binding energy of 472.4 kJ mol21 for
[B(C6F5)3

.CH3]2, a value which is ca. 15% lower than the value

found for [3·CH3]2. In terms of binding energies for the methyl
anion, the value detailed herein for the perfluorinated macro-
cycle 3 is the highest absolute value yet to be reported in the
literature.‡

In summary the calculations presented here reveal that the
macrocycle 3 binds CH3

2 at least as strongly as the ‘best’
recently synthesised Lewis acids. Although binding of CH3

2 by
a Lewis acid is only one step in the generation of the active
species from metallocene dimethyl derivatives, other factors
such ion pairing interactions are known to be important,3 this
result has clear implications in terms of the design of Lewis
acids as activators in olefin polymerisation catalysis. With this
in mind we are currently investigating anion binding by a range
of multidentate and macrocyclic Lewis acids, including species
featuring benzyl backbones which may prove to be more
synthetically accessible. The results of these studies will be
reported in due course.

S. T. H. thanks the EPSRC for access to the Columbus
Quantum Chemistry supercomputing facility.
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Table 1 HF/6-31+G(d) calculated geometrical parameters for complexes of anions with macrocyclic Lewis acids 2 and 3

2 3

Lewis base r(B…X)/Å da/Å F–B–X/° r(B…X)/Å da/Å F–B–X/°

H2 1.429, 1.414, 2.668 — — 1.351, 1.364, 2.813 0.413 —
F2 1.832 0.721 101.9 1.805 0.516 103.8
Cl2 2.654 1.803 99.7 2.329 1.330 103.4
Br2 2.857 2.062 98.6 2.445 1.491 104.0
CH3

2 1.659, 3.276, 3.221 — — 1.651, 2.984, 3.016 — —
a The perpendicular distance of the anion from the mean plane of the three boron acceptor atoms, as defined in Fig. 1.

Table 2 B3-LYP/6-311+G(d)//HF/6-31+G(d) calculated binding energies
(Eb) and anion Ô macrocycle charge transfers (DQ) for complexes of
anions with macrocyclic Lewis acids 2 and 3

2 3

Lewis base Eb
a/kJ mol21 DQ Eb/kJ mol21 DQ

H2 359.0 0.90 692.3 0.85
F2 307.9 0.49 595.7 0.60
Cl2 107.3 0.52 385.4 0.72
Br2 73.1 0.58 338.9 0.98
CH3

2 298.3 0.03 555.3 0.09
a These include HF/3-21G harmonic thermal corrections (at 298 K) scaled
by 0.893.10
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A range of alkenyltrimethylsilanes are converted to alkenyl
fluorides by reaction with one equivalent of Selectfluor™

(1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane
bis(tetrafluoroborate)), or difluoromethyl-substituted alco-
hols, ethers or amides using an excess of Selectfluor™ in the
presence of various nucleophiles.

In view of the unique features of fluorine-containing com-
pounds, there has been an increasing interest in the development
of novel methods for the synthesis of fluorinated molecules.1 In
particular, terminal fluoroalkenes have been used in the design
of a number of mechanism-based enzyme inhibitors and other
bioactive molecules.2 Consequently, development of general
methodologies for their preparation is an important challenge.
Our studies were initiated in order to investigate the hypothesis
that electrophilic N–F reagents3 would react with alkenyl-
trimethylsilanes to give the corresponding alkenyl fluorides.
Fluorodesilylations of aryltrimethylsilanes using xenon di-
fluoride and elemental fluorine have been reported respectively
by Lothian and Ramsden4 and by Stuart et al.5 Surprisingly, in
contrast to chloro-, bromo- or iododesilylation,6 fluorodesilyla-
tion has never been applied to alkenylsilanes. In addition, the
reactivity of the N–F group of reagents has not been
investigated for a fluorodesilylation processes. In this commu-
nication, we demonstrate a new and facile approach for the
synthesis of alkenyl fluorides as well as difluoromethyl-
substituted alcohols, amides and ethers.

The substrate trimethylstyrylsilane 1a was prepared as a
mixture of stereoisomers (E+Z/8+92).7 The fluorodesilylation
was attempted with several commercially available N–F
reagents. The reaction of compound 1a with 1 eq. of
Selectfluor™ in acetonitrile at rt afforded the expected fluoro-
alkene 2a with a conversion8 of 47% after 20 h (Scheme 1, eqn
1 and Table 1, entry 1). Prolonged reaction times did not
improve the yield of compound 2a as the formation of a second
product was observed instead. This product was identified as
difluoroamide 3a and is believed to result from further
fluorination of 2a followed by reaction with acetonitrile. When

1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis-
(trifluoromethanesulfonate) was allowed to react with an
equimolar amount of compound 1a in acetonitrile, fluoro-
desilylation occurred to afford the fluoroalkene 2a with a
conversion of 32%. In contrast, 1-fluoropyridinium pyridine
heptafluorodiborate and N-fluorobenzenesulfonimide did not
react with compound 1a. These results prompted us to use
Selectfluor™ for subsequent fluorodesilylation reactions. A
series of alkenyltrimethylsilanes 1b–f was thus prepared
according to known literature procedures7,9 in order to evaluate
the scope and limitation of this reaction. The expected
fluoroalkenes 2b,c were obtained as Z+E mixtures in moderate
to good yields (Table 1, entries 2 and 3 ). In terms of
mechanism, the reaction of 1a to form 2a might involve an

Scheme 1

Table 1 Fluorodesilylation of vinylsilane derivatives 1a–f
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addition–elimination pathway via a carbocationic intermediate.
The formation of a mixture of geometrical isomers and the
faster reaction with more nucleophilic vinylsilanes are con-
sistent with this mechanism.

Treatment of alkenylsilanes 1a–d with more than one
equivalent of Selectfluor™ produced the corresponding vicinal
difluoroamides 3a, 3c and 3d in good yields by a Ritter-type
fluoro-functionalisation with acetonitrile (Scheme 1, eqn. 2 and
Table 1, entries 4, 6 and 7). The reaction could not be applied to
1b since the corresponding primary product of the reaction, the
fluoroalkene 2b, failed to react any further (Table 1, entry 5).
These results are consistent with the observation made earlier
by Stavber et al.10 who reported that monofluoroamides could
be prepared from the corresponding alkene by a “fluoro-Ritter”
reaction. More recently, Olah et al.11 also reported the
formation of difluoroamides by electrophilic fluorination of
alkenyl boronic acids and trifluoroborates.

When the reaction was carried out in aqueous acetonitrile or
in a mixture of methanol and acetonitrile, the product outcome
was different (Scheme 1, eqn. 3). When the alkenyltrimethyl-
silanes 1a and 1c were treated with 2.5 eq. of Selectfluor™ in a
1+1 mixture of MeOH–CH3CN, the corresponding difluoro-
methyl ether derivatives 4a and 4c were prepared in 75 and 79%
yield respectively (Table 1, entries 8 and 10). Similarly, when
compounds 1a and 1c were treated with 2.5 eq. of Selectfluor™
in a 1+1 mixture of H2O+CH3CN, the difluoromethyl alcohols
5a and 5c were obtained with chemical yields of 45 and 83%
(Table 1, entries 9 and 11). The difluoroamides were always
formed as side products but could be easily separated by silica
gel chromatography. In addition, the methodology can also be
applied to the preparation of the bis-fluorinated tetrahydrofuran
6e and the tetrahydropyran 6f† by treating the corresponding
alkenyltrimethylsilanes 1e and 1f with 2.5 eq. of SelectfluorTM

in acetonitrile (Table 1, entry 12).
In summary, substituted alkenylsilanes carrying electron-

donating groups undergo smooth mono- or bis-electrophilic
fluorination to afford fluoroalkenes or vicinal difluoroamides,
alcohols or ethers. The present report opens new possibilities for
the direct and effective preparation of alicyclic and cyclic
difluorinated derivatives. Mechanistic investigations along with
the evaluation of the scope and limitation of this novel
methodology are in progress in our laboratory. The generous
financial support of Rhodia Organique Fine is acknowledged.
We also thank Dr J. M. Paris, Dr J. R. Desmurs, and Dr J.
Russell for very helpful suggestions regarding this work.

Notes and references
† Procedure for the production of 6f: A solution of 5-phenyl-6-trimethyl-
silanyl hex-5-en-1-ol (350 mg, 1.4 mmol) in acetonitrile (35 ml) was treated
with Selectfluor™ (1.24 g, 3.5 mmol) and stirred at rt for 48 h. The reaction
mixture was poured into saturated aqueous sodium hydrogen carbonate (30
ml) and extracted with diethyl ether (3 3 30 ml). The combined organic
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Hz), 7.35–7.50 (m, 5H); 13C NMR (100.6 MHz, CDCl3): 18.4, 25.3(t, J =
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Methyltrioxorhenium (MTO) was found to catalyze the
transfer of the nitrene unit of [N-(p-tolylsulfonyl)imino]-
iodobenzene to a number of olefins providing aziridines in
moderate to good yields, establishing MTO as a universal
catalyst for the [1 + 2] cycloaddition of carbene, nitrene, and
oxo units to olefins.

The metal-catalyzed [1 + 2] cycloaddition of small functional
groups to olefins to yield 3-membered rings comprises a very
important class of reactions in organic syntheses.1,2 Most
important among this class of reactions is the addition of
isoelectronic second row (ISR) fragments, e.g. carbene, nitrene,
and oxo species, to olefins to produce cyclopropanes, aziridines,
and epoxides, respectively. From a valence-shell electron
consideration, it is quite reasonable to propose that these ISR
moieties may behave similarly toward olefins in the presence of
the same metal catalyst. In particular, we were intrigued by the
possibility that there may exist a “universal” catalyst which can
transfer all three of these ISR species to olefins. The
development of a common catalyst for multiple organic
reactions is a powerful concept in synthesis. Its significance lies
in the possibility that the ligand framework developed for one
reaction may be applied to other reactions without further
modification of the catalyst system. The advantages are most
apparent in the case of enantioselective reactions catalyzed by
soluble metal complexes, where the most labor-intensive
research is the development of the required chiral ligands.
Perhaps the most prominent example of this strategy is the work
by Sharpless and coworkers on the osmium-catalyzed asym-
metric olefin aminohydroxylation,3–6 where a chiral alkaloid
ligand used in the asymmetric olefin dihydroxylation reaction is
applied to the synthesis of chiral b-aminoalcohols. In the area of
[1 + 2] cycloadditions, the developers of Cu2,7–9 and Rh2,10

catalysts have utilized this strategy to some degree in that both
aziridination and cyclopropanation can be carried out by the
same metal catalyst.

We report herein the aziridination of olefins catalyzed by
methyltrioxorhenium11 (MTO). Combined with the known
olefin epoxidation12–14 and cyclopropanation15 catalyzed by the
same metal complex, our work establishes the unique activity of
MTO as a ‘universal’ catalyst for the [1 + 2] cycloaddition of
carbene, nitrene, and oxo units to olefins. To our knowledge,
this is the first instance where a single catalyst can be used for
three different [1 + 2] cycloaddition reactions.

In the olefin aziridination experiments, we utilized [N-(p-
tolylsulfonyl)imino]iodobenzene (PhINTs) as the nitrene
source. General experimental conditions involved the mixing of
PhINTs (1 equiv.), olefin (5 equiv.), and MTO (10 mol%
relative to PhINTs) in MeCN at the appropriate temperature
(Table 1). Although the polymeric PhINTs was initially
insoluble, the mixture became homogeneous as the reaction
proceeded. The complete consumption of the nitrene source
signaled the end of the reaction. In the absence of MTO no
reaction occurred, as evidenced both by the lack of dissolution
of PhINTs as well as by GC analysis of the reaction solution
which shows trace TsNH2 as the only nitrogen-containing
product.

As depicted in Table 1, reaction conditions were varied to
elucidate their effect on the catalyst activity with respect to the

aziridination of styrene. In general, higher substrate concentra-
tions gave better yields in shorter reaction times. A reaction of
40 equiv. of styrene relative to the nitrene source resulted in the
highest yield of aziridine (45%, Table 1, entry 5). In refluxing
MeCN (ca. 82 °C, Table 1, entries 6 and 7), the reaction was
essentially instantaneous. There was no noticeable change in
yield compared to those at room temperature.

Nitrile solvents (both MeCN and benzonitrile) were the most
suitable for this system. In most other solvents, such as Et2O,
CH2Cl2 PhMe, THF, and pyridine, aziridine did not form, and
all of the nitrene precursor was converted to TsNH2. In the
absence of nitrile solvents (neat conditions), the yield of
aziridine was 27% based on PhINTs.

In all cases, TsNH2 was the major side product of the
aziridination reaction. To determine the hydrogen atom sources
for TsNH2 formation, a series of labeling experiments was
conducted. A 10+1 mixture of styrene and PhINTs with MTO
(10 mol% relative to PhINTs) in deuterated solvent (CD3CN,
rigorously dried and distilled) was allowed to react for 4 h, and
the product mixture was analyzed by GC–MS. If the solvent was
the major hydrogen source, TsND2 or TsNDH would have been
expected to form. However, the product from hydrogen
abstraction was mostly TsNH2 with a small amount of TsNDH.
When styrene-d8 in MeCN was used, the byproduct consisted
mostly of TsND2 (m/z 173) and TsNDH (m/z 172). Although
both MeCN and styrene can supply hydrogen atoms for the
TsNH2 formation, the labeling experiments indicate that the
substrate is the major hydrogen source leading to the formation
of the TsNH2 side product.

To investigate the scope of the MTO catalyzed aziridination
reaction, several substituted olefins were examined using the
conditions optimized for the aziridination of styrene (Table 2).
In general, electron-withdrawing substituents at the para
position of styrenes slowed down the overall reaction although
yields remained essentially the same (Table 2, entries 1–4). For
conjugated aromatic olefins, substitution patterns affected both

Table 1 Substrate concentration effect in the aziridination of styrene
catalyzed by MTO
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reaction time and yield. While (E)-b-methylstyrene only
yielded 17% of the desired trans-product after 10 h (Table 2,
entry 5), the cis-substituted 1,2-dihydronaphthalene showed
faster conversion, producing 43% aziridine after 4–5 h (Table 2,
entry 7). Aziridination of a-methylstyrene was fastest (1 h
reaction time) among the substrates examined, and a mixture of
aziridine and N-tosyl-2-phenylpropylidenimine was isolated
(Table 2, entry 6). Finally, cyclohexene, a substrate known to be
very sluggish in atom-transfer reactions, was transformed to the
corresponding aziridine in low, but finite, yield (Table 2, entry
8).

Although identification of a complete mechanism accounting
for the yields and products obtained from this family of

reactions is beyond the scope of this initial communication, we
believe that a 3-membered rhenoxaziridine intermediate A,
formed from the coupling of [NTs] with MTO, is a reasonable
common first intermediate (eqn. (1)).15 This intermediate A
could then react with olefins to form aziridines or undergo other
transformations, such as hydrogen abstraction from the sub-
strate to yield TsNH2.

(1)

To summarize, we have demonstrated that MTO can act as a
catalyst for the transfer of nitrene to olefins. This reactivity,
taken together with the known MTO-catalyzed epoxidation12–14

and cyclopropanation,15 represents the first example of three
different [1 + 2] cycloadditions of ISR fragments catalyzed by
a single metal complex. Further studies, including the isolation
and characterization of reaction intermediates, a complete
elucidation of the reaction mechanism, the extension of the
scope of this reaction to other rhenium(VII) oxo compounds and
olefin substrates, as well as the asymmetric version of the MTO-
catalyzed olefin aziridination are currently in progress and will
be the topic of future reports.

This work was supported by grants from Northwestern
University, the Camille and Henry Dreyfus Foundation, the
Beckman Foundation, the Packard Foundation, and the Dupont
company. We thank Dr Wiechang Jin for helpful discussions.
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Rhodium-catalyzed allylation of styrene with allyl tosylate
gave 1-phenylpenta-1,4-diene, and various styrene deriva-
tives were also allylated yielding 1,4-dienes or 1,5-dienes.

The palladium-catalyzed arylation of alkenes, the Heck reac-
tion, has proven to be a versatile method for the formation of
carbon–carbon bonds.1 In contrast, the analogous reaction of
alkenes with allyl compounds is far more limited in its
application, except for intramolecular metallo-ene reactions,2
and remains a challenge in organic synthesis. Although a few
examples of the transition metal-catalyzed allylation of alkenes
have been reported,3–5 to our knowledge, a reaction yielding
simple allylation products, i.e. 1,4-dienes, is yet to be
discovered. For example, strained alkenes such as norbornene†
react with allyl compounds in the presence of various transition
metal catalysts, however, these reactions do not afford
1,4-dienes because of stereochemical problems.3 The palla-
dium-catalyzed allylation of activated olefins with allyl-
stannane and allyl chloride gives not mono-allylation products,
but double allylation products selectively.4 Mitsudo et al.
reported ruthenium-catalyzed reactions of allyl carbonates with
N,N-dimethylacrylamide, in which only 1,3-dienes were ob-
tained in moderate yields.5 Herein we wish to report the
rhodium-catalyzed simple allylation of styrene derivatives with
allyl tosylate.6

When styrene (1a) was treated with two equivalents of allyl
tosylate in the presence of a catalytic amount of
[Rh(nbd)(CH3CN)2]PF6 (nbd = norbornadiene‡) in dioxane at
40 °C, 1-phenylpenta-1,4-diene 2a was produced in 17% yield
(eqn. (1)). Allyl tosylate and styrene were not recovered, and no

(1)

other product was identified. No allylation product was formed
using typical allylating agents such as allyl acetate, allyl
carbonate and allyl iodide. Palladium complexes such as
Pd(PPh3)4, Pd2(dba)3·CHCl3, [Pd(CH3CN)4](BF4)2, or various
Lewis acids were ineffective as catalysts for the allylation
reaction. The yield of 2a was improved up to 34% by the
addition of allyl iodide (40 mol%). In contrast, the addition of
other allylic compounds such as allyl bromide, allyl acetate, or
allyl phosphate, decreased the yield slightly. Other organic and
inorganic iodides like n-propyl iodide, tert-butyl iodide and
potassium iodide also hindered the reaction to some extent.
Furthermore, amounts of allyl iodide less than or exceeding 40
mol% were less effective on the yield of 2a.

Although satisfactory yield was not obtained in the allylation
of non-substituted styrene, the reactions of several substituted
styrenes gave allylation products in higher yields as illustrated
in Table 1. The allylation of 1,1-diphenylethylene 1b afforded
2b in 51% yield (run 1). The yield of 2b increased to 74% with
the addition of allyl iodide (run 2). The electron-rich alkene 1c
was so reactive that the product 2c was obtained in 80% yield

Table 1 Rhodium-catalyzed allylation of styrene derivatives with allyl
tosylatea
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(run 3). The reaction of 1-(p-methoxyphenyl)-1-phenylethylene
1d also gave 2d in high yield (run 4), whereas the ortho-
substituted isomer 1e was less reactive (run 5). By contrast, the
reaction of the electron-poor alkene 1f afforded 2f in lower yield
(26%, run 6). The a-alkyl-substituted styrenes 1g and 1h also
reacted with allyl tosylate. In the reaction of 1g the total yield of
the allylated products was high (82%, run 7), although 1,5-diene
3 was yielded in addition to 2g. The reaction of 1h gave the
monoallylated product 2h and the diallylated 4, generated by the
allylation of a 1,5-diene product corresponding to 3 (run 8).
When allyl iodide was added to the reaction of 1h, diallylated
products 4 and 5 were obtained in 63% yield (run 9). In contrast
to the high reactivity of a-substituted styrenes, b-substituted
styrenes were less reactive. The reactions of Z-stilbene, E-
stilbene and b-methylstyrene did not give any allylated
products. The electron-rich b-substituted styrene derivative 1i
barely reacted with allyl tosylate affording 2i in only 16% yield
(run 10). Indene 1j was also allylated at the C-2 carbon (runs
11). The allylation reactions of the phenyl-substituted cyclic
alkenes 1l–n were also investigated. All the reactions gave only
1,5-dienes 2l–n in satisfactory yields, in which no 1,4-diene was
observed (runs 13–15).

Although little mechanistic information has been obtained for
the Rh-catalyzed allylation of styrenes, we believe that the
reaction proceeds via a mechanism similar to that of the
palladium-catalyzed Heck arylation reaction. The likely inter-
mediates for the allylation of 1g are illustrated in Scheme 1. The
oxidative addition of allyl tosylate with
[Rh(nbd)(CH3CN)2]PF6 gives the dicationic complex A or the
complex B, in which tosylate anions weakly coordinate to

rhodium, and with the insertion of 1g to A or B, the rhodium
organometallic intermediate C is afforded. In the reaction using
allyl acetate or allyl iodide as the allylating agent, the
coordination of acetate or iodide ions to rhodium is so strong
that the insertion of an alkene does not take place. Subsequent
b-hydrogen H1 elimination in C affords 1,5-diene 3. Since free
rotation around the C(H2)–C(Ph) bond in C is possible, alternate
syn-b-hydrogen H2 elimination in D also occurs, providing
1,4-diene 2g. The 1,5-dienes were obtained selectively in
reactions where free rotation around the C–C bond is not
possible in the intermediate corresponding to C (runs 13–15).
As the formation of 2j and 2k is not consistent with the
mechanism shown in Scheme 1, the existence of another
mechanism, e.g. a Friedel–Crafts type reaction, cannot be ruled
out, although typical Lewis acids are ineffective in the present
allylation reaction. Further investigation of the reaction mecha-
nism and the application to other alkenes are in progress.
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The use of high resolution diffusion-ordered NMR spectros-
copy (HR-DOSY) to detect association between a soluble
polymer and different components of small libraries of
soluble compounds is illustrated for libraries binding
respectively to weakly acidic and weakly basic polymers.

In recent years there has been great interest in combinatorial
chemistry,1–3 most commonly involving multi-step polymer-
supported syntheses to give polymer-supported libraries con-
taining from tens to millions of polymer-supported species. An
alternative approach is to synthesise soluble libraries2,4,5 which,
to simplify the procedures, may be synthesised with the
assistance of polymer-supported reactants or scavengers.
Screening of libraries is commonly conducted for biological
activity, but may also, for example, be for catalytic activity6,7 or
recognition ability.8,9

We report here an NMR method for screening soluble
libraries of up to 20–30 components for recognition properties.
One possible application would be in refining the design of host
molecules for host–guest chemical sensors. The method is
based on High Resolution Diffusion-Ordered SpectroscopY
(HR-DOSY), a form of multi-dimensional spectroscopy in
which signals are dispersed in an extra dimension according to
the diffusion coefficient.10–12

Diffusion coefficients of organic compounds in common
solvents are typically of the order of 10–9 m2 s–1; macromole-
cules diffuse much more slowly. The basis of the method
proposed is to link the species to be recognised (e.g. a ‘guest’)
to a suitable soluble polymer. When this polymer is added to a
soluble library (of potential ‘hosts’), the rates of diffusion of
compounds in the library which, on the NMR timescale, bind
rapidly and reversibly to the functionalised polymer, will
decrease by an amount dependent on the binding constant. The
method is related to the DECODES (DOSY-TOCSY) method
proposed by Lin et al,13–16 but it differs in the use of a polymer-
bound ligand, maximising sensitivity to binding, and in the use
of HR-DOSY, which can improve the diffusion resolution and
allows the extraction of isolated subspectra for individual
components.

As a trial of the method we investigated the interactions
between the polymer-supported weak acid 1 and a simulated

library containing 11 commercially available natural products
or related compounds (see Table 1). Polymer 1 was prepared by
a free radical initiated copolymerisation of monomer 217 and
methyl methacrylate (mole ratio, 1+5), to give a copolymer
soluble in CD3OD with no 1H-NMR signals above 4.3 ppm. The
polymer had a number average molecular weight M̄n of 16500
and a weight average molecular weight M̄w of 61500 by gel
permeation chromatography (GPC) relative to polystyrene
standards. Because the diffusion coefficient of the polymer is
small compared with those of the members of the soluble

library, such a polydispersity does not affect the estimation of
binding constants significantly. A solution in CD3OD (2.9 mg
ml21) showed a diffusion coefficient by HR-DOSY of 1.0 3
10210 m2 s–1. The DOSY spectra of the simulated library alone,
and in the presence of the polymer 1, are shown in Figs. 1 and
2. It is only necessary for there to be one well-resolved
characteristic signal for a given component for the diffusion
coefficient to be clearly identified. The diffusion coefficients Df
and Dm of the components in the free mixture and with the
polymer present are summarised in Table 1.

It is clear from the spectra of Figs. 1 and 2 that the rate of
diffusion of hydroquinine 3, (arrowed signals) is affected
strongly by the presence of the polymer, whereas any effect on
the other components is much smaller. The small increase in
solution viscosity caused by the polymer may be corrected for
by calculating estimated diffusion coefficients DAm = Dm
Df(ref)/Dm(ref), where Df(ref) and Dm(ref) are the respective
diffusion coefficients for a reference compound (in this case
residual OH in the solvent) not significantly affected by binding
to the polymer. In Table 1, values of DAm were calculated using
the measured MeOH OH diffusion coefficients for the two
samples; DAp, the corrected diffusion coefficient for the dilute
free polymer, remained at 1.0 3 10210 m2 s21. Using a simple
two-site model, the bound fraction F of a given component is
given by F = (Df2DAm)/(Df2DAp) from which the association
constant K between the polymer and that component may be
calculated by K = F/(1 2 F) (cp 2 Fc), where c and cp are the
total concentrations of the component and of the functional
polymer repeat unit.

The values of F in Table 1 show clear association between
hydroquinine 3 and the polymer; the apparent association
constant K is approximately 11 M21. The spectrum of the

Table 1 Summary of DOSY measurements for library Aa

Compound c/mM
Df/10210

m2 s21
Dm/10210

m2 s21b
DAm/10210

m2 s21c F

Cholest-5-en-3-one 7.8 8.1 7.3 7.8 0.04
(R)-(+)-Citronellal 32.4 13.2 12.0 12.7 0.04
(S)-(–)-Citronellold 32.0 9.5 8.8 9.3 0.03
Hydroquinine (3) 15.6 6.3 3.7 4.0 0.44
Methyl nicotinate 27.7 14.0 12.6 13.3 0.05
N-Methylnicotinamide 24.3 10.3 9.6 10.1 0.01
(1S)-(–)-b-Pinene 29.4 13.9 13.1 13.9 0.00
1,6-Dehydopreg-

nenolone acetate 11.8 8.1 7.2 7.7 0.05
Progesterone 15.6 8.3 7.8 8.2 0.01
o-Vanillin 18.1 12.9 12.1 12.9 0.00
Estrone 9.3 7.8 7.0 7.4 0.05
Methanol (solvent) 18.9 17.8 (18.9) (0.00)
a Experiments were carried out in CD3OD at 20 °C nominal temperature on
a Varian Unity 400 spectrometer using the BPPSTE pulse sequence,12 with
gradient levels from 1 to 20 G cm–1 and lasting approximately 30 min. Data
were analysed as described previously,11–12 but using explicit correction for
field gradient non-uniformity.19 b The concentration cp of functional repeat
units of the polymer was 77.5 mM. c Diffusion coefficients were corrected
for the difference in viscosity between the solutions of the free library and
the library with the polymer present (see text). d The signal at 5.1 ppm for
which diffusion data are reported contains components from citronellol,
citronellal, and higher molecular weight impurities.
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shifted hydroquinine 3 is shown on the top scale in Fig. 2. The
changes in chemical shift for 3 between free solution and the
polymer mixture show that the quinuclidine moiety in 3
protonates, causing association between the cation and the
polyanionic polymer. No detectable change in either diffusion
or shift is seen for methyl nicotinate and N-methylnicotinamide,
both weaker bases than 3.

In a second trial, the previously-described polymer 4,18 with
M̄n = 4900 and M̄w = 9200 by GPC, was used to detect
interactions with the b-amino-alcohol unit of (1R,2S)-N-
benzylephedrine moieties. Polymer 4 showed a diffusion

coefficient of 1.3 3 10210 m2 s–1 in CDCl3 solution (2.6 mg
ml21). Its interactions with a simulated library of 7 compounds
were investigated, with the results summarised in Table 2. Here
the only component to show significant binding is a-methoxy-
phenylacetic acid, which comes close to saturating the polymer
binding sites and has an apparent association constant of several
thousand M–1. The specific nature of the binding is evidenced
by the splitting of the a-proton and methyl signals of the
racemic acid on binding to the chiral polymer.

We are currently using the above method to explore
interactions of amines, amides and peptides with functional
macrocycles.

We thank the Thai Government for a PhD studentship
(P. M.), and the EPSRC for grants GR/K44619 and GR/
M16863.
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Fig. 1 HR-DOSY spectrum of the library of Table 1 in free CD3OD solution,
with (top) the normal 1H spectrum and (side) the integral projection onto the
diffusion axis.

Fig. 2 HR-DOSY spectrum of the library of Table 1 and polymer 1 in
CD3OD, with (top) the integral projection onto the chemical shift axis of the
region between the dotted lines, showing the subspectrum of the bound
species, and (side) the integral projection onto the diffusion axis.

Table 2 Summary of DOSY measurements for library Ba

Compound c/mM Df/10–10 m2 s–1 Dm/10–10 m2 s–1b F

Cholest-5-en-3-one 21.3 7.5 7.4 0.02
(R)-(+)-Citronellal 21.4 12.2 12.4 20.02
(S)-(–)-Citronellol 19.2 11.3 11.0 0.03
(1S)-(–)-b-Pinene 23.5 14.1 14.8 20.06
1,6-Dehydopreg-

nenolone acetate 21.6 7.8 7.8 0.00
Progesterone 20.0 7.9 8.5 20.10
(±)-a-Methoxy-

phenylacetic acid 19.8 9.5 3.1 0.81
a Experimental conditions were as for Table 1. b The concentration cp of
functional repeat units of the polymer was 17.3 mM. No correction was
made for changes in viscosity.
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A versatile approach to construct gem-diallyl functionality
has been described.

As a part of our ongoing efforts directed toward synthesis of
natural products containing a spiro-ring system,1 we were
confronted with a need to synthesize a geminal (gem) diallyl
containing carbohydrate backbone (Fig. 1). The gem-diallyl
groups can undergo ring closing metathesis to produce the
spiro-ring system.2 Such gem-diallyl systems are not reported in
carbohydrate chemistry, although they can form valuable
synthons for many chemical transformations leading to func-
tionalised products.

Incorporation of gem-diallyl groups is usually achieved by
base catalyzed dialkylation of active methylene groups with
allyl halides.3 However, we realized that this approach may not
be appropriate for carbohydrate molecules because of side
reactions resulting from various hydroxy groups. We were
particularly interested in the application of Keck’s one electron
C–C bond-forming reaction4 to generate a gem-diallyl system in
a carbohydrate unit by quenching the allylic radical generated
in situ, with allyltri-n-butylstannane.

In accordance with our plan, 5-O-tert-butyldiphenylsilyl-
1,2-O-isopropylidene-a-D-xylofuranose (1) was oxidized with
IBX–DMSO (IBX = o-iodoxybenzoic acid) and then the
resulting 3-ulose derivative was treated with PPh3NCHCO2Et in
refluxing benzene to give the a,b-unsaturated product (2).5

Cyclopropanation of 2 was effected with Me2SOCH3I–NaH in
dry DMSO to give 3, as a single diastereomer.6 Although the
stereochemical identification of 3 was of no consequence to the
present study, we believe the approach of the ylide occurs from
the b-face due to the stereo-controlling effect of the adjacent
1,2-O-isopropylidene group. In the 1H NMR spectrum of 3, the
protons of the cyclopropyl group, as expected, appeared in the
high field region. Conversion of the ester function in 3 into the
hydroxymethyl group was accomplished by using DIBAL-H at
278 °C to produce 4 in 85% yield. Compound 4 on treatment
with CBr4–PPh3 in CH2Cl2 at rt gave the bromo derivative (5)
in 90% yield. The 1H, 13C NMR and MS studies substantiated
the assigned structure 4. Treatment of 5 with allyltri-n-
butylstannane in the presence of a catalytic amount of AIBN in
refluxing benzene under argon atmosphere for 12 h gave the
gem-diallyl compound 6 in 80% yield.† In the 1H NMR

Fig. 1

Scheme 1 Reagents and conditions: (a) (i) IBX (1.5 eq.), DMSO, rt, 10 h;
(ii) PPh3NCHCOOEt, (1.5 eq.), benzene, 80 °C, 3 h, 70% after two steps; (b)
Me2SOCH3I (1.1 eq.), NaH (1.1 eq.), DMSO, rt, 3 h, 60%; (c) DIBAL-H
(2.5 eq.), 278 °C, 0.5 h, 85%; (d) PPh3 (2.0 eq.), CBr4 (2.2 eq.), pyridine
(2.5 eq.), 0 °C, 90%; (e) allyltri-n-butylstannane (2 eq.), AIBN (5 mol %),
benzene, 80 °C,12 h, 80%.

Table 1 Compounds 5a–e were prepared essentially by the route shown in
Scheme 1 and their structures elucidated by spectral data. Yields are given
for isolated products.
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spectrum of 6, the characteristic olefinic proton signals of two
allylic groups appeared in in the region of 5.0 and 5.7 ppm while
the allylic methylene protons were located in the region of
2.2 ppm. In addition, the assigned structure of 6 was further
suggested by the 13C NMR, MS and elemental analysis. Table 1
provides other examples in this series which substantiates the
versatility of this methodology. Only entry 5 describes an
aliphatic example.

The ring closing metathesis reaction of 6c with Grubbs
catalyst in CH2Cl2 at rt gave the spiro-ring compound 7 in 80%
yield.7 The structure of 7 was established based on 1H, 13C
NMR and MS (Scheme 2).8

In summary this communication describes a mild and
efficient methodology to construct gem-diallylic substituted
carbohydrate synthons as precursors for spiro-cyclic systems.
The preparation of unsymmetrical gem-diallyl substituents at
the quaternary carbon will be the next endeavour of this
methodology.

Authors (S. V. R. and S. K.) are grateful to CSIR, New Delhi
for the award of research fellowships.
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added, stirred for 1 h, filtered and washed with ether. The ether layer was
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product was purified on silica gel using ethyl acetate–hexane to afford the
desired diallyl product.
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12 H, 4 3 Me), 2.15–2.45 (m, 4 H, 2 3 CH2-CHN), 3.72 (m, 1 H, H-4),
3.78 (m, 1 H, H-5), 4.09 (m, 2 H, H-6 and H-6A), 4.24 (d, 1 H, J = 3.4 Hz,
H-2), 5.03 (m, 4 H, 2 3 CH2N), 5.57 (d, 1 H, J = 3.4 Hz, H-1), 5.9 (m,
2 H, 2 3 CHN); 13C NMR (50.32 MHz) data: d 25.5, 26.4, 26.8, 27.1,
36.1, 37.0, 50.6, 69.0, 73.5, 85.2, 86.0, 104.4, 109.5, 111.3, 117.6, 134.8,
135.5.

Compound 6d: 1H NMR (200 MHz) data: d 1.30 (m, 8 H, 4 3 CH2),
1.92–2.30 (m, 4 H, CH2-CHN), 2.94 (dd, 1 H, J = 3.4, 7.8 Hz, CH), 3.27
(s, 3 H, OMe), 4.94 (m, 4 H, 2 3 CH2N), 5.77 (m, 2 H, 2 3 CHN); 13C
NMR (50.32 MHz) data: d 21.0, 22.9, 24.1, 31.4, 36.8, 39.8, 40.9, 56.3,
82.3, 117.0, 117.2, 135.1.

Compound 6e: 1H NMR (200 MHz) data: d 1.76 (m, 1 H, methine),
2.10 (m, 4 H, 2 3 CH2-CHN), 3.33 (dd, 2 H, J = 5.9, 11.2 Hz, CH2O),
4.46 (d, 2 H, J = 11.7 Hz, CH2Ph), 5.00 (m, 4 H, 2 3 CH2N), 5.73 (m,
2 H, 2 3 CHN), 7.26 (m, 5 H, Ph); 13C NMR (50.32 MHz) data: d 35.4,
38.3, 72.4, 73.1, 116.3, 127.5, 128.3, 136.7.

Scheme 2
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Modified guanidines could effectively mediate asymmetric
silylation of secondary alcohols as recyclable bases under
simple and mild conditions.

Due to their strongly basic character,1 guanidines can be
characterized as superbases2 and, although chiral guanidines are
expected to have potential as asymmetric reagents, their limited
use3 in asymmetric synthesis as chiral auxiliaries is due mainly
to the lack of simple preparation methods. We have explored the
possibility of modified guanidines as recyclable chiral super-
bases in organic synthesis under simple and mild conditions and
recently reported their application to an asymmetric alkylative
esterification of benzoic acid.4 Kinetic resolution of racemic
secondary alcohols is used for the selective preparation of one
enantiomer. Enzymes such as esterases have been widely
utilized for this purpose,5 whereas non-enzymatic methods have
been succeeded only in acylation.6 In this communication we
present the first example of asymmetric silylation of secondary
alcohols mediated by chiral guanidines.

Reactions of indan-1-ol (1) with TBDMS (TBDMSCl) or
TIPS chlorides (TIPSCl) were chosen as representatives for
kinetic silylation of secondary alcohols because of the un-
successful separation of each enantiomer of the silylated
products by chiral HPLC when other acyclic alcohols or
silylating agents were used in preliminary experiments.7 Three
different types of monocyclic guanidines [unsubstituted type
I;8a 4-substituted type II;8b,9 (4S,5S)-4,5-diphenylsubstituted
type III8c,9 and bicyclic guanidines IV8b,9 (Fig. 1) were
examined for their ability as catalysts in the silylation reaction.
Thus, racemic 1 (2 equiv.) was first treated with TBDMSCl (1

equiv.) in DCM at rt in the presence of a chiral guanidine (1
equiv.) for several days to give, as expected, a silylated product
2 with recovery of the starting compound 1 (Table 1).

Simple guanidines I were not effective for asymmetric
induction (runs 1 and 2). However, moderate ee was observed in
the cases of 4-substituted guanidines II (runs 3–6), in which the
stereogenic center of the silylated product 2 was found to be
controlled by the stereochemistry of the imidazolidine ring
(C4). Thus, IIb with an (S)-configuration produced an (R)-
excess product (run 4), whereas a diastereomeric IIc gave an
(S)-excess product (run 5). Reasonable ee’s was obtained when
4,5-diphenylguanidines III were used. It was found that the
chiral center of the substituent on the external nitrogen atom
played an important role in effective asymmetric induction.
Thus, (R)-phenylethyl-substituted guanidines IIId and IIIe
gave an (R)-excess 2 with 37% ee (run 10) and 39% ee (run 11),
respectively, whereas a lower ee (6%) was observed in the case
of IIIc with an (S)-phenylethyl-substituent (run 9). The
formation of an (R)-excess product in each case indicated that
the stereochemistry of 2 was controlled by the ring chiral
centres of guanidines.

Fig. 1

Table 1 Trials for kinetic silylation of 1 with TBDMSCl in the presence of
chiral guanidines
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With bicyclic guanidines IV, equally asymmetric induction
was observed when IVa was used (run 12). Introduction of a
methyl group onto the ring nitrogen did not affect asymmetric
induction in the cases of monocyclic guanidines as mentioned
above (see runs 10 and 11). However, marked reduction of ee
was observed in the reaction using the N-methylguanidine IVb
(run 13). Furthermore, a match–mismatch relationship was
observed in reactions using diastereomeric IVc and IVd
similarly to reactions using monocyclic guanidines IIIc and
IIId. Thus, IVd with a (2S,3S,7S)-configuration was a more
effective base (run 15: 27% ee) than IVc (run 14: no ee).

Theoretically, indan-1-ol (1) should be obtained as an (S)-
enantiomer-rich alcohol in these silylation reactions and the
guanidine used could be recovered in a re-useable form.
Isolation of both 1 and IVa in run 12 resulted in their expected
and quantitative recovery as an (S)-excess alcohol (18% ee) and
as a re-useable guanidine, respectively. In addition, we tried the
asymmetric silylation in the presence of IIId in various solvents
such as MeCN, toluene, trifluoromethylbenzene, and THF;
however, no improvement of ee was observed in each case.

From the above experiments using TBDMSCl as a silylating
agent, IIId, IIIe or IVa among the guanidines examined were
suggested to be promising chiral bases for asymmetric silyla-
tion. Next, reactions with a more bulky TIPSCl in the presence
of either IIId or IVa were attempted under the same
conditions10 described in Table 1 (Table 2). Reactions of 1 with
TIPSCl at rt similarly proceeded to afford an (R)-excess 3 in
59% ee with IIId (run 1) and 58% ee with IVa (run 3),
respectively. Interestingly, no loss of ee was observed even in
the reaction under heating (run 2), indicating that this silylation
would be tolerant to the reaction temperature.11 Application of
the guanidine-mediated silylation using IVa to 1,2,3,4-tetra-
hydro-1-naphthol (4) in place of 1 gave a silylated product 5
with high stereoselection (70% ee), albeit the chemical
conversion12 was low (run 4).

In conclusion, we have found that guanidines could effec-
tively mediate asymmetric silylation of secondary alcohols as

recyclable bases under simple and mild conditions. Although
the ee obtained and reaction rates are not neccessarily perfect, it
is noteworthy that these results offer not only the first example
of chemical asymmetric silylation of secondary alcohols, but
also experimental evidence for a possible ion-pair complex13

between a silylating agent and a base. Formation of a
silylguanidinium salt has been partially suggested by inspection
of the 1H NMR spectrum of an equimolar mixture of the
guanidine IIId and TBDMSCl. Approaches to the mechanistic
rationale, kinetics, and optimization of the reaction are at
present under study in our laboratory.
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Modified guanidines efficiently catalysed the asymmetric
Michael reaction of a prochiral glycine derivative with
acrylate or its related compounds either in solution or
without a solvent under simple and mild conditions ( > 95%
ee).

Guanidines can be characterized as superbases1 in organic
synthesis due to their strong basicity.2 We have explored the
possibility of readily available modified guanidines3 as re-
useable chiral superbases in asymmetric synthesis.4 Glycine
imines are used as chiral templates for asymmetric synthesis of
a-amino acids, in which enantioselective phase-transfer alkyla-
tion with alkyl halides has been established as a general
method.5 Ma and Cheng6 attempted a conjugate addition of
glycine imines with vinyl carbonyl compounds in the presence
of C2-symmetrical linear-type guanidines in place of phase-
transfer catalysts;7 however, the best ee observed by them was
up to 30%. Re-examination of the Michael reaction using our
modified guanidines under various conditions led to effective
asymmetric induction ( > 95% ee) when 4 (or ent-4, Fig. 1) was
used as a catalyst either in solution or without a solvent. In this
communication we present the utility of modified guanidines as
clean chiral superbases in an asymmetric Michael reaction
under simple and mild reaction conditions.

According to the reported conditions6 we preliminarily
examined the Michael reaction of tert-butyl diphenyliminoace-
tate (1) (1 equiv.) and ethyl acrylate (2a) (3.6 equiv.) in THF
(0.26 mmol ml21) in the presence of 20 mol% of four different
types of chiral guanidines 4,4 5,3c 6,3c and 73b at 20 °C for about
one week. Reasonable asymmetric induction (79% ee) was
observed only in the case of 4 among the guanidines examined,
albeit the chemical conversion was low (15%), in which an (R)-
excess adduct 3a6 was yielded (see Table 1, run 1). In other
cases, the reaction did not proceed. However, the guanidines

used in these reactions were completely recovered in re-useable
forms by chromatographic separation. These results led us to
further examine the reaction using 4 under various conditions.
Although a stoichiometric reaction in THF slightly increased
the yield [34% yield (77% ee)], changing THF to other solvents
in the catalytic reaction resulted in no improvement of the
reaction rate although high enantioselectivities were maintained
[9% yield (84% ee) in chloroform; 4% yield (73% ee) in
toluene] except in ethanol [7% yield (42% ee)].

We next examined the guanidine-catalysed Michael reaction
of 1 with methyl vinyl ketone (MVK)8 (2b) and acrylonitrile
(2c) as a Michael acceptor in place of 2a under the same
conditions. The former reaction smoothly proceeded to afford
an adduct 3b in 90% yield, in which high enantioselectivity
(96% ee) was observed (Table 1, run 2), whereas the starting 1
was completely recovered when 2c was used (Table 1, run 3).
These facts suggested that 4 could lead to effective asymmetric
induction with the use of reactive Michael acceptors.

Solvent-free reactions,9 in which rate acceleration is gen-
erally observed, have attracted much attention from the
ecological point of view. Thus, 1 was treated with 2a without a

Fig. 1

Table 1 Guanidine-catalysed Michael reaction of 1 and 2 using 4 either in
THF or without a solvent
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solvent (Table 1, run 4). A heterogeneous mixture of the two
components containing 4 was simply stirred at 20 °C for 3 d.10

Interestingly, both product formation and enantioselectivity
were dramatically improved to give an (R)-excess 3a with 97%
ee in quantitative yield. Similarly, remarkable rate acceleration
was observed on two other Michael acceptors 2b and 2c. In the
former case (Table 1, run 5), reaction was completed after 15 h,
in which relatively high enantioselctivity (80% ee) was kept. On
the other hand, in the latter case (Table 1, run 6), 1 disappeared
after 5 days to afford 3c with 55% ee in spite of no reaction in
solution (see Table 1, run 3). In addition, as expected, the use of
methyl acrylate (2d) as a Michael acceptor led to the same
satisfactory results obtained with 2a (Table 1, run 7).

Thus, as a solvent-free reaction seems to be generally
effective in the guanidine-catalysed Michael reaction of 1,
optimization was tried using 2a as a Michael acceptor (Table 2).
The same high ee was achieved even on reduction of the catalyst
amount, albeit with lower chemical conversion (Table 2, run 2).
No reaction was observed in the absence of a guanidine or in the
presence of (2)-quinine (Table 2, runs 3 and 4). These facts
indicated that 4 effectively catalysed the solvent-free reaction of
1 with 2a in 20 mol% concentration.

The use of ent-4,11 as expected, afforded an (S)-excess 3a in
quantitative yield with the same high enantioselectivity (Table
2, run 5). The (S)-excess 3a was also obtained when 8,3a a
diastereomer of 4, was used as a catalyst, but both chemical
yield and asymmetric induction were lowered considerably
(Table 2, run 6). Replacement of an (R)-phenylalaninol unit in
4 to an (R)-phenylglycinol one in 93a afforded an (R)-excess 3a
with relatively high selectivity. However, chemical conversion
was not good (Table 2, run 7). On the other hand, the use of a
guanidine 104 lacking a hydroxyethyl function resulted in no
reaction (Table 2, run 8).

Experimental evidence obtained in the above solvent-free
reactions could be summarised as follows: (i) satisfactory
chemical conversion with high enantioselectivity in the use of
HOC2H4-substituted cyclic guanidines with (4S,5S,1AR or
4R,5R,1AS) configuration such as 4 indicates that the relative
configurations of these three chiral centers are very important
for effective asymmetric induction in addition to rate accelera-
tion; (ii) predominant production of (R)-3a with 4 and 9 [or (S)-
3a with ent-4 and 8] shows that a stereogenic center of the
adduct should be strictly reflected by the chirality of a
substituent at the external nitrogen; (iii) if the enolate of 1 could
be formed by action of 4, its re-face should be attacked by 2a to
yield an (R)-excess 3a, for which the opposite si-face is severely
blocked by the guanidine unit as shown in Fig. 2; (iv) although
the absolute configuration of an excess enantiomer obtained in
each reaction of 1 with 2b, 2c or 2d has not been determined, an
(R)-excess 3b, 3c or 3d should be given in the reaction using 4

due to the same face differentiation mentioned above, even in
solution.

In summary, it was found that modified guanidines effi-
ciently catalysed the asymmetric Michael reaction of a prochiral
glycine derivative with vinyl compounds either in solution or
without a solvent under simple and mild conditions. These
guanidine-catalysed asymmetric Michael reactions12 could
contribute to development of green chemistry,13 because
modified guanidines are considered to be re-useable (economi-
cally favored) and easily functionalizable (widely applicable)
artificial organic bases.
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The compounds [Mo(NPh)(h2-olefin)(o-(Me3SiN)2C6H4)]
(olefin = propene (1a), isobutene (1b), and butenes (1c))
react with molecular hydrogen (ca. 15 psi) in the presence of
excess arene affording Mo(IV) h6-arene complexes of the
type [Mo(NPh)(h6-arene)(o-(Me3SiN)2C6H4)] (arene = ben-
zene (2a), toluene (2b), o-xylene (2c), m-xylene (2d), p-xylene
(2e), diphenylmethane (2f), and bibenzyl (2g)), while treat-
ment of [Mo(NPh)(h2-styrene)(o-(Me3SiN)2C6H4)] (1d) with
hydrogen in a pentane solution gives [Mo(NPh)(h6-ethylben-
zene)(o-(Me3SiN)2C6H4)] (2h); the crystal structures of 2d
and 2e are reported and reveal highly distorted arene ligands
approaching h4-coordination modes.

Fisher and Hafner characterized the first transition metal p-
arene complex, Cr(h6-benzene)2, 45 years ago.1 Since this
discovery the chemistry of p-arene complexes has been
extensively explored.2 It was initially believed that arene
complexes were confined to transition metals in low oxidation
states and a significant development in this field has involved
the synthesis and characterization of high oxidation state Group
4 and 5 transition metal–arene complexes.3,4 While Group 4 and
5 arene complexes are relatively rare, high valent Group 6 arene
complexes are, with one exception,5 non-existent. Furthermore,
the generation of isolable high oxidation state transition metal–
arene complexes via hydrogenation of h2-olefin complexes
remains a rare process.6 We report herein the synthesis and
structure of molybdenum(IV) h6-arene complexes obtained
upon exposure of various molybdenum h2-olefin complexes,7
of the form [Mo(NPh)(h2-olefin)(o-(Me3SiN)2C6H4)], to mo-
lecular hydrogen (ca. 15 psi) and excess arene. In addition, these
molybdenum(IV) h6-arene complexes catalyse the hydrogen-
ation of olefins.

The hydrogenation of 1a–c in the presence of 15 equivalents
of arene gave complexes 2a–g as microcrystals after crystalliza-
tion from pentane (Scheme 1).§ The molecular structures of 2d
and 2e were determined by single crystal X-ray diffraction
studies, and are shown in Fig. 1 and 2, respectively, along with
selected crystal data.¶ Complex 2d adopts a three-legged piano
stool geometry in which the arene ligand is strongly distorted
toward an h4-coordination mode. The structural data suggest
that the interaction of the arene ligand with the molybdenum
metal center is much like a 1,3-butadiene–metal interaction. A
considerable ring distortion of 17.4(3)° was found between the
planes formed by C(20)–C(19)–C(24)–C(23) and C(20)–
C(21)–C(22)–C(23). Carbons C(19) and C(24) were found to be
considerably further from the metal center than the other arene
carbons, suggesting that the arene interaction with the metal
center is mostly through C(20), C(21), C(22) and C(23). The
shorter bond lengths for C(21)–C(22) and C(19)–C(24), in
comparison with the remainder of the arene carbon–carbon
bonds, are consistent with considerable double bond character
between these carbons.

Similar structural parameters were found for 2e which has a
ring distortion of 17.1(1)°. The Mo–N(1) bond lengths in both
complexes are virtually identical at 1.761(3) (2d) and 1.775(1)
Å (2e) and are consistent with a Mo–N triple bond interaction.8
An interesting difference between the two structures arises upon
comparison of the Mo–N(1)–C(1) angles which are 178.9(3)
(2d) and 145.5(1)° (2e). It is tempting to suggest that this
difference arises from a significant difference in the Mo–N(1)
interaction between the two compounds. However, close
inspection of the packing diagram of 2d reveals that there is a p-
stacking interaction between the phenyl rings of the phenyl
imido groups of neighboring molecules. Given that calculations
suggest a very soft bending potential for aryl imido complexes,9
the differences in the Mo–N(1)–C(1) angles in 2d and 2e are
most likely due to crystal packing forces.

† Electronic supplementary information (ESI) available: 1H NMR spectra
for complexes 2b–2d and 2h, chemical shift data for 2a–2h. See http:
//www.rsc.org/suppdata/cc/b0/b007812n/
‡ Present address: Dupont Dow Elastomers, L. L. C., Ethylene Elastomers
R&D, 2301 N. Brazosport Blvd., B-1470, Freeport, TX 77541, USA.

Scheme 1

Fig. 1 Thermal ellipsoid plot of 2d (50% probability thermal ellipsoids).
Selected bond lengths (Å) and angles (°): Mo–N(1) 1.761(3), Mo–C(19)
2.519(3), Mo–C(20) 2.313(4), Mo–C(21) 2.425(4), Mo–C(22) 2.371(4),
Mo–C(23) 2.286(4), Mo–C(24) 2.506(4), C(19)-C(20) 1.444(5), C(20)–
C(21) 1.420(5), C(21)–C(22) 1.387(6), C(22)–C(23) 1.421(5), C(23)–C(24)
1.441(5), C(24)–C(19) 1.381(5); Mo–N(1)–C(1) 178.9(3).

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b007812n Chem. Commun., 2001, 247–248 247



The chemical shifts associated with the arene protons in the
1H NMR spectra of these complexes are shifted significantly
upfield, appearing in the region spanning d 4.5–5.5 as expected
for h6-bound arene ligands.10 The arene resonances are well
resolved in the 1H NMR spectra at room temperature and only
one resonance for the Me3Si groups is observed, supporting a
low barrier to arene ring rotation (ESI†).

When a pentane solution of 1d was exposed to a slight
pressure of dihydrogen (ca. 15 psi) for 15 min, 2h formed and
was isolated as a microcrystalline solid by crystallization and
filtration at 278 °C (Scheme 2).§ The 1H NMR spectrum of 2h
is similar to those of complexes 2a–g (ESI†).

Compounds 2a–h are catalysts for the hydrogenation of
olefins. When C6D6 solutions of 2h (1 mol%) and a substrate
olefin (styrene, neohexene, or trans-stilbene) were exposed to
low pressures of dihydrogen (ca. 15 psi) at room temperature,
slow conversion to the respective alkanes was observed.
Raising the temperature of the reaction to 50 °C increased the
rate of hydrogenation of neohexene [1 mol%, (2b)] from 17%
conversion overnight to 62% over 8 h (TOF ca. 7/h).
h2-Olefin complexes have been widely proposed as inter-

mediates in the catalytic hydrogenation of olefins. As the
ethylbenzene ligand of 2h is readily displaced by styrene giving
1d at room temperature it is likely that the propagating species
in the above hydrogenation reaction is indeed an olefin
complex. In general, the arene ligands also undergo exchange
reactions with C6D6 at room temperature with the rates of
reaction depending to some extent upon the identity of the arene
ligand that is being displaced.

We thank the National Science foundation (CHE 9523279)
for funding of this work. K. A. A. thanks the NSF and the
University of Florida for funding X-ray equipment purchases.

Notes and references
§ All reactions and manipulations were carried out using standard Schlenk
techniques or in a dry box under a nitrogen atmosphere. Complexes 1a–d
were synthesized according to published procedures.7 Synthesis of 2a–g: to
a pentane solution of freshly generated 1a–c, 15 equivalents (relative to the
Mo starting material) of the appropriate arene were added followed by
freezing of the mixture and evacuation of the headspace. Dry hydrogen was
then added to the thawed solution, which was stirred at room temperature
for 30 min. The volatiles were then removed in vacuo affording 2a–g as
blue–green solids that were recrystallized from pentane at 278 °C (80–85%
isolated yield). The synthesis of 2h is analogous to 2a–g; however, no
excess arene is employed.
¶ Crystal data: for 2d: C26H37MoN3Si2, M = 543.71, triclinic, space group
P1̄, a = 9.2793(6), b = 10.5045(7), c = 15.466(1) Å, a = 87.784(1), b =
76.796(1), g = 64.068(1)°, V = 1316.7(2) Å3, Z = 2, m(Mo-Ka) = 0.608
mm21, T = 173(2) K, final R1 = 0.0453, wR2 = 0.0775, Gof (on F2) =
1.021.

For 2e: C26H37MoN3Si2, M = 543.71, monoclinic, space group P21/n,
a = 9.7367(4), b = 14.3272(6), c = 19.5480(8) Å, a = 90, b = 95.080(1),
g = 90°, V = 2716.2(2) Å3, Z = 4, m(Mo-Ka) = 0.589 mm21, T = 173(2)
K, final R1 = 0.0237, wR2 = 0.0590, Gof (on F2) = 1.021.

CCDC 182/1881. See http://www.rsc.org/suppdata/cc/b0/b007812n/ for
crystallographic files in .cif format.

Both structures were solved using the direct methods option of SHELXS.
Full matrix least-squares refinements based on F2 were subsequently
performed using SHELXL 97.11 All non-hydrogen atoms included in
calculated positions.
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The structural locations of aluminium in layered silicates,
with different chemical environments but similar co-
ordination polyhedra, can be established unequivocally from
the correlation between the chemical shifts of protons and
27Al nuclei, via their heteronuclear dipole–dipole coup-
lings.

Among the quadrupolar nuclei studied by nuclear magnetic
resonance (NMR), the 27Al nucleus has received a great deal of
interest for two reasons: on the one hand, aluminium is a main
constituent of many interesting basic or applied solid systems;
on the other hand, it is a very favourable nucleus for NMR
investigations because it is a 100% naturally abundant isotope.
However, even when conventional single pulse 27Al MAS
NMR spectra are recorded under the best conditions, i.e. very
high magnetic fields, fast magic angle spinning speeds, and
strong radiofrequency pulses with small flip angles,1 only
limited information is obtained. Those 27Al MAS NMR spectra
allow the determination of the coordination number of alumin-
ium but they are much less sensitive to the nature of second
neighbour species. Thus, very different structural aluminium
sites with similar coordination environments can not clearly be
differentiated on the basis of those 27Al MAS NMR spectra.

In order to obtain this information, two-dimensional 1H Ô
27Al cross-polarisation experiments, which are selective to the
existence of dipole–dipole interactions between both nuclei, are
very useful in distinguishing similar aluminium coordination
environments. The proposed experiments, very recently em-
ployed for mesoporous solids,2 provide spectra with a simple
and straightforward interpretation: the identification of the
proton species correlated with the aluminium nuclei allows one
to obtain precise structural information. However, two difficul-
ties need to be overcome to perform these experiments. First,
special care needs to be taken to perform cross-polarisation
experiments of quadrupolar nuclei,3 even though the optimum
experimental conditions have already been explored for the case
of 27Al nuclei.4 Second, available and unequivocally assigned
high resolution 1H MAS NMR spectra of the studied solid
systems are required in order to correlate adequately the 2D
signals that appear in the spectra. This second requirement has
been recently fulfilled by our group for the solid systems here
analysed.5

In this report, the advantages of applying this new solid-state
NMR method to the family of phyllosilicates are reported for
the first time. We describe both the method and the new
available information from 2D spectra of aluminosilicates.
From these spectra it is demonstrated that the method allows
one not only to distinguish between different coordination
environments for aluminium, but also to assign to these nuclei
a precise structural location. Likewise, useful applications for
such measurements are proposed.

The proposed technique is a two-dimensional heteronuclear
1H Ô 27Al chemical shift-correlation experiment, HETCOR. It
is similar to conventional cross-polarisation, CPMAS NMR,
experiments6 except that the 1H magnetisation is allowed to
evolve for a period of time before the magnetisation transfer to
the investigated nuclei, i.e. the 27Al nuclei.

In order to illustrate the advantages of using this method-
ology, two well-characterised samples, available from the
Source Clay Repository of the Clay Mineral Society, were
selected. These samples include the possible structural positions
of aluminium in layered silicates. Aluminium ions may occupy

Fig. 1 (A) Contour plot of the 2D 1H Ô 27Al correlation experiment on
hydrated sodium-saturated SAz-montmorillonite obtained with a 1H p/2
pulse of 4.8 ms, a 0.3 ms contact time, a 250 ms recycle delay, and a
12.0 kHz spinning rate. A set of 84 FIDs was obtained with a t1 increment
of 5 ms and a dwell time of 5 ms. Separate 27Al and 1H MAS NMR spectra
are plotted along their corresponding axes in accordance with the text. A
silicate structure drawing is included to emphasize the dipole–dipole
coupling found. (B) Contour plot of the 2D 1H Ô 27Al correlation
experiment on hydrated aluminium-saturated SapCa-saponite. The condi-
tions for this experiment were identical to those presented in (A), with the
exception that a set of 96 FIDs was collected. Separate 27Al and 1H MAS
NMR spectra and an appropriate silicate structure drawing are also
included.
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three different positions in these solids. If aluminium is a main
constituent of the silicate lattice, i.e. the silicate sheet, it can
occupy either an octahedral or a tetrahedral location. When
aluminium enters in the silicate structure as an exchange cation,
i.e. in the interlayer space, it exhibits octahedral coordina-
tion.2

The first location, octahedral aluminium in the silicate sheet,
is represented by a sodium-saturated montmorillonite from
Arizona, which has been described in detail elsewhere.7 The 1D
27Al MAS NMR spectrum for this sample, horizontal projection
in Fig. 1A, consists of a single peak centred at around 0 ppm that
is assigned to these aluminium environments.8 For the other two
locations, tetrahedral aluminium in the silicate sheet and
octahedral aluminium in the interlayer space, an aluminium-
saturated saponite was selected.9 In the corresponding 1D 27Al
MAS NMR spectrum, horizontal projection in Fig. 1B, two
aluminium signals centred at 0 ppm (the octahedral aluminium)
and 67 ppm (the tetrahedral aluminium) are observed. A
comparison between the 1D NMR peaks obtained for the two
different octahedral aluminium environments reveals the diffi-
culties encountered to elucidate the structural location of
octahedral aluminium in silicates. Conventional 27Al MAS
NMR spectroscopy fails for this purpose.

Fig. 1 also shows the application of the proposed technique to
layered silicates for the first time, the 2D spectra for both
samples being included. The 2D  1H Ô 27Al HETCOR spectra
are displayed as contour plots along with the following: 27Al
MAS NMR (top) and 1H MAS NMR (left) spectra from the
hydrated sample, and 1H MAS NMR (right) spectra from the
samples after dehydration at 110 °C which were separately
acquired for each. Drawings of the silicate structure are also
included in which the coupled aluminium and proton species are
outlined in bold to aid in the analysis of the 2D 1H Ô 27Al
HETCOR spectra obtained.

On the one hand, the 2D spectrum for the sodium-saturated
montmorillonite sample (Fig. 1A) consists of a single cross-
peak which correlates the unique 27Al signal, corresponding to
an indistinguishable octahedral aluminium in the 1D spectrum,
with the hydroxyl proton peak from the silicate lattice. Thus, the
intensity profile in the contour plot clearly indicates that the
aluminium ions are only occupying octahedral positions of the
silicate sheet.  On the other hand, the 2D spectrum for the
aluminium-saturated saponite (Fig. 1B) consists of two cross-

peaks, related to the two 1D-aluminium signals. The tetrahedral
aluminium, 1D signal at around 67 ppm, is correlated with the
hydroxyl proton signal from the silicate lattice in a similar
manner as the former case. The octahedral aluminium, 1D
signal at around 0 ppm, is correlated with the water proton peak
from the interlayer space. This latter correlation reveals the new
position of the aluminium species in the silicate mineral,
octahedral positions in the interlayer space, in addition to
demonstrating the advantages of using this technique. The
indistinguishable 1D octahedral aluminium chemical shifts
(horizontal projections of each 2D spectrum) are separated from
dipole–dipole coupled species into two frequency dimensions,
which allow adjacent nuclear species to be readily deter-
mined.

In summary, this paper describes a technique that enables, for
the first time, the determination of the coordination number of
a particular aluminium species from the 27Al chemical shift, in
addition to allowing the identification of the location of this
polyhedron within the structure, from the dipole–dipole coup-
ling with adjacent protons. Thus, the technique presented here
offers a new approach to the improvement of the NMR
information extractable from quadrupolar nuclei.

We thank DGICYT for financial support (Project No. PB97-
0176)
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Barium 4,5-dihydroxybenzene-1,3-disulfonate, a pillared
metal sulfonate network, possesses a microporous interlayer
region through the use of a single type of ‘bent’ sulfonate
group, and absorbs H2S.

The design and synthesis of mixed inorganic–organic solids
capable of including small molecules within void spaces in their
structures, analogous to natural clays and zeolites,1 has evolved
into a diverse area of research.2 A widely studied class of metal–
organic networks, in this respect, has been the metal phospho-
nate salts of general formula Mn+(O3PR)n/2 where R is an
aliphatic or aromatic organic group.3 These systems often form
two-dimensional structures where rigid O–M–O layers as-
semble, projecting the R groups between the layers. This
alternating organic–inorganic layered topology can allow the
intercalation of various small molecules between the layers,
making these materials useful for chemical separations and/or
catalytic applications.4 However, since, typically, no void space
exists between the layers prior to intercalation, an energy cost is
associated with the act of separating the layers which can inhibit
their usefulness. To overcome this limitation, the layers in these
compounds can be ‘pillared’ to increase the void space between
the layers and predispose the structure to guest inclusion.
Pillaring is a strategy, first employed with clays and then with
other layered materials, where counter ions, organic molecules,
or polytopic ligands are used to ‘prop’ layers apart, resulting in
greater porosity in addition to improved structural integrity.5
Unfortunately, with prototypical metal phosphonate structures,
the spacing between simple linear diphosphonate pillars (e.g.
phenyl or biphenyl) is negligible, rendering the network
ineffectual with regard to guest inclusion [Scheme 1(a)].6 This
adverse circumstance can be in part remedied by using mixed
phosphonate or phosphate/phosphonate systems where the
‘pillar’ alternates with a smaller, non-pillaring phosphonate
(e.g. methylphosphonate) or a phosphate group [Scheme 1(b)],
thus generating porosity.7 However, in addition to complicating
the synthesis, this may result in a loss of structural regularity
and a greater pore size distribution.8

Contrasting the metal phosphonate systems, our research is
focused on using weaker metal–sulfonate (Mn+(SO3R)n) inter-
actions to develop new layered and porous compounds.9 This
approach takes advantage of the flexible coordinative behavior
of the SO3

2 group to obtain structures not attainable from the
rigid O–M–O scaffolding of metal phosphonate networks. Of
the relatively few structurally characterized Mn(SO3R)n com-
plexes which exist to date, all form layered networks.9,10 Some
of these can be classified as ‘pillared’ solids but they suffer from
the aforementioned problem of virtually no space between
adjacent R groups.11 Even within these layered compounds,
there exists substantial diversity with respect to the sulfonate

coordination mode.12 We, therefore, sought to exploit this
flexible coordination by generating layered networks which
would tolerate the incorporation of a ‘bent’ pillar. A bent pillar
would not pack efficiently in the interlayer and, therefore,
generate porosity [Scheme 1(c)] while offering a facile two-
component synthesis. Herein, we report the structure, thermal
analysis and sorption properties of barium 4,5-dihydroxy-
benzene-1,3-disulfonate dihydrate, [Ba(1)(H2O)]·H2O. This
compound represents the first functional pillared metal sulfo-
nate network.13 Significantly, interlayer void space is generated
and the guests which occupy these sites may be removed while
maintaining structural integrity.

[Ba(1)(H2O)]·H2O was metathesized from the commercially
available Na2[1]·H2O by combining equimolar amounts of
BaCl2·2H2O and Na2[1]·H2O in minimal amounts of water. A
white precipitate of [Ba(1)(H2O)]·H2O formed immediately,

which was filtered off in 95% yield. Colorless, X-ray quality
crystals were grown by diffusion of acetone vapor into a
saturated aqueous solution of the complex.† The structure
(Fig. 1) consists of infinite layers of sulfonate-bridged Ba2+

centers, in the xy plane, with 1 acting as a pillar to bridge
adjacent layers through the two sulfonates. One SO3 group
coordinates to a layer in the +z direction and other in the 2z
direction, to give a d-spacing of 9.24(2) Å. The stability of the

Scheme 1 Pillaring of layered networks showing (a) close packing of
linear pillars with no void space; (b) alternating pillars and small R groups
to generate porosity; (c) use of ‘bent’ pillars to create pores with a single
type of R group.

Fig. 1 View of the layered structure of [Ba(1)(H2O)]·H2O down the a-
axis. Ba atoms: large circles, S atoms: medium, light grey circles, O atoms:
small, dark grey circles, C atoms: small, black circles. Note the interlayer
channels and the water molecules occupying them.
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pillars is augmented via the chelation of the catechol (4,5-diol)
unit of 1 to a single Ba2+ center. The bent structure of 1, with
sulfonate groups oriented at 120°, opens up 16-membered rings
in the interlayer between the pillars. The rings align along the a-
axis to form channels which are filled with non-coordinated
water molecules. The channels are approximately 4.0 Å in
diameter. The construction of the layers is complex, with the
one crystallographically unique Ba2+ ion being 9-coordinate
and each molecule of 1, in turn, coordinating to six different
Ba2+ centers. The coordination of 1 is as follows. The catechol
moiety of 1 chelates, in a doubly protonated form, to one barium
center [Ba–O7 = 2.843(3), Ba–O8 = 2.791(3) Å]. The
sulfonate group in the 3-position coordinates to two different
Ba2+ centers, which are part of the same layer as the catechol-
chelated Ba2+, via a m2,h2-mode [Ba–O5 = 2.750(3), Ba–O6 =
2.749(3) Å]. Sulfonates in the 1-position adopt a m3,h3-
coordination mode where all three Ba2+ ions are in the adjacent
layer to those coordinating to the sulfonate in the 3-position.
One of the Ba2+ centers is chelated by two of the sulfonate
oxygen atoms resulting in four coordinating interactions in total
[Ba–O1 = 2.737(3), 3.002(3), Ba–O2 = 2.875(3), Ba–O3 =
2.765(3) Å]. Each barium ion is 9-coordinate with an irregular
geometry. The coordination sphere is comprised of six sulfonate
oxygen atoms, from five different sulfonate groups, the two
catechol oxygen atoms, and a water molecule [Ba–O9 =
2.751(3) Å] that projects into the interlayer.

The PXRD pattern and the elemental analysis of the bulk
precipitate match those of the single crystal sample, indicating
that these species have the same structure and composition.
Thermal analysis revealed loss of included water at 110 °C and
then gradual loss of the coordinated water to 420 °C at which
point the sample decomposed.14 Given that the aversion to
employing sulfonates in the generation of extended materials
has largely been due to their weaker coordinative tendencies,
the stability of this network is quite remarkable. Importantly,
the PXRD patterns of the dihydrate and the monohydrate
showed that the framework remained intact after loss of the
channel water molecules.15 Removal of only the guest water
molecules of [Ba(1)(H2O)]·H2O would leave empty channels,
possibly with a topology imprinted by the water molecules.
Therefore, based upon the structural similarity, the sorbent
capabilities of the dehydrated framework with H2S were
examined. It was found that at 50 °C a mass increase of 7.5%
was observed, corresponding to the uptake of 0.93 equivalents
of H2S with respect to the equivalent of expelled water.16

Significantly, analogous experiments with methane and metha-
nol revealed no mass increase, indicating selectivity for H2S.

In conclusion, [Ba(1)(H2O)]·H2O represents the first exam-
ple of a functional pillared metal sulfonate structure. The
flexible coordination of the sulfonate group enables ‘bent’
pillars to be employed resulting in a microporous network in a
system where only a single type of pillar is present. Despite
relying on metal–sulfonate interactions in the pillars, the
network is highly robust ( > 400 °C). With regard to function-
ality, the guest water molecules can be removed and selectively
replaced, almost quantitatively, by hydrogen sulfide.

We would like to thank Dr R. MacDonald at the University of
Alberta for the single crystal X-ray data and the reviewers for
useful suggestions. This research was supported by the Natural
Sciences and Engineering Research Council of Canada.

Notes and references
† Crystal data for [Ba(1)(H2O)]·H2O: C6H8BaS2O10, M = 441.58, triclinic,
space group P1̄, a = 7.3374(6), b = 8.6976(7), c = 9.2006(8) Å, a =
81.923(2), b = 89.368(2), g = 84.313(2)°, V = 578.47(8) Å3, Z = 2, Dc =
2.535 g cm23, m(18kW RA) = 3.842 mm21, crystal size 0.25 3 0.08 3
0.03 mm. Data were collected on a Bruker P4 diffractometer with a SMART
1000 CCD area detector using an 18 kW rotating-anode X-ray generator. A
total of 2883 reflections (2.24° < q < 26.38°) were processed of which 2336
were unique and considered significant with Inet > 2s(Inet). Structure
solution, refinement and molecular graphics were carried out with the

SHELXL software package, release 5.1.17 Final residuals for Inet > 2s(Inet)
were R = 0.0275 and Rw = 0.0665 (GoF = 1.007) for 184 parameters.

CCDC 182/1883. See http://www.rsc.org/suppdata/cc/b0/b005923o/ for
crystallographic files in .cif format.

1 D. W. Breck, Zeolite Molecular Sieves: Structure, Chemistry and Use,
Wiley, New York, 1974; R. M. Barrer, Zeolites and Clay Minerals as
Sorbents and Molecular Sieves, Academic Press, New York, 1978.

2 C. L. Bowes and G. A. Ozin, Adv. Mater., 1996, 8, 13; T. J. Barton,
L. M. Bull, W. G. Luemperer, D. A. Loy, B. McEnaney, M. Misono,
P. A. Monson, G. Pez, G. W. Scherer, J. C. Vartuli and O. M. Yaghi,
Chem. Mater., 1999, 11, 2633; K. Ohtsuka, Chem Mater., 1997, 9, 2039;
O. M. Yaghi, H. Li, C. Davis, D. Richardson and T. L. Groy, Acc. Chem.
Res., 1998, 31, 474.

3 A. Clearfield, Prog. Inorg. Chem., 1998, 47, 371; G. Alberti, in
Comprehensive Supramolecular Chemistry, ed. J. L. Atwood, J. E.
Davies, D. D. MacNicol and F. Vögtle, Elsevier Science, New York,
1996, vol. 7, p. 151.

4 G. Alberti and U. Costantino, in Inclusion Compounds, ed. J. L.
Atwood, J. E. Davies and D. D. MacNicol, Oxford University Press,
New York, 1991, vol. 5, ch. 5, p. 136; G. Cao, H.-G. Hong and T. E.
Mallouk, Acc. Chem. Res., 1992, 25, 420; M. E. Thompson, Chem.
Mater., 1994, 6, 1168.

5 M. A. Occelli and H. Robson, Expanded Clays and Other Microporous
Solids, Academic Press, New York, 1992; P. Olivera-Pastor, P.
Maireles-Torres, E. Rodríguez-Castellón, A. Jiménex-López, T. Cas-
sagneau, D. L. Jones and J. Rozière, Chem. Mater., 1996, 8, 1758; A.
Clearfield, Chem. Mater., 1998, 8, 2801.

6 M. B. Dines, P. M. DiGiacomo, P. K. Callahan, P. C. Griffith, R. H.
Lane and R. E. Cooksey, in Chemically Modified Surfaces in Catalysis
and Electrocatalysis, ed. J. S. Miller, ACS Symp. Ser. 192, American
Chemical Society, Washington, DC, 1982, p. 223; D. M. Poojary, P. C.
Bellinghausen, B. Zhang and A. Clearfield, Inorg. Chem., 1996, 35,
4942; B. Zhang, D. M. Poojary and A. Clearfield, Inorg. Chem., 1998,
37, 1844.

7 G. Alberti, U. Costantino, F. Marmottini, R. Vivani and P. Zappelli,
Angew. Chem., Int. Ed. Engl., 1993, 32, 1357; G. Alberti, F. Marmottini,
S. Murcia-Mascarós and R. Vivani, Angew. Chem., Int. Ed. Engl., 1994,
33, 1594; N. J. Clayden, J. Chem. Soc., Dalton Trans., 1987, 1877.

8 G. Alberti, U. Costantino, F. Marmottini, R. Vivani and P. Zappelli,
Mater. Res. Soc. Symp. Proc., 1991, 233, 101.

9 G. K. H. Shimizu, G. D. Enright, C. I. Ratcliffe, G. S. Rego, J. L. Reid
and J. A. Ripmeester, Chem. Mater., 1998, 10, 3282; G. K. H. Shimizu,
G. D. Enright, C. I. Ratcliffe, K. F. Preston, J. L. Reid and J. A.
Ripmeester, Chem. Commun., 1999, 1485.

10 G. Smith, B. A. Cloutt, D. E. Lynch, K. A. Byriel and C. H. L. Kennard,
Inorg. Chem., 1998, 37, 3236; B. J. Gunderman and P. J. Squattrito,
Inorg. Chem., 1995, 34, 2399; B. J. Gunderman and P. J. Squattrito,
Inorg. Chem., 1994, 33, 2924; Y. Garaud, F. Charbonnier and R. Faure,
J. Appl. Crystallogr., 1980, 13, 190; B. J. Gunderman, I. D. Kabell, P. J.
Squattrito and S. N. Dubey, Inorg. Chim. Acta, 1997, 258, 237; V.
Shakeri and S. Haussuhl, Z. Kristallogr., 1992, 198, 297.

11 Ag 1,4-butanedisulfonate: F. Charbonnier, R. Faure and H. Loisleur,
Acta Crystallogr., Sect. B, 1981, 37, 822; Na anthraquinone-2,6-di-
sulfonate: R. S. K. A. Gamage, B. M. Peake and J. Simpson, Aust. J.
Chem., 1993, 46, 1595; K tetramethylbenzene-1,3-disulfonate: A.
Koeberg-Telder, H. Cerfontain, C. H. Stam and G. Kreuning, Recl.
Trav. Chim. Pays-Bas, 1987, 106, 142.

12 Even a subtle change such as benzenesulfonate to toluenesulfonate in
layered AgI complexes shifts an h6-SO3 to an h5-SO3.9

13 Ward et al. have employed sulfonates with great success in H-bonded
pillared guanidinium sulfonate frameworks. See: V. A. Russell, C. C.
Evans, W. Li and M. D. Ward, Science, 1997, 276, 575.

14 TGA/DSC analyses of [Ba(1)(H2O)]·H2O were performed on a Netzsch
449C Simultaneous Thermal Analyzer. A mass loss at 110 °C was
assigned to loss of the channel water molecules (4.08% calc., 3.62%
obs.). Heating beyond 110 °C, a gradual mass loss occurs until
decomposition at 420 °C corresponding to the loss of a second molecule
of water (4.08% calc. 3.91% obs.).

15 A comparison of the nine most intense peaks in the PXRD patterns of
Ba[1]·2H2O and of a sample dehydrated at 150 °C for two hours, to
remove channel water molecules, shows a mean deviation of only 1.4%.
Full details are given within the crystallographic material.

16 [Ba(1)(H2O)]·H2O was placed under a N2 atmosphere, heated to 150 °C
at 10 °C min21, then held at 150 °C for 10 min to remove the channel
water. The sample was cooled to 50 °C and the purge gas changed to
H2S. The sample showed a mass gain of 7.5%. [Ba(1)(H2O)] has a mass
of 423 g mol21. In terms of molar equivalents, a 7.5% gain is therefore
equivalent to 31.68 g mol21 or 31.68/(34.06 g mol21 H2S) = 0.93
equivalents of H2S.

17 Bruker AXS Inc., Madison, WI, 1997.

252 Chem. Commun., 2001, 251–252



Mainchain pseudopolyrotaxanes via post-threading with cucurbituril

Dönüs Tuncel and Joachim H. G. Steinke*

Department of Chemistry, Imperial College of Science, Technology and Medicine, South Kensington, London, UK
SW7 2AY. E-mail: j.steinke@ic.ac.uk

Received (in Cambridge, UK) 10th October 2000, Accepted 23rd November 2000
First published as an Advance Article on the web 23rd January 2001

Pseudopolyrotaxanes possessing a controllable number of
cucurbituril molecules located along the backbone of poly-
(iminiohexamethylene chloride) have been prepared via an
efficient post-threading route.

Although the synthesis of cucurbituril was described almost 100
years ago1 the exploitation of the supramolecular chemistry of
this rigid, nondecacyclic ligand only began recently. Mock and
Pierpont reported a molecular switch2 and both Kim et al.3 and
Buschmann et al.4,5 synthesised various inclusion complexes
based on cucurbituril. The latter two groups also prepared solid
and solution state polyrotaxanes in which cucurbituril features
as the macrocyclic component introduced as a pseudorotaxane
monomer.6,7 Steinke et al. used the ability of cucurbituril to
catalyse 1,3-dipolar cycloadditions, a feature of cucurbituril
discovered by Mock et al.8,9 in the synthesis of catalytically
self-threading polyrotaxanes.10

Formation of polyrotaxanes or pseudopolyrotaxanes via post-
threading requires an attractive interaction between the macro-
cycle and the (preformed) polymer backbone. Investigations by
Harada et al. provided the earliest example of post-threading
exploiting the strong hydrophobic interactions between poly-
(ethylene glycol)s (PEG) and a-cyclodextrins (a-CD) in
aqueous media.11 Since then a-, b- and g-cyclodextrins, crown
ethers and cyclophanes have been post-threaded onto a number
of different linear polymer backbones like poly(propylene
glycol) (PPG),12,13 poly(alkylimine)s,14 PEO-PPO-PEO tri-
block copolymers,15 poly(propylene),16 poly(trimethylene
oxide),13 poly(isobutylene),16 poly(e-caprolactone),16 poly-
(viologen)s,16 aromatic poly(ether),17 poly(ether ester)17 and
poly(urethane)s.18,19 Recently calorimetric studies by Busch-
mann et al. suggested the formation of a pseudopolyrotaxane
between PEG and cucurbituril.20

For our contribution to this area we decided to prepare
cucurbituril-containing mainchain pseudopolyrotaxanes from
poly(iminoalkylene)s. Poly(iminohexamethylene) was deemed
to be the most promising linear polyamine because the
protonated hexane-1,6-diamine moiety present in its backbone
is known to form one of the most stable inclusion complexes
with cucurbituril.21 Poly(iminiohexamethylene chloride) was
synthesised according to a procedure by Wenz et al.14 in which
Nylon 6,6 was reduced with BH3·Me2S (Fig. 1). 1H NMR of the
polyamine confirmed that reduction was successful with less
than 3% of residual amide groups remaining (Mn = 20000, Mw
= 52000, against polystyrene). Cucurbituril was prepared
according to the procedure by Behrend et al.1 Samples for the
subsequent time-dependent NMR studies were prepared by
dissolving poly(iminohexamethylene) in 20% DCl to which the
required amount of cucurbituril was added (Fig. 1).

Progress of the threading reaction was monitored at given
time intervals by 1H NMR (Fig. 2). Fig. 2 corresponds to a post-
threading experiment carried out at 90 °C in DCl–D2O (20%
w/w) with a molar ratio of cucurbituril to the iminiohexa-
methylene repeat unit of 0.5+1.0. Upon threading the original
three resonances of the a-, b- and g-methylene groups of
poly(iminiohexamethylene chloride) are split into an additional
two sets of resonances (Fig. 2: A, B, C and a, b, c). The integrals
of the new resonances are increasing with time to the same
extent as the precursor polymer resonances are decreasing. The

set of resonances coded a, b and c can be assigned to threaded
hexamethylene segments based on complexation studies with
the model compound 1,6-diaminohexane dihydrochloride salt
carried out by us which is further supported by earlier work in
formic acid carried out by Mock et al.21 Resonances A, B, and
C belong to unthreaded hexamethylene segments located next
to threaded repeat units along the polymer backbone. This was
confirmed by using a five-fold excess of cucurbituril. Under
these conditions essentially all precursor resonances dis-
appeared and only the two new sets of resonances remained (not
shown). The degree of threading was calculated from the ratio
of threaded to non-threaded methylene protons. In this partic-
ular example (after 384 h) 43% of all repeat units were threaded
by cucurbituril. Threading is also reflected in a small downfield
shift in the resonances of cucurbituril (Fig. 2: QQ = free
macrocycle; qq = threaded) which is proportional to the degree
of threading over time. Attempts to determine the molecular
weight of these pseudopolyrotaxanes by GPC have been
hampered by the fact that these polymers are only soluble in
water and the necessary analytical equipment has not been
available to us.

Data of this very slow threading process are shown in Fig. 3
which suggest that equilibrium has been reached after ca. 400 h

Fig. 1 Synthesis of cucurbituril-threaded mainchain poly(iminiohexa-
methylene chloride); (i) BH3·Me2S, THF, 20 h, rt, 66%; (ii) DCl–D2O (20%
w/w), rt, 100%; (iii) cucurbituril, 0 to 384 h, 90 °C.

Fig. 2 Progression of post-threading followed by 1H-NMR at 90 °C in DCl–
D2O (20% w/w) with a molar ratio of cucurbituril to iminiohexamethylene
repeat unit of 0.5+1.0.27 (Arrows indicate traces of the ethanol inclusion
complex with cucurbituril (ethanol was used as co-solvent during
recrystallisation). The signal intensity is decreasing with time being
replaced by polymer chain repeat units.)
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at 90 °C for all ratios of cucurbituril to polymer repeat unit.
Excess of cucurbituril has very little impact on the maximum
degree of threading being close to 50% (experimental error
±2%). From the limiting degree of threading (50%) and the clear
splitting of the original 1H NMR signals of the iminiohexa-
methylene repeat unit into two new sets of peaks of equal
intensity, we conclude that a pseudopolyrotaxane has been
formed where encapsulated and uncomplexed repeat units
alternate. Further evidence comes from encapsulation studies
between cucurbituril and bis(6-aminohexyl)amine (a model
‘dimer’ of the polymer backbone).22 A two-fold excess of
cucurbituril led to 45% threading, a value which is very close to
that found for the polymeric case. The inactivity of cucurbituril
in the catalytic self-threading of pseudopolyrotaxanes involving
hexane-1,6-diamine repeat units10 can also best be rationalised
by assuming that it is energetically unfavourable for two
molecules of cucurbituril to complex to the same secondary
ammonium ion. We have considered the possibility of other
substructures analogous to recent 1H NMR investigations by
Hodge et al.17 However, an alternating sequence of complexed
and uncomplexed repeat units is the most consistent inter-
pretation of our experimental data.

The slow kinetics of the threading process can be explained
through a combination of factors. By far the most important
contribution arises from the strong binding constant of cucurbi-
turil to the protonated hexamethylene-spaced repeat unit.21 A
high activation energy is needed for cucurbituril to ‘hop’
efficiently along the polymer chain during the threading
process. This interpretation is supported by recent results from
Harada’s groups related to slow threading kinetics also affected
by strong ionic interactions between macrocycle and polymer
chain.23 Wenz et al. have modelled a hopping mechanism for
the post-threading of a-CD onto ionene-6,10† which enabled
them to explain their observed threading kinetics.14 Their
pseudopolyrotaxane system also required elevated temperatures

and long reaction times (120 h at 80 °C in water) to reach a
degree of threading of 0.5. Furthermore we invoke that
threading kinetics in our system are retarded further by
cucurbituril moieties having to queue. The existence of queuing
has been demonstrated by Parsons et al.24,25 during the
threading of pseudopolyrotaxanes. The effect of queuing
becomes more significant for higher levels of threading as
indicated by the corresponding slower threading kinetics (Fig.
3).

The retarded threading kinetics at higher ratios of cucurbituril
could also be explained by invoking ‘side-on’ complexation of
cucurbituril to the ammonium groups along the polymer
backbone (Fig. 4). Cucurbituril binds to all types of ammonium
ions other than quaternary ones.21,26 Fig. 4 is therefore a more
accurate representation of the various competing modes of
complexation that have to be considered for our system.
However only through further experiments will it be possible to
distinguish between queuing and ‘side-on’ complexation.

Post-threading of cucurbituril onto protonated linear poly-
(iminohexamethylene) results in a new, synthetically accessible
class of pseudopolyrotaxanes, which contain a controllable
number of macrocyclic units.

We would like to thank the EPSRC for providing an IPSI
project studentship for D. T.
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Fig. 3 Time-dependence of the threading of cucurbituril onto poly-
(iminiohexamethylene chloride) at 90 °C in DCl–D2O (20% w/w). Molar
ratios of cucurbituril to repeat unit: 0.1+1.0; 0.2+1.0; 0.5+1.0; 1.0+1.0;
5.0+1.0.

Fig. 4 Modes of complexation of cucurbituril with the corresponding
equilibria expected to take part in the threading of cucurbituril onto
protonated, linear poly(iminooligoalkylene)s.
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The macrolactone core structure of the salicylihalamides
was prepared from diacetone-D-glucose and via a ring-
closing metathesis reaction.

Salicylihalamides A and B (1 and 2) are naturally occurring

cytotoxic macrolides isolated from an Australian sponge
Haliclona sp. in 1997.1 They were the first examples of a novel
class of macrolides that have in common the salicylic acid
moiety and an unsaturated enamide side chain.2–6

This class of compounds possesses diverse biological
activities, including inhibition of tumor cell proliferation.1–6

Salicylihalamide A displayed a striking pattern of differential
cytotoxicity in the NCI’s 60-cancer cell line human tumor
screen.1 COMPARE pattern-recognition analyses7 of the mean-
graph profiles of salicylihalamide A suggest that the salicylihal-
amides may act by a novel mechanism of action. Despite their
promise as potential anticancer agents, further studies of this
new class of compounds are hampered by limited availability
from natural sources. The unique structural features of the
salicylihalamides coupled with promising biological activity
prompted us to develop a flexible approach toward the synthesis
of these molecules and related analogues.

We initially focused on the synthesis of intermediate 3
(Scheme 1), the macrocyclic core structure of the salicylihala-
mides containing the three chiral centers and the D9,10 E-alkene.
The masked aldehyde functionality in 3 provides an opportunity
for side chain attachment at C16 and subsequent completion of
the total synthesis.

Our synthetic strategy for the preparation of building block 3
features the use of readily available diacetone-D-glucose as the
source for the three chiral centers of the molecule (chiral pool
approach). The regioselective formation of the E-double bond at
C9 was accomplished through a ring-closing metathesis (RCM)
reaction employing intermediate 4. Although the RCM strategy
has been used before to form the 12-membered macrolactone
ring of unsubstituted or side chain truncated salicylihala-
mides,8,9 we herein report the use of the same protocol with a
fully-substituted salicylihalamide macrocyclic core. Intermedi-
ate 4 can be obtained from lactone 6 via Mitsunobu esterifica-
tion with 6-allylsalicylic acid (5). 6-Allylsalicylic acid (5) can
be prepared from O-methylsalicylic acid10 and diacetone-D-
glucose 7 is the precursor for lactone 6.11,12

The macrolide synthesis started with known alcohol 8, which
was prepared in five straightforward steps from diacetone-D-
glucose (Scheme 2).11–13 The secondary hydroxy group in 8

Scheme 1 Retrosynthesis for the salicylihalamide macrolide.

Scheme 2 Reagents and conditions: (a) Tf2O, 2,6-dimethylpyridine, 0 °C,
1.5 h; (b) (CH2NCHCH2)2Cu)CN)Li2, THF, 278 °C, 2 h, 78%; (c) 70% aq.
acetic acid, 70 °C, 6 h, 98%; (d) Ag2CO3–Celite, 80 °C, 1 h, 85%.
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was converted to its corresponding triflate 9, which was reacted
immediately and without purification with a higher order
allylcyanocuprate to provide 10 with inversion of configuration
in 78% yield† (Scheme 2). Deprotection of the acetonide group
was carried out with 70% acetic acid to yield alcohol 11.
Selective oxidation of the anomeric hydroxy group with
Ag2CO3–Celite afforded lactone 6 in excellent yield. The
synthesis of 5 was carried out in a two-step sequence as outlined
in Scheme 3. Ortho-lithiation of O-methylsalicylic acid with
sec-BuLi–TMEDA and quenching the carbanion with allyl
bromide,10 followed by deprotection of the methyl ether using
BCl3–(n-Bu)4NI,14 afforded 5 in moderate overall yield.

Esterification of carbohydrate building block 6 with 5 under
Mitsunobu conditions (Scheme 4) afforded intermediate 12 in
good yield.

After the three stereogenic centers had been installed, the
next step was the RCM reaction to form the D9,10 alkene.
Surprisingly, RCM employing lactone 12 failed to give any of
the desired product. Therefore the lactone functionality of 12
was reduced to lactol 14 (88+12, a+b; 80% yield) using
DIBAL-H at 278 °C. RCM reaction with this substrate
provided the desired reaction product. However, the Z isomer

was found to be the major reaction product (E+Z ratio 15+85;
60% yield). When the phenolic hydroxy of 12 was protected as
its TBDPS ether 13 (85% yield) and lactone 13 was reduced to
lactol 4 (80% yield), RCM of intermediate 4 furnished the two
stereoisomeric lactols 15 and 16 in a 70+30 E+Z ratio and in
60% yield. The introduction of the sterically demanding
TBDPS protecting group apparently promotes a conformational
change in the transition state of the RCM reaction that favors the
formation of the E-alkene. After deprotection of the silyl ethers
15 and 16, the stereoisomers 3 and 17 (85% yield) were
separated by column chromatography furnishing the desired E-
isomer 3 in 60% yield.

Having completed the synthesis of the macrolactone with
correct stereo- and regiochemistry,15 studies directed at in-
troducing the enamide side chain are in progress.
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Note added in proof. For a revision of the absolute
configuration of salicylihalamide A through total synthesis, see:
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2000, 39, 4308.
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Scheme 3 Reagents and conditions: (a) sec-BuLi, TMEDA, THF, allyl
bromide, 290 °C to rt, 0.5 h, 46% (based on recovered starting material); (b)
BCl3, (n-Bu)4NI, DCM, 278 °C, 2 h, 80%.

Scheme 4 Reagents and conditions: (a) Ph3P, DEAD, THF, 220 °C to 0 °C,
1 h, 85%; (b) TBDPSCl, imidazole, DMF, rt, 1 h, 85%; (c) DIBAL-H, ether,
278 °C, 2 h, 80%; (d) RuCl2NCHPh)(PCy3)2, DCM, reflux, 3 h, 60%; (e)
TBAF, THF, rt, 1 h, 85%.
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Breast cancer marker T-antigen (Gal(b1-3)aGalNAc) was
prepared as an allyl glycoside that was transformed into an
active ester and coupled to a series of poly(amidoamine)
dendrimers showing strong binding to mouse monoclonal
IgG antibodies and serving as useful coating antigens in
microtiter plates.

Poly(amidoamine) (PAMAM) dendrimers1 are actually scruti-
nized as core structures bearing various pharmacophores for
potential applications in biomedical fields such as DNA
transfection,2 inhibition of pathogenic infections,3 and toxicity,
immunogenicity and biodistribution to organs.4 PAMAM have
further broadened their potential usefulness to biological
systems by combination with different carbohydrate moie-
ties.5–7 Chemically well defined monodisperse neoglycoconju-
gates with several covalently attached carbohydrate residues,
can efficiently compensate for the usually weak affinities of
individual haptens via cooperative binding interactions.8 How-
ever, in spite of these potential biological applications,
systematic preparation and biological evaluation of PAMAM-
based T-antigen, Gal(b13)aGalNAc, glycodendrimers have not
been reported to date.

T-antigen (Thomsen–Friedenrich antigen) has been reported
as a cancer-related epitope and as an important antigen for the
detection and immunotherapy of carcinomas, particularly
relevant in breast cancer.9 For pharmaceutical applications, T-
antigen containing linear glycopolymers have been employed in
solid-phase glycosyl transferase assays for high-throughput
screening in cancer drug discovery research.10 Recently, we
have reported that mouse monoclonal antibodies raised against
the T-antigen recognised breast cancer tissues selectively.11

These biological and immunochemical results motivated the
synthesis of well defined T-antigen-glycoPAMAMs that can be
used as vaccines or as antibody targeting species. Their binding
properties against mouse monoclonal IgG antibody has also
been evaluated. The synthetic strategy for the construction of T-
antigen-containing glycoPAMAMs was based on amide bond
formation between amine terminated PAMAM cores 10–13 and
acid functionalized T-antigen derivative 9.
a-D-GalNAc derivative 2† was prepared in 3 steps from N-

acetylglucosamine (1) by a C-4 epimerization strategy using an
adaptation of documented procedure (Scheme 1).12 Compound
2 was debenzoylated under Zemplén conditions (NaOMe,
MeOH) and subsequently exposed to either benzaldehyde–zinc
chloride or benzaldehyde dimethyl acetal and a catalytic amount
of toluene-p-sulfonic acid monohydrate to give 4,6-benzylidene
protected glycosyl acceptor 3 in 87% yield after deprotection.
Compound 3 was coupled with peracylated galactosyl bromide
(4 or 5) using mercuric(II) cyanide as a promoter at rt to provide
disaccharides 6 and 7 in 98 and 78% yields, respectively.
Successive de-O-acylation (MeONa–MeOH) and de-acetala-
tion (aq. AcOH, 60 °C) afforded the desired T-antigen 8 in 95%
overall yield. Finally, radical initiated 3-mercaptopropionic
acid addition to 8 in the presence of UV light (254 nm) under

deoxygenated aqueous conditions gave acid functionalized 9 in
83% yield.

PAMAM cores 10–13 were conjugated via amide bond
formation with a slight excess acid 9 (1.1 eq.) using TBTU‡
reagent (Scheme 2). The reaction mixtures were lyophilized to
dryness and the residues were purified by either gel permeation
chromatography (P-2 or P-4, H2O) or dialysed against water
(2000 molecular weight cut-off). After purification, T-antigen-
glycoPAMAMs, 14–17 (Fig. 1) with 4, 8, 16, and 32 T-antigen
residues were obtained in excellent yields (73, 81, 99, and 79%,
respectively).

On the basis of negative ninhydrin tests, mass spectrometry
(FAB-MS), and high field 1H NMR spectral data, the extent of
conjugations were shown to be complete. The ratios of the NMR
signals, fully assigned using COSY and HMQC experiments
(D2O, sensisitivity @2 ~ 3%; ± 1 residue/30), clearly confirmed
the total incorporation of the T-antigen residues by comparing
the relative integration of the two methylene signals of the
dendritic cores (d 2.80 for 14 and 15, 2.77 for 16 and 3.05 ppm
for 17, respectively) to those of the two anomeric protons of the
T-antigen (d 4.96 for H-1 and 4.56 ppm for H-1A re-
spectively).

Scheme 1 (a) allyl alcohol, BF3OEt2, reflux for 3 h, 65 %; (b) BzCl (2.2 eq.),
Py–CHCl3, 260 °C, 92%; (c) (i)Tf2O (1.5 equiv), Py (3.3 eq.)/CH2Cl2,
215 °C, (ii) NaNO2 (10 eq.), DMF, 25 °C, 85% (2 steps); (d) MeONa,
MeOH, quantitative; (e) PhCHO, ZnCl2 (2 eq.) or PhCH(OMe)2 (5 eq.), 25
°C, 87%; (f) Gal-Br (4 (Bz) or 5 (Ac)) (1.5 eq), Hg(CN)2 (1.5 eq) , PhH–
MeNO2, 25 °C 78–98 %; (g) i) MeONa, MeOH, (ii) 60% aq. AcOH, 60°C,
93%; (h) HSCH2CH2CO2H (1.1 eq), UV (254 nm), 83%. BzCl = benzoyl
chloride, Py = pyridine, Tf2O = trifluoromethanesulfonic anhydride,
AcOH = acetic acid.
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The binding properties of glycoPAMAMs to mouse mono-
clonal IgG antibody (MAb)11 were initially evaluated by
enzyme linked immunosorbent assay (ELISA) (Fig. 1). Glyco-
PAMAMs were used as coating antigens to determine their
ability to capture antibodies on the surface of the microtiter
plates. Goat anti-mouse MAb IgG-horseradish peroxidase
(HRP) conjugate was used for quantitative detection. The
ability of the mouse MAb to recognise all glycodendrimers was
clearly demonstrated (Fig. 1). Compound 17, having 32 T-
antigen residues, was shown to be the best ligand. To obtain an
optical density value of 0.6, 90 mmol of coating glycoden-
drimers was needed. This value represents 2- to 4-fold increased
binding potentials over those of 15 (16-mer) and 16 (8-mer)
(330 and 150 mmol, respectively) which where > 25-fold more
potent than tetramer 14 ( > 2 mmol).

The efficiency of these glycoPAMAMs for protein-binding
interactions were further substantiated by competitive double
sandwich inhibition where conjugates 14–17 were employed as
inhibitors. T-antigen-co-polyacrylamide (T-antigen–acryla-
mide, 1+10)13 was used as a coating antigen. To this end, the T-
antigen polymer (1mg well21, 0.85 nmol of T-antigen in PBS)
was deposited in the microtiter plates. In separated plates
(Nunclon, Delta), mouse-MAb IgG (50 mL well21, 0.25 mmol in
PBS-tween) and glycoPAMAM inhibitors (50 mL well21 in
PBS-tween with varying concentrations from 275 to 1.07 nmol
well21) were preincubated. After blocking the microtiter plates
with bovine serum albumin (BSA), the wells were filled with
the mixture of antibody–glycoPAMAM inhibitors (100
mL well21) and the mixtures were then incubated for 1 h at
37 °C. For the quantitative detection of antibodies, goat anti-
mouse MAb-HRP was then added, as above. Based on bulk
conjugates, the glycoPAMAMs with highest carbohydrate
density (17) exhibited the strongest inhibitions. Conjugates

14–17 showed IC50 values of 5.0, 2.4, 1.4 and 0.6 nmol,
respectively where monomeric T-antigen 8 needed 2.3 mmol.
The inhibitory abilities of these conjugates were thus 460, 960,
1700 and 3800 times higher than that of monomer 8.
Interestingly, when expressed on a per saccharide basis, all
dendrimers were equivalent to one another (115 fold better than
8), thus supporting previous observations that low density
glycoPAMAMs are efficient inhibitors.5

In conclusion, geometrically well designed starburst T-
antigen-glycoPAMAMs were efficiently synthesized with va-
lencies between 4 to 32 using efficient peptide coupling
strategy. A series of bioassays with mouse MAb IgG demon-
strated that these conjugates strongly bound to the antibody. All
conjugates were antigenetically active as previously demon-
strated with analogous structures.5–7 Moreover, some carci-
noma cells have been reported to express T-antigen binding
sites,14 it is therefore possible that the compounds described
herein may also find applications in specific cancer cell
targeting.

Notes and references
† Physical data for representative compounds, NMR assignments are based
on COSY and HMQC.
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= 1, H2O); Rf = 0.33 (CHCl3–MeOH–H2O, 10+9+1); (+) FAB-MS
(glycerol): 530.3 (M + 1); dH (ppm, D2O): 4.96 (d, J12 = 3.7 Hz, 1 H, H1),
4.54 (d, J1A2A = 7.7 Hz, 1 H, H1A); dH (ppm, D2O): 104.2 (C1A), 96.7 (C1).
17: dH (500 MHz, D2O): 4.96 (d, J12 = 3.7 Hz, 32 H, H1), 4.56 (d, J1A2A =
7.7 Hz, 32 H, H1A); dC (D2O): 104.2 (C1A), 96.8 (C1). Anal. Calcd. for
C942H1664O444N154S32(23,278.7): C, 48.60; H, 7.20; N, 9.27. Found: C,
48.85; H, 7.21; N, 8.79%.
‡ TBTU = O-benzotriazol-1-yl)-N,N,NA,NA-tetramethyluronium tetra-
fluoroborate.
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Scheme 2 (a) 1.1 eq 9 per amine, TBTU, DIPEA, DMSO, 25 °C, (b) gel
permeation chromatography (P-2, or P-4, water) or dialysis (2000 molecular
weight cut-off) 73–99%. DIPEA = diisopropylethylamine, DMSO =
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Fig. 1 ELISA of T-antigen-glycoPAMAMs, 14(5), 15 (3), 16 (/) and 17
(:) with mouse monoclonal IgG antibody, goat anti-mouse IgG-horse-
radish peroxidase conjugate and ABTS-H2O2 as enzyme substrate. O.D.
(410 nm) = optical density, ABTS = 2,2A-azinobis(3-ethylbenzothiazo-
line-6-sulfonic acid). C: Relative concentration.
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A coordination polymer with the [Au(CN)2]2 building block
has been prepared and it exhibits weak Au(I)-mediated
ferromagnetic interactions; the structure illustrates that
aurophilicity is a powerful tool to increase dimensionality,
generating a three-dimensional system from a 1-D poly-
mer.

The design of multidimensional coordination polymers is an
area of intense current interest.1 In particular, as many useful
properties (magnetism, conductivity, host–guest chemistry,
etc.) manifest themselves in 2- or 3-D networks, it is important
to be able to generate high-dimensionality systems. The
incorporation of moieties capable of forming hydrogen bonding
interactions into coordination polymers is perhaps the most
well-developed method for increasing structural dimension-
ality.2 On the other hand, gold(I) centres are known to form
weakly bonding interactions with themselves; these ‘aurophilic’
interactions have the same order-of-magnitude strength as
hydrogen bonds.3 The supramolecular chemistry of gold(I) is
replete with systems that are polymeric by virtue of these Au–
Au interactions,4 but aurophilic interactions have not generally
been used as a tool to increase structural dimensionality in
coordination polymers containing metals other than gold.

Dicyanoaurate, [Au(CN)2]2, is an ideal building block to
explore this concept. The molecule is linear, should readily
form coordination polymers as do other anionic metal–cyanide
units,5 is sterically unencumbered and forms aurophilic inter-
actions in the solid state.6 We present here the first coordination
polymer using this building block in which aurophilic inter-
actions increase the dimensionality from one to three dimen-
sions. M[Au(CN)2]2 (M = Co, Zn) complexes have been
reported to form unusual quartz-like nets in which Au…Au
bonding plays a secondary role.7

The reaction of an aqueous solution of Cu(ClO4)2·6H2O
containing one equivalent of tmeda (N,N,NANA-tetramethylethy-
lenediamine) with an aqueous solution of K[Au(CN)2] (2
equiv.) produced an immediate blue precipitate.8 Elemental
analysis indicated a compound of stoichiometry (tmeda)-
Cu[Au(CN)2]2 (1). The IR spectrum of 1 is diagnostic due to the
presence of multiple absorptions in the CN region. K[Au(CN)2]
has a single absorbance at 2141 cm21; 1 has three CN
absorbances at 2152, 2174 and 2191 cm21. The high-energy
bands likely correspond to bridging CN groups.5 Single crystals
of 1 could be obtained by slow diffusion of the two reagent
solutions in an H-shaped tube. Infrared data were identical for
both the powder and the crystals.

The X-ray crystal structure of 1 confirms the molecular
formula of (tmeda)Cu[Au(CN)2]2 and reveals a polymeric
network.9 Note that, unlike many other linear building blocks
that have been examined (e.g. pyrazine, 4,4A-bipyridyl),10

[Au(CN)2]2 is anionic, and hence chemically uncharged
polymers are generated.11 The Cu(II) centre in 1 has a five-
coordinate, distorted square pyramidal geometry, with one
tmeda and three CN nitrogen atoms completing the coordination
sphere. The asymmetric unit contains three unique gold

centres—Au(2) and Au(3) have CN groups with both ends
bound to a Cu(II), while Au(1) has one Cu(II)-bonded CN group
and the other CN group is free. As shown in Fig. 1, the Cu(1)–
NC–Au(2)–CN–Cu(1*)–NC–Au(3)–CN– fragment infinitely
repeats in the b direction, giving rise to a coordinately bonded
1-D zig-zag chain. The Cu–N(4) bond length of 2.270(8) Å is
significantly longer than the other four Cu–N bond lengths,
hence the dangling [Au(CN)2] unit (Au(1)) is less strongly
bound to the Cu centre than those in the polymer backbone. The
intrachain Cu(1)–Cu(1*) distance is 10.18(1) Å.

Each gold centre is a site for potential aurophilic interactions
to occur. Indeed, the picture of the solid-state structure is
incomplete without including them. The Au(2) and Au(3) atoms
in the backbone of the 1-D zig-zag chain form interchain
Au…Au bonds of 3.5378(8) Å in the a direction (i.e. out of the
plane of the paper). This distance is less than the sum of the van
der Waals radii of two Au atoms (3.60 Å)3 and is hence a viable,
weak Au…Au interaction. This effectively joins two 1-D chains
together to form a 2-D array of alternating 1-D zig-zag chains in
the ab plane, as shown in Fig. 1. Each Au(2) and Au(3) centre
is loosely four-coordinate.6

On the dangling Au(CN)2 unit, Au(1) forms moderate
Au…Au interactions of 3.345(1) Å with Au(1*) on the adjacent

Fig. 1 Extended 2-D structure viewed down the a axis of (tmeda)-
Cu[Au(CN)2]2 (1), with its numbering scheme, showing a 1-D coordinately
bonded zig-zag chain in the b direction, connected in the a direction by
Au…Au bonds to an adjacent, inverse-sense chain (ORTEP, 50%
ellipsoids). Tmeda-methyl groups have been removed for clarity. Selected
bond lengths (Å) and angles (°): Cu–N(1) 2.006(9), Cu–N(2) 1.992(8), Cu–
N(4) 2.270(8), Cu–N(5) 2.048(8), Cu–N(6) 2.080(8), Au(2)–Au(3)
3.5378(8), Cu–Cu* 10.18(1); N(1)–Cu–N(2) 91.6(4), N(1)–Cu–N(4)
103.6(3), N(1)–Cu–N(5) 90.5(3), N(1)–Cu–N(6) 157.2(3), N(2)–Cu–N(4)
89.3(4), N(2)–Cu–N(5) 176.2(4), N(2)–Cu–N(6) 91.2(4), N(4)–Cu–N(5)
93.3(3), N(4)–Cu–N(6) 99.0(3), N(5)–Cu–N(6) 85.7(4), Cu–N(1)–C(1)
165.2(9), Cu–N(2)–C(2) 171.2(9), Cu–N(4)–C(4) 166.9(9).
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1-D chain in the b direction (i.e. in the plane of the page),
yielding a ladder-rung type motif running parallel to the 1-D
chains. This Au…Au bonding in the bc plane, connecting the
2-D array of chains illustrated in Fig. 1, transforms the structure
into a true three-dimensional system, as shown in Fig. 2. The
presence of gold…gold interactions has effectively increased
the dimensionality from a 1-D coordination polymer to a 3-D
system.

The variable temperature magnetic susceptibility of 1 was
measured from 2 to 300 K at a field strength of 1 T.12 At 300 K,
meff is equal to 1.94 mB, a value typical for a system of isolated
Cu(II), d9, centres. This value steadily increases on decreasing
the temperature, behaviour indicative of ferromagnetic inter-
actions, to a maximum value of 2.05 mB at 25 K, below which
temperature it decreases on further cooling. This latter decrease
could arise either from the onset of saturation effects or very
weak antiferromagnetic exchange. From a magnetic point of
view, 1 could be considered as a 1-D chain, assuming that
negligible magnetic interactions are propagated through the
Au…Au bonds. We were unable to model the magnetic data
over the entire range of temperatures studied. However, the cM
vs. T data above 30 K were successfully fitted to theory
employing the polynomial expression of Baker et al. for a 1-D
ferromagnetic chain of S = 1/2 spins.13 The magnetic moment
versus temperature data are shown in Fig. 3, where the solid line
is calculated from theory employing the best fit values of g =
2.22 and J, the exchange coupling constant, 2.34 cm21. From
this analysis it appears that the diamagnetic Au(CN)2

2 unit may
propagate weak ferromagnetic coupling in this compound. Note

that in the related [Ni(en)2]3[Fe(CN)6](PF6)2 system, the
diamagnetic Fe(II) cyanide unit also mediates ferromagnetic
interactions between the Ni(II) centres.14

In summary, a new coordination polymer with the neglected
[Au(CN)2]2 building block has been prepared and crystallized.
The structure confirms the concept that aurophilicity is a
powerful tool to increase dimensionality in supramolecular
coordination polymers.
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Fig. 2 Complete three–dimensional structure of 1. Tmeda ligands have been
removed for clarity. Au(1)–Au(1*): 3.345(1) Å.

Fig. 3 Magnetic moment versus temperature plot for 1. The solid line is
theory (see text).
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A simple route to tetraaryltetrabenzoporphyrins (Ar4TBPs)
is developed; the procedure allows for the introduction of
substituents on both benzo- and phenyl-rings and employs
readily available, inexpensive components.

Tetrabenzoporphyrins (TBP’s) and their metal complexes have
rapidly gained popularity as versatile near infra-red dyes. The
spectrum of their applications encompasses PDT (photo-
dynamic therapy),1a non-linear optical absorption,1b optical
limiting1c and dioxygen measurements in vivo by phosphores-
cence quenching.1d Due to solubility considerations the meso-
tetraarylsubstituted TBP’s (Ar4TBP) have proven to be the most
useful, especially those bearing functional groups in benzo and/
or in meso-phenyl rings, which permit their further derivatiza-
tion. However, until very recently all synthetic methods leading
to Ar4TBPs were based on a high temperature condensation
between phthalimide and phenylacetic acids,2a or similar
donors of benzo- and phenyl-groups.2b The harsh conditions of
this process (fusion at 350–400 °C) allowed for only a few inert
substituents, such as alkyl groups or halogens,3 to be introduced
into the TBP macrocycle. In addition, low yields and complex,
virtually inseparable mixtures of products4 made the whole
method quite impractical.

Since the obvious precursor of the Ar4TBP cycle, isoindole,
is highly unstable, the recent search for more convenient
synthetic protocols centered around isoindole-precursors, i.e. c-
annelated pyrroles. These are available via Barton–Zard
isocyanoacetate chemistry and have proven to be useful for the
synthesis of other symmetric extended porphyrins.5 Two
methods of TBP synthesis of this kind were reported to date.
Both methods are based on the Barton–Zard reaction and
involve the initial synthesis of either cycloalkyl6 or bicycloalk-
enyl fused porphyrins.7 These intermediate porphyrins are then
aromatized by either base catalyzed elimination of sulfinate6 or
the thermal retro-Diels–Alder extrusion of ethylene.7 The latter
method affords Ar4TBPs in excellent yields; however, the
synthesis of the isoindole precursors themselves, i.e. bicyclo-
alkenyl fused pyrroles, involves hazardous compounds such as
nitroethyl acetate. Here we report an alternative route to the
Ar4TBP system, which is both simple and general. The
procedure allows for the introduction of substituents in both
benzo- and meso-phenyl rings while employing only inex-
pensive and readily available components.

In our approach, the common precursor of the synthesis is the
inexpensive sulfolene 1‡ (Scheme 1), which is converted to a
tetrahydroisoindole via the Diels–Alder reaction with an
appropriate dienophile,8 followed by the introduction of the
phenylsulfonyl group and subsequent Barton–Zard-type reac-
tion of the resulting vinyl sulfone.9 Tetrahydroisoindoles are
further introduced into Lindsey condensation, giving tetra-
cyclohexanoporphyrins, which are finally aromatized.

The first successful application of this approach to the
synthesis of the substituted Ar4TBPs is shown in Scheme 1.§

Sulfolene 1 is converted to 3-phenylsulfonyl-3-sulfolene10 2
(b1) using earlier published procedures.11Alternatively, Diels–

Alder adduct 3 with dimethyl maleate (DMM) is obtained in
85% yield (a). Both products, 3 and 2, are further transformed
into sulfone 4. Compound 3 reacts with PhSCl, which is
followed by oxidation and elimination of HCl (b2); 2 partici-
pates in the similar Diels–Alder reaction (a) with DMM.12

Sulfone 4 reacts with tert-butyl isocyanoacetate (c)13 yielding
cyclohexanopyrrole 5 in 70–95% yield, which is deprotected
and decarboxylated by TFA in CH2Cl2 (d) in 35–40% yield.
Pyrrole 6 obtained in this way is introduced into the Lindsey
condensation (e),14 which produces porphyrins 7a–d in 25–35%
yields. Alternatively, porphyrins 7a–d can be obtained by
directly reacting cyclohexanopyrrole 5 with benzaldehydes
under Alder–Longo conditions (d+e), in which case deprotec-
tion–decarboxylation occurs in situ in the presence of TsOH.
Such simplification of the synthesis is especially practical when
yields of the one-pot procedure (8–12%) are comparable with
yields of the stepwise decarboxylation-condensation (8–14%).
Noteworthy is that in all cases porphyrins 7a–d were isolated as
dications rather than as free-bases (evidenced by UV-VIS

† Electronic supplementary information (ESI) available: experimental data.
See http://www.rsc.org/suppdata/cc/b0/b008816l/

Scheme 1 Reagents and conditions: a, DMM, py, 140 °C, pressure tube,
85%; b1, (i) PhSCl. CH2Cl2; (ii) Et3N; (iii) Oxone, MOH, 86% for three
steps; b2, (i) PhSCl, CH2Cl2; (ii) MCPBA; (iii) DBU, 81% for three steps;
c, CNCH2CO2

tBu, tBuOK, THF, Ar, 0 °C, 80–95%; d, TFA–CH2Cl2, Ar, rt,
35–40%; e, (i) YC6H4CHO, BF3·Et2O, CH2Cl2; (ii) DDQ, 25–35% for two
steps; d + e, YC6H4CHO (X = H), AcOH, TosOH, CH2Cl2, 8–12%; f, (i)
M(OAc)2, MeOH–CHCl3; (ii) DDQ, THF or MeCN, reflux, M = Zn, Cu,
Ni, 98% for two steps.
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spectroscopy Fig. 1a). The dications could be fully deprotonated
only in the presence of such bases as Et3N or pyridine, which
suggests that 7a–d exhibit unusually high basicity.15 The
porphyrins 7a–d were converted to their respective metal
complexes and aromatized by refluxing with an excess of DDQ
(f),16 giving the MAr4TBPs (M = Ni, Cu, Zn) 8a–d in nearly
quantitative yields. Interestingly, free-base porphyrins could
not be aromatized under such conditions, most likely due to the
formation of dications, which are apparently not oxidized by
DDQ. The net yield of the entire sequence is 3–8%. Given that
all starting compounds are readily available, this synthesis can
afford gram quantities of substituted Ar4TBPs in a single
preparation.

Zn complexes 8a–c could be quantitatively demetalated by
treatment with TFA in CH2Cl2, to give free-base tetra-
benzoporphyrins 9a–c. The Pd complex of tetraphenylocta-
methoxycarbonyltetrabenzoporphyrin 10a was formed quanti-
tatively upon reacting the free-base porphyrin 9a with PdCl2 in
refluxing benzonitrile. Finally, the methoxycarbonyl groups of
10a were deesterified (NaOH–THF–H2O), giving tetraphenyl-
octacarboxytetrabenzoporphyrin 11a, well soluble in basic
aqueous solutions. The absorption and emission spectra of 11a
are shown in Fig 1b. The near infra-red emission with lmax at
807 nm (phosphorescence) is completely quenched in the
presence of molecular oxygen. In deoxygenated water solutions
this phosphorescence has a lifetime of 107 msec and a quantum
yield of about 10%, which makes metalloporphyrin 11a well
suited for the lifetime oxygen sensing.1d Intriguingly the
phosphorescence of 11a has a significantly higher intensity if
excited at the weaker Q-band, than at the Soret band. The
corrected excitation spectrum of 11a, recorded at a very high
dilution (absorbance at Soret maximum (440 nm) 0.05 OD), is
shown in Fig. 1c. Since no emission was observed directly from
the S2-state, such behavior is most likely due to the existence of
uncommon non-radiative pathways of S2 deactivation.

In summary, we have developed a new method of synthesis of
Ar4TBPs, which employs inexpensive, readily available starting
materials. The method allows introduction of functional groups
in both benzo- and phenyl- rings, thus providing a general route

to the modified tetrabenzoporphyrin system. Newly synthesized
tetrabenzoporphyrins were found promising basic phosphors
for oxygen measurements by phosphorescence quenching.

S. V. acknowledges support of the grant HL-60100 from the
National Institutes of Health (NIH) of the USA. O. F. and A. C.
acknowledge support of the grant 01-03-33097-A from the
Russian Foundation for Basic Research.
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Bis(cycloocta-1,5-diene)nickel was found to be an effective
catalyst for the acylstannylation of 1,2-dienes to give a wide
variety of a-(acylmethyl)vinylstannanes, which were trans-
formed to variously substituted conjugated and uncon-
jugated enones by carbon–carbon bond forming reactions.

Alkenylstannanes are one of the most versatile synthetic
reagents, since they can be transformed to various olefinic
compounds through the reaction with organic electrophiles, e.g.
the palladium-catalysed cross-coupling reaction.1 Although the
reaction of other alkenylmetals with stannyl halides provides an
easy access to alkenylstannanes, this synthetic method cannot
be applied to those having such a reactive substituent as
carbonyl. Carbostannylation of alkynes has grown to be a
powerful alternative route to alkenylstannanes, especially
multi-substituted vinylstannanes (Scheme 1, a).2 Herein we
disclose that acylstannanes add to 1,2-dienes in the presence of
a nickel catalyst3 to give a-(acylmethyl)vinylstannanes4 as
main products (Scheme 1, b) and the resulting alkenylstannanes
can be transformed to variously conjugated and/or uncon-
jugated enones. To the best of our knowledge, this is the first
demonstration of the transition metal-catalysed addition of a
carbon–metal bond of organometallic compounds to
1,2-dienes.5,6

Acylstannylation of monosubstituted allenes were carried out
in the presence of a nickel catalyst (Scheme 2 and Table 1). The
following procedure is representative (entry 1). A mixture of
trimethyl(benzoyl)tin (1a) and 5 mol% of Ni(cod)2 in toluene
was heated at 50 °C for 1.5 h under an atmosphere of propa-
1,2-diene (2a) to give 1-phenyl-3-trimethylstannylbut-3-en-
1-one (3a) in 64% yield.7 Analysis of the reaction mixture by
119Sn NMR revealed that the ratio of 3a and (E)-1-phenyl-
3-trimethylstannylbut-2-en-1-one, derived probably through
the isomerization of 3a, was 97+3, although trimethyl(phe-
nyl)tin, the decarbonylated product of 1a, was obtained in a
small amount. Addition of 1a to hepta-1,2-diene (2b) took place
mainly at the internal C–C double bond to give 3b in 79% yield
(entry 2).8 Similar regioselectivity was observed in the reaction
of 4,4-dimethylpenta-1,2-diene (2c) (entry 3). Arylallenes also
participated in the acylstannylation with the selectivity of 3

being lowered by an electron-withdrawing substituent on the
aromatic ring (entries 4–6). The reaction of 1-methoxypropa-
1,2-diene (2g) proceeded with the benzoyl group of 1a adding
mainly at the carbon having the methoxy group albeit in a low
yield (entry 7). The tributylstannyl derivative (1b) of 1a also
gave the acylstannylated product (entry 8). Tributyl(propa-
noyl)tin (1c) also added to various 1,2-dienes (entries 9–12).
Noteworthy is that 2g reacted with 1c better than with 1a to
afford acylstannylation product 3l in a higher yield. Amino-
carbonylstannane 1d reacted with allene (2a) in a low yield
(entry 13).

Disubstituted allenes also participated in the acylstannylation
(Scheme 3). Acylstannanes 1a and 1c added to 3-methylbuta-
1,2-diene (2h) with high regioselectivities. In addition, nona-
4,5-diene (2i) also underwent the reaction, giving a stereo-
isomeric mixture of 3p or 3q.

The catalytic cycle is considered to be initiated by the
oxidative addition of an acylstannane to a nickel(0) complex as
is the case with the nickel-catalysed acylstannylation of
1,3-dienes, since the decarbonylation of acylstannanes was
similarly observed as a side reaction.3 Although the succeeding
pathway remains yet to be clarified, two plausible catalytic
cycles leading to the main products are presented in Scheme 4.
In any event, the stannyl group invariably attacks the allene
central carbon. In Cycle A, coordination of the less hindered
double bond of 1,2-diene 2 on the nickel atom of oxidative
adduct 4 followed by insertion to the Ni–Sn bond (stannylnick-
elation) affords the acylstannylation product through p-allyl-
nickel complex 6. According to Cycle B, the more hindered
double bond of 2 coordinates on the nickel and then inserts to

Scheme 1

Scheme 2

Table 1 Nickel-catalysed acylstannylation of 1,2-dienesa

Acylstannane 1,2-Diene Time/ Yield of Prod 3+
Entry R1 R2 R3 h 3 (%)b othersc

1d Ph Me (1a) H (2a) 1.5 64 3a 97+3
2 Ph Me (1a) Bu (2b) 1.5 79 3b 89+11
3 Ph Me (1a) t-Bu (2c) 1.5 59 3c 86+14
4 Ph Me (1a) 4-MeOC6H4 (2d) 2 50 3d 78+22
5 Ph Me (1a) Ph (2e) 2 53 3e 77+23
6 Ph Me (1a) 4-CF3C6H4 (2f) 2 35 3f 66+34
7 Ph Me (1a) MeO (2g) 2 26 3g 93+7
8d Ph Bu (1b) H (2a) 4 48 3h 79+21
9d Et Bu (1c) H (2a) 1.5 67 3i 94+6

10e Et Bu (1c) Bu (2b) 2 53 3j 89+11
11e Et Bu (1c) Ph (2e) 3.5 43 3k 79+21
12e Et Bu (1c) MeO (2g) 2.5 48 3l 95+5
13d,f (CH2)5N Me (1d) H (2a) 2 25 3m —g

a The reaction was carried out in toluene (0.4 mL) at 50 °C using an
acylstannane (0.30 mmol), a 1,2-diene (0.90 mmol) and Ni(cod)2 (15 mmol).
b Isolated yield based on the organostannane. c Determined by 119Sn NMR.
d The reaction was carried out under an allene atmosphere (1 atm). e The
reaction was carried out at 80 °C. f The reaction was carried out at 100 °C
in the presence of 60 mmol of Ni(cod)2. g Accompanied by a complex
mixture of the products other than 3m.
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the C–Ni bond of 4 (acylnickelation), giving the product via
alkenylnickel 7.9 The results that the acylstannylation of nona-
4,5-diene (2i) gave a mixture of stereoisomers should give us a
clue to discriminate the reaction mechanism. In the case that the
reaction with 2i follows Cycle B, only (E)-3p or 3q should be
provided through syn-addition of the C–Ni bond to the C–C
double bond and stereo-retained reductive elimination. As this
was not the case, Cycle A appears to be more plausible,
although it is unclear yet why reductive elimination from 6 takes
place mainly at the more hindered carbon of the allyl moiety.

The applicability of the acylstannylation products was
demonstrated by the transformation of 3i to a wide variety of
enones (Scheme 5). The reaction of 3i with ethyl 4-iodo-
benzoate (8) in the presence of 2.5 mol% of Pd2(dba)3 gave the
corresponding coupling product 9 in 91% yield10 without cine-
substitution.1b Conjugated b-arylenone 11 was obtained11 by
cross-coupling reaction with 8 after isomerization of 3i to 10 by
20 mol% of sodium hydride, whereas the corresponding (E)-
isomer 12 was obtained by base-catalysed isomerization of 9.
The cross-coupling of 3i with benzoyl chloride proceeded to
give 83% yield of enedione 13. Stannylenone 3i reacted with
iodomethane in the presence of sodium hydride, giving
dimethylation product 14, which was subjected to the cross-
coupling reaction with 8 to afford arylenone 15. Thus, variously
substituted conjugated and unconjugated enones were synthe-
sized from a single acylstannylation product.

In conclusion, we have demonstrated that the acylstannyla-
tion of 1,2-dienes readily takes place to give a-(acylmethyl)-
vinylstannanes, which were transformed to a wide variety of
conjugated and unconjugated enones. Studies on details of the
mechanism as well as synthetic applications to various

unsaturated substrates and organostannanes are in progress in
our laboratories.
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Elements Science, No. 12CE2005 and Scientific Research,
No.12750758. E. S. thanks the Asahi Glass Foundation for
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3-en-1-one (4% yield). Although we did not characterize the minor
isomer(s) in the following entries thoroughly, peak(s) in 119Sn NMR
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9 Platinum-catalysed diboration of monosubstituted allenes, which is
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11 The reaction mixture contains 12 (8% yield).

Scheme 3

Scheme 4

Scheme 5 Reagents and conditions: i, 4-EtOCO–C6H4–I (8, 1.0 equiv), 2.5
mol% of Pd2(db a)3, NMP, 30 °C, 15 h (from 3i to 9) or 10 h (from 14 to
15); ii, NaH (0.2 equiv.), THF, rt, 4 h (from 3i to 10) or 3 h (from 9 to 12);
iii, 8 (1.0 equiv.), 5 mol% of Pd2(dba)3, NMP, 30 °C, 69 h; iv, PhCOCl (1.0
equiv.), 2.5 mol% of Pd2(dba)3, NMP, 30 °C, 8 h; v, Me–I (3.0 equiv.) THF,
rt, 17 h.
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Silylcupration reaction of styrene and its analogues with a
silylcopper reagent PhMe2SiCuCNLi followed by an electro-
philic trapping has been reported for the first time.

Silylcupration reaction of acetylenes and allenes has been
studied by Fleming and co-workers.1,2 Scarce literature data,
however, is available on metallo-metallations of double bonds.
Silylmanganation3 and catalytic silicon–silicon bond addition to
double bonds4 and 1,3-dienes5 involving silylpalladation have
been reported. However, to the best of our knowledge, there are
no reports in the literature on silylcupration of double bonds
except for allenes.2,6,7 Most of the silylcupration reactions have
been done with the silylcuprate reagent (PhMe2Si)2CuLi·LiCN
or more bulky silylcuprate reagents.8 Recently, silylcopper
reagent PhMe2SiCuCNLi has been used by Pulido6 and us7 in
allene silylcupration reactions. The advantage of the silylcopper
reagent PhMe2SiCuCNLi over the disilyl cuprate reagent is that
it makes use of all the silyl on copper. With the latter reagent
only one of the two groups is transferred and the remaining
silylcopper reagent may lead to side products and hence
separation problems.

Here we wish to report for the first time a silylcupration
reaction of substituted and unsubstituted styrene. The copper
intermediate obtained can be easily trapped by different
electrophiles, including allylic phosphates, which are reactive
and readily accessible allylic substrates for metal-catalysed
reactions7,9 (Scheme 1).

Reaction of styrene with silylcopper reagent PhMe2Si-
CuCNLi proceeds smoothly at 230 °C to give an organocopper
intermediate, which was trapped by allyl diphenyl phosphate to
give compound 1 in 73% yield (Table 1, entry 1).† The
corresponding silylcupration of substituted styrenes and sub-
sequent quenching by different allylic phosphates afforded
adducts 2–8 in yields varying between 44–63% (entries 2–8).
When hexenyl phosphate 13 was employed a mixture of a- and
g-regioisomers was obtained in a ratio of 35+65 (entry 5). In one
case the intermediate silylcupration adduct was trapped by
acetyl chloride to give 9 (entry 9).

The silylcupration of styrene was much slower than that of
acetylenes1 and allenes.2,7 Thus, while the silylcupration of the
latter two classes of compounds proceeds within 1 h at 240 °C,
the silylcupration of styrenes had to be run at 230 °C for 3 h (for
one substrate for 16 h, Table 1, entry 4).

Silylcuprate reagent (PhMe2Si)2CuLi·LiCN10 was also tried
in the silylcupration reaction of styrene. Unfortunately, the

desired product could not be isolated upon treatment with an
electrophile since the cuprate reagent promoted polymerisation
of the starting material, which resulted in a complex reaction
mixture.

Several styrenes substituted at the double bond such as a-
methylstyrene, (E)-b-methylstyrene, indene, and (E)-stilbene
were tried in this reaction but none of them was reactive enough
to give any reaction product. In each case the starting material
was recovered after the reaction. We believe that this is due to
steric hindrance between the bulky phenyldimethylsilyl group
and the substituent on the double bond.

In order to gain some insight into the reaction mechanism we
studied the stereochemistry of the addition by the use of a
specifically deuterated styrene. Reaction of (E)-b-deuteriostyr-
ene11 10 with PhMe2SiCuCNLi followed by allyl diphenyl
phosphate gave a 1+1 mixture of the two diastereomers 11a and
11b, which shows that the addition is non-stereospecific
(Scheme 2). (Characteristic NMR data for non-deuterated
product 1 (for notations see entry 1, Table 1): d HA = 1.26, HB
= 1.16, HC = 2.73; JAB = 14.8 Hz, JAC = 5.0 Hz, JBC = 10.0
Hz). Trapping of the intermediate copper-species resulting from
the silylcupration of deuterated styrene 10 with acetyl chloride
as electrophile also resulted in a 1+1 mixture of diastereomeric
products. This indicates that the addition step of PhMe2Si-
CuCNLi to styrene is completely non-stereospecific.

A likely mechanism involves nucleophilic attack by the
silylcopper at the terminal carbon of the styrene double bond in
analogy with a conjugate addition. This may involve a
copper(III)-intermediate12 and leads to formation of a carbanion
in the benzylic position. The latter carbanion would finally form
a copper–carbon bond, which now can be formed with either
configuration at carbon. A radical intermediate, which would
also explain the 1+1 diastereomeric ratio of products from 10, is
less likely since in a control experiment in the presence of a
radical inhibitor (1 mol% of 4-tBu-catechol) neither the rate nor
the stereochemical outcome was changed.

The anionic mechanism is also supported by the fact that
styrenes with electron-attracting groups react faster than those
with electron-donating groups. This can be seen by the change
of colour of the reaction mixture to deep violet, which in the
case of 4-fluorostyrene appears almost immediately after the
addition of 4-fluorostyrene but for styrene itself it takes longer
to form the characteristic colour. Note that for 4-Me-styrene the
reaction time had to be extended to 16 h in order to get the
desired reaction product (Table 1, entry 4).

In conclusion, the silylcupration of styrenes followed by
electrophilic trapping is reported for the first time. The reaction
provides an extension to the widely studied silylcupration
reaction of other unsaturated compounds. Mechanistic studies
suggest that the reaction proceeds through anionic inter-
mediates.

Financial support from the Swedish Natural Science Re-
search Council and The Swedish Foundation for Strategic
Research is gratefully acknowledged.

Notes and references
† A typical procedure is as follows (Table 1, entry 6): 0.7 mmol of
phenyldimethylsilyllithium10 ( ~ 1 M solution in THF) was added to aScheme 1
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stirred suspension of CuCN (1 equiv.) in dry THF (0.5 ml) at 0 °C and
stirred at this temperature for 30 min. The mixture was cooled down to 230
°C (cryostat), styrene (2 equiv.) was added dropwise, and the resulting
reaction mixture was stirred for 3 h at this temperature. Then allylic
phosphate 14 (1.3 equiv.) in 0.7 ml THF was added slowly over 15 min.
After the reaction mixture had been stirred for 1 h at 230 °C and for 30 min.
at 0 °C, 4 ml of saturated aqueous NH4Cl was added and the aqueous phase

was extracted with hexane (5 3 3 ml). Column chromatography on silica
with pentane as eluent afforded compound 6 as a colourless oil in 55% yield.
Rf = 0.29 (hexane). 1H NMR (CDCl3 300 MHz): d 7.50–7.14 (m, 10H),
4.72 (m, 1H), 4.61 (m, 1H), 2.89 (dtd, J = 10.3, 7.5, 4.6 Hz, 1H), 2.34 (d,
J = 7.5 Hz, 2H), 1.62 (t, J = 1.1 Hz, 3H), 1.31 (dd, J = 14.8, 4.6 Hz, 1H),
1.15 (dd, J = 14.8, 10.3 Hz, 1H), 0.12 (s, 3H), 0.04 (s, 3H). 13C NMR
(CDCl3 75.4 MHz): d 146.9, 143.9, 139.5, 133.6, 128.8, 128.2, 127.7, 127.6,
126.1, 112.4, 49.7, 40.3, 23.4, 22.4, 21.8, 22.8.
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X-ray structural and ab initio theoretical investigations of a
non-covalently linked meso-tetraphenylporphyrinatozinc(II)
and N-methyl-2-pyrid-4A-yl)-3,4-fullero-pyrrolidine com-
plex is reported

Studies on non-covalently linked donor–acceptor dyads are of
current interest because of their potential applications in
constructing photovoltaic devices and also, to mimic the
primary events of photosynthetic reaction centers.1 Fullerenes
as the electron acceptor in these dyads are particularly appealing
because of their unique three-dimensional structure, excellent
electron acceptor property, and a small re-organization energy
involved in electron transfer reactions.2 However, studies on
non-covalently linked donor–fullerene dyads are limited3

especially with respect to their crystal structures where no
information is yet available even though a number of molecules
including calixarenes, cyclodextrins, cyclotriveratrylene and
porphyrins are known to form intermolecular complexes with
fullerenes.4 Fullerenes are also well-known to co-crystallize
with a variety of molecules which include benzene, ferrocene,
Pd6, Cl12, P4 and S8 moieties.5

Recently, the formation of stable, non-covalently linked
dyads by axial coordination of functionalized C60 bearing a
pyridine unit to zinc tetrapyrrole macrocycles have been
reported.3 In one such studied dyad, the kinetic analysis of the
fullerene p-radical anion transient absorption resulting from
irradiation of the ZnTPP-C60 dyad yielded a remarkable lifetime
of several hundred microseconds with a quantum yield of about
0.14 for the separated radical pair.3c This enhanced lifetime of
the radical pair was attributed to the diffusional splitting of the
initial charge separated radical pair. Since the structural and
thermodynamic factors play a crucial role in controlling the
charge separation and charge recombination process, we, in the
present study have performed X-ray structural analysis and ab
initio calculations at B3LYP/3-21G(*) level on a non-cova-
lently linked zinc porphyrin–fullerene dyad.

Slow evaporation of a solution mixture of CS2, CH2Cl2 and
n-heptane containing meso-tetraphenylporphyrinatozinc and N-
methyl-2-(pyrid-4A-yl)-3-4-fulleropyrrolidine of 1+1 molar ratio
yielded dark purple crystals that subsequently were handled in
air. In agreement with the earlier reported solution structure,3
the X-ray structural analysis of the crystals revealed a 1+1
stoichiometry.† Fig. 1 shows the structure of the porphyrin–
fullerene complex while the packing diagram is shown in Fig.
2.

In the solid state structure, the zinc to axially coordinated
pyridyl nitrogen distance is found to be 2.158(5) Å which
compares with a 2.075(5) Å average distance of the porphyrin
ring Zn–N bonds and a Zn–N distance of 2.147 Å reported
earlier for an intramolecularly linked zinc porphyrin–pyridine
adduct.6 The edge-to-edge distance, that is, the closest distance
between the porphyrin p-ring carbon (b-pyrrole) and the C60
carbon of the axially linked fulleropyrrolidine, is found to be
3.51 Å while the center-to-center distance between the
porphyrin zinc ion and fullerene is ~ 9.53 Å. The distance
between the closely located meso-phenyl ring (meta carbon) of
the porphyrin macrocycle and the C60 spheroid is found to be
3.186 Å. In agreement with recent theoretical predictions,7 the

N-methylpyrrolidine ring on the fullerene spheroid revealed a
syn–trans conformation. The 6,6 ring carbon atoms of the
fullerene to which the pyrrolidine ring is attached is 0.33 Å
away from the normal C60 spheroid. The porphyrin ring is also
slightly ruffled (umbrella mode) with nearly 0.35 Å out-of-
plane (defined by the four porphyrin ring nitrogens) displace-
ment of the central zinc because of axial coordination.

Additional inter-complex type interactions between the zinc
porphyrin and the C60 unit that is not directly coordinated to the
zinc but located on the other side of the porphyrin macrocycle
have been observed in the crystal packing (Fig. 2). That is, the

Fig. 1 Projection diagram of the axially coordinated meso-tetraphenylpor-
phyrinato-zinc(II) and N-methyl-2-(pyrid-4A-yl)-3,4-fulleropyrrolidine com-
plex with 50% thermal ellipsoids. The co-crystallized solvent, n-heptane
and hydrogen atoms are not shown for clarity.

Fig. 2 Packing diagram of the investigated zinc porphyrin–C60 complex.
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calculated inter-complex distances between the porphyrin ring
atoms and C60 carbon are close to the calculated van der Waals
distances. The central zinc to the closest C60 carbon is located at
3.228 Å while this distance between the porphyrin ring nitrogen
to C60 carbon is 3.114 Å. The nearest porphyrin ring carbon (a-
pyrrole) to the C60 spheroid carbon is 3.360 Å. These results
indicate the existence of significant amounts inter-complex
interactions in addition to the strong axial coordinate inter-
actions in the investigated self-assembled supramolecular
complex.

In order to further our understanding on the structure of this
non-covalently linked dyad, ab initio calculations at B3LYP/
3-21G(*) level by using Gaussian 988 have been performed. For
this, first, both the starting compounds, tetraphenylporphyr-
inatozinc and N-methyl-2-(pyrid-4A-yl)-3,4-fulleropyrrolidine
were fully optimized to a stationary point on the Born–
Openheimer potential energy surface and allowed to interact.
The geometric parameters of the dyad were obtained after
complete energy minimization. In the calculated structure, the
Zn–N distance of the axial coordination bond is found to be
~ 2.03 Å which is close to the average distance of the four Zn–N
bonds (2.10 Å) of the porphyrin and that obtained in the crystal
structure (2.074 Å). The center-to-center distance, that is, the
distance between the central zinc and the center of the C60
spheroid, is found to be ~ 9.63 Å. The edge-to-edge distance,
that is, the distance between the closest meso-carbon of the
porphyrin ring and the C60 carbon, is ~ 5.17 Å while this
distance between the closest b-pyrrole carbon and C60 spheroid
carbon is ~ 4.69 Å. Generally, the tilting of the C60 unit towards
the porphyrin ring is more in the crystal structure than that in the
calculated structure, which may be a result of crystal packing.
The calculated bond dissociation energy of the axial coordinate
bond, that is, the energy difference between the dyad and the
sum of the energies of individual zinc porphyrin and fullero-
pyrrolidine units, is found to be 28.21 kcal mol21 and this
compares well with a value of 26.91 kcal mol21 obtained
experimentally in 1,2-dichlorobenzene.3d

In summary, this paper presents the first X-ray structure of a
non-covalently linked porphyrin–fullerene donor–acceptor
dyad. The structure agrees well with the theoretically calculated
one and the earlier reported spectroscopic studies. Further
studies along this line are in progress.

The authors thank Drs David M. Eichhorn and Doug Powell
for helpful discussions. The authors are also thankful to the
donors of the Petroleum Research Fund, administered by the
American Chemical Society (to FD) and to the Dreyfus
Foundation (to MEZ), for support of this work.
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Ring opening of 1-alkanoyl-2-phenoxymethylaziridines by
phosphate ions yielding self-assembling phospholipid ana-
logues proceeds in an autocatalytic fashion and with
complete regioselectivity at an organic–aqueous interface.

Biological transformations are known to take place with high
rates and high degrees of regio- and stereospecificities. This is
achieved—amongst others—by positioning the reactants in a
well defined manner with respect to each other, e.g. in the active
site of an enzyme or at the surface of a biomembrane. Many
model systems have been developed in order to mimic the
supreme action of biomolecules.1 This has led to important
improvements in conversion rates of molecules and in increased
regio- and stereospecificities of their reactions. Of special
interest in this respect are the autocatalytic2 and self-replicat-
ing3 biomimetic systems that have been reported in the
literature. In the present communication we describe a reaction,
i.e. the synthesis of chiral amide containing surfactants, which
proceeds in an autocatalytic manner and with complete
regioselectivity by orienting the reactants at an organic–
aqueous interface.

The self-assembly of amide-containing phospholipid ana-
logues (e.g. 2 and 3), has yielded a variety of interesting, and in
many cases chiral, aggregate morphologies.4 Thus far these
compounds have been prepared from enantiopure N-acylazir-
idines (1) via a nucleophilic ring opening with dibenzyl
phosphoric acid in organic solvent (Scheme 1). However, in all
cases this procedure led to the formation of the two regio-
isomeric products, i.e. compounds 2 and 3, in molar ratios
ranging from 1+1 to 6+1.5† We hypothesised that in order to
achieve a selective ring opening the N-acylaziridine molecules
must be preorganised in such a way that only one of the ring
carbon atoms is accessible to the nucleophilic species. It was
anticipated that compound 1 would orient itself at an aqueous
interface such that the C(1) carbon atom of the aziridine ring
points towards the aqueous layer while the hydrophobic part of
the molecule minimises its contact with water (Fig. 1a).

The ring opening of compound 1 was performed at 40 °C in
a two phase system comprising an aqueous phosphate buffer
(2.0 mM, pH = 7.0, 4.0 ml) and a top layer in which the starting
material (9.0 mmol) is present as an oil. The progress of the
reaction was conveniently monitored by determining the

concentration of the aziridine in the aqueous phase using
reversed phase HPLC.‡ The generated products were analysed
by capillary electrophoresis using a borate buffer containing b-
cyclodextrin.6§

As an example the conversion of 1a (R = C12H25) to 2a is
given. In the first 9 h of the reaction neither compound 1a nor
any reaction products were detected in the aqueous phase,
suggesting that at this stage the ring opening was slow since it
could only take place at the oil–aqueous buffer interface. After
this period vesicles with diameters of 75–350 nm were formed
as was demonstrated by electron microscopy (Fig. 1b).
Concomitant with the formation of the vesicles the concentra-
tion of 1a in the aqueous phase increased, suggesting that these
vesicles facilitated the transfer of the N-acylaziridine to the
water layer. The concentration of 1a in the buffer reached a
maximum after 24 h ( ~ 25% of 1a in the aqueous phase).
Thereafter, it decreased, and the reaction was completed after
approximately 80 h. Increasing the buffer concentration to 10.0
mM led to an enhancement of the reaction rate (complete

Scheme 1 i: (C6H6CH2O)2P(O)OH, CH2Cl2, ii, H2, Pd/C, iii: Dowex, Na+-
form.

Fig. 1 (a) Proposed mechanism for the regioselective ring opening of 1; (b)
transmission electron micrograph of vesicles produced by ring opening of
1a (negative staining, bar represents 350 nm); (c) the conversion 1a in the
absence of preformed vesicles of 2a. Inset: idem, in the presence of
preformed vesicles of 2a.
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conversion after 24 h) indicating that the phosphate anions are
the kinetically significant species. Capillary electrophoresis in
combination with 1H NMR on authentic samples revealed that
in both cases the reaction proceeded with complete regio-
selectivity ( > 99%), leading to the formation of the primary
phosphate 2a exclusively. As outlined above this selectivity can
be explained by attack of a phosphate ion on the C(1) ring
carbon atom which is exposed to the aqueous phase due to
orientation of the N-acylaziridine molecules at the interface.
Activation of the aziridine ring most probably occurs through
reversible protonation of the carbonyl group of 1a by protonated
phosphate groups, either from the buffer or from previously
generated molecules of 2a.

The sigmoidal conversion curve of 1a (Fig. 1c) suggests that
the ring opening reaction is catalysed by the vesicles that are
formed. Indeed, when the reaction was carried out in the
presence of preformed vesicles prepared from phospholipid 2a
(80 mmol in 4.0 ml 2.0 mM phosphate buffer, pH 7.0), the
reaction was complete in 20 min (Fig. 1c). The high concentra-
tion of the N-acylaziridine detected in the aqueous phase
( ~ 95% after 2 min) supports the proposed dissolution of 1a in
the bilayers of the vesicles. When incorporated within these
aggregates the hydrophobic alkyl chain will minimise the
contact with water by dissolution in the hydrophobic interior of
the membrane, leaving the amide carbonyl group of 1a and
consequently also the C(1) ring carbon atom oriented towards
the aqueous phase (Fig. 1a).

Similar results are obtained when N-acylaziridine 1b (R =
C17H35) was used. Interestingly in this case, upon standing for
approximately a week, the vesicles formed from compound 2b
slowly converted into flat multilayer ribbons (Fig. 2a). It was
found that these ribbons rolled up to form tubuli under
conditions that lead to compensation of the head group charge
of the lipid, e.g. at low pH or in the presence of alkali and
transition metal ions (e.g. Ca2+ and Fe2+ ions). Remarkably, the
aggregate dimensions did not depend on the conditions used:
tubuli of micrometer length and diameters between 20 and 40
nm were generated after lowering the pH to 2.5, after adding
calcium ions at pH 5.6 (Fig. 2b) or after exposing the solution to
ferric ions at pH 11 (Fig. 2c).7

In conclusion, we have shown that the ring opening of the
long tail aziridines 1 by phosphate ions at an organic–aqueous
interface exclusively leads to the formation of the primary
phosphates 2. The self-assembling properties of these com-

pounds facilitate further conversion of the starting material
without compromising the selectivity of the reaction and,
ultimately, under the appropriate conditions lead to the
formation of well-defined self-assembled objects. A detailed
investigation of the autocatalytic nature of the system and
possible applications are in progress.

The authors thank B. Martens for performing HPLC and
Capillary Electrophoresis experiments.
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The crystal structure of 14-membered cyclo-
(ProNHCH2CH2NHProCOCH2CH2CO) reveals the pres-
ence of an internal NH…ONC bond dividing the molecule
into two halves of 10-membered hydrogen-bonded rings; the
molecules self-assemble into cyclic dimers through a sym-
metrical pair of intermolecular NH…ONC hydrogen bonds;
a layered structure is formed, alternating layers of cyclic
dimers and layers of chloroform molecules, all of which
make strong CH…O hydrogen bonds with the cyclic
dimers.

Design of conformationally constrained peptides mimicking
receptor-bound conformation is an area of intense current
interest in drug design.1 It is generally believed that a b-folded
structure is the most likely conformation present at the active
site of many naturally occurring peptides and proteins.2 Among
the natural amino acids, proline is reported to be the most
prevalent at the turn locations.3 In recent years several designs
of multiple-stranded b-sheets have been reported4 using a Pro-
Gly motif as the turn inducer. An attractive approach to b-turn
folds would be to cyclize proline-containing peptides with a
rigid moiety that may force the peptide chain to fold and run in
an antiparallel direction. We demonstrate herein the first
illustration of this concept and report on the crystal structure of
a hybrid cyclic peptide with repeats of L-proline and di-
methylene units in a 14-membered ring. The target cyclic
peptide 1 was prepared by a two-step procedure (Scheme 1)
involving first the formation of a core-modified Z–proline
bispeptide which on deprotection and condensation with
succinyl chloride under a high-dilution condition yielded the
desired cyclic peptide in good yields.5

Suitable crystals for 1 were obtained from chloroform
solution by slow diffusion of hexane vapour. The colourless
shining crystals were found to crumble into an opaque powdery
solid when exposed to air. For this reason diffraction measure-
ments were carried out at low temperature on a crystal covered
with immersion oil.

The crystal structure6 of 1 showed the presence of two
independent molecules A and B with very similar conforma-
tions. The contents of the unit cell also included three
chloroform molecules. Molecule A [Fig. 1(a)] and B [Fig. 1(b)]
each contain an intramolecular NH…ONC hydrogen bond
dividing the macrocycle into two equal halves each enclosing a
10-membered hydrogen-bonded ring. The molecules A and B
are further engaged in a dimer formation [Fig. 2(a)] through a

similar pair of intermolecular NH…ONC hydrogen bonds. As
shown in [Fig. 2(b)] each cyclic dimer is surrounded by three
CHCl3 molecules that make strong C–H…O hydrogen bonds
with carbonyls O18, O18s and O3s of both macrocycles, and by
additional CHCl3 molecules from neighboring cells. Molecule
A participates in C–H…O hydrogen bonding only with one of
the CHCl3 molecules while molecule B makes C–H…O
contacts with two CHCl3 molecules. Table 1 presents the
hydrogen bond parameters. The dimers further assemble in
infinite columns extending into a layered structure wherein
sheets of CHCl3 molecules (three for each dimer) alternate with
columns of dimers [Fig. 2(b)]. The chloroform molecules
among themselves make only van der Waals contacts. The

Scheme 1 Reagents and conditions: NH2CH2CH2NH2, diphenyl phosphoryl azide (DPPA), DMF–CH2Cl2; b, (i) Pd/C 5%, H2, (ii) ClCOCH2CH2COCl,
NEt3, CH2Cl2.

Fig. 1 Molecule A (a) as well as molecule B (b) are each engaged in
intramolecular NH…ONC hydrogen bonding dividing the macrocycle into
two equal halves of 10-membered hydrogen-bonded rings.
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presence of such a large proportion of chloroform molecules in
the crystal structure of 1 is rather unusual and may be attributed
to the hydrophobic nature of the proline macrocycle.

The b-turns in the proline macrocycle (Fig. 1), mimic true
bIIA- and bIII-turns in standard peptides, despite a substitution
of C1 (methylene) for a N atom in the upper half of the
macrocycle and a substituton of C11 for a N atom in the lower
half. An inspection of the torsional angles listed in Table 2
shows that the upper half closely resembles a bIIA-type turn,
whereas the lower half has angles resembling a bIII-type turn.

1H NMR variable-temperature (VT) studies showed a value
of 23.75 ppb K21 for the temperature coefficient indicating a
moderate amount of intramolecular hydrogen bonding in
DMSO solvent. ROESY studies in DMSO-d6 did not show any
significant cross-peaks except weak interaction between NH
and methylene spacer units. The presence of dimeric structures
was also indicated by electrospray mass spectroscopy.

In conclusion, incorporation of CH2CH2 units in an alternat-
ing sequence with Pro units in a ring seems to lead to preference

of a C10 hydrogen-bonded turn structure. The presence of all-
trans amide bonds in the constrained 14-membered ring of 1
and an unusually large amount of chloroform molecules
stabilizing the structure through C–H…O hydrogen bonds are
additional noteworthy features. The design of related hybrid
peptides containing an increasing number of proline units in the
ring is in progress.

This work was financially supported by the Department of
Science and Technology, New Delhi, National Institute of
Health (GM-30902), USA, and the Office of Naval Research.
Helpful advice from Professor S. Ranganathan is acknowl-
edged. D. R. is an honorary faculty member of Jawaharlal Nehru
Center for Advanced Scientific Research.
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Fig. 2 (a) Hydrogen-bonded cyclic dimer of molecule A and B formed
through a similar pair of NH…ONC hydrogen bonds. (b) Packing of dimer
columns into a layered structure. Each dimer is surrounded by three CHCl3
molecules that make strong C–H…O contacts with the macrocycles. The
remaining CHCl3 molecules in the layers are from neighboring unit cells.

Table 1 Hydrogen bonds

Type Donor Acceptor D–A/Å Ha–A/Å DH…O/°

4 ? 1 N2 O12 3.104 2.25 159
4 ? 1 N2s O12s 3.041 2.19 158
Dimer N19 O9sb 2.959 2.12 154
Dimer N19s O9c 3.071 2.18 172
CH–O C23 O18 3.085 2.16 160
CH–O C21 O18s 3.081 2.13 170
CH–O C22 O3s 3.001 2.04 175
a Hydrogen atoms were placed in idealized positions at N–H = 0.90 Å and
C–H = 0.96 Å. b At symmetry equivalent: x, 21 + y, z. c At symmetry
equivalent: x, 1 + y, z.

Table 2 Conformation angles (°)

Molecule Idealized turnsb

Angle A B
Std.
labela bIIA bIII

C10C11C12C13 167 170 wo 180
C9C10C11C12 61 63 f1 60
N8C9C10C11 2138 2138 y1 2120
C4N8C9C10 2179 2179 w1 180
C3C4N8C9 279 280 f2 280
N2C3C4N8 1 3 y2 0
C1N2C3C4 174 179 w2 180
C11C12N13C17 2178 179 wA2
C12N13C17C18 260 249 ø3 260
N13C17C18N19 226 240 y3 230
C17C18N19C20 171 176 w3 180
C18N19C20C1 266 262 f4 260
N19C20C1C2 260 258 y4 230
C20C1N2C3 2103 2109 X4

a Conventions for normal peptides in ref. 7. Labeling of torsional angles
with the standard f, y and w symbols, and m or q for angles about the CH2–
CH2 is complicated since the order of the backbone atoms in C20 to C11 is
in the retro direction as compared to C1 to C10. In the pseudo 4 ? 1 turns,
atoms C10, C4 and C17, C20 are in the corner positions (Ca atoms) of two
standard b-turns. The f, y and w labels were chosen so that torsional angles
in the pseudo 4 ? 1 turns could be compared directly to standard types of
4 ? 1 b-turns. b Idealized values in ref. 8.
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The crystal structure of Z-ProNH(CH2)2NHPro-Z exhibits
an extended backbone, with occurrence of both a cis and a
trans conformation preceding the two prolyl residues, that
self-assembles into an infinite hydrogen-bonded b-sheet
ribbon.

Proline, the only amino acid found in proteins with a secondary
amino group in a five-membered ring, is known to play an
important role in the folding of natural proteins.1 N-Acyl
prolines lacking amide NHs display energetically similar cis-
and trans-isomeric forms2 and both forms are known to occur in
proteins, for example, ribonuclease3 or in bioactive peptides
such as bradykinin.4 Being a cyclic amino acid, proline imposes

a certain degree of conformational constraint in the protein or
peptide backbone causing bends or breaking helices,5 and
consequently proline-containing peptides are generally not
known to display extended structures. We describe herein a
unique example of a core-modified bis-proline peptide that is
preceded by both a cis as well as a trans amide bond in its
framework and self-assembles to form a hydrogen-bonded
infinite b-sheet ribbon in the solid state.

The 1,2-ethylenediamine spacer-linked bis-proline 1 [Fig.
1(a)] was prepared6 in a single step by coupling Z-proline with
1,2-diaminoethane using a direct azide coupling (diphenyl
phosphoryl azide) procedure. The bis-Pro peptide 1 was fully
characterized7,8 by spectral and analytical data.

Fig. 1 (a) Molecular formula of 1. (b) X-Ray structure of 1. The numbering is the same for each half except that the letter ‘s’ is added for atoms on one
side.

Fig. 2 (a) Flat ribbon formation by connecting the molecules by two types of hydrogen bonds, N(2)H····O(1) and N(2s)H····O(0). The molecules are repeated
by a vertical two-fold screw axis. (b) Schematic representation of the ribbon assembly of 1. (c) A side view of the ribbon. The dashed lines represent hydrogen
bonds. Both surfaces of the ribbon are largely hydrophobic by virtue of the extended placement of the benzyl moieties and prolyl rings.
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Suitable crystals for X-ray diffraction were obtained from a
mixture of ethyl acetate and hexane. The crystal structure of 1
showed a backbone extended in two sections with a sharp bend
at Pro(1s) [Fig. 1(b)]. Interestingly, the two halves of the
molecule are not symmetric. On one side of the molecule the Z-
L-Pro (1) amide bond C0A–N1 has the cis conformation, whereas
on the other side the Z-L-Pro (1s) amide bond C0As–N1s has the
trans conformation. A similar occurrence of a cis amide bond
preceding a Pro residue had been noted in 1974 for the Boc-Pro
(1) amide bond in Boc-(L-Pro)4-OBzl.9

The hydrogen-bonding pattern [Fig.2(a)] in the crystal lattice
showed the formation of an infinite ribbon assembly around a
two-fold screw axis (space group P21). There are only two
independent hydrogen bonds, N(2)H···O(1) and N(2s)H···O(0)
that connect the molecules into ribbons. Fig. 2(b) shows the
schematic picture of the ribbon assembly. A side view of the
ribbon in Fig. 2(c) shows a relatively flat structure. The
protruding phenyl and pyrrolidine rings on either side impart a
hydrophobic surface to the ribbon. Table 1 presents the
hydrogen bond parameters and torsional angles in 1. In solution-
state conformational studies of 1, while 1H NMR (variable
temperature measurements) has shown agreement with the
solid-state structure in exhibiting high dd/dT values ( > 4 ppb
K21) indicating the absence of any intramolecular hydrogen
bonding, the FTIR spectrum in chloroform solution at 297 K
showed two bands in the NH stretch region. The band at ca.
3430 cm21 is assigned to the non hydrogen-bonded NH and the
concentration independent, major band at ca. 3340 cm21 is
attributed to an internally hydrogen-bonded NH, possibly, in a
seven-membered ring.

The present results demonstrate that appropriate core inserts
can modify the conformational behavior of proline residues in a
peptide.
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Table 1 Structural characteristics of 1

(a) Intermolecular hydrogen bonds (Å) and angles (°)
N2…O1a 2.899 N2s…O0b 2.877
H2…O1a 2.10 H2s…O0b 2.09
N2…O1NC 153 N2s…O0NC 152

(b) Selected torsional angles (°)c

C2C1O00C0A +83 C2sC1sO00sC0As +155
C1O00C0AN1 yo 179 C1sO00sC0AsN1s yos 2176
O00C0AN1C1a wo +12 O00sC0AsN1sC1as wos 2171
C0AN1C1aC1A f1 290 C0AsN1sC1asC1As f1s 282
N1C1aC1AN2 y1 27 N1sC1asC1AsN2s y1s 212
C1aC1AN2C1m w1 2173 C1asC1AsN2sC1ms w1s 177
C1AN2C1mC1ms +92 C1AsN2sC1msC1m 299
N2C1mC1msN2s 2175

a Symmetry equivalent 2x, 20.5 + y, 1 2 z. b Symmetry equivalent 2x,
+0.5 + y, 1 2 z. c Conventions for labels in ref. 10.
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Removal of the liquid from a glycoluril-based gel produces a
macroporous solid (a xerogel) comprised of closely packed
fibers that assemble into highly convoluted sheets.

Glycoluril, the bicyclic product of glyoxal reacting with two
equivalents of urea, is a molecule with a long history. For three
decades, after first being synthesized by Schiff in 1877,
glycoluril attracted a fair amount of attention until it faded into
the dusty archives of science.1 Poor solubility of glycoluril and
its derivatives in water and organic solvents probably hastened
the flagging interest. In the 1980s, however, a renaissance in
glycoluril chemistry became apparent. This renewed awareness
of glycoluril was driven by its various applications in the design
of supramolecular architectures. Among these we find molec-
ular clips and baskets,2 supramolecular capsules,3 self-compli-
mentary facial amphiphiles,4 and complexes of cucurbituril5 (a
macrocyclic condensation product of glycoluril with formal-
dehyde).

In the course of studying a variety of alkoxyphenyl-
substituted glycolurils, we encountered an unexpected ability of
the compounds to rigidify organic liquids into so-called
organogels. Organogels are a growing class of supramolecular
assemblies with potential applications in oil chemistry, nutri-
tion, cosmetics and pharmacology.6 Diverse molecular struc-
tures, among them derivatives of urea,7 are already known to
immobilize organic liquids. Such organogels are categorized as
‘physical gels’ in that they are formed by low-molecular weight
organic molecules that self-assemble into fibrous structures
upon cooling of their solutions. The fibers, held together by
non-covalent forces, create a network that entrains solvent
within the interstices. Removal of the solvent by evaporation or
filtration results in a collapsed mat of fibers called a xerogel.
The present manuscript focuses on the structure of a xerogel
prepared from a glycoluril derivative.

The compound in question, the di(benzyloxyphenyl)-substi-
tuted glycoluril 1, is drawn below. It was obtained by refluxing

a stirred mixture of 1.0 g 4,4A-dibenzyloxybenzil, 4 mL
CF3CO2H, and 400 mg freshly powdered urea in 150 mL
benzene while collecting water in a Dean–Stark trap.8 After 50
h, the solvent was removed under reduced pressure, leaving a
solid that was washed with two 50 mL portions of the following
solvents: CHCl3, boiling MeOH, CHCl3 and n-pentane to give
51% of the pure compound. Characterization consisted of 1H
NMR, 13C NMR, HRMS and elemental analysis.†

The gelation ability of the glycouril derivative was checked
by heating suspensions in various organic liquids such as
propan-1-ol, decan-1-ol, toluene, DMSO, DMF and benzyl
alcohol. Compound 1 proved insoluble in hot propan-1-ol,
decan-1-ol, and toluene. On the other hand, clear solutions were

obtained in hot DMSO, DMF and benzyl alcohol. Upon cooling
these solutions, the compound remained dissolved in DMSO,
but rapidly precipitated from DMF. Only with benzyl alcohol,
however, did we observe, at a concentration of 20 mg mL21, the
formation of a self-supporting opaque gel that could be turned
upside down in a vial without flow or deformation. The gel is
thermoreversible and stable for months at room temperature,
whereas it is irreversibly destroyed when shaken vigorously.

Light microscopy (4003) on a small portion of the gel (Fig.
1) revealed flexible fibers several hundred mm long and about 2
mm in diameter (often radiating from central points). We assume
(partly on the basis of our previous X-ray data on unrelated gel
systems9) that the fibers in Fig. 1 are a composite of parallel
‘elementary’ fibers with molecular dimensions (i.e. diameters
of ca. 2.5 nm corresponding to hydrogen-bonded dimers of
1).

A xerogel was prepared from the 1/benzyl alcohol gel by
filtration. Thus, a portion of gel was placed in a Büchner funnel

Fig. 1 Optical photomicrograph of the gel 1/benzyl alcohol (4003,
scalebar: 60 mm).

Fig. 2 SEM images of the xerogel obtained from the gel 1/benzyl alcohol;
(a) 2463, scalebar: 40.7 mm; (b) 12303, scalebar: 8.13 mm; (c) 18403,
scalebar: 5.43 mm; (d) 59 9003, scalebar: 167 nm.
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with a fritted disk, and the solvent was removed under suction
for 6 h while a mild N2 pressure was applied from above.
Remaining traces of solvent were then removed under reduced
pressure with the aid of a vacuum pump. The resulting xerogel,
a brittle material of resin-like appearance, was attached to a
metal stub with conductive carbon tape and coated with 3 nm Cr
using a Denton DV-602 Cr coater. Representative SEM images
were obtained at the lower [Fig. 2(a)–(c)] and upper [Fig. 2(d)]
stage of an ISI DS-130 LaB6 electron microscope.

Macroscopic fibers, as observed by light microscopy, can no
longer be found. Instead, we see in Fig. 2(a) (2463 instrumental
magnification) a highly convoluted material with pore sizes
ranging from ca. 5 mm to ca. 20 mm. Fig. 2(b) offers a closer
look at the concavity framed in Fig. 2(a), using now as 12303
instrumental magnification. The inside of the orifice is replete
with folds, indentations and spikes. Fig. 2(c) at a 18403
instrumental magnification shows how the xerogel is comprised
of curved, wrinkled and interconnected sheets. Also seen in Fig.
2(c) is a further underlying fine structure which is particularly
noticeable in smoother areas such as that marked with an arrow.
At a magnification of 59 9003 [Fig. 2(d)] the fibrous nature of
this fine structure becomes apparent. Although the macroscopic
fiber bundles observed by light microscopy did not survive the
drying process, much smaller fibers, with diameters down to
15 nm and several mm length, remain intact. These microfibers
pack themselves into craggy sheet-like structures.

Based on these observations, we can describe this xerogel as
a hierarchical structure as depicted schematically in Fig. 3. At
the lowest level of structure we postulate single molecules of 1
(A) self-assembling into fibers (B) via hydrogen bonding
between the glycoluril head groups. The molecular structure of
these elementary fibers is still unknown (a problem that besets
most organogel work). The elementary fibers then form bundles
(C) with diameters of ca. 15 nm which are visible by SEM at
60 0003 magnification. These bundles align and pack side-by-
side, thereby forming sheets (D). Owing to the high disorder and
curvature of these sheets, and to their multiple junctions with
one another, cavities are formed to give a macroporous solid
(E). Although individual fibers are curved and seemingly
flexible, the bulk material composed of the fibers is hard and
brittle. Close packing and interweaving of the fibers into a
sponge-like network produces a fairly rigid microstructure.

The gel-to-xerogel transformation upon solvent removal can
be understood in terms of our model. As seen in Fig. 4, the
organogel is composed of 2 mm fibers (visible by light
microscopy) which in turn are composed of 15 nm fibers
(visible by SEM). Below our resolution capabilities lie the 2.5
nm elementary fibers. When the gel is dried, the macroscopic
fiber bundles disappear, leaving the nanoscopic bundles which
self-assemble into the sheets that comprise the xerogel. No
comparable transformation has been reported thus far; usually
the structure of the original gel is either faithfully preserved or
else completely destroyed.

This work has been supported by the National Institutes of
Health. We greatly appreciate the assistance of Dr Robert
Apkarian and Mr Kevin Caran of the Integrated Microscopy and

Microanalytic Facility of Emory University for microscopy
services.
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Fig. 3 Schematic representation of the hierarchical levels of the xerogel of 1.

Fig. 4 Schematic representation of cross-sections through fiber bundles in
the organogel and through a sheet in the xerogel of 1.
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In a dinuclear complex containing both [ReCl(CO)3(bpy)]
and [Ru(bpy)3]2+ chromophores, the bis(bipyridylethenyl)-
benzene bridge acts as an intermediate reservoir of energy
for two-step Re?Ru photoinduced energy transfer.

Photoinduced energy transfer between transition metal poly-
pyridine centres is studied because of the widespread interest in
processes concerned with light energy collection and conver-
sion.1,2 The properties of the bridging ligand (L) interposed
between the energy donor (D) and acceptor (A) components
have accordingly been the object of extensive investigations,
because the bridging ligand controls both the important
geometric properties of the complex (inter-centre distance) and
the electronic properties (electronic metal–metal coupling).
Thus, careful control of the bridging ligand is of great
importance in studies of photoinduced energy transfer in D–L–
A complexes. However, not many examples are available of
cases where L behaves as a photoactive component within the
triad D–L–A.3 This is in contrast to the conceptually similar
process of photoinduced electron transfer, a process that can
gain in effectiveness if the electron transfer occurs in several
discrete steps via the bridging ligand.4

Here we present spectroscopic results for the dinuclear
complex [ReCl(CO)3–L–Ru(bpy)2]2+ (Re–L–Ru), where L is
the bis-bipyridyl bridging ligand 1,4-bis[2-(4A-methyl-2,2A-
bipyridyl-4-yl)ethenyl]benzene (dstyb), first described by

Schmehl and coworkers5–7 (ESI †). Data for the reference
mononuclear complex [Ru(bpy)2(dstyb)]2+ (Ru–L) are also
discussed. We show that within Re–L–Ru, L behaves as a
reservoir of excitation energy collected at the Re-based
chromophore and passes some amount of it to the Ru-based
emitter, according to a two-step energy transfer scheme [eqn.
(1)].

Re L Ru Re L Ru Re L Ru* Æ * *– – – – – –
k

k

1

2

ÙÙ (1)

Fig. 1 shows the absorption spectra of Re–L–Ru and of the
reference mononuclear complex Ru–L; the luminescence

spectra recorded at room temperature are also shown, as
obtained after excitation at 372 nm (an isoabsorbing point for
two cases). Luminescence data obtained both at room tem-
perature and at 77 K are collected in Table 1 (ESI †).
Comparison of the absorption profiles and intensities for Re–L–
Ru and Ru–L with cases from literature5–7 allows the following
assignments. (i) The bands peaking at 290 nm are of intra-bpy
1IL(bipy) nature; (ii) the bands with maxima in the 360–390 nm
region are of intra-dstyb character, 1IL(dstyb); (iii) the bands
with maxima at 464 nm are of 1Ru?L MLCT nature; (iv) for
Re–L–Ru, the flat region of absorbance in the 380–450 nm
region includes the expected 1Re?L CT transition.6

The luminescence spectra of both Re–L–Ru and Ru–L at
room temperature (Fig. 1) show two distinct emission features.
The band maximum at 621 nm (Table 1, Fig. 1, band A) is
ascribed to emission from the 3Ru?L CT excited state; the

† Electronic supplementary information (ESI) available: synthetic and
spectroscopic details. See http://www.rsc.org/suppdata/cc/b0/b008152n/

Fig. 1 Room temperature absorption and luminescence spectra of dinuclear
Re–L–Ru (—) and reference mononuclear Ru–L (- - - - ) complexes;
excitation was at 372 nm, solvent was DMF–CH2Cl2. The two lumines-
cence bands are termed A (3Ru?L CT character) and B (3IL[dstyb]
character).

Table 1 Luminescence dataa

298 K 77 K

lmax/nm t/ns fRu 1024kr
b lmax/nm t/ms

Ru–Lc 621 (A) 183d 3.3 3 1024e 0.18 591 (A) 5.3
695 (B) 210 693 (B) 11

Re–L–Ruc 621 (A) 188 4.5 3 1024e 0.24 591 (A) 5.3
695 (B) 216d 705 (B) 10

[Ru(bpy)3]2+ 608 210 1.5 3 1022 7.1 582 5.0
a In air-equilibrated DMF–CH2Cl2 (9+1, v/v) solvent, unless otherwise
noted. b kr = fRu/t, lexc = 372 nm.  c A is the 3MLCT maximum, B is the
3IL band maximum. d Major ( > 95%) contribution of a dual-exponential
decay; the other t value was 3 ÷ 4 ns. e From separation of the overlapping
bands constituting the luminescence spectrum.
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band maximum peaking at 695 nm (Table 1, Fig. 1, band B), in
contrast has previously been established by Schmehl and
coworkers as arising from the 3IL(dstyb) excited state.5–7 In
addition, the same authors found that the 3Ru?L and 3IL(dstyb)
levels in the homometallic dinuclear complex (Ru–L–Ru,
according to our notation above, but where the ancillary ligand
was 4,4A-Me2bpy) are thermally coupled. We are seeing the
same effect here for both Re–L–Ru and Ru–L: viz there are two
thermally coupled luminescent excited states, of 3Ru?L CT
and 3IL(dstyb) character, separated by an energy gap of ca.
1750 cm21. The similar emission lifetime values observed for
both A and B bands (for instance, at r.t. for Ru–L, t = 183 and
210 ns, respectively; see Table 1), are consistent with this
coupling. Significantly, we note that for Re–L–Ru no Re-based
emission is detected. Any such emission would be expected to
be on the blue side of the Ru-based emission maximum. The
lack of Re-based emission for Re–L–Ru is ascribed to fast
deactivation of the Re-based 3MLCT energy levels, populated
after light absorption, in favour of lower lying levels centred on
the bridging ligand and/or the Ru fragment (see below).

Fig. 2 shows the 77 K luminescence spectrum for Re–L–Ru
(excitation at 372 nm) and the excitation spectra obtained for
observation at the emission maxima, 591 nm (band A, 3Ru?L
CT nature, t = 5 ms) and 705 nm [band B, 3IL(dstyb) nature, t
= 10 ms]. At this temperature, the two states are less coupled
than at r.t. and comparison of the excitation spectra of Re–L–
Ru with the absorption spectra for Re–L–Ru and Ru–L (Fig. 1)
allows identification of the relaxation paths for the excitation
energy occurring within the dinuclear complex. For Re–L–Ru
the 3IL(dstyb) emission (band B), in addition to intraligand
transitions, receives contributions from both 1Ru?L CT (sharp
feature at ca. 460 nm in the excitation and absorption spectra)
and 1Re?L CT transitions (flat region between 380 and 450 nm
of the excitation and absorption spectra). Conversely, the
3Ru?L CT emission (band A) is apparently lacking any direct
contribution from 1Re?L CT transitions; there is a much
weaker intensity in the region characteristic of 1Re?L CT
transitions in the excitation spectrum at 77 K and the weak
residual intensity in this region of excitation spectrum A may be
ascribed to the 1IL(dstyb) transition. We note that at room
temperature the excitation spectra taken for the A and B bands
of Re–L–Ru are more closely overlapping, as a consequence of
the thermal redistribution between the luminescent states.

These results indicate that emission from the 3IL(dstyb) state
is directly sensitised by Re-based absorption, whereas the
3Ru?L CT emission is not directly sensitised by Re-based
absorption. Thus, some portion of excitation light absorbed by
the Re-based chromophore of Re–L–Ru is (i) first transferred to
the bridging ligand (giving the 3IL state), and (ii) subsequently
redistributed between the luminescent 3IL(dstyb) and 3Ru?L
CT levels, a process which is governed by temperature (Scheme
1). According to this description, in Re–L–Ru the overall
excitation energy collection process includes an indirect, two-

step Re?Ru energy transfer which is mediated by the spatially
interposed dstyb unit such that the 3IL(dstyb) level acts as a
‘reservoir’ for excitation energy. This reservoir effect has been
recognised and documented in a number of recent studies.8–11

In order to model the r.t. thermal redistribution between the
3IL(dstyb) and 3Ru?L CT levels [eqn. (1)] of Re–L–Ru and
Ru–L, we have employed t = 8 ms6 and 210 ns (Table 1) as
intrinsic lifetime values for the separate 3IL(dstyb) and 3CT
(Ru-based) luminophores and an energy gap of DE = 1750
cm21 between them. We calculate12 that the thermally equili-
brated state contains 86% of the 3Ru?L MLCT level and its
decay takes place following a dual exponential law, with t1 =
240 ns and t2 = 1.4 ns, provided k1/k2 = 6 and k2 = 1 3 108

s21 [where k1 and k2 are defined in eqn. (1)]. These estimates
suggest that the interconversion between the 3IL(dstyb) and
3Ru?L MLCT levels may be affected by different electronic
and nuclear factors for the forward (k1) and backward (k2) paths,
possibly due to the presence of rotamers of dstyb.13 The fact that
the apparent radiative rate constant for the Ru-based lumines-
cence, kr ≈ 0.2 3 104 s21 (Table 1), is much lower than that for
[Ru(bpy)3]2+, 7.1 3 104 s21 (Table 1) has been ascribed to a low
efficiency of intersystem processes.5 However it may well be
that the intermixing of 3Ru?L MLCT and 3IL(dstyb) states is
in part responsible for this outcome, given that for the latter case
kr is expected 10–102 s21.7

We thank the European Community for a post-doctoral
fellowship (S. E., contract no. 980226) within the project ERB
FMRX-CT98-0226 and for a COST award (COST-D11-
0004/98); and the EPSRC (UK) for a Ph.D. studentship (to
A. M. B.).
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Rh(phi)2(phen)3+ (phi = 9,10-phenanthrenequinone di-
imine, phen = 1,10-phenanthroline) increases the melting
temperature (DTm) of a 15-mer duplex DNA by 21 °C and it
is able to inhibit transcription in vitro; the concentration
ratio of Rh(phi)2(phen)3+ relative to DNA bases of the
template required to inhibit the RNA transcribed by 50%,
Rinh

50, was found to be 0.13; in contrast, Rh(phen)2(phi)3+,
which also possesses the intercalating phi ligand, exhibits
only a +7 °C shift in Tm and Rinh

50 = 4.5; Rh(phen)3
3+,

RhCl3, and ethidium bromide result in negligible or small
DTm and exhibit Rinh

50 values that range from 4.8 to 12.5;
these results suggest that the intercalation of the phi ligand
between the DNA bases and electrostatic binding are not the
only means of duplex stabilization by these complexes.

The inhibition of transcription is one of the crucial manners in
which the replication of cancerous cells and viruses can be
prevented.1 This mechanism is exploited by antitumor drugs
including actinomycin, anthracycline antibiotics and cisplatin,
among others.2 Inhibition of transcription leads to incomplete
coding of RNA and proteins, and can ultimately lead to cell
death. In the present work we compare duplex stabilization and
inhibition of transcription by octahedral Rh(phi)n(phen)3-n

3+

(phi = 9,10-phenanthrenequinone diimine, phen = 1,10-phen-
anthroline; n = 0, 1, 2) complexes, some of which possess the
intercalative phi ligand (structures shown in Fig. 1). The
interactions and reactivity of phi complexes of Rh(III) with
DNA have been extensively investigated.3

Two-dimensional 1H NMR spectroscopy was previously
utilized to investigate the binding of Rh(III) complexes
possessing a single phi ligand to duplex DNA, including
Rh(NH3)4(phi)3+,4 Rh(phen)2(phi)3+,5 D-a-Rh[(R,R)-Me2-
trien]phi3+ [(R,R)-Me2trien = 2R,9R-diamino-4,7-diaza-
decane],6 and Rh(en)2(phi)3+ (en = ethylenediamine).7 These
NMR studies, as well as the crystal structure of D-a-Rh[(R,R)-
Me2trien](phi)3+ bound to an eight base-pair oligonucleotide
duplex,8 show that the binding of these complexes to DNA takes
place through the intercalation of the phi ligand between the
bases of the duplex from the major groove. Although bis-phi
complexes of Rh(III), such as Rh(phi)2(bpy)3+ (bpy = 2,2A-
bipyridine), are better DNA photocleavage agents than those
possessing a single phi ligand,3 no 1H NMR studies or crystal
structures have been reported to date on their DNA binding.

The shifts in the melting temperatures (DTm) of a 15-mer
oligonucleotide duplex (see Table 1 for sequence) in the
presence of Rh(phi)n(phen)32n

3+ (n = 0, 1, 2), RhCl3, and
ethidium bromide are listed in Table 1.9 The relative concentra-

tion of metal complex or ion was fixed at R = 0.067 (R =
[complex]/[bases]; two metal complexes per duplex). Inspec-
tion of Table 1 reveals that the complex with two phi ligands
results in the largest increase in the melting temperature of the
duplex. An increase in Tm of 21 °C was measured in the
presence of Rh(phi)2(phen)3+ relative to free duplex, and a DTm
value of +7 °C was observed for Rh(phen)2(phi)3+. Ethidium
bromide, a known DNA intercalator, results in DTm of +5 °C.
The Rh3+ ion, RhCl3, and the non-intercalative Rh(phen)3

3+

complex resulted in negligible changes to Tm.
The ability of Rh(phi)2(phen)3+ to stabilize duplex DNA led

us to hypothesize that it may hinder elongation during the
transcription process. The imaged agarose gel showing the
RNA transcribed in vitro in the presence of various concentra-
tions of Rh(phi)2(phen)3+ is shown in Fig. 2.10 It is clear from
Fig. 2 that an increase in the concentration of Rh(phi)2(phen)3+

relative to DNA template, R, results in a decrease in the amount
of RNA produced. The ratio at which 50% of the RNA is

Fig. 1 Structures of Rh(phi)2(phen)3+ and Rh(phen)2(phi)3+.

Table 1 Changes in melting temperatures (DTm) of a 15-mer duplex in the
presence of various metal complexes and Rinh

50 for each complex

Duplex = 
5A-AGTGCCAAGCTTGCA-3A
3A-TCACGGTTCGAACGT-5A

Complex DTm
a/°C Rinh

50

Rh(phi)2(phen)3+ 21 0.13
Rh(phen)2(phi)3+ 7 4.5
Rh(phen)3

3+ 3 6.2
RhCl3 3 12.5
Ethidium bromide 5 4.8

a Error = ±2 °C; for duplex only Tm = 55 °C; measurements performed in
5 mM Tris (pH = 7.5, 50 mM NaCl) with [complex]/[bases] = 0.067 (2
complexes per duplex) and [bases] = 20–30 mM; Tm values determined
from the changes in absorbance at 260 nm using the HP Biochemical
Analysis software on a diode array spectrometer (HP 8453) in a sample
holder equipped with a Peltier temperature controller (1 cm path length).

Fig. 2 Ethidium bromide stained agarose gel (1%) of transcribed mRNA
in the presence of Rh(phi)2(phen)3+ at various [Rh]/[template DNA base]
ratios, R. Both the DNA template (150 mM) and mRNA are imaged on the
gel (labeled). See ref. 10 for a detailed description.
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transcribed, Rinh
50, for each complex, RhCl3, and ethidium

bromide are listed in Table 1. The values of Rinh
50 presented in

Table 1 reveal that Rh(phi)2(phen)3+ inhibits transcription to a
much greater extent than Rh(phen)2(phi)3+, although both
complexes possess the intercalative phi ligand. In addition,
large Rinh

50 values were measured for Rh(phen)3
3+, RhCl3 and

the intercalator ethidium bromide.
One possible explanation of the observed results is that the

complexes that bind more strongly to double stranded DNA
might play a greater role in duplex stabilization and transcrip-
tion inhibition. However, it appears that Rinh

50 is related to DTm
rather than Kb. For example, the Kb value for Rh(phen)2(phi)3+

is ≈ 106 M21,11,12 for Rh(phen)3
3+ Kb ≈ 103 M21,12 and for

ethidium bromide Kb = 1.73105 M21,13 however, the Rinh
50

and DTm values for all three molecules are similar (see Table 1).
Although the role of the binding constant cannot be completely
discounted at this time, it does not appear that the binding
constant of each complex to duplex DNA plays a role in
transcription inhibition or duplex stabilization.

Experiments were also performed to ensure that binding of
the complexes to T7-RNA polymerase was not the mechanism
of transcription inhibition. Rh(phi)2(phen)2+ binds duplex DNA
with Kb ≈ 107 M21,11 therefore with 15 mM Rh(phi)2(phen)2+

and 150 mM DNA bases (R = 0.10) it would be expected that
≈ 1028 M rhodium complex would remain free in solution
which could bind to the enzyme ( ≈ 1029 M). Experiments with
an order of magnitude less complex and DNA [1.5 mM
Rh(phi)2(phen)2+, 15 mM bases] utilizing the same enzyme
concentration ( ≈ 1029 M) resulted in negligible change to the
inhibition of transcription relative to that measured with 15 mM
complex and 150 mM DNA bases.10 In addition, no change in
the Rinh

50 was observed with a 10-fold increase in T7-RNA
polymerase with 15 mM Rh(phi)2(phen)2+ and 150 mM bases
(15 min reaction time).10 These results are inconsistent with an
inhibition mechanism that involves the association of the
complex to the enzyme. To exclude displacement of Mg2+ ions
by the metal complexes, aggregation of oligonucleotides, and
non-specific ionic binding of the complexes to the duplex, the
transcription reaction was carried out with Rh(phi)2(phen)3+ at
R = 0.10 and either 6 mM or 12 mM Mg2+. The use of 12 mM
instead of 6 mM MgCl2, under the same conditions, did not
result in increased transcription.

The largest shifts in the duplex melting temperatures, DTm,
and the lowest concentrations of complex required to observe
the transcription inhibition, Rinh

50, were measured for Rh(phi)2-
(phen)3+, which possesses two quinone diimine phi ligands in
the octahedral coordination sphere of the Rh(III) metal center.
Since Rh(phen)2(phi)3+ behaves similarly to Rh(phen)3

3+

intercalation of the phi ligand or charge on the complex are not
the sole reasons for the increased duplex stabilization or
transcription inhibition observed for Rh(phi)2(phen)3+. One
explanation of our observations is that the four imine protons of
the two phi ligands of Rh(phi)2(phen)3+, which are not present
in the other complexes, makes hydrogen bonding possible
between Rh(phi)2(phen)3+ and the DNA nucleotides and
backbone. The recent crystal structure of D-a-Rh[(R,R)-
Me2trien](phi)3+ bound to duplex DNA shows that two binding
modes are present. In both binding modes the phi ligand is
intercalated between the DNA bases. The amino protons of the
(R,R)-Me2trien ligand located above and below the phi plane are
involved in hydrogen bonding with two nearby guanines in one
binding mode and with ordered water molecules hydrogen-
bonded to the guanines in the other.8 Furthermore, the two

imine protons of the phi ligand are hydrogen bonded to ordered
water molecules in the structure.8

Rh(phi)2(phen)3+ stabilizes the duplex DNA structure and
inhibits the transcription process in vitro at 35-fold lower
concentration than Rh(phen)2(phi)3+. This finding suggests that
intercalation of the phi ligand and the 3+ charge on the complex
are not the only factors involved in duplex stabilization. One
possible explanation for the observed results is the deformation
of the double helix through the binding of the Rh(phi)2(phen)3+

complex at various sites on the DNA template. Another
possibility is that hydrogen bonding, either directly to the DNA
or through ordered water molecules, may play a role in the
binding of Rh(phi)2(phen)3+ to DNA and in the stabilization of
the duplex structure, thus resulting in inhibition of transcrip-
tion.

This work was partially supported by The National Science
Foundation (CHE-9733000) and The Arnold and Mabel
Beckman Foundation.
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By using a simple TiO2 solar panel connected to a steel
electrode, the concept of photoelectrochemical metal corro-
sion prevention has been demonstrated to be feasible in
utilizing solar light for corrosion inhibition.

Ever since Fujishima and Honda1 reported the water splitting
reaction on illuminated TiO2 electrodes, semiconductor photo-
electrochemistry has been applied to a wide variety of issues
such as chemical or electrical conversion of solar energy,2
pollutant degradation,3 and superhydrophilic materials,4 all of
which are based on photo-induced charge transfer processes at
the semiconductor interface. Here we report another novel
application of semiconductor photoelectrochemistry: metal
corrosion prevention.

The common strategy of corrosion prevention is to change
the potential of the corroding metal by pumping electrons in,
which is widely known as cathodic protection.5 When using a
sacrificial anode that is more active (negative) in corrosion
potential than the metal to be protected, the electrons generated
from the corroding sacrificial anode are transferred to the metal
object to reduce its corrosion rate [Scheme 1(a)]. The basic idea
of this investigation is to replace the sacrificial anode with a
semiconductor photoanode that generates conduction band
(CB) electrons upon band-gap illumination [Scheme 1(b)].
Previous work by Yuan and Tsujikawa,6 which reported that the
potential of a TiO2-coated copper substrate drastically shifted
toward the less noble (negative) direction under illumination,
suggests the idea of using a semiconductor photoanode for
corrosion prevention is plausible.

Corrosion prevention experiments were carried out with a
photoelectrochemical set-up that consists of a flat solar panel
containing a semiconductor (TiO2) photoanode in a hole-
scavenging medium and a steel electrode immersed in an
aqueous solution. The semiconductor photoanode was prepared
by applying a TiO2 (Degussa P25) suspension (5 wt%) to an

indium tin oxide (ITO) glass slide (Delta technology, 14.8 cm2).
The TiO2 coated slide was dried in air for 1 h and annealed at
450 °C for 30 min. Electrical contact was made by attaching
copper wire with silver paste at the uncoated edge of the ITO
slide. The TiO2/ITO electrode was placed in the solid-phase
hole-scavenging medium (6.8 g sodium formate per g agar gel)
and encased in a transparent Petri dish to form a flat solar cell.
The carbon steel electrode was circular (surface area: 1.66 cm2)
and mechanically polished. The backside and edges of the steel
electrode were covered with epoxy resin to expose the flat
surface to the aqueous solution in the corrosion cell. The TiO2/
ITO electrode and the steel electrode were galvanically coupled
through an external circuit and the two cells were connected by
a salt bridge (saturated KCl in agar contained in a flexible
Tygon tube). When necessary, 0.05 M K2CO3 was added as a
supporting electrolyte to the cathodic compartment (corrosion
cell) in order to eliminate any possible ohmic potential drop.
The light source was 10 W blacklight lamps (1, 2 and 3 lamps
for 10, 20 and 30 W illumination, respectively) or a 200 W
mercury lamp. The intensities of UV light (300 < l < 400 nm)
(to excite the TiO2 photoanode) were estimated to be 58, 100,
135 mW cm22 for 10, 20 and 30 W illumination and 1.53 mW
cm22 for the 200 W lamp. Natural solar light UV intensity has
been measured to be 1.55 mW cm22 around noon. The TiO2/
ITO electrode was illuminated from the ITO side. Potentials (vs.
SCE) and currents during illumination were measured using a
potentiostat (EG&G, model 263A).7 The corroded steel surface
was analyzed by a Raman spectrometer (Renishaw system
3000) in backscatter geometry with an excitation wavelength of
632.8 nm (He–Ne laser).

Fig. 1(a) shows the changes of potentials and currents in the
galvanic couple of the TiO2 photoanode (solar panel) and the
steel electrode in acidic water (pH 4) when the photoanode is
illuminated under different sources of light. Under illumination,
the coupled photopotential, Eph, immediately shifted to more
negative potential with a concurrent increase of photocurrent,
Iph. The open circuit potential (Eoc) of the TiO2 anode in the
solar panel under 30 W illumination was 20.9 V (vs. SCE).
Comparing this with Eoc of the steel electrode (20.44 V vs.
SCE), the illuminated TiO2 anode can supply CB electrons to
the metal electrode to protect the metal cathodically by setting
a new mixed potential of the couple, Eph. As monitored in this
study the value of Eph remained constant under illumination up
to 35 days. Natural solar light was as effective as use of a 200
W lamp in inducing changes in Eph and Iph. In addition, a blank
test was performed in the absence of added hole scavengers
where Eph and Iph were measured to be ca. 20.45 to 20.50 V
(vs. SCE) and 8 mA under 30 W illumination. Various alcohols
and organic acids were tested as hole scavengers of which
formate was found to show the best performance.

Eph and Iph were measured as a function of pH in the
corrosion cell under constant light intensity [Fig. 1(b)]. The
dark corrosion currents (Icorr) of the steel electrode increased
from 0.1 to 360 mA cm22 on lowering the pH from 11 to 2. As
Eph shifted in the positive direction under more corrosive

Scheme 1 Schematic representation of metal (Fe) corrosion prevention
using (a) a conventional sacrificial anode (e.g. Mg) and (b) a semiconductor
photoanode investigated in this study; D represents hole scavengers while
dashed lines represent the electrochemical potential of the electrons
generated in the anode.
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conditions (lower pH), Iph logarithmically increased even under
constant light intensity. There was little dependence on light
intensity (30 vs. 200 W lamp). Although the present system is
essentially identical to a typical photoelectrochemical cell that
converts light into electricity where Iph is proportional to the
light intensity,2a it is clearly distinguished from the latter by the
fact that its performance depends little on the light intensity as
long as there are enough photons to compensate the dark
corrosion current.

Evidence of corrosion prevention of the steel connected to the
solar panel was obvious enough to be detected visually. The
shiny surface of the steel electrode remained intact in a
corrosive electrolyte solution as long as it was connected to the
solar panel, while it quickly corroded and was covered by red–
brown rust in the absence of light. The progress of corrosion
was quantitatively assessed by measuring the Raman spectra of
steel surfaces. Fig. 2 compares the Raman spectra of the steel
surface corroded in 0.05 M K2CO3 solution at pH 6 for 30 h
under different illumination conditions. All the peaks generated
as a result of corrosion are ascribed to various phases of iron
oxides.8 While the steel surface connected to a continuously
illuminated photoanode showed no sign of iron oxide forma-
tion, a thick layer of iron oxides covered the steel surface under
the dark condition. The steel sample tested under the natural
solar light showed an intermediate level of iron oxide formation
since more than half of the total corrosion time was during night
time or when cloudy.

It has been clearly demonstrated in this work that a simple
TiO2 solar panel can prevent metal corrosion. In view of the fact
that the conventional sacrificial anode must be buried or
immersed in the medium along with the metal object to be
protected and be replaced periodically,5 use of a photoanode
installed on the ground level is easier to maintain. Although the
TiO2 photoanode itself is non-sacrificial, the TiO2 solar panel is
sacrificial since the formate added as a hole scavenger is
irreversibly oxidized. However, the hole scavenging medium
could be easily refilled to make it regenerative. A similar
approach could be possible by using a silicon-based solar cell
although it is not economically feasible. Even though the
present method suffers from several limitations such as the
absence of light at night9 and the depletion of the hole-
scavenging medium, it verifies the possibility of using solar
light for corrosion inhibition and could be developed into an
alternative or ancillary corrosion prevention method.
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Fig. 1 (a) The change of Eph and Iph in the galvanic couple of a TiO2

photoanode and the steel electrode when the photoanode was irradiated by
10, 20, 30 or 200 W lamp or solar light. (b) Eph (open symbols) and Iph

(filled symbols) as a function of pH under 30 W (circles) or 200 W (squares)
illumination.

Fig. 2 Raman spectra of the steel surface corroded under different
illumination conditions (from the bottom up) of an initial steel surface; a
continuously illuminated sample (30 W lamp); sunlight illuminated (16 h
day plus 14 h night) sample in the open air; and a control sample not
connected to the photoanode.
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[HC{C(Me)NAr}2]Sn(OPri) (Ar = 2,6-Pri
2C6H3) is shown to

be an initiator for the living polymerisation of rac-lactide to
heterotactic-enriched poly(lactide).

There is increasing interest in the design of polymers for in vivo
applications such as sutures, artificial tissue networks and drug
delivery agents. For these applications it is desirable for the
polymer to be non-toxic, biocompatible and resorbable. One of
the most promising classes of polymer in this field is the
poly(lactide)s1 which are readily obtained in a controlled
manner via the living ring-opening polymerisation of lactide,
the cyclic diester of lactic acid.2

Initiators for lactide polymerisation are typically based on
alkoxide or alkanoate complexes of metals such as Al, Mg, Sn,
Zn and the rare earths. Tin(II) catalysts such as Sn(ethyl
hexanoate)2 are generally preferred in the commercial produc-
tion of poly(lactide)s3 for medical or pharmaceutical applica-
tions owing to the low toxicity of Sn(II) compared to other metal
ions [Sn(ethyl hexanoate)2 is a permitted food additive in many
countries]. Although a number of systems based on aluminium,4
and more recently, magnesium5 and zinc,6 have been described
that initiate the living ring-opening polymerisation of lactide,
there have to date been no reports of well defined tin initiators.
Here we describe the first example of a single-site tin catalyst
for the living polymerisation of lactide.

The initiator 2 is prepared according to Scheme 1.†
Treatment of SnCl2 with [HC{C(Me)NAr}2]Li in diethyl ether
followed by crystallisation from pentane affords [HC{C(Me)-
NAr}2]SnCl 1 as a yellow crystalline solid. This is converted to
2 by treatment with LiOPri followed by recrystallisation from
pentane. Crystals of 2 suitable for an X-ray structure determina-
tion‡ were grown from pentane; the structure is shown in
Fig. 1.

The complex has non-crystallographic Cs symmetry with the
three-coordinate tin atom adopting a tripodal geometry with
inter-bond angles in the range 83.6(2)–94.1(2)°, the most acute
being associated with the bite of the chelating N,NA ligand. The
Sn–N and Sn–O distances are unexceptional, and there is the
expected pattern of delocalisation within the b-diketiminate
ligand. The six-membered chelate ring has a boat conformation with C(2) and Sn lying 0.12 and 0.87 Å ‘above’ the N(1), C(1),

C(3), N(3) plane; the isopropoxide oxygen atom lies 0.74 Å
‘below’ this plane. As a consequence of the folded chelate ring
conformation, and retention of near trigonal planar geometries
at the two nitrogen centres, the C(12) and C(27) isopropyl
groups are drawn together, and those associated with C(15) and
C(24) are folded away exposing the non-coordinated ‘face’
containing the stereochemically active lone pair on the tin atom
[Fig. 1(b)]; the shortest intermolecular approach to the tin centre
is 3.84 Å from C(13)–H.

The polymerisation of rac-lactide (a racemic mixture of L

(S,S) and D (R,R) lactides) was initially investigated using
complex 2 in CH2Cl2 at ambient temperature.§ Under these
conditions it was found that 100 equivalents of monomer
required 96 h for complete conversion ( > 99% by 1H NMR).
The resultant polymer has a molecular weight close to that
calculated from the monomer+initiator ratio (observed Mn =
17 100; calculated Mn = 14 400) and exhibits a narrow
polydispersity (Mw/Mn = 1.11), characteristics of a living
process. The polymerisation was then repeated at 60 °C in

Scheme 1 Reagents and conditions: i, SnCl2, Et2O, 18 h, recrystallisation
from pentane, 60% yield (unoptimised); ii, LiOPri, Et2O, 18 h, recrystallisa-
tion from pentane, 17% yield (unoptimised).

Fig. 1 (a) The molecular structure of 2. Selected bond lengths (Å) and angles
(°); Sn–O 2.000(5), Sn–N(1) 2.206(4), Sn–N(3) 2.208(4), C(1)–N(1)
1.323(6), C(1)–C(2) 1.404(7), C(2)–C(3) 1.387(7), C(3)–N(3) 1.331(6); O–
Sn–N(1) 94.1(2), O–Sn–N(3) 92.5(2), N(1)–Sn–N(3) 83.6(2). (b) Space
filling representation of the structure of 2 showing the exposed environment
of the tin atom.
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toluene affording 85% conversion after 4 h, again resulting in a
narrow molecular weight distribution product (Mw/Mn = 1.05).
The activity of the tin catalyst is lower than that observed for the
related zinc system6 which may be in part due to the lower
electrophilicity of the tin centre, and partly a consequence of the
stereochemically active lone pair which may disfavour mono-
mer binding. The living characteristics of the polymerisation are
supported by the linear increase in Mn with conversion giving in
each case a low polydispersity product (Fig. 2).

In order to confirm that the initiator is indeed the isoprop-
oxide complex 2, a 1H NMR study was carried out in which
increasing amounts of lactide were added to 2 in CDCl3. The
isopropoxide methine septet resonance at the end of the
propagating chain is shifted slightly to higher frequency
(0.005 ppm) relative to the unconsumed initiator (d 4.01). New
resonances for the b-diketiminate ligand substituents are also
observed for the propagating species. As the number of
monomer equivalents is increased, the intensities of the signals
attributable to the propagating species increase relative to those
of unconsumed 2. Owing to the overlapping nature of the
resonances, accurate integration has not been possible, but the
addition of 5 equivalents of monomer leads to an approximately
1+1 mixture of initiator+propagating species. This indicates a
favourable kp/ki ratio (the rate constant of propagation to rate
constant of initiation) which is desirable for minimising the
polydispersity.

The 1H NMR spectrum of the poly(lactide) derived from 2
(Fig. 3) differs from the spectrum predicted from a Bernouillian
analysis of totally random poly(rac-lactide), with the rmr and
mrm tetrads much more intense than expected. These observa-

tions are consistent with a heterotactic-biased product since the
rmr microstructure can only arise from two consecutive D–L or
L–D interchanges; each rmr tetrad is accompanied by two mrm
tetrads in agreement with the NMR integration. The preference
for heterotacticity is not as strong as reported previously for the
zinc analogue of 2, but nonetheless represents the first example
of tacticity bias arising from the polymerisation of rac-lactide
using a tin catalyst.

Further studies are examining the effect of changes to the aryl
ligand substituents on the polymerisation behaviour of the tin
catalysts and their use in the ring-opening polymerisation of
other cyclic ester monomers.

The Engineering and Physical Sciences Research Council is
thanked for a studentship (to A. P. D.) and a postdoctoral
fellowship (to E. L. M.).

Notes and references
† Selected spectroscopic data: for 1: dH(250 MHz, C6D6, 25 °C) 1.06 (d,
6H, 3JHH 6.8 Hz, CHMeMe), 1.18 (d, 6H, 3JHH 6.9 Hz, CHMeMe), 1.22 (d,
6H, 3JHH 6.8 Hz, CHMeAMeA), 1.45 (d, 6H, 3JHH 6.6 Hz, CHMeAMeA), 1.61
(s, 6H, HC{C(Me)NAr}2), 3.12 (sept, 2H, 3JHH 6.8 Hz, CHMe2), 3.95 (sept,
2H, 3JHH 6.8 Hz, CHMe2), 5.06 (s, 1H, HC{C(Me)NAr}2), 7.15 (m, 6H,
Haryl). MS: m/z 572 [M]+. Anal. Calc. (found) for C29H41ClN2Sn: C, 60.91
(60.77); H, 7.22 (7.32); N, 4.90 (5.07)%. For 2: dH(250 MHz, C6D6, 25 °C)
d 0.90 (d, 6H, 3JHH 6.8 Hz, OCHMe2), 1.14 (d, 3H, 3JHH 6.8 Hz, CHMeMe),
1.24 (d, 3H, 3JHH 6.9 Hz, CHMeMe), 1.27 (d, 3H, CHMeAMeA), 1.54 (d, 3H,
CHMeAMeA), 1.59 (s, 6H, HC{C(Me)NAr}2), 3.25 (sept, 2H, 3JHH 6.8 Hz,
CHMe2), 3.86 (sept, 2H, 3JHH 6.8 Hz, CHMe2), 4.15 (sept, 1H, 3JHH 6.0 Hz,
OCHMe2), 4.73 (s, 1H, HC{C(Me)NAr}2), 7.16 (m, 6H, Haryl). Anal. Calc.
(found) for C32H48N2OSn: C, 64.55 (64.28); H, 8.13 (8.08); N, 4.70
(4.90)%.
‡ Crystal data for 2: C32H48N2OSn, M 595.4, monoclinic, space group
P21/n (no. 14), a = 13.205(2), b = 16.680(2), c = 15.527(2) Å, b =
107.42(1)°, V = 3263.1(6) Å3, Z = 4, Dc = 1.212 g cm23, m(Mo-Ka) =
8.07 cm21, T = 293 K, yellow blocks; 5742 independent measured
reflections, F2 refinement, R1 = 0.049, wR2 = 0.112, 4038 independent
observed reflections [|Fo| > 4s(|Fo|), 2q @ 50°], 326 parameters. CCDC
151597. See http://www.rsc.org/suppdata/cc/b0/b008770j/ for crystallo-
graphic files in .cif or other electronic format.
§ Typical polymerisation procedure: complex 2 (0.005 g, 0.008 mmol) and
rac-lactide (0.1181 g, 0.819 mmol) were weighed in to a 15 cm3 glass
ampoule fitted with a Teflon stopcock. The mixture was suspended in
toluene (6 cm3) and the ampoule was then sealed and transferred to an oil
bath pre-heated to 60 °C. After stirring for the allotted period of time the
volatile components were removed in vacuo. Conversion was determined
by integration of monomer vs. polymer methine resonances in the 1H NMR
spectrum of the crude product (in CDCl3). The polymer was purified by re-
dissolving in CH2Cl2 (5 cm3) and precipitating from rapidly stirring
methanol. GPC chromatograms were recorded on a Knauer differential
refractometer connected to a Gynotek HPLC pump (model 300) and two 10
mm columns (PSS) at a flow rate of 1.00 cm3 min21 using CHCl3 as the
eluent. The columns were calibrated against polystyrene standards with
molecular weights ranging from 1560 to 128 000. Samples were filtered
through a 0.45 mm filter immediately prior to injection. Analysis was
performed using Version 3.0 of the Conventional Calibration module of the
Viscotek SEC3 software package.
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A novel metal-free phthalocyanine 3 fused in peripheral
position with four diazatetrathiabicyclomacrocycles has
been prepared by bicyclotetramerization of cryptand 1 and
its isoindolinediimine derevative 2; the new compounds were
characterized by elemental analyses, IR, 1H and 13C NMR,
UV–VIS and MS spectroscopy.

The first synthesis of a soluble copper phthalocyanine with
crown ether moieties was reported in 19861 and its high
tendency towards aggregation by solvents, cations and com-
plexation properties was investigated.2 Such compounds con-
tain a metal center that is complexed by a phthalocyanine ring
and four macrocyclic binding sites.3 The attachment of polyaza
or polyaza-polythia macrocycles to phthalocyanine has re-
ceived considerable attention because of the transition metal-
binding properties of the macrocyclic cavities.4 Phthalocya-
nines containing polyaza or mixed-donor macrocycles5 can
form homo- and hetero-pentanuclear transition metal com-
plexes which may allow new functionalized materials to be
obtained which are of importance for both biochemistry and
materials science.6

A range of three-dimensional polycyclic ligand systems
(cryptands) have recently been investigated most intensively
with respect to their strong selectivity towards individual alkali
and alkaline-earth metal ions.7 The majority of such ligands
contain donor sets in which polyether donor functions predom-
inate. However, ligands of general type, incorporating mixed
donors such as diaza and/or dithia groups, have also been
synthesized.8 Such ligands show increased affinity for transition
metals and many other heavy metals.9

This study, describing the synthesis of compound 3, display-
ing a suitable combination of diazatetrathiamacrobicycles and
phthalocyanine may allow new functionalized materials to be
prepared, which are of importance for analytical chemistry as a
new type of heavy metal extraction agent. On the other hand, the
importance of this new type of phthalocyanine may be regarded
as an important step in that it may be a viable sensor
material.

The synthesis of macrobicyclic compound 1, was performed
starting from a 14-membered diazadithia macrocycle10 and
1,2-bis(2-iodoethylmercapto)-4,5-dicyanobenzene11 in dilute
conditions using Cs+ cation as promotor12 in acetonitrile. Final
purification by recrystallization afforded 1 in 73.2% yield (mp
136 °C).† Compound 1 displays the expected molecular ion
peak at m/z = 574 [M]+. Conversion of the dicyano compound
1 into the isoiminoindoline derivative 2 was accomplished by
bubbling ammonia gas through a solution of 1 in dry methanol
in the presence of sodium methoxide for 6 h. Compound 2 was
purified by column chromatography on silica gel, using
ethanol–chloroform (1+1) as eluent and obtained in 63.4% yield
(mp 284 °C (decomp.)].† The C, H and N elemental analyses for
2 were satisfactory and a reproductible mass spectrum was
obtained using the FAB technique (M+ at m/z 591 correspond-
ing to the molecular ion).

The usual synthetic routes could be applied to synthesize the
metal-free phthalocyanine 3.† Thus, either 1 was cyclotetra-
merized to 3 in a high boiling solvent such as pentanol at reflux

temperature in the presence of a strong organic base such as
1,8-diazabicyclo[5.4.0]undec-7-ene(DBU) or alternatively con-
densation of four isoiminoindoline units 2 into the metal-free

Fig. 1 UV–VIS spectra of 3 in pyridine.
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phthalocyanine 3 was carried out in 2-(N,N-dimethylamino)-
ethanol at reflux temperature. In the preparation of the metal-
free phthalocyanine, the isoiminoindoline route is more conven-
ient than the phthalonitrile route since the reaction conditions
employing isoiminoindolines are mild in comparison to those
employing phthalonitriles.13 The yields (11.3–12.7%) of these
reactions were rather low, as encountered for metal-free
phthalocyanine with other bulky groups.5 Elemental analytical
results and 1H NMR, IR, MS and UV-VIS spectral data of the
new phthalocyanine are consistent with the assigned formula-
tion. A mass spectrometry study by FAB on this compound
gave a molecular ion peak the value of which showed good
agreement with the calculated value for 3 (m/z 2298.3 [M]+).

Fig. 1 shows the electronic absorption spectrum of 3 in
pyridine. This spectrum of the phthalocyanine indicates features
of both the metal-free phthalocyanine and macro-bicyclic
moieties. The cryptand containing phthalocyanine 3 shows
intense Q bands at 734 and 704 nm suggesting monomeric
species since such species (of D2h symmetry) show two intense
absorptions around 700 nm.13,14 Such split Q band absorptions
in pyridine is due to the p » p* transition of this fully
conjugated 18p electron system.

This study was supported by the Research Fund of Karadeniz
Technical University (Trabzon-Turkey).

Notes and references
† Compounds 1 and 2 were characterized by elemental analysis and spectral
methods. Compound 1: anal. Calc. for C30H30N4S4: C, 62.71; H, 5.22; N,
9.75. Found: C, 62.96; 5.04; N, 9.94%. IR (KBr disc): n/cm21 3054, 2916,
2818, 2229, 1588, 1585, 1463, 1429, 1260, 1109, 970, 753. dH(CDCl3)
7.58(s), 7.55(s), 7.46–7.07(m), 5.89–5.79(m), 3.86(s),3.36(s),
3.28–3.21(m), 2.76–2.70(m). dC(CDCl3) 142.58, 138.47, 132.36, 131.31,
129.32, 128.31, 127.70, 125.98, 115.14, 112.58, 110.74, 51.52, 45.06,
33.07, 28.01. Compound 2: anal. Calc. for C30H33N5S4: C, 60.91; H, 5.58;
N, 11.84. Found: C, 61.16; H, 5.40, N, 11.67%. IR (KBr disc): n/cm21 3385,
3177, 3048, 2921, 2816, 1636, 1609, 1585, 1541, 1459, 1420, 1376, 1287,
1107, 872, 750. dH(CDCl3) 7.75 (br), 7.58(s), 7.53(s), 7.33–6.71(m),
5.67–5.58(m), 4.24(m), 3.85(s), 3.34–3.22(m), 2.73–2.67(m). dC(CDCl3)
138.49, 135.52, 133.49, 132.28, 130.90, 128.82, 128.08, 127.85, 125.46,
121.82, 51.93, 45.25, 33.29, 28.93. Compound 3: anal. Calc. for
C120H122N16S16: C, 62.66; H, 5.30; N, 9.74. Found: C, 62.44; H, 5.51; N,
9.59%. Selected spectroscopic data: IR (KBr disc): n/cm21 3406, 3055,
2932, 2841,1636, 1617, 1589, 1560, 1508, 1474, 1458, 1423, 1381, 1344,
1296, 1121, 1079, 897, 754; lmax/nm (log e) (pyridine): 734 (11.44), 704
(10.15), 348 (6.70), 285 (10.74). dH(DMSO-d6) -4.38(s),7.84(m),

7.62–7.50(m), 7.38–6.66(m), 4.28(m), 3.82(s), 3.42–3.29(m),
2.81–2.70(m).
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Discrete squares and tapes of porphyrins are self-assembled
by self-complementary hydrogen bonding between diaceta-
midopyridyl recognition groups rigidly linked to the chro-
mophore.

Porphyrins, and their cousins the phthalocyanines, have at-
tracted considerable attention recently because of their potential
use as components of nanometer scale photonic devices and
materials.1 The functionality of many, if not most, photonic
devices,1 including those found in nature,2 strongly depends on
the relative order of the chromophores throughout the entire
material and on the mode of assembly. Supramolecular
chemistry has been used as a stratagem to achieve the desired
geometric order of porphyrin and other entities in both solids
and in solution.3 Crystallization of porphyrins bearing H-
bonding groups has yielded fascinating networks,3,4 and co-
crystallization with other compounds has yielded interesting
host–guest3,5 and magnetic5 materials. Yet consistently predict-
ing long-range three-dimensional order in crystals remains
elusive. Several discrete H-bond6 and metal ion7 assembled
porphyrin systems in solution also have been reported. In order
to better understand the role of non-covalent bonds in mediating
electron and energy transfer in biological systems,2 several non-
coplanar or non-rigid supramolecular porphyrin–electron ac-
ceptor species have been studied.8,9 One of the primary goals of
work reported herein is to understand the process of self-
assembly and to reliably predict the structure of self-assembled
porphyrin arrays in solution, as opposed to the solid state. We
report the self-assembly of several rigid, co-planar multi-
porphyrin arrays and tapes by self-complementary H-bond
motifs that exploit both the directionality of the recognition
groups and the square-planar geometry of the porphyrin
macrocycle to design predictable arrays in high yields. Though
topologically similar to the square porphyrin arrays formed by
coordination chemistry,3,7 the nature of the self-assembly linker
has profound effects on the properties of the resultant array, e.g.
porphyrin fluorescence.

There are several ways in which 5-(3,5-diacetamido-4-pyr-
idyl)-10,15,20-tris(4-tert-butylphenyl)porphyrin, 1a,10† may
form a dimer by self-complementary hydrogen bonds.11 The
most stable is a linear, quadruple H-bonded system (graphical
abstract), albeit this is weak compared to other H-bond systems.
A variety of one- and two-dimensional porphyrin structures
may be formed via this motif. In the present case we
demonstrate this by the formation of linear dimers with the
5-substituted compound, linear trimers using a 2+1 stoichio-
metry of the 5- and the 5,15-substituted compounds 1a, 2a,
respectively, and a linear tetramer using a 2+2 ratio of 1a to
2a.

If there are no dynamic processes occurring on the NMR12

time scale, both the number of species self-assembling into the
final structure, n, and the equilibrium constants, K, may be

determined by 1H NMR experiments that monitor the chemical
shift of suitable protons vs. the concentration of the self-
complementary porphyrin.6,13 Noting the usual caveats and that
these experiments do not yield structural information per se, fits
of these curves for solutions of 1a† indicate that the ultimate
self-assembled product contains ca. 2 units (K =
160 dm3 mol21), consistent with the dimeric structure shown in
the abstract, where x = 0. For the tapes these experiments and
their fits show that ca. 3.2 units are in the final assembly when
a 2+1 mixture of 1a and 2a is used to form the trimer (K =
110 dm6 mol22), and about 4.1 units are present in the assembly
of a 2+2 mixture of 1a and 2a (K = 70 dm9 mol23). In the case
of the linear tapes, there is no a priori reason that all of the self-
assembled structures in the chloroform solution are the 2+1
trimers, and 2+2 tetramers, thus the NMR results are likely
indicative of a mixture of dimers, trimers, tetramers, etc.
substantially weighted toward the tape resulting from the
starting stoichiometries by DG.†

The self-assembly of a square tetramer (Scheme 1) from only
3a is also indicated by similar plots of concentration vs. amide
NH chemical shifts.† Dramatic differences are observed in the
plots for the linear tetramer vs. the closed-square tetramer.† For
the square array, the rapid increase in the chemical shift at much
lower concentrations indicates K (2400 dm9 mol23) is much
greater compared to the linear tetramer, and thus is a direct
measure of the cooperative formation of a closed system with a
more favorable DG. The fit yields n ≈ 3.9 units of 3a.

Because of the different power of the concentration units it is
difficult to directly compare the values of K for all but the linear
and square tetramers. Additionally, the K values found by this
data are about 4-fold weaker then those found by fluorescence

† Electronic supplementary information (ESI) available: experimental
details, NMR data and fits, van’t Hoff plots, UV–VIS and fluorescence data,
and ESI-MS spectrum for the self-assembled square species. See http:
//www.rsc.org/suppdata/cc/b0/b008045o/ Scheme 1
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quenching experiments, indicating that dynamic processes are
occurring during the NMR acquisition. To contrast the NMR
data from all four systems, it may be more informative to
compare the C1/2 values, where this represents the concentration
at the half maximum increase in the chemical shift. The C1/2
value from the above NMR data for the closed tetrameric
square, 0.8 mM, is a factor of ca. 10 less than the comparable
open tetrameric tape, consistent with the calculated K values.
Note that the linear systems have somewhat similar C1/2 values:
8 mM, 5 mM and 9 mM for the dimer, trimer, and tetramer,
respectively.†11 In toluene, where the H-bonds are expected to
be stronger, similar results for n are obtained for all systems, but
the C1/2 values are ca. 4-fold lower for the linear assemblies and
ca. 2-fold lower for the square.

In solvents with low H-bonding potential, the added
thermodynamic stability of the closed, square tetramer, as
opposed to a open-chain polymer with an average length of four
units with enthalpically unfavorable ‘unbonded’ ends or
entropically unfavorable higher order polymers, strongly argues
in favor of the square structure when 3a is the self-assembling
species. Estimations of DG for these systems from the NMR
concentration and temperature data8 show that the square
tetramer (DG = 219.3 kJ mol21) is favored over the tetrameric
tapes (DG = 210.5 kJ mol21) by ca. 8 kJ mol21. Van’t Hoff
plots† of the chemical shift vs. temperature are in qualitative
agreement with the NMR equilibrium studies above.

As the concentration in chloroform, toluene, 2-methylTHF,
and ethanol is increased from 1 mM to ca. 250 mM there is little
change in the observed UV–VIS spectra, with < 1 nm shifts in
the Q bands for both the free bases and the zinc complexes. This
indicates very little electronic communication between the
macrocycles in the self-assembled tapes and squares in the
ground state. However, the relative emission is substantially
diminished with increasing concentrations of 1a or 3a in
chloroform, or 2-methylTHF, compared to ethanol.† This
indicates that there is aggregation, which decreases the emission
intensity by organization of the chromophores, and quenching
of the excited state by energy transfer to neighboring subunits.
Significant energy transfer among subunits is well demon-
strated by the excitation and emission (Fig. 1) spectra of squares
formed from a 1+1 mixture of the free base, 3a and the zinc
complex 3b in 2-methylTHF. In solvents favoring H-bonding,
excitation in the zinc porphyrin Q-band region at 557 nm where
3b absorbs > 3 times 3a, the self-complementary square emits
predominantly from the free base at 720 nm, with concomitant
quenching of 3b at 610 nm. This direct observation of energy
transfer is not observed in dilute solutions ( < 10 mM) or in
ethanol where the emission is essentially similar to the
mathematical addition of the two individual spectra. The
emission from 3b (Fig. 1, inset) is substantially quenched as the
concentration of the 1:1 mixture in 2-methylTHF increases, and
to a much lesser extent in ethanol. The fluorescence lifetime,

determined by phase modulation, of 3a is 10 ns and that of 3b
is 2 ns at 1 mM concentrations in air in chloroform. At 0.100
mM, 3a exhibits two time constants 10 ns (80%) and 0.8 ns
(20%). A 0.100 mM mixture of 1+1 3a and 3b shows decays of
10 ns (50%), 1 ns (40%) and < 0.2 ns (10%). This is consistent
with the notion of energy transfer from the singlet manifold,
rather than the triplet manifold for the metallo self-assembled
squares.7

The characterization of these supramolecular systems will
serve as the basis for the characterization of future complex
two- and three-dimensional arrays using various combinations
of both H-bonding and metal ion coordinating porphyrins.9 The
above data show that the self-complementary H-bonds afforded
by the 3,5-diacetamido-4-pyridyl group are surprisingly effec-
tive in mediating the self-assembly of these photo- and electro-
active species in solution. The solution phase chemistry, in turn,
is vitally important for the understanding of how to direct the
formation of solid state structures, and will help understanding
of the resulting properties of the materials.

This work was supported by NS.F. CHE-9732950, PSC-
CUNY-30 grants to C. M. D. We acknowledge the help of Drs
M. Blumenstein and C. Soll for NMR and MS experiments.

Notes and references
1 Molecular Electronics: Science and Technology, ed. A. Aviram and M.

Ratner, Ann. NY Acad. Sci., 1998, p. 852, and references therein; C. M.
Drain and D. Mauzerall, Biophys. J., 1992, 1556, and references
therein.

2 T. Pullerits and V. Sundstrom, Acc. Chem. Res., 1996, 29, 381; V.
Novoderezhkin, R. Monshouwer and R. van Grondelle, Biophys. J.,
1999, 77, 666.

3 For reviews: A. K. Burrell and M. R. Wasielewski, J. Porphyrins
Phthalocyanines, 2000 4, 401; B. Maiya, J. Porphyrins Phthalocya-
nines, 2000, 4, 393; K. S. Suslick, N. Rakow, M. E. Kosal and J.-H.
Chou, J. Porphyrins Phthalocyanines, 2000, 4, 407; R. Dagani, Chem.
Eng. News, 1998, (76)23, 35.

4 For example: P. Bhyrappa, S. R. Wilson and K. S. Suslick, J. Am. Chem.
Soc., 1997, 119, 8492; S. Dahal and I. Goldberg, J. Phys. Org. Chem.,
2000, 13, 1; Y. Diskin-Posner, S. Dahal and I. Goldberg, Angew. Chem.,
Int. Ed., 2000, 39, 1288.

5 For example: T. Hayashi, T. Miyahara, N. Koide, Y. Kato, H. Masuda
and H. Ogoshi, J. Am. Chem. Soc., 1997, 119, 7281; A. J. Epstein, C. M.
Wynn, M. A. Girtu, W. B. Brinckerhoff, K.-I. Sugiura and J. S. Miller,
Mol. Cryst. Liq. Cryst., 1997, 305, 321.

6 C. M. Drain, R. Fischer, E. G. Nolen and J.-M. Lehn, J. Chem. Soc.,
Chem. Commun., 1993, 243; C. M. Drain, K. C. Russel and J.-M. Lehn,
Chem. Commun., 1996, 337; C. Ikeda, N. Nagahara, E. Motegi, N.
Yoshioka and H. Inoue, Chem. Commun., 1999, 1759.

7 C. M. Drain, F. Nifiatis, A. Vasenko and J. D. Batteas, Angew. Chem.,
1998, 37, 2344; C. M. Drain and J.-M. Lehn, J. Chem. Soc., Chem.
Commun., 1994, 2313; J.-C. Chambron, V. Heitz and J.-P. Sauvage in
The Porphyrin Handbook, ed. K. M. Kadish, K. M. Smith and R.
Guilard, Academic Press, San Diego, 2000, pp. 1–41, and references
therein; A. Prodi, M. T. Indelli, C. J. Kleverlaan, F. Scandola, E.
Alessio, T. Gianferrara and L. G. Marzilli, Chem. Eur. J., 1999, 5,
2668.

8 J. L. Sessler, B. Wang and A. Harriman, J. Am. Chem. Soc., 1995, 117,
704; J. L. Sessler, C. T. Brown, D. O’Connor, S. L. Springs, R. Wang,
M. Sathiosatham and T. Hirose, J. Org. Chem., 1998, 63, 7374; T.
Arimura, S. Ide, H. Sugihara, S. Murata and J. L. Sessler, New J. Chem.,
1999, 23, 977.

9 P. J. F. de Rege, S. A. Williams and M. J. Therien, Science, 1995, 269,
1409.

10 A distorted porphyrin bearing a single 3,5-diamidopyridyl group has
been reported. A. Osuka, R. Yoneshima, H. Shiratori, T. Okada, S.
Taniguchi and N. Mataga, Chem. Commun., 1998, 1567.

11 F. H. Beijer, R. P. Sijbesma, J. A. J. M. Vekemans, E. W. Meijer, H.
Kooijman and A. L. Spek, J. Org. Chem., 1996, 61, 6371.

12 Equilibrium constants for weakly H-bonding systems determined by
NMR6,11,13 data are probably internally consistent, but should be treated
with caution unless the dynamics are specifically addressed.

13 W. F. DeGrado and J. D. Lear, J. Am. Chem. Soc., 1985, 107, 7684;
D. A. Deranleau, J. Am. Chem. Soc., 1969, 91, 4044; B. J. Whitlock and
H. W. Whitlock, J. Am. Chem. Soc., 1990, 112, 3910.

14 A. D. Adler, F. R. Longo and W. Shergalis, J. Am. Chem. Soc., 1964, 86,
3145; C. M. Drain and X. Gong, Chem. Commun., 1997, 2117.

Fig. 1 Fluorescence emission spectra of a solution that is 140 mM in 3a and
140 mM in 3b in 2-methylTHF (–––) and in ethanol (–––) under identical
experimental conditions. In ethanol where the H-bonding between the
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enhanced emission from 3a. The inset plots the emission intensity of 3b at
610 nm vs. concentration in ethanol (2) and 2-methylTHF (5).
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‘Simulated amorphisation and recrystallisation’ was em-
ployed to explore the structural features that evolve within
ZrO2(111) supported CeO2, including epitaxial relation-
ships, screw and screw-edge dislocations, vacancies and
surface clusters.

Ceria and ceria containing materials are used as catalysts and
promoters in several heterogeneous catalytic reactions1 and
comprise a major component in three-way catalysts (TWC),
which are used for the treatment of automobile exhaust gases.
The oxygen storage capacity (OSC), due to the ability of cerium
to shift between Ce4+ and Ce3+, is one of the key properties of
these materials. Accordingly, ceria based catalysts can work in
both oxidizing and reducing conditions, converting carbon
monoxide, nitrogen oxides and hydrocarbons to non-toxic
products. It has been shown experimentally that ceria films,
vapour deposited on zirconia and zirconia based substrates such
as yttrium-stabilized zirconia (YSZ), are more easily reduced
than films supported on a-Al2O3.2

Here we employ a simulated amorphisation and recrystallisa-
tion methodology3,4 to explore the structural changes that
evolve within ZrO2(111) supported CeO2. Since elucidation of
the atomistic structure, particularly for ultra-thin supported
materials is difficult or even intractable experimentally, the
simulation provides an invaluable complement.

Simulated amorphisation and recrystallisation3,4 in this
present study involves straining the CeO2 thin film under
considerable pressure and placing it on top of a ZrO2 support.
Dynamical simulation is then applied to the system at high
temperature upon which the CeO2 amorphises. Under pro-
longed dynamical simulation, the CeO2 recrystallises revealing
a wealth of structural modifications that evolve as the system
endeavours to accommodate the lattice misfit, whilst maximis-
ing interfacial interactions. Crucially, by ensuring that the CeO2
thin film recrystallises from an amorphous structure, no
influence on the compromise between minimising the lattice
misfit whilst maximising the interfacial interactions is in-
troduced artificially into the simulation.

Central to this methodology is that dynamical simulation, as
applied to an amorphous structure, allows a more compre-
hensive exploration of the configurational space due to the high
energy amorphous starting point and the conformational
freedom this gives rise to. In addition, a single mesoscale
simulation has been performed in which a multitude of
structural features are present within this simulation cell (in
contrast to performing many smaller simulations comprising
fewer structural features). Previous simulations on the SrO/
MgO(001) system4 using different simulation cells revealed
equivalent thin film energies, epitaxial relationships, disloca-
tion densities and structural configurations suggesting that a
single very large simulation cell is sufficiently representative
for an initial investigation of the CeO2/ZrO2 system. In addition,
during experimental fabrication using for example vapour
deposition2 the thin film will endeavour to crystallise into as
low an energy structure as possible. Our method is designed to
generate low energy structures via recrystallisation from an

amorphous material and will reflect therefore the structural
characteristics present within the experimental system.

The calculations presented in this study are based on the Born
model for ionic solids, with potential parameters taken from
Lewis and Catlow5 and Dwivedi and Cormak.6 These potentials
have been employed to model lattice parameters,7 thermal
expansivities,8 conductivity and diffusion properties8 for CeO2
and ZrO2 solid solutions, in accord with experiment. In
addition, a rigid ion model was used to reduce the computa-
tional expense. The dynamical simulations, which employ
three-dimensional periodicity, were performed using the DL_
POLY code,9 and therefore a void normal to the surface is
included to represent the free surface. The simulation cell
contains ions distributed in two regions: region I comprises the
CeO2 thin film and the first six repeat units of the ZrO2(111)
support, and ions within this region are allowed to move under
the dynamical regime, while region II comprises a fixed region
(four repeat ZrO2 units) of the support and is included to ensure
the correct crystalline environment.

In this preliminary study we consider a model system, that of
CeO2 supported on cubic zirconia, as a first step in exploring
CeO2 supported on yttrium stabilised zirconia (YSZ), which
will be considered in future studies; it has been shown
experimentally that ceria grows epitaxially on YSZ.10,11

To generate the CeO2/ZrO2(111) interface, two CeO2(111)
repeat units (thick) were placed directly on top of ten repeat
units of the ZrO2(111) support using a ‘cube-on-cube’ method-
ology.3 In particular, a 27 3 27 (which corresponds to 54
cerium atoms or 27 CeO2 units for each side of the simulation
cell) CeO2 thin film was placed directly above a 20 3 20
ZrO2(111) support, giving an interfacial area of 10 305 Å2 and
65 496 ions within the simulation cell. The lattice misfit
associated with the system is +36%; the CeO2 is therefore
constrained initially under considerable pressure. Dynamical
simulation was then applied to the system for 115 ps at 3400 K,
55 ps at 2500 K, 5 ps at 2000, 1500 and 1000 K, 40 ps at 500 K,
10 ps at 100 K and 20 ps at 0 K; the latter acts effectively as an
energy minimisation. During the initial dynamical simulation
step, the considerable strain within the CeO2 results in its
amorphisation, which, upon prolonged dynamical simulation,
recrystallises. That the CeO2 undergoes an amorphous transi-
tion eliminates all ‘memory’ of the starting configuration
enabling the CeO2 to evolve structurally in response solely to
the lattice misfit and underlying ZrO2.

Inspection of the final structure for the CeO2/ZrO2(111)
system [Fig. 1(a)] reveals that the CeO2 thin film has
recrystallized into the fluorite structure. The success of the
simulated amorphisation and recrystallisation methodology in
generating the CeO2 structure from an amorphous solid
suggests that the methodology is applicable to study supported
fluorite-structured systems in addition to the supported rocksalt-
structured systems considered previously.3

The final CeO2 thin film structure exposes the (111) plane at
both the interface and surface and comprises ca. five CeO2
repeat units with an incomplete (ca. 25% occupancy) surface
layer (layer five), which comprises small clusters ranging from,
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for example, Ce2O4 and Ce4O8, to larger clusters up to 500 Å2

in size [Fig. 1(a)]. The CeO2 thin film lies almost coherent with
the underlying ZrO2 support, with the CeO2 accommodating a
19 3 19 (average) pattern with no rotation of the CeO2 with
respect to the underlying ZrO2. The lattice misfit associated
with such a configuration is therefore reduced from +6.7%
based upon 20 CeO2 units lattice matched with 20 ZrO2 units
(bulk misfit) to ca. +1.6% based upon 19 CeO2 units lattice
matched with 20 ZrO2 units (final structure).† To maintain such
a configuration, the CeO2 lattice must be compressed by 1.6%
to accommodate the misfit, which corresponds theoretically to a

‘lattice parameter’ of 5.34 Å. Experimentally, Dmowski et al.,
who explored the structure and oxygen storage properties of a
ca. 20 Å CeO2 thin film supported on zirconia,10 found the
CeO2 lattice parameter to be reduced from 5.41 to 5.38 Å. In
addition, they observed no rotation of the CeO2 with respect to
the underlying support in accord with our findings.

A detailed analysis of the system using molecular graphics
techniques revealed that the system comprises cerium (ca.
0.8%) and zirconium (ca. 0.3%) vacancies charge compensated
by associated oxygen vacancies. Moreover, the density of
vacancies within the CeO2 thin film increases within planes
further from the interface. In addition, dislocations including
pure edge and mixed screw-edge dislocations have evolved
within the system. The latter, as depicted in Fig. 1(b), traverses
the entire thickness of the CeO2 thin film and moreover, extends
into the first layer of the ZrO2 support resulting in considerable
perturbation of the underlying ZrO2 support. In response,
zirconium and oxygen ions migrate from the support to form a
large (ca. 30 Å2) cluster, which emanates from the base of the
dislocation core. We also note that pure edge dislocations have
evolved in both the CeO2 thin film and within the ZrO2 support
[Fig. 1(c)]. Experimentally, dislocation arrays with periodicity
of ca. 44 Å were observed to accommodate the lattice misfit for
CeO2 supported on YSZ.12 We suggest such defects (vacancies
and dislocations) help reduce further the +1.6% misfit (19 3 19
CeO2 supported on 20 3 20 ZrO2) and hence the associated
strain within the system.

In summary, we have shown that computer modelling in
conjunction with graphical analysis provides a powerful
complementary technique to experiment in characterising the
detailed atomistic structure of ZrO2 supported CeO2 thin films.
In particular, structural features such as dislocations, defects
and defect clusters, comprising low coordinatively saturated
cerium and oxygen ions, are likely to have a considerable
influence on the catalytic behaviour of the system including the
mobility of ions through the ceria and zirconia lattices.
Accordingly, elucidation of the atomistic structure of such
structures as performed here, may help explain the remarkable
catalytic properties of supported ceria thin films.
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Fig. 1 (a) Representation of the CeO2/ZrO2(111) interface. For reasons of
clarity, only part of the full simulation cell and three planes of the support
are depicted. Zirconium is coloured light blue, cerium is magenta, oxygen
(ZrO2) is red and oxygen (CeO2) is green; (b) stick representation of the
screw-edge dislocation (core structure). Only the cerium sub-lattice is
shown to ensure clarity; (c) representation of two edge dislocations (white
spheres) within the interfacial ZrO2 layer (bottom) and second interfacial
CeO2 layer (top). The remaining planes have been omitted to preserve
clarity. Zirconium is coloured light grey and cerium dark grey.
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The ratio of the dichloromethane–methanol solvent mixture
medium and nature of the receptor amide substituent
critically dictates chloride vs. nitrate selectivity properties of
new ruthenium(II) tris(5,5A-diamide-2,2A-bipyridine) recep-
tors.

The selective recognition and sensing of anionic guests is a
fundamental objective in supramolecular chemistry.1,2 This is a
consequence of the important role played by anions in a range
of biological, chemical, medical and environmental processes.3
Despite the fact that a wide range of solvents and solvent
mixtures has been used in anion binding investigations,
relatively little attention has been paid as to how the nature of
the solvent medium and receptor structure can influence both
the strength of anion–receptor complexation and importantly
the anion binding selectivity trend the receptor displays.
Previous research has shown that bis(heteroleptic) ruthenium(II)
bipyridine cations Ru(bpy)2(bpyA)2+ can bind and optically
sense anions when bpyA is a 4,4A- or 5,5A-diamide-2,2A-
bipyridine ligand.4,5 These receptors employ a combination of
electrostatic and hydrogen bonding interactions to bind anionic
guests. We report here the synthesis of new homoleptic
receptors based on the ruthenium(II) tris(5,5A-diamide-2,2A-
bipyridine) motif and demonstrate the anion binding strength,
stoichiometry and chloride vs. nitrate anion selectivity critically
depend on the nature of the receptor amide substituent and
CH2Cl2+MeOH solvent mixture ratio.

The condensation of 5,5A-bis(chlorocarbonyl)-2,2A-bipyridine
1 with 2-methoxyethylamine, n-butylamine, n-dodecylamine
4A-carbonyl-1A,2A-dimethoxyphenyl-1,2-diaminoethane6 gave
the 5,5A-diamide-2,2A-bipyridine ligands 2–5 respectively in
yields of 61–85% (Scheme 1).5 The four host molecules 6–9
were prepared by reacting ligands 2–5 with ruthenium(III)
trichloride in EtOH–H2O (via ‘ruthenium blue’7) or DMF. The
receptors were purified by column chromatography on silica gel
or Sephadex SP C25 and were isolated as their hexa-
fluorophosphate salts in yields of 17–85%.‡

The L- and D-enantiomers of host 6 were resolved by cation
exchange chromatography (Sephadex SP C25)8 using sodium
(2)-O,OA-dibenzoyl-L-tartrate. Figs. 1 and 2 show the crystal
structure of the dichloride salt of D-6.§ The metal has a six-
coordinate distorted octahedral environment being bonded to
six nitrogen atoms [2.039(13)–2.095(13) Å] of the three
bidentate ligands. The most interesting feature of the structure is
that both chloride anions are encapsulated within the cavities
formed around two triangular faces in the metal coordination
sphere. As shown in Fig. 1, Cl2 forms hydrogen bonds to the
three –NH groups at distances of 3.19, 3.29, 3.36 Å for N302,
N202 and N602, respectively. However Cl1 forms only two
hydrogen bonds to N102 at 3.21 and N502 at 3.27 Å. The third
amide N–H group is directed away from the chloride, outwards
from the cavity, and forms an intermolecular hydrogen bond
N(402)…O(501) (1 2 x, 0.5 + y, 2 2 z) at 2.99 Å.

There is a good geometric complementarity between the
chloride anions and the interligand binding clefts, as illustrated
in Fig. 2.

UV–VIS spectroscopic anion titrations were performed by
adding tetrabutylammonium chloride, acetate and nitrate salts
to receptors 6–9 in CH2Cl2 and CH2Cl2–MeOH solutions.
Binding was generally signified by decreases in the absorbance
and hypsochromic shifts for the MLCT and LC bands at ca. 260
and 300 nm, respectively. Values for the stability constants log
b1 and log b2 were calculated using the Specfit program9 and the
data are summarised in Table 1. The results demonstrate how
anion binding strength, stoichiometry and selectivity are

† Electronic supplementary information (ESI) available: crystal structure
determination of receptor D-6. See http://www.rsc.org/suppdata/cc/b0/
b008822f/

Scheme 1

Fig. 1 The structure of D-6 with ellipsoids at 20% probability. Hydrogen
bonds to the chloride ions are shown as dotted lines.
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strongly dependent on the type of anion, the solvent system and
the receptor amide substituent. For example, Table 1 shows the
stability constants for all three anions decrease significantly as
the methanol content increases from 1+0 to 9+1, 7+3 and then
1+1 CH2Cl2+MeOH. This can be rationalised by considering the
high polarity of methanol and its ability to hydrogen bond with
the receptor and the anionic guest. The complex stoichiometry
is dependent on the binding strength and can be either 1+1 or
1+2 (host+guest). In 1+0 and 9+1 CH2Cl2+MeOH the host+
guest ratio is 1+2. This correlates with the binding stoichiometry
exhibited by D-6 in the solid state (Fig. 1). In contrast, the
observed host+guest ratio can be 1+2 or 1+1 in 7+3
CH2Cl2+MeOH, and is 1+1 in 1+1 CH2Cl2+MeOH. Table 1 also
reveals how the anion selectivity depends on the solvent system.
In 9+1 and 7+3 CH2Cl2+MeOH, all receptors display the
selectivity sequence Cl2 > NO3

2 > AcO2. The preference for
chloride suggests this guest presents a superior match for the
shape and/or dimensions of the binding site, while the
unfavourable desolvation energy and non-complementary
shape of acetate may explain why the weakest complexes are
formed with this anion. It is noteworthy that receptors 6 and 7
remain chloride selective in 1+1 CH2Cl2+MeOH, while hosts 8
and 9 become selective for the nitrate anion. As the percentage
of methanol is raised from 10 to 30 to 50%, the energy required
to desolvate the anions prior to complexation increases and this

can switch selectivity towards the anion with the lowest
desolvation energy.10 The hydration enthalpies (2DHhyd) of
NO3

2, Cl2 and AcO2 are calculated to be 293, 335 and 402 kJ
mol21, respectively,11 and these provide a good guide to the
relative anion solvation energies in 1+1 CH2Cl2+MeOH. Hosts
8 and 9 possess large, lipophilic substituents which can partially
shield the amide binding site from the surrounding solvent; the
anion must therefore undergo significant desolvation prior to
binding with these receptors. Consequently, the selectivity trend
NO3

2 > Cl2 > AcO2 for hosts 8 and 9 in 1+1 CH2Cl2+MeOH
reflects the sequence of hydration energies AcO2 > Cl2 >
NO3

2 in the Hofmeister series.12 In contrast, receptors 6 and 7
contain smaller amide substituents than their congeners 8 and 9,
and the anion desolvation energy does not dictate the selectivity
sequence. The geometric complementarity between the chloride
anion and hosts 6 and 7 is dominant (as exemplified by the
crystal structure of D-6 in Fig. 2) and overrides the unfavoura-
ble desolvation energy for this guest.

In summary, the chloride vs. nitrate selectivity of new
ruthenium(II) tris(5,5A-diamide-2,2A-bipyridine) receptors de-
pends on both solvation factors and the amide substituent on the
host. This interrelation between solvation effects and receptor
structure is also used to achieve anion binding selectivity in
Nature.11
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Fig. 2 CPK representation of D-6 based on the crystal structure coordinates,
illustrating the geometric complementarity between the chloride guest Cl2
(green) and the interligand binding pocket. (The methoxyethyl chain at the
far side of the molecule has been removed to aid clarity.)

Table 1 Stability constants for receptors 6–9 and anions in CH2Cl2–MeOH
solvent mixturesa

Cl2 NO3
2 AcO2

Host

Solvent
CH2Cl2+MeOH
(v/v)

log
b1

log
b2

log
b1

log
b2

log
b1

log
b2

8 1+0 b b b

6 9+1 7.47 12.9 6.33 11.3 5.90 10.1
7 9+1 7.69 14.1 6.70 12.3 6.02 10.9
9 9+1 b 7.88 13.8 7.06 12.3
6 7+3 5.43 5.27 c

7 7+3 6.44 10.8 5.64 c

8 7+3 6.48 10.5 5.76 c

9 7+3 5.94 10.2 5.42 c

6 1+1 4.31 c c

7 1+1 4.45 c c

8 1+1 4.82 5.39 c

9 1+1 4.51 5.03 c

a Errors estimated to be @7%; T = 293 K. b Binding too strong for
calculation (host+guest complex stoichiometry is 1+2). c Binding too weak
for calculation.
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The secondary pores in the nanosized HZSM-5 zeolite have
been observed for the first time via 129Xe NMR spectroscopy
using xenon as a probe; the location of non-framework Al
can also be identified.

As an emerging member of nanometer materials, nanosized
zeolites have received considerable attention in the field of
catalysis owing to their unique properties. When the crystallite
size of HZSM-5 zeolite is reduced to the nanoscale level, it
exhibits higher catalytic activity, less coking and longer
catalytic life in the conversion of methanol to hydrocarbons,1
oligomerization of ethylene, etc.2 At present, there is growing
interest in the synthesis of nanosized zeolites.3,4 However, few
attempts have been made to characterize the microporous
structure of nanosized zeolites. In particular, the effects of
crystallite size down to the nanoscale level on the microporous
structure of zeolites have not been well established in the
literature. 129Xe NMR spectroscopy is a powerful technique for
investigating porous materials, especially zeolites.5–7 The high
polarizability of the xenon electron cloud makes it very
sensitive to physical interactions with its environment. Here we
use xenon as a probe molecule for detecting the variations of
microporous structure of dealuminated HZSM-5 zeolites with
crystallite sizes of < 100 nm.

The starting HZSM-5 samples (Si/Al = 28) with crystallite
sizes of 1000 and 70 nm were prepared according to the
procedure published in our previous papers.8–10 Hydrothermal
treatment was performed in a quartz reactor tube with 10 mm
maximum bed depth of zeolite. The temperature was increased
at a rate of 5 °C min21 to the treatment temperatures of 400 and
700 °C, then 100% water vapor (0.1 MPa) was introduced for 2
h. As established by 27Al MAS and 1H?27Al CP/MAS NMR
spectra, there is little non-framework Al in the parent micro-
sized and nanosized HZSM-5 zeolites.10 However, hydro-
thermal treatment of the samples leads to dealumination of the
zeolite frameworks and to gradual formation of non-framework
Al (dAl at 0 and 30 ppm).11

Prior to adsorption, all samples were degassed typically at
723 K and a pressure below 1022 Pa for 10–20 h. 129Xe NMR
spectra were collected at room temperature on a Bruker DRX-
400 spectrometer operating at 110.6 MHz with a recycle delay
of 1 s, 60° pulse width of 8 ms and 1000–4000 scans. Chemical
shifts were referenced to a secondary standard of xenon
adsorbed in NaY zeolite the resonance of which was previously
referenced to xenon gas at zero pressure using Jameson’s
equation.12

XPS measurements were carried out in a modified Leybold
LHS-12 MCD system using Mg-Ka excitation and pass energy
of 100 eV. The Si/Al ratio on the external surface of the zeolites
can be obtained by integrating the calibrated Si 2p (Eb = 102.9
eV) and Al 2p (Eb = 74.3 eV) peaks.

The 129Xe NMR spectra of parent microsized and nanosized
HZSM-5 zeolites are shown in Fig. 1. With increase of xenon
uptake, the resonance positions shift to low field due to the
predominance of Xe–Xe interactions with an increase of xenon

concentration. One main signal with a weak high-field shoulder
is observed in the spectra of parent microsized HZSM-5 [Fig.
1(a)]. The main peak is associated with xenon adsorbed in the
internal channels of microsized HZSM-5. However, for the
nanosized HZSM-5, with increase of xenon uptake, a new
strong peak appears at higher field [Fig. 1(b)]. The intensity of
this new peak increases with xenon pressure up to 400 Torr.
Further increase of xenon concentration, however, results in a
decrease of the peak intensity where it is observed as a shoulder
peak of the low-field signal. It is well known that the average
electrostatic field in the internal channels of HZSM-5 zeolite is
much stronger than that on the external surface.6 Thus, xenon is
adsorbed preferentially in the internal channels, and its
chemical shift is at the low field. When the crystallite size of
HZSM-5 zeolite is reduced to the nanoscale level, as demon-
strated by a transmission electron microscope (TEM),8 the
particles are present as aggregates of many nanosized crystals
with void space between the crystallites, for a high surface
energy. Nanosized HZSM-5 zeolite has many secondary pores,
which differ from the internal channels. With increasing xenon
uptake, more xenon will be distributed in the secondary pores of
nanosized HZSM-5, of this, some is adsorbed on the external
surface of nanosized HZSM-5 whilst the remainder occupies the
void space of the secondary pores. Therefore, as shown in Fig.
1(b), two signals are observed in the 129Xe NMR spectra of
nanosized HZSM-5. The low-field peak is assigned to xenon in
the internal channels of nanosized zeolite, while the high-field
peak is attributed to xenon in the secondary pores. However,
under conditions of less aggregation,8 the xenon signal of the
secondary pores appears as a weak shoulder in the spectra of
microsized HZSM-5 [Fig. 1(a)]. In addition, it can also be seen
from Fig. 1(b) that the line width of the high-field peak is much
narrower than that of the low-field peak. This may be due to a
higher mobility of xenon atoms in such sites caused by weaker
interaction among xenon atoms, which implies that the
secondary pore size of the nanosized zeolite might be greater
than that of its internal channels.

If we plot the resonance positions of xenon in the internal
channels and in the secondary pores of nanosized HZSM-5 at

† Present address: Laboratory of Technical Chemistry, ETH Zurich, CH-
8092, Switzerland.

Fig. 1 129Xe NMR spectra of xenon adsorbed in parent microsized (a) and
nanosized (b) HZSM-5 zeolites as a function of xenon pressure.
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different pressures [Fig. 1(b)], it is found that the slopes of these
two lines are different and at higher xenon pressures these two
lines will be superposed. This indicates that the chemical shift
difference between xenon in the internal channels and in the
secondary pores decreases slightly with pressure. Xenon atoms
in these two positions also exchange at room temperature and
when the xenon pressure is > 500 Torr, this exchange is too fast
to be detected by NMR. Thus, one main signal is observed in the
129Xe NMR spectra of nanosized HZSM-5 at higher xenon
pressures. To our knowledge, this is the first report that
secondary pores in nanosized zeolites are observed by 129Xe
NMR spectroscopy.

Fig. 2 and 3 show the 129Xe NMR spectra of microsized and
nanosized HZSM-5 zeolites treated by steaming at 400 and
700 °C. There is only a single signal in the 129Xe NMR spectra
of microsized HZSM-5 dealuminated by steaming (Fig. 2). This
demonstrates that the non-framework Al may migrate to the
external surface of the dealuminated microsized HZSM-5, in
the presence of steam, leading to a homogeneous distribution of
xenon in the channels. However, two signals are evident in the
129Xe NMR spectra of nanosized HZSM-5 treated by steaming
at 400 °C [Fig. 3(a)]. The obvious distribution of xenon in the

secondary pores of nanosized HZSM-5 indicates that most non-
framework Al does not deposit on the external surface of the
nanocrystallites. The two lines from the resonance positions of
xenon adsorbed in the internal channels and in the secondary
pores will not be superposed at high xenon pressures [Fig. 3(a)].
This indicates that the existence of non-framework Al hinders
the rapid exchange of the xenon atoms in these two positions.
One can speculate that the non-framework Al may deposit near
the windows of the nanosized HZSM-5 channels. If hydro-
thermally treated at higher temperatures, such as at 700 °C, only
one signal appears in the 129Xe NMR spectra [Fig. 3(b)]. Thus,
the non-framework Al may occupy the secondary pores of
nanosized HZSM-5 (i.e. on the external surface).

XPS experiments were performed to study the migration of
Al atoms in zeolites. It was found that the Si/Al ratio on the
external surface of microsized HZSM-5 decreases from 12.5 to
3.5 after steaming at 700 °C, while that of nanosized HZSM-5
decreases from 6.3 to 3.2 under the same conditions. Therefore,
hydrothermal treatment of both microsized and nanosized
HZSM-5 will lead to Al enrichment on the external surface i.e.
migration of Al atoms to the external surface. A similar result
was obtained by Datka et al.13 in characterizing a dealuminated
HZSM-5 zeolite. This also agrees well with the above results
from 129Xe NMR.

In conclusion, xenon is a sensitive probe to detect zeolite
microporous structure and its variation upon dealumination.
Evidence of secondary pores are observed for the first time in
the 129Xe NMR spectra of nanosized HZSM-5 zeolite. After
hydrothermal treatment, the location of non-framework Al can
also be determined.

The support of the National Natural Science Foundation of
China and the Ministry of Science and Technology of China
through the 973 Project is gratefully acknowledged.

Notes and references
1 M. Sugimoto, H. Katsuno, K. Takatsu and N. Kawata, Zeolites, 1987, 7,

503.
2 M. Yamamura, K. Chaki, T. Wakatsuki and K. Fujimoto, Zeolites, 1994,

14, 643.
3 M. Tsapatsis, M. Lovallo and T. Okubo, Chem. Mater., 1995, 7,

1743.
4 M. A. Camblor, A. Corma and S.Valencia, Microporous Mesoporous

Mater., 1998, 25, 59.
5 J. A. Ripmeester and C. I. Ratcliffe, J. Phys. Chem., 1990, 94, 7652.
6 S. M. Alexander, J. M. Coddington and R. F. Howe, Zeolites, 1991, 11,

368.
7 J. L. Bonardet, J. Fraissard, A. Gedeon and M. A. Springud-Huet, Catal.

Rev.-Sci. Eng., 1999, 41, 115.
8 W. Zhang, X. Bao, X. Guo and X. Wang, Catal. Lett., 1999, 60, 89.
9 W. Zhang, D. Ma, X. Liu, X. Liu and X. Bao, Chem. Commun., 1999,

1091.
10 W. Zhang, D. Ma, X. Han, X. Liu, X. Bao, X. Guo and X. Wang,

J. Catal., 1999, 188, 393.
11 W. Zhang, X. Han, X. Liu, X. Bao, X. Guo and X. Wang, International

Symposium on Zeolites and Microporous Crystals (ZMPC 2000),
Sendai, Japan, August 2000, organized by Japan Association of
Zeolites.

12 A. K. Jameson, C. J. Jameson and H. S. Gutowsky, J. Chem. Phys.,
1970, 53, 2310.

13 J. Datka, S. Marsehmeyer, T. Neubauer, J. Meusinger, H. Papp, F. W.
Schutze and I. Szpyt, J. Phys. Chem., 1996, 100, 1445.

Fig. 2 129Xe NMR spectra of xenon adsorbed in dealuminated microsized
HZSM-5 zeolite steamed at 400 °C (a) and 700 °C (b) as a function of xenon
pressure.

Fig. 3 129Xe NMR spectra of xenon adsorbed in dealuminated nanosized
HZSM-5 zeolite steamed at 400 °C (a) and 700 °C (b) as a function of xenon
pressure.
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Room temperature ionic liquids have potential as ex-
tractants in recovery of butyl alcohol from fermentation
broth; water solubility in ionic liquid and ionic liquid
solubility in water are important factors affecting selectivity
of butyl alcohol extraction from aqueous solutions.

There has been a renewed interest in processing of biomass into
fuels and chemicals via fermentation during the last decade. In
that respect, ethanol and acetone–butyl alcohol–ethanol (ABE)
fermentations are two of the most attractive bioprocesses.
Recovery of alcohols from the fermentation broth is the most
energy extensive step in fermentative fuel production. The
average energy requirement per litre of EtOH produced is 2446
kcal.1 The amount of energy is about 3 times higher2 for n-
BuOH, since ABE fermentation broth contains only about 2
wt% of BuOH vs. 6 wt% of EtOH in yeast fermentation broth.
EtOH is currently recovered by distillation. Distillative recov-
ery of BuOH from fermentation broth is not economical.
Alternative recovery methods have been considered including:
solvent extraction, stripping, pervaporation, etc. None of the
methods has been economically proved yet.

We investigated the potential of ionic liquids for extraction of
BuOH from aqueous solutions. Room temperature ionic liquids
have extremely low vapor pressure and low solubility in water.
These properties make them interesting solvents for extraction
of organic compounds from aqueous stream.3

Most solvents that have high distribution coefficients for
BuOH are flammable, hazardous and toxic to humans and
microorganisms.4 Tri-n-butyl phosphate, octan-1-ol and diethyl
ether are listed as solvents with high BuOH partition coeffi-
cients, 14.6, 7.6, and 4.1, respectively.5 Tri-n-butyl phosphate
and octan-1-ol were shown to be toxic to bacteria6 and diethyl
ether is extremely flammable.

Solvent selection criteria for liquid–liquid extractions are
numerous, including distribution coefficient, density, viscosity,
etc. This paper addresses solubility of ionic liquids in water,
water coextraction, density and viscosity of extractant. Using
the correlation of partitioning data between 1-butyl-3-methyl-
1H-imidazol-3-ium hexafluorophosphate ([BMIM][PF6])–
water and octan-1-ol–water,3 it could be found that the BuOH
partition coefficient in the [BMIM][PF6]–water system should
be around 0.8–0.85. Professor K. Seddon advised us that
1-octyl-3-methyl-1H-imidazol-3-ium hexafluorophosphate
([OMIM][PF6]) should have lower solubility in water than
[BMIM][PF6].

BMIM[PF6] was prepared according to the procedure
described by Huddleston et al.3 The density of the ionic liquid
was 1.34 g cm23.

1-Octyl-3-methyl-1H-imidazol-3-ium chloride was prepared
via metathesis reaction of equimolar amounts of 1-methylimid-
azole and 1-chlorooctane. The two components were mixed in
a round-bottom flask equipped with stopcock vacuum adapter,
and the air was removed from the flask using a vacuum pump.

The reaction was carried out at 80 °C for 3–4 d. The product was
washed with ethyl acetate and dried in vacuum. OMIM[PF6]
was obtained from 1-octyl-3-methyl-1H-imidazol-3-ium chlo-
ride by adding an equimolar amount of hexafluorophosphoric
acid. The density of [OMIM][PF6] was 1.21 g cm23.

To determine distribution coefficients and mutual solubil-
ities, the ionic liquid was mixed with water or BuOH–water
solution in an airtight bottle. The mixture was shaken overnight
and then left for 1–3 d to achieve phase separation. Mutual
solubilities were determined by separating BuOH and water
from the IL using a rotary evaporator. The collected BuOH–
water solutions were analyzed by GC. BuOH and water
distribution coefficients, D, and selectivities, a, were estimated
according to eqns. 1 and 2

D c
c= ◊IL

H O2

r (1)

a = D
D

BuOH
H O2

(2)

where cIL and cH2O are the concentrations (g per 1000 g of
phase) of BuOH and water in ionic liquid phase and aqueous
phase; r is the density of ionic liquid, DBuOH and DH2O are the
BuOH and water distribution coefficients.

The BuOH distribution coefficient for [BMIM][PF6]–water
was found to be very close to the predicted value, 0.85 (Table 1).
Distribution coefficients of BuOH for both ionic liquids were
similar. Increase in the molecular dimensions of the alkylimida-
zolium cation decreased mutual solubilities of the ionic liquid
and water resulting in higher extractive selectivities for
[OMIM][PF6]. Water solubility of [BMIM][PF6] was 6.5 fold
higher than that of [OMIM][PF6].

The larger size of the [OMIM]+ ion also resulted in higher
viscosity of [OMIM][PF6] (Fig. 1). The viscosity had strong
temperature dependence allowing for fast phase separation at
elevated temperature. Higher temperature also improved ex-
tractive selectivity, Table 1. BuOH solubility for the ionic
liquids under investigation was small, 200–400 mol m23. It is,
however, within the range of solubilities in octanol (200 to 2000
mol m23). Huddleston et al.3 noted that even low partition
coefficients could result in an economical recovery process due
to the non-volatility of the extractant.

Pervaporation is often mentioned as the most promising
technology for recovery of organics from aqueous streams, and
polydimethylsiloxane membrane is the most extensively stud-
ied for organophilic pervaporation.

Pervaporative BuOH recovery from 1 wt% aqueous solution
and [OMIM][PF6] was investigated using commercial poly-
dimethylsiloxane membrane MEM-100 (MemPro Co.,
www.MemPro.com). The solution of [OMIM][PF6]–butanol–
water 97.4–1.0–1.6 wt% was prepared to simulate the composi-
tion of the ionic liquid phase in equilibrium with 1 wt% BuOH–
water solution. The pervaporation set-up is described

† Current address: Santa Fe Science @ Technology, Santa Fe, NM 87505;
E-mail: fadeev@sfst.net; Fax: +1 505-474-9489; Phone: +1
505-474-3500.
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elsewhere.7 Pervaporative selectivity was determined according
to the equation:

a =

È
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Í
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˙
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BuOH

IL H O feed

2

2
C

(3)

where C is concentration.
Pervaporation measurements were carried out at 55 °C with

permeate pressure 0.01 Torr. Due to the high viscosity of the
feed, concentration polarization was anticipated, even though
viscosity of [OMIM][PF6]–water–BuOH solution was notice-
ably lower than that of pure [OMIM][PF6] (Fig. 1). The feed
flow through the membrane cell was definitely laminar even at
a flow rate of 4 L min21. Flux through the membrane was 67 g
m2 h21 at selectivity 62. As expected, there was no ionic liquid
found in the permeate. Pervaporation of 1 wt% BuOH–water
solution at the same conditions showed a flux rate of 110 g m2

h21 at selectivity 42.

Although the viscosity of [OMIM][PF6]–water–BuOH solu-
tion was about 100 fold higher than the viscosity of the BuOH–
water mixture, the flux rate through the membrane was only 0.6
fold lower at higher selectivity. BuOH–water ratio in the
permeate was close to BuOH–water ratio in ionic liquid feed,
suggesting that the membrane did not improve the separation.
Distillation is thought to be more economical for BuOH
recovery from ionic liquids.

In conclusion, chemical versatility makes ionic liquids
interesting solvents for extractive separation in biotechnology.
Properties of ionic liquids in that respect remain very much
unexplored. We are particularly interested in investigating the
mechanism of toxicity of ionic liquids for microorganisms.
Preliminary studies of ABE fermentation with [OMIM][PF6]
present at saturation level suggest that the IL suppress
biological activity in the system.

The research was supported by the National Corn Growers
Association. The authors are grateful to Dr J. Huang for toxicity
tests.
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Table 1 Compositions of phases, distribution coefficients, and extractive selectivity

Aqueous phase, g/1000 g Ionic liquid phase, g/1000 g
Initial aqueous phase
composition BuOH H2O [BMIM][PF6] BuOH H2O [BMIM][PF6] DH2O DBuOH a

100% H2O, 23 °C — 97.703 2.297 — 2.116 97.884 0.029 — —
2.01 wt% BuOH, 23 °C 1.143 96.463 2.394 0.724 2.400 96.876 0.033 0.849 25.77
4.74 wt% BuOH, 23 °C 2.927 94.664 2.409 1.689 2.576 95.735 0.036 0.773 21.47
4.97 wt% BuOH, 50 °C 1.785 94.639 3.576 2.286 4.791 92.923 0.068 1.716 33.65

Initial aqueous phase
composition BuOH H2O [OMIM][PF6] BuOH H2O [OMIM][PF6] DH2O DBuOH a

100% H2O, 23 °C — 99.65 0.350 — 1.520 98.480 0.018 — —
2.01 wt% BuOH, 23 °C 1.061 98.458 0.436 0.809 1.321 97.870 0.016 0.923 55.31
4.74 wt% BuOH, 23 °C 2.237 97.225 0.538 1.637 1.922 96.441 0.024 0.885 36.65
4.97 wt% BuOH, 50 °C 1.273 97.257 1.470 1.744 2.970 95.286 0.037 1.658 44.19

Fig. 1 Viscosity vs. 1/T.
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A phenylalanine-derived fluorescent probe shows high
enantioselectivity for binding to bovine serum albumin; the
L-isomer binds nearly one hundred times better than the D-
isomer, which suggests the tight fitting of the L-isomer to the
binding site.

Although chiral discrimination of substrates by enzymes and
other biological macromolecular systems is well known, the
design of chiral molecules that can bind to proteins with a high
enantioselectivity is challenging.1 Enantioselective binding of
dansyl amino acids, drugs, and metal complexes to bovine
serum albumin (BSA), chymotrypsin, and other proteins has
been reported, although the selectivity is often low (1.15 to 3).2
Despite the low selectivity, chiral biochromatography with
BSA has been demonstrated to be useful in separating the
optical isomers of drugs, amino acids, and small molecules,
thereby, indicating the utility of such recognition in a variety of
applications.3 The observed enantiomeric selectivity was ex-
plained based on the steric, hydrophobic and hydrogen-bonding
interactions between the ligand and the host.4 The design of
ligands that bind tightly to sites that can accommodate only one
isomer but not the other, with selectivities > 10, therefore, is
challenging.

The design of pyrene labeled peptides that bind to proteins
and induce site specific photocleavage of the protein backbone
(protein scissors) is of current interest.5 N-[4(1-pyrene)buty-
royl]-L-phenylalanine (Py-L-Phe), for example, induces site

specific photocleavage in BSA between residues Leu 346 and
Arg 347, and in lysozyme the cleavage occurs between residues
Trp 108 and Val 109.5c We now report that Py-L-Phe and its
optical isomer, Py-D-Phe, are discriminated by BSA in a 100+1
ratio (the ratio of the corresponding binding constants). These
observations indicate the importance of the single asymmetric
center present in Py-Phe for recognition between ligand and the
protein. The chiral discrimination is reflected in the photo-
physical properties of the protein-bound probes. The protein-
bound ligand spectra exhibit contrasting differences between
the isomers, indicating the sensitivity of these properties on the
chiral nature of the probe microenvironment in the protein.

Py-D-Phe was synthesized by reacting the methyl ester of D-
phenylalanine with 4(1-pyrene)butyric acid in tetrahydrofuran
using N,NA-dicyclohexyl carbodiimide (DCC) as the coupling
agent in a procedure analogous to the synthesis of the

corresponding L-isomer.5 Mild hydrolysis of the methyl ester (1
M HCl, 12 h, room temp.) followed by column chromatography
on silica gel (elution with 20+5, chloroform to methanol)
resulted in Py-D-Phe in 60% yield. The product was charac-
terized from UV–VIS, fluorescence, circular dichroism, 1H
NMR and mass spectral data. 1H NMR (400 MHz, d6-DMSO) d
7.8–8.2 (9H), 7.1 (5H), 4.4 (1H), 3.1 (2H), 1.8–2.1 (6H); MS
data (FAB): m/z 436 (MH+).

The absorption spectrum of the pyrenyl chromophore in the
near UV region (300–360 nm) is sensitive to the binding of the
probe to the protein. Addition of BSA (0, 0.5, 1, 1.5, 2, 4, and
8 mM) to Py-D-Phe (10 mM) resulted in dramatic changes in the
probe absorption spectrum (Fig. 1). The vibronic band positions
are shifted to longer wavelengths as the protein is titrated into
the solution, and an isosbestic point (point of constant
absorbance) is clearly visible. Such isosbestic behavior is
strongly indicative of two distinct chromophores, and we assign
these to the bound and free chromophores. A net increase in the
absorbance at the 0–0 band (hyperchromism) with protein
concentration is also evident in the spectra. In contrast to these
results, extensive hypochromism (decrease in absorbance) was
observed when Py-L-Phe was titrated with BSA, under similar
conditions.

The above absorption titration data were analyzed to
construct binding isotherms, using the Scatchard equation,5 and
the corresponding binding constant is 5.3 3 105 dm3 mol21.
This value is two orders of magnitude less than the correspond-
ing binding constant for the L-isomer (6.7 3 107 dm3 mol21).5
Thus, Py-L-Phe binds nearly 100 times better than Py-D-Phe.
The large discrimination between the two chiral isomers is
surprising, and it is much greater than the enantoselectivities
observed for the binding of gossypol, warfarin, dansyl amino
acids and chiral fatty acid analogs to BSA (discussed below).
The large differences in the binding constants between the
optical antipodes strongly suggest the intimate interaction of the
probe with the protein in which only one of the two isomers fits
snugly in the binding site. Such intimate interaction with the
surrounding protein matrix is expected to result in differences in
the spectral properties of the protein-bound chromophores.

The microenvironments of the protein-bound isomers, their
access to the aqueous phase, and solvent exposure are expected

† Current address: Department of Chemistry, Faculty of Science, Srinakhar-
inwirot University, Sukhumvit 23, Bangkok 10110, Thailand.

Fig. 1 Absorption spectra of Py-D-Phe (10 mM) (1 cm path length) with
increasing concentrations of BSA: (0, 0.5, 2.0, 4.0 and 8.0 mM). The red
shift (4 nm) of the peak positions and the isosbestic points at 344, 328, and
315 nm are evident in the spectra.
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to be different. These details are examined in fluorescence
experiments. The protein–probe mixtures are excited at 344 nm
(isosbestic point) and the probe emission was monitored at
increasing concentrations of the protein. The ratio of initial
intensity (I0) to that in the presence of BSA (I) is plotted as a
function of BSA concentration (Fig. 2). The fluorescence
intensity of the D-isomer increases initially with protein
concentration, and the ratio, I0/I, reaches a plateau at higher
protein concentrations. The fluorescence from the L-isomer, in
contrast, is strongly quenched by BSA, and the corresponding
plot shows an accidental near-mirror image behavior. These
results highlight the differences in the local environment
surrounding the fluorophore when the two isomers bind to
BSA.

The accessibility of the two isomers to the solvent was probed
using the fluorescence quencher, hexamminecobalt(III) chlo-
ride. The extent of protection offered by the protein can be
readily distinguished in these simple experiments. The emission
from the BSA-bound D-isomer was enhanced by the addition of
CoHA (Fig. 3) whereas for the L-isomer the emission was
quenched, confirming the differences in the binding behavior of
the two optical antipodes shown in Figs. 1 and 2.

The large difference in the affinities of the optical antipodes
arising due to a single chiral center is unexpected. For example,
the binding of dansyl labeled amino acids to BSA shows only a
3+1 discrimination between the corresponding D- and L-
isomers.2 Treatment of racemic potassium tris(oxalato)cobalta-
te(III) with BSA resulted in the enrichment of the D isomer with
an enantiomeric excess of 18%6 and only minor differences
were reported for the binding of the ketoprofen enantiomers to
BSA.7 The first report on the chiral recognition by a de novo
designed peptide using D-norleucine derivative was reported to
be 2+1,8 and (R)-warfarin was retained to a greater extent on an
immobilized BSA column than (S)-warfarin9 while no enantio-
selectivity was observed for the binding of gossypol to BSA.10

The D-amino acids, on a liquid chromatography column with
immobilized BSA as the chiral phase, eluted at different times,

but no information on the relative binding affinities of the
isomers is reported. Preferential binding of L-phenylalanine to
BSA was observed in ultrafiltration experiments,10b and in all
the above examples, the observed selectivity was only moder-
ate. The larger discrimination observed with Py-Phe, compared
to the naphthyl or the dansyl amino acids, can be attributed to
the increased hydrophobic surface area of the pyrenyl chromo-
phore. Larger, rigid, hydrophobic surfaces of correct configura-
tion can interact better with the protein, while a wrong isomer
will interact poorly, thus widening the gap between the two
binding constants.

The chiral center present in Py-Phe is five atoms away from
the pyrenyl chromophore and yet it dramatically influences the
binding behavior/spectral properties of the pyrenyl chromo-
phore. Both isomers may bind at the same site or may bind at
different sites on BSA. These two models can be distinguished
in photocleavage experiments in which the pyrenyl probe can be
activated with light to cleave the protein backbone at the probe
binding site. Such experiments are in progress. Hydrophobic
burial of Py-L-Phe at domain II, subdomain C of BSA at
residues 346 and 347, was indicated from the photocleavage
experiments from this laboratory, and current results are
consistent with site specific binding of D and L isomers of Py-
Phe to BSA.5 The marked differences observed in the spectral
properties of the bound enantiomers are surprising, and they are
primarily due to differences in the residues that line the binding
cavity. These results imply that the location of the pyrenyl
chromophore, the photoactive moiety used for protein cleavage,
is different for the two enantiomers.

Such differences in the binding environment will be exploited
in photocleavage experiments to direct the photochemical
reagents to different sites on proteins. The large differences in
the spectral properties of Py-Phe isomers, in addition, provide a
signal transduction mechanism for the translation of the chiral
recognition information into an easily measurable spectroscopic
quantity for application in chiral biosensors.
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Fig. 2 Plot of the fluorescence intensities (I0/I) of Py-D-Phe (2 mM, open
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Rather than quenching all reactive intermediates and arresting
the reaction, the addition of catalytic or stoichiometric (1–10
equiv.) quantities of H2O to organic and organometallic
processes can lead to surprisingly beneficial effects on reaction
rate, product yield, and regio-, diastereo- and enantioselectivity.
A most intriguing aspect of H2O-promoted transformations is
the role that this strong Lewis-base can play in providing a
source for more highly Lewis-acidic species. This scenario is
most likely operative when H2O is added to reaction mixtures
containing alanes, but organozinc reagents or organocuprates
also seem to be transformed accordingly. In addition, the oxide
or hydroxide ligand on the metal presents a source for chelation
interactions that change aggregation states of organometallics
and can provide anchimeric assistance. In many cases, water
has been found to be an effective hydrolyzing agent leading to

secondary products that serve as catalysts or promoters. In
some cases, it has been shown that water provides a quenching
agent capable of driving chemical equilibria towards the desired
products.

Introduction
Reports of stoichiometric or sub-stoichiometric quantities of
water resulting in significant increases in the rate and/or the
enantioselectivity of organic transformations have sporadically
appeared in the literature over the past decade. The means by
which water acts as an accelerant in many of these processes is
often poorly understood or even counterintuitive. Due to the
abundance of primary literature and review articles on subjects
concerning organic reactions in aqueous media1 (i.e. Diels–
Alder, Aldol, Claisen reactions, etc.), this review will focus
primarily on transformations in which only stoichiometric or
sub-stoichiometric amounts of water are necessary to achieve
the desired rate enhancement or reaction improvement. Fur-
thermore, the role that water plays is categorized into three
distinct classes of activation: (a) water as a hydrolyzing agent
leading to secondary products that serve as catalysts or
promoters; (b) water used as an internal quenching agent to
drive chemical equilibria, and (c) water as a Lewis acid activator
or co-activator. This review is not intended to be compre-
hensive, and in many cases examples have been selected
primarily as illustrations of larger and more comprehensive
research efforts.

Water as a hydrolyzing agent leading to
secondary products that serve as catalysts or
promoters
The controlled in situ hydrolysis of TMS-Cl in the presence of
NaI led to mild conditions for the preparation of internal alkenyl
iodides in good yields and stereoselectivities from both terminal
and internal alkynes (Scheme 1).2 While one could speculate

that a mixture of HCl and HI is formed during the hydrolysis,
direct use of an aqueous (57%) HI solution under otherwise
identical conditions led mostly to unreacted alkyne.

Acetonitrile was shown to be by far the best solvent for this
transformation. The unique selectivity of these mild conditions
is highlighted by the clean and stereoselective addition of HI to
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prop-2-ynyl alcohol to afford the desired internal alkenyl iodide
6 in 62% yield without any of the undesired prop-2-ynyl iodide
(Scheme 2).

A related example of this type of H2O-induced reaction
acceleration is represented by the Dess–Martin oxidation. After
a serendipitous experimental discovery that only ‘aged’ (2
years) Dess–Martin periodinane (DMP) reagent was con-
sistently effective in a crucial oxidation step in the total
synthesis of rapamycin, a study was undertaken in an attempt to
elucidate the general inconsistencies in the preparation of the
Dess–Martin periodinane reagent, and to address the ‘aging’
effect. This study led to the observation that the addition of 1
equiv. of water to DMP accelerated the oxidation reaction
dramatically.3 The inspiration for the use of water as an
accelerant came from earlier work in which Dess and Martin
observed that the rate of oxidation of ethanol could be increased
by the addition of a second equivalent of ethanol.4 Presumably,
an intermediate such as 9 shown in Scheme 3 is formed in the
latter process.

The increased reactivity of the monoacetate 9 has been
ascribed to the difference in basicity of the ethoxy vs. the
acetoxy substituent. Schreiber and Meyer sought to mimic this
effect by replacing an acetoxy group with hydroxide through the
addition of one equivalent of H2O (Scheme 4). Indeed, when

CH2Cl2 containing 1.1 equiv. of water was added dropwise to
the alcohol–DMP mixture, a greatly improved rate of oxidation
was observed (Scheme 5). Both trans-2-phenylcyclohexanol
and cholesterol were oxidized in 30 min to 97 and 91%
completion, respectively. Under anhydrous conditions, oxida-
tion of these two alcohols was significantly slower, requiring 14
and 8.5 h, respectively. Furthermore, prolonged reaction times
under anhydrous conditions resulted in the decomposition of
cholesterol, even in the presence of pyridine as a buffer.

The preparation of enantiomerically pure homoallylamines
by asymmetric allylboration of imines has generated substantial
interest.5 In 1997, Itsuno and co-workers reported that the
(apparently) more reactive N-trimethylsilylbenzaldimine could
be allylated at lower temperatures (278 °C) to afford the
desired homoallylamines in good yields and in good to excellent
ee’s (depending on the chiral allylboron reagent used).6 Using
Brown’s B-allylpinan-3-ylborane reagent,7 the homoallylic
benzylamine could be obtained in 70% yield with an ee of 73%
(Scheme 6). In efforts to establish comparative rate data for the

allylboration of aldimines vs. aldehydes, Brown and co-workers
subsequently discovered that the reported allylations did not
take place under anhydrous conditions, even after a week at
room temperature. However, upon aqueous workup of the
reaction mixture, a 95% yield of the desired homoallylic amine
was obtained.

Surprisingly, this reaction appears to take place quite rapidly
upon aqueous workup, but remains dormant in the absence of
water. Consequently, cooling the reaction temperature to
2100 °C followed by dropwise addition of one equivalent of
H2O afforded an improved yield (87%) and a higher ee (94%,
Scheme 7).8 Presumably, H2O is necessary to protodesilylate

the aldimine which is rapidly allylated. The improvement in
%ee is thought to be due to a controlled, non-exothermic
hydrolysis of the imine, allowing the reaction to proceed at
much lower temperatures than the previous workup condi-
tions.9

Two catalysts for the Mukaiyama aldol condensation,
Cp2Ti(OTf)2 and trityl triflate (Ph3COTf), both of which have
also been used as Lewis acids for Diels–Alder reactions, have
recently been shown to be precursors of the active species in this
transformation.10 Rigorous NMR studies have demonstrated
that the hydrolysis of these triflates by trace amounts of H2O
leads to the formation of triflic acid, and subsequently, Me3Si–
OTf, which is responsible for catalyzing the reaction. The
sequence of events that lead to the formation of Me3Si–OTf is
shown in Scheme 8. This spontaneous hydrolysis is in-

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Scheme 7
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strumental in explaining why certain chiral L2Ti(OTf)2 com-
plexes provide racemic products from several substrates and
under a broad range of reaction conditions.

An interesting observation was made during attempts to
perform a Pt-catalyzed aldol addition of silyl ketene acetals to
aldehydes. It was found that both O2 and H2O were needed in
order to obtain enantiomerically enriched products.11 Under
aerobic and anhydrous conditions, the chiral Pt(II) acyl complex
29 catalyzed the reaction between dimethylketene methyl
trimethylsilyl acetal and benzaldehyde at 225 °C. The desired
aldol product was obtained after 16 h in a yield of 99% but was
formed as a racemic mixture. When the same reaction was
conducted in the presence of air, a product with an ee of 35%
was obtained. Furthermore, if the reaction mixture was exposed
to air and two equivalents of H2O, the %ee rose to 59% (Scheme
9).

Based on 31P NMR experiments, the authors of this study
speculated that hydrolysis of the salicylaldehyde ligand with
two equiv. of H2O produced the catalytically active dihydroxy
platinum complex 32 (Scheme 10).12 However, further analysis

is needed for verification of the structure of 32 and for the
experimental validation of this hypothesis.

In the presence of an excess of the silylketene acetal 27, the
proposed dihydroxy platinum complex 32 was thought to

collapse to a C-bound Pt-enolate. A catalytic cycle that is in
agreement with this mechanistic hypothesis is shown in Scheme
11.

Water has been postulated to be an essential ingredient in the
synthesis of indoles via the Pd(0)-catalyzed intramolecular
cyclization of alkynes to imines (Scheme 12).13 The mechanism

was thought to involve a regioselective hydropalladation of the
alkyne as the first step. The source of Pd-H under these
conditions remained unclear.

However, the formation of Pd(0) from the reaction of Bu3P
and Pd(OAc)2 is precedented [eqn. (1)],14 and, furthermore, the
oxidative addition of AcOH to Pd(0) has been reported [eqn.
(3)].15 Although this reaction was performed in dry solvents, it
is possible that trace amounts of water were present, thus
providing a source for the hydrolysis of Ac2O [eqn. (2)].

(1)

(2)

(3)

Further evidence for the formation of a Pd-H intermediate via
this sequence was obtained when 1 equiv. of D2O was added to

Scheme 8

Scheme 9

Scheme 10

Scheme 11

Scheme 12
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the reaction mixture and the desired indole was obtained in 80%
yield (NMR) with 29% deuterium incorporation at C(1)
(Scheme 13). Deuterium incorporation at any other position was
not observed.

Water used as an internal quenching agent to
drive chemical equilibria
It is well established that silyloxycyclopropanes undergo metal-
mediated ring openings to form b-metallo ketones.16 In 1993,
Ryu and co-workers reported their work toward the trapping of
the analogous b-Cu(II) keto intermediates with suitable electro-
philes such as electron deficient acetylenes. A typical reaction
with dimethyl acetylenedicarboxylate (DMAD) is shown in
Table 1.17 Mechanistically, several competing pathways, i.e.

oxidative homocoupling, b-H elimination and BF3·OEt2-pro-
moted hydrolysis are feasible for this process. Optimal
conditions included the use of 0.2 mL of a 10 vol% solution of
trimethylsiloxybutane in CH2Cl2 containing one equivalent of
H2O (Table 1, entry 3). Trimethylsiloxybutane was used for the
suppression of the BF3·OEt2-promoted hydrolysis of the
starting silyloxycyclopropane, and the one equivalent of H2O
was apparently needed for the protonation of the resulting
vinylcopper intermediate. Internal quenching effectively pre-
vented the reversibility of the addition and therefore decreased
the lifetime of the b-Cu(II) ketone species that was prone to side
reactions such as b-H elimination or oxidative homocoupling.
Interestingly, 1,4-addition of the b-Cu(II) ketone intermediate to
reactive electrophiles such as DMAD proceeded faster than
protonation of the alkyl–copper bond.

Stannyl- and silylcupration of alkynes was shown to be most
effective if H2O was used as an internal proton source.18

Stannylcupration of prop-2-ynyl alcohol 49 was conducted in
the presence of protic additives with pKa values of 4–15.5
(Table 2). Surprisingly, the stannylcuprate was stable at pKa

values above 4, but more acidic additives such as 2,4,6-(NO2)-
PhOH (pKa = 0.3) destroyed the cuprate. When no internal
proton source was used (entry 1) the vinylstannane was

obtained in good yield but as a 30+70 mixture favoring the
thermodynamically more stable trans-addition product 52. Use
of protic additives provided the vinylstannane in similar yields
but only the cis-addition products were obtained. Although
greater control of the ratio of ‘distal’ vs. ‘proximal’ regio-
isomers was obtained with MeOH, the best overall yield was
obtained when 7–10 equiv. of H2O were used (Table 2, entry
6).19

Stannylcupration of enyne 53 is an example where H2O
proved to be superior to MeOH, providing the (E)-dienyl-
stannane 54 in 80% yield as a single isomer (Scheme 14).

Similarly, silylcupration of 53 in the absence of any protic
quenching agents provided the desired product 55 but with
relatively poor regioselectivity (Scheme 15). However, upon

addition of 7 equiv. of H2O the desired dienylsilane was
obtained in 94% yield as a single regioisomer.

H2O was also shown to improve the Barbier addition of in
situ prepared allylzinc to imines derived from (S)-valine esters
(Table 3).5d Under anhydrous conditions (entries 1–3), the
diastereoselectivity decreased under prolonged reaction times.
Therefore, diastereomerically pure products could only be
obtained at the expense of lower chemical yields. The authors
suspected that the addition was reversible, which would account
for the loss of diastereoselectivity under extended reaction
times. In attempts to inhibit possible equilibration, the reaction
was conducted in the presence of an internal proton source so
that protonation of the zinc salt of 25 would lead to an
irreversible process. In the presence of 0.7 equiv. of H2O, the
desired diastereomerically pure product was indeed obtained in
92% isolated yield after 24 h. Although the rate of addition was
decreased by the presence of H2O, the diastereoselectivity
improved considerably (Table 3, entries 4 and 5).

Scheme 13

Table 1 The effect of additives on the reaction of siloxycyclopropane with
Cu(BF4)2 and DMAD

Table 2 Effects of proton source on yield and regiochemistry of
stannylcupration

Scheme 14

Scheme 15
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A study directed towards the development of conditions
favorable for nucleophilic additions to imines in the presence of
carbonyl groups demonstrated that the combination of water
and BF3·Et2O was a superior catalyst for the selective addition
of silyl enolates to imines in the presence of benzaldehyde.20

BF3·Et2O alone, if used in catalytic amounts, was sufficient to
promote the addition of 1-phenyl-1-trimethylsiloxyethane to
benzylideneaniline in the presence of 1 equiv. of benzaldehyde
(Table 4, entry 2). However, superior results were obtained

when 1 equiv. of H2O was added to the reaction mixture (Table
4, entry 4). The combination of BF3·Et2O and H2O might form
the hydrate which transfers a proton to give H3O+ and BF3OH2.
Activation of the imine by preferential protonolysis could
account for the reversal in selectivity.

Water as a Lewis acid activator or co-activator
Although the Pauson–Khand reaction remains one of the most
effective methods for the preparation of cyclopentenones, its
scope has been somewhat limited by high temperatures and long
reaction times. According to the generally accepted mechanism,
the rate-limiting step involves decarbonylation, which generates
a free coordination site for the incoming olefin.21 Many
successful attempts at accelerating the reaction by employing
various ‘hard’ Lewis bases as additives have been disclosed.
The presence of these ‘hard’ Lewis bases (N-methylmorpholine
N-oxide,22a trimethylamine N-oxide,22a DMSO,22b sulfox-
ides,22b cyclohexylamine and NH4OH21c) is thought to accel-
erate the decarbonylation step. Water (as a solvent) retarded the
reaction.22c However, small amounts of H2O proved to be very
effective in accelerating the catalytic variant of the Pauson–
Khand reaction.23 Although H2O was not the best promoter in
this study, it certainly is the cheapest and perhaps most
convenient to use (Table 5).

The cyclization of 63 provides an example where H2O proved
to be a superior additive to DME (Scheme 16).

Buono and co-workers recently described a new chiral copper
catalyst for the asymmetric addition of dialkylzinc reagents to
cyclic enones.24 Initially, diethylzinc addition to cyclohexenone
proceeded in a yield of 55% with an ee of 45% using a new CuI–
QUIPHOS catalyst in toluene at 220 °C (Table 6, entry 1).

Attempts to optimize this result by varying the solvent were
unsuccessful (entries 1–5). However, a dramatic increase in ee

Table 3 Effect of H2O and reaction time on the diastereomeric ratio of
58

Table 4 Imine-selective addition reactions

Table 5 The catalytic Pauson–Khand reaction in the presence of various
‘hard’ Lewis bases

Scheme 16

Table 6 CuI–QUIPHOS catalyzed addition of Et2Zn to cyclohexenone
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was observed upon addition of 0.5 equiv. of H2O. Interestingly,
this effect was only observed when CH2Cl2 was used as the
solvent (Table 6, entries 6–10). The authors proposed that Et2Zn
was hydrolyzed to Zn(OH)2 which supposedly was a stronger,
more effective Lewis acid. This hypothesis was tested by adding
Zn(OH)2 in place of H2O (entries 11 and 12). A similar result
was obtained when 0.25 equiv. of Zn(OH)2 were used, although
further increases in the amount of Zn(OH)2 had deleterious
effects.

Apparently, the increased Lewis acidity of the hydrolyzed
zinc species activated the carbonyl moiety and, perhaps
intramolecularly, provided anchimeric assistance to the ap-
proaching Cu species through chelation. This interaction might
result in a ‘tighter’ transition state and higher levels of
enantioselectivity (Scheme 17).

Although the formation of Zn(OH)2 is plausible, especially
since the direct addition of this additive provided results similar
to those with H2O, the formation of alternative agents such as
EtZn–O–ZnEt cannot be excluded. The favorable results using
Zn(OH)2 could then be explained by the analogous formation of
a species such as EtZn–O–Zn–O–ZnEt. We have found that
addition of water to a solution of Me2Zn produces a stronger
Lewis acid capable of activating benzaldehyde towards di-
methylzinc addition (Scheme 18).25 This reaction does not
proceed to any significant degree in the absence of H2O.

Corey and co-workers have observed that the addition of
0.3–0.33 equiv. of H2O to lithium dimethylcuprate at 278 °C
generates a substantially more reactive, and selective agent for
conjugate addition to the chiral a,b-enone 69 (Table 7).26

The authors speculated that the heightened reactivity upon
addition of H2O arose from the formation of a mixed planar
cuprate species as shown in Scheme 19. The exocyclic lithium
moiety was described as being ‘especially suited for chelate
formation with the aA-alkoxy-a,b-enone’.

Shibasaki, Sasai and co-workers have seen a significant
improvement in their Yb-BINOL catalyzed asymmetric epox-
idations of acyclic enones in the presence of H2O as an
additive.27,28 Both yields and ee’s were greatly affected by the
amount of added H2O. The best results were obtained when 5
equiv. of H2O were used (Scheme 20). Interestingly, and not
necessarily easy to reconcile with the effect of water, the use of
4 Å MS was shown to be critical to obtain optimal results.

Addition of H2O has also been shown to lead to slightly
improved enantioselectivities in the addition of 1-naphthol to
pyruvate esters.29 The chiral 1,4+5,8-dimethano-

1,8,10,10,11,11-hexamethyl-1,2,3,4,5,6,7,8-octahydro-
4a,4b,8a,9,9a-h-9H-fluorenezirconium trichloride 79 (5 mol%),
H2O (27 mol%) and an excess of ethyl pyruvate in CH2Cl2 at
210 °C provided the adduct 78 in 70% yield and with an ee of
89% after 5 h (Table 8). Without H2O and under otherwise

identical conditions, 78 was obtained in 85% yield with a lower
ee of 80%. It is known that CpZrCl3 forms adducts with donor
ligands such as THF or DMF to give a stable Zr d0/16e2
intermediate.30 Accordingly, it seems possible that two water

Scheme 17

Scheme 18

Table 7 Diastereoselective organocuprate additions

Scheme 19

Scheme 20

Table 8 Effect of H2O on yield and ee in the formation of 78
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molecules coordinate to 79 to provide a related 16e2 inter-
mediate. The resulting change in geometry could be responsible
for the modest increase in enantiomeric excess. Again, it
appears likely that the reversibility of the reaction is partly
responsible for the drop in ee under prolonged reaction times.
However, unlike the previously discussed reversible addition of
allylzinc reagents to imines, the use of water in this case does
not appear to inhibit this equilibration as effectively. Alter-
natively, catalyst decomposition into achiral species can also
lead to lower reaction ee’s.

Another Zr-catalyzed asymmetric reaction that has been
reported to be positively influenced by the presence of water is
the Zr-catalyzed enantioselective addition of azide to cyclohex-
ene oxide (Table 9).31 Both the yield and ee in this process were

increased by addition of silyl ethers, alcohols and H2O. These
additives might be effective in assisting in the catalytic turnover
of the Zr-complex.

In 1991, Miyashita and co-workers presented an elegant
stereospecific methylation of g,d-epoxy acrylates using a
trimethylaluminum–H2O mixture (Scheme 21).32 Water was

shown to be critical for this transformation; under anhydrous
conditions the reaction did not occur. Furthermore, replacing
H2O with MeOH also resulted in recovered starting material.
Both cis- and trans-epoxides were readily methylated with
complete regio- and stereocontrol.33

This methodology was successfully applied toward a key
intermediate in the formal synthesis of ent-tirandamycin B
(Scheme 22).34

The bisaluminum-oxo intermediate 89 was proposed to be a
reactive intermediate formed by the reaction of H2O and excess
trimethylaluminum in this process. Due to the dual Lewis acid/
nucleophilic nature of this species, its exact role remains
unclear. It is possible that 89 behaves both as a strong Lewis
acid and/or a more reactive methylating agent.

In a related reaction scheme, a water–Me3Al mixture was
found to be useful for accelerating the zirconocene dichloride-
catalyzed methylalumination of alkynes. Addition of 1.5 equiv.
of H2O to 3 equiv. of Me3Al in the presence of 0.2 equiv. of
Cp2ZrCl2 generated a much more reactive methylating agent.35

Methylalumination proceeded quite rapidly under these mod-
ified conditions, providing the desired methylated product in
quantitative yield (as 97+3 ratio of regioisomers) after 10 min at
278 °C (Scheme 23). In comparison, under standard conditions
oct-1-yne was methylated in a 95+5 stereoselectivity after 3 h at
room temperature.36

More recently, this dramatic rate effect of H2O addition in
carbometalation reactions has been extended to the asymmetric
methylalumination of terminal alkenes.37 In 1995, Negishi and
Kondakov reported the first asymmetric methylalumination of
alkenes using Erker’s chiral zirconium catalyst 95.38,39 Despite
the good to excellent yields and ee’s obtained under the original
conditions, substrates such as styrene proved quite resistant
towards the methylation process, and after 22 days only 30%
product was obtained (Scheme 24).38a In contrast, a dramatic
increase in the reaction rate was achieved by the addition of 1
equiv. of H2O to 4 equiv. of Me3Al.37 The desired product was
obtained after 12 h at 25 °C in 73% yield with an ee of 89%. A
more quantitative assessment of the rate difference with styrene
under the two sets of reaction conditions is shown in Fig. 1.
Monitoring the appearance of 2-phenylpropanol at 0 °C by GC
revealed that in the presence of 1 equiv. of H2O the reaction
went to > 85% completion after 8 h. Without the benefit of
water, no trace of 2-phenylpropanol could be detected.
Although more elaborate studies have yet to be conducted in
order to shed more light on the mechanism of this water-induced
acceleration, it is feasible that a species such as 89 is being
formed in this process as well. The degree in which MAO
(methylaluminoxane) activates Zr-based catalysts in Ziegler–
Natta type polymerizations is relatively well known, and yet
also poorly understood in a mechanistic sense.40 In analogy to
the effect of MAO in the Ziegler–Natta process, we believe that
a reasonable mechanism involves formation of a cationic

Table 9 Enantioselective opening of meso epoxides with TMS-azide

Scheme 21

Scheme 22

Scheme 23
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zirconocene intermediate formed by ligand (Cl-, or more likely
Me-) abstraction from the zirconocene complex by the more
Lewis acidic intermediate 89 or a higher molecular weight,
more reactive analog thereof that is generated upon addition of
H2O to the reaction mixture.

Conclusions
Maybe one of the most surprising aspects of our survey is the
large number of well-documented cases where the addition of
catalytic or stoichiometric amounts of H2O to the reaction
mixture of organic and organometallic processes has led to
beneficial effects on reaction rate, product yield, and regio-,
diastereo- and enantioselectivity. Since, in particular when
moisture-sensitive organometallic reagents or Lewis acids are
involved, synthetic chemists go to great lengths to avoid traces
of water in the reaction mixture, it can only be speculated how
many new H2O-accelerated processes remain to be
(re-)discovered, and how many cases of adventitious water
effects have played a significant but yet unrecognized role in
influencing the course of the reaction. A most intriguing aspect
of H2O-promoted processes is the role that this strong Lewis-
base can play in providing the source for transient highly Lewis-
acidic species. After a sometimes vigorous exothermic reaction
with organometallic derivatives that can only be controlled by
careful addition of sub-equimolar quantities of H2O, the
resulting metal oxide or metal hydroxide species is activated at
the metal center by the negative inductive effect of the powerful
electron-withdrawing oxygen substituent and becomes more

Lewis acidic. This scenario is most likely operative when H2O
is added to reaction mixtures containing alanes. In addition, the
oxide or hydroxide ligand on the metal presents a source for
chelation interactions that change aggregation states of organo-
metallics and can provide anchimeric assistance. Unfortunately,
there is a dearth of mechanistic information regarding the
interaction and the actual active species obtained upon reaction
of H2O with reactive organometallics or Lewis acids, and
beyond empirical experimentation there is little general
information that could be used as a guideline when water-
effects might prove beneficial. The situation is a bit more
transparent in cases when water is used as a hydrolyzing agent
leading to secondary products that serve as catalysts or
promoters or when water provides a quenching agent intended
to drive chemical equilibria. More often than not, the latter
working hypotheses can be tested by preforming the active
species, monitoring the reaction mixture spectroscopically, or
by a thorough analysis of reaction intermediates and products.
In all aspects of water-mediated processes, we are anticipating
that chemists will continue to discover surprising new effects
and beneficial uses of H2O as a highly versatile reagent in the
organic chemistry tool box.
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Titanium content in mesoporous titanosilicate catalysts has
been modulated up to a minimum Si/Ti value of 1.9 by using
complexing agents able to coordinate both Si and Ti atoms
and harmonize the reactivity of the resulting precursors
avoiding subsequent phase segregation and leading to
chemically very homogeneous materials.

The interest of titanium–silicon mixed oxides in petrochemistry
is mainly related to their ability to catalyze olefin epoxidation.1
Recently, maximum interest was focused, however, on micro-
porous products in which titanium atoms isomorphously replace
some of the silicon atoms. Indeed, it was found that zeolites
such as TS-1, TS-2 and Ti-b are effective catalysts (although
limited to substrates with small molecules) in the oxidation of a
variety of organic compounds.2 Hence, the discovery of the
M41S materials opened a new way towards expanding the
available pore size. Owing to their large pore-sizes, Ti-
substituted MCM-41 materials might be efficient in the
oxidation of bulky substrates. In 1994, Corma et al.3 and Tanev
et al.4 published the first results on titanium substitution in
MCM-41 silicas. Since then a considerable effort has been
devoted to this subject.5

A major problem concerning the preparation of Si–Ti mixed
oxides through sol–gel-derived techniques is to achieve an
adequate balance between the hydrolysis and condensation
processes affecting the titanium and silicon precursors. Insofar
as the catalysts’ efficacy substantially depends upon their purity
and chemical homogeneity, phase segregation must be
avoided.

We report here a new direct and reproducible surfactant-
assisted procedure that has allowed us to prepare thermally
stable mesoporous titanosilicate molecular sieves in which the
Ti content in the framework can be modulated up to a minimum
Si/Ti molar ratio value of 1.9. Such a limit value corresponds to
a relative Ti content noticeably higher than those previously
achieved by using surfactants (Si/Ti = 5.0)6 or block-
copolymers (Si/Ti = 3.9)7 as supramolecular templates.

The procedure is based on the use of a cationic surfactant
(CTAB = cetyltrimethylammonium bromide) as structural

directing agent, and a complexing polyalcohol (2,2A,2B-nitrile-
triethanol, hereinafter TEAH3) as the hydrolysis retarding agent
for Ti species.8 In a typical synthesis leading to the Si/Ti = 1.9
mesoporous solid, 0.80 g of NaOH (0.02 mol) were dissolved in
a TEAH3 (21.55 mL, 0.1624 mol) solution containing 0.0126
mol and 0.051 mol of the titanatrane and the silatrane
derivatives of TEAH3 (e.g. in the form of [M(TEA)Cl]2 or
M(TEA)OR (M = Si, Ti), R being an alkyl chain and TEA
meaning the fully deprotonated ligand),9 respectively, and
0.0116 mol of CTAB. Then, 155 mL of water were slowly
added with vigorous stirring. A pale yellow suspension was
formed after aging the mixture at 25 °C for 24 h. The resulting
mesostructured powder was then collected by filtration, washed
with water and ethanol, and air-dried. To obtain the final
mesoporous material, the as-synthesized solid was calcined at
500 °C for 5 h under a static air atmosphere. The main synthetic
variables and analytical data are summarized in Table 1. All
samples were analyzed and characterized by electron probe
microanalysis (EPMA, Philips SEM-515), XRD techniques
(Seifert 3000TT diffractometer using CuKa radiation), TEM
(Philips CM10 electron microscope), UV–Vis diffuse re-
flectance spectroscopy (Perkin-Elmer Lambda 9), IR spectros-
copy (FTIR Perkin-Elmer 1750), and N2 adsorption–desorption
isotherms (Micromeritics ASAP2010).

Our synthesis strategy has been designed to avoid problems
due to the great reactivity differences between the usual Ti and
Si precursor species (such as alkoxides). Indeed, atrane
complexes (i.e. complexes which include TEA-like species as
ligands) are, in general, unstable but relatively inert towards
hydrolysis. In practice, we have observed (Fast Atomic
Bombardment coupled with Mass Spectrometry) that, once
formed in the absence of water, both titanatrane and silatrane
complexes do not react easily with water. In anhydrous solution,
the majority species are the complexes M(TEA)2H2 and
MNa(TEA)2H2

+ (M = Si or Ti). After water addition, both Si
and Ti atrane complexes strikingly remain in solution in the
majority form of the M(TEA)OH species. In this context, the
most outstanding feature concerning the silatranes’ and titana-
tranes’ hydrolytic reactivity (when compared to the respective

Table 1 Selected synthetic, physical and catalytic data for some mesoporous titanosilicate samples

Sample
Si/Ti
(precusor) Si/Tia d100/Å BJH pore/Å SBET/m2 g21 IRb Cox(%)c Select.(%)d

1 ∞ ∞ 37.5 25.6 1118 2.1 — —
2 50.0 49.9(3) 40.0 28.0 1110 2.3 97 98
3 32.3 34.9(4) 41.8 28.5 1093 2.5 97 97
4 17.0 19.0(4) 41.2 26.5 959 3.0 — —
5 10.0 8.3(3) 40.0 25.1 958 3.0 90 83
6 5.0 3.2(3) 38.6 22.0 725 3.0 44 68
7 4.0 1.9(3) 34.5 20.0 595 3.0 — —

a Values averaged from EPMA of ca. 50 different particles (statistical esds in parenthesis). b Intensity ratio between the 960 and 800 cm21 infrared bands.
c Oxidant conversion. d Selectivity in cyclohexene epoxide.
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alkoxides) is that silatranes are more labile than, for example,
TEOS, whereas the contrary occurs in the case of titanatranes.
Hence, the role of TEAH3, which acts in practice as a hydrolysis
retarding agent for Ti species, is the key to achieve an adequate
balance between the hydrolysis and subsequent condensation
reactions affecting the precursors.

EPMA analysis shows that all the samples are chemically
homogeneous (spot area ca. 1 mm) with a regular distribution of
titanium and silicon atoms. Hence, the solids can be considered
as monophasic products, and segregation of TiO2 can be
discarded. This is consistent with the absence of rutile or anatase
peaks in the XRD patterns.

Selected low-angle XRD patterns of mesoporous samples are
shown in Fig. 1. All solids show diffraction patterns with at least
one strong reflection at low 2q values, which is typical in
mesoporous materials. Apart from this intense peak [associated
with the (100) reflection if a hexagonal cell is assumed], in the
patterns of solids whose titanium content is lower than that
defined by the Si/Ti = 49.9 molar ratio, we can observe three
other resolved small reflections [(110), (220) and (210)], which
are characteristic of highly ordered hexagonal pore systems.
Such an evolution indicates that incorporation of Ti in the silica-
based hexagonal mesoporous framework (whatever its coor-
dination may be) implies a progressive lowering of order in the
pore array. TEM micrographs fully correlate to XRD observa-
tions. On the other hand, all materials give typical reversible
type IV isotherms with one well defined step in their N2
adsorption–desorption curves. Incorporation of Ti leads to a
slight decrease of the BET surface area. This notwithstanding,
high surface area values and unimodal pore distribution are
retained even for the highest Ti contents.

Isomorphous substitution of Ti for Si in the framework has
been confirmed by UV–Vis and IR spectroscopies. Thus, the
UV–Vis spectra (Fig. 2) corresponding to samples with Si/
Ti ! 34.9 show an absorption band at ca. 220 nm together with
a small shoulder in the range 250–275 nm. In contrast, the
spectra corresponding to samples with Si/Ti @ 19.0 present an
additional band at ca. 300 nm whose intensity increases as the
titanium content does. These results indicate that nearly all Ti
occupies tetrahedral sites in the skeletal net until the Si/Ti =
34.9 molar ratio is reached.10 Also for samples with Si/Ti @
19.0, the presence of both tetrahedrally and octahedrally
coordinated Ti atoms becomes evident. Nevertheless, even in
this last case, the band at 220 nm remains as an intense signal in

the UV–Vis spectra. This observation suggests that tetrahedral
Ti environments are relevant even for very high titanium
contents, although five- and six-coordinated Ti local environ-
ments (in the form of small clusters) could be involved in the
titanosilicate walls.11 On the other hand, the IR spectra of all the
samples display one band at 960 cm21 that can be assigned to
the stretching mode of SiO4 entities bonded to Ti atoms.11

Moreover, the intensity ratio (see Table 1) between the bands at
960 and 800 cm21 (SiO4 symmetric stretching) increases with
the titanium content, which is usually taken as proof of
isomorphous substitution of Ti for Si.10

The catalytic activity of these solids in the epoxidation of
cyclohexene with TBHP (tert-butyl hydroperoxide) was tested
in a stirred glass flask (at 343 K) by mixing 28.15 mmol of
cyclohexene with 7.03 mmol of TBPH and 300 mg of catalyst.
The results obtained after 3 h of reaction are summarized in
Table 1. Such preliminary results seem to represent a significant
performance improvement with respect to previous reports
based on the use of mesoporous silica,11 and are comparable to
those provided by organo-silica-containing Ti-MCM-41 cata-
lysts.12 The maximum catalytic activity is maintained in the
compositional range 34.9 @ Si/Ti @ 49.9, that is to say the range
along which the number of tetrahedral Ti-sites is the highest.
The increment in the Ti content implies a slow reduction both in
conversion and selectivity related to both the proximity among
the active Ti-sites and the growth of small nanodomains of
TiO2-like clusters.

In short, our results demonstrate that by using kinetically
inert atrane molecular precursors it is possible to introduce
catalytically active Ti-sites into mesoporous silicas. We con-
sider that the atrane route can be extended to the preparation of
a diversity of materials of catalytic interest13

This research was supported by DGES under grants PB98-
1424-C02-01 and MAT2000-1387-C02-01. S. C. and J. E. H.
thank the A.E.C.I. for doctoral grants.
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Fig. 1 XRD powder patterns of mesoporous titanosilicates and some
selected TEM images: (a) sample 2; (b) sample 3; (c) sample 4; (d) sample
5; (e) sample 6; (f) sample 7.

Fig. 2 Diffuse reflectance UV–Visible spectra of mesoporous titanosili-
cates: (a) sample 2; (b) sample 3; (c) sample 4; (d) sample 5; (e) sample
7.
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A time resolved EPR (TR-EPR) spectrum of a radical–
triplet pair (RTP) in the quartet excited state has been
recorded by irradiating with visible laser light a solution of a
[60]fullerene–crown ether conjugate and an ammonium
aminoxyl radical; this is the first direct observation of a RTP
in liquid solution for a stable host–guest complex between a
macrocyclic ligand bearing a triplet precursor and an
aminoxyl ammonium cation.

Several investigations have shown that triplet excitations are
quenched in the presence of free radicals, with a mechanism
involving the formation of radical–triplet pairs (RTP).1 The
radical–triplet encounter can form a pair either in a quartet
(4[RTP]) or in a doublet state, whose energies are separated by
the exchange interaction J. These two states are mixed by the
electron–electron dipolar interaction.

In a magnetic field, the doublet character of the four quartet
components is not the same and they decay with different rates
to the ground state, causing a transient deviation of the radical
sublevel populations from the thermal equilibrium values. This
spin polarisation is revealed as an anomalous EPR line
intensity.2,3 The TR-EPR spectrum of a radical recorded in the
presence of a triplet precursor after a laser pulse presents lines
in enhanced absorption (A) or in emission (E). Spin polarisation
derives also by the radical quenching of the excited singlet state,
i.e. by enhanced ISC. In this case the polarisation is opposite to
that caused by triplet quenching.4

The observation of spin polarised EPR spectra of a stable
radical, such as aminoxyl radicals, in the presence of a triplet
precursor is an indication of the formation of RTPs. However,
the direct observation of a RTP in its excited quartet state by
EPR spectroscopy is not feasible since collision pairs, in
solutions of moderately viscous liquids, have lifetimes too
short5 to be detected via their 4[RTP] EPR spectrum. On the
other hand, 4[RTP] spectra could be recorded for molecular
systems where the radical and triplet precursor were (i)
covalently linked,6 (ii) coordinated7 or (iii) linked to a
molecular template.8

In this paper we report the first observation of a RTP that
forms upon photoexcitation of a host–guest complex between
[60]fullerene–crown ether conjugate 19 and the benzoate
ammonium salt of 3-aminomethyl-[2,2,5,5-tetramethylpyrroli-
din-1-oxyl] 2.

Derivative 1 combines in one molecule both the 18-crown-6
ionophore and the [60]fullerene triplet precursor, that has been
selected for the long lifetime and high quantum yield of its
triplet excited state.10 The synthetic strategy toward derivative
1 is outlined in Scheme 1 and requires two steps. Esterification
between commercially available hydroxymethyl-18-crown-6
and ethylmalonyl chloride in the presence of solid NaHCO3
afforded ester 3 in 33% isolated yield. Cyclopropanation of
C60

11 with 3 in the presence of I2 and 1,8-diazabi-

cyclo[5.4.0]undec-7-ene (DBU) in toluene at rt gave 1 in 42%
isolated yield.

All spectroscopic and analytical data were consistent with the
proposed molecular structure.† Ammonium aminoxyl 2 was
obtained by mixing equimolar amounts of the corresponding
aminomethyl aminoxyl and benzoic acid in diethyl ether. Pink
crystals were isolated after crystallization from isopropyl
ether.

The TR-EPR spectrum recorded by laser excitation of 1 in
CHCl3 solution at 235 K consists of a single broad line (DB =
1.66 ± 0.02 mT) centred at g = 2.0016 ± 0.0002 which is
attributed to the excited triplet state. The line is broadened
because of the incomplete averaging of the electron dipolar
interaction. The signal decay is accounted for by two ex-
ponential functions with time constants t1 = 0.9 ms and t2 =

Scheme 1 Reagents and conditions: a, solid NaHCO3, toluene, reflux, 8 h,
33%; b, C60, I2, DBU, toluene, rt, 2 h, 42%.
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9.2 ms. The first decay time is to be assigned to the spin
relaxation process which brings the initially spin polarised
sublevel populations to thermal equilibrium values. The larger
constant t2 is the triplet lifetime.

The EPR spectrum of a 2 mM CHCl3 solution of both 1 and
2 consists of three lines with gNO = 2.0057 ± 0.0002 and
hyperfine separation aN = 1.47 ± 0.02 mT, which are the typical
values for an aminoxyl free radical, such as TEMPO, in that
solvent (Fig. 1A).

When the solution was illuminated by a laser pulse, a strong
spin polarised spectrum was recorded, as shown in Fig. 1B. It
consists of three lines at the field positions corresponding to the
aminoxyl lines and of three additional lines centred at a lower g
value (g = 2.0031 ± 0.0002), with a separation of 0.46 ± 0.02
mT. The central line of the aminoxyl spectrum and the low field
line of this second multiplet coincide. A broad signal is
superimposed to these narrow features.

The three lines with 0.46 mT splitting are assigned to the
host–guest complex 1–2.12 They are typical of the aminoxyl–
fullerene triplet pair in the quartet excited state where the three
unpaired electron spins interact with a single 14N nuclear spin.6
Since the electron spins are distributed 2/3 on fullerene and 1/3
on the aminoxyl group, the coupling constant is reduced to 1/3
the typical value for an aminoxyl radical. Also the g factor
agrees with the value expected for a quartet, obtained from the
g factor of the triplet state of 1 (gT = 2.0016) and of the
aminoxyl (gNO = 2.0057) according to the formula gQ = 2/3gT
+ 1/3gNO.

13 The TR-EPR spectrum of an equimolar amount of
1 and toluene-p-sulfonic ester of 3-hydroxymethyl-[2,2,5,5-
tetramethylpyrrolidin-1-oxyl]14 in CHCl3 does not show the
quartet special features observed for 1–2.

The lifetime of the quartet signal, recorded at 235 K, is about
4 ms (see insert of Fig. 1). This value is much larger than the
lifetime of a collisional pair made by the encounter of 1 and 2
in the same solvent at the same temperature, which can be
calculated by using5 the following Einstein–Smoluchowski
equation that gives the escape rate of a RTP partner:

kE = 2(DR + DT)/(rR + rT)2

where DR and DT are the diffusion coefficients of the two
partners and rR and rT their van der Waals radii. DR and DT are
obtained from the Stokes–Einstein relation:

D = kT/6phr.

Using h = 1.2 cP15 and for rR and rT the estimated values
0.35 and 0.70 nm, the RTP lifetime 1/kE = 1.1 ns is
obtained.

In the TR-EPR spectra there are signals of three species:
excited triplet 1, 2 and the associated form 1–2 in the quartet
state. The EPR spectrum of the 1–2 host–guest complex in the
ground state is not expected to differ significantly from that of
free 2. Unfortunately, the relative concentrations of 2 and 1–2
could not be measured directly from the TR-EPR spectra
because the signal intensity depends not only on their
concentration, but also on the amount of spin polarisation,
which is not known. This method for observing host–guest
interaction can be extended to other systems, where a partner
contains a triplet precursor and the other a free radical.

This work was supported by CNR, through CMRO and
CSSRE (legge 95/95), by MURST (Contract Prot.
MM03198284) and by European Commission through Joule III,
(Contract n. JOR3-CT98-0206).
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Fig. 1 EPR spectra of a 2 mM CHCl3 solution of 1 and 2 at 235 K. (A)
Integrated EPR spectrum. Microwave attenuation 20 dB. (B) TR-EPR
spectrum recorded by laser excitation. Time delay from the laser pulse 250
ns. Microwave attenuation 5 dB. In the insert the signal decay of the central
quartet line (solid line) and the fitting to a tri-exponential function (dotted
line) are shown.
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Platinum-catalyzed hydrosilylation of allyl-terminated car-
bosilane monodendrons using the silanes SiHMe2[(CH2)nRf]
(1a, n = 2, Rf = n-C6F13; 1b, n = 3, Rf = 2C6F5) yields
fluorous, liquid analogues to [G-3], BrC6H4(CH2)3Si-
Me[(CH2)3SiMe[(CH2)3SiMe[(CH2)3SiMe2(CH2)nRf]2]2]2
(7a, n = 2, Rf = n-C6F13- ; 7b, n = 3, Rf = 2C6F5), intrinsic
viscosities [h] for which are unusually low, resulting in
calculated hydrodynamic radii/Å (ca. 6.3, [G-1]; 8.3, [G-2];
11.5, [G-3]) that imply unusually compact structures.

The low surface-energy of materials that are required for low-
friction coatings and related applications is typically1 governed
by the properties of a fluorine-containing surface layer, a
specially effective design for which exposes perfluoroalkyl
groups2 in a microstructural array that3 minimizes surface
disorder. Dendrimer4 functionalization to prefabricate a suitable
hyperbranched subunit, followed by binding of the latter to an
appropriate support, is a potentially5 versatile way of develop-
ing such surface coverage; but despite its recent rapid rate of
advancement,4,6 dendrimer chemistry so far offers only a very
limited range729 of fluorinated prototypes. Our interest10,11 in
carbosilane8212 dendrimers as chemically passive frameworks
has led us to explore routes to such species in which a
fluorinated organic group is bound to each peripheral silicon
atom directly, avoiding conjunction through a heteroatom (O or
S) as has been reported elsewhere by others.8,9 We show that by
using polyfluoroorgano-substituted silanes in a final convergent
step, peripheral modification of allyl-terminated carbosilane
dendrimers is possible; and more particularly that, by adaptation
of a modular approach11 to carbosilane monodendrons, mem-
bers of a family to [G-3] of core p-bromophenyl-functionalized
analogues may be isolated in high yield. These latter products,
in which the unique core functionality can be used for further
chemistry including polymer or surface attachment, have been
fully characterized by size exclusion chromatography (SEC)
and viscosimetry as well as by spectroscopic and analytical
data. Dendrimers are known13 to exhibit low intrinsic viscosi-
ties [h] that (in sharp contrast to those for other classes of
polymer) tend to a limit with increasing molecular weight. Even
by such standards, however, the measured [h] values for the
fluorinated carbosilane monodendrons are unusual, generating
plots vs. SEC elution volume that lie below the10,14 universal
calibration curve. We take this to imply (albeit indirectly15) that
this type of addendum may be useful for surface coverage to
promote non-stick behavior.

In preliminary experiments, we set out to introduce fluorous
organic groups directly into carbosilane dendrimers by using
organometallic reagents to replace Cl in10 peripheral 2Si-
MexCl3-x units. This led, with Grignard reagents of the type
RfCH2CH2MgX (Rf = n-C6F13 or 2C6F5; X = I or Br), to
extensive formation of unwanted side-products, as well as to
mixtures of products that indicated incomplete substitution at
the dendrimer periphery. Platinum-catalyzed hydrosilylation of
allyl-terminated carbosilane dendrimer precursors proved to be

a more satisfactory alternative method for building a modified
outer layer: thus regiospecific (anti-Markovnikov, g-substitu-
tion of Si-CH2CHNCH2) addition of the silanes16 SiH-
Me2[(CH2)nRf] (1a, n = 2, Rf = n-C6F13; 1b, n = 3, Rf =
2C6F5) appeared (through monitoring by NMR) to be essen-
tially quantitative, although limiting the number of fluorous
groups to one per silicon atom in the newly-formed periphery.
Crude fractions so obtained afforded colorless, viscous liquid
products 2a,b–4a,b, see Scheme 1, although the chromatog-
raphy required to isolate analytically pure samples resulted in
significant losses. These new dendrimers possess a branch
hierarchy radiating in the archetypal fashion,4 from a tetra-
substituted core silicon atom to a homofunctional periphery that
is not amenable to further adaptation. Construction of analogues
that can serve as fluorous mesomolecular building blocks may
be accomplished, however, by similarly adding the silanes 1a,b
across the peripheral allyl groups of the p-bromophenyl-
substituted trifurcate monodendrons described elsewhere.11

This routine has been used to synthesize the new monodendrons
5a,b–7a,b, (Scheme 1) which proved to be much easier to purify
on flash silica gel than their dendrimer counterparts: like the
latter, they remain fluid to [G-3] (glassy transition temperatures
Tg/0 C: 266, 5a; 258, 5b; 265, 6a; 253, 6b; 259, 7a; 253,
7b) and have likewise been fully characterized.† Prospective
use in11 modular synthesis led us to investigate the physical
behavior of these compounds in more detail, using SEC and
viscosity measurements.

Variation of intrinsic viscosity [h] (dL g21) with nominal
molecular weight M for [G-1], [G-2] and [G-3] homologues
(i.e. compounds 5a, 6a, 7a; 5b, 6b, 7b), expressed as a double
logarithmic relationship, is compared in Fig. 1 with correspond-
ing data for polystyrene standards as well as for unmodified
vinyl-terminated, vinyl-derived10 carbosilane dendrimers (to
[G-4]). The successive displacement from one plot to the next
highlights the lowering in [h] values that accompanies fluorina-
tion, with the effect exaggerated for the n-perfluorohexyl-
terminated species vs. their perfluorophenyl-terminated ana-
logues, i.e. decreasing with increasing fluorine content and
anticipated changes in surface-energy.2,3 Calculated hydro-
dynamic radii are as follows (Å, based on nominal M): 6.3, 5a;
6.3, 5b; 8.3, 6a; 8.7, 6b; 11.5, 7a; 11.2, 7b; these are only
slightly larger than those for the simple vinyl-terminated
prototypes, indicating topology that is unexpectedly compact

Scheme 1 For subset a, n = 2, Rf = n-C6F13–; b, n = 3, Rf = –C6F5; for
5–7 core group Rc = BrC6H4(CH2)3–.
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and very much smaller than dimensions that were calculated8

for extended structures of polyfluoroalkyl ether analogues.
Examination of the relationship between log{[h].M} and the
SEC elution volume (mL) Ve, (Fig. 2) which is the basis10,14 for
the universal calibration curve, shows that while the family of
unfluorinated carbosilane dendrimers conform10 to established
expectations, the fluorous monodendrons do not. This is
evidence for an anomalous repulsive interaction between the
latter and the stationary phase of the SEC column, a phenome-
non that may confer resistance to surface penetration on
materials that have been treated with reagents like 7a.
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a N.R.C.-N.S.E.R.C. (Canada) Research Agreement, we are
grateful to Organogel Canada Ltd. for generous financial
support, and we thank Brad Noren for experimental assis-
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H, 3.99. Found: C, 38.53; H, 4.23. MALDI-TOF (m/z) Calcd. (M + Ag+):
1244. Found: 1244. 13C{1H} NMR (CDCl3, d): 143.1, 131.3, 130.2 (s,
C6H4), 121.8 (m, C6F13), 119.6 (s, C6H4), 119.1, 118.0, 115.8, 111.1, 108.2,
(m, C6F13), 39.2 (s, CH2), 25.9 (t, CH2CF2), 25.5, 19.4, 18.4, 18.1, 13.5, 4.4
(s, CH2), 23.9, 25.2 (s, CH3). 29Si{1H} NMR (CDCl3, d): 3.09 (s, 2Si),
1.80 (s, 1Si). 5b: Yield 92%. Anal. Calcd. for C38H49BrF10Si3: C, 53.07; H,
5.74. Found: C, 53.64; H, 5.97. 13C{1H} NMR (CDCl3, d): 146.2, 143.4 (m,
C6F5), 141.6 (s, C6H4), 141.5, 139.2, 138.7, 136.1 (m, C6F5), 131.2, 130.2,
119.3 (s, C6H5), 39.3, 31.5, 25.9, 24.1, 19.9, 18.5, 18.3, 15.2, 13.7 (s, CH2),
23.5, 25.2 (s, CH3). 29Si{1H} NMR (CDCl3, d): 2.21 (s, 2Si), 1.76 (s, 1Si).
6a: Yield 94%. Anal. Calcd. for C70H95BrF52Si7: C, 38.20; H, 4.35. Found:
C, 38.52; H, 4.47. MALDI-TOF (m/z) Calcd. (M + Ag+): 2309. Found:
2309. 13C{1H} NMR (CDCl3, d): 141.5, 131.2, 130.1 (s, C6H4), 121.8 (m,
C6F13), 119.2 (s, C6H4), 119.1, 118.0, 115.8, 111.1, 108.2 (m, C6F13), 39.3
(s, CH2), 25.8 (t, CH2CF2), 25.5, 19.5, 19.0, 18.8, 18.7, 18.6, 18.4, 18.3,
13.7, 4.5 (s, CH2), 23.9, 25.2, 25.3 (s, CH3). 29Si{1H} NMR (CDCl3, d):

3.09 (s, 4Si), 1.70 (s, 1Si), 1.05 (s, 2Si). 6b: Yield 85%. Anal. Calcd. for
C74H103BrF20Si7: C, 53.90; H, 6.30. Found: C, 54.15; H, 6.55. 13C{1H}
NMR (CDCl3, d): 146.2, 143.4 (m, C6F5), 141.6 (s, C6H4), 141.5, 139.2,
138.7, 136.1 (m, C6F5), 131.2, 130.2, 119.3 (s, C6H5), 39.4, 26.7, 26.0, 24.0,
19.9, 18.9, 18.7, 18.5, 18.4, 15.3, 15.2, 13.8 (s, CH2), 23.4, 23.5, 25.1 (s,
CH3). 29Si{1H} NMR (CDCl3, d): 2.19 (s, 4Si), 1.72 (s, 1Si), 1.18 (s, 2Si).
7a: Yield 85%. Anal. Calcd. for C138H195BrF104Si15: C, 38.27; H, 4.54.
Found: C, 38.43; H, 4.67. MALDI-TOF (m/z) Calcd. (M + Ag+): 4439.
Found: 4443. 13C{1H} NMR (CDCl3, d): 141.5, 131.2, 130.1 (s, CH, C6H4),
121.8 (m, C6F13), 119.2 (s, C6H4), 119.1, 118.0, 115.8, 111.1, 108.2 (m,
C6F13), 39.3 (s, CH2), 25.8 (t, CH2CF2), 19.5, 18.8, 18.6, 18.5, 18.3, 13.7,
4.5 (s, CH2), 20.19, 23.9, 25.2 (s, CH3). 29Si{1H} NMR (CDCl3, d): 3.06
(s, 8Si), 1.66 (s, 1Si), 1.04 (s, 4Si), 0.95 (s, 2Si). 7b: Yield 82%. Anal. Calcd.
for C146H211BrF40Si15: C, 54.33; H, 6.59. Found: C, 54.56; H, 6.84.
13C{1H} NMR (CDCl3, d): 146.2, 143.4 (m, C6F5), 141.6 (s, C6H4), 141.5,
139.2, 138.7, 136.1 (m, C6F5), 131.2, 130.2, 119.3 (s, C6H5), 39.4, 26.7,
26.0, 25.9, 24.1, 24.0, 19.9, 19.8, 18.9, 18.7, 18.5, 18.4, 15.3, 15.2 (s, CH2),
23.4, 23.5, 25.1, -5.2 (s, CH3). 29Si{1H} NMR (CDCl3, d): 2.18 (s, 8Si),
1.69 (s, 1Si), 1.16 (s, 4Si), 0,99 (s, 2Si).

1 R. R. Thomas, D. R. Anton, W. F. Graham, M. J. Darmon and K. M.
Stika, Macromolecules, 1998, 31, 4595; I. E. Mayo, E. J. Lochner and
A. E. Stiegman, J. Phys. Chem. B, 1999, 103, 9383; I. J. Park, S.-B. Lee
and C. K. Choi, Macromolecules, 1998, 31, 7555.

2 D. Schmidt, C. E. Coburn, B. M. DeKoven, G. E. Potter, G. F. Meyers
and D. A. Fischer, Nature, 1994, 368, 39; J. Tsibouklis, M. Stone, A. A.
Thorpe, P. Graham, T. G. Nevell and R. J. Ewen, Langmuir, 1999, 15,
7076.

3 A. F. Thünemann, U. Schnöller, O. Nuyken and B. Voit, Macromole-
cules 1999, 32, 7414; S. Perutz, J. Wang, E. J. Kramer and C. K. Ober,
Macromolecules, 1998, 31, 4272.

4 E. Buhleier, W. Wehner and F. Vögtle, Synthesis, 1978, 155; D. A.
Tomalia, A. M. Naylor and W. A. Goddard III, Angew. Chem., Int. Ed.
Engl., 1990, 29, 138; J. M. J. Fréchet, Science, 1994, 263, 1710; P. R. L.
Malenfant, L. Groenendaal and J. M. J. Fréchet, J. Am. Chem. Soc.,
1998, 120, 10 990; G. R. Newkome, A. K. Patri and L. A. Godínez,
Chem. Eur. J., 1999, 5, 1445; M. Fischer and F. Vögtle, Angew. Chem.,
Int. Ed., 1999, 38, 884.

5 M. Wells and R. M. Crooks, J. Am. Chem. Soc., 1996, 118, 3988; V.
Chechik and R. M. Crooks, Langmuir, 1999, 15, 7333.

6 F. Zeng and S. C. Zimmerman, Chem. Rev., 1997, 97, 1681; A. W.
Bosman, H. M. Janssen and E. W. Meijer, Chem. Rev., 1999, 99, 1665;
S. L. Gilat, A. Adronov and J. M. J. Fréchet, Angew. Chem., Int. Ed.,
1999, 38, 1422; A. Adronov and J. M. J. Fréchet, Chem. Commun.,
2000, 1701.

7 A. I. Cooper, J. D. Londono, G. Wignall, J. B. McClain, E. T. Samulski,
J. S. Lin, A. Dobrynin, M. Rubinstein, A. L. C. Burke, J. M. J. Fréchet
and J. M. DeSimons, Nature, 1997, 389, 368.

8 B. A. Omotowa, K. D. Keefer, R. L. Kirchmeier and J. M. Shreeve,
J. Am. Chem. Soc., 1999, 121, 11130.

9 K. Lorenz, H. Frey, B. Stühn and R. Mülhaupt, Macromolecules, 1997,
30, 6860.

10 L.-L. Zhou and J. Roovers, Macromolecules, 1993, 26, 963; B.
Comanita, B. Noren and J. Roovers, Macromolecules, 1999, 32,
1069.

11 M. A. Casado and S. R. Stobart, Org. Lett., 2000, 2, 1549.
12 J. Roovers, P. M. Toporowski and L.-L. Zhou, Poly. Prepr. (Am. Chem.

Soc., Div. Polym. Chem.), 1992, 33, 182; A. W. van der Made and
P. W. N. van Leeuwen, J. Chem. Soc., Chem. Commun., 1992, 1400; J.
Roovers, L.-L. Zhou, P. M. Toporowski, M. van der Zwan, H. Iatrou and
N. Hadjichristidis, Macromolecules, 1993, 26, 4324; J. W. J. Knapen,
A. W. van der Made, P. W. M. van Leeuwen, J. C. de Wilde, D. Grove
and G. van Koten, Nature, 1994, 372, 659; K. Lorenz, R. Mülhaupt, H.
Frey, U. Rapp and F. J. Mayer-Posner, Macromolecules 1995, 8, 6657;
S. W. Krska and D. J. Seyferth, J. Am. Chem. Soc., 1998, 120, 3604; P.
Wijkens, J. T. B. H. Jastrzebski, P. A. van der Schaaf, R. Kolly, A.
Hafner and G. van Koten, Org. Lett., 2000, 2, 1621.

13 M. C. Moreno-Bondi, G. Orellana, N. J. Turro and D. A. Tomalia,
Macromolecules, 1990, 23, 910; T. H. Mourey, S. R. Turner, M.
Rubinstein, J. M. J. Fréchet, C. J. Hawker and K. L. Wooley,
Macromolecules, 1992, 25, 2401; R. Scherrenberg, B. Coussens, P. van
Vliet, G. Edouard, J. Brackman and E. de Brabander, Macromolecules,
1998, 31, 456; C. Cai and Z. Y. Chen, Macromolecules, 1998, 31,
6393.

14 Z. Grubisic, P. Rempp and H. Benoit, J. Polym. Sci., 1967, B5, 753.
15 P. G. de Gennes, Rev. Mod. Phys., 1965, 57, 827.
16 Which are readily accessible from the corresponding, commercially

available fluoroalkenes Rf(CH2)xCHNCH2 (x = 0 or 1). See B. Richter,
E. de Wolf, G. van Koten and B.-J. Deelman, J. Org. Chem., 2000, 65,
3885.

Fig. 1 Plot of log{intrinsic viscosity/dL g21} vs. log{nominal molecular
weight}: 5 polystyrene standards, - vinyl-terminated carbosilane den-
drimers (see ref. 10), ! pentafluorophenyl-terminated carbosilane mono-
dendrons (5b, 6b, 7b),: polyfluoroalkyl-terminated carbosilane mono-
dendrons (5a, 6a, 7a).

Fig. 2 Plot of log{(intrinsic viscosity/dL g21)(nominal molecular weight)}
vs. elution volume Ve (mL): for symbol legend, see Fig. 1.
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We show by NMR that the DNA sequence 5A-GCGAAG-
CACGAAGT folds to form an intramolecular double
hairpin structure containing 5A-GAA loops with co-axial
stacking of the two hairpins significantly increasing their
stability; the anthracycline antibiotic nogalamycin is able to
intercalate between the two hairpins (5A-TG step) despite the
break in the phosphodiester backbone.

Hairpins are a common feature of RNA folding and consist of a
single-stranded loop region closed by a base paired stem. In
contrast, there have been relatively few observations of stable
DNA hairpins,1 however, a number of reports have detailed the
extraordinary stability of hairpins containing a 5A-GAA loop.2–7

High resolution NMR spectroscopy has shown that the structure
is folded back between the two As in the loop and is stabilised
by a non-Watson–Crick G–A base pair with which there are
extensive base stacking interactions.3

We have designed a novel intramolecular DNA structure that
folds from a single strand of DNA (5A-GCGAAGCACGAAGT)
to form a double hairpin structure with 5A-GAA loops
(Scheme 1). One half of the structure consists of a hairpin
identical to that studied by Hirao et al.,3 5A-GCGAAGC, whilst
the other half consists of a novel hairpin containing an A–T base
pair in the stem, 5A-ACGAAGT. Co-axial stacking of the two
hairpin structures generates a double-stranded stem region with
an effective single strand break in the middle of the duplex
region (Scheme 1). We have designed the double hairpin
sequence to contain a 5A-TG base step at the strand break site
(between the 5A- and 3A-terminal nucleotides; see Scheme 1) and

have used this novel structure to investigate (i) the extent to
which the two hairpin components are associated through co-
axial base stacking and how this affects the stability of the
individual hairpin components, and (ii) the role of the phosphate
backbone in sequence-specific recognition by the anthracycline
antibiotic nogalamycin (Scheme 1) which binds selectively to
the 5A-TG step. Nogalamycin is a threading intercalator with
sugar moieties interacting in both the major and minor groove of
DNA.8–16

We first examined the stability of the designed double hairpin
sequence by NMR to establish that the sequence was folded into
two hairpin conformations and to what extent these hairpins are
co-axially stacked (Scheme 1). While the isolated hairpin
sequence 5A-GCGAAGC has already been characterised, the
hairpin sequence 5A-ACGAAGT has not. We synthesised 5A-
ACGAAGT and the full length double hairpin 5A-GCGAAG-
CACGAAGT using solid phase methods described previ-
ously,12 and carried out a full NMR assignment.17 The NMR
studies previously reported on the hairpin d(GCGA4AGC)
showed that the deoxyribose H4A of A4 undergoes a large up-
field shift as a consequence of stacking interactions in the loop
region.3 We used this shift as one of a number of indicators that
the hairpin is folded. Indeed, we see that A4H4A of 5A-
AC2GA4AGT and A11H4A of 5A-GCGAAGCAC9GA11AGT are
up-field shifted by > 2 ppm compared with other H4A signals.
Residues in the stem region also show large shift perturbations
as a consequence of stacking of the G–A base pair; C2H2A in the
hairpin and C9H2A in the double hairpin are located up-field at
1.56 and 1.57 ppm in the two structures. A number of other
anomolous chemical shifts, together with the pattern of NOEs
close to the loop regions suggest that the loops are well formed.
However, the observation of highly exchange broadened imino
proton resonances for Watson–Crick hydrogen bonded base
pairs suggest that the stem region of 5A-ACGAAG6T is not
particularly stable, with the G6NH only visible at low
temperature. In contrast, all four imino protons in the stem
region of the double hairpin are readily resolved at 25 °C, with
that of the terminal thymine (T14) showing some evidence of
exchange broadening (Fig. 1). We conclude that co-axial
stacking of the two hairpins considerably enhances the stability
of the less stable 5A-ACGAAGT sequence. Hirao et al.,3 had
previously determined the Tm of the isolated hairpin 5A-
GCGAAGC as ≈ 76 °C. UV melting studies on 5A-ACGAAGT
in isolation under similar salt concentrations (0.30 M NaCl and
30 mM NaH2PO4) gave a broad transition around 48 °C. Thus,
substitution of an A–T for a G–C base pair in the stem region
significantly reduces the Tm, consistent with the imino proton
data. UV melting studies on the intact double hairpin show a
broad melting transition with a Tm of 65 °C. The broadness of
the transition does not enable us to determine whether this is a
biphasic process involving melting of the two individual
hairpins in separate transitions, or a single co-operative melting.
However, the absence of the low temperature transition seen for
the isolated hairpin 5A-ACGAAGT provides further evidence
for stabilisation through co-axial stacking between hairpins.
Detailed analysis of NMR data for the isolated hairpin 5A-
ACGAAGT and the same sequence within the double hairpinScheme 1
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5A-GCGAAGCACGAAGT reveals some differences in chem-
ical shifts of up to 0.2 ppm for nucleotides involved in end-
stacking. Further, in NOESY data collected at 15 °C we observe
internucleotide NOEs across the break site between G1 and T14
(G1H8 Ô T14H1A and G1H8 Ô T14H6), which provide
convincing evidence for a significant population of co-axially
stacked hairpins.

We subsequently examined the binding of nogalamycin to the
5A-TG site containing the single strand break to examine the role
of the phosphate backbone in sequence-specific recognition.
Titrating the drug into a solution of the double hairpin sequence,
and monitoring the interaction by NMR, showed the emergence
of a new set of DNA resonances alongside those of the unbound
species. The free and bound DNA signals are in slow exchange
at 25 °C, with the change in complexity of the NMR spectrum
indicative of the formation of a single bound species. A
complete assignment of the 1+1 complex has enabled some 30
drug–DNA NOEs to be identified. Fig. 2 shows a number of
drug–DNA NOEs that define unambiguously the position and
orientation of the bound ligand. In the complex we do not see
NOEs across the intercalation site between G1 and T14, as
observed for the free DNA; however, the drug acts as a
surrogate base pair with the aromatic proton H11 giving NOEs
to both G1H1A and T14H1A, consistent with intercalation between
the two hairpins. A number of other key NOEs to A8H1A at the
intercalation site are also highlighted (Fig. 2), while NOEs from
drug methyl groups on the nogalose sugar show specific
hydrophobic interactions with, for example, G1H1A and C2H1A
on the floor of the minor groove; these are analogous to those
observed for nogalamycin binding to the 5A-TG site in duplex
DNA.12 These characteristic NOEs indicate that the drug–base
pair stacking geometry is independent of the restraining
influence of the phosphodiester backbone. In addition, the
chemical shifts of the nucleotide resonances of G1, C7, A8 and
T14 were most affected by drug binding, consistent with
nogalamycin intercalating at the 5A-TG step. UV melting studies
on the 1+1 complex showed a more co-operative transition than
for the free double hairpin, although the Tm of 74 °C is not
significantly higher. Examination of the temperature-depend-
ence of imino proton line widths showed that the base pairs
forming the intercalation site are highly stabilised at 15 °C
(Fig. 1d), indicating that they wrap around the drug to optimise
van der Waals interactions, resulting in a highly stable complex
templated by stacking and hydrophobic interactions with the
bound drug. We can speculate that access of the drug to the
intercalation site is greatly facilitated by the single strand break
and that the association rate, which is slow for intact duplex
DNA due to the requirement for local melting, may be
significantly enhanced.
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Fig. 1 Portions of the 500 MHz 1H NMR spectra of 5A-ACGAAGT at
(a) 15 °C and (b) 5 °C, (c) 5A-GCGAAGCACGAAGT at 15 °C, and (d) 1+1
5A-GCGAAGCACGAAGT–nogalamycin complex at 15 °C, all recorded in
90% H2O solution under identical sample conditions. Imino proton
resonances between 12 and 14 ppm are illustrated with assignments (see
Scheme 1).

Fig. 2 Portion of the NOESY spectrum (100 ms mixing time) of the 1+1
nogalamycin: 5A-GCGAAGCACGAAGT complex recorded in D2O solu-
tion at 15 °C highlighting key drug–DNA NOEs that identify the position
and orientation of the bound intercalator at the 5A-TG step (drug H11, H7
and H1A are marked on the axes), other DNA–DNA cross-peaks are labelled
as follows: (a) T14H3A–T14H6, (b) A8H1A–A8H4A, (c) C2H6–C2H3A,
(d) C2H6–C2H5, (e) A8H1A–A8H3A, (f) G13H1A–T14H6, (g) G1H1A–C2H6,
(h) C2H1A–C2H6, (i) T14H1A–T14H6.
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Electrochemical oxidation of lithium acetylide in aprotic
media affords carbon films containing a high fraction of sp3-
type C bonds; the growth conditions and the photo-
electrochemical behaviour of these films were investigated.

Much recent attention has been focused on the diamond-like
carbon (DLC) films which are considered as promising
materials for electronic, optical, and wear protection applica-
tions1–3 because of similarities of their properties to those of
diamond. These similarities, which are caused fundamentally
by the fact that a greater part of DLC consists of a local sp3

bonding configuration, ensure superior features such as chem-
ical inertness, hardness, low friction and high thermal con-
ductivity. The use of conductive DLC films as electrodes has
also been of great interest due to very low capacitive
background currents and a wide potential window in aqueous
solutions4 – these open up fresh opportunities for various
electroanalytical applications.5

DLC films can be deposited using various chemical and
physical vapour deposition techniques such as filament-assisted
chemical vapour deposition,6 filtered cathodic vacuum arc,7
microwave plasma-assisted deposition,8 mass-selected ion
beam deposition9 and pulse laser deposition.10 On the other
hand, there are few known reports describing attempts at
utilising electrolysis of organic liquids for DLC film deposition
despite the fact that the liquid deposition techniques, from the
viewpoint of practical use, have many advantages such as an
availability for large area deposition and a low deposition
temperature. Recently, the possibility of deposition of DLC
films by means of electrolysis of methanol has been demon-
strated;11 this deposition process, which occurs at high voltages
(2–3 kV) and at high current densities (15 A cm22), is to be
considered rather as an electrochemical plasma-assisted anodic
carbonization of organics. It has also been reported that the
anodic oxidation of acetylene in liquid ammonia yields
transparent fragile carbon films exhibiting an electron diffrac-
tion pattern similar to that of diamond; however, the deposition
rate showed by this process does not exceed 2 3 1023

mm h21.12

In this work we demonstrate the possibility of utilizing
anodic oxidation of lithium acetylide in dimethyl sulfoxide for
electrochemical growing of carbon films containing a high
fraction of sp3 hybridized sites.

To prepare the C2HLi/DMSO solution, acetylene was passed
through lithiated DMSO obtained by dissolving lithium hydride
in DMSO at 70 °C. The electrochemical deposition of carbon
films has been carried out from a 0.1 M C2HLi + 0.01 M
Bu4NClO4/DMSO electrolyte under potentiostatic or galvano-
static conditions. As the electrodes, cathode-sputtered 100 nm
platinum films at < 111 > silicon single-crystal wafers were
used. The potentials were measured against an aqueous Ag/
AgCl,Cl2(sat.) reference electrode connected to the electrolysis
cell through a salt bridge.

It is seen from Fig. 1 that an effective oxidation of lithium
acetylide occurs at potentials more positive than about 20.5 V.
The prolonged electrolysis of C2HLi/DMSO solution is accom-
panied with the formation of the hard transparent film. As
evidenced by Auger electron spectroscopy (AES) the film
consists entirely of carbon (carbon content ca. 96%). The
discharge of lithium acetylide at the carbon-modified surface
occurs at higher overvoltages than at the bare platinum and the
completion of carbon monolayer formation manifests itself as a
pronounced anodic peak on the potentiodynamic polarization
curve (Fig. 1). According to the AES depth profiling measure-
ments, the electrolysis of C2HLi/DMSO solution for 30 min
under galvanostatic conditions at i = 400 mA cm22 leads to the
formation of a ca. 50 nm thick carbon film, only a mere increase
in the film thickness being observed during the further
anodization. During the course of electrolysis, the electrode
potential exhibits a gradual shift in the anodic direction (Fig. 1)
that can be attributed to the increase of overvoltage for C2HLi

Fig. 1 (a) Current vs. time (galvanostatic conditions, i = 400 mA cm22) and
current vs. potential (potentiostatic conditions, scan rate dE/dt = 2 mV s21)
dependencies for anodic oxidation of lithium acetylide (0.1 M) in
Bu4NClO4/DMSO at Pt electrode. Dashed curve corresponds to the sweep
in a supporting electrolyte. (b) Potential dependence of photocurrent in
aqueous buffered (pH 4.4) solution for carbon film grown under
galvanostatic conditions. Full spectrum of 120 W medium-pressure Hg
lamp; chopped illumination; dE/dt = 5 mV s21

.
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oxidation, while a step at the chronoammetric curve corre-
sponds to the moment when the anodic decomposition of
DMSO becomes dominant and the film growth terminates. The
transparent carbon films similar to those obtained at platinum
were also successfully grown on F-doped SnO2 and nickel
electrodes.

The photoelectrochemical experiments (potentiostatic condi-
tions, potential given vs. Ag/AgCl) carried out in aqueous
solution (acetate buffer, pH 4.6, 20 °C) have shown that under
illumination with the whole spectrum of a 120 W medium-
pressure mercury lamp the electrochemically-grown carbon
film generates an anodic current of approximately 20 mA cm22

at a potential of 1.2 V (Fig. 1). The anodic photocurrent was
about two times larger in the acetate-containing solution (0.1 M
CH3CO2H + 0.1 M CH3CO2Na + 0.25 M Na2SO4) as compared
with the solution containing only Na2SO4. This fact can be
explained by the effective acceptance of photogenerated holes
by the acetate, a well known hole scavenger. This process
significantly facilitates the transport of the photogenerated
carriers through the carbon–solution interface. At a potential of
ca. 0.3 V, an anodic photocurrent changes its direction and a
cathodic photocurrent is evident under cathodic bias (Fig. 1).
Photocurrent magnitude was not found to exhibit a pronounced
influence on film thickness.

It seen from Fig. 2(a) that the C 1s photoelectron spectrum of
electrochemically-deposited carbon film exhibits a main peak at
285.4 eV, i.e. at higher binding energies than those typical of
amorphous carbon and hydrogenated carbon containing a high
concentration of sp2 sites.13 A narrow C 1s peak (FWHM = 1.6
eV) points to the presence of a single C–C bonding phase, while
a shoulder to the higher-binding-energy side of the C 1s
spectrum can be assigned to carbon atoms bonded to oxygen.
On the other hand, a large O 1s photoelectron peak composed of
double signals with maxima at 532.9 and 534.2 eV indicates the
presence of the other oxygen species (e.g. adsorbed DMSO).
The AES and X-ray photoelectron measurements show very
little evidence for the presence of sulfur (ca. 3 at.%) and
nitrogen ( < 1 at.%) at the surface of the carbon film grown
under galvanostatic conditions. The S 2p photoelectron spec-
trum is composed of at least two signals peaking at 164 and
168.9 eV. This points to the fact that the observed contamina-

tion of the carbon surface is due to the adsorption not only of the
electrolyte components but also of some other sulfur-containing
species produced during electrolysis.

Further information on the carbon state in the electro-
chemically-grown carbon film was obtained from the X-ray
excited Auger electron spectra (XAES). The XAES measure-
ments, which are known to be much less destructive as
compared to the conventional AES experiments,14 have shown
their suitability for the elucidation the form of carbon at a
surface.13 The main energy feature of the XAES spectrum is a
peak at 262 eV, which coincides very closely with the energy of
the major transition in the XAES spectrum of DLC.13 Fig. 2(b)
shows C KLL, the first-derivative Auger spectrum obtained
from the XPS line. The maximum in the derivative spectrum is
located at ca. 253 eV which is typical of amorphous carbon and
hydrogenated carbon films.13,15 A secondary feature at
ca 241 eV, which is generally identified as an energy loss
peak,15 is also observed in the spectrum, while the high-energy
shoulder at ca. 247 eV is attributable to the contamination of the
carbon surface by oxygen.

A narrow C KLL line at ca. 265 eV, possessing no secondary
features on the high-energy side, implies complete absence of
KVV transitions involving pp electrons which are typical of sp2

coordination. As a result, the energy distance between the
maximum of the positive-going excursion and the excursion and
the minimum of the negative-going excursion, which was
unambiguously indicated as a fingerprint of the different
arrangement of carbon atoms,13,14 does not exceecd 14 eV. This
value is very close to the peak-to-peak width of the main
transition of diamond (13 eV),14 whereas the graphite spectrum
is characterized by a far larger width (ca. 23 eV) between the
negative and the positive maximum peak. The observed
peculiarities of the X-ray excited Auger electron spectrum point
to the fact that the electrolysis of lithium acetylide solution leads
to the formation of the diamond-like carbon films almost free
from sp2-bonded carbon.
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Dendritic peptides with a carboxylic acid at the focal point of
the branched structure form a two-component supramo-
lecular organogel with a linear aliphatic diamine in non-
hydrogen-bonding solvents.

There has been intense interest in the development of efficient
and tunable small molecule gelators for organic solvents,1
partly because gels possess many varied industrial applications
as a consequence of the diversity of gel structures on both a
microscopic and mesoscopic scale. Multiple supramolecular
interactions2 between the individual building blocks are critical
in the gel forming process—for example hydrogen bonding,
metal coordination, hydrophobicity etc. The ability of dendritic
structures to act as gelators has, as a consequence of their
multiplicity of functional groups, been of some interest.
Newkome and co-workers reported dendrimers with a hydro-
philic periphery and a hydrophobic core which stacked in
aqueous solution, forming a gel.3 Aida and co-workers reported
a dendritic branch functionalised with a dipeptide at the focal
point, which gelated organic solvents primarily through hydro-
gen bonding interactions.4 In addition, Beginn and co-workers
described branched amphiphiles functionalised with long
aliphatic chains which gelate organic solvents.5

Recently, there has been increasing interest in the develop-
ment of two-component gelling systems in which the presence
of two complementary building blocks in solution is essential in
order for gel formation to occur.6–8 In these cases, supramo-
lecular interactions between the complementary units allow a
complex to form which is then capable of assembling further via
inter-complex interactions to form the fully gelated network.
Reports of two-component systems are still limited, and in this
communication we report for the first time a controllable two-
component dendritic system which gelates organic solvents as a
consequence of specific supramolecular interactions.9

We recently reported the use of dendritic branches 1, 2 and 3
constructed from L-lysine building blocks using a solution
phase approach10 to solubilise a hydrophilic dye into apolar
solvents.11 It was proposed that these dendritic branches
containing a free carboxylic acid unit at the focal point (Fig. 1)
interact with molecules containing basic amine sites through the
formation of a hydrogen bonded (acid–base) complex with
potential proton transfer (and salt bridge formation).12 We
therefore became interested in the ability of this type of
dendritic branch to interact with amines possessing different
structural motifs, such as long chain aliphatic diamines. We
quickly discovered that the combination of dendritic branch 2
and diaminododecane (4) was capable of gelating organic
solvents (Fig. 2), and we set about discovering the key criteria
required for effective gel formation.13

Neither dendritic branch nor diamine alone are capable of
gelating the solvent—branch 2 forms homogeneous solutions
up to a concentration of at least 350 mg ml21 (0.44 M), whilst
diaminododecane (4) is largely insoluble. On mixing a solution
of 2 in CH2Cl2 and solid 4, followed by sonication and standing,
dissolution of 4 combined with strong gel formation was
observed. This indicates that an interaction between 2 and 4
takes place, solubilising 4 into CH2Cl2,11 and that the complex
subsequently induces gel formation.

The concentrations of dendritic branch 2 and diamine 4 were
optimised for the effective gelation of DCM. At low concentra-

tions of dendritic branch 2 ( < 20 mg ml21, < 25 mM), gel
formation is largely ineffective, however, above this concentra-
tion ( > 2.0 wt vol%21) strong gels were observed. In particular,
very strong gels were formed at a branch concentration of 25 mg
ml21 (31 mM). The strongest gel was observed using 10 mg of
solid diaminododecane (4). Below a given mass of diamine 4,
however (2.5 mg, 12.5 mM), the diamine was completely
solubilised by the dendritic branch, but gel formation would not

Fig. 1 Dendritic branches (1–3) and linear aliphatic amines (4–7)
investigated. Combination of certain branches with complementary dia-
mines leads to effective organogel formation.

Fig. 2 Dendritic branch 2 solubilises diamine 4 into organic solvents (e.g.
toluene, CH2Cl2 and CH3CN) and the complex then induces gelation.
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readily occur. It is interesting to note that gelation becomes
difficult when the molar ratio of diamine–branch falls below
1+2 and this result indicates that controlling the relative
amounts of the two components is important. This would be
expected if both components are complementary and essential
for gel formation.

The structure of the dendritic branch was subsequently
varied. First generation dendritic branch 1 did not induce gel
formation with diaminododecane (4) at any concentration
investigated (10–50 mg ml21, (29–145 mM) [1], 1–20 mg,
(5–100 mM) [4]). This indicates that the dendritic branching of
compound 2 plays a key role in enabling gelation to occur. Third
generation dendritic branch 3 showed similar behaviour to
second generation branch 2, forming strong gels at 25 mg ml21

(14.5 mM) with diaminododecane (4.5 mg). Interestingly,
although the mass of 3 required to gelate the solution was the
same as the mass of 2, this is a lower absolute concentration
(14.5 mM—as compared to 31 mM required for compound 2) as
a consequence of the higher molecular mass of the third
generation branch. In a control experiment, branch 2 was
protected at the focal point as a methyl ester. In this case, no
solubilisation of diaminododecane occurred and furthermore,
there was no gel formation. This indicates the importance of
complementary interactions between carboxylic acid and amine
as previously reported for dye solubilisation.11

The structure of the aliphatic diamine is also important in
controlling gel formation. If a monoamine (aminododecane, 5)
was used, no gelation occurred in CH2Cl2, even at almost
double the concentration of dendritic branch (40 mg ml21, 50
mM). If a shorter aliphatic diamine (diaminononane, 6) was
used, gelation with branch 2 was less successful, whilst using
diaminopropane (7) led to no gel formation at all. This indicates
the importance of having a sufficiently long aliphatic chain for
gelation to occur. Interestingly, however, first generation
branch 1 did form a weak gel with diaminononane (6) in
CH2Cl2, although not with any other diamine. This could
indicate that it is important to tune the length of the aliphatic
diamine to match the generation of the dendritic branching for
optimal gel formation. These results clearly illustrate the
importance of microscopic structural features in controlling the
macroscopic properties of the supramolecular dendritic gel.14

The effect of solvent on the gelation of 2 and 4 was then
investigated (Table 1). The best solvent for gel formation
appeared to be CH3CN in which gelation occurred very rapidly,
even at dendritic branch concentrations as low as 15 mg ml21

(18.5 mM). Interestingly, gel formation occurred most readily
in solvents which possess a low Kamlet-Taft a parameter.15

This parameter reflects the ability of the solvent to donate
hydrogen bonds (i.e. to the amine groups). This clearly indicates
the importance of hydrogen bonds—competitive interactions
from the solvent prevent gelation. Hydrogen bonds (either with
or without associated proton transfer) are responsible for the
interaction between the carboxylic acid of 2 and the amines of
4, and may also play important roles in further mediating the
gelation (e.g. hydrogen bond interactions between peptide
groups in the dendritic branching).

In conclusion, we have demonstrated for the first time that
suitably functionalised dendritic branches can undergo supra-
molecular two-component gelation of an organic solvent in the
presence of a suitable complementary guest—a process medi-
ated by hydrogen bond interactions. It is hoped in the future to
expand the tunability of these gels by varying the structure of
the individual components, and hence generate organogels with
desirable physical properties. Furthermore the application of
these gels to sensing and catalysis will be investigated.

D. K. S. acknowledges the support of the University of York,
EPSRC (G. M. D) and ICI Technology (G. M. D.).
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Table 1 Effect of solvent on gel formation by compounds 2 (25 mg ml21,
31 mM) and 4 (10 mg). The Kamlet-Taft a and b parameters (relating to the
ability of the solvent to donate and accept hydrogen bonds respectively) are
also shown

Solvent

a (H-bond
donor
ability)

b (H-bond
acceptor
ability)

Gel formation using branch 2
and diamine 4 (25 mg ml21

and 10 mg, respectively)

Toluene 0.00 0.11 Yes—rapid
Acetone 0.08 0.48 Solvent reacts with amine
CH3CN 0.19 0.31 Yes—rapid, very strong gels
CH2Cl2 0.30 0.00 Yes—slow
CHCl3 0.44 0.00 No
MeOH 0.93 0.62 No
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Addition of iron sulfate to Pt-promoted tungstated zirconia
increases the activity and selectivity of the catalyst for
isomerization of n-pentane in the presence of H2; selectivities
> 98% have been observed.

Environmental concerns are motivating the use of motor fuels
with increased amounts of high-octane-number branched al-
kanes. These are made by alkylation and by isomerization of
straight-chain alkanes, the latter typically carried out with
bifunctional catalysts incorporating hydrogenation/dehydroge-
nation functions and acidic functions or by very strong acids,
such as aluminium chloride supported on alumina, which has
the disadvantages of being corrosive and expensive to dispose
of without environmental detriment. There is a need for alkane
isomerization catalysts with improved activities and selectiv-
ities. Recently investigated candidates include tungstated
zirconia (WZ), which has a high activity,1,2 especially when
promoted with Pt and when H2 is contained in the feed.3–5 The
use of group 8 metals as promotors of WZ has been claimed in
recent patents.6–8 Fe has also been incorporated in WZ
catalysts,9 but promotion was not observed in the absence of Pt
in the catalyst and H2 in the feed. We now report WZ catalysts
improved by promotion with both Pt and Fe and compare their
performance with that of WZ promoted by Pt only.

Catalysts were prepared by slurry impregnation of amor-
phous Zr(OH)4 (MEL Chemicals, XZO880/01) with aqueous
ammonium metatungstate, (NH4)6H2W12O40·nH2O (Aldrich).
In the synthesis of Fe-promoted catalysts, the appropriate
amount of either FeSO4 or Fe(NO3)3 was added to the slurry.
The resultant suspensions were refluxed overnight at 393 K,
dried in an oven at 353 K, and then calcined at 923 K in static
air for 3 h. Separate batches of these calcined materials were
impregnated by the incipient wetness method with 0.6 M
aqueous Pt(NH4)(NO3)2 and calcined at 723 K in air.

Each catalyst contained W in an amount corresponding to 17
wt% as WO3, which is close to the theoretical monolayer
capacity (19 wt%).2 The Pt content was 1 wt%. The catalysts
contained either no Fe (denoted as Pt/17WZ) or Fe in amounts
corresponding to 1.0 wt% as Fe2O3; the latter are denoted as Fe/
Pt/17WZ(N) and Fe/Pt/17WZ(S), prepared from iron nitrate or
sulfate, respectively. The BET surface areas of Pt/17WZ, Fe/Pt/
17WZ(N) and Fe/Pt/17WZ(S) were 126, 110 and 80 m2 g21,
respectively.

Catalytic conversion of n-pentane was carried out in a once-
through packed-bed flow reactor under the following condi-
tions: temperature, 523 K; pressure, 101 kPa; n-pentane partial
pressure, 0.84 kPa; H2 partial pressure, 16.8 kPa; catalyst mass,
200 mg; feed flow rate (at NTP), 10 ml min21 of 1% n-pentane
in N2 mixed with 2 ml min21 of H2. Under these conditions, the
predominant catalytic reaction product was isopentane, formed
with small amounts of methane, ethane, propane, butane,
isobutane and neopentane. Catalysis was also carried out in the
absence of H2 under the same conditions, except that the feed n-
pentane partial pressure was 0.84 kPa and the total flow rate was

10 ml min21. As the Pt precursor in the catalyst was observed
to be reduced in H2 to give zero-valent Pt even at room
temperature, we infer that it was also reduced in the presence of
the H2-containing reactant mixture at 523 K during the initial
stages.

The dependence of n-pentane conversion on time-on-stream
(TOS) in the flow reactor is shown for the three catalysts in
Fig. 1. Fe/Pt/17WZ(S) almost immediately attained a nearly
stable activity corresponding to a conversion of ca. 64%. In
contrast, induction periods of ca. 15 and 60 min were observed
for Pt/17WZ and Fe/Pt/17WZ(N), respectively, before a nearly
stable conversion of ca. 48% was attained. These activities are
in the reverse order of the BET surface areas of the catalysts and
show that the differences are associated with the catalyst
compositions and not just physical properties.

The selectivities of the catalysts for isopentane formation
measured during these experiments are shown in Fig. 2. The
selectivity of Pt/17WZ dropped from ca. 97% to a stable value
of ca. 95% after 1 h, whereas that of Fe/Pt/17WZ(N) reached a
stable selectivity of ca. 99.7% after 30 min and that of Fe/
Pt17WZ(S) approached 99% after 2.5 h. This small difference
in selectivies may be caused by the higher conversion on the
sulfate-containing catalyst. Thus, the data show that promotion
by Fe enhances the catalytic activity of WZ for n-pentane
conversion, with the iron sulfate providing a higher activity than
iron nitrate but a somewhat lower selectivity.

The importance of H2 in the reactant feed is emphasized. It
was shown9 that Fe had no promoting effect on WZ when H2
was absent from the feed. Only 1% conversion of n-pentane and
30% selectivity for isopentane were measured under our
conditions for the Fe- and Pt-promoted catalyst in the absence of

Fig. 1 Conversion of n-pentane catalyzed by Fe-promoted and Fe-free Pt/
WZ catalysts in a flow reactor (conditions stated in text).
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H2. It is therefore inferred that H2 is essential for the optimal
performance of this class of catalysts.

Sulfate is known to be strongly bonded to the zirconia
surface,10 and sulfated zirconia is itself a highly active catalyst
for n-alkane conversions. The performance of sulfated zirconia
is significantly improved by the addition of Fe and/or Pt
promoters.11 We therefore speculate that Fe/Pt17WZ(S) may
incorporate surface sulfate and that Fe and sulfate may provide
a cooperative promotion effect. Although the function of the Fe
is at this juncture not entirely known, it is mechanistically
deemed to prevent deep reduction of the tungsten by nascent
hydrogen which is produced by Pt from the co-fed H2. In this

manner a redox equilibrium (steady state) is maintained on the
catalyst surface which is responsible for the unusually good
catalytic efficiency and stability of the Fe/Pt-WZ system.

In summary, we have shown that WZ catalysts promoted by
both Fe and Pt exhibit high activity and selectivity for the
conversion of n-pentane to isopentane. The observed perform-
ance indicates a significant improvement over known catalysts
for n-pentane isomerization, and we suggest that the advantage
may extend to other alkanes as well and be of practical value.

We thank F. Lai and A. Argo for their help. The international
cooperation was made possible by financial support from the
Alexander von Humboldt-Stiftung, the Max Planck-Gesell-
schaft and the BMBF (Max Planck-Research Award to H. K.).
The work done in Munich was supported by the Deutsche
Forschungsgemeinschaft (SFB338).
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Aqueous oxidation of alkaline biguanide sulfate with
KMnO4 followed by crystallisation from 2 M HNO3 yields
the mononuclear [Mn(bigH)3]4+ ion, which has been charac-
terised crystallographically and provides an easy route to
mononuclear, water-stable manganese(IV).

In aqueous solution, some oxo-bridged multinuclear man-
ganese(IV) complexes are known to be stable enough for
successful study of their solution chemistry.1 In contrast, none
of the limited number of well characterised mononuclear
complexes of manganese(IV) have been synthesised from
aqueous media or have been reported to be stable in aqueous
solution. This situation has considerably limited our knowledge
of the aqueous chemistry of manganese(IV), a key species in
photosystem II. We report here the synthesis and structural
characterisation of a mononuclear complex of manganese(IV)
with the ligand biguanide, NH2C(NNH)NHC(NNH)NH2,
(bigH). The crystals grow from 2 M nitric acid and are stable in
aqueous solution over a wide range of acidity (1026 to 2 M).

X-Ray structural studies2 indicate that the complex ion
[Mn(bigH)3]4+ contains MnIV bound to three biguanide ligands
(Fig. 1). Structurally the complex comprises of an axially
distorted octahedral MnN6 coordination sphere with axial Mn–
N(av.) 1.98 Å and equatorial Mn–N(av.) 1.917 Å. Such Mn–N
distances (usual range 1.955–2.052 Å for other MnIV–N bonds3)

effectively establish the MnIV state. The lattice consists of two
types of metrically similar but crystallographically distinct
[Mn(bigH)3]4+ units with sulfate and nitrate counter anions
along with three molecules of water of crystallization. The two
monomeric units are held together by hydrogen bonds via the
sulfato anion, the latter acting as a bridge between the two. The
non-bonded N…N interactions are responsible for packing in
the structure (Fig. 2) with an average N…N distance of 2.414 Å.
There are no significant covalent bonding contacts between the
two molecules. An ORTEP4 drawing of the complex cation with
atom numbering scheme is shown in Fig. 1. The average cis and
trans angles at the metal center are 89.548 and 175.085°,
respectively. The four nitrogen atoms N(7), N(8), N(15) and
N(21) form the equatorial plane and N(1) and N(14) are in axial
positions. The Mn atom lies 0.045 Å towards the N(1) atom
from the least-squares plane consisting of N(7), N(8), N(15) and
N(21) atoms.

The complex was prepared by a very simple procedure. A
solution of KMnO4 (0.158 g, 1.0 mmol in 5 ml water) was added
dropwise with stirring to 30 ml of a stirred, ice-cold aqueous
solution of bigH·H2SO4 (1.0 g, 5.0 mmol) in NaOH (0.6 g, 15.0
mmol). The resulting deep orange–red solution was nearly
neutralised by slow addition of 2–3 mL, 2 M HNO3 and filtered.
The filtrate was acidified to ca. 2 M by adding ca. 7.5 mL, 12
M HNO3 and stored overnight at 4 °C. Red crystals suitable for
diffraction measurements were collected by filtration. Yield,
0.18 g, (60% based on MnO4

2). Anal.: calc. (found) for
[Mn(bigH)3]2SO4(NO3)6·3H2O: C, 11.63 (11.3); H 3.88 (3.9);
N, 40.71 (39.9)%. UV–VIS (H2O, pH 2), l/nm (e/dm3

mol21 cm2 1) 352 (8942), 430 (8035). Prominant molecular ion
peaks (Kratos PC-Kompact MALDI 4 V1.0.3) found at 694.8
{[Mn(bigH)3]SO4(NO3)3·3H2O}2, 585.9 {[Mn(bigH)3]SO4-
(NO3)·4H2O}+, 101.7 {bigH2}+, 60 {NO3

2}.
The mononuclear structure of the complex appeared some-

what surprising because of the demonstrated tendency of
higher-valent manganese complexes for aquation, decomposi-
tion and polynucleation in aqueous acids.2a It is probably the
exceptionally strong basicity of biguanide5 which discourages
the formation of multinuclear oxo-bridged manganese com-
plexes. Hart et al.3 isolated the complex [MnIV(big)3]-

Fig. 1 ORTEP plot and labeling for [Mn(bigH)3]4+. For clarity the hydrogen
atoms are not shown. Selected bond lengths (Å) and bond angles (°):
Mn(1)–N(1) 1.97(2), Mn(1)–N(7) 1.91(1), Mn(1)–N(8) 1.93(1), Mn(1)–
N(14) 1.99(2), Mn(1)–N(15) 1.92(1), Mn(1)–N(21) 1.91(1); N(1)–Mn(1)–
N(7) 92.57(6), N(8)–Mn(1)–N(14), 86.22(4), N(15)–Mn(1)–N(21),
84.83(7).

Fig. 2 Non–bonded N…N interactions responsible for packing in the
structure.
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(OAc)·2H2O by the non-aqueous oxidation of MnII acetate with
NBun

4MnO4 in the presence of bigH in ethanol. They reported
no aqueous chemistry for this complex but we found that in
water it forms a turbid solution the turbidity of which increased
rapidly and a brown precipitate deposited slowly. This is
consistent with our earlier kinetic observation6a that [AgIII-

(bigH)2]3+ but not its conjugate base, [AgIII(big)(bigH)]2+

survives for an extended period in aqueous solution. An
analogous situation was found with [AgIII{C2H4(bigH)2}],6b

{[C2H4(bigH)2] is tetradentate ethylenebis(biguanide)}. The
electron-rich, deprotonated ligands big2 and [C2H4(big)-
(bigH)]2 significantly lower the kinetic barrier to intra-
molecular redox decomposition forming Ag+ and oxidation
products of the biguanide. Expectedly, a similar redox decom-
position is favoured for [Mn(big)3]+ but not [Mn(bigH)3]4+ in
solution in spite of the greater ligand field strength of big2, as
indicated by the fact that both the UV–VIS spectral bands of
[Mn(big)3]+ appear at lower wavelengths than those of
[Mn(bigH)3]4+.

The synthetic procedure used for [Mn(bigH)3]4+ failed to
produce a stable [C2H4(bigH)2] analogue. The isolated red
crystals in this case changed to a nearly colourless solid within
hours. The strong-field tetradentate ligand, ethylenebis(bigua-
nide), prefers square-planar coordination and may not be
compatible with a d3 MnIV system which prefers octahedral
geometry. Notably, a square-planar MnIII complex of
[C2H4(bigH)2] has been structurally characterised.7

In the polycrystalline form 1 exhibits a corrected room-
temperature (19 °C) magnetic moment of 3.73 mB consistent
with a d3 octahedral complex. Its polycrystalline X-band EPR
spetrum (Fig. 3) displays broad resonances at g values (DPPH,
g = 2.0037) of ca. 2 and 4. The signal at lower field is much

more intense and slightly asymmetric with turnover and
crossover points at 1550 G (g = 4.3) and 1860 G (g = 3.58).
The EPR spectrum fully corresponds to a MnIV (d3) ion in
octahedral field with axial distortion8 consistent with the crystal
structure. The MnN6 core in [Mn(big)3]+ by contrast, is almost
undistorted.3

The synthesis described here opens an easy route to aqueous
stable MnIV which may be useful for better understanding of the
aqueous chemistry of Mn in its +4 state. Presently, the kinetics
of [MnIV(bigH)3]4+ with simple reducing agents in acidic
solution are under investigation.

R. B. is grateful to the Department of Science and
Technology, New Delhi for sponsoring the research.
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The cis,cis,cis-1,2,3,4-Tetrakis(diphenylphosphinomethyl)-
cyclopentane–[PdCl(C3H5)]2 system catalyses the cross cou-
pling of aryl bromides with arylboronic acids with very high
substrate–catalyst ratios in good yields; a turnover number
of 28 000 000 can be obtained for the addition of 4-bromo-
benzophenone to benzeneboronic acid in the presence of this
catalyst.

Biaryl compounds are fundamental building blocks in organic
synthesis and their preparation is an important industrial goal.1
The cross coupling reaction is an efficient method for the
synthesis of these compounds.2 The classical method of
performing this reaction is to employ aryl halides and
organometals containing zinc, magnesium or boron in the
presence of palladium catalysts. These palladium complexes are
generally associated with the triphenylphosphine ligand.2 Even
if the catalyst formed by association of this ligand with
palladium complexes is efficient in terms of yield of adduct, the
efficiency in terms of substrate–catalyst ratio is usually low. In
general 1–10% of the catalyst must be used. Recently a few
bulky monodentate ligands have been successfully used for this
reaction.3 One of the most efficient catalytic systems uses a
palladium–phosphite complex. The nature of the phosphite
ligand has an important effect on the yield of the reaction, and
only hindered phosphites such as P(O-2,4-tBu2C6H3)3 or P(O-
iPr)3 are useful ligands.4 A carbene ligand also leads to the
formation of palladium catalysts that are more efficient than
those of triphenylphosphine for this reaction. With this complex
the reaction can be performed with as little as 0.0004%
catalyst.5 Finally, a very efficient catalyst for this reaction has
been prepared with the bulky ligand (o-biphenyl)P(t-Bu)2.6 If
bulky monodentate ligands have been successfully used for this
reaction, to our knowledge, the efficiency of bulky polydentate
ligands has not yet been demonstrated.

The nature of the phosphine ligand on complexes has a
tremendous influence on the rate of catalysed reactons.7 In order
to find more efficient palladium catalysts we have prepared a
new tetrapodal phosphine ligand, cis,cis,cis-1,2,3,4-tetrakis(di-
phenylphosphinomethyl)cyclopentane or Tedicyp 18 (Fig. 1) in
which the four diphenylphosphino groups are stereospecifically
bound to the same face of the cyclopentane ring. The presence
of four phosphines close to the metal centre should increase the
coordination of the ligand to the metal centre and therefore
increase the stability of the catalyst. We have reported recently
the first results obtained in allylic substitution using 1 as
ligand.8 For example, a TON of 680 000 for the addition of
dipropylamine to allyl acetate had been observed. In this paper,
we wish to report on the superiority of Tedicyp 1 over other

diarylphosphines in the cross coupling of arylboronic acid with
aryl bromides.

First, we tried to evaluate the importance of the presence of
phosphine ligands on the complex. So we performed the
reaction with [PdCl(C3H5)]2 as catalyst in the absence of ligand.
We observed that the coupling of 2,4-dimethoxybromobenzene
2 or 3-bromothiophene 3 with benzeneboronic acid 12 in the
presence of 4% catalyst led to the biaryl adducts in low yield
(Scheme 1 and 2) (Table 1, entries 1 and 2). Next, we tried to
evaluate the difference of efficiency between mono, di and
polydentate ligands bearing diphenylphosphino groups for this
reaction. For this we compared the rate of the reaction in the
presence of a monophosphine PPh3, a diphosphine dppe, and
with our tetraphosphine.9 Addition of 3-bromothiophene 3 to
benzeneboronic acid 12 in the presence of 0.0002% catalyst, led
to the addition product in 2% conversion when PPh3 was used
as ligand and 61% conversion with dppe (Table 1, entries 3 and
5). With Tedicyp the yield was 91% in the presence of
0.00002% catalyst (substrate–catalyst ratio of 5 000 000) (Table
1 entry 7) and 16% in the presence of 0.0000002% catalyst
(Table 1, entry 9). A similar tendency was observed for the
addition of 2,4-dimethoxybromobenzene 2 to benzeneboronic
acid 12. In the presence of 0.0002% catalyst, only 2%
conversion was observed with PPh3 (Table 1, entry 4). With
Tedicyp, in the presence of 0.00002% catalyst, the conversion
was 28% (Table 1, entry 6).

The electronic properties of the ligand are certainly of
importance for this reaction, as most triarylphosphines are not
sufficiently electron-rich to promote a fast oxidative addition of
aryl bromides.2 However, previous studies have shown that
electron-rich trialkylphosphines such as PCy3 are also rather
inefficient ligands for this reaction.10 In contrast t-Bu2P(biphe-
nyl) is an effective ligand for the Suzuki coupling.6 Although
electron-rich ligands such as P(Cy)3 facilitate oxidative addi-
tion, they also decrease the rate of the reductive elimination
process. These observations indicate that the combination of
both steric bulk and electronics is important. The complex
formed by association of Tedicyp and [PdCl(C3H5)]2 seems to
possess a fine balance of steric and electronic properties, which
allow a fast catalytic process.

Next we tried to evaluate the scope and limitations of the
Tedicyp–palladium complex for this reaction. A survey of

Fig. 1

Scheme 1

Scheme 2
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catalytic cross coupling of aryl bromides with arylboronic acids
is provided in Table 2. A wide variety of functional groups are
tolerated. Coupling of 4-bromoanisole 4, 4-bromophenol 5,
4-bromobenzaldehyde 6, 4-bromoacetophenone 7 and
4-bromobenzophenone 8 with benzeneboronic acid 12 in the
presence of 0.00001% of Tedicyp–palladium complex led to the
coupling products in 25, 74, 15, 96 and 98% yields, re-
spectively. A turnover number of 28 000 000 has been obtained
for the addition of 4-bromobenzophenone 8 to benzeneboronic
acid 12. Lower TON were observed in the course of the
coupling of 1-bromo-4-nitrobenzene 9 and 4-bromo-N,N-
dimethylaniline 10 with 12. Coupling of 4-bromoacetophenone
7 with the substituted 4-fluorobenzeneboronic acid 13 and
4-methoxybenzeneboronic acid 14, in the presence of 0.0001%
catalyst, led to the coupling products 25 and 26 in 97% and 80%
yield (Scheme 3). When we used 3-bromopyridine 11 in the
presence of 0.0001% catalyst a complete conversion was
observed for the coupling with benzeneboronic acid 12.
Turnover numbers of 75 000 and 96 000 have also been
obtained for the coupling of 3-bromopyridine 11 with 4-me-
thoxybenzeneboronic acid 14 and 4-fluorobenzeneboronic acid
13 respectively (Scheme 4). These results seem to indicate that
in general electron-poor aryl bromides can be reacted at higher
TON than electron-rich aryl bromides. In contrast, substituents
on the arylboronic acid seem to have a minor effect. In all cases,
only traces ( < 1%) of homocoupling products were observed
with this catalyst. The best results were usually obtained with
K2CO3 as base in toluene or xylene as solvents. Use of biphasic
solvent systems generally gave inferior results compared to
reactions run without added water.

In conclusion, the use of the tetradentate ligand Tedicyp
associated with a palladium complex provides a convenient
catalyst for the cross coupling of aryl bromides with arylboronic
acids. This catalyst is much more efficient than the complex
formed with the triphenylphosphine ligand. This efficiency
probably comes from the presence of the four diphenylphos-
phinoalkyl groups stereospecifically bound to the same face of
the cyclopentane ring which probably increases the coordina-
tion of the ligand to the metal and presents precipitation of the
catalyst. The complex seems also to possess a fine balance of
steric and electronic properties which allow a fast catalytic
process. The reaction can be performed with as little as

0.000005% catalyst without further optimisation of the reaction
conditions. These results represent an inexpensive, efficient,
and environmentally friendly synthesis.

We thank the CNRS for providing financial support.
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Brüggeller, R. Haid and C. Langes, Chem. Commun., 2000, 777.

8 M. Feuerstein, D. Laurenti, H. Doucet and M. Santelli, Chem. Commun.,
2001, 43.

9 For the preparation of the catalyst see D. Laurenti, M. Feurstein, G.
Pèpe, H. Doucet and M. Santelli, J. Org. Chem., in press.

10 W. Shen, Tetrahedron Lett., 1997, 38, 5575.
11 As a typical experiment, the reaction of 4-bromoacetophenone 7 (1.03 g,

5.2 mmol), benzeneboronic acid 12 (0.92 g, 7.6 mmol) and K2CO3 (1.38
g, 10 mmol) at 130 °C for 24 h in dry xylene (10 mL) in the presence of
cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)cyclopentane–
[PdCl(C3H5)]2 complex (5.2 1027 mmol) under argon affords the
corresponding biaryl adduct 20 after evaporation and filtration on silica
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Table 1 Palladium-catalysed cross-coupling with 12: influence of the ligand

Entry Substrate Ligand T/h
Substrate–catalyst
ratio Yield (%)

1 3-Bromothiophene No ligand 24 25 33
2 2,4-Dimethoxybromobenzene No ligand 48 25 16
3 3-Bromothiophene PPh3 96 500 000 2
4 2,4-Dimethoxybromobenzene PPh3 24 500 000 2
5 3-Bromothiophene dppe 24 500 000 61
6 2,4-Dimethoxybromobenzene 1 20 5 000 000 28
7 3-Bromothiophene 1 24 5 000 000 91
8 3-Bromothiophene 1 20 100 000 000 34
9 3-Bromothiophene 1 24 500 000 000 16

Conditions: catalyst [Pd(C3H5)Cl]2/ligand 1/1; 3-bromothiophene 1 eq.; benzeneboronic acid 12 1.5 eq.; K2CO3 2 eq.; 130 °C; xylene.

Scheme 3

Scheme 4

Table 2 Tedicyp–Pd catalysed cross-coupling11

Aryl
bromide

Boronic
acid Product

Substrate–catalyst
ratio Yield (%)

4 12 17 100 000 93a

10 000 000 25f

5 12 18 1 000 000 98b

10 000 000 74a

6 12 19 10 000 000 15d

7 12 20 10 000 000 96f

8 12 21 10 000 000 98c

100 000 000 28a

9 12 22 100 000 26b

10 12 23 100 000 92a

5 13 24 20 000 000 95a

7 13 25 1 000 000 97e

7 14 26 1 000 000 80a

11 12 27 1 000 000 98e

11 13 28 100 000 96d

11 14 29 100 000 75d

Conditions: catalyst see ref. 9; ArX 1 eq; ArB(OH)2 1.5 eq.; K2CO3 2 eq.;
xylene; 130 °C.
a 24 h, b 48 h, c 72 h, d 90 h, e 115 h, f 135 h.
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The complex [{Sn4(NBut)3P}{Sn4(NBut)3(OSiMe3)}] 1 is the
first example of a low-oxdation state p-block metal complex
containing a P32 anion.

In contrast to transition metal complexes containing bare P32

ions,1 the analogous complexes of the heaviest (most metallic)
p-block elements have been almost unexplored.2 Among the
very few complexes of this type so far structurally characterised
are [(Cp*Al)6P4],2e [{(Me3Si)3CGa}3P4]2f and [{Me2Sn}nP2]
(n = 52b or 62c), all of which contain the Group 13 and 14
elements in their highest oxidation states (i.e. corresponding to
the formal loss of the valence s and p electrons). Two of the
main synthetic strategies used to generate these species are the
reactions of high-oxidation state organometallic dihydrides
with P4

2b,c or oxidative addition of low-oxidation state
organometallics with P4.2e,f Norman and coworkers recently
showed that the binary Group 15 phosphides EP (E = Sb, Bi)
can be generated by the reactions of E(NMe2)3 with P(SiMe3)3,3
a process which is driven thermodynamically by the formation
of Si–N bonds. However, although the related reactions of
transition metal halides with trimethylsilyl phosphines have
been used to generate molecular transition metal phosphides,1i,j

neither this reaction nor reactions involving amides or imides
have previously been used in the generation of molecular main
group metal species containing the P32 anion.4 Our interest in
the synthesis and coordination chemistry of SnII oxo cubanes
such as [Sn4(NBut)3O]5,6 led us to investigate new approaches
to the isoelectronic Group 15 anions [Sn4(NR)3E]– (E = N, P).
Herein we report the synthesis and structure of
[{Sn4(NBut)3P}{Sn4(NBut)3(OSiMe3)}], a SnII phosphide
which formally contains a [Sn4(NBut)3P]2 anion.

The reaction of [SnNBut]4 (1 equiv.) with an excess of
P(SiMe3)3 in THF–PhCH3 was undertaken initially in order to
obtain the substituted cubane [Sn4(NBut)3(PSiMe3)] [via elim-
ination of ButN(SiMe3)2]. However, unexpectedly the title
complex [{Sn4(NBut)3P}{Sn4(NBut)3(OSiMe3)}] 1 was ob-
tained as the only isolable crystalline product (in low yield). The
incorporation of the O centre within the OSiMe3 group of 1 was
confirmed by the subsequent structural characterisation of the
complex, and is supported by the observation of a Si–O
stretching band in the IR spectrum at 1175 cm21.7 The low
solubility of the complex once isolated precluded more
extensive investigations of its solution structure. However, the
observation of only two But resonances in the 1H NMR
spectrum of 1 (d 1.15 and 1.11) suggests that the behaviour of
the complex in solution is far from simple. The likely pathway
to 1 involves the addition reaction of [Sn4(NBut)3(PSiMe3)] and
the oxo cubane [Sn4(NBut)3O] (as depicted in Scheme 1). It was
assumed that the latter species arose from trace hydrolysis of the
imido SnII cubane [SnNBut]4 during storage of the reaction
mixture; a previously established route to the oxo cubane.6 This
view is supported by the isolation of 1 from the reaction of
[SnNBut]4 (1 equiv.) and an excess of P(SiMe3)3, followed by
addition of [Sn4(NBut)3O] (1 equiv.).† Significantly, attempts

to prepare the complex by reaction of [Sn4(NBut)3O] (2 equiv.)
with P(SiMe3)3 (1 equiv.) failed to produce 1, indicating that the
imido cubane [SnNBut]4 is involved in the initial step.

The X-Ray crystallographic study of 1 shows that molecules
of the complex consist of a pseudo ‘double-cubane’
Sn8(NBut)6P core (Fig. 1),‡ in which the two Sn4(NBut)3
cubane subunits are linked together by a P32 ion. Although
other Group 13 and 14 metal complexes containing the P32 ion
have been structurally characterised,2 1 is the first example in

Scheme 1

Fig. 1 The cage structure of 1. H-atoms have been omitted for clarity. Key
bond lengths (Å) and angles (°): Sn(1)–P(1) 2.580(4), Sn(1)–N(2) 2.219(7),
Sn(1)–N(2) 2.219(8), Sn(2)–N(1) 2.20(1), Sn(2)–N(2,2A) 2.219(8), Sn(3)–
P(1) 2.725(3), Sn(3)–N(1) 2.207(6), Sn(3)–N(2) 2.235(7), Sn(4)–P(1)
2.630(3), Sn(4)–N(3) 2.198(7), Sn(4)–N(4) 2.177(7), Sn(5)–N(3) 2.22(1),
Sn(5)–N(4,4A) 2.187(7), Sn(6)…P(1) 3.298(4), Sn(6)–N(4) 2.265(8),
Sn(6)–N(4A) 2.265(7), Sn(6)–O(1) 1.981(9), Si(1)–O(1) 1.64(1); Sn–N–Sn
range 96.9(3)–107.0(3), N–Sn–N range 78.1(3)–81.4(3), N–Sn–P range
82.2(2)–98.3(2), Sn(1)–P(1)–Sn(3) 84.8(1), Sn(1)–P(1)–Sn(4) 118.0(1),
Sn(2)–P(1)–Sn(3) 98.8(3), Sn(3)–P(1)–Sn(3A) 101.3(4), Sn(3)–P(1)–Sn(4)
94.70(5), Sn(3)–P(1)–Sn(4A) 155.4(2), Sn(4)–P(1)–Sn(4A) 82.7(1), N(4)–
Sn(6)–O(1) 99.8(3), Sn(6)–O(1)–Si(1) 140.5(7).
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which the p-block metal is in a low-oxidation state (i.e. in which
the metal lone-pair of electrons is retained).

Although they occur over fairly broad ranges, the Sn–N bond
lengths [2.177(7)–2.265(8) Å] and Sn–N–Sn [96.9(3)–
107.0(3)°] and N–Sn–N [78.1(3)–81.4(3)°] angles in 1 are
similar to those found in structurally characterised imido Sn(II)
cubanes of the type [SnNR]4 [cf. Sn–N range 2.15(1)–2.34(2) Å,
Sn–N–Sn mean 98.4°, N–Sn–N mean 81.9°].5,8 An unusual
feature of 1 is the distorted six-coordinate geometry of the P32

centre. The five Sn–P bonds involved with Sn(1) [2.580(4) Å],
Sn(3,3A) [2.725(3) Å] and Sn(4,4A) [2.630(3) Å] fall within the
range previously reported for bonds between anionic (R2P2 and
RP22) P centres and SnII (2.60–2.80 Å).9,10 However, the
remaining contact with the chemically distinct tin centre Sn(6)
[3.298(3) Å] {which is bonded to the O centre of an Me3SiO
group [Sn–O 1.981(9) Å]11} is clearly much weaker, and is
around the value which could be estimated for that between a
neutral phosphine (R3P) and SnII.10 The weakness of this
contact is consistent with the absence of a vacant p orbital on
Sn(6) and the apparent orientation of the metal lone pair towards
the core of 1. The coordination number of the Sn(II) centre and
range of Sn–P distances in 1 are similar to that found in the
NaCl-type lattice structure of tetragonal SnP [with Sn–P bond
lengths of 2.55(6), 2.74(1) and 3.41(1) Å].12 However, the
bonding pattern in 1 is markedly different to that found in all
previously reported molecular p-block metal compounds con-
taining P32 anions, which have three-coordinate P atoms and
electron-precise metal–P bonding.2 Two bonding schemes may
be used to rationalise the Sn6P unit in 1. Although the
description of the structure of 1 as a donor complex of the
[Sn4(NBut)3P]2 anion and a [Sn4(NBut)3(OSiMe3)]+ fragment
is an attractive one [i.e. containing a 2e–3c bond between P(1)
and Sn(4) and (4A)], a model involving a 2e–3c bond with Sn(3)
and Sn(3A) appears to be most consistent with the variation of
the Sn–P bond lengths in the complex.

In conclusion, the first low-oxidation state p-block metal
complex containing a P32 anion has been prepared. The
synthetic route used in its preparation (’silyl/imido elimina-
tion’) exemplifies a new, potentially broad-ranging approach to
a variety of molecular main group as well as transition metal
species containing ‘bare’ P centres.
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Karl Benz-Stiftung (A. R.) and Churchill College (Fellowship
for A. D. H.) for financial support.

Notes and references
† Synthesis of 1: [SnNBut]4 (0.42 mmol) was prepared in situ by reaction of
ButNH2 (0.18 mL, 1.70 mmol) with Sn(NMe2)2 (0.35 g, 1.70 mmol) in
PhCH3 (15 mL). The reaction mixture was brought to reflux briefly and
stirred (2 h), to give a bright yellow solution. To this solution was added
P(SiMe3)3 (0.42 mL, 1.45 mmol, excess) at room temperature. Immediately,
a solution of [Sn4(NBut)3O] (0.44 mmol) in THF (10 mL) was added.
Stirring at room temperature (20 min) produced a deep red solution.
Filtration followed by reduction of the solvent under vacuum (to ca. 3 mL)
and storage (18 °C, 3 d) gave deep red cubic crystals of 1. These were
washed with Et2O (2 3 5 mL) prior to analysis. Yield 0.090g (14%).
Decomp. 153 °C to black solid. IR (Nujol mull), nmax/cm21 1355m, 1250m,
1237w, 1175s (Si–O str.), 1092s, 1021s, 937m, 916m, 899w, 871w,
822s(sh), 801vs (air exposure led to a gradual loss of the bands at 1175, 937,
916, 899 and 822 cm21 and to a change in color from red to yellow). 1H
NMR (+25 °C, 400.132 MHz, [D8]-THF): d = 1.15 (s, 18H, ButN), 1.11 (s,
36H, ButN), 0.11 (s, 9H, Me3Si). 31P NMR (+25 °C, 161.976 MHz, [D8]-
THF): d = 3245.0 (s, poorly resolved shoulders). Anal. Found: C, 21.7; H,
4.2; N 5.4. Calc.: C 21.7; H, 4.2; N, 5.6%.
‡ Crystal data for 1; C27H63N6OPSiSn8, M = 1496.42, monoclinic, space
group Cm, Z = 2, a = 13.453(3), b = 15.280(3), c = 12.736(3)Å, b =
116.00(3)°, V = 2353.1(8) Å3, Dc = 2.109 Mg m23, m(Mo–Ka) = 4.257

mm21, T = 220(2) K. Data were collected on a Nonius Kappa CCD
diffractometer. Of a total of 10543 refections collected, 5244 reflections
were independent (Rint = 0.021). The structure was solved by direct
methods and refined by full-matrix least squares on F2. Final R1 = 0.043
[for 4605 reflections I > 2s(I)] and wR2 = 0.193 (all data).13 CCDC
182/1887. See http://www.rsc.org/suppdata/cc/b0/b008108f/ for crystallo-
graphic files in. cif format.
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Warming mixtures of (CpR)Zr(h3-C4H7)(h4-C4H6) and
B(C6F5)3 leads to complete transfer of all three C6F5
substituents of a B(C6F5)3 molecule to give borole-bridged
triple-decker complexes with a Zr2C4B core, a zwitterionic
structure and an unusually strong Zr–F donor interaction.

Early transition complexes of the borole dianion [C4H4BR]22

have attracted attention as potential alkene polymerisation
catalysts.1 Two general synthetic strategies have been em-
ployed: the dehydrogenation of 2,5-dihydo-1H-boroles with
various transition metal compounds,2 or the reaction of metal
halides with a pre-formed borole dianion.3 We found recently
that zirconium 1,3-diene complexes (CpR)Zr(h3-allyl)(h4-
diene) 1 react with B(C6F5)3 via C–H activation and C6F5
transfer steps to give boryldiene compounds 2;4,5 for CpR =
1,3-C5H3(SiMe3)2 2a, this decomposes further under carefully
controlled conditions (prolonged storage at 5 °C) via another C–
H activation step to give the pentafluorophenylborole complex
3 (Scheme 1).6 We now report a similar reaction sequence
leading to the unexpected formation of zirconium triple-decker
complexes 4 containing a novel ansaborole-allyl ligand.

Warming an equimolar mixture of B(C6F5)3 and Zr(h3-
C4H7)(h4-1,3-butadiene)CpB [CpB = 1,3-C5H3(SiMe3)2] to
50 °C for 2 h gave a red solution which did not contain the
expected 3 but a new product 4a in high yield. Removal of the
volatiles and recrystallisation from diethyl ether provided a red
crystalline solid, identified as the triple-decker zirconium
complex Zr2CpB2(C6F5)2{m-h5+h5-C4H4BCH2-h3,kF-CH-
CHCHB(C6F5)3}·2Et2O (4a·2Et2O).† Formation of this product
involves complete transfer of all three C6F5 substituents of one
B(C6F5)3 molecule, with C–H activation and loss of one C6F5
group as pentafluorobenzene. The role of the boryldiene
complex 2a as a reaction intermediate is supported by the
formation of the same product from isolated 2a.

The ambient temperature 19F NMR spectrum features a
signal at d 2217.2 indicative of coordination of one of the o-F
atoms of the formally anionic butenyl–B(C6F5)3 moiety to the
metal centre. Signal broadening due to o-F exchange is
observed on heating to 70 °C. Similar evidence of o-F
coordination is seen in the zwitterionic complex Cp2Zr(h3-
CH2CHCHCH2B(C6F5)3]7 (d 2213.2), although in this case
cooling to 286 °C was required to reach the slow exchange
limit. Evidently the Zr…F interaction in 4a is significantly
stronger. The 11B NMR spectrum shows two signals, one
extremely broad peak at d ca. 3 (borole-B) and a sharp peak at
d 212.8 for the butenyl–B(C6F5)3 moiety. The borole is low-
field shifted by ca. 20–30 ppm compared with other alkyl–
borole systems,8 probably due to the bridging nature of the
ligand.

The structure of 4a was confirmed by single crystal X-ray
diffraction (Fig. 1).‡ The most striking feature of the structure
is the bridging borole ligand, the boron atom of which is derived
from B(C6F5)3 that has lost all three C6F5 substituents. The
boron is instead bonded to the butenylborate unit which in turn
is h3-bonded to Zr(1). This Zr atom is further coordinated to an
o-F atom of the butenylborate ligand. The coordination sphere
of the second metal centre Zr(2) is completed by a CpB and two
C6F5 ligands.

There is little difference in the bonding distances of the two
zirconium atoms with regard to the borole ring, with an average
Zr–C length of 2.522(5) Å for Zr(1) and 2.521(5) Å for Zr(2).
The Zr–B distances do differ however, with Zr(1)–B(1) of
2.534(6) Å and Zr(2)–B(1) of 2.609(6) Å; this is most probably
due to the distortion imposed by the coordination of the allylic
fragment to Zr(1). For the related borole complex CpBZr(C6F5)-
(h5-C4H4BC6F5)·OEt26 the Zr–C distances are shorter (average
Zr–C of 2.455 Å). The Zr–F distance of 2.355(3) Å is
significantly shorter than Zr…F interactions in comparable
complexes, for example [NEt4]2[{C5H4B(C6F5)3}Zr(m-Cl)Cl2]2
[2.430(2) Å],9 CpBZr(C6F5){h4-C4H5B(C6F5)2} [2.441(7) Å],4d

and Cp2Zr{h3-C4H6B(C6F5)3} [2.423(3) Å].7 This is a reflec-
tion of the strength of this interaction, in agreement with the 19F
NMR evidence.

The reaction leading to 4a is remarkable in several respects.
Although triple-decker complexes involving a central borole
ligand have been reported,10–13 4a is the first example
containing a group 4 metal. B(C6F5)3, widely used as an
activator for metallocene polymerisation catalysts because of its
chemical stability,14 acts here as a boron source after loss of all
three of its C6F5 groups. The decomposition pathways of the
boryldiene system 2a are evidently strongly temperature
dependent and are diverted from the formation of 3 at 5 °C to the
binuclear complex 4a by the simple expedient of raising the
temperature. However, while 3 is formed only in the case of
CpB, the selective formation of complexes of type 4 is quite
general and has led to isolation in high yields of 4b (CpR =
C5H5, 73%), 4c (C5H4Me, 72.7%) and 4d, (C5H4SiMe3,
66%).

This work was supported by the Engineering and Physical
Sciences Research Council.

Scheme 1 Reagents and conditions: i, B(C6F5)3; ii, 2C6F5H, toluene, 5 °C,
4 weeks, followed by addition of Et2O; iii, 2C6F5H, toluene, 50 °C, 2 h; iv,
toluene, room temperature, reduced pressure, 2 h, 2C4H8.
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Notes and references
† Synthesis of 4a: a solution of Zr(C4H7)(C4H6)CpB (1.63 g, 3.98 mmol) in
toluene (30 cm3) at 278 °C was treated with a solution of B(C6F5)3 (1.98 g,
3.87 mmol). The reaction was maintained at this temperature for 30 min and
then allowed to reach room temperature. The volatiles were removed in
vacuo, toluene (40 cm3) was introduced and the reaction was stirred at 50 °C
for 2 h. Removal of the solvent in vacuo provided a brown foam which was
extracted with diethyl ether (50 cm3). Concentration of this red solution to
ca. 10 cm3 and cooling to 220 °C gave 4a as red crystals, yield 2.56 g,
(82.3%). Anal. Found: C, 45.4; H, 3.3. B2C60H51F25Si4Zr2 requires C, 46.1;
H, 3.3%. 1H NMR (300 MHz, C6D6, 20 °C): d20.38, 20.01, 0.08, 0.20 (s,
9H each, SiMe3), 1.51 (d, 2H, J 8.04 Hz, CH2CHCHCHB(C6F5)3), 3.36 (q,
1H, J 8.27 Hz, CH2CHCHCHB(C6F5)3), 4.81 (d, 1H, J 19.44 Hz,
CH2CHCHCHB(C6F5)3), 5.81 (d, 1H, J 6.46 Hz, CH2CHCHCHB(C6F5)3),
3.91, 7.87 (m, 2H, m-C4H4B), 4.98, 6.81 (m, 2H, o-C4H4B), 5.51, 6.03,
6.66, 7.08 (m, 4H, 4,5-C5H3), 5.89, 6.74 (m, 2H, 2-C5H3) 11B{1H} NMR
(96.2 MHz, C6D6, 20 °C): d 3.0 (vbr, C4H4B), 212.8 [B(C6F5)3]. 13C NMR
(75.6 MHz, C6D6, 20 °C): d 21.20, 20.84, 20.69, 20.21 (SiMe3), 14.95
[CH2CHCHCHB(C6F5)3], 81.40 [CH2CHCHCHB(C6F5)3], 98.71, 126.64
(m-C4H4B), 105.72, 111.34 (o-C4H4B), 119.73, 124.01, 124.78, 129.95
(4,5-C5H3), 121.54 [CHB(C6F5)3], 123.87 [CHCHB(C6F5)3], 127.69,
129.50 (2-C5H3). 19F NMR (75.6 MHz, C6D6, 20 °C): d2108.2 (s, br, 1F),
2112.8 (s, vbr, 1F), 2119.9 (s, vbr, 1F), 2120.2 (s, br, 1F), 2126.2 (s, 1F),
2130.0 (s, vbr, 2F), 2132.9 (s, br, 2F), 2217.2 (m, 1F) (all o-C6F5),
2152.1 (t, 3JFF 19.8 Hz, 1F), 2152.5 (t, 3JFF 19.8 Hz, 1F), 2157.1 (t, 3JFF

19.8 Hz, 1F), 2157.6 (t, 3JFF 19.8 Hz, 1F), 2159.0 (t, 3JFF 19.8 Hz, 1F) (all
p-C6F5), 2160.2 (t, 3JFF 19.8 Hz, 1F), 2160.5 (m, 3F), 2161.5 (s, br, 1F),
2162.6 (m, 1F), 2164.2 (m, 2F), 2164.4 (m, 2F) (all m-C6F5).
‡ Crystal data for 4a·2Et2O: crystals were grown from diethyl ether at 220
°C; C60H51B2F25Si4Zr2·2C4H10O, M = 1711.67, triclinic, space group P1̄,
a = 13.2618(3), b = 13.6828(3), c = 22.1150(6) Å, a = 96.858(2), b =
106.311(2), g = 102.906(2)°, U = 3682.30(15) Å3, F(000) = 1732, Dc =
1.544 g cm23, Z = 2, m(Mo-Ka, l = 0.71073 Å) = 0.455 mm21. Final R
indices [I > 2s(I)] R1 = 0.0599, wR2 = 0.1232 for 8712 absorption-
corrected reflections. CCDC 152834. See http://www.rsc.org/suppdata/cc/
b0/b009016f/ for crystallographic data in .cif or other electronic format.
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Fig. 1 Molecular structure of 4a·2Et2O. Selected bond lengths (Å) and angles (°): Zr(1)–F(102) 2.355(3), Zr(1)–B(1) 2.534(6), Zr(2)–B(1) 2.609(6); Zr(1)–
B(1)–Zr(2) 117.1(2), B(1)–C(6)–C(7) 100.7(4), C(6)–C(7)–C(8) 126.1(5), C(7)–C(8)–C(9) 125.8(5), C(102)–F(102)–Zr(1) 136.2(3), B(10)–C(9)–C(8)
124.8(5), C(6)–B(1)–Zr(1) 100.4(3), C(6)–B(1)–Zr(2) 142.3(4), C(39)–Zr(2)–C(33) 116.37(19).
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b-Benzyl-g-butyrolactones were synthesized in four transi-
tion metal catalysed reactions from butynediol, and alkyl-
ated to afford new, biologically active lignan analogues.

Lignans, dimers of phenylpropenes, are ubiquitous secondary
plant metabolites.1 They exhibit notable biological activities, in
particular antiviral,2 cytotoxic3 and canceroprotective4 proper-
ties. Many lignan syntheses have been reported in the past.1,5

Two different strategies were most frequently followed for the
synthesis of butyrolactone lignans 1: 1. oxidative dimerization
of p-hydroxycinnamic acids6 and 2. alkylation of b-benzyl-g-
butyrolactones 2.7 Following these routes, between 6 and 13
steps were necessary to obtain this class of lignans. We reported
recently the Stille coupling8 of unsymmetrically protected
2-tributylstannylbuten-1,4-diols 3 with a variety of benzyl
bromides.9 This coupling reaction was the key step for the
preparation of lactones 2 from butynediol 4 (Scheme 1, Route
A) but several protecting group manipulations were necessary
and the overall yields were low (6–15%). Thus, a regioselective
oxidation of 2-tributylstannylbut-2-en-1,4-diol (5) to lactone 6
was desirable for a short synthesis of lactone 2 (Scheme 1,
Route B). Herein we report the synthesis of lactone 2 using only
four transition metal catalysed reactions. Key step was the
hitherto unknown, regioselective oxidation of diol 5 to lactone
6.10

The palladium catalysed cis-selective addition of tributyl-
stannane to butynediol 4 is well documented.11 The quality of

diol 4 was crucial in this step. Purification of this compound
prior to its use was necessary to obtain diol 5 in 92% yield
(Scheme 2).

The hydroxy group at C(4) of diol 5 can be regioselectively
protected using bulky silyl groups like the TBDMS group.12 We
assumed that selective oxidation of this hydroxy group may
occur if a sterically demanding oxidation reagent like TPAP13 in
conjunction with NMO was employed. The selective oxidation
of a primary hydroxy group in the presence of a secondary using
this oxidation system was reported by Bloch and Brillet14 but a
regioselective oxidation of one of two primary hydroxy groups
has not been published yet.

Treatment of diol 4 with 2.5 equivalents of NMO and 5 mol%
TPAP at rt for 17 h afforded the lactones 6 and 7 in 15% yield
and in a 4+1 ratio (Table 1, entry 1). The major compound
isolated was furane 10 (30%) formed by elimination of water
after initial oxidation to lactol 11 (Scheme 3).

Improved yields and selectivities were achieved when the
initial temperature was below 0 °C and the reaction mixture
gradually warmed to rt over a period of 17 h (entries 2 and 3).
Increasing the amount of TPAP and longer reaction times
produced the lactones 6 and 7 in ca. 50% yield but the

Scheme 1

Scheme 2

Table 1 Reaction conditions for the TPAP-catalysed oxidation of diol 5 to
lactones 6 and 7

Entry TPAP/mol% T/°C t/h Yield (%) Ratio 6+7a

1 5 23 17 15 3,7+1
2 5 230 ? 23 17 21 22+1
3 5 278 ? 23 17 32 22+1
4 7,5 278 ? 23 62 47 25+1
5 10 278 ? 23 62 49 20+1
6 7,5 + 2,5 +2,5 278 ? 23 62 50 5,4+1
a Estimated by 1H NMR spectra of crude reaction products.
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selectivity decreased with higher contents of the oxidation
reagent (entries 4–6).

Lactones 6 and 7 were inseparable by flash chromatography
and were therefore used as a mixture for the Stille coupling.
This reaction was performed with benzyl bromides 8a–h as
described previously.9 The a,b-unsaturated lactones 9a–h were
isolated as isomerically pure compounds (Scheme 2). Sweeney
et al. described recently, that the reaction rates for the Stille
coupling of lactones 6 and 7 with aryl halides are different.15 In
analogy, only lactone 6 reacted with benzyl bromides 8a–h to
the coupling products 9a–h (Table 2).

Hydrogenation of lactones 9a–h to lactones 2a–h were
achieved by means of 10% Pd on charcoal or Ra-Ni T4 (Table
3). The former catalyst, however, gave irreproducible results or
no conversion. Additionally, high pressure (100 bar) and long
reaction times ( > 24 h) were required. With Ra-Ni T4 as
catalyst, complete conversion was found in all cases within 2 h
at 0.1 bar positive pressure.

Alkylation of lactones 2 with benzyl halides using LDA as
base and HMPA as cosolvent provides lactone lignans 1.1,7,16

We found that alkylation using LHMDS as base and DMPU17 as
non-carcinogenic substitute for HMPA afforded lactones 1 in
moderate yields (Scheme 4 and Table 4).

Bioassay of the synthetic lignan analogues using colon-tumor
lines HT29 revealed that compound 1f possesses high cytotoxic
activity (IC50 = 40 mM).18

We have shown that b-benzyl-g-butyrolactones 2 were
effectively synthesised from butynediol 4 in four transition

metal catalysed reactions. Alkylation of these compounds
produced lignan analogues 1 with cytotoxic activities. An
enantioselective route to this class of lignans is in progress.

This research was supported by the Deutsche Forschungsge-
meinschaft (DFG) (INK A26/1-1 and B26/1-1). MS acknowl-
edges a habilitation grant from the DFG (Se875/1-1).
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Scheme 3

Table 2 Benzyl bromides 8a–h employed for the Stille coupling and yields
of the reaction products 9a–h

Entry Residue (R) Bromide Lactone Yield (%)

1 4-Mesyl-3-methoxy 8a 9a 80
2 3,4,5-Trimethoxy 8b 9b 56
3 4-Methyl 8c 9c 76
4 H 8d 9d 70
5 4-Nitro 8e 9e 24
6 2,4,6-Trimethyl 8f 9f 77
7 3-Methoxy 8g 9g 59
8 3,4-Methylendioxy 8h 9h 45

Table 3 Hydrogenation of the unsaturated lactones 9a–h using different
catalysts

Entry
Unsat.
lactone Product Catalyst p/bar t/h

Yield
(%)

1 9a 2a Pd/C 0.1 14 93
2 9a 2a Ra-Ni T4 0.1 2 98
3 9b 2b Pd/C 0.1 14 0
4 9b 2b Ra-Ni T4 0.1 2 70
5 9c 2c Pd/C 0.1 24 98
6 9d 2d Pd/C 50 48 97
7 9e 2e Pd/C 0.1 14 0
8 9f 2f Pd/C 0.1 14 0
9 9f 2f Pd/C 100 72 88

10 9f 2f Ra-Ni T4 0.1 2 98
11 9g 2g Pd/C 100 14 92
12 9h 2h Pd(OH)2 100 16 0
13 9h 2h Ra-Ni T4 0.1 2 70

Scheme 4

Table 4 Alkylation of lactones 2d,f–h to the symmetrically and un-
symmetrically substituted lignan analogues 1

Entry Lactone Bromide Residue (RA) Lignan Yield (%)a

1 2d 8d H 1d 30
2 2f 8f 2,4,6-Trimethyl 1f 43
3 2f 8h 3,4-Methylendioxy 1fb 25
4 2g 8g 3-Methoxy 1g 18
5 2h 8h 3,4-Methylendioxy 1h 35
a Reaction conditions not optimized.

332 Chem. Commun., 2001, 331–332



Structure and magnetic properties of a high-spin Mn6
IICrIII cluster containing

cyano bridges and Mn centres capped by pentadentate ligands

Richard J. Parker,a Leone Spiccia,*a Kevin J. Berry,b Gary D. Fallon,a Boujemaa Moubarakia and
Keith S. Murraya

a School of Chemistry, PO Box 23, Monash University, Victoria, 3800, Australia.
E-mail: leone.spiccia@sci.monash.edu.au

b Westernport Secondary College, Hastings, Victoria 3915, Australia

Received (in Cambridge, UK) 1st September 2000, Accepted 11th January 2001
First published as an Advance Article on the web 1st February 2001

The formation of an elaborate H-bonding network between
heptanuclear cations, consisting of a hexacyanochromate
capped by six [Mn(dmptacn)]2+ moieties, and hexacyano-
chromate counterions results in the assembly of novel 1-D
chains with short-range ferrimagnetic behaviour occurring
between the S = 27/2 clusters and S = 3/2 ions.

A major challenge in the field of molecular magnetism is to
design discrete polynuclear entities with high-spin ground states
and tunable magnetic properties.1–3 Such materials allow the
study of the transition from molecular to bulk-like magnetic
behaviour exhibited by, for example, bulk ferromagnets. An
important area is that of ‘single-molecule’ magnets based on
high-spin clusters, e.g. Mn12O12(O2CR)16(OH2)4, for which
magnetic anisotropy and negative zero-field splitting are
prerequisites.1,2 One approach to isolating discrete molecules
with high-spin states, albeit of a symmetrical type, has focussed
on the use of hexacyanometallates as building blocks in the
construction of heterometallic assemblies.4–7 We have reported
the structure of [Fe{(CN)Cu(tpa)}6](ClO4)8·3H2O, [tpa =
tris(2-pyridylmethyl)amine]. While this was the first heptanu-
clear complex of this type to be structurally characterized, new
techniques, such as X-ray MCD, have since been applied to
probe the magnetisation in Mn6

IICrIII and Ni6IICrIII complexes,
for which X-ray structures were not obtained.6 Two other
structurally characterised cyano-bridged clusters with large
high-spin ground states were reported recently.8,9 Based on
octacyanometallates, they consist of MnII

9MV
6 fully-capped

cubane structures but, surprisingly, that with M = W8 has an S
= 39/2 ground state (i.e. S = 9SMn2 6SW) while that with M =
Mo9 is reported to have an S = 51/2 ground state (i.e. S = 9SMn
+ 6SMo). Inter-cluster coupling, via H-bonded pathways, led to
long-range order being observed in the Mo case9 while some
features of single molecule magnetism were noted in the W
case.8 We report here the structure and magnetism of
[{Mn(dmptacn)(CN)}6Cr][Cr(CN)6](ClO4)6·6H2O 1 [dmptacn
= 1,4-bis(2-methylpyridyl)-1,4,7-triazacyclononane], a com-
plex featuring intimate H-bonding between heptanuclear
[{MnII(dmptacn)(CN)}6CrIII]9+ cations and [Cr(CN)6]32

counter anions.
Complex 1 initially formed in an aqueous solution containing

a 1+6 mixture of [Cr(CN)6]32 and [Mn(dmptacn)(OH2)]2+, a
reactant ratio expected to yield a heptanuclear complex.
However, microanalysis and crystallography confirmed a
Mn+Cr ratio of 3+1, and the IR spectrum exhibited CN stretches
attributable to both bridging and terminal CN groups. Reactant
ratios corresponding to the product stoichiometry afforded
better yields of 1.† The encapsulation of [Cr(CN)6]32 by six
[Mn(dmptacn)]2+ moieties has generated a heptanuclear cation
[Fig. 1(a)] whose 9+ charge is balanced by one [Cr(CN)6]32 and
six perchlorates even in the presence of excess ClO4

2. This
gives rise to a novel crystallographic feature described
below.‡

The geometry of the Cr centres in 1 is little distorted from
octahedral, viz., C–Cr–C(cis) and C–Cr–C(trans) angles are

close to 90 and 180°, respectively, and the Cr–C–N angles in
both the ‘capped Cr(CN)6’ core and [Cr(CN)6]32 anions are
almost linear. These features are common to clusters incorporat-
ing [Cr(CN)6]3,11 except for (VO)3[Cr(CN)6]2·10H2O.10,11 The
Mn–N–C(CN) angles in 1 [158.4(5)°] deviate from linearity
[Fig. 1(b)]. Such deviations have been found in extended
lattices formed by cyanometallates and manganese chelates12

but not in discrete molecules like 1. For each MnII centre, the
CN ligand is cis to the secondary amine of dmptacn,13 and the
MnII cations adopt a geometry intermediate between trigonal
prismatic and octahedral. A trigonal twist angle of 29.2° is
calculated from the orientation of the three tacn N atoms relative
to the two pyridyl and cyano N atoms. The slightly bent trans-
C·N–Mn–N angles [164.9(2)°] cause the three sets of trans-Cr–
C·N–Mn units to adopt anti-configurations.

Intimate H-bonding interactions exist between the terminal
CN nitrogens in the [Cr(CN)6]32 counter ion and the hydrogen
on the sec. amine of dmptacn [Fig. 1(c)]. The C·N…H–N
distance is 2.53 Å while the C·N…N distance is 3.075(7) Å.

Fig. 1 (a) View of the heptanuclear cation in 1; (b) atomic labeling scheme
(50% probability ellipsoids); (c) 1-D chains formed by H-bonding between
the cyano groups on the [Cr(CN)6]32 counter ion and the secondary amine
proton on each dmptacn. Selected bond lengths (Å) and angles (°): Cr1–C19
2.074(6), Cr2–C20 2.050(6), Mn1–N1 2.316(4), Mn1–N2 2.306(4), Mn1–
N3 2.236(5), Mn1–N4 2.308(4), Mn1–N5 2.197(4), Mn1–N6 2.196(5),
C19–N6 1.150(6), C20–N7 1.173(7), Cr1…Mn1 5.318, Cr2…Mn1 5.849,
Cr1…Cr2 6.882, N3…N7b 3.075(7); Cr1–C19–N6 175.0(5), Cr2–C20–N7
177.5(5), Mn1–N6–C19 158.4(5), N1–Mn1–N2 75.4(1), N1–Mn1–N3
76.7(2), N1–Mn1–N5 75.4(2), N1–Mn1–N6 164.9(2), N2–Mn1–N5
140.0(2), N3–Mn1–N4 146.6(2), N3–Mn1–N5 122.3(2), N3–Mn1–N6
88.7(2), N5–Mn1–N6 110.1(2).
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This interaction results in a pseudo 1-D chain of alternating
[{Mn(dmptacn)(CN)}6Cr]9+ cations and [Cr(CN)6]32 anions
running along the c-axis. Each complex anion is sandwiched
between two heptanuclear cations, forming three H-bonds to
one of the two sets of three sec. amine N atoms on each cation.
Of importance to the supramolecular assembly of the cations
and anions into H-bonded 1-D chains is the geometric
arrangement of each set of three sec. amine N atoms, and their
hydrogens, at the corners of an equilateral triangle (thus, the
cation has a C3v axis of symmetry). The excellent match in the
symmetry and size of the extended octahedral faces of
[Cr(CN)6]32 and these triangular arrays of sec. N atoms
facilitate the establishment of H-bonded contacts between the
exposed N atoms on the anion and the heptanuclear cations.

Fig. 2 shows the temperature dependence of the cMT, per
Mn6Cr2, measured in a field of 1 T. The room-temperature cMT
value of 27.1 cm3 K mol21 is slightly lower than the spin-only
value of 30.0 expected for an uncoupled spin system [6(SMn =
5/2), 2(SCr = 3/2)] with g = 2.0. As the temperature is lowered,
cMT decreases slightly to a broad minimum of 26.3 at 203 K and
then slowly increases to 30.1 at 100 K. As the temperature is
decreased further, cMT increases rapidly to a maximum of 71.0
at 12 K. This is below the value expected for a fully
antiferromagnetically coupled heptanuclear spin system plus
[Cr(CN)6]32 [viz., 99.9 cm3 K mol21 for {6(SMn = 5/2) 2
(SCr = 3/2)} + (SCr = 3/2)]. The drop in cMT observed below 12
K can be attributed to a competing intermolecular anti-
ferromagnetic interaction and/or thermal population of low
lying Zeeman levels, as noted in other clusters.14 The cM values
obey the Curie–Weiss law above ca. 140 K with a Weiss
constant q = 2 4.2 K. This is consistent with intracluster
antiferromagnetic coupling. A ground-state spin value of 27/2
for the cluster corresponds to the spins on the MnII atoms being
antiparallel to those on the central CrIII, i.e. 6SMn 2 SCr. This
was also the case for the related MnII

6CrIII cluster5,6 and the
MnII

9WV
6 cluster.8 Indeed, a good fit to the cMT vs. T data in a

field of 1 T was obtained using the spin Hamiltonian of Scuiller
et. al.,5 allowing for an additional SCr = 3/2 Curie contribution
in 1. The best-fit, shown in Fig. 2, corresponds to the parameters
of g = 1.96 and JCr–Mn = 25 cm21 (JMn–Mn 0) which are
similar to those for [Mn(L)(NC)6Cr]9+ {g = 1.97; JCr–Mn =
28.0 cm21, L = N,N,NA-[tris(2-pyridylmethyl)-NA-methyl-
ethane)-1,2-diamine}.5,6 The ability to simulate the maximum
in cMT at 12 K, using the thermodynamic form of the
susceptibility,14 shows that field-dependent Zeeman level
depopulation effects are responsible for this maximum.

The broad minimum in cMT noted at 203 K most likely
reflects short-range 1D-ferrimagnetic behaviour occurring
through weak antiferromagnetic coupling between the S = 27/2
cation and the S = 3/2 [Cr(CN)6]32 via the H-bonding
pathways that connect them. Tests for long-range order in 1
proved negative. Thus, the field-cooled and zero-field magneti-
zation data at very low temperatures, in H = 5Oe, showed no
bifurcation. At low-fields and 2 K, the magnetization, M,
increases rapidly with increasing fields then saturates above H

= ≈ 2 T to a Msat value of 24 mB, a value consistent with the 1D-
ferrimagnet proposal. There is no hysteresis in magnetization at
2 K. Further, the rapid increase in M observed at low fields, such
as 100 and 50 Oe, lead to values of cMT, as a function of
temperature (50–2 K) which do not show the maximum of Fig.
2. Anomalously high values are observed, that continue
increasing as T is decreased, reaching cMT of 358 cm3 K mol21

at 2 K. Such behaviour gives further confirmation of 1 being a
1D-ferrimagnet. However, further work, including ac suscepti-
bility measurements, is needed to fully understand this unusual
behaviour at low temperatures and variable fields. Finally, we
note that Hashimoto and coworkers,15 have obtained a 3-D
network in their octacyanotungstate(V)–Mn(II) species which is
a ferrimagnet displaying long-range order (Tc = 54 K) and with
W–CN–Mn chains linking the clusters.

Financial support from the Australian Research Council is
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The polymerisation of dibromoalkanes adsorbed in potato
starch leads to a novel class of hydrophobic starch–
polyalkane composite materials with very high capacity for
surface derivitisation.

Starch is the second largest biomass on earth and depleting
fossil hydrocarbon resources will require an increasing range of
novel applications for starch-based materials.1 More than
6 MT y21 of starch materials are currently produced in industry
with chemically modified starches (through fundamental proc-
esses such as hydrolysis, esterification and oxidation) as well as
native starches finding diverse uses.2 Composite materials
incorporating starch are less well known although physical
mixtures of starch with polyethylene for example, have value as
films, coatings and biodegradable plastics.3 The high degree of
functionality of starch along with its low cost, widespread
availability and biodegradability makes it a potentially attrac-
tive surface-active material but this is hindered by the apparent
low site availability and its hydrophobicity and instability in
many environments.

The helical structure of native starch leads to hydrophobic
channels in which polarisable organic molecules such as
haloalkanes can be adsorbed.2 We have attempted to polymerise
intercalated a,w-dihaloalkanes so as to create a thermally and
chemically stable hydrocarbon polymeric core which could
open up the starch structure creating a more surface-active
material and making it more accessible to derivatisation. Our
strategy for accomplishing these goals is illustrated by the
following example. Native potato starch was stirred together
with 1,10-dibromodecane in cyclohexane. The slurry was then
reacted with sodium metal at 80 °C for 24 h. The mixture
develops a distinct blue colour over this period and filtration
under nitrogen gives an intensely colored blue solid. The FTIR
spectrum of the solid shows a number of remarkable features
notably a highly resolved hydroxyl stretching region and further
sharp bands at 1615, 600 and 450 cm21 (Fig. 1). These bands
can at least in part be attributed to a composite matrix stabilised
sodium colloid that is also likely to be the origin of the colour.4
The blue colour of the solid slowly disappears on exposure to
the atmosphere and can rapidly be destroyed by washing with
water to give a highly particulate white solid. The well resolved

FTIR bands noted above are absent in the white solid that has a
spectrum essentially consistent with a combination of starch and
a polyalkane (Fig. 1). The following discussions refer to the
water-washed white solid.

We have carried out materials preparations as described
above at various starch–dibromodecane ratios and thermal
analysis can be used to determine the relative amount of the
starch and polyalkane (an example of which is shown in Fig. 2).
Thermal analysis shows weight losses typical for starch (ca.
200 °C) and a polyalkane (ca. 400 °C) although it also shows a
small but reproducible weight loss between these temperatures
which suggests that the two components are not entirely
distinct. The bulk of the starch can be removed from the
composite materials by treatment with aqueous acid and GPC
analysis of the residual polymer shows that it has a rather low
molecular weight comparable to that of a polydecane prepared
in the absence of starch (Table 1). Bromine analysis reveals the
presence of small amounts of organobromine (residual NaBr
can be removed by thorough washing) which can be accounted
for as polymer terminating CH2Br groups (based on a ‘true’ Mw
for the polyalkane of 4000).

Other analytical techniques show more obvious evidence of
the materials being more than an intimate mixture of starch and
polyalkane. Molecular probes can be used to give information
about the polarity of surfaces. Reichardt’s dye for example, a
well known indicator of polarity in the liquid phase can also be
used on solids.5 Remarkably, the spectroscopic shift of the dye
adsorbed on the starch–polyalkane composites is considerably
greater than that observed for ordinary starch or a polyalkane.

Fig. 1 Diffuse reflectance FTIR spectra of a starch–polyalkane material
(STPAM) before (––) and after (––) removal of sodium colloid by water
washing.

Fig. 2 Thermogravimetric (TG) trace for a typical starch–polyalkane
(STPAM) material (10 °C min21; 20 mg in a ceramic pan; flowing N2

atmosphere).

Table 1 Representative GPC data for polydecane synthesised with (starch-
polydecane material, STPDM) and without (polydecane, PD) the presence
of potato starch

Sample PD+starch ratio M̄w M̄n Polydispersity

PD 1a N/A 1980 890 2.2
PD 2b N/A 3440 1010 3.4
STPDM 4a 2.84+1 1530 620 2.5
STPDM 5b 0.81+1 3120 870 3.6
a Sodium metal to 1,10-dibromodecane ratio 2+1. b Sodium metal to
1,10-dibromodecane ratio 1+1. 
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This indicates a surface polarity for the composites that is
greater than either of its component parts (Table 2). Scanning
electron microscopy may help to explain the origin of this effect
(Fig. 3). Potato starch exists as pebble-like granules which vary
between 10 and 100 mm in size. The composite materials
however, are apparently made up of smaller particles ( < 5 mm)
bound to larger (polyalkane) particles (up to 200 mm). The
higher effective surface area of the starch may also result in a
higher available concentration of surface hydroxyl groups
leading to greater surface polarity. Despite the relatively high
surface polarity as measured by Reichardt’s dye, the materials
are hydrophobic and float on water unchanged for periods of
several weeks before water eventually permeates the structure
sufficiently for them to sink.

Perhaps the most dramatic effect of the enhanced surface
activity of the new materials is their capacity for chemical
modification with silanes. Stirring the materials with 3-(trime-
thoxy)aminopropylsilane in refluxing toluene for 24 h before
filtration followed by through washing with toluene and then
refluxing aqueous ethanol gives solid materials which were
dried at 110 °C for 24 h. The measured loadings of aminoalkyl
groups of up to 0.6 mmol g21 (1.4 mmol g21 based on the starch
present) are over 103 greater than the maximum loading that
can be obtained with potato starch (0.05 mmol g21). It is
interesting to calculate that the level of derivatisation of potato
starch corresponds to < 1% of the total number of hydroxyl
groups that are present—an indication of the poor availability of
these groups. By increasing the availability of the groups in the
new materials the degree of functionalisation has increased to
ca. 10%.

The derivatisation values that can be achieved with the new
materials are comparable to those that can be obtained on a high
surface area porous silica gel.6 This comparison is further
reinforced by measuring the activity of the aminoalkyl-
derivitised starch–polyalkane materials in a typically base-
catalysed reaction. The reaction chosen was the Knoevenagel
reaction, a useful carbon–carbon bond forming reaction that
relies on the base-activation of a carbon acid. The rates of the
Knoevenagel reaction between ethyl cyanoacetate and cyclo-
hexanone in cyclohexane catalysed by a typical aminopropyl-
starch–polyalkane composite material, an aminopropyl-func-
tionalised mechanical mixture of starch and a polyalkane, and
aminopropyl-potato starch are compared in Fig. 4. The

differences are dramatic. While the ordinary starch based
material has almost no activity in the reaction and that based on
the starch–polyalkane mechanical mixture is low, the derivi-
tised new material is very active and comparable to their porous
silica analogues.6 Starch that has been treated with sodium
metal or sodium hydroxide solution but in the absence of the
halocarbon gives a material that has an unchanged FTIR
spectrum, thermal analysis and interaction with Reichard’s dye
compared to ordinary starch. It does however show a higher
capacity for reaction with the aminopropylsilane although the
resulting material is only as active in the model reaction as the
starch–polyalkane mechanical mixture.

We have extended the synthetic methodology to other a,w-
dibromoalkanes. 1,6-Dibromohexane and 1,2-dibromoethane
can be used in place of 1,10-dibromodecane with apparently
very similar reactions occurring. All of the materials are
resistant to water over periods of several weeks, all can be
derivatised to high levels with aminoalkylsilanes (0.3–0.6
mmol g21) and all of the resulting derivatised solids are active
solid base catalysts in the test reaction. The ability to increase
substantially the availability of the starch hydroxyl groups
enabling high degrees of derivatisation while rendering the
materials water-resistant would seem to be an attractive
combination of properties. The method of polymerising starch-
intercalated monomers to achieve this may well open the door
to a family of new and useful materials based on an inexpensive
renewable resource.

We gratefully acknowledge the support of the Royal
Academy of Engineering and the Engineering and Physical
Sciences Research Council (EPSRC) for a Clean Technology
Fellowship to J. H. C. and ICI/EPSRC for a studentship to
J. E. H.
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Table 2 Comparative surface polarities of starch, a typical polyalkane and
a typical starch–polyalkane material

Sample
Polyalkane+starch
ratio lmax/nm Sample polarity

Potato starch N/A 592 0.543
Polyalkane N/A 630 0.453
Starch–polyalkane

material 1.33+1 538 0.693

Fig. 3 Scanning electron microscopy (SEM) images of a typical starch–
polyalkane material (STPAM) before (left) and after (right) removal of
sodium colloid by water washing.

Fig. 4 Reaction profiles for the Knoevenagel condensation reaction of ethyl
cyanoacetate and cyclohexanone catalysed by aminopropylsilane on starch
(¶), aminopropylsilane on a typical starch–polyalkane material (Ω) and
aminopropylsilane on a mechanical mixture of starch and a typical
polyalkane (8).

336 Chem. Commun., 2001, 335–336



      

Site-selective coordination behaviour of the Py2P–-anion: the N–C–P-allylic
system as s- and p-donor in [(PMDETA)Cs{(m-PPy)Py}]2 and as a
m2-s-phosphorus-donor in [{Cp(CO)2Fe}2{(m-P)Py2}][BMe4]†

Matthias Pfeiffer,a Thomas Stey,a Heinrich Jehle,a Bernd Klüpfel,a Wolfgang Malisch,a Vadapalli
Chandrasekharb and Dietmar Stalke*a

a Institut für Anorganische Chemie der Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany.
E-mail: dstalke@chemie.uni-wuerzburg.de

b Indian Institute of Technology, Kanpur, Department of Chemistry, Kanpur-208 016, India

Received (in Cambridge, UK) 26th October 2000, Accepted 11th January 2001
First published as an Advance Article on the web 1st February 2001

The coordination flexibility of the ambidentate Py2P–-anion
(Py = 2-pyridyl) spans the wide range from s-all-nitrogen
chelation to hard organometallic moieties, s-phosphorus m2-
bridging in dinuclear iron complexes to p-N,C,P heteroallyl
coordination to the soft caesium.

Primary and secondary alkali metal phosphides MPR2 and
MPHR are key transfer reagents in organophosphorus synthesis
and in the introduction of phosphide ligands to catalytically
active transition metal fragments.1 The structural topology of
these species has been reviewed recently2 and is mainly
determined by the donor base, e.g. in the [(donor)LiPPh2]
complexes,3 by the radius and polariseability of the alkali
metal4 and the size of the substituents.5 In general, bulky groups
(e.g. 2,4,6-(F3C)3C6H2

5a or terphenyl5b–d) and heavier alkali
metals prompt M–aryl p interactions in addition to M–P s
bonds.2b Rather than varying the bulk of the aryl substituent we
incorporate donor centres in group 14 and 15 element bonded
rings such as di(2-pyridyl)-amides, -phosphides and -arsenides
Py2E2 (Py = 2-pyridyl, E = N, P, As) to modulate the
coordinaton behaviour.6 In the Py2P2 anion both ring nitrogen
atoms chelate the metal to leave the phosphorus divalent.7 The
alkali metal coordination in the substituent periphery opens up
the door to unique reactivity in these complexes, e.g. the
reduction of the iminophosphorane Py3PNNSiMe3 to chiral
phosphane amines RPyPN(H)SiMe3 via lithium organics in-
volving the cleavage of two P–C Py bonds in a single step.8 The
adaptability of these pyridyl substituted ligands is exemplified
by the flexible coordination behaviour towards various metal
centres. Thus, the pyridyl nitrogen atoms may be involved in
coordination exclusively (Scheme 1, A)6,7 or in conjunction
with the bridging heteroatom (Scheme 1, B).9

Although it is anticipated that in species A, the central atom
E can further function either as a 2e or 4e donor to form
heterometallic derivatives, recent theoretical calculations, sup-
ported by experiments, have shown that while in the amides (E

= N) the amido nitrogen does function as a typical Lewis base,9
the situation in the corresponding phosphides (E = P) is
different.10 In the latter, nearly all the charge density couples
into the pyridyl rings, leaving the central phosphorus atom only
attractive for soft metals in the form of a p-acid type of
coordinating centre. In order to test the coordination abilities
further, we reacted the pyridyl phosphides with two contrasting
type of metals viz., Cs(I) and Fe(II). Towards the soft caesium
metal in the complex [(PMDETA)Cs{(m-PPy)Py}]2 2
[PMDETA = (Me2NCH2CH2)2NMe] an unprecedented coor-
dination behaviour of the di(2-pyridyl)phosphide ligand is
observed. In this complex the ligand is involved simultaneously
in a s (through P and N) as well as a p (through the P–C–N
segment) interaction with the caesium ions. This hetero aza
allylic coodination represents an entirely new facet of coordina-
tion capability of the pyridyl phosphide ligands. In the iron
complex [{Cp(CO)2Fe}2{(m-P)Py2}][BMe4] 5 the phosphorus
atom of the ligand bridges two Fe(II) centres without any further
Fe–N contacts. The reaction of di(2-pyridyl)phosphane, Py2PH7

1 with caesium metal in the presence of PMDETA afforded the
dimeric complex 2 [eqn. (1)].‡ In an attempt to prepare

(1)

heterobimetallic compounds we have reacted the aluminium
derivative [Me2Al(Py2P)] 37 with [CpFe(CO)3][BF4] 411 where
in general a carbonyl group can easily be replaced by a
phosphane.12 We aimed to utilise the vacant phosphorus site for
coordination with Fe(II) while retaining the Al–N bonds.
However, the Al–N bonds in the complex are cleaved
presumably by the formation of the thermodynamically favour-
able AlF3 accompanied by the alkylation of the tetrafluorobor-
ate anion. This leads to the formation of [{Cp(CO)2Fe}2{(m-
P)Py2}][BMe4] 5 [eqn. (2)].‡

(2)

† Dedicated to Professor Siegfried Hünig on the occasion of his 80th
birthday.

Scheme 1
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Both [(PMDETA)Cs{(m-PPy)Py}]2 2 and [{Cp(CO)2-
Fe}2{(m-P)Py2}][BMe4] 5, were structurally investigated,§
allowing the ambidentate coordination flexibility of the Py2P2
anion toward soft metals to be probed. The dimeric structure of
2 comprises of two distinct modes of bonding of the Py2P2
ligand [Fig. 1(a)].

The atoms P1 and N1 are involved in a s-type of interaction
with Cs1. At the same time the hetero aza allylic P1–C1–N1
moiety is h3-coordinated through a p-type of interaction with
the second caesium ion Cs1A of the dimeric complex [Fig.
1(b)]. One pyridyl nitrogen on each of the Py2P2 ligands
remains non-coordinated. The P–C bond lengths in the anion are
not affected by the metal coordination and are identical within
esds [179.4(4), p-coordinated and 179.8(4) pm, non-co-
ordinated] and as long as in other metal di(2-pyridyl)phos-
phides.7 Even the P–Cs distances are only marginally different
[365.2(2), s-coordinated and 369.3(2) pm, p-coordinated] and
are similar to other caesium phosphides.5 It is only in the N–Cs
distances where the different bonding mode is mirrored in
different lengths [321.2(4), s-coordinated and 337.3(4) pm, p-
coordinated]. The different coordination of the ring nitrogen
atoms gives rise to two different signals in the 15N MAS NMR
spectrum (d 268.2 and 271.7) although these environments
equilibrate in solution. The Cs1–C1 bond of 334.6(4) pm is as
short as found in Cs–h6-carbon coordination1b and considerably
shorter than to terphenyl substituted phosphides.5 Hence the
P,C,N–Cs p bonding has to be considered a hetero aza allyl
coordination with the negative charge not only delocalized to
the coordinated ring but also to the other. This clearly proves the
anticipated ability of the phosphorus centre in the Py2P2 anion
to coordinate soft metals. This is further substantiated in the
structure of [{Cp(CO)2Fe}2{(m-P)Py2}][BMe4] 5. Two soft
Lewis acidic metal fragments [CpFe(CO)2]+ are bridged by the
phosphorus atom of a single di(2-pyridyl)phosphide ligand to
give the [{Cp(CO)2Fe}2{(m-P)Py2}]+ cation (Fig. 2).

In conclusion the di(2-pyridyl)phosphide ligand shows a
metal-dependant coordination response and is involved in a
highly unusual s/p interaction with caesium ion. The latter is
clearly reminiscent of the coordination of an allylic type of
ligand. On the other hand the phosphorus atom in the Py2P2
anion is Lewis basic enough to bridge two soft iron metal
centres. Yet again the structure determining influence of
different metals is obvious.4

We gratefully acknowledge the continued financial support
of the DFG (SFB 347; D. S., M. P., W. M.) Fonds der
Chemischen Industrie (D. S.) and the Alexander von Humboldt
foundation (D. S., V. C.).
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Fig. 1 Solid-state structure of 2. Selected bond distances (pm) and angles
(°): P1–C1 179.4(4), P1–C6 179.8(4), P1–Cs1 365.2(2), P1–Cs1A 369.3(2),
N1–Cs1 321.2(4), N1–Cs1a 337.3(4), C1–Cs1a 334.6(4); C1–P1–C6
108.67(18), P1–C1–N1 111.3(3), P1–C6–N2 126.2(3).

Fig. 2 Solid state structure of the [{Cp(CO)2Fe}2{(m-P)Py2}]+ cation in 5.
Selected bond distances (pm) and angles (°): P1–C1 184.9(5), P1–C6
184.4(5), P1–Fe1 226.4(2), P1–Fe2 226.5(2), Fe1…Cp1(centre) 172.7,
Fe2…Cp2(centre) 171.5, Fe–CO 176.1(7)–176.9(7), C–O
113.7(7)–115.1(7); C1–P1–C6 101.7(3), Fe1–P1–Fe2 120.49(7).
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The main sequential intermediates involved in a real
catalytic cycle of the Stille reaction (the coupling of ROTf
with CH2NCHSnBu3 catalyzed by [PdR(OTf)(dppe)]; R =
aryl) are observed and characterized unequivocally before
the coupling product is released.

Only in rare occasions can real intermediates in a catalytic cycle
be observed and unambiguously identified. The Stille reaction
(palladium-catalyzed coupling of organotin reagents with
carbon electrophiles) is nowadays one of the most powerful
synthetic methods for the formation of carbon–carbon bonds.1
Its catalytic cycle involves a number of intermediates, but
evidence for these only comes from model reactions outside a
real cycle. Echavarren and coworkers have synthesized oxa-
and aza-palladacycles using the oxidative addition of haloaryl-
stannanes to Pd(0) complexes, followed by an intramolecular
transmetalation, thus the products can be considered inter-
mediates of a frustrated Stille cycle, which do not undergo
coupling because of the high energy of the coupling product.2
We have shown that the coupling of halides R1I with SnR2Bu3
(R2 = vinyl or phenyl) follows a SE2 mechanism involving an
associative L-for-R2 substitution on trans-[PdR1IL2]. This
Pd(II) complex, which can be prepared separately, was actually
observed as involved in the catalytic cycle.3 More recently we
have observed the formation and fading out of trans-
[PdR1R2L2] in the coupling of triflates R1OTf with Sn(vi-
nyl)Bu3.4 Here we present a catalytic Stille coupling in which
all the main intermediates involved are observed, as they are
formed and disappear, using 1H, 19F and 31P NMR spectros-
copy.

[Pd(C6F5)(OTf)(dppe)] 1a [dppe = 1,2-bis(diphenylphos-
phino)ethane] is a poor catalyst for the coupling, in THF at
50 °C (Pd+Sn = 1+20), of C6F5OTf and CH2NCHSnBu3 2 to
give CH2NCHC6F5. When the reaction was carried out in THF-
d8 at low temperature, starting with [Pd(C6F5)(OTf)(dppe)] and
CH2NCHSnBu3 in 1+1 molar ratio, several intermediate species
could be detected and identified until the coupling product was
formed. For an easier monitoring of the cycle the studies were
repeated on [Pd(C6Cl2F3)(OTf)(dppe)] 1b (C6Cl2F3 = 3,5-di-
chlorotrifluorophenyl), which behaves identically to 1a and
shows the same intermediates, but has more simple 19F NMR
spectra, facilitating a more accurate integration of the signals.5
Scheme 1 shows, step by step, the mechanism of the catalytic
cycle and the 1H NMR spectra of the intermediates identified in
the stoichiometric cycle for 1b while Fig. 1 shows the evolution
of the reaction, as monitored by 19F NMR.

The first intermediate in the cycle is 1a (or 1b). Under
catalytic conditions 1a is formed very slowly by oxidative
addition of C6F5OTf to [Pd(0)], but stoichiometrically these
compounds are better prepared from [PdRCl(dppe)] (R = C6F5,
C6Cl2F3) and AgOTf. Complexes 1a and 1b are stable in the
solid state and have been isolated and fully characterized.6 In
solution in dry THF they give the ionic species [PdR(dppe)-
(THF)](OTf) (specific molar conductivity, Lm = 4.66 S cm21

mol21 for 1a),7 on which the transmetallation occurs.4
The next step is the transmetalation on 1b leading to a s-vinyl

complex [Pd(C6Cl2F3)(CHNCH2)(dppe)] 3, characterized by
NMR. Its 19F NMR spectrum shows the characteristic reso-
nances expected for a C6Cl2F3 group linked to Pd(II), with the

Fortho coupled to the trans phosphorus atom (coupling to the cis
phosphorus is not observed). In the 31P{1H} NMR spectrum
two signals are observed: one for the P trans to C6Cl2F3, which
appears as an overlapped doublet of triplets, and one for the cis
phosphorus which appears as a doublet. The 1H NMR spectrum
(Scheme 1) shows three resonances for the three vinylic
protons, coupled to phosphorus (see changes upon 31P irradia-
tion in the corresponding 1H{31P} NMR spectrum).

Complex 3 is unstable and can be observed only at low
temperature.8 In spite of the cis configuration of this complex,
the reductive elimination step takes place less easily than with
PPh3 because of the small bite angle chelating ligand,9 and this
stabilizes the compound sufficiently for it to be observed.10 The

Scheme 1 Catalytic cycle showing the 1H NMR spectra of the products
detected in the range of vinylic protons.
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coupling product remains coordinated stabilizing a Pd0 complex
[Pd(dppe)(h2-CH2NCHC6Cl2F3)] 4. Its 1H NMR spectrum
(Scheme 1) shows three broadened signals, at higher field than
in the s-vinyl complex 3 due to the bigger shielding produced
by the metallic center. They are coupled to each other (as seen
by 1H COSY) and also coupled with the phosphorus nuclei of
the dppe ligand. In the 1H{31P} NMR spectrum (Scheme 1) only
the coupling between protons is observed. The 31P NMR
spectrum of 4 shows an AB system. This chemical in-
equivalence of the two P atoms is consistent with a trigonal-
planar coordination of the palladium, with the double bond of
the asymmetric olefin lying in the plane containing the
palladium atom and two phosphorus atoms. Similar complexes
have been reported in the literature.11 This compound is again
rather stable and can be observed even at room temperature in
the stoichiometric reaction. Upon decomposition (or when it
undergoes oxidative addition) the olefin CH2NCHC6Cl2F3 5 is
released.

In catalytic conditions the cycle should close upon oxidative
addition to 4 or to a low coordinated [Pd(0)] complex formed by
decoordination of 5. This oxidative addition is extremely slow
and decomposition pathways compete, causing the low effi-
ciency of the catalyst.11a However, four to five turnovers are
observed showing that the cycle is actually catalytic. Alter-
natively, the oxidative addition step can be accelerated very
efficiently by adding LiCl once 4 has been formed [the
accelerating effect of LiCl on some Stille catalytic cycles is well
documented in ref. 1(a), and is discussed in ref. 11(a)]. This
leads to the easy formation of [PdRCl(dppe)] on which,
however, transmetalation is extremely slow. A thorough
discussion of these observations will be made in a forthcoming
full paper.
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of his 75th birthday. The work was supported by the Dirección
General de Investigación Científica y Técnica (Project No.
PB9620363) and the Junta de Castilla y León (Project No.
VA80-99). A. M. G. is grateful for a grant from the Dirección
General de Enseñanza Superior (Spain).
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The specific activity, isp/A m22 (current density per real
surface area), of Cl-free well-homogenized Pt–Ru particles
at 25 and 60 °C in aqueous acidic solutions has been found
to decrease with a decrease in the size of the Pt–Ru alloy
particles, and the mass activity, imass/A g21 (current density
per mass of catalyst metal loaded), showed the same
dependency when the size of the alloy particles was < ca. 3
nm in diameter.

For the development of methanol fuel cells,1 many investiga-
tions have been made on the catalytic activity of Pt–Ru alloy
electrocatalysts which perform as active anodes for methanol
and carbon monoxide-containing hydrogen.2 Among the vari-
ous factors possibly affecting the catalytic activity of the Pt–Ru
alloy catalysts for methanol oxidation, the dependence of the
Pt–Ru particle size on the catalytic oxidation of methanol, e.g.
the ‘size effect’, is an important factor for recognizing the
fundamental catalytic properties of ultrafine alloy particles. The
size effect of platinum particles of Pt/C catalysts for the
oxidation of methanol has been examined by some research
groups;3 however, that for well-homogenized Pt–Ru alloy
particles has not yet been reported. Ultrafine catalyst metal
particles are often more active compared to larger ones probably
due to their higher concentration of low-coordinated surface
metal atoms.

The present investigation has been carried out to clarify the
‘size effect’ for the electrocatalytic oxidation of methanol on
well-homogenized ultrafine Pt–Ru particles supported on a
carbon. The alloy composition used was Pt50–Ru50, (Pt+Ru =
1+1 mol/mol), since this composition was the most active in the
binary alloy catalyst system.4 The Pt50–Ru50/C catalyst powders
were prepared by an impregnation method with carbon black
powder (Vulcan XC72R; 254 m2 g21) and ethanolic solutions of
Pt(NO2)2(NH3)2 and RuNO(NO3)x. The combination of these
metal complexes can give well-homogenized alloy particles.4
The decomposition of the metal complexes supported on the
carbon black powder was made in a stream of H2 + N2 at 450 °C
to attain almost complete alloying, while the catalytic activity
for the oxidation of methanol decreased with the preparation
temperature from 200 to 450 °C.4

Fig. 1 shows high-resolution scanning electron micrographs
of Pt50–Ru50/C catalysts with different loading amounts of the
alloy. The mean size of Pt50–Ru50, d, determined from these
electron micrographs increases with the amount of catalyst
loading. As shown in Fig. 2, the X-ray diffraction patterns of
these Pt50–Ru50/C catalysts show that the lattice constant of the
fcc Pt50–Ru50 alloys is almost the same value as measured by
Gasteiger et al. using a bulk Pt48–Ru52 alloy, 0.38624 nm.5

Fig. 3 shows the relationships between the catalytic activ-
ities,6 specific activity (isp) and the mass activity (imass), for the
oxidation of methanol in 0.5 mol dm23 H2SO4 at 60 °C and the
loading amount of the alloys. Some of the mean particle sizes of
the Pt50–Ru50 particles are marked on the figure. It should be
noted that isp decreases with a decrease in the particle size of
Pt50–Ru50 at all potentials studied, while imass gives a maximum
value at 40 mass% of alloy loading at all polarization potentials,

Fig. 1 High-resolution scanning electron micrographs (Hitachi, S-5000) of
Pt50–Ru50/C catalysts with different loadings. Loading amount: (a) 20
mass%, (b) 30 mass%, (c) 50 mass%.

Fig. 2 XRD patterns of Pt50–Ru50/C catalysts with different loadings.
Loading amount of Pt–Ru and the mean particle size, d, determined from the
high-resolution SEM: (a) 10 mass% (d = 1.9 Å ± 0.7 nm), (b) 20 mass% (d
= 2.1 Å ± 0.7 nm), (c) 30 mass% (d = 2.7 Å ± 0.6 nm), (d) 40 mass% (d
= 3.0 Å ± 0.8 nm), (e) 50 mass% (d = 3.5 Å ± 1.0 nm).
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where d is ca. 3 nm. The fact that the specific activities of the
larger Pt50–Ru50 particles are higher than the smaller ones
suggests a larger surface area of alloy particles is more effective
for the oxidation. A similar size effect was observed in the
experiments at 25 °C. The possible effect of adsorption of the
anion, SO4

22, on the oxidation of methanol can be neglected
because similar size effects were also observed in the reaction in
0.020 mol dm23 HClO4. Since no obvious difference in the
average distance between Pt50–Ru50 particles in Fig.1 (a)–(c) is
found, the ‘size effect’ observed in the catalytic activity is not
caused by the diffusion interference between the spherical
diffusion areas around the alloy particles.3 The findings of this
investigation suggest, at least, that low-coordinated surface
atoms should not be the limiting factor for the electrocatalytic
oxidation of methanol.

In order to clarify the origin of the ‘size effect’ found in this
investigation, the electronic structure and surface alloy compo-
sition6 of the Pt–Ru particles as well as the surface species7 of
OHad, COad and CHOad should be characterized. Such informa-
tion; however, concerns the overall properties of the alloy
catalysts. Furthermore, characterization of the exposed crystal
planes8 and the precise shapes of the alloy particles and
elucidation of the optimum ensemble of the surface Pt and Ru
atoms9 for the oxidation of methanol are needed as a function of
particle size.

The present work was partly supported by a Grant-in-Aid for
Scientific Research on Priority Area of Electrochemistry of

Ordered Interface from the Ministry of Education, Science and
Culture, Japan (grant no. 10131230). We are also grateful to
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Fig. 3 Dependence of the specific activity (isp) and mass activity (imass) for
the oxidation of methanol on the size of alloy particles of Pt50–Ru50/C
electrodes in 0.5 mol dm23 H2SO4 containing 1 mol dm23 MeOH at 60 °C.
The values of isp and imass correspond to mean quasi-steady state current
densities at 30 min after polarization at each electrode potentials per real
surface area of alloy particles and per mass of alloy particles, respectively.
Open symbols (2, Ω, 8): isp, Solid symbols (5, :, -): imass. Polarization
potential of the test electrode (vs. RHE): 2 and 5, 400 mV; Ω and :, 450
mV; 8 and -, 500 mV.
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Tetrachloroplatinate salts of 4,4-bipiperidinium, piperazin-
ium and N-protonated isonicotinic acid or isonicotinamide
show two-dimensional NH…Cl hydrogen bond networks
related in a rational way to the one-dimensional ribbon
polymer network of [4,4A-H2bipy][PtCl4].

In the synthesis of crystal structures by design, the assembly of
molecular units in predefined arrangements is a key goal.1
Directional intermolecular interactions are the primary tools in
achieving this goal and hydrogen bonding is currently the best
among them.2 We have shown3 that the chelate hydrogen bond
moiety A (Scheme 1) is a useful supramolecular synthon1a,c for
the construction of crystal structure of perhalometallate salts of
the 4,4A-bipyridinium dication. In these salts the motif B is
observed, most clearly in [4,4A-H2bipy][PtCl4] 1 but also in
cases where the MCl4 species forms a chain polymer [4,4A-
H2bipy][MCl4] (M = Mn, Cd, Pb).3c In 1 the NH…Cl hydrogen
bond network is one-dimensional (although there are longer
CH…Cl contacts3c) and the crystal structure can be viewed as
arising from close packing of the B-type ribbons.3 To control
the crystal structure more completely it is critical to be able to
raise the dimensionality of the hydrogen bond networks in such
structures in a rational and planned manner. In so doing we will
probe the range of cations able to form B-type ribbons.

In the first instance we employed cations with two rather than
one NH unit per charge starting with the saturated analogue of
[4,4A-H2bipy]2+, 4,4-bipiperidinium ([4,4A-H2bipip]2+, C). On
treatment of an aqueous solution of K2[PtCl4] with 4,4A-
bipiperidine hydrochloride a crystalline salt [4,4A-H2bi-
pip][PtCl4] 2 is formed.‡ The crystal structure of 2 has an

hydrogen bonded ribbon motif analogous to that of 1 (see Fig.
1). In addition to the chelate hydrogen bond of type A in the B-
like ribbon, which is formed by the equatorial hydrogen at the
nitrogens of the [4,4A-H2bipip]2+ cation, a second NH…Cl
interaction links parallel ribbons by NH…Cl bonds. The B-like
ribbons are not flat as they are in 1 because of the chair form of
the saturated bipip rings and the inter-ribbon distance is rather
larger than in 1 (4.0 Å in 2 compared with 3.5 Å in 1) as a
consequence of the thicker cation in 2. The chelate hydrogen
bond is rather asymmetric in 2, presumably because one of the
chloride ligands involved is also forming a hydrogen bond to the
axial NH hydrogen. It is this chloride which forms the longer
NH…Cl contact in the A-type interaction. The net result is that
the NH…Cl hydrogen bond network is two-dimensional.
Although, as in 1, each ribbon is surrounded by six near
neighbours the ribbons in 2 are tilted with respect to the
hydrogen bonded layers they form so that all ribbons within a
layer are parallel but ribbons in adjacent layers are not
parallel.

To probe the generality of the NH2 hydrogen bond donor
approach, we also prepared the piperazinium (D in Scheme 1)
salt, [C4H12N2][PtCl4] 3 by a similar route.‡ In the crystal
structure§ of 3 (Fig. 2) a two-dimensional NH…Cl hydrogen
bond network results in which the B-like ribbons are more
distorted from planarity than in 2. Thus the type A chelate
interaction is not planar (see Fig. 3) and is formed by the axial
NH groups of the piperazinium (cf. 2 in which the equatorial NH
groups are used). The NH…Cl bonds between B-type ribbons
are only slightly longer than those within the rows (2.61 cf. 2.56
Å) and are also of the chelate type.

Clearly the replacement of the bipyridinium moieties of 1 by
bipiperidinium or piperazinium does not prevent the formation
of a B-type motif. We therefore sought to test other aspects of
this motif for robustness by replacing part of the covalent
framework of the bipyridinium cation with supramolecular
units. Thus protonated isonicotinic acid and isonicotinamide
were used in preparation of salts of [PtCl4]22 from acidic (HCl)
aqueous solution in the expectation that supramolecular di-
cations E and F would replace bipyridinium. In the case of F,
additional NH hydrogen bond donor capability is available
parallel to the plane of the supramolecular dication. In this way

† Electronic supplementary information (ESI) available: syntheses of 2–5.
See http://www.rsc.org/suppdata/cc/b0/b009515j/

Scheme 1

Fig. 1 Structure of the NH…Cl hydrogen bonded layer in crystalline [4,4A-
H2bipip][PtCl4] 2. The NH…Cl hydrogen bonds are indicated. Hydrogen
bond lengths and angles include: in-ribbon NH…Cl 2.79 Å, N–H…Cl 132°,
Pt–Cl…HN 89°; NH…Cl 2.45 Å, N–H…Cl 147°, Pt–Cl…HN 98°.
Between ribbons: NH…Cl 2.55 Å, N–H…Cl 158°, Pt–Cl…HN 74°.
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the salts [HNC5H4CO2H-4]2[PtCl4]·2H2O 4 and
[HNC5H4CONH2-4]2[PtCl4] 5 were prepared‡ and charac-
terised by single crystal X-ray diffraction analyses.§

Both 4 and 5 contain B-type ribbons (see Fig. 3 and 4) with
supramolecular dications in the chain as anticipated. However
the incorporation of water in 4 was unexpected and instead of
the R2,2(8) cyclic dimer (E), the dihydrate variant (G) of this
structure, is formed. Thus an R4,4(12) supramolecular motif is
incorporated in the B-type ribbon of 4 (see Fig. 3). As a result
of water incorporation there is a pair of extra hydrogen bond
donors present in the supramolecular dication G compared with
E. In contrast 5 has the expected motif containing the classic
amide dimer R2,2(8) unit (see Fig. 4). As in 4 there are

additional acidic hydrogens (OH in 4 and NH in 5) available to
cross-link the ribbons. In 4 the spare OH is inclined at 59° to the
plane of the ribbon, while in 4 the spare NH bond is near
coplanar with the ribbon. As a consequence the resultant cross-
linked ribbons are of pleated and planar form in 4 and 5,
respectively.

These results establish:

(1) The robustness of motif A in its doubled form H; both
saturated and aromatic cationic NH donors are compatible
with this supramolecular synthon.

(2) The robustness of the periodic structural motif B with
respect to the nature of the framework to which the NH
group(s) are attached, whether saturated or aromatic,
molecular or supramolecular. Furthermore the metric of this
motif is very flexible, the repeat distance along the B-like
ribbon in 1 is 15.76 Å while in 2–5 it is 15.87, 10.15, 23.38
and 21.32 Å, respectively.

(3) That the presence of additional hydrogen bond donors,
beyond those required to form interaction H or to form the
supramolecular dications of 4 and 5, may be exploited to
add dimensionality to the NH…Cl hydrogen bond network
in a rational manner.

Financial support of the EPSRC and the Royal Society and
the Leverhulme Trust (a Royal Society Leverhulme Trust
Senior Research Fellowship for A. G. O.) is gratefully
acknowledged.

Notes and references
‡ Syntheses of 2–5. Details are given in ESI†. In general, stoichiometric
amount of the nitrogen base (or its hydrochloride) dissolved in aqueous HCl
was added to an aqueous solution of K2PtCl4 and crystalline samples grown
from solution. For 5 this yielded a mixture of products, presumably as a
result of hydrolysis of the isonicotinamide. A sample of crystalline 5 was
obtained by hand selection of crystals.
§ Crystal structure analyses of 2–5: Crystal data: [4,4A-H2bipip][PtCl4] 2,
C10H22Cl4N2Pt, M = 507.19, monoclinic, space group P21/n (no. 14), a =
5.9922(11), b = 10.766(3), c = 11.601(2) Å, b = 95.545(12)°, U =
744.9(3) Å3, Z = 2, m = 10.117 mm21, T = 173 K, 1700 unique data, R1
= 0.018. [piperazinium][PtCl4] 3, C4H12Cl4N2Pt, M = 425.05, or-
thorhombic, space group Cmca (no. 64), a = 12.0729(24), b = 8.6976(28),
c = 10.1510(25) Å, U = 1065.9(4) Å3, Z = 4, m = 14.112 mm21, T = 173
K, 646 unique data, R1 = 0.016. [HNC5H4CO2H-4]2[PtCl4]·2H2O 4,
C12H16Cl4N2O6Pt, M = 507.19, triclinic, space group P1̄ (no. 2), a =
6.9551(13), b = 8.5188(12), c = 8.9795(10) Å, a = 86.462(13), b =
73.017(9), g = 66.472(10)°, U = 465.61(11) Å3, Z = 1, m = 8.139 mm21,
T = 173 K, 2114 unique data, R1 = 0.019. [HNC5H4CONH2-4]2[PtCl4] 5,
C12H14Cl4N2O2Pt, M = 583.16, triclinic, space group P1̄ (no. 2), a =
6.8888(13), b = 7.7068(18), c = 8.2032(15) Å, a = 88.779(15), b =
72.911(19), g = 89.466(19)°, U = 416.19(15) Å3, Z = 1, m = 9.083 mm21,
T = 173 K, 1900 unique data, R1 = 0.018. In 2, 4 and 5 the metal atoms
lie at sites of Ci symmetry as does the dication in 2. In 3 both cations and
anions lie at sites of C2h symmetry. All hydrogen atoms were located in
difference maps and included in idealised positions except for OH group
hydrogens in 4 which were refined without constraints. CCDC
154209–54212. See http://www.rsc.org/suppdata/cc/b0/b009515j/ for crys-
tallographic data in .cif or other electronic format.
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Fig. 2 The NH…Cl hydrogen bonded layer in crystalline [piper-
azinium][PtCl4] 3. The NH…Cl hydrogen bonds are indicated. Hydrogen
bond lengths and angles include: in-ribbon (across page): NH…Cl 2.56 Å,
N–H…Cl 141°, Pt–Cl…HN 87°. Between ribbons: NH…Cl 2.61 Å, N–
H…Cl 141°, Pt–Cl…HN 69°.

Fig. 3 The hydrogen bonded layer in crystalline [HNC5H4CO2H-
4]2[PtCl4]·2H2O 4. The NH…Cl, OH…Cl and OH…O hydrogen bonds are
indicated. Hydrogen bond lengths and angles include: in-ribbon NH…Cl
2.45 Å, N–H…Cl 145°, Pt–Cl…HN 97°; NH…Cl 2.63 Å, N–H…Cl 134°,
Pt–Cl…HN 92°; HOH…O(1) 1.90 Å, O-H…O 163°, H…O-C 133°;
OH…OH2 1.74 Å, O-H…OH2 147°. Between ribbons: OH…Cl 2.63 Å, O–
H…Cl 141°, Pt–Cl…HO 85°; OH…Cl 2.77 Å, O–H…Cl 145°, Pt–Cl…HO
82°. 

Fig. 4 The hydrogen bonded layer in crystalline [HNC5H4CONH2-
4]2[PtCl4] 5. The NH…Cl and NH…O hydrogen bonds are indicated.
Hydrogen bond lengths and angles include: in-ribbon NH…Cl 2.47 Å, N–
H…Cl 146°, Pt–Cl…HN 97°; NH…Cl 2.60 Å, N–H…Cl 133°, Pt–Cl…HN
80°; NH…O 2.03 Å, N–H…O 161°, NH…O-C 124°. Between ribbons:
NH…Cl 2.58 Å, N–H…Cl 156°, Pt–Cl…HN 144°.
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Organic Au(I) complexes could be highly effective catalysts
for the synthesis of diformamides by carbonylation of
aliphatic diamines, with selectivity significantly enhanced in
the presence of the appropriate amount of oxygen.

Gold as a catalytic material has recently been receiving growing
attention. Many reactions catalysed over Au catalyst such as CO
oxidation,1,2 selective oxidation,3,4 removal of NOX,5 selective
hydrogenation,6 methane combustion,7,8 carbonylation of ole-
fins,9 dehydrogenation dimerization of trialkylstannane,10

asymmetric aldol reactions11 and C–C bond making reac-
tions,12–14 have been reported to have excellent performances.
These results indicate that the potential of gold as a catalyst may
be tremendous and is worthy of further investigation, since gold
has been little explored in comparison with precious metals
such as Pd, Pt, Rh etc.

In this communication, we show that organic Au(I) com-
plexes can be highly effective catalysts for the synthesis of
diformamides, which are useful as intermediate compounds to
pharmaceutical substances,15 by carbonylation of aliphatic
diamines in the presence of appropriate amounts of oxygen
[eqn. (1)].

H N(CH ) NH CO OHCHN(CH ) NHCHO2 2 2
Au(PPh ) X

O 2
3

2m m
a b+ Æ[ ]

(1)

m = 6 or 8; a = 1 or 2; b = 1 or 2; X = Cl, NO3, or S

Au(PPh3)Cl, Au(PPh3)2Cl, Au(PPh3)NO3 and [Au(PPh3)]2S,
synthesized according to the literature,16–18 were used as the
catalysts. HAuCl4 and Pd(PPh3)2Cl2 were also employed for the
purpose of comparison. All reactions were performed in a 90
cm3 stainless steel autoclave equipped with a magnetic stirrer.
Typically, for each reaction we employed catalyst 0.75–1.6
mol% (relative to the substrate), solvent 20 ml, substrate 0.5 ml

or 0.5 g (3–6.5 mmol). These were successively charged into the
reactor, and then CO 4–5 MPa and O2 0–1 MPa were
successively introduced with an initial pressure 5.0 MPa at
room temperature. The reaction was allowed to proceed with
stirring at 150–200 °C for 3 h. The resulting liquid mixture was
analyzed with a Hewlett-Packard 6890/5793 GC/MS equipped
with a HP 5MS column. The concentrations of reactant and
product were given directly by the GC/MS chemstation from
the area of each chromatograph peak.

The results of carbonylation of aliphatic amines are shown in
Table 1. Although the oxygen was not involved directly in the
carbonylation reaction according to eqn. (1), it was found that
oxygen had a remarkable impact on the selectivity. For
example, when 1,6-hexanediamine was used as the substrate in
the presence of Au(PPh3)Cl as catalyst, entry 1, only 47.2% of
the selectivity for desired diformamide could be obtained in the
absences of oxygen although the conversion was almost 100%.
The main by-product was monoformamide (52.5%), and a very
small amount of N,N,NA,NA-tetramethyl 1,6-hexanediamine was
also detected, which probably resulted from the reaction of
1,6-hexanediamine with methanol. The selectivity, however,
was significantly enhanced when a small amount of O2 was
introduced, and it can also be seen that high selectivities could
not be achieved if the addition of O2 was deficient or excessive
(entries 2–4), i.e. there existed an optimum P(CO)+P(O2) ratio
for high selectivities of ca. 4.5+0.5, under which only
monoformamide (8%) was detected. Hexanolactam (1%), an
over oxidized by-product, could be found if the ratio of
P(CO)+P(O2) reached 4.0+1.0. Since O2 was not directly
incorporated into the products it was conjectured that O2 plays
a role in maintaining the Au species in an appropriately active
state during the reaction.

Although 150 °C was high enough for almost complete
conversion of the substrate (entry 5), the highest selectivity for

Table 1 The results of catalytic carbonylation of aliphatic amines with different Au(I) complexes

Ent. Sub. Cat. Sol. P(CO): P(O2) T/°C Con. (%) Sel. (%) TOFa TOFPb

1 HDAc Au(PPh3)Cl MeOH 5.0/0 175 100 47.2 30 14.2
2 HDA Au(PPh3)Cl MeOH 4.8/0.2 175 100 59.5 30 17.9
3 HDA Au(PPh3)Cl MeOH 4.5/0.5 175 100 92 30 27.6
4 HDA Au(PPh3)Cl MeOH 4.0/1.0 175 100 87 30 26.1
5 HDA Au(PPh3)Cl MeOH 4.5/0.5 150 100 63 30 18.9
6 HDA Au(PPh3)Cl MeOH 4.5/0.5 200 100 99 30 29.7
7 HDA Au(PPh3)Cl CH3CN 4.5/0.5 175 100 90 30 27
8 HDA Au(PPh3)Cl C6H6 4.5/0.5 175 100 95 30 28.5
9 HDA Au(PPh3)2Cl C6H6 4.5/0.5 175 100 94 30 28.2

10 HDA Au(PPh3)NO3 C6H6 4.5/0.5 175 100 93 30 27.9
11 HDA [Au(PPh3)]2S C6H6 4.5/0.5 175 100 96 30 28.8
12 HDA HAuCl4 C6H6 4.5/0.5 175 100 10 30 3.0
13 DDAd Au(PPh3)Cl MeOH 4.5/0.5 200 100 98 20 19.6
14 n-HAe Au(PPh3)Cl MeOH 4.5/0.5 200 95 51.8 26 13.5
15 c-HAf Au(PPh3)Cl MeOH 4.5/0.5 200 68 70 38 26.6
16 HDA Pd(PPh3)2Cl2 MeOH 4.5/0.5 150 100 39.5 30 11.9
17 HDA Pd(PPh3)2Cl2 MeOH 4.5/0.5 175 100 79.7 30 23.9

a Mole substrate per mole Au per h. b Turnover frequency for product. c 1,6-Hexanediamine. d Decanediamine. e n-Hexylamine. f Cyclohexylamine.
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the desired product was achieved at ca. 175 °C, and by-
products, such as hexanolactam (0.1%) were detected if the
temperature was further increased to 200 °C (entry 6). From
entries 3, 7 and 8 it can be seen that the best results were
obtained when benzene was employed as solvent, with 95%
selectivity achieved; 92% and 90% selectivities were obtained if
methanol or acetonitrile were used as solvents, respectively.

Au(PPh3)2Cl, Au(PPh3)NO3 and [Au(PPh3)]2S were also
tested for catalytic activity (entries 9–11). The best catalytic
performance was achieved with [Au(PPh3)]2S although the
differences in selectivities for the desired product were not large
with these Au complexes, while the selectivity, when using
HAuCl4 as catalyst, was significantly inferior to that with the
Au(I) complexes, indicating that the chemical state of Au and
the organic ligands played an important role in the selectivity.

The carbonylation of other substrates using Au(PPh3)Cl as
catalyst was further examined under the same reaction condi-
tions (entries 13–15). For decanediamine, almost 100% of
conversion and 98% of selectivity were achieved. But
Au(PPh3)Cl as catalyst was less effective when n-hexylamine
and cyclohexylamine were used as substrates. The selectivities
for the desired products were only 51.8% and 70% respectively,
and the main by-products were the corresponding dialkylureas.
These results suggested that the organic Au(I) complex catalysts
used here were especially effective for the carbonylation of
aliphatic diamines to form the corresponding alkyldiforma-
mide.

Pd(PPh3)2Cl2 as catalyst was also employed for this reaction,
and only 79.7% selectivity was obtained at 175 °C (entry 16)
although the conversion could be almost 100%. The main by-
products were hexanolactam (5.7%) and monoformamide
(14.6%). The catalytic performance of Pd(PPh3)2Cl2 was even
poorer at 150 °C. This indicates that Au(I) complexes as
catalysts for such specific carbonylation are better than the
corresponding Pd(II) complexes, although it was well known
that Pd complexes are the most effective catalysts for many
other carbonylation processes.

It is worth noting that the TOFs listed in Table 1 do not
distinguish clearly the differences in performance among these
catalysts. For example, the TOFs for entries 1–4 are the same.
So, in this work, TOFP (turnover frequency for product), i.e.
mole product per mole catalyst per hour has been used to

characterize the performance of a catalyst. The differences in
the catalytic performances are clearly shown with TOFP, for
example, at 175 °C the best catalyst is [Au(PPh3)]2S.

In summary, the organic Au(I) complexes mentioned above
can effectively catalyse the carbonylation of aliphatic diamines
to produce the corresponding diformamides in the presence of
an appropriate amount of oxygen. To our knowledge, this is the
first reported study of organic Au(I) complexes as homogeneous
catalysts for the synthesis of diformamides by carbonylation of
aliphatic diamines. Further optimization towards the gold
catalyst system for the carbonylation reaction is now ongoing.
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A catalytic enantioselective alkylation of heteroaromatic
compounds using alkylidene malonates has been developed;
the reaction proceeds for different heteroaromatic com-
pounds with alkylidene malonates in high yield and
enantiomeric excess.

The addition of aromatic C–H bonds to alkenes, the Friedel–
Crafts alkylation, is a highly important reaction in synthetic
chemistry for the formation of new C–C bonds.1 A challenge for
the Friedel–Crafts alkylation is to perform the reaction in a
catalytic enantioselective fashion as this would be a simple and
attractive method for the synthesis of optically active aromatic
compounds using easily available starting materials. The first
examples of catalytic enantioselective addition reactions of
aromatic compounds to conjugated compounds such as carbon-
yls and imines have recently appeared.2 In the following we will
present the first catalytic enantioselective alkylation of hetero-
aromatic compounds using alkylidene malonates catalyzed by
chiral Lewis acids.

The reaction of indole 1a with alkylidene malonate 2a3 in the
presence of the chiral bisoxazoline–metal(II) complexes, (S)-4a-
Cu(II), (S)-4b-Zn(II), as the catalysts4 proceeds well giving the
Friedel–Crafts alkylation adduct 3a in good yield and high ee
[eqn. (1)]. Table 1 gives some representative results for the
screening of catalysts and reaction conditions.

(1)

The reactions were performed with 2 eq. of hexafluoro-i-
PrOH (HFIP) and 10% catalyst loading.5 No reaction took place
with (S)-4a-Cu(OTf)2 in MeCN or MeNO2 as solvents, while in
Et2O high conversion to 3a and good ee was achieved (entries
1–3). The catalyst (S)-4b-Zn(OTf)2 also gave high conversion,
however, the enantioselectivity was low (entry 4). The catalytic
activity of (S)-4a-Cu(OTf)2 in THF was very good and 3a was
obtained in 91% yield and 60% ee (entry 5). The activity
increased further by changing counterion from OTf to SbF6 in

CH2Cl2 giving high conversion at 0 °C, however, the ee of 3a
dropped from 57 to 35% ee (entry 6 and 7). The effect of
addition of HFIP to the reaction was found to be negligible; the
reaction rate decreased only slightly and the ee was essentially
unchanged in the absence of HFIP (entry 3 vs. 8).5 The effect of
other parameters such as lower catalyst loading, concentration
and temperature all gave lower conversion to 3a with very little
increase in ee.

A selection of b-substituted alkylidene malonates 2a–e were
examined in this reaction with indole 1b catalyzed by (S)-4a-
Cu(OTf)2 (Table 2). Indole 1b reacted with 2a to give the
Friedel–Crafts alkylation product 3b in 73% yield and 60% ee
(entry 1).† The dimethyl benzylidene malonate 2b was
significantly more reactive compared to the diethyl derivative
(2a) giving the addition product in 95% isolated yield, however,
the ee was lower for 3b (entry 1 vs. 2). The reactivity of
dimethyl p-nitrobenzylidene malonate 2c was comparable to
2b, and product 3d was formed in high yield and with 56% ee

Table 1 Screening of chiral Lewis acids and reaction conditions for the
reaction of indole 1a with alkylidene malonate 2a

Entry Catalyst Solvent X
Conv.a
(%)

Eebc

(%)

1 (S)-4a-CuX2 MeCN OTf — —
2 (S)-4a-CuX2 MeNO2 OTf — —
3 (S)-4a-CuX2 Et2O OTf 95 60
4 (S)-4b-ZnX2 Et2O OTf 89 8d

5 (S)-4a-CuX2 THF OTf 91 60 (93)
6 (S)-4a-CuX2 CH2Cl2 OTF 71 57
7e (S)-4a-CuX2 CH2Cl2 SbF6 92 35
8f (S)-4a-CuX2 Et2O OTf 93 57
a Determined by 1H-NMR spectroscopy. b Determined by chiral HPLC.
c Number in parentheses is ee after recrystallization. d Opposite enantiomer.
e Reaction performed at 0 °C. f No HFIP used.

Table 2 Reaction of indole 1b with various b-substituted alkylidene
malonates 2a–e catalyzed by (S)-4a-Cu(OTf)2
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(entry 3). The diethyl 2-chlorobenzylidene malonate derivative
2e was considerably less reactive compared to the other
malonates and required a 30 °C reaction temperature for the
reaction to go to completion. The enantioselectivity of 3f was
69% ee, the highest enantioselectivity obtained in this selec-
tion.

Dimethyl p-nitrobenzylidene malonate 2c was then used as a
standard substrate to probe the reactivity of different aromatic
compounds 1a, c–f in this Friedel–Crafts alkylation reaction
[eqn. (2)] (Table 3).

(2)

The reaction with 5-methoxyindole 1a gave the Friedel–
Crafts alkylation product 3g in excellent yield and with 58% ee
(entry 1). 4-Chloroindole 1c reacted to give the desired product
3h, although in a lower yield and ee compared to the more
electron-rich indole (entry 2). N-Methylindole 1d and N-
methylpyrrole 1e both yielded the alkylation products 3i and 3j,
respectively, with great efficiency and with a small drop in ee
(entries 3, 4). Both pyrrole 1f and 2-methylfuran 1g reacted in
a Friedel–Crafts fashion in excellent yields, but the enantiose-
lectivity of the products was low compared to the other
substrates (entries 5, 6).

A further advantage of this Friedel–Crafts alkylation reaction
is that the products all are solid and the optical purity can be
greatly enhanced to > 90% ee by crystallization as shown for
several of the entries in Table 1, 2.

The Friedel–Crafts adducts such as 3b can undergo decarbox-
ylation6 to give the mono ester 5 in high yield [eqn. (3)],
showing that the present reaction formally can be considered as
a Friedel–Crafts alkylation of cinnamates.

(3)

In summary, a new catalytic enantioselective alkylation of
heteroaromatic compounds using alkylidene malonates cata-
lyzed by chiral bisoxazoline–copper(II) complexes has been
presented. The reactions proceed in high yields and with
moderate ee for different aromatic compounds and alkylidene
malonates. The optical purity of the products can be enhanced
by recrystallization and it is demonstrated that the reaction can
be considered as a formal Friedel–Crafts alkylation of cinna-
mates.

We are indebted to The Danish National Research Founda-
tion for financial support.

Notes and references
† Representative experimental procedure: A powdered mixture of
Cu(OTf)2 (18 mg, 0.05 mmol) and (S)-4a-Cu(OTf)2 (16 mg, 0.054 mmol)
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solid in 73% yield after purification by chromatography (CH2Cl2 as eluent).
The ee was determined by HPLC analysis to be 60% (Chiralpack AS, 1.0
mL min21, 95:5 hexane–i-PrOH, Rt = 23 (major) and 26 (minor) min).
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7.2 Hz, 2H), 0.98 (t, J = 7.2 Hz, 3H), 0.97 (t, J = 7.2 Hz, 3H); dC(C3D6O,
100 Hz) 167.7, 167.6, 142.5, 136.9, 128.6, 128.3, 127.1, 126.6, 121.7,
121.6, 119.0, 118.9, 116.7, 111.4, 60.9, 58.9, 43.0, 13.5; HRMS (ES) calcd
for C22H23NO4 365.1627, found (M + Na)+ 388.1525; mp 164–167 °C;
[a]20

D = +37.1° (69 mg mL21 CHCl3).

1 For reviews of Friedel–Crafts alkylation reactions see e.g.: (a) G. A.
Olah, R. Krishnamurit and G. K. S. Prakash, Friedel–Crafts Alkylation in
Comprehensive Organic Synthesics, ed. B. M. Trost and I. Flemming,
Pergamon Press, Oxford, (1st Edn.) 1991, Vol III, p. 293; (b) R. M.
Roberts and A. A. Khalaf, Friedel–Crafts Alkylation Chemistry A
Century of Discovery, Dekker, New York, 1984; (c) G. A. Olah, Friedel–
Crafts and Related Reactions, Wiley-Interscience, New York, 1964, Vol.
II, part 1.

2 Activated carbonyl compounds: (a) F. Bigi, G. Casiraghi, G. Casnati, G.
Sartori, G. Fava and M. F. Belicchi, J. Org. Chem., 1985, 50, 5018; (b)
A. Ishii, V. A. Soloshonok and K. Mikami, J. Org. Chem., 2000, 65,
1597; (c) A. Ishii and K. Mikami, J. Fluorine Chem., 1999, 97, 51; a-
dicarbonyl compounds: (d) G. Erker and A. A. H. Zeijden, Angew.
Chem., Int. Ed. Engl., 1990, 29, 512; (e) N. Gathergood, W. Zhuang and
K. A. Jørgensen, J. Am. Chem. Soc., 2000, 122, 12 517; (f) W. Zhuang, N.
Gathergood, R. G. Hazell and K. A. Jørgensen, J. Org. Chem., in press;
imines: (g) M. Johannsen, Chem. Commun., 1999, 2233; (h) S. Saaby, X.
Fang, N. Gathergood and K. A. Jørgensen, Angew. Chem., Int. Ed., 2000,
39, 4114.

3 For enantioselective Lewis acid catalyzed Michael reactions of alkyli-
dene malonates see: D. A. Evans, T. Rovis, M. C. Kozlowski, C. W.
Downey and J. S. Tedrow, J. Am. Chem. Soc., 2000, 122, 9134.

4 For recent reviews see (a) J. S. Johnson and D. A. Evans, Acc. Chem.
Res., 2000, 33, 325; (b) K. A. Jørgensen, M. Johannsen, S. Yao, H.
Audrain and J. Thorhauge, Acc. Chem. Res., 1999, 32, 605; (c) A. K.
Ghosh, P. Mathivanan and L. Cappiello, Tetrahedron: Asymmetry, 1998,
9, 1.

5 Addition of HFIP was crucial for catalytic activity in the Micheal addition
of silylketene acetals to alkylidene malonate see ref 4.

6 A. P. Krapcho, Synthesis, 1982, 805.

Table 3 Friedel–Crafts alkylation reaction of different heteroaromatic
compounds 1a, c–g with dimethyl p-nitrobenzylidene malonate 2c cata-
lyzed by (S)-4a-Cu(OTf)2

Entry Ar Yielda (%) Eebc (%)

1d 5-MeO-indole–1a 3g–99 58
2e 4-Cl-indole–1c 3h–62 46
3 N-Me-indole–1d 3i–99 48
4 N-Me-pyrrole–1e 3j–99 36
5 Pyrrole–1f 3k–99 28
6 2-Me-furan–1g 3l–99 12
a Isolated yield after column chromatography. b Determined by chiral
HPLC. c Determined by chiral HPLC. d Reaction performed at 0 °C.
e Reaction performed at 30 °C.
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Two-dimensional hexagonally ordered CMK-3 carbons were
synthesized using SBA-15 templates calcined at a tem-
perature of 1153 K, whereas a disordered carbon was
obtained using SBA-15 calcined at 1243 K, demonstrating
that the pores connecting ordered mesopores in SBA-15
silica persist up to ca. 1153 K, but are eliminated at
temperatures close to 1243 K.

During the last several years, SBA-15 silica1 with a two-
dimensional (2-D) hexagonal arrangement of uniform meso-
pores has attracted much attention and is being evaluated for
numerous applications in the fields of catalysis, separations,
water purification, and advanced optics devices (see for
instance refs. 2 and 3 for references). This remarkable interest
stems from the many desirable features of SBA-15, including
tailored pore size, high degree of structural ordering, ease of
synthesis, availability of economically facile synthesis path-
ways, high hydrothermal/thermal stability and so forth. Despite
all this interest in the synthesis, modification and application of
SBA-15, the very structural identification of this material was
largely uncertain until recently. Initially,1 SBA-15 was con-
sidered to be an extra-large-pore MCM-414 analog with a
honeycomb structure of disconnected channel-like pores. Later,
much evidence for microporosity in numerous SBA-15 samples
was reported,2,3,5–8 although some SBA-15 samples were
claimed to be non-microporous in contrast to others,7,8 and the
very evidence of microporosity was questioned9 by the authors
who first suggested the presence of micropores in SBA-15.5 As
we first pointed out,2,3 the development of microporosity in
SBA-15 and its evolution during the synthesis are consequences
of the fact that poly(ethylene oxide) blocks of the poly(ethylene
oxide)–poly(propylene oxide)–poly(ethylene oxide) template
penetrate the silicate walls of as-synthesized SBA-15, which
was convincingly shown by others.10,11 To end the controversy
about the SBA-15 structure and to fully reveal its nature, we
carried out an extensive study involving platinum3 and carbon12

replication, as well as characterization via selective pore
blocking via chemical modification.3 The latter method in
addition to nitrogen and argon adsorption confirmed the
presence of micropores and small mesopores (later referred to
as complementary pores) of the size below 3.4 nm.3 In addition,
the replication studies revealed for the first time the intercon-
nected nature of SBA-15 porosity, since bundles of ordered
platinum nanowires,3 and high-surface-area carbon (denoted as
CMK-3) with uniform pores between 2-D hexagonal arrange-
ment of uniform rods12 were obtained through SBA-15
templating. It is otherwise known that similar structures cannot
be obtained using MCM-41 as a template under analogous
conditions.13–15 It is also noteworthy that replication is widely
considered as a convincing and reliable tool of structure
characterization,16 and carbon replication17 in particular has
already been employed13 to confirm the worm-like intercon-
nected nature of porosity in HMS silica.18 The SBA-15 samples
studied by platinum and carbon replication were synthesized by
employing aging at 373 K which is a standard procedure for
SBA-15 synthesis1 (referred to by some authors as hydro-

thermal treatment).8 Therefore, our findings about the intercon-
nected nature of SBA-15 porosity are relevant to the over-
whelming majority of SBA-15 preparations reported to date,
including some of the materials, which were claimed non-
microporous in contrast to other SBA-15 samples.7,8

In the current study, we employed carbon replication to
confirm that not only typical SBA-15 silica has interconnected
porous structure, but also the connecting pores are exceptionally
persistent and are not eliminated even after calcination at 1153
K, although there is evidence that they are largely eliminated at
somewhat higher temperatures. The remarkably high thermal
stability of connecting pores and the possibility of their
elimination only at temperatures as high as ca. 1273 K were
suggested in our earlier study based solely on nitrogen
adsorption data.3

SBA-15 samples were prepared using the triblock copolymer,
EO20PO70EO20 (Pluronic P123, BASF) and tetraethoxysilane
(TEOS, 98%, Acros). The details of the synthesis procedure are
described elsewhere.12 The synthesis procedure was similar to
that originally developed by Stucky and coworkers,1 except for
the particle growth under static conditions and the starting
composition of 10 g P123+0.10 mol TEOS+0.60 mol HCl+20
mol H2O. The SBA-15 products were filtered off, dried without
washing, and calcined in dry air flow at various temperatures.
The carbon replication was performed with sucrose as described
in detail elsewhere.12 Briefly, the SBA-15 sample was infil-
trated twice with sucrose in the presence of sulfuric acid and
subsequently, the carbonization was completed by heating at
1173 K under vacuum. These calcined SBA-15 silicas are
referred to as SBA-15-x, where x denotes the calcination
temperature, whereas the SBA-15-x templated carbons are
referred to as CMK-3-x or C-x, in the case of ordered and
disordered carbons, respectively.

As can be seen in Fig. 1(a), SBA-15 retains a highly ordered
hexagonal structure even after calcination at 1243 K, despite the
large decrease (ca. 25%) in the unit-cell size. The structural
shrinkage was accompanied by a major loss of the BET specific
surface area and total pore volume (from 850 to 390 and 220 m2

g21, and from 1.03 to 0.49 and 0.23 cm3 g21, after heating at
1153 and 1243 K, respectively) and significant pore size
decrease, but the narrow pore size distribution persisted [Fig.
1(b)]. It should be noted that the specific surface areas, total
pore volumes, and pore size distributions reported herein were
evaluated as described in our previous work.2,3 When the
resulting SBA-15 silica templates were employed in the carbon
synthesis, only samples calcined at 823 and 1153 K afforded
2-D hexagonally ordered carbons, whereas SBA-15 template
calcined at 1243 K rendered carbon with no long-range ordering
[Fig. 1(a)]. All the carbon replicas exhibited high BET specific
surface areas and total pore volumes (1160, 1160 and 750 m2

g21, as well as 1.24, 1.08 and 0.53 cm3 g21, for CMK-3-823,
-1153 and C-1243 samples, respectively). However, only CMK-
3-823 and -1153 samples exhibited capillary condensation steps
on nitrogen adsorption isotherms, and consequently, narrow
mesopore size distributions [Fig. 1(c)], whereas C-1243 carbon
was primarily microporous with a relatively small amount of

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b009762o Chem. Commun., 2001, 349–350 349



disordered mesopores, thus being similar to the high-surface-
area carbon synthesized using MCM-41 as a template.14 It
should be noted that the carbon framework of CMK-3 is
microporous to some extent,12 similarly to other ordered
mesoporous carbons synthesized using the same carbon pre-
cursor.14,17 Therefore, the overall porosity of CMK-3 is a
combination of uniform pores between ordered carbon rods, and
micropores within these rods.

The successful synthesis of ordered mesoporous carbons
using SBA-15 templates calcined at 823 and 1153 K showed
that the structure of SBA-15 prepared under standard conditions
is clearly interconnected, otherwise periodic carbon structures
would not form. Indeed, as inferred from the structures of C-
1243 carbon and carbons templated using MCM-41 silicas,13,14

disconnected uniform carbon rods do not exhibit a tendency to
agglomerate in ordered structures. The carbon templated using
SBA-15-1153 exhibited mesoporous structure similar to that of
the material prepared from the SBA-15-823 template, thus
suggesting that the large structural shrinkage during the high-
temperature calcination did not result in the complete elimina-
tion of the complementary pores. However, it needs to be kept
in mind that the complementary pores are likely to be largely
depleted after such a treatment. One can infer this from the
examination of the relation between the primary mesopore
diameter (w), primary pore volume (V) and primary pore surface
area (S) for the SBA-15 templates. Primary pores are defined
here as primary (ordered) mesopores and complementary
(connecting) pores. The factor wS/V is theoretically expected to
be 4 for cylindrical and 4.2 for hexagonal pores. For highly
ordered MCM-41 silicas, we found wS/V values of 4.5–5.0 and
therefore we can consider this range of values as that
characteristic of disconnected cylindrical (or hexagonal) meso-
pores of size of several nanometers. The difference between the
theoretical and experimental values can be largely attributed to
the overestimation of surface area using the BET method that
was discussed elsewhere.19 For SBA-15 calcined at 823 K, the
wS/V factor was equal to 7.6 (consistent with earlier studies),3
whereas for the samples calcined at 1153 and 1243 K, it was 5.3
and 4.9, respectively. So, on the basis of data for MCM-41, it is
not unexpected that SBA-15 samples with wS/V = 7.6 and 5.3
were suitable as templates for ordered porous carbons, and
SBA-15 with wS/V = 4.9 was not. However, it is surprising that
as small a difference in wS/V factor as 0.4, and corresponding
expected small difference in the pore structure may lead to
completely different templating effects. This suggests that
either even a small content of connecting pores in SBA-15 is
capable of imparting stable CMK-3 frameworks, or connecting
pores in SBA-15 are abundant and even their significant
depletion leaves an appreciable population, or both of the
above. Anyway, further studies of structures of SBA-15 and
CMK-3 carbons are highly desirable. In addition, a search for

criteria useful for reliable prediction of pore connectivity of
templates, and in particular, further work on refinement of the
wS/V criterion, appear to be worthwhile. To this end, we should
emphasize that w, S and V values need to be evaluated using
reliable methodology, for instance the same as or equivalent to
that employed herein.2,3 Where calculation procedures provid-
ing different results are used, the threshold value of the wS/V
factor for connected pore structures would have to be re-
evaluated. Moreover, the value of the wS/V factor should not be
treated as fully conclusive as to pore connectivity. The final
conclusions about the presence or absence of connecting pores
should be based preferably on replication procedures, among
which carbon replication appears to be the most convenient.
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The use of a novel bivalent carbohydrate modification
reagent, based on a flexible, branched divalent core in a
combined site-directed mutagenesis and chemical modifica-
tion strategy has allowed the first controlled synthesis of a
pure protein bearing a branched glycan or a first generation
glycodendriprotein.

The glycosylation of proteins plays a key role in determining
their expression, folding,1 thermal and proteolytic stability2 and
in the case of enzymes, catalytic activity.3 Furthermore, the role
of glycoproteins as cell surface markers in communication
events such as microbial invasion,4 inflammation,5 immune
responses and tissue development6 depends crucially on the
correct glycosylation pattern.7 There is evidence that even very
slight alterations in the sugars that decorate the exterior of a
protein can cause remarkable changes in these properties. For
example, we have recently shown that correct and controlled
glycosylation of a model enzyme system with a single
saccharide unit allows fine tuning of activity to levels that are up
to 8.4-fold greater than the native unglycosylated enzyme.8
Models for glycoprotein interactions, including activity and
binding to corresponding receptor proteins, have been sug-
gested9,10 and the elucidation of the mechanism of this binding
and its consequences is a dominant primary goal in glyco-
science and continues to drive the synthesis of glycoconju-
gates.11 Access to well-defined scaffolds to probe the nature of
these models is essential.12

Despite their very shallow binding sites, sugar-binding
proteins, lectins, show a remarkable specificity in their binding
of multivalent complex carbohydrate structures.13 The mono-
saccharide–lectin interaction stands out as an unusually weak
and relatively undiscriminating one (Kd ~ 1023 M).14 How-
ever, when more than one saccharide of the right type and in the
right orientation are clustered together there is a rapid increase
in both affinity and specificity by the corresponding lectin.15

This increase appears in some cases to be greater than would be
expected due to the increase in local concentration (statistical
effect) alone and has been termed the ‘cluster’ or ‘multivalent
effect’, although its origin is yet to be rigorously deter-
mined.10

Exploitation of lectin binding does not necessarily rely on
mimicking natural multiantennary structures as long as an
energetically efficient method for their presentation to binding
sites may be found.15 We have recently demonstrated that
glycoproteins bearing a single monosaccharide ligand bind to
lectins with a low affinity that is dependent both on the nature
of the carbohydrate and the site of glycosylation.16 We have set
ourselves the goal of constructing glycoproteins bearing
branched multivalent glycans at predetermined sites to probe
the nature of this binding interaction further. Furthermore, by
choosing an enzyme as our protein model we aim to investigate
the effect of multivalent site-selective glycosylation, by dis-
playing multiple copies of a glycan that previously allowed
dramatic enhancement of enzyme actvities.8 This communica-
tion describes the successful construction of the first generation
of this new class of glycoconjugates: glycodendriproteins.

To achieve our goals we employed a combined site-directed
mutagenesis (SDM) and chemical modification approach
(Scheme 1).17 This strategy involves the introduction of
cysteine as a chemoselective tag at preselected positions within
a given protein and then reaction of its thiol residue with
(polyglyco)methanethiosulfonate reagents, such as 1. Methane-
thiosulfonate (MTS) reagents react specifically and quantita-
tively with thiols18 and allow the controlled formation of neutral
disulfide linkages. We chose as our model protein the serine
protease enzyme, subtilisin Bacillus lentus (SBL, EC
3.4.21.14).19 SBL is an ideal model since wildtype (WT)-SBL
contains no natural cysteines and methanethiosulfonate rea-
gents therefore react only with the cysteine residue that has been
introduced by SDM. In addition, SBL has been well charac-
terized,20 has been over-expressed and purified,21 and its crystal
structure is known.22

Two representative bivalent branched glycan MTS reagents
1a,b based on a trivalent tris(2-aminoethyl)amine (TREN) core
were chosen as targets (Scheme 2). 1a bears at the end of its two
glycan branches the same untethered peracetylglucose unit that
had previously allowed dramatic enhancement of enzyme
activity.8 1b would bear ethyl-tethered mannose moieties that
had been used in the construction of previous glycoproteins that
had shown low levels of lectin binding.16 These two reagents
would therefore allow the introduction of multivalent, tethered
or untethered, glycans with a or b anomeric stereochemistry
from different parent carbohydrates systems.

After differentiation of one of the amine termini of TREN 2
through selective protection as its mono-Boc derivative,23 the
two remaining free amine termini were reacted with chloro-

† Some of this work was presented at a joint meeting of the RSC
Carbohydrate and Bioorganic groups, Warwick, July 6, 2000 and at the 20th
International Carbohydrate Symposium, Hamburg, August 30, 2000.
‡ Electronic supplementary information (ESI) available: selected NMR
data. See http://www.rsc.org/suppdata/cc/b0/b009184g/
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acetic anhydride to give the corresponding bis-a-chloroamide.
Treatment of this branched dichloride with the potassium salt of
thioacetic acid gave the bis-thioester 3 in a good overall yield
(58% over 3 steps from 2). One-pot selective deprotection and
glycosylations of 3 were achieved by treatment with dilute
aqueous NaOH solution to hydrolyse the labile thioacetates and
then modification of the free thiol groups produced with the
appropriate untethered b-gluco 4a or tethered a-manno 4b
methanethiosulfonate reagents to yield the corresponding
bivalent branched glycans 5a,b in 73 and 62% yield, re-
spectively. It should be noted that the use of a basic TREN-core
as a scaffold allowed the scavenging of 5a,b from reaction
mixtures using acidic ion exchange resin and therefore greatly
simplified their purification. With the ability to introduce two
distinct glycan endgroups a or b thus suitably demonstrated, 5a
was selected and the remaining Boc-protected amine terminus
elaborated to introduce a methanethiosulfonate group and to
create 1a as the first representative reagent that would allow
protein modification. Thus, 5a was deprotected through treat-
ment with CF3COOH and the free amine produced converted to
the corresponding a-chloroamide. Displacement of a-chloro
group through treatment with NaSSO2CH3 in DMF at 50 °C
proceeded smoothly and yielded the target bis-glycan MTS 1a
in good yield (52% over 3 steps from 5a).

We used 1a as the first example of a bivalent protein
glycosylating reagent to treat mutant protein SBL-S156C in
aqueous buffer (Scheme 1). S156C was obtained through site-
directed mutagenesis of SBL8 and bears an outwardly directed
reactive thiol on its surface close to its substrate-binding region.
Gratifyingly, the reaction was rapid and quantitative, as judged
by monitoring changes in specific activity and by titration of
residual free thiols with Ellman’s reagent.24 The first generation
glycodendriprotein S156C-(S-a)2 formed was purified by size-
exclusion chromatography and dialysis, and its structures
confirmed by rigorous ES-MS analysis (Found 27811,
Expected 27805 Da, Fig. 1b). The protein also appeared as a
single band on non-denaturing gradient PAGE (Fig. 1(a)),
thereby establishing its formation as a single glycoform. This is
the first example of a homogeneous protein bearing branched
multivalent glycans, or first-generation glycodendriprotein, in
which both the site of glycosylation and the structure of the
glycan introduced has been predetermined.

Work towards the synthesis of higher generations based on
this novel-type of disulfide constructed dendrimeric system is
now in progress and the details of kinetics and binding analysis
of glycodendriprotein S156C-(S-a)2 will be published in due
course.

We gratefully acknowledge the generous financial support of
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Scheme 2 Reagents and conditions: i, 1 equiv. Boc2O, CH2Cl2, 278 °C,
68%; ii, (ClCH2CO)2,O, pyridine, CH2Cl2, 97%; iii, KSAc, DMF, 50 °C,
88%; iv, NaOH (aq.) then 4a, 73%; v, NaOH (aq,) then 4b, 62%; vi,
CF3COOH, CH2Cl2, 88%; vii, (ClCH2CO)2O, pyridine, CH2Cl2, 87%; viii,
NaSSO2CH3, DMF, 50 °C, 68%.

Fig. 1(a) PAGE analysis: Lanes 1,2 crude S156C, Lane 3 pure S156C, Lane
4 pure glycodendriprotein S156C-(S-a)2 (b) MaxEntTM deconvoluted ES+-
MS spectrum of S156C-(S-a)2 indicating found mass 27811, expected
27805.
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Treatment of triethylaluminium (2 equiv.) with diphen-
ylpyrazole (1 equiv) affords a pyrazolate-bridged dialum-
inium complex that contains a bridging ethyl group between
the two aluminium centers; this complex has been structur-
ally characterized and its reactivity and properties are
described.

The bridging of saturated hydrocarbon groups between two
aluminium ions is widely recognized.1,2 Despite widespread
interest in this phenomenon, there are actually very few such
compounds that have been structurally characterized and nearly
all contain methyl bridges.2 Hexakis(cyclopropyl)dialuminium
has been structurally characterized and contains two bridging
cyclopropyl groups per dimeric unit.3 In addition to homo-
bimetallic complexes, there is a small family of structurally
characterized complexes in which methyl4 or ethyl5 groups act
as bridges between aluminium and a different metal center
[mostly lanthanide(III) ions]. The degree of association of
several saturated higher alkyl derivatives of aluminium has been
investigated in solution and in the gas phase by several different
techniques.6–9 Triethylaluminium and tri-n-propylaluminium
were found to be dimeric by freezing point depression
measurements in benzene, while triisopropylaluminium and
triisobutylaluminium are predominantly monomeric in this
medium apparently due to steric hindrance to dimerization.7
Triethylaluminium was reported to be predominantly dimeric in
the gas phase, as determined by vapor density measurements.8
The low-temperature 1H NMR spectrum of triethylaluminium
has been interpreted in terms of a dimeric structure similar to
that of trimethylaluminium dimer.9 However, despite extensive
investigation of aluminium alkyls over many years, there have
been no reports of structurally characterized complexes in
which an n-alkyl group other than methyl serves as the bridging
group. In this context, we report the synthesis, structure,
properties and reactivity of an aluminium pyrazolate complex
that contains an ethyl group bridging between two aluminium
atoms.

Treatment of diphenylpyrazole with triethylaluminium (2
equiv.) in hexane at ambient temperature led to slow ethane
evolution over 18 h. The bridging ethyl complex 1 was isolated
as colorless needles after crystallization of the crude residue
from hexane (Scheme 1).† The formulation of 1 as the ethyl-
bridged structure was suggested initially by the 1H and 13C{1H}
NMR spectra. At –40 °C in toluene-d8, resonances due to
terminal ethyl groups were observed in the 1H NMR spectrum
at d 1.27 (t) and 20.30 (q) while another set of ethyl resonances
appeared at d 1.00 (t) and 0.93 (q). The ratio of these two sets of
peaks (d 1.27, 20.30 and 1.00, 0.93) was 4+1, suggesting that
the presence of a bridging ethyl ligand. In the 13C{1H} NMR
spectrum at 240 °C, the terminal ethyl carbons resonated at d
9.79 and 1.79, while sharp bridging ethyl ligand resonances
were observed at d 7.35 and 4.08. At or below 240 °C in
toluene-d8, static NMR spectra with sharp resonances were
obtained for 1. Upon warming from 240 to 20 °C in toluene-d8,
the methyl and methylene resonances of the bridging ethyl
resonance gradually broadened and shifted downfield slightly.
Above 20 °C, only one type of ethyl group was observed,
suggesting rapid exchange of terminal and bridging ethyl sites.
The bridged ethyl structure of 1 was established in the solid state
by X-ray crystallography, as described below.

Other reactions relating to 1 are outlined in Scheme 1.
Treatment of diphenylpyrazole with triethylaluminium (1
equiv.) afforded the dimeric pyrazolato complex 2 (89%) as
colorless crystals after crystallization from hexane. Protonolysis
of 1 with diphenylmethanol in hexane at 23 °C was complete
within 0.25 h to afford the diphenylmethoxo complex 3 (99%)
as colorless crystals. The structures of 2 and 3 were established
by a combination of spectral and analytical techniques.

The X-ray crystal structure of 1 was determined.‡ Fig. 1
shows a perspective view of 1 along with selected bond lengths
and angles. Consistent with the NMR analysis, the molecule
consists of a diphenylpyrazolato ligand with a diethylalumino
group bonded to each nitrogen atom. An ethyl group acts as a
bridge between the two aluminium atoms. The two nitrogen
atoms and two aluminium atoms occupy an approximate plane,
but the methylene carbon of the bridging ethyl group is situated
0.95 Å above this plane. The aluminium–nitrogen bond lengths
are 1.928(2) and 1.936(2) Å. The aluminium–carbon bond
lengths lie in the range 1.942(4)–1.967(3) Å for the terminal
ethyl groups and are 2.144(4) and 2.150(4) Å for the bridging
ethyl group. These aluminium–carbon bond lengths are very
similar to the related values in structurally characterized
aluminium complexes with bridging methyl groups.2 The
carbon–carbon bond length of the bridging ethyl group
[1.535(4) Å] is within the normal range for such bonds and does
not differ significantly from the values for the terminal ethyl
groups. The geometry about the aluminium centers is distorted
tetrahedral.

The crystal structure of 1 provides the first structural
documentation of a saturated n-alkyl group other than methyl
bridging between two aluminium centers. The bridging ethyl
ligand in 1 appears to be far more stable than the analogous
group in triethylaluminium. In the 1H NMR spectrum of
triethylaluminium the bridging methylene resonance is only
resolved below 260 °C, suggesting that bridge–terminal ethyl
group exchange is fast on the NMR timescale above this
temperature.9 In 1, the bridging ethyl resonance is resolved at
temperatures as high as 20 °C. We have recently reported the
synthesis, structure and molecular orbital calculations of
pyrazolate-bridged dialuminium complexes that contain bridg-

Scheme 1
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ing methyl groups.10 The bridging aluminium–carbon bond
strengths in these complexes are 6–7 kcal mol21 stronger than
the analogous bonds in trimethylaluminium dimer, and calcula-
tions indicate that this increased bond strength is due to
extended bonding interactions involving pyrazolate p-orbitals.
Similar extended bonding interactions in 1 could account for the
slower bridge–terminal exchange of the ethyl groups, compared
to triethylaluminium. The preparation of 1 suggests that other
main group metal complexes with bridging n-alkyl ligands may
be accessible synthetically by inclusion of pyrazolate or other
unsaturated groups in the cyclic array incorporating the bridging
alkyl.
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Notes and references
† Spectroscopic data: for 1: mp 66–67 °C; 1H NMR (300 MHz, C6D6, 298
K): d 7.42 (m, 4 H, CH of phenyl rings), 7.09 (m, 6 H, CH of phenyl rings),
6.24 (s, 1 H, pz ring CH), 1.13 (t, J 7.8 Hz, 15 H, CH2CH3), 1.04 (br s, 2 H,
bridging CH2CH3), 0.21 (q, J 7.5 Hz, 8 H, terminal CH2CH3); 13C{1H}
NMR (75 MHz, C6D6, 298 K): d 155.38 (s, pz ring C-Ph), 131.35 (s, ipso-C
of phenyl rings), 129.43 (s, para-CH of phenyl rings), 128.74 (s, ortho-CH
of phenyl rings), 128.54 (s, meta-CH of phenyl rings), 107.13 (s, pz ring
CH), 9.40 (s, terminal CH2CH3), 7.4 (br s, bridging CH2CH3), 3.9 (br s,
bridging CH2CH3), 1.80 (s, terminal CH2CH3); MS (EI, 70 eV) m/z 304 ([M
2 AlEt3]+, 16%), 220 ([Ph2pz]+, 100%). Anal. Calc. for C25H36Al2N2: C,
71.74; H, 8.67; N, 6.69. Found: C, 71.48; H, 8.60; N, 6.52%. For 2: mp.
117–118 °C; 1H NMR (300 MHz, C6D6, 298 K): d 7.49 (m, 8 H, CH of
phenyl rings), 7.05 (m, 12 H, CH of phenyl rings), 6.26 (s, 2 H, pz ring CH),
0.86 (t, J 7.8 Hz, 12 H, CH2CH3), 20.16 (q, J 7.8 Hz, 8 H, CH2CH3);
13C{1H} NMR (75 MHz, C6D6, 298 K): d 158.71 (s, pz ring C-Ph), 131.91
(s, ipso-C of phenyl rings), 129.53 (s, ortho-CH of phenyl rings), 129.41 (s,
para-CH of phenyl rings), 128.40 (s, meta-CH of phenyl rings), 109.56 (s,
pz ring CH), 8.74 (s, CH2CH3), 2.91 (s, CH2CH3); MS (EI, 70 eV) m/z 220
([Ph2pzH]+, 100%). Anal. Calc. for C38H42Al2N4: C, 74.98; H, 6.95; N,
9.20. Found: C, 74.67; H, 7.02; N, 9.29%. For 3: decomp. pt. 122 °C; 1H
NMR (300 MHz, C6D6, 298 K): d 7.56 (m, 4 H, CH of pz phenyl rings), 7.37
(m, 8 H, CHPh2), 7.12 (m, 12 H, CHPh2), 7.01 (m, 6 H, CH of pz phenyl
rings), 6.40 (s, 1 H, OCH), 6.37 (s, 1 H, pz ring CH), 0.98 (t, J 7.8 Hz, 12
H, CH2CH3), 0.00 (m, 8 H, CH2CH3); 13C{1H} NMR (75 MHz, C6D6, 298
K): d 155.59 (s, pz ring C-Ph), 140.18 (s, ipso-C of CHPh2), 131.81 (s, ipso-
C of pz phenyl rings), 129.30 (s, CH of phenyl rings), 128.94 (s, CH of

phenyl rings), 128.81 (s, CH of phenyl rings), 128.74 (s, CH of phenyl
rings), 128.59 (s, 2 CH of phenyl rings), 107.33 (s, pz ring CH), 79.91 (s,
OCHPh2), 9.16 (s, CH2CH3), 2.03 (s, CH2CH3); MS (EI, 70 eV) m/z 347
([M 2 Ph2CH 2 2Et]+, 6%), 105 (100%). Anal. Calc. for C36H42Al2N2O:
C, 75.50; H, 7.39; N, 4.89. Found: C, 75.27; H, 7.42; N, 4.87%.
‡ Single crystals suitable for X-ray diffraction analysis were grown from
hexane at –20 °C. Data were collected on a Siemens/Bruker P4-CCD
diffractometer. Crystal data for 1: C25H36Al2N2, Mr = 418.52, monoclinic,
space group P1̄, a = 12.0348(14), b = 11.7684(12), c = 18.159(2) Å, b =
101.661(2)°, V = 2518.8(5) Å3, T = 296 K, Z = 2, m(Mo-Ka) = 0.126
mm21, 5850 independent reflections harvested from 1650 frames of data
containing 9276 integrated intensities, Rint = 0.050. All data were included
in the refinement. For I ≥ 2s(I), R1 = 0.0392, wR2 = 0.0615. Including
weak data R1 = 0.2215, wR2 = 0.0808. CCDC 182/1888. See http:/
/www.rsc.org/suppdata/cc/b0/b008047k/ for crystallographic files in .cif
format.

1 For leading references, see: F. A. Cotton, G. Wilkinson, C. A. Murillo
and M. Bochmann, Advanced Inorganic Chemistry, Wiley, New York,
5th edn., pp. 194–195; N. N. Greenwood and E. A.  Earnshaw,
Chemistry of the Elements, Butterworth-Heinemann, Oxford, 1997, 2nd
edn., pp. 257–262; J. J. Eisch, in Comprehensive Organometallic
Chemistry, ed. G. Wilkinson, F. G. A. Stone and E. W. Abel, Pergamon,
Oxford, 1982, vol. 1, pp 555–682; T. Mole and E. A. Jeffery,
Organoaluminium Compounds, Elsevier, Amsterdam, 1972.

2 P. E. Lewis and R. E. Rundle, J. Am. Chem. Soc., 1953, 63, 986; J. C.
Huffman and W. E. Streib, J. Chem. Soc. D, 1971, 911; S. K. Byram,
J. K. Fawcett, S. C. Nyburg and R. J. O’Brien, J. Chem. Soc. D, 1970,
16; R. G. Vranka and E. L. Amma, J. Am. Chem. Soc., 1967, 89, 3121;
V. R. Magnuson and G. D. Stucky, J. Am. Chem. Soc., 1969, 91, 2544;
V. R. Magnuson and G. D. Stucky, J. Am. Chem. Soc., 1968, 90, 3269;
S. D. Waezsada, F.-Q. Liu, E. F. Murphy, H. W. Roesky, M. Teichert,
I. Uson, H.-G. Schmidt, T. Albers, E. Parisini and M. Noltemeyer,
Organometallics, 1997, 16, 1260; E. Ihara, V. G. Young Jr. and R. F.
Jordan, J. Am. Chem. Soc., 1998, 120, 8277.

3 D. A. Sanders and J. P. Oliver, J. Am. Chem. Soc., 1968, 90, 5910; J. W.
Moore, D. A. Sanders, P. A. Scherr, M. D. Glick and J. P. Oliver, J. Am.
Chem. Soc., 1971, 93, 1035; D. A. Sanders, P. A. Scherr and J. P. Oliver,
J. Am. Chem. Soc., 1976, 15, 861; W. H. Ilsey, M. D. Glick, J. P. Oliver
and J. W. Moore, Inorg. Chem., 1980, 19, 3572.

4 D. G. H. Ballard and R. Pearce, J. Chem. Soc., Chem. Commun., 1975,
621; J. Holton, M. F. Lappert, G. R. Scollary, D. G. H. Ballard, R.
Pearce, J. L. Atwood and W. E. Hunter, J. Chem. Soc., Chem. Commun.,
1976, 425. J. Holton, M. F. Lappert, D. G. H. Ballard, R. Pearce, J. L.
Atwood and W. E. Hunter, J. Chem. Soc., Dalton Trans., 1979, 45; J.
Holton, M. F. Lappert, D. G. H. Ballard, R. Pearce, J. L. Atwood and
W. E. Hunter, J. Chem. Soc., Dalton Trans., 1979, 54; C. J. Burns and
R. A. Andersen, J. Am. Chem. Soc., 1987, 109, 5853; W. J. Evans, R.
Anwander and J. W. Ziller, Organometallics, 1995, 14, 1107; W. T.
Klooster, R. S. Lu, R. Anwander, W. J. Evans, T. F. Koetzle and R. Bau,
Angew. Chem. Int. Ed., 1998, 37, 1268.

5 W. J. Evans, L. R. Chamberlain and J. W. Ziller, J. Am. Chem. Soc.,
1987, 109, 7209; H. Yamamoto, H. Yasuda, K. Yokota, A. Nakamura,
Y. Kai and N. Kasai, Chem. Lett., 1988, 1963; see also: M. L. Montero,
H.  Wessel, H. W. Roesky, M. Teichert and I. Usón, Angew. Chem., Int.
Ed. Engl., 1997, 36, 629.

6 For overviews, see: G. E. Coates and K. Wade, in Organometallic
Compounds, ed. G. E. Coates, M. L. H. Green and K. Wade, Butter &
Tanner, London, 3rd edn., 1967, vol. 1, pp. 295–343; J. P. Oliver, Adv.
Organmet. Chem., 1970, 8, 167.

7 K. S. Pitzer and H. S. Gutowsky, J. Am. Chem. Soc., 1946, 68, 2204;
E. G. Hoffman, Liebigs Ann. Chem., 1960, 629, 104; M. B. Smith,
J. Organomet. Chem., 1970, 22, 273; J. N. Hay, P. G. Hooper and J. C.
Robb, J. Organomet. Chem., 1971, 28, 193; M. B. Smith, J. Organomet.
Chem., 1972, 46, 31; B. Champagne, D. H. Mosley, J. G. Fripiat, J.-M.
André, A. Bernard, S. Bettonville, P. François and A. Momatz, J. Mol.
Struct. (THEOCHEM), 1998, 454, 149.

8 A. W. Laubengayer and W. F. Gillam, J. Am. Chem. Soc., 1941, 63,
477.

9 O. Yamamoto, Bull. Chem. Soc. Jpn., 1964, 37, 1125; O. Yamamoto, K.
Hayamizu and M. Yanagisawa, J. Organomet. Chem., 1974, 73, 17; Z.
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Density functional studies predict that oxidative addition of
an imidazolium salt to a Pt0 complex is an exothermic
process, and consistent with this proposal, the reaction of the
1,3-dimethylimidazolium cation with Pt(PPh3)4 yields a
hydrido–PtII carbene complex.

Heterocyclic carbene complexes of transition metals have been
reported to act as precatalysts for a variety of reactions,1 in
particular complexes of the group 10 metals have been found to
catalyse a number of C–C couplings.2–5 In recent reports we
have shown that heterocyclic carbene complexes of PdII and
NiII which contain alkyl, aryl or acyl groups may decompose via
elimination of 2-organyl imidazolium salts,4,6,7 and that this
reaction occurs via concerted reductive elimination of the
hydrocarbyl and carbene moieties.8 Inasmuch as hydrocarbyl–
metal species are considered to be intermediates in many
catalytic reactions, this reaction represents a significant path-
way for catalyst deactivation. As a method of catalyst
stabilisation, it seems possible that the energetics of this
reaction may be shifted such that the oxidative addition of
imidazolium to M0 is favoured over reductive elimination.
Related to this, the use of group 10 metals for catalysis in
imidazolium based ionic liquids (ILs) is common, and in several
cases heterocyclic carbene complexes have been implicated as
the active species.9,10 A recent report on the use of Pd0

complexes in imidazolium based ionic liquids11 prompted us to
report our results of a density functional theoretical study,
which shows oxidative addition of imidazolium to Pt0 to be
energetically feasible, and experimental results which confirm
this.

As oxidative addition to Pt0 is expected to be more favourable
than to Pd0,12 the oxidative addition of the 1,2,3-trimethylimi-
dazolium cation to Pt(PH3)2 was modelled† [eqn. (1)]. The

(1)

2-methylimidazolium cation was studied instead of 2H-imida-
zolium to allow comparison with the same reaction with Pd.8
Furthermore, this reaction is the reverse of the ubiquitous
reductive elimination reaction we have observed for hydro-
carbyl–Pd carbene complexes.4,6–8 Optimised geometries of the
reactants 1, precursor complex 2, transition structure 3 and
product 4 are shown in Scheme 1 while a potential energy
profile for the reaction is shown in Fig. 1. The first step in the
reaction yields the precursor complex 2 with a stabilisation
energy of 5.3 kcal mol21. The initially linear PH3 groups are
slightly distorted such that the angle between them is 167.5°,
however the imidazolium cation remains unchanged indicating
a weak interaction with Pt. The transition structure 3 lies 33.1
kcal mol21 above 2, giving an apparent activation enthalpy
(DH‡) of 27.8 kcal mol21 relative to the separated reactants.
The Me–Ccarbenoid distance increases to 1.78 Å in the transition
structure and the Pt–Ccarbenoid distance is short at 2.06 Å.
Importantly, the product of oxidative addition lies 13.5 kcal
mol21 below the reactants, showing that oxidative addition is

predicted to be exothermic. In contrast, oxidative addition to the
analogous Pd system is found to be slightly endothermic.8 The
Gibbs free energy change of the gas phase reaction (DGreact) is
predicted to be 0.1 kcal mol21, indicating that oxidative
addition should proceed to some extent.

To date we have not been able to observe oxidative addition
of the 1,2,3-trimethylimidazolium cation to Pt0 (or Pd0).
However, oxidative addition of a C–H bond is known to proceed
with a lower barrier than oxidative addition of a C–C bond.
Furthermore, imidazolium salts used as ILs are usually
unsubstituted and have a proton in the 2-position. We therefore
studied the reaction of 1,3-dimethylimidazolium tetrafluorobor-
ate with Pt(PPh3)4. Heating equimolar quantities of the
imidazolium salt and Pt(PPh3)4 in refluxing THF resulted in the
formation of ca. 15% (by NMR) of the oxidative addition

Scheme 1 Optimised geometries (Å and °) of the reactants 1, precursor
complex 2, transition structure 3 and product 4.

Fig. 1 Potential energy profile for oxidative addition.
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product cis-[PtH(1,3-dimethylimidazolin-2-ylidene)(PPh3)2]-
BF4 5 relative to unreacted imidazolium and Pt(PPh3)4 [eqn.
(2)]. Complex 5 was identified by 1H, 31P NMR

(2)

and HRMS. The 1H NMR spectrum of 5 features a doublet of
doublets centred at d 25.23 (JPH 19, 176 Hz) with Pt satellites
(JPtH 511 Hz) corresponding to PtH. The 31P NMR spectrum of
5 gives rise to two doublets (JPP 18 Hz) at d 24.0 and 20.1 with
Pt satellites (JPtP 654, 663 Hz). To the best of our knowledge,
this is the first example of oxidative addition of a C–H bond to
a Pt0 complex that does not contain a chelating ligand,13 which
was thought to be requisite for this reaction.12

Attempts to drive the reaction to completion by heating the
reactants to 150 °C in DMSO resulted in approximately the
same amount of oxidative addition product relative to the
reactants, however, in this case the trans isomer of 5 was
formed. This result suggests that the oxidative addition product
is in equilibrium with the reactants, and the low amount of 5
results not from a high barrier to oxidative addition but rather
the equilibrium concentration of the reactants and product. The
DGreact value is therefore close to zero, which is consistent with
the value predicted by the calculations on the theoretical system.
The formation of trans-5 can be explained by a cis–trans
isomerisation of cis-5, which is probably the kinetically
favoured product obtained from oxidative addition. Thermally
induced or polar solvent induced isomerisations of Pt carbene
complexes are well known,14 it is therefore not surprising that
hot DMSO can promote the isomerisation. The PtH resonance
for trans-5 appears as a triplet (JPH 13 Hz) with Pt satellites
(JPtH 336 Hz) at d26.03 in the 1H NMR spectrum. The related
complex [PtH(1,3-dimethylimidazolidin-2-ylidene)(PEt3)2]-
BF4 has a very similar hydride resonance.14

The oxidative addition of 2-iodo-1,3,4,5-tetramethylimida-
zolium tetrafluoroborate has also been successfully carried out
to give trans-[PtI(1,3,4,5-tetramethylimidazolin-2-ylidene)-
(PPh3)2]BF4 6 [eqn. (3)]. The complex has been isolated as

(3)

colourless crystals and an X-ray structure analysis carried out.
Details will be reported in a full paper on this topic.

The above results indicate a potentially important method of
limiting decomposition of M–carbene catalysts, by operating in
a large excess of the imidazolium ion, any M0 that forms as a
consequence of alkyl–carbene reductive elimination may re-
form the MII–carbene complex through oxidative addition of the
imidazolium ion. For this reason, catalysts based on hetero-
cyclic carbene complexes should be particularly suited to
reactions in imidazolium based ILs. Furthermore, these results
show unambiguously for the first time that the imidazolium
cation, which is usually considered an unreactive solvent when
used as an ionic liquid, can react with low valent metals to give
a carbene complex. While interaction of the imidazolium cation
with Pd(OAc)2 has been shown to yield carbene complexes,10

this work shows that a basic metal salt is not necessarily
required to deprotonate the imidazolium. Thus, when group 10
metal complexes, particularly M0 complexes, are used in
imidazolium based ILs the possibility of carbene complexes as
the active species must be considered. The large excess of
imidazolium present under these conditions can be expected to
drive the oxidative addition reaction. It is important to note that
not only does oxidative addition of an imidazolium ion produce

a carbene complex, but it also generates a metal hydride that
could effectively initiate numerous catalytic processes.

In summary, density functional studies show that oxidative
addition of an imidazolium cation to Pt0 is possible both in
terms of the activation barrier and relative energies of the
reactants and product. We have experimentally demonstrated
this by the reaction between Pt(PPh3)4 and the 1,3-dimethylimi-
dazolium cation, which yields the hydrido–Pt carbene complex
5. Further theoretical and experimental studies are in progress
dealing with the effect of different metals, ligands and
imidazolium salts on this remarkable oxidative addition reac-
tion. A full account of these results will be reported shortly.

This work was supported by the Australian Research Council
(financial support, postgraduate award to D. S. M), and the staff
of the Central Science Laboratory (University of Tasmania) are
gratefully acknowledged for their assistance.
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A chromium ate-type reagent ‘Bu5CrLi2’ reacts with allylic
and propargylic phosphates to generate the corresponding
allyl- and propargylchromium (propargyl = prop-2-ynyl)
reagents which further react with a variety of electrophiles
such as aldehydes, ketones, imines, and isocyanates to afford
the corresponding adducts in high yields.

Organochromium(III) reagents are well-known to be nucleo-
philic, and have been used for the selective transformation of
organic molecules. These reagents are usually generated from
organic halides or their equivalents by reduction with chro-
mium(II) as a ‘one-electron’ reductant.1 We found that a
chromium ate-type reagent, ‘Bu5CrLi2’‡ easily prepared from
chromium(III) chloride and butyllithium reacted with an equi-
molar amount of allylic phosphates to produce a nucleophilic
allylation agent2 where the butylchromium ate reagent served
not as an alkylation agent, but formally as a ‘two-electron’
reductant [eqn. (1)].

(1)

At the outset, we had found that ‘Bu4CrLi’ reacted with an
allylic phosphate, which can be easily prepared from the
corresponding allyl alcohol, to produce reduction products,
after aqueous workup. Therefore, we examined the reactivity of
some butylchromium(III) reagents to 5-phenylpent-1-en-3-yl
diethyl phosphate (1a) in a simple reduction to yield a mixture
of terminal and internal alkenes. As can be seen in Table 1,
‘Bu5CrLi2’ was the most reactive toward the allyl phosphate 1a.
With ‘Bu4CrLi’ it took 3 h to consume the starting material, and
in a reaction of ‘Bu3Cr’, 31% of 1a was recovered even after 24
h.§ Next, we tested reactions of allyl bromide,3 phosphate,4 and
acetate with ‘Bu5CrLi2’. Allyl phosphate, diethyl 5-phenylpent-
2-enyl  phosphate (1b) was the best choice as precursor of the
postulated allylchromium reagent, compared to 5-phenylpent-
2-enyl bromide and acetate (Table 2). With an allylic bromide,
butylation and dimerization competed with the desired reduc-
tion, and the acetate gave the starting allyl alcohol, suggesting
a nucleophilic reaction of the ‘Bu5CrLi2’ reagent to the carbonyl
of an acetoxy moiety.

By virtue of the reducing ability of the chromium ate-type
reagent ‘Bu5CrLi2’, an allylchromium reagent was prepared
from allyl phosphate 1c under mild conditions, and the thus-
generated reagent reacted with many types of electrophiles
(Table 3).¶ Throughout this conversion, an allylic moiety of
phosphate 1c changes from electrophilic to nucleophilic.5
Besides aliphatic (entries 1–3) and aromatic aldehydes (entry

4), ketones also reacted with the present allylchromium reagent
(entries 5 and 6). To cyclohex-2-enone, 1,2-addition took place
to give the corresponding homoallyl alcohol 2g (entry 7). Imine
and isocyanate gave homoallylamine 2h and but-3-enoyl amide
2i, respectively, in high yields (entries 8 and 9). The generation
and reactions of other substituted allylchromium reagents were
also successful. A b-methallyl-type reagent reacted efficiently
with an aldehyde [(eqn. (2)]. Unsymmetrical reagents were also

(2)

generated from 1d and 1f under the same conditions, 278 °C, 5
min, and these isomeric reagents both reacted with heptanal to
give the same mixture of a- and g-allylation products,
suggesting that these reactions proceeded through a common
intermediate [eqn. (3)].∑ Interestingly, the same reagent derived

(3)

from 1d afforded only g-allylation product 2l, when reacted
with pivalaldehyde [eqn. (4)]. These results imply that the

(4)

common intermediate would possibly be labile or not responsi-
ble for the regiochemical outcome, and the regioselectivity
would be affected by the steric requirements of both a bulky
allylchromium reagent and an aldehyde in the transition state
for the allylation. The reagent was chemoselective for ketones
in the presence of esters. The chemoselective allylation with the
present allylchromium reagent is exemplified by eqn. (5).

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b009351n/

Table 1 Reaction with allyl phosphate 1aa

Entry Chromium reagent Conditions Alkene (%)b

1 ‘Bu5CrLi2’ 278 °C, 5 min 96 (83+17)
2 ‘Bu4CrLi’ 278 °C, 1 h 77 (82+18)c

3 ‘Bu4CrLi’ 278 °C, 3 h 91 (83+17)
4 ‘Bu3Cr’ 278 °C, 24 h 61 (80+20)d

a The reduction was conducted at 278 °C for 5 min using 1.2 equiv. of
‘Bu5CrLi2’. Reactions were quenched with saturated NH4Cl solution.
b Isolated yield and isomeric ratio are shown in parentheses. c 20% of
starting material 1a was recovered. d 31% of starting material 1a was
recovered.

This journal is © The Royal Society of Chemistry 2001
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(5)

The present protocol can be applied even to the generation of
a propargylic reagent6 from the corresponding phosphate 3
[eqn. (6)]. With aromatic aldehydes, only homopropargyl

(6)

alcohols 4 were obtained, while with an aliphatic aldehyde,
allenylmethyl alcohol 4A was also co-produced as well as
homopropargyl alcohol 4 (Table 4).

In conclusion, a chromium ate-type reagent ‘Bu5CrLi2’
reduces allyl and propargyl phosphates to generate allyl- and
propargylchromium reagents, respectively, where no alkylation
takes place, while these thus-generated reagents act as nucleo-
philic reagents toward a variety of electrophiles. From a
synthetic point of view, many types of allyl- and proparg-
ylchromium reagents can be generated by the present protocol,
starting from allyl and propargyl alcohols. Further study on the
generation and reaction of these reagents is now in progress.

The present work was partly supported by Grants-in-Aid for
Scientific Research, Grants-in-Aid for Scientific Research on
Priority Areas (No. 706: Dynamic Control of Stereochemistry)
from the Ministry of Education, Science, Sports and Culture,
Japan.
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Oxidation of gold nanoparticles protected by thiolated b-
cyclodextrin molecules, leads to formation of water-soluble
polycyclodextrin nanocapsules held together by S–S bonds.

Recent advances in supramolecular chemistry have given
chemists unprecedented control over the composition and shape
of nanoscopic objects. An example of such development is the
synthesis of nanometer-sized organic hollow spheres, which can
find numerous applications in drug delivery/targeting, extrac-
tion and as nanoreactors.1 Here, we describe a new method for
preparation of nanometer-sized hollow, monolayer-thick
spheres using thiolated b-cyclodextrins templated around gold
nanoparticles.

Reduction of Au(III) compounds in the presence of thiols
results in the formation of Au nanoparticles coated with organic
shells [[eqn. (1)].2 Re-oxidation of such nanoparticles with

(1)

iodine is known to dissolve gold as a mixture of Au(I) and
Au(III) complexes3 and liberate organic substrates as disulfides
[eqns. (2) and (3)].4,5

(2)

AuI + I3
2 Ù AuI4

2 (3)

Our strategy relies on these disulfide bridges to form hollow
spheres. Indeed, if organic substrate molecules (R–SH) possess
several thiol groups, then formation of multiple S–S bonds in
reaction (2) would cross-link the whole structure. Such disulfide
bridges are often used to stabilize supramolecular assemblies.6
A minimum of three thiol groups per substrate molecule is
required for efficient cross-linking.

To test this hypothesis, we synthesized 2.3 nm Au nano-
particles coated with a monolayer of thiolated b-cyclodextrin
molecules (Scheme 1, b-CD-S/Au), according to a recently
published procedure.7 Every molecule of thiolated b-cyclodex-
trin (b-CD-SH) contains seven thiol groups, and formation of
disulfide bonds will therefore lead to multiple cross-linking of
the organic shell (Scheme 1).

Aqueous b-CD-S/Au nanoparticles were added to a dilute
solution of excess I2 in aqueous KI to effect oxidation (Scheme
1). Reaction could be monitored by the disappearance of the
brown colour of the Au nanoparticles. Excess iodine is required
to prevent decomposition of unstable gold iodide [eqn. (4)].3

AuI2
2 Ù Au0 + I2 (4)

After reaction was complete, gold complexes and excess iodine
were extracted into ethyl acetate, and the aqueous phase was
exhaustively dialysed to remove KI and filtered to eliminate a
small amount of water-insoluble material.

The resulting nanocapsules were characterized by 1H NMR
and FTIR spectroscopy. Importantly, NMR spectra of the

nanoparticles before (b-CD-S/Au) and after removal of gold (b-
CD-S/capsules) were almost identical, an observation con-
sistent with formation of well defined structures containing b-
CD-S units (Fig. 1). FTIR spectra of the nanocapsules were
found to be identical with the spectrum of a polymer (b-CD-S)n

obtained by oxidation of b-CD-SH with I2 in DMSO [eqn. (5)].
This further confirmed the proposed macrocomposition of the
nanocapsules.

(5)

Scheme 1 Preparation of polycyclodextrin hollow spheres.

Fig. 1 1H NMR spectra (D2O) of thiolated b-cyclodextrin/Au nano-
composites before (b-CD-S/Au, a) and after removal of Au template (b-CD-
S/capsules, b).

This journal is © The Royal Society of Chemistry 2001
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It proved more difficult to confirm the nanostructure of the
materials obtained, i.e., that they are indeed hollow spheres.
Strong evidence came from solubility experiments. b-CD-SH is
completely insoluble in water due to the hydrophobic nature of
the SH group. At the same time, b-CD-S/Au nanoparticles are
very soluble in water, as all hydrophobic groups are now hidden
inside the nanoparticles, their surface being dominated by the
hydrophilic OH groups (Scheme 1). Importantly, b-CD-S/
capsules are also very soluble in water, which is consistent with
the retention of the shell structure. In contrast, most ( > 90%) of
the polymer (b-CD-S)n [eqn. (5)] is insoluble in water.

This very different water solubility of polymers (b-CD-S)n

and b-CD-S/capsules (materials which have the same molecular
composition) confirms the hydrophilic nature of the proposed
hollow shell structure.

Prolonged storage (over several weeks) of hollow shells in
aqueous solution at room temperature leads to precipitation of
insoluble disulfide polymer (b-CD-S)n as a result of a
disproportionation reaction (6) which is known to be fast for
hydrophilic disulfides in water.8

2R1–SS–R2? R1–SS–R1 + R2–SS–R2 (6)

This further supports a non-equilibrium structure for the
nanocapsules obtained and is consistent with the hollow sphere
model. A better understanding of the kinetics of reaction (6)
might lead to a means for controlled release of small molecules
within the capsules.

The ultimate proof of the hollow shell structure should come
from microscopy. Unfortunately, we have been unable to obtain
electron microscopy (TEM) images of hollow spheres due to

their small size and low contrast. However, AFM analysis of
hollow spheres deposited on mica from a dilute aqueous
solution, showed nearly monodisperse round features.9 The
diameter of these features (ca. 30 nm) substantially exceeds the
diameter of the Au particles [ca. 2.3 nm, Fig. 2(a)] due to the tip
convolution,10 which is a familiar scanning probe microscopy
phenomenon. The height of the features [ca. 1.6 nm, Fig. 2(b)]
corresponds approximately to the double height of the b-CD-SH
molecule (ca. 0.78 nm). This might suggest that the nano-
capsules collapse on the mica surface upon drying in air, but one
must be cautious in interpreting height data as not much is
known about the tip–surface interactions.11 We believe that our
observation of monodisperse round features strongly supports
formation of hollow spheres.

The inner surface of the hollow spheres is dominated by the
disulfide bonds and is therefore hydrophobic. To probe if the
voids inside nanocapsules can accommodate external guests, we
studied solubilisation of ferrocene, a hydrophobic molecule, in
aqueous b-cyclodextrin (b-CD) and b-CD-S/capsules. Ferro-
cene is known to form inclusion complexes with b-CD, leading
to its partial solubilisation in b-CD solutions.12 We have found
that b-CD-S/capsules can solubilise ca. 50 times more ferrocene
than b-CD in aqueous solution.13 This result can be explained
either by accumulation of ferrocene in the inner voids of the
hollow spheres, or by an increase in the value of the ferrocene-
b-CD binding constant. More experiments are needed to
distinguish unambiguously between these possibilities.

In conclusion, we have demonstrated a new strategy for
synthesizing nanometer-scale organic hollow spheres using Au
colloids as templates. The whole structure is held together by S–
S bonds. We are currently working on broadening the described
strategy to other substrates/templates and probing the encapsu-
lation properties of the hollow spheres.

V. C. thanks the University of York and Astra-Zeneca for
financial support.
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Dendrimers based on polyhedral oligomeric silsesquioxanes
(POSS) cores with 16 PPh2 arms give much higher linear
selectivities (14+1) than their small molecule analogues
(3–4+1) in the hydroformylation of oct-1-ene.

Dendrimers are globular molecules in which the groups on the
periphery are all the same. They have been used for a variety of
applications, but interesting opportunities are offered if the
dendrimer is used as a ligand in homogeneous catalysis. Most
research in this area is aimed at using the dendrimer to
overcome the main problem of homogeneous catalysts, that the
reaction products can be hard to separate from the catalyst and
the solvent. Because of their persistent shape and size
(1–10 nm), there is interest in attempting to remove the catalyst
by nanofiltration through a suitable membrane. Filtration of this
kind has been demonstrated.1–3 Another possible advantage of
dendrimers is that crowding in the periphery might lead to
constrained geometries in the metal binding, which might affect
the activity or selectivity of the catalyst. In many cases, reaction
rates are slowed in the presence of a dendrimer, but there are
also examples of reactions being totally or partially inhibited
because the dendrimer is present. In one case it is believed that
an unpaired electron is passed from metal to metal on the
dendrimer, thus inhibiting its use in the Kharasch reaction.4

Examples of enhanced reactivity in C–C coupling reactions
have been reported3,5 and very recently it has been shown that
epoxidation reactions can be accelerated if the catalyst is bound
to the dendrimer and this is thought to be because the oxidising
peroxide binds to one metal, whilst the substrate is activated by
another. Having the two metals held in close proximity
increases the reaction rate.6 To our knowledge, examples of
positive dendrimer effects on the selectivity of catalytic
reactions have not been reported, but we now report such an
effect in the hydroformylation of oct-1-ene. Hydroformylation
using metals bound to dendrimers with phosphines on the
periphery have been reported,7,8 but generally the selectivity to
the desired linear product is similar to that using model small
molecule ligands, although we noted a slightly enhanced linear
selectivity using dendrimer-bound trialkylphosphines.8

Dendrimers based on polyhedral oligomeric silsesquioxane
(POSS) cores were prepared as shown in Scheme 1 such that
they had up to 16 PPh2 groups on the periphery (1). Attempts to
prepare the dendrimer with 24 PPh2 arms leads to incomplete
conversion to phosphines, presumably because of excessive
steric crowding.8 Analysis of 1 by NMR and by MALDI-TOF
mass spectrometry shows that they have 14, 15 or 16 PPh2
groups per dendrimer, with the average number being ca 15.
Within one arm of the dendrimer, the P atoms are separated by
five atoms. Simple diphosphines separated by five or six atoms
are only expected to favour bidentate binding when constrained,
as in the case of Xantphos9 and bis(diphenylphosphino-
methyl)biphenyl (BISBI)10 ligands. For such constrained li-
gands, the linear+branched ratios can be very high. Indeed,
using the unconstrained small molecules, 2 and 3, l+b ratios are
only of the order of 3-4 (Table 1 and Fig. 1). In contrast, under

exactly the same conditions, catalysts prepared in situ from 1
and [Rh(acac)(CO)2] (acacH = pentane-2,4-dione) give l+b
ratios of up to 14. A ratio this high would be very unusual for an
unconstrained ligand of this size and certainly shows that a
positive dendrimer effect is operating. The reaction rate and l+b
ratio increase with increasing temperature or decreasing gas
pressure (Table 1) but are only slightly affected by the Rh+P
ratio (3.6–10.8) at a given Rh concentration. The generally high
l+b ratios suggest that strong bidentate coordination occurs or
that the high local concentration of P atoms on the surface of the
dendrimer increases the concentration of complexes containing
three P donors. Further confirmation that the metal is strongly
bound to the dendrimer comes from 31P NMR studies of
solutions prepared from [Rh(acac)(CO)2] and 1 (1+3) under CO
and H2. Two resonances are observed at room temperature, one
(d 37) for P bound to Rh and the other (d 2 9.5) from the free
P atoms (1 resonates at d2 9.5). Both resonances are very broad
(width at half maximum = 470 and 88 Hz respectively),
possibly because of different binding environments for the
rhodium since the spectrum is the same in different solvents
(CH2Cl2, tetrahydrofuran) and the linewidth at half maximum
of the signal from the unbound P atoms only changes slightly

Scheme 1 Synthesis of 16-arm dendrimer phosphine 1. Reagents and
conditions: i, MeSiHCl2, H2PtCl6 (catalyst); ii, (vinyl)MgBr; iii, Ph2PH,
azodi(isobutyryl)nitrile. 1 has an average of 15 PPh2P groups, 5 has an
average of 12 PPh2 groups. In the POSS core, each edge of the cube
represents Si–O–Si.
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between 240 (63 Hz) and +60 °C (150 Hz). This shows that the
rhodium is not migrating rapidly around the surface of the
dendrimer, nor dissociating on the NMR timescale. The
resonance from the Rh-bound phosphines appears as two broad
overlapping doublets (d 37 and 36) at 240 °C, but as a single
broad doublet (d 37 JP–H ≈ 130 Hz) at +60 °C, suggesting
fluxionality within the bound complex. A broad hydride signal
is observed at d210.5 (width at half maximum = 80 Hz) in the
1H NMR spectrum at room temperature.

In order to try to understand the higher l+b ratios observed
with the dendrimer bound catalysts, we have carried out some
molecular modelling of the dendrimer using the Discovery
programme contained in the Insight(II) Molecular Modelling
Suite of Molecular Simulations Inc.11 This shows that within an
arm, the P atoms are separated by 4–7 Å, whilst between arms
there are always some distances in the 5–10 Å region. Rh–P
distances are of the order of 2.5 Å, so very little disruption of the
ground state structure of the dendrimer is required to facilitate
bidentate binding. Presumably the orientation of the PPh2
groups relative to one another is determined by steric repulsions
on the surface of the dendrimer whilst models of the small
molecules show that the lowest energy structures have the
phosphine groups far away from one another. If this is the case,
one might expect that the compound prepared from addition of
Ph2PH across the double bonds of tetravinylsilane 4, for which
the X-ray crystal structure shows that the P atoms are 6.94 and
8.33 Å apart,12 might show intermediate behaviour between 1
and 3. Indeed this is the case, with the l+b ratio being 6 (Table 1
and Fig. 1). Reducing the PPh2 loading on the dendrimer to an
average value of 12 PPh2 groups (5)† gives a slightly lower l+b
ratio (12.0, Table 1, Fig. 1) than the more completely substituted
dendrimer, again suggesting that steric crowding on the
dendrimer periphery is important.

It seems that the chain length between the two P atoms is also
important since extensive studies on a compound derived from

tetravinylsilane containing 16 Ph2P arms, but with only one
CH2 spacer between Si and P, i.e. with a potential ring size of six
atoms for bidentate bonding, shows no special enhancement
over the small molecule analogue.7

We conclude that the dendrimers synthesised here have
sufficient steric crowding to make eight-membered ring
bidentate coordination favourable and that these rings enhance
the linear selectivity in hydroformylation reactions. Whether the
binding in five-coordinate intermediates is equatorial–equato-
rial, which has been shown to give enhanced selectivity,9,10

whether the P atoms are mutually trans throughout the reaction,
which may also give enhanced selectivity, or whether the reason
for the enhanced selectivity is the locally high Ph2P concentra-
tion is not clear at present, although the low-temperature 31P
NMR spectrum of the rhodium complex under CO/H2 suggests
that the P atoms bound to rhodium are not all equivalent.

We thank the University of St. Andrews for a studentship
(L. R.), the Royal Society for a University Research Fellowship
(R. E. M.) and Professor Dieter Vogt and Dr Joost Reek for
helpful discussions.
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Table 1 Results of hydroformylation reactions using various ligandsa

Ligand T/°C p/bar kb/1023 s21 Conversion (%) l+b Nonanal (%)

1 120 10 1.2 > 99.9 13.9 86
5c 120 10 1.1 > 99.9 12.0 86
5c,d 100 10 0.42 > 99.9 10.8 86
5c,e 80 10 0.08 > 99.9 8.8 84
5c,f 100 20 0.33 > 99.9 7.5 85
5g 120 10 1.5 > 99.9 12.2 85
5h 120 10 0.95 > 99.9 11.9 84
2 120 10 3.6 > 99.9 3.4 70
3 120 10 3.0 > 99.9 3.8 73
4 120 10 2.1 > 99.9 5.2 77

a [Rh(acac)(CO)2] (2.0 3 1025 mol); P+Rh = 6+1, toluene (4 cm3), heated under CO/H2 (6 bar) for 1 h. Oct-1-ene (8.3 3 1023 mol) injected and pressure
increased. Pressure kept constant through mass flow controller and fed from a ballast vessel. Pressure drop in ballast vessel monitored every 5 s. Total reaction
time, 2 h. b First-order rate constant measured from gas uptake plots at constant pressure. c P+Rh = 5.4+1. d t = 4 h. e t = 19 h. f t = 6 h. g P+Rh = 10.8.
h P+Rh = 3.6.

Fig. 1 l+b Ratio of product C9 aldehydes at 120 °C and 10 bar. P+Rh = 6+1,
except for 5 (P+Rh = 5.4+1).
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A linear coordination polymer composed of diarylethene
and bis(hexafluoroacetylacetonato)zinc(II) has been synthe-
sized and its photochromism in the single-crystalline phase
studied by polarized absorption spectroscopy.

Photochromic compounds have attracted much attention be-
cause of their potential ability for photonic switching devices.1
Among them diarylethenes with heterocyclic aryl groups are the
most promising compounds for such applications. Diaryle-
thenes undergo fatigue resistant and thermally irreversible
photochromic reactions.2 In addition, it has recently been found
that some diarylperfluorocyclopentenes undergo photochromic
reactions in the single crystalline phase.3

When metal ions are located at both ends of the aryl groups
of the diarylethenes, the interaction between metal ions can be
switched by photoirradiation, because the p-conjugated bond
structures between the two aryl groups are different in the two
isomers.4 Therefore, the use of a diarylethene as a photoswitch-
ing bridging ligand is of interest. The synthesis and photo-
chromism of metal complexes of diarylethenes was first
reported in 1996 by Munakata et al.5 They prepared a linear
polymer, bridged by cyano groups, of cis-1,2-dicyano-
1,2-bis[2,4,5-trimethyl-3-thienyl)ethene and copper(I) ions. In
the present work we report on the synthesis of a linear chain
polymer complex of 1,2-bis[2-methyl-5-(4-pyridyl)-3-thienyl]-
perfluorocyclopentene 1a6 with Zn(hfac)2 (hfac =
1,1,1,5,5,5-hexafluoroacetylacetonate) and its photochromic
reaction in the single-crystalline phase (Scheme 1).

Rhombus-shaped single crystals of 1a were obtained by
recrystallization from hexane. An X-ray crystallographic study
showed that two independent molecules were present in the
asymmetric unit.7 The distances between the reactive carbons of
1a were 3.570 and 3.546 Å, short enough to react in the

crystalline phase. Single crystals of 1a turned blue upon
irradiation with 366 nm light whilst retaining their shape. The
blue color is considered to arise from the closed-ring form
isomer 1b.3,6 The blue color disappeared upon irradiation with
578 nm light. The color of a crystal was observed under
polarized light. Fig. 1(a) and (b) show the polarized absorption
spectra and the polar plot. The polarized absorption spectrum at
a selected angle showed its maximum at 610 nm. The
absorption maximum in the crystal showed a bathochromic shift
as much as 20 nm in comparison with the maximum in ethyl
acetate solution (lmax = 589 nm). The absorption intensity was
strongly dependent on rotation, which indicates that the colored
form isomers were regularly oriented in the crystal lattice. The
order parameter [(A|| 2 A4)/(A|| + 2A4)] was as high as 0.72.

Zn(hfac)2·2H2O was chosen as the metal source for com-
plexation because of its high affinity for pyridyl ligands.8 A
solution of 1a (200 mg) in dichloromethane (2 mL) was mixed
with a solution of Zn(hfac)2·2H2O (197 mg) in methanol–
dichloromethane (1+1, 2 mL) to afford a pale green powder.
Recrystallization from methanol–dichloromethane (1+1) gave

Scheme 1 (a) Photochromism of ligand 1a. (b) Schematic drawing of the
linear chain polymer composed of 1a and Zn(hfac)2.

Fig. 1 (a) Polarized absorption spectra of single crystals of 1a (grey line) and
1a·Zn(hfac)2 (black line) after irradiation with 366 nm light. (b) Polar plot
at the absorption maximum of 1a. (c) Polar plot at the absorption maximum
of 1a·Zn(hfac)2. The angle of maximum intensity of the absorption is
defined as q = 0° for 1a and the direction of the linear chain was defined
as q = 0° for 1a·Zn(hfac)2.
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pale yellow block crystals.9 The IR spectrum of the crystal was
a superposition of 1a and Zn(hfac)2·2H2O, indicating formation
of the complex. X-Ray crystallography revealed the formation
of a linear chain polymer complex composed of 1a and
Zn(hfac)2 (Fig. 2).10 The two pyridyl nitrogens of two different
molecules of 1a are coordinated with Zn(hfac)2 in a trans
configuration to produce a linear chain structure parallel to the
[2 0 21] direction. The molecular structure of 1a in the complex
is almost identical to that of 1a itself. The distance between
reactive carbons was 3.557 Å, again short enough to react.

An ethyl acetate solution of 1a·Zn(hfac)2 underwent a
photochromic reaction by alternate irradiation with 313 and 578
nm light. The absorption maximum of the colored form isomer
1b·Zn(hfac)2 was at 590 nm, the same as the maximum of 1b
itself in ethyl acetate solution.

Crystals of 1a·Zn(hfac)2 also showed photochromic re-
activity in the single-crystalline phase. Upon irradiation with
366 nm light single crystals of 1a·Zn(hfac)2 turned blue with
formation of the closed-ring isomer 1b·Zn(hfac)2 considered to
be the origin of the blue color.3 Upon irradiation with 578 nm
light the blue color disappeared. The polarized absorption
spectra and the polar plot measured normal to the (010) plane of
the face-indexed crystal are shown in Fig. 1(a) and (c). Here, the
[2 0 21] direction, the direction of the linear polymer chain, is
defined as q = 0°. The absorption intensity was strongly
dependent on rotation, indicating a regular orientation of the
closed-ring form isomer 1b·Zn(hfac)2. The transition moment
was almost identical to the direction of the linear chain. The
absorption maximum of 1b·Zn(hfac)2 in the crystal was 620 nm,
10 nm longer than that observed for crystals of 1b.

Table 1 summarizes the absorption maxima of the colored
closed-ring isomer 1b and 1b·Zn(hfac)2, which are generated by
irradiation with UV light in solution and in the single crystalline
phase. In solution there was no difference between the free
ligand and the complex, but in the single-crystalline phase the

absorption maximum of the polymer complex showed a
bathochromic shift upon complexation. The absorption shift
upon complexation in the single crystal can be attributed to an
increase in the strain upon complexation.

In conclusion we have synthesized a linear chain polymer
complex composed of 1,2-bis[2-methyl-5-(4-pyridyl)-
3-thienyl]perfluorocyclopentene 1a and Zn(hfac)2. The com-
plex undergoes a photochromic reaction in the single-crystalline
state. While there was no shift in solution, the absorption
maximum in the single crystal showed a 10 nm bathochromic
shift upon complexation.

This work was partly supported by CREST (Japan Science
and Technology Corporation) and by a Grant-in-Aid for
Scientific Research on Priority Area ‘Creation of Delocalized
Electronic Systems’ (No. 12020244) from the Ministry of
Education, Science, Culture, and Sports, Japan.
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Table 1 Absorption maxima (nm) of the closed-ring form isomers generated
by irradiation with UV light

1b 1b·Zn(hfac)2

In solution 589 590
In single crystal 610 620
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A unique synthesis of a well-defined block copolymer having
alternating maleic anhydride(MAn)/styrene(St) segments
and PSt segments was achieved via radical addition–
fragmentation chain transfer (RAFT) copolymerization and
the self-assembly aggregating behavior of its hydrolyzed
amphiphilic product in water was demonstrated.

One of the extensively studied CTC (charge transfer complex)
forming monomer pairs is the combination of maleic anhydride
(MAn) and styrene (St),1 which can be alternately copoly-
merized under ordinary free radical initiating techniques to give
a functional copolymer by further modification. However, the
molecular weight and molecular weight distribution (Mw/Mn) of
the copolymer thus obtained are not well-defined.

Recently developed ‘living’ free radical polymerization has
received rapidly increasing interest, since it not only furnishes
control over the resulting polymers with narrow Mw/Mn but also
can be performed under ordinary radical polymerization
procedures avoiding the stringent conditions needed for living
ionic polymerization. The preparative technique for well-
defined polymers of vinyl monomers via precision free radical
polymerization has witnessed explosive growth in nitroxide-
mediated polymerization,2 atom transfer radical polymerization
(ATRP),3 and consequently developed radical reversible addi-
tion–fragmentation chain transfer (RAFT) polymerization.4
They are marked with their respective features and limitations.
A RAFT polymerization can be achieved by using thiocarbo-
nylthio compounds as a reversible capping agent to produce
‘living’ polymer chains via a free radical mechanism.4 The
‘living’ controlled radical copolymerization of electron-defi-
cient and electron-rich monomer pairs is an elusive target, but
the works are scarce.5,6 The challenge associated with ATRP is
to obtain an alternating copolymer of MAn, which destroys the
ATRP catalytic system. Recently, Hawker et al. reported a one-
step controlled copolymerization of MAn with St by nitroxide-
mediated polymerization, giving a P(St-co-MAn)-b-PSt block
copolymer,2 and the same polymerization system was also
reported for the copolymerization of St with MAn.7 However,
there is no alternating structure observed in the MAn-St
copolymer. More recently, there was a report on a copoly-
merization of MAn and St via the RAFT process in which a

dithiobenzoate residue was linked to a polyolefine chain end
affording a block copolymer.8 Here we describe a copoly-
merization of MAn with an excess amount of St in molar feed
via the RAFT technique affording a well-defined block
copolymer, P(MAn-alt-St)-b-PSt and the self-assembly ag-
gregating behavior of its hydrolyzed amphiphilic product in
water.

A typical RAFT initiating system used is the combination of
(S)-benzyl dithiobenzoate (BTBA) with AIBN. The copoly-
merization of MAn with St takes place readily at 80 °C and the
results are listed in Table 1. During the polymerization, both
monomer conversion and number average molecular weight
(Mn) increase with polymerization time. The copolymers
obtained possess narrow Mw/Mn( ~ 1.2), and the composition of
P(MAn-co-St) is approximately 1+1 in molar ratio. The Mn
determined by GPC method increases linearly with the
monomer conversion, and matches well with the theoretical
value. A thermal copolymerization of MAn with St at 80 °C in
the absence of BTBA was demonstrated as a comparison. It can
be seen that the copolymer obtained by using AIBN as an
initiator possesses a higher Mn up to 6.3 3 104, with a broader
Mw/Mn of 2.96. This firmly supports the conclusion that the
RAFT copolymerization of MAn and St is of a controlled
polymerization nature.

To further reveal the alternating nature of the MAn-St
copolymer, a RAFT copolymerization of MAn and St with a
molar feed of 1+9 was demonstrated at 60 °C. The conversions
of both MAn and St were determined by GC. As can be seen
from Fig. 1, the conversion of MAn apparently increases faster
than that of St, but the absolute consumption of MAn and St are
approximately the same until 80% of MAn was consumed. This
indicates that the copolymer obtained possesses a predom-
inantly alternating character at any monomer conversion before
MAn has been exhausted. After MAn was completely con-
sumed, the alternating copolymer chain subsequently continued
to propagate forming a block copolymer with St sequence.
Thus, the copolymerization basically involves: the simultane-
ous incorporating of MAn and St resulting in an alternating
copolymer (Stage I), and the consumption of essentially pure St
to continue chain propagation affording a block copolymer with
a PSt segment (Stage II). At both stages, Mn increases linearly

Table 1 Molecular weight, molecular weight distribution and composition of MAn-St copolymers obtained via RAFT polymerizationa

Copolymer Time/h
Conversion
(%)b

Mn
f

(theory)
Mn

c

(found) Mw/Mn
c

St in
copolymer
(mol%)e

MAn-St-1 0.1 17.4 1 580 2 450 1.19 45.9
MAn-St-2 0.3 64.1 5 820 6 180 1.24 48.6
MAn-St-3 1.0 93.3 8 480 7 250 1.22 47.9
MAn-St-4d 0.5 96.5 — 63 000 2.96 50.2

a [MAn]0+[St]0:[BTBA]0+[AIBN]0 = 90+90+2+1 in molar ratio, [MAn]0 = 2.0 mol L21, dioxane, 80 °C. b Determined by gas chromatography (GC)
method. c Determined by GPC, THF as an eluent, 35 °C. d Thermal polymerization, the monomer feed was 1+1 in molar ratio, 80 °C; e Calculated by 1H-NMR
analysis (200 MHz); f Mn (theory) = [MW (MAn) + MW (St) ] 3 [MAn]0 3 conversion /[BTBA]0.
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with the conversion and Mw/Mn lies in the range of 1.2–1.4. It is
thus concluded that, under RAFT polymerization conditions,
the consuming rate of MAn is approximately equal to that of St
during Stage I regardless of the large excess of St presented in
the monomer feed. A well-defined block copolymer, P(MAn-
alt-St)-b-PSt, composed of P(MAn-alt-St) and PSt sequences
can thus be obtained by RAFT polymerization. Similar results
were also manifested by the RAFT copolymerization of N-
phenylmaleimide with St conducted at 60 °C.

It should be pointed out that the composition and sequence of
the copolymer in the present work were different from the
nitroxide-mediated ones reported by Hawker et al.2 and Yoon et
al.7 There was no alternating character in the copolymer of
MAn-St observed during the early stage of nitroxide-mediated
polymerization performed at above 120 °C. In this work, the
RAFT polymerization was carried out at 60 °C, where the CTC
formation of MAn and St plays an important role in the
copolymerization. On the contrary, the nitroxide-mediated
copolymerization is always conducted at 120 °C or higher,
which would destroy the CTC formed by MAn and St, hence the
copolymerization of St or MAn favorably takes place in a ‘free’
monomer manner. In this regard, Seymour and Garner1 reported
that there is a change of the copolymer sequential distributions
from alternating to random structure when the polymerization
temperature increased from 80 to 130 °C for the MAn/St
comonomer pair. Obviously, the polymerization temperature of
120 °C or higher and the large excess of St would lead to the
tendency of homopolymerization of St.

DSC profile can provide valuable information about the
block copolymer. The final copolymer possessed two distinct
glass transition temperatures (Tg) at 104 and 167 °C, while the
copolymer from Stage I showed only one Tg at 164 °C. This also
strongly supports the conclusion that the final product is a block
copolymer.

The P(MAn-alt-St) segment in the block copolymer can
easily be hydrolyzed resulting in an amphiphilic block copoly-
mer which can form uniform nanoscale particles by self-
assembly. Fig. 2 shows the AFM (atomic force microscopy)
image of the amphiphilic block copolymer in water obtained by
hydrolyzing P(MAn-alt-St)50-b-PSt80 as illustrated in Scheme
1. The particles possess a uniform size with an average diameter
of 63 nm and height of 30 nm. In addition, P(MAn-alt-St)-b-PSt
can also form similar micelles in polar solvents such as propan-
2-ol. These architectural particles in nanoscale size constructed

by PSt segment as a core, and P(MAn-alt-St) or P(MA-alt-St)
segment as a corona, which provides reactive anhydride or
carboxylic groups on the surface of particles, are of interest in
further chemical or biological modification. The surface
modification of the copolymer micelle and the morphology of
their derivatives in selective solvents are underway.

This research was supported by the National Natural Science
Foundation of China (No. 59773018).
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Fig. 1 Evolution of monomer conversions for St and MAn and their
consumed molar ratio (FSt/FMAn) with the polymerization time via RAFT
polymerization. [MAn]0+[St]0+[BTBA]+[AIBN] = 100+900+2+1 in molar
ratio, [MAn] = 0.2 mol L21, 60 °C.

Fig. 2 AFM images of the hydrolyzed product of P(MAn-alt-St)50-b-PSt80

(Mn = 18,000, Mw/Mn = 1.34) by spin-coating 5.0 3 1024 wt% aqueous
solution (pH = 9.7) on mica. (a) 2 3 2 mm region; (b) 350 3 350 nm area
from (a).

Scheme 1
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Both substituted imidazoles and 1,3-dialkylimidazolium
salts can be fully deuteriated on the heterocyclic ring using
D2O over heterogeneous Pd catalysts: deuteriated 1-alkyl-
3-methylimidazolium chloride and hexafluorophosphate
ionic liquids can also be prepared in good yields utilising
readily available and relatively low cost sources of deute-
rium.

Imidazole and imidazolium salts are key systems in nature (in,
for example, histidine and vitamin B12, and as components in
DNA base-pair structure, biotin, etc).1 As such they have a
tremendous range of applications in pharmaceutical, veterinary
and agrochemical products. Other important applications in-
clude formulation of high temperature polymers and corrosion
inhibitors,2 for the formation of carbenes (as replacements for
phosphine ligands in transition metal catalysis),3 and as the
basis for ionic liquids - clean solvents for catalysis, extraction
technology and electrochemical applications.4

For our ongoing investigations of the liquid structure of ionic
liquids by neutron diffraction, access to deuteriated materials in
order to provide neutron-scattering contrast was required. For
these studies, it was necessary to prepare significant quantities
(3–5 g) of both fully deuteriated and selectively deuteriated
(exchange on the ring positions only) samples of 1,3-dimethyl-
imidazolium chloride or hexafluorophosphate and 1-ethyl-
3-methylimidazolium chloride or hexafluorophosphate. Only
one of these materials, 1-ethyl-3-methylimidazolium-d11 chlo-
ride, is currently commercially available and is supplied in
small quantities and at prohibitively high cost for this
experiment. This paper describes a versatile low cost method-
ology to prepare these deuteriated materials. Although ionic
liquids research provided the driving force behind this in-
vestigation, these molecules are also of significant interest as
mechanistic probes, particularly in biochemical studies, espe-
cially where 1H and 2D NMR spectroscopies are utilised.5

Ring deuteriation of imidazolium cations has been performed
using D2O by Dieter et al.6 In this study, shaking with D2O was
sufficient to exchange the most acidic ring-hydrogen, H(2);
however, exchange of the ring-hydrogens, H(4/5), was found to
require more forcing conditions, i.e. heating in D2O–K2CO3.
Using this method, the ring-deuteriated salt, 1-ethyl-3-methyl-
imidazolium-d3 chloride could be prepared. In contrast, imida-
zoles are much less susceptible to H/D exchange (106–108 times
slower) than the corresponding imidazolium salts.7,8 Full ring
deuteriation of imidazole is also possible under forcing acidic
conditions. Lui et al. incorporated 90% deuterium using D2O–
D2SO4 at 200 °C for 4 h after two passes.5 Here we show that
by using D2O and a heterogeneous catalyst, both imidazolium
salts and substituted imidazoles can be ring deuteriated easily
under mild, neutral conditions.

The deuteriation of 1-methylimidazole and
1,3-dimethylimidazolium chloride was screened using palla-
dium and platinum catalysts on a variety of supports† (Table 1).
The deuteriations were performed following a pre-reduction of
the catalyst in flowing dihydrogen at rt. The substrate dissolved
in D2O was added to the catalyst and underwent a number of

freeze-pump thaw cycles, after which the temperature was
raised to 100 °C and left for 1 h. This technique has been used
extensively for the deuteriation of other heterocycles, com-
monly pyridines and related molecules.9 Using this method,
1,3-dimethylimidazolium chloride was deuteriated at the ring
H(2) (99%) and H(4/5) (90%) positions using a 10% Pd/C
catalyst. The general applicability of this system was demon-
strated by deuteriation of imidazole, 1-methylimidazole and
1,3-dimethyl-, 1-ethyl-3-methyl- and 1,3-dibutylimidazolium
chlorides with 90–96% deuterium incorporation at the ring H(4/
5) positions after one cycle. Exhaustive deuteriation of
alkylimidazolium salts was tested at elevated temperatures, and
showed that, although exchange of the alkyl group hydrogens is
possible, it is inefficient. For example, the maximum deuterium
incorporation in methyl side chains on 1,3-dimethyl-
imidazolium chloride at 250 °C over any catalyst was 43% after
12 h.

In general, palladium catalysts are much more active for the
exchange reaction than platinum catalysts in both imidazole and
imidazolium-based systems. The lack of H/D exchange at the
H(4/5) positions using platinum is not well understood at
present. Explanations include a change in molecular adsorption
geometry between the two metals or site blocking by strongly
adsorbed molecules (originating via a surface reaction of the
imidazole).10,11 Experiments are currently underway to under-
stand this process more fully.

Using the methodology described above to deuteriate the ring
positions, a general procedure was devised in which the
synthesis and deuteriation of the 1,3-dialkylimidazolium salts is
divided into three discrete steps which can be manipulated in a
modular fashion (Scheme 1). This involved a sequence in which
imidazole is alkylated to 1-alkylimidazole, then ring-deuter-

Table 1 Percentage deuterium incorporation at the ring H(4/5) positions in
(i) 1,3-dimethylimidazolium chloride and (ii) 1-methylimidazole using
various catalysts

% Of ring H(4/5) deuteriated

Catalysta (i) (ii)

10% Pd/C 90 91
— 99b —
10% Pd/Al2O3 95 87
5% Pt/C 33 0
5% Pt/Al2O3 45 5

a Little difference was found varying the catalyst loading between 5 and
10%. b Second deuteriation cycle.

Scheme 1 (a) CD3OD, RuCl3/(n-BuO)3P; (b) D2O, 10% Pd/C; (c) RX
(CD3Cl, C2D5I).
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iated with subsequent quaternisation with a second alkylating
agent to yield the desired deuteriated 1,3-dialkylimidazolium
salt. The order of the sequence depends on the relative
efficiency of each step and the nature of the anions in the final
1,3-dialkylimidazolium salt. It is also important to consider
whether deuteriation of the ring should be performed before or
after the quaternisation. This is dependant on the relative
stability of the H/D exchanged hydrogens with respect to
scrambling in the subsequent reactions, e.g. quaternisation.

Here, the initial alkylation of the imidazole could not be
performed cleanly using conventional procedures,12 since a
number of by-products were also formed. For example,
methylation of imidazole with iodomethane under neutral
conditions led to the formation of a mixture of 1H-imidazolium
iodide, 1-methylimidazole and 1,3-dimethylimidazolium iod-
ide. Under these reaction conditions, the imidazole acts as a
base for the alkylation. However, since 1-methylimidazole is
more reactive towards methyl iodide than imidazole itself, this
leads to a final product mixture, which cannot easily be
separated. Due to this problem, this method can only be applied
to symmetrically substituted 1,3-dialkylimidazolium salts. In
the field of room temperature ionic liquids, cation asymmetry is
an important feature in order to provide the variation in
properties such as melting point, viscosity and density, which
allows their use as tuneable solvents.13

Alkylimidazoles may be synthesised via a number of other
routes. Arduengo et al.14 prepared 1,4,5-trimethyl-d9-imidazole
as a precursor to perdeuteriated carbenes via a cyclisation route
using perdeuteriated methylamine, prepared by deuteriation of
deuteriated nitromethane. Alkylation of imidazole has also been
performed catalytically with methanol over a homogeneous
ruthenium–tributylphosphite catalyst; Tanaka et al.15 claimed
99.5% conversion and greater than 98% selectivity for the
production of methylimidazole. This presents a potentially
more effective route than that of Arduengo et al.14 for the
formation of 1-methyl-d3-imidazole using deuteriated methanol
as a low-cost methylating agent and also gives the opportunity
to utilise longer-chain alcohols (for instance, deuteriated
ethanol).

Here, 1,3-dimethylimidazolium-d9 chloride was prepared
from imidazole in three steps, introducing deuteriatated func-
tionality at one nitrogen (via an alkyl group), to the ring and
finally in a quaternisation step adding a deuteriated methyl
group to the second nitrogen.‡ In the first step, imidazole was N-
methylated with deuteriated methanol to 1-methyl-d3-imidazole
over a homogeneous ruthenium–tributylphosphite catalyst in
1,4-dioxane at 200 °C/40 bar pressure15 with overall 75% yield
(based on recovered imidazole) and was isolated by vacuum
distillation. The resulting 1-methyl-d3-imidazole was then
deuteriated on the ring with D2O over a Pd/C catalyst to give the
fully perdeuteriated 1-methylimidazole. This was then alkylated
with chloromethane-d3 to give the 1,3-dimethylimidazolium-d9
chloride, and with iodoethane-d5 to 1-ethyl-3-methyl-
imidazolium-d11 iodide in good overall yields. This approach
allows the greatest flexibility in the chemistry and permits the
selective introduction of deuterium to any of the functional
areas of the imidazolium cation using relatively inexpensive and
readily available deuteriated starting materials. The hexa-
fluorophosphate salts were obtained by metathesis from the
halide salt with Na[PF6] in D2O. 1-Ethyl-3-methylimidazolium-
d11 chloride was then isolated from the corresponding hexa-
fluorophosphate salt by metathesis with LiCl in acetone-d6. All
the salts were collected as colourless crystals. 1H and 13C NMR
spectra were obtained to assess the levels of deuteriation in the
salts and in all cases the deuterium incorporation was greater
than 97%. It should be noted that, for the ring deuteriations, this
required two cycles in order to increase the deuterium level
from 90 to > 97%.

This procedure (Scheme 1) enables the preparation of ionic
liquids and other 1,3-dialkylimidazolium salts (i.e. as pre-
cursors to carbene ligands) in which deuteriation of the cation
can be selectively applied to any position; one or two N-alkyl
substituents and ring. Moreover, combined with the lability of

the ring H(2) in aqueous solution, it is also possible to
selectively control the H/D substitution of the ring H(2) and
H(4/5) by H/D exchange.

Financial support from the Department of Education in
Northern Ireland (S. E. J. M.) and the Queen’s University Ionic
Liquids Laboratory (S. E. J. M., J. D. H) is gratefully
acknowledged. Johnson Matthey and Degussa are thanked for
the generous donation of the carbon catalysts and aluminium
oxide respectively.
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content was used to confirm catalyst loading. Pd/C and Pt/C catalysts were
supplied by Johnson Matthey.
‡ Methanol-d4 (99.8%) from Apollo Scientific Ltd. All other reagents were
obtained from Aldrich and used as supplied.

1-Methyl-d3-imidazole. Ruthenium chloride hydrate (0.63 g, 2.41 mmol),
tri(n-butyl)phosphite (2.30 g, 9.19 mmol) and imidazole (10.78 g, 0.158
mol) were sequentially dissolved in 1,4-dioxane (300 cm3) in a stirred 1 L
autoclave. After addition of methanol-d4 (20 g, 0.554 mol), the mixture was
heated at 200 °C under 40 bar pressure of nitrogen for 18 h. Following
reaction, the liquid was decanted from the spent catalyst and solvent/excess
methanol were removed. The resulting pale yellow oil was vacuum distilled
at 100 °C to give 1-methyl-d3-imidazole as a colourless oil (6.5 g, 49%) and
analysed by GC-MS. m/z (EI) 85, accurate mass 85.072 (Calc for
C4H3N2D3, 85.072), NMR dH/ppm (CDCl3) 7.49 (1H, s), 7.01 (1H, s), 7.86
(1H, s); dC/ppm (CDCl3) 135.26 (C2), 126.93 (C4), 118.05 (C5), 30.59
(-CD3); dD/ppm (CDCl3) 29.64 (-CD3). Unreacted imidazole (34%) was
recovered from the distillation flask. Overall yield, based on imidazole was
75%, unreacted deuteriated methanol was recovered from the solvents by
distillation and could be reused.

1-Methylimidazole-d6. Palladium on activated carbon (2 g, 10% Pd) was
reduced under dihydrogen (1 atm), for 1 h at rt. 1-Methylimidazole (10 g,
0.117 mol) was dissolved in pure D2O (50 g, 0.28 mol), and added to the
reduced catalyst. The reaction mixture was degassed by three freeze pump
thaw cycles, then heated with stirring at 100 °C for 1 h. The reaction mixture
was filtered to remove the catalyst, and the aqueous solvent was removed
under reduced pressure, and then in vacuo to give the ring-deuteriated
1-methylimidazole (9.4 g, 91%). Extent of deuteriation was analysed by loss
in 1H and changes in 13C NMR.

1,3-Dimethylimidazolium-d9 chloride. Chloromethane-d3 (1.0 g, 18.7
mmol) was condensed onto 1-methylimidazole-d6 (1.0 g, 11.4 mmol) in a
carius tube cooled to 2180 °C with liquid nitrogen. The tube was then
sealed and brought to rt, then heated at 80 °C for 15 h to give the
1,3-dimethylimidazolium-d9 chloride as a colourless crystalline solid (1.6 g,
99%).
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In the presence of perchloric acid, an unusual 1,4-aryl shift
is observed for two electron-rich 4,5-bis[hydroxy(aryl)me-
thyl]-1,3-dithiole-2-thiones; the X-ray crystal structure of
compound 8 confirms the structural identity of the re-
arrangement product.

The chemistry of the 1,3-dithiole-2-thione heterocycle and its
derivatives has been studied extensively,1 mainly because these
compounds are efficient precursors to tetrathiafulvalenes
(TTFs), which are famous components in conducting materi-
als.2 Innovative steps towards the functionalisation of 1,3-di-
thiole-2-thiones and TTFs continue to attract attention and the
formyl group has been one of the most commonly used
functional groups for the preparation of TTFs with simple or
complex architecture.3

Some of our recent work has involved the synthesis of triaryl
systems annelated to the 1,3-dithiole-2-thione heterocycle.4
During these investigations, we discovered that one of our key
intermediates, 4,5-bis[hydroxy(thien-2-yl)methyl]-1,3-di-
thiole-2-thione 1, rearranges under acidic conditions to give a
variety of products (e.g 2), depending on the choice of solvent

and acid.5 En route to a series of dihydrofuran derivatives, we
have discovered that electron-rich benzyl analogues undergo a
different type of rearrangement to 1, involving an unexpected
1,4-aryl shift and the concomitant formation of an aldehyde
functionality. Herein, we discuss the likely mechanism involved
in the reaction sequence and comment on substituent effects.

Using a four-step procedure,4a 1,3-dithiole-2-thione 3 can be
lithiated by LDA and reacted with aryl carbaldehydes to afford
bisalcohol products. Thus, compounds 4 (Ar = phenyl,
2-methoxyphenyl, 4-methoxyphenyl, 2,4-dimethoxyphenyl and
3,5-dimethoxyphenyl) were prepared in 75–90% yield, accord-
ing to Scheme 1.‡ The diols slowly decomposed under ambient
conditions; treatment of 3-6 drops of perchloric acid to solutions
of 4 in DCM increased the rate of decomposition of the starting
material and in all cases the diol was consumed within 24 h.
Dihydrofurans 5 and 6 (87 and 23%, respectively)6 were
isolated from the corresponding diols as mixtures of stereo-
isomers, whereas the 4-methoxyphenyl and 2,4-dimethoxy-
phenyl diols gave the rearrangement products 7 and 8 in 44 and
83% yields, respectively. The rearrangement products from 4
were all obtained as the major product (by TLC), however, the
diol obtained from the reaction of 3,5-dimethoxybenzaldehyde
gave an intractable series of reaction products on addition with
HClO4.

Crystals of compounds 6† and 8§ were grown from DCM–
petroleum ether.

The X-ray crystal structure of compound 8§ (Fig. 1) provides
irrevocable proof for the structure of the rearrangement product.
There are considerably less weak interactions in 8 when
compared to 6, allowing more flexible conformations of the
dimethoxyphenyl substituents and forming a supramolecular
assembly of one-dimensional chains (C(13)…2O(5) =
3.394 Å).

The Pinacol rearrangement of 1,2-diols, affording aldehydes
or ketones, is one of the classic transformations in organic
chemistry. The reaction involves the acid-mediated 1,2-shift of
an alkyl or aryl group as part of a concerted mechanism. Despite
the similarity in structure of the reaction products 7 and 8, one

† Electronic supplementary information (ESI) available: molecular struc-
ture of compound 6. See http://www.rsc.org/suppdata/cc/b0/b009550h/

Scheme 1 Reagents and conditions: (i) LDA (1 eq.), ArCHO (1 eq.), then
repeat, 278 °C, THF; (ii) HClO4, CH2Cl2, rt.

Fig. 1 Molecular structure of compound 8.
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cannot assume that the mechanism is Pinacol-type. The
proposed mechanism for the decomposition of 4 in the presence
of perchloric acid is depicted in Scheme 2, using 7 as the
example. Protonation of the diol 4 (Ar = 4-methoxyphenyl)
gives intermediate 9 which, upon loss of water, generates the
dihydrofuran derivative 10 or the free cation 11. In the case of
compounds 5 and 6, the dihydrofuran species predominates and
there is no further transformation. However, for compounds 7
and 8, the p-methoxy group assists in the formation and
stabilisation of a phenonium intermediate 12. The loss of a
proton from this species results in 7 via an overall step-wise
migration of the aryl unit and the formation of a formyl
group.

The involvement of a phenonium intermediate in aryl shifts
has been seen previously.7 Theoretical studies have shown that
there is significant stabilisation of the phenonium ion through
back-bonding from the ethylene unit of spirocyclopropylben-
zenium species.8 However, we propose a spirocyclopentylben-
zenium intermediate 12 in Scheme 2, which can only be
stabilised by the methoxy unit. The position of the electron
releasing groups is important and it is obvious that complica-
tions arise in the case of the 3,5-dimethoxy species, since
neither the dihydrofuran or 1,4-shift products are observed. In
this case, the formation of a spirocyclic intermediate is not
possible. It is also unusual that the sole product from the
2-methoxyphenyl species is the dihydrofuran derivative 6,
particularly since the electron donating substituent effect should
be identical to that of the 4-methoxy derivative, which gives the
rearrangement product 7. One possible explanation for this can
be derived from the X-ray crystal structure of compound 6.†
The intramolecular close contacts between O(2)···S(2) and
O(3)···S(3) arise from a p–d orbital interaction, which decreases
the electron releasing ability of the methoxy groups towards the
benzene ring, thereby conferring a weaker stabilising effect
upon the phenonium ion.

Finally, it is worth noting that we have carried out a similar
study on analogous benzene derivatives (13). In each case, the

addition of perchloric acid resulted in a complex mixture of
products, which could not be easily separated. None of the
isolated fractions proved to be the dihydrofuran or rearrange-
ment products such as compounds 5–8 (by MS and 1H NMR).
The function of the 1,3-dithiole heterocycle in stabilising the

allylic cation (shown in structure 14) is, therefore, an important
process in the formation of compounds 5–8. To check the
generality of this stabilisation effect in diols such as 4, we also
substituted the 1,3-dithiole-2-thione ring with thiophene, via the
lithiation (n-BuLi) of 2,3-dibromothiophene and subsequent
reaction with 2,4-dimethoxybenzaldehyde. The resulting diol
decomposed to the corresponding dihydrofuran (by MS and 1H
NMR) on standing, whilst the addition of perchloric acid did not
yield the 1,4-rearrangement product. Clearly, there is further
scope to investigate the versatility of structure 14 by replacing
the 1,3-dithiole-2-thione unit with alternative electron-rich
moieties and this will be the focus of future work.

In conclusion, we have reported the first example of a
1,4-aryl shift in an allylic 1,4-diol system. This reaction is
important for understanding the stabilising effects of sub-
stituents upon the allylic cation and, independently, the
phenonium intermediate, as well as providing an alternative
strategy towards the functionalisation of benzylated 1,3-di-
thiole-2-thione and TTF derivatives.

We thank the EPSRC for research grant GM/M36342
(T. K.).
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A new methodology has been developed to synthesize gold–
silver alloy nanoparticles by laser irradiation of mixtures
consisting of gold and silver nanoparticles.

Nanoscale materials have attracted a great deal of interest in
scientific research and industrial applications, owing to their
unique large surface-to-volume ratio and quantum size effect
properties.1 In principle, the preparations of metal nanometer-
sized particles could be classified into two categories: physical
and chemical techniques. Evaporation2 or laser ablation3 from
metal bulk samples is utilized to generate nanoparticles in the
physical methods whilst reduction of metal ions to neutral
atoms, followed by metal growth is the common strategy in
chemical syntheses, including conventional chemical (one- or
two-phase systems),4 photochemical,5 sonochemical,6 electro-
chemical7 and radiolytic reductions.8 In this report, a novel
methodology is developed to fabricate gold–silver alloy
nanoparticles, using laser irradiation of gold and silver colloidal
solutions.

Nanocomposites, i.e. alloy and core–shell particles, are an
attractive subject because of their composition-dependent
optical and catalytic properties. To date, Papavassiliou has
successfully prepared Au/Ag alloy particles via. evaporation of
Au/Ag alloys.2a Kim and coworkers4c and El-Sayed and
coworkers4d employed simultaneous reduction of gold and
silver salts to form Au/Ag alloy nanoparticles of 4 nm and
≈ 18 nm diameter, respectively. Although Lis-Marzán et al.
used a similar chemical method to synthesize gold–silver
bimetallic colloids, the detailed structures of these remained
ambiguous.4b It should be noted that the formation of alloy
particles by co-reduction of different metal salts strongly relies
on the reduction rates of the metal ions. A core–shell structure
could be readily prepared through a heteronucleation process:
the metal with the faster reduction forms the core and the other
is the surrounding shell.

Recently, pulsed laser irradiation to nanorods or spherical
particles was studied to unravel the photophysical properties of
these particulates. The groups of El-Sayed and Koda suggested
that the interaction between laser light and metal particles may
lead to conformational changes via a melting process.9 We have
attempted to take advantage of this melting state, if present, to
alloy a mixture containing two different kinds of metal particles
under laser light irradiation. A gold–silver system was selected
since both metals are miscible in the bulk phase, owing to very
similar lattice constants.10 Moreover, the UV–VIS absorption
spectra of the Au/Ag bimetallic particles show a substantial
difference between the alloy and a core–shell structure, which
has been studied explicitly by experimental and theoretical
measurements.4b–d,11

In this study, Au and Ag nanoparticles were prepared in
aqueous solution following the methods employed by Natan and
coworkers12 and Lee and Meisel,13 respectively. The mean
diameters of the prepared colloids were 13.7 ± 0.8 nm for Au

and 16.8 ± 6.6 nm for Ag. Assuming that metal salts (HAuCl4
and AgNO3) are completely reduced into neutral metals
completely, gold and silver colloids were mixed in molar ratios
(Au+Ag) of 1+2, 1+1 and 2+1 (see ESI†).

Fig. 1 shows the UV–VIS absorption development of the 1+1
molar ratio (Au+Ag) colloidal suspensions before and after laser
irradiation. Two distinct absorbance maxima at 396 and 519
nm, corresponding to Ag and Au plasmon bands, respectively,
indicate segregated Ag and Au particles in the mixed suspen-
sion before exposure to laser light [Fig. 1(a)]. For solutions
exposed to the laser [Fig. 1(b) and (c)] the absorption spectra
changed as the irradiation time was increased. The Au surface
plasmon band increases in magnitude and shifts to lower
wavelength while the Ag plasmon band moves in the opposite
direction with reduced intensity and absorption maximum. This
variation in UV–VIS spectra clearly imply changes in the
colloidal properties. Further irradiation [Fig. 1(d)], leads to a
single absorption peak at 459 nm, located at an intermediate
position between the Au and Ag plasmon bands. This surface
plasmon band is likely due to the formation of the gold–silver
alloy.4c,d,11 Two plasmon bands (Au and Ag) would be expected
if the colloids consisted of individual Au and Ag particles or of
bimetallic composites with a core–shell structure.11 A similar
evolution in absorption spectra appeared in mixtures with
Au+Ag molar ratios of 1+2 and 2+1 (see ESI†). A linear
relationship was obtained from the plot of the plasmon band
position vs. the gold mole fraction, as shown in Fig. 2. Previous
studies on Au/Ag alloy nanoparticles showed a linear red-shift
in the position of the plasmon absorption with an increase in
gold composition.2a,4c,d,11 The final temperatures of the solu-
tions rose by ca. 20 °C from room temperature (24 °C) after

† Electronic supplementary information (ESI) available: experimental
details, UV–VIS spectra, TEM images and EDX analysis for molar ratios
(Au+Ag) of 1+2 and 2+1. See http://www.rsc.org/suppdata/cc/b0/b009854j/

Fig. 1 Development of the UV-VIS absorption spectra of the 1+1 molar ratio
(Au+Ag) colloidal suspension during irradiation using a pulsed laser, as a
function of the exposure time: (a) 0 min, (b) 5 min, (c) 10 min, (d) 25 min.
A 532 nm wavelength was utilized as light source and the laser intensity was
maintained at 2.45 3 102 mJ pulse21.
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irradiation. We also found that a lower laser fluence required a
longer irradiation time to form gold–silver alloys.

Fig. 3 displays the TEM images of the 1+1 molar ratio
(Au+Ag) colloid suspension. The most striking feature is the
formation of an interconnected network, as shown in Fig. 3(a).
The network appearance can be readily observed at various
stages, where two Au and Ag plasmon peaks appeared in the
absorption spectra, in the course of colloidal mixture irradiation.
On closer inspection of Fig. 3(a), the particles (indicated by
arrows) seem to develop as ramification structures in a radial
fashion and are interconnected with each other, leading to a
network morphology. However, the shape changes back to
spherical after the alloying process is complete [Fig. 3(b)].
According to the TEM images, the morphology changes in the
alloy nanoparticle formation can be described as follows:
spherical (initially prepared Au and Ag particles) ? network
structure ? spherical (alloy particles). Fig. 3(b) indicates highly
dispersed tiny gold–silver alloy nanoparticles. The average
particle sizes are 4.9 ± 1.8 nm (molar ratio Au+Ag = 1+2), 4.9
± 1.9 nm (molar ratio Au+Ag = 1+1), and 5.1 ± 2.1 nm (molar

ratio Au+Ag = 2+1). The minor variation in size is in contrast
to the results of an increase in particle size when increasing the
shell element amount in core–shell composites.4b–d,11 The
resulting alloy sizes are significantly less than those of the
initially prepared Au and Ag colloids. In addition, the
composition of the discrete bimetallic particles was analyzed
using EDX. EDX measurements of selected particles, chosen at
random, for molar ratio of 1+1 (Au+Ag) suspension, yielded the
atomic ratios (Au+Ag): 49.1+50.9, 52.1+47.9, 47.2+52.8,
44.5+55.5 and 44.7+55.3. The compositions of the 1+2 and 2+1
molar ratios (Au+Ag) were also investigated using EDX
analysis (see ESI†). Finally, from the viewpoint of their
stability, the resulting alloy nanoparticles are preserved for at
least one month with no sign of decay under aerobic
conditions.

In summary, we have demonstrated that Au/Ag bimetallic
particles, forming a mixture at the atomic level, can be
synthesized via the methodology introduced here. It is expected
that this strategy could be applied to prepare other binary
systems. Although the original idea of this experiment is based
on the melting state, leading to alloy particles, the detailed
formation mechanism remains to be resolved. However, the
intermediate morphology, as seen in Fig. 3(a), reveals that the
particles (indicated by arrows) appear to show that the metals
are at the melting stage. Studies of the compositions and
structures of the irradiated colloidal mixtures as a function of
irradiation time are in progress.

We thank the National Science Council of the Republic of
China for financial support of this work. We also acknowledge
Ms. S. Y. Hsu and Mr. S. Y. Yao for the TEM and EDX
measurements at Tainan Regional Instrument Center, National
Cheng Kung University, R. O. C.
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Fig. 2 Absorption position of the surface plasmon maximum as a function
of the gold mole fraction.

Fig. 3 TEM images of the 1+1 molar ratio (Au+Ag) colloidal suspensions
after exposure to laser light for (a) 5 min and (b) 25 min.
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One-electron reductions of [Cl(dppe)2RuNCNCNCR2]PF6 (R
= Ph, Me) and [Cl(dppe)2RuNCNCNCNCNCPh2]PF6 with
Co(C5H5)2 provide radical species with the unpaired elec-
tron localized on the trisubstituted carbon atom of the
cumulene moiety as shown by hydrogen atom capture and
EPR spectroscopy.

Transition metal complexes are useful to stabilize the otherwise
highly reactive :(CN)nCR2 species which behave as strong
electron withdrawing ligands. Following the development of
vinylidene derivatives1 [M]NCNCR2, the Selegue methodology2

has allowed the synthesis and reactivity study of a large variety
of metal allenylidene [M]NCNCNCR2.3,4 This chemistry has
been extensively developed towards material science5 and
alkene metathesis catalyst precursors.6 Stimulated by the fact
that radical species have been recently proposed as inter-
mediates in metathesis7 and by the design of new magnetic
materials with carbon-rich chains, monoelectronic reduction of
metal allenylidene and higher metallacumulenes now appears as
an important field to explore. Apart from a recent specific
reduction of a 3-alkylthioallenylidene complex8 which leads to
a heteroatom-bonded carbon-stabilized radical, no information
has yet been obtained on the nature of the reduction site, e.g. on
the metal or on the cumulene ligand. We now wish to report here
the preliminary results of a general study on reduction of all
carbon metallacumulenes including allenylidene9

LnRuNCNCNCR2 and pentatetraenylidene10

LnRuNCNCNCNCNCPh2 complexes. We show on the basis of
electrochemical, spin trapping and EPR spectroscopic evi-
dences that: (i) monoelectronic reduction leads to a radical
stabilized on the most remote carbon of the cumulene chain as
a general trend; (ii) a striking difference of reactivity of
LnRuNCNCNCNCNCPh2 with respect to reduction vs. nucleo-
philic addition.

Complexes [Cl(dppe)2RuNCNCNCR2]PF6 [R = Ph (1+), Me
(2+)9a] and [Cl(dppe)2RuNCNCNCNCNCPh2]PF6 (3+)10 [dppe =
1,2-bis(diphenylphosphino)ethane], were studied using cyclic
voltammetry (Fig. 1). Allenylidene 1+ undergoes two, well
defined, one-electron reduction waves: the first one is reversible
(E° = 21.03 V vs. ferrocene, DEp = 60 mV, Ipa/Ipc  1),
whereas the second one is irreversible (Epc =  22.11 V). By
contrast, complex 2+ undergoes only one irreversible reduction
(Epc = 21.31 V) which is consistent with the first reduced
species undergoing following chemical reaction. The pentate-
traenylidene complex 3+ shows a similar behavior to 1+, i.e. a
reversible reduction (E° = 20.63 V, DEp = 65 mV, Ipa/Ipc 

1) followed by an irreversible one (Epc =  21.67 V).
It is worth noting that by replacing the phenyl groups in 1+

with methyl groups in 2+ induces a significant cathodic shift of
first the reduction wave by more than 250 mV. Lengthening the
carbon chain from Ru–(C)3 1+ to Ru–(C)5 3+ surprisingly
lowers the reduction potential by 400 mV and shows that the
Ru–(C)5 3+ species is dramatically easier to reduce. The strong
impact of these modifications of the metallacumulene on the

reduction processes is a clear indication of the key role played
by the cumulene chain. It is then obvious that increasing the
length of the delocalized path on the cumulene ligand has a
crucial stabilizing influence on the LUMO.11

We attempted to generate in-situ the first reduced species
allowing further spin trapping experiments or EPR spectros-
copy investigations. The most appropriate reducing agent is the
cobaltocene, Cp2Co, since (i) the reduction potential12 (E° =
21.33 V vs. ferrocene) will selectively induce the first
reduction process in 1+ and 3+, and (ii) it is EPR-silent down to
temperatures considerably below that of liquid nitrogen.12b

Indeed, reduction of the deep colored cationic compounds 1+

(red), 2+ (green) and 3+ (blue), carried out with one equivalent
of cobaltocene in THF, quickly lead to colorless solutions.
Simultaneous addition of Ph3SnH, which is known as a specific
radical quencher by H· transfer,13 leads to the complete
disappearance of 1+, 2+ or 3+, on the basis of NMR data, and to
the formation of the pale yellow, neutral acetylide compounds
[Cl(dppe)2Ru–C·C–CHPh2] 4, [Cl(dppe)2Ru–C·C–CHMe2] 5
and [Cl(dppe)2Ru–C·C–C·C–CHPh2] 6 (Scheme 1). These
complexes have been characterized by 1H, 13C, 31P NMR and
high resolution mass spectrometry.† In addition, characteristic
IR vibration stretches are obtained: nC·C = 2085 (4), 2086 (5),
2179 and 2023 (6) cm21. All of these observations show that
radical trapping only occurs at the end of the carbon skeleton.

Furthermore, achieving the reduction in situ of complexes 1+,
2+ and 3+ by dropping a crystal of cobaltocene in a THF solution
into a capped EPR tube allows the direct observation of the
radical species 1, 2 and 3. Reduced complexes 1 and 3 generated
an intense and persistent signal. By contrast, the EPR spectrum
generated from 2 disappears within few seconds, indicating fast
evolution of the reduced species as observed on the electro-
chemistry scale.14a,b All the reduced forms 1, 2 and 3 exhibit
signals at 293 K in a characteristic region for organic radicals
with g = 2.0042, 2.0097 and 2.0089 respectively. The signals

† Electronic supplementary information (ESI) available: selected spectro-
scopic data. See http://www.rsc.org/suppdata/cc/b0/b008893p/

Fig. 1 Cyclic voltammetry responses (CH2Cl2, Bu4NPF6 0.1 M, scan rate
100 mV s21) vs. internal ferrocene for (a) 1+, (b) 2+ and (c) 3+. Insets show
first reduction waves.
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are resolved only in the case of 1 and 2. The EPR spectrum of
2 gave a poorly resolved quintet [Fig. 2(b)] showing the
hyperfine coupling with the four phosphorus nuclei with aP =
3.0 G. For compound 1, the EPR spectrum is complex [Fig.
2(a)]. This could be best rationalized by the coupling of the
unpaired electron with the four phosphorus nuclei on one hand
and further coupling with the ortho, meta and para hydrogens of
the phenyl group of the carbon-rich bridge. These results
suggest that the radical is centered on the organic bridges in 1,
2, 3 and is stabilized by delocalization along the two
neighbouring phenyl rings in 1. In the case of 2, identification of
such a radical neighbouring methyl groups is quite unexpected.
These EPR data added to the trapping experiments indicate the
organic nature of radicals 1, 2 and 3 and show that the radical
stabilization on the cumulene chain takes place at the trisub-
stituted carbon atom and thus is not controlled by the presence
of a heteroatom bonded to the unsaturated chain.8

The synthesis of complexes 4–6 were achieved on successive
addition to the cumulene chain of one electron and one
hydrogen atom. This led us to study the reactivity difference
with the simultaneous addition, i.e. the nucleophilic addition, of
H2. Nucleophiles are susceptible to attack either the Ca or the
Cg atom of an allenylidene ligand,3,11a but using the bulky
phosphines additions only occur on Cg.9b Reductions were
performed using NaBH4 in THF (Scheme 1). As expected for 1+

and 2+, additions of H2 take place at the Cg carbons yielding the
acetylide compounds [Cl(dppe)2Ru–C·C–CHPh2] 4 and
[Cl(dppe)2Ru–C·C–CHMe2] 5. When complex 3+ was re-
duced, a mixture of two compounds was obtained. The presence
of [Cl(dppe)2Ru–C·C–CHNCNCPh2] 7 (42% estimated by 1H
NMR), which displays a 13C NMR signal at d 216.7 character-
istic for the cumulenic carbon (CNCNC),† is consistent with the
electrophilicity of carbon Cg in 3+.10 The main product

[Cl(dppe)2Ru–C·C–C·C–CHPh2] 6 (58%) shows the unknown
electrophilic character of the Ce atom. The fact that 7 is not
observed in the free radical trapping experiment with H· is very
promising, suggesting the location of the radical on the Ce atom
in 3 and the higher selectivity of radical addition vs. nucleo-
philic attack.

This last observation associated with cyclic voltammetry,
trapping experiments and EPR spectroscopy re-enforces the
conclusion that the reduction of Ru(II) allenylidene or pentate-
traenylidene generate radical species located on the termini of
the cumulene chain that can be written as shown in Scheme 1.
More detailed investigations are in progress, including the study
of the striking difference in selectivity between reduction/
radical trapping and nucleophilic attack on the pentate-
traenylidene complex and the potential of cumulenylidene in
radical chemistry.

We thank the CNRS and the Université de Rennes for
support, P. Guénot from the Centre de Mesures Physiques de
l’Ouest and F. Monnier for assistance.

Notes and references
1 M. I. Bruce, Chem. Rev., 1991, 91, 197.
2 J. P. Selegue, Organometallics, 1982, 1, 217.
3 H. Werner, Chem. Commun., 1997, 903; M. I. Bruce, Chem. Rev., 1998,

98, 2797.
4 D. Touchard and P. H. Dixneuf, Coord. Chem. Rev., 1998, 178–180,

409.
5 M. Tamm, T. Jentzsh and W. Werncke, Organometallics, 1997, 16,

1418; G. Roth, H. Fischer, T. Meyer-Friedrichsen, J. Heck, S.
Houbrechts and A. Persoons, Organometallics, 1998, 17, 1511.

6 A. Furstner, M. Picquet, C. Bruneau and P. H. Dixneuf, Chem.
Commun., 1998, 1315; M. Picquet, C. Bruneau and P. H. Dixneuf,
Chem. Commun., 1998, 2249; A. Furstner, A. F. Hill, M. Liebl and
J. D. E. T. Wilton-Ely, Chem. Commun., 1999, 615; M. Picquet, D.
Touchard, C. Bruneau and P. H. Dixneuf, New J. Chem., 2000, 24, 141;
D. Sémeril, J. Le Nôtre, C. Bruneau, P. H. Dixneuf, A. F. Kolomiets and
S. N. Osipov, New J. Chem., 2000, 25, 16

7 V. Amir-Ebrahimi, J. G. Hamilton, J. Nelson, J. J. Rooney, J. M.
Thompson, A. J. Beaumon, A. D. Rooney and C. J. Harding, Chem.
Commun., 1999, 1621.

8 R. F. Winter, Eur. J. Inorg. Chem., 1999, 2121.
9 (a) D. Touchard, P. Haquette, A. Daridor, A. Romero and P. H. Dixneuf,

Organometallics, 1998, 17, 3844; (b) D. Touchard, N. Pirio and P. H.
Dixneuf, Organometallics, 1995, 14, 4920.

10 D. Touchard, P. Haquette, A. Daridor, L. Toupet and P. H. Dixneuf,
J. Am. Chem. Soc., 1994, 116, 11 157.

11 These results are in agreement with previous theoretical studies on
analogous allenylidene [(C5H5)(CO)(PPh3)RuNCNCNCH2]+ and
[(C9H7)(PPh3)2RuNCNCNCH2]+ suggesting that the LUMO is strongly
located on the cumulenic ligand. See: (a) M. A. Esteruelas, A. V.
Gomez, A. Lopez, J. Modrego and E. Oñate, Organometallics, 1997, 16,
5826; (b) V. Cadierno, M. P. Gamasa, J. Gimeno, M. González-Cueva,
E. Lastra, J. Borge, S. García-Granda and E. Pérez-Carreño, Organome-
tallics, 1996, 15, 2137.

12 (a) N. G. Connelly and W. E. Geiger, Chem. Rev., 1996, 96, 877;
(b) J. H. Ameter and J. D. Swallen, J. Phys. Chem., 1972, 57, 678.

13 (a) D. D. Tanner, G. E. Diaz and A. Potter, J. Org. Chem., 1985, 50,
2149; (b) K. J. Covert, P. T. Wolczanski, S. A. Hill and P. J. Krusic,
Inorg. Chem., 1992, 31, 66.

14 (a) The irreversibility of the reduction wave of 2+ was also observed in
THF at room temperature and at low temperature (230 °C). (b) Many
organometallic species are known to undergo reductive coupling
reactions via radical intermediates. For examples see: ref. 13(b); Z. Hou,
A. Fujita, H. Yamazaki and Y. Wakatsuki, J. Am. Chem. Soc., 1996,
118, 7843; E. J. Roskamp and S. F. Pedersen, J. Am. Chem. Soc., 1987,
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Scheme 1

Fig. 2 EPR spectra resulting from reduction of (a) 1+, g = 2.0042; (b) 2+,
g = 2.0097.

374 Chem. Commun., 2001, 373–374



Hydrolysis of phosphodiester with hydroxo- or carboxylate-bridged dinuclear
Ni(II) and Cu(II) complexes

Kazuya Yamaguchi,*a Fumio Akagi,a Shuhei Fujinami,b Masatatsu Suzuki,b Mitsuhiko Shionoya,c and
Shinnichiro Suzukia

a Department of Chemistry, Graduate School of Science, Osaka University, 1-16 Machikaneyama, Toyonaka, Osaka
560-0043, Japan. E-mail: kazu@ch.wani.osaka-u.ac.jp

b Department of Chemistry, Faculty of Science, Kanazawa University, Kakuma-machi, Kanazawa 920-1192, Japan
c Department of Chemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo

113-0033, Japan

Received (in Cambridge, UK) 8th November 2000, Accepted 15th January 2001
First published as an Advance Article on the web 8th February 2001

A hydroxo- or carboxylate-bridged dinuclear Ni(II) com-
plexes with N,N,NA,NA-tetrakis{(6-methyl-2-pyridyl)me-
thyl}-1,3-diaminopropan-2-ol has been synthesized as mod-
els for Ni(II)-substituted phosphotriesterase, which are more
active catalysts for hydrolysis of phosphodiester than the
corresponding dinuclear Cu(II) and Zn(II) complexes.

It has recently been shown that a number of phosphate esterases
are activated by two metal ions.1 For example, phospho-
triesterases which hydrolyze organophosphate triesters, known
to be potent insecticides and neurotoxins, require several metal
ions [Zn(II), Cd(II), Ni(II), Co(II) and Mn(II)] for their activities.2
Pseudomonas diminuta phosphotriesterase has two Zn(II) atoms
per subunit. The binuclear metal site was confirmed by the 2.1
Å resolution X-ray crystal structure of the enzyme. 3 The
structure of the active site is very similar to urease, a Ni(II)
enzyme catalyzing the hydrolysis of urea, characterized by a
bridging carbamylated Lys, two His ligands for each metal ion,
and a bridging solvent ligand.4 Interestingly, Ni(II)-substituted
phosphotriesterase has a higher specific activity than the native
Zn(II) enzyme, while the Cu(II)-substituted enzyme has a similar
activity to the native one.2 Although there have been numerous
reports of esterase model systems using well defined metal
complexes [Zn(II), Cu(II), Co(III) and Ln(III)], 5 only a few Ni(II)
model complexes have been studied in relation to the structure
and reactivity in the hydrolysis of phosphodiesters. 6 In order to
understand the mechanistic roles of the metal ions in phosphate
ester hydrolysis, we have examined hydrolysis catalyzed by
hydroxo- or carboxylate-bridged dinuclear Ni(II) and Cu(II)
complexes. We have found that the hydrolysis activities of the
dinuclear Ni(II) complexes are significantly greater than those
of the Cu(II) and Zn(II) complexes.

[Ni2(Me4-tpdp)(MeCO2)(H2O)2](ClO4)2 1 was prepared by
the reaction of [Ni2(Me4-tpdp)(OH)](ClO4)2 2 with equimolar
MeCO2H in acetone at room temp. and was recrystallized from
MeCN–H2O as light green crystals.7 The X-ray crystal
structure8 of 1 reveals that the two hexacoordinate Ni(II) ions
bridged by alkoxide and acetate anions are 3.62 Å apart. The
geometries of both the Ni(II) sites are octahedral, with oxygen
atoms of water molecules at the sixth coordination site.
[Cu2(Me4-tpdp)(CH3CO2)](ClO4)2 3 was prepared by the
reaction of [Cu2(Me4-tpdp)(OH)(H2O)](ClO4) 4 with equimo-
lar MeCO2H in acetone at room temperature and was recrystal-
lized from methanol–diethyl ether as dark green crystals. The
X-ray crystal structure8 of 3 reveals that the two pentacoordi-
nate Cu(II) ions bridged by alkoxide and acetate anions are 3.54
Å apart. The geometries of both the Cu(II) centers are distorted
square pyramidal.

As a model reaction of phosphotriesterase, we examined the
hydrolysis of bis(4-nitrophenyl)phosphate (BNP) with the
dinuclear metal complexes 1–4. The hydrolysis rates (n)
catalyzed by the complexes (2.0 mM) were measured by the
initial slope method following an increase in the 395 nm

absorption band of released 4-nitrophenolate in 20% MeCN
aqueous solution at 35.0 ± 0.1 °C. Buffer solutions (20 mM
HEPES, pH 6.5–8.0; TAPS, pH 8.5–9.0; CAPS, pH 9.5–10.7)9

were used, and the ionic strength adjusted to 0.10 with NaNO3.
The observed first-order rate constant, kobs/s21 for the hydroly-
sis reaction was calculated from the dependency of n on the
initial concentration (2.0–8.0 mM) of BNP. The second-order
rate constants, kBNP/M21 s21 for BNP hydrolysis are given by
fitting of the kinetic eqn (1).

n = kobs[BNP] = kBNP[complex][BNP] (1)

The kBNP values for the Ni(II) and Cu(II) complexes (1, 2, 3,
and 4) were determined to be (3.4 ± 0.2) 3 1022, (3.5 ± 0.1) 3
1022, (1.8 ± 0.1) 3 1024 and (1.8 ± 0.1) 3 1024 M21 s21 at pH
10.1 and 35.0 °C, respectively. The results demonstrate that the
nucleophilic reactions catalyzed by the Ni(II) complexes are ca.
200 times faster than those by the Cu(II) complexes. Koike and
Kimura reported that mononuclear Zn(II) complexes [Zn([12]a-
neN3)(OH) and Zn([12]aneN4)(OH)]10 catalyze the hydrolysis
of BNP, with kBNP of 2 3 1025 and 13 3 1025 M21 s21,
respectively, at 35.0 °C.5d The second-order rate constant for
BNP hydrolysis with the Zn2(Me4-tpdp) complex is 6.7 3 1024

M21s21 under almost the same conditions.11 It is interesting
that the Ni(II) complexes are more effective than the Cu(II) and
Zn(II) complexes for phosphate ester hydrolysis. It should be
noted that the hydrolysis activity of a mononuclear Ni(II)
complex (Ni(Me2-bpa)(H2O)(ClO4)2, 5)12 is lower than those of
dinuclear 1 and 2; kBNP for the mononuclear Ni(II) complex (6.4
3 1023 M21s21 at pH 10.1) is 5–6 times smaller than those for
the dinuclear Ni(II) complexes 1 and 2. The result suggests that
the dinuclear Ni(II) complexes are the cooperative hybrid
catalysts.5d

The DPP-bridged dinickel complexes,13 [Ni2(Me4-
tpdp)(DPP)](ClO4)2 5, and the BNP-bridged dicopper complex,
[Cu2(Me4-tpdp)(BNP)](ClO4)2 6, were obtained by the reaction
of 2 with equimolar DPP, and 4 with equimolar BNP in acetone
solution, respectively. For X-ray crystal structure analysis, 5
was recrystallized from dry methanol while 6 was recrystallized
from dry acetonitrile–diethyl ether. As shown in Fig. 1, the X-
ray crystal structures of 5 and 6 reveal that the metal ions are
bridged by alkoxide and phosphate diester.8 The geometries of
both the Cu sites in 6 are distorted square pyramidal, while the
geometries of both the Ni sites in 5 are octahedral, with oxygen
atoms of methanol at the sixth coordination site. The crystal
structures of 1, 3, 5, 6 and [Zn2(M4-tpdp)(BNP)]2+ indicate that
the Ni(II) centers are hexacoordinate, whereas the Cu(II) and
Zn(II)11 centers are pentacoordinate; the hexacoordinate Ni(II)
sites would be more favorable for the formation of an active
intermediate complex bound BNP than the pentacoordinate
Cu(II) and Zn(II) sites. The substrate could coordinate to Ni(II)
ions under conditions that the nucleophile remains bound, and
might react with the nucleophile, whereas the substrate
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coordinated to Cu(II) or Zn(II) ions could react only with
exogenous nucleophile.

kBNP Values for 1 and 2 are plotted against pH in Fig. 2. The
inflection point at pH 8.0 for 2 almost coincides with the pKa
value of 7.9 for the coordinated water of 2. Therefore, the OH2
ligand in 2 must be a good nucleophile for phosphodiester. On
the other hand, the inflection point for 1 is shifted to a higher
pH. These findings might be caused by ligand exchange of
acetate with the substrate. The pH dependence of the UV–VIS
spectrum of 1 was measured at 25.0 ± 0.1 °C. The UV–VIS
spectrum of 1 was similar to that of 2 at high pH, with isosbestic
points being observed (data not shown). The equilibrium
constant for acetate binding was calculated as 25 ± 2 from the
absorbance change at 488 nm in the pH range 7.5–11.0  and
suggests that the acetate ligand in 1 readily dissociates and
exchanges with hydroxide at high pH. This is consistent with
the fact that the reactivity of 1 is similar to that of 2 at high pH
while acetate ion in 1 would be a competitive inhibitor of the
hydrolysis of BNP at low pH. Complex 2 behaves as a catalyst
as revealed by the yield of product ( > 200% relative to
complex) when the reaction of 8.0 mM BNP with 2.0 mM
complex was carried out for 12 h at pH 10.1 and 35.0 °C.
However, BNP hydrolysis with 2 inhibited (by 30%) upon the
addition of an equimolar amount of 4-nitrophenyl phosphate
(NPP), the hydrolysis product of BNP, at pH 10.1 and 35.0 °C
NPP is also a competitive inhibitor with the substrate.

In conclusion, the mechanism of BNP hydrolysis with the
dinuclear Ni(II) and Cu(II) complexes can be summarized by

Scheme 1. The hexacoordinate dinuclear Ni(II) complexes are
more active catalysts for phosphate diester hydrolysis than the
corresponding pentacoordinate dinuclear Cu(II) and Zn(II)
complexes. The coordination number of the metal ions in an
intermediate complex would be important for phosphodiester
hydrolysis.

This work was supported by Grant-in-Aids for Scientific
Research on Priority Area No.12640538 from the Ministry of
Education, Science, Sports and Culture of Japan, to whom we
express our thanks.
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Fig. 1 Perspective views of [Ni2(Me4-tpdp)(DPP)(MeOH)2]2+ (a) and
[Cu2(Me4-tpdp)(BNP)] 2+ (b). Hydrogen atoms are omitted for clarity.

Fig. 2 Dependence of kBNP on pH for the hydrolysis with complex 1 (2) and
complex 2 (5) in 20% MeCN aqueous solution at 35.0 °C.

Scheme 1 Suggested mechanism of BNP hydrolysis with hydroxo- or
carboxylate-bridged dinuclear complexes (M = Ni or Cu; R =
C6H4NO2).
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1,1A-Bis(trimethylsilylseleno)ferrocene 1 has been prepared
from the reaction of [1,1A-Fe(h5-C5H4SeLi)2(TMEDA)] and
ClSiMe3 in good yield. The reactive silyl groups on 1 are used
as a driving force for the synthesis of [Cu8{Fe(h5-
C5H4Se)2}4(PPh2Et)4] 2, a cluster possessing four peripheral
ferrocenyl moieties.

Owing to the inherent redox active metal centre, the functional-
isation of the cyclopentadienyl rings in ferrocene and sub-
sequent ligation to metal centres are currently of great research
interest in cluster, materials and inorganic synthesis.1 Many of
these ferrocene-containing molecules display interesting charge
transport, non-linear optical and magnetic properties related to
the metal–metal interactions between the ferrocene units and
other metal centres in the structure.2 It has been demonstrated
that nanoparticle (Au) surfaces can be functionalised with
ferrocenyl units, although these redox centres are spatially
removed from the metallic core due to the micellar type of
stabilisation provided by the thiolate ligands.3 Bidentate 1,1A-
bis(diphenylphosphino)ferrocene4 (dppf) has been shown to be
an excellent ligand in carbonyl cluster chemistry due to the
flexibility of the ferrocene unit, through a combination of ring
twisting and tilting. 1,1A-Ferrocenyldichalcogenolates have
many similar characteristics and have been shown to bridge
metal centres5 and bind in a chelating fashion to one metal.6
These dichalcogenolates are synthesized either via insertion of
chalcogens into the C–Li bond of dilithioferrocene7 or via
deprotonation of the corresponding dichalcogenols.8

The use of silylated selenium reagents offers a powerful entry
into the formation of metal–selenium bonds in both coordina-
tion and polynuclear chemistry.9 Their utility in the latter
exploits the bridging capacity of the selenium centre in alkyl–
and aryl–selenolate ligands and has been used to effectively
stabilise metal–selenide cores. Herein we describe the unprece-
dented complexation of 1,1A-diselenolatoferrocene units onto a
polymetallic core.

We reasoned that the synthesis of the bis-silylated reagent
[Fe(h5-C5H4SeSiMe3)2] 1 and its use in the synthesis of metal–
chalcogen clusters would permit facile introduction of redox
active iron centres onto metal–chalcogen cluster surfaces,
which may be intimately coupled (via the C5–Se rings) to the
cluster core. Owing to the large variety of bonding modes for
selenium and the success of the use of silylselenoethers in
cluster synthesis,9 [Fe(h5-C5H4SeSiMe3)2] 1 was targeted and
prepared from the corresponding dilithiodiselenolate.§ When
chlorotrimethylsilane is added to a suspension of [Fe(h5-
C5H4SeLi)2(TMEDA)]10 in pentane at 0 °C, 1 is isolated as a
golden yellow powder in 65% yield. Compound 1 is susceptible
to rapid air decomposition both in solution and the solid state.
Even under an inert atmosphere, 1 must be stored cold and in the
absence of light in order to avoid decomposition. The molecular
structure of 1 (Fig. 1) shows that the selenolate groups are held

in a trans configuration in the solid state with the two Cp rings
adopting a staggered conformation. The iron atom sits on a
crystallographic inversion centre with the planes of the
cyclopentadienyl rings parallel and the selenium atoms lie
slightly above (0.02 Å) the C5 rings.¶

The reaction of 1 with 2 equivalents of CuOAc+3PPh2Et in
THF affords [Cu8{Fe(h5-C5H4Se)2}4(PPh2Et)4]·(OC4H8)
2·THF in good yield, the reaction driven by the formation and
elimination of Me3SiOAc.∑ The molecular structure of 2 is
shown in Fig. 2. There are two crystallographically independent
and chemically equivalent molecules in the unit cell, both of
which reside on a two-fold rotation axis.** Bond lengths and
angles discussed in the text for 2 refer to molecule 1.

Cluster 2 contains a copper–selenium core shielded by four
ferrocenyl and four phosphine ligands. All of the copper centres
exhibit a trigonal planar geometry either through a combination
of two selenium and one phosphorus bonds (Cu1, Cu3, Cu1A,
Cu3A) or three Cu–Se interactions (Cu2, Cu2A, Cu4, Cu4A).
The Cu–Se [2.356(1)–2.463(1) Å] and Cu–P distances
[2.214(2)-2.226(2) Å] are similar to those found in other
copper–selenium clusters.11 Both of the crystallographically
independent ferrocenyl moieties display moderate deviations
from co-planarity of the two C5 rings (2.0 and 5.3° for Fe2 and
Fe1, respectively). Whilst the two Cp rings about Fe1 deviate
15.7° from being eclipsed, the two about Fe2 are better
described as adopting a staggered (29.5°) conformation. The
selenium atoms in 2 are slightly displaced (0.07–0.28 Å) from
the planes defined by their respective C5 rings. Overall, the
eight Se centres define a non-bonded [3.352(1)–4.411(1) Å]
dodecahedral framework bridging either two (Se1, Se1A, Se3,

† Electronic supplementary information (ESI) available: cyclic voltammo-
grams for 1 and 2, 1H NMR spectrum for 1. See http://www.rsc.org/
suppdata/cc/b0/b010023o/
‡ Dedicated to Dr Arthur J. Carty on the occasion of his 60th birthday.

Fig. 1 Molecular structure of Fe(h5-C5H4SeSiMe3)2 1. Selected bond
lengths (Å) and angles (°): Fe1–C 2.041(3)–2.048(3), C1–Se1 1.916(3),
Sel–Si1 2.2930(8); C1–Se1–Si1 95.32(8).
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Se3A) or three (Se2, Se2A, Se4, Se4A) metals. It is interesting
to note that the observed Cu8Se8 core geometry in 2 has been
predicted to be unstable for related [(FeCl)42 xCu4 + x(SePri)8]
complexes.11b

The cyclic voltammogram of 1 (ESI†) displays one irreversi-
ble wave at +1.33 V (versus CoCp2/CoCp2

+), complicated by
the deposition of the material onto the electrode surface. In 2,
two irreversible oxidation waves of equal current are observed
at +1.11 and +1.35 V,†† although the first wave may be due to
oxidation of Cu(I) centres. Unlike surface modified Au particles
with ferrocenylalkanethiolate ligands where the Fe centres are
spatially ‘removed’ from the cluster,3 in 2 the Fe centres are
intimately associated with the polymetallic core. Oxidation of 2
to higher potential results in cluster decomposition only. Any
electronic communication between the iron and copper centres
in the molecular complex 2 suggests similar effects in related
nanoscale [Cu2m{Fe(h5-C5H4Se)2}m2 nSen(PR3)x] complexes
and we are actively pursuing their synthesis.

This work was supported by the Natural Sciences and
Engineering Research Council Canada. J. F. C. thanks the
Canada Foundation for Innovation and the Ontario Research
and Development Challenge Fund for equipment funding. The
authors thank Professor Mark S. Workentin for the use of his
electrochemical equipment and Mr Robert L. Donkers for his
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and silver wire in THF/electrolyte reference electrode using a Princeton
Applied Research (PAR) 263 potentiostat. Potentials are referenced to
cobaltocene as an internal reference, added at the end of the experiments.
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Fig. 2 Molecular structure of [Cu8{Fe(h5-C5H4Se)2}4(PPh2Et)4] 2 (mole-
cule 1; phosphine carbon atoms omitted). Selected bond lengths (Å): Se(1)–
Cu(2) 2.355(1), Se(1)–Cu(1) 2.411(1), Se(2)–Cu(2) 2.362(1), Se(2)–Cu(4)
2.397(1), Se(2)–Cu(3) 2.434(1), Se(3)–Cu(4A) 2.354(1), Se(3)–Cu(3)
2.399(1), Se(4)–Cu(4A) 2.380(1), Se(4)–Cu(2) 2.431(1), Se(4)–Cu(1A)–
Cu(1A) 2.463(1).
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The novel precursor [ButNHP(m-NBut)2PNH2] (1) provides
easy access to polycyclic main group systems; reaction with
Sb(NMe2)3 gives the tricyclic species {[ButNHP(m-NBut)2-
P}2{Me2NSb(m-N)}2] (2), whereas reaction with an excess of
BunLi results in elimination of LiNH2 and the formation of
the co-complex [{ButNP(m-NBut)2P}2N]Li3 (BunLi)2, (3),
containing the unprecedented [{ButNP(m-NBut)2P}2N]32

trianion.

In recent years the synthesis and coordination chemistry of a
range of new anionic ligands based on p-block element
frameworks has become a rich area of study. This work has been
dominated by a number of related Group 15 and 16 element/
nitrogen arrangements, such as the tripodal systems [E(NR)3]22

(E = S–Te)1 and [E(NR)3]32 (E = As, Sb),2 which provide the
means to an extensive range of cage complexes, containing
well-defined mixed-element compositions.2 Such cages have
potentially far-ranging applications as single-source materials
to a number of technologically important mixed-element
phases.3 The normally easy access to these multifunctional p-
block element ligand arrangements contrasts with the generally
far more involved synthetic procedures required to prepare
related systems based on carbon. However, a key issue is
whether systematic routes can be devised to more elaborate
polyfunctional p-block element species (beyond the simple
systems previously investigated). To this end, we present here a
simple design approach to a family of polycyclic Group 15
imido frameworks, providing a new direction in this area.

The principal starting material for these investigations,
[ButNHP(m-NBut)2PNH2] (1), is prepared in good yield (59%)
by the reaction of [ButNHP(m-NBut)2PCl]4 with NH3(g) in THF
solution.† Previous studies of imido phosphorus anions have
dealt almost exclusively with species of the type [RANP(m-
NR)]2

22, prepared by deprotonation of [RANHP(m-NR)]2.5
Although 1 has a similar P2N2 core arrangement to the latter, it
presents the unique opportunity for deprotonation at up to three
positions (i.e. the ButNH and NH2 groups). The reaction of 1
with Sb(NMe2)3 (1+1 equiv.) in toluene gives [{ButNHP(m-
NBut)2P}2{Me2NSb(m-N)}2] (2) (Scheme 1). This result is
similar to that observed between simple primary amines
(RNH2) and Sb(NMe2)3,6 which gives dimers of the type
[Me2NSb(m-NR)]2. However, in the case of 2 a tricyclic
arrangement is established in a single step. The low reactivity of
the ButNH protons in 2 (which could potentially react further
with the Sb-bonded NMe2 groups) contrasts with the deprotona-
tion of 1 with BunLi (1+3 equiv., respectively). The product is
the unusual co-complex [{ButNP(m-NBut)2P}2N]Li3·(BunLi)2
(3), the framework of which results from a combination of
deprotonation and coupling of the dimer units of 1 (with
elimination of LiNH2) (see ESI†).

The low-temperature X-ray structures of 1, 2 and 3 were
obtained.‡ Although simple, 1 is the first non-symmetrically
substituted cyclophosphazane containing the NH2 functionality
(Fig. 1). Related species containing the NH2 functionality are

rare7 and the only structurally characterised dimers previously
reported are chlorides of the type [R2NP(m-NRA)(m-NRB)PCl]8

and [ButNHP(m-NBut)2PCl]4 (the immediate precursor to 1).
The cisoid disposition of the ButNH and NH2 groups found in
molecules of 1 is similar to that observed for the previous
chlorides. However, the similarity of the 1H and 31P NMR
behaviour of 1 in toluene solution with that of [PhNHP(m-
NPh)]2 suggests that two closely related cisoid isomers are
present (in ca. 2+1 ratio, corresponding to rotation of the ButNH
group exo or endo to the P2N2 ring).9

Complex 2 (Fig. 2) has a tricyclic arrangement composed of
a central Sb2N2 ring symmetrically substituted with bridging
[ButNHP(m-NBut)2P] groups. The orientation of these ring units
approximately trans to the Sb2N2 ring plane gives molecules an
overall S-shape, in which the cisoid conformation found in the
precursor 1 is retained in the [ButNHP(m-NBut)2PN] ring units
of 2. The bias for the cisoid conformation of these substituents
is apparently reinforced by H-bonding of the terminal ButNH
protons to the trans Me2N groups of the Sb2N2 core
[N(2)…N(5) 3.178(9) Å (H(2)…N(5) 2.34 Å),
N(2)H(2A)…N(5A) 165.3°]. Although (unlike 1) the

† Electronic supplementary information (ESI) available: synthetic and
crystallographic details for 1–3, See http://www.rsc.org/suppdata/cc/b0/
b009000j/

Scheme 1

Fig. 1 Cisoid conformation of molecules of 1. Key bond lengths (Å) and
angles (°): P(1)–N(1) 1.728(1), P(2)–N(2) 1.663(2), P(2)–N(1) 1.729(1),
P(2)–N(3) 1.663(2); N(1)–P(1)–N(2) 105.54(7), N(1)–P(1)–N(1A)
80.79(9), N(1)–P(2)–N(3) 105.81(8), N(1)–P(2)–N(1A) 80.78(9), P(1)–
N(1)–P(2) 97.48(7).
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[ButNHP(m-NBut)2PN] units of 2 are no longer symmetric,
deprotonation of the NH2 group of the precursor has compar-
atively little effect on the overall bond lengths and angles found
in these units.

The surprising result of attempted deprotonation of 1 with
BunLi is the formation of the elaborate cage complex 3,
consisting of a [{ButNP(m-NBut)2P}2N]32 trianion coordinated
to three Li+ cations and further associated with two monomer
units of BunLi (Fig. 3). Although uncommon, a number of co-
complexes with BunLi of this kind have been structurally
characterised in recent years.10 The composition of 3 resembles
that of [Al2(NHBut)3(NBut)3Li3·2BunLi], which contains an
[Al2(NHBut)3(NBut)3]32 trianion unit and two BunLi mono-
mers.11c Nonetheless, the bicyclic [{ButNP(m-NBut)P}2N]2

32

trianion is an unprecedented Group 15 imido ligand arrange-
ment. The closest comparison that can be made with the trianion
framework of 3 is with the neutral cyclophosphazane

[{PhNHP(m-NPh)2P}2NPh] (a product of condensation of
PhNH2 with PCl3), consisting of a similar arrangement of two
P2N2 rings linked by an NPh bridge.11 All five of the Li+ cations
of 3 have distinct coordination geometries. The positioning of
Li(2) and Li(3), and Li(4) and Li(5) within the ‘hemisphere’ of
the coordinating [{ButNP(m-NBut)P}2N]2

32 trianion of 3 is
broadly similar. Each of these cations is coordinated by one of
the m-NBut groups and by the terminal ButN group of the
[ButNP(m-NBut)P] halves of the trianion unit. However,
presumably owing to the geometric constraints involved, the m-
N centre linking the [ButNP(m-NBut)P] units [N(1)] only bonds
to Li(2) and Li(3) [cf. > 2.84 Å for Li(4,5)…N(2)], giving a
pseudo-cubane fragment on this side of the molecule which is
reminiscent of the structure of [{ButNP(m-NBut)}2Li2.2THF].5b

The two Bun groups bridge Li+ cations associated with each
[ButNP(m-NBut)P] half of the trianion. The involvement of the
a-C and b-C centres of each of the Bun2 anions with Li(2) and
Li(4) is similar to that found in the hexameric structure of
[BunLi]6 in the solid state [b-C(–H)…Li ca. 2.28 Å;12 cf.
C(2)…Li(2) 2.461(6) and C(6)…Li(4) 2.341 (6) Å in 3]. The
remaining Li cation [Li(1)] is located above the pseudo-cubane
half of the cage, being bonded to the a-C atoms of both of the
(Bun)2 anions and to a terminal ButN group. Further agostic
interaction with the Me group of this ButN ligand [C(74)…Li(1)
2.783(6) Å15 results in a pseudo-tetrahedral geometry for
Li(1).

We gratefully acknowledge the EPSRC (N. F., S. J. K.) and
the Leverhulme Trust (M. A. B.) for financial support. We also
thank Dr J. E. Davies for collecting X-ray data for the
compounds reported.
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The HIJKLM ring segment (27) of the right half portion of
ciguatoxin CTX3C (1) has been synthesized using a ring-
closing reaction mediated by a low-valent titanium rea-
gent.

During the course of our synthetic studies directed toward
ciguatoxins,1,2 we have recently reported the convergent
synthesis of the ABCDE3 and IJKLM4 ring fragment of 1, based

upon an alkylation-ring closing metathesis (RCM) strategy5,6

and a Tebbe reagent (3)7 mediated ester olefination-ring closing
metathesis sequence,8 respectively. Occasionally, however, the
key transformation of 2 into 4 in the latter sequence turned out
to be non-reproducible. The yield of 4 fluctuated between trace
amount to 63% and concomitant formation of an inseparable
mixture of enol ethers, 5, 6, and 7 tended to occur (Scheme 1).
Unfortunately, irrespective of extensive investigation, secure
conditions to yield 4 uniformly could not be found. At low
conversions 5 sometimes predominated, while 6 and then 7
gradually increased as the reaction time was extended. Since the
intermediacy of the diene 5 in the formation of 4 was
conceivable,8 mixtures which contained 5 as the major product
were treated with 3 or the Schrock catalyst, 2,6-(iPr)2C6H3-
NNMo[OC(CF3)2Me]2NCHCMe2Ph.9–11 However, in remark-
able contrast to literature precedent, 4 was not produced in
appreciable amounts; instead 6 and 7 increased.8 Steric
hindrance around the diene system of 5 is likely to account for
this unexpected failure of converting 5 into 4. Mechanistically,
there should exist an alternative pathway (2" 8 " 9 " 10 "
4) to provide 4, in which the ester carbonyl group reacts with an

internal carbenoid species such as 9 (Scheme 2). Thus, we
reasoned that exclusive formation of 9 would improve the yield
of 4 and that 9 could be prepared from the phenylthioacetal 11
using the low-valent titanium complex Cp2Ti[P(OEt)3]2
recently developed by Takeda.12

The dithioacetal 11 was synthesized as shown in Scheme 3.
Although we had synthesized the I-ring moiety of 1 based on a
ring-expansion strategy,13 we developed an alternative route
applicable to large-scale synthesis. Aldol reaction of glycolate
1214 with acrolein gave diene 13 as an epimeric mixture of
alcohols (47%), which was separated from other diastereomers
by flash column chromatography (40% combined yield). RCM
reaction of 13 using Grubbs catalyst, (PCy3)2Cl2RuNCHPh,15

proceeded smoothly to give the eight-membered cyclic ether 14
(60%). Reduction of the ester 14 followed by selective
protection of the resulting primary alcohol as TBDPS ether, and
Swern oxidation of the secondary alcohol gave the enone 15 (3
steps, 68%). Stereoselective introduction of the secondary
methyl group was successfully achieved by conjugate addition
with Me2Cu(CN)Li2 to afford 16 in 74% yield. Removal of the
TBDPS group of 16 using TBAF in the presence of AcOH, and
reduction of the resulting hydroxy ketone with NaBH(OAc)3
gave the diol 17 as a single isomer (92%).16 Bis-benzylation,
acetal hydrolysis followed by a two step cyanation sequence
yielded the nitrile 18 (46% overall yield). Protection, DIBAL-H
reduction and thioacetalization gave the dithioacetal 19 (3 steps,
73%), which was condensed with the carboxylic acid 204 to
afford 11 (58%). Ring-closing reaction of 11 was then
examined. A THF solution of 11 was added to excess Takeda
reagent (Cp2Ti[P(OEt)3]2)12 at rt and then refluxed under an
argon atmosphere for 1 h. Using this protocol, the cyclic enol
ether was formed reproducibly in 52–67% yield even on a one
or two gram scale, while reduction and elimination products of
the phenylthio group, 21 and 22, respectively, were only
produced in minor amount, ca. 10% combined yield.

† Present address: Department of Chemistry, Graduate School of Science,
Osaka University, Osaka 560-0043, Japan.

Scheme 1

Scheme 2
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The enol ether 4 was converted to the IJKLM-ring fragment
23 according to our previously reported procedure (Scheme 4).4
The stereochemistry of 23 was unambiguously determined by
X-ray crystallography of the corresponding bis-p-bromo-
benzoate 25 (Fig. 1).17 Furthermore, the H-ring moiety was
successfully constructed in 23 in a similar manner to our
previously established route18 in 32% overall yield utilizing
acid catalyzed vinylepoxide–alcohol cyclization methodol-
ogy.19

In short, a practical synthetic route to the HIJKLM ring
fragment 27 has been establised. Further studies directed
towards the total synthesis of ciguatoxin CTX3C (1) are
currently in progress in our laboratory.
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Scheme 3 Reagents and conditions: i, LDA, acrolein, THF, 278 °C, 10
min, separation, 47%; ii, (PCy3)2Cl2RuNCHPh (10 mol%), CH2Cl2 (0.01
M), reflux, 24 h, 60%; iii, LAlH, THF, 0 °C to rt, 5 h, 98%; iv, TBDPSCl,
Et3N, DMAP, CH2Cl2, rt, 16 h, 88%; v, (COCl)2, DMSO, Et3N, CH2Cl2,
260 °C, 30 min, 79%; vi, Me2Cu(CN)Li2, Et2O, 278 °C, 30 min, 74%; vii,
TBAF, AcOH, THF, rt, 5 h, 95%; viii, NaBH(OAc)3, AcOH, CH3CN,
220 °C, 2 h, 97%; ix, BnBr, NaH, THF, DMF, 0 °C to rt, 20 h; x,
TsOH·H2O, MeOH, H2O, rt, 1 d, 68%; xi, I2, PPh3, imidazole, THF, 0 °C
to rt, 1 d, 87%; xii, NaCN, DMSO, 40 °C, 2 d, 78%; xiii, TESOTf,
2,6-lutidine, CH2Cl2, 230 to 220 °C, 15 min, quant.; xiv, DIBAL-H,
CH2Cl2, 270 to 260 °C, 1 h; xv, PhSSPh, Bu3P, benzene, rt, 12 h, 73% (2
steps); xvi, TBAF, THF, rt, 3 h, 95%; xvii, EDC·HCl, DMAP, CH2Cl2, rt,
12 h, 58%; xviii, Cp2Ti[P(OEt)3]2 (3 or 4 eq.), THF, reflux, 1 h, 4: 52–67%,
21, 22: ~ 10%.

Scheme 4 Reagents and conditions: i, H2, Pd(OH)2/C, EtOAc, MeOH, rt,
1 d; ii, p-MeOC6H4CH(OMe)2, CSA, CH2Cl2, rt, 30 min, 89% (2 steps); iii,
BOMCl, iPr2NEt, (CH2Cl)2, 40 °C, 12 h, 88%; iv, DIBAL-H, CH2Cl2, 280
to 230 °C, 2 h, 85%; v, MsCl, Et3N, (CH2Cl)2, 0 °C, 40 min; vi, NaCN,
18-crown-6, DMF, 50 °C, 3 d, 98% (2 steps); vii, DIBAL-H, CH2Cl2, 280
to 270 °C, 30 min; viii, Ph3PNC(Me)CO2Et, toluene, rt, 3 h, 84% (2 steps);
ix, DIBAL-H, CH2Cl2, 270 °C, 20 min, 94%; x, D-(2)-DET, Ti(OiPr)4,
ButOOH, MS4A, CH2Cl2, 250 to 230 °C, 2 h, 80%; xi, SO3·Py, Et3N,
CH2Cl2, 0 °C to rt, 2 h; xii, Ph3P+CH3Br2, NaHMDS, THF, 0 °C, 20 min,
96% (2 steps); xiii, DDQ, H2O, CH2Cl2, rt, 2 h, 82%.

Fig. 1 ORTEP drawing of bis-p-bromobenzoate 25.
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A route to the organometallic complex 8 is described, along
with a study of its antiproliferative effects on breast cancer
cell lines; in the examples studied, 8 behaves in a very similar
manner to tamoxifen, suggesting new possibilities for
applications in organometallic chemistry.

Tamoxifen 1 and its active metabolite, 4-hydroxytamoxifen 2
(Scheme 1) have been the subject of numerous studies owing to
their efficacy in breast cancer treatment.1,2 Currently however,
substitutes are being sought in order to obviate the effects of
resistance build up, as well as to improve the therapeutic
effectiveness of the current treatments.3,4 Our study is an
attempt to potentiate the effects of these medications by
introducing an organometallic-type modification to the base
skeleton. Some organometallic complexes have in fact proven
to be of interest either as antitumour agents, as in the case of the
metallocenes of Fe and Ti,5,6 or as radiopharmaceuticals, for
example certain isotopes of Tc and Re.7,8 If the organometallic
moiety could be incorporated into this molecule while still
preserving its character as an anti-oestrogen vector, this would
provide a route to new products of added interest in a variety of
applications. The question of preservation of antagonist activity
is not an idle concern; we have shown that merely substituting
the phenyl in the b position in 2 with a ferrocenyl group in 3
resulted in a significant drop in anti-oestrogenic effects in vitro
on breast cancer cell lines, as well as in vivo, in nude mice.9,10

Here we show that by attaching to the diphenylethylene
skeleton a moiety of Re(I), in the form of cyclopentadienyl
Re(CO)3, small in size and difficult to oxidize, we obtain an
anti-oestrogenic organometallic complex comparable to
hydroxytamoxifen 2 but with the added advantage, owing to the
presence of the metal Re, of allowing access to a new type of
radiopharmaceutical compounds of 99mTc, 186Re or 188Re.

Compound 8 is prepared as shown in Scheme 2 starting from
dihydroxybenzophenone 4 and the (h5-C5H4COEt)Re(CO)3
complex 6, itself prepared by a Friedel–Crafts reaction between
cyclopentadienyl rhenium tricarbonyl and propionyl chloride.
The aromatic ketone 4 is first reacted with KH, to give the
potassium salt, which reacts with dibromobutane. The mono-

brominated compound 5 is obtained in 35% yield. A McMurry
cross-coupling reaction11,12 between 5 and the organometallic
compound 6 in the presence of TiCl4 and Zn in THF under
reflux gives 7 in 62% yield, and the latter when heated with
dimethylamine in an autoclave produces 8 (Z + E) in a yield of
64%.† Separation of the isomers 8Z and 8E was done by reverse
phase preparative HPLC. Identification of the isomers was
ascertained by NOE NMR on the E isomer (effect between the
protons CH3-CH2 and C6H4-O(CH2)4N(CH3)2, as well as
between h5-C5H4–Re(CO)3 and C6H4-OH). In contrast to what
is observed in the ferrocene series, no rapid interconversion was
noticed between 8Z and 8E, then showing a similarity of the
rhenium derivatives with tamoxifen.

The relative binding affinity values (RBA) of 8 were
measured for the mixture (Z + E) and for the individual isomers
Z and E on the two oestrogen receptor subtypes ERa and ERb
using a competitive radiometric binding assay, with tritium-
labeled oestradiol as tracer and protamine sulfate precipitation

Scheme 1 Scheme 2
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of the bound fraction of the tracer.13 ERa was prepared from
sheep uterus and ERb, expressed in baculovirus, was obtained
commercially from PanVera. The RBA values (mean of 2 or 3
experiments) found at 0 °C for 8 on ERa are 8% for the mixture
8 (Z + E), 7.4% for 8Z and 5.2% for 8E, thus showing only a
slight difference between the two isomers. In contrast, the RBA
value obtained for ERb is higher with 8Z (17.8%) than for the
mixture 8 (Z + E) (6%) or the E isomer 8E (5.6%). However it
is important to notice that ERb is a purified receptor devoid of
the effectors naturally present in the receptor alpha preparation
obtained from sheep. Nevertheless the affinity for both ERa and
ERb are still satisfactory even if these RBA values are lower
than the values found for 2 (Z + E) on ERa (38.5%) and ERb
(20%). This decrease probably reflects the greater steric
crowding of (h5-C5H4)Re(CO)3 in 8 relative to the phenyl group
in 2.

We studied the agonist–antagonist effect of compound 8 (Z +
E) on cell lines derived from breast cancer tumours (MVLN,
MDA-MB231) (Table 1). In the MVLN line recently developed
by Pons14 it has been shown that the expression of the luciferase
gene is proportional to the oestrogenic effect of the product
tested. It contains a high level of ERa while the MDA-MB231
line does not contain any. In these tests, the control value is set
by definition at 100%. For any given product, a value above
100% indicates an oestrogenic effect, and a value below 100%
an anti-oestrogenic effect. As usual oestradiol is used as the
reference for oestrogens and hydroxytamoxifen 2 (Z + E) for
anti-oestrogens. The results obtained with MVLN cells show
that the Re complex 8 behaves as an anti-oestrogen with almost
identical efficacy as 2. The observed effect with 8 is certainly
hormonally based, since it is abolished by addition of oestradiol
into the medium (values in square brackets in the Table). On
MDA-MB231 cells which do not possess ERa but may possess
ERb,15 8 and 2 have no effect. It thus appears that the observed
antiproliferative effect is dependent on the oestradiol receptor
a, as is also the case with tamoxifen.

It appears that 8 may have a higher potential as an
organometallic radiopharmaceutical, despite the fact that up to
now the chelate route has been the one explored with
tamoxifen;17 in the latter case the ER binding rate was found to
be too small to measure, which was not the case with 8. It is
therefore important to find a rapid route by which to attach
useful isotopes of Tc and Re to 8. To this end, we plan to use a
selective photochemical decomplexation reaction that we have

recently discovered, followed by rapid recomplexation in water
with a new reagent reported by Alberto,18,19 (H2O)3M+(CO)3
with M = 99mTc, 188Re.

Notes and references
† Procedure for the preparation of 7 and 8. Titanium tetrachloride (2 ml, 18
mmol) was added dropwise to a suspension of zinc powder (2.34 g, 36
mmol) in 60 ml of THF at 0 °C. The mixture obtained was heated at reflux
for 2 h and then cooled to rt. A second solution was prepared by dissolving
4-(4-bromobutoxy)-4A-hydroxybenzophenone (4.25 g, 6 mmol) and cyclo-
pentadienyltricarbonylrhenium ethyl ketone (2.35 g, 6 mmol) in 30 ml of
THF. This latter solution was added dropwise to the first one and then the
resulting mixture was heated for 2 h. After cooling to rt, the mixture was
stirred with water and CH2Cl2. After treatment the pure oily Z + E mixture
of 7 was obtained with a yield of 62%; MS (IE, 70 eV) m/z: 708 (M+.), 624
(M 2 3CO)+. Halide 7 (3 mmol) and a solution of dimethylamine in MeOH
(2 M, 15 ml, 30 mmol) were heated with stirring in an autoclave at 60 °C for
1 day. After cooling, the solution was concentrated under reduced pressure.
After treatment the pure amines 8 (Z + E) were isolated as oil containing a
mixture of Z and E isomers with a yield of 64%; MS (IE, 70 eV) m/z: 673
(M+.). The Z and E isomers were separated on reverse phase preparative
Kromasil C18 column, solvent MeOH phosphate buffer (KH2PO4, 25 mM,
pH 7) 80/20, flow rate 6 mL min21. The retention times obtained on an
analytical column of the same type (Kromasil C18, 10 mM, 250 mm) are
repectively of 19.4 min for 8Z and 26.4 min for 8E in the proportion
48.5/51.5. Selected data for the two isomers: 8E: mp 153 °C, 1H NMR d
7.04 (d, J = 8.4 Hz, 2H, Harom), 6.93 (d, J = 8.4 Hz, 2H, Harom), 6.78 (d,
J = 8.4 Hz, 2H, Harom), 6.70 (d, J = 8.4 Hz, 2H, Harom), 13C NMR d (all
aromatic carbons) 135.5 (C), 134.6 (C), 130.6 (2 CH), 130.1 (2 CH), 129.9
(C), 115.6 (2 CH), 114.1 (2 CH). 8Z: mp 134°C, 1H NMR d 7.00 (d, J = 8.4
Hz, 2H, Harom), 6.99 (d, J = 8.4 Hz, 2H, Harom), 6.75 (d, J = 8.4 Hz, 2H,
Harom), 6.74 (d, J = 8.4 Hz, 2H, Harom), 13C NMR (all aromatic carbons) d
135.9 (C), 134.8 (C), 130.5 (2 CH), 129.9 (2 CH + C), 115.3 (2 CH), 114.3
(2 CH).
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Table 1 Antiproliferative activity of compounds 8, 2 and E2 on different cell
lines

Cell

Compound Molarity (M) MVLNa MDA-MB231b

8 1 3 1026 55.5 [97]c n d
1 3 1027 51.5 [101]c 91

2 1 3 1027 51.5 88
E2 1 3 10210 258 91
a Cells with a high level of ERa. Results are expressed as percentage of the
luciferase induction after 24 h of culture.14 b Cells with no ERa, but
presumably with ERb.15 Results are expressed as the percentage of DNA/
control after 120 h of culture.16 c Value obtained after simultaneous addition
in the medium of 10 nM of E2.
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A novel m-oxo diiron(III) complex is capable of fast and
selective oxidation of primary and secondary alcohols in the
presence of H2O2 and a remarkable increase in reaction rate
is achieved by addition of 1 eq. of CF3SO3H.

In nature, a variety of non-heme metalloenzymes are present
which are capable of oxidation of substrates with high turnover
frequencies and excellent selectivity.1 An example is the
mononuclear copper enzyme galactose oxidase (GOase) which
catalyses the aerobic oxidation of benzylic and allylic alcohols
to their corresponding aldehydes with concomitant formation of
H2O2. The study of model complexes not only provides
invaluable information about metalloenzymes, but also can
result in the development of new generations of oxidation
catalysts.2 Beautiful examples are the GOase models developed
by the groups of Wieghardt and Stack, which are capable of
oxidation of alcohols to the corresponding aldehydes with high
yield and selectivity.3 An iron(II) complex of a pentadentate
ligand N4Py† was developed as a model system for Fe-
BLM.4,5† This system is capable of oxidising alkanes using
H2O2 via a radical type mechanism. To explore the effect of
ligand variations on the oxidation behaviour of the complex, we
prepared a ligand HL1† in which one of the pyridyl groups is
replaced by a phenolate moiety. The corresponding m-oxo
dinuclear iron complex of HL1 proved to be a selective and
efficient catalyst for the oxidation of alcohols to aldehydes and
ketones using H2O2 as the oxidant. Yields up to 65% based on
H2O2 can be reached.

The synthesis of HL1 is shown in Scheme 1. Complexation of
the ligand with Fe(II)(ClO4)2·x H2O in MeOH, in the presence of
1 eq. of Et3N followed by slow diffusion of ethyl acetate into the
methanolic solution yielded purple crystals of complex 1 (lmax

= 540 nm, eM = 5.6 103 M21 cm21) in 50% yield.‡ The
complex was characterised as an antiferromagnetically coupled
diiron(III) species based on its EPR silent nature and its 1H-
NMR spectrum, which exhibits paramagnetically shifted sig-
nals in the 0–40 ppm range. The ESI/MS spectrum shows a peak
at m/z 445 ([(L1)Fe(m-O)Fe(L1)]2+), which is consistent with the
formulation of 1 as {[(L1)Fe(m-O)Fe(L1)](ClO4)2}. Further
proof for this assignment was obtained from the crystal
structure of the corresponding m-oxo diiron(III) complex
[(L1)Fe(m-O)Fe(L1)](PF6)2 (2), depicted in Scheme 1, which
was synthesised by adding Fe(NO3)3·9H2O to a solution of the
ligand in methanol, followed by the addition of 1 eq. of Et3N
and 2 eq. of NH4PF6. Dark purple–blue crystals were obtained
by slow diffusion of ether into the solution of 2. Each iron(III)
ion adopts a distorted octahedral coordination geometry
involving a tertiary amine, three pyridine nitrogens, a phenolate
oxygen atom and the bridging oxygen atom, with the Fe–O–Fe
angle being 151.22(10)°.§ The crystal structure of 2 gave no
indications that a proton is present at the phenolate moiety,
which is consistent with the ESI/MS results of 1 (vide supra).

Complex 1 was examined as a catalyst (0.1 mol%) in the
oxidation of various substrates using H2O2 as the oxidant.¶

Primary and secondary alcohols are oxidised rapidly (Table
1).∑

The oxidation of benzyl alcohol was monitored in time by
GC. In Fig. 1 the turnovers per iron centre are plotted against
time. Surprisingly, already 4 eq. of benzaldehyde have been
formed in a reproducible manner, 30 s after the reaction was
started by adding H2O2. The origin of this initial burst of activity
is unclear. After the initial oxidation, a lag phase was observed.
A significant increase in catalytic activity occurred after
approximately 40 min and after 75 min the catalytic activity
ceased because all the H2O2 was consumed. A total of 50
turnovers towards benzaldehyde was reached. Although a trace
of benzoic acid was obtained, no other side products were
produced according to GC. When another aliquot of H2O2 is
added after 90 min, the catalyst is immediately active and no lag
phase is observed. A value of 96 turnovers per iron centre can
be obtained after 180 min. This can be repeated at least 3 times
without significant loss of activity, showing a good stability of
the system during catalytic turnover.

The UV/Vis absorption of 1 at 540 nm was monitored
concomitantly with the oxidation of benzyl alcohol to benzalde-
hyde. During the lag phase the solution remains purple but after
45 min the colour changes to yellow. This colour change
coincides with the end of the lag phase, suggesting that the
yellow species is responsible for the oxidation activity.

Scheme 1 Synthesis of HL1 and 2 and crystal structure of the cation of 2
(displacement ellipsoid plot with 50% probability level in which hydrogen
atoms are omitted for clarity). Reagents and conditions: i, 2-pyridine
carbaldehyde, 2 h, 97%; ii, NaBH4, MeOH, 2 h, 90%; iii, 2-(bromo-
methyl)phenyl acetate, iPr2EtN, EtOAc, 3 d, 66%; iv, K2CO3, MeOH, 1 h,
89%; v, Fe(NO3)3, Et3N, NH4PF6, 29%; Selected interatomic distances (Å):
Fe–O: 1.93, Fe(1)–O(2) 1.79, Fe(1)–N(1) 2.26, Fe(1)–N(2) 2.17Å, Fe(1)–
N(3) 2.22, Fe(1)–N(4) 2.13.
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Several observations suggest that the active oxidising
complex is a mononuclear species. First, complex 1 is EPR
silent whereas upon addition of benzyl alcohol and H2O2, when
the solution becomes yellow, a strong EPR signal can be
observed at g = 4.3 which is characteristic for a mononuclear
high-spin iron(III) complex.6 Secondly, it was found that
alcohols, which are known to be capable of breaking up the oxo-
bridge of some dinuclear iron m-oxo complexes to form
monomeric structures by coordination to the metal centre,6 are
oxidised rapidly. In contrast, the active yellow species is formed
very slowly in the absence of substrate or with a non-
coordinating substrate like cyclohexene. Finally, we envisaged
that protonation of the oxo-bridge in 1 would facilitate the
formation of the mononuclear species and hence would speed
up the reaction. Upon addition of triflic acid (CF3SO3H) to 1 in
acetone a blue colour appears. The 1H-NMR spectrum of this
solution shows broad signals in the 210 to 120 ppm range
consistent with the presence of mononuclear high-spin Fe(III)
species. The ESI/MS spectrum shows prominent peaks at m/z
581 and 472, which corresponds to [L1FeIII-OTf]+ and
[(HL1)FeIII(OH)2]+, respectively. Indeed when CF3SO3H (1
eq.) was used, the reaction rate increased dramatically (Fig. 1).
The yellow species was formed immediately upon addition of
H2O2 and after 15 min already 50 turnovers are reached in the
oxidation of benzyl alcohol.

Although the exact reaction mechanism is not known yet,
some tentative conclusions can be drawn. The fact that benzene,
which can act as a hydroxyl radical trap,5 is not oxidised by this
system, combined with the large kinetic deuterium isotope

effect (KIE, kH/kD = 4.0) that was observed in a competition
experiment between benzyl alcohol and benzyl alcohol-d7, it
can be concluded that oxidising species more selective than
hydroxyl radicals are present. When the KIE was determined
30 s after starting the reaction by addition of H2O2, i.e. after the
initial burst of activity, a value of 1.8 was obtained indicating
the presence of a highly reactive oxidising species in the initial
stage of the reaction. Finally, since the purple colour of 1 is
indicative of a LMCT transition between the phenolic part of the
ligand and the iron(III) center,7,8 it is most likely that the
phenolic moiety is no longer coordinated to the iron centre in
this yellow species, which is thought to be responsible for
oxidation activity.

In conclusion, a new Fe(III) containing catalyst has been
developed for selective oxidation of primary and secondary
alcohols using H2O2. A dramatic enhancement in the reaction
rate upon addition of acid has been observed, which is attributed
to accelerated formation of the active mononuclear catalyst.
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supported in part (A. L. S., M. L.) by the Council for Chemical
Sciences of the Netherlands Organization for Scientific Re-
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Notes and references
† Abbreviations used: N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyr-
idyl)methylamine; HL1 = 2-({[di(2-pyridyl)methyl](2-pyridylmethyl)-
amino}methyl)phenol; Fe-BLM = iron bleomycin.
‡ Anal. calcd. for C48H42N8O11Fe2Cl2·H2O: C 52.07, H 4.01, N 10.13%;
found: C 52.17, H 3.80, N 10.03%.
§ Crystal data: [C48H42Fe2N8O3](PF6)2, Fw = 1180.54, dark blue needle,
0.45 3 0.24 3 0.15 mm3, monoclinic, C2/c (No. 15), a = 31.0660(6), b =
11.1832(2), c = 33.8507(7) Å, b = 100.6240(7)°, V = 11558.7(4) Å3, Z =
8, r = 1.357 g cm23. 83260 reflections were measured on a Nonius
KappaCCD diffractometer with rotating anode (l = 0.71073 Å) at a
temperature of 150(2) K. 10198 reflections were unique (Rint = 0.043). R-
values [I > 2s(I)]: R1 = 0.0416, wR2 = 0.1173. Molecular illustration,
structure checking and calculations were performed with the PLATON
package. CCDC 154063. See http://www.rsc.org/suppdata/cc/b0/
b009368h/ for crystallographic files in .cif format.
¶ Oxidation reactions were performed in acetone, under an argon atmos-
phere in a water bath thermostatted at 25 °C. In a typical reaction, 3.5 mmol
of substrate (1000 eq.) was added to 4 ml of a stock solution of 1.75 mmol
of the catalyst (i.e. 3.5 mmol of iron) and a known amount of the internal
standard bromobenzene. The reaction was initiated by addition of 35 ml of
H2O2 (30% solution in water, 100 eq.) and monitored by GC.
∑ Alkenes and alkanes were also investigated, but these reactions are slow
(6–18 h), less selective and turnover numbers are lower (typically
10–20).

1 For reviews on iron based enzymes, see: E. I. Solomon, T. C. Brunold,
M. I. Davis, J. N. Kemsley, S.-K. Lee, N. Lehnert, F. Neese, A. J. Skulan,
Y.-S. Yang and J. Zhou, Chem. Rev., 2000, 100, 235; L. Que, Jr. and
R. Y. N. Ho, Chem. Rev., 1996, 96, 2607.

2 H. J. Krüger, Angew. Chem., Int. Ed., 1999, 38, 627.
3 Y. Wang, J. L. DuBois, B. Hedman, K. O. Hodgson and T. D. P. Stack,

Science, 1998, 279, 537; P. Chaudhuri, M. Hess, U. Flörke and K.
Wieghardt, Angew. Chem., Int. Ed., 1998, 37, 2217.

4 M. Lubben, A. Meetsma, E. C. Wilkinson, B. Feringa and L. Que, Jr.,
Angew. Chem., Int. Ed. Engl., 1995, 34, 1512; G. Roelfes, M. Lubben, K.
Chen, R. Y. N. Ho, A. Meetsma, S. Genseberger, R. M. Hermant, R.
Hage, S. K. Mandal, V. G. Young, Jr., Y. Zang, H. Kooijman, A. L. Spek,
L. Que, Jr. and B. L. Feringa, Inorg. Chem., 1999, 38, 1929; R. Y. N. Ho,
G. Roelfes, B. L. Feringa and L. Que, Jr., J. Am. Chem. Soc., 1999, 121,
264.

5 G. Roelfes, M. Lubben, R. Hage, L. Que, Jr. and B. L. Feringa, Chem.
Eur. J., 2000, 6, 2152.

6 J. Kim, E. Larka, E. C. Wilkinson and L. Que, Jr., Angew. Chem., Int. Ed.
Engl., 1995, 34, 2048.

7 S. Ito, M. Suzuki, T. Kobayashi, H. Itoh, A. Harada, S. Ohba and Y.
Nishida, J. Chem. Soc., Dalton Trans., 1996, 2579.

8 S. Yan, L. Que, Jr., L. F. Taylor and O. P. Anderson, J. Am. Chem. Soc.,
1988, 110, 5222.

Table 1 Turnover numbers (t.o.n.) of the catalytic oxidation experiments
with 1 using H2O2

Entry Substrate Product Time/min t.o.n.a

1b Benzyl alcohol Benzaldehyde 75 50
2c Benzyl alcohol Benzaldehyde 15 50
3d Benzyl alcohol Benzaldehyde 90 15
4e Benzyl alcohol Benzaldehyde 180 96
5 Cyclohexanol Cyclohexanone 60 28
6 Cyclohexanol Cyclohexanone 60 65
7 Cyclooctanol Cyclooxtanone 180 11
8 Octan-1-ol Octanalf 180 11
9 sec-Phenylethyl Alcohol Acetophenone 60 50
a t.o.n. = mol product/mol catalyst. b In the absence of catalyst a negligible
amount of 0.004 mmol of benzaldehyde was formed under the standard
reaction conditions after 90 min, whereas in the presence of Fe(II)(ClO4)2

only 8 turnovers were reached. c In the presence of 1 eq. CF3SO3H. d With
100 eq. of substrate instead of 1000 eq. e Addition of another aliquot of
H2O2 after 90 min. f Octanoic acid was formed as side product.

Fig. 1 Catalytic oxidation of benzyl alcohol to benzaldehyde using 1: (-)
time course of the turnovers, (5) time dependent decay of the UV band at
l = 540 nm and (:) oxidation in the presence of 1 eq. CF3SO3H.
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A new cascade based on a novel allylic diindium reagent has
been developed; the indium reagent prepared from 3-bromo-
1-iodopropene successively coupled with carbonyl com-
pounds and then with aryl, alkenyl or allyl halides in the
presence of a Pd(0) catalyst to afford a convenient one-pot
synthesis of linear homoallylic alcohols.

Organodimetallic compounds, which possess two metal–carbon
bonds in one molecule, are synthetically attractive reagents;
because, when they couple successively with two electrophiles,
a three-component coupling can be achieved in one pot.1
Although a number of organodimetallic reagents have hitherto
been prepared and utilized, allylic dimetal compounds of type 1
are rare and only a few examples such as M = Li2, Zn3 and Sn4

are known. Recently we described the preparation of the
diindium reagent 1 (M = In) by oxidative addition of indium to
3-bromo-1-iodopropene (2).5 This reagent couples readily with
carbonyl compounds leading to the corresponding homoallylic
alcohols 4 via the vinylic indium compound 3 (Scheme 1).
However, the reagent 3 could not be utilized for further
transformations owing to the poor nucleophilicity of the vinylic
indium–carbon bond. Now we have established a new cascade

based on 1 (M = In) involving allylation of carbonyls followed
by Pd(0)-catalyzed coupling of the resulting vinylindium with
aryl, alkenyl or allyl halide, which provides a convenient one-
pot synthesis of linear homoallylic alcohols.

Iodobenzene and a catalytic amount of Pd(PPh3)4 were added
to the vinylindium reagent 3 prepared by the indium-mediated
coupling of 2 with benzaldehyde at rt for 1 h. Although the
addition of the second electrophile did not occur at rt (Table 1,
Entry 1), the expected three-component coupling product 5a
was obtained in 18% yield at 110 °C with an E+Z ratio of 46+54
(Entry 2). The addition of LiCl resulted in the dramatic
improvement both in the yield and E+Z selectivity: (E)-5a was
obtained stereoselectively in 56% yield (Entry 4). The solvent
NMP gave almost coincident results (Entry 5). The addition of
NaOEt or the use of Pd2(dba)3–tris(2-furyl)phosphine in place
of Pd(PPh3)4 also resulted in the selective formation of (E)-5a
(Entries 6 and 7). The yield increased with increasing amounts
of Pd(PPh3)4, though the E/Z selectivity was diminished (Entry
8).

The scope of this cascade was examined by changing the
carbonyl compounds and the second electrophiles (Table 2).

Scheme 1

Table 1a Tandem couplings of 1 (M = In) with benzaldehyde and
iodobenzene

Table 2a Scope of the cascade reaction with 1 (M = In)
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Aliphatic and a,b-unsaturated aldehydes gave the correspond-
ing three-component coupling products (Entries 1 and 2). The
coupling with the aldehydes underwent with complete E-
selectivity, though the yields were somewhat lower. Ketones
also gave the linear homoallylic alcohols (Entries 3 and 4). As
the second electrophiles, b-bromostyrene and allyl chloride
were successfully used to give 1,3- and 1,4-dienes, respectively
(Entries 5 and 6). The most plausible mechanism is depicted in
Scheme 2. The vinylindium 3 undergoes transmetallation to a
vinylpalladium(II) intermediate, which gives the three-compo-
nent coupling products 5 by reductive elimination.

In contrast to the highly reactive nature of allylic indium
reagents,6 the preparation and synthetic applications of vinylic
indium compounds are strictly limited.7 The allylic diindium
reagent 1 (M = In) possessing the two indium–carbon bonds of
distinct reactivity can be prepared readily and can now be
utilized for the tandem couplings with two electrophiles. The

success of the present cascade not only provides a new synthetic
route for linear homoallylic alcohols, but also expands the scope
of organoindium chemistry in organic synthesis by means of a
combination with palladium catalysts.8

This work was supported by a Grant-in-Aid for Scientific
Research (No. 12640515) from the Ministry of Education,
Science, Sports and Culture, Japan.
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A feature article describing the fundamental characteristics and
emerging applications of micro technology in the field of
synthetic chemistry.

Introduction
It is interesting to observe that despite the many advances made
in synthetic chemistry over recent decades the basic practical
methodology used remains unchanged. This situation arises
primarily because reactions tend to be carried out on a bulk scale

using a batch approach which chemists feel comfortable
manipulating. At the molecular level however, it makes little
difference fundamentally whether a reaction takes place in a 10
ml or 10 pl container. By applying technology developed for the
electronics industry, it is now possible to produce reactors in
which one can manipulate and analyse materials on a micron to
nanometer scale. It is our belief that so called micro reactor
technology can do for synthetic chemistry what the solid-state
transistor has done for computing, vastly increasing the
versatility and the amount of chemical information that a single
person can generate. In short it represents a paradigm shift,
changing the way we think about the way we work.

Stephen Haswell is Professor of Analytical Chemistry at the
University of Hull. His current research activities are in the
areas of micro reactors including analytical developments,
microwave enhanced reaction chemistry, trace elemental
speciation and process analysis. He is author of over 100
research papers, a number of books and patents and is widely
known nationally and internationally for his enthusiastic
lectures. For a number of years one of the underlying principles
of Professor Haswell’s research has been to break down the
sectorial walls which exist in science, in particular, the
integration of analytical science with main line chemistry,
physics, engineering and biology. Many of these ideals are
encompassed in his research into micro-chemical reactors the
subject of this feature article.

Robert Middleton obtained a B.Sc. (Hons) from the University
of Nottingham and carried out postgraduate studies in synthetic
organic chemistry with Professor David Knight at Cardiff
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chemistry from the University of Exeter, and has spent some
time at the University of Reading researching heterogeneous
catalysis and organic synthesis in supercritical fluids. He is
currently working at the University of Hull as part of the ‘Lab
on a Chip’ Consortium, studying metal-catalysed carbon–
carbon bond forming reactions in micro reactors and using
electro-osmotic flow to control reagent mobilisation. Brian is
also interested in modelling currents within micro reactors, in
order to achieve a greater understanding of the fundamental
processes underlying this technology.
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with a B.Sc. Hons. degree in Chemistry with Analytical
Chemistry and toxicology. This included a year of industrial
pharmaceutical experience in the analytical research and
development department within Pfizer Central Research, Kent.
Vikki obtained her Ph.D. at Hull University in 2000, investigat-
ing the role of micro reactors for organic synthesis and
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with GlaxoSmithKline. She is currently developing a number of
chemical reactions and detection systems in micro reactors in
order to establish the physical and chemical requirements of
such devices.
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obtaining a Ph.D. in bio-organic chemistry in 1999 under the
supervision of Professor Tom Simpson and Professor Chris
Willis. His Ph.D. focussed on the synthesis of isotopically
labelled compounds for use in the determination of biosynthetic
pathways to polyketide-derived natural products of biological
interest. Paul is currently researching methods of peptide
synthesis using micro reactor technology at the University of
Hull. The project is funded by Novartis Pharmaceuticals, Basel,
Switzerland.
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aspects of high throughput organic chemistry and catalysis
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Basic concepts of micro reactors
A micro reactor is generally defined as a series of inter-
connecting channels (10 to 300 microns in diameter) formed in
a planar surface in which small quantities of reagents are
manipulated. The reagents can be brought together in a
specified sequence, mixed and allowed to react for a specified
period of time in a controlled region. The product may then be
analytically monitored and if necessary separated for further
steps in a reaction, or collected for analysis or testing.

In what is basically a diffusion limited environment, where
laminar flow characteristics dominate, the micro reactor confers
many advantages over conventional scale chemistry. The
decrease in linear dimensions allows heat transfer coefficients
to exceed those of conventional heat exchangers by an order of
magnitude.1 Micromixers can reduce mixing times to milli- or
nano-seconds.2 The increased surface to volume ratio in micro
reactors (10 000 to 50 000 m2 m23, compared to 1000 m2 m23

in conventional laboratory vessels) has implications for surface-
catalysed reactions.3 Other properties include localised control
of concentration gradients, separation of reaction products and
the possibility of eliminating unwanted side reactions. For
example, when Ehrfeld et al.4 prepared hydrogen cyanide in a
micro reactor via the Andrussow route, the rapid cooling of the
products by a micro heat exchanger prevented hydrolysis of the
HCN to ammonia. Jensen and coworkers5 demonstrated that the
synthesis of organic peroxides from acid chlorides and
hydrogen peroxide may even be carried out beyond the
‘explosion limit’, as the transfer of heat energy from the area of
reaction is rapid enough to prevent explosion.

In addition the small scales used reduce exposure to toxic or
hazardous materials, and the enclosed nature of the micro
reactors means greater ease of containment in the event of a
runaway reaction. The greatest contribution to safety is the fact
that hazardous materials can be synthesised as required at the
point of use, in precisely defined quantities, thus eliminating the
problems associated with transportation and storage.

Although the small size of the micro reactors would seem to
preclude industrial scale synthesis, it has been shown6 that only
1000 micro reactors operating continuously could produce 1 kg
of material in a day. This so called ‘scaling out’ concept has
clear implications in process development where the costly and
time-consuming process of going from lab to pilot plant to full-
scale production is by-passed simply by optimising the reaction
on a single chip and replicating it 1000 or 1 000 000 times. The
main attraction of this approach is not only the elimination of
the problems associated with the scaling up procedure but also
the ability to maintain the high level of control and selectivity
made possible through using micro reactor technology.

The micro total analysis systems (m-TAS)
In recent years, research in the area of miniaturised analytical
systems has become well established with a large rapidly
growing number of publications reflecting this trend.7–14 The
first fully miniaturised system fabricated was a gas chromato-
graphic device reported by Terry et al.15 at Stanford University
in 1979. This micro device was constructed using a silicon
wafer, which included a sample inlet port, a 1.5 m long column,
an injector and thermal conductivity detector allowing the
separation of a mixture of hydrocarbons within 10 s. However,
it took a further 10 years before Manz and colleagues16 at Ciba-
Geigy laboratories in Switzerland fabricated a micro capillary
electrophoresis device. The m-TAS was fabricated from glass
and allowed the rapid separation of two fluorescent dyes.
During the past decade, the main research thrust in academia
and industry has centred on the separation and characterisation
of DNA.17–22 This has now led to commercially available micro
analytical devices such as the DNA analyser from Agilent,
formerly Hewlett–Packard. More recently, a number of research

groups worldwide have shifted the focus of research from m-
TAS to developing micro reactor technology building on the
already existing m-TAS concept. Some of the unique features of
such devices will be described in the remainder of this paper but
it is worth stressing that integration between m-TAS and micro
reactors is essential if chemical and biochemical reactions, at
the micro scale or less, are to be effectively monitored and
controlled.

Fabrication techniques
Many of the existing fabrication methods described for the m-
TAS systems have been successfully transferred to the field of
chemical micro reactors.23 A number of materials such as
silicon, glass, quartz, metals and some polymers can be used to
construct micro reactors. Glass and certain polymers have been
particularly useful because of their physical properties and
chemical inertness. These substrates also allow the mobilisation
of organic reagent and aqueous solutions using a number of
pumping mechanisms such as hydrodynamic pumping and
electro-osmotic flow (EOF).24–26 A range of fabrication
methods such as photolithography, hot embossing, powder
blasting, injection moulding, laser micro forming and LIGA,
from the German Lithographie, Galvanioformung (electroform-
ing) and Abformung (moulding), are available and can be both
versatile and relatively low cost processes.

Fig. 1 shows the steps that are involved in the popular
technique of photolithography and wet etching to produce

channels in a glass micro reactor. A thin layer of metal, such as
chromium, is deposited on the surface of a glass plate to control
the degree of undercutting during the etching process. A layer of
positive photoresist is then spin coated on top of the chromium
to a depth of 0.5 to 2.0 mm. The pattern of the required network
of interconnecting channels is transferred to the photoresist
layer using photolithography. After exposure, the photoresist is
developed and removed together with the chromium layer to

Fig. 1 Sequence of processes in photolithographic fabrication.
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reveal the areas of glass to be etched. The plate is then heated to
allow volatiles to evaporate, before performing the chemical
etch. The channels are then etched using, for example, a mixture
of 1% HF and 5% NH4F in water at 65 °C, resulting in an etch
rate of 0.3 to 0.5 mm min21. A glass top block, with pre-drilled
holes to act as reservoirs and if necessary electrode supports, is
aligned with the channel geometry and thermally bonded to the
glass base plate, producing an all glass device. An example of
such a micro reactor, produced by the photolithographic, wet
etch and thermal bonding method outlined above is shown in
Fig. 2. It should be noted that a range of alternative fabrication

techniques have been reported describing a number of different
masking layers, etchant solutions, low temperature bonding,
anodic bonding, and polymer based substrates. A recent review
of these may be found in ref. 3.

Chemical control in micro reactors
Flow mechanics of liquids in micro channels

One of the main areas that liquid based micro reactor research
has focused on to date has been the accuracy with which fluids
in capillaries can be manipulated. Owing to the microlitre flow
rates that are generally required, some groups have used
methods such as syringe pumps, HPLC pumps and peristaltic
pumps with high reproducibility being achieved through
computer control. Syringe pumps can also be used to infuse and
withdraw fluids through channels in both directions. These
techniques provide a relatively quick and simple method for
pumping reagents through a micro reactor in a controlled
manner. However, these systems can build up high back-
pressure due to capillary effects, which may lead to pulsing in
the flow: this could be a particular problem when using
peristaltic pumps.24 Another problem is the cost associated with
HPLC and syringe pumps. These pumps can also be intolerant
of mixed-phase liquid systems, or systems that contain
particulate matter.

Several companies have developed pumps specifically for
micro reactor applications. These pumps are typically based on

a piezoelectric driven one way valve to mobilise liquids.27 For
example, the Institut für Mikrotechnik, Mainz has developed a
membrane pump that operates with microlitre volumes, but can
also pump at up to 0.4 ml min21. These pumps, which are very
small, can deliver the microlitre volumes that are required for
managing the movement of liquids in typical devices. However,
as they have been constructed from a polymer, practical
difficulties may arise when using organic solvents, and
depending upon the micro channel geometry, excessive back
pressures may be generated.

As one of the attractive features of using micro reactors is
their capacity to perform high throughput parallel processing,
the use of hydrodynamic pumping may become impractical due
to the large number of different solutions that will be required
within the reactor. To overcome the need therefore for a large
number of pumps and to simplify the construction of micro
fluidic systems, electro-osmotic flow (EOF) which has no
moving parts, has proved to be a widely preferred method for
reagent and solvent pumping.

EOF can be used to move reagents and solvents around a
system of channels as a function of applied voltages, with a very
high degree of control and allowing the processes to be readily
automated. In addition, due to the high electric field (e.g. 200 V
per centimetre of channel) associated with the EOF, variations
in the electrophoretic mobility of individual species enables
separation to be achieved. The combination of EOF and
electrophoretic mobility can be used to both model and
practically control the spatial and temporal position of compo-
nents in a micro reactor system.28

To illustrate the principles of EOF, one can consider a
microchannel fabricated from a material (e.g. glass), having
naturally negatively charged functional groups on its surface. If
a liquid, displaying some degree of dissociation, is brought into
contact with the material, positive counter ions will form a
double layer such that the positively charged ions are attracted
to the negatively charged surface. If an electric field is now
applied through the liquid phase, the positive mobile ions will
migrate to the negative electrode inducing a drag on the bulk
liquid. In an aqueous buffered system (pH 3–9) the solution
flows towards the cathode with volumetric flow rates in the
order of nl min21 to ml min21 depending on the channel
dimensions and applied field. The flow velocity achieved with
EOF is given by eqn. (1)

u mEOF = V

L

where V is the applied field, L is the length of the channel and
m is electro-osmotic mobility (dependent on factors such as zeta
potential, ionic strength and pH).

Since V and L are controlled by the user, a very high level of
control is achievable. Furthermore, this control can be auto-
mated and a relatively simple LabVIEW™ program, such as
that developed at Hull which allows one to control the output
from a power supply to a number of channels in a micro reactor
(Fig. 3) has been developed. By varying the potentials across
each channel section, it is possible to rapidly optimise the
relative flows of different reagents, or to inject plugs of one
reagent into a stream of another, or to introduce a number of
reagents in a specified sequence for multi-step reactions.

Unlike conventional (hydrodynamic) flow systems, solutions
that are moved by EOF have a flat velocity profile across the
channel. This, together with an absence of back pressure effects
and an inherent low Reynolds number, affords minimal band
broadening and efficient electrophoretic separation of reactants
and products.

Although EOF has mainly been used in applications with
aqueous solutions, it is not restricted to these systems and EOF
may be applied to reagents in polar solvents such as methanol,
tetrahydrofuran, acetonitrile and dimethylformamide. For ex-
ample, Harrison and coworkers29 used EOF to achieve valveless

Fig. 2 A simple all-glass micro reactor.
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pumping of acetonitrile reagent solutions during the synthesis of
an azo dye in a glass micro reactor. This degree of solvent
choice greatly extends the types of EOF-controlled chemistry
that can be carried out in micro reactors. Obviously the solvent
systems used must exhibit some level of polarity, and strictly
non-polar solvents cannot be pumped by EOF unless a polar
modifier is added.

Applications of micro reactors in synthesis
The inherent benefits of micro reactors, namely rapid genera-
tion of small but detectable quantities of reaction products,
efficient heat transfer and fluidic control, are now being applied
successfully to synthetic chemistry. In theory, these factors
might give a research worker using a micro reactor the ability to
greatly increase the rate at which new compounds are produced.
The work highlighted in this section demonstrates how some of
the initial findings obtained by research groups developing
micro reactor systems could be applied to high throughput
synthesis. There are also some operating characteristics of the
micro reactor environment that result in fundamental differ-
ences in chemistry. Of more immediate and perhaps significant
impact to the research community is the opportunity micro
reactors offer in terms of performing a large number (many
hundreds) of reactions to explore and optimise a single reaction
or a series of chemical reactions. For example, the capability to
generate information about reaction conditions, kinetics and
product selectivity is now readily accessible using micro
reactors, an option not easily available using conventional
methodology.

Micro reactor systems have so far been successfully deployed
in gas and liquid phase chemistry, including catalyst testing. A
recent example of the application of micro reactors to gas phase
chemistry was reported at the IMRET 4 conference. Hönicke
and coworkers reported the gas phase partial hydrogenation of
cyclododeca-1,5,9-triene (CDT), cycloocta-1,5-diene (COD)
and benzene over palladium and ruthenium/zinc catalysts (see

Scheme 1).30 The micro reactor system consisted of alumina
wafers with mechanically etched channels, which were then

activated by anodic oxidation and impregnation with an organic
solution of palladium(II) acetylacetonate. This gave an 18 mm
thick activated layer with 0.18 wt% palladium. Twenty four of
these wafers were then stacked to give 672 micro channels with
internal geometries of 200 mm 3 200 mm 3 30 mm. A similar
process was used for the construction of the Ru/Zn reactor,
which contained 0.2 wt% each of ruthenium and zinc. The
organic solvent was then removed via oxidation in air at 417 °C
followed by hydrogen reduction at 150 °C to give the activated
catalyst. Although palladium showed no conversion of benzene
to cyclohexene, CDT was converted with high yield and
selectivity to cyclododecene at 150 °C, with the catalyst bed
giving > 80% conversion to cyclododecene for over 20 h. The
COD conversion went from 75 to 100% at 150 °C by increasing
the residence time in the reactor from 40 to 115 ms. This system
proved to be robust, in that throughput could be increased ten-
fold from 50 to 500 mg h21 whilst conversion to cyclooctene
remained above 80%. Partial hydrogenation of benzene by Ru/
Zn was less successful with conversion falling rapidly, and only
low yields of cyclohexene were obtained, with the major
product being cyclohexane. This work shows that high
conversions may be achieved given only a short residence time.
By controlling the rate of flow, conversion rate and product
yields may be selected or rapidly optimised. This micro reactor
system also allows easy re-activation of the catalyst, and it
would be readily possible to allow the mixture and velocity of
gases to be adjusted automatically in real-time via feedback
control from analysis of exhaust gases.

Micro reactors using heterogenous catalysts have been
applied in liquid-phase organic synthesis. An early, though still
comparatively recent development was reported from the Micro
Reactor Group in Hull by Greenway et al..31 The micro reactor
utilised EOF to mobilise the reagents and allowed the catalytic
synthesis of 4-cyanobiphenyl using a modified Suzuki coupling
reaction (Scheme 2). The incorporation of micro porous silica
frits32 within the reactor manifold enhanced EOF and allowed
the immobilisation of the heterogeneous catalyst (1.8% palla-
dium on silica). The catalyst immobilisation method produced a
leaching rate in the region of ppb (1.2 to 1.6 ppb) removing the
need for subsequent purification from metal residues. The micro
reactor device was optimised using flow injection analysis
principles producing a 67 ± 7% (n = 6) yield of the
4-cyanobiphenyl product at room temperature within 25 min.

Fig. 3 An automated computer controlled chemical reaction, showing the
hardware and a schematic of the system. Using the configuration shown, the
duration and magnitude of voltage applied to each reservoir can be selected
and the resulting current monitored.

Scheme 1 The mild reaction conditions and the unique mass transfer
properties of micro reactors allow hydrogenation of cyclic trienes and
dienes to industrially important monoalkenes (ref. 26).
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The flow injection method adopted allowed the periodic
injection of the aryl halide (5 s injection length with a 25 s
injection interval) into a continuous flow of phenylboronic acid.
Flow was maintained using an external applied voltage of 200
V. The yield obtained using the device was comparable with
Suzuki reactions performed on a large (batch) scale using
homogeneous catalysts. One of the interesting observations of
this reaction was that, unlike conventional Suzuki couplings
performed in a flask, base was not required. Although the reason
for this is as yet unclear, it is thought that the applied electric
field may be sufficient to cause localised ionisation of solvent
water to H+ and OH2 at the metal surface. It may be this so-
formed hydroxide that performs the function of a conventional
inorganic or amine base. However, the micro reactor demon-
strated the potential application of such devices to perform
chemical reactions, allowing high throughput screening, rapid
method development or reaction optimisation.

The Hull group have also demonstrated that a superacid
catalyst (sulfated zirconia) could be immobilised onto the
surface of a polydimethylsiloxane (PDMS) micro reactor top
plate. This was achieved by dusting the pre-cured PDMS
surface with activated catalyst and baking the plate at 100 °C for
1 h. The PDMS top plate (containing the catalyst) was clamped
to a glass base plate (with etched micro channels) and syringe
pumps were used to mobilise the hexan-1-ol, which underwent
dehydration to hex-1-ene. The micro reactor featured an in situ
resistive heater wire cast into the PDMS top plate, which was
operated at 155 to 160 °C.33

An attractive feature of micro reactors is their ability to carry
out chemical processes that may be hazardous. For example
Burns and Ramshaw34 at the University of Newcastle have
described the nitration of toluene and benzene in stainless steel
or PTFE micro reactors, demonstrating the approach is suited to
a hazardous processes involving organic solvents and concen-
trated acids. In addition, they are also investigating the
challenge of manipulating bi-phasic liquid–liquid systems and
the control of product distribution to avoid hazardous trinitrated
aromatic products. Their studies have yielded some elegant
ways to control immiscible liquid layers in capillary systems
that include (i) segmented flow, in which plugs of alternate
phases travel down a capillary and (ii) parallel laminar flow,
where similar amounts of two phases run together through the
capillary producing an interfacial contact zone.

Burns and Ramshaw’s studies on benzene nitration also
demonstrated that conversion, while showing a near linear
relationship with temperature, can be increased substantially by
the use of smaller capillaries that enhance diffusion effects by
reducing the size of the slugs of material in the channel. Halving
the capillary diameter from 250 to 130 mm more than doubled
the rate of nitration. Flow rates were also found to be important,
with faster flow rates giving rise to higher conversion as they
promoted internal circulation of the liquid plugs travelling down
the capillary.

In comparison with conventional nitration techniques, the
results showed that rate constants for the micro reactor process
(1–8 min21) in 178 mm capillaries were similar to those in the
published literature (1–5 min21). It is expected that further
optimisation of the micro reactor device and its operation,
particularly by increasing the sophistication of the technology to
decrease droplet size, will result in substantial improvement to
the efficiency of the devices.

To demonstrate the advantages that micro reactors offer when
dealing with potentially hazardous reagents, Chambers and
Spink35 recently reported the development of a micro reactor
fabricated from a block of nickel, which was used for the
elemental fluorination of organic substrates. Conversions
compare well with results from conventional reactors. The
small amount of fluorine involved, together with the heat and
mass transfer properties of the micro reactor, overcame many of
the safety issues associated with this type of reaction.

Optimisation of catalytic processes
To demonstrate the testing and optimisation of catalytic
processes, the Hull group has developed a simple procedure for
the immobilisation and introduction of supported reagents in
micro reactors (Fig. 4). Such configurations enable solutions to

be passed over catalysts in either a continuous or plug mode
with a high degree of fluidic control. Catalyst types under
investigation include immobilised enzymes (such as lipases and
esterase), metals, sulfated zirconia and zeolite-based materials.
For example, in the case of an enzyme system based on porcine
liver esterase, symmetrical diesters are passed over this catalyst
bed to effect desymmetrisation to a chiral mono-ester, creating
a high-throughput reactor for biocatalysis.

A second approach is to pulse several different reagents one
by one over the catalyst bed. Given the computer-based flow-
control possible with micro reactors, it is now relatively easy to
achieve accurate and reproducible reaction sequencing. In the
Suzuki reaction performed at Hull, the aryl halide and boronic
acid were alternately pulsed over a catalyst bed of palladium on
silica. This had the effect of increasing yields from < 5% to 68%
by simulating the catalytic cycle (Scheme 2).31 The catalyst was

flushed with the aryl bromide to drive the oxidative addition to
the metal, and then flushed with boronic acid to effect
conversion to the biphenyls.

Using a system of five continuous flow micro reactors, the
Suzuki reaction has been carried out on an industrial scale by
Merck in Germany, where researchers found improvements
over conventional batch reactors.30 For example, in the reaction
of 3-bromobenzaldehyde with 4-fluorophenylboronic acid,
90% yields were reported for the micro reactors, compared with
50% in stirred flasks.

One of the chief limitations of the studies in Hull has been the
high temperatures (680 °C) required to anneal the top glass plate

Fig. 4 A Hull micro reactor, configured for the Suzuki reaction. Reservoir
A contains 100 ml of 4-bromobenzonitrile (0.1 M) and reservoir B 100 ml of
phenylboronic acid (0.1 M), both in 75% THF(aq). Products from the
reaction are taken from reservoir C and analysed by GCMS.

Scheme 2 The catalytic cycle of the Suzuki reaction.
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to the etched glass base plate as any organic material would be
destroyed in these processes, hence metals on silica have been
favoured as catalysts.

These early studies into catalytic processes demonstrate the
potential of using micro reactor technology for a continuous
production line approach to single compound production.
However, the design of such devices could be easily modified to
evaluate the performance of a catalyst across a broad range of
substrates. Another opportunity would be in using multi-
channel systems that would allow the evaluation of a number of
different catalysts for a single reaction. These studies allow
rapid evaluation of reaction conditions to allow the best catalyst
for a given reaction to be studied, or the efficacy of a catalyst
over a range of substrates to be evaluated.

Multi-step and analog based reactions
At the recent IMRET 4 conference, the Hull group reported a
micro reactor device that allowed the synthesis of a number of
nitrostilbene esters using a borosilicate micro reactor.36 The
micro reactor allowed the development of the Wittig reaction
investigating a number of reaction features such as stoichio-
metry, stereochemistry and reaction diversity (Scheme 3).

Initial investigations centred on using the device for synthetic
method development and optimisation, allowing rapid reaction
design in conjunction with EOF as the mobilisation method.
With a 2+1 reaction stoichiometry (aldehyde in excess) a yield
of 70% was achieved using the micro reactor in a continuous
flow mode with an optimum voltage of 400 V. The micro
reactor demonstrated an increase in reaction efficiency of 10%
over the conventional batch method. The reaction stoichiometry
was then reduced to 1+1 but the yield was poor (39%) so a flow
injection technique was adopted. This resulted in the injection
of the phosphonium salt into the continuous flow of the
aldehyde compound at 400 V. A 59% yield was obtained, but
more importantly it allowed a series of aldehydes to be reacted
in sequential injections using the optimum conditions estab-
lished at 1+1 stoichiometry. This demonstrated the micro
reactors diversity and high through-put capability.

The above research has been extended to investigate the
stereoselective control of the chemical reaction by applying
electrical fields which generate controlled concentration gra-
dients of the reagent streams.37 The stereoselective synthesis of
the cis (Z) and trans (E) isomers was controlled by varying the
applied voltages to the reagent reservoirs within the device. The
variation in the external applied voltage subsequently altered
the relative reagent concentrations within the device producing
Z/E ratios in the region of 0.57 to 5.21. In comparison, a
traditional batch reaction was performed based on the same
reaction length, concentration, solvent and stoichiometry result-
ing in a Z/E ratio of 3.0. The unique flow control created in the
micro reactor system has allowed the localised concentration
gradients, produced by a diffusion limited non-turbulent mixing
regime, to generate the observed stereoselectivity. The control
of these localised diffusion-limited concentration gradients is an
important feature of micro reactors and one that can be
effectively exploited for yield and product selectivity.

Multi-step reactions
So far, micro reactors appear to be limited to carrying out a
single synthetic step. One of the thrusts of the research in Hull
is to develop methodology that will give the chemist the ability

to look as multi-step reactions, culminating in target or diversity
based synthesis.

To extend the capability of performing multi step reactions in
micro reactors, processes such as peptide synthesis represent a
good model system. Peptides have been traditionally prepared
combinatorially via solid supported techniques38,39 but this
approach has the disadvantage that a fairly expensive polymer
support is required and that the product requires post-synthetic
cleavage. In addition, extra steps are added to the synthesis as a
result of having to initially link the amino acid to the polymer
support. The preparation of peptides in micro reactors, using
solution phase chemistry, offers the possibility of overcoming
such problems.

Using solution phase chemistry there are several methods that
may be used to form peptide bonds such as diethyl
azodicarboxylate40 (DEAD) or carbodiimide reagents such as
dicyclohexylcarbodiimide (DCC)41 or 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (EDCI).42 In addition
acyl halides, anhydrides and azides may be utilised in the
formation of peptide bonds.43 Once the methodology for the
formation of peptide bonds has been fully established, selective
deprotection of either of the protecting groups will allow longer
peptide chains to be assembled. This multi-step synthesis will
clearly allow the rapid generation of libraries of peptides, which
could then be used in determining their biological properties.

In situ detection methods in micro reactors
As indicated earlier, research focused on m-TAS has developed
a number of suitable detection methods for micron scale
systems, with the most common method adopted being
fluorescence. Other detection systems developed have included
UV–VIS44–48 and electrochemical49–52 detection offering sensi-
tivity and simple detection with environmental micro systems.
The information provided is however generally insufficient for
structural characterisation of unknown chemical species. For
the micro reactor system to become truly versatile, the
development of hyphenated techniques and specialised equip-
ment such as NMR and Raman spectrometry would allow
direct, real time characterisation and spatial determination of
concentration and pH information. Currently a range of
analytical techniques are being investigated by a number of
research groups. These include mass spectrometry (MS)53 and
near infrared (NIR).54–57

One area of analysis which has been readily reported in the
literature is the hyphenation of micro reactor to mass spectrom-
eters.58–61 Lazar et al.58 from Oakridge National Laboratories
have coupled a micro fluidic device with a nanospray tip for
electrospray ionisation, allowing dilute peptide and protein
solutions to be characterised using a time of flight mass
spectrometer. The hyphenated system allowed the capture of
spectra within milliseconds (10 to 20 ms) resulting in 50 to 100
spectra per second. The second study by Mitchell et al.,
presented at the recent Micro Total Analytical Systems
conference,59 described the detection of a multicomponent
reaction using an electrospray ionisation (EIS)-MS. The
multicomponent synthesis investigated was the Ugi reaction
(Scheme 4) in which a solution of formaldehyde and pure

solvent was infused through one of the inlets whilst a
multicomponent mixture (isocyanide, amine salt) was also
added. The hyphenated micro reactor-MS system allowed the
real time detection of the synthetic Ugi coupling reaction.

Other detection systems reported have been NIR and Raman
spectrometry. A miniaturised NIR spectroscopic system fabri-

Scheme 3 The Wittig reaction.

Scheme 4 The Ugi reaction.
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cated in borosilicate glass has been developed by Ache.56 The
micro device contains a circular wave guide covered by a
sensing membrane. In addition, the micro NIR system contained
an incandescent light source, a NIR micro spectrometer with a
self-focusing reflection grating and NIR diode. At the Uni-
versity of Michigan, Reshni and co-workers62 demonstrated one
early example of Raman spectrometry on a micro device. The
system was fabricated using a Raman microprobe stage coupled
to a capillary electrophoresis chip. Traditionally, Raman
spectroscopy has a limit of detection in the millimolar region,
however Reshni’s micro device achieved a limit of detection in
the micromolar region and below. This was due to the addition
of a preconcentration stage using isotachophoresis. This system
has allowed the successful fingerprinting and quantification of
reactions on-chip.

Commercialisation of micro reactor technology
A commercially available chemical synthesiser using micro
reaction technology already exists, and is produced by IMM-
Mainz. It consists of a pumping module, a micro-reactor that
results in very efficient mixing of reagents, followed by a
capillary to allow time for the reaction to go to completion. The
outflow is then collected for further manipulation by the user.
This could be just the first step along a road which will see the
integration of automated reagent manipulation, reaction mon-
itoring and product purification into a single instrument
containing several interconnected micro reactors, or possibly a
single micro reactor device. In common with microelectronic
chips, once the facilities to fabricate micro reactors are in place,
they become progressively cheaper to produce in quantity. This
should make the production of chemicals in massive parallel
arrays of reactors an economic possibility. It is likely that some
of the peripheral equipment required will still represent a
considerable cost, but this should be set against the potential
increase in productivity per research worker. In addition, the
effective production of molecules in terms of energy, safety and
environmental impact will emerge as important factors in the
future exploitation of micro reactor technology. One of the
underlying features of any future commercially available
automated synthesis system must be versatility. Research is
now moving towards a ‘plug and play’ approach in which the
reaction and detection configurations can be customised. The
next couple of years will undoubtedly see significant develop-
ment in this area of the technology. We should now prepare
ourselves, including university courses for undergraduates, for
the impact the micro reactor is going to have on the whole area
of chemical research and production.
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46 E. Verpoorte, A. Manz, H. Lüdi, A. E. Bruno, F. Maystre, B. Krattiger,
H. M. Widmer, B. H. van der Schoot and N. F. de Rooij, Sens. Actuators,
1992, 6, 66.

47 Z. Liang, N. Chiem, G. Ocvirk, T. Tang, K. Fluri and D.J. Harrison,
Anal. Chem., 1996, 68, 1040.

48 H. Salimi-Moosavi, Y. Jiang, L. Lester, G. McKinnon and D. J.
Harrison, Electrophoresis, 2000, 21, 1291.

49 J.-J. Gau, E. H. Lan, B. Dunn and C.-H. Ho, Micro Total Analysis
Systems 2000, ed. A. van den Berg, W. Olthius and P. Bergveld, Kluwer
Academic Publishers, Dordrecht, 2000, p. 509.

50 A. T. Woolley, K. Q. Lao, A. N. Glazer and R. A. Mathies, Anal. Chem.,
1998, 70, 684.

51 J. S. Rossier, M. A. Roberts, R. Ferrigno and H. H. Girault, Anal. Chem.,
1999, 71, 4294.

52 R. S. Martin, A. J. Gawron, S. M. Lunte and C. S. Henry, Anal. Chem.,
2000, 72, 3196.

53 A. Feustel, J. Muller and V. Reilling, Micro Total Analysis Systems ’95,
ed. A. van den Berg and P. Bergveld, Kluwer Academic Press,
Dorchecht, 1995, p. 299.

54 J. P. Cozen, Appl. Spectrosc., 1993, 37, 753.
55 H. J. Ache, Chem. Ind., 1993, 1, 40.
56 H. J. Ache, Micro Total Analysis Systems ’95, ed. A. van den Berg and

P. Bergveld, Kluwer Academic Press, Dorchecht, 1995, p. 47.
57 R. J. Jackman, T. M. Floyd, M. A. Schmidt and K. Jensen, Micro Total

Analysis Systems 2000, ed. A. van den Berg, W. Olthius and P.
Bergveld, Kluwer Academic Publishers, Dordrecht, 2000, p. 155.

58 I. M. Lazar, R. S. Ramsey, S. Sundberg and J. M. Ramsey, Anal. Chem.,
1999, 71, 3627.

59 M. C. Mitchell, V. Spikmans, F. Bessoth, A. Manz and A. de Mello,
Micro Total Analysis Systems 2000, ed. A. van den Berg, W. Olthius and
P. Bergveld, Kluwer Academic Press, Dordrecht, 2000, p. 463.

60 I. Ugi, R. Meyr, C. Fetzer and C. Steinbrückner, Angew. Chem., 1959,
71, 386.

61 J. Li, C. Wang, J. F. Kelly, D. J. Harrison and P. Thibault,
Electrophoresis, 2000, 21, 198.

62 K. A. Reshni, M. D. Morris, B. N. Johnson and M. A. Burns, Micro
Total Analysis Systems ’98, ed. A. van den Berg, W. Olthius and P.
Bergveld, Kluwer Academic Press, Dordrecht, 1998, p. 109.

398 Chem. Commun., 2001, 391–398



      

Strong intramolecular electronic interactions in an anthraquinone bridged
bis-ethenylphthalocyaninatozinc(II) triad

Andreas Gouloumis,a Sheng-Gao Liu,bc Purificación Vázquez,a Luis Echegoyen*b and Tomás Torres*a

a Departamento de Química Orgánica (C-I), Facultad de Ciencias, Universidad Autónoma de Madrid, Cantoblanco
28049 Madrid, Spain. E-mail: tomas.torres@uam.es

b Department of Chemistry, University of Miami, Coral Gables, Florida 33124, USA. E-mail: echegoyen@miami.edu
c National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, Colorado 80401, USA

Received (in Cambridge, UK) 12th December 2000, Accepted 18th January 2001
First published as an Advance Article on the web 9th February 2001

Two metallophthalocyanines bridged by ethenyl spacers to
an anthraquinone moiety have been synthesized; both
spectroscopic and electrochemical experiments have demon-
strated strong intramolecular electronic interactions be-
tween the phthalocyanine donors and the anthraquinone
acceptor unit.

There has been a great deal of recent research on the properties
of phthalocyanine (Pc)-based molecular assemblies for the
construction of new molecular materials.1 However, few
systems possess sufficient structural constraints to influence the
factors that control electron transfer processes between the
donor and acceptor moieties. 2–4 We describe here the synthesis
and electrochemical behaviour of an anthraquinone (AQ)
covalently linked by ethenyl spacers with two tri-tert-butyl-
phthalocyaninatozinc(II) moieties 1† (Scheme 1), for the study
of intramolecular electronic interactions between the Pc donor
and AQ acceptor.

The synthesis was carried out by palladium-catalysed Heck-
type coupling between tri-tert-butylvinylphthalocyaninato-
zinc(II) (2)5a and 2,6-diiodo-9,10-anthraquinone, which was in
turn prepared by a double Sandmeyer reaction from commer-
cially available 2,6-diamino-9,10-anthraquinone. The model
compound, 2,6-divinyl-9,10-anthraquinone, 4, has been pre-
pared for comparison by a Stille coupling reaction.6

The UV–Vis spectrum of triad 1 in THF shows a split Q-band
at 696 and 675 nm, and a Soret band at 352 nm (Fig. 1). Splitting
of the Q-band in this case could be attributed to an effect of
‘local asymmetry’ in the molecule.5b Importantly, comparing
the spectra with those of the model compound 2 (675, 351 nm)
and tetra-tert-butylphthalocyaninatozinc(II) 3 (672, 348 nm)

reveals a very significant red shift of about 21 and 24 nm for the
Q-bands with respect to 2 and 3, respectively. This indicates a
substantial extension of the p system in triad 1. If this is correct,
there may also be strong intramolecular electronic interactions
between the electron-donating Pc moiety and the acceptor AQ
unit. This is perfectly supported by the electrochemical analysis
discussed below.

Solution electrochemistry of triad 1 and model compounds 2,
3, 4 and AQ in THF was studied by cyclic voltammetry (CV)
and Osteryoung square voltammetry (OSWV). The voltam-
metric results are summarised in Fig. 2 and Table 1. As shown
in Fig. 2, the CV of triad 1 shows that it is electrochemically
active in both anodic and cathodic sweep directions between
+1.2 and 23.0 V. In the anodic scan, all the redox processes are
Pc-based because no oxidations can be observed for either AQ
or its derivative 4 in this potential region. In the cathodic scan,
triad 1 exhibits five reduction waves. Fig. 2 shows that the first
wave is a chemically irreversible process when swept to 20.84

Scheme 1 Synthesis of bis(tri-tert-butylphthalocyanine)–anthraquinone
triad 1, and 2,6-divinylanthraquinone 4. Reagents and conditions: i,
tributyl(vinyl)tin, Pd(PPh3)4, toluene, 100 °C; ii, (MeCN)2PdCl2, Bu4NBr,
Et3N, toluene, 100 °C.

Fig. 1 Electronic spectra of 1 (dashed line), 2 (dotted line) and 3 (solid line)
in THF. [C] ca. 1 3 1025 mol L21.

Fig. 2 CVs (0.1 V s21) for compounds 1, 2, 3, 4 and AQ in THF–TBAPF6

system at room temperature.
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V at 100 mV s21, and the process can be assigned to a Pc-based
reduction when compared to the results observed for the models
2, 3, 4 and AQ. Thus, on the whole, this is a chemically
irreversible Pc-based two-electron process (1e per Pc moiety).
When the sweep (100 mV s21) is extended cathodically to 21.5
V, a second reduction process is observed which is chemically
reversible but electrochemically irreversible (DEp = 146 mV),
and it can be assigned to an overlap of the first AQ-based and
the second Pc-based reductions based on direct comparison, for
a total of three electrons. Similarly, the next two cathodic
processes are assigned to the second AQ-based one-electron
process (DEp = 82 mV) and to the third Pc-based electro-
chemically irreversible reduction, respectively. The fifth reduc-
tion process, which is chemically irreversible, can either be
assigned to the Pc moiety or to the vinyl groups, but a definitive
assignment based solely on comparisons with the model
compounds is not possible.

Interestingly and most importantly, all of the measurements
discussed above show that the redox behaviour of both the Pc
and AQ moieties in triad 1 significantly changed when
compared to those of the model compounds, indicating strong
electronic interactions (inter- and/or intra-molecular) between
the donating Pc and the acceptor AQ at ambient conditions. In
the case of intermolecular interactions, a control experiment
with an equimolar solution of model compounds 2 and AQ was
performed. The results indicate, to some degree, the presence of
intermolecular electronic interactions between the electron
acceptor AQ and the electron Pc donor 2 since there are some
changes in both AQ- and Pc-based redox processes (Table 1).
This is not surprising because Pcs are known to self-aggregate
as well as with other molecules in solution and in the solid state.
Recent results published by us for the [60]fullerene–Pc dyads
also showed similar intermolecular electronic interactions.5a

Although some intermolecular effects are visible, pronounced
differences between triad 1 and the mixture 2 + AQ are
observed, Table 1, especially for the reduction processes.
However, the differences for the reductions between the
mixture and models 2 or 3 are much smaller. This means that
strong intramolecular electronic interactions are present in triad
1 (compare data in Table 1).

In conclusion, the redox potentials of both Pc and AQ
moieties in 1 were significantly changed when compared to the
related models, showing some degree of intermolecular elec-
tronic interactions, but mainly strong intramolecular electronic
interactions between the covalently bonded electron-donating
Pc and the accepting AQ moieties at ambient conditions in the

ground state. This results in a pronounced negative potential
shift for the AQ-based reductions and significant positive
potential shift for the Pc-based reductions in triad 1. Owing to
the significant extension of the conjugation as evidenced by the
large red shift for the Q-bands, the Pc-based oxidations are
negatively shifted.
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Table 1 Electrochemical data (mV vs. Ag/AgCl) for the redox processes of compounds 1, 2, 3, 4, AQ and 2 + AQ (1+1) detected by OSWV in THF solution
(0.1 mol dm23 TBAPF6) at room temperature under identical experimental conditionsa

E1
ox

b E2
ox

b E1
red

b E2
red

c E3
red

b E4
red

c E5
red

b E6
red

b E7
red

d

1 652 868 2764 21076e 21076e 21376 22024 22472
2 790 876 2876 21336 22008 22154
3 912f 2912 21404 22064 22620
4 2840 21348 22620
AQ 2884 21384
2 + AQ 612 808 2864g 2864g 21288 21428 21984h 21984h

a OSWVs were obtained using a sweep width of 25 mV, a frequency of 15 Hz, a step potential of 4 mV, and a quiet time of 2 s on a Windows-driven BAS
100w electrochemical analyzer (Bioanalytical Systems, West Lafayette, IN). b Pc-based. c AQ-based. d Pc- and vinyl-based. e First AQ and second Pc
potentials overlapped. f Two-electron process. g First Pc and AQ potentials overlapped. h Third Pc and Pc-vinyl potentials overlapped.
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The mechanism of the castor stearoyl-ACP D9 desaturase
has been investigated; it has been shown that C–H cleavage
at carbons 9 and 10 is not sensitive to deuterium substitution
and oxo-trapping experiments using thia analogues revealed
that sulfoxidation occurs when the substrate bears sulfur at
the 9 and 10 positions.

Fatty acid desaturases1 constitute an important family of O2-
dependent non-heme diiron-containing enzymes which catalyze
the regio- and stereoselective syn-dehydrogenation of adjacent
unactivated methylene groups. Two structurally unrelated
classes2 of these remarkable catalysts have been identified: a) a
large set of membrane-bound proteins which have a probable
multi-histidine diiron coordination site3 and act on CoA- or
phospholipid-linked substrates; b) soluble plant desaturases
which contain a well-characterized, carboxylate-bridged, diiron
cluster4 similar to that found in methane monooxygenase and
which convert the acyl carrier protein (ACP) derivative of
substrates to the corresponding product (1, 2, Scheme 1). A
generic mechanism for desaturation involves oxidative attack†
to give a very short-lived radical intermediate or its iron-bound
equivalent which then collapses to give the olefinic product
(Scheme 1).‡5 Recently, a number of substrate-based mecha-
nistic probes6 have been developed by Buist et al., using a
convenient, in vivo, yeast D9 desaturase system and some
preliminary information has been obtained for the family of
membrane-bound desaturases which is consistent with the
model presented in Scheme 1.6 However, very little is known
regarding the mechanism of desaturation by the soluble plant
desaturases7 and the issue of whether or not the two classes of
desaturases share the same mechanistic features, has yet to be
addressed. The availability of homogenous preparations of a
soluble plant D9 desaturase from castor seed has prompted us to
turn our attention to the bioorganic chemistry of this enzyme
system. Here, we describe the application of our kinetic isotope
effect (KIE) and ‘thia’ approaches6a–c in the mechanistic study
of the soluble castor stearoyl-ACP D9 desaturase.

Our first experiments involved an attempt to decipher the
cryptoregiochemistry (site of initial oxidation) of desaturation
by determining the individual primary deuterium isotope effects
for each individual C–H cleavage: according to Scheme 1, the
first, energetically difficult, hydrogen abstraction should be
much more sensitive to isotopic substitution than the second
C–H bond cleavage. The required regiospecifically deuterium
labelled substrates 3b,c along with the non-labelled parent 3a
were available from previous studies.§6b 1+1 Mixtures of 3b+3a
and 3c+3a as their ACP thioesters (14 nmol) were incubated
separately with freshly prepared desaturase (0.02 nmol) and
required cofactors7,8 (total volume of 250 mL) under conditions
adjusted to allow ca. 15% conversion of substrate.9 The
reactions were quenched via addition of THF and after
reductive workup (NaBH4), extraction with hexane and deriva-
tization with trimethylchlorosilane (TMCS), the product mix-
tures 6b+6a and 6c+6a were analyzed by GC-MS (60 m SP-23
capillary column, MS scan rate: 2.14 scans s21). The com-
petitive primary deuterium KIE was computed by comparing
the isotopic content of substrates and products6b,c and found to
be kH/kD = 1.03 ± 0.02 at C-9 and kH/kD = 0.95 ± 0.02 at C-10

Scheme 1
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(average of two incubations). Similar results were obtained
when the incubations of 3a–c were run7,8 in the noncompetitive
mode: kH/kD = 1.10 ± 0.10 at C-9 and kH/kD = 1.13 ± 0.18 at
C-10 (average of two incubations). These findings are in
marked contrast with those reported for all membrane-bound
desaturases studied to date.6b,c,10 These include bacterial D5,
protozoan D6, yeast, algal and bacterial D9, insect D9 and D11,
plant and algal D12 and animal and plant w-3. All of these
systems show a similar pattern of isotope effects (one large (kH/
kD = 4–7), one negligible (kH/kD ~ 1)), clearly indicating the
stepwise nature of the reaction for this class of desaturase and
the kinetic importance of the initial C–H activation step. The
absence of a measurable KIE for both C–H cleavages in the case
of the soluble stearoyl-ACP D9 desaturase is almost certainly
due to the fact that these steps are masked by other enzymatic
events such as electron transfer, substrate binding, product
release, etc.11 Thus it is clear that the substantial differences in
protein structure, enzyme location, and substrate head group for
the two classes of desaturases result in very different overall
kinetic mechanisms.

We then turned to our ‘thia’ approach which probes the
relative distance between the putative iron oxidant and substrate
methylene groups by comparing the efficiency of oxo transfer to
9- and 10-thia analogues. In a preliminary set of experiments,
the required pair of thiastearates 4 and 5 along with 3a as control
were incubated separately as their ACP thioesters with soluble
stearoyl-ACP D9 desaturase under conditions similar to those
used for KIE experiments but adjusted for higher conversion
(0.04 nmole enzyme, 10 min incubation). Products of these
incubations were isolated and analyzed by GC-MS as the TMS
derivatives. Under these conditions, the thia substrate bearing
sulfur at the 7-position 3a was cleanly converted to the
corresponding cis-olefinic product 6a; only traces of unreacted
starting material were observed for incubations using 4- and
5-ACP.

To probe for products of oxo transfer, a second set of
incubations was carried out using the ACP-derivative of each
thiastearate (3a, 4, 5, 60 nmol) along with enzyme (4 nmol) and
required cofactors7,8 (in a total volume of 1.5 ml for 30 min).
The CH2Cl2 extracts of reduced (NaBH4) reaction mixtures
were examined by silica gel TLC (90% EtOAc–hexane, H2O
spray detection, detection limit = 1–2 nmole). A search for the
anticipated sulfoxide product alcohols was conducted with the
use of authentic standards.¶ Significantly, only in the case of 9-
and 10-thia substrates (4-, 5-ACP), were the corresponding
sulfoxides (7, 8)  detected (Rf = 0.20 and 0.16, respectively).
Sulfoxidation of 4- and 5-ACP was not observed in the absence
of enzyme or enzyme lacking a supply of NADPH. No sulfones
were detectable. The structural assignments of the sulfoxide
products were confirmed by electrospray MS analysis of
material isolated from the TLC by CH2Cl2 extraction.∑ This
constitutes the first report of an in vitro desaturase-mediated
sulfoxidation and substantiates earlier reports of similar results
for an in vivo yeast D9 desaturase system.12 However, it is
interesting to note that in the latter case, sulfoxidation of a series
of 9-thia-analogues was always more efficient (2–3-fold) than
the production of the corresponding 10-sulfoxides,6a,13 which
led to the conclusion that the site of initial oxidation was at C-9
in good agreement with the observance of a large KIE effect at
C-9 but not at C-10 (see above).6b In contrast, it appears that for
the soluble D9 desaturase, the trend is the reverse: we
consistently see a greater amount of sulfoxide (7–12-fold)††
from the 10-thia substrate (5-ACP) than from the corresponding
9-isomer under conditions of partial and complete substrate
consumption. This clearly implies that the 9-thia substrate is
being converted to additional products possibly arising from
oxidative attack a to the sulfur; experiments designed to address
this issue are currently in progress. In addition, the determina-
tion of the absolute configuration of the sulfoxide products
presents an impressive challenge to the methodology we have
developed previously.6a

In summary, we have demonstrated fundamental differences
in the behaviour of the two major classes of desaturase enzymes

and have taken our first steps towards defining the crypto-
regiochemistry of a structurally well-defined plant stearoyl-
ACP D9 desaturase. It is hoped that these efforts will
complement ongoing active-site X-ray crystallographic work4a

and other mechanistic studies7 on this fascinating catalytic
system.
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An extensive domino sequence, including a vinylogous
sulfur-assisted Beckmann fragmentation, is involved in the
one-pot conversion of a dioxime 3 by S2Cl2 into a cyano-
ethyl-1,2,3-dithiazole 5 and a novel tricyclic pentathiepin 6;
the yield of 6 is increased by added lithium sulfide, and both
5 and 6 are formed in higher yield from 2-(cyanoethyl)cyclo-
pentanone oxime 7; reaction mechanisms are proposed for
these cascade reactions.

Benzopentathiepins have attracted much attention recently
because of their remarkable stability, the very high barrier (up to
ca. 30 kcal mol21) for inversion of the chair-like heterocyclic
ring1 and their potent biological activity. The first naturally
occurring examples varacin 1a1 and lissoclinotoxin A 1b,1,2 and

related dopamine-like structures, have strong antimicrobial and
antifungal activity, selectively inhibit protein kinase C,3 and
varacin is highly toxic towards human colon cancer HCT 116.1
Furthermore 7-methylbenzopentathiepin, lacking the amino-
ethyl group, is a potent thiol-dependent DNA cleaving agent.4
The pentasulfur ring appears to be essential for biological
activity. However, with the notable exceptions of Chenard’s
isothiazolo and pyrazolo pentathiepins5 and Sato’s trithiolo-
benzopentathiepins,6 very little is known about heterocyclic
fused pentathiepins. We now describe an unusual and un-
expected one-pot synthesis of a new polyheteroatom pentathie-
pin 6.

The reaction of simple saturated ketoximes with disulfur
dichloride, S2Cl2, in the presence of tertiary amines provides an
effective one-pot route to 1,2,3-dithiazoles; the initial cyclo-
condensation is followed by extensive dehydrogenation and
chlorination to yield fully unsaturated heteroaromatic prod-
ucts.7 A typical example is the conversion of cyclopentanone
oxime into the deep violet 10 p pseudoazulene 2.8

In an extension of this work we treated the dioxime 3 of
tricyclo[3.3.0]octan-2,6-dione9 (Scheme 1) with S2Cl2 and
Et3N hoping to produce the tetracyclic 18 p bis-dithiazole 4, but
instead we isolated two mono-dithiazoles 5 and 6.

Better yields of products were obtained from silylated
oximes, so we first treated dioxime 3 with TMSCl and Et3N in
boiling THF for 1 h. Then the mixture was cooled (220 °C) and
Et3N (20 equiv.) and S2Cl2 (20 equiv.) were added and the
mixture stirred for 3 d at 4 °C. Chromatography gave a purple
product 5, C8H4Cl2N2S2 (19%) and, in some reactions, a very

minor mauve product 6, C8H4N2S7 (1–3%). The purple product
was similar to cyclopentadithiazole 2 but had a nitrile and two
methylene groups in addition to the five sp2 carbons. Based on
this, and mechanistic considerations, structure 5 was assigned to
this compound. One cyclopenta-1,2,3-dithiazole has been
formed but the second carbocyclic ring has been opened,
together with dehydrogenation and chlorination, as before.7

The mauve product with five extra sulfur atoms in place of
the two chlorines in 5 also showed a cyanoethyl group, but now
one of the methylenes gave a complex signal in the 1H NMR
compounded of two quintets; each quintet was the sum of two
overlapping triplets, suggesting the presence of conformational
isomers. This information supported the (chiral10) structure 6
with a slowly inverting chair-like pentathiepin ring fused to a
cyclopentadithiazole, a new ring system.

The pentathiepin ring in 6 is presumably formed by
substitution of the chlorines in 5 by some nucleophilic sulfur
species. The 7-membered ring could then be completed by
S2Cl2 in a reaction related to the known formation of
benzopentathiepins,2,5,11 the thermodynamically favoured
products. To test this possibility we ran the reaction of dioxime
3 with S2Cl2 as before but after 3 days we added Li2S (20
equiv.), stirred the mixture for 6 h at 4 °C, then added more
S2Cl2 (20 equiv.) at 220 °C and stirred for 20 min.
Chromatography gave a higher yield (17%) of 6 as the only
isolable product.

We then synthesized the dithiazoles 5 and 6 in a more rational
way from preformed 2-(2-cyanoethyl)cyclopentanone oxime
712 to confirm their structures and improve their yields. Firstly,
oxime 7 was treated with S2Cl2 (10 equiv.) and Hünig’s base (10
equiv.) in THF for 3 d at 4 °C to give 5 (47%) and 6 (3%).
Secondly, oxime 7 was treated with S2Cl2 (10 equiv.) and
Hünig’s base (10 equiv.) in THF for 3 d at 4 °C, then with Li2S
(20 equiv.) in THF for 8 h at 4 °C and then with S2Cl2 (10 equiv.
for 18 h at 4 °C and then another 10 equiv. at RT) all in one pot
to give the pentathiepin 6 (30%) as the only product. The same
product was obtained in similar yield (28%) when the final
aliquot of S2Cl2 (20 equiv.) was added in one portion and stirred
for 12 min at RT.

Surprisingly, exposure of the reaction mixture to the final
portion of S2Cl2 (20 equiv.) for longer periods resulted in the

Scheme 1
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formation of 5 as well as 6 and, after 1 d at 4 °C, 5 (25%) was
the only product isolated. Separate experiments showed that 5 is
converted into 6 by excess of sulfide anion followed by S2Cl2,
and that 6 reverts to 5 when treated with excess of S2Cl2 for
longer periods. These results, summarised in Scheme 1, support
the structures of 5 and 6 and a pathway for the formation of 6
from 3 and from 7.

A plausible mechanism, starting for simplicity from the free
oximes, is shown in Scheme 2. Electrophilic attack by S2Cl2 at
one oxime (or silylated oxime) group in 3 is followed by
cyclisation and dehydration to give the 1,2,3-dithiazole 8. Both
sulfur atoms of 8 would activate it to chorination to give 9 in
which the chlorine atom disfavours the Z configuration of the
oxime necessary for formation of the second dithiazole ring, and
the steric repulsion would be greater for the TMS derivative.
Thus Beckmann fragmentation (arrows in 9),13 catalysed by
S2Cl2 or by liberated acid, can supervene to give the cyanoethyl
intermediate 10. This ring fission, which is activated by both
dithiazole sulfur atoms, is a vinylogous version of the long-
known sulfur assisted fragmentation of oximes of b-keto-
sulfides.14 Further chlorination of 10 gives the cyclopenta-
1,2,3-dithiazole 5 isolated. Nucleophilic sulfur species

produced in, or added to, the reaction mixture could afford the
dithiolate 11 and hence, with two equiv. of S2Cl2, the
pentathiepin 6, by a mechanism similar to that proposed by
Toste and Still.11

These one-pot syntheses of the fused pentathiepin 6 from the
mono-oxime 7 or the dioxime 3 provide a new and easy route to
compounds related to the naturally occurring pentathiepins that
are of considerable pharmaceutical and agrochemical poten-
tial.
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The palladium(II)-promoted reaction of a variety of olefins
and bromamine T, as the nitrogen atom transfer reagent,
provided N-tosyl-2-substituted aziridines under mild con-
ditions.

Aziridines have been shown to be valuable starting materials,
for the synthesis of useful nitrogen containing compounds, due
to the highly regio- and stereoselective ring opening reactions
that they undergo.1,2

Recently two copper-catalysed aziridination methods for
olefins have been reported. Whilst the first,3 which involved the
use of PhINNTs, is of wide applicability, the second method that
utilised chloramine T4 or bromamine T,5 as the nitrogen transfer
agent, is limited to non-deactivated olefins. The aziridination
procedure of Bäckvall6 [olefins, Pd(II) and primary aliphatic
amines] also suffers from a similar disadvantage.

We report herein our preliminary results, collected in Table 1,
of a novel PdCl2-assisted aziridination7† of olefins 1, both
simple and electron-deficient, by bromamine T.

An examination of the Table shows that all olefins examined
participate with varying degrees of efficiency. The electron
deficient olefins in general react to give better yields of
aziridines than the simple alkenes. Amongst the former class of
compounds, N,N-dimethylacrylamide (1b) (entry 2) afforded
the highest yield (81%) and phenylvinylsulfoxide (1g) (entry 7)
the lowest (20%). Whilst methyl acrylate (1a) (entry 1) afforded
the synthetically useful aziridine 2a8 in acceptable yield (60%),
as the only isolable product, acrylonitrile (entry 4) however
provided a mixture of bromosulfonamide 3d and the aziridine
2d9 in almost equal amounts‡ (ca. 20%). A methyl substituent

in the b-position 1c (entry 3) completely inhibited the reaction
possibly due to steric reasons. In contrast to styrene (1i) (entry
9) and cyclohexene (1h) (entry 8), which provided negligible
yields of the corresponding heterocycles, allyl alcohol (1j)
(entry 10), containing an additional metal coordinating centre
(OH), afforded the expected product10 in modest yield (40%).
Although the exact nature of the palladium reagent involved in
the reaction is not known, a possible mechanism is outlined in
Scheme 1 for the substrate N,N-dimethylacrylamide. Thus, the
initially formed p-complex 4 leads, on nucleophilic attack by
TsNBrNa,11 to the s-alkylpalladium species 5. Subsequent
intramolecular oxidative addition would furnish the 4-member
palladocycle Pd(IV) 6, which collapses to the aziridine 2b,12

regenerating the Pd(II) salt. Organopalladium(IV) complexes are
known13 and have been occasionally invoked as intermediates
in reactions of Pd(II) species with electrophiles.14

In conclusion a mild one-pot procedure for the preparation of
N-tosyl-2-substituted aziridines§ is reported. Further experi-
ments to define the palladium species involved in the process
and the stereochemical aspects of the reaction are in progress.
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A new reaction, electrolytically induced adduct transfer
between [60]fullerene mono-adducts, leads to bis-adducts
with a unique regioisomer distribution.

Cyclopropanation of fullerenes by the addition of malonate
derivatives (the Bingel reaction) has been widely used for the
preparation of fullerene adducts.1 The groups of Diederich and
Echegoyen reported the reverse of this reaction, the retro-Bingel
reaction, an electrolytic reduction reaction performed in
dichloromethane, which efficiently removes di[alkoxycarbo-
nyl]methano (Bingel) adducts to yield the parent fullerene (see
Scheme 1).2 The ‘Bingel–retro-Bingel’ strategy as a protection–
deprotection scheme has already found several uses in fullerene
chemistry, such as the isolation of enantiomerically pure C76

2a

and of a new C2v-C78 bis-adduct,2b and in the separation of
constitutional isomers of C84.2c The groups of Diederich and
Echegoyen also described a chemical retro-Bingel reaction
(using Mg/Hg, THF, heat) which also efficiently removes the
Bingel addends.3

Very recently we reported that the range of fullerene adducts
that can be removed via electrolytic reduction is not limited to
di[alkoxycarbonyl]methano adducts (see fullerene 3), but
includes those present in structures 1 and 2 (Scheme 1).
Controlled potential electrolysis (CPE) in dichloromethane
after the first (2) and third (1) electrochemical reduction wave
induces the efficient removal of the adducts, to form the parent
C60.4

While electrolytic reduction can lead to the efficient removal
of the adducts mentioned, it has been shown that methano-
adduct formation can also result from the reaction between
electrolytically prepared fullerene anions and dihalo-com-
pounds, even with dichloromethane.5 Dichloromethane reacts
efficiently with the [60]fullerene trianion to form methano-
fullerenes of the type C60 > (CH2)n,5b and forms similar adducts
with C84 [C84 > (CH2)n] during the reductive retro-Bingel
reaction of di[alkoxycarbonyl]methano-adducts of C84.2c In
order to avoid these reactions and to further explore the
potential and mechanism of the electrolytic methods of
fullerene adduct removal, we decided to investigate the
electrolysis of compounds 1–3 in THF. In the process we found
an electrochemically induced intermolecular reaction that leads
to the formation of multiple fullerene adducts.6

The cyclic voltammograms of the methanofullerenes 1 and 2
in THF are shown in Fig. 1.7 These compounds exhibit
irreversible electrochemistry in THF, similar to that observed in
dichloromethane. Compound 1 exhibits, in addition to several
reversible electrochemical processes, an irreversible reduction
process between the first and third reduction potentials whilst 2
undergoes an initial two-electron reduction, followed by a one-
electron reduction. The irreversible behavior presumably results
from the cleavage of one of the cyclopropane bonds connecting
the addend to C60 after reduction.8

Compounds 1 and 2 were subjected to CPE in 0.1 M
NBu4PF6–THF and the products were separated and analyzed.
CPE of 1 was performed at ca.100–150 mV more cathodic than
the third, reversible, reduction wave (Fig. 1, arrow a); 2.7
electrons per molecule were discharged and clear changes in the
CV and OSWV were observed, indicating that a chemical
reaction had taken place. Subsequent re-oxidation at 0 V and
purification of the product mixture by column chromatography
(eluent: toluene) yielded fullerene products in ca. 91% yield.
Analysis of this mixture by HPLC, UV–VIS spectroscopy, and
MALDI-TOF spectrometry clearly showed the formation of C60
as the main product (41%). Thus reductive electrochemistry
removes the addend in THF (as also observed in CH2Cl2),
leading to the formation of C60. A second fraction (39%)
containing the starting material 1 was also recovered. Inter-
estingly and unexpectedly, a third fraction (11%) with a higher
polarity was also isolated. Analysis showed this fraction to be
composed of the bis-adducts: fullerenes with two spiro-
anthraquinone groups attached (MALDI-TOF: m/z 1104).

CPE of 2 in THF was performed after the first two-electron
reduction wave (Fig. 1, arrow b), and 1.8 electrons per molecule
were discharged. Re-oxidation and purification yielded 81% of
fullerene products, consisting of 40% C60, 27% recovered 2,
and 14% of bis-adducts. Adduct removal is also the main

Scheme 1 Protective group system for fullerenes: synthesis of methano-
fullerenes 1–3 and subsequent adduct removal by reductive electro-
chemistry. Fig. 1 Cyclic voltammograms of 1 and 2 in THF.
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reaction pathway but again a significant amount of re-
gioisomeric bis-adducts was isolated (MALDI-TOF: m/z 1010).
A separate CPE experiment conducted after the second
reduction wave (Fig. 1, arrow c) discharged 3.0 electrons and
led to similar results (C60+2+bis-adducts 7 = 35+30+19%).

As stated in the introduction, Bingel-adduct removal from
fullerenes like 3 by electrochemical (CH2Cl2) or chemical
reduction (THF) yields C60 and starting material (Scheme 1).2
However, no bis-adduct formation was observed using either of
these reductive methods. In view of the results already
described for 1 and 2 in THF, we decided to electrolyze 3 in the
same solvent. CPE after the second reduction wave of 3
discharged 2.6 electrons, considerably less than the typical
value obtained in CH2Cl2 (4.0 electrons). Re-oxidation and
purification gave fullerene products in a quantitative yield, with
62% C60 and 38% 3. Interestingly, no bis-adducts were
detected. Thus profound mechanistic differences exist between
the behavior of 1 and 2 and that of 3 under electrolytic
conditions.

Our electrochemical experiments show that in THF (but not
in CH2Cl2) there is a second reaction pathway, besides simple
addend removal, that leads to bis-adduct formation. The
regioisomer distribution of these bis-adducts is of great interest,
as this could provide information on the mechanism of this
intermolecular adduct crossover reaction. The unambiguous
assignment of regioisomers of several fullerene bis-adducts has
been described in detail by Hirsch et al.9 The quantities of bis-
adducts that are isolated from the electrolysis experiments in
THF are small (typically ca. 0.5 mg), thus for characterization
purposes we prepared a large amount of the bis-adduct
regioisomer mixture (defined as 7) using the same synthetic
procedures used to prepare the original compound, 2.10 We
separated the regioisomeric bis-adducts 7 on a preparative
HPLC column (eluent: toluene). The structures of the different
fractions were assigned by 1H NMR spectroscopy and UV–VIS
spectroscopy: trans-2 14%, trans-3 16%, e 41%, cis-3 5%, cis-2
19%. The regioisomers of the bis-adducts obtained by elec-
trolysis were then assigned using HPLC. The two CPE-
experiments performed with 2 at different reductive potentials
yield similar regioisomer distributions, which are clearly
different from that obtained by the regular synthetic route (CPE-
b: trans-2 3%, trans-3 7%, e 37%, cis-3 49%; CPE-c: trans-2
6%, trans-3 11%, e 43%, cis-3 37%).11 The electrochemical
formation of the cis-3 bis-adduct as one of the predominant
regioisomers is particularly remarkable. Such a relatively large
percentage of the cis-3 bis-adduct regioisomer had never been
seen before during the preparation of bis-Bingel-adducts9 or
bis-methanofullerenes 7, nor during bis-adduct formation
obtained via ‘shuffle-isomerization’ of bis-Bingel adducts12 or
by retro-Bingel of tris-adducts.13 This offers a possible clue
about the mechanism of the reaction in THF.

A possible mechanism to explain these observations is shown
in Scheme 2 for 2. Reductive electrochemistry heterolytically
opens the cyclopropane ring, leading to charge formation in the
addend as well as in the fullerene core.8 Two pathways are then
possible: (1) the addend can be removed from the fullerene,
leading to C60 formation, or (2) the anionic addend can add to
another fullerene via the depicted intermediate 6, leading to the
corresponding bis-adducts.14 One possible explanation for the
favored formation of the cis-3 and e isomers is the existence of
an intermediate like 5, where both addends interact with the two
fullerene cores. Molecular mechanics modeling15 shows that 5
is highly unfavored for the trans isomers while the resulting cis-
1 and cis-2 bis-adducts products have higher energy than the
cis-3 and e.

In conclusion, we have shown an electrolytically induced
adduct transfer between fullerenes. The unique bis-adduct
regioisomer distribution found deviates significantly from that
obtained by the direct synthetic route. These observations are
potentially useful for the preparation of specific regioisomer
bis-adducts. Mechanistic studies are underway to understand
these reaction pathways.
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The phenylalanine-bridged dicatechol ligand L-H4 forms
under kinetic reaction conditions a double-stranded dinu-
clear titanium(IV) complex [(L)2Ti2(OCH3)2]22, as a mixture
of seven regio- and stereo-isomers, which in solution
transforms into the thermodynamically favored major
product and two minor side products.

Peptides are biopolymers which are built up from amino acid
monomers. Hereby hydrogen bonding, electrostatic and steric
interactions of the amino acid residues lead to the formation of
a-helical, b-sheet, turn or random coil structures.1 Recently we
introduced amino acids as spacers into dicatechol ligands to use
the unique features of this moiety for the formation of
helicates.2,3

When we perform a complexation study of the phenyl-
alanine-bridged dicatechol ligand L-H4 with [TiO(acac)2] and
alkali metal carbonate in methanol (15 h, r.t.), we obtain red
solids (Scheme 1). Negative ESI MS in methanol (Fig. 1 shows
the spectrum of the sodium salt as a representative example)
reveals that only traces of a triple-stranded helicate-type

complex M4[(L)3Ti2] {m/z = 698, charge 22, Na2[(L)3Ti2]22}
are present while the major component M2[(L)2Ti2(OCH3)2] is
composed of two ligands L, two titanium(IV) ions and two
coligands CH3O2 {for M = Na: m/z = 1017, charge 12,
Na[(L)2Ti2(OCH3)2]2; and m/z = 497, charge 22,
Na2[(L)3Ti2]22}. The isotopic patterns are in accordance with
the proposed formulae.

Stack and coworkers already reported a similar dinuclear
iron(III) complex. They were able to control the formation of
double- versus triple-stranded complexes by the stoichiometry
of the components.4 With our system we could not shift the
reaction towards the triple-stranded complexes M4[(L)3Ti2].

The NMR spectra of the complexes M2[(L)2Ti2(OCH3)2] are
very complicated because of the directionality5 of the ligand L
and of the stereochemistry at the complex units.6 Fig. 2 shows
a schematic representation of the different stereo- and regio-
isomers which can be formed. The two directional ligands (N-
versus C-terminus) can be orientated parallel or antiparallel to
each other and the two complex units can be homo- or hetero-
chiral. The isomers I, II and IV–VII possess a C2 axis and lead
to only one set of NMR signals for the ligands, whereas III
possesses C1 symmetry and thus would result in two sets of
signals. If a 1H NMR spectrum of freshly synthesized (r.t., 15 h,
methanol) [(L)2Ti2(OCH3)2]22 in methanol-d4 is recorded, up
to eight sets of signals—all seven isomers—are observed [Fig.
3 (top), only the signals of one of the diastereotopic benzylic
CH2N protons are shown, the other signals are partly over-
lapping and cannot be interpreted unambigously].

After two weeks at room temperature the spectrum gets much
simpler and one major (a) and two minor species (b, c) are
observed [Fig. 3 (bottom)]. From the NMR spectrum it is seen
that the complexes which are present in significant amounts
belong to the C2-symmetric isomers I, II and/or IV–VII.

Scheme 1

Fig. 1 Negative ESI mass spectrum (methanol) of Na2[(L)2Ti2(OCH3)2].

Fig. 2 Schematic representation of the possible isomers of the double-
stranded complex [(L)2Ti2(OCH3)2]22. Only the two directional ligand
strands L are shown as arrows. Additionally, the configuration at the
complex units (L or D) and at the ligand are indicated. Bold lines are at
front, thin lines are at the back.
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Following the optical rotation of [(L)2Ti2(OCH3)2]22 (c = 0.1,
methanol, 20 °C) we observed a drop of [a]D from +70° to about
0° within 18 days. Those results indicate that under kinetic
control a mixture of complexes is formed which slowly
transforms in solution into the thermodynamically most stable
coordination compounds as the major product.7 The decrease of
the optical rotation gives some evidence that, initially, the
helical isomers IV–VII, which should lead to high [a]D values,8
are formed in significant amounts but are only minor species in
the thermodynamically favored mixture. Model considerations
indicate, that for the helical structures IV–VII the stabilizing
intramolecular hydrogen bonding is disturbed.

The X-ray structure of Li2[(L)2Ti2(OCH3)2] (Fig. 4) shows a
central four-membered [Ti(m-OCH3)]2 unit which is bridged by
two ligands L.† The two ligands L are orientated in opposite
directions and are bound in a ‘side-by-side’ fashion to the metal
centers leading to a ‘meso’-relation between the two complex
units . This unsymmetrical isomer III, which should lead to two
sets of signals by NMR, cannot be detected in significant
amounts in solution. Investigation of a second crystal showed
the presence of the same isomer III.

A conformational analysis following Ramachandran’s
method1 shows that one of the ligands adopts a conformation as
found in left-handed a-helical peptides (F = 80.53°, Y =
30.69°) whereas the other one has a conformation somewhere
in-between a right-handed helix and a sheet structure (F =
2115.11°, Y = 5.80°).1

Herein we presented the coordination chemistry of the
phenylalanine-bridged dicatechol ligand L with titanium(IV)
ions. ESI MS shows that the ligand L preferably forms double-
stranded coordination compounds [(L)2Ti2(OR)2]22 and not
triple-stranded helicate-type complexes [(L)3Ti2]42. Hereby a
complex mixture of isomers which is obtained under kinetic
control transforms in solution within several days into the more
simple ‘thermodynamic’ product mixture.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie. We thank

Professor Dr M. Kappes and the Nanotechnology Institute,
Forschungszentrum Karlsruhe for facilitating the ESI-MS
measurements.
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group P21 (no. 4), a = 9.404(1), b = 22.726(1), c = 15.382(1) Å, b =
95.04(1), V = 3274.7(4) Å3, m = 3.22 cm21, Z = 2, T = 198 K, 17559
reflections collected (±h, ±k, ±l), 10574 independent (Rint = 0.062) and
6559 observed reflections [I ! 2s(I)], R = 0.068, wR2 = 0.121, Flack
parameter 0.01(6).
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Fig. 3 Part of the 1H NMR spectrum (methanol-d4) of Li2[(L)2Ti2(OCH3)2]
(only the signal of one of the diastereotopic protons in benzylic [NCH2]-
position is shown). (Top) spectrum of a freshly prepared (r.t., 15 h,
methanol) sample of Li2[(L)2Ti2(OCH3)2] showing up to eight doublets (a)–
(h) (? seven isomers) (‘kinetic control’). (Bottom) spectrum after two
weeks at room temperature in methanol-d4 with the dominating species (a)
and the minor components (b) and (c) (‘thermodynamic control’).

Fig. 4 SCHAKAL representation of the molecular structure of the dianion
[(L)2Ti2(OCH3)2]22 in the crystal. Selected distances (Å) and angle (°) for
the central four-membered ring: Ti(1)…Ti(2) 3.188(1); Ti(1)–m-O(1/2)
1.996(6), 2.018(6); m-O(1)–Ti(1)–m-O(2) 73.1(2). Distances (Å) of the
intramolecular hydrogen bonds: N–H/H…O 0.854/2.508, 0.866/2.055,
0.780/2.229 and 1.101/1.786.
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The diyndiyl complex {Fe2(CO)6(m-PPh2)}2(m-C·C–C·C)
reacts with P(OMe)3 or NHEt2 to give products derived from
addition to Ca and facile P–C, N–C and/or C–C bond
formation.

Transition metal diyndiyl (M–C·C–C·C–M) complexes are
members of a rapidly expanding class of organometallic
molecules bearing poly-unsaturated, all-carbon molecules as
ligands. While the synthesis of compounds featuring polyynyl
and polyyndiyl ligands has advanced rapidly,1 the reactivity of
these carbon-rich materials is relatively unexplored.2 Herein we
describe some remarkable reactions of the diyndiyl complex
{Fe2(CO)6(m-PPh2)}2(m-Ca·Cb–Cg·Cd) (1) with the nucleo-
philes NHEt2 and P(OMe)3.

The tetra-iron diyndiyl complex {Fe2(CO)6(m-PPh2)}2(m-
Ca·Cb–Cg·Cd (1), previously obtained in only very low yields
from a two-step reaction,3 may be conveniently obtained (35%)
directly from the reaction of Fe3(CO)12 with Ph2PC·CC·CPPh2
in THF via a facile P–C (alkynyl) bond cleavage reaction.
Treatment of 1 with an excess of P(OMe)3 in benzene resulted
in the formation of the dark red adduct 2 (Scheme 1, Fig. 1),4,5†
together with the simple phosphite-substituted complexes
{Fe2(m-PPh2)(CO)5[P(OMe)3]}(m-C·CC·C){Fe2(m-PPh2)-
(CO)5(L)} [L = CO, P(OMe)3]. Compound 2 is derived from
addition of the phosphite reagent to only one ynyl functionality
of the original butadiyndiyl ligand at Ca, followed by migration
of the associated diphenylphosphido group to Cb and P–C bond
formation to give a simple 2e-phosphine. This contrasts with the
reactions of the analogous mono-acetylide complex Fe2(m-
C·CPh)(CO)6(m-PPh2) with P(OR)3 (R = Me, Et, Bun) which
gave Fe2(CO)6{C[P(OR)3]CPh}(m-PPh2) quantitatively.6 An
examination of the molecular structure of the Et product
suggests that Cb is sterically protected by both P(OEt)3 and Ph
groups, which probably hinders the migration of the PPh2
moiety.6

While 1 failed to react with the bulky reagents dicyclohex-
ylamine and diphenylamine (benzene, 80 °C), treatment of 1
with an excess of NHEt2 (r.t., 2 d) resulted in the formation of
purple 3 (Fig. 2) and red 4 (Fig. 3) in 19 and 33% yield
respectively (Scheme 1).4,5 Complex 3 contains two Fe2(CO)6
moieties bridged by an unusual 1-diethylamino-3-diphenyl-
phosphinobuteneylidene ligand, obtained from 1,2-addition of
the amine N–H bond across one acetylide moiety in 1, with
migration of a PPh2 phosphino group to Cg. The major product
4 is also derived from 1,2-addition of the amine to the carbon
ligand, although in this case it is a carbonyl ligand rather than
the PPh2 group that has migrated from iron to Cg yielding the
five-membered metallacyclic ligand. The addition of the

† Electronic supplementary information (ESI) available: reaction details
and spectroscopic data. See http://www.rsc.org/suppdata/cc/b0/b009797g/

Scheme 1 Reaction of 1 with P(OMe)3 and NHEt2.

Fig. 1 ORTEP drawing of 2. Selected bond lengths (Å) and angles (°):
Fe(1)–Fe(2) 2.6033(4), Fe(3)–Fe(4) 2.5754(4), C(1)–C(2) 1.498(3), C(2)–
C(3) 1.443(2), C(3)–C(4) 1.229(3), Fe(1)–C(1) 2.025(2), Fe(2)–C(1)
1.9457(2), Fe(2)–C(2) 2.072(2), Fe(1)–P(1) 2.2316(6), P(1)–C(2) 1.782(2),
Fe(3)–C(3) 2.469(2), Fe(3)–C(4) 2.105(2), Fe(4)–C(4) 1.906(2), P(3)–C(1)
1.708(2); C(1)–C(2)–C(3) 126.5(1), C(2)–C(3)–C(4) 162.2(2), C(3)–C(4)–
Fe(4) 171.5(2), Fe(1)–P(1)–C(2) 86.10(7).
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nucleophile is accompanied by significant rearrangement of the
metal framework. The regiospecific 1,2-addition of NHEt2 to
Ca/Cb in the diyndiyl complex 1 is unusual in that the
corresponding mono-ynyl iron complexes give b-addition
products exclusively,7 while the related ruthenium diynyl
compounds give products derived from 1,4-addition of an N–H
bond.8

Further studies of these remarkable rearrangements, which
proceed with total atom conservation and demonstrate facile

N–C, P–C and C–C bond formation involving the diyndiyl
ligand, are in progress.

We are grateful to the National Research Council of Canada
and the Natural Sciences and Engineering Research Council of
Canada for financial support of this work. We thank Dr H.
Puschmann for crystallographic assistance. P. J. L. held an
NRC/NSERC Canadian Government Laboratories Visiting
Fellowship.
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Fig. 2 Molecular structure of one molecule of 3. Selected bond lengths (Å)
and angles (°): Fe(1)–Fe(2) 2.665(2), Fe(3)–Fe(4) 2.540(2), Fe(1)–C(1)
2.020(9), Fe(1)–P(1) 2.233(3), N(1)–C(1) 1.33(1), P(1)–C(3) 1.813(9),
Fe(2)–C(1) 2.458(9), Fe(2)–C(2) 2.033(9), Fe(2)–C(3) 2.212(9), Fe(3)–
C(4) 1.95(1), Fe(4)–C(4) 1.933(9), C(1)–C(2) 1.43(1), C(2)–C(3) 1.46(1),
C(3)–C(4) 1.40(1); Fe(1)–P(1)–C(3) 98.9(3), Fe(1)–C(1)–N(1) 127.4(7),
N(1)–C(1)–C(2) 118.2(8), C(2)–C(3)–C(4) 121.4(8).

Fig. 3 Molecular structure of 4. Selected bond lengths (Å) and angles (°):
Fe(2)–Fe(3) 2.831(1), Fe(3)–Fe(4) 2.582(1), Fe(1)–P(1) 2.315(1), Fe(1)–
C(1) 2.008(3), Fe(1)–C(5) 2.032(3), N(1)–C(1) 1.324(4), C(1)–C(2)
1.457(5), C(2)–C(3) 1.434(4), C(3)–C(4) 1.390(5), C(3)–C(5) 1.518(5),
Fe(2)–C(2) 2.110(3), Fe(2)–C(3) 2.015(3), Fe(2)–C(4) 2.034(3), Fe(3)–
C(4) 2.036(3), Fe(4)–C(4) 1.928(3); Fe(1)–P(1)–Fe(2) 106.14(4), Fe(1)–
C(1)–N(1) 130.3(3), N(1)–C(1)–C(2) 117.8(3), C(1)–C(2)–C(3) 114.6(3),
C(2)–C(3)–C(4) 119.9(3), C(2)–C(3)–C(5) 114.1(3), Fe(4)–C(4)–C(3)
140.6(2).
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The solvent strength and polarity of four imidazolium and
pyridinium based ionic liquids, as measured using two
different fluorescent probes, indicate that these liquids are
more polar than acetonitrile but less polar than methanol.

The realization that pollution prevention is frequently more cost
effective than remediation has catalyzed tremendous effort in
the development of environmentally benign solvents and
processes. Room-temperature ionic liquids (ILs) are one such
class of solvents. They are organic molten salts that in their pure
state are liquids at temperatures around ambient. The typical IL
is based on a bulky N-alkylpyridinium or N,NA-dialkyl-
imidazolium cation, with a variety of substituents paired with a
variety of anions. These, along with alkylammonium and
alkylphosphonium compounds, are most popular.1 Interest-
ingly, even though ILs are organic solvents, they exhibit
vanishingly small vapor pressures.2,3

Since the synthesis of air- and water-stable ionic liquids in
1992,4 they have been widely explored as solvents and/or
catalysts in synthetic chemistry. Welton1 has reviewed many of
these reaction studies in a recent paper. For example, catalytic
hydrogenation of cyclohexene5 using rhodium based homoge-
neous catalysts and hydrogenation of olefins6 using ruthenium
and cobalt based homogeneous catalysts in several ionic liquids
showed enhancement in reaction rates and selectivity, compared
to normal liquid solvents. In addition, very recent efforts have
explored the separation of organic solutes from ILs with water7

and with carbon dioxide,8 as well as their use in the extraction
of metal compounds such as strontium nitrate.9

A significant barrier to the use of ILs is the absence of
understanding of how the structure of the IL affects its physical
properties and solvent strength. Perhaps more importantly, there
is a lack of understanding of how solvent strength and solvent
polarity of various ILs affect reaction rates. Since polarity and
polarizability are the simplest indicators of solvent strength,
organic solvents are frequently classified on their ability to
dissolve and stabilize dipolar or charged species. Fluorescent
probes are commonly used to determine the solvent strength of
organic solvents and recent studies indicate that these probes
can be used to determine the solvent strength of ILs. For
example, the solvent strength of alkylammonium thiocyanate
organic salts was determined to be similar to cyclohexanone
using fluorescent probes such as pyrene.10 Bonhote et al. found
that the solvent strength of 1-ethyl-3-methylimidazolium bis-
(triflyl)amide, using pyrene and pyrenecarbaldehyde, was
similar to ethanol and hexane respectively, depending on the
choice of the fluorescent probe.11 In the present paper we report
on the polarity of several ILs, (I–IV, Fig. 1) as measured by two
fluorescent probes (V and VI).‡

While betaine dye (Reichardt’s dye) is a common probe used
to measure the polarity of homogeneous media,12 neutral
fluorescence probe molecules may be preferred when the large
size and charge on the betaine dye is problematic. However, it
is still quite common to express microscopic polarities in terms
of the absorption energy of the betaine dye, ET(30). Another
advantage with the fluorescent probes is that multiple solvent

sensitive parameters, e.g. the location of the fluorescence
maximum, the fluorescence quantum yield and the fluorescence
lifetime, can be monitored. Taking this into consideration, we
have chosen AP (V) and DAP (VI), fairly small, neutral
molecules whose fluorescence properties are known to be
highly sensitive to the polarity of the media13–15 to explore the
solvent strength of [bmim][PF6], [C8mim][PF6], [bmim]NO3]
and [N-bupy][BF4] (I–IV). The fluorescence properties of these
probe molecules are shown in Table 1 in several protic and
aprotic organic solvents. All three properties are very sensitive
to the nature of the medium. The effect of the nature of the
solvent on the fluorescence properties of these probes has been
discussed in detail elsewhere.12–14

The frequency maxima, lifetimes and quantum yields of AP
and DAP correlate reasonably well with the microscopic solvent
polarity parameter, ET(30). For instance, the lmax of AP can be
related to the ET(30) by ET(30) (kcal mol21) = 0.225 lmax(nm)
2 62.677 with a correlation coefficient of 0.94. We use these
probes as general measures of the solvent strength of the various
ILs shown in Fig. 1. As a result, we also report the equivalent
ET(30) values determined from these correlations.13,14

The fluorescence properties of DAP were measured in four
different ILs I–IV. The results are shown in Table 2, along with
the equivalent ET(30) values estimated from the correlations
that are obtained using the data given in Table 1. It is interesting
to note that the solvent strength [as indicated by the equivalent
ET(30) values] of the ILs, does not depend very strongly on
which fluorophore is used, as demonstrated by the measure-
ments in I. Moreover, the values do not depend strongly on what
particular fluorescence parameter (lmax, fluorescence lifetime
or quantum yield) is used. These data provide more convincing
estimates of the solvent strength than a single ET(30) measure-
ment. Nonetheless, we did measure the ET(30) value of I using
Reichardt’s dye. A value of 55 kcal mol21 was obtained and this
value compares reasonably well with the estimated values
reported in Table 2.

All of the ILs exhibit solvent strengths as great or greater than
the most polar aprotic solvent (acetonitrile) shown in Table 1.
Clearly, these ILs are more polar than hexane, as has been
suggested previously for some other ILs.11 In fact, the
equivalent ET(30) values for the ILs fall in the range of the
various alcohols. The data presented in Table 2 suggest that both
I and III provide more polar environments than those offered by

† Present address: School of Chemistry, University of Hyderabad, Hyder-
abad 500046, India. E-mail: assc@uohyd.ernet.in Fig. 1 Structures of fluorescent probes and ionic liquids.
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II and IV. In addition, we can conclude that replacing the
counter ion, PF26 , by NO23 does not change the apparent polarity
of the medium. This may be caused by the fluorophore
preferentially positioning itself near the imidazolium ring, thus
not being significantly influenced by the anion. The fact that I
is determined to be more polar than II is understandable, as an
octyl group is expected to provide a more hydrophobic (hence
non-polar) environment than the butyl substituent.

These ILs are expected to be at least partially miscible with
water. In fact, measurements in our laboratory indicate that the
equilibrium solubility of water in I at room temperature is ca.
1.735 M. In addition, the ILs are hygroscopic. In general, we
would expect the probes used in the current work to be sensitive
to the presence of water. To reduce the amount of water in the
samples, they were dried in vacuo for at least 48 h at room
temperature. Subsequent analysis by Karl–Fisher titration
suggests that the water content is reduced to ca. 0.43 wt%
(0.324 M) with this treatment. To further explore the effect of
water on the measured ET(30) values, I was dried under even
more stringent conditions, (in vacuo at 75 °C for 24 h), and
Karl–Fisher analysis indicates that the water content should be
down to 0.015 M. The fluorescence properties of DAP in this
dried salt were measured and are shown at the bottom of Table
2. As expected, the fluorescence properties of the DAP in the
dried sample did change somewhat, but the estimated ET(30)
values indicate that the overall solvent strength of the sample is
only reduced slightly from the previous measurements. Thus,
we are confident that the solvent strengths of the ILs shown in
Table 2 are faithful indications of their relative polarities.

In conclusion, the solvent strengths of I–IV, as represented
by their equivalent ET(30) values, have been estimated using

two fluorescent dyes. The results indicate that I is more polar
than acetonitrile and less polar than methanol. The replacement
of the counter ion, PF26 , by NO23 did not change the apparent
polarity of the medium. Also, both I and III provide more polar
environments than those offered by II and IV. The presence of
small amounts of water was found to have only a small effect on
the estimated ET(30) values.

We appreciate the supply of samples of II, III and IV from
the group of Professor Kenneth R. Seddon at the Queen’s
University of Belfast. In addition, financial support from the
Environmental Protection Agency (R826734-01-0) and the
National Science Foundation (EEC97-00537-CRCD) is grate-
fully acknowledged. The Notre Dame Radiation Laboratory is
supported by the Division of Chemical Sciences of the U.S.
Department of Energy. This is contribution No. NDRL 4254
from the Notre Dame Radiation Laboratory.
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Table 1 Fluorescence properties of the probe molecules in selected organic solvents at room temperature13,14

AP13,14 DAP13,14

Solvent
Relative
permittivity

ET(30)12/
kcal mol21 lmax

fluo/nm ffluo tfluo/ns lmax
fluo/nm ffluo tfluo/ns

Hexane 1.887 31 416a 437a

Diethyl ether 4.2 34.5 425 440
1,4-Dioxane 2.21 36 435 0.73 15.0 457 0.62 14.9
Tetrahydrofuran 7.58 37.4 445 0.7 12.4 459 0.52 13.8
Acetone 20.56 43.1 457 0.68 483 0.17
Acetonitrile 35.94 45.3 458 0.63 14.0 490 0.12 3.9
tert-Butyl alcohol 12.42 43.5 501 516
Propan-2-ol 19.92 48.5 505 523
Ethanol 25.3 51.9 509a 523a

Methanol 32.66 55 518 0.1 534
Water 78.3 63.1 540 0.01 562
a These values were estimated using the ET(30) values and the correlations developed.

Table 2 Fluorescence properties of DAP in ILs at room temperature and the
estimated ET(30) values (kcal mol21) in parentheses for the ILsa

DAP

Solvent lmax
fluo/nm ffluo tfluo/ns

[bmim][PF6] 526 (52.39) 0.028 (51.69) 2.9 (46.16)
[C8mim][PF6] 503 (46.84) 0.18 (47.16) 8.5 (41.51)
[bmim][NO3] 525 (52.14) 0.045 (51.18)
[N-bupy][BF4] 495 (44.91) 2.51 (46.48)
[bmim][PF6] (dried) 512 (49.01) 0.036 (51.44)
a The steady state emission spectra were obtained in a 1 3 1 cmSuprasil
quartz cell using a SLM-AMINCO 8100 spectrofluorometer. The fluores-
cence lifetime measurements were obtained with a PTI laserstrobe
fluorescence spectrometer with excitation at 337 nm.
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Synthesis gas was produced by pulsed irradiation of
electrons on a mixture of CH4 and CO2 (or H2O) at low
temperature and atmospheric pressure without catalysts;
especially in the CO2 reforming reaction, the H2+CO ratio
could be controlled and depended on the concentration of
CO2 in the feed gas.

Authors have shown that when dc pulse discharge (DCPD) was
applied to non-catalytic activation of methane, dehydrogenation
of methane proceeded by electron collision and acetylene was
produced with 95% selectivity under the conditions of ambient
temperature and atmospheric pressure. Coexisting oxygen was
found to be very effective in suppressing carbon deposition.1 In
this paper, carbon dioxide or steam was added, a possibility to
produce synthesis gas was examined. Because carbon dioxide
and steam reforming of methane are highly endothermic
reactions, these reactions require temperatures > 800 K in the
presence of catalysts. It has been reported that carbon dioxide
reforming of methane with plasma techniques, such as di-
electric-barrier discharge2,3 and radio-frequency discharge,4
give syngas at ambient temperature.

A flow-type tubular discharge reactor (4.0 mm i.d.) used in
the present study is the same as that reported previously.1 In the
steam reforming reaction, water was fed as liquid with the micro
feeder and vaporized in the preheater upstream of the reactor at
453 K. Before sampling, water was trapped in an ice trap. The
temperature of the whole reactor and line to the ice trap was
maintained at 453 K to prevent condensation. Carbon dioxide
reforming was conducted at ambient temperature. Stainless
steel rods of 1.0 mm diameter were used as the electrodes and
were located 1.5 mm or 10.0 mm apart. The total flow rate was
fixed at 10 cm3 min21. All experiments were conducted at
atmospheric pressure and all the products were analyzed by gas
chromatography. Product selectivity was defined as based on
the carbon.

In the presence of CO2 or steam, the state of discharge was
stable and carbon deposition on the electrodes and the wall of
the reactor was not observed. Table 1 shows the effect of
supplied energy on CO2 and steam reforming of methane. Since
trace amounts of C3 and C4 hydrocarbons were produced, the
sum of the selectivity did not reach 100%. In the reforming
reaction, CO was formed as well as C2 hydrocarbons in both

reaction systems. Also, in the presence of steam, CO2 was
produced by the water gas shift reaction. Although the
formation of CO2 is one of the serious problems in the
conventional steam reforming process for making syngas, its
selectivity was as low as 4% in the DCPD method in spite of the
low reaction temperature of 453 K. The main component of C2
compounds was acetylene, so the H2+CO ratio was larger than
the stoichiometric ratio. With an increase of supplied energy,
the conversion increased and CO selectivity increased slightly
while C2 selectivity decreased slightly. It was clarified that the
DCPD method had a possibility to proceed the reforming
reaction at low temperature.

Fig. 1 shows the effect of CO2 content in the feed gas on the
conversion, the selectivity and H2+CO ratio. With increasing
CO2 content, CH4 conversion rose and reached 76% at
CH4+CO2 = 1+4 while CO2 conversion remained almost stable
at ca. 40%. The selectivity strongly depends on the feed gas
composition. With the increase of CO2 content, C2 selectivity
decreased sharply while CO selectivity increased dramatically.
Under the conditions of high CH4 concentration, the formation

Table 1 Effect of supplied energy on reforming of methanea

Conversion(%) Selectivity(%)
Supplied

Added gas energy/W CH4 CO2 or H2O C2 CO CO2 H2+CO ratio

CO2 3.2 16.3 8.1 64.2 35.6 — 1.74
10.4 30.4 17.0 62.5 37.3 — 1.56
21.0 41.2 24.3 54.9 44.7 — 1.48

H2O 4.4 20.2 9.4 57.0 38.0 3.2 5.44
11.8 29.9 15.7 52.1 41.3 4.4 5.25
24.0 39.8 22.2 48.6 45.8 3.7 4.87

a Reaction conditions: 10 cm3 min21 total flow rate, CH4+CO2 or H2O = 1, 1.5 mm distance of electrodes, 0.1 MPa, ambient temperature in CO2 reforming
and 453 K steam reforming.

Fig. 1 Effect of carbon dioxide concentration on CO2 reforming. Reaction
conditions: 10 cm3 min21 total flow rate, ambient temperature, 0.1 MPa, 1.5
mm electrode distance, 52 W supplied energy; (-) CH4 conv., (5) CO2

conv., (Ω) C2 sel., (2) CO sel., (:) H2+CO ratio.
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of C2H2 was predominant by the coupling of CH that was
produced from CH4, whereas under conditions of high CO2
concentration, CO became the main product because of the
higher collision probability between CH and activated CO2
species. The selectivity of C2 and CO was equal for CH4+CO2
= 1+1. The feed gas composition also had a great influence on
H2+CO molar ratio. That ratio was inversely proportional to
CO2 content and could be approximated over the whole range
by the formula R = 1.258 3 r, where R is the H2+CO ratio and
r is the mixing ratio of CH4+CO2. Synthesis gas with a H2+CO
ratio of 2 was obtained at 40% CO2 content, which is suitable
for methanol synthesis via a catalytic process.

As shown in Table 2, increasing the steam content caused a
decrease in C2 selectivity together with an increase in CO
selectivity during steam reforming. However, CO2 selectivity
increased to ca. 15% at CH4+H2O = 1+4. Lengthening the
distance apart of the electrodes increased CH4 conversion and
CO selectivity dramatically and decreased the C2 and CO2
selectivity. The results at a 10 mm distance gave 83% CO
selectivity with 82% CH4 conversion under the conditions of
CH4+H2O = 1+4.

In CO2 reforming also, an increased distance apart of
electrodes caused the same promotional effect on the conver-
sion and selectivity (Table 3) as was observed in steam
reforming. Under the conditions of CH4+CO2 = 1+1 and 10.0
mm gap, the discharge region was filled with Ni0.03Mg0.97O
prepared by the same method as Tomishige et al.5 NiMgO had
a great effect on the selectivity: C2 selectivity decreased
drastically to 1% and CO selectivity increased  to 99%. Other
hydrocarbons such as C3 and C4 compounds were not detected.
Also, CO2 conversion became higher than that of CH4 probably
because of the promotion of the reverse water gas shift reaction.
From these results, the catalyst was found to demonstrate some
effect on the DCPD reaction at low temperature. The precursor
of C2 hydrocarbons might be adsorbed onto Ni and be subjected
to reforming by CO2. As a consequence, by the combined

NiMgO–DCPD system, synthesis gas was produced from
methane with 70% CH4 conversion and little C2 hydrocarbon
formation at ambient temperature.

In conclusion, the DCPD method could be applied for CO2
and steam reforming of methane at low temperature with or
without the use of catalysts. The selectivity strongly depended
on the composition of the feed gas, and a desired H2+CO ratio
could be obtained. NiMgO had the great effect of increasing CO
selectivity to 99%. If the energy efficiency is improved in the
future, the catalyst–DCPD combined system has the possibility
of being developed as a brand-new reaction process.
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Table 2 Effect of H2O concentration and distance of electrodes on steam reforming of methanea

Conversion(%) Selectivity(%)
Electrode

CH4+H2O distance/mm CH4 H2O C2 CO CO2 H2+CO ratio

5+5 1.5 39.8 22.2 48.6 45.8 3.7 4.87
2+8 1.5 49.2 11.7 19.7 64.3 15.3 4.37
2+8 10.0 82.4 19.5 11.0 83.1 5.7 3.46

a Reaction conditions: 10 cm3 min21 total flow rate, 453 K, 0.1 MPa, 3.0 mA.

Table 3 Effect of distance of electrodes and catalyst on CO2 reforming of
methanea

Electrode Conversion(%) Selectivity(%)
distance/ H2+CO

Catalyst mm CH4 CO2 C2 CO ratio

None 1.5 41.2 24.3 54.9 44.7 1.48
None 10.0 80.9 72.7 33.6 65.4 1.00
NiMgO 10.0 69.5 79.5 1.0 99.0 0.86
a Reaction conditions: 10 cm3 min21 total flow rate, CH4+CO2 = 1,
ambient temperature, 0.1 MPa, 3.0 mA, Ni0.03Mg0.97O = 0.13 g.
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A novel particulate system carrying CMPO ligands pre-
organised on a calixarene scaffold has been synthesised and
demonstrated to extract Eu3+, Am3+ and Ce3+ at high
efficiency from simulated nuclear waste streams.

The recovery of lanthanides and actinides from high level
nuclear waste is an area of world-wide concern. Current
approaches are based on the TRUEX process which utilises the
highly efficient, neutral, organophosphorus ligand;
octyl(phenyl)(N,N-diisobutylcarbamoylmethyl)phosphine
oxide (CMPO).1 Previously, we have reported calix[4]arene-
based extractants which incorporate CMPO moieties at either
the wide2,3 or narrow rim.4 Such pre-organisation of the
chelating ligands leads to a 100-fold (or greater) increase2 in
extraction efficiency combined with an enhanced selectivity for
actinides and lighter lanthanides.5

Recently, interest has been focused on magnetic fluidised bed
separation technology and the development of magnetically
assisted chemical separation (MACS) systems for nuclear waste

remediation.6 These combine the selectivity of a ligand
developed for liquid/liquid extraction with improved separation
due to the magnetic field, resulting in an effective system
suitable for use at low concentrations. Adsorption of CMPO to
magnetic polyacrylamide particles enhances extraction of
americium and plutonium through a putative synergistic
relationship between the extractant and magnetic particle.7–9

Here we report the first extraction results, for lanthanides and
actinides, obtained with magnetic and non-magnetic silica
particles10 which allow evaluation of the role of pre-organisa-
tion of chelating groups through direct comparison of CMPO-
substituted calixarenes and derivatives with single CMPO
groups. Unlike previously reported systems, in which the
extractant is adsorbed onto magnetic particles, our system uses
covalent attachment of ligands to the particle surface, allowing
controlled ligand loading with defined orientation.

Ligands carrying amines were developed for straightforward
attachment to silica particles modified with carboxylic acids.
The simple ligand 1 was easily synthesised by monoacylation of
1,5-diaminopentane with 4-nitrophenyl(diphenylphosphoryl)-
acetate.2 In contrast, the calix[4]arene-based system11 8 was
designed to allow chelation at the wide rim and attachment via
a two-point interaction at the narrow rim. The multi-step
synthesis is outlined in Scheme 1.¶ Selective 1,3 alkylation at
the narrow rim with N-(3-bromopropyl)phthalimide enabled
incorporation of masked amines, whilst subsequent treatment of
the remaining 2,4-positions with bromopropane fixed the
calix[4]arene in the desired cone conformation. ipso-Nitration12

† Electronic supplementary information (ESI) available: full synthetic
procedures and extraction studies. See http://www.rsc.org/suppdata/cc/b0/
b009679m/
‡ Present address: Inorganic Chemistry Laboratory, University of Oxford,
South Parks Road, Oxford, UK OX1 3QR. E-mail: susan.matthews
@chem.ox.ac.uk
§ Present address: Faculty of Chemistry, Warsaw University of Technol-
ogy, Warsaw PL-00664, Poland

Scheme 1 Synthesis of CMPO particles. Reagents and conditions: i, preactivated polymeric beads (I), quant.; ii, Br(CH2)3Phth, K2CO3, MeCN, reflux, 48 h,
68%: iii, Br(CH2)2Me, NaH, DMF, 2 d, 82%; iv, TFA, HNO3 (fuming), CH2Cl2, 30 min, 65%; v, Sn(II)Cl2, EtOH, reflux, 18 h, 89%; vi, p-
nitrophenyl(diphenylphosphoryl)acetate, toluene, 50 °C, 68%; vii, hydrazine hydrate, EtOH, reflux, 1 h, 96%.
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followed by reduction [Sn(II)Cl2] yielded the tetraamine
derivative 6 which could be effectively acylated to give the pre-
organised ligand 7. Removal of the phthalimide protecting
groups gave the required amino ligand 8.

The amino CMPO derivatives 1 and 8 were covalently bound
to the surface of carboxylic acid modified magnetic (Im) and
(for comparison) non-magnetic (In) silica particles via carbodi-
imide activation. The optimal binding capacity of ca. 50 mmol
CO2H functions per g particles was determined by preliminary
electrokinetic studies. An equivalent loading of CMPO units on
the particle surface was achieved through stoichiometric
treatment of the particles with either 50 mmol g21 of compound
1 containing a single CMPO unit or with 12.5 mmol g21 of
calixarene 8 containing four pre-organised CMPO units.

Solid–liquid extraction experiments were performed under
conditions that simulate European nuclear waste streams (4 M
NaNO3, 1 M HNO3). Separation of europium, cerium or
americium, as representatives of the early lanthanides and
actinides, was evaluated. g-Ray spectroscopic measurements of
the initial nuclide activity in the aqueous phase and the activity
after shaking with the particles were used to calculate the
percentage extraction (%E = 100(A0 2 A)/A0 where A0 and A
symbolise the initial and final activity of the aqueous phase)
(Table 1).∑

Attachment of simple CMPO ligands directly onto the
particle surface (II) enables extraction of the trivalent cations,
albeit at a very low level which is only slightly higher than for
the untreated silica particles (I). However, the calix[4]arene-
based particles (III), with a comparable concentration of
ligating functions, show a significantly higher level of extrac-
tion of all cations studied. This demonstrates the importance of
pre-organisation of the chelating ligands on a suitable macro-
cyclic scaffold, prior to their attachment at the particle
surface.

Partition coefficients for europium extraction are comparable
to those seen for the particulate systems with adsorbed
ligands.13 However, in contrast, larger KD values per mass of
particles are found for americium. Taking into account the
lower density of ligands on the particle (50 mmol g21 vs. 4.8
mmol g21), the apparent KD ( ≈ 425 ml g21 vs. 3500 ml g21)
represents a ca. 12-fold advantage in extraction. This reinforces
the importance of initial pre-organisation in imparting selectiv-
ity. CMPO extractants, such as octyl(phenyl)(N,N-diisobutyl-
carbamoylmethyl)phosphine oxide are unable to discriminate
greatly between actinides and lanthanides showing only a slight
preference for the heavier lanthanides. In contrast, it has
previously been shown, with non-particulate systems,2,3 that
incorporation onto a calix[4]arene allows differentiation be-
tween the actinides and lanthanides based on their cationic radii,
the actinides and lighter lanthanides with larger radii being
extracted more efficiently.

Interestingly, preliminary results on the extraction of 139Ce
for the magnetic particles are in marked contrast to those found
previously for flexible wide-rim CMPO-calix[4]arenes.3 The
minimal extraction of cerium by CMPO-calix[4]arenes, has
been rationalised by the oxidation of Ce3+ to the smaller radius
Ce4+ in the extremely acidic extraction conditions. However,
with the solid–liquid extraction conditions reported here, 90%
extraction of cerium is achieved within 19 h of shaking,
providing an opportunity for effective and selective separation
of this cation.

Both non-magnetic and magnetic particles proved effective
in the extraction of lanthanides and actinides. However, the ease
of separation of magnetic particles from the waste stream using
magnetic fluidised bed techniques makes this system more
attractive for future industrial development.

These preliminary results are the starting point for a novel
MACS process based on particles bearing pre-organised
CMPO-calix[4]arenes as ligands. Efficient extraction of ameri-
cium and europium from simulated nuclear waste conditions
has been achieved together with surprisingly high levels of
cerium sequestration. Currently, we are developing a range of
particulate systems based on suitably functionalised conforma-
tionally mobile and narrow-rim CMPO-calix[4]arenes and
extending the system to industrial applications.

These studies were supported by the Commission of the
European Communities (contract F12W-CT96-0022).

Notes and references
¶ Full synthetic procedures are given in the supplementary material
(ESI†).
∑Methods for extraction studies are reported in the supplementary material
(ESI†). Distribution coefficients are defined as KD = (A02 A)V/Am with V
= volume of the aqueous phase and m = mass of the particles.
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152Eu 241Am 139Ce

Non-magnetic silica particles
In 0 0 —
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Magnetic silica particles
Im 4 0 9
IIm 2 1 9
IIIm 78 82 92
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ITQ-6, a delaminated material derived from the lamellar
precursor of the Ferrierite zeolite, is an excellent support for
immobilisation of enzymes; this has been proved by support-
ing two different enzymes, b-galactosidase from Aspergillus
Oryzae and penicillin G acylase from Escherichia Coli, by
electrostatic and covalent interactions, respectively; the
adequacy and versatility of the ITQ-6 support and the high
stability and catalytic activity of the resultant supported
enzymes are shown, with ITQ-6 clearly superior to other
already well optimised laboratory and industrial supports
for enzymes.

It is well known that enzymes are the most active and selective
catalysts for many reactions of commercial interest. However,
their low thermal and/or solvent stability and difficult recycling
are the major drawbacks for a broader industrial application. In
order to improve the stability and performance of enzymes as
catalysts, they have been supported in a variety of solids which
include organic gels, resins, silicas1–5 or more recently
mesoporous molecular sieves such as MCM-41 or SBA-15.6–8

Inorganic supports have the advantage of allowing the regenera-
tion of the carrier when the enzyme has been deactivated.
Moreover, in the case of ordered mesoporous materials a good
selectivity to some enzymes can be obtained by varying the pore
diameter and functional groups of the support.8 Unfortunately,
owing to the limited stability in aqueous media of some of these
materials and the large steric volume of many enzymes which
can result in the blocking of the channels, their possibilities as
useful catalysts will be limited. Recently, a series of delami-
nated zeolites have been obtained as crystalline materials with a
well defined external surface area of > 600 m2 g21, easily
accessible to very large molecules, and containing regularly
distributed silanol groups.9,10 By taking advantage of these
remarkable properties, it appears that this type of material can
offer new opportunities as supports for enzymes.

Generally speaking, with conventional supports, enzyme
immobilisation via covalent bonding has the advantage of
forming strong and stable linkages that result in very robust
enzyme supported catalysts. However, the irreversible covalent
binding has the drawback that enzyme and support are disposed
as waste after deactivation.1–5,11–13 However, as shown here,
when a delaminated zeolite, ITQ-610 is used as support, this can
be easily recovered and recycled simply by calcination.

There are other cases in where the reversible electrostatic
immobilisation of enzymes on pre-existing supports could be of
industrial interest. If the enzyme becomes deactivated and can
not be further used in the industrial reactor, it can be desorbed
and the support can be recovered free of protein, and so
available for a new immobilisation of a fresh solution of soluble
enzyme.14 Again, the surface of a delayered zeolite, such as
ITQ-6,10 appears to be highly suitable for activation and use as
a reversible enzyme support.

ITQ-6, a delaminated material derived from the lamellar
precursor of the Ferrierite zeolite,10 is an excellent support for
immobilisation of enzymes. This has been proved by supporting

two different enzymes, b-galactosidase from Aspergillus Or-
yzae and penicillin G acylase from Escherichia Coli, by
electrostatic and covalent interactions, respectively. The suit-
ability and versatility of the ITQ-6 support and the high stability
and catalytic activity of the resultant supported enzymes
represent an alternative to other well optimised laboratory and
industrial supports for enzymes.

Pure silica ITQ-6, with a specific surface area of 600 m2 g21

and 0.75 cm3 g21 pore volume was prepared by a procedure
reported previously.10

ITQ-6 was functionalised by reacting a solution of 3-amino-
propyltriethoxysilane (APS) in toluene with dehydrated ITQ-6
samples resulting in aminopropyl functionalised ITQ-6, de-
noted N-ITQ-6. When this material (1.0 g) was contacted with
a solution of b-galactosidase enzyme (60 mg) from Aspergillus
Oryzae (MW = 105 kD, pI < 6) to achieve its electrostatic
immobilisation on the N-ITQ-6 carrier, it was found that the
adsorption of the enzyme was > 99% within 1 h. The amount of
adsorbed enzyme was determined from the activity of the
resulting solution, after removal of the solid, for the hydrolysis
of o-nitrophenyl-b-D-galactopiranoside (ONPG) using a
100 mM acetate buffer at pH = 4.5 and 298 K. Hydrolysis of
ONPG was monitored by the appearance of a characteristic
band of the hydrolysis product at 405 nm. In order to check that
the negligible activity of the liquid phase is due to the adsorption
of the enzyme onto the solid and not to the deactivation of the
enzyme, the solid was recovered and used to catalyse the
hydrolysis of ONPG. It is remarkable that the activity of the
electrostatically supported enzyme was the same as the activity
of the free enzyme before adsorption (the absorbances at
405 nm of the reaction mixtures after 7 min of reaction were
0.43 and 0.41 for the supported and free enzymes, respectively),
indicating that all the enzyme has been immobilised, and more
importantly, it remains active and accessible to the reactants
upon immobilisation. No activity was found when the support,
prior of adsorption of the enzyme, was used as catalyst. Also, no
leaching of the supported enzyme was detected as can be
concluded from the zero activity observed in the reaction media
after filtering off the enzyme containing solid.

The immobilised enzyme is highly stable even in contact with
solutions of relatively high ionic strength. Specifically, 98% of
the immobilised enzyme is still retained on the N-ITQ-6 support
in 0.30 M NaCl medium, as determined from the enzyme
activity of the resulting solution after removal of the supported
enzyme. This level of enzyme retention is much higher than
observed for most traditional supports, and it is at least as high
as that found for the best performance highly optimised
supports (Fig. 1). When desired, the enzymes can be desorbed
from N-ITQ-6 by increasing the NaCl concentration of the
eluent solution to 1 M. This allows the regeneration of the
carrier after the enzyme deactivation in the same reactor or in a
fixed bed. At this point the support is ready to be recharged
again with enzyme simply by contacting again the regenerated
N-ITQ-6 carrier with a fresh solution of the enzyme in the
appropriate conditions.

This journal is © The Royal Society of Chemistry 2001
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Up to now, enzymes have been supported into mesoporous
molecular sieves via electrostatic bonding.6–8 However, for
ITQ-6, the enzymes can also be easily supported by covalent
bonding resulting in extremely stable catalysts. To do this, a
portion of N-ITQ-6 was reacted with a solution of glutar-
aldehyde at pH = 7 yielding to a material denoted G-ITQ-6.
This solid contains imine and aldehyde functional groups and
now is ready for covalently immobilising the enzymes by
reacting the amino groups of the enzyme with the anchored
aldehyde groups at pH = 8, forming imine bonds which are
further reduced with sodium borohydride to secondary amines
(Scheme 1).

Following the above procedure, 2050 IU of a highly
voluminous enzyme, penicillin G acylase (PGA, MW = 86000)
was immobilised. The catalytic activity and accessibility under
reaction conditions of the covalently bonded enzyme were
studied by performing the hydrolysis of penicillin G at pH = 8
and 298 K. The progress of the reaction was followed by
continuous titration of the released protons with a 25 mM NaOH
solution using an automatic burette. In this way, the activity of
the supported enzyme was found to be 2440 IU g21 of G-ITQ-6
indicating that the supported enzyme is very active and
accessible to the penicillin G reactant.

Moreover, we have proved that the enzyme covalently
bonded to the G-ITQ-6 support displays higher stability by
comparing its deactivation rate with that of the free enzyme and
also with PGA chemically bonded to amorphous silica, which
has been widely used as an inorganic carrier of enzymes15 and
particularly for PGA.16 In order to perform this experiment,
aliquots of the covalently supported enzymes on both ITQ-6 and
amorphous silica supports (200 IU g21 support) or equivalent
amounts of free enzyme were incubated in a 100 mM phosphate
buffer at pH = 8 and 319 K for different times. Then, the
activity for hydrolysis of penicillin G was measured and
compared to that obtained for the non-incubated enzyme. The

results shown in Fig. 2 indicate that the stability of the enzyme
is substantially improved when it is covalently bonded to the
surface of the G-ITQ-6, in such a way that, while the activity of
the unsupported enzyme was zero after 6 h of incubation, the
remaining activity of the supported enzyme was close to 90%.
This value was also clearly higher than that found for the
enzyme supported on amorphous silica (60%), The increase in
the enzyme stability suggests a multipoint attachment between
the enzyme and the supports, perhaps involving the most
reactive groups of the protein surface. Moreover, it is reason-
able to suppose that a well structured surface, such as that found
on ITQ-6, may facilitate the interactions with the enzyme and
the dispersion forces might have a positive effect on the enzyme
stability.

In conclusion, ITQ-6, owing to its well structured high
external surface area and by regularly distributed silanol groups,
opens new possibilities for supporting and stabilising many
enzymes and using them for reaction with large substrates. It has
been proved that the enzymes can be adequately supported by
either ionic or covalent bonding whilst retaining full activity.

We thank the Spanish CICYT for financial support (Project
MAT97-1016-C02-01 and MAT97-1207-C03-01). J. L. J.
thanks the M. E. C. for a doctoral fellowship).
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Fig. 1 Desorption of b-galactosidase from A. Oryzae adsorbed on diverse
supports by increasing ionic strength. (:) N-ITQ-6; (-) PEI–glyoxil–
agarose composite (from ref. 14); (5) DEAE–agarose (from ref. 14).

Scheme 1 Covalent immobilisation of enzymes on delaminated mesoporous
materials.

Fig. 2 Deactivation of penicillin G acylase at 319 K and pH = 8 in 100 mM
phosphate buffer. (3) Free enzyme remaining activity; (:) glutaraldehyde-
modified silica immobilised enzyme remaining activity; (5) G-ITQ-6
immobilised enzyme remaining activity. Penicillin G hydrolysis reaction
was carried out at 298 K and pH = 8, using 25 mM NaOH solution as a
titrant.
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Electrospray mass spectrometry is a rapid and powerful
technique for a combinatorial-like survey of the chemistry of
the metalloligand Pt2(PPh3)4(m-S)2, leading to the successful
isolation and crystallographic characterisation of the novel
protonated species Pt2(PPh3)4(m-S)(m-SH) together with a
range of metallated derivatives.

The sulfido complex Pt2(PPh3)4(m-S)2 1 has attracted much
interest in recent years, particularly for its ability to act as a
metalloligand in the assembly of a diverse range of sulfido-
bridged higher nuclearity aggregates.1,2 In this communication,
we describe how electrospray mass spectrometry (ESMS) can
be used as a rapid, powerful combinatorial-type tool for
surveying the metalloligand chemistry of 1 with a range of
metal substrates. The utility of ESMS as a general technique for
the characterisation of coordination and organometallic com-
plexes is well known,3 but as far as we are aware there are no
previous extensive studies which have used ESMS as the
primary screening tool for surveying the reactivity of coordina-
tion complexes, the results of which are then used to target
subsequent synthetic efforts. Advantages of this approach
include the need for only minute amounts of material, rapid
screening of potential substrates for further study, and the
accepted general agreement between mass spectrometric data
and solution speciation.3 In parallel studies, we are investigating
the reactivity of the selenide analogue Pt2(PPh3)4(m-Se)2.4

The positive-ion ES spectrum of 1 in methanol gives ions due
to protonated 1, [1 + 2H]2+ (m/z 752) and [1 + H]+ (m/z 1504),
together with ions [(1)2 + Ag + H]2+ (m/z 1557) and [(1)2 +

2Ag]2+ (m/z 1611) formed by adventitious Ag+ ions in the
spectrometer. Addition of a small quantity of formic acid
increased the intensity of the m/z 752 ion. The novel mono-
protonated complex [Pt2(PPh3)4(m-S)(m-SH)]PF6 2 was subse-
quently obtained by titration of 1 with HCl, followed by
metathesis with NH4PF6. This complex, which is related to the
monomethyl complex [Pt2(PPh3)4(m-S)(m-SMe)]+,5 has not
been isolated previously. Complex 2 gives two distinct 31P
NMR signals [d 20.2, 1J(PtP) 2705 and 23.0, 1J(PtP) 3582,
2J(PP) 15] together with a resonance for the SH proton at d 3.48
in the 1H NMR spectrum. Confirmation of its identity was
obtained from an X-ray diffraction study, Fig. 1.† The dihedral
angle of the four-membered Pt2S2 ring is 135°, which is similar
to the methylated analogue [Pt2(PPh3)4(m-S)(m-SMe)]+ (138°).5
There have only been two previous structural determinations on
underivatised Pt(m-sulfide)2Pt systems, with [(dppe)Pt(m-
S)2Pt(dppe)] being folded (140.2°)6 and [(dppy)2Pt(m-
S)2Pt(dppy)2] (dppy = 2-diphenylphosphinopyridine)7 being

planar. Structural features of such {M2S2} systems has attracted
recent interest.1,8 The structure of 2 is the first containing the
Pt–SH–Pt moiety, although m-SH complexes of other metals
such as palladium9 and nickel10 have been structurally char-
acterised.

The reactivity of complex 1 towards a range of halide-
containing main group (e.g. Sn and Hg) and transition metal
(e.g. Au) complexes can conveniently be monitored by ESMS,
and allows the identification of novel, sulfide-bridged ag-
gregates. As an illustrative example, the reaction of 1 with the
organogold(III) complexes AuCl2(tolpy) 3a11 and AuCl2(pap)
3b12 monitored by positive-ion ESMS shows a single major
peak in each case, due to the aggregate cations [Pt2(PPh3)4(m3-
S)2Au(tolpy)]2+ and [Pt2(PPh3)4(m3-S)2Au(pap)]2+, as illus-
trated for the pap system in Fig. 2, with excellent agreement
between observed and calculated isotope patterns. On a
synthetic scale, metathesis of the AuCl2(tolpy) reaction solution
with NH4BF4 gave yellow [Pt2(PPh3)4(m3-S)2Au(tolpy)][BF4]2
4, Fig. 3.‡ While there have been several studies on aggregates
with {M3S2} cores containing Pt and Pd,1,13 this is the first time
that the isoelectronic gold(III) centre has been incorporated,
though gold(I) and silver(I) derivatives of the {Pt2S2} core have
been known for some time.1,14 The isolation of silver(I) halide
aggregates containing the isoelectronic {AuIII

2S2} core has
been reported.15 The successful formation of 4 is facilitated by
the increased stability towards reduction (by sulfur-based
ligands) of gold(III) complexes bearing N,C-cyclometallated
ligands.16 The structure confirms the formulation of 4 as the

Fig. 1 Molecular structure of [Pt2(PPh3)4(m-S)(m-SH)]PF6 2. The phenyl
rings of the PPh3 ligands have been omitted for clarity. Selected bond
distances (Å) and angles (°): Pt(1)–S(1) 2.3289(8), Pt(1)–S(1A) 2.3536(8),
Pt(1)–P(1) 2.2965(8), Pt(1)–P(2) 2.2712(8), Pt(1)–S(1)–Pt(1A) 91.01(3),
Pt(1)–S(1A)–Pt(1A) 91.01(3), S(1)–Pt(1)–S(1A) 78.91(4), S(1)–Pt(1A)–
S(1A) 78.91(4), P(1)–Pt(1)–P(2) 98.97(3), P(1)–Pt(1)–P(2) 98.97(3), P(1)–
Pt(1)–S(1) 167.60(3), P(2)–Pt(1)–S(1) 92.88(3), P(1)–Pt(1)–S(1A)
89.06(3), P(2)–Pt(1)–S(1A) 171.27(3).
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first heterometallic aggregate of the {Pt2S2} core containing
gold(III), and the presence of the methyl group allows for
unambiguous assignment of N(1) and C(1) on the square-planar
gold atom. The {Pt2S2} ring is, as expected, puckered (126.8°)
with average Au–S bond distances 2.358(2) Å.

The successful isolation and characterisation of the novel
species, initially identified by mass spectrometry experiments,
clearly demonstrates the power of this methodology. It helps
researchers to identify possible products before they are
synthesized on a macroscopic scale. This pre-synthesis scan-
ning helps to cut down wastage and increases the chance of
achieving successful syntheses. Extension to organotin(IV)
halides leads to the successful isolation of a range of adducts of
complex 1 with SnMeCl2+, SnMe2Cl+, and SnPhCl2+ moieties
(derived from SnMeCl3, SnMe2Cl2 and SnPhCl3, respectively),
their formulation being confirmed by single crystal X-ray
diffraction studies. Full details will be reported in due course.
Although 1 is a good model for this methodology, it is neither

unique nor exclusive. One can anticipate similar success in
other systems.

We thank the National University of Singapore and the
University of Waikato for financial support of this work,
including a visiting scholarship (to S.-W. A. F.), and G. K. Tan
for assistance with the X-ray crystallography.
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Fig. 2 Positive ion ES spectrum of a 1+1 mixture of 1 and AuCl2(pap) 3b
in MeOH at a cone voltage of 20 V, demonstrating the facile and exclusive
formation of [Pt2(PPh3)4(m3-S)2Au(pap)]2+. The inset shows (a) observed
and (b) calculated isotope patterns for the dication.

Fig. 3 Molecular structure of one of the cations of [Pt2(PPh3)4(m3-
S)2Au(tolpy)][BF4]2 4 with thermal ellipsoids at the 50% probability level.
The phenyl rings of PPh3 have been omitted for clarity. Selected bond
distances (Å) and angles (°): Pt(3)–S(3) 2.371(3), Pt(3)–S(4) 2.362(3),
Pt(4)–S(3) 2.377(3), Pt(4)–S(4) 2.360(3), Au(2)–S(3) 2.357(4), Au(2)–S(4)
2.371(4), Pt(3)–P(5) 2.302(3), Pt(3)–P(6) 2.274(3), Pt(4)–P(7) 2.269(3),
Pt(4)–P(8) 2.296(3), Au(2)–C(13) 1.94(3), Au(2)–N(2) 2.18(2), Pt(3)–
S(3)–Pt(4) 87.66(11), Pt(3)–S(4)–Pt(4) 88.25(11), Pt(3)–S(3)–Au(2)
82.81(11), Pt(3)–S(4)–Au(2) 82.68(11), Pt(4)–S(3)–Au(2) 82.42(11),
Pt(4)–S(4)–Au(2) 82.46(11), S(3)–Pt(3)–S(4) 78.20(12), S(3)–Pt(4)–S(4)
78.12(12), P(5)–Pt(3)–P(6) 99.92(12), P(7)–Pt(4)–P(8) 98.92(12), P(5)–
Pt(3)–S(3) 167.06(12), S(3)–Au(2)–S(4) 78.31(11), C(13)–Au(2)–N(2)
81.0(9).
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The remarkably stable cationic, three-coordinate, 14-elec-
tron rhodium complex 1 has been synthesized, isolated and
used as a catalyst for hydrosilation, Mukaiyama aldol and
cyclopropanation reactions.

Of the several different catalyst types available for organic
reactions, the most diverse are probably the Lewis acids.
Ranging from a simple proton to boranes or main group and
transition metal complexes, Lewis-acid catalysts now allow for
a variety of transformations to be accomplished efficiently and,
in many cases, selectively.1 The requirements for a Lewis-acid
catalyst are straightforward: (1) the complex should be
electrophilic, and (2) there should be a vacant coordination site.
Here, we report the synthesis of the surprisingly stable, cationic,
three-coordinate, 14-electron rhodium compound 1.2 Com-
plexes of 1 with aldehydes and ketones are also described, in
addition to preliminary studies employing 1 in catalytic
reactions.

Addition of NaB(ArA)4 [ArA = 3,5-bis(trifluoromethyl)phe-
nyl] to a solution of the rhodium(I) chloride compound 2 in
dichloromethane results in quantitative formation of the
cationic complex 1 after 1–2 h at room temp., as evidenced by
the change in solution color from dark green to orange [eqn. (1)].

(1)

After removing the NaCl by cannula filtration, evaporation of
the solvent yields 1 as a stable, dark orange solid which usually
contains ca. 0.25 equiv. of CH2Cl2, as determined by 1H NMR
spectroscopy in d8-THF. Although 1 can be stored under an
inert atmosphere for an indefinite period of time, it is extremely
susceptible to hydration, such that it is often more convenient to
generate 1 in situ immediately prior to use in any subsequent
experiments.

The stability of 1 towards the oxidative addition of dichloro-
methane, a reaction common to rhodium(I) complexes of this
type,3 is of particular significance.4 Complex 1 was found to be
stable in dichloromethane solution indefinitely at room tem-
perature, and even at 40 °C. In addition, 1 can be heated to 70 °C
in chlorobenzene without any decomposition. On the other
hand, addition of 1 equiv. of methyl iodide to a dichloromethane

solution of 1, generated in situ from 2 and NaB(ArA)4, results in
quantitative formation of the rhodium(III) methyl iodide com-
plex 3 after 15–20 min [eqn. (2)]. While we had previously

(2)

synthesized 3 from the ethylene-bound adduct of 1,5 this has
proven to be a much more simple and convenient route.

The use of chlorinated solvents, whch are very weakly
coordinating at best, allows the Lewis-acid characteristics of 1
to be fully exploited. For example, addition of 1 equiv. of either
p-tolualdehyde or acetophenone to a dichloromethane solution
of 1 produces the corresponding adducts 4a and 4b
[eqn. (3)], which were isolated as stable solids. From the crystal

(3)

structure of the aldehyde complex 4a (Fig. 1),6 it can be seen
that the aldehyde coordinates in an h1 fashion. It is also apparent
that the imine moieties of the ligand are pulled close to the metal
center, such that the attached aryl groups create a ‘wedge’ in
which the aldehyde binds. In fact, when hydrogens are included
in the structure, the intramolecular distance of 2.70 Å between
the aldehydic hydrogen and the centroid of one of the aryl rings

† Electronic supplementary information (ESI) available: experimental
information, van’t Hoff plot, temperature and equilibrium data, 1H NMR
spectrum of 1 and crystallographic data. See http://www.rsc.org/suppdata/
cc/b0/b007815h/

Fig. 1 X-Ray crystal structure of 4a. Thermal ellipsoids are drawn at the
50% probability level. Selected bond lengths (Å) and angles (°): Rh(1)–O(7)
2.0728(18), Rh(1)–N(3) 2.0124(23), Rh(1)–N(11) 1.8854(20), O(7)–C(8)
1.227(3); Rh(1)–O(7)–C(8) 129.44(19), O(7)–Rh(1)–N(11) 174.81(9),
N(6)–C(4)–C(12) 113.80(25), C(1)–N(3)–C(22) 2104.8(6), N(3)–Rh(1)–
O(7)–C(8) 41.5(3).
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suggests a van der Waals interaction with the aromatic p-cloud.
Likewise, the distance of 3.06 Å between the ortho-protons on
the p-tolualdehyde and the other ring indicates a potentially
similar interaction. This geometry is verified by the 1H NMR
spectrum of 4a. Resonances for the aldehydic and ortho protons
appear at 7.45 and 6.68 ppm, respectively, shifted upfield due to
the shielding provided by the aryl groups.

When the acetophenone complex 4b is redissolved in
dichloromethane, an equilibrium between the bound and free
acetophenone is established. 1H NMR spectroscopy reveals that
at room temp., ca. 25% of the ketone is not bound to the
rhodium center, unlike the aldehyde complex 4a in which all of
the aldehyde remains complexed. At lower temperatures, the
equilibrium lies further towards complexed acetophenone as
expected, and a van’t Hoff plot (see ESI†) provides an estimated
value of DH0 = 216 ± 2 kJ mol21 for acetophenone
binding.

The availability of complexes 4a and 4b led us to screen
transformations involving aldehydes and ketones, utilizing 1 as
a Lewis acid catalyst. Using 2.5 mol% 1, the hydrosilation of
benzaldehyde and acetophenone with triethylsilane could be
effected [eqn. (4)].1a,7 While the reaction of triethylsilane with

(4)

benzaldehyde proceeds to 95% conversion to 5a after 2 h at
70 °C in chlorobenzene, the reaction with acetophenone to
produce 5b required ca. 17 h to reach 90% conversion under
similar conditions. Given the lack of reactivity of triethylsilane
with 1 and the steric environment imposed by the ligand, it is
believed that this reaction in fact proceeds by a Lewis acid-
catalyzed mechanism.

The Mukaiyama aldol condensation of a trimethylsilyl enol
ether with benzaldehyde can also be catalyzed by 1 [eqn. (5)].8

(5)

The reaction of benzaldehyde with 1-trimethylsilyloxy-
1-phenyl ethylene in chlorobenzene proceeds to 88% conver-
sion to 6a after heating at 65 °C for 24 h; however, when
dichloromethane is used as the solvent, the reaction only
proceeds to ca. 50% conversion after 24 h at room tem-
perature.

Finally, since carbenes are also two-electron donors, complex
1 seemed to be ideally suited to catalyze cyclopropanation
reactions.9 The reaction of ethyl diazoacetate with a-olefins
such as hex-1-ene and oct-1-ene proceeds smoothly; however,
carbene insertion into the vinylic C–H bonds was also observed
to some extent [eqn. (6)]. Upon monitoring the reaction of

(6)

hex-1-ene and ethyl diazoacetate by 1H NMR spectroscopy, it
was determined that in addition to forming the cyclopropane 7a,
the C–H insertion product 8a appears initially as well, and
slowly isomerizes to the a,b-unsaturated ester 9a in what is
likely a rhodium-catalyzed process. For oct-1-ene, the com-
bined products 7b, 8b and 9b were isolated in 95% yield, and

the product distrubution was determined by 1H NMR to be
85+9+6 respectively.10

Surprisingly, these cyclopropanations do not proceed using
trimethylsilyldiazomethane as a carbene source. Because of the
steric limitations imposed by the ligand, incorporation of the
TMS group appears to make the diazoalkyl fragment too bulky
to coordinate to the rhodium center through the a-carbon, and
thus ultimately produce a reactive carbene. In fact, the N-bound
adduct of TMS–diazomethane is actually stable enough to be
isolated, and we are currently exploring the unique reactivity
that results.11

In summary, we have demonstrated that 1 is an easily
synthesized, isolable compound which shows remarkable
stability for a three-coordinate, 14-electron complex. As
expected, 1 is a fairly potent Lewis acid, and the steric
environment imposed by the ligand creates a binding pocket
that must accommodate potential substrates.12 It is this steric
environment, however, which is responsible for the stability of
1 towards oxidative addition reactions common to Rh(I)
complexes—in particular, reaction with chlorinated solvents is
suppressed, allowing them to be used as the preferred solvents
for synthetic and catalytic applications. In future papers, we will
describe the integral role that steric effects play in stabilizing
complexes of this type, and report on further studies utilizing 1
as a Lewis acid catalyst.

Acknowledgment is made to the National Institutes of Health
(GM-29838) for support of this work.
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Lipases show good activity and, in some cases, improved
enantioselectivity when employed in pure ionic liquids for
dynamic kinetic resolution of 1-phenylethanol by trans-
esterification.

Today, more than 100 one-step biotransformations making use
of whole cells or isolated enzymes are employed on an
industrial scale, including a very recent process established by
BASF for the kinetic resolution of chiral amines using
lipases.1,2 On a lab scale more than 13000 enzyme-catalysed
reactions have been described.3,4 Nevertheless, there are still
problems with substrate solubility, yield or (enantio-)selectiv-
ity. Some progress has been made by addition of organic
solvents,5 addition of high salt concentrations6 or use of
microemulsions7 or supercritical fluids.8 Recently, ionic liquids
(IL) have gained increasing attention for performing all types of
reactions with sometimes remarkable results.9–11 By modifica-
tion of the cation and anion their properties can be tuned in
many ways. For all catalytic processes, there are basically three
modes of operation: use of the IL as a co-solvent, as pure solvent
or in a biphasic system. After the first trials using ethylammon-
ium nitrate in salt water mixtures more than 15 years ago,12

recently the first results of the use of pure ILs as a reaction
medium for enzymatic reactions have been published.13,14 A
biphasic system containing an IL for in situ product extraction
for a whole cell process has been described as well.15

In this paper we report our results about the application of
lipases for an enantioselective reaction in pure ILs based on
1-butyl-3-methylimidazolium (BMIM) ions such as
[BMIM]PF6 1, [BMIM]CF3SO3 2 and [BMIM](CF3SO2)2N 3
or on N-butylpyridinium ions such as [4-MBP]BF4 4. As a
model system the kinetic resolution of rac-1-phenylethanol 6 by
transesterification with vinyl acetate 7 was investigated
(Scheme 1). Our results on the b-galactosidase catalysed
synthesis of N-acetyllactosamine are reported elsewhere.16 In
that case, addition of 25% v/v of [MMIM]MeSO4 5 as a water-

miscible co-solvent suppresses the secondary hydrolysis of the
formed product resulting in doubling the yield to almost 60%!
The reaction investigated here yields two products: the
remaining alcohol (S)-6 or the formed acetate (R)-8. Unless
stated otherwise the enantioselectivity is always given for the
(R)-acetate. When the enzyme shows low enantioselectivity it is
not possible to reach high ee-values for the (R)-acetate whereas
for the (S)-alcohol high ee is possible at the expense of the
yield.

A set of nine lipases and two esterases (Roche Diagnostics
Chirazyme Screening Set 2) was screened for activity in ten
different ionic liquids.17 The results were compared with the
reaction performed in methyl tert-butyl ether (MTBE) as
solvent. MTBE is widely used as solvent for transesterification
in industry and academia. Therefore it was used for this study
despite the fact that some other solvents might be favourable as
well.

The data are summarised in Table 1. Under the conditions
employed the two pig liver esterases showed no activity. Best
results were obtained with Candida antarctica lipase B (L-2)
and Pseudomonas sp. lipase (L-6) in several ionic liquids. There
is no ‘best ionic liquid’ in general, but [BMIM](CF3SO2)2N
seems to have some advantages. Surprisingly, with the lipases
from Pseudomonas sp. and Alcaligenes sp. (L-10) the enantio-
selectivity for the formation of the acetate (R)-8 is improved to
a large extent compared to the reaction in MTBE. For the
Candida antarctica lipase A (L-5) the opposite is observed. The
increase of enantioselectivity is reproducible under different
conditions. It is likely that the ILs will interact with charged
residues found in or near the active centre of the enzyme. For
two of the enzymes, L-2 and L-6 concentrations and enantiose-
lectivity were followed as a function of time in MTBE,
[BMIM]CF3SO3 and [BMIM](CF3SO2)2N. The reaction ve-
locity is equal in both media, MTBE or IL.

One of the major advantages of ILs is that they are not
volatile. Therefore it is possible to remove the products by
distillation and repeat the catalytic cycle after addition of fresh
substrate. This was investigated for L-2 in [BMIM]-
(CF3SO2)2N. The lipase shows good thermal stability up to 100
°C in MTBE as well as in the IL. Unfortunately, the substrate
chosen and the product have boiling points around 200 °C at
atmospheric pressure. Therefore, even at a pressure of 0.06
mbar a temperature of 85 °C was necessary to remove the
reactants. But the enzyme suspended in the IL could be reused
three times with less than 10% loss of activity per cycle. The
enantioselectivity was not influenced. Certainly the recycling of
the ionic liquid–enzyme system would be easier for other
substrates as well as on a larger scale. These aspects as well as
the improved enantioselectivity are subject to further studies.
Additionally, other factors such as the water content, the
viscosity or the question of which of the ions is responsible for
the effects will be investigated as well.

The results presented here clearly demonstrate the potential
of ionic liquids for enzymatic biotransformations. The varia-
tions possible for tailor-made solvents may have a similar
impact as the pioneering work of the use of enzymes in pure
organic solvents.18Scheme 1
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In a typical experiment 1 mg of lipase is added to 400 ml
substrate solution containing 54 ml rac-6 and 122 ml 7 in 4.4 ml
ionic liquid or MTBE. The suspension is incubated for 3 d at 24
°C in a thermomixer. For analysis 100 ml of the reaction mixture
are extracted with 1 ml n-hexane–propan-2-ol (97.5+2.5). The
extract is analysed by HPLC using a chiral stationary Phase
Chiracel OJ (Daicel). The eluent consists of 96.5% (v/v) n-
hexane, 3% (v/v) propan-2-ol and 0.5% (v/v) ethanol with a
flow rate of 1 ml min21; temperature 38 °C, UV-detection at
205 nm.

For the distillative workup 600 mg lipase L-2 (10 U mg21) is
mixed with 4 ml [BMIM](CF3SO2)2N, 0.7 ml 6 and 1.2 ml 7,
mixed thoroughly and incubated at 40 °C for 40 min. Non-
converted starting material and (R)-8 are removed by vacuum
distillation at 85 °C and 0.06 mbar. After cooling down the same
amount of substrates is added again and the cycle is repeated.

We thank Roche Diagnostics GmbH, Mannheim, for provid-
ing the Chirazyme Screening set and additional amount of CAL,
and the Fonds der Chemischen Industrie for financial support.
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Table 1 Results of the screening of lipases in various ionic liquids. Conversion (%) of rac-6 and ee’s (%) of (R)-8 (in brackets) are given. Conversion and
ee were estimated by HPLC. Purified L-3 is also part of the Roche Chirazyme screening set

Enzymes

Solvent L-2h L-3i L-3 purified L-5j L-6k L-7l L-8m L-9n L-10o

MTBE 43 ( > 98) 13 (47) < 5 11 (22) 53 (84) 45 ( > 98) 10 ( > 98) 29 ( > 98) > 98 (0)
[BMIM]PF6

a < 5 < 5 0 10 (37) 0 < 5 < 5 < 5 44 (77)
[NMIM]PF6

b 10 ( > 98) 7 (70) 0 41 (71) 17 ( > 98) < 5 11 ( > 98) 33 ( > 98) 68 (14)
[BMIM]BF4

a < 5 41 ( > 98) < 5 < 5 7 (53) 0 < 5 < 5 60 (81)
[HMIM]BF4

c 10 ( > 98) 0 0 27 (34) 0 0 0 0 26 ( > 98)
[OMIM]BF4

d 41 ( > 98) < 5 < 5 59 (13) < 5 < 5 < 5 < 5 50 ( > 98)
[4-MBP]BF4

e 46 ( > 98) < 5 < 5 > 98 (3) 9 ( > 98) < 5 < 5 < 5 15 ( > 98)
[BMIM]CF3SO3

a 50 ( > 98) < 5 < 5 44 (45) 50 ( > 98) < 5 9 ( > 98) < 5 70 (82)
[BMIM](CF3SO2)2Na 50 ( > 98) 10 (69) < 5 > 98 (0) 47 ( > 98) 8 ( > 98) 12 ( > 98) 40 ( > 98) 89 (15)
[MMIM]MeSO4

f Dark brown solution, analysis not possible
[EMIM]benzoateg Dark brown solution, analysis not possible
a BMIM: 1-butyl-3-methylimidazolium. b NMIM: 1-methyl-3-nonylimidazolium. c HMIM: 1-hexyl-3-methylimidazolium. d OMIM: 1-methyl-3-octylimi-
dazolium. e 4-MBP: N-butyl-4-methylpyridinium. f MMIM: 1,3-dimethylimidazolium. g EMIM: 1-ethyl-3-methylimidazolium. h L-2 Candida antarctica
lipase B. i L-3 Candida rugosa lipase. j L-5 Candida antarctica lipase A. k L-6 Pseudomonas sp. lipase. l L-7 Pig pancreas lipase. m L-8 Thermomyces
lanuginosa lipase. n L-9 Mucor miehei lipase. o L-10 Alcaligenes sp. lipase.
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The preparations of the first examples of mixed thioether/
telluroether macrocycles, [9]aneS2Te (1,4-dithia-7-tellura-
cyclononane), [11]aneS2Te (1,4-dithia-8-telluracyclounde-
cane), [12]aneS2Te (1,5-dithia-9-telluracyclododecane) and
[14]aneS3Te (1,4,7-trithia-11-telluracyclotetradecane) via a
‘disguised dilution’ method are described, together with the
crystal structure of [Ag([11]aneS2Te)]BF4 which serves to
authenticate the macrocyclic ligand.

In recent years thioether macrocycles have attracted consider-
able interest in the chemical community. A variety of ring sizes
and denticities have been prepared and their metal ion chemistry
studied, yielding a diverse range of structures and unexpected
electronic and redox responses.1 The tridentate [9]aneS3
probably displays the most interesting chemistry, facilitating
the stabilisation of a range of unusual oxidation states, including
mononuclear Pd(III), Rh(II) and Au(II).1 We have been conduct-
ing comparative studies of the ligating characteristics of acyclic
bi- and tri-dentate thio-, seleno- and telluro-ethers to a variety of
d- and p-block metal centres and have shown that to low-valent
metal centres E?M donation increases in the order S < Se < <
Te.2 Incorporation of telluroether functions in a macrocyclic
environment is expected to significantly enhance their bonding
to metal centres and should lead to rich new chemistry.
However, while several macrocyclic selenoethers are now
known, telluroether crowns are extremely rare3 and indeed only
a handful of multidentate telluroethers have been synthesised.4
This really reflects the synthetic difficulties which need to be
overcome. Thus, since Te–H and Te–C bonds are considerably
weaker than those in their lighter Group 16 analogues, the
methods used to prepare thioether and selenoether macrocycles
are not usually suited to telluroether derivatives. We have
therefore begun to develop new synthetic routes to macrocyclic
telluroethers and report here the preparations of four new mixed
S/Te-donor macrocycles involving different ring sizes and
denticities, including [9]aneS2Te, the direct analogue of
[9]aneS3. The successful incorporation of dimethylene linkages
between the S and Te centres is significant since the
ditelluroethers RTe(CH2)2TeR cannot be isolated, instead
undergoing facile elimination of ethene and forming ditellur-
ides.4 The combination of both S and Te functions within a
macrocyclic configuration will permit a direct comparison of
their ligating properties to transition metal guests. Silver(I)
complexes of the new ligands are also described, together with
the crystal structure of [Ag([11]aneS2Te)]BF4 which serves to
authenticate the macrocyclic ligand.

The synthetic method used for the macrocycles is depicted in
Scheme 1.† In a typical preparation a freshly prepared sample of
Na2Te in liquid NH3 was taken to 278 °C and a THF solution
of the appropriate a,w-dichlorothioalkane species was added
dropwise over ca. 30 min. Evaporation of the NH3 followed by
subsequent hydrolysis and extraction with CH2Cl2 yielded a red
oil. The macrocyclic ligands are obtained as light yellow, poorly
soluble solids in moderate yields (20–30%) following purifica-
tion by flash chromatography on silica using ethyl acetate+hex-
ane 1+3 or, in the case of [9]aneS2Te, by recrystallisation from

CH2Cl2–MeOH. NMR spectroscopic studies and microanalyses
are entirely consistent with the formulations, while mass
spectrometry confirms the products as [1+1] cyclisation
species, showing envelopes of peaks with the correct isotopic
distributions associated with the parent ion, together with peaks
at lower m/z consistent with fragments arising from Te–C and
S–C bond cleavage. There is no evidence from FAB mass
spectrometry for higher macrocycles even in the crude reaction
products.

The macrocycles (L) react readily with one mol. equiv. of
Ag[CF3SO3] in CH2Cl2 at r.t. for one hour to yield light yellow,
very poorly soluble, powdered species of formula
[AgL][CF3SO3]. Electrospray mass spectrometry (MeCN)
shows major peaks associated with [AgL]+ for all four
complexes (as well as [AgL2]+ for L = [9]aneS2Te, [11]ane-
S2Te and [12]aneS2Te). Crystals of the analogous tetra-
fluoroborate salt, [Ag([11]aneS2Te)]BF4, were obtained from
MeNO2–MeOH–Et2O solution and a crystal structure‡ of this
species established unequivocally the macrocyclic configura-
tion. The cation assumes a one-dimensional polymeric structure
[Fig. 1(a) and 1(b)] in which Ag centres are bridged by
[11]aneS2Te ligands, with a silver(I) ion coordinated to each
macrocyclic donor atom. The Ag(I) ions adopt a distorted
trigonal planar coordination environment. The Ag–Te bond
distance [2.674(1) Å] is slightly shorter than those observed in
[Ag{MeTe(CH2)3TeMe}2]BF4 [d(Ag–Te) = 2.785(2)–
2.837(2) Å],5 while the Ag–S distances [2.521(3), 2.634(3) Å]
are comparable to those observed for [Ag{PhS(CH2)3SPh}2]-
BF4 [d(Ag–S) = 2.573(3)–2.623(3) Å]6 (both of which also
adopt infinite structures).

Scheme 1 Reagents and conditions: i, Cl(CH2)2S(CH2)2S(CH2)2Cl, THF/
NH3(liq); ii, Cl(CH2)3S(CH2)2S(CH2)3Cl, THF/NH3(liq); iii,
Cl(CH2)3S(CH2)3S(CH2)3Cl, THF/NH3(liq); iv, Cl(CH2)3S(CH2)2-
S(CH2)2S(CH2)3Cl, THF/NH3(liq); T = 278 °C, reagents added dropwise
over 30 min.

This journal is © The Royal Society of Chemistry 2001
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Studies on the coordination chemistry and associated reaction
chemistry of these and other related macrocycles are in
progress.

We thank the EPSRC for support.

Notes and references
† Satisfactory analytical data were obtained for all new compounds.
Selected spectroscopic data: for [9]aneS2Te: 1H NMR: d 2.84 (s, 4H,

SCH2CH2S), 2.93 (t, 4H, SCH2CH2Te), 3.06 (t, 4H, TeCH2). 13C{1H}
NMR: d 38.9 (CH2S), 32.9 (CH2S), 2.9 (CH2Te). 125Te{1H} NMR: d 345.
FAB-MS: m/z 278, 204; calc. for [C6H12S2

130Te]+ 278, [C3H6S130Te]+ 204.
For [11]aneS2Te: 1H NMR: d 2.74 (s, 4H, SCH2CH2S), 2.73 (t, 4H,
SCH2CH2CH2Te), 2.67 (t, 4H, TeCH2), 2.05 (q, 4H, CH2CH2CH2).
13C{1H} NMR: d 34.7 (CH2CH2CH2), 32.9 (CH2S), 32.6 (CH2S), 2.2
(CH2Te). 125Te{1H} NMR: d 234. FAB-MS: m/z 306, 204; calc. for
[C8H16S2

130Te]+ 306, [C3H6S130Te]+ 204. For [12]aneS2Te: 1H NMR: d
2.78 (t, 4H, SCH2), 2.73 (t, 4H, SCH2), 2.66 (t, 4H, TeCH2), 2.06 (q, 4H,
SCH2CH2CH2Te), 1.86 (q, 2H, SCH2CH2CH2S). 13C{1H} NMR: d 33.5
(SCH2CH2CH2Te), 30.1 (CH2S), 29.0 (CH2S), 27.7 (SCH2CH2CH2S), 1.0
(CH2Te). 125Te{1H} NMR: d 217. FAB-MS: m/z 320, 246, 204; calc. for
[C9H18S2

130Te]+ 320, [C6H12S130Te]+ 246, [C3H6S130Te]+ 204. For
[14]aneS3Te: 1H NMR: d 2.78 (m, 8H, SCH2), 2.73 (t, 4H, SCH2), 2.62 (t,
4H, TeCH2), 2.09 (q, 4H, CH2CH2CH2). 13C{1H} NMR: d 36.1
(CH2CH2CH2), 34.5, 34.9, 35.7 (CH2S), 4.7 (CH2Te). 125Te{1H} NMR: d
254. FAB-MS: m/z = 366, 264; calc. for [C10H20S3

130Te]+ 366,
[C5H10S2

130Te]+ 264.
‡ Crystal data for [Ag([11]aneS2Te)]BF4: M = 498.61, monoclinic, space
group P21/n, a = 8.885(2), b = 17.329(3), c = 9.018(2) Å, b = 93.48(2)°,
V = 1386.0(4) Å3, Z = 4, Dc = 2.389 g cm23, m(Mo-Ka) = 38.34 cm21.
Rigaku AFC7S four-circle diffractometer, T = 150 K, Mo-Ka X-radiation
(l = 0.71073 Å), 2548 unique reflections, 2022 reflections with I > 2s(I).
Structure solution and refinement were routine.7,8 R = 0.038, Rw =
0.071.

CCDC 151895. See http://www.rsc.org/suppdata/cc/b0/b008370o/ for
crystallographic data in .cif or other electronic format.
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Fig. 1 (a) View of the asymmetric unit of [Ag([11]aneS2Te)]+, together with
nearest symmetry-related atoms. H atoms are omitted for clarity and
ellipsoids are shown at the 40% probability level. Selected bond lengths (Å)
and angles (°): Ag(1)–S(1*) 2.634(3), Ag(1)–S(2*) 2.521(3), Ag(1)–Te(1)
2.674(1); S(1*)–Ag(1)–S(2*) 106.7(1), S(1*)–Ag(1)–Te(1) 107.46(7),
S(2*)–Ag(1)–Te(1) 135.67(9). (b) View of a portion of the one-dimensional
lattice adopted by [Ag([11]aneS2Te)]BF4.
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A single chain of schizophyllan, one of the b-1,3-glucan
family, can form a stoichiometric complex with poly(dA)
and the poly(dA)’s conformation and the complex stability
strongly depends on the base length.

Conformational changes in polynucleotides play an important
role in biological systems.1 Powell and Gray2 have explored the
conformational change induced by a single-stranded poly-
nucleotide binding protein (SSB), using poly(dA) as a model
single-stranded DNA (ssDNA). Their CD data clearly demon-
strated that SSB induces the same conformational change in
ssDNA as that of heating poly(dA) or of protonating the
polymer at low pH. More recently, Sakurai and Shinkai3 found
that a single chain of schizophyllan (s-SPG) can form a complex
with single-stranded RNAs, such as poly(A) and poly(C), and
RNA’s conformation is altered by complexation.3 Their finding
led us to examine if s-SPG can interact with ssDNA. This report
presents our preliminary results for an interaction observed
between poly(dA) and s-SPG.

SPG (produced by Schizophyllum commune of the Basidio-
mycota) belongs to the b-1,3-glucan family.4 SPG exists in a
triple helix in water and a single chain in DMSO.5 When s-SPG
in DMSO solution is diluted with water (renature), SPG can
gain the triple helical conformation again.6 We found that when
RNA such as poly(C) or poly(A) coexists in the renaturing
process, a new triple helix consisting of one polynucleotide
chain and two s-SPG chains is formed instead of the original
triple helix reforming from three s-SPG chains.7

Fig. 1 demonstrates the base lengths (Xb) dependence of the
CD spectra ([q] is the molar ellipticity) for poly(dA) itself (left)
and for the mixture of poly(dA) and s-SPG (poly(dA)+s-SPG)
(right). The spectra for poly(dA) themselves are overlaid for Xb
= 18–60 and that for Xb = 250 shows slight deviation from the
others in the 260–280 nm region. Since the overall feature of the

spectra seems identical, we can assume that both the helix
content and conformation of poly(dA) do not depend on Xb.

On the other hand, the mixtures show that the conformation
of poly(dA) strongly depends on Xb. In the case of Xb = 18,
there is no difference between poly(dA) itself and the mixture,
indicating that no significant interaction exists. From Xb = 30
to 45, the difference between the poly(dA) themselves and the
mixtures becomes evident (i.e. increase at 260 nm and decrease
at 250 nm). Thus complexation occurs at this base length, and
becomes more favourable with increasing Xb. In the case of Xb
= 60 and 250, the spectra are different from those of Xb @ 60
(i.e. two new positive bands at 257 and 285 nm and one negative
band at 267 nm), indicating that the longer poly(dA) exhibits a
different conformation from the shorter poly(dA). As shown in
the ESI†8 this novel interaction is only observed for  s-SPG and
other polysaccharides (including triple-helix of s-SPG7) show
no interaction at all.

Fig. 2 presents the temperature dependence of the CD spectra
for both poly(dA) and the mixture at Xb = 250. For
convenience, the spectra for the shorter wavelength (180–240
nm) and the longer (240–300 nm) are presented on different [q]
scales. For poly(dA) (the solid line), the CD spectrum at shorter
wavelength does not change much upon heating. On the other
hand, heating induces a dramatic change in that for poly(dA) of
the complex. At T = 5 °C, there are two positive bands at 257
and 285 nm and one negative band at 267 nm in the complex. At
T = 60 °C, however, there is a strong negative band at 250 nm,
a strong positive band at 260 nm, and the 285 nm band
disappears. At T = 40 °C, it seems that the spectrum is a hybrid
of those at 5 and 60 °C. At T = 90 °C, there is no spectral
difference between poly(dA) and the complex. This feature
indicates that heating induces a conformational transition of
poly(dA) in the complex between 40 and 60 °C, and that the
complex is dissociated above 90 °C. Interestingly, the transition

† Electronic supplementary information (ESI) available: structure of s-SPG,
experimental method, gel electrophoresis of poly(dA) plus dextran (Fig. S1)
and s-SPG (Fig. S2). See http://www.rsc.org/suppdata/cc/b0/b009943k/

Fig. 1 The base length (Xb) dependence of the CD spectra for poly(dA) (left)
and for the mixture made from poly(dA) and s-SPG (right) measured at
5 °C.

Fig. 2 Spectral change upon heating (from 5 °C, 40 °C, to 90 °C) for both
poly(dA) (solid line) and its complex (broken line) for Xb = 250. The
spectra at longer wavelengths and at shorter ones are plotted on separate
vertical scales to make comparison easy.
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from ‘positive 257 nm + negative 267 nm bands at 5 °C’ to
‘negative 250 nm + positive 260 nm bands at 60 °C’ is
correlated with a reverse of the Cotton effect. This feature
resembles the feature observed for the B- to Z-form transition in
DNA duplexes.9

One method to classify polynucleotide conformations is to
examine the CD bands related to the phosphoric ester around
170–200 nm. Three typical conformations in DNA duplexes can
be characterized as follows: a small negative band at 210 nm
and a very large positive band at 190 nm in the A-form, a large
positive band (smaller than the A-form) at 190 nm and a fairly
small band at 210 nm in the B-form and a relatively large
negative band at 185–195 nm and a large positive band at 180
nm in the Z-form. Namely, inversion of the Cotton effect is
usually observed between the Z- and B- (or A-) forms. This
criterion has been used to study the influence of the ionic
strength on the conformational transition from the B- to Z-
form10 and the medium polarity on the conformational
transition from the B- to A-form11

We apply the above criteria to the present system.12 By
comparing the left hand spectra in each panel in Fig. 2, we can
conclude that the poly(dA)’s helicity does not undergo any
transition. From the similarity between the spectra of poly(dA)
and the complex at 5 °C and the fact that poly(dA) itself takes
the B-form (C2A-endo of the ribose and anti of the adenosine) in
aqueous solution,1,13 it can be considered that poly(dA) in the
complex at 5 °C also takes the B-form. Even for the same type
of conformation, the spectra in 240–300 nm are different
between poly(dA) and the complex. This difference can be
attributed to the difference in the conformation or the electronic
state in adenosine, because the complexation can alter both. At
60 °C, the 190 nm band of the complex is larger than that of
poly(dA), while the intensities of the 210 nm band are same.
This feature can be interpreted in two ways. One possible
rationale is that poly(dA) in the complex takes the A-form. This
speculation is based on the fact that the CD spectrum in
240–300 nm resembles that of poly(A)14 which is already
known to take the A-form.1,15 Another rationale is that poly(dA)
in complex retains the B-form and the spectral change in
240–300 nm is due to a conformational transition of the
adenosine such as anti to syn. However, the final assignment of
the spectral change needs more extensive work using NMR
spectroscopy.

Fig. 3 shows the temperature dependence of [q]250 ([q] at 250
nm) in the left panel and of the extinction coefficient at 257 nm
(e257) in the right one, comparing poly(dA) and the mixture.
Table 1 summarizes schematically the temperature dependence
of the poly(dA) conformation for each Xb. Poly(dA) for all Xb
values shows a monotonous increment in both [q]250 and e257.
We consider that this change is due to decrease in the helix
content in the original B-form. On the other hand, for Xb = 250
in the complex, [q]250 drastically decreases in the range T =
20–60 °C, then increases in the range T = 60–80 °C, and finally
merges into the data of poly(dA) itself. The data for the e257
change are clearly correlated with those of CD. This tem-
perature dependence confirms that the poly(dA) in the complex

undergoes a conformational transition (i.e a high molecular
weight (Mw) and low T conformation (HL) to a high T
conformation (H) as denoted in Table 1) before the complex
dissociation. With decreasing Xb, H becomes less obvious. At
Xb = 45, HL disappears and a low Mw and low T conformation
(LL) is cooperatively dissociated at 35 °C and a small amount of
H appears. These features indicate that the presence of this
conformation is characteristic of long poly(dA) chains. As
discussed above, HL is considered to be the B-form and H can
be the A-form or a conformational transition of adenosine. At
this moment, however, the origin of LL is not clear yet. In
conclusion, we have substantiated that s-SPG forms a novel
macromolecular complex with poly(dA). This novel interaction
between s-SPG and poly(dA)16 should provide new insight into
the polysaccharide–DNA interactions, frequently important in
biological systems.
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‡ Polysaccharide–polynucleotide complexes (V).
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Fig. 3 The temperature dependence of [q] at 250 nm (A) and e at 257 nm (B)
for poly(dA) (solid line and unfilled marks) and their mixtures with s-SPG
(broken line and filled marks). Xb = 250 (2 and 5), Xb = 60 (Ω and :),
(xb = 45 (” and »), xb = 30 (- and 8) and Xb = 18 (. and /),
respectively.

Table 1 The conformational transition for poly(dA) and poly(dA) in the
complex
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A ruthenium(II) complex bearing N,NA-bis(4-aminophenyl)-
1,4-phenylenediamine moieties, which can be chemically
oxidized to the corresponding N,NA-bis(4-aminophenyl)-
1,4-benzoquinonediimine moieties, was synthesized, charac-
terized electrochemically and photochemically, and found to
afford a redox-switching system.

The construction of efficient systems for electron transfer is a
key factor in the development of versatile catalysts and
functionalized materials. Photoinduced electron-transfer sys-
tems have been investigated with a variety of ruthenium
bipyridyl complexes. A ruthenium complex bearing a redox-
active moiety provides an electro-photoswitching device, as
exemplified by complexes bearing a benzoquinone1 or viologen
function.2 Ruthenium(II) complex systems have also been
recognized as receptors for anion recognition3 and photo-
synthetic models.4 In a previous paper, quinonediimine deriva-
tives were revealed to afford redox-active catalysts and d,p-
conjugated complexes.5 Furthermore, four p-conjugated
pendant groups have been incorporated into a porphyrin
scaffold to give atropisomeric three-dimensionally oriented
redox-active systems.6 We herein report redox-switchable
ruthenium(II) complexes bearing p-conjugated pendant moie-
ties.

A bipyridyl ligand 1 bearing aniline trimer pendant groups
was prepared by amidation of the acid chloride derivative of
2,2A-bipyridine-4,4A-dicarboxylic acid with 2 mol equiv. of N-
(4-acetylaminophenyl)-NA-(4-aminophenyl)-1,4-phenylenedia-
mine.† The ruthenium(II) complex 2 was synthesized by
complexation with cis-Ru(bpy)2Cl2 and subsequent treatment
with NH4PF6. Chemical oxidation of complex 2 was achieved
with 2 mol equiv. of Ag2O to give the corresponding oxidized
complex 3 (Scheme 1). Furthermore, 3 could be reduced to 2 on
treatment with N2H4·H2O at room temperature for 3 h under
argon. These complexes were identified by spectral data and
cyclic voltammetry.‡ For example, 3 exhibited a CT band at ca.
400–600 nm together with an MLCT band, in contrast to the
observation of only the MLCT band for 2.

The redox properties were studied by cyclic voltammetry.
The redox waves were assigned by comparison with those of the
corresponding complexes 4 and 5 bearing anilino and anilino-
anilino groups, respectively (Table 1). The electrochemical
behavior of complex 2 in acetonitrile is explained by the redox
processes D0?D+?D2+?D4+ of the quinonediimine moieties
as shown in Scheme 2. The redox behavior of the ruthenium
bipyridyl moiety was similar to that for complexes 4 or 5. A
multiredox system has thus been achieved with complex 2. It
should be noted that the redox processes were found to depend
on the solvent. The redox waves in DMF were different from
those observed in acetonitrile, suggesting the redox processes
D0?D2+?D3+?D4+ in the former. Two quinonediimine
moieties exhibited the same redox potential at each step in both
solvents.

The radical cationic species 6 could be generated by
treatment of 2 with 3 in the presence of a proton source (HClO4)
with the appearance of a broad absorption (600–1100 nm) in the
UV–VIS–NIR spectrum.§ EPR spectroscopy also supported the

formation of 6 (g = 2.004, AN = 6.7 G, AH(CH) = 1.6 G, AH(NH)
= 3.4 G). These findings are consistent with the reported redox
behavior of N,NA-diphenyl-1,4-benzoquinonediimine and N,NA-
diphenyl-1,4-phenylenediamine.7 The above-mentioned sol-
vent effect might be due to the difference in equilibrium
between the diprotonated quionediimine and corresponding
reduced species, and the radical cationic species.

In the emission spectrum of complex 2 excited at 477 nm,
almost complete quenching was observed in acetonitrile (Fig.

Scheme 1

Table 1 Electrochemical data for 2, 4 and 5a

This journal is © The Royal Society of Chemistry 2001
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1). Such quenching was not observed with 4, indicating that the
p-conjugated chain of 2 contributes to the quenching. An
efficient photoinduced electron transfer is likely to operate in
complex 2, where the reduced form of the p-conjugated pendant
groups serves as an electron donor. Use of the oxidized form 3
also resulted in a quenched spectrum upon excitation at 477 nm.
Taking the reported electron-transfer mechanism of complexes
bearing viologen or benzoquinone moiety into account,1,2 this
result might be explained by electron transfer in a direction
opposite to that of 2. A much less effective quenching of
ruthenium(II) complex 4 with N,NA-bis(4-acetylaminophenyl)-
1,4-phenylenediamine or N,NA-bis(4-acetylaminophenyl)-
1,4-benzoquinonediimine was observed intermolecularly, in-
dicating that the quenching process for both 2 and 3 occurs

intramolecularly. Such intramolecular quenching processes are
considered to be thermodynamically feasible.

In conclusion, we have described a versatile and efficient
redox-switching system with variable oxidation state of the p-
conjugated pendant moieties. Further investigation on the
electron-transfer mechanism and molecular recognition is now
in progress.
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Notes and references
† The acid chloride derivative prepared by treatment of 2,2A-bipyridine-
4,4A-dicarboxylic acid (122 mg, 0.50 mmol) with SOCl2 (238 mg, 2.0 mmol)
was dissolved in DMF (40 mL) and added dropwise over 2 h to a solution
of N-(4-acetylaminophenyl)-NA-(4-aminophenyl)-1,4-phenylenediamine5

(332 mg 1.0 mmol), 4-dimethylaminopyridine (12 mg, 0.10 mmol) and
Et3N (0.50 mL) in DMF (20 mL) at 0 °C. After stirring at room temp. for
24 h, work-up gave the pure bipyridyl ligand 1 (342 mg, 0.39 mmol, 78%).
1: IR (KBr) 3408, 3305, 3265, 1652 cm21; dH(300 MHz, DMSO-d6) 10.51
(s, 2H), 9.69 (s, 2H), 8.94 (d, 2H, J 5.2 Hz), 8.91 (d, 2H, J 1.6 Hz), 7.97 (dd,
2H, J 5.2, 1.6 Hz), 7.87 (s, 2H), 7.76 (s, 2H), 7.62 (d, 4H, J 9.0 Hz), 7.39 (d,
4H, J 8.8 Hz), 7.04–6.90 (m, 16H), 1.99 (s, 6H); MS (FAB) m/z 872 M+.
‡ 2: IR (KBr) 3405, 3291, 1654 cm21; dH(600 MHz, DMSO-d6) 10.55 (s,
2H), 9.67 (s, 2H), 9.34 (s, 2H), 8.88–8.87 (m, 4H), 8.23–8.20 (m, 4H),
7.96–7.95 (m, 4H), 7.89 (s, 2H), 7.81–7.75 (m, 4H), 7.76 (s, 2H), 7.59–7.54
(m, 4H), 7.54 (d, 4H, J 8.9 Hz), 7.38 (d, 4H, J 8.9 Hz), 7.01–6.96 (m, 12H),
6.91 (d, 4H, J 8.9 Hz), 1.99 (s, 6H); MS (FAB) m/z 1431 (M 2 PF6)+; UV–
VIS (MeCN) labs/nm (log e) 289 (5.08) 304 (5.04) 477 (4.42). 3: IR (KBr)
3404, 1669, 1529 cm21; UV–VIS (MeCN) labs/nm (log e) 288 (5.00) 482
(4.64).
§ UV–VIS–NIR (MeCN) labs/nm (log e) 288 (4.96) 405 (4.72) 847
(4.44).
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Scheme 2

Fig. 1 Emission spectra of 2 or 3 (·-·-), 4 (—), 4 with 2.0 mol equiv. of N,NA-
bis(4-acetylaminophenyl)-1,4-phenylenediamine (·····), and 4 with 2.0 mol
equiv. of N,NA-bis(4-acetylaminophenyl)-1,4-benzoquinonediimine (- -).
[Complex] = 2.0 3 1025 M; solv, MeCN, lexc = 477 nm.
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A new phase-separable catalysis concept is demonstrated
using supercritical carbon dioxide and the room temperature
ionic liquid 1-butyl-3-methylimidazolium hexafluorophos-
phate for hydrogenation of alkenes and carbon dioxide.

There is a continuing interest in developing new concepts for
biphasic or phase-separable catalysis where a homogeneous
catalyst is immobilized in one liquid phase and the reactants
and/or products reside largely in another liquid phase.1
Brennecke and Beckman2 have recently reported that the room
temperature ionic liquid (IL) 1-butyl-3-methylimidazolium
hexafluorophosphate, 1, ([BMIM][PF6]), exhibits very inter-
esting phase behavior with supercritical carbon dioxide
(scCO2), where CO2 can dissolve significantly (up to 0.6 mole
fraction) into the lower IL phase, but no polar IL dissolves in the
upper scCO2 phase. They further illustrated that organics such
as naphthalene could be extracted from the IL phase using
scCO2. Kazarian et al.3 recently provided corroborating spec-
troscopic evidence that CO2 dissolves in 1. This intriguing
discovery of phase behavior suggested that a reaction system
comprised of scCO2 and an ionic liquid might offer particular
advantages as a new biphasic catalysis system. Herein, such a
scCO2/IL biphasic system is demonstrated, where a homoge-
neous transition metal catalyst is immobilized in an IL phase
and products can be isolated from a distinct scCO2 phase.4

Room temperature ionic liquids5 and supercritical carbon
dioxide6 have both been extensively studied as alternative
solvents for a wide range of homogeneously catalyzed reactions
including hydrogenation, hydroformylation, selective oxidation
and carbon–carbon bond formation. We chose to examine the
scCO2/IL system through investigations of the hydrogenation of
dec-1-ene and cyclohexene using Wilkinson’s catalyst
RhCl(PPh3)3, 2, which is insoluble in scCO2 but soluble in
water-stable [BMIM][PF6], 1.

All reactions were run in custom-designed, high pressure
stainless steel view cells with a sapphire window using
magnetic stirring at 50 °C, as described previously.7† The
hydrogenation of dec-1-ene proceeded in 98% conversion to n-
decane in 1 h at 48 bar H2 and a total pressure of 207 bar, which
implies a time-averaged reaction turnover frequency (TOF) of
410 h21. The reaction mixture was biphasic throughout the
reaction with a colorless carbon dioxide phase above a yellow
ionic liquid phase. Hydrogenation of cyclohexene proceeded
more slowly under identical conditions with 82% conversion
being observed after 2 h reaction at 50 °C (time-averaged TOF

= 220 h21) and 96% conversion measured after 3 h. Product
recovery and catalyst recycling were demonstrated for dec-
1-ene using a variable volume reaction vessel to transfer the
upper scCO2 phase to a separate receiver under high pressure
after reaction.8 The reaction vessel was then recharged with
dec-1-ene, hydrogen and carbon dioxide and allowed to react
for 1 h. This process was repeated up to four times and the
reaction proceeded to ca. 98% conversion each time, thereby
demonstrating efficient catalyst recycling through immobiliza-
tion of the rhodium catalyst in the ionic liquid.

Since many organic compounds are not miscible with
imidazolium-based ionic liquids, many of the reported catalytic
reactions in ILs can be considered to be organic/IL biphasic
systems. Product separation has been demonstrated in a number
of cases.9 In order to benchmark the reactivity of the scCO2/IL
system with organic/IL systems, we also examined the above
hydrogenation reactions using n-hexane in place of carbon
dioxide, under otherwise identical conditions.‡ The reaction of
dec-1-ene to form n-decane proceeded to 99% conversion after
1 h at 50 °C in n-hexane/[BMIM][PF6]. Conversions of
cyclohexene to cyclohexane were similar to those measured in
the scCO2/[BMIM][PF6] experiments: 88% after 2 h, 98% after
3 h at 50 °C. These results suggest that there is no reactivity
advantage for CO2 over n-hexane for simple hydrogenation
reactions.

In order to capitalize on advantages arising from the polar
nature of the ionic liquid phase, we sought to examine reactions
that proceed through polar intermediates which would be
soluble in the IL phase and not in scCO2 (Scheme 1). We
studied the hydrogenation of carbon dioxide in the presence of
dialkylamines to produce N,N-dialkylformamides. Noyori
et al.10 and Baiker et al.11 have reported elegant studies on the
catalytic hydrogenation of CO2 to formamides in scCO2 using
scCO2-soluble RuCl2(PMe3)4 and scCO2-insoluble
RuCl2(dppe)2 (dppe = Ph2PCH2CH2PPh2), 3, respectively.
These reactions involve ionic carbamate intermediates, since
dialkylamines react with CO2 reversibly to form dialkylammon-
ium dialkylcarbamates, 4 [eqns (3), (4)].12

CO H HCO H2 2

[cat]

2+ [|
(1)

HCO2H + R3N fi [HNR3]+[HCO2]2 (2)

HNR2 + CO2fi R2NCO2H (3)

R2NCO2H + NHR2fi [NH2R2]+[O2CNR2]2
4

(4)

[NH2R2]+[O2CNR2]2 + 2HCO2H ?
2HCON(R)2 + 2H2O + CO2 (5)

Noyori et al. reported that salt 4a (R = CH3) separated from
the scCO2 phase right from the start of the reaction starting with
dimethylamine and rates using 4a were similar to those using
dimethylamine. Very high rates for selective N,N-dime-
thylformamide (DMF) formation were reported using either
liquid 4a,10 or dimethylamine.10,11 Significantly Noyori et al.
found that activity and selectivity (i.e. formic acid vs.

Scheme 1 Pictorial illustration of a scCO2/IL biphasic system R = reactant,
P = product, I = polar intermediate (e.g. carbamate 4).
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formamide production) decreased rapidly with longer chain
amines (R ≠ CH3) which lead to solid, scCO2-insoluble
carbamate intermediates.10

In the scCO2/IL system, catalyst 3 and carbamate 4 are both
soluble in the IL phase. Carbamate 4a could be completely
converted to DMF after 4 h at 80 °C using 55 bar hydrogen
under a total pressure of 276 bar.§ While this unoptimized
reactivity is significantly less than that reported by Baiker for
the liquid carbamate,11‡ we found that the reactivity and more
importantly the selectivity is higher for amines other than
dimethylamine in the scCO2/IL biphasic system. Under similar
reaction conditions, di-n-propylamine¶ led to complete amine
conversion and exclusive production of the corresponding N,N-
di-n-propylformamide after only 5 h at 80 °C. The activity and
selectivity are higher than those reported10 for less bulky
diethylamine and n-propylamine in neat scCO2 (Table 1). The
increased selectivity in the scCO2/IL biphasic system likely
arises from the increased solubility of the solid dialkylcarba-
mate intermediates in the IL phase or through rate enhancement
of amidation of formic acid derived from CO2 hydrogenation
[eqn (5)].

The highly polar formamide products appear to be very
soluble in the ionic liquid phase, 1. Preliminary experiments
reveal that they do not partition strongly into the scCO2 phase
after only one reaction cycle. Quantitative data on the
partitioning of organic compounds between ionic liquids and
either organic solvents or scCO2 are just starting to appear in the
literature.13,14 We have demonstrated extraction of DMF from
IL 1 in a separate experiment. After stirring 30 mL scCO2 (Ptot
= 276 bar) over a solution of 1.0 mL ionic liquid 1 and 1.0 mL
DMF for 1 h at 80 °C, the upper CO2 phase was transferred
under high pressure to another vessel. Subsequent pressure let-
down led to 151 mg of isolated DMF (16% recovery). We have
been able to demonstrate effective product recovery for N,N-di-
n-propylformamide after several reaction/recovery cycles. The
recovery yield in the first cycle was poor (less than 5%),
however, the yield in the second cycle improved significantly to
61%. N,N-di-n-propylformamide can be almost quantitatively
recovered in the third and fourth cycle, suggesting the IL phase
becomes saturated with the product in the first two cycles.15

In conclusion, we demonstrate one of the first examples4 of
catalysis in a biphasic system incorporating supercritical carbon
dioxide and ionic liquids and more importantly the first example
involving CO2 reaction chemistry. High selectivity, catalyst
recycling and product recovery were observed for hydro-
genation of CO2 in the presence of dialkylamines, demonstrat-
ing the potential advantages arising from dissolving polar
reaction intermediates in the IL phase. We are in the process of
investigating other reactions, particular those involving polar
intermediates, as well as quantifying the partitioning of
reactants (including gases), products and catalyst between the
two phases.

We gratefully acknowledge support of this research by the
U.S. Department of Energy through a Laboratory Directed
Research and Development (LDRD) grant at Los Alamos
National Laboratory.
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Table 1 Production of formamides from amines and CO2 in different solvent systems

Amine Solvent Catalyst T/°C t/h Con (%) Sel (%) TONa TOF (h21)b

NH(C2H5)2
c scCO2 RuCl2(PMe3)4 100 13 38 46d 820 63

NH2(n-C3H7)c scCO2 RuCl2(PMe3)4 100 5 18 30d 260 52
NH(n-C3H7)2 scCO2/IL RuCl2(dppe)2 80 5 100 > 99 110 > 22

a TON = mol product/mol ruthenium. b Time-averaged TOF. c Ref. 10. d Other product is formic acid.
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Cr-containing mesoporous silica molecular sieves (Cr-HMS)
containing tetrahedrally coordinated isolated chromium
oxide (chromate) moieties can operate as an efficient
photocatalyst for the decomposition of NO and the partial
oxidation of propane with molecular oxygen under visible
light irradiation.

Highly dispersed transition metal oxides incorporated within
the framework of zeolites and mesoporous molecular sieves
show unique reactivities not only for catalytic reactions1 but
also for photocatalytic reactions.2 In particular, highly dispersed
transition metal oxides such as titanium,3 vanadium4 and
molybdenum5 exhibit high photocatalytic reactivities for vari-
ous reactions. However, these metal oxides can operate as
efficient photocatalysts only under UV light irradiation and
exhibit no photocatalytic reactivity under visible light irradia-
tion. To establish the clean photocatalysis system using the most
environmentally ideal energy source—solar light—it is vital to
develop a photocatalyst that can operate efficiently under
visible light irradiation.

In the present study, chromium-containing mesoporous silica
molecular sieves (Cr-HMS) have been prepared and charac-
terized by various spectroscopic methods (XRD, EXAFS, EPR,
UV–VIS, photoluminescence) and their photocatalytic re-
activities under UV and visible light irradiations have been
investigated. It has been found that chromium oxide (Cr-oxide)
highly dispersed on the mesoporous silica can adsorb and utilize
visible light in photocatalytic reactions such as the decomposi-
tion of NO into N2 and O2 and the partial oxidation of propane
with O2.

Cr-HMS mesoporous molecular sieves (0.02, 0.2, 1.0, 2.0
wt% as Cr) were synthesized using tetraethyl orthosilicate and
Cr(NO3)3·9H2O as the starting materials and dodecylamine as a
template.6,7 Calcination of the sample was carried out in a flow
of dry air at 773 K for 5 h. Prior to spectroscopic measurements
and photocatalytic reactions, the catalysts were degassed at 723
K for 2 h, heated in O2 at the same temperature for 2 h and then
finally evacuated at 473 K for 2 h to 1026 Torr. The
photocatalytic reactions were carried out with the catalysts (100
mg) in a flat-bottomed quartz cell (80 ml) connected to a
conventional vacuum system (1026 Torr range). Photocatalytic
reactions were carried out under UV (l > 270 nm) or visible
light (l > 450 nm) irradiation at 273 K using a high pressure
mercury lamp (310–400 nm, 29 W m22; 360–480 nm, 44 W
m22) through water and colored filters. The photocatalytic
decomposition of NO was carried out on a starting amount of
135 mmol and the products in the gas phase were analyzed by
GC. For the photocatalytic oxidation of propane with O2,
reactions were carried out on mixtures containing 240 mmol
propane and 180 mmol O2, and products in the gas phase and the
products desorbed from the catalysts by heating to 573 K were
also analyzed by GC.

The results of the XRD analysis indicated that the Cr-HMS
have a mesopore structure7 and that the Cr-oxide moieties are
highly dispersed in the framework of HMS, while no other
phases are formed. Cr-HMS exhibited a sharp and intense pre-
edge peak in the XANES region which is characteristic of Cr-
oxide moieties in a tetrahedral coordination.8 In the Fourier
transforms of EXAFS spectra, only a single peak due to the
neighboring oxygen atoms (Cr–O) were observed, showing that
Cr ions are highly dispersed in the Cr-HMS. Analysis of
EXAFS spectra of Cr-HMS indicated that tetrahedrally co-
ordinated Cr-oxide (chromate) moieties having two terminal
CNO bonds existed as in an isolated state [two oxygen atoms
(CrNO) at 1.57 Å and two oxygen atoms (Cr–O) at 1.82 Å]. The
EPR technique was also applied to investigate the coordination
state of the Cr-oxide species by monitoring the Cr5+ ions formed
under UV irradiation of the catalyst in the presence of H2 at 77
K. After photoreduction with H2 at 77 K, Cr-HMS exhibited a
sharp, axially symmetric signal at around g = 1.9 g∑ = 1.880,
g4 1.945), attributed to the isolated mononuclear Cr5+ ions in
tetrahedral coordination.9

As shown in Fig. 1, the UV–VIS spectra of the Cr-HMS
catalysts exhibit three distinct absorption bands at around 250,
360 and 480 nm which can be assigned to charge transfer from
O22 to Cr6+ of the tetrahedrally coordinated Cr-oxide moie-
ties.10 Without Cr ion, HMS exhibit no absorption band above
220 nm. The absorption bands assigned to the absorption of
dichromate or Cr2O3 cluster cannot be observed above 550 nm,
indicating that tetrahedrally coordinated Cr-oxide species exist
in an isolated state. Cr-HMS exhibited photoluminescence
spectra at ca. 550–750 nm upon excitation of the absorption
(excitation) bands at ca. 250, 360 and 480 nm. These absorption
and photoluminescence spectra are similar to those obtained
with well defined, highly dispersed Cr-oxides anchored on to
Vycor glass or silica11 and can be attributed to the charge
transfer processes on tetrahedrally coordinated Cr-oxide moie-
ties involving an electron transfer from O22 to Cr6+ and a
reverse radiative decay, respectively.

Fig. 1 The UV–VIS spectra of Cr-HMS catalysts (a) 2.0 wt%, (b) 1.0wt%,
(c) 0.2 wt%, as Cr.
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UV light irradiation (l > 270 nm) of the Cr-HMS in the
presence of NO in the gas phase at 275 K led to the
photocatalytic decomposition of NO and the evolution of N2,
N2O and O2. The Cr-HMS also showed photocatalytic reactivity
even under visible light irradiation (l > 450 nm). As shown in
Fig. 2, the N2 yields increase linearly with the irradiation time.
The reaction stopped immediately when irradiation was ceased.
Formation of these reaction products was not detected under
dark conditions, or from irradiation of the HMS itself without
Cr-oxide. After prolonged irradiation, the amount of decom-
posed NO to form N2 per total number of Cr ions included
within the catalyst exceeded unity [after 96 h on the Cr-HMS
(0.02 wt% as Cr)]. These results clearly indicate that the
presence of both Cr-oxide species (included within the HMS) as
well as light irradiation are indispensable for the photocatalytic
reaction to take place and that the direct decomposition of NO
to produce N2, O2 and N2O occurs photocatalytically on the Cr-
HMS. Although the reaction rate under visible light irradiation
is less than under UV light irradiation, the selectivity for N2
formation (97%) under visible light irradiation is higher than
that of UV light irradiation (45%). These results indicate that
Cr-HMS can absorb visible light and act as an efficient
photocatalyst under not only UV light but also visible light
irradiation, and especially, Cr-HMS can be useful to form N2
under visible light irradiation.

The addition of NO to the Cr-HMS led to an efficient
quenching of the photoluminescence spectrum of the catalyst,
its extent depending upon the amount of NO added. These
results indicate that the charge transfer excited state of the
tetrahedrally coordinated isolated Cr-oxide moieties, (Cr5+–
O2)*, easily interact with NO, and this photo-excited species
plays an important role in the photocatalytic reaction under UV
and visible light irradiation.

On the other hand, light irradiation of the Cr-HMS in the
presence of propane and O2 led to the photocatalytic oxidation
of propane. As shown in Fig. 3, partial oxidation of propane
with a high selectivity for the production of oxygen-containing
hydrocarbons such as acetone and acrolein proceeds under
visible light irradiation, while further oxidation proceeds
mainly under UV light irradiation to produce CO2 and CO. The
selectivity of partial oxidation production under visible light
irradiation observed at 12% propane conversion is higher than
that observed under UV light irradiation at 26% conversion and
even under UV light irradiation for the shorter reaction time
with 11% conversion. These results indicate that the tetra-

hedrally coordinated, isolated Cr-oxide moieties in HMS can
exhibit an efficient photocatalytic reactivity for the oxidation of
propane under visible light irradiation with a high selectivity for
the partial oxidation of propane.

The present results have clearly demonstrated that the Cr-
HMS can absorb visible light and act as an efficient and
selective photocatalyst under visible light irradiation. This
photocatalytic system with tetrahedrally coordinated Cr-oxide
moieties dispersed on mesoporous silica seems to be a good
candidate for the conversion of abundant visible or solar light
energy into useful chemical energy.
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Fig. 2 The reaction time profile of N2 formation in the photocatalytic
decomposition of NO on the Cr-HMS catalyst at 273 K (2.0 wt% as Cr)
under UV light irradiation (a) l > 270 nm and visible light irradiation (b)
at l > 450 nm. Fig. 3 The distribution of the photo-formed products in the photocatalytic

oxidation of propane with O2 on the Cr-HMS catalyst at 273 K (2.0 wt% as
Cr) under UV light irradiation (l > 270 nm) for (a) 0.5 h and (b) 2 h, and
visible light irradiation (l > 450 nm) for (c) 2 h.
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Mixed imine–amide pyrrolobenzodiazepine dimers have
been prepared which exhibit potent antitumour activity and
have significant DNA binding affinity; one of them, 1c, has
been shown to cause a remarkable rise in the melting
temperature of calf thymus DNA.

There has been increasing interest in discovering and develop-
ing small molecules that are capable of interacting with nucleic
acids in a sequence-selective manner.1–3 Such compounds have
potential in the therapy of genetic-based diseases (some
cancers),4 diagnostics, and validation of DNA sequences. The
pyrrolo[2,1-c][1,4]benzodiazepines (PBD’s) are a well known
class of antitumour antibiotics with sequence-selective DNA
binding ability that are derived from various Streptomyces
species. Their interaction with DNA has been extensively
studied and is considered unique since they bind within the
minor groove of DNA, forming a covalent aminal bond between
the C11 position of PBD B-ring and the N2-amino group of a
guanine base.5 Further, the requirement of (S)-stereochemistry
at C11a for these compounds enables a snug fit in the minor
groove of DNA.6 It has also been shown that PBD’s inhibit both
endonuclease activity and in vitro transcription in a sequence-
selective manner.7

The naturally occurring PBD’s (e.g. anthramycin and
tomaymycin) span approximately 3 base pairs with a preference
for purine–guanine–purine sequences. Thurston and co-work-
ers8 have synthesized C8 diyldioxy ether-linked PBD dimers
(DSB-120), that span approximately six base pairs of DNA and
in which the sequence selectivity is also increased (e.g. purine–
GATC–pyrimidine for DSB-120). Moreover, the cytotoxic
potency and large change in calf thymus (CT) DNA melting
temperature has been attributed to its ability to irreversibly
cross-link DNA via guanine residues on opposite strands
because of the presence of two active sites (i.e. two imine
functionalities). Recently, another new cross-linking PBD
dimer (SJG-136) having C2/C2A-exo unsaturation has been
prepared by the same group and exhibits extraordinary DNA
binding affinity.9 It has been established that the imine
functionality or its equivalent methanolamine form is a primary
requirement for the covalent binding, whereas the non-covalent
interactions of PBD’s with DNA bases help in rationalising the
sequence selectivity and drug orientations.10 Therefore, it has
been considered of interest to design and synthesize C8 linked
PBD-dimers, wherein one ring of PBD has the imino function
while the other has an amide group. It has been envisaged that
such a mixed dimer could offer more insight into not only the
covalent binding but also the role played by non-covalent
interactions with DNA bases.

In recent years a number of hybrid molecules containing the
PBD ring system have been synthesized to improve upon the
DNA binding ability and sequence selectivity.11 We have been
interested in the structural modifications of the PBD ring system
and the development of new synthetic strategies.12–16 In
continuation of these efforts, we report a new synthesis of novel
mixed dimers of PBD containing the imino function in one of
the PBD rings and an amido group in the other, linked at the C8

position by a suitable alkane spacer. Interestingly, the larger
sized spacer (n = 5) increases the melting temperature of CT
DNA by a significant 17 °C after 18 h incubation at a
(PBD)+(DNA) ratio of 1+5 for 1c.

Synthesis of the imine–amide mixed dimers of PBD has been
carried out employing the commercially available vanillin.
Oxidation of vanillin followed by benzylation and nitration by
literature methods17 provides the starting material 4. L-Proline
methyl ester has been coupled to 4 followed by debenzylation
with BF3·OEt2–EtSH to give the nitro ester 6 (Scheme 1).
Another precursor has been prepared from vanillic acid methyl
ester 7 by its etherification with dibromoalkanes to afford 8. The
mono alkylation of 7 has been achieved by using 3 molar
equivalents of the dibromo alkanes. Nitration of 8 followed by
ester hydrolysis and coupling (2S)-pyrrolidinecarbaldehyde
diethyl thioacetal gives 11. The key intermediate has been
prepared by linking 6 and 11. Reduction of both nitro groups
provides 13 which has a dilactam moiety at one end and the
amino functionality on the other. Deprotection of the thioacetal
group by using the method of Thurston and coworkers8 affords
the target molecules 1a–c (Scheme 2).

Interestingly, the data presented in Table 1 show that as the
size of the linker spacer increases from n = 3 to 5 the DNA
stabilization is also enhanced. In this assay for a 1+5 molar ratio
of (PBD)+(DNA), one of these mixed imine–amide PBD dimers
(1c) elevates the helix melting temperature of CT DNA by a
remarkable to 17.0 °C after incubation for 18 h at 37 °C. Under
similar conditions, the dimer having two imino functionalities
i.e. DSB-120 provides a DTm of 15.4 °C. On the other hand, the
naturally occurring DC-81 having only one imino group

Scheme 1 Reagents and conditions: i, SOCl2 L-proline methyl ester
hydrochloride, Et3N, H2O, 0 °C, 30 min, 85%; ii, BF3·OEt2–EtSH, CH2Cl2,
rt, 8 h, 88%.
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exhibits a DTm of 0.7 °C. This demonstrates that compound 1c
containing a single imino functionality has a very significant
DNA binding affinity. To the best of our knowledge, this is the
first synthetic non-cross-linking molecule to exhibit a remark-
able DNA binding effect similar to the naturally occurring
sibiromycin (DTm = 16.3 °C at 18 h).11 These data indicates
that non-covalent interactions play an important role for the
enhancement of DNA binding affinity. The preliminary anti-

cancer assays carried out on three human cell lines; lung (NCI-
H460), breast (MCF7) and CNS (SF-268), exhibit significant
anticancer activity for these compounds as illustrated in Table
1.

In summary, the synthesis of 1a–c† reported here describes
the importance of non-covalent interactions for increasing the
DNA binding affinity and potent antitumour activity of the non-
cross-linking mixed imine–amide PBD dimers. These findings
may allow researchers to design newer analogues with
improved therapeutic potential, particularly for antitumour
activity. The sequence selectivity, endonuclease activity and
detailed anticancer activity of these non-cross-linking PBD
compounds will be reported elsewhere.

We thank the National Cancer Institute, Maryland for the
primary anticancer assay in human cell lines. We are also
thankful to CSIR, New Delhi for the award of research
fellowship to two of us (N. L. and G. R.).
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Scheme 2 Reagents and conditions: i, Br(CH2)nBr, K2CO3, CH3COCH3,
reflux, 48 h, 82–86%; ii, SnCl4–HNO3, CH2Cl2, 225 °C, 5 min, 88–91%;
iii, 1 M LiOH, THF, MeOH, H2O (3+1+1), rt, 12 h, 89–93%; iv, SOCl2 then
DMF, THF, H2O, 2(S)-pyrrolidinecarbaldehyde diethyl thioacetal, Et3N,
3 h, 89–92%; v, 6, K2CO3, CH3COCH3, reflux, 48 h, 85–90%; vi,
SnCl2·2H2O, MeOH, reflux, 40 min, 80–85%; vii, HgCl2, CaCO3, CH3CN–
H2O (4+1), 3–8 h, 55–61%.

Table 1 Thermal denaturation with calf thymus DNA,a at a [PBD]+[DNA]
molar ratio of 1+5b and in vitro one dose primary anticancer assayc in the
NCI-H460, MCF 7 and SF-268 for 1a–c

Induced DTm/°Cab after incubation
at 37 °C for Growth percentages

Compound 0 h 18 h
(Lung)
NCI-H460

(Breast)
MCF7

(CNS)
SF-268

1a 6.5 7.0 4 10 11
1b 5.0 8.5 216 241 281
1c 14.0 17.0 239 7 221
DC-81(3) 0.3 0.7 — — —
DSB-120 10.2 15.4 — — —
a For CT-DNA at pH 7.00 ± 0.01, DTm = 66.5 °C ± 0.01 (mean value from
60 separate determinations), all DTm values ± 0.1–0.2 °C. b For a 1+5 molar
ratio of [ligand]+[DNA], where CT-DNA concentration = 100 mM in
aqueous buffer [10 mM sodium phosphate + 1 M EDTA, pH 7.00 ± 0.01].
c One dose of 1a–c at 1024 molar concentration.
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(P) and (M) dirhodium(II) complexes with ortho-metalated
aryl phosphines are assessed as chiral catalysts in the
enantioselective cyclopropanation of styrenes by ethyl di-
azoacetate; enantioselectivities up to 91% and up to 87%,
respectively, for cis- and trans-2-arylcyclopropanecarboxy-
lates are observed.

A great deal of effort is presently being devoted to the
development of new chiral catalysts to induce enantiocontrol in
carbene transfer reactions.1–3 The catalytic reaction of ethyl
diazoacetate with styrene is a model reaction with which stereo-
and enantioselectivity for intermolecular cyclopropanation is
measured and catalytic effectiveness is determined. Chiral
copper catalysts,4–8 especially those with bis-oxazoline ligands
and ruthenium catalysts,9 have been found to induce the highest
levels of enantiocontrol. Thus, enantioselectivities up to 99%
for ethyl 2-phenylcyclopropanecarboxylates have been ob-
tained in the cyclopropanation of styrene with ethyl diazoace-
tate catalyzed by Cu catalysts. In general, chiral dirhodium(II)
catalysts do not provide high enantioselectivities; there is a
remarkable exception in chiral azetidine-4-carboxylate-ligated
dirhodium(II) catalysts.10 They produce enantioselectivities up
to 76 and 52% ee, respectively, for 2a and 3a (Scheme 1).†

Dirhodium(II) catalysts of general formula
Rh2(O2CR)2(PC)2, containing two ortho-metalated aryl phos-
phines (PC) in a head to tail arrangement,11 (Fig. 1), have
backbone chirality and they can be isolated as pure enantiomers
by conventional resolution methods.12 Until now, all
approaches to the design of enantiomerically pure Rh(II)
catalysts have depended on the attachment of enantiomerically
pure ligands to the dirhodium core.

The racemic Rh2(O2CR)2(PC)2 compounds have been used
in intramolecular processes.13,14 Those with high electron-
withdrawing carboxylate groups (CF3CO2) have shown the best
selectivity values.

We now report, from results obtained with a series of Rh(II)
catalysts, Rh2(O2CCF3)2(PC)2, that they induce low dia-
stereoselectivity in the intramolecular cyclopropanation of
styrenes 1a–1d (Scheme 1), but both cyclopropane diastereoi-
somers are obtained with high optical purity.

Use of catalysts 4–8 for cyclopropanation of styrene with
ethyl diazoacetate gave the results reported in Table 1 (Fig. 1).
Catalysts 4–7 showed low diastereoselectivity in the obtention
of both diastereoisomers, 2a and 3a. However, all of them
induced high asymmetry in the cyclopropanation of styrene;
those catalysts with a more basic phosphine (catalysts 4–6
compared to 7) led to the best ee values. The influence of the
olefin on enantioselectivity was studied using styrenes of
varying nucleophilicity (Table 2). Product yields were higher
with the more nucleophilic olefins 1c and 1d. However, no
remarkable differences on diastero- and enantioselectivity were
found for catalysts 4–7. These results confirm that degradation
to an achiral rhodium catalyst is not a major competing
pathway.

Scheme 1 Catalyzed cyclopropanation of styrenes.

Fig. 1 List of Rh(II) catalysts with ortho-metalated aryl phosphine
ligands.

Table 1 Asymmetric cyclopropanation of styrene catalyzed by the (M)-
enantiomer

% ee Configuration

Rh Yield %a 2a/3ab 2ac 3ac 2ad 3ad

4 55 48+52 91 87 1S, 2R 1S, 2S
5 40 61+39 87 75 1S, 2R 1S, 2S
6 36 51+49 88 81 1S, 2R 1S, 2S
7 71 47+53 74 74 1S, 2R 1S, 2S
8 94 43+57 39 6 1R, 2S 1R, 2R
a Cyclopropanation yield based on ethyl diazoacetate. b Determined by GC
analysis. c Ee values were based on GC analysis with a 2,3-di-O-acetyl-6-O-
tert-butyldimethylsilyl-beta-CDX column. d Configuration was determined
by correlation of the sign of the rotation of polarized light with that of the
known enantiomer (ref. 15).
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We suggest that the olefin approaches to the carbenoid
through its less substituted carbon and also that the carbene
transfer to olefin occurs through an early transition state. The
interaction between the carbenoid ester group (CO2Et) and the
olefinic substituents (R, Ar) would be weak in such a case.
These two mechanistic details, altogether, could explain the low
influence of the olefin on diastereoselectivity observed in our
experiments.

A tentative rationale for the observed high ee values for both
stereoisomers, and for the sense of asymmetric induction in the
cyclopropanation of styrenes with Rh(II) catalysts 4–7 is based
on the model depicted in Fig. 2 for the M-catalyst. The non-
metalated aryl substituents of the phosphorus atom protrude into
the region where carbene transfer takes place, thereby limiting
the possible orientations of the coordinated carbene and
favoring those orientations placing the ester group at the less
sterically demanding quadrants (orientation A1 and B1 in Fig.
2). The cyclopropanation step, A1 ? A2 appears to be more
favored than B1? B2, since in the latter, a repulsive interaction
builds up between the ester group and the metalated aryl group
at some level of the proccess.

Additional evidence supporting such a model was obtained
from the crystal structure determination of the enantiomerically
pure catalyst (M)-8 having bulky carboxylate ligands

[(C6H5)3CCO2] (Fig. 3). In this case two relevant observations
are made: the enantioselectivity was much lower (almost zero
for one of the diastereoisomers) and there was a reversal of
induction. These two facts may be attributed to increased steric
interactions in the area of the carboxylate ligands, due to the
higher steric requirements of the [(C6H5)3CCO2] in 8 compared
to (CF3CO2) in 4–7, that make a carbenoid intermediate A1 less
favored than B1 (Fig. 2). Additional studies oriented to confirm
the reliability of the model depicted in Fig. 2 are in progress.

In summary, results indicate a high chiral recognition in the
intermolecular cyclopropanation of styrenes showed by these
dirhodium(II) compounds. The ee values clearly exceed those
previously observed with other Rh(II) catalysts for this partic-
ular intermolecular reaction.

We thank the Dirección General de Investigación Científica
y Técnica (DGICYT) (Project PB98-1437) and the EC (Project
TMR Network ERBFMRXCT 60091).
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Table 2 Influence of the olefin on enantioselectivity in the cyclization
catalyzed by (M)-4

% ee

Olefin Yield % 2/3 2 3

1a 55 48+52 91 87
1b 62 49+51 86 —a

1c 88 51+49 —a 85
1d 90 51+49 84 —a

a Not determined.

Fig. 2 Model transition state for the reaction of styrene catalyzed by the (M)-
enantiomer.

Fig. 3 Molecular view of the complex
Rh2[(C6H5)3CCO2]2[(C6H5)2(C6H4)P]2 [(M)-8]. Selected distances (Å) are
Rh(1)–Rh(1A) = 2.5587(7), Rh(1)–O(2) = 2.151(3), Rh(1)–O(1) =
2.164(3), Rh(1)–P(2) = 2.280(13), Rh(1)–N(2) = 2.302(4). Selected
angles (°) are C(41)–Rh(1)–O(2) = 88.08(15), O(2)–Rh(1)–O(1) =
85.65(12), O(2)–Rh(1)–P(2) = 171.46(9), N(2)–Rh(1)–Rh(1A) =
162.02.
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The treatment of 1+1 salts of 2,3-allenoic acid–chiral base
with CuX2 (4 equiv.) in an aqueous medium, i.e. acetone–
H2O (2+1), at 60–65 °C afforded b-halobutenolides with high
enantiopurities in good to excellent yields.

Polysubstituted butenolides are a class of compounds of current
interest due to their potential broad range of biological
activities1 and abundant occurrence in natural products.2
However, the methods for the highly stereoselective synthesis
of optically active butenolides are limited.3,4 In this paper, we
wish to report a highly efficient CuX2-mediated cyclization of
the salts formed between chiral bases and 2,3-allenoic acids.
The method provides a novel route to b-halobutenolides with
high enantiopurity, important building blocks for polysub-
stituted butenolides.5

Recently, we have developed several methodologies for the
synthesis of b-halobutenolides from 2,3-allenoic acids.5,6 The
interesting point of these reactions is that the starting 2,3-alle-
noic acids are a class of compounds with chirality when
properly substituted. Thus, it would be possible to use a cheap
optically active base to resolve 2,3-allenoic acids and transfer
the axial chirality in allenes into central chirality in butenolides
in a highly stereoselective manner. One major issue here is the
use of the salt of an optically active base with 2,3-allenoic acids
directly as the starting point, the release of 2,3-allenoic acids
from the salts would not be necessary, which makes this strategy
more attractive.

The resolution of racemate 2-methyl-4-phenylbuta-2,3-dien-
oic acid 1a with 0.5 equiv. of (L)-cinchonidine, a readily
available and relatively cheap base, afforded a salt which could
be readily recrystallized in ethyl acetate to afford the optically
active salt (+)-2a in 43% yield with [a]20

D = +85.4°.7 Release of
the acid from the corresponding salt (+)-2a by the treatment
with dilute H2SO4 afforded S-(+)-1a, indicating the (S)-
configuration of the allene moiety according to the Lowe–
Brewster rule (Scheme 1).8

Luckily, when (+)-2a was treated with CuBr2 in an aqueous
medium (acetone–H2O (2+1)), at 60–65 °C for 3 h, a
methodology recently developed by ourselves for the halolacto-

nization of 2,3-allenoic acids,6 the reaction afforded (+)-3a in
95% yield with 98% ee, 9 the corresponding b-chlorobutenolide
(+)-3b was also obtained in 90% yield with 99% ee by using
CuCl2 instead of CuBr2 (Scheme 2).

With the standard aqueous reaction conditions in hand, a
series of b-bromobutenolides with high optical purity were
prepared and the results are summarized in Table 1. It is
obvious: (1) the yields are from good to excellent; and (2) the
efficiency of the chirality transfer process is almost 100% since
the %ee of the products from the resolved salts are similar to
those from the released free 2,3-allenoic acids (Scheme
3),indicating that the chirality of (L)-cinchonidine has almost no
impact on the chirality transfer of the allene moiety. Similar
results were obtained for all substrates using CuCl2 in place of
CuBr2 to afford b-chlorobutenolides. The absolute configura-
tion of the chiral centers in the products 3c and 3d were
determined by X-ray diffraction using the bromine atoms as the
reference.10 The absolute configuration of other products are
based on these X-ray studies and further confirmed by the study
of their CD spectra.11

Furthermore, it is interesting to observe when we used (S)-
(+)-a-methylbenzylamine as the resoluting agent, the salt
(2)-4a was obtained and its treatment with CuBr2 afforded the
opposite enantiomers (R)-(2)-3a (98% ee) and (R)-(2)-3b
(98% ee) in 90% and 93% yields, respectively (Scheme 4).

By using (R)-(2)-a-methylbenzylamine instead of its S-
enantiomer, the corresponding salt (+)-4a afforded the same
enantiomer as with (L)-cinchonidine, i.e. (S)-(+)-3a and (S)-
(+)-3b in 92 (98% ee) and 90% yield (97% ee), respectively
(Scheme 4).

In conclusion, we have developed an efficient aqueous
synthesis of highly optically active b-halobutenolides. The
current methodology will show its utility in organic synthesis
due to the ready availability of starting materials with different
substitution patterns,7,12 direct cyclization from the salts, and
availability of both enantiomers. 

Scheme 1 Scheme 3
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At 200 °C and 5 MPa of initial total pressure, the oxidative
carbonylation of amines for the synthesis of the correspond-
ing carbamates by Au(I) complexes as catalysts was con-
ducted with excellent conversion and selectivity.

Gold catalysts have been receiving growing attention and many
reactions catalyzed over Au catalysts,1 such as CO oxidation,2
selective oxidation,3 water-gas shift reactions,4 asymmetric
aldol reactions,5 carbonylation of olefins6 and dehydrogenative
dimerization of trialkylstannane,7 have been reported to be high
performance. These reactions indicate that using gold com-
plexes as catalysts for those synthetic reactions traditionally
catalyzed with Pd, Rh etc. complexes should be not only
possible but also practical and even highly efficient.

Produced either by oxidative carbonylation of amines or by
reductive carbonylation of nitro compounds in the presence of
an alcohol, carbamates as intermediates for the synthesis of
isocyanates by non-phosgene routes have been extensively
studied over the past two decades.8 Pd, Ru and Rh complexes
and other transition metals were employed as the catalysts,9 and
complexes of Pd coordinated with N-containing compounds
were among the most effective of these catalyst systems.10

Although reductive carbonylation of nitro compounds should be
the more attractive route for indirect production of isocyanates,
the occurrence of catalyst deactivation due to the reduction of
noble metal ions, e.g. Pd2+ to Pd0, under the strong reductive
conditions may be difficult to be overcome,11 and the catalyst
systems were generally more complicated than those for
oxidative carbonylation. Furthermore, no studies concerning
the oxidative carbonylation of amines or reductive carbonyl-
ation of nitro compounds for carbamate formation by Au
complexes have been reported yet.

Herein, the first example of the oxidative carbonylation of
amines for the synthesis of the corresponding carbamates by Au
complexes, i.e. HAuCl4 1, Au(PPh3)Cl 2, Au(PPh3)2Cl 3,
Au(PPh3)NO3 4 and [Au(PPh3)]2S 5 as the catalysts with
excellent performance, is reported:
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The oxidative carbonylation of a series of aromatic and
aliphatic amines over the above mentioned Au(I) complexes
was examined (Table 1). When aniline as substrate was
subjected to carbonylation, different catalytic performances
were observed over catalysts 1–5. The highest selectivity was
70% over 2, and the highest conversion 62.2% over 3. The
catalyst 5 was even less effective than catalyst 1. The main by-
product resulting from catalyst 1 was azobenzene, while N-
methylaniline and quinazoline were detected over the catalysts
2–5. Other by-products such as azoxybenzene over catalyst 1
and quinazoline over catalyst 2 were also identified. When

catalyst 1 was employed, decomposition of the catalyst, i.e.
reduction of Au3+ to Au0, occurred. A very thin film, light-
yellow in color, was observed to have been deposited on the
wall of the glass tube inside the reactor after the reaction; no
such phenomenon was observed with catalysts 2–4.

The conversion and selectivity for the desired products were
greatly enhanced if extra PPh3, (0.1 g) was further added into
the reaction, entries 6–9. It is noteworthy that 97.2% conversion
and 89% selectivity were achieved over catalyst 2 + PPh3. The
TOF reached 36, which is comparable to the result of
Pd(PPh3)2Cl2 (6) + PPh3 used as the catalyst, where 98.5%
conversion and 86% selectivity was obtained, entry 8. Such
enhancement in catalytic activity may partially be attributed to
the stabilization of organic Au(I) complexes by the additional
PPh3 which may replace the oxidized ligand, since it is possible
that small amounts of PPh3 could be oxidized under oxidative
conditions during the reaction. The same main by-product,
quinazoline, was found over catalysts 2 + PPh3 and 6 + PPh3,
indicating that a similar reaction mechanism occurred over
catalysts 2 and 6.

Using alcohol as one of the reaction substrates and solvent
had a strong impact on the reaction. Much higher selectivity
could be achieved when methanol was used, entry 6, although
slightly higher conversion was obtained with ethanol under the
same reaction conditions, entry 7. This may be due to the easier
formation of quinoline in the simultaneous presence of aniline
and ethanol. Treatment of 2,4-diaminotoluene and 4,4A-diami-
nodiphenylmethane with carbon monoxide and methanol in the
presence of catalyst 2 + PPh3 afforded excellent conversion and
selectivity, entries 11 and 12. The main by-product from
2,4-diaminotoluene was the mono-carbonylated product, while
the main by-product from 4,4A-diaminodiphenylmethane was
4,4A-diaminobenzophenone.

An attempt was also made to test the oxidative carbonylation
of aliphatic amines using catalyst 2 + PPh3, the best catalyst
system found for the carbonylation of aromatic amines.
Although the conversion of the corresponding amines was
almost complete for n-hexylamine (entry 13) and cyclohex-
ylamine (entry 14), poor selectivities for the desired product
were obtained, but relatively high selectivities for the corre-
sponding alkylureas were achieved. For 1,6-hexanediamine
(entry 15) almost no desired product could be observed, but it is
noteworthy that 63% selectivity for N,NA-hexylmethylene
diformamide could be achieved. This may imply that the Au(I)
complexes could be a promising catalyst for the synthesis of
other N-containing compounds from aliphatic amines under
suitable reaction conditions.

In summary, the experimental results suggest that organic
Au(I) complexes show an excellent performance towards the
oxidative carbonylation of aromatic amines to form correspond-
ing carbamates, and also exhibit a promising catalytic perform-
ance towards the carbonylation of aliphatic amines to produce
either alkylureas or formamides. To the best of our knowledge
this is the first reported study of Au(I) complexes for this kind
of reaction.
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The following experimental procedure was used: the synthe-
ses of the Au(I) complexes were as reported in previous
papers.12 Pd(PPh3)2Cl2 (6) was also employed for the purpose
of comparison. The reactions were performed in glass tubes
with magnetic stirring within an autoclave. For each reaction,
0.05mmol  Au(I) complex or the mixture of 0.05 mmol  Au(I)
complex and 0.1 g PPh3 was added to the solution of amine
(0.5 g or 0.5 ml) and alcohol (20 ml, MeOH or EtOH) at rt. Then
O2 (99.99% purity 1 MPa) and CO (99.99% purity, 4 MPa) were
respectively introduced into the reactor to 5 MPa total pressure.
The reaction was allowed to proceed at 200 °C for 3 h and the
resulting liquid mixture was then directly analyzed with a HP
6890/5973 GC-MS.
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In situ, time resolved, simultaneous multi-edge energy
dispersive EXAFS (EDE) reveals Ge precursor induced
perturbations of the reduction of supported Pt(acac)2 to
form Pt particles, and details the subsequent thermally
induced formation of PtGe species.

Many heterogeneously catalysed processes may be enhanced
through the formation of alloyed, rather than elemental, metal
particles (e.g. hydrocarbon reforming, PtSn,1 PtRe1 and PtGe2,3

rather than Pt) or via addition of other oxides (e.g. ZnO to Cu/
Al2O3 in methanol synthesis4). It is therefore of considerable
interest to delineate the details of how these interactions evolve
during synthesis, and are affected by the synthetic approach
applied.

Time resolved measurements have the potential for gaining
an understanding of the processes resulting in a given catalyst;
indeed the combination of Quick EXAFS (QuEXAFS)5 [or
energy dispersive EXAFS (EDE)6] and XRD has been reported,
but only for the interrogation of a one-elemental edge in EXAFS
(Cu K in both cases). EDE has the potential for extremely rapid
data acquisition, and therefore considerable potential for
quantitative structural and kinetic determinations: we have
previously demonstrated this for heterogeneous systems on a
timescale of 1–8 s for supported metal systems.7,8 EDE also
potentially allows truly simultaneous multiple edge sampling
and analysis. This situation cannot be achieved by QuEX-
AFS,5,9 as this still requires movement of a monochromator
through a given energy window. Here we show the application
of EDE to follow the changes that lead to the formation of Pt/Ge
alloy particles from mono-metallic precursors supported upon
HISiO2 mesoporous silicas via in situ sampling of the Pt LIII and
Ge K edges simultaneously. PtGe catalysts have been shown to
exhibit enhanced properties in hydrocarbon reforming reac-
tions2,3,10,11 particularly, increased selectivity toward aro-
matics10 and tolerance towards sulfur,11 the latter property
being associated with the formation of PtGe alloy particles,
which requires reduction at 773 K in H2 for typical H2PtCl2/
GeCl4/Al2O3 derived catalysts.11

The preparation of the mesoporous silica has been described
previously.12 In the current case Pt was incorporated in these
supports through impregnation [Pt(acac)2] in dry toluene. The
toluene was subsequently removed by rotary evaporation and
drying. GeBu4 was incorporated by injection under vacuum to
the pre-prepared Pt(acac)2/HISiO2 sample. The final catalyst
precursors contained 5 wt% Pt and 1.9 wt% Ge yielding a Pt+Ge
ratio of 1+1. EDE experiments were performed using a flow
microreactor described previously,7,8 based around thin walled
quartz tubes, into which the sieved (ca. 100 mm) particles of
catalyst precursors were packed into a bed (10 mm long). The
experimental conditions used for reduction of these samples
under 10% H2–N2 (8 ml min21) were identical to those

described previously for the reduction of the analogous
elemental [Pt(acac)2/HISiO2] system.7 The EDE measurements
were made on station 9.3 at the SRS using a four-point bending
mechanism13 to manipulate a Si[111] monochromator. Spectra
were recorded in 8 s (8 ms 3 1000 scans). Data reduction was
carried out using PAXAS14 with multiple scattering spherical
wave analysis performed using EXCURVS98.15 Errors in
coordination number are quoted at a fixed ±10%.

Fig. 1 shows EDE spectra derived simultaneously from both
Pt LIII and Ge K edges whilst the Pt(acac)2/GeBu4/HISiO2
sample was heated to 673 K under a flow of H2–N2. At least two
regions of change can be observed as the sample is reduced. The
first, occurring in the range 450–473 K, is observed only in the
Pt edge spectra with the Ge EXAFS remaining essentially
constant. It is only at higher temperature ( > 543 K) that changes
in the Ge EXAFS, together with further changes in the Pt
spectra, are evident. Fig. 2 shows representative k3 weighted
EXAFS from both Pt and Ge edges at 543 K during in situ
reduction of the sample; Table 1 summarises both the local
order and statistical data resulting from spherical wave analysis.
The EDEXAFS (8 s of acquisition time) from the Pt edge may
be reasonably analysed in the range 2–11 Å21; for the Ge edge
this data length is reduced to ca. 9 Å21. At temperatures as low
as 543 K, Pt–Ge interactions and alloy formation are indicated.
At this temperature it also reveals the persistence of Ge–C
interactions.

Fig. 3 shows the results of a comprehensive analysis of the
spectra shown in Fig. 1 and gives a detailed insight into the
formation of the PtGe particles. The temperature dependence of
the Pt–Pt, Pt–Ge, Ge–Pt coordination numbers are shown in the
temperature range 300–673 K; no Ge–Ge interactions were
observed. This clearly shows that the reduction of the precursor

† Electronic supplementary information (ESI) available: background to
EDE measurements. See http://www.rsc.org/suppdata/cc/b0/b008809i/

Fig. 1 EDEXAFS spectra for the Pt LIII and Ge K edges in the temperature
range 298–670 K. Each spectra represents a total acquisition time of 8 s
(1000 acquisitions @ 8 ms each).
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system to form Pt–Ge alloy particles occurs in at least three
stages and allows determination of the effect of Ge on the
reductive process.

The initial reduction stage appears to involve only the
formation of Pt clusters with no concomitant formation of Pt–
Ge bonds. The formation of the Pt particles however is very
different to that observed for the analogous Pt only system.7 The
initial reduction is similar in terms of light-off temperature,
however, whereas the elemental system develops a Pt–Pt
coordination of 10 (±1) over a ca. 20 K temperature range, the
Pt–Ge sample displays a much slower evolution of Pt–Pt
coordination: over a ca. 40 K temperature window only a
metastable coordination of 4 (±0.4) is reached. At temperatures
> 440 K the observed Pt–Pt coordination slowly rises to a

maximal Pt–Pt coordination of 9 (±1.8) attained at ca. 475 K.
Low Z (C/O) coordination (from the Pt LIII edge) is also
retained over a considerably extended temperature range
relative to that observed in the elemental system.

At temperatures above ca. 460 K the Pt–Pt coordination starts
to decline indicating either the onset of alloy formation and/or
a morphological change in the particulate Pt. Concomitant
changes in the Ge environment start to be observable with a
gradual loss of low Z (C/O) coordination. Above > 500 K a
signal fitting Pt–Ge components is apparent. These interactions
continue to evolve until a stable phase emerges above 570 K,
characterised from the Ge edge by an average coordination of
3.4 Pt coordination, and from the Pt edge by 3.4 Pt and 2 Ge. It
is not however until 650 K that the fitting of low Z components
at the Ge K edge is not observed to produce a significant
reduction in obtained R factor.

Reduction of the mixed organometallic system results in
significant alloy formation at temperatures ca. 250 K lower than
seen in more conventional systems supported upon Al2O3,11

though carbon retention from cracking of the ligands initially
present persists to ca. 650 K. The EDEXAFS results also
indicate the production of alloy particles that are smaller than
the elemental particles produced from the Pt-only system;7 this
differential is deemed to be a direct result of the Ge induced
modification of the initial stage of the reductive process.

This work shows that considerable structure/phase informa-
tion may be derived from explicit analysis of the EXAFS from
two edges interrogated simultaneously. This methodology
could be used for the simultaneous interrogation of a number of
systems containing elements showing K or LiIII edges in the
correct energetic proximity (see ESI†), for example Pt–Au, Cu–
Ni and the aforementioned, Cu–Zn system.
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Fig. 2 Representative k3 EXAFS for (a) Pt LIII and (b) Ge K edges derived
from data shown in Fig. 1 for T = 543 K; experiment (—); fit derived from
explicit analyis in EXCURV98 (- - -).

Table 1 Structural and statistical parameters derived from the dual edge
analysis shown in Fig. 2a; method as in ref. 7

Edge Shell CN r/Å
1.5% error
in r 2s2/Å2

R factor
(%)

Ge K C 1.9(0.2) 1.98(2) 0.0297 0.004(3) 46.3
Pt 2.0(0.3) 2.52(2) 0.0378 0.011(3)

Pt LIII Ge 0.5(1) 2.42(1) 0.0363 0.006(3) 62.3
Pt 7.3(3) 2.74(1) 0.0411 0.020(2)

a Dk(Pt LIII = 2–12 Å21).

Fig. 3 Temperature dependence of Pt–Pt, Pt–Ge, Ge–Pt coordination during
reduction of the Pt(acac)2/GeBu4/HISiO2 sample from analysis of in-
dividual spectra shown in Fig. 1. Error bars are shown at a fixed ±10%.
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Uniform, large aspect-ratio, monocrystalline BaWO4 nano-
rods were synthesized using a reversed micelle templating
method; novel nanorod superstructures were observed in
both as-made materials and Langmuir–Blodgett monolayer
assemblies.

There has been a recent heightened interest in one-dimensional
nanoscale building blocks, such as nanotubes, nanowires, and
nanorods.1–10 These 1-D systems offer fundamental scientific
opportunities for investigating the influence of size and
dimensionality with respect to their collective optical, magnetic
and electronic properties. Recent efforts have been focused on
the development of new synthetic methodologies for making
nanorods with uniform sizes and aspect ratios, including, for
example, BaCrO4,4 CdSe,1,8 Fe,5 Ag3 and Au nanorods.2,7,9

Simple chemical reactions in a micellar or reversed micellar
solution have been shown to be powerful in the synthesis of
colloidal particles of different sizes and shapes. In these
reactions, the size and shape control of the resulting particles
was usually achieved by adjusting the water+oil+surfactant
ratio. Nanorods of different compositions reported so far
generally have small aspect ratios (length+diameter) of 2–10.

With its interesting excitonic luminescence, thermolumines-
cence and stimulated Raman scattering (SRS) properties,
BaWO4 is a potential material for designing all-solid-state
lasers that can emit radiation in a specific spectral region and
will have applications for medical treatment, up-conversion
lasers and spectroscopy.11,12 Herein, we report a simple
reversed micelle templating method for the synthesis of uniform
BaWO4 nanorods. These nanorods are highly uniform with
diameter of 9.5 nm and length of 1500 ± 200 nm. Owing to the
high uniformity of these nanorods, they spontaneously form
superstructures resembling crossed haystacks. Furthermore,
upon removal of excess surfactant in the system, these uniform
nanorods can be used as anisotropic building blocks for
Langmuir–Blodgett studies.

A simple reversed micelle templating method was used to
synthesize uniform BaWO4 nanorods. Briefly, barium bis(2-
ethylhexyl)sulfosuccinate [Ba(AOT)2] reverse micelles4 were
added to NaAOT microemulsion droplets containing sodium
tungstate (Na2WO4), to give final molar ratios of
[Ba2+]+[WO4

22] = 1 and water content [H2O]+[NaAOT] =
10. This produced a white precipitate ca. 2 h after addition of the
reactants under ambient conditions. Transmission electron
microscopy (TEM) images of the samples taken from the liquid
phase of the microemulsion show nanorod arrays resembling
crossed haystacks (Fig. 1a,b). The nanorods are uniform in
length (ca. 1500 nm) and diameter (ca. 9.5 nm), and generally
arrange in a side-by-side geometry. Energy dispersive X-ray
analysis and X-ray diffraction indicate that the nanorods are
single crystalline BaWO4 with a tetragonal Scheelite unit cell (a
= 0.561 nm, c = 1.272 nm). Eight slightly broadened
diffraction peaks with d spacings of 0.511, 0.336, 0.317, 0.280,
0.245, 0.210, 0.198, 0.187 nm can be readily indexed as (101),
(112), (004), (200), (114), (204), (220), (116), respectively, of
the Scheelite structures. No impurity peaks were detected in the
experimental range.

High resolution TEM studies were carried out to examine the
crystallinity of individual nanorods. It was found that each
nanorod was separated from the neighboring ones by 1–2 nm

(Fig. 1c), consistent with the presence of the surfactant
molecules. Although the surface of these nanorods is slightly
zigzag shaped, high-resolution TEM images (Fig. 1d) show that
these nanorods are monocrystalline. The lattice fringe in Fig. 1d
has a spacing of 0.317 nm, indicating that these nanorods grow
preferentially along their c axes.

These as-made nanorods were washed with isooctane to
remove excess surfactant AOT so that they could be redispersed
in isooctane to make a stable nanorod colloidal suspension. This
colloidal suspension was spread dropwise (typically 1–2 ml of
3 mg ml21 concentration) on the water surface of a Langmuir–
Blodgett (LB) trough (Nima Technology, M611). The nanorod
monolayer was then compressed slowly while the surface
pressure was monitored. During the compression process, the
nanorod assemblies at the water–air interface were transferred
carefully onto transmission electron microscope (TEM) grids
covered with continuous carbon thin film using the Langmuir–
Schäffer horizontal liftoff procedure. Initially, these nanorods
were fairly dispersed; the directors of nanorod are isotropically
distributed, and no superstructures were observed (Fig. 2a).
After compression, these nanorods tend to align in roughly the
same direction and form a nematic layer (Fig. 2b). With strong
compression, these nanorods form bundles that have almost
perfect side-by-side alignment between the nanorods (Fig.
2c).

It should be mentioned that the organization of the BaWO4
nanorods here differs significantly from the assembly of the
short BaCrO4 and CdSe nanorods where ribbon-like and
vertical rectangular/hexagonal superstructures are favored.1,4

We believe this is due to the higher aspect ratio (ca. 150) of our

Fig. 1 TEM images of the as-made BaWO4 nanorod assemblies. (a) Large
area overview of the sample; (b) individual crossed haystack nanorod
superstructure; (c) high magnification image of the assembly; (d) high
resolution image of individual monocrystalline nanorods showing the lattice
fringe.
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nanorods as compared with those (2–10) of BaCrO4–CdSe
systems. With a larger aspect ratio, it is less favorable for the
nanorods aligning vertically on top of substrates (TEM support)

to form a vertical superlattice, instead they prefer to lie parallel
to the substrate. The reasons for these rods to align in parallel
are two-fold: first, within hard-rod approximation,13–15 this
side-by-side ordering occurs in order to maximize the entropy
of the self-assembled structure by minimizing the excluded
volume per particle in the array as first proved by Onsager.15

Secondly, the higher lateral capillary forces along the length of
a nanorod, as compared with its width, could be another
important driving force for the side-by-side alignment of
nanorods rather than end-to-end. We expect that the super-
structural formation of these large aspect ratio nanorods should
be generally applicable to many other metal or semiconductor
systems.

This work was supported in part by a New Faculty Award
from the Dreyfus Foundation and start-up funds from the
University of California, Berkeley. P. Y. thanks the 3M
company for an untenured faculty award. We thank the National
Center for Electron Microscopy for the use of their facilities.
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The enzymatic polymerization of a-D-glucose 1-phosphate
(Glc-1-P) with phosphorylase in the presence of poly-
tetrahydrofuran (polyTHF) leads to an amylose–polyTHF
(polymer–polymer) inclusion complex; the present reaction
system provides a new method for the preparation of
polymer–polymer inclusion complexes.

Recent studies on molecular recognition and self-assembly in
the field of supramolecular chemistry have received consider-
able attention because of possible applications in numerous
scientific fields, such as materials science and chemical
sensing.1 As it concerns those research fields, host–guest
chemistry, which is often compared to the relation between an
enzyme and a substrate, has been of importance for chemists,
from the viewpoint not only of pure chemistry but also in
connection with biological work.2 Representative host mole-
cules have cyclic structures like crown ethers3 and cyclodex-
trins.4 Amylose, a natural linear polysaccharide linked through
(1?4)-a-glycosidic linkages, is also a well-known host mole-
cule forming helical inclusion complexes with monomeric
organic compounds by hydrophobic interaction between guest
molecules and the cavity of amylose.5 Although amylose has
been reported to form inclusion complexes with a few
polymeric guest molecules, i.e. polymer–polymer inclusion
complexes,6 the scope and limitation for formation of polymer–
polymer inclusion complexes using not only amylose but also
the other host molecules has not been well surveyed. The
polymeric hosts may not have sufficient ability to include the
long chains of the polymeric guests directly into those
cavities.

Amylose has been prepared by an in vitro approach from a-D-
glucose 1-phosphate (Glc-1-P) monomer catalyzed by phos-
phorylase enzyme.7 The enzymatic polymerization initiated
from a primer of maltoheptaose (Glc7) proceeds through the
following reversible reaction, where a glucose unit is trans-
ferred from Glc-1-P to the non-reducing 4-OH terminus of a
(1?4)-a-glucan chain, resulting in inorganic phosphate (P).

((a, 1 ? 4)-Glc)n + Glc-1-P " ((a, 1 ? 4)-Glc)n + 1 + P
This polymerization forming amylose has inspired us to develop
a new method for preparation of polymer–polymer inclusion
complexes, because we have assumed that the polymerization
proceeds with the formation of an inclusion complex when the
enzymatic polymerization is carried out in the presence of a
hydrophobic synthetic guest polymer. Here, we report this new
method for preparation of the amylose–polymer inclusion
complex by enzymatic polymerization of Glc-1-P monomer
catalyzed by phosphorylase enzyme in the presence of polyTHF
as a hydrophobic polymer (Scheme 1).†

When the enzymatic polymerization of Glc-1-P from Glc7 as
a primer catalyzed by the phosphorylase (E.C.2.4.1.1)8 in citrate
buffer was carried out in the presence of polyTHF (Mn = 4000),
the inclusion complex was obtained (Scheme 1), and its
structure was characterized by X-ray powder diffraction and 1H
NMR measurements.

The X-ray powder diffraction scan of the product indicates
two strong diffraction maxima at 2q = 12.4 and 19.8°,
corresponding to d = 7.1 and 4.5 Å, respectively. The X-ray
pattern of the product is completely different from that of
amylose and polyTHF, and is similar to that of the inclusion
complexes of amylose with monomeric compounds as shown in
previous studies.9 These data indicate that the product has a
conformation similar to that of the helical inclusion complexes
obtained from amylose and monomeric guests.

The 1H NMR spectrum in DMSO-d6 of the product in Fig. 1
shows the signals due not only to the amylose but also the
polyTHF, in spite of the washing with MeOH, which is a good
solvent of polyTHF. Furthermore, the methylene peak Ha of
polyTHF is broadened and shifts to upfield (d 1.48) compared to
that of the original polyTHF (d 1.50). This is because each
methylene group of polyTHF is basically immobile and
interacts with the protons inside the cavity of the amylose.
When polyTHF was added to the NMR sample of the product in
DMSO-d6, two different signals due to methylene protons Ha of
polyTHF were observed. This result suggests that the polyTHF
of the product exists in a different environment. These NMR
data can be taken to support the structure of the helical inclusion
complex, which was also confirmed based on the spin-lattice
relaxation time (T1) measurements in the 1H NMR analysis.‡
The T1 value of the methylene peak Ha of polyTHF in the
product was 0.24 s, whereas that of the original polyTHF was
0.74 s. The shorter T1 in the product confirms the restriction of
the methylene movement due to included conditions.

When the NMR sample was kept at rt, the intensity of the
methylene peak Ha of polyTHF gradually decreased and the
solution became turbid. These observations indicate that
polyTHF was coming out of the amylose cavity and precipitat-
ing owing to the relative lower solubility of the polyTHF in
DMSO-d6. The degree of polymerization (DP) value of the
precipitated polyTHF was calculated from 1H NMR analyses to
be ca. 39 (Mn = 2800), indicating that amylose preferred to

Scheme 1
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include the relative lower molecular weight polyTHF present in
the original polyTHF, with an average molecular weight of
4000 (by 1H NMR); the molecular weight was also estimated by
gel permeation chromatographic (GPC) measurement as
3200.

Generally, one helical turn of amylose is composed of ca. 6
repeating glucose units when linear molecules of small cross
reactional area, e.g. fatty acids, are included.10 The repeat
distance of the helix of amylose has been reported as 7.95 Å,10

whereas the length of one unit of polyTHF is presently
calculated as ca. 6.0 Å,§ as shown in Fig. 2. Therefore, 4.5
repeating glucose units in amylose correspond to the length of
one polyTHF unit (Fig. 2). From the above calculations, the
integrated ratio of the signal due to H1 of amylose to the signal
due to Ha of polyTHF (Ha/H1) in the 1H NMR spectrum is
assessed to be 0.89. Actually, the integrated ratio of these two
signals in the 1H NMR spectrum of the product was ca. 1,
relatively close to the calculated value. This also supports the
structure of the inclusion complex as shown in Scheme 1.

The molecular weight of the amylose in the inclusion
complex was evaluated by means of GPC measurement after the
acetylation of the inclusion complex and the precipitation of the
products into i-PrOH.11 The GPC value of the precipitated
triacetyl amylose was 22800 (Mw/Mn = 1.29), which corre-
sponds to Mn = 12800 of the original amylose. This value is in
good agreement with the molecular weight values determined
by 1H NMR spectra (Mn = 12200–14600, DP = 75–90).¶
These values correspond to 99–119 Å of molecular lengths in
helical form,∑whereas the chain length of the included polyTHF
(Mn = 2800) is calculated as ca. 230 Å.§ Therefore, one
polyTHF molecule is probably included by two amylose
molecules.

The inclusion complex was not formed by mixing amylose
(DP = 75–90, Mn = 12200–14600) and polyTHF (Mn = 4000)
in the same solvent as described above (sodium citrate buffer,
0.05 mol L21, pH = 6.20) at 37 °C. This observation suggests

that the inclusion complex forms during the enzymatic
polymerization. Such a formation behavior for the inclusion
complex was further supported by the following experiments.
When polyTHF was added to the reaction solution immediately
after the general enzymatic polymerization of Glc-1-P had
started, an identical inclusion complex to that mentioned above
was obtained, judging by the Ha/H1 value in the NMR spectrum,
which was ca. 1. However, the Ha/H1 values decreased as the
time delay between adding polyTHF into the solution and the
start of the enzymatic polymerization was increased (after 1 h;
Ha/H1 = 0.96, after 3 h; Ha/H1 = 0.78, after 5 h; Ha/H1 = 0.33).
These observations reveal that the inclusion complex was not
formed after the polymerization produced amyloses with
relative higher molecular weights. These results indicate that
polymerization proceeds with the formation of the inclusion
complex.

In conclusion, we have synthesized an amylose–polyTHF
(polymer–polymer) inclusion complex by the enzymatic
polymerization of Glc-1-P with phosphorylase in the presence
of polyTHF. The present reaction system provides a new
method for the preparation of polymer–polymer inclusion
complexes. Detailed studies on how the complex forms during
the polymerization process are now in progress.

We acknowledge the gift of the polyTHF sample from
Hodogaya Chemical Co., Ltd., Kanagawa. We are also indebted
to Ms M. Karasu and Messrs K. Fujita and S. Nagase of our
research group for performing X-ray measurement and techni-
cal assistance.
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Fig. 1 1H NMR spectrum of the product in DMSO-d6. Chemical shifts were
referenced to DMSO (d 2.50 ppm).

Fig. 2 Illustration of repeat distance of amylose helix and length of one
polyTHF unit.

450 Chem. Commun., 2001, 459–450



Cationic phosphine ligands with phenylguanidinium modified xanthene
moieties—a successful concept for highly regioselective, biphasic
hydroformylation of oct-1-ene in hexafluorophosphate ionic liquids

Peter Wasserscheid,*a Horst Waffenschmidt,a Peter Machnitzki,a Konstantin W. Kottsieperb and
Othmar Stelzerb

a Institut für Technische Chemie und Makromolekulare Chemie, RWTH Aachen, Worringer Weg 1, D-52074 Aachen,
Germany. E-mail: Wasserscheidp@itc.rwth-aachen.de

b Anorganische Chemie, Bergische Universität—GH Wuppertal, Gaußstr. 20, D-42097 Wuppertal, Germany.
E-mail: Stelzer@uni.wuppertal.de

Received (in Liverpool, UK) 6th December 2000, Accepted 29th January 2001
First published as an Advance Article on the web 14th February 2001

New guanidinium-modified diphosphine ligands with a
xanthene backbone show high overall activity and high
regioselectivity in the biphasic hydroformylation of oct-
1-ene using hexafluorophosphate ionic liquids.

Biphasic catalysis is a well-established method for effective
catalyst separation and recycling. In the case of Rh-catalysed
hydroformylation reactions this principle is technically realised
in the Ruhrchemie–Rhône-Poulenc process where an aqueous
catalyst phase is used.1,2 Unfortunately, this process is limited
to C2–C5 olefins due to the low water solubility of higher
olefins. As an alternative polar medium for biphasic hydro-
formylation, Chauvin et al. suggested novel solvents known as
ionic liquids (for general reviews see refs. 3–5). These authors
described in detail the biphasic hydroformylation of pent-1-ene
with [Rh(CO)2acac]/triarylphosphine in e.g. 1-butyl-3-methyl-
imidazolium hexafluorophosphate ([BMIM]PF6).6,7 However,
none of the tested ligands (PPh3, sulfonated triaryl phosphines)
allowed a combination of high activity, complete retention of
the catalyst in the ionic liquid and high selectivity for the desired
linear hydroformylation product. Recently, some of us
described the successful application of cobaltocenium ligands
in the Rh-catalysed hydroformylation of oct-1-ene in hexa-
fluorophosphate ionic liquids, demonstrating that the reaction
benefits from the use of ligand systems that are specifically
designed for this application.8

Cationic phosphine ligands containing phenylguanidinium
moieties were originally developed to make use of their
pronounced solubility in water.9,10 They have been shown to
form active catalyst systems in Pd-mediated C–C coupling
reactions between aryl iodides and alkynes9,11 (Castro–
Stephens–Sonogashira reaction) and Rh-catalysed hydro-
formylation of n-hexene in aqueous two-phase systems.12

In the present article, we report a new and very general
approach to immobilise homogeneous Rh-catalysts in hexa-
fluorophosphate ionic liquids. We found that the modification
of neutral phophine ligands with cationic phenylguanidinium
groups represents a very powerful tool to immobilise Rh
complexes in these ionic liquids. In detail, we describe the
synthesis of the new ligand 1a and its catalytic performance in
the biphasic, Rh-catalysed hydroformylation of oct-1-ene using
the ionic liquid [BMIM]PF6 as catalyst solvent. This ionic
liquid has been prepared from [BMIM]Cl13 according to a
method described by Fuller and Carlin14 or has been purchased
from Solvent Innovation GmbH, Cologne.15 First experiments
aimed to prove the general concept by comparing the ligand
PPh3 with the related guanidinium-substituted ligand 2a (Table
1, entries 1–5). 2a was prepared from 2b by anion exchange
with NH4PF6 in aqueous solution. 2b was prepared as
previously described by Stelzer et al.10

In the reaction with PPh3, good catalytic activity is observed
but obviously a significant part of the hydroformylation reaction

takes place in the organic layer. After the first catalytic run, 53%
of the used Rh is found in the organic layer (according to ICP
analysis) (Table 1, entry 1). In contrast, with ligand 2a the
hydroformylation reaction takes place uniquely in the ionic
liquid layer (Table 1, entries 3, 4). In the first catalytic run the
hydroformylation activity was found to be lower than in the case
of PPh3 (probably due to some mass transfer limitation of oct-
1-ene into the ionic liquid). However, due to the excellent
immobilisation of the Rh-catalyst with 2a (leaching is < 0.07%
per run according to ICP analysis (detection limit)), the catalytic
activity of the ionic catalyst solution is even slightly higher in
the third recycling run compared to the first run (probably due
to some preformation time of the active catalyst). Since
NaTPPTS is the most widely used ligand for immobilisation of
Rh-catalysts in aqueous catalyst phases, this ligand was tested
as well (Table 1, entries 5, 6). The results reveal good
immobilisation of the Rh-complex in the ionic liquid but much
lower activity of the resulting catalyst in the hydroformylation
of oct-1-ene in comparison with 2a.

Encouraged by the good results with the guanidinium-
substituted ligand, we decided to adopt this new immobilisation

Table 1 Hydroformylation results with different ligands in [BMIM]PF6

No.
Ligand
(cycle)

Conversion
(%) TOFa h21

Octane +
i-octenes (%) n+isob

1 PPh3 (1) 69.1 680 0.4 2.8
2 PPh3 (3) 10.2 100 0.1 2.7
3 2a (1) 32.1 276 2.5 2.0
4 2a (3) 35.3 330 3.5 1.7
5 NaTPPTS 7.8 80 4.9 2.6
6 NaTPPTS 7.7 78 4.9 2.6
7 1a (1) 10.6 15 1.5 19.1
8 1a (3) 21.9 30 2.4 20.9
9 1a (5) 38.3 52 3.4 21.3

10 1a (7) 44.3 58 3.9 18.0
a Turnover frequency (TOF) in mol of octene converted per mol of Rh per
h. b Ratio of linear to branched aldehyde products; general conditions:
CO+H2 = 1; p(CO/H2) = 30 bar; T = 100 °C; L+Rh = 2; Rh-precursor:
Rh(CO)2acac, preformation time 30 min; t = 1 h (runs 1–6), 8 h (runs
7–10).
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concept to a ligand structure that promises better regioselectiv-
ity in the hydroformylation reaction. It is well-known that
diphosphine ligands with large natural P–metal–P bite angles
form catalysts for highly regioselective hydroformylation
reactions.16 Here, xanthene-type ligands (P–metal–P ~ 110°)
developed from van Leeuwen’s group proved to be especially
suitable showing, e.g. an overall selectivity of 98% towards the
desired linear aldeyde in oct-1-ene hydroformylataion.17–19

Recently, some work has been published where xanthene-based
ligands have been immobilised on silica support.20

We describe here the first use of xanthene-based ligands in
biphasic catalysis using ionic liquids as catalyst solvent. Since
xanthene ligands such as, e.g. 1b show highly preferential
solubility in the organic phase in a biphasic oct-1-ene/[BMIM]
PF6 mixture, even at rt we developed the guanidinium-modified
xanthene ligand 1a for this purpose. The cationic ligand 1a was
synthesised in four steps according to Scheme 1.†

The structure of 1a was established by its mass spectrum and
its 31P{1H}NMR chemical shift (dP = 215.9) comparable to
that of 1b (dP = 217.9)21 and of the meta guanidinium
phosphines 2a (dP = 24.7).10 The signal at dC = 157.1 in the
13C{1H}NMR spectrum of 1a may be assigned to the
carbonium carbon atoms of the guanidinium moieties, the dC
value of which compares well with that in 2a10 (dC = 155.8).
Some of the 13C{1H}NMR resonances appear as higher order
line pattern (X-parts of AAAX spin systems, A, AA = 31P, X =
13C) in agreement with the diphosphine structure proposed for
1a.

After each hydroformylation run, in which 1a was used as
crude product, the organic layer was decanted off (under normal
atmosphere) and the remaining ionic catalyst layer remained in
the autoclave for the next run. It is noteworthy that the catalytic
activity increases during the first runs to obtain a stable level
only after the forth recycling run (Table 1, entries 7–10). This
behaviour is attributed to a certain catalyst preforming time as
well as to impurities of 3-iodophenylguanidine in the used
ligand sample (about 5 mass%). The latter are slowly washed
out from the catalyst layer over the first catalytic runs. After ten
consecutive runs an overall turnover number of 3500 mol oct-
1-ene per mol Rh-catalyst could be obtained. In good agreement
with the recycling experiments, the Rh-leaching into the organic
layer was found to be very low. With AAS and ICP analysis no
rhodium could be detected in the organic layer indicating a
leaching of less than 0.07%. In all experiments with 1a very
good selectivities for the linear aldehyde were obtained thus
proving that the attachment of the guanidinium moiety to the
xanthene backbone does not influence its known positive effect
on the regioselectivity of the reaction. This is in line with
previous IR and NMR studies in our laboratories showing that
the steric and electronic properties of arylphosphines is not
significantly changed by introduction of polar groups like SO3

–,
PO3

2– and guanidinium in meta- or para-position to phospho-
rus.10

In conclusion, we could show that the modification of known
phosphine ligands with guanidinium groups represents a simple
and very efficient method to fully immobilise transition metal

complexes in hexafluorophosphate ionic liquids. Hereby, the
electronic properties of the phosphine is not changed sig-
nificantly. Our approach may therefore be of interest not only
for hydroformylations but also for many other catalytic
reactions in ionic liquids. Further work to develop methods for
the immobilisation of neutral catalyst complexes in ionic liquids
is in progress.

We wish to thank the Fonds der Chemischen Industrie and the
Deutsche Forschungsgemeinschaft for financial support. P. W.
and H. W. thank Professor W. Keim for his continuous interest
in this research and the European Community for founding
under the BRITE 96-3745 project.

Notes and references
† Preparation of 1a: to a solution of 0.75 g (2.74 mmol) of the diprimary
phosphine 1c (prepared according to van Leeuwen et al.22) and 3.17 g
(10.96 mmol) of 3-iodophenylguanidine 227 mg (2 mol%) of tris(benzyl-
idene acetone)dipalladium(0) were added and the reaction mixture was
heated to 80–100 °C for 24 h. 31P{1H} NMR spectroscopic control of the
reaction mixture indicated that all of the diprimary phosphine had been
consumed. On evaporation of the solvent in vacuo (80 °C, 0.01 mbar) 4.14
g of a yellow–brownish coloured powder were obtained. It contains small
amounts of 3-iodophenylguanidine as indicated by the 13C{1H}-NMR
spectrum.

Mass spectrum [SIMS(DTE/DTT/Sul)]: cation: m/z = 919; 31P{1H}-
NMR data (161.98 MHz, 298 K, d4-methanol, referenced to H3PO4) for 1a:
dP = 215.9. 13C{1H}-NMR data (100.63 MHz, 298 K, d4-methanol,
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Scheme 1 Synthesis of ligand 1a. a) diethylchlorophosphite; b) LiAlH4–
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CHCl3, 80 °C, 24 h in DMF.

452 Chem. Commun., 2001, 451–452



Oligo-ligandosides: a DNA mimetic approach to helicate formation

Haim Weizman and Yitzhak Tor*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093-0358, USA.
E-mail: ytor@ucsd.edu

Received (in Corvallis, OR, USA) 5th December 2000, Accepted 8th January 2001
First published as an Advance Article on the web 14th February 2001

A novel ‘ligandoside’ dimer, where 2,2A-bipyridine chelators
are attached to the anomeric carbons of a D-ribose–
phosphate backbone, forms double stranded multinuclear
complexes.

The distinct geometry of coordination complexes has been
extensively employed for the programmed assembly of
exquisite structures.1 Among these assemblies, double stranded
multinuclear complexes known as helicates, have attracted
special attention due to their structural resemblance to the DNA
double helix and intriguing stereochemistry.2 While some
control over the stereochemical elements involved in helicate
formation (e.g. the helix chirality and the relative orientation of
non-symmetrical strands) has been achieved, controlling this
multicomponent assembly remains a challenging problem.3

Although assembling helical complexes was inspired by the
structure of the DNA double helix, none of the structural
elements inherent to DNA has been exploited in helicate design.
This is especially intriguing as both the chirality of the DNA
helix and its anti-parallel orientation are encoded in the sugar–
phosphate backbone.4 We have sought to explore if incorpora-
tion of native DNA structural elements into synthetic binders
can be employed to dictate the formation of defined complexes.
In these novel structures, ligands are attached to the anomeric
carbon of the D-ribose–phosphate backbone replacing the DNA
nucleobases (Fig. 1). Unlike helicates where the ligands are
integrated into the helical backbone, here the ligands project
away from the backbone. Importantly, the backbone phospho-
diester groups may be considered as ‘built-in’ counter ions that
can balance the charges associated with metal complex
formation. In this contribution we present the design and
synthesis of first generation polynuclear complexes based on
this approach.

The building block for synthesizing these polytopic ligands is
a nucleoside mimic, coined ligandoside, where the heterocyclic
base is replaced by a metal-binding ligand.5,6 Our first model is
based on 2,2A-bipyridine (bpy) as a chelator (Scheme 1). A
methylene bridge is introduced between the bpy and the sugar to
allow for a more relaxed structure and dimensions similar to the
DNA double helix. The synthesis of the binding strand utilizes
the standard DNA phosphoramidite chemistry.7 The 5A-pro-
tected ligandoside 1 is converted to the phosphoramidite 2 or to
the 3A-protected acetate 3. The two components are then coupled
in the presence of 1H-tetrazole. Oxidation of the trivalent
phosphorus with iodine–water–pyridine mixture gives the

phosphate triester derivative 4. Removal of the protecting
groups provides the ditopic ligand 5 (Scheme 1). The structure
of 5 was confirmed by NMR and MS.† The development of this
phosphoramidite chemistry is particularly attractive for future
solid phase synthesis of longer oligomeric strands.

The absorption spectrum of ligand 5 shows the characteristic
p–p* absorption bands of the aromatic bpy at 242 and 287 nm.
Upon titration with Cu+ under an inert atmosphere, new bands
at 266 and 300 nm appear with three isosbestic points (Fig. 2).
An additional metal to ligand charge transfer (MLCT) band at
440 nm, characteristic of copper–bpy complex formation, also
emerges. The titration establishes a 1+1 ratio between the metal
and the ligand. This stoichiometry can be attributed either to the
formation of a mononuclear (5Cu) or a dinuclear (52Cu2)
complex. ESI mass spectrometry reveals the formation of a
mononuclear complex only (m/z 696 calcd. for 5CuNa). The
pattern and isotopic distribution exclude the possibility that this
peak represents the doubly charged complex 52Cu2.

Titration of ligand 5 with Pd2+ results in the appearance of
new absorption bands at 248 and 314 nm with two isosbestic
points (Fig. 2). The mass spectrum indicates the formation of
the mononuclear complex 5Pd (m/z 739 calcd. for 5Pd) together
with a dinuclear species (m/z 1479 calcd. for 52Pd2–H, 1500
calcd. for 52Pd2Na–H). It is difficult to establish the actual
equilibrium ratio between the various species in the mass
spectrum due to their different ionization abilities.‡

Upon titration of ligand 5 with Ag+ in MeOH, complex
formation is manifested as a shift in absorption bands to 250 and
296 nm associated with the appearance of three isosbestic points
(Fig. 2). This titration verifies the formation of a 1+1 complex
between the metal ion and the ditopic ligand (Fig. 2). The ESI
mass spectrum indicates the formation of the dinuclear complex
52Ag2 (m/z 1483 calcd. for 52Ag2H, 1505 calcd. for 52Ag2Na).

Fig. 1 Schematic representation of a DNA mimetic metal binding dimer.

Scheme 1 Reagents and conditions: i, 2-cyanoethyl-N,N,NA,NA-tetra-
isopropylphophordiamidite, 1H-tetrazole, CH3CN, 1.5 h; ii, a. Ac2O, Py, 12
h, b. 8+2 AcOH–H2O, 1.5 h; iii, 1H-tetrazole, CH3CN, 3 h; iv, I2–THF–
H2O–Py; v, 8+2 AcOH–H2O, 1 h; vi, NH4OH, CH3CN–MeOH, 12 h.
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The theoretically predicted pattern and isotopic distribution
perfectly matches the experimentally observed one (Fig. 3).

These results demonstrate that threading ligands on a sugar–
phosphate backbone can lead to the formation of double
stranded structures. In the prototypical ligandoside system
described here, the formation of double stranded structures is in
competition with the formation of single stranded complexes.
This can be attributed to the flexibility of both the sugar–
phosphate backbone and the bpy–CH2 ligand. It is anticipated
that further refinement of the ligand structure (i.e. changes to the
bridging unit between the sugar and the ligand, changes to the
connection position of the bpy ring) will further increase the
tendency to form double stranded structures.

We thank the National Institutes of Health (Grant Number
GM 58447) for generous support.
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Fig. 2 Uv-vis titrations of di-ligandoside monophosphate 5 in MeOH with
a. Cu(CH3CN)4BF4 in CH3CN, b. Pd(CH3CN)4(BF4)2 in CH3CN, c.
AgCF3SO3 in MeOH. Bottom: a representative curve illustrating the
formation of a 1+1 complex.

Fig. 3 ESI mass spectrum of the dinuclear complex 52Ag2 and its sodium
adduct. The insert shows the corresponding theoretical isotopic pattern.
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CO interacts with Brønsted acid sites of protonic zeolites to
form both ZH···CO and ZH···OC hydrogen bonds (Z =
zeolite framework); by means of variable-temperature FTIR
spectroscopy, these hydrogen-bonded species were found to
be in a temperature-dependent equilibrium which, for the
faujasite-type H-Y zeolite, involves an enthalpy change of
4.3 kJ mol21.

Studies on hydrogen bonding are relevant to a number of
biological and chemical fields, including theoretical chemistry,1
molecular recognition,2 crystal engineering3 and catalysis.
Regarding the field of heterogeneous catalysis, interaction of
CO with acidic hydroxy groups (Brønsted acid sites) of metal
oxides and zeolites is well known4,5 to give rise to OH···CO
adducts which can easily be observed by low-temperature IR
spectroscopy. In fact, the corresponding shift of the O–H
stretching frequency is often used to quantify zeolite Brønsted
acidity.6,7 There is some evidence8 that CO can also form
OH···OC hydrogen bonds when adsorbed on acid (protonic)
zeolites, but detailed experimental studies on this interaction
mode are not available.

The aim of this work was to analyse variable-temperature
FTIR spectra of CO adsorbed on the faujasite-type zeolite H-Y,
which show not only that both OH···CO and OH···OC
hydrogen-bonded species are formed upon interaction of CO
with the zeolite Brønsted acid sites, but also that these
hydrogen-bonded adducts are in a temperature-dependent
equilibrium; the C-bonded adduct showing the higher inter-
action energy. These findings extend recent work on cation-
exchanged zeolites, where a similar behaviour of adsorbed CO
was found.9 They are also in consonance with the known ability
of CO to form hydrogen bonded OC···HF and CO···HF adducts
with hydrogen fluoride.10

The H-Y zeolite used was prepared following standard
methods. For IR studies, a thin self-supported wafer was
outgassed (activated) for 2 h at 700 K inside an infrared cell,
described elsewhere,11 which allowed in situ high-temperature
activation, gas dosage, and variable-temperature spectroscopy
to be carried out. After running the blank spectrum of the
zeolite, ca. 0.3 Torr of helium (to secure good thermal
equilibrium)† and 3 Torr of CO (at room temperature) were
dosed. The cell was then closed and a series of spectra were
taken at ca. 10 K intervals from 77 K to room temperature.

As shown in Fig. 1, the blank spectrum of H-Y displays
characteristic bands at 3545 and 3648 cm21 arising, re-
spectively, from bridged Si(OH)Al hydroxy groups inside the
sodalite cages and in the supercage.4 A minor silanol band at
3748 cm21 is also observed. After dosing with CO (at 77 K) the
band at 3648 cm21 is reduced, and there is a simultaneous
growth of a new band at 3353 cm21 which proves hydrogen
bonding between CO and the acidic OH groups at the supercage.
The band at 3545 cm21 is not affected, which is consistent with
the known fact that the sodalite cages are not accessible to
CO.

Fig. 2 shows selected variable-temperature spectra in the C–
O stretching region. The major band seen at 2173 cm21 (HF

band) corresponds to the fundamental C–O stretching mode of
OH···CO adducts,4 while the minor band at 2124 cm21 (LF
band), downward shifted with respect to the 2143 cm21 value

Fig. 1 IR spectra in the O–H stretching region of CO adsorbed, at 77 K, on
H-Y. The dotted line is the zeolite blank spectrum while the continuous line
is the spectrum obtained after dosing with CO.

Fig. 2 Selected FTIR spectra of CO (ca. 3 Torr) adsorbed on H-Y at variable
temperatures: 1, 119; 2, 138; 3, 153; 4, 173; 5, 179; 6, 191 K.
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for free CO, is due to OH···OC adducts9,10,12 in which the CO
molecule interacts with a positively charged centre through the
oxygen atom. A distinctive feature of the spectra in Fig. 2 is the
temperature dependence of the intensity of the HF and LF
bands. When temperature is raised from 119 to 153 K, the
intensity of the HF band (AHF) decreases, whereas that of the LF
band (ALF) increases. At higher temperatures both bands
decrease, since the net amount of adsorbed CO decreases, but
the ratio of integrated intensities, ALF/AHF, was found to
increase over the whole temperature range. It should be noted
that the 13CO counterpart of the HF band occurs in the same
frequency region as the LF band. For this reason, integrated ALF
values were corrected by subtracting 1% of the corresponding
AHF values (1% is approximately the natural abundance of the
13CO isotope). A variable contribution from C-bonded 13CO
explains the slight variations observed in the peak position of
the LF band.

The temperature dependence of the intensity of the HF and
LF bands can be explained in terms of a temperature-dependent
equilibrium between C- and O-bonded species: [eqn. (1)] (Z =
zeolite framework):‡

ZH···CO Ù ZH···OC (1)

The equilibrium constant, K, for this process should be equal to
the ratio of fractional coverages of O- and C-bonded species. If
eLF and eHF are the corresponding molar absorption coeffi-
cients, the well known van’t Hoff relationship [eqn. (2)] leads to
eqn. (3):

lnK = 2(DH°/RT) + (DS°/R) (2)

ln(ALF/AHF) = 2(DH°/RT) + (DS°/R) + ln(eLF/eHF) (3)

Fig. 3 shows that the above equation is obeyed for the whole
temperature range studied, therefore proving that hydrogen-
bonded OH···CO and OH···OC species are in a temperature-
dependent equilibrium. The enthalpy change was found to be
DH° = 4.3 kJ mol21, as derived from the linear plot in Fig. 3.§
Knowledge of this enthalpy value is relevant to theoretical

studies on weak hydrogen bonding. On the other hand, the
amphipathic behaviour shown by carbon monoxide could also
be manifested by other heteroatomic molecules adsorbed on
zeolites, and this would have important consequences for
zeolite mediated catalytic processes. This is a field deserving
further studies.

Finally, it can be stated that preliminary results on the CO/H-
ZSM-5 system have shown a similar equilibrium between
hydrogen-bonded species as that found for CO/H-Y. It is also
relevant to add, that for the CO/Na-Y system,13 the correspond-
ing enthalpy change for the isomerization equilibrium between
C- and O-bonded adducts of CO with Na+ ions was found to be
DH° = 2.4 kJ mol21. It is clear that the value of DH° depends
upon the nature of the active centre interacting with adsorbed
CO, and on the nature of such an interaction. However, more
experimental work is needed before general trends can be
established.

Notes and references
† Liquid nitrogen was used for refrigeration, and its gradual removal
allowed variable-temperature spectra to be taken. The actual temperature
was measured with a platinum resistance thermometer inserted close to the
sample wafer.
‡ A similar equilibrium was recently documented9 for CO adsorbed on Na-
ZSM-5, but data for hydrogen-bonded species are reported here for the first
time.
§ Correct application of the van’t Hoff relationship for equilibrium data
obtained over a large temperature range implies constant values of DH° and
DS°. Theoretical calculations8,14 have shown that the difference in specific
heat, DCp°, between C- and O-bonded adducts of CO with alkali-metal
cations is negligible. It seems safe to assume that the same applies to
hydrogen-bonded species.
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Stable bimetallic ‘capped’ metallocenes are formed by the
reaction of Cp*2M (M = Fe, Ru, Os) with the manganese
tricarbonyl transfer reagent [(h6-naphthalene)Mn(CO)3]+.

Multimetallic complexes have generated great interest for many
years due to their potentially useful electronic, redox and
catalytic properties in comparison to monometallic analogues.
Bimetallic ‘triple-decker’ complexes 1 containing cyclopenta-

dienyl, arene, and/or related heterocyclic p-ligands have been
widely studied.1 Bimetallics having the general structure 2, in
which a coordinated p-ring system is ‘capped’ with a M(CO)n

carbonyl moiety, are much less common. Furthermore, in each
complex of type 2 reported, the ring bridging the two metals is
heterocyclic, most commonly being a borole based system.2
Here we report the synthesis and characterization of bimetallic
[Mn(CO)3]+ capped metallocenes 3-Fe,Ru,Os, in which the
bridging ligand is strictly carbocyclic.

It was recently shown by Chung and coworkers,3 that
ferrocene undergoes ring exchange with [(h6-naphthal-
ene)Mn(CO)3]+ according to eqn. (1). Since it is known4 that

[(h6-C10H8)Mn(CO)3]+ + [Cp2Fe] ?
[(h6-C10H8)FeCp]+ + [CpMn(CO)3] (1)

[(h6-polyarene)Mn(CO)3]+ complexes readily transfer the
[Mn(CO)3]+ moiety to suitable donor sites, it seemed possible
that the bimetallic species [Cp–Fe–Cp–Mn(CO)3]+, in which
one of the Cp rings is coordinated to both metals, occurs as an
intermediate in this reaction. No such intermediate was actually
observed with ferrocene, but we now report that changing the
potential ‘donor’ from Cp2Fe to the more electron-rich Cp*2M
(M = Fe, Ru, Os) results in the formation of stable isolable
bimetallic capped metallocenes 3-Fe, 3-Ru and 3-Os.

Refluxing equimolar amounts of Cp*2M and the manganese
tricarbonyl transfer reagent4 [(h6-polyarene)Mn(CO)3]BF4
(polyarene = 1-methylnaphthalene or acenaphthene) in
CH2Cl2, followed by standard work-up procedures, led to
moderate yields of the air-stable capped metallocenes [3]BF4
(M = Fe, Ru, Os).5 The iron complex is green while the
ruthenium and osmium complexes are orange. The capped
structure indicated for 3 is supported by IR, elemental analysis,
MS, 1H NMR, and 13C NMR data (Table 1). Attempts to grow
crystals of [3]BF4 suitable for X-ray diffraction were not
successful. However, acceptable crystals of [3-Ru]PF6 were

obtained by diethyl ether vapor diffusion into a CH2Cl2 solution
of [3-Ru]BF4 containing a large excess of NH4PF6.

The X-ray structure of the cation in [3-Ru]PF6 is shown in
Fig. 1.6 Both Cp* rings are highly planar (rms deviations 0.030,
0.019 Å) and adopt a staggered conformation. In contrast, the
rings in Cp*2Ru are eclipsed in the solid state.7 The singly
coordinated Cp* ring in [3-Ru]PF6 has an average Ru–C bond
length of 2.16 Å and an average ring C–C bond length of 1.42 Å.
The corresponding distances in Cp*2Ru are 2.18 and 1.42 Å.7

Table 1 Characterization data for the capped metallocenes
[Cp*MCp*Mn(CO)3]BF4

Fe Ru Os

nCO/cm21

(CH2Cl2)
2050, 1975 2048, 1974 2051, 1976

EA (%):
C(calc., found)

H(calc., found)
50.04, 49.85
5.48, 5.43

46.25, 46.15
5.06, 5.00

40.24, 40.34
4.40, 4.14

dH(CD2Cl2) 2.61(s), 1.66(s) 2.44(s), 1.59(s) 2.57(s), 1.62(s)
dC(CD2Cl2) 81.86, 81.33,

12.60, 8.31
87.56, 82.07,
12.96, 9.13

85.66, 72.66,
13.15, 9.63

E1⁄2/V (CH2Cl2)a 21.44 21.46 21.42

a At 25 °C, 0.10 M NBu4PF6, 500 mV s21, relative to Fc+/Fc = 0.00 V.

Fig. 1 Crystal structure of the cation in [3-Ru]PF6. Selected bond lengths
(Å) and angles (°): Mn–C(11) 2.180(7), Mn–C(12) 2.136(9), Mn–C(13)
2.186(5), Mn–C(14) 2.222(10), Mn–C(15) 2.163(13), Ru–C(11) 2.181(7),
Ru–C(12) 2.225(7), Ru–C(13) 2.223(5), Ru–C(14) 2.215(11), Ru–C(15)
2.238(12), Ru–C(1) 2.144(5), Ru–C(2) 2.114(13), Ru–C(3) 2.203(12), Ru–
C(4) 2.160(9), Ru–C(5) 2.182(9); Mn–C(21)–O(1) 176.1(10), Mn–C(22)–
O(2) 169.6(9), Mn–C(23)–O(3) 167.6(10).
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The reduced electron density in the doubly coordinated Cp*
ring is reflected in longer average Ru–C and C–C bonds, 2.22
and 1.46 Å, respectively. The average Mn–C bond distance to
the Cp* ring is 2.18 Å, which is ca. 0.04 Å longer than that
typically found in neutral [(cyclopentadienyl)Mn(CO)3] com-
plexes.8

The 1H NMR data in Table 1 for the Cp* methyls show a
resonance at d ca.1.6, which is near that found for free Cp*2M.
The Cp* ring in 3-Fe,Ru,Os that is bonded to both metals,
however, has methyls shifted ca. 1 ppm downfield. This
demonstrates the deshielding effect of the cationic [Mn(CO)3]+

fragment. Table 1 shows that the nCO bands for 3-Fe,Ru,Os are
at ca. 2050 and 1975 cm21. By comparison, the nCO bands
occur at 2005 and 1914 cm21 for [Cp*Mn(CO)3] and at 2062
and 2002 cm21 for [(h6-C6Me6)Mn(CO)3]+. From this one
concludes that electron donation to the [Mn(CO)3]+ moiety is in
the order C5Me5

2 > > Cp*MCp* > C6Me6 and that much of
the positive charge (LUMO) in 3 resides on the [Mn(CO)3]
fragment. This assertion is supported by electrochemical data,
which show that the 30-electron bimetallic 3 is reduced in a one-
electron chemically reversible manner at ca. 21.4 V relative to
ferrocene. This is about the potential at which [(h6-mono-
arene)Mn(CO)3]+ complexes undergo reduction, although these
species do so in a chemically irreversible manner.9 In any case,
the 31-electron neutral radical produced from 3 must have
substantial stability for all three metals, and this aspect of the
chemistry will be explored in future work.

Complexes 3-Fe,Ru,Os are remarkably stable in CH2Cl2 and
did not undergo a detectable reaction with P(OEt)3 over 30 min.
Similarly, a CH2Cl2 solution of 3-Ru in the presence of
naphthalene was unchanged after refluxing overnight. In MeCN
solvent at room temperature, 3-Ru was found to react with a
half-life of ca. 1 h to afford predominantly the ring transfer
product, [Cp*Mn(CO)3], along with [Cp*Ru(MeCN)3]+. In
contrast, the major products obtained from 3-Fe in MeCN were
[(MeCN)3Mn(CO)3]+ and Cp*2Fe, with a half-life of ca. 5 h.
This difference in reaction pathway may be due to easier
nucleophilic attack by MeCN at the larger ruthenium center,
with concomitant Cp* ring displacement. The isolation and
stability of 3-Fe,Ru,Os strongly suggests a capped bimetallic as
an intermediate in eqn. (1). An attempt was made to detect this
species in the reaction of [(naphthalene)Mn(CO)3]+ with the
bridged metallocene [3]ferrocenophane, the idea being that the
–(CH2)3– strap would slow or prevent the Fe–Cp cleavage for
entropy reasons. Unfortunately, the reaction was found to
proceed analogously to eqn. (1).

In conclusion, we have shown that stable metal carbonyl
capped metallocenes can be prepared from Cp*2M.

This work was supported by grant CHE-9705121 from the
National Science Foundation. We wish to thank Professor
Thomas Bitterwolf for providing a sample of [3]ferrocenophane
and for valuable discussions.
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Medium-ring carbocycles have been prepared by intra-
molecular reactions of metal carbenoids with tethered a-
vinyl methyl ethers and subsequent [2,3] rearrangement of
the presumed cyclic oxonium ylide intermediates.

Natural products containing medium-ring carbocycles continue
to be important targets because of the synthetic challenges that
they present and the potent biological activity they frequently
possess.1 As a consequence, the discovery of new reactions
which permit the implementation of novel strategies for
medium-ring construction continues to be an important en-
deavour in organic synthesis.2

Recently, several research groups, including our own, have
shown that cyclic ethers can be prepared by rearrangement of
the putative oxonium ylides generated by intramolecular
reaction of ethers with metal carbenoids derived from diazo-
carbonyl compounds.3–11 When allylic ethers are employed as
substrates, an apparent [2,3] rearrangement occurs to give the
corresponding cyclic ether.4–6,8,9 In the case of acetals and non-
allylic ethers, ylide generation is usually followed by a [1,2]
rearrangement,6,7,8c,10 which is generally efficient when the
migrating group is benzylic.6,7

The substrates used in our previous studies possess an allylic
ether group pendant to the main carbon chain (Scheme 1).4 In
these cases, oxonium ylide formation results in ring closure and
subsequent rearrangement delivers the cyclic ether with preser-
vation of ring size.

It occurred to us that it might be possible to broaden the scope
of the tandem ylide generation and rearrangement reaction to
the preparation of carbocycles, by employing substrates in
which the unsaturated group is incorporated into the main chain
(Scheme 2). For example, the carbenoid derived from the
diazoketone 1 should undergo intramolecular cyclisation to give
the cyclic ylide 2 and subsequent [2,3] rearrangement would
then deliver the carbocycle 3. During the rearrangement
process, the ring size would be increased by one and the ether
substituent would be positioned outside the ring.

There are few literature precedents for catalytic oxonium
ylide generation and rearrangement using systems of the type
shown in Scheme 2. In fact, the only example comes from
Johnson’s original studies on the generation of oxonium ylides
by intramolecular reaction of metal carbenoids with ethers
(Scheme 3).6 In this case however, treatment of the diazoketone
4 with rhodium(II) acetate afforded mainly the cyclobutanone 5,
resulting from [1,2] rearrangement with ring contraction, and
only a small amount of the [2,3] rearrangement product 6 was
isolated (Scheme 3).6

Although the literature precedent above did not bode well for
the development of a general reaction of the type outlined in
Scheme 2, we explored the construction of cycloheptenones and
cyclooctenones by an analogous ylide formation and rearrange-
ment process (Scheme 4, Table 1). The cyclisation reaction of
the diazoketone 7a was investigated first, and treatment of this
precursor with rhodium(II) acetate delivered the required
cycloheptenone 9a in 39% yield. The copper(II) hexafluor-
oacetylacetonate mediated reaction was also performed with the
expectation that it would deliver a higher yield of the required
product. However, the yield of cycloheptenone 9a was

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Table 1 Metal-mediated ylide formation and rearrangement

Precursor Catalyst MLn Temp. (°C)a Product and yield (%)

7a Rh2(OAc)4 Rt 9a 39b

7a Cu(hfacac)2 Reflux 9a 11b

7b Rh2(OAc)4 Rt 9b 49 10b 16 ( ~ 1+1)
7b Cu(hfacac)2 Reflux 9b 15b

7c Rh2(OAc)4 Rt 9c 63 10c 11
7c Cu(hfacac)2 Reflux 9c 46b

8b Rh2(OAc)4 Rt 11b 8 12b 22 ( ~ 2+1)
8c Rh2(OAc)4 Rt 11c 26 12c 9
a Reactions performed in DCM at rt or reflux. b Traces of the corresponding
[1,2] rearrangement products were formed.
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substantially lower than that obtained from the corresponding
rhodium carbenoid.† This result was surprising because we
have found that copper-catalysed oxonium ylide generation and
rearrangement is more efficient than the corresponding rho-
dium-catalysed process in most cases.4,7

It seemed likely that the modest yield of the ketone 9a was
due to the relatively low rate of [2,3] rearrangement as a
consequence of vinyl group adopting an equatorial position in
the lowest energy conformation of the cyclic oxonium ylide. We
reasoned that introduction of another substituent adjacent to the
ether should help populate the conformer in which the vinyl
group is disposed to participate in the rearrangement reaction. In
order to explore this possibility, the substrates 7b and 7c were
prepared. Higher product yields were obtained from the
rhodium- and copper-catalysed cyclisation reactions of the
ethyl-substituted diazoketone 7b (Table 1). The yields were
increased further when an additional vinyl substituent was
present; treatment of the substrate 7c with rhodium(II) acetate
afforded the expected product 9c in a yield of 63% and the
corresponding copper-catalysed reaction delivered the same
product in 46% yield.

The construction of cyclooctenones by oxonium ylide
formation and rearrangement was also explored. As expected,
treatment of the substrates 8b and 8c with rhodium(II) acetate
afforded the desired products 11b and 11c in much lower yields
(8 and 26% respectively) than had been obtained from reactions
of the homologues 7b and 7c (Table 1). In the case of the
diazoketone 8b, the major product 12b was that arising from
[1,2] rearrangement of the intermediate ylide. The divinyl
substrate 8c underwent cyclisation and [2,3] rearrangement in a
higher yield (26%) than the diazoketone 8b, and a small amount
of the corresponding [1,2] rearrangement product 12c (8%) was
also isolated.

The divinyl susbtrates 7c and 8c underwent the most efficient
cyclisations in each series and the products from these reactions
are synthetically useful because they are amenable to further
elaboration as Diels–Alder substrates. The Diels–Alder reac-
tions of the dienes 9c and 11c were investigated (Scheme 5).
Treatment of the diene 9c with DMAD in toluene at reflux
afforded the 1,4-diene 13a‡ in 20% yield along with the
aromatised product 13c in 14% yield. When the reaction was
performed in 1,2-dichloroethane at reflux, the isomers 13a‡ and
13b‡ were obtained in yields of 47 and 33% respectively,
without formation of the aromatised product 13c.

The Diels–Alder reactions of 9c and 11c with the reactive
dipolarophile maleic anhydride were also explored (Scheme 6).
Cycloaddition of the diene 9c with maleic anhydride afforded
two cycloadducts. The major adduct was the tricyclic com-
pound 14a‡ produced by endo addition of the dipolarophile.
The available data suggests that the minor isomer is the product
14b resulting from endo addition of the other face of diene by
analogy with the reaction of the same diene with DMAD
(Scheme 5). In the case of the diene 11c, Diels–Alder reaction
with maleic anhydride delivered 15a as a single isolable product
in 47% yield.‡

Finally, the oxonium ylide formation and rearrangement
reaction and Diels–Alder reaction were performed in a one-pot
fashion. Thus, addition of the diazoketone 7c to a solution of

rhodium(II) acetate (1 mol%) and DMAD (10 equiv.) in
1,2-dichloroethane at reflux provided the isomers 13a and 13b
in a combined and unoptimised yield of 34%.

In summary, we have shown that it is possible to construct
medium-ring carbocycles by rearrangement of oxonium ylides
generated by intramolecular reaction of metal carbenoids with
allylic ethers (Scheme 2). We have also shown that the diene
products resulting from this reaction undergo Diels–Alder
addition, and that the two reactions can be coupled to give a one-
pot reaction.
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Wilson for performing X-ray crystallography.
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A hydroxyapatite-bound Ru complex could efficiently cata-
lyze the aerobic oxidation of various primary amines to
nitriles which were further hydrated to amides in the
presence of water.

Nitriles are versatile synthetic intermediates which are gen-
erally prepared by nucleophilic displacement of halides with
cyanide ions, ammoxidation, and the Sandmeyer reaction.
These conventional methods often require hazardous reagents
and severe reaction conditions. Direct synthesis of nitriles from
primary amines by the oxidative dehydrogenation is one
powerful candidate for a clean synthesis. Many stoichiometric
reagents in the above dehydrogenation have, however, been
used,1 which often result in the production of a vast amount of
environmental waste.2 Catalytic methods using molecular
oxygen as an oxidant3 are more desirable from the consideration
of ‘green and sustainable chemistry’.2

We have recently succeeded in creating a monomeric Ru3+

species on the surface of hydroxyapatite (RuHAP), which acts
as a highly efficient heterogeneous catalyst for the aerobic
oxidation of various alcohols.4 During the course of these
studies, we have also found and herein wish to report that the
aerobic oxidation of amines to the corresponding nitriles
smoothly occurred in the presence of this RuHAP catalyst.
Compared with other catalysts for this amine oxidation, the
RuHAP system has many advantages as follows: (i) high
catalytic activity for the oxidation of both aromatic and
aliphatic amines under mild reaction conditions, (ii) a reusable
heterogeneous catalyst, (iii) use of molecular oxygen as an
ultimate oxidant, and (iv) applicability to the hydration of
nitriles to amides.

A calcium hydroxyapatite, Ca10(PO4)6(OH)2, was synthe-
sized according to the literature procedure.5 1.0 g of the calcium
hydroxyapatite was stirred at 25 °C for 24 h in 75 mL of a 2.67
3 1022 M aqueous RuCl3 solution. The obtained slurry was
filtered, washed with deionized water and dried overnight at
110 °C, yielding the RuHAP as a dark brown powder (Ru3+

content: 1.69 mmol g21). The surface structure of the present
RuHAP was determined by X-ray absorption fine structure.4 A
typical RuHAP-catalyzed amine oxidation is as follows. Into a
reaction vessel with a reflux condenser were successively
placed the RuHAP (0.2 g, Ru3+: 6.5 mol%), p-xylene (15 mL),
and n-dodecylamine (0.96 g, 5.2 mmol). The reaction mixture
was stirred at 125 °C under atmospheric pressure of O2. After 24
h, the RuHAP was separated by filtration and the organic layer
was distilled to afford pure n-dodecanenitrile (0.88 g, 94%
yield).

Oxidation of various primary amines is summarized in Table
1. Many benzylic amines were converted into the benzonitriles
in high yields (entries 1–8).† Notably, our RuHAP could
oxidize aliphatic amines to the corresponding nitriles in high
yields (entries 9–12). It is said that aliphatic amines give low
yields of the nitriles in homogeneous Ru-catalyzed systems
such as trans-[RuVI(tmp)(O2)]3a (H2tmp = 5,10,15,20-tetra-
mesitylporphyrin) and RuCl2(PPh3)3

3c using molecular oxygen.
When an equimolar mixture of n-octylamine and octan-1-ol was

used as substrate, the oxidation of n-octylamine occurred
exclusively to afford n-octanenitrile in 91% yield for 12 h
without any oxidation products derived from octan-1-ol.‡ Also,
an intramolecular competitive oxidation of 4-(aminomethyl)-
benzyl alcohol afforded chemoselectively 4-cyanobenzyl alco-
hol in a quantitative yield [eqn. (1)] because the amino function

(1)

coordinates more strongly to a Ru center than the hydroxy one.
2-(1-Cyclohexenyl)ethylamine and geranylamine gave the
allylic and vinylic nitriles in high yields without geometrical
isomerization of double bonds, respectively (entries 13 and 14).
In a secondary amine of dibenzylamine, N-benzylidenebenzyl-
amine could be obtained in 91% yield (entry 16). Other
secondary amines such as N-methylbenzylamine and N-
ethylbenzylamine afforded the corresponding imines accom-
panied with benzaldehyde through the imine hydrolysis.
Oxidation of tertiary amines did not proceed under the present
conditions. The spent RuHAP catalyst was easily separated
from the reaction mixture and the ICP analysis of the filtrate
showed that no leaching of the Ru species was observed during
the above oxidation. This catalyst could be reused with retention
of its high catalytic activity and selectivity for the oxidation
(entry 3).

Interestingly, when water was used as a solvent instead of
toluene under N2 atmosphere, the RuHAP could also catalyze
the hydration reaction of many nitriles, i.e. n-hexanenitrile, n-
octanenitrile, benzonitrile, 4-methoxybenzonitrile, and 3-cya-
nopyridine to afford excellent yields of the corresponding
amides without any formation of carboxylic acids, respectively,
as shown in Table 2. This hydration system using RuHAP has
advantages over other reported methods because of its simple
and clean operation under neutral conditions and its high
reactivity for both aliphatic and aromatic nitriles.6 Finally, the
RuHAP catalyst could be applied to the one-pot synthesis of
nicotinamide, a highly versatile intermediate of nicotinamide
nucleotides, directly from 3-aminomethylpyridine, giving an
excellent yield of a pure amide (Scheme 1).

We here propose a possible mechanism for this amine
oxidation. Initially, a ligand exchange between an amine and a
surface Cl moiety of the RuHAP4 gives a Ru–NHCH2R species,
followed by elimination to produce a Ru–H species and an

Scheme 1 Reaction conditions: (i) RuHAP (0.1 g), amine (10 mmol),
1,2-diethoxyethane (25 mL), O2 atmosphere, 120 °C, 16 h, (ii) followed by
adding water (5 mL), N2 atmosphere, 150 °C, 48 h.
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intermediate imine. Attack of molecular oxygen on the hydride
species affords a Ru–OOH species, which reacts with the imine
to produce a Ru–NNCHR species. The second dehydrogenation
of the imine to nitrile proceeds via a similar path to that
described above. In the nitrile hydration, the reaction of the
surface Cl moiety with water yields a Ru–OH species, which
attacks nucleophilically to a nitrile. A formed iminol inter-
mediate, Ru–NNC(OH)R,6b subsequently undergoes a ligand
exchange with water to give the amide accompanied by the Ru–
OH species.

In conclusion, the RuHAP efficiently catalyzed the oxidation
of many primary amines using molecular oxygen, and could be
further extended for the nitrile hydration. No leaching of the Ru
species in the reaction solution was observed, which allows the
hydroxyapatite catalyst to be recycled with retention of its high
catalytic activity and selectivity. We have continuously de-
signed hydroxyapatite catalysts containing various other transi-
tion metal complexes for developing many functional trans-
formations in organic synthesis.

This work is supported by the Grant-in-Aid for Scientific
Research from Ministry of Education, Culture, Sports, Science
and Technology of Japan (11450307). We are also grateful to
the Department of Chemical Science and Engineering, Osaka
University, for scientific support by ‘Gas-Hydrate Analyzing
System (GHAS)’.
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‡ Octan-1-ol alone was smoothly oxidized to afford 1-octanoic acid in 82%
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Table 1 Oxidation of various amines using RuHAP in the presence of
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a
Table 2 Hydration of various nitriles using RuHAP in the presence of
H2Oa
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The first stable spiroselenuranes bearing two oxaselenetane
rings have been synthesized, chracterized by X-ray crystallo-
graphic analysis, and shown to be thermally reactive giving
two molar equivalents of the corresponding oxirane with
elimination of elemental selenium, in sharp contrast to the
behavior of the phosphorus and silicon analogues.

In the course of our study on oxetanes containing high-
coordinate main group elements at the position adjacent to the
oxygen atom,1 we have reported the syntheses and isolation of
intermediates of Wittig- and Peterson-type olefin formation
reactions.2,3 For the purpose of elucidating the influence of ring
size of the spiro-ring system on the reactivity of the hetera-
cyclobutanes, we have investigated the synthesis and reactivity

of compounds 1 and 2, which have two oxaphosphetane and
oxasiletane rings, respectively, and found that 1 undergoes
double olefin extrusion,4 while 2 undergoes homo-Brook
rearrangement to give the corresponding alcohol.5 On the other
hand, we have recently found that the oxirane formation
reactions from pentacoordinate 1,2l6-oxathietanes 3a,b or
tetracoordinate 1,2l4-oxaselenetanes 4a,b proceed with reten-
tion of configuration,6 which is the first example for the oxirane
formation without backside attack of oxide anion on the carbon
attached to the chalcogen atom, in sharp contrast to the Corey–
Chaykovsky reaction.7 These results prompted us to study
tetracoordinate 1,5-dioxa-4l4-selenaspiro[3.3]heptanes, a novel
type of a spiroselenurane bearing two oxaselenetane rings. We
now report, for the first time, their synthesis and unique thermal
behavior.

Sequential treatment of (PhSCH2)2Se 5 with 1.1 equiv. of
lithium diisopropylamide (LDA), with 2.0 equiv. of freshly

generated hexafluoroacetone (HFA), and then with aqueous
NH4Cl gave mono(b-hydroxyalkyl) selenide 6 (28%) (Scheme
1). A diastereomer mixture of bis(b-hydroxyalkyl) selenides 7
was obtained from 6 by repetition of the same procedure as the
addition of HFA to 5 (2.0 equiv. of LDA and 3.0 equiv. of
HFA). Separation by flash column chromatography (SiO2) gave
dl-7 (7%) and meso-7 (61%). Oxidative cyclization of dl-7 and
meso-7 with Br2 in the presence of Et3N afforded the corre-
sponding tetracoordinate 1,5-dioxa-4l4-selenaspiro[3.3]hep-
tanes trans-trans-8 (30%) and trans-cis-8 (49%), respectively.
Recrystallization of trans-trans-8 and trans-cis-8 from hexane–
diethyl ether gave colorless plates which melted at 93.5–108.4
and 105.0–106.2 °C with decomposition, respectively.§

In the 1H, 13C and 19F NMR spectra of trans-trans-8, the two
oxetane rings were observed equivalently, whereas those of
trans-cis-8 were non-equivalent. Downfield shifts from dl-7 (dH
4.98, dC 52.31) to trans-trans-8 (dH 6.35, dC 88.07) were
observed for the proton and carbon of the methine adjacent to
the central selenium, which is a common spectral feature for
tetracoordinate 1,2-oxachalcogenetanes.1,6 In the 77Se NMR
spectra of trans-trans-8 (dSe 835.3) and trans-cis-8 (dSe 882.0)
were observed multiplets due to the long-range coupling with
19F nuclei. The large downfield shifts in dSe from 7 [dSe 521.1
(dl), 521.7 (meso)] to 8 and their similar chemical shifts to
compounds 4 (4a: dSe 781; 4b: dSe 793; 4c: dSe 840.8) strongly
support the selenurane structure for 8. We have also synthesized
trans-trans-9 with two phenyl groups instead of two phenylthio
groups of trans-trans-8.¶

X-Ray crystallographic analysis indicated that the asym-
metric unit of a crystal of trans-trans-9 contains one and a half
molecules, A and B, the latter of which is disordered in two
different orientations on the crystallographic inversion center.∑
Both molecules have a distorted pseudo-trigonal bipyramidal
(TBP) structure with two oxygen atoms at apical positions and
two carbon atoms and a lone pair at equatorial positions. The

† Electronic supplementary information (ESI) available: full experimental
details and spectroscopic data. See http://www.rsc.org/suppdata/cc/b0/
b009789f
‡ Present address: Department of Chemical and Biological Sciences,
Faculty of Science, Japan Women’s University, 2-8-1 Mejirodai, Bunkyo-
ku, Tokyo 112-8681, Japan.

Scheme 1 Reagents and conditions: i, 1.1 equiv. of LDA, THF, 278 °C, 10
min; ii, 2.0 equiv. of (CF3)2CNO, –78 °C, 30 min; iii, aqueous NH4Cl; iv, 2.0
equiv. of LDA, THF, –78 °C, 10 min; v, 3.0 equiv. of (CF3)2CNO, –78 °C,
30 min; vi, 1.1 eq Br2, 8.3 equiv. of Et3N, CCl4, 0 °C, 30 min.
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ORTEP drawing of molecule A (Fig. 1) shows that both the
phenyl groups at the 3- and 3A-positions are cis to the lone pair
of selenium and trans to the Se–C bond of another four-
membered ring. The apical Se–O bonds are bent away from the
lone pair leading to the deviation of the O–Se–O angle by
22.74(18)° from linearity, which is a common structural feature
of the hypervalent species containing a four-membered
ring.1,4,6a The apical Se–O bond lengths [1.971(4) and 1.955(4)
Å)] are between those [1.977(4) and 1.902(4) Å] of selenurane
4c.1b The two oxaselenetane rings of trans-trans-9 are almost
planar [Se–C–C–O; 26.2195(10)° and 26.5439(10)°] similar
to 4c [Se–C–C–O 4.7(4)°].1b

Thermolyses of trans-trans-8 (C6D6, 120 °C, 11 h) and trans-
cis-8 (C6D6, 60 °C, 19 h) in a degassed sealed tube gave oxirane
10 in 72 and 83% yields,** respectively, with black precipitates
and minor unidentified products, indicating that both com-
pounds underwent double oxirane extrusion reaction. The
formation of elemental selenium (black precipitates) was
confirmed by observation of the signal due to tris(dimethylami-
no)phosphine selenide (dP 84.9) after treatment of the reaction
mixture with tris(dimethylamino)phosphine (dP 121.5). On the
other hand, the thermolysis of trans-trans-9 (CD3C6D5, 200 °C,
12 d) gave a somewhat complicated mixture containing oxirane
11 (31%) and deuterated alcohol 12 (19%). (Scheme 2)** The
formation of 12 indicates that radical species were generated by
homolytic bond cleavage, probably because drastic conditions
were necessary for the thermolysis.

Although oxetanes containing a pentacoordinate group 14 or
15 element give rise to olefins,1a spiro oxachalcogenetanes
yielded oxiranes, regardless of the ring size (five- or four-
membered ring). This indicates that the thermal reactivity
mainly depends on the bond energy of the oxygen and the
central atom. Investigation of the stereochemistry of the oxirane
formation is now in progress.

This work was partially supported by Grants-in-Aid for
Scientific Research on Priority Areas No. 09239101 and
General Scientific Research (B) No. 10440212 (T. K.) from the
Ministry of Education, Science, Sports and Culture, Japan. We
are grateful to Professor N. Tokitoh of Kyoto University for the
determination of the X-ray structure of trans-trans-9. We also
thank Central Glass, Shin-etsu Chemical, and Toso Akzo Co.
Ltd. for the gifts of organofluorine compounds, trialkylsilanes
and alkyllithiums, respectively.

Notes and references
§ Selected data: for trans-trans-8: colorless plates (hexane–Et2O); mp
93.5–108.4 °C (decomp.); 1H NMR (C6D6, 500 MHz) d 6.35 (s, 2H, SeCH),
6.86–6.95 (m, 6H), 7.43–7.46 (m, 4H); 19F NMR (C6D6, 254 MHz) d –74.0
(q, 4JFF = 8.3 Hz, 6F), 278.7 (q, 4JFF 8.3 Hz, 6F); 77Se NMR (CDCl3, 51.5
MHz) d 835.3 (m). HRMS (70 eV): m/z calc. for C20H12F12O2S2

80Se
655.9252, found 655.9263. For trans-trans-9: colorless plates (hexane–
Et2O); mp 178.2–179.8 °C (decomp.); 1H NMR (CDCl3, 500 MHz) d 6.86
(s, 2H, SeCH), 7.40 (d, 3J 7.2 Hz, 4H), 7.45–7.53 (m, 6H); 19F NMR
(CDCl3, 254 MHz) d273.4 (q, 4JFF 9.0 Hz, 6F), –78.2 (q, 4JFF 9.0 Hz, 6F);
77Se NMR (CDCl3, 51.5 MHz) d 723.1 (s). HRMS (70 eV): m/z calc. for
C20H12F12O2

80Se 591.9811, found 591.9816. Satisfactory 13C NMR spectra
were obtained for both trans-trans-8 and trans-trans-9.
¶ Synthesis of trans-trans-9 is described in the supporting information
(ESI†).
∑ Crystal data for trans-trans-9: C20H12F12O2Se, M = 591.25, monoclinic,
space group P21/n, a = 9.621(2), b = 22.144(3), c = 16.221(2) Å, b =
106.209(4)°, U = 3318.3(9) Å3, T = 298 K, Z = 6, m(Mo-Ka) = 18.14
cm21, 8261 refelections measured, 7812 (Rint = 0.075) which were used in
all calculations. The final wR(F2) was 0.221 (all data). CCDC 154648. See
http://www.rsc.org/suppdata/cc/b0/b009789f/ for crystallographic data in
.cif or other electronic format.
** The yields were calculated assuming that 1 mol of 8 or 9 gives 2 mol of
products.
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Fig. 1 ORTEP drawing of trans-trans-9 with thermal ellipsoid plot (30%
probability for all non-hydrogen atoms). Selected bond lengths (Å), bond
angles (°) and torsion angles (°): Se1–O1 1.971(4), Se1–O2 1.955(4), Se1–
C1 1.979(6), Se1–C3 1.978(6), C1–C2 1.532(8), C2–O1 1.388(6), C3–C4
1.531(8), O2–C4 1.392(7); O1–Se1–O2 155.26(18), C1–Se1–O1 71.1(2),
Se1–C1–C2 90.0(4), C1–C2–O1 103.7(5), Se1–O1–C2 94.7(3), C1–Se1–
C3 109.2(3), O2–Se1–C3 71.9(2), O2–C4–C3 104.3(5), Se1–C3–C4
89.1(4); Se1–C1–C2–O1 25.9(5), Se1–C3–C4–O2 26.1(5).

Scheme 2
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Cytochrome c (horse heart) has been adsorbed onto a range
of mesoporous silicate materials with the extent of adsorp-
tion dependent on the silicate pore size; adsorption and
activity profiles of the adsorbed protein are reported.

Mesoporous silicate materials (MPS) such as those which are
formed by mediated pathways involving surfactants as structure
directing reagents1,2 are very suitable as hosts for large organic
molecules3 and proteins.4–6 MPS exhibit highly ordered pore
structures and very tight pore size distributions, as exemplified
by the first type of these materials reported, MCM-41.1 As a
direct consequence of their mesopore structures, MPS possess
large surface areas of the order of 1000 m2 g21. Owing to their
silicate inorganic framework, they are chemically and mechani-
cally stable2 and are resistant to microbial attack. In addition, it
is possible to chemically modify MPS with various functional
groups, enabling electrostatic attraction or repulsion between
MPS and the protein(s) of interest to be maximised.7 Materials
such as sol–gels display similar stability as MCS and have been
used to encapsulate proteins for use as biosensors. However,
sol–gels suffer from the disadvantage of possessing a highly
variable pore size distribution.8 More importantly, their prepa-
ration can involve the use of harsh conditions or reagents which
are detrimental to proteins, resulting in denaturation of the
protein.8 With MPS, protein encapsulation occurs after synthe-
sis of the support, avoiding this difficulty. MPS therefore hold
great promise for use as supports to immobilise enzymes,6,7,9

and may find applications in biosensors,5 biocatalytic9 and
biomolecule separation7 systems. For example, Stucky and
coworkers7 have used MPS to sequester and release proteins of
similar size but varying charge, while Dı́az and Balkus9 have
used MPS to immobilise cytochrome c. To date, there have been
no reports on the adsorption isotherms obtained with MPS–
protein systems, nor on the catalytic activity of a stable,
adsorbed, protein–silicate system. In this report, we describe
adsorption isotherms for cytochrome c onto four MPS materials
covering a range of pore sizes, and peroxidative activity profiles
of the adsorbed protein.

Cytochrome c is a small (12384 Da) redox protein, with an
approximate spherical diameter of 40 Å.10 The cytochrome c
(horse heart) (Sigma-Aldrich) used in this study was ca. 95%
pure and was further purified using standard methods.11 The
MPS materials used consisted of a commercially available
silicate (COS) (Fluka, Reidel-de Haën), a cyano-modified
silicate (CNS), an MCM-41 material and an MPS material
(MPS-F127) synthesised using a non-ionic triblock surfactant
Pluronic-F127 as the structure directing agent. The physico-
chemical properties of the MPS materials are presented in Table
1 and the pore size distributions in Fig. 1.

Cytochrome c has been previously adsorbed onto MPS
materials such as MCM-41,9 SBA-1514 (MPS of pore diameter
90–110 Å), Nb-TMS44 (MPS modified with Nb5+). However,
neither the adsorption isotherms nor the peroxidative activity of
the protein were reported. The latter, in particular, is important
if MPS are to be of use in biosensors and biocatalytic
systems.

Fig. 2 shows protein adsorption isotherms for the cytochrome
c–MPS systems. It can be clearly seen from Table 1 and Fig. 1
that CNS has the largest average pore size (130 Å) with MCM-
41 exhibiting a pore size of 28 Å. The isotherms in Fig. 2
demonstrate that CNS has a much larger affinity for cytochrome
c compared with MCM-41. The latter has a very tight pore size
distribution at 28 Å (Fig. 1), a pore diameter too small for
cytochrome c to penetrate, yielding a maximum adsorption of
only 1.7 mmol g21 MCM-41. The CNS material on the other
hand, with a much larger pore diameter (130 Å), allows for a
maximum adsorption of 10.2 mmol g21 silicate. Clearly, the
pore size of the material is a major factor in the adsorption
process.9 The pores in the COS material with an average
diameter of 55 Å (Fig. 1) are also large enough to allow
penetration of the protein molecule into the pores. With MCM-
41, the amount of cytochrome c adsorbed does not change
significantly over the range of concentrations studied from the
initial 1.7 mmol g21 SiO2 level), indicating that adsorption is
largely confined to the outside surface of the silicate.9 The
MPS-F127 allows for more protein to be adsorbed than in the

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b009478l/

Table 1 Physicochemical properties of mesoporous silicates used in
adsorption studies

MPS

BET
surface
area/m2

g21 SiO2

Average
pore
size/Å

Mesopore
volume
/cm3 g21

SiO2

Cyto-
chrome c
maximum
load/mmol
g21 SiO2

Volume
cytochrome c
adsorbeda/
cm3 g21

SiO2

COS 470 55 0.46 3.8 0.3
CNS 379 130 0.61 10.2 0.7
MCM-41 1000 28 0.31 1.7 0.1
MPS-F127 537 50 0.38 6.8 0.5
a The volume of cytochrome c was calculated from the crystal structure to
be 121 nm3.14

Fig. 1 Pore size distributions of COS (8), MCM-41 (5), CNS (.) and
MPS-F127 (/).
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case of COS, despite having a similar pore size distribution; this
is likely due to the presence of a small subgroup of mesopores
with diameters in the range 60–200 Å in the former material
(Fig. 1). In contrast to the adsorption of trypsin onto MCM-41,9
where the enzyme leached out of the silicate, adsorbed
cytochrome c was found to be stable to repeated washing in
buffer (minimum of four washings). As with the adsorption of
conalbumin onto MPS,7 the ionic strength was found to strongly
influence the amount of protein adsorbed, with little absorption
occurring at high ionic strengths.13

Peroxidative activity profiles‡ over the range of adsorbed
cytochrome c are shown in Fig. 3. Aqueous cytochrome c
activity was constant over this range (TOF§ ≈ 0.075 s21). The
similarity of the activity profiles of adsorbed protein on COS
and MPS-F127 silicates may be a reflection of the similarity in
the pore size distributions of these two materials. The general

trend of higher TOF at lower amounts of adsorbed protein
indicates that access of the ABTS substrate to cytochrome c
molecules may be limited at higher protein loadings. This is
seen clearly in the MCM-41 profile, where the TOF decreases to
that of aqueous solution. From the data in Fig. 1, adsorption of
cytochrome c onto MCM-41 appears to occur largely on the
outside of the silicate, implying that diffusion of the substrate
into the pores cannot be rate limiting. The high TOF values at
the lower levels of protein adsorbed may be a result of assaying
externally adsorbed protein, where increased substrate access
would be expected. The CNS silicate activity profile is similar
to the COS and MPS-F127 silicates, but with marginally higher
TOF. This is possibly due to the larger pores of the CNS
material allowing for faster substrate access. The TOF values
obtained for the adsorbed protein are marginally higher for the
aqueous protein. This is in marked contrast to the results
obtained with trypsin where the activity of the entrapped
enzyme was only 13% of that of the protein in solution.9

We have shown that a protein–mesoporous silicate system
can be readily generated and that cytochrome c is readily
adsorbed by such mesoporous materials, provided that the pore
sizes of the mesoporous silicate are large enough to accom-
modate the protein structure and therefore allow access to the
large internal surface areas of these materials. The activity of the
adsorbed protein at the interface has also been clearly defined
and is comparable with the activity of the protein in solution
over the same concentration range.

This research was funded by the Higher Education Authority
through the Programme for Research in Third Level Institutions
(1999–2000).
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‡ The activity profiles for each of the silicates were adjusted to reflect only
the activity of the adsorbed cytochrome c.
§ TOF is the turnover frequency defined as mmol of reduced ABTS s21/
mmol cytochrome c on silicate.
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Fig. 2 Adsorption isotherms for pure cytochrome c on to COS (8), MCM-
41 (5), CNS (.) and MPS-F127 (/).

Fig. 3 Peroxidative activity (ABTS assay) profiles for cytochrome c
adsorbed on to COS (8), MCM-41 (5), CNS (.) and MPS-F127 (/) and
of aqueous cytochrome c (D). The standard deviations for the assays were
18, 24, 11 18 and 12%, respectively.
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The reaction of (NBun
4)[Mn8O6Cl6(O2CPh)7(H2O)2] with

2-(hydroxymethyl)pyridine (hmpH) or 2-(hydroxyethyl)pyr-
idine (hepH) gives the MnII

2MnIII
10 complexes [Mn12O8-

Cl4(O2CPh)8(hxp)6] [hxp2 = hmp2 (1) or hep2 (2)]; these
compounds are core isomers with markedly different
magnetic properties, compound 1 having an S = 7 ground
state and displaying strong out-of-phase ac susceptibility
signals that establish it as a new class of single-molecule
magnet, whereas compound 2 is a low-spin molecule with an
S = 0 ground state.

In recent years, the search for the ultimate high-density memory
devices has afforded so-called single-molecule magnets
(SMMs). Each independent molecule in these materials pos-
sesses the ability to function as a magnetizable magnet below a
critical temperature, owing to intrinsic intramolecular proper-
ties rather than intermolecular interactions and long-range
ordering. Known SMMs include [Mn12O12(O2CR)16(H2O)x]n2

(n = 0–2),1–4 complexes with the [MnIVMnIII
4O3X]6+ core,5

[Mn4(O2CMe)2(Hpdm)6]2+ salts (pdm = anion of pyridine-
2,6-dimethanol),6 [Fe8O2(OH)12(tacn)6]8+ salts (tacn =
1,4,7-triazacyclononane),7 [Fe4(OMe)6(dpm)6] (dpmH = dipi-
valoylmethane)8 and [V4O2(O2CR)7(L–L)]z (L–L = 2,2A-
bipyridine, pyridine-2-carboxylate anion).9 A convenient way
to detect the slow magnetic relaxation of SMMs is by the
appearance of an out-of-phase signal (cMB) in ac susceptibility
studies, which indicates that the rate of relaxation is insufficient
to keep up with the oscillating applied field. We herein report a
new class of dodecanuclear Mn-based SMMs with an S = 7
ground state and a strong cB signal, which occurs at tem-
peratures higher than those observed for all previously reported
SMMs, except the [Mn12O12(O2CR)16(H2O)x]n2 family. We
also report a structurally related species, whose structural
differences result in a low-spin ground state.

Treatment of (NBun
4)[Mn8O6Cl6(O2CPh)7(H2O)2]10 with 4

equivalents of 2-(hydroxymethyl)pyridine (hmpH) or 2-(hy-
droxyethyl)pyridine (hepH) in MeCN leads to a precipitate after
several days. Extraction of the soluble component into CH2Cl2
and diffusion of Et2O into the resulting solution results in
crystalline [Mn12O8Cl4(O2CPh)8(hxp)6], where hxp2 = hmp2
(1) or hep2 (2), in yields of @15%.

The centrosymmetric structures of 1 and 2†‡ (Figs. 1 and 2)
each consist of an [MnIII

10MnII
2(m4-O)4(m3-O)4(m2-O)8(m3-Cl)2]

core, with peripheral ligation provided by six hmp2 (1) or hep2
(2) ligands, eight O2CPh2 ligands and two terminal Cl2
ligands. The cores are isomers and can be described as three
pairs of face-sharing cuboidal units, (i.e. incomplete face-
sharing double cubanes). The difference between the cores
arises from the manner in which these three units are linked
together; the orientation of the ‘middle’ unit of one compound
is related to that of the other by a 120° rotation. Bond valence
sums indicate that the two MnII atoms of each cluster are Mn(6)
and Mn(6A). As expected, the ten MnIII atoms in each cluster
display a Jahn–Teller elongation. For each cluster, the hxp2

ligands chelate and bridge the Mn atoms of the ‘end’ units,
while the O2CPh2 groups bridge Mn atoms in the ‘middle’ unit
with those in the ‘end’ units. However, the arrangement of the
peripheral ligands differs between 1 and 2.

Solid-state dc magnetization measurements were performed
on 1 in the range 1.8–300 K in a field of 10.0 kG. The cMT value
of 36.6 cm3 mol21 K at 300 K remains approximately constant
as the temperature is decreased until ca. 100 K when it begins
to increase to a maximum value of 38.3 cm3 mol21 K at 50 K
before rapidly decreasing to 5.3 cm3 mol21 K at 1.8 K. The
spin-only (g = 2) value for a unit composed of non-interacting
MnII

2MnIII
10 ions is 38.8 cm3 mol21 K. Hence, the molecule

appears to have a high spin ground state, with the low
temperature decrease assigned to zero field splitting and other
effects. In order to determine the ground state spin, magnetiza-
tion data were collected in the ranges 1.8–4.0 K and 1–70 kG.
The data were fit using a full-matrix diagonalization approach;
the best fits were with S = 6, g = 2.09, D ≈ 20.8 cm21 and S
= 7, g = 1.79, D ≈ 20.6 cm21, which were of comparable
quality but poorer than those normally obtained. This is a
common problem in higher nuclearity Mnx systems11,12 and is
assignable to relatively low-lying excited states, particularly
when MnII ions are present since these typically give weak
exchange interactions. We conclude that the molecule has S =
6 or 7, although we favour the latter given that g < 2.

Ac magnetization measurements were performed on 1 in the
1.8–10 K range in a 3.5 G ac field oscillating at 50–1500 Hz.

Fig. 1 ORTEP representation of complex 1 at the 50% probability level. For
clarity, only the ipso carbon atom of each phenyl ring is included.
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The in-phase cMAT signal (Fig. 3) shows a frequency dependent
decrease at T < 4 K, indicative of the onset of slow relaxation
on the ms timescale diagnostic of a SMM. This was confirmed
by the concomitant appearance of an out-of-phase (cMB) signal
due to the inability of 1 to relax sufficiently rapidly at these
temperatures to keep up with the oscillating field. The cMB
signal has a peak at ca. 2.75 K at a 997 Hz ac frequency, where
the position of the peak corresponds to the temperature at which
the relaxation rate is equal to the ac oscillation frequency. Data
obtained by varying the frequency of oscillation of the ac field
was fit to the Arrhenius equation to obtain the energy barrier
(Ueff) for the relaxation of the magnetization. The slope of the
Arrhenius plot (Fig. 4) gave a Ueff of 30.3 K (21.1 cm21). For
an integer spin system, the barrier to thermally activated
magnetic relaxation is S2|D|. Thus the experimentally deter-
mined kinetic energy barrier of 30.3 K (21.1 cm21) implies a
minimum value of D of 20.62 K (20.43 cm21), assuming that
S = 7. High-field EPR studies will be performed to obtain a
more precise value of D.

Solid-state dc magnetization measurements were performed
on 2 in the range 1.8–300 K in a 10.0 kG field. The cMT value
increases slightly from 37.9 cm3 mol21 K at 300 K to 38.5 cm3

mol21 K at 200 K before steadily decreasing to 1.5 cm3 mol21

K at 1.8 K, indicating a low ground state spin value. Ac
susceptibility measurements were performed with a 3.5 G ac
field oscillating at 997 Hz. The ac and dc data are essentially
superimposable (not shown) except at the lowest temperatures
and appear to be heading for cMT = 0 cm3 mol21 K at 0 K,

suggesting an S = 0 ground state. Its very different S value
compared with 1 must clearly be due to the core isomerism,
which will affect many of the Mn2 pairwise exchange
interactions in the core. No cMB signal is observed for 2 and thus
it is not a SMM. In contrast, the structurally related complex 1
displays strong out-of-phase signals in ac susceptibity studies
that firmly establish it as a new class of SMM. These signals for
1 occur at relatively high temperatures reflecting the relatively
large value of Ueff. Indeed, only [Mn12O12(O2CR)16(H2O)4]n2

complexes have exhibited greater Ueff values (Mn12 70 K,
[Mn12]2 55 K, [Mn12]22 40 K). Thus, the new Mn12 complex 1
represents an important new member of the SMM family, and
studies of magnetization hysteresis and quantum tunneling of
magnetization in this molecule are in progress.

This work was supported by the National Science Founda-
tion.

Notes and references
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Fig. 2 ORTEP representation of complex 2 at the 50% probability level. For
clarity, only the ipso carbon atom of each phenyl ring is included.

Fig. 3 Plots of (a) the in-phase (cMA) signal as cMAT and (b) out-of-phase
(cMB) signal in ac susceptibility studies vs. temperature of complex 1 in a
3.5 G field oscillating at 1488 (5), 997 (8), 499 (:), 250 (“), 100 (-), 50
(«) and 10 Hz (»).

Fig. 4 Arrhenius plot with error bars for complex 1. The solid line is a fit of
the data (see text).
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Microtubes, hollow balls, solid balls and square frameworks
of amorphous phosphorus nitride imide (HPN2) were
obtained through the reaction of PCl5 and NaN3 using
benzene as solvent and hydrogen source under mild condi-
tions; as an inorganic polymer, amorphous HPN2 with these
interesting morphologies may be of potential uses in
industries.

The discoveries of fullerene and carbon nanotubes as new forms
of matter in the nanoscale range have opened a challenging new
field in solid state physics, chemistry, and materials science
with many possible applications.1,2 Since then, much attention
has been paid to the development of new methods for the
preparation of nanotubes and fullerene-like structures of other
materials.3,4 Besides crystalline nanotubes and fullerene-like
structures, amorphous microtubes of molybdenum polysulfide
have recently been reported, which undoubtedly indicate that
amorphous materials can also aggregate into tube- and ball-like
morphologies.5

As an inorganic polymer, phosphorus nitride imide (HPN2) is
one of the tenary phosphorus nitrides. It has been researched for
many years,6 and has a network structure consisting of PN4
tetrahedra linked through all four vertices by corner sharing; it
has isometric analogues in the silicate family.7,8 Recently,
amorphous phosphorus nitride (P3N5) was synthesized in our
laboratory by a solvent-free reaction between PCl5 and NaN3 in
an autoclave.9 However, when the reaction was carried out in
benzene, amorphous HPN2 was formed instead of P3N5. It was
also found that microtubes, balls (hollow and solid) and square
frameworks of the amorphous HPN2 could be formed under
different reaction conditions. The results are presented here.

The preparation technique was as follows. Manipulations
were carried out in a dry glovebox with N2 gas flowing.
Analytically pure PCl5 (0.005 mol) and NaN3 (0.025 mol) were
put into four stainless steel autoclaves of 25 ml capacity. These
were filled with benzene to within 90% of the total volume. Two
autoclaves were maintained at 190 °C for 3 d and 10 d, the other
two were kept at 250 °C for 12 h and 3 d, respectively. When the
heating was over, the autoclaves were allowed to cool to room
temperature naturally. The precipitates were collected, washed
with carbon disulfide, benzene, absolute ethanol and distilled
water several times and dried under vacuum at 80 °C for 4 h.

Elemental† and chemical analyses show that the H+N+P+C
ratio in the samples is ca. 1+2.02+0.99+0.02. XPS‡ showed that
the binding energies of P 2p and N 1s were 133.3 and 398.7 eV,
which are close to the values of P3N5.10–12 The quantification of
peaks confirmed that the atomic ratio of P+N was nearly 1+2.01.
No other element except a trace amount of chlorine was
detected in the samples. Fig. 1 shows the infrared spectrum§ of
the sample, which is in good agreement with the reported
spectrum of HPN2.7 Taking the above results into consideration,
it is believed that the products are phosphorus nitride imide,
HPN2.

TEM¶ images of the samples prepared under different
conditions are shown in Fig. 2. Microtubes [Fig. 2(a), (b)] were
found to exist in the samples prepared at 250 °C for 12 h and

190 °C for 3 d. The proportion of microtubes in the samples was
20–25%. It is evident that the boundary of the wall of the tubes
is quite well defined. The external diameter of the tubes is
350–450 nm and the thickness of the walls is ca. 100 nm.
However, the samples prepared at 250 °C for 3 d and 190 °C for
10 d consisted of hollow balls (15–20%), solid balls (60–70%)
and square frameworks (1–2%) [Fig. 2(c), (d) and (e)],
respectively. The balls are perispherical with a diameter of
200–300 nm. The thickness of the shell of the hollow balls is ca.
50 nm. The frameworks are a uniform square and the length is
about 500 nm. Electron diffraction did not reveal any crystal
ordering in the tubes, balls and frameworks, and they may be
considered as completely amorphous. The result was consistent
with the XRD patterns of the samples.

It is believed that the hydrogen element in HPN2 originated
from benzene because P3N5 instead of HPN2 was produced
when the reaction was carried out in a solvent-free environ-

Fig. 1 IR spectrum of the amorphous HPN2.

Fig. 2 TEM images of the amorphous HPN2 prepared (a) at 250 °C for 12
h, (b) at 190 °C for 3 d, and (c–e) at 250 °C for 3 d or 190 °C for 10 d.
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ment.9 Benzene plays an important role in the reaction: it acts
not only as a solvent but also as a hydrogen element source, and
may be the key to the formation of the interesting morphologies.
This process is a complicated reaction and the exact mechanism
needs further research. It was found that sodium chloride was
the by-product, which was determined by the XRD patterns of
the samples not washed with water.

The influence of temperature and time on the synthesis of
amorphous HPN2 was also studied. If the reaction temperature
is lower than 190 °C the reaction is very incomplete and only a
small amount of HPN2 can be obtained. But when the reaction
temperature is above 300 °C, P–H adsorption at 2080 cm21 is
detected through IR spectra, indicating that PN4 tetrahedra are
destroyed.10 For the sample prepared at 190 °C for 12 h, no
special morphology was found. The samples prepared at 190 °C
for 3 d and 10 d have the same morphologies as those prepared
at 250 °C for 12 h and 3 d, respectively, which indicates that a
long reaction time and low temperature have the same effect as
a short reaction time and high temperature, in the appropriate
temperature range. Considering the facts that balls are formed
instead of tubes with lengthened reaction time, and that some
tubes are found truncated at the middle part [Fig. 2(b)], it is
proposed that the hollow balls are transformed from the tubes.
Solid balls might be formed through the aggregation of
amorphous fragments, which is consistent with the fact that the
ball was the most stable state in liquid.

In the reaction temperature range, nothing dangerous took
place in our experiments, which indicated that this process was
safe even though PCl5 and NaN3 were used. As an inorganic
polymer, phosphorus nitride imide, HPN2, with the above

interesting morphologies may have some potential uses in
industry.
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Invar (Fe65Ni35), a ‘zero’ thermal expansion alloy consisting
of Fe and Ni, has been successfully introduced into carbon
nanotubes by pyrolysing, at 800 °C, aerosols of NiCp2/FeCp2
mixtures dissolved in C6H6; scanning electron microscopy
(SEM) and high-resolution transmission electron micros-
copy (HRTEM) studies reveal the presence of flake-like
structures (ca. 1–2 mm2) consisting of filled/aligned carbon
nanotubes (@200 mm in length and @80 nm in diameter) in
a carpet pile-like configuration; analysis of the filling
material (@500 nm in length and @40 nm in diameter) by X-
ray powder diffraction and high-resolution electron energy
loss spectroscopy (HREELS) line scans, confirmed that
Invar was formed; this appears, to the best of our knowledge,
to be the first report of mixed metal alloy nanowires forming
inside carbon nanotubes.

Invar (Fe65Ni35) alloy, discovered by Guillaume in 1897,1
exhibits an extremely low thermal expansion coefficient, ca.
one tenth of that of steel.2 Furthermore, Fe/Ni alloys are
interesting not only for their low thermal expansion, but also for
their remarkable magnetic properties. These alloys have various
uses in, for instance, the fabrication of electronic devices,
aircraft controls, laser systems, bimetallic thermostats, etc.2–4

To date, various techniques for encapsulating metals, metal
oxides and chlorides in multi-walled (MWNT) or single-walled
carbon nanotubes (SWNT) have been developed.5,6 However,
the encapsulation of alloys has so far been unsuccessful
although the formation of segregated phases of Sn and Pb has
been observed in carbon-coated nanowires.7 High temperature
routes involving the arc-discharge of graphite and metal
mixtures, such as Fe+Co, Fe+Ni or Ni+Y, results in the
formation of SWNTs rather than alloy-filled MWNTs. Here we
report, for the first time, the encapsulation of Invar in MWNTs
by pyrolysing aerosols consisting of NiCp2/FeCp2/C6H6 mix-
tures in an Ar atmosphere at 800 °C.

A benzene solution containing FeCp2 (Aldrich, 99%) and
NiCp2 (Aldrich, 98%) mixtures (atomic ratios 65+35 Fe+Ni; 5%
by weight), was prepared ultrasonically during 3–5 min. The
solution was transferred to the reservoir of an aerosol generator
(sprayer), then nebulized by a high Ar flow rate (ca. 2000
sccm), and dispersed through the sprayer (nozzle diameter ca.
0.45 mm). The aerosol was passed through a quartz tube (2 cm
i.d. and 50 cm in length) placed in a furnace (30 cm in length)
fitted with a temperature-controller. The sprayer was operated
for 5 min while the furnace was maintained at 800 °C.
Subsequently, spraying was discontinued and the Ar flow rate
reduced to 300–500 sccm in order to avoid oxidation of the
products upon cooling. The product, a black powder, was
scraped from the inner walls of the hot zone of the quartz tube.

A detailed description of the aerosol generator is given
elsewhere.8

SEM studies (JEOL-JSM 6300F operating at 2–5 kV)
revealed the presence of flake-like material (ca. 1–2 mm2)
consisting of arrays of aligned nanotubes (@200 mm in length,
@80 nm in diameter) similar to those reported previously (Fig.
1).9 The material resembles a carpet of exceptionally uniform
length (or height), and the purity of the material is strikingly
high when compared to experiments carried out with FeCp2
only. In this context, only small amounts of particles and other
by-products were observed. HRTEM (JEM3000F FEG-TEM
operating at 300 kV and JEOL-JEM4000 EX operating at 400
kV) images showed the presence of partly filled nanotubes, the
walls of which are relatively disordered in places where there
was no metal filling. The nanowires exhibit lengths @500 nm
and widths @40 nm and were mainly found within highly
crystalline carbon walls (Fig. 2). This result is in agreement with
that reported by Itoh and Sinclair, who described the graph-
itisation of amorphous carbon layers in the presence of Ni.10 It
has also been observed that metal-filled carbon nanotubes,
generated by pyrolysis, generally tend to exhibit a higher degree
of graphitisation than unfilled nanotubes.9–12
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Fig. 1 (a) SEM images of aligned nanotube films (flakes) grown on the walls
of the pyrolysis tube; other carbonaceous material is notably absent. (b)
Higher magnification of an individual ‘flake’ showing the degree of
alignment and that the nanotubes possess uniform diameters ( < 80 nm) and
lengths ( < 200 mm).
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X-Ray powder diffraction measurements (XRD, Siemens
Diffraktometer D5000; Cu-Ka radiation) were carried out on
the samples as well as on a commercially available Invar foil
(Fe65+Ni35, Goodfellow) for comparison. The diffraction
patterns of the sample exhibit graphite peaks with a small shift
of the (00l) reflections due to curvature of the concentric
graphene sheets constituting the carbon nanotubes (d-spacing
0.34 nm). Distinct peaks for 2q are observed at ca. 43.5, 50.7,
74.7 and 90.7, in agreement with those resulting from the Invar
foil. They correspond to the (111), (200), (220) and (311)
reflections of g-FeNi alloys (fcc structure containing 30 atom%
Ni and above) respectively. It is noteworthy that individual
peaks for Fe or Ni were not observed, confirming the absence of
segregated Fe or Ni domains [Fig. 3(a)]. The variation of Ni

content in the fcc structure of g-FeNi alloys induces a linear
change in the lattice parameter (Vegard’s Law).13,14 Determina-
tions of this parameter for the fcc structure of the g-FeNi alloy
present in the samples indicate an overall Ni content of ca. 45 ±
2 at%.

Elemental mapping (Zeiss EM 912 Omega, operated at 120
kV) using EELS revealed that Ni and Fe are uniformly
distributed within the wires. HREELS line scans along and
across the fillings (carried out using a dedicated STEM VG- HB
501UX equipped with a Gatan Digi-PEELS 766) also con-
firmed that Ni and Fe concentrations correlate, which is
consistent with alloy formation. The C and Ni–Fe concentration
profiles anti-correlate, indicating that the metal is located in the
nanotube core [Fig. 3(b)]. The presence of sharp features
corresponding to the p* and s* excitations on the energy loss
near-edge structure (ELNES) of the carbon K edge at 284.5 eV
indicates that the material is highly ‘graphitic’. The edges at 708
and 854 eV are characteristic of Fe-L and Ni-L respectively.
Quantification of representative EEL spectra reveal that the
wires consist of Ni and Fe with a ca. 0.55 ± 0.03 Ni/Fe ratio,
commensurate with the Invar composition (Fe65Ni35, Ni/Fe =
0.54).

We have demonstrated that pyrolysis of aerosols obtained
from C6H6/NiCp2/FeCp2 mixtures generates aligned Invar-
filled carbon nanotubes of high purity. It is important to note
that the pyrolysis of NiCp2/FeCp2 powder mixtures or of
hydrocarbons over metal powder mixtures at higher tem-
peratures does not result in the formation of alloy nanowires
because the metals tend to segregate. The generation of Invar
nanowires opens up new avenues for further exploration at the
nanoscale level. The magnetic and mechanical properties of
these novel structures may find applications in the fabrication of
magnetic storage devices and nanoscale thermostats.
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Fig. 2 HRTEM image of an Invar-filled nanotube with an inset showing the
crystallinity of the filling (carbon interlayer spacing 0.34 nm).

Fig. 3 (a) X-Ray powder diffraction pattern showing distinct peaks for 2q at
ca. 43.5, 50.7, 74.7 and 90.7, in agreement with peaks resulting from the
Invar foil and corresponding to the (111), (200), (220) and (311) reflections
of g-FeNi alloys (fcc structure containing !30 at% Ni) respectively. (*
signals belong to the XRD holder). (b) High-spatial-resolution EELS
spectra profile of an Invar-filled nanotube axis (ca. 23 nm across) showing
the relative concentrations of C, Fe and Ni. Ni and Fe are homogeneously
distributed within the inner core of the carbon tube. The inset shows the high
angular dark field (HADF) image of the nanowire contained within the
carbon nanotube as well as the line-scan recorded during the measurement.
The EELS spectra reveal that the wires contain Ni and Fe with a ca.
0.55±0.03 Ni/Fe ratio including the Invar composition (Fe65Ni35, Ni/Fe =
0.54).
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This paper describes preliminary findings of a thiolate-
capped gold–platinum alloy nanoparticle assembly (metallic
core and organic shell) as a novel catalyst for electrooxida-
tion of methanol.

The study of catalytic oxidation of methanol and carbon
monoxide has broad technological applications, including fuel-
cell technology, purification of air in gas products and in long
duration space travel, and conversion in automobile exhaust
systems.1–3 The search for highly effective catalysts and
detailed mechanistic understanding4–7 has spanned to the
exploration of nanometer-size catalysts.1–3 Two critical issues
facing the exploration of nanosized catalysts for methanol
oxidation are however the propensity of poisoning at traditional
platinum group catalysts by adsorbed CO-like species and the
tendency of nanoparticle aggregation. To address these issues,
we have recently reported a proof-of-concept demonstration of
electrocatalytic oxidation of CO at core–shell nanostructured
alkyl thiolate-capped gold nanoparticles,8 a new expansion of
recent interest in exploring nanosized bare gold catalysts.4,5 We
report herein preliminary findings of an investigation of
thiolate-encapsulated gold–platinum (Au–Pt) alloy nanopar-
ticles as catalysts for methanol electrooxidation (Scheme 1). In
addition to aggregation-resistant and poison-resistant properties
arising from shell encapsulation and networking, an important
attribute is the bimetallic core composition with different
catalytic functions: methanol oxidation at Pt-sites and CO
oxidation at Au-sites. Whether such encapsulated alloyed
nanosites are catalytically active under the encapsulation is a
critical question. The basic understanding will also be useful to
much of the recent interest in Pt–Ru based bimetallic catalysts1

and other related systems such as polypyrrole-supported9,10 and
dendrimer-encapsulated11 Pt nanoparticles.

The catalyst preparation involved Schiffrin’s two-phase
synthesis of thiolate-capped gold and alloy nanoparticles.12,13

Fig. 1 shows a transmission electron microscopic (TEM) image
of decanethiolate (DT) encapsulated Au–Pt nanoparticles which
were synthesized from a 5+1 feed ratio (Au+Pt) of HAuCl4 and
K2PtCl6. The average core size determined was ca. 2.5 ± 0.4
nm. The UV–VIS spectrum of the nanoparticles showed a subtle
difference of surface plasmon resonance band intensity from Au
nanoparticles (ca. 2 nm) synthesized under similar conditions,
consistent with the presence of Pt in the Au nanoparticles.13 On
the basis of previous XPS data that showed a 1+0.3 ratio of

Au+Pt in the nanoparticles synthesized from a 1+1 feed ratio,13

the Pt content estimated for our alloy nanoparticles was ca. 5%.
Using 1,9-nonanedithiol (NDT) as the crosslinking agent, the
nanoparticles were assembled on a glassy carbon (GC)
electrode surface as a shell-linked particle ensemble via an
exchange–crosslinking–precipitation route.14 Briefly, a GC
electrode was immersed into a hexane solution of DT-capped
nanoparticles (30 mM) and NDT (50 mM) for ca. 24 h. The
NDT–DT exchange reaction was followed by crosslinking,
leading to nucleation and growth of a nanoparticle thin film on
GC, i.e. NDT–(Au–Pt)2.5-nm. The thickness of the film was
controlled by immersion time. A typical film had ca. 8
equivalent number of particle layers, estimated from quartz-
crystal microbalance measurements.14 Electrochemical meas-
urements were performed in a conventional three-electrode cell
with Ag/AgCl (saturated KCl) as reference electrode. The
electrolyte solution was purged with argon before measure-
ments.

As recently demonstrated for the case of CO oxidation,8 the
NDT–(Au–Pt)2-nm/GC electrode was initially activated in the
presence of methanol by potential polarization to ca. 0.8 V. Fig.
2 shows a typical set of cyclic voltammetric curves [(b)–(e)] at
such an activated electrode in an alkaline solution of methanol
(99.99%) purged with argon. Curve (a) is the result obtained
after transferring the electrode to methanol-free electrolyte. In
the absence of methanol (a), the voltammetric curve displays a
small and broad oxidation wave at +300 mV extending to the
positive potential limit, and a sharp reduction wave at +120 mV.
These two waves are attributed to the formation and reduction
of surface Au oxide (AuOx)8 on the nanocrystals. Contribution
from Pt oxide should be minimal because its redox potential is
more positive than that of Au oxide and the alloyed Pt is a very
small fraction (ca. 5%). The shell encapsulation may become
partially open as a result of either surface oxide formation or a
change in shell packing due to possible thiolate desorption or
reorganization. In the presence of methanol of different
concentrations [(b)–(e)], two voltammetric features are remark-
able. First, a large anodic wave is evident at +300 mV. The
anodic peak current (ipa) increases with increasing methanol
concentration, exhibiting a linear relationship (Fig. 2, insert).
The peak potential closely matches the potential for Au oxide
formation, suggesting the participation of Au oxide in the
overall catalytic oxidation mechanism. An integration of the

Scheme 1 A schematic illustration of catalytic oxidation of methanol at a
thiolate-capped core–shell nanoparticle catalyst.

Fig. 1 TEM micrograph of DT-capped Au–Pt (5+1) nanoparticles.
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charge from the cathodic wave translates to ca. 9 3 1029 mol
cm22 of the amount of reactive Au. Second, in contrast to the
trend for the anodic wave, the peak current for the cathodic
wave (ipc) decreases with increasing methanol concentration,
which also exhibits a linear relationship (Fig. 2 insert). These
two features are the first set of evidence demonstrating that
methanol is oxidized at the nanostructured catalyst. The
opposite trend between the oxidation and reduction peak
currents as a function of methanol concentration is suggestive of
a catalytic mediation mechanism likely by surface Au oxide
species.6–8

There is another distinctive feature for the data in comparison
with voltammetric characteristics reported for bulk Pt. No
oxidation wave is detected in the negative-going sweep of the
above data, which is usually observed for Pt-based catalysts due
to methanol oxidation at partially reduced surface oxide.
Although such an oxidation wave becomes evident at ca.2100
mV for a slower scan rate for NDT–(Au–Pt)2.5-nm (Fig. 3), the
relative magnitude of the wave is much smaller. We also note
that the overall potential of methanol oxidation is ca. 200 mV
more positive for the NDT–(Au–Pt)2.5-nm than Pt. This
difference is presumably due to a conductivity effect of the
film.14

Fig. 3 shows the voltammetric dependence on scan rate (v) as
a further piece of evidence for the electrocatalytic mediation of
the catalyst. Both ipa and ipc increase with increasing v. A close
examination reveals that the ipa vs. v1/2 relationship is
approximately linear for v > 20 mV s21, indicative of an
diffusion-controlled process for methanol oxidation. Remark-
ably, the ratio of ipa+ipc decreases with increasing v, which is
characteristic of an surface redox-mediated catalytic oxidation
process. At v < 20 mV s21, the reduction wave basically
disappears whereas a small anodic wave is evident on the
negative-going sweep. This feature resembles those observed
for electrooxidation of methanol at a Pt-based surface3 and of
CO at core–shell Au nanoparticle assembies.8 Overall, the data
further support an electrocatalytic mechanism by which the
oxidation of methanol is mediated by surface oxide redox
species.6

Other preliminary data are also supportive of the above
assessment. An insignificant change of C–H stretching bands of
alkyl thiolates in IR reflection spectroscopic data before and
after the catalytic activation supports the presence of shell
encapsulation. Voltammetric data with a similar catalytic
activity but different characteristics have also been noticed
using thiolate-capped Au nanoparticles, which is under further

investigation. Moreover, the catalytic activity is remarkably
stable against repetitive cycling (at least 2 h at 10–200 mV s21)
in the indicated potential region. We believe that the catalytic
oxidation proceeds predominantly at surface Au oxide sites
within the core–shell nanoparticle assembly. As reviewed
recently by Burke and Nugent6 for gold-based catalysis, oxygen
transfer reactions have been considered using an incipient
hydrous oxide/adatom mediator model. In a few recent
examples, metal oxides are used as supports for bare Au
nanoparticle catalysts.5

The result is, to our knowledge, the first example of
electrocatalytic oxidation of methanol at core–shell nano-
structured Au–Pt nanoparticles upon catalytic activation. A
systematic manipulation of the bimetallic core composition is
under way, including further investigations using nanoparticle
size and shape processing methods,15 IR reflection spectros-
copy and atomic force microscopy to gain insights into effects
of nanostructured voids, nanocrystal corners or edges, surface
activation and segregation.

The ACS Petroleum Research Fund is acknowledged for
support of this research.
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Fig. 2 Cyclic voltammetric curves for an activated NDT–(Au–Pt)2.5-nm/GC
electrode in an electrolyte solution of 0.5 M KOH with methanol
concentration of 0 (a), 1.6 M (b), 3.0 M (c), 4.3 M (d) and 5.4 M (e).
Geometric electrode area: 0.07 cm2. Scan rate: 50 mV s21.

Fig. 3 Scan rate dependence of cyclic voltammetric curves for an activated
NDT–(Au–Pt)2.5-nm/GC electrode in a solution of 0.5 M KOH + 5.4 M
methanol. Geometric electrode area: 0.07 cm2. Scan rate: 10, 20, 50, 100
and 200 mV s21. Both anodic peak and cathodic currents increase with
increasing scan rate.
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7-Methoxybenzolactam-V8 (4) was synthesized using a
diastereoselective Strecker reaction as the key step employ-
ing an ortho-substituted phenylacetaldehyde and (R)-phe-
nylglycinol as the chiral auxiliary.

Protein kinase C (PKC) consists of a growing family of closely
related isozymes that mediate a wide range of cellular signal
transduction processes.1 Compounds that are able to selectively
modulate the individual PKC isozymes can serve as valuable
research tools in the elucidation of their physiological roles.
Additionally, such compounds hold promise in the development
of novel therapeutics for the treatment of human diseases, such
as cancer and Alzheimer’s dementia. However, very few
isozyme-selective activators have been reported to date. The
teleocidins (e.g. indolactam V, 1) are potent PKC activators,

however, they show little selectivity.2 Endo’s group and ours
have reported3 that the benzolactam-V8 derivative 3, a mimic of
the twist-like conformation of indolactam V, is a potent
activator of PKC. Recently, our group has shown that
introduction of a methoxy substituent at the C7-position of
benzolactam-V8 leads to a compound (5) that retains potency at
PKCa, PKCd and PKCe.4 The total synthesis of benzolactam-
V8 analogs depends mainly on the effective construction of the
8-membered lactam ring, which in turn depends on an efficient
synthesis of a suitably substituted phenylalanine moiety. An
improved synthesis of 7-methoxybenzolactam-V8 (4) would
permit access to further analogs by making use of the
heteroatom at the 7-position. We have recently developed the
first synthesis of 7-methoxybenzolactam-V8,4 which makes use
of a catalytic asymmetric alkylation. The poor selectivity in this
step induced us to explore an alternative approach. In the
present communication, we describe a diastereoselective
Strecker reaction for the synthesis of the required substituted
phenylalanine which after a series of further reactions leads to
the title compound 4.

Our synthetic sequence began with the introduction of an
allyl group in the ortho position to the hydroxy group using the
Claisen rearrangement. Thus, 3-hydroxyacetanilide (6) was
transformed into its allyl ether 7 using allyl bromide and
potassium carbonate in refluxing acetone in 88% yield (Scheme
1). Compound 7 was subjected to the Claisen rearrangement in
refluxing dimethylaniline for 6 h to give a mixture of products
8 and 9 in a 1+1 ratio.5 The required regioisomer 8 was isolated
by fractional crystallization and protected as its methyl ether in
82% yield. The N-acetyl group in compound 10 was unstable to

the conditions of a subsequent nitrile methanolysis step,
resulting in the formation of an undesired six-membered
lactam.6 We therefore masked the amine as a 2,5-dime-
thylpyrrole which can be easily cleaved under mild conditions
but is stable to the conditions of acidic nitrile methanolysis.
Accordingly, compound 10 was deprotected to give aniline 11,
which on treatment with acetonylacetone in toluene utilizing a
Dean–Stark trap for azeotropic water removal gave compound
12 in 72% yield.7 Compound 12 was converted to the aldehyde
in a two step sequence. First, compound 12 on treatment with
osmium tetroxide in acetone in the presence of NMO at rt gave
diol 13 in 74% yield. Compound 13 was oxidized to the
aldehyde 14 using sodium metaperiodate in a 1+1 mixture of
tBuOH and H2O at rt in 69% yield. Compound 14 was now
subjected to the Strecker synthesis using (R)-phenylglycinol.8 It
is important to note that previously Chakraborty et al.8 reported

Scheme 1 Reagents and conditions: (a) K2CO3, allyl bromide, acetone,
reflux, 88%; (b) PhNMe2, reflux, 6 h, 84%; (c) K2CO3, MeI, acetone, reflux,
82%; (d) 7% HCl, reflux, 2 h, 81%; (e) acetonylacetone, toluene, reflux,
24 h, 72%; (f) OsO4, NMO, rt, acetone, 74%; (g) NaIO4, t-BuOH–H2O, rt,
69%; (h) i, (R)-phenylglycinol, CHCl3, ii, Me3SiCN, 0 °C–rt, 10 h, iii,
TBAF, 66% for three steps; (i) HCl in ether, MeOH, 0 °C–rt, 48 h, 81% (j)
i, Pb(OAc)4, CH2Cl2–MeOH (2+1), 15 min; ii, 20% Pd(OH)2/C, EtOH, 50
psi of H2, overnight; iii, BOC2O, Et3N, THF, rt, 44% for three steps; (k)
LiBH4, THF, 0 °C–rt, 8 h, 96%; (l) NH2OH·HCl, Et3N, i-PrOH–H2O,
reflux, 24 h, 81%; (m) 2,6-lutidine, 1,2-dichloroethane, 87%; (n) H2, Pd/C,
EtOH, quantitative; (o) i, N-hydroxysuccinimide–DCC, CH2Cl2, ii, tri-
fluoroacetic acid, then NaHCO3, EtOAc, 82%; iii, HCHO, NaCNBH3,
AcOH, CH3CN, reflux, 87%.
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that the Strecker reaction of phenylacetaldehyde with (R)-
phenylglycinol gave a 1+1 ratio of isomers. The poor selectivity
was attributed to steric factors. Compound 14 on reaction with
(R)-phenylglycinol in chloroform at rt overnight gave the imine
which on reaction with Me3SiCN at rt for 10 h followed by
treatment with tetrabutylammonium fluoride gave the amino
nitriles 15 and 16 in a 4+1 ratio in 66% yield over the three steps.
The amino nitriles 15 and 16 were easily separated by column
chromatography. The structure of the isomer 15 was confirmed
by X-ray crystallography. This compound was subjected to
acidic hydrolysis to afford the ester 17 in 81% yield based on
recovered starting material. No cyclization product was formed
in the hydrolysis reaction, thus supporting our choice of
protecting group. Oxidative removal of the phenylglycinol
moiety was carried out with lead tetraacetate in CH2Cl2–MeOH
to give a Schiff’s base, which on catalytic hydrogenation over
Pd(OH)2/C gave the free amine. The amine was isolated as the
BOC-protected intermediate 18, and the overall yield for the
three steps was 44%.

With the substituted phenylalanine fragment in hand, we now
needed to add the valine fragment. Compound 18 was reduced
to alcohol 19 using LiBH4 in THF in near quantitative yield.
The aromatic amino group was unmasked in good yield by
refluxing in a solvent mixture of iPrOH–H2O with hydrox-
ylamine hydrochloride and triethylamine. The aniline 20 was
reacted with the D-valine derived triflate 219 to give compound
22 in 87% yield. Compound 22 on hydrogenation gave the
carboxylic acid in quantitative yield, which was converted to the
eight-membered lactam using the active ester method as
reported previously.3b N-Methylation using HCHO–
NaCNBH3–HOAc gave 7-methoxybenzolactam 4 in 87%
yield.10

In conclusion, we report an improved synthesis of
7-methoxybenzolactam-V8 making use of a diastereoselective
Strecker synthesis. This compound may serve as an inter-
mediate in the preparation of a variety of C7-substituted
benzolactam analogs, which may exhibit better isozyme
selectivity.

We are indebted to the National Institutes of Health for
support of this work (CA 79601).
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Under mild hydrothermal conditions the novel thioantimo-
nate(III) [Ni(C4H13N3)2]2Sb4S8 was synthesised using ele-
mental nickel, antimony and sulfur; the structure is com-
posed of cyclic isolated [Sb4S8]42 anions and
[Ni(C4H13N3)2]2+ cations.

Open framework structures based on interconnected chalcoge-
nometallates are of great interest as possible ‘zeolite’ similar
phases, for which highly interesting properties could be
expected. Condensation of maingroup-thioanions in the pres-
ence of large organic cations1–3 acting as structure directing
agents was achieved under solvothermal conditions. The
incorporation of transition metals (tm) into the thiometallate
network should lead to new connections and to changed
physical properties. Our main goals are the investigation of the
synthetic conditions necessary to connect tmSx fragments with
main group thiometallates and to study the influence of the
‘template’ on the dimensionality of the products. Thioantimo-
nates(III) exhibit a variable coordination behaviour caused by
the stereochemically active lone pair.4–6 However, until now
large isolated SbxSy anions were observed in only very few
compounds. Recently, we and other groups reported the first
examples of transition metal containing thioantimonates(III).7,8

During our continuing work in this field the new thioantimo-
nate(III), [Ni(DETA)2]2Sb4S8† [DETA = diethylenetriamine],
containing the new and unusual isolated ring anion [Sb4S8]42

was obtained. The present contribution reports the synthesis and
crystal structure of this new compound.

In the crystal structure of [Ni(DETA)2]2Sb4S8‡ two crystallo-
graphically independent [Sb4S8]42 ring anions [Fig. 1(a) and
(b)] and two crystallographically independent [Ni(DETA)2]2+

cations are found. Four pyramidal SbS3 units sharing common
corners build a Sb4S4 hetero ring. Each Sb atom is bounded to
a terminal S atom thus forming the final [Sb4S8]42 anion. The
cyclo-octathiotetraantimonate anion belongs to the class of the
medium-sized rings that preferably adopt the bent flexible chair
conformation. Charge balancing is achieved by the two isolated
[Ni(DETA)2]2+ cations.

The Sb–S distances within the Sb4S4 rings are between
2.426(2) and 2.497(2) Å and the S–Sb–S angles vary from
87.92(7) to 107.53(8)°, both being in good agreement with data
found in the literature.9 As expected, the terminal Sb-S
distances [Sb(1)–S(1), Sb(2)–S(4), Sb(3)–S(11) and Sb(4)–
S(14)] are shorter ranging from 2.315(3) to 2.337(2) Å. They are
significantly shorter than the Sb–m2-S links [Sb(1)–S(2), Sb(2)–
S(2), Sb(2)–S(3), Sb(3)–S(12), Sb(3)–S(13), Sb(4)–S(13)],
which are often observed in literature.10 The pertinent angles
vary between 93.90(9) and 104.32(7)°. If the lone pair of Sb(III)
is considered, the coordination of the SbS3 pyramids can be
viewed as distorted y-SbS3 tetrahedra.11 The two independent
[Sb4S8]42 anions have a similar geometry. The Sb4S8 rings are
stacked onto each other forming rods parallel to the a-axis
(Fig. 2). We note that the shortest intramolecular Sb–S contacts
are above 3.9 Å and no intermolecular Sb–S separations shorter
than 4 Å are observed.

The Ni2+ cations are in a distorted octahedral environment of
six nitrogen atoms of two DETA ligands. The Ni–N distances
vary between 2.080(8) and 2.193(6) Å and are in the normal
range.12 The angles range from 78.0(3) to 174.8(3)°. In one
cation the DETA ligands take up an u-facial (Ni1) and in the
second a mer geometry.20

The three-dimensional arrangement of cations and anions
(Fig. 2) is achieved by N–H…S close contacts. Every anion
shows seven such contacts with distances between 2.513 and
2.837 Å and angles N–H…S ranging from 144.15 to 175.53°.
The H atoms of [Ni(1)(DETA)2]2+ are involved in eight and
those of the second complex in six S…H contacts. It is well
known that S…H hydrogen bond interactions are weak and a
definite decision as to whether genuine hydrogen bonding
occurs cannot be drawn alone on the basis of crystal structure
determination. Nevertheless, the distinct differences of inter-
molecular cation–anion interactions may be responsible for the
above mentioned differences in the conformations of the anions
and cations. Raman spectra of pure DETA and of the title

Fig. 1 (a) and (b): The two [Sb4S8]42 anions in [Ni(DETA)2]2Sb4S8 with
labelling and displacement ellipsoids drawn at the 50% level. Selected bond
lengths (Å) and angles (°): Sb(1)–S(1) 2.337(2), Sb(1)–S(2) 2.429(2),
Sb(1)–S(3) 2.453(2), Sb(2)–S(4) 2.315(3), Sb(2)–S(3) 2.471(2), Sb(3)–
S(11) 2.328(2), Sb(3)–S(13) 2.492(2), Sb(3)–S(12) 2.497(2), Sb(4)–S(14)
2.326(2), Sb(4)–S(13) 2.426(2); S(1)–Sb(1)–S(2) 104.32(7), S(2)–Sb(1)–
S(3) 101.62(7), Sb(1)–S(3)–Sb(2) 110.88(7), S(11)–Sb(2)–S(12) 101.48(7),
S(14)–Sb(4)–S(13) 100.38(8), Sb(4)–S(13)–Sb(3) 102.60(8).

Fig. 2 Crystal structure of [Ni(DETA)2]2Sb4S8 with view along the a-axis
(hydrogen atoms omitted for clarity).
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compound were recorded to monitor the differences in the
nNH2 and dNH2 regions. For the free ligand the nNH2
resonances are between about 3100 and 3400 cm21 with a
pronounced peak at 3297 cm21. The dNH2 line is located at
1601 cm21. In the title compound the whole region of nNH2
modes is broader extending from ca. 3030 to 3410 cm21 with a
peak at 3232 cm21. The dNH2 line is slightly shifted to
1594 cm21. We note that all modes of the [Ni(DETA)2]2+

complexes are in good agreement with data published in the
literature.20–25 The shift to lower wavenumbers as well as the
broadening may be caused by both the N–Ni bonding
interactions and possible S…H–N hydrogen bonds.

As can be seen in Fig. 3 the material decomposes in two steps
with individual weight changes of 31.1 and 2.7% giving a total
weight loss of 33.8% which roughly corresponds to the
emission of the four DETA ligands (Dmtheo = 32.4%).§
Decomposition starts at Tonset = 222 °C and is accompanied by
two endothermic peaks at Tp = 260 and 319 °C. The first
endothermic signal exhibits a complex shape with two shoul-
ders located at Tp = 251 and 273 °C. In further experiments
decomposition of the educt was stopped at 300 and 350 °C. The
residues were characterised by CHN analysis, X-ray powder
diffraction (XPD), energy dispersive X-ray analysis (EDX) and
IR spectroscopy. In the XPD pattern of the grey residue [C, 1.8;
H, 0.25; N, 1.15; EDX (atom%): S, 48(1); Sb, 32.2(1.4); Ni,
19.7(2.7)] obtained after the 300 °C treatment, NiS, Sb2S3,
NiSbS and a small amount of an unknown fourth phase were
identified. In the IR spectrum no C–H, C–N, C–C or N–H
vibrations could be detected. From the elemental analyses it can
be assumed that not only DETA is emitted but also S, and a
small amount of C, H, and N remain in the residue. In the XPD
pattern of the dark grey sample obtained after heating to 350 °C
(C, 1.6%; H, 0%; N, 0.72%; EDX(atom%): S, 47.8(8); Sb,
31.7(1.0); Ni, 20.5(1.9)%] the reflections of the unknown phase
disappeared and only NiS, Sb2S3 and NiSbS could be identified.
The small weight loss between 300 and 350 °C of ca. 2.7% may
be attributed to the decomposition of the unknown phase
accompanied by the emission of C, H and N as well as of
sulfur.

The endothermic event at Tp = 556 °C agrees well with the
melting point of Sb2S3 (literature value: Tm = 550 °C). In the
grey reaction product the two phases Sb2S3 and NiS could be
identified.

In conclusion, we note that the stabilisation of the high
negatively charged [Sb4S8]42 anion may be achieved by an
extended hydrogen bond network as well as by the shape and
size of the counterion. There is no simple relationship between
cation size and shape and the dimensionality of the anionic
thioantimonate network. In addition, hydrothermal crystallisa-
tions are multicomponent heterogeneous reactions that are not
well understood and we are far from being able to predict

structures or physical properties of the products. The successful
synthesis and characterisation of new thioantimonates(III) may
provide the information that is necessary to lead to more rational
syntheses of such compounds.
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A p-styrenyl substituent attached to the ligand framework
allows the tripodal triphosphine moiety –C(CH2PPh2)3 to be
introduced as a pendant group in polystyrene matrices via
free-radical copolymerisation; in conjunction with rho-
dium(I), the polytriphos material forms an effective hetero-
geneous catalyst for the hydrogenolysis of benzo[b]thio-
phene to 2-ethylthiophenol and ethylbenzene.

The immobilisation of metal complexes on solid supports to
obtain single-site heterogeneous catalysts is a research topic of
much current interest. Several heterogenisation techniques are
available which span from hydrogen-bonding to covalent
grafting, to physical and ionic immobilisation.1,2 Similarly,
many different types of materials (metal oxides, dendrimers,
polyolefins, heteropoly acids, gels, etc.) may be employed as
the support, which may be either inert or chemically interacting
with metal, substrate and/or product. Irrespective of the grafting
mode and of the type of support, a major drawback of any
heterogenised catalyst is represented by metal leaching into the
mobile phase. In order to reduce, and ultimately inhibit,
undesired loss of metal during the catalysis, the structure of the
tethered complex must be thermally and chemically robust. In
general, tertiary phosphines meet these requisites and beyond,
as they behave as strong ligands towards most transition metals
and can also be finely tuned so as to determine the steric and
electronic properties of the metal centre. Polydentate phos-
phines show superior control properties over monophosphines
and those having tripodal structure, such as MeC(CH2PPh2)3
(triphos), are almost insuperable with regard to the stability of
the metal complexes.3

Here, we describe the synthesis of the first tripodal
triphosphine anchored to a cross-linked styrene/divinylbenzene
polymer and of its complex with the ‘Rh(cod)+’ moiety (cod =
cycloocta-1,5-diene). It is also shown here that the supported
rhodium complex is a powerful catalyst for the hydrogenolysis
of benzo[b]thiophene to 2-ethylthiophenol and ethylbenzene,
which represents the first evidence of a successful single-site
catalyst in the heterogeneous hydrodesulfurisation (HDS) of a
thiophenic substrate.4,5

The synthetic route to the triphosphine-containing styrene
monomer is illustrated in Scheme 1. The strategy is to prepare
a triphos ligand bearing a single reactive hydroxy functionality
for attachment of the styrene group. Nucleophilic attack by
diphenylphosphide at the heterocycle of 3,3-bis(diphenylphos-
phinomethyl)oxacyclobutane,6 followed by reaction with 4-
vinylbenzyl chloride is an excellent method to accomplish the
high-yield synthesis of the desired p-styrenyl-functionalised
triphos ligand 2,2,2-tris(diphenylphosphinomethyl)ethyl 4-vi-
nylbenzyl ether (TVBE).† Copolymerisation of TVBE with
divinylbenzene alone (DVB) or with styrene–DVB in THF/
MeOH using AIBN as the radical initiator generates cross-
linked triphosphine polymers (polytriphos) as off-white solids
insoluble in organic solvents. Besides elemental analysis (C, H,
P), the presence of triphosphine units is shown by CP MAS 31P
NMR spectroscopy.‡ The spectrum of a polytriphos sample
obtained by copolymerisation of TVBE with DVB (1+1) is
given in Fig. 1a. Note that the chemical shift (d225.6) is similar

to that of monomeric TVBE as well as silica-supported triphos.2
A soluble polystyrene-bound diphosphine ligand with the
1,3-bis(diphenylphosphino)propane moiety has been described
previously.7

Advantages of the present technique over heterogenisation
procedures involving the reaction of functionalised phosphines
with functionalised cross-linked styrene–DVB resins8 are: (1)
the ease of synthesis since only the phosphine needs to be
chemically modified; (2) the effective control on the phosphine
loading (and hence of the metal loading) by simply varying the
phosphine+DVB+styrene ratio; (3) the absence of residual
functional groups on the resins.

Supported complexes of the general formula [Rh(cod)(poly-
triphos)]PF6 have been prepared by stirring CH2Cl2 solutions of
[RhCl(cod)]2 and NBu4PF6 in the presence of polytriphos at
room temperature for 24 h. The filtered yellow solids are
washed with CH2Cl2 at reflux temperature using a Soxhlet

Scheme 1 Reagents and conditions: i, HPPh2, BuLi, THF (65%); ii, NaH,
4-vinylbenzyl chloride, DMF (90%); iii, styrene–divinylbenzene, AIBN,
THF/MeOH (1+2, v/v), 85 °C; iv, [RhCl(cod)]2, NBu4PF6, CH2Cl2
(98%).
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apparatus and then dried. The rhodium content in the heteroge-
neous catalysts depends on the polytriphos sample; in partic-
ular, a loading of 7.24 wt% has been found for a polymer
obtained by copolymerising TVBE and DVB in a 1+1 ratio,
while a loading of 0.94 wt% has been found for a polymer
obtained by copolymerising TVBE, DVB and styrene in a
0.6+1+36 ratio. The coordination of rhodium(I) to the tethered
phosphine is demonstrated by the low-field shift to d 28.4 of the
phosphorus resonance as well as the presence of the PF6

2

sextuplet at d 2143.5 (Fig. 1b).
As an example of the great potential of polytriphos metal

complexes in heterogeneous catalysis, [Rh(cod)(polytri-
phos)]PF6 (0.94 wt%) has been employed to hydrogenate
benzo[b]thiophene (BT) in tetrahydrofuran (THF) under basic
conditions (Scheme 2).4,5

Under rather harsh experimental conditions (160 °C, 30 bar
H2), the thiophenic substrate is mainly converted to 2-ethyl-
thiophenol (ET) but appreciable formation of the desulfurised
product ethylbenzene (EB) also occurs. Interestingly, no trace
of 2,3-dihydrobenzo[b]thiophene was detected by GC. Table 1
reports catalytic data obtained for runs at 2, 5 and 10 h. In all
cases, no rhodium leaching was observed by ICP-AES ( < 1
ppm), while an effective catalyst recycling with no loss of
catalytic activity was accomplished by removing the liquid
phase via the liquid sampling valve and recharging the
autoclave with a solution containing substrate and base (entries
4 and 5).

Under comparable experimental conditions, both the aque-
ous-biphase catalyst [Rh(cod)(sulphos)] in MeOH/n-heptane
[sulphos = 2O3S(C6H4)CH2C(CH2PPh2)3]5 and the homoge-
neous catalyst [Rh(DMAD)(triphos)]PF6 in THF (DMAD =
dimethyl acetylenedicarboxylate)9 are slightly less efficient
than [Rh(cod)(polytriphos)]PF6 for the hydrogenolysis of BT to
ET (TON ca. 90 vs. 124) and cannot be recycled after
catalysis.

The data reported in Table 1 are of great relevance in the field
of model studies of heterogeneous HDS as they show that a
single metal site belonging to the class of the HDS promoters10

can open and hydrogenate a thiophenic substrate without the
need of any cooperative effect.4,5 Besides this important result,
we have succeeded for the first time in producing a polymer-
supported tripodal triphosphine ligand with which we intend to
prepare a large variety of metal catalysts and study their
performance in heterogeneous processes.

We are grateful to Claudia Forte (ICQEM-CNR of Italy) for
assistance in recording the CP MAS 31P NMR spectra and to
MURST (Italy) for financial support (legge 95/95).

Notes and references
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4-vinylbenzyl ether (TVBE): 1H NMR (CDCl3) dH 2.57 (d, 6H, CH2P, 3J
2.91 Hz), 3.16 (s, 2H, OCH2C(CH3)3), 3.71 (s, 2H, OCH2Ph), 5.24 (dd, Hcis,
CH2NCH, Jcis 10.90 Hz, Jgem 0.97 Hz), 5.74 (dd, Htrans, CH2NCH, Jtrans

17.53 Hz, Jgem = 0.97 Hz), 6.71 (dd, 1H CHNCH2), 6.91–7.31 (m, 34H, Ph).
13C{1H} NMR (CDCl3) dC 38.87 (m, CH2P), 43.58 (q, CH2C(CH2PPh2),
J(CP) 12.4 Hz), 72.50 (s, OCH2Ph), 77.19 (m, OCH2C(CH3)3), 114.03 (s,
CH2NCH), 123.48-137.42 (m, Ph), 133.92 (s, CHNCH2). 31P{1H} NMR
(CDCl3) dP226.1 (s). Satisfactory elemental analyses were obtained for all
compounds.
‡ Solid-state 31P NMR spectra were recorded at room temperature on a
Bruker AMX 300 WB spectrometer equipped with a 4 mm BB-CP MAS
probe at a working frequency of 121.50 MHz. The spectra were acquired
using the cross-polarisation pulse sequence under magic angle spinning at a
spinning rate of 10 kHz. The 90° pulse was 3.3 ms, and the contact pulse was
1 ms. The spectra of the supported triphosphine were collected after 400
scans with a recycle delay of 1 s and a line broadening of 30 Hz, whereas
the spectra of the supported rhodium complex were acquired with 700
scans, a recycle delay of 1 s and a line broadening of 50 Hz. H3PO4 (85%)
was used as the external standard.

1 Applied Homogeneous Catalysis, ed. B. Cornils and W. A. Herrmann,
VCH, Weinheim, Germany, 1996, ch. 3; E. Lindner, T. Schneller, F.
Auer and H. A. Mayer, Angew. Chem., Int. Ed., 1999, 38, 2154; E. M.
Carnahan and G. B. Jacobsen, CATTECH, 2000, 4, 74.

2 C. Bianchini, D. G. Burnaby, J. Evans, P. Frediani, A. Meli, W.
Oberhauser, R. Psaro, L. Sordelli and F. Vizza, J. Am. Chem. Soc., 1999,
121, 5961; C. Bianchini, V. Dal Santo, A. Meli, W. Oberhauser, R.
Psaro and F. Vizza, Organometallics, 2000, 19, 2433; C. Bianchini, P.
Barbaro, V. Dal Santo, R. Gobetto, A. Meli, W. Oberhauser, R. Psaro
and F. Vizza, Adv. Synth. Catal., 2001, 343, XX.

3 C. Bianchini, A. Meli, M. Peruzzini, F. Vizza and F. Zanobini, Coord.
Chem. Rev., 1992, 120, 193; H. A. Mayer and W. C. Kaska, Chem. Rev.,
1994, 94, 1239.

4 C. Bianchini and A. Meli, J. Chem. Soc., Dalton Trans., 1996, 801; C.
Bianchini, A. Meli, S. Moneti, W. Oberhauser, F. Vizza, V. Herrera, A.
Fuentes and R. A. Sánchez-Delgado, J. Am. Chem. Soc., 1999, 121,
7071; T. Kabe, A. Ishihara and W. Qian, Hydrodesulfurization and
Hydrodenitrogenation, Kodansha, Tokyo, Japan and Wiley-VCH,
Weinheim, Germany, 1999.

5 C. Bianchini, A. Meli, V. Patinec, V. Sernau and F. Vizza, J. Am. Chem.
Soc., 1997, 119, 4945.

6 Th. Seitz, A. Muth, G. Huttner, Th. Klein, O. Walter, M. Fritz and L.
Zsolnai, J. Organomet. Chem., 1994, 469, 155.

7 F. Benvenuti, C. Carlini, A. M. Raspolli Galletti, G. Sbrana, M.
Marchionna and R. Patrini, J. Mol. Catal. A: Chem., 1999, 137, 49.

8 C. U. Pittman, Jr., L. R. Smith and R. M. Hanes, J. Am. Chem. Soc.,
1975, 97, 1742; F. Benvenuti, C. Carlini, M. Marchionna, R. Patrini,
A. M. Raspolli Galletti and G. Sbrana, J. Inorg. Organomet. Polym.,
1997, 7, 183.

9 C. Bianchini, J. A. Casares, A. Meli, V. Sernau, F. Vizza and R. A.
Sánchez-Delgado, Polyhedron, 1997, 16, 3099.

10 H. Topsøe, B. S. Clausen and F. E. Massoth, Hydrotreating Catalysis,
Springer-Verlag, Berlin, Germany, 1996.

Fig. 1 CP MAS 31P NMR (121.50 MHz) spectra of polytriphos (a) and
[Rh(cod)(polytriphos)]PF6 (b).

Scheme 2 Hydrogenolysis of BT to 2-ethylthiophenol and ethylbenzene.

Table 1 Hydrogenation of BT with [Rh(cod)(polytriphos)]PF6 (0.94
wt%)a

Entry t/h ET (%) EB (%) TON (ET) Conv. (%)

1 2 48.5 2.5 97 51.0
2 5 62.2 4.0 124 66.2
3 10 74.3 5.5 349 79.8
4b 2 47.6 3.1 95 50.7
5b 2 48.0 3.5 96 51.5

a Experimental conditions: 30 mL THF, Rh 3.5 3 1022 mmol, BT 7 mmol,
ButOK 7 mmol, 160 °C, 30 bar H2, 1500 rpm; product composition
determined by GC–MS after acidification of the catalytic mixture with
aqueous HCl. b Recycling in the same conditions of entry 1.
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The newly synthesized 2-acylcyclohex-2-enones 1 photo-
cycloadd selectively to the C–C triple bond of 2-methylbut-
1-en-3-yne giving diacylcyclobutene derivatives 4 and 5, and
they react with 2,3-dimethylbut-2-ene in an overall
[4+2]-photocycloaddition to afford benzopyranones 7.

We have recently published results1,2 on the photocycloaddition
of cyclohex-2-enones to 2-methylbut-1-en-3-yne, showing that
the substitution pattern on C(2) of the enone has a pronounced
influence on the outcome of the reaction. While the (parent)
cyclohex-2-enone affords mainly bicyclo[4.2.0]octan-2-ones
resulting from [2 + 2]-cycloaddition to the C–C double bond of
the enyne, 2-alkylcyclohex-2-enones give naphthalen-1(2H)-
ones via 1,6-cyclization of the triplet biradical intermediate.
Finally, 2-cyanocyclohex-2-enone yields a mixture of these two
types of compounds and, in addition, one product resulting from
cycloaddition to the C–C triple bond of the enyne. Here we
report on the synthesis of the hitherto unknown 2-acylcyclohex-
2-enones 1a and 1b and on their unprecedented behaviour on
irradiation in the presence of this same enyne or of 2,3-dime-
thylbut-2-ene, respectively.  C-Acylation of 2,2-dimethylcyclo-
hexanone (2)3 with either LDA–acetyl cyanide or NaOMe–
ethyl trifluoroacetate affords 2-(1-hydroxyethylidene)-
6,6-dimethylcyclohexanones 3a and 3b in 60 and 62% yield,
respectively.4 Dehydrogenation to 1a and 1b is then achieved
by treatment5 of 3 with PhSeCl and then H2O2 in 96 and 90%
yield, respectively (Scheme 1).6–8

Monitoring the irradiation (l > 340 nm) of an argon-
degassed solution of 1a (0.1 M) and 2-methylbut-1-en-3-yne
(1 M) in benzene by GC indicates the formation of two new
products, 4a and 5a, in a 1+1 ratio. At degrees of conversion of
1a higher than 40–45% the photoproducts start to undergo
secondary reactions. Under the same conditions 1b gives a 2+3
mixture of 4b and 5b. In preparative runs9 the photoproducts
were separated, isolated and identified as being regioisomeric
1-acylbicylo[4.2.0]oct-7-en-2-ones (Scheme 2).10

Similarly, monitoring the irradiation of 1 in the presence of a
tenfold molar excess of 2,3-dimethylbut-2-ene in benzene

indicates the formation of two new products 6 and 7, in a 3+1
ratio from 1a and in a 2+1 ratio from 1b, the major products 6
again undergoing consecutive photoreactions. After isolation as
above9 the major products 6 turned out to be (the expected)
1-acylbicyclo[4.2.0]octan-2-ones—which then undergo a-
cleavage to afford aldehydes—while the minor products 7 were
identified as being 3,4,4a,5,6,7-hexahydro-8H-isochromen-
8-ones (Scheme 3).11

The behaviour of 1a and 1b contrasts that of 6,6-dimethyl-
2-pivaloylcyclohex-2-enone12 which on the one hand is ther-
mally more stable, i.e. it does not enolize, but on the other hand
does not photocycloadd to alkenes or enynes, most probably
because of the (steric) bulk of the tert-butyl substituent. Despite
their pronounced lack of (thermal) stability, which can
nevertheless be controlled by careful handling,5,13 2-acylcyclo-
hex-2-enones 1a and 1b turn out to be remarkable substrates for
intermolecular photocycloaddition reactions a) due to the fact
that on reaction with the enyne excited cyclohexenones 1 give
(novel) cyclobutene adducts selectively, thus corroborating the
assumption2 that the amount of this type of cycloadduct will
increase with decreasing reduction potential of the (excited)
enone, and b) because photochemical [4 + 2]-cycloadditions of
s-cis enones to alkenes to give dihydropyrans have not been
reported so far in the literature. Further studies aiming at the
improvement in the product ratio pyran vs. cyclobutane are in
progress.

We thank the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie for support.
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8 1a: light yellow liquid, dH(500 MHz, C6D6) 7.13 (t, J = 4 Hz), 2.41 (s,
3H), 1.65 (dt, J = 4 and 6 Hz, 2H), 1.18 (t, J = 6 Hz, 2H), 0.88 (s, 6H),
dC(125 MHz, C6D6) 201.4, 197.6, 153.6 (CH), 138.0, 42.1, 35.7 (CH2),
30.7 (CH3), 24.1 (CH3), 23.4 (CH2); 1b: light yellow liquid, dH(500
MHz, C6D6) 7.31 (t, J = 4 Hz), 1.81 (dt, J = 4 and 6 Hz, 2H), 1.29 (t,
J = 6 Hz, 2H), 0.96 (s, 6H), dC(125 MHz, C6D6) 199.5, 184.8 (q, JCF

= 37.5 Hz), 156.3 (CH), 135.2, 126.6 (q, JCF = 290 Hz), 42.2, 35.5
(CH2), 23.7 (CH3), 23.6 (CH2).

9 Preparative Details: an argon degassed solution of 1 (1 mmol) and
enyne/alkene (0.01 mol) in benzene (10 ml) is irradiated with a 250 W
mercury lamp using a liquid filter with cutoff < 340 nm for 24 h up to
a degree of conversion of 1 of 40–45%. After evaporation of the solvent
the residue is chromatographed (SiO2, pentane–ether 9+1). The orders
of elution are 4a < 5a, 5b < 4b, 6a < 7a and 6b < 7b, the enones 1
always having much lower Rf values. The new compounds 4, 5, 6 and
7—all colourless liquids—have been fully characterized and have
spectroscopic properties compatible with the structures assigned.

10 4a: dH(500 MHz, C6D6) 5.90 (s), 4.92 (s), 4.89 (s) (olefinic H-atoms),
dC(125 MHz, C6D6) 211.4, 204.3, 153.7, 137.5, 128.1 (CH), 115.7
(CH2) (sp2 C-atoms); 5a: dH(500 MHz, C6D6) 5.81 (s), 5.71 (s), 5.08 (s)
(olefinic H-atoms), dC(125 MHz, C6D6) 212.0, 203.7, 148.0, 135.6,
134.2 (CH), 117.7 (CH2) (sp2 C-atoms); 4b: dH(500 MHz, C6D6) 5.80
(s), 4.90 (s), 4.81 (s) (olefinic H-atoms), dC(125 MHz, C6D6) 211.1,
189.7 (q, JCF = 35 Hz), 154.2, 137.0, 123.7 (CH), 117.1 (CH2) (sp2 C-
atoms); 5b: dH(500 MHz, C6D6) 5.60 (s), 5.40 (s), 4.93 (s) (olefinic H-
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CH3.
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The first definitive crystal structure of a covalently bonded
carborane–porphyrin system is reported; unusual inter- and
intra-molecular carborane–porphyrin interactions are ob-
served in the molecular structure and in variable tem-
perature 1H NMR experiments.

In the past few decades, porphyrins have assumed broad
importance in applications as diverse as medicine,1,2 catalysis,3
and molecular electronics.4,5 Many of these novel applications
have employed 5,10,15,20-tetraarylporphyrins as the substrate
because this type of porphyrin platform can be readily
synthesized.6 Recently, carboranyl-substituted tetraarylpor-
phyrins have been identified as useful agents in boron neutron
capture therapy (BNCT) of cancer because of their ability to
localize in tumors, and their high boron content.7,8 However, to
date, carboranyl-substituted tetraarylporphyrins have not been
well-characterized and it is not known if the large carborane
substituent confers any novel structural or spectroscopic
properties on these porphyrins. Herein, we present the first
crystal structure of a carboranylporphyrin [1 (M = Zn)] and
detailed proton NMR studies of several carboranyl-substituted
tetraphenylporphyrins (2–5) which demonstrate unusual inter-
actions between the carborane group and the porphyrin
macrocycle.

Several m- and p-carboranylarylporphyrins were synthesized
in order to investigate structure–activity relationships in
BNCT.9 Insertion of zinc and nickel using normal procedures
(ZnCl2 in THF–CH2Cl2 1+10 or Ni(II) acetylacetonate in
toluene) produced the corresponding metallo-carboranylpor-

phyrins. Repeated attempts to grow X-ray quality crystals of
these compounds were unsuccessful until the para-substituted
porphyrin 1 (M = Zn) was crystallized and the structure
determined.† The molecular structure of 1 (M = Zn), the first
definitive crystallographic investigation for a covalently
bonded porphyrin–carborane molecule, is shown in Figs. 1 and
2.‡10

The porphyrin macrocycle exhibits a non-planar waved
conformation11 (Fig. 2) with a mean deviation of the 24
macrocycle atoms from their least-squares plane of 0.062 Å.
The Zn–N bond lengths of 2.062(2) Å are within the range
typically seen for zinc porphyrins.12 An unusual feature of the
structure is the close intermolecular contacts between the BH
hydrogens of one porphyrin and the zinc atom of another; this
produces a pseudo-hexacoordinate zinc complex (Fig. 2). Zinc

Fig. 1 The molecular structure of 1 (M = Zn). Hydrogen atoms have been
omitted for clarity.

Fig. 2 View of the crystal structure of 1 (M = Zn) showing the waved
porphyrin macrocycle and pseudo-hexacoordinate zinc(II) ion. Hydrogen
atoms, except for the two involved in the B(11)–H(11)…Zn1…H(11)–
B(11) bridge, and methylcarboranylphenyl substituents attached to the
illustrated porphyrin macrocycle have been omitted (P = porphyrinyl).
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porphyrin structures are generally either four-coordinate or
contain one or two axial ligands bound via a lone pair from
nitrogen or oxygen.12 The hydrogen atom positions were treated
with a riding model which afforded Zn(1)…H(11)–B(11)
distances of 2.09 and 1.12 Å [when H(11) was freely refined the
bond distances 2.16 and 1.06 Å were obtained]. An examination
of the more than 250 zinc porphyrin crystal structures in the
Cambridge Structural Database did not reveal any examples of
axial ligands coordinating via a hydrogen atom, so this appears
to be the first example of this type of bonding. There were
however, two reported crystal structures that are similar enough
to be mentioned; firstly, the structure of
[Fe(III)TPP]·[(CB11H12)2]13 shows the (CB11H12)2 anion co-
ordinated to the Fe(III) ion via one of its hydrogen atoms, with
Fe…H–B distances of 1.82 and 1.25 Å. Secondly, the structure
of [(C6H5)3P]3Rh(CB10H10C–C6H5)14 exhibits a Rh…H–B
bridge with a Rh–H distance of 2.06 Å. We believe that the
unusual interaction between the carborane and the zinc ion in 1
(M = Zn) is probably a result of the electronic properties of the
carborane cages combined with an efficient cell packing of this
structural motif.

The 1H NMR spectrum of the para-substituted carbor-
anylporphyrin 1 (M = 2H) showed a singlet (8.85 ppm) for the
pyrrole protons and two doublets (7.59 and 8.20 ppm, J =
8.0 Hz) for the ortho and meta phenyl protons, consistent with
the fourfold symmetry expected for this molecule. In contrast,
the 1H NMR spectra of the meta-substituted carboranylporphyr-
ins 2 and 3 (M = 2H) and the open cage species 4 and 5 (M =
2H) showed multiple signals for the pyrrole protons consistent
with the presence of atropisomers (due to restricted rotation
about the aryl–porphyrin bond).15 meta-Substituted tetraaryl-
porphyrins [e.g. 6 (M = 2H)]16 normally show fast exchange
between atropisomers at rt. The presence of multiple b-pyrrolic
signals for porphyrins 2–5 (M = 2H) at rt thus suggests that the
barriers for aryl rotation in these compounds are markedly
increased by the carborane substituents. This suggestion was
confirmed by variable temperature 1H NMR studies, which
showed that the activation energies for aryl rotation in
porphyrins 2–5 (M = 2H) were intermediate between those of
porphyrins with meta-substituents [e.g. 6 (M = 2H)] and
porphyrins with ortho-substituents [e.g. 7 (M = 2H)]
(Table 1).

Proof that aryl–porphyrin rotation was the dynamic process
being observed was obtained by varying the core substituent M,
which is known to modulate the rotational barriers in ortho-
substituted porphyrins such as 7.15 The activation energies
determined for the dynamic processes in porphyrins 2–5
showed a similar response to the incorporation of zinc or nickel
into the porphyrin core (Table 1). Interestingly, no significant
difference in the aryl–porphyrin rotational barriers was seen for
the o-carboranes (2 and 3) vs. the anionic nido-carboranes (4

and 5) nor for the porphyrins with methylene bridges between
the carborane and aryl groups (2 and 4) and those without
bridges (3 and 5). No attempt was made to physically separate
the atropisomers given the short lifetimes calculated from the
activation energies in Table 1.

In summary, the present work provides evidence of novel
carborane–porphyrin inter- and intra-molecular interactions that
can be related to the unusual size and electronic properties of the
carborane group.

This research was supported by grants from the Department
of Energy (98ER62633) and the National Institutes of Health
(HL 22252).
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Table 1 Activation energies (DG‡; kJ mol21) for aryl–porphyrin rotation in
porphyrins 2–7a

Porphyrin M = 2H M = Zn M = Ni

2 72 (313 K)b 80 (368 K)
3 72 (323 K) 79 (348 K) 55 (243 K)
4 73 (323 K) 79 (353 K)
5 71 (323 K) 76 (338 K) 54 (258 K)
6 4516

7 12215 13115 10815

D (7–3)c 50 52 53
a Proton NMR spectra were measured at 400 MHz using CDCl3 [2 ( M =
2H) and 3 (M = 2H, Ni)], C6D5CD3 [2 and 3 (M = Zn)], CD3COCD3 [4
(M = 2H) and 5 (M = 2H, Ni)] or CD3SOCD3 [4 and 5 (M = Zn)] as
solvent. b Activation energies for aryl–porphyrin rotation in porphyrins 2–5
were calculated at the coalescence temperatures which are given in
parentheses. c Difference in activation energies for aryl–porphyrin rotation
in porphyrins 7 and 3.
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Crystallographic analysis of the bromo-b-lactones obtained
by addition of bromine to aqueous solutions of disodium
2,3-dimethylmaleate and 2,3-dimethylfumarate reveals ster-
eochemistries opposite to those originally assigned and
suggests that the first-formed intermediate in each case is an
a-lactone.

It is widely accepted that the addition of halogens to an alkene
occurs in two stages and in an anti manner.1 In 1937, Tarbell
and Bartlett2 found that the disodium salts of 2,3-dimethylma-
leic acid and 2,3-dimethylfumaric acid (1 and 2) reacted
stereospecifically with aqueous bromine, each yielding a single
crystalline bromo-b-lactone; similar results were obtained with
chlorine. The stereospecific nature of the reaction implied that
the addition of the two components to the alkene was concerted.
The authors proposed that the addition of bromine to give a
carbocation was followed ‘in the quickest possible succession’
by attack of the carboxylate group leading directly to a b-
lactone. The structures of the lactones (3 and 4, respectively)
were assigned on this basis, corresponding to anti addition at the
double bond. This work shortly predated the important paper by
Roberts and Kimball3 proposing cyclic halonium ion inter-
mediates for halogen addition to alkenes. In Scheme 1 we have
illustrated the two possible interpretations given at that
time.2,4

We suspected that the reaction might be more complex than
had been supposed, and have therefore prepared the two
bromolactones from 1 and 2 by the published method2 and
established their structures by X-ray crystallography. The
structures found (4 from 1,† and 3 from 2,‡ Fig. 1) correspond
to overall syn addition to the alkene. This unequivocal result is
in contrast to the anti addition supposed by the Tarbell and
Bartlett mechanism or arising from direct attack by carboxylate
anion on a cyclic bromonium ion intermediate.4,5 We believe
that the most satisfactory explanation of our results (Scheme 2)
involves formation of an a-lactone intermediate6 (5 and 6) as
the first step in the decomposition of the bromonium ion.
Subsequently the other carboxylate group attacks the a-lactone,
with a second inversion of configuration, to give the b-lactone.
This scheme accounts simply and satisfactorily for the overall

stereochemical outcome. Furthermore, both of the individual
steps, the formation of the a-lactone from the bromonium ion
followed by formation of the b-lactone, are favoured exo
processses in the Baldwin sense.7–10 It is known that b-lactones
are formed as kinetically controlled products in halolactonisa-
tion of salts of b,g-unsaturated acids,11,12 involving ring
opening of the halonium intermediate in an exo manner.13

Scission of the bromonium ion derived from a salt of an a,b-
unsaturated monocarboxylic acid to give a b-lactone directly
has been recognised as a relatively unfavourable pathway,7,12–14

and can only be achieved under certain conditions.13–16

In support of our proposed mechanism, it is known that
halogenation of certain allylic alcohols leads to epoxides by
rearrangement of the halonium ion.17–22 More pertinent is the
behaviour of maleic acid and fumaric acid towards halogens;
bromine in ether converts the free acids into the dibromides
expected from anti addition.23 On the other hand, treatment of
disodium maleate with aqueous chlorine affords the erythro
chlorohydrin24 or, in the presence of an excess of chloride ions,
the erythro (meso) dichloro compound,25 the products of overall
syn addition; disodium fumarate reacts via both anti and syn
addition (80+20).24,26 During the course of this work we became
aware of the suggestion by Badea,27 without experimental
evidence, that an a-lactone intermediate might account for the
syn addition.
a-Lactones are known to undergo intramolecular nucleo-

philic attack under aqueous conditions. Reaction of 2-amino-
2-deoxy-D-gluconic acid with nitrous acid affords 2,5-anhydro-
D-gluconic acid by double inversion via an a-lactone
intermediate.28 Similar reactions of L-glutamic acid and L-

Scheme 1

Fig. 1 X-Ray crystallographic structures for bromo-b-lactones: (a) com-
pound 4 from disodium 2,3-dimethylmaleate; (b) compound 3 from
disodium 2,3-dimethylfumarate.

Scheme 2
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glutamine result in the g-lactone of L-a-hydroxyglutaric
acid.29,30 It appears that in the system we have studied ring
closures are facilitated by alkyl substitution (the ‘Thorpe–
Ingold’ effect);31 there is no evidence for b-lactone formation
during the chlorination of disodium maleate,24–26 nor in the
deamination of L-asparagine.30

Despite their high instability,32 a-lactones may be more
prevalent as reaction intermediates than has generally been
imagined. Computational studies are in progress to evaluate
structural and energetic aspects of the alternative mechanisms in
Schemes 1 and 2 in order to elucidate the factors determining
the preferred course of reactivity via the a-lactone inter-
mediate.

Notes and references
† 4, [3S(3R),4S(4R)]-3-Bromo-4-carboxy-3,4-dimethyloxetan-2-one, mp
92–94 °C (lit.,2 95–96 °C); dH [400 MHz, (CD3)2SO] 1.81 (s, 3H, Me), 1.93
(s, 3H, Me); dC [100 MHz, (CD3)2SO] 22.9 (Me), 23.1 (Me), 64.4 (C-3),
83.6 (C-4), 166.5 (CNO), 168.2 (CNO). Crystal data: C6H7BrO4, M =
223.03, monoclinic, a = 10.4057(9), b = 6.4044(4), c = 12.0468(11) Å, b
= 92.812(4)°, U = 801.86(11) Å3, T = 170(2) K, space group P21/c, Z =
4, m(Mo-Ka) = 5.090 mm21, 8001 reflections (Rint = 0.0514), R1 =
0.0364 and wR2 = 0.1021 based on 1328 F2 data with Fo > 4s(Fo).
Software used SHELXS,33 SHELXL34 and ORTEX.35 CCDC 149760. See
http://www.rsc.org/suppdata/cc/b1/b100335f/ for crystallographic data in
.cif or other electronic format.
‡ 3, [3R(3S),4S(4R)]-3-Bromo-4-carboxy-3,4-dimethyloxetan-2-one, mp
148 °C (lit.,2 148–150 °C); dH [400 MHz, (CD3)2SO] 1.77 (s, 3H, Me), 1.99
(s, 3H, Me); dC [100 MHz, (CD3)2SO] 18.3 (Me), 21.0 (Me), 61.4 (C-3),
85.0 (C-4), 166.7 (CNO), 168.9 (CNO). Crystal data: C6H7BrO4, M =
223.03, triclinic, a = 6.0820(4), b = 6.3270(4), c = 11.6600(8) Å, a =
81.416(4), b = 88.333(5), g = 62.060(4)°, U = 391.52(4) Å3, T = 170(2)
K, space group P1̄ (No. 2), Z = 2, m(Mo-Ka) = 5.212 mm21, 4102
reflections (Rint = 0.0675) R1 = 0.0330 and wR2 = 0.0918 based on 1469
F2 data with Fo > 4s(Fo). Software used SHELXS,33 SHELXL34 and
ORTEX.35 CCDC 149759. See http://www.rsc.org/suppdata/cc/b1/
b100335f/ for crystallographic data in .cif or other electronic format.
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A silane functionalized by octafluoroacetophenone was
polymerized by the sol–gel method to form an insoluble
silicate with perfluoroketone pendants; the silicate was used
as a heterogeneous catalyst for the activation of aqueous
hydrogen peroxide and the oxidation of aromatic amines
and alkenes.

The preparation of heterogeneous catalysts for the activation of
hydrogen peroxide and their use for oxidation of organic
substrates has been the subject of rather intense research efforts
over the last 10–15 years. Almost exclusively this effort has
been concentrated on the incorporation of metal-based catalysts
onto or into inert matrices. This has been achieved either by
substitution of active metals (titanium, vanadium etc.) into
molecular sieves1 or amorphous silica,2 or by encapsulation or
attachment of organometallic catalysts onto supports.3 There
are only a few organic compounds capable of activating
hydrogen peroxide. Thus, under basic conditions hydrogen
peroxide can be used for the epoxidation of electron deficient
alkenes4 and this has led to guanidine functionalized silica for
such reactions.5 A perfluorinated ketone, hexafluoroacetone,
also is a known compound capable of reacting with hydrogen
peroxide to yield an a-hydroperoxyperfluoro alcohol inter-
mediate capable of reacting with nucleophilic substrates to give
oxygenated products,6 Scheme 1. The high toxicity and
volatility of hexafluoroacetone has prevented the wide use of
this catalytic system. Recently, a high molecular weight
perfluoroketone with less volatility has been suggested as a
suitable improvement for hexafluoroacetone in similar oxida-
tion reactions.7

Now we present a silica immobilized perfluoroketone as an
effective heterogeneous recyclable catalyst for the oxidation of
aromatic amines such as pyridine and its derivatives and aniline
and its derivatives in addition to alkenes, using aqueous
hydrogen peroxide as oxygen donor. The strategy for the
preparation of the perfluoroketone non-metal silicate catalyst is
presented in Scheme 2. First, the ketone moiety of octa-
fluoroacetophenone was protected by formation of an imine
with n-butylamine. The protected perfluoroketone was then
attached to an aminosilane by nucleophilic substitution and the
insoluble silicate was prepared by co-polymerization with
tetraethoxysilane by the sol–gel method. The final heteroge-
neous catalyst was then obtained by removal of the n-
butylamine protecting group.†

The perfluoroketone–silicate catalyst was tested for activity
with several substrate types.‡ First, the oxidation of pyridine

and derivatives to the corresponding N-oxides, showed that the
catalyst was quite effective for this reaction, Table 1. The yields
were generally high for some representative substrates such as
pyridine, 2- and 4-methylpyridine, quinoline, and 4-methyl-
quinoline; N-oxides were the only products. Interestingly,
8-hydroxyquinoline was less reactive, presumably because of
steric considerations, and the electron-poor 2,6-dichloropyr-
idine was unreactive as expected. The oxidation of aniline and
its derivatives catalysed by the perfluoroketone–silicate gave
somewhat more surprising results, Table 2. Aniline, alkyl-

Scheme 1

Scheme 2

Table 1 Oxidation of pyridine derivatives with 60% H2O2 catalysed by the
perfluoroketone–silicate

Substrate Product Yield
(mol%)

Pyridine Pyridine 1-oxide 99
2-Methylpyridine 2-Methylpyridine 1-oxide 84
4-Methylpyridine 4-Methylpyridine 1-oxide 93
Quinoline Quinoline 1-oxide 87
4-Methylquinoline 4-Methylquinoline 1-oxide 83
8-Hydroxyquinoline 8-Hydroxyquinoline 1-oxide 20
2,6-Dichloropyridine 2,6-Dichloropyridine 1-oxide 0

Reaction conditions: 0.8 mmol substrate, 20 mg (0.05 mmmol ketone)
perfluoro–silicate, 1 mL acetonitrile, 3 mmol 60% H2O2, 24 h, 80 °C. Yields
were computed by GC analysis.

Table 2 Oxidation of aniline derivatives with 60% H2O2 catalysed by the
perfluoroketone–silicate

Substrate Product
Yield
(mol%)

Aniline Diphenyldiazene 1-oxide 100
3-Methylaniline Bis(3-methylphenyl)diazene 1-oxide 100
2-Ethylaniline Bis(2-ethylphenyl)diazene 1-oxide 100
3-Trifluoromethylaniline Bis(3-trifluorophenyl)diazene

1-oxide 100
3-Fluoroaniline Bis(3-Fluorophenyl)diazene 1-oxide 100
3-Nitroaniline 1,3-Dinitrobenzene 100
2-Methyl-4-hydroxyaniline 4-Nitro-5-methylphenol 100
4-Hydroxyaniline 4-Nitrophenol 100
2-Nitroaniline None —
4-methoxy-2-nitroaniline None —

Reaction conditions: 0.8 mmol substrate, 20 mg (0.05 mmmol ketone)
perfluoro–silicate, 1 mL acetonitrile, 3 mmol 60% H2O2, 12 h, 80 °C. Yields
were computed by GC analysis.
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substituted aniline and halogen-substituted aniline derivatives
all yielded the dimeric azoxy compounds as sole products in
quantitative yields. On the other hand aniline with electron
donating hydroxy substitution or electron withdrawing nitro
substitution yielded the corresponding nitro derivatives, pro-
vided the nitro was not ortho to the amino substituent. In this
latter case there was no reaction, possibly related to intra-
molecular hydrogen bonding between the amino and nitro
substituents. For the other cases, we have as yet no satisfactory
explanation for partial oxidation and the selective formation of
azoxy compounds on the one hand for aniline, alkylated anilines
and halogenated anilines and full oxidation to nitro derivatives
in the case of 3-nitroaniline and 4-hydroxyaniline.

The catalytic activity of the perfluoroketone–silicate was also
tested for oxidation of alkenes, Table 3. For less nucleophilic
substrates such as oct-1-ene and oct-2-ene, activity was low
although the initial epoxide product formed was stable under the
reaction conditions and epoxides were obtained selectively.
More nucleophilic substrates such cyclohexene, 1-methylcyclo-
hexene and 2,3-dimethylbut-2-ene were much more reactive
and high conversions were obtained. However, selectivity to the
epoxide was very low due presumably to acid catalysed
formation of diols or pinacol rearrangement. Interestingly,
primary allylic alcohols reacted to yield mostly aldehyde as the
product using 30% H2O2; no epoxidation was observed. Thus,
0.8 mmol (Z)-hex-2-en-1-ol was reacted with 2 mmol 30%
H2O2 in 1 mL EtOAc at 80 °C for 24 h to yield 94% hex-
2-enal.

Finally, the stability and activity of the catalyst was tested in
a multi-recycle experiment. Thus, 4 mmol aniline, 100 mg

(0.25 mmmol ketone) perfluoro–silicate and 15 mmol 60%
H2O2 were mixed in 5 mL acetonitrile at 80 °C for 18 h. More
than 98% of the aniline reacted to diphenyldiazene 1-oxide. The
mixture was filtered and the catalyst washed twice with
dichloromethane, dried and reused in an additional reaction.
Over a period of five reaction cycles, as described above, no
significant loss of activity was observed and yields of
diphenyldiazene 1-oxide remained > 95%.

Notes and references
† Octafluoroacetophenone (6 mmol, 1 g) was reacted with n-butylamine (6
mmol, 0.57 mL) in 50 mL dry toluene for 5 h at 60 °C in a 250 mL flask.
After this time 3-aminopropyl(trimethoxy)silane (6 mmol, 1.43 mL) was
added and the solution was heated and stirred under reflux while the reaction
was monitored by 19F NMR (CDCl3). The starting compound (Shiff base)
has peaks at 275.7 ppm (s, b position, 3F), 2161.6 ppm (d, ortho position,
2F), 2138.2 ppm (m, meta position, 2F) and 2153.2 ppm (d, para position,
1F), whereas the product has peaks at 275.7 ppm (s, b position, 3F),
2160.3 ppm (d, ortho position, 2F) and 2141.5 ppm (m, meta position, 2F).
After one week the reaction was complete and tetraethoxysilane (9 mmol, 2
mL), water (3 mL), dibutyltin dilaurate (0.09 mL, 0.15 mmol) in 100 mL of
ethanol were added; the solution was then heated at 60 °C for 12 h. After this
time, the reaction mixture was transferred into a beaker and the solvent(s)
was allowed to evaporate at rt until a yellow–brown solid was obtained.
After grinding the silicate to a course powder, the solid was treated by
Soxlet extraction with diethyl ether followed by dichloromethane. The
silicate was then treated with 100 mL 30% H2O2 under reflux for 16 h to
remove the protecting group (verified by IR spectroscopy—carbonyl peak
at 1640 cm21). The white powder that was obtained was filtered and washed
consecutively by water, acetonitrile and finally with dichloromethane. After
drying under vacuum at 60 °C overnight, the silicate was used in the
catalytic studies.
‡ The reaction ingredients as noted in the tables were placed in 5 mL vials;
the vials were closed and placed in an oil bath at 80 ± 2 °C and the contents
stirred magnetically for the noted time period. After the reaction was
completed the organic phase was extracted with dichloromethane (5 mL)
and analyzed by GC and GC-MS using a 30 m 5% phenylmethylsilicone
capillary column (0.32 mm id, 0.25 mm coating).
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Table 3 Oxidation of alkenes with 60% H2O2 catalysed by the per-
fluoroketone–silicate

Substrate Products (Yield (mol%))
Conversion
(mol%)

Cyclooctene Cyclooctene oxide (100) 78
Oct-2-ene Oct-2-ene oxide (100) 16
Oct-1-ene Oct-1-ene oxide (100) 6
Cyclohexene Cyclohexane-1,2-diol (80)

Cyclohex-2-en-1-ol (15)
Other (5)

61

1-Methylcyclohexene 1-Methylcyclohexane-1,2-diol (86)
2-Methylcyclohexanone (10)
Other (4)

100

2,3-Dimethylbut-2-ene 2,3-Dimethylbut-2-ene oxide (16)
2,3-Dimethylbutane-2,3-diol (21)
2,3-Dimethylbutan-2-one (63)

100

Reaction conditions: 0.8 mmol substrate, 20 mg (0.05 mmmol ketone)
perfluoro–silicate, 1 mL acetonitrile, 3 mmol 60% H2O2, 24 h, 80 °C. Yields
were computed by GC analysis.
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Heterogeneous macroporous materials are prepared by the
sequential electrostatic deposition of fluorescein isothiocya-
nate-labeled poly(allylamine hydrochloride) and cadmium
telluride nanocrystals onto macroporous titania structures.

Ordered macroporous materials with pore diameters in the
nanometer to micrometer range have attracted significant
interest because of their unique properties, e.g. high specific
surface area, high damping capacity, low thermal conductivity
and low dielectric permittivity. They have a wide range of
applications (both structural and functional), including their use
as light-weight structural materials,1 catalytic supports and
surfaces,2 thermal and acoustic insulators,3 optical devices4 and
as candidates for high speed computer device packaging.5

Recently, considerable effort has been devoted to the use of
colloidal assemblies as templates for the fabrication of intercon-
nected three-dimensional (3D) macroporous materials.6 Mono-
disperse colloidal spheres, either polystyrene, silica or poly-
(methyl methacrylate),6 or emulsion droplets,7 can
self-assemble into ordered 3D arrays. These ordered structures
offer a 3D scaffold for a variety of precursor materials, which
can be infiltrated in the voids between the colloidal spheres.
After subsequent solidification of the precursors and removal of
the templated colloids, 3D macroporous materials are obtained.
The pore dimensions of the structures depend on the diameters
of the colloidal spheres employed. This method provides a
simple and effective route to the fabrication of macroporous
materials with controlled pore sizes and well-defined periodic
structures. In the last few years, a variety of organic, inorganic,
and metal precursor materials have been used to prepare a wide
range of 3D ordered macroporous structures.6

The development of heterogeneous (i.e. multicomponent) 3D
ordered macroporous structures is expected to yield promising
materials for use in the areas of catalysis and optical devices
based on photonic crystals. However, to date there have been
few studies on the fabrication of such materials. For example,
Yin and Wang have recently doped macroporous titania with
cobalt by the precipitation of mixed precursors,8 while Stein and
co-workers have prepared 3D ordered macroporous organic/
inorganic hybrids9 and alloys10 using a similar procedure. Here
we report a method for creating 3D heterogeneous structures by
using a sequential electrostatic deposition process that involves
the post-modification of macroporous titania. This technique is
based on the electrostatic attraction between sequentially
deposited species, and represents a general approach for the
fabrication of multicomponent films on planar supports11 and
colloid particles.12

Based on electrostatic attractions, poly(allylamine hydro-
chloride) (Mw 8000–11 000) labeled with fluorescein iso-
thiocyanate (FITC-PAH) and cadmium telluride (CdTe) nano-
crystals (3–4 nm in diameter)14 were consecutively deposited
on macroporous titania (TiO2), which was produced by
templating colloidal crystals of polystyrene (PS) spheres with
titanium isopropoxide (TIP). The advantages of our approach
are that it allows tailoring of the composition (and consequently
function) of the heterogeneous macroporous structures through

the electrostatic deposition of charged components that coat the
inner surface of the materials.

Colloidal crystals of monodisperse PS spheres of diameter
640 nm were used as the template and TIP as the precursor for
the formation of macroporous TiO2 structures, as described
earlier.13 The resulting TiO2 material was treated with basic
solution (1 M sodium hydroxide aqueous solution), after which
the macroporous TiO2 was placed into 2 mL of a 0.5 mg mL21

FITC-PAH solution containing 0.5 M NaCl, and 12 h was
allowed for FITC-PAH adsorption. After removal of the FITC-
PAH solution, the TiO2 material was washed five times with 2
mL of water to ensure removal of FITC-PAH not electro-
statically bound to the TiO2. The adsorption of FITC-PAH
changes the surface charge of the macroporous TiO2 to positive
due to charge overcompensation.11 Subsequently, negatively
charged CdTe nanocrystals were adsorbed from aqueous
solution onto the surface and within the pores of the macro-
porous TiO2 modified with FITC-PAH (the electrostatic
interactions occur between the NH3

+ groups of the FITC-PAH
and the negatively charged hydroxy and thiol moieties on the
surface of the nanocrystals14). This resulted in the sample
turning red, suggesting a relatively high loading of the CdTe
nanoparticles.15

The macroporous materials prepared were examined by
scanning electron microscopy (SEM). Fig. 1 shows a SEM
micrograph of a cross-section of the macroporous TiO2
produced when using PS colloidal crystals as templates. The
center-to-center average distance between the pores is 432 ±
10 nm, reflecting a linear shrinkage of 33% (compared to the
diameter of the PS spheres, 640 nm). The round channels in the
pore walls are clearly visible, and confirm that the pores in the
structure are interconnected with each other. There are small
openings in the middle of each of the triangular intersections of
the macroporous TiO2 (indicated by the arrow). These openings
are likely caused by incomplete filling of the voids between the
spheres.16

Fig. 1 SEM micrograph of the macroporous TiO2 structure fabricated by
templating pure PS colloidal spheres of diameter 640 nm. The arrow points
to the small openings that are present in the middle of each of the triangular
intersections of the macroporous TiO2 material.
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Fig. 2 displays a SEM micrograph of a cross-section of the
macroporous TiO2 structure modified with FITC-PAH and
CdTe nanocrystals. The resulting heterogeneous (TiO2–FITC-
PAH/CdTe) macroporous material has the same structure as that
of the original macroporous TiO2 (Fig. 1). The center-to-center
distance of 427 ± 10 nm is also the same (within experimental
error) to that obtained for the unmodified TiO2 structure. It is
clearly observed that the pores are still interconnected with each
other (round channels are seen). However, the small openings in
the middle of each of the triangular intersections of the pure
macroporous TiO2 material (Fig. 1) are not observed. This
suggests that the TiO2 structure has been coated with the FITC-
PAH/CdTe hybrid layer. Energy disperse X-ray (EDX) analysis
of the heterogeneous macroporous material indicates the
presence of Ti, O, Cd and Te [Fig. 3(a)], demonstrating that the
CdTe nanocrystals were adsorbed on the TiO2. Fig. 3(b) shows
the luminescence spectrum of the heterogeneous macroporous

material. The shoulder observed around 530 nm corresponds to
the emission of the FITC molecules of the labeled PAH,
confirming that FITC-PAH was also deposited. The maximum
at 570 nm is attributed to the ‘excitonic’ emission of the 3–4 nm
CdTe nanocrystals. It is important to note that the SEM, EDX
and fluorescence experiments were conducted on cross-sections
of the heterogeneous macroporous structures. The above results
verify that the PAH-FITC and CdTe nanocrystals infiltrated the
macroporous TiO2 structure and coated the inside surface. In
addition, all of the cross-sectioned samples showed a red color.
Preliminary experiments revealed an intensified color for cross-
sections of the heterogeneous material when additional FITC-
PAH/CdTe nanocrystal multilayers were deposited. Character-
ization of the growth of FITC-PAH/CdTe nanocrystal
multilayers on macroporous TiO2 structures is currently in
progress.

In this study, we have used FITC-PAH, CdTe nanocrystals
and macroporous TiO2 to demonstrate the feasibility of
fabricating heterogeneous macroporous materials by using the
sequential electrostatic deposition approach. This strategy
provides a simple and versatile means to prepare novel
macroporous materials, allowing control over their composition
and functional properties. Given the general nature of the
method, it is expected that complex and tailored structures can
be produced with defined multilayers of polyelectrolytes, small
organic molecules, inorganic nanoparticles, clays and proteins.
Such studies are being undertaken. The creation of such
structures should open up new and interesting possibilities for
the applications of heterogeneous macroporous materials.

We thank Dangsheng Su and Gisela Weinberg (Fritz Haber
Institute, Berlin) for assistance with SEM, and Andrey L.
Rogach (Hamburg University) for the CdTe nanocrystals. This
work was supported by the BMBF and the Volkswagen
Foundation.
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Fig. 3 (a) EDX and (b) luminescence spectra of the heterogeneous
macroporous material shown in Fig. 2.
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The Grignard reagent 6, in which the magnesium-bearing
carbon atom is the sole stereogenic centre has been added to
CO2, PhNCO, PhNCS and certain aldehydes with full
retention of configuration. Reaction with benzophenone,
electron-deficient aldehydes and several allyl halides pro-
ceeded with partial or complete racemization. The findings
are discussed with respect to a dichotomy between concerted
polar and stepwise SET reaction pathways.

Grignard reagents are among the oldest organometallic reagents
known.1 Their chemistry has evolved as the prototype of polar
organometallic compounds. Yet, despite the enormous body of
polar addition reactions recorded,2 the mechanism of these
additions cannot be considered as settled.3 Most textbooks
describe the addition of Grignard reagents to aldehydes—being
representative of carbonyl compounds—as a simple addition,
cf. 1. Evidence has however been provided4 that it is a Grignard
dimer (halogen-bridged or alkyl-bridged) that enters into the
reaction with the carbonyl group, cf. 2.

But still, this says little about the nature of the C–C bond
forming step. At least in some cases it has been shown that
electron transfer precedes the C–C bond formation, especially
in addition reactions to carbonyl compounds with a low
reduction potential, such as benzophenone.5,6 While it is
tempting to formulate5,7,8 all polar additions as being initiated
by an electron-transfer step, there is at the moment no
meaningful way to address the question to what extent electron
motion precedes nuclear motion in the formation of the new C–
C bond. Rather we have to be content with the heuristic
approach that a two-step process can be considered as
established, if it is possible to prove the existence of an
intermediate (likely the radical R· or radical pair 3).9

This is usually done by diverting the radical R· to give
another radical RA·, a process that becomes manifest if the rate

of conversion (k3) of R· into RA· is similar to or larger than the
rate of collapse (k2) of the postulated radical pair 3. Radical
rearrangements of known k3 (radical clocks) have been studied
in this context.5 It is clear, that an ultrafast radical reorganiza-
tion reaction would enlarge the scope of this approach.10 This
would hold e.g. for the conversion of a chiral carbon radical R·
to its enantiomer RA·. The barrier to the inversion of the tert-
butyl radical has been experimentally bracketed to be < 0.5 kcal
mol21.11 For most practical purposes alkyl radicals can be
considered as being planar, that is prochiral. Therefore, the
stereochemical probes such as 412,13 and 514 have been used to
probe the mechanism of Grignard additions.15,16

Yet in the case of 4 and 5 it is a moot point, to what extent the
stereochemical outcome is influenced by the presence of the
additional stereogenic centres (only one case of epimerisation13

has been so far observed). The ideal probe would be a Grignard
reagent such as 6, in which the magnesium-bearing carbon atom
is the sole stereogenic centre. We have recently described an
access to such a species of ca. 90% ee by asymmetric
synthesis.17 We report here on the use of this reagent as a
mechanistic probe in Grignard additions to carbonyl com-
pounds and in Grignard-substitution reactions.

The reagent 6 is generated in ca. 90% ee from the
enantiomerically and diastereomerically pure sulfoxide 7.17

Due to the mode of generation, the solution of 6 contains ca. 2
equiv. of EtMgCl, one equiv. of p-Cl-C6H4-MgCl and one
equiv. of diethyl sulfoxide. The reagent 6 is configurationally
stable in this cocktail in THF solution up to 230 °C;
racemization proceeds with t1/2 = 5 h at 210 °C.

Therefore those polar additions can be investigated that
proceed readily at 230 °C or below. This holds e.g. for the
addition of 6 to CO2, PhNCO, or PhNCS which provides the
adducts 8, 9, and 10. The same level of enantiomeric purity of
these adducts suggests that the value of 90 ± 2% ee represents
the enantiomeric purity of 6 and that the addition proceeds
without racemization (Table 1).

The absolute configuration of compounds 818 and 1017 is
known, that of 9 has been established by chemical correlation
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with compound 8. This establishes that the addition reactions
proceeded with retention of configuration. This is in line with
the finding for the carboxylation of 5.14 As the addition of
formaldehyde to 5 proceeded as well without epimerisation,15

we looked at the addition of 6 to aromatic aldehydes, where the
intervention of electron transfer steps is more likely. Addition of
6 to aldehydes generates two diastereomeric adducts (D1; D2),
which were derivatized with Mosher’s reagent and analysed by
1H-NMR spectroscopy. Both for addition to benzaldehyde and
p-methoxybenzaldehyde the formation of the major diaster-
eomer proceeded without loss in enantiomeric purity. There is a
slight decrease in enantiomeric purity of the minor diaster-
eomer, a fact of uncertain significance. Addition to the more
electron deficient pentafluorobenzaldehyde clearly led to par-
tially racemized adducts. On addition to benzophenone, which
has a reduction potential that is by +0.20 V more positive than
that of benzaldehyde,19 racemization is extensive but not
complete.

The partial racemization observed in the addition to 11 and 12
can be interpreted in terms of a competition between a concerted
polar addition and a SET initiated process. This would imply
that even benzophenone undergoes a polar addition to the extent
of 12%. One could also argue that all of these reactions proceed
by SET5,8 and that rotation of R· within the radical pair 3 is only
in few instances faster than the collapse of the radical pair.

We then turned our attention to the reaction of Grignard
reagent 6 with allylic halides, which proceeds in high yield even
at 290 °C and therefore intuitively suggests an SET process.

While allylation with allyl iodide led indeed to racemic
product 13 (R = H) we were surprised to find sizeable
enantiomeric enrichment when allyl bromide or allyl chloride

were allowed to react with 6. We tend to interprete this as being
caused by a competition between a polar SN2-reaction and an
SET process. This is in line with the ordering of the reduction
potentials recorded for allyl chloride, bromide and iodide
(21.91; 21.29; 20.23 V vs. Hg).20 The SET process should be
faster with ethyl a-bromomethylacrylate and indeed, this gave
rise to 79% of racemic product, 13 (R = COOEt).

Thus, with the chiral Grignard reagent 6 it was possible to
probe the mechanism of Grignard addition to carbonyl com-
pounds and Grignard substitution reactions with respect to the
competition between polar concerted and stepwise SET path-
ways.

We are grateful to the Deutsche Forschungsgemeinschaft
(SFB 260 and Graduiertenkolleg Metallorganische Chemie) as
well as the Fonds der Chemischen Industrie for support of this
study. We thank Dr O. Knopff for preliminary experiments in
the racemic series.
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Table 1 Trapping of the Grignard reagent 6 (ca. 90% ee) with various
electrophiles

Electrophile Product(s)
Configura-
tiona Yield (%) ee (%)

CO2 HOOC-CH(Et)Bn 8 S 80 92
PhNCO PhNHCO-CH(Et)Bn 9 S 60 89
PhNCS PhNHCS-CH(Et)Bn 10 S 56 91
ArCHOb ArCHOH-CH(Et)Bn n.d. 41 D1: 89

D2: 84
PhCHO PhCHOH-CH(Et)Bn S 42 D1: 88

D2: 84
C6F5CHO 11 C6F5CHOH-CH(Et)Bn n.d. 45 D1: 43

D2: 47
Ph2CO 12 Ph2COH-CH(Et)Bn — 85 12
a At the former Grignard C-atom. b Ar = p-MeO-C6H42. n.d.: not
determined.
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Highly fluorescent stilbene and tolan cyclodextrin [2]rotax-
anes have been synthesised in good yield using aqueous
Suzuki coupling, and the crystal structure of one of these
rotaxanes has been determined.

A rotaxane is a supramolecular assembly of a dumbbell locked
through the cavity of a macrocycle.1 The formation of rotaxanes
provides a means of stabilising dumbbell-shaped chromo-
phores, by shielding them from the external environment. This
type of encapsulation can also enhance the fluorescence
efficiency.2 Hydrophobic binding is a convenient way of
directing rotaxane formation, provided the dumbbell can be
synthesised in water. Recently we reported the synthesis of
poly-p-phenylene rotaxanes and polyrotaxanes using aqueous
Suzuki coupling, although in this case the [2]rotaxane (1a in
Table 1) was only obtained in low yield (4%).3 While exploring
the scope of this route to rotaxanes, we discovered that the right
combinations of aryl iodide stopper, diboronic acid core and
macrocycle components give highly fluorescent cyclodextrin
encapsulated stilbenes and tolans, such as 1g, in high yield.
Previous stilbene rotaxanes have been prepared by aromatic

nucleophilic substitution4 and by slipping macrocycles over
pre-formed dumbbells.5

Six new rotaxanes 1b–g have been prepared by reacting
bulky water-soluble aryl iodides 2a and 2b with diboronic acids
3a–c6 in the presence of cyclodextrins (a-CD and b-CD; ca. 5
eq.), in aq. sodium carbonate containing palladium(II) acetate,
as summarised in Scheme 1 and Table 1.† As expected, the
5-iodoisophthalic acid stopper 2b is too narrow to form
rotaxanes with b-CD, and the biphenyl diboronic acid core 3a is
too bulky to form rotaxanes with a-CD. Apart from these
exceptions, all combinations of aryl iodides, diboronic acids and
macrocycles yield rotaxanes. The lower yields obtained with the
1-iodonaphthalene-3,6-disulfonate stopper 2a can be attributed
to an unfavourable interaction between the bound CD and the
inwardly pointing H8 of the naphthalene. The tetracarboxylate

Table 1 Yields for rotaxane synthesis, and fluorescence behaviour of rotaxanes and dumbbellsa

Scheme 1
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rotaxanes 1f and 1g are easier to isolate than the sulfonates 1a–
e, because they precipitate from aqueous solution at low pH.
The smaller isophthalic acid stopper is still large enough to
prevent unthreading of a-CD. For example 1g shows no sign of
unthreading after 10 d in D2O at 80 °C; even after 10 d at 120 °C
in d6-DMSO no unthreading was detected.

One objective of this investigation was to explore how
encapsulation affects the fluorescence efficiencies of tolan and
stilbene chromophores. Comparison of the fluorescence quan-
tum yields of all seven rotaxanes 1a–g with those of their free
dumbbells (Table 1) demonstrates that encapsulation always
enhances the fluorescence yield. In both cases where a- and b-
CD rotaxanes can be compared (1b/c and 1d/e) the a-CD is
found to give greater fluorescence enhancement. The cyclodex-
trin probably reduces the rate of non-radiative decay by
restricting the flexibility of the excited state, and by hindering
the approach of quenchers. A similar effect has recently been
reported for stilbenes bound to antibodies.7 Epoxidation of
rotaxane 1g and its dumbbell analogue with dimethyldioxirane
was explored, in order to test the shielding of the chromophore.
Dimethyldioxirane (Me2CO2) was selected for this experiment
because it is small and highly reactive. The dumbbell reacted
with dimethyldioxirane in aqueous acetone over a few hours to
form the epoxide, whereas no reaction was detected with the
rotaxane under the same conditions, even after 24 h, demon-
strating that the CNC double bond of the rotaxane is hidden from
this reagent.

In order to understand in more detail how the cyclodextrin
interacts with the chromophore in these rotaxanes, we have
determined the crystal structure of 1g (as the tetracarboxylic
acid).‡ To the best of our knowledge, this is the first crystal
structure determination of any cyclodextrin-based rotaxane,
although many such rotaxanes have been synthesised1b and
crystal structures have been reported for cyclodextrin-based
pseudorotaxanes and pseudopolyrotaxanes.9 The a-CD sits
round the centre of the chromophore (as shown in Fig. 1a). The
stilbene unit is essentially planar (deviation from mean plane
< 0.2 Å), with slight twists about both biphenyl links (torsional
angles: 29° near the 6-rim; 24° near the 2,3-rim). The CD is
distorted into an elliptical conformation, to accommodate the
flat p-system, and this distortion is most pronounced around the

narrower 6-rim of the macrocycle (Fig. 1b). For example the
cavity width defined by the van der Waals surfaces of the H5
hydrogens is 5.3 Å for the transannular H5–H5 distance in the
plane of the stilbene, but 4.0 and 4.3 Å for the other two
transannular H5–H5 distances. NMR spectra show that the
rotaxane is dynamic in solution at 298 K. Only one set of 1H and
13C glucose resonances is observed, showing that the CD rotates
rapidly relative to the dumbbell. The H5 protons of the a-CD
show NOEs to all six stilbene resonances, indicating that there
is significant lateral motion of the macrocycle.

In summary, we have shown that Suzuki coupling can be used
to prepare cyclodextrin-based rotaxanes in good yield, and that
this chemistry can be used to prepare stilbene and tolan
rotaxanes with very high fluorescence quantum yields. The
crystal structure of one of these compounds shows that the a-
cyclodextrin clasps tightly round the centre of the stilbene
chromophore.

This work was generously supported by the EPSRC and
Avecia Ltd. We are grateful to Dr P. N. Taylor for valuable
discussion, and to Dr M. G. Hutchings of DyStar UK Ltd.
(Cheadle Hulme) for providing sodium 1-aminonaphthalene-
3,6-disulfonate, for preparation of 2a.

Notes and references
† Procedure for synthesis of 1g: Water (8 cm3), 2b (151 mg, 0.63 mmol), 3c
(100 mg, 0.31 mmol), a-CD (1.6 g, 1.64 mmol), Na2CO3 (0.41 g, 3.9 mmol)
and Pd(OAc)2 (1.6 mg, 4 mol %) was stirred at 45 °C overnight. The mixture
was diluted with Na2CO3 aq. (100 cm3, 0.2 M), filtered, then acidified to pH
1 with HCl, to give a white suspension. The precipitate was separated by
centrifugation, redissolved in Na2CO3 aq. (100 cm3, 0.2 M), reprecipitated
with acid, washed with water, dissolved in NH3 aq. and evaporated to yield
the ammonium salt of rotaxane 1g (312 mg, 73%).
‡ Crystals of 1g were grown over 2 weeks from aqueous solution in a 5 mm
NMR tube by warming the lower region to 40 °C while the upper region was
cooled to 20 °C. The structure was solved using synchrotron X-rays at
Daresbury Station 9.8. Crystal data for 1g: C66H80O38, M = 1481.3,
monoclinic, space group I2 (alternative setting of C2), a = 20.767(5), b =
13.960(3), c = 28.085(7) Å, b = 107.479(3)°; U = 7766(3) Å3, Z = 4, l
= 0.6942 Å, m = 0.11 mm21, T = 160 K, R1 = 0.164 for 9681 ‘observed
reflections’ [F2 > 2s(F2)] and wR2 = 0.394 for all 10443 unique
reflections (q < 45°). Methods and programs were as described elsewhere
(ref. 8). Refinement included application of the SQUEEZE procedure (A. L.
Spek, PLATON program, University of Utrecht, The Netherlands, 2000) to
model diffuse electron density in two substantial voids per unit cell,
presumably occupied by highly disordered solvent molecules. No H atoms
were included, as they did not appear clearly in difference syntheses and
those attached to oxygen atoms cannot be unambiguously placed from
purely geometrical considerations. These limitations of the structural model
and the weak diffraction due to disorder and crystal size and quality are
reflected in the relatively high crystallographic residual factors, as is often
found for cyclodextrin-containing materials. CCDC 156256. See http://
www.rsc.org/suppdata/cc/b0/b010015n/ for crystallographic files in .cif
format.

1 (a) Molecular Catenanes, Rotaxanes and Knots, ed. J.-P. Sauvage and C.
Dietrich-Buchecker, Wiley-VCH, Weinheim, 1999; (b) S. A. Nepogo-
diev and J. F. Stoddart, Chem. Rev., 1998, 98, 1959; (c) H. Ogino, J. Am.
Chem. Soc., 1981, 103, 1303.

2 J. E. H. Buston, J. R. Young and H. L. Anderson, Chem. Commun., 2000,
905.

3 P. N. Taylor, M. J. O’Connell, L. A. McNeill, M. J. Hall, R. T. Aplin and
H. L. Anderson, Angew. Chem., Int. Ed., 2000, 39, 3456.

4 M. Kunitake, K. Kotoo, O. Manabe, T. Muramatsu and N. Nakashima,
Chem. Lett., 1993, 1033; C. J. Easton, S. F. Lincoln, A. G. Meyer and H.
Onagi, J. Chem. Soc., Perkin Trans. 1, 1999, 2501.

5 C. Heim, A. Affeld, M. Neiger and F. Vögtle, Helv. Chim. Acta, 1999, 82,
746.

6 M. Baumgarten and T. Yüksel, Phys. Chem. Chem. Phys., 1999, 1,
1699.

7 A. Simeonov, M. Matsushita, E. A. Juban, E. H. Z. Thompson, T. Z.
Hoffman, A. E. Beuscher, M. J. Taylor, P. Wirsching, W. Rettig, J. K.
McCusker, R. C. Stevens, D. P. Millar, P. G. Schultz, R. A. Lerner and
K. D. Janda, Science, 2000, 290, 307.

8 W. Clegg, M. R. J. Elsegood, S. J. Teat, C. Redshaw and V. C. Gibson,
J. Chem. Soc., Dalton Trans., 1998, 3037.

9 S. Kamitori, O. Matsuzaka, S. Kondo, S. Muraoka, K. Okuyama, K.
Noguchi, M. Okada and A. Harada, Macromolecules, 2000, 33, 1500.

Fig. 1 Structure of rotaxane 1g in the solid state: (a) view of whole molecule
and (b) view of van der Waals surface, from the 6-rim end, with isophthalic
acid units deleted for clarity.
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Linking of ‘all chair’ two-dimensional honeycomb networks,
structurally analogous to CFx, with the 4-aminopyridine
ligand leads to a three-dimensional molecular framework.

The construction of porous hosts1 through crystal engineering2

is currently attracting a great deal of interest in pursuit of novel
materials which may act as catalysts or selective sorbents.
Approaches include construction of hydrogen bonded archi-
tectures,3 pillared clay mimics,4 zeolite analogues5 such as the
AlPOs and GaPOs, and coordination polymer chemistry.6 A
considerable challenge in the field is to achieve predictable
combination of structural features, which we have effected by
linking the two-dimensional honeycomb motif in three dimen-
sions with a bidentate amine ligand, identified by simple
chemical reasoning.

1,3,5-Benzenetricarboxylic acid, H3btc, has received con-
siderable interest as a tridentate ligand capable of forming
coordination polymers.7 The structures are controlled by the
extent of deprotonation of the H3btc and the nature of the
auxiliary ligands coordinated to the metal centre. The graphene-
like (6,3) net8 is well matched to the molecular geometry of btc,
and thus two-dimensional honeycomb sheets,9 some with
pyridine projecting perpendicular to the sheets,10 are a common
feature of this chemistry. This opens up the opportunity of
linking together these honeycomb layers, thereby predictably
generating a three-dimensional architecture, using a suitable
bidentate auxiliary ligand.

A wide variety of potential linking ligands to combine these
infinite two-dimensional building blocks may be envisaged. We
reasoned that a bidentate linker chemically resembling pyridine
but without the marked framework forming tendency of, for
example, 4,4A-bipyridine, was required. These considerations
led to the choice of 4-aminopyridine (4AP). The Cambridge
Crystallographic Database‡ currently contains twelve examples
where 4AP binds to metal cations through the pyridine function,
but there are no examples in the current literature where it, or its
N-methylated derivatives, act as bidentate ligands. Reaction of
tridentate layer-forming and bidentate layer-linking compo-
nents yields a phase with the desired structural features.

Controlled diffusion§ of 4AP into a butan-1-ol solution of
nickel nitrate and H3btc yields pure UOL-1, Ni3(btc)2(m-
4AP)2(4AP)4·6C4H9OH·2H2O. Analysis of single-crystal X-ray
diffraction data collected using synchrotron radiation§ reveals
that the structure consists of concertina sheets, shown in Fig. 1,
composed of hexagonal 48-membered rings, linked by 4AP.
Each ring is made up of six btc units joining six NiII cations and
each sheet may be described topographically as a (6,3) net. In
the present case the (6,3) net is not the ubiquitous flat graphene
sheet but a topologically equivalent (6,3) net of chair conforma-
tion six-rings, which form a coordination polymer analogue of
the puckered layers in graphite monofluoride, CFx.11

Every btc is fully deprotonated and binds to three nickel
cations: one carboxylate arm of the btc is monodentate to nickel,
while the other two arms are bidentate with bite angles of
62.6(1) and 62.3(1)°. Two nickel cations (Ni2) act as linear
connectors in the side of the concertina layer and these display

slightly distorted octahedral coordination. The other four Ni
cations (Ni1) are each six-coordinate with an environment that
may be described as an extremely distorted octahedron. Two btc
units are linked together at Ni1 and the angle subtended between
their mean planes is 81.7(9)°. This is reflected in the extreme
puckering of the layers: adjacent corrugations subtend an angle
of 76.4° to each other (Fig. 2). The coordination about the two
crystallographically different nickel atoms is completed entirely
by the btc described above and 4AP. Both monodentate
(through the pyridine function) and bidentate 4AP are observed.
Nickel cations (Ni1) at the peaks and troughs of each corrugated
layer are linked by two bidentate 4AP molecules to nickel (Ni2)
at the midpoints of the hexagons in adjacent layers, as shown in
Fig. 2. To our knowledge this is the first crystallographic report
of bidentate 4-aminopyridine.

While it might be possible to link plane (6,3) graphene nets
using a bridging ligand with linear coordination geometry (such
as pyrazine), this is not the case for 4AP. Unlike the pyridine
function, which can bind a metal in the plane of the aromatic

† Electronic supplementary information (ESI) available: single-crystal and
powder diffraction data and an ORTEP plot of UOL-1. See http:
//www.rsc.org/suppdata/cc/b0/b009455m/

Fig. 1 A single concertina sheet composed of Ni2+ and 1,3,5-benzene-
tricarboxylate. The ‘all chair’ conformation of the six-membered rings
generates a corrugated sheet which is structurally analogous to the layers in
CFx. 4-Aminopyridine ligands and encapsulated solvent have been omitted
(colour scheme: Ni1, light blue; Ni2, dark blue; C, grey; O, red; H, light
grey).

Fig. 2 Linking of ABAB stacked concertina sheets by bidentate 4-amino-
pyridine (4AP). The angle denoted q is 76.4°. Monodentate 4AP and solvent
are omitted (colour scheme: Ni, light blue; N, dark blue; C, grey; O, red; H,
light grey).
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ring, the amino function can only bind a cation lying out of the
plane of the ring because of the directionality of its coordina-
tion. Adoption of the graphite monofluoride layer allows the
pyridine function of 4AP to bind in a linear mode, while the
amino function can bind forming a C–N–Ni angle of 119.0(1)°.
Thus the different geometric requirements of the two ends of the
linker enforce the CFx geometry on to the sheets: puckering
must occur if the 4AP is to link the octahedral cations in
adjacent layers.

The concertina sheets are stacked in an ABAB manner
producing a three-dimensional architecture with pores running
parallel to a (15.4 3 7.7 Å shortest van der Waals contacts) and
c (15.1 3 6.0 Å). Monodentate 4AP protrudes into these pores
forming necks where the pore is narrowed to ca. 3.4 Å, while
providing an extremely hydrophilic lining to the cavities
(Fig. 3). The program PLATON12 reveals that the total solvent
accessible volume within the crystal, summing voxels more
than 1.2 Å away from the framework, is 42.2%. In the pristine
material this pore volume is filled with butan-1-ol and water
molecules, all engaged in hydrogen bonding with the frame-
work. The hydroxyl groups of two of the three independent
butan-1-ol molecules act as donors to btc carboxylates in
the framework (O…O distances are 2.68(1) and 2.83(1) Å).
The remaining butan-1-ol forms a hydrogen bond to water
[2.70(1) Å] which in turn binds to a framework carboxylate
[2.73(1) Å]. Removal of this solvent from within the pores may
be effected thermally and leads to framework collapse.

The bidentate 4-aminopyridine ligand therefore allows the
construction of molecular frameworks in which the infinite two-
dimensional honeycomb building blocks characteristic of btc
are linked to form a three-dimensional pore network. The (6,3)
net unusually adopts the corrugated conformation of CFx to
allow connection of the layers, driven by the geometry of the
connecting 4AP ligand. This systematic construction of a
framework using linking units to join identifiable structural
features may have wider application in coordination polymer
chemistry.

We thank Dr S. J. Teat of the SRS, Daresbury Laboratories
for help with data processing and the EPSRC for a studentship
to T. J. P. and support from GR/N 08537.
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This article deals with a coordination approach to three-
dimensional assemblies via ‘molecular paneling’. Families of
planar exo-multidentate organic ligands (molecular panels) are
found to assemble into large three-dimensional assemblies
through metal-coordination. In particular, cis-protected square
planar metals, (en)Pd2+ or (en)Pt2+ (en = ethylenediamine), are
shown to be very useful to panel the molecules. Metal-assembled
cages, bowls, tubes, capsules, and polyhedra are efficiently
constructed by this approach.

Introduction
The last decade has witnessed the syntheses of several complex
3D-molecules that are assembled by linking molecules via non-
covalent bonds such as coordination and/or hydrogen bonds and
has led to the development of a new paradigm denoted non-

covalent synthesis.1 This non-covalent synthesis has become a
reliable approach to prepare 3D-complex molecules and has
been considered as an alternative approach to organic synthesis.
Earlier the important examples of metal-directed assembly of
3D structures, for example Saalfrank’s M4L6 cages and Lehn’s
cylindrical cages, have been well documented.2,3 Remarkable
progress in the construction of 3D structures via metal
coordination has been made by the groups of Raymond, Stang,
Steels, Robson, Shinkai and others.4–8 The focus of this article
will be on our efforts in the construction of three-dimensional
(3D) structures by linking two-dimensional (2D) planar organic
components via metal-coordination. Before going into the main
topic, we would like to brief the basic concept of the present
study that prompted us to develop a concept of molecular
paneling which points to a highly efficient approach for
constructing large 3D molecules.

A basic concept
It was more than a decade ago when we first had the idea to
incorporate 90° coordination angles of transition metals into
metal–organic frameworks.9 We paid special attention to the
geometry of square-planar metals since non-distorted 90° bond
angles can not be afforded by the hybridization of organic
elements. To exploit this angle, we designed a cis-protected
square-planar metal as illustrated in Fig. 1. Accordingly, an

ethylenediamine-protected Pd(II) complex was prepared and
successfully incorporated into a tetranuclear square framework
by complexation with one of the simplest bridging ligands: 4,4A-
bipyridine (Fig. 2). The design of the cis-protected Pd(II) as well
as the formation of the square complex 1 cultivated the basic
concept of our study which has been carried out over the last
decade and can be dictated as follows:

Upon cis-protection, the coordination nature of the metal ion
changes from divergent to convergent. Owing to the convergent
nature, the discrete framework 1 was efficiently generated
without formation of any oligomeric products, in striking
contrast to the previous coordination chemistry of 4,4A-
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Fig. 1 (a) Cartoon representation of the cis-protected Pd(II) building block
1 and (b) structural drawing of 1.
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bipyridine where infinite complexes were afforded in most
cases.10 The Pd(II)–pyridine coordination bond is labile and
hence the product is formed under thermodynamic control.
Thus, under a set of appropriate conditions, the square molecule
is spontaneously generated in quantitative yield.

A square molecule in which the transition metal provides a
90° angle at each corner of the square has been recently termed
as a ‘molecular square’ by Stang.11 The extensive studies by
Stang and others stirred considerable current interest in such
square molecules. Prior to our study, there have been some
important studies on the synthesis of metal-linked macrocycles.
One of the excellent examples is the Cu(II)-linked dinuclear
complex 2 synthesised by Maverick et al.12

From 2D to 3D structures
A 1D molecular rod, 4,4A-bipyridine, upon linking with 90°
coordination block 1 was assembled into a 2D square as
discussed above. This molecular design was extended to the
construction of 3D structures by considering 2D molecular
components. Namely, instead of 1D rod, a 2D triangular panel
was used as an organic component (Fig. 2). In 1995 this idea
was first realized by the synthesis of an octahedral 3D structure
4 (Fig. 2b).13 This example illustrates that the molecular
paneling of a 2D organic component is undoubtedly an efficient
method for the construction of large 3D entities. In the

following sections, we will show a family of molecular panels
that are successfully paneled into various 3D molecules via
metal coordination. In addition to the coordination approach,
3D molecules are also accessible by hydrogen-bond directed
self-assembly. The groups of Rebek14 and Atwood15 have
demonstrated the efficient self-assembly of capsules through
hydrogen bonding. The cavity volumes of these capsules range
from 0.3 to 1.7 nm3.14,15

Molecular panels
3D-molecular structures can be well designed by deducing the
molecular components from polyhedra. For example, the basic
components (polygons) to construct Platonic solids are equi-
lateral triangles, squares and pentagons.16 The common feature
in these solids is that they are made up of regular polygons
which are arranged in space such that the edges, vertices and
three coordinate directions of each solid are equivalent. Here we
have designed several molecular panels with the basic shapes of
triangle, square and rectangle (Fig. 3). The assembling of these
panels with the 90° cis-protected coordination block 1 can be
considered as a new concept that we term as ‘molecular
paneling’.

Paneling triangles
An important aspect of regular polygons is that they enclose
space. In particular, four triangles enclose space, without the use
of curved surface, and this is the lowest number of polygons
which will do so.16 Thus we first deal with a triangle which is
a very basic building block of several polyhedra. For example
out of five Platonic solids, three (tetrahedron, octahedron and
icosahedron) are originated from equilateral triangles indicating
the importance of triangular panels in the construction of
polyhedra (Fig. 4). Accordingly we designed triangular molec-
ular panels 5–9 to assemble them into several 3D-structures
(polyhedra). The differences between these triangular panels is
the number (varying from three to six) and position of the
binding sites. Molecular panels 5 and 6 contain three binding

Fig. 2 (a) Schematic representation of molecular paneling: (a) from 1D-rods to 2D-molecules and (b) from 2D-panels to 3D-molecules.
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sites each but the position of the sites differs, whereas molecular
panels 7, 8 and 9 contain four, six and five binding sites each,
respectively. The assembled architectures from these molecular
panels include octahedra, square pyramids, tetrahedra and
hexahedra.

M6L4 octahedral cage
As discussed above, the first example of using the molecular
panel approach to obtain a 3D discrete structure is an M6L4

octahedral assembly 4, reported in 1995.13 By treating 1 with 5
in 3+2 ratio, the octahedral complex 4 is assembled in
quantitative yield (Fig. 5). In this complex, the four triangular
panels are linked together at the corners of the triangles such
that every alternate face of the octahedron contains either
molecular panel or portal. Complex 4 is a thermodynamically
stable product because the formation of the product is not
affected by the presence of an excess of 1. The synthetic
procedure is so simple that a 10–50 g scale synthesis can be
carried out in a laboratory.

It has been shown that the cage complex 4 effectively binds
various organic guest molecules in its cavity. The structure of
the clathrate complex of 4 with the adamantane carboxylate ion
has been determined by X-ray crystallography (Fig. 5c), which
showed that four guest molecules are tightly encapsulated inside
the nano-sized cavity of 4. The inclusion geometry of the guest
in the cavity is interesting as the hydrophobic and hydrophilic
groups (CO2

2) are located inside and outside of the cavity,
respectively. A space filling presentation of 4 shows that the

Fig. 3 Structural and cartoon representation of molecular panels: (a)
triangular, (b) square and (c) rectangular. The filled circles represent the
binding sites.

Fig. 5 (a) Schematic representation of molecular paneling of 5 to form 4, (b) structural drawing of 4 and (c) X-ray structure of 4 with adamantane carboxylates
in the cavity.

Fig. 4 Schematic representation of assembling of three types of Platonic
solids from a triangular unit.
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dimension of the portal of the cage is comparable to that of
adamantane, whereas the interior space can hold as many as four
guest molecules. The 1H NMR study showed that the same
host–guest aggregation was retained even in aqueous media.

A kinetically stable octahedral M6L4 cage

The Pd(II) self-assembly described above is a result of
thermodynamical equilibration and the product is not stable
under extreme conditions (e.g. acidic, basic or nucleophilic). In
order to prepare a kinetically stable M6L4 complex, a Pt(II)
analogue of 4, 15 was used instead of 1. In contrast to the Pd
cage, the formation of Pt cage was quite slow to form in a
reasonable yield. However, heating the solution and adding a
guest molecule, adamantanecarboxylate, dramatically im-
proved the reaction rate as well as the yield. The host–guest
ratio and the guest inclusion geometry were found to be similar
to those of Pd structure 4. Usually, a receptor framework
organized by guest induced fit will be lost when the guest is
removed. In contrast, the assembled Pt cage did not lose its cage
structure even after removal of the guest because of the locking,
irreversible nature of Pt(II)–pyridine bond. As anticipated, the
Pt(II) complex was very stable and did not decompose even in
the presence of an acid (HNO3), a base (K2CO3) or a
nucleophile (NEt3) owing to the inertness of a Pt(II)–pyridine
coordinate bond.17

M6L4 square-pyramidal cone
The triangular molecular panel 6 was used to assemble a bowl-
like M6L4 square-pyramidal cone. Although 6 has a similar
structure as 5, due to the different placement of N-atoms in the
ligand this component formed a square-pyramidal cone 16 upon
treatment with 1 (Fig. 6).18a The structure of 16 was
characterized in solution by 1H NMR spectroscopy and in the
solid state by X-ray crystallography. The framework is held
together by 10 molecular components (six metal ions and four
ligands) having nanometer dimensions (ca. 3 3 2 3 2 nm) in
spite of the small size of the molecular components.

In aqueous media the square-pyramidal cone 16 is expected
to assemble into a dimeric capsule that contains a large
hydrophobic pocket inside the framework because of its
amphiphilic properties: hydrophobic inside and hydrophilic

outside. In fact, such a dimeric structure does assemble in the
solid state. That is, X-ray structures have been obtained for
host–guest complexes with large guest molecules, all of which
showed the dimeric capsule structure of the host accommodat-
ing as many as six neutral organic molecules.18b The solid
structure of the complex with o-terphenyl (Fig. 7a) is recog-
nized as a dimer of 1+2 host–guest complexes because the
whole structure can be divided into two identical 1+2 com-
plexes. On the other hand, the solid structure of the complex
with m-terphenyl (Fig. 7b) can not be divided into two halves
and thus the whole structure is regarded as a 2+4 complex rather
than a dimer of 1+2 complex. With cis-stilbene, 1:6 complexa-
tion has been confirmed by X-ray analysis.

Dynamic assembly of an M8L4 cone and
tetrahedron
Whilst molecular panels 5 and 6 contain C3-symmetry,
molecular panel 7 has C2-symmetry, and therefore is expected
to link in two different ways upon treatment with 1: parallel and
antiparallel fashions. Linking in parallel fashion is expected to
generate the square-pyramidal cone 17 whereas linking in
antiparallel fashion is expected to generate a closed tetrahedron
18 (Fig. 8). Interestingly, these two routes are found to be
controlled effectively by the guest molecules.19 Larger guest
molecules such as dibenzoyl templated formation of the square-
pyramidal cone 17 while small tetrahedral guests like CBr4

templated formation of the closed tetrahedron 18. Ligand 7 and
dibenzoyl were suspended in aqueous solution of 1 and stirred
for 24 h. The 1H NMR spectra and ESI-MS of this solution
revealed the formation of 17 which accommodated one
molecule of dibenzoyl. In the ESI-MS, major peaks correspond-
ing to {[17(dibenzoyl)m·(NO3)162n]n+ (m = 0–2, n = 3, 4)}
were observed suggesting the formation of a cone structure. In
1H NMR spectra eight signals appeared corresponding to the
C2-symmetric environment of 7. The signals of dibenzoyl were
substantially upfield shifted suggesting its inclusion in the cone-
shaped cavity. Other bulky guest molecules such as 1,2-di-
benzoyl, ethane-1,2-diol and 1,1A-ferrocenedicarboxylic acid
were also found to template the same square pyramidal cone
17.

Fig. 6 (a) Schematic representation of molecular paneling of 6 to form 16, (b) structural drawing of 16 and (c) space-filling representation of 16 exhibited
in its crystal structure.
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The closed tetrahedron structure 18 resulted when 1 and 7
were allowed to react in the presence of CBr4 in D2O. The
antiparallel linking of the ligands was strongly supported by the
observation of NOE between adjacent ligands. The complex
was precipitated in 93% yield after adding an excess of EtOH
and an elemental analysis supported a 1+1 host–guest ratio.
Similarly CHCl3 and CBrCl3 were also found to template a
similar type of structure. Further the assigned structure was
supported by the single-crystal X-ray structure which showed
the complete entrapment of CBr4 in its closed tetrahedral cavity
(Fig. 8b).

In the absence of guest molecules at 25 mM concentration, 1
and 7 were found to assemble into a 3+2 mixture of two
products. According to 1H NMR spectroscopy the minor
product was identified as square-pyramidal cone 17 whereas an
increase in the percentage of the major product was observed
when the reaction was conducted at lower concentrations. This
fact indicates that the major component could be a trimeric
open-cone structure assembled from a lower number of
molecular components than the tetrameric cone. These as-
sembled trimeric and tetrameric cones and tetrahedron were

found to reorganize from one structure to the other by the guest
addition/exchange.

M18L6 hexahedron
Following the exotridentate ligands 5 and 6, an exohexadentate
ligand, 1,3,5-tris(3,5-pyrimidyl)benzene 8 was also designed as
a triangular unit. As already discussed, the triangle is a basic
unit for the self-assembly of polyhedra. Ligand 8 is an almost
coplanar triangle and is expected to give an edge-sharing
polyhedron when it is self-assembled with 1. When ligand 8 is
treated with 1 in D2O, the predominant formation of a single
component was observed, the 1H NMR spectrum of which
showed seven singlet-like signals in an integral ratio of
2+2+2+2+2+1+1. Of several possibilities, the assembly of the
molecular hexahedron 19 was strongly suggested by 1H NMR
spectroscopy (Fig. 9).20 This observation confirms that, after
complexation, ligand 8 is placed in a less-symmetrical environ-
ment with one symmetry axis passing through a 3,5-pyramidyl
(pym) ring and a core benzene ring. This symmetry is in good
agreement with the trigonal-bipyramidyl structure of the

Fig. 7 Dimeric capsules of 16 accommodating (a) o-terphenyl and (b) m-terphenyl exhibited in their crystal structures.

Fig. 8 (a) Schematic representation of molecular paneling of 7 to form 17 and 18 and (b) X-ray structure of the tetrahedron 18 (cylinder mode) with CBr4

(space filling) in its cavity.
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molecular hexahedron 19 in which the pym groups at the apical
corners are not equivalent to those at equatorial corners. The
metal-linked dimer and trimer of 8, which are the possible
intermediates for assembly process of 19, were observed when
ligand 8 was treated with 1 in D2O in 1+1 and 3+4 ratios,
respectively.

Reliable evidence for the hexahedron structure of 19 was
provided by X-ray crystallography (Fig. 9c and d). The crystal
structure clearly demonstrates that the assembly is a trigonal-
bipyramidal capsule with a chemical formula of
C144H216N108Pd18, a molecular mass of 7103 Da, and dimen-
sions of 3 3 2.5 3 2.5 nm. Each equatorial corner of the
hexahedron is the assembly of four triangle units, where [Pd(II)–
pym]4 leads to a small pinhole (2 3 2 Å). Only small molecules
such as water and molecular oxygen may pass through these
holes, whereas, ordinary organic molecules cannot enter or
escape. The free volume inside the capsule, into which guests
can be accommodated, is ca. 900 Å3.

M15L6 hexahedron: reversible guest inclusion
As described above hexahedron 19 is a very closed and rigid

structure making it difficult to encapsulate/exchange guest
molecules. To prepare a hexahedron that has more flexibility to
encapsulate/exchange guest molecules we designed another
molecular panel 9, which is similar to 8, but has one binding site
less than 8. We found that the treatment of 9 with 1 in D2O
affords hexahedron 20 (Fig. 10). Interestingly as anticipated
molecules of 20 can exchange the encapsulated encapsulates
and small guest molecules.21

Some functions of M6L4 octahedral cages
Cage compounds prepared by conventional covalent synthesis
usually contain small cavities and can encapsulate only one or
two small molecules. The molecular paneling approach gives us
an opportunity to construct larger frameworks containing
relatively large cavities. For example, the octahedral cage
compound 4 has a very large cavity with a diameter of 1 nm and
exhibited a remarkable ability to encapsulate large and neutral

molecules. In the following sections we describe its abilities in
molecular recognition, catalysis and condensation of trialk-
oxysilanes.

Molecular recognition
It has been already described that M6L4 can bind four molecules
of aqueous guest such as adamantanecarboxylate. Further, it
efficiently encapsulates neutral and spherical guest molecules
such as adamantane, 1- and 2-adamantanol, o-carborane, and
aromatic compounds such as 1,3,5-trimethoxybenzene, anisole
and toluene in the cavity.22 Interestingly, adamantane was
found to transfer into the aqueous phase even in a solid–liquid

Fig. 9 Schematic representation of molecular paneling of 8 to form hexahedron 19, (b) structural drawing of 19 and space filling representation of the X-ray
structure of 19: (c) equatorial and (d) apical views.

Fig. 10 Molecular paneling of 9 to form 20.
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two-phase system. The very efficient guest binding by 4 can be
ascribed to the amphiphilic nature of the cage: i.e. the inside of
4 is surrounded by 16 aromatic rings and thus hydrophobic,
whereas the outside surface of the cage is hydrophilic due to the
exposure of six charged Pd(II) centers.

Notably, complexation is faster with smaller guest molecules
and slower with larger guest molecules. For example 1,3,5-tri-
tert-butylbenzene which is slightly larger than the portal of 4,
was encapsulated very slowly. Tetrabenzylsilane required a few
hours to be completely encapsulated by 4A which is the 2,2A-
bipyridine protected analogue of 4. Crystallographic analysis
showed a good fit for the tetrahedral symmetry of the guest in
the octahedral cage (Fig. 11).23

Compound 4 also exhibited a remarkable ability to encapsu-
late C-shaped molecules such as cis-azobenzene 21 and cis-
stilbene 22, derivatives.24 These guest molecules are en-
clathrated in the cavity via the formation of a hydrophobic
dimer with a topology reminiscent of a hydrogen-bonded tennis
ball (Fig. 12a).24 The formation of a hydrophobic dimer was

suggested by NOE and also by molecular dynamic simulation.
Further the selective enclathration of only the cis isomer was
observed when cis–trans mixtures of either 21 or 22 in hexane
were stirred in a D2O solution of 4. The NMR spectra confirm
the encapsulation of dimers of cis-isomers in the cavity.
Notably, the cis isomer of 21 was significantly stabilized in the
cavity and not isomerised to the trans isomer even after
allowing the solution to stand for a few weeks under visible light
at room temperature. Molecular modeling calculations suggest
that the hydrophobic dimers are a perfect fit for cavity of 4.

Dimerization of the guests prior to enclathration is unlikely
because the dimension of the spherical dimer (ca. 11 Å in
diameter) is larger than that of the portals of 4 (ca. 7 Å
diameter). Therefore, two guest molecules can subsequently,
but not simultaneously, be enclathrated in the cavity leading in
situ into the stable hydrophobic dimer.

A similar dimer formation was observed when 1,2-diketone
23 was employed as a guest (Fig. 12b). In the 1+2 complex,
dissymmetrization of the host structure was observed by NMR
spectroscopy: that is, before addition of guest the four ligands in
host are equivalent, but after addition of guest, 12 protons on
each ligand were observed independently. This observation was
clearly revealed by X-ray crystallographic analysis. As shown
in Fig. 13, two guest molecules are assembled in a similar way

to that of 21 and 22. However, each guest adapts a twisted
conformation: one is P-form and another is M-form. As a
consequence, the formed dimer has a meso configuration with
no centrosymmetry making all protons on each ligand in-
equivalent.22

Catalysis in the cavity of M6L4 cage
Reactivity and catalysis represent one of the most important
features of the functional properties of self-assembled molec-
ular systems.25 The existence of a large cavity in 4 motivated us
to test its ability to catalyze the oxidation of styrene and
isomerization of allylbenzene.26 When 1 and 5 were mixed in
D2O in 2+1 ratio, formation of only 4 was observed and excess
of 1 remained in the solution. Our strategy was to use the
remaining amount of 1 as a mediator between organic and
aqueous phases: that is to use 1 to transfer the substrate,
cyclically and continuously, into a aqueous phase that contains
4 and then the formed product into the organic phase (Scheme
1). It was observed that 4 can accommodate nearly three
molecules of styrene in its cavity. The oxidation of styrene at
80 °C in an aqueous solution of either 1 or 4 gave acetophenone
only in 4% yield. Importantly, the presence of both 1 and 4 in an
aqueous solution increased the yield of the reaction up to 86%.
Similarly, the isomerization of allylbenzenes catalyzed by the
presence of 1 and 4 in aqueous solution gave b-methylstyrene in
50% yield, whereas the reaction did not occur in the absence of
either 1 or 4 (Scheme 2). The presence of trimethoxybenzene in
the reaction media inhibited these reactions because the cavity
of 4 was strongly occupied by this molecule. The yields of these
reactions reveal that as the size and electron deficiency of the
substrate increases the yield of the reaction decreases. These are

Fig. 11 X-Ray crystallographic structure of 4A (stick mode) enclathrating
tetrabenzylsilane (cylinder mode).

Fig. 12 Schematic drawing of formation of a hydrophobic dimer of (a) cis-
stilbene and (b) 4,4A-dimethoxydibenzoyl within the cavity of 4 (shown as
circle).

Fig. 13 X-Ray crystallographic structure of 4A (stick mode) enclathrating the
hydrophobic dimer of 4,4A-dimethoxydibenzoyl (cylinder mode).
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good examples of organic reactions in solutions but in the
absence of organic solvents.

Condensation of trialkoxysilanes
Isolated cavities in molecular capsules are well known to
stabilize labile molecules formed in situ by the reaction of
smaller molecular components.27 These components, being
smaller in size, can enter into the cavity through the portals and
react with each other to form a larger molecule that can not
leave the cavity since it is larger than the portal. By using the
same principles here we studied the condensation reaction of
trialkoxysilanes in the cavity of an M6L4 cage.28 Cyclic
oligomers of silanols 23 and 24 are considered to be ephemeral

intermediates in the poly-condensation of trialkoxysilanes.29

Cyclic tetramer 24 has been isolated in moderate yields whereas
cyclic trimer 23 has never been isolated in a pure and stable
form. Interestingly, when we conducted the condensation of
trialkoxysilanes in the M6L4 cavity we observed the exclusive
formation of cyclic trimer 23 as a stable form. In a typical
reaction, phenyltrimethoxysilane 25 was suspended in D2O
solution of 4 at 100 °C. The 1H NMR of the solution after 5 min
showed the formation of complexes 4·(25)3 and 4·(25)4. After
1 h, the 1H NMR spectrum showed the presence of only one
complex 4·A. The formation 4·A was also evidenced by ESI-
MS and single crystal X-ray crystallography (Scheme 3). We
note the following important features of this reaction. First, the
cyclic trimers are formed in a ship-in-a-bottle fashion. Sec-
ondly, the formed cyclic trimers, which are protected by the
cavity, are very stable even in acidic aqueous solutions and
isolable as pure clatharate compounds. Lastly, the ster-
eochemistry of the condensation is highly controlled within the
cage giving only all-cis isomers.

Paneling squares
The square is a basic unit for the construction of cubes and
prisms (trigonal, square, pentagonal, hexagonal, etc.) Tetra-
kis(pyridyl)porphyrins are the most common and easily availa-
ble square panels. Indeed tetrakis(4-pyridyl)porphyrin is al-
ready known to form coordination polymers and also some
2D-molecular squares with transition metal atoms.30 However,
3D-discrete molecules using porphyrin molecular panels have
not yet reported. We found the formation of a triangular prism
26 by the self-assembly of tetrakis(3-pyridyl)porphyrin 10 (Fig.
14).31 The formation of the prism structure was confirmed by
1H NMR ESI-MS and X-ray analyses.

Paneling rectangles
Similar to square panels, rectangular panels can also be used to
construct prismatic structures of (triangles, squares, pentagonal,
hexagonal etc.) However, depending on the length and width of
the rectangular panel the assembled structures can be denoted as
either tubes or boxes. Further a number of important topological
surfaces such as torus, Möbius strip, Klein bottle and projective
plane can also be constructed from rectangular panels. Here, we
describe the self-assembly of a family of rectangular panels
11–13 to form molecular tubes, and that of 14 to form a
molecular nano-box.

Coordination nanotubes
Molecular-based tubular structures have attracted considerable
current interest because of their potential abilities for selective
inclusion and transportation of ions and molecules and catalysis
of specific chemical transformations.32 Rectangular panels
11–13 were designed in anticipation of such tubular structures
upon treatment with 1.33 For 13, a coordination nanotube 27 is

Scheme 1 Schematic representation of reversed phase-transfer catalysis of
4. Wacker oxidation is promoted by a slight excess of 1.

Scheme 2 Olefin isomerization in an aqueous phase with the aid of 1 (10
mol%) and 4 (10 mol%).

Scheme 3 Schematic representation of trimer formation in the cavity of 4
(shown as circle).

Fig. 14 Schematic representation of molecular paneling of 10 to form 26.
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expected from four molecules of 13 and 10 molecules of 1 (Fig.
15). However, the formation of coordination nanotubes were
observed only in the presence of a rod-like template molecule

such as sodium 4,4A-biphenylenedicarboxylate 28. Similarly,
coordination nanotubes 29 and 30 were also obtained and
characterized using NMR and ESI-MS. According to NMR
spectroscopy, the protons of 28 were up-field shifted by up to
2.6 ppm indicating its encapsulation in the nanotube. A similar
template effect was observed with two other rod-like molecules
biphenyl and p-terphenyl. Spherical and large molecules such as
adamantane carboxylate failed to template the nanotubes.
Interestingly, it is found that the formation of these tubes is a
completely reversible process. That is, the tube dissociates into
its components by the removal of the guest molecule and again
associates by the addition of guest molecule.

Shuttle movements of guest molecules were observed: at low
temperatures the guest stays at a fixed position of the tube,
shuttles on the NMR time scale at 60 °C, and rapidly moves or
partially goes out at above 60 °C. NMR studies of nanotube 30
revealed that it is a 1+1 mixture of structural isomers 30a and
30b. In isomer 30a, each ligand is placed on a C2-symmetry site
and only seven protons corresponding to half of 30a were
observed. On the other hand, in isomer 30b, all 14 protons were
observed as the C2-symmetry of the ligands was removed.
Tubes 29 and 30b were characterized by X-ray crystallography.
The crystal structures display tubular structures of 29 and 30b
efficiently assembled around template 28 via strong p–p and
CH–p interactions (Fig. 16). The shape of the tube, which
ideally should be square, is significantly distorted in order to
maximize strong aromatic interactions. That is, the two faces
which are interacting with 28 via p–p interactions, are squeezed
towards the inside, while the remaining two faces, which
interact with 28 via CH–p interactions, are pushed outwards.
Another interesting feature of this crystal structure is the
presence of a second molecule of 28 which is enclathrated
between the nanotubes.

Coordination box with dynamic property
A 1D rod-like ligand, such as biphenyl, upon treatment with 1
is known to be in equilibrium with two types of two-
dimensional structures, namely square 3 and a triangle.9 In order
to extend this property into 3D structures we designed a
rectangular molecular panel 14 which has four exodentate
coordination sites. As anticipated the molecular panel 14 upon
treatment with 1 was found to be in rapid equilibrium with
several products which constitute a dynamic library of box
structures. From the library we were able to isolate two box
structures: namely trimeric box 31 and tetrameric box 32 which
are minor products under normal conditions (Fig. 17).34

The trimeric molecular box 31 was isolated quantitatively
when a template such as biphenyl was suspended in a D2O
solution of 1 and 14 at 80 °C. The 1H NMR of the solution
showed two sets of signals: one set corresponds to triangular
box 31 (d 7–10) while the other set corresponds to biphenyl (d

Fig. 15 (a) Schematic representation of molecular paneling of 13 and (b)
structural drawings of 29, 30a and 30b.

Fig. 16 The X-ray structure of 29, side view (left) and top view (right).

Fig. 17 Schematic representation of molecular paneling of 14 to form 31 and
32 and (b) X-ray crystal structure of an isomer of 32.
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4.8–6.5). The biphenyl protons were significantly up-field
shifted due to the inclusion in the box and the integration of the
signals suggests that there are two biphenyl molecules per box.
Moreover the proposed formula is in agreement with ESI-MS
which shows five peaks at m/z 1502.9{[31·10NO3]2+},
982.1{[31·9NO3]3+}, 720.8{[31·8NO3]4+}, 564.3{[31·7NO3]5+}
and 460.3 {[31·6NO3]6+}.

Tetrameric box 32 was isolated as the major product when
ligand 14 was treated with 1 at 50 °C for four days in D2O–
CD3OD. In its 1H NMR spectrum a set of six signals were
observed in accord with D4h symmetry of 32, while CSI-MS of
its PF6 salt also supported the tetrameric box structure (m/z
1688.8 [32·13PF6]3+ and 1230.8 [32·12PF6]4+). Slow diffusion
of THF vapor into an H2O–CH3CN solution of 1 and 14 for a
few weeks resulted in single crystals suitable for X-ray analysis.
The crystal structure revealed the formation of an unexpected
structure that has the same composition as 32 but is composed
of two structural isomers of 14. The differences between
solution and solid-state structures could be due to the presence
of THF vapor that possibly shifted the equilibrium during the
crystallization. However, the formation of a similar box
structure in solution was not observed as it is rapidly isomerizes
into box structure 32.

The dynamic behavior of these box structures in solution was
studied by 1H NMR and CSI-MS. When the PF6 salt of trimeric
box 31·2(biphenyl) was dissolved in CD3CN the guest was
liberated immediately leaving empty 31. Interestingly monitor-
ing of this solution by 1H NMR and CSI-MS showed the
reorganization of trimeric box 31 into tetrameric box 32 in 24 h
and also revealed the presence of a pentameric box as a kinetic
intermediate during the reorganization process.

Conclusions
Here we have described a highly successful strategy, which we
term as molecular paneling, to construct various 3D-molecules
that resembles several existing polyhedra. We note the
following as advantages of using the concept of molecular
paneling to construct 3D-architectures.

The syntheses are very facile: most of the compounds
described here can be synthesized on a several gram scale in the
laboratory simply by mixing the components in water, and the
yield is quantitative in most cases.

This method provides the opportunity for the construction of
larger cage-like molecules with larger cavities. Such larger
cavities allow for the existence of isolated spaces which can be
used for chemical transformations as described for octahedral
cage 4.

The involvement of transition metals in the molecular
frameworks may lead to new properties (photo, redox, magnetic
and/or thermal).

Notes and references
1 Templating, Self-Assembly and Self-Organization, Exec. ed. J.-P.

Sauvage and M. W. Hosseini, Comprehensive Supramolecular Chem-
istry, ed. J.-M. Lehn, Chair ed. Pergamon Press, Oxford, 1995, vol. 9.
This volume includes excellent reviews of metal-associated self-
assembly. In particular, see the following: J.-P. Sauvage, C. Dietrich-
Buchecker and J.-C. Chambron, ch. 3; J. K. M. Sanders, ch. 4; P. N. W.
Baxter, ch. 5; E. C. Constable, ch. 6; M. Fujita, ch. 7; K. Biradha and M.
Fujita, in Advances in Supramolecular Chemistry, ed. G. W. Gokel,
Connecticut, vol. 6, p. 1–40.

2 R. W. Saalfrank, E. Uller, B. Demleitner and I. Bernt, Struct. Bonding
(Berlin), 2000, 96, 149; R. W. Saalfrank and I. Bernt, Curr. Opin. Solid
State Mater. Sci., 1998, 3, 407 and references therein.

3 P. Baxter, J.-M. Lehn and A. DeCian, Angew. Chem., Int. Ed. Engl.,
1993, 32, 69; P. N. W. Baxter, J.-M. Lehn, G. Baum and D. Fenske,
Chem. Eur. J., 1999, 5, 102; P. N. W. Baxter, J.-M. Lehn, B. O. Kneisel,
G. Baum and D. Fenske, Chem. Eur. J., 1999, 5, 113.

4 D. L. Caulder and K. N. Raymond, Acc. Chem. Res., 1999, 32, 975.
5 S. Leininger, B. Olenyuk and P. J. Stang, Chem. Rev., 2000, 100, 853;

P. J. Stang and B. Olenyuk, Acc. Chem Res., 1997, 30, 502.
6 C. M. Hartshorn and P. J. Steel, Inorg. Chem., 1996, 35, 6902; C. M.

Hartshorn and P. J. Steel, Chem. Commun., 1997, 541.
7 S. R. Batten and R. Robson, Angew. Chem., Int. Ed., 1998, 37, 1461.
8 A. Ikeda, M. Yoshimura, H. Udzu, C. Fukuhara and S. Shinkai, J. Am.

Chem. Soc., 1999, 121, 4296.
9 M. Fujita, J. Yazaki and K. Ogura, J. Am. Chem. Soc., 1990, 112, 5645;

M. Fujita, J. Yazaki and K. Ogura, Tetrahedron Lett., 1991, 32, 5589;
M. Fujita, J. Yazaki and K. Ogura, Chem. Lett., 1991, 1031; M. Fujita,
O. Sasaki, T. Mitsuhashi, T. Fujita, J. Yazaki, K. Yamaguchi and K.
Ogura, Chem. Commun., 1996, 1535.

10 R. W. Gable, B. F. Hoskins and R. Robson, J. Chem. Soc., Chem.
Commun., 1990, 1677; M. Fujita, Y. J. Kwon, S. Washizu and K. Ogura,
J. Am. Chem. Soc., 1994, 116, 1151.

11 P. J. Stang and D. H. Cao, J. Am. Chem. Soc., 1994, 116, 4981; P. J.
Stang and B. Olenyuk, Acc Chem Res., 1997, 30, 502.

12 A. W. Maverick and F. E. Klavetter, Inorg. Chem., 1984, 23, 4129;
A. W. Maverick, S. C. Buckingham, Q. Yao, J. R. Bradbury and G. G.
Stanley, J. Am. Chem. Soc., 1988, 108, 7430.

13 M. Fujita, D. Oguro, M. Miyazawa, H. Oka, K. Yamaguchi and K.
Ogura, Nature, 1995, 378, 469.

14 R. Wyler, J. de Mendoza and J. Jr. Rebek, Angew. Chem., Int. Ed. Engl.,
1993, 32, 1699; J. Jr. Rebek, Chem. Soc. Rev., 1996, 255.

15 L. R. MacGillivray and J. L. Atwood, Nature, 1997, 389, 469; G. W.
Orr, L. J. Barbour and J. L. Atwood, Science, 1999 285, 1049.

16 L. R. MacGillivray and J. L. Atwood, Angew. Chem., Int. Ed., 1999, 38,
1019; M. J. Wenninger, Polyhedron Models, Cambridge University
Press, New York, 1971.

17 F. Ibukuro, T. Kusukawa and M. Fujita, J. Am. Chem. Soc., 1998, 120,
8561.

18 (a) M. Fujita, S.-Y. Yu, T. Kusukawa, H. Funaki, K. Ogura and K.
Yamaguchi, Angew. Chem., Int. Ed., 1998, 37, 2082; (b) S.-Y. Yu, T.
Kusukawa, K. Biradha and M. Fujita, J. Am. Chem. Soc., 2000, 122,
2665.

19 K. Umemoto, K. Yamaguchi and M. Fujita, J. Am. Chem. Soc., 2000,
122, 7150.

20 N. Takeda, K. Umemoto, K. Yamaguchi and M. Fujita, Nature, 1999
398, 794.

21 K. Umemoto, K. Biradha and M. Fujita, manuscript in preparatipon.
22 T. Kusukawa and M. Fujita, Angew. Chem., Int. Ed., 1998, 37, 3142.
23 T. Kusukawa, M. Yoshizawa and M. Fujita, submitted.
24 T. Kusukawa and M. Fujita, J. Am. Chem. Soc., 1999, 121, 1397.
25 J.-M. Lehn, Pure Appl. Chem., 1978, 50, 871.
26 H. Ito, T. Kusukawa and M. Fujita, Chem. Lett., 2000, 598.
27 D. J. Cram and J. M. Cram, Container Molecules and Their Guests,

Royal Society of Chemistry, Cambridge, UK, 1995; D. J. Cram, Nature,
1992, 356, 29; R. Warmuth and M. A. Marvel, Angew. Chem., Int. Ed.,
2000, 39, 1117.

28 M. Yoshizawa, T. Kususkawa, M. Fujita and K. Yamaguchi, J. Am.
Chem. Soc., 2000, 122, 6311.

29 R. H. Baney, M. Itoh, A. Sakakibara and T. Suzuki, Chem. Rev., 1995,
95, 1409.

30 B. F. Abrahams, B. F. Hoskins and R. Robson, J. Am. Chem. Soc., 1991,
113, 3606; B. F. Abrahams, B. F. Hoskins, D. M. Michail and R.
Robson, Nature, 1994, 369, 727; C. V. K. Sharma, G. A. Broker, J. G.
Huddleston, J. W. Baldwin, R. M. Metzer and R. D. Rogers, J. Am.
Chem. Soc., 1999, 121, 1137; C. M. Drain, R. Fisher, E. Nolen and J.-M.
Lehn, J. Chem. Soc., Chem. Commun., 1993, 243; P. J. Stang, J. Fan and
B. Olenyuk, Chem. Commun., 1997, 1453.

31 N. Fujita, K. Biradha, K. Yamaguchi and M. Fujita, submitted.
32 S. Iijima, Nature, 1991, 354, 56; A. Harada, in Modular Chemistry, ed.

J. Michl, Kluwer Academic Publishers, Dordrecht, The Netherlands,
1997, p. 361; J. D. Hartgerink, T. D. Clark and M. R. Ghadiri, Chem.
Eur. J., 1998, 3, 1367.

33 M. Aoyagi, K. Biradha and M. Fujita, J. Am. Chem. Soc., 1999, 121,
7457.

34 Y. Yamanoi, Y. Sakamoto, T. Kusukawa, M. Fujita, S. Sakamoto and K.
Yamaguchi, J. Am. Chem. Soc., 2001, 123, in press.

518 Chem. Commun., 2001, 509–518



 

Phase-transfer synthesis of novel water-soluble gold clusters with tripodal
thioether based ligands

W. Matthias Pankau,a Karen Verbist†b and Günter von Kiedrowski*a

a Lehrstuhl für Bioorganische Chemie, Ruhr-Universität-Bochum, 44780  Bochum, Germany.
E-mail: kiedro@ernie.orch.ruhr-uni-bochum.de

b EMAT, University of Antwerp, Groenerborgerlaan 171, B-2020 Antwerp, Belgium

Received (in Cambridge, UK) 7th November 2000, Accepted 24th January 2001
First published as an Advance Article on the web 28th February 2001

Tripodal, water-soluble thioethers based on 1,3,5-trisme-
thylbenzene scaffolds are suitable ligands for the Au55
cluster.

The so called ‘Schmid-cluster’,1 Au55(PPh3)12Cl6, has stimu-
lated many different areas of chemistry ranging from catalysis
research2 to the concept of nanocrystals3,4 and quantum
electronics.5 Monofunctionalized water-soluble derivatives of
the cluster are commercially available and have found numer-
ous applications as TEM markers for biomolecules.6 We have
recently reported on trisoligonucleotidyls,7 a novel class of
branched oligonucleotides that can be used for an informational
self assembly of defined nanometer sized objects. TEM imaging
of such objects proved to be successful in those cases where
heating steps involving oligonucleotide gold conjugates could
be avoided. The exploration of general strategies for the non-
covalent synthesis of nanoobjects, however, requires sufficient
thermal stability of the TEM markers, especially if one
conceives a chemical replication of such nanoobjects.

We report here on the synthesis8 and preliminary character-
isation of water-soluble gold clusters bearing tripodal thioether
based ligands 1–6 (Fig. 1). The rationale behind these ligands,
shown in Fig. 2, relates to the general ideas of symmetry-based
host design as outlined by MacGillivray and Atwood.9 The Au55
cluster core may be described as a cuboctahedron whose surface

is composed of eight edge-connected triangles (111) and six
squares (110). As such, Au55 is expected to bind four tripodal
ligands if the binding mode of the ligands is comparable to the
Schmid cluster where the 12 triphenylphosphanes most likely
occupy the edges of the cuboctahedron. The affinity of C3-
symmetrical thioethers towards the (111) gold surface has
already been reported in the context of self assembled
monolayers.10 Molecular modelling studies suggested that tris-
thioethers derived from 1,3,5-trismethylbenzene scaffolds are
suitable candidates for tripodal binding as they seem to match
the geometric requirements for covering the (111) triangles of
Au55. A model of the Au55 core surrounded by ligand 1 is shown
in Fig. 3.

Ligands 1–6 were tested for their ability to extract gold into
the aqueous phase from a solution of the triphenylphosphane
cluster in methylene chloride, a method used previously by
Schmid et al.11 to exchange the ligand into monosulfonated
triphenylphosphane. The degree of phase transfer was mon-
itored from the partition of the brown color after stirring the
two-phase system for varying periods of time. Complete phase
transfer resulting in an decolorization of the organic phase was
achieved with ligand 6 after 16 h and with ligands 1 and 4 after
7 days (in buffered12 solution or when using the sodium salt
respectively). Extraction using the other ligands (2, 3 and 5) did
not show any phase transfer. The absence of remaining
triphenylphosphane ligands was shown by NMR investigation
of the precipitated and redissolved clusters with ligands 1, 4 and
6 (in D2O). In all cases neither signals of the phosphane
aromatics (in 1H NMR) nor P resonance signals could be
detected. The clusters were precipitated from the aqueous phase
by addition of propan-2-ol and purified by cycles of dissolution
in water and reprecipitation with the alcohol. The solvent was

† Present address Soft Imaging System GmbH, Hammerstr. 89, 48153
Münster, Germany.

Fig. 1 Structures of examined thioethers.

Fig. 2 Proposed cuboctahedron geometry of the Au55 cluster and some
possibilities of coverage with multidentate ligands.

Fig. 3 Computational model structure of the ligand 1 cluster complex.
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evaporated in vacuo at room temperature, yielding a brownish
powder. Elemental analyses were carried out with the cluster
bearing ligand 1 as its sodium salt13a or with trishydroxy-
methylaminomethane (TRIS) as counter ion.13b The results
suggest a ratio of four ligand molecules (with counter ions) per
Au55Cl6 core.

Dynamic light scattering/photon correlation spectroscopy
(PCS) proved to be a quick and comfortable method for
studying the size distribution of the clusters. The mean
diameters (and half value widths) were 2.6 ± 0.34 nm for
clusters with ligands 1 and 4 and 2.8 ± 0.20 nm for ligand 6,
respectively. These data are not incompatible with the assump-
tion of an Au55 core if one considers the hydrodynamic radius
estimated from PCS is affected by the nature and solvation
properties of the ligands. For ligand 1 the distribution of cluster
core sizes was further monitored using high resolution TEM
(400 kV). A fairly uniform size distribution with a mean
diameter of 1.4 nm was found. The cluster preparations were
stable in aqueous solution for weeks at ambient temperature,
before slow aggregation to larger colloids and precipitation
occurs, hinting at their high kinetic stability. A sample that was
stored in aqueous solution at room temperature for 70 days still
showed a very narrow size distribution (diameter ca. 1.4 nm)
according to TEM (Fig. 4).

Gel electrophoresis using 1% agarose gel proved applicable
to investigate the charge, uniformity and kinetic stability of the
different clusters. The agarose gel of clusters with ligands 1 and
4 reveals a discrete brownish band moving to the anode. Its
appearance in terms of broadness is comparable to bromophenyl
blue hinting at its uniformity and proving the expected anionic
character of the cluster. Under the same conditions, the clusters
formed from ligand 6 did not show any mobility, as expected for
neutral ligands, if the six chloride ions are tightly bound to the
cluster core, with only diffusive broadening at the flanks of the
gel pocket being observed.  Furthermore, clusters from ligands
1 and 4 show only little smearing of the electrophoresis band so
revealing their kinetic stability. All attempts to establish the

molecular weight of the clusters by MALDI-TOF mass
spectroscopy have failed so far.

To the best of our knowledge, this work represents the first
examples of the utilisation of tripodal ligands and on the use of
thioether ligands for the preparation of gold clusters. Future
approaches towards the synthesis of stable, water soluble,
biocompatible and monofunctionalizable gold clusters may
now employ peptide chemistry for further sealing and packag-
ing of Au55 cores.

We thank Deutsche Forschungsgemeinschaft (SFB 452) for
support, Degussa-Hüls AG for the generous gift of tetra-
chloroauric acid, and G. Schmid for a sample of
Au55(PPh3)12Cl6.
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Treatment of planar-chiral cyclopentadienyl–phosphine ru-
thenium complexes with phosphine and phosphite induces
metal-centered chirality with a high stereoselectivity (699 %
de).

Planar-chiral cyclopentadienyl (Cp) complexes generated by
coordination of unsymmetrically substituted Cp ligands to
metal atoms have attracted much attention as novel asymmetric
catalysts.1 Although planar-chiral Cp complexes of early
transition metals have been applied to asymmetric reactions
with high selectivities, limited numbers of studies on such types
of complex involving late transition metals are found in the
literature. We have been investigating the synthesis, optical
resolution and properties of planar-chiral organometallic com-
plexes of Group 8 metals with trisubstituted Cp ligands.2
Recently we prepared planar-chiral Cp–phosphine ruthenium
complexes 1,3 which may serve as a good asymmetric
environment around the ruthenium atom to prevent the rotation
of the trisubstituted Cp ring by an anchor phosphine.4 Now we
examined the efficiency of the planar-chiral Cp–phosphine
ligand on the induction of metal-centered chirality since the
control of stereochemistry at a metal center is very important to
develop highly enantioselective reaction using three-legged
piano-stool complexes.5

Significant numbers of attempts to induce metal-centered
chirality in three-legged piano-stool complexes have been
found in the literature.6 However, successive examples of the
control of metal-centered chirality with a high selectivity are
still limited. Very recently, with planar-chiral Cp and indenyl
Rh and Ir complexes having anchor phosphine ligands it has
been shown that the metal-centered chirality is induced by
oxidative addition to the metal with high stereoselectivities.7
Herein we report the thermodynamically or kinetically con-
trolled induction of metal-centered chirality in the ligand
exchange reactions of planar-chiral Cp–phosphine Ru com-
plexes with various phosphines and phosphites.

Treatment of complex 1a with 1.1 equiv. of PPh3 in acetone
at room temperature resulted in the replacement of one of the
two MeCN ligands to give complex 2a in quantitative yield.
Resulting complex 2a contained two diastereomers, each of
which consists of a pair of enantiomers when racemic 1a was
used as the starting material (Scheme 1). Thus, the stereo-
selectivity at a chiral metal center was appraised by the ratio of
the major diastereomer (2a-1) to the minor one (2a-2). 1H and
31P NMR spectra of 2a clearly showed that the diastereo-
selectivity was 52% de. Fortunately, single crystals of 2a-1
were able to be grown in a CH2Cl2–ether solution of a mixture
of the two diastereomers. The stereochemistry of 2a-1 was
unequivocally identified by X-ray crystallography to be S1CSRu/
R1CRRu as shown in Fig. 1.‡

The stereoselectivity was then examined for the reactions of
1a–1c with phosphines and phosphites (Table 1), and it was

found that the selectivity depends upon the steric bulkiness of
incoming phosphines and phosphites, and of the substituents on
the Cp group. In the reactions with bulky phosphines, such as
PPh3 and PBu3, the selectivities were higher than those with
smaller ones such as PMe3. The reaction of complex 1c having
a t-butyl group on the Cp ring gave products with a high
selectivity relative to those for complexes 1a and 1b. Thus, the
reactions of 1c with bulky phosphines and phosphites (entries
11, 12 and 14) produced single diastereomers exclusively
( > 99% de). The X-ray analyses of major products 2d-1, 2f-1,
2h-1, 2m-1, 2n-1 and 2o-1 revealed that all of them have the
same stereochemistry as that of 2a-1.†‡§ Similar reactions of
planar-chiral Ru complexes 3 involving a P(OMe)3 ligand
instead of an anchor phosphine one were performed (Scheme 2,
Table 2). Although the yields of products 4 were high, the

† Electronic supplementary information (ESI) available: crystal data and
ORTEP diagrams for complexes 1a, 2d-1, 2f-1, 2h-1, 2m-1, 2n-1 and 2o-1.
See http://www.rsc.org/suppdata/cc/b0/b009412i/

Scheme 1 Reagents and conditions: i, acetone, room temp., 3 h.

Fig. 1 Molecular structure of complex 2a-1·2CH2Cl2. Hydrogen atoms, a
counter anion and a solvent molecule are omitted for clarity.
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diastereoselectivities were very low ( < 34% de) relative to
those of 2, suggesting that the anchor phosphine ligand has an
important role in control of the stereochemistry at the metal
center.

It should be noted that complexes 2a-1 and 2f-1 slowly
isomerized into minor isomers 2a-2 and 2f-2, respectively, in
acetone at room temperature. For example, diastereomerically
pure complex 2a-1 was converted into a mixture of complexes
2a-1 and 2a-2 in a 74:26 ratio (48% de), which is almost the
same diastereoexcess as that observed for the reaction of 1a
with PPh3. Since easy replacement of the MeCN ligands in 2a-1
and 2f-1 with CD3CN was confirmed by means of 1H NMR, the
selectivities in these cases must be determined by the thermo-
dynamic stability of the products. On the other hand, no
epimerization at a metal center as well as no exchange of MeCN
with CD3CN were observed in other major products 2-1 in
solution. These results strongly suggest that the selectivities of
products 2, except for 2a and 2f, were controlled kinetically.
The kinetic preference of S1CSRu/R1CRRu isomers to S1CRRu/
R1CSRu ones can be reasonably explained considering the
stereochemistry of intermediate 5 as shown in Scheme 3.
Ligand exchange reactions would proceed via unsaturated
species 5, which is generated by dissociation of MeCN from 1.
Coordination of incoming phosphines or phosphites from side
(a) gives (S1CSRu/R1CRRu)-2, while coordination from side (b)
produces (S1CRRu/R1CSRu)-2. The structures of planar-chiral
ruthenium complexes with Cp–phosphine ligands including
starting complex 1a‡ clearly show that the attack of phosphines
to the ruthenium center receives steric hindrance caused by the
equatorial phenyl group and the substituent (R) on the Cp group.
Thus, the attack from side (a) must be faster than that from side

(b), resulting in the selective formation of (S1CSRu/R1CRRu)-2.
This explanation is in good agreement with the steric influence
of incoming phosphines and the substituents on the Cp group
upon the selectivity of the reactions (vide supra).

In summary, we have disclosed here the first example of the
kinetic control of metal-centered chirality by planar-chirality of
the Cp group in the three-legged piano-stool complexes. Since
the resulting complexes are conformationally stable, they may
be applicable to novel asymmetric catalysts.
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Table 1 Reactions of complexes 1a–1c with phosphines and phosphites

Entry Complex PRA3 Product
Yield
(%)a % dea

1 1a (R = Me) PPh3 2a 100 52b

2 1a PBu3 2b 100 92
3 1a PMe3 2c 100 64
4 1a P(OPh)3 2d 100 38b

5 1a P(OMe)3 2e 100 40
6 1b (R = Ph) PPh3 2f 100 80b

7 1b PBu3 2g 96 86
8 1b PMe3 2h 100 46b

9 1b P(OPh)3 2i 100 42
10 1b P(OMe)3 2j 100 44
11 1c (R = But) PPh3 2k 91 > 99
12 1c PBu3 2l 100 > 99
13 1c PMe3 2m 100 70b

14 1c P(OPh)3 2n 100 > 99b

15 1c P(OMe)3 2o 96 82b

a Determined by 1H and 31P NMR spectroscopy. b The structures of major
products were determined by X-ray crystallography.

Scheme 2 Reagents and conditions: i, 1.1 PPh3, acetone, room temp.,
3 h.

Table 2 Reactions of complexes 3a–3c with phosphines

Entry Complex Product Yield (%)a % dea

1 3a (R = Me) 4a 92 28
2 3b (R = Ph) 4b 100 2
3 3c (R = But) 4c 100 34

a Determined by 1H and 31P NMR spectroscopy.

Scheme 3
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New procedures based on the oxidation by bromine-
catalysed hydrogen peroxide in a two-phase system provide
simple and cheap transformations of alkylamines to car-
bonyl derivatives (aldehydes, ketones, carboxylic acid,
imides, lactams) through the corresponding acetamides.

Classical rearrangement reactions, such as the Hofmann1,2 and
Curtius1,3 rearrangements, allow the transformation of car-
boxylic acids to amines through the corresponding amides or
acyl azides [eqn. (1)], while the Beckmann4,5 rearrangement
involves the formation of amides from ketones through the
oximes [eqn. (2)].

(1)

(2)

In this Communication we report a new simple oxidation
procedure, which allows the reverse transformation of alkyl-
amines to carboxylic acids, aldehydes, ketones and imides
through the intermediates acetamides [eqn. (3)].

(3)

Recently we have reported6,7 simple and highly selective
methods for the oxidation of primary alcohols to either
aldehydes or esters, depending on the benzylic or aliphatic
nature of the alcohol, by bromine-catalysed H2O2 [eqns. (4) and
(5)].

(4)

(5)

The selectivity of these reactions is determined by the relative
rates of hydrogen abstraction by bromine atom from the alcohol
(k4) and from the corresponding aldehyde (k5). For benzylic
alcohols k4 > k5 and the reaction gives high selectivity in
aldehyde with complete conversion, whereas for non-benzylic
alcohols k4 < < k5 and the oxidation gives high selectivity in
esters even at very low conversion, without formation of a
significant amount of aldehydes.

Aliphatic amines, in principle, should be more reactive, both
for enthalpic and polar reasons, than the corresponding alcohols
towards hydrogen abstraction by Br·. The acidic medium,
however, deactivates the amines by protonation, which reverses
the polar effect and increases the strength of the C–H bonds in

the a-position. To avoid this limitation we have investigated the
bromine-catalysed H2O2 oxidation of the corresponding acet-
amides.

With primary alkyl groups, the carboxylic acid was easily
obtained, but when the primary alkyl group was benzylic the
corresponding aldehyde was formed instead, with good
selectivity at complete conversion. A free-radical chain is
involved according to Scheme 1.

Also in this case, as for alcohol oxidation, the selectivity was
determined by the relative rates of hydrogen abstraction by Br·
from the amide (ka) or from the aldehyde (kAa). Since ka > kAa for
R = aryl, while ka < < kAa for R = alkyl, an opposite behaviour
is observed in the two cases. Polar and enthalpic effects, due to
the different electronic configurations of the alkyl (p-type) and
acyl (s-type) radicals,8 determine this different reactivity, as
previously6,7 discussed for the oxidation of alcohols.

With secondary alkyl groups the corresponding ketones were
obtained, but under the reaction conditions a partial bromination
of the ketones occurs; conversion and selectivity are low with
cyclohexyl derivatives, due to the particular ease of bromination
of cyclohexanone, compared to acyclic ketones.9

By-products of the oxidation according to Scheme 1 are the
imides, formed by further oxidation of a-hydroxyamides before
cleavage. In any case, imides can be easily hydrolysed, so that
high overall yields of carboxylic acids can be obtained by
refluxing the acidic reaction mixture; under the reaction
conditions (room temperature) the imides are not substantially
hydrolysed, supporting the mechanism of Scheme 1 for the
formation of carboxylic acids.

With cyclic amines, such as 1 and 2, the higher stability of a-
hydroxyamides leads to the corresponding imides 3 and 4 with
high yields and to the corresponding lactams 5 and 6 by
hydrolysis [eqns. (6) and (7)].

(6)

Scheme 1
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(7)

The reactions, carried out in a two-phase system (H2O–
ClCH2CH2Cl), are initiated by ambient light and the active
oxidant is Br2, which acts in the organic phase; the formed HBr
is extracted by the aqueous phase and oxidised to Br2 by H2O2
making the process catalytic in Br2. Two procedures were
utilised as reported in Table 1. In both cases the overall process
is catalytic in Br2, but a higher concentration of Br2 makes the
overall process faster; an aqueous solution of HBr and H2O2 can
be utilised instead of Br2 in a two-phase system. Procedure a)
gives better results for the synthesis of carboxylic acids because
a higher concentration of Br2 accelerates the oxidation of a-
hydroxyamides to imides, while procedure b) is more suitable
for the synthesis of ketones, which consumes the catalytic

amount of Br2 by electrophilic bromination and inhibits the
free-radical oxidation.
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Table 1 Oxidation of R1R2NCOMe (1 mmol) by H2O2 and Br2 in a two-phase system (H2O–DCEa)

# R1 R2 Br2/mmol
H2O2/
mmol

Solvent ml
H2O–DCE Conv. % Reaction products (%)

1b n-C4H9 H 0.4 1.8 1/4 > 99
Carboxylic acid (68)
Imide (26)

2b n-C6H13 H 0.4 1.8 1/4 97
Carboxylic acid (72)
Imide (24)

3b Me2CH-CH2 H 0.4 1.8 1/4 95
Carboxylic acid (63)
Imide (25)

4b n-C12H23 H 0.4 1.8 1/4 98
Carboxylic acid (72)
Imide (23)

5b n-C4H9 n-C4H9 0.8 3.6 1/4 98
Carboxylic acid (66)
Imide (28)

6b n-C6H13 n-C6H13 0.8 3.6 1/4 92
Carboxylic acid (61)
Imide (23)

7c n-C4H9 H 2.2 — 4/8 > 99
Carboxylic acid (48)
Imide (45)

8c n-C6H13 H 2.2 — 4/8 > 99
Carboxylic acid (47)
Imide (48)

9c n-C12H23 H 2.2 — 4/8 96
Carboxylic acid (44)
Imide (43)

10d n-C4H9 H
HBr
4.4

H2O2

2.2 4/8 93
Carboxylic acid (46)
Imide (44)

11c Me2CH-n-C5H11 H 1.3 — 4/8 95
Ketone (70)
a-Br-ketone (12)

12c (n-Bu)2CH H 1.3 — 4/8 93
Ketone (69)
a-Br-ketone (13)

13c Ph-CH-Me H 1.3 — 4/8 > 99
Ketone (73)
a-Br-ketone (13)

14c Cyclohexyl H 1.3 — 4/8 26
Cyclohexanone (49)
a-Br-cyclohexanone (51)

15c Cyclohexyl H 2.2 — 4/8 35
Cyclohexanone (46)
a-Br-cyclohexanone (53)

16b (n-Bu)2CH H 0.3 1 1/4 41
Ketone (56)
a-Br-ketone (41)

17d (n-Bu)2CH H
HBr
2.6 1.3 4/8 89

Ketone (71)
a-Br-ketone (12)

18c 1 1 2.2 — 4/8 98 3 (96)
19c 2 2 2.2 — 4/8 100 4 (95)
20b 2 2 1.2 0.8 1/1 100 4 (98)

21c PhCH2 H 0.5 — 2/2 49
Aldehyde (95)
Imide (5)

22c p-Me-C6H4-CH2 H 1.0 — 4/4 83
Aldehyde (81)
Imide (12)

23b p-Me-C6H4-CH2 H 0.3 1.2 1/6 96
Aldehyde (73)
Imide (4)

24d p-Me-C6H4-CH2 H
HBr
2.4 1.2 4/4 85

Aldehyde (82)
Imide (6)

25b p-Cl-C6H4-CH2 H 0.4 0.8 0.6/3 100
Aldehyde (89)
Imide (4)

a DCE = 1,2-dichloroethane. b Procedure: the aqueous solution of H2O2 was added dropwise to the mixture of the other reagents and solvents reported in
the Table, at rt and under effective stirring for 3 h. c Procedure: the mixture of the reagents and solvents reported in the Table 1 was effectively stirred for
3 h at rt. d Procedure: as in c but 2 mol of HBr and 1 mol H2O2 were used instead of 1 mol Br2. All the reaction products were known and characterised by
comparison with authentic samples (GLC-MS and NMR); quantitative yields were determined by GLC using as internal standards n-C7H15COOH for
carboxylic acids, p-MeO-C6H4-CHO for aromatic aldehydes, n-Pr-CO-Pr-n for ketones and n-C6H13CONHCOMe for imides.
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In contrast to the reactions of other primary phosphides with
Sn(NMe2)2, the reaction of MesPHLi with Sn(NMe2)2 results
in partial coupling of MesP groups in the product (which
contains the novel Sn(II) dianion [{(Sn(m-PMes)}2-
(MesP)2]22).

We recently showed that the heterometallic Sb(III) cage
[{Sb(PCy)3}3Li6] (Cy = C6H11) decomposes at relatively low
temperature (30–40 °C) into Zintl compounds containing the
Sb7

32 anion.1 The isolation of [CyP]4 from this ‘cage-to-alloy’
reaction suggests that the formation of P–P bonds (the strongest
homonuclear Group 15 bond) provides the thermodynamic
driving force.1 In related studies it was shown that probable
intermediates in the formation of E7

32 Zintl ions (E = As, Sb)
are cyclic anions of the type [(RP)nE]2.2,3 A key observation
was that the ease of formation of the Zintl compounds is
dependent (among other factors) on the nature of the R
substituent of the RP22 groups.3 Thus, reaction of MesPHLi
with As(NMe2)3 at room temperature in the presence of
TMEDA [ = (Me2NCH2)2] leads to rapid (1 h) formation of
As7Li3·3TMEDA, whereas prolonged reaction (12 h) of a range
of aliphatic primary phosphides with As(NMe2)3 under similar
conditions gives complexes containing [(RP)nAs]2 anions (n =
3 or 4), it being necessary to reflux these reactions in order to
effect formation of Zintl compounds.3 The synthesis and
structure of [{(Sn(m-PMes)}2(MesP)2]Li2·2TMEDA 2 reported
here provides the first evidence that the reactivity pattern
established for Group 15 phosphides has broader implications to
other p block elements.

In earlier studies we had observed that the reaction of
[SnNBut]4 with CyPHLi (1+6 equiv.) in thf gives the hetero-
metallic complex [{Sn(m-PCy)2}2(m-PCy)]2Li4·4thf 1, contain-
ing the metallacylic tetraanion [{Sn(m-PCy)2}2(m-PCy)]2

22.4
The impetus for further studies came with the surprising finding
that the same complex is also produced by the reaction of
Sn(NMe2)2 with CyPHLi in thf using a range of stoichiometries
(from 1+1.5 to 1+3 equiv., respectively) (Scheme 1).5 In fact
other aliphatic primary phosphides react similarly with
Sn(NMe2)2 in thf. For example, reaction of ButPHLi with
Sn(NMe2)2 gives [{Sn(m-PBut)2}2(m-PBut)]2Li4·4thf 2 (in ca.
60% yield), whose structure is essentially identical to 1.5
However, the analogous reaction of MesPHLi (Mes =
2,4,6-Me3C6H2) with Sn(NMe2)2 gives a radically different
result. The product isolated in the presence of the bidentate

donor TMEDA (addition of which was necessary to facilitate
crystallisation) is [{(Sn(m-PMes)}2(PMes)2]Li2·2TMEDA 3 (in
96% yield).† Some indication of the different outcome of the
reaction with MesPHLi is provided by room-temperature NMR
studies. In contrast to 1 and 2 where the two 31P NMR
environments are markedly different (e.g. d2180 and 2249 in
1), the P environments of 3 occur at very similar chemical shifts
(d2156.7 and 2157.5). In addition, the electronic environment
of the Sn centres in 3 (d2154.6) is clearly vastly different from
that found in 1 and 2 (ca. d +690).4 However, the Sn–P coupling
was poorly resolved in the spectra of 3 so that no information
concerning the connectivities of either nucleus within the core
of the complex could be gleaned.

The low-temperature X-ray structure of 3‡ shows that the
complex is an ion-paired species, arising from the association of
a [{(Sn(m-PMes)}2(PMes)2]22 dianion with two TMEDA
solvated Li+ cations (Fig. 1). In addition, there are two
molecules of toluene in the lattice for each molecule of 3.
Although only a few Sn(II) and Pb(II) complexes containing
RP22 ligands have been structurally characterised,4,6 (like 3)
the majority of these are ion-paired molecular species contain-

Scheme 1

Fig. 1 The heterometallic cage structure of 3. H atoms, lattice-bound toluene
molecules and the disorder about the –CH2CH2– groups of the TMEDA
ligands have been omitted for clarity. Key bond lengths (Å) and angles (°);
Sn(1)–P(1) 2.635(1), Sn(1)–P(2) 2.636(1), Sn(1)–P(4) 2.627(1), Sn(2)–P(1)
2.615(1), Sn(2)–P(3) 2.648(1), Sn(2)–P(4) 2.646(1), Li(1)–P(1) 2.518(8),
Li(1)–P(2) 2.596(7), Li(2)–P(3) 2.609(7), Li(2)–P(4) 2.533(7), P(2)–P(3)
2.186(2), Li(1,2)–N(1,2,3,4) range 2.090(8)–2.118(8); Sn(1)–P(1,2)–Sn(2)
mean 86.8, P(1)–Sn(1,2)–P(4) mean 90.6, P(1)–Sn(1)–P(2)/P(3)–Sn(2)–
P(4) mean 75.8, P(4)–Sn(1)–P(2)/P(4)–Sn(2)–P(3) mean 93.7, Sn–{P(2)–
P(3)} mean 99.8.
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ing Sn(II) phosphide anions coordinated to alkali or alkaline
earth metal cations. However, in none of these previous
examples has the formation of a P–P bond (via coupling of
RP22 anions) been observed. Of particular note in comparison
with 3, is the formation of [(Me3Si)PSn(m-PSiMe3)]2(Ca·2thf)2
in the reaction of [Ca{PSiMe3}2] with SnCl2.6b The latter
complex contains a [(Me3Si)PSn(m-PSiMe3)]2

42 tetraanion
whose framework can be regarded as related to the [{(Sn(m-
PMes)}2(PMes)2]22 dianion of 3 by 2e reduction and cleavage
of the P–P bond.

Examination of the bond lengths and angles found in the
bicyclic Sn2P4 core of 3 indicates that there is a considerable
amount of strain in this arrangement. Thus, although the Sn–P
bond lengths are similar to those found in the few structurally
characterised Sn(II) complexes containing RP22 ligands,6 these
bonds fall over a wide range of values [2.615(1)–2.648(1) Å]. In
addition, the Sn(II) centres adopt highly irregular pyramidal
geometries, with the P–Sn–P angles involved being in the range
75.75(3)–94.71(3)°. Clearly, the distortions found in the Sn2P4
core can be partly attributed to the geometric constraints
involved in the coordination of the MesPPMes ligand to the two
Sn centres of the Sn2(PMes)2 dimer unit. Some evidence for this
view is seen in the compression of the P–P bond of the
MesPPMes ligand [P(2)–P(3) 2.186(2) Å]; a value which is
significantly shorter than that observed for the ButPPBut groups
in the Sn(IV) complex [ClSn{ButPPBut}3SnCl]7) (2.237 Å).
However, the highly distorted geometry of the Sn(II) centres in
3 is primarily the result of the chelation of each of the pseudo-
tetrahedral Li+ cations by a P centre of the MesPPMes group
[Li(1,2)–P(2,3) mean 2.60 Å7] and by a MesP ligand [Li(1,2)–
P(1,4) mean 2.53 Å7] of the [{(Sn(m-PMes)}2(MesP)2]22

dianion. This coordination to the Li+ ions results in the
compression of the associated P–Sn–P angles [P(1)–Sn(1)–P(2)
and P(3)–Sn(2)–P(4) mean 75.8°; cf. 90.59(3)–94.71(3)° for the
remaining P–Sn–P angles].

In summary, the reactions of Sn(NMe2)2 with RPHLi (R =
Cy, But) and MesPHLi parallel those with Group 15 reagents
E(NMe2)3 (E = As, Sb, Bi) and a range of lithium primary
phosphides (RPHLi). In this context, the [{(Sn(m-
PMes)}2(PMes)2]22 dianion core of 3 can be regarded as the
Group 14 counterpart of the previously studied Group 15
[(RP)nE]2 anions. The [{(Sn(m-PMes)}2(MesP)2]22 anion of 3
has the potential to act as a multi-electron donor to a range of
main group and transition metal complexes, yielding a variety
of mixed-metal complexes. Furthermore, the thermolysis of 3
and similar complexes may lead to further P–P bond formation,
providing a route to Sn Zintl phases.

We gratefully acknowledge the EPSRC (A. D. B., A. D. W.)
and the Gottlieb Daimler- and Karl Benz-Stiftung (A. R.) for
financial support.

Notes and references
† Synthesis of 3: to a solution of MesPH2 (0.94 ml, 6.0 mmol) in toluene (20
ml) at 278 °C was added BunLi (4.0 ml, 6.0 mmol, 1.6 mol dm23 in
hexanes). Stirring at room temperature (1 h) produced a yellow precipitate

of the monolithiate. To this suspension at 278 °C was added a solution of
Sn(NMe2)2 (0.42 g, 2.0 mmol) in toluene (10 ml). Warming to room
temperature led to the formation of a red–orange precipitate which was
dissolved by the addition of TMEDA (1 ml, excess). Storage at 5 °C for 24
h gave orange crystalline blocks of 3. Spectroscopic and analytical studies
of 3 show that the toluene solvation found in the lattice is removed by
placing crystalline samples under vacuum (ca. 15 min, 1021 atm) during
isolation. Yield 1.04 g (96%). 1H NMR (400.16 MHz, d8-toluene, +25 °C),
d 6.92 (S, 8H, aryl C–H), 2.90 (s, 12H, 4-Me of Mes), 2.65 (s, 24H, 2,6-Me
of Mes), 1.97 (s, 24H, Me2N of TMEDA), 1.83 (br s, 8H, –CH2CH2– of
TMEDA). 31P NMR (161.98 MHz, d8-toluene, +25 °C, rel. 80% H3PO4–
D2O), d 2156.7 (s), –157.5 (s). 7Li NMR (155.55 MHz, d8-toluene, +25
°C), d 0.20 (s). 119Sn NMR (141.21 MHz, d8-toluene, +25 °C, rel. sat.
SnCl2–D2O), d 2154.6 (br s). Satisfactory (C,H,N) analysis was obtained
for 3(22toluene).
‡ Crystal data for 3: C62H92Li2N4P4Sn2, M = 1268.54, monoclinic, space
group P21/c, Z = 4, a = 21.4284(3), b = 13.5986(2), c = 22.9153(2) Å,
b = 94.644(9)°, V = 6655.51(15) Å3, m(Mo-Ka) = 0.884 mm21, T =
180(2) K. Data were collected on a Nonius KappaCCD diffractometer. Of
a total of 60891 reflections collected, 15148 were independent (Rint =
0.059). The structure was solved by direct methods and refined by full-
matrix least squares on F2. Final R1 = 0.053 [I > 2s(I)] and wR2 = 0.174
(all data).8 The –CH2CH2– groups of one of the TMEDA ligands are
disordered over two sites. This was modelled with 50% occupancy in each.
CCDC 156336. See http://www.rsc.org.suppdata/cc/b0/b010201f/ for crys-
tallographic data in .cif or other electronic format.
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The synthesis and characterization of zoned MFI films
consisting of intergrown TPA-silicalite-1 and ZSM-5 crys-
tals are described.

ZSM-5 is a zeolite which is used for shape selective acid
catalysis. However, it is only the internal sites that are shape
selective, the external sites are not. Various strategies have been
used to improve the ratio of shape selective sites to non-
selective sites. Large crystals have a higher ratio, but the
increased diffusional length reduces activity, and deactivation
can be more severe for larger crystals.1 Chemical vapour
deposition (CVD) of silica has been used to coat the external
surface in order to eliminate the external sites.2–5 However, the
pore opening size and the activity may be reduced if this method
is employed. A more elegant way to eliminate the external acid
sites would be to prepare a compositionally zoned zeolite
catalyst, i.e. to synthesize an inactive outer shell of aluminium
free silicalite-1 on aluminium-containing ZSM-5 crystals. The
pore openings would be unaffected if the channels propagate
continuously from the interior of the ZSM-5 catalysts and
through the external silicalite-1 shell. Materials that are claimed
to be zoned have been evaluated previously by adsorption and
catalytic testing.5–7 It has been shown that at least some of the
external acid sites of the materials were eliminated and shape
selectivity increased. However, extensive characterization by
means other than catalytic evaluation have not been carried out
to determine whether such materials truly consist of a
continuously propagating channel system through the composi-
tionally zoned regions. The present communication describes
the preparation and characterization of relatively thick zoned
zeolite films consisting of TPA-silicalite-1 and ZSM-5 layers on
quartz substrates. Such samples are well suited for character-
ization by techniques such as SEM, EDS and the preferred
orientation of the crystals can be evaluated by XRD in order to
elucidate the channel structure of the material. Additionally,
these materials themselves possess a potential for various
applications.7

A method employing seeding8 was used for preparation of the
zeolite films. TPA-silicalite-1 crystals with an average size of
60 nm were adsorbed on charge-reversed quartz substrates. The
seeded substrates were further used to synthesize three different
types of zeolite films (samples A, B, C). TPA-silicalite-1 films
(A) were prepared by hydrothermal treatment of the seeded
quartz substrate in a synthesis solution with a molar composi-
tion of 3 TPAOH+25 SiO2+1500 H2O+100 EtOH at 100 °C for
3 days.8 After the first synthesis step, the samples were rinsed
with a 0.1 M ammonia solution and a fresh synthesis solution
with the same composition was used for further hydrothermal
treatment. This sequence was repeated four times in total to
reach a crystallization time of 12 days. ZSM-5 films (B) were
prepared by hydrothermal treatment of the seeded quartz
substrate in a synthesis gel free from organic templates at
180 °C for 18 h.9 The molar composition of the gel was 30
Na2O+1 Al2O3+103 SiO2+4000 H2O. Zoned TPA-silicalite-
1/ZSM-5 films (C) were prepared by a two-step crystallization
procedure. In the first step, a TPA-silicalite-1 film was
synthesized in the same way as for sample A. In the second step,
the rinsed TPA-silicalite-1 film obtained from the first step was
hydrothermally treated in the same way as for sample B. After

completion of the two-step procedure the samples were rinsed
with a 0.1 M ammonia solution to remove sediments and
unreacted gel adsorbed on the film as described for sample B.

Fig. 1 shows SEM micrographs of the three samples. Fig. 1(a)
and (b) show the top- and side-view images of sample A. The
film thickness is ca. 2.8 mm and the texture is columnar. The
surface of the film is relatively smooth. Fig. 1(c) and (d) show
the top- and side-view images of sample B. The film consists of
well intergrown crystals of ZSM-5 with very well developed
crystal faces. The thickness of this film is ca. 3.4 mm. Fig. 1(e)
and (f) show the top- and side-view images of sample C. After
the second step, the morphology of the film has changed
completely. The surface of the film is no longer smooth as for
sample A, but well defined crystal faces constitute the surface,
as in sample B. The thickness of film is ca. 6.3 mm, which agrees
well with the sum of the film thickness of samples A and B. No
border can be seen between the two different layers of silicalite-
1 and ZSM-5 and the texture is still columnar.

The marker in Fig. 1(f) indicates the position of the EDS line
scan shown in Fig. 2 which shows the Al Ka and Si Ka signals.
The start of the EDS line scan at 0 mm in Fig. 2 corresponds to
the dot in Fig. 1(a) on the quartz substrate. The Si signal is
approximately constant over the quartz support and the zeolite,
indicating an equal amount of Si in the zeolite and quartz. The
Al signal from the support and the silicalite-1 film, (35) is not

Fig. 1 SEM micrographs of the films. Top-view image of sample A (a), side-
view image of sample A (b), top-view image of sample B (c), side-view
image of sample B (d), top-view image of sample C (e) and side-view image
of sample C (f).
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zero owing to the continuous background signal (no Al atoms
could be detected by EDS in sample A). The Al signal increases
abruptly after ca. 3 mm which agrees well with the silicalite-1
film thickness of sample A of ca. 2.8 mm. From the EDS
analysis the Si/Al ratio for the ZSM-5 layer was estimated to be
ca. 10, which is a quite low value for ZSM-5 and identical to one
reported previously.9

Fig. 3 shows X-ray diffraction patterns of samples A–C and
a purified bulk product powder sample from TPA-silicalite-1
film synthesis. The powder sample [Fig. 3(d)] was used as a
reference and considered to have a random orientation. It was
reported previously that the (501) peak dominates in the pattern
for TPA-silicalite-1 films with thickness of ca. 1.0 mm on
silicon wafers.8,10 However, in the pattern for sample A [Fig.
3(a)], the (303) peak dominates. This suggests that with
increasing crystallization time not only the film thickness
increases, but also the preferred orientation of the crystals
changes so that the (303) peak dominates in films with a
thickness of 2.8 mm. In the pattern for sample B [Fig. 3(b)], the
(133) peak is dominant, which is in agreement with previous
findings.8 In the pattern for sample C [Fig. 3(c)], two (303)
peaks, one from ZSM-5 and one from TPA-silicalite-1
dominate. Since the unit cell of ZSM-5 is larger than that of
TPA-silicalite-1, the ZSM-5 peak occurs at lower 2q.11 The
exact location of the (303) peaks was also determined by mixing
silicon powder with TPA-silicalite-1 powder and ZSM-5

powder prepared from the synthesis mixtures used for film
growth. The position of the (303) peak for ZSM-5 and for TPA-
silicalite-1 was 23.86 and 23.98°, respectively. The fact that the
(303) peak and not the (133) peak dominate in the zoned film
indicates that the orientation of the crystals in the ZSM-5 part of
the zoned films is controlled by the orientation of the TPA-
silicalite-1 crystals in the first film. In other words, according to
the XRD data, the TPA-silicalite-1 crystals in the first film
continue to grow to form the ZSM-5 film, resulting in a zoned
MFI film with a continuous channel system. Because the ZSM-
5 layer covers the TPA-silicalite-1, based on the thickness,
diffraction angle and absorption coefficient of the ZSM-5 film,
about 20% of the signal from the silicalite-1 film should be
absorbed by the ZSM-5 film. Also, the crystal size in the ZSM-5
film should be larger due to the continued growth of the crystals
in the silicalite-1 layer. Therefore, the (303) peak from the
ZSM-5 part should be more intense than from the TPA-
silicalite-1 part since the films have similar thickness. However,
Fig. 3(c) shows the opposite, i.e. the (303) peak from the ZSM-5
part is weaker than from the TPA-silicalite-1 part. This could be
due to somewhat lower crystallinity of the ZSM-5 layer in the
zoned film, which was also indicated by XRD data from
powders of ZSM-5 and TPA-silicalite-1 with similar crystal
size.

In summary, this communication presents a method for
preparation of zoned MFI type films containing TPA-silicalite-
1 and ZSM-5 layers. The most significant finding is that such
films are not only compositionally zoned but also appear to
consist of a continuously propagating channel system through
the zoned regions, according to SEM/EDS and XRD data. In
order to further verify that the channel system propagates
continuously, TEM studies of the interface of zoned films on
carbon fibres will be carried out and the results presented
elsewhere. The same general method can be used for the
preparation of zoned films with the reversed positioning of the
layers, i.e. silicalite-1 covering ZSM-5, which is of more
practical interest for preparation of catalysts free of external
sites as discussed in the introduction. Also, the preparation
method has been modified to synthesize zoned films with a non-
continuous channel system. Characterization results for these
zoned films will be presented in a subsequent publication.

The authors acknowledge the Swedish Research Council for
Engineering Sciences (TFR) for the financial support of this
work.
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Fig. 3 XRD patterns of sample A (a), sample B (b), sample C (c) and TPA-
silicalite-1 powder (d).
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The McMurry coupling of tris(5-formyl-2-thienyl)methanes
affords novel cage molecules which are bicapped with tris(2-
thienyl)methanes and where all the sulfur atoms of thienyl
groups direct inward.

Cage molecules have been attracting increasing attention from
the viewpoint of host–guest or supramolecular chemistry.1
There are a number of types in the basic skeleton of cage
molecules and one of such families is that of cage molecules
bicapped with triphenylmethanes (triphenylmethanophanes).2
Here we report on the first synthesis of cage molecules bicapped
with tris(2-thienyl)methanes 1a and 1b (trithienylmethano-
phanes) where the thiophenes are bridged with etheno groups
and the sulfur atoms are direct inward forming a three
dimensional cavity. Related three or two dimensional sulfur-
rich and unsaturated cyclophanes, macrobicyclic tetrathiafulva-
lene-bridged cage molecules or sulfur bridged annulenes have
been reported.3,4 Differing from triphenylmethanophanes, the
thienyl groups in trithienylmethanophanes act as either p-
electron donors, as aryl groups or electron-pair donors due to the
sulfur atoms.

For the synthesis of 1a and 1b we chose tris(2-thienyl)
methane 2 as the starting material because it has a number of
favorable features such as easy lithiation–alkylation at the
central methyl carbon (Ca-alkylation)5 and possible metalation
and functionalization at C5 of the thienyl groups in the Ca-
alkylation products. It has been reported that treatment of 2 with
BuLi–TMEDA in THF followed by addition of alkyl halides
selectively yielded Ca-alkylation products.5 In our case,
however, C5-alkylation appreciably competed against Ca-
alkylation under similar conditions and the separation of both
the products was difficult. We have found that treatment of 2
with BuLi (1.2 equiv.) in THF in the presence of an excess
amount (1.5 equiv.) of diisopropylamine (270 °C then rt)
followed by addition of alkyl halides provides a simpler
procedure as well as excellent selectivity for Ca-alkylation with
primary alkyl halides (Scheme 1).†6

Treatment of 1,1,1-tris(2-thienyl)ethane 3a, thus obtained by
methylation with methyl iodide, with five equivalents of BuLi
in THF and subsequent addition of excess DMF afforded, after
chromatographic purification on silica gel, trialdehyde 4a‡ in
64% yield from 2. Similarly hexyl compound 4b‡ was obtained
in 83% yield from 2 via 3b. The McMurry coupling7,8 of 4a
with low valent titanium in DME gave the trithienylmethano-
phane 1a‡ in 5–8% yield as a sole, readily isolable, yellow
crystalline substance. Trialdehyde 4b also gave 1b‡ in 7%
yield. Although 1a and 1b are stable at solid state and in neutral
solution, they slowly decomposed in CHCl3–CF3COOH (9+1
v/v) at rt when the effect of acid or encapsulation of proton in
the cavity was examined by means of NMR spectroscopy.

1H and 13C NMR spectra show a high symmetry of 1a and 1b
exhibiting only three proton-signals and six carbon-signals
besides the signals of the alkyl groups. The vicinal coupling
constants obtained from the 13C satellite signals of the olefin
protons of 1a (d 6.45, J13

C-H = 161.6 Hz, JH-H = 11.7 Hz) and
1b (d 6.50, J13

C-H = 161.4 Hz, JH-H = 11.9 Hz) indicate the cis
configuration of the three etheno bridges. The UV-vis absorp-
tions (325, 270 nm) are at slightly longer wavelengths than
those of cis-1,2-bis(2-thienyl)ethene (322, 250 nm).9 Inter-

Scheme 1 i, 5.0 eq. BuLi–THF, 0 °C, 2 h; ii, excess DMF (4a: 64%; 4b:
83%); iii, TiCl4, Zn, CuI–DME, rt, overnight ? reflux, 24 h (1a: 8%; 1b:
7%).

Fig. 1 ORTEP drawing (30% thermal ellipsoids) of the cage molecule 1a
(upper: side view; lower: viewed along the C3 axis). Selected bond lengths
(Å) and angles (°): C1–C2 1.523(5), C2–C3 1.369(5), C3–C4 1.403(5), C4–
C5 1.369(5), C5–C6 1.444 (5), C6–C7 1.330(5), S1–C2 1.712(4), S1–C5
1.715(4), C2–C1–C33 110.2(3), C5–C6–C7 130.5(3), C6–C7–C8 130.3(3),
C11–C32–C34 109.7(3).
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estingly, the mass spectra of the trithienylmethanophanes, in
particular the EI spectrum of 1b, suggest fair stability of
dealkylated monocation and dication showing strong peaks at
m/z 679 ([M 2 hexyl]+, 100%) and 297 ([M 2 2 3 hexyl]2+,
38%). Upon cyclic votammetry, 1b shows an irreversible
oxidation peak at +1.12 V (vs. Ag/Ag+, in 0.1 M Bu4N+ClO4

–/
CH3CN, ferrocene/ferrocene+ = 0.33 V).

Recrystallization of 1a from benzene–hexane afforded a
single crystal suitable for X-ray structure analysis.§ The X-ray
results establish the cage structure (Fig. 1) and reveal several
structural features of 1a. First, all the three etheno bridges have
cis configuration, as 1H NMR spectrum suggests, with con-
siderably widened bond angles (av. 131.0°). Second, all the
sulfur atoms of the six thienyl groups direct inward. Third, the
molecule thus has a three dimensional cavity, though rather
small, surrounded with six sulfur atoms, the cavity-size being
about 0.7 Å in diameter. The cavity might encapsulate a Cu(II)
ion. In a preliminary experiment, treatment of 1a with
Cu(ClO4)2·nAcOH in toluene–nitromethane precipitated dark
green powder which was sparingly soluble in organic sol-
vents.

In conclusion, the McMurry coupling of tris(5-formyl-
2-thienyl)methanes affords novel cage molecules bicapped with
tris(2-thienyl)methanes. The host–guest chemistry of 1a and 1b,
further synthetic utility of trialdehyde 4, and the synthesis of the
cage cations suggested by the mass spectra are in progress. In
addition, reductive desulfurization of trithienylmethanophanes
1 would form novel three dimensional hydrocarbons having a
bicyclo[10.10.10]dotriacontane skeleton, and such attempts are
also ongoing.

This work was supported by a Grant-in-Aids for Scientific
Research of Priority Area (No. 10146102) from the Ministry of
Education, Science, Sports and Culture, Japan.
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Inclusion of hydration in atomistic simulations of the zeolite
Goosecreekite allowed the determination of the most stable
structure, including the distribution of Al in the framework
and the position of extra-framework cations and water, and
highlight how hydration appears to control the framework
distribution.

The increasing use of zeolites in many branches of the chemical
industry and, in particular, for environmental pollution control,
demands a better understanding of the structure if we are to
optimise their application. For catalysis and ion exchange, the
number and location of aliovalent atoms in the framework and
the charge balancing species govern the performance of a
particular material. Thus, being able to determine and under-
stand the location of such species will allow us to produce
optimised compositions for specific applications. Whilst dif-
fraction methods can identify extra-framework cation (efc) sites
they often do not provide any accurate information on the
spatial distribution of framework atoms. Similarly, NMR
provides only short-range co-ordination of the framework Al
and Si. Thus, whist there are established ‘rules’ of Al
distribution in zeolites—Lowenstein’s and Dempsey’s rules—
there is little further detail available from experiment.1

Computational methods, based on interatomic potentials, are
well established in modelling the structure of zeolites:2 for
example, demonstrating an energetic basis for Lowenstein’s
rule.3 Recently, we have developed a methodology to study the
distribution of Al in the frameworks of low and medium Si/Al
zeolites.4–6 Whilst the results obtained are generally in excellent
agreement with experimental data on the siting of Al atoms, we
find that certain efcs shift away from experimental sites towards
the framework –  a consequence of the omission of water from
our models. We now wish to determine the role of water in
controlling both the distribution of Si and Al within the
framework and the location of efcs. The limited number of
theoretical studies of hydrated zeolites have considered only the
location and dynamics7–10 of water in fixed, ordered or
‘random’ distributions of Al.

Therefore, as a first step in modelling hydrated zeolites, we
consider here the mineral Goosecreekite (IZA code GOO).11

Experimentally, the material is found to have an ordered Al
distribution with a Si/Al of 3, providing a rigorous test of our
methodology4–6 for identifying stable Al distributions. Goose-
creekite has a three-dimensional channel structure with a
maximum pore opening of 4.7 3 2.9 Å.

We employ lattice energy minimisation techniques2 as
implemented in the program GULP.12 For the zeolite and efc
interactions we used the potential parameters described by

Jackson and Catlow,13 while the water related interactions were
taken from the work of de Leeuw et al.14,15 These water
potentials were originally derived for modelling of solvation at
ionic mineral surfaces (e.g. CaCO3). They are, therefore, more
suitable for simulations of hydrated zeolites (where the most
accurate models are also formally charged) than other water
potentials such as those derived for the modelling of proteins
and other biomolecules. They include a description of polarisa-
tion, which will be significant.

The Goosecreekite unit cell (Ca2Al4Si12O32) comprises eight
unique tetrahedral sites,11 each with a multiplicity of two. Six of
the sites are found to be occupied by Si (labelled Si1,
Si2,…Si6), the remaining two sites by Al (Al1 and Al2). We
therefore considered a total of 1820 different framework
configurations at the outset, with four Al distributed over the 16
sites. On the basis of our previous work4–6 we applied
Lowenstein’s rule and eliminated those related by symmetry
elements of the experimental11 space group P21, reducing the
number of structures considered to 89.

For the resulting minimised structures we calculated a
Boltzmann distribution probability (Table 1) at 600 K, which is
typical for volcanic mineral formation. We find that the most
stable calculated configuration (C1§) possesses an ordered Al
distribution, but that the Al is at the sites labelled Si3 and Si4.
The second most stable configuration, C2, (Fig. 1) does have the
experimental Al distribution, but is significantly less stable. We
also find significant differences in the location of the efc sites.

† Electronic supplementary information (ESI) available: structure of C1
with and without water and further illustration of the experimental structure.
See http://www.rsc.org/suppdata/cc/b0/b009623g/
‡ Also at the Computational and Theoretical Materials Science Group,
Faculty of Physics, University of Havana, Havana 10400, Cuba.

Table 1 The calculated most stable configurations for Goosecreekite
without water. Those configurations (of the 89 considered) with a
Boltzmann population (P) greater than 5% at 600 K are shown

Configuration Elatt per u.c./eV P (%) Al location

C1 21936.389 53.2 2 at Si3, 2 at Si4
C2 21936.345 22.5 2 at Al1, 2 at Al2
C3 21936.308 11.0 Si1, Si3, Si4, Al1
C4 21936.285 7.1 Si3, Si6, Al1, Al2

Fig. 1 The second most stable calculated structure (C2) of Goosecreekite
without water. The Al (spheres in framework) is located at the experimen-
tally found sites. The Ca2+ are two-fold co-ordinated to the framework and
are significantly displaced from the experimental sites (black crosses).
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In the most stable calculated configuration, C1, we find that the
Ca2+ are located along a, which are not observed experimen-
tally, and coordinate strongly to four framework oxygens.
Conversely, in C2 the Ca2+ are located close to the experimental
sites in the channel along [001]. However, these cations can
coordinate to only two framework oxygen atoms. We also note
the reduced lattice parameters (Table 2) compared with
experiment.

Although our methodology has successfully identified stable
configurations that are indeed very similar to experiment,
notable differences remain. In particular, the experimental
framework structure is not sufficiently stabilised by the
dehydrated cations (in the calculation) and as a consequence is
not the most stable configuration calculated. It is also clear that
there is considerable interplay between the location of Al and
the siting of the efc sites. Thus, we now need to consider
whether the omission of water from these calculations is
significant and responsible for the observed discrepancies.

We placed 10 water molecules11 in the unit cells of C1 and C2
and re-optimised the structures. On energy minimisation, we
now find that C2 is more stable than C1 by 0.32 eV per unit cell
(Table 2). Furthermore, the calculated structure is now in even
better agreement with experiment (Fig. 2, Table 2), with a
discrepancy of only 3.6% in the cell volume.

The cations in the calculated, hydrated C2 structure are now
located very close to the experimental sites, being 7-fold co-
ordinated to five H2O and two framework oxygens (Fig. 2), as
in experiment.11 Whilst the position and co-ordination of Ca2+

in C1 are also in good agreement with experiment, the efcs are

more distant from the AlO4 tetrahedra, which destabilises this
particular Al distribution. Thus, the role of water in influencing
the Si/Al distribution in this zeolite can be considered as a
combination of both electrostatic—screening the electrostatic
interaction between the efc and the framework—and steric
factors—preventing the efcs from occupying the smaller
channels. These effects are reflected in the changes in cell
volume (Table 2). A dramatic increase is seen in the cell volume
of C2 upon hydration, where water screens the electrostatics and
also occupies the same channels as the efcs. For C1, in contrast,
the efcs are in the small channels in the dehydrated structure,
whilst they move into the larger channels on hydration, resulting
in only a small overall change in cell volume.

Our results show how, once solvation is considered, our
methodologies and models are able to identify stable Si/Al
distributions as well as reproducing the extra-framework
structure of both cations and water. Agreement with the
experimental structure is excellent. The work clearly demon-
strates how water is critical, not only in stabilising the structure
but also in actually determining the position of efc sites and
framework Al distributions. The successful reproduction of the
extra-framework structure also shows that the water potentials
of de Leeuw et al.14,15 are suitable for simulations of hydrated
zeolites. Further evaluation of the water potential is underway,
as are studies of cation exchange.

Dr N. de Leeuw is thanked for providing us with the water
potentials prior to publication. Dr J. D. Gale is also thanked for
the provision of GULP. A. R. R. S. acknowledges the Royal
Society for a Postdoctoral Fellowship and the RSC for a Grant
for International Authors. We also thank the University of
Havana for an Alma Mater Research Grant.
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Table 2 The unit cell parameters for the two most stable calculated
structures, with and without water, are given and compared with
experiment. For each structure the cell angle a and g are calculated to be
90.00°. Experimentally, a = g = 90°

Elatt per
u.c./eV a/Å b/Å c/Å b/° V/Å3

Expt.11 7.401 17.439 7.293 105.44 907.3
C1 (dehyd.) 21936.389 7.358 16.124 7.092 110.31 853.5
C2 (dehyd.) 21936.345 7.409 17.036 7.155 109.10 789.1
C1 (hyd.) 22036.357 7.385 16.855 7.211 108.17 852.9
C2 (hyd.) 22036.598 7.398 17.017 7.236 106.38 874.0

Fig. 2 The most stable calculated structure of Goosecreekite with water (C2)
and the experimental unit cell (thin black lines with Al highlighted as tubes).
Highlighted in the right channel is the co-ordination sphere of the Ca2+. Also
shown in the left channel are the experimental water oxygen (black crosses)
and Ca2+ (black sphere) positions for comparison to the calculated sites
(tubular water and larger spheres).
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Benzyl 2-benzoyl-2-phenylpropanoate 1b subjected to het-
erogeneous hydrogenolysis conditions in the presence of
catalytic amounts of commercially available cinchonia
alkaloids as chiral protic source, led to (R)-1,2-diph-
enylpropanone with up to 71% ee, through a cascade
reaction involving deprotection, decarboxylation and asym-
metric tautomerization of enolic species.

Numerous diastereoselective methods exist in enol chemistry to
prepare linear ketones bearing an a-stereogenic centre: they use
various protecting groups as chiral auxiliaries1,2 or an alkylating
reagent having a chiral leaving group.3,4 Another efficient way
involves the asymmetric protonation of metal enolates gen-
erated from ketones5 or ketenes6 by stoichiometric quantities of
a chiral protic source. In some cases, these latter methods
become catalytic in chiral inducing entity,7,8 but meticulous
adjustments of the experimental conditions are then required.
The development of catalytic methods in asymmetric protona-
tion of open chain ketone enolates can be complicated by two
main factors: i) in contrast to ester or amide derivatives, these
simple enolates have no additional chelation sites able to
enhance the rigidity of a transition state in coordinating the
chiral protic source9 and ii) Z- and E-enolates can provide
similar10 or opposite4 enantiomers. Currently no rule can
predict the olefin configuration effect; thus, the preparation of a
single enol geometrical isomer is required and is difficult to
achieve.

We have shown that 2-carboxy-2-methyltetralone provided
optically active 2-methyltetralone in a two step reaction
consisting of a decarboxylation and an asymmetric protonation
of the resulting enolic species assisted by catalytic amounts of
enantiopure aminoalcohols.11 In acyclic series, a similar
methodology has been studied by Brunner’s group and was also
effective starting from malonic substrates12 [eqn. (1)]; fur-

(1)

thermore, this has been applied to the preparation of optically
active naproxen derivatives, the selectivity being higher,
starting from 2-cyano-2-arylpropionic acid13 than from
2-ethoxycarbonyl-2-arylpropionic acid.14

Using this methodology, we envisaged to prepare aliphatic
non racemic ketones. Since we have observed that solutions of
2-carboxy-2-methyltetralone where the acidic group is tertiary
were not stable at rt,11 we decided to start from protected b-
ketoacids. The acidic group was protected as benzylic ester as
the reductive cleavage of the benzyl group would allow a
gradual generation of the acid and of the enolic species. The
in situ generation of the intermediates under palladium–
aminoalcohol catalysis15 could improve both chemical and
optical yields. We present here our results [eqn. (2)].

(2)

In the first experiments, we applied the conditions previously
defined from cyclic substrates:15 to an acetonitrile solution of
substrate 1a† and chiral aminoalcohol (0.3 eq.) was added
palladium on charcoal (0.025 eq., Ref. 5011 from Engelhard
Company), then, H2 was continuously bubbled into the mixture
for the time indicated in Table 1. From the results assembled in

Table 1, it appears that ketone 2a was obtained with good
chemical yields but usually accompanied by alcohol 3a,16

which corresponds to an over-reduction of 2a, the amount of 3a
increasing slowly with the reaction time (runs 1 and 2). As
aminoalcohols, we used (2)-ephedrine (4) and aminoborneol
(5) which gave satisfying results from cyclic substrates,15 and
also cinchonia alkaloids 6 or 7 which afforded good enantio-
selectivities from malonic substrates.12–14 However these chiral
inducing entities led to poor enantioselectivities even in varying
the reaction temperature (Table 1); the results were not
improved by modifying the nature of the supported palladium
catalyst or the solvent (toluene and THF instead of acetoni-
trile).

Then we examined substrate 1b† where the benzyl group in
the 2-position was replaced by a phenyl substituent capable of
stabilizing the enolic species (Table 2). From this substrate
compared to 1a, the chemical yield of ketone 2b increased since
alcohol 3b was not produced. Again the use of 4 and 5 led to no
or low enantioselectivity (runs 11 and 12). In contrast, the
enantiomeric excess of 2b increased dramatically with cincho-

Table 1 Enantioselective hydrogenolysis–decarboxylation–tautomerization
from 1a

2a 3a

Run
AH*
0.3 eq. T °C Timea/h Yieldb(%)

ee
(config.)c Yiledb (%)

1 4 22 0.25 79 2 (S) 17
2 4 22 1 71 4 (S) 22
3 4 50 0.25 58 6 (S) 11
4 5 22 0.5 74 5 (S) n.d.d
5 5 50 0.25 60 10 (S) n.d.d
6 5 80 0.17 62 10 (S) n.d.d
7 6 0 7e 19 16 (S) n.d.d
8 6 22 1 89 10 (S) n.d.d
9 6 50 0.37 81 9 (S) n.d.d
10 7 22 1.1 82 5 (R) n.d.d

a Reaction time to reach full conversion of the substrate, as indicated by
TLC. b Isolated yields of purified products. c Enantiomeric excess deter-
mined by HPLC (column Daicel, Chiralcel OD; n-hexane–i-PrOH = 99+1,
0.6 mL min21, tr (R) = 14.1 min, tr (S) = 15.5 min, a = 1.2); configuration
determined by optical rotation comparison:2,17 [a]20

D = +5 (c 1 CHCl3,
eeHPLC = 10%). d Not determined. e Conversion: 35%.
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nia aminoalcohols; indeed we observed 49 and 56% ee with
cinchonidine (6) (run 13) and cinchonine (7) (run 14) re-
spectively. As these latter chirality inductors were insoluble in
acetonitrile, we studied the effects of the amount of 7 and of its
distribution in the medium. As expected, increasing the amount
of 7 from 0.3 (run 14) to 0.5 eq. (run 15) did not change the
selectivity. Dropping to 0.1 eq. the amount of 7 was not
detrimental to both chemical yield and ee (run 16). Adsorbing 7
on the supported catalyst by its dissolution in chloroform
followed by a solvent exchange allowed a slight increase of the
enantioselectivity, but a concomitant decrease of the reaction
rate (run 17). Switching from acetonitrile to THF led to a slower
reaction and a decreased ee (run 18). The best solvent for both
yield and ee was ethyl acetate, since ee could reach 71% for a
quantitative chemical yield (runs 19); even in the presence of
only 0.05 eq. of 7, ee remained high (68%, run 20). In this
solvent however, the adsorption of 7 on palladium on charcoal
was detrimental to the conversion without change of the ee.

Thus we have shown that, in spite of their non-fixed
geometry, enolic species corresponding to open chain ketones
could be asymmetrically protonated in using a catalytic amount
of commercial cinchonine, the one pot procedure starting from
1 being easily carried out.
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Heteropoly acids (HPA) have been immobilised inside the
channels of Si-MCM-41 mesoporous molecular sieve by
means of chemical bonding with amine groups introduced
into the system during a previous aminosilylation procedure,
which resulted in the strong anchoring of heteropoly anions
and prevented the HPA leaching when applied as a catalyst
in polar solvent media.

The encapsulation of heteropoly compounds of Keggin struc-
ture into the pores of a molecular sieve may provide an active,
stable catalyst. However, the anchoring of HPA into MCM-41
walls occurs by means of the interaction of the HPA acidic
protons with the silanol groups and results in the formation of
only very weak bonds between HPA and MCM-41. As a
consequence, leaching of heteropoly acid was always observed
when the HPA/MCM-41 system was applied in polar solvent
media.1–3 Our earlier reports3 and those of others4 have shown
that the generation of insoluble non-stoichiometric caesium or
ammonium salts of HPA inside the channels of the support
prevents leaching of active phase.

In the following study we utilised modification of the silica
gel surface with aminoalkoxysilanes, as reported by Vansant
and coworkers,5–7 in order to incorporate functional groups
inside the channels of the mesoporous molecular sieve which
would be able to react with heteropoly acid and form strong
bonds. According to the mechanism proposed by Vansant and
Van der Voort,6,7 aminosilane molecules, initially connected to
the silica surface via the amine groups, turn to display an amine-
upward position as a result of the so-called flip mechanism.6,7 It
seems probable that the exposed basic amine groups might react
with heteropoly acids to form the salt ·Si(CH2)3NH3·HPA,
which will be linked strongly to the modified surface.

Two samples of MCM-41 molecular sieves of different pore
size were synthesised using C14H29(CH3)3NBr [merystyl-
trimethylammonium bromide (MTMABr)] and
C16H31(CH3)3NBr [cetyltrimethylammonium bromide
(CTMABr)] as surfactants according to ref. 8. These samples
are denoted MCM-41-A and MCM-41-B, respectively.

After template removal the calcined materials were treated
with the aqueous solution of ammonium nitrate to remove the
sodium cations remaining after the synthesis. The samples were
calcined again at 400 °C under nitrogen. The aminosilylation
procedure was performed with g-aminopropyltriethoxysilane
(APTS) according to the procedure given in ref. 5 with some
minor modification. MCM–41 dehydrated at 400 °C was
contacted with a refluxing toluene solution containing 1%
APTS for 5 h. The resulting materials were filtered off, washed
with toluene and the remaining solvent removed under vacuum,
firstly at RT and then at 140 °C for 20 h. MCM-41 modified by
aminosilylation is denoted as ASIL/MCM-41 (A or B). The
modified samples (1 g) were treated with 60 mL of a refluxing
methanol solution containing 5% H6PMo9V3O40 for 3 h. After
this time the samples were allowed to cool and the solids
subsequently filtered off and washed four times with methanol.
Finally, the filtered samples were heated in vacuo at 100 °C to
remove the remaining methanol. The two resulting samples,
HPMoV/ASIL/MCM-41-A and HPMoV/ASIL/MCM-41-B
contained 10 and 30 wt% of HPMoV, respectively, the amount
of heteropoly acid immobilised in the MCM-41 channels being

estimated from analysis of the remaining methanol solution.
The presence of heteropoly anions in the modified systems was
also monitored by FTIR spectra.

We also introduced heteropoly acid (HPMoV) into MCM-
41-B (unmodified with aminotriethoxysilane) using exactly the
same procedure as for the modified sample. MCM-41-B after
impregnation with HPMoV from methanol solution (denoted
HPMoV/MCM-41-B) showed distinctive yellow colour indicat-
ing the introduction of heteropoly acid into the molecular sieve.
Washing the sample with methanol (four times) resulted,
however, in decoloration of the sample indicating removal of
the HPMoV. By contrast, the aminosilane modified matrix
releases very few Keggin units even after extraction with
boiling methanol. Only 0.8 wt% of HPA anchored in APTS
modified MCM-41 was removed after 2 h extraction with
boiling methanol, while 95 wt% of HPA was removed from the
unmodified support when treated with methanol at RT.

XRD patterns of MCM-41-A and MCM-41-B indicated that
mesoporous materials were obtained (Fig. 1, curve 1). The
APTS modified sample (ASIL/MCM-41-B) showed an XRD
pattern which was almost unchanged relative to the parent
MCM–41 matrix (Fig. 1, curve 2), while the XRD pattern of
ASIL/MCM-41-B modified with 30 wt% heteropoly acid
showed almost no reflectance in the low angle region (Fig. 1,
curve 3). The disappearance of XRD patterns characteristic of
the MCM structure has already been observed as a result of
introduction of a  relatively high number of HPA anions into
MCM-48 channels.9,10 The removal of heteropoly compound
from unmodified MCM-41-B upon rinsing with methanol
restored the XRD patterns characteristic of the MCM-41
structure (Fig. 1, curve 4). Considering that the heteropoly
anions introduced into APTS modified samples are firmly
connected to the MCM-41 by chemical bonds, destruction of the
amine group by relatively high temperature treatment (320 °C)
and subsequent removal of the HPA by washing with polar
solvents (methanol and water) was performed. Removal of
heteropoly anions from the MCM-41-B matrix restored the
XRD pattern which were very similar to that of the parent
MCM-41 sample (Fig. 1, curve 5).

Fig. 1 XRD patterns of the MCM–41 samples before and after modification.
1, parent MCM–41; 2, ASIL/MCM-41 (aminosilylated MCM–41); 3,
HPMoV/ASIL/MCM–41 (ASIL/MCM–41 modified with HPMoV); 4,
HPMoV/MCM–41 (unmodified MCM–41 impregnated with HPMoV and
subsequently rinsed with methanol); 5, HPMoV/ASIL/MVM–41 (after
HPMoV removal).
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BET surface areas and pore distributions were calculated
using N2 adsorption at 77 K (ASAP equipment, Micromeritics).
Aminosilylation and introduction of heteropoly anions affect
the surface area and pore distribution of the modified samples
significantly [Fig. 2(a) and (b)]. The parent MCM-41 samples
(A and B) show a maximum of  pore diameter at 22 and 25 Å
and surface areas of 1330 and 1000 m2 g21, respectively.
Aminosilylation of the molecular sieves results in a shift of the
pore maximum to lower diameters and a decrease of the pore
volume and surface area (ca. 720 m2 g21). Introduction of
heteropoly anions leads to a further decrease in surface area and
in pore volume. Taking into consideration the pore diameter of
the MCM-41 modified with APTS (Fig. 2), and the diameter of
the Keggin unit (12 Å), monolayer coverage can be expected at
an HPMoV loading  of ca. of 30 wt% (only one Keggin unit may
be located along the ASIL/MCM-41 channels). It is unlikely
that an ideal distribution of the Keggin units inside the channels,
will be obtained, so encapsulation of ca. 30 wt% of HPMoV into
the ASIL/MCM-41 matrix may result in partial blocking of the
pores and makes some of the Keggin units inaccessible to
reagents which should also affect the catalytic activity of the
modified samples. The catalytic activity of heteropoly anions
(HPMoV) anchored in the ASIL/MCM-41 channels (10 and 30
wt%) as well as of free HPMoV heteropoly acid was examined
for cyclohexane oxidation reaction in the liquid phase (Table 1).
12–Molybdophosphoric acid modified with vanadium has been
reported to be an active catalyst for liquid-phase oxidation of
different organic and inorganic substrates with H2O2 or organic
peroxides as oxidants.11 The oxidation reaction was carried out
in the liquid phase (sealed vials, 90 °C, 20 h, no stirring, 50 mg
of ASIL/MCM-41 modified with HPMoV or 5 mg of free
HPMoV) using tert-butyl hydroperoxide (TBHP) and acetoni-
trile as oxidant and solvent, respectively. A negligible cyclohex-
ane conversion was observed in the presence of unmodified
ASIL/MCM-41. Comparing the activity of samples containing
different amounts of HPMoV, the TON (mol of reacted
cyclohexane per KU) was calculated (Table 1). The results
presented in Table 1 indicate that the heteropoly anions
occupying the pores in ASIL/MCM-41-A (50 mg of sample, 10
wt% of HPMoV) show almost the same activity (TON) as 5 mg
of free heteropoly acid dissolved in the reaction medium. This

suggests that the distribution of the Keggin units in the
HPMoV(10)/ASIL/MCM-41 is very close to monomolecular
coverage and almost every heteropoly anion is accessible to the
reagents. When the concentration of the Keggin units in the
mesoporous material was increased to 30 wt%, the activity for
cyclohexane oxidation (expressed as TON), decreased, which
shows that a proportion of the heteropoly anions introduced
may not be accessible to the reagents because of the pores being
blocked.

To investigate the stability of HPMoV/ASIL/MCM-41
system towards a powerful oxidant such as TBHP, two
additional experiments have been carried out. The spent catalyst
containing 30 wt% HPMoV (after cyclohexane oxidation
process) was carefully separated from the products and reused
for cyclohexane oxidation (second run, Table 1). The decrease
in oxidative activity was insignificant. To check the effect of
possible removal of HPMoV from the catalytic system as a
result of potential oxidative degradation of aminopropyl groups,
a  fresh HPMoV(30)/ASIL/MCM-41 sample was treated with a
mixture of TBHP and acetonitrile under exactly the same
conditions as the oxidation process (90 °C, 20 h). The liquid
phase was carefully separated and analysed for the presence of
molybdenum. The remaining solid was treated again with the
mixture of acetonitrile and TBHP under the same conditions
with subsequent analysis for molybdenum. It was assumed that
if partial decomposition of aminopropyl groups took place as a
result of possible oxidation with TBHP it should result in some
release of HPMoV. The first treatment resulted in the removal
of 1.5 wt% HPMoV (anchored to ASIL/MCM-41) while the
second treatment released an additional 0.8 wt% (ICP–AEC).
These results indicate that 98 wt% of anchored HPMoV still
remains in the HPA/ASIL/MCM-41 system and the leaching of
HPA from this system is negligible even under drastic
conditions. The HPA(30)/ASIL/MCM-41 sample was also used
after the first treatment with a mixture of acetonitrile and TBHP
as catalyst for cyclohexane oxidation. The decrease of oxidative
activity was negligible.
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3 K. Nowińska and W. Kaleta, Appl. Catal. A: Gen., 2000, 203, 91.
4 Á. Molnár, T. Beregszászi, Á. Fudala, B. Török, M. Rózsa-Tarjáni and

I. Kiricsi, Proceedings of The Royal Society of Chemistry, Third
International Symposium on Supported Reagents and Catalysts in
Chemistry, Limerick, RSC, Cambridge, 1998, p. 25.

5 K. C. Vrancken, P. Van Der Voort, K. Possemier and E. F. Vansant,
J. Colloid Interface Sci., 1995, 174, 86.

6 P. Van Der Voort and E. F. Vansant, J. Liq. Chromatogr. Rel. Technol.,
1996, 19, 2723.

7 P. Van Der Voort and E. F. Vansant, Pol. J. Chem., 1997, 71, 550.
8 W. A. Carvalho, P. B. Varaldo, M. Wallan and U. Schurchardt, Zeolites,

1997, 18, 408.
9 I. V. Kozhevnikov, A. Sinnema, R. J. J. Jansen, K. Pamin and H. van

Bekkum, Catal. Lett., 1995, 30, 241.
10 A. Ghanbari-Siahkali, A. Philippou, J. Dwyer and M. W. Andreas, Appl.

Catal., 2000, 192, 57.
11 R. Neumann and M. Cohen, Angew. Chem., Int. Ed. Engl., 1997, 36,

1738.

Table 1 Catalytic activity of MCM-41 modified with heteropoly acid for cyclohexane oxidation

HPMoV content Cyclohexane
Catalyst conversion

Catalyst loading/mg mg mmol of KU (mol%) TON

HPMoV(30)/ASIL/MCM-41-B (first run) 50 15 0.009 14.6 24.6
HPMoV(30)/ASIL/MCM-41-B (second run) 50 15 0.009 13.5 23
HPMoV(30)/ASIL/MCM-41-B (after previous treatment with oxidative mixture) 50 14.8 0.0087 13.5 24
HPMoV(10)/ASIL/MCM-41-A (first run) 50 5 0.003 13.0 68
Free HPMoV dissolved in the reaction mixture 5 5 0.003 15.0 78

Fig. 2 Pore size distribution of the MCM–41 samples synthesised with
MTMABr (a) and CTMABr (b) as surfactants before and after modifica-
tion.
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During the calcination procedure that is necessary to obtain
sulfated zirconia catalysts from hydroxide precursors an
exothermic reaction occurs in the heat-up period which can
lead to a rapid overheating (‘glow’) of the sample bed; the
batch size is identified as a critical parameter that influences
heat transfer and thus the extent of the temperature
overshoot and the catalytic activity of the product.

Sulfated zirconia has attracted interest as a solid acid catalyst1,2

because it is capable of isomerizing alkanes at temperatures
below 373 K where the more valuable branched alkanes are
thermodynamically favored. The activity of sulfated zirconia
for n-butane isomerization increases 1–2 orders of magnitude
upon addition of transition metal cations (Fe, Mn, typically ca.
2 wt%) as promoters,3,4 whose function has not yet been
clarified. For preparation of these materials, X-ray amorphous
zirconium hydroxide is treated with sulfate solutions (e.g.
ammonium sulfate, sulfuric acid) and, optionally, with solutions
containing the respective cations (e.g. metal nitrates). The final
step of the preparation is a thermal treatment at 773–973 K,
typically conducted in air (calcination). Important catalyst
properties such as sulfur content, surface area, phase composi-
tion and activity are seemingly correlated to the calcination
temperature.2,5–7 A number of reactions occur during calcina-
tion–typically already in the heat-up period–among them water
loss, decomposition of species (e.g. ammonium, nitrate) and
changes of morphology and structure (crystallization). Using
thermal analysis, the heat of these reactions has been monitored,
and for pure zirconium hydroxide typically a broad endothermic
signal is found between 273–373 K, followed by a sharp
exothermic signal around 725 K.2,8 Not only is the origin of the
exothermic signal–crystallization or a surface area reduction–
still under debate,6,8–11 the extent of the temperature increase
has also never been accurately determined for catalyst precursor
samples not of analytical (ca. 10 mg) but of preparative scale
(ca.10 g). We measured the temperature in the sample bed when
calcining gram amounts of zirconium hydroxide-based catalyst
precursors and tested the activity of the obtained catalysts.

Zirconium hydroxide (ZH) and sulfated zirconium hydroxide
with 5–6% SO3 (SZH) (from MEL Chemicals) were used as
starting materials. SZH was promoted by adding aqueous
solutions of Mn(NO3)2·4H2O or Fe(NO3)3·9H2O (both Merck
p.a.) under vigorous stirring, followed by room temperature
drying (incipient wetness method4) to give xFSZH and xMSZH
(x = nominal promoter content after calcination in wt% metal).
For calcination, the powders were loaded into differently sized
quartz boats (2.2, 8.4, 17.1 ml) providing different surface-to-
volume ratios. Single boats were placed in a 29 mm i.d. quartz
tube in a tubular furnace (Heraeus RO 4/25) with PID control.
In order to monitor the bed temperature during calcination, an
additional thermocouple was placed in the center of the bed.
Sheath thermocouples with 0.5 mm o.d. were used for fast
response and to minimize heat-sink effects. The quartz tube was
continuously purged with 200 ml min21 synthetic air and the

oven was heated to 923 K at 3 K min21, held for 3 h at 923 K–a
temperature recommended for best activity of promoted
sulfated zirconia7–and then cooled to room temperature.
Isomerization of n-butane to isobutane was conducted at
atmospheric pressure in a once-through plug-flow fixed bed
reactor employing 500 mg of catalyst. After a 30 min activation
at 723 K in dry nitrogen, the isomerization was run at 338 K,
feeding 80 ml min21 of 1% n-butane in nitrogen mixture.
Analysis was performed with on-line gas chromatography.

Fig. 1 shows the bed temperature vs. oven temperature during
the calcination of ZH, SZH, 2FSZH, and 2MSZH in the largest
boat. During the heat-up period, at oven temperatures of 650–
850 K, a rapid temperature rise inside the bed was observed for
all samples with maximum rates of 60 K s21 (ZH). The bed
temperature rose by up to 300 K (ZH) and exceeded the desired
maximum temperature of 923 K in all cases. Increasing
promoter content shifted the start of the temperature rise to
higher oven temperatures, with Mn exerting a stronger effect
than Fe. The position of the temperature rise was reproducible
within 5 K, and the extent of the temperature rise was
reproducible within 15 K.

Fig. 2(a) shows the bed vs. oven temperature for three
differently sized batches (ESI†) taken from a single preparation
of 2MSZH. The temperature rise in the large batch started first
during the ramp, followed by the medium and the small batch.
The largest batch produced the highest temperature rise and
only this sample reached more than 923 K. These three batches
underwent the entire calcination program as described above,
the only difference being the batch size, and were then tested for
n-butane isomerization. The sample taken from the large batch
exhibited a significantly higher maximum conversion than the
samples taken from the smaller batches [Fig. 2(b)]. For a
number of samples with different promoter contents (Mn and/or
Fe in the range 0.5–3.5%) calcination in a large batch led to
higher activity vs. calcination in smaller batches. The BET
surface area of Fe- or Mn-promoted samples increased with

† Electronic supplementary information (ESI) available: boats used for
calcination. See http://www.rsc.org/suppdata/cc/b0/b100364j/

Fig. 1 Bed temperature vs. oven temperature during calcination of
zirconium hydroxide (A), sulfated zirconium hydroxide (B), sulfated
zirconium hydroxide promoted with 2 wt% Fe (C), and sulfated zirconium
hydroxide promoted with 2 wt% Mn (D). Conditions: 17.1 ml boat (20–25
g sample), flowing air, nominal heating rate 3 K min21.
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increasing calcination batch size, covering a range of 85–115
m2 g21. Fe- or Mn-promoted samples consisted predominantly
of tetragonal zirconia, and the size of the crystalline domains
decreased with increasing calcination batch size, covering a
range of 8–13 nm.

The spontaneous temperature rise in the sample bed during
the heat-up phase corresponds to the reported thermal analysis
data2,6 in that an exothermic reaction occurs. Older literature
gives some indication that the temperature rise may be
considerable, depending on the amount and packing, e.g.
Wöhler11 heated as much as 0.25 g zirconium hydroxide and
measured a ca. 60 K temperature rise. The effect has been
observed for a number of different hydroxides and is also
referred to as a ‘glow phenomenon’9,11,12 because it can lead to
a visible light emission. In the presence of sulfate6 or other
hydroxides,8,9 the ‘glow’9 or the thermal signals6,8 were found
to be subdued and/or shifted to higher temperature.6,8,9 Our

results are consistent with previous findings but additionally
demonstrate how an extensive and typically not reported
quantity, i.e. the mass to be calcined, influences heat transfer
and thus the temperatures reached, and the catalytic properties
of the final product. In sufficiently large and compact batches,
the peak temperature may exceed the desired maximum
calcination temperature; if this is the case, then for equally sized
batches of differently promoted zirconium hydroxides, the
nature and amount of additive (sulfate, Fe, Mn) may determine
the true maximum temperature. Thus, the promoters have a
systemic influence in that they alter the calcination chemistry.
The start temperature correlates with the batch size, as does the
catalytic activity. The series of events–rapid temperature
increase, high peak temperature, rapid temperature decrease–
allows for a chemistry that is reflected in the final product
although the sample is subsequently treated for 3 h at 923 K.

Similar effects are potentially possible in the processing of
other hydroxides that exhibit the ‘glow’, namely hydroxides of
iron, chromium and titanium.9,11 Certainly for the preparation
and characterization of zirconia catalysts all details of the
thermal treatment must be reported, i.e. the heating rate and any
parameter influencing heat transfer such as sample size and
shape. This applies particularly to experiments involving very
small or large amounts (thermal analysis, scale-up) and in situ
calcinations with the sample pressed into a pellet or wafer. Our
results suggest that any two experiments involving thermal
treatment of a zirconium hydroxide under non-identical condi-
tions may not yield the same material and may not deliver
related analytical data.

The authors thank Gisela Lorenz for preparing the catalysts
and Robert Schlögl for continuous support. T. R. thanks the
Deutsche Forschungsgemeinschaft, DFG, for financial sup-
port.
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The reaction of decamethylsilicocene 1 with trimethyl-
indium yields the disilyl indium compound [Cp*2Si-
(Me)]2InMe (2) in nearly quantitative yield; 2 is charac-
terised by 1H, 13C and 29Si NMR and microanalytical data
and by X-ray crystallography.

For the majority of main group elements a variety of silyl
derivatives have been previously described in the literature. It is
therefore somewhat surprising that silyl indium compounds are
rarely known. Although (Me3Si)3In1 has previously been
synthesised by Bürger and Götze in 1969 it took nearly 20 years
before a second representative of this class of compound,
namely [(Me3Si)3Si]2InCl2Li·2THF, was reported by Cowley
et al. in 1986.2 It was not until the late 1990’s that further silyl
indium compounds were reported in the literature. Besides the
silyl indium halides (But

3Si)nInHal32 n (n = 1 and 2) prepared
by Wiberg,3 these were mainly examples of low valent indium
compounds like the sterically crowded diindanes {[(Me3Si)3-
Si]2In}2 described by Weidlein et al.4 and [(But

3Si)2In]2
synthesized by Wiberg.5 The most recent examples are the
indium cluster compounds (But

3Si)6In8
6 and (But

3Si)8In12
7

which were again prepared by Wiberg et al. Of the afore-
mentioned compounds only the diindanes, the cluster com-
pounds and the lithium indanate have been structurally
characterised. It is of great interest to find new preparations for
silyl–indium compounds and to structurally identify them.

In the course of our investigations on the reactivity of
decamethylsilicocene8 1 we have already reported on the
reactions of 1 with halides and organo halides of group 13
compounds.9 Here we present the result of the reaction of 1 with
trimethylindium (Scheme 1) where the disilyl indium com-
pound 2 is formed by insertion of 1 into two of the three indium–
carbon bonds.

When an excess of trimethylindium was added to 1 in pentane
at low temperature a colourless solution was formed which
turned yellow on warming to room temperature. Evaporation of
all volatiles in vacuo gave 2 as a bright yellow, air and moisture
sensitive solid in nearly quantitative yield.† Recrystallisation
from pentane gave single crystals of 2 that were suitable for X-
ray structure analysis. Fig. 1 shows the molecular structure of 2
in the solid state.‡

The indium atom is surrounded by the methyl group and the
two silyl substituents in a trigonal planar fashion. The sum of
the bond angles at the indium centre is 360°. The indium–silicon
distances are 2.642(2) Å for In(1)–Si(1) and 2.640(3) Å for

In(1)–S(2) and thus slightly longer than the sum of the covalent
radii of 2.61 Å. However, they are decidedly shorter than the
mean Si–In distances of 2.78 Å in the sterically crowded
diindane (But

3Si)4In2
5 and of 2.68 Å in the somewhat less

demandingly substituted conjuncto cluster (But
3Si)8In12.

7 Only
in the indanate anion [(Me3Si)3Si]2InCl22 are shorter Si–In
distances of 2.605(7) and 2.591(7) Å observed.2 The widening
of the CCp–Si–CCp angle (116° as compared to 109.5° for a
perfect tetrahedral coordination) is due to the steric bulk of the
Cp* groups. The Cp* moieties are in van der Waals contact with
those on the other silicon centre as well as with the methyl
groups on the silicon and indium atoms (for details see Fig. 1).
This provides a tight organic wrapping of the inorganic core of
the molecule.

This rigid structure of 2 is not retained in solution as is shown
by the NMR spectra where conformational changes and
sigmatropic rearrangements of the Cp* substituents are ob-
served. In the room temperature 1H NMR spectrum (500 MHz)
of 2 in C6D6 the resonances for the methyl groups at indium and
silicon are detected as singlets at d 0.45 and 0.82, respectively.
For the 60 methyl protons of the Cp* moieties the spectrum
shows one broad signal of low intensity at d 1.17 and a higher
intensity broad signal at d 1.82; only one broad signal at d 1.66
is detected for the Cp* methyl protons in toluene-d8 at 100 °C.
The room-temperature 13C NMR spectrum shows five signals
for the ring carbon atoms of the Cp* groups and four broad
signals for the Cp* methyl carbon atoms.10 Owing to the
prochiral character of the silicon centers five signals each would
be expected. The observations described above are in ac-
cordance with the assumption that the Cp* groups perform
rather slow sigmatropic shifts due to the steric interference of
the Cp* groups as deduced from the molecular structure. In the
29Si NMR spectrum one resonance at d 20.6 can be detected for
the two equivalent silicon centres. The mass spectrum (CI) of 2
shows no M+ peak; however the [M 2 Cp*2SiMe]+ ion is
observed in low intensity at m/z = 443.

Scheme 1 Reaction of 1 with trimethylindium. Reagents and conditions:
290 °C ? RT, pentane.

Fig. 1 Molecular structure of 2. Selected interatomic distances (Å) and
angles (°): In(1)–Si(1) 2.642(2), In(1)–Si(2) 2.640(3), In(1)–C(22)
2.172(6), C(10)–C(29) 3.7428(115), C(17)–C(42) 3.8451(119), C(22)–
C(30) 3.9836(115), C(16)–C(21) 3.43, C(22)–In–(1)–Si(2) 120.40(18),
C(22)–In(1)–Si(1) 120.87(18), Si(2)–In(1)–Si(1) 118.73(7), C(15)–Si(1)–
C(5) 116.7(3), C(38)–Si(2)–C(28) 116.4(3).
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The thermal stability of 2 in solution and in the gas phase is
limited. Thermal decomposition is observed to result in the
formation of Cp*In. Evidence for this process can be found in
the 1H NMR spectrum of 2 at 100 °C which in addition to the
aforementioned resonances shows a signal at d 2.01 for the
methyl groups of Cp*In11 which grows on prolonged heating.
No further defined decomposition products can be identified.
As far as the stability of 2 in the gas phase is concerned the CI
mass spectrum of 2 is very instructive. Here a very strong signal
(rel. int. 94%) for the [Cp*In]+ ion is observed. This can also be
explained as the result of thermal decomposition of 2 in the
spectrometer. The thermolability of silyl indium compounds
has been previously described.4

Concerning the mechanistic aspects of the formation of 2 we
assume that the reaction is started by a nucleophilic attack of 1
on the Lewis acidic indium centre via the silicon lone pair. This
attack is followed by a migration of one methyl group from
indium to silicon accompanied by a rearrangement of the Cp*
moieties from h2/3 to h1 thus forming an intermediate monosilyl
substituted indium compound. This intermediate is again
attacked by a silylene molecule in the way described above
leading to the final product. The formation of 2 is one of the very
few examples for the insertion of a silylene into a metal–carbon
bond.12

Notes and references
† To a solution of 1 (298 mg, 1.0 mmol) in pentane (20 ml) was added a
solution of InMe3 in pentane (2.2 molar, 1.5 ml) at 2100 °C. On warming
to room temperature the solution changed to a light yellow. After 2 h all
volatiles were removed in vaco to yield 2 (388 mg) as a yellow solid that can
be recrystallized from pentane. Yield (after recrystallization): 302 mg (0.4
mmol, 80%). 1H NMR (C6D6): 0.45 (s, 3 H, InMe), 0.82 (s, 6 H, SiMe),
1.17, 1.82 (br, 60 H, C5Me5). 1H NMR (toluene-d8, 100 °C): 0.38 (s, 3 H,
InMe), 0.69 (s, 6 H, SiMe), 1.66 (brs, 60 H, C5Me5), 2.01 (s, Cp*In). 13C
NMR (C6D6): 10.32 (SiMe), 10.46 (InMe), 11.71, 12.97, 13.20, 18.63 (br,
C5Me5), 57.66 (br, allyl-C5Me5), 134.15, 134.71, 140.68, 141.90 (br, vinyl-

C5Me5). 29Si NMR (C6D6): 20.6. MS (CI, NH3: 137 (100%) Me5C5H2
+, 251

(94) Me5C5In+, 443 (2) (Me5C5)2SiInMe2
+. C43H69InSi2, Mr = 757.00 g

mol21; calc.: C 68.23, H 9.19; found: C 68.10, H 9.18%.
‡ Crystal data for 2: C43H69InSi2; M = 756.98; T = 173(2) K; l(Mo-Ka)
= 0.71073 Å; triclinic, P1̄; a = 10.808(7), b = 12.425(9), c = 16.592(11)
Å, a = 71.99(5)°, b = 77.40(6)°, g = 81.18(6)°; V = 2059(2) Å3; Z = 2;
Dc = 1.221 Mg m23; m = 0.659 mm21; reflections collected/unique:
7680/7249 [R(int) = 0.1046]; final R indices [I > 2s(I)]: R1 = 0.0614, wR2

= 0.1462 [5534]; R indices (all data): R1 = 0.0903, wR2 = 0.1628. Data
collected on a Siemens P2(1) diffractometer. CCDC 154849. See http:
//www.rsc.org/suppdata/cc/b0/b009839f/ for crystallographic data in .cif or
other electronic format.

1 H. Bürger and U. Götze, Angew. Chem., Int. Ed. Engl., 1969, 8, 140.
2 A. M. Arif, A. H. Cowley, T. M. Elkins and R. A. Jones, J. Chem. Soc.,

Chem. Commun., 1986, 1776.
3 N. Wiberg, K. Amelunxen, H. W. Lerner, H. Nöth, J. Knizek and I.
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An ordered array of C70 single crystal nanowires was
prepared by a sol–gel template method which is composed of
three steps: generation of the C70 sol; deposition of C70 sol
particles in the pores of the alumina membrane; and
annealing of the resulting C70 composite in an argon
atmosphere.

Fullerene-C70 chemistry1 has been established since first
detection of these species by Kroto et al.2 and the subsequent
macroscopic preparation by Krätschmer et al.3 Photophysical
properties,4–7 conductivity,8 photoconductivity9 and optical
limiting performance10,11 of C70 have been reported frequently
in the literature. Recently, C70 self-organization into short- and
long-range order12,13 has aroused great interest among scien-
tists, but there has been little work on C70 nanostructures such
as nanowires and nanotubules. As we all know, one-dimen-
sional (1D) structures with nanometer diameters, such as
nanotubes and nanowires, have a great potential for the testing
and understanding of fundamental concepts about the roles of
dimensionality and size in, for example, optical, electrical and
mechanical properties and for applications ranging from probe
microscopy tips to interconnections in nanoelectronics.14 But
developing the techniques for synthesizing and characterizing
nanostructures is one of the grand challenges to chemists.

Here, we report the first generation of an ordered array of C70
single crystal nanowires obtained by a sol–gel template method.
This is a key step for the construction of molecular devices.

A simple method to generate an aqueous colloidal solution
has recently been developed by our group:11 8.0 mg C70 powder
(99% purity), 100 mg Al–Ni alloy (excess) and 400 mg solid
NaOH pellets were put in a bottle, which was evacuated and
filled with argon; then 10 ml THF (distilled from sodium–

benzophenone in a Schlenk system) were added with stirring.
With the exception of C70, which is slightly soluble in THF, the
other starting materials do not dissolve. NaOH solid pellets
dissolve with accompanying effervescence after the addition of
3 ml of deoxygenated water. The colour of the THF layer turned
from slightly yellow to red–orange. After 1 h the red–orange
THF solution was separated from the colourless aqueous caustic
NaOH solution. Then, the solution of C70

2 in THF was added
dropwise to 50 ml of undegassed distilled water. The THF was
removed under reduced pressure to give an aqueous colloidal
solution of containing 0.45 mg l21 C70 (0.54 mM).11

An alumina template (Anodise®) made by Whatman Inc.
(SEM images revealed a pore diameter ranges of 100–300 nm)
was immersed in the C70 sol for 4–5 h under ca. 1.3 atm at
ambient temperature. The template was then taken out from the
C70 sol and dried at ca. 75 °C for 30 min. The deposits on both
faces of the alumina membrane were removed by polishing with
alumina powder, and annealed under argon atmosphere with the
temperature ramping up to 500 °C for 5 h, before ramping back
down to room temperature.

Fig. 1 shows scanning electron microscope (SEM)† images
of the sample which was treated with a 6 M NaOH solution for
ca. 3 min in order to dissolve the top layer of alumina. Without
tetrabutylammonium hydroxide (TBAH) as catalyst, C70 cannot
form C70 fullerol; also, without a reducing agent, C70 cannot
form C70 anions in aqueous caustic solution. It can be seen that
the C70 nanowires are well ordered and are perpendicular to the
alumina template.

Fig. 2(a) is a transmission electron microscopy (TEM)†
image of selected C70 nanowires. The diameter varies from 100
to 300 nm, which corresponds to the pore diameter of the
alumina template. Bright field TEM images revealed that the

Fig. 1 Scanning electron micrograph of an array of C70 nanowires embeded in the alumina template matrix: (a) general cross-section view; (b) and (c) part
view, magnifying power 34000 and 312000, respectively.
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C70 nanowires were stable under the 200 keV electron beam.
Fig. 2(b) is an electron diffraction pattern of the selected C70
nanowires. The ratio of RA

2+RB
2+RC

2+RD
2 ≈ 12+20+24+40, R

corresponding to the distance between the reflection spot and
the reflection pattern center. These results suggest that the C70
crystal is of cubic structure, whose reflection spots may be
indexed as A(222), B(402̄), C(22̄4̄) and D(620), and the zone
axis is [13̄2]. The sharp [13̄2] zone axis pattern contains D(620)
reflections at ca. 44°, B(402̄) reflections at ca. 78°, and C(22̄4̄)
reflections at ca. 120° from A(222). Hence, the C70 single

crystal samples prepared by this method, similar to the samples
prepared by sublimation, are face-centered cubic, and thermal
annealing is in favor of the fcc phase forming. This result is in
accordance with the observation by Heiney and coworkers,15

i.e. that the fcc phase is the equilibrium state of pure C70 above
300 K.

In conclusion, the sol–gel template method is a convenient
and powerful method for generation the array of single-crystal
C70 nanowires. The morphology and structure of the C70
nanowires array were studied by SEM and TEM. The C70
nanowires are single crystals with fcc structure and the zone
axis is along the [13̄2] direction. The morphology of the array of
C70 nanowires is brush-like and well ordered and is stable under
a 200 keV electron beam.
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Foundation of China for the key project (No. 29823001), the
Natural Science Foundation of Jiangsu Province for the key
project (No. BK99207) and U.S. National Science Foundation
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Notes and references
† SEM images were obtained using a Hitachi, X650/EDAX, PV9100
scanning electron microanalysis instrument. TEM images were obtained
using a Transmission Electron Microscope JEM-200CX, JEOL. The
accelerating voltage of the electron beam was 200 keV.
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Hitherto non-isolable vinylketenes from the solid state
photolysis of cis-1,2-dibenzoylalkene compounds have been
isolated and characterized and their stabilities were found to
be enhanced with the extent of steric congestion in the
molecules.

Formation of vinylketenes from the photoreactions of cis-
1,2-dibenzoylethylenes was first speculated in 19621 (Scheme
1). Its intermediacy was confirmed later from a strong peak for
nCNCNO at 2103 cm21 in the IR spectrum of the photolyzed
reaction mixture.2 Such photoinduced intramolecular phenyl
migration from carbon to the proximate oxygen is a general
reaction route for cis-1,2-dibenzoylalkene chromophore and has
been observed in tetrabenzoylethylene3 as well as in other cis-
1,2-dibenzoylalkene derivatives.4,5 In unsymmetrical deriva-
tives, such migrations have been found to take place from the
benzoyl group attached to the more crowded olefinic carbon
atom.1,4a,b,5 However, in our work with 5,6-dibenzoyl-4-me-
thoxybicyclo[2.2.2]oct-5-en-2-one (1) such migration was ob-
served to occur from both the benzoyl groups in solution,
whereas in solid state, only the expected vinylketene (1K) was
identified.6 In all of these cases the intermediate vinylketenes
have so far been neither isolated nor characterized fully because
of their instability. The vinylketene 1K was found to be fairly
stable in cyclohexane solution at 20 °C. It took almost 48 h for
the total disappearance of the ketene band at 2100 cm21. Such
an observation encouraged us to take up the present project to
enhance the steric congestion in such molecules and try to
isolate the intermediate vinylketenes and characterize them.

In this attempt, the residue from the solid-state photoreaction
of 1 was carefully chromatographed on a silica gel column.7
Ketene 1K as a pale-yellow solid (25%) and the starting
compound 1 (70%) were separated from this reaction mixture.
The spectral data of 1K agreed well with the proposed structure.
Since all attempts for recrystallization led to its decomposition,
elemental analysis for 1K could not be performed. However, its
structure was finally confirmed by trapping it with MeOH
which gave 4-methoxy-6-(phenoxyphenylmethylene)-5-exo-
carbomethoxybicyclo[2.2.2]octan-2-one (1E).

To increase the persistency of such vinylketenes, we decided
to enhance steric congestion in the molecule and hence prepared
compound 2 with a methyl group at the bridgehead. Solid-state
photolysis of 2 and chromatography of the photolyzed residue

gave white crystals of the corresponding vinylketene 2K (27%)
whose analytical and spectral data were in agreement with the
proposed structure. Further elution gave back unreacted starting
material 2 (68%). The ketene 2K was stable at rt and could be
trapped with MeOH only at elevated temperature ( ~ 40 °C) to
give 4-methyl-6-(phenoxyphenylmethylene)-5-exo-carbo-
methoxybicyclo[2.2.2]octan-2-one (2E) as the major product
along with its 5-endo epimer (2EA) in minor yield.

The preference of photo-phenyl migration in cis-1,2-di-
benzoylalkene chromophore from the more crowded olefinic
carbon atom in the solid state, was further confirmed from the
solid state photoreaction of compound 3. Chromatography of
the reaction mixture yielded the vinylketene 3K (35%),
unreacted starting material 3 (37%) and an unidentified gummy
material (25%). The ketene 3K was found to be less stable than

its isomer 2K and on stirring with MeOH at rt it yielded
1-methyl-5-(phenoxyphenylmethylene)-6-exo-carbomethoxy-
bicyclo[2.2.2]octan-2-one (3E).

Addition of nucleophiles to ketenes is thought to occur in the
plane of the ketene and the approach occurs from the least
sterically hindered site of the ketene.8,9 Increasing the steric
congestion in a molecule thus could remarkably enhance
persistency of vinylketenes and retard the nucleophilic addition
to it. This was further confirmed from the solid state photolysis
of 5,6-dibenzoyl-4,7,7-trimethylbicyclo[2.2.2]oct-5-en-2-one
(4), which gave white crystals of the vinylketene 4K (28%)
along with the unreacted starting material (65%). Even under
atmospheric conditions, solid 4K could be stored without
decomposition for a long time and its cyclohexane solution was
stable at rt for more than 5 days. Addition of MeOH to 4K took
place only under refluxing conditions to yield 4,7,7-trimethyl-
6-(phenoxyphenylmethylene)-5-exo-carbomethoxybicyclo-
[2.2.2]octan-2-one (4E).

The ketene bands of 1K–4K appeared near 2100 cm21 in the
IR spectrum. The 1H-NMR spectra of these compounds were
very similar to their parent molecules but their 13C-NMR data
were found to be much more useful (Table 1). In 1H-NMR, the
endo-protons around d 3 ppm appeared as doublets for 1E, 2E
and 4E and as a singlet for 3E (Table 1).Scheme 1
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In summary, we report here the first isolation and character-
ization of the intermediate vinylketene formed by photo-phenyl
migration in cis-dibenzoylalkenes. In the solid state, the
migration always occurred from the more crowded center to the
less crowded one. By controlling the degree of steric congestion
in the molecule, the stability of these vinylketenes can
remarkably be enhanced.

Financial support from DST, India is gratefully acknowl-
edged.

Notes and references
1 (a) G. W. Griffin and E. J. O’Connell, J. Am. Chem. Soc., 1962, 84,

4148; (b) H. E. Zimmerman, H. G. C. Dürr, R. G. Lewis and S. Bram,
J. Am. Chem. Soc., 1962, 84, 4149.

2 A. Padwa, D. Crumrine and R. A. Shubber, J. Am. Chem. Soc., 1966, 88,
3064.

3 M. B. Rubin and W. W. Sander, Tetrahedron Lett., 1987, 28, 5137.

4 (a) S. Lahiri, V. Dabral, S. M. S. Chauhan, E. Chakachery, C. V. Kumar,
J. C. Scaiano and M. V. George, J. Org. Chem., 1980, 45, 3782; (b)
B. A. R. C. Murty, C. V. Kumar, V. Dabral, P. K. Das and M. V. George,
J. Org. Chem., 1984, 49, 4165; (c) B. B. Lohray, C. V. Kumar, P. K. Das
and M. V. George, J. Org. Chem., 1984, 49, 4647; (d) R. Barik, K.
Bhattacharya, P. K. Das and M. V. George, J. Org. Chem., 1986, 51,
3420.

5 R. Singh, A. Sinha and S. Lahiri, J. Chem. Res. (S), 1992, 372.
6 D. Maji, R. Singh, G. Mostafa, S. Roy and S. Lahiri, J. Org. Chem.,

1996, 61, 5165.
7 In a typical solid state photoreaction, a suspension of the compound

(0.5–1 g) in distilled water (150 ml) was irradiated with stirring using a
Hanovia medium pressure 450 W lamp and a pyrex filter for ~ 35 h. The
suspension was then extracted with CH2Cl2 and the residue obtained
after removal of solvent was chromatographed on a silica gel column
(60–120 mesh). The ketene was eluted with a mixture of ethyl acetate
(5–10%) in petroleum ether (bp 60–80 °C).

8 T. T. Tidwell, Acc. Chem. Res., 1990, 23, 273.
9 C. O. Kappe, R. A. Evans, C. H. L. Kennard and C. Wentrup, J. Am.

Chem. Soc., 1991, 113, 4234.
10 S. Lahiri and R. Singh, Indian J. Chem., 1980, 28B, 860.

Table 1 Characteristic data for 1K–4K and 1E–4E

1H-NMR/ppm 13C-NMR/ppm
Starting
compounda

Productsb

(mp/°C) Yield  (%)
IR/cm21

nCNCNO dBridgehead dBridgehead dC+O d+C+O dC+C+O d+C-OPh

1 1Kc (157) 85d 2103 3.6 (m) 207.0 199.4 34.9 155.7
2 2K (187) 84d 2100 3.65 (t, J 3 Hz) 210.5 202.3 34.2 155.7
3 3K (122) 55d 2092 3.38 (t, J 2.4Hz) 210.0 200.2 40.8 155.8
4 4K (125) 82d 2100 3.21 (s) 210.3 208.9 34.4 155.7
1K 1E (41) 93e 3.45 (m) 3.95 (d, J 2 Hz)
2K 2E (125) 59e 3.46 (t, J 3 Hz) 3.46 (t, J 1.5 Hz)

2EA(132) 28e 3.44 (t, J 3 Hz) 3.52 (d, J 1.5 Hz)
3K 3E (158) 89e 3.3 (m) 3.6 (s)
4K 4E (156) 90e 3.06 (s) 3.26 (d, J 1.5 Hz)
a Compounds 1–4, for the first time were prepared following reported procedures.5.10 b Elemental analyses have been performed for all compounds excepting
1K. c Unstable to prepare analytical sample. d Based on recovered starting materials. e Isolated yields.
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A series of novel dinuclear copper(I) m-chalcogenolate
complexes is synthesized and their photophysics studied; the
X-ray crystal structures of [Cu2(m-dppm)2(m-SePh)]BF4 and
[Cu2(m-dppm)2(m-TePh)]BF4 are reported.

Increasing interest in the investigation of copper(I) complexes
with chalcogenide ligands has emerged.1,2 The closely related
class of ligands, the chalcogenolates, has also attracted
enormous attention owing to their importance in biological
systems and their propensity to form metal complexes and
clusters of various bonding modes and structural motifs.3 In
view of this and the ready functionalization of the chalcogeno-
late ligands via a change in the substituent on the heteroatom to
effect steric and electronic control of the ligating ability, it
would be of interest to synthesize and study the related copper(I)
chalcogenolate complexes. Compared with copper(I) thiolates,
reports on selenolate and tellurolate complexes are relatively
rare.4 Moreover, the luminescence properties of copper(I)
chalcogenolate complexes are almost unexplored5 and represent
a challenging area of research. Here we report the syntheses and
photophysics of a new class of dinuclear copper(I) chalcogeno-
lates and the X-ray crystal structures of [Cu2(m-dppm)2(m-
SePh)]BF4 and [Cu2(m-dppm)2(m-TePh)]BF4.

Reaction of [Cu2(m-dppm)2(MeCN)2](BF4)2 with the corre-
sponding sodium chalcogenolate (prepared in situ from the
diaryldiselenide or diarylditelluride and NaBH4) in a molar ratio
of 1+1 in THF and under anaerobic and anhydrous conditions
afforded dinuclear copper(I) m-chalcogenolate complexes,
[Cu2(m-dppm)2(m-EAr)]BF4 (EAr = SePh 1, SeC6H4Cl-p 2,
TePh 3, TeC6H4Me-p 4) in ca. 19–62% yield. Single crystals of
1 and 3 suitable for diffraction studies were grown by layering
of diethyl ether on concentrated solutions of the complexes in
acetone. All of the newly synthesized dinuclear copper(I)
complexes gave satisfactory elemental analyses, and have been
characterized by 1H and 31P NMR spectroscopy, and positive
FAB mass spectrometry.† The X-ray crystal structures of
complexes 1 and 3 have also been determined.‡

Fig. 1 shows the perspective drawing of the complex cation of
3. The two copper atoms of the dinuclear complexes are held in
close proximity by three bridging ligands, two dppm ligands
acting through the P atoms and one chalcogenolate ligand acting
through the Se/Te atom. The Se/Te atom asymmetrically
bridges the two copper atoms, with the Cu(2)–Se/Te distances
[1, Cu(2)–Se(1) 2.485 Å; 3, Cu(2)–Te(1) 2.608 Å] longer than
those of Cu(1)–Se/Te [1, Cu(1)–Se(1) 2.371 Å; 3, Cu(2)–Te(1)
2.532 Å]. In addition, a short non-bonded contact of ca. 2.4 Å
is observed between the Cu(2) atom of the complex cation and
an oxygen atom of the acetone solvent molecule, with a
tendency to afford a distorted trigonal bipyramidal arrangement
about Cu(2) [1, Cu(1)…Cu(2)…O(1) 150.5(3)° with Cu(2)
deviated 0.43 Å towards O(1); 2, Cu(1)…Cu(2)…O(1)
153.7(3)° with Cu(2) deviated 0.39 Å towards O(1)], while
Cu(1) assumes a distorted tetrahedral arrangement. It is noted
that the phenyl ring of the chalcogenolate is bent towards one
side of the Cu2E triangle (E = Se, Te) due to the sp3

hybridization of the Se/Te atom. The Cu…Cu distances in 1 and

3 are in the range 2.723–2.739 Å. They are shorter than the sum
of van der Waals radii for copper (2.8 Å)6 and this may indicate
weak metal–metal interactions in the complexes.

The electronic absorption spectra for complexes 1–4 in
dichloromethane are characterized by absorption shoulders at
ca. 250 and 260–295 nm (Table 1). Since the electronic
absorption spectra were rather featureless, no further attempts
were made to unambiguously assign the absorption bands. The
emission spectra of the dinuclear complexes 1–4 in degassed
acetone showed a low energy emission at ca. 600–630 nm, with
emission energies in the order 4 ! 3 > 2 ! 1 (Table 1).
Complexes 3 and 4 with tellurolate ligands show slightly higher
emission energies than those with selenolate ligands 1 and 2.
Such an energy trend appears to depend upon the p-accepting
ability of the chalcogenolate ligand, in which the areneseleno-
late is a better p-acceptor ligand than the arenetellurolate. This
suggests that the low energy emission involves an excited state

Fig. 1 Perspective drawing of the complex cation of 3 with the atomic
numbering scheme. Hydrogen atoms have been omitted for clarity. Thermal
ellipsoids are shown at the 40% probability level. Selected bond distances
(Å) and bond angles (°) for complex 3: Cu(1)…Cu(2) 2.723(1), Cu(1)–
Te(1) 2.532(1), Cu(2)–Te(1) 2.608(1), Cu(1)–P(1) 2.243(3), Cu(2)–P(2)
2.283(3), Cu(2)–O(1) 2.36(1); Te(1)–Cu(1)–P(1) 116.80(8), Te(1)–Cu(2)–
P(2) 112.40(8), Te(1)–Cu(1)–P(4) 112.44(9), Te(1)–Cu(2)–P(3) 111.01(8),
P(1)–Cu(1)–P(4) 129.3(1), P(2)–Cu(2)–P(3) 128.46(10), Cu(1)–Te(1)–
C(1) 110.7(3), Cu(2)–Te(1)–C(1) 107.1(3). Selected bond distances (Å) and
bond angles (°) for complex 1: Cu(1)…Cu(2) 2.739(2), Cu(1)–Se(1)
2.371(2), Cu(2)–Se(1) 2.485(2), Cu(1)–P(1) 2.241(4), Cu(2)–P(2) 2.296(3),
Cu(2)–O(1) 2.39(1); Se(1)–Cu(1)–P(1) 118.3(1), Se(1)–Cu(2)–P(2)
112.91(10), Se(1)–Cu(1)–P(4) 111.1(1), Se(1)–Cu(2)–P(3) 108.9(1), P(1)–
Cu(1)–P(4) 129.0(1), P(2)–Cu(2)–P(3) 128.0(1), Cu(1)–Se(1)–C(1)
113.5(3), Cu(2)–Se(1)–C(1) 106.4(3).
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of metal-to-ligand charge transfer (MLCT) [Cu2 ? ER2]
origin. A related dinuclear copper(I) complex, [Cu2(m-
dppm)2(m-O2CMe)]+,7 in which the lowest lying excited state
was suggested to be MLCT [copper ? phosphine/acetate] in
character, as supported by molecular orbital calculations, shows
a relatively high energy emission at ca. 470 nm. However, low
energy emissions at ca. 600–630 nm are observed for
complexes 1–4 and the emission energy difference between the
dinuclear copper(I) selenolate and tellurolate complexes is
relatively small. This, together with the fairly short Cu…Cu
contacts (ca. 2.7 Å) found in these dinuclear complexes, may be
more suggestive of an assignment of the emission as having a
metal-centered ds/dp origin. Thus, the low energy emission in
the dinuclear copper(I) chalcogenolate complexes is tentatively
assigned as derived from an excited state that is predominantly
metal-centered ds/dp in origin, mixed with some MLCT [copper
? chalcogenolate/phosphine] character.

The cyclic voltammograms of complexes 1–4 show quasi-
reversible oxidation couples in the range 0.68 to 0.80 V vs. SCE
(Table 1). A relatively small shift in the potential of the
oxidation couples is observed. The oxidation couple is tenta-
tively assigned as a copper(I/II) metal-centered oxidation. No
reduction wave was observed even when the potential was
scanned to 22.4 V vs. SCE. Further oxidation and reduction of
the complexes resulted in decomposition, as suggested by the
irreversibility of the couples at higher anodic and cathodic
potentials.
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Table 1 Photophysical and electrochemical data of complexes 1–4

Emissionb

Complex

Absorption,a

l/nm (emax/
dm3 mol21 cm21) Medium (T/K) lem/nm (to/ms)

Oxidation,d,e

E1/2 (V vs.
SCE)

1 286sh (21 850) Acetone (298) 630 (6.0)c +0.68
Solid (298) 431, 452 ( < 0.1)

2 266sh (34 290), Acetone (298) 626 ( < 0.1)c +0.70
296sh (31480) Solid (298) 440, 468sh ( < 0.1)

3 256sh (42 380) Acetone (298) 607 ( < 0.1)c +0.79
Solid (298) 439, 464sh ( < 0.1)

4 256sh (40 530) Acetone (298) 601 ( < 0.1)c +0.80
Solid (298) 438, 463sh ( < 0.1)

a In CH2Cl2. b Excitation wavelength at 350 nm. c Excitation wavelength at 370
nm. d In MeCN (0.1 M nBu4NPF6), glassy carbon electrode, scan rate 100
mV s21, 298 K. e E1/2 is taken to be the average of Epa and Epc, where Epa and
Epc are the anodic and cathodic peak potentials of the quasi-reversible couple,
respectively.
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The selective oxidation of benzyl alcohols by hypochlorite
and a phase transfer catalyst has been successfully carried
out in a membrane reactor.

Selective oxidation is one of the most important synthetic
transformations in organic chemistry based on hydrocarbon
resources. It is essential that these transformations are based on
the principles of green chemistry and avoid heavy metal
reagents, toxic solvents and the generation of large volumes of
hazardous waste. The major source of waste in many organic
reactions is commonly aqueous or salt effluent produced at the
work-up stage when the organic and inorganic components are
separated, often via an aqueous quench.1

Phase transfer catalysis (PTC) has been widely used to
transfer inorganic anions into organic media by using catalytic
amounts of lipophilic quaternary ammonium or phosphonium
salts.2 Sodium hypochlorite is a non-toxic oxidant, which has
been reported to be transferred into the organic phase in the
presence of quaternary ammonium salt3–6 and is capable of
oxidising alcohols including benzyl alcohol although it can be
difficult to control selectivity.7–9

Most PTC reactions are carried out on an industrial scale in
stirred tank reactors, which require the separation of products
afterwards. Key criteria required in a PTC reactor are high
interfacial area with little emulsification to enable easy phase
separation. The use of a membrane reactor for a PTC reaction
could fulfil these criteria as well as offering the advantages of
easy product recovery. Furthermore, the organic-free reduced
aqueous phase can be electrochemically regenerated while the
organic phase remains uncontaminated with aqueous species
thus facilitating continuous reactions. The use of a membrane
reactor in a phase transfer catalysed reaction has been
theoretically modelled before10 and tested in a simple anion
displacement reaction. It has been shown that the reactor
performance depends on the flow rate ratio and conversions are
slower than predicted due to mass transfer resistance. The
membrane acts as a stable interface and no emulsification
problems are involved.

Here we report the selective oxidation of benzyl alcohols
using a porous PTFE membrane to separate the aqueous and
organic phases. A flat sheet diaphragm reactor shown in Fig. 1,
was used to carry out the reaction. In a typical reaction, a 13%
aqueous solution of hypochlorite (25 ml), was adjusted to pH 9
and then added in the aqueous side of the reactor. Benzyl
alcohol (3 mmol), and tetrabutylammonium hydrogen sulfate
(0.3 mmol), were dissolved in DCM on the organic side. A

hydrophobic microporous PTFE (0.2 mm) membrane was used
and a slight pressure was applied to the aqueous side to avoid
any transport of the organic phase into the aqueous phase. The
hydrophobic PTFE membrane kept the aqueous phase from
entering into the organic phase. The reaction could be run static
or continuous with counter flowing aqueous and organic
phases.

The influence of several parameters has been investigated so
as to optimise the performance of the system and in particular to
avoid further oxidation of the benzaldehyde to benzoic acid
[eqn. (1)].

(1)

The effect of benzyl alcohol concentration on the reaction
profiles was first investigated (Fig. 2). As the concentration of
benzyl alcohol increases the rate of conversion increases
slightly. For each reaction a small induction period is observed,
due to slow mass transfer of hypochlorite although this is not
observed if the system is allowed to equilibrate before the
alcohol substrate is added. The rate of the reaction does not
depend as much on the concentration of benzyl alcohol as
expected, however the concentration of PTC increases the rate
due to easier mass transfer. Selectivity to the aldehyde is also
reduced at low concentrations of the PTC. Changing the counter
anion in the PTC (HSO4

2, Cl2, Br2) has little effect on reaction
rate or selectivity but little reaction occurs in the absence of a
PTC. While the hypochlorite concentration has only a small
effect on the rate of conversion of benzyl alcohol, it strongly
influences the selectivity of the reaction. The amount of
hypochlorite transferred into the organic phase is dependant on
both the concentration of quaternary ammonium in the organic
phase and that of the hypochlorite in the aqueous phase. The
optimum concentration of hypochlorite at which we obtain a
good rate of conversion and very high selectivity to the
aldehyde is 13%.

Toluene can be used as a solvent for the reaction, although it
decreases the rate of conversion due to slower mass transfer and
benzyl chloride was produced from its oxidation under the
standard reaction conditions.

Fig. 1 Schematic diagram of flat sheet diaphragm cell.
Fig. 2 Influence of the concentration of benzyl alcohol on the conversion of
the reaction.
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The optimised system was successfully used for the selective
oxidation of a series of substituted benzyl alcohols (Table 1). It
appears that moving the substituent away from the reaction
centre did not affect the yield of the reaction. Insertion of an
electron-withdrawing substituent on the benzene ring increases
the reaction time and reduces the yield of the produced
substituted benzaldehyde products.

In summary, we have shown that it is possible to develop a
membrane reactor system for the static or continuous produc-
tion of benzaldehyde as well as substituted benzaldehydes.

We thank the EPSRC for funding this work and we are
grateful for valuable discussions with other members of the
York–Newcastle Chemistry–Chemical Engineering collabora-
tion. J. H. C. also thanks the RAEng-EPSRC for a Clean
Technology Fellowship.
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Table 1 Oxidation of substituted benzyl alcohols to aldehydes under optimum conditionsa

Substrate (benzyl alcohol) Time/min Product Yield (%)b Selectivity (%)

2-Methylbenzyl alcohol 60 2-Methylbenzaldehyde 97 98
4-Methylbenzyl alcohol 60 4-Methylbenzaldehyde 93 97
4-tert-Butylbenzyl alcohol 45 4-tert-Butylbenzaldehyde 90 95
4-Methoxybenzyl alcohol 120 4-Methoxybenzaldehyde 78 87
4-Chlorobenzyl alcohol 75 4-Chlorobenzaldehyde 75 84

a Reaction conditions: substrate (3 mmol), aqueous solution of NaOCl 13% (25 ml) at pH 9, TBAHSO4 (0.9 mmol) and DCM (25 ml) at rt. b By quantitative
NMR.
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A RuII–based emission, while almost entirely quenched in a
RuII/OsII heterodimetallated DNA hairpin, is dramatically
restored upon hybridization to a complementary oligonu-
cleotide, while hybridization to an oligonucleotide that
contains a single mismatch results in significantly lower
emission intensity.

Luminescent polypyridine transition metal complexes have
been gaining interest as molecular probes for bioanalytical
applications.1 Several important features distinguish emissive
coordination compounds from their organic counterparts: (a)
they are typically chemically inert and photostable, (b) their
photophysical characteristics can be tuned while maintaining
very similar structural features, (c) their photophysical proper-
ties are commonly insensitive to environmental changes (e.g.
pH, ionic strength), although functional groups can be appended
to affect sensing capabilities, (d) they exhibit rather large
Stokes’ shifts, and (e) their excited states are relatively long-
lived, a feature that facilitates their utilization in polarization
assays with relatively high molecular weight assemblies. Most
of these traits can be attributed to their unique excited-state
manifold, where the emission results from a metal-to-ligand-
charge-transfer (MLCT) state.2

Oligonucleotides containing emissive transition metal com-
plexes have become an important tool for the study of energy-
and electron-transfer processes in nucleic acids.3,4 In an early
contribution, we have reported the synthesis of RuII- and OsII-
containing nucleosides 1 and 2 and their corresponding
phosphoramidites (Fig. 1).5 The RuII nucleoside exhibits a long-
lived excited state in phosphate buffer pH 7.0 (t = 1.08 ms)
associated with a relatively high emission quantum efficiency
(f = 0.051). In contrast, the OsII-containing nucleoside is quite
non-emissive in an aqueous environment (t = 0.027 ms, f = 1
3 1024) and serves as a quencher of the RuII excited state.6,7

Since this donor/acceptor interaction is distance-dependent,5 we
have envisioned its application for the detection of DNA
hybridization events. In this contribution we demonstrate the
utilization of novel metal-containing oligonucleotides as hy-
bridization probes following the molecular beacons principle
(Fig. 2).8

The oligonucleotides used for this study are shown in Fig. 3.‡
The heterodimetallated hairpin 3, which holds the donor and
acceptor in close proximity, possesses a single mismatch in its
8-mer stem and a stable T4 loop. Upon hybridization to its
perfect complementary oligonucleotide 4a, a 20-mer duplex
3·4a with an additional six base pairs is formed, while placing
the quencher away from the RuII donor (Fig. 3).§ Thermal
denaturation studies confirm the enhanced stability of duplex
3·4a when compared to the hairpin 3 (Table 1 and Fig. 4).

† Electronic supplementary information (ESI) available: synthesis, enzy-
matic degradation, composition analysis and thermal denaturation studies of
oligonucleotides. See http://www.rsc.org/suppdata/cc/b1/b100036p/

Fig. 1 Metal-containing nucleosides 1 and 2 serve as a donor and an
acceptor, respectively.

Fig. 2 General principle of molecular beacons technology: the quenched
emission of a donor is restored upon hybridization to a target oligonu-
cleotide.

Fig. 3 Oligonucleotides used in this study: (a) RuII/OsII heterodimetallated
hairpin 3, (b) duplexes 3•4a and 3·4b formed upon hybridization of 3 to the
perfect (4a) and single-mismatch (4b) complement, respectively, and (c) a
control RuII-containing hairpin 5.

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b100036p Chem. Commun., 2001, 549–550 549



Hybridization of hairpin 3 to oligonucleotide 4b yields a less
stable duplex 3·4b that contains a single AC mismatch (Table 1
and ESI).

Steady-state emission spectra of iso-absorptive oligonucleo-
tide solutions are shown in Fig. 5.§ The Ru-based emission
intensity of the dimetallated hairpin 3 increases 17-fold when it
hybridizes to its complementary strand to give duplex 3·4a. The
presence of a non-complementary strand 4b, whose sequence
differs from the perfect complement by merely one base, does
not fully restore the Ru-based emission of the probe. The
emission intensity of duplex 3·4b is only 43% of the
luminescence intensity of the perfect duplex 3·4a. Hence, the
hairpin hybridization probe 3 is able to distinguish between the
target strand and a strand that contains a single mutation. We
attribute this difference to the less favorable association
between the unmatched oligonucleotides that is likely to lead to
an equilibrium mixture of the quenched hairpin 3 and emissive

duplex 3·4b.¶ Importantly, the luminescence of oligonucleotide
5, the RuII-only control, does not significantly change in the
presence of the complementary strand 4a or the non-com-
plementary strand 4b (Table 1).∑

To the best of our knowledge, this is the first example of
metallated hairpin oligonucleotides that serve as ‘metallo-
beacons’. The unique photophysical features of coordination
compounds and their chemical compatibility with functional
groups found on biomolecules hold great promise for future
studies. In particular, advanced designs that include modulated
emission and tailored quenchers that can undergo electron-
transfer processes can further enhance the sensitivity and
dynamic range of metal-based hybridization probes.

We thank the National Institutes of Health (Grant Number
GM 58447) for generous support.

Notes and references
‡ Oligonucleotides were synthesized using the standard solid-phase phos-
phoramidite chemistry as previously described.5 Purification was accom-
plished by preparative polyacrylamide gel electrophoresis and reversed-
phase HPLC. The composition of each oligonucleotide was confirmed by
enzymatic digestion followed by quantitative HPLC analysis of the
resulting nucleosides. See ESI for experimental details.
§ Solutions of the oligonucleotides in 10 mM phosphate buffer, pH 7.0
containing 100 mM NaCl were heated to 90 °C for 5 min and slowly cooled
to rt prior to measurements. Emission spectra of degassed solutions were
measured upon excitation at 456 nm. The spectra were converted to an
energy scale (cm21) and typically integrated between 520 and 850 nm.
¶ Supporting evidence can be found in the thermal denaturation curves of
the corresponding oligonucleotides. See ESI.
∑ It is of interest to mention that the Ru-based emission in the RuII/OsII

perfect duplex 3·4a, where the metal complexes are separated by 17 base
pairs, is quenched by 10% in comparison to the RuII-only perfect duplex
5·4a. This is consistent with the anticipated distance-dependent interaction
between these coordination compounds.5
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Table 1 Thermal denaturation and photophysical data

Sample Tm/°Cac Iem (arbitrary units)bc

3 69 5
3·4a 70 89
3·4b 70 38
5 69 100
5·4a 65 99
5·4b 69 98

a Melting temperature, ±1 °C. b Percent luminescence intensity (with
respect to 5), ±3%, 25 °C. c In 10 mM phosphate buffer pH 7.0 with 100 mM
NaCl.

Fig. 4 Thermal denaturation curves of 3 (5) and 3·4a (2).

Fig. 5 Steady-state emission spectra of 3 (- - -), 3·4a (—), 3·4b (– – –) and
5 (…).
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Inverse electron demanding Diels–Alder reactions of o-
thioquinones with styrenes, followed by simple manipula-
tions of the obtained cycloadducts, allowed the synthesis of
polyphenolic 4-thiaflavans which showed antioxidant activ-
ity miming either flavonoid or tocopherol behaviour.

Flavonoids, natural products containing the 2-phenylchromane
skeleton, are almost ubiquitous in higher plants and have been
related to a huge number of biological effects1 including anti-
inflammatory, anti-viral and anti-cancer activity. Flavonoids
bearing OH groups on A, B and C rings (Fig. 1) represent one
of the most important families of natural antioxidants, able to
prevent oxidation by oxyl radicals.2 A high polyphenolic
flavonoid content in the diet has been indicated as the reason
why certain populations show statistically low levels of
cardiovascular disease (the so-called French paradox) and most
types of cancer.3

We have reported that o-hydroxy-N-thiophthalimides, pre-
pared by N-phthalimidesulfenylation of activated phenols, are
suitable precursors of ortho-thioquinones, a synthetically useful
class of electron-poor heterodienes, which react with styrenes
giving rise to the formation of aryl-substituted benzoxathiin
cycloadducts with complete regioselectivity.4

This hetero Diels–Alder approach, can be involved in the
preparation of 4-thiaflavan derivatives as shown in Fig. 1. Thus
we decided to exploit this procedure for access to polyphenolic
4-thiaflavans with the aim of verifying their potential perform-
ance as antioxidants.

We focused our attention on the 5,7,3A,4A and 5,7,4A
substitution patterns, two of the more common structural
characteristics in natural flavonoids.1

The sulfenylation of 3,5-dimethoxyphenol and 3,5-(di-
methyl-tert-butylsilyloxy)phenol with phthalimidesulfenyl
chloride gave, as expected, the sulfenamide derivatives 1 and 2
as suitable precursors of the corresponding o-thioquinones.†

The reaction of compounds 1 or 2 with styrenes 3–5 in CHCl3
at 60 °C, in the presence of TEA,4 allowed the isolation of the

required cycloadducts which were transformed into the hydroxy
derivatives 6–12 by direct fluoro desilylation using wet TBAF
in THF at 0 °C.‡ For sulfoxides 7, 11 and 12 the oxidation with
mCPBA of the corresponding sulfides was performed before the
deprotection of the silyl ethers (Scheme 1).§

The antioxidant activity of compounds 6–12 was evaluated,5
as fading of the purple colour of commercially available DPPH
radical measured at 517 nm. Thus the value of the absorbance of
a 1024 M solution of DDPH in absolute ethanol (A0) and the
absorbance after 20 min from its mixing with an equimolar
solution of the thiaflavans (A1), were used for calculating the
reducing activity RA as: RA = [(A0 2 A1)/A0] 3 100. The
obtained RA for derivatives 6–12 and the one measured for
commercially available (+)-catechin hydrate are reported in
Scheme 1.

Fig. 1 Flavan skeleton and access to 4-thiaflavan structure.

Scheme 1 Reagent and conditions. i: TEA (1 equiv.), CHCl3, 60 °C, 20–120
h; ii (only for 7, 11 and 12): mCPBA (1 equiv.) CH2Cl2, 0 °C, 0.5–2h; iii:
TBAF (1–4 equiv.), THF, 0 °C, 1–2 h.
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Satisfactorily, derivatives 6 and 7 showed the same activity as
catechin. The high efficiency as antioxidants of natural
flavonoids showing a catechol-like ring B, has been explained
on the basis of the formation of a stable o-quinone species
arising from two consecutive hydrogen abstractions by the
radical reagent.2 Clearly thiaflavans 6 and 7 could show a
similar behaviour demonstrating that the above mentioned
catechol-like mechanism is maintained with the introduction of
a sulfide or a sulfoxide sulfur into the C ring.

Surprisingly compound 8, bearing only one hydroxy group
on C4A of ring B, was even more efficient than previously
considered 4-thiaflavans and catechin. This is in sharp contrast
with the literature data on antioxidant activity of flavonoids2

and prompted us to envisage a different oxidation mechanism
probably involving the A and C rings. This hypothesis was
corroborated by the substitution of hydroxy by methoxy groups
on the A ring which caused a complete loss of consumption of
DPPH colour for derivative 9, while compound 10, bearing a
methoxy group on the B ring but hydroxy groups on the A ring,
exhibited the same activity as 8. Moreover the transformation of
sulfides 8 and 10 into the corresponding sulfoxides 11 and 12
gave rise to an almost complete loss of activity. Thus the
observed antioxidant activity of compounds 8 and 10 requires
both hydroxy groups on the A ring and a sulfide sulfur in the C
ring (Scheme 1).

A simple rationalization of these results can be obtained by
considering that a 5,7-dihydroxy-4-thiaflavan moiety, like in 8
or 10, could behave as an antioxidant with the same mechanism
operative in tocopherols and related compounds, which, with
flavonoids, represent the most important families of natural
antioxidants (Fig. 2).

Literature data regarding the activity of modified tocopher-
ols6 are in perfect agreement with the observed high efficiency
of 4-thiaflavans 8 and 10. Actually it is known that the
introduction of electron donating groups in the aromatic ring
(i.e. OH on C5) facilitates hydrogen abstraction by the oxyl
radical, while the substitution of the oxygen by the sulfur atom,
on the saturated condensed ring, increases the stability of the
intermediate radical7 (Fig. 2).

The oxidation of the sulfide sulfur causes the decrease of
activity exhibited by sulfoxides 11 and 12 since it introduces an
electron withdrawing group which, at the same time, is known
to possess less ability in stabilizing radicals.8

These results seem to indicate that both the flavonoid-like
and the tocopherol-like mechanisms are operative in compound
6. Recent observations indicate that ‘in vivo’ these two classes
of natural polyphenols have to operate synergistically for a fast
and safe protection against LDL (low density lipoprotein)
damaging radicals.9 Thus the possibility of joining in a single
compound the very fast reaction of flavonoids with oxyl
radicals and the high chain breaking ability of tocopherols,

makes these thiaflavans very stimulating and promising new
‘double-faced’ antioxidant derivatives.

Moreover, since several 4-thiaflavans, including derivatives
8–10, appeared active against Staphylococcus aureus, Pseudo-
monas aeruginosa and Candida albicans growth,10 more
detailed studies on the activity of 4-thiaflavans as antioxidants
and antimicrobials are in progress in these laboratories.

This work was carried out under the auspices of the National
Project: ‘Stereoselezione in Sintesi Organica. Metodologie ed
Applicazioni’ supported by the Ministero dell’Università e della
Ricerca Scientifica e Tecnologica, Rome, and by the University
of Florence.
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Fig. 2 4-Thiaflavan and tocopherol skeletons.

552 Chem. Commun., 2001, 551–552



  

Alkali metal-templated assembly of the tetrahedral cyanometallate cages
[M7Mo4(m-CN)6(CO)12]52 (M = Li, Na)

Stephen M. Contakes and Thomas B. Rauchfuss*

Department of Chemistry, University of Illinois at Urbana Champaign, Urbana, IL 61801,USA.
E-mail: rauchfuz@uiuc.edu

Received (in Irvine, CA, USA) 11th December 2000, Accepted 16th January 2001
First published as an Advance Article on the web 28th February 2001

Acetonitrile solutions of (mesitylene)Mo(CO)3, 1.5 equiv.
Et4NCN, and 0.25 equiv M+ afford the inorganic tetra-
hedranes (Et4N)5[M7Mo4(m-CN)6(CO)12] (M = Na, Li), the
strained nature of which is indicated by their ready reaction
with CsO3SCF3 to give trigonal prismatic (Et4N)8[Cs-
7Mo6(m-CN)9(CO)18].

We have reported that the cyanometallate box [Cp*Rh]4[Mo-
(CO)3]4(m-CN)12

42 selectively binds Cs+ (vs. K+).1 This
mirrors behavior exhibited by solid state cyanometallates,
which have been of interest for radiowaste separations.2,3 We
have recently discovered that in cyanometallate cages with
labile M–CN bonds, Cs+ and K+ promote the formation of
trigonal prismatic, not cubic, cages, e.g. [Cs7Mo6(m-
CN)9(CO)18].4 We now report that use of the smaller Na+ (rionic
= 116 pm5) and Li+ (rionic = 90 pm) ions in place of Cs+ (rionic
= 181 pm) and K+ (rionic = 152 pm) in the Mo–CO/CN2
system affords tetrahedral cages, a third member of the series
{M7[Mo(m-CN)1.5Lx]n}(1.5n21)2. This result establishes that
the alkali metal not only templates cage formation, but that the
size of the alkali metal ion determines the cage structure. Of
further interest, tetrahedral M4(m-CN)6 cages are unprecedented
within the area of cyanometallates.2

Treatment of acetonitrile solutions of (mesitylene)Mo(CO)3
with 1.5 equiv. Et4NCN in the presence of 0.25 equiv. NaSbF6
gives a yellow solution from which golden crystals, analyzed as
(Et4N)5[Na7Mo4(m-CN)6(CO)12] (Na7T52), can be precipi-
tated in 77% yield.†‡ 159 MHz 23Na NMR spectroscopy
indicates that this reaction is complete within 1 h. The IR
spectrum shows that the anion is rather electron rich (nCO =
1997, 1876, 1745 cm21). X-Ray diffraction analysis revealed an
anionic tetrahedrane with four Mo(CO)3 vertices and six m-CN
edges (Fig. 1). Not unlike [K7Mo6(m-CN)9(CO)18]82

(K7TP82),4 each Mo atom is octahedral with acute CN–Mo–
CN angles (82.1°) and 90° C–Mo–CO angles. The Na+–C/N
distance of ca. 2.56 Å is comparable to that in Na-alkyls.6–10

The Mo–CN linkages are bent with Mo–C/N–N/C bond angles
of 165.9°. In the molecular triangle Re3(m2CN)3(CO)12, the
M–C–N angles are ca. 180° with most of the bending occurring
at the ca. 135° M–N–C angles.11 A similar situation may apply
to Na7T52 but the presence of four structurally similar linkage
isomers, each of which can adopt four different orientations in
the crystal structure, made this difficult to establish unambigu-
ously. Evidence for the four different possible linkage isomers
comes from 13C NMR spectroscopy (Fig. 2), which shows the
predicted 16 signals in the m-CN region. The Li+-containing
tetrahedrane, (Et4N)5[Li7Mo4(m-CN)6(CO)12] (Li7T52), was
prepared from (mesitylene)Mo(CO)3, 1.5 equiv. Et4NCN, and
0.25 equiv. LiO3SCF3.

The availability of two classes of cages of formula
M7[Mo(m-CN)1.5(CO)3]n

(1.5n21)2 (M = Cs, K, n = 6 vs. M =
Na, Li, n = 4) prompted a study of their interconversion. Cage
interconversion is also relevant to cage assembly mechanisms,
a topic that has only recently come under scrutiny.12 The 233
MHz 7Li NMR spectrum of Li7T52 in MeCN consists of a
single signal at d 20.28 (apparently the Na chemical shift is
insensitive to the CN linkage isomerism). On addition of one

equiv. of LiO3SCF3 to a MeCN solution of square (Et4N)4-
[Cs7Mo6(m-CN)9(CO)18] (1),4 a broad signal at d21.8 as well
as small amounts of Li7T52 (Fig. 3) were observed. Upon
adjusting the CN2+Mo(CO)3 ratio to 1.5, the signal for Li7T52

becomes dominant. Further Et4NCN, however, degrades the
Li7T52 giving only Mo(CO)3(CN)3

32 and free Li+.4 Similar
observations were obtained by 23Na NMR spectroscopy for the
formation of Na7T52 from NaSbF6 and 1. These results
confirm the ready formation of the tetrahedrane when
Mo(CO)3, CN2, and the alkali metal are present in the
appropriate ratio.

Fig. 1 Structure of the anion in (Et4N)5[Na7Mo(m-CN)6(CO)12]·4MeCN
with thermal ellipsoids set at the 50% probability level. Selected average
distances (Å) and angles (°): Mo–C/N 2.25, Mo–CO 1.93, Na–C/N 2.56,
C/N–Mo–C/N 82.1, OC–Mo–CO 90.0; Mo–C/N–Mo 165.9.

Fig. 2 187.5 MHz 13C NMR spectrum of (Et4N)5[Na7Mo(m-CN)6(CO)12]
showing the 14 signals observed in the m-CN region and breakdown of
signals into groups attributable to the four linkage isomers.
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We also examined the effect of alkali metal stoichiometry.
Addition of one equiv. NaSbF6 to a solution of Na7T52 gave a
broad 23Na NMR signal for Na+ centered at d 24.5 along with
undiminished signal for Na7T52, indicating that excess alkali
metal does not degrade the cage. Using substoichiometric
amounts of NaSbF6 shows only formation of Na7T52. Thus,
alkali metal is required for cage formation, only the tetrahedral
cage forms at low stoichiometry, and excess alkali metal does
not affect cage formation.

Experiments involving mixed alkali metals clarified the
relative thermodynamic and kinetic stabilities of the new
families of CN-based cages. LiO3SCF3 has no effect on the 23Na
spectrum of Na7T52 whereas one equiv of NaSbF6 converts
Li7T52 into Na7T52. This reaction is likely due to the better
fit of the sodium ion within the cavity and may also be partially
driven by the entropic advantage for encapsulation of
[Na(MeCN)6]+ vs. [Li(MeCN)4]+.13,14 7Li NMR measurements
showed that one equiv. of CsO3SCF3 causes release of free Li+
from Li7T52. Complementarily, 79 MHz 133Cs NMR measure-
ments showed that Cs+ converts both Na7T52 and Li7T52

predominantly into Cs7TP82 (Scheme 1). Consistent with the
greater stability of the larger cages, the 133Cs NMR spectrum of
Cs7TP82 is unaffected by the presence of Li+, Na+, and K+.
The higher reactivity of the tetrahedral cages is attributed to the
weakened M-NC bonding associated with strained Mo–C–N–
Mo angles (vide supra).

The literature on tetrahedral cages is rapidly growing,15–18

although the previously reported cages are guided by the
directionality and denticity of organic ligands, whereas in the
present case only CN2 is the linker and guidance is provided by
the size of the encapsulated ion.

This research was supported by the Department of Energy.
We thank Dr Paul Molitor for assistance with the NMR
measurements.

Notes and references
† Synthesis of (Et4N)5[Na7Mo4(m-CN)6(CO)12] (1). A solution of 156 mg
(1.00 mmol) Et4NCN in 15 mL MeCN was added dropwise to a stirred
solution of 200 mg (0.666 mmol) (mesitylene)Mo(CO)3 and 43 mg (0.167
mmol) NaSbF6 in 10 mL MeCN. The resulting solution was allowed to
stand for 18 h and then 100 mL Et2O was added to precipitate the product
as a yellow powder. The product was collected by filtration, washed twice
with 10 mL portions of Et2O, and dried under vacuum for 12 h. Yield 210
mg (77%). IR (nC·X, KBr/cm21): 2089 (w), 1997 (vw), 1934 (m), 1876 (vs),
1745 (vs). Anal. Calc. (found) for C58H100Mo4NaN11O12: C, 44.94 (45.02);
H, 6.50 (6.62); Mo, 24.75 (24.53); Na, 1.48 (1.42); N, 9.94 (10.10)%. The
Li derivative was prepared identically using LiOTf in place of NaSbF6.
Single crystals of 1 were grown from MeCN solutions by vapor diffusion
using ether.
‡ Crystal data for 1: M = 1550.3, monoclinic, space group P21/c, a =
19.1292(16), b = 19.3643(16), c = 24.966(2) Å, b = 96.764°, Z = 4, Dc

= 1.290 Mg m23, l = 0.71073 Å, m = 0.601 mm21, R1 = 0.0735, wR2
= 0.1894, GoF = 1.0098.

CCDC 13795. See http://www.rsc.org/suppdata/cc/b0/b010192n/ for
crystallographic data in .cif or other electronic format.
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Fig. 3 233.2 MHz 7Li NMR spectra illustrating the effect of Mo+CN ratio
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The complexation via complementary hydrogen bonds, of
three novel ferrocene receptors with barbital, ethylene urea
and trimethylene urea is described with the binding mode
and stoichiometry clearly shown by NMR spectroscopy and
X-ray crystallography.

As part of the continued interest in the development of novel
molecular switches and sensors, redox-active receptors for
inorganic cations and anions have been studied in much detail,1
although reports of similar receptors for organic molecules, be
they charged or neutral, are less common.2 Interest in the
development of functional receptors for organic molecules such
as barbiturates arises due to their importance as sedatives and
anticonvulsants,3 whilst the detection of ureas is important with
regard to possible applications in dialysis. Previous studies
concerning the binding of barbiturates and ureas have largely
focused on organic receptors that bind the neutral guest through
hydrogen bonds.4 In particular, Hamilton and coworkers have
reported the complexation of barbiturates by both macrocyclic
and acyclic receptors (e.g. 1 and 2) containing two 2,6-diamino-
pyridine units linked via an isophthaloyl group.4a.b Here we
report that a similar binding motif can be constructed through
the incorporation of the redox-active ferrocene unit into the
receptor framework.

The synthetic strategy involved the synthesis of ferrocene-
1,3-dicarbonylchloride,5 which was then reacted, in the pres-
ence of triethylamine, with either two equivalents of 2-amino-
6-methylpyridine or with an excess of 2,6-diaminopyridine, to
yield compounds 3 and 4 respectively. Further reaction of 4 with
propionyl chloride, again in the presence of triethylamine,
yielded compound 5. These reactions thus produced a series of
ferrocene receptors containing either two hydrogen bond donor
groups (D) with two hydrogen bond acceptor groups (A)

(receptor 3) or four hydrogen bond donor groups with two
hydrogen bond acceptor groups (receptors 4 and 5).

The interaction of each ferrocene receptor with a range of
neutral guests was monitored by 1H NMR spectroscopy in dry
CDCl3. Downfield shifts in the resonances corresponding to the
amide protons and also the proton in the 2-position of the
disubstituted ferrocene Cp ring were observed. For example,
this Cp-H resonance in receptor 5 underwent a downfield shift
of +0.25 ppm upon the addition of one molar equivalent of
barbital. The stoichiometry of each of the complexes was
confirmed as 1+1 via Job plots derived from the NMR data,
which displayed a maximum at 0.5 mole fraction of the
receptor. The values of the binding constants for each
complexation experiment were then determined using the
EQNMR program (Table 1).6

From Table 1 it is clear that there is a correlation between the
number of the hydrogen bonds and the value of the binding
constant. Receptor 3 forms the most stable complex via four
hydrogen bonds with trimethylene urea, suggesting that ethyl-
ene urea is too small for the cavity formed by these receptors.
Interestingly, 3 only forms a weak complex with barbital which
is a similar size to trimethylene urea. This reflects the fact that
there are two carbonyl groups on the barbital guest, which are
not involved directly in hydrogen bonding but nevertheless are
adjacent to a hydrogen bond, leading to unfavourable diagonal
secondary electrostatic interactions.7 In a related manner,
trimethylene urea forms weaker complexes with receptors 4 and
5 compared to receptor 3. The additional hydrogen bond donor
groups on 4 and 5 are not directly involved in hydrogen bond
formation but still contribute to unfavourable diagonal secon-
dary electrostatic interactions with the adjacent hydrogen
bonds. As expected, the highest binding constants, via the
formation of six hydrogen bonds, are observed between barbital
and receptors 4 and 5. In fact, 4 binds more strongly than 5,
where the difference beween these two receptors arises at the
hydrogen bond donor groups in position R, being amines or
amides respectively. A related effect has previously been
reported with ferrocene receptors used in anion recognition
studies.8

Single crystals suitable for study by X-ray crystallography
were obtained via the diffusion of diethyl ether into a
chloroform solution of barbital and 5.‡ The structures in Fig. 1
show that, as expected, barbital is complexed in a 1+1
stoichiometry through complementary hydrogen bonds. The
hydrogen bond lengths in Table 2 show that the closest contacts
are between barbital and the amide groups at the position R (i.e.
N3 and N3A). The two bonds to the apical O3 atoms of the guest
in fact are, in fact, very long for a hydrogen bond. However, it

Table 1 Binding constants (M21) for complexes 3–5, as determined from 1H
NMR titration experiments (CDCl3, 298 K)

Receptor Ethylene urea Trimethylene urea Barbital

3 250 ± 5 600 ± 20 195 ± 6
4 —a 110 ± 2 3200 ± 242
5 —a 25 ± 2 2150 ± 127

a Weak binding with several complexes formed in solution.
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is clear that in solution, these two hydrogen bonds are formed
since both resonances for the amide protons of the receptor
undergo large downfield shifts upon addition of barbital. In fact,
unambiguous assignment of the two resonances corresponding
to these two pairs of amide protons was achieved through NOE
experiments, allowing the observation that in the presence of
1.5 equiv. of barbital, the resonance for the amide protons
adjacent to the Cp-ferrocene ring shifted by +0.9 ppm compared
to a larger shift of +1.19 ppm for the resonance for the amide
protons at position R. These findings are therefore in agreement
with the solid state results in that the strongest amide hydrogen
bonds are those that are the furthest away from the ferrocene
unit. It is interesting to note that a similar trend in bond lengths
was found in the crystal structure of the same guest with the
macrocyclic host 1.4b Furthermore, in both structures, the guest
is oriented at an angle with respect to the plane formed by the
1,3-arms of the host (1:barbital = 27°,4b 5:barbital = 38°).

The nature of the spacer group affects the binding constant
with barbital. For Hamilton’s analagous acyclic receptor 2,
where the spacer is a 1,3-isophthalic acid group,4a the binding
constant with barbital in CDCl3 is approximately one order of
magnitude higher than that between 5 and barbital (K = 2.08 3
104 and 2.15 3 103 M21 respectively). A likely explanation for
this difference is that the angle between the 1,3-arms in the
ferrocene host is larger (the angle geometry is 144 and 120°

respectively for five and six-membered rings) which results in
the guest having to position itself even closer to the spacer
group, with its protuding Cp–H proton, to form hydrogen bonds
of any reasonable length. However, additional electronic effects
can not be completely ruled out since the Cp unit should lower
the acidity of the proximate amide hydrogens, as it is more
electron donating than benzene. To examine this effect further,
electrochemical measurements were undertaken to assess the
effect of oxidising the ferrocene unit on the binding strength.
Receptor 5 undergoes a reversible oxidation in dry CH2Cl2 at
298 K [E = 0.41 V vs. ferrocene internal reference, where E =
(Epa + Epc)/2], corresponding to the FeII/FeIII redox couple.
Upon addition of excess barbital, a modest cathodic shift of 220
(±5) mV in this redox couple was observed, reflecting a slightly
stronger binding of the guest upon oxidation of the ferrocene
unit,§ as found previously with related hydrogen bonding
ferrocene receptors.2a Therefore, the introduction of a positive
charge and the resulting electron withdrawing effect from the
spacer group would appear to increase the hydrogen bonding
strength, although this effect is not as pronounced as when the
guest is bridged between the two Cp rings.2a,b In conclusion, we
have shown that a series of ferrocene compounds can form
discrete complexes with a range of biologically relevant
molecules through hydrogen bonding interactions. Further
binding studies with these and other related receptors are
currently underway.

We thank the EPSRC for the award of a PDRA grant
(S. R. C.).
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= 107.39(3)°, U = 4001.5(14) Å3, space group P21/n, Z = 4, Dc = 1.348
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Fig. 1 (a) Top and (b) side views of the X-ray structure of [5:barbital].

Table 2 Hydrogen bond lengths and anglesin the X-ray structure of
[5:barbital]

Separation (D…A/Å Angle (DHA)/°

N1–O3 3.434(7) 174.2
N1A–O3 3.494(7) 164.7
N4–N2 3.105(8) 156.6
N5–N2A 3.116(8) 165.3
N3–O4 2.865(7) 174.4
N3A–O5 2.892(8) 171.5
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Diarylurea-linked zinc porphyrin dimer and trimer were
newly prepared: taking advantage of the structural charac-
teristics of the diarylurea skeleton led to a convenient
arrangement of the porphyrin chromophores in a cofacial
manner.

Multi-porphyrin arrays and their photochemical properties have
been attracting much attention from the viewpoint of the
construction of suitable models for photosynthetic functions
such as light gathering, excitation energy relay and long-range
charge separation as well as their potential applications as
molecular photonic devices such as solar cells, photon-gated
molecular wires, and so on.1 In multi-porphyrin arrays,
photochemical processes, especially photo-induced energy and
electron transfer are significantly affected by the inter-
chromophore distance. Much effort has been devoted to
regulating orientation among porphyrin chromophores by
means of both covalent and non-covalent approaches,2,3 but
more convenient methods are still required to arrange the
chromophores in various well-defined manners. In the present
communication, we report the facile synthesis and conforma-
tional control of porphyrin dimer and trimer by using a
diarylurea linkage, where the porphyrin chromophores are
arranged in a cofacial manner.

As shown in Fig. 1a, N,NA-diarylurea predominantly adopts a
trans,trans-conformation.4 If porphyrin skeletons are intro-
duced into the 5 and 5A positions and the rotation of the N–C
bonds (arrows a and aA in Fig. 1a) is fixed by steric repulsion
between the substituents introduced into the 2 and 2A positions
(e.g. methyls) and the carbonyl oxygen, the chromophores
should be forced into a cofacial arrangement (Fig. 1b). In
addition, diarylurea is easily obtained by the reaction of the

corresponding amine and isocyanate in good yield. Thus, a
diarylurea skeleton is a good candidate for the linkage in the
construction of a cofacial porphyrin array. In Scheme 1 is shown
the synthesis of diarylurea-linked zinc porphyrin dimer 1, which
is carried out in a similar manner to the preparation of urea-
functionalized porphyrins reported by Collman.5 Aminopor-
phyrin 3 was converted to the corresponding isocyanate 4 by
treating with triphosgene in dry dichloroethane containing a
small amount of dry pyridine. The reaction of 4 with another
molecule of 3 followed by insertion of zinc(II) ions afforded
zinc porphyrin dimers 1a and 1b in 73 and 49% yields from 3a
and 3b, respectively. In the similar way, the reaction of 2 equiv.
of 4a with 1 equiv. of diaminoporphyrin 5 afforded trimer 2 in
44% yield from 3a. The reference monomer 6 was also prepared
from 3a and aniline in 90% yield. Each compound was
identified by 1H NMR, 1H–1H COSY, electronic absorption, IR
and FAB mass spectra and elemental analysis.†

† Electronic supplementary information (ESI) available: 1H NMR, elec-
tronic absorption, IR and FAB mass spectra and elemental analysis data for
1a, 1b, 2 and 6. See http://www.rsc.org/suppdata/cc/b0/b009578h/

Fig. 1 (a) Conformational equiliblium in diarylurea. (b) An illustration of
the conformational control of diarylurea-linked porphyrin dimer.

Scheme 1 Reagents and conditions: (i) triphosgene, dry pyridine, dry
CH2ClCH2Cl, rt; (ii) 3 (1 eq.), reflux; (iii) 4a (2 eq.) and 5 (1 eq.), reflux;
(iv) aniline, reflux; (v) Zn(OAc)2, CH2Cl2–EtOH, reflux.
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Firstly, electronic absorption spectra gave us some informa-
tion about the orientation between the chromophores in the zinc
porphyrin oligomers 1 and 2. The absorption spectra in the Soret
region for 1, 2 and 6 are shown in Fig. 2. The dimer 1b, which
possesses no substituents in the diarylurea skeleton except for
the porphyrins, exhibited a similar absorption spectrum to 6,
whereas the absorption maximum of 1a exhibited a slight blue
shift of 4 nm compared to that of 6, indicating an exitonic
coupling between the transitions in the two porphyrin moieties
adopting the cofacial arrangement.6,7 The trimer 2 also
exhibited the similar blue shift (lmax = 426 nm), indicating a
well-defined cofacial array of three porphyrin units, although
the half band width is a little bit larger than that of 1a (half band
widths; 12 and 14 nm for 1a and 2, respectively).

The cofacial orientation between the porphyrin units in 1a
was also confirmed by formation of a complex with 1,4-diazabi-
cyclo[2.2.2]octane (DABCO). The porphyrin face-to-face dis-
tance in 1a estimated by a molecular modeling study was
7.0 Å,8 suitable distance for binding of DABCO through two
Zn–N coordination interactions. Addition of an equimolar
amount of 1a to a solution of DABCO in CDCl3–DMSO-d6
(20+1, v/v, 0.34 mM) induced a significantly large upfield shift
of the –CH2CH2– signal of DABCO from 2.80 to 24.75 ppm,
which apparently originated from ring current anisotropy of the
two porphyrin rings.9 In Fig. 3 are shown absorption spectra of
1a and 1b in CHCl3–DMSO (20+1, v/v) upon addition of
varying concentrations of DABCO, and the titration data are
summarized in Table 1. An isosbestic point observed in each
spectral change (426 and 427 nm for 1a and 1b, respectively)
indicates 1+1 complex formation in the present condition,
which was supported by the Job plot. The spectra of 1a and 1b
both exhibited blue shifts upon complexation with DABCO to

afford an identical narrow Soret absorption (lmax = 424 nm;
half band width, 8 nm), although monomer 6 exhibited a red
shift upon complexation, induced by the coordination of
DABCO’s nitrogen to the central zinc of the porphyrin
moiety.10 This suggests that the blue shifts observed in 1a and
1b are due to the exitonic interaction between the porphyrin
chromophores tightly fixed in a cofacial manner. It is empha-
sized that the binding constant K for 1a was 41 times larger than
that for 1b, indicating that the introduction of methyl groups at
the 2 and 2A positions in the diarylurea skeleton of 1a effectively
forces the porphyrin moieties to adopt a cofacial orientation.

In summary, we have demonstrated here a facile method for
construction of cofacial porphyrin oligomers by linking por-
phyrin units by a diarylurea linkage as well as the introduction
of appropriate intramolecular steric interactions. As can be seen,
alternative copolymerization of 5 with the corresponding
porphyrin diisocyanate should afford a linear cofacial porphyrin
array. This research is on going.
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Fig. 2 Electronic absorption spectra of 1a, 1b, 2 and 6 in the Soret region in
CHCl3–DMSO (20/1, v/v) at 293 K.

Fig. 3 Electronic absorption spectra of 1a and 1b in the presence of varying
concentrations of DABCO in CHCl3–DMSO (20/1, v/v) at 293 K. (a) [1a],
1.50 mM; [DABCO], 0, 1.22, 2.44, 4.83, 7.75, 11.7, 23.3, 34.8 mM. (b) [1b],
1.64 mM; [DABCO], 0, 0.0260, 0.0515, 0.0827, 0.125, 0.249, 0.372, 0.614,
2.50, 3.67 mM.

Table 1 Electronic absorption titration data for 1a, 1b and 6 with DABCO
in CDCl3–DMSO (20/1, v/v) at 293 K

Compound lfree
a/nm lcomplex

a/nm Dlb/nm Kc/M–1 (s.d., %)

1a 425 (12) 424 (8) 21 1.48 3 105 (11)
1b 428 (12) 424 (8) 24 3.59 3 103 (7)
6 429 (10) 431 (9) 2 1.02 3 103 (5)
a Absorption maximum in the Soret region. lfree; in the absence of DABCO,
lcomplex; upon complexation with DABCO. Half band width in parenthesis.
b lcomplex2 lfree. c Determined by computer-assisted least-squares analysis
of the absorbance changes.
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Calcined pure silica MCM-48 is modified by silylating its
mesopores with trimethylsilyl chloride; such pore modifica-
tion along with polymerization and carbonization of di-
vinylbenzene as a carbon precursor is found to be a very
efficient way of fabricating highly ordered carbon molecular
sieves with three-dimensionally interconnected uniform
pore arrays, greatly improving structural integrity and
thermal stability.

Porous carbons have been greatly studied as adsorbents and
electrode materials.1,2 Since zeolites and other molecular sieves
including mesoporous materials possess several attractive
characteristics such as high surface area and periodic arrays of
uniform pores, they can be used as synthesis templates for
carbon with regular pore structures.3,4 Polymerization and
pyrolysis of acrylonitrile were demonstrated in zeolite Y and
mordenite channels.5 The formation of porous carbon by
carbonization of poly(acrylonitrile) and poly(furfuryl alcohol)
was reported in Y zeolite template.6 The phenol–formaldehyde
polymers and their carbons were also studied in Y, b and L
zeolites.7 However, the pore ordering was not well maintained
in the porous carbon structure due to the non-rigidity of the
carbon frameworks formed in the narrow pores of zeolites. Most
recently, carbon frameworks with ordered pores were reported
using mesoporous templates. Ordered porous carbon replicas of
the MCM-48 template were reported by converting sucrose in
the channels into carbon using an acid catalyst.8 Mesoporous
carbon was also synthesized by acid-catalyzed polymerization
of phenol and formaldehyde in Al-implanted MCM-48 fol-
lowed by carbonization.9 Here we report the novel synthesis of
highly ordered mesoporous carbon materials using a pure silica
MCM-48 template with surface-modified pores and div-
inylbenzene as a carbon precursor. Particularly, this method
provides the first example of mesoporous carbon with much
improved structural integrity and thermal stability.

High quality silica MCM-48 was prepared using
C16H33N(CH3)3Br and Brij 30 as surfactants and colloidal silica
Luodx HS40 as the silica source based on the modification of
reported methods.10 Calcined silica MCM-48 was first modified
by a simple silylation using trimethylsilyl (TMS) chloride
according to methods described in literature.11 After such a
silylation, more than 90% of the silanol groups in the pores were
replaced with TMS groups [eqn. (1)].
(silica)·SiOH + (CH3)3SiCl? (silica)·SiOSi(CH3)3 + HCl (1)
This was confirmed by the decrease of a signal at 960 cm21

corresponding to Si–O stretching in the Si–OH groups before
silylation and by the concomitant development of two new
signals at 845 and 2960 cm21 ascribed to attached OSi(CH3)3
groups in the infrared spectra as reported in previous work.11–13

We denote TMS-modified MCM-48 as TMS-MCM-48 in order
to distinguish it from pure silica MCM-48. Such TMS-MCM-48
showed higher hydrophobicity and nonpolarity11,13 which were
confirmed by a marked decrease of a broad signal centered at
3450 cm21 due to physically attached water in the mesopore.
The modified pores in the templates were filled by soaking the
TMS-MCM-48 template into a carbon precursor solution of
80% divinylbenzene (DVB) with a free radical initiator,
azobisisobutyronitrile (AIBN) (DVB–AIBN mole ratio  10).

Dissolved oxygen was removed by several freeze–pump–thaw
cycles. Polymerization was performed by heating to 70 °C
overnight. The resulting polymer was heavily cross-linked in
the template pores. The template–polymer composites were
then heated under N2 gas flow at a heating rate of 1 °C min21

to 750–850 °C and then held under these conditions for 7–10 h
to carbonize the polymer. Porous carbon was obtained after
subsequent dissolution of the silica framework in 48% aq. HF.
The same procedures were also performed on calcined silica
MCM-48 without any surface modification. The yield of
obtained carbons was about 70–80% in both cases.

XRD patterns were measured at various stages during the
course of synthesis (Fig. 1). Two intense peaks with about equal
intensity at 2q = 1.6 and 2.7 in synthesized carbon materials
indicate long-range ordering of highly ordered uniform meso-
pores. It is interesting to note that the first intense peak not seen
in parent MCM-48 template occurs in the synthesized carbons.
The peak was suggested to occur due to the phase transition of
MCM-48 with Ia3d space group to a new cubic phase with
I4132 space group due to shrinkage of the carbon walls upon
removal of the silica framework.8 Surprisingly, the overall XRD
intensity for TMS-MCM-48 porous carbon was about two times
higher than ones for the parent calcined silica MCM-48
template and for the MCM-48 carbon. Elemental analysis of the
porous carbon replica shows a C+H mole ratio of about 23 (C
98.01 and H 0.35 wt%). Energy dispersive X-ray spec-
trophotometer analysis determined by field emission scanning
electron microscopy also indicated a predominantly strong
carbon signal at 0.270 keV with a weak residual undissolved
silica signal at 1.752 keV.

TEM images from the thin edges of the porous carbon
molecular sieves show a regular array of holes separated by
walls (Fig. 2). The TMS-MCM-48 porous carbon showed much

Fig. 1 X-Ray diffraction patterns of (a) calcined pure silica MCM-48 and
mesoporous carbon obtained by using (b) silica MCM-48 and (c) TMS-
MCM-48 as templates. These XRD patterns were obtained using a Rigaku
D/MAX-III (3 kW). Each spectrum was measured under identical
experimental conditions.
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better overall structural order than the MCM-48 porous carbon,
which is also in good accordance with XRD results. The specific
surface areas of the carbons were found to be 1200 ± 50 m2 g21

for nitrogen BET adsorption measurements. The pore size
distribution data calculated from the adsorption branch of
nitrogen adsorption–desorption curves by the BJH (Barrett–
Joyner–Halenda) method showed that pores are uniform with
quite narrow pore size distribution centered at 2.4 ± 0.2 nm.

Thermogravimetric (TG) weight change was recorded to
study the thermal stability of carbons formed by carbonization
of DVB in MCM-48 template under an O2 atmosphere (Fig. 3).
There was significant weight loss in a narrow temperature range
at ca. 830 K for DVB carbon. The high temperature for DVB
carbon, in good agreement with those for nanotubes and other
graphitized carbons14,15 indicates that the DVB carbon may
have a graphitic nature. The corresponding TG temperature was
near to 680 K for sucrose carbon in previous work.8 This clearly
indicates the DVB carbon with much improved thermal
stability. Mechanical strength measured by monitoring XRD
intensity changes after each pressurizing cycle of the pelletized
carbon (100 mg and 1/2 inch diameter) for 1 min with gradually
increasing pressure indicates that the DVB carbon was stable
with no significant intensity change at pressures less than 4.0
ton cm22 and above that, started decreasing its intensity slowly
with 75% XRD intensity maintained at pressures of 4.8 ton
cm22 compared to the original intensity at atmospheric
pressure. Calcined silica MCM-48 with high crystalline order
and its silylated MCM-48 prepared here were stable at pressures
of less than 2.4–2.7 ton cm22 and ca. 3.0 ton cm22,
respectively, but above these pressures, they started losing their
crystallinity. This indicates that the mesoscopic porous carbon
prepared here has much higher mechanical strength than the
silica template.

In this work, we have obtained high quality mesoporous
carbon with much better structural order for TMS-MCM-48
compared to those for MCM-48. This is unclear, but is perhaps

due to the removal of oxygen sources in TMS-MCM-48 which
are an effective quenching agent for DVB radical polymeriza-
tion by replacing Si(OH)1 or 2 with SiOSi(CH3)3 via silylation.
TMS-modified pores are also extremely hydrophobic compared
to unmodified ones,11,13 repelling more water molecules which
can also be potential radical reaction quenchers and thus
allowing more room for carbon precursors to fully fill the
mesopore channels. Carbon prepared with phenol and formal-
dehyde was shown to have low thermal stability and lower
structural ordering.8 Also when we measure the XRD intensity
ratios of the mesoporous carbon versus the parent calcined pure
silica MCM-48 template as determined from a flat base line, our
high quality carbon showed a much higher ratio of 2.2–2.5 than
carbons prepared by carbonization of sucrose of about 1.3–1.6.8
In addition, MCM-48 templated DVB carbon shows higher
thermal stability than the corresponding sucrose carbon.

In summary, two major factors were considered in this work
to improve the quality of mesoporous carbons: hydrophobicity
of the template channels and the carbon precursor. The surface
modification of the MCM-48 template and the use of DVB as a
carbon precursor are considered to be a most efficient way of
synthesizing highly ordered mesoporous carbons with greater
structural integrity and thermal stability. We are currently
carrying out further studies to evaluate this method which can
be extended to the preparation of other high quality mesoporous
carbons. We have synthesized carbons in the MCM-41 template
using the same method. TEM pictures of the extracted carbon
fibers showed continuous linear patterns due to carbon
nanofibers, but in general not as orderly as the MCM-48
templated carbon because the fibers are not bound to each other
in MCM-41. The highly ordered mesoporous carbon materials
with superior structural integrity and thermal stability will find
many new advanced applications in the future.

We thank the Korean Ministry of Science and Technology (I-
01-03-A-073) and the Basic Science Institute (in Taejon)
program (TEM images).
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Fig. 2 Transmission electron micrograph (TEM) images of mesoporous
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Fig. 3 Thermogravimetric weight change curve under an O2 atmosphere for
MCM-48 templated carbons prepared by the carbonization of DVB.
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The ethylenediamine functionalized quinacridone deriva-
tives 3a–c display an orange fluorescence (lem (max) = 558
nm) which is quenched upon addition of coordinating metal
ions by formation of a macrocyclic chelate bringing metal
ion and fluorophore in close proximity to one another.

A number of small-molecule fluorescent sensors for metal ions
have been developed in recent years, and find applications in
trace-ion analysis and imaging. Fluorescence modulation upon
metal binding is commonly observed whenever a fluorophore
interacts directly with a non-bonding electron pair belonging to
a metal-chelating group, typically placed one (phenols and
anilines) or two (benzylic heteroatoms) bonds away from the
fluorophore. This design forms the basis for the vast majority of
fluorescent metal sensors described to date,1–3 and usually
implies that the metal sensors also operate as pH sensors. Herein
we report a new type of fluorescent sensor in which a
fluorescence quenching effect is obtained by formation of a
macrocyclic metal chelate bringing metal ion and fluorophore in
close proximity to one another. There is no direct interaction
between the chelating group and the fluorophore, which avoids
pH sensing.

Our sensor design is based on quinacridone 1, a red organic
pigment used in the dye industry and structurally related to
acridone (Scheme 1).4 A pair of chelating groups, such as
ethylenediamines, are attached via a linker to each nitrogen
atom of the symmetrical quinacridone. The linker is chosen long
enough such that the protonation state of the chelating groups
does not influence the fluorophore. Most importantly, the long
linker now also allows a coordinating metal ion to bind
simultaneously at both groups by forming a macrocyclic chelate
in which the metal is in close proximity to the quinacridone
chromophore. Such an arrangement should result in fluores-
cence quenching, in particular with energy-transfer quenching
metal ions such as copper and nickel.5

Double alkylation of quinacridone 1 with dibromoalkanes
gives dibromides 2a–c. Further reaction with excess ethylene-
diamine then leads to ligands 3a–c (Scheme 1). All ligands are
obtained as trifluoroacetate salts after purification by reverse-
phase HPLC.

As expected, the fluorescence spectra of ligands 3a–c is
independent of pH, with < 20% variation in intensity between
pH 2 and pH 10. Fluorescence is directly proportional to
concentration (0.1–100 mM, pH 7.2 or 9.0), showing that the
ligands are not susceptible to auto-quenching. At pH 7.2,
addition of Cu2+ to ligands 3a–c induces almost complete
quenching of fluorescence (98% quenching, EC50 ≈ 0.5 mM at
1 mM ligand).  There is no response with other divalent metal
ions such as Hg2+, Ni2+, Co2+, Zn2+, Mg2+, Ba2+, Ca2+, Mn2+,
Fe2+, Pb2+, Sr2+ (1024 M of the chloride salts). At pH 9.0,
quenching is observed for all three ligands with Cu2+ (Fig. 1), 
Ni2+ (96% quenching, EC50 ≈ 0.8 mM), Co2+ (94% quenching,
EC50 ≈ 8 mM), and to a lesser extent with Hg2+ (70%
quenching, EC50 ≈ 0.9 mM) and Zn2+ (45% quenching, EC50 ≈
0.7 mM). The observed selectivity and pH-dependence of metal

complexation with ligands 3a–c corresponds to the stability
constants of ethylenediamine metal complexes.6 Fluorescence
returns to its full intensity upon acidification of the metal–
ligand solutions, as well as with high concentrations ( > 1024

M) of  Zn2+ or Hg2+. In all cases the shape of the fluorescence
spectrum is unaffected by quenching (lem (max) = 558 nm).
Remarkably, quenching has little effect on the visible ab-
sorbance spetrum or the wavelength of fluorescence emission.
Thus solutions of free and complexed ligands 3a–c show an
indistinguishable red color in transparence. Under reflected
light, however, the solutions of free ligands 3a–c shine orange
due to their fluorescence,  while the metal-complexed ligands
remain red (see ESI†).

Fluorescence titration curves at [L] = 1 3 1025 M show a
1+1 stoichiometry of complexation for L = 3a–c with Cu2+,
suggesting ML, M2L2 or MnLn modes of complexation.

† Electronic supplementary information (ESI) available: electrospray MS
data and photographs of solutions of ligand 3c in the absence and presence
of Cu2+. See http://www.rsc.org/suppdata/cc/b1/b100535i/

Scheme 1 Synthesis of ligands 3a–c from quinacridone 1. Complexation
with coordinating metal ions (M = Cu, Hg, Zn, Ni, Co) leads to a
macrocycle in which the metal ion is placed above the aromatic nucleus.
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Electrospray mass spectrometry shows that the ML complex is
formed in equimolar solutions of metal ion and ligand 3a–c. The
ML complex disappears in favor of an M2L species with excess
metal [Fig. 2 and Table 1 (ESI)†].

In view of the MS-analysis, the fluorescence data is best
interpreted in terms of the formation of an ML complex with a
macrocyclic structure as shown in Scheme 1, where fluores-
cence is quenched by proximity of the coordinating metal.7 The
fact that quenching does not affect markedly either the
aborbance (Fig. 2) or the fluorescence emmission spectrum is
consistent with an energy-transfer mechanism for quenching.
The quenching interaction disappears with the poor energy-
transfer quenchers Zn2+ and Hg2+ when the M2L complex is
formed at high metal concentration, because the metal ions are
not close enough to the fluorophore in this complex.7 The
continued quenching observed at high metal concentration with
Cu2+, Ni2+ or Co2+ can be explained by a transition to non-
specific quenching by these strong energy-transfer quenchers.

The above experiments demonstrate that efficient fluorescent
sensing of metal ions is possible by using a macrocyclic

chelation effect. By contrast to standard metal sensors, there is
no direct interaction between the metal-chelating groups and the
fluorophore, which excludes pH-sensing. The fluorescence
modulation obtained is directly visible by the eye since it occurs
in the visible range. Remarkably, even weak quenching ions
such as Hg2+ and Zn2+ produce an important fluorescence
modulation by macrocyclic chelation. We are currently in-
vestigating the construction of macrocyclic chelation sensors
with other fluorophores.
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Foundation and the University of Bern. The authors thank
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Fig. 1 Fluorescence emmission spectrum of 1 3 1026 M ligand 3a in the
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Fig. 2 Electrospray mass spectrum of the Zn.3a sample (1023 M equimolar
solution of 3a and Zn(OAc)2 in methanol). The spectrum exhibits an
average mass resolving power of 10 000 (FWHM), which allows for full
separation of the isotopic patterns. Insets show the measured (left) and
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Bismethano[60]fullerene derivatives 1 and 3 give 1,2-dihy-
dro[60]fullerylglycines 2 and 4 respectively by a novel
tandem reductive ring opening-retro-Bingel reaction.

The addition of a single bis(ethoxycarbonyl)methylene unit
[C(CO2Et)2] to [60]fullerene is readily achieved by treatment of
C60 with diethyl bromomalonate under Bingel reaction condi-
tions.1 Sequential Bingel additions have been used to prepare
the corresponding bis- and tris-adducts as mixtures of regio-
isomers.2 The regiochemistry of these reactions however,
improves as the fullerene becomes more substituted, as
exemplified by the regioselective synthesis of C60[C(CO2Et)2]6
with the all-e addition pattern starting from e-e-e-
C60[C(CO2Et)2]3.3 The regioselective formation of bis- through
to hexakis-adducts can now be realized using tethered-directed
remote functionalization.4 Anthracene and 9,10-dimethylan-
thracene have been employed as reversible covalent templates
to regioselectively prepare tetrakis- and hexakis-derivatives
(C60[C(CO2Et)2]n n = 4,6).5 Non-tethered bis-adducts
(C60[C(CO2Et)2]2) can be isomerised under carefully controlled
electrochemical conditions to afford predominantly a thermo-
dynamically favoured mixture of bis-adducts (‘walk-on-the-
sphere rearrangements’).6 While one or more of the methano
groups of higher adducts can be removed under reductive
conditions (retro-Bingel reaction), either electrochemically7 or
chemically,8,9 to give less substituted methano[60]fullerenes or
C60 itself. The potential of using a malonate addend as a
reversible directing group or a protecting group of more reactive
double bonds on the fullerene sphere for the synthesis of
functionalised fullerenes has been recently demonstrated.7d,8

Earlier we reported a method for preparing the protected
cyclopropane amino acid fullerene derivative
C60[C(NNCPh2)(CO2 But)] from the reaction C60 and tert-butyl
N-diphenylmethyleneglycinate under Bingel reaction condi-
tions.10 Treatment of this methano[60]fullerene derivative with
sodium cyanoborohydride under protic conditions resulted in
reduction of the C61 imino group and concomitant ring opening
of the cyclopropane ring to give, after a further reduction step
and protonolysis, the novel 1,2-dihydro[60]fullerylglycine
derivative, C60H[C(NHCHPh2)(CO2But)].10 More recently we
have extended this study to the synthesis of the corresponding
tethered trans-4 bismethano[60]fullerene derivative 1.11 Inter-
estingly, the regiochemistry of this tethered reaction was
different to that found using the analogous tethered bismalonate
system. We report here our study on the reductive ring opening
reactions of the bis-adduct 1 and that of its corresponding
untethered diethyl ester analogue 3.

Treatment of a solution of 1 in THF–MeOH at pH 4 with
sodium cyanoborohydride at ambient temperature, as described
by us previously,10 resulted in only recovered starting material.
However, after much experimentation, we discovered that
treatment of a solution of 1 in DCM with 5 equiv. of boron
trifluoride–diethyl ether, initially at 0 °C with warming to rt
over 30 min (presumably to activate the imine by complexation
to the imine nitrogen), followed by the addition of acetonitrile
and 10 equiv. of sodium cyanoborohydride gave, after 90 min,

a mixture of the 1,2-dihydro[60]fullerylglycine 2 and C60.
Separation of this mixture by column chromatography on silica
gel gave pure samples of 2 and C60 in yields of 42 and 12%,
respectively (Scheme 1).12 These fullerene compounds arise
formally from a tandem reductive ring opening-retro-Bingel
reaction and a double retro-Bingel reaction, respectively.
Interestingly, none of the double reductive ring-opened bisful-
lerylglycine adduct {C60H2[C(NHCHPh2)(CO2R)]2} was iso-
lated. The structure of 2 was clearly evident from NMR
spectroscopy. The UV-vis spectrum of 2 in DCM showed
distinct absorbances at 430, 640 and 705 nm, similar to that
found in the derivative C60H[C(NHCHPh2)(CO2But)].10 The
1H NMR spectrum of 2 revealed a one proton singlet at d 6.84
that corresponded to the single fullerene proton (Hc). An upfield
shift of the aromatic protons of the benzhydryl moiety was
consistent with the chemical transformation of the imine to the
secondary amino functionality. The addend region of 2 revealed
two doublets at d 5.41 and 5.24 (J = 11.9 Hz) corresponding to
the diastereotopic benzyl protons (Hd/HdA). The other benzylic
protons (He) resonated as a two proton singlet at d 5.08, whereas
the two proton singlet at d 3.40 was identified as corresponding
to the methylene protons (Hf). A singlet one proton resonance
at d 4.84 corresponded to the benzhydryl resonance (Hg). A
three proton coupled spin system was identified as Ha (d 4.97,
d, J 12.3 Hz), Hb (d 5.24, d, J 2.5 Hz) and NH (d 3.67, dd, J 12.3,
2.5 Hz).

The 13C NMR spectrum of the fulleryl sp2 region of 2, like
that of C60H[C(NHCHPh2)(CO2But)], revealed a structure
lacking a plane of symmetry due to the newly formed
stereogenic centre at C61. This centre gives rise to diastereo-
topic pairs of fulleryl sp2 carbons that lie either side of the plane
bisecting C1 and C2 of the fullerene sphere. A single set of
fulleryl sp3 resonances at Cc (d 58.9), and Cw (d 67.3) were
observed in addition to resonances corresponding to the addend
Ca (d 70.4), Cb (d 66.3) Cd (d 67.8), Ce (d 66.2), Cf (d 47.5) and
Cg (d 66.5). These carbons were readily assigned from HSQC
and HMBC experiments.

In principle, the product 2 could arise from the anionic
intermediates A or B. The driving force for mono-elimination of
the tether from A or B might be the relief of ring strain upon
expulsion of one arm of the tether. In the case of A, a further
driving force may be the conversion of a fulleryl dianion
intermediate to a thermodynamic more stable fulleryl mono-
anionic system. Clearly the rate of mono-elimination of the

Scheme 1
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addend is much faster than the rate of elimination of the entire
addend as indicated by the relative isolated yields of 2 and
C60.

To examine the influence of the tether on this ring opening-
retro-Bingel reaction, the diethyl ester 3 was prepared from the
base-catalysed trans-esterification of 1 with ethanol–THF–
sodium carbonate as shown in Scheme 2. Treatment of 3 under
similar reduction conditions to those described for 1 above also
resulted in formation of a ring opened-retro-Bingel product, the
ethyl ester 4. This compound was obtained pure in 51% yield
after column chromatography. A smaller amount of C60 (10%)
was also isolated (Scheme 2). Compound 4 exhibited 1H NMR
and 13C NMR resonances that were almost identical to those of
C60H[C(NHCHPh2)(CO2But)]10 and 2, except for those reso-
nances associated with the different ester groups. The mono-
ester 4 was also prepared in 58% yield from reductive ring
opening of the methano[60]fullerene 5 (Scheme 3). In this case
C60 (12%) and the reduced addend 6 (8%) were also isolated.
The isolation of 6 supports our earlier proposed mechanism for
these ring-opening reactions.10,13

Thus we have demonstrated a general method for reductive
ring opening of [60]fullerenes having a fused cyclopropane
imino ester moiety. Both bis- and monomethano[60]fullerenes
of this type give 1,2-dihydro[60]fullerylglycines, the latter by a
novel tandem reductive ring opening-retro-Bingel reaction. In
light of these results it can be concluded that the presence of the
tether is not the driving force for the mono-elimination of one of
the addends. While C60 is formed in all of these reactions it is
only a minor component and thus the rate of elimination of one
of these addends from the bismethanofullerene derivatives
appears to be higher than the corresponding elimination of both
addends. These results suggest that a dianion like A may be an
intermediate in the tandem reductive ring opening-retro-Bingel
reactions of 1 and 3.

The application of this chemistry to prepare more highly
functionalised fullerenes is in progress. In principle, bis-
cyclopropane imino esters can also function as directing and
protecting groups for the synthesis of more highly function-
alised fullerenes. For example, after the addition of further
addends to the fullerene surface of 1 or 3 the bis-cyclopropane
imino ester group could be then converted, under relatively mild
conditions that would be compatible with a variety of other
functional groups, to the mono-fullerylglycine moiety to give a
variety of novel multifunctionalised fullerenes.

We thank the Australian Research Council for financial
support and for a PhD scholarship to G. A. B.
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Two newly identified structures arise upon the crystallisa-
tion of the p-tert-butylcalix[4]arene host molecule from
tetradecane: the guest-free, self-included host structure, and
a 1:1 host–guest structure in which the paraffin guest is
anchored in the bowl-shaped host cavity and intercalates
layers of host molecules in a lamellar structure reminiscent
of clays.

The crystal structures of inclusion compounds formed between
the p-tert-butylcalix[4]arene host and small organic guest
molecules have been studied extensively in order to understand
guest-induced structural motifs, inclusion propensities and
molecular recognition capabilities.1 The bowl-shaped cavity of
this relatively small supramolecular host molecule provides an
excellent test site for isolating and probing the weak non-
covalent host–guest interactions that prevail in much more
complex supramolecular materials.2 Essentially, three structural
motifs have been observed with p-tert-butylcalix[4]arene
inclusions with neutral guests: 1+1 and 2+1 host+guest
structures,3,4 and more recently, hydrogen-bonded structures
formed with amine guests.5 Herein we report two additional
structures involving p-tert-butylcalix[4]arene that demonstrate
the versatility of this host molecule to form multiple structural
motifs under only slightly different synthetic conditions.

The host+guest ratio of compounds formed between linear
hydrocarbon guests and p-tert-butylcalix[4]arene changes from
1:1 to 2:1 when the guest contains chains longer than six skeletal
atoms, e.g. n-hexane or 1-chloropentane.4,6 The longest paraf-
finic guest to form a 2+1 compound appears to be dodecane,
with the alkane folded into a compact isomer in the double-
sided host cavity.6 With the next paraffin in the series,
tetradecane, 2+1 host:guest inclusions no longer form, but rather
two quite distinct motifs become apparent.

In the first instance, heating of p-tert-butylcalix[4]arene in a
solution of tetradecane at 70 °C for three days yields guest-free
crystals 1,‡ since the solid-state 13C CP MAS (cross-polarisa-
tion, magic angle spinning) NMR spectrum [Fig. 1(a)] of this
compound shows tetradecane resonances to be absent. The
multiplicity pattern of the host resonances is consistent with
low-symmetry environments for the host molecule in the
asymmetric unit.

The X-ray crystal structure of 1 (Fig. 2) shows that the host
cavities are occupied by But groups of host molecules in the
adjacent layer to form a self-included structure, such as seen
with p-tert-butylcalix[5]arene.7 The included But group is
disordered over two positions with a site occupancy of
0.22/0.78. The shortest distance between the carbon atom of the
included But group and the calixarene cavity wall is 3.4 Å. To
transform the 1+1 structural motif, as seen with the pentane
guest,4 to the self-included bilayer structure, each calix is
rotated off the 4-fold symmetry axis by 28° and moved towards
the facing layer by 4.1 Å.

In the second instance, heating of the host molecule in
tetradecane at 70 °C for eight days gives a structure with

tetradecane present as guest‡ as indicated by the tetradecane
resonances in the 13C CP MAS NMR spectrum [Fig. 1(b)].
Whereas the guest methylene resonances are coincident with the
host resonances, the tetradecane methyl line is distinct at d
12.

Like inclusions formed with short-chain hydrocarbon
guests,2,4 the X-ray crystal structure of the second compound
1·C14H30 shows a host+guest ratio of 1+1. The packing of the
host layer (ab plane, a ≈ b with g ≈ 90°) is only slightly
distorted from the tetragonal motif commonly observed in other
1+1 compounds. In all other aspects, the structure of the second
compound is quite distinct. The most notable feature is the
pillaring of the host layers by the guest molecules. The
structural model from diffraction refines to give two coexisting
structural schemes that are consistent with this pillaring. In the
first, one end of the guest is tethered in a host cavity, and at the
point where the chain leaves the cavity it bends into the
interlamellar space in a pillaring fashion [Fig. 3(a)]. The second
scheme has two guest positions. One guest has both ends of the
molecule tethered in host cavities of two adjacent bilayers and
the second occupies vacant interlamellar space between pillar-
ing guests [Fig. 3(b)]. In both schemes the host positions are† Issued as NRCC No. 43878.

Fig. 1 Partial 50.3 MHz 13C CP MAS NMR spectra: (a) self-included p-tert-
butylcalix[4]arene 1, (b) p-tert-butylcalix[4]arene–tetradecane inclusion/
intercalation compound 1·C14H30. Spinning sideband intensity is indicated
by ‘X’; the arrow indicates the tetradecane methyl resonance.

Fig. 2 Bilayer structure of the self-included p-tert-butylcalix[4]arene 1.
Hydrogen atoms are removed for clarity; oxygen atoms are black; cavity-
filling tert-butyl carbons are shown at a larger radius for emphasis.
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identical, whereas the guest positions are disordered over two
positions. The guest molecule in the interlayer space has a near
all-trans conformation, but guest molecules that are included at
either or both ends, are very different. All But groups in both
structures are disordered over two positions with the site
occupation ca. 0.5 , 0.4 to 0.6 and 0.3 to 0.7.

The bilayer structure of sodium calix[4]arenesulfonate, with
the interlayer spacing occupied by water, has been compared to
that of a clay.8 The intercalated structure reported here shows a
similar structure, although here it is a strictly neutral organic
material, with lipophilic rather than hydrophilic regions.
Examination of the bilayers of the 1+1 and 2+1 p-tert-
butylcalix[4]arene–guest structural motifs suggests that the
hydroxyl ends of the calixarenes are sufficiently polar to favour
their mutual interaction in the bilayer, but allowing intercalation
in the less polar interlamellar space. The present intercalated
structure has well ordered layers separated by highly disordered
interlayer regions giving a rather high diffraction R-value
typical of clays. Clays also have the ability to tune the interlayer
space by the intercalation of appropriate guests.9 The p-tert-

butylcalix[4]arene–tetradecane structure suggests that the dis-
tance between host bilayers may be tuned by intercalation of
paraffins of appropriate length, and work to check this is
currently in progress. Finally, noting that the self- and guest-
included structures result from only slightly different crystal-
lisation conditions, we anticipate that forming structures of p-
tert-butylcalix[4]arene–tetradecane favouring only one of the
two guest–host schemes (Fig. 3) may be possible by judicious
choice of crystallisation conditions.

We have identified two new structural arrangements of
supramolecular materials involving p-tert-butylcalix[4]arene.
The self-included structure illustrates the collapsed lattice that
likely occurs upon complete loss of guest from a p-tert-
butylcalix[4]arene–guest inclusion compound. The structure
formed with long paraffinic guests indicates synthetic access to
a new class of calixarene-based lipophilic organic clay mimics.
An upper limit to the length of the intercalating guests remains
to be determined.

Notes and references
‡ Crystal data: 1: C44H56O4, M = 648.89, monoclinic, space group P21/c,
a = 9.5878(5), b = 30.500(2), c = 13.541(1) Å, b = 109.852(1)°, U =
3724.5(4) Å3, T = 173 K, Z = 4, Dc = 1.157 g cm23, m(Mo-Ka) = 0.072
mm21, 43766 reflections measured, 9591 unique (Rint = 0.0343), R =
0.0414, Rw = 0.0984 [data I > 2s(I)].

1·C14H30·C44H56O4·C14H30, M = 847.27, triclinic, space group P1̄, a =
12.647(3), b = 12.659(3), c = 17.565(4) Å, a = 96.23(1), b = 100.41(1),
g = 90.12(1)°, U = 2748.8(11) Å3, T = 173 K, Z = 2, Dc = 1.024 g cm23,
m(Mo-Ka) = 0.062 mm21, 17876 reflections measured, 6465 unique (Rint

= 0.125), R = 0.0889, Rw = 0.1975 [data I > 2s(I)].
Both structures were solved using direct methods and refined by full-

matrix least-squares on F2 using SHELXTL.10 CCDC 158144 and 158145.
See http://www.rsc.org/suppdata/cc/b0/b009133m/ for crystallographic
data in .cif or other electronic format.
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Fig. 3 Bilayer structure of the p-tert-butylcalix[4]arene–tetradecane
inclusion/intercalation compound 1·C14H30. (a) The end-to-interlayer
spacing motif, (b) the end-to-end motif. Disordering in guest and host has
been removed for clarity. Hydrogen atoms are removed for clarity; oxygen
atoms are black.
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New layer and three-dimensional 4,4A-bipyridinium salts of
Cl2, [MCl6]22 (M = Os, Pt) and [FeCl5]22 contain
NH…(Cl)2…HN interactions which form hydrogen bonded
ribbons which in turn give one-, two-, or three-dimensional
periodic networks; two related families of homologous
motifs are present in these salts together with those of square
planar, polymeric and tetrahedral [MCl4]22 (M = Pt, Pd,
Mn, Cd, Pb, Co, Zn, Hg), planar [Cu2Cl6]22 and square
pyramidal [SbCl5]22 dianions.

In the search for reliable strategies for crystal synthesis by
design a key goal is the identification and exploitation of robust
synthons1 to control the relative orientation of the molecular
components of the solid. While such local interactions (such as
hydrogen bonds) may be necessary they may not be sufficient to
afford control over the crystal structure or even the periodic
network formed by synthons. Various possibilities may exist in
which the same synthons are present but different although
related structures form. In this paper we explore the relation-
ships between the structures formed by complex salts contain-
ing similar molecular components and having closely related
hydrogen bond-based synthon networks.

We have shown that chlorometallate anions and other metal
chloride complexes are good hydrogen bond acceptors.2 This
has enabled preparation of three classes of tetrachlorometallate
salts of stoichiometry [4,4A-H2bipy][MCl4].3 For square planar
anions [MCl4]22 (M = Pt, Pd), linear hydrogen bonded ribbons

of type A are formed (see Scheme 1). When M = Pb, Mn or Cd
the [MCl4]22 moiety is polymerised and the zig-zag edge-
sharing octahedral chains formed are cross-linked by hydrogen
bonds to form A-type periodic motifs. The third family of
structures has tetrahedral anions [MCl4]22 (M = Zn, Co, Hg).
Here we report that the simplest chlorine-containing salt of
[4,4A-H2bipy]2+, [4,4A-H2bipy]Cl2 1 itself, has a structure which
presages the NH…Cl motifs in a large number of more complex
chlorometallate salts. These more complex structures may be
regarded as part of homologous families of structures formally
derived from that of the chloride salt.

Treatment of metal chloride salts with aqueous HCl solutions
of 4,4A-bipyridine led to isolation of crystalline salts 2–4‡ whose
single crystal structures were determined.§ Crystals of 2 and 3
are strictly isostructural and, as expected, have metal ions in
essentially regular octahedral coordination. Compound 4 con-
tains the rare trigonal bipyramidal [FeCl5]22 ion, which has not
apparently previously been obtained from aqueous media.4
Presumably its isolation in this case is due to its stabilisation in
the solid state through the network of hydrogen bonds formed
(see below). The bipyridinium ions [4,4A-H2bipy]2+ in 1–4 have
normal geometries.

All of these structures contain motif B, in a doubled form, C,
as do the [4,4A-H2bipy] salts of the tetrahedral [MCl4]22 anions
(M = Zn, Co, Hg) 5–7.3c The dimensions of units B are given
in Table 1 for 1–4 and 5–73c and [4,4A-H2bipy][PtCl4] 8.3c They
show some variation in geometry, notably for 5–7, in which one
of the NH…Cl contacts is ca. 3 Å. In 1, ribbons of type D are
formed because interaction C is present at both ends of the
bipyridinium ion. The same D-type ribbons are present in the

† Electronic supplementary information (ESI) available: synthesis details
for 1–4, crystal refinement details and colour structures for 1, 2 and 4. See
http://www.rsc.org/suppdata/cc/b0/b009467f/

Scheme 1
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structures of 2, 3 and 4 albeit in a form in which the chloride is
also bonded to a metal ion (i.e. as in E). Ribbons A are present
in [4,4A-H2bipy][MCl4] for M = Pt, Pd, Mn, Cd and Pb,3c in
which the pair of Cl2 ions in D are replaced by a planar MCl4
moiety (see F). In [4,4A-H2bipy][Cu2Cl6]6 (see G) the planar
anion contains two square planar metals and takes the place of
the two chlorides in D. Therefore, G may be regarded as the
next higher homologue in the sequence D, F, G.

In 2–4 ribbons of type D are cross-linked by the metal ions
(see E and H) so that trans chlorides at the metal belong to
different ribbons. In the isostructural salts 2 and 3 these chains
are parallel and coplanar and therefore neutral layers are formed
(see Fig. 1). These contain a (4,4) network7 with motif E at the
nodes and equal numbers of organic (bipyridyl) and inorganic
(metal) connections. In 4 the trigonal bipyramidal [FeCl5]22

dianions link ribbons inclined at 55° to one another and a three-
dimensional structure results in which there are two sets of
criss-cross D-type ribbons (see Fig. 2) with every second ribbon
parallel and coplanar. The network formed here is of the rare
CdSO4 type in which nodes of square-planar connectivity (here
motif E) are linked in a three-dimensional manner.8,9 Salts 5–7
also contain motif C but as part of a double-stranded chain (see
I) in which only one end of the dication is engaged in a C-type
interaction, the other forming a short, two-centre hydrogen bond
with just one chloride ligand (see ref. 3c for further details on
this interaction). Finally, it is striking that of the two known
polymorphs10 of the [4,4A-H2bipy] salt of the square pyramidal
anion [SbCl5]22 one has layers of form H and the other contains
ribbons of type A.

Indeed, all of the perchlorometallate [4,4A-H2bipy] salts
whose structures are known to us (as judged by the content of
the current release of the Cambridge Structural Database11 and
as reported or cited here) incorporate motif C.

The recurrence of motif C, in periodic motif D and the
derived F–I in this range of structures (and various analogous
bromide salts)3 implies that C is a robust feature of such
salts.

Financial support of the EPSRC and the Royal Society (a
Royal Society China Royal Fellowship for X.-M. W.) and the
Leverhulme Trust (a Royal Society Leverhulme Trust Senior
Research Fellowship for A. G. O.) is gratefully acknowl-
edged.

Notes and references
‡ Full synthesis details and crystal refinement details for 1–4 are given as
ESI.† Synthesis of 2–4: a stoichiometric amount of 4,4A-bipy dissolved in
aqueous HCl was added to an aqueous solution of the metal chloride in air,
and crystalline samples grown from solution. In the case of 4 this yielded a
mixture of iron(III) containing products, presumably as a result of aerial
oxidation of the ferrous chloride used. A sample of crystalline 4 was
obtained by hand selection of crystals.
§ Crystal data: for [4,4A-H2bipy]Cl2 1: C10H10Cl2N2, M = 229.1,
monoclinic, space group C2/c (no. 15), a = 12.687(4), b = 12.0981(19), c
= 7.0707(17) Å, b = 112.565(18)°, U = 1002.2(4) Å3, Z = 4, m = 0.605
mm21, T = 173 K, 1151 unique data, R1 = 0.026. For [4,4A-
H2bipy][OsCl6] 2: C10H10Cl6N2Os, M = 561.10, orthorhombic, space
group Ibam (no. 72), a = 7.3602(10), b = 12.8184(18), c = 15.606(2) Å,
U = 1472.3(3) Å3, Z = 4, m = 9.734 mm21, T = 173 K, 883 unique data,
R1 = 0.024. For [4,4A-H2bipy][PtCl6] 3: C10H10Cl6N2Pt, M = 565.99,
orthorhombic, space group Ibam (no. 72), a = 7.4757(17), b = 12.837(2),
c = 15.362(2)Å, U = 1474.2(5) Å3, Z = 4, m = 10.590 mm21, T = 173
YK, 884 unique data, R1 = 0.017. For [4,4A-H2bipy][FeCl5] 4;
C10H10Cl5N2Fe, M = 391.30, orthorhombic, space group Ama2 (no. 40), a
= 16.651(2), b = 11.6816(15), c = 7.2764(10) Å, U = 1415.3(3) Å3, Z =
4, m = 1.990 mm21, T = 173 K, 1671 unique data, R1 = 0.029. CCDC
154205–154208. See http://www.rsc.org/suppdata/cc/b0/b009467f/ for
crystallographic data in .cif or other electronic format.
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Table 1 Selected hydrogen bondab lengths, angles and Cl…Cl distances in crystals of [4,4A-H2bipy]Cl2 1 and [4,4A-H2bipy][MCl6] 2, 3, [4,4A-H2bipy][MCl5]
4, [4,4A-H2bipy][MCl4] 5–8† (see ref. 3c)

1 2 (M = Os) 3 (M = Pt) 4 (M = Fe) 5 (M = Zn) 6 (M = Co) 7 (M = Hg) 8 (M = Pt)

Cl…HN/Å 2.49, 2.51 2.59 2.59 2.54, 2.54 2.30,c 2.63, 3.04 2.32,c 2.63, 3.06 2.28,c 2.74, 2.93 2.40
M–Cl…HN/° — 127 126 131, 135 116,c 91, 91 116,c 91, 91 112,c 88, 86 92
MCl…H–N/° 131, 132 143 144 137, 137 156,c 139, 123 156,c 140, 123 162,c 136, 125 136
Cl…Cl/Å 3.744 3.107 3.044 3.461 4.267 4.264 4.250 3.250
a Only Cl…HN contacts < 3.15 Å are listed.2 Other hydrogen bonds (notably Cl…HC)5 are omitted for brevity. b Values quoted for hydrogen bonds are based
on hydrogen atom positions determined by X-ray diffraction. c Two-centre interaction, not involved in C-type interaction.

Fig. 1 A hydrogen bonded layer present within the crystal structure of [4,4A-
H2bipy][OsCl6] 2. Compound 3 is isostructural with 2.

Fig. 2 A view of the crystal structure of [4,4A-H2bipy][FeCl5] 4.
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It is found that newly synthesized coumarin derivatives
work as highly efficient photosensitizers for dye-sensitized
nanocrystalline TiO2 solar cells producing a 5.6% solar-
light-to-electricity conversion efficiency, the highest effi-
ciency so far among organic dye-sensitized solar cells, with a
short-circuit current density of 13.8 mA cm22, an open-
circuit photovoltage of 0.63 V, and a fill factor of 0.63 under
standard AM 1.5 irradiation (100 mW cm22).

Dye-sensitized solar cells have been extensively investigated
since Grätzel and coworkers reported a highly efficient solar-
energy-to-electricity conversion efficiency, h, of 10%.1 Transi-
tion metal complexes, e.g. cis-di(thiocyanato)bis(4,4A-dicar-
boxy-2,2A-bipyridine)ruthenium(II) [Ru(dcbpy)2(NCS)2], have
been mainly applied, so far, in dye-sensitized solar cells as
photosensitizers.1–4 Organic dyes have been also used as
photosensitizers for dye-sensitized solar cells.5–9 Recently we
reported a dye-sensitized TiO2 solar cell, using special mero-
cyanine dye aggregates as the photosensitizer, which showed a
highly efficient h of 4.2%.7 This result encouraged us to look
for more efficient organic dye photosensitizers for dye-
sensitized TiO2 solar cells.

Coumarin dyes, e.g. coumarin 343 (C343) (Scheme 1), are
recognized as good organic dye photosensitizers, injecting
electrons effectively into the conduction band of semi-
conductors.10,11 For example, Murakoshi et al. observed an
ultrafast electron injection ( < 20 fs) from C343 into the
conduction band of TiO2.11 The h values of nanocrystalline
semiconductor solar cells using conventional coumarin dyes
such as C343 as the photosensitizer is, however, much lower
than that of solar cells sensitized by Ru complex photo-
sensitizers because of the narrow absorption area in the visible

region. A wide absorption range in the visible region for the
coumarin dye is required to attain highly efficient solar-energy-
to-electricity conversion. We have synthesized new coumarin
derivatives which are able to absorb visible light from 400 up to
700 nm and prepared highly efficient dye-sensitized nano-
crysalline TiO2 solar cells using such new coumarin photo-
sensitizers. The value of h increased up to 5.6%, the highest
efficiency among organic dye-sensitized solar cells so far, using
2-cyano-5-(2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-11-oxo-
1H,5H,11H-[1]benzopyrano[6,7,8-ij]quinolizin-10-yl)penta-
2,4-dienoic acid 2 as the photosensitizer. It should be noted that
the photocurrent performance of a TiO2 solar cell composed of
this dye (compound 2) is almost equal to that of the
Ru(dcbpy)2(NCS)2 system.

Compound 1† was synthesized by refluxing an acetonitrile
solution containing 2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-
11-oxo-1H,5H,11H-[1]benzopyrano[6,7,8-ij]quinolizin-10-
carbaldehyde 3 and cyanoacetic acid in the presence of
piperidine, and purified by column chromatography using silica
gel and a chloroform–methanol mixed solvent as the eluting
solution. Recrystallization of 1 from acetonitrile solution in the
presence of triethylamine afforded a red purple crystalline
triethylammonium salt. 3-(2,3,6,7-Tetrahydro-1,1,7,7-tetrame-
thyl-11-oxo-1H,5H,11H-[1]benzopyrano[6,7,8-ij]quinolizin-
10-yl)propenal 4 was prepared from 3 by Wittig reaction and
then Vilsmeier–Haack reaction. Compound 2† was synthesized
starting from 4 and cyanoacetic acid by a similar procedure for
1. Resulting precipitates of 2 were dissolved in DMF and a
bright purple crystalline compound was obtained upon re-
crystallization.

TiO2 nanoparticles were prepared by hydrolysis of Ti
tetraisopropoxide as described elsewhere.12,13 TiO2 thin films
were prepared by screen printing on transparent conducting
oxide (TCO, F-doped SnO2) and then sintered at 500 °C for 1 h.
Nanocrystalline TiO2 films (10–13 mm thick) were coated with
dyes by dipping the film in 3 3 1024 mol dm23 dye solutions
in ethanol or tert-butyl alcohol–acetonitrile (1+1). The dye-
coated TiO2 electrode was incorporated into a thin-layer
sandwich-type cell with a Pt sputtered TCO as the counter
electrode, a spacer film, and an organic electrolyte solution to
measure the solar cell performance. The electrolyte was 0.6 mol
dm23 1,2-dimethyl-3-propylimidazolium iodide (DMPImI)–
0.1 mol dm23 LiI–0.05 mol dm23 I2 in methoxyacetonitrile. h
Values for solar cells were measured using a standard AM 1.5
solar simulator and a digital sourcemeter.

Absorption spectra of C343, compounds 1 and 2 in ethanol
and compound 2 adsorbed on a transparent TiO2 film (4 mm
thick) are shown in Fig. 1. The threshold wavelengths of
absorption spectra for compounds 1 and 2 are 570 and 630 nm,
respectively, while that for C343 was 500 nm, indicating that
introducing the –CHNCH– unit into the coumarin framework
expanded the conjugation in the dye resulting in wide
absorption in the visible region. This wide absorption and red
shift of absorption maximum in the visible region for photo-
sensitizers is desirable for light harvesting of solar energy. The
absorption spectrum of compound 2 adsorbed on a TiO2 film isScheme 1 Molecular structure of new coumarin derivatives.
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slightly expanded compared with that in ethanol. A long tail of
absorption up to 670 nm was observed, indicating a strong
electronic coupling between compound 2 and TiO2. The
absorption spectrum of compound 2 absorbed on TiO2 films
thicker than 10 mm gave an absorption band edge which tailed
up to 750 nm, the deep purple film being similar to that of the
Ru complex.

Fig. 2 shows typical action spectra of incident photon-to-
current conversion efficiencies (IPCE) obtained from nano-
crystalline TiO2 solar cells sensitized by compound 2 as well as
Ru(dcpby)2(NCS)2(TBA)2. Visible light (400–750 nm) can be
converted to current with a maximum of 76% at 470 nm by the
solar cell composed of compound 2, producing a large
photocurrent.

Taking into consideration light absorption loss by TCO-
coated glass, the light-to-current conversion efficiency is close
to 100% from 450 to 550 nm. Both a large amount of compound
2 adsorbed on to a TiO2 film (10 mm thick), 1 3 1027 mol cm22,
and the large absorption coefficient of dye (compound 2) itself,
e.g. 52 500 dm3 mol21 cm21 at 504 nm in methnol, increased
the light harvesting efficiency. The coverage of the TiO2 surface
with the dye was ca. 70% as derived from the roughness factor
of the film, 1000, and the cross sectional area of one dye
molecule, 1.2 nm2. It should be noted that the IPCE perform-
ance of the solar cell with 2 is almost equal to that of the
Ru(dcbpy)2(NCS)2 system, as shown in Fig. 2. The maximum
short-circuit photocurrent density (Jsc) for a 2-sensitized TiO2
solar cell reached 15 mA cm22 under AM 1.5 irradiation (100
mW cm22).

The lowest unoccupied molecular orbital (LUMO) of 2
(measured electrochemically) at 20.8 V vs. NHE, is able to
inject electrons into the conduction band of the TiO2 electrode
(20.5 V vs. NHE).13 Good stability of the dye under irradiation
for 2 days, with a turnover number of 100000, was observed by
a brief experiment using an opened cell, indicating effective
cycling from the ground state of compound 2 to the oxidized
form with efficient electron transfer from the dye to TiO2 and
from I2 ions to the oxidized dyes. Detailed investigation of the
long term stability of the dye using a sealed cell will be carried
out.

The maximum efficiency for the 2-sensitized TiO2 solar cell
was 5.6% with a Jsc of 13.8 mA cm22, an open-circuit
photovoltage (Voc) of 0.63 V, and a fill factor (ff) of 0.63 under
standard AM 1.5 irradiation, which is the highest solar cell
performance, so far, among organic dye-sensitized solar cells.
Our results strongly support the prospect for promising
application of organic dye photosensitizers in dye-sensitized
nanocrystalline semiconductor solar cells, and indicate the
importance of molecular structure design for tuning photo-
sensitizers to produce high efficiency dye-sensitized solar cells.
If electron injection occurs through chemical bonding of the
carboxyl group, the structures of compound 1 and 2, whose
carboxyl group is directly connected to the conjugated methine
chain, is advantageous for improving the injection of electrons
into semiconductors. In addition, the cyano group (–CN)
connected to the methine chain and the carboxyl group might be
effective for electron injection due to their strong electron
acceptability. We are currently synthesizing new dyes absorb-
ing in a wider visible region and studying solar cell performance
and mechanisms in detail.

This work was supported by the Science and Technology
Agency, Center of Excellence Development Project (COE
project), Japan.
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Fig. 1 Absorption spectra of C343, 1 and 2 in EtOH, and of 2 adsorbed on
a TiO2 film whose absorbance is normalized: (- - - - - -) C343, (– – –) 1 in
ethanol, (— —) 2 in ethanol, (—) 2 adsorbed on TiO2.

Fig. 2 Typical action spectra of incident photon-to-current conversion
efficiencies (IPCE) obtained for nanocrystalline TiO2 solar cells sensitized
by 2 (—) and Ru(dcbpy)2(NCS)2(TBA)2 (- - - -).
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Hexadentate cluster anions [Re6S8(CN)6]42 coordinate to
Mn(II) centers to give a neutral 3D coordination network
topologically related to the structure of Prussian Blue; the
residual space is filled with isopropyl alcohol molecules, both
ligated to Mn(II) and guest-solvated.

For three centuries, polydimensional metal cyanides have
intrigued chemists with their diversity and unique properties.1
Representatives include the oldest synthetic coordination com-
pound Prussian Blue‡2,3 which gives rise to a wide family of
‘blues’ and ‘greens’,1–4 Hofmann and related clathrates,5 and
inclusion compounds formed by cadmium cyanide.6 Today,
cyanide complexes are important elements in crystal engineer-
ing.7 Very recently, the cyanide cluster complexes
[Re6X8(CN)6]42 (X = S, Se, Te)8 capable of acting as
octahedral hexadentate ligands have become available. The first
structural studies were performed for salts (usually hydrated) of
these cluster anions, where pure ionic packing or H-bonded
systems were found.8 Incorporation of M(II) cations (Mn, Fe,
Co, Zn, Cd)9–12 resulted in layered coordination polymers. With
M(II) (Mn, Co, Ni) and tetrapropylammonium cations 0D, 1D
and 2D structures were obtained.13 Salts reported with neg-
atively charged 3D coordination frameworks include
Cs2Mn3[Q]2·15H2O [Q = Re6Se8(CN)6], (H3O)2-
Co3[Q]2·14.5H2O,14 Cs2[trans-Fe(H2O)2]3[Q]2·18H2O and its
Mn, Co, Ni and Cd analogs,9 (H3O)2Zn3[Q]2·20H2O15 and
others,11,12,16 with plenty of water molecules as well as metal or
H3O+ cations filling the space of the open pore system.

In the course of our efforts to design novel porous materials
with a high propensity for absorbing organic species17 we have
exploited cyanide cluster complexes as prospective building
units. For this purpose the capability of the cluster anions to
create weakly charged or electrically neutral 3D-bonded
networks seems essential. The 3D phase [Zn(H2O)]2[Re6S8-
(CN)6]·7H2O has been reported9 but is of low inclusion capacity
as it contains two interpenetrating neutral frameworks. De-
hydrated Ga4[Re6Se8(CN)6]3·xH2O and Fe4[Re6Te8-
(CN)6]3·xH2O,16 [Cd2(H2O)4][Re6S8(CN)6]3·14H2O,18 have
been reported to absorb alcohols; [Co2(H2O)4][Re6S8-
(CN)6]·10H2O and [Co(H2O)3]4[Co2(H2O)4][Re6Se8-
(CN)6]3·44H2O have demonstrated vapochromic behavior dur-
ing exposure to organic solvents. Structural studies showing
included organic species are not available so far, however. We
report here, for the first time, on a 3D polymer formed from
Mn(II) cations bound to [Re6S8(CN)6]42 cluster anions in molar
ratio of 2+1 where the residual space is filled with organic
molecules, in this case isopropyl alcohol.

Red octahedral crystals of the compound were grown in the
course of slow diffusion of isopropyl alcohol vapor into a
solution of 70 mg K4[Re6S8(CN)6] [0.04 mmol; see ref. 8(c) for
synthesis], 25 mg MnSO4·5H2O (0.10 mmol), and 7 mL of
water. A single crystal was maintained inside a sealed capillary
filled with supernatant solution and studied by X-ray diffrac-

tion.§ The chemical formula derived therefrom was
{[Mn(PriOH)2(H2O)]2[Re6S8(CN)6]}·2PriOH. A fine crystal-
line product was prepared by mixing saturated solutions of 170
mg K4[Re6S8(CN)6] (0.1 mmol) and of 70 mg MnSO4·5H2O
(ca. 0.3 mmol) in water–isopropyl alcohol (1+3 v/v). A powder
diffractogram of the bulky fresh product corresponded well to
that calculated from single-crystal X-ray diffraction data, but
the elemental analysis was not satisfactory because the
compound readily lost isopropyl alcohol when exposed to air.
The position of the n(CN) band at 2143 cm21 in the IR spectrum
(in liquid paraffin) corresponded to a bridging cyanide group,
values close to 2134–2138 cm21 were found previously for
cyanides bridging the ‘Re6S8’ core with Mn(II), Fe(II), Co(II)
and Cd(II).10

The geometry of the anion fragment [Re6S8(CN)6]42 found
in the structure [Fig. 1(a)] is similar to those previously
reported.9–11,13,18 The Re6 cluster is an almost ideal octahedron
with Re–Re distances of 2.598–2.602 Å, the sulfur atoms
capping each triangular face at Re–S distances of 2.399–2.414
Å. Six cyanide ligands coordinate to rhenium atoms through
carbon with C–N distances of 2.117–2.118 Å, sticking out in
pairs in a mutually perpendicular fashion.

The Mn(II) center has an ‘N3O3’ octahedral environment
[Fig. 1(b)]. Three mutually perpendicular bonds extend to
cyanide nitrogens, connecting each center to three neighboring
cluster anions with Mn–N distances of 2.16–2.19 Å. The
coordination octahedron is completed by three oxygen atoms
from one water [at 2.220(7) Å] and two isopropyl alcohol
molecules [2.230(7) and 2.259(6) Å for molecules A and B,
respectively]. There is one further isopropyl alcohol molecule
which is not chemically bound to the metal center, as it is H-
bonded to ligand water with an O(water)–O(PriOH) distance of
2.65(2) Å.

In the crystal structure, two Mn(II) centers are located about
the inversion center, with an Mn–Mn distance of ≈ 5.3 Å.
Isopropyl alcohol molecules attached to one center penetrate
between isopropyl alcohol molecules attached to another center.
The resulting packing associate {[Mn(PriOH)2(H2O…

† Published as NRCC No. 43879.

Fig. 1 The structure of the [Re6S8(CN)6]42 cluster anion (a), coordination
environment of Mn(II) (b), and the {[Mn(PriOH)2(H2O…PriOH)]2}4+

associate. Hydrogen bonds are shown with dashes. N2X and N3Y arise from
N2 and N3 atoms through (21/2 + x, 1/2 2 y, 1 2 z) and (3/2 2 x, 2y, 21/2
+ z) operations, respectively; the MnA atom rises from Mn through
centrosymmetry.
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PriOH)]2}4+ is shown in Fig. 1(c). It should be noted that this
fragment is complementary to the [Re6S8(CN)6]42 cluster as it
bears an equal but opposite charge and possesses six octahed-
rally disposed acceptor coordination sites (three about each
Mn).

The 3D coordination framework in the structure shows
profound parallels with the main structural motif of Prussian
Blue; the latter is shown in Fig. 2(a).2,3 In the structure of our
work the [Re6S8]102 and {[Mn(PriOH)2(H2O…PriOH)]2}4+

units play the role of Fe centers of two different types; each unit
has six neighbors of another type attached approximately
octahedrally through six cyanide bridges [Fig. 2(b)]. The unit
cell of Prussian Blue is cubic with an a-parameter of 10.2 Å.
The inner space within the smaller cubes is large enough to
accommodate alkali metal cations and water molecules. The 3D
framework of our structure also has a cubic motif distorted to
orthorhombic. But the average unit cell parameter of 16.8 Å is
dramatically larger than that in Prussian Blue. From the
estimated volume of the {Mn2[Re6S8(CN)6]} the framework
occupies not more than 34% of the overall structure, with the
residual empty space of 3120 Å3 concentrated mainly in the
eight smaller cubes of the unit cell. Moreover, the neutral charge

of the framework makes it more hydrophobic. Such factors
explain the filling of the inner space with isopropyl alcohol
molecules, both as ligands and as solvating species. A cut-away
layer of the 3D framework is shown in Fig. 3(a) and the packing
of isopropyl alcohol solvate species inside the smaller cubes is
shown in Fig. 3(b).

Prussian Blue and related compounds form an extensive class
of 3D coordination polymers revealing a remarkable stability of
the main architecture and the ability to include small molecules
and cations. This study demonstrates how utilization of cluster
cyanides makes it possible to design analogous polymers but
displaying a propensity to include species of larger size and
lower polarity, thus making these useful materials for absorbing
common organics.

D. V. S. is grateful for support in the form of a Visiting
Fellowship.
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tronic format.
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Fig. 2 3D coordination motif in Prussian Blue (a) [one unit cell is shown;
black spheres show Fe(III) and open spheres show Fe(II) cations] compared
to the 3D framework of the title compound (b) (one unit cell, schematic
drawing: black spheres replace the cluster anions [Fig. 1(a)] and pairs of
open spheres connected by single lines represent the associates [Fig. 1(c)];
coordination to manganese atoms is shown by solid lines for only the central
cyanide cluster.

Fig. 3 Cut-away layer of the 3D framework in the title material (a)
(coordinated water and isopropyl alcohol molecules are also shown) and
packing of guest-solvated isopropyl alcohol molecules (van der Waals
dimensions) in the small cube cavities (b). For clarity, cluster cores Re6S8

are replaced with 1.5 Å spheres.
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Solvent extraction of NiII by phenolic oximes is enhanced
significantly by addition of aliphatic diamines; octahedral
[Ni(II)(phenolate-oxime)2(diamine)] complexes have been
characterised that contain a novel folded conformation,
retaining intramolecular hydrogen bonding between the two
oxime ligands.

Hydrometallurgical processes based on solvent extraction are
becoming increasingly important1 in the recovery of metals.
Approximately 20% of the worldwide production of copper
now involves solvent extraction using phenolic oximes (H2Sa-
loxR, Scheme 1) derived from salicylaldehydes (R = H) or o-
ketophenols (R = alkyl). These reagents are able to transfer
CuII from acidic sulfate media containing a high concentration
of FeIII.2,3 An important aspect of the chemistry involved in this
solvent extraction is the formation of square-planar [Cu(HSa-
loxR)2] complexes, stabilised by interligand hydrogen bonding
(Scheme 1).4

Phenolic oxime reagents (H2SaloxR) are not effective
extractants for nickel in commercial solvent extraction proc-
esses because their pH1/2 (the pH for 50% loading of the
extractant as [Ni(HSaloxR)2]) values are not sufficiently low to
allow recovery from acidic feeds and the kinetics of the
extraction process tend to be poor.3 We have investigated the
use of aliphatic acyclic polyamines (B) as agents for enhancing
the solvent extraction of NiII by phenolic oximes. This approach
was based on earlier observations that the extraction of NiII
from aqueous media is enhanced when combinations of ligands
are used, e.g. salicylic acid plus an aliphatic acyclic diamine5 or
salicylaldoxime plus a monodentate N-heterocycle.6

The extraction experiments accomplished and the results
obtained are summarised in Table 1. The extent of the extraction
of NiII, from H2O into CH2Cl2, was significantly greater for
H2SaloxH plus a diamine, as compared with the extent of
extraction by either reagent alone. The addition of a diamine (B)
to a mixture of NiII and H2SaloxH would be expected to favour
extraction of the NiII, since B will act as a base and displace the
equilibrium of Scheme 1 and, therefore, increase the amount of
[Ni(HSaloxH)2] 1 formed. However, the improvement in the

efficiency of the extraction that we have observed may also
involve two other contributing effects.

Firstly, we have obtained evidence for ligand assembly7

between H2SaloxH and representatives of the diamines listed in
Table 1. In particular, the isolation and crystallographic
characterisation of [(H2SaloxH)2(Me4en)], plus 1H NMR
spectra recorded for a combination of these two reagents in
CDCl3 solution,8 clearly demonstrate that H2SaloxH and Me4en
form a 2:1 assembly. This ligand assembly would make a
favourable contribution to the entropy of formation of [Ni(HSa-
loxH)2(Me4en)] 2 and related complexes.7

Secondly, the addition of each of the diamines (B) to a
solution of 1 in CH2Cl2 (1+1) produced a colour change from
the dark green of 1 to a shade of blue or red, depending upon the
nature of B, and produced 1+1 complexes, [Ni(HSaloxH)2B].†
These processes have been followed by UV–VIS–NIR spectros-
copy and the general result obtained is exemplified in Fig.1, for
the addition of aliquots of pn to a solution of 1 in CH2Cl2. In
each case, a stepwise increase in the absorbance at ca. 900 nm
was observed, together with a concomitant decrease in the
absorbance and a slight shift to higher energy in the lmax at ca.
600 nm. An isosbestic point was observed in each titration,
consistent with the reaction proceeding by a simple process. The
variation of the absorbance at lmax of 600 and 900 nm with the
reagent ratio indicated that 1 and B interact with a 1+1
stoichiometry.

Isolation and recrystallisation of the solids formed by
reacting [Ni(HSaloxR)2] and B (1+1) in CH2Cl2 produced
crystalline materials of composition [Ni(HSaloxR)2B]. The
compounds for which R = H, B = Me4en (2)‡ or pn and R =

Scheme 1 The ‘pH-swing’ equilibrium for the acid leach/solvent extraction/
electrowinning circuits for copper production; the phenolic oximes
(H2SaloxR) are derived from a salicylaldehyde (R = H) or an o-ketophenol
(R = alkyl).2,3

Table 1 Percentage of NiII extracted from an aqueous medium into CH2Cl2
using a base (B) plus salicylaldoxime (H2SaloxH)a

Diamine (B)
B alone
(2 mM)

H2SaloxH + 
B (1 mM)

H2SaloxH + 
B (2 mM)

H2SaloxH +
B (3 mM)

N,N-Me2en 11 100 100 100
N,N’-Me2en 16 98 100 100
pn 19 93 94 93
N,N’-Me2pn 32 98 100 100
Me4en 37 59 86 100
a The extraction experiments were carried out using mechanically-shaken
and stoppered vials containing Ni(NO3)2·6H2O (1 mM) in H2O (5 cm3) and
H2SaloxH (2 mM) and B (1–3 mM) in CH2Cl2 (5 cm3). Each system was
equilibrated for 4 h at 25 °C and the concentration of nickel in the aqueous
phase was then determined by atomic absorption spectroscopy. H2SaloxH
(2 mM) alone extracted 13% of the NiII. Each of the reported values is an
average of three experiments and has an estimated error of ±3%.
Abbreviations for B: N,N-Me2en = N,N-dimethylethylenediamine; N,NA-
Me2en = N,NA-dimethylethylenediamine; pn = 1,3-diaminopropane; N,NA-
Me2pn = N,NA-dimethyl-1,3-diaminopropane; Me4en = N,N,NA,NA-tetra-
methylethylenediamine. 
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Me, B = N,N’-Me2en have been characterised by X-ray
crystallography.8 Each compound is comprised of neutral
mononuclear complexes with the NiII in a distorted octahedral
environment, as exemplified by the molecular structure of 2
(Fig. 2). Each oxime is bound to the NiII via the phenolate O-
atom and the oxime N-atom, to give a six-membered chelate
ring that spans adjacent (cis) sites, and the diamine acts as a
bidentate cis-N,N-chelate. Each [Ni(HSaloxR)2B] compound
that has been characterised by X-ray crystallography contains
complexes exclusively in the form of the coordination isomer of
the type shown in Fig. 2. An important structural feature of this
isomer is that it involves retention of hydrogen bonding
between the oximic hydroxyl groups and the phenolate
oxygens. This type of hydrogen bonding is well established; e.g.
in 19 and [Cu(HSaloxH)2],4 it stabilises the planar complex (see
Scheme 1). However, the [Ni(HSaloxR)2B] complexes reported
herein are the first examples that manifest the corresponding
folded interligand, intramolecular H-bonding. Thus, in the
octahedral [Ni(HSaloxR)2B] complexes, cis-chelation of the
diamine results in a folding about the phenolate–phenolate axis
and the oxime N-atoms rotate to become mutually cis; the
phenolate O-atoms remain mutually trans, but the O–Ni–O
angle is reduced from 180 to 168.4(1)°. In 2, the distances
O1···O4 [2.670(4) Å] and O2···O3 [2.627(4) Å] are slightly (ca.
0.15 Å) longer than the corresponding distances in 1 (average
2.52 Å).9 This difference is consistent with the increased span of
the intramolecular H-bonding required to accommodate six-
coordinate, high-spin, NiII, as compared to the planar four-

coordinate, low-spin, NiII present in 1.10 Consistent with this
view, the Ni–O and Ni–Nox bonds are longer by ca. 0.25 and
0.30 Å, respectively, in 2 than in 1.9 The oxime hydrogen atoms
in 1 were located by Fourier techniques and the length of the
hydrogen bonds to the phenolic oxygens (H2O···O3 and
H4O···O1) are 1.70 and 1.88 Å, respectively. Given the
importance of intramolecular H-bonding in stabilising [Cu(H-
SaloxR)2] complexes, thereby aiding the efficacy and selectiv-
ity of the process employed for the commercial extraction of
CuII,2,3 it is of considerable interest to observe that a similar, but
folded, arrangement is present in the octahedral [Ni(HSa-
loxR)2B] complexes.

In view of the above, we consider that: (i) the displacement of
the equilibrium of Scheme 1 by the presence of the basic
diamine; (ii) the possible operation of a ligand ‘assembly
effect’;7 and (iii) the formation of [Ni(HSaloxR)2B] with
retention of the intramolecular H-bonding, could each contrib-
ute to the significant increase in the amount of NiII extracted by
a combination of a phenolic oxime and a diamine, as compared
with the amount of NiII extracted by either reagent alone.
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for the provision of a CASE studentship and travel funds to
V. M. H. We also acknowledge the Australian Research Council
for support.

Notes and references
† [Ni(HSaloxH)2]9 (0.043 g, 0.13 mmol) was dissolved in CH2Cl2 (5 cm3)
and Me4en (20 mL, 0.13 mmol) added, producing an instantaneous change
from green to blue. The solution was stirred for 10 min at RT, then layered
with n-hexane (5 cm3) and left to evaporate in air. The blue product was
washed with a small amount of n-hexane and dried in vacuo. Yield 65%.
C20H28N4O4Ni: found (calc.): C 53.6 (53.7), H 6.4 (6.3), N 12.6 (12.5), Ni
12.6 (13.1)%. VIS–NIR (refl.) lmax/nm (rel. abs.) 975.2 (0.14), 583.2
(0.15). meff at RT 3.13 mB. IR (KBr)/cm21 1644w dOH, 1597s nCNC, 1544m
nC=N, 1189m, 907s nN-–O, 1292s, 995s nC–O.
‡ Crystal data for C20H28N4O4Ni: M = 447.17, monoclinic, space group
P21/c (no. 14), a = 9.529(2) b = 14.329(3) c = 15.944(4) Å, b =
97.14(2)°, U = 2160.9(9) Å3, T = 294(1) K, Z = 4, m(Cu-Ka) = 15.72
cm21, 3590 reflections measured, 3366 unique, 2597 for I > 2.50s(I) (Rint

= 0.085) on a Rigaku AFC5R, which were used in all calculations. The
final R1 = 0.058, wR = 0.067. The structure was solved by direct methods
with SIR9211 and expanded using Fourier techniques.12,13 Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were placed in
idealised positions (C–H = 0.95 Å), except for the four (O–H) that were
found by difference Fourier analysis. All of the hydrogen atoms were
refined isotropically to convergence, then fixed for the final rounds of
refinement. The maximum and minimum peaks in the final difference
Fourier map were 0.77 and 20.80 e Å23, respectively. CCDC 154046. See
http://www.rsc.org/suppdata/cc/b0/b009267n/ for crystallographic data in
.cif or other electronic format.
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Fig. 1 The VIS–NIR absorption spectra for the addition of four [(2)–(5)]
successive aliquots (2.4 mM) of pn to [Ni(HSaloxH)2] (10 mM) in CH2Cl2;
(1) is the spectrum of [Ni(HSaloxH)2] prior to the addition of pn.

Fig. 2 ORTEP view and atomic labelling scheme for [Ni(HSa-
loxH)2(Me4en)]. Selected bond lengths (Å): Ni1–N1 2.065(4), Ni1–N2
2.057(3), Ni1–N3 2.171(4), Ni1–N4 2.170(4), Ni1–O1 2.050(3), Ni1–O3
2.041(3); selected interbond angles (°): O1–Ni1–O3 168.4(1), O1–Ni1–N1
85.4(1), O1–Ni1–N2 86.5(1), O1–Ni1–N3 97.7(1), O1–Ni1–N4 93.5(1),
O3–Ni1–N1 85.8(1), O3-Ni1–N2 86.3(1), O3–Ni1–N3 90.1(1), O3–Ni1–
N4 95.9(1), N1–Ni1–N2 91.7(1), N1–Ni1–N3 92.1(1), N1–Ni1–N4
175.0(1), N2–Ni1–N3 174.6(1), N2–Ni1–N4 93.1(1), N3–Ni1–N4 83.2(1);
selected non-bonded distances (Å): O4…O4 3.175(7), O2…O3 2.627(4),
O4…O1 2.670(4).
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Zincophosphate sodalites can be obtained by simple grind-
ing of the substrate salts [ZnCl2, Zn(NO3)2, Na2HPO4,
Na2CO3] in a mortar, provided that at least one of the
applied salts contains crystallization water.

The hydrothermal synthesis of zeolites or zeolite-like materials
usually comprises forming an initial gel and its subsequent
crystallization often at enhanced temperature and sometimes for
extended times. Stucky and coworkers1,2 demonstrated the
unusual possibility to obtain faujasite (FAU) or sodalite (SOD)
(zincophosphate, zincoarsenate, zincoantimonate) structures by
means of spontaneous crystallization upon mixing aqueous
solutions of the substrates at low temperatures. The above
zeolite-like materials have been extensively studied by several
research groups.3 Such spontaneous crystallization can be
useful for encapsulation of certain compounds inside the inner
cages upon their formation. Our earlier attempts to prepare
ultramarine analogs by introduction and further transformation
of sodium polysulfides inside zincophosphate sodalite prepared
according to the Stucky recipe1 have not been successful4
because of the low stability of the crystalline structure. The
crystallization of zincophosphate with sodium polysulfide
present in the initial mixture did not lead to formation of the
sodalite structure. Another attempt to introduce polysulfides
into the zincophosphate upon crystallization comprised simple
grinding of the substrates without any water. Although mixtures
containing polysulfides did not form a sodalite, it was
interesting that a blank sample containing no sulfides formed
the sodalite structure merely by grinding of the substrates.

The following study presents series of syntheses of zinco-
phosphate sodalite by means of spontaneous, dry crystalliza-
tion. The following principal substrates have been applied:
ZnCl2, Zn(NO3)2·6H2O, Na2HPO4, Na3PO4·12H2O, NaOH,
Na2CO3, Na2CO3·12H2O (all supplied by POCh, Poland). In
some cases additional compounds (such as KBr, NaCl, CdS,
elemental S) were admitted to the initial mixtures. The Zn/P
ratio was always 0.85 and Na/Zn was 3.5, i.e. similar to that
applied by Stucky and coworkers for synthesis of the SOD
structure.1,2 NaOH applied in preliminary experiments was
replaced by sodium carbonate because of easier grinding of the
latter. The procedure comprised grinding of the substrate
mixture (usually ca. 2 g) in a ceramic mortar for ca. 10 min, then
washing of the products with water and drying at 60 °C. The
sequence of admittance of the substrates to the mixture varied.
The obtained samples were characterized by means of XRD, IR,
DTA, DTG and SEM.

The grinding of the mixture [e.g. Zn(NO3)2·6H2O, Na2HPO4,
Na2CO3] led to release of water from the hydrated salts which
made the sample wet. The evolution of CO2 on grinding was
noticeable due to Na2CO3 decomposition in the presence of Zn
salts. Table 1 indicates the composition and sequence of adding
the substrates as well as the structure and pH of the first drops
of the filtrate on washing. Fig. 1 indicates high crystallinity
SOD structures of the samples obtained from mixtures of
Na2HPO4, Zn salts and Na2CO3 provided that one of compo-
nents contains crystallization water. The as-made samples
(before washing) usually contain a noticeable amount of NaCl
or NaNO3 (indicated in Fig. 1 for the sample ZnP-1*), which
can then be washed out. It is remarkable that the sequence of

substrate admittance affects the crystallinity and purity of the
products. The sample obtained by merging all the substrates
together (ZnP-0) contains more hopeite impurities than the
samples ZnP-2 and ZnP-1, where either acidic (Zn) or alkaline
(Na2CO3) components are admitted last. The SOD structure
does not appear if Na3PO4 is used as the P source. The sequence
of admittance as well as the P source influence the pH of the
resulted products. It is likely that the pH of the mixture is an
important factor for obtaining the SOD structure. The best
results were achieved at pH ~ 7. The value of pH was as high as
11–12 for the samples prepared from Na3PO4 (with a similar
molar ratio). The SOD structure was not formed on grinding
when anhydrous salts were used (e.g. sample ZnP-4*), however,
this sample attained the SOD structure upon washing with water

Table 1 Results of dry crystallization of zincophosphates

Sample Substrates (order of admission) pH Structure

ZnP-SOD1 H3PO4 + NaOH + Zn(NO3)2 + H2O 7.5 SOD + H
ZnP-0 Na2HPO4 + Na2CO3 + Zn(NO3)2·6H2O;

all substrates mixed together
6.8 SOD + H

ZnP-1* Na2HPO4 + Na2CO3 + Zn(NO3)2·6H2O SOD +
NaNO3

ZnP-1 Na2HPO4 + Na2CO3 + Zn(NO3)2·6H2O 6.8 SOD
ZnP-2 Na2HPO4 + Zn(NO3)2·6H2O + Na2CO3 6.8 SOD
ZnP-3 Na2CO3 + Zn(NO3)2·6H2O + Na2HPO4 6.5 SOD + H
ZnP-4* Na2HPO4 + Na2CO3 + ZnCl2 NaCl
ZnP-4 Na2HPO4 + Na2CO3 + ZnCl2 6.5 SOD
ZnP-5* Na2HPO4 + Na2CO3·10H2O + ZnCl2 8.2 NaCl +

SOD
ZnP-6* Na3PO4·12H2O + Zn(NO3)2·6H2O 12 NaNO3

ZnP-7* Na3PO4·12H2O + ZnCl2 11 NaCl

* The as made samples (not washed); H-hopeite; the pH was measured for
the first drops of the filtrate on washing.

Fig. 1 XRD patterns of indicated samples. ZnP-SOD (St) indicates the
sample prepared according to the Stucky recipe.1 Samples indicated by
asterisks were not washed before the diffraction measurements.
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(ZnP-4). The sodalite structure has also been attained when
some additional compounds were admitted (KBr, S, CdS, see
Table 2), whereas other salts (e.g. NaCl, Na2Sn) impeded
formation of the SOD structure (Fig. 2). No bromide was
detected in the sample prepared with KBr, although its presence
affected the morphology of the product (Fig. 3). The size of
crystallites obtained using this dry method (ca. 2 mm) was
similar to those prepared from solution as well as aluminosili-
cate sodalite (Fig. 3). CdS is most likely encapsulated inside the
sodalite cages and only at high CdS loading (CdS/Zn > 0.2) do
the SEM images indicate the presence of sulfide particles on the
surface of sodalite crystallites.

The thermal properties of the samples obtained by grinding
[examined by thermal (DTA) and gravimetric (TG, DTG)
analyses (Fig. 4)] indicate the most significant effects attributed
to removal of water. The dehydration temperatures differed for
the samples prepared from different substrates or in the
presence of additional components (e.g. KBr). It is interesting
that regardless of the differences in dehydration temperatures,
the amount of water removed is always the same (ca. 10%),
which corresponds to empirical formula of the products:

NaZnPO4·H2O. For sample ZnP–CdS the weight loss on
heating to 200 °C is only ca. 5%. This lower content of water
results from encapsulation of CdS. The XRD data of the
samples calcined at 200 °C indicate decomposition of the
structure after removal of water which is not regenerated upon
contact with atmospheric moisture.

Another series of experiments with anhydrous substrate salts
ground with a small admixture of various polar reagents such as
ethanol, phenol, amines, acetone, nitrobenzene, acetonitrile,
DMSO, DMF or liquid ammonia sometimes resulted in
crystalline structures analogous to zeolites.5

The present preliminary results indicate a great affinity of
zinc salts and phosphates to form a sodalite crystalline structure.
Spontaneous crystallization of the sodalite structure can take
place even upon grinding of substrate salts. The dry crystalliza-
tion, however, requires some water, which is supplied from
crystallization water present in at least one of the components of
the substrate mixture. The sequence of adding the mixture
components as well as the pH of the mixture affects the results
of the syntheses. It seems that some additional compounds (e.g.
S, CdS) can be encapsulated into the sodalite cages on dry
crystallization. The admittance of a small amount of polar
reagents (other than water) to an anhydrous substrate mixture
can sometimes result in structures similar to zeolites.

Notes and references
1 W. T. A. Harrison, T. E. Gier, K. L. Moran, J. M. Nicol, H. Eckert and

G. D. Stucky, Chem. Mater., 1991, 3, 27.
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3 W. T. A. Harrison, T. E. Gier, J. M. Nicol and G. D. Stucky, J. Solid State

Chem., 1995, 114, 249; M. J. Castagnola and P. K. Dutta, Microporous
Macroporous Mater., 1998, 20, 149; X. Bu, T. E. Gier, P. Feng and G. D.
Stucky, Microporous Macroporous Mater., 1998, 20, 371; H. Y. Ng and
W. T. A. Harrison, Microporous Macroporous Mater., 1998, 23, 197;
R. W. Broach, R. L. Bedard and S. G. Song, Chem. Mater., 1999, 11,
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5 S. Kowalak and A. Jankowska, study in progress.

Fig. 2 XRD patterns of the indicated samples.

Fig. 3 SEM pictures of (a) sodium zincophospate sodalite prepared
according to Stucky;1 (b) sample ZnP-1; (c) sample ZnP-KBr; (d) sample
ZnP-CdS.

Fig. 4 Typical DTG curves (in air) for the indicated samples.

Table 2 Syntheses with additional compounds (main procedure as for
ZnP-1)

Sample Additional reagents Remarks

ZnP-S S dissolved in CS2 (Zn/S = 1,33) SOD, yellow
ZnP-KBr KBr ground with mixture (Zn/KBr =

0,35)
SOD, no Br2

ZnP-CdS CdS powder ground with mixture
(Zn/CdS = 0,04)

SOD, yellow

ZnP-NaCl NaCl (Zn/NaCl = 0,7) Poor crystallinity
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The complex [Fe(L1H)2][BF4]2 exhibits an abrupt thermal
spin-crossover which may be mediated by an order–disorder
transition of the BF4

2 anions.

The spin-crossover phenomenon in Fe(II) complexes continues
to be well studied,1 reflecting their potential applicability as
bistable materials for information storage.2 For such applica-
tions, a thermally induced spin-state transition must occur over
as small a temperature range as possible, and should exhibit a
hysteresis loop.2 These properties reflect intermolecular coop-
erativity within the sample, and are most often associated with
a concomitant crystallographic phase transition and/or loss of
long-range ordering. However, there are isolated examples
where this is not the case, and intermolecular cooperativity in a
thermal spin–spin transition is instead mediated by covalent
pathways,3 or via intermolecular hydrogen-bonding,4 p–p
interactions5,6 or van der Waals contacts.7 Following our studies
of the electronic structures and solid state fluxionality of
[Cu(L1R)2]2+ (R = H, mesityl),8–10 we wished to examine the
Fe(II) complex chemistry of L1R. This was of particular interest
since several salts of [Fe(L2)2]2+ {a structural isomer of
[Fe(L1H)2]2+} exhibit both thermal and light-induced spin-state
transitions, whose physics has been extensively studied.11

Complexation of Fe(BF4)2·6H2O with 2 mol equivalents of
L1H12 in acetone affords a mustard precipitate of
[Fe(L1H)2][BF4]2 1 in 70% yield, which can be recrystallised
from MeCN–Et2O.‡ Variable-temperature magnetic suscepti-
bility measurements§ from polycrystalline 1 demonstrated a
transition between high-spin (S = 2, cmT = 3.6–3.7 cm3 K
mol21 13) and low-spin (S = 0, cmT@0.3 cm3 K mol21 13) states
centred at T = 259 K, with a transition width of 3 K and a 3 K
hysteresis loop (Fig. 1). This change is reflected in the colour of
the compound, which changes sharply from mustard yellow to
dark brown upon cooling; this change is reversible upon
rewarming to room temperature. Differential scanning calo-
rimetry (DSC) experiments§ of 1 confirmed these results,
showing a first-order transition centred at 260 K, with a

hysteresis width of 4 K. Values of DH = 17.2(2) kJ mol21 and
DS = 66.2(8) J mol21 K21 for the transition were derived from
the DSC data.

The temperature of the transition was also confirmed by
measuring the crystallographic unit cell in the range 240–300 K,
which demonstrated a discontinuity within the range 259–261 K
in cooling and warming modes. No hysteresis was detected by
this method, although this might reflect the less accurate
temperature control at the diffractomer, which is estimated at ±2
K. There is no change in space group (P21) at these
temperatures; rather, the transition is characterised by a
decrease of 0.55 Å in the crystallographic c-direction, an
increase of 0.05 Å in b, and an increase of 2.0° in b as the
temperature is lowered (see ESI†). The decrease in unit cell
volume associated with the phase transition (ignoring thermal
contraction effects) is 35(5) Å3 or 2.6%, the latter being a
typical value for a spin state transition in an Fe(II) complex.14

The temperature of the crystal can be cycled across the
transition several times, although the crystal begins to decay
noticeably after ca. five cycles.

Four datasets were collected from the complex, at 375, 290,
240 and 150 K.¶ The molecular structures of the complex
dication at 290 and 375 K are crystallographically indistinguish-
able, as are the structures at 240 and 150 K (see ESI†).
Therefore, only the structure analyses at 290 and 240 K will be
discussed in detail. At both temperatures the six-coordinate
Fe(II) ion in 1 has approximate local D2d symmetry, with Fe–N
bond lengths that are typical of a high-spin (290 K) and low-spin
(240 K) Fe(II) centre (Fig. 2).15 At 240 K the Fe–N distances are
shorter than at 290 K by an average of 0.215(10) Å, which is a
typical value for a high- to low-spin transition involving a Fe(II)
complex with a hexa-nitrogen donor set.15 As a result, the
average ligand bite angle has increased at 240 K [80.0(3)°]
compared to 290 K [73.47(18)°].

† Electronic supplementary information (ESI) available: tabulated and
plotted unit cell dimensions for 1 between 240–300 K; tabulated magnetic
susceptibility data between 10–330 K. See http://www.rsc.org/suppdata/cc/
b1/b100995h/

Fig. 1 Plot of cmT vs. T for polycrystalline 1 in cooling (5) and warming
(/) modes.
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To conclude, we have shown that crystalline 1 undergoes a
cooperative spin-state transition centred at 260(1) K, which
does not involve a crystallographic phase change. It is not clear
what mediates the cooperativity of this transition. However, one
possibility is implied by the isomorphous complex
[Cu(L1H)2][BF4]2 2, in which pseudo-Jahn–Teller cooper-
ativity is mediated by rotation of the BF4

2 anions in the
crystal.10 It is therefore intriguing that there is an apparent
change in the anion motion in 1 across the spin-state transition.
At 290 K, all F atoms in both BF4

2 anions are badly disordered,
implying that there is essentially free rotation of the near-
spherical anions within their lattice cavity. In contrast, at 240 K
one F atom in each ion appears to be crystallographically
ordered, so that the anions are now disordered by rotation about
one B–F bond. Experiments to further define the influence of
anion motion on the spin-crossover in 1, and to determine the
magnetic properties of other [Fe(L1R)2]2+ complexes, are in
progress.

We would like to thank The Royal Society (M. A. H.), the
EPSRC (J. A. M., Z. L.) and the University of Leeds for
funding.

Notes and references
‡ Analytical data for 1: Found C, 40.7; H, 2.8; N, 21.2. Calc. for
C22H18B2F8FeN10: C, 40.5; H, 2.8; N, 21.5%.

§ Susceptibility measurements were carried out in an applied field of 1000
G, with the sample being poised at each temperature for 1 min before
measurement. DSC experiments were run using a temperature ramp of
10 °C min21.
¶ Four datasets were collected for 1 (C22H18B2F8FeN10, Mr = 651.93,
monoclinic, P21, Z = 2).

Crystal data: at 375 K: a = 8.5301(3), b = 8.5518(4), c = 19.1757(5)
Å, b = 94.9043(24)°, U = 1393.70(9) Å3, m(Mo-Ka) = 0.628 mm21;
15873 measured reflections, 6039 independent, Rint = 0.035; R(F) = 0.045,
wR(F2) = 0.120, Flack parameter 20.001(17). The F atoms of both BF4

2

anions were badly disordered at this temperature. Each anion was modelled
using three different disorder orientations, in a 0.50+0.25+0.25 occupancy
ratio. All B–F distances were restrained to 1.37(2) Å, and non-bonded F…F
distances within each disorder orientation to 2.24(2) Å. All non-H atoms
with occupancy !0.5 were refined anisotropically. 

At 290 K: a = 8.4947(2), b = 8.5070(2), c = 19.0535(6) Å, b =
95.7050(18)°, U = 1370.07(6) Å3, m(Mo-Ka) = 0.639 mm21; 15406
measured reflections, 5442 independent, Rint = 0.043; R(F) = 0.040,
wR(F2) = 0.110, Flack parameter 0.022(15). Refinement details as for the
375 K structure.

At 240 K: a = 8.4977(3), b = 8.5665(3), c = 18.4299(8) Å, b =
98.0931(12)°, U = 3128.25(9) Å3, m(Mo-Ka) = 0.659 mm21; 10234
measured reflections, 5538 independent, Rint = 0.045; R(F) = 0.046,
wR(F2) = 0.124, Flack parameter 0.006(19). Both BF4

2 anions were
disordered by rotation about one B–F bond. The disordered F atoms of the
two anions were modelled over three orientations, with 0.50+0.25+0.25 and
0.40+0.30+0.30 occupancy ratios. All B–F distances were restrained to
1.39(2) Å, and non-bonded F…F distances within each disorder orientation
to 2.27(2) Å. All non-H atoms with occupancy > 0.5 were refined
anisotropically.

At 150 K: a = 8.4575(2), b = 8.5233(2), c = 18.3756(4) Å, b =
98.2896(13)°, U = 1310.78(5) Å3, m(Mo-Ka) = 0.668 mm21; 19914
measured reflections, 5715 independent, Rint = 0.038; R(F) = 0.031,
wR(F2) = 0.079, Flack parameter 20.009(10). No disorder was detected at
this temperature, and no restraints were applied. All non-H atoms were
refined anisotropically.

CCDC 158392–158395. See http://www.rsc.org/suppdata/cc/b1/
b100995h/ for crystallographic data in .cif or other electronic format.
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Fig. 2 View of the [Fe(L1H)2]2+ dication in the crystal of 1 at 290 K,
showing the atom numbering scheme employed for the complex cation.
Thermal ellipsoids are at the 35% probability level. For clarity, all H atoms
have been omitted. The complex at 240 K is visually indistinguishable.
Selected distances (Å) and angles (°) at 290 K: Fe(1)–N(2) 2.1248(19),
Fe(1)–N(9) 2.193(2), Fe(1)–N(14) 2.175(3), Fe(1)–N(18) 2.127(2), Fe(1)–
N(25) 2.184(3), Fe(1)–N(30) 2.185(3); N(2)–Fe(1)–N(9) 73.47(8), N(2)–
Fe(1)–N(14) 73.65(9), N(2)–Fe(1)–N(18) 173.15(10), N(2)–Fe(1)–N(25)
113.14(9), N(2)–Fe(1)–N(30) 100.21(10), N(9)–Fe(1)–N(14) 147.08(9),
N(9)–Fe(1)–N(18) 104.24(8), N(9)–Fe(1)–N(25) 98.46(9), N(9)–Fe(1)–
N(30) 92.88(9), N(14)–Fe(1)–N(18) 108.21(9), N(14)–Fe(1)–N(25)
95.95(9), N(14)–Fe(1)–N(30) 91.12(10), N(18)–Fe(1)–N(25) 73.44(9),
N(18)–Fe(1)–N(30) 73.31(10), N(25)–Fe(1)–N(30) 146.58(9). Selected
distances (Å) and angles (°) at 240 K: Fe(1)–N(2) 1.893(3), Fe(1)–N(9)
1.979(3), Fe(1)–N(14) 1.968(3), Fe(1)–N(18) 1.905(3), Fe(1)–N(25)
1.981(4), Fe(1)–N(30) 1.975(4); N(2)–Fe(1)–N(9) 80.22(14), N(2)–Fe(1)–
N(14) 80.05(14), N(2)–Fe(1)–N(18) 178.25(18), N(2)–Fe(1)–N(25)
101.75(15), N(2)–Fe(1)–N(30) 98.34(15), N(9)–Fe(1)–N(14) 160.26(13),
N(9)–Fe(1)–N(18) 100.50(14), N(9)–Fe(1)–N(25) 92.92(14), N(9)–Fe(1)–
N(30) 92.24(14), N(14)–Fe(1)–N(18) 99.21(14), N(14)–Fe(1)–N(25)
91.57(15), N(14)–Fe(1)–N(30) 90.11(15), N(18)–Fe(1)–N(25) 79.83(15),
N(18)–Fe(1)–N(30) 80.06(15), N(25)–Fe(1)–N(30) 159.82(13).
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Electrochemical oxidation of a titanium electrode in a
solution of potassium amide in liquid ammonia resulted in
the deposition of titanium nitride either as a thin film or as
nanoparticles.

Titanium nitride is a technologically important material that
exhibits excellent chemical stability, good wear resistance, and
high electrical conductivity. As a thin film, titanium nitride
finds uses as a hard coating for cutting tools,1 as a diffusion
barrier for microelectronic devices,2 as an optical coating,3 and
as a gold-coloured surface for jewellery.4 Conventional routes
to thin films of TiN include heating titanium metal in a stream
of ammonia,5 reactive sputtering,6 and chemical vapour deposi-
tion.7 Many of these techniques require high temperatures and/
or expensive equipment or precursors. Electrochemical synthe-
sis is therefore an alternative route that has attracted significant
interest. Previous studies have included anodisation of titanium
in acetonitrile at an applied cell voltage of up to 1500–3000 V,8
and nitridation of a titanium anode in an acetonitrile solution
containing a primary amine and tetrabutylammonium bromide
followed by heating at high temperatures.9 Each of these routes
produces TiN films, but incorporation of carbon-containing
impurities is significant. A reduction in the level of carbon
incorporation has been achieved by the use of NH4Br–NH3
electrolyte solutions. This resulted in an uncharacterised
powder which on calcining at 1100 °C under flowing ammonia
produced either small particles of TiN or could be used to coat
substrates with TiN after calcining.10 Electrochemical surface
nitriding of titanium in a molten LiCl–KCl eutectic melt has
been shown to produce TiN films, but the operating temperature
of this process is 450 °C.11 Titanium nitride powders have also
attracted interest in the field of powder technology as precursors
for the fabrication of sintered compact or thin films. A route
describing the production of TiN particles by galvanostatic
electrolysis using a titanium plate in a solution of n-butylamine
in acetonitrile has recently been reported, but post-processing
by heating to 200–1000 °C in the presence of ammonia was
invariably required in order to generate TiN.12

In this work we describe an electrochemical process that
operates at or below ambient temperatures to give, in one step,
thin films or particles of TiN. Furthermore, the nature of the
process favours nitride formation, with no incorporation of
carbon, oxygen or halogen. This is because it involves liquid
ammonia solutions containing the basic electrolyte KNH2 rather
than organic solvents containing the acidic NH4Cl or NH4Br
electrolytes used previously.9,10,12

The apparatus for the electrochemical experiments is de-
scribed below.† Sweeping the titanium electrode potential at
sweep rates of 50–100 mV s21 between 0.00 V and a negative
potential limit, in excess of 21.50 V, produced a reduction
current of several mA. During the reverse sweep to 0.00 V in the
cyclic voltammogram (CV), an associated oxidation peak was
observed at ca.2750 mV. On continued cycling, this oxidation
peak was observed to diminish as the reduction wave shifted to

more negative potentials. The CV recorded after 30 min showed
little decrease in the negative sweep and no oxidation peak in
the positive sweep at these potentials. It seems likely that this
reduction reaction involves the reduction of the native tita-
nium(IV) oxide with the loss of oxide from the titanium surface.
The oxidation peak then corresponds to the reformation of the
oxide surface. On repeated cycling, a fraction of the reduced
oxide is lost to the bulk solution by diffusion. Thus the cycling
eventually results in the production of an oxide-free titanium
surface.

On stepping the potential of the cleaned titanium electrode
from 0.00 to +3.00 V, a large positive current of several mA was
initially observed, indicative of electrode oxidation, which fell
slowly with time. Increasing the electrode potential (first to
+4.00 V, then to +5.00 V) resulted in increases in the oxidation
current, as did increasing the temperature of the solution from
278 to 233 °C, with no sign of gas evolution at the electrode.
Stirring of the solution did not increase the current, indicating
that the current is not limited by mass transport of solution
species to the electrode. These results are consistent with the
growth of a surface nitride film on the electrode surface by an
oxidation that involves liquid ammonia and/or amide. Removal
of the titanium electrode and washing with water revealed a
golden coloured film.

CV sweeps to oxidising potential for clean titanium also
showed an oxidation current due to nitride film growth. Each
cycle resulted in the progressive shift of this oxidation current to
more positive potentials. The increase by > 1.00 V in the
oxidative potential limit of this electrode, whilst retaining a
similar pseudocapacitance, indicates that the deposited film is
relatively inert and is conducting; this is a strong indication that
the film is titanium nitride. The observed increase in current on
raising the temperature of the ammonia solution from 278 to
233 °C allows one to calculate an activation energy for the
process in the order of +20 kJ mol21. Extrapolation to 25 °C
would predict an approximately 50-fold increase in the current
compared with the current passed at 278 °C. For this reason, a
pressure cell was constructed such that liquid ammonia at 25 °C
could be safely contained. The predicted increase in current was
indeed observed, but in this case small particles of a yellow–
brown material grew on the surface of the titanium electrode.
Evidence that these particles were electrically conducting was
provided by the observations that (i) the particles grew as
‘tendrils’ towards the counter electrode, and (ii) when dislodged
from the electrode surface by gentle tapping the current
decreased, indicating a reduction of electrically conducting
surface area. The small size of the particles caused them to be
readily oxidised to TiO2 in the presence of air and aqueous base.
Hence it was essential to remove excess KNH2 by washing the
particles with portions of liquid ammonia, followed by removal
of the last traces of ammonia in vacuo before handling in air.
Glancing angle X-ray powder diffraction of the film and
particles showed no peaks, but did show significant background
scattering indicative of an amorphous or nano-crystalline phase.
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Attempts to anneal the film at 800 °C under argon resulted in
some degree of sharpening, but were not conclusive. Sub-
sequent characterisation involved a range of techniques that
required as little processing of the film as possible.

The electrodeposited film showed a transition from metallic
to superconducting behaviour at ca. 4.5 K in a field of 100 G;
the magnitude of the transition, when correlated with the charge
passed during synthesis, further indicated that titanium nitride
was the major product of reaction. The temperature of the
transition also suggested that the stoichiometry of the TiNx film
is such that x is very close to 1.13

The SEM-EDX spectrum also pointed to a nitride-containing
film. Not surprisingly given the nature of the sample (TiN on
bulk Ti) the spectrum was dominated by the strong Ti Ka line,
but clearly discernible was the N 2p line (adjacent to the Ti La
line). Quantitative assessment of the stoichiometry was not
possible owing to the considerable contribution to the intensity
from the titanium substrate. It is significant, however, that no
peaks corresponding to either oxygen or potassium con-
taminants were observed.

Conclusive evidence for the identification of both the film
and powder as TiN was provided by the Raman spectra. These
display three broad bands, the positions of which were in
extremely good agreement both with spectra described in the
literature,14 and with spectra obtained from authentic stoichio-
metric TiN powder. Previous Raman studies have shown that
the relative intensities of the Raman bands at 550 and 235 cm21

depend upon the stoichiometry of the titanium nitride.14 The
band at lower energy is ascribed to nitrogen vacancies in the
lattice and its intensity relative to the band at 550 cm21

increases rapidly with increasing nitrogen deficiency. When
compared with published spectra, the Raman spectra of both
film and powder suggest a value of x for the TiNx that is close
to unity.

Analysis of the films by X-ray photoelectron spectroscopy
(XPS) was dominated by strong peaks for titanium (2p) and
oxygen (1s) characteristic of TiO2. This was not entirely
unexpected given that several months elapsed between prepara-
tion and examination by XPS and points to aerial oxidation of
the TiN film at its surface. After argon ion sputtering to an
approximate depth of 50 nm, the Ti 2p peak shifted to a lower
binding energy and a N 1s peak appeared at 397.2 eV, indicative
of stoichiometric TiN.15 The N 1s peak persisted to a depth of
~ 600 nm into the sample consistent with the expected film
thickness based on the amount of charge passed. Transmission
electron microscopy showed aggregates of approximately
spherical particles of diameter ca. 5–10 nm (Fig. 1).

Electron diffraction from these particles produced distinct
rings with the occasional appearance of spots. The separation of
these rings corresponds to d-spacings in good agreement with
those reported for the osbornite phase of TiN.16

We have demonstrated in this work that electrochemical
oxidation of a titanium electrode in liquid ammonia/KNH2 at
temperatures between 278 and 25 °C, results in the deposition
of TiN either as a thin film or as nanoparticles depending on the
current density. A key step in the production of coherent thin
films has been found to be repeated cycling of the titanium
electrode to negative potentials such that a substantial negative
current is observed. In this way, the native oxide layer is
removed, thereby facilitating growth of chemically pure TiN
when the electrode is subsequently held at positive potential.
Furthermore, there is no requirement for post-processing of the
films or particles at elevated temperatures. Preliminary results

using other metal electrodes (e.g. Ta, Mo and W) suggest that
this process is a general low-temperature route to metal
nitrides.

We thank the EPSRC for a studentship (L. E. G.) and the
British Council for a Monbusho Research Fellowship (L. E. G.).
We dedicate this communication to the memory of the late Dr
Marten Barker—a major contributor to the field of metal nitride
chemistry.

Notes and references
† All operations were performed under dry, oxygen-free nitrogen. Saturated
solutions of KNH2 in liquid NH3 at 278 °C were prepared by the addition
of oxide-free potassium metal to dry liquid NH3. Electrochemical
experiments were performed using a three-electrode system; working
electrode Ti foil (area ≈ 1 cm2), counter electrode Pt coil (area > > 1 cm2),
pseudo-reference electrode (PRE) bright Pt wire. All potentials are reported
with respect to this PRE. Electrochemical experiments at 25 °C involved a
pressurised Pyrex vessel.
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Fig. 1 TEM image of TiN particles mounted in epoxy resin.
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Hg(0) is effectively encapsulated through strong, closed-shell
metallophilic interactions by Au(I)-based metallocryptands
using the multidentate P2phen [2,9-bis(diphenylphosphino)-
1,10-phenanthroline] ligand; synthesis, characterization and
X-ray crystallography are presented.

Even though elemental mercury has found numerous uses and
applications in many fields of chemistry, the coordination
chemistry of Hg(0) remains extremely limited, and no stable
compounds are known where a Hg(0) atom is coordinated to
ligands forming a classical coordination compound. Rather,
Hg(0) is often found as part of an electron-rich transition metal
cluster1,2 or as an adduct to the face of triangulo clusters.3,4 For
example, Puddephatt and coworkers5 reported the reversible
addition of Hg(0) to the trigonal face of [Pt3(m-CO)(m-dppm)3]2+

(dppm = Ph2PCH2PPh2) to form mixed-metal clusters that
contain naked, triply bridging Hg(0) atoms. Similarly, Venanzi
and coworkers6 demonstrated that the addition of elemental Hg
to [Pt3(m-CO)3(PPhPri

2)3] produces a cluster containing two Pt3
triangles bridged by a Hg2 unit. More recently, Puddephatt and
coworkers7,8 extended this motif to generate cage complexes
based on the triangular Pt3 core that are capable of encapsulat-
ing metal ions including Hg(0) or Tl(I).

We too, have been investigating the encapsulation of metal
ions by inorganic cage complexes denoted as metallocryptands
and found a similar affinity for the incarceration of metals with
s2 electronic configurations.9,10 Recently, we demonstrated that
the Au(I)-based metallocryptand employing the ligand 2,9-bis-
(diphenylphosphino)-1,10-phenanthroline (P2phen) is a se-
lective host for Tl(I) ion, and the resulting [Au2Tl(P2phen)3]3+

complex is intensely luminescent.11 We have now extended this
concept to the encapsulation of elemental Hg and report the
structure of the resulting metallocryptate containing an Hg(0)
atom in an unusually low coordination mode.

As shown in Scheme 1, the yellow [Au2Hg(P2phen)3](PF6)2
1 is readily prepared by reacting a chloroform solution
containing 3 equivalents of colorless P2phen with 2 equivalents
of Au(tht)Cl (tht = tetrahydrothiophene) and a single drop of
elemental mercury.† The chloride salt can be metathesized to
the PF6

2 salt using excess NaPF6. Alternatively, 1 can be
synthesized by Hg(0) addition to the two-coordinate, gold
macrocycle,11 [Au2(P2phen)2](PF6)2, and the free ligand in
chlorocarbon solution. The 31P{1H} spectrum (CD3CN) of 1
displays a singlet at d 34.8 with 199Hg satellites (2JPHg 48 Hz,
199Hg is 16.8% abundant, I = 1/2) and a heptet at d2143.7 that
integrates for two PF6

2 anions. The 199Hg{1H} NMR spectrum
(Fig. 1) displays a septet at d –1199.8 (2JHgP 48 Hz) indicating
a single Hg environment coupled to six chemically equivalent

phosphorus atoms. For comparison, the phosphine environment
in 1 is slightly more shielded than that observed in either
[Au2Tl(P2phen)3](PF6)3 or [Au2Na(P2phen)3](PF6)3 which
show resonances at d 45.7 and 45.5, respectively. As probed by
31P{1H} NMR spectroscopy, the Hg atom appears to interact
with the AuP3 center in a fashion similar to the corresponding
Tl(I) containing species, as the 2JHgP coupling constant in 1 is
closely related to the 2JTlP of 186 Hz observed in [Au2Tl-
(P2phen)3](PF6)3 by the simple ratio of the gyromagnetic ratios
for 199Hg and 205Tl. Further, 2JHgP coupling constants ranging
from 41 to 70 Hz were reported for Hg(0) trapped in the
hexaplatinum clusters.7 No comparable 199Hg NMR chemical
shifts could be found for genuine Hg(0) complexes. However, a
chemical shift of d21310 was reported12 for the low valent Hg
cluster, [Hg4](AsF6)2. The chemical shift dispersion for 199Hg is
quite large ( > 5000 ppm) and is very sensitive to ligation,
concentration and temperature.13 Consistent with other metal-
locryptates9 the 1H NMR spectrum displays single resonances
for the three magnetically distinct phenanthroline protons.
These signals are only minimally shifted (±0.06 ppm) relative to
the uncoordinated ligand. However, two sets of resonances
corresponding to phenyl ring protons are observed in the
metallocryptate suggesting that two phenyl ring environments
exist: one along the metal–metal axis and one equatorial to this
axis.

The structure of 1 as determined by X-ray diffraction‡ is
presented in Fig. 2. The structure contains two trigonally-
coordinated Au(I) centers capping a D3 symmetric cage
containing an Hg(0) atom. As can be seen in Fig. 2 the overall
geometry of the complex is helical; however the bulk material
is racemic as dictated by the centrosymmetric space group. The
helicity is reflected in the large P(1)–Au(1)–Au(2)–P(2), P(3)–
Au(1)–Au(2)–P(4) and P(5)–Au(1)–Au(2)–P(6) torsion angles
of 91.2, 89.1 and 91.9°, respectively. This twisting of the
trigonal planes compresses the metallocryptate to accommodate
the requisite Au(1)…Au(2) separation of 5.546(1) Å. No
attempt was made to resolve 1 into its chiral components.

The Au(1)–Hg(1) and Au(2)–Hg(1) separations are nearly
identical at 2.7847(4) and 2.7804(4) Å, respectively. The three-Scheme 1

Fig. 1 89.312 MHz 199Hg{1H} NMR spectrum of [Au2Hg(P2phen)3](PF6)2

in CD3CN at 25 °C.
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atom linkage is slightly bent with an Au(1)–Hg(1)–Au(2) angle
of 170.48(1)°. The two Au atoms are distorted from their
respective trigonal coordination planes towards the Hg atom by
ca. 0.3 Å each. The Hg–N separations range from 3.374(1) to
3.659(1) Å (av. Hg–N 3.540 Å) and are considered non-
interacting indicating that the attractive Au–Hg interaction is
responsible for maintaining this assembly. The freedom of the
Hg atom to move about the cage is reflected by its larger thermal
ellipsoid as compared to the Au atoms, a trend noted in other
metallocryptands.

The attractive Au–Hg interactions observed here can be
rationalized using a simplified molecular orbital approach
discussed elsewhere.10 Although considered formally non-
bonding, the metal–metal separations reported here are shorter
than the sum of the respective covalent radii (Au = 1.34, Hg =
1.49 Å) indicating a significant attraction between these closed-
shell metals. Similar associations with other closed-shell metal
ions have been observed in other metallocryptates9 and in the
related trigonally coordinated Pt(0) and Pd(0) phosphine com-
plexes.14

The Hg–Au separations described here are shorter than those
found in [Pt(AuPPh3)8(Hg)2]4+ [3.0070(5) and 3.0011(5) Å]15

and those found in [(PPh3)Pt(AuPPh3)6(HgNO3)](NO3)
[2.945(3)–3.636(2) Å].16 Interestingly, in the former complex
the Hg is added as Hg(II) while the latter complex is formed by
the addition of Hg(0) to [(PPh3)Pt(AuPPh3)6](NO3). However,
to the best of our knowledge there are no reports of a genuine
Hg(0) atom coordinating to two Au(I) centers in a linear
fashion.

The electronic absorption spectrum (CH2Cl2) of 1 shows
absorptions attributable to ligand p–p* transitions between 230
and 280 nm, a broad, unresolved band centered ca. 360 nm, and
a low energy absorption at 390 nm which may be attributed to
the Mds*? Mps* transition. Compound 1 is weakly emissive,
and excitation into the low energy manifold produces an
emission band centered at 580 nm. A similar, yet significantly
more intense emission is observed in the isoelectronic Tl(I)
containing species [Au2Tl(P2phen)3]3+ which was assigned to a
metal-centered phosphorescence process. Unlike [Au2Tl(P2-
phen)3]3+ compound 1 exhibits an electrochemical oxidation

(CH2Cl2, irreversible) at ca. 1.25 V vs. Ag/AgCl. No reversible
reductions were observed out to the solvent limit.

The successful encapsulation of Hg(0) by the gold-based
metallocryptand further demonstrates the applicability of these
inorganic cage complexes as effective probes of closed-shell
metal–metal interactions. This methodology may be applied to
other d10-based metallocryptands including Pd(0) and Pt(0)
where similar metal–metal interactions are expected. Further,
by careful ligand manipulation it may be possible to induce a
stronger coordination environment around the encapsulated
Hg(0) atom. We are actively pursuing these species.

Acknowledgment is made to the National Science Founda-
tion (CHE-9624281) and to the Donors of The Petroleum
Research Fund, administered by the American Chemical
Society for their generous financial support of this research.

Notes and references
† Preparation: [Au2Hg(P2phen)3](PF6)2 1: a 25 mL Erlenmeyer flask was
charged with 0.0308 g (5.61 mmol) of 2,9-bis(diphenylphosphino)-
1,10-phenanthroline (P2phen) and 0.100 g (5.61 mmol) of [Au2(P2-
phen)2](PF6)2 dissolved in 8 mL of MeCN. To the pale yellow solution was
added an excess amount of elemental mercury. This mixture was placed in
an ultrasonic cleaner for ca. 5 min producing a lemon-yellow solution. The
solution was decanted away from excess mercury and filtered through a
short pad of Celite. Precipitation with Et2O afforded a lemon-yellow solid.
Yield: (63%).

C108H78N6Au2F12HgP8·2CH3CN. Calc. C, 51.38; H, 3.18; N, 3.81.
Found: C, 51.22; H, 3.43; N, 3.83%. 1H NMR (300 MHz, CD3CN, 25 °C):
d 8.330 (d, J 8.0 Hz), 8.055 (s), 7.526 (d, J 8.42 Hz), 7.501 (m), 7.413 (m),
7.135 (m), 6.740 (m), 6.254 (m), 5.809 (m); 31P{1H} (121 MHz, CD3CN,
25 °C): d 34.78 [s br (d, 2JHgP 48 Hz)]; 199Hg{1H} (89.312 MHz, CD3CN,
25 °C): d 21199.8 (hept, 2JPHg 48 Hz)
‡ Crystal data: C112H78Au2F12HgN8P8, 1·2CH3CN M = 2606.11, mono-
clinic, space group P21/n, a = 17.6778(5), b = 29.5895(9), c = 19.4103(6),
b = 91.686(1) Å, V = 10148.7(5) Å3, T = 135 K, Z = 4, m(Mo-Ka) =
4.595 mm21, 99 405 reflections measured, 23 285 unique (Rint = 0.0452)
were used in all calculations. The final R1 (all data) was 0.0819 and wR2 (all
data) was 0.1097 [R1 = 0.0487 (I > 2sI)]. Single crystals of [Au2Hg(P-
2phen)3](PF6)2·2CH3CN were grown by slow diffusion of diethyl ether into
an acetonitrile solution of the complex. A suitable crystal was mounted in
inert oil in the N2 cold stream of a Bruker SMART diffractometer. The data
(2.68 < 2q < 55.00°) were corrected for absorption using SADABS, and
the structure was solved by direct methods and refined by full-matrix least
squares. CCDC 156335. See http://
www.rsc.org/suppdata/cc/b1/b100432h/ for crystallographic data in .cif or
other electronic format.
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A boron-substituted ZSM-11 (Si/B = 100, MEL structure)
membrane was prepared and shown to selectively permeate
methyl ethyl ketone, propan-1-ol, and propan-2-ol from
aqueous solutions.

Zeolite membranes have the potential to continuously separate
mixtures by both adsorption and molecular sieving because the
zeolite pores are of molecular size. Most previous studies of
zeolite membranes have focused on MFI (silicalite-1 and ZSM-
5) membranes.1,2 The MFI zeolites have a system of straight
channels (pore size: 0.53 3 0.56 nm) interconnected by zigzag
channels (pore size: 0.51 3 0.55 nm). Isomorphous substitution
has been shown to be an effective method for modifying the
MFI structure, and membranes with B substituted into the MFI
framework membranes had higher n-C4H10/i-C4H10 gas-phase
selectivities than Al-ZSM-5 membranes.3 In the current study,
a B-ZSM-11 membrane was prepared that exhibited better
pervaporation properties for organic/water mixtures than ob-
tained for ZSM-5 membranes that were prepared by the same
procedures. The ZSM-11 zeolite pore size is similar to that for
ZSM-5, but it has intersecting straight channels (pore size: 0.54
3 0.53 nm).

The B-ZSM-11 membrane was prepared by in situ crystal-
lization onto a tubular porous stainless steel support (500 nm
pore size, Mott Corporation). The MEL structure can be
hydrothermally synthesized from gels containing NaOH. den
Exter4 claimed that the MEL structure could not be synthesized
as a pure phase, however, and they obtained a mixture of MFI
and MEL structures.4 Sano5 prepared Al-ZSM-11 films on
nonporous Teflon slabs, but did not show that these films were
continuous membranes; no separations were reported for these
films.

We prepared an alkali-free, ZSM-11 membrane that con-
tained boron in the structure (Si/B = 100), and XRD of powder
collected from the bottom of the tube indicated a MEL structure
(Fig. 1). All peaks match those reported by Szostak6 for MEL
crystals, and no additional peaks were observed.

The synthesis was similar to alkali-free, MFI zeolite
membranes, which showed higher separation selectivities than
MFI membranes prepared from synthesis gels containing
NaOH.3 The molar composition of the gel was: 2.5
TBAOH+0.195 B(OH)3+19.5 SiO2+450 H2O, where TBAOH
(tetrabutylammonium hydroxide) was used as template, and
silica sol (Ludox-AS40) was the Si source. Hydrothermal

synthesis was carried out at 403 K for 72 h, and two synthesis
layers were required. After synthesis, the membrane was
washed, dried, and calcined at 753 K for 8 h with heating and
cooling rates of 0.015 and 0.018 K s21, respectively.

The B-ZSM-11 membrane was used for separation of
organic/water mixtures by pervaporation, using an apparatus
described previously.7 The membrane was calcined at 673 K for
3 h prior to each run at a given liquid feed composition in order
to ensure that no species remained from previous experiments.
The feed concentrations were 5 wt% organic. The permeate
vapor was condensed by a liquid-nitrogen trap, and the
downstream pressure was maintained below 0.5 kPa. The flux
was measured by weighing the permeate, and permeate
concentrations were measured by off-line GC.

Fig. 2 shows the steady-state total flux and the MEK/water
separation selectivity as a function of temperature. A maximum
flux of 0.69 kg m22 h21 and a maximum separation selectivity
of 224 were obtained at 333 K. As the temperature increased,
the fluxes increased because the diffusion rates increased, and
the MEK diffusion rate increased slightly faster than the water
diffusion rate. Since pure water permeated faster than pure
MEK (Fig. 2), and the ideal MEK/water selectivity was ca. 0.8;
the high MEK/water selectivity was due to the preferential
adsorption of MEK. The separation selectivity was higher than
the vapor–liquid equilibrium selectivity, which was 90 at
333 K.

Smetana et al.8 separated a MEK/water mixture using a
silicalite membrane and obtained a maximum MEK/water
selectivity of 146 at 307 K with a MEK flux of 0.25 kg m22 h
for a 5 wt% MEK feed. Their results were similar to those
measured for a silicalite-filled silicone composite membrane
reported by Devine et al.9 The ZSM-11 membrane has a similar
flux and a higher selectivity.

Table 1 shows the pervaporation results for separation of
propan-1-ol and propan-2-ol from aqueous solutions through
the B-ZSM-11 membrane at 333 K. For comparison, fluxes and

Fig. 1 XRD spectrum of the powder collected from the bottom of a B-ZSM-
11 zeolite membrane.

Fig. 2 Total flux and MEK/water selectivity as a function of temperature for
pervaporation of a 5 wt% MEK aqueous solution through a B-ZSM-11
membrane. The flux of pure water and pure MEK are also shown. The ideal
selectivity is the ratio of the fluxes.
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selectivities are presented for a B-ZSM-5 membrane.3 Both
membranes had two zeolite layers prepared by similar proce-
dures, but the fluxes and separation selectivities for the B-ZSM-
11 membrane are approximately three times higher. Both
propan-1-ol/water and propan-2-ol/water separation selectiv-
ities are higher than their ideal selectivities (0.21 and 0.18,
respectively), and this indicates separations is due to prefer-
ential adsorption.

For MFI zeolites, the surface changes from hydrophobic
(silicalite-1) to hydrophilic (Al-ZSM-5) when Si is replaced by

Al in the framework. However, the substitution of B instead of
Al in both MFI and MEL frameworks apparently does not make
the membrane hydrophilic since high organic/water selectivities
were obtained for the boron-substituted membranes, and the
separations were due to preferential adsorption.
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Table 1 Comparison of pervaporation results through B-ZSM-11 and B-
ZSM-5 membranes for propanol/water mixtures at 333 K

Feed solution Membrane
Total flux/
kg m22 h21

Separation
selectivity

Propan-1-ol/water B-ZSM-11 0.25 25
B-ZSM-5 0.072 7.8

Propan-2-ol/water B-ZSM-11 0.31 16
B-ZSM-5 0.068 7.0
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The development of scanning probe techniques has opened new
ways to visualize and gain insight in chemical and physical
processes with unprecedented spatial resolution. Scanning
near-field optical microscopy combining high spatial topo-
graphic resolution and optical resolution surpassing the diffrac-
tion limit, has been applied for structure determination and
manipulation studies of organic materials. With scanning
tunnelling microscopy, photo-induced chemical reactions have
been studied at the liquid/solid interface with subnanometer
resolution.

Introduction
The birth of scanning probe techniques revolutionized the way
small objects or domains can be visualized. Common to all
scanning probe techniques is a tiny probe, which scans a surface
at a very small distance from it and the interaction between
probe and object is translated into a signal. The ultimate control

in positioning has been achieved by using piezoelectric
elements. Since the invention of the scanning tunnelling
microscope (STM),1 several experimental schemes have been
developed which allow detection of a great variety of inter-
actions between probe and surface. Among those techniques,
scanning near-field optical microscopy (SNOM)2,3 takes a
special place due to its optical resolution below the diffraction
limit.

In STM, a metallic tip is brought very close to a conductive
substrate and by applying a voltage between both conductive
media, a tunnelling current may result (Fig. 1A). The ex-
ponential distance dependence of the tunnelling current pro-
vides excellent means to control the distance between the probe
and the surface. Very high resolution (atomic) can be achieved
but in general, the use of this probe technique is limited to
conductive substrates. In contrast, in atomic force microscopy
(AFM) forces exerted by the sample on the tip are recorded and
several detection schemes are possible. In addition, modifica-
tion of tips with carbon nanotubes leads to supertips with
enhanced spatial and mechanical properties4 and chemically
modified AFM tips provide chemical contrast and can allow the
measurement of binding forces.5

SNOM combines both the possibilities of AFM and optical
microscopy. On the one hand, it allows for probing the surface
and obtaining information on the topography. On the other
hand, in aperture SNOM, the probe contains an aperture and the
sample can be illuminated very locally (Fig. 1B). The diameter
of the aperture at the end of the probe is typically of the order of
50–100 nm and therefore the illuminating spot is not diffraction
limited. Both transmission and fluorescence in combination
with polarization provide appropriate contrast mechanisms. The
high sensitivity of this technique has been demonstrated by its
ability to detect even single molecules.6,7

Frans De Schryver obtained his doctoral degree at K.U.Leuven
in 1964 and returned as staff member to his Alma Mater after a
two-year postdoctoral stay as a Fulbright fellow at the
University of Arizona with Speed Marvel. He became a Full
Professor in 1975 working in the field of photochemistry and
photophysics. He received a Humboldt research award in 1993
and stayed with G. Wegner and J. P. Rabe at the Max-Planck-
Institute for Polymer Research in Mainz. As a result of this stay
he combined space and time resolution in the study of organic
molecules. He received the Porter medal in 1998 and the
Havinga medal and Forster memorial lecture award in 1999.

Fig. 1 (A) Scheme of a STM-setup. Note that during the experiments the tip is partially immersed in the fluid layer. (B) Scheme of the SNOM-setup. IF =
interference filter, BC = Berek’s compensator, OFC = optical fiber coupler, OF = optical fiber, PD = photodiode, F = filter, KM = kinematic mirror,
BS = beam splitter, CCD = charge coupled device, APD = avalanche photodiode, OMA = optical multichannel analyser.
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The high-resolution qualities of these techniques in addition
to their local probing character make them very useful tools for
the study of surface phenomena in various research fields. In our
research group these techniques have been used to study several
photo-induced processes at surfaces. In the first section here we
will demonstrate how SNOM is useful in characterising and
modifying the optical properties of materials on a sub-
micrometer size. In the second, we will exemplify the use of
STM for studying photo-induced reactions at the liquid/solid
interface.

Scanning near-field optical microscopy

There are a number of excellent reviews on SNOM,8–12 and its
applications in the study of organic materials.11,13–16 The reader
is referred to these reports for detailed information on the
technique and some of its applications. We focus on some of our
results on the use of SNOM for the study of organic fluorescent
materials and photo-induced local modifications in thin films or
on substrates.

Single objects
Latex beads

As stated in the introduction, SNOM allows study of the optical
properties of materials with subwavelength resolution. Thin
poly(vinyl alcohol) (PVA) polymer films containing dye-
labelled 100 nm beads were investigated.17,18

Fig. 2 comprises a topographic (A) and a fluorescence map
(B) of a thin polymer film (ca. 50 nm as measured by AFM)
consisting of dye-labelled latex particles embedded in a PVA
matrix. The image set was acquired while the polymer film was
irradiated through the aperture probe at an excitation wave-
length of 488 nm.18 Based on their measured size the bead-like
structures in the topography images can be attributed to single
latex particles. The pattern of the black–white contrast in the
topographic images corresponds to a diameter of 109 nm. In the
fluorescence map in Fig. 2B, the particles displayed in the
topographic image can be correlated with distinct spots of a
fluorescence intensity exceeding the background intensity. Note

that the size of the fluorescence spots is substantially smaller
than the features in the topography image. In the latter, the
signal is derived from the interaction of the tip end (including
the Al coating surrounding the aperture) and the sample surface,
while for the fluorescence measurement, the dimension of the
aperture itself determines the optical resolution. The latex
particles were also embedded in a film a few mm thick.17 Fig.
2C,D shows one image set representing on the left side the
topography and on the right side the fluorescence map. Where
the topography shows only structures with a height substantially
less than the size of a latex particle, fluorescence spots of high
intensity appear in the fluorescence maps. Only some of these
spots correlate with the topographic information. This finding
reveals a unique capability of SNOM. In contrast to most
scanning probe microscopies, SNOM is able to probe subinter-
face properties occurring in spatial domains that are located a
few 10 nm beneath a sample–air interface. The luminescence
properties of these domains can be addressed by the collimated
radiation field generated by the aperture probe.

In order to gain insight in the distribution of functional groups
and the distance between these functional groups in latex beads,
energy transfer in latex beads has been investigated. Therefore,
the shell of latex beads (core = polystyrene, shell =
poly(acrylate) (PA), diameter ca. 100 nm) has been covalently
labelled with two different dyes, Bodipy and TMR (Fig. 3). The
beads are dispersed in a 10 nm thin PVA matrix. The spectral
overlap between the emission spectrum of Bodipy (energy
donor) and the absorption spectrum of TMR (energy acceptor)
allows for efficient energy transfer between those dyes within
individual latex beads. The energy transfer process has been
‘visualized’ by recording the wavelength dependent fluores-
cence intensity of individual beads obtained upon excitation of
the Bodipy chromophores for different label concentrations.
The fluorescence maps and spectra clearly show efficient
excitation energy transfer within a single latex bead and energy
transfer is more pronounced when the relative distances
between donor and acceptor decrease. The efficiency of the
energy transfer ranges from 85 to 57%, depending on the dye
concentration (Fig. 3A). No significant differences have been
found between different beads. When those beads are dispersed
in a poly(acrylate) matrix, which has a lower Tg compared to
PVA, the excitation energy transfer efficiency decreases (74%
relative to 85%) and this is more pronounced (62%) when the
samples are annealed (Fig. 3B). This has been attributed to
‘swelling’ of the PA latex shell, resulting in an increase of the
distance between chromophores and a decrease in energy
transfer efficiency.

SNOM not only allows investigation of photophysical
properties of chromophore labelled latex beads, but also permits
the visualization of a phototransformation leading to bleach-
ing.17 The latex particles in the topographic image of Fig. 4A
are clearly correlated with fluorescence structures in the
corresponding fluorescence map (Fig. 4B). The torus-like
shaped fluorescence structures do not directly reflect the dye
distribution on the particles, but result from the overlap of the
intensity distribution of the radiation field beneath the aperture.
In the course of the photobleaching experiment, the SNOM
probe was positioned above the particle on the right, and the
particle was raster-scanned while the particle was irradiated
with the 458 nm light emanating from the probe. After 2 h,
almost no fluorescence is observed from the denoted position in
the fluorescence map (Fig. 4D), where the probe illuminated the
latex particle. However, the topography image (Fig. 4C)
indicates that the particle was not removed or destroyed during
scanning. This experiment demonstrates that a photochemical
reaction can be induced upon irradiation with the SNOM probe
and that the photochemical reaction induced by the optical near-
field is restricted to a nanometer length scale. Local photo-
bleaching has also been demonstrated in molecular systems,19

supramolecular systems20 and polymers.21

Fig. 2 SNOM image sets taken from a ca. 50 nm thin film (A topography,
B fluorescence) and a ca. 10 mm thick film (C topography, D fluorescence)
consisting of ca. 100 nm dye-labeled latex particles embedded in a PVA
matrix. Image sizes: 10 3 10 mm2. The excitation wavelength is 488 nm for
set A, B and 458 nm for set C, D.
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Supramolecular structures
Porphyrin rings

In addition to the study of single objects, SNOM also helps to
visualize parts of supramolecular structures. The formation of
ring-like structures has been observed in the evaporation
process of organic solutions containing a broad range of
materials including metal particles,22 polymers,23 proteins24

and organic molecules.25–27 In particular, the deposition of
these solutions on a substrate lead to micron scale ring-shaped
arrangements of the solute/dispersed materials. Using SNOM, a

deeper insight into the morphology and the local optical
properties of solvent-evaporated porphyrin thin films has been
reached. In particular, the effects of the concentration of the
starting solution on the film morphology have been investi-
gated.

Evaporation of a 1026 M solution of PtP (Fig. 5A) in CHCl3
on glass yielded symmetric rings for which the topography and
fluorescence images are highly correlated.25

The ring diameter ranges between 100 nm and 10 mm, while
the height of the rims, determined from the SNOM topographic
image, varies between 10 and 300 nm. The fluorescence
intensity measured inside the rings equalled the background
value indicating the absence of porphyrin material at these
positions. The use of a more dilute solution (1027 M) resulted in
the formation of incomplete ring-shaped assemblies that were
made up from individual isolated structures which were
observed both in the topography and the fluorescence image
(Fig. 6B). In these conditions the rings had smaller diameters
and the heights of the beads that comprise most of the rings were
substantially smaller than the heights of the well formed rings
prepared from more concentrated solutions.

A further characterization of the films in terms of the local
optical properties and molecular organization was performed
using fluorescence polarization imaging. From these data it

Fig. 3 Chemical structures of Bodipy [lmax(em) = 514 nm] and TMR [lmax(em) = 572 nm]. Normalized fluorescence spectra obtained on single beads. (A)
High (black) and low (gray) label concentrations of Bodipy/TMR. The polymer film is PVA. (B) Beads with high label concentration dispersed in PVA-matrix
(black) and PA-matrix (gray). The excitation wavelength is 458 nm.

Fig. 4 SNOM image sets comprising the topographic images (A, C) and the
fluorescence maps (B, D) of a section of a thin film, before and after
photobleaching the right latex bead, respectively.

Fig. 5 Schematic representation of PtP (A) and BP6 (B).
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could be stated that in these films small, organized aggregates
are present which, by using linearly polarized light for
excitation, can be photoselected and that these aggregates show
polarized emission. The length of these aggregates, as deter-
mined from the line profiles taken in the fluorescence
polarization images, varies between 50 nm and ca. 300 nm.
Annealing of the PtP ring samples leads to an increase in size,
density and ordering of the aggregates.

Similar experiments were performed using samples prepared
by evaporation of a BP6/CHCl3 (Fig. 5B) solution. For the
samples studied before annealing, the images corresponding to
the different polarization configuration were identical (images
are not presented). On the other hand, the annealed samples
exhibit strong polarization contrast. When the fluorescence
intensity distributions in the rings are compared to what was
found for PtP, a much smoother profile is observed. For the BP6

samples the intensity distribution depends over a longer range
on the excitation polarization with parallel emission polariza-
tion. When the excitation polarization is oriented horizontally in
the image (Fig. 7B) the upper and lower parts of the rings have
a relative higher intensity than the left and the right parts of the
rings. Turning the excitation polarization 90 degrees (Fig. 7C)
results in higher fluorescence intensity for the left and right
parts of the ring. The different intensity distributions are not
observed in the images taken with the excitation and the
emission polarization oriented perpendicular with respect to
each other. The observed fluorescence pattern can only be
explained if there is a preferential orientation of the molecules
in the rings. This would lead to a specific orientation of the
absorption dipoles in the ring. Using polarized excitation results
in a preferential absorption of the excitation light at the
positions where the polarization and the absorption dipole of the
chromophore are parallel. This results in higher fluorescence
intensity at the respective positions. If the molecules are

schematically presented as disks the orientation should be
preferentially perpendicular to the sample plane. A possible
arrangement of the disks in the rings could be one with the
planes parallel or perpendicular to the radial of the ring.

These rings have been mechanically manipulated at the
submicron scale with AFM. This manipulation was carried out
by implementing an interface, called the nanoManipulator, on a
combined AFM–confocal microscope.28 A small amount of the
fluorescent material from the ring could be displaced with the
AFM tip. A special tool (sweep mode), in which the AFM tip is
moved very fast perpendicular to the direction of the desired
manipulation which creates a virtually broader tip, allowed a
modification of 130 nm (Fig. 8A). The resolution attainable in
these kinds of experiments could go down below 100 nm and is
primarily determined by the tip and sample geometry. Besides
the possibility of mechanically manipulating porphyrin rings
using the force applied by an AFM tip, it is feasible to
manipulate or modify locally the optical properties of these
rings in terms of tip-induced photobleaching using the light
coming from a SNOM-tip.28 In such an experiment the
dimensions of the manipulated area are related to the size of the
SNOM probe used in the experiment (Fig. 8B).

J-Aggregates in polyelectrolyte layers

As an alternative to Langmuir–Blodgett (LB) film deposi-
tion,29,30 self-assembly techniques based on covalent or coor-
dination chemistry were developed.31,32 In the beginning of the
1990s, Decher et al. demonstrated the alternate adsorption of
cationic and anionic polyelectrolytes as a novel technique for
the preparation of molecular multilayers.33 This method was
applied for the layer by layer fabrication of alternate assemblies
containing J-aggregates34,35 of a cyanine dye. J-Aggregates act
as a multi-charged supramolecular ensemble, which promises a
strong adsorption. Only a few papers report local properties of
J-aggregates on a nanometer scale. The group of Barbara has
applied SNOM to the investigation of J-aggregates, examining
J-aggregates of 1,1A-diethyl-2,2A-cyanine iodide, pseudoisocya-
nine (PIC) which were formed in a solution with poly(vinyl
sulfate) (PVS) and spin-coated onto quartz substrates.20,36,37

We have used SNOM for the investigation of J-aggregates
of 3,3-disulfopropyl-5,5A-dichloro-9-ethylthiacarbocyanine
(THIATS), formed in a layer by layer self-assembled multilayer
when alternating with the cationic polyelectrolyte, poly-
(allylamine) (PAH) The influence of the top layer and of ageing
of the samples was studied.

Fluorescence images were obtained for a freshly deposited
sample [glass/poly(styrene sulfonate] (PSS)/PAH/THIATS/
PAH). The micrographs were obtained by excitation at 514 nm
and collecting the total fluorescence. In the fluorescence
micrograph, very short organized structures with an enhanced

Fig. 6 SNOM fluorescence images of evaporated films of PtP/CHCl3
solutions on glass. The scale bars represent 1 mm. (A, B) Fluorescence
image taken on a sample prepared by solvent casting of a 1026 M (A), and
a 1027 M (B) solution.

Fig. 7 A set of SNOM topographic and fluorescence polarization images acquired from a sample prepared by evaporation of a 1026 M BP6/CHCl3 solution
on glass after annealing in an oven at 75 °C for several days. The white scale bar on each image represents 1 mm. The orientation of the excitation polarization
is indicated with the white arrows on the images. All fluorescence images are acquired with a parallel polarization configuration.
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fluorescence can be observed (Fig. 9A). Annealing of this
sample at 70 °C induced structures in the fluorescence
micrograph which resemble a needle-like pattern (Fig. 9B). The
structures in the freshly deposited sample can be the nucleating
sites for this pattern. The needle-like pattern was also observed
in the fluorescence micrographs obtained for a multilayer which
was kept at room temperature for 45 days after deposition (Fig.
9C). This suggests that a re-orientation and redistribution of the
dye molecules into microcrystals does not happen immediately
after deposition but that ageing of the sample is needed to obtain
the needle-like pattern in the fluorescence micrograph. High-
resolution images (not shown) reveal that the experimental
width of the needles, measured in near-field, is about 80 nm,
which corresponds to the lateral optical resolution of the
experiment. The length of the needles exceeds a micron. We
attribute the formation of needle-like structures to the PAH
layer on top of the dye layer which must induce a redistribution
and re-orientation of the dye molecules into microcrystals. The
smoothness of topography suggests that the height of the

microcrystals is small compared to the thickness of one polymer
layer.38,39

In order to investigate to what extent the crystallites observed
in the fluorescence image are oriented, polarized fluorescence
images were obtained. Fig. 10 displays fluorescence images for
a sample with PAH as top layer and for which the time between
the deposition and the measurements was 45 days. Image 10A,
B, C and D are the micrographs with 0°–0°, 0°–90°, 90°–0°,
90°–90° orientation of the polarizer and analyser, respectively.
For different orientations of the emission polarizers different
image contrasts were obtained. Fluorescence micrographs,
obtained with the same orientation of the analyser but with
different orientations of the polarizer, show the same fluores-
cent structures. The image contrast is furthermore independent
of the excitation polarization at a fixed emission polarization.
This indicates that the absorbing species is oriented randomly
and that no photoselection occurs. One should realise that 514
nm, where the excitation occurs, is far from the absorption
maximum of the J-aggregates situated at 623 nm. At 514 nm
absorption is probably mainly due to residual monomers and
sandwich dimers which transfer their excitation energy to the J-
aggregates.

With a ‘horizontal’ orientation of the analyser, the emission
of ‘vertically’ oriented needles was enhanced, while with a
‘vertical’ orientation of the analyser, the emission of ‘horizon-

Fig. 8 (A) Mechanical and (B) optical manipulation of porphyrin rings at the
submicrometer scale. (A) AFM image. The modification (cut through the
ring) is around 130 nm. The insert is the intact ring before manipulation. (B)
SNOM fluorescence images of a porphyrin ring before (upper half) and after
(lower half) local photobleaching with a SNOM tip, leading to a
modification of 280 nm wide.

Fig. 9 SNOM fluorescence micrographs of a 10 mm 3 10 mm sample with a PAH top layer: fresh sample (A), annealed sample (B), aged sample (C). Bright
areas correspond to high fluorescence while dark areas correspond to low fluorescence relatively to each other.

Fig. 10 Polarized SNOM measurements of a THIATS-containing multi-
layer covered by a layer of poly(allylamine) (PAH): Fluorescence
micrographs with 0°–0° (A), 0°–90° (B), 90°–0° (C), 90°–90° (D)
orientation of the excitation polarizer and fluorescence emission analyser
respectively. The arrows indicate the excitation polarization. Excitation
occurred at 514 nm.

Chem. Commun., 2001, 585–592 589



tally’ oriented needles was enhanced. This indicates that the
transition dipoles of the emitting species have an orientation,
which is highly correlated over several hundreds of nanometers
to several microns. Furthermore in the ‘horizontally’ oriented
needles, the emission dipole of the dye molecules will be
oriented preferentially ‘vertical’ and vice versa. Needle-like
structures, which are oriented at an angle of 45°, are visible in
all the fluorescence micrographs. In Fig. 10, the area where the
influence of the polarizers is clearly visible is marked with a
white circle.

Excitation of residual monomers and dimers at 514 nm
resulted in J-aggregate emission, which is polarized. The
emission dipole of the dye molecules is oriented perpendicular
to the needles. If a 2-D brickstone arrangement40,41 is assumed
for the aggregates their maximum p–p-interactions will occur
perpendicular to the transition dipole and in the plane of the
aggregate. Also the largest plane of the molecule is that parallel
to both the long and the short axis. Hence packing along this
plane will both be characterized by the largest p–p-interactions
and reduce the hydrophobic interaction to a maximal extent.
Therefore, the maximum growth rate of the microcrystals will
be observed in those directions.

Scanning tunnelling microscopy and
photochemistry
Where optical detection with SNOM is still limited to tens of
nm, STM allows us to increase further the spatial resolution. In
the last two decades, STM has proven to be a very valuable tool
for the structure determination of surfaces at subnanometer
resolution. The use of this technique is not restricted to a low
temperature UHV environment but it has a wider application
field and has also been applied successfully under ambient
conditions and even in liquids. Moreover, the use of STM has
been extended to the study of organic molecules physisorbed on
conductive substrates at the liquid/solid interface.42–47 In our
research group, topics such as structure,48 chirality,49–51

dynamics52–56 and light-induced reactions57–59 are studied in
physisorbed organic monolayers at the liquid/solid interface
under ambient conditions.60 The samples are prepared by
applying a drop of a solution containing the compound under
investigation on the basal plane of a freshly cleaved piece of
highly oriented pyrolytic graphite (HOPG). The molecules are
adsorbed on the graphite surface by physisorption. Adsorbate–
substrate and adsorbate–adsorbate interactions lower the molec-
ular mobility. This decrease in mobility (dynamics) is important
for successful high resolution imaging with STM, which is often
realized, in our group, by using molecules which display high
affinity for the graphite substrate, for instance by having long
alkyl chains. Intermolecular hydrogen bonding stabilises the
two-dimensional network formed by the physisorbed molecules
studied. In contrast to Langmuir–Blodgett films of fatty acids
and their salts, the molecules are in most cases oriented parallel
to the graphite substrate. It is important to note that during the
measurements, the STM tip is immersed in the solution on top
of the monolayer and that during the measurement molecules in
the physisorbed monolayer might undergo desorption–adsorp-
tion dynamics. The presence of the solvent layer has some
advantages. On one hand, it allows for the repair of defects in
the monolayer by the desorption–adsorption dynamics and on
the other hand, it lowers the force of the STM tip on the
monolayer during scanning.

Using this experimental approach, we have investigated some
photochemical reactions at the liquid/graphite interface. The
aim of these studies was to demonstrate the feasibility of using
STM for the study of photo-induced processes and on the other
hand to learn more about these processes by STM.

A reversible reaction: trans–cis isomerization

With the aim of imaging the starting material and the reaction
product of a reversible photoreaction, the cis–trans isomeriza-
tion of an azo isophthalic acid derivative was investigated.58

Upon irradiation with light of an appropriate wavelength, the
trans to cis isomerization can be induced.

To achieve an efficient conversion of the trans to the cis
isomer, the irradiation wavelength should match the absorption
maximum of the trans isomer. The absorption maximum of the
cis and trans isomer is situated at 317 and 360 nm, respectively.
Upon irradiation at 366 nm, a photostationary mixture with a
high cis isomer content is reached. When kept in the dark at
room temperature the cis isomer spontaneously converts to the
thermodynamically more stable trans isomer. For the STM
experiments, an almost saturated solution of the azo compound
in undecan-1-ol was applied on the surface of a freshly cleaved
HOPG piece (Fig. 11). The solvent undecan-1-ol was selected

for its high boiling point (the solvent layer stays on top of the
monolayer for several hours); in addition the solvent competes
for intermolecular hydrogen bonding of the solute molecules
which might disfavour physisorption.

Fig. 11A and 11B show an STM image and model of a
monomolecular layer of the trans-form physisorbed from
undecan-1-ol and shielded from light. The images are recorded
in the constant height mode and the contrast is a function of the
tunnelling probability as a function of xy coordinates. Bright
and dark features in the images reflect a high and low tunnelling
probability, respectively. Distinct bright spots corresponding to
the isophthalic acid groups are easily recognized in the image.
The somewhat broader bright bands represent the azobenzene
moieties; in addition, the alkyl chains can be recognized in the
image. Undecan-1-ol molecules are co-deposited in lamellae

Fig. 11 Cis and trans isomer, reagent and product of a reversible photo-
induced reaction. (A) STM image of an ordered monolayer of trans formed
by physisorption from undecan-1-ol. Image size is 13 3 13 nm2. White
corresponds to the highest and black to the lowest measured tunnelling
current in the image. (B) Molecular model for the two-dimensional packing
of trans. The molecular model represents the area indicated in the STM
image. (C) After illumination, STM image of an ordered monolayer of
coexisting cis- and trans-domains. The domain boundaries are indicated by
white lines. Image size is 13.4 3 13.4 nm2. The molecular order in domain
1 corresponds to trans. The molecular order in domain 2 and 3 can be
correlated with cis.
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separating lamellae of the azo-compound. Fig. 11C shows an
STM image of a monolayer obtained by physisorption from a
photostationary mixture after illumination of the solution in a
cuvette (ex situ) at 366 nm. In addition to the regular monolayer
structure characteristic for trans (domain 1), a new monolayer
structure appeared which was not observed for trans mono-
layers (domains 2 and 3). Therefore, the patterns observed in
these two domains must originate from a different molecular
arrangement. Again, the bright spots correspond to the iso-
phthalic acid groups and the broader bright bands to the
azobenzene moieties. The measured lamellar distances and the
observed molecular packing correspond to a monolayer of self-
assembled cis isomers without solvent co-deposition. The
absence of solvent co-deposition is probably due to the spatial
orientation of the acid functions in the molecular arrangement
of the cis isomer. It was not possible to form adlayers, which
show solely cis structure. This can be attributed to the
photostationary character of the mixture and to the larger
affinity of trans compared to cis to form monolayers on the
graphite surface. During imaging, the cis domains disappear
with time. Finally, only trans domains could be observed,
illustrating the reversibility of the reaction at the liquid/graphite
interface. Similarly, trans–cis isomerization could be induced
and their respective domains imaged by irradiating in situ a
droplet of the trans isomer dissolved in undecan-1-ol directly on
the graphite surface.

A possible mechanism for replacement of physisorbed
‘reactant’ molecules by the ‘product’ initiated by in situ
illumination is the following. Irradiation of the system will lead
to a change of the equilibrium composition and a concentration
gradient in the supernatant solution. A decrease in trans
concentration will induce desorption and enhance the adsorp-
tion of cis molecules. In addition, the isomerization reaction
could also occur on the graphite surface itself and initiate the
cis-product domain formation although this is expected to
contribute only to a minor extent due to steric hindrance. During
imaging (illumination off), these cis domains disappear with
time until finally only trans isomer domains remain, due to the
thermal back reaction (cis to trans).

The cis–trans isomerization has also been studied for another
isophthalic acid derivative where one of the phenyl groups of
the azobenzene moiety is the isophthalic acid group. Also for
this compound the reaction could be visualized, however only
after illumination ex situ.60

An irreversible reaction

In addition to a reversible cis–trans isomerization, an irreversi-
ble photoreaction was studied: the phototransformation of
10-diazo-2-hexadecylanthrone to 2-hexadecyl-9,10-anthraqui-
none.57 Irradiation leads to the dissolution of the highly ordered
molecular pattern of the reactant, starting at a domain boundary.
When the irradiation is stopped, the highly ordered pattern
reappeared and recrystallization of the reactant molecules
occurred. As described in the previous section, the desorption
must be the result of the formation of a concentration gradient
induced by illumination. When irradiation is stopped, the
system relaxes and the 2D crystal is reformed. Only when all
reactant was transformed to product, which occurred after
several illumination cycles were monolayers of 2-hexadecyl-
9,10-antraquinone formed. Both phototransformations are be-
lieved to take place predominantly in the supernatant solu-
tion.

A topochemical reaction

To demonstrate the possibility of reactivity within the phys-
isorbed monolayer, the study of a topological reaction was
considered: the photopolymerization of a diacetylene59 for
which it is known that the relative orientation of the diacetylene
monomer groups is critical as is shown in numerous studies in

3D crystals. The molecule chosen in this study is the diacetylene
containing isophthalic acid derivative (Fig. 12).

This compound forms a physisorbed monolayer sponta-
neously at the liquid/graphite interface from a undecan-1-ol
solution (Fig. 12A). The structure consists of lamellae of the
diacetylene derivative alternated by solvent lamellae. The
diacetylene moieties appear as bright spots in the middle of the
lamellae. Within a lamella, the distance between isophthalic
acid groups is 9.44 ± 0.09 Å. The alkyl chains are lying parallel
to the substrate in the direction of one of the main graphite axes,
and the orientation is modelled in Fig. 12B. After in situ
illumination (254 nm, no scanning) of the monolayer film on
graphite, the surface was re-examined, using the same scanning
parameters as prior to the illumination, and again monolayer
structures are observed (Fig. 12C). Isophthalic acid groups and
solvent molecules are well resolved. The contrast in the middle
of a lamella can be described by a series of bright spots, clearly
distinct from the individual acetylene units, which suggests that
the monolayer structure might be polymerized along the lamella
direction. The most important change in the monolayer
structure, however, is the change in spacing between the
isophthalic acid groups. The distance was determined to be 9.81
± 0.05 Å, in contrast to the unpolymerized repeating distance of
9.44 ± 0.09 Å. A molecular model for a polymerized monolayer
structure is shown in Fig. 12D. The experimental value of 9.81
Å for the isophthalic acid group distance is in perfect
accordance with the value of 9.82 Å obtained in a model
optimized for the polymer chain. Consequently, the repeating
distance in the polymer backbone is 4.91 Å which is in
agreement with the three-dimensional crystal structure data of
polymerized diacetylenes.61 The structural parameters, describ-
ing the orientation of adjacent diacetylene units in un-
polymerized monolayers, correspond to those values for which
it was shown experimentally by X-ray crystallography of 3-D
samples that crystallized diacetylene monomers could polym-
erize.61

Fig. 12 Molecular structure of 5-(10,12-tricosadiinyloxy)isophthalic acid.
(A) STM image of a physisorbed monolayer monomer from a solution in
undecan-1-ol. Image size is 12.7 3 12.7 nm2. The orientation of two
molecules is indicated with a stick model. (B) Corresponding molecular
model of the area indicated in the STM image in (A). (C) STM image of a
polymerized monolayer structure. Image size is 10.8 3 10.8 nm2. (D)
Molecular model of the imaged area in (C).
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Conclusions
The invention and development of scanning probe microscopy
techniques has opened new ways to study surface phenomena
with unprecedented resolution. The strength of these techniques
is the very local nature of the probing mode and their general
applicability even under ambient conditions, combined with the
very high resolution. Both STM and SNOM have proven to be
valuable tools in the study of thin organic films and photo-
induced modifications on a very small scale. STM is for these
kinds of systems used for the observation of the reactions while
SNOM can optically modify material in an active way. Both
techniques will continue to contribute in an important way to the
study of photo-induced modifications on surfaces.
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The reaction of chiral N,NA-bis(aryl)tetrahydropyrrolo-
[2,1-c][1,4]oxazine-3,4-diylidenediamines with carbon mon-
oxide and ethylene in the presence of a catalytic amount of
Ru3(CO)12 leads to the formation of spiro-lactams by a
formal [2 + 2 + 1] cycloaddition reaction, whereas the imine
double bond next to the oxazine nitrogen atom remains
unreacted; the same spiro-lactams may be synthesized if iron
carbonyl complexes of the N,NA-bis(aryl)tetrahydropyrrolo-
[2,1-c][1,4]oxazine-3,4-diylidenediamines are introduced as
the starting compounds.

Spiro-lactams have been described as the key intermediates in
the total synthesis of several natural products1 e.g. cephalotax-
ine or aldosterone antagonists, where the lactam ring system is
attached to the D-ring of a steroid core.2 Spiro[pyrrolidine-3,3A-
indole] and spiro[pyrrolidine-3,3A-oxindole] derivatives are
known as natural products with high cytostatic potential.3 On
the other hand, Murai et al. have synthesized functionalized g-
butyrolactones by a formal [2 + 2 + 1] cycloaddition reaction
from a ketone, ethylene and CO.4 It has also been described that
the reaction of CO and/or olefins with unsaturated imines
catalyzed by Ru3(CO)12 proceeds via C–H activation steps in
the b-position with respect to the C–N double bond, followed by
insertion reactions of CO and the olefins into the carbon metal
bond. These reactions lead to functionalized imines or in some
cases via intramolecular cyclization reactions to dihydropyrrol-
2-one or dihydrobenzoisoindol-1-one derivatives, respec-
tively.5 Similar reactions have also been reported starting from
N-heterocyclic compounds or aromatic ketones, respectively.6

If the cycloaddition reaction described by Murai and
coworkers were also to work in the case of ketimines as starting
compounds, one would formally end up with spiro-lactams if
the organic substituents R and RA of the ketimines formed a
cyclic moiety (Scheme 1).

In addition, it would be of interest to perform this reaction
with chiral ketimines in order to achieve stereoselective
reactions, which in most cases are necessary in the synthesis of
natural products. Therefore we chose the chiral N,NA-bis(aryl)-
tetrahydropyrrolo[2,1-c][1,4]oxazine-3,4-diylidenediamines,
which may be easily prepared from N,NA-bis(aryl)oxalimidoyl
chlorides, and S-prolinol7 as the starting compounds. In our
earlier work we were able to show that these ligands react with
Fe2(CO)9 to produce dinuclear iron carbonyl complexes in
which the Fe2(CO)6 moiety is coordinated to the diimine ligand

in an unsymmetrical fashion.7c One of the iron atoms is
coordinated by both imine nitrogen atoms via their lone pairs
whereas the second metal is coordinating the imine double bond
next to the oxazine oxygen atom in side-on fashion (Scheme 2).
This unsymmetrical coordination mode of a 1,4-diazadiene
ligand has also been described in the literature.8

Scheme 2 shows the reaction of the diimine ligands 1–3 with
CO and ethylene in the presence of a catalytic amount of
Ru3(CO)12 to produce the spiro-lactams 4–6. This reaction may
be described as a formal [2 + 2 + 1] cycloaddition reaction of a
ketimine with CO and ethylene to give a pyrrolidin-2-one
system. Remarkably, only one of the imine moieties of the
starting compounds does react. The cycloaddition only takes
place at the C–N double bond neighboring the oxazine oxygen
atom. This imine moiety is also the one that coordinates the
second iron atom in a side-on fashion if 1–3 are reacted with
stoichiometric amounts of Fe2(CO)9 (Scheme 2).7c So the
reaction discriminates between the two imine subunits of the
starting material whereas in principle both should be reactive.

Crystallization from toluene produced crystals of one of the
diastereomers of 4 suitable for X-ray structure analysis.9 The
result is depicted in Fig. 1. The molecular structure shows
the tetrahydropyrrolo[2,1-c][1,4]oxazine system which was
already present in 1. Now one of the former imine carbon atoms
is the spiro-atom to which the pyrrolidone ring formed by the
cycloaddition is attached (C6). The bonds from the pyrrolidone
nitrogen atom (N2) towards the surrounding carbon atoms are in
the single bond size-range with the bond to the carbonyl carbon
atom (C10) being slightly shorter due to partial delocalization of
p-electron density from the C–O double bond to the nitrogen.
The bonds of C8 and C9 which represent the former ethylene
molecule are also clearly single bonds. As expected, the planes
through the oxazine and the pyrrolidone ring systems show a

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b008290m/
‡ Dedicated to Prof. Ernst-Gottfried Jäger on the occasion of his 65th
birthday.
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nearly perpendicular arrangement. The second imine function
of 1 did not react with CO and/or ethylene and thus the bond
N3–C7 still shows a value typical for a double bond. 4
crystallizes in the chiral space group P212121, so that in this
crystal only the stereoisomer shown in Fig. 1 is present in which
the S-configuration of prolinol still is preserved and the spiro-
carbon atom (C6) shows a R-configuration.

NMR spectra of the crude reaction mixture of 4 show the
presence of two isomers in a 1.5+1 ratio. The HMBC spectrum
of the reaction mixture clearly proves that these isomers are
diastereomers corresponding to the two different configurations
possible at the new stereogenic center at C6. The spectra only
show crosspeaks between the two different spiro-carbon atoms
and the corresponding methylene protons at C5 (Fig. 1). If the
second isomer was a regioisomer in which the reaction had
taken place at the imine double bond next to the oxazine
nitrogen atom, one would also expect to observe crosspeaks
between the methylene moiety at C5 and the imine carbon atom
next to the oxazine oxygen atom which then would have been
preserved.

In the case of 4 the diastereomers may be separated by
crystallization. NMR spectra of the crystals that were charac-
terized also by X-ray diffraction show only one set of signals
corresponding to the diastereomer which is the major compo-
nent of the crude reaction mixture. The carbon resonances of the
tetrahydropyrrolo[2,1-c][1,4]oxazine moiety do not differ very
much from the corresponding signals in 1,6 with the exception,
of course, of C6, which now is observed at d = 94.3. The
resonances of C8 and C9 give rise to signals at d = 29.6 and
35.6, respectively.

The resonances of the second diastereomer show nearly
identical chemical shifts compared to the one shown in Fig. 1.
The most significant differences are the signals corresponding
to the spiro-atom itself, which now is observed at d = 95.5 and
the resonances of the carbon atoms of C8 and C9, which are
observed at d = 35.5 and 21.3, respectively. The same
observations can be made in the NMR spectra of the mixtures of
diastereomers of 5 and 6. For all compounds 4–6 the
diastereomer which shows the signal of the spiro-carbon atom at
higher field is the major component of the product mixture.

As mentioned previously, the reaction of 1–3 with Fe2(CO)9
yields dinuclear iron carbonyl complexes in which the two
imine subunits are differently coordinated to the organometallic
fragments (Scheme 1).7c In these complexes the imine double
bond that is next to the oxazine oxygen atom is the one that is
coordinated to both iron centers, whereas the other imine
subunit is only bound to one Fe(CO)3 moiety. So we tried to
react the complex derived from 1 with CO and ethylene in the
presence of a catalytic amount of Ru3(CO)12 under the same
conditions as for the free ligands 1–3. This reaction results in the
quantitative formation of 4 also as a mixture of diastereomers in
the same ratio as if the starting compound was 1. This shows
that the unsymmetrical coordination mode in the dinuclear iron

complexes may well be of some relevance in the catalytic cycle
leading to the spiro-lactams 4–6 and may also be responsible for
the observed regioselectivity.

The authors gratefully acknowledge financial support by the
Deutsche Forschungsgemeinschaft (SFB 436) and the fruitful
cooperation with Professor R. Beckert, Institute of Organic
Chemistry and Macromolecular Chemistry, Friedrich-Schiller-
University, Jena.
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Fluorescent poly(benzyl ether) dendrimers containing an
isobutenyl and two naphthoate units at the core have been
synthesized; thermal reaction (tandem Claisen rearrange-
ment) of the dendrimers took place quantitatively, resulting
in the complete quenching of the fluorescence.

In recent years, dendrimers have been extensively employed for
both basic and applied studies, principally owing to their well
defined structures that enable functional groups to be accurately
placed in dendrimer frameworks.1 In particular, the light-
harvesting function of dendrimers, one of the most unique and
attractive dendritic effects, has recieved great attention in terms
of biomimetic systems for photosynthesis.2,3 Here we propose a
fluorescent-controllable system using novel dendrimers with a
reactive, fluorescent core that performs successive Claisen
rearrangements.4 Thermal Claisen rearrangement of  high-
generation dendrimers is expected to switch the emission
property from ‘on’ to ‘off’ with a high contrast.

Dendrimers 2–4 were synthesized (Scheme 1) by a simple
esterification of the corresponding dendritic wedges HO[G-n]
with acid chloride 6 using triethylamine as base, and were
isolated by preparative gel permeation chromatography (GPC),
in moderate yields (18–69%). Polyether dendritic wedges
HO[G-n] were obtained by following the convergent-growth
method reported by Hawker and Fréchet.5 However, esterifica-
tion of the dendritic wedge HO[G-4] remarkably decreased the
yield to 2.5% possibly due to the steric hindrance around the
reactive site under these conditions. Hence, for the synthesis of
the dendrimer 5, we applied a divergent/convergent joint
approach: 6 was first esterified with 3,5-dihydroxybenzylalco-
hol using pyridine to give 7 in 34% yield, followed by the
etherification with a twice molar excess of the dendritic wedge
Br[G-3] to obtain dendrimer 5 in 55% yield (Scheme 1). All
dendrimers were characterized by 1H and 13C NMR, IR and
MALDI-TOF mass spectra.†

The absorption spectra of compounds 1–5 in CH2Cl2 are
shown in Fig. 1, with spectral data summarized in Table 1.
There are two clear absorption bands in all the spectra: one in
the UV region (265–300 nm), due mainly to the dendritic
wedges and the other in the near-UV region (305–385 nm), due
only to the naphthyl moiety in the core. As the aromatic building
unit of the dendritic wedges increases, the molar extinction
coefficient (e) at 280 nm increases almost proportionally, while
the absorption at 345 nm remains unchanged, as expected,
confirming the structure of the compounds (Scheme 1).

In order to investigate the light-harvesting effect of the
dendrimers, steady-state emission spectra of the different
generation dendrimers in CH2Cl2 were measured and the
fluorescent quantum yields are summarized in Table 1. As the
generation increases, there is a monotonic increase of the
fluorescence intensity at 400 nm from the focal point upon
excitation at 280 nm, where the dendritic wedges absorbed
mostly in higher generation dendrimers. On the other hand,
direct excitation of the naphthyl core at 345 nm gave a
fluorescence at 400 nm without much difference in the quantum
yields, 19–24% (Table 1). These results evidently demonstrate
that this enhanced fluorescence is caused by an efficient energy
transfer from the dendritic wedges to the naphthyl core in the
higher generation dendrimer, in other words, the larger
dendrimers serve as better antennae to collect photons, in accord
with the report of Aida and coworkers on the light-harvesting
effect of a poly(benzyl ether) dendron.2 However, the energy
transfer efficiency of the higher generation dendrimers 4 and 5

Scheme 1

Fig. 1 UV–VIS absorption spectra of dendrimers 1–5 in CH2Cl2. The
spectra are normalized to 1.98 3 1025 M concentration.

Table 1 Extinction coefficients at 280 and 345 nm, and fluorescent quantum
yields around 400 nm upon excitation at 280 and 345 nm

280 nm 345 nm

Compound
1024 e/
M21 cm21 Ffl

1023 e/
M21 cm21 Ffl

1 1.07 0.18 3.25 0.19
2 1.72 0.20 3.53 0.21
3 2.75 0.19 3.48 0.23
4 4.78 0.16 3.37 0.23
5 8.50 0.12 3.12 0.24
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decreases somewhat, taking into account the fact that the
residual fluorescence at 308 nm from the dendritic wedges was
observed and even increased for 5. There are some reports on
the loss in energy transfer efficiency for higher generation
dendrimers, probably due to many factors based on Förster’s
mechanism.3,6 We believe that the relatively small spectral
overlap between the fluorescence of the dendritic wedges and
the absorption of the core might be one of the key factors to
decrease the energy transfer efficiency, although more data is
required to discuss this point fully. Another noteworthy finding
is that there was no red-shifted emission due to the excimer,
expected to be formed between the two neighboring chromo-
phores, in any spectra of the dendrimers in CH2Cl2. By contrast,
the model compound 1 in the solid state showed a broad excimer
emission around 500 nm while no additional signal or peak shift
appeared for 5, which suggests that inter- rather than intra-
molecular interactions between the chromophores cause ex-
cimer formation; the dendritic wedge of 5 shields the focal point
so effectively as to prevent intermolecular collision.

We compared tandem Claisen rearrangement of the core unit
among the dendrimers to investigate the steric effect on the
reaction. Almost quantitative tandem Claisen rearrangement of
all the dendrimers took place over 3 h in the absence of solvent
at 150 °C. Indeed the rearrangement occurred even at 105 °C
though 3 days were required to complete the reaction. Fig. 3
shows 1H NMR spectra of dendrimers 2 and 5 during the course
of tandem Claisen rearrangement at 150 °C. Surprisingly, there
was no significant difference in the progress of the thermal
reaction between the smaller and larger dendrimers. Indeed, the
rate constants for this process were determined on the basis of
the reasonable assumption that the rearrangement is a first-order
successive reaction, to give almost identical rate-constants at
150 °C: k1 = 6 3 1024 s21, k2 = 4 3 1024 s21 for 2; k1 = 6
3 1024 s21, k2 = 5 3 1024 s21, for 5. These results show that
even for the dendrimer with 32 benzyl groups at the periphery
there is no steric hindrance and enough space to form a chair- or

boat-like conformation, thought to be adopted for the [3,3]
sigmatropic rearrangement.7

Finally, the fluorescence spectra of the dendrimer 5 were
compared before and after the rearrangement (Fig. 4). Inter-
estingly, tandem Claisen rearrangement of the dendrimer
resulted in complete quenching of the fluorescence around 400
nm with no change in the fluorescence at 308 nm arising from
the dendritic wedge. We observed similar phenomena in the
other dendrimers 1–4. This indicates that the high generation
dendrimers have potential to realize thermo- or photo-induced
fluorescent images with high contrast.

In conclusion, we have demonstrated the light-harvesting
effect of the fluorescent dendrimers having a reactive core for
tandem Claisen rearrangement and their quenching by heating.
Our finding that there is no steric hindrance on tandem Claisen
rearrangement at the core of the dendrimers encourages us to
incorporate other reactive groups into the core moiety such as
carbamoyl, urea-type units in order to endow the dendrimer
with new functions.
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Fig. 2 Steady-state fluorescence spectra of dendrimers 1–5 in CH2Cl2 upon
excitation at 280 nm. The spectra are normalized to 0.99 3 1026 M
concentration.

Fig. 3 1H NMR spectra of dendrimers 2 and 5 during the course of tandem
Claisen rearrangement. Signals a, b, bA and c arise from Ha, Hb, HbA, and Hc

in the naphthoates (Scheme 1).

Fig. 4 Steady-state fluorescence spectra of dendrimer 5 in CH2Cl2 upon
excitation at 280 nm before and after tandem Claisen rearrangement. The
spectra are normalized to 0.99 3 1026 M concentration.
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In a hybrid process that combines nanofiltration with
homogeneous catalysis, the best possible reaction rates,
chemoselectivities and enantioselectivities are obtained in a
continuous operation mode while recycling the catalyst.

In industrial processes, heterogeneous catalysts are generally
preferred as they facilitate removal of the catalyst after reaction1

and allow a continuous operation mode. On the other hand,
preparing a heterogeneous catalyst can be tedious and might
demand a high preparative effort. In certain cases, mass or heat
transfer limitations in the solid state catalyst may lead to
decreased activities, and homogeneous reactions generally
show higher chemo- and enantio-selectivities.2

In the reported hybrid process (Fig. 1), a reaction takes place
in a continuously stirred tank reactor, thus reaching activities
and selectivities as in homogeneous reactions. The liquid is
contacted with a nanofiltration (NF) membrane that allows
products to permeate but rejects the dissolved catalyst. This set-
up is made possible by the recent development of solvent
resistant NF membranes.3 They have a molecular weight cut-off
(MWCO) in the range of 200–700 Da and working conditions
below 40 °C and 35 bar.

In related work by Giffels et al.,4 the same membranes are
used but they behave only like ultrafiltration membranes under
the reaction conditions applied. This implies that an enlarge-
ment of their oxazaborolidines is still necessary to have them
rejected by the membrane. Derivatisation of the catalyst in order
to enlarge it—e.g. by linking it to polymers or by forming
dendrimers—is avoided in our experiments by operating the
membrane filtration under true nanofiltration conditions. The
catalysts are thus retained by the membrane without the need to
derivatise them first, and they can be used off the shelf in the
form in which they are readily available.

In particular, chiral catalysts are among the preferred systems
for this hybrid membrane/catalysis process due to their
extremely high cost and their sensitivity towards traditional
heterogenisation methods. Furthermore, most of these catalysts
contain transition metal complexes with a molecular weight
above 500 Da and high activities and selectivities under
moderate reaction conditions. In the reported set-up, the
hydrogen pressure needed for the hydrogenation of the
substrates, forms—without any additional cost or equipment—
the driving force for the membrane permeation. The whole
hybrid process is operated in such a way that a sufficient amount
of product with high purity is yielded in the catalytic process,

while a good rejection of the the catalyst and reasonable fluxes
are preserved in the NF.

The continuous enantioselective hydrogenation of dimethyl
itaconate (DMI) with Ru–BINAP (MW 929 Da) and of methyl
2-acetamidoacrylate (MAA) with Rh–EtDUPHOS (MW
723 Da) (Fig. 2) were selected because of the excellent
performance5 of these catalysts and their industrial relevance.6
Several ways to heterogenise these complexes have been
reported already7–9 but most did not equal the performance of
the homogeneous catalyst, either in ee, activity or in the range
of possible substrates.

Because the membrane fluxes in the NF part of the process
are coupled via the hydrogen pressure to the reaction rates
during catalysis, the reaction rate and enantiomer excess were
determined first in a batch-wise reference reaction at pressures
that fall within the range for nanofiltration (Table 1).

The homogeneous reactions were carried out in magnetically
stirred 10 ml autoclaves. 0.35 g (2.5 mM) MAA was dissolved
in 9 ml MeOH and flushed with N2 before adding 1.7 mg Rh–
EtDUPHOS (2.35 mM). For the homogeneous reaction with
Ru–BINAP, 0.6 g (4 mM) DMI was dissolved in 9 ml MeOH,
flushed with N2 and subsequently mixed with 4.3 mg (4.6 mM)
catalyst. The results10 are shown in Fig. 1. For the hydro-
genation of DMI with Ru–BINAP, no literature data could be
found. The enantiomer excess and the activity for reactions with
Rh–EtDUPHOS were lower than reported in the literature.11

Fig. 1 Reactor set-up for NF-coupled catalysis.

Fig. 2 Reactions with (a) Rh–EtDUPHOS and (b) Ru–BINAP.

Table 1 Hydrogenations of MAA and DMI with, respectively, Rh–
EtDUPHOS and Ru–BINAP

Substrate/
catalyst

Pressure/
bar T/°C

TOF/
h21

Ee (%)

Rh–EtDUPHOSa 2000 2 22 > 2000 99.4
Rh–EtDUPHOS 1050 4 30 703 95
Ru–BINAP 850 10 37 330 93
a Burk et al.11
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This is believed to be due to a less thorough pre-treatment of
solvents and reagents as compared with literature.

A NF membrane generally does not discriminate between
reactants and hydrogenated products, given their negligible
difference in MW, shape or polarity. This means that the
conditions that determine the membrane flux—such as mem-
brane type, membrane area, applied pressure gradient, tem-
perature and type of solvent12—can be adjusted to the catalytic
conditions that determine the conversion of the reactant.
Methanol fluxes through the NF membrane (KOCH, MPF-60),
are given in Table 2 for different temperatures and pressures: as
expected, higher temperature and pressure are tools used to
increase the flux through the membrane and thus realise a
shorter residence time (t ) for a given reactor volume.

The continuous reactions were carried out in a stirred 100 ml
autoclave containing an MPF-60 membrane at the bottom. The
permeate was collected in a cooled flask (278 °C). Both feed
and permeate were analysed by GC and AAS to determine
retention (retained concentration/feed concentration) of re-
actants, products and catalyst. For the hydrogenation of DMI
with Ru–BINAP at 37 °C and 10 bar, the feed solution (C0 =
0.4 mM) was pumped at a rate of 3.6 ml h21 to the reaction
mixture (V = 14 ml, C0 = 0.4 mM and 33.7 mg Ru–BINAP).
The hydrogenation of MAA was performed at 35 °C and 10 bar
(V = 16 ml, C0 = 0.13 mM and 8.5 mg Rh–EtDUPHOS) with
the feed solution (C0 = 0.13 mM) added at a rate of 3.5
ml h21.

To fully prove the concept, activities should remain un-
changed after several refreshments of the reactor volume and
the complex should be retained sufficiently. The hydrogenation
of DMI shows a constant enantiomer excess as a function of
time (Fig. 3). The very small decrease in conversion, becoming
apparent after several hours, can be ascribed to the incomplete
rejection of Ru–BINAP ( > 98%). Nevertheless, this nano-
filtration-coupled catalysis allowed the continuous hydro-
genation of ten reactor volumes—as indicated by the vertical
lines on the graph—with an enantiomer excess of 93%, which
equals those reached under homogeneous conditions. For the
hydrogenation of MAA with Rh–EtDUPHOS (Fig. 4), the
decrease in enantiomer excess and conversion in the long term
is slightly more significant. Since the 97% retention of this
complex cannot alone account for this effect, a slow deactiva-

tion of the catalyst—possibly due to oxidation of the phosphine
ligand—is assumed but still needs further investigation. The
total TONs for the hydrogenation with Ru–BINAP and Rh–
EtDUPHOS are, respectively, 1950 and 930.

These two continuous reactions demonstrate the general
concept of this hybrid process to perform homogeneous
reactions in a continuous mode whenever the membrane is able
to retain the catalyst and does not retain the products. Even
though the system is limited by working conditions—like
solvent, temperature and pressure—it is believed that the
concept can be applied in many different types of reaction and
for a wide range of catalysts and substrates, especially in the
field of fine chemical synthesis.
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Table 2 Methanol fluxes at different temperatures and pressures for MPF-
60 membranes (KOCH)

Pressure/bar T/°C Flux/kg m22 h21

10 30 1.2
40 1.6
50 2.6
60 3.2

15 30 1.7

Fig. 3 Conversion and enantiomer excess as a function of time for the
continuous NF-coupled hydrogenation with Ru–BINAP.

Fig. 4 Conversion and enantiomer excess as a function of time for the
continuous NF-coupled hydrogenation with Rh–EtDUPHOS.
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The preparation of two polymer-supported amine N-oxides
is presented and their application as an improved method-
ology for synthetic metal carbonyl cluster chemistry is
illustrated.

Amine N-oxides are readily deoxygenated by metal carbonyls.
This mild reaction offers a general method for the activation of
the complexes towards the substitution of a carbonyl with
another ligand, avoiding the extreme temperatures and pres-
sures normally required for direct substitution of carbonyl
groups.1,2 The main disadvantage of this route when applied to
metal carbonyl clusters is that, in the case of unstable or highly-
reactive complexes, it is often hard to remove all traces of amine
N-oxide from the product. This has the drawback that, in
subsequent reactions, a trace of N-oxide left in the starting
material mixture can affect the reaction chemistry leading either
to unwanted by-products or totally altering the course of the
reaction.3

Within the organic chemistry community there is increasing
interest in the development of polymer-supported catalysts and
reagents for use in the synthesis of target molecules.4 One of the
key advantages of immobilizing a catalyst or reagent on a
polymer support is the ease of separation from the product
mixture at the end of a reaction and hence the greatly simplified
work-up needed. To date, synthetic inorganic and organome-
tallic chemists do not seem to have taken advantage of using
supported complexes in their chemistry. Here, we report the
simple synthesis of two polymer-bound amine N-oxides and
demonstrate their use and applicability in organometallic cluster
chemistry through the synthesis of the ruthenium and osmium
trinuclear cluster complexes M3(CO)122 n(MeCN)n (M = Ru,
Os; n = 1, 2).5 The use of a supported N-oxide, as reported here,
is significant since the cluster complexes can be prepared and
purified very easily. These complexes have proven very useful
as starting materials for a range of interesting cluster chemistry
studies since their first reports in the early 1980s.6,7

The desired polymer-supported amine N-oxides were pre-
pared in two steps from Merrifield’s resin using modified
literature procedures (Scheme 1).8,9 Attention was focused on
polymer-supported ‘benzylpiperidine N-oxide’ 1 and polymer-
supported ‘diethylbenzylamine N-oxide’ 2.§ The final loading
of N-oxide on the polymer support was calculated at ca. 0.9–1.0
mmol g resin21. Like their homogeneous analogues, 1 and 2 are

hygroscopic and are best stored under a blanket of dry nitrogen.
Before use, water was removed by warming the beads gently (to
no more than 35 °C) under vacuum.

The applicability and activity of the resin-bound amine N-
oxides 1 and 2 were assessed initially by using them in the
synthesis of the mono- and bis-acetonitrile-substituted clusters
Ru3(CO)11(MeCN) 3a and Ru3(CO)10(MeCN)2 4a following
the method of Johnson and Lewis (Scheme 2).10¶ Product yields
are shown in Table 1.

The selectivity for 3a or 4a depends primarily upon the
acetonitrile+Ru3(CO)12 ratio and upon the amine N-oxide+
Ru3(CO)12 ratio but it is almost impossible to obtain 100% pure
3a via any amine N-oxide route. In polymer-supported reagent
chemistry it is often the case that a slight excess of the resin-
bound species is required since not all the active sites on the
polymer are readily accessible. However, in order to form the
monosubstituted complex 3a we prefer to use exactly one
equivalent of 1 or 2. Although traces of Ru3(CO)12 may then be
present in the product, this compound is much less reactive and
therefore less likely to perturb subsequent reactions than is 4a,
the impurity found if excess amine N-oxide is used.

The bis-substituted cluster is prepared in good yield using 2.5
equivalents of 1 or 2. Again, the product can be easily separated
from the amine N-oxide by filtering off the supported reagent.

We studied the effect of temperature on the synthesis of 3a
and 4a using 1 and 2 and found that it is essential to perform the
addition of the amine N-oxide at or below 0 °C. This is of
interest when compared with other reports of resin-bound
reagents which suggest that reactions that need low tem-
peratures when using homogeneous reagents can often be
performed at room temperature using heterogeneous analogues
because of the rate retarding effects of immobilization.

We find that a small quantity of a ruthenium complex remains
attached to the beads, even after thorough washing. One
possibility is that a small proportion of the Ru3(CO)12 becomes
tethered to the resin through more than one point of attachment.
This is certainly possible given the close proximity of the amine
N-oxide sites on the supported complex and the flexibility of the
resin backbone. Once attached in this way, it may be difficult for
the ruthenium complex formed to be removed from the support.
This impacts on the recylability of the resins but work is
currently underway to alleviate this problem by removal of the
trace metal before re-loading the resin with N-oxide.

As a continuation of our studies, we used the resin-bound N-
oxides for the synthesis of Os3(CO)11(MeCN) 3b and Os3-
(CO)10(MeCN)2 4b (Scheme 2).11 The mono-substituted com-
plex was prepared by adding one equivalent of 1 or 2 to a
dichloromethane–acetonitrile solution of Os3(CO)12. Yields are
shown in Table 1. Again, although traces of Os3(CO)12 are

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b100494h/
‡ Study placement student from Hogeschool van Utrecht, The Nether-
lands.

Scheme 1 The synthesis of polymer-supported N-oxides 1 and 2.

Table 1 Product yields

Product Yield using 1 (%) Yield using 2 (%)

Ru3(CO)11(MeCN) 3a 83 84
Ru3(CO)10(MeCN)2 4a 85 92
Os3(CO)11(MeCN) 3b 80 85
Os3(CO)10(MeCN)2 4b 73 86
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present in the product, this is less likely to be problematic in
subsequent reactions than is 4b. The bis-substituted cluster is
formed in good yield when three equivalents of 1 or 2 are added
to a dichloromethane–acetonitrile solution of Os3(CO)12.

With both the ruthenium and osmium clusters we find that 2
is a better reagent than 1, giving higher yields and a more
selective reaction. This could be due to the difference in steric
bulk of the two amine oxides, the environment around the active
centres in 2 being less crowded as compared with that around 1.
This is of key importance when considering the need for close
encounter in the reaction between the clusters and the amine N-
oxide.

In conclusion, the results presented here illustrate the
applicability of 1 and 2 as reagents for the synthesis of
substituted carbonyl clusters. They are particularly useful in the
case of 3a and 4a, both of which are easily decomposed and
where removal of the amine N-oxide from the reaction mixture
is essential before performing further reactions.

We believe that it will be possible to use 1 and 2 as reagents
for further chemistry and work is currently under way to
confirm this assertion.

Experimental methods and spectroscopic data are presented
as ESI.†

The Royal Society is thanked for a University Research
Fellowship (N. E. L.). King’s College London is thanked for
funding.
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Boron-modified ZSM-5 zeolite membranes were effective for
separating n-alkanes from 2,2-dimethylbutane, benzene and
cyclohexane in binary mixtures, and enhanced selectivity
was seen when both benzene and cyclohexane were mixed
with n-hexane.

Zeolite membranes have high potential for separations owing to
their unique pore structures and adsorption properties, and their
superior thermal, mechanical and chemical properties. Zeolite
membranes have been prepared with different zeolite structures,
but the MFI structure has been studied most extensively. The
MFI structure can be modified by isomorphous substitution of
Si by trivalent elements into the zeolite framework. The zeolite
surface can change from hydrophobic (silicalite) to hydrophilic
(Al-ZSM-5) and from non-acidic (silicalite) to strongly acidic
(Al-ZSM-5). Recently, we reported that B-ZSM-5 membranes
have superior separation properties over silicalite or ZSM-5
with Al, Ge or Fe substitution.1,2 For example, a B-ZSM-5
membrane had an n-C4H10/i-C4H10 separation selectivity of 60
at 473 K. Here we report the separation of binary mixtures of n-
hexane with branched, cyclic and aromatic hydrocarbon vapors
using B-ZSM-5 membranes. The ternary n-hexane–benzene–
cyclohexane mixture was also separated.

The B-ZSM-5 membranes used in this study were prepared
by in situ crystallization from alkali-free gels onto tubular
porous supports (stainless steel: 500 nm diameter pores, Mott
Metallurgical; a-alumina: 200 nm diameter pores, US Filter).
The molar gel composition was 4.44 TPAOH+19.46 SiO2+1.55
B(OH)3+500 H2O, where TPAOH (tetrapropylammonium hy-
droxide) was used as the template. This corresponds to a Si+B
ratio in the gel of 12.5. A previous study2 has shown that the
Si+B ratio in the zeolite is similar to that in the synthesis gel.
Details of membrane preparation were reported elsewhere.1
Membranes prepared for this study were characterized by single
gas permeation and n-butane/i-butane ideal selectivity at 473 K.
The results were similar to previous membranes that were
characterized by SEM and XRD.1 The SEM photos showed a
continuous, intergrown layer that was 85–100 mm thick and was
composed of randomly oriented crystals 5–10 mm in diameter.
The XRD pattern of the membrane matched the MFI structure.
The peak intensities in the patterns of all membranes were high
and the background was low indicating a high degree of
crystallinity.

Vapor permeation rates were measured in a continuous flow
system that was described in detail elsewhere.3 The hydro-
carbon liquid was evaporated into a helium stream that flowed
through the inside of the tubular membrane. The membrane was
located in a stainless steel module that was heated by heating
tapes. The binary hydrocarbon feeds were approximately
50+50, and the feed stream was ca. 10% hydrocarbon and 90%
helium. Both sides of the membrane were at atmospheric
pressure, and the He sweep gas provided a driving force across
the membrane by removing the permeating components. The
permeate stream was analyzed by a GC equipped with a flame
ionization detector. A log-mean pressure driving force was used
to calculate permeances, and permselectivity was calculated as
the ratio of the permeances.

Fig. 1 shows that n-hexane can be separated from 2,2-
dimethylbutane (DMB) using B-ZSM-5 membranes on a-
alumina and stainless steel supports. The separation selectivities
were highest ( > 2000) at 373 K and they decreased with
increasing temperature. The selectivity may decrease at high
temperature because zeolite and non-zeolite pores expand with
temperature. Since DMB (0.62 nm kinetic diameter) is larger
than the MFI zeolite pore diameter, as measured by XRD
(0.53–0.56 nm), its flux is expected to increase more with a
slight increase in pore size. Even at 523 K, the stainless steel-
supported membrane separated the n-hexane–DMB mixture
with selectivity of 72.

The B-ZSM-5 membranes had much higher separation
selectivities than a silicalite-1 membrane prepared by the same
procedure (Fig. 2). The DMB permeances were lower and the n-
hexane permeances were higher in the B-ZSM-5 membrane.
The lower DMB permeances may be due to the narrowing of
zeolite pores because either B3+ is smaller than Si or extra-
framework boron deposited in the pores. According to the
Pauling rule, B3+ cations are less stable in the framework due to
their small size and they are partially removed from the
framework during calcination. The gel composition for a B-
ZSM-5 membrane is different from that for a silicalite-1
membrane and that could also change the quality of the
membrane and reduce the number of non-zeolite pores.

Selectivities for n-hexane–DMB of 600–2000 at 360–373 K
were reported by Coronas et al.4 and Gump et al.,5 but
preferential adsorption of n-hexane rather than molecular
sieving was responsible. In contrast, Ginoir-Fendler et al.6 and
Flanders et al.3 observed selectivities of 1000 at 363 K and
70–250 at 473 K and separation was not due to preferential
adsorption. Vroon et al.7 obtained a selectivity of 600 at 300 K
and of 2000 at 473 K. The separation selectivities were only
25–120 at 300 K for other ZSM-5 membranes.8,9

Separation of n-alkanes from cyclic and aromatic compounds
has been studied less. Funke et al.10 obtained a separation

Fig. 1 n-Hexane–2,2-DMB permeances and separation selectivities as a
function of temperature for B-ZSM-5 membranes on alumina and stainless
steel.
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selectivity of 25 at 373 K for a n-hexane–cyclohexane (50+50)
mixture. Our B-ZSM-5 membranes had n-hexane–cyclohexane
separation selectivities of 570 and 720 at 373 K (Table 1). Kita
et al.11 reported that a Y-type membrane separated n-hexane
from benzene with a selectivity of 260 at 373 K. The n-hexane–
benzene separation selectivities for B-ZSM-5 at 373 K were 370
on stainless steel and 440 on a-alumina supports. The B-ZSM-5
membrane also separated n-C5 to n-C8 alkanes from benzene,
and the selectivities changed significantly with carbon number
and temperature. At 373 K, the selectivities decreased from 660
to 16 as the carbon number of the alkane increased. In contrast,
at 473 K, selectivities increased from 11 to 524 as the carbon
number increased. For separations at 373 K, benzene per-
meances were almost constant but n-alkane permeances
decreased as their carbon number increased. Apparently the
coverages for all the alkanes were close to saturation at 373 K,
so they all effectively inhibited benzene permeances. The
benzene permeances in the mixtures were lower than the
permeance of pure benzene. The diffusion rate of the alkane
decreased with increasing carbon number, probably due to an
increase in adsorption strength, and thus the selectivity
decreased with carbon number. In contrast, at 473 K, the alkane
permeances were almost constant because the permeances of
the longer alkanes increased more with temperature. The

benzene permeances at 473 K decreased as the alkane carbon
number increased because the longer alkanes adsorbed more
strongly and thus had higher coverages than the shorter alkanes.
Thus, the longer alkanes more effectively blocked benzene and
therefore the alkane–benzene selectivity was higher for the
longer alkanes.

The separation selectivities of the ternary n-hexane–cyclo-
hexane–benzene mixture (50+25+25) were 790–800 at 373 K,
which are significantly higher than those observed for the
binary mixtures (Table 1). The cyclohexane plus benzene
permeances were lower than in the binary mixture, whereas the
n-hexane permeances were similar. This increase in selectivity
in the ternary mixture may be the result of competition for
adsorption sites in the zeolite.

In summary, B-ZSM-5 zeolite membranes separated n-
alkanes from branched, cyclic and aromatic hydrocarbons with
high selectivities at elevated temperatures.

We gratefully acknowledge support by the NSF/IUCRC for
Membrane Applied Science and Technology (MAST).
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Table 1 Permeances and separation selectivities for 50+50 n-hexane–organic mixtures through supported B-ZSM-5 membranes

a-Alumina support Stainless steel support

Permeance/mol m22 s21 Pa21 Selectivity Permeance/mol m22 s21 Pa21 Selectivity
(±15%) (±20%) (±10%) (±14%)

n-Hexane– n–Hexane–
Organic n-Hexane 3 107 Organic 3 1010 organic n-Hexane 3 107 Organic 3 1010 organic

DMB 1.5 0.65 2280 1.5 0.78 1950
Cyclohexane 2.4 3.3 720 1.3 2.2 570
Benzene 2.4 5.5 440 1.0 2.6 370
Benzene + cyclohexane (50+50) 2.2 2.8 790 1.5 1.8 800

Fig. 2 n-Hexane–2,2-DMB permeances and separation selectivities as a
function of temperature for silicalite-1 and B-ZSM-5 membranes on
stainless steel.
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The sulfadrug sulfathiazole forms an extensive family of
solvates and adducts, the crystal structures of which show a
large variety of hydrogen-bonded frameworks.

In a recent communication, Nangia and Desiraju1 analysed the
relative solvate-forming propensities of fifty common solvates,
and highlighted the need for systematic studies of the formation
and structure of solvates. We have been engaged in such a study,
largely based on one compound, the sulfadrug sulfathiazole, I,

with remarkable solvate forming abilities, which developed out
of a detailed reinvestigation of the polymorphism of this
compound2. We present here a preliminary report of our
findings.

The sulfadrugs show extensive polymorphism.2,3 They also
crystallise erratically from solution, despite the contrary
impression that might be gained from the literature. In the
search for reliable crystallisation procedures for sulfathiazole
polymorphs, several less common solvents were tried and in
quite a number of cases solvates were obtained. This was
surprising, since the only well-defined solvate encountered in
over 40 papers4 during 60 years of investigation was that from
dioxane.5 Shirotani et al.6 have described 3 further solvates of
sulfathiazole, but their work seems to have been subsequently
overlooked. In the belief that a detailed preparative and
structural study of solvate formation may give an insight into
the crystallisation behaviour of the parent materials, we have
explored this topic further. The first solvate we produced was
that from cyclohexanone. Reasoning from the analogy between
the structures of dioxane and cyclohexanone, we tried numerous
other 6- and 5-membered saturated heterocyclic and carbocyclic
rings possessing at least one polar group, the function of the
latter being presumed to involve hydrogen bonding with one of
the 5 acceptors and 3 donors in the sulfathiazole molecule.
Single crystal X-ray determinations however showed a remark-
able variety of structures with varying propensity for hydrogen
bonding between the sulfathiazole and the solvent guest. The
study was extended to a wider range of solvents with different
molecular shapes and sizes, different polarities and different
functional groups, and also to the preparation of mixed crystals
with partners that are solids at ambient temperature. The
solvates are easily made by crystallisation from the appropriate
solvent, sometimes with the help of chloroform as a crystallisa-
tion aid. Sulfathiazole has a solubility at elevated temperatures
of around 10% in typical solvate-forming solvents. It is very
soluble (30–60%) in more polar solvents such as dime-
thylformamide or tetramethylurea but generally fails to form
solvents from such solutions. It has a limited solubility in

solvents of low polarity and usually only sulfathiazole poly-
morphs crystallise from these solutions. Surprisingly, we found
that molecules with long aliphatic hydrocarbon chains can form
solvates provided a solvatophilic group such as lactone or
lactam is present. The two-component solid–solid adduct
crystals can be made by fusion or sometimes by crystallisation
of the components using an inert solvent. The presence of a third
component is detrimental on thermodynamic grounds,7 but in
practice, as noted above for chloroform, may be favourable for
kinetic reasons.

More than 100 solvates plus many related 2-component
systems containing sulfathiazole have now been made, includ-
ing inter-sulfa-drug combinations such as sulfapyridine with
sulfathiazole.‡ All have been characterised by near- and mid-
infrared spectroscopy, powder XRD and hot-stage microscopy,
and studied, in some cases also by DSC/TGA, solid state NMR,
Raman spectroscopy and microscopy. The crystal structures of
more than 60 solvates and adducts have so far been determined;
others are in progress. The existence of such a large collection
of data allows a unique opportunity for the comparative
investigation of the structural and spectral characteristics and of
the factors determining solvate formation. Detailed considera-
tion of this is beyond the scope of a Communication, and is the
central theme of a series of full papers, now in preparation.
However, the results obtained can be usefully summarised as
follows.

No solvent containing an aromatic carbocyclic group has
given a solvate. Virtually every saturated carbocycle or
heterocycle of appropriate polarity, and of ring size 3 to 8
produces a solvate. Only the behaviour of aliphatic solvates is
difficult to predict, although polarity can be distinguished as a
key factor. A wide range of groups including cyano, ester, ether.
keto, sulfonyl, and amido groups are capable of providing the
necessary polar characteristics. A hydroxy group generally
seems to be detrimental to solvate formation, although a very
unstable solvate has been made from n-propanol. The identi-
fication of the latter solvate together with that of acetonitrile
raises the question as to whether many of the outcomes of
sulfathiazole polymorph preparation procedures are mediated
by the intervention of unstable solvates. Competitive experi-
ments, in which sulfathiazole is crystallised from mixed
solvates, have shown a stability sequence of lactams > lacto-
nes > cyclic carbonates > cyclic ketones, which parallels the
order of solvent polarity. The relative stabilities of adducts with
different sized rings have not been determinable so far because
the crystalline product from these competition reactions has
often not been one of the expected products. Some of these may
be polymorphs of solvates, since DSC shows that some of the
solvates are di- or tri-morphic. (Fig. 1.) The infrared spectra of
the solvates are almost always close to that of the highest
melting polymorph I (mp 203 °C), (the structure of which
contains two crystallographically independent molecules, and
which we regard as a sulfathiazole solvate of sulfathiazole), and
unlike those of the three mutually similar low-melting poly-
morphs, even though the solvates always desolvate to the lower
melting polymorphs, especially polymorph IV.§ This may be
explained by the fact that in the structures so far determined the

† Electronic supplementary information (ESI) available: solvates and
adducts of sulfathiazole. See http://www.rsc.org/suppdata/cc/b0/b009540k/
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close amido–imido dimer present in sulfathiazole polymorph I
but not in any of the others, features extensively in the solvate
structures. The similarity of IR spectra for systems that are

found to have quite different crystal structures is explained in
terms of the presence of similar H-bonding associations but
different supramolecular assemblies.

Terminology for the description of solid state molecular
structures is unsatisfactory, even for single component sys-
tems.8,9 Consideration of the multitude of structures displayed
by the solvates listed in Nangia and Desiraju’s paper raises the
question as to whether nomenclature is even less adequate for
the greater complexity resulting from two-component sys-
tems.

On the basis of the structure determinations so far completed
in our study, we identify two types of structure which might
provide a more generally useful classification—a) clathrates,
or, more generally inclusion phases, in which the main function
of the guest molecule is cavity filling, with or without additional
weak H-bonding, in a host molecule assembly having a channel,
layer or 3D framework structure, and b) co-crystals in which the
partner molecule forms an essential part of the hydrogen bonded
framework. In each class we have also found salts where proton
transfer has occurred from the sulfathiazole molecule to a basic
function on the guest. An example of each of the two main
structure types is shown in Figs. 2a and 2b.¶

Multiple solvates have been reported for a variety of
compounds, but these invariably show a large degree of
isostructurality.10 By contrast, our study has shown that
sulfathiazole would appear to show more solid state structural
versatility than any other organic molecule. We are investigat-
ing why this might be the case and whether other compounds
form huge numbers of overlooked solvates or whether sulfathia-
zole is unique. To this end, the solvate forming propensities of
other sulfadrugs are being examined. Preliminary experiments
indicate that sulfapyridine forms many solvates, but not so
extensively as sulfathiazole, and often with different solvates.
The host–solvent relationship appears to be a very specific one
even for such closely related hosts as the sulfadrugs, as might be
expected from the huge variety of structures displayed by the
sulfadrug polymorphs.

Notes and references
‡ A list of the solvates and adducts prepared so far, is given in the
Supplementary Material.
§ The numbering scheme used here for the five fully characterised
polymorphs is that described in D. C. Apperley, R. A. Fletton, R. K. Harris,
R. W. Lancaster, S. Tavener and T. L. Threlfall, J. Pharm. Sci., 1999, 88,
1275.
¶ Crystal data: compound 1, sulfathiazole–acetonitrile,
[C9H9N3O2S2][C2H3N] Mr = 296.37, monoclinic, a = 10.741(2), b =
7.592(2), c = 16.748(3) Å, b = 103.99(3)°, U = 1325.2(5) Å3, space group
P21/c, Z = 4, T = 150 K. Reflections measured 5364 (qmax = 25.35°,
82.6% complete), observed [I > 2s(I)] 1997, Rint = 0.15. R = 0.059, wR2

= 0.111, 211 parameters. Compound 2, sulfathiazole–N-formylpiperidine,
[C9H9N3O2S2][C6H11NO] Mr = 368.47, triclinic, a = 10.539(2), b =
12.189(2), c = 13.981(3), a = 95.29(30), b = 107.38(3), g = 90.63(3)°,
U = 1705.3(6) Å3, space group P1̄, Z = 2, T = 150 K. Reflections
measured 10626, qmax 24.97°, 91.7% complete), observed 2877, Rint =
0.044. R = 0.0450, wR2 = 0.0955, 557 parameters. CCDC 154065 and
154066. See http://www.rsc.org/suppdata/cc/b0/b009540k/ for crystallo-
graphic data in .cif or other electronic format.
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Fig. 1 DSC and TGA traces of the sulfathiazole-e-caprolactone adduct. The
endotherms without mass loss indicate phase transitions to new poly-
morphs, confirmed by hot-stage microscopy.

Fig. 2 (a) Detail from the crystal structure of the 1+1 adduct sulfathiazole–
acetonitrile—a clathrate. (b) Detail from the crystal structure of the 1:1
adduct sulfathiazole–N-formylpiperidine—a co-crystal.
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a,w-(Phenylseleno) carbonyl compounds, such as 4-(phenyl-
seleno)butanal (1) and methyl 3-(phenylseleno)propanoate
(2), are easily converted by anionic reactions into substances
that undergo sequential ring-closing metathesis and radical
cyclization, affording bicyclic products.

The usefulness of radical cyclization is often determined by the
ease with which the cyclization substrates can be made. In this
regard, the nature of the homolyzable group is, of course,
important, because this determines the stages at which it may be
introduced. In particular, early introduction can avoid the extra
steps involved in replacing a non-homolyzable group by one
that is homolyzable. For radical generation, phenyl selenides
have the distinct advantage that the PhSe group is usually inert

to basic or nucleophilic reagents1 and, among the common
transformations, care need be exercised only in the choice of
oxidizing agent2,3 when selenium is present. We have found that
the PhSe group is compatible with the Grubbs catalyst
(Cy3P)2Cl2RuNCHPh,4–8 and we report that a,w-(phenylseleno)
carbonyl compounds, such as 4-(phenylseleno)butanal (19) and
methyl 3-(phenylseleno)propanoate (210) are useful for the

construction of substances that undergo sequential ring-closing
metathesis11 and radical cyclization. The PhSe group allows the
use of anionic chemistry that would not be suitable in the

Scheme 1 (a) Yield from 1. (b) Corrected for recovered 3b. (c) First yield
is for the oxidation of 6 to the corresponding ketone; second yield for
reaction of the ketone with allylmagnesium bromide.

Scheme 2 (a) Yield of more polar isomer [(3a,3ab,6ab)-stereochemistry]
60%; yield of less polar isomer [(3a,3aa,6aa)-stereochemistry] 25%.
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presence of halogen or carboxy groups as the eventual source of
radicals.12 Several publications have reported that the catalyst is
usually not compatible with sulfide substrates.4,5

The starting materials 3b–8b (Scheme 1) for the metathesis–
radical closure sequence were made as follows. Aldehyde 1 was
converted into alcohols 3 (80%), 5 (87%), and 6 (60%)
(Scheme 1) by reaction with vinyllithium, allylmagnesium
bromide, and but-3-enylmagnesium bromide, respectively.
Reaction of 1 with phenyllithium (50%), oxidation, using
pyridine·SO3 in DMSO2 (87%), and treatment of the resulting
ketone with vinyllithium afforded alcohol 7 (85%).

The alcohols 3, 5, 6 and 7 were easily converted into
substrates for ring-closing metathesis by simple ionic reactions.
Acylation of 3 and 5 with acryloyl chloride (Et3N, DMAP,
CH2Cl2) gave 3b (64%) and 5b (71%), respectively (Scheme 1),
and the ethers 4b (65%) and 7b (73%) were made by alkylation
(NaH, THF) of 3 with 2-chloromethyl-3-[(phenylmethyl)-
oxy]prop-1-ene13,14 and of 7 with allyl bromide, respectively.

The metathesis substrate 6b was prepared by oxidation of 6
(87%), again using the pyridine·SO3–DMSO system—which is
an excellent reagent for selective oxidation of phenylseleno
alcohols—and treatment with allylmagnesium bromide
(78%).

The bis-allyl selenide 8b was obtained directly from ester 2
by the action of allylmagnesium bromide (78%).

Each of the bis-olefins shown in Scheme 1 underwent ring-
closing metathesis in the presence of (Cy3P)2Cl2RuNCHPh
(8–12 mol%; 22% for 3b), and the products were isolated by
flash chromatography. The reactions were usually run in PhH at
50 °C for 12 h [4b, 6b (65 °C), 7b, 8b (refluxing PhH,15 8 h)],
or in refluxing CH2Cl2 in the presence of Ti(OPr-i)4,16 (42 h,17

3b, 8 h, 5b). In the case of the acrylates (3b, 5b), Ti(OPr-i)4
must be added to complex the ester carbonyl and prevent
unproductive complexation of carbenoid intermediates.18

The radical cyclization step (see Scheme 2), leading to 3d,
4d,e, 5d–8d, was carried out under standard conditions by
syringe pump addition (over ca. 10 h) of a PhH solution of
Bu3SnH (1.4–2.2 equiv., 0.01–0.08 M) and AIBN (0.2–0.4
equiv., 0.006–0.03 M) to a refluxing solution (0.01–0.02 M) of
the substrate (1 equiv.) in the same solvent. In the case of 6c we
isolated only the product of 6-exo cyclization, and not the
isomeric alcohol resulting from 7-exo closure.19

The above experiments establish that the PhSe group, which
serves as a very convenient radical source, can be introduced at
an early stage in synthetic routes that involve ionic reactions and
that end with sequential application of two powerful bond-
forming processes, ring-closing metathesis and radical cycli-
zation.

All new compounds were characterized spectroscopically,
including high resolution mass measurements.

Acknowledgment is made to the Natural Sciences and
Engineering Research Council of Canada and to Merck Frosst
for financial support.
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The Norrish–Yang cyclisation of a prochiral imidazolidi-
none which was conducted in the presence of a chiral host
afforded enantiomerically enriched (up to 26% ee) 1,3-diaza-
bicyclo[3.3.0]octanones in good yields (73–86%) with a
distinct preference for the exo-diastereoisomer (dr =
77/23–90/10).

The photochemical cyclisation of ketones via intramolecular
hydrogen abstraction and subsequent ring closure is termed
Norrish–Yang cyclisation.1 It is a valuable C–C-bond forming
reaction in the course of which two new stereogenic centres are
formed. The facial diastereoselectivity of the reaction has been
extensively studied2,3 and applications of the Norrish–Yang
cyclisation to natural product synthesis have been reported.4 For
the photocyclisation of amino acid derivatives a remarkable
chirality transfer has been observed.5 Enantioselective variants
of the Norrish–Yang cyclisation have been investigated in the
solid phase employing either precursors that crystallize in chiral
space groups6 or inclusion compounds of a prochiral substrate
and a chiral host.7 We have now attempted to achieve an
enantioselective Norrish–Yang cyclisation in the liquid phase
mediated by a chiral complexing agent8 and report on the
preliminary results of this work. The chiral host compounds 1
and 2 can be readily prepared from trimesic acid (1,3,5-

benzenetricarboxylic acid) via the well-known all-cis-1,3,5-
trimethylcyclohexane-1,3,5-tricarboxylic acid (Kemp’s tria-
cid).9,10 They are diastereomeric due to the chiral menthyl
residue and can be separated by flash chromatography.

Lactams are attached to the host 1 or its diastereoisomer 2 via
the carbonyl group and via the NH-group by two hydrogen
bonds.11 The lactam is fixed by the two-point binding in a chiral
environment with the result that formerly enantiotopic faces
become diastereotopic. As the menthyl residue acts simply as a
sterically bulky substituent hosts 1 and 2 are expected to behave
as if they were enantiomers. The prochiral imidazolidin-2-one 3
was selected as Norrish–Yang cyclisation substrate. It exhibits
a lactam binding site which should allow for an association with
the host compounds. The compound was readily prepared from
the parent imidazolidin-2-one by monoacetylation,12 1,4-addi-
tion to phenyl vinyl ketone and deprotection. Upon irradiation
(Rayonet RPR 3000 Å or Original Hanau TQ 150/duran filter)
the ketone yielded four products which are depicted in Scheme
1.

The results of the preliminary study conducted with the easily
accessible hosts 1 and 2 are summarized in Table 1. In general,

the conversion is complete and the yield of photocyclisation
products are high (73–86%). The exo-isomers 4 and ent-4 are
the preferred diastereoisomers formed in toluene solution
(entries 2–14)13 whereas the endo-isomers 5 and ent-5 are
favored in the polar protic solvent tert-BuOH. It is reasonable to
assume that tert-BuOH increases the size of the substituent OH
by coordination1,2 and leads to a reversal of the steric demand
from Ph > OH to OH > Ph. The exo/endo-selectivity did not
change (entries 3/7/11, 4/8/12, etc.) upon variation of the
temperature. Contrary to that, the enantioselectivity was
significantly influenced by this variation. The increase from 5%
ee at 30 °C (entry 4) to 26% ee at 245 °C (entry 12) observed
with 2.5 equiv. of host 1 exemplifies the typical temperature
dependence which is partially due to an increased association.
The increase in enantioselectivity upon increasing the host
concentration (entries 3/4, 5/6, 7/8, etc.) undermines the crucial

† To whom inquiries about the X-ray analysis should be addressed at the
Philipps-Universität Marburg.

Scheme 1 Possible stereoisomers obtained from the Norrish–Yang
cyclisation of imidazolidin-2-one 3.

Table 1 Norrish–Yang cyclisation of imidazolidinone 3 in the presence of
hosts 1 and 2

Entry Host Equiv. Temp./°C Yield (%)a exo/endob Ee (%)c

1 —d — 30 75 38/62 —
2 — — 30 73 88/12 —
3 1 1 30 82 90/10 3
4 1 2.5 30 86 88/12 5
5 2 1 30 73 88/12 24
6 2 2.5 30 82 89/11 27
7 1 1 210 86 78/22 7
8 1 2.5 210 77 77/23 16
9 2 1 210 73 85/15 26

10 2 2.5 210 73 80/20 215
11 1 1 245 77 81/19 11
12 1 2.5 245 77 79/21 26
13 2 1 245 82 79/21 214
14 2 2.5 245 77 84/16 225
a Yield of isolated product after chromatographic purification. b The ratio of
the two diastereoisomers (4 + ent-4)/(5 + ent-5) was determined by 1H-
NMR spectroscopy of the crude product mixture. c The ee of the major exo-
diastereoisomer was determined as (42 ent-4)+(4 + ent-4) by chiral HPLC
(eluent: H2O–MeCN = 95+5 ? 90+10; column: Macherey-Nagel EC
200/4 nucleodex beta-OH). d tert-BuOH was used as the solvent.
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role the association plays in the enantioselective photocyclisa-
tion under scrutiny. The earlier assumption that the hosts 1 and
2 should behave as if they were enantiomers was proven
experimentally. The opposite enantiomer was formed upon
replacement of 1 with 2 (entries 3/5, 4/6, 5/7, etc.) resulting in
a negative ee value. The minor diastereoisomers 5 and ent-5
behaved similar to the major diastereoisomers with regard to the
ee.

The absolute configuration of the major enantiomer ent-5
obtained from the irradiation of compound 3 in the presence of
host 2 was elucidated by single crystal X-ray crystallography.
To this end, it was converted into its N-acyl derivative 6 by a
sequence of O-silylation, N-acylation with (R)-(2)-O-methyl-
mandelic acid chloride and desilylation.14

If host 2 delivers ent-5 as major enantiomer host 1 delivers 5
with opposite optical rotation as was experimentally confirmed.
The C–C-bond formation step which is decisive for the absolute
configuration of products occurs from the C-5 Re-face of a
1,4-biradical intermediate 7 depicted in Fig. 2. The shielding of
the Si-face by the menthyl group of host 1 is apparent although
it is certainly not optimal. It is an obvious conclusion from this
mechanistic picture that the absolute configuration of the major
enantiomer 4 is also determined in the complex 7–1 (Fig. 2) and
that the stereogenic centres within the imidazolidinone ring of
diastereoisomers 4 and 5 have identical (S)-configuration. This
assignment has already been implemented in Scheme 1.

Our preliminary study unequivocally demonstrates that a
differentiation between the enantiotopic faces of radical centres
are possible upon association to hosts of type 1. Based on this
observation enantioselective radical type cyclization reactions
at chiral hosts are conceivable. Further studies are under way
which will address this question in detail.

This work was supported by the Deutsche Forschungsge-
meinschaft (Ba 1372/4-2) and by the Fonds der Chemischen
Industrie.
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Fig. 1 A molecule of compound 6 in the crystal.

Fig. 2 The differentiation of enantiotopic sites at the C-5 radical center in the
1,4-biradical intermediate 7 associated to host 1.
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Exposing oligodeoxynucleotide (ODN)-capped Au nano-
particles to a quartz crystal under shear oscillation resulted
in the formation of a uniform monolayer containing these
nanoparticles or multilayers with islands of the ODN-
capped nanoparticles, which, in turn, improved the extent of
DNA hybridization.

The development of sensitive and sequence-specific assays of
nucleic acids in samples of biological origins has recently been
a research area under active pursuit. Thiolated single-stranded
oligodeoxynucleotides (HS-ss-ODNs) immobilized onto gold
films1–9 or gold nanoparticles10 have received a great deal of
attention. The use of DNA-capped gold nanoparticles was also
shown as an attractive route for enhancing the sensitivities of
several important techniques. For instance, a probe/target/
probe-nanoparticle sandwich and a dendritic structure based on
ODN-capped gold nanoparticles were developed by Zhou
et al.11 and by Willner and coworkers,12 respectively, to amplify
the weak quartz crystal microbalance (QCM), or more accu-
rately, the thickness-shear mode sensor (TSM)5,6 signals
inherent in conventional ODN probe/ODN target hybridization
based on the use of HS-ss-ODNs. The employment of gold
nanoparticles in conjunction with other techniques [e.g. atomic
force microscopy (AFM) and surface plasmon resonance
spectroscopy13,14] were also demonstrated to improve other
analytical ‘figure of merits’, such as selectivity and dynamic
range.

We report here a simple procedure for attaching ODN-capped
gold nanoparticles onto thin gold films for subsequent hybrid-
ization with target DNA molecules. The procedure is devised on
the basis of a serendipitous discovery we made in performing a
sandwich DNA assay described in ref. 11. We found that ODN-
capped gold nanoparticles can be rapidly adsorobed onto a thin,
polished gold film that is part of a quartz crystal undergoing
shear oscillation (8 MHz fundamental frequency). Curve 1 in
Fig. 1 depicts the dramatic frequency decrease resulting from
attaching 30-mer-capped gold nanoparticles (ca. 890 Hz) upon
injecting buffer solutions containing these ODN-capped nano-
particles. The attachment of the ODN-capped gold nano-
particles onto the gold-coated crystal must have arisen from the
well known non-specific interaction between the DNA bases
and the gold surface,1,2 since the ODN-capped gold nano-
particles do not possess any affinity for the Au surface with a
monolayer coverage of hexanethiol SAM (Curve 2), and the
gold nanoparticles alone do not appear to adhere to the gold film
(Curve 3). We believe that the shear motion of the thin gold film
greatly facilitated a surface rearrangement of the adsorbed
ODN-capped gold nanoparticles to form a robust film. The
formation of the ODN-capped gold nanoparticle film appears to
proceed layer-by-layer. AFM images revealed that a compact
monolayer of the ODN-capped gold nanoparticle assembly was
produced (Fig. 2a) after ca. 100 s of exposure of the crystal to
an ODN-capped Au nanoparticle solution. The surface mor-
phology of the crystal surface becomes much more uniform as
the ODN-capped nanoparticles are within a smaller size
distribution than the gold grains originally present at the crystal

(not shown). Thus the surface of crystal was not rougher than
the original polished gold film, suggesting that mass changes
described below are unlikely to be caused by the effects due to
the porosity and/or roughness of the new surface. Extensive
exposure of the crystal surface under the shear motion to the
solution, on the other hand, leads to the formation of multilayers
of ODN-capped gold nanoparticles (Fig. 2b). Individual gold
nanoparticles with a size around 13–15 nm can be resolved.
Upon exposure for an extended period of time (e.g. 8000 s), a
purple thin film can actually be visualized. Also notice that,
beyond the first layer, it appears that the ODN-capped gold
nanoparticles tend to agglomerate preferentially at certain sites
to produce islands. These islands, together with the nanoparticle

Fig. 1 QCM responses to the injections of 100 mL solutions containing Au
nanoparticles and Au particles capped with HS-ss-DNA of different
numbers of DNA bases. Curve 1 shows the response at the crystal surface
to the injection of the Au nanoparticles capped with the 30-mer probe with
the sequence of 5A-AGAGGATCCCCGGGTACCGAGCTC-
GAATTC(CH2)6SH-3A. This sequence is complementary to the 47-mer
target 5A-GAATTCGAGCTCGGTACCCGGGGATCCTCTACTGGCC-
GTCGTTTTAC-3A used in the follow-up hybridization experiment (shown
in Fig. 3). Curves 2 and 3 correspond to the responses to a 0.15 mM 30-mer-
capped Au nanoparticle at a crystal modified with a hexanethiol SAM and
to a 0.15 mM Au nanoparticle solution at a crystal, respectively.

Fig. 2 AFM images of (a) a gold film covered with the 30-mer-capped gold
nanoparticle assembly formed by exposing the gold film to the DNA-
capped Au nanoparticle solution for 100 s, and (b) a gold film modified with
the 30-mer-capped nanoparticle assembly formed upon an 8000 s
exposure.
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terraces that are not covered, thus provide a unique 3-D ODN-
capped gold nanoparticle assembly with many sites for DNA
hybridization. Fig. 3 shows DNA hybridization at crystals
covered with different ODN-capped gold nanoparticles (Curves
1 and 2) and the comparison of the results with those acquired
at crystals modified with only HS-ss-ODN (Curve 3). As can be
seen, the five consecutive injections of a 3.35 mg mL21 47-mer
target solution resulted in a cumulative frequency decrease of
ca. 22 Hz at a crystal covered with 30-mer-capped gold
nanoparticles, whereas the injections of the same target solution
at a crystal modified with 16-mer-capped gold nanoparticles
produced a 19 Hz change. Both frequency decreases are greater
than those observed from multiple injections of the target
solution into a QCM housing a 30-mer SAM (ca. 9 Hz in Curve
3). Therefore, it seems that more probe molecules are present at
the films containing ODN-capped gold nanoparticles since
more target molecules can be detected at such films. Previous
studies of gold films covered with different ODNs have shown
that the surface density of a thiolated 32-mer is slightly less than
1.8 3 10211 mol cm22.3 We measured, with an inductively
coupled plasma-atomic emission spectrometer, the average
gold+sulfur ratio on the 30-mer-capped Au nanoparticles to be
1+87. Using a diameter of 13 nm for the Au nanoparticles,14 we
calculated the surface density to be 2.7 3 10211 mol cm22.
These values correspond to sub-monolayer coverages (e.g. 2.7
3 10211 mol cm22 corresponds to ca. 49% coverage)9 and are
consistent with those reported in many previous papers.1,2,4-9

Obviously, the surface density associated with the sub-
monolayer of HS-ss-ODN film would not lead to an extensive
DNA hybridization at the surface. This contention is in line with
the weak QCM signals observed by many research
groups11,15,16 without post-hybridization treatment or target
derivatization. Thus, the formation of a multilayer of ODN-
capped gold nanoparticles provides a unique means to increase
the total number of probes per unit area by converting the ODN
assembly at a 2-D surface to a 3-D network. Another
implication of the incomplete HS-ss-ODN surface coverage at
gold is that the non-specific interaction between ODN and the
bare gold regions could lead to an overestimate of the DNA

hybridization when ODN-capped gold nanoparticles were
employed to amplify hybridization signals. Indeed, when we
performed the sandwich assay using the 16-mer probe on the
gold surface and the 30-mer-capped gold nanoparticle as the
second probe for signal amplification of the hybridized 47-mer
target, most of the frequency decrease appears to result from the
non-specific adsorption of the gold nanoparticles onto the gold
regions that were not occupied by the 16-mer. As seen in the
inset of Fig. 3, Curve a, which shows the frequency change
associated with the typical ‘sandwich assay’,11 and Curve b,
which shows the non-specific adsorption of the 30-mer probes
immobilized to the nanoparticles onto the gold surface that has
a partial coverage of 16-mer probes, have yielded similar
frequency changes. In Curve a, the first step (ca. 4.5 Hz)
corresponds to the hybridization of the 47-mer target with the
16-mer probe and the second step (ca. 126 Hz) is due to the
combined effect of non-specific adsorption (ca. 108 Hz in
Curve b) and the legitimate hybridization of the 30-mer on the
gold nanoparticles with the surface-confined 47-mer target.

The comparison between the signal intensities of Curves 1
and 2 indicates that longer ODN probes would cause a larger
extent of hybridization. While the longer probes tend to coil
more extensively, and consequently impose a greater hindrance
to target hybridization, the difference in binding energy
between the two different strands should be more predominant
for these short ODNs. To ensure that mass changes shown in
Curves 1 and 2 in Fig. 3 did not originate from non-specific
target adsorption onto the ODN-capped gold nanoparticles
films, we conducted a control experiment. The absence of any
appreciable frequency change at the 30-mer-capped gold
nanoparticle film upon the injections of a target with six
mismatched bases confirms that non-specific adsorption did not
occur (Curve 4).

In closing, we have developed a method to modify a crystal
surface with oligonucleotide-functionalized gold nanoparticles.
The attachment of the ODN-capped gold nanoparticles in-
creases the total number of ss-ODN probes available for DNA
hybridization. An important point that merits attention is that
caution should be exercized when ODN-capped gold nano-
particles are used in connection with the sandwich assay by
QCM since non-specific adsorption of the DNA-functionalized
gold nanoparticles could lead to an overestimate of the signal
enhancement.
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Fig. 3 QCM responses acquired after the injections of a 47-mer target (5A-
GAATTCGAG CTCGGTACCCGGGGATCCTCTACTGGCCGTCGT-
TTTAC-3A) at a crystal covered with a 30-mer-capped Au nanoparticle
assembly (Curve 1), the 47-mer target at a crystal covered with a 16-mer (5A-
HS(CH2)6GTAAAACGACGGCCAG3A)-capped Au nanoparticle assembly
(Curve 2), the 47-mer target at a crystal covered with a sub-monolayer of
30-mer SAM (Curve 3), and a 47-mer target (5A-CTTGGAGAGCTCGG-
TACCCGGGGATCCTCTACTGGCCGTCGTTTTAC-3A) with six of the
bases mismatching the bases on the 30-mer probe that had been
immobilized onto the gold nanoparticles (Curve 4). Inset: (a) hybridization
of the 47-mer target with the 16-mer probe and the frequency change in a
subsequent injection of the 30-mer-capped gold nanoparticle solution, and
(b) the frequency change upon injecting the 30-mer-capped gold nano-
particle solution into the QCM cell housing a crystal covered with only the
16-mer probe. Arrows indicate the injection points.
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A new phosphono and thio analogue of shikimic acid ester
has been synthesised from a thiopyranic derivative obtained
via a [4 + 2] cycloaddition involving a phosphonodithio-
formate as heterodienophile.

Shikimic acid1 I (Scheme 1) is an important intermediate in the
biosynthesis of aromatic amino acids from carbohydrates in
plants and microorganisms. Therefore, increasing effort has
been directed towards the synthesis of its analogues as potential
enzyme inhibitors in this biological pathway. Several modifica-
tions of the shikimic acid structure were described, including
the functionalisation of the cyclohexene ring,2 the substitution
of the carboxylic function by a phosphono group3 (phosphono
shikimic acid II) or the replacement of the methylene group
involved in the shikimate pathway by a sulfur atom (thia-
shikimic acid III). We report here the first synthesis of a new
racemic derivative of compound IV which is both a phosphono
and thio analogue of shikimic acid.

As for the preparation of thiashikimic acid ester,4 we used a
hetero Diels–Alder cycloaddition for the first step of our
synthesis (Scheme 2). However, instead of the unknown and
probably very unstable thioaldehyde-phosphonate (analogue of
a thioxoacetate) we used a very stable and readily accessible
phosphonodithioformate 1 (very recently described by our
group as a new heterodienophile5). Although relatively slow (7
days), the reaction of (E,E)-1,4-diacetoxybutadiene with this
dithioester in refluxing THF led to the functionalized dihy-
drothiopyranic derivative 2 as a mixture of diastereomers 2a
and 2b in a 2+1 ratio and 87% yield (use of a Lewis acid to
accelerate the reaction5 was excluded because it induced some
undesirable degradation of the cycloadduct). These isomers
were easily separated by chromatography on silica gel. By
comparison with the reaction of the thioxoacetate,4 we could
expect for the major isomer 2a (58%) resulting from a
preferential phosphonyl-endo cycloaddition, a cis configuration
as far as the two acetoxy and the phosphono groups are
concerned. The structures assumed for 2a and 2b were indeed
found in accordance with the observed coupling constants
between phosphorus and protons on C3 and C6: large equato-
rial–equatorial or axial–axial coupling (torsion angle F ~ 0 or

~ 180°) and almost null equatorial–axial coupling (F ~ 90°)6

(Scheme 3).
Each isomer was then desulfanylated using Bu3SnH–AIBN

in refluxing benzene and, as expected from our preliminary
study,5 the heterocyclic sulfur atom is not affected by the
reaction. A mixture of 2,3-cis 3a and 2,3-trans 3b isomers was
respectively obtained in a 2+1 ratio from 2a (85%) and in a 5+3
ratio from 2b (75%). The favoured formation of isomer 3a could
be explained by the preferential reduction of the anomeric
radical on the opposite side to the C3 acetoxy groups through an
axial attack.7 The stereochemistry of these diastereomers was
deduced from the 3JH2–H3 = 6.1 (for 3a) and 10.7 Hz (for 3b)
coupling constants.

† Electronic supplementary information (ESI) available: experimental. See
http://www.rsc.org/suppdata/cc/b1/b101050f/

Scheme 1

Scheme 2 Reagents and conditions: i: THF, rt, 7 d; ii: Bu3SnH–AIBN,
refluxing benzene, 2 h; iii: OsO4–Py, rt, 2 h.

Scheme 3 Relative configurations of cycloadducts 2 (one conformer of each
isomer is represented).
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After separation of these isomers by flash column chromatog-
raphy on silica gel they were dihydroxylated by osmium
tetroxide in pyridine. Compound 3a gave the corresponding cis-
diol 4a (83%) as a single isomer, by attack from the less
hindered side of the molecule. Under the same conditions, the
dihydroxylation of isomer 3b gave diol 4b (78%). To avoid the
possible 1,2-migration of an acetyl group4 from O–C3 to O–C4,
diols 4a and 4b were protected as acetylated derivatives 5a and
5b before performing a basic elimination of acetic acid (Scheme
4). From tetraacetate 5a, this 1,2-elimination occurred in hot
pyridine to give the phosphonothiashikimic derivative 6 in 57%
yield after purification. As expected, for the epimer 5b, in which
the relevant proton and acetoxy group are not in a trans
configuration, the elimination failed in similar conditions.

However, using a stronger base (NaH in THF), 5b led to the
same expected compound 6 in 43% yield. In this way, both
Diels–Alder isomeric cycloadducts were used for the synthesis
of the target molecule 6. The observed J values (3JH5–H6 = 4.6,
3JH5–H4 = 3.3 Hz) for the acetoxy derivative of phosphono-
shikimate 6 are consistent with the attributed structure and in
good agreement with that of its carboxylic analogue.4

The search of an efficient enantioselective version of this
synthesis is now under investigation. Besides, the preparation of
other thiapyranic derivatives, from the phosphonodithioformate
1 and various functionalized dienes by the same sequence,
cycloaddition–desulfanylation–dihydroxylation, are in progress
and will be the subject of a full publication.

We thank the Réseau Inter-Régional Normand de Chimie
Organique Fine (RINCOF, Contrat de Plan Etat-Bassin Par-
isien-Régions Haute-Normandie-Basse-Normandie) for finan-
cial support to M. Heras.
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p-Conjugated polymer-protected gold nanoparticles of nar-
row size distribution in stable colloidal form have been
prepared via reduction of HAuCl4 by a p-conjugated
poly(dithiafulvene) having electron donating properties.

Recently, hybrid systems consisting of inorganic nanoparticles
with p-conjugated polymers as supporting matrices were found
to display various interesting characteristics, particularly in the
areas of dielectric properties, energy storage, catalytic activity,
and magnetic susceptibility. The reason is that p-conjugated
polymers as one-dimensional semiconductors have the ad-
vantage of being easy to process to form large-area devices.
Their energy gaps and ionization potentials can readily be tuned
by chemical modification of the polymer chains. The process of
charge transfer at the contact between a metal nanoparticle and
an organic (or polymeric) semiconductor plays an important
role in many areas of technology.1 The electronic structure of
the polymer chain strongly influences the characteristic of the
metal nanoparticles.2,3

This communication describes the first example of stable
colloidal forms of nanocomposites consisting of metal nano-
particles protected with a p-conjugated polymer. Reduction of
metal ions by the p-conjugated polymer leads to metal
nanoparticles with the resulting oxidized polymer protecting the
metal nanoparticles. It has already been reported that reduced
forms of polymers such as polypyrrole and polyaniline are
converted to the respective oxidized forms with simultaneous in
situ reduction of metal ions, Pd(II) and Au(III) to their elemental
forms.4–6 However, these composites could not be dispersed in
any solvents. Here we used a p-conjugated polymer containing
the strong electron-donating dithiafulvene unit in the main
chain, which was synthesized recently by our group.7 We found
that gold colloidal particles were formed with narrow size
distribution via reduction of HAuCl4 by the p-conjugated

poly(dithiafulvene) (PDF). The oxidized polymer then pro-
tected and stabilized the gold nanoparticles.

In a typical preparation of p-conjugated polymer-protected
gold nanoparticles, PDF† (5.44 mg, 2.86 3 1025 mol by
repeating unit) was dissolved in 5 ml of a dimethyl sulfoxide
(DMSO) solution of HAuCl4 (5 3 1026 mol). The reaction
mixture was stirred for 24 h at room temperature. The reaction
mixture changed gradually from yellow to purple with stirring.
A similar solution in the absence of PDF was also stirred for 24
h at room temperature. The solution remained yellow. These
results indicate the reduction of HAuCl4 to gold nanoparticles
by PDF. The resulting DMSO solution of the polymer-protected
gold nanoparticles was stable without precipitation for more
than a month at room temperature under air. The sample showed
film-forming properties when the DMSO solution was cast onto
a glass slide.

Fig. 1(a) shows a transmission electron microscopy (TEM)
image of the produced p-conjugated PDF-protected gold
nanoparticles, which was deposited on a grid from a DMSO
solution. It can be seen that spherical gold nanoparticles were
produced with narrow size distribution and high dispersion. The
histogram of the size distribution is shown in Fig. 1(b), which
was obtained directly from an enlarged TEM image by counting
300 particles. The average size of the particles was 6 nm.

Fig. 2 shows the UV–VIS absorption spectrum of the PDF-
protected gold nanoparticles in DMSO. An absorption band
appears at 550 nm. It can be concluded that the band results
from the surface plasmon resonance of the gold nanoparticles. A
p–p* transition absorption band of PDF was observed around
400 nm.7 The surface plasmon resonance band of gold colloids
is calculated theoretically to be at 510–525 nm in an aqueous
system.8 It is clear that the absorption band of the PDF-
protected gold nanoparticles was strongly red shifted compared
with the theoretical value. It is well known that, for spherical

Fig. 1 (a) TEM image of the p-conjugated PDF-protected gold nanoparticles; (b) Histogram of the size distribution of the p-conjugated PDF-protected gold
nanoparticles.
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colloidal metals of size 3–20 nm, there is not a strong
dependence of the absorption spectrum on particle size.8 This is
because, for particle sizes below ca. 20 nm diameter the
quadrupole and higher-order term in the Mie summation
become significant.9 In the present case, since the gold
nanoparticles were of average size 6 nm, the red shift was not
due to the size effect. However, the surrounding medium affects
the absorption peak position of the metal nanoparticle by
varying the interface conditions.10 In this case, to study the

influence of DMSO on the surface plasmon resonance band of
the gold colloid, we used NaBH4 as the reducing reagent and
polyvinylpyrrolidone (PVP) as the protecting polymer for
reduction of HAuCl4 in DMSO. The absorption band of the gold
nanoparticles of size 14 nm produced by this system was located
at ca. 520 nm i.e. with no red shift. These results indicate that
the red shift originated from the influence of the oxidized PDF.
When protected by the oxidized PDF, the work function of the
gold particle will decrease compared to that in vacuo, which
lowers the energy of the surface resonance state,11 leading to the
red shift of the absorption band.12

In conclusion, p-conjugated polymer-protected gold nano-
particles of narrow size distribution have been prepared in
stable colloidal form via reduction of HAuCl4 by the p-
conjugated electron-donating PDF. Formation of the gold
nanoparticle by the p-conjugated PDF is schematically shown
in Fig. 3. The oxidized p-conjugated PDF induced a strong red
shift of the absorption spectrum of the gold nanoparticles.

We thank Dr M. Tsujii, Dr S. Yamamoto and Professor T.
Fukuda (Kyoto University) for the TEM micrographs. We also
thank Dr T. Sato (Kyoto University) for helpful discussions.
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Fig. 2 UV–VIS absorption spectrum of the PDF-protected gold nano-
particles in DMSO.

Fig. 3 Schematic illustration of the formation of the PDF-protected gold
nanoparticles.
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Isotropic liquid phthalocyanine compounds with peripheral
polydimethylsiloxane oligomer substitution were synthe-
sized and found to have a unique combination of thermo-
refractive and nonlinear optical properties along with
unusual metal substitution reactivity and aggregation be-
havior.

Polydimethylsiloxane oligomer substitution at the periphery of
a phthalocyanine ring generates a liquid material with excep-
tional optical properties and chemical behavior. This material is
designed to have the rheological and thermorefractive proper-
ties of a silicone fluid1 and the nonlinear optical properties
characteristic of the phthalocyanine chromophore.2 Structure 1
in Scheme 1 combines these molecular features coupled through
an aromatic ether linkage. The motivation for this design is to
combine two mechanisms important to an optical limiting
application2 into a single compound: a large fluence dependent,
refractive index;1 and a reverse saturable optical absorption.2
The aromatic ether linkage further incorporates an enhanced
photo-oxidative stability. Cloaking of the phthalocyanine ring
in a silicone covering has important implications for the
chemistries of aggregation and metal substitution. To our
knowledge, no examples of peripheral silicone substituted
phthalocyanines have been previously reported. In this com-
munication we report synthesis and preliminary character-
ization of a new class of liquid phthalocyanine (Pcs) materi-
als.

Two routes for the synthesis of the lead and metal-free
phthalocyanine compounds are depicted in Scheme 1. Starting
reagents for both routes are prepared in the first step. The butyl
capped hydrosilyl terminated poly(dimethylsiloxane) (PDMS)
oligomer (2) (DP = 9 in this example) is synthesized by an
anionic ring opening polymerization of hexamethylcyclo-
trisiloxane.3 The allylphenoxyphthalonitrile (3) is prepared by a
nitroaromatic displacement reaction of 4-nitrophthalonitrile4

with 2-allylphenol. In the preferred route, the PDMS oligomer
is first coupled to the allylphenoxyphthalonitrile by a hydro-

silylation reaction. Next the allylphenoxyphthalonitrile–PDMS
adduct (4) is cyclotetramerized in the presence of lead oxide to
yield the phthalocyanine 1a. The alternate route is to first
conduct the cyclotetramerization yielding the tetrakis(allylphe-
noxy)phthalocyanine (5) then to perform the hydrosilylation to
yield the phthalocyanine product (1). This route has the
disadvantage of a more arduous purification (as a consequence
of a required large excess of 2 to ensure a quantitative
conversion of the allyl groups) and the use of a heterogeneous
non-acidic hydrosilylation catalyst (to avoid displacement of a
labile metal from the phthalocyanine cavity).

Structures 1–5 are consistent with spectroscopic character-
ization.† The phthalocyanine materials have both a mixed
isomer and polydisperse character. The phthalocyanine forming
reaction produces a statistical mixture of four possible isomers.5
The polydispersity is a result of the manner in which the butyl
capped PDMS oligomer (2) is prepared.6 These features are
regarded as advantages in discouraging liquid crystal formation.
In an analogous phthalocyanine system with polyethylene oxide
oligomer substituents it was found that a monodisperse system
is liquid crystalline7 while that with a polydisperse system is an
isotropic liquid.8 Liquid crystallinity is detrimental for applica-
tions where optical transparency is required.

The PDMS chains determine the liquid character of these
materials, which are viscous liquids at room temperatures. The
glass transition temperatures, Tg, for the Pb (1a), H2 (1b)
phthalocyanine compounds and the phthalonitrile precursor (4)
are 3, 16, and 14 °C respectively. This narrow range of glass
transition temperatures is a consequence of the dominant effect
of the siloxane chains. A similar trend of a slightly increasing
Tg, when progressing from lead to metal-free phthalocyanine
with epoxy substituted phthalocyanine glasses, has previously
been observed.9 This trend correlates with a greater tendency of
the metal-free phthalocyanine to aggregate relative to the lead
phthalocyanine.10 At rt these phthalocyanine materials will fill
short length ( ~ 4 mm) optical cells by capillary action over
several hours. At elevated temperatures ( ~ 100 °C) the viscosity

Scheme 1 Reagents and conditions: i, 3 drops of 0.1 N solution of H2PtCl66H2O in isopropanol, 60 °C, 1 h; ii, PbO, 165 °C, 16 h; iii, PbO or hydroquinone,
165–180 °C, 16 h; iv, 8 drops of platinium-divinyl tetramethyldisiloxane complex, toluene, 20 h; v, toluene, F3CCOOH, 10 min.
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is much lower, the aggregation is reduced (spectroscopic
detection), and the filling of the cell is much more rapid.

The refractive index of a thin film of the lead phthalocyanine
compound (1a) was measured by ellipsometry and also by
measuring the angle of total internal reflection for a thin film on
a prism of known refractive index. Over a temperature range of
24 to 95 °C the refractive index at 1550 nm decreased from
1.492 to 1.465. This corresponds to a decrease of 4 ± 1 3 1024

per degree Centigrade and correlates well with the dn/dT
reported (4 3 1024 °C21) for linear dimethylsiloxane oligo-
mers.1 This decrease also indicates that the temperature
dependence of the refractive index of silicone substituted
phthalocyanines is dominated by PDMS chains. Relative to
other polymers, polydimethylsiloxane has an exceptionally
large dn/dT,11 and this combination with the phthalocyanine
structure demonstrates a successful coupling of this property
and this chromophore.

Z-scan and optical limiting measurements were performed on
the lead phthalocyanine compound (1a) to characterize the
nonlinear optical properties. The Z-scan of a 20.2 mM sample of
1a in a 50.5 mm sample cell at 532 nm is shown in Fig. 1. The
material is a strong reverse saturable absorber at 532 nm. An
estimate of the excited state cross section from this Z-scan and
from a nonlinear transmission experiment on the same sample
gave a value of the excited state cross section of ~ 20 times that
of the ground state at 532 nm. This implies that the material is
a very good reverse saturable absorber. The nonlinear absorbing
properties are similar to those found in lead tetrakis(cumylphe-
noxy)phthalocyanine, PbPc(CP)4.12 The strong nonlinear ab-
sorption, in combination with the large dn/dT reported above,
makes this a superior optical limiter material.

Finally, the silicone chains covering the phthalocyanine
chromophore impart some unusual chemical behavior, partic-
ularly with regard to metal substitution reactions and aggregate
formation. When the siloxane–phthalonitrile precursor (4) is
subjected to the Linstead conditions of lithium pentoxide–
pentan-1-ol for conversion to lithium phthalocyanine,13 a
product with a Q-band diagnostic of the dilithium substituted
phthalocyanine (675 nm) is obtained. However, it is very
difficult to displace the normally very labile lithium with
protons. Normally, this occurs under very mild acidic condi-
tions. We find that normal and progressively more severe acid
exchange conditions were unsuccessful.‡ Treatment with
concentrated HCl and heating resulted in conversion being first
observed at 90 °C which became quantitative after 2 h at this
temperature. However, once the lithium ion is displaced by the
proton, subsequent metal ion substitution reactions proceed
under normal conditions.§

The other aspect of unique chemical behavior is in the
aggregation tendency. Phthalocyanine compounds aggregate as
a concentration dependent association of phthalocyanine rings.
The dimerization constant is a useful measure of this aggrega-
tion tendency. Typical dimerization constants for phthalocya-
nine compounds range from 104 to 106 M21.14 Preliminary
analysis of concentration dependence of the Q-band absorption
using a monomer–dimer equilibrium model indicates that the
dimerization constant for 1b is 150 ± 100 M21. This is
significantly less than the range for phthalocyanine dimeriza-

tion constants mentioned above. We attribute this result to the
nature of the siloxane chain and the ortho substitution of the
phenylene ether linkage to the phthalocyanine ring.

In summary, the incorporation of PDMS oligomers as
phthalocyanine peripheral substituents combines the desirable
rheological and refractive properties of a silicone fluid with the
nonlinear optical properties associated with the phthalocyanine.
The long silicone substituents further impart unique chemical
behavior with respect to the phthalocyanine synthesis and
aggregation.

Dr John Callahan is gratefully acknowledged for recording
the mass spectra, and the Office of Naval Research is
acknowledged for financial support.

Notes and references
† Selected data for 1a; l(toluene)/nm 721, 648, 365; n(NaCl)/cm21 2959
(CH), 1608 and 1492 (C–C), 1253 (SiCH3), 1091 and 1014 (SiOSi), 800
(SiC). For 1b l(toluene)/nm 703, 666, 638, 605, 346; n(NaCl)/cm21 3295
(NH), 2959 (CH), 1615 and 1479 (C–C), 1259 (SiCH3), 1091 and 1027
(SiOSi), 807 (SiC); m/z 4500–2200 consists of peaks separated by 74 amu
due to –Si(CH3)2O– degradation which is common to mass spectra of
PDMS oligomers.6 For 2: dH(CDCl3, 300 MHz)/ppm 0.04–0.07 (54H, br s,
SiCH3), 0.19 (6H, m, SiCH3), 0.53 (2H, m, SiCH2), 0.89 (3H, t, CH3), 1.32
(4H, m, CH2), 4.70 (1H, sept, SiH); n(NaCl)/cm21 2972 (CH), 2132 (SiH),
1272 (SiCH3), 1098 and 1027 (SiOSi), 800 (SiC). For 3: dH(CDCl3, 300
MHz)/ppm 3.23 (2H, d, CH2), 4.95 (2H, dd, NCH2), 5.78 (1H, m, NCH), 6.95
(1H, d, Harom), 7.12–7.33 (5H, m, Harom), 7.68 (1H, d, Harom); dC(CDCl3, 75
MHz) 34.0, 108.5, 114.9 and 115.4 (CN), 116.7, 117.6, 120.8, 120.9, 121.0,
126.7, 128.5, 131.6, 132.4, 135.3, 135.4, 151.1, 161.7; n(NaCl)/cm21 3082
(NCH2), 2229 (CN), 1615 (CNC), 1595 and 1486 (C–C), 1246; For 4:
dH(CDCl3, 300 MHz)/ppm 0.012–0.064 (60H, m, SiCH3), 0.51 (4H, m,
SiCH2), 0.86 (3H, t, CH3), 1.29 (4H, m, CH2), 1.58 (2H, m, CH2), 2.49 (2H,
t, CH2), 6.95 (1H, d, Harom), 7.14–7.31 (5H, m, Harom), 7.68 (1H, d, Harom);
n(NaCl)/cm21 2966 (CH), 2229 (CN), 1602 and 1492 (C–C), 1254 (SiCH3),
1098 and 1033 (SiOSi), 806 (SiC); For 5a l(toluene)/nm 721, 650, 346;
n(NaCl)/cm21 3076 (NCH2), 2919 (CH), 1638 (CNC), 1608, 1485 (C–C),
1239. For 5b l(toluene)/nm 703, 667, 639, 605, 350; n(NaCl)/cm21 3295
(NH), 3075 (NCH2), 1638 (CHNCH2), 1611 and 1467(C–C), 1228;
dH(CDCl3, 300 MHz)/ppm 24.1 (s, NH), 3.6 (m, CH2), 5.1 (m, NCH2), 6.1
(m, CHN), 6.8–7.7 (m, Harom); m/z 1091.
‡ Unsuccessful lithium displacement conditions: aliquot addition of
trifluoroacetic acid (10 min); second aliquot addition of trifluoroacetic acid
(30 min); aliquot addition of conc. HCl (10 min).
§ Copper and lead ions were substituted into the metal-free phthalocyanine
using the acetate salts and refluxing for 2 h in pentan-1-ol–THF.
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Using a seed-mediated growth approach in a rodlike
micellar media, silver nanorods of varied aspect ratio were
prepared from nearly spherical 4 nm silver nanoparticles.

The physical and photophysical properties of metals on the
nanometer scale are influenced by the shape of the nano-
particle.1 Well defined silver nanorods and nanowires are
desirable for their optical and electronic properties.2,3 However,
preparation of silver nanoparticles by chemical reduction
methods generally yields a wide range of sizes and morpholo-
gies.4 Silver nanorods and nanowires have been prepared by
ultraviolet irradiation–photoreduction,5 solid–liquid phase arc-
discharge,6 a pulsed sonochemical method,7 templated by
DNA,8 with a carbon nanotube template,9 in mesoporous
silica,10 in polymer films,11 and in membrane templates.12 Here,
a new strategy is applied. A preformed silver seed was used to
promote silver growth in solution, by chemical reduction of a
silver salt. The presence of a rodlike micelle in solution
promoted silver rod formation. We have been able to reproduci-
bly make silver nanorods of aspect ratio 2.5–15 (10–15 nm short
axes) and nanowires of 1–4 micrometer length with 12–18 nm
short axes, and effectively separate the rods or wires from
spheres and other shapes by centrifugation. Our method is not
electrochemical and requires no nanoporous membrane, and
thus may be more amenable to large-scale preparation of these
materials.

The Ag seeds, 4 nm in diameter on average, were prepared by
chemical reduction of AgNO3 by NaBH4 in the presence of
trisodium citrate to stabilize the nanoparticles.‡ To make
nanorods§ and wires¶ of varying aspect ratio, AgNO3 was
reduced by ascorbic acid in the presence of seed, the micellar
template cetyltrimethylammoniun bromide (CTAB), and
NaOH. The seed concentration and base concentration relative
to the Ag+ concentration are key to making larger aspect-ratio
nanomaterials. CTAB is also necessary to produce a high yield
of rods. Rods and wires can be separated from spheres by
centrifugation.∑

The electronic absorption spectra of silver nanorod solutions
show the conventional 400 nm peak observed for spherical
silver nanoparticles and another peak at longer wavelengths,
due to the longitudinal plasmon band of rod-shaped particles
(ESI†).1a,c,13–15 Decreasing the amount of seed in the nanorod
preparation led to a further red shift of longer-wavelength
longitudinal plasmon bands in the nanorod products, implying
that the silver rods increased in average aspect ratio as the seed
concentration decreased. Our optical data are in accord with
what others have observed for metallic nanorods for transverse
and longitudinal plasmon bands.1a,c,13–15 In the absence of
CTAB, spheroidal nanorods (aspect ratio < 2.5) were unstable
and reverted to spheres (as judged by the disappearance of the
long-wavelength absorption band) within 10 min. In the
absence of seed, silver ion reduction by ascorbic acid in the
presence of CTAB yielded only a few rods, which varied in
aspect ratio.

Transmission electron microscopy (TEM) was performed on
centrifuged solutions that had additional long wavelength peaks
in their optical absorption spectra.** Figs. 1 and 2 show
micrographs of particles prepared from 4 nm seeds after shape
separation. The elongated rods shown in Fig. 1 were of uniform
length (42 ± 3 nm) and aspect ratio (3.5). Interestingly, these
rods self-assemble in a manner resembling a two-dimensional
smectic liquid crystal upon gradual solvent evaporation.
Depending on seed concentration, rods of aspect ratio 10–15
can also be seperated.§¶∑ Fig. 2 shows a micrograph of silver
nanowires, 1–4 mm long with aspect ratio 50–350, mostly
separated from spherical side-products. EDAX analysis of the
samples confirmed that the particles were silver (not silver
oxide) with a considerable amount of CTAB still present.

The only difference between the preparation of nanorods and
the preparation of nanowires was the relative amount of NaOH
in solution. For the nanorods, the pH of the reaction solution
was slightly higher than the pKa of the second proton of ascorbic
acid ( ≈ 11.8), suggesting that the ascorbate dianion is a
significant component of the solution. In the case of the
nanowires, the pH of the solution was slightly lower than this
pKa, sugggesting that the monoanion of ascorbic acid (first
pKa ≈ 4.1) is predominant in solution. It is reasonable that silver
ion complexes of these two different forms of the reducing
agent, in conjunction with their complexation with the cationic
CTAB and silver seed in solution, are important in nanorod and
nanowire formation. Mechanistic studies are in progress.
Nonetheless, our new wet chemical synthetic method of silver

† Electronic supplementary information (ESI) available: UV–VIS spectra
of silver nanorods. See http://www.rsc.org/suppdata/cc/b1/b100521i/

Fig. 1 TEM image of shape-separated silver nanorods from a preparation
with 0.06 mL seed; scale bar = 100 nm.
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nanorods and nanowires is relatively simple to perform, and
requires no nanoporous membrane.

Notes and references
‡ Preparation of 4 nm seed: a 20 mL solution with a final concentration of
0.25 mM AgNO3 and 0.25 mM trisodium citrate in water was prepared.
While stirring vigorously, 0.6 mL of 10 mM NaBH4 was added all at once.
Stirring was stopped after 30 s. This seed was used 2 h after preparation but
could not be used after 5 h, as a thin film of particles appeared at the water
surface. According to transmission electron microscopy, seed diameters
were 4 ± 2 nm. For capping action of citrate see: A. Henglein and M.
Giersig, J. Phys. Chem. B, 1999, 103, 9533.
§ Procedure for Ag rods: first, six sets of solutions were prepared containing
0.25 mL of 10 mM AgNO3, 0.50 mL of 100 mM ascorbic acid, and 10 mL
of 80 mM CTAB. Next, a varied amount of 4 nm seed solution (2 mL, 1 mL,
0.5 mL, 0.25 mL, 0.125 mL or 0.06 mL) was added. Finally, 0.10 mL of 1
M NaOH was added to each set. NaOH must be added last to obtain the
desired nanorods in decent yield. After adding the NaOH, the solution was
gently shaken just enough to mix the NaOH with the rest of the solution.
Within 1–10 min a color change occurred varying from red, to brown, to
green depending on seed concentration. Each solution contained a mixture
of rods and spheres with the aspect ratio of the rods increasing with
decreasing seed concentration.
¶ Procedure for Ag wires: a solution containing 2.5 mL of 10 mM AgNO3,
5.0 mL of 100 mM ascorbic acid and 93 mL of 80 mM CTAB was prepared.

Next, 2.5 mL of the 4 nm seed solution was added. Finally, 0.5 mL of 1 M
NaOH was added. After adding the NaOH, the solution was gently shaken
just enough to mix the NaOH with the rest of the solution. A yellow color
appeared within 15 min.
∑ Rods were concentrated and partially separated from spheres and
surfactant by centrifugation. For solutions containing 0.25 mL of seed or
more, 10 mL of solution was centrifuged at 6000 rpm for 30 min. The
supernatant, containing mostly small spheres and platelets, was removed
and the solid, containing some platelets and more rods with aspect ratio of
3–4, were redispersed in 0.5 mL of deionized water. For solutions
containing 0.125 mL or 0.06 mL of seed, 10 mL of the solution was
centrifuged at 2000 rpm for 6 min. The supernatant, containing short rods,
spheres, and platelets, was separated from the solid which contained rods of
aspect ratio 3–4 and a few larger rods (aspect ratio 10–15). Wires were
partially separated from spheres and surfactant by centrifugation. For wires,
10 mL of the solution was centrifuged at 6000 rpm for 30 min. The
supernatant was removed and the precipitate, containing silver nanowires,
was redispersed in 0.5 mL of deionized water.
** All TEM grids were prepared from the solutions that were separated by
centrifugation. 1.5 mL of solution was added to each grid. The grids and a
small beaker of water were placed under a glass dish. The beaker of water
provided a water vapor atmosphere to allow for slow drying (1–2 h) of the
rod or wire solutions on the grid.
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Reaction of Li[C5H5B–Ph] with [RhCl(C2H4)2]2 gives
[C5H5B–Ph]Rh(C2H4)2 1 in 91% yield; similarly, Li[C5H5B–
NMe2] with [RhCl(C2H4)2]2 gives [C5H5B–
NMe2]Rh(C2H4)2 2 in 85% yield; single crystal X-ray
analysis studies of 1 and 2 show a molecular geometry
analogous to those of the Cp and Cp* complexes; the use of
1 and 2 in promoting alkane boration was evaluated against
the activity of Cp*Rh(C2H4)2 3; the boratabenzene com-
plexes 1 and 2 show faster initiation, but yield less thermally
stable catalysts than 3.

Advances in the chemistry of homogeneous transition metal
complexes containing boratabenzene (Bb) ligands1 have shown
that it is possible to control the catalytic activity at the metal by
choice of the boron substituent.2 The dependence of significant
elementary reactions on the electron density at the metal and
how these parameters change as a function of Bb structure have
also been studied.3 Dialkylaminoboratabenzene is a con-
siderably stronger donor than phenylboratabenzene, and both
are considerably weaker than the isoelectronic cyclopentadienyl
(Cp) or pentamethylcyclopentadienyl (Cp*) ligands.4 Given a
Cp or Cp*-based catalyst, it is possible to obtain a nearly
isostructural complex by Bb substitution, however these species
will display slightly different catalytic cycles.5

Cp* complexes of Group 9 metals have been intensely
studied in C–H activation reactions.6 Recently, Iverson and
Smith7 and Hartwig and coworkers8 have demonstrated that
complexes such as Cp*Ir(PMe3)H(Cy) (Cy = c-C6H11),
Cp*Rh(C2H4)2

9 3 and Cp*Rh(h4-C6Me6) mediate the selective
functionalization of unactivated alkanes. In particular, the
rhodium complexes are highly effective in catalyzing the
reaction of 4,4,4A,4A,5,5,5A,5A-octamethyl-2,2A-bi-1,3,2-dioxa-
borolane (pinBBpin) to 2-(1-octyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane.8 The importance of alkane functionaliza-
tion is well appreciated and motivates considerable
research.10

In view of the interest in these reactions, we decided to
investigate whether boratabenzene complexes could participate
in C–H activation processes. Three-center–two-electron inter-
actions of type A11 are known, which could weaken the M–H
bond strength. It is also expected12 that the nitrogen on
aminoboratabenzene ligands will coordinate to Lewis acids, as
in B. Precoordination of a diborane or a borane–hydride would

increase the local concentration of reactant near the vicinity of
the metal center. Finally it is anticipated that in cycles that
involve oxidative addition/reductive elimination sequences, the

Bb counterparts will show more facile reductive elimination
steps.13

In this contribution we report the synthesis and character-
ization of [C5H5B–Ph]Rh(C2H4)2 1 and [C5H5B–
NMe2]Rh(C2H4)2 2. Phenyl and dimethylamino functionalities
were chosen because they correspond to the weakest and
strongest donors, respectively.3 We also show that 1 and 2 can
be used to catalyze C–H activation processes, that the boron
substituent influences the reactivity of rhodium and that the
relative stabilities of the resulting Bb catalysts are lower than
that of the Cp* counterpart.

Reaction of Li[C5H5B–Ph]14 with [RhCl(C2H4)2]2, followed
by standard workup, provides 1 in 85% yield as a red–orange
powder [eqn. (1)].15 A similar protocol, starting with
Li[C5H5B–NMe2], gives 2 in 91% yield.

(1)

Single crystal X-ray diffraction studies of 1 (Fig. 1) and 2
(Fig. 2)‡ confirm the isostructural relationship to 3.16 Three
independent molecules are present in the unit cell of 2, which
differ slightly on the rotation of the Bb ring relative to the
‘Rh(C2H4)2’ base. The B–Rh distance is shorter for 1 (2.398 Å
for 1; av. = 2.516 Å for 2) and the B–N distances in the three
molecules of 2 are consistent with B–N p-bonding.17 Inter-
estingly, in both 1 and 2, the Bb ring is rotated such that the
boron atom sits above one of the ethylene ligands.

The 1H NMR signals of the ethylene ligands in 1 and 2 show
variable temperature behavior. Two doublets are observed at the

† Electronic supplementary information (ESI) available. Complete details
for experimental procedures. See http://www.rsc.org/suppdata/cc/b0/
b009246k/

Fig. 1 ORTEP drawing of 1; hydrogen atoms omitted for clarity.

Fig. 2 ORTEP drawing of one of the three independent molecules in the
crystal of 2; hydrogen atoms omitted for clarity.
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low-temperature limit, which coalesce into a single resonance
as the temperature increases. These data indicate facile ethylene
rotation about the axis joining the metal to the center of the CNC
bond. This propeller-like motion is well known in the
cyclopentadienyl counterparts such as 318 and its rate depends
on the back-bonding ability of the metal.19 From 1H NMR
coalescence experiments, DG‡ = 60(3) kJ mol21 (Tc = 311 K)
for 1 and 50(3) kJ mol21 (Tc = 265 K) for 2. Both barriers are
lower than that observed for 3 (71.5 kJ mol21 at 340 K),19 and
are consistent with less efficient back bonding to ethylene in the
Bb complexes.

To compare how 1 and 2 catalyze C–H activation reactions
relative to 3, we examined the boration of octane20 with
pinBBpin [eqn. (2)], under the reagent ratios and conditions
established by Hartwig and coworkers.8 The progress of the
reactions was monitored by 11B NMR spectroscopy against an
internal standard [B(C6F5)3 inside a capillary]. Product identity
was further confirmed by use of GC–MS analysis.

(2)

Fig. 3 shows the consumption of pinBBpin as a function of
time using 1, 2 or 3 with octane as the solvent at 50 °C, together
with the molar percent of pinB–octyl. Mass balance is
compensated by the formation of pinB–H (not shown). The
reaction with 1 is most active at initial reaction times, followed
by those of 2 and then 3. As the reaction progresses, the activity
quickly shuts down for the three cases. For 1, the reaction yield
of pinB–octyl is ca. 20% (assuming that one mole of pinBBpin
yields two moles of pinB–octyl),8 while for 3 the yield is only
7%. When the reaction temperature is 95 °C, the reactions
mixtures containing 1 and 2 become inactive after 24 h and
achieve only 15% conversion (Fig. 4). For the Cp* counterpart,
the reaction continues until all starting material is consumed.
The addition of mercury (300 and 3250 equiv. relative to Rh)
does not affect the course of the reaction and suggests that the
reactions are mediated by homogenous species.21

In summary, we have shown that Bb complexes are capable
of participating in catalytic C–H functionalization reactions.
Under specific conditions these Bb complexes can initiate the
reaction more quickly than their Cp* analogs. However, Bb
compounds are less thermally stable and degrade before the
reaction in eqn. (2) reaches completion. Compounds such as 1
and 2 may provide catalytic C–H activation possibilities for
reactions that require milder conditions.

We are grateful to the Department of Energy, the ACS PRF
and Equistar Chemicals LP for financial assistance.
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= 293(2) K, l = 0.71073 Å, a = 7.490(2), b = 8.566(2), c = 20.509(5)
Å, V = 1315.8(5) Å3, Z = 4, Dc = 1.575 Mg m23, m = 1.271 mm21,
reflections collected 7954, independent reflections 3001 [R(int) = 0.0459],
final R indices [I > 2s(I)]: R1 = 0.0266, wR2 = 0.0505, largest diff. peak,
hole: 0.816, 20.447 e Å23.

For 2: C11H19BNRh, M = 278.99, monoclinic, P21/c, T = 293(2) K, l
= 0.71073 Å, a = 7.101(4), b = 17.021(8), c = 29.49(2) Å, b =
94.873(9)°, V = 3551(3) Å3, Z = 12, Dc = 1.565 Mg m23, m = 1.404
mm21, reflections collected 30927, independent reflections 6270 [R(int) =
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Fig. 3 Mol% of boron present as pinBBpin (–––) and pinB–octyl (- - - -) as
a function of time for reactions at 50 °C, containing (a) 1, (b) 2 and (c) 3;
the lines are included to aid the eye.

Fig. 4 Mol% of boron present as pinBBpin (–––) and pinB-octyl (- - - -) as
a function of time for reactions at 95 °C, containing (a) 1, (b) 2 and (c) 3;
the lines are included to aid the eye.
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The new heptadentate tripodal ligand tpaa containing three
pyridinecarboxylate binding units reacts with Gd(III) in
water to give a thermodynamically stable complex which
displays high relaxivity.

In recent years there has been a rapid growth in the field of
coordination chemistry of lanthanides(III) with polydentate
ligands.1,2 This development has been mainly spurred by the
application of gadolinium complexes as magnetic resonance
imaging (MRI) contrast agents3–5 and of europium or terbium
complexes as luminescent probes in time-resolved fluoro-
immunoassays.6,7 The key property of an efficient contrast
agent is its ability to enhance the nuclear magnetic relaxation
rate of solvent water protons. This can be achieved by the
presence of a high number of inner sphere water molecules in
combination with fast water exchange, long rotational correla-
tion times and long electronic relaxation times. The current
approach to achieve higher relaxivity consists in increasing the
rotational correlation time (tR) by increasing the molecular
weight of the contrast agent through the formation of macro-
molecular complexes by covalent or non-covalent linkage of
Gd(III) chelates to large biomolecules. However the effective
enhancement of the rotational correlation time attainable in
these systems is limited by the residence lifetime (tM) of the
coordinated water molecule. The relatively long tM of Gd
complexes of octadentate ligands such as the currently approved
contrast agents [Gd(dtpa)(H2O)]22 and [Gd(dota)(H2O)]2†
appears to be related to the dissociative exchange mechanism of
the water molecule. This prevents dendrimeric Gd(III) deriva-
tives8 and non-covalent adducts of Gd(III) chelates with large
bio-molecules9 from attaining their potential relaxation en-
hancement.

Heptadentate ligands allow the coordination of two water
molecules in the inner sphere of the metal and consequently
yield higher relaxivity with respect to Gd(III) complexes of
octadentate ligands. In addition Gd(III) complexes containing
heptadentate10,11 or hexadentate ligands12 have shown faster
water-exchange rates than complexes with octa-coordinating
ligands. In spite of this, heptadentate ligands have seldom been
used in the design of Gd(III) based contrast agents.5

Here we report the synthesis of the new tripodal ligand, tpaa
(containing three pyridinecarboxylate arms connected to a
nitrogen atom)‡ which acts an an heptadendate chelator thus
allowing the coordination of at least two water molecules in its
lanthanide(III) complexes. Moreover the ligand tpaa leads to an
uncharged Gd(III) complex which should show reduced poten-
tial for osmotic cell damage.

As shown in Scheme 1, H3tpaa 2 was prepared by hydrolysis
of the heptadentate ligand tpa(trisamide) 1, obtained from the
condensation of the 6-aminomethyl derivative and the 6-chloro-
methyl derivative of 2-(N,N-diethylcarboxamido)pyridine in
the presence of K2CO3. The protonation constants of H3tpaa
were determined by potentiometry [pKa1 = 2.5(2), pKa2 =

3.3(1), pKa3 = 4.11(6), pKa4 = 6.78(4)]. The [Gd(tpaa)(H2O)]2
complex 3§ was obtained as colorless crystals suitable for X-ray
diffraction¶ by slow evaporation of a 1+1 solution of GdCl3 and
H3tpaa in water. Fig. 1 shows the structure of 3 in which two
Gd(III) centers are joined by two bridging oxygens from the
monodentate carboxylate groups of two different tpaa ligands to
form a dimeric complex. The metal ion is nine-coordinated by
four nitrogens and three carboxylate oxygens of tpaa, one water
molecule and a carboxylate oxygen of the neighboring com-
plexed ligand. The coordination geometry can be described as a
distorted tricapped trigonal prism in which O(1), N(2) and N(3)
occupy the capping positions in the rectangular faces. The
average Gd–N(pyridyl) distance [2.56(4) Å] is shorter than the
average Gd–N(tert) distances found in the neutral nonadentate
complexes (Gd(do3ma)(H2O)]2

13† (2.66 Å) and [Gd(dtpa-
bea)(H2O)]14† [2.70(3) Å], while the distance Gd–N(apical)
[2.7886(19) Å] in 3 is 0.222 Å longer than the sum of the ionic
radii of Gd and N, probably due to the oligomerization. The
Gd–O(water) distance [2.399(2) Å] is shorter than those found
in the dimeric 9-coordinate complex [Gd(do3ma)(H2O)]2

13†
[2.451(5) and 2.56(4) Å] and in the eight-coordinate complex
[Gd(tren-Me-3,2-hopo)(H2O)2]15† [2.446(5) and 2.436(4) Å],
but is similar to the Gd–O(water) distances in the monomeric
nine-coordinate complex [Gd(dtpa-bea)(H2O)] [2.42(3) Å].14

The tendency of the [Gd(tpaa)(H2O)2] complex to oligomerize
in the solid state, and in the conditions generated in the
electrospray analysis arises from the presence of a relatively
exposed metal face due to the flexibility of the unhindered tpaa
ligand. This property of aminocarboxylate to oligomerize in
water has only been observed before in the presence of
macrocyclic ligands.

In order to avoid toxicity, Gd(III) complexes are required to
be highly thermodynamically (and preferably also kinetically)
stable for application as contrast agents. Potentiometric data

Scheme 1
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obtained by titration of 1+1 metal+H3tpaa mixtures in the pH
range 2.8–8 can be satisfactorily fitted to eqn. (1) leading to a

Gd3+ + tpaa32 " [Gd(tpaa)] logbGdL = 10.2(2) (1)

pM value of 11.2 for Gd(III) {2log[M]free at pH 7.4, [M]total =
1 mM, [tpaa]total = 10 mM} which indicates a reasonable
physiological stability of [Gd(tpaa)(H2O)]2 as compared to the
lowest pGd value (15.8) found in commercially used MRI
agents.5 Only a small decrease of the physiological stability is
observed for the Gd complex of the less rigid podate tpaa with
respect to Gd complexes containing macrocyclic heptadentate
ligands such as do3a (14.5).5 Moreover we expect that the
stability and the solubility of the gadolinium complex could be
improved by suitable substitution of the pyridine rings.

The relaxivity r1p is a critical property of a potential contrast
agent which represents the increase in the water proton nuclear
magnetic relaxation rate per millimolar concentration of the
paramagnetic compound. At 60 MHz, r1p was measured to be
13.3 mM21 s21 at 25 °C (9.37 mM21 s21 at 37 °C) for 3. This
value is higher than those found in the mono-aquo complexes
[Gd(dtpa)(H2O)]22 or [Gd(dota)(H2O)]2 (4.3 mM21 s21 at
25 °C) and than the values found in bis-aquo complexes
containing macrocyclic heptadentate ligands such as
[Gd(do3a)(H2O)2]† (6.1 mM21 s21 at 25 °C) and
[Gd(pcta[12])(H2O)2]† (6.9 mM s21 at 25 °C).10,11 This high
value cannot simply be explained by the presence in aqueous
solution of two water molecules coordinated to the Gd(III) ion
(each molecule makes a contribution to the relaxivity of ca. 2.5
mM21 s21). A preliminary study of the temperature dependence
of the relaxivity indicates that the inner sphere water molecules
are involved in a fast exchange with the bulk water, in
agreement with what is expected for complexes containing
heptadentate ligands. More detailed NMR studies are in
progress in order to elucidate the origin of this high relaxiv-
ity.

In summary we have described a new type of heptadentate
ligand which leads to a gadolinium complex with unusually
high relaxivity and fast water exchange.

Moreover the straightforward introduction of substituents on
the pyridine rings allows us to envisage ligands with a higher
water solubility, containing functional groups capable of non-

covalent or covalent interactions with slowly moving substrates
such as proteins or polysaccharides. This could lead to contrast
agents with longer rotational correlation times and consequently
higher relaxivities or to increased specific tissue affinity.

This work was supported by the Commissariat à l’Energie
Atomique. We thank Colette Lebrun for help in recording the
mass spectra.

Notes and references
† H4dota = 1,4,7,10-tetraazacyclododecane-N,NA,NB,NÚ-tetraacetic acid,
H5dtpa = diethylenetriaminepentaacetic acid, H3dtpa-bea = dtpa-
bis(ethylamide), H3pcta[12] = 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-
1(15),11,13-triene-3,6,9-triacetic acid, H3tren-Me-3,2-hopo = tris[(3-hy-
droxy-1-methyl-2-oxo-1,2-didehydropyridine-4-carboxamido)ethyl]amine,
H3do3ma = (1R,4R,7R)-a,aA,aB-trimethyl-1,4,7,10-tetraazacyclo-
dodecane-1,4,7-triacetic acid, H3do3a = 1,4,7,10-tetraazacyclododecane-
1,4,7-triacetic acid.
‡ H3tpaa = a,aA,aBnitrilo(6-methyl-2-pyridinecarboxylic acid). The syn-
thesis of tris[6-(2-N,N-diethylcarbamoyl)pyridyl)methyl]amine 1 will be
described in detail elsewhere. Anal. Calc. for H3tpaa·1.6 H2O
(C21H15.2N4O7.6): C, 55.9; H, 4.7; N, 12.4; O, 26.9. Found: C, 55.9; H, 4.8;
N, 12.25; O, 27.0%. dH(400 MHz, DMSO-d6, 298 K). 7.92 (H4, t, 3H), 7.89
(H3/5, dd, 3H, J 7.2, 1.8 ż), 7.82 (H3/5, dd, 3H, J 7.2, 1.8 Hz), 3.93 (CH2,
s, 6H); dC(400 MHz, DMSO-d6, 298 K), 165.9 (CO2), 158.9, 147.6, 137.6,
125.9, 122.8, 59.2 (CH2). ES+-MS: m/z 423 [LH3 + H]+, 445 [LH3 + Na]+,
461 [LH3 + K]+, 401 [LH3 + Na 2 CO2]+; 417 [LH3 + K 2 CO2]+ ES2: m/z
459 [LH3 + K 2 2H]2; 421 [LH3 2 H]2; 415 [LH3 + K 2 2H 2 CO2]2;
322 [LH3 + K 2 C7H7NO2]2.
§ Experimental: stoichiometric amounts of H3tpaa (30 mg, 0.07 mmol) and
of GdCl3·6H2O (26.4 mg, 0.07 mmol) were dissolved in boiling water (10
mL). Slow cooling followed by slow evaporation of the resulting solution
yielded the gadolinium complex [Gd(tpaa)(H2O)]2·7H2O as colorless
crystals (35 mg, yield 75%). ES+-MS (based on the most abundant isotope
of GD): m/z 578 [Gd(tpaa) + H]+, 590 [Gd(tpaa 2 CO2)OH + K]+, 616
[Gd(tpaa) + K]+, 763 [Gd(tpaa) + KCl + K]+, 1154 {[Gd(tpaa)]2 + H}+,
1193 {[Gd(tpaa)]2 + K}+.
¶ Crystal data: [Gd(tpaa)(H2O)]2·7H2O 3, C42H48N8O21Gd2, M = 1315.38,
orthorhombic, Pbcn, a = 13.0347(15), b = 15.6221(17), c = 23.506(4) Å,
V = 4786.5(12) Å3, Z = 4, Dc = 1.825 g cm23, m = 2837 mm21. 5943
independent reflections (qmax = 29.12°) were collected at 298 K.
Refinement using the SHELXTL 5.05 package on all data converged at R1

= 0.0234, wR2 = 0.0496. Data were collected using a Bruker SMART
CCD area detector three-circle diffractometer (Mo-Ka radiation, l =
0.71073 Å, graphite monochromator). CCDC 157262. See http://
www.rsc.org/suppdata/cc/b1/b100657f/ for crystallographic data in .cif or
other electronic format.
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Fig. 1 Crystal structure of [Gd(tpaa)(H2O)]2·7H2O 3 with thermal ellipsoids
at 30% probability. Selected bond lengths (Å): Gd…GdA 4.125, Gd–O(11)
2.,4726(17), Gd–O(11A) 2.4010(15), Gd–O(1) 2.4414(17), Gd–O(21)
2.3783(17), Gd–O(3) 2.399(2), Gd–N(1) 2.546(2), Gd–N(2) 2.6051(19),
Gd–N(3) 2.531(2), Gd–N(4) 2.7886(19) (symmetry transformation used to
generate equivalent atoms A: 2x + 1, 2y, 2z).
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The total synthesis of 2,3-dihydroxytrinervitanes, 1a and 1b,
was performed from secotrinervitane-type allyl chloride 2

More than two decades ago, characterization of 2,3-dihydroxy-
trinervitanes 1a and 1b (Fig. 1) was reported as the typical
defensive substances from several species of termite soldiers
inhabiting the tropics.1 In spite of their unique structure and
interesting biological activity, the total synthesis of 1a and 1b
remained unpublished.2

We have been greatly interested in the biogenetic-type
synthesis of diterpenoids secreted by termites and have explored
the synthetic route of trinervitane 3 and kempane 5 skeletons
through the intermediate, allyl chloride 2, as illustrated in
Scheme 1.3 Our further effort led to completion of the synthesis
of trinervitanes 1a and 1b as a dl-form. This paper reports the
result of our study.

As reported previously,4 the desired trinervitanes 3a and 4
were provided in 68 and 5% yields, respectively, with
accompanying formation of etheric compound 6 as unpurified
minor product when 2a was submitted to the reaction with
AgClO4 in THF at 220 °C. This ring-closure reaction depends
largely on the reaction temperature, i.e. a completely different
tetracyclic kempane diol 5 was formed in 50% yield when the
reaction of 2a with AgClO4 was carried out at +20 °C.
Treatment of 3a at rt with HClO4 in THF, prepared in situ by the
reaction of tert-butyl chloride and AgClO4, gave the kempane
diol 5 in high yield. Based on this evidence, we first attempted
to improve the yield of 3.‡ We were surprised to find that
completely different tetracyclic diacetate 75 was isolated in high
yield when diacetate 2b, quantitatively prepared from 2a, was
treated with AgClO4 in THF at rt. Eventually, 2b was converted
into 3b in 91% yield by treatment with AgClO4 (1.2 eq.) in the
presence of pyridine (1.5 eq.) at rt.

The next step was focused on the regio- and face-selective
hydrogenation of triene 3a possessing three different types of
double bonds. The PtO2-catalyzed hydrogenation in MeOH
afforded a 7+3 mixture of 11,12-dihydro derivatives, revealing
the two remaining double bonds at 7(8) and 15(17) positions are
inert under the employed conditions. The separation of the
reduction products was unsuccessful at this stage since it forms
prism-shaped mixed crystals, mp 92–94 °C and HPLC of the
mixture showed the single peak under several conditions. As
regards the reasonable conformation of the macro ring of the
triene 3, two gross structures are possible as shown in Fig. 2.
The plane of the 11(12) double bond is perpendicular to the
cyclohexane ring in one conformation (perpendicular con-
formation: PC) and horizontal in the other conformation
(horizontal conformation: HC). The hydrogenation may occur
from the opposite faces depending on the conformation, that is,
the perpendicular conformation gives the 12b-methyl product
by selective H2 addition from the a-side. The horizontal
conformation leads to the 12a-Me isomer by the preferential b-
face attack, the opposite a-face being partly masked by the
15(17) double bond. The existence of 3a as the horizontal
conformation was deduced by the fact that 3a is easily
convertible to the cyclized products 5 and 7 under protonic
conditions as mentioned in Scheme 1. The detailed NOESY
experiments in the NMR spectrum of 3a supported this
deduction. Expecting the conformational change of the methy-
lenecyclohexane moiety of 3a, the five-membered carbonate
ring was introduced at the 2 and 3 positions with
carbonyldiimidazole to give 3c. The 0.2 ppm up-field shift of
11-H of 3c was observed, indicating the change of the chair-type
cyclohexane ring of 3a to the twisted form, in which the 15(17)

Fig. 1 Structure of 2b- and 2a-trinervitanes.

Scheme 1 Construction of trinervitane 3 and kempane 5 skeletons. Fig. 2 Possible conformations of the triene 3.
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double bond locates more closely to the plane of the 11(12)
double bond. The hydrogenation of 3c in CH2Cl2 provided a
6+1 mixture of C12-stereoisomers (Scheme 2). It was luckily
found that both stereoisomers of the carbonate 8b were easily
separable by flash chromatography, affording the correspond-
ing reduction products suitable for X-ray crystallographic
analyses. The X-ray analyses demonstrated unequivocally the
major product possessed 12a-Me configuration.

After removal of the carbonyl group of 8b, the diol 8a was
treated with MOMCl (2 eq.) and diisopropylethylamine (4 eq.)

in CH2Cl2 for 3 h at rt to furnish the 3-MOM ether 8c in 74%
yield accompanied with the 2-MOM ether (13%) and
2,3-diMOM ether 8d (7%). The unnecessary minor products
were converted to 8c by hydrolysis (2 M HCl in MeOH),
followed by etherification with MOMCl under the same
conditions. The PCC oxidation of 8c proceeded smoothly to
give the corresponding ketone 9 in 91% yield (Scheme 3). For
the isomerization of 9 to the conjugated enone 10, we had to
attempt several basic conditions6 before finding the successful
conditions of DBU in refluxing toluene for a week (89% yield).
The convex face selective oxidation of 10c, obtained from 10a
by the usual procedures, took place exclusively with MCPBA,
affording the epoxide 11 in quantified yield.

The ring-opening conditions of the epoxide 11 were quite
restricted since the 16-proton is labile under acidic and basic
conditions. Of the reagents we examined TMSCl at 210 °C was
the only choice and it gave a 1+1 mixture of 12 and its isomer
13 in 30% respective yields.7 The hydrogenation of 12 afforded,
as expected, a single product 14 (85%), the stereochemistry of
the 7-position being assigned based on the convex selectivity as
in the case of epoxidation of 10c. The dehydration of the tert-
alcohol 14 furnished a ca. 5+3+1 mixture of 10c, 15 and
trisubstituted isomer in total 83% yield. After separation with
AgNO3–SiO2 column chromatography, 15 was reduced with
LAH, giving an easily separable 1+1 mixture of 2,3-dihydroxy-
trinervitanes, 1a and 1b. The chemical shifts and coupling
constants in the proton NMR of the synthetic materials were in
complete accord with the reported values1b within experimental
deviation due to the applied instruments.

Thus, we have accomplished the total synthesis of 2,3-di-
hydroxytrinervitanes in dl-form. Our recent study8 on the
enantiometrically pure synthetic intermediate may enable us to
perform the enantiospecific synthesis of 1a and 1b.

Notes and references
† This is Part 61 of Cyclization of Polyenes; for part 60, see ref. 3.
‡ The IR, 1H and 13C NMR and mass spectra were in agreement with all the
new compounds.

1 Isolation; (a) G. D. Prestwich, S. P. Tanis, F. G. Pilkiewicz, I. Miura and
K. Nakanishi, J. Am. Chem. Soc., 1976, 98, 6062; (b) J. Vrkoc, M.
Budesinsky and P. Sedmera, Collect. Czech. Chem. Commun., 1978, 43,
2478. X-ray; G. D. Prestwich, S. P. Tanis, J. P. Springer and J. Clardy,
J. Am. Chem. Soc., 1976, 98, 6061.

2 Synthesis of 2,3-deoxytrinervitane; M. Kodama, M. Matsushita, S.
Yoshio, K. Tanimoto, E. Noda, H. Hioki and Y. Fukuyama, The 39th
Symposium on Natural Products, 1997, 39, 289.

3 T. Kato, T. Hirukawa, T. Suzuki, M. Tanaka, M. Hoshikawa, M. Yagi,
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references cited therein.
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s, H-C(3)), 3.84 (br s, H-C(2)), 5.56 (s, H-C(17)); 13C NMR (100 MHz,
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28.7 (q, C(20)), 30.0 (t, C(6)), 32.0 (t, C(13)), 34.0 (t, C(9)), 37.8 (t, C(5)),
39.3 (s, C(12)), 39.3 (d, C(1)), 45.6 (t, C(11), 46.5 (s, C(4)), 59.2 (d,
C(16)), 72.7 (d, C(3)), 74.7 (d, C(2)), 132.2 (s, C(8)), 136.2 (s, C(7)),
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6 Isomerization was unsuccessful under the following conditions; i)
ButOK, THF, reflux, ii) NaH, THF, iii) NaH, DMSO, reflux, iv) LDA.

7 Hydroboration–oxidation of 10 took place at the undesired position,
affording the 8(19)-dihydro-7-hydroxy derivative of 13. All the trials of
dehydration of the 7,8-diol of 10, obtained by OsO4 oxidation, gave only
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Scheme 2 Hydrogenation of triene 3.

Scheme 3 Synthesis of (±)-trinervitanes 1a and 1b.
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The treatment of alkyl w,w-bis(phenylthio)alkanoates with
Cp2Ti[P(OEt)3]2 produced enol ethers of 5-, 6-, 7-, and
9-membered cyclic ketones.

Intramolecular reactions of phosphorous ylides and related a-
phosphorous carbanions with ketones and aldehydes have been
used by a number of workers for the preparation of cycloalk-
enes, including complex natural products.1 However, intra-
molecular carbonyl olefinations of esters using the phosphorous
carbanions are generally unsuccessful because these reactions
end up with the formation of acylation products.2 Only the
preparation of certain five- and six-membered cyclic com-
pounds, in which the formation of a double bond is facilitated by
p-conjugation with a carbonyl group or an aromatic ring, has
been achieved.3 Transition metal–carbene complexes and
related reagents have been employed for this transformation.
Stille and Grubbs have described the formation of titanium–
carbene complexes by the ring-opening metathesis of strained
norbornylene derivatives and their intramolecular reaction with
an ester carbonyl.4 Although tungsten–carbene complex pro-
moted transformation of benzyl 2-benzylhex-5-enoate into
3-benzyl-2-benzyloxycyclopentene via olefin metathesis–car-
bonyl olefination was reported, the experimental details includ-
ing the yield of the product were not disclosed.5 Mortimore and
Kociénski reported the cyclization of 4,4-dibromobutyl benzo-
ate utilizing a TiCl4–Zn–TMEDA system.6 The olefination
product, 6-phenyl-3,4-dihydro-2H-pyran, however, was ob-
tained in only a poor yield. The intramolecular McMurry
coupling of keto esters is regarded as a formal intramolecular
olefination of esters, and various cyclanones have been
prepared by this method.7 Although this reaction is useful for
the preparation of furans and benzofurans,8 its application to the
synthesis of alicyclic vinyl ethers has yet to appear. Formal
intramolecular carbonyl olefination consisting of the inter-
molecular carbonyl olefination of esters and subsequent ring
closing metathesis has been employed for the synthesis of cyclic
vinyl ethers.9 The studies described above indicate that the
intramolecular carbonyl olefination of esters still remains a
problem to be solved.

Recently we reported a new method for carbonyl olefination
using a thioacetal–Cp2Ti[P(OEt)3]2 1 system.10 Since this
reaction is useful for the olefination of esters, we have studied

its application to the synthesis of cyclic vinyl ethers. Un-
fortunately the attempt to prepare monocyclic vinyl ethers by

Scheme 1

Table 1 Intramolecular carbonyl olefination of alkyl w,w-bis(phenyl-
thio)alkanoates 2
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the titanocene(II)-promoted olefination of w,w-bis(phenyl-
thio)alkyl alkanoates was unsuccessful owing to the concomi-
tant formation of oligomers.11 Herein we describe the intra-
molecular reaction of alkyl w,w-bis(phenylthio)alkanoates 2.
This reaction proceeds by way of the titanium–carbene
complexes 3 to produce a wide variety of vinyl ethers of cyclic
ketones 4 without formation of any oligomer (Scheme 1). 

When methyl 2-phenyl-7,7-bis(phenylthio)heptanoate 2i was
treated with the low-valent titanium species 1 (4 equiv.) at room
temperature for 1 h, the complete disappearance of the starting
material was observed. Column chromatography using basic
alumina gave the cyclic vinyl ether 4i in 59% yield. The
cyclization of 2i in refluxing THF produced 4i in better yield
(Table 1, Entry 9). In a similar manner, the enol ethers of five-,
six-, and seven-membered cyclic ketones were obtained in good
yields by the reaction of alkyl a-substituted w,w-bis(phenyl-
thio)alkanoates. The substituent a to the carbonyl group is not
crucial for the present olefination. The reactions of the esters
carrying a substituent at the b-position also produced the
corresponding cyclic compounds 4d–f.† It was found that the
tert-butyl esters gave better yields than the corresponding ethyl
esters in these reactions (see Entries 5 and 6). In some case, we
observed the partial isomerization of the initial olefination
product to the tetrasubstituted cycloalkene. This isomerization,
however, was absolutely depressed when the reaction was
carried out at 15 °C (Entry 2).

The advantage of the present preparation is that the starting
materials are easily prepared by the use of organosulfur building
blocks. Thus the esters 2k and l were obtained by the
Williamson ether synthesis utilizing w,w-bis(phenylthio)alk-
anols and were transformed into the nine-membered cyclic
vinyl ethers 4k and l with high stereoselectivity. The E-
configuration of their double bonds was determined by
NOESY.

All the experiments described above were carried out on a
small scale (0.5 mmol). Since an intramolecular reaction
generally requires high dilution conditions to prevent the
competitive intermolecular reaction, decrease in the yield is
sometimes a serious problem upon scale up. We examined a
gram-scale reaction of 2i to confirm the synthetic utility of the
present reaction. Using a slightly modified procedure,12 the
cycloheptene 4i was obtained in better yield (73%) than for the
smaller scale reaction (Entry 9).

In conclusion, we have established the first versatile method
for the regioselective preparation of vinyl ethers of cyclic
ketones by the intramolecular carbonyl olefination of esters.
Further study on the application of this methodology to the
synthesis of a variety of heterocycles is currently in progress.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and

Culture, of Japanese Government (No. 11119214 and
11440213).

Notes and references
† A typical experimental procedure: to 6 ml of a THF solution of the
titanocene(II) reagent 1, prepared from titanocene dichloride (498 mg, 2.0
mmol), magnesium turnings (58 mg, 2.4 mmol), triethyl phosphite (0.69 ml,
4.0 mmol), and finely powdered molecular sieves 4 Å (200 mg),13 was
added 10 ml of a THF solution of 2f (237 mg, 0.50 mmol) dropwise over 20
min at room temperature under argon. After stirring for 3 h, the reaction was
quenched by addition of 1 M NaOH (20 ml). The insoluble materials were
filtered off through Celite and washed with ether (10 ml). The layers were
separated, and the aqueous layer was extracted with ether (3 330 ml). The
combined organic extracts were washed with 1 M NaOH (20 ml) and dried
over K2CO3. After removal of the solvent, the residue was chromatographed
over alumina gel (deactivated with 5% of H2O; eluted with 1%
triethylamine in hexane) to afford 92 mg (75%) of 4f.
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N-(tert-Butoxy)-N-(2,4-diaryl-6-tert-butylphenyl)aminyls
have been isolated; this is the first isolation of N-alkoxy-
aminyl radicals. 

Although a variety of N-alkoxyalkylaminyl (RṄOR),1–3 N-
alkoxyvinylaminy4 and N-alkoxyarylaminyl radicals
(ArṄOR)1,2,5–10 have been investigated for a long period and
persistent N-alkoxyaminyls have been found, there are no
reports of isolation of N-alkoxyaminyls. This is in contrast to
the chemistry of thioaminyl radicals (RṄSR). In the case of
thioaminyls a variety of radicals have been isolated and their X-
ray crystallographic and magnetic studies have been carried
out.11,12 Isolable stable free radicals have attracted much
attention as spin sources or building blocks of organic magnetic
materials.13,14 In this communication we report on the first
isolation of N-alkoxyarylaminyl radicals and their character-
ization.

N-(tert-Butoxy)-N-(2,4-diphenyl-6-tert-butylphenyl)aminyl
(1a) was prepared by treating the lithium salt of 2,4-diphenyl-
6-tert-butylaniline with two equiv. of tert-butyl peroxybenzoate

at 278 °C in THF.15 The reaction mixture showed a deep red
colour, and TLC analysis indicated formation of a red coloured
product, along with the presence of the unreacted starting
aniline and some minor products. Separation of the red zone by
column chromatography (silica gel, 3+1 hexane–benzene) gave
1a in 24% yield. In the same manner, 1b and 1c were isolated
in 17 and 20% yields, respectively. Recrystallization of the
isolated radical solid from MeOH afforded red plates (1a, c) or
red needles (1c). The structures of radicals were confirmed by
the IR spectra and elemental analyses. In the IR spectra no NH
absorption was observed and the elemental analyses were in
satisfactory agreement with the calculations in all cases. For 1a
single crystal X-ray crystallographic analysis was performed.

N-Alkoxyarylaminyls 1 were stable in solution, even in the
presence of atmospheric oxygen and, although 1a was heated at
80 °C in degassed benzene for 10 d, 80% of the radical survived
and no rearrangement to the corresponding aminoxyl 2 was
observed.8,16 These observations indicate that 1 is an oxygen
insensitive and thermally stable radical.

Since 1a gave a single crystal suitable for the X-ray
crystallographic analysis on recrystallization from MeOH, we
performed an X-ray crystallographic study on 1a.† The ORTEP
drawing of the molecular structure is shown in Fig. 1. The X-ray
crystallographic data shows the following structural character-
istics. The N and O atoms are coplanar with the benzene ring A

within 0.05 Å. While benzene ring C makes a dihedral angle of
41.5° with benzene ring A, benzene ring B makes a dihedral
angle of 86.0° with benzene ring A, indicating that there is a
large steric congestion around the radical center. Accordingly, it
is likely that delocalization of the unpaired electron spin onto
benzene ring B is very or negligibly small, and this means that
the benzene ring B plays an important role in steric protection,
but does not contribute to electronic stabilization of the radical.
Since the N–O bond has the character of a two center–three
electron bond where the unpaired electron is accommodated in
the anti-bonding orbital,17 its bond length in 1 [1.358(2) Å] is
somewhat shorter than typical N(sp2)–O bonds (1.397 Å).18

The EPR parameters are summarized in Table 1. All the EPR
spectra of 1 were a simple 1+1+1 triplet signal (aN =
0.997–1.01 mT, g = 2.0041–2.0042) with a large peak-to-peak
linewidth (DHpp) of 0.31–0.33 mT, and no hyperfine couplings
due to protons were observed. The large DHpp is attributed to
the presence of many unresolved protons with very small

Fig. 1 ORTEP drawing of 1a. Selected bond lengths and angles and torsion
angles are as follows: C1–N1 1.368(3) and N1–O1 1.358(2) Å; C1–N1–O1
111.1(2) and N1–O1–C(23) 113.1(2)°; C2–C1–N1–O1 6.8(3), C6–C1–N1–
O1 2175.4(2) and C1–N1–O1–C23 2173.9(2)°.

Table 1 EPR and UV-Vis spectroscopic data for 1, 3 and 4 in benzene at
20 °C

Radical aN/mT g lmax/nm (e/l mol21cm21)

1a 1.01 2 .0042 545 (1230), 334 (28 600)
1b 0.997 2.0041 545 (1270), 334 (27 200)
1c 0.999 2.0042 553 (1120), 342 (29 900)
1a-d10

ab 1.00 2.0042 —
3 1.27 2.0062 —
4 0.987 2.0038 —

a The hyperfine coupling constants are determined by computer simulation.
b aH for the anilino meta protons (2H) is 0.170 mT.
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hyperfine coupling constants. To reduce the DHpp values, the
two benzene rings of 1a were deuterated. The deuterated radical
1a-d10 was prepared from (2,4-diphenyl-d5)-6-tert-butylaniline
and tert-butyl peroxybenzoate in the same manner as for that of
1a. As shown in Fig. 2, the EPR spectrum of 1a-d10 is split into
1+2+1 triplets of a 1+1+1 triplet, and computer simulation gave
aN = 1.00 mT and aH (2H) = 0.170 mT. The protons giving aH
of 0.170 mT are assigned to the anilino meta protons.

To compare the aN and g values of 1 with those for the
corresponding aminoxyls 3 was generated by addition of the 
2-cyanoprop-2-yl radical to 2,4-diphenyl-6-tert-butylnitroso-
benzene (Scheme 1). After a mixture of 2,4-diphenyl-6-tert-
butylnitrosobenzene and 1,1A-azobis(propane-2-carbonitrile) in
benzene was heated at 80 °C for 1 h, EPR spectra of the solution
were measured at 20 °C. The spectra showed the presence of 3
and 4 in a ratio of ca. 3 +1. While the aN and g values for 3 are
1.27 mT and 2.0062, those for 4 are 0.989 mT and 2.0038,
indicating that aN of 3 are much larger than those for 1 or 4, as
well as the g value. Although 4 could be isolated as a red oil with
a spin concentration of 89% in 3.9% yield by column
chromatography, 3 could not be isolated in pure form. Since 5
is the main product and its mobility (Rf) in column chromatog-
raphy was almost the same as that of 3, 3 was separated as a
mixture with 5.

The UV-Vis spectra were measured using benzene as the
solvent. The data are listed in Table 1. A lmax at 545–553 nm
with e of 1120–1270 l mol21cm21 is observed, which is
attributable to the characteristic red colours of 1.

Notes and references
† Crystal data for 1a: C26H30ON, M = 372.53, orthorhombic, a =
36.9243(9), b = 11.2495(3), c = 10.9599(3) Å, V = 4552.5(5) Å3, T = 296
K, space group Pbca (# 61), Z = 8, m(Mo-Ka) = 0.65 cm21, 13507
reflections measured, 5112 unique (Rint = 0.017) which were used in all
calculations. R = 0.078, Rw = 0.116, GOF = 1.57. CCDC 159014. See
http://www.rsc.org/suppdata/cc/b1/b100698n/ for crystallographic files in
.cif format.
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We present a convenient and safe one-pot route to capped 3
nm CdSe nanoparticles making use of common starting
materials and inexpensive, low-boiling solvents under sol-
vothermal conditions; H2Se required for the reaction is
generated in situ through the aromatization of tetralin by
Se.

In semiconductor nanocrystals of materials such as CdSe, the
happy union of bulk and molecular properties results in a rich
photophysics that is not only interesting in its own right, but also
lends itself to a number of applications.1 One such application
is the use of CdSe nanocrystals as fluorescent probes in
biological imaging.2 The key to all semiconductor nanoparticle
research is the ability to prepare stable (typically through
surface passivation – also referred to as capping) monodisperse
particles that have very few defects. A number of techniques
have been used to achieve this and have recently been reviewed
in this journal.3 Perhaps most widely used is the method
introduced by Bawendi and coworkers4 which involves the
reaction of an organocadmium precursor with an Se source in a
high temperature solvent such as trioctyl phosphine oxide
(TOPO), which also doubles as a capping agent.

We have been interested in the preparation of chalcogenide
nanoparticles from inexpensive starting materials of low
toxicity. Cadmium stearate is easy to prepare† and dissolves in
organic solvents such as toluene, in which it is known to react
with H2Se to yield chalcogenides. Since relatively high
temperatures are required to prepare defect-free, monodisperse
nanoparticles, we have carried out the synthesis in toluene using
stainless steel bombs. H2Se is not easily handled under these
conditions, so we have employed the aromatization of tetralin to
naphthalene by elemental Se in order to prepare H2Se in situ.
The addition of small amounts of dodecanethiol as a capping
agent results in 3 nm nanoparticles with a narrow size
distribution. The dark solution obtained from the reaction
precipitates solid products when the solvent polarity is in-
creased through the addition of propan-2-ol. The precipitated
solid easily redissolves in toluene forming bright orange
solutions.

Our procedure is inspired by the simple method of Mitchell
and Morgan5 who prepared CuCr2Se4 in mineral oil at 330 °C
using stearate salts as the metal source and the aromatization of
sitosterol as the H2Se source. Qian and coworkers6 have
recently reported the preparation of 7 nm CdSe nanoparticles
under solvothermal conditions using ethylenediamine at
120 °C.

Fig. 1 displays a TEM image of the nanoparticles. While a
few large particles (ca. 10 nm) are occasionally seen, the vast
majority of the particles are smaller; with a mean diameter of
3.0 nm and a standard deviation of 0.16 nm (ca. 5% of the
mean). The powder XRD profile of the nanoparticles acquired
in transmission mode is displayed in Fig. 2(a). We find that the
profile is well fitted by the Rietveld7 method to the cubic (a =
6.01(1) Å) zinc blende structure rather than the usual hexagonal

wurtzite structure. Stacking 3 nm 3 3 nm slabs of CdSe along
the c axis in hexagonal and cubic (in different proportions)
arrangements permits simulations using the DIFFaX8 program,
which confirms a cubic zinc blende structure relatively free
from hexagonal defects. The Rietveld fit and cubic and
hexagonal DIFFaX simulations (using a correlation length of
about 3 nm in the c direction) are also displayed in Fig. 2(a).

The UV–VIS absorption spectrum in toluene [Fig. 2(b)]
shows absorption peaks at 514 and 412 nm, consistent with
quantum confinement. Bawendi, Steigerwald and Brus9 have
discussed the correlation of absorption spectra and particle
diameter for various nanoparticles. According to their correla-
tion, the particle size corresponding to the spectrum in Fig. 2(b)
is close to about 2.5 nm and not 3.0 nm as obtained here from
TEM. The discrepancy could arise from (i) the different crystal
structure obtained in the present case and (ii) the difficulty in
estimating sizes from the very small, low-contrast particles seen
in the TEM image. Toluene solutions of the nanoparticles also
show strong photoluminescence as seen from the emission
spectrum displayed in Fig. 2(b) as a dashed line.

The presence of the thiol capping was verified from C–H
stretches in the FTIR spectrum, as well as by thermogravimetry
in air. We observe a weight loss of 35% before 400 °C which,
if ascribed to the thiol cap, suggests that for 3 nm particles there
is one thiol molecule for every 22 Å2 of nanoparticle surface.

Fig. 1 TEM image of a relatively dense arrangement of CdSe nanoparticles
showing a tendency to close packing in the plane (bar = 50 nm). The inset
shows a histogram of particle sizes.
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Energy dispersive X-ray analysis (EDAX) suggested that the
Cd+Se ratio is nearly 1+1 (within 4%). When S is included in the
analysis, the atomic ratios of S+Cd+Se are close  to 20+40+40
(within a 5% error). Using a model of 3 nm particles with a thiol
every 22 Å2 of surface, we obtain a calculated S+Cd+Se of
120+260+260 (atoms) in reasonable agreement with the
EDAX.

In conclusion, we present a new and convenient route to
prepare large quantities of capped CdSe nanoparticles. The
route can easily be extended to other nanoparticle chalcogenides
of interest. The major advantages of the present route are that (i)
there is no need to handle materials under inert conditions, (ii)

inexpensive solvents can be used, and (iii) volatile, toxic
organometallics can be avoided. Our method yields cubic
(rather than hexagonal) CdSe nanoparticles, perhaps as a result
of the autogenous pressure that develops during the preparative
procedure.

This work has been supported by the Department of Science
and Technology, India.

Notes and references
† Cadmium stearate [Cd(St)2], prepared from the reaction of Cd(OH)2 with
molten stearic acid, could be reprecipitated from toluene and analyzed by
FTIR and gravimetry. In a typical reaction 1.36 g (2 mmol) of [Cd(St)2],
0.158 g (2 mmol) of Se, 0.2 g (1.5 mmol) of tetralin and 0.1 g (0.5 mmol)
of dodecanethiol were taken in 50 ml of toluene in a stainless steel bomb
(ca. 70% filling, Teflon gasket) and placed in an oven that had been
preheated to 250 °C. After 5 h the bomb was removed and cooled to room
temperature. The solid product obtained by precipitation as mentioned in the
text was dried at 50 °C in air overnight. XRD patterns were acquired on a
STOE STADI-P diffractometer in transmission geometry using a 0.02° step
scan. Samples were prepared for TEM by placing a drop of the toluene
solution of CdSe nanoparticles on a carbon-coated, Formvar-covered Cu
TEM grid and subsequently drawing off excess solution. The grids were ex-
amined using a JEOL 2000EX TEM operating at 120 kV. The EDAX
analysis used a Link ISIS system attached to a JEOL JSM 5600LV scanning
electron microscope. UV–VIS spectra were recorded on a Hitachi U3000
spectrophotometer and photoluminescence on a Perkin Elmer L50 B
spectrometer.
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Fig. 2 (a) (i) Powder XRD pattern of CdSe compared with (ii) the
background-subtracted Rietveld fit (RBragg = 6.4%), (iii) DIFFaX simula-
tion of 3 nm cubic zinc blende stacking of CdSe, and (iv) DIFFaX
simulation of a 3 nm hexagonal wurtzite stacking of CdSe. The vertical lines
at the top are expected peak positions for the cubic zinc blende structure. (b)
UV–VIS absorption spectrum of the nanoparticles in toluene. Dashed lines
display luminescence spectra: emission (em) following excitation at 400
nm, and excitation (ex) following emission at 540 nm.
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Reaction of dioxygen with a dinuclear copper(I) complex of
a new binucleating ligand is described, wherein a peroxo–
dicopper(II) (Cu2–O2) intermediate leads to an oxo-transfer
reaction to give an N-oxide of an N-benzyl internal ligand
substrate; additionally observed regioselective oxidative N-
dealkylation chemistry occurs.

Copper(I)–dioxygen reactivity studies,1–6 particularly those
involving actual substrate oxidations, are of interest as models
for metalloproteins which effect oxidative transforma-
tions,4,5,7,8 and may serve in the development of oxidation
reagents. One type of chemistry which we have extensively
examined involves O2-binding and reactivity in the dinuclear
complexes where two copper(I) ions each coordinate to a bis[(2-
(2-pyridyl)ethyl]amine (PY2) tridentate moiety which is linked
through the alkylamino nitrogens by a –(CH2)n– (n = 3–5)
(Nn),9,10 or m-xylyl group (XYL);5,11 in the former case
reversible O2-binding occurs, while in the latter situation, the
Cu2–O2 intermediate effects xylyl aromatic hydroxylation
chemistry. In our continuing effort to investigate the behavior of
Cu2–O2 species and their reactivities toward internal substrates,
we report here the use of a new ligand analogue D, with
similarities to Nn and XYL ligands, but possessing an N-benzyl
internal moiety. We describe the nature of the O2-binding to
form Cu2–O2 species in the dicopper(I) complex of D, and novel
oxo-transfer and oxidative N-dealkylation chemistry. Such
reactions occur in copper proteins (e.g. peptidylglycine mono-
oxygenase, PHM)8,12 and heme cytochrome P-450 mono-
oxygenases.13

The copper(I) complex [CuI
2(D)]2+ (1) was synthesized by

reaction of 2 equiv. of [CuI(MeCN)4]+ with D.† An X-ray
structure of 1 was obtained (Fig. 1).‡ While both copper(I) ions
possess distorted tetrahedral tetracoordination, the binding is
highly unsymmetrical; Cu1 ligates to its PY2 tridentate plus the
central benzylamine nitrogen atom N7. The other Cu atom
(Cu2) has instead as its fourth ligand a perchlorate oxygen atom
O5. We have previously observed related asymmetry utilizing
trinucleating ligands, either for tricopper(I)14 or tricopper(II)15

complexes, wherein three copper ions bind a tridentate chelate,
but only one coordinates to a similarly ‘central’ amine nitrogen.
The copper ion moieties are well separated in 1, with Cu1…Cu2
= 5.43 Å.

At 280 °C in dichloromethane, the dicopper(I) complex
[CuI

2(D)]2+ 1 reacts with excess dioxygen to give a Cu2O2

species [CuII
2(D)(O2)]2+ 2 which gradually decomposes (vide

infra). Stopped-flow kinetic results show that the reversible (k1/
k21) formation of species 2 is first order in both 1 and O2 with
k1 = (10 ± 0.3) M21s21 (183 K) [DH‡ = (15.8 ± 0.8) kJ mol21,
DS‡ = (2135 ± 4) J K21 mol21 (183–206 K)}. The UV–VIS
spectrum of 2 [lmax = 360 (e 12 500), 514 nm (e 1220
dm3 mol21 cm21)] shows features which are very similar to the
Cu2–O2 peroxo–dicopper(II) complexes established with
XYL6,16 and Nn9 ligands, [Cu2(XYL)(O2)]2+ and
[Cu2(Nn)(O2)]2+, respectively, indicating that 2 also possesses a
m-h2:h2 side-on peroxodicopper(II) core.

As mentioned, an N-benzyl moiety was designed into D as a
potential oxidizable site. Indeed, analysis of products obtained
when O2 is reacted with [CuI

2(D)]2+ 1 at 0 °C reveals that the N-
oxide D–O is obtained (Scheme 1); a labeling experiment
shows that the O atom is derived from dioxygen, suggesting an
oxygen atom transfer reaction has occurred.§ However,
[CuII

2(D)(O2)]2+ (2) is not directly responsible for the formation
of D–O, since if it is allowed to stand at 280 °C, whereupon
decomposition occurs, no D–O forms [kinetics of decomposi-
tion: k2 = (4.5 ± 0.9) 3 1024 s21 at 183 K; DH‡ = (44 ± 2)

Fig. 1 ORTEP diagram of the cationic portion of complex 1. Selected bond
lengths (Å): Cu1…Cu2 5.432, Cu1–N1 2135(3), Cu1–N3 1.979(3), Cu1–
N4 2.024(3), Cu1–N7 2.106(3), Cu2–N2 2.252(3), Cu2–N5 1.927(3), Cu2–
N6 1.925(3), Cu2–N6 1.925(3), Cu2–O5 2.551(3).
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kJ mol21, DS‡ = (62 ± 8) J K21 mol21 (198–293 K)]. We
suggest that the oxo-transfer reaction, having a relatively large
activation energy (i.e. higher temperatures are required to see
D–O product), is effected by a very reactive intermediate (A;
Scheme 1) derived from 2, which is formed in steady state.
Direct formation of the different oxidation products, i.e. without
formation of intermediate A, can be ruled out by the observation
that the overall rate constant k1k2/k21 shows a perfectly linear
Eyring plot between 198 and 293 K. Differentiation between the
various oxidation products thus must occur after the rate
determining step k2.

When the oxygenation of [CuI
2(D)]2+ 1 is carried out at room-

temperature and for longer reaction times ( > 12 h), additional
products derived from oxidative N-dealkylation chemistry are
produced. DA is the amine byproduct from the hydroxylation of
one of the non-benzylic methylene carbons adjacent to the
middle nitrogen. The other fragment expected from this N-
dealkylation, an aldehyde, is not isolable; it is further oxidized
to yield glyoxal and PY2 (Scheme 1). Overall, DA, glyoxal and
PY2 form in excellent yield and material balance.¶ The fact that
this chemistry requires reaction times much longer than the
lifetime of the peroxo species [CuII

2(D)(O2)]2+ 2 (t1/2 = 0.01 s
at 298 K) indicates that as for the D–O formation, 2 is not
responsible for the oxidative N-dealkylation; in another case, a
Cu2-O2 intermediate is known to effect such reactivity.17 Here,
other complexes derived from the decomposition of 2, perhaps
CuII–OH–CuII or CuII–O–CuII species, may be responsible. We
note that anaerobic addition of 2 [Cu(H2O)6](ClO4)2 and base to
D, followed by heating, does lead to similar oxidative N-
dealkylation chemistry. The oxidative N-dealkylation chemistry
here appears to be regioselective, as benzaldehyde (which
would form by oxidation at the most easily oxidizable
methylene group) is formed in trace amounts only.

In conclusion, a new dicopper(I) compound, 1, has been
synthesized with a built-in substrate and dissimilar copper(I)
environments. [CuI

2(D)]2+ 1 reacts with dioxygen yielding a
peroxo species [CuII

2(D)(O2)]2+ 2 which decomposes leading to
two different ligand transformation reactions: (1) a reactive
species, which derives from 2, is competent to effect an oxo-
transfer reaction to give the N-oxide D–O. This appears to be a
rare known copper–dioxygen mediated amine to N-oxide
transformation. (2) With higher temperatures and over longer
time periods, the Cu2–O2 species transforms to copper(II)

products which effect biomimetic regioselective oxidative N-
dealkylation chemistry. Additional studies will be directed
towards further structural and mechanistic understanding of the
chemistry described.

We are grateful to the National Institutes of Health (K. D. K.,
GM28962) and the Swiss National Science Foundation
(A. D. Z.) for support of this research.

Notes and references
† Reaction of D with 2 equiv. of [Cu(MeCN)4](ClO4) gave 1(ClO4)2, for
which satisfactory C, H and N analyses were obtained.
‡ Crystal data for C39H47Cl2Cu2N7O8·3CH2Cl2. M = 1194.59, triclinic,
P1̄, a = 10.5816(2), b = 14.8247(2), c = 18.0045(2) Å, a = 112.4800(3),
b = 97.2565(2), g = 94.2666(2)°, V = 2565.53(6) Å3, Z = 2, T = 173 K,
R(F) = 0.0469, R(wF2) = 0.1084. After accounting for the diCu cation and
two ClO4

2, a large void space of 644.8 Å3 containing numerous, but
chemically ill defined, difference peaks was resolved using SQUEEZE (A.
Spek, PLATON library), which determined the presence of a total of 241
electrons, or ca. six molecules of the recrystallization solvent CH2Cl2 per
unit cell. Due the collective nature of this treatment of solvent, the atom list
does not contain individual atomic contributions. All other software was
contained in the SHELXTL (5.1) library (G. Sheldrick, Bruker AXS,
Madison, WI). CCDC 150146. See http://www.rsc.org/suppdata/cc/b0/
b009053k/ for crystallographic data in .cif or other electronic format.
§ When the oxygenation reaction of 1 was carried out at 0 °C in CH2Cl2 for
10 min, D–O was isolated after workup in 47% yield. With an 18O2 reaction,
an 18O atom is incorporated into D–18O with 92% efficiency. Character-
ization of D–O: 1H NMR (CDCl3) d 2.92 (m, 20H), 3.08 (m, 4H), 4.17 (s,
2H), 7.11–7.14 (m, 8H), 7.40–7.60 (m, 9H), 8.45 (d, 4H); positive ion FAB-
MS: D–O m/z: 630.4 (MH+), D–18O m/z: 632.4 (MH+).
¶ Organic products were isolated and characterized from the oxygenation
reaction of 1 in DMF at room temperature over 12 h: DA (71%) 1H NMR
(CDCl3) d 2.54 (t, 2H), 2.73 (t, 2H), 2.88 (m, 8H), 3.58 (s, 2H), 7.05–7.12
(m, 4H), 7.26–7.36 (m, 5H), 7.50–7.53 (m, 2H), 8.43 (d, 2 H) positive ion
FAB-MS m/z: 361 (MH+); PY2 (51%) 1H NMR (CDCl3) d 2.47 (s, 1H),
3.0-3.3 (m, 8H), 7.13–7.20 (m, 4H) 7.40–7.60 (m, 2H), 8.45 (d, 2H) positive
ion FAB-MS m/z: 228 (MH+); glyoxal (51.7%, isolated and quantified as its
2,4-dinitrophenylhydrazone) 1H NMR (DMSO-d6) d 7.96 (d, 2H), 8.47 (q,
2H), 8.88 (s, 2H), 11.89 (s, 2H).
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Mesoporous aluminosilicate MCM-41 with improved steam
stability may be prepared by grafting Al onto pure silica
MCM-41 materials that possess thick pore walls.

Mesostructured aluminosilicates are currently attracting con-
siderable research interest due to their potential use as
heterogeneous catalyst.1,2 Their main attraction is a well
ordered mesostructure with uniform pores whose size is much
larger than that of channels present in traditional microporous
zeolites. They are therefore able to catalyse chemical trans-
formations involving molecules too large to fit the pore
channels of zeolites. The use of mesoporous aluminosilicates
such as Al-MCM-41, in for example the cracking of heavy
fractions in petroleum refining, is however hampered by their
inadequate hydrothermal stability, which is lower than that of
zeolites.1,3 There have been several recent studies aimed at
improving the hydrothermal stability of mesoporous aluminosi-
licates in boiling water and/or under steaming conditions.4–7 It
has been shown that Al-MCM-41 materials prepared via
grafting routes are extremely stable in boiling water.4–6 Directly
prepared Al-MCM-41 has also been shown to exhibit consider-
able hydrothermal stability especially at relatively low Al
contents.8,9 More recently Liu et al. have shown that steam
stable mesostructured aluminosilicates may be prepared using
zeolite type seeds.7 It has recently been suggested that a possible
route to steam stable Al-MCM-41 is via the preparation of
materials with thick pore walls.1,3 However an attempt to
prepare such steam stable (thick walled) Al-MCM-41 via direct
(mixed-gel) synthesis was unsuccessful.1,3 The direct mixed gel
synthesis of Al-MCM-41 is known to be unpredictable and
therefore it is to be expected that any attempt to carefully control
the pore wall thickness will present considerable challenges.
The pore wall thickness of pure silica MCM-41 can, on the other
hand, be readily controlled by careful choice of synthesis
conditions.10,11 Here we report on the influence of pore wall
thickness on the steam stability of Al-grafted MCM-41 and
show that the stability of these materials can be remarkably
improved by using thick-walled pure silica MCM-41 as
‘starting material’. The improvement in structural steam
stability is accompanied by a higher retention of acidity which
is important for the use of these materials as solid acid catalysts.
Mesostructured aluminosilicates prepared via grafting routes
offer distinct advantages over directly synthesised materials
with respect to accessibility to active (Al) sites and structural
ordering;12 their stabilisation is therefore desirable. Fur-
thermore their preparation is not restricted by ‘template
synthesis’ which can be expensive, irreproducible and in some
cases inimical to the incorporation of Al. The starting point for
Al-grafted materials is the purely siliceous mesoporous silica,
which may take any form (hexagonal, cubic, lamellar) and can
be prepared via a range of inexpensive synthesis routes
employing cationic, neutral, non-ionic or even non-surfactant
templates and cheap sources of silica.13

In order to vary the pore wall thickness of the starting pure
silica MCM-41 materials, three different crystallisation regimes
were used. This was achieved by varying the crystallisation
temperature and duration. In brief the three purely siliceous
MCM-41 materials were prepared by dissolving tetramethyl-
ammonium hydroxide (TMAOH) and cetyltrimethyammonium

bromide (CTAB) in distilled water by stirring at 35 °C. The
silica source, fumed silica (sigma), was then added to the
solution under stirring for 1 h. After further stirring for 1 h the
resulting synthesis gel of composition SiO2+0.25 CTAB+0.2
TMAOH+40 H2O was left to age for 20 h at room temperature
following which the gel was transferred to a Teflon-lined
autoclave and heated as follows; at 150 °C for 48 h (standard Si-
MCM-41, designated sample A),9 140 °C for 96 h (sample B)
and 145 °C for 96 h (sample C). In each case the solid product
was obtained by filtration, washed with distilled water, dried at
room temperature and calcined in air at 550 °C for 8 h. Al-
grafted MCM-41 materials were prepared at a target bulk Si/Al
ratio of 13 as previously described using aluminium chlorhydrol
as the grafting reagent.14 In all cases the final bulk Si/Al ratio
was very close to the expected value and the proportion of
tetrahedrally coordinated Al was similar. The Al-grafted
samples were designated Al-MCM41-A, Al-MCM41-B and Al-
MCM41-C where A, B and C represent the pure silica MCM-41
material from which they were derived. Hydrothermal stability
was tested by heat treatment at 800 or 900 °C for 4 h in a flow
of nitrogen saturated with water vapour at room temperature.

The textural parameters of the Al-grafted materials before
and after hydrothermal treatment are given in Table 1. The basal
spacing increases from sample Al-MCM41-A to Al-MCM41-
C; this is consistent with previous results, which show that
crystallisation at higher temperature and/or longer time favours
larger basal spacing.10,11 The surface area decreases from
sample Al-MCM41-A to Al-MCM41-C while the pore volume
remains constant. This is accompanied by an increase in pore
size and pore wall thickness as shown in Table 2. The data in
Table 2 is calculated using two methods, so as to clearly
demonstrate the variation in pore wall thickness. Powder XRD
and N2 sorption isotherms obtained for the Al-grafted materials
before hydrothermal treatment are given in Figs. 1 and 2
respectively. In all three cases well ordered aluminosilicate
materials were obtained as indicated by the XRD patterns. All
the samples also exhibit a N2 sorption isotherm with a well
developed step in the relative pressure (P/Po) range 0.2–0.5
characteristic of capillary condensation into uniform meso-
pores.

Figs. 1 and 2 show the powder XRD patterns and N2 sorption
isotherms of the Al-grafted materials after hydrothermal
treatment at 800 and 900 °C for 4 h. All the samples are

Table 1 Textural properties and acidity of the studied materials

Sample d100/Å
Surface area/
m2 g21

Pore volume/
cm3 g21

Acidity/
mmol H+ g21

Al-MCM41-A 42.2 907 0.78 0.83
steamed 800 °C 39.4 785 0.58 0.41
steamed 900 °C 35.0 224 0.19 0.16

Al-MCM41-B 50.7 749 0.76 0.82
steamed 800 °C 47.3 674 0.64 0.48
steamed 900 °C 41.8 258 0.27 0.18

Al-MCM41-C 55.6 734 0.78 0.84
steamed 800 °C 51.4 727 0.88a 0.71
steamed 900 °C 45.7 501 0.48 0.40

a Includes some textural mesoporosity.
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relatively stable at 800 °C. The decrease in pore volume after
treatment at 800 °C is 26% for sample Al-MCM41-A and 16%
for sample Al-MCM41-B. In contrast the mesopore volume of
sample Al-MCM41-C remains virtually unchanged while its
total pore volume increases due to the presence of textural
mesoporosity. The surface area follows the same trend. These
observations imply that hydrothermal stability at 800 °C is, to
some extent, influenced by the pore wall thickness. The
influence of pore wall thickness is more clearly illustrated after
the more severe hydrothermal treatment at 900 °C. From Fig. 1
and 2 it is clear that sample Al-MCM41-A, which has the
thinnest pore walls, is severely degraded after treatment at
900 °C. The N2 sorption isotherm of the resulting material
exhibits virtually no mesoporous character. The surface area
and pore volume decrease by 75%. Sample Al-MCM41-B
shows better retention of structural ordering after treatment at
900 °C compared to sample Al-MCM41-A; its surface area and
pore volume are reduced by ca. 65% although it still exhibits a

N2 sorption isotherm with some mesoporous character. When
subjected to similar treatment, sample Al-MCM41-C shows
considerable retention of structural ordering; the XRD pattern
of Al-MCM41-C steamed at 900 °C is comparable to that of the
parent material and its N2 sorption isotherm still exhibits a
relatively sharp mesopore filling step. The surface area and pore
volume are reduced by only 32 and 38% respectively. It appears
therefore that the steam stability of the Al-grafted MCM-41
materials increases with increasing pore wall thickness. It is
worth pointing out that the steam stability of the pure silica
‘starting’ samples was very poor (in any case lower than that of
the Al-grafted materials) and increased only marginally with
increasing pore wall thickness. The surface area of pure silica
samples A, B and C, after steam treatment at 900 °C for 4 h, was
69, 105 and 150 m2 g21 while the pore volume was 0.12, 0.15
and 0.21 cm3 g21, respectively. The improved stability
exhibited by the Al-grafted samples with thicker pore walls is
therefore due to a combination of the strengthened framework
and the presence of Al in the framework.15 On stability of the
core silica framework, we further note that the extent of silica
condensation in the as-synthesised pure silica samples increased
with pore wall thickness.10 Consequently on calcination, the
more polymerised (thicker walled) samples undergo less
‘forced’ condensation thus resulting in fewer strained siloxane
bonds within the core silica framework. The greater stability of
the thicker walled Al-grafted samples is accompanied by better
retention of acidity as indicated by the data (determined using
thermally programmed desorption of cyclohexylamine as
previously described4) in Table 1. In brief samples saturated
with cyclohexylamine (CHA) were pre-treated at 80 °C for 2 h
and cooled under nitrogen prior to thermogravimetric analysis.4
The weight loss between 300 and 450 °C was used to compute
the acid content in mmol CHA g21 assuming that each base
molecule interacts with one acid site. Better retention of acidity
may be an indication of lower levels of dealumination in the
thicker walled Al-grafted samples. The findings reported here
open new opportunities for the preparation of steam stable Al-
MCM41 given that there are other methods that can be used to
stabilise the pure silica starting material prior to Al grafting.
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Fig. 1 Powder XRD patterns of Al-grafted MCM-41 samples, (a) Al-
MCM41-A, (b) Al-MCM41-B and (c) Al-MCM41-C, before (top) and after
hydrothermal treatment at 800 °C (middle) and 900 °C (bottom). The
intensity scale is the same for all samples.

Fig. 2 Nitrogen sorption isotherms of Al-grafted MCM-41 samples, (a) Al-
MCM41-A, (b) Al-MCM41-B and (c) Al-MCM41-C, before (top) and after
hydrothermal treatment at 800 °C (middle) and 900 °C (bottom).

Table 2 Comparison of pore diameter and corresponding pore wall
thickness for Al-grafted materials

Pore diameter/Å Wall thickness/Å

Sample model ao 4V/S
Geometric
modela 4V/S

Geometric
modela

Al-MCM41-A 48.7 34.4 38.1 14.3 10.6
Al-MCM41-B 58.5 40.6 45.6 17.9 12.9
Al-MCM41-C 64.2 42.5 50.2 21.7 14.0
a Pore diameter (PD) was calculated based on a geometric model according
to the equation:16 PD = cd(rVp/1 + rVp)1/2, where c = 1.213, r (density of
silica walls) = 1.6 g cm23,17 and d is basal spacing (d100) and Vp is
mesopore volume; ao = the lattice parameter from the d100 spacing using
the formula ao = 2d100/A3; wall thickness = ao 2 PD.
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Monooxygenated terpenes are fine fragrance and flavouring
chemicals, and active site mutants of the haem mono-
oxygenase cytochrome P450cam which were designed to have
improved complementarity between the substrate binding
pocket and the monoterpenes (+)-a-pinene (1) and S-
limonene (2) have been shown to have greatly enhanced
activity for the oxidation of these two substrates, and the
major products, verbenol and isopiperitenol from (1) and (2)
respectively, were formed with high regioselectivity and
near-total stereoselectivity.

Terpenes have the general formula (C5H8)n and are bio-
synthesized from isoprene units.1 Terpenoid compounds, which
mainly comprise the parent terpenes and their oxidation
products such as the epoxides, alcohols, aldehydes and ketones,
constitute one of largest class of organic compounds in
biological systems. Many mono- and sesqui-terpenoid com-
pounds are sought-after fragrances and flavourings due to their
distinctive and pleasant odours.2,3 For example isopiperitenol
and carveol, which are intermediates in the biosynthesis of
terpenoid compounds that give the characteristic flavours of
different species of mint, are formed by the oxidation of (S)-
limonene by highly specific cytochrome P450 enzymes in the
plants.4,5 As a result of their desirable properties, mono-
oxygenated terpenoids are amongst some of the highest added
value fine chemicals. Therefore the one step synthesis of these
compounds by direct oxidation of the readily available parent
terpenes could have important applications in synthesis. We
report here the engineering of the haem monooxygenase
cytochrome P450cam for the oxidation of the monoterpenes
(+)-a-pinene (1) and (S)-limonene (2).

Cytochrome P450cam catalyses the oxidation of the bicyclic
compound D-(+)-camphor to 5-exo-hydroxycamphor, the first
step in the camphor metabolism pathway of the soil bacterium
Pseudomonas putida.6,7 The mechanism, structure, and sub-
strate binding of P450cam have been extensively studied.8 Since
the bicyclic compound (1) is structurally related to camphor

(Fig.1), we made the reasonable assumption that the two
molecules might be bound in similar orientations within the
P450cam active site. From the crystal structure the camphor
carbonyl group forms a hydrogen bond with Y96 and is in van
der Waals contact with F87.9 Since this carbonyl group is absent
from (1), the Y96F mutation should improve the binding of (1)
by removing the polar phenol side-chain,10 while the larger
side-chain of the F87W mutation should improve the enzyme–
substrate fit. The C10 methyl group of camphor contacts V247.
Since the allylic methyl group of (1) is in a different position in
the molecule, the V247L mutation should also improve the
enzyme–substrate complementarity. The mutants Y96F,
F87W–Y96F, Y96F–V247L and Y96F–F87W–V247L of
P450cam were therefore examined for the binding and oxidation

Table 1 Binding and oxidation of (+)-a-pinene (1) and (S)-limonene (2) by wild-type (WT) cytochrome P450cam and active site mutants

WT Y96F
F87W–
Y96F

Y96F–
V247L

F87W–
Y96F–V247L

(+)-a-Pinene (1)
% High spin haem 85 95 95 95 75
KD (mM) 1.10 0.15 0.08 0.14 0.30
NADH turnover ratea 81.5 147 171 298 129
Product formation ratea 18.6 56 96 271 65
Coupling efficiencyc 23% 38% 56% 91% 51%
(S)-limonene (2)
% High spin haem 20 40 40 60 10
KD (mM) 5.20 0.55 2.10 1.08 —d

NADH turnover ratea 4.0 52 100 301 119
Product formation rateb 0.2 15.7 31 187 45
Coupling efficiencyc 5.1% 30% 31% 62% 38%

a Given as nanomoles of NADH consumed per nanomole of P450cam per minute. b The total amount (in nanomoles) of product formed per nanomole of
P450cam per minute. c The coupling efficiency is the ratio of the total amount of products formed to the amount of NADH consumed and is expressed as a
percentage. d Due to the small spectral changes the substrate binding constant could not be reliably determined.

Fig. 1
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of (1). The monocyclic compound (2) could also be bound in a
similar orientation to camphor if it adopted the slightly higher
energy conformation shown in Fig.1, and these mutants may
also have higher activities for the oxidation of (2).

The substrate binding and catalytic parameters for the
oxidation of (1) and (2) by wild-type P450cam and the mutants
are given in Table 1. The monocyclic (2) was a very poor
substrate for the wild-type compared to camphor (KD =
0.25mM, rate = 400 min21 under identical conditions, 100%
coupling efficiency). However, the bicyclic (1) was bound
much more tightly and oxidised at a faster rate with higher
coupling than (2), in all likelihood reflecting the closer structure
of (1) to camphor. As predicted the Y96F mutation strengthened
the binding and also increased the rate and coupling for the
oxidation of both substrates, particularly for (2). The addition of
the F87W or V247L mutation further enhanced both the binding
and oxidation activity for (1), suggesting improved enzyme–
substrate fits in the F87W–Y96F and Y96F–V247L double
mutants. Interestingly (1) was bound more tightly by the Y96F
and these two double mutants than camphor was by the wild-
type, and the fast substrate oxidation rate of 271min21 and near
total coupling efficiency of the Y96F–V247L double mutant
almost matched the camphor oxidation activity of wild-type
P450cam. For (2) the addition of the F87W and V247L mutations
slightly weakened substrate binding but substantially increased
the rate and coupling, and so although (2) was less tightly bound
it was located closer to the haem resulting in more efficient
substrate oxidation. The F87W–Y96F–V247L triple mutant
showed weaker monoterpene binding and lower activity
compared to the double mutants, probably due to steric
hindrance between (1) and (2) and the much smaller active site
cavity in this mutant.

Since camphor is selectively oxidised at C5 to give the exo
alcohol, the major products from the proposed binding
orientation of (1) should be (+)-cis-verbenol (3) and a-pinene
epoxide (4) (Fig.1, Scheme1). GC co-elution experiments
showed that (3) was indeed the major product ( > 60%) for all
the P450cam enzymes. The cis and trans isomers of (4) were
minor products (total < 8%), and the enzymes showed little
selectivity between the two. In addition (+)-myrtenol (5), which
arose from oxidation of the allylic methyl group, and verbenone
(6), the further oxidation product of (3), were also formed
(Scheme 1). The most active mutant Y96F–V247L gave 70%
(3) and 7% each of (5) and (6), while the less active triple mutant
F87W–Y96F–V247L was the most selective, giving 85% (3).

The selectivity for the oxidation of (2) was more sensitive to
the mutations. Chiral-phase GC analysis showed that the main
products were (2)-trans-isopiperitenol (7), (2)-cis-limonene
epoxide (8), and (2)-trans-carveol (9) (Scheme1). All the
P450cam enzymes had very high diastereoselectivity ( > 95% by
GC) for the formation of all these products. Mutants containing
the F87W mutation were more selective for (7) (82% for both
the F87W–Y96F and F87W–Y96F–V247L mutants). The most
active mutant Y96F–V247L gave 70% (7) but also the highest

proportion (16%) of (9), while the less active wild-type and
Y96F mutant gave the most epoxide (17 and 26% respectively).
The predicted major product from the proposed binding
orientation was (2)-cis-isopiperitenol, and some (S)-limonene
epoxide was also expected. The observation of the trans isomer
(7) and also some carveol product suggested that the more
conformationally mobile (2) did not adopt the camphor binding
orientation, and that there were multiple substrate binding
modes. We note that the P450 enzyme from peppermint
oxidises (2) with total selectivity to give the trans-isopiperitenol
(7), while the spearmint enzyme gives only trans-carveol
(9).11,12

In summary the results suggest that the strategy of designing
mutations based on the structure of the monoterpenes and
potential side-chain/substrate contacts to improve the enzyme–
substrate fit was very successful in promoting monoterpene
oxidation by P450cam. In addition, with some further selectivity
engineering, P450cam variants may have applications in the
biotransformation of terpenes in fine chemical synthesis.
Finally, since not all of the limonene and pinene oxidation
products have been utilised by nature, the oxidation of these and
indeed other terpenes by engineered P450 enzymes could give
rise to novel fragrances and flavourings or new biologically
active compounds.
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Yttrium dialkyl complexes [N,NA-R2-tacn-NB-(CH2)2NBut]-
Y(CH2SiMe3)2 (R = Me, Pri; tacn = 1,4,7-triazacyclono-
nane) were prepared; when activated with [PhNMe2H]-
[B(C6F5)4] these complexes form cationic alkyl species that
are active ethene polymerisation catalysts.

Cationic group 4 metal alkyl species with linked dianionic
cyclopentadienyl-amide ancillary ligands, such as [C5Me4Si-
Me2NBut]M(alkyl)+ A (M = Ti, Zr), are highly efficient

catalysts for the polymerisation of alkenes.1 The isoelectronic
group 3 metal alkyl complexes with these ligands are neutral,
and much less effective in alkene polymerisation.2 One
approach that might allow the generation of cationic group 3
metal alkyl species is to replace either one of the monoanionic
moieties of the ancillary ligand (amide or cyclopentadienyl) by
a neutral functionality. A recent patent showed that replacement
of the amide group by an amine donor can lead to
[C5Me4CH2CH2NMe2]M(alkyl)+ B, (M = Sc) species that are
active in catalytic alkene polymerisation.3 We have designed a
ligand in which an amido functionality is attached to a
substituted 1,4,7-triazacyclononane (tacn) group, and that
allowed us to generate cationic tacn-amide group 3 metal alkyl
complexes of type C. These species were found to be highly
active in the catalytic polymerisation of ethene.

1,4,7-Triazacyclononane ligands have been successfully used
as 6-electron fac-tridentate ligands on a wide range of transition
metals, and various neutral and anionic tacn derivatives have
appeared in the literature recently.4 The new tacn-amine
derivatives N,NA-R2-tacn-NB-(CH2)2NButH (R = Pri, 1; Me, 2)
were prepared in two steps from the known corresponding N,NA-
dialkyl-1,4,7-triazacyclononanes5 (Scheme 1). Reaction of
these N,NA-dialkyltriazacyclononanes with N-tert-butylchlor-
oacetamide in refluxing actonitrile, with a catalytic amount of
NaI, yielded the corresponding N-tert-butyl-(4,7-dialkyl-
1,4,7-triazacyclonon-1-yl)acetamides. These were then reduced
with LiAlH4 in refluxing diglyme and purified, after hydrolysis
and acid–base extraction, by Kugelrohr distillation (2) or
column chromatography (1).

Reaction of the amine 1 with the yttrium trialkyl Y(CH2Si-
Me3)3(thf)2

6 in C6D6 results in formation of SiMe4, free thf,
and the yttrium dialkyl complex [N,NA-Pri

2-tacn-NB-

(CH2CH2)NBut]Y(CH2SiMe3)2 3, (Scheme 1), as seen by NMR
spectroscopy. The same reaction in pentane solvent (0.5 mmol
scale), followed by crystallization, yielded analytically pure,
white crystalline 3. The isolated yield (28%) was rather modest,
mainly due the high solubility of the product. An X-ray
structure determination of 3§ confirmed its identification as a
monomeric, thf-free yttrium dialkyl (Fig. 1). As expected, the
three nitrogens of the tacn moiety are bound in fac arrangement
to the metal centre. There is considerable asymmetry in the
structure of the complex, as seen e.g. in the angle N(1)–Y–C(19)
113.8(2)° vs. N(1)–Y–C(23) 95.9(2)°, and the groups are

† Electronic supplementary information (ESI) available: experimental,
spectroscopic and polymerization details. See http://www.rsc.org/suppdata/
cc/b1/b101012n/
‡ Netherlands Institute for Catalysis Research (NIOK) publication no. RUG
01-4-01.

Scheme 1 Reagents and conditions: i, N-tert-butylchloroacetamide, MeCN,
cat. NaI, reflux, 1 h; ii, LiAlH4, diglyme, reflux, 3 h (2) or 100 h (1),
followed by hydrolysis and acid–base extraction; iii, Y(CH2SiMe3)3(thf)2,
pentane, 14 h, 20 °C.

Fig. 1 Molecular structure of 3 (hydrogen atoms omitted for clarity,
unlabeled atoms are carbon, thermal ellipsoids drawn at 30% probability
level). Selected interatomic distances (Å) and angles (°): Y–N(1) 2.231(5),
Y–N(2) 2.541(5), Y–N(3) 2.618(5), Y–N(4) 2.740(5), Y–C(19) 2.476(5),
Y–C(23) 2.421(7); C(19)–Y–C(23) 101.1(2), N(1)–Y–N(2) 72.4(2), N(2)–
Y–N(3) 68.8(2), N(2)–Y–N(4) 65.5(2), N(3)–Y–N(4) 68.9(2), N(3)–Y–
C(23) 86.7(2), N(4)–Y–C(19) 82.7(2), Y–C(19)–Si(1) 134.2(3), Y–C(23)–
Si(2) 145.4(4).
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arranged in such a way as to prevent the eclipsing of the ligand
Pri and Y–alkyl groups. The Y–N distances for the tacn
nitrogens span a considerable range, the shortest being the
distance to the bridgehead nitrogen Y–N(2), 2.541(5) Å, and the
longest the Y–N(4) distance, 2.740(5) Å, N(4) being practically
trans to C(23). This asymmetry appears to be retained in
solution, as the ambient temperature 1H and 13C NMR spectra
show resonances consistent with an asymmetric species (e.g.
four resonances for the diastereotopic CH2SiMe3 methylene
protons).7 The alkyl methylene carbon resonances are found at
d 33.7 and 31.0, with rather large 1JYC coupling constants (ca.
38 Hz) and relatively small 1JCH coupling constants of 95 Hz.

Reaction of the amine 2 with Y(CH2SiMe3)3(thf)2 in pentane
yielded the corresponding dialkyl complex [N,NA-Me2-tacn-NB-
(CH2CH2)NBut]Y(CH2SiMe3)2 4, analytically pure in 86%
isolated yield. The smaller size of the alkyl substituents makes
the complex more fluxional, as the room temperature 1H NMR
spectrum of 4 shows broad resonances consistent with a species
with an average Cs symmetry. Cooling a toluene-d8 solution of
4 to 260 °C slows down this dynamic process, revealing spectra
with four Y–alkyl methylene and two Y–C resonances, again
consistent with an asymmetric ground state structure.8

The dialkyl complex 4 reacts cleanly with the Brønsted acid
[PhNMe2H][B(C6F5)4]9 in C6D5Br solvent to give SiMe4, free
PhNMe2, and an ionic species formulated as {[N,NA-Me2-tacn-
NB-(CH2CH2)NBut]Y(CH2SiMe3)}[B(C6F5)4] 6.10 The 1H
NMR spectrum shows a single resonance at d 21.06 for the
YCH2 group (JYH not resolved), and the 13C NMR YCH2
resonance at d 37.0 (JYC 40.7 Hz), shifted downfield and with a
larger JYC relative to the dialkyl 4. The ionic species 6 is
thermally relatively stable, and remains essentially unchanged
over 1 h at ambient temperature in bromobenzene solution. In
contrast, reaction of the dialkyl complex 3 with
[PhNMe2H][B(C6F5)4] leads to rapid formation of propene and
2 equiv. of SiMe4 (as seen by 1H NMR spectroscopy), and an ill-
defined yttrium species. Apparently, an Pri substituent on the
ancillary ligand is metallated on one of its methyl groups,
followed by elimination of propene. When the reaction is
performed in the presence of an excess of d8-thf, the cationic
alkyl species is trapped before ligand metallation occurs, giving
a species formulated (based on its 1H NMR characteristics) as
{[N,NA-Pri

2-tacn-NB-(CH2CH2)NBut]Y(CH2SiMe3)(d8-thf)}-
[B(C6F5)4] (5·d8-thf), with YCH2 resonances at d 21.29 and
21.35 (dd, 2JHH 11.0 Hz, JYH 3.0 Hz).11

Ethylene homopolymerisation experiments (toluene solvent)
showed that the dialkyls 3 and 4, in combination with the
Brønsted acid activator [PhNMe2H][B(C6F5)4], yield active
ethene polymerisation catalysts, with observed productivities
up to 1.79 3 103 kg(PE) mol(Y)21 h21 bar21. Relatively short
run times (10–15 min) were chosen to minimise inhomogeneity
and mass transfer effects. Over the run period the catalysts show
a modest (25–30%) decrease in ethene uptake rate. The results
listed in Table 1 show that the productivity of the Me2-tacn
system is enhanced by increasing the reaction temperature, but
that the polydispersity of the polyethene produced also
increases substantially. One possible explanation for this is that
the initial cationic alkyl catalyst is thermally transformed into
another species that is also active in the polymerisation of

ethene, thus leading to bimodal product distributions. The
polymerisation behaviour of this type of catalyst and its
dependence on various parameters (ligand substitution pattern,
activator species, etc.) is subject of further study.

In conclusion, we have prepared new yttrium dialkyl species
with monoanionic tetradentate triazacyclononane-amide ancil-
lary ligands. Reactions of these dialkys with
[PhNMe2H][B(C6F5)4] generate the ionic species 5·thf-d8 and
6, rare examples of spectroscopically characterised cationic
group 3 metal alkyls.12 These cationic alkyl species are active
catalysts for the polymerisation of ethene.

This investigation was supported by ExxonMobil Chemical
Company.

Notes and references
§ Crystallographic data for 3: C26H61N4Si2Y, M = 574.87, triclinic, space
group P1̄, a = 9.815(1), b = 9.859(1), c = 17.291(1) Å, a = 95.60(1), b
= 90.68(1), g = 98.63(1)°, U = 1645.7(4) Å3, T = 130 K, Z = 2, Dc =
1.160 g cm23, m = 18.6 cm21, Enraf-Nonius CAD4-F diffractometer,
l(Mo-Ka) = 0.71073 Å, 6433 unique reflections, final residuals wR(F2) =
0.1800, R(F) = 0.0731 for 3940 reflections with Fo ! 4s(Fo) and 311
parameters. CCDC 157466. See http://www.rsc.org/suppdata/cc/b1/
b101012n/ for crystallographic data in .cif or other electronic format.
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Table 1 Catalytic ethene polymerisation with 3 and 4 in conjunction with
[PhNMe2H][B(C6F5)4] activatora

Dialkyl T/°C PE yield/g

Productivity/
103 kg(PE)
mol(Y)21 h21 bar21 1023 Mw Mw/Mn

4 30 5.62 0.70 471 4.0
4 50 9.40 1.18 325 4.9
4 80 14.30 1.79 98 6.0
3b 30 11.95 0.96 —c —c

a Conditions: toluene solvent (150 ml), 10 mmol Y dialkyl complex, 10
mmol activator, 5 bar ethene pressure, 10 min run time. b 15 min run time.
c Not determined.
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4-Hydroxy-3-(2A-pyridyl)coumarins (4) (R = 6-Cl, H, 6-NO2,
8-NO2) were prepared in moderate to good yields by the
intramolecular nucleophilic aromatic substitution reaction of b-
ketoesters (I) in refluxing xylenes; evidence for the reversible
formation of benzo[c]quinolizinium III from I (X = 4-Cl), with
eventual formation of 4 (R = 6-Cl), is also presented.

Cystic fibrosis (CF) results from defects in the gene encoding a
cyclic adenosine monophosphate-dependent chloride ion chan-
nel known as the cystic fibrosis transmembrane conductance
regulator1 (CFTR) and is characterized by defective chloride
transport across epithelia of the airways, exocrine ducts, and
intestine as well as viscous epithelial mucous secretions.2
Becq’s recent report3 that the benzo[c]quinolizinium derivative
MPB-07 (II, Fig. 1) activates wild-type CFTR membrane
protein4 in a variety of cell systems, coupled with our interests5

in developing small molecule drugs capable of modulating
chloride-selective ion channels,6 led us to explore the use of
3-oxo-2-(2A-pyridyl)(o-halophenyl)propanoates as precursors to
CFTR-active compounds. The synthesis of benzo[c]quinolizin-
ium salts via an intramolecular cyclization reported by Fozard
and Bradsher7 led us to consider cyclization of I to MPB-07
analog III by an intramolecular ipso substitution reaction. We
report here a wider perspective on the intriguing and useful
intramolecular nucleophilic aromatic substitution chemistry of
these a-(2-pyridyl)-b-ketoesters.

Our work started with C-acylation of benzyl 2-(2-pyr-
idyl)acetate (1, Scheme 1),† in turn generated by the transester-
ification of methyl 2-(2-pyridyl)acetate with lithium benz-

oxide.8 Generation of the lithium salt of 1 and subsequent
treatment with various o-halobenzoyl chlorides gave the
corresponding 3-oxo-2-(2A-pyridyl)(o-halophenyl)propanoates
(2). Yields for 1 ? 2 are generally moderate (60–75%) for a
variety of halobenzoyl chlorides.

Heating 2a in xylenes at reflux for 2 h delivered a crystalline
product which we initially assumed was benzo[c]quinolizinium
salt III (82% yield, Scheme 2). However, single crystal X-ray
crystallographic analysis‡ (Fig. 2) revealed that the product was
in fact isolated as the neutral benzo[c]quinolizine 3a replete
with 1-carboalkoxy and 2-oxo substituents on the newly formed
ring. The observation that 2a? 3a via III, which was consistent
with the results reported by Fozard and Bradsher for cycloqua-
ternization of cis-2A-chloro-2-stilbazole, suggested that ipso
substitution in our 3-oxo-2-(2A-pyridyl)(o-halophenyl)propa-
noate series would provide a general route to the benzo[c]quino-
lizine ring system.

Fig. 1 3-Oxo-2-(2A-pyridyl)(o-halophenyl)propanoates as precursors to
benzo[c]quinolizinium derivatives.

Scheme 1 Preparation of 3-oxo-2-(2A-pyridyl)(o-halophenyl)propa-
noates.

Scheme 2 Intramolecular ipso substitution in 3-oxo-2-(2A-pyridyl)(o-
halophenyl)propanoates.

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b009172n Chem. Commun., 2001, 639–640 639



However, the next substrate investigated, 2b, underwent ring-
closing ipso substitution with loss of the benzyl ester moiety.†
On closer inspection, it became apparent that ipso substitution
of the o-chloro substituent in 2b had occurred via nucleophilic
attack of the carboalkoxy giving 4-hydroxycoumarin 4b as the
sole isolated product (72%). We speculate that 2 exists in a
highly enolized, hydrogen-bonded (N…H–O) conformation9

which biases the system to intramolecular carboalkoxy—rather
than pyridyl—nucleophilic attack resulting in 2b? 4b. In the
case of 2a, the p-chloro substituent apparently deactivates the
ring toward nucleophilic attack to the extent that only the
2-pyridyl moiety is nucleophilic enough to participate in ipso
substitution, leading to formation of 3a.

These observations led us to speculate that benzo[c]quinoli-
zine 3a might represent the kinetic product in this reaction and
raised the question whether further heating of the 2a ? 3a
reaction mixture might lead to formation of the corresponding
4-hydroxycoumarin derivative. This would presumably occur
by reversion of III to 2a by intermolecular ipso attack by
chloride followed by slow intramolecular ring-closing by
carboalkoxy ipso attack to [4a]. Once formed, irreversible loss
of BnCl from [4a] would deliver 4a. To test this idea, the 2a?
3a reaction was performed in toluene-d8 (110 °C) and
intermittently monitored by 1H-NMR. As anticipated, we
observed the fairly rapid formation of 3a (2a consumed in 72 h)
followed by its slow disappearance and matched by the slow
appearance of both benzyl chloride and 4-hydroxycoumarin 4a
(intermittent monitoring over 12 d). Moreover, when the
laboratory scale reaction of compound 2a was performed in
refluxing xylene, formation of benzo[c]quinolizine 3a was
detected early on (monitored by TLC). Continued heating for
10 d afforded 4-hydroxycoumarin 4a in 65% yield.

Three additional 3-oxo-2-(2A-pyridyl)(o-halophenyl)propa-
noates were also investigated (2c–e). In each of these, the o-halo
substituent was a bromine and, in two of these, a strongly
activating nitro group was incorporated at C5 (2d) or C3 (2e). In
each of these cases, only carboalkoxy nucleophilic attack was
observed. The yields for 2 ? 4 are generally quite good
(70–96%), with the more electron deficient C-ring systems
affording higher yields.

The method reported here provides a general and useful route
for the production of 4-hydroxy-3-(2A-pyridyl)coumarin deriva-
tives. While both pyridyl and carboalkoxy moieties can
participate in this reaction, reversible formation of the benzo-
[c]quinolizinium coupled with irreversible loss of benzyl
chloride during coumarin formation leads to the exclusive
formation of the 4-hydroxy-3-(2A-pyridyl)coumarin derivative.

We thank the National Science Foundation and Cystic
Fibrosis Foundation for financial support of this research as
well as the National Science Foundation CRIF program (CHE-
9808183) for Varian Inova 400 MHz and Mercury 300 MHz
NMR instrument purchases. C. A. thanks the Departamento de
Educación, Universidades e Investigación del Gobierno Vasco
(Spain) for a Postdoctoral Fellowship.

Notes and references
† General procedure for C-acylation of benzyl 2-(2A-pyridyl)acetate (1): to
a cold (0 °C) solution of diisopropyl amine (0.33 mL, 2.4 mmol) in dry ethyl
ether (6.0 mL) under inert atmosphere was added dropwise n-BuLi (1.63 M
in hexane, 1.47 mL, 2.4 mmol). The mixture was cooled to 278 °C and a
solution of phenylmethyl 2-(2A-pyridyl)acetate (0.456 g, 2.0 mmol) in dry
ethyl ether (2.0 mL) was added dropwise. This mixture was stirred at
278 °C for 60 min at which time a solution of the appropriate benzoyl
chloride (2.0 mmol) in dry ethyl ether (1.0 mL) was added dropwise.
Stirring was continued at 0 °C for an additional 30 min at which time the
reaction was treated with 1 M aq. HCl and extracted with CH2Cl2. The
organic layer was dried (MgSO4), concentrated, and the oily residue was
recrystallized from hexane.

General procedure for 4-hydroxycoumarin formation (2? 4): a solution
of phenylmethyl 3-aryl-3-oxo-2-(2A-pyridyl)propanoate 2 (0.2 mmol) in
xylenes (2.0 mL) was stirred at reflux under N2 for 2 h. After removal of the
solvent in vacuum, the 4-hydroxycoumarin product was purified by silica
gel chromatography (hexanes+EtOAc).
‡ Crystallographic data: 3a (R = 2C6H5) C21H14ClNO3, M = 363.78,
triclinic, space group P1̄, a = 7,1272(9), b = 9.5407(12), c = 13.1738(10)
Å, a = 77.273(8), b = 79.502(9), g = 68.701(10)°, U = 808.95(16) Å3, Z
= 2, m = 2.280 mm21, T = 133(2) K, a unique data set of 2105 independent
reflections was collected, R1 = 0.0355 for all data. CCDC 152984. See
http://www.rsc.org/suppdata/cc/b0/b009172n/ for crystallographic data in
.cif or other electronic format.
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Fig. 2 X-Ray crystallographic structure of 3a.
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Steam-reforming of ethanol over ZnO gives highly effective
production of CO-free H2: 5.1 mol of H2 per mol of reacted
ethanol is formed at 723 K under 100% ethanol conver-
sion.

There is growing interest in the use of H2 as an alternative fuel
mainly due to environmental aspects.1,2 Alcohols could con-
stitute a good supply of hydrogen, as they are efficient H2-
reservoirs and could avoid the difficulty of H2-distribution. In
this context, many efforts have been applied to the production of
hydrogen from steam-reforming of methanol by using methanol
synthesis-based catalysts;3–5 however, there are fewer papers
dealing with ethanol steam-reforming.6 However, two con-
siderations point to ethanol as an alternative to methanol: (i) the
yield of H2 is higher, (ii) ethanol is a renewable material which
can be easily obtained from biomass. As regards the use of
supported catalysts in the steam-reforming of ethanol, mainly
copper- and cobalt-based catalysts have been studied.7–9 In both
cases the behaviour of supported catalysts was strongly affected
by the support used. However, their role remains unclear and no
exhaustive studies of transformations of ethanol over individual
inorganic oxides under ethanol steam-reforming conditions
have been reported.

Here we report the behaviour of several oxides, with a wide
range of redox and acid–base properties, in the steam-reforming
of ethanol. A high H2O+ethanol ratio was used to explore the
possibility of using ethanol as obtained from biomass (aqueous
solutions of concentration ca. 15% in ethanol are obtained from
sugar cane or starch-rich grains). In some cases total conversion
of ethanol and high selectivity to the reforming reaction were
attained.

The following oxides with the indicated BET surface area
were used: MgO (prepared by adding ammonia to a MgCl2
solution, 110 m2 g21), g-Al2O3 (Girdler, 188 m2 g21), SiO2
(Degussa–Hüls, 200 m2 g21), TiO2 (Degussa–Hüls, 45 m2 g21),
V2O5 (Merck, 22 m2 g21), ZnO (1) (Asturienne New Jersey, 11
m2 g21), ZnO (2) (prepared by decomposition of 3ZnO·2Zn-
CO3·3H2O, 100 m2 g21), La2O3 (Merck, 11 m2 g21), CeO2
(Aldrich, 17 m2 g21), Sm2O3 (Merck, 9 m2 g21). Steam-
reforming of ethanol was carried out between 573 and 723 K, at
atmospheric pressure, using a 1+13+70 C2H5OH+H2O+Ar
stream (molar ratio) and 0.1 g of the appropriate oxide diluted
with inactive SiC, under a gas hourly space velocity (GHSV) of
5000 h21. After periods of 2 h at each temperature, the
temperature was increased consecutively from 573 to 623, 673
and 723 K; at the final temperature the reaction was conducted
over a period of 20 h. Products were analysed on-line by gas
chromatography. Hydrogen was analysed with a TCD using Ar
as a carrier gas, CO and CO2 were analysed with an FID after
passing through a methanizer, and hydrocarbons as well as
oxygenated products were separated with a capillary column
and analysed with an FID.

Conversion of ethanol increased with temperature for all
samples (see Fig. 1). However, significant differences between

them in terms of activity, stability and selectivity were found.
The temperature required for total conversion was lower for
V2O5 and g-Al2O3 (623 K) than for the other oxides, and even
at 723 K, conversions of < 10% were obtained over MgO and
SiO2 and were ca. 20% over La2O3 and CeO2. A comparison
between conversion values, after 20 h of reaction at 723 K and
initial values (after 2 h of reaction at 723 K), shows a high
deactivation process for TiO2 and Sm2O3. Conversion dimin-
ished from 100% to 3.9% for TiO2 and from 67.2% to 37.9% for
Sm2O3. After reaction these two oxides appeared black, and
carbon deposition during reaction could be responsible for the
drop in activity. Table 1 shows the product selectivity and the
ethanol conversion values after 20 h at 723 K (GHSV = 5000
h21) under the steam-reforming conditions mentioned above for
catalysts with conversion > 5%. The values of selectivity
obtained with the different catalysts can be explained in terms of
the contribution of the following reactions: ethanol steam-
reforming (1), ethanol decomposition to CH4 (2), ethanol
dehydration (3), ethanol dehydrogenation (4), ethanol decom-
position to acetone (5) and water–gas shift reaction (WGSR)
(6).

CH3CH2OH + 3H2O ? 2CO2 + 6H2 (1)

CH3CH2OH ? CO + CH4 + H2 (2)

CH3CH2OH ? C2H4 + H2O (3)

CH3CH2OH ? CH3CHO + H2 (4)

2CH3CH2OH ? CH3COCH3 + CO + 3H2 (5)

CO + H2O ? CO2 + H2 (6)

Negligible steam-reforming of ethanol was observed over MgO
and g-Al2O3. Over g-Al2O3 only the dehydration of ethanol to
ethylene was observed and over MgO high selectivity to
acetaldehyde was obtained. These findings are consistent with
the acidic and basic characteristics of g-Al2O3 and MgO
respectively,10 which in addition do not have redox properties.

† Dedicated to Professor Rafael Usón on the occasion of his 75th
birthday.

Fig. 1 Ethanol conversion as a function of temperature for different oxides.
Reaction conditions: total pressure 1 atm, C2H5OH+H2O+Ar = 1+13+70
(molar ratio), GHSV = 5000 h21.
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The product distribution for the remaining oxides indicates that
the steam-reforming of ethanol took place. However, all
samples in Table 1 except zinc oxides, showed significant yields
in the dehydration of ethanol. For V2O5 the production of
ethylene can be related to its acidic properties.10,11 On the other
hand, the dehydration of ethanol over La2O3 and Sm2O3 has
been proposed to occur over basic centres,11 with the production
of ketones from alcohols also related to basic centres in the
oxides. The high conversion values and high selectivity to CO2

and H2 obtained over ZnO (1) and ZnO (2) is of note. Over these
oxides the main reactions under the experimental conditions
used were the decomposition of ethanol to acetone, the
reforming of ethanol and the WGSR. The decomposition of
ethanol to acetone is well documented over ZnO-based
catalysts.12,13 This takes place via several successive reactions
such as dehydrogenation and aldol condensation over basic
centres. The performance of ZnO in the steam-reforming of
ethanol could be a consequence of its basic and redox
characteristics. The basic properties should be related to the
dehydrogenation of ethanol to acetaldehyde and then, its
specific redox characteristics could help to aid the steam-
reforming reaction.

The yield of acetone is expected to be affected by the contact
time. A deeper study of the transformations of ethanol over ZnO
(2) as a function of contact time indicated that it is possible to
have a very high yield in the reforming of ethanol and to
minimize the yield of all the other ethanol transformations.
Table 1 also compiles some results obtained for GHSV ranging
from 22 000 to 2300 h21. Different space velocities were
obtained by dilution of the C2H5OH–H2O mixture (1+13 molar
ratio) with Ar, after each change the system was stabilised for 2
h and then the products were analysed. In all cases total
conversion of ethanol was obtained and no CO was detected

(detection limit of CO 17 ppm). When the reaction was
conducted at 22 000 h21, only 2.3% of the total products were
other than H2 or CO2. Under these conditions, values of 5.1 mol
H2 and 1.7 mol CO2 per mol of reacted ethanol were recorded
representing 85% of the theoretical values that can be obtained
from ethanol reforming. This finding, together with the absence
of CO production (or at least < 17 ppm) indicate that a ZnO-
based catalytic system may be used for H2 production for fuel
cells. Moreover, at a practical level, bioethanol could be used as
raw material.

We thank CICYT (MAT1999-0477) and Generalitat de
Catalunya (1999 SGR-00044) for financial support.
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Table 1 Catalytic performance on a C2H5OH–H2O–Ar (C2H5OH+H2O = 1+13 molar ratio) stream at 723 K and atmospheric pressure

Product selectivitya (%)
mol H2/ mol CO2/

Sample GHSV/h21 Conv.(%) H2 CO CO2 CH4 C2H4 C3H6 CH3CHO CH3COCH3 mol EtOH mol EtOH

MgO 5000 6.9 45.9 — 0.4 0.9 6.8 1.7 44.3 —
Al2O3 5000 100 — — — — 100 — — —
V2O5 5000 100 36.7 1.1 19.1 1.2 33.3 0.4 8.2 —
ZnO (1) 5000 100 61.4 — 18.5 1.1 1.7 0.5 10.2 6.6
ZnO (2) 5000 100 64.6 — 21.1 0.7 0.6 0.3 0.2 12.5
La2O3 5000 19.9 44.4 — 17.7 4.5 33.0 0.4 — —
CeO2 5000 24.4 52.4 0.2 15.9 1.1 18.9 0.1 — 11.4
Sm2O3 5000 37.9 32.0 — 11.9 0.9 53.3 0.5 — 1.4
ZnO (2) 2300 100 60.4 — 20.2 0.5 1.0 0.2 2.6 15.1 1.6 0.5
ZnO (2) 3800 100 63.2 — 21.0 0.4 1.0 0.2 3.4 10.8 2.0 0.7
ZnO (2) 9900 100 65.0 — 21.8 0.3 1.1 0.2 5.9 5.8 2.4 0.8
ZnO (2) 19000 100 72.0 — 23.8 0.3 1.6 0.2 0.9 1.2 4.3 1.4
ZnO (2) 22000 100 73.4 — 24.3 0.5 1.0 0.1 0.4 0.3 5.1 1.7
a Water not included.
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A microwave-assisted preparation of a series of ambient
temperature ionic liquids, 1-alkyl-3-methylimidazolium
(AMIM) halides, that proceeds via efficient reaction of
1-methylimidazole with alkyl halides/terminal dihalides
under solvent-free conditions, is described.

In addition to their role in electrochemistry1 (electrolytes for
battery, fuel cells etc.), heavy metal ion extraction,2 phase
transfer catalysis, and polymerization,3 ionic liquids are emerg-
ing as a set of new green solvents, mainly as a replacement for
conventional volatile organic solvents.4 The use of a large
excess of conventional volatile solvents required to run a
chemical reaction is of ecological and economic concern.
Ambient temperature ionic liquids encompassing 1,3-dialkyl-
imidazolium cations (A) have shown great promise as an
attractive alternative to conventional solvents.5 The important
properties of these ionic liquids are low volatility, negligible
vapor pressure, ease of handling, accelerated reaction rates,
potential for recycling, and compatibility with various organic
compounds and organometallic catalysts.6 Also, the products
from reactions conducted in ionic liquids can be extracted very
easily using various organic solvents. The preparation of
1,3-dialkylimidazolium halides via the conventional heating
method in refluxing solvents requires several hours to afford
reasonable yields and also uses a large excess of alkylhalides/
organic solvents as the reaction medium.7 In view of the
emerging importance of the ionic liquids as reaction media8 and
our general interest in MW-assisted chemical processes,9 we
decided to explore the synthesis of ionic liquids using
microwave (MW) irradiation under solvent-free conditions.
Herein, we report an efficient method for the preparation of
ionic liquids using microwave irradiation as the energy source
by simple exposure of neat reactants in open containers to
microwaves using an unmodified household MW oven. This
solvent-free approach requires only a few minutes of reaction
time in contrast to several hours needed under conventional
heating conditions which uses an excess of reactants.

In an unmodified household MW oven it is not possible to
vary the MW power. The reduction in power level simply
entails that it operates at its full power but for a reduced period
of time. A recently introduced household MW oven (Panasonic)
equipped with inverter technology provides a realistic control of
the microwave power to a desirable level. We examined the
effect of microwave power on a set of reactions using 1-butyl
bromide (1-BuBr) and 1-methylimidazole (MIM) as reactants
(Table 1).† Upon microwave irradiation, the ionic liquid starts
forming which increases the polarity of the reaction medium
thereby increasing the rate of microwave absorption. The
formation of ionic liquid could be monitored visibly in the
reaction when it turns from clear solution to opaque and finally
clear. It is observed that at elevated power levels evaporation of
alkyl halide and partial decomposition/charring of the ionic
liquid occurs possibly due to the localized heating of the ionic
liquid, which eventually results in lower yields. To circumvent
this problem, we conducted the reaction with intermittent
heating and mixing at a moderate power level to provide better
yields and cleaner ionic liquid formation.‡ After the first
irradiation for 30 s at 240 W ( ~ bulk temperature 70–100 °C)
the homogeneity of the reaction mixture changes due to

formation of a small amount of ionic liquid. The reaction
mixture is then taken out, mixed again for 10 s and then heated
at the same power level for an additional 15 s. This step is
repeated until the formation of a clear single phase ionic liquid
product. At this stage, the unreacted starting materials are
removed by washing with ether and the product dried under
vacuum at 80 °C.

A series of ionic liquids prepared by microwave heating and
the protocol is then compared with the similar preparation using
conventional heating (oil bath at 80 °C). The comparative
results are summarized in Table 2. Most of the halides used in
this study have higher boiling points and are converted
efficiently to ionic liquids under microwave irradiation. The
relatively less reactive and low boiling reactants such as butyl
chloride and 2-bromobutane (entries 1 and 4, Table 2) incurred
loss due to evaporation and hence are used in excess quantity.
The reactivity trend of halides is found to be in the order I2 >
Br2 > Cl2. Due to the high reactivity of the iodides excellent
yields are obtained in all cases with minimum exposure time.
The conventional methods reported in the literature generally
use a large excess of alkyl halide–THF as solvents. The present
method is eco-friendly and uses only stoichiometric amounts of
reactants.

The preparation of ionic liquids bearing polycations are of
recent synthetic interest.10 We have prepared novel dicationic
compounds (B) utilizing alkyl dihalides. The butyl and hexyl
dicationic salts (entries 11–15, Table 2) are solids at rt. The
corresponding octyl analogues with bromide/chloride as the
anions are viscous liquids (entries 16 and 17, Table 2) whereas
the iodo compound (entry 18, Table 2) is a solid. From the NMR
data the dicationic salts generated from chloro and bromoalk-
anes (entries 11, 13, 14 and 16, Table 2) are slightly
contaminated with the corresponding monocationic inter-
mediate ( < 5%). However, the diiodoalkanes, being reactive,
afforded pure products. The purity of ionic salts prepared via
microwave heating are found to be superior to those prepared
via conventional heating methods, presumably due to in-
efficient mixing in the later, once the solid product (B) begins to
form.§

The thermogravimetric analyses (TGA) and differential
scanning calorimetry (DSC) data show that all ionic liquids

Table 1 Optimization of reaction conditions for preparation of ionic liquid
using microwaves

No.
1-BuBr/
mmol

MIM/
mmol

MW-
Power/W Time/s

Yield
(%)

1 1 1 120 60 42
2 1 1 120 120 62
3a 1 1 240 120 78
4a 1 1 360 60 76
5a 1 1 360 60 76
6 1 1 240 30 + 15 + 15 + 15 81
7b 1.1 1 240 30 + 15 + 15 + 15 86
8b 1.2 1 240 30 + 15 + 15 + 15 86
a Partial decomposition occurred at high power or extended irradiation time.
b The reaction mixture was thoroughly mixed on a vortex mixer prior to
irradiation.
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(Table 2) are pure and are free of any starting materials. These
studies also establish that the compounds are thermally stable
up to 280 °C and then start decomposing with complete
decomposition occurring above 300 °C.¶

In conclusion, a solvent-free MW-assisted protocol is
developed for the synthesis of ionic liquids in open containers
using an unmodified household microwave oven. Essentially,
the ionic liquids can be generated in situ and subsequent
reactions conducted in the same pot.

The authors wish to thank Mr Ballard Mullins for the TGA
and DSC analyses. V.V.N. is a postgraduate research participant
at the National Risk Management Laboratory administered by
the Oak Ridge Institute for Science and Education through an
interagency agreement between the US Department of Energy
and the US Environmental Protection Agency.

Notes and references
† In a typical reaction, 1-bromobutane (2.2 mmol) and MIM (2 mmol) are
placed in a test tube, mixed thoroughly on a vortex Mixer (Fisher, Model
231) and the mixture is heated intermittently in an unmodified household
MW oven (Panasonic NN-S740WA-1200W) at 240 W (30 s irradiation with
10 s mixing) until a clear single phase is obtained. The bulk temperature
recorded is in the range 70 to 100 °C. The resulting ionic liquid is then
cooled, washed with ether (3 3 2 mL) to remove unreacted starting
materials and product dried under vacuum at 80 °C to afford 86% of 1-butyl-
3-methylimidazolium bromide, 1H NMR (250 MHz; D2O), dH: 0.72 (t,
CH3), 1.15 (m, CH2), 1.81 (m, CH2), 3.71 (s, N-CH3), 4.09 (m, N-CH2),
7.38 (s, NCH), 7.43 (s, NCH), 8.7 (s, N(H)CN); 13C NMR dC: 12.89 (t,
CH2), 19.02 (m, CH3), 31.51 (m, CH2), 35.86 (N-CH2), 49.51 (N-CH3),
122.40 (NCH), 123.73 (NCH), 136.21 (N(H)CN). An experiment on a
relatively large scale (22 mmol of 1-bromobutane and 20 mmol of MIM)
afforded 87% yield.
‡ There are commercial microwave devices available that provide adequate
mixing and control of reaction parameters such as temperature, pressure etc.
For description see details at sites: http://www.cem.com; http://www.micro-
cure.com and http://www.personalchemistry.com

§ The NMR spectra of the samples are recorded on a Brucker 250 MHz
spectrometer using D2O as solvent and CD3OD/CDCl3 as the standards. The
new compounds are characterized by elemental analyses, 1H and 13C NMR.
The data for a representative dicationic compound, entry 15, dH (250 MHz;
D2O) 1.29 (m, CH2), 1.82 (m, CH2), 3.71 (s, N-CH3), 4.14 (m, N-CH2), 7.38
(s, NCH), 7.43 (s, NCH), 8.7 (s, NC (H)N); dc: 24.99 (t, CH2), 29.17 (m,
CH3), 36.18 (N-CH2), 49.57 (N-CH3), 122.35 (NCH), 123.64 (NCH),
135.97 (NC (H)N), (Calc. for C14H24N4I2: C, 33.49; H, 4.82; N, 11.16;
Found. C, 33.69; H, 4.93; N, 11.68%).
¶ The TGA of the sample is performed by heating from 25 to 500 °C at a rate
of 10 °C min21 and DSC is conducted from 25 to 450 °C at a heating rate
of 10 °C min21.
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New PtdIns(3,4,5)P3 binding proteins have been identified
utilising PtdIns(3,4,5)P3 modified affinity matrix 1 which
was synthesised from myo-inositol derivative 2, phosphor-
amidite 9 and an agarose based solid support.

The role of myo-inositol phospholipids in cell signalling
systems is well established.1–4 One such signal transduction
mechanism involves the in vivo production of PtdIns(3,4,5)P3
via phosphorylation of PtdIns(4,5)P2 mediated by PI3K.5
Although PtdIns(3,4,5)P3 binding proteins are known,6 many of
the cellular processes downstream of PI3K activation do not yet
have a defined lipid binding protein mapped above them. For
this reason we embarked on the preparation and evaluation of an
affinity matrix based on PtdIns(3,4,5)P3.

The phospholipid was attached to an agarose matrix by an
amide linkage formed between a carboxylic acid-terminated
side chain on the agarose and a 3-(w-aminoacyl)glycerol
derivative on the phospholipid (Scheme 1). The phospholipid
11 was prepared by coupling the alcohols 27 and 3 (from the
commercially available (S)-(+)-1,2-O-isopropylideneglycerol
4) through a phosphodiester linkage.

We initially protected the primary alcohol 4 as the tert-
butyldiphenylsilyl ether, but encountered difficulties in its
removal at a later stage of the synthesis. A more efficient
process involved 4-methoxybenzylation of the primary alcohol
4 (Scheme 2),8 followed by acetonide removal to give the PMB-
ether 5 (PMB = p-methoxybenzyl). Selective esterification of
the primary alcohol in 5 with the Cbz-protected (Cbz =
benzyloxycarbonyl) w-amino acid 6, followed by palmitoyla-
tion of the secondary alcohol 7 gave the diester 8. Oxidative
removal (CAN) of the PMB protecting group and phosphityla-
tion of 3 with BnOP(NiPr2)2

9 gave the phosphoramidite 9.†
The lipid side chain, in the form of the phosphoramidite 9,

was then coupled with the enantiomerically pure alcohol (2)-2

to afford the perbenzylated compound 10 (Scheme 3). Re-
ductive debenzylation was readily effected using H2 (50 psi) in
the presence of Pd-black and NaHCO3 in tBuOH–H2O (6+1) as
the solvent, to afford the amine 11 in good yield.† This was then
coupled with the N-hydroxysuccinimide (NHS) activated ester
resin, Affi-Gel 10,‡ to afford the PtdIns(3,4,5)P3 modified
matrix 1. Excess resin (ca. 5 equiv.) was required to ensure the
complete consumption of the amine which was determined by a
negative Kaiser test.§

Pilot experiments showed that PKB (25 mM) [a known6,10

PtdIns(3,4,5)P3 binding protein] would bind to the matrix 1 and
could be completely displaced by 10 mM D,D-PtdIns(3,4,5)P3¶
but not at all by 10 mM L,L-PtdIns(3,4,5)P3, thus establishing the
potential specificity of the matrix. When applied to a pig
neutrophil cytosol a number of proteins have been identified
that bind to the resin 1 in a PtdIns(3,4,5)P3 sensitive manner.

Scheme 1

Scheme 2 Reagents and conditions: i, NaH, p-MeOC6H4CH2Cl (PMBCl),
DMF; ii, PTSA, MeOH; iii, HOOCC11H22NHCBz 6, DCC, DMAP,
CH2Cl2; iv, palmitoyl chloride, DMAP, pyridine, CH2Cl2; v, CAN, MeCN–
H2O (4+1); vi, BnOP(NiPr2)2, 1H-tetrazole, CH2Cl2.

Scheme 3 Reagents and conditions: i, 1H-tetrazole, 9, CH2Cl2, then
MCPBA; ii, Pd-black, H2 (50 psi), tBuOH–H2O (6+1), NaHCO3; iii, Affi-
Gel 10, NaHCO3, H2O.
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Several novel proteins were identified and the full biological
results will be disclosed in a separate publication. One of these
proteins was subsequently shown to be identical to the recently
characterised protein, DAPP1, possessing a Src homology
(SH2) domain and a pleckstrin homology (PH) domain. This
novel protein had been independently identified from a database
search by comparison of the PH domain sequences with known
PtdIns(3,4,5)P3 binding proteins.11 The fact that the ‘functional
screen assay’ identified several proteins including DAPP1,
which is involved in endosomal trafficking or sorting,12 is
noteworthy and exemplifies the strength of the approach. Very
recently biotinylated PtdIns(3,4,5)P3 has been used as an
affinity ligand for the purification of recombinant
PtdIns(3,4,5)P3 binding proteins.13

In summary we have demonstrated a synthesis of a
PtdIns(3,4,5)P3-modified matrix and demonstrated its use as a
tool for the identification of proteins binding to
PtdIns(3,4,5)P3.14 The flexible nature of the methodology and
the biological success of resin 1 warrants further investigation
into the preparation and biological evaluation of other D-3
phosphorylated myo-inositol phospholipid modified matri-
ces.15

We thank the BBSRC, the Cambridge Commonwealth Trust,
the CVCP (ORS to Z.-Y. L), Astra-Zeneca and Tan Kar Kee
Foundation, Singapore (Z.-Y. L.) for financial support, and the
EPSRC for provision of the Swansea Mass Spectrometry
Service. We thank Dr Corinne Kaye for helpful advice on the
use of agarose supports.

Notes and references
† All new compounds exhibited spectroscopic and analytical data in accord
with the assigned structure. Selected data (J values in Hz) for 9: [a]22

D + 7.0
(c 1.9 in CHCl3); dH (250 MHz, CDCl3), 7.38–7.28 (10 H, m, Ph), 5.20–5.10
(1 H, m), 5.10 (2 H, br s, OCH2Ph), 4.80–4.60 (3 H, m), 4.36 (1 H, m), 4.12
(1 H, m), 3.85–3.55 (4H, m), 3.18 [2 H, dt, (apparent quartet), J 6.7, 6.7,
CH2CH2NH], 2.29 (4 H, two overlapping t, J 7.3), 1.64–1.40 (6 H, m),
1.30–1.20 (38 H, m), 1.18 (6 H, d, J 6.8, 2 3Me), 1.17 (6 H, d, J 6.8, 2 3
Me), 0.87 (3 H, t, J 6.9, Me); dP (101.25 MHz, CDCl3), 149.2, 149.1; m/z
(FIB) [Found: (M + Na)+ 921.6022. C52H87N2O8PNa requires 921.6098].
For 11: [a]22
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succinimide activated resin (4 mL) with 12.2 mmol of the amine 11 in the
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¶ D,D-PtdIns(3,4,5)P3 refers to the dipalmitoyl analogue of PtdIns(3,4,5)P3

containing the 1(D)-myo-inositol ring stereochemistry and sn-2-diacylgly-
cerol side chain; L,L-PtdIns(3,4,5)P3 refers to the enantiomer.
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Copper(II) triazacyclononane, a catalyst for the hydrolysis of
phosphate esters, has been covalently immobilized onto a
silica surface and the resulting compound is a robust
material that can effect heterogeneous phosphodiester
hydrolysis.

The exceptional stability of phosphodiesters makes their
cleavage a challenging task: at neutral pH and 25 °C, the half-
life for the hydrolysis of dimethyl phosphate is estimated to be
130 000 years.1 It is well documented, however, that a large
range of metal ions and metal complexes are able to dramat-
ically increase the rate of hydrolysis of phosphodiesters in
aqueous solutions.2 We have shown that in aqueous solution
dichloro(1,4,7-triazacyclononane)copper(II) (Cu[9]aneN3Cl2)
catalytically hydrolyzes the activated phosphodiester, bis(4-
nitrophenyl)phosphate (BNPP).3 A drawback of these homoge-
neous catalysis reactions is the inability to recover and reuse the
catalyst. A heterogeneous catalyst, however, formed by im-
mobilization of the active complex onto a solid support, can be
easily separated from the reaction products and recycled
continuously. Here we report the synthesis and characterization
of silica-bound (Cu[9]aneN3)2+ and its reaction chemistry with
BNPP.

Silica-bound (Cu[9]aneN3)2+ was prepared by a rhodium-
catalyzed hydrosilation reaction between N-(4-but-1-enyl)-
1,4,7-triazacyclononane4 and hydride-modified silica,5 both of
which were prepared according to literature procedures. The
chosen method of immobilization was favored because it
produced more uniform and hydrolytically stable silicon–alkyl
group linkages.6 Conventional methods usually involve im-
mobilization through an amide bond, which is not appropriate
because (Cu[9]aneN3)2+ has been shown to hydrolyze amides.7
N-(4-but-1-enyl)-1,4,7-triazacyclononane and hydride-modi-
fied silica were refluxed in toluene in the presence of
Wilkinson’s catalyst [RhCl(PPh3)3] for 3 days, covalently
linking the macrocycle to the silica surface (Scheme 1).8
Unreacted hydrides were blocked with ethyl groups by charging
the flask with ethylene (1 atm) and vigorously stirring the
reaction solution for 15 h at room temperature.9 After thorough
washes with toluene, dioxane, and acetone, silica-bound

triazacyclononane 1, a pale yellow solid, was collected and
dried at room temperature.

Characterization of 1 reveals that the silica surface has been
modified with an organic layer. Elemental analysis was
performed on 1, yielding the following mass percentages: C
5.14%, H 1.54% and N 1.11%.10 Based on the nitrogen value, it
was calculated that the surface concentration of triazacyclo-
nonane was 0.264 mmol (g silica)21. Additionally, it was
estimated that, of the original hydrides present on the silica
surface, 24% had reacted with the N-(4-but-1-enyl)-1,4,7-tri-
azacyclononane. Both of these values agree well with other
reported values for silica-bound macrocycles.11

Metallation of 1 was achieved by mixing an aqueous solution
of copper(II) nitrate with 1 and stirring vigorously for 30 min.
The yellow material quickly became blue. The solid was
isolated by filtration over a glass frit and was repeatedly washed
with water until the washings were colorless. Finally, the
material was washed twice with methanol and allowed to air
dry, resulting in a pale blue solid, silica-bound copper(II)
triazacyclononane 2. EPR spectroscopy was used to probe the
copper(II) environments in 2. Spectra were recorded at both
room temperature and 77 K.12 The 77 K spectrum of 2 showed
the characteristics of an axially symmetric d9 copper complex.13

The room temperature spectrum of 2 (Fig. 1) was essentially
identical to its 77 K spectrum. A broadened spectrum was not
observed, revealing that spin–spin interactions between the
copper centers are minor or non-existent. Therefore, the
conclusion can be drawn that the copper complexes anchored to
the silica surface are well separated and non-interacting. This
result demonstrates that dimerization of (Cu[9]aneN3)2+, an
occurrence that contributes to rate reduction in the hydrolysis of
phosphodiesters in aqueous solution,3 will not be a factor for
reactions with 2.

Kinetic experiments showed that 2 was effective at hydrolyz-
ing BNPP. Typical experiments began with the addition of 60
mg 2 to 50 mM HEPES [N-(2-hydroxyethyl)piperazine-NA-
ethanesulfonic acid] buffer at pH 7.8. The solution was stirred

Scheme 1 Reagents and conditions: i, RhCl(PPh3)3, toluene, reflux, 3 days;
ii, C2H4, RhCl(PPh3)3, toluene, 25 °C, 15 h; iii, Cu(NO3)2 (aq).

Fig. 1 X-Band EPR spectrum of 2 (undiluted powder sample). The spectrum
was recorded at 298 K, 101 mW microwave power, 3.2 3 105 receiver gain,
5.88 G modulation amplitude, 9.6469 GHz microwave frequency, 100 kHz
modulation frequency and a 163.84 ms time constant, using 10 averaged
scans, each containing 4096 data points; g4 = 2.065, g∑ = 2.283, A =
143 G.
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vigorously for 15 min to wet the solid, followed by addition of
5 mM BNPP, to a total reaction volume of 3 mL. The solution
was allowed to stir in the dark at 25 °C and was monitored by
visible spectrophotometry, following the absorption at 400 nm
due to the hydrolysis product 4-nitrophenolate.14 Fig. 2(a)
shows a plot of concentration of 4-nitrophenolate vs. time for a
typical reaction. The plot shows an extended induction period
where no hydrolysis was observed, and then a linear increase in
product formation followed by a second linear region of product
formation at a slower rate. The slowing of the reaction at
relatively low (20%) conversion suggests that product inhibi-
tion may be significant. When 2 was allowed to stir with the
buffer for 5 days prior to the addition of substrate, a
significantly reduced induction period was observed, indicating
that solvation of the solid surface is a limitation in this system.
Negligible BNPP hydrolysis was observed in the absence of 2 or
in the presence of 1 at the same temperature and pH over a two
week period.

The same portion of 2 can be reused to hydrolyze additional
samples of BNPP. In an initial reaction cycle, 60 mg 2 was
combined with 5 mM BNPP in 50 mM HEPES, pH 7.8, as
above. After ca. 700 h, by which time the reaction was
proceeding at the slower rate, 2 was isolated from the
suspension and repeatedly washed with 1 mL aliquots of 50 mM
HEPES buffer (pH 7.8) until the washings were colorless (at
least five washings). Fresh HEPES and BNPP (identical
concentrations as in cycle 1) were added to 2 and the
4-nitrophenolate concentration was monitored as a function of
time. In the second cycle, hydrolysis was again observed,
following the same reaction profile as the first cycle with the
exception of a shorter induction period (data not shown). This
same portion of 2 was recycled a third time following the same
procedure as for the second cycle, and identical hydrolytic
activity was observed.

When 2 was recycled while the hydrolysis rate was maximal,
after ca. 150 h, the higher reaction rate could be maintained

through repeated reaction cycles. In the first reaction cycle 60
mg 2 and 5 mM BNPP were reacted at 25 °C, pH 7.8 (50 mM
HEPES) for 300 h, and slow hydrolysis was observed. After
isolation and washing by the procedure described above, 2 was
combined with fresh substrate and buffer under the same
conditions as in the first cycle. The reaction was followed for
ca. 150 h. The rate of hydrolysis in the second cycle was
significantly greater than in the first. The recycling procedure
was repeated through 12 cycles over the course of 3 months:
Fig. 2(b) shows data for cycles 1, 4 and 7. Cycles 1–5 proceeded
with progressively increasing reaction rates. Once the maximal
rate was achieved at cycle 5, all subsequent cycles exhibited the
same rate of reaction. The maximal observed rate of hydrolysis
was 7.5 3 10210 M s21; this rate is significantly faster than the
uncatalyzed rate, which cannot be measured at room tem-
perature and neutral pH. These data reveal that if 2 is isolated,
washed and recycled while reacting at its maximal rate, the high
rate can be maintained through repeated cycles for an extended
period of time.

The data presented herein demonstrate effective heteroge-
neous hydrolysis of a phosphodiester promoted by a surface-
immobilized copper(II) macrocycle, (Cu[9]aneN3)2+. Impor-
tantly, 2 can be reused over many months to hydrolyze
additional portions of BNPP, and a higher reaction rate can be
maintained at low percentage conversion to product. The
hydrophobic nature of the material is likely responsible for the
long induction period and work is currently underway to
promote the silica–substrate interaction.
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Fig. 2 (a) Single reaction time course. Plot of concentration of 4-nitro-
phenolate vs. time for 2-mediated hydrolysis of BNPP. Reactions were
carried out at pH 7.8, maintained by 50 mM HEPES, and 25 °C. The
substrate (5 mM BNPP) was added to 60 mg 2, and a suspension was
maintained by constant stirring. Aliquots were clarified by centrifugation
and filtration for absorbance measurements. (b) Multiple cycle, initial rate
time course. Plot of concentration of 4-nitrophenolate vs. time for
2-mediated hydrolysis of BNPP: see (a) for conditions. Each reaction after
cycle 1 was allowed to proceed to ca. 6% conversion to product before
recycling; (:) cycle 1, (5) cycle 4, (-) cycle 7.
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Salt-bridge formation may be used to stabilise the 314-helical
conformation of b-peptides in aqueous solution, as shown by
a 2D-NMR spectroscopic investigation.

The design, synthesis, and characterisation of artificial mole-
cules capable of forming specific and predictable secondary
structures offer new possibilities in the field of molecular
recognition, catalysis, and protein folding.1 Thus, it is not
surprising that unnatural oligomers like b-peptides have
received considerable attention, since these molecules are able
to form stable secondary structures with as few as six residues.2
Although we are starting to understand some of the factors
influencing the folding of these molecules, much work remains
until we are able to correctly predict how a particular sequence
of unconstrained building blocks will fold, especially in
aqueous media. To investigate if salt-bridge formation can be
used to stabilise b-peptidic secondary structures we set out to
synthesise the b-heptapeptide 1 (Fig. 1).

The sequence of 1 was selected based on the following design
principles: (i) we expect an all-b3 peptide to form a 314-helix2;
(ii) use of charged residues will ensure high water solubility;
(iii) residues with positively and negatively charged side-chains
should be positioned in an i/i + 3 disposition so that they are in
juxtaposition on the ternary 314-helix, allowing for the two
desired salt-bridges to be formed; (iv) b3-HOrnithine rather than
b3-HLysine residues were chosen since this brings the charges
closer together and less entropy is lost upon salt-bridge
formation; (v) one side of the helix is covered by aliphatic side-
chains to allow for intramolecular hydrophobic interactions,
Fig. 1.

The all-b3-heptapeptide 1 was synthesised on Wang resin
(0.25 mmol scale) using the standard FastMoc chemistry as
implemented in an Applied Biosystem 433A automated peptide
synthesiser. The protocol involved 45 min coupling times with
four equiv. of the HBTU–HOBt activated b-amino acid (Fmoc-
b3HVal-OH, Fmoc-b3HOrn(Boc)-OH, and Fmoc-
b3HGlu(OtBu)-OH prepared by Arndt-Eistert homologation),3
5 3 10 min deprotection, including NMP–DCM washings. The
crude peptide was isolated in 78% purity, after TFA mediated
removal of the protecting groups and cleavage from the resin.
Purification by reverse phase HPLC (C18 column; MeCN–
water gradient containing 0.1% TFA) afforded the pure peptide
1 in 65% yield, as characterised by its electrospray mass
spectrum and complete assignment of the 500 MHz 1H NMR
spectrum. The main impurity (10%) was also isolated and
characterised as N-Fmoc 1, thus confirming previous observa-
tions that the standard Fmoc-cleavage, with 20% piperidine, is
insufficient for complete Fmoc removal of b-peptides with
chain-lengths exceeding six amino acids.4 To the best of our
knowledge, this is the first time a b-peptide was synthesised
with standard coupling conditions on an automated synthesiser,
suggesting that automated synthesis may be successfully
applied for b-peptides of longer sequences and combinatorial
libraries, especially if the deprotection protocol is modified
according to our recently improved conditions.4
b-Peptide 1 exhibits excellent solubility in both water and

MeOH. The far-UV circular dichroism (CD) spectra of 1 in
MeOH and aqueous solution are shown in Fig. 2. As expected,
the CD spectrum in MeOH displays a minimum at ca. 216 nm
and a maximum at ca. 198 nm, characteristic of a 314-helix with
(M)-chirality. Remarkably, when one compares the mean molar
ellipticity of all b3-peptides synthesised in our laboratory to date
this peptide exhibits the strongest ellipticity of all in MeOH
solution. The CD spectra recorded in aqueous solution also
show the typical pattern of a 314-helical conformation.4
Furthermore, the pH dependence study in Fig. 2 suggests that
the two salt-bridges successfully increase the stability of the

† Electronic supplementary information (ESI) available: NMR spectros-
copy and conc. dependent CD-spectra of 1. See http://www.rsc.org/
suppdata/cc/b1/b101085i/

Fig. 1 Molecular formula of the b-heptapeptide 1 and schematic
representations of a linear 314-helical structure from the side (a) and from
top (b). Colour-code: Black = hydrophobic residues, Blue = positively
charged residues, and Red = negatively charged residues.

Fig. 2 CD-spectra of 1 in MeOH solution (red) and in aqueous solutions at
different pH values (all measurements were done at 0.2 mM). The minimum
near 215 nm, considered characteristic of a (M) 314-helical structure, shows
maximal intensity at pH 5.5 (blue) consistent with a salt-bridge stabilisa-
tion.
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helix since the strongest molar ellipticity is observed at pH 5.5,
i.e. the pH value where the ornithine residues are expected to be
protonated and the glutamic acid residues are still deprotonated.
The CD spectra displayed only a slight change in the range 0.02
to 2 mM (see supporting information †), suggesting that no
aggregation takes place in this concentration range. This
observation is surprising if one considers the amphiphilic nature
of the helix, and raises the question how to distribute the side-
chains in order to achieve self-aggregation of 314-helical
structures.

A detailed 2D-NMR spectroscopic study was undertaken to
obtain high-resolution data on the actual conformation of 1 in
water and in MeOH. The MeOH spectrum, recorded at 500
MHz, showed good separation of all signals and allowed
complete assignment of all 1H resonances in their respective
spin system using DQF-COSY and TOCSY techniques; HSQC
and HMBC experiments could then be used for sequence
assignment. The large 3J(NH; C(b)-H) coupling constants
establish that the NH and C(b)-H protons are in an anti-
periplanar arrangement. The diastereotopic CH2(a) protons
were assigned assuming that the axial protons exhibit a large,
and the lateral protons a small, coupling with C(b), which is in
agreement with the stronger NOEs observed from H-C(b) to the
lateral H-C(a) protons than to the axial H-C(a) protons.
ROESY spectra were acquired at three different mixing times
(80, 150, and 300 ms), and a total of 72 NOEs were extracted
from the spectra with mixing time 300 ms. Integration of the
cross peak volumes followed by calibration allowed classifica-
tion of the NOEs in three distance categories with the following
upper bound distance limits: strong < 3.0 Å, medium < 3.5 Å,
and weak < 4.5 Å. These distance restraints, together with 6
(NH, C(b)-H) dihedral angle restraints, derived from the
coupling constants, were subjected to simulated annealing
following the XPLOR protocol. The calculation produced a set
of 25 structures with lowest restraint violations. These struc-
tures show a well-defined left-handed 314-helical conformation,
Fig. 3. The side chains of b3-HGlu and b3-HOrn are on top of
each other, thus allowing the designed salt bridges to form.

The NMR spectra recorded in aqueous solution at pH 5.5
showed more spectral overlap. Although it was possible to
assign all resonances using a combination of the TOCSY,

HMBC, and HSQC spectra, integration of the cross-peak
volumes in the ROESY spectra was severely hampered by
overlap. Nevertheless, the following NOEs could be unambigu-
ously assigned: NH(2) and NH(4) to H-C(b) i+2 and i+3; NH(2)
to NH(3); NH(3) to side chain protons of residue 6; H-C(b) of
residue 4 to the lateral H-C(a) proton on residue 1. A qualitative
treatment of these key NOEs, together with the large 3J(NH;
C(b)-H) coupling constants observed, imply the 314-helical
conformation. Furthermore, no NOEs violating this conforma-
tion were observed. Based on the NMR spectroscopic data and
the characteristic CD-spectra we conclude that the main
conformation of b-peptide 1 is a 314-helix in MeOH as well as
in water. Thus, since this is the first time a high resolution
method supports the folding of a b-peptide without covalent
constrains in water,5 this study demonstrates that salt-bridge
formation constitutes a valuable tool for the design of stabilised
unnatural secondary structures in aqueous media.
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Fig. 3 Solution structure of the b-heptapeptide 1 in MeOH represented as a bundle of 25 lowest-energy structures obtained by simulated annealing, using
NMR dihedral-angles and NOE-distance restraints, in the XPLOR programme. View along the (M) 314-helical axis with side-chains omitted (a), and top-view
with side-chains (b).
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Locked nucleic acid (LNA), a recently introduced nucleic
acid analogue with a bicyclic 2A-O,4A-C-methylene linked
furanose sugar, exhibits enhanced affinities for DNA and
RNA relative to the corresponding oligodeoxyribonucleo-
tides and oligoribonucleotides; we report the first crystal
structure of an LNA unit incorporated in an oligonucleotide
duplex. The structure at 1.4 Å resolution of the DNA–LNA
decamer duplex with one LNA thymine monomer per strand
provides a detailed view of the conformation and hydration
of locked nucleic acid residues in a duplex A-form.

LNA (Fig. 1), exhibits stability of self-pairing that significantly
exceeds those observed with DNA and RNA.1–3 The UV
melting temperatures of mixed DNA–LNA1,4 and RNA–LNA5

strands paired to DNA or RNA are increased by between 4 to
9 °C per modified residue compared to the corresponding
unmodified duplexes. Increased RNA affinity, higher nuclease
resistance and the observation that RNAs targeted by mixed
DNA–LNA oligonucleotides are degraded by RNase H render
LNA a promising third-generation antisense modification.6

NMR solution structures of DNA–LNA7–9 and RNA–LNA10

duplexes containing either single or multiple LNA residues in
one strand demonstrated the preference of the locked sugar for
a C3A-endo conformation. Based on these experiments it was
concluded that enthalpic (improved stacking) and entropic
factors (conformational preorganization) may account for the
unprecedented gains in the thermodynamic stabilities of LNA-
modified duplexes. In order to examine the detailed conforma-
tion of LNA residues and the hydration of the bicyclic sugar
moiety, we determined the single crystal structure of the DNA–
LNA decamer duplex [GCGTATLACGC]2 with a single LNA
thymine TL at high resolution.

The mixed DNA–LNA decamer was synthesized‡ using
phosphoramidite chemistry as previously described1 and puri-
fied to > 98%. The modified decamer crystallizes§ in the A-
form, the right-handed duplex geometry presumably preferred
by an LNA–LNA duplex. The crystallographic model was
refined¶ with simulated annealing and force field methods,
using an initial orientation from Molecular Replacement.¶ The
decamer duplex exhibits an average helical rise of 2.95 Å and
the average values for helical twist and inclination are 31.2 and
17.8°, respectively. An overview of the crystal data and
refinement parameters is shown in Table 1 and final electron
density maps around LNA residues are depicted in Fig. 2.

The sugar conformations of the two locked thymines 6 and 16
are both C3A-endo (Fig. 3) and the respective values for the
pseudorotation17 angle P are 16.9 and 18.3° (calculated with the
program CURVES18). All deoxyriboses in the decamer exhibit
C3A-endo puckers and the average value of their P angles (17.9°;
excluding the two LNA residues) is very similar to those of the
modified thymines. Thus, the bicyclic sugar moieties fit
seamlessly into an A-form double helix and the additional
restraints appear to lock them in an A-type pucker.

In addition to the sugar–phosphate backbone torsion angle d
that is a characteristic of the ribose conformation (Fig. 1), the
five other backbone torsions adopt values that are also
consistent with the standard sc2, ap, sc+, sc+, ap, sc2 genus (a
to z) of A-form double helices. A comparison of the backbone

Fig. 1 Structure of LNA; torsion angles are labeled.

Fig. 2 Stereo drawing of the simulated annealing omit electron density (3s-level) around modified residues TL6 and TL16 in the [(dA5pTL6)- (dA15pTL16]
base pair step. Atoms are colored yellow, red, blue and magenta for carbon, oxygen, nitrogen and phosphorus, respectively.

Table 1 Crystal data and refinement parameters

Space group orthorhombic P212121

Unit cell constants [Å] a = 26.14, b = 43.96,
c = 45.80

Temperature [K] 110
Wavelength [Å] 0.93218
Beamline /detector APS DND-CAT 5-ID/

MARCCD
Resolution [Å] 1.40
No. of unique reflections 10,950
Data completeness (all/last shell) [%] 99.7/96.7
Rsym (all/last shell) [%] 4.9/26.0
No. of nucleic acid atoms 408
No. of water molecules 127
R-work/R-free [%] 16.7/17.4
r.m.s for bonds/angles from standards Å/°] 0.009/1.51
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torsions in the modified thymines with those in the rest of the
duplex does not manifest any notable deviations. Therefore the
bicyclic modification in LNA is fully compatible with the A-
form geometry adopted by both DNA and RNA. Similarly, the
glycosidic torsion angles in both LNA residues are in the
standard anti geometry and no significant changes appear to
result from the chemical modification in the local helical
parameters, such as slide and x- and y-displacement (Fig. 3).

Our findings here based on X-ray crystallographic data are
consistent with those obtained from NMR solution studies of
DNA and RNA duplexes with either single or multiple LNA
residues in one of the strands.7–10 According to those experi-
ments, the exceptional thermodynamic stability gains seen with
LNA-modified duplexes (both in the DNA and the RNA
contexts) are a result of the conformational preorganization of
modified single strands for the duplex state (entropic contribu-
tion) as well as of the improved stacking both in the single- and
double-stranded states (enthalpic contribution).

Unlike 2A-deoxyribose sugars which lack a functionality for
hydrogen bond formation at the C2A-position, the locked sugars
contain a hydrogen bond acceptor in the form of O2A (Fig. 1). In
the crystal structure both 2A-oxygens are engaged in hydrogen
bonds to water molecules (Fig. 3). Extensive hydration of
individual hydrogen bond acceptors and donors in oligonucleo-
tides is often accompanied by an increased thermodynamic
stability of the corresponding duplexes (see, for example,
references 19 and 20). However, it is difficult to draw
conclusions as to the role of sugar hydration in the overall
stability of LNA-modified DNA duplexes or all-LNA duplexes.
The arrangement of water molecules around locked sugars
observed here is reminiscent of the solvation in the case of the
2A-oxygen in 2A-O-methyl RNA.21,22 Duplexes of 2A-O-methyl-
ated oligoribonucleotides exhibit thermodynamic stabilities that
are increased by about 1 °C per modified residue relative to
RNA. However, the precise contribution of hydration to the
stability increase in the case of 2A-O-methyl RNA is not
understood.

Our study provides a first look at the conformational
properties of LNA in a crystal structure at relatively high
resolution. The main characteristics of the structure are the
standard A-type conformation induced by LNA residues and the
capacity of the 2A-oxygen that is part of the bicyclic sugar
framework to engage in a least two hydrogen bonds to water
molecules. Circular dichroism spectra (CD) of LNA–LNA
duplexes in solution indicated that such duplexes appear to
adopt a conformation that closely resembles the A-form
geometry of RNA–RNA duplexes. However, these spectra also
manifested subtle differences between the two species (data not
shown). The present analysis of a duplex with only a single
LNA residue per strand does not provide any insight into
potential conformational differences between LNA and RNA
duplexes. Attempts to determine a crystal structure of a
completely modified LNA–LNA duplex are underway.
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Cambridge, MA). The individual duplex models and the resulting Fourier
electron density maps were visualized with the program TURBO-FRODO16
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A novel disodium 1,2-ethanediol bis(hydrogen sulfate) salt
precursor-based solid acid catalyst is demonstrated to have
significantly enhanced activity and high selectivity in
producing methyl isobutyl ether (MIBE) or isobutene from a
methanol–isobutanol mixture.

Methanol and isobutanol are the predominant products formed
from CO/H2 synthesis gas over alkali-promoted Cu/ZnO-based
(low temperature) catalysts1,2 and copper-free (high tem-
perature) catalysts.3,4 Since the two alcohols are produced
together, their direct coupling to synthesize ethers for a number
of applications is of interest. One such ether is the un-
symmetrical methyl isobutyl ether (MIBE) which has desirable
characteristics as a fuel additive (cetane number = 53),5 and
thus, can be employed as an additive to or as a neat fuel to
substitute for current diesel fuels.6,7 MIBE from direct coupling
of methanol–isobutanol [eqn. (1)] was investigated over a
number of solid acid catalysts.8

(CH3)2CHCH2OH + CH3OH ? (CH3)2CHCH2OCH3 + H2O
(1)

Improvement of yields, particularly over inorganic oxides, was
found to be desirable. Furthermore, if new catalysts were found
for selectively converting isobutanol to isobutene, eqn. (2),

(CH3)2CHCH2OH ? (CH3)2CNCH2 + H2O (2)

a chemical route to isobutene from natural gas or coal-derived
synthesis gas would be provided.5 Such a process would
alleviate isobutene dependence on petroleum feedstock. Kinetic
analyses,8b,9 together with theoretical calculations,10 suggest
that the mechanism of reaction 1 is the SN2 pathway involving
competitive adsorption of reactants on proximal dual Brønsted
acid sites on the catalyst surface, while that of process 2 has
been proposed to be an E2 reaction.8 Reactions 1 and 2 are a
specific implementation of a general class of dehydrocondensa-
tions and dehydrations occurring in a mixture of a light alcohol
and a heavier C2-branched primary alcohol.

In the present work, we studied a novel heterogeneous
catalyst derived from a (HO)3Zr–O3SOCH2CH2OSO3–
Zr(OH)3 precursor which gave rise to proximal strong surface
acid functionalities (HOSO2O–Zr–O–)2, as prompted by the
requirement to activate the two alcohols.8,10 High resolution X-
ray photoelectron, near-infrared, and 13C magic angle spinning
nuclear magnetic resonance spectra confirmed the composition,
structure and physicochemical properties of the catalyst. The
results show that the 1,2-ethanediol bis(hydrogen sulfate)
moiety was successfully grafted onto the surface of zirconium
hydroxide, as will be reported elsewhere in detail.11 The main
features of the preparation sequence are presented in
Scheme 1.

Here, the disodium 1,2-ethanediol bis(hydrogen sulfate) salt
precursor (NaOSO3CH2)2 1 was converted to the ammonium
form (NH4OSO3CH2)2 2 by exchange over a catex column, an
aqueous solution of compound 2 was combined with a
zirconium hydroxide suspension to form the derivative (–OxZr–
OSO3CH2)2 3, which was calcined in air at 773 K to remove the
–(CH2CH2)– residues, resulting in the surface-derivatized

species (–OxZr–OSO3H)2 4 with proximal acid sites. Upon
calcination, this catalyst exhibited a surface sulfate-to-zirco-
nium surface mol ratio of 0.84, corresponding to 0.72 mmol
surface S/g catalyst, and all its carbon was removed. Thus the
final composition corresponds to the formula (HSO4)0.84-
ZrO2,surf on the surface of pure zirconia. This material
simultaneously possessed a high thermal stability.

The dehydration of methanol–isobutanol (2-methyl-1-propa-
nol, 99.9+%, Alfa) was investigated in a downflow stainless
steel tubular reactor with controls of temperature (398–508 K),
total pressure (101.3–3.1 3 103 kPa, 1 atm = 101.325 kPa) and
BuiOH/MeOH molar ratio (0/100–50/50) in a carrier gas of 5%
N2 diluted in He. Steady state activities were achieved within 2
h of initiation of alcohol injection or after altering a reaction
variable such as temperature or pressure. Testing of the
(HO)3Zr–O3SOCH2CH2OSO3–Zr(OH)3-derived catalyst under
each condition was carried out for 8–12 h. No catalyst
deactivation was observed over several hundred hours of
testing.

At 448 K, the MIBE yield was 0.087 mol/kg cat/h (Table 1),
which represented an enhancement of 78% compared with
0.049 mol/kg cat/h over previously reported SO4

22/ZrO2,9 and

Scheme 1 Atom colour codes are as follows: C, black; H, pink; O, red; S,
yellow; N, blue, Zr, green; Na, gray.

Table 1 Product space time yields (mol/kg cat/h) in the reaction of MeOH/
BuiOH (8.97+8.97 kPa) at 3.44 mol/kg cat/h alcohols, 16 mol/kg cat/h
carrier gas and 101.3 kPa total pressure over (HO)3Zr–O3SOCH2-
CH2OSO3–Zr(OH)3-derived catalyst

T/K MIBE Isobutene DME DIBE MTBE DTBE

398 0.002 — — — — —
423 0.020 — — 0.008 — —
448 0.087 1.430 — 0.005 — 0.003
448a 0.049 1.290c 0.103 — 0.007 —
448b 0.029 0.378c 0.034 0.015 0.014 0.016
a SO4

22/ZrO2 catalyst. b H-montmorillonite catalyst. c Butene included
isobutene, n-butene, cis- and trans-2-butene.
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of 200% compared with H-montmorillonite catalyst.9 The
isobutene yield of 1.43 mol/kg cat/h, also at 448 K, represented
an increase of 11 and ~ 280% over the SO4

22/ZrO2 and H-
montmorillonite catalysts, respectively.9 Other products in-
volved dimethyl ether (DME) and traces of di-isobutyl ether
(DIBE), di-tert-butyl ether (DTBE), methyl tert-butyl ether
(MTBE) and octenes.

Table 2 demonstrates that MIBE yields increased, whereas
isobutene yields decreased, with total alcohol pressure increas-
ing from 7.8 to 240.7 kPa. For example, 0.156 mol/kg cat/h
MIBE at 7.8 kPa kept increasing with pressure to 0.702 mol/kg
at 240.7 kPa, while isobutene at 7.8 kPa (3.525 mol/kg cat/h)
exhibited a decreasing trend to 0.335 mol/kg cat/h at 240.7 kPa.
The data in Table 2 are consistent with the Langmuir–
Hinshelwood kinetic laws,8b vMIBE = k4KMpMKBpB/(1 + KMpM
+ KBpB)2 and vIsobutene = k3KBpB/(1 + KBpB + KMpM)2, which
were derived on the basis of the reactions (1) and (2) occurring
on the dual acid sites.8b The values of constants fitting the data
of Table 2 were k3 = 33.1 mol/kg cat/h, k4 = 3.2 mol/kg cat/h,
KM = 0.035 kPa21 and KB = 0.086 kPa21.

Here, the ratio KB/KM = 2.46 shows that isobutanol adsorbed
preferentially on the acid sites, agreeing with its greater basicity
over methanol.8b,12 When the partial pressure of isobutanol was
increased in the range of 0–1.6 kPa while maintaining the partial
pressure of methanol constant at 8.97 mPa, the MIBE space
time yield increased from zero to 0.057 mol/kg cat/h, while the
DME decreased from 0.040 mol/kg cat/h to zero. This
distribution of DME and MIBE can be reasonably explained by
kinetics previously observed on other catalysts,8b with KB >
KM. The experimental data also show increasing yields of
isobutene with increased molar ratio of BuiOH/MeOH. In
addition, the enhancement of selectivity toward isobutene from
0% at 398 K to 94% at 448 K (Table 1) results from the increase
of KB/KM with increasing temperature. The isobutanol dehydra-
tion to isobutene competed with MeOH/BuiOH coupling to
MIBE. At relatively high temperatures, a large ratio of KB/KM
resulted in an enhancement of the qBuiOH/qMeOH ratio (q, surface
coverage), and favored the dehydration of the adsorbed
isobutanol to isobutene [eqn. (2)]. The apparent activation
energy for the formation of each product was determined from
Arrhenius plots, yielding 22 kcal mol21 for MIBE and 24 kcal
mol21 for isobutene. The activation energy of 19 kcal mol21 for
DME was obtained by theoretical calculations.10

The kinetic behavior of eqn. (1) showed that isobutanol
partial pressure (pB) promoted the MeOH/BuiOH coupling to
MIBE, whereas the kinetic behavior of eqn. (2) indicated that
increasing isobutanol pressure (pB) very strongly suppressed its
dehydration, and the kinetic order became negative at high pB.9
At low alcohol partial pressures, high selectivity of isobutene is
ascribed to a significant fraction of unoccupied acid sites on the
surface of the (HSO4)2–2ZrO2 catalyst. These free acid sites are
considered to promote the dehydration of adsorbed isobutanol
to isobutene according to the dual site elimination mechanism
of eqn. (2), whereby one site adsorbs the reacting alcohol and
the second site is an acceptor for the product water.8b,9 At high
alcohol partial pressures, the fraction of acid sites occupied by
alcohol molecules approaches unity, and the catalyst favors
MIBE formation. The ratio of MIBE/isobutene increased with

increasing alcohol pressure even at constant pB/pM. Moreover,
the effect of pressure was found to be reversible, i.e. when
alcohol pressure was decreased to its original value, isobutene
production increased and MIBE decreased to their original
rates.

The butene formed over the present (HSO4)0.84–ZrO2,surf
catalyst was pure isobutene, whereas over other catalysts such
as H-montmorillonite and H-ZSM-5, products involved iso-
butene, significant amounts of n-butene, and cis- and trans-
2-butene. The highly concentrated Brønsted acid sites on this
catalyst effectively catalyzed removal of OH from the alcoholic
carbon and of H from the neighboring carbon, and resulted in
isobutene formation. On the other hand, the single Brønsted
acid site on the surface of other catalysts was associated with
carbenium ion chemistry,13 which leads to butene rearrange-
ment in isobutanol dehydration.13,14

In conclusion, the novel heterogeneous catalyst derived from
the (HO)3Zr–O3SOCH2CH2OSO3–Zr(OH)3 precursor effec-
tively catalyzes MIBE formation at high pressures and favored
isobutene production at low pressures.
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The reaction of an aqueous solution of sodium molybdate
with cysteine hydrochloride acting as educt and reducing
agent at rather low pH values ( ≈ 1.5) results in the formation
of Na3[Mo154O462H14(H2O)48(HO2C–(NH3

+)HC–CH2–S–S–
CH2–CH(NH3

+)–COO2)11]·x H2O 1 (x ≈ 250) containing
nanosized ring-shaped clusters which capture the oxidation
product of cysteine, i.e. the diprotonated cystine ligands
(H2cystine+) at the inner wall of their cavities; interestingly,
the multiphilic ligands containing different types of func-
tional groups (two –NH3

+, one –CO2
2, one –CO2H and one

–S–S–) attach to the inner wall of the cluster through one of
the two carboxylate groups thereby demonstrating the
possibility to generate novel type surfaces within the cavity
of a nanostructured ring-shaped cluster.

The design of multifunctional and especially of well ordered
micro- and meso-porous materials which can incorporate guest
molecules is a challenging task of modern chemistry.1–3 Guests
which may be reversibly and specifically bound at different
appropriate sites of the host are of special interest. In particular
this type of interaction may be significant for the synthesis of
specially designed porous materials and may play a key role in
catalysis and especially in separation methods. Polyoxometa-
lates, formed by self-assembly processes are ideal systems in
this respect as they can form crystalline materials with well-
defined cavities and pores.4

Our recent interests in this field include the design of cavities
within networks built up by giant wheel type species which can
be opened and closed again as required.5,6 Here we report a
novel compound, in which cystine ligands (H2cystine+) are
coordinated at the inner wall of a relevant nanosized car-tire
shaped cluster anion.

If an aqueous acidified solution of Na2MoO4 is reduced with
cysteine at ca. 55 °C, blue crystals of 1 precipitate after 1–2
days.† Compound 1 was characterized by elemental analysis‡
(including cerimetric titration to determine the formal number
of MoV centers), thermogravimetry (for the determination of the
crystal water content), bond valence sum (BVS) calculations7

(to determine the positions of the H2O ligands and to distinguish
between MoVI and MoV centers), spectroscopic methods (IR,
resonance-Raman, UV–VIS, XANES)§ and finally by single
crystal X-ray structure analysis.¶ For the synthesis of 1, cysteine
acts as reducing agent at rather low pH values ( ≈ 1.5) resulting
in the formation of the mixed-valent {Mo154} type cluster with
28 MoV centers (formal consideration) while the protonated
form of the oxidized product, i.e. cystine, gets coordinated to the
inner surface of the giant cluster through one of its carboxylate
ends (Scheme 1).

The single crystal X-ray structure of 1 revealed the
tetradecameric ring-shaped structure (Fig. 1) of the anion 1a of
1, which can be compared to that of the related parent host anion
2a5e by substituting 2 3 11 = 22 H2O ligands with 11 cystine
(H2cystine+, see Scheme 1). According to the related building-

block principle, 1a and 2a can be formulated generally
as [{Mo2}14{Mo8}14{Mo1}14] or specifically as [{(O)2N
MoVI(m-O)LiMoVIN(O)2}14{MoVI/V

8O26(m3-O)2H(H2O)3-
MoVI/V}32

14]32 1a and [{(O)2NMoVI(H2O)(m-O)(H2O)MoVI-

N(O)2}2+
14{MoVI/V

8O26(m3-O)2H(H2O)3MoVI/V}32
14]142 2a

(SLi = 11 m-HO2C–(NH3
+)HC–CH2–S–S–CH2–CH(NH3

+)–
CO2

2 + 6 H2O).
While the basic {Mo8} and {Mo1} units are identical in both

clusters, this is not the case for all of the {Mo2} groups because
of the substitution of some H2O ligands. The complete structure
of the cystine ligands is—as expected—not found in the crystal
structure due to the related high degree of disorder of the long
chains which show an extreme flexibility and are attached to the
inner wall through one of the two ‘carboxylate ends’.∑However,
the experimental results of numerous carbon, hydrogen,
nitrogen and sulfur analyses‡ together with spectroscopic data
establish the fact that the cystine ligands are intact. The

Scheme 1 Atoms found in the crystal structure shown in bold.

Fig. 1 Inclined view into the giant wheel type cluster anion 1a in crystals of
1 in polyhedral (polyoxomolybdate part) and partly in ball-and-stick
representation ({Mo2}: red; {Mo8}: blue (central pentagonal bipyramids:
cyan); {Mo1}: yellow; oxygen: small red circles; carbon and (disordered)
nitrogen: enlarged black circles).
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abundance of coordinated H2cystine+ is mainly supported by
the IR and XANES spectral studies. In particular, a comparison
of the S K-edge spectra of 1 (Fig. 2) and authentic cystine with
those of cysteine and a cysteine molybdenum complex provides
clear support for the presence of the former ligands. The
absorptions at ca. 2472 eV are assigned to excitations of S 1s
electrons to the first unoccupied electronic states of either the
complexes or the free ligands. In the case of the complexes there
are also unoccupied states centered on the molybdenum–
oxygen part, but these are spatially significantly separated.
Therefore, only ligand-internal transitions exhibit higher proba-
bilities. The patterns for cystine and cysteine however, free or
complexed, differ characteristically. The IR spectrum proves
the abundance of cystinium cations which is indicated by the
presence of a medium intensity band at 1495 cm21 assigned to
the d(NH3

+) mode of the cation as well as by the characteristic
n(CNO) band at 1730 cm21 of the –CO2H group.8 The
diprotonation of the cystine ligands is supported by the
experimental results of Na analyses since each replacement of a
H2O ligand by H2cystine+ reduces the negative charge of the
original cluster 2a by one unit. (However, the presence of one
monoprotonated instead of diprotonated cystine in connection
with four instead of three (highly disordered) Na+ cations could
not be excluded.) The resulting low charge is consistent with the
very low solubility of 1.

The 11 H2cystine+ ligands, coordinated to {Mo2} units
through their carboxylate functions, are located quite disordered
near the inner wall of the cavity (Fig. 1). Such a situation is also
suggested by molecular modelling using the MM+ force field
approach.** When all positions known from the crystal
structure determination are kept fixed the remaining energy
hypersurface turns out to be rather flat.

To summarize the interesting aspects: it is possible to place
molecules at the inner wall of the cavity of a giant metal–oxide
based wheel type cluster by replacing H2O ligands. With the use
of ambiphilic and/or multiphilic ligands, new characteristic
surface structures inside the cavity can be generated. This
process, which has been employed here with the cystine
attached to the inner wall, creates an interesting type of (inner)
surface with –NH3

+, –CO2H and  –S–S– functions, which we
are currently attempting to construct. This type of research work
has special relevance for the construction of novel silica hybride
materials containing these types of clusters.

Notes and references
† To an aqueous solution (35 mL) of Na2MoO4·2H2O (3.0 g, 12.4 mmol)
and hydrochloric acid ( 25 mL, 1.1 M) in a 100 mL Erlenmeyer flask, L-
cysteine hydrochloride monohydrate (0.41 g, 2.3 mmol) was added and the
reaction medium was stirred for 5 min at room temperature. The yellow
color, which developed immediately after addition of cysteine, changed to
bright green within 2–3 min and after a further 5 min to blue–grey. The
suspension was subsequently heated in an oil bath at 55 °C under constant

stirring for 2 h (flask covered with a watch glass) resulting in a dark blue
solution which was kept at 20 °C for another 2 h. The amorphous blue
material, separated after this time, was filtered off and the blue filtrate was
kept at room temperature for 2 d in a 100 mL Erlenmeyer flask at 15–20 °C
(note: the storing temperature should not exceed 20 °C). The precipitated
blue crystals were filtered from the mother-liquor, washed with cold water
and dried at room temperature. Yield: 0.9 g ( ≈ 37% based on Mo).
‡ Anal. Calc. for C66H753Mo154N22Na3O804S22 (M = 30272.96): C, 2.62;
H, 2.51; N, 1.02; S, 2.33; Na, 0.23. Found: C, 2.7; H, 2.4; N, 1.0; S, 2.4; Na,
0.3%.
§ Selected spectroscopic data for 1: IR (KBr pellet) (n/cm21): 1730w
{n(CNO)}, 1607m {nasym(CO2

2) + d(H2O)}, 1494m {d(NH3
+)}, 1412w,

1346w, 1135w, 991m, 975m, 905wm {n(MoNO)}, 861w, 755bw, 630s,
558s. Resonance-Raman (KBr dilution, le = 1064 nm) (n/cm21): 800s,
534s, 460s, 325s, 214s. VIS–NIR (water) (lmax /nm): 748 (IVCT), 1072
(IVCT).
¶ Crystal data for 1: C66H753Mo154N22Na3O804S22 , M = 30272.96 g
mol21, monoclinic, space group C2/m, a = 36.243(2), b = 42.788(2), c =
31.541(1) Å, b = 107.886(1)°, U = 46549(4) Å3, Z = 2, Dc = 2.160 g cm3,
m = 2.156 mm21, F(000) = 29176, crystal size = 0.40 3 0.20 3 0.20 mm.
Crystals of 1 were removed from the mother liquor and immediately cooled
to 183(2) K on a Bruker AXS SMART diffractometer (three circle
goniometer with 1 K CCD detector, Mo-Ka radiation, graphite mono-
chromator). Hemisphere data were collected in w at 0.3° scan width in three
runs with 606, 435 and 230 frames (f = 0, 88 and 180°) at a detector
distance of 5 cm. A total of 138023 reflections (1.50 < Q < 27.06°) were
collected of which 50782 unique reflections (Rint = 0.072) were used. An
empirical absorption correction using equivalent reflections was performed
with the program SADABS. The structure was solved with the program
SHELXS-97 and refined using SHELXL-93 to R = 0.065 for 25857
reflections with I > 2s(I); max./min. residual electron density 2.141 and
21.701 e Å23. (SHELXS/L, SADABS from G. M. Sheldrick, University of
Göttingen 1993/1997; structure graphics with DIAMOND 2.1 from K.
Brandenburg, Crystal Impact GbR, 1999.) CCDC 154874. See http://
www.rsc.org/suppdata/cc/b1/b100362n/ for crystallographic data in .cif or
other electronic format.
∑ In the meantime we have isolated and characterized (including crystal
structure determination) an analogous compound with valine amino acid
ligands—also attached to the inner wall of the ring via the carboxylate
oxygen atoms—which show the same type of disorder.
** Molecular modelling was performed with the Hyperchem 6 Pro program
from Hypercube Inc. employing the MM+ force field. The parameters
implemented in this program were used without change.
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A novel and fundamental reaction system of matter follow-
ing a type of ‘supramolecular Darwinism’ leads to the
formation of giant spherical nano-sized cluster capsules as
kinetically controlled destination having the highest possible
symmetry (Ih) and formed directly from the decomposition
products of the well known but less symmetrical Keggin
anions (Td) in aqueous medium in the presence of FeIII–
acting as a type of environmental influence–under condi-
tions where Keggin anions are known to be extremely stable;
remarkably the remaining non-decomposed Keggin anions
finally get (non-covalently) encapsulated protected by the
formed spherical capsules of the new supramolecular
compound [PMo12O40 7 {(MoVI)MoVI

5}12 FeIII
30O252-

(H2O)102(MeCO2)15]·xH2O 1 · 1a ·xH2O (x ≈ 120).

The fact that self-assembly processes–based on simple (mainly
highly symmetrical) building blocks or preorganized units–
preferentially lead to higher symmetrical reaction products is an
interesting phenomenon, e.g. in cluster chemistry which has not
been explored in detail until now. Examples are the well known
Keggin type anions, like [PMo12O40]32 (Td) formed from
molybdate and phosphate, models for the Fe4S4 type ferredoxin,
like [Fe4S4(SH)4]22 (Td), the molybdenum-oxide-based giant
wheels ( ≈ D7d) as well as spheres (Ih). Therefore, the question
arises as to why highest (possible) symmetrical species are the
targets, and furthermore, whether we can elucidate this
phenomenon or solve the problem by means of a model reaction
system. In a novel fundamental type of reaction, which can be
related to a type of ‘Supramolecular Darwinism’ (see below), it
can be shown that tetrahedral Keggin anions ‘lose–at least
partly–the competition’ with higher symmetrical, i.e. icosahe-
dral capsule type species as kinetic target in aqueous solution
even under conditions where they are quantitatively formed.
The formation of the latter occurs at the expense of the
former.

In the presence of FeIII (FeCl3·6H2O), i.e. formally in a kind
of ‘environmental attack’, the Keggin anions1 decompose in
solution with the formation of the pentagonal {(MoVI)-
MoVI

5O21} type building blocks which get linked by
{FeIII(H2O)2}3+ groups. This leads finally to the formation of
novel composites consisting of discrete icosahedral nanocluster
capsules with the encapsulated Keggin anions [PMo12O40]32,
which are abundant in the new compound [PMo12O40 7
{(MoVI)MoVI

5}12FeIII
30O252(H2O)102(MeCO2)15]·xH2O 1 ·

1a·xH2O (x ≈ 120).† Upon drying, 1 shows a fast solid-state
reaction with the consequence that the composites 1a get
covalently linked leading to the formation of {PMo12O40 7
H4[(MoVI)MoVI

5}12FeIII
30O254(H2O)98(MeCO2)15}·xH2O 2 ·

2a·xH2O (x ≈ 60), see refs. 2–4. This condensation process is
only important in the present context as the relevant dry (!)
product can be more easily structurally characterized compared
to 1. Using FeII instead of FeIII the related compounds
[HyPMo12O40 7 {(MoVI)MoVI

5}12FeIII
30O252(H2O)102(Me-

CO2)15]·xH2O 3 · 3a ·xH2O (x ≈ 120) and {HyPMo12O40 7
H4{(MoVI)MoVI

5}12FeIII
30O254(H2O)98(MeCO2)15}·xH2O 4 ·

4a·xH2O (x ≈ 60) are obtained which contain the one- or two-

electron reduced Keggin anions [HyPMo12O40]32.‡ Compound
4 can be obtained not only by the present new fundamental type
of reaction but also in a facile synthesis starting from the simple
ingredients phosphate, molybdate, acetate, and FeII.2

Compound 2 with the cross-linked composites having core–
shell topology and partly also 1, i.e. the ‘corresponding’ non-
dried crystals, were characterized by elemental analyses,
thermogravimetry (to determine the crystal water content),
single-crystal X-ray structure analysis§ [including the calcula-
tion of bond valence sums in order to distinguish between
(terminal) O and OH2 ligands] and spectroscopic methods (IR,
Raman, UV–VIS, NIR) as well as magnetic measurements.¶
Whereas the complete structural characterization of 4, obtained
with another reaction, has already been reported (see ref. 2), the
corresponding non-dried new compound 3 was characterized,
like 1, spectroscopically and by its crystal data (see below).∑
Compounds 1 and 3 with discrete cluster units (space group
P21/n) as well as 2 and 4 with their corresponding layer
structures (space group Cmca) are isostructural and have, as
expected, practically the same unit cell dimensions. The crystal
structures of 2 and 4 show the icosahedral capsule/nucleus type
composites, abundant in 1 and 3, cross-linked to 2D type
assemblies via the formation of four FeIII–O–FeIII bonds per
unit (see footnote ∑). Whereas the capsules of 1 and 2 have, as
mentioned above, non-covalently bonded classical non-reduced
Keggin anions [PMo12O40]32 (Fig. 1) those of 3 and 4 have the
reduced Keggin anions [HyPMo12O40]32 encapsulated. The
acetate ligands, which are highly disordered, are located inside
the spheres and coordinate as bidentate ligands bridging Mo and
Fe sites. As the non-dried compounds 1 and 3 with the discrete
cluster composites and different electron populations have, as
expected, the same space group and practically the same unit
cell dimensions as the compound [{(MoVI)MoVI

5}12FeIII
30O252

(MeCO2)10{Mo2O7(H2O)}{H2Mo2O8(H2O)}3(H2O)91]·xH2O
5 (x ≈ 140) containing the same {(Mo)Mo5O21}12Fe30 cluster
capsules without Keggin ions, and for which the complete
single crystal X-ray analysis has been performed,8 1 and 3 can
easily be identified from the relevant crystal data.§ (Note that in
the present case the non-dried crystals of 1 and 3 do not diffract
sufficiently.)

The important result of this investigation is that the Keggin
ions are not stable in the presence of FeIII (or FeII and air) as they
decompose, while {(MoVI)MoVI

5O21} type pentagons are
formed which are subsequently linked by {FeIII(H2O)2}3+

groups. The remarkable fact is that the remaining non-
decomposed Keggin ions (reduced or not reduced) appear in the
reaction product encapsulated. Interestingly, the Keggin ions
even seem to accelerate the formation of their cage around them
as templates. This models the observation that assembly
processes of simple linkable units lead preferably to highly
symmetrical species. The process can be correlated with a
general symmetry formalism or symmetry-evolution principle
for a quasi isolated (!) system; in this respect, the second law of
thermodynamics and the symmetry-evolution principle are
isomorphic (see ref. 6). The degree of symmetry cannot
decrease as the system evolves, but either remains constant or
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increases. (The effect is at least as symmetric as the cause.) This
corresponds to the fact that causal relations exist between states
of cause subsystems and states of effect subsystems, while
states of the subsystems are determined by the states of the
whole system. In other words, equivalent initial states must
evolve into equivalent final states (see also ref. 5).

To express the related general aspect: two competing
molecular systems model a type of ‘Supramolecular Darwin-
ism’ principle.**  Spherical shell type molecules with highest
possible (icosahedral) symmetry are for symmetry reasons the
kinetically controlled destination and best adapted to the
environment.

Notes and references
† Syntheses: 1: to an aqueous solution (60 mL) of H3[PMo12O40]·xH2O (4.0
g, 2.2 mmol), MeCO2H (15 mL, 100%) and FeCl3·6H2O (2.5 g, 9.2 mmol)
20 mL of NaOH solution (1 M) was added. The resulting clear brownish
solution was kept in an open beaker for one week at 20 °C. Yellow plates
of 1 precipitated during this time.

2: The wet crystals of 1 were filtered off, washed with water and kept at
room temp. The condensation reaction was complete after ca. 1 h. Yield: 1.0
g (17.5% based on the starting Keggin type compound). (Note: single
crystals suitable for X-ray structure analysis were obtained under more
dilute conditions.) 

3: To an aqueous solution (25 mL) of H3[PMo12O40]·xH2O (5.0 g, 2.7
mmol) and MeCO2H (10 mL, 100%), FeCl2·4H2O (1.0 g, 5 mmol) was
added (colour change to blue–green). 15 mL of NaOH solution (1 M) was
subsequently added and the resulting clear solution was kept in an open
flask for 2 weeks at 20 °C while greenish plates precipitated.

4: The wet crystals of 3 were filtered off, washed with water and kept at
room temp. for the solid-state condensation reaction. Yield: 0.25 g (3.5%
based on the starting Keggin type compound).
‡ For 3 or 4 it is difficult to distinguish between a one- and two-electron
reduced system (even to position the electrons) which is mainly due to the
presence of a large number (12 + 102) of metal atoms in connection with
apparent analytical problems and due to disorder phenomena.
§ Unit cell parameters for 1: monoclinic, space group P21/n, a = 26.548(4),
b = 34.737(9), c = 28.910(4) Å, b = 97.194 (3)°, U = 26 452 (30) Å3.

Crystal data for 2: C30H365Fe30Mo84O482P, M = 18 205.65, or-
thorhombic, space group Cmca, a = 36.847(1), b = 34.936(1), c =
34.859(1) Å, U = 44 874(3) Å3 , Z = 4, Dc = 2.695 g cm23, m = 3.328
mm21, F(000) = 34 896, crystal size = 0.22 3 0.12 3 0.02 mm. Dry
crystals of 2 were measured at 183(2) K on a Bruker AXS SMART
diffractometer (Mo-Ka, graphite monochromator). A total of 113 792 (1.71
< q < 25.0°) reflections were collected of which 20 083 unique reflections
(Rint = 0.155) were used. The structure was solved using the program
SHELXS-97 and refined using the program SHELXL-97 to R = 0.073 for
10 583 reflections with I > 2s (I). Several crystal water molecules could not
be located due to their disorder. For the encapsulated Keggin ion only the
central P atom and (partly disordered) Mo atoms (but not the O atoms
because of the disorder) could be detected for which the occupancy factors,
however, add up to 12. These data together with the analysis, vibrational
spectrum and the employed pH support the presence of a complete Keggin
anion rather than a lacunary type one. Due to the disorder and related basic
analytical problems in connection with the error limit of the number of
acetate ligands, differently protonated Keggin ions cannot be completely
excluded. CCDC 153129. See http://www.rsc.org/suppdata/cc/b0/
b009518b/ for crystallographic data in .cif or other electronic format.

Unit cell parameters for 3: monoclinic, space group P21/n, a =
26.388(8), b = 34.698(3), c = 28.852(1) Å, b = 96.958(4)°; U =
26 224(36) Å3.
¶ Selected physical and spectroscopic data for 2: IR (KBr pellet) (n/cm21):
1618m {d(H2O)}, 1535m {nas(CO2)}, 1422m {ns(CO2)}, 1068w
{nas(PO)}, 960m {n(MoNO)}, 775s, 623s, 567m, 433w. Raman (KBr
dilution, le = 1064 nm) (n/cm21): 950s {n(MoNO)}, 836w, 512w, 371w,
241w. UV–VIS (solid state reflectance spectrum) lmax/nm: ca. 285 (sh), ca.
370 (br). The magnetic susceptibility data are identical to those of 4 (see ref.
2).
∑ The crystals have to be taken from the corresponding mother-liquors and
immediately investigated, because 2 and 4 with the characteristic layer
structures are formed very fast even at room temperature due to a classical
inorganic condensation process (see refs. 3 and 4). In the present case this
corresponds to the following process (in schematic representation) which

takes place after the capsules come closer together due to partial loss of
crystal water. The related steps can be observed easily through the shrinking
of the unit cell volumes. A denotes here the discrete composites and C the
final product. Under the present mild conditions the content of each capsule
remains of course unchanged.
** The term Darwinism is not only used in the literature in the sense of
Darwin’s The Origin of Species by Means of Natural Selection, but also for
non-biological systems under (dissipative) stationary non-equilibrium
conditions: (H. Haken uses it in his synergetics approach: H. Haken,
Synergetics, Springer, Berlin, 1983; see especially: H. Haken, Erfolgsge-
heimnisse der Natur—Synergetik: Die Lehre vom Zusammenwirken,
Rowohlt, Reinbek, Hamburg, 1995, pp. 91, 94, 289 and H. Haken and A.
Wunderlin, Die Selbststrukturierung der Materie, Vieweg, Braunschweig,
1991, p. 448 and additionally E. Ben-Jakob and H. Levine, Nature, 2001,
409, 985 [‘Pattening via competition’]). In classical chemical reactions in
general, a ‘competition’ between (molecular) species can be addressed.
However, this is hardly detectable, in contrast to the present case where the
different (kinetic) stabilities of two species can easily be referred to /
explained by their different symmetry.

1 M. T. Pope and A. Müller, Angew. Chem., Int. Ed. Engl., 1991, 30, 34;
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Fig. 1 Reaction scheme showing the decomposition of a part of the Keggin
anions (top left, polyhedral representation) in the presence of FeIII forming
thereby fragments of the type {(Mo)Mo5}m{Fe}n which function as
building blocks (top right, polyhedral representation) and leading finally to
the formation of the {(Mo)Mo5}12{Fe}30 type cage (bottom left with wire-
frame representation of the capsule’s metal atoms in blue and yellow (Fe
part), and bottom right with polyhedral representation of the capsule), which
subsequently encapsulates the remaining non-decomposed Keggin anions
(polyhedral representation) to form the supramolecular species with core-
shell topology: guest — (pentagon)12(linker)30 · [PMo12O40—{(Mo)-
Mo5O21}12Fe30(H2O)102(MeCO2)15] (colour code MoO6/7 polyhedra: blue/
turquoise, FeO6 octahedra: yellow).
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Current-density maps for kekulene 1 computed using an ab
initio all-electron distributed-origin method show global
diamagnetic and paramagnetic circulations around outer
and inner perimeters (‘rim’ and ‘hub’), subsuming six local
benzenoid diamagnetic p circulations, in qualitative agree-
ment with the Hückel–London pmodel, but in contradiction
of an [18]-in-[30] concentric-annulene description of 1.

Even before its synthesis in 1978 the cyclic polyacene kekulene
(1, C48H24),1 which consists of twelve annelated benzene rings,
was already a subject of debate. Qualitative considerations
suggest that 1 may be represented either as a D6h Clar structure
containing six benzenoid sextets2 (1a) or an [18]annulene-
within-a-[30]annulene corresponding to superposition of two
D3h Kekulé resonance structures (1b, Fig. 1). The proposal3 that
circularly conjugated 1 possesses superaromaticity, i.e. en-
hanced stabilisation energy, led to controversy4 resolved by a
recent ab initio study.5 A comparison of the computed
geometric, energetic and magnetic properties6 of 1 with those of
anthracene, phenanthrene, 1,2:7,8-dibenzanthracene and
[18]annulene, showed no enhanced stabilisation energy, dia-
magnetic exaltation or magnetic anisotropy, all as would be
expected from the qualitative graph theoretical analysis,4
indicating that 1 is not superaromatic, and is realistically
described by the D6h structure 1a.5 These conclusions are
compatible with the single-crystal X-ray structure of 1. They
also match the 1H NMR data: the downfield-shifted d(1H) of the
inner protons [H(3); 10.45/10.47]7 differs markedly from that of
the corresponding protons in [18]annulene (23.08), as expected
from the positive (paramagnetic; 5.05) and negative (diamag-
netic; 213.45) NICS6 values calculated for the geometric
centres of 1 and [18]annulene, respectively (III, Fig. 1).

In a recent paper9 the general picture of the ‘annulene-within-
an-annulene’ model10 for planar coronene (2, C24H12) and
bowl-shaped corannulene (3, C20H10) was rejected on the basis
of direct computation using ab initio all-electron distributed-
origin methods and mapping of the current densities induced by
a uniform magnetic field.† For 2 and 3, two strong counter-
rotating ring currents, a diamagnetic (anti-clockwise) and
paramagnetic (clockwise) circulation around the rim and hub,
respectively, were found.

To address the question of the electronic structure of
kekulene 1, ab initio all-electron current-density maps were

calculated using the same distributed-origin methods.† Here we
report the results, which support the Clar and Hückel pictures
(cf. 1a, Fig. 1).

The geometry of 1 was optimised using the 6-31G** basis
set;11 the planar, structure of 1 [D6h symmetry (1a)] agrees with
single-crystal X-ray data (Table 1).3,5,7

Fig. 2 shows the computed current-density maps† of 1a for
(a) the s, (b) p and (c) total (s + p) electrons at 1a0 above the
molecular plane. The s map demonstrates the characteristic
superposition of diamagnetic circulations centred on s bonds,
giving rise to a cumulative net central paramagnetic circulation
within each hexagonal ring. The p map shows a pattern of
current density dominated by intense diamagnetic and para-
magnetic circulations around outer and inner perimeters (‘rim’
and ‘hub’), respectively. Residual benzenoid diamagnetic
circulations within the central hexagons of the anthracene-like
sub-units, are also visible (1a; rings I, Fig. 1). No diamagnetic
circulations are observed in the hexagons at the six corner
positions (1a; rings II, Fig. 1). This pattern is reminiscent of the
computed ab initio current-density maps for anthracene and
phenanthrene.12 Thus, when placed in a perpendicular magnetic
field, 1 has induced counter-rotating ring currents with a
diamagnetic rim and a paramagnetic hub, in flat contradiction of
the prediction of the [18]annulene-within-a-[30]annulene
model, which would give diamagnetic rim and hub ring
currents.4

The quality of the current-density maps is established by the
calculated CTOCD-PZ2 integrated magnetic properties,† which
are consistent with available experimental7 and previous ab
initio data acquired using different methods.5

The computed magnetic anisotropy Dx (2153.9 a.u.) of 1a,
which tends to correlate9 with the conventional exaltation of
isotropic magnetic susceptibility L,13 is ca. 10 times that of
benzene. Thus, the CTOCD results support the conclusion that
1a is not superaromatic.3–5 The calculated Dx is in qualitative
agreement with an estimate of L (178 3 1026 cm3 mol21 14).

The mean absolute shielding (s) at the geometric centres of
the distinct rings (1a; I 14.6, II 8.0 and III23.2, Fig. 1), which
with the required sign change are NICS6 values (I 210.8, II
24.3 and III 5.05), are consistent with the sense and strength of
the calculated current densities (Fig. 2).

The computed mean absolute shieldings of the protons
positioned on rim [H(1)/H(2)] and hub [H(3)] show good
agreement with experiment (Table 1). The substantial down-
field shift of H(3) with respect to H(1) [Dd 1.62 (2.08/2.027)]

Fig. 1 Alternative Clar (1a) and Kekulé (1b) structures for 1.

Table 1 Computed bond lengths (in Å) and shifts d(1H) and d(13C) for 1

Bonda 6-31G**b,c Atoma d(1H)calc
b d(13C)calc

a 1.339 [1.347–1.351] 1 8.07 [8.37/8.45] 127.6
b 1.453 [1.438–1.449] 1a — 131.5
c 1.394 [1.391–1.397] 1b — 130.1
d 1.410 [1.415–1.421] 2 7.58 [7.95/8.01] 127.4
e 1.466 [1.453–1.461] 3 9.69 [10.45/10.47] 117.6
f 1.383 [1.381–1.390]
a See 1a, Fig. 1. b d(1H)calc = 30.8 2 1026s(1H) and d(13C)calc = 185.6 2
1026s(13C).† Experimental values in square brackets.7 c See ref. 3.
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and H(2) [Dd 2.11 (2.50/2.467)] is in line with the strong
paramagnetic hub ring current along the hub. Unfortunately, the
extreme insolubility of 1 thwarted acquisition of its 13C NMR
spectrum. The d(13C) values of 1 compare with those of the
corresponding position in anthracene and phenanthrene. We
note that for C(3) an upfield shift of ca. 5 ppm is predicted
(Table 1).

It is interesting to compare the results with the predictions of
two simple models for the response of 1 to a uniform magnetic
field. The annulene-within-an-annulene10 picture of 1 (cf. 1b,
Fig. 1) considers the 48p-electron system as two separate 4n +
2 circuits, an outer 30p and an inner 18p cycle. As disjoint
aromatic monocycles, each would therefore carry a uniform
induced diamagnetic ring current, and hence 1 would have con-
rotating currents. In contrast, when the Hückel–London
model15 is applied of 1, a more complex pattern of induced
currents in all 60 bonds is predicted. Application of symmetry
constraints and current conservation at each vertex of the graph
(as in electrical circuits16) shows that in fact all bond currents
are functions of just three independent parameters, which
govern the inner, outer and radial current flow. In the simplest
version, where all bonds have equal resonance integrals,
counter-rotating circulations on rim and hub are predicted,4 in
qualitative agreement with the ab initio p map, though with
much weaker currents in the radial bonds connecting inner and
outer perimeters (Fig. 3). If the resonance integral of the radial
bonds is reduced to zero, the interior current slows down and
reverses recovering the (physically incorrect) annulene-within-
an-annulene model.‡

We gratefully acknowledge travel grants from the Council for
Chemical Sciences of the Netherlands Organisation for Scien-

tific Research and the British Council and thank the European
Union TMR Network scheme, contract FMRX-CT097-0126
(support for A. A., University of Bologna).
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current strength parameters (Fig. 3) are monotonic: 1.18 @ A @ 3.64, 0.18
@ d @ 0, 0.99 ! B ! 22.24, in units of the benzene ring current. The hub
has a paramagnetic current for 0.424 < bA/b, a diamagnetic current for bA/b
< 0.407.

1 H. A. Staab and F. Diederich, Angew. Chem., Int. Ed. Engl., 1978, 17,
372; H. A. Staab and F. Diederich, Chem. Ber., 1983, 116, 3487.

2 E. Clar, Polycyclic Hydrocarbons, Academic Press Inc., London,
1964.

3 J. Cioslowski, P. B. O’Connor and E. D. Fleischmann, J. Am. Chem.
Soc., 1991, 113, 1086; Z. Zhou, J. Phys. Org. Chem., 1995, 8, 103.

4 For an opposing view: J.-I. Aihara, J. Am. Chem. Soc., 1992, 114, 865.
J.-I. Aihara, J. Chem. Soc., Faraday Trans., 1995, 91, 237.

5 H. Jiao and P. von R. Schleyer, Angew. Chem., Int. Ed. Engl., 1996, 35,
2383.

6 P. von R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and N. J. R. van
Eikema Hommes, J. Am. Chem. Soc., 1996, 118, 6137; see also: U.
Fleischer, W. Kutzelnigg, P. Lazzeretti and V. Mühlenkamp, J. Am.
Chem. Soc., 1994, 116, 5298.

7 H. A. Staab, F. Diederich, C. Krieger and D. Schweitzer, Chem. Ber.,
1983, 116, 3504.

8 F. Sondheimer, Acc. Chem. Res., 1972, 5, 81.
9 E. Steiner, P. W. Fowler and L. W. Jenneskens, Angew. Chem., Int. Ed.,

2001, 40, 362.
10 For a review: R. Benshafrut, E. Shabtai, M. Rabinovitz and L. T. Scott,

Eur. J. Org. Chem., 2000, 1091 and references therein.
11 CADPAC: R. D. Amos and J. E. Rice, The Cambridge Analytical

Derivatives Package, Issue 4.0, 1987.
12 E. Steiner and P. W. Fowler, Int. J. Quantum Chem., 1996, 60, 609; A.

Ligabue, U. Pincelli, P. Lazzeretti and R. Zanasi, J. Am. Chem. Soc.,
1999, 121, 5513.

13 H. J. Dauben, J. D. Wilson and J. L. Laity, Diamagnetic Susceptibility
Exaltations as a Criterion of Aromaticity, in Nonbenzenoid Aromatics,
ed. J. P. Snyder, Academic Press, New York, vol. 2, 1971.

14 G. Ege and H. Volger, Z. Naturforsch., Teil B, 1972, 27, 918.
15 A. Pasquarello, M. Schluter and R. C. Haddon, Phys. Rev. A., 1993, 47,

1783; A. Ceulemans, L. F. Chibotaru and P. W. Fowler, Phys. Rev. Lett.,
1998, 80, 1861.

16 G. Kirchoff, Ann. Phys. Chem., 1847, 497–508; N. L. Biggs, E. K. Lloyd
and R. J. Wilson, Graph Theory 1736–1936, Clarendon Press, Oxford,
1998, ch. 8.

Fig. 2 Computed current-density maps of 1 [(a) s, (b) p and (c) s + p electrons].

Fig. 3 Induced bond currents in the Hückel–London p model of 1.‡
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Ab initio simulations of the CaZrO3 proton conductor
predict that the transport mechanism involves proton
transfer between adjacent oxygen ions (but predominantly
inter-octahedra), and that the energetics of proton–dopant
binding is favourable in accord with spectroscopic evi-
dence.

Metal oxides with the ABO3 perovskite structure have received
considerable attention as solid-state proton conductors,1,2 with a
range of promising electrochemical applications including fuel
cells, gas sensors and hydrogen pumps. Most attention has
focused on cerates3 and zirconates4 which possess varying
levels of proton conductivity. An important example is the
development of a potentiometric sensor for hydrogen in molten
metal based upon doped CaZrO3 as the proton-conducting
electrolyte.5 The CaZrO3 material is typically acceptor-doped
with trivalent ions (e.g. In3+) at the Zr4+ site, which is crucial to
proton dissolution.

It is acknowledged that the macroscopic behaviour of
materials is often controlled by fundamental mechanisms acting
on the microscopic scale. However, the information derived
from most conductivity experiments is not sufficient to identify
the precise mechanistic features of proton transport. There is
also conflicting debate as to whether there is any significant
interaction between the dopant ion and the protonic defect
(hydroxyl ion at oxygen site), which may lead to defect
clustering or proton ‘trapping’.

In an attempt to gain further insight into these problems we
have investigated the important CaZrO3 material using quantum
mechanical techniques based upon density functional theory
(DFT), which are increasingly powerful tools for exploring
solid-state properties. This preliminary account builds upon our
previous atomistic modelling and X-ray absorption (EXAFS)
studies, where we have already obtained valuable microscopic
information on the defect chemistry of perovskite-type ox-
ides.6,7 Here we focus, for the first time, on the distorted
orthorhombic phase of CaZrO3, which extends earlier simula-
tion work on ideal cubic perovskites.8

The present account of the computational techniques will be
brief since more detailed reviews are given elsewhere.9,10 The
calculations are performed within the DFT framework, with the
exchange-correlation energy being treated using the gener-
alised-gradient approximation. The particular implementation
of DFT employed here combines a plane-wave basis set with the
total energy pseudopotential method (as embodied in the
CASTEP code9) which is ideally suited to calculations on
periodic systems. Our simulations are based upon ultrasoft
pseudopotentials with the Brillouin zone sampled according to
the Monkhorst–Pack scheme.11 The DFT-pseudopotential ap-
proach can be utilised to perform ab initio dynamics which
essentially combines the solution of the electronic structure with
classical molecular dynamics (MD) for the nuclei. The MD
simulations, which are highly computationally demanding, used
a periodically repeated system of Ca4Zr4O12H, a time-step of
0.5 fs and a total duration of 4000 time-steps at a temperature of
1000 K within the NVT ensemble; full computational details
will be reported in ref. 12. It is worth noting that ab initio
techniques of this kind have been applied successfully to other

oxides including studies of molecular absorption on surfaces13

and lithium intercalation.14

The starting point for this study, prior to the introduction of
the proton, was the simulation of the equilibrium bulk structure.
The perovskite structure of CaZrO3 is built upon a framework of
corner-linked ZrO6 octahedra with the calcium ion in a
12-coordinate site. The orthorhombic structure (space group
Pcnm) exhibits significant tilting of the octahedra from the ideal
cubic configuration.15 The calculated and experimental lattice
parameters, bond lengths and bond angles are listed in Table 1.
Examination of the values shows good agreement between
experimental and simulated structures, with < 0.5% deviation
in the cell parameters and bond lengths. In addition, the
appreciable tilting of the ZrO6 octahedra (and the corresponding
Zr–O–Zr bending) are correctly reproduced.

Of primary interest here is the information on the micro-
scopic mechanism revealed by the MD calculations. Graphical
analysis of the evolution of the system with time shows a
number of proton ‘hopping’ events during the simulation run.
Fig. 1 presents ‘snapshots’ of one of these proton hops between
neighbouring oxygen ions of connecting octahedra, illustrating
initial and barrier (transition) states. This confirms that proton
conduction occurs via a simple transfer of a lone proton from
one oxygen ion to the next (Grötthuss mechanism), with no
evidence for the migration of hydroxyl ions (‘vehicle’ mecha-
nism) on the present timescale.

Table 1 Calculated and experimental structural parameters of orthorhombic
CaZrO3

Experimentala Calculated

Unit cell parameters
a/Å 5.5912 5.5895
b/Å 8.0171 8.0550
c/Å 5.7616 5.7667

Mean bond lengths and angles
Zr–O (36)/Å 2.0964 2.1052
Ca–O (34)/Å 2.3817 2.3742
Ca–O (34)/Å 2.7616 2.7680
Ca–O (34)/Å 3.5101 3.5345
Zr–O(1)–Zr/° 145.76 143.46
Zr–O(2)–Zr/° 146.50 146.35

a Ref. 15.

Fig. 1 Sequence of three snapshots from ab initio MD simulations showing
inter-octahedra proton hopping in orthorhombic CaZrO3 (the Ca ions are
omitted for clarity).
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We also find rapid rotational and stretching motion of the O–
H group, which allows the reorientation of the proton towards
the next oxygen ion before the transfer process. However, the
simulations reveal predominantly inter-octahedra proton hop-
ping, rather than within octahedra. This diffusion path is
influenced by the ZrO6 tilting within the orthorhombic structure
which leads to short oxygen–oxygen separations between the
vertices of adjacent octahedra (shown in Fig. 1). These results
are consistent with the observation that proton mobility is lower
in perovskite structures deviating strongly from cubic.1,2 There
is also considerable lattice vibrational dynamics with large
amplitudes of vibration of the oxygen ions. In particular, for
each hopping event the O(H)–O distance shortens from
equilibrium values (of ca. 2.7–2.9 Å) to < 2.4 Å so as to
facilitate proton transfer; this suggests that migration is
‘phonon-assisted’. We note that recent simulations of zeolites
have found similar coupling between proton motion and
framework dynamics.16

The interaction between oxygen ions and the proton is probed
further by analysis of the electron density distribution (illus-
trated in Fig. 2 as a contour map for the inter-octahedra path).
The barrier state displays a symmetric density distribution, in
which there is equal hydrogen bonding to the two adjacent
oxygen ions (leading to a shorter oxygen–oxygen distance).
This confirms that the proton is not transferred through a totally
‘free’ state, so that all the OH bonds are never completely
broken. Although additional analysis of the wavefunction
would be useful, it is apparent that the host lattice exhibits
localised spherical-like density about the nuclei indicative of the
largely ionic character.

In an attempt to probe the question of proton–dopant
association, we have undertaken a series of calculations on
defect pairs (OH·

OMAZr) comprised of a hydroxyl ion and a
neighbouring dopant substitutional; here we employed a
slightly larger periodically-repeated system corresponding to
Ca8Zr7MO24H in order to achieve a lower dopant content.
Attention was focused on three commonly used dopants in
CaZrO3, namely Sc3+, Ga3+ and In3+. The binding energies were
derived with respect to the two isolated defects where a negative
value indicates the system is bound.

The resulting energies (reported in Table 2) predict that all
the hydroxyl–dopant pairs are favourable configurations, with
the lowest value for Ga3+. Although there are no experimental
data on CaZrO3 for direct comparison, the calculated values are
in accord with proton ‘trapping’ energies of ca. 20.2 and
20.4 eV for Sc-doped SrZrO3 and Yb-doped SrCeO3 re-
spectively, derived from recent muon spin relaxation (mSR) and
quasi-elastic neutron scattering (QENS) experiments.17 These
studies postulate that in the course of their diffusion, protons are

temporarily trapped at single dopant ions. The present calcula-
tions therefore predict possible trapping effects and the presence
of proton–dopant pairs in the CaZrO3 material. It is noted,
however, that defect pairs do not necessarily preclude the
presence of isolated protons and dopant ions, since clusters will
be in equilibrium with single defects. This picture can be viewed
as analogous to oxygen ion conductivity in fluorite oxides and
the well-known importance of dopant–vacancy interactions.18

In summary, our ab initio simulation study has allowed us to
gain significant insight as to the proton migration mechanism
and proton–dopant binding in the CaZrO3 orthorhombic
perovskite at the microscopic level. This forms part of the
continuing effort to improve our understanding of proton
transport, a key phenomenon in a variety of systems that range
from inorganic solids to biomolecules. Further simulation work
is in progress and it is hoped that the present study prompts new
experimental investigations in this area using, for example,
neutron scattering or muon spin techniques.

We wish to thank the EPSRC for funding this work, the Royal
Society for a University Research Fellowship (J. D. G.) and the
Computational Chemistry Working Party for the use of the
supercomputer facilities at the Rutherford Appleton Laboratory,
UK.
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Fig. 2 Electronic charge density of the barrier (transition) state for inter-
octahedra proton transfer in the plane defined by Ca, O and H (colour scale:
high to low density is red to blue).

Table 2 Binding energies of hydroxyl–dopant pairs (OH•
OMAZr) at nearest-

neighbour sites

Dopant Ebind/eVa

Sc3+ 20.31
Ga3+ 20.18
In3+ 20.30

a 1 eV · 96.486 kJ mol21.
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The reaction of PbCl2 with Z-[CyPNC(But)MgCl(OEt2)] (Cy
= cyclohexyl) affords the first example of an endo+endo-
2,4-diphosphabicyclo[1.1.0]butane, Cy2P2C2But

2, which dis-
plays unusual spectroscopic and geometric properties, the
origins of which have been explored by theoretical calcula-
tions.

Because of their unusual properties and application to organic
transformations, strained hydrocarbon rings and cages have
been the subject of intense investigation.1 In recent years this
attention has extended to the phosphorus substituted analogues
of these systems, often with remarkable results.2 For example,
Niecke et al. have succeeded in preparing several stable,
crystalline, diradical 1,3-diphosphacyclobutanediyls I.3 Ther-
mal valence isomerisations of these have yielded 1,2-dihydro-

1,2-diphosphetes IV4 whilst a photolytic isomerisation has
yielded the only example of a 2,4-disphosphabicyclo[1.1.0]bu-
tane II (R1 = Mes* (C6H2But

3-2,4,6), R2 = SiMe3, R3 = H, 1)
which has exo+endo-phosphorus substituents.3 Indeed, com-
pound 1 can itself thermally valence isomerise to the corre-
sponding 1,4-diphosphabutadiene III. The relative stabilities of
these isomers have been calculated to be in the order I < II <
III < IV.3–5 Compounds of the general type III and IV are now
relatively common and have found a number of applications as
building blocks in organophosphorus and organometallic chem-
istry, and as ligands in the formation of novel coordination
compounds.2,6 Despite this, examples of I and II are very rare
and their preparation can be challenging. We have developed a
high yielding stereospecific route to a range of phosphavinyl
Grignard reagents, e.g. Z-[CyPNC(But)MgCl(OEt2)] (Cy =
cyclohexyl) 2,7 which we saw as potential precursors to P2C2R4
heterocycles such as I and II via oxidative coupling reactions.
The results of our endeavours in this area are reported herein.

Treatment of an ethereal solution of PbCl2 with 2 equivalents
of 2 at 278 °C led to the deposition of lead metal and the
stereoselective formation of the diphosphabicyclo[1.1.0]butane
3 in 60% yield (Scheme 1). The reaction also occurs with SnCl2
though in lower (30%) yield. The mechanism of this reaction
presumably involves an organolead intermediate, Z,Z-
[Pb{C(But)NPCy}2], though this could not be detected when the
reaction was followed by 31P NMR spectroscopy. The forma-
tion of 3 contrasts with the reaction between 2 and Me2SnCl2
which does not lead to an oxidative coupling but to Z,Z-
[Me2Sn{C(But)NPCy}2] as the major product.8 Interestingly, 3
was found to be remarkably stable (mp 118 °C) and did not
valence isomerise in refluxing toluene over 10 h or when treated
with UV light (cf. the facile thermal isomerisation of 1).

Most of the spectroscopic data‡ for 3 are consistent with its
proposed structure. However, its 31P{1H} NMR spectrum
displays a singlet at d 12 ppm which is far removed from the
expected region (upfield of d 280 ppm, e.g. d 283 and 284
ppm for 1) for three-membered phosphirane rings2,9 but close to
values normally observed for examples of I.3,4 In addition, the
signal for the framework carbon atoms appears as a triplet at d
60.3 ppm, 1JPC 52 Hz, which is significantly downfield of the
values for 1, d 28.3 ppm, and phosphirane rings in general.9 We
hoped to shed light on these apparent inconsistencies by
carrying out density functional studies10 on the three possible
stereoisomers of tetramethyl-2,4-disphosphabicyclo[1.1.0]bu-
tane. A summary of the results of this preliminary investigation
is shown in Table 1.

It is clear that the endo+endo isomer is the thermodynam-
ically least favourable of the three isomers but probably forms
in the case of 3 due to stereochemical constraints on the
coupling reaction. The calculated 31P NMR shift for 4 is close
to the experimental value for 3 and more than 100 ppm
downfield of the values for 5, 6 and the experimentally observed
compound 1.3 Unfortunately there are no known examples of
exo+exo diphosphabicyclobutanes for purpose of comparison.
An explanation for the low field 31P and 13C NMR shifts for 3

† Electronic supplementary information (ESI) available: calculation data
and atomic coordinates for compounds 4–6. See http://www.rsc.org/
suppdata/cc/b1/b100993l/

Table 1 Calculations on tetramethyl-2,4-diphosphabicyclo[1.1.0]butane isomers

Endo+endo (C2) 4 Exo+exo (C2v) 5 Endo+exo (Cs) 6

Relative energy/kJ mol21 25.5 6.5 0.0
31P NMR/ppm 19 (12)a 2171 2104, 2143 (283, 284)b

Fold angle (PCCP)/° 131.7 (131.6)a 109.5 117.5 (117)a

Cring–Cring/Å 1.53 (1.54)a 1.48 1.50 (1.51)b

S angles on P/° 275.6 (280.2)a 247.3 266.3, 251.0 (257.1, 253.8)b

Geom. calculations: B3LYP/6-31 + G(d,p); energy and NMR calculations: B3LYP/6-311++G(d,p).10 a Experimental values for 3. b Experimental values for
1.3

Scheme 1 Reagents and conditions: i, 1/2 PbCl2, Et2O, 278 °C, 2MgCl2,
2 Pb(s)
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may be drawn from its geometry (Fig. 1).§ The fold angle
between its two PCC rings is in good agreement with theoretical
calculations on 4 and markedly greater than in 1,3 5 and 6. There
is a concomitant loss of pyramidalisation of its P- and
framework C-centres relative to 1 and 6 and a lengthening of the
transannular bond. Thus it is possible that the bonding in the
P2C2 frameworks of the endo+endo isomers, 3 and 4, lies closer
to that reported for partially delocalised 1,3-diphosphacyclobu-
tanediyls than does the bonding in the endo+exo isomers, 1 and
6. In this context it is noteworthy that the two general valence
isomers I and II have been described as bond stretch or orbital
isomers.3,4

We are currently carrying out more extensive calculations to
determine the nature of any bonding differences in 4–6. We are
also further investigating valence isomerisations of 3 and

related compounds, in addition to exploring the versatility of 2
as a synthon in the formation of other strained organophos-
phorus heterocycles and cages. The results of these studies will
appear in forthcoming publications.

We gratefully acknowledge financial support from the
EPSRC (studentship for A. F. R) and for access to the UK
Computational Chemistry Facility.

Notes and references
‡ Spectroscopic data for 3: 31P{1H} NMR (145.8 MHz, C6D6) d 12 (s,
PCy); 1H NMR (400 MHz, C6D6) d 1.17 (s, 18H, But), 0.80–1.75 (m, 22H,
Cy); 13C NMR (100.6 MHz, C6D6, 298 K) d 24.9 (CH2), 26.1 (CH2, 3JPC 6
Hz), 30.3 (CH2, 2JPC 11 Hz), 30.9 (C(CH3)3, 3JPC 7 Hz), 31.5 (CH, 1JPC 62,
3JPC 11 Hz), 32.5 (C(CH3)3, 2JPC 14 Hz), 60.3 (PCP, 1JPC 52 Hz); IR n/
cm21 1458m, 1376m, 1259m, 847m, 802m, 720 m; MS APCI m/z (%): 366
(M+, 100); satisfactory elemental analysis obtained.
§ Crystal data for 3: C22H40P2 M = 366.48, orthorhombic, space group
P212121, a = 9.945(2), b = 14.071(3), c = 16.065(3) Å, V = 2248.1(8) Å3,
Z = 4, Dc = 1.083 g cm23, F(000) = 808, m(Mo-Ka) = 1.95 cm21, 150(2)
K, 2303 unique reflections, R (on F) 0.0417, wR (on F2) 0.1223 (I >
2sI).

CCDC 157235. See http://www.rsc.org/suppdata/cc/b1/b100993l/ for
crystallographic data in .cif or other electronic format.
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Fig. 1 Molecular structure of 3. Selected bond lengths (Å) and angles (°):
P(1)–C(1) 1.833(3), P(1)–C(2) 1.826(3), P(1)–C(3) 1.875(3), P(2)–C(1)
1.819(3), P(2)–C(2) 1.832(3), P(2)–C(9) 1.859(3), C(1)–C(2) 1.543(4);
C(2)–P(1)–C(1) 49.89(13), C(2)–P(1)–C(3) 113.03(13), C(1)–P(1)–C(3)
117.25(13), C(1)–P(2)–C(2) 50.01(13), C(1)–P(2)–C(9) 112.39(13), C(2)–
P(2)–C(9) 116.47(13), C(15)–C(1)–C(2) 138.0(3), C(19)–C(2)–C(1)
138.0(3).
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The Kamlet–Taft solvent parameters p*, a, and b of
saturated liquid water have been determined from 25 to 275
°C based on solvatochromic measurements and indicate that
the polarity and hydrogen-bonding of water are highly
tunable properties with temperature.

Nearcritical water (NCW) is an environmentally benign solvent
and alternative reaction medium, which can simultaneously
solubilize organics and ionics1 because the dielectric constant of
water decreases significantly at elevated temperatures (for
example, e = 23.5 at 275 °C).2 In addition, the ionization
constant of water increases several orders of magnitude from
ambient to nearcritical conditions,3 providing hydronium and
hydroxide ions that can act as modest acid or base catalysts in
chemical reactions.4,5 Interest in NCW as a reaction medium
has prompted study of the solvent properties of water at elevated
temperature.6,7 However, to date our understanding of the
solvent properties of NCW has been inadequate for correlating
and predicting chemical reactions and other physicochemical
processes.

Kamlet–Taft solvent parameters p*, a, and b have been
related to a variety of configurational properties in solution:
solubilities, partition coefficients, thermodynamic and kinetic
properties of chemical reactions, etc., based on successful
treatments of solvent effects by linear solvation energy
relationship (LSER) theory,8

XYZ = (XYZ)0 + sp* + aa + bb

where p*, a and b are the parameters for dipolarity/polariz-
ability, hydrogen bond donating ability and hydrogen bond
accepting ability, respectively. XYZ and (XYZ)0 are the
solvent-dependent physicochemical properties in a given sol-
vent and in a reference solvent (gas or inert solvent). s, a, and b
are solvent-independent coefficients indicating the susceptibil-
ity of the corresponding parameters to the solvent property.
Based on the LSER theory, the p*, a, and b solvent parameters
of water can be used to correlate and predict processes occurring
in NCW. In this work, we report the solvatochromic parameters
of saturated liquid water in the temperature range 25–275 °C.

A high-pressure titanium optical cell equipped with sapphire
windows (Insaco Inc., PA, 0.50 inches diameter, 0.25 inches
thick) sealed with gold gaskets (Aldrich, 99.99%) was con-
structed to measure the solvatochromic parameters of NCW
from ambient to nearcritical conditions. The path length of the
cell is 10.5 mm at rt and the internal volume is 17.7 cm3.

Some of the indicators used decompose in water at elevated
temperatures. When decomposition products contain similar
chromophores to those of indicators, an undesirable spectral
shift can result. In order to avoid errors associated with
decomposition of solvatochromic indicators, the cell was first
loaded with water (Aldrich, HPLC grade, deoxygenated with N2
before being used) and heated to the desired temperature. Then
a small amount of concentrated indicator solution was injected
into the cell through a sample loop. Temperature equilibrium
was restored within 10 s. Multiple spectra were measured in less
than five minutes before significant decomposition could take
place. A Hewlett-Packard 8450 UV-Vis spectrophotometer was

used to perform the spectroscopic measurements and data
processing.

The p* parameters were determined based on the UV-Vis
spectral shift of 4-nitroanisole (Aldrich, 97%). Cyclohexane
and dimethyl sulfoxide at ambient conditions were used as
reference solvents, the p*s of which are 0.0 and 1.0,
respectively.

The spectral shift of the dichloro-substituted betaine dye
(2,6-dichloro-4-(2,4,6-triphenyl-1-pyridinio)phenolate, Fluka,
HPLC grade) was measured to obtain a parameters instead of
commonly used betaine dye. To function as an effective
solvatochromic indicator, a betaine dye must remain deproto-
nated. The pKa of the betaine dye (ET(30) dye) is 8.6,9 while
that of dichloro-substituted betaine dye (ET(33) dye) is 4.8. The
latter is less basic and a more suitable indicator for this study
due to the increased ionization constant of water at nearcritical
conditions. The ET(30) values of water were obtained from the
established correlation between ET(30) and ET(33).9 The
calculation of a is based on the correlation with ET(30) and p*,
which is deduced from the correlation of literature data of 16
compounds.10 4-nitroaniline (Aldrich, 99+%) and N,N-dime-
thyl-4-nitroaniline (Acros) were used to obtain the b based on
the solvatochromic comparison method.11

The p* values of water are shown at different temperatures
from 25 to 275 °C in Fig. 1. The dipolarity/polarizability of
water decreases continuously with increasing temperature. At
275 °C, water has a polarity comparable to that of acetic acid at
rt. This trend is consistent with the decrease in the dielectric
constant of water with temperature as observed by Uematsu and
Franck.2

a indicates the hydrogen bond donating ability of a solvent.
The a values of saturated liquid water as a function of
temperature are shown in Fig. 2. The hydrogen bond donating
ability of water decreases at elevated temperature and changes
from that of ambient water to ambient methanol-like and then to
ambient ethanol-like when we raise the temperature from 25 to
275 °C.
b indicates the hydrogen bond accepting ability of a solvent.

The b values of water are shown in Fig. 3. Although various
values of b are reported in the literature, this result at rt is
consistent with that of Taft et al., who attributed it to water-

Fig. 1 p* for nearcritical water as a function of temperature.
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solvent clusters.12 In contrast to the p* and a of water, the b
actually increases slightly with increasing temperature. The
slight increase of b may be brought about by the breakdown of
the hydrogen-bonding network of water at elevated tem-
perature, which makes the oxygen atom of the water molecule
more accessible as a hydrogen bond acceptor.13 Bennett and
Johnston measured the solvatochromism behavior of organic
probes in near- and supercritical water, and observed similar

large changes in polar and hydrogen-bonding interactions as the
temperature was increased from ambient to 250 °C.6

In summary, the large dipolarity/polarizability, p*, and
hydrogen bond donating ability, a, of ambient water decrease
significantly with increasing temperature. The hydrogen bond
accepting ability, b, remains low and relatively constant
throughout the entire temperature range studied. NCW is a
benign and promising reaction medium for the replacement of
organic solvents. The Kamlet–Taft parameters we report in this
work provide a powerful tool for describing varied physico-
chemical processes in NCW.

The authors are grateful for the financial support of the
National Science Foundation (CTS-9613063) and the Environ-
mental Protection Agency (R-825325 and R-82813001-0). We
would like to thank Brandon Eason, Kevin West, and David
Bush for valuable suggestions and discussions.
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Fig. 3 b for nearcritical water as a function of temperature.
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Dendron-stabilized gold nanoparticles synthesized with
Fréchet-type dendrons possessing a single thiol group at the
focal point have small cores (average diameters of 2.4–3.1
nm) with narrow size distribution and remarkably high
stability; in particular, the nanoparticles synthesized with
the second generation dendron has an almost monodisperse
core (2.4 ± 0.2 nm).

The chemistry of metal nanoparticles is one of the rapidly
emerging research fields because of their potential applications
to sensor devices, catalysis, nanoelectronics and many other
area.1 In particular, synthesis of large quantities of mono-
disperse nanoparticles of diameter < 10 nm is important for
many of their applications. Following the seminal work of
Schiffrin and coworkers2 on stable gold clusters coated with
alkanethiolate monolayers, many monolayer-stabilized gold
nanoparticles have been reported.3 Among them, dendrimer-
stabilized gold nanoparticles, in which dendrimers play dual
roles as a stabilizer and a permselective organic shell, have
drawn considerable attention: early examples include gold
colloids coated with poly(amidoamine) (PAMAM) dendrimers
containing terminal amines.4,5 However, they are only stable in
solution and in the presence of excess of free dendrimers owing
to the low affinity of the terminal amine groups for gold.
Subsequently, PAMAM dendrimers partially functionalized
with thiol groups have been used to enhance the stability of the
dendrimer-stabilized gold nanoparticles.6 Despite the enhanced
stability, however, the resulting gold nanoparticles exhibit a
rather broad size distribution because the degree of functional-
ization of the dendrimers is difficult to control precisely. Herein
we report a new strategy where dendrons with a single thiol
group at the focal point are used as a stabilizer and a
permselective organic shell is employed to produce Au
nanoparticles. This affords highly stable Au nanoparticles with
smaller cores (ave. diam., 2.4–3.1 nm) and narrower size
distribution. In fact, the nanoparticles synthesized with the
second generation dendron has an almost monodisperse core
(2.4 ± 0.2 nm). To our knowledge, this is the first set of
examples of dendron-stabilized metal nanoparticles.7

First, second and third generation dendron-thiols (D1, D2,
and D3, respectively; Scheme 1)8 were prepared from the
reaction of the corresponding Fréchet-type dendron-bromides9

with thioacetic acid, followed by reduction with LiAlH4.†
Dendron-stabilized gold nanoparticles (D1–Au, D2–Au, and
D3–Au) were synthesized by the two-phase method reported by
Schiffrin with some modification.2 More specifically, a two-
phase mixture containing HAuCl4 in water and tetraoctyl-
ammonium bromide in toluene was stirred, the organic layer
separated and treated with dendron-thiol (dendron-thiol+Au =

2+1) and finally allowed to stir vigorously with an aqueous
solution of NaBH4 which afforded the crude product. Purifica-
tion of the crude products by several cycles of precipitation–
filtration–dissolution from toluene–ethanol solution yields D1–
Au and D2–Au as black powders, and D3–Au as a black waxy
powder. All of the nanoparticles are soluble in common organic
solvents such as toluene, acetone, dichloromethane, chloroform
or THF. They are remarkably stable both in solution, as well as
in the solid state. Little decomposition or aggregation occurs
even after several months in solution, as judged by their
solubilities and UV–VIS spectra. Furthermore, these nano-
particles remain unchanged after standing overnight  at elevated
temperatures (at 50 °C in solution and at 160 °C in the solid
state). The origin of the remarkable stabilities of these dendron-
stabilized Au nanoparticles remains to be established.

The core size and size distribution of the dendron-stabilized
Au nanoparticles were examined by high resolution transmis-
sion electron microscopy (HR-TEM) (Fig. 1). In general, the
present Au nanoparticles have a narrower size distribution than
most of the previously known alkanethiolate-,3a arylthiolate-,3b

or dendrimer-stabilized gold nanoparticles.4–6 For example,
D1–Au, having an average core size of 2.8 ± 0.3 nm, shows a
narrower size distribution compared with the gold nanoparticles
prepared with arylthiols of similar sizes.3b Most remarkably,
D2–Au is nearly monodisperse with an average core size of 2.4
± 0.2 nm. The core size and dispersity are not significantly
affected by use of different molar ratios of D2+HAuCl4 such as
0.5 and 6. Such monodispersity is seldom observed in
unfractionated metal nanoparticles.10 On the other hand, D3–
Au has a larger and less narrow-disperse core (3.1 ± 0.6 nm)
compared with D1–Au and D2–Au. The larger core size of D3–
Au over those of D1–Au and D2–Au is in contrast to the earlier
observation that the cores of dendrimer-stabilized Au nano-
particles decrease in size and dispersity with increasing
dendrimer generation.4,5 At present, we do not understand why

† Electronic supplementary information (ESI) available: synthetic proce-
dures and characterization data for dendron-thiols (D1–D3) and their gold
nanoparticles. See http://www.rsc.org/suppdata/cc/b1/b100575h/

Scheme 1 Schematic illustration of dendron-stabilized Au nanoparticles.
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there is apparently no correlation between dendron generation
and particle size. However, we suspect that the second
generation dendron D2 may have a ‘magic’ size to protect Au
particles with the particular size leading to monodispersity. We
are currently investigating in depth the effect of dendron size on
the size and dispersity of Au nanoparticles. As seen in Fig. 2,
D1–Au and D3–Au exhibit a typical surface plasmon (sp) band
at 530–540 nm in their UV–Vis spectra, whereas D2–Au
displays a very weak sp band, which is consistent with its
smaller particle size and narrower distribution.11 Further
characterization of the dendron-stabilized Au nanoparticles is in
progress.

In summary, we present the first dendron-stabilized Au
nanoparticles synthesized with Fréchet-type dendrons possess-
ing a single thiol group at the focal point, which have
remarkably high stability and narrow size distribution. Partic-
ularly, the results on D2–Au suggest that this method may

provide a convenient way to synthesize stable, monodisperse
Au nanoparticles with small cores. Furthermore, this work
should be easily expanded to the synthesis of other dendron-
stabilized metal nanoparticles which may find useful applica-
tions in many areas including chemical sensing and catalysis.

We gratefully acknowledge Creative Research Initiative
Program of the Korean Ministry of Science and Technology for
support of this work, Brain Korea 21 Program of the Korean
Ministry of Education for graduate studentships to M.-K. K.,
and Professor P. K. Bharadwaj for reading the manuscript.
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Fig. 1 TEM micrographs and histograms of size distribution for the
dendron-stabilized Au nanoparticles: (a) D1–Au, (b) D2–Au and (c) D3–
Au. The average core sizes and distribution were determined by counting
345 (D1–Au), 598 (D2–Au) and 819 (D3–Au) particles.

Fig. 2 UV–Vis spectra of the dendron-stabilized Au nanoparticles in
THF.
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A palladium(0)-catalyzed cross-coupling reaction between
arylboronic acids or esters and a-bromoacetic acid deriva-
tives is described which allows the synthesis of various
functionalized arylacetic acid derivatives under mild con-
ditions.

Methylenecarboxy groups are key functionalities in many
biologically active compounds such as the antiinflammatory
and analgesic drugs Indomethacin or Aclofenac.1 A mild and
efficient procedure for the introduction of the methylene-
carboxy group into functionalized molecules is thus of great
interest. Traditional syntheses involve multistep procedures that
are often incompatible with sensitive functionalities.2 Alter-
natively, transition metal-catalyzed cross-coupling reactions
between aryl halides and Reformatsky reagents,3 tin,4 copper,5
and other enolates,6 or ketene acetals have been employed.7
Some electrochemical syntheses have also been reported.8
However, especially for applications in combinatorial chem-
istry, most of these syntheses are quite inconvenient due to the
instability or toxicity of the reagents or the required bases.

We imagined that the inverse approach of combining an aryl-
metal species with an a-halocarbonyl derivative might be an
interesting alternative, especially for substrates containing
sensitive functions such as enolizable keto-groups. Due to their
easy handling and long shelf life, arylboronic acid derivatives
would be the starting materials of choice, particularly for small-
scale reactions. Arylboronic esters have recently become widely
accessible from aryl halides by in situ coupling reactions that
tolerate many functional groups.9,10 In order to permit an
application of the outlined coupling reaction in drug discovery,
it is of utmost importance to overcome the necessity of using
highly toxic reagents such as thallium carbonate.11 Initial
studies were carried out with phenylboronic acid and ethyl
bromoacetate (Scheme 1).

Under standard Suzuki conditions using tetrakis(triphenyl-
phosphine)palladium and potassium carbonate in DMF,12 only
trace amounts of the expected product 3 were detected. Instead,
redox reactions between the arylboronic acid and ethyl
bromoacetate predominated, leading to large amounts of
biphenyl 4 and benzene 5. This is not surprising since similar
systems have purposely been used in the synthesis of symmet-
rical biaryls.13 We have now discovered that the selectivity of
the reaction can be completely inverted when bulky, moderately
electron-donating phosphines are employed as ligands on
palladium. Selected results are shown in Table 1.

Changing the ligand from triphenylphosphine to tri(o-
tolyl)phosphine significantly improves the selectivity towards
the desired coupling product and allows smooth conversions
even at room temperature. In order to determine the origin of

this effect, we varied both the steric and the electronic properties
of the ligand (entries 1–9). Tri(m-tolyl)phosphine gives only
poor selectivities, which led us to conclude that the steric bulk
of the tri(o-tolyl)phosphine is responsible for the good selectiv-
ities. Additionally, the lower selectivities observed for tri(o-
ethylphenyl)-, tri(m-xylyl)-, tri(mesityl)-, and di-tert-butyl-
biphenyl-2-ylphosphine indicate that the ligand must not be too
electron-rich. These combined requirements are best fulfilled
with tri(1-naphthyl)phosphine, and indeed, this ligand leads to
enhanced product selectivity. Chelating phosphines such as
(±)-BINAP totally inhibited the reaction, suggesting that the
catalytic cycle proceeds through mono-ligated palladium
complexes.

Both palladium(II) acetate and tris(dibenzylideneacetone)
dipalladium(0) can be used as palladium(0) precursors and show
no significant differences in activity (entries 3, 14). However,
the amount of biaryl formed is slightly higher when pallad-
ium(II) acetate is used. This suggests that the boronic acid
initially acts as a reducing agent for the palladium(II). Since a
slight excess of boronic acid is usually added, this reaction has
no influence on the isolated yields.

The choice of the base also affects the product selectivity
(entries 3, 10, 11 and 8, 15). Both K2CO3 and K3PO4 are equally
suitable as bases. However, at room temperature, shorter
reaction times were often observed with potassium phosphate.
KF was inferior for most substrates since larger amounts of the
reduction products were formed. Only in the case of some
electron-poor boronic acids did KF become the base of choice
(see also Table 2). Other bases, for instance triethylamine, were
significantly less active. Best results were obtained with excess
amounts of base.

THF proved to be by far the most effective solvent. In
acetonitrile, the reaction was much slower and the use of more
polar solvents, e.g. DMF, drastically decreased the amount of
isolable products. This could indicate that hydrolysis of the ester
occurs. In THF, however, the presence of small quantities of

† Dedicated to Professor K. B. Sharpless on the occasion of his 60th
birthday.

Scheme 1 Coupling of benzeneboronic acid and ethyl bromoacetate.

Table 1 Effects of the reaction conditions on the product distribution

Ligand Conv. (%) 3a (%) 4a (%) 5a (%)

1 PPh3 95 34 38 < 5
2 P(m-Tol)3 75 3 23 75
3 P(o-Tol)3 100 86 12 < 1
4 P(o-EtPh)3 100 51 19 10
5 P(m-Xyl)3 100 80 15 5
6 P(Mes)3 80 80 15 5
7 P(t-Bu)2Biph 100 67 31 2
8 P(Nap)3 100 88 7 5
9 BINAP < 5 — < 1 < 1

10b P(o-Tol)3 100 78 15 7
11c P(o-Tol)3 100 36 20 28
12d P(o-Tol)3 90 14 6 < 1
13e P(o-Tol)33CN 82 35 6 < 1
14f P(o-Tol)3 100 89 10 < 1
15g P(Nap)3 100 91 7 2

Conditions: 3 mol% Pd(OAc)2, 9 mol% ligand, 5 equiv. base, 2 equiv. H2O,
THF, 20 °C. a Selectivities determined by GC. b KF as base. c NEt3 as base.
d In DMF. e In acetonitrile. f (dba)3Pd2 instead of Pd(OAc)2. g K3PO4 as
base.
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water had no adverse effect on the reaction outcome so that
special drying of the solvent and the reagents is not required.

The generality and selectivity of the reaction were investi-
gated using a number of arylboronic acids 1a–m in combination
with several alkyl halides (Scheme 2).

As can be seen in Table 2 (Method A), most substrates give
good yields. Electron-poor and electron-rich compounds are
equally suitable for the transformation. Even sterically hindered
compounds (o-tolylboronic acid) or substrates that are some-
times problematic in palladium-catalyzed reactions (nitro- or
heteroarenes) were successfully employed. Moreover, products
containing enolizable keto-groups are readily formed without
any signs of side products arising from undesired aldol
condensations.

Besides ethyl bromoacetate (2a), other bromoacetates (2c) or
-amides (2b) can be used. The high selectivity of the
transformation is demonstrated by the formation of compound
7‡ (Table 2): the arylation of 4-bromobutyl bromoacetate (2c)
takes place exclusively a to the carbonyl group even though a
primary alkyl bromide functionality is present.

Many functionalized pinacol boronates§ (10) are conven-
iently accessible from aryl halides (8) and bispinacol diboron9

or pinacol borane (9).10 We thus considered it to be important to
extend our reaction to this substrate class (Scheme 3).

We were pleased to find that the best conditions for the
conversion of the boronic acids turned out also to be optimum
conditions for pinacol boronate and that the reaction usually
gives similar yields for both starting materials (Table 2, ‘method
B’).

In summary, the disclosed palladium-catalyzed cross-cou-
pling reaction between arylboronic acids or esters and a-

bromoacetic esters or a-bromoacetic amides represents a mild
and general approach to arylacetic acid derivatives. The simple
reaction protocol which involves only air-stable chemicals and
does not require absolutely dry solvents makes this reaction a
valuable alternative to the existing protocols, especially for
applications in combinatorial chemistry and drug discovery.

I thank M. Rössig and A. Söthe for technical assistance and
Professor Dr M. T. Reetz for generous support and constant
encouragement.

Notes and references
‡ Synthesis of 4-bromobutyl phenylacetate (7): A 100 mL flask was charged
with palladium acetate (67.3 mg, 0.30 mmol), tri-1-naphthylphosphine (371
mg, 0.90 mmol), 4-bromobutyl bromoacetate (2b) (2.74 g, 10.0 mmol) and
an excess of potassium phosphate (10.61 g, 50.0 mmol). The reaction vessel
was purged with argon, a solution of benzeneboronic acid (1.46 g, 12.0
mmol) in THF (40 ml) was added and the reaction mixture was stirred at 20
°C overnight. The reaction slurry was then poured into water (300 mL) and
extracted 33 with 100 mL portions of dichloromethane. The combined
organic layers were dried over MgSO4, filtered, and the volatiles were
removed in vacuo. The residue was purified by fractional distillation. A
colorless oil (2.41 g, 89%) boiling at 91 °C/0.01 mbar was collected and
identified as the desired product. 1H NMR (300 MHz, CDCl3, 25 °C, TMS):
d = 7.33–7.26 (m, 5H), 4.12 (t, 3J (H,H) = 6 Hz, 2H), 3.62 (s, 2H), 3.38
(t, 3J (H,H) = 6 Hz, 2H), 1.87 (m, 2H), 1.79 (m, 2H) ppm; 13C NMR (75
MHz, CDCl3, 25°C, TMS): d = 171.5, 134.0, 129.2, 128.6, 127.1, 63.8,
41.4, 32.9, 29.2, 27.2 ppm; MS (70 eV): m/z (%): 270(6) [M+], 191(4),
179(4), 136(23), 91(100); HRMS: calcd. for C12H15BrO2 [M+]: 270.02555;
found: 270.02546; anal. calcd. for C12H15BrO2 (271.16): C, 53.16; H, 5.58;
N, 0.0; found: C, 52.96; H, 5.65; N, 0.0. The reactions in Table 1 and Table
2 were performed at least twice on 1 mmol scale using 0.05 mL tetradecane
as an internal GC standard. The products were isolated by column
chromatography (SiO2, hexane–ethyl acetate 10+1) and characterized by
means of 1H and 13C NMR as well as by GC-MS.
§ The IUPAC name for pinacol boronates and pinacol borane is 2,3-bor-
anediyldioxy-2,3-dimethylbutane.

1 T. Y. Shen, Angew. Chem., 1972, 84, 512; Angew. Chem., Int. Ed. Engl.,
1972, 11, 460.

2 For common methods such as the hydrolysis of benzylnitriles, the
carbonylation of benzyl halides, or the Willgerodt reaction of acet-
ophenones see: J. March, Advanced Organic Chemistry, Wiley, New
York, 4th Edn., 1992, pp. 1281–1282; further methods: (a) T. Zincke,
Chem. Ber., 1869, 2, 738; (b) R. Quelet and J. Gavarret, Bull. Soc. Chim.
Fr., 1950, 1075; (c) J. B. Woell and H. Alper, Tetrahedron Lett., 1984,
25, 3791; (d) Prileshajew, Zh. Russ. Fiz.-Chim. O-va, 1910, 42, 1395.

3 (a) W. W. Leake and R. Levine, J. Am. Chem. Soc., 1959, 81, 1627; (b)
J. F. Fauvarque and A. Jutand, J. Organomet. Chem., 1979, 177, 273; (c)
F. Orsini and F. Pelizzoni, Synth. Comm., 1987, 17, 1389.

4 M. Kosugi, Y. Negishi, M. Kameyama and T. Migita, Bull. Chem. Soc.
Jpn., 1985, 58, 3383.

5 K. Okuro, M. Furuune, M. Miura and M. Nomura, J. Org. Chem., 1993,
58, 7606.

6 (a) M. van Leeuwen and A. McKillop, J. Chem. Soc., Perkin Trans. 1,
1993, 2433; (b) M. F. Semmelhack, B. P. Chong, R. D. Stauffer, T. D.
Rogerson, A. Chong and L. D. Jones, J. Am. Chem. Soc., 1975, 97, 2507;
(c) S. G. Lias and P. Ausloos, J. Am. Chem. Soc., 1977, 99, 4833; (d) M.
Kawatsura and J. F. Hartwig, J. Am. Chem. Soc., 1999, 121, 1473.

7 (a) C. Carfagna, A. Musco and C. Sallese, J. Org. Chem., 1991, 56, 261;
(b) T. Sakamoto, Y. Kondo, K. Masumoto and H. Yamanaka,
Heterocycles, 1993, 36, 2509; (c) F. Agnelli and G. A. Sulikowski,
Tetrahedron Lett., 1998, 39, 8807.

8 (a) J. Chaussard, J.-C. Folest, J.-Y. Nédélec, J. Périchon, S. Sibille and
M. Troupel, Synthesis, 1990, 369; (b) M. Durandetti, J.-Y. Nédélec and
J. Périchon, J. Org. Chem., 1996, 61, 1748; (c) J.-C. Folest, J. Périchon,
J. F. Fauvarque and A. Jutand, J. Organomet. Chem., 1988, 342, 259.

9 (a) T. Ishiyama, M. Murata and N. Miyaura, J. Org. Chem., 1995, 60,
7508; (b) T. Ishiyama, Y. Itoh, T. Kitano and N. Miyaura, Tetrahedron
Lett., 1997, 38, 3447.

10 (a) M. Murata, T. Oyama, S. Watanabe and Y. Masuda, J. Org. Chem.,
1997, 62, 6458; (b) M. Murata, T. Oyama, S. Watanabe and Y. Masuda,
J .Org. Chem, 2000, 65, 164.

11 M. Sato, N. Miyaura and A. Suzuki, Chem. Lett., 1989, 1405.
12 N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457.
13 (a) S. Yamaguchi, S. Ohno and K. Tamao, Synlett, 1997, 10, 1199; (b)

M. Moreno-Manas, M. Perez and R. Pleixats, J. Org. Chem., 1996, 61,
2346.

Table 2 Pd-catalyzed synthesis of arylacetic acid derivatives

Comp. Ar X
Method A
Yield (%)a

Method B
Yield (%)a

3a Phenyl OEt 85 (90) 87 (91)
3b o-Tolyl OEt 90 (90) 75 (79)
3c 1-Naphthyl OEt 80 (84) 68 (70)
3d p-MeO-Phenyl OEt 84 (85) 76 (79)
3e p-Acetylphenyl OEt 79 (80c 60 (65)
3f p-Tolyl OEt 90 (93)
3g m-Chlorophenyl OEt 70 (75)b

3h p-Formylphenyl OEt 67 (74)c

3i m-Nitrophenyl OEt 40 (40)b

3k m-AcNH-Phenyl OEt 63 (70)
3l 2-Thienyl OEt 33 (33)b

3m 2-Fluorophenyl OEt 31 (42)c

6 Phenyl N(C5H10) 81 (89)
7 Phenyl O(C4H8)Br 72 (90) 68 (72)

Conditions: (A) 1.2 equiv. arylboronic acid, 3 mol% Pd(OAc)2, 9 mol%
P(Nap)3, 5 equiv. K3PO4, 2 equiv. H2O, 20 °C, THF; (B) 1.2 equiv. pinacol
boronate, 3 mol% Pd(OAc)2, 9 mol% P(Nap)3, 5 equiv. K3PO4, 2 equiv.
H2O, 20 °C, THF. a Isolated yields (GC-determined yields in parentheses).
b KF instead of K3PO4. c K2CO3 instead of K3PO4

Scheme 2 Pd-catalyzed synthesis of arylacetic acid derivatives.

Scheme 3
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A concise total synthesis of the potent herbicide herbarumin
I (1) is presented based on an (E)-selective RCM reaction
forging the 10-membered ring of this macrolide.

Bioassay guided fractionation of a culture broth of the fungus
Phoma herbarum recently led to the discovery of two novel
nonenolides. Named herbarumin I (1) and herbarumin II (2),
these lactones were found to exhibit significant phytotoxic

effects in an assay monitoring the radicle elongation of
Amaranthus hypochondriacus seedlings, with IC50 values being
as low as 5.43 3 1025 for compound 1.1 This level of activity
together with the fact that closely related compounds such as
pinolidoxin (3)2 and lethaloxin (4)3 also exert significant
phytotoxicity renders this class of compounds promising new
lead structures in the search for novel herbicidal agents.
Described below is the first total synthesis of a member of this
family of natural products.

Our approach to herbarumin I (1) as the most active
compound of this series is guided by the perception that the
stereochemistry of its three contiguous chiral centers is matched
by the pattern displayed by D-ribose. Therefore, the D-
ribonolactone acetonide derivative 5 was chosen as a well
accessible starting material which is converted on a multigram
scale into tosylate 6 (Scheme 1).4 Subsequent treatment with
NaOMe in THF leads to product 7 via transesterification
followed by spontaneous closure of the epoxide ring once the
alkoxide at O-4 is liberated.5 This compound is then exposed to
the cuprate reagent formed from EtMgBr and CuBr.Me2S in
THF,6 thus providing lactone 8 in 60% yield.† DIBAL-H
reduction followed by reaction of the resulting lactol 9 with
methylenetriphenylphosphorane in the presence of catalytic
amounts of quinuclidine7 delivers alcohol 10 in good yield,
which is esterified with hex-5-enoic acid in the presence of
DCC and DMAP to afford diene 11. This sets the stage for the
crucial macrocyclization reaction via ring closing olefin
metathesis (RCM).

During the last decade, olefin metathesis has evolved into a
versatile and practical tool for advanced organic chemistry.8
Despite the impressive number of applications of this reaction
to the synthesis of structurally diverse carbo- and heterocycles,
it must be kept in mind that the formation of medium sized rings

by this method still poses considerable challenges.9,10 Because
of the inherent ring strain, eight- to eleven-membered cycloalk-
enes are particularly prone to the reverse process, i.e. to ring
opening metathesis (ROM) or ring opening metathesis polymer-
ization (ROMP).

It has been shown, however, that this problem can be
circumvented in many cases by incorporating suitable con-
formational control elements forcing the substrate to adopt a
suitable conformation for ring closure. This facilitates RCM and
stabilizes the product formed against the competing ROMP

Scheme 1 Reagents and conditions: i, tosyl chloride, pyridine,  220 °C,
16 h, 77%; ii, NaOMe, THF, 0 °C ? rt, 16 h, 62%; iii, EtMgBr (3 eq.),
CuBr·Me2S (3 eq.), THF, 278 °C ? rt, 16 h, 60%; iv, DIBAL-H, CH2Cl2,
278 °C, 2 h, 97%; v, Ph3PNCH2 (2 eq.), quinuclidine (0.2 eq.), THF, reflux,
30 min, 77%; vi, hex-5-enoic acid, DCC, DMAP, CH2Cl2, rt, 4 d, 84%; vii,
catalyst 12 (10 mol%), CH2Cl2, reflux, 7 h, 69%; viii, aq. HCl (1 M), THF,
50 °C, 16 h, 90%.
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pathway. The isopropylidene acetal of compound 11 may act as
such a temporary constraint which adequately shapes this
particular diene and simultaneously confers bias upon the
stereochemistry of the newly formed double bond.11

We were pleased to find that this is indeed the case.
Treatment of compound 11 with catalytic amounts of the
ruthenium indenylidene complex 1212 in refluxing CH2Cl2
affords the desired ten-membered lactone 13 as the only product
in 69% isolated yield. Although applications of RCM to the
synthesis of medium-sized and macrocyclic cycloalkenes are
frequently plagued by the formation of E/Z-mixtures,8,13

compound 13 was obtained as a single diastereoisomer which
was assigned the E-configuration based on detailed NMR
investigations.‡ This particular example also nicely features the
excellent application profile of the ruthenium complex 12 which
is equipotent or even superior to the more popular Grubbs
carbene (Cy3P)2(Cl)2RuNCHPh14 yet easier to make from stable
and commercially available precursors.12

Final cleavage of the acetal group with dilute aq. HCl occurs
uneventfully and provides herbarumin I 1 in 90% yield as a low
melting solid. Although the [a]D value of the synthetic sample
deviates from the reported one to some extent,§ there is no
doubt as to the constitution and configuration of this compound
since the high resolution NMR spectra (Bruker DMX 600) as
well as the IR and MS data are in excellent agreement with the
proposed structure and perfectly match those reported in the
literature.§

In summary, a concise total synthesis of the potent phyto-
pathogenic macrolide herbarumin I is presented. The approach
using D-ribonolactone as a convenient source of chirality is
based on a highly efficient and diastereoselective RCM reaction
for the formation of the ten-membered ring of the target, which
is delivered in enantiomerically pure form in only 8 steps
starting from 5 in ~ 11% overall yield. Extensions of this
methodology to other members of this series of herbicidal
agents are underway and will be disclosed in the near future.

Generous financial support by the Deutsche Forschungs-
gemeinschaft (Leibniz award) and the Fonds der Chemischen
Industrie is gratefully acknowledged. We thank Dr R. Mynott
and C. Wirtz for their help with the interpretation of the NMR
spectra of compound 13.

Notes and references
† Competitive attack of bromide ions on epoxide 7 could not be fully
supressed; small amounts of 5-bromo-2,3-isopropylidene-D-ribono-1,4-lac-
tone thus formed are separated by flash chromatography. In this context it
should also be noted that all attempts to prepare compound 8 more directly
by reaction of tosylate 6 with various ethyl donors (Et2CuLi or EtMgBr +
CuBr·Me2S) turned out to be low yielding and could not compete with the
route depicted in Scheme 1.
‡ NMR investigations at this stage are hampered by the fact that compound
13 exists in two slowly interconverting conformers in solution. The
assignment of the stereochemistry of the double bond, however, is
unambiguous and is ultimately corroborated by the successful completion of
the synthesis, providing synthetic 1 which exhibits a coupling constant of 3J
= 15.8 Hz for the vicinal olefinic protons. Details on the structural
assignment of 13 will be reported in a forthcoming full paper.
§ Synthetic 1: [a]D

20 +10.8° (c 0.51, EtOH); ref. 1: [a]D +28.0° (c 0.1,
EtOH). Spectroscopic data of synthetic 1: IR: 3450, 3033, 2960, 2929, 2872,
1716, 1631, 1203, 1058, 982 cm21; 1H NMR (600 MHz, CDCl3) d 5.58
(ddd, 1H, J = 15.8, 1.7, 1.0 Hz, H-6), 5.49 (dddd, 1H, J = 15.8, 10.3, 4.0,
2.3 Hz, H-5), 4.92 (td, 1H, J = 9.6, 2.6 Hz, H-9), 4.40 (quint., 1H, J = 2.3
Hz, H-7), 3.48 (dd, 1H, J = 9.8, 2.3 Hz, H-8), 2.39 (br s, 1H, 2OH), 2.38
(br d, 1H, J = 12.3 Hz, H-4a), 2.30 (ddd, 1H, J = 14.0, 5.8, 2.4 Hz, H-2a),
2.14 (br s, 1H, 2OH), 1.98 (ddd, 1H, J = 14.0, 12.9, 2.0 Hz, H-2b), 1.92
(m, 1H, H-4b), 1.87 (m, 1H, H-3a), 1.86 (m, 1H, H-10a), 1.71 (m, 1H, H-

3b), 1.54 (ddt, 1H, J = 14.4, 9.7, 4.8 Hz, H-10b), 1.35 (m, 1H, H-11a), 1.27
(m, 1H, H-11b), 0.89 (t, 3H, J = 7.3 Hz, 2Me); 13C NMR (75 MHz,
CDCl3) d 176.3, 130.7, 124.7, 73.6, 73.3, 70.1, 34.4, 33.7, 33.3, 24.6, 17.9,
13.8; MS (EI): m/z (rel. intensity): 228 (3, [M+]), 200 (5), 144 (10), 143 (40),
126 (16), 125 (100), 97 (33), 95 (12), 86 (29), 84 (11), 83 (24), 81 (12), 79
(19), 70 (19), 69 (14), 57 (52), 55 (28); MS (ESI): 251 ([M + Na]+), 479
([2M + Na]+).
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Hydrogenation of ethyl pyruvate in ‘supercritical’ ethane in
a fixed bed reactor over cinchona-modified Pt/Al2O3 affords
good ee at an exceptionally high rate, whereas in carbon
dioxide the catalytic performance under similar conditions is
inferior.

Application of supercritical (sc) fluids as solvents and reactants
has great potential for optimizing chemical reactions.1–3 The
continuous hydrogenation of organic compounds in sc CO2 or
propane has recently been reported by Poliakoff and co-
workers.4 Here we show the first example of a continuous
asymmetric hydrogenation in a ‘sc’ fluid. The well studied
enantioselective hydrogenation of ethyl pyruvate (EP)5 over
cinchonidine (CD)-modified Pt/Al2O3 has been chosen as a
model reaction (Scheme 1) to demonstrate the feasibility of the
process. A crucial point is that trace amounts of the chiral
modifier have to be fed continuously to the reactor in order to
maintain a good ee with time-on-stream.6 We show that the
application of ‘sc’ethane as a solvent affords a remarkable
increase in reaction rate compared to the best conventional
solvent, toluene. Note that the widely used term supercritical is
deprived of any meaning in multi-component systems since
phase separation is still possible at conditions beyond the
mixture critical point or the critical point of the pure
components.7 For convenience, ‘sc’ is used here in quotes for
the solvent-rich phase at temperatures exceeding its mixture
critical point, irrespective of further liquid phases present.

Catalytic studies were carried out in a continuous stainless
steel tubular fixed-bed reactor with 12.5 mm inner diameter.6 A
mechanical mixture of 100 mg 5 wt% Pt/Al2O3 (Engelhard
4759, metal dispersion: 0.27) and 900 mg Al2O3 (110 m2 g21

surface area) as diluent was employed, resulting in a catalyst
bed length of 15 mm. The catalyst was prereduced in situ at 400
°C in H2. A flow of 1.0 ml min21 EP (Fluka, 97%) was mixed
with ethane (99.5%) or CO2 (99.995%) and H2 (99.999%) in a
static mixer before entering the reactor. CD (Fluka, > 98%) was
fed together with EP (Fluka, 97%) at a molar ratio EP+CD of
2500+1. The corresponding solution was prepared immediately
before the reaction and kept cool and in the dark to minimize
side-reactions. Conversion and ee were determined by GC
analysis without derivatization. Chemoselectivity to ethyl
lactate was always 100%. Enantiomeric excess is defined as
([R] 2 [S])/([R] + [S]).†

Preliminary studies using CO2 and ethane as solvents
indicated that the latter is a better solvent for EP hydrogenation.
Fig. 1 shows the changes in conversion and ee induced during
continuous hydrogenation of EP when the solvent is changed
from dense CO2 to ethane. Note the prominent increase in
reaction rate and enantioselectivity with ethane. A similar but

reversed behaviour was observed when the sequence of solvents
was changed. The poor performance in CO2 is not completely
understood yet. A possible explanation is partial poisoning of
the platinum catalyst due to the formation of CO via the reverse
water gas shift reaction (CO2 + H2 " CO + H2O).8 As a
consequence of these comparative studies further investigations
were performed in ethane.

Careful consideration of the phase behavior under reaction
conditions is critical for understanding the outcome of the
reaction. The phase behavior of the system under reaction
conditions was investigated in a computer controlled high-
pressure view cell of variable volume (23–63 ml), equipped
with on-line digital video imaging and recording. The magnet-
ically stirred cell consisted of a horizontal cylinder equipped
with a sapphire window covering the entire diameter and an
opposite, horizontally moving piston equipped with another
sapphire window for illumination of the system. The basic setup
of the computer-based approach and video imaging has been
described before.9

The reaction mixture ethane–EP–H2 exhibited a three-phase
LLV equilibrium (EP–rich liquid, ethane-rich liquid and
ethane–H2-rich gaseous phase) at 30 and 40 °C. The upper two
ethane-rich phases critically merged at around 40 °C and 70 bar.
Beyond this upper critical endpoint of the coexistence of the
ethane-rich phases, the system exhibited a two-phase equilib-
rium of a liquid EP-rich phase and a dense fluid (‘sc’) ethane-
rich phase, continuously blending to one phase with increasing
pressure. The pressure required for this transition depended
strongly on temperature (20–50 °C) and H2 concentration
(1–9%) in the system. A similar phase behavior was found in the
system ethane–ethyl lactate–H2 as well as in the system ethane–
ethyl pyruvate–ethyl lactate–H2. On this basis we assume that
the whole conversion range can be well modelled by the ethane–
EP–H2 system discussed above.

At low H2 concentration, the transition from a multiphase to
a homogeneous fluid phase (single phase) was accompanied by
a pronounced increase in EP conversion (Fig. 2, k = 2). In

Scheme 1

Fig. 1 Conversion (2) and ee (5) of EP hydrogenation in dense CO2 and
ethane at 30 °C and 100 bar. Molar ratio of solvent+EP+H2 = 500+1+10.
EP-flow was 4.3 mmol min21.
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contrast, at higher H2 concentration the conversion changed
continuously with density, irrespective of changes in phase
behavior. This behavior clearly corroborates the often made
assumption that a homogeneous fluid phase affords remarkably
higher reaction rates, which only holds true under conditions
where mass transfer of the limiting reactant is enhanced due to
elimination of phase boundaries. Enantiomeric excess to (R)-
ethyl lactate was in the range 55–75%, depending on the
temperature and H2 concentration. Representative results
illustrating the influence of pressure and reactant ratio (H2+EP)
at 40 °C are listed in Table 1. Note that full conversion could
easily be attained by increasing the contact time. Lower
conversions are shown here to illustrate the effect of reaction
conditions on reaction rate (conversion).

The continuous enantioselective hydrogenation in ‘sc’ ethane
afforded a remarkably fast reaction with good ee. At best, a TOF
of 15 s21 was obtained at 70% conversion and ambient
temperature. Using toluene as solvent provided the highest TOF

of 1.8 s21 under otherwise comparable conditions and optimal
H2 concentration. The process in ‘sc’ ethane furthermore
facilitated an easy and complete separation of the solvent from
the reactants by simple expansion of the reaction mixture.

The phase behavior of the system can be understood in terms
of immiscibility of the EP-rich and ethane-rich dense phases at
intermediate temperature. The solubility of EP in the ethane-
rich dense phase depends mainly on the density of this phase in
the temperature range investigated.10 In fact, complete solvation
of EP occurred at a density of around 300 kg m23 (indicated in
Fig. 2) for all temperatures and H2 concentrations, resulting in
a saturated ethane-rich dense phase under these conditions. The
higher the H2 concentration in the system, the higher was the
pressure required to achieve a density of 300 kg m23 and thus
complete solubility of EP in the dense ethane-rich phase. Note
that coexistence of two phases was observed at values well
above the critical parameters of ethane (ethane, Tc = 32.2 °C, pc
= 48.8 bar). This observation illustrates the danger of assuming
that the phase behavior of a multi-component system is similar
to that of the pure solvent.

In conclusion, we have shown the feasibility of continuous
enantioselective hydrogenation of an a-ketoester in dense (‘sc’)
ethane by continuous dosing of a minute quantity of the chiral
modifier CD. High reaction rates combined with good enantio-
selectivity and easy separation of products are beneficial
features of this process.
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Fig. 2 Conversion of EP at 40 °C as a function of overall density at various
H2 concentrations. Ethane+EP+H2 molar ratio = 200+1+k, (2) k = 2, (-)
k = 10, (!) k = 20. Arrow marks density required for merging of fluid
phases to homogeneous phase.

Table 1 Conversion, ee and number of phases present at different pressures
and feed compositions, for the enantioselective hydrogenation of EP in
dense ethane at 40°C

Feed ratio p/bar
Number of
phases ee (%) Conv. (%)

62 3 66 49
H2+EP = 20 88 2 65 55

114 1 63 59
62 3 68 20

H2+EP = 2 88 1 71 37
114 1 72 50
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Active centres have been designed on high-area, molecular sieve
catalysts which, inter alia, can convert n-alkanes to n-alkanols
and n-alkanoic acids, cyclohexane to cyclohexanol, cyclohex-
anone and adipic acid, and n-hexane to adipic acid all using
either oxygen or air as oxidants. A number of one-step processes
and solvent-free chemical conversions, of paramount im-
portance in the development of clean technology, are also
described with catalysts designed (i) to oxidise p-xylene to
terephthalic acid aerobically, (ii) to effect Baeyer–Villiger
reactions with oxygen, and (iii) for the conversion of cyclohex-
anone to e-caprolactam under mild conditions. The inner
surfaces of mesoporous silicas may also be atomically engi-
neered so as to yield high-performance epoxidation of alkenes at
TiIV-centred active sites, as well as enantioselective hydro-
genations of organic species using constrained chiral catalysts.

1 Introduction

Important milestones in our understanding of catalytically
active centres were reached in the mid-1960s with Phillips’s
determination, by X-ray crystallography, of the structure of
lysozyme,1 and Blow’s elucidation, also by X-ray diffraction, of
the structure of chymotrypsin,2 and in particular of the precise
environment of the catalytic pockets within these solid
enzymes. Not only did knowledge of the structure of the active
centres suggest a convincing mechanism for the mode of action
of these two catalysts, it transformed the world of enzymology.
Ever since that time, protein engineers3 have become increas-
ingly expert at designing new biological catalysts principally
because they know (a) what the precise, atomically-resolved
structure of the active centre is in many wild enzymes, and (b)
the atomic changes that should be made in the vicinity of the
active centre so as to enhance either the enzyme’s activity, its
selectivity, or both.

It is not possible to use the X-ray approach of protein
crystallographers in the study of solid (low surface-area)
inorganic heterogeneous catalysts, principally because the bulk
of the catalyst contributes vastly more to the diffraction of the
X-rays than do the minute numbers of active centres distributed
in a random manner at the exterior surface of the solid. When,
however, highly microporous or mesoporous solids such as
those that possess channels, cavities or cages with diameters in
the ranges 4–14 Å (micro) and 15–250 Å (meso) are used as
catalyst supports, the atomic structures of the implanted active
centres may be retrieved by X-ray-based methods but this time
by the use of X-ray absorption fine-structure spectroscopy
(XAFS) rather than by X-ray diffraction.4–8 XAFS as a
technique yields detailed local structural information even when
the catalyst is non-crystalline.7–9

Microporous and mesoporous hosts (see below) may have
internal surface areas that are so large—in excess of 1000
m2 g21—that, effectively, these solids are best envisaged as
possessing three-dimensional surfaces. Either by heterogeniz-
ing well-defined organometallic precursors on mesoporous
hosts, or by preparing microporous hosts that contain within
them adroitly placed potentially active centres, advantage may
be taken of special in situ methods, described fully else-
where,5–9 to determine in atomic detail the nature of the
catalytically active sites prior to and during the course of the
chemical transformation. Armed with this knowledge, one is in
a far better position chemically to modify variants of the
original catalysts and thereby to enhance their performance.
Knowledge of the atomic architecture of the active centre also
facilitates interpretative mechanisms of the catalytic path, a task
nowadays greatly aided by invoking reliable computational
procedures either of the atomistic or electronic kind. Table 1
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takes cognizance of all the above points, and also emphasizes
other practical desiderata pertaining to porous (open-structure)
oxide catalysts discussed herein.

Close to a half of the elements of the Periodic Table are
capable of being incorporated into the framework structures—
generally in tetrahedral, but more frequently nowadays in six- or
five-fold coordination—of the ever-growing families of micro-
porous and mesoporous materials. In the case of microporous
solids, the largest two sub-families are the aluminosilicates and
aluminophosphates (AlPOs). These are essentially three-
dimensional networks of corner-sharing SiO4 and AlO4 tetra-
hedra and of AlO4 and PO4 tetrahedra, respectively. Hetero-
atoms, especially those known to exhibit powerful catalytic
properties such as CoIII, MnIII, FeIII, TiIV, may be incorporated
substitutionally at regular framework sites. (They may, as in the
case of cobalt or manganese, be easier to introduce during
preparation as CoII or MnII ions: they are later convertible, by
calcination in situ, for example, into their higher-valent forms,
CoIII and MnIII.) Mesoporous solids, on the other hand, are
generally easier to prepare in their pristine state (as SiO2, GeO2,
TiO2, etc.), and heteroatoms, which serve as the loci of catalytic
action, are grafted onto the inner surfaces of the mesopores after
synthesis, as described in Section 3 below.

2 Specific examples of designed, characterized and
proven microporous catalysts
Although the main thrust of our work is to arrive at new solid
inorganic catalysts by engineering appropriate active centres
through the principles of solid-state and surface chemistry, we
especially aim to produce those catalysts that are important in
the context of clean technology. The intellectual challenge is to
devise strategies for such environmentally desirable objectives
as:

4 the development of one-step processes and/or solvent-free
chemical conversions; and
4 to produce oxidation catalysts that use air or oxygen as the

oxidant.

In describing below the progress that we have made towards
these goals we also recall the salient features of those currently
favoured, important processes that need to be replaced either
because of their expense, and/or inconvenience, or because they
are environmentally (or otherwise) unacceptable.

We now proceed to highlight our work on:

A the selective oxidation of cyclohexane in air to cyclohex-
anol, cyclohexanone and adipic acid;

B regio- and shape-selective oxyfunctionalization of n-alkanes
in air to yield n-alkanols and n-alkanoic acids;

C conversion of n-hexane to adipic acid in air;

D aerobic oxidation of p-xylene to terephthalic acid;
E Baeyer–Villiger reactions using oxygen as the oxidant for

conversion of (i) ketones to lactones and (ii) alkenes to
epoxides;

F solid-acid-catalyzed dehydrations and oligomerizations,
and

G ammoximation of cyclohexanone to yield the oxime and
caprolactam.

For a majority of these conversions it has been shown8,10,11

that free radicals participate in a crucial, spatially constrained
manner. One of the key features of our approach12,13 to the
design of the necessary catalysts is to insert (implant) transition
metal ions in high oxidation states into the framework of the
microporous oxide. These serve as free radical initiators (see,
for example, Section E below), but the mean-free path of the
radicals is necessarily small (owing to the microporosity of the
solid) so that only a limited number of reactions may ensue.
Moreover, by astute choice of the dimensions of the pores of the
molecular sieve oxide within which the transition metal ion
active centres are placed, one may harness the advantages of
shape selectivity, whereby only molecules of certain sizes and
shapes may reach, or diffuse away from, the active centres. In
some instances, where the siting of active centres and the access
to them of reactant molecules are sharply defined, it becomes
possible to effect regio-selective as well as shape-selective
conversions.10

A The selective oxidation of cyclohexane to cyclohexanol,
cyclohexanone and adipic acid

Apart from its intrinsic importance in the chemistry of C–H
activation,14 the selective oxidation of cyclohexane to yield
cyclohexanol and cyclohexanone is the centre-piece of the
commercial production of nylon. Many key precursors and
products in the polymer industry are generated in costly and
polluting processes that also involve the selective oxidation of
cyclohexane (Scheme 1).15 Intermediates such as cyclohexanol

and cyclohexanone, which, together, are known as K-A oil, are
the stepping stones for the production of caprolactam
(Scheme 2), which is the monomer for nylon 6, and adipic acid
(AA) which is the building block for a series of synthetic
polyamide fibres such as nylon 66 and polyurethane resins.
Alternate synthetic routes have been developed, such as the one-
step oxidation of cyclohexane with either alkyl hydroperoxide
as oxidant and a catalyst consisting of cobalt salts,16,17 or
dioxygen as oxidant and a cobalt acetate catalyst in acetic
acid.18 More recent industrial syntheses include homoge-
neously catalyzed hydrocarboxylation or carboalkoxylation of
butadiene.

Because the free radicals generated in the autoxidation of
cyclohexane are constrained in space within the interior of the

Table 1 Desiderata for engineered porous oxide catalysts

High activity, high selectivity, longevity and durability

Freedom from restrictions imposed by diffusional considerations
(reactants and products)

Capable of facilitating regio-selective, shape-selective and
enantioselective processes

Should operate under mild conditions and be environmentally,
economically and atom efficient

Should be able to facilitate an increasing number of solvent-free
conversions

Possession of isolated, well-defined (single-site) active centres, the
atomic architecture of which may be delicately modified

Capability of yielding detailed mechanistic understanding of catalytic
action

Between them certain microporous (3.5–14.5 Å apertures) and
mesoporous (15–250 Å) oxides satisfy all these desiderata

Scheme 1
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high-area porous catalysts chosen by us, we opted to prepare
three distinct kinds of MeAlPO molecular sieve catalysts for
this oxidation: CoIII(MnIII)AlPO-36,19 FeIII(MnIII)AlPO-5,20

and FeIIIAlPO-3121 (see Fig. 1).

When a few percent of AlIII ions in AlPO-36 (pore aperture
6.5 3 7.5 Å) are replaced by CoIII (or MnIII) ions it becomes19

a good catalyst for cyclohexane oxidation in O2, the principal
products being cyclohexanol and cyclohexanone and small
quantities of adipic acid (AA). XAFS measurements show that,
in CoAlPO-36, only 50% of the CoII ions present in the
framework in the as-prepared state may be raised to the CoIII

state by calcining in air. In FeAlPO-5, however, (pore aperture
7.3 3 7.3 Å) all of the iron ions are found (by XAFS) to be in
the FeIII state. Indeed, this active site (FeIII in the framework)
has an immediate environment almost indistinguishable from
that of FeIII in FeZSM-5 (Fig. 2) in which again the FeIII resides
in the framework.

We argued that there was merit in designing a MeAlPO
molecular sieve catalyst in which the active sites (either FeIII or
MnIII) are the same as, but the pores are significantly smaller
than, those of MeAlPO-5 analogues. This would mean that, of
the reaction intermediates formed within the pores of the
catalyst, those that are more sinuous (like AA) would diffuse out
readily. MeAlPO-31, in the form of FeIIIAlPO-31, was therefore
selected by us.21 In effect, we capitalize here on ‘product shape-

Scheme 2

Fig. 1 Computer graphic representation of the framework structures of the three aluminophosphate molecular sieves used in this work. In the active
microporous catalysts a small fraction of the AlIII framework ions is replaced by either CoIII or MnIII or FeIII ions, which function as the active centres (see
text). Diameters of the apertures are: AlPO-31, 5.4 Å; AlPO-36, 6.5 3 7.5 Å; and AlPO-5, 7.3 Å.

Fig. 2 (A) X-Ray absorption near-edge (XANES) spectra of as-synthesized FeZSM-5 (with framework-substituted FeIII ions) and of calcined FeAlPO-31 and
FeAlPO-5. Note the similarities in pre-edge intensities. (B) Bar chart contrasting the product selectivities (at T = 373 K, 24 h contact time) of the three
principal, selective oxidation products with these two catalysts. (C) and (D) Associated Fourier transform of calcined FeAlPO-31 and FeAlPO-5, respectively
(the solid and the dashed curves represent the experimental and calculated data, respectively.
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selectivity’ (in the same sense as described by Weisz22 for acid-
catalyzed dehydrations of alkanols)—only those products with
appropriate molecular dimensions may diffuse easily out of the
pores, whereas larger ones formed in the course of the reaction
are trapped inside on account of their significantly retarded
diffusion. Qualitatively, we may envisage the free radical and
molecular intermediates cyclohexanol, cyclohexanone, formed
from cyclohexyl hydroperoxide (cHHP) or 2-hydroxycyclohex-
anone and 1,2-cyclohexanedione, to be held in the vicinity of
the active site until oxidation proceeds further to yield the more
mobile and desired linear product AA (see Fig. 3). Because of
the more puckered walls of AlPO-31 compared with AlPO-5,
and the significantly reduced pore diameter (5.4 Å), we have the
constrained environment required for the favoured production
of AA (see Fig. 2).

B Regio- and shape-selective oxyfunctionalization of
n-alkanes in air

Although linear alkanes are readily oxidized to completion
(burnt) at elevated temperatures, they are among the most
difficult to oxyfunctionalize at lower temperatures. It is widely
acknowledged that the controlled oxyfunctionalization of linear
alkanes is one of the major challenges of modern catalysis; and
particularly desirable products are those that have been
terminally oxidized (hexanoic acid, for example), since these
serve as feedstocks for the chemical and pharmaceutical
industries. A gleam in the eye of the expert catalyst scientist is
to arrive at a catalyst that regiospecifically functionalizes n-
alkanes using either air or dioxygen as the oxidant.23 We have
succeeded in doing this (for n-alkane CnH2n+2, n = 6–8, 10, 12)
using a carefully designed MeAlPO molecular sieve.8,10,11,24

Moreover, we have very recently demonstrated how, by
judicious modification of the siting of single-site active centres
within the same kind of catalyst CoIIIAlPO-18, it also becomes
possible to achieve double terminal oxyfunctionalization,
thereby enabling n-hexane to be converted in air to AA (see
below).

We are certain that MeIII ions (substituting for AlIII ones, in
the MeAlPO-18) are a sine qua non for the catalytic oxidation

of the hydrocarbon. If, for example, MgII or ZnII ions (or CoII or
MnII ions) are present in place of MeIII ions in the MeAlPO, no
oxidation ensues.

To achieve single, terminal methyl group attack, one
harnesses the fact that the MeIII ion active site must, during
reaction, be readily accessed in a preferential manner by the
terminal methyl group of the alkane. One must also ensure that
the alkane can gain entry into the interior of the MeAlPO
catalyst only by an ‘end-on’ approach (Fig. 4), otherwise
oxyfunctionalization of the CH2 groups at C2 and C3 will occur.
[It must be remembered that, all the while during the oxidation,
the catalyst and alkanes are swathed in molecular oxygen
(Fig. 4) as the latter is so small that it readily reaches the MeIII

and other sites within the molecular sieve catalyst.)
CoAlPO-18 or MnAlPO-18 catalysts are very effective in the

regioselective oxidation of n-alkanes. Apart from the qualitative
arguments given above for facilitating terminal attack, the
quantitative results of energy-minimization (see Fig. 5) yield
further insights into, and a deeper understanding of, the
regiospecificity.

The computation, which combines Monte Carlo, molecular
dynamics and docking procedures,25 reveals that the terminal
methyl group is significantly closer to a tetrahedral framework
site than either C2 or C3 carbons in the alkane chain. Moreover,
the end of the alkane becomes slightly bent, and all this favours
oxidation of the terminal (mainly) and penultimate carbon
atoms, just as is seen in the experimental results (Fig. 6).

The so-called primary selectivity index (defined as the ratio
of concentration of primary products to secondary/tertiary
products normalized for the respective number of hydrogens in
the alkane molecule) is superior for the CoIIIAlPO-18 and
MnIIIAlPO-18 catalysts than for all previously reported14,26

inorganic heterogeneous catalysts, even though the latter use
sacrificial oxidants such as iodosylbenzene27 and not air or O2.
It is to be noted10 that some 70% of the products of oxidation of
n-octane after 24 h are the result of oxyfunctionalization of the
terminal methyl group for CoIIIAlPO-18 (60% for MnIIIAlPO-
18). Octanoic acid, octan-1-al and octan-1-ol, in descending
order, are the principal products of oxyfunctionalization of n-
octane.

Fig. 3 In the autocatalytic oxidation of cyclohexane in air, the main products are cyclohexyl hydroperoxide (cHHP), cyclohexanol, cyclohexanone and adipic
acid (AA). In the larger (7.3 Å) FeAlPO-5 catalyst, all products diffuse out freely, whereas in the smaller pore (5.4 Å) FeAlPO-31 catalyst, diffusion out of
the solid is much easier for the sinuous adipic acid molecule than for the other three, which fit rather tightly within the pores. This product shape-selectivity
explains the results shown in Fig. 2B.
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C Converting n-hexane to adipic acid (AA) in air

To achieve oxyfunctionalization at both (methyl) ends of n-
hexane, a sufficiently large number of framework CoIII ions
needs to be accommodated on the inner walls of the CoAlPO-18
catalyst in such a manner that two framework CoIII ions should
be separated by ca. 7–8 Å from one another. With the
composition Co0.1Al0.9PO4 for the CoAlPO-18 structure (i.e.
with a Co+P ratio of 0.1, instead of 0.04, as above) there is a
high probability for there being two (separated) CoIII ions in
each cage of the AlPO-18 structure, and for these two ions to be
situated opposite one another as shown in Fig. 7.

Fig. 8 summarizes the results of the selective oxidation
experiments and, in particular, highlights the contrast in
catalytic performance—especially in regard to production of

adipic acid—of low and high Co+P ratios for CoAlPO-18 (i.e.
0.04 and 0.10, respectively). It is to be noted that CoAlPO-34,
which is very similar structurally to CoAlPO-18 (they each have
chabazitic cages), exhibit broadly similar catalytic performance

Fig. 4 Views of (left) interior of the chabazitic cage in the CoIIIAlPO-18
catalyst, with the end-on approach of the alkane to the active site
emphasized (top right). At the bottom is another view showing the approach
to the CoIII active site of n-hexane into the chabazitic cage. Oxygen
molecules freely enter the cage via the other openings.

Fig. 5 (A) Computer graphic view of the framework structure of AlPO-18.
Each of the intersecting pores, whose openings are shown here, has an array
of side pockets possessing a so-called chabazitic structure shown in B.
(B) Energy-minimized configuration adopted by n-hexane at 0 K inside the
chabazitic cage of the AlPO-18 framework. This configuration was derived
from a calculation that combines Monte Carlo, molecular dynamics and
docking procedures as described in ref. 25. Note that the terminal methyl
group (C1) is significantly closer to a tetrahedral framework site (and hence
to the MeIII active centre) than either C2 or C3.10

Fig. 6 Bar chart showing the regio-selective oxyfunctionalization of n-
hexane when exposed to air and a CoIIIAlPO-18 catalyst. 65% of the
products are oxyfunctionalized at the terminal methyl (C1), and 34% at the
penultimate methylene (C2) carbons, in marked contrast to what occurs
under identical conditions (373 K, 1.5 MPa, 24 h) with CoAlPO-36 and
CoAlPO-5 catalysts.

Fig. 7 With two CoIII ions at the opposite vertices of the chabazitic cage in
CoAlPO-18 (as occurs when the composition is close to Co0.1Al0.9PO4),
their separation distance (ca. 7.6 Å) is similar to that which separates the
two terminal methyl groups in n-hexane. This maximizes the occurrence of
oxyfunctionalization of the alkane to form adipic acid (see text and
Fig. 8)

Fig. 8 A low ratio of Co+P (e.g. 0.04) in the CoAlPO-18 catalyst yields
essentially no adipic acid, whereas a high one (ca. 0.10) yields substantial
quantities. The closely similar CoAlPO-34 catalyst (which is structurally
identical to CoAlPO-18 in its chabazitic cages and pore dimensions) also
yields adipic acid with a high (0.10) Co+P ratio. CoAlPO-36, on the other
hand, which has no chabazitic cages and has larger pores than CoAlPO-18
or CoAlPO-34, and which therefore exerts no shape selectivity, produces no
adipic acid.
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when the Co+P ratio is 0.10. But CoAlPO-36, which has a much
larger pore aperture (6.5 3 7.5 Å) is markedly different from
both CoAlPO-18 and CoAlPO-34.

Detailed kinetic studies (described elsewhere10,28) are also
informative, especially when compared with those reported
earlier for CoAlPO-18 with a Co+P ratio of 0.04. With a Co+P
ratio of 0.10, for both CoAlPO-18 and CoAlPO-34 catalysts,
hexan-1-ol is the major product during the initial stages of the
reaction, but this is subsequently converted to hexan-1-al and
hexanoic acid. After 5 h, hexane-1,6-diol, hexane-1,6-dial and
traces of adipic acid appear in the reaction mixture as well as the
three principal products (hexan-1-ol, hexan-1-al and hexanoic
acid) observed earlier.10

It is noteworthy that there is no decrease in the hexanoic acid
selectivity, but at prolonged contact times (10–24 h) there is a
steady decrease in the concentration of both hexane-1,6-diol
and hexane-1,6-dial, and a concomitant build-up in the
production of AA. Evidently, the production of AA arises as a
result of the further oxidation of the hexane-1,6-diol and
hexane-1,6-dial. Further, when hexanoic acid was taken as the
substrate (instead of n-hexane), using CoAlPO-18 (0.10) as
catalyst, we did not observe any conversion to AA. With a Co+P
ratio of 0.04, the CoAlPO-18 catalyst, under identical condi-
tions, does not produce hexane-1,6-diol or hexane-1,6-dial or
any detectable AA. This active adipic acid-producing CoAlPO-
18 catalyst, with a Co+P ratio of 0.10, is remarkably stable and
there is no leaching of the cobalt ions (see Section 4) during
catalysis.

D Terephthalic acid from p-xylene

Textile and synthetic fibres such as saturated polyesters
(Terylene) are made from terephthalic acid, which is currently
produced commercially by the oxidation of p-xylene using
aggressive reagents such as bromine, and acetic acid as solvent
(Scheme 3).15 In 1992, the worldwide demand for terephthalic

acid was 12.6 3 106 tonnes and textile and industrial fibres
accounted for 75% of this demand.29 Various salts of cobalt and
manganese can be used as homogeneous catalysts and the
bromine source is usually HBr, NaBr or tetrabromoethane. The
highly corrosive bromine–acetic acid environment requires the
use of titanium-lined equipment.

Our approach to the design of suitable catalysts for this
important reaction again relies on the use of a microporous
molecular sieve in which the active sites are CoIII or FeIII ions
in framework sites substituting for AlIII ions. These catalysts
operate under solvent-free conditions without the need for
corrosive activators and solvents such as bromine or acetic acid.
Their mode of operation also relies on shape-selective, free-
radical processes of a spatially constrained kind. Moreover, all
such oxidation catalysts designed by us require only benign
oxidants (dioxygen or air), and consist of inexpensive, readily
preparable, CoIII(FeIII)–AlPO-36 or CoIII(FeIII)–AlPO-5.

Our molecular sieve catalysts are effective for the aerobic
oxidation of p-xylene, the main products being toluic acid,
4-formylbenzoic acid (4-carboxybenzaldehyde) and terephtha-
lic acid, leaving the benzene ring virtually untouched.
4-Formylbenzoic acid is a troublesome impurity and, because of
its structural similarity to terephthalic acid, it co-crystallizes
with the latter and becomes trapped and inaccessible for

completion of the oxidation.30 We find that AlPO-36-based
catalysts, containing up to 10 atom% of transition metal ions
(CoIII, MnIII, FeIII, etc.), suppress the formation of 4-for-
mylbenzoic acid and increase the selectivity for terephthalic
acid. As in the case of CoIIIAlPO-18, containing ca. 10 atom%
of CoIII ions in the framework (see Section C), one might
envisage oxyfunctionalization occurring simultaneously at both
methyl ends of p-xylene, which could well be the reason for the
higher selectivity of the CoIIIAlPO-36 (0.10) catalyst for
terephthalic acid (see Fig. 9) compared to CoIIIAlPO-36
(0.04).31 Owing to the low solubility of terephthalic acid in p-
xylene (and since no co-solvents are used) most of it precipitates
as it forms.32

E Baeyer–Villiger reactions using oxygen as the oxidant

A reaction of great commercial importance is that devised more
than a century ago by Baeyer and Villiger33 who showed how
cyclic ketones could be converted into lactones using a
powerful oxidant, such as peroxomonosulfuric acid, H2SO5,
otherwise known as Caro’s acid. This reaction plays a central
role in applications that span antibiotics, steroids and numerous
aspects of agrochemistry. For environmental and other reasons
the use of H2SO5, or alternatives such as (the potentially
explosive) 90% H2O2, is frowned upon (where not banned); and
some have turned to the use of milder forms of H2O2 in the
presence of inorganic materials such as methyl-trioxorhen-
ium.

Our approach (Fig. 10) relies34 on MnIII (or CoIII)-frame-
work-substituted MeAlPOs, in which air (or O2) and a

sacrificial aldehyde are used. These constituents produce in situ,
a percarboxylic acid (e.g. perbenzoic acid), and this functions as

Scheme 3

Fig. 9 CoAlPO-36, with a high Co+P ratio (ca. 0.10) is a good catalyst for
the aerial oxidation of p-xylene to terephthalic acid (see text).

Fig. 10 Graphical representation of a MnIIIAlPO-36 molecular sieve
catalyst showing the Baeyer–Villiger oxidation of a cyclic ketone to the
corresponding lactone. In place of the conventional aggressive oxidants
such as H2SO5, here, perbenzoic acid is formed in situ from benzaldehyde
in the presence of O2 assisted by the MnIII active sites. (After Thomas
et al.15)
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an environmentally successful oxygen donor to convert the
ketone to the corresponding lactone. [A similar approach, again
using a sacrificial aldehyde, serves to epoxidize a range of
alkenes in O2 (air), with the same kind of molecular sieve
catalyst employing a MnIII (or CoIII) active site in its
framework.35]

Insofar as catalytic epoxidations are concerned, as with
Baeyer–Villiger reactions with ketones, the centre-piece of our
heterogeneous catalytic conversion is MeAlPO-36 (with Me ·
MnIII and CoIII). In both cases, we exploit the easy autoxidation
of aldehydes to promote the in situ formation of peroxy
acids.36

Benzaldehyde molecules may freely enter the large internal
areas of MeAlPO-36 thereby generating37 first PhCO· and then
PhCOOO· radicals, which, from the sequence of steps shown
below, lead to the formation of perbenzoic acid and the alkene

oxide—in our case35 cyclohexene oxide. This free-radical-
based epoxidation of cyclohexene [and other alkenes such as a-
(+)-pinene, R-(+)-limonene and styrene] is mechanistically
quite distinct from the radical-free epoxidation of alkenes using
alkyl hydroperoxides and titanosilicate catalysts (which is
described in Section 3A, below).

F Solid acid-catalyzed reactions

As described elsewhere,38 solid acid catalysts are urgently
required in the petrochemical and other industries to replace
such environmentally aggressive and widely used liquid acids
as HF, H3PO4 and H2SO4. Following the lead given by the
Union Carbide group39 on the use of metal-ion- and silicon
(framework)-substituted AlPOs as Brønsted acid catalysts, our
colleague Jiesheng Chen and one of us40 found that many
MeAlPO-18 molecular sieves (M · ZnII, MgII, CoII, NiII, etc.)
were extremely effective, shape-selective catalysts for the
dehydration of methanol to olefins. Moreover, they could be
readily prepared in a state of high phase purity.40 Such are the
dimensions of the cavities and locations of the active sites—
loosely attached protons to framework oxygen atoms in the
vicinity of the metal ions (Me) {or of the SiIV ions that substitute
for framework PV ions}41 as shown in Fig. 11—that there is
room inside this molecular sieve acid catalyst for the production
of only ethene, propene and traces of butene. Because of the
spatial restrictions, no aromatic molecules, such as those
produced using H+-ZSM-5 catalysts, can be formed. This is an
example of transition-state shape-selectivity.

Success in designing shape-selective, microporous solid-acid
catalysts consists in building a molecular sieve, the pore
apertures and cage dimensions of which function as spatial
constraints for the production of bulky hydrocarbons, but which
still favour the generation of the light olefins alluded to above.
By careful choice of structure-directing agents (SDAs), a new,
shape-selective, microporous MAlPO solid acid catalyst,
known as DAF-4, having a framework structure essentially the
same as that of the naturally occurring zeolitic mineral levyne
was produced.42 In its CoII-substituted form, DAF-4 transforms
methanol with greater than 75% conversion at 350 °C into

ethene and propene, with a selectivity of ca. 60% and ca. 20%
for the two alkenes, respectively.

There are many points of similarity between catalytic
reactions in microporous sieves on the one hand and enzymatic
reactions on the other, shape-selectivity being the most
prominent common feature. Further points of comparison have
been made in a recent study43 with Harris and his group
involving the (solid)-acid-catalyzed oligomerization or cyclo-
dimerisation of 3-hydroxy-3-methylbutan-2-one, hereafter ab-
breviated as HMB.

HMB is a stable liquid at ambient temperature. In acidic
solutions, however, HMB readily undergoes reaction to gen-
erate a variety of products including the cyclic dimer (see
Scheme 4) and the dehydrated reactant MeCOC(Me)NCH2. The

precise nature and distribution of the products varies sig-
nificantly depending on the solvent and conditions used for the
proton-catalyzed solution-state reaction. However, when HMB
is incorporated within the channels of a synthetic zeolite,
ferrierite, only one product (established by 13C solid state MAS
NMR) is observed together with some unreacted HMB. A
plausible mechanism for the Brønsted acid-catalyzed cyclo-
dimerisation is shown in Scheme 4. Harris and coworkers43

have recently made a comparison of the proton-catalyzed
bimolecular reaction observed in the cyclo-dimerization of
HMB and other monomers with the mode of action of
triosephosphate isomerase.

G Ammoximations: e-caprolactam from cyclohexanone

For completeness, we should also mention the ability possessed
by our designed MeIIIAlPO-36 and MeIIIAlPO-5 molecular
sieve catalysts in effecting ammoximations. The reaction of

Fig. 11 The Brønsted acid active centre in CoIIAlPO-18 consists of the CoII

ion (shown in blue) together with its nearby proton (white) loosely bound to
an adjacent framework oxygen. (When this acid catalyst is calcined in
oxygen, the CoII ion is converted to CoIII which is the redox active
centre.5)

Scheme 4
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cyclohexanone with hydroxylamine (in its sulfate or phosphate
form) is the best known method for the production of
cyclohexanone oxime, and its subsequent Beckmann rearrange-
ment to e-caprolactam is an important, industrially used
reaction. About 90% of e-caprolactam world-wide is produced
by using the above-mentioned conventional cyclohexanone
process. However, large-scale industrial processes for the
production of e-caprolactam (monomer for nylon 6), employing
cyclohexanone as the starting material, invariably produce large
quantities of ammonium sulfate as by-products (see Scheme 2),
which are undesirable. In 1990, the world-wide production of e-
caprolactam reached 3 million metric tons.

Fig. 12 summarizes the results of our ammoximation
experiments using cyclohexanone in the presence of ammonia

and H2O2 [O2 or tert-butyl hydroperoxide (TBHP) can also be
used as oxidants], and MnAlPO-5 or Mn(Co)-AlPO-36 as
catalysts, to produce the corresponding cyclohexanone oxime
and e-caprolactam. The ketone (cyclohexanone) is first oxidized
in the presence of the ‘redox’ (CoIII, MnIII) ions and ammonia to
the oxime (cyclohexanone oxime). The Brønsted acid sites in
the molecular sieves catalyze the subsequent Beckmann
rearrangement of cyclohexanone oxime to e-caprolactam.
Interestingly, the (deliberate) introduction of acid centres (in the
form of MgII or ZnII, during synthesis, and typified by
CoMAPO-36 in Fig. 12), further enhanced the selectivity for e-
caprolactam, thereby bringing out the bifunctional ability
possessed by our catalysts.

3 Atomically engineered active sites in
mesoporous solids
Here we demonstrate how to design and characterize high-
performance catalysts for four distinct categories of reaction:
the epoxidation of alkenes, solvent-free hydrogenations of
unsaturated organic species, a novel kind of enantioselective
hydrogenation, and selective oxidation (including oxidative
dehydrogenation). Since these conversions employ mesoporous
catalysts (with pore diameters upwards of 30 Å), quite bulky
organic molecules (many of which could not gain access to the
active centres inside the microporous catalysts discussed so far
in this review) may be processed. Moreover, all the desiderata
enumerated in Table 1, with the exception of regio- and shape-
selective processes that are easier to effect with microporous,
molecular sieve catalysts are achievable with mesoporous
silicas onto the three-dimensional surface areas of which active
sites have been grafted as described below.

A Titanosilicate epoxidation catalysts

The catalytic conversion of propylene to propylene oxide over
Ti/SiO2 catalysts in the presence of tert-butyl hydroperoxide
(TBHP) is an industrially important epoxidation that accounts
for an annual production of more than a million tons of
propylene oxide worldwide.23 From the outset,44 there has been
much speculation as to both the nature of the active site and the
mechanism of this reaction and other selective oxidations
effected by titanium-centred catalysts.45 Five years ago, one of
us and his colleagues set out46 to prepare single-site, TiIV-
centred, silica-based catalysts by reacting titanocene dichloride
in the presence of triethylamine with the silanol groups that line
(see Fig. 13) the inner walls of mesoporous silica. After

subsequent calcining in oxygen, all the organic residue in the
silica-bound titanocene was driven off; and XAFS analysis
showed that the structure of the active site is as shown in
Fig. 14.

Both the XANES and EXAFS results for this catalyst
revealed that isolated TiIV-centred active sites, composed of a
tripodally-linked titanol groups, abound on the catalyst surface.
There are no signs of Ti–O–Ti linkages, nor of any titanyl (TNO)
groups of the kind proposed44 earlier, either of a three- or five-
coordinated kind. Detailed comparisons (of XAFS data) with
several other local TiIV-centred oxygen environments leave no
doubt47–49 that the active sites in our highly active (so-called48

Ti—MCM-41) catalyst are four-coordinated. There are no
6-coordinated TiIV-centred sites present in the as-prepared
catalyst. Thomas and Sankar also recorded7,47,49 XAFS data

Fig. 12 Bar chart showing the relative performance of various transition
metal ion (framework)-substituted molecular sieve catalysts in the conver-
sion of cyclohexanone to its corresponding oxime and e-caprolactam. The
best catalyst is the bifunctional one (CoMAPO-36) which has both redox-
and Brønsted acid-active sites.

Fig. 13 Computer graphic representation of a single mesopore in MCM-41
silica (red, oxygen; yellow, silicon; white, hydrogen).

Fig. 14 Ti K-edge XANES of a Ti—MCM-41 epoxidation catalyst after
calcination. Both the XANES and EXAFS data (latter not shown) point to
the tripodally attached titanyl group as the (TiIV-centred) active site.47
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during the course of operation of the Ti—MCM-41 catalyst in
the epoxidation of cyclohexene to its epoxide with TBHP, a
convenient test reaction. Significantly, the coordination shell of
the original, 4-coordinated TiIV active sites expands to six
during catalysis. And, whereas four of the surrounding oxygens
are at distances strictly comparable to those in the pristine active
site, in the reactive state there are two additional oxygens
situated further away. This fact flatly contradicts the mechanism
of epoxidation proposed earlier:44 a more realistic picture is one
in which, just prior to the act of epoxidation, the TiIV-centred
active site is in six-fold coordination. This is compatible with
the radical-free picture of epoxidation that we established
previously.48 Our method of preparing highly active titanosili-
cate catalysts from a titanocene precursor has been shown50

recently to be ideally suited for the one-pot conversion of
citronellal into isopulegol epoxide (see Scheme 5).

Knowing the structure of the active site, we may set about
boosting its catalytic activity by altering its immediate environ-
ment. This can be done by replacing51 one of the silicons in the
tripodally attached TiIV centre by germanium. The resulting
catalyst, with a modified active site, exhibits an activity for the
epoxidation of cyclohexene that surpasses that of the original
catalyst, which, in turn, is superior to that of the catalyst
prepared according to the procedure employed for the industrial
preparation. There is clearly a favourable electronic influence in
proceeding from â(SiO)3Ti–OH to â(SiO)2(GeO)Ti–OH.

It is a fortunate fact that titanosilsesquioxanes,52 in which the
Ti occupies one of the eight vertices of the cube formed by
alkyl-substituted Si7O11 moieties, are soluble in organic
solvents, and that they also function as good, homogeneous
epoxidation catalysts.53 Moreover, the immediate environment
of the TiIV-centred active sites in these soluble catalysts may
also be readily probed using the XAFS technique.

Significantly, the performance of the heterogeneous and
homogeneous TiIV-centred epoxidation catalysts are quantita-
tively very similar,54 both in the un-enhanced and promoted
states, caused by juxtaposing germanium in place of silicon.
Furthermore, the fact that the turnover frequency in absolute
terms (number of moles of the alkene epoxidized by the active
site in unit time) is essentially the same for the heterogeneous as
it is for the homogeneous (titanosilsesquioxane) catalyst lends
independent proof (beyond the structural one based on EXAFS)
that our designed titanosilicate catalysts are indeed ‘single-site’
ones.

B Engineered active centres for selective hydrogenations:
encapsulated bimetallic nanocatalysts for solvent-free
reactions

An inherent advantage possessed by mesoporous silicas, of the
type exemplified in Fig. 13, is that it is readily possible to insert
into such pores mixed-metal carbonylates that are quite bulky,
or to graft onto their inner walls carefully constructed, chirally
biased large metal complexes. In a collaboration with Johnson
and his coworkers, we have capitalised upon this fact. In
particular, we have inserted55 cluster carbonylate salts such as
[Ru6C(CO)16CuCl]2[PPN]2, where PPN stands for bis-
(triphenylphosphino)iminium, into MCM-41 silica. These salts
can be shown by ex situ HREM studies55 to be encapsulated in
a spatially uniform manner along the inner surfaces of the

mesopores. (The Si–OH groups undergo hydrogen-bonding
with the O–C–M bond of the carbonyls). In situ XAFS and
FTIR studies are used to chart the progressive conversion, by
gentle thermolysis, of the carbonylate salts into the denuded,
bimetallic (carbided) nanoparticle catalysts. Separate Cu and Ru
K-edge XAFS studies, for example, yield55 a good picture of the
active nanoparticle catalyst (ca. 15 Å diameter), which has a
composition Cu4Ru12C2. (They exhibit high turnover fre-
quencies for hex-1-ene, diphenylacetylene, stilbene, cis-cycloc-
tene, D-limonene and 1,5,9-cyclododecatriene.)

In a further collaboration with Johnson and his group, a
number of solvent-free selective hydrogenations of polyenes
using a bimetallic Ru6Sn nanoparticle catalyst have been
highlighted56 (see Fig. 15 and 16). The selective hydrogenation

of polyenes such as 1,5,9-cyclododecatriene is quite an
important procedure in the synthesis of organic and polymeric
intermediates such as laurolactam, 12-aminododecanoic acid
and dodecanedioic acid, which are important monomers for
nylon 12, nylon 612, copolyamides, polyesters and for various
materials used as coatings (see Scheme 6). Hitherto, Raney
nickel, Pd, Pt, Co, and mixed transition metal complexes have
been used for these hydrogenations, and all the reactions entail
the use of organic solvents (such as n-heptane or benzonitrile)
and often in the presence of efficient hydrogen donors (such as
9,10-dihydroanthracene). Our procedures emphasize that there
are solvent-free routes available for such processes.

C Constrained chiral catalysts for enantioselective
hydrogenation

The large diameters of mesoporous silica permit the direct
grafting of complete chiral metal complexes on to the inner
walls by functionalizing the pendant surface silanols with
organic groups such as alkyl halides, amines, carboxylates and

Scheme 5

Fig. 15 Clusters of Ru6Sn, anchored at the inner surfaces of mesoporous
silica (MCM-41) function as powerful catalysts in the solvent-free selective
hydrogenation of a variety of polyenes. In the background electron
micrograph the linearly arranged white spots demarcate the anchored
bimetallic clusters (diameter ca. 10 Å).15

Fig. 16 The influence of temperature on the activity and selectivity of an
anchored Ru6Sn nanoparticle catalyst in the selective hydrogenation of
1,5,9-cyclododecatriene.56
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phosphanes. As pointed out by our colleague Maschmeyer,57

this opens routes to the preparation of novel catalysts consisting
of quite large concentrations of accessible, well-spaced and
structurally well-defined active centres. As detailed else-
where,8,57,58 chiral chelate ligands based on 1,1A-bis(diphenyl-
phosphino)ferrocene (dppf) are particularly attractive for tether-
ing on to mesoporous silica; and the superior performance of the
chiral, heterogenized catalyst compared with the unconfined
homogeneous analogue in the allylic amination (Tsuji–Trost)
reaction between cinnamyl acetate and benzylamine has been
described.58

We have recently demonstrated59 that this kind of confined
dppf catalyst displays remarkable increases in both enantiose-
lectivity and activity in the one-step hydrogenation of ethyl
nicotinate to ethyl nipecotinate (see Scheme 7) when compared
to an analogous homogeneous compound. Some of the key
points to note here are as follows:

4 the previously available60 procedure for producing the
biologically relevant nipecotinate entailed a two-step process
(Scheme 7) and the use of a chiral modifier, such as
dihydrocinchonidine, in one of the steps;
4 confinement is a crucial step in producing the enantiose-

lective, anchored ferrocenyl precursor that is prepared as
outlined in Scheme 8;
4 when exactly the same ferrocenyl precursor is attached in a

spatially unconstrained fashion to a silsesquioxane, thereby
producing a homogeneous catalytic analogue of the chiral
catalyst confined within mesoporous silica, no enantiose-
lectivity results (Fig. 17);
4 to maximize the efficiency of such confined chiral catalysts

the exterior surfaces of the mesoporous silica are first reacted
with dichlorodiphenylsilane, so as to ensure that anchoring of

the dppf precursor occurs only at the interior faces of the
siliceous support.58

It is to be emphasized that the enantioselectivity that we achieve
in this approach (with constrained chiral catalysts) is somewhat
different from that which was introduced by Corma61 but quite
distinct from that used by Hutchings.62

D Selective oxidations and oxidative dehydrogenations

Here we illustrate briefly the merits of engineering well-defined
active centres at mesoporous silica surfaces for the purposes of
(i) oxidatively dehydrogenating methanol at MoVI-centred sites;
and (ii) selectively oxidizing hydrocarbons grafted at vanadyl
centres and an anchored oxo-centred CoIII acetate oligomer.

Just as Ti(h5-C5H5)2Cl2 serves as an excellent means of
introducing isolated TiIV-centred, catalytically active sites on a
silica support (for epoxidation and other conversions50), so also
does63 Mo(h5-C5H5)2Cl2 function as a similar precursor for the
creation of MoVI-centred sites for the oxidative dehydrogena-
tion of methanol to produce formaldehyde. Mo K-edge XAFS
shows that, at low loadings, isolated, tetrahedrally-bound MoO4

species are generated on the surface; however, these bipodally
attached oxo–molybdenum species are held less strongly to the
silica support than the tripodal TiIV centres described earlier.

Designed vanadium-centred active sites situated at the inner
surface of mesoporous siliceous hosts (as well as at amorphous,
microporous mixed-metal oxides of the types described by
Maier et al.64) are catalysts, under mild conditions, for both the
epoxidation of alkenes (typified by cyclohexene) and the
selective oxidation of alkanes (typified by cyclohexane). XAFS
studies proved invaluable in determining the nature of these
active sites (see Fig. 18), the performance of which could be
boosted65 by juxtaposing methyl groups (to enhance the
hydrophobicity) in the immediate vicinity of the vanadyl active
centre.

In homogeneous mixtures of CoIII acetates rich in acetic acid,
such as those used commercially in the selective oxidation of
cyclohexane, many oligomers of the cobalt salt are present. By
isolating and testing the catalytic activity of each separate
oligomer it was found that the trimer displayed exceptional
selectivity in oxidizing the CH groups of adamantane.66

Specimens of the trimer were accordingly tethered to the inner
walls of mesoporous silica, and the resulting uniform heteroge-
neous catalyst exhibited high activity in the solvent-free
oxidation of cyclohexane to cyclohexanol and cyclohexanone
using the sacrificial oxidant TBHP.17 Moreover, in situ XAFS
measurements showed that significant structural changes oc-
curred in the tethered trimer during the initial period of
induction prior to the onset of catalysis. There is reason to

Scheme 6

Scheme 7

Scheme 8
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believe67 that certain metal complexes anchored to the inner
walls of mesoporous silica may function as effective oxidation
catalysts.

E Other related reactions

The atomic engineering of active centres on silica surfaces
described above is part of a widely-applicable approach used
previously by us17,38,66,68 and others, especially by Basset and
his group in their pioneering work69 on surface organometallic
chemistry. Basset et al.70–73 have, for example, shown how
various kinds of C–C bond cleavage and formation (involving
hydrogenolysis or metathesis of alkanes) may proceed smoothly
at tantalum hydride centres that are either monopodally or
bipodally anchored to silica surfaces.

Among the principles that we seek to emphasize in this
review are the twin advantages in using (a) synchrotron
radiation for the in situ and ex situ characterisation47 of the
precise nature of the engineered active centres, and (b) well-

defined mesoporous silicas with their high internal surface areas
and adjustable pore diameters.

4 The stability of our catalysts
When we began our studies of MeAlPO selective oxidation
catalysts, many practitioners who had earlier studied such solids
predicted that we would run into insurmountable obstacles
largely because of the tendency for the framework ions that
constitute the active sites to be leached out of the molecular
sieves during reaction. It is undoubtedly true that such solids do
tend to suffer leaching if aggressive solvents (such as acetic
acid) are used. But, from the outset, our aim was to achieve
desirable chemical conversions in a solvent-free manner. By
simply using the reactants (such as n-alkanes and oxygen as
oxidant) we found that our microporous, molecular sieve
catalysts (MeIIIAlPO-n with Me · FeIII, CoIII or MnIII) remained
intact even after repeated use, provided that the overall
conversion in the oxidations was kept relatively low (ca.
10–12%). This level of conversion avoids leaching by the polar
products of the reaction (such as the n-alkanoic acids).

One recommended experimental test designed to ascertain
whether the catalysis is truly heterogeneous or merely appar-
ently so entails filtering off the ‘active’ solid catalyst from the
reaction mixture (when hot) and then determining whether the
reactants are still catalytically converted (by leached out active
entities) in the residual liquid. Whenever we have carried out
such tests they have always been negative: no reaction ensues in
the absence of the solid molecular sieve catalyst [a striking
example is shown in Fig. 2b of ref. 10(a)].

There is another incontrovertible procedure20 to test whether
the catalysis is truly heterogeneous or only apparently so
because leached out ions are retained within the liquid phase
that closely adheres to the molecular sieve. This is the one
which involves taking an equimolar mixture of n-hexane and
cyclohexane and subjecting it to aerobic oxidation over a
CoIIIAlPO-18 (or MnIIIAlPO-18) catalyst. There is, unsurpris-
ingly, no conversion whatsoever of the cyclohexane molecule

Fig. 17 Depiction of the catalytically active centre attached to a soluble silsesquioxane moiety I (top left) to a non-porous silica particle II, and bound in a
constrained manner inside mesoporous silica III (right). The table (bottom left) shows that a significant measure of enantiomeric excess (ee) and substantial
conversions are obtained only when the dppf–ferrocenyl–Pd-catalyst is in a constrained environment within the mesopore.

Fig. 18 A vanadyl active centre: (left) grafted onto a mesoporous silica;
(centre) surrounded by nearby surface methyl groups to boost hydro-
phobicity; and (right) model, with bond distances derived from XAFS
spectra (not shown), of the four-coordinated vanadium ion.65
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as it is too large to gain access into the interior of the MeAlPO-
18 where the vast majority of the active sites are located. The
conversion of the n-hexane, however, is, as expected, to be quite
substantial (there being good selectivity for terminally oxy-
functionalised products). However, when the same reactant
mixture is dissolved in acetic acid, the CoIIIAlPO-18 catalyst
gives rise to considerable oxidation of both cyclohexane and n-
hexane. Moreover, C2 and C3 alcohols and ketones are now the
main products (not the C1 alcohols or acids) from n-hexane.
Clearly, acetic acid as a solvent results in homogeneous as well
as heterogeneous catalysis.

Other work (as yet unpublished) using CrAlPO-5 as a
molecular sieve catalyst has likewise been found to facilitate
genuine heterogeneous conversions (such as the decomposition
of cyclohexyl hydroperoxide) of organic chemical com-
pounds.

Leaching has to be considered as a factor also in the
epoxidation and other oxidative reactions catalyzed by me-
soporous silica on to which TiIV or MoVI centres have been
grafted. Whereas tripodally attached TiIV ions stand up well to
continued use as epoxidation catalysts with reagents such as
TBHP,54 detailed investigations52c,53a with model silsesquiox-
anes show that bipodally or monopodally attached TiIV ions are
less securely held and tend to be leached out during reaction.
Moreover, in the case of dipodally attached MoVI ions, leaching
is quite appreciable, making the molybdenocene-derived Mo/
SiO2 catalyst63 analogue of Ti/SiO2 less effective in oxidative
dehydrogenation reactions.
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5,15-Bis(imidazol-4-yl)-10,20-bis(w-carboxyalkyloxyphe-
nyl)porphyrin 2 was assembled in water to form liposomal
dispersions, whose structure were confirmed by DLS, AFM,
TEM measurements as well as entrapment of a hydrophilic
fluorescent probe.

Solar energy conversion is undertaken efficiently in chloro-
plasts or photosynthetic bacterial membranes, where chloro-
phylls or bacteriochlorophylls are arranged in well-organized
structures of fixed distances and orientations. Examples are
found in photosynthetic bacterial light-harvesting complexes
where a large number of bacteriochlorophylls are arranged in a
macro-ring form by coordination of imidazolyl side chains from
transmembrane a-helices.1 We have been interested in con-
structing light harvesting systems from chromophore assem-
blies without use of peptides.2 Recently, we found that
5,15-bis(4-dodecyloxyphenyl)-10,20-bis(imidazol-4-yl)por-
phyrin 1 was assembled through imidazolyl–imidazolyl hydro-
gen bonds in non-polar media and that the assembly could
perform more or less antenna functions.3 Following on from
this, large porphyrin assemblies were planned, to be organized
into the form of liposomes by their own combined inter-
molecular interactions. For this purpose, a bis(imidazolyl)por-
phyrin 2 having two meso-w-carboxyalkoxyphenyl substituents
was designed and prepared according to Lindsey’s procedure4

from imidazol-4(5)-yl-2,2A-dipyrrylmethane and ethyl
12-(4-formylphenoxy)dodecanoate, followed by hydrolysis.5

Compound 2 was dispersed in water by sonication and
subjected to gel filtration column separation to isolate the
fraction corresponding to small unilamellar vesicles.6 Dynamic
light scattering (DLS) measurement7 of the dispersion of 2
elucidated a mean diameter of 27 ± 8 nm. The aqueous sample
was then applied on a smooth mica plate and dried in air. Fig.
1(a) shows a top view of atomic force microscope (AFM)
measurement and 1(b) the side view along the line in 1(a). The
observed full widths at the baseline level were 36, 32 and 38 nm
for (A), (B) and (C), respectively. These values are larger than
those estimated from DLS measurements because of the
geometrical tip/sample convolution effect.8 Fig. 1(c) shows a
TEM image of the liposome dispersions. Many particles with
diameters in the range 20–30 nm are observed, along with some
aggregates that may have formed through drying under vacuum.
These images confirm the size distribution obtained by the DLS
measurement.

The size of the system is apparently larger than that of
spherical micellar aggregates in the range 2–4 nm9 and
coincides with the typical range for small unilamellar vesicles,
20–30 nm. Definitive evidence of vesicle formation, however,
would be obtained by proving the presence of an interior
aqueous phase and showing it to be capable of keeping polar
solutes inside the vesicle. Therefore, a hydrophilic fluorescent
probe, pyranine, was co-sonicated with 2 and the dispersion was
isolated by Sephadex G-50 gel filtration.10 Because of the
strong absorption of porphyrin 2 and diffraction from the
dispersion, no absorption of pyranine was detected in the UV-
Vis spectrum. However, the presence of pyranine in the fraction
from a gel filtration column was detected by its fluorescence
spectra as shown in Fig. 2(a). The fluorescence intensity was
low, due to self-quenching at the relatively high initial
concentration of 0.3 mM. Fig. 2(b) and (c) show the emission
from pyranine after 24 h and 40 h, respectively, from the gel
filtration. The intensity gradually increased in a slow time-
course and reached a saturation value only after 40 h. In a
separate experiment, the fluorescence intensity of pyranine was
increased 33 by the addition of 0.1 ml of a 0.1% aqueous
solution of Triton X-100. Adsorption of pyranine on the
liposomal membrane surface is unfavorable because both
components are negatively charged, but in order to safely
exclude that possibility the liposome was prepared without the

Fig. 1 AFM image of dispersion prepared from 2 developed on mica. a) A
top view and b) a cross-section along the line in a). c) TEM image of
negatively stained samples of dispersion from 2 with uranyl acetate. (bar =
50 nm).

Fig. 2 Fluorescence spectra of porphyrin dispersion co-sonicated with
pyranine, lEX = 280 nm. (a) Just after gel filtration (Sephadex G-50). (b)
The same after 24 h and (c) 40 h. (d) Same as (a) without co-sonication, but
after treatment with 0.3 mM pyranine, followed by gel filtration.
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addition of pyranine and than subjected to gel filtration. The
resulting liposome fraction was immersed in a 0.3 mM pyranine
solution. The liposome fraction, gel-filtered again, gave no
fluorescence emission of pyranine (Fig. 2(d)). These results
clearly indicate that the membrane can hold the entrapped
pyranine and release it slowly to the exterior, when the
fluorescence intensity is increased by liberation from the
concentration quenching.

Based on these observations, the dispersions are concluded to
be liposomes that contain an interior aqueous phase and provide
a barrier toward the release of the hydrophilic solute entrapped.
Their size corresponds to small unilamellar vesicles. A
schematic representation of liposome formation from 2 is
shown in Fig. 3. The liposomes we report on here are made only
of bis(imidazolyl)porphyrin 2 without any phospholipid such as
lecithin. To the best of our knowledge, Fuhrhop and coworkers
reported only one example of liposome formation from
porphyrins in the literature.11 In their report, tetrakis[(bix-
inylamino)-o-phenyl]porphyrin was stabilized by side chain
polymerization. In our system, the primary driving force for the
formation of membrane aggregates comes from hydrophobic
and ionic interactions of the amphiphilic compound in water.

The absorption spectrum of 2 dispersed in water (lmax = 426
nm with the bandwidth at the half-height(hbw) of 91 nm
resembled that of 1 in cyclohexane (lmax = 432.5 nm and
hbwSoret = 86 nm). Both Soret bands were significantly
broadened compared to that of 1 in methanol (lmax = 417 nm
and hbwSoret = 40 nm). Analysis of 1H-NMR and UV spectral
studies shows bisimidazolylporphyrin 1 to assemble into
primarily a slipped cofacial orientation through imidazole–
imidazole hydrogen bonds in non-polar solvents such as
cyclohexane, toluene or CDCl3, but not methanol.3 Similar
structure formation is expected for the dispersion of 2 in water
by hydrogen bond networks in the aggregate assembled by
hydrophobic interactions. A further stabilization may be
provided by hydrogen bond networks by imidazolyl sub-
stituents and p–p interactions of porphyrins assembled in the
central belt part of the membrane and therefore favoured by an
entropy term. The low permeability of entrapped pyranine
across the liposomal membrane suggests that a strong hydrogen
bond network has been constructed in the central region of the
membrane. The liposomal membrane seems rather stiff as
judged from AFM and TEM images since the liposomes

maintained convex structures even under dry or vacuum
conditions, respectively. The symmetrical structure of two
carboalkoxyphenyl-substituted porphyrins may not be ideal for
the formation of liposomes of small curvatures. However, a
membrane-penetrating lipid, glycerol dialkylglycerol tetraether
from thermophilic archaebacteria,12 provides a convincing
example of stable liposome formation from such symmetrical
transmembrane lipids.

Porphyrins assembled in liposomal membranes are inter-
esting materials in view of testing functions of light harvesting,
light-induced charge separation and electron transfer across the
membrane. Research targets along these lines are currently
under active investigation.

The authors thank Dr M. Iwano (NAIST) and Mr N. Ohkubo
(Seiko Instruments Co.) for the measurement of TEM images
and AFM images, respectively.
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A combination of Pd-catalyzed arene–alkynyl couplings and
Cu(OAc)2-promoted internal alkyne dimerization furnishes
novel ferrocene-based dehydroannulenes in high yield.

The notion of aromaticity in sandwich and half-sandwich
complexes dates back to their observed Friedel–Crafts re-
activity and was computationally explored by Bursten and
Fenske, leading to the concept of metalloaromaticity,1 re-
inforced both by Mitchell’s2 fundamental experiments utilizing
chromotrene, cymantrene, and ruthenocene-fused dimethyldi-
hydropyrenes and Schleyer’s recent NICS calculations on
organometallic p-complexes.3 While there is little doubt that
ferrocene is aromatic, its degree of aromaticity is less clear
(more or less aromatic than benzene?), and experimental
measures are lacking, due to the specific problem of making
suitable ferroceno-fused dehydroannulenes or dehydrobenzoan-
nulenes.2 We present herein the synthesis and characterization
of ferrocene-based benzodehydro[14]annulenes (8,9), a ferro-
cene-based dehydro[14]annulene (10), as well as the hitherto
unknown 1,2-benzo-3,4,7,8,9,10,13,14-hexadehydro[14]annu-
lene 13.

The fusion of a [14]dehydroannulene to any p-system offers
the unique opportunity to elucidate the (relative) aromaticity of

the latter by examining (a) the 1H NMR chemical shifts and b)
the coupling constants of the vinylic H-5,6 protons in the
dehydroannulene. According to both Mitchell2 as well as to
Günther and Scott,4 the disruption of aromaticity under
increasing bond fixation can lead to an increase in the observed
3JHH values of the coupling constants4 and an upfield shift of the
vinylic protons.5 Dehydroannulenes 10 and 13 allow to directly
compare the effects of benzo-vs. ferroceno-annelation onto an
aromatic [14]dehydroannulene, which should be a measure of
the relative aromaticity of ferrocene vs. that of the epitome of
aromaticity, benzene.

Vollhardt and coworkers and others6,7 developed a powerful
route to hexadehydro[14]annulenes. Pd-catalyzed coupling of
two C4-fragments to an unsaturated 2,5-hexadiyne, a C6-
fragement (1, 11) is followed by an internal Glaser8 type
cyclization, which leads to dehydro[14]annulene-derivatives.
While originally reported for the synthesis of benzodehy-
droannulenes we have exploited this concept to make 8–10 and
13 (Scheme 1).9 Starting from 1,2-diethynylferrocene10 (1), Pd/
Cu-catalyzed coupling with 2–4 furnishes the open tetraynes
5–7 in yields of 30–96% (ESI)†. The relatively low yield of 5 is
probably due to the electron-donating character of the iodide 2.
The coupling products 5–7 are stable oils, which were purified
by column chromatography. Removal of the trimethylsilyl
groups by potassium carbonate or NBu4F proceeds smoothly
and in high yields. Efficient, copper-catalyzed ring closure by
Cu(OAc)2 in acetonitrile8 furnishes the cycles 8–10 in 50–62%

† Electronic supplementary information (ESI) available: experimental
including details of preparation and spectroscopic characterization of all
new compounds. See http://www.rsc.org/suppdata/cc/b0/b009696m/

Scheme 1

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b009696m Chem. Commun., 2001, 691–692 691



yield as sole isolable products. The remainder of these reactions
is black, insoluble, and intractable, a consequence of the partial
oxidative decomposition of the ferrocene nuclei by the CuII

salts, and low yields in the copper-catalyzed homocoupling
reactions of ethynylated ferrocene derivatives have been
observed earlier.10,11 If instead of 1, 1,2-diethynyl-4,5-dibu-
tylbenzene 11 is coupled to 4, we obtain the novel hexadehy-
drobenzo[14]annulene 13 in an overall yield of 53% after Cu-
catalyzed coupling.8 The material is orange–yellow and stable
in dilute solution, but unstable as a solid at ambient temperature.
Surprisingly, this is the first reported hexadehydroben-
zo[14]annulene.

The cycles 8 and 9 are stable in the solid state and crystallize
well from hexane–dichloromethane mixtures to give a specimen
suited for single-crystal X-ray analysis.‡ Fig. 1 shows the
ORTEPs of 8 and 9. The bond angles and bond lengths are in
excellent agreement with the expected values showing distinct
bond alternation between triple, double and single bonds. The
large hydrocarbon ligand is planar, as expected for a [14]-dehy-
droannulene. In the solid state, the diyne units of the cycles do
not show unusual contacts, and we did not observe solid-state
polymerization of these dehydroannulenes.

Most interesting with respect to ferrocene’s aromaticity are
the 1H NMR spectra of 8–10. Comparison of the 1H NMR
spectrum of Vollhardt’s cyclyne (14)5,6 and that of the benzo–
fused dehydro[14]annulene 13 allows extraction of the relative
aromaticity of ferrocene with respect to benzene. When the 1H
NMR spectrum of 14 is compared to that of 9, a small upfield
shift is observed for Ha (the protons adjacent to the dehy-
dro[14]annulene), suggesting that, if no other effects are
present, ferrocene has a similar, or bigger localizing influence
on the dehydroannulenic core than benzene (Scheme 2). This
measure is clear but relatively indirect. A proton attached to the
reporter annulene would increase the effect, and thus the
compounds 10 and 13 offer a much more direct comparison.
The 1H NMR spectrum of the benzo compound 13 shows two
doublets at d 7.33 and 6.63, while in the 1H NMR spectrum of
10 the same vinylic protons appear at d 6.75 and 6.21,
respectively. In the same wake we can compare the 1H NMR
spectrum of 7 (open, non-aromatic) to that of 10 (closed) and the
1H NMR spectrum of 12 to that of 13. Upon conversion of 7
?10 the annulenic vinyl protons experience a modest down-
field shift (Ddvinyl-H = 0.40 and 0.77) and the vinylic 3JHH
coupling decreases slightly by DJHH = 0.7 Hz, while for the
conversion of 12 ? 13 the shift of the vinyl protons is much
bigger (Ddvinyl-H = 0.78 and 1.32 respectively). Here the
coupling constant decreases by DJHH = 0.8 Hz. These data

show that upon ring closure to 10 the downfield shift of the
vinyl protons is relatively small, while the downfield shift in the
1H NMR spectra, when closing the benzo-fused ring (12? 13),
is almost twice of these values. Consequently a benzene ring
disturbs the aromaticity of the fused dehydro[14]annulene less
than a ferrocene ring. Both sets of data suggest, that in the
ferrocene case there is a stronger localization of the dehy-
dro[14]annulene than for benzo-fused 13, and thus ferrocene is
more aromatic than benzene by this measure. These arguments
are in line with Mitchell’s findings.2 In future we will report the
electrochemistry, Bergman rearrangement and the products of
the pyrolysis of the ferrocene-fused dehydroannulenes 8–10.

U. H. F. B., W. S. and M. L. thank the National Science
Foundation (CAREER award, CHE 9981765, 2000–2004).
U. H. F. B. is Camille Dreyfus Teacher-Scholar (2000–2004).
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Isomorphous substitution of Fe in the MFI framework and
extraction by steaming leads to a highly active and stable
catalyst for N2O decomposition in tail-gas from nitric acid
plants.

Nitrous oxide (N2O) has been identified as a greenhouse gas and
a contributor to the destruction of ozone in the stratosphere.1,2

At present, emission from nitric acid plants is the most
important environmentally harmful source of N2O in the
chemical industry, since abatement technologies for the other
major industrial source, i.e. adipic acid plants, have been
successfully developed.2 The direct catalytic decomposition of
N2O into N2 and O2 is an attractive end-of-pipe solution to
reduce N2O emissions, but none of the catalysts proposed in the
literature show a good activity and stability in N2O decomposi-
tion in the presence of high concentrations of O2, NOx and
H2O.2,3 FeZSM-5 is an interesting system because N2O
conversion shows anomalous behaviour in the presence of these
tail-gas components.4 Different preparation methods have been
reported to optimize the catalytic performance of FeZSM-5, not
only in N2O decomposition,5,6 but also in de-NOx HC-SCR and
selective oxidations.7–9 In this study, an ex-framework FeZSM-
5 catalyst is shown to be very active and stable in direct N2O
decomposition in simulated tail-gas from nitric acid plants,
compared to FeZSM-5 catalysts prepared by sublimation and
(aqueous and solid) ion-exchange methods.

Isomorphously substituted FeZSM-5 was synthesized hydro-
thermally using TPAOH as the template.10 The as-synthesized
sample was calcined in air at 823 K for 10 h and was converted
into the H-form by three consecutive exchanges with a NH4NO3
solution (0.1 M) for 12 h and subsequent air calcination at 823 K
for 5 h (FeZSM-5c). Finally, the catalyst was activated in
flowing steam at ambient pressure (water partial pressure of 300
mbar and 30 ml min21 of N2 flow) at 873 K during 5 h (ex-
FeZSM-5). Other FeZSM-5 catalysts were prepared by liquid
(aqueous) ion-exchange with Fe(NO3)3·9H2O (lie-FeZSM-5)
and solid-ion exchange with FeCl2·4H2O (sie-FeZSM-5),
following standard procedures described in the literature.5,8

NH4-ZSM-5 (P&Q Corporation) was used as the support. Sub-
FeZSM-5 was prepared by sublimation of FeCl3 on H-ZSM-5
(Degussa).7 The reaction was carried out in a six-flow reactor
system,11 by passing a mixture of N2O (4.5 mbar), O2
(70 mbar), NO (1 mbar) and H2O (15 mbar) in He at a flow rate
of 50–100 ml min21 over 50 mg of catalyst (125–200 mm).
Total pressure was 3 bar and space velocities (GHSV) of
36 000–120 000 h21 were applied. Before reaction, the catalysts
were pretreated in He at 723 K for 1 h. The product gases were
analyzed with a chemiluminescence NOx analyzer and by GC
equipped with a thermal conductivity detector, using a Por-
aplotQ column and a Molsieve 5A column.

Table 1 shows the characterization results and the specific
activity per mol of iron (turnover frequency, TOF) of the
different catalysts. Fig. 1 shows that sub-FeZSM-5 and ex-
FeZSM-5 induce similar absolute N2O conversion levels in a
N2O–He feed and significantly higher levels than the exchanged
catalysts. sie-FeZSM-5 is more active than lie-FeZSM-5.
Calculation of the TOF at 700 K (Table 1) shows that the

specific activity per mol of iron is more than 4, 7 and 10 times
higher for ex-FeZSM-5 than for sie-FeZSM-5, sub-FeZSM-5
and lie-FeZSM-5, respectively. Electron microscopy reveals a
very dispersed and homogeneous distribution of FeOx clusters
of 1–2 nm in ex-FeZSM-5 (see graphical abstract and Table 1),
denoted as micro-aggregates here. The other preparation
methods fail to lead to a homogeneous distribution of the iron
species in the catalyst, as revealed by the broad FeOx cluster size
distribution indicated in Table 1. Activation of the calcined
sample (FeZSM-5c) with steam at 873 K is crucial to create
active Fe-species in ex-FeZSM-5, as can be concluded by
comparison of the activity curves of both samples in Fig. 1. The
steam treatment induces the migration of iron towards extra-
framework positions by cleavage of Si-O-Fe bonds, as revealed
by UV–VIS spectroscopy,10 producing the FeOx micro-ag-
gregates. This treatment also leads to dealumination of the
zeolite framework and formation of a secondary network of
larger pores.

The performance of ex-FeZSM-5 in different feed mixtures
containing N2O and O2, NOx and/or H2O is shown in Fig. 2.
These gases are present in tail-gases from nitric acid plants. ex-
FeZSM-5 shows a substantial N2O conversion above 700 K in

Table 1 Data of catalysts used

Catalyst Si/Ala Fea/wt% DLb/nm 1024 TOFc/s21

ex-FeZSM-5 31.3 0.64 1–2 48.6
sie-FeZSM-5 37.5 1.50 5–15 10.5
lie-FeZSM-5 37.5 1.46 7–25 4.7
sub-FeZSM-5 14.0 5.0 3–12 6.5
a Determined by ICP-OES and AAS. b FeOx cluster size distribution
(determined by TEM). c Mol of N2O converted per mol of Fe ions s21,
determined at 700 K after 1 h time on stream; feed composition: 4.5 mbar
N2O in He, total pressure 3 bar, GHSV = 36 000 h21.

Fig. 1 N2O conversion as a function of temperature over (< ) ex-FeZSM-5,
(:) calcined FeZSM-5c, (5) sie-FeZSM-5, (2) lie-FeZSM-5 and (Ω) sub-
FeZSM-5. Feed composition: 4.5 mbarN2O in He; total pressure 3 bar;
GHSV = 36 000 h21.
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a N2O–He feed. Addition of O2 to the feed hardly affects the
activity, while NO enhances the reaction rate considerably.
Apparently, molecular oxygen does not dissociate over FeZSM-
5 and does not compete with N2O for active sites. NO scavenges
adsorbed O* (deposited by N2O decomposition), forming NO2
and regenerates the active site. Water severely inhibits the
reaction, probably by hydroxylation of the active sites and
adsorption in the zeolite channels. Nevertheless, in the complete
gas mixture (N2O + O2 + NOx + H2O), ex-FeZSM-5 still shows
a significantly higher activity than in N2O alone. The promoting
effect of NO is thus stronger than the inhibition by H2O. This
extraordinary behaviour distinguishes FeZSM-5 from other
N2O decomposition catalysts (usually based on noble metals
like Rh or Ru), since these are severely inhibited by NOx (via
surface nitrite/nitrate formation) and H2O.2,3,12,13 The remark-
able behaviour of ex-FeZSM-5 is not limited to its activity, but
also includes stability. N2O conversion over ex-FeZSM-5
exhibits a remarkable stability in the complete feed mixture at
different space velocities, ranging from 36 000 to 120 000 h21

(Fig. 3). sub-FeZSM-5 shows slight deactivation at 36 000 h21.
Significant deactivation was observed for the sie-FeZSM-5 and
lie-FeZSM-5 catalysts, further increasing the differences in
performance of the catalysts.

The differences in activity and stability of the different
FeZSM-5 samples can be related to the preparation method,
which lead to different constitutions of the catalysts with respect

to dispersion, morphology, and structure of the active sites. A
comparison of the FeOx cluster size and TOF suggests a
correlation (Table 1): the TOF increases with decreasing
average FeOx cluster size. The FeOx micro-aggregates observed
by TEM in ex-FeZSM-5 represent a large fraction of the total
amount of Fe in the sample (ca. 70%), as estimated by 57Fe
Mössbauer spectroscopy. Sublimation and ion-exchange lead to
a significantly lower relative amount of small clusters than the
ex-framework method. In general, for other FeZSM-5 catalysts,
the identification of the active species is difficult, due to the
inhomogeneous nature of the catalysts. Isolated Fe3+ ions,
binuclear and multinuclear complexes, small iron–oxide clus-
ters, and large iron-oxide particles have been identified.5–10

Large FeOx particles at the external surface of the zeolite are
widely accepted to be inactive in the de-NOx HC-SCR.5,7,8 This
could also explain the lower activity of ion-exchanged catalysts
compared to ex-FeZSM-5 in N2O decomposition. sub-FeZSM-
5 possesses small FeOx clusters (ca. 3 nm), which may account
for the high activity observed, but this catalyst also contains a
significant fraction of large FeOx particles (ca. 12 nm). A
contribution of other iron species in the zeolites to the N2O
decomposition activity can not be excluded. We are currently
further investigating the structure of the active sites in the
different samples and the reason for the high stability of the ex-
framework catalyst. We are also addressing the effect of the
pore size distribution and extra framework aluminum formed in
the steaming procedure of ex-FeZSM-5 on the activity.

The temperature of the exhaust in nitric acid plants, which
ranges from 500 to 773 K depending on the plant operation, is
of utmost importance for the feasibility of an end-of-pipe
catalytic solution. Large modern dual-pressure plants, with tail-
gases in the range 723–773 K, contribute to ca. 75% of the total
N2O emission. Nitric acid production facilities in the Nether-
lands (high-temperature tail-gases) contribute to 25 kton y21,
i.e. ca. 6% of the global N2O emission related to nitric acid
plants (ca. 400 kton y21).14 The use of ex-FeZSM-5, which
shows stable N2O conversion ( > 90%) at 725 K and 60 000 h21,
appears quite viable. This technology can contribute to
greenhouse gas abatement in a cost-attractive way, since ex-
FeZSM-5 does not contain any expensive noble metal. For low
temperature tail-gases (500–525 K), typical in low (single or
dual)-pressure plants, ex-FeZSM-5 would additionally require
extra-heat exchange to preheat the feed mixture, or the addition
of hydrocarbon as reducing agent.
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Fig. 3 N2O conversion as a function of (a) the space velocity (GHSV) over
ex-FeZSM-5 and (b) time-on-stream over (¶) ex-FeZSM-5 (60 000 h21,
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The enantiomerically enriched diol 1,4-di(furan-2-yl)but-
ane-1,4-diol (R,R)-1, synthesised either by Sharpless kinetic
resolution or asymmetric reduction of the corresponding
diketone, was a key intermediate in the stereodivergent
synthesis of diastereoisomeric C-(1?6)-linked disaccha-
rides. Two-directional stereoselective functionalisation
steps, for example syn- and/or anti-selective dihydroxylation
reactions, were exploited in the stereoselective synthesis of
five diastereoisomeric C-linked disaccharides.

Libraries of stereo- and regioisomeric oligosaccharides and
carbohydrate mimetics can probe large areas of conformational
space, and can be used to identify unnatural ligands for
carbohydrate receptors.1 C-Linked glycosides are a particularly
interesting class of carbohydrate mimetic which are resistant to
enzymatic degradation, have potential as inhibitors of glycosi-
dases and glycosyl transferases2 and often have biological
activity3 and conformational properties4 which are similar to
natural oligosaccharides. Established methods for the prepara-
tion of stereoisomeric C-linked di- and trisaccharides often rely
on the separation of the stereoisomers which result from
unselective functionalisation reactions; this approach has been
exploited in the synthesis of C-linked analogues of disaccha-
rides formed from D- and L-hexoses, and C-linked trisaccharides
which are potential ligands for cell surface proteins.5

In this communication, we describe the preparation of some
C-linked analogues of some (1?6)-linked disaccharides from
the racemic difuryl diol rac-1, prepared by unselective
reduction of the corresponding diketone. Sharpless kinetic
resolution6 of rac-1 returned (R,R)-1 in 38% yield and 85% ee.
An alternative approach7 involved asymmetric reduction of the

corresponding diketone using borane–dimethyl sulfide complex
and 10 mol% of Corey’s CBS catalyst 8 to give the diol 1 as a
85+15 mixture of diastereoisomers in 80% yield; (R,R)-1 had
> 98% ee. Oxidative ring expansion of the furan rings of (R,R)-
1, using VO(acac)2/tBuOOH, and acetalisation, gave the
dipyranone 2 as a 75+25 mixture of anomers (Scheme 1), which
were reduced with NaBH4 to give the separable diols 3.

The C2-symmetric diol 3 was a key intermediate in our
divergent synthesis of C-linked disaccharides. For example,
dihydroxylation of both of the alkenes of 3 under Upjohn
conditions (cat. OsO4–NMO) occurred opposite8 to the adjacent
hydroxy groups to give, after acetylation, the hexaacetate 4 as a
> 95+5 mixture of diastereoisomers. This two-directional
approach9 is very efficient indeed: in just two steps, six new
stereogenic centres have been introduced in the reaction
sequence 2?4 with almost complete stereocontrol. The di-THP
4 is a protected C-linked disaccharide mimetic in which C-6 of
the one of the rings has been replaced with a methoxy group.

In a similar manner, the diastereomeric diol 5, synthesised by
Mitsunobu inversion of 3 and hydrolysis, was converted into the
protected C-linked disaccharides 6 and 7. Hence, double
dihydroxylation of 5 opposite to8 the axial hydroxy groups
gave, after acetylation, the protected C-linked disaccharides 6
and 9 in 53 and 23% yield respectively. Alternatively, directed10

double dihydroxylation of 5 under Donohoe’s reaction condi-
tions gave, after acetylation, the hexaacetate 7 in 78% yield. The
ability to choose at a late stage which diasteroisomer is
synthesised is an exceptionally valuable feature of a general
synthesis of stereoisomeric analogues.

A two-directional synthetic strategy9 does not, of course,
restrict our approach to the synthesis of C2-symmetric mim-

Scheme 1
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etics. For example, benzoylation of one of the homotopic
alcohols of 3, inversion of the remaining alcohol and hydrolysis,
gave 11 in which the dihydropyran rings had been stereochem-
ically differentiated (Scheme 2). Dihydroxylation of 11, anti to
both of the hydroxy groups8 (Fig. 1) gave the protected
carbohydrate mimetic 12.

More remarkably, the diol 11 could be elaborated in a two-
directional fashion such that the stereochemical outcome of
dihydroxylation was different in each of the rings. The diol 11
has both an axial and an equatorial hydroxy group; the
dihydroxylation of 11 under Donohoe’s conditions (TMEDA,
OsO4, CH2Cl2, 278 °C) was directed10 by the axial alcohol but
occurred anti to the equatorial alcohol (Fig. 1) to give, after
acetylation, the protected disaccharide mimetic 13 in 83%
yield.

The stereoisomeric compounds 4, 6, 7, 9, 12 and 13 can be
considered to be protected versions of either C-a(1?6)- or C-
b(1?6)-linked disaccharides (see Fig. 2). Although the free C-

disaccharides are likely to predominantly populate the con-
formation 15 which resembles a b-linked disaccharide formed
from a D and an L sugar (see Table 1), higher energy
conformations can often be stabilised by complexation with a
carbohydrate receptor.4b The conformations 14 mimic a(1?6)-
linked disaccharides formed from two natural sugars (see Table
1).

We believe that our work is the first synthesis of C-linked
disaccharides entirely from non-carbohydrate based precursors,
though Vogel has reported the use of a non-carbohydrate based
template to introduce one of the sugar rings.11 Most other
syntheses rely on the coupling of sugar derivatives.12–15 A
particular merit of our approach, which makes it amenable to the
synthesis of libraries of stereoisomeric carbohydrate mimetics,
is that several diastereomeric C-linked disaccharides may be
prepared by minor variation of a general reaction sequence.
There are 136 possible stereoisomeric carbohydrate mimetics
14 (ignoring anomers); we have reported the stereoselective
synthesis of five of these mimetics, and their enantiomers could
have been synthesised by using the enantiomeric reagent in the
enantioselective step.

We thank the Leverhulme Trust for a grant to the University
of Leeds, the Royal Society for funds for chiral HPLC
equipment, AstraZeneca and Pfizer for strategic research
funding and Robert Hodgson for helpful discussions.
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Fig. 1

Scheme 2

Fig. 2

Table 1 Classification of C-linked disaccharide mimetics

Compound
Parent a-linked
disaccharide(s)

Parent b-linked
disaccharide(s)

4 D-Alt-a(1?6)-D-Man L-Gal-b(1?6)-D-Man
6 D-Gal-a(1?6)-D-Gul L-Alt-b(1?6)-D-Gul
7 D-All-a(1?6)-D-Tal L-Tal-b(1?6)-D-Tal
9 D-Gal-a(1?6)-D-Tal or

D-All-a(1?6)-D-Gul
L-Alt-b(1?6)-D-Tal or
L-Tal-b(1?6)-D-Gul

12 D-Gal-a(1?6)-D-Man or
D-Alt-a(1?6)-D-Gul

L-Alt-b(1?6)-D-Man or
L-Gal-b(1?6)-D-Gul

13 D-All-a(1?6)-D-Man or
D-Alt-a(1?6)-D-Tal

L-Tal-b(1?6)-D-Man or
L-Gal-b(1?6)-D-Tal
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Solid phase chemistry can be used to prepare, in excellent
yield and purity, a range of Fréchet-type aryl-ether den-
drimers, for use in either dendrimer conjugation studies,
resin loading enhancement or the wedge based synthesis of
larger dendrimers.

Over the past few years we have shown that resin-bound
polyamidoamine (PAMAM) dendrimers are readily synthe-
sized1,2 and are inert under a broad range of chemical
conditions3 such as coupling reactions, nucleophilic displace-
ments or borohydride reductions. However, synthetic patterns
requiring the use of strong reducing agents or strong bases have
to be avoided. In the area of solution dendrimer synthesis
Fréchet4 has reported the construction of arylether dendrimers
via the alkylation of bromobenzylic dendrimeric fragments with
3,5-dihydroxybenzyl alcohol, with which he also introduced the
concept of convergent dendrimer synthesis. Since polyether
dendrimers are substantially more chemically inert than the
PAMAM dendrimers and because of the problems associated
with solution dendrimer synthesis, the solid-phase synthesis of
Fréchet-type aryl-ether dendrimers (Fig. 1) was targeted both as
a means of resin loading enhancement as well as a convenient
approach to dendrimer wedge4 synthesis. Since the building
blocks originally used by Fréchet were considered to be
unsuitable for solid-phase synthesis, 3,5-bis(acetoxymethyl)-
phenol (1) was used and was prepared by modification of the
literature procedure.5,6 The presence of a phenolic group and of
two acetyl-protected primary alcohols allowed the synthesis of
the dendrimer via a two-step iterative procedure, consisting of a
Mitsunobu condensation followed by ester hydrolysis. The
synthesis was first carried out using an analytical construct,7
consisting of glycine attached to the TFA-cleavable Rink
linker8 allowing ready characterisation of the intermediates and
optimisation of the Mitsunobu condensations and ester hydroly-
sis. Compound 2, obtained in two steps from 1, was coupled
onto Gly-Rink-PS resin under standard conditions (Scheme 1)
to give 3.

Hydrolysis of 3 followed by Mitsunobu condensation with
(1) afforded Generation 2.0 dendrimer after TFA cleavage. The
most efficient conditions for the hydrolysis were found to be
Bu4NOH(aq)–THF 1+3, while the Mitsunobu reaction was
performed with DIAD–PPh3† in THF. Generation 3.0 and 4.0
dendrimers were synthesized using the same procedure and the
crude HPLC trace of Generation 3.0 dendrimer is shown in

Fig. 2.9 Dendrimers were subsequently synthesized directly on
hydroxymethylpolystyrene 4 (Scheme 2), which was obtained
from commercial Merrifield resin (1% DVB, 0.93 mmol g21,
90–106 mm) via displacement of the chloride with caesium
acetate in DMF and hydrolysis of the resulting ester with
Bu4NOH(aq) in THF. This was extended to give dendrimer
resin 6 as shown in Scheme 2.

The loading of resin 4 was determined to be 0.82 mmol g21

(0.44 nmol bead21). Synthesis of generation 3.0 dendrimer
resin gave a resin with a loading of 2.85 mmol g21 (3 nmol

Fig. 1 Fréchet-type aryl-ether dendrimer fragment.

Scheme 1 (i) tert-Butylbromoacetate, K2CO3, CH3CN; (ii) TFA, DCM
(2+3), (iii) H-Gly-Rink-PS, DIC,† HOBt, DMF.

Fig. 2 HPLC trace of polyether dendrimer Generation 3.0.

Scheme 2 (i) (1), DIAD, PPh3, THF; (ii) Bu4NOH (aq), THF (1:3); (iii)
Repeat twice (i) and (ii), (iv) methyl-4-hydroxybenzoate, DIAD, PPh3,
THF; (v) LiAlH4, THF.
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bead21) (7 times that of the initial resin). Since the synthesis of
this dendrimer involved 7 distinct Mitsunobu condensations and
14 distinct ester hydrolyses and the final loading was 86% of
that expected this implies that each reaction had proceeded to
99.3% completion. The swelling properties of this resin were
analyzed and compared with those of hydroxymethylpolystyr-
ene and are summarized in Table 1.

The diameter of the dry resin beads increased by about 25%
after the dendrimerisation process. Acetyl-protected dendrimer
resin had the same swelling trend as the hydroxymethylpoly-
styrene 4, while resin 6 presented some interesting features with
apolar solvents like DCM and THF. In these solvents the resin
swelled much less than the parent acetyl-protected resin and
also less than resin 4, due to the high density of hydroxy groups.
The two resins 4 and 6 were also compared in terms of reaction
kinetics. Fmoc-Ala-OH was coupled onto the two resins and
Fmoc and quantitative ninhydrin tests were carried out with
samples removed over 2 h. Differences in reactivity were found
to be negligible.

To prove the versatility of this new resin, methyl 4-hydroxy-
benzoate was coupled via a Mitsunobu condensation on to resin
6 and the resin-bound methyl ester was then reduced with
LiAlH4 (Scheme 2). This two-step procedure was found to be an
efficient alternative method to introduce the Wang linker onto a
polystyrene support. The polyether dendrimer resin was
perfectly stable to LiAlH4 reduction and the final loading of the
dendrimer–Wang resin 7 was found to be 2.3 nmol bead21. The
utility of resin 7 was demonstrated by synthesising the
hexapeptide Leu-Enkephaline-Lys. Following cleavage with
TFA–H2O 95+5 and purification, the peptide was isolated in
66% yield, relative to the loading of resin 4.

In conclusion, we have demonstrated that the polyether
dendrimer resin can be conveniently and efficiently synthesised

on hydroxymethyl polystyrene resins and that the final loading
is sufficient for multiple single-bead screenings and is inert
under severe chemical conditions. Moreover we have shown
that polyether dendrimers can be conveniently synthesised on
the solid phase. No purification of the intermediates (usually a
non-trivial step, taking in account the molecular weight and
character of these molecules) is required to obtain highly pure
compounds. The wedges synthesised on solid phase could be
used to assemble bigger fragments according to the convergent
dendrimer methodology outlined by Fréchet.

We thank the BBSRC for funding (ROPA).
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Table 1 Bead diameter (mm) in different solvents (average of 10 beads)

Dry DCM DMF MeOH H2O THF

4 90 165 155 95 95 175
6 110 145 185 105 110 150
(Ac)8-6 115 195 190 110 115 190
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Palladium(II) complexes of ligands of the type Ar2PCH2-
PAr2 and Ar2PN(Me)PAr2 (Ar = ortho-substituted phenyl
group) are very efficient catalysts for copolymerisation of
CO and C2H4.

The perfectly alternating polyketone made by palladium(II)-
catalysed copolymerisation of CO and alkenes [eqn. (1)] has

(1)

numerous potential applications.1 Several types of palladium(II)
chelates have been reported to be catalysts1,2 but diphosphine
chelates outperform all others in terms of activity and
selectivity. Drent et al.1 have shown that the CO/C2H4

copolymerisation catalytic activity of palladium(II) complexes
of diphosphines of the type Ar2P(CH2)nPAr2 is a sensitive
function of the backbone chain length, n, and the aryl group, Ar.

Thus it was shown that the 6-membered chelate derived from 1a
was an order of magnitude more active than the 5-membered
analogue from 2a and that the 4-membered chelate from 3a was
essentially inactive. It was also disclosed that the complex of
1b, containing ortho-methoxy substituents, gave a polymer of
significantly greater molecular weight than that obtained with

the complexes of unsubstituted ligand 1a.3 The catalyst
sensitivity to chelate ring size might be rationalised in terms of
bite angle effects.4 However, we show here that the activity of
4-membered Pd–P–C–P chelates is dramatically increased by
the presence of bulky ortho substituents on the aryl groups and
that polymerisation rates comparable to, or even exceeding, the
best commercial catalysts are obtained with 4-membered Pd–P–
N–P chelates.5,6

The diphosphine ligands 3b–e were made from bis(di-
chlorophosphino)methane7 according to eqn. (2) and fully

(2)

characterised. The catalysts were tested for the production of
ethene/propene/CO terpolymer over a 3 h period at 50 barg and
70 °C in dichloromethane using tris(pentafluorophenyl)borane
promoter. In Table 1, the polymer yield is a measure of the
productivity of the catalysts over 3 h. The polymerisation rate
and catalyst half-life, as determined by fitting first order curves
to the cumulative gas uptake profiles, are also given in Table 1.
The borane activation method was reported recently and
involves the transfer of a pentafluorophenyl group from boron
to palladium to form a cationic Pd–C6F5 complex which is the
catalytically active species.6 The catalysts were formed by the
reaction of palladium acetate and ligand in situ or using pre-
formed palladium acetate complexes. The results obtained in
terms of rate and productivity are the same (within the accuracy
of our measurements) for both of these methods, indicating that
the same catalytic species is formed in both cases (see Table 1,
entries 3 and 4).

Polydispersities are consistently around the value of 2, as
expected for a single site catalyst, and termonomer incorpora-

Table 1 Copolymerisation of CO and C2H4 results

Entry Liganda Yield/g
Rateb/
g gPd21 h21

Half-lifeb/
min Mw Mn PDI

C3H6 incorp.
(%)

1 3ad 0.2 c c 58000 24000 2.4 6.0
2 3bd 1.5 1029 44 81000 31000 2.6 6.0
3 3c 2.8 2020 38 78000 42000 1.9 6.6
4 3cd 3.0 2185 35 71000 42000 1.7 6.3
5 3dd 5.0 2776 53 98000 50000 2.0 6.5
6 3ed 25.1 9396 165 278000 107000 2.6 5.0
7 3ee 0.3 c c 17000 13000 1.3 7.1
8 5a 0.4 c c f f f f

9 5b 12.0 4800 160 103000 43000 2.4 3.6g

10 5c 7.7 3454 144 282000 113000 2.5 3.6g

11 5d 10.4 4029 152 639000 179000 3.6 3.7g

12 5e 17.0 11517 134 888000 355000 2.5 3.7g

13 5ee 0.2 c c 20000 9300 2.1 4.9g

a Polymerisation conditions: 50 barg C2H4/CO, 20.0 g C3H6, CH2Cl2 diluent, 70 °C for 3 h using B(C6F5)3 promoter (0.2 mmol). Catalyst solution formed
in situ with Pd(OAc)2 (0.01 mmol) and ligand (0.01 mmol). b Determined by fitting first order curve to cumulative gas uptake profile. c Rate too low to be
determined. d Conditions as above, except [Pd(OAc)2(ligand)] (0.01mmol) complex was pre-formed. e Conditions as above, except methanol diluent and
HBF4·OMe2 promoter (0.05 mmol). f Only oligomeric products were formed. g 12.0 g Propene used.
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tion is largely unaffected by ligand structure. However, other
aspects of the polymerisations are very sensitive to the structure
of the ligand. Generally, polymerisation rate, catalyst stability
and polymer molecular weight all increase with increasing
steric bulk of the aryl ortho substituent (entries 1–6). These
effects are very pronounced with the o-isopropylphenyl deriva-
tive 3e (entry 6) where, compared with the o-ethylphenyl
derivative 3d (entry 5), the productivity has increased 5-fold
and the molecular weight has doubled. Polymerisation under the
methanolic conditions described by Drent1 gave only a very low
rate (entry 7), showing the importance of the activation method
used. Indeed, even dppm (3a) produces polymer under our
conditions, albeit in very low yield (entry 1). Derivative 3b
(entry 2), bearing polar methoxy substituents, gives some
improvement over the performance of 3a; however, productiv-
ity is less than one third that of the sterically similar ortho ethyl
compound 3d.

The correlation between the steric bulk of the ortho
substituents and the catalytic performance of the 4-membered
chelates led us to investigate further the source of this steric
activation by carrying out solid state and solution structural
studies of model chelates of general structure 4 (M = Pd, X =
Cl, OAc; M = Pt, X = Cl). Most enlightening to the catalysis

discussed here is the structure of the chelate complex 4e (M =
Pt, X = Cl), a model for the very active catalyst system derived
from 3e. The crystal structure of 4e was determined (as its
dichloromethane solvate) and is shown in Fig. 1.† It shows a flat
4-membered chelate ring with, as a consequence, isoclinal aryl
groups, two of which have ortho-isopropyl groups orientated so
as to block the axial sites at the metal. The NMR spectra for 4e
show that this species is fluxional. The 31P NMR spectrum of 4e
in CDCl3 at +20 °C is a singlet at 264.5 ppm [1J(PtP), 3130 Hz]
but this signal broadens as the temperature is lowered and at
260 °C, there appears to be a 1+1 mixture of two species which
give rise to an AB pattern [dA 265.4, 1J(PtPA) 3045 Hz, dB
266.1, 1J(PtPB) 3337 Hz, 1J(PAPB) 48 Hz] and a singlet [dC
268.4, 1J(PtP) 3195 Hz]. The 1H NMR signals for the
isopropylgroups of 4e are broad at ambient temperatures and at
260 °C this signal is resolved into overlapping complex
multiplets. The 1H and 31P NMR spectra for the parent dppm
complex 4a (M = Pt, X = Cl) are invariant with temperature
and therefore the changes in the NMR spectra with temperature

observed with 4e are associated with the presence of the bulky
ortho substituents. Thus we tentatively assign the fluxionality of
4e to interconversion of symmetrical and unsymmetrical
rotamers arising from restricted rotation around the aryl–P
bond.

The success of bulky diarylphosphinomethane ligands
prompted us to investigate other one-atom backbone diph-
osphines in which similar steric effects may be observed.
Amino-bridged diphosphines offered such a suitably versatile
ligand architecture. Although the chemistry of the simple
ligands based on this structural motif has been studied,8 the
synthesis of bulky derivatives 5b–e and their use in catalysis has
not been explored. The methylamino-bridged diphosphines
(5a–e) were made according to eqn. (3) and fully charac-
terised.

(3)

The palladium(II) complexes of ligands 5a–e were tested for
polymerisation activity as before (entries 8–13) and the results
largely parallel those obtained with (3a–e). Thus, polymer-
isation rate, catalyst stability and polymer molecular weight all
increase with increasing steric bulk of the aryl ortho substituent
(entries 8–13) and methanolic conditions give only very low
activity (entry 13). In this case, the ortho-methoxy derivative 5b
(entry 9) shows comparable productivity to the ethyl derivative
5d, albeit to give a lower molecular weight material. The N1-
backbone chelates are consistently superior to their C1-
backbone analogues and the polymerisation rate of the most
active catalyst in this family, 5e, exceeds that of even dppp (1a)
under our conditions.6 The molecular weight of the polymer
produced by this system is also extremely high compared with
other polyketone catalysts.1,3,6

Our studies have shown that 4-membered palladium(II)
diphosphine chelates, hitherto considered to be inefficient
polyketone catalysts, are in fact very active when sterically
demanding derivatives are used.

Notes and references
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crystallographic files in .cif or other electronic format.
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An Mo2N/g-Al2O3 catalyst is found to catalyze the double-
bond migration (DBM) of adsorbed but-1-ene below 201 K
by in situ FT-IR spectroscopy, resembling the behavior of
Group VIII metals in the isomerization of butenes.

Recently, molybdenum nitrides have attracted much attention
because they show catalytic properties resembling Group VIII
metals in a number of reactions involving hydrogen,1 such as
hydrotreating (HDS and HDN), hydrogenolysis, hydrogenation
and NH3 synthesis. However, these studies were concentrated
on passivated nitride catalysts. It is known that the passivation
procedure causes a dramatic change in the nitride surface, i.e.
from nitride to oxygen-covered nitride. Therefore, the surface of
the passivated catalyst has been modified by the oxygen and it
does not reflect the case of the fresh nitride catalyst. Recent
study2 has shown that the reduced, passivated and nitrided
Mo2N/g-Al2O3 catalysts show very different IR spectra of
adsorbed CO, indicating quite different properties of the surface
sites of the two catalysts. It is therefore reasonable to deduce
that the fresh molybdenum nitride may show different catalytic
behaviour in some reactions compared with the reduced,
passivated one. Here, such an example is presented: the double-
bond migration (DBM) of but-1-ene is found, by in situ FT-IR
spectroscopy, to proceed on an Mo2N/g-Al2O3 catalyst below
201 K, but not on a reduced, passivated one even at room
temperature (RT).

The preparation of the passivated Mo2N/g-Al2O3 (10 mass%
Mo) catalyst is described elsewhere.3,4 XPS data show that
Mo6+, Mo4+ and Mod+ (0 < d < 4) cations, with a binding
energy of Mo 3d5/2 at 232.6, 230.7 and 229.0 eV, respectively,
are present for the passivated sample. This is consistent with the
unsupported Mo nitrides,4 indicating the formation of the Mo2N
phase on the g-Al2O3 support. Previous XRD results5 also show
that the Mo2N phase is formed and well dispersed on the support
of the Mo2N/g-Al2O3 catalysts with low Mo loading.

For the IR study, a passivated sample was renitrided in a
quartz IR cell in flowing NH3. The sample renitrided in the IR
cell is denoted Mo2N/g-Al2O3 or nitrided sample, whereas the
passivated sample treated with H2 at 773 K for 2 h is denoted as
reduced, passivated Mo2N/g-Al2O3. Haddix et al.6 have
reported that an air-exposed g-Mo2N sample can be renitrided
by simply treating it in flowing NH3 at 973 K, and that the
procedure did not affect the BET surface area, the crystal
structure and the H2 uptake characteristics. So it can be deduced
that the surface of our nitrided sample is in the Mo2N form. IR
spectra were collected on a Fourier transform infrared spec-
trometer (Nicolet Impact 410) with a resolution of 4 cm21.

Fig. 1(a)–(e) shows the IR spectra recorded from the
adsorption and reaction of but-1-ene on the Mo2N/g-Al2O3
catalyst below RT. Shown in Fig. 1(a), the IR spectra of
adsorbed but-1-ene at 150 K are characterized by bands of
n(CH) at 3070 cm21, n(CNC) at 1631 cm21 and CH vibrations
in the 3000 and 1400 cm21 regions. The band at 1631 cm21 is
attributed to weakly p-adsorbed but-1-ene on the support of the
Mo2N/g-Al2O3 sample. Another band of n(CNC) at 1597 cm21

can be attributed to s-bonded but-1-ene on the Mo sites,7
indicating some chemical changes of adsorbed butenes on the

surface of Mo2N/g-Al2O3 even at quite low temperature. With
increased temperatures, the following spectra changes are
observed.

(1) At 181 K, the decrease in the amount of adsorbed but-
1-ene is evidenced by the decrease in the n(CH) band at 3070
cm21, which is accompanied by the appearance of a new band
at 3005 cm21. The change in the n(CNC) region is also obvious.
The intensity ratio of the two bands at 1631 and 1597 cm21 is
smaller than that in Fig. 1(a), namely, more s-bonded but-1-ene
is formed with the decrease of p-adsorbed but-1-ene on the
surface. Meanwhile, an additional small band at 1619 cm21

appears.
(2) Further increase of the temperature to 201 K causes

substantial changes in the IR spectra, where all the characteristic
bands of the adsorbed but-1-ene disappear: bands at 3070 and
1631 cm21 disappear and the band at 1597 cm21 decreases in
intensity. Concomitantly, new bands appear and increase in
intensity: one n(CH) band at 3005 cm21, two bands in n(CNC)
region at 1619 and 1614 cm21, indicating the formation of new
adsorbed species from but-1-ene.

(3) At 256 K, shown in Fig. 1(e), the band at 1619 cm21

becomes dominant in the n(CNC) region and the band at 1597
cm21 is very weak. This IR spectrum is completely different
from that of the adsorbed but-1-ene [Fig. 1(a)], suggesting that
a reaction of but-1-ene on the Mo2N/g-Al2O3 catalyst occurs.

Fig. 1 IR spectra of but-1-enes and but-2-enes adsorbed on to a Mo2N/g-
Al2O3 catalyst at 145 K and recorded at elevated temperatures: but-1-ene at
(a) 150 K; (b) 181 K; (c) 201 K; (d) 220 K; (e) 256 K; cis-but-2-ene at (f)
193 K; trans-but-2-ene at (g) 194 K. In the IR study, the passivated sample
was heated from RT to 623 K in 30 min, then to 723 K in 100 min, further
from 723 K to 873 K in 75 min, and finally held for 60 min. The renitrided
sample was then evacuated at 773 K for 60 min and subsequently cooled to
145 K, a small amount of but-1-ene (ca. 0.05 Torr) was introduced and then
the temperature was gradually increased to RT.
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A similar experiment of but-1-ene adsorption on nitrided g-
Al2O3 shows no evident changes in the IR spectra, confirming
that the changes in but-1-ene adsorbed on the Mo2N/g-Al2O3
catalyst are mainly associated with the surface of Mo2N.

The most likely products formed from the reaction of but-
1-ene on the Mo2N/g-Al2O3 catalyst at such low temperatures
are regarded as being the isomers cis- and trans-but-2-ene. IR
spectra of the adsorbed cis- and trans-but-2-ene on the Mo2N/g-
Al2O3 catalyst at about 193 K are shown respectively in Fig. 1(f)
and 1(g) for a comparison with those of the reaction products
from the adsorption of but-1-ene [Fig. 1(e)]. In the n(CH),
n(CNC) and d(CH) regions, the three spectra show similar
contours to each other, implying similar surface species. Hence,
it is clear that the adsorbed species produced from the reaction
of but-1-ene on the Mo2N/g-Al2O3 catalyst are a mixture of cis-
and trans-but-2-ene.

The adsorption of but-1-ene was also carried out on the
reduced, passivated Mo2N/g-Al2O3 catalyst. As exhibited in
Fig. 2, IR spectra of adsorbed but-1-ene at 145 K [Fig. 2(a)]
presents similar contours to those from the Mo2N/g-Al2O3
catalyst at 150 K [Fig. 1(a)]. However, a further increase of
temperatures does not cause changes in the spectra: IR bands at
3074, 1631 and 1596 cm21, characteristic bands of adsorbed
but-1-ene, are still evident even at 291 K and no new bands
appear. It is obvious that adsorbed but-1-ene does not convert to
its isomers on the reduced, passivated Mo2N/g-Al2O3 cata-
lyst.

The DBM of butenes has been widely investigated on a
variety of catalysts, including solid acid catalysts,8 base
catalysts9 and noble metal catalysts.10,11 Only a few studies12

reported the isomerization properties of reduced, passivated
nitride catalysts, and there is no such study on fresh nitrides.
Until now, this is the first study reporting the low-temperature
isomerization of but-1-ene on a nitrided Mo catalyst. For the
Mo2N/g-Al2O3 catalyst, the surface oxygen sites have been

eliminated during the renitridation procedure and the surface
Mo sites are in a low valence state (ca. 0–2).2 It can be
deduced13 that the acidity of the nitrided Mo catalyst is quite
weak. Therefore, the DBM of but-1-ene may not proceed via the
same mechanism as that on reduced, passivated nitrides where
the activity is attributed to the surface oxide sites as a
consequence of the passivation procedure.12

A separate coadsorption experiment of CO with but-1-ene on
the Mo2N/g-Al2O3 catalyst showed that preadsorbed CO greatly
inhibits the isomerization of but-1-ene, and also that adsorbed
but-1-ene significantly influences CO adsorption on Mo sites,3
suggesting that the DBM of but-1-ene takes place on the same
surface sites as for CO adsorption, mostly the Mod+ (0 < d < 2)
cus (coordinatively unsaturated sites). Hence, it is likely that the
Mo2N/g-Al2O3 catalyst behaves in a similar  way to noble metal
catalysts where but-1-ene isomerization also takes place on
metal sites. The mechanism of the reaction can be referred from
the literature10 where the paths for an addition–abstraction
(AD–AB) mechanism (alkyl–reversal) and an abstraction–
addition (AB–AD) mechanism (p-allylic intermediate) are
reported. Rooney and Webb10 suggested that, in the isomeriza-
tion of n-butenes on metal catalysts, the alkyl intermediates
prevail at low temperatures whereas allylic intermediates
participate to a greater extent in the surface processes as
temperature is increased. Therefore, for low-temperature DBM
of but-1-ene on the Mo2N/g-Al2O3 catalyst, it is reasonable to
deduce that the mechanism of this reaction resembles one of the
two mechanisms proposed on noble metal catalysts, most
possibly the AD–AB mechanism (alkyl intermediate).

In conclusion, a novel reaction, low-temperature isomeriza-
tion of but-1-ene, is found on the Mo2N/g-Al2O3 catalyst using
IR spectroscopy. The reduced, passivated Mo2N/g-Al2O3
catalyst does not catalyze this reaction even at RT. The
isomerization reaction is proposed to proceed via an alkyl
intermediate on the surface Mod+ (0 < d < 2) cus on the
nitrided Mo sample. This mechanism is quite different from that
of the passivated nitride catalyst in isomerization reactions but
is similar to that of Group VIII metals. The results manifest the
unique catalytic properties of fresh nitride catalysts and urge
more attention to be focussed on fresh nitrides, which may
catalyze some new reactions.

This work was supported financially by the National Nature
Science Foundation of China (NSFC, No. 29625305).
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Frequency distributions of hydrogen bond trajectories for X–
H…Ph interactions (X = O, N, C) need to be corrected for
the finite area of the acceptor moiety and once this
correction has been performed, it is seen that the donor
groups have a distinct tendency to interact with the centroid
of the aromatic ring.

Statistical analysis of experimental and theoretical data is very
important for a correct interpretation of several chemical
phenomena. Hydrogen bonds are typically described in terms of
various parameters (lengths, angles) obtained from crystal
structure determinations. These parameters are most simply
depicted as histograms. However, such simple methods of
analysis can be sometimes misleading.1 For example, it was
found that a distribution of hydrogen bond angles, q, in O–
H…O hydrogen bonds is in the range 120–180° with a
maximum at around 160°. Such an observation suggests that
hydrogen bonds in crystals are non-linear.2 This is, however,
inconsistent with theoretical predictions in the gas phase, say for
the water–water dimer. The reason for this seeming contra-
diction is the failure to take into account a geometrical factor
that seriously influences the crystal statistics. The number of
hydrogen bonds with angle q is proportional to sinq for purely
geometrical reasons, there being a greater probability of finding
such interactions on the rims of cones of increasing solid angles.
A simple procedure, namely the use of N/sinq instead of N
(where N is the number of hydrogen bonds in the interval q to
q + Dq) in the histograms, effectively resolves this contra-

diction. This is known today as the cone correction and is
illustrated in Fig. 1(a). This correction is used widely in the
interpretation of hydrogen bonds and occurs as a standard
procedure in the program VISTA that is a part of the Cambridge
Structural Database (CSD).3

Recent work on weak X–H…Ph hydrogen bonds has led to
only a limited consensus concerning the nature of these
interactions.4 Some authors have held that the donor group X–H
interacts with the centroid of the aromatic ring.5–8 Others have
stated that donors interact with one or more of the ring carbon
atoms.9–11 However, neither of these conclusions has been
unambiguously substantiated. During our own studies of X–
H…Ph (X = O, N, C) interactions, we realised that the
frequency distributions of these interactions must be corrected
for the fact that the acceptor, being of a multiatom type, has a
finite area. Therefore the numbers of observed trajectories of the

Fig. 2 Histograms of offsets r for X–H…Ph hydrogen bonds: Uncorrected (a) C–H…Ph, (b) N–H…Ph and (c) O–H…Ph; corrected (d) C–H…Ph, (e) N–
H…Ph and (f) O–H…Ph. Offsets are in Å.

Fig. 1 Schematic diagrams for geometrical corrections of hydrogen bond
metrics. (a) Cone correction for hydrogen bond angles q. (b) Area correction
for hydrogen bond offsets r.
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donor onto the acceptor are a result of both chemical and
geometrical factors. Simply put, an interaction X–H…Ph has an
offset r which is the distance from the ring centroid to the
projection of the H-atom position on the plane of the ring. This
is shown in Fig. 1(b). The number of hydrogen bonds with offset
r is proportional to 2pr for geometrical reasons and accordingly,
histograms of N (where N is the number of offsets in the range
r and r+Dr) must be replaced by N/r before they become
chemically meaningful. So, we would like to term this
procedure an area correction to match the term cone correction
used in q histograms.

Fig. 2(a), (b) and (c) are uncorrected histograms of X–H…Ph
offsets for C–H…Ph, N–H…Ph and O–H…Ph hydrogen bonds
(d @ 3.10 Å, q ! 110°) from 769, 649 and 431 appropriately
retrieved crystal structure data in the CSD.† The histograms
contain 1379, 314 and 160 hydrogen bonds respectively. Figs.
2(d), (e) and (f) are the respective corrected histograms.‡ The
correction is carried out within ranges of 0.3 Å; the range from
0.0 to 0.3 Å is corrected by a factor of 1/(0.15), the range
between 0.3 and 0.6 Å is corrected by a factor of 1/(0.45), and
so on. The uncorrected histograms seem to indicate no
particular offset preference. However, all three area corrected
histograms show a preference for hydrogen bonds to a phenyl
ring to be directed at or near the centre of the ring. For C–H…Ph
interactions, this preference is clear. For N–H…Ph and O–
H…Ph interactions, there is a maximum around 0.3 Å from the
centroid. However, the number of observations in these latter
cases is insufficient to draw fine distinctions.§ What is

important is that the preference for a centroid or a close-to-
centroid approach is seen in all cases.

To examine this matter further, we obtained the scatterplot of
the hydrogen bond angle q vs. the hydrogen bond distance d,
assuming the centroid to be the point acceptor site for the 112
O–H…Ph hydrogen bonds with offsets < 1.20 Å (Fig. 3). This
scatterplot (correlation coefficient 20.63) shows the typical
inverse length–angle correlation that arises from the electro-
static nature of hydrogen bonds,4 and indicates that the centroid
may be reasonably approximated as the acceptor site in these
interactions. The corresponding C–H…Ph scatterplot is fuzzier
but this is not unexpected.

In summary, we conclude that this area correction for phenyl
ring acceptors should be used in all relevant analyses of
hydrogen bonds formed to such multiatom acceptors.

We thank the DST–KBN for travel support to Z. C. under
Indo-Polish grant INT/POL/008.00 and Dr A. Nangia for
helpful discussions and comments.

Notes and references
† CSD (release: April 2000, 215 403 hits). Data were retrieved using the
following overall criteria for all structures: ‘no polymers’; ‘no disorder’;
‘error free structures’; ‘atom coordinates present’; H…Ph(centroid) dis-
tances shorter than 3.5 Å and R @ 0.05. Two additional criteria were used:
‘no ions’ for the N–H…Ph contacts (to eliminate the > N–H+ donors); T@
120 K for the C–H…Ph contacts. For polynuclear ring acceptors, the offsets
were calculated only with respect to the phenyl ring towards which the
donor is oriented.
‡ Histograms were prepared using program Microsoft Excel.
§ Unsurprisingly, the exact profiles of the N–H…Ph and O–H…Ph
histograms near the centroid depend on the range within which the area
correction is performed (0.2, 0.3 Å). This is not the case for the C–H…Ph
histogram, because the number of observations (1379) is satisfactorily
large.

1 R. Balasubramanian, R. Chidambaram and G. N. Ramachandran,
Biochim. Biophys. Acta, 1970, 221, 196.

2 J. Kroon and J. A. Kanters, Nature, 1974, 248, 367.
3 F. H. Allen and O. Kennard, Chem. Des. Autom. News, 1993, 8, 31.
4 G. R. Desiraju and T. Steiner, The Weak Hydrogen Bond in Structural

Chemistry and Biology, Oxford University Press, 1999.
5 J. F. Malone, C. M. Murray, M. H. Charlton, R. Docherty and A. J.

Lavery, J. Chem. Soc., Faraday Trans., 1997, 93, 3429.
6 N. N. L. Madhavi, A. K. Katz, H. L. Carrell, A. Nangia and G. R.

Desiraju, Chem. Commun., 1997, 1953.
7 D. Braga, F. Grepioni and E. Tedesco, Organometallics, 1998, 17,

2669.
8 Z. Ciunik, S. Berski, Z. Latajka and J. Leszczynski, J. Mol. Struct.,

1998, 442, 125.
9 M. Nishio, M. Hirota and Y. Umezawa, The CH/p interaction.

Evidence, Nature and Consequences. Wiley, New York, 1998.
10 Y. Umezawa, S. Tsuboyama, H. Takahashi, J. Uzawa and M. Nishio,

Tetrahedron, 1999, 55, 20 047.
11 Y. Umezawa, S. Tsuboyama, H. Takahashi, J. Uzawa and M. Nishio,

Bioorg. Med. Chem., 1999, 7, 2021.

Fig 3 d–q scatterplot for O–H…Ph hydrogen bonds with r @ 1.2 Å,
assuming that the ring centroid is the point acceptor. Notice the inverse
correlation typical of hydrogen bonds.

704 Chem. Commun., 2001, 703–704



  

A structurally characterised, naked sp3-hybridised carbanion in the
zwitterionic imido complex [Ti(NBut){C(Me2pz)3}Cl(THF)] (HMe2pz =
3,5-dimethylpyrazole)†

Sally C. Lawrence, Michael E. G. Skinner, Jennifer C. Green and Philip Mountford*

Inorganic Chemistry Laboratory, South Parks Road, Oxford, UK OX1 3QR.
E-mail: philip.mountford@chem.ox.ac.uk; Fax: +44 1865 272690

Received (in Cambridge, UK) 8th January 2001, Accepted 27th February 2001
First published as an Advance Article on the web 26th March 2001

Reaction of the tris(3,5-dimethylpyrazolyl)methane com-
plex [Ti(NBut){HC(Me2pz)3}Cl2] with MeLi or LiNPri

2 in
tetrahydrofuran (THF) gives the zwitterionic titanium imido
derivative [Ti(NBut){C(Me2pz)3}Cl(THF)] 2 which contains
the first structurally authenticated, naked sp3-hybridised
carbanion; the molecular and electronic structures of 2 are
described.

The tris(pyrazolyl)hydroborate ligands are important face-
capping, anionic, six-electron donor ligands in inorganic and
organometallic coordination chemistry.1 Their neutral ana-
logues, the tris(pyrazolyl)methanes are considerably less well
developed.2 We are interested in the use of tris(pyrazolyl)-
methanes in our ongoing program in early transition metal
imido chemistry.3 Target complexes of the type [Ti(NR)-
{tris(pyrazolyl)methane}Cl2] are isolobal analogues of the
group metallocenes [M(h-C5R5)2Cl2] (M = Ti, Zr) which are in
turn a very important class of single-site olefin polymerisation
catalysts;4 no tris(pyrazolyl)methane-supported imido com-
plexes have been described previously. As part of these studies
we found a unique example of a stabilised, naked sp3-hybridised
carbanion as described below.

Reaction of [Ti(NBut)Cl2(py)3]5 with HC(Me2pz)3 (HMe2pz
= 3,5-dimethylpyrazole) in CH2Cl2 afforded the tris(3,5-
dimethylpyrazolyl)methane complex [Ti(NBut){HC-
(Me2pz)3}Cl2] 1 in 80% yield after the addition of hexane
(Scheme 1).‡ Reaction of 1 with one equivalent of MeLi
(initially in a failed attempt to alkylate titanium) or LiN(Pri)2 in
THF leads to smooth removal of the apical proton of
HC(Me2pz)3 and formation of the diamagnetic compound
[Ti(NBut){C(Me2pz)3}Cl(THF)] 2 in ca. 60% yield. Reaction
of 2 in benzene with HCl (1 equivalent) reforms 1; the
corresponding reaction of 2 with DCl forms [Ti(NBut){DC-
(Me2pz)3}Cl2] 1-d with deuterium enrichment occuring ex-
clusively at the apical carbon of the tridentate ligand.

Crystallization of 2 from toluene at 5 °C gave diffraction-
quality crystals.§ The molecular structure of 2 is shown in Fig. 1
together with selected bond lengths and angles. Fourier
difference syntheses revealed the positions of all hydrogen
atoms of the {C(Me2pz)3}2 ligand; none was located for the
apical carbon C(24). A formal negative charge is assigned to
this atom as illustrated in Scheme 1; the Ti centre thus has a
formal charge of +4 in line with the observed diamagnetism.
The N–C–N angles subtended at C(24) lie in the range
108.3(3)–109.6(3)°, consistent with this atom being formally
sp3 hybridised. In general, the distances and angles for 2 are
comparable with those of previously reported titanium imido
and tris(pyrazolyl)methane complexes.2,3,6 The solution 1H and
13C NMR data for 2 support the solid state structure.

The {C(Me2pz)3}2 ligand in [Ti(NBut){C-
(Me2pz)3}Cl(THF)] 2 is analogous to the hydroborate relative
{HB(Me2pz)3}2. We have previously reported a series of
titanium imido complexes with tris(pyrazolyl)hydroborate li-

† Electronic supplementary information (ESI) available: isosurface for the
HOMO of 2a. See http://www.rsc.org/suppdata/cc/b1/b100315l/

Scheme 1 Reagents and conditions: i HC(Me2pz)3, CH2Cl2, rt, 1 h, 80%; ii
MeLi or LiN(Pri)2, THF, 280 °C to rt, 2–4 h, 60–62%; iii LiC(Me2pz)3,
THF, 280 °C to rt, 16 h, 50%; iv pyridine (1 equiv.), C6D6, rt, 20 min,
> 95%.

Fig. 1 Displacement ellipsoid (20%) plot of [Ti(NBut){C-
(Me2pz)3}Cl(THF)] 2. Hydrogen atoms and toluene of crystallization are
omitted for clarity. For selected bond lengths see Table 1.
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gands. The TiNNimide, Ti–Cl and Ti–Npyrazolyl distances in 2 are
comparable to those of tris(pyrazolyl)hydroborate analogues.

DFT (density functional theory) calculations8 were used to
optimise the geometry of [Ti(NH){C(pz)3}Cl(OH2)] 2a as a
model for [Ti(NBut){C(Me2pz)3}Cl(THF)] 2, and to determine
its electronic structure.¶ Comparative calculations were also
carried out for the tris(pyrazolyl)hydroborate species
[Ti(NH){HB(pz)3}Cl(OH2)] 4 and for Cs symmetric
[Ti(NH){HC(pz)3}Cl2] 1a (as a model for [Ti(NBut){HC-
(Me2pz)3}Cl2] 1). Table 1 compares selected bond distances for
1a, 2, 2a and 4. There is very good agreement between those of
the real compound 2 and of its model 2a. The N–Capical–N
angles in 1a (110–111°) are comparable to those of 2a
(108–109°) in line with the sp3 hybridisation of the apical
carbon; in 4 the N–B–N angles lie in the range 107–109°.

The highest occupied molecular orbital (HOMO) for
[Ti(NH){C(pz)3}Cl(OH2)] 2a is based predominantly on the
{C(pz)3}2 apical carbon and has a computed energy of
25.14 eV; the isosurface is shown in Fig. 2.† There is an energy
separation of 2.00 eV between this MO and the lowest
unoccupied molecular orbital (LUMO) which is Ti 3d in
character. The calculations support our proposal that 2 and 3 are
zwitterionic Ti(IV) complexes that contain naked, formally sp3-
hybridised apical carbanions; an alternative interpretation of 2
and 3 as antiferromagnetically coupled Ti(III) complexes with
an apical carbon-based radical can be discounted. There is a net
atomic charge (calculated from the Voronoi Deformation
Density8) of 20.13 e for the apical carbon in 2a whereas the
corresponding atomic charge in 1a is 0.11 e; the atomic charges
for Ti in 1a, 2a and 4 are 0.29, 0.32 and 0.29 e, respectively. The
molecular and electronic structures for [Ti(NH){C(pz)3}-
Cl(OH2)] 2a and [Ti(NH){HB(pz)3}Cl(OH2)] 4 confirm the
analogy between {C(R3pz)3}2 and {HB(R3pz)3}2.

The apical carbon in [Ti(NBut){C(Me2pz)3}Cl(THF)] 2 is the
first example of any naked, sp3-hybridised carbanion.6 Formally
sp2-hybridised carbanions are very well-established in the
literature and for such species the planar geometry around the

carbanion assists resonance stabilization.6,9 Previous reports
have shown that the apical carbon of the free or complexed
parent tris(pyrazolyl)methane can be deprotonated (and, in
many instances, functionalised this way),10 but no carbanionic
species have been structurally characterised.

The anionic {C(Me2pz)3}2 is potentially a new ligand in
transition metal chemistry, not least because of the improved,
multi-gram synthesis now available for HC(Me2pz)3.2b The
methyl substituents in the 5-position of the pyrazolyl rings
clearly offer significant protection of the carbanionic carbon in
2. Moreover, it is possible to cleanly deprotonate HC(Me2pz)3
itself (i.e. without prior complexation to a metal centre) by
reaction with MeLi in THF to form benzene-soluble LiC-
(Me2pz)3 5 in quantitative isolated yield. The anionic apical
carbon in 5 is confirmed by reaction with D2O to generate
DC(Me2pz)3 with deuterium enrichment exclusively in the
apical position. We have established the potential use of
LiC(Me2pz)3 5 as a reagent (via salt-elimination type reactions)
and source of anionic {C(Me2pz)3}2. Thus, reaction of
[Ti(NBut)Cl2(py)3] with LiC(Me2pz)3 5 in THF forms [Ti(N-
But){C(Me2pz)3}Cl(py)] 3 in good yield (Scheme 1). A survey
of the syntheses and chemistry of a range of zwitterionic
complexes with the anionic {C(Me2pz)3}2 ligand and its
homologues is currently underway.

This work was supported by the EPSRC and Royal Society.
S. C. L. is the recipient of a European Scatcherd Scholarship.
We thank Professor D. L  Reger for his improved synthesis of
HC(Me2pz)3 prior to publication, and Professor S. Trofimenko
for helpful comments.

Notes and references
‡ Satisfactory characterising data have been obtained for all the new
compounds.
§ Crystal data for 2: C24H38ClN7OTi·0.5C7H8, M = 570.04, monoclinic,
C2/c, a = 23.894(2), b = 13.8900(9), c = 20.0340(9) Å, b = 114.882(3)°,
U = 6031.85 Å3, Z = 8, T = 150 K, m = 0.40 mm21, 5737 independent
reflections (Rmerge = 0.042), 3675 [I > 3s(I)] used in refinement, final R
indices: R = 0.0412, Rw = 0.0573.

CCDC 15549. See http://www.rsc.org/suppdata/cc/b1/b100315l/ for
crystallographic data in .cif or other electronic format.
¶ Calculations were performed using the density functional methods of the
Amsterdam Density Functional (ADF) code Version 2000.02.8
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Table 1 Comparison of selected bond distances (Å) for
[Ti(NH){HC(pz)3}Cl2] 1a, [Ti(NpBut){C(Me2pz)3}Cl(THF)] 2,
[Ti(NH){C(pz)3}Cl(OH2)] 2a and [Ti(NH){HB(pz)3}Cl(OH2)] 4. For the
Ti–Npyrazole distances ‘A’, ‘B’ and ‘C’ refer to the nitrogens trans to imide,
Cl and O (or Cl for 1a), respectively

1a 2 2a 4

TiNNimide 1.711 1.713(3) 1.71 1.70
Ti–O — 2.152(3) 2.15 2.08
Ti–Cl 2.40 2.394(1) 2.41 2.37
Ti–Npyrazole(A) 2.44 2.358(3) 2.36 2.30
Ti–Npyrazole(B) 2.28 2.191(4) 2.22 2.17
Ti–Npyrazole(C) 2.28 2.169(3) 2.16 2.11

Fig. 2 Isosurface for the highest occupied molecular orbital of 2a.
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Artificial molecular models, based on rigid dendrimeric
meta-substituted phenylenevinylene moieties bearing differ-
ent electron donating groups and the electron acceptor C60,
were probed in an effort to gain control over a sequential
versus a competitive scenario in energy and electron transfer
events.

The design of supramolecular ensembles for use in energy
conservation and conversion is a long-standing objective.1
Understanding the complexity of efficient energy migration and
unidirectional electron transfer occurring, for example, in the
photosynthetic reaction center2 offers powerful guidelines for
developing artificial devices. A particularly challenging aspect
is to explore the role of a sequence versus a competition in
energy/electron transfer reactions, especially upon altering the
energy gaps.

The choice of the connecting spacer in donor–bridge–
acceptor (D–B–A) assemblies is fundamental, since it ensures
the control over distance, angle and coupling between the donor
and acceptor. These parameters govern in large character, rate
and efficiency of long distance energy and/or electron transfer
processes.3,4 Dendritic structures provide key criteria such as
rigidity and conjugation, which, most importantly, can be
chemically fine-tuned.5 In turn, these unique molecular archi-
tectures emerged as versatile building blocks for the preparation
of artificial systems.6

Previous work has focused mainly on encapsulating flexible
dendron units.7 The flexibility prohibits, however, a detailed
comprehension of effects stemming from donor–acceptor
separation and/or orientation, which drew our attention to the
unique features of a stiff dendritic macromolecule.8

Here we report on the synthesis and photophysical studies of
D–B–A systems in which four dibutylaniline (8a) or dodec-
yloxynaphthalene (8b) electron donors are located at the
peripheral positions of well-defined phenylenevinylene-based
dendrons and an acceptor fullerene at the focal point of the
dendrimer.

Yu and coworkers9a and Meier and Lehman9b have reported
synthetic routes towards formyl-substituted rigid poly(pheny-
lenevinylene) dendrimers starting from different AB2 type
building blocks. A remarkable advantage of the convergent
route, presented here is the use of a nitrile group in the readily
available AB2 starting material 1.10 This functionality remains
unaffected during the Arbuzov and the Wittig–Horner reaction
(i.e. with aldehydes 3a,b) to yield bisphosphonate 2 and the
first-generation dendrons 4a,b with an all-trans configuration,
respectively.

Subsequent treatment of the nitrile-substituted systems 4a,b
with DIBAL-H in dichloromethane transforms them in good
yield to the corresponding formyl-substituted analogues 5a,b.
In the next step, a second Wittig–Horner reaction of 5a,b with
bisphosphonate 2 affords the nitrile-substituted second-genera-
tion dendrons 6a,b. Additional DIBAL-H treatment allowed us
to prepare the formyl functionalized dendrons 7a,b. Dyads 8a,b
have been prepared in good yields (30%) by 1,3-dipolar

cycloaddition of the respective rigid dendron (7a,b) to C60 in the
presence of sarcosine in refluxing toluene (Fig. 1).11

The redox properties of the fullerene-containing dendrons
8a,b were studied by cyclic voltammetry in toluene/acetonitrile
(4+1 v/v) solutions and revealed several oxidation and reduction
steps. In particular, anodic processes with peaks at 0.72 V (8a)
and 1.30 V (8b) refer to the oxidation of the dibutylaniline and
dodecyloxynaphthalene moieties, respectively. In the cathodic
region three quasireversible reduction waves were recorded (8a:
20.65; 21.07, 21.70 V, 8b: 20.64, 21.03; 21.62 V), which
correspond to the stepwise reduction of the fullerene moiety and
resemble those observed for a fulleropyrrolidine reference.

Replacement of the poly(arylenevinylene) cores (8b) with the
analogous dibutylaniline functionalities (8a) imposes important
consequences on the dendron’s physico-chemical properties:
red-shifted ground-state maxima in combination with better
electron donor character create quite different energy gaps
between the dendron’s singlet excited state and that of the
C60

·2–dendron·+ radical pair in 8a and 8b.
In general, the strongly fluorescing dendrons 7a and 6b with

quantum yields as high as 0.47, give rise to an almost entirely
quenched emission in dyads 8a and 8b (Table 1). For example,
in non-polar toluene the dendrimer emission in the visible
(400–450 nm) is reduced by more than two orders of
magnitude.

From this observation we reach the conclusion that in toluene
the dendrimer singlet excited state in 8a,b undergoes a rapid
singlet–singlet energy transfer to the energetically lower-lying

Fig. 1
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fullerene singlet (Fig. 2). Evidence that this energy transfer
indeed takes place, comes from a set of decisive emission and
excitation measurements.

The species evolving from energy transfer, namely, the
fullerene singlet excited state (1.76 eV), has been identified via
the characteristic fluorescence pattern12 of a fulleropyrrolidine
produced in nearly comparable quantum yields. Importantly,
the complementary excitation spectrum of the fullerene emis-
sion in 8a,b is virtually identical with the ground-state
absorption and the excitation spectra of the reference com-
pounds. To further test the above assignment, that is, a rapid
singlet–singlet energy transfer, transient absorption spectros-
copy was deemed necessary. Despite the unequivocal and
nearly quantitative excitation (355 nm) of the dendrimer
moieties no spectral evidence for the dendrimer’s singlet–
singlet absorption (ca. 650 nm) was found after the 18 ps laser
pulse. Instead the spectral features are identical with the texture
of the fullerene singlet excited state. Specifically, a character-
istic maximum at 880 nm is a clear attribute of the fullerene
singlet–singlet absorption. The rise time of the 880 nm
absorption, representing the actual energy transfer event in
8a,b, is, however, masked by the instrument response time and,

therefore, prevents a meaningful kinetic analysis of the
intramolecular reaction. On a longer time-scale the fate of the
fullerene singlet excited state is identical to that known for a
fulleropyrrolidine: intersystem crossing, driven by a strong
spin-orbit coupling, governs the transformation (ca. 6.0 3
108 s21) of the singlet into the triplet excited state. The latter
was identified by a long-lived (ca. 20 ms) and strongly
absorbing triplet–triplet maximum (700 nm).

Upon probing more polar THF and benzonitrile, the fullerene
fluorescence in 8b reveals a gradual decrease of up to 50%,
while the dendron emission continued to be almost unchanged
relative to that in toluene. This observation is consistent with an
assumption that implies an energy transfer scenario, which is in
competition with an activated electron transfer. Crucial support
for this competitive synopsis evolves from the fullerene singlet
lifetimes (Table 1), which are, despite the emission quenching,
identical to those of a fulleropyrrolidine in all the solvents
investigated.

8a, on the other hand, reveals much stronger reductions of the
fullerene emission (up to 94%). Most importantly, much shorter
lifetimes of the fullerene singlet excited state, the product of the
initial energy transfer, were seen. This suggests, in sharp
contrast to 8b, a sequential energy and electron transfer starting
from the initially excited dendron. In its final instance this
sequence generates restrictively a radical pair, C60

·2–den-
dron·+.

Formation of the charge-separated state was established for
both donor–acceptor systems by means of transient absorption
spectroscopy. The fullerene p-radical anion displayed its typical
near-IR absorption at 1000 nm, while the one-electron oxidized
forms of the donors were evidenced through their absorption in
the visible with lmax ca. 480 nm (8a) and 540 nm (8b). It is
important to note that for the dibutylaniline-containing dyad 8a
the radical pair, with lifetimes of 350 ns and 725 ns, in THF and
benzonitrile, respectively is the sole product, corroborating the
sequence of energy and electron transfer. Quite different is the
situation for the poly(arylenevinylene) derivative 8b: both
energy transfer and electron transfer products were noted as
superimposed spectral features.

This work has been supported by the DGESIC of Spain
(Project PB98-0818) and by the European Comission (Contract
JOR3CT980206). Part of this work has been supported by the
Office of Basic Energy Sciences of the US Department of
Energy. This is document NDRL-4286 from the Notre Dame
Radiation Laboratory.
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Table 1 Photophysical properties of dendrons 6b/7a and dyads 8a/8b

6b 7a 8b 8a

Dendron
FFL (toluene) 0.47e 0.31f 3.15 3 1023e 2.5 3 1023f

FFL (THF) 3.07 3 1023e 2.2 3 1023f

tFL (toluene)/ns 1.99e 2.05f

tsinglet (toluene)/ns 1.97 2.01
2DGET°a/eV 1.34 1.67
la/eV 1.49 1.42
2DGEnergyT°/eV 1.24 0.99
Fullerene
FFL

b (toluene) 5.4 3 1024 3.9 3 1024

FFL
b (THF) 4.0 3 1024 0.6 3 1024

FFL
b (BzCN) 3.0 3 1024 0.4 3 1024

tFL
b (toluene)/ns 1.51 1.48

tsinglet
c (toluene)/ns 1.49 1.40

tsinglet
c (THF)/ns 1.51 0.16

tsinglet
c (BzCN)/ns 1.42 0.09

Ftriplet
d (toluene) 0.60 0.29

Ftriplet
d (THF) 0.43 —g

Ftriplet
d (BzCN) 0.30 —g

2DGET°a/eV 0.10 0.68
a In benzonitrile; radius: (r+) dibutylaniline = 3.7 Å; (r+) naphthalene = 3.5
Å; (r2) fullerene = 4.4 Å; donor–acceptor separation: (rD–A) 8a = 16.7 Å;
(rD–A) 8b = 19.1 Å. b Measured at the 715 nm maximum, excitation at
dendron ground state maximum. c Measured at the 880 nm maximum.
d Measured at the 700 nm maximum. e Measured at the 413 nm maximum;
excitation at 340 nm. f Measured at the 450 nm maximum; excitation at 380
nm. g Radical pair.
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A novel mesoporous iron phosphate, possessing a specific
surface area of 254 m2 g21 and average pore diameter of
2.6 nm, is synthesized using a fluoride route.

Since the discovery of M41s silica molecular sieves in 1992,1
mesoporous materials, possessing remarkably large internal
surface areas and narrow pore size distributions, have attracted
considerable attention for their great potential application as
catalysts, absorbents, and host materials. Several supermo-
lecular assembly pathways have also been developed and
extended to synthesize a variety of mesoporous metal oxides2

and aluminophosphates.3–6 Compared to those successes,
however, only a few preparative approaches have been reported
for the preparation of mesoporous transition metal phos-
phates.7–10

Iron phosphate has been reported as a good catalyst for
selective oxidation reactions, e.g. oxidative dehydrogenation of
isobutyric acid to methacrylic acid, a versatile raw material for
various polymers,11 and partial oxidation of methane or ethane
to oxygenates.12 Iron phosphates with novel mesostructure
would be interesting in terms of structure and catalytic
performance. Huang et al.13 have reported microporous iron
phosphate with an open framework and a cell volume of
2957.5 Å3 and expected it to be a novel catalyst. The preparation
of mesoporous iron phosphate, however, has not been reported
so far, although the preparation of mesoporous aluminium
phosphate has been reported. Considering the similarity be-
tween iron and aluminium in their chemical properties, the
preparation of mesoporous iron phosphate should be feasible.
Unfortunately, despite substantial effort we failed to synthesize
mesoporous iron phosphate using similar methods reported for
the preparation of mesoporous aluminium phosphate.

Using a series of surfactants and different experimental
conditions, we have finally prepared some mesostructural
lamellar and porous iron phosphates. Here we report our
successful synthesis and characterization of ordered mesopor-
ous iron phosphate with an average pore size of 2.6 nm.

In a typical sample preparation route, 8.08 g Fe(NO3)3 was
dissolved in 80 g distilled water and 7.16 g Na2HPO4, dissolved
in 80 g distilled water, was added with stirring. The resulting
FePO4 precipitate was recovered by centrifugation and washed
by distilled water. The precipitate was suspended in 20 g
distilled water, followed by dropping 1.32 g HF (40 wt%) into
the suspension with vigorous stirring. When a transparent
solution was obtained, 2.88 g sodium dodecyl sulfate (surfac-
tant), dissolved in 10 g water, was added to the solution with
stirring at room temperature for 30 min. The resultant mixture
was heated to 60 °C and held for 2.5 h. After cooling to room
temperature, a light yellow precipitate was observed in the
solution which was recovered by centrifugation, followed by
repeated washing with water and acetone. The resultant solid
was dried at room temperature.

Removal of the surfactant species from the as-synthesized
solid was carried out by anion exchange in a manner similar to
that reported by Holland et al.14 for the preparation of
mesoporous aluminophosphate. The as-synthesized solid
(0.7 g) was mixed with a 0.05 M ethanol solution of sodium
acetate (50 ml) with stirring at room temperature for 40 min.
The solid was then recovered by centrifugation, washed

thoroughly using ethanol and dried at room temperature. XRD
(Rigaku D/Max-RA diffractometer), TEM (JEOL-200CX;
160 kV), FTIR (Nicolet 170SX FTIR spectrometer) and
nitrogen sorption (Micromeritics ASAP 2000 sorption ana-
lyzer) were used to characterize the resultants.

A strong absorption peak at ca. 1252 cm21, characteristic of
(ROSO3)2, was observed in the FTIR spectra of the surfactant
containing sample which vanished after acetate-treatment,
indicating no residual dodecyl sulfate species in the acetate-
treated sample. This appears to suggest the complete removal of
the surfactant in the sample. X-Ray diffraction patterns of as-
synthesized sample and acetate-treated sample are shown in
Fig. 1. Both patterns show a sharp diffraction peak (100) at low
angle (2q ≈ 2.4 and 2.3°, for the surfactant containing and
acetate-treated samples, respectively). The low-angle diffrac-
tion peaks suggest a mesoporous structure of the obtained iron
phosphate samples. The slight shift to higher angle for the
acetate-treated sample reveals slight contraction of meso-
structure of iron phosphate upon surfactant removal. A TEM
photograph, (Fig. 2) confirms the mesoporous structure of the
acetate-treated samples. The isothermal N2 sorption data of the

Fig. 1 XRD patterns of the as-synthesized sample (a) and acetate-treated
sample (b).

Fig. 2 TEM image of mesoporous iron phosphate after surfactant
extraction.
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acetate-treated sample at 77 K are shown in Fig. 3. The type-IV
isotherm with a small hysteresis loop is similar to that of
mesoporous zirconium phosphate reported in ref. 7. Quantita-
tive calculation shows the acetate-treated mesoporous iron
phosphate possesses a BET surface area of ca. 254 m2 g21 and
a pore volume of 0.21 cm3 g21, similar to documented non-
silicate mesoporous solids, and narrow a distribution of pore
diameter centered at 2.6 nm (Fig. 3, right inset). The linear t-plot
suggests the sample possess uniform pores (Fig. 3, left inset).
With the unit cell dimension (a0 = 2d100/A3) and the pore
diameter, the wall thickness can be calculated as ca. 1.6 nm,
much thicker than that of typical siliceous MCM41 (ca. 1.0 nm).
The greater molecular weight and much thicker walls of the
pores should be responsible for the lower BET specific surface
area on comparing the mesoporous iron phosphate to M41s
mesoporous silica.

We have attempted many routes other than via HF but all
gave layer structures rather than an ordered mesoporous
structure. Fluorides other than HF, e.g., ammonium fluoride and
sodium fluoride, were tested but failed to give mesoporous iron
phosphate. It appears HF plays an important role in the
mesoporous iron phosphate synthesis. Undissociated HF mole-
cules (aqueous HF is a weak acid with pKa ≈ 4) may react with
iron phosphate to form ion pairs, as shown in Scheme 1. F ions

bonding to [Fe–P-O–H]+ via hydrogen bonding so adjusting the
charge density of [Fe–P-O–H]+ allow matching of the surface
charge of the surfactant micelles, resulting in the formation of
hexagonal mesoporous iron phosphate.

In conclusion, a novel mesoporous iron phosphate has been
synthesized for the first time using a fluoride route. After
removal of surfactant by acetate-exchange, mesoporous iron
phosphate with a surface area of 254 m2 g21 and average pore
size of 2.6 nm was obtained.
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Scheme 1 The effect of fluoride on the charge density of Fe–P–O
clusters.
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A novel molecule, containing two photochromic dithienyl-
ethene moieties linked to a fluorescent bis(phenylethynyl)-
anthracene residue has been prepared, and shows a reversi-
ble change in its fluorescence quantum yield from 0.001 to
0.83, and a corresponding increase in laser emission
intensity, on exposure to UV light.

Dithienylethenes are the most promising photochromic com-
pounds among various photochromic compounds for the photo-
electronic applications, such as optical memory media and
photoswitching devices, because of their fatigue resistant and
thermally irreversible properties.1–4 Although several
dithienylethene derivatives have been reported to exhibit
reversible fluorescence intensity changes upon photoisomeriza-
tion,5–11 the fluorescence quantum yields (Ffl) of the molecules
were relatively small. In the present work, a highly fluorescent
dithienylethene was prepared and its photoresponsive laser
emission was demonstrated.

9,10-Bis(2-phenylethynyl)anthracene was chosen as the
fluorescence unit, because its Ffl is high (Ffl = 1) and its
emission spectrum overlaps with the characteristic absorption
band of the closed-ring isomer of 1,2-bis(2,5-dimethyl-3-thie-
nyl)perfluorocyclopentene.12 The two photochromic dithienyl-
ethene units, 1-(2,5-dimethyl-3-thienyl)-2-(2,4-dimethyl-
5-bromo-3-thien-yl)perfluorocyclopentene, were connected to
the fluorescent unit, 9,10-bis(4-bromo-phenylethynyl)anthra-
cene by Pd(0) catalyzed cross-coupling reaction to obtain 1a
shown in Scheme 1. The molecular structure and purity of 1a
were confirmed by elemental analysis, 1H-NMR and mass
analysis.13

Fig. 1 shows optical absorption spectral change of 1a in THF
solution upon photoisomerization. By irradiation with 313 nm
light the absorption bands at 340 nm decreased along with the
increase of a new absorption band between 500 and 650 nm.
The original absorption spectrum was recovered by irradiation
with visible light (l > 500 nm). Fig. 1 also shows the

absorption spectrum of the isolated photo-product. It should be
noted that there was only one photo-product in the HPLC
analysis although 1 has two dithienylethene units. On the basis
of the 1H-NMR, the photo-product was assigned to the ring
closed form 1b in which one of the two dithienylethene units is
in the closed-ring form.13 Upon excitation of 1b, excitation
energy transfer from the excited open-ring unit to the closed-
ring unit is considered to suppress further photo-cyclization of
1b.

Fig. 1(b) shows the fluorescence emission spectrum of 1 in
THF solution. The emission profile is similar to that of the
bis(phenylethynyl)anthracene unit. The fluorescence intensity
decreased upon irradiation with 313 nm light and almost
disappeared in the isolated 1b. The original emission spectrum

Scheme 1

Fig. 1 (a) Absorption spectra of 1a (solid line), 1b (dotted line) and the
photostationary state under irradiation with 313 nm light (broken line) in
THF solution (1a: e455nm = 50500 M21 cm21). (b) Fluorescence spectra of
1a (solid line), 1b (dotted line) and the photostationary state under
irradiation with 313 nm light (broken line) in THF solution (excitation
wavelength = 450 nm). (Irradiation of 313 nm light induces both
cyclization and cycloreversion reactions.)
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was recovered by visible light irradiation. The fluorescence
quantum yields, ffl, of 1a and 1b were determined, by using
9,10-bis(phenylethynyl)anthracene as a reference, to be ffl =
0.83 and ffl < 0.001, respectively.

The strong fluorescence quenching in 1b is attributed to the
efficient energy transfer from the excited bis(phenylethynyl)an-
thracene to the closed-ring dithienylethene unit. Because of
spectral overlapping of the emission band of 1a at about 530 nm
and the absorption band of 1b, the excited state of the
bis(phenylethynyl)anthracene unit is quenched by the closed-
ring unit. The residual weak emission observed in isolated 1b
was considered to be the emission from a small amount of 1a
which was formed from 1b during the fluorescence measure-
ment.

The laser emission experiment of 1a was carried out as
follows. THF solution of 1a (0.1 mM) in a quartz cuvette (10 3
10 mm) was placed in the cavity of a dye laser system (Laser
Photonics, DL2S), which is composed of a front highly
reflective mirror, a back grating reflector and a cylindrical lens
for focusing the pumping beam from a pulsed N2 laser
(Hamamatsu Photonics, LN-203). The excitation laser power,
the pulse width, the wavelength and the repetition frequency
were 0.1 mJ, 600 psec, 337.1 nm, and 10 Hz, respectively. The

solution was stirred during the measurements. The emission
was detected with a gated streak-scope system (Hamamatsu
Photonics, C4334-01, C5094 and C4792). The emission from
the laser cavity was detected by an analog integration mode,
while its spontaneous emission was detected by a single-photon
counting mode. Fig. 2(a) and (b) show emission spectra and the
decay profile of 1a placed inside and outside of the laser cavity,
respectively. The emission of 1a in the laser cavity showed a
symmetrical narrow peak and any Stokes line typical for the
spontaneous emission was not observed. The spontaneous
emission decayed exponentially with a single lifetime of about
1.8 nsec, as shown in the inset of Fig. 2(b), while the emission
from the laser cavity was dumped immediately with the
excitation light pulse. The narrow and symmetrical emission
profiles in the wavelength and the time domains are typical for
the laser emission. Characteristic threshold of the laser emission
was observed at about 0.08 mJ.

As shown in Fig. 2(c), the laser emission intensity dramat-
ically decreased by irradiation with 313 nm light and it was
recovered to the initial value by irradiation with visible light (l
> 500 nm). The reversible intensity change was observed for
several tenth cycles. The emission power remained stable after
standing in the absence of UV light.

In conclusion, a photochromic dithienylethene having bis-
(phenylethynyl)anthracene changed the fluorescence intensity
by photoisomerization of the dithienylethene units (between ffl
= 0.83 and < 0.001). The dye exhibited a laser emission and
the emission intensity was reversibly switched by alternative
irradiations with 313 nm light and l > 500 nm light.

This work was partly supported by CREST (Core Research
for Evolution Science and Technology) of Japan Science and
Technology Corporation (JST) and also by Grant-in-Aid for
Scientific Research on Priority Areas (‘Molecular Synchroniza-
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A new templating method using small, inexpensive non-
surfactant chemicals has been developed facilitating the
synthesis of hydrothermally stable foam-like mesopore
networks with high surface areas.

Porous materials are of fundamental importance in science and
technology.1 Various templates are employed to direct the
synthesis of uniform micro-, meso- and macro-pores. Princi-
pally, three types of templating have been reported thus far, i.e
templating by individual molecules giving rise to micropores,
by micelles giving rise to mesopores and by emulsions or latex
particles giving rise to macropores.2–5

Here, we report a new templating method for well defined
mesoporous (siliceous) oxides (denoted as TUD-1, Fig. 1),6 in
which small, non-surfactant templates direct the formation of
mesosized structural features during the polycondensation of
inorganic species upon temperature increase during synthesis.
The key to a successful formation of mesopores is the careful
control of the intermolecular interaction among organic tem-
plates and inorganic species, i.e. matching the type of template
molecule with the temperature regime used. With a system
initially composed of three different components, (i.e. water,
silica source and template) taking account of the change in the
nature of interactions between the different constituents with
temperature, we were able to synthesize a new material that is
characterized by well-defined pores with an easily tunable
mesopore size distribution (25–250 Å in diameter), three-
dimensional connectivities (foam-type structure), high surface
areas (up to ca. 1000 m2 g21), and high thermal and
hydrothermal stability (negligible degradation at 650 °C for
12 h or boiling in water for 2 h, little degradation after heating
to 1000 °C for 2 h or boiling in water for 17 h).

The starting point of our investigation was the desire to
examine whether large pores in structured silicas might be
templated, not by micelles or by very large and complex organic
molecules, but by aggregates of simpler molecules. Following
some preliminary investigations, triethanolamine was selected
as a small, inexpensive and stable organic template with a high

boiling point (ca. 340 °C) and good miscibility towards water,
alkoxysilanes (Si-source) and the silica species generated by
their hydrolysis. The new methodology also allows the facile
introduction of catalytic sites (acid, base, redox) as well as
micropores during the initial synthesis stage.

In the first step, a homogeneous mixture is obtained by
mixing tetraethylorthosilicate (TEOS), triethanolamine (TEA)
and water at room temperature.† After aging and drying in air,
this mixture solidified and formed a homogeneous gel, the
X-ray powder diffraction pattern of which showed no discern-
ible peak. We interpret these data as deriving from a largely
hydrogen-bonded siliceous composite polymer: the initial
hydrolysis of TEOS was followed by the partial condensation of
the resulting silanol species with each other and with some of
the TEA, forming mixtures of mono- and oligomeric silatrane
complexes and of various silica species (by 1H, 13C and 29Si
solution and MAS NMR). Hydrothermal treatment of this
material changed its structure from amorphous to meso-
structured. Finally, TUD-1 was obtained as a white mesoporous
solid by the removal of the template either via Soxhlet
extraction or via calcination. The circumstance that the
mesopore range obtained is found to be directly proportional to
the heating time (see Fig. 2) allowed for a very convenient,
direct control of the mesopore size distributions of TUD-1.
Interestingly, the porous structure can also be created without
hydrothermal treatment, by employing careful calcination
instead (for which a low ramp rate of ca. 1 °C min21 is
required). Hydrothermal treatment at moderately high tem-
perature or thermal treatment (calcination) with a low ramp rate
is necessary, because the condensation reactions of the various
silica species are not completed after the gel formation.

Fig. 1 High resolution transmission microscopy (HRTEM) image of the
regular, mesoporous foam-like structure of TUD-1.

Fig. 2 Typical graph obtained when tuning the mesoporosity by variation of
the heating time during hydrothermal treatment (in this case a homogeneous
synthesis mixture with a molar composition of TEOS: 0.5TEA: 0.1TEAOH:
11H2O was, after drying at 98 °C for 24 h, heated in an autoclave to 190 °C
for different times). D is the mesopore diameter at maximum peak height
calculated using the BJH model based on nitrogen desorption branch; S is
the mesopore surface area calculated using the t-plot method.
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At low temperatures (up to 100 °C) and after substantial loss
of volatile components (water and ethanol, up to 70 wt%), the
strengths of the various interactions between TEA, the various
types of silatrane complexes and the silica oligomers are similar
enough to form a homogeneous mixture without mesostructure.
However, at elevated temperatures the silica oligomers con-
dense extensively and the silatrane complexes partially or fully
hydrolyze due to the more labile nature of Si–alkoxy bonds as
compared to Si–siloxy bonds. The TEA is then largely expelled
from the silica network and separate silica and template phases
begin to form. The coalescence of the resulting silica particles
further separates the phases on a mesoscale. This micro-
syneresis (resulting in a solid–liquid mixture) gradually forces
the TEA into meso-sized aggregates, templating the meso-
pores.

X-Ray diffraction patterns of TUD-1 show only one peak at
low angle (scanning from 0.5–40° in 2q), indicating it is a
mesostructured material. Nitrogen adsorption isotherms re-
vealed reproducible surface areas of between 500 and 1000
m2 g21 and pore volumes of between 0.6 and 1.7 cm3 g21,
depending on the synthesis conditions. When employing
hydrothermal treatment, the pore volume and wall thickness of
TUD-1 increased with time, with a corresponding decrease in
surface area, demonstrating that the pore formation is a dynamic
process, consistent with the model proposed above.

We attempted to visualise the mesopore connectivity by
HRTEM using Pt wires as a contrast agent.7 The resulting
images are consistent with a 3-D connectivity, but not sufficient
to prove this. The synthesis of an inverse structure of TUD-1 out
of carbon (using the methodology of Ryoo8) yielded a nanoscale
carbonaceous network (surface area > 1000 m2 g21, tunable
mesopore size),‡ showing a similar image of a foam-like
mesopore structure (Fig. 3). This result excludes one- or two-
dimensional pore connectivities in TUD-1, as otherwise the
resultant carbonaceous mesopore network would collapse upon
the removal of silica. Thus, we were able to show that TUD-1
contains three-dimensional pore networks.

Hence, siliceous TUD-1, with its inherent possibility of a
bimodal pore distribution (vide supra), offers a wide scope for
chemical applications as most procedures commonly employed
to impart functionality on silica can be used. For example, it is

very straightforward to prepare highly dispersed metal particles
on TUD-1. Furthermore, 29Si CP-MAS NMR measurements of
a typical TUD-1 sample before and after calcination reveal the
presence a substantial Q3 signal, allowing for functionalization
via grafting onto the pendant silanol groups lining the mesopore
walls.9

In addition, metals such as, e.g. titanium, zirconium or
vanadium can be grafted via complexation with the TEA onto
the surface of the mesopore wall, providing a ‘one-pot’ grafting
methodology.10

In a similar vein, functionalized surfaces are easily fashioned
in a one-pot procedure by the inclusion of a certain amount of
functional siloxy precursor (e.g. NH2(CH2)3Si(OEt)3) into the
synthesis gel.11 Moreover, strong acid sites (by NH3-TPD) can
be prepared that are located in the micropores, whereas the
mesopores can be made mildly acidic, offering a wide scope for
application in acid catalyzed reactions.

Full results on acid site functionalizations, one-pot surface
functionalizations, metal particle and metal oxide impregna-
tions/immobilizations and related catalytic tests will be pub-
lished shortly.

This work was financially supported by ABB Lummus
Global, IN, USA. We thank Mr J. Groen for the gas adsorption
measurements.
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Esterase antibody 522c2, the first example of a catalytic
antibody specifically programmed to control the reactivity of
functional groups on the side chain of tyrosine, accelerates
the hydrolysis of benzoate esters of L-tyrosine and tyrosine-
containing dipeptides by a factor of 104 and is moderately
active against other benzoate esters.

The control of reactivity of functional groups on the side chains
of amino acids and peptides is a potentially attractive field for
applications of catalytic antibodies.1 The selective modification
of amino acid side chains in peptides and proteins is important
for many areas of chemistry, from organic synthesis to the
irreversible inhibition of enzymes and the improvement of
pharmacokinetic properties of peptide drugs.2 However, the
high level of control over chemo- and regioselectivity which is
required for these transformations is not easily obtained by
chemical or enzymatic approaches.3

While a number of antibody catalyzed reactions taking place
on amino acid substrates have been described, there are no
examples to date dealing specifically with the reactivity of
amino acid side-chains. In this communication we describe the
activity of esterase antibody 522C2, the first catalytic antibody
specifically designed to hydrolyze an ester group on the tyrosine
phenolic side chain. As benzoate is a common modifier and
protecting group in amino acid and peptide chemistry, we chose
the hydrolysis of tyrosine benzoate 1 as the target reaction
(Scheme 1).

Hapten 2, a classical phosphonate transition state analog, was
synthesized by a conventional approach,4 via the corresponding
monoester monochloride.† The carboxylate group of tyrosine

was used to conjugate directly the phosphonate to cationised
bovine serum albumin (cBSA)†. We reasoned that holding the
hapten in close contact with the carrier protein surface would
result in a relatively ‘open’ antigen binding site, able to
recognize and hydrolize the substrate also when tyrosine is part
of a peptide chain. For this reason the use of a linker between the
hapten and the carrier was avoided.

The cBSA conjugate was used to immunize three Balb/c mice
following a standard protocol.5 Hybridomas obtained from the

fusion of spleen cells were selected on the basis of the affinity
of the antibodies for an ovalbumin (OVA) conjugate of 2 and
cloned. Only three good binders for the hapten 2 were obtained,
but two of the selected antibodies (517A41 and 522C2)
exhibited catalytic activity for the hydrolysis of benzoate 1 after
purification by protein G and ion exchange chromatography.†
Antibody 517A41 was only a weak catalyst (kcat/k0 = 148),
while 522C2 accelerated the hydrolysis of 1 by a factor of over
104 and was selected for further studies (Table 1). After the
preliminary kinetic assay, carried out on the antibody isolated
from hybridoma supernatants, 522C2 was subcloned and larger
quantities of the antibody were obtained from ascitic fluids. A
fully functional Fab fragment was also obtained by papain
digestion and purification by gel exclusion and ion exchange
chromatography. The observed catalytic activity was always
reproducibile and did not depend on the antibody’s prepara-
tion.

The kinetic parameters for the catalyzed hydrolysis of ester 1
were calculated at pH 8 in TRIS buffer at 25 °C (kcat = 0.063),
and at pH 7.5 in PBS at 30 °C (kcat = 0.017), showing in both
cases a rate enhancement factor in excess of 104 (Table 1).† This
allows the observation of a net enhancement of more than
150-fold in the initial rates of hydrolysis under typical
experimental conditions (5 mM antibody, 50 mM substrate 1), in
spite of the rather high value of KM (370–500 mM), which does
not allow the maximum rate to be reached within the solubility
limit of this substrate.

The antibody is inhibited by an equimolar amount of the
phosphonate 2. The apparent dissociation constant of the
antibody–hapten complex obtained by a competitive ELISA
assay6 (Kd,app = 75 nM) is in reasonable agreement with the
upper limit for the inhibition constant (Ki ≤ 100 nM) estimated
from kinetic measurements. Inhibition by the hapten demon-
strates that the catalyzed process takes place in the antibody
combining site and is not due to interactions between the
substrate and the protein surface. Nonspecific interactions of
this type can indeed be observed when the hydrolysis of 1 is
carried out in the presence of BSA or unrelated mouse IgGs, but
result in a modest acceleration by a factor of less than 1.5 in the
initial rates (at 5 mM protein and 50 mM substrate 1).

For an antibody accelerating a reaction by simple transition
state complementarity, it has been derived that KM/Ki = kcat/k0.7
In the case of 522C2, the values of kcat/k0 (11 000) and KM/

† Electronic supplementary information (ESI) available: the synthesis and
characterization of compound 2, preparation of the immunogenic conjugate,
preparation and purification of monoclonal antibodies, experimental details
for kinetic studies and Lineweaver-Burk plots. See http://www.rsc.org/
suppdata/cc/b1/b100450f/

Scheme 1
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Kd,app (4900) indicate that selective recognition of the transition
state significantly contributes to the catalytic activity. Thus
522C2 behaves similarly to other ester hydrolyzing antibodies
for which oxyanion stabilization has been recognized as the
main source of catalytic activity.8

Antibody 522C2 is highly specific for the S-enantiomer of
tyrosine benzoate, mirroring the configuration of the hapten,
and no acceleration over background is observed in the
hydrolysis of the corresponding R-ester. While displaying such
a high enantiospecificity, antibody 522C2 is able to hydrolyze a
number of simplified esters 3 in which tyrosine is replaced by p-
nitrophenol. Solubility, and the high values of KM for these
substrates, restrict the accessible substrate concentrations to a
range in which [S] < < KM. Therefore, second order rate
constants, corresponding to kcat/KM ratios assuming Michaelis–
Menten behaviour, were obtained for this set of esters and the
ratio kcat/KM·k0 (catalytic proficiency) was chosen to compare
the efficiency of the antibody on these substrates (Table 1).9

Data in Table 1 show that one order of magnitude in the
catalytic proficiency is lost on going from N-Cbz-tyrosine
benzoate 1 to p-nitrophenyl benzoate 3a. This decrease in the
catalytic activity of the antibody is paralleled by its affinity for
the corresponding phosphonates. In fact, while the tyrosine
phosphonate 2, as we have seen, is a strong binder, the simple
phenyl phenylphosphonate 4 does not inhibit 522C2. This

indicates that in the substrate 1 and hapten 2 the region of the
molecule corresponding to the protected a-amino acid group
plays a significant role in recognition by the antibody.

Replacing the benzoyl group by aliphatic residues, as in the
hydrolysis of esters 3b and 3c, results in a further decrease of
catalytic proficiency by one order of magnitude (Table 1). The
catalytic activity is completely lost when branching is in-
troduced in the ester 3d. Surprisingly however, antibody 522C2
shows good efficiency in the hydrolysis of benzyl p-nitro-
benzoate 5.

It is noteworthy that the substrate selectivity exhibited by
522C2 is reversed with respect to that displayed by a hydrolytic
enzyme such as a-chymotrypsin. This protease is known to
hydrolyze esters with a broad specificity. However, under
similar conditions, the acceleration in the hydrolysis of p-
nitrophenyl ester 3a is six times higher than the acceleration in
the hydrolysis of tyrosine ester 1. Another major difference
between a-chymotrypsin and 522C2 is representend by the pre-
steady state burst which is observed with the enzyme but not
with 522C2, in agreement with the mechanism proposed for the
antibody.

Finally, the activity of 522C2 was also tested on the
dipeptides 6 and 7 (Table 1). 522C2 retains most of its catalytic
activity on both the dipeptide benzoates even in the presence of
30% DMSO, which is necessary for solubility. Replacement in
7 of the N-Cbz protecting group with the somewhat isosteric
residue of phenylalanine does not lead to a loss of activity.

In conclusion, 522C2 is an efficient and selective catalyst for
the hydrolysis of (S)-tyrosine benzoate and retains its activity
when the substrate is part of a simple dipeptide. This
preliminary result is promising in view of a possible extension
of this approach to the selective deprotection of tyrosine
benzoate in more complex peptide structures, which would be a
valuable application and is currently being investigated.

We are grateful to CNR (Progetto Finalizzato Biotecnologie)
and to MURST (Programma PRIN) for financial support.
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Table 1 Kinetic parameters for the 522C2 catalyzed hydrolysis of tyrosine benzoate and other esters

Substrate k0/s21 kcat/s21
KM

(mmol dm23) kcat/k0

kcat/KM

(dm3 s21 mol21)
kcat/KMk0

(dm3 mol21)

(S)-1a 5.06 3 1026 0.063 500 12 400 126 2.5 3 107

(S)-1b 1.53 3 1026 0.017 370 11 100 45.9 3.0 3 107

(S)-1b,c 1.53 3 1026 0.020 410 13 100 48.8 3.2 3 107

3ab 8.16 3 1026 44.9 5.5 3 106

3bb 1.04 3 1024 35.4 3.4 3 105

3cb 4.49 3 1025 8.5 1.9 3 105

3db 1.94 3 1024 — —
5b 2.90 3 1026 0.39 1.4 3 106

6d 5.70 3 1028 5.5 3 1024 460 9 700 1.2 2.1 3 107

7d 8.21 3 1028 7.5 3 1024 650 9 100 1.2 1.4 3 107

a TRIS 10 mM, pH 8, dioxane 10%, 25 °C. b PBS, pH 7.5, 10% dioxane, 30 °C. c Fab fragment. d PBS, pH 7.5, 30% DMSO, 30 °C.
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Tubular and cage structures, i.e. 16 and 18, have been
synthesised from modified cyclic peptides following selective
cyclotrimerisations of L-ornithine and L-glutamic acid thia-
zole amino acids under high dilution conditions.

Marine organisms, especially sea-squirts, have delivered an
astonishing variety of novel cyclopeptide alkaloids which
accommodate thiazole and oxazole rings derived from unusual
amino acids, e.g. trunkamide 1,1 ascidiacyclamide 2.2 The

sequence of alternating heterocyclic rings and amino acid units
which characterise these structures has led to speculation that
the metabolites may have a role to play in vivo as metal transport
agents, and/or that metals may act as templates in their
biological assembly from constituent amino acids/heterocyclic
rings.3 In previous studies we have examined the self assembly
and metal-templated cyclooligomerisations of amino acid based
thiazoles and oxazoles, culminating in the syntheses of novel
cyclotetramers and cyclotrimers,4 and also in the total synthesis
of the natural cyclopeptide dendroamide A 3.5 In a continuation
of this work we have now investigated the syntheses of the
cyclopeptide scaffolds 4a and 4b, containing additional amino
and carboxylic acid functionality respectively, with a view to
examining their applications in the synthesis of ‘cage-’ and
‘tube-’ like structures for possible use as membrane ion channel
mimics and for the development of macromolecular devices and
scaffolds for protein mimics. Thus, in this Communication we
describe concise syntheses of 4a and 4b6 and their conversion
into the tubular polyamide 16 and into the cage structure
18.7,8

Each of the substituted thiazoles 4a and 4b was prepared by
routes developed in our laboratories and based on well-
established literature precedent. Thus, protection of the C-5

amino group of L-ornithine 5 as its Z-carbamate followed by
Boc protection of the C-2 amino function first led to the
carboxylic acid 6. Amidation of 6 followed by treatment with
Lawesson’s reagent [2,4-bis(4-methoxyphenyl)-1,3,2,4-dithia-
phosphetane-2,4-disulfate] next produced the thioamide 7. A
Hantzsch thiazole ring forming reaction between 7 and ethyl
bromopyruvate9 then gave the substituted thiazole 8 which, on
saponification of the ethyl ester and removal of the Boc
protection, gave the L-ornithine based thiazole amino acid 9
with !95% ee (Scheme 1).10

The corresponding L-glutamic acid based thiazole 14 was
prepared from L-glutamic acid 5-methyl ester 10 following Boc
protection and coupling with DL-serine benzyl ester benzene-
sulfonate leading to the dipeptide 11. After conversion of 11
into the thioamide 12, cyclodehydration in the presence of
Burgess’ reagent [methyl(carboxysulfamoyl)triethylammon-
ium hydroxide, inner salt]11 next produced the corresponding
thiazoline which was immediately converted into the thiazole
13 upon treatment with BrCCl3–DBU at 0 °C.12 Debenzylation
of 13 under catalytic transfer hydrogenation conditions13 and
Boc deprotection finally gave the free thiazole amino acid 14
with !95% ee (Scheme 2).

When the L-ornithine amino acid thiazole 9 was treated with
pentafluorophenyl diphenylphosphinate (FDPP) in the presence
of i-Pr2NEt in DMF under high dilution, selective cyclooligo-
merisation took place to give the cyclic trimer 15a in 11% yield.
In a similar manner, cyclooligomerisation of the L-glutamic acid
based thiazole 14 under the same conditions led cleanly to the
C3-symmetric cyclic trimer 15b in 41% yield (Scheme 3). After
removal of the amine protection in 15a and saponification of the
methyl ester groups in 15b, activation of the tris-carboxylic acid
4b with FDPP and i-Pr2NEt followed by treatment with the tris-
amine 4a under high dilution in DMF led to the formation of the
tubular structure 16 as a powder in 30% yield (Scheme 4).†
Mass spectometry indicated the presence of a monomeric
product. This was reinforced by the NMR spectroscopic data for

Scheme 1 Reagents and conditions: i, CuCO3, H2O, 30 min, then ZCl,
NaOH, 1 h, then EDTA, 2 M HCl, 2 h, 88%; ii, (Boc)2O, NaOH, THF–H2O,
12 h, 71%; iii, isobutyl chloroformate, NMM (N-methylmorpholine), THF,
NH3 (g), 25 °C, 1 h, 99%; iv, Lawesson’s reagent, THF, 24 h, 99%; v, ethyl
bromopyruvate, KHCO3, DME, 215 °C, then TFAA, collidine, DME,
215 °C, 79%; vi, NaOH, THF–H2O, 18 h, 97%; vii, 4 M HCl, dioxane,
12 h, 98%.
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16 which were consistent with those expected for a C3-
symmetric polymacrocycle. Most notably, two singlet peaks at
d 8.13 and d 8.11 were observed in the 1H NMR spectrum
corresponding to the two sets of thiazole protons. Additionally,
NMR signals were observed relating to the amide N–H (d 8.47
and d 8.43) and the a-carbon protons (d 5.68 and d 5.58) within
the macrocyclic rings.

A corresponding condensation between the L-glutamic acid
trimer 4b and tris(aminoethyl)amine 17 in the presence of
FDPP–Pr2NEt led to isolation of the cage structure 18, also as a
solid, in 40% yield.‡ Again, mass spectrometry established that
formation of the desired monomer had occurred. Additionally,
the 1H NMR spectrum confirmed the structure of 18 as C3-
symmetric with peaks at d 8.89 and d 8.11 relating to the ring
N–H and thiazole protons with a signal at d 6.26 corresponding
to the three side-chain amide protons. The applications of the
C3-symmetric cyclic trimers 4a and 4b and their relatives in
asymmetric and library synthesis, and also in molecular
recognition phenomena, will be described in future publica-
tions.

We thank Dr Luis Castro for his interest in this study and
Merck Sharp and Dohme for financial assistance. We also thank
Dr Kate Jolliffe for preliminary work with the synthesis of the
L-ornithine thiazole.
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† 16: mp 236–237 °C (decomp.) (from CHCl3–MeOH–Et2O); [a]D
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238.4° [c = 0.5, (CHCl3–MeOH 3:1)]; IR (cm21): 3401, 3007, 2930, 1668,
1541; dH (500 MHz, CDCl3) 8.47 (3H, m), 8.43 (3H, dd, J = 8.1 and 3.0
Hz), 8.13 (3H, s), 8.11 (3H, s), 5.68 (3H, m), 5.58 (3H, m), 3.67–3.01 (6H,
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(3H, m); dC [125 MHz, (CDCl3)] 173.2 (s), 169.7 (s), 159.7 (s), 159.6 (s),
148.8 (s), 148.7 (s), 124.4 (d), 124.3 (d), 51.4 (d), 50.4 (d), 39.7 (t), 35.9 (t),
34.3 (t), 32.0 (t), 25.9 (t); HRMS (ES) m/z 1196.2198; calcd. for
C48H51S6N15O9Na ([M + Na]+): 1196.2216.
‡ 18: mp 281–282 °C (decomp.) (from CHCl3–MeOH–Et2O); [a]D
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226.4° [c = 0.5, (CHCl3–MeOH 3:1)]; IR (cm21): 3399, 3007, 1672, 1543;
dH (360 MHz, CDCl3) 8.89 (3H, d, J = 9.5 Hz), 8.11 (3H, s), 6.26 (3H, br
s), 5.94 (3H, d, J = 9.1 Hz), 3.40 (3H, m), 3.12 (3H, m), 2.67–2.41 (12H,
m), 2.32–2.24 (3H, m), 2.18–2.08 (3H, m); dC [90.5 MHz, (CDCl3–CD3OD
9+1)] 173.0 (s), 167.8 (s), 159.3 (s), 148.8 (s), 123.8 (d), 53.0 (t), 48.5 (d),
37.0 (t), 31.8 (t), 28.9 (t); HRMS (ES) m/z 751.1917; calcd. for
C30S3N10O6H36Na ([M + Na]+): 751.1879.
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Scheme 2 Reagents and conditions: i, (Boc)2O, Et3N, THF–H2O, 24 h,
90%; ii, HOBt, EDCI·HCl, NMM, CH2Cl2, 0 °C, 30 min, then DL-serine
benzyl ester benzenesulfonate, NMM, 0 °C ? RT, 48 h, 94%; iii,
TBDMSCl, Et3N, DMAP, CH2Cl2, 14 h, 86%; iv, Lawesson’s reagent,
C6H6, 80 °C, 14 h, 94%; v, TBAF, THF, 0 °C, 3 h, 91%; vi, Burgess’
reagent, THF, 65 °C, 30 min; vii, CBrCl3, DBU, CH2Cl2, 0 °C, 4 h, 63%
over two steps; viii, NH4HCO2, 10% Pd/C, EtOH, 78 °C, 24 h, 70%; ix, 2 M
HCl, dioxane, 24 h, 60%.

Scheme 3 Reagents and conditions: i, FDPP, i-Pr2NEt, DMF, (15a 3 d,
11%; 15b 9 d, 41%); ii, 33% HBr–AcOH, 6 h, 77%; iii, NaOH, THF–H2O,
12 h, 98%.

Scheme 4 Reagents and conditions: i, FDPP, i-Pr2NEt, 4a, DMF, 10 d,
30%; ii, FDPP, i-Pr2NEt, 17, DMF, 3 d, 40%.
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Incorporation of bulky substituents adjacent to the oxygen
donor site of [P,O]Ni catalysts affords dramatic increases in
olefin polymerisation activities

Nickel catalysts have provided some of the most significant
advances in late transition metal olefin polymerisation catalysis
and have given some of the most promising results with regard
to polar monomer incorporation into polyolefinic materials.1–4

One of the earliest systems to be investigated was the nickel-
ylide oligomerisation system (1) introduced by Keim et al.5 and
subsequently developed by the groups of Starzewski6 and
Klabunde7 for olefin polymerisation and copolymerisation.
However the intrinsic activities of these catalysts are not
high.

Bulky substituents have been shown to have a strong
influence on the activities and selectivities of a-diimine8 and
salicylaldimine9 nickel catalysts, yet the influence of sterically
demanding groups has not been fully explored in the [P,O]Ni
system. Several sites around the ligand are amenable to
modification (see 2 below†): (i) the tertiary phosphine sub-
stituents (R1), (ii) the backbone carbon substituent (R2) adjacent
to the phosphine donor, and (iii) the backbone carbon
substituent (R3) adjacent to the enolate oxygen. It was also
recognised that an alternative approach to changing the steric
influence at the enolate oxygen site is to exchange the oxo group
for the isoelectronic [NR] unit. Here, we describe a series of
new nickel catalysts containing [P,O] chelate ligands which
reveal a dramatic enhancement in ethylene polymerisation
activities, in some cases in excess of two orders of magnitude,
on introduction of bulky substituents, especially at the site
adjacent to the oxygen donor group.

The phosphorus ylide ligand precursors 3–5 (Scheme 1) were

synthesised via modified literature procedures.10,11 The ligand
precursors 6–8 were prepared via Diels–Alder addition of
crotonic acid or fumaric acid to anthracene, followed by
conversion to the acyl chloride and subsequent treatment with
benzylidenetriphenylphosphorane. For 8, the bis(acyl chloride)
is used to introduce the pendant phosphonium group. The
catalysts 3a–8a were then generated in situ by treatment of
Ni(cod)2 with the phosphorus ylide ligand precursor. In situ
31P{1H} NMR studies show that oxidative addition of 3–8 to the
Ni(0) species occurs very rapidly in the presence of an olefin to
form [P,O]Ni chelates.

Complexes containing these chelate ligands were also
synthesised and isolated‡ from the corresponding ligand
precursors and Ni(cod)2 in the presence of an auxiliary ligand,
typically triphenyl- or dimethylphenyl-phosphine, or pyridine.
A crystal structure of the complex 6b§ containing the ligand
from catalyst system 6a and the stabilising triphenylphosphine
ligand is shown in Fig. 1. Complex 6b crystallises with two

independent molecules A and B in the asymmetric unit both of
which have very similar conformations, the differences being in
the relative orientations of the phenyl substituents. The
geometry at nickel is only very slightly distorted square planar,
the nickel and the four coordinated atoms being coplanar to
within ca. 0.028 Å in both molecules. The plane of the C(43)
phenyl ring is, in both molecules, oriented almost orthogonally

Scheme 1 Ligand precursors (LP) used in the corresponding in situ catalyst
systems LP/Ni(cod)2/olefin, 3a–8a (olefin = ethylene, propylene or hex-
1-ene) and their catalytic activities (g mmol21 h21) for ethylene
polymerisation; BArF

4 = [3,5-(CF3)2C6H3]B.

Fig. 1 One of the pair of crystallographically independent molecules present
in the structure of 6b. Selected bond lengths (Å) (data for molecule B are
given in square brackets); Ni–O 1.901(2) [1.906(2)], Ni–P(1) 2.165(1)
[2.174(1)], Ni–P(2) 2.212(1) [2.223(1)], Ni–C(43) 1.921(1) [1.928(1)],
P(1)–C(2) 1.784(3) [1.775(3)], O–C(1) 1.309(4) [1.308(4)], C(1)–C(2)
1.374(4) [1.368(4)].
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to this plane. The cis angles at nickel are in the ranges
85.74(6)–93.03(7) and 85.43(6)–93.27(6)° in A and B, re-
spectively, within each case the most acute angle being
associated with the bite of the chelating ligand. The Ni–P(1)
distance is, in both molecules, 0.05 Å shorter than that to P(2),
indicating possibly an extension of the clear pattern of bond
delocalisation, that extends from O through to P(1) via C(1) and
C(2), to include the metal centre. The chelate ring has a slightly
folded envelope conformation with the phosphorus atom lying
0.28 Å (molecule A) and 0.13 Å (molecule B) out of the plane
of the remaining four atoms which are coplanar to within 0.007
Å (molecule A) and 0.009 Å (molecule B). The C(25) phenyl
substituent is rotated by ca. 55° (A) and 68° (B) out of the plane
of the chelate ring. The O–C(1)–C(3)–C(4) torsion angle is, in
both molecules, small (ca. 6 and 15° in A and B, respectively),
possibly as a consequence of a C(4)–H…O intramolecular
hydrogen bond (the H…O distances are 2.24 and 2.26 Å in A
and B, respectively).

The activities of these neutral catalysts for ethylene polymer-
isation and the results of product analyses are collected in Table
1. The ligand precursor 3, and its triphenylphosphine stabilised
nickel complex have been described earlier as precursors to
ethylene polymerisation catalysts.3,12 The catalytic perform-
ance of 3/Ni(cod)2 (3a) was used as a benchmark for the present
study. Polymerisations were carried out both on in situ
generated catalysts, which do not require the presence of a
phosphine scavenger, and on the tertiary-phosphine stabilised
pre-catalysts in the presence of Ni(cod)2. Approximately the
same activities are found in both cases and the resultant
polymers also possess similar properties. In all cases, the
polyethylene is essentially linear with number average molec-
ular weights in the range 3000–10 000 and with molecular
weight distributions in the range 2.0–3.7. It can be seen that
there is an increase in activity upon introduction of a mesityl
unit on the carbon adjacent to the enolate oxygen (4a cf. 3a).
Surprisingly, the activity falls to zero when the oxo group is
exchanged for a N(diisopropylphenyl) unit (5a). A dramatic
increase in activity is found upon introduction of the bulky
anthracenyl-derived substituent (6a–8a), particularly for the
phosphonium-containing catalyst 8a which achieves an activity
of almost 35 000 g mmol21 h21. Comparison of 6a with 7a
indicates that there is no beneficial effect on activity of
increasing the size of the phosphorus substituents.

Another interesting feature of the neutral nickel complexes
bearing bulky [P,O] ligands is their ability to oligomerise
propylene and hex-1-ene. While co-polymerisations of ethylene
with higher a-olefins by nickel phosphinoenolate complexes
have been reported,7 there have been no reports of propylene or
hex-1-ene oligomerisations using these or related catalysts. Our

attempts to oligomerise propylene with 3a resulted in formation
of only traces of propylene dimers. However 6a, dissolved in
toluene, oligomerised propylene at 4 bar and 70 °C with an
activity of 1350 g mmol21 h21 to give a Schultz–Flory
distribution (K = 0.64) of C6–C48 olefins. Catalyst 8a
oligomerises propylene with a similar activity to give oligomers
with a similar product distribution. Both catalysts homo-
oligomerise hex-1-ene to C12–C36 oligomers with relatively low
activities. Thus, for example, catalyst 6a shows an activity of 15
g mmol21 h21 for hex-1-ene oligomerisation.

The increase in activity is clearly linked to the introduction of
the bulky anthracenyl-derived substituent next to the oxygen
donor site. Possible effects of this are to protect the electrophilic
nickel centre from binding potentially poisoning donor groups
and/or to disfavour the coordination of Lewis acids at the
oxygen site, especially another nickel centre which can result in
ligand migration and formation of a catalytically inactive
bis(chelate) species. Co-polymerisations of ethylene with
hydrocarbon and polar co-monomers are presently under
investigation.

BP Chemicals Ltd is thanked for financial support. Drs G.
Audley and J. Boyle are thanked for GPC and NMR
measurements, respectively.

Notes and references
† 9,10-Dihydro-9,10-ethanoanthracene.
‡ For example, synthesis of 6b: a solution of 0.50 g (1.82 mmol) bis(cis, cis-
cycloocta-1,5-diene)nickel(0), 1.09 g (1.82 mmol) rac-trans-11-(1-phenyl-
1-triphenylphosphoranylideneacetyl)-12-methyl-9,10-dihydro-
9,10-ethanoanthracene and 0.48 g (1.82 mmol) triphenylphosphine in
toluene (50 ml) was stirred at room temperature for 24 h and at 50 °C for 1 h.
The solvent was removed in vacuo and the residue was dissolved in toluene
(7–8 ml). Addition of n-heptane (15–20 ml) gave a yellow precipitate which
was filtered, washed with n-heptane and dried in vacuo. Yield, 1.10 g
(66%), Anal. Found: C, 79.56; H, 5.64. C61H50NiOP2 requires C, 79.66; H,
5.64%. 1H NMR (250 MHz, C6D6): d 0.72 (3H, d, J 6.72 Hz, CH3), 2.17
(1H, m, CH), 2.79 (1H, m, CH), 3.53 (1H, d, J 1.70 Hz, CH), 4.24 (1H, d,
J 1.70 Hz, CH), 6.40 (2H, t, Ar), 6.52 (1H, t, Ar), 6.72 (3H, m, Ar),
6.82–6.92 (8H, m, Ar), 6.92–7.09 (14H, m, Ar), 7.11–7.21 (10H, m, Ar),
7.30–7.34 (3H, m, Ar), 7.88–7.95 (2H, m, Ar). 31P{1H} NMR (101 MHz,
C6D6): d 22.01 (d, J 281.5 Hz, PPh3), 33.58 (d, J 281.5 Hz, PPh2). (+) FAB
MS: m/z 918 (M+), 841 (M 2 Ph+), 656 (M 2 PPh3

+).
§ Crystal data for 6b·0.5C7H16: C61H50OP2Ni·0.5C7H16, M = 969.8,
monoclinic, P21/n (no. 14), a = 22.153(2), b = 10.861(1), c = 42.785(4)
Å, b = 90.68(1)°, V = 10293(2) Å3, Z = 8 (2 independent molecules), Dc

= 1.252 g cm–3, m(Cu-Ka) = 14.5 cm21, T = 203 K, orange–yellow
prismatic needles; 15157 independent measured reflections, F2 refinement,
R1 = 0.050, wR2 = 0.122, 11797 independent observed reflections [|Fo| >
4s(|Fo|), 2q é 120°], 1067 parameters. CCDC 158572. See http://
www.rsc.org/suppdata/cc/b1/b101582f/ for crystallographic data in .cif or
other electronic format.
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Table 1 Results of ethylene polymerisation using catalytic systems 3a–8a in
toluene at 70 °Ca

Cat.
system

Ligand
amount/
mmol

Mole
ratio
Ni/L

Ethylene
pressure/
bar

PE
yield/g

Activityb/
g mmol21

h21 Mn Mw/Mn

3a 20.0 5 1 0.4 80 6000 2.3
4a 5.0 5 1 0.5 400 4200 2.4
6a 4.4 5 1 1.9 1730 5200 3.6
6b 10.0c,d 1 3.2 1280e 5100 3.7
7a 10.0 5 1 3.8 1520 3500 2.0
8a 2.5 12 4 21.8 34880 5000 3.6
8a 2.4 12 2 18.3 30500 5200 3.5
8af 2.7 12 4 10.0 14800 9900 5.4g

a Polymersations carried out in Schlenk tubes or Fisher–Porter bottles, over
15 min. b Based on concentration of ligand precursor. c 5 equivalents
Ni(cod)2 used as phosphine scavenger. d Conc. of Ni complex 6b.
e g mmol[Ni]21 h21. f Polymerisation carried out at 50 °C. g Bimodal
molecular weight distribution.
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Two functionalized bipyrroles, 3,3A,5,5A-tetraethoxycarbo-
nyl-4,4A-dipropyl-2,2A-bipyrrole 1 and 3,3A,5,5A-tetraethoxy-
carbonyl-4,4A-diphenyl-2,2A-bipyrrole 2, are highly lumines-
cent materials at room conditions; they show UV emission at
lmax = 416 (1) and 414 nm (2) with quantum yields close to
unity in the solid state; the molecular structure of 2 shows a
coplanar structure stabilized by intramolecular hydrogen
bonds, and the molecules are self-assembled along the
crystallographic c axis by p-stacking interaction to form a
one-dimensional chain; electroluminescence of 1 is eval-
uated.

The chemical, physical and electronic properties of conducting
conjugated organic polymers such as poly(p-phenylenevinyl-
enes)1 and polythiophenes2 have been widely exploited for the
past decade, and recently some of these materials have been
successfully developed for application in molecular electronics
and light-emitting diode (LED) devices. However, among the
numerous conducting polymers prepared to date, polypyrroles
are the most extensively studied.3 Apparently, polypyrroles
possess a number of features that are attractive to materials
science such as environmental stability, good redox properties
and high electrical conductivity. Several applications based on
polypyrroles including supercapacitors, electrochemical sen-
sors, anti-static coating and drug delivery systems have been
resulted.4 Apart from these applications, to our knowledge,
there are no reports describing highly luminescent poly/
oligopyrroles at ambient conditions in the literature. Herein, we
present the first report on UV photoluminescence of two
functionalized bipyrrole compounds, namely 3,3A,5,5A-tetra-
ethoxycarbonyl-4,4A-dipropyl-2,2A-bipyrrole 1 and 3,3A,5,5A-
tetraethoxycarbonyl-4,4A-diphenyl-2,2A-bipyrrole 2 (Fig. 1).
Blue luminous materials for application in blue-light emitting
devices has recently been receiving widespread interest in
materials science. We5 and others6 have reported that metal
complexes of some N-heterocycles such as 7-azaindole, di-

2-pyridylamine and 2,6-bis(2-pyridylamino)pyridine are
strongly luminescent in the UV region; some of them have
shown promising results as light-emitters for LED fabrica-
tion.5b

As reported by Nonell et al.,7 1 and 2 were prepared by the
copper-mediated dehalogenated coupling of the iodopyrroles.
The crude products were recrystallized by slow solvent
evaporation of a CH2Cl2–MeOH mixture to afford colorless
needle-shaped crystals.† As depicted in Fig. 2(a), the bipyrrole
2 adopts a near planar structure in a transcoid configuration,
where the carbonyl functions of the carboxylate substituents are
hydrogen bonded with the pyrrolic NH groups [N(1)…O(1A)
2.651 Å; N(1)…O(4) 2.486 Å]. It should be noted that the
interannular torsion angle of unsubstituted 2,2A-bipyrrole for the
most stable conformation is about 30° along the principal
molecular axis according to theoretical models and some
physical measurements.8 In this work, we found that the
coplanar conformation of 2 is essentially stabilized by intra-
molecular hydrogen bonding. Indeed, several studies by Brédas
et al. have pointed out that coplanarity of the polyaromatic
materials would permit better p-conjugation, thereby lowering
the ionization potential and band gap of the compounds.9 It is
also suggested that coplanar conformation of polypyrroles

Fig. 2 (a) Perspective view of molecular structure and (b) crystal packing diagram of 2.

Fig. 1 Functionalized bipyrroles: 3,3A,5,5A-tetraethoxycarbonyl-4,4A-dipro-
pyl-2,2A-bipyrrole 1 and 3,3A,5,5A-tetraethoxycarbonyl-4,4A-diphenyl-2,2A-
bipyrrole 2.
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could facilitate intrachain mobility of charge defects such as
polarons or bipolarons.9b,c By comparing the absorption spectra
with those of the mono-pyrrole analogues (2,4-diethoxycarbo-
nyl-5-methyl-3-propylpyrrole 3 and 2,4-diethoxylcarbonyl-
5-methyl-3-phenylpyrrole 4),10 the absorptions for the bi-
pyrroles are significantly red-shifted (see Table 1) due to the
extended p-conjugation of the molecules.

The phenyl rings are oriented perpendicular to the bipyrrole
plane, and the four carboxylate groups are arranged in a spiral
arrangement along the principal C2 axis of the molecule. The
respective O(1)–C(5) and O(3)–C(12) distances of 1.212(1) and
1.187(1) Å are consistent with a CNO formulation, and the
C(1)–C(5) [1.457(1) Å], C(3)–C(12) [1.473(2) Å] and C(4)–
C(4A) [1.462(2) Å] distances are slightly shorter than a typical
C–C (sp3-hybridized) single bond, suggesting the presence of a
partial double bond character. The molecule appears to form a
one-dimensional chain along the crystallographic c axis via
intermolecular p-stacking interaction [see Fig. 2(b)], the
interplanar separation is ca. 3.8 Å [N(1)–N(1A) 3.669 Å and
C(1)–C(1A) 3.723 Å].

The absorption and emission data of the bipyrroles are shown
in Table 1. Their absorption spectra are featured by two
absorption bands (250 and 350 nm for 1; 290 and 346 nm for 2),
presumably arisen from p–p* transitions. Importantly, both
compounds are strongly luminous at around 400 nm. In CH2Cl2
solution, the emission quantum yields (Fem) of 1 and 2 are 0.56
and 0.87, respectively, and their solid state quantum yields are
unity within the experimental error. We observed a large Stokes
shift with a magnitude of ca. 4500 cm21 for the emission from
the lowest singlet p–p* transition of the bipyrroles, which
suggests a significant structural distortion of the excited state
from the ground state structure. For better understanding the
nature of emission, we have examined the emission of the
bipyrroles using picosecond laser spectrophotometer. The
luminescent lifetimes are listed in Table 1. The short lifetimes
suggest that the emissions are due to fluorescence arising from
the singlet p–p* transitions. Upon cooling the solid sample of 1
to 15 K, a vibronically structured emission was identified with
a peak splitting of ca. 1080 cm21, which corresponds to the
skeletal vibration of the bipyrrole. The measured luminescence
lifetime was found to be 5.9 ns.

The transient luminescence trace of 2 monitored at 420 nm
revealed two decay processes with lifetimes being 0.63 and 3.39
ns in the solid state, and 0.3 and 2.5 ns in solution. For 1,
however, there is only a single exponential decay with lifetime
being 2.0 and 2.7 ns in the solid state and CH2Cl2 solution,
respectively. We propose that the short luminescence decay [i.e.
lifetime = 0.3 ns (solution) and 0.63 ns (solid)] for 2 may have
originated from the rapid excited state energy transfer between
the bipyrrole ring(s) and the phenyl substituent(s).11

The electroluminescence (EL) of the bipyrrole 1 has been
evaluated. A film of 1 (20 or 50 nm) was obtained by vapor
deposition onto a glass substrate pre-coated with indium–tin
oxide and 4,4A-bis[N-(1-naphthyl)-N-phenylamino)biphenyl
(NPB; thickness = 80 nm). To achieve better contact between
the emitter layer (i.e. 1) and the Mg+Ag cathode, a layer of TPBI
(40 or 20 nm, see Fig. 1 for structure) was evaporated on top of

the bipyrrole layer. When the LED was forward biased with the
ITO electrode at positive polarity, EL with a blue–green color
was observed. The EL spectrum shows a prominent band at 440
nm, which is red–shifted from the solid state emission of 1 (blue
color, lmax = 415 nm). It should be noted that the PL spectrum
of the bipyrrole film is essentially identical with the solid state
emission of 1. The reasons underlying the red-shift of the EL
remain unclear. The maximum luminance of 750 cd m22 with
maximum efficiency being 0.9 cd A21 was attained at 14 V.

We acknowledge the support from The University of Hong
Kong and the Hong Kong Research Grants Council.

Notes and references
† X-Ray crystallography: the intensity data were collected on a Bruker CCD
diffractometer with graphite-monochromated Mo-Ka radiation (l =
0.71073 Å) at room temperature. All the calculations were performed by
using SHELXTL-PL version 5.10 package on a HP computer. The structure
was solved by the direct methods and refined by the full-matrix least-
squares methods. Crystal data for 2: colorless needle, dimensions 0.22 3
0.08 3 0.08 mm, C32H32N2O8, Mr = 572.60, orthorhombic, space group =
Ibam, a = 14.363(2), b = 27.535(4), c = 7.272(1) Å, V = 2876.2(7) Å3,
Z = 4, Dc = 1.322 g cm23, F(000) = 1208; m(Mo-Ka)/mm21 = 0.577,
9113 reflections were collected, of which 1742 with |Fo| > 2.0s(|Fo|) were
observed; R1 = 0.054; wR2 = 0.15. CCDC 156695. See http:
//www.rsc.org/suppdata/cc/b0/b009687n/ for crystallographic files in .cif
format.
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Table 1 Photophysical data for bipyrroles 1 and 2

Emission maxima lmax/nm
(298 K) LifetimeeUV–VIS lmax/

nm (e/dm3

mol21 cm21)a Solid state CH2Cl2 Fem
b Solid state Solutionf

1 250 (38020) 416 415 0.56c 2.0 2.7
350 (30940)

2 290 (21020) 414, 431(sh) 401 0.87c 0.63, 3.39 0.3, 2.5
346 (34950)

3 271 (16780) —d 313 0.0016
4 275 (16820) —d 360 0.0175
a In CH2Cl2 at 298 K. b In degassed CH2Cl2 c Excited at 345 nm. d Intensity
too weak to measure. e Excited at 266 nm ps pulses (T = 300 K). f In
degassed CH2Cl2 (1 mM). Fig. 3 Emission and absorption (inset) spectra of 1 in CH2Cl2 solution at 298

K.
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Mechanistic aspects of the solid-phase Zincke reaction have
been investigated using Wang resins; a proton transfer
mechanism is proposed which obviates the need for covalent
bond site–site interactions.

In 1903, Zincke reported the ring opening-reaction of 2,4-dini-
trophenylpyridinium chloride (1) with aniline to give 5-anilino-
N-phenyl-2,4-pentadienylideniminium chloride (3, R = Ph;
Scheme 1)1 which underwent ring reclosure to give N-
phenylpyridinium chloride (4, R = Ph).1 This process, known
as the Zincke reaction, is now the standard route to N-
arylpyridinium salts which cannot be formed by direct reaction
of electrophiles with pyridine.2 The Zincke mechanism had
previously been divided into ring-opening3 (1 ? 3) and ring-
closing4 (3 ? 4) stages until Ise and co-workers determined the
complete process for 1 ? 4 as shown in Scheme 1.5 In this
mechanism, excess amine (RNH2) assists in proton transfer and
reacts twice with 1 to deliver intermediate 3.

We recently reported6 a solid-phase (SP) variant of the
Zincke reaction, which according to Ise’s mechanism, would
require two kinds of resin-bound amine interactions — ‘proton
transfer site–site interactions’ and ‘covalent bond site–site
interactions’ (Scheme 2). However, an intriguing question
arises as to whether the SP Zincke reaction proceeds via 3 as
formation of this intermediate requires covalent bond site–site
interactions between two resin-bound amines. Since the amine
moiety (RNH2) is attached to resin in the SP system, formation
of the SP aminopentadienylideniminium (3A; Scheme 3) and
subsequent re-closure to the SP Zincke product (4A) would seem
to be inefficient because each covalent bond site–site interaction
generates a new crosslink which would reduce resin mobility7

and hinder formation of SP intermediate 3A. Moreover, most SP

aminopentadienylideniminiums (3A) would not be able to
negotiate the six membered transition-state required for electro-
cyclic ring closing.

We reasoned that conversion of Zincke salt to Zincke product
(1A? 4A; Scheme 3) by a process which avoids the intermediacy
of aminopentadienylideniminiums would be more likely in the
SP reaction. To probe this, we have carried out more detailed
studies of the SP Zincke reaction and report our findings
here.

Three crucial factors mediate site–site interactions in SP
reactions: (i) crosslinking density, (ii) functional group loading,
and (iii) solvent properties.8 Therefore, we have compared
Zincke reactions using Wang resins (both 1%- and 2%-cross-
linked; Novabiochem) at a variety of amine loading levels.9
Wang resin (5) was loaded10 with a mixture of Fmoc–amino
alcohol and a suitable amount of n-propanol to provide resin 6
(Scheme 4). The actual amino loading of 7 was determined by
UV spectrophotometric analysis of the Fmoc decomposition
product.

Reaction of amino resin 7a (100 mg) with Zincke salt 8a11 (5
eq. relative to 7a’s amine loading) both with and without TEA
(10 mL) or 2,4-dinitroaniline (DNP–NH2, 13 mg) in solvent
(toluene or n-butanol, 2 mL) at 80 °C for 35 h gave SP Zincke
product 9a. Cleavage of the Wang tether in 9a using 10% TFA
in CH2Cl2 solution gave Zincke product 10. The overall yield of
7a? 10 was determined by HPLC analysis [Symmetry® C18,
4.6 3 150 mm, linear gradient elution of 10–100% MeOH–
phosphoric acid buffer solution (pH 7.0) for 20 min; flow rate 1
mL min21; detection, 220 nm, 10: tR = 9.32 min]. Fig. 1 shows
the relationship between resin 7a’s amine loading and the yield
of Zincke product 10. Running SP reactions with TEA increases
product yield at all loading levels for either degree of
crosslinked resin. Addition of DNP–NH2 causes no yield
improvement (i.e. product yield with and without DNP–NH2
were similar) suggesting that DNP–NH2 (formed in situ) does
not assist proton transfer in 7a? 9a. In contrast, TEA does play
an important role in assisting proton transfer so that 7a ? 9a
proceeds primarily via the process outlined in Scheme 4.

Scheme 1

Scheme 2 Scheme 3
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Relative to n-butanol (effective solution-phase solvent),11

toluene is the solvent of choice for SP Zincke reactions due to
its ability to swell the resin.12 Unfortunately, these distinct
solvent requirements make meaningful rate comparisons be-
tween solution (24 h, 118 °C)2b,11 and SP (35 h, 80 °C)
unworkable.

We also studied the more reactive combination of SP amine
7b condensing with Zincke salt 8b6 to give SP Zincke product
9b. Subsequent treatment of 9b with LiCl, followed by
cleavage, liberated 11 as the chloride salt. The relationship
between amine loading in starting resin 7b and yield of 11 is
shown in Fig. 2. Again, reactions in the presence of TEA
resulted in good product yields. In reactions without TEA, yield
improvement was observed with resin loadings for 7b of > 0.3
mmol g21. This result—namely, that effective site–site inter-
actions occur at loadings > 0.3 mmol g21—is in agreement with
Patchornik’s report that 0.1–0.3 mmol g21 loadings can be
employed successfully in syntheses requiring effective site-
isolation.13 The fact that SP Zincke reactions proceed in good
yield at resin loadings of @0.3 mmol g21—even at lower
loading such as 0.09 mmol g21—in the presence of TEA
indicates that this reaction can progress from Zincke salt 1A to
SP Zincke product 4A without the formation of intermediate 3A.
No amine site–site interactions are required if TEA is present to
negotiate proton transfer and direct conversion of 1A to 4A.
However, reactions run without added TEA on resin with
loadings of > 0.3 mmol g21 experience significant proton

transfer site–site interaction as evidenced by the increased
yield.

The yields of Zincke product from 1%- and 2%-crosslinked
Wang resin are generally equivalent (see Fig. 1). Indeed, solvent
swelling ratios (s) for 1%- and 2%-DVB–styrene beads are
quite similar (s = 5.13 and 4.52 in toluene, respectively)14

which suggests that these crosslink densities are not sufficiently
disparate to cause differential site–site interactions.

In summary, we have analyzed the SP Zincke mechanism
under a variety of resin loadings and reaction conditions. We
conclude that while 3A may be involved to some limited extent
in this SP Zincke transformation, a proton transfer mechanism
provides the more likely reaction path for conversion of
polymer-supported amine (5–RNH2) to polymer-supported
Zincke product (4A; Scheme 3). Addition of TEA greatly
facilitates the SP Zincke reaction by involvement of Et3N–
Et3N·HX in several key SP proton transfer steps.

The National Science Foundation and the Cystic Fibrosis
Foundation supported this research; the NMR spectrometers
used were funded in part by a grant from NSF (CHE-
9808183).
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Scheme 4

Fig. 1 Plotted yield of 10 versus the amine loading of 7a: 1% crosslinked
(5), 2% crosslinked (2), 1% crosslinked + TEA (-), and 2% crosslinked
+ TEA (8) in toluene, and 1% crosslinked (:) and 2% crosslinked (Ω) in
n-butanol; 1% crosslinked + DNP–NH2 (?) in toluene.

Fig. 2 Plotted yield of 11 versus the amine loading of 7b: 1% crosslinked
(5), 2% crosslinked (2), 1% crosslinked + TEA (-), and 2% crosslinked
+ TEA (8) in toluene.
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Fast and regioselective hydroformylation of alkyl acrylates
can readily be accomplished in supercritical CO2 (scCO2),
which promotes the reaction probably via specific solvent–
solute interactions.

The hydroformylation of acrylic esters produces bifunctional
compounds, which can be converted into synthetically useful
intermediates such as malonic acid and 1,4-dicarboxylic acid
derivatives and butyrolactones. In the past three decades or so,
a number of publications have appeared, directed towards
effecting the reaction with acceptable rates and regioselectiv-
ities.1–10 In this context, catalysts based on various rhodium-
ligand combinations have been examined. However, in com-
mon organic solvents and regardless of the ligands that have
been tested, the reaction is in general slow and high temperature
and/or high pressure are often required.1,6,7,9,10 For example, in
the hydroformylation of ethyl acrylate in ethylbenzene, com-
plete conversion, corresponding to an average turnover fre-
quency (TOF) of 413 h21, of the olefin was only achieved in 5 h
reaction time at 150 °C and ca. 100 bar syngas using
[RhCl(CO)2]2 in the presence of bis(diphenylphosphino)butane
(DPPB).1 While milder reaction conditions are possible with
phosphite4 and phosphanobornadiene ligands,2 the TOFs were
very low. Much improved rates have recently been obtained
when the reaction is run under organo-aquo biphasic conditions
or when a ‘supported aqueous phase’ catalyst is used.5,8

However, low solubilities of the less hydrophilic acrylates in
water limit the applicability of the biphasic systems and, in the
case of the latter, it was shown that even a slight alteration in the
water content in the supported aqueous phase could sharply
reduce the activity of the catalyst. We report herein that fast and
selective hydroformylation of alkyl acrylates can readily be
effected in scCO2 in the presence of [Rh(acac)(CO)2] and the
fluoroalkylated phosphine ligand P(p-C6H4C6F13)3 (Scheme
1).11

We first tested this ligand in the hydroformylation of butyl
acrylate in toluene and compared the results obtained with three
other ligands, PPh3, DPPB and P(p-C6H4OMe)3, of which the
first two are frequently used and DPPB is one of the most
effective ligands in liquid solvents.1,5,7 The reaction was
performed using a combination of [Rh(acac)(CO)2] and 10
equiv. of a phosphine ligand as catalyst precursor in an
autoclave at 80 °C and 20 bar H2–CO (1+1) with the initial
olefin concentration being 0.28 M. All the reactions were run
for 1 h and were homogeneous throughout. The results are
summarized in Table 1. Consistent with previous findings,
DPPB stands out as the most effective ligand in terms of the

average TOF to aldehydes given in Table 1. With PPh3 and the
relatively electron-rich P(p-C6H4OMe)3, the expected alde-
hydes could barely be detected. With the electron-deficient P(p-
C6H4C6F13)3, a TOF of 85 was observed. Increasing the syngas
pressure to 50 bar led to some increase in TOF to 122, which is
still significantly lower than the value of 304 with DPPB.
Judging from these values, it is clear that hydroformylation of
acrylates in normal organic solvents by arylphosphines, includ-
ing the most effective DPPB, will be of little practical value.

Having determined the activity of the Rh-P(p-C6H4C6F13)3
catalyst in toluene, we then applied the same catalyst to the
hydroformylation of methyl, butyl and tbutyl acrylates in scCO2
(Scheme 1).† The reactions were carried out for 1 h and the
detailed procedure has been described before.11 Table 2
summarises the results obtained in scCO2 and those in toluene
under the same temperature, pressure and olefin concentrations.
In all these reactions, the linear aldehydes could not be detected
by GC, which is in line with the literature that the hydro-
formylation of acrylates usually affords branched aldehydes as
the dominant product.1–10 The ratio of the hydrogenated
product, propionates, was somewhat higher in scCO2 (ca. 2.5%)
than in toluene ( < 0.5%). However, of much more significant

Scheme 1

Table 1 Hydroformylation of butyl acrylate by Rh-L in toluenea

L
Pressure/
bar Conv. (%)b Ald. (%)c TOF/h21d

PPh3 20 < 1
P(p-C6H4OMe)3 20 < 1
P(p-C6H4C6F13)3 20 2.1 99.8 85
P(p-C6H4C6F13)3 50 2.7 99.8 122
DPPB 20 7.6 99.9 304
a Reactions were carried out at L–[Rh(acac)(CO)2] = 10, olefin–rhodium =
4000, olefin concentration = 0.28 mol dm23, 80 °C and indicated H2–CO
(1+1) pressure in 20 mL of toluene for 1 h, with product analysed by GC.
b Conversion of the acrylates. c Selectivity to branched aldehydes. The
linear aldehydes were not detected by GC. The hydrogenated product,
propionates, accounts for the product balance. d Average turnover fre-
quency: mole of aldehyde formed per mole of catalyst per hour.

Table 2 Hydroformylation of acrylates by Rh-P(p-C6H4C6F13)3 in scCO2

and toluenea

Substrate Solvent [Olefin]b
Conv.
(%)c

Ald.
(%)d

TOF/
h21e

Methyl acrylate scCO2 0.45 40.8 97.6 1593
Butyl acrylate scCO2 0.28 42.9 97.5 1671
tButyl acrylate scCO2 0.28 46.9 97.4 1827
Methyl acrylate Toluene 0.45 2.3 99.6 92
Butyl acrylate Toluene 0.28 2.1 99.8 84
tButyl acrylate Toluene 0.28 4.8 99.6 191
a Reactions were carried out at P(p-C6H4C6F13)3–[Rh(acac)(CO)2] = 10,
olefin–rhodium = 4000, 80 °C, 180 bar CO2 and 20 bar H2–CO (1+1) for
1 h. b Olefin concentration: mol dm23. c Conversion of the acrylates.
d Selectivity to branched aldehydes. The linear aldehydes were not detected
by GC. The hydrogenated product propionates accounts for the product
balance. e Average turnover frequency.
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interest is the observation that, in scCO2, the average TOFs for
the formation of aldehydes ranged from 1593 to 1827 h21,
whereas in toluene the TOFs were less than 200 h21. In both
solvents, the fastest rates were derived from the sterically most
demanding tbutyl acrylate. Thus, by simply changing the
reaction medium from toluene to scCO2, the TOF values
increased ca. 10–20 fold. Such dramatic enhancement in
reaction rates by scCO2 has rarely been observed before,11–14

although the high miscibility of various gases with CO2 and its
excellent transport properties have often been suggested to be
impetus for fast reactions.15 One of the best-known examples,
where greatly improved rates were achieved, is the hydro-
genation of CO2 by a Ru-PMe3 catalyst, the high rates being
partly attributed to the high concentration of the gaseous
reagents.15 In the present study, the enhanced TOFs are less
likely to be primarily due to a high concentration of syngas in
scCO2, since more than doubling the pressure for the hydro-
formylation of butyl acrylate in toluene led to a TOF of only 122
h21 (Table 1), far less than that of 1671 h21 obtained in scCO2
at 20 bar.

A further demonstration of the rate enhancement aforesaid is
the hydroformylation of a mixture of butyl acrylate and dec-
1-ene in scCO2. The reaction was run under identical conditions
to those for butyl acrylate itself, except with the concentration of
the olefin reduced by ca. half (0.12 M for both dec-1-ene and
butyl acrylate). The TOFs observed for butyl acrylate and dec-
1-ene were 1511 and 379 h21, respectively. This is remarkable,
considering that in the absence of the acrylate the average TOF
for dec-1-ene (0.22 M initial concentration) was 2794 h21 under
otherwise identical reaction conditions.11 In a similar experi-
ment in toluene, the TOF was found to be 56 for the acrylate and
24 h21 for dec-1-ene, while in the absence of the acrylate the
TOF for the latter olefin (0.28 M) rose to 901. Evidently, the Rh-
P(p-C6H4C6F13)3 catalyst is considerably more chemoselective
towards the less reactive acrylates, but it is only in scCO2 where
it becomes highly active as well.

The significant enhancement in hydroformylation rates for
the acrylates in scCO2 might be accounted for by specific
solvent–solute interactions. The low rates observed in common
organic solvents are generally believed to be a result of the
formation of thermodynamically stable five or six-membered
rings (Scheme 2, where only the intermediate leading to
branched product is shown).7,8 The rate determining step of the
hydroformylation has therefore been suggested to be the
dissociation of the chelated carbonyl species to give a

coordinatively unsaturated intermediate that is active towards
the oxidative addition of H2.8 We suggest that, in scCO2, the
equilibrium position is shifted in favour of the key unsaturated
intermediate as a result of a carbonyl–CO2 donor–acceptor
interaction as shown in Scheme 2. Previous spectroscopic
studies have already shown that carbonyl groups can act as
Lewis bases and interact with CO2 acting as a Lewis acid.16 In
addition, coordination of CO2 to the rhodium atom of the
unsaturated intermediate and other oxygen atoms is possible,
which would further shift the equilibrium to the right.17 A
similar model involving H2O and hydrogen bonding was earlier
proposed to account for the increase in rates in the hydro-
formylation of acrylates in the presence of water.5,8

In summary, we have shown that the hydroformylation of
alkyl acrylates, although sluggish in conventional organic
solvents, can readily be effected in scCO2. In such reactions,
CO2 acts not only as a solvent but may also function as an
electron acceptor, interacting with and stabilizing key carbonyl
intermediates and thus promoting the overall reaction. Such
specific solvent–solute interactions have rarely been exploited
in catalysis in scCO2 but could provide a unique means for
tuning chemical activity and selectivity in synthesis in scCO2.

We thank the EPSRC (Y. H., W. C.), the Royal Society
(A. M. S., E. G. H.) and the LCIC (A. M. B. O., J. X.) for
financial support.
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A novel and simple one-step, solid-state reaction in the
presence of a suitable surfactant has been developed to
synthesize uniform copper oxide nanorods with average
diameters of ca. 8 nm and lengths of up to 400 nm.

One-dimensional nanostructural materials are currently the
focus of considerable interest. Many methods have been used
for the preparation of nanorods or nanowires.1–6 However, to
our knowledge, complex process control, high reaction tem-
peratures or long synthesis time may be required for these
approaches. Here we report a novel and simple one-step, solid-
state reaction in the presence of a suitable surfactant, polyethyl-
ene glycol (PEG) 400, for preparation of copper oxide
nanorods. This method requires no complex apparatus and
techniques. The process is carried out in air at room temperature
and the synthetic time is very short.

Transition metal oxide-containing glasses are of interest due
to their possible technological application in electrical and
optical switching devices. Copper oxide is a p-type semi-
conductor and it is useful for the preparation of organic
catalysts. Great attention has been devoted to metal–organic
chemical vapor deposition (MOCVD) processes for the fabrica-
tion of copper oxides. Interest has been spurred on by the
applications of these materials for the vapor phase deposition of
high-Tc superconducting films.7–10 Applications of copper
oxides have recently been extended to gas sensors.11–13

The procedure employed by us for preparing copper oxide
nanorods is as follows. In a typical synthesis, 5.045 g of
CuCl2·2H2O and 3 g of NaOH were ground for 5 min each
before mixing together, 6 ml of polyethylene glycol (PEG) 400
was then added to the mixture. After 30 min of grinding, the
mixture was washed in an ultrasonic bath three times with
distilled water and then with EtOH to remove the PEG. Finally,
the product was dried in air at 60 °C for 3 h.

X-Ray powder diffraction (XRD) was carried out on a
Rigaku Dmax gA X-ray diffractometer with Cu-Ka radiation (l
= 0.154178 nm). Transmission electron microscopy (TEM)
micrographs were taken using a JEM-200CX transmission
electron microscope, with an accelerating voltage of 200 kV.

Fig. 1 shows the XRD pattern of a sample of the copper oxide
nanorods prepared by the one-step, solid-state reaction in the
presence of a suitable surfactant, PEG 400. Powder XRD peaks
of the copper oxide are consistent with the data of the JCPDS
file.14 The peaks at 2q values of 32.530, 35.408, 38.728, 45.200,
48.856, 53.525, 58.627, 60.266, 67.976, 74.940 and 81.273°
correspond to the crystal planes of 110, 002, 111, 1̄12, 2̄02, 020,
202, 1̄13, 220(3̄12), 004, 3̄13 of crystalline copper oxide,
respectively.

The TEM image of the copper oxide sample of Fig. 1 is
shown in Fig. 2, which reveals that the copper oxide powders
consist of uniform nanorods. It can be seen that the nanorods
have average diameters of ca. 8 nm and lengths of up to 400 nm.
The formation of a rod shape of copper oxide is speculated to be
due to the surfactant assemblage because PEG in water can form
a chain structure.15

In summary, a novel and facile method has been developed to
synthesize copper oxide nanorods. This relatively fast reaction

gives nanorods or nanometric powders with potentially broad
applications in the synthesis and in the shape control of
nanometric powders.

This work was supported by the National Natural Science
Foundation of P. R. China (No. 29890210, 10023001,
10074024).
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The coordination of four n-butylnicotinamide ligands to a
platinum(II) centre provides a facile method of organizing
amide H-bond donors for anion binding; the PF6

2 complex
is an effective receptor for a variety of oxo-anions.

The coordination of anionic guest species by hydrogen bond
donating receptors is an area of supramolecular chemistry that
continues to attract attention.1 A large number of the anion
receptors reported so far are ‘built’ upon organic scaffolds such
as calixarenes.2 However, the preparation of these types of
receptors can often be synthetically challenging, a fact that
prompted us to look for alternative means of arranging
hydrogen bond donating groups. It occurred to us that some easy
to prepare metal ligand complexes could be exploited as simple
pieces of inorganic molecular scaffolding.3 We initially chose
to study square planar platinum(II) complexes due to their
relative inertness towards ligand substitution and nicotinamide
ligands due to their ease of synthesis. The homoleptic [PtL4]2+

complex cation is an ideal candidate to act as an anion receptor
as it provides both hydrogen bond donating amides4 and an
electrostatic contribution from the metal centre. As a first test of
this strategy, the complex [Pt(L)4]2+ (L = n-butylnicotina-
mide), 1, has been synthesised as the PF6

2 salt and shown to act

as a polydentate anion receptor both in solution and in the solid
state.†

The n-butylnicotinamide ligand was prepared from the
nicotinamide ethylester and n-butylamine by standard meth-
ods.5 The PtII complex was prepared by reacting 1 equiv. of
PtCl2(EtCN)2 with 4 equiv. of ligand and 2 equiv. of AgPF6 in
MeCN solution.6 After filtration to remove AgCl and evapora-
tion of the solvent, crude 1[PF6]2 was recrystallized from
MeCN/Et2O and isolated in 87% yield.‡ The material produced
in this fashion was determined to be analytically pure and
subsequently used in all anion receptor studies. Recrystalliza-
tion of 1[PF6]2 from a CH2Cl2/Pri

2O solvent mixture produced
crystals of 1[PF6]2·2CH2Cl2 suitable for an X-ray structure
determination.§

Fig. 1 shows a ball and stick representation of the X-ray
structure of 1[PF6]2·2CH2Cl2. By drawing an analogy to
calix[4]arene nomenclature, there are four conformations (cone,
partial cone, 1,3- and 1,2-alternate) possible for 1 due to facile

rotation about the Pt–N bonds.7 In the solid state, the four
nicotinamide ligands adopt a centrosymmetric 1,2-alternate
conformation which places two amide hydrogen bonding sites
in a cis orientation on each side of the metal square plane.
Interestingly, the amide NH groups do not interact with the
PF6
2 anions which are situated above and below the PtII metal

centre presumably to maximize electrostatic interactions and
cation–anion crystal packing. In fact, it is the amide CNO groups
which are involved in hydrogen bonding to the methylene
hydrogens of the CH2Cl2 solvent molecules. It was therefore
assumed that (i) the PF6

2 anions would not be competitive for
the binding of the oxo-anions used in this study8 and (ii) a 2+1
anion+host ratio is certainly possible and may predominate.

The ability of 1[PF6]2 to function as a receptor for oxo-anions
in solution was determined by measuring association constants,
Ka, in various solvents by 1H NMR spectroscopic titration

† Electronic supplementary information (ESI) available: titration plots for
[PtL4][PF6]2 with various oxo-anions. See: http://www.rsc.org/suppdata/cc/
b1/b101440o/

Fig. 1 X-Ray structure of 1[PF6]2·2CH2Cl2 showing the basic numbering
scheme. C–H…O distances (Å) and angles (°): H(50A)…O(4) 2.40, C(50)–
H(50A)…O(4) 113; H(50B)…O(1) 2.43, C(50)–H(50B)…O(1) 118;
H(60A)…O(2) 2.42, C(60)–H(60A)…O(2) 115; H(60B)…O(3) 2.47,
C(60)–H(60B)…O(3) 125. Pt…F distances (Å) and angles (°): Pt(1)…F(1)
3.42, Pt(1)…F(1)–P(1) 147; Pt(1)…F(8) 3.28, Pt(1)…F(1)–P(1) 155.
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techniques. The results reported in Table 1 for CF3SO3
2,

ReO4
2, NO3

2, HSO4
2, H2PO4

2 and CH3CO2
2, show that

receptor 1 is capable of acting as an effective host for oxo-
anions. There appears a certain amount of selectivity towards
planar bidentate anions such as NO3

2 and CH3CO2
2 and these

are bound in a 1+2 receptor+anion ratio. This can be attributed
to a shape specific match between two cis amido groups and a
bidentate anion. In particular, the binding of acetate ion is
relatively strong even in the very polar 9+1 DMSO/MeCN
mixture. The fact that K2 is greater than K1 infers that binding of
the first anion has a positive allosteric effect, which favours
binding of the second.

The tetrahedral or pseudo-tetrahedral oxo-anions ReO4
2,

CF3SO3
2 and HSO4

2 are more weakly bound and solution
evidence supports a simpler 1+1 receptor+anion ratio or at least
a situation in which K1 can be reliably obtained but K2 is too
small to be measurable. The 1+1 host+anion binding observed
for the weakly coordinated ReO4

2, CF3SO3
2 and HSO4

2

anions is supported by the X-ray structure§ of 1[ReO4]2 shown
in Fig. 2. In particular, it can be seen that in order to try and

maximise hydrogen bonding to a single ReO4
2 anion with

3-fold symmetry the relatively acidic nicotinamide CH’s from
the ligands on the opposite side of the square plane contribute to
binding the anion. To do this, the complex must distort
significantly from centrosymmetry, a fact that presumably
disfavours the interaction with a second anion resulting in the
observation of 1+1 binding in solution.

Although solubility problems and thus the need to vary
solvent systems prohibited a direct comparison of all the
available anions, there is sufficient evidence to suggest that this
new type of anion receptor is worthy of further study. The
results presented herein suggest that future re-design of this type
of host might produce anion receptors with high selectivity and
binding strength based on a simple inorganic scaffold.

S. J. L. thanks the Natural Science and Engineering Research
Council of Canada for financial support. P. A. G. thanks the
Royal Society for a University Research Fellowship and the
RSC for an International Journals Grant.

Notes and references
‡ Selected data for 1[PF6]2: 1H NMR (CD3CN): d 9.36 (s, 4H, Ar), 8.94 (d,
4H, Ar, 2J 5.7 Hz), 8.23 (d, 4H, Ar, 2J 8.1 Hz), 7.62 (t, 4H, Ar, 2J 5.7 Hz,
8.1 Hz), 7.36 (s, 4H, NH), 3.36 (q, 8H, NCH2), 1.58 (q, 8H, CH2), 1.39 (q,
8H, CH2), 0.94 (t, 12H, CH3), Determination of association constants: in a
typical run, anion portions were added to the host solution (1 3 1022 M) in
aliquots of 0.1 to 5 equiv. and 0.5 to 7 equiv. Ka values were determined
using EQNMR.9
§ Crystal data: for 1[PF6]2·2CH2Cl2: C42H60Cl4F12N8O4P2Pt, M =
1367.81, monoclinic, space group Cc, a = 16.2726(4), b = 8.9587(2), c =
39.2903(5) Å, b = 96.253(1)°, U = 5693.7(2) Å3, T = 293(2) K, Z = 4,
m = 2.793 mm21, 5449 independent reflections (Rint = 0.0159). R1 =
0.0310, wR2 = 0.0802, (I > 2sI), R1 = 0.0369, wR2 = 0.0844, (all data),
goodness-of-fit = (F2) = 1.033. For 1[ReO4]2: C56H42N8O12PtRe2, M =
1586.47, triclinic, space group P1̄, a = 10.182(1), b = 14.618(1), c =
17.408(2) Å, a = 72.888(3), b = 88.487(3), g = 71.773(2)°, U =
2346.0(6) Å3, T = 293(2) K, Z = 2, m = 8.203 mm21, 6103 independent
reflections (Rint = 0.0719). R1 = 0.0698, wR2 = 0.1518, (I > 2sI), R1 =
0.1062, wR2 = 0.1714, (all data), goodness-of-fit = (F2) = 1.028. Data
were collected on a Bruker SMART CCD instrument and solutions
performed using the SHELXTL 5.03 Program Library, Siemens Analytical
Instrument Division, Madison, WI, USA, 1997. CCDC 158329 and 158330.
See http://www.rsc.org/suppdata/cc/b1/b101440o/ for crystallographic data
in .cif or other electronic format.

1 P. A. Gale, Coord. Chem. Rev., 2000, 199, 181; 2001, 213, 79; P. D. Beer
and P. A. Gale, Angew. Chem., Int. Ed., 2001, 40, 486; J. L. Sessler and
W. E. Allen, Chemtech, 1999, 29, 16; F. P. Schmidtchen and M. Berger,
Chem. Rev., 1997, 97, 1609; P. D. Beer and D. K. Smith, Prog. Inorg.
Chem., 1997, 46, 1; J. L. Atwood, K. T. Holman and J. W. Steed, Chem.
Commun., 1996, 1401; K. Kavallieratos, S. R. de Gala, D. J. Austin and
R. H. Crabtree, J. Am. Chem. Soc., 1997, 119, 2325; A. P. Davis, J. F.
Gilmer and J. J. Perry, Angew. Chem., Int. Ed. Engl., 1996, 35, 1312;
Supramolecular Chemistry of Anions, ed. A. Bianchi, K. Bowman-James
and E. Garcı́a-España, Wiley-VCH, New York, 1997.

2 B. R. Cameron and S. J. Loeb, Chem. Commun., 1997, 573; P. D. Beer,
M. G. B. Drew, C. Hazlewood, D. Hesek, J. Hodacova and S. E. Stokes,
J. Chem. Soc., Chem. Commun., 1993, 229; I. Stibor, D. S. M. Hafeed, P.
Lhotak, J. Hodacova, J. Koca and M. Cajan, Gazz. Chim. Ital., 1997, 127,
673; N. Pelizzi, A. Casnati, A. Friggeri and R. Ungaro, J. Chem. Soc.,
Perkin Trans. 2, 1998, 1307; P. D. Beer, P. A. Gale and D. Hesek,
Tetrahedron Lett., 1995, 36, 767.

3 For a recent example of this basic concept see: L. A. Uppadine, M. G. B.
Drew and P. D. Beer, Chem. Commun., 2001, 291.

4 S. Valiyaveettil, J. F. J. Engbersen, W. Verboom and D. N. Reinhoudt,
Angew. Chem., Int. Ed., 1993, 32, 900; A. P. Bisson, V. M. Lynch,
M. K. C. Monahan and E. V. Anslyn, Angew. Chem., Int. Ed. Engl., 1997,
36, 2340.

5 J. March, Advanced Organic Chemistry, Reactions, Mechanisms and
Structures, Wiley-Interscience, New York, 1992, p. 421.

6 V. Yu. Kukushkin, A. Oskarsson and L. I. Elding, Inorg. Synth., 1997, 31,
279.

7 Variable temperature 1H NMR spectra showed no evidence of the
different conformations in solution. This is presumably a result of facile
interconversion via rotation about Pt–N bonds.

8 For an example of an encapsulated PF6
2 anion see: D. A. McMorran and

P. J. Steel, Angew. Chem., Int. Ed. Engl., 1997, 36, 2340.
9 M. J. Hynes, J. Chem. Soc., Dalton Trans., 1993, 311.

Table 1 Association constants, Ka, for 12+ with various oxo-anions

Aniona Solvent Ka/M21

CF3SO3
2 CD3CN 129

ReO4
2 CD3CN 150

NO3
2 CD3CN K1 = 562, K2 = 132

HSO4
2 CD3CN/DMSO-d6 3+1 v/v 149

CH3CO2
2 CD3CN/DMSO-d6 3+1 v/v Precipitateb

H2PO4
2 CD3CN/DMSO-d6 1+9 v/v Precipitateb

CH3CO2
2 CD3CN/DMSO-d6 1+9 v/v K1 = 230, K2 = 491

a Anion added as the tetrabutylammonium salt. b Precipitation occurred
during the titration. The precipitate re-dissolved upon further addition of
anions, however the titration profile could not be fitted satisfactorily (see
ESI†).

Fig. 2 X-Ray structure of the [1(ReO4)]+ cation showing the basic
numbering scheme. N–H…O distances (Å) and angles (°): H(2A)…O(8)
2.79, N(2)–H(2A)…O(8) 137; H(8A)…O(6) 2.13, N(8)–H(8A)…O(6) 168;
H(11A)…O(7) 2.50, C(11)–H(11A)…O(7) 142; H(21A)…O(7) 2.37,
C(21)–H(21A)…O(7) 171. Pt…O distances (Å) and angles (°): Pt(1)…O(6)
4.20, Pt(1)…O(6)–Re(1) 86; Pt(1)…O(7) 4.11, Pt(1)…O(7)–Re(1) 89;
Pt(1)…O(8) 4.16, Pt(1)…O(8)–Re(1) 87. Pt(1)…Re(1) 4.42.
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Distal bis(carboxymethyloxy) derivatives of thiacalix[4]ar-
ene were found to undergo an unprecedented intramolecular
cyclisation to yield lactone compounds 5a or 5b, the
structure of lactones possessing nine-membered ring was
proved by X-ray crystallography; inherent chirality of new
compounds was demonstrated using separation on a chiral
HPLC column.

The well-established chemistry of calix[n]arene family1,2 was
recently ‘rejuvenated’ by the discovery of so called thiacalix-
[4]arenes.3 The presence of sulfur atoms instead of methylene
groups makes thiacalix[4]arenes 1a and 1b very interesting
molecules with some novel features compared with the
chemistry of ‘classical’ calixarenes (Scheme 1). Thus, the
preparation of appropriate tetrasulfoxide4 or tetrasulfone4a,5

derivatives proceed very easily by direct oxidation of sulfur.
Unfortunately, the employment of thiacalix[4]arenes as build-
ing blocks or molecular scaffolds in supramolecular chemistry
is still rather restricted by almost unknown chemistry of these
compounds and the lack of general derivatization methods. As
we found recently, simple tetraalkylated products6 exhibit
interesting conformational behaviour7 that differ to a high
degree from that of ‘classical’ calix[4]arene derivatives. In this
paper we report on another example of different chemical
behaviour of thiacalix[4]arene derivatives.

During our attempts at the preparation of diamides by the
reaction of acyl chlorides 4a or 4b with various aromatic amines
we isolated substantial amounts of unknown byproduct. Sur-
prisingly, as we found, the same type of compounds can be
prepared in high yields using the reaction of 4a or 4b in the
presence of triethylamine in tetrahydrofuran. Thus, the stirring
of 4a (prepared from 3a by the reaction with oxalyl chloride)
with 6 eq. of Et3N in THF at rt leads to the main product 5a in
69% yield.8 The 1H NMR spectrum of this compound (see
ESI†) exhibits two singlets of But groups (0.88 and 1.40 ppm)

and four doublets with characteristic meta coupling (J ~ 2.2 to
2.7 Hz) in the aromatic region. Together with two doublets
possessing typical geminal coupling constants (J ~ 12 Hz) at
4.63 and 5.52 ppm it reflects C2 symmetry of the whole
molecule. This was confirmed also by 13C NMR where the
expected 18 signals were recognised. The above-mentioned
findings can be explained by structure 5a formed by the
intramolecular reaction of acyl chloride with the neighbouring
hydroxy group.

As we found, the same product can be prepared directly from
diacid 3a by reaction with a dehydration agent. Thus heating of
3a with acetanhydride led to 5a in 50% yield while stirring the
same acid with P2O5 in DCM solution gave 5a in 66% yield, in
both cases accompanied by 10% of byproduct 6a. The splitting
pattern and the number of signals in the 1H NMR spectrum of 6a
is identical with that of 5a. On the other hand, there is a dramatic
change in the chemical shifts of methylene groups where
corresponding protons are shifted up-field by 1.5 and 1.1 ppm
respectively if compared with 5a. This indicates a strong
anisotropic shielding effect of aromatic units in good agreement
with the proposed 1,2-alternate conformation. Albeit all our
attempts to grow suitable crystals for X-ray analysis have failed,
molecular modelling (MOPAC) confirmed the close proximity
of C–H bonds and the plane of inverted aromatic units (see ESI).
Interestingly, the corresponding derivative 6b has not been
observed in similar reactions of 3b.

Bis(carboxymethyloxy) derivatives 3a and 3b adopt a cone
conformation both in the solution (proved by NMR) and in the
solid state (X-ray crystallography). On the other hand, the
formation of the 1,2-alternate product 6a requires a previous
rotation of the CH2COOH substituent through the cavity which
was never observed in the chemistry of ‘classical’ calixarenes.
As we found very recently,9 in contrast to ‘classical’ calix[4]ar-
ene the propyl groups are not bulky enough to fully prevent such
a rotation in the thiacalixarene series. Because the steric
requirements of the carboxymethyl groups are apparently
comparable or even lower than those of propyl, anticipated
rotation of this group seems to be feasible.

The above described behaviour, the formation of lactones 5
or 6, was observed only in the case of thiacalix[4]arene
derivatives. The same reactions carried out with ‘classical’
calix[4]arene never gave similar cyclic products, probably due
to the better preorganisation of thiacalixarene moiety for
intramolecular cyclisation (bigger cavity).

The structure of 5a possessing nine-membered lactone rings
was unequivocally demonstrated using a single crystal X-ray
diffraction10 (suitable single crystals were obtained by slow
evaporation of EtOAc–CH2Cl2 solution). The presence of two
bridges induces the distortion of the cone conformation and
impresses an effective C2 symmetry to the whole structure (Fig.
1). Four sulfur atoms are placed in the corners of a lozenge with
shorter (S2–S4) and longer (S1–S3) diagonals being 6.9 and 8.3
Å, respectively. Two opposite aromatic rings are tilted outwards
while the other two units are almost coplanar thus closing the
cavity for potential inclusion of solvent molecule. As follows

Scheme 1 i) BrCH2COOEt, acetone–K2CO3; ii) KOH, H2O–EtOH; iii)
(COCl)2, CH2Cl2; iv) NEt3, CH2Cl2; v) P2O5, CH2Cl2.
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from Fig. 1, the structure is supported by intramolecular
hydrogen bonds (HBs) between lactone methylene hydrogens
(H261, H282) and neighbour oxygen atoms O2, O4 with
possible contribution of sulfur bridges S2, S4 (all distances
shorter than 3 Å).

A very interesting feature of the derivative 5a is represented
by its molecular packing. The thiacalix[4]arene moieties are
arranged along the y axis in such a way that they create an
infinite network of molecules held together by the non-classical
intermolecular hydrogen bonds. Every carbonyl oxygen is in a
close contact with at least two hydrogen atoms of tert-butyl
groups from a neighbouring thiacalix[4]arene unit (see ESI)
with distances of 2.49 and 2.84 Å (two other hydrogens are
slightly further than 3.0 Å). To the best of our knowledge such
an arrangement has never been described in the calix[4]arene
chemistry (Cambridge Structural Database).

Lactone 5b also possesses very unusual crystal packing.11 As
is obvious from Fig. 2, derivative 5b creates a kind of dimer
with a net of close contacts between carbonyl oxygen and
neighbour CH2 groups of lactone functions (hydrogen bonds
with the H…ONC distances 2.64–2.85 Å). These dimers are
then interconnected by several additional HBs between car-
bonyl oxygens and aromatic hydrogens from neighbouring
calixarene units (Ar–H…ONC distances ~ 2.70 Å). The net-
work of molecules is held together by the intermolecular p–p
interactions between the aromatic rings (upper rims) of
thiacalix[4]arenes (Fig. 2). The average distance of the two
coplanar rings (3.5 Å) is very similar to that in other
thiacalixarene derivatives (3.41 Å) as described very re-
cently.14

The inherent chirality of the new compounds was demon-
strated using HPLC chromatography on a chiral column (R,R)-
Wheelk-O 1, which is designed for the separation of systems
possessing p–p and/or HB interactions. The column proved to
be highly suitable for separating lactones 5a and 5b, especially
because of the possibility of using chlorinated solvents which is
important for the solubilization of the compounds. Thus,

derivative 5b exhibits base-line separation with retention times
24.9 and 26.5 min for appropriate enantiomers (see ESI).

In conclusion, bis(carboxymethyloxy) derivatives of thia-
calix[4]arene were found to undergo an unprecedented intra-
molecular cyclisation to yield nine-membered lactone com-
pounds 5a or 5b. The X-ray diffraction of these compounds
revealed an interesting molecular packing, held together by the
combination of p–p and HB interactions. The inherent chirality
of the new compounds was demonstrated through separation on
a chiral HPLC column.
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7 J. Lang, H. Dvor̂áková, I. Bartoŝová, P. Lhoták, I. Stibor and R. Hrabal,
Tetrahedron Lett., 1999, 40, 373.

8 Preparation of 5a, 5b and 6a see ESI†.
9 J. Lang, J. Vlach, H. Dvor̂áková, P. Lhoták, M. Himl, R. Hrabal and I.

Stibor, J. Chem. Soc., Perkin Trans. 2, in press.
10 Crystallographic data for 5a: C44H48O6S4: M = 801.100 g mol21,

monoclinic system, space group P21/c, a = 20.044(1), b = 10.731(1),
c = 20.490(1) Å, b = 102.17(1)°, Z = 4, V = 4308.2(5) Å3, Dc =
1.2351 g cm23, m(Cu Ka) = 2.39 mm21, crystal dimensions of 0.6 3
0.3 3 0.2 mm. Data were measured at 293 K on an Enraf–Nonius CAD4
diffractometer with graphite monochromated Cu-Ka radiation. The
structure was solved by direct methods12 and anisotropically refined by
full matrix least-squares on F13 to final R = 0.0756 and Rw = 0.0828
using 5629 independent reflections (qmax = 67.94°). Lactone methylene
hydrogens were found from difference Fourier maps, the other hydrogen
atoms were located from expected geometry and were not refined. Psi
scan was used for the absorption correction.

11 Crystallographic data for 5b: C28H16O6S4, M = 576.671 g mol21,
monoclinic system, space group P21/c, a = 19.670(8), b = 9.503(2), c
= 28.757(3) Å, b = 103.22(2)°, Z = 8 (2 in asymmetric unit), V =
5232(2) Å3, Dc = 1.464 g cm23, m(Cu Ka) = 3.705 mm21, crystal
dimensions of 0.5 3 0.3 3 0.2 mm. Data were measured at 293 K on an
Enraf–Nonius CAD4 diffractometer with graphite monochromated Cu-
Ka radiation. The structure was solved by direct methods12 and
anisotropically refined by full matrix least-squares on F13 to final R =
0.0818 and Rw = 0.0733 using 3906 independent reflections (qmax =
64,94°). Lactone methylene hydrogens were found from difference
Fourier maps, the other hydrogen atoms were located from expected
geometry and were not refined. Psi scan was used for the absorption
correction. CCDC 157253 and 157254. See http://www.rsc.org/supp-
data/cc/b1/b100906k/ for crystallographic files in .cif format.

12 A. Altomare, G. Cascarano, G. Giacovazzo, A. Guagliardi, M.C. Burla,
G. Polidori and M. Camalli, (1994) SIR92, A program for automatic
solution of crystal structures by direct methods. J. Appl. Cryst., 1994,
27, 435.

13 D. J. Watkin, C. K. Prout, R. J. Carruthers and P. Betteridge, 1996,
CRYSTALS Issue 10, Chemical Crystallography Laboratory, Oxford,
UK.

14 P. Lhoták, L. Kaplánek, I. Stibor, J. Lang, H. Dvor̂áková, R. Hrabal and
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Fig. 1 X-ray structure (ORTEP drawing) of 5a with indicated intra-
molecular hydrogen bonds.

Fig. 2 Crystal packing of 5b demonstrating intermolecular hydrogen
bonding network, all indicated contacts are shorter than 3.00 Å.
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The synthesis and both spectroscopic and electrochemical
studies of a bis-porphyrinic tweezer are reported, as well as
the insertion of Lewis base guests into the host bis-
porphyrinic cavity, monitored through physico-chemical
characteristics.

In natural photosynthetic systems, the energy contained in a
single photon is transferred in a very short time and with
minimal loss from the point where it is absorbed to where it is
needed.1

Increased efforts have been developed towards under-
standing this great efficiency and many multi-porphyrinic
devices have been synthesized as potential models of the natural
system.2 One possible approach for the preparation of such
devices is to force the cofacial orientation of the porphyrins via
the use of a rigid spacer.3 With the aim of identifying an
optimized spacer for the construction of photonic and electronic
wires, we first focused on the study of a cofacial porphyrin
dimer.4 We now report how the insertion of a pyrazine molecule
into the cavity of a Zn(II) porphyrin dimer through host–guest
interactions causes an electronic coupling between the two
porphyrin chromophores.

A 1,8-diethynylanthracenic spacer has been chosen for its
expected ability to hold two chromophores in a cofacial
orientation and for synthetic reasons as well. Indeed, the use of
a Sonogashira coupling reaction between the diacetylene 1 and
the iodoporphyrin 25 allowed the efficient synthesis of dimer 3a
in four steps starting from commercially available compounds
(Fig. 1).6 The free-base dimer 3b was obtained in 89% yield by
demetallation of the two porphyrins under acidic conditions.7

UV-visible spectra of the reference porphyrins, the Zn(II) and
free-base 5,10,15,20-tetra(3,5-di-tert-butylphenyl)porphyrins
4a–b, and both dimers 3a and 3b were recorded in CH2Cl2
solutions. Only a small blue shift (2 nm for free-base

compounds and 3 nm for metallated porphyrins) as well as a tiny
broadening of the Soret band could be noticed from the
monomer to the dimer, indicating that almost no coupling exists
between the two porphyrins.

Fluorescence measurements were carried out in CH2Cl2 on
both dimers 3a–b, and also on the spacer 1 and on the reference
porphyrins 4a–b. Upon almost selective excitation of the
anthracene moiety at 267 nm in the free-base dimer 3b, only the
fluorescence of the two porphyrins could be detected, indicating
a total quenching of the emission from the anthracenic moiety.
The assumption of an energy transfer from anthracene to the
adjacent porphyrins was corroborated by the registration of the
excitation spectrum of the dimer 3b, which matches the
absorption of the multicomponent system. A similar energy
transfer from anthracene towards the adjacent chromophores
was also observed upon irradiation of the Zn(II) dimer 3a but the
quantum yield was smaller and the fluorescence of the
anthracenic sub-unit still remains the main deactivation path-
way.

We investigated also the possible generation of host–guest
complexes between the Zn(II) bis-porphyrin 3a and small
bidentate ligands bearing two nitrogen atoms.4 Pyrazine and
DABCO (1,4-diazabicyclo[2.2.2]octane) were chosen as first
examples because of their fairly different pKa values (re-
spectively 0.6 and 3). The coordination was monitored by 1H
NMR and UV-visible absorption spectroscopies in order to
determine, in particular, the stoichiometry of the complexes,
and the effects of such coordination on the characteristics of the
porphyrin dimer.

The complexation was first studied by 1H NMR (300 MHz)
titration of dimer 3a with pyrazine in CDCl3. Upon addition of
increasing amounts of pyrazine to a 2.1023 M solution of
porphyrin dimer 3a, changes in the chemical shifts were
observed up to a concentration of pyrazine equal to one equiv.
of 3a and no further changes beyond. This strongly suggests that
a 1+1 complex was created between pyrazine and porphyrin
dimer 3a. Further indications on this complexation were
obtained from UV-visible spectrophotometric titrations of a
2.1025 M solution of dimer 3a in CH2Cl2 with pyrazine (Fig. 2):
such a titration of 3a with pyrazine resulted in significant red-
shift of the Soret and Q bands in the porphyrins,8 and the
titration curves obtained from absorption changes at 562 nm (Q
band) exhibited a sharp saturation beyond the concentrations
ratio 1+1 for pyrazine–3a. The titration data and the observed
isosbestic points clearly indicated the existence of an equilib-
rium between two defined species, thus leading to the
conclusion that a 1+1 complex was formed between dimer 3a
and pyrazine, with an association constant of 105.6 M21.9 In
contrast, there was no experimental evidence of any appreciable
complex formation between the reference porphyrin 4a and
pyrazine at such low concentrations by either UV-visible or 1H
NMR spectroscopies. These results clearly indicated that the
pyrazine molecule was inserted into the cavity of the porphyrin
dimer 3a, yielding a 1+1 host–guest complex.

Titration of 3a with DABCO and the absence of complexa-
tion between the latter and the reference porphyrin 4a until a

Fig. 1 (a) Zn, NH3aq., then HCl, i-PrOH, 36%; (b) TMSCCMgBr, PPh3,
Ni(acac)2, THF, reflux, 75%; (c)K2CO3, THF–CH3OH 85+15, 61%; (d)
Pd(PPh3)2Cl2, CuI, NEt3, 63%; (e) TFA in CH2Cl2, 89%. Ar = 3,5-di-tert-
butylphenyl.
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concentrations ratio of DABCO–4a = 10+1, produced similar
conclusions as above with pyrazine. A 1+1 host–guest complex
was created by insertion of one DABCO molecule into the
cavity of each porphyrin dimer 3a, with an association constant
of 107 M21.9

Electrochemical studies were carried out on a glassy carbon
working electrode in CH2Cl2 + 0.1 M Bu4NPF6. Cyclic
voltammetry exhibited, for the porphyrin dimer 3a, two
reversible oxidation steps as well as a third, irreversible
oxidation and three reversible reduction steps at respectively
22.30 (2e2), 22.10 (1 e2), 21.86 (2 e2), +0.32 (2 e2), +0.64
(2 e2) and +0.95 V vs. Fc+/Fc. Assignments of the different
steps were made by comparison with the redox pattern of the
building blocks, namely anthracene 1 and porphyrin 4a, whose
redox characteristics are summarised in Table 1.

Analysis of the electrochemical results revealed that the
reversible one electron reduction of 3a at 22.10 V and the
irreversible oxidation at +0.95 V vs. Fc+/Fc occur on the
anthracene linker. The remaining four electron transfers each
involve two one-electron reversible transfers occurring on the
two porphyrin units. The peak shape and characteristics of the
cyclic voltammograms indicated that the two porphyrins behave
in 3a as independent redox centers as expected from the large
ring–ring distance (ca. 5.8 Å, according to molecular model-
ling). Such a distance makes unlikely any interaction between
the two porphyrin rings.

In the presence of increasing amounts of pyrazine, the cyclic
voltammograms of 3a were modified up to a pyrazine–3a ratio
of 1, in agreement with the UV-visible titrations. The resulting
complex gave well resolved cyclic voltammograms where the

first oxidation and the first reduction steps each became split
into two distinct one-electron reversible steps at respectively
21.87 and 21.95 V vs. Fc+/Fc and +0.28 and +0.40 V vs. Fc+/
Fc.10 Such a behavior is characteristic of a porphyrin–porphyrin
interaction. This experimental observation unambiguously
indicated that it is possible to modify the electron transfer
pattern of the dimer 3a by host–guest interactions, as docu-
mented for instance in the present paper, by intercalating one
pyrazine molecule into the cavity of the bis-porphyrinic tweezer
3a. Both spectroscopic and electrochemical studies on the
complexation of either pyrazine or DABCO Lewis bases by the
porphyrin dimer 3a revealed that no further spectral or
voltamperogram changes occurred beyond a concentrations
ratio Lewis base–3a = 1+1.

The above results clearly indicated that each bidentate Lewis
base (pyrazine and DABCO) was inserted into the cavity of the
porphyrin dimer 3a, generating a 1+1 host–guest complex. The
enhanced stability observed in the complexation of the bidentate
bases by the dimer 3a (if compared with the complexation of the
same bases by the reference porphryin 4a) may be ascribed to
the preorganization of the Zn(II) bis-porphyrin 3a. The
spectrometric and electrochemical results revealed that the 1+1
host–guest complex generated between 3a and the pyrazine
molecule enabled the two porphyrins to undergo an electronic
coupling. Such changes in the spectroscopic and electro-
chemical properties of cofacial porphyrin dimers by host–guest
interactions pave the way towards self-coordinated molecular
systems with predictable spectral and redox characteristics.
Work is in progress on this subject.

This work was supported by the CNRS.
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Table 1 Redox potentials in CH2Cl2 + 0.1 M Bu4NPF6 obtained by cyclic
voltammetry on a glassy carbon working electrode. All potentials are given
vs. ferrocene used as internal standard. Pyrazine is not electroactive in the
available potential range

Reduction Oxidation
Species E (V vs. Fc+/Fc) E (V vs. Fc+/Fc)

1 22.08 +0.97
(1 e2) (irrev.)

4a 22.25 21.85 +0.35 +0.67
(1 e2) (1 e2) (1 e2) (1 e2)

3a 22.30 22.10 21.86 +0.32 +0.64 +0.96
(2 e2) (1 e2) (2 e2) (2 e2) (2 e2) (irrev.)

3a + 22.07 21.95 21.87 +0.28 +0.40 +0.75 +0.95
pyrazine (1 e2) (1 e2) (1 e2) (1 e2) (1 e2) (2 e2) (irrev.)
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A novel three step asymmetric annulation procedure com-
prises a tandem catalytic enantioselective 1,4-addition-
allylic substitution, Grignard addition and ring closing
metathesis (RCM) sequence to provide [6,6], [7,6], [8,6] and
[6,7] bicyclic products with ee’s of 93–97% in which the size
of both rings can easily be varied independent of each
other.

Novel routes to carbobicyclic compounds in enantiomerically
pure form continue to offer a synthetic challenge since
numerous products including terpenes and steroids show this
structural feature. A classical example is found in the synthesis
of (±)-D-homo-19-nortestosterone starting from the readily
available Wieland–Miescher ketone for which an asymmetric
synthesis proceeds via the Hajos–Parrish version of the
Robinson annulation.1,2 In the pursuit of novel catalytic
asymmetric annulation strategies we focus on the construction
of enantiomerically pure carbobicyclic products with various
ring sizes.3

Since the pioneering work by the groups of Grubbs and
Schrock, ring closing metathesis (RCM) has become a powerful
tool for the synthesis of a variety of cyclic structures.4
Especially for medium sized and macrocyclic ring systems,
which are difficult or even impossible to make by other
methods, RCM proved to be highly valuable.5 As a result of the
remarkable tolerance of the Grubbs catalyst towards various
functional groups, RCM is increasingly applied in natural
product synthesis.6

We envisioned that by making use of a combination of RCM
and the copper–phosphoramidite based catalytic enantiose-
lective 1,4-addition developed in our laboratories, a variety of
enantiomerically pure bicyclic products would become readily
accessible. In these bicyclic products both ring sizes can easily
be varied, independent of each other. The following considera-
tions were made: (i) cyclic enones with different ring sizes and
substituents can be employed in the catalytic 1,4-addition with
enantioselectivities generally exceeding 96% in the products.
These products can subsequently act as templates onto which a
second ring can be annulated.7 (ii) The use of RCM for this
annulation would make different ring sizes in the second ring
possible.8

To examine the viability of this approach we synthesized
2-allyl-3-alkylcycloalkanones 2a–f by a tandem 1,4-addition-
allylic substitution reaction.3,9

As is shown in Scheme 1 the zinc enolate resulting from the
catalytic 1,4-addition of dialkylzinc reagent to cycloalkenones
in the presence of phosphoramidite ligand (S,R,R)-3 (1 mol%)
and Cu(OTf)2 (0.5 mol%) was trapped stereo- and regio-
selectively by the Pd–allyl complex in situ generated from allyl
acetate and a catalytic amount of Pd(PPh3)4, giving dis-
ubstituted cycloalkanones 2a–f in good yields and with ee’s
ranging from 93 to 97% (Table 1). Furthermore a trans–cis ratio
of 9+1 or higher is observed in all cases except for 2e (entry 5).10

In the case of 2b and 2d complete diastereoselectivity towards
the trans isomer is found.

By introducing a second terminal alkene moiety via the
1,2-addition of suitable Grignard reagents such as vinyl-, allyl-
and butenylmagnesium halides to 2a–f, the corresponding
dienes 4a–h are formed which are next converted to carbobi-
cyclic structures 6a-h by RCM as is shown in Scheme 2.

Table 2 summarizes the results of this new enantioselective
method for the preparation of carbobicyclic structures. As
expected, a reasonable selectivity was observed for the addition

† Electronic supplementary information (ESI) available: NMR spectra and
detailed explanation. See http://www.rsc.org/suppdata/cc/b1/b100283j/

Scheme 1

Table 1 Tandem-1,4-addition-allylic substitution to cyclic enones.

Entry Enone n R1 R C.y. 2 (%)a ee 2 (%)b trans–cisc

1 1a 1 H Et 2a 88 96 9+1
2 1b 2 H Et 2b 86 —d —e

3 1c 3 H Et 2c 79 97 196+1
4 1d 1 Me Et 2d 82 —d —e

5 1a 1 H Me 2e 92 96 5.3+1
6 1a 1 H Bu 2f 83 93 9+1
a Isolated yield after column chromatography. b Determined by chiral GC
(Chiraldex G-TA). c Determined by GC. d Not determined. e Only trans
detected.

Scheme 2
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of the Grignard reagents to 2a–f in all cases and the major
isomer results from the attack of the Grignard reagent trans to
the allyl group leading to the all-trans isomer as the major
product (Scheme 2). Addition of allylmagnesium chloride (m =
1, entry 1) to a 90+10 trans–cis mixture of 2a yields three out of
four possible diastereomers of 4a in a ratio of 74:16:10 as
judged by GC. This result is explained as follows: addition of
the Grignard reagent to the trans compound (2R,3S)-2a
proceeds preferably trans to the allyl group but not with
complete selectivity accounting for 74% (1R,2R,3S)-1,2-dia-
llyl-3-ethylcyclohexanol (4a) and 16% (1S,2R,3S)-4a. The
relative configuration of the major isomer was determined by
COSY, HSQC and NOESY NMR experiments on the p-
nitrobenzoate ester of 6a.† Addition to the minor cis compound
(2S,3S)-2a accounts for the 10% of another isomer of 4a, most
probably (1S,2S,3S)-4a.

In the case of trans-2b the ratio of trans and cis addition is
80:20 and pure trans-4b (68%) could be isolated by column
chromatography. The addition to trans-2c proceeds with a
moderate selectivity giving a trans:cis ratio of 63+37. Addition
of butenylmagnesium bromide (m = 2) to a 9+1 trans–cis
mixture of 2a in THF at 0 °C required transmetallation to the
organocerium reagent to prevent enolization and to give
complete conversion to 4h as a mixture of 3 isomers (87+12+1)
with (1R,2R,3S)-4h as the major product (entry 8).11

All dienes 4a–h readily undergo ring closure in benzene in the
presence of 7.5 mol% of Grubbs catalyst 5, except for 4g. In the
latter case formation of only a small amount of 6g was observed
(entry 7). GC analysis revealed that only the cis isomer of 4g
had been converted. The trans-fused 5,6-ring system is not
formed, most probably due to the strain in such a system.12

Formation of a six membered ring (entries 1–6) proceeded well
in all cases as 100% conversion was observed, indicating that
both cis- and trans-fused ring systems are readily formed.
Isomerically pure trans-diene 4b provided the 7,6-bicyclic
product in 100% isolated yield. In all other cases the major
isomer of the resulting carbobicyclic products from this
annulation protocol was isolated in moderate to good yield by
simple chromatographic procedures with ee’s ranging from 93
to 97%. For example, (1S,9R,9aR)-6a could be isolated in 60%
yield. Annulation of a seven membered ring by RCM was also
successful as (1S,4aR,9aR)-6h with an ee of 96% was isolated in
65% yield (entry 8).

In conclusion, new methodology for the synthesis of
enantiomerically pure carbobicyclic compounds has been
developed, based on an enantioselective tandem 1,4-addition–
allylic substitution, Grignard addition and RCM three step
sequence. In contrast to most methodologies for asymmetric
annulations, which are restricted to specific ring sizes, the
method presented here gives high enantioselectivities for the
construction of a variety of bicyclic structures. Products with

[6,6], [7,6], [8,6] and [6,7] carbobicyclic skeletons and different
alkyl substituents have been prepared with ee’s ranging from
93–97%.

This work was supported by the Dutch Foundation for
Scientific Research (NWO).
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Chiral 1,2-diaryl-1,2-dihydro-4,6-diamino-1,3,5-triazines
undergo facile racemisation by a reversible thermal electro-
cyclic reaction mechanism; the transient intermediate can
lead, after tautomerisation, to rearranged racemic 2-aryl-
1,2-dihydro-4-amino-6-anilino-1,3,5-triazines.

Cycloguanil 1a (1, R1 N R2 N Me) is a potent inhibitor of
Plasmodium falciparum dihydrofolate reductase (pfDHFR). It
has been extensively employed (usually as the prodrug

proguanil) alone or in combination with other drugs, as a
prophylactic agent and for the treatment of malaria. As a result,
malaria parasites resistant to the drug have emerged and
compromised its clinical utility.1 Analysis of DHFR sequences
of several resistant P. falciparum isolated from different
geographical origins revealed that resistance to cycloguanil is
associated with point mutations in the DHFR gene.2,3 The
importance of residue 16 in pfDHFR for binding cycloguanil
has been investigated using mutants obtained via a synthetic
gene.1

Recently, a three-dimensional homology model of pfDHFR
was constructed to aid understanding of the structural basis of
antifolate resistance in malaria.4 This study led to the hypothesis
that resistance of the A16V+S108T mutant of pfDHFR to
cycloguanil is due to a steric clash between one of the methyl
groups of cycloguanil and Val-16 of the mutant pfDHFR, and
that mutation of residue 108 (S108T) reinforces this steric
constraint. Support for this hypothesis was obtained by testing
both the wild-type and A16V+S108T mutant pfDHFRs against
cycloguanil analogues devoid of one or both methyl groups.4 By
replacing one of the C2 methyl groups in cycloguanil by
hydrogen and the other by an aryl group 1b (1, R1 N H, R2 N Ph)
the inhibitory activity against the A16V+S108T mutant
pfDHFR is restored to the level obtained with cycloguanil
against the wild-type pfDHFR.5 Unlike cycloguanil (1a), these
analogues (1b) possess a chiral centre and only one of the
enantiomers is likely to have significant inhibitory activity
against the A16V+S108T mutant of pfDHFR.

Previous attempts to resolve racemates of 1c (1, R1 N H, R2 N
alkyl) as diastereoisomeric salts using chiral acids have failed.6
1,2-Dihydro-1,3,5-triazines should be capable of thermal elec-
trocyclic ring-opening by a disrotatory pathway; there are,
however, two such pathways. Steric considerations normally

determine the preferred pathway7 and since N lacks configura-
tional stability, enantiomer I will ring-open by an anticlockwise
rotation about the C2–N1 bond, while enantiomer III will open
by a clockwise rotation about the C2–N1 bond leading to the
sterically least-hindered common intermediate II (Scheme 1).
Since intermediate II can ring close by either a clockwise or
anticlockwise disrotatory pathway at C2, the product will be
racemic.

The temperature at which pericyclic reactions occur is
influenced by steric factors and heteroatomic substitutents.7,8

The electrocyclic ring closure of trans-2, cis-4, trans-6-octa-
triene to cis-5,6-dimethyl-1,3-cyclohexa-1,3-diene occurs at
132 °C with a t0.5 = 4.3 h.9 1-Aryl-1,2-dihydro-4,6-diamino-
1,3,5-triazines are synthesised from aryl biguanides and a
carbonyl compound in refluxing ethanol under acidic condi-
tions.10 Since there is no accumulation of the Schiff base
intermediate it may be reasonably assumed that the ring closure
is not rate determining and could occur at or close to room
temperature. If the ring-opening also occurs at or close to room
temperature this would provide an explanation for the failure to
resolve racemates of 1c by the crystallisation of diaster-
eoisomeric salts.

When a- or b-cyclodextrin was added to a solution of
racemic 1d (1, R1 N H, R2 N p-ClC6H4), resonances of the
enantiomeric dihydrotriazines were seen to separate in the 500
MHz 1H NMR spectrum. The effect of increasing the
concentration of b-cyclodextrin on the 1H NMR spectrum of
racemic 1d is shown in Fig. 1. This demonstrates that the
enantiomers have sufficient lifetime at room temperature to be
observed on the NMR time-scale and therefore in principle
should be resolvable. The p-chlorophenyl groups are expected
to bind within the b-cyclodextrin cavity and it is noticeable that
their chemical shifts are most sensitive to the presence of b-
cyclodextrin (Fig. 1). Only at a high molar ratio (17+1) of b-
cyclodextrin to racemic 1d are the enantiomeric C2–H reso-
nances resolved.

In view of the ability of b-cyclodextrin to selectively shift the
resonances of the enantiomers of 1d in the NMR spectrum, we

† Electronic supplementary information (ESI) available: Arrhenius plot for
racemisation of enantiomers of 1d. See http://www.rsc.org/suppdata/cc/b1/
b101245m/

Scheme 1 Proposed mechanism for the racemisation and rearrangement of
1,2-disubstituted-1,2-dihydro-4,6-diamino-1,3,5-triazines.
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sought to separate the enantiomers of 1d by HPLC on a column
with b-cyclodextrin covalently attached to the silica support
(Shodex Orpak CDBS-453; 4.6 3 150 mm). A solvent system
was found11 which would resolve the racemate and this system
worked well at 10 °C. The CD spectra of the resolved
enantiomers of 1d were of similar shape but of opposite sign.

By incubating a solution of each enantiomer in a temperature
controlled heating block and measuring the proportion of the
two enantiomers (by HPLC on the b-cyclodextrin column) as a
function of time, the rate of racemisation of the enantiomers of
1d was determined. Racemisation of the enantiomers obeyed a
first order rate law and the data were plotted using the equation
ln xe/(xe 2 x) = 2kt where x is the amount of the initial
enantiomer that was converted to the other enantiomer at time t,
and xe is the amount converted at equilibrium (i.e. xe = 0.5).12

The rate constants were determined between 40 and 60 °C at
5 °C intervals. The activation energy (Ea = 165 kJ mol21) was
obtained from the slope of the Arrhenius plot (ESI†) from which
the enthalpy of activation (DH‡ = 162 kJ mol21) and the
entropy of activation (DS‡ = +176 J K21 mol21) were
calculated.

The relatively high enthalpy of activation is understandable
since the stable 1,2-dihydro-4,6-diamino-1,3,5-triazine ring is
being disrupted by breaking a single bond and forming a double
bond. Moreover, the ring-opened intermediate II (Scheme 1)
has more degrees of freedom than the cyclic 1,2-dihydro-
1,3,5-triazine and hence the entropy of activation should be
positive as observed. The balance of these two competing
factors leads to a relatively small Gibbs function of activation
and hence a fast ring-opening reaction. Thus, although it has

now been possible to resolve a racemic 1,2-diaryl-1,2-dihydro-
4,6-diamino-1,3,5-triazine, its half life is too short to make it
worthwhile resolving these materials since as prophylactic
agents they will circulate in the blood (at 37 °C) for several
days.

Cycloguanil 1a as its hydrochloride salt undergoes rearrange-
ment to 2,2-dimethyl-4-amino-6-p-chloroanilino-1,2-dihydro-
1,3,5-triazine 2a (2, R1 N R2 N Me) on heating to its melting
point (bath temperature 245 °C). As its free base in aqueous
solution the rearrangement occurs at a much lower temperature
( < 100 °C); the reaction is catalysed by base.6,13 In dimethyl
sulfoxide we observed rearrangement of the racemic 1d
hydrochloride (ca. 12 mM) at 60 °C with a half-life of ca. 10
days. Addition of an equimolar amount of KCl decreased the
half-life to about 8 days. We propose that in dimethyl sulfoxide
the chloride ion (which is essentially unsolvated in this solvent)
acts as a general base and catalyses the tautomerisation of the
acyclic intermediate II (Scheme 1). Support for this proposal
was provided by the observation that addition of an equimolar
amount of KF to a dimethyl sulfoxide solution of racemic 1d
hydrochloride (ca. 12 mM) markedly accelerates the rearrange-
ment, the half-life at 60 °C now being about 14 min.14 When an
enantiomer of 1d is treated under the same conditions the
rearranged product 2b (2, R1 N H, R2 N p-ClC6H4) is racemic.
Thus the rearrangement and the racemisation of 1-aryl-
2-substituted-1,2-dihydro-4,6-diamino-1,3,5-triazines can be
envisaged as occurring by the common intermediate II (Scheme
1).

The reversible thermal electrocyclic reaction of 1,2-dihydro-
1,3,5-triazines has not been recognised previously. Since
1,2-diaryl-1,2-dihydro-4,6-diamino-1,3,5-triazines are potent
inhibitors of mutant pfDHFRs found in resistant strains of the
malaria parasite Plasmodium falciparum,5 binding to the target
enzyme can be expected to perturb the enantiomer ratio in
favour of the more effective inhibitor. Thus the facile reversible
thermal electrocyclic reaction reported here renders unneces-
sary the resolution of these materials for therapeutic use.
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Fig. 1 1H NMR spectra of racemic 1d hydrochloride (1, R1 N H, R2 N p-
ClC6H4) in D2O in the presence of an increasing concentration of b-
cyclodextrin. The molar ratio of 1d hydrochloride to b-cyclodextrin is
shown on the right of each spectrum. 1- and 2-p-ClC6H4 substituents are
designated unprimed and primed, respectively. The assignments were made
by NOE experiments.
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Ruthenium–s-acetylide derivatives connected to barbituric
acceptors through a p-conjugated bridge define a series of
molecular systems presenting highly tunable properties.

Several molecular systems capable of performing elementary
tasks on the molecular level have been synthesized in recent
years.1 In most cases, the molecular device obeys a binary rule;
i.e. an input provides a positive or negative output response.2
This ability to switch on/off a function through an external
parameter (light, electron transfer, chemical reaction) defines
the concept of a molecular switch. Another objective is the
building of molecules which exhibit useful electronic/photonic
functions that can be externally controlled.3 With this in mind,
organometallic and coordination compounds are currently the
subject of considerable investigations.4 Transition metal com-
plexes with h1-alkynyl ligands (LnMC·CR) attract particular
interest, mostly as precursors of molecules containing a linear
array of delocalized p-systems between two different func-
tionalities.5

In this context, we set out to investigate metal–alkynyl
donor–acceptor systems, as prototypes for molecular materials
possessing switchable properties, through chemical or redox
modifications. We now describe the design and synthesis of
ruthenium(II)–alkynyl, connected to a barbituric acceptor,
selected for its ability in stabilizing charge delocalized canoni-
cal structures through an heteroaromatic limit form, as a first
example of this concept.

Knoevenagel condensation of 16 (Scheme 1) with barbituric
acid yields the target compound 2a as an air-stable blue powder.
Its structure was confirmed by spectrometric methods.† The
UV–VIS spectra of complexes 1 and 2a, characterized by
intense (e ≈ 1.2–2 3 104 M21 cm21) MLCTs at lmax = 410
and 547 nm, respectively, in THF [Fig. 1(a)] proved the donor–
acceptor nature of these systems.

Complex 2a possesses three independant sites for successive
protonation–deprotonation sequences (Scheme 2), which per-
mit us to modulate the donor–acceptor coupling in 2a,
alternatively at the donor or at the acceptor head, as depicted
through dramatic colour changes. The protonation on the b-
carbon of transition metal acetylide complexes leading to their

corresponding vinylidene is a well-known process.7,8 Addition
of an excess of a strong acid (HCl, CF3CO2H) to 2a was
therefore monitored by 31P NMR: a significant shift of the
signal for the 4 equivalent phosphorus nuclei from 48.6 to 39.6
ppm was observed. This latter value is consistent with the
formation of a trans-chlororuthenium–vinylidene cationic com-
plex 3 (Scheme 2).9 The presence of a quintuplet (4J[P,H] = 3
Hz) at 3.96 ppm in the 1H NMR spectrum of 3 is also in
agreement with such a RuNCNCH cationic fragment.

Simultaneously a rapid colour change from purple to red
(lmax = 495 nm, e = 1.7 3 104 M21 cm21) [Fig. 1(b)] was
observed. This reveals the weakening of the donor–acceptor
electronic coupling arising from an alteration of the metal–
acetylide moiety. This hypothesis was confirmed by electro-
chemical studies on the Ru2+/Ru3+ redox couple. Complex 2a
presents a reversible oxidation wave in its cyclic voltammogram
[Fig. 2(a)] at E1/2 = 560 mV vs. SCE, in CH2Cl2,‡ assigned to
the Ru(II)/(III) oxidation. The addition of a slight excess of
trifluoroacetic acid to 2a resulted in the total disappearance of
the initial anodic wave, as expected for a vinylidene derivative
[see Fig. 2(a,b)]. As the CV for 2a reappears upon addition of
K2CO3 to 3, complete reversibility and high speed switching
were observed for both the protonation (acetylide to vinylidene)
and deprotonation (vinylidene to acetylide) reactions.

Scheme 1 Synthesis of the barbituric derivative 2a.

Scheme 2

Fig. 1 Absorption spectra of 2 in THF: (a) pure 2a; (b) after addition of 1
equiv. of CF3CO2H to 2a; (c) after addition of 2 equiv. of DBU to 2a.
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On the other hand, the addition of a strong base (KOH, DBU
(DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene)), to 2a induces
an immediate colour change from purple to pale yellow (lmax =
380 nm, e = 1.5 3 104 M21 cm21) [Fig. 1(c)]. A minor
variation of the 31P NMR shift for the phosphorus ligands, from
48.6 to 49.5 ppm, is observed. This process is perfectly
reversible, upon addition of a weak acid (CH3CO2H). Both
these observations are consistent with the weakening of the
acceptor strength of the barbituric moiety as a result of its
deprotonation. This hypothesis was ascertained by monitoring
the modifications of the Ru(II)/(III) oxidation wave of 2a, upon
sequential addition of DBU. This resulted in the growth of a
new anodic wave, at a less positive potential (E1/2 = 460 mV vs.
SCE, in CH2Cl2), in accord with the formation of a more
electron rich species, whereas the initial wave (E1/2 = 560 mV
vs. SCE) was progressively disappearing [Fig. 2(c): for
instance, these concomitant reversible waves were observed
upon addition of 1 equiv. DBU].

Two equivalents of base were necessary to afford complete
conversion from the purple compound 2a to its yellow
analogue. This process was therefore monitored by 1H NMR
spectroscopy. As expected, complete disappearance of both the
NH (at 8.2 and 7.9 ppm) and a significant shift of the ethylenic
CH signal (from 8.5 to 8.1 ppm) at the barbituric head resulted
from the addition of 2 equiv. of DBU. Addition of 1 equiv. of
base gave an unclear outcome (partial disappearance and
broadening of the most significant signals of 2a). At this stage,
two 31P NMR signals were observed at 48.6 and 49.5 ppm,
which indicated that the deprotonation process was not
complete. This process was monitored, by 1H NMR, upon
addition of a large excess of the less basic N-ethyldiisopropyl-
amine. The initial signals for the NH groups disappeared, but

only slight variations were observed for the ethylenic proton, at
8.5 ppm, and the aromatic system, at 8.2 and 6.4 ppm. Neither
colour change (UV–VIS spectra) nor electrochemical potential
shift for the oxidation of 2 were observed. Finally, complete
conversion from 2a into its yellow analogue were obtained
when 1 equiv. of DBU was added to the solution containing the
weaker base. We assume then that a double NH deprotonation
at the barbituric head9 is necessary to induce considerable
electronic changes (Scheme 2: 2b represents one of the
ketoenolic forms of the monodeprotonated species whereas 2c
is a conceivable mesomeric form of the bi-deprotonated
derivative).

This second mode of switching is different from the first one
which acts more specifically on the metal–acetylide moiety.
The synthesis of complex 2a has therefore proven an effective
strategy for designing highly sensitive derivatives, whose
properties are adjustable alternatively at the donor or at the
acceptor head. On the other hand, such a switching mode could
permit us to control the hydrogen binding ability of the
barbituric head, either by deprotonation on this residue or by
protonation on the ruthenium moiety.

This research was supported by the CNRS, the MENRT, and
the Socrates-Erasmus Program (financial support to M. P. from
the University of Edinburgh).
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Fig. 2 Cyclic voltammograms‡ of 2a in CH2Cl2, at a scan rate of 200 mV
s21: (a) pure 2a; (b) after addition of 1 equiv. of CF3CO2H on 2a; (c) after
addition of 1 equiv. of DBU on 2a (see text).
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Ligand exchange reactions of chloride ligands on a trinu-
clear palladium acetylide core with platinum acetylide
dendrons having a 4-pyridyl group at a focal point result in
the quantitative formation of novel organometallic den-
drimers, which easily revert to the core and the dendrons by
treatment with Bu4NCl.

Dendrimers are three-dimensional macromolecules with reg-
ularly hyperbranched structures, and have a wide range of
potential applicable to the development of new materials.1 In
recent years, attention has shifted towards dendritic molecules
containing metal centers since they exhibit characteristic
properties such as redox behavior and catalysis.2 Previously we
have synthesized novel organometallic dendrimers composed
of platinum acetylide units.3,4 On the other hand, configura-
tional and constitutional changes in a dendritic molecule
responding to simple external stimuli are of interest for the
practical application of dendrimers.5,6 Thus, we engaged in the
construction of organometallic dendrimers containing switch-
able metal components by adopting coordination bonds. Herein
we report the syntheses of novel organometallic dendrimers in
which platinum–acetylide dendrons are reversibly bonded to a
palladium acetylide core.

It is well known that halide ligands on transition metal atoms
are reversibly substituted for neutral ligands such as phosphine
and pyridine. We have therefore designed platinum–acetylide
dendrons having a 4-pyridyl group at a focal point and have
achieved successful preparation by a convergent method as
shown in Scheme 1. Reaction of the platinum acetylide complex
1 with 1,3,5-triethynylbenzene derivative 2, which has two
terminal acetylenes and one pyridylethynyl group, in the
presence of a Cu(I) catalyst gave the first generation dendron
GD1 in 74% yield. Similar reactions of diplatinum 3 and
hexaplatinum complexes 5, which were prepared as reported
previously,4 with 4 gave second and third generation dendrons
GD2 and GD3 in 60 and 44% yield, respectively (Scheme 2).
Trace analysis on these reactions by GPC showed that sharp
peaks due to GD2 with a higher molecular weight relative to
those of 3 and 4 grew with consumption of the substrates.
Purification by column chromatography on alumina followed
by reprecipitation from CH2Cl2–hexane gave a single product
which was confirmed by GPC analysis. Although no molecular
ion peaks of these dendrons except for GD1 were detected in the

mass spectrum, full characterization was performed by means
of NMR spectral analyses. For example, the 31P NMR spectrum
of GD3 exhibited two singlet signals at d 11.0 and 10.8 in a 4+3
integral ratio. The former was assignable to the phosphine on
the platinum atoms bound to the p-methoxyphenylethynyl
groups on the surface of the dendron, whereas the latter was due
to the phosphines on inner platinum atoms. In the 1H NMR
spectrum, a sharp signal due to methoxy protons appeared at d
3.78 with twelve-fold intensity of those of the signals due to a-
and b-protons of pyridyl groups at the focal point.

We then examined the synthesis of dendrimers by the ligand
exchange reaction of the trinuclear platinum–acetylide complex

Scheme 1 Reagents and conditions: i, Cu(I) cat., Et2NH, room temp., 1 d,
74%.

Scheme 2 Reagents and conditions: i, Cu(I) cat., Et2NH, room temp., 3 h,
60%; ii, Cu(I) cat., Et2NH, room temp., 3 h, 44%.
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6 with dendrons.7 Although chloride ligands on complex 6 are
easily replaced with pyridine in the presence of KPF6, the
reaction of complex 6 with GD1 allowed only partial ligand
exchange to give a mixture of the desired dendrimer and other
complexes having one or two GD1 in the molecule. Therefore,
the core was changed to a palladium–acetylide complex 7 and it

was found that the treatment with GD1 in the presence of
NaBArA4 (ArA = 3,5-(CF3)2C6H3) resulted in complete ligand
exchange and produced the first generation dendrimer G1 in a
quantitative yield (Scheme 3). Similarly, the second generation
dendrimer G2 was also prepared by the reaction of 7 with GD2
in quantitative yield. However, no exchange of chloride ligand
with GD3 took place and third generation dendrimer G3 did not
form at all. The difference in reactivity between GD2 and GD3
may arise from the steric effect of GD3.

The absence of structural defects in dendrimers G1 and G2
was confirmed by spectral analysis. A singlet signal assignable
to PEt3 on palladium was observed at d 32.2 in the 31P NMR
spectrum of G2 while the spectrum of 7 showed a signal at d
32.7. The 1H NMR spectrum of G2 exhibited a sharp singlet at
d 2.87 due to the methyl protons of the central mesitylene
moiety while the methyl signal of 7 was observed at d 3.14. In
the 1H NMR spectrum of G2 the integral ratio of the central
methyl signal relative to that of the methoxy protons situated at
the surface was 1+4. These data clearly suggest that all chloride
ligands on palladium were replaced with the pyridyl groups of
GD2, and are consistent with the structure of G2.

Treatment of dendrimer G1 with excess Bu4NCl in benzene
led to the quantitative formation of core 7 and dendron GD1
(Scheme 4). Similar treatment of dendrimer G2 regenerated 7
and GD2 in quantitative yield. These results suggest that the
bonding of dendrons GD1 and GD2 to core 7 can be reversibly
controlled by the ligand exchange reaction. Quantitative
formation of G1 and dissociation into 7 and GD1 were repeated
up to three times by successive treatment of NaBArA4 and
Bu4NCl, respectively. These results show the first examples of
morphology control in dendrimers by chemical stimuli other
than light.6

This work was supported by Grant-in-Aid for Scientific
Research on Priority Areas, (No. 11136224 ‘Metal-assembled
Complexes’) from the Ministry of Education, Science, Sports
and Culture. We thank The Material Analysis Center, ISIR,
Osaka University, for support of spectroscopic and elemental
analyses.
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Self-assembly of the racemic ligands, (R)- and (S)-1,1A-
binaphthyl bis(isonicotinate) and PtII shows that the (S)-
ligand stereospecifically recognises the (R)-ligand to give
rise to an achiral heterodimeric complex.

Recently much progress has been achieved on the metal-
assisted self-assembly of independent ligands.1 A supramo-
lecular assembly is manufactured from the information em-
bedded in each preprogrammed molecular component.2 The
information stored in the rigid and chiral ligand systems can be
used in the selective recognition of their partners in order to
produce highly ordered supramolecular complexes from ligand
mixtures in solution. In principle, the simplest situation arises
from racemic ligands in which two extreme cases are possible.
One is called ligand self-recognition, where each enantiomeric
ligand selectively recognises itself to give a homochiral
complex,3 and the other is known as ligand self-discrimination,
in which one enantiopure ligand specifically perceives its
enantiomer to generate an achiral complex. There have been
several examples of self-recognition of achiral and chiral
ligands.3,4 However, there exist few reports of ligand self-
discrimination in which two different ligands form a hetero-
dimeric complex.5 Herein we report a system that exhibits
ligand self-discrimination in which the complex of racemic
ligands with metal ions produces only an achiral 2+2 com-
plex.

The design of the ligand L (Fig. 1) satisfies three require-
ments needed for ligand self-discrimination: restricted rota-
tional degrees of freedom, a divergent array of two pyridyl
groups for preclusion of intramolecular ligation of a single
metal, and ligand chirality. These requirements are fulfilled by
the incorporation of chiral 1,1A-binaphthol into the ligand
backbone. Both the racemic ligand (racL) and the enantiomer-
ically pure ligands (SL, RL) are readily prepared by ester
condensation of the appropriate 1,1A-binaphthol and the acid
chloride of isonicotinic acid. An equimolar mixture of
(dppp)M(OTf)2 (M = PdII, PtII) and L (SL, RL, racL) in acetone-
d6 was tested for the ligand chirality-induced self-discrimina-
tion process.†

1H NMR titration spectra of racL with (dppp)Pd(OTf)2 in
acetone-d6 show a highly symmetric single set of signals at a

2+2 metal+ligand ratio. Addition of more (dppp)Pd(OTf)2 to
this 2+2 complex does not result in the generation of any new
sets of signals, indicating the formation of a single metal
complex. In contrast, 1H NMR titrations of SL with
(dppp)Pd(OTf)2 show complicated sets of resonances. The
differences between 1H NMR titrations of racL and SL,
respectively, with (dppp)Pd(OTf)2 imply that SL prefers to form
an achiral, heterodimeric complex exclusively with RL,
[(eqn. (1)] rather than a homochiral complex [eqn. (2)].
Interestingly, 1H NMR titrations of L (racL

(1)

(2)

or SL) with (dppp)Pt(OTf)2 in acetone-d6 do not produce any
distinction between racL and SL. It is reported that the PtII
complex has the same coordination geometry as the PdII

complex but the former cannot rapidly reach thermodynamic
equilibrium at ambient temperature compared with the latter.6
In fact, heating an equimolar mixture of ligand and
(dppp)Pt(OTf)2 results in the generation of a similar 1H NMR
pattern to that of the PdII complex. The single set of 1H NMR
resonances of the racemic complex compared with those of the
enantiopure complex indicates that this system is an example of
self-discrimination of the racemic ligands: SL stereospecifically
recognises its counterpart, RL (Fig. 2).

Careful interpretation of the HH-COSY of the achiral
heterodimeric complex, [{(dppp)Pd}2(SL)(RL)]4+ reveals that

Fig. 1 Nomenclature of the ligands and metal complexes used in this
work.

Fig. 2 Partial 1H NMR spectra (300 MHz, acetone-d6, aromatic protons) of
(a) ligand L, (b) the complex of equimolar amounts of PtII and SL, (c) the
complex of equimolar amounts of PtII and racL. Monitoring of the
reorganization of an equimolar mixture of 1+1 PtII/SL and 1+1 PtII/RL
complexes (d) after 15 min and (e) after 12 h at 25 °C.
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the signals for the four identical phenyl units of free dppp are
split into two different sets. L has no symmetry plane due to its
C2 dissymmetry induced by 1,1A-binaphthol. Incorporation of
the dissymmetric SL and RL into [{(dppp)Pd}2(SL)(RL)]4+

should break one symmetry plane of dppp which includes two
P atoms and bisects two adjacent phenyl rings. This intriguing
phenomenon constitutes strong evidence for the formation of
[{(dppp)Pd}2(SL)(RL)]4+ in solution. In fact, the solubility of
the enantiopure complex is different from that of the racemic
complex: the enantiopure complex generally shows enhanced
solubility in various solvent systems. In acetone solution,
measurements of molecular weight by vapor pressure osmo-
metry (VPO)7 give MN (number averaged molecular weight) =
4000 g mol21 for an equimolar complex of SL and
(dppp)Pd(OTf)2, and MN = 3400 g mol21 for an equimolar
complex of SL and (dppp)Pt(OTf)2.‡ Calculated molecular
weights of the 2+2 complex are 2627 and 2804 g mol21 for
[{(dppp)Pd}2(SL)2](OTf)4 and [{(dppp)Pt}2(SL)2](OTf)4, re-
spectively. Thus, VPO measurements show that the formation
of homodimeric structures is excluded in the enantiopure
case.

The crystal structure of an equimolar complex of
(dppp)Pt(OTf)2 with racL supports the interpretation of the
solution behavior of the complex.§ As expected from the 1H
NMR titrations, the racemic ligands generate a heterodimeric
species, [{dppp)Pt}2(SL)(RL)] (Fig. 3). A crystal structure
shows two crystallographically independent but chemically
identical complexes in the unit cell. Both of them have
crystallographic inversion centers with a C2h point group. There
are many existing reports on the formation of planar rectangular
boxes by metal-assisted self-assembly.8 However, this complex
has a particularly interesting structural variation from its
predecessors. It forms a folded rectangular box: the two planes,
N(2)–Pt(1)–N(1) and N(2A)–Pt(1A)–N(1A) are separated on
the different spaces, making two steps of stairs. A rectangular
cavity (6.8 3 7.2 Å) is in the center of the complex. Two triflate
anions, captured in the center of the cavity, are in extensive van
der Waals contact with the pyridyl groups of the ligand and are
also in van der Waals contact with each other (F2A–F2A: 2.79,
2.91 Å). The remaining two triflate counter anions are in short
contact with Pt(II) metal ions via an oxygen atom.

It turns out that the racemic ligands combine to generate an
achiral 2+2 complex with PdII or PtII, whereas the enantiopure
ligands are not assembled into an entropically favorable
homodimer, presumably due to the unfavorable strain energy
involved in the formation of a homodimer. The destabilization
of the homochiral dimer will be reduced by reorganization to
less strained oligomeric complexes. In order to identify the
reorganisation behavior of the homochiral complex, the 1H
NMR signal changes of a 1+1 mixture of equimolar RL/
(dppp)Pt(OTf)2 and SL/(dppp)Pt(OTf)2 complexes are mon-
itored (Fig. 2). The convergence into the racemic complex
suggests that the reorganisation process is reversible in dynamic
equilibrium and that the heterodimeric complex represents a
thermodynamically stable product.

We thank Professor Moon Geun Choi for the X-ray
crystallographic data collection. Financial support from CMDS
(KOSEF) is gratefully acknowledged. T. W. K. thanks the
Ministry of Education for the BK 21 fellowship.

Notes and references
† Selected data for [{(dppp)Pt(racL)}2](OTf)4: 1H NMR (500 MHz,
acetone-d6, 25 °C): d 2.3 (br, 4H, CH2-CH2-CH2), 3.3 (br, 8H, PCH2), 6.73
(t, J 7.5 Hz, 4H, D1-H), 6.89 (t, J 7.2 Hz, 8H, D2-H), 7.11–7.17 (m, 4 + 8
+ 4H, A-H + D1-H + D2-H), 7.40–7.44 (m, 8 + 4H, C-H + A-H), 7.50–7.57
(m, 8 + 4H, D2-H + A-H), 7.59 (br, 8H, D1-H), 7.81 (d, J 9.0 Hz, 4H, B-H),
8.05 (d, J 8.2 Hz, 4H, A-H), 8.16 (d, J 9.1 Hz , 4H, B-H), 9.01 (br, 8H, C-H);
ESIMS: m/z = 2655.3 (found), 2655 (calc. for major isotope peak for
[(C32H20N2O4)2(C27H26P2Pt)2(CF3 O3S)3]+); 1252.4 (found), 1253 (calc.
for major isotope peak for [(C32H20N2O4)2(C27H26P2Pt)2(CF3O3S)2]2+).
‡ In acetone solution at 25 °C, the racemic complex crystallized out to
inhibit the measurement of molecular weight by VPO, and polystyrene MW

= 2360 (MN = 2250 in VPO, MN = 2180 in GPC) was used as calibration
standard.
§ Crystal data for [{(dppp)Pt(racL)}2](OTf)4 (0.27 3 0.42 3 0.73 mm,
white transparent crystal): C122F12H92N4O20P4S4Pt2, M = 2804.39,
triclinic, P1̄, a = 15.714(3), b = 21.797(4), c = 22.380(5) Å; a = 68.33(3),
b = 78.78(3), g = 79.56(3)°; V = 6937(2) Å3, Z = 2, Dc = 1.530 g cm23

(including solvent), m(Mo-Ka, l = 0.71073 Å) = 2.211 mm21, 2qmax =
52.9°; 37 830 measured reflections, 27 063 unique of which 19 580
observables [I > 2s(I)]. The structure was solved by direct methods and
refined by full-matrix least squares calculations with SHELX-97. The final
R1 = 0.0522 for 19 580 reflections of I > 2s(I), R1 = 0.0830, wR2 =
0.1388 for all 27 063 reflections; measurements: Siemens SMART CCD
equipped with a graphite crystal incident-beam monochromator Lp.

CCDC 150517. See http://www.rsc.org/suppdata/cc/b1/b100329l/ for
crystallographic data in .cif or other electronic format.
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Fig. 3 An ORTEP representation of the structure of [{(dppp)Pt}2(SL)(RL)]4+

perpendicular to the Pt–Pt vector (30% probability thermal ellipsoids).
Selected average distances (Å) and angles (°): Pt–P 2.260, Pt–N 2.098; P–
Pt–P 90.76, N–Pt–N 85.14, cis P–Pt–N 92.02, trans P–Pt–N 176.61.
(Because of two independent but chemically identical complexes in the unit
cell, average values are reported.)
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Catalytic amounts of t-BuOK in DMSO allow the smooth
addition of nitriles and in some cases of ketones to
vinylsilanes, phosphines or thio derivatives in good yields.

The conjugate addition of metalated nitriles 1 or ketones 2 to
activated alkenes of type 3 (Z = electron-withdrawing group) is
a well-known reaction (Michael addition).1 Stabilized nucleo-
philes like enolates usually do not add to moderately activated
vinylic derivatives of type 3 (Z = SiR3, SR or PR2).

Only highly reactive organolithiums add to these moderately
active Michael-acceptors.2 Recently, we have found that
potassium enolates of ketones or nitriles generated catalytically
using t-BuOK in DMSO or N-methylpyrrolidinone (NMP) have
a high nucleophilicity in these solvents and add readily to
various styrenes in good yields, allowing a unique catalytic
phenylethylation reaction.3 Herein, we wish to report that a
range of nitriles add to vinylic silanes 3a and 3b, diph-
enylvinylphosphine (3c), phenyl vinyl thioether (3d) and
phenyl vinyl sulfoxide (3e) in the presence of a catalytic amount
of t-BuOK (20 mol%) in DMSO leading to the corresponding
Michael-adducts 4a–g and 4i–4k in 60–88% yield (Scheme 1,
Table 1). Thus, 2-phenylbutyronitrile 1a (entry 1 of Table 1)
adds to triphenylvinylsilane (3a) within 12 h at 40 °C in the
presence of t-BuOK (20 mol%) in DMSO leading to the
addition product 4a in 60% yield. The related cyclohex-
anecarbonitrile (1b) adds to 3a even at rt (12 h) affording the
adduct 4b in 76% yield (entry 2). Triethoxyvinylsilane (3b)
adds similarly valeronitrile (1d), secondary nitriles 1a and a-
tetralone (2a) at 40 °C. In this case potassium ethoxide (20
mol%) is used as a catalyst in NMP. This avoids alkoxide
exchanges at silicon and leads to the functionalized alkyl-
triethoxysilanes 4c–e and 5d in 65–86% yield (entries 3–5 and
entry 15). These products may be interesting precursors for the
preparation of functionalized silicones. This result shows that a
variety of potassium alkoxides can certainly be used in this
catalytic addition reaction. Vinylic phosphines only reluctantly
undergo the addition of nucleophiles2g and, usually, efficient
additions only are observed to vinylic phosphine oxide

derivatives or alkenylphosphonium salts.4 Under our reaction
conditions, various nitriles add to diphenylvinylphosphine (3c)
very smoothly (25 °C, 1 h) leading to the expected products 4f–
g in 81–88% yield and the double addition product 4h in 80%
yield. Interestingly, ketones like a-tetralone (2a), camphor (2b)
and cyclohexanone (2c) also undergo an efficient Michael
addition at 40 °C (12 h) leading to the ketophosphines 5a, 5b
and 5c in respectively 80, 72 and 65% yields (entries 12, 13 and
14). In the case of 5b only the endo-isomer is produced.5
Finally, nitriles like 1a or 1b add also to phenyl vinyl thioether
(3d) affording the Michael-adducts 4i–j (entries 9 and 10) in
75–78% yield. The corresponding sulfoxide (3e) adds nitrile 1a
under similar conditions (40 °C, 1 h) furnishing the sulfoxide 4k
in 82% yield (entry 11).

In summary, we have described a new t-BuOK-catalyzed
addition of nitriles to various moderately active Michael-
acceptors allowing the preparation of new functionalized
silanes, phosphines and thioethers. In the case of diph-
enylvinylphosphine (3c) the addition of ketones also proceeds
well. We are currently exploring the application of this reaction
for the preparation of new chiral ligands for metal catalysis.6
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A. R. We also thank the BASF AG (Ludwigshafen), Chemetall
GmbH (Frankfurt) and Degussa-Hüls AG (Hanau) for the
generous gift of chemicals.

Notes and references
1 (a) M. E. Jung, in Comprehensive Organic Synthesis, ed. B. M. Trost, I.

Fleming and M. F. Semmelhack, 1991, vol. 4, p. 1; (b) P. Perlmutter,
Conjugate Addition Reactions in Organic Synthesis, Pergamon Press,
1992.

2 (a) L. F. Casan and H. G. Brooks, J. Am. Chem. Soc., 1952, 74, 4582; (b)
D. Seebach, R. Bürstinghaus, B. T. Gröbel and M. Kolb, Liebigs Ann.
Chem., 1977, 830; (c) T. H. Chan, E. Chang and E. Vinokur, Tetrahedron
Lett., 1970, 1137; (d) J. Yoshida, S. Nakatani and S. Isoe, J. Org. Chem.,
1989, 54, 5655; (e) N. H. Andersen, P. F. Duffy, A. D. Denniston and
D. B. Grotjahn, Tetrahedron Lett., 1978, 19, 4315; (f) D. Seebach,
Synthesis, 1969, 17; (g) M. S. Rahman, J. W. Steed and K. K. Hii,
Synthesis, 2000, 1320.

3 A. L. Rodriguez, T. Bunlaksananusorn and P. Knochel, Org. Lett., 2000,
21, 3285.

4 R. M. Cory, D. M. T. Chan, Y. M. A. Naguib, M. H. Rastall and R. M.
Renneboog, J. Org. Chem., 1980, 45, 1852.

5 The relative stereochemistry of the endo-configuration has been
established by NOESY experiment.

6 Typical procedure: preparation of 2-ethyl-2-phenyl-4-diphenylphosphi-
nobutanenitrile (4f): To a stirred solution of tert-butoxide (45 mg, 0.4
mmol) in DMSO (2 mL) was successively added, under argon,
2-phenylbutyronitrile (1a; 290 mg, 2 mmol) and diphenylvinylphosphine
(3c, 420 mg, 2 mmol). The reaction was stirred for 1 h at rt. Water (3 mL)
and CH2Cl2 (25 mL) were added, and the resulting solution was washed
with brine, dried (MgSO4) and concentrated under reduced pressure. The
crude product was purified by flash chromatography (silica gel, 5%
ether–pentane) to give the desired product 4f (630 mg, 88% yield).Scheme 1

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b101420j Chem. Commun., 2001, 745–746 745



Table 1 Nitriles 4a–k and ketones 5a–d obtained by the t-BuOK-catalyzed
addition of nitriles and ketones to the vinylic silanes, phosphines, thioethers
and sulfoxides 3a–e in DMSO

Entry
Carbonyl
compound

Activated
alkene

Product of type 4
or 5 Yield (%)a

1 1a 3a

4a

60

2 1b 3a

4b

76

3 1a 3b

4c

86b

4 1c 3b

4d

85b

5 1d 3b

4e

65b

6 1a 3c

4f

88

7 1c 3c

4g

81

8 1d 3c

4h

80

9 1a 3d

4i

78

10 1b 3d

4j

75

11 1a 3e

4k

82

12 2a 3c

5a

80

13 2b 3c

5b

72

14 2c 3c

5c

65

15 2a 3b

5d

65b

a Yield of analytically pure products; b EtOK (20 mol%) in NMP was
used.
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The preparation, crystal structure and NMR spectroscopic
properties of a cisplatin-derived diplatinum(III) complex is
reported which contains two bridging 1-methylcytosinato
nucleobases in mutual head–tail orientation and in addition
two axially bound 9-ethylguanine nucleobases.

Reactions of di-, rather than mononuclear metal antitumor
complexes with nucleobases or DNA, in which the integrity of
the dimetal core is retained, have recently attracted attention.
Examples are nucleobase adducts of dinuclear Pt(II) complexes
with flexible aliphatic (i)1 or rigid heterocyclic linkers (ii),2 and

‘lantern’ type dirhodium(II) tetracarboxylates (iii).3 In the latter
case nucleobase binding can occur both through the axial
positions4 or with replacement of two bridging ligands.5 Here
we report on a diplatinum(III) complex (iv) which binds two
guanine nucleobases with high efficiency through the two axial
positions of the dimetal core. The novelty of (iv) relates to Pt
binding through guanine-N7, a pattern ruled out in the case of
dimetal tetracarboxylates (iii) because of repulsive interactions
between O6 of guanine and the four oxygen donor atoms in the
metal plane.6 In contrast, axial binding of adenine nucleobases
(via N7) was rationalized on the basis of favourable H bonding
interactions with the MO4 plane.3–5 The observation by Aoki et
al.7 on axial theophylline-N7 binding to a mixed-valence
tetrakis(m-acetamidato)rhodium(II)-rhodium(III) cation was a
logical consequence of the partial replacement of O atoms by
NH functions and the possibility of interligand H bond
formation. Consistent with this view, the presence of three H
donor sites (NH, two NH3) in the MN4 faces of the
diplatinum(III) core applied in this study proved particularly
advantageous for guanine binding.

The title compound was prepared as follows: The diplati-
num(II) precursor cis-[{Pt(NH3)2(m-mcyt-N3-N4)}2]2+ (1)8 con-

taining two bridging 1-methylcytosinato (mcyt) model nucleo-
bases in head–tail arrangement was oxidized to the
diplatinum(III) complex cis-[XPt(NH3)2(m-mcyt-N3-N4)2-
Pt(NH3)2Y](Z)n (2).9 Subsequently, the axial ligands X and Y
were replaced by 9-ethylguanine (Hetgua) by adding this
nucleobase to an aqueous solution of 2 (pH ~ 2) to give cis-
[{Pt(NH3)2(Hetgua-N7)(mcyt-N3-N4)}2]4+ (3). The cation of the

title compound 3 [ClO4]4·5H2O10,11 is depicted in Fig. 1. Salient
structural features are as follows: the Pt–Pt bond length of
2.5868(8) Å is in the typical range for single bonds of
diplatinum(III) complexes derived from cisplatin.12 The two Pt
planes form an angle of 20.3(1)°, and the torsional angle about
the Pt–Pt vector is 26.9(2)° (N(3C)–Pt–Pt–N(4C)) and 33.2(2)°
(N2–Pt–Pt–N1). Pt–N distances in the Pt plane are normal [Pt–
N(4C), 2.002(5); Pt–N(3C), 2.043(5); Pt–N(2), 2.056(5) Å] or
only slightly elongated [Pt–N(1), 2.070(5) Å]. However, the Pt–
N7 bond [2.189(6) Å] is markedly longer than those typically
seen in Pt(II)13 and Pt(IV)14 complexes of guanine. The guanine
ligand is oriented in such a way, that O6 escapes any steric clash
with O2 of the mcyt ligand by H bond formation with the two
NH3 groups (N1…O6G, 2.854(8); N2…O6G, 3.101(7) Å;
angles: N1–H1A…O6G, 159.8(4); N2–H2B…O6G,
144.2(4)°].

Compound 3 is stable in aqueous solution for at least 7 d. The
195Pt NMR signal at 2816 ppm is consistent with a Pt(III)
oxidation state and the singlet indicates that the two Pt centers
have identical environments. A 195Pt 1H HMQC experiment
reveals 4J coupling between 195Pt and H5 of mcyt (9.2 Hz), 5J
coupling between 195Pt and H6 of mcyt (8.3 Hz), as well as 3J
coupling between 195Pt and H8 of Hetgua (5.2 Hz). While
coupling with the cytosine protons are in the expected range,15

it is noted that 3J coupling to guanine H8 is rather small as
compared to guanine bases bonded to Pt(II) (20–32 Hz16) and
even to Pt(IV) (12 Hz14). It is a consequence of the apparent
weak binding of the axial guanine ligands. This situation
contrasts the strong binding of a single, C5 bonded 1-methyl-
uracilyl entity to a diplatinum(III) core,17 which has some

Fig. 1 Crystal structure of cation of cis-[{Pt(NH3)2(Hetgua-N7)(mcyt-N3-
N4)}2][ClO4]4·5H2O(3).
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structural similarity with the present case as it is another
example of a diplatinum(III) complex carrying a nucleobase in
an axial position.

The affinity of 2 for the guanine model nucleobase is retained
in reactions with the corresponding nucleoside 2A-deoxyguano-
sine and the nucleotide 5A-dGMP. Binding occurs rapidly, as
evident from 1H NMR spectroscopy. Doubling of most
resonances is consistent with formation of diastereomers upon
combination of the chiral head–tail species 2 with the chiral
nucleoside/nucleotide.15 The guanosine adduct is stable in
aqueous solution for approximately 1 d, whereas the 5A-GMP
compound is stable for at least one week (e.g. 195Pt NMR
resonance at d 2804 ppm for 5A-dGMP complex). Afterwards
the 1H NMR spectra of both species become quite complicated.
It is unclear at present whether oxidative degradation processes
of either the purine skeleton and/or the sugar moieties take place
similarly to the situations encountered with Au(III)21 and high
valent Mn,22 Ni,23 or Ru24 species.

Attempts to bind model nucleobases other than guanine, e.g.
1-methylcytosine, 1-methyluracil or 9-methyladenine to 2
under comparable conditions, failed. Thus 2 appears to be
highly selective for guanine nucleobases. Whether this feature
may be exploited to generate a chemical probe for guanine in
nucleic acids remains to be seen.

This work was supported by the Vigoni programme and the
Fonds der Chemischen Industrie.
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the orange solution then diluted with 3.5 ml H2O and allowed to slowly
evaporate. Orange crystals of 2a are collected in ca. 72% yield. 1H NMR
(200 MHz, D2O, d/ppm) of 2a: 7.35 (d, 3J = 7.4 Hz H6), 7.31 (d, 3J =
7.4 Hz H6), 6.04 (d, 3J = 7.4 Hz H5), 5.91 (d, 3J = 7.4 Hz H5), 3.40
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monochromator, o-scans, 6661 independent reflections, Rint = 0.044,
structure solved by standard Patterson methods19 and refined by full
matrix least squares on F2 using SHELXL-9720. All non-hydrogen
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1,5-Dinitrenonaphthalene was prepared in two cryogenic
matrices by photolysis of 1,5-diazidonaphthalene; the cryo-
genic matrices were an argon matrix at 11 K and a glassy
2-methyltetrahydrofuran matrix at 77 K; the photolysis was
analyzed by UV-VIS, FT-IR, and ESR matrix isolation
spectroscopies.

Dinitrenes have been intensively studied to examine the
magnetic properties of the building blocks in molecule-based
magnetic materials.1 The two nitreno groups in dinitrenes are
triplet centers and provide important insight into intramolecular
interelectronic exchange interaction. Some dinitrenes exist in
the quinonoidal form, where, for each nitreno group, one of the
unpaired electrons of the nitrogen atom forms a p bond with a
p electron of the adjacent carbon atom.2,3 Hence, these
dinitrenes are not high-spin molecules but diradicals with two
localized electrons in a singlet ground state. Even though they
are not very attractive as organic magnetic materials for
technical applications, these dinitrenes are important species for
the study of interelectronic interaction in organic diradicals.4 In
these quinonoidal dinitrenes, electronic interaction between the
radical centers is explained by spin polarization,2 an important
interelectronic exchange mechanism. The quinonoidal dini-
trenes have been studied to understand the relationship between
their interelectronic exchange interaction and their chemical
structure.1 However, frequently there are complicating struc-
tural ambiguities, such as twisting of the aromatic system in
biphenyl5,6 or E–Z iosmerization in stilbene.2 Connecting two
nitreno groups to a condensed polycyclic aromatic hydrocarbon,
where structural ambiguity is excluded, should make it easier to
study the relationship between structure and interelectronic
interaction and could lead to a clearer understanding of this
relationship, Here, we studied 1,5-dinitrenonaphthalene, where
two nitreno groups were connected to a rigid naphthalene
structure, by low temperature matrix isolation spectroscopies.

Crystallites of 1,5-diazidonaphthalene 1 were vaporized at
45 °C and codeposited with argon (99.9999%) onto a CsI plate
at 11 K. Matrix-isolated 1, which showed structured UV-VIS
absorption bands in the 300–340 nm region (Fig. 1) and major
IR bands at 2116, 1409, 1294, 781, and 707 cm21, was
photolyzed by XeCl excimer laser pulses (l = 308 nm, 1 Hz,
1.2 mJ cm22 pulse21, t = 20 ns). The photolysis was
simultaneously monitored by FT-IR and UV-VIS spectrosco-
pies.7 Upon irradiation at 308 nm, the UV-VIS and IR
absorption bands ascribed to 1 decreased rapidly, while some
new bands appeared. These new bands behaved differently
during irradiation: in the UV-VIS absorption spectra, the weak
absorption bands at 581, 565, 541, 535, 391, and 372 nm
disappeared after prolonged irradiation, while the absorption
bands at 470, 442, and 415 nm increased continuously during
the irradiation (Fig. 1). A similar behavior was observed in the
FT-IR spectra, with some new bands disappearing and others
growing continuously during irradiation. The former bands
were ascribed to mononitrene 2 in the triplet state, showing
good agreement with the theoretical IR spectrum calculated at

the UB3LYP/6-31G* level.† Meanwhile, the FT-IR spectrum
obtained upon irradiation with 330 shots (Fig. 2(a)) did not
contain the characteristic IR band of the azido group (2116
cm21). Thus, the resulting product was formed by elimination
of two nitrogen molecules from 1 (Scheme 1). This product (3)
showed a prominent IR band at 750 cm21 and others at 507,
1033, 1161, 1212, 1279, 1393, 1466, and 1506 cm21. These
bands were ascribed to a single photoproduct from the dynamic
behavior in intensity during irradiation.8 Moreover, the dy-
namic behavior of the IR spectra corresponded to that of the

† Electronic supplementary information (ESI) available: experimental
details and computational study of the dinitrenes. See http://www.rsc.org/
suppdata/cc/b0/b008560j/

Fig. 1 UV-VIS absorption spectra of 1 photolyzed by XeCl excimer laser
pulses (0, 30, 140, and 3440 shots) in an argon matrix. Arrows show the
dynamic behavior in intensity of peaks during irradiation.

Fig. 2 (a) FT-IR spectrum observed upon irradiation with 330 shots and (b)
theoretical IR spectrum of 3 (open-shell singlet state).

Scheme 1
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UV-VIS spectra during the whole irradiation as shown in Fig. 3.
This behavior of the UV-VIS and IR bands ascribed to 1, 2, and
3 revealed a typical consecutive reaction, that is, consecutive
elimination of two nitrogen molecules from 1.9 No IR bands
ascribable to other species were observed under the present
conditions. The observed FT-IR spectrum was compared with
the theoretical IR spectrum of 1,5-dinitrenonaphthalene. For the
quinonoidal dinitrenes reported as far, the ground state is the
singlet diradical state which lies slightly below the triplet state:
their energy gaps between singlet and triplet states (DES-T) are
rather small ( < 1 kcal mol21).2,3 The state order of the dinitrene
with different spin multiplicities was often difficult to reproduce
in the computational study,10 since the theoretical calculations
for singlet-diradicals show much difficulty because of their
multireference character. It has recently been reported that
calculations using the symmetry-broken spin-unrestricted DFT
method give reasonable solutions for such diradicals.10–12

Moreover, this method can afford reasonable solutions even for
larger molecules. Therefore, preliminary calculations for the
singlet, triplet, and quintet states of 3 were carried out at the
UB3LYP/6-31G* level. Fig. 2(b) shows the theoretical IR
spectrum of the singlet state. The theoretical calculation
underestimated the wavenumbers of the IR bands by ~ 125
cm21. The deviation was larger than that shown normally in the
calculations at this computational level. The deviations would
be due to the spin contamination: the results on 3 showed the
spin squared expectation ( < S2 > ) value of 1.78, indicating the
admixture of the triplet and quintet states. In the symmetry-
broken spin-unrestricted calculations, the < S2 > value of the
singlet diradical should be 1.0.11 Although deviations in
wavenumber were shown, the observed spectral feature was
well described by comparison of those with other spin
multiplicities (see ESI†). Moreover, the observed UV-VIS
spectra indicated the quinonoidal structure as followed. (1) The
UV-VIS bands (470, 442, and 415 nm) of 3 corresponded to that
of the 1,5-naphthoquinone derivative (475 and 458 nm) which
should have a similar electronic structure to the quinonoidal
dinitrene.13 (2) The INDO/S computation14 based on the
quinonidal geometry of singlet diradical predicts major UV-VIS
bands at 468 and 460 nm, that are in agreement with the
experimental results. Thus, it is concluded that the photoproduct
prepared from 1 was 1,5-dinitrenonaphthalene, which was the
quinonoidal singlet diradical in the ground state. The dinitrene
3 was formed by elimination of two nitrogen molecules from 1
without the rearrangement observed for 1- or 2-azidona-
phthalenes.15

UV-VIS spectroscopy revealed that a similar photolysis
occurred for 1 in a glassy 2-methyltetrahydrofuran (MTHF)
matrix at 77 K upon a Xe lamp irradiation through a band-pass
glass filter (350 < l < 380 nm). Under these conditions, ESR
spectroscopy (X band) was used to analyze the photolysis of a
MTHF solution of 1 (4.6 mM). Upon irradiation, ESR signals at
622 and 611 mT, ascribed to triplet mononitrenes,16 were

observed in addition to the typical impurity signal in the g = 2
region. Signals ascribable to a dinitrene with higher spin
multiplicity were not observed. The absence of the signals
indicated that the ground state of 3 was a singlet diradical.
Minato and Lahti2 and Nimura and others3 report that
1,4-dinitrenobenzene 4 and several other quinonoidal dinitrenes
show ESR signals ascribable to thermally populated excited
triplet states. The reason for the absence of such signals can be
explained as follows: since 1,5-dinitrenonaphthalene has a
larger DES-T than 4 and the other quinonoidal dinitrenes, the
population of the thermally-excited triplet state is too low to
detect. The DFT calculations support our interpretation of the
reason why the quinonoidal triplet ESR signals are difficult to
detect.† Moreover, theoretical calculations with higher levels
by Serwinski et al. also support our interpretation.17

In conclusion, 1,5-dinitrenonaphthalene was formed by the
consecutive elimination of nitrogen molecules from 1,5-di-
azidonaphthalene upon irradiation at 308 nm in low-tem-
perature matrices. On the basis of matrix isolation spectrosco-
pies and theoretical calculations, we confirmed that the
dinitrene formed was a quinonoidal singlet diradical with a
relatively large DES-T. Further study on other dinitrenona-
phthalenes is in progress.

We are grateful to Professor Paul M. Lahti (University of
Massachusetts) and Professor Hideo Tomioka (Mie University)
for helpful discussions.
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Pillar-shaped structures and patterns of three-dimensional
multi-walled carbon nanotube arrays have been synthesized
by pyrolysis of iron(II) phthalocyanine.

Alignments of carbon nanotubes (CNTs) are particularly
important for fabricating functional devices such as field
emitters1–4 and nanoelectronics5,6 as well as ultrahydrophobic
materials.7 Two-dimensional (2D) aligned nanotubes were
obtained previously by using chemical vapor deposition (CVD)
over catalyst embedded in mesoporous silica4,8 or on quartz
substrate9 and over laser-patterned catalysts.10 Recently, Ren
et al.11,12 have reported the synthesis of self-aligned 2D
nanotubes on glass substrates by using plasma-enhanced CVD,
although this method suffered from complex pre-synthesis
manipulations. However, to our knowledge, preparation of
three-dimensional (3D) CNT alignments has not been reported.
Here, we have developed a simple method for a large-scale
synthesis of 3D aligned CNTs normal to the quartz substrate
surface without any pre- or post-synthesis manipulations.

A typical experimental procedure was as follows:13 a clean
quartz glass plate (4 3 2 3 0.1 cm) was placed in a flow reactor
consisting of a quartz tube and a furnace fitted with an
independent temperature controller. A flow of Ar–H2 (1+1, v/v,
20 cm3 min21) was then introduced into the quartz tube during
heating. After the central region of the furnace reached 950 °C,
a quartz boat with 0.5 g of iron(II) phthalocyanine was placed in
the region where the temperature was 550 °C. After 5 min
heating, CNTs grew in a direction normal to the substrate
surface. The CNT samples were examined by scanning electron
microscopy (SEM, JEOL JSM-6301F) to characterize their
profile, alignment and uniformity. Transmission electron mi-
croscopy (TEM, Hitachi H-800, 100 kV) was used to determine
the diameters and microstructure of the CNTs. X-Ray photo-
electron spectroscopy (XPS) analyses of the samples were
performed on a VG ESCALAB 220-IXL spectrometer using an
Al-Ka X-ray source (1486.6 eV).

Fig. 1 shows SEM images of 3D regular arrays of nanotubes
aligned along the direction perpendecular to the substrate
surface. As can be seen in Fig. 1(a), a few pillar-shaped
structures of CNTs grow out from the 2D alignments in a well
distributed mode. At high magnification, the SEM image [Fig.
1(b)] clearly shows that the pillar-shaped structures dispersed in
the middle of the 2D CNT alignments. The CNT posts with a
diameter of ca. 3.4 mm are 7.8 mm higher than the 2D nanotube
alignments, whose height is typically 6 mm from the quartz
substrate. The structure is reminiscent of papillose epidermal
cells of lotus leaf surfaces that provide very effective water-
repellent and anti-adhesive properties against particulate con-
tamination, denoted self-cleaning ability.

A high magnification SEM image (Fig. 2) of an individual
nanotube post shows that it is a tubular bundle with a diameter
of 2.8 mm and a height of 5.5 mm. A TEM investigation (inset)
reveals that the nanotubes composing 3D alignments are
bamboo-like multiwalled nanotubes15 with a diameter of ca. 50
nm. The alignment is partially preserved despite the sonication
of the raw material in ethanol before deposition of the nanotubes
onto the holey carbon film TEM grid. This clearly indicates that

the nanotubes of 3D alignments are densely packed and held
together by van der Waals interactions.

Fig. 1 SEM images of 3D regular arrays of nanotubes aligned along the
direction perpendecular to the substrate surface: (a) an oblique 45° of pillar-
shaped CNT alignments. (b) a high magnification image of nanotube
posts.

Fig. 2 SEM images of an individual nanotube post from an oblique 450

(inset, a TEM image of CNTs).
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Fig. 3 shows a wide survey XPS spectrum of the nanotubes.
A sharp peak at 284.5 eV corresponds to a p* feature associated
with sp2 hybridized carbon. This observation confirms that the
nanotubes mainly contain carbon. Besides carbon (93.30
atom%), nitrogen (0.96 atom%) and iron (0.74 atom%), oxygen
(5.00 atom%) is also present in the surface of the nanotubes,
which may arise from air absorbed on the nanotubes. A split in
the p*-type peak of the N 1s spectrum (not shown) reveals the
presence of two peaks at 399.3 and 401.1 eV, corresponding to
sp2 pyridine-like N and sp3 bridgehead-type N incorporated into
the graphitic network, respectively.16 The 399.3 eV feature is
due to pyridinic nitrogen present at  the nanotube end, while the
peak centered at 401.1 eV corresponds to trivalent nitrogen
replacing the carbon in the hexagonal structure.17 The substitu-
tional N in a graphite sheet strongly favours the formation of
pentagons and heptagons, which is responsible for the bamboo-
like morphologies.15

In addition to the pillar-shaped 3D nanotube alignments,
most interesting patterns made of nanotubes arrays, such as
ring-like castles [Fig. 4(a)] and a 490 mm long crucian carp
without a tail and fins [Fig. 4(b)], were observed under similar
experimental conditions. Although the growth mechanism for
these patterns is not clear at the present stage, we think that the
substrate should be responsible for their formation. Apart from
this, both the strong van der Waals interactions between the
tubes and the high surface density of the growing nanotubes
serve as additional factors for the constituent nanotube to be
“uncoiled” and allow the aligned nanotubes to develop on the
quartz substrate.

In conclusion, we report the pillar-shaped fabrication and the
most interesting patterns of 3D CNT alignments by pyrolysis of
iron(II) phthalocyanine. The nanotube alignments have been
identified as promising candidates for field emitters in applica-
tions such as flat panel displays. Moreover, we can find
innumerable technical applications in the field of biomimetic
materials if the ultrahydrophobic property of the pillar-shaped
3D alignments of CNTs can be transferred to artificial surfaces
(e.g. cars, facades, foils). Further efforts should concentrate on
the understanding the growth mechanism and controlled
synthesis of the 3D regular arrays of the nanotubes.

We gratefully acknowledge financial support from the
National Nature Science Foundation of China (NSFC) and the
Chinese Academy of Sciences.
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Fig. 3 A wide survey XPS spectrum of the carbon nanotubes.

Fig. 4 SEM images of 3D nanotube patterns: (a) ring-like castles. (b) A 490
mm long crucian carp without a tail and fins.
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cis-Fused bicyclic g-lactones were prepared in a three step
sequence, featuring the stereospecific rearrangement of spiro
bicyclic b-lactones; the dependence of the b- to g-lactone
ring expansion on the relative stabilities of the intermediate
carbocations was also investigated.

We have previously demonstrated that b-lactones, such as 1,
undergo ring expansion towards more highly or equally
substituted carbon atoms, via carbocation rearrangements, to
afford g-lactones 2 (Scheme 1).1 Moreover, it has also been
determined that this ring expansion requires that both migrating
bonds bear an antiperiplanar relationship with respect to one
another to effect g-lactone formation.

In an effort to further explore the scope and limitations of this
very useful transformation, we examined the rearrangement of
b-lactones derived from cyclic ketones, carefully selected in
order to most accurately ascertain how structural variations
within the spiro-bound carbocycle would affect b- to g-lactone
ring expansion reactions.

Scheme 2 depicts the method by which butyrolactones were
prepared from simple carbonyl precursors.2 In this study, the
dianion of either isobutyric acid or acetic acid was condensed
with cyclic ketones 3 to afford the corresponding b-hydroxy
acids 4 in fair to good yields.3 These acids were subsequently
treated with PhSO2Cl in pyridine for 12 h at 0 °C to provide, in
good to excellent yields, spiro bicyclic b-lactones 5. Treatment
of 5 with freshly prepared MgBr2

4 in anhydrous diethyl ether
initiated their rearrangement to the fused g-lactones 6 or, in one
case, the corresponding b,g-unsaturated carboxylic acid 7.5
These results are summarized in Table 1.

The pivotal event in this transformation is the rearrangement
of one intermediate tertiary carbocation to another tertiary
carbocation; this is followed by annulation to form the g-lactone
ring. The cis fusion of these systems, although predicted on

mechanistic grounds, could not be determined spectroscopically
a priori; thus, stereochemical assignment of these compounds
was made by analogy to compounds previously reported in the
literature. Accordingly, the known6 g-lactone 6c was prepared
from the dianion of acetic acid and 2-methylcyclohexanone, 3c,
in 54% overall yield (three steps). This compound was found to
have physical and spectral characteristics identical to those
previously reported for the cis isomer.4 Moreover, this analog
permitted unequivocal stereochemical determination spec-
troscopically through the use of NOE techniques; these results
are summarized in Fig. 1. Irradiation of the methyl group in Fig.
1 led to an NOE enhancement of 7.2% for the adjacent
bridgehead proton, while reciprocal irradiation of the bridge-
head proton led to an NOE enhancement of 3.7% for the
adjacent methyl group. Therefore, compounds 6a,b,d were also
assigned a cis ring fusion by analogy.

In only one instance was a fused bicyclic butyrolactone not
produced. The rearrangement of spiro bicyclic b-lactone 5e,
derived from a-tetralone, to such an entity, would have required
the rearrangement of a tertiary benzylic carbocation to a
secondary homobenzylic species. As this is obviously a
thermodynamically unfavorable process, elimination occurred
instead to provide exclusively b,g-unsaturated carboxylic acid
7e.7

An interesting observation noted during this investigation
was the migration of a hydride, in place of an available methoxy
group, in the 5d to 6d transformation. Reetz has demonstrated
heteroatom migration preferentially to hydride in b-lactone ring
expansions, when single bond rotation allows for ready
alignment of either.8 However, in b-lactone 5d, only the
hydrogen is situated in the required antiperiplanar alignment
with the lactone ring oxygen; thus, exclusive migration of the
hydride occurs in high yield. These reactions are illustrated in
Scheme 3. The success of the transformation of 5d to 6d bodes
very well for future applications as an alternative route for the
preparation of g-exo-enol lactones,9 which are common struc-
tural units in natural products possessing a variety of applica-
tions.10 Moreover, this strategy also allows for an alternative
preparation11 of 1,4-dicarbonyl compounds, which are useful

† Camille and Henry Dreyfus Scholar, 1993–1995.
‡ Camille and Henry Dreyfus Fellow, 1993–1995.

Scheme 1

Scheme 2

Table 1 Structural and yield data for Scheme 2

Isolated yield (%)

Suffix 3n R1 R2 R3 R4 4 5 6 7

a 1 CH3 H H CH3 67 85 88 0
b 2 CH3 H H CH3 63 93 73 0
c 2 H H H CH3 78 82 84 0
d 2 CH3 H H OCH3 89 73 85 0
e 2 CH3 Benzo fused H 79 67 0 57

Fig. 1
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synthons in natural products synthesis. Future studies of the
generality of this procedure are planned, employing different
heteroatom substituents in various conformations, to determine
the scope and limitations of this potentially very useful new
protocol.

In summary, the ability of b-lactones to rearrange to their
corresponding butyrolactone derivatives depends upon both the
relative stability of the two involved intermediate carbocations
and the ability of the migrating bonds to achieve an anti-
periplanar relationship. This method has also proved to be very
efficient for the preparation of a variety of cis fused bicyclic
lactones, and provides easy access to these important structural
subunits.
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assistance in determining the relative stereochemistry of the
bicyclic g-lactones. Additionally, we would like to thank the
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Henry Dreyfus Foundation, and the National Institutes of
Health (GM52677-01) for their financial support; as well as the
NSF ILI program for funds with which to purchase a GCMS
(USE-9251113) and a QE 300 NMR spectrometer (CHE-
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An ultrasensitive microgravimetric biosensor has been
developed incorporating Au nanoparticle-amplified sand-
wiched immunoassay and silver enhancement reaction; Au
nanoparticle-promoted silver(I) reduction and silver metal
deposition result in ca. two orders of magnitude improve-
ment in human IgG quantification.

The use of gold nanoparticles as a signal amplifier has attracted
increasing interest in biosensor development. For example, in
surface plasmon resonance1–3 and microgravimetric quartz
crystal microbalance (QCM)4 based protein binding assay and
DNA hybridization assay, mass coupling of functional Au
nanoparticles results in a tens- to hundreds-fold sensitivity
increase. However, the use of primary Au nanoparticles is not
the end of the amplification. Efforts have been made to realize
ultrasensitive biosensing by means of sequent amplification
routes of, for example, multilayered5 or dendritic-type Au
nanoparticles.6 In the latter example (microgravimetric DNA
sensor), the primary Au nanoparticle amplification (ca. 10-fold)
is followed by a secondary dendritic-type Au nanoparticle
interaction. A total of 30-fold signal enhancement is achieved
through the stepwise amplification.

Immunogold silver staining (IGSS) has been widely used in
histochemical microscopy studies,7 where functional Au nano-
particles act as catalysts to reduce silver ions to metallic silver.
The autometallographic silver deposition procedure enlarges
the size and darkens the color of the particles, such that protein-,
antibody- or DNA-conjugated Au particles become visible
under electron- or light-microscope. Most recently, this amplifi-
cation strategy has been adopted in a pioneering study of
scanometric DNA array quantification.8 The incorporation of
Au nanoparticle labeling and silver staining amplification
results in two orders of magnitude improvement in detection
sensitivity when compared with a conventional fluorophore
system. Based on the similar amplification routes, a silicon-
based flexural plate wave sensor has been developed.9 The mass
loading caused by Au particle-catalyzed deposition of metallic
silver leads to a five orders of magnitude improvement in cancer
antigen detection. In addition to the Au conjugate-promoted
silver staining reaction, enzyme conjugate-catalyzed precipita-

tion processes have also been applied for signal amplification in
QCM and electrochemical sensors.10,11

Using an Au conjugate as a biocatalytic probe, we present
herein an ultrasensitive microgravimetric QCM biosensor, in
which primary Au nanoparticle-amplified sandwiched-im-
munoassay is followed by a silver staining reaction. The sensor
elements are 10 MHz AT-cut quartz crystals coated with silver
electrodes. An immunochemical molecular recognition event
between anti-human IgG (a-h IgG) and human IgG (h IgG) is
chosen to illustrate the sandwich procedure and, sequentially,
the silver enhancement reaction (Scheme 1). It can be seen the
proposed assay starts from the shielding of the metal electrode
by polystyrene treatment. As reported in our previous study,12

deposition of a polystyrene film (from a 5 mg ml21 toluene
solution) shields the silver electrode from undesirable oxidation
and, in addition, provides a substrate for biomolecular im-
mobilization. In this study, to evaluate the coverage of the
polymer film further, the silver enhancement reagent [a freshly
prepared 1+1 mixture of the silver enhancement solution A

Scheme 1 Schematic illustration of the Au nanoparticle-based, sandwiched
immunoassay and silver staining amplification.

Fig. 1 (A) Frequency response of a-h IgG-modified sensors upon the
application of h-IgG (10 mg ml21, curve b; 20 mg ml21, curve c) at arrow 1
and, sequentially, Fc specific a-h IgG:Au at arrow 2. Curve a is obtained
when the modified sensor was exposed to the Au conjugate directly without
h IgG application. (B) Frequency response of sandwiched complex coated
sensors upon the exposure to silver enhancement reagent. Curves a and b are
the background signals obtained in the absence of Au conjugate and h IgG
incubation, respectively, in the sandwiched procedures; curves c, d and e
represent h IgG concentrations of 0.5, 10 and 20 mg ml21, respectively.
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(silver salt) and solution B (hydroquinone initiator) from Silver
Enhancer Kit, SE-100 (Sigma)] was applied to the treated
surface. After 30 min of reaction, no darkening of the surface
was observed and the resonant frequency of the sensor remained
unchanged. Thus it can be assumed that, after shielding by
polystyrene, none of the metal electrode is exposed to serve as
a nucleation site for silver ion reduction. This is essential for the
proposed assay.

After polystyrene coating, the sensor surfaces were exposed
to 0.5 mg ml21 of a-h IgG (g-chain specific, Sigma) in PBS
buffer, pH 7.4. Through 1 h of incubation at 37 °C, the antibody
molecules were firmly immobilized through passive adsorption
and hydrophobic interaction. After blocking the non-occupied
binding sites (2% BSA incubation for 15 min), the modified
surfaces (with resonant frequency F0) were exposed to h IgG
(purified from serum, Sigma) and, when equilibrated, to 10 nm
Au-conjugated a-h IgG (Fc-specific, Sigma). As a result, the
analyte (h IgG) was sandwiched between bound antibodies and
Au-conjugated antibodies. Fig. 1(A) shows the frequency
responses of the sandwich procedures. The binding of h IgG
with bound a-h IgG leads to a smooth frequency decrease to F1.
Complete binding is achieved within ca. 10 min. The following
Au conjugate application results in further frequency response
to F2 after a longer duration of about 20 min. The total
frequency changes caused by the sandwich procedures (F0–F2)
are three- to four-fold greater than those obtained by direct
analyte binding (F0–F1). The lower response of the Au
conjugates may arise from steric inhibition of the huge
molecules (it has been estimated that a 10 nm Au particle
conjugates with seven IgG molecules). If the a-h IgG-modified
sensor was exposed to Au-conjugated a-h IgG directly without
analyte application, no frequency response was detectable
[curve a in Fig. 1(A)]. This confirms that the binding of the Au-
conjugate is attributable to the primary amplification for h IgG
determination in the sandwich assay.

This is not the end of the amplification. Upon formation of
the sandwiched immunocomplex, the sensor surfaces are coated
with Au nanoparticles, which serve as nucleation sites to
catalyze silver ion reduction. Fig. 1(B) shows the frequency
responses of the sandwiched-immunocomplex-coated surfaces
upon application of the silver enhancement solution. The
deposition of metallic silver on the surface of the bound Au
particle boosts the signal further to F3 (Scheme 1). To optimize
the signal and to reduce the silver staining background, after the
sandwich reactions the sensors were rinsed thoroughly using
deionized water to remove all salt content so as to avoid the
auto-nucleation of silver. In addition, a five-fold diluted silver
enhancement solution was optimal in reducing the staining
background obtained in the absence of Au-conjugated antibod-
ies [curve (a) in Fig. 1(B)] or h IgG [curve (b) in Fig. 1(B)].
These results confirm that neither significant nonspecific silver
staining nor nonspecific Au particle binding occurs. Under the
optimal conditions, the enormous frequency changes caused by
silver metal deposition on a-h IgG/h IgG/a-h IgG:Au-coated
sensors (F2–F3) are reflective of h IgG at different concentra-
tions [curves c–e in Fig. 1(B)]. The incorporated primary and
secondary amplified signals (F0–F3) are proportional to h IgG
concentrations with DF(Hz) = 317CIgG(mg ml21) + 256, r2 =

0.962. This is about two orders of magnitude more sensitive
than that of direct assay.12 It is also interesting to note that
Fig. 2(B) reveals the mechanism of Au-promoted silver(I)
reduction: within the first 5 min, the reduction is slow; after
5 min, significant reduction appears; and at ca. 30 min the
reduction tends to be complete.7

The above observations are further proved by atomic force
microscopy (AFM) studies. AFM images(1 mm 3 1 mm)
acquired for a-h IgG/h IgG/a-h IgG:Au-coated surfaces before
[Fig. 2(A)] and after exposure to the silver enhancement
solution [Fig. 2(B) and 2(C)] were obtained using a TMX 2000
Explorer System (TopoMetrix, Santa Clara, CA) operated under
ambient conditions. Si3N4 cantilevers with V-shaped tips
(20–50 nm radius of curvature) were used for measurement in
contact mode. Although the observed particle size may deviate
from the actual value because of the intrinsic curvature of the
tip,13 the deposition of metallic silver on the surface of the Au
particles is still clearly evident.

In conclusion, we have developed an ultrasensitive QCM
biosensor which combines metal electrode shielding, Au
nanoparticle-amplified sandwiched-assay and a silver enhance-
ment reaction. Based on this method, the detection sensitivity of
the microgravimetric sensor is no longer subject to the mass of
the analyte molecules. Since the proposed assay relies on the
shielding of the metal electrode, the advanced electrode
shielding technique remains a challenge. For example, function-
alization of a polystyrene film may combine electrode protec-
tion with covalent DNA molecule immobilization in one
preparation step, such that the proposed assay can be extended
to ultrasensitive DNA analysis. In addition, this study suggests
the possibility of utilizing the silver enhancement reaction for
quantification in chip-based biosensing.
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The product formation and yields for the Baylis–Hillman
reaction of fluorine-containing carbonyl compounds depend
on a balance between the reactivities of the carbonyl and
olefin partners.

It is well established that the biological properties of medicinal
compounds can often be influenced by fluorine substitution.1
The physical properties of several electronic and optical devices
also depend immensely on the structure of fluoroorganic
molecules.2 Fluorine substitution provides organic chemists
with an opportunity to study an extreme case of electronic effect
in reactions.1,2 As part of our ongoing projects in fluoroorganic
chemistry,3 we examined the Baylis–Hillman (BH) reaction4 of
activated olefins with fluoro-aldehydes and -ketones in the

(1)

presence of 10 mol% of 1,4-diazabicyclo[2.2.2]octane
(DABCO). Herein we report a fascinating relation between the
reactivities of the carbonyl and olefin partners for the BH
reaction of fluorocarbonyls; a match providing optimum yields
of the products, whereas a mismatch resulting in the decomposi-
tion or side reaction of the faster reacting partner.

Acrolein (1a), methyl vinyl ketone (1b), ethyl acrylate (1c)
and acrylonitrile (1d) were the olefins chosen for the reaction.
Initially we studied the reaction of fluoral (2) with 1a–d. Upon
mixing 2 with 1a at rt under neat conditions, in the presence of
10% DABCO, polymerization of both reactants occurred. Both
of these are known to polymerize in the presence of amines
[eqn. (1)].5,6 We then carried out the reaction in THF and
obtained a very low yield of the expected product along with the
polymerized starting materials. With the hope of arresting the
polymerization, we lowered the reaction temperature to 225 °C
and obtained a 40% yield of the product, 3a [eqn. (2)]. However,

(2)

we could not suppress the polymerization completely. Further
lowering the temperature had a deleterious effect since
polymerization of both reactants was faster than the BH reaction
at this temperature.

Reaction of 2 with 1b provided the product 3b in 35% yield
under neat conditions, at rt, 1 h. Surprisingly, the yield in THF
at 225 °C was 65%! [eqn. (2)]. However, the reaction of 1c
provided only a 20% yield of the product 3c at rt under neat
conditions [eqn. (2)]. Decreasing the reaction temperature
suppressed the BH reaction completely and only the polymer of

fluoral was obtained. Olefin 1d did not yield any BH product 3d
at room or lower temperature.

Reaction of 2,2,3,3,4,4,4-heptafluorobutanal (4), the fluorin-
ated homolog of 2, showed identical reaction patterns with
slightly improved yields of the products. Thus, while 1a and 1b
provided 50 and 70% yield, respectively, of products at 225 °C,
1c provided 22% yield of the product 5c and 1d failed to provide
any product at rt.

The dissimilarity in product yields from activated olefins of
differing reactivity captivated us. We considered a less reactive
perfluorinated aldehyde that does not undergo polymerization
in the presence of a 3°-amine and tested pentafluorobenzalde-
hyde (6) with 1a–d. While the reactions of 1b–d were complete
under neat condition at rt within 2–4 d, 1a polymerized.
However, it reacted in THF at 0 °C within 15 min providing
95% yield of the product [eqn. (3)].

(3)

Ordinary ketones undergo Baylis-Hillman reaction occasion-
ally under high pressures4 and activated carbonyls, such as a-
keto esters and hexafluoroacetone undergo relatively fast
reaction.7,8 1,1,1-Trifluoroacetone (8) is known to trimerize in
the presence of amines.9 However, our partial success with 2
persuaded us to carry out its reaction at low temperatures. In
fact, we obtained only 10–12% yield of the products 9a with 1a
in THF at 225 °C, and 9d with 1d at rt. Olefins 1b and 1c failed
to provide any product with 8. We isolated a polymeric material
in both of these cases.

To avoid the polymerization initiated by abstraction of the a-
hydrogen atom, we focused our attention on aromatic tri-
fluoromethyl ketones. The treatment of 2,2,2-trifluoroacetophe-
none (10) with two equiv. of 1a, under neat conditions, at rt did
not provide any product. Decreasing the reaction temperature to
225 °C yielded 15% of acrolein dimer along with its polymer.
Olefin 1b also did not provide any of the expected BH products
at rt, although we obtained a 30% yield of the dimer. Lowering
the temperature resulted only in the suppression of the
dimerization. In contrast, a slow reaction (7 d) between 10 and
1c resulted in 70% yield of the expected allylic alcohol 11c. The
reaction with 1d was faster, complete within 24 h, and provided
94% yield of the product 11d [eqn. (4)].

2-(Trifluoroacetyl)thiophene (12) provided similar results.
On testing with 1a–d, it underwent reaction only with 1c within
7 d providing the product 13c in 65% yield, and with 1d, within
24 h, providing the product allylic alcohol 13d in 82% yield
[eqn. (4)].
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(4)

2,3,4,5,6-Pentafluoroacetophenone (14) behaved like an
ordinary ketone, failing to react with any of the four activated
olefins.

In conclusion, we have studied the effect of fluorine
substitution in the Baylis–Hillman reaction. A series of novel
functionalized fluorinated allyl alcohols have been synthesized
during this study, enriching fluoroorganic chemistry.10 We have
successfully obtained products even from amine-sensitive
carbonyls as well as olefins by controlling the reaction
conditions. This is the first report of a Baylis–Hillman reaction
at such low temperatures (225 °C).

When the fluorocarbonyls are extremely reactive, capable of
reacting with themselves in the presence of an amine (e.g.
fluoral, heptafluorobutanal), the olefin has to be very reactive as
well (e.g. acrolein, methyl vinyl ketone) to obtain the products.
A mismatch as in the case of relatively less reactive ethyl
acrylate and acrylonitrile results in the polymerization of these
fluoroaldehydes. The reaction of a less reactive fluorocarbonyl,
such as pentafluorobenzaldehyde, is effective with both highly
reactive and moderately reactive olefins. Decreasing the
reactivity of the fluorocarbonyl further (e.g. 2,2,2-trifluoro-
acetophenone) provides good yield of products only with the
less reactive olefins (e.g. ethyl acrylate and acrylonitrile). Ring-
fluorination of aromatic ketones does not sufficiently activate
the carbonyl for the reaction. It appears that a match between the
reactivities of the fluorocarbonyl and olefin partners is essential
for obtaining reasonable yield of the products in the Baylis–
Hillman reaction.11
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A new self-assembling system is developed, based on
dithienylcyclopentene photochromic switches, which forms
extended aggregates in solution and for which the viscosity
can be changed by light.

The self-assembly of small functional molecules into supramo-
lecular structures comprises a powerful approach towards the
development of new materials and devices of nanoscale
dimensions,1,2 and the control of these organisational processes
by chemical or physical elements is a major challenge. A
promising approach towards such responsive or smart materials
is the integration of an addressable function, e.g. photochromic
moieties,3 into the supramolecular building blocks, which
would offer the possibility to alter the self-assembly process of
the individual molecules or change the properties of the
supramolecular arrays by means of light.4

Here we report on a new self-assembling system based on
diarylethene photochromic switches,3 which forms extended
aggregates in solution, and the viscosity of which can be
changed by light. Diarylethene and particularly dithienylcyclo-
pentene molecular switches3,5 are a distinct class of photo-
chromic compounds that can undergo a reversible ring-closure
reaction upon irradiation with UV- and visible-light, re-
spectively, which is accompanied by a pronounced change of
the electronic properties and conformational flexibility: in the
open form (1o) the two thienyl moieties are not conjugated and
can rotate around the bond connecting them with the cyclo-
pentene ring, whereas in the ring-closed form (1c) the
conjugation extends throughout the molecule and the rotational
freedom is lost (Scheme 1). In this study, the geometrical
change accompanying the photochemical transformation is
exploited to change the self-assembling properties of 1, and
hence the macroscopic properties of the system. The dithie-
nylcyclopentenes used here offer two distinct features when
compared to the commonly used azostilbenes:4 (i) the photo-
chemically induced ring-closure reaction of dithienylcyclo-
pentenes involves geometrical transformation which is clearly
different from the cis–trans isomerization, and (ii) the activa-
tion energy for thermal interconversion between the open and
closed form is large.3 The use of dithienylcyclopentenes in
switchable supramolecular systems will therefore expand the
scope of available transformations and will lead to thermally
bistable systems (Scheme 1).

In order to promote the formation of supramolecular
assemblies in solution by hydrogen bonding, a dithienylcyclo-
pentene-switch has been extended with amide groups (Scheme
1). The 1,2-bis(5A[(alkylamino)carbonyl]-2A-methylthien-3A-
yl)cyclopentenes (1o and 2o) were synthesised in a two-step
procedure starting from 1,2-bis(5A-formyl-2A-methylthien-3A-
yl)cyclopentene.6 Oxidation with Ag2O provided the corre-
sponding diacid, which was next converted to amides 1o and 2o
by first activating the carboxylic acid with 2-chloro-4,6-di-
methoxytriazine, followed by a reaction of the activated ester
with the corresponding amine. Compounds 1o and 2o† were
obtained in 33 and 30% overall yield, respectively, after column
chromatography starting from the dialdehyde.

The gelation behaviour of 1o was studied in various solvents
of different polarity.7 It was found that 1o did not form gels with
any of the solvents investigated, but with apolar solvents, like
cyclohexane, dodecane and benzene, clear viscous solutions
were formed at concentrations well above 5 mM, indicating that
aggregation of 1o occurs.8 The 1H NMR spectra of 1o in C6D6
show a gradual down field shift of dNH from 5.26 to 5.56 ppm,
and an increase of the line width with increasing concentration,
indicating that 1o forms highly dynamic aggregates through
hydrogen bonding between the amide groups at higher concen-
trations. Together with the observation that the results are not
changed by prolonged aging of the samples, this also indicates
that the aggregates formed by 1o are equilibrium structures.
Fitting of the data to a cooperative aggregation model9 revealed
that the dimerization constant K2 = 81 ± 3 M21, and the
association constant for the formation of higher order ag-
gregates KN = 787 ± 19 M21. Apparently, the formation of
higher order aggregates by bisamide 1o is highly favored over
the formation of dimers in apolar solvents like benzene.
Viscosity measurements‡ were performed with a 14.6 mM
solution of 1o in benzene at different shear rates. As is clear
from the data shown in Fig. 1, the viscosity decreases with
increasing shear rate, indicating that solutions of 1o behave as a
non-Newtonian liquid. Although the molecular interpretation of
this phenomenon is not yet clear, similar shear-thinning effects
have been observed in helical self-assembled polymers consist-
ing of small hydrogen bonding subunits.8 It should be noted that
dissolution of 2o does not result in gel formation, nor does it
cause a significant increase of the viscosity of the solvent.10

Moreover, the 1H NMR spectra of 2o in C6D6 show only minor

Scheme 1 Photoswitching of diarylethene 1o and 2o and thereby controlling
the extent of self-assembly of 1 by photochemical switching.

Fig. 1 Viscosity of 14.6 mM solution of 1o in benzene before (—) and after
irradiation (…) (1o/1c = 4).
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shifts ( < 0.05 ppm) upon increasing the concentration from 2 to
22 mM, indicating that the sterically more demanding tert-butyl
groups effectively prevent aggregation of 2o by intermolecular
hydrogen bonding.

The photochromic behaviour§ of a dilute solution of 1o in
benzene (0.29 mM) was followed by UV spectroscopy as is
depicted in Fig. 2. Upon irradiation of the solution of 1o at 313
nm, a new absorption band at 514 nm appeared due to the
formation of the conjugated closed form 1c. From 1H NMR data
it was deduced that the photostationary state consists of a
mixture of 1o and 1c in a molar ratio of 1o/1c = 0.43.
Irradiation at l > 520 nm causes a complete conversion to the
initial state consisting of pure 1o, and this switching process
between 1o and 1c could be repeated several times without
showing any degradation. It is interesting to note that switching
between 1o and 1c is not prohibited by formation of intra-
molecular hydrogen bonds as has previously been reported for
carboxylic acid derivatives of diarylethene switches,11 although
it cannot be excluded that such an intra-molecular hydrogen
bond between the two amide groups is present. Also irradiation
of a concentrated viscous solution of 1o in benzene (11.7 mM)
leads to the appearance of an absorption band at longer
wavelength, characteristic for the formation of the closed form.
The absorption maximum of 1c shows a small red shift to 524
nm and is slightly broadened compared to the measurements at
low concentrations, indicative of a weak exciton coupling
between the chromophores in the aggregates. The switching
process is also fully reversible in these concentrated solutions
and can be repeated several times, although at very long
irradiation times ( > 20 h) some decomposition ( < 5%) takes
place.12 The viscous solution needs, however, considerably
longer irradiation times (6 h) to reach the photo-stationary state
compared to monomeric solutions of 1o ( < 0.5 h), but
quantitative analysis of the kinetics is not yet possible in our
experimental set-up due to inner filter effects and an inhomoge-
neous optical field.

Most remarkably, even at relatively low conversions of 1o to
1c (1o/1c = 4) there is a clear decrease of the viscosity
compared to benzene solutions of pure 1o, demonstrating that
the viscosity of  solutions of 1 can be controlled by light (Fig.
1).13 In order to determine whether this photo-induced viscosity
change is due to a change of the aggregate properties like
stiffness, or to a change of the extent of aggregation of 1, the
photoconversion of viscous benzene solutions of 1o (7.32 mM
in C6D6) was followed by 1H NMR. Irradiation of a solution of
1o at 313 nm caused the appearance of a second set of NH and
CH3 signals, which can be assigned to the closed form 1c.§
After 50 min irradiation the NH signal of 1c appears as a
shoulder upfield from the NH signal of 1o. After longer
irradiation times both the NH signals of 1o and 1c are shifted
upfield compared to the NH signal of pure 1o (5.53 ppm) and
after 6 h they have reached a constant position at 5.39 ppm.
Although these results do not rule out any mesoscopic changes
of the aggregates due to irradiation, they clearly indicate that
photoconversion of 1o to 1c causes a decrease of the extent of
aggregation. After 6 h irradiation a photostationary state was
reached with the ratio 1o/1c = 0.5 (determined from the
integration of the CH3 signals of 1o and 1c at, respectively, 1.76

and 2.16 ppm), which is comparable to the photostationary state
of monomeric 1. Irradiation at l > 520 nm causes a complete
conversion to 1o with the NH signal again appearing at 5.53
ppm. Apparently, both the photoswitching and the aggregation
of 1 are completely reversible. For comparison, similar
experiments were carried out with C6D6 solutions of 2o.
Irradiation of 22 mM solutions of 2o also resulted in two NH
signals at 5.37 and 5.44 ppm, which can be assigned to 2o and
2c respectively, but for this compound the NH signals did not
shift with increasing conversion of 2o to 2c. Also the viscosity
measurements did not reveal a significant change of the
viscosity due to photoswitching of 2.

In conclusion, the bis-amide photochromic switch 1 self-
assembles in apolar solvents through a cooperative association
mechanism, and forms extented aggregates, resulting in highly
viscous solutions. Most remarkably, the reversible photoswitch-
ing of 1 from the open form to the closed form causes a change
of the extent of aggregation, which is accompanied by a
decrease of the viscosity. These changes can be attributed to
different molecular properties like shape and conformational
freedom of the open and closed form of diarylethene switch 1,
and it is expected that this feature of diarylethene switches can
be employed to control other macroscopic properties like gel
formation by light as well.

We are grateful for a fellowship to J. van Esch from the Royal
Academy of Science of the Netherlands (KNAW), and we thank
ir. V. W. A. Verhoeven for this help with the viscosity
measurements.
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The first stereoselective synthesis of an axially chiral
biscarbazole has been achieved, by application of the
‘lactone concept’.

Axially chiral biaryl natural products are of increasing im-
portance, but the phenomenon of atropisomerism is often
neglected—even nowadays.1 A typical example is, e.g. the class
of biscarbazoles,1,2 which consists of eleven C,C- and three
N,C-coupled alkaloids. All of the C,C-bonded representatives
should have a configurationally stable biaryl axis, which was,
however, not recognized during structural elucidation. The first
biscarbazole for which axial chirality was demonstrated, was
bismurrayaquinone-A (1, Fig. 1):3 after racemate resolution of
synthetic 1, the absolute configuration at the axis was attributed
by quantum chemical circular dichroism (CD) calculations.
Racemate resolutions succeeded also for murrastifoline-F4 and
for clausenamine-A (2, R1 = R3 = OMe, R2 = H).5

No stereoselective approaches to biarylic biscarbazoles have
so far been described. As a most rewarding synthetic target for
a first atropo-enantioselective access we chose the 2,2A-coupled
biscarbazole core 2 (R1 = R2 = R3 = H, Fig. 1), since it
constitutes the basic framework of five naturally occurring
alkaloids, bismurrayaquinone-A (1), bismurrayafolines-B, -C,
and -D, and clausenamine-A (all represented by the general
structure 2). Such a synthesis would also permit investigations
on the (possibly divergent) bio-activities of the atropo-
enantiomers of the respective natural products.6 In this paper,
we present the first stereoselective preparation of an axially
chiral 2,2A-biscarbazole core related to 2.

For the atropo-selective construction of the biaryl axis, we
chose the ‘lactone concept’,7 with biaryl lactone 9 (Scheme 1)
as the crucial intermediate. Since it is configurationally unstable
at the axis due to the ester bridge, it should permit an
atroposelective ring cleavage with chiral nucleophiles in a
dynamic kinetic resolution, giving rise to—then configuration-
ally stable—atropisomers. The synthesis of lactone 9 required
the preparation of the bromoacid 5 and the phenolic component
7.

Exploratory work rapidly showed the necessity of protecting
the base-sensitive and electron-pushing endocylic nitrogen, to
avoid side reactions on the NH function or, due to its electronic
impact, on the isocyclic ring. Such a protective group should, in
the first instance, be robust to survive the scheduled reaction
conditions, thus avoiding the need to establish different
protective groups for each single step. For this purpose, the
stable (and small) methyl group was chosen at this point, even
though it bears the inherent problem of being cleavable only
enzymically8 or under extreme conditions,9 which were not
expected to be tolerated by the dimeric target structures of type
2. For a first exploration of the synthetic concept, this
disadvantage seemed acceptable.

The synthesis of the bromoacid 5 started from the phenolic
carbazole ester 310 (Scheme 1). Regioselective bromination at
the 2-position was achieved by the DoM ( = Directed ortho-
Metalation)11 strategy. The MOM ( = methoxymethyl) function
was introduced using MOMCl,12 followed by N-methylation
with dimethyl sulfate. LiAlH4 reduction gave 4 as a DoM-suited
substrate, which afforded 2-bromination in an excellent yield
and with complete regioselectivity upon treatment with nBuLi
and (CBrCl2)2. Conversion of this bromoalcohol into the
corresponding acid 5 succeeded by Swern and NaClO2
oxidation, giving the first coupling portion in as much as 52%
overall yield from carbazole 3.

The phenolic ‘half’ 7 was synthesized from murrayafoline-A
(6),10 by N-methylation with dimethyl sulfate and BBr3-
mediated O-demethylation. The crude 1-hydroxycarbazole 7
thus obtained was  taken directly for esterification with
bromoacid 5 with DCC and DMAP, giving ester 8 in 86%
yield.

The intramolecular biaryl coupling of 8 was the most tricky
and yield-limiting step of the synthesis. Among different
reagents and conditions tested, the best result was obtained
using 1.5 equiv. Pd(OAc)2 and 3.0 equiv. PPh3 for 1.5 h at
120 °C. The biscarbazole lactone 9 was isolated in 35% yield,
along with 20–30% of the corresponding hydrodebromination
product. This—compared to other lactone syntheses7—moder-
ate coupling yield, which is in agreement with that for similar
coupling substrates with an ortho-‘OCH’ unit next to the
palladation site,13 is disappointing at first sight; still, it opens up
the first stereoselective access to an axially chiral biscarbazole
core.

For the atroposelective ring cleavage of the configurationally
unstable lactone 9, a CBS reduction was attempted first, since it
had given excellent chemical and optical yields in similar
conversions.7 In this case, however, apparently due to the
significantly decreased reactivity of the ester group by the

† Novel Concepts in Directed Biaryl Synthesis, part 95; for part 94, see G.
Bringmann, A. Wuzik, J. Kümmel and W. A. Schenk, Organometallics,
2001, in press.

Fig. 1 Bismurrayaquinone-A (1) and the general structure of other 2,2A-
coupled biscarbazole alkaloids.
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electron-donating carbazole nitrogen, the reduction took place
in only up to 40% yield, leading to the (M)-enantiomer of diol
10 with a maximum er of 82+18. Slightly better chemical yields
were attained with (M)-BINAL-H (58%), but with an er of only
67+33, again in favor of (M)-10. The best results with respect to
chemical yields and ‘asymmetric inductions’ were achieved
with lithium (1R)-mentholate as a chiral O-nucleophile,7 giving
11 in 89% yield and a dr of 85+15.

The attribution of the newly created axial configurations of
the ring cleavage products was achieved by a combination of
CD spectroscopy and quantum chemical CD calculations.14,15

The CD spectrum for the main enantiomer of diol 10 was
measured on line by LC-CD analysis on a chiral phase
(Chiralcel OD-H) and matched very well the CD spectrum
quantum chemically calculated for the (M)-enantiomer—here
based on a molecular dynamics (MD) simulation15—clearly
showing it to be (M)-configured, in agreement with the

stereochemical outcome of many other cleavage reactions on
similar lactone substrates.7

The purification of the main atropo-diastereomeric product
11 of the mentholate ring opening, by preparative HPLC on a
chiral phase (Chiralcel OD), gave the first atropisomerically
pure biscarbazole stereoselectively synthesized. The phenolic
part of this pure main isomer proved to be highly sensitive to
autoxidation during removal of the HPLC solvent in the
presence of air oxygen to yield the corresponding quinone. The
CD spectrum of its LiAlH4 reduction product showed strong
similarities with that of (M)-10, revealing the main atropisomer
of 11 to be likewise (M)-configured, as was to be expected in
analogy to numerous related lactone cleavage reactions.7

Since first attempts to adopt this reaction sequence for the
atroposelective biscarbazole synthesis to substrates with an N-
benzyl group as an eventually removable protective group for
the carbazole nitrogen gave promising results, the final steps for
the synthesis of an—unnatural—N,NA-dimethyl analog of
bismurrayaquinone-A were not performed for the N-methyl
protected model biscarbazole 11.

The presented pathway provides the first stereoselective
synthetic access to atropisomerically pure axially chiral biscar-
bazoles and defines the strategy for the now scheduled synthesis
of the corresponding genuine alkaloids. The electronically
exceptional conditions within the carbazole core as compared to
those of the other biaryl systems previously prepared, made the
realization of the lactone concept much harder than expected.
That these problems could be overcome, succeeding in the
preparation of an enantiomerically pure biscarbazole, demon-
strates the value of the applied method.

This work was funded by the Deutsche Forschungsge-
meinschaft (SFB 347) and by the Fonds der Chemischen
Industrie. The authors thank K. Messer for skillful help on LC-
CD analyses and Dr A. Wuzik for inspiring discussions.
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Highly ordered hydrothermally stable SBA-15 mesoporous
silica containing phosphonic acid groups are synthesised for
the first time by using amphiphilic block copolymers as the
structure-directing agents.

Surfactant-templated mesoporous hybrid materials constitute a
very exciting field in materials chemistry.1–8 This class of
materials has numerous potential applications9–12 due to their
high surface areas and their narrow pore size distributions as
well as the diversity of the functional groups which they can
contain. Recently Stucky et al.8 have published the preparation
of ordered SBA-15 mesoporous silica containing sulfonic acid
groups using the direct synthetic approach. That prompted us to
report in this paper the results that we obtained by the same
route concerning the preparation and the physicochemical
characteristics of periodic hybrid mesoporous materials con-
taining phosphonic acid groups based on the co-condensation of
tetraethylorthosilicate (TEOS) and an appropriate organo-
trimethoxysilane in the presence of triblock copolymers as the
structure-directing agent under acidic conditions.

First we prepared SBA-15 mesoporous silica containing
phosphonic acid diethyl ester groups. In a typical experiment
4.0 g of EO20PO70EO20 was dissolved in an aqueous HCl
solution (160 ml, pH ≈ 1.5). This solution was added to a
mixture of 8.4 g of TEOS and of 1.4 g of trimethoxy-
silylpropyldiethylphosphonate 1 at ambient temperature. The
mixture was stirred for 3 h giving rise to a microemulsion. After
heating this perfectly transparent solution at 60 °C, a small
amount of NaF (75.4 mg) was added with stirring to induce
hydrolysis and polycondensation. The mixture was stirred at
60 °C for 48 h. The resulting solid was filtered off and washed.
The surfactant was then removed by hot ethanol extraction in a
Soxhlet apparatus affording the X[PO(OEt)2] material in 95%
yield. The molar composition of the reaction mixture was: 0.04
F2: 1 TEOS: 0.11 1: 0.02 P 123: 0.12 HCl: 220 H2O. Some
relevant physicochemical data for X[PO(OEt)2] are given in
Table 1. The CP MAS 31P NMR spectrum of X[PO(OEt)2]
displays one sharp signal (Dn1/2 = 720 Hz) which was
attributed to the phosphonic acid diethyl ester group. Further
indication of the presence of diethyl ester group was given by
CP MAS 13C NMR spectroscopy with the signal at 63 ppm
attributed to PO(OCH2) groups. From elemental analysis, the
content of functional groups was found to be of 1.33 mmol g21

while the theoretical value was 1.29. The powder X-ray pattern
(Fig. 1a) exhibits an intense diffraction peak corresponding to
d100 spacing and two weak peaks (d110 61.5 Å and d200 52.5 Å)
which are characteristic of a 2D hexagonal structure. Inter-
estingly, no significant change was observed for the XRD
pattern recorded eight months later of the material which was
stored in air (Fig. 1b), indicating a very stable structure. Further
evidence for a highly ordered 2D hexagonal structure was
provided by the transmission electron microscopy (TEM)
images shown in Fig. 2. The N2 adsorption–desorption isotherm
for X[PO(OEt)2] is displayed in Fig. 3. The sample showed type
IV isotherm, characteristic of mesoporous materials with a
narrow pore size distribution.

Two routes gave rise to mesoporous silica containing
phosphonic acid groups. In both cases, silylation of SiOH
groups was first achieved by treating the mesoporous solid with
Me3SiCl in toluene heated under reflux for 12 h in order to avoid
side reactions between the phosphonic acid groups and the
surface SiOH. Acid catalysed hydrolytic desalkylation13 was
then accomplished by treating the resulting solid XSi[PO(OEt)2]
with a 12 M aqueous solution of HCl for 24 h under reflux (route

Table 1 Physicochemical properties of mesoporous SBA-15 silica containing phosphonic acid diethyl ether or phosphonic acid groups

Sample CP MAS 31P
NMR d/ppm

Mmol g21

(theor. value) SBET/m2 g21 Dp
c/Å Vp/cm3 g21 d100/Å

Walld
thickness/Å

X[PO(OEt)2] 33.5 1.33a (1.29) 696 75 1.03 106 47
XSia[PO(OH)2] 32.5 1.08b 618 70 1.03 105 52
XSib[PO(OH)2] 33.2 1.08b 580 71 0.89 105 51
a Calculated from elemental analysis. b Calculated from acid–base titration. c Calculated from the adsorption branch. d Calculated from a 2 pore size (a0 =
2d100/√3.

Fig. 1 XRD patterns for (a) X[PO(OEt)2]; (b) for X[PO(OEt)2] after eight
months; (c) for XSiaPO(OH)2; (d) for XSibPO(OH)2.
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a) giving rise to XSia[PO(OH)2]. The second route (route b)
consisted of the preparation of the bis(trimethylsilyl)phospho-
nate which can then be smoothly converted to phosphonic acid
on contact with neutral H2O at room temperature14 thus
avoiding the harsh reaction conditions of preparation of
XSia[PO(OH)2]. For this purpose, refluxing XSi[PO(OEt)2] with
2 equiv. of Me3SiBr in toluene for 24 h afforded XSib[PO(OH)2]
after addition of H2O. Some relevant physicochemical data for
both materials are given in Table 1. It is worth noting that all the
data are very similar. The CP MAS 31P NMR spectra of both
materials display only one sharp signal (Dn1/2 = 640 Hz),
indicating the absence of reaction between the phosphonic acid
groups and the surface SiOH. Though the 31P NMR chemical
shift of the PO(OH)2 groups is unfortunately very close to that
of PO(OEt)2 groups, evidence for the complete formation of
phosphonic acid groups in both cases was given by CP MAS
13C NMR spectroscopy with the disappearance of the signal
attributed to the PO(OCH2) groups. Furthermore, the exact
amount of phosphonic acid groups was measured by acid–base
titration. For this determination, the materials were first placed
in an aqueous Li2CO3 solution (pH 8) in which an ion exchange
occurred quantitatively (31P NMR, d 26 ppm (Dn1/2 = 320 Hz),
Li/P ratio, 1.95 from elem. anal.). The filtrate was then treated
with an excess of an aqueous HCl solution. From the acid–base
conductimetric titration, the amount of PO(OH)2 groups per
gram was found to be 1.08 mmol g21 taking into account the
same titration from XSi[PO(OEt)2] as a blank. The N2
adsorption–desorption isotherms are of type IV in both cases
with a very similar narrow pore size distribution (Fig. 3).
Figs. 1c and 1d show the powder X-ray patterns of respectively
XSia[PO(OH)2] and XSib[PO(OH)2]. They are very similar to

that of X[PO(OEt)2] (Fig. 1a) indicating that the mesoscopic
ordering completely survives both post syntheses. Thus, it can
be concluded that the structures of these materials are
hydrothermally stable as XSia[PO(OH)2] was treated with a 12
M HCl aqueous solution heated under reflux for 24 h. This is a
specificity of SBA-15 materials.8,15,16 They are also stable
under basic conditions (pH 8). Finally, phosphonic acid groups
are interesting in that they allow the incorporation of numerous
transition metals which should have good potential in catalysis.
As example, we show that treatment of XSia[PO(OH)2] with a
THF solution of nickel acetylacetonate (2 equiv. per PO(OH)2
group) heated under reflux for 12 h yielded quantitatively the
nickel salts (one signal at 22 ppm in CP MAS 31P NMR).

In summary, we have developed two routes in several steps
giving rise to the same highly ordered mesoporous hybrid
materials containing free phosphonic acid groups. This study
constitutes, to the best of our knowledge, the first example of
ordered mesoporous silica containing such a functional group.
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Fig. 2 TEM images of the X[PO(OEt)2] material: (bottom) in the direction
perpendicular to the pore axis; (top) in the direction of the pore axis. The
images were recorded on a JEOL JEM 200CX transmission electron
microscope. Scale bar = 100 nm.

Fig. 3 Nitrogen adsorption–desorption isotherm and BJH pore size
distribution plot (inset) of XPO(OEt)2 (8), XSiaPO(OH)2 (2) and
XSibPO(OH)2 (¶). To allow a better comparison, the data for XSiaPO(OH)2

and XPO(OEt)2 were shifted by 50 and 100 cm3 g21 respectively.
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Desaturation of (S)-9-fluorostearoyl-ACP using stearoyl-
ACP D9 desaturase yielded mainly (E)-9-fluoroalk-9-enic
product, while desaturation of (R)-9-fluorostearoyl-ACP
gave the novel (Z)-9-fluoroalk-9-ene and (Z)-9-fluoroalk-
10-ene.

The O2-dependent conversion of stearoyl acyl carrier protein
(ACP) 1 to oleyl-ACP 2 is a remarkable example of a highly

chemo-, regio- and stereoselective enzymatic process.1 The
enzyme responsible for this fascinating reaction, stearoyl-ACP
D9 desaturase, has been isolated from castor seed and is the only
protein of its type to be thoroughly characterized. The X-ray
crystallographic structure of this protein confirmed the presence
of a non-heme diiron oxidant which is strategically located at
the centre of a narrow, hydrophobic pocket.2 The amino acid co-
ordination of the catalytic diiron centre and the fold of the
protein are very similar to that found in methane mono-
oxygenase—an enzyme which converts methane and other
small alkanes to the corresponding alcohol.3 It has long been
suggested that desaturation and hydroxylation reactions are
closely related4a and that precise control of substrate conforma-
tion and oxidant location may play an important role in
determining reaction outcome.1,4b We decided to probe the
catalytic versatility of the stearoyl-ACP D9 desaturase by
challenging this enzyme with a substrate bearing a potentially
non-oxidizable, CHF-group at C-9. The availability of chiral
9-hydroxystearic acid derived from natural sources offered a
convenient synthetic entry into this project. Here, we report the
results of this study.

Each enantiomer† of methyl 9-fluorostearate, (9S)-3 and
(9R)-3, was incubated separately as the ACP derivative
(200 nmol) with freshly prepared D9 desaturase (14 nmol) and
required cofactors in a total volume of 250 ml for 30 min.6 The
reaction was quenched by addition of THF and the thioester
fraction was reduced (NaBH4) to give the corresponding
terminal alcohols. These products were analyzed directly by 1H-
decoupled 19F NMR and by GC/MS (60 m SP-23 capillary
column) as the tetramethylsilyl derivatives.

We were somewhat surprised to observe that very little
starting material could be detected in the extracts of both
incubations, indicating that both (S)- and (R)-9-fluorostearates
could function as substrates under these conditions (Fig. 1). No
obvious inhibitory effects were noted and the product profile
did not appear to change as a function of % conversion. The
major product formed in the desaturation of (9S)-3 was, after

reductive workup, (E)-9-fluorooctadec-9-en-1-ol 4 (Scheme 1
and Fig. 1a)‡—identical in all respects (MS, 1H-decoupled 19F
NMR, GC rt of TMS derivative) to a sample derived by LAH
reduction of previously identified, methyl (E)-9-fluorooctadec-
9-enoate.7 Interestingly, this material was accompanied by a
small (4–7% of the total products) but reproducible amount of
a threo-9,10-fluorohydrin 5 (MS: m/z 215 (C9H18OTMS)+, 1H-
decoupled 19F NMR: d 2195.25).§ Notably, no products
attributable to 9,9-fluorohydrin formation (9-keto- or its
reduction product, 9-hydroxystearoyl alcohol) were observed.

Desaturation of the ACP derivative of (9R)-3, yielded two
major novel fluorinated olefinic products, 6 and 7 (Scheme 1
and Fig. 1b).‡ 6 was determined to be the geometric isomer of
4 on the basis of its GC retention time (ca. 0.2 min shorter than
the corresponding (E)-product), similar mass spectrum (m/z 358
M+, 343 (M 2 CH3)+, 338 (M 2 HF)+, 323 [(M 2 CH3) 2
HF]+) and 1H-decoupled 19F NMR chemical shift (d 2110.45
ppm; lit. (Z)-7-fluorotetradec-7-ene (d 2110.37 ppm)).8 The
second novel product 7 was identified as (Z)-9-fluorooctadec-

Fig. 1 1H-decoupled 19F NMR (376.5 MHz) of products obtained from
desaturation of (a), (9S)-3; (b), (9R)-3. Unidentified, minor peaks of
variable intensity are marked with a ‘y’. x Product derived from a minor
amount of (R)-9-fluorostearoyl-ACP—the levels of this diastereomer
appear to be enhanced relative to the (S)-9-fluoro-isomer in the ACP
synthase-mediated acylation reaction as was previously noted in prelimi-
nary studies using racemic 9-fluorostearate as substrate.
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10-en-1-ol by comparison of its GC retention time and 1H-
decoupled 19F NMR chemical shift (d 2170.54) with those of
(Z)-8- and (Z)-11-fluorooctadec-9-en-1-ol (d 2170.61 and
2170.34, respectively).¶ In addition, a mixture of ster-
eoisomeric hydroxylated products (Scheme 1) was also ob-
served in the product profile: threo- 8 (m/z 215 (C9H18OTMS)+,
1H-decoupled 19F NMR: d 2195.27) and erythro-9,10-fluoro-
hydrin 9 (m/z 215 (C9H18OTMS)+; 1H-decoupled 19F NMR: d
2191.18 (.23)∑).

The formation of 4 with ‘normal’ regio- and stereochemistry
via desaturation of (9S)-3 indicates that this substrate can adopt
the required gauche conformation for what is thought to be a
diiron(IV)oxo-mediated, syn-dehydrogenation process.7 How-
ever, when removal of the hydrogen occupying the ‘pro-R’
position at C-9 is blocked by fluorine substitution as in (9R)-3,
substantial reorientation of substrate occurs and two ‘novel’
olefinic products (6, 7) are produced as depicted in Scheme 1.
There is some precedent for a substrate-induced shift in the
regiochemistry of desaturation,6 but the observation of a switch
in stereochemical outcome as displayed by the production of 6,
was completely unexpected. In a previous series of experiments,
incubation of racemic 9-fluorostearoyl substrate with a structur-
ally unrelated yeast D9 desaturase produced only the anticipated
methyl (E)-9-fluorooctadec-9-enoate.7

A small amount of hydroxylated materials is observed in the
product profile of both fluorosubstrates (9S)-3, (9R)-3. These
compounds do not appear to be formed by hydration of the
corresponding fluoroolefins during the workup§ and thus it is
tempting to attribute the formation of these products to an
MMO-type hydroxylation reaction.9 It is interesting to note that
the stereochemistry of these compounds is dependent on the
chirality of the fluorosubstrate: exclusively threo-product (5)
was obtained from (9S)-3, while a mixture of threo- and
erythro-fluorohydrins (8, 9)∑ was formed from a conformation-
ally distorted (9R)-3 (Scheme 1). Experiments to further
investigate the origin of these novel hydroxy products are in
progress.

In summary, we have demonstrated a remarkably high
preference for the catalysis of dehydrogenation rather than
oxygen transfer by stearoyl-ACP D9 desaturase. In addition,

valuable new insights into the enantioselectivity of oxidative
attack have been obtained.
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Energy Research of the US Department of Energy (J. S.). The
technical assistance of Jamie Cote, Christine Caputo and
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Polystyrene microspheres have been used as templating
entities to fabricate thin macroporous silicate films with
controllable porosity for catalysis and chemical sensing-
related applications.

The fabrication of microporous and mesoporous silica has
received considerable attention due to the need to develop more
efficient and stable materials for applications in catalysis,
separations, coatings and chemical sensing.1,2 Among various
strategies for the preparation of porous materials, template-
based sol–gel processing has rapidly gained popularity.1 In this
approach, the silicate matrix is assembled around a suitable
template. Upon removal of the template, cavities with a specific
size and shape remain in the cross-linked host.1

A wide variety of templates has been used to prepare
materials with pore sizes that range from a few nanometers to
several microns.1,2 Examples used in the fabrication of porous
silica materials include organic molecules,3,4 latex spheres,5,6

organic ligands,7,8 bridged template ligands,9–11 emulsion
droplets,12 and surfactants.13–18 To date, most investigations
have focused on the formation of micropores (d < 2 nm) or
mesopores (2 < d < 50 nm) into bulk silica solids or thick
membranes with a specific focus on the preparation of 3D
arrays. Relatively little attention has been focused on the
generation of macroporosity (d > 50 nm) in thin films,
particularly those that allow for easy transport through the
film.

In chemical sensing, thin films (typically < 1 mm) prepared
using sol–gel technology are most often utilized due to their
short path length for diffusion that decreases response times and
improves recovery rates.19,20 Sol–gel-derived thin films, how-
ever, are inherently much less porous than corresponding silica
monoliths as gelation and evaporation occur simultane-
ously.21,22 The ability to engineer porosity into these materials
will clearly improve their performance in analytical science.

In this work, a new approach is described for the preparation
of macroporous thin silica films whose pores are open on both
sides and enable efficient transport of reagents through the film.
This approach utilizes polystyrene microspheres as the templat-
ing entities to fabricate thin macroporous sol–gel-derived films
with controllable porosity. A mild chemical treatment is used to
completely remove the polystyrene template without destruc-
tion of the film. The morphology and properties of the
templated silica films have been examined using a combination
of microscopic, spectroscopic and electrochemical methods.

In these experiments, the silica sol was prepared by mixing
tetramethoxysilane (TMOS) with water and 0.1 M hydrochloric
acid followed by stirring for 5–10 min. The mole ratio of
Si+H2O+HCl was 1+9+0.003. The original aqueous suspension
of polystyrene microspheres (PSMS, Interfacial Dynamics, 8%
wt/v surfactant-free, sulfated) was sonicated for 5 min prior to
use. The sample solutions of PSMS suspension were prepared
by mixing the original suspension with water and 10 mM
sodium dodecyl sulfate followed by sonication for 2 min. The
aged (3 days) silica sol was then added to a PSMS suspension in
a ratio of 1+2 (v/v). The final mixture was vigorously stirred and
again sonicated for 1 min and the resultant suspension was cast

on the surface of a glassy carbon electrode or on a silicon
substrate at ca. 7000 rpm using an in-house built rotator. The
thin films were allowed to dry overnight under room conditions
(45–55% RH, ambient temperature). The polystyrene micro-
spheres were removed from the dense silica framework by
soaking the film in chloroform for two hours.

Fig. 1 10 mm 3 10 mm AFM images of silicate films prepared from a sol
containing 1.0 mm polystyrene microspheres, 1.3% wt/v before (top) and
after (middle) chloroform treatment. (Bottom) macroporous silica film
formed after removal of polystyrene microspheres from the composite film
prepared with a sol containing 2.5% wt/v of 0.5 mm polystyrene
microspheres.
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Fig. 1 (top and middle) shows AFM images of the composite
silica films prepared with 1 mm diameter PSMS particles before
and after chloroform treatment. As can be seen in the top panel
of Fig. 1, the polystyrene particles embedded within the silicate
film appear as the ‘hills’ randomly distributed through the
topography of the film. Evaluation of the height of the
embedded particles gives a value close to the diameter of the
bare particle whereas the width is estimated to be approximately
twice that of the particle. Upon formation of the film, the silica
likely pulls away from the polystyrene microsphere exposing
the top of the particle and building up around the sides.

After exposure to chloroform for two hours, the AFM images
show craters that are visibly open with an inside top diameter
close to the width of the polystyrene particle, Fig. 1 (middle). A
blow up of the cross-section of a cavity formed from a 0.5 mm
polystyrene microsphere is shown in Fig. 2. As can be seen, the
shape of the cavity mimics the shape of the bottom half of the
polystyrene particle. Part of the electrode underneath the
polystyrene microsphere becomes exposed after removal of the
particle. The size of the cavity can be changed by changing the
diameter of the polystyrene microsphere template. Likewise,
the number density of the cavities in the film can be increased
via changes in the amount of polystyrene particles added to the
sol. Fig. 1 (bottom) shows an AFM image of a templated film
prepared from a sol containing 2.5% of 0.5 mm polystyrene
microspheres. As can be seen, there are significantly more
cavities in the films with an inner diameter close to the size of
the polystyrene particle.

In order to verify that the films are open on both sides and
allow for easy transport of reagents, electrochemical probe
experiments were conducted. In these experiments, the silicate
film cast on an electrode surface is placed in a solution
containing an electroactive ‘probe’ molecule. If the probe
molecule is able to reach the underlying electrode surface via
diffusion through a defect site or a template induced cavity,
Faradaic current will be observed. Fig. 3 shows the cyclic
voltammograms of 1 mM ruthenium hexaammine
[Ru(NH3)6

3+] at the silicate film both before and after template
removal. Prior to treatment in chloroform, no Faradaic current
can be seen with any of the electroactive probes. This is
consistent with our prior work that has shown that films
fabricated with a silica sol prepared via the acid-catalyzed
hydrolysis of tetramethoxysilane are compact and essentially
defect-free.23 After the polystyrene spheres are removed from
the dense matrix, however, sigmoidal shaped CVs are obtained
for Ru(NH3)6

3+ due to electron transfer at the electrode–
solution interface produced by the template. The magnitude of
the Faradaic current increases upon increasing the number
density of cavities within the film.

In summary, a relatively simple approach is described to
engineer porosity in otherwise dense silica films. The size and
number density of the pores thus produced can be easily varied
over a large range via judicious selection of the size of the

polystyrene microsphere template and its concentration in the
sol. The template is removed via chemical means, otherwise
temperature sensitive reagents can also be entrapped within the
silicate framework. It is envisioned that this approach can be
utilized to prepare more porous sol–gel-derived materials for
chemical sensing- and catalysis-related applications or serve as
a unique way to fabricate ultra-small reaction vessels for small
volume chemistry related applications.

We gratefully acknowledge support of this work by the
National Science Foundation.

Notes and references
1 N. K Raman, M. T Anderson and C. J Brinker, Chem. Mater., 1996, 8,

1682.
2 M. M. Collinson, Crit. Rev. Anal. Chem., 1999, 29, 289.
3 Y. Wei, J. Xu, H. Dong, J. H. Dong, K. Qiu and S. A. Jansen-Varnum,

Chem. Mater., 1999, 11, 2023.
4 J. L. Hedrick, C. J. Hawker, M. Trollsas, J. Remenar, D. Y. Yoon and

R. D. Miller, Mater. Res. Soc. Symp. Proc., 1998, 519, 65.
5 M. Klotz, A. Ayral, C. Guizard and L. Cot, Bull. Korean Chem. Soc.,

1999, 20, 879.
6 B. Gates, Y. Yin and Y. Xia, Chem. Mater., 1999, 11, 2827.
7 N. K. Raman and C. J. Brinker, J. Membr. Sci., 1995, 209, 273.
8 Y. Lu, G. Cao, R. P. Kale, S. Prabakar, G. P. Lopez and C. J. Brinker,

Chem. Mater., 1999, 11, 1223.
9 S. T. Hobson and K. J. Shea, Chem. Mater., 1997, 9, 616.

10 P. Chevalier, R. J. P. Corriu, P. Delord, J. J. E. Moreau and M. W. C.
Man, New J. Chem., 1998, 423.

11 D. W. Schaefer, G. B. Beaucage, D. A. Loy, T. A. Ulibarri, E. Black,
K. J. Shea and R. J. Buss, Mater. Res. Soc. Symp. Proc., 1996, 435,
301.

12 A. Imhof and D. J. Pine, Nature, 1997, 389, 948.
13 C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli and J. S. Beck,

Nature, 1992, 359, 710.
14 J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge,

K. D. Schmitt, C. T.-W. Chu, D. H. Olson, E. W. Sheppard, S. B.
McCullen, J. B. Higgins and J. L Schlenker, J. Am. Chem. Soc., 1992,
114, 10 834.

15 S. A. Bagshaw, E. Prouzet and T. J. Pinnavaia, Science, 1995, 269,
1242.

16 M. H. Huang, B. S. Dunn, H. Soyez and J. I. Zink, Langmuir, 1998, 14,
7331.

17 J. E. Martin, M. T. Anderson, J. Odinek and P. Newcomer, Langmuir,
1997, 13, 4133.

18 S. H. Tolbert, T. E. Schaffer, J. Feng, P. K. Hansma and G. D. Stucky,
Chem. Mater., 1997, 9, 1962.

19 O. Lev, M. Tsionsky, L. Rabinovich, V. Glezer, S. Sampath, I.
Pankratov and J. Gun, Anal. Chem., 1995, 67, 22A.

20 D. Avnir, Acc. Chem. Res., 1995, 28, 328.
21 J. Brinker and G. Scherer, Sol–Gel Science, Academic Press, New York,

1989.
22 G. C. Frye, A. J. Ricco, S. J. Martin and C. J. Brinker, Mater. Res. Soc.

Symp. Proc., 1998, 121, 349.
23 M. M. Collinson, C. G. Rausch and A. Voight, Langmuir, 1997, 13,

7245.

Fig. 2 Cross-section AFM image of an individual hole formed from a 0.5
mm polystyrene microsphere.

Fig. 3 Cyclic voltammograms of 1 mM ruthenium hexaammine in 0.1 M
KNO3 at a polystyrene templated film (a) before and (b) after chloroform
treatment. Films were prepared from a silica sol containing 0.5 mm
polystyrene microspheres, 1.3% wt/v. Scan rate 100 mV s21.
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Peptides catalyzing retro-aldol reactions were selected from
a phage display peptide library using 1,3-diketones designed
for the covalent selection of an enamine-based reaction
mechanism.

The folded states of enzymes are key to their catalytic activity
since structure can be used productively to modify the chemical
reactivity of amino acid side chains, for example with
electrostatic or hydrophobic effects, to build isolated reaction
vessels, and to stabilize transition states of reactions. Small
peptides are limited in their potential to catalyze reactions since
they typically do not adopt well-defined structures. While the
design of folded peptides has advanced tremendously in recent
years, design at the level of catalysis is a challenging task.
Rationally designed small catalytic peptides (14–42 amino acid
residues peptides) have been reported that catalyze the dec-
arboxylation of oxaloacetic acid,1 ester hydrolysis,2 and
transesterifications.2 Rational design, however, is limited in
throughput.1b The combination of rational design with library
based methods may be an attractive approach to catalyst
development. Phage display allows for libraries of greater than
109 peptides to be probed for function, but this approach has not
been used to select for catalytic peptides.3 Here we report the
applicability of a mechanism-based covalent selection of
catalytic peptides in vitro. Peptides possessing aldolase activity
(aldolase peptides) that use an enamine-type mechanism were
selected by reaction of peptide phage with 1,3-diketones that
have been employed for the induction of aldolase antibodies4

(Scheme 1).
Amine catalyzed decarboxylation and aldol reactions share

imine and enamine intermediates on their reaction coordinates.
Accordingly, enzyme and antibody catalysts of these reactions
are generally bifunctional catalysts capable of accelerating both
decarboxylation and aldol reactions.5 In order to select aldolase
peptides that use an imine–enamine reaction mechanism, we
sought to exploit mechanistic homology by using as our starting
point an 18-residues peptide (YLK-18-opt)1b that catalyzes the
decarboxylation of oxaloacetic acid. This peptide contains
multiple lysyl residues that are key to its activity. To evolve the
catalytic activity of this peptide, a 6-amino acid residue library
was appended to the C-terminus of the peptide and the library
was displayed on phage.6 The phage display peptide library
YKLLKELLAKLKWLLRKLXXXXXX (X = any of the

natural 20 amino acids) was selected by three rounds of reaction
with 1,3-diketones, 1-BSA4a (bovine serum albumin) and

2-BSA.4c Screening of selected phage by ELISA identified
clones that bound to 1- and 2-BSA. The two most reactive
peptides as judged by ELISA, FT-YLK-3 and FT-YLK-4, were
chemically synthesized (C-terminal amide). Both peptides
catalyzed the retro-aldol reactions of fluorogenic substrates
(±)-34b and (±)-anti-44c in 5% CH3CN–42.5 mM Na phosphate
(pH 7.5). Since the solubility of the peptide FT-YLK-4 was low
in buffer (around neutral pH) and prevented exact kinetic
analyses, FT-YLK-3 was characterized in detail.

YLK-18-opt YKLLKELLAKLKWLLRKL-NH2
FT-YLK-3 YKLLKELLAKLKWLLRKLLGPTCL-NH2
FT-YLK-4 YKLLKELLAKLKWLLRKLSDHLCL-NH2
FT-YLK-3-R5 YRLLRELLARLRWLLRRLLGPTCL-NH2
FT-YLK-3-23S YKLLKELLAKLKWLLRKLLGPTSL-NH2

The catalyzed reaction displayed saturation kinetics as
described by the Michaelis–Menten equation. The parameters
of FT-YLK-3 and of the template peptide YLK-18-opt are
shown in Table 1.7 The Km values were in mM range. The rate
acceleration above the buffer catalyzed background reaction
(kcat/kuncat) of the selected peptide FT-YLK-3 was 1400 and 500
for (±)-3 and (±)-anti-4, respectively, and was superior to the
template peptide YLK-18-opt. FT-YLK-3 demonstrated moder-
ate enantioselectivity in the retro-aldol reaction of 3. Studies
performed using FT-YLK-3 (100 mM) and each of the
enantiomers of 3 (1 mM) in 10% CH3CN–40 mM Na phosphate
(pH 7.5), revealed that the ratio of the initial velocities of FT-
YLK-3-catalyzed reactions of (R)-3+(S)-3 was 1.8+1.0.8

In order to probe the catalytic mechanism of the peptide,
reactivity and mutational studies were performed. The catalyzed
reaction was inhibited by the addition of diketone 5. When FT-
YLK-3 (100 mM) was mixed with diketone 5 (2 mM) at pH 7.5
for 2.5 h at rt and the retro-aldol activity assessed with (±)-3 (1.2
mM) in 5% CH3CN–42.5 mM Na phosphate (pH 7.5), the
velocity of the retro-aldol reaction was < 15% that observed in
the absence of 5. Further, FT-YLK-3 formed a UV-observable
enaminone with pentane-2,4-dione (6) when FT-YLK-3 (100
mM) was mixed with 6 (5 mM) as indicated by the appearance
of a new absorption at 318 nm.4 The pH profile of the velocity
of the enaminone formation indicates that FT-YLK-3 has a pKa

Scheme 1 (a) Enaminone formation of peptide catalyst (Cat) with
1,3-diketone. (b) An enamine mechanism for the retro-aldol reaction.
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lower than that typical of a lysine e-amino group or a N-terminal
amino group. The lowest pKa is approximately 5.5. These
results are consistent with peptide catalysis of the retro-aldol
reaction using an enamine mechanism and chemically reactive
amino group(s).

Since the low pKa nucleophilic amino group of LysH93 of
aldolase antibodies 38C2 and 33F12 can be specifically
covalently modified with lactam 7,9 FT-YLK-3 was treated
with 7 to further study amino group reactivity. FT-YLK-3 (100
mM) was mixed with 7 (1 mM) and analyzed by MALDI-mass
at 30 min, 2 h, and 6 h. Analysis indicated a time-dependent
modification at multiple sites. At 30 min, 0–4 additions of 7 per
molecule of FT-YLK-3 were observed while 1–5 and 1–7
modifications were observed at 2 and 6 h, respectively. In
addition to lysine and a free amino terminus, FT-YLK-3
contains tyrosine, threonine, and cysteine residues that can react
with 7. Even with consideration of labeling at these 3 additional
potential modification sites, the results suggest that more than
one reactive amino group is labeled.10

To examine the effect of the lysyl residues, all five lysyl
residues in FT-YLK-3 were replaced by arginine residues.
Peptide FT-YLK-3-R5 displayed less than 5% of the catalytic
activity of FT-YLK-3 with (±)-3. This result is also consistent
with catalytic role for the e-amino groups of the lysine residues
of FT-YLK-3. In addition, 1 mM of lysine, arginine, tyrosine,
proline, and mixtures of these amino acids, or lysyl-lysine did
not catalyze the retro-aldol reactions described above as assayed
in 5% CH3CN-42 mM Na phosphate (pH 7.5).

Since no additional amino functionalities were selected in
FT-YLK-3, improvement of the catalytic activity of the peptide
may originate from structural changes to the peptide and/or the
addition of factors such as acid–base catalysis and transition
state stabilization. The CD specta of FT-YLK-3 and YLK-
18-opt (100 mM) in 45 mM Na phosphate buffer (pH 7.5) at
25 °C are shown in Fig. 1. For FT-YLK-3 the mean residue
ellipticity at 208 and 222 nm were 23.04 3 104 and 22.47 3
104 deg cm2 dmol21, respectively.11 The CD spectra indicate
that the peptide adopts an a-helical structure with an a-helical
content of ~ 70%.12 The template peptide YLK-18-opt showed
a much reduced a-helical content under the same conditions,
~ 20%.13 These results suggest that selection of the 6 amino
acid residue C-terminal extension in FT-YLK-3 stabilizes the a-
helical conformation of the peptide. MALDI mass analysis of
FT-YLK-3 revealed the peptide forms a covalent dimer though
a monomer was the main species detected after storage in the
buffer used for kinetic studies. The dimer of FT-YLK-3 formed

by a disulfide linkage did not preferentially form. The role of the
Cys residue was assessed by synthesis of the Ser analog FT-
YLK-3-23S. FT-YLK-3-23S catalyzed the retro-aldol reactions
described above and the velocity of the catalyzed reaction of
(±)-3 (2 mM) was 75% that of FT-YLK-3. The ratio of the mean
residue ellipticity of FT-YLK-3-23S at 208 and 222 nm were
0.8 and this ratio is the same as that observed in FT-YLK-3. The
a-helix content of FT-YLK-3-23S was ~ 50%. The reduction in
a-helical of FT-YLK-3-23S was correlated with a reduction in
retro-aldolase activity. These results suggest that improved
catalytic activity is intimately linked with stabilization of the
conformation of the peptide.

In this study, we demonstrate that phage display and a
compound designed to covalently trap catalysts that operate by
a predefined mechanism can be used to directly select for small
structured peptides that catalyze the aldol reaction. The
coupling of phage display with this type of selection strategy
provides a direct selection for peptide folding. For the aldolase
peptide reported here, folding and catalytic activity were
intimately linked.

This study was supported in part by the NIH (CA27489) and
The Skaggs Institute for Chemical Biology.
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Table 1 Kinetic parameters of the retro-aldol reactionsa

(±)-3 (±)-anti-4

Peptide Km, mM kcat, min21 kcat/kuncat Km, mM kcat, min21 kcat/kuncat

YLK-18-opt 1.8 2.1 3 1024 540 0.9 4.1 3 1024 170
FT-YLK-3 1.8 5.6 3 1024 1400 1.1 1.2 3 1023 500

a Reaction conditions: [peptide] 100 mM, 5% CH3CN–42.5 mM Na phosphate (pH 7.5) for (±)-3 and, 5% DMSO–42.5 mM Na phosphate (pH 7.5) for
(±)-anti-4, 25 °C. The first-order kinetic constant of the background reaction (kuncat) was 3.9 3 1027 for (±)-3 and 2.4 3 1026 min21 for (±)-anti-4. The
reaction was followed by monitoring the increase in fluorescence (lex 330 nm, lem 452 nm).

Fig. 1 CD spectra of peptides FT-YLK-3 (solid square) and YLK-18-opt
(open circle). The CD spectra were recorded in 45 mM Na phosphate buffer
(pH 7.5) at 25 °C at a peptide concentration of 100 mM.
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Triphenylphosphine selenide and its polymer-supported
counterpart are found to be efficient selenium-transferring
reagents for the conversion of H-phosphonate diesters and
phosphite triesters into the corresponding phosphorosele-
noate derivatives.

In the last two decades organoselenium chemistry became a
rapidly expanding field of organic chemistry as various
selenium-based reagents have enabled chemists to perform
important synthetic transformations simply and in high
yields.1

In 1957 Schwarz and Foltz2 found that selenium is an
essential nutrient for mammals (previously known as Factor 3
present in yeast) and prevents dietary necrotic degeneration of
liver, heart and other organs. This unexpected nutritional role of
selenium3 has been a powerful incentive to study the bio-
chemistry of organoselenium compounds.4 Kindled by hopes of
finding novel, useful theraputic properties, selenium has been
incorporated into various biologically important compounds,†
e.g. carbohydrates,5 lipids,6,7 nucleosides8 and oligonucleo-
tides.9–11

Organoselenophosphorus compounds are usually prepared12

via PIII intermediates (e.g. phosphite triesters,9,10,13 H-phospho-
nate-6,11 or H-phosphonothioate11 diesters), with a crucial step
involving an oxidative transfer of selenium to phosphorus. As a
source of electrophilic selenium in such transformations
elemental selenium6,14,15 and potassium selenocyanate,10,13,16

are most commonly used. However, the low reactivity of these
reagents and serious problems in their application in solid phase
synthesis, led to the development of two selenizing agents
soluble in organic solvents, 3H-1,2-benzothiaselenol-3-one
(BTSe),11 and bis(di-O,O-isopropyl phosphinothionyl)disele-
nide.17

To expand this short list of available selenizing reagents, we
have embarked on investigations of a selenium exchange
phenomenon between phosphine selenides and various PIII

compounds as a viable route to selenophosphates. The rationale
behind this was the observation that selenium-transfer from
tertiary phosphine selenides to tertiary phosphines,18 in contra-
distinction to phosphine sulfides, occurs readily at ambient
temperature to produce an equilibrium mixture of the corres-
ponding PIII and PV species, as shown in Scheme 1.

Although established in a general sense, this reaction has not
been recognised as a possible way of synthesising selenophos-
phorus compounds.

To find out if the selenium exchange process also occurs
readily between phosphine selenides and other PIII compounds,
we first investigated the reaction of triphenylphosphine selenide
(TPPSe, 1) with triethyl phosphite. Triphenylphosphine sele-
nide 114,16 seemed most attractive as a possible source of
electrophilic selenium, since it is a stable, crystalline, inex-
pensive, commercial reagent, with good solubility in organic
solvents.‡

Thus, triethyl phosphite in chloroform was treated with
selenide 1 (1.1 equiv.) and progress of the reaction was followed
by 31P NMR spectroscopy. It was rewarding to find that transfer
of selenium from 1 (dP = 36.5, 1JPSe = 640 Hz) to triethyl
phosphite (dP = 139.0) occurred rapidly (within 5 min) and
quantitatively with the formation of triethyl phosphorosele-
noate§ (dP = 72.0, 1JPSe = 938 Hz) and triphenylphosphine (dP
= 24.2). Encouraged by this result we assessed TPPSe as a
selenizing reagent for dinucleoside phosphite 3¶ (Scheme 2).
The reaction of 3 with 1.1 equiv. of selenide 1 was only slightly
slower than that with triethyl phosphite (completion within 20
min) and produced the expected phosphoroselenoate triester 4
as a ca. 1+1 mixture of diastereomers (dP = 74.6 and 74.2, 1JPSe
= 969 and 970 Hz). Compound 4 was isolated by silica gel
chromatography (ca. 70% yield) and its structure was con-
firmed by NMR spectroscopy and MALDI data.

Somewhat surprisingly, attempted selenization of diethyl H-
phosphonate with selenide 1 (2 equiv.) failed as no selenium-
transfer occurred within 24 h (31P NMR spectroscopy) in
pyridine or in chloroform in the presence of triethylamine
(5 equiv.). However, the conversion of diethyl H-phosphonate
(dP = 7.6) into the corresponding silyl phosphite∑ (dP = 128.5)
furnished rapid ( < 10 min) and clean selenization upon addition
of selenide 1 (1.1 equiv.) with the formation of diethyl
phosphoroselenoate diester (dP = 56.2, 1JPSe = 934 Hz). We
also found that selenization of diethyl H-phosphonate with 1
(2 equiv.) in pyridine could be effected without presilylation,
when diazabicyclo[5.4.0]undec-7-ene (DBU, 5 equiv.) was
used as base (completion within 25 min).

The efficacy of this approach for selenization of nucleoside
H-phosphonate diesters was evaluated by reacting dinucleoside
H-phosphonate 5a with TPPSe (1.1 equiv.) in pyridine in the

Scheme 1 Scheme 2
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presence of trimethylsilyl chloride (TMS-Cl, 6 equiv.) as a
silylating agent (Scheme 3). The reaction was clean and went to
completion within 15 min producing the silylated phosphor-
oselenoate 6a (dP = 56.9 and 56.6) as the sole nucleotidic
product. Similarly to diethyl H-phosphonate, selenization of H-
phosphonate 5a with 1 (1.1 equiv.) also occurred rapidly ( < 5
min) and cleanly in pyridine in the presence of DBU (5 equiv.)
as a base. The produced dinucleoside phosphoroselenoate 6a
was isolated from the reaction mixture by silica gel chromatog-
raphy in ca. 90% yield and it was identical to 6a prepared in
another way.11

The above conditions were also found to be most efficient for
the preparation of phosphorothioselenoate 6b11 (dP = 104.2 and
103.8, 1JPSe 759.0 and 756.0 Hz) from the corresponding H-
phosphonothioate 5a (80% isolated yield).** Preliminary data
from selenization of 5a and 5b containing different ratios of
both diastereomers showed that selenide 1 furnished transfer of
selenium to H-phosphonate and H-phosphonothioate diesters in
a stereospecific manner (most likely with retention of config-
uration).

As the final part of these studies we also investigated the
possibility of using a polymer-supported phosphine selenide 2
(PS-TPPSe) as a selenium-transferring reagent. Thus, a com-
mercially available polystyryl diphenylphosphine resin was
converted into selenide 2†† and reacted with selected PIII

derivatives. Preliminary 31P NMR experiments showed that 2
can indeed act as an efficient selenium-transferring reagent.
When triethyl phosphite was treated in dichloromethane with
polymer-supported selenide 2 (4 equiv.), complete conversion
to the corresponding phosphoroselenoate occurred within a few
minutes. Also selenization of dinucleoside H-phosphonate 5a
with selenide 2 (3 equiv.) in the presence of DBU (5 equiv.)
proceeded rapidly ( > 5 min) producing the expected dinucleo-
side phosphoroselenoate 6a.‡‡

In conclusion, we have developed a new and efficient method
for the selenization of PIII compounds based on selenium
exchange. Triphenylphosphine selenide 1, which is proposed as
a new source of electrophilic selenium in this method, is a
stable, easy to handle, inexpensive and commercially available
reagent, with good solubility in organic solvents. Efficiency of
1 as a selenium-transferring reagent was demonstrated by using
it for the conversion of phosphite triesters and H-phosphonate
diesters into the corresponding phosphoroselenoates, as well as
in the transformation of H-phosphonothioate diesters into the
phosphorothioselenoate derivatives. The reactions were fast and
occurred under mild, homogeneous conditions. A polymer-
supported counterpart of reagent 1, triphenylphosphine selenide
2, also showed favourable selenium-transferring properties.
This reagent can be considered as an alternative to 1, especially
if separation problems arise.

We are indebted to Professor P. J Garegg for his interest in
this work. Financial support from the Swedish Natural Science
Research Council is gratefully acknowledged.
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A unique method is developed for the controlled release of
the hydrophobic polymer chains from the core of the shell
crosslinked nanoparticles (SCKs) by selective cleavage of
labile C–ON bonds present at the core–shell interface; this
represents a methodology to probe the permeability of
nanoscopic membranes and a means for applications in the
controlled release of macromolecular species.

Polymeric nanoparticles, engineered with controlled composi-
tion, structure and dimensions, have attracted great interest in
recent years for their potential applications in medicine and in
nanotechnological devices, particularly as drug delivery ve-
hicles.1,2 Inspired by the nano-sized, amphiphilic core–shell
structure of lipoproteins, shell crosslinked nanoparticles (SCKs)
with a hydrophobic core, contained within a hydrogel network,
were prepared by the self-assembly of amphiphilic block
copolymers followed by intramicellar crosslinking between the
polymeric chains located within the shell.3 SCKs are charac-
terized by their structural integrity and available functionality to
attach receptor-recognizing ligands on the shell surface.4 The
control over size, shape and composition of these nanoparticles
holds great potential in drug delivery applications.5–7 The
permeable crosslinked shell of the SCKs can act as a protective
layer for the encapsulated guest molecules and determines the
transport into and out of the core of these nanoparticles.8 The
polymer chains constituting the core can be selectively
degraded and extracted to generate hollow nanospheres, which
makes possible the loading of large quantities of guest
molecules.9

SCKs with the core composed of bioactive polymeric chains,
and covalently attached to the shell, through labile bonds at the
core–shell interface, are expected to be of interest for the release
of hydrophobic drugs, such as peptides.2 Such SCKs may be
useful as prodrugs with enhanced oral bioavailability for poorly
absorbed drugs and may exhibit site-specificity and controlled
release, the latter being controlled by the extent of crosslinking
of the permeable shell membrane. Therefore, the porosity of
these membrane networks, which are only a few nanometers in
thickness, must be accurately evaluated. Herein, we report our

preliminary results carried out on an SCK model system, based
on poly(styrene)-b-poly(acrylic acid) (PS-b-PAA), possessing
labile C–ON bonds present at the core–shell interface. The
controlled release of the core PS chains is demonstrated, upon
selective thermolytic cleavage of the C–ON bonds.

The synthetic approach for the preparation of the SCK
nanoparticles from PS-b-PAA and the subsequent release of the
PS chains from the core is presented in Scheme 1. SCKs
possessing thermally labile C–ON bonds at the core-shell
interface were prepared from the amphiphilic copolymer PS-b-
PAA, which was designed to have a C–ON bond connecting the
hydrophilic and hydrophobic blocks. The synthesis of PS-b-
PAA utilized a combination of nitroxide mediated radical
polymerization (NMRP) and atom transfer radical polymeriza-
tion (ATRP)10 from a bi-functional initiator, 1.11 The alkoxy-
amine group of 1 was utilized for polymerizing styrene by
NMRP and the resulting PS with a terminal bromopropionyl
ester group was then used as a macroinitiator for the ATRP of
tert-butyl acrylate to obtain PS-b-PtBA.12 The diblock was
made amphiphilic by the hydrolysis of tert-butyl ester groups by
reaction with TFA in CH2Cl2 at rt.13

Micellization of PS-b-PAA and subsequent shell cross-
linking, using 2,2A-(ethylenedioxy)bis(ethylamine) as a cross-
linker, were carried out according to the previously reported
procedure.3 To study the effect of shell crosslinking on the
structure of the nanoparticles and, in particular, the shell
permeability, polymeric micelles were crosslinked to different
extents by adding stoichiometric ratios of diamine crosslinker to
carboxylic acid moieties that would result in a maximum
theoretical crosslinking of 20, 50 and 100%. Upon crosslinking,
the CNO absorption band corresponding to free carboxylic acid
groups (1710 cm21) decreased and the amide I and II bands
(1650 and 1540 cm21) with intensity in proportion to the
amount of added crosslinker appeared in the IR spectra of
lyophilized samples of the SCKs. The effective Stokes, volume-
weighted, mean hydrodynamic diameters (by dynamic light
scattering (DLS) measurements) were 54 ± 3 nm for the
micelles, and the SCKs were respectively, 55 ± 3, 28 ± 2 and 35
± 3 nm for 20, 50 and 100% crosslinking.14

Scheme 1 The synthetic approach for the preparation of SCK nanoparticles by a combination of self-assembly and intramicellar crosslinking reactions
followed by the subsequent release of core polymer chains upon the cleavage of C–ON bonds present at the core–shell interface. (a) See ref. 12 and 13; (b)
and (c) see ref. 3; (d) thermolysis of C–ON bonds (125 °C, 24 h in water); (e) lyophilization and (f) resuspension in THF.
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The irreversible termination of the PS· radicals, generated
upon the thermal homolytic cleavage of the C–ON bonds at the
core–shell interface15 leads to the detachment of PS chains from
the crosslinked shell. The addition of ascorbic acid during this
process facilitates the irreversible termination of the carbon-
centered radicals by reducing the aminoxyl counter radicals to
the corresponding hydroxylamine.16 Thermal decomposition
studies were carried out first with the amphiphilic diblock
copolymer PS-b-PAA, by heating at 125 °C for 24 h in a sealed
Schlenk tube (in toluene–acetic acid, 80+20 v/v) in the presence
and absence of ascorbic acid. The isolated PS (pure by 1H
NMR) accounted for 58.5% (ascorbic acid) and 20.7% (no
ascorbic acid) of the theoretical amount of PS expected. The
polydispersity index (PDI) decreased from 1.22 (for PS-b-PAA)
to 1.10 (for the PS obtained upon decomposition). The GPC
trace of the PS obtained was monomodal and the peak retention
time coincided with that of the PS macroinitiator.

The amount of PS isolated (20.7% in 24 h) by the homolytic
cleavage of C–ON bonds in PS-b-PAA was significant even in
the absence of radical quencher, ascorbic acid. Hence, for
simplicity, the cleavage of the C–ON bonds present at the core–
shell interface of the SCKs were carried out by heating the
aqueous solution of SCKs (125 °C in a sealed Schlenk tube for
24 h) in the absence of ascorbic acid. The kinetics of PS chains
released from the core was followed by suspending the
lyophilized SCKs in THF (at rt) with stirring and analyzing
aliquots removed at different time intervals, after filtration
through a 20 nm filter (Whatman), by GPC using a PS standard
(Mn = 2450) of known weight as an internal reference.
Representative GPC traces of PS released as a function of time,
for SCKs with 20% crosslinking, are given in Fig. 1(a) and the
data for % PS released as a function of time for SCKs with
different extents of crosslinking are plotted in Fig. 1(b). In each
case, the GPC retention time of the PS released and that of the
PS macroinitiator was identical. Based on the nearly mono-
disperse GPC chromatograms of the released PS, it appears that
bimolecular termination between the PS· radicals is not a major
termination process. However, an alternative argument for the
lack of observable PS dimer is that the molecular weight of the
dimer may be sufficiently great as to prevent its permeation
through the shell of the SCK. An inverse relationship was
observed between the amount and rate of PS release with the
extent of shell crosslinking. The amount of PS released (92 h)
was 28.7, 6.8 and 3.5% for the SCKs with 20, 50 and 100%
crosslinking, respectively.17 The PS released during the initial
period was rapid (‘burst effect’), likely due to the increase in
osmotic pressure with the addition of THF, followed by a
decreasing rate of release, consistent with passive diffusion.

The amount of PS released from the nanoparticles was larger
(28.7% in 92 h, 20% crosslinking) than that isolated (20.7%)
from PS-b-PAA under similar decomposition conditions
(125 °C, 24 h). A decreased efficiency of the recombination
reactions between the PS· radicals in the core and the aminoxyl

counter radicals located at the inner surface of the shell, leading
to more dead PS chains, is consistent with the observed results
for SCKs.

The experimental data reveal that the free PS chains, present
in the core, can penetrate the hydrogel-like shell membrane.
However, when the shell is highly crosslinked such penetration
is inhibited. The controlled release of polymer chains from the
core by adjusting the crosslink density of the shell opens the
possibilities of designing polymeric nanoparticles with specific
shell permeabilities, capable of delivery of large guests. This
approach may provide a solution to some of the delivery
problems posed by biologically active molecules, such as
peptides and proteins, genes and oligonucleotides. The results
of this study also provide a foundation for better understanding
of the porosity of the crosslinked shell of SCKs.
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Fig. 1 (a) GPC traces of PS (Mn = 14100) released from the core of SCKs
(20% crosslinking) as a function of time. The PS standard (Mn = 2450)
provided concentration quantification. (b) Release kinetics of PS from the
core of SCKs crosslinked to different extents (< 20%, - 50% and : 100%
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A ligandless palladium catalyzed Suzuki coupling reaction is
described.

The palladium catalyzed carbon–carbon cross-couplings of
organometallics with organoelectrophiles is an important syn-
thetic reaction.1 Most organometallic compounds are sensitive
to air, moisture or are toxic and often will not tolerate functional
groups which may be important in complex syntheses. Boronic
acids constitute one of the few organometallic reagents that
tolerate a wide range of functional groups, are available and
generally environmentally benign. In addition, they are inert to
air, resistant to heat, and can be recrystallized from water or
alcohol.

The Suzuki reaction2 which uses boron-containing precursors
has gained considerable attention in recent years because a large
number of functionally substituted boron-containing reagents
are commercially available. The Suzuki reaction generally
employs expensive organic solvents such as tetrahydrofuran as
well as expensive complex palladium catalysts. These palla-
dium reagents tend to be difficult to manipulate and recover. We
recently reported an energy efficient modification of the Suzuki
reaction using an alumina surface and palladium powder which
solved some of these problems.3,4

Earlier studies revealed that potassium fluoride was an
effective Suzuki base.5 Therefore we selected KF as the base for
the current study. We found that aromatic iodides readily couple
with arylboronic acids in the presence of palladium powder
when the reactions are carried out in methanol, Scheme 1. The
initial results are summarized in Table 1. The reaction can be

utilized to couple benzyl bromides with arylboronic acids but
aryl bromides and aryl chlorides are ineffective substrates.
Aliphatic boronic acids are also not reactive.

From the data in Tables 1 and 2, it would appear that the
reaction is relatively insensitive to the electronic nature of
substituents on the aromatic ring.

The synthesis of 4-methylbiphenyl is representative: palla-
dium black (0.050 g), KF (0.380 g), p-methylphenylboronic
acid (0.150 g, 1.10 mmol) and iodobenzene (0.204 g, 1.0 mmol)
were added to a clean, dry, 50 mL round bottomed flask.
Methanol (5 mL) was added to the mixture and the solution was
refluxed for 4 h in the open air. After decanting the solution, the
product was isolated via flash chromatography to yield
4-methylbiphenyl (92.2%); m.p. 44.0–45.5 °C, 1H NMR
(CDCl3; d ppm): 7.40 (m, 9 H), 2.37 (s, 3H).

It is important to note that the palladium metal can be
recovered and recycled by a simple decantation of the reaction
solution. In one series of experiments, we carried out eight
consecutive preparations of 4-methylbiphenyl with no sig-
nificant loss in product yields. In each case, the palladium
powder was recovered by decantation, washed with methanol,
and the experiment repeated. We made no effort to rigorously
exclude water from the reactions. In fact, successful syntheses
were achieved in 20% aqueous methanol.

We wish to thank the U.S. Department of Energy and the
Robert H. Cole Foundation for their support of this research.
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Scheme 1

Table 1 Suzuki coupling of tolylboronic acid with aryl iodidesa

Boronic acid Aryl iodide Yieldb (%)

4-Methylphenyl 1-Fluoro-2-iodobenzene 91
4-Methylphenyl 1-Iodo-4-nitrobenzene 94
4-Methylphenyl 2-Iodoaniline 77
4-Methylphenyl 4-Iodoacetophenone 93
4-Methylphenyl 4-Iodoanisole 83
4-Methylphenyl 2-Iodothiophene 93
4-Methylphenyl 2-Iodophenol 76
4-Methylphenyl 1-Fluoro-3-iodobenzene 98
4-Methylphenyl 4-Iodotoluene 89

a Reactions carried out utilizing 1.0 mmol of aryl iodide and 1.1 mmol of
tolylboronic acid in refluxing methanol (5 mL) for 4 h in the presence of
palladium powder. b Isolated yields.

Table 2 Suzuki coupling of arylboronic acids with aryl iodidesa

Boronic acid Aryl iodide Yieldb (%)

Naphthyl Iodobenzene 90
Naphthyl 1-Iodo-4-nitrobenzene 89
Naphthyl 2-Iodoaniline 74
2-Methylphenyl 2-Iodothiophene 90
2-Methylphenyl 1-Iodo-4-nitrobenzene 93
2-Methylphenyl Iodobenzene 97
3-Formylphenyl 2-Iodothiophene 98
3-Formylphenyl 1-Iodo-4-nitrobenzene 98

a Reactions carried out utilizing 1.0 mmol of aryl iodide and 1.1 mmol of
arylboronic acid in refluxing methanol (5 mL) for 4 h in the presence of
palladium powder.  b Isolated yields.
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The neutral ligand [ButNHP(m-NBut)2PNH(2-py)] and its
dilithiate [{ButNP(m-NBut)2PN(2-py)}Li2] exhibit a parallel
ability to coordinate cations and anions, as revealed in the
structures of the tris-solvate [LiCl{ButNHP(m-
NBut)2PNH(2-py)}3] 1 and the unusual co-complex
[{ButNP(m-NBut)2PN(2-py)}Li2·{Li(ButN)2P}] 2.

In recent years the coordination chemistry of new ligand
systems based on Group 15 element/nitrogen frameworks has
been the focus of an increasing number of investigations.1 The
most intensively studied species of this class are [E2(NR)4]22

dianions, which have been prepared for all the Group 15
elements (E = P–Bi).2–5 For the heavier congeners (As–Bi) the
dianion frameworks are readily established by condensation
reactions of the dimers [Me2NE(m-NR)]2 with primary amido
lithium complexes ([RNHLi]n).3–5 However, the phosphorus
analogues are obtained by metallation of the pre-formed acids
[RNHP(m-NR)]2 with organolithium reagents.2 The structures
of the resulting lithium cages are based on [{E2(NR)4}Li2]
cubane units, generally being of the type [{E2(N-
R)4}Li2·2thf]2a,5 or [{E2(NR)4} Li2]2

2b,3,4 (depending on the
presence or absence of thf solvation). We recently showed that
the precursor [ButNHP(m-NBut)2PCl] is useful in the synthesis
of non-symmetrical dianions, the reaction of the former with
[CyPHLi] (Cy = cyclohexyl)/BunLi giving the bifunctional
(hard/soft) dianion [ButNP(m-NBut)2PPCy]22.6

Both NMR spectroscopic and analytical investigations re-
vealed that the reaction of (2-py)NHLi with [ButNHP(m-
NBUt)PCl]6 does not yield the free ligand [ButNHP(m-
NBut)PNH(2-py)] (py = pyridyl), rather the product is the
lithium chloride complex [LiCl{ButNHP(m-NBut)PNH(2-
py)}3] (Scheme 1) (ESI†). Addition of BunLi to a solution of 1
[prepared in situ from the 1+1 reaction of [ButNHP(m-
NBut)PCl] with (2-py)NHLi] (1.6 equiv., respectively)] leads to
precipitation of LiCl and the formation of [{BuNP(m-
NBut)2PN(2-py)}Li2·{Li(ButN)2P}] 2 (in 19% yield) (ESI†). A
31P NMR study of the reaction mixture before and after the
addition of BunLi reveals that the production of 2 stems from the
formation of [ButNHP(m-NBut)]2 as a significant byproduct in
the synthesis of 1. 31P NMR studies also show that only the
dilithiate [{ButNP(m-NBut)2PN(2-py)}Li2]n is produced by
lithiation of pure 1. However, addition of [{P2(NBut)4}2Li2]2

(the product of lithiation of [ButNHP(m-NBut)]2
2b) to a solution

of [{ButNP(m-NBut)2PN(2-py)}Li2]n in the correct stoichio-
metric ratio gives 2.‡ The formation of 2 can therefore be
explained in both cases by symmetrical cleavage of the P2N2
ring units of [{P2(NBut)4}2Li2]2 (Scheme 1). Of particular
interest is the highly deshielded nature of the P centre of the
[(ButN)2P]2 anion in 2, whose resonance is found at d 395.3
(+25 °C). This value is considerably greater than observed for
other [(RP)2N]2 anions (ca. d 340–360).2b,7 suggesting an even
greater degree of charge separation within the anion backbone
in 2 [i.e. N2–P+–N2 rather than (NÌPÌN)2]. The extent of this
charge separation is probably related to the unusual coordina-
tion mode of the [(ButN)2P]2 anion observed in the later
structural characterisation of the complex (involving two N–Li
bonds to each of the N centres of the anion, rather than only one
as in all other previously characterised lithiates2b,7).

Confirmation of the structure proposed on the basis of
spectroscopic and analytical studies is provided by a low-
temperature X-ray crystallographic study of 1.‡ This reveals
that 1 is monomeric in the solid state, being composed of a
lithium chloride unit which is coordinated by three neutral
[ButNHP(m-NBut)PNH(2-py)] ligands (the molecules having
exact C3v symmetry about the Li–Cl bond axis) (Fig. 1).
Although other tris-pyridine complexes of LiCl have been
structurally characterised,8 the ‘cooperative’ mode of coordina-
tion of the LiCl unit in 1 (by a combination of (pyridyl)N–Li
bonding and H-bonding to the Cl2 anion within the hydrophilic
ligand cavity) is, to our knowledge, unprecedented for such an
inorganic ligand system. This behaviour has closer parallels

† Electronic supplementary information (ESI) available: syntheses of 1 and
2. See http://www.rsc.org/suppdata/cc/b0/b010093p/

Scheme 1

Fig. 1 Structure of the tris-solvate 1: H-atoms (except those attached to N)
have been omitted for clarity. Key bond lengths (Å) and angles (°); Li(1)–
Cl(1) 2.325(9), N(1)–Li(1) 2.093(5), P(1)–N(2) 1.710(3), P(1)–N(4)
1.703(3), P(1)–N(5) 1.705(3), P(2)–N(3) 1.642(3), P(2)–N(4) 1.728(3),
P(2)–N(5) 1.733(3), Cl(1)…H(2N) 2.65; [N(2)–H(2N)…Cl(1) 165.2],
Cl(1)…H(3N) 3.18 [N(3)–H(3N)…Cl(1) 176.7], exo-N–P(1,2)–m-N range
103.03(4)–104.9(2), N(4)–P(1)–N(5) 81.4(1), N(4)–P(2)–N(5) 80.0(1),
P(1)–N(4)–P(2) 98.5(2), P(1)–N(5)–P(2) 98.2(2).
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with organic ligand frameworks such as the mode of coordina-
tion of HSO4

2 and H2PO4
2 ions by the tripodal naphthylurea

receptor N{CH2CH2NHC(NO)NHC10H7}3.9 Judging by the
lengths of the N–H…Cl interactions involved, the H-bonds with
the NH(2-py) groups [Cl(1)…H(2N) 2.647(3) Å] are far more
significant than those to the ButNH groups [Cl(1)…H(3N)
3.177(3) Å]. This conclusion is confirmed by the variable-
temperature 1H NMR spectrum of the complex, in which the
(2-py)NH proton resonance shifts from d 6.40 at 20 °C to d 5.60
at 40 °C with disruption of the N–H…Cl H-bonds. In
comparison, the resonance for the ButNH protons remains
almost static (at d 3.30).

The structure of 2‡ consists of a co-complex of the
anticipated pseudo-cubane [{ButNP(m-NBut)2N(2-py)}Li2]
with a [(ButN)2P]Li monomer (Fig. 2). Alkali metal complexes
containing [(RN)2P]2 anions have only been observed pre-
viously where sterically demanding organic substituents are
present, which prevent dimerisation into [P2(NR)4]22 dianions
(such as 2,4,6-But

3C6H2 or 1-adamantyl).2b,7,10 Significantly,
the steric demands of the But group alone are insufficient to
prevent dimerisation in [{P2(NBut)4}Li]2

2b or its thf solvate
[{P2(NBut)4}Li2·2thf].2a Clearly, the disruption of this dimer-
isation and the ‘trapping’ of the [(ButN)2P]2 anion in 2 stem
from the ability of the supporting [{ButNP(m-NBut)2PN(2-
py)}Li2] pseudo-cubane to coordinate cooperatively the cation
and anion of the [(ButN)2P]Li monomer (behaviour which
parallels that of the neutral [ButNHP(m-NBut)PNH(2-py)]
ligand in 1, i.e. the Li+ cations now playing a similar role to the
H atoms in anion coordination). A similar ability to form co-
complexes of this type has also been observed for the Group 15
complex [{Sb(NCy)3}2Li6]11 and the Group 16 complex
[S(NBut)3Li2].12

Examination of the Li–N bond lengths found in the core of 2
reveals that chelation of Li(3) by the N(2-py) group plays a
decisive role in stabilising the [(ButN)2P]Li monomer. In fact,
bonding of the imido N centre of the N(2-py) group to the two
Li+ cations within the [{BuNP(m-NBut)2PN(2-py)}Li2] frag-
ment [N(2)–Li(1) 2.523(7), N(2)–Li(2) 2.823(7) Å] is almost
completely sacrificed to allow effective coordination of Li(3) by
the N(2-py) group [N(1)–Li(3) 2.003(6), N(2)–Li(3) 2.040(6)
Å]. Thus, Li(1) and Li(2) only interact significantly with the
terminal and m-NBut groups of the [ButNP(m-NBut)2PN(2-
py)]22 dianion [N(3)–Li(1,2) mean 2.05, N(4,5)–Li(1,2) mean
2.16 Å], and these Li+ cations are therefore primed (spacially

and electronically) for coordination by the two N centres of the
[(ButN)2P]2 anion [Li(1,2)–N(7,6) 2.08 Å]. Although the PÌN
bond lengths within the [(ButN)2P]2 anion [P(3)–N(6)
1.613(3), P(3)–N(7) 1.606(3) Å] are similar to those found in
[(RN)2P]Li complexes containing bulky substituents (ca.
1.58–1.60 Å),2b,7 unlike the latter the PN2Li ring in 2 is non-
planar as a result of the interaction of the N atoms of the anion
with Li(1) and Li(2). This is a unique coordination mode for any
[(RN)2P]2 anion.2b,7,10,13

We gratefully acknowledge the EPSRC (A. D. B., E. L. D.,
S. J. K., A. D. W.) for financial support.
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10493.4(14) Å3, m(Mo-Ka) = 0.223 mm21, T = 230(2) K. Data were
collected on a Nonius KappaCCD diffractometer. Of a total of 12953
reflections collected, 4938 were independent (Rint = 0.071). The structure
was solved by direct methods and refined by full-matrix least squares on F2.
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For 2; C25H49Li3N7P3, M = 561.44, monoclinic, space group P21/n, Z =
4, a = 17.1197(5), b = 10.5016(4), c = 18.8343(4) Å, b = 98.535(2)°, V
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rotational axis. This was modelled with 50% occupancy in two sites. CCDC
155955 and 155956. See http://www.rsc.org/suppdata/cc/b0/b010093p/ for
crystallographic data in .cif or other electronic format.
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Fig. 2 Structure of the co-complex 2; H-atoms have been omitted for clarity.
Key bond lengths (Å) and angles (°); dianion: P(1)–N(2) 1.670(3), P(1)–
N(4) 1.754(2), P(1)–N(5) 1.756(3), P(2)–N(3) 1.646(3), P(2)–N(4)
1.790(2), P(2)–N(5) 1.787(3); exo-N–P(1,2)–m-N range 99.5(1)–101.2(1),
N(4)–P(1)–N(5) 83.2(2), N(4)–P(2)–N(5) 81.3(1), P(1)–N(4)–P(2) 97.3(1),
P(1)–N(5)–P(2) 97.4(1); monoanion: P(3)–N(6) 1.613(3), P(3)–N(7)
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Phosphapalladacyclic complexes synthesised from ortho-
bromobenzylphosphine ligands are effective catalysts for
carbon–carbon bond forming reactions, exhibiting activity
that compares with, and in several examples exceeds, that of
existing systems.

Outstandingly active catalysts for the Heck (Scheme 1) and
Suzuki (Scheme 2) coupling reactions using palladacyclic
compounds have been reported by Herrmann et al. (1, turnover
numbers (TON, mol (mol Pd)21) for Heck reactions up to 1
M),1,2 Milstein and coworkers (2)3 and Bedford and coworkers
(3, TON for Heck up to 5.75 M, but substantial formation of
polystyrene occurred and TON to product was not reported).4

We were interested in whether the nature of the Pd–C bond
was important in determining catalyst efficiencies, so we
attempted the synthesis of a complex similar to that of
Herrmann et al., but with a metallated benzyl ligand.

Tertiary o-bromobenzylphosphine ligands 4 undergo metal-
lation with [Pd2(dba)3] (dba = dibenzylideneacetone) to yield
the palladacycle complexes 5 (Scheme 3) which also exhibit
efficient cross-coupling catalytic activity. In common with the
studies of Herrmann et al., we have found that aryl groups on
the phosphine moiety of the palladacyclic complex give
superior catalytic performance than electron-donating alkyl
groups,5 so we have concentrated on complex 5a (Table 1).

The reaction of 4-bromoacetophenone with n-butyl acrylate
consistently resulted in reasonable yields of 85–90% when 2 3
1024 mol% of 5a was used. As expected, longer reaction times
were required to achieve the same yield when a lower reaction
temperature was used (entry 2). It is noted that higher

† Current address: ICI Synetix, PO Box 1, Belasis Avenue, Billingham,
Cleveland, UK TS23 1LB.

Table 1 Heck coupling reactions catalysed by new palladium complexesa

Entry Aryl bromide Alkene [Pd](mol%) T/°C t/h
Conv
(%)b

Yield
(%)c

TON/mol
product
(mol Pd)21

1 4-Bromoacetophenone Butyl acrylate 0.0002 170 20 85.5 85.1 425 300
2 4-Bromoacetophenone Butyl acrylate 0.0002 130 143 88.9 88.4 442 250
3 4-Bromoacetophenone Butyl acrylate 0.00002 160 48 63.2 49.3 2464 800

144 81.6 71.8 3590 400
4 4-Bromoacetophenone Butyl acrylate 0.000002 160 72 41.5 2.1 1037 500
5 4-Bromobenzaldehyde Butyl acrylate 0.00001 150 96 37.2 37.2 3720 000
6 Bromobenzene Butyl acrylate 0.004 130 175 84.5 84.5 21 100
7 4-Bromoanisole Butyl acrylate 0.004 130 175 67.6 67.6 16 900
8 4-Bromo-N,N-dimethylaniline Butyl acrylate 0.02 130 24 19.3 19.3 1 930
9 4-Bromoacetophenone MMAd 0.002 130 48 96.4 96.4e 48 200

10 4-Bromophenol Butyl acrylate 0.02 130 24 21.1 20.0 1 000
11 4-Bromoaniline Butyl acrylate 0.02 130 48 97.6 2.0 97
12 2-Bromo-6-methoxynaphthalene Ethene (20 bar) 0.05 140 11 68.0 68.0 1 360
13f 4-Bromoacetophenone Butyl acrylate 0.02 130 24 98.6 98.1 4 900
a Reaction conditions: 50 mmol aryl bromide, 70–100 mmol alkene, 55 mmol NaOAc, 50 cm3 N,N-dimethylacetamide. b Based on aryl bromide consumed
determined by GC-MS. c Of product, determined by GC-MS. d Methyl methacrylate. e Three products formed. f Complex 5c used.

Scheme 1 Heck coupling reaction.

Scheme 2 Suzuki reaction.

Scheme 3 Synthesis of new palladium metallocycles.
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temperature (170 °C, entry 1) is required to achieve activity
comparable to the Herrmann system (1000 000 TON in 24 h at
130 °C),5 but no additive/promoting salts (e.g. NBu4Br) are
required. In fact we have not observed any increase in activity
or catalyst stability when such salts are added to our system. As
the catalyst concentration is decreased, higher turnover num-
bers, in excess of 3 3 106, are achieved at the expense of
product selectivity (entries 3 and 4). Indeed, when bromoaceto-
phenone was used as the substrate, Michael addition to the
alkene was a competing side reaction, which predominated with
higher temperatures and lower catalyst concentration. The
Michael addition is reversible so that the selectivity to the
coupled product increases with time (Fig. 1). Michael addition
was not observed when 4-bromobenzaldehyde was used (entry
5), as the aldehyde proton is less acidic than the a protons of the
acetophenone, and a TON of 3.7 3 106 was achieved with good
selectivity. There is also evidence to suggest that complex 5a is
deactivated more quickly due to palladium metal aggregation
when higher catalyst concentrations are used, resulting in
incomplete reaction. Product decomposition at prolonged high
reaction temperatures has also proven a problem with certain
substrates.

Non-activated and deactivated (electron donating) substrates,
such as bromobenzene, 4-bromoanisole and 4-bromo-N,N-
dimethylaniline (entries 6–8) require higher catalyst concentra-
tions and reaction times to obtain reasonable yields, but the
turnover numbers compare favourably with other palladacyclic
systems.5 Even 4-bromophenol reacted to give 20% of n-butyl-
(E)-4-hydroxycinnamate, but 4-bromoaniline gave almost ex-
clusively Michael addition products. The industrially important
reaction of ethene with 2-bromo-6-methoxynaphthalene also
occurs with excellent selectivity and good activity (entry 12).

Although the observations of Herrmann that aryl donating
groups on the phosphino moiety give higher activity than alkyl
groups have been confirmed, complex 5c catalyses the coupling
of 4-bromoacetophenone and n-butyl acrylate with excellent
selectivity when 0.02 mol% Pd is used (entry 13).

In addition to being an effective Heck catalyst, complex 5a
also exhibits catalytic activity towards the Suzuki coupling, and,
to a lesser extent, the Stille coupling (35% yield from
4-bromoacetophenone and Me3PhSn in 6 h at 110 °C, 3528
turnovers) and the hydroarylation reaction6 (57% conversion of

norbornene to phenylnorbornane using 5a and bromobenzene in
12 h at 130 °C, 9500 turnovers).

The Suzuki reaction is the coupling of aryl halides with
arylboronic acids (Scheme 2). It is mechanistically similar to the
Heck reaction, and both the Herrmann1b and Bedford7 com-
plexes have also been reported as active catalysts for this
reaction. Some results for the coupling of alkyl halides with
phenylboronic acid are displayed in Table 2.

Excellent conversions and selectivities are observed with
catalyst concentrations down to 0.001 mol% Pd, after which
longer reaction times are required. In contrast to the results of
Bedford and coworkers, little activity is observed when toluene
is used as the reaction solvent (Bedford obtains 1000 000 TON
in toluene in 2.25 h).7 No activity is observed with aryl chlorides
when using complex 5a, but using the more electron donating
5c activities higher than those reported by Fu and coworkers8

using Pd/PBut
3 complexes (maximum TON = 200) or than

those recently reported by Beller and coworkers9 using
unmetallated monophosphine palladium complexes (maximum
TON < 2000) are obtained in the coupling of 4-chlor-
obenzaldehyde with phenylboronic acid. The major side
products of this reaction are 1-(4-chlorophenyl)-1-phenyl-
methanol and 1-(4-biphenyl)-1-phenylmethanol. Since the
latter arises from coupling of the Suzuki product to the boronic
acid, the overall turnovers to Suzuki products are ca. 4600,
which is similar to the best results obtained by Buchwald using
di-tert-butylphosphinobiphenyl.10 Other highly active catalysts
for Suzuki coupling, which have been reported since the
submission of this communication, show very low activities for
coupling of chloroaromatics with aryl boronic acids.11,12

In conclusion, we have developed an underligated palladium
catalyst system that shows comparable activity to existing
palladacycle systems but does not require promoting salts. By
making the P atom strongly electron donating (But

2P groups), a
catalyst which shows very high activity for coupling of Suzuki
chloroaromatic compounds is obtained.
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Table 2 Suzuki coupling reactions catalysed by new palladium complexesa

Entry Aryl halide [5a](mol%) T/°C t/h Yield (%)b
TON/mol
product (mol Pd)21

1 4-Bromoacetophenone 0.002 130 20 100 49 750
2 4-Bromoacetophenone 0.001 130 24 97 96 600
3 4-Bromoacetophenone 0.0002 130 24 67 334 500
4 4-Chloroacetophenone 0.02 130 48 0 0
5 4-Chlorobenzaldehyde 0.01c 130 24 27.2d 2 724

a Reaction conditions: 50 mmol aryl halide, 75 mmol phenylboronic acid, 100 mmol K2CO3, 150 cm3 o-xylene. b Determined by GC-MS. c Catalyst 5c.
d Conversion is 83.4%, other products are 1-(4-chlorophenyl)-1-phenylmethanol (37.4%) and 1-4-biphenyl-1-phenylmethanol (19%).

Fig. 1 Diagram of the concentration (C in mol%/100) vs. reaction time of the
Heck reaction of 4-bromoacetophenone (< ) with n-butyl acrylate at 130 °C
to form n-butyl (E)-4-acetylcinnamate (-): catalyst 5a (0.0001 mol%,
0.0002 mol% Pd). Michael addition by-products (Ω) and (8) are also
formed.
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Rhodium complexes of [1-propyl-3-methylimidazolium]2
[PhP(C6H4SO3-3)2] dissolved in the ionic liquid, 1-butyl-
3-methylimidazolium hexafluorophosphate catalyse the hy-
droformylation of oct-1-ene at a constant rate for > 20 h in
a continuous flow process in which the substrate, gases and
products are transported in and out of the reactor dissolved
in scCO2; < 1 ppm rhodium is present in the collected
product.

Rhodium catalysts show very high activity and good re-
gioselectivity under mild operating conditions for the hydro-
formylation of long chain hydrocarbons, but have not yet been
commercialised for linear alkenes with > 6 C atoms because of
problems associated with the separation of the low volatility
product aldehydes from the thermally sensitive catalyst.1
Instead, the less efficient cobalt based catalysts are still in use
for the synthesis of soap and detergent range alcohols.2 Various
new ways are being investigated to ovecome this separation
problem but the ideal system would provide a continuous flow
process in which the advantages of reactions in the homoge-
neous phase (all catalytic sites equally accessible, high activity
and high selectivity) could be combined with transport of the
substrate, CO and H2 into the solution and transport of the
product aldehyde from the solution. This would mimic the
systems currently in use for hydroformylation of propene and
ethene.1 As part of our on going studies on the use of
supercritical fluids in homogeneous catalysis,3–5 we have
recently reported such a system,5 where the catalyst is dissolved
in a triaryl phosphite and the reactants are introduced dissolved
in scCO2, which is also used to remove the products from the
reaction; both the ligand and the catalyst have low solubility in
scCO2. The initially high activity and selectivity to the desired
linear aldehyde are gradually lost because the phosphite slowly
dissolves in the scCO2 and is removed from the system; it is also
degraded by water.5

For a continuous flow system, an involatile solvent, which is
insoluble in scCO2 and contains a polar (preferably ionic)
catalyst would be ideal and these properties are met by ionic
liquids.6 Previous attempts to carry out hydroformylation in
room temperature ionic liquids using rhodium complexes of
sulfonated triphenylphosphine ligands, showed rather low
conversions,7 perhaps because of the low solubility of perma-
nent gases in the ionic liquid. Somewhat improved conversions
could be obtained if other solvents (THF, toluene or water) were
added. Even so, conversions were only of the order of 30%.7
More recently, such reactions have been successfully carried
out in ionic liquids using rhodium complexes of cobaltocenium
based diphosphine ligands.8

A recent report has shown that scCO2 is highly soluble in
certain ionic liquids (up to 0.6 mol fraction), whilst the ionic
liquid is insoluble in scCO2.9 Since scCO2 is fully miscible with
permanent gases and is a good solvent for alkenes and
aldehydes, we reasoned that scCO2 might help transport the
permanent gases into the ionic liquid and could then also act as
the transport medium for a flow system. A very recent paper
shows that scCO2 can extract a wide range of organic
compounds from ionic liquids of this type.10 We now report

results of a study of the hydroformylation of alkenes in
supercritical fluid–ionic liquid biphasic mixtures.

Table 1 shows results obtained from the hydroformylation of
hex-1-ene in the ionic liquid, 1-butyl-3-methylimidazolium
hexafluorophosphate using triphenylphosphite as the rhodium
based ligand.† As with other ligands,7 the results obtained in the
pure ionic liquid are poor with a selectivity to aldehyde of only
15.7%, and the linear : branched (l+b) ratio is low at 2.4
although all of the hex-1-ene is converted. The main products
arise from aldol condensation of the product aldehydes. On
adding scCO2, the rate of reaction falls, but the selectivity to
aldehyde increases to 82.3% and the l:b ratio to 6+1. Using
toluene as solvent, the rate and selectivity to aldehydes are high,
but the l+b ratio is low (2.5).

In view of the success of the reaction in the biphasic system,
we carried out similar reactions of hex-1-ene or non-1-ene,
flushing the products from the reactor with scCO2 at the
reaction temperature and pressure at the end of the reaction and
decompressing into a second autoclave held at low tem-
perature.4,5 After all the product had been removed by this
flushing process, the reactor was cooled, depressurised and
recharged with fresh substrate, CO, H2 and CO2. Several
repetitive uses of the same catalyst show that it retains activity
and selectivity for 2–3 runs, but then loses both. Visual
inspection shows that the catalyst solution has become black
and 31P NMR studies show the presence of O2PF2

2 and
P(OPh)nF3n (n = 1–2). These products arise from reaction of
the PF6

2 with water, releasing HF, which then attacks the
phosphite.

Because of the water sensitivity of the ligands in this system,
we investigated sulfonated triphenylphosphines, for which both
the ligands and the rhodium complexes are insoluble in scCO2.
Complexes derived from the sodium salts of mono- and tri-
sulfonated triphenylfosphine show low activity, at least in the
case of the trisulfonate because of low solubility in the ionic
liquid. We, therefore, synthesised [Ph2PC6H4SO3]-
[BMIM] and used it together with [Rh2(OAc)4] as the catalyst
precursor for the hydroformylation of non-1-ene in the scCO2–
[BMIM]PF6 biphasic system with flushing of the products from
the reactor with scCO2. Fig. 1 shows that the activity of a
rhodium catalyst derived from this ligand remains high for 12
runs (tunrover number = 160–320 h21) and the l+b ratio is
acceptable. Rhodium leaching is not observed ( < 0.003%) for

Table 1 Hydroformylation of hex-1-ene catalysed by [Rh2(OAc)4]/
P(OPh3)a

Solvent Co-solvent Conversion (%)
Aldehyde
selectivity (%) l+b

Toluene > 99 83.9 2.5
[BMIM]PF6 > 99 15.7b 2.4
[BMIM]PF6 scCO2

c 40 83.5 6.1
a [Rh2(OAc)4] (10 mg, 4.5 3 1025 mol), P(OPh3) (0.2 g, 6.7 3 1023 mol),
hex-1-ene (2 cm3, 1.8 3 102 mol), 4 cm3 of solvent, 70 bar CO/H2, 100 °C,
1 h. b The majority of the product is condensed aldehydes. c Total pressure
= 230 bar.
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the first 9 runs. Throughout the series of runs, the l+b ratio falls
slowly (from 3.7 to 2.5), isomerisation increases and, after the
ninth run, Rh leaching becomes significant. 31P NMR studies of
the organic phase show no P resonances confirming that the
phosphine is not leaching, but the 31P NMR spectrum of the
ionic liquid after the 12th run shows only PF6

2 and
[Ph2P(O)C6H4SO3][BMIM]. The rhodium leaching after run 9
can then be attributed to the ligand oxidation so that the active
species is [RhH(CO)4], which is soluble in scCO2 and which is
known to give more isomerisation and lower l+b ratios than
phosphine coordinated systems.1 Isomerisation increases and
l+b ratio decreases with increased recycling of the catalyst as a
result of the increased ligand oxidation. The observed ligand
oxidation may arise from contamination with air during the
many openings of the reactor. However, the stability of the
ligand framework towards degradation led us to select a similar
ligand for continuous flow studies.

The apparatus used for the continuous flow reactions is
shown in Fig. 2 and consists of separate feeds for the alkene, the
CO and H2 and the CO2. These join above the reactor and pass
through the ionic liquid before being removed from the reactor
still in the scCO2 undergoing a two stage decompression to
recover the products, which are then analysed by GC. Fig. 3
shows the results of an experiment using PhP(C6H4SO3)2]-
[PMIM]2 (PMIM = 1-propyl-3-methylimidazolium) and
[Rh2(OAc)4] dissolved in [BMIM]PF6, with the oct-1-ene
substrate being transported into and the products being
transported out of the reactor using scCO2 as the transport
vector. The experiment was carried out for 33 h and the linearity
of the graph over 8–30 h shows that the catalyst is stable at least
over this period of time.‡ The l+b ratio of the product aldehydes
is 3.1 throughout the reaction, showing that ligand oxidation is
not occurring. Rh analysis of the recovered products shows < 1

ppm of Rh in any of the samples ( < 0.06% of the Rh loaded).
GCMS and NMR analyses of the recovered liquid products
show the presence only of the two aldehyde products and
unreacted substrate, indicating that the continuous flow super-
critical fluid–ionic liquid biphasic system provides a method for
continuous flow homogeneous catalysis, with built in separa-
tion of the products from both the catalyst and the reaction
solvent, and that this is possible even for relatively low
volatility products. The only related system to have been
reported uses a catalyst supported on a sol–gel silica operating
as a heterogeneous catalyst again with the transporting agent
being scCO2.11 Since submission of this paper, two other
relevant papers have appeared. Asymmetric hydrogenation has
been carried out in an ionic liquid, with the product being
removed by flushing with scCO2

12 and hydrogenation of
alkenes or of CO2, the latter in the presence of triethylamine, has
been carried out in an ionic liquid–scCO2 biphasic system with
flushing of the products from the reactor with scCO2 and reuse
of the catalyst up to four times.13
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(P. B. W.) for Fellowships.
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Fig. 1 Repetitive use of a catalyst synthesised in situ from [Rh2(OAc)4]
(10.3 mg, 4.7  3 1025 mol Rh) and [BMIM][Ph2P(C6H4SO3)] (0.33 g, 0.7
mmol) for the hydroformylation of non-1-ene (2 cm3) in [BMIM]PF6 (4
cm3), CO/H2 40 bar, total pressure 185 bar, 100 °C, 1 h. The products were
flushed from the reactor using scCO2 at the reaction temperature and
pressure after each run. The reactor was then depressurised, recharged,
repressurised and reheated.

Fig. 2 Reactor for continuous flow hydroformylation. 1 CO2 supply, 2
Liquid CO2 pump, 3 Pressure regulator, 4 Non-return valve, 5 Autoclave
with magnetically driven paddle stirrer, 6 1st expansion valve, 7 2nd
expansion valve, 8 Collection vessel, 9 Flow metre, 10 Liquid substrate
pump, 11 Liquid substrate supply, 12 CO/H2 dosimeter, 13 Gas booster, 14
CO/H2 supply.

Fig. 3 Catalyst turnovers during the continuous flow hydroformylation of
oct-1-ene (0.03 cm3 min21, 1.91 3 1024 mol min21) catalysed by
[Rh2(OAc)4] (10 mg, 4.5 3 1025 mol Rh)/[PMIM][PhP(C6H4SO3)2] (0.47
g, 7.1 3 1024 mol) dissolved in the ionic liquid, [BMIM]PF6 (6 cm3). CO/
H2 (0.45 dm3 min21), 200 bar total pressure, 100 °C.
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Zeolite coated fibers with compact and full deposits have
been fabricated by electrophoretic deposition of nanozeolites
onto carbon fibers, whereafter hollow zeolite fibers have been
obtained by calcination to remove the substrates.

Zeolites have been widely used in various fields as a class of
crystalline materials with unique properties such as large
microporosity, molecular sieving behavior and high hydro-
thermal stability. Construction of zeolite coated fibers and
hollow zeolite fibers with designed structures has attracted
considerable attention due to their fast diffusion and low
pressure drop while maintaining high catalytic efficiency.1–3

Although several methods have been put forward to prepare
these materials, such as in situ soft solution process,1 in situ
zeolite deposition2 and seed film method,3 they all suffer from
the drawback that the film thickness and the zeolite particle size
are difficult to control. In addition, it is difficult for the last two
methods to avoid the zeolites crystallizing concurrently in the
synthesis solution. To overcome the limitations above, the
layer-by-layer (LbL) technique has been utilized recently to
prepare hollow zeolite fibers in our laboratory.4 The products
prepared by LbL are expected to be more favorable for mass
transfer due to their solely nanozeolite composed walls whose
thickness is convenient to control.

Electrophoretic deposition (EPD) is another effective and
controllable method to assemble charged colloid particles.5–13

The advantages of the EPD process are twofold: one is the fine
uniformity of the deposition, the other is the easy manipulation
and convenient control of the process.7,8 The performance of the
EPD method has made it an attractive route to effectively
manufacture ordered structures of colloidal systems, such as
micrometer-sized silica colloids, polystyrene latexes,5,6,9,10

nanometer-sized gold colloids,7,11 and submicron ceramic
powders.12,13 The EPD technique is also used to modify
electrodes.14–16 A Pt disk electrode modified with a large crystal
zeolite/polymer coating of ca.11 micron thickness was obtained
by the high-voltage (200 V) EPD technique in organic
solution.15,16 Recently, nanozeolites have proved to be efficient
‘building blocks’ to construct hierarchical structures for their
colloidal character and surface charge.4,17,18 Here, exploiting
the characteristic properties of nanozeolites, the EPD technique
has been used for the first time to fabricate zeolite coated carbon
fibers (ZCFs) and hollow zeolite fibers (HZFs) with ultra-thin
walls of nanozeolite under low voltage (1–3 V) in aqueous
solution.

The preparation of ZCFs was operated in an electrophoretic
cell, where a cathodic carbon fiber (ca. 7 mm diameter, 2 cm
length) bundle was centered in a cylindrical platinum container
(ca. 2.75 cm diameter) which served as the anode. In this
arrangement, voltages were controlled by a CHI660 Electro-
chemical Workstation. Nanocrystals of silicalite-1 (95 ± 10 nm
diameter, determined by DLS) were prepared and purified by a

literature method.19 Suspensions for EPD experiments were
obtained by dispersing the nanosilicalite-1 in distilled water to
a concentration of ca. 1.5 wt%. The pH of the suspension was
adjusted with 0.1 M HCl. Prior to use, the carbon fibers were
cleaned according to the literature.3 To yield HZFs, ZCFs were
heated to 873 K at a heating rate of 5 K min21 in nitrogen and
kept for 4 h, then calcined in air for 8 h at the same temperature
to remove the substrates.

Dense and complete deposition of nanozeolites on carbon
fibers is an essential requirement for the preparation of perfect
ZCFs as well as intact HZFs by the EPD technique. The success
of deposition relies on conditioning two sequential steps (i) the
motion of particles towards the electrode and (ii) the formation
of a coherent deposit on the electrode surface by overcoming the
electrostatic repulsion arising from the similar charge of
nanoparticles.5,8 It has been suggested the latter step is induced
by lateral interaction between the deposited particles caused by
electrodynamic flows which result from distortions in the
applied electric field and the passage of ionic current through
the solution.5,6,20 The modulation of the entire process thereby
can be fulfilled by changing the particle charge and the field
strength. Hence, the pH of the suspension and the voltage
exerted on the electrophoretic cell are important variables.

At pH 6 the zeta potential of the nanosilicalite-1 particles was
only +4.5 mV (DELSA 440SX), thus zeolite particles prefer to
coalesce and form aggregates in solution during the EPD
process. When the pH was adjusted to 4.5, there were largely
uncoated areas on the carbon substrates. This can be explained
by the electrical force driving nanoparticles towards the cathode
being too weak to form complete and dense deposits although
the zeta potential rose to +21.1 mV. The best result was obtained
at pH 2.5 [Fig. 1(b)]. All longitudinal strips on the original
carbon fibers [Fig. 1(a)] disappeared, implying that the deposits
obtained at pH 2.5 [Fig. 1(b)] were compact and complete due
to the high zeta potential of +46.8 mV. This result illustrates

† Electronic supplementary information (ESI) available. XRD patterns and
other related SEM images of zeolite coated fibers and hollow zeolite fibers.
See http://www.rsc.org/suppdata/cc/b0/b010197o/

Fig. 1 SEM images of original carbon fibers (a) and zeolite coated fibers
prepared under voltages of 2 V (b), 1 V (c) and 3 V (d) at pH 2.5 for 2 3
10 min.
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how the particle mobility towards the cathode is largely
enhanced as the zeta potential increases,9 thereby facilitating
the formation of complete deposits on the cathode. Upon
applying different voltages, such as 1, 2 and 3 V, each for two
cycles of 10 min (2 3 10 min), the deposit thickness increased
with increased voltage. There were many bare areas when
applying 1 V [see arrows in Fig. 1(c)] due to insufficient
particles being deposited on the cathode. In addition, it is
noticeable that most of the particles on the fibers assembled in
large or small clusters, implying the existence of lateral motion
of the particles on the electrode.6 When 2 V was applied, the
fibers were fully coated with nanozeolites as shown in Fig. 1(b),
attributed to the improved rate of particle movement towards
the cathode under increased electric field. At 3 V, although
deposits on some areas of the fibers were thicker, some bare
areas were found again [Fig. 1(d)]. The reason for this may be
the production of hydrogen due to the electrolysis of water at the
cathode which hinders the deposition or peels the deposited
layer off the electrode.21 Water electrolysis was also established
by the current vs. time curve at 3 V. Unlike the monotonously
decreasing current with time at 2 V this exhibited an increasing
trend as well as fluctuation at 3 V. The EPD process at 2 V
provides a feasible route to fabricate ZCFs with compact and
complete deposits under appropriate conditions.

To fabricate ZCFs with denser and thicker coatings and
further obtain intact HZFs, two improved processes have been
adopted: (i) lengthening the deposition time from 2 V, 2 3 10
min to 2 V, 2 3 20 min, (ii) the application of a step voltage:
1 V, 2 3 10 min; 2 V, 2 3 10 min. Although both procedures
improved the quality of deposits and produced intact HZFs after
removal of the carbon substrates, the walls of fibers prepared by
the latter method were more smooth and uniform. Fig. 2(a)
shows that ZCFs prepared via the step voltage possessed  even
and dense zeolite films instead of the original texture of the
carbon fibers [Fig. 1(a)]. After calcination the carbon substrates
in the ZCFs were removed and hollow fibers with uniform walls
were obtained [Fig. 2(b) and inset]. A micrograph of HZFs at
high magnification [Fig. 2(c)] demonstrated the uniformity and
compactness of the zeolite walls while a micrograph at low
magnification [Fig. 2(d)] reveals the high fidelity of HZFs
maintaining the original carbon fibrous morphology. The

improvement under step voltage can be ascribed to better
matching between the motion of nanozeolites towards the
cathode and the lateral motion on the cathode.5 The non-
conducting nanozeolites deposited on the cathode under 1 V
might reduce the voltage drop over the suspension,8 so
weakening the actual effect of the later application of 2 V so as
to slow down the velocity towards the cathode.

The XRD spectrum of carbon substrates shows the pattern of
an amorphous phase. However characteristic peaks of silicalite-
1 occurred in patterns of ZCFs and only peaks ascribed to
silicalite-1 appeared in patterns of HZFs. IR spectra of ZCFs
and HZFs further confirm that the carbon fibers have been
coated by nanozeolites and HZFs are solely composed of
silicalite-1 particles.

Our research has shown that the EPD technique can be
employed to assemble nanozeolite particles conveniently and
effectively. Uniform zeolite coated fibers have been fabricated
by this method and after removal of the substrates, hollow
zeolite fibers with ultra-thin walls composed solely of nano-
zeolites can be obtained. Currently, the preparation of zeolite
materials with other structures by electrophoretically assem-
bling various nanozeolites and the applications of zeolite coated
fibers as well as hollow zeolite fibers are under way in our
laboratory.
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Development Program (Grant No. 2000077500), the NNSFC
(Grant No. 29873011) and the Foundation for University Key
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Fig. 2 SEM images of zeolite coated fibers (a) and hollow zeolite fibers (b,
c, d) prepared at pH 2.5 and step voltage 1 V, 2 3 10 min; 2 V, 2 3 10 min;
(c) and (d) are high and low magnification micrographs of (b), re-
spectively.
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The highly enantioselective (@98%) aziridination of cinna-
mate esters is achieved using the title catalyst system via a
concerted non-polar mechanism involving ancillary binding
of carbonyl group to copper.

The addition of nitrenes RN: to alkenes is an attractive method
for the synthesis of aziridines.1 Evans’ work2 and particularly
the asymmetric variant,3 has inspired a number of groups to
design chiral metal complex systems for this reaction.4 The
standard protocol uses an IIII iodinane such as PhINTs as the
source of nitrene and a metal complex (most successfully of Cu)
which acts as a transfer catalyst (Fig. 1). An early report
provided powerful evidence for the presence of a discrete
nitrenoid complex intermediate I.5

It has been noted that both CuI and CuII act as adequate
precatalysts and that UV spectra of the CuI and CuII-derived
reaction mixtures are indistinguishable in the Evans system.2
Mechanistic evidence from Pérez relating to a tris(pyr-
azolyl)borate catalyst points clearly to CuII.6 It is becoming
clear, however, that the mechanism may be system-dependent;
Norrby has very recently described detailed calculations on the
Jacobsen system which indicate a route by which a CuII starting
complex may enter the CuI manifold.7 In situ UV spectra of our
catalysts are consistent with operation in this lower oxidation
state.

The Evans and Jacobsen systems appear to be com-
plementary in that the former give excellent enantioselectivity
for trans disubstituted alkenes,3 while the latter are most
efficient for cis.5 We were thus rather surprised to find that
[CuL(CH3CN)2] 1, which is a very fast and selective precatalyst
for cis-disubstituted alkenes,8 also mediates the rapid aziridina-
tion of a range of trans-cinnamate esters with excellent
enantioselectivity (Scheme 1, Table 1).

Data from competitive kinetic experiments based on eight
cinnamate esters gave an excellent straight line Hammett plot,
using simple sX constants, with slope r = 20.65 (Fig. 2). The
low negative value of r indicates that the intermediate species
is not dipolar, i.e. there is little build up of positive charge at the
benzylic carbon in the rate- and selectivity-determining nitrene
transfer step. Even so, we might expect a deviation from
linearity in Fig. 2 for mesomerically electron-donating sub-
stituents (e.g. OMe), necessitating the use of s+ constants.6,9

That this is not observed indicates that there is minimal through-
conjugation between substituent X and the reaction centre. This

is probably caused by disinclination of the system to become
planar (vide infra). In any event, the behaviour is very different
from that in the Pérez system for which a two-term Hammett-
type equation incorporating s+ and Jackson’s s· constants10 was
required to fit the data.6 Finally in this regard we note that the

† Electronic supplementary information (ESI) available: experimental and
theoretical details. See http://www.rsc.org/suppdata/cc/b1/b101415n/

Fig. 1 Cycle for the Cu-catalysed aziridination of alkenes with PhINTs.

Scheme 1 Catalytic synthesis of cinnamate esters using 1.

Table 1 Enantioselective aziridination of cinnamate esters etc.

Entry X (See Scheme 1)a Yieldb eec

1 H 77 89
2 4-MeO 67 93
3 4-Me 82 88
4 3-Me 56 96
5 4-F 45 98
6 4-Cl 89 92
7 4-Br 59 98
8 3-NO2 32 96

9 99 34d

10 88 28d,e

a Absolute configurations of all cinnamate products were [2S, 3R (2)] as
inferred by comparison of relative retention times of the enantiomers with
those of entry 1 for which the configuration is known.3 b Isolated yield of
pure aziridine. c Ee determined by HPLC (Chiralcel OD 15 cm 3 0.46 cm
i.d. hexane+propan-2-ol (various ratios). d Ee determined by 1H NMR using
[Eu(hfc)3]. e Trans+cis ratio 97+3. e Ee given for trans product.

Fig. 2 Hammett plot for the reaction in Scheme 1.
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presence of significant radical character in our rate- (and
selectivity-) determining step is strongly opposed by the
absence of detectable levels of cis cinnamate aziridines in the
product mixtures. Our catalysts clearly operate via a concerted
mechanism; both C–N bonds are formed at approximately the
same time.

Armed with this experimental data we set out to investigate
the structure of the relevant catalytic intermediates using
Density Functional Theory (DFT).† A fully optimised DFT
structure of the precatalyst 1 was found to be essentially
superimposable on the molecular structure.8 The proposed
catalyst species arising from the removal of the CH3CN groups
and addition of the nitrene NTs i.e. [CuL(NTs)] 2 was
minimised successfully. One of two similar structures located†
is shown in Fig. 3(a). The tosyl group is oriented such that the
arene forms what may be a planar p stacking interaction with
one of the dichlorophenyl groups. Interestingly, coordination of
one of the sulfonyl O atoms to the nitrene N has occurred, thus
forming a three-membered ring.‡ Although we do not wish to
assert that this interaction plays an important part in the
catalysis, it does indicate that the N atom is highly electrophilic,
as expected from the negative value of r above. The TsN–Cu
distance of 1.80 Å in 2 indicates multiple metal–ligand bond
character.

Insights into the interactions between the catalyst and alkene
were obtained by computing the structure of a complex with
ethylene bound to the nitrene N.7 The aziridine complex
[CuL(TsNC2H4)] 3 thus obtained [Fig. 3(b)] has a TsN?Cu
distance of 1.93 Å. The alignment of the alkene fragment in this
species is controlled by the chiral ligand via the orientation of
the tosyl group as described above.

The energetic consequences of adding substituents to the
alkene were assessed by optimising the structures for three
orientations of styrene bound to N; that with a phenyl group in

site a was not considered viable since it is severely hindered by
a dichlorophenyl group. The structures with phenyl in sites b–d
have the same energies within ca. 10 kJ mol21, and this is
consistent with the modest enantioselectivity for aziridination
of this alkene (entry 9). The stereochemical preference for the
cinnamate esters is more clear cut however. Placing a –CO2Me
group in site b facilitates coordination of the carbonyl oxygen to
the otherwise three-coordinate copper [Fig. 3(c)]; this is not
feasible at sites c and d.§ The interaction contributes ca. 20 kJ
mol21 to the stability of the structure, and, assuming that this
energetic preference is reflected at the transition state for alkene
binding (which seems likely given the concerted mechanism) it
readily explains the excellent selectivity observed. The absolute
sense of asymmetric induction is as predicted by this model.

Two compelling pieces of circumstantial evidence further
support our proposed mode of enantioselection. Firstly, the
cinnamate phenyl group must be placed in site d, and our
calculations indicate that its achievement of coplanarity with the
alkene unit (and thus through-conjugation, vide supra) is
hampered by steric effects [Fig. 3(c)]. Secondly, we note that
while Evans’ bis(oxazoline) system was highly selective for
aziridination of both cinnamates and trans-b-methylstyrene, 1
performed very poorly with the latter (entry 10). With no
suitable coordinating group, this alkene shows little preference
for either of the two possible diastereomeric orientations, viz.
Me and Ph at sites b and d.

Hence the observed enantioselectivity for aziridination of
cinnamate esters with precatalyst 1 arises in two-centre binding
of the substrate. While being somewhat unexpected, it is related
to well documented examples of h2 substrate binding at
catalytic metal centres.11
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The synthesis and luminescence behaviour of carbon-rich
rhenium(I) complexes containing rigid-rod sp carbon chains are
reported. Perturbation of the luminescence properties through
structural variation of the ancillary ligands and the carbon
chain length has been achieved. Utilization of the alkynylrhe-
nium(I) system for mixed-metal complex formation is also
described.

Introduction
The constant search for new advanced materials with new and
improved properties has led to a variety of investigations into
inorganic/organometallic molecular materials.1 It is well known
that the properties of materials may be modified dramatically by
seemingly subtle changes in chemical structure, thus the
possibility of using organometallic or metal-containing struc-
tural moieties to prepare molecular materials with interesting
and possibly useful characteristics is an attractive option. With
metal-containing materials, a wide variety of transition metals
with different nature, coordination geometry, coordination
number, and oxidation states, and hence the number of d
electrons, can be employed. These together with the wide
diversity of ligand systems and variation would provide an
extremely important and rich area of research in the field of
materials science. Recently, there has been a growing interest in
the chemistry of carbon-rich metal-containing systems, in
particlar those with long sp carbon chains.1d–f The alkynyl
group, with its linear geometry, the rigidity of its structure, its
extended p-electron delocalization and its ability to interact
with metal centres via pp–dp overlap which can effectively
strengthen the metal–carbon bonds, would render it an attractive
building block for the construction of carbon-rich metal-

containing materials which may possess potential applications
as nonlinear optical materials, molecular wires, and molecular
electronics. Despite the growing interest and extensive studies
in metal acetylides, relatively less attention was focused on the
luminescence behaviour of this class of compounds. In this
context, we have directed our research efforts specifically to the
design and synthesis of luminescent metal acetylides which we
believe, with a careful design and judicious choice of metal and
ligand systems, can be employed as versatile building blocks for
the construction of luminescent molecular and oligomeric
materials.

Early work on metal acetylides dated back to as early as 1960
when copper and mercury acetylides in polymeric form were
reported and were proposed to have a linear geometry.2
However, these materials were found to be intractable which
precluded their purification and characterization. In the late
1970s, Hagihara and coworkers reported the first soluble
polyynes containing platinum and palladium metal atoms in the
main chain.3a,b Subsequent work by the same group had
resulted in general synthetic routes to group 10 metal-
containing one-dimensional polyynes.3 Recent works by the
groups of Lewis4 and Marder5 and others6 have developed new
routes to incorporate group 8, 9 and 10 metals into the polyyne
backbone. Despite all these important contributions, studies on
these polymeric systems present several difficulties, such as the
exact arrangement of the structure, the molecular weight
distribution, linear chains vs. side chains, heterogeneity of the
samples, reproducibility and many others, which would render
a direct understanding of the structure–property relationship
and the fundamental understanding on the spectroscopic origin
of these chromophores less straightforward and less amenable
to study.

In order to provide a more thorough and fundamental
understanding on the structure–property relationship and the
spectroscopic origin of these carbon-rich metal-containing
materials, it is therefore crucial to design and synthesize discrete
Cn-containing and Cn-bridged metal-based molecular materials
and to study their chemical and physical properties.7

In this article, the focus will be directed towards the
rhenium(I) acetylide system and our recent efforts to design
luminescent carbon-rich rhenium(I) complexes with extended
carbon chains. Application of these rhenium(I) acetylides as
metalloligands to generate mixed-metal luminescent molecular
materials will also be described.

Mononuclear rhenium(I) acetylides
The first report on the synthesis, molecular structures and
chemistry of rhenium(I) acetylide complexes dates back to 1968
when Bruce et al. reported the synthesis of [Re(CO)5(C·CR)]
(R = Ph or C6F5)8 from the reaction of [Re(CO)5Cl] and the
corresponding lithiated acetylide. Later on, Beck and coworkers
reported the synthesis, molecular and electronic structures of a
series of mononuclear and dinuclear pentacarbonylrhenium(I)
acetylide complexes [Re(CO)5(C·CR)] (R = CH3, SiMe3, H)
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and [(CO)5Re–C·C–Re(CO)5].9 Reactions of these complexes
with other transition metal centres with different coordination
geometry have also been studied.10 Recently, the syntheses of
rhenium(I) polyyne complexes such as [Re-
Cp(NO)(PPh3){(C·C)nR}] (R = Me, SiMe3, H, Ph, 1-naphthyl,
n = 1–5) and [Cp(NO)(PPh3)Re(C·C)nReCp(NO)(PPh3)] (n =
2, 4, 6, 8, 10), have been reported by Gladysz and coworkers.11

The chemical properties and the electrochemical behaviour of
these complexes and the mixed-metal systems prepared from
such complexes with terminal acetylides have also been
studied.11f,g,i,12 The synthesis and molecular structures of metal
clusters containing rhenium(I) acetylide units have also been
described.13

In view of the well documented metal-to-ligand charge
transfer (MLCT) excited state chemistry of rhenium(I) a,aA-
diimine complexes,14 in which the first report on their
luminescence behaviour appeared in 1974 when the photo-
physical properties of [Re(CO)3(phen)Cl] were described and a
metal-to-ligand charge-transfer (MLCT) excited state assign-
ment was proposed by Wrighton and Morse,14a together with
the interesting structural characteristics of rhenium(I) acet-
ylides, the photophysical and photochemical studies of mono-
nuclear and polynuclear luminescent organometallic rhenium(I)
a,aA-diimines, especially those containing an acetylide moiety,
should represent a challenging area of research. In addition,
incorporation of strong s-donating acetylide ligands would
raise the energy of the d–d states of the rhenium(I) centre and
thereby improve the population of the MLCT state.

In 1995 we reported the synthesis of the first luminescent
rhenium(I) acetylide complexes.15a A series of mononuclear
rhenium(I) acetylides, [Re(CO)3(tBu2bpy)(C·CR)] (R = tBu 1,
SiMe3 2, Ph 3, C6H4OMe-4 4, C6H4-Et-4 5, C6H4Ph-4 6,
4-pyridyl 7, C6H4C·CH-4 8, nC6H13 9, nC8H17 10, nC10H21 11,

H 12), have been synthesized (Scheme 1) by the reaction of
[Re(CO)3(tBu2bpy)Cl] with LiC·CR in diethyl ether (prepared
in situ by the reaction of nBuLi with the corresponding
RC·CH), which were subsequently characterized and their
photophysical properties studied.15,16 Fig. 1 shows the per-
spective drawing of 1. In general, the electronic absorption
spectra of these complexes in acetone show an intense low
energy absorption band at ca. 391–440 nm, attributable to a
MLCT [dp(Re) ? p*(tBu2bpy)] transition.

A red shift of this MLCT absorption band relative to that of
the chloro counterpart [Re(CO)3(tBu2bpy)Cl] has been ob-
served. This finding has been ascribed to the presence of a more
electron-rich rhenium(I) centre in the acetylide complexes as a
result of the stronger s-donating ability of the acetylides than
the chloro ligand. The MLCT absorption energies have also
been found to follow the order: 11 ≈ 10 ≈ 9 < 1 ≈ 4 ≈ 5 ≈
3 < 2 < 12, in line with the s-donating ability of the acetylides:

–C·CnC10H21 ≈ –C·CnC8H17 ≈ –C·CnC6H13 > –C·CtBu !
–C·CC6H4OMe-4 ≈ –C·CC6H4Et-4 > –C·CPh >
–C·CSiMe3 > –C·CH. This is also in agreement with the fact
that a more electron-donating acetylide would render the
rhenium(I) centre more electron rich and thereby decrease the
MLCT transition energy. Similar observations have also been
reported in the photoelectron spectroscopic studies of the
[FeCp(CO)2(C·CR)] (R = H, Ph, tBu)17 and in the
[W(·CH)(dmpe)2X] (X = C·CPh, C·CSiMe3, C·CH) sys-
tems.18 This low energy absorption of the rhenium(I) acetylides
is also found to be sensitive to the polarity of the solvent. For
example, the absorption maximum of 1 in MeOH at 391 nm is
red-shifted to 464 nm in n-hexane. This further supports the
MLCT assignment of the low energy absorption as similar
solvatochromic shifts are commonly observed for rhenium(I)
a,aA-diimine complexes.14i,l,19

Attempts to synthesize rhenium(I) acetylide complexes with
a,aA-diimine ligands other than that of 4,4A-di-tert-butyl-2,2A-
bipyridine using the method described above were unsuccess-
ful, yielding intractable solids in all cases. The use of LiC·CR
has limited the choice of the solvents employed, and in most
cases the starting precursor complexes [Re(CO)3(N-N)Cl],
unlike the 4,4A-di-tert-butyl-2,2A-bipyridine analogue [Re-
(CO)3(tBu2bpy)Cl], are insoluble or very sparingly soluble in
the solvents used. Thus an improved route was developed which
precluded the necessity of employing lithiated reagents. By
refluxing a mixture of [Re(CO)3(bpy)Cl], RC·CH, AgOTf and
Et3N in THF (Scheme 2), a series of [Re(CO)3(bpy)(C·CR)]

were obtained in reasonable yield (R = Ph 13, C6H4C·CH-4
14).20 It has been found that both the absorption and emission of
the 2,2A-bipyridine counterparts occur at a lower energy than the
tBu2bpy analogues with the same acetylide ligand. This

Scheme 1

Fig. 1 The perspective drawing of 1. Hydrogen atoms have been omitted for
clarity. Reproduced with permission from ref. 15(a).

Scheme 2
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observation further supports the involvement of the p* orbital
of the a,aA-diimine ligands in the MLCT excited state of the
complexes while the possibility of a MLCT [dp(Re) ?
p*(C·C)] excited state has been ruled out as an opposite trend
in the absorption energies would be observed.

Upon excitation at l > 350 nm, these mononuclear
rhenium(I) acetylide complexes all show intense and long-lived
orange–red luminescence in the solid state and in solutions, with
lifetimes in the microsecond to sub-microsecond range. Unlike
other rhenium(I)–alkyl or –aryl complexes which only emit at
low temperature and undergo photodissociation reactions
readily upon excitation into their s(M–C) ? p*(N–N)
transition bands,19,21 these rhenium(I) acetylide complexes are
emissive in solutions at room temperature and are fairly
photostable. With reference to other luminescent rhenium(I)
a,aA-diimine systems,14 the origin of the emission has been
ascribed to a 3MLCT [dp(Re) ? p*(N–N)] excited state; the
lifetimes of which are also in the range typically found for this
class of excited states.14 The emission of the rhenium(I)
acetylide complexes has also been found to occur at a lower
energy relative to that of [Re(CO)3(N–N)Cl]. Besides, the
MLCT emission energies of the rhenium(I) a,aA-diimine
complexes with different acetylide ligands also show a similar
trend as observed in the electronic absorption spectra. In
general, more electron-donating acetylides give a lower energy
MLCT emission band and this is consistent with the s- and p-
donating ability of the acetylide moieties. The emission spectra
of the starting material, [Re(CO)3(tBu2bpy)Cl], 1 and 12 are
shown in Fig. 2. However, unlike other rhenium(I) a,aA-diimine

complexes whose luminescence properties are strongly depend-
ent on the solvent,14i,l,19 the emission energies of these
rhenium(I) acetylides are not very sensitive to the solvent
polarity. On the other hand, these luminescent rhenium(I)
acetylides have also been found to exhibit interesting rigido-
chromism. For example, the orange–red emissions of 9 (lem =
690 nm) and 12 (lem = 660 nm) in a EtOH–MeOH (4+1, v/v)
solution at 298 K are blue-shifted to lem = 560 and 545 nm for
9 and 12, respectively, in a 77 K glass of the same solvent
mixture. Such luminescence rigidochromism has also been
reported in other Re(I) a,aA-diimine systems.14a,i,19

Recently, we have extended our work to the use of the diynyl
and triynyl units as ligands for the extension of the carbon chain.
A series of mononuclear luminescent rhenium(I) a,aA-diimine
complexes containing a diynyl moiety, [Re(CO)3(tBu2b-
py)(C·C–C·CH)] 15 and [Re(CO)3(tBu2bpy)(C·C–C·CPh)]
16, and triynyl moiety, [Re(CO)3(tBu2bpy)(C·C–C·C–
C·CPh)] 17, [Re(CO)3(tBu2bpy)(C·C–C·C–C·CSiMe3)] 18
and [Re(CO)3(Me2bpy)(C·C–C·C–C·CSiMe3)] 19, have been
synthesized (Scheme 3) and characterized in our laboratory.22

Reaction of [Re(CO)3(tBu2bpy)Cl],14a KF, AgOTf and Me3-

SiC·C–C·CSiMe3 in MeOH under reflux conditions afforded
[Re(CO)3(tBu2bpy)(C·C–C·CH)] 15, while reaction of [Re-
(CO)3(tBu2bpy)Cl], AgOTf, NEt3 and PhC·C–C·CH in reflux-
ing THF gave [Re(CO)3(tBu2bpy)(C·C–C·CPh)] 16. The
perspective drawing of 15 is shown in Fig. 3.

The triynyl complexes were synthesized by the hetero-
coupling reactions of [Re(CO)3(N–N)(C·C–C·CH)] with the
corresponding RC·CH in the presence of a copper(I) catalyst
and a base.22b Reaction of [Re(CO)3(tBu2bpy)(C·C–C·CH)]
15,22a PhC·CH and Cu(OAc)2 in pyridine under reflux
conditions afforded [Re(CO)3(tBu2bpy)(C·C–C·C–C·CPh)]
17, while reaction of [Re(CO)3(N–N)(C·C–C·CH)], IC·C-
SiMe3, piperidine and CuI in THF at room temperature gave
[Re(CO)3(N-N)(C·C–C·C–C·CSiMe3)] (N–N = tBu2bpy 18;
N–N = Me2bpy 19).

In THF, complexes 15 and 16 show intense absorption bands
at ca. 404 and 416 nm, respectively, similarly assigned as the
spin-allowed MLCT [dp(Re) ? p*(tBu2bpy)] transition. The
lower MLCT absorption energy for 16 than 15 is consistent with
the better s- and p- donating abilities of PhC·C–C·C than
HC·C–C·C,17,18,23 which render the Re(I) centre more elec-
tron-rich, and raise the Re dp orbital energy, similar to that
observed in the related mono-alkynyl system [Re(CO)3(tBu2b-
py)X],15 in which the MLCT absorption band occurs at higher
energy for X = HC·C than for X = PhC·C.

Similarly, in the triynyl series, the intense absorption bands
of 17 (426 nm), 18 (412 nm) and 19 (420 nm), in THF have been
tentatively assigned as the dp(Re) ? p*(tBu2bpy or Me2bpy)
MLCT transition. Similar to the monoynyl and diynyl systems,
the lower MLCT absorption energy for 17 than 18 is again
consistent with the better p-donating abilities of PhC·C–C·C–
C·C than Me3SiC·C–C·C–C·C, which render the Re(I) centre
more electron-rich, and raise the Re dp orbital energy.

Excitation of 15 and 16 both in the solid state and in solutions
at room temperature at l > 400 nm resulted in strong orange
luminescence, attributed to the 3MLCT phosphorescence. The
excitation spectra of 15 and 16 in THF show an excitation band
at ca. 400 and 410 nm, respectively, which closely resembles
that of the MLCT absorption maxima. The slightly lower
MLCT emission energy of 16 than 15 in THF is in line with the
stronger s- and p-donating abilities of the phenyldiynyl unit
than the butadiynyl ligand, i.e. PhC·C–C·C 16 (625 nm) <
HC·C–C·C 15 (620 nm). Similar trends have been observed in

Fig. 2 The emission spectra of [Re(CO)3(tBu2bpy)Cl] (—), 1 (----) and 12
(······) in degassed THF at 298 K.

Fig. 3 The perspective drawing of 15. Hydrogen atoms have been omitted
for clarity. Reproduced with permission from ref. 22(a).
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the monoacetylide analogues [PhC·C 3 (688 nm) < HC·C 12
(670 nm)].15

Similarly, excitation of the triynyl complexes 17–19 both in
the solid state and in solutions at room temperature at l > 400
nm resulted in strong orange luminescence, attributed to the
3MLCT phosphorescence. All the lifetimes of the diynyl and
triynyl complexes were in the microsecond to sub-microsecond
range; as are typically found for 3MLCT states of rhenium(I)
systems.14 The lower MLCT emission energy of 17 than 18 in
THF is again in line with the stronger p-donating abilities of the
phenyltriynyl unit than the trimethylsilyltriynyl ligand, i.e.
PhC·C–C·C–C·C 17 (620 nm) < Me3SiC·C–C·C–C·C 18
(596 nm). Both 17 and 18 emit at higher energies than their
respective monoynyl and diynyl counterparts, i.e. in the
[Re(CO)3(tBu2bpy)X] system, the emission energies in THF
follow the order: PhC·C–C·C–C·C 17 (620 nm) > PhC·C–
C·C 16 (625 nm) > PhC·C 3 (688 nm); Me3SiC·C–C·C–C·C
18 (596 nm) > Me3SiC·C 2 (670 nm). Fig. 4 shows the

emission spectral trend of the complexes as a function of the
acetylenic carbon chain length. The observation of a blue shift
in emission energies upon increasing the number of the C·C
units disfavours an assignment of a 3MLCT {dp(Re) ?

p*[(C·C)nR]} or a metal-perturbed 3IL {p[(C·C)nR] ?
p*[(C·C)nR]} origin (n = 1, 2, 3) and is suggestive of an
assignment of a 3MLCT [dp(Re) ? p*(tBu2bpy)] origin.
Preliminary molecular orbital studies using Extended Hückel
molecular orbital (EHMO) theory on 17 and its diynyl analogue
[Re(CO)3(tBu2bpy)(C·C–C·CPh)] 16 show that in both the
diynyl and triynyl systems, the LUMO mainly consists of
p*(tBu2bpy) character while the HOMO is mainly dominated
by the antibonding character of the Re–(C·C)nPh (n = 2, 3)
moiety resulted from the overlap of the dp(Re) and p[(C·C)nPh]
orbitals, which is supportive of a dp(Re) ?p*(tBu2bpy) MLCT
character for the electronic transition. An increase in the
HOMO–LUMO energy gap has also been observed on
extending the C·C unit from the diynyl to the triynyl species, in
which the LUMO energies remain more or less the same while
the HOMO energies decrease with an increasing number of
C·C units. The observed trend of a higher MLCT emission
energy in the triynyl system than the diynyl and hence the
monoynyl systems, in line with EHMO studies, may originate
from a decreased overlap integral between the dp(Re) and the
triynyl p(RC·CC·CC·C) orbitals than that of dp(Re) and the
p(RC·CC·C) and p(RC·C) orbitals resulting from the delocal-
ization of electron density across the Cn unit, despite the better
energy match between p(RC·CC·CC·C) and the dp(Re)
orbital, i.e. the overlap of the more closely energy-matched
dp(Re) and p(RC·CC·CC·C) orbitals does not necessarily
raise the dp(Re) orbital to an energy higher than that for the
diynyl and monoynyl cases, and may give rise to the anomalous
energy trend in which the MLCT emission energy is in the
order: PhC·C–C·C–C·C > PhC·C–C·C > PhC·C. An
alternative rationale for the increased MLCT energies upon
increasing the number of the C·C units is that given the similar
s-donating properties of the monoynyl, diynyl and triynyl
unit,17,23 the much better p-accepting ability of RC·C–C·C–
C·C than RC·C–C·C which in turn is better than RC·C may
become the dominating factor, stabilizing the Re dp orbitals to
a greater extent, and hence gives rise to a higher energy 3MLCT
[dp(Re) ? p*(tBu2bpy or Me2bpy)] emission. However, in
view of the much less importance of the dp(Re)–p*[(C·C)nR]
interaction, as reflected from EHMO studies, such possibilities
are not favoured.

Scheme 3

Fig. 4 The emission spectra of 3 (—), 16 (----) and 17 (······) in THF solution
at 298 K.
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Dinuclear rhenium(I) acetylides
Besides mononuclear complexes, dinuclear rhenium(I) a,aA-
diimine complexes with a bridging acetylide ligand, [(tBu2bpy)-
(CO)3Re–C·C–C·C–Re(CO)3(tBu2bpy)] 20,15b [(tBu2bpy)-
(CO)3Re–C·C–C·C–C·C–C·C–Re(CO)3(tBu2bpy)] 21,
[(tBu2bpy)(CO)3Re–C·C–C·C–C·C–C·C–C·C–C·C–Re-
(CO)3(tBu2bpy)] 22 and [(tBu2bpy)(CO)3Re–C·C-C6H4–
(C·C-4)–C·C–C6H4–(C·C-4)–Re(CO)3(tBu2bpy)] 23, have
also been synthesized by homo-coupling reactions involving the
respective [(tBu2bpy)(CO)3Re–(C·C)nH] complexes in the
presence of Cu(OAc)2 and pyridine. The perspective view of 20
is depicted in Fig. 5. Upon photoexcitation, complex 20 exhibits
long-lived luminescence at ca. 660–690 nm which has been
proposed to originate from a 3MLCT [dp(Re) ? p*(tBu2bpy)]
excited state. Upon excitation at l > 430 nm, complex 23 emits
at ca. 640 nm which is at a slightly higher energy than that of the
mononuclear counterpart 8 (lem = 670 nm). The solid-state
emission spectra of 23 at 298 and 77 K show vibronically
structured emission band with vibrational progressional spac-
ings of ca. 1500 and 2000 cm21, typical of ground-state
aromatic n(CÌC) and acetylide n(C·C) stretching frequencies,
respectively.

Mixed-metal acetylides
In order to further explore the possibility of utilizing the
rhenium(I) acetylides as versatile building blocks in molecular
architecture, we have successfully synthesized mixed-metal
acetylide complexes using the ‘metal complex as ligand’ or the
so-called metalloligand approach. The first approach we
employed was to utilize the [Re(CO)3(bpy)(C·CPh)] 13
complex as an h2-ligand towards Cu(I) and Ag(I) ions.24

Reaction of [Re(CO)3(bpy)(C·CPh)] 13 with [Cu(MeCN)4]PF6

in THF at room temperature afforded [{h2-Re(CO)3-
(bpy)(C·CPh)}2Cu]PF6 24. Similarly, reaction of [Re(CO)3-
(bpy)(C·CPh)] with [Ag(MeCN)4]PF6 under similar conditions
gave the analogue, [{h2-Re(CO)3(bpy)(C·CPh)}2Ag]PF6 25.
The perspective drawings of the complete cations of 24 and 25

are shown in Figs. 6 and 7, respectively. The slightly longer
C·C bond distances in 24 [1.20(1)–1.23(1) Å] and 25
[1.199(8)–1.203(8) Å] relative to the [Re(CO)3(bpy)(C·CPh)]
13 precursor [1.199(9) Å], together with the bond weakening
observed in IR spectroscopy where lower n(C·C) values have
been observed for 24 (2029 cm21) and 25 (2033 cm21) than
[Re(CO)3(bpy)(C·CPh)] 13 (2083 cm21), are consistent with
the p-coordination mode of the alkynyl group to the d10 metal
centres.

Fig. 5 The perspective drawing of 20. Hydrogen atoms have been omitted
for clarity. Reproduced with permission from ref. 15(b).

Chem. Commun., 2001, 789–796 793



The electronic absorption spectra of 24 and 25 show an
intense MLCT absorption band at ca. 396 nm in dichloro-
methane solution. The shift of the MLCT absorption to the blue
relative to that of [Re(CO)3(bpy)(C·CPh)] 13 (420 nm) is in
line with the lower-lying dp(Re) orbital in 24 (396 nm) and 25
(396 nm), resulted from the reduced p-donating ability of the
acetylide ligand upon p-coordination to the d10 metal ions.

Excitation of 24 and 25 also resulted in orange 3MLCT
phosphorescence. Similar to the absorption studies, the emis-
sions of 24 (590 nm) and 25 (600 nm) in CH2Cl2 are shifted to
higher energies compared to that of [Re(CO)3(bpy)(C·CPh)] 13
(654 nm). Fig. 8 shows the emission spectra of 13 and 24 in
degassed CH2Cl2 at 298 K. Such a trend is consistent with an
assignment of a 3MLCT [dp(Re) ? p*(bpy)] emission origin
and disfavours the assignment of a 3MLCT [dp(Re) ?
p*(C·CPh)] origin, since the acetylide becomes a poorer p-
donor upon coordination to Cu(I) and Ag(I), lowering the energy

Fig. 6 The perspective drawing of the complex cation of 24. Hydrogen
atoms have been omitted for clarity. Reproduced with permission from ref.
24.

Fig. 7 The perspective drawing of the complex cation of 25. Hydrogen
atoms have been omitted for clarity. Reproduced with permission from ref.
24.

Fig. 8 The emission spectra of 13 (······) and 24 (—) in degassed CH2Cl2 at
298 K.
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of the Re dp orbitals, and hence leading to a higher energy
3MLCT [dp(Re) ? p*(bpy)] emission.

A second approach was to utilize the rhenium(I) acetylides
with terminal –C·CH groups as the metalloligand. Recent
works by us have shown that luminescent copper(I) acetylides
are also promising building blocks for the construction of rigid-
rod oligomeric and polymeric materials.25 As a further step
towards this goal, a series of pentanuclear mixed-metal
copper(I)–rhenium(I) acetylide complexes [Cu3(m-P–P)3{m3-h1-
C·C–C6H2R2-2,5-C·C-4–Re(N–N)(CO)3}2]+ [P–P = dppm,
N–N = bpy, R = H 26, Me 27; P–P = dppm, N–N = tBu2bpy,
R = H 28; P–P = (Ph2P)2NnPr, N–N = bpy, R = H 29, Me 30]
have been synthesized and their luminescence properties
studied.26 The perspective view of the complex cation of 26 is
displayed in Fig. 9. The electronic absorption spectra of these
complexes reveal, in addition to the high energy intraligand (IL)
absorption bands at ca. 250–300 nm and the vibronically
structured bands at ca. 348–378 nm, a lower-energy absorption
at ca. 440 nm, which is assigned to a MLCT [dp(Re) ? p*(N–
N)] transition. All the complexes display strong orange
luminescence upon photoexcitation. The low energy emission
bands at ca. 600–660 nm have been suggested to arise from a
3MLCT [(dp(Re) ? p*(N–N)] excited state. The energy trend
of this low energy emission is in line with the p* orbital
energies of the diimine ligands. The complexes with more
electron-rich (Ph2P)2NnPr phosphine ligands are found to emit
at slightly lower energy than that of the dppm counterparts. This
can be rationalized by the fact that the more electron-donating
(Ph2P)2NnPr phosphines would render the copper(I) centres

more electron rich, and in turn destablilize the Re(I) dp orbitals
and therefore the 3MLCT [dp(Re) ?p*(N–N)] emission occurs
at lower energy.

Conclusion
It is interesting to realize that the rhenium(I) acetylide system
offers, indeed, a very versatile and powerful building block for
the construction of various luminescent rigid-rod and mixed-
metal carbon-rich complexes. By careful planning and the
judicious choice of the diimine ligands, the acetylide ligands,
the extension of the C·C units, the nature of the heterometals in
the mixed-metal complexes, and the spectator ligands on the
heterometal centres, one could readily tune the spectroscopic
and emission properties of the systems. An interesting observa-
tion is the blue shift in the emission energy upon extending the
carbon chain in these complexes, which differs from the
common concept of tuning the emission energy to the red by
extending the number of acetylenic units in organic polyynes.
Besides, the tuning of emission energies by p-coordination of
the rhenium–acetylide moiety to d10 metal ions or s-coordina-
tion of the acetylide to the trinuclear copper(I) diphosphine units
using the metalloligand approach would represent a new
concept in the design of luminescent molecular materials. All
these examples demonstrate the importance and versatility of
systematic structural variation in elucidating the spectroscopic
origins of these systems and the flexibility of emission energies
tuning simply by changing the nature of the excited state
through perturbations on the metal and ligand orbital ener-
gies.

Acknowledgements
Financial support from the Research Grants Council and The
University of Hong Kong is gratefully acknowledged. The
author is also indebted to her students and coworkers, whose
names appear in the references. Special thanks are due to Dr K.
M. C. Wong for his help in the preparation of the manuscript
and to Dr K. K. Cheung for his help in solving the X-ray crystal
structures.

References
1 See, for recent reviews: (a) Inorganic Materials, ed. D. W. Bruce and D.

O’Hare, Wiley, London, 1992; (b) R. J. Puddephatt, Chem. Commun.,
1998, 1055; (c) P. F. H. Schwab, M. D. Levin and J. Michl, Chem. Rev.,
1999, 99, 1863; (d) H. Lang, Angew. Chem., Int. Ed. Engl., 1994, 33,
547; (e) U. H. F. Bunz, Angew. Chem., Int. Ed. Engl., 1996, 35, 969; (f)
M. I. Bruce, Coord. Chem. Rev., 1997, 166, 91.

2 V. V. Korshak, A. M. Sladkov and Y. P. Kurdryavtsev, Vysokomol.
Soedin., 1960, 2, 1824; A. S. Hay, J. Org. Chem., 1960, 25, 1275.

3 (a) K. Sonogashira, S. Takahashi and N. Hagihara, Macromolecules,
1977, 10, 879; (b) S. Takahashi, M. Kariya, T. Yakate, K. Sonogashira
and N. Hagihara, Macromolecules, 1978, 11, 1063; (c) K. Sonogashira,
S. Kataoka, S. Takahashi and N. Hagihara, J. Organomet. Chem., 1978,
160, 319; (d) S. Takahashi, E. Murata, M. Kariya, K. Sonogashira and
N. Hagihara, Macromolecules, 1979, 12, 1016; (e) K. Sonogashira, K.
Ohga, S. Takahashi and N. Hagihara, J. Organomet. Chem., 1980, 188,
237.

4 S. J. Davies, B. F. G. Johnson, M. S. Khan and J. Lewis, J. Chem. Soc.,
Chem. Commun., 1991, 187; B. F. G. Johnson, A. K. Kakkar, M. S.
Khan and J. Lewis, J. Organomet. Chem., 1991, 409, C12; M. S. Khan,
N. A. Pasha, A. K. Kakkar, P. R. Raithby, J. Lewis, K. Fuhrmann and
R. H. Friend, J. Mater. Chem., 1992, 2, 759; M. S. Khan, A. K. Kakkar,
N. J. Long, J. Lewis, P. R. Raithby, P. Nguyen, T. B. Marder, F.
Wittmann and R. H. Friend, J. Mater. Chem., 1994, 4, 1227; R. D.
Markwell, I. S. Butler, A. K. Kakkar, M. S. Khan, Z. H. Al-Zakwani and
J. Lewis, Organometallics, 1996, 15, 2331; N. Chawdhury, A. Köhler,
R. H. Friend, M. Younus, N. J. Long, P. R. Raithby and J. Lewis,
Macromolecules, 1998, 31, 722.

5 H. B. Fyfe, M. Mlekuz, D. Zargarian, N. J. Taylor and T. B. Marder, J.
Chem. Soc., Chem. Commun., 1991, 188; H. B. Fyfe, M. Mlekuz, G.
Stringer, N. J. Taylor and T. B. Marder, Inorganic and Organometallic
Polymers with Special Properties, ed. R. M. Laine, NATO ASI Series,
Kluwer Acad. Publ., Dordrecht, The Netherlands, 1992, vol. 206, p.
331.

Fig. 9 The perspective drawing of the complex cation of 26. Hydrogen
atoms have been omitted for clarity. Reproduced with permission from ref.
26.

Chem. Commun., 2001, 789–796 795



6 K. C. Sturge, A. D. Hunter, R. McDonald and B. D. Santarsiero,
Organometallics, 1992, 11, 3056; H. Nishihara, T. Shimura, A. Ohkubo,
N. Matsuda and K. Aramaki, Adv. Mater., 1993, 5, 752.

7 R. Nast, Coord. Chem. Rev., 1982, 47, 89; M. I. Bruce, Chem. Rev.,
1991, 91, 197; H. Lang, K. Köhler and S. Blau, Coord. Chem. Rev.,
1995, 143, 113; F. Paul and C. Lapinte, Coord. Chem. Rev., 1998,
178–180, 431; R. Ziessel, M. Hissler, A. El-ghayoury and A. Harriman,
Coord. Chem. Rev., 1998, 178–180, 1251.

8 M. I. Bruce, D. A. Harbourne, F. Waugh and F. G. A. Stone, J. Chem.
Soc. A, 1968, 356.

9 M. Appel, J. Heidrich and W. Beck, Chem. Ber., 1987, 120, 1087; W.
Beck, B. Niemer, J. Breimair and J. Heidrich, J. Organomet. Chem.,
1989, 372, 79; J. Heidrich, M. Steimann, M. Appel, W. Beck, J. R.
Phillips and W. C. Trogler, Organometallics, 1990, 9, 1296.

10 T. Weidmann, V. Weinrich, B. Wagner, C. Robl and W. Beck, Chem.
Ber., 1991, 124, 1363; S. Mihan, T. Weidmann, V. Weinrich, D. Fenske
and W. Beck, J. Organomet. Chem., 1997, 541, 423; S. Mihan, K.
Sünkel and W. Beck, Chem. Eur. J., 1999, 5, 745.

11 (a) A. Wong and J. A. Gladysz, J. Am. Chem. Soc., 1982, 104, 4948; (b)
J. J. Kowalczyk, A. M. Arif and J. A. Gladysz, Organometallics, 1991,
10, 1079; (c) D. R. Senn, A. Wong, A. T. Patton, M. Marsi, C. E. Strouse
and J. A. Gladysz, J. Am. Chem. Soc., 1988, 110, 6096; (d) J. A.
Ramsden, F. Agbossou, D. R. Senn and J. A. Gladysz, J. Chem. Soc.,
Chem. Commun., 1991, 1360; (e) Y. Zhou, J. W. Seyler, W. Weng,
A. M. Arif and J. A. Gladysz, J. Am. Chem. Soc., 1993, 115, 8509; (f)
J. W. Seyler, W. Weng, Y. Zhou and J. A. Gladysz, Organometallics,
1993, 12, 3802; (g) M. Brady, W. Weng and J. A. Gladysz, J. Chem.
Soc., Chem. Commun., 1994, 2655; (h) T. Bartik, B. Bartik, M. Brady,
R. Dembinski and J. A. Gladysz, Angew. Chem., Int. Ed. Engl., 1996,
35, 414; (i) M. Brady, W. Weng, Y. Zhou, J. W. Seyler, A. J. Amoroso,
A. M. Arif, M. Böhme, G. Frenking and J. A. Gladysz, J. Am. Chem.
Soc., 1997, 119, 775.

12 W. Weng, T. Bartik and J. A. Gladysz, Angew. Chem., Int. Ed. Engl.,
1994, 33, 2199; W. Weng, T. Bartik, M. Brady, B. Bartik, J. A.
Ramsden, A. M. Arif and J. A. Gladysz, J. Am. Chem. Soc., 1995, 117,
11922.

13 A. A. Koridze, O. A. Kizas, N. E. Kolobova, V. N. Vinogradova, N. A.
Ustynyuk, P. V. Petrovskii, A. I. Yanovsky and Y. T. Struchkov, J.
Chem. Soc., Chem. Commun., 1984, 1158; A. D. Shaposhnikova, R. A.
Stadnichenko, G. L. Kamalov, A. A. Pasynskii, I. L. Eremenko, S. E.
Nefedov, Y. T. Struchkov and A. I. Yanovsky, J. Organomet. Chem.,
1993, 453, 279.

14 (a) M. S. Wrighton and D. L. Morse, J. Am. Chem. Soc., 1974, 96, 998;
(b) V. Balzani and F. Scandola, Supramolecular Photochemistry, Ellis-
Horwood, Chichester, 1991; (c) K. Kalyanasundaram, Photochemistry
of Polypyridine and Porphyrin Complexes, Academic Press, London,
1992; (d) O. Horváth and K. L. Stevenson, Charge Transfer Photo-
chemistry of Coordination Compounds, VCH, New York, 1993; (e)
S. M. Fredericks, J. C. Luong and M. S. Wrighton, J. Am. Chem. Soc.,
1979, 101, 7415; (f) J. V. Caspar, B. P. Sullivan and T. J. Meyer, Inorg.
Chem., 1984, 23, 2104; (g) B. P. Sullivan, C. M. Bolinger, D. Conrad,
W. J. Vining and T. J. Meyer, J. Chem. Soc., Chem. Commun., 1985,
1414; (h) G. T. Tapolsky, R. Duesing and T. J. Meyer, J. Phys. Chem.,
1989, 93, 3885; (i) A. J. Lees, Chem. Rev., 1987, 87, 711; (j) S. V.
Wallendael, R. J. Shaver, D. P. Rillema, B. J. Yoblinski, M. Stathis and
T. F. Guarr, Inorg. Chem., 1990, 29, 1761; (k) T. J. Meyer, Acc. Chem.
Res., 1989, 22, 163; (l) B. P. Sullivan, J. Phys. Chem., 1989, 93, 24.

15 (a) V. W. W. Yam, V. C. Y. Lau and K. K. Cheung, Organometallics,
1995, 14, 2749; (b) V. W. W. Yam, V. C. Y. Lau and K. K. Cheung,
Organometallics, 1996, 15, 1740.

16 V. C. Y. Lau, Ph.D Thesis, The University of Hong Kong, 1997.
17 D. L. Lichtenberger, S. K. Renshaw and R. M. Bullock, J. Am. Chem.

Soc., 1993, 115, 3276; D. L. Lichtenberger, S. K. Renshaw, A. Wong
and C. D. Tagge, Organometallics, 1993, 12, 3522.

18 J. Manna, S. J. Geib and M. D. Hopkins, J. Am. Chem. Soc., 1992, 114,
9199.

19 D. J. Stufkens, Comments Inorg. Chem., 1992, 13, 359.
20 K. M. C. Wong, Ph.D Thesis, The University of Hong Kong, 1998.
21 J. C. Luong, R. A. Faltynek and M. S. Wrighton, J. Am. Chem. Soc.,

1979, 101, 1597; L. A. Lucia, R. D. Burton and K. S. Schanze, Inorg.
Chim. Acta, 1993, 208, 103.

22 (a) V. W. W. Yam, S. H. F. Chong and K. K. Cheung, Chem. Commun.,
1998, 2121; (b) V. W. W. Yam and S. H. F. Chong, Organometallics,
2000, 19, 5092.

23 J. Manna, K. D. John and M. D. Hopkins, Adv. Organomet. Chem.,
1995, 38, 79.

24 V. W. W. Yam, S. H. F. Chong, K. M. C. Wong and K. K. Cheung,
Chem. Commun., 1999, 1013.

25 V. W. W. Yam, K. K. W. Lo, W. K. M. Fung and C. R. Wang, Coord.
Chem. Rev., 1998, 171, 17; V. W. W. Yam and K. K. W. Lo, Chem. Soc.
Rev., 1999, 28, 323.

26 V. W. W. Yam, W. K. M. Fung, K. M. C. Wong, V. C. Y. Lau and K. K.
Cheung, Chem. Commun., 1998, 777.

796 Chem. Commun., 2001, 789–796



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

The first isolable dialkyl iodophosphates

Christopher M. Timperley* and Matthew J. Waters

Defence Science and Technology Laboratory, Chemical and Biological Defence Sector, Porton Down,
Salisbury, Wiltshire, UK SP4 0JQ. E-mail: cmtimperley@dera.gov.uk

Received (in Cambridge, UK) 30th January 2001, Accepted 16th March 2001
First published as an Advance Article on the web 5th April 2001

The synthesis and characterization of the first dialkyl
iodophosphates to be isolated in a pure state is described;
(CF3CH2O)2P(O)I and [(CF3)2CHO]2P(O)I have electroneg-
ative fluoro-ester groups and can be distilled under vac-
uum.

The study of derivatives of phosphoric acid is one of the oldest
branches of organic chemistry. In 1868, Wichelhaus isolated the
first member of the dialkyl halophosphate series, diethyl
chlorophosphate (CH3CH2O)2P(O)Cl.1 Later work led to the
fluorophosphate (CH3CH2O)2P(O)F2 and the bromophosphate
(CH3CH2O)2P(O)Br; the latter is unstable and decomposes after
3 days at room temperature.3 The corresponding iodophosphate
(CH3CH2O)2P(O)I, like all known iodophosphates, decom-
poses extremely easily and has not been obtained out of
solution.4–6 In continuation of our studies on fluoroalkyl
phosphoryl compounds,7,8 we now describe the synthesis and
characterization of the first isolable dialkyl iodophosphates (and
the first such molecules containing fluoro-ester groups). Our
results indicate that the presence of electronegative fluorine
atoms9 significantly enhances thermal stability.

We prepared bis(fluoroalkyl) phosphites 1a and 1b in good
yield by treating the intermediate from tertiary butanolysis of
phosphorus trichloride, namely Cl2P(O)H, with two molar
equivalents of trifluoroethanol or hexafluoroisopropanol
(Scheme 1).† The synthesis of compound 1a this way was
reported by Gibbs and Larsen; modification of their procedure10

gave the new phosphite 1b. Both bis(fluoroalkyl) phosphites
can be stored in glass vials in a refrigerator for many months
without change.

Treatment of bis(trifluoroethyl) phosphite 1a with a solution
of iodine in toluene,11 with argon blowing through the mixture
to help remove hydrogen iodide, gave iodophosphate 2a
(Scheme 2). It was purified by vacuum distillation (bp 40 °C/
0.02 mmHg).‡ This is the first time iodination of a dialkyl
phosphite has permitted the isolation of a pure iodophosphate:
the reaction with diethyl phosphite is complicated by deal-
kylation of diethyl iodophosphate by hydrogen iodide, and pure
product cannot be obtained.4 The greater ease of dealkylation of
the CH3CH2O– group compared to the CF3CH2O– group is
because the ethoxy oxygen is more basic than the tri-
fluoroethoxy oxygen, and thus more easily converted into a

leaving group by protonation, and also because the a-carbon of
the CH3CH2O– group is a softer acid than that of the CF3CH2O–
group, making it more vulnerable to attack by iodide ion, itself
a soft base.

Iodination of bis(hexafluoroisopropyl) phosphite 1b, without
argon blowing through the reaction mixture, gave a 1+2 ratio of
iodophosphate 2b and iodo acid 3 (Scheme 3), as shown by
multinuclear NMR experiments. The iodo acid arises from
dealkylation of the iodophosphate by resident hydrogen iodide;
the by-product (CF3)2CHI was not detected, but most likely
escaped due to its volatile nature.

Although bis(fluoroalkyl) iodophosphates resist dealkylation
more than their unfluorinated counterparts, hydrogen iodide
formation is best avoided during their synthesis. Treatment of
bis(hexafluoroisopropyl) phosphite 1b with N-iodosuccinimide
(NIS), a convenient source of ‘positive’ iodine, led to good
conversion to the iodophosphate, as shown by GC-MS analysis
of the reaction mixture (Scheme 4). Iodophosphate 2b was
purified by vacuum distillation (bp 46 °C/2 mmHg).§

Iodophosphates 2a–b are pale yellow liquids that deposit
traces of black solid on storage in a refrigerator. In line with
other dialkyl halophosphates,1 the iodophosphates might be
expected to be colourless. The yellow colour is probably
attributable to contamination by iodine vapour during distilla-
tion; the deposit during storage is assumed to be precipitated
iodine. The phosphorus chemical shifts in deuteriochloroform
for bis(trifluoroethyl) iodophosphate 2a and bis(hexafluoro-
isopropyl) iodophosphate 2b are 247.7 and 251.3 ppm. Values
for (CH3CH2O)2P(O)I and (CCl3CH2O)2P(O)I in chloroethane
are 241 and 250 ppm respectively.6

In summary, we have developed routes to two dialkyl
iodophosphates that comprise the first such species to have been
isolated and characterized properly. This discovery, which lags
behind the first isolation of a pure dialkyl phosphorochloridate
by over 130 years, opens up new frontiers in organic phosphorus
and iodine chemistry. Further studies relating to the synthesis of

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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a range of bis(fluoroalkyl) phosphites and their reactions with
halogens will be reported in due course.

We thank the Ministry of Defence UK for funding the
work.

Notes and references
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Trans. 1, 2001, 26. NMR data were recorded in CDCl3 solution.
‡ Bis(trifluoroethyl) iodophosphate 2a: a solution of iodine (5.08 g, 0.02
mol) in toluene (100 cm3) was added dropwise to bis(trifluoroethyl)
phosphite (4.92 g, 0.02 mol) in toluene (75 cm3) at 0–5 °C with stirring and
passage of argon through the solution. After addition, the purple solution
was left for 2 h. Residual iodine was removed by filtration through a small
plug of silica gel. Removal of toluene and double distillation of the residue
gave 2a as a pale yellow liquid (3.42 g, 46%). Bp 40 °C/0.02 mmHg. dH

(500 MHz) 4.45 (4H, m, OCH2); dC (125 MHz) 121.4 (dq, J = 13 and 278
Hz, CF3), 69.4 (dq, J = 5 and 37 Hz, OCH2); dF (470 MHz) 274.1 (6F, t,
J = 7 Hz, CF3); nmax/cm21 (film) 1454, 1421, 1296 (PNO), 1174, 1070, 962,
883, 849; m/z (CI) 373 (M + 1), 353 (M 2 F), 245 (M 2 I); HRMS (+ve ion
EI): Calc. for C4H4F6IO3P 371.939 ([M 2HF]+ = 351.933), found 351.933
(error 0.7).
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mide (2.62 g, 11.65 mmol) in acetonitrile (20 cm3) was added dropwise by
cannula to a stirred solution of bis(hexafluoroisopropyl) phosphite (4.45 g,
11.65 mmol) in acetonitrile (30 cm3). After 2 h, GC-MS analysis showed
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mmHg. dH (500 MHz) 5.28 (2H, dsep, J = 5 Hz, OCH); dC (125 MHz)
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1379, 1300 (PNO), 1280–1205 (strong bands), 1117, 1068, 904, 879, 854;
m/z (CI) 509 (M + 1), 489 (M 2 F), 381 (M 2 I); HRMS (+ve ion EI): Calc.
for C6H2F12IO3P 507.933 ([M 2 HF]+ = 487.927), found 487.926 (error
1.6).
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6 Although the synthesis of (CH3CH2O)2P(O)I and the chloro analogue

(CCl3CH2O)2P(O)I have been prepared by iodination of the respective
trialkyl phosphites at 240 °C, their purification and full characterization
has not been carried out. See J. Michalski, M. Pakulski and A.
Skowronska, J. Chem. Soc., Perkin Trans. 1, 1980, 833.
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Waters, J. Fluorine Chem., 2000, 106, 43.
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Chem., 2000, 106, 153.

9 The hexafluoroisopropoxy group is more electron-withdrawing than the
trifluoroethoxy group: pKa values for (CF3)2CHOH and CF3CH2OH are
9.3 and 12.4 respectively (compare these with 17.1 for isopropanol and
15.9 for ethanol). See M. Hudlicky, Chemistry of Organic Fluorine
Compounds, Ellis Horwood, London, 2nd Edition, 1992, p. 550.

10 D. E. Gibbs and C. Larsen, Synthesis, 1984, 410. The reaction mixture
from tertiary butanolysis of phosphorus trichloride was left for 1 h at
0–5 °C and hexafluoroisopropanol was added dropwise over 30 mins.
After standing for 12 h at rt, the mixture was heated under reflux for 3
h, the solvent removed and the residue distilled to give bis(hexa-
fluoroisopropyl) phosphite 1b as a mobile colourless liquid (71%). Bp
62 °C/8 mmHg.

11 The solubility of iodine in g kg21 of solvent at 25 °C decreases in the
order: toluene 1875 > diethyl ether 337 > benzene 164; see Kirk-
Othmer Encyclopedia of Chemical Technology, Wiley, New York, 3rd

Edition, 1978, vol. 13, p. 652. Toluene is therefore the best choice of
solvent for the iodination reaction.
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Photoreactions of N-alkoxy-4-(p-chlorophenyl)thiazole-2(3H)-thiones
with L-cysteine derivatives in aqueous solutions
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Photolysis of substituted N-alkoxythiazolethiones 1 in aque-
ous solvents furnishes alkoxyl radicals 2 which, upon
stereoselective 5-exo-trig cyclization, are trapped by water
soluble thiols (L-cysteine, L-cysteine ethyl ester, or the
reduced form of glutathione, GSH) to afford disubstituted
tetrahydrofurans 3 in synthetically useful yields and with
satisfactory to excellent diastereoselectivities.

Oxygen radicals are transients in a number of biosyntheses of
structurally diverse secondary metabolites.1–3 In view of the
significance of such transformations it is surprising to note that
only a limited number of laboratory studies have been
performed under biomimetic conditions in order to explore the
properties of proposed O-radical key intermediates in water.4,5

Major drawbacks for adapting standard radical procedures from
organic to aqueous solvents originate from an insolubility of the
selected reagents such as the radical precursor itself and the
trapping reagent, for instance Bu3SnH.6 Therefore, we have
investigated the feasibility of stereoselective alkoxyl radical
reactions in homogeneous and heterogeneous aqueous solvents
under neutral (i.e. non-oxidative) conditions and disclose our
latest results in this communication.

N-Alkoxy-4-(p-chlorophenyl)thiazole-2(3H)-thiones 1a–d
were selected as O-radical precursors. Thione 1b had been
prepared previously.6 Heterocycles 1a, 1c–d are new com-
pounds which were obtained from the corresponding alkyl
chloride (1a) or tosylates (1c, 1d) and N-hydroxy-p-chloro-
phenylthiazole-2(3H)-thione tetraethylammonium salt accord-
ing to standard procedures.6† Thiones 1a–d themselves are
poorly soluble in water. Therefore, all photoreactions of 1 with
polar thiols were performed in two phase systems (C6H5CF3–
H2O) or in homogeneous mixtures of 1,4-dioxane (hereafter
dioxane) and water. Thiols of different polarity and molecular
size were selected as hydrogen atom donor: L-cysteine, L-
cysteine ethyl ester (as its hydrochloride, L-CysOEt·HCl) and
the reduced form of glutathione (GSH, g-L-glutamyl-L-cystein-
ylglycine).7 The selection of C6H5CF3 as organic solvent, which
is less toxic than benzene, was based on the necessity of direct
comparison of the newly obtained data with those from
photoreactions of thiones 1 using Bu3SnH as state of the art
reagent.‡ Thus, a solution of 1-phenyl-5-methylhexenoxy-
thiazolethione 1a and L-CysOEt·HCl in a mixture of C6H5CF3–
H2O was treated with a 2 M solution of NaOH and was
photolyzed at room temperature in a Rayonet photoreactor
(lmax = 350 nm). After complete consumption of 1a, the pH of
the aqueous phase is adjusted to 2 in order to extract residual
hydrogen donor into the aqueous phase. The organic layer
affords upon workup 68% of 2,5-trans-disubstituted tetra-
hydrofuran 3a (entry 1, conditions 1, cis+trans = 30+70)
(Scheme 1).‡§

Alternatively we found that tetrahydrofuran 3a could be
prepared in similar yields from thione 1a in a homogeneous
mixture of dioxane and water by application of L-CysOEt·HCl
as hydrogen atom donor and neat Na2CO3 as base (entry 1,
conditions 2, 64%, cis+trans = 30+70). Other organic cosol-
vents such as CH3CN, acetone, or MeOH, were found to be
inferior to dioxane. In a third experiment, 53% of tetra-

hydrofuran 3a was obtained from the photoreaction of thiazole-
thione 1a and GSH in dioxane–H2O (entry 1, conditions 3, 53%,
cis+trans = 30+70). These findings indicate, that efficient
stereoselective alkoxyl radical cyclizations in homogeneous
aqueous solvents are feasible. However, it is essential to use 10
equiv. of L-cysteine derivatives as hydrogen atom donors at the
given concentration level, since lower thiol strengths lead to the
formation of alkoxyl radical-derived alcohols besides the
corresponding carbonyl compounds in 1+1 molar ratios.
Compared to the corresponding Bu3SnH-mediated reactions the
yields decrease only slightly whereas stereoselectivities are not
affected by the change in solvent.‡

The best conditions 1–3 (Scheme 1) were subsequently
applied for experiments using 2-phenylpentenyloxythiazole-
thione 1b (entry 2) and derivatives 1c–d (entries 3–4).
Photoreactions using 2-substituted 4-pentenyloxythiazole-
thiones 1b and 1c afforded cis-2,4-disubstituted tetrahydrofur-
ans 3b and 3c as major products which is in line with the general
guidelines of stereoselective 5-exo-trig alkoxyl cyclizations8–10

and with the Beckwith–Houk model11 for carbon radical ring
closure reactions (entries 2 and 3). The observed high
stereoselectivity for the formation of 4-tert-butyl-2-methylte-

Scheme 1 Stereoselective synthesis of disubstituted tetrahydrofurans 3 from
N-alkoxythiazolethiones 1 and L-cysteine derivatives. L-CysOEt HCl = L-
cysteine ethyl ester hydrochloride, GSH = g-L-glutamyl-L-cysteinylgly-
cine. a Conditions 1: C6H5CF3–H2O = 4/1 (v/v), 2 M NaOH, L-CysOEt
HCl. b Conditions 2: dioxane–H2O = 4/1 (v/v), L-CysOEt HCl, Na2CO3.
c Conditions 3: dioxane–H2O = 4/1 (v/v), GSH.§

This journal is © The Royal Society of Chemistry 2001
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trahydrofuran 3c from the corresponding alkenoxyl radical 2c
(entry 3, cis+trans = 90+10) is considered to originate from
beneficial steric effects of the tert-butyl substituent. This
interpretation is supported by a noteworthy 2,3-trans-selectivity
for the formation of 3-tert-butyl-2-methyltetrahydrofuran 3d
from the corresponding thiazolethione 1d (entry 4).7,10,11

According to the data which are reported in Scheme 1 it is
obvious that heterogeneous and homogeneous conditions 1 and
2 (Scheme 1), which demand L-CysOEt·HCl as hydrogen atom
donor and a suitable base, are superior to the GSH for preparing
tetrahydrofurans 3 from thiones 1. It is worth mentioning, that
GSH requires the presence of water in order to deliver its
hydrogen atom to cyclized O-radicals, although GSH is
partially soluble in pure dioxane. Similar observations were
made for free amino acid L-cysteine as hydrogen atom donor
which affords almost identical yields and selectivities of 3 as
GSH does (not shown in Scheme 1). Further, syntheses of
tetrahydrofurans 3 fail if photolyses of thiones 1 and GSH are
performed in heterogeneous mixtures. For example, the photo-
reaction of radical precursor 1b and GSH in C6H5CF3–H2O
affords 2-phenylpent-4-en-1-ol (34%) and the corresponding
aldehyde 2-phenylpent-4-enal (21%) as sole products.

In almost every photochemical run, formation of a colorless
to yellowish precipitate was observed. This material was
soluble in acetone, but less soluble in diethyl ether. It was shown
to be a mixture of strongly UV-absorbing compounds which
were characterized as different primary and secondary photo-
products presumably of the starting thiones 1 (Scheme 2).
Expected addition products of either glutathionyl or cysteinyl
radicals to the thiocarbonyl group in parent thiones 1a–d were
surprisingly absent in the reaction mixtures.6 According to
control experiments it is likely that the disulfide 5 is formed as
primary product which then undergoes further absorption of UV
light to afford both 4-(p-chlorophenyl)thiazole-2(3H)-thione (6)
and thiazole 7 besides the bisthiazole 8. Evidence for this
assumption is derived from products obtained after photo-
decomposition of disulfide 5 at l = 350 nm in dioxane–water
(4+1, v/v) which affords 43% of thiazole 7 and 16% of
thiazolethione 6. It is interesting to note that the thiazole-
derived photoproducts 5–8 (Scheme 2) are identical to those

isolated from photochemical studies using the parent acid of 1,
i.e. N-hydroxy-4-(p-chlorophenyl)thiazolethione, as hydroxyl
radical source for DNA-strand break in photobiological stud-
ies.12

In conclusion, we have demonstrated that L-cysteine-deriva-
tives, e.g. L-CysOEt, or the tripeptide GSH can be applied as
useful radical traps for the stereoselective formation of
disubstituted tetrahydrofurans 3 via an alkoxyl radical pathway
in aqueous solvents. These investigations point to the feasibility
of O-radical reactions using N-alkoxythiazole-2(3H)-thiones,
e.g. derivatives of 1, under biomimetic conditions. Further work
is in progress in order to pursue O-radical chemistry in water as
the sole solvent.

This work was generously supported by the Deutsche
Forschungsgemeinschaft (Project Ha1705/3–2). Also, we ex-
press our gratitude to Dipl.-Chem. Philipp Schmidt for
providing samples of thiazolethione 1a and Dr Hideki Okamoto
for helpful discussions.

Notes and references
† Satisfactory analytical data were obtained for all new compounds in this
study: thiazolethiones 1a, 1c, and 1d, and tetrahydrofurans 3c and 3d.
‡ For comparison, yields of tetrahydrofurans 3 from photoreactions of 1 and
Bu3SnH in C6H5CF3 were determined. Figures in brackets denote the cis–
trans ratios: 3a: 93% (30+70), 3b: 60% (88+12), 3c+97% (90+10), 3d+88%
( < 2+ > 98).
§ In a typical run thiazolethione 1 (1 mmol) was dissolved in the organic
solvent (C6H5CF3 or 1,4-dioxane, 20 ml). L-CysOEt·HCl (10 mmol) and a
base (9 mmol, see Scheme 1), or GSH, or L-cysteine (10 mmol) were
dissolved in water (5 mL). Both solutions were combined while stirring to
afford the reaction mixture which was photolyzed at ambient temperature in
a Rayonet® photoreactor (l = 350 nm). Upon complete consumption of 1
(ca. 30 min), the colorless to yellowish precipitate was filtered-off and the
remaining solution was worked up as follows. For reactions with CysOEt in
C6H5CF3–H2O, 2 M HCl was added with agitation to adjust to pH 2 in the
aqueous phase. Subsequently, phases were separated and the aqueous layer
was extracted with diethyl ether (2 3 10 mL). The combined organic phases
were dried with MgSO4 and concentrated in vacuo. The product 3 was
purified by column chromatography (SiO2, petroleum ether–Et2O = 2+1,
v/v). If dioxane is used as solvent, the organic solvent is first evaporated
from the reaction mixture. Subsequently, diethyl ether was added (20 mL)
to the aqueous phase and tetrahydrofurans 3 were isolated as described
above.

1 J. Hartung and R. Kneuer, Eur. J. Org. Chem., 2000, 1677.
2 D. C. Ayres and J. D. Loike, Lignans—Chemical, Biological, and

Clinical Properties, Cambridge University Press, Cambridge, 1990, pp
269–302

3 V. Ullrich and R. Brugger, Angew. Chem., 1994, 106, 1987; Angew.
Chem., Int. Ed. Engl., 1994, 33, 1911.

4 E. J. Corey, C. Shih, N. Y. Shih and K. Shimoji, Tetrahedron Lett.,
1984, 25, 5013.

5 N. A. Porter, M. O. Funk, D. Gilmore, R. Isaac and J. Nixon, J. Am.
Chem. Soc., 1976, 98, 6000.

6 J. Hartung, M. Schwarz, I. Svoboda and H. Fuess, Eur. J. Org. Chem.,
1999, 1275.

7 H. Strittmatter, A. Dussy, U. Schwitter and B. Giese, Angew. Chem.,
1999, 111, 238; Angew. Chem., Int. Ed. Engl., 1999, 38, 135.

8 J. Hartung and F. Gallou, J. Org. Chem., 1995, 60, 6706.
9 J. Hartung, M. Hiller and P. Schmidt, Chem. Eur. J., 1996, 2, 1014.

10 J. Hartung, Eur. J. Org. Chem., 2001, 619.
11 B. Giese, N. Porter and D. P. Curran, Stereochemistry of Radical

Reactions, VCH, Weinheim, 1995.
12 W. Adam, J. Hartung, H. Okamoto, C. R. Saha-Möller and K. Ŝpehar,

Photochem. Photobiol., 2000, 72, 619.

Scheme 2 Formation of thiazoles 5–8 from N-alkoxythiazolethiones 1.
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Influence of water on the chirality of camphorsulfonic acid-doped
polyaniline
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Polyaniline doped with R-(2)- or S-(+)-camphorsulfonic
acid produces an inexpensive chiral substrate; the presence
or absence of water can be used to invert the dopant-induced
circular dichroism (CD) absorbance at 450 nm, shedding
light on conflicting literature reports.

Chiral polyaniline has potential applications in molecular
recognition and enantiomeric separations.1–3 In searching the
literature of chiral camphorsulfonic acid-doped polyaniline, we
discovered that alternating directions have been reported for the
main dopant-induced circular dichroism (CD) absorbance peak
centered at 450 nm. For example, when doped with S-
(+)-camphorsulfonic acid, the CD absorbance at 450 nm is
sometimes reported to be in the positive direction,3–6 whereas at
other times it is reported to be in the negative direction.1,5–9 If
chiral polyaniline is to be useful as an active material in sensors
and separations1,2 this phenomenon needs to be understood.
Here, we demonstrate that the chirality of polyaniline is
critically dependent upon the water content of the polymer
before exposure to the chiral acid dopant.

Polyaniline is a simple conjugated polymer, which can be
polymerized via either chemical10 or electrochemical oxidation
of aniline.11 Aniline is an inexpensive achiral molecule heavily
used in the dye industry.12 The half-oxidized emeraldine base
form of polyaniline can be readily doped to the conducting
emeraldine salt form when mixed with a strong acid (Scheme
1).

Emeraldine base doped with either enantiomer of cam-
phorsulfonic acid produces a chiral form of polyaniline.1,4,6

Since camphorsulfonic acid is only optically active below 300
nm, the doping-induced peak at 450 nm can be attributed
exclusively to chiral polyaniline, and therefore, this absorbance
can be used to monitor chirality in the polymer. Here, the
emeraldine base form of polyaniline was chemically synthe-
sized according to a literature procedure10,13 and camphor-
sulfonic acid doping in N-methylpyrrolidinone was carried out
using a 2+1 mass (5+1 molar) ratio of emeraldine base to
camphorsulfonic acid.†

To study the effects of water upon chiral polyaniline, one
sample of emeraldine base was placed in a 60 °C oven for four
days and allowed to dry thoroughly, while a second sample from

the same batch was soaked in deionized water for four days
followed by brief vacuum filtration. The dry (3–5% water
content determined by thermogravimetric analysis) and wet
( > 50% water content determined by thermogravimetric analy-
sis) emeraldine base samples were then doped with either S-(+)-
or R-(2)-camphorsulfonic acid in N-methylpyrrolidinone and
CD spectra obtained. Surprisingly, a CD peak at 450 nm could
be induced to give either a positive or a negative signal simply
by thoroughly wetting or drying the emeraldine base polyaniline
prior to doping with S-(+)-camphorsulfonic acid in N-me-
thylpyrrolidinone (see Fig. 1): the dry sample doped with S-
(+)-camphorsulfonic acid results in the positive CD peak; the
wet sample doped with S-(+)-camphorsulfonic acid gives the
negative CD peak. Tests performed on different batches of wet
and dry emeraldine base all exhibited the same trends in CD
direction at 450 nm. Therefore, the water content of the
emeraldine base prior to doping with camphorsulfonic acid has
a dramatic affect upon the chirality of the doped polyaniline.

Wet and dry emeraldine base samples doped with R-
(2)-camphorsulfonic acid in N-methylpyrrolidinone gave ex-
actly analogous, but inverted, CD results (see Fig. 2). Note that
the direction of the CD peak at 450 nm induced with R-

Scheme 1 Fully doped polyaniline; molar ratio of emeraldine base to dopant
acid (HX) is 2+1.

Fig. 1 Resulting CD spectra of polyaniline dried prior to doping with S-
(+)-camphorsulfonic acid in N-methylpyrrolidinone (Dry) and wetted prior
to doping with S-(+)-camphorsulfonic acid in N-methylpyrrolidinone
(Wet).

Fig. 2 Resulting CD spectra of polyaniline doped with R-(2)- or S-
(+)-camphorsulfonic acid after exposure to either drying or wetting
conditions prior to doping in N-methylpyrrolidinone.

This journal is © The Royal Society of Chemistry 2001
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(2)-camphorsulfonic acid for wet polyaniline is now in the
positive direction, whereas the dry sample is now in the negative
direction. Therefore, polyaniline can be readily manipulated to
produce the same form of optically active polyaniline when
doped with opposite enantiomers. The direction of the CD
signal is dependent upon both the condition of the emeraldine
base prior to doping, and upon which enantiomer is used for
doping. Additionally, all of the solutions were cast as thin,
doped emeraldine films onto quartz plates and CD spectra
obtained. All the samples gave the same CD peak direction at
450 nm as when in solution. Therefore, this phenomenom exists
regardless of whether the sample is in solution or in the solid
state.

In order to rule out that the drying temperature caused a
chemical change to the emeraldine base structure, a sample of
polyaniline dried at 60 °C for a four-day period was subse-
quently soaked in deionized water to produce the wet form of
emeraldine base. The sample was then doped with S-(+)-cam-
phorsulfonic acid in N-methylpyrrolidinone overnight and
analyzed by CD. The resulting CD peak at 450 nm was negative
which is the same CD direction observed for unheated, wet
polyaniline doped with S-(+)-camphorsulfonic acid (see Table
1). To further rule out heating at 60 °C as the cause for the
reversal in chirality, water elimination via vacuum drying at
room temperature was substituted for oven drying. A sample of
wet emeraldine base was dried for seven days under vacuum at
room temperature and then doped with S-(+)-camphorsulfonic
acid in N-methylpyrrolidinone. The resulting CD direction–
positive at 450 nm–was the same as for emeraldine base dried at
60 °C. When the inverse experiment was performed, i.e. using
wet emeraldine base dried in a 60 °C oven for several days, a
positive CD signal at 450 nm was obtained after doping with S-
(+)-camphorsulfonic acid. This is the same direction as
observed for emeraldine base dried at 60 °C as summarized in
Table 1. Thus, polyaniline behaves according to the last
environment that it is exposed to. This indicates that water is the
causal factor rather than a chemical reaction (e.g. cross-linking)
of the polyaniline itself or involving some impurity. This also
demonstrates that the process is fully reversible prior to
doping.

The above temperature experiments were also performed
with R-(2)-camphorsulfonic acid instead of the S-(+)-form. A
sample of emeraldine base polyaniline dried at 60 °C for a four-
day period was subsequently soaked in deionized water and
doped with R-(2)-camphorsulfonic acid in N-methylpyrrolidi-
none overnight. A second emeraldine base sample was first
soaked in water and then dried in a 60 °C oven before doping
with R-(2)-camphorsulfonic acid. Additionally, wet emer-
aldine base polyaniline that was dried at room temperature
under vacuum was also doped with R-(2)-camphorsulfonic
acid. All samples were analyzed with CD and the results are
summarized in Table 1. The R-(2)-camphorsulfonic acid-
doped polyaniline behaves analogously to S-(+)-camphor-
sulfonic acid doped polyaniline except that all CD directions at
450 nm are now inverted.

The discovery that water can cause a reversal in chirality, and
its ability to make polyaniline doped with opposite enantiomers
appear to have the same chiral configuration based on CD is
significant because it could explain the observed inversion of
expected chiralities reported in the literature.3,7,14 For example,
Wallace and coworkers have shown that chiral polyaniline
doped with the same enantiomer of camphorsulfonic acid
prepared electrochemically produces an inverted CD peak at
450 nm to that produced chemically.3,5,7 Their electro-
chemically prepared chiral polyaniline when doped with S-
(+)-camphorsulfonic acid produces a negative 450 nm peak,
whereas their chemically generated polyaniline doped with S-
(+)-camphorsulfonic acid in N-methylpyrrolidinone produces a
positive CD peak at this wavelength. The authors conclude that
there must be different configurations for the electrochemically
and chemically prepared chiral polyanilines.5 However, since
the electrochemically prepared chiral polyaniline was electro-
polymerized in an aqueous solution and its CD is similar in
direction to the wet polyaniline described here, it is likely that
the water used in the electrochemical process contributes to the
chiral configuration of the polyaniline.

Thus, the CD spectra of S-(+)- and R-(2)-camphorsulfonic
acid doped polyanilines in N-methylpyrrolidinone can appear
identical depending upon the water content of the emeraldine
base prior to doping. This process is fully reversible before
doping and is simply a function of the water content and is not
related to the drying temperature.

This work was supported by the University of California
Campus Laboratory Collaboration program (CLC).

Notes and references
† All samples were made with 60 mg of polyaniline and 30 mg (1.3 3 1024

mole) of camphorsulfonic acid in 4 mL of N-methylpyrrolidinone. The
mixtures were shaken and allowed to dope for at least four hours and then
filtered through cotton. Each sample for CD analysis consisted of 40 mL of
a stock solution that was diluted with 150 mL of N-methylpyrrolidinone.
Films were prepared by placing a few drops of solution onto quartz plates
that were dried at 60 °C for two hours. All CD analyses were carried out
using a Jasco J715 CD Spectropolarimeter and a Fast Fourier Transform to
filter out high frequency noise. Owing to the difficulty of completely
dissolving polyaniline in N-methylpyrrolidinone, the concentrations, and
therefore the CD intensities, vary from sample to sample. The CD spectra
presented in Fig. 2 for S-(+)- and R-(2)-camphorsulfonic acid-doped
polyaniline used polymer powder from the same synthesis, whereas the
analogous spectra for S-(+)-camphorsulfonic acid- doped polyaniline in Fig.
1 used polymer powder from a different synthetic batch.

1 H. L. Guo, C. M. Knobler and R. B. Kaner, Synth. Met., 1999, 101,
44.

2 H. L. Guo, C. M. Knobler and R. B. Kaner, U.S. Patent Pending.
3 M. R. Majidi, L. A. P. Kane-Maguire and G. G. Wallace, Polymer, 1995,

36, 3597.
4 E. E. Havinga, M. M. Bouman, E. W. Meijer, A. Pomp and M. M. J.

Simenon, Synth. Met., 1994, 66, 93.
5 I. D. Norris, L. A. P. Kane-Maguire and G. G. Wallace, Macromole-

cules, 1998, 31, 6529.
6 L. A. P. Kane-Maguire, A. G. MacDiarmid, I. D. Norris, G. G. Wallace

and W. G. Zheng, Synth. Met., 1999, 106, 171.
7 M. R. Majidi, L. A. P. Kane-Maguire and G. G. Wallace, Polymer, 1994,

35, 3113.
8 M. R. Majidi, L. A. P. Kane-Maguire and G. G. Wallace, Polymer, 1996,

37, 359.
9 M. R. Majidi, L. A. P. Kane-Maguire and G. G. Wallace, Aust. J. Chem.,

1998, 51, 23.
10 Y. Cao, A. Andreatta, A. J. Heeger and P. Smith, Polymer, 1989, 30,

2305.
11 D. Chinn, J. Dubow, J. Li, J. Janata and M. Josowicz, Chem. Mater.,

1995, 7, 1510.
12 S. Buvdavari, in The Merck Index, Rahway, New York, 1989.
13 W. S. Huang, B. D. Humphrey and A. G. MacDiarmid, J. Chem. Soc.,

Faraday Trans., 1986, 82, 2385.
14 V. Aboutanos, L. A. P. Kane-Maguire and G. G. Wallace, Synth. Met.,

2000, 114, 313.

Table 1 Effects of water on the chirality of camphorsulfonic acid-doped
polyaniline in N-methylpyrrolidinone

CD direction at 450 nmCondition of
emeraldine base prior
to doping with
camphorsulfonic acid

S-(+)-Camphorsulfonic
acid

R-(2)-Camphorsulfonic
acid

Wet 2 +
Dry (60 °C) + 2

Dry (60 °C) ? Wet 2 +
Wet ? Dry (60 °C) + 2

Wet ? vacuum dried,
room temperature + 2

802 Chem. Commun., 2001, 801–802



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

A remarkable water-soluble (molecular) alloy with two tuneable
solid-to-solid phase transitions
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The organometallic cations [(h5-C5H5)2Co]+ and [(h5-
C5H5)2Fe]+ are fully miscible in the solid state and form the
mixed crystalline material [(h5-C5H5)2CoxFe12x][PF6],
which undergoes two fully reversible phase transitions that
can be tuned by varying the molar ratio of the two cations;
the water-soluble organometallic salt thus possesses the
behaviour of a molecular alloy.

Crystal polymorphism is the property of a substance to exist in
different crystalline phases resulting from different arrange-
ments of the molecules in the solid state.1,2 Polymorphic
modifications of the same substance may differ markedly in
chemical and physical properties such as diffraction pattern and
solid state spectroscopy. We are investigating polymorphism
and solid state dynamic behaviour in a systematic manner, with
a focus on organometallic systems.3 In particular, we are
interested in obtaining new crystal forms by non-solution
methods (e.g. grinding,4 seeding,5 desolvation6) and in control-
ling the interconversion between polymorphs and between
pseudo-polymorphs. The study of polymorphism falls into the
mainstream of (molecular) crystal engineering.7

In this context, we have recently investigated by single
crystal and powder X-ray diffraction as well as by calorimetric
methods the phase transition behaviour of the crystalline salts
[(h5-C5H5)2M][PF6] (M = Co, Fe).8 The two crystalline
materials are isomorphous at room temperature and undergo
two fully reversible solid-to-solid phase transitions on changing
the temperature. A RT " LT transition occurs on cooling the
room temperature phases below 252 (M = Co) and 213 K (M
= Fe), whereas a RT " HT transition is observed on heating
the crystalline materials above 314 (M = Co) and 347 K (M =
Fe). Hence, the main difference between the two materials
arises from the interval of thermal stability of the intermediate
RT phase (ca. 62 K for M = Co and 134 K for M = Fe). The
relationship between the three solid phases is shown in Fig. 1.

The close structural similarity between the two complexes of
[(h5-C5H5)2M]+ (M = Co, Fe) prompted us to explore the
possibility of growing crystals from solutions containing
mixtures of the two cations. We were seeking answers to the

following questions: (i) would the two cations form co-crystals
or separate out in crystals of the two salts? (ii) In the former
case, could we expect to be able to control the phase transition
behaviour by varying the [(h5-C5H5)2Co]++[(h5-C5H5)2Fe]+

molar ratio? In this design we were also helped by the large
difference in colour: [(h5-C5H5)2Co][PF6] is bright yellow, and
[(h5-C5H5)2Fe][PF6] is deep blue.

We have discovered that, in the solid state, the two cations are
fully miscible in the whole range of composition and that the
composition is the same as that of the water solutions from
which the mixed-crystals are precipitated, e.g. the mixed salts
can be formulated as [(h5-C5H5)2CoxFe12x][PF6] (with 0 < x <
1). Moreover, the phase transition behaviour depends linearly
on the composition. The temperatures at which the two solid-to-
solid phase transitions occur vary regularly, as a direct function
of the molar ratio, between the two extremes defined by the
homo-cationic crystals.

Mixed crystals were precipitated from water solutions
containing [(h5-C5H5)2Co]++[(h5-C5H5)2Fe]+ in the molar ra-
tios: 90+10, 75+25, 50+50 and 25+75. The pure Co and Fe
compounds have closely similar unit cell dimensions [data at
room temperature for Co/Fe: a = 13.355(3)/13.408(6), b =
9.441(8)/9.530(2), c = 9.427(6)/9.482(2) Å, b =
92.87(4)/93.17(3)°, Vcell = 1187(1)/1209(1) Å3];8 hence one
could expect the mixed crystals to obey Vegard’s rule of linear
change in lattice dimensions with composition.9a Since devia-
tions from this behaviour are known9b the diffraction patterns
for all the bulk precipitates were measured to ensure that only
the same phase as that of the starting materials had formed. The
colours of the precipitates were also very indicative of the
formation of mixed-crystals since [(h5-C5H5)2Cox-
Fe12x][PF6] are green and the colour changes from green to

Fig. 1 The relationship between the ion arrangements in [(h5-
C5H5)2M][PF6] (M = Co, Fe) in their (a) low, (b) room and (c) high
temperature phases; in the case of M = Fe also the anions are orientationally
disordered in the high temperature phase.

Fig. 2 The temperature variation of the RT " LT and RT " HT transitions
with [(h5-C5H5)2Co]+ and [(h5-C5H5)2Fe]+ in the molar ratios 100+0,
90+10, 75+25, 50+50, 25+75, 0+100.
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blue–green with the increasing molar fraction of the Fe
component. Each mixed salt powder was subjected to a full
cycle of differential calorimetry measurements (DSC), both in
the cooling and in the heating regimes, to measure the
temperatures of the two solid-to-solid phase transitions. The
temperature variation of the RT " LT and RT "HT transitions
with composition is shown in Fig. 2 (for the heating cycle). A
comparison of the DSC thermograms is shown in Fig. 3: note
how the peaks corresponding to the RT " LT and RT " HT
transitions diverge as the percentage of [(h5-C5H5)2Fe]+ is
increased. As in the cases of the pure materials the two
processes are fully reversible.10

In conclusion, we have been able to tune the phase transition
behaviour of the crystalline material [(h5-C5H5)2Cox-
Fe12x][PF6] by varying the [(h5-C5H5)2Co]++[(h5-C5H5)2Fe]+

molar ratio, because the [(h5-C5H5)2Co]+ and [(h5-C5H5)2Fe]+

cations form fully miscible solid solutions. The linear response
of physical properties with composition is typical of inorganic
alloys11 and of crystals constructed by almost isostructural
species (e.g. naphthalene and 1,2,4,5-tetrachlorobenzene, or
2-chloronaphthalene and 2-bromonaphthalene)11 but, to the

best of our knowledge, it has never been reported for
organometallic molecular salts. Thus, the mixed-crystal [(h5-
C5H5)2CoxFe12x][PF6], though being composed of molecular
ions and soluble in water, possesses the features of a random
AxB12x alloy.

We plan to explore the behaviour of the salts [(h5-
C5H5)2M][PF6] (M = Co, Fe) on changing the counterions, i.e.
by doping the crystals with isostructural anions such as [AsF6]2
and [SbF6]2, and/or by using other isoelectronic, quasi-
isomorphous, organometallic salts, e.g. [(h5-C5H5)(h6-
C6H6)Ru][PF6] (one phase transition RT "HT at 332.5 K)12 or
[(h6-C6H6)2Cr][PF6]  (no phase transition between 200 and
373 K).8

We thank M.U.R.S.T. (projects Supramolecular Devices and
Solid Supermolecules), the Universities of Bologna (project
Innovative Materials) and Sassari for financial support, and C.
Righetti for helping us with some of the DSC measurements.
We thank C. Aakeröy for asking one of us (D. B.) a stimulating
question on the occasion of a talk at the University of
Strasbourg, and J. Dunitz and J. Bernstein for useful sugges-
tions.
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Fig. 3 DSC thermograms (heating cycle) showing how the RT " LT and
RT "HT transitions ‘diverge’ from the values observed in the case of [(h5-
C5H5)2Co]+ as the percentage of [(h5-C5H5)2Fe]+ in the mixture is
increased. (For the sake of clarity and comparison, all baselines have been
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A novel radical cyclization of 2-bromoindoles. Synthesis of
hexahydropyrrolo[3,4-b]indoles
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Hexahydropyrrolo[3,4-b]indoles 6, 10, and 13 are obtained
from 2-bromo-3-carboxamides 5, 9, and 12, respectively, by
a 1,5-radical translocation process followed by 5-endo-trig
cyclization to the indole C-2 position.

We wish to describe a new synthesis of hexahydropyrrolo[3,4-
b]indoles from 2-bromoindole-3-carboxamides involving se-
quential indole C-2 radical generation, 1,5-hydrogen atom
abstraction, and 5-endo-trig cyclization to the indole C-2
position. In connection with our interest in pyrrolo[3,4-
b]indoles1 and indolo[2,3-a]quinolizidines,2 we envisioned the
free radical sequence shown in Scheme 1 as an attractive route
to these ring systems.

We herein report the viability of this sequence for the
synthesis of hexahydropyrrolo[3,4-b]indoles. The radical pre-
cursor 2-bromoindole 5 was prepared as shown in Scheme 2.
Indole (1) was converted to amide 3 in two steps as previously
described.3 Subsequent N-methylation and C-2 bromination
using the conditions described by Bergman4 for N-carboxy-
indole afforded 5† in excellent overall yield. An X-ray crystal
structure determination confirmed the structure of 5.5

The radical cyclization was performed by the slow addition
over 36 h of a degassed solution of tri-n-butyltin hydride and
catalytic AIBN in toluene to a refluxing solution of bromo-
indole 5 in toluene. This resulted in the formation of the desired

dihydroindole 6† (54%), along with the reduction product 4
(42%) (Scheme 3). The structure of 6 is fully supported by
spectral and analytical data, including an X-ray crystal structure
determination.5

We believe that this reaction involves the sequence (1)
generation of the expected C-2 radical, (2) 1,5-H atom
abstraction to give the a-amidoyl radical, (3) 5-endo-trig
cyclization to the indole double bond, and (4) hydrogen
abstraction to give indoline 6. The first two steps in this process
have been termed ‘radical translocation’ by Snieckus and
Curran.6 Attempts to improve the yield of 6 relative to reduction
product 4 using other radical generation methods have not been
successful. Treatment of indoline 6 with DDQ (CH2Cl2, rt) gave
indole 7 in 50% yield (Scheme 4).

As summarized in Scheme 5 we have applied this radical
cyclization to several other substrates (9, 12, 15) and two of
these afforded the expected cyclized pyrrolo[3,4-b]indoles 10
and 13. However, only reduction product 14 was obtained from
15.

Amides 8,† 11,† and 14,† were synthesized by N-methylation
of the corresponding indole-3-carboxamides3 in 97, 77, and
80% yields, respectively, as illustrated in Scheme 2 for 4. The
usual bromination procedure afforded the 2-bromoindoles 9,†
12,† and 15† in excellent yields. The structures of 9, 12, and 15
were confirmed by X-ray crystallography.5

Although radical cyclizations to the indole C-2 position are
precedented7 and the generation of indole C-2 radicals has been
described by Jones,8,9 our work is the first example of a
1,5-hydrogen atom transfer reaction of a 2-bromoindole-
3-carboxamide and subsequent 5-endo-trig cyclization to the
indole double bond. Following the completion of our initial
work, Jones reported9 a similar 1,5-H atom abstraction from the
radical derived from 2-bromo-3-formyl-N-(4-phenylbutyl)in-
dole and subsequent radical translocation and 5-exo-trig
cyclization to the indole C-2 position. Jones has also recently
described10 a radical translocation sequence leading to indole
C-3 5-exo-trig cyclization. Some other hydrogen atom abstrac-

Scheme 1

Scheme 2 Reagents and conditions: i, (CF3CO)2O, Et2O, 0 °C (87%); ii,
BuLi, piperidine, THF, 0 °C (97%); iii, NaOH, EtOH, MeI, acetone, rt
(99%); iv, ButLi, THF, BrCl2CCCl2Br, 278 °C to rt (88%).

Scheme 3 Reagents and conditions: i, Bu3SnH, AIBN, toluene, reflux, 36 h
(6, 54%; 4, 42%).

Scheme 4 Reagents and conditions: DDQ, CH2Cl2, rt, 18 h (50%).
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tion–translocation of a-amidoyl radical schemes not involving
indoles have been reported.6,11 While we favor the direct
5-endo-trig radical cyclization pathway shown in Scheme 1, of
which there are precedents,12,13 a 4-exo-trig cyclization to a
spiro b-lactam intermediate followed by a 1,2-alkyl migration
(ring expansion), as suggested by a referee, cannot be ruled out.
However, such 1,2-alkyl shifts for radicals are rare14 and the
migration terminus is a nucleophilic carbon-centered radical.
Moreover, based on the work of Ikeda,13 we would have
expected to isolate spiro b-lactams if a 4-exo-trig radical
cyclization pathway was operating.

We thank the National Institutes of Health (GM58601) for
support and Drs Mukund Sibi, Jack Li, and Larry Yet for helpful
discussion.
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† Selected physical and spectroscopic data: 4: mp 103–104 0C; dH (300
MHz, CDCl3) 7.59–7.63 (m, 2H), 7.33–7.36 (m, 1H), 6.98–7.13 (m, 2H),
3.78 (s, 3H), 3.53–3.57 (t, 4H, J = 5.4 Hz), 1.38–1.61 (m, 6H); dC (500
MHz, CDCl3, 250 °C ) 166.3, 135.7, 131.6, 125.3, 121.9, 120.4, 120.2,
110.2, 109.7, 48.8, 43.2, 33.3, 26.6, 25.4, 24.4; IR n(KBr)/cm21 2934, 2850,
1611; m/z 242 (M+), 228, 158 (100%), 131, 103, 77 (Calc. for C15H18N2O:
C, 74.35; H, 7.49; N, 11.56. Found: C, 74.23; H, 7.51; N, 11.50%). 5: mp
105–107 °C; dH (300 MHz, CDCl3) 7.46–7.49 (m, 1H), 7.07–7.26 (m, 3H),
3.73 (br s, 5H), 1.59 (m, 8H); dC (500 MHz, CDCl3, 250 °C) 164.5, 135.6,
125.0, 122.1, 120.6, 118.6, 113.9, 110.7, 109.5, 48.2, 42.7, 31.4, 26.6, 25.4,
24.1; IR n(KBr)/cm21 2934, 2845, 1622, 1522, 1428; m/z 320 (M+), 236
(100%), 209, 158, 129; HRMS: calc. m/z 320.0524, found m/z 306.0517. 6:
mp 120–121 °C; dH (300 MHz, CDCl3) 7.40 (d, 1H, J = 7.3 Hz), 7.13 (t,
1H, J = 8.0 Hz), 6.70 (td, 1H, JA = 1.0 Hz, JB = 7.3 Hz), 6.42 (d, 1H, J =
7.7 Hz), 4.14 (dd, 2H, JA = 4.5 Hz, JB = 13.2 Hz), 4.08 (d, 1H, J = 9.4 Hz),
3.84 (dd, 1H, JA = 2.1 Hz, JB = 9.4 Hz), 2.86 (s, 3H), 2.64 (td, 1H, JA = 3.4
Hz, JB = 12.8 Hz), 1.95 (m, 2H), 1.48 (m, 3H); dC (CDCl3) 170.6, 151.0,
128.6, 125.1, 124.9, 118.0, 106.1, 69.2, 62.9, 48.9, 40.6, 33.4, 26.7, 24.6,
23.9; IR n(film)/cm21 2922, 2856, 2344, 1678, 1606, 1489; m/z 242 (M+),
158, 131 (100%), 103, 77; HRMS: calc. m/z 242.1420, found m/z 242.1421;
(Calc. for C15H18N2O: C, 74.34; H, 7.49; N, 11.57. Found: C, 74.12; H,
7.41; N, 11.54%). 8: mp 165–166 °C; dH (300 MHz, CDCl3) 7.68–7.71 (dd,

1H, JA = 1.39 Hz, JB = 7.31 Hz), 7.46 (s, 1H), 7.19–7.35 (m, 3H), 3.81 (s,
3H), 3.06 (s, 3H), 1.57 (s, 9H); dC (CDCl3) 169.4, 136.8, 132.4, 126.1,
122.4, 121.2, 121.0, 114.4, 109.9, 56.4, 35.5, 33.4, 28.1; IR n(KBr)/cm21

3458, 3113, 2975, 1627 (Calc. for C15H20N2O: C, 73.74; H, 8.25; N, 11.47.
Found: C, 73.67; H, 8.30; N, 11.44%). 9: mp 105–106 °C; dH (300 MHz,
CDCl3) 7.57–7.71 (dt, 1H, JA = 1.2 Hz, JB = 8.0 Hz), 7.14–7.34 (m, 3H),
3.76 (s, 3H), 2.96 (s, 3H), 1.57 (s, 9H); dC (CDCl3) 167.1, 136.4, 125.8,
122.5, 121.0, 119.6, 114.7, 114.2, 109.5, 56.5, 34.2, 31.5, 28.0; IR n(film)/
cm21 3456, 3052, 2979, 1627 (Calc. for C15H19BrN2O: C, 55.74; H, 5.92;
N, 8.67; Br, 24.72. Found: C, 56.13; H, 5.94; N, 8.64; Br, 24.42%). 11: mp
111–112 °C; dH (300 MHz, CDCl3) 7.80–7.83 (dt, 1H, JA = 1.1 Hz, JB =
7.0 Hz), 7.13–7.28 (m, 4H), 3.70 (s, 3H), 3.63–3.67 (t, 4H, J = 5.9 Hz),
1.57–1.74 (m, 8H); dC (500 MHz, CDCl3, 245 0C ) 166.9, 135.7, 129.8,
126.2, 121.8, 120.8, 120.1, 110.1, 109.3, 49.0, 45.6, 33.0, 29.3, 28.2, 27.2,
26.0; IR n(film)/cm21 3053, 2932, 1605 (Calc. for C16H20N2O: C, 74.97; H,
7.86; N, 10.93. Found: C, 74.90; H, 7.93; N, 10.79%). 12: mp 125–126 °C;
dH (300 MHz, CDCl3) 7.46 (d, 1H, JA = 7.1 Hz), 7.10–7.27 (m, 4H), 3.73
(s, 3H), 3.40–3.70 (m, 4H), 1.52–1.87 (m, 8H); dC (CDCl3) 166.0, 136.3,
125.6, 122.5, 120.8, 119.0, 113.0, 112.9, 109.5, 49.4, 45.9, 31.4, 29.5, 27.9,
27.4, 26.4; IR n(film)/cm21 3053, 2933, 1618; m/z 334 (M+), 255, 236
(100%), 130, 103, 77 (Calc. for C16H19BrN2O: C, 57.32; H, 5.71; N, 8.36;
Br, 23.83. Found: C, 57.57; H, 5.69; N, 8.35; Br, 23.54%). 14: mp 110–113
°C; dH (300 MHz, CDCl3) 8.15 (d, 1H, JA = 7.5 Hz), 7.38 (s, 1H), 7.34–7.21
(m, 3H), 3.81 (s, 3H), 3.69 (m, 2H), 1.95 (m, 2H); dC (500 MHz, CDCl3,

240 °C) 165.0, 135.9, 130.7, 127.0, 122.3, 121.8, 120.8, 110.2, 109.2, 48.9,
46.3, 33.3, 26.4, 24.2; IR n(film)/cm21 2942, 2872, 1590; m/z 228 (M+), 158
(100%), 130, 103, 77. 15: mp 100–105 °C; dH (300 MHz, CDCl3) 7.54 (d,
1H, J = 8.1 Hz), 7.29 (d, 1H, J = 8.3 Hz), 7.23 (td, 1H, JA = 7.6 Hz, JB =
1.0 Hz), 7.15 (td, 1H, JA = 7.6 Hz, JB = 1.2 Hz), 3.76 (s, 3H), 3.74 (t, 2H,
J = 6.6 Hz), 3.41 (t, 2H, J = 6.6 Hz), 2.00 (m, 2H), 1.87 (m, 2H); dC

(CDCl3) 164.7, 136.2, 125.1, 122.5, 121.0, 120.8, 119.7, 119.4, 109.6, 48.3,
45.8, 31.5, 25.9, 24.6; IR n(KBr)/cm21 3456, 2922, 2856, 1733, 1622; m/z
308 (M+), 262, 236, 192 (100%), 158, 129; HRMS: calc. m/z 306.0368,
found m/z 306.0367.
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Induced assembly of a catenated chain of edge-sharing silver(I)
dodecahedra with embedded acetylide by silver(II)-tmc (tmc =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane)

Quan-Ming Wang and Thomas C. W. Mak*

Department of Chemistry, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong
SAR, P.R. China. E-mail: tcwmak@cuhk.edu.hk

Received (in Cambridge, UK) 6th December 2000, Accepted 12th March 2001
First published as an Advance Article on the web 9th April 2001

In the mixed-valent complex [AgII(tmc)(BF4)][AgI
6(C2)-

(CF3CO2)5(H2O)]·H2O, a [AgII(tmc)(BF4)]+1
∞ cationic col-

umn induces the assembly of a novel, anionic zigzag chain
constructed from edge-sharing of silver(I) triangulated
dodecahedra each enclosing a C2

22 species.

Recent studies have furnished convincing spectroscopic and
structural evidence for the existence of argentophilicity,1–4

namely the d10–d10 closed-shell attraction5 that promotes the
aggregation of silver(I) centers. Our efforts in this direction
have yielded a series of novel double,2 triple3 and quadruple4

salts containing Ag2C2 as a component, in which the C2
22

species (commonly known as the acetylide dianion, IUPAC
name acetylenediide) is fully encapsulated in a variety of silver
polyhedra. In these silver acetylide-containing systems, bridg-
ing anionic ligands such as fluoride, nitrate, trifluoroacetate and
triflate have been used to connect the C2@Agn (n = 6–9) units
into layers and three-dimensional networks. A natural sequel is
to investigate the effect of co-existing metal ions on the
assembly of polyhedral silver(I) cages, and for this purpose we
choose the macrocyclic N-donor ligand 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane (tmc) for in situ generation of
[AgII(tmc)]. A decided advantage of this strategy is to avoid the
introduction of a different metal, which may cause complica-
tions such as competition with silver(I) for ligand binding or
precipitation of undesirable products. Proceeding in this way,
we have successfully isolated a novel, mixed-valent silver
complex [AgII(tmc)(BF4)][AgI

6(C2)(CF3CO2)5(H2O)]·H2O 1,
which represents the first example of an acetylide-containing,
one-dimensional coordination polymer composed of edge-
sharing C2@Ag8 cages.

Compound 1 was obtained by dissolving freshly prepared
Ag2C2 in an aqueous solution of CF3CO2Ag and AgBF4, to
which tmc was then added.† The propensity of divalent silver to
act as an oxidizing agent is well documented,6 and this unusual
oxidation state can be stabilized by macrocyclic ligands,
especially aza-crowns and nitrogen heterocycles.7 In the present
instance, the addition of tmc led to disproportionation of
silver(I) to give elemental silver and complexed silver(II). X-
Ray structural analysis‡ indicated that the square planar
[AgII(tmc)]2+ cation (mean atomic deviation from least squares
plane 0.06 Å) exhibits disorder, being a superposition of two
distinct RSSR and RSRS configurations8 in a 2+1 ratio. For
RSSR, the four methyl groups of tmc are arranged in two pairs,
one on each side of the AgN4 plane [Fig. 1(a)]; this
conformation is also designated as Type III for the possible
stereoisomeric forms of tmc.8 For RSRS, all four methyl groups
lie on the same side of the AgN4 plane, corresponding to the
Type I conformation [Fig. 1(b)]. The Ag–N bond lengths in the
range 2.180(8)–2.206(8) Å are in agreement with 2.195 Å found
in [AgII(tmc)](ClO4)2.9 Weak axial interactions of the d9

silver(II) center, which is subjected to Jahn–Teller distortion,
with adjacent BF4

2 ligands at Ag7–F1, 2.972 Å and Ag7–F2A (1
+ x, y, z), 2.934 Å serve to link the complexed Ag(II) cations into
a [AgII(tmc)(BF4)]+1

∞ column running parallel to the a axis
[Fig. 2(a)]. The Ag–F distances fall within the range

2.60–3.02 Å for CF–Ag contacts in some silver(I) complexes
containing fluorinated organic ligands.10

Induced by the presence of such a cationic column, a parallel
polymeric anionic chain [Fig. 2(b)] is assembled from the Ag(I),
C2

22 and CF3CO2
2 species. The building block of its backbone

is an unprecedented triangulated dodecahedron as shown in
Fig. 3. Atom sets Ag1–Ag2–Ag3–Ag4 and Ag5–Ag5a–Ag6–
Ag6b are each coplanar within 0.088 and 0.109 Å, respectively,
making a dihedral angle of 80.2°. This dodecahedron can be
regarded as the fusion of two sets of tetrahedra, elongated Ag2–
Ag3–Ag5a–Ag6 and flattened Ag1–Ag4–Ag5–Ag6b. The C2

22

species retains its triple bond character with C–C bond length
1.17(1) Å. In contrast, much longer C–C bond distances are
found for interstitial C2 units in organometallic compounds,
such as 1.39(2) Å in [Co9(C2)(CO)19]22 and 1.48(2) Å in

Fig. 1 Disordered [AgII(tmc)]2+ cation involving superposition of two
conformations of the tmc ligand: (a) Type III (RSSR) and (b) Type I (RSRS)
in a ratio of 2+1. Both types share the same set of N atoms and two methyl
groups. Thermal ellipsoids are drawn at the 30% probability level. Selected
bond lengths (Å): Ag7–N1 2.196(7), Ag7–N2 2.206(8), Ag7–N3 2.184(7),
Ag(7)–N4 2.180(8).

Fig. 2 Crystal structure of 1. Hydrogen bonds are shown as dashed lines, and
trifluoroacetate ligands have been omitted for clarity. (a) A column-like
[AgII(tmc)(BF4)]+1

∞ cationic column. The disordered [AgII(tmc)]2+ cation is
represented by its major configuration, and the weak axial AgII···F
interactions are shown by dashed open lines. (b) Polymeric [AgI

6(C2)-
(CF3CO2)5(H2O)]21

∞ zigzag chain formed from edge-sharing of silver
dodecahedra. The mid-points of the Ag5–Ag5a and Ag6–Ag6b bonds are
located at inversion centers.

This journal is © The Royal Society of Chemistry 2001
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[Rh12(C2)(CO)25].11,12 The present C2
22 ion has s-type inter-

actions with all seven silver(I) atoms at Ag–C =
2.172(8)–2.497(9) Å. The Ag…Ag distances lie in the range
2.818–3.366(1) Å, which is suggestive of significant argento-
philic interactions.1–4 The dodecahedra share edges of the type
Ag5–Ag5a and Ag6–Ag6b to generate a chain-like structure
[Fig. 2(b)]. An alternative description is that the silver atoms of
type Ag5 and Ag6 construct a nearly planar zigzag chain with
type Ag1, Ag2, Ag3 and Ag4 silver atoms hitched to it through
the binding of C2

22 anions. The aqua ligand O1W is
coordinated to Ag3 at 2.426(7) Å, while one m3 and four m2
trifluoroacetate ligands chelate Ag…Ag edges or act as bridges
between silver polyhedra. The Ag–O bond distances are in the
range 2.208(7)–2.546(6) Å. The crystal structure of 1 is
composed of a parallel packing of [AgI

6(C2)(CF3-
CO2)5(H2O)]21

∞ anionic zigzag chains and [AgII(tmc)(BF4)]+1
∞

cationic columns, with lattice water molecule O2W forming
hydrogen bonds with O1W and a F atom of the tetrafluoroborate
group (Fig. 2).

The silver polyhedra with embedded C2
22 that have been

found so far are all single cages except for the face-sharing
double cage in the quadruple salt 2Ag2C2·3AgCN·15CF3CO2-
Ag·2AgBF4·9H2O.4 The single cages are either connected by
bridging ligands or directly linked through vertex sharing into
two- or three-dimensional networks. Compound 1 represents
the first example of a chain-like structure constructed from
edge-sharing C2@Ag8 polyhedra.

Metal–macrocyclic complexes have been employed as tem-
plating agents in the synthesis of inorganic polymers and
oligomers, two recent examples being the utilization of crown-
ether complexes for generating one- and two-dimensional
cadmium–thiocyanate coordination solids13 and thio-crown-
ether complexes for extended polyiodide networks.14 Very
recently, crown ethers have been used to isolate discrete clusters
containing a C2@Ag7 unit in our laboratory.15 In the present
work, the unique capability of the tetraaza macrocyclic ligand to
generate and stabilize a higher oxidation state of silver was
exploited, and the resulting Ag(II)–tmc complex then utilized as
a template to induce the formation of the C2@Ag8 dodecahedra
and their inter-linkage into a silver(I) polymeric zigzag chain.
Further investigation of the structural diversity of silver
acetylide-containing systems and the role played by various
metal–macrocycle templates is in progress.

This project is supported by Hong Kong Research Grants
Council Earmarked Grant CUHK 4268/00P.

Notes and references
† Ag2C2 was prepared as described previously.2 CAUTION: thoroughly
dried Ag2C2 detonates easily upon mechanical shock or heating, and only a
small quantity should be used in any chemical reaction.

Synthesis of 1: Ag2C2 was added to 1 mL of a concentrated aqueous
solution of AgCF3CO2 and AgBF4 (molar ratio ca. 1+1) in a plastic beaker
with stirring until saturated. Excess Ag2C2 was filtered off, and 45 mg of
tmc were added to the filtrate. The colorless solution turned rapidly to dark
red along with the precipitation of black metallic silver, which was removed
by filtration. The red filtrate was allowed to stand without disturbance, and
dark-red block-like crystals of 1 were obtained in ca. 40% yield after several
days. Compound 1 is relatively stable in the dark but readily decomposes in
common solvents such as water and ethanol.
‡ Crystal data for 1: C26H36Ag7F19N4O12, M = 1723.49, triclinic, space
group P1̄ (no. 2), a = 8.1641(3), b = 16.9942(7), c = 17.4266(8) Å, a =
71.826(1), b = 89.518(1),g = 85.287(1)°, V = 2289.1(2) Å3, Z = 2, Dc =
2.501 Mg m23, F(000) = 1642, m(Mo-Ka) = 3.066 mm21; 15581
reflections measured, 10862 unique (Rint = 0.0244), final R1 = 0.055, wR2
= 0.143 for 6130 observed reflections [I > 2s(I)]. Data collection was
performed at 293 K on a Bruker SMART 1000 CCD diffractometer using
frames of oscillation range 0.3°, with 2.5° < q < 28°.

CCDC 153551. See http://www.rsc.org/suppdata/cc/b009765i/ for crys-
tallographic data in .cif or other electronic format.
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Hexagonal mesostructured chalcogenide frameworks formed by
linking [Ge4Q10]42 (Q = S, Se) clusters with Sb3+ and Sn4+
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The synthesis and properties of new hexagonal ordered
mesostuctured phases of framework containing adamantane
[Ge4Q10]42 (Q = S, Se) clusters linked by Sb3+ and Sn4+ ions
and templated with cetylpyridinium surfactant are re-
ported.

Mesoporous non-oxidic semiconductor materials have the
potential to combine electronic and optical properties with
shape selectivity.1–3 However this potentially large class of
materials remains an underdeveloped area. Chalcogenide
analogs to mesostructured silicates4,5 are still scarce because
their synthesis remains a challenge although progress in this
area has been reported recently.6–8 We are exploring the use of
cetylpyridinium bromide (CPBr) surfactant in the synthesis of
mesostructured chalcogenido frameworks. We recently re-
ported that hexagonally ordered metal germanium sulfides form
with [Ge4S10]42 anions and tetrahedral cations and show
intense photoluminescence.9 In order to probe whether the
stability of the phases depends on the coordination properties of
the linking metal ion, we explored ions that generally do not
adopt tetrahedral coordination such as Sb3+, Bi3+, Sn2+, Pb2+, or
are capable of several coordination environments e.g. Sn4+. We
find that many of these in fact fail to produce hexagonal
mesostructures under our synthetic conditions. Namely, Bi3+,
Sn2+ and Pb2+ form highly disordered phases.10 Only Sb3+ and
Sn4+ form readily hexagonal sulfido and selenido frameworks
of the type CP2MxGe4Q10+y and are described here. The Sb/
Ge4Se10 analog features the smallest semiconductor energy gap
reported so far in this class of materials.

The CP2MxGe4Q10+y phases (denoted as CPMGeQ where M
= Sb3+, Sn4+ and Q = S, Se) were synthesized by the addition
of a formamide (FM) solution of Sb3+ or Sn4+ in to a solution of
supramolecularly organized [Ge4Q10]42 and CP surfactants in
warm FM. In a typical experiment, K4Ge4Q10 (1 mmol) and 4 g
cetylpyridinium bromide monohydrate (CPBr·H2O) were dis-
solved in 20 mL of FM. On adding 1 mmol of SbI3 or SnI4 in
10 mL of FM to this solution precipitation occurs immediately.
The mixtures were aged for 24 h at 80 °C, filtered, washed with
hot FM and methanol and dried under vacuum. The sulfide
phases were yellow and the selenides were brown in color. The
elemental C, H, N and EDS analyses of these phases are given
in Table 1. These analyses did not show potassium or halide
ions in the products. Thermal gravimetric analyses (TGA) are in
agreement with the C, H, N analyses results (see Table 1). The

results suggest chemical formulae CP2Sb1.3Ge4S11,
CP2Sn1.6Ge4S11.8, CP2Sb1.5Ge4Se11.5 and CP2Sn1.7Ge4Se12.3
for the mesophases. The compositions observed are similar to
those reported for CTA2M2Ge4S10 (M = Ni2+, Zn2+, Co2+,
Cu2+)11 and CPMIIIGeS (MIII = Ga and In) phases.9 The charge
balance of the CP+ and Sb3+/Sn4+ cations in the compounds is
presumably achieved by both Ge4Q10

42 clusters and Q22

Table 1 Elemental analysis, powder XRD data and band gaps of CPMGeQ phases

Powder XRD data

Mesophase
Band
gap/eV (colour)

C, H, N
analyses (%)

Atom ratioa

M+Ge+Q d/Å aH
b/Å

TGA
wt. loss (%)

CPSbGeS 2.69 (yellow) 36.5, 5.8, 2.1 1.3+4+11.0 34.5, 20.0, 17.3 40.0(6) 44.5
CPSnGeS 2.89 (yellow) 33.0, 5.3, 2.0 1.6+4+11.8 34.2, 19.9, 17.2 39.7(6) 41.1
CPSbGeSe 1.74 (brown) 27.7, 4.5, 1.6 1.5+4+11.5 36.4, 21.0, 18.3 42.2(6) 34.8
CPSnGeSe 2.02 (brown) 21.5, 3.5, 1.4 1.7+4+12.3 35.9, 20.3 41.3(6) 31.4

a EDS data normalized with Ge atom ratio. b Maximum estimated error.

Fig. 1 X-Ray diffraction patterns of the CPMGeQ phases.

Fig. 2 TEM image of (a) CPSbGeS and (b) CPSnGeS looking down the pore
channel axis. High resolution transmission electron micrographs were
acquired with a JEOL 120CX instrument equipped with a CeB6 filament
and operating at 120 keV.
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anions.12 Such framework materials incorporating mixed
[Ge4S10]42/[S22] species have already been observed in the
crystal structure of TMACuGS-2 (TMA = tetramethyl-
ammonium).13

Powder X-ray diffraction (XRD) patterns of the CPSbGeQ
phases (Fig. 1) show a strong peak followed by two weak
reflections at 2 < 2q < 6°, similar to those of hexagonal
mesoporous silica.4 The three peaks could be indexed in a
hexagonal unit cell as (100), (110) and (200) reflections with aH
lattice parameter of 40.0(6) and 42.2(6) Å for the sulfide and
selenide phases, respectively. The presence of well defined
higher order (110) and (200) reflections in the XRD patterns of
CPSbGeQ indicate that the pores of the inorganic framework
posses long range hexagonal order. In the CPSnGeQ phases, the
first strong peak could be indexed as the (100) reflection of
hexagonal lattice with aH parameter of 39.7(6) and 41.3(6) Å for
CPSnGeS and CPSnGeSe respectively. However, the higher
order (110) and (200) reflections are not well resolved giving a
broad peak at 3 < 2q < 6°. This is attributed to the smaller
coherence lengths of the hexagonal regions arising from
disordered pore regions occurring in between. This is observed
in the TEM images discussed below.

The pore organization of CPSbGeQ phases was readily
observed by transmission electron microscopy (TEM). Fig. 2(a)
shows typical TEM image of CPSbGeS with the uniform
hexagonal arrangement of pores occupied by the assembly of
CP molecules. The pore to pore separations are in good
agreement with those obtained from the powder XRD data.
Fig. 2(b) shows a characteristic TEM image of CPSnGeS down
the pore channel axis. In this case (and in CPSnGeSe), the TEM
image shows that the hexagonal domains are smaller ( < 30 nm)
and separated by disordered domains with worm-holes. This is
consistent with the powder XRD patterns discussed above.

IR spectroscopy of the CPMGeQ phases shows the finger-
print pattern of the adamantane Ge4Q10 clusters. For example,
CPSbGeS showed broad bands at 470, 426, 383 and 302 cm21.
The band at 426 cm21 corresponds to the terminal sulfur
stretching modes of the adamantane Ge4S10 cluster bonded to
metal cations and that at 383 cm21 is due to vibrations of the
inner cage Ge4S6.14 These bands occur at 307 and 285 cm21 in
the corresponding Se phase.

The oxidation state of Sn in CPSnGeQ was probed with 119Sn
Mössbauer spectroscopy, a powerful tool for the character-
ization of tin compounds. The observed spectra show one type
of Sn present in the structure with isomer shift (IS) and
quadrupole splitting of 1.11, 0.45 mm s21 for CPSnGeS and
1.49, 0.40 mm s21 for CPSnGeSe, respectively, Fig. 3(a). These
values are fully consistent with a Sn4+ oxidation state and
confirm that no reduction of the metal has taken place.15

Optical absorption spectroscopy of the mesostructured chal-
cogenides show well defined sharp band gaps in the range
1.7–2.8 eV [Fig. 3(b), Table 1]. These energies lie in the same
range as several useful semiconductors such as CdS, CdSe, GaP
etc. Therefore, these materials may be potentially interesting,
for a number of opto-electronic investigations. CPSnGeQ
phases have higher band gaps than the corresponding Sb3+

phases. The band gaps for the selenium compounds generally

occur at lower energies than those of the corresponding sulfur
analogs. Accordingly, CPSbGeSe showed the lowest band gap
(1.74 eV) in the CPMGeQ systems reported here.

The CPSbGeS phase shows intense photoluminescence (PL)
when excited with light above the band gap. [Fig. 3(c)]. With an
excitation line of 3.48 eV (356 nm) green emission was
observed at 77 K, with a maximum at 2.35 eV (528 nm).16 The
PL originates most likely from the pyridinium chromophore17

but it is believed to involve the inorganic framework as well.
This is because each component alone (surfactant or frame-
work) is not capable of producing the observed response.
Typically the pyridinium chromophore alone emits at much
higher energy 2.87 eV (432 nm). Further, removal of the
pyridinium group at 250 °C under vacuum, resulted in the loss
of PL property. Because both the organic and the inorganic
components are required for green emission, the reported
materials are true nanocomposites.

The support of this research by NSF-CRG grant CHE
99-03706 is gratefully acknowledged. This work made use of
the SEM and TEM facilities of the Center for Advanced
Microscopy, MSU.
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C1-substituted galactals are transformed via the double
reductive amination on their 1,5-diketone derivatives, to
aza-b-C-galacto-disaccharides.

Interest in polyhydroxylated azaheterocycles as biochemical
tools and therapeutic agents has been extensively documented.1
Attention has focused on their potent activity as glycosidase
inhibitors.1,2 Guidelines for the design of glycone specific
glycosidase inhibitors are well known, but models for aglycone
specific inhibitors,2 or for mimetics associated with other
carbohydrate mechanisms are not as well developed.3 Struc-
tures with a high degree of structural complexity, for example as
found in disaccharide analogues, are of interest as probes of
recognition specificity.2a,b Of these, C-disaccharides (e.g. 1, 2)
have the added benefit of stability towards chemical and
enzymic hydrolysis. We and others have shown that C1-
substituted glycals 3 are attractive precursors to C-disaccharides
1.4–6 Herein, we illustrate the versatility of such C1 substituted
glycals, by the synthesis of the novel, biologically interesting
aza-b-C-galactosides 4–6. N-linked lipid iminocyclitols related
to 4 have recently shown potential as inhibitors of gp-
120/galactosylceramide binding.3c Azasugar 5 is an analog of
the ubiquitous lactose subunit and 6 is a potential mimetic of a
recently discovered selectin antagonist.7

We envisaged a route to aza-C-disaccharides which is based
on the stereoselective double reductive amination on a complex
diketone 7 (Scheme 1).8 Our optimism was guided by several
examples of highly stereoselective double reductive aminations
in polyhydroxylated dicarbonyl substrates.9 An attractive aspect
of this approach is the introduction of the amine in a single
operation at a relatively late stage in the synthesis, thereby
reducing protecting group inefficiencies. In addition the
synthetic precursors are C1-substituted glycals which may be
assembled via convergent syntheses, and therefore appropriate
for complex disaccharide structures. Prompted by a recent
report of a similar double reductive amination strategy to aza-b-
(1 ? 6)-C-disaccharides,10 we describe a preliminary account
of our results. In the former case, the diketone substrates were
prepared from ‘disaccharide’ ketal precursors, obtained via the

addition of monosaccharide lithio acetylides to pyranolactones.
While applicable to 1 ? 6 type disaccharide systems, this type
of organometallic coupling strategy is not generally applicable
to methylene linked structures (e.g. 1 ? 2, 1 ? 3 and 1 ? 4
linked disaccharide analogues). By comparison, the diketones
in our approach are obtained through dihydroxylation of C1-
substituted glycals (e.g. 10). Such glycals may be obtained
through our oxocarbenium ion cyclization methodology, start-
ing from the ester derived from the 1-thio-1,2-isopropylidene
acetal (TIA)-alcohol 8 and the acid partner 9,4 or via other
protocols.6 The esterification reaction used for the ‘glycone’–
‘aglycone’ coupling is experimentally straightforward and
allows access to C1-pyrano substituted glycals (and hence C-
disaccharide derivatives) with intersaccharide linkers of any
length.

The methodology was first applied to the galactal 11
(Scheme 2). Dihydroxylation of 11 with osmium tetroxide–
NMNO proceeded with complete a-selectivity to provide lactol
12 in 80% yield. Selective acetylation of 12 and PCC oxidation
of the monoacetate 13 led to the diketone 14 in 78% overall
yield from 12. Treatment of 14 with 1.5 equiv. of NaCNBH3,
1.2 equiv. of ammonium formate in anhydrous methanol in the
presence of freshly activated 4 Å molecular sieves afforded the

Scheme 1

Scheme 2 (i) OsO4, NMNO, acetone, 80%; (ii) Ac2O, DMAP, EtOAc, 95%;
(iii) PCC, CH2Cl2, NaOAc; Celite, 4 Å MS, 82%; (iv) NaCNBH3,
NH4HCO2, 4 Å MS, anhyd. MeOH, 72%; (v) NaOMe, MeOH; (vi) Bu4NF,
THF; (vii) HCl, MeOH, 58% over three steps.
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aza-b-C-galactoside 15 as a single stereoisomer in 72% yield.11

The stereochemistry of 15 was assigned on the basis of J values
(J1,2 = 9.9, J2,3 = 7.7, J3,4 = 5.1, J4,5 = 2.2 Hz) and
observation of 1% NOE effects between H1, and H3 and H5
respectively.12 Removal of protecting groups in 15 under
standard conditions provided the desired aza-b-C-galactoside 4
in 58% overall yield from 15.13

Dihydroxylation of galactal 16a (Scheme 3) under the
aforementioned conditions produced a single ketal 17a in 80%
yield. These conditions led to lower yields for the reaction of the
gluco linked galactal 16b. However use of potassium ferricya-
nide instead of NMNO as co-oxidant in the presence of DBU led
to high yield of the desired hydroxy ketal 17b.14 Although the
secondary alcohols in 17a,b could be selectively converted to
their acetate derivatives, this protecting group proved to be
incompatible with subsequent steps. Compounds 17a,b were
therefore converted to the respective benzyl ethers 18a,b.
Unlike the case for ketal 12, direct oxidation of 18a,b to the
requisite diketones was not successful. Diketones 19a,b were
eventually obtained via a two step reduction–oxidation proce-
dure on 18a,b. Treatment of 19a,b under reductive amination
conditions provided the C-aza derivatives 20a,b in 72 and 64%
yields respectively. The stereochemistry in 20a,b was assigned
from NOESY experiments in a similar fashion as described for
15. Standard deprotection procedures on 20a and 20b provided
the desired b-aza-C-disaccharides 5 and 6 respectively.15

The high stereoselectivity of these double reductive amina-
tions is consistent with the model developed by Stevens for the
hydride reduction of six membered cyclic iminium ions.16 Thus
preferred a-face reduction on imium ions like 21 and 22 would

lead to the observed b-aza-C-galacto motif. The observation of
the same sense of stereochemical bias in gluco and manno type
diketones, supports this stereochemical model.8c,10 Therefore,
given the availability of C1-substituted glucals and galactals,
and the amenability of such compounds to conversion to
different C2 substituted ketals, the methodology described

herein is expected to provide access to a wide variety of aza-b-
C-glycosides. These directions are currently being explored.
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The reaction of (CF3)2CNC(F)CF2CF3 or CF3CFNCF2 with
Ru(dmpe)2H2 affords the bifluoride fluoride complex cis-
Ru(dmpe)2F(F…HF), whereas reaction with Ru(dcpe)2H2
yields the cation [Ru(dcpe)2H]+ with
[(CF3)2CNC(O)CF2CF3]2 as the anion.

Considerable advances have been made in the past few years on
the activation of carbon–fluorine bonds and there is now a wide
range of both early and late transition metal complexes
available that can be employed in this regard.1 Among these
studies, several metal hydride complexes stand out due to their
ability to cleave both saturated and unsaturated perfluoro-
carbons under very mild conditions.2 Indeed, Rh(PMe3)4H has
proved sufficiently active to bring about the catalytic hydro-
genation of C6F6 to C6F5H with only very mild heating.3 In
most of these cases, C–F activation is accompanied by
elimination of HF, which provides a strong thermodynamic
driving force for the reaction, to give metal hydride products.

We have previously reported that cis-Ru(dmpe)2H2 (1, dmpe
= Me2PCH2CH2PMe2) activates the C–F bond in C6F6 at
278 °C to give trans-Ru(dmpe)2(C6F5)H, thus releasing HF,
which subsequently reacts with 1 to form the bifluoride hydride
complex trans-Ru(dmpe)2H(FHF), 2.4 This facile C–F activa-
tion by Ru(dmpe)2H2 prompted us to investigate its reactivity
with other unsaturated fluorocarbons. Thus, we now report that
1 reacts with (CF3)2CNC(F)CF2CF3 or CF3CFNCF2 to give the
bifluoride fluoride complex, cis-Ru(dmpe)2F(F…HF), 3, in
preference to a hydride product. In contrast, Ru(dcpe)2H2 [dcpe
= (C6H11)2PCH2CH2P(C6H11)2] reacts with the same
perfluoroalkenes to give the 16-electron hydride species
[Ru(dcpe)2H]+ and a perfluoroenolate anion.

Treatment of a benzene or THF solution of 1 with
(CF3)2CNC(F)CF2CF3 (ratio 1+1) at room temperature results in
the rapid formation of 2 and cis-Ru(dmpe)2F(F…HF) 3 (ratio
ca. 1+4) as shown by multinuclear NMR spectroscopy.† The 1H
NMR spectrum of 3 in C6D6 exhibited a doublet at d 14.2 with
a 1JHF coupling constant of 328 Hz. The corresponding 19F
NMR spectrum displayed a doublet at d 2174 with the same
coupling constant and two broad multiplets at d2343 and 2362
corresponding to the two types of Ru–F bond. The 31P{1H}
NMR spectrum of 3 showed a complex multiplet at d 57 and an
‘apparent’ quintet signal at d 42. The latter was assigned to the
mutually trans P atoms which show similar couplings to both
cis-P and cis-F atoms. GC–MS analysis of the fluoro-organic
products showed that a mixture of four compounds with m/z 246
[i.e. replacement of 3F by 3H in (CF3)2CNC(F)CF2CF3] was
formed, although it has not proved possible to characterise this
mixture any further using multinuclear NMR.

When the same reaction was conducted in the presence of ten
equivalents of Et3N, the formation of 2 was completely
suppressed, allowing the isolation of 3. The X-ray crystal
structure determination of 3‡ (Fig. 1) shows the cis disposition
of the two fluoride ligands and a strong hydrogen bonding
interaction between one of them and the HF moiety. The Ru–
FHF bond length is significantly lengthened [2.168(3) Å]
compared to the unperturbed Ru–F bond [2.101(3) Å]. Both

Ru–F distances are noticeably longer than those found in the
difluoride complex cis-Ru(dppp)2F2 (dppp =
Ph2PCH2CH2CH2PPh2) (average 2.06 Å), which is the only
other well characterised ruthenium fluoride complex that is not
stabilised by carbonyl ligands.5 A comparison of the F…F
distance in 3 and related complexes reveals that the value of
2.292(8) Å is slightly longer than that in the bifluoride complex
2 [2.276(8) Å]4 but considerably shorter than the corresponding
distances in M(PMe3)4H2F(FHF)6 [M = Mo, 2.351(8) Å; M =
W, 2.390(13) Å] or Pd(PPh3)2(Ph)FHF (2.36 Å).7 The M–F…F
unit is bent in all of these cases with an angle at the metal-bound
fluorine in the range 129–157°. The Ru–F…F angle in 3 is 142°.
These data suggest that Ru(dmpe)2F(F…HF) is most accurately
described as a bifluoride fluoride complex in the solid state,
although in solution the magnitude of JHF points to a weakening
of the Ru–F…H–-F interaction.

A change of the chelating phosphine from dmpe to dcpe
results in a dramatic change in the reactivity at the metal centre
which allows the fate of the fluorocarbon to be more accurately
determined. Although Ru(dcpe)2H2 shows no reaction towards
C6F6, even upon heating to 80 °C, addition of an equimolar
amount of (CF3)2CNC(F)CF2CF3 in benzene gives orange
crystals in 31% yield at room temperature overnight. A single
crystal X-ray diffraction study confirmed these crystals to be
[Ru(dcpe)2H]+[(CF3)2CNC(O)CF2CF3]2, 4, (Fig. 2).‡ While
the gross structure is similar to that reported by Winter and
Hornung for the [BPh4] salt,8 there are some differences
between the structural parameters in our structure which we
attribute to crystal packing effects. In the perfluoroenolate
anion, lengthening of the CNC bond [1.426(9) Å] and shortening
of the C–O bond [1.228(7) Å] suggest delocalisation of
charge across the CNC–O unit.9 Formation of
[(CF3)2CNC(O)CF2CF3]2 arises from hydrolysis by adventi-
tious water, since addition of excess water (10 equivalents) to a

Fig. 1 ORTEX view of the molecular structure of 3. Ellipsoids are shown at
the 30% level. Principal bond lengths (Å) and angles (°): Ru–F(1) 2.168(3),
Ru–F(2) 2.101(3), F(1)–F(3) 2.292(8); F(3)–F(1)–Ru 141.8(2), F(1)–Ru–
F(2) 85.4(1).
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1+1 mixture of Ru(dcpe)2H2 and (CF3)2CNC(F)CF2CF3 affords
4 in quantitative yield in 12 hours. The 31P{1H} NMR
spectrum† of 4 in d8-THF displayed a singlet at d 73.4 whereas
the proton NMR showed a high field quintet at d231.9 (J 19.22
Hz), in agreement with the reported values for [Ru(dcpe)2H]+.8
The 19F NMR spectrum of 4 showed the expected four
resonances for the anion.10

Addition of hexafluoropropene to the dihydride complexes
resulted in very similar reactivity to that seen with
(CF3)2CNC(F)CF2CF3. Addition of 1 atmosphere of
CF3CFNCF2 to a THF solution of 1 resulted in the formation of
3 as the only inorganic product. Analysis of the fluoro-organic
products by 19F NMR revealed the presence of both Z- and E-
CF3CFNCFH and CF3CFNCH2 in a ratio 4+1+3. Addition of
CF3CFNCF2 to a THF solution of Ru(dcpe)2H2 gave [Ru-
(dcpe)2H]+ with [(CF3)2CNC(O)CF2CF3]2 unexpectedly pre-
sent as the anion.

In summary, we have shown that the pathways for C–F bond
activation of perfluoroalkenes by Ru(P–P)2H2 is highly depend-
ent upon the phosphine substituents. The mechanism(s) sur-
rounding the formation of 3 and 4 are presently under
investigation.
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Fig. 2 ORTEX view of the molecular structure of 4. Ellipsoids are shown at
the 30% level. Selected bond distances (Å) and angles (°): C(72)–C(73)
1.514(10), C(73)–C(74) 1.426(9), C(73)–O(1) 1.228(7); P(2)–Ru–P(3)
81.62(4), P(1)–Ru–P(4) 83.56(4).
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A low band gap conjugated metallopolymer with nickel bis(dithiolene)
crosslinks
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A low band gap conjugated metallopolymer has been
prepared by the electrochemical polymerization of bis[1,2-
di(2-thienyl)-1,2-ethenedithiolene]nickel.

The incorporation of transition metal complexes into conju-
gated organic polymers offers a new dimension for the
development of advanced electronic, catalytic, and sensing
materials.1,2 Dithiolene complexes3 are attractive building
blocks for such systems because of their aromaticity, and the
ease of reduction (n-doping) of the aromatic system. The
observation of superconductivity4 and non-linear optical prop-
erties5,6 in metal dithiolene salts provides great incentive for
their hybridization with conjugated polymers.2

We report here on a dithiolene based conjugated metal-
lopolymer prepared by the electrochemical polymerization of
bis[1,2-di(2-thienyl)-1,2-ethenedithiolene]nickel 1.7 The ex-

tensive conjugation of this complex, and the electron donating
effect of the peripheral thiophenes make it an attractive unit for
constructing intrinsic (neutral) molecular conductors.8

Fig. 1(a) shows a cyclic voltammogram of 1† in solution.
Reversible waves appear at formal potentials (vs. SSCE) of
E°A(21 Ô22) = 20.66 V, E°A(0 Ô21) = +0.13 V, E°A(+1 Ô
0) = 1.08 V, and an irreversible oxidation (not shown) begins
at ca. +1.26 V. The first two waves have been assigned as
reductions of the aromatic metal dithiolene unit to the anion and
dianion by analogy with the electrochemistry of other ditholene
complexes.9 The third wave (E°A = +1.08 V) must then be due
to oxidation of the complex to the cation. The reversibility of

this wave suggests that the positive charge is localized on the
metal dithiolene unit. However, since cycling into this wave
leads to deposition of a polymer on the electrode surface, there
is presumably some delocalization onto the peripheral thio-
phene rings. Cycling into the forth (irreversible) wave at higher
potentials leads to more rapid polymer deposition and therefore
this wave must correspond to oxidation of one or more of the
thiophene rings.

Fig. 1(b) show cyclic voltammograms of a poly-1 coated
electrode‡ in the absence of 1 in solution. The new broad wave
starting at +0.5 V is characteristic in both shape and position of
a conjugated oligothiophene backbone, and provides clear
evidence that anodic polymerization of 1 has occurred at the
vacant a-positions of the thiophenes. The oxidation current
increases sharply at potentials higher than the limit of +1 V used
for Fig. 1(b), and this leads to loss of the polymer’s
electrochemistry, which is again consistent with an oligothio-
phene-based material. The two Ni–dithiolene based waves seen
for the monomer (at 20.66 and +0.13 V) are both retained by
the polymer, indicating that the Ni–dithiolene center remains
intact. The anodic shifts of these waves (to 20.49 and +0.19 V)
are due primarily to the change in junction potential (ca. 80 mV)
on changing the electrolyte to MeCN + Et4NClO4. Their
broadening and splitting into multiple overlapping waves can be
attributed to the variety of slightly different Ni sites that would
arise from factors such as coupling of different combinations of
the four peripheral thiophenes, different conjugation lengths,
and defects causes by the reaction of peripheral thiophenes with
trace water in the solvent. The unusual voltammetric wave
shapes observed for the polymer and the apparent lack of
reversibility are presumably due to ion transport effects which
commonly produce complex voltammetric behaviours for
polymer films.

Fig. 2 shows electronic absortption spectra of 1 in solution,
and a poly-1 film on an indium/tin oxide electrode at various

Fig. 1 Cyclic voltammetry (100 mV s21) of: (a) 1 in CH2Cl2 containing 0.1
mol dm23 Bu4NPF6; (b) a poly-1 coated Pt electrode in acetonitrile
containing 0.1 mol dm23 Et4NClO4.

Fig. 2 Electronic absorption specta of 1 in CH2Cl2 and a poly-1 coated
indium/tin oxide electrode at the indicated potentials in acetonitrile
containing 0.1 mol dm23 Et4NClO4.
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potentials. Comparing the monomer spectrum with that of the
polymer at +0.45 V (same oxidation state), it is seen that the
monomer p–p* absorbance at 973 nm is shifted significantly to
higher wavelength (1193 nm) in the polymer, which is
consistent with the increase in energy of the HOMO that would
result from its extended delocalization in the polymer and is
evidenced by the decrease in potential of the thiophene based
electrochemistry in Fig. 1. The new absorbance seen as a
shoulder at ca. 450 nm for the polymer is consistent with an
expected p–p* transition for a conjugated oligothiophene-like
backbone.

Partial oxidation of the polymer (at +0.8 V) causes a partial
bleaching of the complexes p–p* absorbance and an increase in
absorbance at ca. 800 nm. These changes are consistent with
partial depletion of the p band, and the formation of polaron or
bipolaron states within the polymer’s band-gap. Reduction of
the polymer at 20.7 V causes bleaching of the Ni complex’s p–
p* absorbance, consistent with the filling of its LUMO (p*)
band.

Preliminary conductivity measurements by impedance spec-
troscopy and using an interdigitated array electrode indicate that
the electronic conductivity associated with the 0/21 mixed
valent state is ca. 1026 S cm21, and that oxidation (p-doping) of
the backbone at +1 V increases the conductivity to ca. 1024 S
cm21. Although these conductivities are disappointing, they
should be regarded as lower limits that can be improved by
optimization of the film forming procedure. The band gap of
poly-1, estimated from the onset of the 1193 nm absorbance, is
< 0.8 eV (ca. 0.35 eV based on the difference between E0A(0 Ô
21) and the onset of the backbone oxidation at ca. +0.54 V),
which offers significant promise for the development of
intrinsic conductors.

The presence of four peripheral thiophene rings on 1
presumably results in a highly crosslinked polymer without
extended linear chains. Better electronic conductivities may
therefore be achieved by using 1 as a crosslinking agent in a
linear polymer (e.g. by copolymerization with bithiophene), or

by use of similar complexes with fewer thiophene substituents.
Both of these approaches are currently being explored.

This work was supported by the Natural Sciences and
Engineering Research Council of Canada and Memorial
University.
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macrocyclisation via intramolecular Suzuki–Miyaura coupling
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Aryl boronic acids can be trapped by an ammonium
hydroxide-form Dowex® Ion Exchangers resin (D-OH2)
leading to polymer-ionically bound borates and cyclized,
when properly designed, into macroheterocycles under
Suzuki–Miyaura coupling conditions.

Biarylcyclopeptides are important targets1 since such com-
pounds are potentially promising therapeutic agents.2 The solid
phase synthesis of macrocyclic systems involving a transition
metal catalysed C–C bond formation is a current challenge
investigated with polymer-covalently bound precursors.3 How-
ever, such synthetic strategies involving an aryl–aryl coupling
at a final stage are scarse. To the best of our knowledge, only
one example describing the synthesis of a b-turn mimic via a
Suzuki–Miyaura ring-closing reaction has been reported.4
These approaches generally required sophisticated multistep
synthesis on the solid support prior the crucial C–C bond
formation.

In this context, we thought that the application of the ‘resin-
capture–release’ hybrid technique5 to the generation of polymer
supported borate species bearing a remote aryl halide moiety
followed by a releasing cyclisation under Suzuki–Miyaura’s
conditions could bring an efficient and easy solution to the
synthesis of biarylic macrocyles. In order to check this idea, we
developed a simple resin-capture method to immobilize aryl-
boronic acids species by reaction with macroporous ammonium
hydroxide-form Dowex® Ion Exchangers resin (D-OH2) as
BIV-arylborates. The simple addition of a dilute THF solution of
boronic acids 1 onto D-OH2 resin resulted in the quaternization
of the boron atom, leading to the formation of the corresponding
immobilized hydroxyborate adduct 2 (Scheme 1).

Loading of the resin was easily achieved and controlled with
1a–d featuring various functionalities. In all cases, about 75%
of the given theoretical capacity (ca. 1.6 mmol g21 of dry resin)
can be reached.6 The strength of this ionic linkage was
evaluated by submitting the phenylhydroxyborate resin 2a (as a
representative example) to continuous extraction with Soxhlet
apparatus. With water as solvent, only 10% leaching of 1a from
2a was observed after 72 h while no leaching could be detected
after 18 h using THF. Another interesting feature is that despite
their total insolubility, resins 2 can be readily analysed by
standard 11B NMR spectroscopic methods as a heterogeneous
suspension in classical solvents. The NMR spectra of such

suspensions of resins 2 in D2O for example are well-resolved
(n1/2 < 500 Hz) with 11B chemical shifts observed in the
expected region (typically d ~ 2 ppm Table 1). Efficient
Suzuki–Miyaura coupling reactions could be achieved with
these immobilized arylhydroxyborates (Scheme 2). The reac-

tions leading to 4 were performed in water7 in the presence of
two bromoarenes bearing respectively an activating electron-
withdrawing group (3a; Z = 3-COMe) and an electron-
donating-group (3b; Z = 3-OMe) selected for their different
reactivity towards the rate-determining oxidative addition step
in the catalytic cycle.8 The results reported in Table 2 verify this
trend. In the case of 2c (entries 5 and 6), the expected
protodeboronation side-reaction occurs at the expense of the
formation of 4.

We then developed an original route to build up precursors 5
(Scheme 3) containing both the arylboronic and bromoaryl
moieties necessary to perform the macrocyclisation reaction
using an expedient multicomponent one pot synthesis.9 Com-
pounds 5 were obtained in good yields by mixing 3-propa-
nalbenzeneboronic acid, morpholine and the selected iso-
cyanoacetamide10 in MeOH. As described (vide supra), 5 was
efficiently anchored and in addition purified as 6 at an
optimized loading of ca. 0.15 mmol g21 of dry resin. In the
absence of added base, by mixing 6 (1 eq.) with quaternaryScheme 1 Resin-capture of arylboronic acids.

Table 1 11B NMR chemical shifts for 1 and 2

d11B/ppm

1a: 28.7 (THF–C6D6) 2a: 2.9 (D2O)-n1/2 = 339 Hz
1b: 28.5 (d6-DMSO) 2b: 1.8 (D2O)-n1/2 = 225 Hz
1c: 28.8 (d6-DMSO) 2c: 2.0 (D2O)-n1/2 = 345 Hz
1d: 29.3 (d6-acetone) 2d: 2.0 (D2O)-n1/2 = 270 Hz

Scheme 2 Reagents and conditions: loading of 0.8 mmol g21, D-Br2 (1
eq.), cat. Pd(OAc)2 (2 mol%), H2O, rt, 17 h.

Table 2 Releasing Suzuki–Miyaura cross-coupling reaction

Entry 2 3 4a

1 2a 3a 86%
2 2a 3b 60%
3 2b 3a 75%
4 2b 3b 61%
5 2c 3a 38%(65%)b

6 2c 3b 22%
a Isolated yield respect to 3. b Reaction carried out at 56 °C

This journal is © The Royal Society of Chemistry 2001
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ammonium bromide-form Dowex® Ion Exchangers resin (D-
Br2), Pd(OAc)2 (5 mol%) and triphenylphosphine disulfonic
acid disodium salt (TPPDS, 20 mol%) in a THF–H2O mixture
at 40 °C, fourteen- to sixteen-membered macrocycles 7 were
released and successfully isolated pure after a simple filtration–
extraction sequence followed by a filtration through a pad of
silica gel in 16–22% yield. For comparison, when compounds 5
were submitted to identical conditions in THF solution,
macroheterocycles 7 were not obtained (Scheme 2).

HRMS and collected NMR data are in agreement with the
proposed structures which have been confirmed by an X-ray
diffraction study performed on 7b11 Under acidic conditions the
oxazole 7b could be ring-expanded into the corresponding
biarylcyclopeptide 8b11 in 92% yield, thus opening the way to
a general and efficient synthesis of this class of macrohetero-
cycles.
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U. Schmidt, R. Meyer, V. Leitenberger, A. Lieberknecht and H.
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Meyer, V. Leitenberger, A. Lieberknecht and H. Griesser, J. Chem.
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P. D. Edwards, J. Chem. Soc., Perkin Trans. 1, 1992, 123.

3 (a) M. Hiroshige, J. R. Hauske and P. Zhou, J. Am. Chem. Soc., 1995,
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11 Selected physical data: 7b mp (Et2O) 176 °C, 1H NMR (200 MHz,
CDCl3) d 5.91 (s, oxazolic-CH); 13C NMR (50.33 MHz, CDCl3) d 98.8
(oxazolic-CH), 123.7, 124.1, 127.2, 127.3, 127.8, 128.5, 128.9, 130.4 (8
3 aryl-CH), 138.8, 140.8, 141.5, 141.7 (4 3 aryl-CIV), 151.4, 156.6 (2
3 oxazolic-CIV), HRMS [M+·] calcd. for C25H28N3O2: m/z 403.2260.
Found: 403.2275. 8b 13C NMR (50.33 MHz, CDCl3) d 41.5 (NH-CH2-
CO), 70.2 (N-CH-CO), 139.0, 140.7, 141.1, 142.4 (4 3 aryl-CIV), 168.3
(NH-CH2-CO), 172.0 (NH-CO), HRMS [M+·] calcd. for C25H31N3O3:
m/z 421.2365. Found: 421.2380.

Scheme 3: Reagents and conditions: (a) D-Br2 (1 eq.), cat. Pd(OAc)2 (5
mol%), TPPDS (20 mol%), THF–H2O (4+1), 40 °C, 40 h; (b) TFA (120
eq.), H2O (30 eq.), rt, 2 h.
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Photo-switching spin pairs—synergy between LIESST effect and
magnetic interaction in an iron(II) binuclear spin-crossover
compound†

Guillaume Chastanet,a Ana B. Gaspar,b José Antonio Real*b and Jean-François Létard*a

a Institut de Chimie de la Matière Condensée de Bordeaux, Laboratoire des Sciences Moléculaires, UPR
CNRS No. 9048, 87 Av. du Doc. A. Schweitzer, 33608 Pessac, France.
E-mail: letard@chimsol.icmcb.u-bordeaux.fr

b Departament de Química Inorgánica/Institut de Ciencia Molecular, Universitat de València, Dr.
Moliner 50, 46100 Burjassot, València, Spain

Received (in Cambridge, UK) 10th January 2001, Accepted 22nd March 2001
First published as an Advance Article on the web 6th April 2001

The decrease of the magnetic response under irradiation at
very low temperature was interpreted as a new evidence of
synergy between magnetic interaction and spin transition in
an iron(II) binuclear SC compound.

The design and the synthesis of polynuclear complexes with
versatile chemical and physical properties are of current interest
in the areas of molecule-based electronic, photochemistry and
magnetism. The goal is to develop novel materials whose
properties can be controlled by the input of external informa-
tion. In this context, particular interest has been focused on
iron(II) spin-crossover (SC) compounds because they can be
considered among the best examples of switchable coordination
molecules. A reversible transition between the paramagnetic
high-spin state (HS, S = 2) and the diamagnetic low-spin state
(LS, S = 0) can be induced by a change in temperature, pressure
or by light irradiation.1 This latter effect opens some interesting
perspectives to design optical switches. In 1984, Decurtins et al.
discovered that by irradiation with green light the SC compound
[Fe(ptz)6](BF4)2 (ptz = 1-propyltetrazole) at 20 K could be
converted from the stable LS state to the metastable HS state.2
Later, Hauser reported the reverse-LIESST effect, wherein red
light is used to convert back the compound into the LS state.3

Up to now, most of the SC compounds exhibiting LIESST
properties are assemblies of monomeric units with through-
space rather than through-bond interactions. Allowing SC
centers to communicate by chemical bridges, i.e. oligomeric or
polymeric species, is an important strategy to explore and
enhance cooperativity of a given system.4,5 Along this line,
binuclear compounds of formula [{Fe(L)(NCX)2}2(bpym)] (L
= bpym (2,2A-bipyrimidine), bt (2,2A-bithiazoline) and X = S,
Se) represent one of the most unusual family in the SC field.
These compounds are the simplest example of polynuclear SC
complexes exhibiting a rich variety of magnetic regimes.
Further, they are the only iron(II) example where the interplay
between both spin crossover and intramolecular magnetic
exchange phenomena are present in the same molecule. In
[{Fe(bpym)(NCS)2}2(bpym)] the two iron(II) ions are in the HS
state and couple antiferromagnetically through the bridge bpym
(J = 24.1 cm21 in the zero-field Hamiltonian H = 2JSASB)
giving an S = 0 ground pair state HS–HS at low temperature.6
In contrast, [{Fe(bpym)(NCSe)2}2(bpym)] shows a one-step
transition involving 50% of iron atoms at Tc = 125 K,7 whereas
an almost complete two-step spin transition in the range
160–210 K takes place for [{Fe(bt)(NCS)2}2(bpym)].8 This
behavior was interpreted in terms of the occurrence of LS–LS
Ô LS–HS Ô HS–HS pair spin states in each binuclear unit.8
The stabilisation of the LS–HS mixed spin pair was assigned to
the synergy effect between anticooperative intramolecular and
cooperative intermolecular interactions.

Recently, we have reported the unusual photomagnetic
behavior stemming from the interplay between spin-crossover
and magnetic coupling phenomena.9 At low temperature, light
switches [{Fe(bt)(NCS)2}2(bpym)] from the S = 0 spin state of
the LS–LS pair to the S = 0 spin state of the HS–HS pair.
Warming the sample first reveals the latent magnetic coupling
between the HS iron(II) ions as the S = 1, 2, 3 and 4 excited
states are populated, then switches off this virtual pair spin state
at temperatures as high as 60 K where molecules have enough
energy to overcome the barrier associated with the change of
molecular geometry upon spin conversion. As a continuation of
this study we have investigated the LIESST effect on [{Fe-
(bpym)(NCSe)2}2(bpym)]. As mentioned above, this com-
pound exhibits an incomplete thermal spin transition interpreted
in terms of HS–HS Ô LS–HS conversion at 125 K (Fig. 1). The
slight decrease of the magnetic response as T approaches
absolute zero is due to zero-field splitting of the S = 2 spin state
of the mixed-spin pair.

At 10 K, we observed that green light irradiation (530.9 nm,
power 10 mW cm22)10 induces a decrease of cMT from 2.6 to
1.6 cm3 K mol21. Similar behavior was recorded at 647–679,
759–799 and 830 nm. Usually, the observation of a decrease in
the magnetic response under light irradiation is a signature of
reverse-LIESST as the HS state is converted into the LS state.
However, for [{Fe(bpym)(NCSe)2}2(bpym)] this situation is no
longer valid because of the occurrence of the unusual HS–LS
state and the virtual excited HS–HS state which involves a latent
antiferromagnetic interaction similar in magnitude as observed
for [{Fe(bt)(NCS)2}2(bpym)].9 Hence, a decrease of the
magnetic response should be expected upon irradiation.

Fig. 1 compares cMT vs. T (cM is the molar magnetic
susceptibility and T the temperature) of the photoinduced

† Dedicated to the memory of Olivier Kahn.

Fig. 1 cMT vs. T for (/) [{Fe(bpym)(NCSe)2}2(bpym)] and (5)
[{Fe(bpym) (NCS)2}2(bpym)]. (8) refers to the warming mode of
[{Fe(bpym)(NCSe)2}2(bpym)] after the irradiation was applied for 1 h at 10
K, then turned off. Inset: data obtained with irradiation (Î) for 1 h at 2, 10,
17, 30 and 40 K.
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[{Fe(bpym)(NCSe)2}2(bpym)] with the binuclear [{Fe-
(bpym)(NCS)2}2(bpym)] compound containing two iron(II)
ions in the HS–HS state in the whole temperature range.6–8 Both
magnetic responses are similar below 40 K. It is well known that
the interaction parameter, J, in a coupled binuclear compound
depends essentially on the nature of the chemical bridge. As for
both compounds the bridging network is similar, in case of a
quasi-quantitative LS–HS ? HS–HS conversion (LIESST
effect), the magnetic properties of [{Fe(bpym)(NCSe)2}2-
(bpym)] after irradiation and [{Fe(bpym)(NCS)2}2(bpym)]
should be very similar. In contrast, a LS–LS population
(reverse-LIESST) should lead to a diamagnetic ground state for
[{Fe(bpym)(NCSe)2}2(bpym)] very different from the mag-
netic properties of [{Fe(bpym)(NCS)2}2(bpym)]. The data
displayed on Fig. 1 are in favor of the first alternative.

Fig. 1 also shows the cMT value of [{Fe(bpym)(NCSe)2}2-
(bpym)] under light irradiation at 2, 10, 17, 30 and 40 K. In all
cases, the photostationary point reached the cMT limit of
[{Fe(bpym)(NCS)2}2(bpym)], confirming the HS–HS popula-
tion.11 What is remarkable is that at 17 K, both before and after
irradiation, the compound has a similar magnetic response. This
does not mean that the LIESST effect does not occur. In fact, we
are faced with two totally different spin states. Before
irradiation, the system acts as a HS–LS mixed-spin pair,
resulting in a S = 2 spin state with a cMT value of 3 cm3 K
mol21. After irradiation, the two iron(II) are HS and coupled
antiferromagnetically with a thermal population of the low-
lying spin states, S = 1–4, located at energies E(S) = 2JS(S +
1)/2 above the ground state S = 0. At 17 K, the population of the
HS–HS pair, assuming a J factor of 24.1 cm21 and a g value of
2.13, is 16% S = 0, 35% S = 1, 29% S = 2, 15% S = 3 and 5%
S = 4. The resulting cMT value is then 3 cm3 K mol21 and
similar to that of the HS–LS mixed-spin pair.

The kinetics of the relaxation were investigated from 2 K up
to 75 K (Fig. 2). Below 55 K, the relaxation is very slow, for
instance, at 10 K the magnetic response varies by ca. 0.01% in
13 h, which requires relaxation rates smaller than 1026 s21.
From 55 to 75 K, the dynamic of the relaxation is faster and falls
within the time window of our set-up. This behavior matches
the theory of HS ? LS relaxation proposed by Buhks et al.12

which predicts a temperature-independent relaxation rate, i.e. a
tunneling process, at low temperature and an activation
relaxation process at higher temperatures. The decays of the HS
molar fraction, gHS, vs. time, at various temperatures, are also
represented in Fig. 2; gHS is deduced from [(cMT)hn 2

(cMT)HS–LS]/[(cMT)AF 2 (cMT)HS–LS].13 An analysis of these
data indicates that the relaxation curves can be satisfactorily

fitted by a sigmoidal law.14 This reflects a self-acceleration
process as gHS decreases. The plot of ln kHL vs. 1/T (Fig. 2) gives
a straight line, with an activation energy Ea = 850 cm21, a pre-
exponential factor k∞ = 6.6 3 103 s21 and an additional
activation energy associated to the cooperativity Ea* = 53
cm21. Such parameters allow understanding of the shape of the
Tc(LIESST) experiment14 reported in Fig. 1. In the tunneling
region where the kinetic of the relaxation back to the HS–LS
state is very slow, the S = 1–4 spin states of the local HS–HS
pair are progressively populated and cMT increases. Above 55
K, the relaxation process of the local HS–HS pair becomes
thermally activated and a deviation appears with the magnetic
properties of [{Fe(bpym)(NCS)2}2(bpym)]. The critical
Tc(LIESST) temperature is found at 75 K.

In summary, this communication reports a new example of
synergy between magnetic interaction and spin transition under
light irradiation in an iron(II) binuclear SC compound. For the
first time at very low temperature, the photoconversion of a LS–
HS into a HS–HS pair, according to the LIESST effect, results
in a decrease in the magnetic response. This behavior in the
complex [{Fe(bpym)(NCSe)2}2(bpym)] arises from the conver-
sion of the S = 2 initial state into an S = 0 low-lying spin state
by light irradiation.

We are grateful for financial assistance from the European
Commission for granting the TMR-Network ‘Thermal and
Optical Switching of Spin States (TOSS)’, Contract No. ERB-
FMRX-CT98-0199. Also we would like to thank the financial
assistance of the Spanish DGICYT through Project PB97-1397
and of the PICASSO program.
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Fig. 2 Ln kHL vs. 1/T curve of [{Fe(bpym)(NCSe)2}2(bpym)]. Inset:  time
dependence at various temperatures of the HS molar fraction generated by
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A chemical rearrangement under hydrothermal conditions
resulted in an unprecedented interpenetrating structure
with two covalently bonded open frameworks of different
dimensionality: {[Cu2(IN)4·3H2O]·[Cu2(IN)4·2H2O]}·3H2O
(IN = isonicotinate).

Interpenetrating network structures have been one of the
fascinating subjects in crystal engineering of coordination
polymers owing to their attractive new topologies and intriguing
structural features.1–8 Many of these structures have been
reviewed recently.9 Although interpenetrating networks con-
sisting of chemically and topologically different components
are rare, Robson and coworkers10 reported interpenetrating nets
of different topology where a single, rhombohedral a-polo-
nium-related net interpenetrates with two types of hydrogen-
bonded sheets, one consisting entirely of water and the other of
F2 ions and water molecules, while Zaworotko and coworkers11

synthesized the first example of interpenetrating covalent and
non-covalent 2D networks. While some of the interpenetrating
structures may be predictable, structural control of metal–
organic reactions remains a great challenge, and often, unex-
pected structures may result. Here we report an unprecedented
interpenetrating structure with two covalently bonded open
frameworks of different dimensionality formed from a chemical
rearrangement under hydrothermal conditions: {[Cu2(IN)4·
3H2O]·[Cu2(IN)4·2H2O]}·3H2O ( IN: isonicotinate) 1.

The reaction of Cu(NO3)2·2.5H2O with nicotinic acid and
trans-1,2-bis(4-pyridyl)ethylene in a mole ratio of 1+1+1 under
hydrothermal conditions at 140 °C for three days produced dark
blue crystals of 1 in 59% yield suitable for single crystal X-ray
diffraction analysis.† The structure consists of a covalently
bonded three-dimensional (3D) open-channel network and a
covalently bonded two-dimensional (2D) open-framework
which are mutually interpenetrating. The 3D network contains
three crystallographically distinct copper atoms (Fig. 1). Atom
Cu(1) is square pyramidal coordinated by two pyridyl groups
from two IN units and two carboxylate groups from the other
two IN units in a monodentate fashion. A water molecule
occupies the remaining site. Atoms Cu(2) and Cu(3) are in
octahedral sites surrounded by two water molecules occupying
the axial positions, with two pyridyls and two carboxylates from
four IN units occupying the equatorial positions. Both Cu(2)
and Cu(3) clearly show John–Teller distortion. The square
pyramidal and octahedral Cu centers are linked by four two-
connected tridentate IN units into a single-net 3D open-channel-
network. The large rectangle in the open-channel-network
consists of six Cu and six IN units (Fig. 1). The four Cu atoms
at each corner of the rectangle display separations of 17.776 3
8.928 Å. The large rectangular channels in the 3D network
extend into two directions, perpendicular to each other (Fig. 1).
The topology of this 3D network is similar to a single net of
tetragonal CdSO4 type suggested by O’Keeffe et al.12 The 2D
open-framework consists of two independent copper atoms.
Atoms Cu(4) and Cu(5) are in square pyramidal positions (Fig.
2). Each copper atom is coordinated by two carboxylate groups
from two IN units in a monodentate fashion, and two pyridyl
groups from the other two IN units. A water molecule occupies

the remaining apical site. The square pyramidal copper atoms
are linked by four two-connected tridentate IN units into a two-
dimensional square grid network (Fig. 2). The Cu–Cu lengths in
the square grid are 8.871 3 8.862 Å. The 3D and 2D open-
frameworks interpenetrate to form an unprecedented mixed-

Fig. 1 View of the rectangular open framework in the 3D structure with
copper atoms labeled and complete coordination shown.

Fig. 2 View of a representative section of the 2D lattice. Note that all Cu
atoms have square pyramidal coordination.

This journal is © The Royal Society of Chemistry 2001
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2D–3D structure. The interpenetration is in such a way that each
3D closed-circuit displaying a ‘table-frame’ shape interlocks
with four square grids of a 2D sheet (Fig. 3), so that each
rectangular open-channel in the 3D network interpenetrates
with two 2D sheets. Although several coordination polymers of
isonicotinate and its derivatives have been reported, the
structural feature in complex 1 has not been observed.13 In spite
of the interpenetrating networks in 1, a dozen water molecules
are included in a unit cell. Numerous hydrogen-bonding
interactions found in the interpenetrating structure link the
coordinating water molecules and the carboxylate groups of IN
units between the 3D and 2D networks [O(9)…O(13) 2.864 Å,
O(9)…O(15), 2.924 Å, O(11)…O(15) 2.865 Å, O(21)…O(4)
2.794 and 2.855 Å]. Thermal analysis indicated that the
interpenetrating framework lost water molecules below 150 °C,
and started to decompose at ca. 275 °C.

The reaction to prepare 1 was conducted via a self-assembly
process under fairly mild hydrothermal conditions. The inter-
penetrating structure is stabilized owing to an unexpected
chemical rearrangement of the ligand. While the reaction is
fully reproducible, many attempts made to produce compound 1
from using isonicotinate instead of nicotinate as starting
materials all failed.14 The chemical rearrangement from
nicotinate to isonicotinate under hydrothermal conditions is not
well understood, while in other cases, rearrangements under
hydrothermal conditions have been observed such as with
2,2-dipyridylamine.15 The trans-1,2-bis(4-pyridyl)ethylene
present in the reaction mixture is a necessary component for the
preparation of compound 1. Although the present research
results might indicate that structural control of metal–organic
reactions and prediction of interpenetrating networks under
hydrothermal conditions could be a long-term challenging task
in some cases, we are actively seeking clear directions from
related investigations as well as searching for other unexpected
structures under hydrothermal conditions.

We are grateful for financial support from the Welch
Foundation. This work made use of MRSEC/TCSUH Shared
Experimental Facilities supported by the National Science
Foundation and the Texas Center for Superconductivity at the
University of Houston.
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Intramolecular H-bonding has been shown to be a powerful
tool in increasing the performance of alkoxyamine initiators
for nitroxide mediated living free radical polymerizations.

The continued evolution of nanoscale science as a major
research area has attracted significant attention in recent
years.1–3 In concert with this evolution, the field of polymer
synthesis has witnessed an increase in sophistication with a
wide range of new synthetic techniques being developed for the
preparation of well defined, functionalized macromolecules.
Prime examples are the preparation of dendritic macromole-
cules,4,5 single site catalysts,6–8 and the elucidation of a variety
of different living free radical polymerization strategies.9,10

These include nitroxide mediated,11,12 atom transfer radical
polymerization (ATRP),13,14 and radical addition fragmenta-
tion/transfer procedures (RAFT).15,16 While there are advan-
tages and disadvantages to each procedure, our recent work has
concentrated on nitroxide mediated processes since it has the
potential to be the simplest of the three procedures.

A major recent advance in nitroxide mediated polymeriza-
tions has been the development of a-hydrido nitroxides, in
which the presence of a hydrogen atom on the a-carbon leads to
a significant increase in the range of vinyl monomers that
undergo controlled polymerization.17,18 While these new nitr-
oxides, or their corresponding alkoxyamines such as 1, can now
be used to prepare poly(acrylates) with polydispersities in the
range 1.05–1.10, the typical reaction times and temperatures (48
h at 125 °C) are still unacceptable for reactive monomers that
may undergo unwanted side reactions. Also from an industrial
point of view, reaction times of less than 6 h and temperatures
of ca. 100 °C are more economically desirable.

In developing new nitroxides for living free radical polymeri-
zations we were drawn to an observation from our initial work19

in which the hydroxy-substituted alkoxyamine 2 was observed

to yield slightly faster rates of polymerization when compared
to the parent alkoxyamine 1. While the effect was not dramatic
it did correlate with the tendency of nitroxides to act as H-bond
acceptors, thereby modifying their reactivity.20 These observa-
tions, coupled with a seminal report by Studer21 of enhanced
dissociation rates for hydroxy-substituted alkoxyamines
prompted an investigation into the influence of H-bonding on
nitroxide mediated living free radical polymerizations. Since
dissociation of 2 leads to the nitroxide 3 which is able to form
a favored six-membered intramolecular H-bond (Fig. 1), it was
decided to maximize the potential of this intramolecular H-
bonding effect by examining the initiating ability of the tris-
hydroxy derivative, 4.

The synthesis of 4 starts from the cheap and readily available
2,2,2-tris(hydroxymethyl)nitromethane 5 which was protected

as its ortho ester 6 before reductive coupling with isobutyryl
aldehyde in the presence of zinc/HOAc to give the nitrone 7.
Reaction with phenyl magnesium bromide at reduced tem-
peratures affords the protected nitroxide 8 which can then be
coupled with styrene under catalytic Jacobsen’s conditions22

yielding the protected alkoxyamine 9. Deprotection of either 8
or 9 could be accomplished under mild conditions with p-
toluenesulfonic acid to give the corresponding tris(hydroxy-
methyl) derivatives, 10 and 4, in essentially quantitative yields
(Scheme 1).

The ability of 4 to mediate living free radical polymerization
was initially examined using styrene as the monomer. Under
identical conditions, the alkoxyamine initiator, 1 or 4, was
dissolved in 200 equivalents of styrene and heated at 125 °C
under argon with samples being removed at various intervals.
Comparison of the results showed an increase in the rate of
polymerization for 4 of ca. 50% with high conversion being
obtained in 3–4 h (cf. 5–6 h for 1). More importantly, the
increased rate of polymerization was accompanied by a
decrease in polydispersity with values of between 1.07 and 1.09
typically being obtained (cf. 1.10–1.12 for 1). This increased
reactivity for 4 also allowed the polymerization temperature to

Fig. 1 Structure of proposed intramolecular H-bonding in nitroxide 3.

Scheme 1

This journal is © The Royal Society of Chemistry 2001

DOI: 10.1039/b102145c Chem. Commun., 2001, 823–824 823



be reduced while still maintaining acceptable polymerization
times. For example, the polymerization of styrene at 85 °C for
48 h resulted in moderate conversions (50–55%) and low
polydispersities (1.15–1.20). Extension of this work to
1,3-dienes such as isoprene also showed a similar trend,
increased rate of polymerization and a reduction in poly-
dispersity.23

A more significant result was observed when the polymeriza-
tion of polar monomers was examined. For acrylates, the
polymerization rate was increased by at least an order of
magnitude by the use of the tris(hydroxymethyl) derivative, 4.
As can be seen in Fig. 2, the polymerization of n-butyl acrylate
initiated by 4 in the presence of 5 mol% of the corresponding
nitroxide 10 reaches 80% conversion after only 2 h at 120 °C, in
direct contrast to 1 and 5 mol% of 12, for which a conversion of
only 6% is obtained. It should also be noted a loss of control did
not accompany this increased rate of polymerization, narrow
polydispersities in the region of 1.1 and controlled molecular
weights were obtained with 4. This improvement now permits
acrylate monomers to be polymerized to high conversion under
controlled living free radical conditions in only 2–3 h compared
to 36–48 h for 1. Attempts to perform the polymerization of
acrylate monomers at lower temperatures were also successful
with moderate conversions (ca. 40–50%) being obtained after
heating at 100 °C for 24 h. At these lower temperatures, the
unfunctionalized initiator 1 did not result in any detectable
polymerization.

This anomalous behavior of acrylate monomers, when
compared to styrene and 1,3-dienes, suggested that the
increased efficiency of 4 was monomer dependent and to
address this question the polymerization of acrylamides was
examined. Interestingly, an increase in the rate of polymeriza-
tion was again observed with 4 and high conversions were
obtained after 7–8 h.23 While not as dramatic an increase as for
acrylates, it is significantly greater than the rate increase
observed for styrene or isoprene.

The unique ability of the tris(hydroxymethyl) substitution
pattern to facilitate nitroxide mediated polymerizations sug-
gested that H-bonding might be a key feature. To elucidate the
effect of H-bonding, similar experiments to those described
above were performed with the protected alkoxyamine 9 which
is not capable of forming H-bonds. Surprisingly, 9 proved to be
a poor initiator for all the monomer families studied with high
polydispersities and low polymerization rates being obtained in
each case. For example, polymerization of 200 equivalents of
styrene in the presence of 9 for 2 h at 125 °C resulted in only
19% conversion with high conversions requiring 16 h (cf. 3–4 h
for 4 and 5–6 h for 1). The polymers obtained were also poorly
defined with polydispersities typically in the range of 1.4–1.5.
Similar decreased rates of polymerization and levels of control
were observed for other monomer families suggesting that the
protected initiator 9 is a poor initiator for nitroxide mediated
living free radical polymerizations. Since the substitution
pattern in 4 is similar to 9, the substantially improved

performance of 4 is most likely a result of intramolecular H-
bonding and not steric or electronic effects. Additional support
for the importance of H-bonding comes from the kinetic
observations of Marque24 coupled with preliminary work from
Matyjaszewski25 using phosphonic acid derivatives of
2,2,6,6-tetramethylpiperidinyloxy, TEMPO.

In conclusion, intramolecular H-bonding has been shown to
be a powerful tool in increasing the performance of alkoxy-
amine initiators for nitroxide mediated living free radical
polymerizations. Increases in the rate of polymerization were
observed for polar monomers such as acrylamides and espe-
cially acrylates, while only moderate improvements were
obtained for non-polar monomers, such as styrene and isoprene.
In each case, the degree of control during the polymerization
was improved which led to lower polydispersities and a better
correlation between experimental and theoretical molecular
weights.
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1146.

25 K. Matyjaszewski, S. G. Gaynor, D. Greszta, D. Mardare, T. Shigemoto
and J. S. Wang, Macromol. Symp., 1995, 95, 217.

Fig. 2 Plot of percent monomer conversion vs. time for the polymerization
of n-butyl acrylate (200 equivalents) in the presence of 4 (1.0 equivalent)
and 10 (0.05 equivalents) (5) and 1 (1.0 equivalents) and 12 (0.05
equivalents) (-) at 125 °C.
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In a MeOH solution the complex [ZnII(L)]2+ gives an adduct
with the coumarin-343 anion and an electronic energy
transfer process takes place from the fluorophore placed on
the ligand L to the fluorescent anion, according to a
mechanism which can be reversively switched OFF–ON

following an acid–base input.

Photonic energy can be transferred from an excited fragment Fl1
(adsorbing light at wavelength l1) to a proximate fragment Fl2,
which emits light at a distinctly higher wavelenth l2. A typical
mechanism involves the occurrence of a double electron
transfer process between Fl1 and Fl2, according to a circular
pathway, and requires that the two fragments experience
occasional van der Waals contacts so that their orbitals can
overlap.1 When Fl1 and Fl2 are (or belong to) distinct molecules,
a large excess of one of the fluorophores is required in order to
ensure the occurrence of the occasional contact: the electronic
energy transfer (EET) has an intermolecular nature and the
photophysical response (e.g. the increase of the fluorescence
intensity, IF, at l2) must follow Stern–Volmer behaviour.
However, the process can also take place intramolecularly, if Fl1
and Fl2 are covalently linked by a relatively short spacer, which
makes their encounter much more probable.2 Intramolecular
EET can also be achieved in supramolecular systems in which
Fl1 and Fl2 belong to distinct moieties held together by non-
covalent interactions (e.g. hydrogen bonding).3 EET processes
in supramolecular systems are of interest in the fast-growing
area of molecular level devices, molecular computing and
elementary nanotechnology.4 We describe here an example of
an intramolecular EET process in a system held together by
metal–ligand interactions. Metal-mediated inter-component
energy transfer has been observed in a few cases.5 The involved
metal is the ZnII cation, which is photophysically inactive and
plays an architectural role,6 bringing Fl1 and Fl2 to a suitable
distance for the occurrence of an efficient EET process. From
this perspective, in the molecule L a tripodal tetramine platform

has been equipped with three equivalent luminescent fragments
that absorb UV light (N,N-dimethylamine-1-naphthalene: Fl1;
absorption band centred at lmax = 330 nm, emission band
centred at lmax = 424 nm).† On the other hand, the dye
coumarin-343 was chosen as Fl2, showing a strong emission at

lmax = 475 nm and containing a carboxylic function.
Substantial overlap of the absorption band of Fl1 and of the
emission band of Fl2 fulfils the prerequisite for the occurrence
of an EET process.7

The tetramine L must be preliminarily organised through ZnII

coordination, according to a process which can be spectro-
fluorimetrically monitored. In particular, titration of an etha-
nolic solution of L with ZnII induces an increase in the Fl1
emission intensity, at 330 nm; a limiting value (2.5-fold
enhancement) is achieved with the addition of one or more ZnII

equivalents. This behaviour is consistent (i) with the formation
of a [ZnII(L)]2+ complex, and (ii) with the fact that ZnII

coordination prevents the occurrence of an electron transfer
(eT) process from the proximate amine nitrogen atom to the
photoexcited Fl1 fluorophore—this eT process was responsible
for partial quenching of the fluorescence. On formation of the
[ZnII(L)]2+ complex, full emission of Fl1 is restored.

Subsequently, an ethanolic solution of [ZnII(L)]2+ (1 3 1025

mol dm23), irradiated at 330 nm, was titrated with a standard
solution of Fl2. Progressive addition of the titrating solution
induced a progressive decrease in the emission band of Fl1 and
the development of an emission band at 475 nm, indicating Fl2
sensitisation and the occurrence of an EET process involving
Fl1 and Fl2 (see Fig. 1).

The fluorescence intensity, IF, of the band at 424 nm vs.
equiv. of Fl2 profile (decreasing), as well as the IF at 475 nm vs.
equiv. of Fl2 profile (increasing, see inset in Fig. 1) correspond
to the formation of a 1+1 adduct between [ZnII(L)]2+ and
coumarin-343. The log K values for the adduct formation
equilibrium, calculated through non-linear, least squares treat-
ment of the titration profiles, are 5.98 ± 0.04 (l = 335 nm) and
6.01 ± 0.03 (l = 475 nm). This behaviour can be explained
considering that: (i) the tripodal tetramine L imposes a trigonal
bipyramidal stereochemistry on the ZnII ion, leaving one vacant
axial position; in the absence of coordinating anions, this

Fig. 1 Selected emission spectra recorded during the spectrofluorimetric
titration of a MeOH solution of [ZnII(L)]2+ (1 3 1025 M) with a standard
MeOH solution of coumarin-343. The corresponding titration profiles
(fluorescence intensity vs. equiv. of coumarin) are shown in the inset.
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position can be occupied by a solvent molecule; (ii) the CO2H
group of coumarin-343 deprotonates and the carboxylate
fragment replaces the solvent molecule loosely bound in the
axial position; (iii) coordination to the metal brings the
photoexcited Fl1 substituent close enough to Fl2 to ensure the
occurrence of an efficient EET process, thus leading to a
substantial sensitisation of Fl2 emission. Any intermolecular
contribution to the process was found to be negligible at this low
concentration scale of the reagents (1025 mol dm23). The
mechanism of the process is illustrated in Scheme 1.

Thus, the ZnII ion acts as a glue, sticking together the two
fluorogenic fragments. It should be noted that an energy transfer
rate constant larger than 3.5 3 109 s21 can be calculated from
the equation kEET = (F0/F 2 1)/t°, where t° is the lifetime of
Fl1 in the [ZnII(L)]2+ complex (2.6 ns), and F0 and F are the
values of the quantum yield of Fl1, in the [ZnII(L)]2+ complex
and in the [ZnII(L)(Fl2)]+ adduct, respectively.8

When the titration experiment is repeated in the absence of
the metal cation, no evidence of adduct formation is observed.
In this case, a small development of the coumarin emission band
at 475 nm occurs, while a small quenching of Fl1 emission is
observed. This behaviour is ascribed to intermolecular dynamic
quenching via energy transfer, and was found to obey strictly
the Stern–Volmer relationship along the investigated concentra-
tion range (up to 5 3 1025 mol dm23).

In order to check the role of the metal cation in the EET
process further, a solution containing equimolar amounts of
ligand L and of coumarin-343 was titrated with a Zn2+ standard
solution, whilst recording the emission spectra (lexc = 330 nm).
Addition of the metal ion switches ON the electronic energy
flow: the emission at 475 nm increases as Zn2+ is added,
reaching a plateau with the addition of one equivalent of the
metal ion. The [ZnII(L)(Fl2)]+ ternary complex displays an
interesting switching behaviour with respect to the addition of
standard acid and base. In fact, when a methanolic solution of
[ZnII(L)(Fl2)]+ is titrated with triflic acid, the sensitised
coumarin-343 emission decreases and completely disappears
upon the addition of 4 equiv. acid (see Fig. 2). In other words,
H+ ions switches OFF the electronic energy flow between Fl1 and
Fl2. This effect is due to the successful competition of the
protons for the amine groups, which leads to demetallation and
to the moving away of Fl1 and Fl2. The electronic energy flow
can be switched ON again on titration with standard base. In

particular, upon addition of an ethanolic solution of NaOH, the
emission at 475 nm is progressively restored, to reach its
original intensity after 4 equiv., thus ensuring the complete
formation of the [ZnII(L)(Fl2)]+ ternary complex. In this sense,
the system under investigation shows some similarity to the
plug-and-socket devices, recently introduced by Balzani and
coworkers.8 Analogy is not complete due to the fact that in the
[ZnII(L)(Fl2)]+ system we do not observe a penetration of the
socket by the plug. In any case, previously reported examples
were based on weak and reversible hydrogen bonding inter-
actions. In the present study, we took profit from the distinctly
stronger metal–ligand interaction, which ensures the formation
of an especially stable adduct, thus guaranteeing a firm contact
between the two photoactive components. Moreover, the
lability of the ZnII cation provides quick reversibility and a
prompt ON–OFF response, following the acid–base stimulus.

This work has been supported by the Italian Ministry of
University (MURST, Progetto: Dispositivi Molecolari) and the
IHC European Project ‘Molecular Level Devices and Ma-
chines’.
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Scheme 1

Fig. 2 The effect of an acid–base input on the emission of the [ZnII(L)(Fl2)]+

system when excited at lexc = 330 nm.
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A b-cyclodextrin substituted with amino and carboxymethyl
groups on the primary and secondary side respectively, has
a positively charged primary face and a negatively charged
secondary face at neutral pH, and self-assembles in water
into supramolecular tapes that are 50–300 nanometres wide
and up to 20 micrometres long.

‘Janus’ cyclodextrins are cyclodextrins with distinctly different
primary and secondary faces.1 The preparation of such
cyclodextrins is not trivial since it requires synthetic differ-
entiation of the primary and secondary sides of the cyclodextrin
molecule.2 However, several types of Janus cyclodextrins have
been prepared to date, all of which show interesting self-
assembling properties. The largest class of Janus cyclodextrins
comprises amphiphilic molecules in which one face of the
cyclodextrin has been substituted with large hydrophobic
groups while the other face is substituted with polar or ionic
groups, or is left unsubstituted. Many of these cyclodextrins are
very hydrophobic and insoluble in water. However, recent
reports describe micelles as well as bilayer vesicles composed
entirely of amphiphilic cyclodextrins.3,4 A second group of
Janus cyclodextrins contains thiol or sulfide substituents
exclusively on one face of the molecule, which induce assembly
into monolayers on gold surfaces.5 Yet another class contains
small hydrophobic substituents on one face and polar or ionic
substituents, or none, on the other face. These molecules form
dimers in several solvents.6 Finally, cyclodextrins with polar or
ionic substituents on one face of the molecule (and no
substituents on the other face) can form dimers in polar
solvents,7 and even specific heterodimers between ionic
cyclodextrins of opposite charge in water.8 We now report a
new Janus b-cyclodextrin 3 bearing amino groups on the
primary face and carboxymethyl groups on the secondary face,
to give a cyclic oligo-aminoacid structure designed to assemble
in water by multiple ion-pairing.

Heptakis(6-azido-6-deoxy)-b-cyclodextrin 19 was reacted
with sodium iodoacetate in the presence of potassium tert-

butoxide at 80 °C in DMF to yield 6-azido-6-deoxy-2-O-
carboxymethyl-b-cyclodextrin 2. This product was isolated by
precipitation from water at pH 2. 1H NMR (300 MHz, d6-
DMSO) showed a signal for the methylene protons of the
carboxymethyl group at 4.35 ppm and separate signals for H1A at
5.15 and H1 at 4.92 ppm. According to the relative integration
of these 1H NMR signals, a reproducible average of five
carboxymethyl groups was introduced in 2. The resolution of
the NMR spectra of 2 is poor due to a combination of

aggregation and loss of molecular symmetry. Cyclodextrin 2
was then reduced to 6-amino-6-deoxy-2-O-carboxymethyl-b-
cyclodextrin 3 by conventional phosphine reduction.10 Product
3 was isolated by precipitation in water at pH 2 and purified by
size exclusion chromatography. Despite our best efforts, the
final product retained traces of phosphines. The structure of 3
(with five carboxymethyl groups on O-2) was confirmed by
NMR. 1H NMR (300 MHz, D2O) shows a signal for the
methylene protons of the carboxymethyl group at 4.28 ppm and
signals for H1A at 5.07 as well as H1 at 5.30 ppm. 13C NMR (500
MHz, D2O) shows the carbonyl and the methylene carbon of the
carboxymethyl group at 174.4 and 69.1 ppm, respectively, as
well as C2A at 80.0 and C2 at 68.0 ppm. No shift was observed
for C3A relative to C3, confirming substitution at O-2 instead of
O-3, as anticipated for this type of reaction at the secondary side
of cyclodextrins.2 As for 2, the resolution of the NMR spectra of
3 is poor due to a combination of aggregation and loss of
molecular symmetry.

Cyclodextrin 3 readily dissolves in 10 mM HEPES buffer
(pH 7.4) upon gentle agitation at rt. The solution (0.1–1.0
mg mL21) is not completely transparent. Using transmission
electron microscopy (with either uranyl acetate or phospho-
tungstic acid as negative stain)11 we observed that cyclodextrin
3 self-assembles into elongated tape-like structures (Figs. 1 and
2). The tapes are between 50 and 300 nanometres wide and up
to 20 mm long, yet only several nanometres thick. They seem
quite flexible, since multiple twists, bends and folds are
observed. However, the tapes are also rather fragile, and readily
break into smaller fragments during the preparation of samples
for electron microscopy. A significant fraction of the cyclodex-
trin is present as amorphous aggregates. As expected, no tapes
but only amorphous aggregates are observed when the pH is
either reduced from 7.4 to 4, or increased from 7.4 to 10, or
when 0.5 M NaCl is added to the cyclodextrin solution. At high
and low pH, and also in the presence of more than 0.1 M NaCl,

Fig. 1 Electron micrograph of cyclodextrin 3 in HEPES buffer (pH 7.4).
Negative staining with 1% uranyl acetate.
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the solution of cyclodextrin 3 becomes completely transparent.
Clearly, the elongated tapes at neutral pH and low ionic strength
scatter visible light much more than the smaller, amorphous
aggregates present at high and low pH, and at high ionic
strength. The intensity of the scattered light at 400 nm as a
function of NaCl concentration is constant up to 40 mM of
added NaCl, and rapidly decreases at higher ionic strength. This
demonstrates that the elongated tapes only form in aqueous
solution of low ionic strength.

We propose that the elongated tapes result from ion-pairing
of the catanionic cyclodextrin 3. At neutral pH and low ionic
strength, molecules of 3 assemble face to face, similar to the
heterodimers described in the literature,8 except that here each
molecule has oppositely charged faces, so that the molecular
pairing can continue indefinitely in two directions. The
cyclodextrins can form an efficient intermolecular hydrogen
bond network, with each molecule providing multiple NH
hydrogen bond donor sites and CO hydrogen bond acceptor
sites (Fig. 3). In this way they imitate the self-assembly of
certain cyclic peptides to form nanotubes in water,12 although
here the protonated amino and carboxylate groups operate each
on one side of the molecule, rather than alternately on the same
side as do the hydrogen bonding NH and CO groups in the case
of the peptides. The supramolecular structure adopted by

cyclodextrin 3 is fundamentally different from previous exam-
ples of cyclodextrin self-assembly in polar solvents (including
water), which have been induced by elongated guest molecules,
namely the poly(rotaxanes)13 and diphenylhexatriene inclusion
compounds.14

The molecular faces of 3 may not perfectly superimpose. In
crystal structures, cyclodextrins not only form channel struc-
tures, but also each molecular face can overlap with more than
one other face to form cage structures.15 Here, the molecules
apparently assemble in three directions, two of which seem to be
favoured over the third, as when bricks are used to form a wall.
This would result in the formation of elongated tapes of variable
width, but constant thickness. Further structural and computa-
tional investigations, as well as synthetic modifications, will
contribute to a better understanding of the self-assembly of this
novel catanionic Janus cyclodextrin.

A. M., K. G. and D. N. are grateful for financial support from
SA Druggists International and Enterprise Ireland. B. J. R. is
Schering-Plough (Avondale) Co. Newman Scholar in Organic
Chemistry. The authors thank Dr D. Cottell for generous
facilities in the Laboratory of Electron Microscopy at Uni-
versity College Dublin.
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Fig. 2 Electron micrograph of cyclodextrin 3 in HEPES buffer (pH 7.4).
Negative staining with 1% phosphotungstic acid.

Fig. 3 Schematic illustration of the self-assembly of cyclodextrin 3.
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A method involving laser irradiation is shown to lead to
selective modification of core–shell gold–silver nanopar-
ticles.

In recent years, a large range of preparations have been
proposed for the design of novel metallic nanoparticles. For
both uncoated and passivated metallic nanoparticles like
thioalkane or thionicotinamide-coated gold nanoparticles,1,2

numerous chemical or physical procedures for their preparation
have been published and compared,3–6 in particular with respect
to the size and shape distributions.7 For spherical nanoparticles,
a strong emphasis has always been given to the diameter of the
particles and the width of the distribution around the mean
diameter. These properties are usually assessed by UV–VIS
absorption spectroscopy and Transmission Electron Micros-
copy (TEM). Routinely, particles with diameters between 5 and
25 nm with a standard deviation between 1 and 2 nm are
reported. One general aim is to reduce even further the standard
deviation of the size distribution since many physical properties
of the particles are size dependent. This is true for the
wavelength corresponding to the maximum of the absorption
spectrum of the particles in solution and also for the hyper-
polarisability of the particles.8,9

The control of the size distribution is not very efficient during
nanoparticle formation when the metal salt reduction technique
is used. However, this is probably the most widely used
technique although it does not yield a very narrow distribution.
Subsequent size separation processes are therefore required.10

The search for a convenient way to narrow the size distribution
for monodisperse aqueous solutions of nanoparticles is thus
required and recently laser irradiation has been proposed with
the report of both size reduction and shape changes of metal
particles in solution.2,11–13 Nevertheless, the physical mecha-
nisms at work have not been fully elucidated although melting,
photoejection of electrons and fragmentation have been ob-
served depending on the laser irradiation conditions. In this
work, we report the laser irradiation of core-shell gold–silver
nanoparticles with a diameter ca. 23.4 nm and their subsequent
changes for different laser fluences when pulses with a 5 ns
duration at a 532 nm wavelength are used.

Silver coated gold nanoparticles were prepared by reduction
of a gold tetrachloroaurate salt containing 10 mg of gold in 190
mL of water made up to 200 mL with 10 mL of a 38.8 mM
sodium citrate solution.14 The ruby red coloured solution was
then cooled down to room temperature before being boiled
again. Near the boiling point, silver nitrate was added to 60 mL
of the gold solution in aliquots of 200 mL with the amount of
silver adjusted to the desired mole fraction with respect to gold.
The stoichiometric equivalents of citrate were added after each
silver addition to ensure the complete reduction of the silver
ions. Here we present the results for a solution with a mole
fraction of gold of 0.60 although other ratios can be obtained by
this preparation method. The size distribution of the solution
was characterized by TEM on a Philips CM20 transmission
electron microscope and UV–VIS absorbance spectra were

recorded with a Varian 1E UV–VIS spectrophotometer. For the
TEM measurements, a drop of the solution was deposited on a
copper grid on a carbon film and dried under a N2 atmosphere
in a glove box. The size distribution was then deduced from the
measurements of the diameter of 200 particles from 6 different
batches. The average diameter measured was 23.4 nm with a
standard deviation of 1.4 nm. The laser irradiation was
performed with a nanosecond Continuum Minilite II Nd3+–
YAG laser, delivering pulses at a repetition rate of 10 Hz at 532
nm. The cross section of the irradiation beam was controlled
with a 10 cm focal lens and measured to be 0.125 cm2 at the
entrance of the cell. At energies varying between 12 and 2 mJ
per pulse, this corresponds to fluences between 96 and 16 mJ
cm22, respectively. In all experiments, the nanoparticle solu-
tions were used directly as prepared without further additions of
others species such as oxidising agents. The volume of the
aqueous solution of nanoparticles was maintained at 1.5 mL in
a quartz cell. Irradiation times were varied but the results
presented here all correspond to irradiation times of 60 minutes.
The UV–VIS absorbance of the initial orange coloured solution
of the nanoparticles consisting of a gold core with a silver outer-
shell is presented in Fig. 1. The absorbance of the core–shell
nanoparticle exhibits two surface plasmon resonances at 410
and 502 nm characteristic of this bimetallic phase system. It is
important to realise though that one cannot attribute a particular
band to the surface plasmon excitation of one single metal phase
only. Indeed, from a Mie theory calculation for such a core–
shell system, one calculates the absorption cross-section of the
core–shell particle altogether. It can however be noticed that the
absorption cross-section is always dominated by the gold core
absorption at all wavelengths.15 From the TEM measurements,
no rod shaped particles were observed and therefore the
particles are assumed spherical hereafter.

Upon 60 minutes of irradiation of the sample with 532 nm
light at a high fluence of 96 mJ cm22, the UV–VIS absorbance
spectrum is substantially modified, now presenting only one
surface plasmon excitation located at 510 nm, see Fig. 2, which

Fig. 1 UV–VIS spectra for Au 0.6 Ag 0.4 core–shell nanoparticles of
different morphologies: mixed core–shell (solid line), homogeneous
(dashed line) particles. The spectrum of pure gold is also given (dotted
line).
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is a value very close to the position of the surface plasmon band
for pure gold particles. From the TEM measurements of the
irradiated samples, it appears that particles with diameters
larger than 15 nm are not observed anymore whereas the
number of particles with a diameter between 3 and 15 nm
increased. When the solution is irradiated during an equal
amount of time with a lower fluence of 16 mJ cm22, the
absorbance spectrum is different with a single surface plasmon
band observed located at a wavelength of 455 nm, see Fig. 2.
This is the exact location of the surface plasmon band excitation
for a mixed gold–silver nanoparticle with the same mole
fraction of 0.6 for gold. Such a homogeneous particle can be
produced by the simultaneous reduction by citrate of a mixed
salt of sodium tetrachloroaurate and silver nitrate with an initial
mole fraction of gold of 0.6. From the TEM measurements, the
diameter of the particles ranged between 3 and 17 nm and no
particles with a diameter larger than 17 nm were observed.
These results at low fluence have recently been observed by
Hodak et al.16 The origin of the difference in the resulting UV–
VIS absorbance spectra after irradiation is the result of the
competition between two dominant processes: surface oxida-
tion and melting. At low fluences with an irradiation wave-
length of 532 nm, the absorption is preferentially localised into
the gold core because of the smaller absorptivity of silver
compared to the gold at this wavelength.17 The plasmon
excitation is the dominant process leading to a rapid phonon
excitation through electron–phonon coupling in less than 1 ps
and thermal relaxation within the nanosecond pulse duration by
phonon–phonon coupling. This process induces the melting of
the particle since internal temperatures reached are above the
melting temperature for gold, the bulk value of which is 1339 K.
However, this phenomenon occurs on a very short timescale
since phonon–phonon equilibration with the surrounding me-
dium is complete within 100 ps.18 The internal diffusion process
involving the mixing of the gold internal core and the outer
silver shell must then be rapid, with a timescale of the same
order of magnitude of 100 ps. It is likely that complete
homogeneity is only obtained after a number of pulses.16 In
contrast, at high fluences, the process is different leading to the
removal of the silver layer. Absorption of more than one photon
is a process known to occur.12 At high fluences with a
wavelength of 532 nm, the process of the absorption of at least

two photons, or an energy of more than 4.64 eV, a value above
that of the work function of silver equal to 4.3 eV, induces the
photooxidation of silver. The redox reaction is similar to an
electrochemical anodic dissolution of silver (E0

Ag+/Ag) concomi-
tant with the reduction of the electrolyte. The gold inner shell is
not affected by photooxidation as the work function of gold is
higher (5.2 eV). The process of evaporation of atoms of both
silver or gold is highly unlikely from a physical statistics point
of view and thus the successive absorption of photons with time
intervals greater than 100 ps cannot be regarded as a dominant
channel of relaxation. No pure silver particles were observed in
solution after irradiation as seen from the absence of any
plasmon band excitation around 400 nm. The silver cations
formed therefore by photooxidation are not reduced again in
solution to form silver nanoparticles.

The irradiation fluence was observed to change the shape as
well as the diameter of the nanoparticles. This work demon-
strates the possibility of the use of laser irradiation as a tool to
selectively change the morphology of core–shell gold–silver
nanoparticles.

This work is supported by the Swiss National Fund for
Research under the grant n° 21-55762.98. We thank Valerie
Devaud for her help , Juliette Rinuy, Dr Alastair Wark and Cyril
Cayron for the TEM measurements and Paolo Galletto and Jean
Lerme for fruitfull discussions.

Notes and references
1 M. Brust, J. Fink, D. Bethell, D. J. Schiffrin and C. Kiely, J. Chem. Soc.,

Chem. Commun., 1995, 1655.
2 H. Fujiwara, S. Yanagida and P. V. Kamat, J. Phys. Chem. B, 1999, 103,

2589.
3 J. Turkevich, P. J. Stevenson and J. Hillier, Discuss. Faraday Soc.,

1951, 11, 55.
4 J. H. Fendler, Chem. Rev., 1987, 87, 877.
5 L. Rodriguez-Sanchez, M. C. Blanco and M. A. Lopez-Quintela,

J. Phys. Chem. B, 2000, 104, 9683.
6 F. Mafune, J. Kohno, Y. Takeda, T. Kondow and H. Sawabe, J. Phys.

Chem. B, 2000, 104, 9111.
7 Y. Yu, S. Chang, C. Lee and C. R. C. Wang, J. Phys. Chem. B, 1997,

101, 6661.
8 U. Kreibig and M. Vollmer, in Optical Properties of Metal Clusters,

Springer, Berlin, 1995.
9 P. Galletto, P. F. Brevet, H. H. Girault, R. Antoine and M. Broyer,

Chem. Commun., 1999, 581.
10 T. G. Schaaf, M. N. Shafigullin, J. T. Khoury, I. Vezmar, R. L. Whetten,

W. G. Cullen and P. N. First, J. Phys. Chem. B, 1997, 101, 7885.
11 A. Takami, H. Kurita and S. Koda, J. Phys. Chem. B, 1999, 103,

1226.
12 P. V. Kamat, M. Flumiani and G. V. Hartland, J. Phys. Chem. B, 1998,

102, 3123.
13 S. Link, C. Burda, B. Nikoobakht and M. A. El-Sayed, J. Phys. Chem.

B, 2000, 104, 6152.
14 R. G. Freeman, M. B. Hommer, K. C. Grabar, M. A. Jackson and M. J.

Natan, J. Phys. Chem., 1996, 100, 718.
15 C. F. Bohren and D. R. Huffman, in Absorption and Scattering of Light

by Small Particles, Wiley, New York, 1983.
16 J. H. Hodak, A. Henglein, M. Giersieg and G. V. Hartland, J. Phys.

Chem., 2000, 104, 11 708.
17 A. M. Prokhorov, V. I. Konov, I. Ursu and I. N. Mihailescu, Laser

Heating of Metals, Adam Hilger, 1990.
18 T. S. Ahmadi, S. L. Logunov and M. A. El-Sayed, J. Phys. Chem., 1996,

100, 8053.

Fig. 2 Absorption spectra of Ag coated Au nanoparticles after irradiation
with different fluences for 60 min: no irradiation (solid line), irradiation at
low fluence (dotted line) and at high fluence (dashed line).

830 Chem. Commun., 2001, 829–830



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Solid-phase tandem radical addition–cyclisation reaction of oxime
ethers

Hideto Miyabe, Kayoko Fujii, Hirotaka Tanaka and Takeaki Naito*

Kobe Pharmaceutical University, Motoyamakita, Higashinada, Kobe 658-8558, Japan.
E-mail: taknaito@kobepharma-u.ac.jp

Received (in Cambridge, UK) 31st January 2001, Accepted 20th March 2001
First published as an Advance Article on the web 10th April 2001

The solid-phase tandem C–C bond-forming reactions of
oxime ethers connected with a,b-unsaturated carbonyl
groups proceeded effectively under iodine atom-transfer
reaction conditions to give the azacycles or chiral oxacycles
after cleavage of the resin.

Solid-phase radical reactions have been developed for an
important carbon–carbon bond-forming method on solid sup-
port under mild reaction conditions.1 We have recently
demonstrated that triethylborane as a radical initiator has the
potential to induce intermolecular and intramolecular radical
reactions on solid support.2 Moreover, the employment of
triethylborane and its related radical initiator such as diethylzinc
at low reaction temperature would facilitate the control of
stereochemistry in solid-phase reactions.3 Within our program
directed towards solid-phase radical reactions, the development
of solid-phase multi carbon–carbon bond-forming reactions and
their stereocontrol is the new focus of our efforts. We now
report the tandem radical addition–cyclisation reaction of oxime
ethers anchored to a polymer support.

In our studies on the radical reaction of various oxime ethers
in solution,4 we have recently succeeded in the solution-phase
tandem radical addition–cyclisation reaction of substrates
having two different radical acceptors such as acrylate and
aldoxime ether moieties.5 On the basis of the results in the
solution-phase reactions, we first examined the simple solid-
phase tandem radical addition–cyclisation reaction of aldoxime
ether 3 connected with the a,b-unsaturated carbonyl group.

Preparation of 3 anchored to a polymer support is shown in
Scheme 1. Treatment of a-chloroacetaldoxime ether 1 with
2-aminoethanol followed by acylation with acryloyl chloride
gave oxime ether 2. To enhance the reactivity of resin-bound
substrate, we introduced a temporary spacer by the reaction of
2 with glutaric anhydride. The oxime ether having the spacer
moiety was attached to Wang resin by treatment with DCC in
the presence of DMAP to give 3. The loading level of Wang
resin-bound oxime ether 3 was determined to be 0.81 mmol g21

through quantification of nitrogen by elemental analysis.
To a flask containing aldoxime ether 3 and PriI (30 equiv.) in

toluene a commercially available 1.0 M solution of triethylbor-
ane in hexane was added three times (3 equiv. 3 3) as a radical
initiator at 100 °C (Scheme 1). The reaction mixture was stirred
at 100 °C for 2 h, then the resin was filtered and successively
washed with CH2Cl2, AcOEt, and MeOH. The cleavage of the
resin by treatment with NaOMe gave the desired azacyclic
product 5a in 69% isolated yield. However, the radical
cyclisation of oxime ether 3 at 25 °C did not proceed.2b Good
chemical yields were also observed in the radical reaction using
different radical precursors such as cyclohexyl, cyclopentyl,
and sec-butyl iodides under the iodine atom-transfer reaction
conditions. Moreover, it is noteworthy that this iodine atom-
transfer radical reaction has a practical advantage over the
reaction using toxic tin reagent. A remarkable feature of these
reactions is the construction of two carbon–carbon bonds on
solid support under mild reaction conditions without strictly
anhydrous solvents and reagents. In this reaction, triethylborane
would act as a reagent for trapping the intermediate aminyl

radicals to regenerate an ethyl radical; therefore, more than a
stoichiometric amount of triethylborane would be required
(Scheme 2).

Stereocontrol in solid-phase radical reactions has been of
great importance in SPOS (solid-phase organic synthesis).
Based on the above results, we next examined the control of
stereochemistry in the solid-phase tandem radical addition–
cyclisation reaction. Preparation of 10 anchored to a polymer
support is shown in Scheme 3. Monoacetylation of p-xylene
glycol, mesylation of monool with mesyl chloride in the

Scheme 1 Reagents and conditions: i, 2-Aminoethanol, 20 °C, 88%; ii,
CH2NCHCOCl, Na2CO3, acetone, H2O, 0 °C, 87%; iii, Glutaric anhydride,
Py, 80 °C, 93%; iv, Wang resin, DCC, DMAP, CH2Cl2, 20 °C; v, RI, Et3B
in hexane, toluene, 100 °C; vi, NaOMe, MeOH, THF, H2O, 20 °C.

Scheme 2
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presence of triethylamine, and then treatment of the resulting
mesylate with N-hydroxyphthalimide in one-pot afforded the
imide 6 in 71% yield (Scheme 3). Treatment of 6 with hydrazine
monohydrate and subsequent condensation of the resulting
alkoxyamine with 2,3-isopropylidene-D-glyceraldehyde gave
the chiral oxime ether 7, which was easily converted to the
secondary alcohol 8. The reaction of 8 with acryloyl chloride
followed by treatment with pyridinium toluene-p-sulfonate in
MeOH gave deprotected benzyl alcohol, which was then treated

with glutaric anhydride to give carboxylic acid 9 (Scheme 3).
The carboxylic acid 9 was attached to Wang resin by treatment
with DCC in the presence of DMAP in CH2Cl2 at 20 °C for 12 h
to give the resin-bound oxime ether 10.

The reaction of 10 with an ethyl radical proceeded effectively
by treatment with triethylborane to give the chiral oxacycles 11c
in 92% yield after cleavage of the resin, which was carried out
under acidic reaction conditions due to the base-sensitivity of
11c (Scheme 3). However, the reactivity of chiral oxime ether
10 towards other alkyl radicals was quite different from that of
oxime ether 3. The treatment of 10 with PriI (24 equiv. 3 3) and
triethylborane (6 equiv. 3 3) in toluene at 100 °C gave a large
amount of the ethylated product 11c and a small amount of the
isopropylated product 11a after cleavage of the resin. This result
suggests that, in this reaction, the addition of ethyl radical,
generated from triethylborane, competes with the iodine atom-
transfer process because triethylborane, having Lewis acidic
character, probably coordinates the substrate on the polymer-
support and is concentrated on the surface of the resin. A similar
trend has been observed in our previous studies.3 Selective
formation of the desired isopropylated product 11a was
observed in the reaction of 10 (50 mg) using triethylborane (5.9
equiv. 3 3) in PriI–toluene (4+1, v/v, 5 mL) at 100 °C. Based on
1H-NMR analysis, a 8+1 diastereomeric mixture of the
isopropylated oxacyclic product 11a was obtained in 54%
isolated yield. Additionally, in the solid-phase reactions, the
often tedious workup to remove excess reagents from the
reaction mixture was eliminated simply by washing the resin
with solvents. The addition of a bulky cyclohexyl radical
proceeded in slightly low chemical efficiency under the same
reaction conditions to give the alkylated product 11b but with a
similar diastereoselectivity.

In conclusion, we have demonstrated that tandem radical
reactions are an excellent method for the stereoselective
construction of multi carbon–carbon bonds on solid support.

This work was supported by research grants from the
Ministry of Education, Science, Sports and Culture of Japan and
the Science Research Promotion Fund of the Japan Private
School Promotion Foundation. H. M. gratefully acknowledges
financial support from the Takeda Science Foundation and the
Fujisawa Foundation, Japan. This investigation was supported
in part by the Memorial Foundation for Medical and Pharma-
ceutical Research.
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In the Baylis-Hillman reaction of arylaldehydes with methyl
vinyl ketone, we found that, besides the normal Baylis-
Hillman reaction product 1, the diadduct 2 can also be
formed at the same time and the yield of 2 can reach 55% by
increasing the amount of methyl vinyl ketone; but for
acrylonitrile and methyl acrylate, only the normal Baylis-
Hillman adduct was obtained; the substituent’s effects were
also examined and a plausible reaction mechanism was
proposed for the formation of 2.

The Baylis-Hillman reaction has progressed,1 and now includes
a catalytic asymmetric version,2 since Baylis and Hillman first
reported the reaction of acetaldehyde with ethyl acrylate and
acrylonitrile in the presence of catalytic amounts of 1,4-diazabi-
cyclo[2,2,2]octane (DABCO) in 1972.3 However, during our
own investigation on this simple and useful reaction,4 we found
that, in the reaction of arylaldehydes with methyl vinyl ketone
(MVK) catalyzed by DABCO, the reaction products are not as
simple as those reported before. For example, using p-
nitrobenzaldehyde (1.0 eq.) and MVK (2.0 eq.) as substrates in
the presence of catalytic amounts of DABCO (0.1 eq.) in
DMSO or DMF, we found that, besides the normal Baylis-
Hillman reaction product 1a compound 2a was also formed at
the same time as a syn and anti mixture (2+3)5 (Scheme 1, Table
1, entries 1–3). If using p-dimethylaminopyridine (DMAP) as a
Lewis base in DMSO or DMF, 1a was exclusively obtained in

high yields under the same reaction conditions (Scheme 1,
Table 1, entries 4–5). However, in CH2Cl2 using DMAP as a
Lewis base, 1a and 2a were formed along with 3a, a Michael
addition product of 1a with MVK (Scheme 2).6 At present, we
do not understand why 3a should be formed in CH2Cl2.
Increasing the amount of MVK in the reaction system raised the
yield of 2a. Using 4.0 or 8.0 eq. of MVK, the yield of 2a reached
53 and 55%, respectively (Table 1, entries 6 and 7). The reaction
temperature slightly affected the yield of 2a (Table 1, entries 8
and 9). At higher temperature, the dimer of MVK was formed as
well.7 The formation of 2a indicates that another important
reaction process can operate in the traditional Bayliss-Hillman
reaction.

For m-nitrobenzaldehyde, p-bromo or p-chlorobenzaldehyde
and trans-cinnamaldehyde similar results were obtained
(Scheme 3, Table 2, entries 3, 9, 11, 16). Using DMAP as a
Lewis base, 1 was exclusively formed (Scheme 3, Table 2,
entries 4, 10, 12, 17). For benzaldehyde or aliphatic aldehyde,
only the corresponding normal Baylis-Hillman adducts 1 were
formed under the same reaction conditions (Scheme 3, Table 2,

Scheme 1

Table 1 Baylis-Hillman reactions of aldehydes (1.0 eq.) with methyl vinyl ketone (2.0 eq.) in the presence of Lewis base (0.1 eq.)

Yield (%)a

Entry R Lewis base Solvent Temp./°C Time/h 1a 2ae

1 p-NO2Ph DABCO DMSO 20 40 60 20
2 p-NO2Ph DABCO DMF 20 40 63 23
3 p-NO2Ph DABCO CH2Cl2 20 40 61 34
4 p-NO2Ph DMAP DMSO 20 40 85 0
5 p-NO2Ph DMAP DMF 20 40 83 0
6 p-NO2Ph DABCO DMFb 20 60 41 53
7 p-NO2Ph DABCO DMFc 20 60 41 55
8 p-NO2Ph DABCO DMFb 230 60 54 40
9d p-NO2Ph DABCO DMFb 70 60 37 56

a Isolated yields. b Mole ratio of aldehyde+MVK = 1+4. c Mole ratio of aldehyde+MVK = 1+8. d Dimer of MVK was formed. e syn+anti = 2+3.

Scheme 2

Scheme 3
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entries 13, 18) and for p-ethylbenzaldehyde, no reaction
occurred at all (Scheme 3, Table 2, entry 15). But surprisingly
we found that, for o-nitrobenzaldehyde, the Baylis-Hillman
adduct 1 was produced as the single product (Table 2, entries
4–6). This result suggested that the o-nitro group on the phenyl
ring could block out the further reaction of 1 with MVK.

In the traditional Baylis-Hillman reaction for simple methyl
vinyl ketone (MVK), this phenomenon has never been reported
before. Only in the reaction of dicarbonyl compounds with
acrylonitrile in the presence of DABCO, the diadduct, which
was thought to be derived either from reaction of acrylonitrile
dimer with starting material or from the conjugated addition of
the anion derived from a second molecule of acrylonitrile to the
Baylis-Hillman adduct, was obtained as a minor product.8 In
order to clarify the mechanism for the formation of 2a, we
carried out the reactions of 1a (1.0 eq.) with MVK (2.0–8.0 eq.)
and p-nitrobenzaldehyde (1.0 eq.) with MVK dimer (1.0 eq.) in
the presence of catalytic amounts of DABCO (0.1 eq.),
respectively (Scheme 4). We found that 2a was indeed formed

from the reaction of 1a with methyl vinyl ketone (MVK) in the
presence of catalytic amounts of DABCO (0.1 eq.) as a syn and
anti mixture (2+3), but that no reactions occurred between p-
nitrobenzaldehyde and MVK dimer under the same reaction
conditions (Scheme 4). The yield of 2a can reach 41 or 48% if
using 4.0 or 8.0 eq. of MVK, respectively. Thus, we can
conclude that two reactions occur for the traditional Baylis-
Hillman reaction of aryaldehydes with MVK. One is the normal
Baylis-Hillman reaction which is the 1,2-addition of the anion
derived from MVK to p-nitrobenzaldehyde. The other is the
conjugated addition (Michael addition) of the anion derived
from a second molecule of MVK to 1.

In conclusion, we found that in the Baylis-Hillman reaction
of arylaldehydes with methyl vinyl ketone, besides the normal
Baylis-Hillman adduct 1, diadduct 2 was also formed and was

confirmed to be derived from the further reaction of 1 with
MVK via a conjugated addition reaction. Efforts are underway
to elucidate the mechanistic details of this reaction and to
disclose the scope and limitations of this reaction. Work along
this line is currently in progress.

We thank the State Key Project of Basic Research (Project
973) (No. G2000048007) and the National Natural Science
Foundation of China for financial support. We also thank the
Inoue Photochirogenesis Project (ERATO, JST) for chemical
reagents.
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JHaHb = 2.8 Hz). The spectral data of 1a: mp 76–77 °C; IR (KBr) n 1658
cm21 (CNO); 1H NMR (CDCl3, 300 MHz, TMS) d 2.37 (3H, s, Me), 3.34
(1H, d, J = 5.3 Hz, OH), 5.69 (1H d, J = 5.3 Hz), 6.04 (1H, s), 6.28 (1H,
s), 7.56 (2H, d, J 8.6 Hz, Ar), 8.25 (2H, d, J 8.6 Hz, Ar); MS (EI) m/z 220
(M+ 2 1, 20.9), 204 (M+ 2 17, 100), 174 (M+ 2 47, 88.1). The spectral
data of anti-2a: a colorless oil; IR (KBr) n 1709 and 1676 cm21 (CNO);
1H NMR (CDCl3, 300 MHz, TMS) d 2.07 (3H, s, Me), 2.37 (3H, s, Me),
2.52 (1H, dd, J = 13.8, 5.2 Hz, CH), 2.60 (1H, dd, J = 13.8, 7.9 Hz, CH),
3.15–3.25 (1H, m, CH), 3.76 (1H, d, J = 7.4 Hz, OH), 4.80 (1H, t, J =
6.3 Hz, CH), 5.92 (1H, s), 6.12 (1H, s), 7.55 (2H, d, J = 9.4 Hz, Ar), 8.22
(2H, d, J = 9.4 Hz, Ar); MS (EI) m/z 274 (M+ 2 18, 13.2), 232 (M+ 2

59, 24.5), 97 (M+ 2 194, 44), 43 (M+ 2 248, 100). The spectral data of
syn-2a: a colorless oil; IR (KBr) n 1709 and 1676 cm21 (CNO); 1H NMR
(CDCl3, 300 MHz, TMS) d 2.04 (3H, s, Me), 2.25 (3H, s, Me) 2.52 (1H,
dd, J = 13.8, 5.2 Hz, CH) 2.60 (1H, dd, J = 13.8, 7.9 Hz, CH), 3.15–3.25
(1H, m, CH), 3.67 (1H, d, J = 2.8 Hz, OH), 5.0 (1H, t, J = 2.8 Hz, CH),
5.73 (1H, s), 5.97 (1H, s), 7.53 (2H, d, J = 9.4 Hz, Ar), 8.20 (2H, d, J =
9.4 Hz, Ar); MS (EI) m/z 274 (M+ 2 18, 13.2), 232 (M+ 2 59, 24.5), 97
(M+ 2 194, 44), 43 (M+ 2 248, 100).

6 The spectral data of 3a: a colorless oil; IR (KBr) n 1712 and 1675 cm21

(CNO); 1H NMR (CDCl3, 300 MHz, TMS) d 2.15 (3H, s, Me), 2.78 (3H,
s, Me), 2.69 (2H, t, J = 7.2 Hz, CH2), 3.50–3.62 (1H, m, CH), 3.62–3.74
(1H, m, H), 5.4 (1H, s), 6.23 (1H, s), 7.53 (2H, d, J = 9.4 Hz, Ar), 8.20
(2H, d, J = 9.4 Hz, Ar); MS (EI) m/z 291 (M+, 3.2), 274 (M+2 18, 10.5),
72 (M + 2 219, 24.2), 43 (M+ 2 248, 100).

7 Dimer could be obtained from methyl vinyl ketone in the presence of
DABCO. The 1H NMR data of dimer: IR (KBr) n 1714 and 1676 cm21

(CNO); 1H NMR (CDCl3, 300 MHz) d 2.07 (3H, s, Me), 2.29 (3H, s, Me),
2.40–2.54 (4H, m, CH2), 5.80 (1H, s, CH), 6.0 (1H, s, CH); MS (EI) m/z
141 (MH+, 0.84), 125 (M+ 2 15, 60), 97 (M+ 2 43, 100), 43 (M+ 2 97,
100).

8 G. M. Strunz, R. Bethell, G. Sampson and P. White, Can. J. Chem., 1995,
73, 1666.

Table 2 Baylis-Hillman reactions of aldehydes (1.0 eq.) with methyl vinyl
ketone (2.0 eq.) in the presence of Lewis base (0.1 eq.)

Yield (%)a

Entry R Lewis base Solvent Time 1 2d

1 m-NO2Ph DABCO DMSO 20 50 27
2 m-NO2Ph DABCO DMF 20 50 27
3 m-NO2Ph DABCO DMFb 20 50 41
4 m-NO2Ph DMAP DMF 20 87 0
5 o-NO2Ph DABCO DMF 50 83 0
6 o-NO2Ph DMAP DMF 20 83 0
7 o-NO2Ph DMAP CH2Cl2 40 81 0
8 p-BrPh DABCO DMF 140 57 25
9 p-BrPh DABCO DMFb 80 51 36

10 p-BrPh DMAP DMF 120 88 0
11 p-ClPh DABCO DMFb 160 62 33
12 p-ClPh DMAP DMF 60 67 0
13 Ph DABCO DMF 90 73 0
14 Ph DMAP DMF 130 54 0
15 p-EtPh DMAP DMF 7d 0 0
16 PhCHNCH DABCO DMFb 60 57 24
17 PhCHNCH DMAP DMFb 49 60 0
18c CH3(CH2)3 DABCO DMFb 49 15 0
a Isolated yields. b Mole ratio of aldehyde+MVK = 1+4. c Dimer of MVK
was formed. d syn+anti = 2+3.

Scheme 4
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Eiman H. Al-Mutairi,a Stuart R. Crosby,a Julia Darzi,a John R. Harding,b Rachael A. Hughes,a
Clare D. King,b Thomas J. Simpson,a Robert W. Smitha and Christine L. Willis*a

a School of Chemistry, University of Bristol, Cantock’s Close, Bristol, UK BS8 1TS.
E-mail: chris.willis@bristol.ac.uk

b AstraZeneca UK Ltd, Mereside, Alderley Park, Macclesfield, UK SK10 4TG

Received (in Cambridge, UK) 13th February 2001, Accepted 12th March 2001
First published as an Advance Article on the web 11th April 2001

Cyclisation of homoallylic acetals under acidic conditions
leads to the formation of 2,4,5-trisubstituted tetrahydropyr-
ans with the creation of two new asymmetric centres with
excellent stereocontrol. By varying the acid and the nucleo-
phile, the reaction may be adapted for the preparation of
2,4,5-trisubstituted tetrahydropyrans with either a halide,
alcohol, acetate or amide at C-4.

Substituted tetrahydropyrans are common features of many
natural products and biologically active compounds and many
strategies for their synthesis have been reported. One valuable
approach to the preparation of tetrahydropyrans is a Prins type
cyclisation in which treatment of a homoallylic acetal (or a
mixture of a homoallylic alcohol and carbonyl compound) with
acid leads to formation of an oxocarbenium cation intermediate
which undergoes an intramolecular reaction with the alkene.1
Upon cyclisation, the fate of the resulting carbocation inter-
mediate is dependent upon the reaction conditions and sub-
strates employed. Thus, Thompson and coworkers have shown
that acetals derived from (E)- or (Z)-hex-3-en-1-ol cyclised in
the presence of titanium tetrabromide or tetrachloride to give
the trans- or cis-3-ethyl-4-halotetrahydropyrans respectively
with good stereocontrol.2 Prins type cyclisations have been
widely used for the synthesis of 2,4,6-trisubstituted tetra-
hydropyrans3 but examples of their use in the preparation of
tetrahydropyrans with other substitution patterns has been
rather more limited.4 In this paper we describe a direct method
for the preparation of 2,4,5-trisubstituted tetrahydropyrans from
homoallylic acetals5 which enables the creation of two
asymmetric centres with excellent stereocontrol and in which a
variety of functional groups may be introduced at C-4.

The substrate used for our initial cyclisation studies was the
homoallylic acetal 2 which was readily prepared in 4 steps from
ethyl 3-hydroxybutanoate 1 (readily available in both enantio-
meric forms) by MEM (methoxyethoxymethyl) protection of
the alcohol, DIBAL-H reduction to the aldehyde followed by
Horner Wadsworth Emmons chain extension with triethyl
phosphonoacetate and finally a further DIBAL-H reduction of
the resultant (E)-a,b-unsaturated ester. In the first cyclisation
study, homoallylic acetal 2 was treated with titanium tetrachlo-
ride in CH2Cl2 giving the 2,5-disubstituted 4-chlorotetrahy-
dropyran 3 in 63% yield (Scheme 1). From the 1H and 13C-
NMR spectra and NOE studies it was apparent that a single
product had been isolated in which all three substituents were in
an equatorial position.6 When the primary alcohol of 2 was
protected as the TBDPS ether 4, the TiCl4 mediated reaction
gave an improved 74% yield of the cyclic product 5 again as a
single diastereomer. By using other Lewis acids, further halides
could be introduced at C-4 of the tetrahydropyran. Thus,
treatment of 4 with titanium tetrabromide gave the 4-bromo
derivative 6 in 85% yield and reaction of 2 with BF3·Et2O in
CH2Cl2 gave a 55% yield of the 2,5-disubstituted 4-fluoro-
tetrahydropyran 7.

The synthetic utility of these cyclisations would be greatly
extended if functional groups other than a halide could be
introduced at C-4. Several methods have been reported for the
introduction of oxygenated substituents at C-4 in Prins type

cyclisations with varying success. These include the use of
mercuric triflate,7 scandium triflate,8 BF3·Et2O–AcOH,3e,9 and
TFAA–AcOH.3f We investigated a range of methods to cyclise
homoallylic acetal 2 with the introduction of an oxygen
nucleophile into C-4 of a tetrahydropyran. One of the more
efficient procedures proved to be treatment of 2 with BF3·Et2O
in the presence of AcOH as the nucleophile and TMSOAc to act
as a fluoride trap to prevent competing formation of the 4-fluoro
derivative 7. Under these conditions, acetate 8 was obtained in
53% yield. Alternatively, treatment of 2 with anhydrous
trifluoroacetic acid gave diol 9 in 72% yield after hydrolysis of
the resultant 4-trifluoroacetate with potassium carbonate in
MeOH, (Scheme 2). Again these reactions proceeded with good
stereocontrol and only the all equatorial diastereomer was
isolated.

To further examine the use of TFA for the cyclisation of
homoallylic acetals to give 2,4,5-trisubstituted tetrahydropyr-
ans, a series of substrates with a cis double bond and a SEM,
MEM or MOM group were prepared from pent-4-yn-2-ol 10
(Scheme 3). The hydroxy group of 10 was converted to the
acetal prior to reaction of the alkyne with butyllithium,
BF3·Et2O and propylene oxide giving a mixture of diaster-
eomeric alcohols 11. Catalytic hydrogenation of 11 in the
presence of Lindlar’s catalyst gave the (Z)-alkenols 12 and then
oxidation under Swern conditions gave the three required
homoallylic acetals 13. Treatment of the SEM acetal 13 with
aqueous TFAA gave three products in which the tetra-
hydropyran 14 was formed in only 18% yield. The major
products were the diastereomeric tetrahydrofurans 15 and 16
formed via rearrangement of the double bond into conjugation,
hydrolysis of the acetal and an intramolecular conjugate
addition to the resultant enone.

However, treatment of each of the acetals 13 with anhydrous
TFA in dichloromethane gave, after hydrolysis of the initially
formed trifluoroacetate, the 2,5-disubstituted-4-hydroxytetra-

Scheme 1

Scheme 2
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hydropyran 14 in 50–60% yield with all three substituents again
in an equatorial position. Interestingly the stereochemical
outcome of this reaction differs from that reported for the
cyclisation of MEM protected (Z)-hex-3-en-1-ol with TiCl4 in
which a cis relationship of the vicinal halide and alkyl group
predominated.2 In addition, Rychnovsky and co-workers have
shown that although the TiCl4 mediated cyclisation of an (E)-
unsaturated homoallylic acetal gives an all equatorial 2,5,6-tri-
substituted 4-chlorotetrahydropyran, the reaction on the analo-
gous (Z)-isomer leads to a mixture of diastereomers in which the
4-chloro-5-alkyl substituents are cis in the major isomer.9 Thus
the MEM acetal 13 was cyclised using TiCl4 and the product 17
was obtained in 92% yield again with all the substituents
equatorial.

To the best of our knowledge Prins type cyclisations of
homoallylic acetals to tetrahydropyrans have never been
conducted in the presence of nitrogen nucleophiles although
products from such reactions would be of great general value in
synthesis. It would be expected that the acidic reaction
conditions required for formation of the oxocarbenium cation
would not be compatible with the use of amines as nucleophiles.
Indeed we found this to be the case. However, on treatment of
homoallylic acetal 4 with triflic acid in acetonitrile the 4-amido
derivative 18 was obtained in excellent yield (Scheme 4).

In conclusion, Prins type cyclisation of homoallylic acetals
provides a versatile approach to the synthesis of 2,4,5-trisub-
stituted tetrahydropyrans. Our initial investigations indicate that
excellent stereocontrol may be achieved with both cis and trans
alkenes giving the all equatorial product and this merits further
investigation. By varying the acid and nucleophile a halide
(bromide, chloride or fluoride), oxygenated group (hydroxy,
ether or ester) or a nitrogen containing substituent may be
introduced at C-4 of the tetrahydropyran.

We are grateful to the following for funding: AstraZeneca
and the EPSRC (R. A. H.), Glaxo Wellcome (R. W. S.) and the
BBSRC (S. C.).
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The solid phase synthesis of tetrabutylammonium oxo-
(mercaptoacetylglycylglycylglycine) rhenate(V) has been
achieved by utilising ReOCl3(PPh3)2 as a stable source of
Re(V) and provides a synthesis of bi-functional chelates for
use in nuclear medicine.

Over the last 10 years, there has been tremendous progress in
transferring solution-phase expertise into solid-phase organic
synthesis (SPOS). Here, we wish to report the solid-phase
synthesis of oxo(mercaptoacetylglycylglycylglycine)rhenate(V)
(ReOMAG3)1 an analogue of (99mTcOMAG3) the widely used
renal imaging agent. The advantages of a solid phase approach
in this area being the relative ease of synthesis, the ability to
directly load the resin with the metal agent of choice, and the
prospect of making bead based libraries that can be readily
screened using radioactivity to pinpoint the desired ligand. The
physical properties of 186Re (1.07 MeV beta max, 3.7 d half life,
137 keV gamma photons (9%) and 188Re (2.12 MeV beta max,
0.9 d half life, 155 KeV gamma photons (15%)) have prompted
nuclear medicine chemists to use 186/188Re-labelled bio-

molecules2 as therapeutic tools in the treatment of cancers.
Another important driving force is that Re chemistry can
provide a non-radioactive alternative to 99mTc, the most widely
used radionuclide in diagnostic nuclear medicine, when study-
ing the coordination chemistry of Tc.3 This is due to the
lanthanide contraction such that Re and Tc have very similar
physical characteristics, although rhenium complexes are
harder to reduce and kinetically more inert than those of
technetium. In the indirect labelling method, a bifunctional
chelate is first metallated and then conjugated to a monoclonal
antibody capable of targeting a specific tumour-associated
antigen. ReOMAG3 has been the choice of preformed chelate
by a number of groups.

4-Hydroxymethylphenoxyacetic acid (HMPA) (Scheme 1)
was anchored onto TentaGel-S-NH2 (130 mm, 0.29 mmol g21,
Rapp Polymere) using equimolar amounts of HOBt and DIC.4
The first Fmoc-Gly residue was attached using a similar
procedure but with a catalytic amount of DMAP. Following
standard Fmoc chemistry, Fmoc-triglycine (1) was synthesised
on the solid support. After thoroughly drying the resin was
deprotected and subjected to a quantitative ninhydrin test to
give a loading of 0.17 mmol g21 (theoretical loading 0.25
mmol g21). After Fmoc deprotection of 1, tritylmercaptoacetic
acid5 was coupled to the resin using HOBt and DIC as coupling
reagents. The free thiol group was obtained by treating the resin
eight times with 2% TFA, 2% TIPS in DCM for 15 min each
time. Shorter reaction times were not successful. The resin was
then treated with ReOCl3(PPh3)2

6 as the most efficient source of
Re(V). Optimal conditions were a 1+2 molar ratio of Re-
OCl3(PPh3)2

6 with DBU in DMF for 18 h. The use of higher
molar ratios or higher temperatures gave worse results. After

Scheme 1 Solid-phase synthesis of ReOMAG3 (3). (i) 4-Hydroxy-
methylphenoxyacetic acid, DIC, HOBt, CH2Cl2–DMF (4+1), overnight; (ii)
(a) 20% piperidine, DMF, (b) Trt-S-CH2CO2H, DIC, HOBt, CH2Cl2:DMF
(4+1), 4 h; (iii) 2% TFA, 2% TIPS; (iv) ReOCl3(PPh3)2, DBU, DMF, 18 h;
(v) 60% TFA, 5% H2O in CH2Cl2, 4 h; (vi) Bu4NCl, H2O–CH2Cl2.

Fig. 1 MS and HPLC analysis of the solid-phase synthesis of
ReOMAG3.
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TFA cleavage and counter ion exchange chromatography,
[Bu4N][ReO(MAG3)]  (3·NBu4) was obtained7 in 91% purity
(following RP-HPLC),8 (Fig. 1). This compound showed
identical RP-HPLC retention time, ESMS and IR to a sample
prepared in solution following the procedure of Fritzberg et al.9
The same series of reactions was also carried out successfully
on aminomethylpolystyrene resin (1% DVB, 1.24 mmol g21).

To demonstrate the use of resin linked chelates for the
screening of resin based libraries of MAG3 derivatives, a solid
phase labelling experiment using MAG3 as a ligand for 99mTc
was carried-out. In this fashion, Trt-SMAG3 immobilized onto
TentaGel-S-NH2 via the HMPA linker was first submitted to
trityl deprotection conditions as above and then to 99mTcO4

22,
sodium gluconate and SnCl2 in saline. After thorough washing
of the resin, 45% of the radioactivity was retained. This resin
was then swollen in water and carefully plated in a 1% agarose
solution poured over a glass surface. Using automatic auto-
radiography or a Storm Phosphoimager it was possible to
localize areas in the gel containing radioactive beads (Fig. 2).

A similar experiment where the thiol deprotection step was
intentionally omitted resulted in no 99mTc complexation, as
indicated by the absence of activity in the washed resin. Other
controls such as acetylated TentaGel-S-NH2 submitted to direct
labelling conditions (99mTcO4 in saline) or to ligand exchange
labelling conditions (99mTcO4, sodium gluconate and SnCl2 in

saline) showed no technetium complexation by the polymeric
support.

In conclusion the synthesis of tetrabutylammonium oxo-
(mercaptoacetylglycylglycylglycine)rhenate(V) has been
achieved in high purity by using a preformed Re(V) complex as
the source of Re(V). This opens the possibility of screening
libraries of ligands for Re affinity and therefore new ligands for
binding Tc for medicinal imaging applications.
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Fig. 2 Phosphoimager scan of resin-bound 99mTcOMAG3.
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Vinylselenonium ylide, which was generated from (Z)-
vinylselenonium salt with a base such as sodium or
potassium hydride, reacted with aromatic aldehydes to
produce the a,b-unsaturated ketones, which were obtained
in better yields from the aldehydes with an electron-
withdrawing group than from those with an electron-
donating group.

Generally, vinylonium salts, for example vinylphosphonium,1
sulfonium,2 and selenonium3 salts, are utilized as Michael
acceptors against nucleophiles to produce saturated alkyl ylides,
which are among the most important synthons of the C–C bond
forming reaction. If the a-hydrogen of a vinylonium salt is
abstracted by a base, a vinyl onium ylide is formed. There have
been few reports about the reactivity of vinylphosphonium
ylide, which reacts with carbonyl compounds to afford allene
derivatives through the Wittig olefination.4 However, reports on
the reaction of other vinylonium ylides with carbonyl com-
pounds have been lacking.

In the course of our studies on alkenylselenonium salts,5 we
have focused on the reactivity of vinylselenonium ylides with
great interest. To our astonishment, the reactions of vinylsele-
nonium ylides with aromatic aldehydes did not bring about the
Wittig type reaction but caused an acylation reaction of a vinyl
group. Although there have been a few reports on the efficient
acylation of the vinyl group using aldehyde via alkoxy-
vanadium6 or alkoxyzirconocene intermediates,7 our reaction is
quite different from these reactions which use an organometallic
reagent. This transformation is a novel and original reaction,
and would attract the interest of many chemists in the
unprecedented behavior of vinyl ylides. We report herein the
first example of acylation reactions of vinylselenonium ylides
with aldehydes affording trans-chalcone derivatives efficiently
via umpolung of a carbonyl group like the Lapworth con-
densation.8

Firstly, vinylselenonium salts bearing an a-hydrogen were
prepared from the reactions of vinylsilanes with diphenyl
selenoxide and Lewis acid in CH2Cl2 at rt by reference to the
procedure for alkynylselenonium salts (Scheme 1).9† (E)-
Trimethylstyrylsilanes 1a and 1b reacted cleanly in the presence
of trifluoromethanesulfonic anhydride for 4 and 2 h to afford the
vinylselenonium triflates 2a and 2b in 87% and 59% yield,
respectively, with retention of configuration. The (Z) ster-
eochemistry of 2b was established by observation of the NOE
enhancement (10%) between the a-vinylic proton and ortho-
protons of the Z-aryl group.

Next, we investigated the reactions of vinylselenonium ylides
with aldehydes (Scheme 2). The ylides were generated by the

reaction of vinylselenonium salts 2 with sodium hydride. The
reaction of vinylselenonium salt 2a (1 equiv.) with p-
nitrobenzaldehyde (1 equiv.) in the presence of 1.3 equiv. of
sodium hydride at 0 °C for 3 h in THF gave p-nitrophenyl styryl
ketone 3a in 65% yield but did not proceed at 278 °C. Since p-
chlorobenzaldehyde gave p-chlorophenyl styryl ketone 3b
(11%) with recovery of the aldehyde (30%), 2 equiv. of sodium
hydride were used and the yield of 3b was improved up to 58%.
However, the reactions with benzaldehyde or p-tolualdehyde
gave complex mixtures including unreacted aldehyde, and a,b-
unsaturated ketones were not isolated. To confirm the formation
of the vinylselenonium ylide, vinylselenonium salt 2b was
stirred with 1 equiv. of sodium hydride in THF at 0 °C for 3 h
without the aldehyde, followed by treatment with D2O to afford
a mixture of 2b and 2bA (2b+2bA = 9+16) in 40% yield. The
mixture of 2b and 2bA was treated with sodium hydride in the
presence of p-nitrobenzaldehyde under the same conditions as
for the reaction of 2a with p-nitrobenzaldehyde to give the
compound 3c, which contained no deuterium, in 49% yield
(Scheme 3). This finding indicated that the above reactions
proceeded via a vinylselenonium ylide. On the other hand, the
reaction of vinylselenonium salt 2b and benz(aldehyde-d) with
sodium hydride in DMF at 0 °C for 4 h was conducted to trace
the hydrogen atom of an aldehyde. 3-(4-Fluorophenyl)-1-phe-
nylpropenone 3d obtained in 14% yield did not contain any
deuterium.

On the basis of these results, we propose a plausible
mechanism for the reactions of vinylselenonium salts with
aldehydes (Scheme 4). Vinylselenonium ylide 4 is formed from
the reaction of vinylselenonium salt 2 with sodium hydride
followed by reaction with an aldehyde to produce betaine 5.
Deprotonation from the betaine 5 by a base gives rise to the b-
elimination to generate allenoate ion 6, which isomerizes to the
a,b-unsaturated carbonyl compound 3.Scheme 1

Scheme 2

Scheme 3
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Next, potassium hydride, as a stronger base than sodium
hydride, was adopted in this reaction to improve the yield of
compound 3 (Table 1).‡ The reaction of p-nitrobenzaldehyde
with 2 equiv. of vinylselenonium salt 2a in the presence of 3
equiv. of potassium hydride in THF at 0 °C for 0.5 h afforded
the chalcone derivative 3a in excellent yield (entry 1). The
reactions of p-halobenzaldehydes also gave the corresponding
a,b-unsaturated carbonyl compounds 3b and 3e in high yields
compared with the reactions using sodium hydride (entries 2
and 3). Although no chalcone derivative had been obtained from
the reaction of benzaldehyde or p-tolualdehyde using sodium
hydride, trans-chalcone 3f was given using potassium hydride
in THF–DMSO (13+1) at 230 °C in up to 60% yield (entry 5);
moreover, the reaction with p-tolualdehyde bearing the elec-
tron-donating group afforded chalcone derivative 3g in moder-
ate yield (entry 6).

In conclusion, we have shown the first example of the
reactions of vinylselenonium ylides with aldehydes, which
proceed via the b-elimination of the adducts of the vinylsele-
nonium ylides and the aldehydes because the selenonio group is
a good leaving group to produce trans-chalcone derivatives.
The results described in this paper implies that the vinylselenon-
ium ylides would react with other carbonyl compounds
differently from vinylphosphonium ylides, and we continue our

study on the vinylselenonium ylides to exploit their new
reactions.

This research was partially supported by the Ministry of
Education, Science, Sports and Culture, Grant-in-Aid for
Encouragement of Young Scientists, 2000, 11771388.

Notes and references
† A typical example: Trifluoromethanesulfonic anhydride (0.8 cm3, 4.7
mmol) was added dropwise to a stirred solution of diphenyl selenoxide (1.1
g, 4.3 mmol) and (E)-trimethylstyrylsilane (0.84 g, 4.7 mmol) in
dichloromethane (30 cm3) at 0 °C. The mixture was stirred at rt for 4 h. After
the solvent was evaporated under reduced pressure, the precipitate was
washed several times with ether and recrystallised from CH2Cl2–Et2O to
afford 1.82 g (87%) of 2a as colorless prisms: mp 113–114 °C; dH 7.41 (d,
1H, J 16.0), 7.50 (t, 2H, J 8.0), 7.63–7.71 (m, 9H), 7.73–7.90 (m, 6H);
FABMS m/z 337 [M 2 TfO]+; Found: C, 51.8; H, 3.5. C21H17F3O3SSe
requires C, 52.0; H, 3.5%.
‡ A typical example: Potassium hydride (12 mg, 0.3 mmol) was added to a
stirred solution of vinylselenonium salt 2a (97 mg, 0.2 mmol) and p-
bromobenzaldehyde (19 mg, 0.1 mmol) in THF (3 cm3) at 0 °C. The mixture
was stirred at the same temperature for 0.5 h, poured into water and
extracted with ethyl acetate. The extracts were washed with brine and dried
over MgSO4. After the solvent was evaporated under reduced pressure, the
residue was separated by preparative TLC (hexane–AcOEt = 5+1) to give
3e (22 mg, 76%) as colorless powder: dH 7.42–7.43 (m, 3 H), 7.48 (d, 1H,
J 16.0), 7.64 (d, 4H, J 8.0), 7.82 (d, 1H, J 16.0), 7.89 (d, 2H, J 8.0); EIMS
m/z 287 (M)+; Found: C, 62.9; H, 4.0. C15H11BrO requires C, 62.7; H,
3.9%.

1 H. J. Bestmann and R. Zimmerman, in Comprehensive Organic
Synthesis, ed. B. M. Trost, Pergamon Press, Oxford, 1991, vol. 6, p. 171;
E. E. Schweizer and G. J. O’Neill, J. Org. Chem., 1965, 30, 2082; K.
Okuma, K. Ikari, M. Ono, Y. Sato, S. Kuge, H. Ohta and T. Machiguchi,
Bull. Chem. Soc. Jpn., 1995, 68, 2313; F. Clerici, M. L. Gelmi, D. Pocar
and R. Rondena, Tetrahedron, 1995, 51, 9985; I. Burley and A. T.
Hewson, Tetrahedron Lett., 1994, 35, 7099; Y. Shen and J. Yao, J. Org.
Chem., 1996, 61, 8659.

2 A. C. Knipe, in The Chemistry of the Sulphonium Group, Part 1, ed.
C. J. M. Stirling, Wiley, Chichester, 1981, p. 313.
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2387.

5 S. Watanabe, K. Yamamoto, Y. Itagaki and T. Kataoka, J. Chem. Soc.,
Perkin Trans. 1, 1999, 2053; S. Watanabe, E. Mori, H. Nagai and T.
Kataoka, Synlett, 2000, 49; S. Watanabe, E. Mori, H. Nagai, T. Iwamura,
T. Iwama and T. Kataoka, J. Org. Chem, 2000, 65, 8893; S. Watanabe, K.
Yamamoto, Y. Itagaki, T. Iwamura, T. Iwama, T. Kataoka, G. Tanabe
and O. Muraoka, J. Chem. Soc., Perkin. Trans. 1, 3, 239.

6 T. Hirao, D. Misu and T. Agawa, J. Am. Chem. Soc., 1985, 107, 7179.
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Scheme 4

Table 1 Reactions of vinylselenonium salt 2a with aldehydes in the
presence of KHa

Entry RCHO Conditions

Product
(%
yield)

1 p-O2NC6H4CHO KH, THF, O °C, 0.5 h 3a (94)
2 p-ClC6H4CHO KH, THF, O °C, 0.5 h 3b (77)
3 p-BrC6H4CHO KH, THF, O °C, 0.5 h 3e (76)
4 PhCHO KH, THF, 210 °C, overnight 3f (43)
5 KH, THF–DMSO,b 230 °C, 2 h 3f (60)
6 p-MeC6H4CHO KH, THF–DMSO,b 230 °C, 3.5 h 3g (49)
a 2a: RCHO+KH = 2+1+3. b THF+DMSO = 13+1.
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Characterisation of small molecule binding to DNA using a quartz
crystal resonant sensor
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A new development in quartz crystal resonant sensor
(QCRS) technology allows real-time analysis of binding by
small molecules to DNA and has been tested using super-
oxide dismutase mimics.

Low molecular weight compounds interact with DNA in a
variety of ways, from intercalation by p-stacking and hydrogen
bonding to covalent bond formation.1 The strength of the
interaction is a good indication of each compound’s binding
mode with DNA and may be a direct indication of mutagenicity.
We have developed a test based on the quartz crystal resonant
sensor (QCRS) to measure DNA–analyte binding directly in
real time. The QCRS is a robust sensor for which applications as
diverse as volatile organic compound detection,2 monitoring of
antibody–antigen agglutination3 and gene sensing have been
found.4 The technique uses surface modified piezoelectric
quartz crystals to register the presence of chemical and
biological species in the liquid phase via the change in resonant
frequency as a function of analyte adhesion with time. Our
method allows the determination of the type of interaction
between DNA and small molecules, together with direct
observation of any destructive effects such as DNA scission.†
Briefly, thin film gold electrodes on the quartz crystals are
coated with a bifunctional binder (NeutrAvidin™) followed by
suitably functionalised DNA (Scheme 1). Solutions of small
molecule analytes are then passed over the sensor in a flow-
through cell and the frequency changes resulting from binding,
due to the concomittant mass increase of the sensor, are
monitored. The duration of the experiment makes the technique
ideally suited to rapid screening of small molecule–DNA
interactions. To confirm that the binding observed was indeed to
DNA and not to one of the substrates on the QCRS, test runs
were performed on partially modified sensors. Solutions of
compounds were passed over crystals which had NeutrAvi-
din™, but no DNA, attached. Any observed frequency changes
were short lived and final deviations from the base frequency
were approximately 5% of the deviation shown when DNA was
present. To ensure consistency all tests were carried out at the
same flow rate (5 ml min21).

Analytes expected to bind to DNA in a variety of different
ways were chosen to test the technique. Cisplatin 1 was chosen
to probe strong, irreversible binding.5 5-Aminoacridine 2 and
9-amylaminoacridine 36 were chosen to represent varying

degrees of intercalation. Bleomycin 4 was included as an
example of a well known DNA cleaving agent.7

To complement the behaviour of these analytes we also tested
manganese(III) salen chloride 58 and its 3,3A-methoxy analogue
6.9 These compounds act as successful superoxide dismutase
mimics in vivo and have recently been shown to extend average
lifespan in nematode worms, Caenorhabditis elegans.10 Ob-
servation of the binding, if any, to DNA may reveal how they
work and will represent a true trial of the system.

Fig. 1 shows that 1 took less than two minutes from injection
to saturate the sensor and exhibited a drop in resonant frequency
of 68 Hz. As expected, 2 bound slowly, taking about 8 min to
saturate binding sites, and gave an overall frequency change of
8 Hz. The binding profile for 3 has a similar pattern to that of 2
but a greater frequency change (32 Hz) was observed due to the
increased hydrogen bonding available to this compound.
Compound 4 showed initial binding followed by a plateau
which we speculate is due to a rearrangement process. The
frequency then dropped again before finally rising after a
further 8 minutes. This behaviour is consistent with cleavage of
DNA and its subsequent removal from the surface of the sensor.
Initial association rates calculated for each compound show a
greater than 10-fold difference between cisplatin and 9-amyl-
aminoacridine, and an additional 75-fold difference when
compared with 5-aminoacridine (Table 1). Early literature
studies involving acridines suggest that more than one site is
involved in the intercalation process.11 A mechanism published
for proflavin suggested that its mechanism was distinct from
either intercalation or electrostatic attraction.12 It is thought
unlikely that our observed responses are due solely to the
binding of low molecular weight compounds to DNA. In
particular, a degree of reorganisation is likely within the
structure of the DNA that may cause frequency shifts due to
viscoelastic interfacial changes additive to the initial mass
change. Similar phenomena have been observed with ligands
binding to RNA.13,14

Scheme 1 Sensor preparation: i, surface modification of gold covered quartz
crystal with NutrAvidin™; ii, addition of biotinylated DNA. Fig. 1 Binding curves for compounds 1, 2, 3 and 4.
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It can be seen from Fig. 2 that 5 has a similar profile to that
of 4 indicating initial strong binding to DNA followed by
cleavage. To confirm this interpretation we stained the QCRS-
tethered DNA with acridine orange. Fluorescence microscopy
of the QCRS prior to addition of 5 showed a spatially
homogeneous distribution of stained DNA across the sensor
surface. Further microscopy of the eluent, following addition of
5, showed that it contained acridine orange-stained DNA,
confirming that 5 had pro-oxidant activity towards free DNA.
Conversely the 3,3A-methoxy analogue, 6, appeared to inter-
calate weakly, with a similar profile to the acridine derivatives,
giving a maximum frequency drop of 20 Hz. Staining DNA
with acridine orange prior to addition of 6 and examination of
the eluent post addition indicated no significant cleavage. After
8 min the binding profile of 5 follows that of 6 indicating that
they both act as weak intercalators in the long term.

Melov et al. have shown that both 5 and 6 extend lifespan of
C. elegans; however, only 6 gives rise to re-emergent fertility in
longer lived worms.10 We conclude that the lack of pro-oxidant
activity of 6, as indicated by the QCRS, is responsible in part for
its greater benefits.

It appears that both the magnitude of the frequency change
and, more importantly, the binding profile due to each analyte
are directly related to the type of analyte–DNA interaction. The
QCRS is therefore an ideal technique to study the interactions of

a wide variety of small molecules with DNA and other
biological macromolecules.

This research has been supported by the A-T Children’s
Project and GlaxoSmithKline Pharmaceuticals.

Notes and references
† Experimental conditions: 8.6 mm diameter, 10 MHz AT-cut quartz
crystals (Hi-Q International, Cambridge, UK) were furnished with 100 nm
thick gold electrodes (19.5 mm2 area), placed into an in-house fabricated
flow-through liquid cell (20 ml volume) and connected to a novel gain
control oscillator15 designed specifically to work in liquid environments of
high viscosity and density. Output from the crystals was monitored using a
Fluka-6689 frequency counter capable of sub-single hertz resolution, data
being collected once per second via Fluka Timeview software. Crystals
were washed with HPLC grade ethanol prior to deposition of Neutr-
Avidin™ (Pierce, IL, USA). The electrodes were coated with Neutr-
Avidin™ by a single 20 ml injection of the binding agent (2 mg ml21 in
Sorensen’s phosphate buffer) via an all PEEK™ Rheodyne MMB six-way
valve into the running buffer until a stable baseline with noise below 0.2 Hz
was observed. Once a stable signal had been obtained for the modified
crystal, it was washed with biotinylated DNA (b-DNA, Vector Laboratories
Ltd, Peterborough, UK) at 50 mg ml21 in Sorensen’s phosphate buffer (20
ml injection loop, 1 mg per injection). Washes were repeated until no further
frequency change was observed in order to ensure that the sensor surface
was saturated (ca. 2.5 mg of DNA on the surface). The b-DNA contained a
range of lengths from 125 to 23 100 base pairs to ensure variation in
potential binding sites for the analytes. Modified electrodes were exposed to
solutions of the DNA binding agents (500 mM in phosphate buffer solution,
Table 1, flow rate 5 ml min21, 22 ± 0.5 °C) and resultant frequency changes
monitored for up to 20 min. Run-to-run reproducibility was better than 5%
(N = 3) in all cases.

1 J. W. Steed and J. L. Atwood, Supramolecular Chemistry, Wiley,
Chichester, 1st edn., 2000, pp. 77–81.

2 M. J. Swann, A. Glidle, L. Cui, J. R. Barker and J. M. Cooper, Chem.
Commun., 1998, 2753.

3 K. D. Pavey, Z. Ali, C. J. Olliff and F. Paul, J. Pharm. Biomed. Anal.,
1999, 20, 241.

4 X. C. Zhou, S. J. O’Shea and S. F. Y. Li, Chem. Commun., 2000,
953.

5 S. F. Bellon, J. H. Coleman and S. J. Lippard, Biochemistry, 1991, 30,
8026

6 J. P. Yeo, Ph.D. Thesis, University of Brighton, 1984.
7 B. Halliwell and J. M. C. Gutteridge, Free radicals in biology and

medicine, Oxford University Press, Oxford, 3rd edn., 1999, pp. 711–
715.

8 V. Pecoraro and W. M. Butler, Acta Crystallogr., Sect. C, 1986, 42,
1151.

9 Prepared in the same manner as manganese(III) salen chloride,
substituting o-vanillin for salicylaldehyde.

10 S. Melov, J. Ravenscroft, S. Malik, M. S. Gill, D. W. Walker, P. E.
Clayton, D. C. Wallace, B. Malfroy, S. E. Doctrow and G. J. Lithgow,
Science, 2000, 289, 1567.

11 L. S. Lerman, J. Mol. Biol., 1961, 3, 18
12 J. Ramstein and M. Leng, Biophys. Chem., 1975, 3, 234.
13 B. A. Cavic, F. L. Chu, L. M. Furtado, G. L. Hayward, D. P. Mack, M. E.

McGovern, H. Su and M. Thompson, Faraday Discuss., 1997, 107,
159.

14 A. Janshoff, H.-J. Galla and C. Stenheim, Angew. Chem., Int. Ed., 2000,
39, 4004.

15 Br. Pat., 9823410.7, 1999.

Table 1 Mass changes and initial binding rates for analytes

Compound

Mass change
upon addition
to sensor/mga

Initial
association
rate/s21

Cisplatin 1 0.60 1.54
5-Aminoacridine 2 0.50 0.02
9-Amylaminoacridine 3 0.60 0.14
Bleomycin 4 0.56 0.20
[Mn(III)(salen)]+ 5 0.70 0.25
[Mn(III)(3,3A-methoxysalen)]+ 6 0.71 0.03
a Calculations assume saturation of compounds on DNA.

Fig. 2 Binding curves for compounds 5 and 6.
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heterothiometallic clusters†
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A new approach to superior optical limiting materials,
utilizing planar ‘open’ skeleton heterothiometallic clusters,
is reported by incorporating heavy atoms and altering
cluster skeletons and is found to decrease the limiting
thresholds to as low as 0.07 J cm22, among the best for OL
materials.

Rapid recent developments of both high-power frequency-
tunable lasers and optical signal detection techniques have led
to increasing demands for broadband nonlinear optical materi-
als.1 These materials have been designed either to protect
sensitive optical sensors such as the human eye from intense
optical radiation2 or to be used in optical computers and
broadband communications for data acquisition, storage, trans-
mission, and processing.1,3 Over the past decades, research in
the optical limiting (OL) materials has been largely focused on
inorganic semiconductors, conjugated polymers, organic mole-
cules, and organometallic compounds.1–6 The general relation-
ships between molecular structures and OL performance in
various existing OL materials are, however, yet to be well
established, and this has presented a difficult task in the effort to
improve the OL properties through molecular structure de-
sign.5d

We have recently developed Mo(W)/S/Cu(Ag) hetero-
thiometallic clusters as a new class of OL materials.7 These
clusters combine the advantages of inorganic heavy atoms,
organic ligands, and versatile cluster structures. Studies have
been conducted on the relationship between the structures and
OL properties of these clusters with various skeleton shapes
such as butterfly, nest, half-open cubane, trinuclear linear,
cubane, hexagonal-prismatic, twin-nest, twenty-nuclear superc-
age and cluster polymer.7,8 Unlike some traditional OL
materials, the skeletons and constituent elements in these
clusters were found to have considerable influence on their OL
performance. Changes in cluster compositions (skeletal or
terminal elements), such as incorporation of heavy atoms,
generally enhance the OL performance of these clusters.
Moreover, cubane-shaped and hexagonal-prismatic clusters
show large OL effects.7a,c The OL effect of these two kinds of
clusters are comparable to those of fullerene C60 and phthalo-
cyanine derivatives, respectively, which are generally regarded
to be among the best OL materials.1,5,6 The enhancement in the
OL properties of the hexagonal-prismatic clusters over the
cubane-shaped clusters suggested that modification of cluster
structures may further enhance their OL properties.

With these in mind, we have thus studied the OL properties of
a series of planar clusters [MS4Cu4X2(py)6] (X = I, M = W, 1,
Mo, 2; X = Br, M = W, 3, Mo, 4; X = Cl, M = W, 5, Mo, 6)
and (Et4N)2[MS4Cu4(NCS)4(2-pic)4] (M = W, 7; Mo, 8). The
clusters 1–8 were all synthesized in our laboratories;7b,8a 1–6
were prepared from the reactions of (NH4)2MS4, CuX and py†
while 7 and 8 were obtained from the reactions of (Et4N)2MS4
and CuSCN with 2-pic.8a The structures of 1, 3 and 4 were
determined by IR, elemental analyses and X-ray diffraction.‡

These clusters all have a pentanuclear planar ‘open’ structure
with a [MS4Cu4] aggregate of approximate D2d symmetry
(Scheme 2). Their electronic spectra show a relatively weak
linear absorption in the VIS–NIR region.† The OL effects of
clusters 1–8 in DMF solutions were measured with linear,
polarized 8 ns duration laser pulses at 532 nm generated from a
Q-switched frequency-doubled Nd+YAG laser.

The NLO process in these clusters can be approximately
represented by eqn. (1)6c
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where a0 is the linear absorption coefficient of the solvent, sg is
the absorption cross-section of the ground-state molecular
solution, N is the concentration of the cluster sample solution, Is

= hg/sgteg is the saturable intensity, with teg being the lifetime
of the excited-state, and Ka = se/sg is the ratio between the
excited-state absorption cross-section and the ground-state
absorption cross-section. The limiting thresholds of these
clusters, which is defined here as the incident fluence at which
the transmittance falls to 50% of the linear transmittance, were
found to be 0.07, 0.08, 0.08, 0.10, 0.10 and 0.15 J cm22,
respectively. Representative energy-dependent transmittance
data for cluster 1, shown in Fig. 1, shows a reduction in
transmittance at high fluence. The limiting thresholds of 1–5 are
comparable to those (ca. 0.1 J cm22) of phthalocyanine
derivatives6a,b and hexagonal-prismatic Mo2Ag4S8(PPh3)4,7c

and, to our knowledge, among the lowest reported so far.9 The
limiting thresholds of 7 and 8 were found to be 0.3 and 0.5 J
cm22, respectively, and higher than those of the neutral clusters
MS4Cu4X2(py)6 (1–6) with halide and pyridine ligands.

† Electronic supplementary information (ESI) available: 1, Preparation and
characterization of the planar ‘open’ heterothiometallic clusters; 2,
molecular structures of clusters; 3, pump–probe experiment setup and
results; 4, ground-state absorption spectra of clusters; 5, figures for Z-scan
experiments under open-aperture configuration of clusters; 6, figures of
energy-dependent transmittance of clusters; 7, Table 1: limiting thresholds
of compounds. See http://www.rsc.org/suppdata/cc/b1/b100395j/ Scheme 1
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The alteration of the cluster skeleton (cubane-shaped ?
hexagonal-prismatic ? pentanuclear planar) led to significant
enhancements in OL properties of these clusters (Scheme 1). In
addition, in the pentanuclear planar clusters, the substitution of
light elements by heavy elements [Mo by W, and Cl or N (in
SCN) by Br or I, respectively] further reduced the limiting
thresholds (Scheme 2). The ESI gives a list of the limiting
thresholds of these pentanuclear planar W(Mo)/S/Cu hetero-
thiometallic clusters (1–8) and other OL materials reported
earlier.†

Pump–probe measurements were conducted on clusters 1–8
to further investigate the physical origin of their optical
nonlinearities.† A frequency-doubled Nd+YAG pulse laser with
a 532 nm wavelength and 8 ns pulse width was used as a pump
beam (pulse energy: 300 mJ). A CW He–Ne laser with 632.8 nm
wavelength was used as a probe beam (optical power: 20 mW).
The change of the probe beam intensity vs. the delay time was
recorded after the pump beam by using BOXCAR. The optical
nonlinearities of the clusters and fullerene C60 were studied
using the same experimental setup. The pump–probe experi-
mental results indicate that the optical nonlinearity responses of
the clusters are similar to that of fullerene C60 which exhibits a
typically excited-state nonlinearity.5b We can therefore reason-
ably conclude that the OL ability in clusters mainly arises from
excited-state absorption processes. In the meantime, the results
of Z-scan experiments10 show that clusters 1–8 have remarkable
and very strong nonlinear optical absorption effects.† The NLO
absorptive experiment under an open-aperture configuration of
1 is depicted in Fig. 2. These NLO absorptive properties meet
the essential requirements of ideal OL materials. We speculate
that OL properties of 1–4 were enhanced in part by the planar
skeleton and the heavy atoms in the clusters. The heavy atom
effects of the planar ‘open’ structures in 1–4 may allow better
spin–orbital couplings, and thus intersystem crossing at the
excited states.5d,7a Large spin–orbital couplings might be
beneficial if the nonlinear absorption of desired excited states
are associated with the T1–Tn electronic transitions as found for
fullerene C60 and phthalocyanine systems.5,6 In addition, the

use of heavy atoms such as W and I may introduce more
sublevels into the energy hierarchy, and provide more allowed
electronic transitions for the initial excited state in 1–4. The
increased numbers of the allowed electronic transitions proba-
bly enhance the nonlinear absorption of the initial excited state
to higher excited states. On the other hand, the planar clusters
have higher symmetry than the cubane-shaped and hexagonal-
prismatic clusters. The higher symmetry, as in the phthalocya-
nine systems,5d may decrease the probability of ground-state
electronic transitions and give a smaller absorption cross-
section sg and a larger se/sg (Ka) ratio, which are obtained from
the Z-scan measurements.

The current work showed that molecular engineering ap-
proaches such as incorporating heavy atoms and altering cluster
skeletons are perhaps a promising research direction in search
of better OL materials. Studies are under way to further probe
the ultrafast OL mechanism of these planar ‘open’ hetero-
thiometallic clusters 1–8 and to design and prepare better OL
materials.
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Fig. 2 The Z-scan experiment under an open-aperture configuration of 1.

844 Chem. Commun., 2001, 843–844



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Electron beam induced in situ clusterisation of 1D ZrCl4 chains within
single-walled carbon nanotubes

Gareth Brown,ab Sam R. Bailey,a Jeremy Sloan,ab Cigang Xu,a Steffi Friedrichs,a Emmanuel
Flahaut,a Karl S. Coleman,a John L. Hutchison,b Rafal E. Dunin-Borkowskib and Malcolm L. H.
Green*a

a Wolfson Catalysis Centre (Carbon Nanotechnology Group), Inorganic Chemistry Laboratory,
University of Oxford, South Parks Road, Oxford, UK OX1 3QR.
E-mail: malcolm.green@chem.ox.ac.uk

b Department of Materials, University of Oxford, South Parks Road, Oxford, UK OX1 3PH

Received (in Cambridge, UK) 8th February 2001, Accepted 7th March 2001
First published as an Advance Article on the web 17th April 2001

Cluster formation can be induced in situ in SWNTs filled
with ZrCl4 by electron beam irradiation of SWNT/ZrCl4
composites within a field emission gun transmission electron
microscope (FEGTEM); the process represents a possible
route to the synthesis of 1D-quantum dot arrays formed by
related materials.

Single-walled carbon nanotubes (SWNTs)1 can be filled by
solution-deposition2 or capillarity methods3 similar to those
used to fill multi-walled carbon nanotubes (MWNTs).4,5 There
is now considerable theoretical6,7 and experimental8–11 evi-
dence indicating that doped SWNTs show enhanced conductive
or opto-electronic properties compared to untreated tubules. In
addition, as most SWNTs fall within a narrow 1.2–1.6 nm
diameter range when formed by vaporisation of catalytically
doped carbon,12,13 their capillaries can template the formation
of atomically thin crystals of tubule-specified diameters.
Recently these have included 2 3 2 and 3 3 3 atomic layer thick
KI crystals,14,15 helical iodine chains,9 1D polyhedral chains of
lanthanide halide crystals16 and chains of fullerene or endo-
fullerene molecules.17–20 In this study, we show how discrete
ZrClx (with 0 @ x < 4) clusters of constrained diameters can be
formed within SWNTs by electron-beam irradiation of tubules
filled with ZrCl4.

The SWNTs used in this work were prepared by a catalytic
arc synthesis method.13 ZrCl4 was resublimed at 693 K under
N2 from the as-supplied product (Aldrich, 99.9%). As-prepared
SWNT material was mixed with ZrCl4 in a 1+1 ratio by mass
under dry box conditions and ground thoroughly. Each sample
was sealed under vacuum in a silica glass ampoule and heated
at 2 K min21 to 623 K in a tube furnace, held at that temperature
for 1 h and then furnace cooled to room temperature. The
specimen was characterised in a JEOL 3000F FEGTEM
operated at 300 kV and equipped with a Gatan 794 (1 k 3 1 k
pixel) CCD camera. The beam density in imaging mode was ca.
5 3 105 e2 nm22 s21 which is equivalent to a current of ca.2.7
3 10214 A. The chemical identity of the specimen was
confirmed by energy-dispersive X-ray microanalysis (EDX)
using a 0.5 nm diameter focussed electron probe, a LINK
‘Pentafet’ detector and an Oxford Instruments ‘ISIS’ 300
system.

When examined under the FEGTEM, both nanotube bundles
and discrete SWNTs were observed to be filled continuously
with 1D chains of ZrCl4. EDX microanalysis performed on
discrete filled SWNTs confirmed the chemical identity of the
filling material. As a spread electron beam of specified electron
density (see above) was held upon regions of filled SWNTs, the
filling material underwent progressive changes in morphology
as it segregated to form discrete clusters. The sequence of events
was followed over periods of up to 20 min, after which the
encapsulating SWNTs denatured.

Fig. 1 shows a sequence of ten FEGTEM images obtained
over ca. 4 min. In the initial image I, two continuously filled

SWNTs can be seen with the upper tubule being terminated by
a cap visible on the right of the image. By image II, the filling
in the bottom tubule has already segregated into three ca. 3–4
nm long clusters. By image V, the arrowed clusters have
different lengths of 3, 2 and 4 nm, respectively. By image VI,
the material in the topmost tubule had also segregated into two
clusters (arrowed). By the final image X, discrete ca. 1 nm long
clusters can be seen in the two nanotubes with the number of
clusters in the bottom tubule increased from three (see image V)
to four. It is important to note that during these initial
transformations (i.e. before the denaturing of the SWNTs) the
walls of the tubules remained relatively unchanged, indicating
that no chemical interaction between the carbon walls and the
filling material had occurred. A minimum length of ca. 1 nm for
the clusters was eventually obtained after irradiation for ca. 8
min.

The microstructure of the filling material in image I is
indistinct whereas several of the longer clusters in images II, III
and V consist of 1D arrays of dark spots similar to those
reported recently for lanthanide halides of the form LnCl3 (Ln =
La, Nd, Sm, Eu, Gd, Tb, Yb) formed within SWNTs.16 In those
structures, the dark spot arrays were attributed to 1D chains of
edge-sharing LnCl6 polyhedra, with the heavy Ln3+ cations
dominating the image contrast over the less strongly scattering

Fig. 1 Sequence of images I to X obtained at ca. 20 s intervals showing
gradual clusterisation of ZrCl4 within SWNTs induced by electron-beam
irradiation within a FEGTEM. Image I shows two SWNTs continuously
filled with ZrCl4 (large arrows). After ca. 80 s (image V), filling in the
bottom tubule has reformed into three distinct separated clusters (small
arrows). After ca. 100 s (image VI) filling in the top tubule has segregated
into two clusters. After 4 min (image X), the filling has segregated into a
total of six distinct clusters (small arrows). In images II, III and V, distinct
1D arrays of dark spots are visible. Note ‘bulging’ either side of the central
cluster in the lower SWNT in images VI and VII.
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Cl2 anions. It is therefore reasonable to assume that ZrCl4,
which forms an edge-sharing ‘trans’ octahedral chain structure
in the bulk,21 forms similar 1D chains within SWNT capillaries
and that the dark spots visible in images I–X in Fig. 1
correspond to more strongly scattering Zr4+ ions rather than to
the weaker scattering Cl2 ions.

An additional interesting point is that the SWNTs distort
during the clusterisation process. For example, in images VI
and VII (Fig. 1) the lower tubule, which has a constant diameter
of ca. 1.4 nm in the initial image (i.e. image I, Fig. 1), shows
symmetric 0.1 nm ‘bulges’ either side of the central ZrClx
cluster. We believe that these ‘bulges’ are caused by compli-
mentary ovaloid distortions in the SWNTs resulting from
asymmetric distortions induced in the ZrClx clusters by the
beam rearrangement process. Such distortions will cause an
apparent local variation in the SWNT diameter when viewed in
projection in a FEGTEM.

Electron beam bombardment of MXn halides at intermediate
accelerating voltages (typically 100–400 kV) produces isolated
stoichiometric Frenkel-type defects in bulk crystals.22,23 How-
ever, in smaller volume halide crystallites (ca. 1 mm3 particle
size) elimination of halogen and the formation of surface metal
occurs instead.24 We propose therefore that the 1D ZrCl4 chains
undergo sequential elimination of chlorine to form clusters of
ZrClx, of progressively lower stoichiometry (i.e. x decreases
from 4 to 0), according to the schematic depiction in Fig. 2(a)–
(d). Complete elimination of chlorine would result in the
formation of metallic Zr clusters although we have not yet been
able to verify this. Similarly, it has not been possible to
determine the nature of the eliminated chlorine species (i.e. such
as radicals, ions, charged molecular fragments, etc.). We
assume that chlorine diffuses out of side-wall defects or open
ends of SWNTs in the same way that gaseous endofullerene
molecules have been demonstrated to diffuse into them.19,20 As
no significant damage to the SWNT walls was observed during
clusterisation, carburisation of the clusters is not thought to
occur, although surface reaction of the carbon with the
eliminated chlorine species (see above) remains a possibility.

In conclusion, ZrCl4 contained within SWNTs can be beam-
reduced in situ to form ZrClx clusters (with 0 @ x < 4) of
controlled diameter. While beam-induced coalescence of full-
erene molecules has been reported within SWNTs,17,18 this is

the first time that cluster segregation has been reported. If this
phenomenon can be extended in a controlled way to bulk
SWNT samples containing semiconducting or metallic species
(or their precursors) then this may represent a route to the
synthesis of one dimensional arrays of quantum dots within
SWNTs. In addition, more detailed analytical studies of the
clusterisation phenomena (e.g. high resolution EELS studies20)
should lead to a better understanding of the mechanism of halide
decomposition for these virtually ‘all surface’ crystals.
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The first synthetic {2Fe3S} clusters structurally related to the
sub-site of the H-centre of the all-iron hydrogenases are
described: tripodal dithiolate thioether ligands allow the
synthesis of di-iron pentacarbonyls with differential (2+3) S
ligation of the Fe atoms. 

X-Ray crystallographic data for Fe-only hydrogenases isolated
from Desulfovibrio desulfuricans1 and Clostridium pasteur-
ianum2 together with IR evidence show that the active centre of
the enzyme possesses an unprecedented {2Fe3S} sub-site at
which CO and CN ligands are bound.3 The two Fe atoms of the
sub-site share two bridging sulfur ligands of a propanedithiolate
or related unit4 with one of the Fe atoms additionally sulfur
ligated by a cysteinyl ligand bridged to a {4Fe4S} cluster, Fig.
1(a). Molecules with a {2Fe2S} propanedithiolate core and CO/
CN ligation have been synthesised5 which possess structural
elements of the CO inhibited sub-site.6 We now show that
formal backbone modification of the propanedithiolate ligand
allows access to carbonyls with a {2Fe3S} core with differential
S-ligation of the iron atoms, Fig. 1(b).

Two thiolate sulfur ligands of the tripodal thiolate A7 are
readily coupled with dimethyl disulfide with formation of a
stable five-membered ring B, Scheme 1. This allows chemistry
to be carried out on the unprotected thiol group. Reaction with
MeI gives the thioether derivative, and subsequent reductive
cleavage of the disulfide bond gives the backbone function-

alised propanedithiol ligand C, Scheme 1.† The ligand reacts
with [Fe3(CO)12] to yield the {2Fe3S}-carbonyl D which has
been fully characterised by X-ray crystallography, Fig. 1(b),
and spectroscopy.‡

There are two independent molecules (plus their mirror
image molecules) in crystals of D. The two molecules are
essentially identical, and in each, the Fe–Fe distance is short,
mean value 2.512(4) Å, indicative of an iron–iron bond. Each
iron atom has five other contacts, in a square pyramidal
coordination pattern, with the iron atom displaced (mean)
0.382(10) Å from the mean base plane towards the apical
carbonyl ligand and 0.322(5) Å towards the thioether S atom. In
each molecule, the normals to the square base planes are
inclined at (mean) 74.7(6)° and the planes are hinged through
the two bridging thiolate sulfur atoms of the S3 ligands; the Fe–
Sbridging distances have a mean value of 2.254(1) Å. The third S
atom, the thioether S, is coordinated to one of the iron atoms at
a similar, mean distance of 2.254(3) Å and occupies the apical
coordination site. Two carbonyl ligands occupy the base planes
on each iron and one occupies the apical site of the second iron
atom. The S3 ligand thus lies atop the Fe2(CO)5 unit and is
symmetrically arranged (with a pseudo-mirror plane through
the iron atoms and the apical groups) except for the thioether
methyl group which veers to one side or the other of the mirror
plane. Both enantiomers are present in these centrosymmetric
crystals.

The structural similarities between the enzyme sub-site and
the model compound are evident from Fig. 1. The Fe…Fe bond
distance in D and the average bridging Fe–S bond lengths are
similar to those distances estimated from the protein crystallo-
graphic data, which are 2.6 and 2.3 Å, respectively1,2 but the
thioether Fe–S distance in D is shorter than the corresponding
sub-site Fe–Scysteine distance in the enzyme which is ca 2.5 Å.

The benzyl analogue E is obtained by straightforward
modification of the synthesis, Scheme 1. Its crystal structure,
Fig. 2, confirms a conformation very similar to that of D with
only very minor differences in bond angles and dimensions.‡

We have monitored the reaction of complex D with 2
equivalents of cyanide [K+(18-crown-6) salt; MeCN]. This
reveals its conversion within 30 min to a new species F which
shows two distinct CN stretches, three terminal CO bands and a
bridging CO band at 1780 cm21, Scheme 2. F is indefinitely
stable in MeCN at 0 °C but on standing for 18 h at RT it slowly
transforms to a new species G . The IR pattern and frequencies
of G very closely resemble those of [Fe2(CO)4(CN)2-

Fig. 1 (a) Proposed structure of the H-centre of Fe-only hydrogenases; this
is a composite model combining features reported by Peters (PDB code
1FEH) and Nicolet (code 1HFE). (b) View of a molecule of the product
D.

Scheme 1 Routes to ligands and complexes. Reagents: (a) i, MeI; ii,
LiAlH4; iii, H2SO4; (b) i, PhCH2Br; ii, LiAlH4; iii, H2SO4. Fig. 2 View of the molecule of the product E.
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(SCH2CH2S)]22,5 showing a single n(CN) at 2075 cm21,
Scheme 2. FAB-MS of G shows a strong parent ion at 759 for
{(K+18-crown-6)[Fe2(CO)4(CN)2{MeSCH2C(Me)(CH2S)2}]}.
These preliminary results are consistent with the initial
formation of a CO bridged di-cyanide species F which slowly
isomerises to the metal–metal bonded terminal carbonyl species
G with dissociation of the methyl thioether group, Scheme 2.
This provides the first tentative evidence for the genesis of a
model complex with all the principal structural features of the
CO inhibited form of the natural sub-site: two cyanide groups,
terminal and bridging CO ligands, and a {2Fe3S} core.§

Finally, we see in the preparation of E that a thiolate-
protected rather than -blocked group can been introduced at one
of the iron atoms: this or other S-protection/deprotection
approaches should open up further chemistry of the synthetic
sub-site.

We thank the BBSRC and the John Innes Foundation for
supporting this work. Drs D. J. Evans and J. R. Sanders are
thanked for helpful discussion.

Notes and references
† Spectroscopic and analytical data. MeC(CH2S)2CH2SH: 1H NMR (400
MHz, C6D5CD3): d 0.73 (3H, s, CH3), 0.89 (1H, t, 3J 9 Hz, SH), 2.07 (2H,
d, 3J 9 Hz, CH2SH), 2.27 [2H, d, 2J 11.2 Hz, (CHHSSCHH)], 2.48 [2H, d,
2J 11.2 Hz, (CHHSSCHH)]. FTIR (KBr): n(SH) 2551m, br cm21. EIMS:
m/z 166 {M}+, 133 {M 2 SH}+, 119 {M 2CH2SH}+. Microanal.: C5H10S3,
found(calc.): C, 36.48(36.12); H, 6.14(6.06); S, 57.6(57.9)%. Yield 91%.

MeC(CH2SH)2CH2SMe: 1H NMR (400 MHz, CD2Cl2): d 1.03 (3H, s,
CH3), 1.32 (2H, t, 3J 9 Hz, SH), 2.13 (3H, s, SCH3), 2.63 (2H, s, CH2SCH3),
2.63 [4H, d, 3J 9 Hz, (HSCH2CCH2SH)]. EIMS: m/z 182 {M}+, 101
{CH3C(CH2)2CH2S}+, 87 {CH3C(CH2)CH2S}+, 69 {CH3C(CH2)3}+, 61
{CH3CCH2}+, 47 {CH2SH}+. Microanal.: C6H14S3, found(calc.): C,
39.26(39.56); H, 7.70(7.59); S, 53.0(52.8)%. Yield 55%.

MeC(CH2SH)2CH2SCH2Ph: 1H NMR (400 MHz, CD2Cl2): d 0.90 (3H,
s, CH3), 1.11 (1H, t, 3J 9 Hz, SH), 2.46 (2H, s, CH2SCH2Ph), 2.47 [4H, d,
2J 9 Hz, (HSCH2CCH2SH)], 3.63 (2H, s, SCH2Ph), 7.24 (5H, m,
SCH2C6H5). EIMS: m/z 258 {M}+, 166{CH3C(CH2S)2CH2SH}+,
133{CH3C(CH2S)2CH2}+, 101{CH3C(CH2)2CH2S}+, 91{CH2Ph}+,
69{CH3C(CH2)3}+. Yield 31%.

[Fe2(CO)5{MeSCH2C(Me)(CH2S)2]: 1H NMR (400 MHz, CD2Cl2): d
0.90 (3H, s, CH3), 1.65 [2H, d, 2J 14 Hz, (HHCCCHH)], 2.05 (2H, br,
CH2SCH3), 2.23 [2H, d, 2J 14 Hz, (HHCCCHH)], 2.64 (3H, s, SCH3). FTIR
(in CH3CN): n(CO) 1925w, 1979s, br and 2046s cm21. EIMS: m/z 432
{M}+, 404{M 2 CO}+, 376{M 2 2CO}+, 348{M 2 3CO}+, 320{M 2
4CO}+, 292{M 2 5CO}+, 180{MeC(CH2S)2CH2SMe}+, 176{Fe2S2}+, 61
{CH3CCH2}+. Microanal.: C13H12O5S3Fe2·(0.1C6H14) found(calc.): C,

31.60(31.59); H, 3.05(3.04); S, 20.8 (21.8)%. Yield 49% (recrystallised
from hexane).

[Fe2(CO)5{PhCH2SCH2C(Me)(CH2S)2]: 1H NMR (400 MHz, CD2Cl2):
d 0.90 (3H, s, CH3), 1.70 [2H, d, 2J 14 Hz, (HHCCCHH)], 1.82 (2H, s,
CH2SCH2Ph), 2.28 [2H, d, 2J 14 Hz, (HHCCCHH)], 4.12 (2H, s, SCH2Ph),
7.40 (5H, m, SCH2C6H5). FTIR (in CH3CN): n(CO) 1925w, 1981s, br,
2046s and 2073vw cm21. EIMS: m/z 508 {M}+, 480{M 2 CO}+, 452{M 2
2CO}+, 424{M 2 3CO}+, 396{M 2 4CO}+, 368{M 2 5CO}+,
267{Fe2SSCH2Ph}+, 231{Fe2SCH2C(Me)CH2S}+, 176{Fe2S2}+,
91{CH2Ph}+. Microanal.: C19H16O5S3Fe2, found(calc.): C, 40.26(40.16);
H, 3.57(3.15); S, 15.9(18.9)%. Yield 73% (recrystallised from MeCN).
‡ Crystal structure analyses. [Fe2(CO)5{MeSCH2C(Me)(CH2S)2}]: crystal
data: C11H12Fe2O5S3, M = 432.1, monoclinic, space group P21/n (equiv. to
no. 14), a = 18.467(2), b = 10.9622(12), c = 16.906(2) Å, b =
105.267(8)°, V = 3301.6(6) Å3, Z = 8, Dc = 1.739 g cm23, F(000) =
1744, T = 293 K, m(Mo-Ka) = 21.5 cm21, l(Mo-Ka) = 0.71069 Å.

Deep red, irregular fragment of a diamond-shaped plate crystal, sealed in
a capillary. Preliminary photographic examination, then Nonius CAD4
diffractometer. 3528 Unique reflections to qmax = 21°, the limit of
measurable intensities; 2614 ‘observed’ with I > 2sI. Corrections for slight
deterioration, absorption (semi-empirical y-scan methods) and elimination
of negative net intensities (Bayesian statistical methods). Structure
determination by direct methods in SHELXS8 (A), refinement by full-
matrix least-squares methods, on F2, in SHELXL9 (B). Final wR2 = 0.061,
R1 = 0.046 (B) for all 3528 reflections weighted w = s22(Fo

2); for the
‘observed’ data, R1 = 0.028. Highest difference peaks (ca. 0.24 e Å23)
close to a carbonyl ligand.

[Fe2(CO)5{PhCH2SCH2C(Me)(CH2S)2}]: crystal data: C17H16Fe2O5S3,
M = 508.2, triclinic, space group P1̄ (no. 2), a = 9.8755(11), b =
11.3853(13), c = 10.3912(13) Å, a = 110.555(10), b = 92.983(9), g =
104.374(9)°, V = 1047.2(2) Å3, Z = 2, Dc = 1.612 g cm23, F(000) = 516,
T = 293(1) K, m(Mo-Ka) = 17.1 cm21, l(Mo-Ka) = 0.71069 Å.

Very thin, red-brown plate mounted on a glass fibre. Similar dif-
fractometer procedure and processing, giving 3686 unique reflections to
qmax = 25° (2715 ‘observed’ with I > 2sI). No deterioration correction
necessary. Final wR2 = 0.105 and R1 = 0.053 (B) for all 3686 reflections
weighted w = [s2(Fo

2) + (0.0579P)2]21, with P = (Fo
2 + 2Fc

2)/3; for the
‘observed’ data only, R1 = 0.037. Highest difference peaks (to ca. 0.4
e Å23) all in the cluster core region.

CCDC 156989 and 161064. See http://www.rsc.org/suppdata/cc/b1/
b102244j/ for crystallographic data in .cif or other electronic format.
§ Well-resolved IR data for the oxidised CO inhibited H-centre have been
reported recently by De Lacey et al.10 giving: n(CN) at 2096 and 2089
cm21; n(COterminal) at 2016, 1972 and 1963 cm21; and n(CObridging) at 1811
cm21. In this paramagnetic state the di-iron sub-site is magnetically
described as a localised mixed-valence state, though critically whether FeII–
FeIII or FeI–FeII was undecided.11 The data we have at hand for the FeI–FeI

species F show+n(CN) at 2083 and 2077 cm21; n(COterminal) at 1957, 1919
and 1878 cm21; and n(CObridging) at 1780 cm21. Thus Dn(COterminal)
corresponds to 59, 53 and 85 cm21 respectively with Dn(CObridge) = 31
cm21. These magnitudes are consistent with the oxidised CO-form of the
sub-site having the FeI–FeII configuration (i.e. it is one-electron oxidised
with respect to F) and lends support to the deduction of De Lacey et al. that
proximal iron atom is in the Fe II state {Dn(CO) = 85 cm21} with the less
perturbed distal iron atom {Dn(CO) = 59, 53 cm21} in the FeI state.

1 Y. Nicolet, C. Piras, P. Legrand, C. E. Hatchikian and J. C. Fontecilla-
Camps, Structure, 1999, 7, 13.

2 J. W. Peters, W. N. Lanzilotta, B. J. Lemon and L. C. Seefeldt, Science,
1998, 282, 1853.

3 A. J. Pierik, M. Hulstein, W. R. Hagen, S. P. J. Albracht and K. A.
Bagley, Eur. J. Biochem., 1998, 258, 572.

4 Y. Nicolet, B. J. Lemon, J. C. Fontecilla-Camps and J. W. Peters, TIBS,
138, 25, 2000.

5 A. Le Cloirec, S. P. Best, S. Borg, S. C. Davies, D. J. Evans, D. L.
Hughes and C. J. Pickett, Chem. Commun., 1999, 22, 2285; M. Schmidt,
S. M. Contakes and T. B. Rauchfuss, J. Am. Chem. Soc., 1999, 121,
9736; E. J. Lyon, I. P. Georgakaki, J. H. Reibenspies and M. Y.
Darensbourg, Angew. Chem., Int. Ed., 1999, 38, 3178.

6 B. J. Lemon and J. W. Peters, Biochemistry, 1999, 38, 12 969.
7 C. Kolomyjec, J. Whelan and B. Bosnich, Inorg. Chem., 1983, 22,

2343.
8 G. M. Sheldrick, Acta Crystallogr., Sect. A, 1990, 46, 467.
9 G. M. Sheldrick, SHELXL - Program for crystal structure refinement,

University of Göttingen, Germany, 1993.
10 A. L. De Lacey, C. Stadler, C. Cavazza, E. C. Hatchikian and V. M.

Fernandez, J. Am. Chem. Soc., 2000, 122, 11 232.
11 C. V. Popescu and E. Munck, J. Am. Chem. Soc., 1999, 121, 7877.

Scheme 2 Solution IR time course for reaction of D with cyanide in MeCN
and proposed pathway to the species F and G.
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Unexpected bonding similarities between the bridging metalloligands
[MoCp(CO)3]2 and [PtI(CO)2(PPh3)]2 acting as 4-electron donors in
metal clusters. Crystal structures of [Pt2Mo(m-CO)3-
(m-PPh2)Cp(PPh3)2] and [Pt3(m-CO)2(m-PPh2)I(PPh3)3]†‡
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Reactions of the diplatinum complex [Pt2(m-H)(m-
PPh2)I2(PPh3)2] with the carbonylmetalates [MCp(CO)3]2
(M = Mo, W) or [Co(CO)4]2 afforded the new 44e clusters
[Pt2M(m-CO)3(m-PPh2)Cp(PPh3)2] (M = Mo, 2; M = W, 3)
and [Pt3(m-CO)2(m-PPh2)I(PPh3)3] 5, respectively, whose
structures can be analysed as formed by a 26e [Pt2(m-
PPh2)(PPh3)2]+ cation and a bridging, 4e donor anion,
[MCp(CO)3]2 in 2 and 3, or the new 18e fragment
[PtI(CO)2(PPh3)]2 in 5.

In the search for versatile synthetic methods, numerous metal–
metal bonded complexes and clusters have been obtained by
reaction of carbonylmetalates with mononuclear halide com-
plexes,1,2 whereas fewer studies have been concerned with
dinuclear halide precursors.3 The reactions of the diplatinum
complex [Pt2(m-H)(m-PPh2)I2(PPh3)2] 1, prepared by reaction
of [Pt2(m-PPh2)(m-o-C6H4PPh2)(PPh3)2]4a with 2 equiv. of HI in
THF,4b with three different carbonylmetalates has now afforded
clusters whose structures reveal an unexpected bonding sim-
ilarity between the 18e metalloligands [MCp(CO)3]2 (M =
Mo, W) and [PtI(CO)2(PPh3)]2 which are best viewed as 4e
donors towards a d9–d9 Pt(I)–Pt(I) unit.

Reaction of 1 equiv. of 1 with 3 equiv. of [MCp(CO)3]2 in thf
afforded the mixed-metal clusters [Pt2M(m-CO)3(m-
PPh2)Cp(PPh3)2] (M = Mo, 2; M = W, 3) (Scheme 1).§ Their
31P{1H} NMR spectra contain a triplet at low field for the m-
PPh2 ligand and a doublet for terminal phosphines, both with
satellites due to couplings with two Pt atoms. In addition, the

pattern of the resonance of the phosphine ligands is typical for
a P?Pt–Pt/P chain. An X-ray diffraction study of 2¶
established that the metal atoms form an isosceles triangle with
a Pt–Pt edge bridged by a PPh2 group (Fig. 1). Two CO ligands
occupy a semi-bridging position on the Pt–Mo edges and the
third one is semi-triply bridging over the metallic face. This
arrangement is reminiscent of that in the tetranuclear cluster
[Pt2Mo2(m-CO)6Cp2(PEt3)2] 4,5a its palladium analogue,5b or in
the trinuclear cluster [Pd2Mo(m-Cp)(m-CO)3Cp(PPri

3)2].6 Each
Pt atom is ligated by a PPh3 ligand and the Mo atom by a h5-
cyclopentadienyl ligand. The metal–metal distances in 2 are
comparable with those in 4.5a The Pt–(m-P)–Pt angle
(69.55(4)°) is one of the narrowest for a PPh2 group bridging a
metal–metal bond. It is close to that in [Pt2(m-PPh2)2(PPh3)2]
(ca. 69.0°)7 but smaller than in [Pt2{m-Co(CO)3(PPh3)}(m-
PPh2)(PPh3)2] (72.41(8)°),8 which is consistent with a longer
Pt–Pt bond of 2.664(1) Å in the latter. The three P atoms are
almost in the metal plane, at +0.140(2), +0.044(2) and
+0.050(2) Å, respectively. The PPh3 ligands are almost aligned
with the Pt atoms.

The highest yields of clusters 2 and 3 were obtained with a
ratio of three [MCp(CO)3]2 anions for one dinuclear complex 1.
Since one anion enters in the composition of the clusters, the
other two are probably eliminated with other ligands of 1, i.e. H
and I.

Reaction of 3 equiv. of [Co(CO)4]2with 1 equiv. of complex
1 unexpectedly afforded the new homonuclear triplatinum
cluster [Pt3(m-PPh2)(m-CO)2I(PPh3)3] 5§ instead of Pt–Co
cluster(s). The 31P{1H} NMR spectrum contains three signals
flanked by 195Pt satellites. The singlet at d 279.6 is assigned to
a PPh2 group bridging two equivalent Pt atoms and the doublet

† Electronic supplementary information (ESI) available: preparation of 2, 3
and 5. See http://www.rsc.org/suppdata/cc/b1/b101410m/
‡ In memoriam Luigi M. Venanzi, who contributed so much to inorganic
and cluster chemistry.

Scheme 1
Fig. 1 Molecular structure of [Pt2Mo(m-CO)3(m-PPh2)Cp(PPh3)2] 2.
Selected interatomic distances (Å) and angles (°): Pt(1)–Pt(2) 2.6048(3),
Pt(1)–Mo 2.7963(5), Pt(2)–Mo 2.8139(6), Pt(1)–P(1) 2.282(2), Pt(1)–P(3)
2.261(2), Pt(2)–P(1) 2.283(2), Pt(2)–P(2) 2.254(2); Pt(1)–Mo–Pt(2)
55.33(1), Mo-Pt(1)–Pt(2) 62.68(1), Mo–Pt(2)–Pt(1) 61.99(1), P(3)–Pt(1)–
Pt(2) 174.78(4), P(2)–Pt(2)–Pt(1) 169.72(4), Pt(1)–P(1)–Pt(2) 69.55(4).

This journal is © The Royal Society of Chemistry 2001
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at d 33.8 to the phosphine ligands in the Ph3P?Pt–Pt/PPh3
moiety. These phosphines are coupled with a third phosphorus,
which resonates as a triplet at d 75.2. From the intensities of its
195Pt satellites, it is deduced that this phosphine is coordinated
to a Pt atom, which is itself linked to two equivalent Pt atoms.
Cluster 5 should contain a triangle of Pt atoms, each bearing a
phosphine ligand, with two Pt atoms being bridged by a PPh2
group. An X-ray diffraction study¶ established the structure of
5 in which the shortest edge of the metal triangle, Pt(2)–Pt(3), is
bridged by a PPh2 group and the other two are each
symmetrically bridged by a CO group (Fig. 2). A PPh3 ligand is
coordinated to each Pt atom and an iodine atom is bonded to
Pt(1). The P(1)Pt(1)C(1)C(2)I atoms form the apices of a
trigonal pyramid with P(1) in an apical position. The P(1)–Pt(1)
bond makes angles of ca. 100° with the three basal bonds Pt(1)–
I, Pt(1)–C(1) and Pt(1)–C(2).

Formation of 5 implies a complex reaction mechanism,
where carbonyl groups have exchanged between cobalt and
platinum, probably via a mixed Pt–Co complex. Fragmentation
of the Pt2 entity of complex 1 is required to form the Pt3
framework and iodine could either remain on one of the Pt
atoms or I2 attack an intermediate species. Complex reactions
between Pt(II) halide complexes and [Co(CO)4]2 have been
described from which heterometallic Pt–Co clusters with
diverse Pt/Co compositions were isolated9 and when the
isoelectronic metalates [Mn(CO)5]2 or [Fe(CO)3(NO)]2 were
used instead, no Pt–Mn or Pt–Fe clusters were observed,
respectively, but rather [Pt5(CO)6(PR3)4] which resulted from
selective reductive carbonylation of the Pt(II) precursor com-
plex.10

The 44e clusters 2 and 3 can formally be viewed as formed of
two fragments, the cationic, 26-valence electrons (VE) entity
[Pt2(m-PPh2)(PPh3)2]+, which possesses two vacant fragment
orbitals (2aA and 2aB in Cs symmetry)11 and a bridging, 18-VE
carbonylmetalate [MCp(CO)3]2. The HOMOs of the latter (1a1
+ 1e) can formally donate 4e to the dinuclear cation,12 so that
each Pt atom achieves its usual 16 VE count. The 44e count in
cluster 5 is not unusual for Pt3 clusters (with two 16e and one
18e metal centres), although the 42e alternative is more
frequently encountered.13 By analogy with the bonding behav-
iour of [MCp(CO)3]2, one can view the fragment [PtI-
(CO)2(PPh3)]2 as a bridging group formally donating 4e to the
[Pt2(m-PPh2)(PPh3)2]+ cation, through two Pt–Pt bonds and two
bridging CO groups, i.e. 2e to each Pt atom. In terms of electron
counting, this makes these metalates behave remarkably similar
to bridging halides or m-PR2

2. To our knowledge, the anionic

18e complex [PtI(CO)2(PPh3)]2 has not been isolated pre-
viously.

We are grateful to Professor J. Fischer and Dr A. DeCian for
the crystal structure determination of 2 and thank the CNRS, the
Ministère de la Recherche and the Ministère des Affaires
Etrangères (Paris) and the Ministère des Affaires Etrangères
(Alger) for support of the Strasbourg-Constantine Cooperation
Project 96 MDU 371.

Notes and references
§ Selected data: 2: IR (KBr) n(CO)/cm21: 1830s, 1788s. FAB-MS (NBA
matrix): m/z 1099.1 ([Pt2(m-PPh2)(PPh3)2]+ = [M 2 MoCp(CO)3]+).
31P{1H} NMR (THF–C6D6): d 283.3 (t, 2J(P–P) 42, 1J(Pt–P) 2738 Hz), 42.8
(d, 2J(P–P) 42, 1J(Pt–P) 4780, 2J(Pt–P) 50, 3J(P–P) 88 Hz).

3: IR (KBr) n(CO)/cm21: 1830s, 1788s. FAB-MS (NBA matrix): m/z
1099.1 ([Pt2(m-PPh2)(PPh3)2]+ = [M 2 WCp(CO)3]+). 31P{1H} NMR
(THF–C6D6): d 312.4 (t, 2J(P–P) 43, 1J(Pt–P) 2631 Hz), 44.1 (d, 2J(P–P) 43,
1J(Pt–P) 4832, 2J(Pt–P) 87, 3J(P–P) 87 Hz).

5: IR (KBr) n(CO)/cm21: 1831s, 1789vs. 31P{1H} NMR (CDCl3): d
279.6 (s, 1J(Pt–P) 2511 Hz), 75.2 (t, 3J(P–P) 44, 1J(Pt–P) 5809, 2J(Pt–P)
505 Hz), 33.8 (d, 3J(P–P) 44, 1J(Pt–P) 4382, 2J(Pt–P) 70, 3J(P–P) 81
Hz).
¶ Crystal data: for 2: single crystals were obtained by slow diffusion of
diethyl ether into a solution of 2 in dichloromethane. C56H45MoO3P3-
Pt2·H2O, M = 1363.04, triclinic, space group P1̄, a = 12.053(1), b =
13.690(1), c = 17.292(3) Å, a = 109.271(6), b = 92.541(6), g =
106.169(6)°, V = 2557.5(5) Å3, Z = 2, Dc = 1.77 g cm23, m = 5.886
mm21, T = 173 K, l(Mo-Ka) = 0.70930 Å, 8988 data collected, 7078 data
with I > 3s(I), q min./max. = 2.5/24.92°, R(F) = 0.023, Rw(F) = 0.034,
GOF = 1.095.

For 5: single crystals were obtained by slow diffusion of hexane into a
solution of 5 in toluene. C68H55IO2P4Pt3, M = 1740.17, triclinic, space
group P1̄, a = 13.564(12), b = 14.954(6), c = 17.948(8) Å, a = 69.64(3),
b = 75.44(4), g = 63.98(4)°, V = 3046(3) Å3, Z = 2, Dc = 1.897 g cm23,
m = 7.528 mm21, T = 253 K, l(Mo-Ka) 0.71073 Å, 11189 data collected,
10693 data with I > 2s(I), R1 = 0.0397, wR2 = 0.0913. CCDC 158327 and
158328. See http://www.rsc.org/suppdata/cc/b1/b101410m/ for crystallo-
graphic data in .cif or other electronic format.
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Fig. 2 Molecular structure of [Pt3(m-PPh2)(m-CO)2I(PPh3)3] 5. Selected
interatomic distances (Å) and angles (°): Pt(1)–Pt(2) 2.6832(13), Pt(1)–
Pt(3) 2.694(2), Pt(2)–Pt(3) 2.736(2), Pt(1)–I 2.8165(17), Pt(1)–P(1)
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hydrogen for fuel cell applications
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Ni/La2O3 catalyst exhibits high activity and good long term
stability for steam reforming of ethanol to hydrogen
production and is a good candidate for ethanol reforming
processors for fuel cell applications.

Fuel cells may be a promising alternative means of electricity
generation for stationary decentralized applications. They offer
significant advantages which include absence of pollutant
emission, since they use hydrogen as the fuel, and high
conversion efficiency, which may be even higher when they
operate on the co-generation mode. In recent years, fuel cells
have been seriously considered for electric vehicle operation,
making possible so-called Zero Emission Vehicles.

An important source of hydrogen for stationary fuel cell
applications is natural gas, while for transportation, methanol
and gasoline are being considered. These fossil fuels do not
address the issue of carbon dioxide emissions, however, which
may only be addressed by the use of a renewable fuel as the
hydrogen source. Ethanol can be produced renewably from
several biomass sources, including energy plants, waste materi-
als from agroindustries or forestry residue materials, or even
organic fractions of municipal solid waste. Thus, in contrast to
the fossil-fuel-based systems, the bioethanol-to-hydrogen-
system has the significant advantage of being nearly CO2
neutral, since the carbon dioxide produced is consumed for
biomass growth, thus offering a nearly closed carbon loop. In
addition, the use of ethanol offers important storage and
handling safety advantages.

In the present communication, the catalytic steam reforming
of ethanol for hydrogen production is discussed, with respect to
catalyst performance characteristics. The steam reforming of
ethanol for hydrogen production has been shown to be entirely
feasible from a thermodynamic point of view.1–3 An issue of
major importance is then to develop highly active, selective and
durable catalysts for the reaction. Although much work has been
carried out on methanol reforming, only a limited number of
reports have appeared in the literature dealing with the
reforming of ethanol.4–6 Here, we report results obtained over a
Ni/La2O3 catalyst, which has been previously found to exhibit
good performance characteristics under conditions of carbon
dioxide reforming of methane to synthesis gas.7 It is shown that
under certain operating conditions, the Ni/La2O3 catalyst is very
active and stable for the steam reforming of ethanol and is
characterized by high selectivity toward hydrogen production.

The 17% Ni/La2O3 catalyst employed in the present study
was prepared by the wet impregnation method using Ni(NO3)2
and La2O3 (Alfa Products) as starting materials, following a
procedure that has been described in detail elsewhere.7
Catalytic performance tests have been conducted in the
temperature range 300–800 °C, over catalyst samples pre-
viously reduced in situ with hydrogen (500 °C, 2 h). In a typical
experiment, a water–ethanol mixture (molar ratio 3+1) is
pumped into a heated chamber and vaporized. The water–
ethanol gas stream (160 cm3 min21) is then fed to a quartz
micro-reactor containing 100 mg of catalyst. The composition
of the reactor effluent is analyzed by means of two gas
chromatographs, connected in series: the first is equipped with

two packed columns (Porapak, Carbosieve) and two detectors
(TCD, FID) and uses He as carrier gas. Porapak is used for the
separation of C2H5OH, H2O, CH3CHO, CH4, C2H4 and C2H6.
Carbosieve is used for the separation of CO, CO2 and CH4. The
second gas chromatograph, which uses N2 as carrier gas, is
equipped with a Carbosieve column and a TCD detector and is
solely used for the analysis of the produced hydrogen.

Typical experimental results obtained are presented in Fig. 1,
in which the conversion of ethanol and the selectivities to
various reaction products are shown as a functions of reaction
temperature. At temperatures below 300 °C, steam reforming of
ethanol does not occur appreciably. Instead, dehydrogenation of
ethanol occurs to an appreciable extent producing acetaldehyde
and hydrogen. Increasing reaction temperature results in a
progressive decrease of selectivity toward acetaldehyde, which
drops to zero at temperatures above 550 °C. In this temperature
range the reforming reactions of both acetaldehyde and ethanol
prevail. It is interesting to observe that no ethylene is detected in
the reaction products, indicating that no dehydration of ethanol
is taking place, as might be expected. This is due to the fact that
this particular catalyst, which utilizes La2O3 as the carrier
material, does not possess any acidic sites, which are required
for the dehydration route. Steam reforming of ethanol takes
place to a significant extent at temperatures above 400 °C, as
evidenced by the sharp increase of ethanol conversion and by
the increase of selectivities toward CO and H2 (Fig. 1). By-
products of the reaction are CO2 and CH4, which are formed by
reaction of CO with water (shift reaction) and with hydrogen
(methanation), respectively. Selectivities toward CO2 and CH4

Fig. 1 Effect of reaction temperature on the conversion of ethanol (XEtOH)
and on selectivities toward acetaldehyde (SCH3CHO), carbon monoxide
(SCO), carbon dioxide (SCO2

), methane (SCH4
) and hydrogen (SH2

), obtained
over the 17% Ni/La2O3 catalyst. Experimental conditions: mass of catalyst:
100 mg; particle size: 0.25–0.50 mm; H2O+EtOH molar ratio: 3+1; flow
rate: 160 cm3 min21 (W/F = 0.0375 g s cm23); P = 1 atm.
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increase with increasing temperature and go through maxima at
ca. 550 °C. Above this temperature, the reformation of methane
with CO2 and with H2O becomes thermodynamically feasible,
resulting in a decrease of the selectivities of both CH4 and CO2,
since the Ni/La2O3 catalyst is known to be very active for these
reforming reactions.7 The observed decrease in the production
of CO2 may be due in part to the inverse shift reaction. At
temperatures above 600 °C, the conversion of ethanol reaches
100% and the selectivity toward hydrogen exceeds 90% (Fig.
1). Under these conditions, the only undesirable product is
methane, which competes with H2 for hydrogen atoms.
However, from a practical point of view, a small concentration
of methane in the reformate may be tolerated since methane
present at the exhaust of the fuel cell can be burned, along with
unreacted hydrogen, to provide the heat necessary for the highly
endothermic reforming reaction. In any event, conversion of
methane via reforming with CO2 and H2O proceeds at higher
reaction temperatures, resulting in increased yield of H2
production.

The contact time dependence of the conversion of ethanol
and of the selectivity toward reaction products, as well as the
stability of the catalyst with time-on-stream were examined
over a catalyst in which the active component (Ni/La2O3) was
deposited on g-Al2O3 pellets (Engelhard) of a surface area of
180 m2 g21. This type of catalyst formulation may be necessary
for a practical application since La2O3 is hydroscopic and
pellets made out of this material do not possess the necessary
strength in the presence of steam, especially at low tem-
peratures. This problem is avoided if lanthana is dispersed over
the surface of materials which have the necessary strength, such
as alumina pellets. For the experiment described here, the g-
Al2O3 pellets were impregnated with La(NO3)3 and then
calcined in air at 900 °C for 30 h. The resulting material was
then impregnated with Ni(NO3)2, dried at 110 °C for 24 h,
reduced in H2 at 500 °C for 5 h and crushed to particles of
0.25–0.50 mm in diameter.

The effect of contact time on the catalytic performance of the
(Ni/La2O3)/Al2O3 catalyst at the reaction temperature of 750 °C
is shown in Fig. 2, in which the conversion of ethanol and the
selectivities towards various reaction products are plotted as
functions of W/F. It is observed that for contact times > 0.1
g s cm3 the conversion of ethanol is 100% and the reaction is
highly selective toward hydrogen ( > 95%), the only unwanted
by-product being methane ( < 5%). As the contact time
decreases, the conversion of ethanol progressively drops,
accompanied by a decrease of the selectivity toward the

reformation products (CO and H2) and by an increase of the
selectivity toward CO2 and by-products, such as CH3CHO,
C2H4 and C2H6. It is interesting to observe that at low contact
times (low ethanol conversion) appreciable amounts of ethylene
are formed, obviously by dehydration of ethanol over acidic
Al2O3 sites. This reaction did not occur measurably over the Ni/
La2O3 catalyst which does not possess acidic sites.

The stability of the (Ni/La2O3)/Al2O3 catalyst has been
examined at 750 °C and the results are shown in Fig. 3, in which
the alterations of activity and selectivity are plotted as functions
of time-on-stream. Under the experimental conditions em-
ployed (see legend of Fig. 3), a small deactivation of the catalyst
is observed during the first 80–100 h on stream, where
conversion of ethanol drops from 95 to 88%, while further
exposure of the catalyst to the reaction mixture does not result
in further deactivation. It is interesting to observe that
selectivity toward hydrogen does not change significantly and
slightly decreases from the initial value of 94 to 91% after 155 h
on stream. Selectivities toward the formation of other products,
such as CO, CO2, CH4, CH3CHO, C2H4 and C2H6 also stabilize
after 100–120 h.

Summarizing, the present results reveal that the Ni/La2O3
catalyst, or the (Ni/La2O3)/Al2O3 pelleted form, exhibits high
activity and, most importantly, good long term stability for
steam reforming of ethanol to hydrogen production and is a
good candidate to be used in ethanol reforming processors for
fuel cell applications.

This work was funded in part by the Commission of the
European Community, under contract ERK6-CT-1999-00012,
and by the Hellenic General Secretariat of Research and
Technology (EPET II).
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Fig. 2 Effect of space time (W/F) on the conversion of ethanol and on the
selectivities toward reaction products, over the (Ni/La2O3)/Al2O3 catalyst.
Experimental conditions: mass of catalyst: 100 mg; particle size: 0.25–0.50
mm; H2O+EtOH molar ratio: 3+1; T = 750 °C; P = 1 atm.

Fig. 3 Conversion of ethanol and selectivities toward reaction products as
functions of time-on-stream, obtained over the (Ni/La2O3)/Al2O3 catalyst.
Experimental conditions: mass of catalyst: 100 mg; particle size: 0.25–0.50
mm; H2O+EtOH molar ratio: 3+1; flow rate: 87 cm3 min21 (W/F = 0.0690
g s cm23); T = 750 °C; P = 1 atm.
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Topochemical reduction of CaEu2Ti2O8, a new n = 1 mixed
Ruddlesden–Popper/Dion–Jacobson phase prepared by di-
valent ion-exchange of NaEuTiO4, yields the non-defective
n = 2 Ruddlesden–Popper phase Eu2CaTi2O7.

Transition-metal oxides that possess the perovskite structure are
important materials that exhibit a wide range of useful
properties, including ferroelectricity, superconductivity, co-
lossal magnetoresistance, and catalytic activity. Layered per-
ovskites that belong to the Ruddlesden–Popper,1 A2[AAn21-
BnO3n+1], and Dion–Jacobson,2 A[AAn21BnO3n+1], families are
known to possess similar properties, which often depend
sensitively on the thickness of the perovskite block. As an
example, the Curie temperature and magnetoresistive effects
vary with increasing n (the number of octahedra that stack in the
perovskite block) in the Ruddlesden–Popper manganate series
(La,Sr)n+1MnnO3n+1.3

Many layered perovskites also undergo interlayer ion-
exchange reactions, so they are ideal precursors to new
metastable materials. For example, Dion–Jacobson phases that
contain divalent interlayer cations,4 as well as perovskite/
copper-halide5 and vanadate6 intergrowths, can be synthesized
at relatively low ( < 500 °C) temperatures from layered
perovskite precursors. Similarly, A-site defective three-dimen-
sional perovskites can be synthesized by dehydrating proton-
exchanged Ruddlesden–Popper phases,7 and non-defective
perovskites can be synthesized by topochemically reducing the
appropriate Dion–Jacobson precursors.8 In general, it is not
possible to make these same ordered phases by direct, high
temperature synthesis.

Since the electronic and magnetic properties of layered
perovskites vary with the perovskite block thickness, the ability
to convert among similar homologues in a series is a potentially
useful tool for fine-tuning their properties. Recently, Gopa-
lakrishnan and coworkers converted HLnTiO4 (Ln = La, Nd,
Sm, Gd), a family of n = 1 Ruddlesden–Popper phases, into
Ln27Ti2O7, an A-site defective n = 2 Ruddlesden–Popper
series, by carefully dehydrating the n = 1 precursor.9 The
unique ordering of the lanthanide cations and the protons in
HLnTiO4 (or alkali cations in the parent phase NaLnTiO4) in
alternate rows imparts interlayer reactivity only to every other
layer, which is necessary for the conversion from an n = 1 to an
n = 2 phase.

Topochemical reduction is a powerful alternative to dehydra-
tion, because it can create non-defective condensed structures.
One can envision a similar conversion reaction that transforms
NaLnTiO4 into a non-defective n = 2 phase (Fig. 1). NaEuTiO4,
the n = 1 Ruddlesden–Popper parent phase, contains the easily
reducible Eu3+ cation, which converts to Eu2+ when heated in
hydrogen. The concomitant loss of oxygen from the lattice is
necessary for the topochemical collapse to occur. NaEuTiO4
contains twice the number of interlayer Na+ cations than are
needed to fill the A-sites of a perovskite block, so divalent ion
exchange must first be done to give the correct stoichiometry of
interlayer cations, forming AII

0.5EuTiO4. Subsequent reduction
can collapse the perovskite layers over the divalent A-site
cations, resulting in the n = 2 Ruddlesden–Popper phase
AII

0.5EuTiO3.5 (or Eu2AIITi2O7).

NaEuTiO4 was synthesized as reported in the literature10 and
reacted with 1 M Ca(NO3)2 for 1 week at 45 °C to form
Ca0.5EuTiO4 (or CaEu2Ti2O8). Energy-dispersive X-ray analy-
sis (EDAX)11 confirms that 85% of the sodium is replaced by
calcium, which is consistent with the efficiencies of other
aqueous and non-aqueous divalent ion-exchanges.4,8 (Attempts
at ion exchange using Sr2+ and Ba2+ resulted in significantly
less exchange, presumably due to the size mismatch between
Na+ and the large divalent cations.) Fig. 2(b) shows the X-ray

Fig. 1 Topochemical transformation of an n = 1 Ruddlesden–Popper phase
into a non-defective n = 2 phase, which includes (a) NaEuTiO4, (b)
CaEu2Ti2O8, and (c) Eu2CaTi2O7.

Fig. 2 XRD patterns for (a) NaEuTiO4, (b) CaEu2Ti2O8 formed by divalent
ion exchange of NaEuTiO4, (c) Eu2CaTi2O7 synthesized under H2 at
650 °C, and (d) CaxEu12xTiO3, the thermodynamically stable product
formed at 800 °C. A pyrochlore impurity is labeled with an asterisk in (b)
and (c). Note that the vertical scale in (c) is expanded by a factor of 5.
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diffraction (XRD)12 pattern for CaEu2Ti2O8. The proposed
structural model of CaEu2Ti2O8 contains alternating staggered
and eclipsed layers, as shown in Fig. 1b. Thus, CaEu2Ti2O8 can
be considered as a mixed n = 1 Ruddlesden–Popper/Dion–
Jacobson phase. After drying for 1 h at 400 °C to remove
interlayer water, CaEu2Ti2O8 was indexed on a tetragonal unit
cell (Table 1) with a doubled c-axis due to the staggered
alternate layers. A pyrochlore impurity is identified in Fig. 2(b),
and CaEu2Ti2O8 decomposes completely to CaO and pyro-
chlore-type Eu2Ti2O7 upon further heating in air.

Interestingly, a related compound, Ca0.43Na0.14LaTiO4 (pre-
pared by Wiley and coworkers by divalent ion-exchange in
anhydrous calcium nitrate),4b is also a mixed n = 1 Ruddlesden–
Popper/Dion–Jacobson phase, but unlike CaEu2Ti2O8, each
layer remains staggered as in the parent NaLaTiO4 phase. In this
case, as well as for ZnEu2Ti3O10 reported earlier,8 aqueous ion
exchanges give the perovskite sheets lateral mobility to adopt an
eclipsed conformation, while ion-exchanges using anhydrous
nitrates or molten chlorides retain the staggered symmetry of
the parent crystal.

When CaEu2Ti2O8 is heated in hydrogen to reduce Eu3+ to
Eu2+ and remove oxygen from the lattice, the perovskite layers
above and below the Ca2+ cations collapse, encasing Ca2+ in the
A-sites of the two bridged perovskite slabs to form the n = 2
Ruddlesden–Popper phase CaEu2Ti2O7, or Eu2CaTi2O7 (writ-
ten in the traditional form to emphasize the location of Eu2+ in
the interlayer). Unfortunately, Eu2CaTi2O7 [Fig. 2(c)] is a low
temperature phase, since it decomposes to perovskite-type
CaxEu12 xTiO3 [Fig. 2(d)] when heated above 650 °C in
hydrogen. (While Eu3+ fits well in the rocksalt-type interlayer
sites, Eu2+ is too large to adopt the same coordination, so the
reduced structure is unstable.) As with the metastable
Ln27Ti2O7 series, a short reaction time is needed in order to
isolate the topochemical product. Thus, Eu2CaTi2O7 has a
limited stability window and is formed only by heating
CaEu2Ti2O8 for 30 min in hydrogen at 625 °C. Below 600 °C,
the reduction does not occur.

The XRD pattern of Eu2CaTi2O7 is shown in Fig. 2(c). A
highly crystalline pyrochlore impurity, which was a minor
impurity phase in Fig. 2(b), remains unchanged upon heating in
hydrogen. Thus, Fig. 2(c) can be indexed as a mixture of
phases—a crystalline CaxEu22 xTi2O7 pyrochlore phase, and
the n = 2 Ruddlesden–Popper phase Eu2CaTi2O7, which is
characterized by much broader peaks. The broad peaks and low
intensity indicate that the product is not very crystalline and that
the topochemical collapse introduces disorder over large
regions. Although broad, all of the peaks can be indexed to a
tetragonal unit cell consistent with that of an n = 2 Ruddlesden–
Popper phase (Table 1). Eu2CaTi2O7 appears to be isostructural
with K2SrTa2O7.13 The a axis lattice parameter of Eu2CaTi2O7
is contracted relative to K2SrTa2O7 (a = 3.9768, c =
21.7062 Å, from ref. 13) and related n = 2 phases, while the c
axis lattice parameter is significantly larger (Table 1), which is
consistent with the size variations between Ti4+/Ta5+ and Eu3+/
Eu2+. The absence of a major peak around 2q = 41° in Fig. 2(c),
which corresponds to the (111) cubic perovskite peak, indicates
minimal decomposition to CaxEu12 xTiO3 (the thermodynam-

ically stable phase upon further heating in hydrogen). Likewise,
the presence of an intense low angle reflection, as well as
higher-index peaks consistent with a tetragonal unit cell,
indicates that a layered structure is retained.

The progression of low-angle XRD peaks for NaEuTiO4,
CaEu2Ti2O8 and Eu2CaTi2O7 (Fig. 2) shows the layer spacings
expected for an n = 1 Ruddlesden–Popper phase, an n = 1
Ruddlesden–Popper/Dion–Jacobson intergrowth, and an n = 2
Ruddlesden–Popper phase, respectively. CaEu2Ti2O8 has a
larger layer spacing (13.56 Å) than NaEuTiO4 (12.55 Å), which
is consistent with the expected increase from the eclipsed
perovskite slabs. Likewise, the decrease in the layer spacing for
Eu2CaTi2O7 (ca. 12.1 Å) relative to CaEu2Ti2O8 can only be
explained by the bridging of octahedra from the perovskite
slabs. Reduction without topochemical collapse (i.e. an oxygen-
deficient n = 1 phase) would result in a larger layer spacing than
CaEu2Ti2O8 (due to the larger Eu2+ cation), so the (002) peak
would have shifted to lower angles instead of higher angles.

While the topochemical conversion of an n = 1 to a defective
n = 2 Ruddlesden–Popper phase has already been demon-
strated,9 this work represents the first route to a non-defective
higher order layered perovskite. This kind of topochemical
reaction could have interesting implications for fine-tuning the
properties of carefully designed magnetic and ferroic phases.
Additionally, it is an important extension of the topochemical
reduction reaction that converts layered perovskites into three-
dimensional perovskites, since it involves lower-order Rud-
dlesden–Popper homologues and results in a two-dimensionally
bonded product. Indeed, this work demonstrates that topochem-
ical reduction can be viewed as a generalized approach for the
rational synthesis of metastable non-defective perovskites.

This work was supported by National Science Foundation
grant CHE-9529202. E. N. G. thanks the NSF Summer Program
in Solid State Chemistry for support of her work at Penn State.
This material is based upon work supported under a National
Science Foundation Graduate Fellowship.
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Table 1 Lattice parameters and selected data for layered perovskites

Compound Description Colour Space group
Lattice
parameters/Å

NaEuTiO4 n = 1 RP White Pbcma a = 12.5471(2)
b = 5.3307(2)
c = 5.3328(1)

CaEu2Ti2O8 n = 1 RP/DJ White I4/mmm a = 3.7302(2)
c = 27.125(3)

Eu2CaTi2O7 n = 2 RP Black I4/mmm a = 3.78(2)
c = 24.2(3)

a The space group is taken from ref. 10.
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Ring opening metathesis poymerisation (ROMP) followed
by catalytic dihydroxylation affords macromolecules with
1,2-diol structures. These new macromolecular compositions
represent C-glycoside analogues of ribofuranose polymers
that are thermally and hydrolytically stable.

Carbohydrate–protein interactions play an important role in
many biological processes. Polysulfates derived from carbohy-
drates were recognized as potent and selective inhibitors of the
in vitro replication of HIV and other enveloped viruses. In the
case of sulfated dextrans the activity strongly depended on the
molar mass of the oligosaccharides.1,2 The design of new
carbohydrate-analogue polymers is of special interest in
polymer chemistry and life sciences—applications range from
drug systems to novel biocompatible materials and surface
coatings. Ring-opening metathesis polymerisation (ROMP)
offers attractive potential for the synthesis of well defined
carbohydrate analogue polymers. The modern catalyst genera-
tions, developed by Schrock and Grubbs, tolerate polar groups
and afford living polymerisation which is the key to molar mass
control. Novel families of ROMP glycopolymers were prepared
by Kiessling, Schrock, Grubbs and co-workers3–7 using sugar-
substituted derivatives of norbornene and 7-oxanorbornenes as
monomers. Since conventional polysaccarides are prone to
metabolic degradation by glycosidases due to their glycosidic
linkages,2 hydrolytically stable carbohydrate-analogue com-
pounds without glycoside linkages in the backbone represent
interesting candidates for biomedical applications (Fig. 1).

Here we present a versatile synthetic method for the
preparation of novel polyribofuranose analogue polymers
which do not contain glycoside linkages between the mono-
meric units in the polymer backbone that are prone to metabolic
degradation by glycosidases. This should provide an oligo-
saccharide analogue structure with improved biocompatibility
and longer half-life times. Initial research on related oligo-
saccharide-analogue polymers was reported by Clark and Lee8

who used ROMP of 7-oxanorbornene diol derivatives. Since the
double bonds of the polymer backbone were hydrogenated, the
resulting saccharide-analogue polymers contained only two

hydroxy groups per repeating unit. The objective of our research
was the synthesis of polymers containing fully hydroxylated
repeating units. These are pseudo-polyribofuranoses, with
structures very similar to those of natural carbohydrates. The
synthetic strategy displayed in Scheme 1 employs ROMP of
dihydroxy-substituted bicyclic olefin monomers and sub-
sequent dihydroxylation of the double bonds in the polymer
backbone.

Both pure 2-exo, 3-exo-7-oxanorbornene diol 1a and the
corresponding endo isomer 1b were synthesized according to a
literature procedure.9 Unfortunately, all attempts to perform
ring-opening metathesis polymerisation in water, employing the
water soluble Grubbs catalyst RuCl2(NCHPh)-
[Cy2PCH2CH2N(CH3)3

+Cl2]2 7 failed. Therefore, compounds
1a and 1b were transformed into their corresponding ketals 2a
and 2b as reported by Schrock and co-workers.10 ROMP in THF
gave high yields (80–90%) using the well known Grubbs
catalyst 6. The monomer to catalyst ratio was varied in order to
obtain polymers with different molecular masses. Properties of
the obtained polymers are listed in Table 1. The resulting
polymers 3a,b were soluble in THF, acetone, CHCl3 and
CH2Cl2 but not in water or methanol. A polydispersity index
Mw/Mn of 1.5, determined by size exclusion chromatography
(SEC), reflects a relatively narrow molecular mass distibution
(cf. Table 1). A significant difference was observed with respect
to the cis/trans double bond ratio in 3a and 3b, respectively. The
cis double bond content of 3a was 30% compared to 80% for 3b.

Fig. 1 Comparison between b-D-(2)ribose and the novel carbohydrate
analogue polymers 5a,b.

Scheme 1 Synthesis of the pseudo polyribofuranoses [a = exo, b = endo;
(I), cf. ref. 10; (II), RuCl2(NCHPh)(PCy3)2 (6), THF; (III), cat. OsO4, NMO,
acetone, H2O, MeOH; (IV), CF3CO2H–H2O (9+1 vol. ratio)].
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The NMR-peaks were assigned based on COSY and DEPT-
NMR techniques and by comparison with chemical shifts of
related structures.11 It is noteworthy that the exo and endo
polymers also differ strongly in their glass transition tem-
peratures (Tg) (3a Tg = 85 °C, 3b Tg = 155 °C).

So far, typical polymer analogue reactions for the derivatisa-
tion of the double bonds produced by ROMP have employed
sulfonation, hydrogenation, the formation of carbonamide12 and
epoxidation.12,13 In order to produce the desired pseudo-
polyribofuranose structures we decided to dihydroxylate the
double bonds in the backbone of the ROMP polymers 3a,b. To
the best of our knowledge this is the first time that successful
catalytic dihydroxylation of ROMP polymer has been achieved.
While catalytic dihydroxylations are well known for many low
molecular weight oligoalkenes14a it has rarely been successfully
applied in polymer functionalisation.14b

It is even more surprising that for the ROMP polymer 3a/b a
quantitative conversion of all double bonds into 1,2-diol
structures could be achieved. SEC measurements confirmed
that polymer degradtion did not occur during dihydroxylation.
In the 1H NMR spectra displayed in Fig. 2 the signals at d =
5.86 ppm and 5.94 ppm, which are assigned to the cis and trans
double bonds of 3b, completely disappeared after the di-
hydroxylation step. The signal for the protons in the 5 position

was shifted to d = 4.1 ppm. The signal for the proton in the
allylic position to the cis and trans double bonds 2c, 2t were
shifted from d = 4.38 ppm and 4.04 ppm to 3.8 ppm and 3.6
ppm respectively. In accordance with the dihydroxylation of
double bonds of low molecular weight compounds, the cis
double bonds are converted selectively to erythro diols and the
trans double bonds to the corresponding threo diols.15 In the
case of 3b the dihydroxylation method described for oligoalk-
enes14a and polyalkenes14b was well suited to obtain the fully
hydroxylated pseudo-polyribofuranose 4b which was com-
pletely water and methanol soluble. However, it was not soluble
in THF, acetone and other organic solvents. In the case of 3a the
fully dihydroxylated polymer 4a was only partially soluble in
water but fully soluble in methanol. Therefore methanol was
added instead of water as medium for the dihydroxylation in
order to achieve a quantitative conversion. After deprotection of
the ketal groups of 4b by means of CF3COOH–H2O (9+1 vol.
ratio) a water insoluble polymer 5b was obtained which formed
fine needles after precipitation from solution. These needles
were only soluble in DMF or DMSO. 1H-NMR data showed
that the polymer was fully deprotected, which was indicated by
the lack of peaks in the region of d = 1.0–1.7 ppm. The
hydrolytic stability of this carbohydrate analogue polymer
towards acidic media (see above) is much better with respect to
that of natural carbohydrates containing acetal linkages in the
backbone. The solubility behaviour of these new pseudo-
furanose derivatives is very similar to that of e.g. cellulose
(cellulose is water insoluble, methyl cellulose with up to 45%
ether bonds is water soluble), thus indicating that the pseudo-
polyribofuranoses are likely to exhibit superstructures via
intermolecular hydrogen bonding. The structure–property rela-
tionships of these new polyribofuranose analogue compounds
will be investigated in more detail.

The authors gratefully acknowledge financial support by the
European Union (TMR-Project GLASSCYCLICS Contract No.
FMRX-CT97-0116). We thank Sven Kasper and Christina
Schmutz for technical assistance and Professor Walter Burchard
for many helpful discussions relating to the characterization of
polyhydroxy compounds.
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Table 1 Properties of 3a,b and 4a,b

[M]/
[[Ru]a

Mn/
g mol21b PDI Tg/°Cc sc/mol%d sE/mol%e

endo 25 7 100 1.50 n.d 80 71
50 12 200 1.50 155 82 71
75 14 800 1.47 156 82 69

exo 50 19 300 1.42 85 33 n.d.
75 33 900 1.42 86 34 n.d.

100 36 600 1.51 86 30 n.d.
a Monomer to catalyst ratio. b Determined for 3a,b in CHCl3 against PS
standard. c Obtained for 3a,b. d Content of cis double bonds in 3a,b.
e Content of erythro diols in 4a,b.

Fig. 2 1H NMR spectrum of 3b (acetone-d6, 300 MHz) in comparison to 4b
(D2O, 300 MHz).
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A new series of dendrimers with 4,4A-bipyridinium cores capable of
fast electron transfer reactions
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A new series of dendrimers containing a single 4,4A-
bipyridinium (viologen) core has been synthesised and
characterized that exhibit fast heterogeneous electron trans-
fer reactions from the first to the third generation of
dendritic growth.

Dendrimers with redox active cores have been proposed as
promising materials for miniaturized information storage cir-
cuits.1 Ideally, injecting/extracting electrons into or from the
core of the dendrimer would be a simple way to store and/or
read a bit of information in a single molecule. However, the
redox active core must be surrounded by a considerable amount
of inert material to prevent electronic ‘cross-talk’, that is, self-
exchange electron transfer reactions between neighboring
dendrimers that would lead to data losses in a two-dimensional
storage array. To the best of the authors’ knowledge, the
isolation of the redox core by growing dendritic branches has
always led to significantly decreased rates of heterogeneous
electron transfer.2 This trend has been clearly demonstrated
with dendrimers synthesized around porphyrin,3 ferrocene4 and
a variety of redox active, metal complex centers.5 Here, we
report the preparation and characterization of a new series of
three dendrimers (compounds 1–3, see structures below)
containing a single 4,4A-bipyridinium (viologen) core residue
covalently attached to two identical Fréchet-type dendrons6

(first to third generation). The voltammetric behavior of these
compounds reveals that the first one-electron reduction of the
viologen core is reversible (fast) and rather insensitive to the
size of the dendrons throughout the series, an unexpected
finding from the available reports on related dendritic sys-
tems.3–5

The synthetic strategy for the preparation of the dendritic
viologens utilized a convergent method. The benzyl bromide
dendrons were prepared according to the procedure reported by
Fréchet and Hawker.7 Menschutkin reaction between 4,4A-
bipyridine and two equivalents of the corresponding dendron
bromides (DMF at 55 °C) afforded, after counterion exchange,
the symmetrical dendrimers with a viologen unit at the core.†
Their structure was confirmed by 1H and 13C NMR spectrosco-
pies.‡ All compounds yielded satisfactory elemental analyses
and exhibited very good correlation with the calculated
molecular masses as evidenced by their FAB or MALDI-TOF
mass spectra.‡

The influence of the dendritic structure on the electro-
chemical behavior of the core viologen units was investigated
by cyclic voltammetry in acetonitrile solution. Typically,
viologen derivatives exhibit two reversible reduction waves that
correspond to the formation of a cation radical (V2+? V+) and
a neutral (V+ ? V) species.8 The first reduction is generally
very fast, and the second is often coupled to precipitation
processes due to the uncharged nature of the fully reduced
species, which is insoluble in solvents of intermediate to high
polarity.9 In agreement with the results reported for a different
series of bipyridinium-based dendrimers,10 we found (see Table
1) that the half-wave potentials (E1/2) for the first reduction
process shift to less negative values as the dendrimer generation
increases. Analysis of the peak-to-peak potential splittings
(DEp) indicates that this electrochemical process is reversible at
moderate scan rates for all dendrimers, even for the third
generation compound 3. However, some distortions associated
with precipitation of the one-electron reduced species on the
electrode surface are evident in the voltammograms for the
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largest dendrimer (see Fig. 1). At faster scan rates (up to 3
V s21), our voltammetric data still reveal that the first reduction
is quite fast (the largest DEp value measured in these
experiments was 78 mV). The distortions mentioned above
precluded us from obtaining reliable values for the apparent
heterogeneous rates of electron transfer.

The half-wave potentials corresponding to the second
electron uptake exhibit the same trend, shifting to less negative
values with increasing dendrimer generation. The kinetics of the
electron transfer reaction appear to be fast, although very
marked precipitation effects were observed. As was the case for
the first reduction process, these effects were most visible for
the third generation dendrimer 3. Overall, the trend observed in
the E1/2 values reveals that the reduction process is thermody-
namically more favored as the dendritic structure grows. We
attribute this observation to the increasing hydrophobic charac-
ter of the dendrimer core, which makes it progressively harder
to solvate effectively the two positive charges of the viologen
core. Therefore, reduction (partial or total elimination of the
core charges) becomes more favorable with increasing den-
drimer generation.

To our knowledge this is the first example of dendrimers
containing a single electroactive core unit that shows relatively
fast heterogeneous electron transfer reactions even in the third
generation, as measured at scan rates as fast as 3 V s21. Taken
together, these results open some interesting possibilities and
suggest that dendrimers with viologen cores are promising in
the search for electrochemically active dendrimers with prac-
tical applications. We are currently working on methods to
immobilize these or similar dendrimers at interfaces in order to
obtain electrochemical behavior that will not be affected by
precipitation effects.

We are grateful to Xunta de Galicia (J. M. Q. and C. P.,
PGIDT00PXI10306PR) and NSF (AEK, CHE-9982014) for the

support of this work. R. T. thanks the Xunta de Galicia for a
graduate fellowship. E. R. thanks the University of Miami for a
Maytag graduate fellowship.

Notes and references
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mg, 0.03 mmol) in DMF (1 ml) was stirred under inert atmosphere at 55 °C
for 24 h. After cooling to room temperature, the solvent was removed under
reduced pressure and the residue dissolved in acetone (1 ml). An aqueous
solution of NH4PF6 was added. The solvents were removed in vacuo and the
solid triturated in water. The precipitate was filtered off, washed with water
and diethyl ether. The resulting solid was purified by size-exclusion
chromatography (Sephadex LH-20), eluting with MeCN to yield the pure
dendrimer.
‡ Dendrimer 1: Yield 90%; 1H NMR (200 MHz, CD3CN): d 5.11 (s, 8H),
5.72 (s, 4H), 6.72–6.76 (m, 6H), 7.32–7.49 (m, 20H), 8.36 (d, 4H, 3J (H, H)
6.8 Hz), 8.95 (d, 4H, 3J (H, H) 6.8 Hz); 13C NMR (50 MHz, CD3CN): 65.5,
70.9, 103.9, 109.3, 128.3, 128.6, 128.9, 129.4, 135.5, 137.6, 146.4, 151.1,
161.5; FB MS: m/z 907 (M 2 PF6

2)+, 762 (M 2 2PF6
2)+.

Dendrimer 2: Yield 86%; 1H NMR (200 MHz, CD3CN): d 5.03 (s, 24H),
5.68 (s, 4H), 6.56–6.67 (m, 18H), 7.30–7.38 (m, 40H), 8.18 (d, 4H, 3J (H,
H) 6.8 Hz), 8.82 (d, 4H, 3J (H, H) 6.7 Hz); 13C NMR (50 MHz, CD3CN):
65.5, 70.6, 102.3, 104.1, 107.4, 109.4, 128.1, 128.5, 128.8, 129.4, 135.4,
137.9, 140.2, 146.3, 150.7, 160.9, 161.3; FAB MS: m/z 1756 (M 2 PF6

2)+,
1611 (M 2 2PF6

2)+.
Dendrimer 3: Yield 78%; 1H NMR (200 MHz, CD3CN): d 4.84 and 4.95

(each s, 56H), 5.52 (s, 4H), 6.46–6.60 (m, 56H), 7.19–7.33 (m, 80H), 8.04
(d, 4H, 3J (H, H) 6.7 Hz), 8.72 (d, 4H, 3J (H, H) 6.8 Hz); 13C NMR (50 MHz,
CD3CN): 65.5, 70.4, 70.7, 102.2, 102.4, 104.1, 107.5, 109.4, 127.9, 128.6,
128.9, 129.4, 135.4, 138.0, 140.2, 140.6, 146.3, 150.5, 160.8, 160.9, 161.4;
MALDI-TOF MS: m/z 3308.4 (M 2 2PF6

2)+.
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Table 1 Half-wave potentials (E1/2 in V vs. Ag/AgCl) and peak-to-peak potential splittings (DEp in mV) for the first and second reduction of dendrimers 1–3
in CH3CN at 25 °C

Dendrimer 1 Dendrimer 2 Dendrimer 3

Electrochemical parametera V2+? V+ V+? V V2+? V+ V+? V V2+? V+ V+? V

E1/2 20.316 20.754 20.309 20.751 20.274 20.705
DEp at 0.1 V s21 65 62 62 65 56 35
DEp at 0.5 V s21 66 75 65 75 56 42
DEp at 1.0 V s21 66 81 69 75 60 60
DEp at 2.0 V s21 74 81 69 71 65 79
DEp at 3.0 V s21 78 89 78 64 70 85

a All electrochemical parameters were measured with a glassy carbon working electrode immersed in 0.25 mM 1–3 + 0.1 M TBAPF6 solutions in acetonitrile.
The reported half-wave potential values were measured at 0.1 V s21.

Fig 1 Cyclic voltammetric waves (at scan rates 0.1, 0.5 and 3.0 V s21)
corresponding to the first one-electron reduction of dendrimer 3 (0.25 mM)
in 0.1 M TBAPF6–MeCN. Data were recorded with a glassy carbon
working, platinum auxiliary and Ag/AgCl reference electrodes.
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Catalytic conversion of butadiene to ethylbenzene over the nanoporous
nickel(II) phosphate, VSB-1
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The large-pore nickel(II) phosphate, VSB-1, shows excellent
selectivity ( > 80%) for the dehydrocyclodimerization of
butadiene to ethylbenzene at 400 °C; conversion to 4-vi-
nylcyclohexene and oligomeric byproducts is < 5% in each
case.

The widespread utility of aluminosilicate zeolites in the field of
shape-selective catalysis1 has led to a quest for other families of
nanoporous materials that might exhibit catalytic activity. In
spite of the enormous amount of work that has been done in this
area,2 only two other families of materials, the aluminum
phosphates3 and the titanosilicates,4 have yielded molecular
sieves with exciting catalytic properties. For example, SAPO-
34, an AlPO4 with the chabazite structure, is being exploited for
the conversion of methanol to olefins,3 and the titanosilicate,
TS-1, is a very effective for selective oxidations using hydrogen
peroxide.4 Attempts to make nanoporous transition metal
phosphates have led to the discovery of many new phases, e.g.
V–P–O,5 Fe–P–O6 and Co–P–O,7 but, as is the case with most
non-silicate open-frameworks, the poor thermal stability of
these systems leads to the collapse of the pore structures on
activation, thus rendering them unsuitable for applications that
require porosity. Recently, however, we described the first
example of an open-framework nickel phosphate, VSB-1
(Versailles/Santa Barbara-1),8 whose porosity can be readily
accessed by low temperature calcination. The structure is stable
to ca. 550 °C. In the present work, we show that this phase is
catalytically active in the dehydrocyclodimerization of buta-
diene to ethylbenzene.

VSB-1 was prepared as a green powder from a hydrothermal
reaction at 180 °C for 6 d between nickel(II) chloride
hexahydrate and phosphoric acid (85% by weight) in the
presence of ammonium fluoride. Further details are given in
ref. 8. This new material has a large unidimensional channel
composed of 24 NiO6 and PO4 polyhedra, and the free diameter
of the channel is estimated to be 8.8 Å (Fig. 1). Its surface area
and chemical composition are 82 m2 g21 and Ni18(H-
PO4)14(OH)3F9(H3O/NH4)4·12H2O, respectively.8 Zeolite NaX
(Si+Al = 1.40, SBET = 875 m2 g21), used for comparison of the
catalytic activity, was obtained from Fluka Chemie AG.

The cyclodimerization of 1,3-butadiene to 4-vinylcyclohex-
ene (VCH) and its dehydrogenation to ethylbenzene or styrene
(Scheme 1) could provide an attractive route for styrene
production and is regarded as an interesting alternative to the
classical ethylbenzene dehydrogenation process.9 VSB-1 and
NaX were investigated for this reaction. The catalytic runs were
carried out in a fixed-bed, vertical flow quartz reactor mounted
inside a tubular furnace at 400 °C and atmospheric pressure.
After the catalyst had been placed in the reactor it was heated up
to 450 °C in an oxygen flow for 4 h for activation and to remove
any adsorbed species. The reactor was then purged with helium
for 1 h at the same temperature and cooled down to the desired
reaction temperature. 1,3-Butadiene (99%, Matheson) was

delivered with a constant flow (typically 3 ml gas min21) and
preheated to 200 °C and mixed with helium (10 ml min21) in a
baffled gas-phase mixer within an oven at 200 °C. Product gases
were analyzed downstream by on-line gas chromatograph (HP
5890II) with a flame ionization detector (FID). The capillary
column (J&W, DB-WAX) of the gas chromatograph allowed
the separation of the products.

Fig. 2 shows the conversion of butadiene via Diels–Alder
cyclodimerization at 400 °C over VSB-1 and NaX. The thermal
(non-catalytic) conversion of butadiene to 4-vinylcyclohexene
or ethylbenzene in a Pyrex-filled glass reactor under the same
conditions as our catalyst testing was less than 1%. We find that
NaX gives very high butadiene conversion, at least initially
[Fig. 2(b)], but very poor selectivity for cyclodimerization
( < 30%). The main products over NaX are oligomeric ones such
as polyalkenes, presumably due to residual acidity in the zeolite
at high temperatures.

According to our unpublished results, VSB-1 has much
weaker acidity than zeolite NaX, so there is a reasonable
expectation that oligomerization will be less than in the
aluminosilicate. This behavior is confirmed in our experiments
[Fig. 2(a)]. Steady state conversions are obtained after approx-
imately 1 h and are sustained for at least 5 h. Although the
activity of VSB-1 is relatively low, it exhibits high selectivity
( > 90%) towards the cyclodimerization products, ethylbenzene
and VCH. In particular, it is noted that VSB-1 shows
remarkably high selectivity for ethylbenzene (82%). The

Fig. 1 A view of the structure of VSB-1 down [001]. NiO6 octahedra and
PO4 tetrahedra are shown in green and red, respectively. The disordered
sites are shown in light green and orange.

Scheme 1
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reaction certainly involves the cyclodimerization of butadiene
to VCH followed by dehydrogenation to form ethylbenzene;
that is, the whole process is better described as a dehy-
drocyclodimerization. In contrast, NaX did not produce any
ethylbenzene or styrene. Interestingly, VSB-1 displays 2%
selectivity to styrene at 425 °C (data not shown), but catalyst
deactivation is observed at this temperature due to the
deposition of oligomeric products.

The Diels–Alder cylcodimerization of 1,3-butadiene to VCH
is a well-known thermally-initiated electrocyclic reaction, that
is kinetically second-order in butadiene.10 Neither acidic nor
basic catalysts have been used successfully for this reaction.11

In addition to homogeneous catalyst systems,12 the cyclodimer-
ization of butadiene has been found over large-pore molecular
sieves such as CuY,13 NaZSM-20,11 NaBeta11 and NaX.13 The
catalytic role of non-acidic zeolites in the Diels–Alder reaction
has therefore been understood in terms of the ability of zeolites
to concentrate hydrocarbons within their cavities.11 Thus, by
increasing the butadiene concentration inside the zeolitic pores
relative to that in the external gas phase, the zeolite can enhance
the rates of bimolecular reactions such as the Diels–Alder
reaction. In the present work, the high selectivity of VSB-1 for
the cyclodimerization may again be ascribed to the concentra-
tion effect within its large pore channel (8.8 Å). Moreover, the
high selectivity towards ethylbenzene over VSB-1 points to the
role of the Ni species within its open framework in the partial
dehydrogenation step. This type of selectivity has been seen
with other nanoporous materials containing transition metals,
but not with acidic or basic catalysts. For example, a Ni-

impregnated aluminum phosphate catalyst was reported to be
active in the dehydrogenation of cyclohexane at 400 °C.14

Although the active sites for this reaction are unclear as yet,
the high selectivity of VSB-1 for ethylbenzene highlights the
bifunctional role of VSB-1. Another important feature of VSB-
1 is its excellent stability. The catalytic performance is very
stable over several hours, and, significantly, no appreciable
deactivation is observed. The stability of VSB-1 is consistent
with a previous report that it is thermally stable in air to 550 °C,8
in contrast to most other open-framework transition metal
phosphates. In the case of NaX, severe catalyst deactivation was
noted as the reaction proceeded due to the formation and
deposition of oligomeric cokes.

In summary, our work shows that the nanoporous nickel(II)
phosphate, VSB-1, has some interesting catalytic properties,
exhibiting good stability and high selectivity for ethylbenzene
in the dehydrocyclodimerization of 1,3-butadiene. The catalytic
performance is ascribed to the bifunctional role of VSB-1, i.e.
the dehydrogenation ability of Ni species and the concentration
effect of the nanoporous structure. Further studies are in
progress to elucidate the active sites of VSB-1 for the
cyclodimerization and dehydrogenation. In the light of earlier
work that demonstrated the dehydrogenation of EB to styrene at
temperatures as low as 250 °C,15 we are also exploring the
possibility that a single stage conversion of butadiene to styrene
might be possible.
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Fig. 2 The Diels–Alder cyclodimerization of 1,3-butadiene over (a) VSB-1
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gas = 1,3-butadiene–helium (3/10). Notation: BD; 1,3-butadiene, VCH;
4-vinylcyclohexene, EB; ethylbenzene.
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[Zn(m-isophthalate)(1,2-bis(4-pyridyl)ethane)]n·xA (A =
benzene, nitrobenzene, toluene, benzaldehyde, dioxane)
represent the first examples of parallel interpenetration
between noncovalent and metal–organic frameworks.

Crystal engineering1 has provided chemists with a useful
paradigm for the development of rational approaches to the
design of solid-state structures that are based upon self-
assembly of metal nodes and multifunctional ligands.2 How-
ever, it has become clear that interpenetration3 and supramo-
lecular isomerism4 are common phenomena in coordination
polymers and that subtle factors such as choice of solvent and
the presence of templates bring an added level of diversity and
uncertainty to the outcome of a particular experiment. Batten
and Robson3 have delineated the modes in which coordination
polymers can exhibit self-interpenetration and describe such
systems in terms of ‘nets’ (i.e. a collection of nodes with some
clearly defined connectivity or topology). We5 recently sug-
gested how topological considerations can be used to explain
interpenetration of two very different types of net: 2-D square
grids formed from octahedral metal ions coordinated to two
linear bifunctional ligands such as 4,4A-bipyridine6 and planar
noncovalent nets comprising organic guest molecules.7 That the
square coordination polymer grids are flat ensures inclined
interpenetration between the two types of network. Such
‘hybrid’ structures might bring with them the intriguing
possibility of combining the structural and functional features of
two very different types of molecular component.8

We report herein several structures† that exhibit the coex-
istence of coordination polymer and noncovalent nets via a
parallel interpenetration mode that is possible because the
coordination polymer exists as a novel, puckered 2-D grid. We
also demonstrate that the absence of a suitable component for
the noncovalent nets precludes formation of the 2-D coordina-
tion polymer, and rather affords a novel 3-D supramolecular
isomer of the coordination polymer. Self-assembly of Zn(II)
ions with 1,3-benzenedicarboxylate (bdc) and 1,2-bis(4-pyr-
idyl)ethane (bpeta) in the presence of an appropriately sized
guest affords a novel, puckered, rectangular grid structure,
[Zn(bdc)(bpeta)]n 1. 1 crystallizes from EtOH if benzene (1a),
nitrobenzene (1b), toluene (1c), benzaldehyde (1d) or 1,4-diox-
ane (1e) are also present. However, if the solvent is changed to
pure MeOH, MeOH/naphthalene or CH2Cl2, a different supra-
molecular isomer of 1 is formed—a 3-D structure, 2—which
can also be formulated as [Zn(bdc)(bpeta)]n. The covalent
network in 1a is sustained by a tetrahedral Zn(II) ion
coordinated to two bdc and two bpeta ligands. Four of these
units give rise to a rectangular cavity incorporated in a
(4,4)-network in which zinc ion serves as node. The tetrahedral
geometry around the zinc ion causes adjacent rectangular
cavities to fold with an angle of 99.94° between Zn ions,
producing a ‘puckered’ layer of cavities, as shown in Fig. 1.
Adjacent cavities have slightly different environments in that
the orientation of the aromatic rings of the bdc units differs: in
one (cavity A) the rings are coplanar with the plane of the

cavity, while for the next cavity (B) opposite bdc moieties orient
up and down with respect to the plane of the cavity. Effective
dimensions for the cavities are 4.8 3 13.3 Å (for A) and 6.0 3
13.6 Å (for B). The bpeta ligands contain pyridyl rings that are
only slightly twisted (torsion angle 167.7°) and these ligands are
bowed when viewed down the Zn…Zn direction. The coordina-
tion polymer layers pack close to one another, with metal
centres and cavities stacked above one another, when viewed
down [1 0 0]. The interlayer separation is 9.672 Å and there are
C–H…p and p…p interactions between layers (the C…pcentroid
distance is 3.532 Å and the pcentroid…pcentroid distances are
3.611 and 3.705 Å, consistent with distances to be expected for
such interactions).

The organic guest molecules in 1a–e form what could be
regarded as (6,3)-‘puckered brick wall’ networks that are
sustained by noncovalent interactions (Fig. 2). Fig. 3 illustrates
how two of the noncovalent networks engage in parallel
interpenetration with the coordination polymers, thereby form-
ing a structure that is similar to the laminated, self-inter-
penetrated structure exhibited by 1,3,5-benzenetricarboxylic
acid and 4,4A-bipyridine.9

The critical influence of the solvent and organic components
on the self-assembly process is clearly illustrated by the
formation of 2, which exhibits a dramatically different structure
that can be described as a pseudo-tetrahedral framework

Fig. 1 Space-filling views of the puckered, rectangular, grid coordination
polymer network in 1a. The puckering of the (4,4)-network can be clearly
seen and affords cavities and channels within the plane of the network.

Fig. 2 A view of the noncovalent nets that are formed by benzene molecules
in 1a.
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because the tetrahedral Zn ions are linked by angular and linear
spacer ligands. Zn…Zn separations in 2a are 9.90 and 13.34 Å;
this inequality in spacer length leads to a distortion of the
diamondoid network that would otherwise be formed (Fig. 4).
The large void generated within the pseudo-diamondoid cage is
filled by the mutual interpenetration of three independent
networks (Fig. 5). Guest molecules in 2a occupy cavities
between the metal-coordination networks, and are isolated from
one another. Each cavity has a volume of 91 Å3, and represents
4.4% of the unit cell volume. Thus the total volume occupied by
guest molecules in this structure is only 17.6%.10

The existence of the novel supramolecular isomers 1 and 2 is
not in itself surprising. However, that their existence appears to
be closely linked to whether or not topologically com-
plementary noncovalent nets can be formed provides insight
into how chemists can control such supramolecular isomerism
and in the process generate hybrid structures that are based upon
very different molecular components.

Notes and references
† Synthesis and data: 2D-[Zn(bdc)(bpeta)]n·x(A), 1(a–e) and 3D-
[Zn(bdc)(bpeta)]n·(solvent), 2(a,b), were prepared by dissolving
Zn(NO)3·6H2O (typical example: 0.149 g, 0.5 mmol) and 1,3-benzenedi-
carboxylic acid (0.166 g, 1 mmol) in ethanol and layering this with a
solution of 1,2-bis(4-pyridyl)ethane (0.184 g, 1 mmol) in A. Colorless, rod-
shaped crystals were formed at the solvent interface. Intensity data for 1a–e
and 2a,b were collected at 2100 °C on a Bruker SMART-APEX
diffractometer using Mo-Ka radiation (l = 0.7107 Å). The data were
corrected for Lorentz and polarization effects and also for absorption using

the SADABS program. Structures were solved using direct methods and
refined by full-matrix least squares on |F|2.11 All non-hydrogen atoms were
refined anisotropically and hydrogen atoms were placed in geometrically
calculated positions and refined with temperature factors 1.2 3 those of
their parent atoms.

1b, 1c, 1d and 1e are isostructural with 1a: they crystallize in P21/n with
similar cell parameters, they have similar, but not identical, host+guest
ratios [for 1a and 1e this is 1+2.5, for 1b–1d (which encapsulate slightly
larger guests) it is 1+2]; their interlayer separations are in the range
10.244–10.546 Å and they possess cavities with effective dimensions of ca.
5 3 13 Å (cavity type A) and ca. 5.5 3 14.5 Å (cavity type B). 1b–d have
Zn–Zn–Zn angles of 87–89°, while 1e has an angle of 100.64°, which is
closer to that observed in 1a.

Crystal data for 1a: monoclinic, P21/n, a = 9.672(1), b = 20.217(2), c
= 14.977(2) Å, b = 93.545(2)°, V = 2923.2(5) Å3, Z = 4, Dc = 1.384 g
cm23, m = 0.883 mm21, F(000) = 1268, 2qmax = 25°. Final residuals (for
377 parameters) were R1 = 0.0406 and wR2 = 0.0764 for 3242 reflections
with I > 2s(I), and R1 = 0.0680, wR2 = 0.0817 for all 5077 data. Residual
electron density was 0.75 and 20.48 e Å23. [Cell parameters for 1b: a =
10.546(2), b = 18.400(3), c = 15.209(2) Å, b = 90.971(3)°, V = 2950.8(7)
Å3. Cell parameters for 1c: a = 10.243(3), b = 18.317(5), c = 15.391(4)
Å, b = 91.116(5)°, V = 2887(1) Å3. Cell parameters for 1d: a = 10.437(2),
b = 18.516(4), c = 15.190(3) Å, b = 90.119(4)°, V = 2935(1) Å3. Cell
parameters for 1e: a = 10.545(1), b = 20.202(2), c = 14.239(2) Å, b =
96.781(2)°, V = 3012.3(6) Å3].

Crystal data for 2a: orthorhombic, Pnna, a = 10.020(1), b = 15.195(5),
c = 13.689(1) Å, V = 2084.1(4) Å3, Z = 8, Dc = 1.589 g cm23, m = 1.466
mm21, F(000) = 1016, 2qmax = 26°. Final residuals (for 138 parameters)
were R1 = 0.0444 and wR2 = 0.1146 for 1934 reflections with I > 2s(I),
and R1 = 0.0483, wR2 = 0.1167 for all 2151 data. Residual electron density
was 0.72 and 20.58 e Å23. [Cell parameters for 2b: a = 9.676(3), b =
15.470(5), c = 13.547(5) Å, V = 2028(1) Å3].

High resolution thermogravimetric analysis (TA Instruments TGA 2950)
shows a multi-step weight loss between ambient temperature and 200 °C,
which can be attributed to the release of guest (for example, 1a: observed
mass loss 33.6%, calc. for 2.5 benzene 32.1%) followed by further thermal
decomposition at 300–400 °C, apparently caused by destruction of the
coordination polymer.

CCDC 153763–153769. See http://www.rsc.org/suppdata/cc/b1/
b102153m/ for crystallographic data in .cif or other electronic format.
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Fig. 3 An illustration of how two noncovalent networks (illustrated in
space-filling mode) generate parallel interpenetration with one puckered
rectangular grid (illustrated in stick mode) in 1a.

Fig. 4 The pseudo-diamondoid network in 2a. The bridging ligands are
omitted for clarity.

Fig. 5 An illustration of the three pseudo-diamondoid networks that
interpenetrate in 2a.

862 Chem. Commun., 2001, 861–862



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Nanoballs: nanoscale faceted polyhedra with large windows and
cavities

Brian Moulton, Jianjiang Lu, Arunendu Mondal and Michael J. Zaworotko*

Department of Chemistry, University of South Florida, 4202 E Fowler Ave (SCA 400), Tampa,
FL 33620, USA. E-mail: xtal@usf.edu

Received (in Columbia, MO, USA) 11th March 2001, Accepted 21st March 2001
First published as an Advance Article on the web 18th April 2001

Self-assembly of molecular polygons by linking their vertices
provides nanosized faceted polyhedra that are porous,
contain chemically accessible sites on their facets, are
chemically robust, neutral and soluble in common labo-
ratory solvents.

In recent years chemists have developed synthetic design
strategies that are based upon the concepts of self-assembly.
This supramolecular approach to synthesis, a ‘bottom-up’1

approach to nanoscience, has afforded a new generation of
discrete, high molecular weight compounds. These compounds
are exemplified by nanoscale spheroid architectures that are
based upon Platonic (regular) and Archimedean (semi-regular)
solids.2–9

Nanoscale versions of Platonic and Archimedean solids have
been prepared by one of two approaches: edge-sharing of
molecular polygons,7 or connection of appropriately designed
molecular vertices by linear bifunctional rod-like ligands.10

Edge-sharing of molecular polygons affords closed convex
polyhedra whereas connection of vertices generates open
structures that are the edge-skeletons of polyhedra. However,
there exist other examples of uniform polyhedra11,12 that to our
knowledge remain unexplored in the context of synthetic
chemistry. Uniform polyhedra include prisms and antiprisms,
polyhedra having star faces and vertices, and polyhedra with
both concave and convex faces.13 In particular, there are nine
uniform polyhedra that are closely related to Platonic and
Archimedean solids but differ in that their convex faces can be
constructed by linking the vertices of regular polygons. Such
structures are termed faceted polyhedra14 since they must
contain both open (concave) and closed (convex) faces (i.e.
faceting).

As revealed by Fig. 1 there are three faceted uniform
polyhedra that can be generated by linking the vertices of
squares and which one occurs will be strongly influenced by the
angle subtended by the ‘spacer’ moiety that links the vertices:
cubohemioctahedron (90°) < small rhombihexahedron (120°)
< small rhombidodecahedron (144°). Therefore, judicious
control of the angle subtended by the vertices of the squares
should afford control over which polyhedron will result. The
molecular squares that we have targeted for study are the
previously reported metal-organic secondary building units15

(SBUs) M2(RCO2)4 A. A is illustrated in Fig. 2 and represents
a ubiquitous SBU that is present in nearly 900 crystal structures
in the Cambridge Structural Database (CSD).16 It should be

noted that it has already been demonstrated that use of
polycarboxylate ligands in M2(RCO2)4 (e.g. benzene-1,4-di-
carboxylate17 or benzene-1,3,5-tricarboxylate18) affords self-
assembled infinite structures with predictable topology and
relatively high thermal stability. It occurred to us that the
angular bifunctional ligand benzene-1,3-dicarboxylate, bdc,
which subtends an angle of 120°, offers the possibility of
generating discrete nanoscale small rhombihexahedra or supra-
molecular isomers19 in the form of novel infinite coordination
polymers.

Nanoscale small rhombihexahedra 1, are formed by layering
methanolic Cu(NO3)2 and H2bdc onto a solution of pyridine that
contains templates such as nitrobenzene or 1,2-dichloro-
benzene. Single crystals of [(L)(S)Cu2(bdc)2]12, L = pyridine,
S = methanol, 1a, form within hours. Alternatively, micro-
crystals of 1a can be obtained quantitatively by direct mixing of
the above reagents. The crystal structure of 1a† is illustrated in
Fig. 3 and reveals that it can be described as being composed of
vertex linked molecular squares (green) that self-assemble into
small rhombihexahedra. 1a contains pyridine ligands that are
axially bonded to the metal ions that lie at the exterior surface
and MeOH ligands at the interior surface metal binding sites.
The internal cavity has a volume of ca. 1 nm3 that is easily large
enough to encapsulate C60. To our knowledge, 1a represents the
largest spheroid structure that has yet been crystallographically
characterized. It has a molecular volume of > 10 nm3 and a
molecular weight of 6.80 kDa. 1 can also be formed for L = S
= methanol, 1b. Thus far we have isolated two crystalline
phases that contain 1b, a monoclinic and a cubic phase.†

An isomer of the small rhombihexahedron [(MeOH)2-
Cu2(bdc)2]12 2 crystallizes under similar conditions with
2,6-dimethylpyridine, a non-coordinating base, present instead
of pyridine. 2 is illustrated in Fig. 4 and the connectivity of the
SBUs is different. 2 has a molecular weight of 6.23 kDa, a
molecular volume of ca. 10 nm3 and exhibits textbook
hexagonal close packing. Molecular modelling indicates insig-
nificant difference in terms of torsional strain between 1 and 2
(calculated using MSIs Cerius2 Minimizer module).

1 and 2 are distinguished by the following features: they are
neutral and soluble in organic solvents; they are chemically
robust because of the stability of the square SBU (confirmed by
high resolution mass spectrometry); they are likely to be
chemically diverse because A exists for so many metals,

Fig. 1 The three types of faceted uniform polyhedra that can be generated
by linking the vertices of squares only: cubohemioctahedron, small
rhombihexahedron and small rhombidodecahedron.

Fig. 2 The square SBU, M2(RCO2)4 A,  employed in this study. In the
compounds described herein, A is schematically represented as a square
(green).
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including magnetically active and catalytically active metals;
they have both internal and external sites that are suitable for
further chemical modification. Indeed, it is possible to envisage
1 and 2 as the building blocks for much larger structures by
acting as the node of infinite networks20 or as the core of
mesoscale dendritic structures; their interior cavities can be
accessed via triangular or square windows, which are bowl
shaped and contain organic guests. Loss of coordinated
molecules occurs at higher temperatures. Furthermore, judi-
cious selection of angular spacers in the presence of molecular
polygons should ultimately generate all nine faceted polyhedra
and their structural isomers.

Notes and references
† Crystallographic data: intensity data for 1 and 2 were collected at 173 K
on a Bruker SMART-APEX diffractometer using Mo-Ka radiation (l =
0.7107 Å). The data were corrected for Lorentz and polarization effects and
for absorption using the SADABS program. Structures were solved using
direct methods and refined by full-matrix least squares on |F|2.11 All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were
placed in geometrically calculated positions and refined with temperature
factors 1.2 times those of their bonded atoms.

Crystal data: for 1a: triclinic, P1̄, a = 26.202(9), b = 27.756(10), c =
28.408(10) Å, a = 92.583(5), b = 96.393(5), g = 92.643(5)°, V =
20 483(12) Å3, Z = 2, Dc = 1.279 g cm23, m = 1.29 mm21, F(000) =
7752, 2qmax = 37.88° (223 @ h@ 23, 225 @ k@ 25, 225 @ l@ 20). Final
residuals (for 2529 parameters) were R1 = 0.1386 for 10 314 reflections
with I > 2s(I), and R1 = 0.2849, wR2 = 0.4220, GOF = 1.082 for all
31 316 data. Residual electron density: 0.93 and 20.51 e Å23.

For 1b (monoclinic phase): monoclinic, C2/c, a = 33.933(7), b =
36.925(7), c = 29.577(6) Å, b = 93.4595(28)°, V = 36 991.0 Å3, Z = 4,
Dc = 1.353 g cm23, m = 0.76 mm21, F(000) = 15 582, 2qmax = 34.61°
(228 @ h @ 28, 230 @ k @ 30, 224 @ l @ 13). Final residuals (for 823
parameters) were R1 = 0.1353 for 3512 reflections with I > 2s(I), and R1
= 0.3056, wR2 = 0.4226, GOF = 1.031 for all 11 089 data. Residual
electron density: 0.66 and 20.44 e Å23.

For 1b (cubic phase): cubic, Im3̄m, a = 27.6895(17) Å, V = 21 229.8 Å3,
Z = 2, Dc = 1.016 g cm23, m = 1.24 mm21, F(000) = 6454, 2qmax =
46.50° (230 @ h@ 27, 226 @ k@ 30, 229 @ l @ 30). Final residuals (for
100 parameters) were R1 = 0.0784 for 996 reflections with I > 2s(I), and
R1 = 0.1069, wR2 = 0.2953, GOF = 1.138 for all 1501 data. Residual
electron density: 0.83 and 20.44 e Å23.

For 2: hexagonal, P63/m, a = b = 28.6458(19), c = 28.1649(26), V =
20 015.2 Å3, Z = 2, Dc = 1.222 g cm23, m = 1.32 mm21, F(000) = 7326,
2qmax = 45.11° (221 @ h @ 30, 227 @ k @ 27, 222 @ l @ 30). Final
residuals (for 728 parameters) were R1 = 0.1116 for 4003 reflections with
I > 2s(I), and R1 = 0.1837, wR2 = 0.3416, GOF = 1.317 for all 8931
data. Residual electron density: 1.16 and 21.53 e Å23.

CCDC 161338–161341. See http://www.rsc.org/suppdata/cc/b1/
b102714j/ for crystallographic data in .cif or other electronic format.
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Fig. 3 Crystal structure of [(L)(S)Cu2(bdc)2]12, L = pyridine, S = methanol, 1. The schematic illustrates how linking of molecular squares generates the edge-
skeleton of 1. Note how the large bowl-shaped square and triangular windows provide access to the interior of 1. Disordered solvent is found in these windows
and in the 1 nm3 internal cavity. There is high thermal motion and/or disorder in the ligands and the guest molecules but the structure of the core is well
determined and unambiguous.

Fig. 4 Crystal structure of [(S)2Cu2(bdc)2]12, S = methanol, 2. The schematic illustrates the subtle differences between the connectivity in 1 and 2.
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Treatment of M[Co(C2B9H11)2], M = Na or K, with
[2.2.2]cryptand and 5,7,12,14-tetramethyldibenzo[b,i]-
1,4,8,11-tetraazacyclotetradecinenickel(II) results in a 1+1+1
complex, assembled with the cobalticarborane anion snugly
residing in the phenyl lined face of the Ni(II) macrocycle
through C–H…N and C–H…p interactions, with the ensuing
[M7[2.2.2]cryptand]+ supercation residing in the smaller
methyl faced cavity of the macrocycle.

The nickel(II) macrocycle 5,7,12,14-tetramethyldibenzo[b,i]-
1,4,8,11-tetraazacyclotetradecinenickel(II) [Ni(TMTAA)] is a
versatile receptor for neutral molecules, forming supramo-
lecular host–guest complexes, as perched structures, with a
range of globular cage molecules including C60, o-carborane
(icosahedral 1,2-C2B10H12) and the phosphorus chalcogenides
P4(S or Se)3,1,2 and also for disc-shaped [(H2O)2918-crown-6]3

and torus shaped cyclo-octasulfur.2 Ni(TMTAA) is a rigid,
saddle-shaped macrocycle possessing two divergent concave
surfaces which arise from the steric interactions of the methyl
groups and the adjacent H-atoms on the aromatic rings. It can
act as a heterotopic divergent receptor with C60, or it can self-
associate into dimers through the phenyl-lined face with the
supermolecule acting as a homotopic divergent receptor for a
range of molecules. A related macrocyle with two methyl
groups on each of the aromatic rings (trans to the N-centres)
forms 1+1 complexes with C60

4 and C70.5
We now report the formation of a multicomponent supramo-

lecular array where the Ni(TMTAA) receptor acts as a divergent
heterotopic receptor for globular-type ionic species, both the
super-cationic and anionic species [M7[2.2.2]cryptate]+, M =
Na or K, and [Co(C2B9H11)2]2, Scheme 1. For the anion this
takes on a novel C–H hydrogen bonding array with Ni(TM-
TAA), with a pre-programmed complementarity of curvature of
the two interacting components, which is also the case for the
cation to macrocycle interplay. The cobalticarborane or co-
balt(III) bis(dicarbollide) is a weakly coordinating anion,6 able

to act as a soft anion in building up supramolecular archi-
tecture.7

Slow evaporation of CH2Cl2/toluene solutions containing a
1+1+1 mixture of sodium cobalticarborane, [2.2.2]cryptand and
Ni(TMTAA) affords the complex [Na7[2.2.2]cryptate]+-
[Co(C2B9H11)2]2[Ni(TMTAA)], 1, in high yield, Scheme 1.‡
The potassium analogue 2 was similarly prepared by first
converting the sodium salt of the cobalticarborane to the
potassium salt by treating a 1+1 mixture of sodium cobalti-
carborane and [2.2.2]cryptand with excess KPF6. Both com-
pounds were characterised by NMR and microanalysis and their
structures in the solid state established from X-ray diffraction
studies.§

Compounds 1 and 2 are isomorphous and isostructural,
crystallising in the space group P21/c with the asymmetric unit
comprised of [M7[2.2.2]cryptate]+, [Co(C2B9H11)2]2 and one
Ni(TMTAA) molecule. Salient features of the structure are
borne out in Fig. 1. There is a striking snug fit of the
cobalticarborane in the phenyl-lined face of the macrocycle.
Moreover, the pairs of C–H groups (one from each carborane
ligand) are adjacent to each other in a staggered conformation,
as established elsewhere for this anion,7 such that the C–H
groups from each carborane ligand furthest from each other
form non-classical C–H…p hydrogen bonds to their closest
aromatic ring, and the other C–H groups form weak hydrogen
bonds to a N-centre. Associated distances for C–H…pcentroid
(C…pcentroid) are 2.60 (3.66) and 3.10 (4.14) Å for 1 and 2.72
(3.79) and 2.88 (3.94) Å for 2. Distances for C–H…N (C…N)
are 2.69 (3.63) and 2.46 (3.51) Å for 1 and 2.52 (3.56) and 2.73
(3.73) Å for 2. The C–H…pcentroid distances are comparable
with those reported for complexes of cyclotriveratrylene and o-
carborane.8–11 Ab initio calculations for a C–H…p interaction

† Present address: School of Chemistry, University of Leeds, Leeds, UK
LS2 9JT. E-mail: c.l.raston@chem.leeds.ac.uk

Scheme 1

Fig. 1 Projection showing the interplay between the ions of [K7[2.2.2]cryp-
tand]+, [Co(C2B9H11)2]2 and Ni(TMTAA). Broken lines correspond to C–
H…p and C–H…N hydrogen bonding interactions.
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between the same carborane and benzene gave a C–H…p
distance of 2.694 Å, and a weak energy of interaction of 2.72
kcal mol21.8 The acidic C–H groups of carboranes also form
hydrogen bonds to O-centres of 18-crown-6,12 and to other
hydrogen bond acceptors.13 Recent studies have established that
the cobalticarborane can form close inter-anion contacts
associated with C–H…H–B interactions at 2.40 Å.7

The supercation [M7[2.2.2]cryptate]+ also interacts with
Ni(TMTAA), with one arm of the [M7[2.2.2]cryptate]+ sitting
in the methyl face of the macrocycle at the van der Waals limit,
thereby maximising steric complementarity between the two
curved surfaces. Thus, with the anion residing in the other face,
Ni(TMTAA) acts as a divergent receptor for the ions as part of
a linear array, Fig. 1. The other two arms of the supercation form
a cavity in which the cobalticarborane anion sits, the closest B–
H…O contacts being 3.40 Å. Related to this work is the binding
of various metal ion complexes of [2.2.2]cryptand in bowl-
shaped cavities of calix[4]resorcinarenes.14

The extended structure also has the aromatic protons of
Ni(TMTAA) lying astride two arms of the cryptate, Fig. 1. This
packing is more efficient for complex 2 compared with 1 which
relates to the smaller size of the sodium cation (0.98 Å radius)
with respect to the [2.2.2]cryptand cavity (approx. 1.4 Å
radius).15 Here the coordination environment is distorted, as
evidenced by the N–Na–N angle at 168.57(7)° and acute O–Na–
O angles at 57.78(6)–64.56(6)°. In contrast, the cavity is a better
fit for the potassium cation (1.33 Å radius)15 and the supercation
approximates to D3h symmetry (ignoring the ethylene linkages);
the N–K–N angle is now 176.47(9)° and acute O–K–O angles
more uniform at 57.36(10)–61.22(10)°. Metal to N- and O-
centre distances in the supercations are unexceptional, Na–O
2.371(2)–2.919(2) Å, Na–N 2.668(2) and 3.014(2) Å, cf. K–O
2.730(3)–2.866(3) Å, K–N 2.993(4) and 3.014(4) Å.

UV–Vis experiments were conducted for Ni(TMTAA)
versus [Na7[2.2.2]cryptand]+[Co(C2B9H11)2]2 in dichloro-
methane, nitromethane and chlorobenzene, albeit without any
evidence of complex formation in solution. Electrospray mass
spectra were collected of the complex 2 in dichloromethane/
methanol solution. However, no peaks corresponding to any
multicomponent species in the gaseous phase were observed.

In conclusion, we have established a new class of compounds
based on a divergent receptor for supercations and anions which
show steric and electronic complementarity, with the success of
the work in part attributed to the rigidity of the Ni(II) macrocycle
receptor.

We are grateful to the Australian Research Council for
support of this work.

Notes and references
‡ Synthesis of [M7[2.2.2]cryptand][Co(C2B9H11)2][Ni(TMTAA)] M =
Na, 1: Na[Co(C2B9H11)2] (20 mg, 57.7 mmol) and [2.2.2]cryptand (22 mg,
57.7 mmol) were dissolved in CH2Cl2 (3 ml), then Ni(TMTAA) (23 mg,
57.7 mmol) was added followed by toluene (3 ml), after it had dissolved.
Slow evaporation of the solvent over several days yielded a purple–brown
crystalline solid. Yield 48 mg (74%), mp. 275 °C, C44H80B18CoN6NaNiO6

requires: C 47.0, H 7.17, N 7.47%. Found: C 47.14, H 7.16, N 7.55%. 1H
NMR (CDCl3, 300 MHz) d 2.07 (s, 12H, CH3), 2.64 (t, 3J 5.1 Hz, 12H,
NCH2), 3.58 (t, 3J 5.1 Hz, 12H, NCH2CH2), 3.62 (s, 12H, OCH2), 3.98 (br

s, 4H, BCH), 4.84 (s, 2H, CH), 6.53–6.57 (m, 4H, ArH), 6.65–6.70 (m, 4H,
ArH).

For M = K, 2: Na[Co(C2B9H11)2] (15 mg, 43.3 mmol), [2.2.2]cryptand
(16 mg, 42.5 mmol) and KPF6 (300 mg) were dissolved in acetone. The
acetone was quickly evaporated and the residue extracted with CH2Cl2 and
filtered, whereupon the CH2Cl2 filtrate was evaporated. The dissolution–
evaporation–extraction procedure was then repeated with a further 300 mg
KPF6. To the final, orange-coloured CH2Cl2 extract (ca. 4 ml) was added
Ni(TMTAA) (32 mg, 79.8 mmol) followed by an equal volume of toluene,
and the solution allowed to evaporate slowly overnight. The resulting
crystalline precipitate was filtered off, washed with toluene and air dried.
Mp 287 °C, C44H80B18CoKN6NiO6 requires: C 46.34, H 7.07, N 7.37%.
Found: C 46.35, H 7.06, N 7.27%. 1H NMR (CDCl3, 300 MHz) d 2.07 (s,
12H, CH3), 2.53 (t, 4.8 Hz, 12H, NCH2), 3.53 (t, 4.8 Hz, 12H, NCH2CH2),
3.60 (s, 12H, OCH2), 4.00 (br s, 4H, BCH), 4.84 (s, 2H, CH), 6.53–6.57 (m,
4H, ArH), 6.65–6.70 (m, 4H, ArH).
§ Crystal data for compounds 1 and 2 (in parentheses): [Na,K7[2.2.2]cryp-
tand][Co(C2B9H11)2], C44H80B18CoNa[K]N6NiO6, Mr = 1124.35
(1140.46), monoclinic, P21/c, a = 19.5377(2) [19.7345(2)], b =
18.2124(2) [18.1965(2)], c = 16.3576(2) [16.5687(3)] Å, b = 108.487(1)
[108.493(1)]°, V = 5520.13(11) [5642.57(13)] Å3, Dc = 1.353 [1.342] g
cm23, m = 0.702 (0.753) cm21 (no correction), Z = 4, T = 123(1) K, 66247
(77324) reflections collected, 11964 (11034) unique reflections, Rint =
0.097 (0.138), 2qmax = 55 (52)° [7729 (6314) observed, I > 2s(I), 698
(698) parameters, no restraints, R1 = 0.0499 (0.0552), wR2 = 0.0982
(0.1350)], S = 1.043 (1.029). Enraf-Nonius KappaCCD diffractometer,
Mo-Ka radiation, crystals mounted in oil: The non-hydrogen atoms were
refined anisotropically and hydrogen atoms were included at geometrically
estimated positions.

CCDC 160797–160798. See http://www.rsc.org/suppdata/cc/b1/
b102140k/ for crystallographic data in .cif or other electronic format.

1 P. Andrews, J. L. Atwood, L. J. Barbour, P. J. Nichols and C. L. Raston,
Chem. Eur. J., 1998, 4, 1384.

2 P. C. Andrews, P. D. Croucher, J. L. Atwood, L. J. Barbour, P. J. Nichols
and N. O. Smith, J. Chem. Soc., Dalton Trans., 1999, 2927.

3 K. Baranyai, P. J. Nichols and C. L. Raston, Angew. Chem., Int. Ed.,
2000, 39, 1842.

4 P. D. Croucher, P. J. Nichols and C. L. Raston, J. Chem. Soc., Dalton
Trans., 1999, 279.

5 P. D. Croucher, J. M. E. Marshall, P. J. Nichols and C. L. Raston, Chem.
Commun., 1999, 193.

6 M. F. Hawthorne, D. C. Young, T. D. Andrews, D. V. Howe, R. L.
Pilling, A. D. Pitts, M. Reintjes and L. F. Warren, J. Am. Chem. Soc.,
1968, 90, 879; Z. Xie, T. Jelinek, R. Bau and C. A. Reed, J. Am. Chem.
Soc., 1994, 116, 1907.

7 M. J. Hardie and C. L. Raston, Angew. Chem., Int. Ed., 2000, 39,
3835.

8 R. J. Blanch, M. Williams, G. D. Fallon, M. G. Gardier, R. Kaddour and
C. L. Raston, Angew. Chem., Int. Ed. Engl., 1997, 36, 504.

9 M. J. Hardie, C. L. Raston and B. Wells, Chem. Eur. J., 2000, 6,
3293.

10 M. J. Hardie and C. L. Raston, Eur. J. Inorg. Chem., 1999, 195.
11 P. C. Andrews, M. J. Hardie and C. L. Raston, Coord. Chem. Rev., 1999,

189, 169.
12 P. D. Godfrey, W. J. Grigsby, P. N. Nichols and C. L. Raston, J. Am.

Chem. Soc., 1997, 119, 9283.
13 M. G. Davidson, T. G. Hibbert, J. A. K. Howard, A. MacKinnon and K.

Wade, Chem. Commun., 1996, 2285; G. Harakas, T. Vu, C. B. Knobler
and M. F. Hawthorne, J. Am. Chem. Soc., 1998, 120, 6405; K. A.
Lyssenko, M. Y. Antipin and V. N. Lebedev, Inorg. Chem., 1998, 37,
5834; M. J. Hardie, P. D. Godfrey and C. L. Raston, Chem. Eur. J.,
1999, 5, 1828.

14 A. Lutzen, A. R. Renslo, C. A. Schalley, B. M. O’Leary and J. Rebek,
J. Am. Chem. Soc., 1999, 121, 7455.

15 L. F. Lindoy, The Chemistry of Macrocyclic Ligand Complexes,
Cambridge University Press, Cambridge, 1989, pp. 189.

Typeset and printed by Black Bear Press Limited, Cambridge, England

866 Chem. Commun., 2001, 865–866



Feature A
rticle

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Taxol, a molecule for all seasons
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The diterpenoid natural product taxol, first discovered in the
1960’s has proved to be the most important new anticancer drug
introduced in the last ten years. A brief history of taxol’s
development from laboratory curiosity to blockbuster drug is
followed by a summary of its chemistry, including an overview
of the six completed syntheses of taxol. The review concludes
with a discussion of its bioactivity as a promoter of tubulin
polymerization and as a drug.

Introduction
With the possible exception of Viagra, probably no new drug in
the last 20 years has generated as much public interest and
excitement as has taxol (paclitaxel or Taxol™, 1).1 This interest

was fueled primarily by taxol’s excellent clinical activity
against ovarian and breast cancers, but it was intensified by the
severe supply problems that were in effect during the period
leading up to its general clinical use. These problems were
successfully solved, as will be described below, and taxol is
now widely available and is the largest-selling anticancer drug
of all time, with sales of over $1.5 billion in 1999.2 This review
will give a brief history of the development of taxol from a
laboratory curiosity to a blockbuster drug, and will then
describe some recent advances in the chemistry and biology of
this fascinating compound.

History of taxol’s development as an anticancer
drug
Discovery of the bioactivity now known to be due to taxol was
made in 1962, when Arthur Barclay, a botanist working for the

US Department of Agriculture under contract to the US
National Cancer Institute (NCI), made a collection of the stem
and bark of Taxus brevifolia Nutt. in Washington State. These
plant samples, along with many others, were duly extracted and
tested for bioactivity, and in 1964 the extract from T. brevifolia
was found to be cytotoxic to KB cells. The extract was assigned
to Dr Monroe Wall at Research Triangle Institute, and taxol was
isolated in 1967.3 The structure was elucidated by a combina-
tion of X-ray studies of two degradation products and 1H-NMR
analysis of the intact molecule, and was published in 1971.4

Initial reaction to taxol as a potential anticancer drug was less
than enthusiastic. Although it was clearly an active compound,
with activity both in cell culture and also in vivo against various
leukemias and the Walker 256 carcinosarcoma, its activity was
only modest in these assays. To add to its problems, it was
highly insoluble in water, and would thus clearly present
formidable formulation problems, and it was isolated in only
very modest yield from the bark of a relatively uncommon and
slow-growing tree. Not a good outlook for a potential drug
candidate!

Fortunately testing was carried out in some new in vivo
bioassays that were introduced by NCI in the early 1970’s, and
it proved to be strongly active in a B16 mouse melanoma model.
On the basis of this activity, and with enthusiastic support from
Dr Matthew Suffness at NCI and Dr Monroe Wall, taxol was
selected as a development candidate in 1977. Development of
taxol as a drug was a challenging task because of the problems
with solubility and supply noted earlier, and also because of its
relatively low potency. The solubility problem was successfully
overcome with a formulation in ethanol and Cremophor EL, and
this turned out to be important in both negative and positive
ways. On the negative side, the high levels of Cremophor
required led to hypersensitivity reactions and almost led to the
withdrawal of taxol from clinical trials. On the positive side,
there is some evidence that Cremophor has a pharmaceutical
effect over and above its surfactant properties, and may act to
reverse multidrug resistance.3

Interest in taxol as a drug candidate was increased sig-
nificantly when Susan Horwitz reported in 1979 that it had what
was then a completely new mechanism of action, in that it
promoted the assembly of the proteins a- and b-tubulin into
microtubules.5 A schematic representation of taxol’s effect on
the tubulin polymerization process is shown in Fig. 1.

Microtubules are required for chromosome segregation and
for other operations such as intracellular transport and position-
ing of internal cellular organelles, and all of these activities
require that the microtubules be in dynamic equilibrium with
monomeric tubulins. Several compounds, including the clini-
cally used drugs vinblastine (Velban™) and vincristine (Onco-
vin™), were known to operate as spindle poisons by preventing
the assembly of tubulin into microtubules, but taxol was the first
compound in which the activity was linked to promotion of
microtubule assembly. This discovery proved to be important in
maintaining interest in the development of taxol at a time when
its initial clinical results were discouraging. Taxol’s mechanism
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of action, and specifically its binding to microtubules, will be
discussed in more detail in a later section of this review.

Taxol went into Phase I clinical trials in 1984, and into Phase
II trials in 1985. These trials were limited by the supply of the
drug, but gave the first clear evidence of activity with clinically
relevant responses in ovarian cancer and in breast cancer
reported in 19896 and 19917 respectively. Taxol and its
semisynthetic analog docetaxel (Taxotere™, 2) are now used
(either as single agents or in combination with other drugs such
as cisplatin) for the treatment of ovarian cancer, breast cancer,
and non-small-cell lung cancer.8

The taxol supply crisis and its solution
The recognition of taxol’s clinical activity created a crisis in the
supply of the drug, since at the time it was only available in low
yield from the bark of T. brevifolia. Since this tree is relatively
uncommon, occurring most abundantly in the old-growth
forests of the Pacific Northwest of the USA, the prospects of the
large-scale logging needed to supply taxol to the clinical market
raised serious environmental concerns.9

The responsibility for solving this problem fell to the Bristol-
Myers Squibb Company, which had obtained the rights to
develop taxol from the NCI under a Cooperative Research and
Development Agreement. The various options for increasing
the supply included increased harvesting of T. brevifolia bark,
the isolation of taxol from a renewable resource such as yew
needles, the semisynthesis of taxol from other taxoids in yew,
and bioproduction through plant tissue culture. Initial supplies
of taxol for clinical use were obtained by increased harvesting
of T. brevifolia bark. The real breakthrough came from a
combination of Potier’s discovery that needles of the English
yew, T. baccata, contained substantial amounts of 10-deacetyl-
baccatin III (3), in addition to smaller amounts of baccatin III
(4),10 with Holton’s discovery of an efficient semisynthesis of
taxol from the protected baccatin III (5) through a b-lactam

intermediate; the details of this synthesis will be described
later.11 This invention was licensed to Bristol-Myers Squibb,

and enabled the company to produce enough taxol to meet an
escalating demand, with sales rising from about $400 million in
1994 to an estimated $1600 million in 2000.2

In addition to this and other semisynthetic routes, several
workers have investigated the production of taxol by plant
tissue culture methods, and at least two companies (Phyton Inc.
and ESCA Genetics) have developed production methods.12

Reported yields range from 0.012–0.05%, with specific produc-
tion rates of 0.3 mg g21 dry cell weight per day for up to 40
days.13 These yields are close to those needed for commercially
viable production, and it is thus quite probable that full-scale
bioproduction of taxol will begin within the next few years,
especially since Bristol-Myers Squibb signed agreements in
1998 with Phyton Inc. to commercialize Phyton’s plant cell
fermentation technology. The production of taxol by the fungus
Taxomyces andreanae was reported by Stierle et al. in 1993, but
the yield was extremely low (25–50 ng L21) and a large increase
in this yield through strain improvement will be needed before
a fungal culture method would be commercially viable. More
recently Strobel and his coworkers have found that the fungus
Periconia sp. isolated from Torreya grandiflora produces taxol
at the 800 ng L21 level when stimulated with benzoic acid.14

Other sources of taxol have also been discovered, with one of
the more interesting ones being hazelnut cultivars and their
associated fungal endophytes.15 Since taxol appears to be
produced by the hazelnut cultivars as well as by their fungal
endophytes, this is the first example of taxol being found in a
plant outside the Taxaceae family.

The quest to understand taxol’s structure–activity
relationships
The chemistry of taxol has been thoroughly investigated by a
large number of academic and industrial researchers, and this
review will thus not attempt to provide a complete coverage.
Readers interested in a more comprehensive review can consult
any of the several available books16–19 and reviews,20–23

including a comprehensive forthcoming review.24 This section
will thus describe some of the early work from the author’s
laboratory, and will then summarize the major findings for each
section of taxol’s structure.

Early studies

Our work on taxol began in 1979 with a conversation between
the author and Bob Holton, who at that time was a member of
the Virginia Tech faculty. He had developed the outline of a
synthetic approach to taxol, and we agreed that we would
collaborate on this synthesis. He would start at the beginning in
a ‘bottom up’ approach, while I would start with taxol and study
its chemistry in a ‘top down’ approach. Since we did not have
a supply of taxol, I decided to begin by looking at the possible
conversion of O-cinnamoyltaxicin I triacetate (6), available by
Lythgoe’s procedure from taxine B (7)25 into taxol or taxol-like
compounds. I isolated about 100 mg of crude taxine B from yew
bushes growing on the Virginia Tech campus, converted it into
6, and did some preliminary work on forming the oxetane ring.
At this point I also contacted Dr Matthew Suffness at the US
National Cancer Institute, and was able to obtain a small amount
of pure taxol, together with larger amounts of various side cuts
from the large-scale purification of taxol for the pending clinical
trials. With these extracts in hand the need for the conversion of
6 into taxol-like compounds was removed, and this aspect of the
project was dropped. It was thus very gratifying to find that
Scheeren,26 Potier,27 and Saicic28 have all published conver-
sions of taxine to taxol-like compounds within the last few
years.

Bob Holton and I submitted a proposal to the National
Institutes of Health in 1980 for funding of our joint approach to
taxol, but there was little interest in the compound at that time

Fig. 1 Schematic representation of normal microtubule assembly (upper)
and taxol-promoted microtubule assembly (lower).
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and the proposal was not funded. At this point we decided to try
our luck at separate proposals, and so while Bob went back to
NIH (where he eventually did get funded for his work) I chose
to apply to the American Cancer Society. To their credit the
reviewers at the ACS saw the value of studying the chemistry of
taxol, and we received a modest grant in 1982.

Our basic approach in these early days, when little was
known about the chemistry of taxol, was to try to modify its
functional groups one at a time, to see whether they were
individually necessary for the activity of the drug. We began by
showing that the side-chain hydroxy group at the 2A-position
was much more reactive to acetylation than that at the
7-position, and Susan Horwitz, with whom we had begun to
collaborate, showed that the resulting taxol acetates still
retained much of taxol’s activity.29 The reverse proved true on
oxidation, however, and the 7-hydroxy group could be oxidized
selectively to the corresponding 7-oxo derivative. This product
proved to be unstable, and readily underwent b-elimination to
give the ring-opened product 8. Compound 8 turned out to be
essentially non-cytotoxic, thus providing the first hint of the
importance of the oxetane ring to taxol’s activity.30

With a molecule as complex as taxol, not every experiment
gave the expected result. Sometimes the unexpected results
were useful, although more often they were not. One of the
useful results came from our desire to reduce the C-9 keto group
to an alcohol. Treatment of taxol with sodium borohydride left
the keto group essentially untouched, but removed the side
chain in good yield; the yield was later improved by the use of
tetrabutylammonium borohydride in dichloromethane
(Scheme 1).31

This unexpected reduction of an ester in the presence of a
keto group was due to the extremely hindered location of the
9-keto group and to the presence of an a-hydroxy group on the
side chain. The reduction products were the diol 9 and baccatin

III (4), and this formation of baccatin III from taxol or (equally
well) from crude taxol–cephalomannine mixtures available
from the National Cancer Institute gave us and other workers
ready access to baccatin III.

Another surprising reaction was that of taxol with Meer-
wein’s reagent, Et3O+BF4

2. The reaction was originally carried
out in an attempt to cleave the side-chain amide group, since it
was known that amides react selectively with Meerwein’s
reagent in the presence of esters to yield imino ethers.32 In the
event, the amide group was unreactive but the oxetane ring
underwent an assisted ring-opening to give compound 10.33

Compound 10, like compound 8, was essentially inactive in
tubulin-assembly and cytotoxicity assays, thus emphasizing the
importance of the oxetane ring to taxol’s activity.

In the following sections the chemistry and structure–activity
relationships of taxol will be summarized, with an emphasis on
work carried out at Virginia Tech but including key results from
other laboratories. The discussion will follow a clockwise route,
starting with the ‘northern hemisphere’ and proceeding around
the oxetane ring to the ‘southern hemisphere’ and thence to the
side chain.

The northern hemisphere

The C-11–C-12 double bond in the A-ring of taxol is relatively
unreactive, as indicated by the fact that hydrogenation of
baccatin III gives a hexahydro product in which the C-2 benzoyl
group is reduced to a cyclohexylcarbonyl group while the C-
11–C-12 double bond is untouched.34 Epoxidation of taxol with
m-chloroperbenzoic acid also fails, but the epoxide 11 could be
prepared by oxidation of 10-deacetoxytaxol; compound 11
turned out to be more active than taxol in a tubulin-assembly
assay but less cytotoxic to B16 melanoma cells.35

Interestingly the enol 12, obtained by reduction of 7-(triethyl-
silyl)-13-oxobaccatin III with Zn–AcOH, is stable and can be
acylated. Acylation with the oxazolidine 13 (Scheme 2) gave
the isotaxol derivative 14; compound 14 is slightly more
cytotoxic than taxol.36

Allylic bromination of 7,13-di(triethylsilyl)baccatin III gave
the bromide 15, which gave the corresponding C-18 analogs on
treatment with nucleophiles such as Me2CuLi, NaN3, Bu4NOAc
and KCN. Attachment of the taxol side chain and deprotection
gave the C-18 analogs 16 (X = Me, N3, OAc or CN), all of
which were less cytotoxic than taxol, with the methyl derivative
being the most active (Scheme 3).37

Taxol can be selectively deacetylated at C-10 to give
10-deacetyltaxol by treatment with hydrazine38 or with sodium
bicarbonate and hydrogen peroxide.39 Deoxygenation of the
10-hydroxy group was originally achieved using Barton’s
xanthate chemistry,40 but a simpler method was developed by
treating taxol with samarium diiodide.41,42 The resulting
10-deacetoxytaxol 17 had a similar cytotoxicity to taxol,40 and

Scheme 1 Reagents and conditions: i, Bu4NBH4 (excess), CH2Cl2, rt, 24 h
98%.
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the same was true for the corresponding docetaxel analog
18.42

Acylation of 10-deacetyltaxol at the C-10 position has
yielded a number of useful analogs, including the dichloro-
nicotinyl derivative 19 which is more cytotoxic than taxol

against both normal and drug-resistant MCF-7 cells.43 Taxol
analogs with isobutyl or isobutenyl substituents replacing the
3A-phenyl group and various C-10 acyl groups have been
prepared by Ojima, and several of these have shown improved
cytotoxicity against the resistant cell line MCF7-R.44

The C-7 hydroxy group can be removed selectively by the
Barton xanthate deoxygenation route to give 7-deoxytaxol 20,
and the same intermediate can be used to convert 7-epitaxol to
taxol.45 7-Deoxytaxol has the same cytotoxicity as taxol in the

HCT116 cell line, suggesting that the 7-hydroxy group is not
essential for taxol’s activity.45,46

Although the 7-hydroxy group may not be necessary for
taxol’s activity, modifications at C-7 have yielded analogs with
improved properties, and the thiomethyl derivative 21 has been
selected by Bristol-Myers Squibb for development as a ‘second-
generation’ taxol analog: it is currently in clinical trials, with
preliminary reports that it is performing well.47

Dehydration at C-7 can be accomplished by treatment of the
7-triflate derivative with a non-nucleophilic base such as DBU
to give 6,7-dehydrotaxol (22),38,48 which was slightly less
cytotoxic than taxol to CA46 cells.48 Osmylation of 22 gave the
6a,7a-diol 24. Protection of 22 as its TBDMS ether gave 23,
which could be converted to the 2A-protected diol 25; this was
converted to the C-nortaxol analog 26 by reaction with lead
tetraacetate and deprotection.49 Compound 26 was significantly
less cytotoxic than taxol, which is surprising given the very
similar shapes of the two compounds. Diol 25 could also be
converted to 6a-hydroxytaxol (27), which is the major human
metabolite of taxol.50 Although the yield was low, the starting
material was recovered unchanged and could be recycled to
effect a good overall conversion (Scheme 4).

The oxetane ring

As noted earlier, opening of the oxetane ring to give compounds
8 or 10 essentially eliminated taxol’s cytotoxicity and tubulin-
assembly activity. The question thus arose as to the reason for
this effect; putting the question another way, why is the oxetane
ring necessary for taxol’s activity? It is clearly not involved in
any covalent binding to tubulin, since taxol can be exchanged
with labeled taxol on tubulin, and we thus elected to test
whether changing the size and electronegativity of the hetero-

Scheme 2 Reagents and conditions: i, DCC, DMAP; ii, AcOH–H2O, rt, 4
days, 40% overall.

Scheme 3 Reagents and conditions: i, Me2CuLi, THF, 278 °C; ii, HF–
pyridine, rt; iii, TES-Cl, imidazole, DMF, 0 °C, 40%; iv, NaHMDS, THF,
278 °C, then b-lactam synthon; v, HF–pyridine, rt, 53%.

Scheme 4 Reagents and conditions: i, 22, OsO4, NMO, 25 °C, 9 h, 71% of
24; ii, 23, OsO4, NMO, 25 °C, 9 h, 78% of 25; iii 25, Pb(OCc)4, NaHCO3,
2 h, 0 °C, 67%; iv, THF, HF–pyridine, 1.5 h, rt, 86% of 26; v, DBU, PhMe,
80 °C, 12% (95% based on unrecovered starting material); vi, THF, HF–
pyridine, 75%.
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atom had any effect. The sulfetane analog 29 was selected for
study, and was prepared by reaction of the key intermediate 28
with Li2S, followed by acylation at C-4, reaction with
phenyllithium to open the cyclic carbonate, and deprotection
(Scheme 5). Sulfetane 29 was significantly less active than taxol
in both tubulin-assembly and cytotoxicity assays.51

The reason for the lack of activity of 29 as compared with
taxol, and the reason for the lack of activity of oxetane ring-
opened analogs, has been discussed by Snyder on the basis of a
minireceptor model of the binding site for taxol on tubulin.52

These authors note that oxetane ring-opened analogs such as 8
and 11 also lack the C-4 acetate function, which has been shown
to be necessary for activity, and conclude that hydrogen bond
acceptor properties and the rigidification of the taxol ring
system by the oxetane ring also play a role in stabilizing the
taxol–tubulin complex. The lack of activity of the thietane
analog 29 is explicable because the larger sulfur atom does not
fit well in the binding site. The predictions of the Snyder model
were supported by the observation that the cyclopropyl
derivative 30 is almost as active as taxol in a tubulin assembly
assay.53

The southern hemisphere

The C-4 acetate function, or at least a C-4 acyl function, is
necessary for activity, as mentioned above. Thus C-4 de-
acetyltaxol is significantly less active than taxol,54 and
4-deacetoxytaxol is also much less active than taxol.55 Some C-
4 derivatives are more active than taxol, however, and the
carbonate 31 is in clinical trials.56,47

Modifications of the C-2 benzoate have yielded a number of
interesting derivatives. The benzoyloxy group or a similar
group is necessary for activity, since 2-debenzoyloxytaxol
(32)57 and 1-benzoyl-2-debenzoyloxytaxol (33)58 are both
inactive. Replacement of the C-2 benzoyl group with other acyl
groups results in taxol analogs which can be significantly less
active or more active than taxol.59,60 Interestingly the difference
in activity is modulated by the position of substituents on the
benzene ring of substituted benzoyl groups; 2-p-azidobenzoyl-
taxol is essentially inactive, while 2-m-azidobenzoyltaxol is
almost an order of magnitude more active than taxol.59

It has not proved possible to remove the C-1 hydroxy group
by Barton deoxygenation or other deoxygenation methods; an
attempt to do so led to formation of the C-2 deoxy product 33.58

Some C-1 deoxytaxol derivatives were, however, prepared from
the natural product baccatin VI (34) by selective deacetylation
and side-chain attachment (Scheme 6). The 1-deoxy-9-dihy-
drodocetaxel analog 35 was about one third as active as taxol in
tubulin assembly and cytotoxicity assays.61

Analogs at the C-14 position have also been prepared by
Ojima and Appendino from the naturally-occurring 14b-
hydroxy-10-deacetylbaccatin III. The most interesting analogs
have come from a series of compounds with a carbonate group
linking the C-14 and C-1 hydroxy groups;62 the derivative 36 is
under development by Bayer as an orally active anticancer
drug.63

The side chain

Our work on the side chain has been concerned largely with
finding direct methods for the conversion of taxol or its
congener cephalomannine (37) into other N-acyl analogues.
The initial success came with the finding that cephalomannine
could be ozonized selectively in high yield to give the
ketoamide 38 (Scheme 7). Acylation of 38 with a desired
substituted benzoic acid gave the corresponding 2A-acyl deriva-
tive selectively, and this could be reacted with o-phenylene-
diamine under anhydrous acidic conditions to give an N-acyl
analog of taxol. Reaction proceeds via the 2-aminoquinoxaline
derivative 39, which is cleaved under the acidic conditions to
the free 3A-amine. This amine then undergoes a spontaneous O
? N intramolecular acyl transfer reaction to give the final
product 40.64

Scheme 5 Reagents and conditions: i, Li2S, THF, rt, 28 h, then Im2CO,
imidazole, rt, 12 h, 56%; ii, LHMDS, THF, 278 °C (7 min), rt (1 min),
278 °C (2 min) then ClCO2Me, 39%; iii, PhLi, THF, 278 °C, 3 min, 61%;
iv, HF–pridine, rt, 9 h, 76%.

Scheme 6 Reagents and conditions: i, Red Al, THF, 77%; ii, NaH, THF, b-
lactam, 0 °C–rt, 86%; HF–pyridine, 220 °C, 87%.
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A second pathway was developed to convert taxol into
docetaxel.65 Protection of taxol as its 2A-(benzyloxycarbonyl)-
7-(triethylsilyl) derivative was followed by reaction with di-
tert-butyl dicarbonate and DMAP to give the imide 41.
Compound 41 was then converted into 10-acetyldocetaxel 42 by
reaction with magnesium methoxide followed by HF–pyridine
to deprotect the 7-position.

Many routes have been developed to prepare the taxol side
chain and to attach it to a protected baccatin III derivative to
prepare taxol or an analog thereof, and this chemistry has been
reviewed.11,66 Because of the congested position of the
13-hydroxy group of baccatin III, esterification with a simple
protected taxol side chain is difficult and proceeds in only
modest yield.67 The most important synthetic methods are thus
those which use a cyclically protected form of the taxol side
chain, and these are the methods used commercially in the
synthesis of taxol and docetaxel. 

As mentioned earlier, taxol is prepared commercially by
acylation of a 7-protected baccatin III derivative (5) with a b-
lactam such as 43 (Scheme 8); the use of other b-lactams such
as 44 yields docetaxel analogs.11 The b-lactams needed for the
synthesis of Scheme 8 are prepared by condensation of an
enolate with an imine, but there have been many different
approaches to the details of this synthesis. In Holton’s original
approach the b-lactam was prepared by a Staudinger reaction of
acetyl glycolyl chloride with the imine from benzaldehyde and
p-anisidine; this gave the desired syn lactam stereoselectively,
but of course in racemic form.11 Several enantioselective
syntheses of suitably protected b-lactams have been developed,
with Georg’s route from Oppolzer’s chiral auxiliary68

(Scheme 9) and Ojima’s synthesis from (1R,2S)-2-phenyl-
cyclohexan-1-ol69 (Scheme 10) being early and effective
approaches.

Other chiral syntheses of the b-lactam have been developed
by Farina,70 Commerçon,71 and Fujisawa72 from chiral imine
precursors, by Holton73 and by Palomo74 from oxazolidinone
auxiliaries, and by Lee by means of a Sharpless oxidation,75 to
name just a few. A convenient enzyme-catalyzed resolution of
racemic b-lactam has also been published by Sih.76

The second major synthetic route is through an oxazolidine
carboxylic acid intermediate. This pathway was originally
developed by Commerçon and his co-workers, and is illustrated
in Scheme 11 below.77 The azido ester 51 can be prepared by

ring-opening of an epoxide derived from a Sharpless epoxida-
tion,78 by the Staudinger reaction previously mentioned,71 or in

Scheme 7 Reagents and conditions: i, O3, CH2Cl2, 278 °C, 30 min, 97%;
ii, ArCO2OH, DCC, 4-pyrrolidonopyridine, EtOAc, 2 h, 90%; iii, 4 Å
sieves, PhH, o-phenylenediamine, p-TsOH (cat.), reflux, 12 h, 80%.

Scheme 8 Reagents and conditions: i, 5 (0.1 M in THF), n-BuLi, 245 °C;
ii, 43 or 44 (0.2 M in THF), warm to 0 °C, 2 h, 95%; iii, HF–pyridine,
MeCN, 98%.

Scheme 9 Reagents and conditions: i, LDA, THF, 94%; ii, PhCOCl,
CH2Cl2, Et3N, DMAP, 96%, 93–97% ee.

Scheme 10 Reagents and conditions: i, LDA; ii, PhCHNNTMS, 85%, 96%
ee.

Scheme 11 Reagents and conditions: i, H2, Pd/C; ii, (BOC)2O, 65%; iii,
CH2NC(OCH3)CH3, PPTS; iv, LiOH, EtOH–H2O, 99%; v, 7,10-diTroc-
10-deactylbaccatin, III, DCC, DMAP, 99%; vi, HCO2H, then (BOC)2O,
then Zn, AcOH, H2O, 62%.
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several other ways. Reduction and protection of 51 gave the
carbamate 52, which was converted to the oxazolidine 53 and
thence to docetaxel (2). The weakness of the original approach
lay in the deprotection and reprotection steps necessary to open
the oxazolidine ring, but this weakness has been resolved in
several ways. In one approach (Scheme 12) the trichloromethyl

oxazolidines 55 and 56 could be coupled directly with
7,10-ditrocbaccatin III without the necessity of protecting the
nitrogen; the resulting coupled product was converted to
docetaxel by treatment with zinc and acetic acid followed by N-
acylation.79 In a second approach from the same group it was
found that the p-methoxybenzylidene oxazolidines 57 and 58

could be coupled with protected baccatin III derivatives in
almost quantitative yield, and that the coupled products could
then be treated with toluenesulfonic acid to remove the p-
methoxybenzylidene group selectively;80 this approach thus
provides a very efficient route to docetaxel.

A third general approach is through an oxazoline inter-
mediate. Coupling of the oxazoline 59 with 7-(triethylsi-
lyl)baccatin III proceeded in excellent yield to give the coupled
product 60, which could be hydrolyzed to taxol in one step
(Scheme 13).81 The simplicity of this route has attracted several

syntheses of suitable oxazolines, including syntheses of racemic
material from cinnamyl alcohol through addition of phenyl-
selenyl triflate and azide ion82,83 and a synthesis of chiral
oxazolines from (l)-phenylglycine.84 One unexpected synthesis
of the oxazoline derivative 60 was derived from the dioxo-
oxathiazolidine 61, which gave 60 on coupling with 7-(tri-
ethylsilyl)baccatin III.85

Many taxol analogs with modified side chains have been
prepared in studies to find improved analogs of taxol. The best-

known such compound is docetaxel (2), which was prepared
early on by Potier and his colleagues and has entered clinical
use.86 The other noteworthy compound with a modified side
chain is the 14b-hydroxytaxol derivative 36, which as noted
earlier is in clinical trials. The side chain of this compound
differs from that of taxol by having an isobutyl group replacing
the 3A-phenyl group and a tert-butoxycarbonyl group replacing
the 3A-N-benzoyl group. Other analogs with modified side
chains have been reviewed.21,66

Some taxol analogs with highly modified side chains are of
interest because of the light they throw on the conformation of
the side chain. Thus the methylated analog 62 is more cytotoxic
than taxol to HCT116 colon carcinoma cells and has an
increased binding affinity to tubulin.87–89 Its enhanced potency
may be due to a reduction in the degree of freedom of rotation
of the C-2A–C-3A bond, or possibly to an additional hydrophobic
binding interaction of the methyl group with the microtubule
binding site. The conformationally restricted analog 63 has

comparable cytotoxicity to taxol in several cell lines,90

suggesting that the side chain may exist in an ‘open’
conformation rather than the hydrophobically collapsed con-
formation that has been proposed.91

The synthesis of taxol
The synthesis of taxol presented one of the more difficult
challenges to synthetic chemists, both because of its complex
ring system and because of its many chiral centers. It is a tribute
to the current development of synthetic methodology that six
independent syntheses have been achieved to date, using a
variety of approaches.

Since baccatin III has been converted into taxol by many
different routes, as noted earlier, a synthesis of baccatin III
constitutes a synthesis of taxol. The six routes will not be
discussed in detail because of space limitations, but a brief
summary of each will be provided.

The first two syntheses were published essentially simultane-
ously in 1994 by Holton and Nicolaou. In the Holton synthesis
(Scheme 14), the natural product b-patchoulene served as the
starting material to generate the protected diol 64. A clever ring-
opening of the epoxide of 64 then gave the AB ring system 65,
and this was elaborated to the ABC system 67 through
intermediate 66. Final elaboration of ring D and functional
group manipulations then gave baccatin III.92

In the Nicolaou synthesis (Scheme 15), the A and C ring
precursors 68 and 69 were both made by Diels–Alder chemistry,
and were then coupled by a Shapiro reaction and elaborated to
the AC system 70. A McMurry coupling of 70 generated the
ABC system 71, which was then converted to the ABCD system
72 and thence to baccatin III.93

The Danishefsky synthesis (Scheme 16) is the only one to
date to start with a preformed D-ring. The key to the success of

Scheme 12 Reagents and conditions: i, CCl3CHO, PPTS; ii, LiOH, MeOH,
then HCl.

Scheme 13 Reagents and conditions: i, dry PhMe, 4-pyrrolidonopyridine
(cat.), DCC, rt, 30 min, 95%; ii, 0.1 M HCl, 95 °C, 2 h, 75%.
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this approach was the protection of the C-4 hydroxy group as a
benzyl ether rather than as an acetate, thus avoiding complica-
tions from neighbouring group participation by this group. The
CD ring system 74 was prepared from the Wieland–Miescher
ketone, and this was then coupled with the A-ring synthon 73 to
give the A–CD unit 75. Cyclization to the ABCD system 76 was
achieved by the Heck reaction, and oxidation and functional
group manipulations gave 77, which was converted to baccatin
III by appropriate oxidation chemistry.94

The Wender synthesis (Scheme 17), like the Holton synthe-
sis, is of the form A ? AB ? ABC ? ABCD, but it started

from verbenone, which provided 10 of the 20 carbons of the
baccatin III ring system. Some ingenious chemistry converted
verbenone to intermediate 78, which then underwent oxidative
cleavage in a manner reminiscent of the conversion of 64 to 65
in the Holton synthesis. Intermediate 79 was then converted into
80 through elaboration of the C-3 position and aldol condensa-
tion, and the synthesis was completed by formation of the
oxetane ring. The overall synthesis, at 37 steps from verbenone,
is claimed to be the shortest recorded synthesis of taxol.95

The Kuwajima synthesis, first reported in 1998 with the full
report appearing in 2000, uses the A + C ? A–C ? ABC ?
ABCD approach (Scheme 18).96 The A-ring synthon 83 was

prepared in 16 steps from propargyl alcohol, and this was
coupled with the C-ring synthon 82 to give the A–C adduct 84.
Adduct 84 was cyclized by a novel reaction to give 85, and this
was elaborated to 86; the C-18 methyl group was introduced via
a cyclopropane intermediate. Final incorporation of the oxetane
ring gave baccatin III.

The final synthesis by Mukaiyama, reported in 1999
(Scheme 19), is unique in starting with the acyclic precursor 87
and cyclizing it to the stereochemically defined B-ring synthon
88. Rings C and A (in that order) were then built onto ring B to

Scheme 14 The Holton synthesis.

Scheme 15 The Nicolaou synthesis.

Scheme 16 The Danishevsky synthesis.

Scheme 17 The Wender synthesis.

Scheme 18 The Kuwajima synthesis.
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give intermediate 89 and then 90, and addition of ring D
completed the synthesis.97

The bioactivity of taxol
As noted in the introduction to this review, taxol was discovered
on the basis of the antileukemic and cytotoxic activities of T.
brevifolia extracts, but its mechanism of action was found to be
its ability to promote the assembly of tubulin into microtubules.
In brief, taxol binds to the assembled microtubule with a
stoichiometry of approximately 1 mole of taxol to 1 mole of
tubulin dimer and stabilizes it to dissociation (Fig. 1). This
binding occurs in the absence of any cofactors, and the resulting
disruption of the equilibrium between tubulin and microtubules
also disrupts cell division and ultimately leads to cell death by
apoptosis.98,99

The binding of taxol to tubulin polymers and the associated
interruption of the cell cycle was thought for a long time to be
its only significant mechanism of action, but in recent years it
has been increasingly clear that taxol can bring about apoptotic
cell death by a second mechanism which is independent of
mitotic arrest.100,101 The protein Bcl-2 has been identified as a
second taxol-binding protein102 which undergoes dose-depend-
ent hyperphosphorylation in the presence of taxol.103 The
situation is complex, however, since it has also been shown that
Bcl-2 phosphorylation in the presence of taxol is linked to the
latter’s tubulin-assembly activity, and it has thus been proposed
that taxol-promoted assembly of microtubules leads to Raf-1
activation and Bcl-2 phosphorylation, and thence to apopto-
sis.104 The binding of taxol to tubulin is thus clearly biologically
significant, and has been studied extensively by several
methods. A detailed understanding of this binding has become
much more achievable in recent years thanks to the work of
Downing and his collaborators, who have reported the structure
of tubulin at a resolution of 3.7 Å using electron crystallography
on crystalline sheets formed in the presence of zinc.105,106

The interaction of taxol with tubulin

Several different methods have been used to study the
interaction of taxol with tubulin. In studies by the photoaffinity
labeling technique, various labeled taxol analogs have been
used to study the location of the binding site of taxol on tubulin.
Thus 3A-(p-azidobenzamido)taxol (91) photolabeled the N-
terminal 31 amino acid unit of b-tubulin preferentially,107 while
2-(m-azidobenzoyl)taxol (92) labeled a peptide containing
amino acids 217–231 of b-tubulin,108 and the photoaffinity
probe 93 was shown to bind to Arg282 in b-tubulin.109

A second useful technique has been that of fluorescence
spectroscopy. This technique has the significant advantage that

it is performed on systems in solution, thus avoiding potential
problems with changes in shape on preparing solid samples for
analysis. As one example, 2-(m-aminobenzoyl)taxol (94) gave
solvent-dependent absorption and emission spectra. Using this
information it was possible to show that the fluorophore binding
site on the microtubule is in an environment of intermediate
polarity, and also that tubulin has two binding sites for taxol,
one high affinity site and one low affinity site.110 Studies using
fluorescence resonance energy transfer measurements showed
that the distance between the taxol and colchicine binding sites
is approximately 17 Å.111 A recent paper describes results with
the 3A-N-(m-aminobenzoyl)taxol 95.112 It was found that 95
bound to two types of site on the microtubules, with binding
affinities of 61 nM and 3.3 mM. It bound to a single site on
microtubules assembled from GDP-tubulin with a dissociation
constant of 2.5 mM, and it bound to a single site on microtubules
assembled from the GTP analog GMPCPP with a dissociation
constant of 15 nM. It was thus proposed that although all the
subunits of the microtubule at the steady state are the same
‘GTP–tubulin–taxol’, they are formed through two different
pathways: either from taxol binding to a tubulin subunit before
GTP hydrolysis (a high affinity binding) or taxol binding to a
tubulin subunit after GTP hydrolysis (a low affinity binding).
Studies with fluorescent taxol derivatives have also been carried
out by others.113,114

A number of investigators have studied the NMR spectra of
taxol in various solvents in an attempt to determine the solution
conformation. In non-polar solvents such as chloroform taxol
seems to exist primarily in a set of ‘open’ conformations in
which the side chain is oriented away from the 2-benzoyl
group,115,116 but in polar aqueous solvents it adopts a set of
‘hydrophobically collapsed’ conformations in which the 3A-
phenyl group is oriented towards the 2-benzoyl group.91 Over-
interpretation of these results in terms of a ‘binding conforma-
tion’ of taxol to tubulin is, however, dangerous, since taxol
exists in chloroform (and presumably also in polar solvents) as
a population of different conformations.117 It is possible that
taxol’s relatively weak association with tubulin may be due in
part to the presence of a large number of nonproductive
conformers.

NMR studies of taxol bound to microtubules can be made
using the technique of solid state magic angle spinning, and two
such studies have been reported. In one study fluorine-
containing taxol analogs were used to obtain an F–F distance of
6.5 Å in the difluoro analog 96.118,119 In the second study,
internuclear distances between 13C and F were obtained by the
REDOR technique on the quadruply labeled analog 97, and
these results were coupled with fluorescence data to lead to the

Scheme 19 The Mukaiyama synthesis.
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proposal of structure 98 as the most probable conformation of
taxol on tubulin.120

Taxol mimics
For many years taxol was the only compound known to promote
the assembly of tubulin into microtubules, but over the past few
years several other natural products have been discovered with
the same or similar activity. The most important compounds of
this class are the epothilones A (99) and B (100),121,122

discodermolide (101),123 and eleutherobin (102),124, but other
compounds with this activity have also been discovered. These
include rhazinilam,125 which inhibits the disassembly of
microtubules but has a different mechanism of action than taxol,
laulimalide and isolaulimalide,126 WS9885B,127 and poly-
isoprenylated benzophenones such as guttiferone E.128 The
naturally occurring 3(2H)-furanone derivative geiparvin has
been found to counteract the microtubule-assembly effects of
taxol, suggesting that it is a competitive inhibitor at the taxol-
binding site of tubulin.129

The taxol pharmacophore
Much of the chemical work reported in the previous sections
was carried out with a view to determining structure–activity
relationships for taxol and its analogs and thus to defining the
pharmacophore in chemical terms. Some of this work can be
summarized as in Fig. 2 opposite, where the key structure–
activity relationships of taxol are shown.

The discovery of the tubulin-assembly properties of the
natural products referred to in the previous section opened up a
second way of delineating the taxol pharmacophore, since
comparisons could be made between the structures of taxol and
of these taxol mimics. Various approaches to this important
question have been made, with most studies concentrating on a

comparison of the structures and activities of taxol and its
analogs and the epothilones.

In one approach various bridged analogs of taxol such as 103
were prepared by olefin methathesis.130 Three related analogs

were found to be cytotoxic to the human breast cancer cell line
MDA-435/LCC6-WT with IC50 values of less than 1 mM. These
activities are significantly less than that of taxol in the same cell
line (0.0031 mM), but the compounds also showed tubulin-
assembly activity that was only only slightly less than that of
taxol, so they are presumably binding to the same binding site
as taxol. These data were used to support a model of the
pharmacophore in which the aryl sector of epothilone overlaps
the C-13 acyl side chain of taxol and in which the baccatin
portion of the taxol molecule is relatively non-essential.

A second approach, developed by Giannakakou and his
collaborators, was based on a comparison of the effects of taxol
and various epothilone analogs on the polymerization of native
tubulin and of modified tubulins carrying b-tubulin mutations
near the taxol-binding site.131 Two possible common overlaps
of the epothilones and taxol were found. In the first the C-2
benzoyl group of taxol overlapped with much of the 1-methyl-
2-thiazolyl side chain of the epothilones, while in the second the
thiazole portion of the epothilones overlapped with the side
chain of taxol.

A third approach deduced a different binding based on the
finding that the side chain of taxol is not as essential for activity
as was previously thought, since 2-(m-azidobenzoyl)baccatin
III is significantly active as a promoter of tubulin polymeriza-
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tion and is a competitive inhibitor of the binding of taxol to
microtubules.132 These studies led to the proposal of a
pharmacophore model similar to the first binding mode of
Giannakakou et al. A perceptive evaluation of the various
models has been published.133

A different approach was taken by Snyder, who developed a
minireceptor model for the binding of taxol and epothilone to
the microtubule based on an analysis of tubulin-assembly
data.134 This model places the thiazole ring of the epothilones in
the same region of the receptor as the side chain of taxol,
consistent with the second binding mode of Giannakakou
et al.131 It also predicts much of the SAR data for taxol and the
epothilones and appears to be an interesting first step towards
the development of a full binding site model.

In summary, the taxol pharmacophore is still under develop-
ment, with at least two rather different competing hypotheses,
and further work will be needed to clarify the situation. It is
reasonable however to expect that a final model of the taxol
pharmacophore will eventually be developed and will be used in
a predictive way to create new and improved taxol analogs.

Conclusion
The preceding review has just scratched the surface of the
enormous amount of work that has been done on taxol. In
addition to the chemical work summarized above, an enormous
amount of work has been done on optimizing the clinical use of
taxol in cancer treatment, and several recent reviews of this
work have appeared.8,135–137 The big question, of course, is
what sort of difference have the taxoid drugs (taxol and
docetaxel) made to cancer treatment? Have they improved
cancer survival significantly? The literature on this subject is
surprisingly sparse, in part because optimum combination
therapies of the taxoids with other drugs are still being worked
out; it is expected that such combinations will significantly
enhance their use.137 At present the taxoids are routinely used
for the treatment of breast, lung, and ovarian carcinomas, and
for AIDS-related Kaposi’s sarcoma, and they have been called
‘the most powerful compounds’ (among the chemotherapeutic
drugs introduced in the last decade).135 In spite of the wide use
of the taxoid drugs over the last decade, it appears that
improvement in patient survival is modest at best. The greatest
number of studies has been done with breast cancer, and for this
disease Miller and Sledge state ‘Combination therapy (of taxol

or docetaxel with other drugs) has increased response rates but
as yet has not improved the overall survival of patients with
metastatic disease. Improved survival with the addition of
paclitaxel to standard adjuvant therapy reported in a recent trial
suggests the true impact of the taxanes has not yet been
realized.’137 A slightly more cautious view is expressed by
Nabholtz and his colleagues ‘However, the impact of taxanes on
the natural history of breast cancer is yet to be defined, despite
the trend of results suggesting that these agents have the
potential for significant improvements in advanced and, most
importantly, adjuvant therapy of breast cancer.’136 A third
evaluation was made by a panel of experts convened by the US
National Institutes of Health in November 2000. The NIH
Consensus Statement approved by this panel reads in part
‘Currently available data are inconclusive and do not permit
definitive recommendations regarding the impact of taxanes on
either relapse-free or overall survival.’138

Although the impact of the taxoid drugs on patient survival is
thus still a matter of research and debate, the outlook remains
bright. The new analogs referred to earlier in this review will
almost certainly improve patient survival, while increased
understanding of the way taxol binds to tubulin and advances in
such areas as drug targeting139 will most probably lead to even
better agents in the future. These factors thus suggest that taxol
and its analogs will continue to be important cancer chemother-
apeutic drugs well into the new millennium.
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A highly selective host–guest system formed and stabilized due to
concerted halogen…oxygen and C-H…O non-bonded interactions:†
X-ray structures of racemic 1,2,3,4,5-penta-O-benzoyl-6-O-tosyl
myo-inositol–dihalomethane (CH2X2, X = Cl and Br) inclusion
complexes
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myo-Inositol derivative as a host assembles around crystallo-
graphic 2-fold axis selectively accommodating dihalome-
thanes as guests having a C2 symmetry; formation of highly
stable host–guest complexes is attributed to halo-
gen…oxygen and C–H…O interactions.

An intermolecular recognition process is a result of a number of
non-covalent interactions that exist between the molecules.1
Recently much effort has been concentrated upon recognizing
and analyzing the nature of such interactions due to the demands
of designing the functional molecular assemblies2 which span
wide areas—from molecular selectivity in separation tech-
niques to drug–receptor interactions in drug design and to
material science. In this paper we report a serendipitous
discovery of highly selective encapsulation of dihalomethanes
by the myo-inositol derivative 2‡ (Scheme 1) due to halo-
gen…oxygen interactions.

The compound 2, which resisted crystallization in most of the
common solvents like chloroform, ethyl acetate, carbon tetra-
chloride etc. readily formed good quality crystals when
crystallized from dichloromethane. We further noted that this
‘spontaneous’ crystallization of 2 occurred only from dihalo-
methanes, (CH2X2, X = Cl, Br and I). So much was the
dependence on CH2X2 in crystal formation that even their
presence at 2.5% (v/v) along with other solvents induced
crystallization of 2. The presence of dihalomethanes in these
crystals was revealed by elemental analysis§ and 1H NMR
spectroscopy. The DSC¶ of 3 and 4 indicated that dihalo-
methanes were retained in crystals close to their melting points
(183–192 °C for 3 and 186–188 °C for 4), suggesting a strong
association of the guest molecules with the host.∑ The X-ray
structures** of two inclusion complexes of 2 with dihalo-
methanes revealed that halogen…oxygen interactions, or what
is termed as ‘halogen bonding’,3 played a vital role in forming
a stable host–guest assembly, a bonding recognized as a strong

driving force in formation of co-crystals and controlling the
construction of supramolecular architectures. It is thought that
the remarkable specificity for dihalomethanes in the formation
of crystals with 2 will have applications in the separation of
halocarbon compounds, through the design of suitable organic
hosts such as compound 2.

View of the molecular packing of 3 down the c-axis (Fig. 1)
clearly reveal the thorough open channels of dimensions ~ 6.5
3 4.5 Å formed by the host assembly containing the guest
molecules. Amongst all possible host–guest interactions, nota-
ble ones are halogen…oxygen short contacts (Fig. 2) in 3
(Cl…O = 2.968 (9) Å) as well as in 4 (Br…O = 3.336 (7) Å)
which are shorter than the sum of their van der Waal’s radii
(3.20 and 3.35 Å respectively). The short halogen…oxygen
distances were analyzed earlier4 to understand the exact nature
and favored geometry of their interactions.5 Although C–X…O
linear geometry is suggested for stronger interactions, the
present structure shows some deviation from linearity (139.5°
(4) and 142.1° (2) for 3 and 4 respectively).6 Even then it is
striking that this ‘halogen bonding’ has induced the assembly of
the host. However, solvent retention is a multi-point recognition
phenomenon7 as evidenced by other weak interactions between
the CH2X2 guest molecules and the host, which certainly aid in
the host–guest stabilization. For instance, there are C–H…O
contacts8 between the CH2 hydrogens of the guest with the
carbonyl oxygens O2 and O4 of the host in both 3 and 4. The
halogen atoms are also involved in weak C–H…X interactions
with the phenyl C–H groups of the neighbouring assembly.

It is noteworthy that solvents CH2Cl2, CH2Br2 and CH2I2
readily form crystals with 2, whereas halogenated solvents

† Electronic supplementary information (ESI) available: a table of inter-
molecular interactions. See http://www.rsc.org/suppdata/cc/b1/b101394g/

Scheme 1 (a) Pyridine–tosyl chloride, reflux 24 h; (b) pTsA·H2O–methanol
60 °C, 24 h; (c) pyridine–benzoyl chloride, 0 °C to rt, 24 h, 89% (for 3
steps); (d) crystallization from CH2X2 or CHCl3–CH2X2 mixture.

Fig. 1 Molecular packing of 3 viewed down the c-axis showing the open
framework containing CH2Cl2 guest molecules. H-atoms are omitted for
clarity. Atom code: 5 chlorine, ≈ oxygen, 2 carbon and O sulfur.
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which lack C2 symmetry (chloroform, methyl iodide) do not
yield crystals. Clathrating hosts with open channel formation
around the two fold symmetry axis have been reported,9 but the
inclusion of the guest was found to be non-specific, accom-
modating a wide range of guest molecules; whereas the host 2
is highly specific to dihalomethanes which occupy a crystallo-
graphic two-fold axis. But there seems to be a restriction on the
steric size of the guest—only the guests having a C2 symmetry
of molecular diameter of ~ 6.0 Å such as CH2X2 are
accommodated (to produce crystals), while the higher homo-
logues like 1,2-dichloroethane or 1,2-dibromoethane are not.
We believe that the guest induces the assembling process by
bringing the second molecule of the host (related by a
crystallographic two-fold axis) around it (Fig. 2) making strong
halogen…oxygen contacts. The other half of the cavity is
completed by the two host molecules related by a center of
symmetry (Fig. 2). These two halves are cemented to each other
by significant C–H…O interactions to complete the elliptical
open framework. All the hydrophobic phenyl groups point
outward while the hydrophilic carbonyl oxygens point toward
the center of the cavity.

In summary, a novel host–guest assembly held together,
notably by halogen…oxygen non-bonded contacts, has been
prepared and characterized. Study of such systems, which lack
polar groups (OH, COOH, NH2 etc.) is essential to further
extend our knowledge of weak interactions among molecules,
which play a vital role in crystal growth, enzyme–substrate
recognition and ligand–receptor binding.10 The present adducts
re-emphasize the role of ‘halogen bonding’ in self-assembly and
molecular recognition. The work presented shows there is
potential for the exploitation of these interactions in the
separation of traces of dihalomethanes from other organic
compounds or solvents.
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acknowledge Dr Michael Ruff from Bruker-axs for the X-ray
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their valuable constructive criticism and suggestions in this
work.
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§ Analytical data for 3: calc. for C48H38O13S·0.25CH2Cl2: C, 66.13%; H
4.43%; found: C, 66.16%; H, 4.43%. 4: calc. for C48H38O13S·0.50CH2Br2:
C, 61.84%; H, 4.17%; found: C, 62.38%; H, 4.16%. 5: Calc. for
C48H38O13S·0.25CH2I2: C, 62.87%, H, 4.32%. found: C, 62.73%, H,
4.45%.
¶ The DSC was performed on a Perkin-Elmer DSC 7 instrument in open
aluminium crucibles, sample wt. 5 mg (approx), heating rate of 10 K min21,
and nitrogen as purge gas for all the measurements.
∑Melting point of 2 without dihalomethane was 240–241 °C.
** Crystals of 3 and 4 are isomorphous. Crystal data for 3:
C48H38O13S·0.25 CH2Cl2, M = 876.08, crystal dimensions 0.20 3 0.19 3
0.11 mm, monoclinic, space group C2/c, a = 26.771(4), b = 11.608(3), c
= 30.783(6) Å, b = 105.176(6)°, V = 9232(3) Å3, Z = 8, Dc = 1.261 g
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Fig. 2 Formation of an elliptical open channel with the guests in 3; twofold
related host–guest association showing Cl…O and significant C–H…O
interactions. Ellipsoids are drawn at the 30% probability level for non-H
atoms.
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Surface plasmon resonance (SPR) spectroscopy is used to
follow the swelling and shrinking processes of a polyaniline
redox-active polymer; SPR provides a reading signal for the
electrochemical stimuli that activate the polymer.

Phase transitions of polymers and signal-triggered swelling
processes of polymers are subjects of extensive research
efforts.1,2 Volume changes of polymers are triggered by
temperature,3 pH,4 solvent composition5 and light.6 Electro-
chemical activation of redox-polymers provides a means to
stimulate swelling.7 Recently the stress induced on an AFM
cantilever as a result of the redox-activation of polyaniline was
used to develop an electrofueled microdevice8 that may act as a
micro-robot or micro-pump. Surface plasmon resonance (SPR)
has been recently applied to study interfacial phenomena
associated with electrochemical transformations of thin films at
electrode surfaces.9 Here we describe the SPR transduction of
the redox-activation of polyaniline films, and the accompanying
swelling and shrinking processes using in situ electrochemical/
SPR measurements.

Polyaniline was generated on a Au-covered glass-slide (ca.
0.64 cm2) used for SPR-measurements (Bio-Suplar 2, Analyt-
ical m-Systems, Germany) by the electropolymerization of
aniline, 0.1 M, in an electrolyte solution composed of H2SO4,
0.1 M, and Na2SO4, 0.5 M, (applied potential 0.8 V vs. Ag-wire
quasi-reference electrode for 5 s).10 The resulting film obtained
upon passing charge of 9.7 mC, that corresponds to the
formation of ca. 10 mg of the polymer, was washed with
background solution composed of H2SO4, 0.1 M, and Na2SO4,
0.5 M, to exclude from the cell the residual monomer. The
polyanilin film can be reversibly oxidized and reduced, eqn. (1),
and the polymer exists in the oxidized positively charged state,
(An2+)n, and reduced neutral state, (An)n, at the potential 0.4
and 0.0 V, respectively.12

(1)

Fig. 1, inset (I), curve (x), shows the SPR spectrum of the
bare Au-surface. The polyaniline film, (An)n was equilibrated at
the potential 0.0 V in the electrolyte solution prior the SPR-
measurements. Fig. 1, inset (I), curve (y), shows the spectrum of
the polyaniline film assembled on the Au-surface immediately
after the application of the potential corresponding to 0.4 V on
the electrode resulting in the oxidation of the polymer layer.
While the dots correspond to the experimental points, the solid
line corresponds to the theoretical fitting11,12 of the data
according to the Fresnel equation. The derived film thickness
corresponds to ca. 150 nm. Fig. 1(A), curves (a–e), shows the
SPR spectra at the potential of 0.4 V, conditions that retain the
polymer in its oxidized state, (An2+)n. These spectra are time-
dependent and a decrease of the reflectance minimum is
observed, because of the polymer swelling.13 The spectrum

recorded 10 min after the application of the oxidizing potential
of 0.4 V, Fig. 1(A), curve (e), corresponds to a polymer
thickness of ca. 180 nm. Thus, the swelling process occurring at
0.4 V results in the increase of the polymer thickness by ca. 30
nm. It should be noted that the similar thickness change was
observed by AFM upon the electrochemically-induced shrink-
ing–swelling process of a polyaniline layer.14 Fig. 1(A), curve
(f), was recorded under conditions where the applied potential

† Visiting scientist from the Institute of Physics of Semiconductors,
National Academy of Sciences of Ukraine, Prospect Nauki, 45, Kiev,
Ukraine.

Fig. 1 SPR spectra measured for the polyaniline-modified Au-surface upon
electrochemically-induced shrinking and swelling processes. (A) The
polymer was equilibrated at 0.0 V for 5 min prior to the measurements. (a–e)
The spectra measured after the potential was changed to 0.4 V. (f) The
spectrum measured during the potential change to 0.0 V. (g–i) The spectra
measured after the potential was changed to 0.0 V. (B) The polymer was
equilibrated at 0.4 V prior to the measurements. (a–c) The spectra measured
after the potential was altered to 0.0 V. (d) The spectra measured during the
potential change to 0.4 V. (e–i) The spectra measured after the potential was
changed to 0.4 V. Inset I: (x) The SPR spectrum for the bare Au-surface and
(y) the SPR spectrum for the oxidized polymer film measured at 0.4 V (the
dots show selected experimental points and the solid line is the best
theoretical fit). Inset II: Time-dependent reflectance changes measured at a
fixed angle of incidence (q = 65°) immediately after the applied potential
was changed from 0.4 to 0.0 V. Inset III: Time-dependent reflectance
changes measured with the fixed angle of incidence (q = 65°) immediately
after the applied potential was changed from 0.0 to 0.4 V. All SPR
measurements were performed in the background solution: H2SO4, 0.1 M,
and Na2SO4, 0.5 M.
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on the polymer-modified electrode was suddenly altered from
0.4 to 0.0 V. This spectrum shows the transition from the
oxidized state of the polymer, (An2+)n to the reduced state,
(An)n. The instantaneous change in the spectrum mainly
originates from the change of the refractive-index of the
polymer as a result of its reduction. The subsequent SPR
spectrum recorded at the potential of 0.0 V, Fig. 1(A), curve (g),
shows a noticeable increase of the reflectance minimum after
which only minor changes of the spectra were observed, Fig.
1(A), curves (h) and (i). These spectra changes can be attributed
to the shrinking process of the reduced polymer and they reach
a constant value after ca. 4 min. The main decrease in the
polymer thickness as a result of the shrinking process occurs in
the first minute after the potential change to 0.0 V, faster than
the time-interval required to record the complete SPR spectrum.
Thus, measurements with a fixed angle of incidence (q = 65°)
were applied to evaluate the kinetics of the shrinking process
upon the potential change from 0.4 to 0.0 V, Fig. 1, inset II. The
experimental results reveal a biexponential kinetics with rate
constants corresponding to 9 3 1023 and 5 3 1024 s21. The fast
and slow components exhibit the same population. The fast
shrinking component may be attributed to the collapse of the
hydrophobic polymer chains, formed upon reduction to a
metastable configuration. The slow component is then attrib-
uted to the formation of an organized, densely-packed structure
that expels the residual water. Similar biexponential dynamic
changes were observed upon the compression of proteins.15

The second experiment was started by equilibration of the
polymer-modified electrode at 0.4 V when the polymer is
oxidized. The first SPR spectrum was recorded after the
potential was shifted to 0.0 V, Fig. 1(B), curve (a). It should be
noted that the time-scale of the measurements did not allow us
to register the SPR spectrum characteristic of the metastable
shrunken polymer film. The secondary slow kinetics of the
shrinking process at the potential of 0.0 V is clearly visible in
the SPR spectra, Fig. 1(B), curves (a–c). These changes reach a
constant value after ca. 3 min. During the registration of the next
spectrum, Fig. 1(B), curve (d), the applied potential was
changed from 0.0 to 0.4 V. The immediate change of the SPR
spectrum originates mainly from the change of the refractive-
index of the polymer as a result of its oxidation. Continuous
SPR measurements at the potential 0.4 V show the decrease of
the polymer layer reflectance corresponding to the slow
swelling process, Fig. 1(B), curves (d–i). The kinetics of the
swelling process was recorded at a fixed angle of incidence (q
= 65°), Fig. 1, inset III. The kinetics of the swelling process
corresponds to a first-order monoexponential process with a rate
constant of 3 3 1024 s21. It should be noted that upon redox-
induced swelling and shrinking of the polymer film the uptake
and release of counter-anions may change the conductivity of
the film and thus may alter the reflectance. For redox-active
films that lack swelling, e.g. Prussian blue, the reflectance
changes due to ion transport are, however, minute.

The sequence of potential steps applied in the two experi-
ments results in similar changes in the thickness values of the
reduced or oxidized polymer films independently on the
sequence of the reduction or oxidation steps that lead to a
shrunken or swollen polymer film, respectively. Thus, the
reversible transformation of the polymer layer between
shrunken and swollen states with different thicknesses is
possible. However, the complete shrinking–swelling cycle
proceeds on the time scale of minutes. Realizing that the
refractive index of the polymer undergoes very fast changes
upon the reduction–oxidation process, one may use the
polyaniline film as an interface for the reversible SPR
transduction of electronic signals that actuate the polymer. Fig.
2(A) shows the chronoamperometric transients upon oxidation
(0.4 V) and reduction (0.0 V) of the polyaniline layer. In this
experiment, a potential-step that oxidizes (An)n to (An2+)n is
applied. The polymer is not allowed to swell, and the opposite
reductive potential-step is applied to generate the metastable
(An)n that is oxidized again before it undergoes shrinking. By
the cyclic application of the oxidative and reductive potential

steps, the reversible SPR transduction of the polymer state is
accomplished, Fig. 2(B).

In conclusion, we have applied surface plasmon resonance
spectroscopy for following the swelling and shrinking processes
of a polyaniline redox-active film. SPR provides a reading
signal for the electrochemical stimuli that activate the poly-
mer.

Parts of this study were supported by the National Science
Foundation Administered by the Israel Academy of Sciences
and Humanities. The support of the Max-Planck Research
Award for International Cooperation (I. W.) is gratefully
acknowledged.
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Fig. 2 (A) Multi-potential step chronoamperometric measurements corre-
sponding to the oxidative and reductive transformations of the polyaniline
layer. (B) Time-dependent reflectance changes measured at a fixed angle of
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show the time of the application of the oxidative (0.4 V) and reductive (0.0
V) potentials. The chronoamperometric and in situ SPR measurements were
performed in a background electrolyte solution composed of H2SO4, 0.1 M,
and Na2SO4, 0.5 M.
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Allenic hydrocarbons, previously unknown as a molecular
class from insects, are represented by CH3(CH2)n-
CHN•NCH-(CH2)7CH3 (n = 11–15, 17, 19) in several
Australian melolonthine scarab beetles and with demon-
strated (R)-chirality when n = 11 and 13.

Melolonthine scarabs are pests of field crops and pastures,1 and
we have undertaken studies of the chemistry of certain
sugarcane scarabs from north-eastern Australia. Cuticular
hydrocarbons2 from female adults were of surprisingly limited
constitutional variation. In Antitrogus consanguineus, one
component represents (GC analysis) ca. 50% of the cuticular
hydrocarbons and this appeared to be a C-25 hydrocarbon with
a molecular ion m/z 348 (C25H48), confirmed by GCMS-CI
analysis. A minor component was the bis-homologue C27H52
(M+, 376). On this basis, both incorporated two degrees of
unsaturation.

A methoxymercuration–reductive demercuration (NaBH4)
protocol was conducted to locate the sites of unsaturation, with
the resulting methyl ether groups guiding the mass spectral
fragmentations.3 This reaction provided a mixture of several
mono- and bis-methyl ethers with the two most abundant bis-
methyl ethers exhibiting identical mass spectra. These were
deduced to be stereoisomers of 9,11-dimethoxypentacosane 1
on the basis of their fragmentations (Scheme 1). Two further
components were similarly deduced to be mixtures of stereo-
isomers of 11-methoxypentacos-9-ene 2 and 9-methoxypenta-
cos-10-ene 3, resulting from initial mono-methoxymercuration
and then reduction. This indicated that the C-25 hydrocarbon
was D9,10-pentacosadiene 4 (Scheme 1). GC-MS analyses of the
methyl ethers resulting from NaBD4 reduction support these
conclusions. In the case of bis-ethers 1, two deuterium atoms
were incorporated (e.g. M-15 at m/z 399 from m/z 397) but the
ions at m/z 241 and 157 were unchanged. This confirms that
both Hg atoms became attached to the central carbon of the
allene (i.e. C-10), so that on reduction 10-2H2-1 was formed.

Similarly the minor C-27 component was concluded to be
D9,10-heptacosadiene 5, based on the formation of two isomers
of 9,11-dimethoxyheptacosane, and also 9-methoxyheptacos-
10-ene and 11-methoxyheptacos-9-ene. A more varied mixture
of regioisomeric mono- and bis-methyl ethers would be
anticipated from both conjugated and non-conjugated dienic
hydrocarbons.

These conclusions were supported by diagnostic ions at m/z
166 and m/z 250 (for the C-25 compound) and m/z 166 and m/z
278 (for the C-27 compound), attributable to McLafferty
rearrangement ions, known to appear in the mass spectra of
acyclic allenes4 (Scheme 2).

The major component was partially purified (HPLC:silica–
hexane, ca. 0.3 mg). The 1H NMR signal at d 5.04 (br, m)
correlated (HSQC) with the 13C NMR signal at 90.8 ppm,
(representing both sp2-carbons), both signals being consistent
with the allene structure. The signal for the central carbon of the
allene group (expected ~ 200 ppm) was not discernible from
this dilute sample.5

GCMS comparisons established that the C-25 allene 4 was
also a minor cuticular component in two other sugarcane
beetles, Lepidiota negatoria and Dermolepida albohirtum.
Extracts from D. albohirtum and L. picticollis contained as a
major component an allene with M+ 320 (C23H44) and
diagnostic ions at m/z 166 and m/z 222, again indicating 9,10-di-
unsaturation. The D9,10-tricosadiene structure 6 was proposed
for this constituent. When co-injected with a set of standard
alkanes, the allenes 4, 5 and 6 eluted just prior to the
corresponding alkane and have equivalent chain lengths of 24.9,
26.9 and 22.9, respectively.

To confirm the identity of these three components, syntheses
of 4, 5 and 6 were then undertaken and a route was developed
for delivery of both racemic and enantiomerically enriched
systems. Key steps utilised were the ‘acetylene zipper’
reaction,6 regioselective addition of nBu3SnH to a propargylic
alcohol, and anti elimination of nBu3SnOMs (or nBu3SnOAc)7

to install the propa-1,2-diene unit. This approach is shown in
Scheme 3 for D9,10-pentacosadiene 4.

Similar approaches furnished the racemic D9,10-tricosadiene
6 and D9,10-heptacosadiene 5. GC-MS comparisons, including
co-elution studies, established that the natural components were

† Electronic supplementary information (ESI) available: analytical data for
4, 5, 6 and 9, and proposed McLafferty rearrangements for 4. See http:
//www.rsc.org/suppdata/cc/b1/b101801i/

Scheme 1 Reagents and conditions: i, Hg(OAc)2–MeOH then NaBH4; ii, as
for i (double addition/reduction).

Scheme 2
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6, 4 and 5. In the case of the synthesised D9,10-pentacosadiene
4, its 1H and 13C NMR spectra matched precisely the spectra of
the natural component.

The chirality of the natural allenes was then addressed. The
enantiomers of (±)-D9,10-tricosadiene 6 and (±)-D9,10-pentaco-
sadiene 4 were base-line separated on a heptakis(6-O-tert-
butyldimethylsilyl-2,3-di-O-methyl) b-cyclodextrin column,
after ca. 160 min at 155 °C and ca. 200 min at 165 °C
respectively. The natural D9,10-pentacosadiene (from A. con-
sanguineus) was of high ee, and co-eluted with the first eluting
enantiomer of the racemate. This applied also to D9,10-
tricosadiene from D. albohirtum. The present allenes provide
remarkable examples of the separation efficacy of these
modified cyclodextrin phases.8

Nonracemic allenes of known predominating chirality were
required next. The C-25 propargylic alcohol 7 (Scheme 4) was
first oxidised to the ketone, and reduction with Me-CBS9

afforded the (S)-alcohol 8 (80% ee, Mosher’s ester analyses).10

The predominant configuration was confirmed by converting
the alcohol into decane-1,2-diol, whose rotation ([a]D 27°; c,
0.12, MeOH) may be compared with that for the authentic (S)-
isomer, ([a]D 211.9°; c, 0.43, MeOH).11 The (S)-propargylic
alcohol 8 was then hydrostannylated, acetylated and treated
with TBAF in DMSO to effect anti-elimination of nBu3-
SnOAc12 and give the (R)-enantiomer, 9 ([a]D 217° (c, 0.54,
CHCl3)13 in 72% ee (enantioselective gas chromatography).
Co-injection studies established that natural D9,10-pentacosa-
diene in A. consanguineus was predominantly the (R)-enantio-
mer (89% ee).

An analogous approach with (S)-tricosa-10-yn-9-ol (80% ee)
provided predominantly (R)-D9,10-tricosadiene (77% ee, 36%
from the alcohol). Natural D9,10-tricosadiene was then shown to
be (R)-configured with 86% ee. Given the consistency of the
location of the D9,10-propadiene unit, a predominating (R)-
chirality is likely for D9,10-heptacosadiene, as well.

Examination of males of a further cane beetle species, L.
crinita has revealed the presence of the higher allene, D9,10-
hentriacontane, C31H60 (M+ = 432 and McLafferty ions at m/z
334 and 166). A lower level component is D9,10-nonacosadiene,
the C-29 allene (M+ = 404, m/z 306 and 166). Co-occurring
with the dominant C-25 allene in A. consanguineus, are much
lower levels of the even carbon numbered D9,10-tetracosadiene
(M+ 334, m/z 246, 166) and D9,10-hexacosadiene (M+ 362, m/z
264, 166), in the former case confirmed by synthesis.

All allenes identified have D9,10-unsaturation, and those odd
numbered in carbon are considerably favoured. Administration
of labelled potential precursors is being conducted to reveal
possible routes to these hydrocarbons. As far as we are aware,
allenic hydrocarbons were previously unknown from insects,
although the male-produced pheromone of the dried bean beetle
(Acanthoscelides obtectus) incorporates an allene moiety.14 The
biological role of these compounds is being investigated.

The authors are grateful to the Australian Research Council
(SPIRT award) for support, to Professor R. W. Rickards for
valuable suggestions, and to David Logan (BSES, Ayr,
Australia) for provision of D. albohirtum specimens.
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Scheme 3 Reagents and conditions: i, nBuLi, THF 278 °C/240 °C then
nC9H19Br, HMPA (97%); ii, KH, DAP (79%); iii, nBuLi, THF 278 °C/
240 °C then nC8H17CHO (51%); iv, nBu3SnH, AIBN 90 °C; v, MsCl, Et3N
(60% from alkynol).

Scheme 4 Reagents and conditions: i, TPAP, NMO (82%); ii, (S)-MeCBS
(2.5 equiv.) BH3·SMe2 (5 equiv.) 230 °C 1 h (70%); iii, nBu3SnH AIBN
90 °C neat; iv, Ac2O, pyridine (14% from alkynol); v, TBAF, DMSO reflux
(77%).
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We demonstrate the use of room-temperature ionic liquids
as a catalytic, environmentally benign solvent for the
cyanide displacement on benzyl chloride, replacing phase-
transfer catalyzed biphasic systems and thus eliminating the
need for a volatile organic solvent and hazardous catalyst
disposal.

Ionic liquids have recently gained recognition as possible
environmentally benign alternative chemical process solvents.
Because of their vanishingly low vapor pressures, ionic species
do not contribute to VOC emissions as do most organic
solvents. Examples of their application in both reactions1,2 and
separations3,4 have been demonstrated. Although many types of
reactions have been investigated in ionic liquids, examples of
nucleophilic substitution reactions are absent from the lit-
erature.

Nucleophilic displacement reactions are often carried out
using phase-transfer catalysis (PTC) to facilitate the reaction
between the organic reactants and the inorganic ionic salts that
provide the nucleophiles.5 The phase-transfer catalyst, often a
tetraalkylammonium salt, acts as a shuttle for the reactant anion
between a polar phase that contains the salt reactant and a non-
polar phase that contains the organic reactant. This technique
not only overcomes the problem of contacting the reactants, but
also provides activation of the nucleophilic anion, since it is
much less tightly bound to a tetraalkylammonium cation than it
would be to a metal cation. In conventional PTC typical organic
solvents are environmentally undesirable species such as
methylene chloride or o-dichlorobenzene, and catalyst separa-
tion and recovery are significant challenges. With ionic liquids
as both the solvent and the catalyst, there are zero VOCs, and it
has been shown that product recovery is facile by CO2
stripping.3

Because ionic liquids are comprised of bulky organic cations,
they seem well suited for the types of reactions for which PTC
is effective. There even exists the possibility that the solvent
itself can act as a catalyst to activate the anion for reaction. The
ionic liquid cation might not be as effective a catalyst as most
PTCs; however, as a solvent, its high concentration should
overcome this limitation, yielding a high reaction rate.

We chose the cyanide displacement on benzyl chloride to
yield phenylacetonitrile, depicted in Scheme 1, as a model
reaction. For the solvent, we selected the ionic liquid 1-n-butyl-
3-methylimidazolium hexafluorophosphate (1), often called

[bmim][PF6]. The reaction was chosen because it has been well
characterized in a variety of other systems. The choice of

solvent was motivated by its being one of the most widely used,
and therefore the most widely available, ionic liquids.

These reactions were carried out in a 25 ml volumetric flask
set in a recirculating heated bath and stirred with a magnetic stir
bar. The concentration of benzyl chloride in the ionic liquid was
1 M, and the amount of potassium cyanide was three times the
stoichiometric amount of benzyl chloride. While all of the
benzyl chloride was visually observed to be soluble, solid
potassium cyanide was present in the systems at all times.
Before introduction of benzyl chloride, the salt was stirred
overnight in the liquid so that the uniform particle sizes would
form and the salt would reach an equilibrium concentration.6
After the introduction of benzyl chloride, samples were drawn
and dissolved in cold acetonitrile before being analyzed by
HPLC equipped with a UV-Vis detector.

Reactions were carried out at 40, 60, and 80 °C, and
conversion is plotted in Fig. 1. Reaction rates were high, with
the reaction at 80 °C reaching complete conversion in less than
half an hour. Although the reactions at 60 and 80 °C show the
expected pseudo-first-order kinetic behavior (since the amount
of cyanide available for reaction should be constant), the
reaction at 40 °C appears to be zero order. This behavior
indicates that mass transfer of potassium cyanide into the
solvent is probably the rate-limiting step at the lower tem-
perature, which is consistent with the fact that the viscosity of
the ionic liquid is observed to decrease steeply with an increase
in temperature. Although solid salt is always present in the
reacting systems, the transfer into the liquid at higher tem-
peratures is apparently faster than the reaction step itself, such
that an equilibrium concentration of cyanide is achieved and
pseudo-first-order behavior is exhibited.

The rate constants for each temperature are listed in Table 1.
An effective activation energy of 19 kcal mol21 is calculated
using the data at 60 and 80 °C. Because the nature of the solvent
changes with temperature, this activation energy includes
several factors other than the temperature dependence of the
intrinsic reaction rate, most especially the solubility of
potassium cyanide.

Scheme 1 Cyanide displacement on benzyl chloride.
Fig. 1 Conversion of benzyl chloride to benzyl cyanide (5 80 °C, - 60 °C,
: 40 °C).

This journal is © The Royal Society of Chemistry 2001
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Another reaction that has been demonstrated in a similar
system is the base-promoted cyclo-alkylation of phenyl-
acetonitrile with 1,4-dibromobutane, shown in Scheme 2.
Kinetic data were not taken, but the reaction was complete in
less than three hours. As in the previous example, the organic
reactants were dissolved in the ionic liquid, and excess solid
potassium hydroxide was present at all times.

Once the reaction is complete, we must turn our attention to
product recovery and solvent recycle. As demonstrated by
Blanchard et al., supercritical CO2 can be incorporated to
extract non-volatile organic compounds from ionic liquids.3,7

Heating is sufficient to remove more volatile compounds from
the solvent. Fig. 2 illustrates a proposed environmentally benign
reaction and separation solvent system for reactions of organic
compounds with inorganic salts. The low solubility of ionic
liquids in water and in CO2 allows for facile separation steps
that should result in minimal solvent loss, although loss of ionic
liquid in a water extraction must be considered when selecting
the ionic liquid.

In conclusion, we have demonstrated the viability of ionic
liquids as a solvent for reactions between organic compounds
and inorganic salts. This opens many opportunities for envir-
onmentally friendly processing, especially when combined with
the benign separations techniques that have already been
demonstrated.

We gratefully acknowledge the assistance of Ashley Wallin
and Jessica Ryan in performing experiments. We also thank
John Kantzes and Roger Moulton of SACHEM, Inc., in Austin,
Texas, for provision of the ionic liquid.
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Table 1 Rate constants for reaction of benzyl chloride with potassium
cyanide. Uncertainty is represented by 95% confidence intervals

Temperature/°C Rate constant

40 a(4.76 ± 0.12) 3 1025 mol L21 s21

60 b(5.45 ± 0.38) 3 1024 s21

80 b(2.54 ± 0.10) 3 1023 s21

a Zero order. b Pseudo-first order.

Scheme 2 Cyclo-alkylation of phenylacetonitrile with 1,4-dibromobutane.

Fig. 2 A recyclable ionic liquid solvent system for nucleophilic substitution
reactions. In step I, the reactants are added to the ionic liquid and the
reaction is allowed to proceed. Step II involves the removal of the organic
reactant via vaporization or supercritical fluid extraction. Washing with
water, as in step III, will remove the salt product and after decantation, step
IV, the purified ionic liquid is obtained and available for another reaction
cycle.
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Addition of thiols to 7-azabicyclo[2.2.1]heptadienes such as
16 leads exclusively to 7-thio-substituted 2-azabicyclo[2.2.1]-
hept-5-enes 17 in good yields via tandem intermolecular
radical addition—homoallylic radical rearrangement.

Radical cyclisations and rearrangements are amongst the most
powerful and versatile methods for the construction of mono
and polycyclic systems.1 Radical reduction of norbornenyl
sbromide 1 or nortricyclyl bromide 4 is known to produce the
same ( ~ 1+1) mixture of norbornene 2 and nortricyclene 3
(Scheme 1).2 However, during the development of novel
analgesics related to epibatidine by a strategy involving indirect
skeletal interconversion of 7-aza to 2-azabicyclo[2.2.1]heptyl
ring systems, we reported that radical deoxygenation of
azanortricyclanol 5 delivers a single product 6, even when R is
potentially radical stabilising (e.g. Ar, Scheme 2).3

Following this demonstration of ‘nitrogen-directed’ radical
rearrangement, we considered that a synthetically attractive
direct skeletal interconversion might be possible by inter-
molecular radical addition–homoallylic radical rearrangement
(Scheme 3). This would provide convergent access to synthet-
ically important 2-azabicyclo[2.2.1]heptyl ring systems con-
taining substitution not easily available by other methods.4 Here
we communicate our preliminary results concerning the
realisation of this concept.

Radical additions to norbornadiene 10 (and substituted
norbornadienes), using thiols for example, have been well-
studied and usually result in substituted nortricyclanes as the

major products.5 Consistent with these earlier studies, we found
that addition of p-thiocresol to norbornadiene 10 (both 2 mol
dm23 in toluene) at 25 °C led preferentially to nortricyclyl
sulfide 12, with bicyclic sulfide 11 (exo- : endo-, 5+1)6 being the
only other product detected (11+12, ~ 1+3, Scheme 4).

Further experiments at increasing dilution indicated that the
product ratio reached a constant level (11+12, ~ 1+6), once the
concentration of each reactant was < 0.1 mol dm23. These latter
results indicate attainment of equilibrium between the substi-
tuted norbornenyl and nortricyclyl radicals 13 and 14. The
presence of the sulfur substituent therefore leads to preferential
cyclopropane opening in 14 back to 13 (rather than from 14 to
15), with H-atom transfer to 14 to give nortricyclyl sulfide 12
being faster than H-atom transfer to 13 to give bicyclic sulfide
11; hence the product profile observed does not reflect the 13/14
equilibrium position. This is in contrast to Scheme 1, where the
rates of H-atom transfer to the norbornenyl and nortricyclyl
radical intermediates leading to 2 and 3 are likely to be similar
and therefore the product profile should reflect the ratio of
radicals at equilibrium.

By comparison to the reactions of norbornadiene with thiols,
the corresponding 7-aza systems such as 16 (available in two
steps from the alkoxycarbonyl-protected pyrrole and tosyl
ethyne)7 behave in dramatically different fashion (Scheme 5,
Table 1), but in accord with the earlier analysis (Scheme 3).

Pleasingly, both aromatic and aliphatic thiols were found to
react cleanly with only a slight excess (1.1 equiv.) of azadiene
16 in benzene or toluene (0.1 mol dm23) to give rearranged
sulfides 17 in 6–72 h, depending on the reactivity of the thiol. In
the case of the less reactive aliphatic thiols, heat was required
for completion of the reaction in a satisfactory time. Aliphatic
thiols are considerably poorer H-atom transfer agents than their
aromatic counterparts.8 This may explain the lower yields in
these cases, as polymerisation could compete with atom

Scheme 1

Scheme 2 Reagents and conditions: i, ClCOCO2Me, DMAP, then Bu3SnH,
AlBN.

Scheme 3

Scheme 4

Scheme 5 Reagents and conditions: i, RSH (0.9 equiv.), benzene or toluene,
25 °C (R = aryl) or 80 °C (R = alkyl), 6–24 h.
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transfer. The major diastereoisomer in the reaction with p-
thiocresol was shown by NOE analysis to be the syn-isomer
arising from initial exo-attack of thiyl radical on azadiene 16,
and the predominant isomer obtained with the other thiols is
assigned as syn by analogy. Evidence that the product sulfides
17 possess the rearranged 2-azabicyclo[2.2.1]hept-5-ene frame-
work is, for example, that oxidation of 17 (R = Tol) using
buffered peracetic acid (6 equiv., 25 °C, 18 h) gave in 91% yield
the epimeric sulfones 17 (RS = Ts) with spectral data distinctly
different from the 2-Ts-7-Boc-7-azabicyclo[2.2.1]hept-5-enes9

that would be obtained from oxidation of the product of simple
addition across one double bond in azadiene 16. Subsequent
desulfonylation of sulfones 17 (RS = Ts) with 6% sodium–
amalgam (MeOH, 25 °C, 12 h) gave the known 2-azabicyclic
alkene 6 (R = H)3,10 in 33% yield as the only identifiable
product.

Benzeneselenol shows similar behaviour with unsaturated
systems to aromatic thiols, but is an order of magnitude superior
as an H-atom transfer agent.8 Under otherwise identical
conditions to the earlier reactions of aromatic thiols (Table 1), it
was found that benzeneselenol with azadiene 16 gives a small
proportion (12%) of the selenide 18 arising from simple
addition across one double bond, as well as the expected
rearranged selenide 19 (81%, Scheme 6).

This result allows an estimation of the rate constant for the
rearrangement 7? 9 (Scheme 3). Given that no products other
than the 2-azabicyclic epimers 17 are observed in the addition of
aromatic thiols, it seems probable that the rate constant for the
rearrangement is between 1 and 2 orders of magnitude greater
than the initial rate of H-atom transfer from the thiol. A thiol
concentration of 0.1 mol dm23 (typical in our studies) and an
approximate second order rate constant for H-atom transfer of
108 mol21 dm3 s21 (ref. 8), suggests a rate constant of
≈ 1082109 s21 for the rearrangement at 25 °C.

The absence of tricyclic products in any of the reactions with
azadiene 16 suggests that the lifetime of the azatricyclic
intermediate 8 is much shorter than that for either of the bicyclic
intermediates 7 and 9 (Scheme 3). In kinetic studies of the
nortricyclyl–norbornenyl radical rearrangement [13 (Tos = H)
and 14 (Tos = H), Scheme 4], the rates of ring opening and ring
closure have been shown to be similar: ≈ 107 s21 at 25 °C.11 In
the azabicyclic system, however, it seems probable that the ring
opening step (8? 9) is significantly faster, with the transition
state being lowered in energy by the stabilisation of the
developing radical a- to nitrogen.12 Rate constants for the ring
opening of cyclopropyl methyl radicals to but-3-enyl radicals
are known to be strongly influenced by substitution.13

In summary, we describe the first examples of free radical
additions to 7-azanorbornadienes. The process demonstrates a
new approach to the 2-azabicyclo[2.2.1]heptyl ring system by
homoallylic radical rearrangement, which uses a nitrogen atom
to promote and guide cyclopropane ring opening.3,14 Extensions
of the principle to other addition reactions, different ring
systems and manipulation of the adducts towards targets of
biological interest, are under investigation.

We thank AstraZeneca Pharmaceuticals and the EPSRC for
an Industrial CASE award (to M. W. P. B.) and the EPSRC
National Mass Spectrometry Service Centre for mass spectra.
We also thank Professors S. J. Cristol and B. Giese for useful
discussions and Dr B. Odell for expert assistance with structure
elucidation using NMR.
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Table 1 Thiol additions to 7-azabicyclo[2.2.1]heptadiene 16

Thiol T/°C t/h Yield (%) syn-17+anti-17

TolSHa 20 24 92 3+1
PhSH 20 24 92 4+1
2,6-diMeC6H3SH 20 24 90 4+1
4-NO2C6H4SH 20 72 50 7+1
BunSH 80 6 59 2+1
ButSH 80 24 48 5+1
HO(CH2)3SH 80 14 56 4+1
a TolSH with 16 (Boc = CO2Me) at 20 °C for 4 h gave 17 (R = Tol, Boc
= CO2Me) in 66% yield (syn- : anti-, 4+1).

Scheme 6 Reagents and conditions: i, PhSeH (0.9 equiv.), benzene, 25 °C,
24 h.

890 Chem. Commun., 2001, 889–890



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Solid-state 17O NMR of thymine: a potential new probe to nucleic acid
base pairing
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We report the first experimental solid-state 17O NMR and
theoretical (B3LYP/6-311++G**) study of the 17O electric-
field-gradient and chemical shielding tensors in a free
nucleic acid base, thymine.

NMR spectroscopy is an important technique for studying
structures of biological macromolecules. Most successful NMR
applications have been based primarily on observation of spin-
1/2 nuclei such as 1H, 13C and 15N. Although oxygen is also an
important element in biological molecules, 17O (S = 5/2 and
natural abundance = 0.037%) NMR studies are far less
common.1 To explore the potential of solid-state 17O NMR
spectroscopy in studying organic and biological compounds, we
recently investigated a number of important oxygen-containing
functional groups such as amides,2 urea,3 carboxylic acids,4
phenols4 and the oxonium ion.5 Oxygen is also common in
nucleic acids. Base pairing between nucleic acid molecules
often directly involves oxygen atoms, e.g. G+C and A:U base
pairing. To our knowledge, solid-state 17O NMR has not been
applied to compounds related to nucleic acids.

As a first step, we report solid-state 17O NMR results for a
free nucleic acid base, thymine; see Fig. 1. We synthesized
[2-17O]thymine and [4-17O]thymine by acid-catalyzed ex-
change with H2

17O (40.9 atom% 17O, ISOTEC, Miamisburg,
Ohio) from 5-methyl-2-thiouracil and thymine, respectively.
Solid-state 17O NMR spectra were recorded on a Bruker
Avance-500 spectrometer operating at 67.78 MHz for 17O
nuclei. Fig. 2 shows the experimental and simulated 17O magic-
angle spinning (MAS) NMR spectra of [2-17O]thymine and
[4-17O]thymine. Analysis of these spectra yielded the following
17O NMR parameters: O2, diso = 200 ± 5 ppm, CQ = 6.65 ±
0.02 MHz, hQ = 1.00 ± 0.02; O4, diso = 325 ± 5 ppm, CQ =
8.40 ± 0.02 MHz, hQ = 0.10 ± 0.02. Following the standard
procedure,2,6 we were also able to analyze the stationary 17O
NMR spectra shown in Fig. 2 and obtain the magnitude and

relative orientation of the 17O chemical shift (CS) tensors. The
results are summarized in Table 1.

It can be seen from Table 1 that O2 and O4 exhibit drastically
different 17O NMR tensors. In particular, the amide-type
oxygen, O4, shows a much larger CQ, 8.40 MHz, than the urea-
type oxygen, O2, 6.65 MHz. The difference between the 17O CS
tensors for O2 and O4 is also striking. The isotropic 17O
chemical shifts for O2 and O4 differ by 125 ppm. In addition,
the span (W = d11 2 d33) of the 17O CS tensor for O4 is more
than twice of that for O2. It is also apparent from Table 1 that,
whereas the isotropic 17O chemical shifts measured for O4 in
the solid and solution states are essentially identical, the
corresponding values for O2 differ by approximately 50 ppm!
This is clearly a consequence of the strong intermolecular
hydrogen-bonding interaction at O2 in crystalline thymine; see
Fig. 1.

In order to evaluate quantitatively the influence of inter-
molecular hydrogen bonding interactions on the 17O EFG and
CS tensors in crystalline thymine, we chose to perform quantum
chemical calculations using four different models. Model-I is
simply an isolated thymine molecule. Model-II consists of two
hydrogen-bonded thymine molecules, 1 and 2 as defined in Fig.
1. Model-III also consists of two thymine molecules, 1 and 3.
Model-IV is a trimeric cluster containing 1, 2 and 3. The
experimental X-ray diffraction structure of thymine7 was used
in all the calculations. The positions of the hydrogen atoms were
computed using the standard bond lengths and angles. The
density functional theory (DFT) calculations were performed on
a PC (400 MHz Pentium II processor, 128 MB RAM, 12 GB of

Fig. 1 (A) Chemical structure of thymine. (B) H-bond environment in
crystalline thymine.7 Thymine molecules are related by twofold screw axes.
Hydrogen atoms are not shown for clarity.

Fig. 2 Experimental (upper) and simulated (lower) 17O MAS NMR spectra
of (A) [2-17O]thymine (3753 scans) and (B) [4-17O]thymine (5236 scans).
Experimental (upper) and simulated (lower) 17O stationary NMR spectra of
(C) [2-17O]thymine (7400 scans) and (D) [4-17O]thymine (5376 scans). The
sample spinning frequency was 14.5 kHz. The B1 field strength at the 17O
frequency was about 70 kHz. Spinning sidebands are marked as ‘ssb’. A
Hahn-echo pulse sequence was used in acquiring the stationary spectra. The
recycle time was 10 s in all experiments.
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disk space) using Gaussian 98 program8 with the standard
6-311++G** basis set and the B3LYP exchange functional.9
The theoretical results are also presented in Table 1.

Close examination of the theoretical results reveals a
remarkable difference between the 17O NMR tensors for O2 and
O4. In particular, both the 17O quadrupole coupling tensor and
the CS tensor at O2 exhibit a strong dependence on the cluster
model used in the calculation, whereas the 17O NMR tensors at
O4 are essentially independent of the model. This clearly
reflects the difference in the H-bond environment between O2
and O4. In the discussion that follows, we focus only on the 17O
NMR tensors for O2. As seen from Table 1, Model-I predicted
W = 393 ppm and CQ = 8.42 MHz for O2, which are
considerably larger than the observed values, W = 270 ppm and
CQ = 6.65 MHz. When two H-bonds were considered in either
Model-II or Model-III, smaller values were obtained for W and
CQ. When a complete H-bond network is included in the
calculation (Model-IV), the theoretical results become much
closer to the experimental values, W = 282 ppm and CQ = 7.12
MHz. The observed decrease in the isotropic 17O chemical shift
(increase in shielding) from Models I to IV results mainly from
the changes in d11 and d22. The large difference between the
isotropic 17O chemical shifts measured in the solid state and in
solution, 200 vs. 247.8 ppm, was well reproduced by the
calculations of Model-I and Model-IV. The quadrupole cou-
pling constant exhibits a reduction of approximately 1.3 MHz
upon hydrogen bonding, the 17O EFG tensor increases mono-
tonically from Models I, II, III to IV. Finally, the agreement
between the calculated results from Model-IV and the experi-
mental data is reasonable; but it is also clear that all calculated
17O NMR parameters are larger than the observed values by
approximately 10%. These discrepancies are likely due to the
limitation of the current theory.

Another piece of useful information from the quantum
chemical calculations is the absolute orientations of 17O NMR
tensors in the molecular frame. As seen from Fig. 3, the
orientations of the 17O NMR tensors for O2 and O4 are similar,
despite the large difference in the magnitude of the individual

tensor components. It should be noted that the relative
orientation between the 17O EFG and CS tensors shown in Fig.
3 is in agreement with the experimental determination from the
analysis of static 17O NMR spectra.

In summary, we have presented the first solid-state 17O NMR
study of a free nucleic acid base. The present study demon-
strates that it is feasible to obtain solid-state 17O NMR spectra
for 17O-labeled nucleobases and that 17O NMR tensors are
excellent indicators of H-bond formation. These features are
potentially useful for probing base pairing in nucleic acids. With
the availability of very high magnetic fields (18.8 T or higher)
and the advances in solid-state NMR methodology, it is
anticipated that solid-state 17O NMR will become a new
addition to the arsenal for studying biological macromole-
cules.

G. W. thanks NSERC of Canada for research and equipment
grants, Queen’s University for a Chancellor’s Research Award
and the Government of Ontario for a Premier’s Research
Excellence Award. This research was partially supported by a
grant from the Advisory Research Committee of Queen’s
University.
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Table 1 Summary of experimental and theoretical (B3LYP/6-311++G**) 17O NMR tensors in crystalline thymine

Compound Model diso/ppm d11/ppm d22/ppm d33/ppm CQ/MHza hQ

[2-17O]Thymine I 298 441 406 48 8.42 0.55
II 264 385 359 46 7.82 0.73
III 250 365 344 40 7.72 0.79
IV 226 327 306 45 7.12 0.99
Exptl. 200 ± 2 290 ± 5 270 ± 5 20 ± 5 6.65 ± 0.02 1.00 ± 0.02

(247.8)b

[4-17O]Thymine I 387 698 487 225 8.91 0.14
II 399 685 480 225 8.83 0.17
III 380 734 496 233 9.14 0.12
IV 392 720 491 234 9.08 0.15
Exptl. 325 ± 2 570 ± 5 360 ± 5 20 ± 5 8.40 ± 0.02 0.10 ± 0.02

(321.0)b

a CQ = eQVzz/h and hQ = (Vxx 2 Vyy)/Vzz. b Numbers in parentheses are the corresponding 17O chemical shift values measured in DMSO solutions.

Fig. 3 Illustration of the orientations of the 17O NMR tensors in thymine.
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The vapour phase alkylation of catechol over supported
caesium catalysts gives good selectivity to guaiacol forma-
tion, and TPD studies indicate that this result can be
correlated with the presence of weak basic sites on the
catalyst.

Vapour phase alkylation of catechol is commercially important
for the production of oxy-alkylated products, namely guaiacol
and veratrole. These are synthetic intermediates used in the
production of flavourings, fragrances and pharmaceuticals.1
Studies on phenol alkylation have shown that product selectiv-
ity depends on the acid–base property of the catalyst surface.2
The addition of metal ions to alumina is known to generate new
active sites which are basic in nature.3 Available literature on
the vapour phase alkylation of catechol over solid base
catalysts, though limited, suggests that the basic sites are
primarily responsible for the formation of C-/O-alkylated
products.4,5 This is further supported by the report that CO2
adsorption over the basic sites leads to catalyst deactivation.6,7

However, there is no evidence to suggest that the weak sites
over the base catalysts are primarily important for the formation
of mono oxy-methylated products, in particular guaiacol. Here,
for the first time, such a correlation is proposed, i.e. that a
correlation exists between the weak base sites on a catalyst
surface and selectivity to guaiacol.

The supported caesium catalysts were prepared by impreg-
nating Al2O3, SiO2 and TiO2, all of commercial origin, with an
appropriate amount of an aqueous solution of caesium hydrox-
ide (10% Cs by mass). The resulting solids were dried and
calcined in air at 673 K for 4 h. Temperature programmed
desorption (TPD) was performed using CO2 gas at a heating rate
of 10 K min21 in the temperature range 373–973 K.

The vapour phase alkylation of catechol with methanol was
carried out in a vertical flow-type reactor at 623 K at
atmospheric pressure (ca. 650 mm Hg). Before the start of the
experiment, the catalyst (ca. 2 g) was activated in the reactor at
673 K for 1 h in nitrogen and then the solid was cooled to the
reaction temperature. A pre-mixed catechol–methanol (1+3
w/w ratio) mixture was fed from the top of the reactor at a fixed
rate of 5.1 ml min21 (methanol-free catechol flow rate 0.95 mol
h21) by means of a Sage syringe pump. After 1 h the liquid
products were analysed by GC (FID) using a DB-1 capillary
column. The reaction products were further confirmed by GC–
MS (VG-11-250 data system) and 13C NMR (Brucker AC-400)
spectroscopy.

The reaction data for the vapour phase alkylation of catechol
over unsupported and supported catalysts are shown in Table 1.
The acidic oxides (Al2O3, SiO2 and TiO2) do not show much
guaiacol formation. However, the basic oxide MgO shows a
selectivity of 65% for guaiacol. This suggests that the basic sites
on the catalyst surface are involved in the formation of guaiacol.
It is interesting to note that caesium oxide alone shows a low
activity and selectivity towards guaiacol formation. However,
impregnation of caesium on to the acidic oxides (Al2O3, SiO2
and TiO2), increased the selectivity for guaiacol significantly.
Both alumina and caesium-modified alumina show the highest
reaction activity as compared to the other unsupported and
supported oxides. This suggests that the stronger and larger
number of acidic sites on the catalyst surface promotes more
ring alkylation than side (O-) alkylation. In the case of both
alumina and caesium-modified alumina a significant amount of
polyalkylated products is also formed. The formation of phenol,
and to a lesser extent diphenyl ether, indicates that both
dehydration and ring alkylation are the two competitive

Table 1 Reaction data on unsupported and supported cesium catalysts

Selectivity (%)

Catalyst
Activity
mol h21 g21

Guaiacol Veratrole

C-alkylated
productsa Othersb

TiO2 0.718 10 2 36 42
Al2O3 2.341 18 3 73 6
SiO2 0.133 20 43 33 4
MgO 0.106 65 15 15 5
Cs2O 0.053 16 17 6 57
10 wt% Cs2O/TiO2 0.426 37 12 10 41
10 wt% Cs2O/Al2O3 1.409 58 1 28 13
10 wt% Cs2O/SiO2 0.505 75 16 4 5

a b
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reactions operating over the acidic sites. This is supported by the
fact that both TiO2 and Cs–TiO2 show a significant amount of
dehydrated products as compared with Al2O3 and Cs–Al2O3
catalysts.

The distribution of basic sites over unpromoted and promoted
catalysts are shown in Fig. 1 and 2. The TPD profiles of CO2
over Al2O3 and MgO (Fig. 1) show that although Al2O3 is more

acidic than MgO it also has a larger number of strong basic sites
(885 K) with respect to MgO (912 K). The stronger basic sites
on MgO at 912 K indicate that, apart from O22 basic sites of
MgO, the adjacent Mg2+ sites may also participate in CO2
adsorption.8 On the other hand, MgO has a greater number of
weaker basic sites (559 K) than Al2O3. The fact that more
guaiacol is formed on MgO than Al2O3 indicates that weaker
basic sites may be primarily involved for the higher selectivity
of guaiacol. Fig. 2 clearly demonstrates this finding. Here it is
seen that addition of caesium to acidic supports transforms
stronger base sites into weak sites, thus enhancing the
selectivity for guaiacol. The higher selectivity for guaiacol at
weaker basic sites over Cs–SiO2 (75%) as compared with Cs–
Al2O3 (58%) further supports the assumption that the formation
of guaiacol is related to the strength and the number of the weak
basic sites. However, in the case of Cs–TiO2, the lower
selectivity for guaiacol (37%) may suggest the possibility of an
interaction between the promoter and titania, leading to
compound formation.

In conclusion, it is evident from the foregoing results that the
transformation of stronger basic sites to weaker ones upon
addition of Cs2O results in higher selectivity for guaiacol.
Further work is in progress to explain the characteristic aspects
of the title reaction in detail.

We wish to thank the University, THRIP and the NRF for
financial support. The leave of absence granted by IICT, India,
to V. V., to spend time at the University of the Witwatersrand,
is acknowledged.
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Fig. 1 CO2 TPD profiles of MgO and Al2O3.

Fig. 2 CO2 TPD profiles of Cs on TiO2, SiO2 and Al2O3.
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The synthesis and characterization of Cp*2Re2B7H11 pro-
vides the first example of an open hypoelectronic metal-
laborane which is shown to possess an arachno geometry
based on a total vertex connectivity identical with that of a
canonical arachno nine-vertex, twelve-skeletal electron pair
cluster.

Extensive catenation is a characteristic shared by the adjacent
elements boron and carbon albeit expressed differently in
structure, e.g. cages vs. rings and chains. The origin of the
differences is well understood and the established relationship
between geometry and the number of skeletal electron pairs
(sep) for borane cages serves to provide interconnections
between borane, heteroborane, carbocation, transition metal
cluster and Zintl phase cluster chemistries.1–6 The metal sites in
a heteroborane, e.g. a metallaborane, perturb the borane
bonding network and the structural response can be meas-
ured.7,8 In an expression of the isolobal analogy, metallaboranes
containing late transition metals frequently mimic simple main
group fragments generating geometries that conform to the
canonical structures associated with equivalent sep (the term
cannonical refers to the set of shapes and associated sep’s
exhibited by the known boranes).9,10

The observations of Kennedy and coworkers of ‘disobedient’
metallaboranes11 with closo geometries deviating from most
spherical deltahedra (most homogeneous vertex connectiv-
ities)12 have been interpreted in terms of a metal providing more
orbitals to meet the p + 1 sep rule (‘isocloso’–missing electrons
localized on the metal)13 or fewer electrons (p sep) demanding
a skeletal shape with no borane analog (‘hypercloso’–missing
electrons delocalized over the skeleton).14 Despite these
contrasting analyses, what is clear is that the observed
geometric structures are related by diamond–square–diamond
(dsd) rearrangements.15 Recently, we have described a homolo-
gous series of closo-metallaboranes, Cp*2Re2BnHn (n = 7–10,
Cp* = h5-C5Me5), with p2 2 sep.16 In addition, we completed
a 10-atom, closed metallaborane series for sep running from p +
1 to p2 2.17,18 These results demonstrate that the formal sep can
vary widely from the canonical number and, as it decreases, the
cluster shape deviates from that of a most spherical deltahedron.
Taking the canonical shapes and sep’s as the standard, we
follow Corbett and designate these compounds as hypoelec-
tronic.19 Note that because hypoelectronic and canonical
structures are related by dsd rearrangements, the total con-
nectivity of the deltahedral framework is the same for a given
value of p.

Kennedy and coworkers have also described examples of
‘isonido’ metallaboranes (p + 1 sep) related to canonical nido
geometries (p + 2 sep) in the same manner as ‘isocloso’ are to
closo.11 For this reason we have sought examples of open
clusters of the earlier metals in which the formal sep is even
lower. Herein we describe an open rhenaborane with p sep and
show how it can be classified as an arachno shape which
normally requires p + 3 sep.

As previously reported, the reaction of BH3·thf with
Cp*2Re2H4B4H4 leads to the formation of Cp*2Re2B7H7 and
subsequent conversion to the higher analogs.16,20,21 A minor
product with an Rf higher than Cp*2Re2B7H7 was greatly
enhanced by using a lower borane to metallaborane ratio and
reduced temperature and reaction time.† This new compound,
1, has been isolated in modest yield and characterized
spectroscopically and by a single crystal X-ray diffraction
study.‡ The molecular mass corresponds to Cp*2Re2B7H11 1,
and the 1H (temperature independent to 290 °C) and 11B NMR
spectra suggest two planes of symmetry. Besides the BHterminal
protons (1+2+4) two equivalent BHB and two equivalent BHRh
protons are also observed. A 1H/11B HETCOR experiment
shows the latter four protons to be coupled exclusively to the
four boron atoms equivalent in the NMR spectrum.

The framework structure of 1 only became clear when the
solid state structure was determined (Fig. 1). Yet again an
unanticipated shape is observed for a rhenaborane. 1 displays an
open structure such that the edges defining the opening describe
a boat shaped cyclohexane-like ring. Although the B–B and Re–
B distances are comparable to those found in Cp*2Re2B7H7

22,23

and higher homologues,16 the ReRe distance is ca. 0.15 Å
longer. On the other hand it is nearly the same as the W–W
distance in Cp*2W2H2B7H7

20,21 and, thus, we suggest the
presence of cross-cage metal–metal bonding in 1. Based on the
NMR results, the extra hydrogens can be placed on this skeleton
in two ways as shown in Fig. 2(a) and (b). In (a) the ReH
hydrogens lie in the plane of symmetry containing the two Re
atoms and the unique B atom. In (b) they bridge two of the four

Fig. 1 Molecular structure and labelling diagram for (Cp*Re)2B7H11.
Selected bond distances (Å) for one of two independent but chemically
equivalent molecules: Re(1)–Re(2) 2.9744(5), Re(1)–B(1) 2.216(13),
Re(1)–B(3) 2.221(13), Re(1)–B(5) 2.241(12), Re(1)–B(6) 2.271(11),
Re(2)–B(2) 2.227(12), Re(2)–B(4) 2.211(12), Re(2)–B(5) 2.236(12),
Re(2)–B(6) 2.258(13), Re(2)–B(7) 2.091(12), B(1)–B(2) 1.753(17), B(1)–
B(5) 1.728(17), B(2)–B(5) 1.736(19), B(3)–B(4) 1.747(16), B(4)–B(6)
1.734(18), B(5)–B(7) 2.012(18), B(6)–B(7) 2.044(17).
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Re–B edges on the hexagonal opening thereby demanding a low
barrier process for the exchange shown. We favor (b) as it is
difficult to explain the observed coupling to boron with model
(a).

As the Cp*Re fragment is a zero-electron fragment, the
formal number of sep in 1 is 9; however, we find no way of
connecting the geometry of 1 to either the canonical deltahedra
or the observed deltahedra of Cp*2Re2BnHn, (n = 7–10) by
simple vertex removal. Therefore, we suggest an alternative
approach which promises some generality. As already men-
tioned, the geometries adopted by Cp*2Re2BnHn (n = 7–10),
have total vertex connectivities (tvc) equal to those of the
canonical deltahedra, e.g. Cp*2Re2B7H7 possesses two six-
coordinate, two five-coordinate, five four-coordinate vertices
(tvc = 42) whereas the canonical tricapped trigonal prism has
six five-coordinate, three four-coordinate vertices (tvc = 42).
An examination of the canonical closo series for p = 6–12
shows that the tvc increases monotonically in units of 6, i.e. tvc
runs from 24 to 60.16 This holds true for Cp*2Re2BnHn (n =
7–10) as well.15 Likewise, if one uses Williams’ preferred nido
and arachno geometries,24 one finds, that for nido cages, p =
6–11, tvc runs from 20 to 50 in units of 6 and for arachno cages,
p = 6–10, tvc runs from 18 to 42 in units of 6. The assumption
that tvc is conserved for nido and arachno structures, as already
demonstrated for closo structures, yields a shape independent
method for classifying non-canonical geometries.

Consider the new rhenaborane. 1 has an open structure with
a tvc = 36. The canonical nine fragment closo, nido and
arachno shapes have tvc’s of 42, 38 and 36, respectively (Fig.
3). Thus, 1 is classified as a 9 sep arachno analog of a 12 sep
canonical arachno borane. This parallels the relationship of 7
sep closo Cp*2Re2B7H7 to a 10 sep closo canonical cage. The
beauty of the approach is that it avoids the question of how
many electrons a metal fragment actually contributes to cluster
bonding (‘isocloso’ vs. ‘hypercloso’) and suggests that, pro-

vided tvc is conserved, the shape adopted can be tailored to the
electronic demands of the metal. The drawback is that, although
this approach limits the number of shapes possible, it is not
predictive. However, with the characterization of an increasing
number of metallaboranes containing earlier metals, the role of
the metal may eventually become sufficiently well defined to
permit predictions as well as rationalizations.

The generous support of the National Science Foundation is
gratefully acknowledged.

Notes and references
† Synthetic procedure for 1: to a 100 mL Schlenk tube, containing 0.15 g
(0.21 mmol) of (Cp*ReH2)2B4H4 in 15 mL of toluene was slowly added a
three-fold excess of BH3·thf. The reaction mixture was thermolysed for 15
h at 75 °C after which volatiles were removed in vacuo, the residue was
extracted in hexane, and the extract filtered through Celite. After removal of
solvent from the filtrate, the residue was chromatographed on silica gel TLC
plates. Elution with hexane yielded four very closely spaced bands. The first
yellow band to elute was Cp*2Re2B7H11 1 (0.026 g, 17%) and the
subsequent bands were (Cp*Re)2BnHn (n = 7–10).

Selected data for 1: n(hexane)/cm21 2498w, 2444w (B–Hterm); dH(C6D6,
22 °C) 10.61 (pcq, 1BHt), 7.51 (pcq, 4BHt), 0.72 (pcq, 2BHt), 0.04 (br, 2B–
H–B), 1.76 (s, 30H, 2Cp*), 210.77 (s, 2Re–H–B); dB(C6D6, 22 °C, J/Hz)
98.1 (d, JBH 162, 2B), 28.3 (d, JBH 130, 4B), 27.2 (d, JBH 141, 2B); HR-
EIMS, m/z: 12C20

1H41
11B7

187Re2, calc. 732.2982, obs. 732.2948; isotope
distribution corresponding to 7B, 2Re.
‡ Crystal data for (Cp*Re)2B7H11: M = 759.5, triclinic, P1̄, yellow, a =
8.7967(2), b = 17.7865(3), c = 18.0509(4) Å, a = 111.5640(10), b =
102.924(2), g = 99.4110(10)°, V = 2464.21 Å3, Z = 4, ZA = 2, Dc = 2.046
g cm23, m(Mo-Ka) = 98.2 cm21, R(F) = 0.0485, R(wF2) = 0.1372. Of
20 160 reflections collected, 8614 were independent. All non-hydrogen
atoms were refined anisotropically. All Cp* hydrogen atoms were placed in
idealized locations; the seven terminal B–H hydrogen atoms were located
and refined. The four bridging hydrogen atoms were not located. CCDC
155582. See http://www.rsc.org/suppdata/cc/b1/b101918j/ for crystallo-
graphic data in .cif or other electronic format.
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Fig. 2 Two possible placements of the four endo hydrogen atoms on 1.

Fig. 3 Comparison of the canonical nine-atom closo, nido and arachno
geometries with observed examples of closo and arachno hypoelectronic
rhenaboranes with formal sep’s three lower than the canonical values.
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Extremely high trans selectivity of Ti-MWW in epoxidation of alkenes
with hydrogen peroxide
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A novel titanosilicate with MWW topology, Ti-MWW,
exhibits a behavior not observed on other titanosilicates such
as TS-1, TS-2 and Ti-beta, in that it selectively epoxidizes
trans isomers from a mixture of cis/trans alkenes with
retention of stereochemistry.

The microporous titanosilicate TS-1 of MFI structure has
attracted considerable attention of researchers since it is found
to be an effective liquid-phase catalyst in the oxidation of
various organic compounds using dilute hydrogen peroxide as
an oxidant.1 Ti-beta,2,3 Ti-MOR4 and Ti-ITQ-75 have also been
prepared successfully with a purpose to make full use of various
zeolite structures. Recently, we turned our attention to MWW
zeolite (typically known as MCM-226) because it has the
structural diversity of supercages, 10-membered ring (MR)
channels and side pockets, succeeding for the first time in
preparing its titanosilicate derivative, Ti-MWW.7

In the epoxidation of lower olefins, Clerici et al. reported that
TS-1 was more active for cis-but-2-ene than for trans-but-
2-ene, which made TS-1 applicable to the production of epoxy
derivatives with cis-configuration by starting from a mixture of
alkenes containing cis/trans isomers.8 We also observed that
TS-1 was more selective for the cis isomers in the epoxidation
of a cis/trans mixture of hex-2-enes.9 The cis-selectivity of TS-
1 is attributed to the higher reactivity of the cis isomer in
epoxidation of various C4 olefins.1,8 However, we have
discovered a totally opposite catalytic feature of Ti-MWW in
the epoxidation of olefinic stereoisomers, which may bring
about reconsideration of the stereoselectivity of titanosilicates
in olefin epoxidation and give rise to investigation of the
relationship between shape selectivity and microstructure of Ti
active sites.

Ti-MWW was prepared by treating a Ti-containing lamellar
precursor with MWW topology with acid solution, and
subsequent calcination. The Ti-containing precursor was hydro-
thermally synthesized from fumed silica (Cab-o-sil M7D) and
tetrabutyl orthotitanate in the presence of boric acid and using
piperidine as a structure-directing agent (SDA) as reported in
detail elsewhere.7 Acid treatment with 2 M HNO3 on the
lamellar precursor removed extraframework Ti species together
with some framework boron. The samples were then calcined in
air at 803 K to burn off the organic SDA to obtain the Ti-MWW
catalysts. The samples were proved to have the MWW topology
by X-ray diffraction, and contain only isolated Ti species in the
framework as evidenced by the predominant band at 220 nm in
the UV–VIS spectrum (Fig. 1).

Other titanosilicates for control experiments, TS-1, TS-2, Ti-
beta and Ti-MOR were prepared by a hydrothermal synthesis
method or post-synthesis method using TiCl4 vapor.4 The
liquid-phase oxidation of cis/trans mixtures of alkenes with
hydrogen peroxide was carried out at 333 K in a round-bottom
flask (20 ml) fitted with a condenser and a magnetic stirrer. For
a typical run, a mixture of 0.05 g of catalyst, 10 mmol of
alkenes, 10 mmol of hydrogen peroxide (31 wt% aqueous
solution) and 10 mL of solvent was heated at a set temperature
under vigorous agitation. The reaction mixture was analyzed
using a gas chromatograph (Shimadzu 14 B) equipped with a 50

m OV-1 capillary column. The amount of hydrogen peroxide
remaining in the reaction mixture was determined by titration
with 0.1 M Ce(SO4)2 solution.

Table 1 shows the results of epoxidation of hex-2-ene
isomers with a cis/trans ratio of 41+59 over various titanosili-
cates. The major products were 2,3-epoxyhexane with both cis-
and trans-configurations. A small amount of diol product due to
epoxide hydrolysis over acid sites was also obtained, especially
for Ti-beta, owing to the rather strong acidity relating to the
framework Al. The conversion of hex-2-enes depended greatly
on the reaction conditions; Ti-MWW showed the highest
specific catalytic activity in MeCN and higher efficiency in
H2O2 utilization. What is more interesting is that Ti-MWW
exhibited an extremely high selectivity for the epoxide with
trans-configuration, while TS-1, TS-2, Ti-beta and Ti-MOR
produced the cis-epoxide with a selectivity higher than the
percentage of cis-isomer in the initial substrate. The selectivity
of Ti-MWW for trans-epoxide was independent of its Ti
content (entries 1–3) and the reaction time (entries 2 and 4)
although the conversion increased with increase in Ti content.
This unique property was not affected when using the protic
solvent MeOH though the conversion was greatly decreased
(entry 5). Furthermore, in the epoxidation of other olefins such
as hept-2-enes, hept-3-enes and oct-2-enes all with a cis/trans
ratio of 50+50, Ti-MWW showed a selectivity of 80, 72 and
81% for the corresponding trans-epoxides, respectively. All
these findings allow us to draw the conclusion that Ti-MWW is
a catalyst with a unique selectivity in the epoxidation of a
mixture of cis/trans isomers.

Since the epoxidation of a mixture of cis/trans isomers is a
competition reaction, the reaction of individual isomers would
make the matter clearer. Fig. 2 compares Ti-MWW with TS-1
for the epoxidation of cis- and trans-oct-2-enes. Retention of
seterochemical configuration was found for both Ti-MWW and
TS-1, i.e. cis-oct-2-ene gave exclusively the cis-epoxide, and
trans-oct-2-ene resulted in the trans-epoxide. This indicates no
isomerization occurred during the reaction for both the substrate
and epoxide. Ti-MWW exhibited the reactivity order of trans-
oct-2-ene > cis-oct-2-ene, while TS-1 showed the reverse
order. The higher reactivity of the trans isomer on Ti-MWW is

Fig. 1 X-Ray diffraction pattern and UV–VIS spectrum of Ti-MWW (Si+Ti
= 64).
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thus consistent with its unique selectivity observed above in the
reaction of mixtures.

Liquid-phase adsorption of a hex-2-ene mixture using the
bulky solvent 1,3,5-triisopropylbenzene was carried out to
investigate the different catalytic behavior between Ti-MWW
and other titanosilicates. TS-1 adsorbed more selectively the
trans isomer with smaller molecular size because of its medium
pores of 10-MR. However, Ti-MWW, containing both 10-MR
and 12-MR pores, exhibited similar adsorption phenomena to
large-pore Ti-beta, that is, both adsorbents showed no obvious
difference in the adsorption rate for the two isomers. Therefore,
the high trans selectivity of Ti-MWW is not due to easier
accommodation for the trans isomers.

Selective poisoning of the Ti sites in open space side pockets
with 2,4-dimethylquinoline resulted in an unchanged conver-
sion of hex-2-enes and the same trans selectivity for the

epoxide, which indicates little contribution of the side pockets
to the present epoxidation reactions. Therefore, the unique
selectivity of Ti-MWW is presumed to originate mainly in its
10-MR channels and supercages, both restricted by 10-MR
entrances. In particular, the 10-MR system of the MWW
structure is defined by two-dimensional sinusoidal channels.10

The unique tortuosity of the sinusoidal configuration would
make the alkene molecules of trans configuration approach
more easily to the Ti species than those of cis configuration, so
resulting in higher trans selectivity. On the other hand, the
channels of TS-1 and Ti-beta are suggested to favor the cis
molecules approaching the Ti sites, owing to the characteristic
tunnel-like channel structures. Further investigation in more
detail is still required to clearly determine how the micro-
structure of Ti active sites affects the selectivity for substrates of
different configurations. Nevertheless, the uniqueness of Ti-
MWW strongly suggests the importance of considering ‘steric
compatability’ between the substrate molecules and the Ti
species when investigating shape selectivity.

As a result, this study clearly shows that Ti-MWW is an
unusual catalyst in the oxidation of alkene stereoisomers,
revealing a new concept of shape selectivity in constrained
spaces in zeolite crystals.
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Table 1 Epoxidation of hex-2-ene isomers with hydrogen peroxide over various titanosilicates

Prod. sel. (mol%) Epoxide distribution (mol%)a H2O2 (mol%)

Entry Cat. Si/Ti Conv. (mol%) Epoxides Diols cis trans Conv. Efficiency

1 Ti-MWW 146 16.4 97 3 20 80 18.4 89
2 Ti-MWW 64 37.6 99 1 17 83 39.6 95
3 Ti-MWW 46 50.8 99 1 19 81 66.1 92
4 Ti-MWWb 64 16.0 99 1 15 85 39.6 95
5 Ti-MWWc 64 9.3 98 2 18 82 9.6 97
6 TS-1 52 17.8 94 6 65 35 25.7 71
7 TS-1 42 29.1 96 4 66 34 32.5 89
8 TS-2 95 13.6 96 4 67 33 18.0 77
9 Ti-Beta 40 15.9 91 9 73 27 35.8 45

10 Ti-MOR 79 2.6 99 1 52 48 3.9 66
a Cat., 0.05 g; hex-2-enes (cis/trans = 41+59), 10 mmol; H2O2, 10 mmol; MeCN, 10 ml; temp., 333 K; time, 2 h. b The reaction time was 5 min. c MeOH
used as solvent.

Fig. 2 Epoxidation of cis and trans-oct-2-ene over Ti-MWW (a) and TS-1
(b). Cat., 0.05 g; oct-2-ene, 10 mmol; H2O2, 10 mmol; MeCN, 10 mL;
temp., 333 K.
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First structural characterization of a mixed valent thallium(I/III) amide
bearing an n-butylthallium(III) unit stabilized by a tripodal amido
ligand
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Lithiation of the tripodal amine HC{SiMe2NH(p-Tol)}3 with
BunLi in the presence of TlCl yielded the Tl(I/III) mixed
valent complex [HC{SiMe2N(p-Tol)}3(TlBun)(Tl)] 2; an X-
ray diffraction study established the central n-butyl–thal-
lium(III) unit coordinated by the amido tripod in which two
of the amido functions are additionally bridged by the Tl(I)
atom.

The chemistry of formally closed shell low valent heavy p-
block metals is characterized by unusual patterns of aggregation
in the solid state through attractive metal–metal interactions.1,2

We have recently begun to systematically investigate the
structural chemistry of amidothallium(I) compounds in which
the metal atoms occupy exposed positions thus making the
molecules potential building blocks for larger aggregates.3,4

The tripodal amido ligands developed by us were found to
provide the platform for a whole series of polynuclear
thallium(I) amides.5,6 These are generally obtained by metal
exchange reaction of the in situ generated or isolated lithium
amides with TlCl in an ether or hydrocarbon solvent. In all cases
the complete lithiation of the amine precursor was achieved
before the metal exchange step. A simultaneous reaction of the
alkyllithium reagent and thallium(I) chloride was expected to
yield products which differ significantly from the compounds
studied to date, and provide an entry into new types of mixed
amido/alkylthallium complexes. Here, we report the remarkable
first results of these variable metallation strategies.

Complete lithiation of the tripodal amine HC{SiMe2NH(p-
Tol)}3 with BunLi and subsequent reaction with either 3 molar
equivalents of TlCl or 1 equivalent of TlCl3 gave the TlIII amide
[HC{SiMe2NH(p-Tol)}3Tl] 1 which was characterized by
elemental analysis as well as 1H and 13C NMR spectroscopy
(Scheme 1).† However, upon carrying out the lithiation and
transmetallation in one step by addition of 3 molar equivalents
of n-butyllithium and thallium(I) chloride to the amine at

278 °C in n-pentane and subsequent slow warming to ambient
temperature over a period of 15 h a different type of compound
was obtained as a yellow–orange crystalline solid 2. The yield
of the compound isolated in several preparations varied between
15 and 35% based on the amine starting material. The same
material was isolated in higher yield (ca. 50%) upon reaction of
1 with 1 equivalent of n-butyllithium and transmetallation with
TlCl. Its elemental analysis was consistent with two thallium
atoms per ligand unit, and 1H and 13C NMR spectroscopy
indicated that the product contained one residual n-butyl
group.† A single crystal X-ray structure analysis confirmed the
molecular structure of the Tl(III)/Tl(I) mixed metal complex 2 in
which an n-butylthallium(III) unit is coordinated by the tripodal
amido ligand while two of the donor atoms are bridged by a
thallium(I) atom (Fig. 1).‡ The observation that the reaction of
the lithium amide with TlCl exclusively leads to the TlIII amide
1 which may be rationally converted to 2 by addition of BunLi
across a TlIII–N bond and subsequent metal exchange (Scheme
1) suggests a formation of the n-butylthallium species along a
similar route in the reaction of a mixture of BunLi and TlCl with
the amine.

Compound 2 is the first example of a structurally charac-
terized long chain alkylthallium complex in contrast to the
considerable number of methylthallium derivatives reported in
the literature.7 Such nonfunctionalized long chain alkylthallium
species are thought to be thermally labile,8 and it seems to be
this particular coordination environment which renders 2
sufficiently stable to allow its isolation and characterization.
The central thallium atom is not symmetrically coordinated by
the ligand tripod due to the external bonding of the Tl(1) atom
which not only draws the donor functions N(2) and N(3)
together [N(2)–Tl(1)–N(3) 83.5(3)° in comparison to N(1)–
Tl(1)–N(2) 99.3(3) and N(1)–Tl(1)–N(3) 104.7(3)°] but also
induces an lengthening of the two Tl(1)–N bonds involved
[Tl(1)–N(2) 2.321(7) Tl(1)–N(3) 2.326(7) Å in comparison to
Tl(1)–N(1) 2.155(7) Å]. In contrast, the Tl–N bonds to
monovalent Tl(2) are, as expected, significantly longer [Tl(2)–
N(2) 2.694(7) and Tl(2)–N(3) 2.721(8)], in fact longer than
those found in all thallium(I) amides hitherto investigated.3–6,9

This may be a consequence of the extreme steric congestion in
this part of the molecule in which the two heavy metal atoms are
forced into close proximity by the bridging donor atoms; this
leads to a remarkably short Tl(1)…Tl(2) contact of 3.3620(9) Å.
The Tl(1)–C(40) bond length of 2.188(9) lies in the usual range
of alkyl–Tl bonds in TlMe2-complexes.7

The 1H and 13C NMR spectra of 2 recorded at 295 K in d8-
toluene are consistent with an effective threefold symmetry.
The signals are broadened and coalesce upon cooling to 200 K,
however, the rapid precipitation of the complex prohibited the
detection of the low temperature limit. These observations
suggest that the compound is fluxional with the ‘external’ Tl(I)
atom exchanging between the different bridging positions. Such
a ‘rotation’ of a monovalent metal atom coordinated to an amido
tripod is reminiscent of the dynamic behaviour of the tripodal
lithium triamidostannates investigated previously by us10 and a
similar dynamic behaviour has also been observed by Veith

Scheme 1 Preparative routes leading to compounds 1 and 2. In the
conversion of 1 ? 2 BunLi probably first adds across one TlIII–N bond
alkylating the TlIII centre. Subsequent Li–TlI exchange then gives 2.
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et al. for a range of mixed Li–group 13 metal amido
complexes.11

A closer inspection of the crystal structure of 2 revealed that
the complex is aggregated in the form of weakly associated
dimers [Fig. 1(b)]. This type of association occurs through weak
p-arene–Tl(I) contacts12 with, respectively one tolyl group of
the neighbouring molecule: Tl(2)–C(ArA) 3.26–3.51 Å; Tl(2)–
centroid: 3.093 Å. This arrangement is supplemented by a
relatively short intermetallic distance of Tl(2)–Tl(2A)
3.7615(13). While being significantly shorter than the sum of
the van der Waals radii (4.0 Å) this Tl–Tl contact is nevertheless
at the long end of the range found for such metal–metal contacts
and therefore thought to play a secondary role.

We thank the Deutsche Forschungsgemeinschaft, the Fonds
der Chemischen Industrie, and the CNRS (France) for fund-
ing.

Notes and references
† Selected spectroscopic and analytical data: for 1: 1H NMR (200.13 MHz,
C6D6, 295 K) d 20.78 (s, 1 H, CH), 0.51 [br s, 18 H, Si(CH3)2], 2.18 (s, 9
H, C6H4CH3), 6.74 (d, 6 H, 3JH2H3 7.5 Hz, H2, C6H4), 6.97 (d, 6 H, H3,
C6H4); {1H} 13C NMR (50.32 MHz, C6D6, 295 K) d 8.4 [Si(CH3)2], 13.8
(CH), 20.6 (C6H4CH3), 123.7 (C, C4, C6H4), 129.3 (CH, C2, C6H4), 131.3

(CH, C3, C6H4), 153.8 (CN, C1, C6H4); 29Si {1H} NMR (39.76 MHz, C6D6,
295 K) d 24.1; C28H40N3Si3Tl (707.29). Calc. C 47.55, H 5.70, N 5.94, Tl
28.90. Found: C 47.04, H 5.53, N 6.10, Tl 27.85%.

For 2: 1H NMR (400.13 MHz, C6D6, 295 K) d20.76 (br s, 1 H, CH), 0.44
[vbr s, 20 H, Si(CH3)2 + Tl(CH2)], 0.49 [br s, 2 H, Tl(CH2CH2)], 0.57 [t, 2
H, 3JHaHb 7.1 Hz, Ha, Tl((CH2)2CH2)], 0.97 [q, 3 H, Hb, Tl((CH2)3CH3)],
2.16 (br s, 9 H, C6H4CH3), 6.68–6.87 (br m, 6 H, H2, C6H4), 6.93–7.06 (br
m, 6 H, H3, C6H4); {1H} 13C NMR (100.61 MHz, C6D6, 295 K) d 6.7 [br
d, 3JTlC 66 Hz, Si(CH3)2], 11.0 (CH), 11.6 [Tl((CH2)3CH3)], 13.4 [br,
Tl(CH2)], 20.6 [C6H4(CH3)], 30.2 [Tl((CH2)2CH2)], 33.7 [br,
Tl(CH2CH2)], 125.0 (br, C, C4, C6H4), 128.3 (CH, C2, C6H4), 130.2 (CH,
C3, C6H4), 150.4 (vbr, CN, C1, C6H4; C32 H49N3Si3Tl2·0.5C5H12 (1004.83).
Calc. C 41.24, H 5.52, N 4.18, Tl 40.68. Found: C 41.14, H 5.33, N 3.99, Tl
41.12%.
‡ Crystal data for [HC{SiMe2N(p-Tol)}3(TlC4H9)(Tl)·0.5C5H12] 2:
C32H49N3Si3Tl2·0.5C5H12, orange blocks, crystal dimensions 0.6 3 0.4 3
0.3 mm, M = 1004.83, monoclinic, space group C2/c, a = 21.346(6), b =
14.4015(13), c = 26.384(10) Å, b = 107.869(14)°, U = 7719(4) Å3, Z =
8, Dc = 1.729 g cm23, m = 8.459 mm21, F(000) = 3896, 7684 reflections
collected (2.00 < q < 24.99°) at 193(2) K, 6781 independent (Rint =
0.0423), 5138 observed [I > 2s(I)] 6781 used in the structure refinement;
R1 = 0.0471 [I > 2s(I)], wR2 = 0.1287 (all data), GOF = 1.069 for 382
parameters and 0 restraints, largest difference peak, hole = 2.214, 22.920
e Å23. The comparatively high residual electron density in 1 was in the
vicinity of the thallium atoms.13,14

CCDC 157350. See http://www.rsc.org.suppdata/cc/b1/b100760m/ for
crystallographic data in .cif or other electronic format
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and H. Nöth, Angew. Chem., Int. Ed., 2000, 39, 222.

5 K. W. Hellmann, L. H. Gade, R. Fleischer and T. Kottke, Chem. Eur. J.,
1997, 3, 1801; K. W. Hellmann, L. H. Gade, A. Steiner, D. Stalke and
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Fig. 1 (a) Molecular structure of [HC{SiMe2N(p-Tol)}3(TlBun)(Tl)] 2.
Selected bond lengths (Å) and interbond angles (°): C(1)–Si(1) 1.888(9),
Si(1)–N(1) 1.733(8), Tl(1)–N(1) 2.155(7), Tl(1)–N(2) 2.321(7), Tl(1)–N(3)
2.326(7), Tl(2)–N(2) 2.694(7), Tl(2)–N(3) 2.721(8), Tl(1)–C(40) 2.188(9);
Si(1)–C(1)–Si(2) 113.2(5), N(1)–Si(1)–C(1) 105.1(4), N(1)–Tl(1)–N(2)
99.3(3), N(1)–Tl(1)–N(3) 104.7(3), N(2)–Tl(1)–N(3) 83.5(3), N(2)–Tl(2)–
N(3) 69.7(2), Tl(1)–N(2)–Tl(2) 83.8(2), Tl(1)–N(3)–Tl(2) 83.1(2), N(1)–
Tl(1)–C(40) 131.9(3). (b) Dimeric aggregate of 2 in the solid state through
p-arene–thallium contacts [Tl(2)–Tl(2A) 3.7615(13) Å].
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Control of calcium carbonate morphology by transformation of an
amorphous precursor in a constrained volume
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Calcium carbonate crystals of defined morphology have
been produced on transformation of an amorphous calcium
carbonate precursor within a constrained volume.

The range of morphologies exhibited by inorganic crystals in
biological systems is truly remarkable and provides a unique
inspiration for synthetic crystal growth experiments.1,2 Indeed,
many biominerals display complex forms and curved surfaces
that are as yet quite impossible to replicate in the laboratory. As
an important step forward in understanding control of calcium
carbonate growth in vivo, it has recently been demonstrated that
certain biological calcite crystals actually comprise two mineral
phases, calcite and amorphous calcium carbonate (ACC).3–5

Examination of the mechanism of calcification in sea urchin
embryos has further shown that in this organism, not only do
ACC and calcite co-exist, but that ACC transforms into calcite
over time.3,4 The ACC therefore acts as a transient precursor to
the more stable calcite phase,3 and transformation of ACC to
calcite within the constrained volume imposed by the spiculo-
genic cavity results in single crystals of calcite with a tri-radiate
form and curved surfaces.

The role of ACC in the biological calcification process has
not been entirely resolved, although it has been suggested that it
may provide a temporary storage site in some organisms, or that
in combination with a crystalline phase may provide a skeletal
element with superior mechanical properties.5,6 The experi-
ments described here investigate whether ACC may also play an
important role in morphological control. Indeed, it has been
demonstrated that thin films of calcite can be formed in
association with Langmuir monolayers via transformation of an
ACC precursor film.7 In common with the calcification
mechanism active in sea urchins, in the current experiments
ACC was contained within a restricted volume, and the
morphological changes of the calcium carbonate particles on
transformation to calcite were studied.

As a simple model system, 10 mm thick polycarbonate track-
etch membranes were used as the crystallisation environment.8
These membranes possess extremely regular cylindrical chan-
nels of diameter 3 mm, which are similar to the dimensions to
sea urchin embryo spicules. ACC was precipitated in the
membrane pores by placing a membrane between two half U-
tube arms, and filling one tube with CaCl2 solution and the other
with Na2CO3 solution.† The experiments were carried out at
4–6 °C in order to stabilise ACC, by reducing the rate of
transformation to calcite. Counter-diffusion of ions through the
membrane pores resulted in precipitation of CaCO3. The
experimental conditions used generate ACC in bulk solution.
Microscopic examination of the membrane after crystallisation
revealed two populations of crystals. 15 mm crystals with
intergrown, rhombohedral morphologies precipitated on the
surface of the membrane. Particles were also observed within
the membrane pores, and exhibited a circular cross section of
the same dimensions as the membrane channel [Fig. 1(a)]. The
morphologies of the intra-membrane crystals were further
examined subsequent to dissolution of the membrane. Again,
the two populations of crystals were observed but were readily
distinguished on the basis of size and morphology. The intra-

membrane crystals were of dimensions 3 3 10 mm and
displayed cylindrical morphologies and curved surfaces, as
shown in Fig. 1(b). Thus, both the size and shape of these
crystals had been clearly dictated by the geometry of the
membrane channels in which they had formed.

The crystals deposited on the membrane surface were
adhered strongly to it, which compromised opportunities for in
situ analysis of the intra-membrane crystals. To confirm that the
intra-membrane crystals formed from an initial ACC phase,
they were isolated by dissolution of the membrane at early
stages of the experiment. Microscopic examination of the
separated crystals clearly showed that the cylinders formed via
an ACC precursor [Fig. 2(a)]. Spherical particles of diameter
0.5 mm, which are characteristic of ACC,9,10 were observed to
initially coat the walls of the pores, before filling in the entire
volume and generating the final cylindrical form. Identical
particles were produced in a control experiment by mixing the
CaCl2 and Na2CO3 solutions at low temperatures in the absence

Fig. 1 (a) Calcium carbonate crystals grown within membrane pores. (b)
Intra-membrane crystal isolated from the membrane, showing cylindrical
morphology and dimensions identical to the membrane pores. Both images
are of samples after 24 h.
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of the membrane, and were confirmed to be ACC using FTIR
and XRD.

Comparison of the images of the intra-membrane particles at
early stages [Fig. 2(a)], and after longer times [Fig. 1(b)] shows
that the structure of the cylindrical particles alters with time.
While the distinct spherical morphologies of the amorphous
precursor particles are initially clearly observed within the
cylindrical particle, continued incubation in solution results in
transformation to a cylindrical particle with indentical overall
morphology but with uniform structure. Examination of the
ends of the mature cylindrical crystals frequently shows blocky
crystal faces typical of rhombohedral calcite [Fig. 2(b)]. It has
not as yet been impossible to conclusively identify the crystals
as calcite, or to probe whether they are single crystal or
polycrystalline as they are too small to investigate using
standard laboratory XRD. However, selected area electron
diffraction, carried out in a transmission electron microscope
(TEM) was performed on the mature crystals in an attempt to
obtain a diffraction pattern from a thinner edge area. Some
diffraction patterns were obtained, all of which could be fitted to
calcite. In addition, examination of the cylindrical particles
between crossed polars in an optical microscope demonstrated
that they were anisotropic, which again suggests crystallinity.

In order to investigate whether the precursor ACC phase was
necessary for the precipitation environment to impose its

structure on the final morphology of the crystal, the experiments
were repeated at room, rather than low temperature. In the
absence of the membrane, calcite precipitated immediately from
solution. Precipitation within the membrane pores resulted in
crystals of irregular, as opposed to cylindrical morphologies.

These experiments demonstrate that transformation of ACC
within a constrained volume can produce a crystalline particle
of morphology imposed by the environment. Both the ACC
precursor phase and the constrained volume appear to be
essential to this mechanism of morphology control. Biology
obviously does not apply low temperature as a route to
producing ACC. However, there is increasing evidence that
organisms synthesise organic macromolecules specifically for
stabilising ACC with respect to the thermodynamically stable
phase calcite.5,7,11 We therefore suggest that deposition of ACC
within a vesicle may provide organisms with a route to
producing crystals with elaborate forms and curved surfaces,
such as the remarkable fenestrated calcitic skeletal plates of sea
urchins.

We would like to thank the Department of Materials, Queen
Mary, for access to electron microscope facilities.

Notes and references
† A polycarbonate track-etch membrane (pore diameter 3 mm) was placed
between two, identical, half-U tube arms, which were clamped at the
membrane position to form a U-tube. A small volume of cold water was
introduced into the U-tube to wet the membrane. Equal volumes of 0.1 M
solutions of Na2CO3 and CaCl2 in Millipore water, which had been
previously filtered and cooled to 4–8 °C were then simultaneously poured
into each of the U-tube side-arms. The apparatus was placed in a refigerator
at 4–6 °C for a period ranging from 15 min to 24 h. On completion of the
experiment, the membrane was washed with water and was dried using
compressed air. The CaCO3 crystals produced in association with the
membrane were examined using scanning electron microscopy (SEM)
either in situ in the membrane, or after dissolution of the membrane in
chloroform. All samples were Au-coated prior to examination in a JEOL
6300F scanning electron microscope (SEM), fitted with a field emission
source and operating at 10 kV. Selected-area electron diffraction was also
carried out on the CaCO3 crystals after isolation from the membrane. A drop
of an ethanolic solution of the isolated crystals were placed on a C-coated,
Formvar-covered Cu TEM grid, and was examined in a JEOL 2010
transmission electron microscope (TEM) operating at 200 kV.
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Fig. 2 (a) Intra-membrane particle, isolated after 15 min, showing its
formation from spherical ACC particles. (b) Crystals grown within
membrane pores showing crystalline faces characteristic of calcite (sampled
after 24 h).
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Glycosylation of the primary binding pocket of a subtilisin protease
causes a remarkable broadening in stereospecificity in peptide
synthesis
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Site-selective glycosylation at position 166 at the base of the
primary specificity S1 pocket in the serine protease subtilisin
Bacillus lentus (SBL) created glycoproteins that are capable
of catalyzing the coupling reactions of not only L- amino acid
esters but also D-amino acid esters to give the corresponding
dipeptides in good yields as a result of greatly broadened
substrate specificities that can be rationalized by the
interaction of the glycans acting as chiral auxiliaries in
stereochemically mismatched pairs.

Enzymatic peptide coupling requires minimal protection of the
substrate, proceeds under mild condition and without racemiza-
tion.1 In spite of these advantages, two major problems have
limited the use of serine proteases in peptide synthesis. One is
their efficient proteolytic (amidase) activity which causes
hydrolysis of the coupled peptide product, and the other is their
stringent structural and stereo-specificity which typically con-
fines their use in synthesis to a limited range of L-amino acid
substrates. Controlled site-selective glycosylation can be used
to create glycosylated proteases with greatly improved esterase
activities and enhanced esterase–amidase activity ratios (E/As)
that are up to 8.4- and 17.2-fold enhanced over their
unglycosylated wildtype (WT) counterparts, respectively.2 By
virtue of their higher esterase and lower amidase activities,
these glycosylated enzymes are excellent candidates for
efficient amide bond formation as they possess enhanced
acylating properties and yet substantially reduced hydrolytic
activity towards the peptide products of coupling. Moreover,
these catalysts can be constructed on scales of hundreds of
milligrams, thereby allowing their use in multigram scale
syntheses. We reasoned that such glycosylated enzymes would
not only be efficient catalysts for peptide ligation but that the
presence of an internally bound carbohydrate might influence
the stereospecificity of such ligations. Carbohydrates are

effective chiral auxiliaries3 and we wished to probe the effect of
introducing the homochiral groups a–d (Scheme 1) into the
primary binding region of an enzyme as a tactic for broadening
substrate stereospecificity, perhaps by increasing the potential
for stereochemically mismatched pairs.4

Representative carbohydrates were attached to the interior of
the primary S1

5 binding pocket, which modulates P1 specificity,
of the serine protease subtilisin Bacillus lentus (SBL, EC
3.4.21.14) by site-selective glycosylation2,6 at position 166.
Gratifyingly, this also resulted in enhanced E/A values relative
to unglycosylated SBL-WT (Scheme 1).2

Firstly, we probed the structural breadth of the P1 specificity
of S166C-S-a–d by examining the ligation of L-amino acids,
(1)–(3) as acyl donors, with glycinamide (7) as an acyl acceptor
(Scheme 2, Table 1)† using 1 mg ml21 of active enzyme7 in
simple 1+1 water–DMF solutions. In accord with our goals of
not reducing the existing substrate breadth of SBL, these results
indicated that the introduction of carbohydrate groups a–d did
not affect the essential, inherent ability of SBL to accept L-
amino acids as acyl donors in peptide coupling reactions. Good

Table 1 Glyco-SBL catalyzed peptide coupling reactionsa

Yieldb (%) with

Acyl donor Acyl acceptor Product time/h SBL-WT S166C-a S166C-b S166C-c S166C-d

Z-L-PheOBn (1) GlyNH2 (7) Z-L-PheGlyNH2 (9) 1 92 95 93 91 95
Z-L-AlaOBn (2) 7 Z-L-AlaGlyNH2 (10) 5 91 85 77 92 83
Z-L-GluOMe(3) 7 Z-L-GluGlyNH2 (11) 5 62 58 65 54 67
1 L-AlaNH2 (8) Z-L-Phe-L-AlaNH2 (12) 24c 57 28 34 31 32
2 8 Z-L-Ala-L-AlaNH2 (13) 24c 0 15 16 22 11
3 8 Z-L-Glu-L-AlaNH2 (14) 24c 0 48 50 51 55
Z-D-PheOBn (4) 7 Z-D-PheGlyNH2 (15) 48d 0 6 8 7 8
Z-D-AlaOBn (5) 7 Z-D-AlaGlyNH2 (16) 48d 0 80 77 72 70
Z-D-GluOBn (6) 7 Z-D-GluGlyNH2 (17) 48d 0 63 62 64 64
a DMF–water, 1+1, 0.1 M donor, 0.3 M acceptor, 0.036 mol% enzyme. Under the same conditions, spontaneous reaction did not occur. b Isolated yields. c 0.2
M acceptor. d Further 0.036 mol% added at 24 h.

Scheme 1

Scheme 2
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to excellent yields of 9, (91–95%), 10, (77–92%), and fair yields
of 11, (54–67%) compared well, or were superior to, those for
SBL-WT.

Our next goal was to investigate any secondary effects of S1
pocket glycosylation upon P1A specificity using the a-branched
L-alaninamide (8) as a challenging acyl acceptor probe. The
restricted S1A specificity of the unglycosylated SBL-WT
enzyme is demonstrated by its ability to catalyze only the
coupling of 8 with the preferred L-phenylalaninate acyl donor 1.
Remarkably, in spite of the small S1A pocket8 all of the glyco-
SBLs S166C-S-a–d were catalysts for the coupling of L-amino
acids 1–3 with 8.  In the synthesis of 13, low absolute yields
were observed yet these represent a significant breakthrough in
comparison with the absence of coupling activity prior to
glycosylation. Excitingly, the yields of the coupling of 3 with 8
were similar to those obtained using unhindered 7 (48–55%).
These results represent a dramatic improvement of the S1A
specificity of SBL. Interestingly, chemically-modified mutant
enzymes bearing non-polar modifications at position 166 do not
catalyze this ligation.9 Possibly by exploiting polar interactions,
we have obtained our goal of broadening substrate specificity,
here of P1A towards L-Ala to allow the synthesis of 12–14,
without diminishing the natural breadth of SBL. Indeed,
previous molecular mechanics analysis of similarly internally
glycosylated enzymes have indicated that such internally-bound
carbohydrates may act as hydrogen-bonding motifs that give
rise to enhanced kinetic parameters.2

Finally, we examined these powerful glyco-SBLs in the
coupling of D-amino acids (4)–(6) as acyl donors with acyl
acceptor 1. The number of examples of enzyme catalyzed
coupling of D-amino acids at the C-terminus of peptides by
using D-amino acid acyl donors is vanishingly small and even
then proceed with typically low efficiencies.10 For example, to
the best of our knowledge, yields above 10% for the
incorporation of D-Glu have never been achieved.9 Consistent
with this, SBL-WT did not accept D-amino acids as acyl donors
and starting materials 4–6 were recovered. In dramatic contrast,
all of the glyco-SBLs S166C-S-a–d were able to catalyze the
coupling of all three of these D-amino acid esters with acyl
acceptor 1. The reactions of 4 in all cases were slow and gave 15
in low yields, the best being 8% using S166C-S-b,d, and
starting material 4 was recovered after 48 h in all cases. Peptide
couplings of 5, 6 with 7 proceeded more rapidly, and the yields
were dramatically improved. In fact, the good yields of the D-
dipeptide 17 (62–64%) were, surprisingly, superior to those
found for coupling of L-Glu. Indeed, S166C-S-c showed a 1.2+1
stereochemical preference for D-glutamate 6 over L-glutamate 3.
Very high yields (up to 80%) of D-Ala dipeptide (16) were also
observed.

Such is the remarkable nature of these broadened P1
stereospecificities that we speculated that these glyco-SBLs
may bind D-amino acids in a different mode from L-amino acids.
Molecular mechanics analyses of SBL-WT and S166C-a–d
with substrates 1–6 resulted in the models summarized in Fig. 1.
In SBL-WT the normal binding mode for the acyl-enzyme
intermediate, which is shown in Fig. 1(a), operates. The amino
acid side chain (R) binds in the S1 pocket with the reacting acyl
group covalently linked to Og of the side chain of Ser221. This
binding mode is not available to D-amino acids. In contrast, in

the glyco-SBLs, Fig. 1(b), the presence of a homochiral
auxiliary at position 166 with correct stereochemical disposition
of its C-6 hydroxymethyl group and ring oxygen creates a
hydrogen bond acceptor and donor motif which allows binding
of the NHZ group in the S1 pocket. Thus, glyco-SBLs may
operate either by binding mode (a) or (b). However, in these
glyco-SBLs, neither L-amino acids with the (a) mode nor D-
amino acids with the (b) mode represent optimally matched
diastereomeric pairs. This is consistent with their broadened
specificity. By introducing a carbohydrate moiety at position
166 we have therefore tailored an enzyme with previously
exclusive L-stereospecificity and excellent efficiency (matched
pair) into an enzyme that has broadened L- and D-ster-
eospecificity and reduced, but still good, efficiency due to
mismatched pairing. This modified enzyme clearly has greater
synthetic utility. This molecular mechanics analysis therefore
raises the interesting possibility that the stereochemistry of the
sidechain at 166 may influence stereospecificity through a
double diastereoselective process. Further studies, including the
synthesis of diastereomeric protein glycosylating reagents, to
explore whether this is correct or whether location of just polar
achiral groups at this position will have the same effect are now
in progress. In addition, we are probing the precise effects of
these modifications upon kinetic parameters kcat and KM using
L- and D-amino acid substrates as both acceptors and donors in
order to correlate the observed yield enhancements with true
kinetic specificity.

In conclusion, glyco-SBLs S166C-S-a–d accept a wide range
of substrates including D-amino acids as acyl donors and an a-
branched acyl acceptor to give a variety of dipeptides, many in
very high yields, that cannot be synthesized with SBL-WT.
Furthermore, these dramatic improvements have been achieved
without the loss of the natural ability of SBL to handle L-amino
acids. It therefore represents a true broadening of synthetic
utility and demonstrates that this site-selective glycosylation
technology is a powerful tool for enhancing the application of
enzymes in organic synthesis.
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The complex {(Na[2.2.2]cryptate)[CTV][Co(C2B9H11)2]}2-
(MeCN) (CTV = cyclotriveratrylene) features (Na-
[2.2.2]cryptate)+9CTV interplay as well as a closely packed
chain of [Co(C2B9H11)2]2 counter-anions exhibiting dihy-
drogen bonding, and a similar cation–CTV assembly is
found in (Na[2.2.2]cryptate)[CTV](CHCl3)3[CB11H12].

Cyclotriveratrylene ( = CTV) 1 is a curved host molecule which
forms ball-and-socket supermolecules with a number of large
guest molecules such as fullerenes,1,2 carborane,2,3 and organo-
metallic sandwich complexes;4 and lattice inclusion structures
with smaller organic guest molecules.5 CTV can also be a p
type donor ligand6 or a chelating ligand for group 1 metals.7
Chelating M(CTV) complexes feature polymeric or extended
hydrogen bonded structures with solvent as intracavity CTV
guest molecules and carborane C2B10H12 or the anionic

carboranes [Co(C2B9H11)2]2 2 or [CB11H12]2 3 as lattice type
guests.7 The carboranes appear to play an important steric role
in the stabilisation of the crystalline species. Entirely different
host–guest and overall supramolecular behaviour between CTV
and M+(carborane)2 is expected if M+ is completely encapsu-
lated by another host molecule such as [2.2.2]cryptand 4, thus
preventing the formation of M(CTV) chelate rings. This also
introduces a large supercation (M[2.2.2]cryptate)+ as a potential
guest molecule for CTV, noting that the confinement of such
species in container molecules is limited,8 along with the large
carborane anion. The crystalline complexes formed by (Na-
[2.2.2]cryptate)[Co(C2B9H11)2] and (Na[2.2.2]cryptate)-
[CB11H12] with CTV are reported herein.

A yellow powder of (Na[2.2.2]cryptate)[Co(C2B9H11)2] is
obtained in high yields by mixing Na.2 with 4 in aqueous
solution. Combining this powder with 1 equivalent of CTV
yields yellow–orange crystals of {(Na[2.2.2]cryptate)[CTV]-
[Co(C2B9H11)2]}2(MeCN) 5 from MeCN–H2O solution.† The
structure was determined by single crystal X-ray diffraction

techniques,§ and is shown in Fig. 1. Two cations, two 3 anions,
two CTV hosts and one molecule of CH3CN comprise the
asymmetric unit. Each CTV molecule acts as a host for one
molecule of (Na[2.2.2]cryptate)+. There are two such (Na-
[2.2.2]cryptate)+9CTV supermolecules, each with a different
orientation of the (Na[2.2.2]cryptate)+ within the molecular
cavity of the CTV, although both with hydrophobic ethylene
groups within the CTV bowl. In one (Na[2.2.2]cryptate)+-
9CTV assembly the N–Na–N axis of the [2.2.2]cryptate is
close to parallel with the plane formed by the three methylene
carbons of the CTV. The distance between the Na and the centre
of this plane is 7.66 Å and N–Na…plane centroid angles of 95.9
and 87.7° are observed. The other (Na[2.2.2]cryptate)+9CTV
assembly is more skewed Na–N…centroid angles 64.9 and
114.9°. CTV molecules within the extended crystal lattice do
not feature any p…p interactions, instead showing close
contacts between the methylene groups of one CTV and
methoxy oxygens of an adjacent molecule (C–H…O distances
2.3–2.4 Å).

The cobalticarborane anions stack in columns along the b
axis, and are remarkably close given their electrostatic repul-
sion, with C–H…H–B separations under 2 Å, and closest C…B
distance 3.65 Å. These distances are consistent with the
formation of nonclassical H…H hydrogen bonds or dihydrogen
bonds. Dihydrogen bonds have been previously reported for X–
H…H–B (X = N, O) systems with similar H…H separations.9
The C–H groups of carboranes are acidic and are known to form
both classical hydrogen bonds,10 and nonclassical C–H…p
hydrogen bonds.3,11 The anions are in one of two alternating
orientations (Fig. 1) approximately perpendicular relative to one
another. The torsion angle between the cobalticarborane vectors
(vector defined as that between the two apical B positions para
to the Co) is 265.9°. The anions are situated close to the methyl
groups of the CTV, at closest B…Cmethyl separation 3.71 Å. The
siting of a carborane or anionic carborane near methyl groups or
within methyl-lined cavities within a crystal lattice has also
been observed in a number of other materials containing both
carboranes and CTV7 and is emerging as a structural trend.

† Electronic supplementary information (ESI) available: Synthesis of
complexes 5 and 6 and discussion of structure solution and refinement for
5. See http://www.rsc.org/suppdata/cc/b0/b009581h/
‡ Present address: School of Chemistry, University of Leeds, UK LS2 9JT.
E-mail: c.l.raston@chem.leeds.ac.uk

Fig. 1 Partial packing diagram from the crystal structure of {(Na-
[2.2.2]cryptate)[CTV][Co(C2B9H11)2]}2(MeCN) 5. All C–H…B-H con-
tacts < 2.3 Å between [Co(C2B9H11)2]2 anions consistent with dihydrogen
bonds are shown as dashed lines.
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Colourless crystals of (Na[2.2.2]cryptate)[CTV]-
(CHCl3)3[CB11H12] 6 grew from diffusion of hexane into a
mixture of (Cs[2.2.2]cryptate)[CB11H12], CTV and NaOH in
CHCl3–MeOH.† The structure was determined by single crystal
X-ray diffraction techniques,§ and, as for complex 5, features
(Na[2.2.2]cryptate)+9CTV supermolecules as the primary
host–guest species, [Fig. 2(a)]. The (Na[2.2.2]cryptate)+ guest
molecule is positioned in a more end-on fashion than was seen
in 5, with a longer Na-to-host centroid distance at 7.85 Å, and
N–Na…centroid angles 55.0 and 134.8°. The CTV molecules
also show secondary inclusion behaviour, with a molecule of
CHCl3 at distances consistent with the formation of bifurcated
hydrogen bonds to each CTV dimethoxy group  [Fig. 2(a)] at
Cl3C–H…OMe distances ranging from 2.23 to 2.52 Å (corre-
sponding C…O separations 3.09 to 3.24 Å). Similar hydrogen
bonding of CHCl3 to two dimethoxy groups is observed in
crystalline CTV(CHCl3)2.5 Two of the CHCl3 molecules have
their donating C–H group in-plane with their respective
acceptor dimethoxy groups, while the third binds in a different
mode, with the C–H out-of-plane with the dimethoxy groups
and the CHCl3 molecule tilted in towards the molecular cavity
of the CTV. One of the chlorines of this CHCl3 is directed into
the cleft of the (Na[2.2.2]cryptate)+ guest molecule, shown in
space filling representation in Fig. 2(b), hence both the CTV and
the (Na[2.2.2]cryptate)+ can be regarded as acting as host
molecules for this CHCl3.

As with complex 5, the carborane anion is involved in
hydrogen bonds via the acidic C–H. In 6 the [CB11H12]2 anion
forms a bifurcated hydrogen bond to two chlorine atoms of the
out-of-plane CHCl3 (Fig. 2). Notably, an identical reaction
mixture with CH2Cl2, which is less likely to form hydrogen
bonding interactions than CHCl3, failed to produce crystalline
products, indicating that these interactions are important in

stabilising the crystalline product. The CTV molecules within
the extended crystal lattice associate in pairs via a single, long
p…p interaction, with coplanar aromatic rings at a cen-
troid…centroid separation of 3.79 Å.

The cation (Na[2.2.2]cryptate)+, itself a host–guest complex,
behaves as an intracavity guest for the host molecule CTV,
while the bulky counter-anions [Co(C2B9H11)2]2 and
[CB11H12]2 are lattice counter-ions within the crystal packing.
These and other carborane anions may be used to build up
complicated supramolecular assemblies and generate new types
of materials.

Support of this research from the Australian Research
Council and helpful discussions with Dr Janet Scott are
gratefully acknowledged.
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Fig. 2 Crystal structure of (Na[2.2.2]cryptate)[CTV](CHCl3)3[CB11H12] 6.
(a) Hydrogen bonding interactions between the molecular components (see
text), only hydrogen positions on the CHCl3 molecules and 3 anions are
shown for clarity; (b) space filling representation, highlighting how a Cl
from one CHCl3 molecule is directed into the cleft of the (Na-
[2.2.2]cryptate)+. Carbon atoms of [2.2.2]cryptate shown in green, others in
blue.
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A method for determining the three-dimensional structure
of inorganic specimens using images formed from
Rutherford scattered electrons, at a spatial resolution of
1 nm in all directions, is described and illustrated with
results from a study of Pd–Ru bimetallic nanocatalysts
supported on mesoporous silica: a 3D animation demon-
strating the results may be viewed at http://www-hrem.msm.
cam.ac.uk/ ~ mw259/Work/Tomo.html

Though not universally acknowledged, the electron microscope
is one of the most versatile and powerful instruments for the
complete chemical analysis of any solid material. Not only can
it cope with sample masses (10218 g and less) that are far
beyond the reach of X-ray analysis, it yields structural,
mechanistic, compositional and electronic (valence states of
ions and bonding between atoms) information on minute
crystallographic phases that may contain hardly more than a
dozen or so atoms. All this is possible because of the
multiplicity of modes in which the microscope may be
deployed. Thus it may give1 bright field (BF) or dark field (DF)
images (from forward scattered or Bragg scattered electrons,
respectively) electron stimulated X-ray emission (XRE) spectra
and elemental maps as well as electron energy loss spectra
(EELS),2 that can reflect such features as plasmon modes, the
atomic coordination of light elements,3 inter-atomic distances,
d-electron population of transition metal ions and the mo-
mentum densities of electrons in amorphous solids.

Scanning transmission electron microscopy (STEM) is
particularly useful in studies of nanoparticle catalysts supported
within mesoporous silica because, by using a high angle annular
dark field (HAADF) detector (see Fig. 1), which collects
electrons that undergo Rutherford scattering, images can be
acquired where the intensity is approximately proportional to Z2

(Z is the atomic number of the scattering atom).4 Fortunately
many catalytically significant elements (Pd, Pt, Ru, Re, etc)
have high Z, so that when they are supported on low Z material
such as SiO2 they are readily visible using HAADF detectors,5
see Fig. 2. In addition the small probe sizes involved, ca. 0.8 nm
in diameter, mean the resultant images have very high
resolution. By also recording the electron-stimulated XRE from
the nanoparticles their identity can be determined unambi-
guously (see, for example, ref. 4).

Valuable as the information yielded by STEM HAADF and
XRE mapping undoubtedly is, especially in investigating
nanocatalysts (and other nanoscientific problems), it is limited
to providing 2D projections of 3D arrangements. The need
exists to analyse, non-destructively, specimens fully in three
dimensions especially if we seek to understand the factors

responsible for the loss of activity, selectivity and stability of
nanoparticle catalysts.

A suitable approach is electron tomography,6 where the 3D
structure is reconstructed from a tilt series of 2D projections. In
practice this is achieved by tilting a specimen on one axis using
the microscope goniometer and taking a micrograph at a range
of tilts, typically every 1–2°, correcting for specimen move-

† Electronic supplementary information (ESI) available: 3D animations of
a Pd–Ru bimetallic catalyst generated from a tomographic reconstruction of
HAADF STEM images. See http://www.rsc.org/suppdata/cc/b1/b101819c/

Fig. 1 Schematic of the detector layout in a scanning transmission electron
microscope (STEM). The diameter of the tip of the electron beam is 0.8
nm.

Fig. 2 HAADF image from a Pd–Ru nanocatalyst supported on mesoporous
silica and mounted on a holey carbon grid. The mesopores (3 nm in
diameter) and the nanocatalyst particles (1 nm in diameter) are clearly
visible.

This journal is © The Royal Society of Chemistry 2001
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ment, focus change and astigmatism throughout. In our case, the
series is then processed offline using routines based on the
Radon Fourier-slice theorem,7 to reconstruct the full 3D
structure.

In conventional electron tomography such a series is acquired
using BF images dominated by Bragg-scattered electrons.6
However, the large beam currents of conventional TEM means
that such an approach cannot be used on specimens that are
beam sensitive. The framework structure of mesoporous silica,
for example, degenerates rather rapidly under TEM illumination
and so is unsuitable for the prolonged acquisition times required
for a tilt series. By using STEM, however, far smaller total beam
exposure is involved. (Although the current density within the
STEM probe is high, its energy can be dissipated to the
surrounding (non-illuminated) areas unlike conventional static
beam TEM). Another advantage arises from the scattering
geometry in that HAADF imaging excludes almost all the
electrons scattered coherently through low angles. This means
that the resulting images are free from the misleading
complications of electron phase contrast and, as such, they are
‘true-projections’ of the structure. As HAADF STEM images
are formed primarily from incoherently scattered electrons, the
combination of STEM HAADF imaging coupled with high
operating voltages, to minimise inelastic interactions and thus
ionisation damage, is an ideal basis for the tomography of
catalysts.

We illustrate the power of HAADF STEM tomography by
examining Pd–Ru bimetallic catalysts8 supported on mesopor-
ous silica. A HAADF tilt series was acquired on a CM300 field
emission gun transmission electron microscope (FEGTEM),
operating at 300 kV, in STEM mode using an on-axis Fischione
HAADF detector. The series was acquired from +60° to 248°
with an image every 2° giving a total of 55 images. These were
spatially aligned using a cross-correlation algorithm applied
sequentially to images stretched using an inverse cosine
function that takes into account the variation in image width
with tilt. After determining the tilt-axis for the data set, a 3D
reconstruction was achieved using a weighted back-projection
of consecutive 2D slices.6a The additional weighting function
corrects for the relative oversampling of low frequencies when
combining the image series from successive tilts.6a

The resultant reconstructions9 have been displayed using
multi-level voxel10 projections, see Fig. 3. The multi-level
voxel projection is achieved by contrast-selecting intensities
from the reconstruction and assigning them definite colour and
opacity values. This allows clear differentiation between the
silica support (coloured grey) which has low intensity in the
reconstruction from the low Z SiO2, and the active nano-
particles (coloured red) which have high intensity in the
reconstruction due to the high Z of the Pd/Ru. The reconstruc-
tion has sufficient resolution (1 nm3) to allow a direct
visualisation of the relative positions of mesopores and
nanoparticles in all directions. Here we can show only 2D
projections, but for the full 3D picture the reader may view an
animation in the supplementary information (ESI†) on the RSC
web site or at our web site.11

The reconstruction, as seen here or with the animations,
reveals a number of important factors. On a practical level, it is
clear that the silica framework has been reconstructed faithfully
with essentially no beam damage even though long acquisition
times are needed for the full series. The nanoparticles have a
clear size distribution with larger particles sitting on the outside
of the silica and smaller ones within the silica channels. The
larger particles are those in which the original Pd6Ru6 metal
clusters have coalesced. Those that have diameters > 3 nm
cannot be incorporated into the silica framework without severe
disruption. Fig. 4(b) and the accompanying animation show a
single nanoparticle anchored to the side of the wall of the silica
channel exactly as suspected from other studies.8 It is this type
of nanoscale structural information, retrieved by non-
destructive methods in contrast to atom-probe tomography,12

coupled with bulk chemical analysis, which will be invaluable
in developing and evaluating catalysts in the future.

Although we have demonstrated this technique primarily for
the purposes of characterising supported catalysts, it has
patently wide applications across the entire corpus of nano-
science and nanotechnology.

We acknowledge with thanks continued support from
EPSRC (rolling grant to J. M. T.) and BNFL Research and
Technology (studentship for M. W.).
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Fig. 3 Montage of the acquired tilt series showing all images and an
enlargement of the zero tilt image.

Fig. 4 Results from the tomographic reconstruction from the tilt series in
Fig. 3. All images are multi-level voxel10 red, green, blue, opacity (RGBO)
projections. (a) and (b) are regions selected from the full reconstruction and
(c) illustrates the reconstruction of nanoparticles and channels in multiple
directions. The Pd–Ru particles are coloured red in all figures.
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Noncovalent binding of the halogens to aromatic donors.
Discrete structures of labile Br2 complexes with benzene and toluene†
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Precise molecular structures resulting from the noncovalent
interaction of Br2 with benzene (and toluene) reveal the
unusual localized bonding to specific (one or two) carbon
centers in prereactive complexes leading directly to the
transition states for electrophilic aromatic brominations.

Noncovalent interactions of benzene donors with a variety of
small molecules including Brønsted acids (e.g. HF, HCl,
HOCH3), halogens (X2 = F2, Cl2, Br2, I2) and Lewis acids
(SO2, NO, AlCl3), etc. are under active investigation.1,2

Molecular structures of these weak (intermolecular) complexes
have been experimentally deduced with the aid of various
spectroscopic techniques,2,3 but their fine structures established
by X-ray crystallographic methods are largely restricted to the
halogen adducts.4 Since the latter are prereactive intermediates
critical to electrophilic aromatic halogenation,5 it is important to
establish the precise location of the noncovalently-bonded
halogen relative to the aromatic ring. Unfortunately, the classic
X-ray crystallography of the benzene complex of bromine by
Hassel and Strømme at 240(250) °C merely reveals the
completely delocalized ‘axial’ orientation A, in which the Br–

Br bond (2.28 Å) lies on the six-fold symmetry axis (at a
bromine separation of 3.36 Å from the mean plane) of benzene.6
(In other words, the six p electrons comprising the C–C bonds
are all equally involved in the ‘bonding’ to bromine.) Moreover,
the corresponding chlorine complex determined by the same
workers at 290 °C shows these noncovalently bound crystals to
be isomorphous with A7 (which they also considered as further
proof for their interesting axial model).

Although the axial model is generally accepted and widely
cited, it is at variance with several (recent) theoretical studies
which identify a significantly less symmetrical model B,8,9 in
which the more localized bonding locates the halogen directly
above one C–C bond (i.e. h2) or above a carbon atom (h1).10

Since a number of detailed IR studies11,12 have been unable to
resolve the ambiguity between the delocalized and localized
models of halogen binding to benzene,13 we sought the more
definitive X-ray crystallographic analysis of the bromine
complex with benzene as well as with toluene.

Owing to very weak intermolecular interactions, the requisite
(1+1) bromine complexes with benzene and toluene for our
studies were necessarily prepared in situ by (low-temperature)
crystallization in a glass capillary.6,7 Very careful temperature
modulation was the critical factor in the successful growth of
single crystals of the benzene and toluene complexes suitable
for X-ray crystallography at 2150 °C.†‡

In both the benzene and toluene complexes, dibromine is
uniformly oriented perpendicular to the aromatic planes (with

slight deviations a of typically < 8°); and the bromine approach
occurs at a distance D = 3.01–3.17 Å which is significantly
shorter than the sum of the van der Waals radii of 3.55 Å (see
Table 1†).14 Most importantly, the bromine does not coordinate
to the benzene ring symmetrically—in striking contrast to the
coaxial (delocalized) model A reported by Hassel and
Strømme.6 Instead, bromine is positioned over the rim (not
above the center) of the benzene ring, being shifted by ca. 1.4 Å
from the main symmetry axis (see Fig. 1 and d in Table 1†). In
all cases, there is an asymmetric coordination of bromine as
given by the shortest Br…C distances d1 and d2 (see the
localized structure B). However from the relative values of (d1

2

2 D2)1⁄2 and (d2
2 2 D2)1⁄2, we estimate the hapticity of

coordination as: h = 1 + 2(d1
2 2 D2)1⁄2/[(d1

2 2 D2)1⁄2 + (d2
2 2

D2)1⁄2]. Indeed, this evaluation leads to h = 1 if d1 = D (‘over-
atom’ coordination) and h = 2 if d1 = d2 (‘over-bond’
coordination).

In the benzene/Br2 complex, the calculated value of h = 1.52
(Table 1†) corresponds to coordination midway between the
‘over-atom’ and ‘over-bond’ configurations. In the toluene
complex, the hapticities vary from 1.70 to 1.86 (in four non-
equivalent moieties) and thus lie closer to the ‘over-bond’
coordination model. Moreover, the ‘over-bond’ coordinated
bromine is remarkably shifted toward the ortho- or para-
carbons (see Fig. 2) which correspond to the positions of highest
electron density.

† Electronic supplementary information (ESI) available: crystallization of
C6H6·Br2 and C6H5Me·Br2, crystal data, and their principal geometric
parameters. See http://www.rsc.org/suppdata/cc/b1/b102148f/

Fig. 1 ORTEP diagram showing the localized (over-atom/bond) coordina-
tion of Br2 to benzene. Thermal ellipsoids of nonhydrogen atoms are shown
at 50% probability level.

Fig. 2 Localized bonding of bromine to ortho- (left) and para- (right)
centers of toluene in the charge-transfer complex.

This journal is © The Royal Society of Chemistry 2001
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Such an experimental location of bromine is in a good
agreement with the results of high level theoretical calculations
which consistently discriminate against the symmetrical coaxial
h6-coordination, and favor both ‘over-atom’ and ‘over-bond’
(i.e. h1 and h2) coordinations without a significant energy
barrier between them.8,9,15 It is also noteworthy that the ‘over-
rim’ coordination modes of Br2 are highly reminiscent of those
found in silver(I) complexes, as representing another general
class of electron acceptors showing charge-transfer (non-
covalent) binding to arene donors.16,17

The charge-transfer complex [C6H6,Br2] is presently the
weakest EDA complex of dibromine studied in the solid state.
Although the C…Br separation of 3.18 Å is 0.37 Å closer than
the equilibrium van der Waals distance,14 the contraction is
perceptibly less than those previously reported in a series of
complexes with slightly polarizable and weakly nucleophilic
donors.18 [For example, the X…Br distance contraction (rela-
tive to the corresponding equilibrium van der Waals separa-
tions) is 0.55 Å in the acetone/Br2 complex (O…Br 2.82 Å),20

0.56 Å in the acetonitrile/Br2 complex (N…Br 2.84 Å),21 0.57
Å in the [Te2Cl10]22/Br2 complex (Cl…Br 3.03 Å),22 and 0.60
Å in the [Se2Br10]22/Br2 complex (Br…Br 3.10 Å).22,23]
Moreover, the average C…Br separation of 3.156 Å in the
toluene/Br2 complex is somewhat shorter than that in the
benzene complex, as expected from the better donor strength of
toluene.24

The weak C(arene)…Br charge-transfer interaction is re-
flected in an almost unperturbed geometry of the coordinated
dibromine. [The Br–Br bond length is actually very sensitive to
coordination/polarization effects and readily elongates from
2.284 Å in the non-coordinated molecule (bond order n = 1) to
2.53 Å in [Br3]2 anion25 (bond order n = 1⁄2).] As such, the Br–
Br bond lengths of 2.301(2) Å in the benzene complex and an
average of 2.302(1) Å in the toluene complex do not exhibit
much elongation during complex formation. For comparison,
the Br–Br bond lengths vary within a narrow range (2.28–2.33
Å) in the weakly coordinated acetone, acetonitrile, dioxane and
methanol complexes.20,21,26,27

In the absence of significant polarization, dibromine can be
coordinated equally well from either end (owing to the s*-
orbital which is localized at both bromine centers); and this
explains why dibromine has often been found to be symmet-
rically coordinated to a pair of donor molecules (in a bridging
manner), especially in complexes with weak donors.4 In the
benzene and toluene complexes, dibromine is also positioned
symmetrically between the coordinated benzene rings forming
infinite (weak) chains …Ar…Br–Br…Ar…Br–Br…Ar…
through the crystal, and there are no specific interactions other
than van der Waals contacts between the chains. Although the
chains are highly symmetrical in the benzene/dibromine
crystals—with two-fold axes (through the diagonals of the
benzene rings and through the centers of the dibromine
molecules) across the chains, the chains in the toluene/
dibromine crystals are less so. Thus, two of the three dibromines
(Br3–Br3A and Br4–Br4A) occupy inversion centers and are
thus symmetrically coordinated, but the third dibromine (Br1–
Br2) does not show crystallographic symmetry. Indeed, the
latter exhibits some signs of larger polarization as a result of a
less symmetric coordination (Table 1), and it has the shortest
contact C…Br 3.053(4) Å as well as the longest Br–Br bond
length 2.307(1) Å in the series. Interestingly, a similar
asymmetric coordination of dibromine is found in the complex
with methanol,26 in which the O…Br distance is shorter (2.705
vs. 2.723 Å) and the Br–Br bond length is longer (2.324 vs.
2.303 Å) than those in the closely related (but symmetric)
dioxane complex.27 This structural effect predicts that polariza-
tion in isolated donor/acceptor dyads (as extant in dilute
solutions) will be somewhat stronger than that observed in
(crystalline) polymeric chains.

We thank the National Scientific Foundation and R. A.
Welch Foundation for financial support.
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The investigation of the pyrolysis of the single-source
precursor Me2N(CH2)3Ga(N3)2 1 by matrix-isolation FTIR
spectroscopy revealed monomeric Ga(N3) as a reactive
intermediate.

The group 13 nitrides of Al, Ga and In and their ternary alloys
AlxGayInzN (x + y + z = 1) are wide direct band gap materials
with promising applications as new microelectronic and
optoelectronic devices.1 For example, blue-light emitting
diodes and lasers based on gallium nitride can be constructed.2
Usually, thin films of the nitrides can be epitaxially grown by
chemical vapor deposition (CVD) from the trialkyl compounds
MR3 with a large excess of ammonia.1,2 These organometallics
are toxic, pyrophoric, and very sensitive to air and moisture and
several efforts have been made to synthesize alternative
precursors. If the element is equipped with a ligand that is
capable of intramolecular coordination, then non-pyrophoric
organometallics are accessible. In particular, the 3-dimethyl-
aminopropyl ligand, Me2N(CH2)3, has been successfully ap-
plied to various precursors: for example, the diazide Me2-
N(CH2)3Ga(N3)2 1 is a single-source precursor for the MOCVD
of GaN.3

For a deeper understanding of a CVD process and a rational
design of improved precursors, detailed knowledge of fragmen-
tation mechanisms is needed. Recently, we started to investigate
the fragmentation of intramolecularly coordinated alanes and
gallanes of the type Me2N(CH2)3MX2 (X = Cl, Br, Me) using
matrix isolation techniques.4–7 In this procedure a carrier gas/
precursor mixture is transported through a small pyrolysis tube
and reactive intermediates produced by the fragmentation of the
organometallic precursor are trapped on a CsI window at 15
K.

A series of high vacuum thermolysis experiments with the
diazide 1 and argon as carrier gas was performed between
ambient temperature and 800 °C.† Up to 450 °C compound 1
passes the thermolysis oven unchanged, but above this
temperature new IR bands in the matrix IR spectra indicate the
beginning of the fragmentation of 1. Fig. 1 shows a typical IR
spectrum of matrix-isolated products recorded after a thermo-
lysis experiment at 520 °C (spectrum A). Under these
conditions precursor 1 was completely fragmented; its typical
IR absorptions could no longer be detected in argon matrices. In
the common region of asymmetric stretching modes of azido
groups two intense IR bands at 2135.4 and 2106.0 cm21 were
observed (Fig. 1A). The IR band at 2135.4 cm21 unequivocally
belongs to hydrazoic acid, HN3, which has a well-known set of
bands at 3316.7, 2286.2, 2135.4, 1264.1 and 1146.0.8 That the
second intense IR band, that at 2106.0 cm21, belongs to a
second azide was revealed by photolysis experiments (Fig. 1B).

Irradiation of the matrix-isolated thermolysis products with an
Xe arc lamp for ca. 30 s selectively bleached the band at 2106.0
cm21 plus an IR band at 1340.3 cm21;‡ the frequencies,
intensity pattern, and low half-band widths (h1

2
< 2 cm21) of

these bands are indicative of a small molecular azide and we
assign these two bands to the symmetric and asymmetric N3
stretching mode of Ga(N3). The calculated harmonic fre-
quencies and intensities [B3LYP/6-311+G(d)]9 of the two
modes nas(N3) [2230.7 cm21; 1080 km mol21] and ns(N3)
[1408.2 cm21; 249 km mol21] are in good agreement with our
measured values. Recently, gallium(I) azide was observed for
the first time by co-deposition matrix experiments of laser-
ablated Ga atoms with nitrogen.9 Among other Ga–N species,
Zhou and Andrews identified Ga(N3) in excess of solid N2 by IR
bands at 2103.6 / 2096.8 cm21 [nas(N3)] and 1331.3 / 1328.3
cm21 [ns(N3)]; both bands were split by matrix site effects.9
This assignment was strongly supported by nitrogen isotopic
substitutions and DFT calculations. According to B3LYP/
6-311+G(d) calculations, Ga(N3) is a Cs symmetrical molecule
with a linear N3 group and a Ga–N–N angle of 149.5°.9 From
the six normal modes only the two azide stretching vibrations
and the Ga–N stretching mode are expected to have a
sufficiently high transition moment to be detectable. The
harmonic frequency of the Ga–N stretch was predicted at 384.3
cm21 with an intensity of 133 km mol21, but it could not be
detected in the laser-ablation experiments.9

Fig. 1 A, products of thermolysis of 1 at 520 °C trapped in an excess of
argon at 15 K; a: HN3, b: Ga(N3), c: NH3, d: H2CNNCH3, e: H2CNCH2, f:
CH4, g: HCN. B, difference IR spectrum obtained by photolysis of the
product matrix A; negative IR bands indicate disappearing species.
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We investigated the photolysis reaction of the thermolysis
products of 1 in the frequency region 200–700 cm21. As
depicted in Fig. 2 a set of three IR bands at 397.4, 395.7 and
394.2 cm21, disappears on irradiation. We assign this set to the
missing n(GaN) of Ga(N3). The experimental frequencies fit
quite well to the predicted frequency of 384.3 cm21; the B3LYP
method is known to underestimate low frequency modes.10

Because of the natural abundance of the two isotopes, 69Ga
(60%) and 71Ga (40%), two IR bands are expected for this
vibrational mode. If we assign the most intense IR band at 395.7
cm21 to n(69GaN) then the same mode for the 71Ga isotope
should occur at 393.9 cm21 [B3LYP/6-311+G(d)], which is in
good agreement with the measured band at 394.2 cm21. The
appearance of three IR bands could be caused by an overlap of
resonances of Ga(N3) in at least two different matrix sites: one
site with 397.4 (69Ga) and 395.7 cm21 (71Ga), and the other site
with 395.7 (69Ga) and 394.2 cm21 (71Ga). This interpretation is
in accordance with the expected isotopic shifts, but the expected
intensity pattern would be a little different from the observed
one; the IR band at 395.7 cm21 is expected to have a higher
intensity. Furthermore, the IR band at 394.2 cm21 shows a
shoulder to its low frequency side indicating another overlap of
IR bands.

GaN is the expected product of the photolysis of Ga(N3) in
matrices. As a result of the photolysis reaction only two
unresolved IR bands of low intensity at 475.7 and 471.8 cm21

evolved (Fig. 2). Zhou and Andrews assigned an unresolved IR
band at 484.9 cm21 to GaN in N2 matrices.9 Because of a large
mismatch between the calculated frequency (580.9 cm21) and
the measured value, the authors interpreted the IR band at 484.9
cm21 as being due to a GaN…N2 complex. We tentatively
assign the two IR bands at 475.7 and 471.8 cm21 to GaN, which
might be perturbed by the N2 molecule produced photo-
chemically in the same matrix cage.

In addition to HN3 and Ga(N3) the matrix containing the
thermolysis products of 1 at 520 °C (Fig. 1) contained the well-
known molecules NH3, H2CNNCH3, H2CNCH2, CH4 and HCN,
which were identified by comparison with published data. With
the exception of ammonia, all fragments have been found
previously in similar thermolysis experiments with alanes and
gallanes of the type Me2N(CH2)3MX2 (X = Cl, Br).4,5

Prior to our work, compound 1 was investigated by mass
spectrometry11 which is commonly used for in situ analysis of
gas-phase species in CVD processes. Within this work HGaN6,
GaN6, HGaN2 and GaN2 were identified close to the substrate
surface. On the basis of the experimental data, however, the
authors could not explain the formation of these species.
Furthermore, it was not possible to distinguish between b-
hydrogen elimination and homolysis of the Ga–C bond of 1.
The main aim of our investigation was to understand the
fragmentation of the single-source precursor 1. A b-hydrogen
elimination of 1 would result in HGa(N3)2 and allyldimethyl-
amine; this amine was not detected in any of our experiments.
We checked independently that allyldimethylamine is stable
under our applied thermolysis conditions.4 This means that a b-
hydrogen elimination can be excluded unequivocally for 1.

We identified the monomeric hydrides HMX2 in thermolysis
reactions with alanes and gallanes of the type Me2N(CH2)3MX2
(X = Cl, Br).4,5 Even though allyldimethylamine was not
obtained in any of these experiments, the results were explained
by b-hydrogen eliminations. We proposed that the temperatures
needed for fragmentation reactions ( > 800 °C) were so high
that allyldimethylamine, formed as an intermediate, fragmented
further to the obtained carbon-containing species. In order to
prove this interpretation, we synthesized selectively deuterated
starting compounds Me2NCH2CD2CH2MBr2 (M = Al, Ga) and
investigated them by matrix isolation techniques.12 In none of
the thermolysis experiments did we find the expected deuterates
DMBr2; only hydrides HMBr2 were formed. That b-hydrogen
elimination can occur for intramolecularly coordinated gallanes
with high efficiency had been shown for the dimethyl derivative
Me2NCH2CD2CH2GaMe2.7

In summary, the following picture for the fragmentation of
Me2N(CH2)3MX2 (X = Cl, Br, N3) is in accordance with all
experimental results. Homolysis of the M–C bond results in
radicals of the type MX2. These radicals presumably trap H
atoms on their way to the matrix window. In the case of X = Cl
or Br, the respective hydrides HMX2 are stable enough to be
detectable in an excess of solid argon. In the case of the azide 1
the proposed intermediate HGa(N3)2 eliminates HN3 to give
Ga(N3), an interpretation in accordance with the detected
mixtures of HN3 and Ga(N3).§ In terms of the CVD process
with 1 as a single-source precursor, it is feasible that gallium(I)
azide is a key intermediate in the GaN deposition.

This work was supported by the Fonds der Chemischen
Industrie and by the Deutsche Forschungsgemeinschaft. We
thank A. Devi (RUB) for the synthesis of 1 and R. A. Fischer
(RUB) for his support.

Notes and references
† The matrix isolation apparatus is described in ref. 7. For the photolysis
experiments a 150 W Xe arc lamp (XBO 150 W/4 in an Oriel arc lamp
housing 66055-M) equipped with a cut-off filter for l = 225 nm (Schott
WG 225) was used.
‡ Because of matrix site effects, the intense band at 2106.0 cm21 is
accompanied by a low intensity band at 2102.7 cm21.
§ According to DFT type calculations at the BP/DZVP level of theory (R.
Schmid, TU Munich, Germany) the free energy of activation (including
zero point vibrational energy) at 600 K, for the elimination of HGa(N3)2 to
HN3 and Ga(N3) is 42.1 kcal mol21. This fragmentation is energetically
preferred over an N2 loss reaction.
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Fig. 2 Low-frequency region of the photolysis of the thermolysis products
of 1 (see text for details).
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Stable, electroactive SAMs of oligothiophene–fulleropyrroli-
dine dyads have been prepared by spontaneous adsorption;
electro-oxidation of the oligomeric system results in
desorption.

Self-assembled monolayers (SAMs) provide unique opportuni-
ties to develop chemically tailored surfaces with specific
chemical and physical properties.1,2 Besides the considerable
amount of work devoted to the development of selective
electrochemical sensors,1,2 SAMs have attracted increasing
interest due to potential use in molecular electronics.3

In this context, there have been several reports concerning the
preparation and characterization of SAMs derived from various
kinds of linear p-conjugated oligomers on gold surfaces.3–5

However, until now, all of these monolayers were prepared
from oligomeric systems possessing one or two terminal
alkanethiol groups eventually connected to the conjugated
system via a flexible alkyl spacer. Recently, this approach has
been successfully applied to the preparation of SAMs of C60-
derivatized oligothiophenes.5 On the other hand, despite some
theoretical controversy, the adsorption of thiophene onto
Au(111) was recently demonstrated.6

Here, we show for the first time that stable SAMs can be
produced on Au(111) surfaces by spontaneous adsorption of
C60-derivatized, p-conjugated oligomers of the thiophene and
thienylenevinylene7 series. Although the fulleropyrrolidine
group represents a very convenient electroactive probe, its role
in the process of SAM formation is not clearly elucidated at the
present time.

Compounds 1–6 (Chart 1) were newly synthesized by
reacting the appropriate carbaldehyde with C60 in the presence
of N-methylglycine according to the methodology of Prato and
coworkers8 with a slight modification as reported for the
synthesis of C60–thiophene dyads by ourselves.9 All new
compounds were fully characterized by the usual spectroscopic
and analytical techniques giving satisfactory results.†

SAMs were prepared by dipping ultra-clean, spherical, gold
(99.9999%) bead electrodes‡ for 24–72 h in 1 mM o-
dichlorobenzene (ODCB) solutions of compounds 1–6. The
electrodes were then thoroughly rinsed with ODCB and
CH2Cl2, dried under an argon flow and immersed in 0.05 M
Bu4NPF6–ODCB for electrochemical characterization. Sonica-
tion in ODCB did not remove the SAMs, indicating that the
compounds are chemically adsorbed and not simply phys-
isorbed.

The cyclic voltammogram (CV) of a SAM of 3 (Fig. 1) shows
two well-resolved reversible cathodic waves with E0

1 =20.65
V and E0

2 = 21.04 V corresponding to the first two one-
electron reductions of the C60 fragment.10 Scanning the
potential to 21.8 V (vs. Ag/AgCl) allowed the observation of
the reversible third reduction at 21.57 V (not shown in Fig. 1
due to an impurity present in OBCD at around 21.2 V). Within

Chart 1

Fig. 1 CVs of a SAM of 3 in 0.05 M Bu4NPF6–ODCB system, scan rates
between 100 (smallest current) and 1000 (largest current) mV s21.
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the range of scan rates investigated (100–1000 mV s21), peak
currents increased linearly with the scan rate while the peak
potentials and peak-to-peak separations (DEp) (19 and 27 mV
for the first and the second reductions, respectively) were
independent of scan rate. These characteristics together with the
Gaussian shape of the CV waves are typical for surface-
confined electroactive species.

Further confirmation of the formation of a surface-attached
monolayer on the gold surface was obtained by analyzing the
CV response of the Ru(NH3)6

3+/2+ couple at a bare gold
electrode and at an electrode modified by a SAM of 3. The CV
recorded in the first case exhibits a reversible redox couple with
E0 = 20.16 V and DEp = 63 mV at 100 mV s21. In contrast,
the CV recorded at the modified electrode reveals a drastic
decrease of the intensity of the cathodic peak currents together
with a ca. 50 mV negative shift of the Epc and almost
disappearance of the corresponding anodic wave. These results
indicate that electron transfer at the interface between the
modified gold surface and the solution redox species is severely
hindered by the presence of the insulating monolayer.

SAM formation was investigated for the other compounds.
Similar results were obtained for compounds 2, 4 and 5, but the
surface coverage (G) decreased from 2.1 3 10210 mol cm22 for
3 to about 1.1 3 10210, 0.4 3 10210 and 0.3 3 10210 mol cm22

for 2, 4 and 5, respectively.§ It is noteworthy that these G values
are significantly larger than those reported for SAMs of C60-
derivatized oligothiophenes prepared via thiol attachment.5 On
the other hand, and despite many attempts using many different
conditions (solvent, concentration, time of immersion), no
SAM formation could be detected for compounds 1 and 6.

SAMs derived from compounds 2–5 were stable under
repetitive cycling in the negative potential region (up to 21.8 V
vs. Ag/AgCl) and no modification of the CV response was
observed after several weeks of storing the modified electrodes
under ambient conditions. However, application of a positive
potential corresponding to the first oxidation of the oligomeric
p-conjugated system produces the rapid desorption of the
SAMs (Fig. 2). Desorption was confirmed by the simultaneous
disappearance of the fullerene-based reduction peaks. This
behavior, which contrasts strikingly with the oxidative stability

of SAMs derived from oligothiophenes attached via an
alkanethiol,4 suggests that the electron density of the sulfur
atom, which depends on the redox state of the p-conjugated
oligomer, could play an important role in the adsorption–
desorption process.

To summarize, we have demonstrated that stable, electro-
active SAMs of dyads involving fulleropyrrolidine and thio-
phene-based, p-conjugated oligomers can be readily formed on
a gold surface and that these SAMs can be easily desorbed by
electro-oxidation of the p-conjugated system. Although these
preliminary results pose intriguing questions regarding the
relationships between the process of SAM formation and the
structural variables of the molecules (C60 group, substitution of
the thiophene ring, presence of a free a-position at the terminal
thiophene ring, chain length of the oligomeric system, etc.), the
unique combination of properties exhibited by this new class of
SAMs can open interesting perspectives in the field of
thiophene-based molecular electrochemical and electronic de-
vices.

S. G. L. and L. E. acknowledge the National Science
Foundation for financial support of this work (CHE-9816503
and DMR-9803088). S. G. L. also thanks Dr Brian A. Gregg at
the National Renewable Energy Laboratory (NREL) for partial
support during the writing stages of the work at NREL.

Notes and references
† Selected data for 2: Mp. > 250 °C. 1H NMR (CS2/C6D6): d 7.12 (d, 3J 3.7
Hz, 1H), 6.97 (dd, 3J 5.0 Hz, 3J 1 Hz, 1H), 6.96 (dd, 3J 3.5 Hz, 3J 1 Hz, 1H),
6.90 (d, 3J 3.5 Hz, 1H), 6.79 (dd, 3J 5.0 Hz, 3J 3.7 Hz, 1H), 5.06 (s, 1H), 4.78
(d, 3J 9.5 Hz, 1H), 4.09 (d, 3J 9.5 Hz, 1H), 2.78 (s, 3H). MALDI-TOF mass
spectrum: calc. for C71H11NS2: m/z 941.03; found: 940.0 (M 2 H+). Anal.
calc. for C71H11NS2: C 90.53, H 1.18, N 1.49, S 6.81. Found: C 90.19, H
1.54, N 1.53, S 6.56%.
‡ The geometric area (A) of the gold bead electrodes was determined from
the slopes of the linear plot of the cathodic peak current versus the square
root of the scan rate obtained for the diffusion-controlled reduction of
Ru(NH3)6

3+, i.e., A = slope/((2.69 3 105) 3 1 3D0)1/23 C0)). A diffusion
coefficient (D0) of 7.5 3 1026 cm2 s21 (at 25 °C in 0.1 M NaCl) was used
(see: C. M. Yip and M. D. Ward, Langmuir, 1994, 10, 549). Typical values
for the geometric area of the electrode varied between 0.02 and 0.03 cm2.
§ Surface coverage (G) of the SAMs was calculated by integration of the
cathodic current during the first CV scan.
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Fig. 2 Repetitive oxidation of a SAM of 3 by Osteryoung square-wave
voltammetry in 0.05 M Bu4NPF6–ODCB system using a sweep width of
25 mV, frequency of 15 Hz, step potential of 4 mV, and a quiet time of
2 s.
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Asymmetric synthesis of novel polyhydroxylated derivatives of
indolizidine and quinolizidine by intramolecular 1,3-dipolar
cycloaddition of N-(3-alkenyl)nitrones†
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Reaction of 3-O-benzyl-1,2-O-isopropylidene-1,5-penta-
dialdo-a-D-xylofuranose with N-(1,1-dimethylbut-3-enyl)-
hydroxylamine followed by intramolecular 1,3-dipolar
cycloaddition yields 7-oxa-1-azabicyclo[2.2.1]heptane deriv-
ative 4, which is easily converted into novel polyhydroxy-
lated quinolizidine 6 and indolizidine 8.

Polyhydroxylated derivatives of indolizidine and quinolizidine
(frequently named as azasugars) are powerful glycosidase
inhibitors and potential therapeutics.1 Consequently, these
compounds are targets of intensive synthetic studies.

Many syntheses of azasugars use derivatives of natural sugars
as starting materials.1 Based on our experience in intra-
molecular 1,3-dipolar cycloaddition of N-(3-alkenyl)nitrones2,3

we envisaged that this reaction, proceeding with high regio- and
diastereoselectivity,4 might be a useful tool for conversion of
sugar dialdehydes, with one carbonyl group masked, into
bicyclic azasugars E (Fig. 1).

We reasoned that the nitrone C, attained from the protected
cyclic or acyclic sugar dialdehydes A and N-homoallylhydrox-
ylamine B, (a sugar ring in Fig. 1 is symbolised by the dashed
bow) might undergo intramolecular 1,3-dipolar cycloaddition to
give the 7-oxa-1-azabicyclo[2.2.1]heptane derivative D with
high stereoselectivity induced by the sugar moiety.‡ Sub-
sequent unmasking of the carbonyl function, which could be
combined with a modification of the sugar residue (e.g.
shortening of the carbon skeleton by a diol cleavage), followed
by hydrogenolysis of the N–O bond accompanied by intra-
molecular reductive amination would complete the synthesis of
the target derivative E.

We describe herein the transformation of the cyclic sugar
dialdehyde 1,2-O-isopropylidene-1,5-pentadialdo-a-D-xylofur-
anose 1,5 readily available from a-D-glucose, into the novel
polyhydroxylated quinolizidine 6 and indolizidine 8, possessing
a tertiary carbon at an a position to nitrogen, to illustrate the

usefulness of the proposed method for the bicyclic azasugar
preparation (Scheme 1).

The N-homoallylhydroxylamine 2, necessary for the prepara-
tion of 4, was obtained from the aluminium amalgam reduction
of 4-methyl-4-nitropent-1-ene (readily accessible from palla-
dium(0)-catalysed C-allylation of 2-nitropropane6).3 The alde-
hyde 1 heated with 2 in toluene, under argon, gave N-
(3-alkenyl)nitrone 3 (Scheme 1), which in situ underwent
intramolecular 1,3-dipolar cycloaddition. Although the possi-
bility exists for formation of two adducts 4 and 4A, we separated
only one diastereoisomer 4 in 52% yield.§ Its structure was
determined from 1H NMR spectra and molecular modelling
(AM1). The coupling constant between H6 and H4A was very
helpful for configurational assignment; the value of this
constant, 3J6,4A = 9.9 Hz, is characteristic for protons in an
antiperiplanar arrangement. Molecular modelling revealed that
only for the adduct 4 did the lowest energy minimum
correspond to the conformation in which H6 and H4A are
antiperiplanar.

The conversion of 4 into quinolizidine 6 was straightforward.
Removal of isopropylidene protection by acidic hydrolysis gave
cleanly the derivative 5, which was hydrogenated in the
presence of Raney-nickel to afford directly the quinolizidine 6
in 70% yield based on 4. The structure of 6 from its 1H NMR
spectrum is consistent with the structure of 4. Thus the
heterobicyclic system adopts a structure close to trans-decaline
and all hydroxy groups occupy equatorial positions.

The preparation of the indolizidine 8 was also easy. In this
case the carbon skeleton of 5 was cut down by sodium periodate
1,2-diol cleavage to give the aldehyde 7, which also without
purification was hydrogenated in the presence of the nickel
catalyst to yield 8 in 55% yield, based on 4.

In conclusion, it has been shown that the intramolecular
1,3-dipolar cycloaddition of N-(3-alkenyl)nitrones, obtained
from N-homoallylhydroxylamines and sugar dialdehydes, is
very useful for the synthesis of polyhydroxylated derivatives of
both quinolizidine and indolizidine. Further studies on improve-

† Electronic supplementary information (ESI) available: configurational
assignment of the adduct 4 and experimental details of preparation and
characterisation of 6 and 8. See http://www.rsc.org/suppdata/cc/b1/
b101057n/

Fig. 1 General approach for asymmetric synthesis of bicyclic azasugars E
by intramolecular 1,3-dipolar cycloaddition of N-(3-alkenyl)nitrones.

Scheme 1 Reagents and conditions: i, toluene, argon, 85–90 °C, 43 h,
52%; ii, 5% HCl aq., rt, 2 d, 96%; iii, H2 (10 bar), Raney-Ni, MeOH,
75–80 °C, 21 h, 70% based on 4; iv, NaIO4, MeOH–H2O, 0 °C; v, H2 (10
bar), Raney-Ni, MeOH, rt, 24 h then 45 °C, 24 h, 55% based on 4.
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ment and extension of this approach for the synthesis of bicyclic
azasugars are in progress.

Notes and references
‡ To our best knowledge the intramolecular 1,3-dipolar cycloaddition
reaction of N-(3-alkenyl)nitrones, obtained from non-racemic chiral
aldhydes, has never been investigated.
§ All new compounds were fully characterised by 1H and 13C NMR, IR
spectroscopy, high resolution mass spectrometry and optical rotation.
Compound 4: The aldehyde 15 (0.58 g, 2.09 mmol) and the hydroxylamine
23 (obtained from 0.50 g, 4.0 mmol of 4-methyl-4-nitropent-1-ene) were
heated in toluene (4 cm3), under argon, at 85–90 °C for 43 h.
Chromatographic purification (silica gel, hexane–ethyl acetate, 5+1 ? 2+1,
v/v) furnished 4 (0.38 g, 52%) as white crystals, mp 91–92 °C (hexane); dH

(500 MHz, CDCl3): 1.12 (s, 3H, CH3), 1.20 (s, 3H, CH3), 1.24 (d, J 11.3 Hz,
1H, H3en) 1.29 (s, 3H, CH3), 1.46 (s, 3H, CH3), 1.66 (dd, J 11.8, 7.8 Hz, 1H,
H5en), 1.75 (ddd, J 11.3, 5.4, 2.5 Hz, 1H, H3A), 1.99 (m, 1H, H5A), 3.86 (ddd,
J 9.9, 7.8, 3.9 Hz, 1H, H6), 4.07 (dd, J 9.9, 3.1 Hz, 1H, H4A), 4.22 (d, J 3.1
Hz, 1H, H3A), 4.59 (d, J 3.9 Hz, 1H, H2A), 4.67 (AB, D 0.06, J 11.8 Hz, 2H,
CH2Ph), 4.83 (t, J 5.3 Hz, 1H, H4), 5.88 (d, J 3.9 Hz, 1H, H1A), 7.2–7.37 (m,

5H, C6H5); dC (50 MHz, CDCl3): 24.43, 26.25, 26.70, 31.27, 36.81, 46.86,
57.41, 65.82, 72.21, 81.76, 82.64, 83.25, 104.70, 111.49, 127.64, 127.71,
128.37; n cm21: 3068, 3032, 2980, 1452, 1372, 1076; HRMS m/z calc. for
C20H26NO5 (M-CH3)+ 360.1811, found 360.1791; [a20

D 240.5 (c 0.4,
CH2Cl2).

1 Iminosugars as Glycosidase Inhibitors, Nojirimycin and Beyond, ed.
A. E. Stuetz, Wiley–VCH, Weinheim, 1999; N. Asano, R. J. Nash, R. J.
Molyneux and G. W. J. Fleet, Tetrahedron: Asymmetry, 2000, 11,
1645.

2 A. Budzińska, M. Bukowska and W. Sas, Tetrahedron Lett., 1999, 40,
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Serial radical cyclisation on sugar-furanose templates to
create angularly fused oxa- and dioxa-triquinane skeletons
has been described, the salient feature of this approach being
to incipiently generate a tertiary radical from cyclopro-
pylmethyl bromide with simultaneous release of allyl group
and to subsequently incorporate it in the triquinane sys-
tem.

Ever since their isolation, the angularly fused triquinanes have
attracted intense attention of synthetic organic chemists as
challenging targets.1 Structural complexity associated with
significant biological activity has necessitated development of
very many approaches for their synthesis.2 Among them, the
radical cascade reactions are by far the most elegant and
efficient approaches as significantly demonstrated by the work
of Curran and others.3 Bis-annulated sugars are also useful
synthons for triquinane synthesis. For example, Fraser-Reid and
coworkers4 have performed some novel transformations medi-
ated by serial radical cyclization of pyranose based sugar
synthons5 to create pyranosin diquinanes, elaborated to natu-
rally occurring triquinanes.

We feel that radical cascade reactions on furanose ring
systems of sugar derivatives would be interesting to explore
primarily to understand the stereo-chemical behavior but more
importantly to obtain synthons potentially useful for angularly
fused, unknown and structurally novel oxa-triquinanes. The
direct approach for oxa-triquinane would be to trigger a cascade
of radical reactions by generating tertiary radicals on synthons
with prefabricated radical acceptors (Scheme 1). Realistically,
formation of a tertiary radical is a difficult proposition because
its precursor, namely tertiary halide or tertiary thiocarbamate, is
not easily accessible by conventional methods. However, the
indirect formation of a tertiary radical with concomitant
installation of an allylic side chain as radical acceptor, by our
recently developed approach6 of radical ring opening of spiro-
cyclopropyl methyl bromide, could constitute an elegant and
ideal proposition for this endeavor. This study forms the basic
premise of this communication.

1,2:5,6-Di-O-isopropylidene-a-D-glucofuranose (1) was
converted into the 3,3-spiro cyclopropylmethanol derivative (2)
in five steps (Scheme 2).7 It was then exposed to 0.8% sulfuric
acid in methanol at rt to give the triol derivative whose oxidative
cleavage with NaIO4 absorbed on silica gel8 in CH2Cl2 yielded
the aldehyde (3). Compound 3 was immediately treated with

Zn, allyl bromide under aqueous Barbier conditions9 to give a
predominantly (90%) and chromatographically separable allyl
addition product (4) whose stereochemical assignment was
based on literature precedents.10 Compound 4 upon treatment
with CBr4–PPh3 in CH2Cl2 in the presence of pyridine at rt gave
the corresponding bromo derivative (5). Treatment of 5 with tri-
n-butyl tin hydride (TBTH), AIBN in toluene (0.05 M) at
100 °C gave a single product whose fused bicyclic structure (6)
was assigned on the basis of NMR and MS studies. Presence of
compound 7 was not noticed. The formation of 6 indicated
premature termination of serial radical cyclisation after the first
exo-trig addition. This abrupt termination could be attributed to
the poor reactivity of the methyl radical.11 In order to
circumvent this problem, we sought to explore the vinyl radical
primarily for its pronounced reactivity coupled with the ease
with which it could be generated.12

Accordingly, 3 was subjected to Barbier reaction in aqueous
conditions with Zn and propargyl bromide to afford 8 as an
exclusive product. The transformation of 8 into 9 was carried
out as described earlier (Scheme 3).

The radical reaction of 9 with TBTH and AIBN (cat.) in dry
toluene (0.05 M) at 100 °C gave the angularly fused oxa-
triquinane derivatives 10a and 10b, whose formation was
attributed to 5-exo-dig, 5-exo-trig serial cyclisations. The
structure of the product was thoroughly investigated by high
resolution 1H NMR, 13C NMR, MS and elemental analysis. The
1H and 13C NMR spectra indicated that it was a 8.5+1.5 mixture
of diastereomers 10a and 10b. However, COSY and NOSY

Scheme 1

Scheme 2 Reagents and conditions: (a) (i) 0.8% H2SO4, MeOH, rt, 10 h; (ii)
silica gel adsorbed NaIO4, CH2Cl2, 15 min, 78% (two steps); (b) allyl
bromide, Zn, aq. NH4Cl, THF, 0 °C, 6 h, 72%; (c) PPh3, CBr4, pyridine,
CH2Cl2, rt, 1 h, 83%; (d) TBTH, AIBN (cat), C6H5CH3, 100 °C, 1 h,
70%.

Scheme 3 Reagents and conditions: (a) HC·C–CH2Br, Zn, aq. NH4Cl,
THF, 0 °C, 6 h, 74%; (b) PPh3, CBr4, pyridine, CH2Cl2, rt, 1 h, 80%; (c)
TBTH, AIBN (cat), C6H5CH3, 100 °C, 1 h, 74%.
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studies (Fig. 1) on the major diastereomer 10a revealed the
absolute stereochemistry of the methyl group as indicated.12

We also synthesized starting from 1,2:5,6-di-O-cyclohex-
ylidene-a-D-glucofuranose (10) the 2,2-spirocyclopropyl
methyl bromide derivative 14 via intermediates 11–13 as shown
in Scheme 4. Subsequent radical cascade reaction of 14 with
TBTH and AIBN (cat.) in toluene at 100 °C gave the fused ring
derivatives 15a and 15b. The 1H and 13C NMR spectra of the
product showed to be a 8+2 mixture of diastereomers. The
COSY and NOSY studies (Fig. 1) predicted the stereochemistry
of the methyl group of the major product 15a as indicated.13

In conclusion, we have developed a one pot, stereoselective
5-exo-dig, 5-exo-trig cascade radical cyclization utilizing the
incipiently formed C-allyl radical leading to useful and
structurally novel oxa-triquinane system.

S. V. R. thanks CSIR, New Delhi for a research fellowship.
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Crystallization of four isomorphous host–guest complexes in
the polar space group P63 is ascribed to the recurring
halogen(guest)…p(host) interaction.

Self-assembly of chiral crystals from achiral components1 is a
current endeavor in crystal engineering with applications in
asymmetric synthesis and materials science. Crystallization of
achiral or racemic molecules in acentric space groups is relevant
not only for the design of functional solids, such as host–guest,2
nonlinear optics,3 but also has implications in our fundamental
understanding of spontaneous resolution during crystalliza-
tion.4 In this context, it was recently noted by some of us5 that
co-crystallization of 2,4,6-tris(4-chlorophenoxy)-1,3,5-triazine
1 and 1,3,5-tribromobenzene (TBB) from an equimolar mixture

of benzene and ethyl acetate afforded a 1+1 complex, 1·TBB,
that belongs to the non-centrosymmetric space group P63. In
1·TBB, the triazine molecules form a hexagonal network via the
robust Cl…Cl trimer synthon. Tribromobenzene guest mole-
cules located in the channels are bonded via C–Br…p and C–
H…p interactions6 to the CNC bond mid-point of the host
phenyl ring rather than to the ring centroid, as ascertained by
neutron diffraction.5 In this paper we demonstrate the structural
significance of halogen…p interactions7 in inducing polar
aggregation of molecules in the solid state. The description of
space groups using terms such as (non)centrosymmetric,
acentric, chiral and polar has been clarified in the crystallo-
graphic literature.8

Crystallization of chlorotriazine 1 and 1,3,5-triiodobenzene
(TIB) from PhH–EtOAc afforded crystals of 1·TIB (1+1) in
space group P63.† The TIB guest species are accommodated in
an open hexagonal network formed by a triangulo halogen
synthon (Cl…Cl 3.56 Å, 107.0°, 167.0°) of triazine host
molecules (Fig. 1). The hexahost framework of 1 and 2 with
trihalobenzene guests is virtually identical to the intermolecular
interaction network observed in their channel inclusion com-
plexes with other guest species: benzene, hexamethylbenzene
(HMB), hexachlorobenzene (HCB), trinitromesitylene (TNM),
1,3,5-trinitrobenzene (TNB), mesitylene (MES), 2,4,6-collidine
(CLN) and hexamethylphosphoramide (HMPA).9 However, the
latter host–guest structures are centrosymmetric (space group

P63/m) with the triazine core lying on a crystallographic mirror
plane. Thus inclusion of trihalobenzene guests in the hexagonal
nanotubes induces significant structural changes in the mutual
orientation of host phenyl rings. Yet there is minimal change in
the lattice parameters of 1·TBB and 1·TIB compared to the
centrosymmetric structures (Table 1). Adjacent phenoxy rings
are parallel in the P63/m structures while they are twisted by an
angle (t) of 51.3° and 54.3° to each other in 1·TBB and 1·TIB.
As a result of phenyl group tilting, away from the halogen and
closer to the hydrogen, the guest molecules form short C–I…p

Fig. 1 Hexa-host network in 1·TIB assembled through Cl…Cl triangulo
synthon. TIB guest molecules are bonded via C–I…p and C–H…p
interactions. Notice the herringbone motif between host phenoxy rings of
adjacent channels.

Table 1 Crystal data of some isomorphous complexes of 1 and 2 with
various guests in P63/m and P63 space groups

Host/
guest

Space
group Z a = b (Å) c (Å)

2·CLNa 1+1 P63/m 2 15.468(2) 7.087(1)
1·12HCBb 2+1 P63/m 2 15.435(2) 6.876(1)
1·12HMBb 2+1 P63/m 2 15.411(2) 6.867(1)
2·12HMBb 2+1 P63/m 2 15.554(4) 6.951(3)
1·12TNBb 2+1 P63/m 2 15.255(2) 7.005(2)
2·12TNMb 2+1 P63/m 2 15.719(2) 7.034(1)
1·12HMPAb 2+1 P63/m 2 15.234(2) 6.880(1)
1·TBBc 1+1 P63 2 15.166(6) 6.743(2)
1·TIBd 1+1 P63 2 15.482(1) 7.011(1)
2·TBBd 1+1 P63 2 15.442(1) 6.991(1)
2·TIBd 1+1 P63 2 15.627(2) 7.046(1)
a Ref. 9a. b Ref. 9b. c Ref. 5 (neutron data). d This paper.
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(3.43 Å, 158.3°; S vdW radii = 2.0 + 1.7 = 3.7 Å) and long C–
H…p (3.00 Å, 177.4°) interactions with different CNC bonds of
the host phenyl ring.‡ Three such sinusoidal motifs stabilize the
polar host–guest architecture (Fig. 2). The C–I…p interaction is
polarization-induced, such that the C–Id(+) vector points
towards the mid-point of a pd(2) bond, and is reminiscent of the
type II halogen…halogen interaction9 between host molecules.
In effect, a slice of the host–guest layer in 1·TIB is stabilized by
Cl…Cl, C–I…p and C–H…p interactions (Table 2). The
halogen…p radial motif in 1·TIB channel resembles the Cl…p
interaction observed recently in the pseudo-threefold cavity of
calix[6]pyrrole with 2,2,2-trichloroethanol guest.10 The inter-
play of numerous weak interactions, aryl–aryl, C–H…N, aryl–
halogen and inter-halogen, resulting in microcavities that are
tailored to the guest structure has been noted in a halogenated
tweezer host molecule.11

The 1+1 inclusion complexes of tribromobenzene and
triiodobenzene with 2,4,6-tris(4-bromophenoxy)-1,3,5-triazine
2, 2·TBB and 2·TIB respectively,† are isostructural with the
corresponding inclusion complexes of 1 (Table 1). The mutual
orientation of host phenyl rings and metrics of C–Br/I…p and
C–H…p interactions are given in Table 2. Although the exact
reasons as to why achiral or racemic molecules adopt non-
centrosymmetric crystal packing are difficult to dissect,1,4 the
present case of four isomorphous structures offers a clue. Three
polar chains of C–Br/I…p and C–H…p guest–host interactions
rotated by 120° to each other stabilize the hexagonal nanotubes.
The crystal structure would be centrosymmetric if such motifs
in adjacent chains run anti-parallel and non-centrosymmetric if
they are aligned in the same direction. The polarity of one

nanotube is transmitted to adjacent channels via the edge-to-
face12 herringbone packing between host phenoxy rings related
by a two-fold screw axis. Since inclusion complexes of 1 and 2
with many other guests are all centrosymmetric,9 polar
aggregation with TBB and TIB species in space group P63
appears to be guest-induced. Thus, the halogen- and hydrogen-
bonded synthon in Fig. 2 is the minimum ensemble necessary to
amplify polarity in the three-dimensional crystal, in other words
it is a supramolecular chiron.13 The mechanism for polar
crystallization with flexible hosts 1 and 2 (guest–host X…p
interaction) is conceptually different from the phenomenon for
parallel alignment of D–p–A chromophores in the constrained
channel of perhydrotriphenylene (guest–guest D…A inter-
action).3

We thank the Department of Science and Technology,
Government of India (SP/S1/G29/98) and the Hong Kong
Research Grants Council (CUHK 4206/99P) for research
funding. R. K. R. J. thanks the CSIR for fellowship support.
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calculations. Final R = 0.0269 (obs.), 0.0385 (all); wR(F2) = 0.0602 (obs.),
0.0644 (all). For structure solution and refinement methods, see ref. 8.
CCDC reference numbers 161765–161767. See http://www.rsc.org/
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‡ C–I…p and C–H…p geometries are longer and bent when measured to
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Fig. 2 Sinusoidal chain of C–I…p and C–H…p interactions in 1·TIB that
result in polar crystallization. Three such motifs rotated by 120° stabilize the
host–guest channel architecture. Molecular fragments are truncated for
clarity.

Table 2 Metrics of intermolecular interactions in inclusion complexes of 1
and 2 in space group P63. See chemical diagram for labels X, Y and text for
definition of torsion angle t

1·TBBa 1·TIBb 2·TBBb 2·TIBb

X…X (Å) 3.441(3) 3.56 3.51 3.55
C–X…X (°) 164.9, 104.9 167.0, 107.0 164.9, 104.9 165.3, 105.3
t, p–p (°) 51.3 54.3 51.6 55.9
Y…p (Å) 3.353(4) 3.43 3.51 3.49
C–Y…p (°) 158.1(2) 158.3 157.1 158.0
H…pc (Å) 2.817(9) 3.00 2.94 3.03
C–H…p (°) 174.0(9) 177.4 176.4 175.2
a Ref. 5, neutron data. b X-ray data, this study. c C–H distance neutron-
normalised to 1.083 Å.
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The molecular structure of the oxo-peroxovanadium com-
plex [VO(O2)(bpaH)]ClO4·2H2O, containing the new ligand
N,N-bis(2-pyridylmethyl)-b-alanine (bpaH) reveals tight
binding of the carboxylic acid function to the vanadium
centre through its doubly bonded oxygen; the carboxylic acid
proton mediates hydrogen bonding interactions comprising
the peroxo group and the two waters of crystallisation, thus
providing the basis for the potential formation of a
hydroperoxo species.

Authentic peroxovanadium complexes as well as peroxo-
vanadium complexes generated in situ have been employed as
catalysts and in stoichiometrically conducted reactions as oxo
transfer reagents for alcohols, arenes, alkenes and thioethers.1,2

Likewise, the bromination of functionalised arenes is carried
out by peroxovanadium complexes, or by vanadium compounds
in the presence of H2O2.3,4 Peroxovanadium intermediates have
also been proposed for the enzymatic conversion of halide to
hypohalous acid (or another Hal+ species) by vanadate-
dependent algal and fungal haloperoxidases in the presence of
peroxide,4–7 an assumption which has been fortified by the
structural characterisation of the peroxo form of chloroperox-
idase from the fungus Curvularia inaequalis.8 Both the in vitro
and in vivo oxidation of halide such as bromide is facilitated by
an increase of the electrophilicity at the reaction site, i.e. by the
intermediate formation of a hydroperoxo complex (Fig. 1, left)
in the case of the peroxo ligand representing the reaction
site,4,5,9 a suggestion which finds support in the fact that (i)
protons are consumed in these reactions,9 (ii) alkylperoxo
complexes are often more effective than the parent peroxides,1
(iii) the cationic hydroperoxo–oxovanadium moiety is on a
lower energy level (more stable) than the corresponding
peroxo–oxovanadium species,10 and (iv) a hydroperoxo form of
the active site vanadium in bromoperoxidase from the marine
alga Ascophyllum nodosum is quite within the bounds of
probability as based on 17O NMR evidence.10 The asymmetric

side-on coordination of RO2
2 has previously been reported for

[VO(O2)(HO2)(bipy)] (bipy = 2,2A-bipyridyl12a), [VO(H2O)-
tBuO2)(dipic)] (dipic = dipicolinate(22))12b and
[{VO(O2)2}(m-h1,h2-O2){VO(O2)H2O}]22.13 Based on kinetic
investigations, hydroperoxo intermediates have also been made
plausible in oxo transfer reactions to metal-centred thiolates
using [VO(O2)2(pic)]22,14 and peroxidative halogenations with
[VO(O2)(bpg)] (bpgH = N,N-bis(2-pyridylmethyl)glycine).5,9

An additional point of considerable interest in the context of
peroxovanadium complexes is their ability to inhibit phospho-
tyrosine phosphatases and thus act as insulin mimetics.15

In the present work we report on a peroxovanadium complex
giving rise to a tight hydrogen bonding network in which three
different functionalities participate, viz. a coordinated and
protonated carboxylate, two inter-lattice water molecules and
the peroxo ligand. Hence a complex which may represent a
preformed hydroperoxo species, or a compound which is able to
rapidly and reversibly provide a proton for a hydroperoxo
intermediate in catalytic turnover. Our complex thus models a
situation which, in the haloperoxidases, is represented by
aspartate or the distal histidine plus water molecules at the
active site of the enzyme (Fig. 1, right). Aspartate as a mediator
for proton-transfer has also been reported for vanadate-
incorporated phytase,16 a semi-synthetic vanadium perox-
idase.17

The new ligand N,N-bis(2-pyridylmethyl)-b-alanine (bpaH)
was synthesised† (Scheme 1) by modifying the procedure
described for N,N-bis(2-pyridylmethyl)-glycine (bpgH).19 The
complex [VO(O2)(bpaH)]ClO4·2H2O was obtained† by adding
the ligand to an aqueous solution of K[VO3], followed by
treatment with H2O2 and finally with dilute HClO4 to adjust the
solution to pH 1.7. Orange-coloured crystals were obtained
from the ethanolic solution in the cold.

The molecular structure‡ of the compound is shown in Fig. 2;
hydrogen bonding interactions have been indicated by dashed
lines. The basic structure of the cation [VO(O2)(bpaH)]+ is a
pentagonal bipyramid, with the peroxo ligand (O1 and O2) and
the three nitrogens (N1, N2 and N3) of bpaH in the plane, and
the oxo group O3 and carboxylic acid oxygen O4 in the apical
positions. The ligand bpaH coordinates to the vanadium
forming one six-membered and two five-membered chelate
rings. The two pyridines are in the equatorial plane. The five
atoms in the equatorial plane are nearly coplanar; the vanadium

† Electronic supplementary information (ESI) available: synthesis of bpaH
and [VO(O2)(bpaH)ClO4·nH2O. See http://www.rsc.org/suppdata/cc/b1/
b101010g/

Fig. 1 Left: proposed mechanism for bromide oxidation (su = supporting
group). Right: active site of the peroxo form of vanadate-dependent
bromoperoxidase from A. nodosum, based on the structure of the native A.
nodosum enzyme18 and the peroxo form of the C. inaequalis peroxidase.8
Potential mediators for proton transfer are His418, His411 and Asp278.

Scheme 1
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centre is displaced from this plane by 0.2163(8) Å towards the
oxo group. The unusual coordination mode of the carboxylic
acid function – through the doubly bonded oxygen O4 – has
been described previously for a number of dipicolinato
complexes of copper,20 iron21 and zinc22 with bond lengths
ranging from 2.3 to 2.5 Å (as compared to ca. 2.1 Å for the
corresponding bond lengths of deprotonated carboxylic acid
functions). The angle O3–V–O4, 172.25°, only slightly deviates
from linearity. The bond V–O4 [d = 2.2095(16) Å] is thus
surprisingly strong, even more as it is subject to the trans effect
exerted by the oxo group. It compares to the V–O (carboxylate)
distances of 2.144 and 2.045 Å for the carboxylato group trans
and cis to VNO, respectively, in [VO(L)H2O(O2)]2 (H2L =
carboxymethylhistidine),23 d[V–O (carboxylate)] = 2.138 Å
for the trans-standing carboxylate in [VO(O2)(bpg)],9 and d[V-
O(carboxylate)] between 2.01 and 2.04 Å in other peroxo-
vanadium complexes containing supporting ligands with cis-
standing carboxylato functions.24,25 The complex is the first
example of a cationic monoperoxo–oxovanadium complex with
an N3O donor set. Other cationic vanadium complexes which
have been described so far contain two NO donor sets
([VO(O2)(picolinamide)2]+),26 or one or two N2 sets ([VO(O2)-
(phen)(H2O)2]+;27 [VO(O2)L2]+, L = phen, bipy28).

The uncoordinated OH of the carboxylic acid group of
[VO(O2)(bpaH)]+ links a water of crystallisation (O11) via a
strong hydrogen bond of 2.550 Å, which in turn hydrogen binds
to the perchlorate anion and a second water of crystallisation,
O10. Two hydrogen bonds of weak to medium strength keep
this water in the proximity of the coordinated peroxo group.§
Although only O2 of the peroxide is involved in this H-bonding
network to a sizable extent, there are no significant differences
in the V–O (peroxide) bond lengths. Bonding parameters [d(V–
O1) 1.8734(16), d(V–O2) 1.8827(16) Å; angle O1–V–O2 =
44.48(7)°] are comparable to those in other peroxovanadium
complexes;9,13,23–25,29 the O–O bond length, 1.421(3), is in-
between the margins noted for [V2O2(O2)4H2O]22 13 and
[VO(O2)(tp)(pz)] (tp = tris(pyrazolyl)borate, pz = pyr-
azole).30

This special arrangement of carboxylic acid, water and
peroxide provides a basis for a mechanism for rapid – and
reversible – transfer of a proton to the activated (by coordination
to vanadium) peroxo function, and hence a mechanism by

which the electrophilicity of this site can be adapted to an
appropriate substrate to be oxidised, such as bromide; cf. Fig.
1.

Notes and references
‡ Crystal data: C15H21ClN3O11V, M = 505.74, monoclinic, space group
C2/c, a = 31.612(7), b = 7.1835(17), c = 21.290(16) Å, b = 123.274(4)°,
V = 4042.1(16) Å3, T = 293(2) K, Z = 8, m(Mo-Ka) = 0.69 mm21.
Independent reflections 4382 (Rint = 0.0265), final R values [I > 2s(I0)] R1

= 0.0408, wR2 = 0.1005. CCDC 157361. See http://www.rsc.org/
suppdata/cc/b1/b101010g/for crystallographic data in .cif or other elec-
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§ Additional hydrogen bonding contacts exist between the peroxo group
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Å), and O2 and H6 (2.771 Å).
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Fig. 2 Molecular structure of [VO(O2)bpaH]ClO4·2H2O at the 50%
probability level, including the hydrogen bonds (dashed lines). Selected
bond lengths (Å) and angles (°): V–O1 1.8734(16), V–O2 1.8827(16), V–
O3 1.5877(15), V–O4 2.2095(16), V–N1 2.132(2), V–N2 2.192(2), V–N3
2.133(2), O1–O2 1.422(2), C1–O4 1.222(3), C1–O5 1.302(3), O5–H5
0.8201(10); O1–V–N1 81.68(8), O1–V–O2 44.48(7), O2–V–N3 81.83(8),
N1–V–N2 75.53(7), N2–V–N 374.13(7), O3–V–O4 172.25(7). Hydrogen
bonds (Å): O1…H10C–O10 3.250, O2…H10C–O10 2.995, O2…H10D–
O10 2.806, O5–H5···O11 2.550, O11–H11B…O10 2.711, O11–H11A…O6
(perchlorate) 2.993.
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Propeller-shaped molecules with giant off-resonance optical
nonlinearities
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Propeller-shaped molecules based on a triphenylbenzene
crux bearing three oligomeric phenylenevinylene branches
have been designed; very large first-order hyperpolaris-
abilities (up to ∑b∑ = 800 10230 esu) were obtained while
maintaining wide transparency in the visible region by
taking advantage and boosting of intramolecular charge
transfer between the centre and the periphery.

Molecular nonlinear optics (NLO) has attracted increasing
interest over the past twenty years,1 owing to numerous
applications in various fields such as telecommunications,
optical data storage and information processing.2 A substantial
effort has been devoted to the design of molecules with
enhanced NLO responses. Molecular engineering of conjugated
one-dimensional (1D) compounds has been particularly suc-
cessful, leading to push–pull compounds displaying giant off-
resonance first-order (b)3 and/or second-order (g)4 hyper-
polarisabilities. Yet it became increasingly clear over recent
years that multidimensional and multipolar structures offer
challenging possibilities.5 Lehn, Zyss and coworkers have
opened a pioneering route towards octupolar molecules.6 Such
2D or 3D structures take benefit from the tensorial nature of b,
and potentially lead to very large b7 and g8 values but most often
at the expense of significantly reduced transparency in the
visible region.9 In order to achieve an improved nonlinearity–
transparency trade-off, we have prepared nanoscale propeller-
shaped molecules whose design is based on the grafting of three
extended blades bearing an electron-withdrawing or an elec-
tron-releasing tip on a triphenylbenzene crux (Scheme 1).
Oligomeric phenylenevinylene rods were selected to ensure
effective electronic conjugation and preserve transparency. The
triphenylbenzene core maintains a large distance between the
conjugated branches, thus preventing sterical hindrances.

Based on this strategy, we have prepared homologous
molecules with radius varying between 1.4 and 2.5 nm. The first
generation (n = 1) was prepared from 1,3,5-tris(4-for-
mylphenyl)benzene (C0

10) via either a triple Wittig or Wittig–
Horner–Emmons reaction whereas the second generation (n =
2) was obtained from C1 via a triple Wittig–Horner–Emmons
condensation with extended conjugated aldehydes X–Ph–
CHNCH–Ph–CHO. The key reagent C1 was synthesized from
C0 in a three-step procedure (Scheme 1). The conjugated
aldehydes were primarily prepared in nearly quantitative yield
by reacting terephthalaldehyde mono(diethyl acetal) with one
equivalent of phosphonium salt X–Ph–CH2–P(Ph)3I (X =
N(nC6H13)2,4b or X = OnC8H17) or of diethyl 4-(methylsulfo-
nyl)benzyl phosphonate (X = SO2CH3) followed by acid-
catalysed hydrolysis. Molecules 1–6 were characterised by
NMR spectroscopy, elemental analysis and/or high-resolution
mass spectra, in agreement with the assigned structures.

All molecules show good transparency in a wide range of the
visible region and an intense absorption in the near UV–blue
visible region whose position is dependent on both the nature of
the peripheral groups and the length of the transmitter system

(Table 1). As expected, a red shift of the absorption band is
observed with increasing electron-withdrawing or electron-
releasing strength of the end groups. Interestingly, a bath-
ochromic shift of the absorption band is obtained with
increasing solvent polarity (Fig. 1a) and a noticeably more
pronounced positive solvatochromism is observed in emission
(Fig. 1b), indicative of a polar excited state. Such characteristic
behaviour hints to significant charge redistribution taking place
upon excitation, consistent with a multidimensional intra-
molecular charge transfer (MDICT) occurring between the core
and the peripheral groups. The large Stokes shift values (4050

Scheme 1 Reagents and conditions: i: KBH4 (1 equiv.), EtOH, 4 h, rt; ii:
HBr conc. (10 equiv.), 5 h, reflux; iii: P(OEt)3 (5 equiv.), 24 h, reflux; iv:
compounds 1 and 2: X–Ph–CH2–P(Ph)3I (3.3 equiv.), KOtBu (3.5 equiv.),
CH2Cl2, 4 h, rt; compounds 3 and 4: X–Ph–CH2–P(O)(OEt)2 (3.3 equiv.),
NaH (3.5 equiv.), THF, 4 h, rt; v: compounds 5 and 6: X–Ph–CHNCH–Ph–
CHO (3.3 equiv.), KOtBu (3.5 equiv.), CH2Cl2, 5 h, rt.
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cm21 for molecule 2 in chloroform, and 8500 cm21 for
molecule 4 in DMSO) corroborate that important nuclear
reorganisation is taking place after excitation, prior to emission
as a result of significant electronic redistribution.

The first hyperpolarisabilities b have been determined by
performing harmonic light scattering (HLS) experiments which
yield the HLS molecular averaged hyperpolarisability A(b2) =
bHLS.11 HLS experiments were performed at 1.064 or 1.34 mm
in order to locate the second harmonic signal in the transparency

region of the chromophores and to avoid contamination by two-
photon fluorescence.12 Comparison of homologous molecules
bearing electron-releasing (1,2) or electron-withdrawing (3,4)
end groups clearly shows that increasing the donating or
accepting strength of the three terminal substituents results in a
significant enhancement of b (Table 1), providing evidence that
MDICT strongly influences the nonlinear responses. Following
this observation, increasing the distance between the core and
the periphery appeared as a rational way to boost the nonlinear
responses. This strategy proved particularly successful: mole-
cule 5 was found to exhibit a ∑b(0)∑ value about six times larger
than molecule 2, whereas molecule 6 exhibits a first-order
hyperpolarisability one order of magnitude larger than its
shorter analogue 3, while increasing by no more than 36% in
weight and maintaining suitable transparency in the visible
region. This is particularly advantageous in terms of efficiency-
transparency trade-off: molecule 6 exhibits a ∑b(0)∑ value about
forty times larger than the prototypical push–pull compound p-
nitroaniline (pNA), with a molecular weight no more than eight
times larger.

Finally, by grafting either electron-donating or electron-
withdrawing groups on the edges of conjugated blades branched
on a triphenylbenzene crux, propeller-shaped molecules ex-
hibiting high NLO properties and wide transparency in the
visible range have been designed. Optimization leads to
compounds presenting an improved transparency–nonlinearity
trade-off (∑b(0)∑ = 500 10230 esu, lmax = 377 nm) as
compared to tris-donor tris-acceptor octupolar 2D molecules. In
addition, the superlinear dependence of b on size and their
particular concave shape makes elongated analogues attractive
candidates for incorporation in polymeric materials.
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Table 1 Linear and nonlinear optical properties of nanoscale propeller-
shaped molecules derived from triphenylbenzene

lmax(abs)a

/nm Dñb/cm21 lHLS/nm
bHLS

a/
10230 esu

∑b∑c/
10230 esu

∑b(0)∑d/
10230 esu

1 344 170 1064 5 16 8
2 387 790 1064 29 94 50
3 342 510 1064 30 97 51
4e 385e 1060 1340 70 227 140
5 407 — 1340 150 486 278
6 377 1830 1340 250 810 510
pNA 348 — 1064 10 32 12
a In chloroform. b Absorption solvatochromic shift = 1/lmax(toluene)

b ijk

ijk

2Â21/l max(DMSO). c The modulus ∑b∑ = is derived from bHLS

21

2
according to ∑b∑ = bHLS for molecules with C3h symmetry, and to ∑b∑

35

6
= bzzz = bHLS for 1D dipolar chromophores such as p-nitroaniline

(pNA). d Static values are calculated using a two-level dispersion factor.6b

e In DMSO.

Fig. 1 Solvatochromic absorption (a) and emission (b) behaviour of
molecule 2.
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A chiral fullerene C76 was directly resolved by high-
performance liquid chromatography (HPLC) using a chiral
stationary phase, amylose tris(3,5-dimethylphenylcarba-
mate), bonded onto silica gel and the mirror-imaged CD
spectra of the enantiomers were in good pattern agreement
with those of the previous report.

In 1993, Hawkins and Meyer reported the kinetic resolution of
C76 enantiomers by asymmetric osmylation,1 and this method
was successfully applied to the resolution of other chiral
fullerenes, C78 and C84.2 However, direct resolution of chiral
fullerenes by HPLC with a chiral column appears very difficult
judging from the tiny structural differences in the C76
enantiomers as pointed out by Hawkins and has so far been
unsuccessful,1 although chiral fullerene C60 derivatives with
achiral substituents have been successfully resolved into
enantiomers using chiral stationary phases (CSPs) based on a
cellulose derivative3 and a tetranitrofluorenylidene deriva-
tive.4

Phenylcarbamate derivatives of polysaccharides, particularly
cellulose and amylose, show high chiral recognition abilities
when used as CSPs for HPLC.5–7 Among the many derivatives,
3,5-dimethylphenylcarbamates of cellulose8 and amylose9 are
very useful CSPs with an excellent ability of resolving a wide
range of racemates. These CSPs have been prepared by coating
or adsorbing the polysaccharide derivatives on silica gel, and
therefore cannot be used with solvents such as CHCl3 and THF
that dissolve or swell the derivatives. On the other hand,
amylose tris(3,5-dimethylphenylcarbamate) (Chiralpak AD)
bonded to silica gel only at its terminal residue has been
prepared via enzymatic polymerization, and can be used with
CHCl3 and THF.10

In the present study, we succeeded in the first direct HPLC
resolution of the smallest chiral fullerene C76 on the chemically
bonded Chiralpak AD using a hexane–CHCl3 (80+20) mixture
as the eluent.

The racemic C76 sample was isolated as a chlorobenzene
solution by HPLC and identified by mass spectroscopy. The
concentration of the solution was estimated to be ca. 0.36 mM
l21 based on the UV spectrum measurement.11 The chemically
bonded Chiralpak AD column was prepared by our group in
Nagoya.10 Chromatographic resolution was performed on a
modified JASCO PU-980 chromatograph equipped with a UV
and CD dual detector (JASCO CD-1595) and a recycle valve
unit (HV-1592-01). The racemic C76 solution (100 ml) was
injected into the chromatographic system with a Rheodyne
Model 7125 injector. A hexane–CHCl3 (80+20) mixture was
used as the eluent at a flow rate 1.0 ml min21. UV spectra were
measured in hexane–CHCl3 and toluene solutions using a
JASCO Ubest V-570 spectrophotometer. The CD spectra of the
C76 enantiomers in hexane–CHCl3 and toluene were taken on a
JASCO J-720 L apparatus with a 0.2 cm quartz cell at ambient
temperature.

When the resolution of the racemic C76 sample was examined
on the commercial Chiralcel OD and Chiralpak AD columns

using a hexane–propan-2-ol mixture as the eluent, the elution of
the sample was not clearly observed probably because of very
low solubility of C76 in this eluent which resulted in a very long
retention time. This forced us to use chiral columns that can be
used with a CHCl3 eluent system. We then examined the
resolution on the chemically bonded Chiralpak AD and
Chiralcel OD phases using the hexane–CHCl3 eluent, and found
that Chiralpak AD had better resolution. The results of the
resolution are shown in Fig. 1. Both the UV and CD signals
were monitored by the dual detector. The UV signal always
showed a single peak sometimes with a shoulder, while the CD
signal monitored at 400 nm showed the first (+) peak followed
by the second (–) peak. This indicates that a low degree of
resolution was attained and in the first cycle two (+) peaks were
clearly observed. The reason for the appearance of the two
peaks is not immediately clear, but may be due to sample
overloading. Very low loading capacity of the column seems to
indicate that chiral recognition of the C76 enantiomers may be
performed at specific chiral sites containing multi amylose
chains. In all the recycle separations, only the front main part of
the (+) fraction was recycled, and the late main portion of the (–)
fraction was collected during each recycle. Therefore, as the
number of recycles increased the UV intensity decreased, and
after 8 recycles, almost no (–) peak was observed. After 5
recycles, the intensity ratio of the UV and CD detection at the
peak top became almost constant. These results suggest that the
(+) isomer after 8 recycles may have a higher enantiomeric
excess (ee).

The HPLC analysis of the (+) and (–) fractions resolved by
the recycling are shown in Fig. 2. The (+) fraction shows a very
good agreement between the UV and CD curves indicating that
this fraction has a high enantiomeric purity. On the other hand,
the (–) fraction shows a small (+) peak besides a main (–) peak,
indicating lower enantiomeric purity of this fraction.

Fig. 1 Chromatographic recycled resolution of C76 on chemically bonded
Chiralpak AD column. Column, 25 3 0.46 cm (id); eluent, hexane–CHCl3
(80+20); flow rate, 1.0 ml min21.
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Fig. 3 shows the CD spectra of the obtained C76 enantiomers
in hexane–CHCl3. When the solvent was replaced with toluene,
almost identical spectra were observed. The spectral pattern is
very similar to that for the C76 isolated by kinetic resolution,1
but the intensity for the (+) fraction in this study is about 1.6
times greater than that for the above C76 which has been
expected to have nearly 100% enantiomeric purity.1 This means
that our C76 would impossibly have over 100% ee based on the
reported data. Since we used the same UV data11 to estimate the
C76 concentration,12 the sample isolated in ref. 1 might have a
lower enantiomeric purity, or the UV and CD measurements in
ref. 1 might contain some error. Therefore, the reason for this
disagreement in the CD data is not clear at this stage.

This work was partially supported by Grant-in-Aids for
Scientific Research on Priority Areas No. 10208103.

Notes and references
1 J. M. Hawkins and A. Meyer, Science, 1993, 260, 1918.
2 J. M. Hawkins, M. Nambu and A. Meyer, J. Am. Chem. Soc., 1994, 116,

7642.
3 M. Taki, S. Sugita, Y. Nakamura, E. Kasashima, E. Yashima, Y.

Okamoto and J. Nishimura, J. Am. Chem. Soc., 1997, 119, 926.
4 B. Gross, V. Schurig, I. Lamparth and A. Hirsch, J. Chromatogr. A,

1997, 791, 65.
5 Y. Okamoto and E. Yashima, Angew. Chem., Int. Ed., 1998, 37,

1020.
6 E. Yashima, C. Yamamoto and Y. Okamoto, Synlett, 1998, 344.
7 E. Yashima and Y. Okamoto, Bull. Chem. Soc. Jpn., 1995, 68, 3289.
8 Commercial name: Chiralcel OD (Daicel).
9 Commercial name: Chiralpak AD (Daicel).

10 N. Enomoto, S. Furukawa, Y. Ogasawara, H. Akano, Y. Kawamura, E.
Yashima and Y. Okamoto, Anal. Chem., 1996, 68, 2798.

11 R. Ettl, I. Chao, F. Diederich and R. L. Whetten, Nature, 1991, 353,
149.

12 The concentration of the isolated samples was estimated in a 2.0 mm cell
based on e = 28150 at 330 nm in ref. 11. The concentration of the first
eluted enantiomer of C76 was 7.76 3 1025 M and the CD intensity at
330 nm was 7.5 mdegree.

Fig. 2 HPLC chromatograms of the first (a) and the second (b) eluted
enantiomers isolated after recycled resolution of C76. (Column, chemically
bonded Chiralpak AD; eluent, hexane–CHCl3 (80+20); flow rate, 1.0 ml
min21.)

Fig. 3 CD spectra of C76 (first eluted enantiomer, solid line; second eluted
enantiomer, dotted line) in toluene.
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The promoting effect of CeO2 in a Cu/CeO2 catalyst for CO
oxidation and NO reduction compared to CuO and Cu/ZrO2
is deduced to be based on lowering of redox potentials of
copper species in the Cu/CeO2 matrix in relation to CuO and
Cu/ZrO2.

CeO2 is an active support for precious metal as well as base
metal catalysts and is widely used as a promoter for three way
catalysts (TWCs). The promoting effect of CeO2 is largely
attributed to enhancement of metal dispersions, surface segrega-
tion of active metal, oxide ion defects for oxygen mobility and
oxygen storage capacity (OSC).1–5 Enhancement of catalytic
activity by CeO2 is observed in terms of reduction in the
reaction temperature and decrease in activation energy. Com-
plete CO oxidation over pure CeO2 occurs above 500 °C while
the temperature is brought down to 150 °C over Cu/CeO2.6–8 In
contrast, 100% CO conversion occurs at 225 °C over bulk CuO.
There seems to be an electronic interaction between Cu and
CeO2 which plays a vital role for the lowering of the reaction
temperature and enhancement of the catalytic activity. Similar
effects are also seen over Pt/CeO2 and Pd/CeO2 catalysts.9
Several studies exist on the metal–support interaction and its
effects on catalytic activity.10–12 However, the exact nature of
the interaction between metal ions and CeO2 is not yet fully
understood. We consider it worthwhile to investigate the Cu–
CeO2 interaction by electrochemical methods which can
provide the redox properties of Cu species in a CeO2 matrix.
Here, we report for the first time, cyclic voltammetry and
temperature programmed reaction (TPR) studies of a Cu/CeO2
catalyst in comparison with CuO and Cu/ZrO2. We show that
the redox potentials of the Cu2+/Cu+ and Cu+/Cu0 couples in a
CeO2 matrix are lower than those in CuO and ZrO2 matrices.
The catalytic properties are consistent with the electrochemical
behavior.

5% Cu/CeO2 catalyst was prepared by the solution combus-
tion method.8 For the preparation of 5% Cu/ZrO2 by this
method, carbohydrazide (CH) was used as the fuel along with
zirconyl nitrate and copper carbonate at 400 °C. X-Ray
diffraction studies have shown that Cu2+ ions are substituted for
Ce4+ to lead to a Ce12xCuxO22d solid solution. Cu is in a +2
oxidation state as seen from X-ray photoelectron spectroscopy
of the Cu 2p core level region as well as by electron
paramagnetic resonance (EPR) spectra of Cu/CeO2.8

Electrochemical studies were carried out with a CH-660A
Electrochemical Analyzer (CH Instruments, USA) using a
three-electrode cell configuration. The working electrodes were
made by mixing 65 wt% graphite and 35 wt% Cu based
materials. The mixture was ground thoroughly and 10 mm
pellets of 1.5 mm thickness were prepared and subsequently
mounted on a glass tube using conductive silver paint (Eltecks
Corporation, India). Cu wire was used as the current collector.
The electrode was polished to give a shining mirror finish using
fine grade emery (SiC) paper. The counter electrode used was a
Pt foil and saturated calomel electrode (SCE) was used as the
reference electrode. The electrolyte solution was 0.05 M sodium
sulfate (Na2SO4). The electrolyte was degassed by bubbling

with N2 prior to the measurement. In most cases the electrodes
were cycled from +1.6 to 20.8 V at different scan rates. All
experiments were performed at ambient temperature (ca.
25 °C).

The gas–solid reactions were carried out in a home-made
TPR system equipped with a quadrupole mass spectrometer
QXK300 (VG Scientific Ltd., England) using a packed bed
tubular reactor.8,9 Typically 0.1–0.2 g of the catalyst was loaded
in a quartz tube reactor of 20 cm length and 6 mm diameter and
the reactor was heated from 30 to 750 °C at a rate of 15 °C
min21. The reactant gases were passed over the catalyst at a
flow rate of 25 mmol s21.

The cyclic voltammogram of the Cu/CeO2 electrode in 0.05
M Na2SO4 solution is shown in Fig. 1. The voltammogram
obtained for the CuO electrode is also shown for comparison.
The voltammograms consist of two cathodic and two anodic
peaks for both bulk CuO and 5% Cu/CeO2 samples in the scan
range of 1.6 to 20.8 V vs. SCE. The Ce4+/Ce3+ redox couple is
not observed in the potential range studied. Similar voltammo-
grams were observed for 5% Cu/ZrO2 (not shown). The first
peak labeled A is attributed to the reduction of Cu(II) to Cu(I)
and the second peak B is due to reduction of Cu(I) to Cu(0) in
all three cases.13 The reduction potential values of Cu2+? Cu+

Fig. 1 Cyclic voltammograms of Cu species in (a) CuO and (b) 5% Cu/CeO2

in 0.05 M Na2SO4 electrolyte at a scan rate of 50 mV s21 (inset: peak current
vs. scan rate relationship for peak B).
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and Cu+? Cu0 in the CeO2 matrix are 20.12 and 20.40 V,
respectively, whereas the values for the CuO and Cu/ZrO2
electrodes are 20.28, 20.50 and 20.38, 20.55 V, respectively.
Oxidation potential values for Cu0? Cu+ (peak C) and Cu+?
Cu2+ (peak D) in CeO2 substrate are +0.25 and +0.50 V which
are lower than those observed with CuO (+0.36 and +0.60 V)
and Cu/ZrO2 (+0.40 and +0.73 V) electrodes. The potential
values indicate that Cu species in a Cu/CeO2 matrix require less
energy to be reduced and oxidized than in the case of pure CuO
and Cu/ZrO2 matrices. The plot of the second peak [B in Fig.
1(b)] as current (Ip) vs. scan rate (V) is shown as an inset in Fig.
1(b) for the Cu/CeO2 system in 0.05 M Na2SO4 solution. The
linear relationship indicates that the redox active species is
surface confined.

NO conversions (%) for the NO + NH3 reaction over 5% Cu/
CeO2, CuO and 5% Cu/ZrO2 as a function of temperature are
shown in Fig. 2. It is clear that complete NO conversion occurs
at 250 °C over 5% Cu/CeO2 whereas this requires 350 °C over
5% Cu/ZrO2 with the reaction temperature over CuO lying in
between. The reaction temperatures over these catalysts also
follows the same trend for NO + CO and CO + O2 reactions.

NO reduction by NH3 involves electron transfer from NH3 to
NO. NH3 is adsorbed on a Cu2+ site partially reducing the Cu2+

ion. This charge can be transferred to Ce4+ which can be picked
up by NO to give [N] + [O]. Based on the electronic interaction

between Ce 4f, O 2p and Cu 3d orbitals, electron transfer can be
facilitated in Cu/CeO2 as follows:

–Ce4+–O2-–Cu2+– + e " –Ce4+–O2-–Cu+– " –Ce3+–O2-–
Cu2+– " –Ce4+–O22–Cu2+– + e

Such a scheme involves the redox couples Cu2+/Cu+ and Ce4+/
Ce3+. These couples are available only for Cu/CeO2 and not for
CuO and Cu/ZrO2 systems. A decrease in redox potentials of Cu
species in Cu/CeO2 as revealed in the voltammograms provides
direct evidence of the promoting action of CeO2. This will result
in a decrease in the energy required for the electron transfer
from NH3 to NO and consequently a decrease in reaction
temperature.

In conclusion, we have shown the correlation of catalytic
properties of Cu/CeO2 with the electrochemical behavior of the
Cu species. The promoting action of CeO2 is thus deduced to be
via the lowering of redox potentials of Cu2+ ions in the CeO2
matrix.

We thank Professor S. Vasudevan, Department of Inorganic
and Physical Chemistry, Indian Institute of Science, Bangalore
for useful discussions. One of the authors (P. B.), thanks the 
Council of Scientific and Industrial Research (CSIR), Govern-
ment of India, for the award of a research fellowship. The
Department of Atomic Energy (DAE), Government of India is
gratefully acknowledged.
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The structure of a one-dimensional crystal of Sb2O3 encap-
sulated within a single-walled carbon nanotube and con-
formation of the latter have been solved simultaneously by
high resolution transmission electron microscopy.

In this paper we report the characterisation of a one-dimensional
crystal of Sb2O3, incorporated within a helical (21, 28) single-
walled carbon nanotube (SWNT) achieved by object wave
restoration from a focal series of high resolution transmission
electron microscopy (HRTEM) images.† Within the nano-
crystal, the atomic thickness in projection of individual
antimony columns was determined and a substantial lattice
contraction of the crystal along the tube axis observed. A
simultaneous analysis of asymmetric fringe contrast in the tube
walls provides convincing evidence for the chiral conformation
of the nanotube.

SWNTs were produced using a metal catalysed arc synthesis
technique similar to a method previously reported1 and filled by
capillary wetting.2 Energy dispersive X-ray microanalysis
(LINK ‘ISIS’ system) performed with a 0.5 nm electron probe
confirmed the chemical identity of the filling material. HRTEM
simulations, giving the complex wave function of the objects in
question, were performed using a standard multislice algo-
rithm3,4 utilising a code provided by Kirkland.5

Fig. 1(a) shows the experimental restored HRTEM phase
image of a 1.45 nm diameter SWNT containing an encapsulated
single crystal of Sb2O3. The right tube wall displays a periodic
lattice spacing of 0.224 nm, whereas the contrast variations on
the left wall are effectively random. The observed periodic

spacing on the right wall corresponds to the centre-to-centre
spacing (1.5dC–C = 0.216 nm) between neighbouring ‘zigzag’
rows of carbon atoms in the SWNT wall lattice viewed in
projection. The visibility of these spacings is determined by the
SWNT conformation, the tilt angle of the cylinder relative to the
electron beam and the HRTEM resolution (ca. 0.16 nm).

Fig. 2 illustrates the relationship between the observed wall
periodicity, nanotube conformation and tilt angle together with
corresponding simulations. Atomic coordinates for (n, m)
nanotubes were generated by mapping the strip {r | 0 ≤ r · Ch
< |Ch|2} of an unrolled hexagonal graphene lattice (with a
carbon–carbon distance dC–C = 1.44 nm and lattice vectors a1,
a2) onto a cylinder surface (Fig. 2). The structure of the SWNT
is uniquely defined by the integers (n,m) with n > 0 and 2n/2
< m @�n‡ via the chiral vector Ch = na1 + ma2.6 (n,0) and (n,n)
represent the non-chiral zigzag and armchair configurations,
respectively. All other (n,m) nanotubes are chiral with (n + m,
2m) being the mirror image of (n,m).

The three differing conformation SWNTs shown in Fig. 2
(i.e. the (10,10) tubule in (a), the (18,0) tubule in (b) and the

Fig. 1 Composite diagram showing the experimental restored phase image
(a), the simulated phase image (b) and the structural model in the observed
projection (c) and in end-on view (d), single pixel line profiles through type
1 (e) and type 2 (f) layers, respectively.

Fig. 2 (a)–(c) Schematic illustrations of the observable resolution of lattice
fringes along SWNT walls of armchair, zigzag and chiral conformations,
depending on the conformation, and the tilt angle b. The left column shows
the unrolled graphene sheet, illustrating how the orientation of the chiral
vector Ch w.r.t. the unit vectors a1 and a2 defines the rolling of a strip of the
width |Ch| into a nanotube of a specific conformation and diameter. The
middle column displays a modeled fraction of the SWNT, tilted by b = 15°
out of the image-plane. The right column shows simulated phase images of
the displayed models.
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(21,28) tubule in (c)) all have diameters close to the ca. 1.4 nm
diameter SWNT shown in Fig. 1(a).

As illustrated on the right sides of the vector models, contrast
on the right tube wall is only observable when the ‘zigzag’ rows
of carbon atoms are well aligned to the projection direction, i.e.
when the difference dr = |a 2 (2b)| between the chiral angle
a = •(Ch,a1) = arctan (√3m/(2n + m)) and the tilt angle b of
the tube axis out of the image plane is small. Similarly, contrast
on the left wall is observed when dl = |a 2�b| is small. As the
numbers of atoms in projection on the tube wall is small, strong
contrast will be visible for values of d of up to 10° and the
observed spacing will be given by 1.5dC–C cosb/cosa (Fig.
2(c)). For achiral tubes dl = dr for any tilt angle and the contrast
will therefore be equal on both walls. For b = 0 strong contrast
will be visible on both walls of a zigzag-nanotube, whereas for
the armchair tube, the difference d = 30° is too large for an
observation of any contrast due to the projection of the spacing
between zigzag rows. Instead, the relevant projected spacing is
that of √3a/2 = 0.125 nm between hexagon edges and centres
(Fig. 1(b), left), which is too small to be resolved. For the chiral
(21, 28) tube shown in Fig. 1(c), strong contrast is observed on
the right wall when the top end of the tube is tilted towards the
viewer. By measurement of the change in defocus along the
tube, it was established that the top end of the tube was higher
in the electron beam path and hence this tube must also have
negative chirality.

The orientation of the incorporated crystal fraction can best
be matched to an approximately å1 0 21Å projection through a
fragment of Sb2O3 derived from the orthorhombic valentinite
structure, believed to be the high pressure form of Sb2O3.7 The
bulk valentinite structure consists of infinite double chains of
SbO3 units, running parallel to å0 0 1Å. In these double chains
each Sb atom within the infinite Sb2O3 chains is coordinated by
three oxygen atoms, one of which bridges between two Sb
atoms.7 The other cubic senarmonite form of antimony oxide
consists of molecular Sb4O6 units.8 Fig. 1(c) shows the
proposed structure model (Fig. 1(d), end-on view) of the Sb2O3/
SWNT composite.

The white spots in the reconstructed phase image represent
atomic columns of antimony only in projection. The oxygen-
sublattice could not be resolved, due to the weak scattering
properties of oxygen and the staggering of the oxygen atoms in
projection. Multislice simulations of the restored phase of
Sb2O3 lattice fractions of appropriate thickness confirmed that
the phase contrast due to the oxygen sublattice is negligible
compared to that due to the antimony sublattice.

In the observed Sb2O3/SWNT composite the å4 21 2Å
Sb2O3 crystal direction, which subtends an angle of 78.3° with
the optimum å1 0 21Å viewing direction, is aligned along the
tube axis. Therefore, the tube inclination of b = 15°, applied to
the model and simulation in order to account for the observed
contrast within the tube wall, is plausible as a small deviation
from this viewing direction will not alter significantly the
observed contrast of the crystal. Other preferred orientations of
Sb2O3 were also observed but these always conformed to
fragments of the valentinite strucure rather than senarmonite.

The repeating structural motif of the imaged encapsulated
Sb2O3 crystal can be described as an alternating sequence of a
layer containing three columns of Sb atoms (type 1 layer)
followed by a layer containing two columns of Sb atoms (type
2 layer) arranged perpendicular to the long axis of the tube (Fig.
1(a)). Within each layer, the intensities due to the individual
antimony columns vary in a complex fashion. The line profile
through a type 1 layer (Fig 1(e)) shows a stacking pattern of
3–2–3 Sb atoms in projection. By contrast the line profile
though a type 2 layer (Fig. 1(f)) gives two peaks of equal
intensity approximately equivalent to the higher peak within the
three-member layer indicating Sb columns three atoms in
thickness. The multislice simulation in Fig. 1(b) also shows
weak contrast close to the tube walls, resulting from single atom
columns at the edge of the encapsulated crystal fragment. These
were added to the periphery of the crystal model in order to
account for corresponding weak peaks at these sites in the

obtained phase image. However, the intensity of these peaks are
not significantly higher than the background noise and it is
impossible to assign these peaks to single-atom columns
without a more accurate analysis of the phase contrast. The
proposed model therefore consists of a Sb2O3 crystal fragment
with sequences of 3–2–3 and (1–)3–3(–1) layers repeating every
fourth equivalent layer along the å4 21 2Å direction (Fig.
1(c)).

Since the oxygen sublattice was not resolvable, the oxygen
coordination is predicted from the bulk valentinite structure.
However, in order to fit the modeled Sb2O3 crystal into a 1.4 nm
diameter SWNT, some oxygen atoms on the crystal surface
were omitted. This can be justified in terms of an anticipated
reduction in coordination at the Sb2O3/SWNT interface (cf. 2 3
2 and 3 3 3 KI crystals formed in SWNTs9,10).

Significant lattice distortions were observed in the Sb2O3
crystal. A comparison with the bulk structure of valentinite,
shows that the encapsulated crystal displays a longitudinal
contraction of 13% along the å4 21 2Å axis (Fig. 1(a)–(c)). A
similar contraction was also observed in a 3 3 3 KI crystal
encapsulated within a SWNT.9 In the Sb2O3/SWNT composite,
lattice measurements from line traces show an average spacing
of ca. 0.552 nm between type 1 or type 2 rows respectively,
whereas in bulk Sb2O3 equivalent rows are spaced at ca. 0.638
nm. The observed lattice contraction may be caused by local
interactions between the Sb2O3 crystal and the SWNT walls
although the wall periodicity of a chiral nanotube cannot be
commensurate with a periodic crystal over the long range, as
was noted previously.11 Additional distortions may be caused
by the reduction in coordination at the Sb2O3/SWNT inter-
face.

A more detailed account of this work is in press.12

We acknowledge the Petroleum Research Fund, administered
by the American Chemical Society (Grant No. 33765-AC5), the
EPSRC (Grant Nos. GR/L59238 and GR/L22324) and Cole-
brand Ltd. for financial support. S. F. is also indebted to BMBF
and Fonds der Chemischen Industrie while J. S. is indebted to
the Royal Society.

Notes and references
† The product was examined at 300 kV in a JEOL JEM-3000F FEGTEM
(CS = 0.57 nm; point resolution = 0.16 nm). Through focal series of
individual filled nanotubes were acquired at a microscope magnification of
3600,000 using a GATAN 794 (1 k 3 1 k pixel) CCD camera. From these
focal series, the image wave was obtained using a Wiener filter restoration
with abberations in the individual images.11

‡ The lower limit for m used here differs from the definition given in ref. 6,
to ensure that the chiral angle a lies in the range 230 < a @ 30°.
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Molecular dipoles assemble with a perfectly polar alignment
in the crystals of the title complex and the hierarchy of
intermolecular interactions in the lattice adheres to the
requirements of a previously reported stochastic model for
the production of polarity in supramolecular assemblies.

Molecular materials with a polar organization of the constituent
dipoles are of great current interest because a variety of
technologically important solid state properties such as pyro-
electricity, piezoelectricity and nonlinear optical (NLO) effects
may be realized in them.1 Such materials would be the basis for
the development of novel electro-optic (EO) and photo-
refractive devices2 and nanoscale components such as molec-
ular rectifiers.3 Parallel alignment of molecular dipoles em-
bedded in polymer films is achieved through electric field
poling.4 Non-centrosymmetric lattices are not common in
molecular crystals;5 special design strategies are often em-
ployed to induce noncentrosymmetricity.6 Still rarer are highly
polar molecular crystals with molecular dipoles aligned parallel
to a single axis. Marder et al. have developed the ‘salt
methodology’ wherein the anion sheets provide the driving
force favoring a net polar alignment of cation sheets;7 the well-
known NLO crystal DAST has molecular dipoles in the crystal
ab plane oriented at ca. 20° on either side of the a axis.7b

Optimal chromophoric orientation for EO applications has been
achieved through co-crystallization approaches by Bosshard
and coworkers.8 Another successful strategy is the inclusion of
polar guest molecules in channels of host molecules developed
by Hulliger et al.9 The latter have also carried out stochastic
modeling of the growth of polar bulk structures.10 One of the
significant conclusions from their study is that polarity in
supramolecular assemblies is a tunable property controlled by
the energetics of intermolecular interactions in different
directions. While bonding interactions are required to assemble
chains or sheets of polar molecules aligned along the direction
of polarity evolution, the lateral interactions are required to be
non-bonding recognitions to achieve 3-D polar alignment. The
low density of the active molecules in two-component salts, co-
crystals and the host–guest inclusion materials leads to less
effective utilization of the bulk material to achieve the desired
solid state effects. If molecular design involves a dipolar
backbone with an optimal decoration that dictates weak or non-
bonding lateral recognition, the assembly should lead to a polar
crystal lattice with a higher density of the active species, a
situation ideally suited for EO applications.11 A potential
candidate would be a ‘screw’-shaped molecule with a dipolar
axis and a ‘head’ which curtails lateral interactions without
obstructing 1-D head-to-tail Coulombic interactions. We have
realized this paradigm in the perfectly polar lattice of (4-dime-
thylaminopyridyl)bis(acetylacetonato)zinc(II) (ZNDA);
DMAP–Zn forms the polar entity and the acac ligands the

‘head’. This material also possesses good thermal stability and
transparency.

ZNDA was synthesized by the direct replacement of the
water molecule in Zn(acac)2·H2O by DMAP. Colorless crystals
could be grown from methanol. X-Ray analysis revealed the
orthorhombic space group Fdd2 with half a molecule in the
asymmetric unit;12 C2 rotation generates the other half. Zinc and
the coordinated pyridine nitrogen, the para carbon and
dimethylamino nitrogen atoms on DMAP lie on special
positions on the c-axis. Zn(II) has distorted square-pyramidal
coordination with normal bond parameters;13 Fig. 1 shows
clearly the ‘screw’-shaped structure. The molecules pack into a
perfectly polar lattice with the dipoles aligned along the c axis
(Fig. 2) by virtue of the special position of Zn and DMAP. The
origin of this organizational motif may be sought in the
interplay of intermolecular interactions in the ZNDA lattice.

ZNDA is expected to have a sizeable dipole moment due to
the push–pull nature of the DMAP–Zn(II) combination; AM1
calculation14 on the molecular geometry from the crystal
structure gives a value of 8.919 D. The electrostatic interaction
between the dipoles directs the head-to-tail chain formation
along the c axis. This is augmented by weak intermolecular H-
bonds15 between the carbon atoms of the dimethylamino groups
of the DMAP ligand and oxygen atoms of the acac ligand of
neighboring molecules (rC7…O12 = 3.679 Å; qC7–H7B…O12 =
158.7°). A further network of weak intermolecular H-bonds
(rC4…O8 = 3.612 Å, qC4–H4…O8 = 139.6°; rC7…O8 = 3.526 Å,

† Electronic supplementary information (ESI) available: synthesis charac-
terization and crystal structure details of ZNDA and brief structural details
of 4-morpholinopyridyl analog of ZNDA. Colour version of the space
filling model of the structure of ZNDA. See http://www.rsc.org/suppdata/
cc/b1/b101248g/

Fig. 1 Space-filling model of the molecular structure of ZNDA determined
from single crystal X-ray analysis.

Fig. 2 View of the unit cell of ZNDA viewed approximately along the b
axis; H atoms are omitted for clarity.
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qC7-H7A…O8 = 155.6°; rC4…O12 = 3.585 Å, qC4-H4…O12 =
151.0°) between DMAP and acac binds the ZNDA molecules
into a sheet parallel to the bc plane (Fig. 3). The sheets are well
separated in the a-direction with a distance of ca. 7 Å between
adjacent DMAP planes (Fig. 4). Neither strong nor even the
weak bonding interactions present within the sheets are
observed between the sheets. Thus the 3-D lattice structure of
ZNDA is built from electrostatic interactions along the c axis
and weak non-covalent interactions within the bc plane leading
to sheet structures with no bonding recognition between the
sheets in the a direction. This bulk organization16 is in perfect
accord with the Hulliger model for the generation of polarity in
supramolecular systems.

The polar arrangement in molecular lattices is of interest in
NLO applications. We have measured the second harmonic
generation (SHG) from microcrystalline powders of ZNDA
using the Kurtz–Perry technique.17 SHG comparable to that of
urea is observed. The low SHG is due to the small hyper-
polarizability (AM1/TDHF18 calculation on the molecular
geometry from crystal structure gives a static hyperpolariz-
ability of 4.4 3 10230 esu) and the non-optimal molecular
orientation in the crystals, for phase-matched SHG.19 Large
single crystals or oriented crystalline films have to be fabricated
to carry out EO studies. Our current efforts are directed towards
these goals. The good thermal stability (mp = 240 °C) and
damage-free sublimation coupled with the large transparency
range (lmax = 282 nm, lcut-off = 330 nm for methanol

solutions) of ZNDA make it a promising candidate for further
explorations.

In conclusion, the perfectly polar lattice of ZNDA, a case of
self-poled assembly of molecular dipoles, reveals a hierarchy of
intermolecular interactions in different directions in line with
the requirements put forth in the stochastic model for the
generation of polar supramolecular assemblies.

Financial support from the DST (Swarnajayanti Fellowship)
and the use of the National Single Crystal Diffractometer
Facility funded by the DST at the School of Chemistry,
University of Hyderabad are gratefully acknowledged.
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Pure silica mesoporous materials that exhibit remarkable
hydrothermal stability may be prepared by restructuring
calcined MCM-41 via secondary synthesis involving ex-
tended recrystallisation.

Mesoporous silicas, such as MCM-41, are potentially useful as
sorbents, heterogeneous catalysts and as hosts for the prepara-
tion of composite materials for advanced applications.1 The
preparation of mesoporous silicas which exhibit good hydro-
thermal stability (in hot water and under steaming conditions) is
one of the most important requirements with respect to their use.
To date, most of the work reported on the hydrothermal stability
of mesoporous silicas has dealt with stability in boiling
water.2–6 This is mainly because stability in hot aqueous
solutions is considered essential to ensure succesful post-
synthesis modifications such as grafting and ion-exchange.
Recent advances indicate that the hydrothermal stability of pure
silica MCM-41 in boiling water can be improved by a variety of
methods which include repeated pH adjustment and/or stabilisa-
tion via salt effects during synthesis,2,5,7 restructuring of the as-
synthesised material,3,6 or the preparation of materials with
thicker and more polymerised pore walls.4 Stabilisation via a
pore wall thickening approach appears to be the most straight-
forward, but no appropriate synthesis strategies for the control
of wall thickness have so far been reported. Here we report on
the remarkable steam and boiling water stability of restructured
pure silica MCM-41 materials that are prepared via a seeded
crystallisation route. The restructured materials are prepared via
a route which involves the use of calcined MCM-41 as ‘silica
source’ for secondary synthesis which is performed over
extended periods of time. By extending the time allowed for
high temperature recrystallisation during the secondary synthe-
sis step it is possible to systematically increase the pore wall
thickness. We believe that the remarkable stability observed
here is due to a combination of thicker pore walls and a less
strained silica framework. Restructuring during the extended
‘recrystallisation’ may act to heal any defects and relieve strains
in the parent MCM-41 framework.

The parent MCM-41 was prepared using a normal procedure
as follows: tetramethylammonium hydroxide (TMAOH) and
cetyltrimethylammonium bromide (CTAB) were dissolved in
distilled water by stirring at 35 °C to give a clear solution. The
silica source, fumed silica (Sigma), was then added to the
template solution under stirring for 1 hour. After further stirring
for 1 h to allow the silica to be fully dispersed, the resulting
synthesis gel of composition SiO2+0.25CTAB+0.2
TMAOH+40 H2O was left to age for 20 h at room temperature
following which the gel was transferred to a Teflon-lined
autoclave and heated at 150 °C for 48 h. The solid product was
obtained by filtration, washed with distilled water, dried in air at
room temperature and calcined in air at 550 °C for 8 h to yield
the parent MCM-41. For restructuring, a synthesis gel of molar
ratio as above was assembled except that the parent MCM-41
was used as the ‘silica source’.8–10 The experimental procedures
were exactly as described above except that during the
secondary synthesis the heating at 150 °C was performed for 96,
140 or 168 h. The restructured samples were designated MCM-
41(RX) where X is the crystallisation time in hours, i.e. MCM-
41(R96), MCM-41(R140) and MCM-41(R168) for 96, 140,

168 h, respectively. Hydrothermal stability was tested by heat
treatment at 900 °C in a flow of nitrogen saturated with water
vapour at room temperature.

The textural parameters of the parent and restructured MCM-
41 materials before and after hydrothermal treatment are given
in Table 1. First we note that the basal spacing of the
restructured materials remains much the same despite the
differences in the time allowed for recrystallisation. This is in
contrast with previous results, which show that increasing the
crystallisation time during high temperature (!150 °C) synthe-
sis of MCM-41 favours larger basal spacing.13,14 The most
likely explanation for the non-changing basal spacing observed
here is that the structural backbone of the parent MCM-41 is
maintained during the recrystallisation.8–10 The main event
during the recrystallisation may therefore involve further
growth or linking of the existing parent MCM-41 particles as
previously described.4,9 We note that this is a strong indication
of the previously proposed seeding mechanism.8–10 The surface
area and pore volume of the restructured materials gradually
decrease with increasing recrystallisation time. The decrease in
surface area and pore volume is presumably due to the
formation of thicker pore walls; it is envisaged that the wall
thickening occurs within the existing pores of the parent MCM-
41.4,9 This then causes the pore size to decrease as shown in
Table 1. The pore wall thickness calculated for the materials
increases by more than 50% from 10.0 Å for the parent MCM-
41 to 11.4, 13.9 and 15.2 Å for MCM-41(R96), MCM-41(R140)
and MCM-41(R168), respectively. This clearly represents a
systematic increase in pore wall thickness of pure silica MCM-
41 by simply changing the recrystallisation time. It is worth
pointing out that the emphasis here is on the increase (i.e.
> 50%) rather than the actual pore wall thickness values, which
can vary depending on the calculation method.4 Powder XRD
patterns of the parent and restructured MCM-41 materials are
shown in Fig. 1A. In all cases well ordered materials were
obtained as indicated by the XRD patterns which show an
intense (100) diffraction peak and at least two higher order
peaks. In contrast to extended direct synthesis, no significant

Table 1 Textural properties of the study materials

Sample d100/Å
Surface
area/m2 g21

Pore
volume/
cm3 g21 Pore sizea/Å

MCM-41 47.3 943 0.95 44.6
Steamed 37.6 131 0.17
Refluxed 231 0.33

MCM-41(R96) 48.1 806 0.83 44.1
Steamed 45.1 626 0.55
Refluxed 669 0.83

MCM-41(R140) 49.8 690 0.68 43.6
Steamed 47.4 650 0.63
Refluxed 639 0.69

MCM-41(R168) 49.2 613 0.59 41.6
Steamed 47.0 546 0.53
Refluxed 552 0.62

a Pore size was determined by applying a geometric model.11 1.6 g cm23

was used as density of the silica walls.12
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diminution of structural ordering is observed even after
recrystallisation for 168 h.14

Fig. 1B shows the powder XRD patterns of the parent MCM-
41 and restructured materials after hydrothermal treatment at
900 °C. The parent sample is severely degraded after the
hydrothermal treatment at 900 °C; the XRD pattern of the
steamed parent sample exhibits only a weak (basal) 100 peak
and no higher order peaks. The N2 sorption isotherm of the
steamed parent MCM-41 (not shown) exhibited virtually no
mesoporous character and its surface area and pore volume
reduced by more than 80% as shown in Table 1. We note that
these observations are consistent with previous results on the
steam stability of pure silica MCM-41 materials. For example,
Chen et al. observed degradation of conventionally synthesised
Si-MCM-41 after treatment at 850 °C in water vapour (8 Torr)15

while materials prepared via repeated pH adjustment were
severely degraded after 2 h at 800 °C in a flow of O2 saturated
with water vapour at room temperature.7 In the present study
steam stability was remarkably improved after restructuring.
Fig. 1B indicates a much higher steam stability for the
restructured samples compared with the parent MCM-41. It is
also apparent from Fig. 1 that the stability of the restructured
samples is higher for materials that have been recrystallised for
longer periods of time. Indeed, for sample MCM-41(R168)
there is virtually no change in the XRD pattern after the
hydrothermal treatment at 900 °C. The N2 sorption isotherms of
the restructured samples (not shown) exhibit a sharp mesopore
filling step characteristic of well ordered MCM-41 materials.
The restructured samples are able to retain much of their
original surface area and pore volume after steaming as
indicated in Table 1. Sample MCM-41(R96) retains 78 and 66%
of its original surface area and pore volume, respectively.
Samples recrystallised for 140 and 168 h retain ca. 90% of their
surface area and pore volume. These small reductions in surface
area and pore volume observed for the steamed, restructured
samples contrast sharply with the > 80% decrease for the parent
MCM-41 material. Furthermore, the stability of the restructured
framework is illustrated by the small lattice contractions
observed for MCM-41(R140) and MCM-41(R168), i.e. only ca.
5% reduction in basal spacing compared with 20% contraction
for the parent MCM-41.

We also investigated the stability of the restructured MCM-
41 samples in boiling water. This was performed by refluxing

the samples for 24 h in distilled water at a solid+liquid ratio of
1 g per litre. The trends observed in ‘boiling water’ stability
were similar to those discussed above for steamed samples; the
restructured samples retained their structural integrity while the
parent MCM-41 sample was severely degraded. The surface
area of the refluxed parent sample decreased by 75% compared
with a reduction of typically < 17% for the restructured samples
(see Table 1). Interestingly, the pore volume of the restructured
samples was virtually unchanged after refluxing. (It is worth
noting that MCM-41 materials prepared via repeated pH
adjustment undergo severe degradation after 12 h in boiling
water.2 Restructuring of as-synthesised MCM-41 in the mother-
liquor or water can yield slightly more stable materials which
are nevertheless considerably degraded after 22 h in boiling
water).3 We also note that the restructured materials exhibit
good thermal stability in static air; after calcination at 1000 °C
for 6 h the parent MCM-41 was completely destroyed (its
surface area reduced to 24 m2 g21) while MCM-41(R96) and
MCM-41(R168) retained some structural ordering and surface
area of 244 and 401 m2 g21 respectively. It appears therefore
that the restructured materials reported here are exceptionally
stable and in any case more hydrothermally stable than any
previously reported MCM-41 with the possible exception of
those stabilised with the addition of salts during synthesis.5
Stabilisation in the present case is achieved via thicker and more
polymerised pore walls which provide a silica framework which
has fewer defects compared with that of the parent MCM-41. A
higher extent of silica condensation in the restructured materials
was confirmed by the proportion of fully condensed silica
species in the as-synthesised samples; Q4+Q3 ratios obtained
from 29Si MAS NMR analysis were in the range 3.5–4.5 for the
restructured samples, compared with 1.5 for the parent MCM-
41 material. It is likely that the restructuring, in addition to
increasing pore wall thickness and silica condensation, also
serves to heal any defects present in the parent material. The
restructured materials therefore undergo little forced silica
condensation during calcination thereby resulting in stabilised
and less strained silica frameworks. This is consistent with the
observation that on calcination, the restructured samples
undergo virtually no lattice contraction, compared with a 9%
decrease in the lattice size of the parent MCM-41 sample. It is
also possible that the large particle size of the restructured
materials contributes to their hydrothermal stability.9

The author is grateful to the EPSRC for an Advanced
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Fig. 1 Powder XRD patterns of (a) parent pure silica MCM-41, and
restructured (b) MCM-41(R96), (c) MCM-41(R140) and (d) MCM-
41(R168) materials before (A) and after (B) hydrothermal treatment at
900 °C under a flow of N2 saturated with water vapour at room temperature.
The intensity scales are the same for A and B.
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Incorporation of [U-13C]glycerol defines plausible early steps for the
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Incorporation of [U-13C]glycerol into the linear plasmid-
encoded secondary metabolite methylenomycin A, both
intact and indirectly via metabolism to acetyl CoA, was
observed in Streptomyces coelicolor suggesting plausible
early biosynthetic steps for this unusual antibiotic.

Methylenomycins A and B, 1 and 2 respectively,1 are the most
well studied members of a small group of cyclopentanone
antibiotics produced by various Streptomyces spp. Other
members of this group include xanthocidin,2 vertimycin,3

pentenomycin,4 and sarkomycin,5 which is an antitumour agent
that has been used clinically in Japan. The mmy cluster of genes
encoding methylenomycin biosynthesis and its regulation, as
well as self-resistance, is localised on a large linear plasmid that
is not essential for growth in Streptomyces coelicolor A3(2) and
a large circular plasmid in Streptomyces violaceoruber.5
Recently, the entire mmy cluster of S. coelicolor has been
sequenced.6 As a first step towards understanding how the
enzymes encoded by this cluster assemble 1 and 2 we have
reinvestigated the primary metabolic origins of these antibiot-
ics.

Previous investigations showed that radiolabelled desepoxy-
4,5-didehydro methylenomycin A 3, which is also a metabolite
of S. coelicolor, is incorporated into 1.7 Thus epoxidation of 3
appears to be the final step in the biosynthesis of 1, whereas 2
probably derives from spontaneous decarboxylation of 3.
Additional experiments using radiolabelled precursors showed
significant incorporation of acetate, pyruvate, succinate, aspar-
tate and glycine into the carbon atoms of 1.8 Intact incorporation
of acetate into C-4, C-8 and C-1, C-6 of 1 was deduced by 13C
NMR analysis of a sample isolated from a culture of S.
coelicolor fed with [1,2-13C2]acetate (Scheme 1).8

To further investigate the primary metabolic origins of the
carbon atoms in 1, the incorporation of [U-13C]glycerol was
examined.§ Surprisingly, the results of this experiment were

inconsistent with the previously reported incorporation of
[1,2-13C]acetate into C-4, C-8 of 1. The original interpretation
of the acetate incorporation experiment depended on the
assignment of the signal at 13.8 ppm in the 13C NMR spectrum
of 1 to the C-5 methyl substituent. This assignment was made on
the basis of an apparent 4J coupling between the C-5 methyl
group and the hydrogen atom attached to C-1 in the 1H NMR
spectrum, in conjunction with heteronuclear decoupling experi-
ments.8 To resolve the conflict we measured the HMBC
spectrum of 1, which unambiguously showed that the signals at
13.8 and 8.2 ppm in the 13C NMR spectrum are due to the C-4
and C-5 methyl groups, respectively (Fig. 1).

These assignments forced us to conclude that [1,2-13C]ace-
tate is incorporated intact into C-5, C-9 and C-1, C-6, rather than
C-4, C-8 and C-1, C-6 as previously reported.8 Consistent with
this reinterpretation, the 13C NMR spectrum of 1 isolated from
the glycerol feeding experiment showed indirect incorporation
of [U-13C]glycerol into C-5, C-9 and C-1, C-6 presumably by
catabolism via pyruvate to [1,2-13C]acetyl CoA. In addition,
double doublets centred on the signals for C-3 and C-8 were also
observed in the spectrum, demonstrating that these carbons are
coupled (2JC–C = 3.4 Hz; Fig. 2), which is consistent with intact
incorporation of [U-13C]glycerol into C-3, C-4 and C-8. Such
intact incorporation of glycerol is relatively unusual and has
only been reported for four other microbial secondary metabo-
lites.9 The results of the glycerol incorporation experiment are
summarised in Scheme 2.

On the basis of these results, we propose a pathway for the
biosynthesis of 1 in S. coelicolor involving nucleophilic
addition of C-2 of lactate (X = H, Y = OH) or of a glycolytic
intermediate such as glyceraldehyde-3-phosphate (X =
OPO3

22, Y = H) to C-3 of acetoacetyl ACP. This pathway,
which is mechanistically distinct from those proposed for the
incorporation of glycerol into other metabolites,9 is consistent
with the presence of the mmyA and mmyC genes in the
methylenomycin cluster, which encode homologues of an ACP
and ketoacyl synthase III (KAS III), respectively.6 However,
reduction of acetoacetyl ACP to 3-hydroxybutyryl ACP
followed by nucleophilic displacement of the hydroxy group
with C-2 of lactate or glyceraldehyde-3-phosphate cannot be

† Electronic supplementary information (ESI) available: HMBC, 1H and
13C NMR spectra of methylenomycin A. See http://www.rsc.org/suppdata/
cc/b1/b101615f/
‡ Current address: Department of Chemistry, University of Warwick,
Coventry, UK CV4 7AL. E-mail: g.l.challis@warwick.ac.uk; Fax
+44 (0)2476 524112; Tel: +44 (0)2476 523653.

Scheme 1

Fig. 1 Summary of HMBC correlations observed for 1.

Scheme 2
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ruled out.10 In either case, several alternating dehydrations and
enoyl reductions of the product would yield the common
intermediate 4 (Scheme 3).

Conversion of 4 to the known biosynthetic intermediate 3
would require condensation with unknown precursors of C-2
and C-7 and hydrolysis of the thioester linkage to the ACP
MmyA. Previous experiments eliminated the possibility that C-
2 and C-7 are derived either from actetate as an intact two-
carbon unit or from two S-adenosylmethionine methyl groups.8
However, radioactivity from [2-14C]glycine, has been shown to
incorporate into 1 and this amino acid could therefore act as
either an intact two-carbon precursor of C-2, C-7 or as a one-
carbon donor for C-2 and C-7 via metabolism to methylene
tetrahydrofolate.8 To test this hypothesis we examined the
incorporation of [1,2-13C2]glycine into 1. To our surprise, there
was no incorporation of 13C into C-2 or C-7, instead

approximately equal labelling of individual molecules at either
C-5 and C-9, or C-1 and C-6 was observed. This result can be
explained by transfer of 13C-2 from one molecule of
[1,2-13C2]glycine to another by serine hydroxymethyltransfer-
ase to give [U-13C]serine, which is then metabolised to
[1,2-13C2]acetyl CoA via pyruvate and incorporated into 1.
Thus, we have ruled out the derivation of C-2 and C-7 from
intact glycine or from two one-carbon units donated by
methylene tetrahydrofolate. Further experiments will be re-
quired to identify the cryptic two-carbon precursor of C-2 and
C-7.

In conclusion, intact and indirect incorporation of [U-
13C]glycerol has elucidated the metabolic origins of the
majority of carbon atoms in 1 and has defined plausible early
steps for the biosynthesis of this metabolite in S. coelicolor
A3(2).

Financial support by the Wellcome Trust (grant no. 053086)
is gratefully acknowledged. We thank A. C. Foster and
Professor S. V. Ley (University of Cambridge) for recording
NMR spectra.

Notes and references
§ A solution of 50 mg of labelled glycerol in water was added to a 3-day-old
500 ml culture of S. coelicolor U9 grown in complete medium at 28 °C from
spores as in ref. 8. After 24 h further incubation, the culture was filtered, and
the filtrate was adjusted to pH 2 with 6 M HCl and extracted with an equal
volume of ethyl acetate. 1 was purified from the organic extract by flash
column chromatography (silica, AcOH–PhMe 1+9) and analysed by 13C
NMR spectroscopy at 100 MHz.
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Fig. 2 Sections of the 13C NMR spectrum of 1 isolated from cultures of S. coelicolor fed with [U-13C]glycerol showing double doublets flanking the C-3
(left; 196.4 ppm) and C-8 (right; 8.2 ppm) resonances. While the larger splitting in each is due to 1J coupling between C-3 or C-8 and C-4, the smaller splitting
of 3.4 Hz in both is due to 2J coupling between C-3 and C-8, consistent with intact incorporation of [U-13C]glycerol into C-3, C-4 and C-8 of 1.

Scheme 3

936 Chem. Commun., 2001, 935–936



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Preparation of monodispersed nanocrystalline CeO2 powders by
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Monodispersed nanocrystalline CeO2 powders of size ca. 2.0
nm displaying quantum size effects have been prepared by
microwave irradiation in an aqueous solution containing
(NH4)2Ce(NO3)6, PEG and NaAc.

Ceria (CeO2) is a rare earth oxide with a high refractive index
and a very sharp fundamental absorption edge and is a
semiconductor with a band gap of 3.2 eV. It is also a highly
efficient UV absorber and is used as an additive to glass (2–4%
CeO2) to protect light-sensitive materials, as a coating for
corrosion protection of metals, as an oxidation catalyst, and as
a counter electrode for electrochromic devices1 as proposed
recently. It is currently also being used as an oxygen ion
conductor in solid oxide fuel cells (SOFCs), electrolyzers,
oxygen pumps and amperometric oxygen monitors owing to its
high oxygen ion conductivity.2 Many studies have been
conducted to prepare fine CeO2 powders by using urea-based
homogeneous precipitation,3 hexamethylenetetramine-based
homogeneous precipitation,4 hydrothermal synthesis,2 or cath-
odic electrogeneration of base.5 Transparent colloidal solutions
of ultrafine ceria particles were also directly obtained by
Masashi et al,6 by the reaction of cerium metal in 2-methoxy-
ethanol at 200–300 °C. However, the preparation of nano-
crystalline CeO2 is very difficult using conventional conditions,
and it is thus a challenge to find a novel approach to prepare the
nanocrystalline oxide.

Since 1986, microwave irradiation has found a number of
applications as a heating method in chemistry. As a quick,
simple and energy efficient method, microwave synthesis has
been developed, and is widely used for the synthesis of zeolites
and ceramic materials.7–11 Compared with conventional meth-
ods, microwave synthesis has the advantages of very short
reaction times, production of small particles with a narrow
particle size distribution, and high purity. Jansen et al.
suggested that these advantages could be attributed to fast
homogeneous nucleation and ready dissolution of the gel.7
Unfortunately the exact nature of the interaction of the
microwaves with the reactants during the synthesis of materials
is somewhat uncertain and speculative. However, it is well
known that the interaction between dielectric materials, liquids
or solids, and the microwaves leads to what is generally known
as dielectric heating in which electric dipoles in such materials
respond to the applied electric field. In liquids, this constant
reorientation leads to a friction between the molecules, which
subsequently generates heat.12 Many microwave phenomena
are poorly understood such as non-thermal effects and the
superheating effect.2,13 In this study, a novel method for the
preparation of ultrafine nanocrystalline cerium oxide is re-
ported. Monodispersed nanocrystalline CeO2 powders were
successfully prepared by microwave irradiation by means of
hydrolysis of (NH4)2Ce(NO3)6 in an aqueous solution contain-
ing poly(ethylene glycol)-2000 (PEG) and NaAc. Analysis of

the results showed that the resulting CeO2 powders were well
crystallized, of ca. 2 nm size and showing a large quantum size
effect.

An aqueous solution of 1 wt% PEG, 0.01 mol L21 (NH4)2-
Ce(NO3)6 and 1 wt% NaAc was exposed to microwave
radiation at a power level of 30% (the microwave operating in
a 30 second cycles, on for 9 s, and off for 21 s at a total power
of 650 W for 10 min), and then cooled to room temperature.‡
The resulting precipitate was centrifuged, washed with distilled
water and dried in air. The final yellow product was collected
for characterization.

The obtained powders were characterized by X-ray powder
diffraction (XRD) (Fig. 1). The XRD pattern of the as-prepared
product showed the presence of broad peaks, which corre-
sponded to the (111), (220), (311) planes for a cubic fluorite
structure.14 The broadness of the peaks indicated that the
crystallite size was very small. The microstructure of the sample
was examined by high-resolution transmission electron micros-
copy (HRTEM). Typical TEM and HRTEM images of the
sample are shown in Fig. 2(a) and (b). It is clear that as-prepared
CeO2 powders are crystalline with ca. 2 nm particle size
(HRTEM image). In addition monodispersed nanocrystals were
observed.

The UV–VIS absorption spectrum of the product dispersed in
toluene is shown in Fig. 3 and shows a very large shift compared
with the pure bulk crystal. The band gap Eg was 4.25 eV as
calculated by the direct conversion method (in Fig. 4).15 This is
1.0 eV larger than that of the pure bulk crystal (Eg = 3.19 eV).1
The increase in the magnitude of the band gap is a consequence
of the quantum size effect.

The proposed mechanism of microwave heating hydrolysis
synthesis of CeO2 nanoparticles may be as follows: first,
hydrated Ce4+ ions can form complexes with H2O molecules or
OH2 ions. Polymers of this hydroxide, Ce(H2O)x(OH2)y

(42y)+,
can then serve as the precursors of the oxide. The starting
precipitate from the Ce(IV) salt may be formed by nucleation of
hydrated Ce(H2O)x(OH2)y

(42y)+ so leading to very fine pre-
cursors for the final oxide. In aqueous solution, H2O as a polar
molecule tends to take protons away from coordinated hydrox-
ide and the reaction equation can be expressed by eqn. (1).2

Ce(H2O)x(OH2)y
(42y)+ + H2O ? CeO2·nH2O + H3O+ (1)

Compared with conventional heating methods, microwave
heating presents a more rapid and simultaneous nucleation due

† Permanent address: Huanggang Normal University, Huangzhou, 438000,
Hubei, P. R. China. Fig. 1. XRD pattern of the as-prepared product.
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to the fast and homogeneous heating effects of microwaves.
Moreover, uniform small particles can be synthesized due to the
simultaneous nucleation and homogeneous heating. In addition,
PEG, as a dispersion stabilizer, can inhibit segregation so as to
obtain homogeneous precipitation. Use of PEG is a general
method to synthesize nanocrystalline oxides with some nano-
crystalline oxides such as TiO2 and SnO2 being successfully
prepared via this route.

In conclusion, a microwave heating hydrolysis method has
been successfully used for the preparation of ultrafine nano-
crystalline CeO2 powders. The advantage of this process is that

it is fast, simple and energy efficient. It is predicted that
upscaling of the process may lead to large quantities of
nanosized CeO2 crystallites. It also represents a general method
to obtain other oxide nanocrystals.

This work is supported by the National Natural Science
Foundation of China and Ministry of Education of China.
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l = 0.15418 nm). HRTEM images of the products were obtained with a
JEOL-4000EX high-resolution transmission electron microscope
(HRTEM) with a 400 kV accelerating voltage. UV–VIS absorption spectra
were recorded on a Shimadzu UV-Visible 3100 spectrophotometer.
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Fig. 2. TEM (a) and HRTEM (b) images of the as-prepared product.

Fig. 3. UV–VIS absorbance spectrum of a toluene suspension containing
0.1046 g L21 of the as-prepared product.

Fig. 4. Plot of (aEphot)2 vs. Ephot for direct transitions, where a is the
absorption coefficient and Ephot the photon energy. The band gap Eg is
obtained by extrapolation to a = 0. The data are replotted from Fig. 3.
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Timothy D. H. Bugg* and Gang Lin

Department of Chemistry, University of Warwick, Coventry CV4 7AL

Received (in Cambridge, UK) 12th January 2001, Accepted 7th March 2001
First published as an Advance Article on the web 20th April 2001

Metallo-enzymes catalyse a rich variety of biochemical reac-
tions, some of which have little or no precedent in laboratory
chemistry.1 Studies of such enzyme-catalysed reactions have
benefited greatly in recent years from the pace of new protein X-
ray crystallographic structures, but a detailed understanding of
enzyme-catalysed reactions at the molecular level has required
an interplay between structural studies, mechanistic studies,
and small molecule model studies. This article will describe
recent studies on an intriguing and long-standing puzzle in
mechanistic enzymology, that of the non-haem iron-dependent
catechol dioxygenases.2

Discovery of the catechol dioxygenases
A number of soil bacteria, especially Pseudomonas, have the
metabolic capability to degrade aromatic compounds and utilise
these compounds as the sole carbon source for growth.3 A key
step in these catabolic pathways is the oxidative cleavage of
catechol, or substituted catechols, to give acyclic products. Two
families of dioxygenase enzyme were discovered by O.
Hayaishi which can catalyse the oxidative cleavage of catechol,
both families utilising dioxygen as a substrate (see Scheme
1).4–6 The intradiol dioxygenases, typified by catechol 1,2-diox-

ygenase (or pyrocatechase), cleave the carbon–carbon bond
between the phenolic hydroxy groups to yield muconic acid as
product, and require Fe3+ as a cofactor.4 The extradiol
dioxygenases, typefied by catechol 2,3-dioxygenase (or meta-
pyrocatechase), cleave the carbon–carbon bond adjacent to the
phenolic hydroxy groups to yield 2-hydroxymuconaldehyde as
product, and require Fe2+ as a cofactor.5

Unlike the cytochrome P450-dependent oxygenases, which
were discovered at this time, the metal co-factors were utilised
as non-haem iron by these enzymes. Hayaishi was able to
demonstrate, using 18O2 labelling experiments, that catechol
1,2-dioxygenase incorporated both atoms of oxygen from
dioxygen into the reaction products,4 hence the designation as a
dioxygenase. The mechanism invoked by Hayaishi to explain
these results was that a four-membered dioxetane ring was
formed during the reaction (see Scheme 2), which fragmented to
form the reaction products.6

The reason for the different metal ion requirement of the two
families of enzyme, however, remained a mystery. The intradiol

dioxygenases were entirely selective for Fe3+, and were
inactivated by treatment with reducing agents; while the
extradiol dioxygenases were entirely selective for Fe2+, and
were inactivated by treatment with oxidising agents. Each
family of enzyme was quite specific for the production of their
respective reaction product with a range of substrates. Fur-
thermore, although catechol is well known to be sensitive to
aerial oxidation, oxidative cleavage of catechol was a reaction
unprecedented in organic chemistry.

X-Ray crystallography of catechol dioxygenases
Although the catechol dioxygenases were demonstrated by
Hayaishi to be crystalline enzymes,4 it was not until 1988 that
the first X-ray structure of a catechol dioxygenase, the intradiol-
cleaving protocatechuate 3,4-dioxygenase from Pseudomonas
putida, was solved by Ohlendorf et al.7 The enzyme consists of
two subunits, in an oligomeric (abFe)12 structure (see Fig. 1B).
The non-haem iron(III) cofactor was found to be ligated by four
amino acid sidechains: the imidazole sidechains of His-460 and
His-462, and the phenolic sidechains of Tyr-408 and Tyr-447
(see Fig. 1D). A fifth water ligand completes a trigonal
bipyramidal structure. The two tyrosinate ligands are thought to
stabilise the iron(III) cofactor and give the enzyme its character-
istic deep red colour due to ligand-to-metal charge transfer
interactions.7 X-ray structures of protocatechuate 3,4-dioxyge-
nase from Pseudomonas aeruginosa and Acinetobacter sp.
ADP1 have also been solved.8,9

Recently another member of the intradiol dioxygenase
family, catechol 1,2-dioxygenase from Acinetobacter sp.
ADP1, has also been solved.10 This enzyme consists of an a2

homodimer with one iron(III) cofactor per subunit. The tertiary
structure of the 1,2-CTD enzyme is similar to that found in
3,4-PCD, although 1,2-CTD contains a novel helical zipper
motif at the interface of the two subunits, and contains two
molecules of bound phospholipid (see Fig. 1A). The active site
of 1,2-CTD contains a very similar arrangement of iron(III)
ligands: Tyr-200 and His-226 are the axial ligands, and Tyr-
164, His-224 and a water molecule are the equatorial ligands
(see Fig. 1C).10

Structural elucidation of the iron(II)-dependent extradiol
dioxygenases has proved more challenging, due largely to the
facile oxidation of the cofactor. By carrying out the enzyme
purification and crystallisation under an anaerobic atmosphere,
Han et al. were in 1996 able to solve the structure of
2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC) from Pseudo-
monas LB400,11 a strain capable of degrading chlorinated
biphenyls. The tertiary structure of the enzyme consists of two
similar babbb domains, only one of which contains an iron(II)
cofactor (see Fig. 2A). A funnel-shaped cavity leads to the
active site, where the iron(II) centre is ligated by three amino
acid sidechains: His-146, His-210 and Glu-260 (see Fig. 2D).11

This His2Glu/Asp motif is found in a number of other non-haem
iron(II)-dependent oxygenases, including the a-ketoglutarate

Scheme 1 Reactions catalysed by intradiol and extradiol dioxygenases.
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Fig. 1 X-Ray crystal structures of intradiol catechol dioxygenases. A. Catechol 1,2-dioxygenase (1,2-CTD) from Acinetobacter sp. ADP1,10 showing iron(III)
cofactor, ligands, and bound substrate. Bound phospholipid in shaded green (PDB accession number 1DLT). B. Protocatechuate 3,4-dioxygenase (3,4-PCD)
from Pseudomonas putida,7 showing a and b subunits (b subunit in green), iron(III) cofactor, ligands (PDB accession number 2PCD). C. Active site of
1,2-CTD,10 showing iron(III) cofactor, ligands, and bound catechol substrate (in red). D. Active site of 3,4-PCD,7 showing iron(III) cofactor and ligands. E.
Active site of 3,4-PCD co-crystallised with analogue 2-hydroxyisonicotinic acid N-oxide (in yellow),17 illustrating the movement of Tyr-447 (PDB accession
number 3PCL).

Fig. 2 X-Ray crystal structures of extradiol catechol dioxygenases. A. 2,3-Dihydroxybiphenyl 1,2-dioxygenase (BphC) from Pseudomonas LB400,11

showing iron(II) cofactor and ligands (PDB accession number 1HAN). B. Catechol 2,3-dioxygenase (2,3-CTD) from Pseudomonas putida mt-2,14 showing
the iron(II) cofactor, ligands, and a molecule of acetone bound to the iron centre (PDB accession number 1MPY). C. Protocatechuate 4,5-dioxygenase
(LigAB) from Sphingomonas paucimobilis SYK-6,15 showing a and b subunits (a subunit in blue), iron(II) cofactor, ligands, and bound substrate (PDB
accession number 1B4U). D. Active site of BphC,11 showing iron(II) cofactor, ligands (in blue), and nearby active site residues. E. Active site of 2,3-CTD,14

showing iron(II) cofactor, ligands (in blue), bound acetone molecule, and nearby active site residues. F. Active site of LigAB,15 showing iron(II) cofactor,
ligands (in blue), bound substrate protocatechuic acid (in red), and nearby active site residues.
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dependent dioxygenases and isopenicillin N synthase.12 The
crystal structure of BphC from Pseudomonas KKS102 has also
been solved with bound substrate, yielding a similar co-
ordination geometry; however the crystallised form of the
enzyme contains iron(III) rather than iron(II).13

The crystal structures of three other extradiol dioxygenases
have now been solved. In 1998 Kita et al. reported the structure
of catechol 2,3-dioxygenase from Pseudomonas putida mt-2, an
a4 tetramer.14 The subunit structure is very similar to that of
BphC, and the iron(II) cofactor is bound by His-153, His-214
and Glu-265 (see Fig. 2B,2E).14 In 1999 Sugimoto et al.
reported the structure of protocatechuate 4,5-dioxygenase from
Sphingomonas paucimobilis SYK-6, which is composed of an
a2b2 tetramer.15 This enzyme has no sequence similarity to
BphC, yet the disposition of iron(II) ligands is very similar: the
metal centre is co-ordinated by His-12, His-61 and Glu-242 (see
Fig. 2C,2F).15 In 2000 Titus et al. reported the structure of
human homogentisate dioxygenase, a non-haem iron(II)-de-
pendent dioxygenase involved in the mammalian degradation of
L-phenylalanine and L-tyrosine.16 This enzyme bears no
sequence similarity to the bacterial extradiol catechol dioxyge-
nases, yet its active site features are very similar: the iron(II)
cofactor is bound by His-335, Glu-341 and His-371.16

Thus, the solution of several X-ray structures has shown that
each family of catechol dioxygenases has a specific set of amino
acid ligands for the non-haem iron cofactor. The iron(III)
cofactor of the intradiol dioxygenases is ligated by two tyrosine
residues and two histidine residues, whereas the iron(II) cofactor
of the extradiol dioxygenases is ligated by two histidine
residues and one glutamic acid residue. Yet how does this small
difference in co-ordination chemistry relate to the choice of
reaction pathway? The active site structures do not reveal
obvious differences which would explain why one yields the
intradiol cleavage product and the other the extradiol cleavage
product.

Furthermore, recent structures of co-crystals of proto-
catechuate 3,4-dioxygenase have demonstrated that the axial
tyrosine ligand, Tyr-447, swings away from the iron(III) centre
upon binding of substrate analogues, leaving only three amino
acid ligands for the iron(III) centre (see Fig. 1E).17 The riddle of
the intradiol vs. extradiol dioxygenases therefore becomes more
intriguing: why Fe3+ and a His2Tyr2 motif (one of which
appears to dissociate during the reaction) for intradiol cleavage,
and why Fe2+ and a His2Glu motif for extradiol cleavage?

Evidence for 1,2 (Criegee) rearrangements in the
catechol dioxygenases
The catalytic mechanism proposed by Hayaishi involved the
formation of a cyclohexadienone hydroperoxide in both the
intradiol and extradiol dioxygenases, followed by the formation
of a four-membered dioxetane ring.4 Once formed, the strained
dioxetane would readily undergo retro[2+2] cleavage to give the
acyclic products, with complete incorporation of both atoms of
oxygen from dioxygen (see Scheme 2). There was, however,
some disquiet about this mechanism: the formation of dioxe-
tanes was thought to be a highly endothermic process, and their
breakdown should be accompanied by luminescence, which is
not observed for the catechol dioxygenases.18 Indeed, the only
well-characterised example of a dioxetane intermediate in an
enzyme-catalysed reaction was the firefly luciferase reaction, in
which decomposition of a dioxetane intermediate yields the
luminescence characteristic of the firefly.19

An alternative mechanism involves a 1,2-rearrangement of
the intermediate hydroperoxide. It is well precedented that alkyl
hydroperoxides can undergo migration of a carbon substituent
onto the neighbouring electron-deficient oxygen, with loss of
the second oxygen atom via heterolytic O–O cleavage (see
Scheme 3). In the case of an alkyl hydroperoxide this is known
as a Criegee rearrangement.20 This type of 1,2-rearrangement is

also commonly observed during the Baeyer–Villiger oxidation
of ketones,21 where an intermediate hydroperoxide is formed
upon attack of hydrogen peroxide or a peracid on a ketone.

For intradiol cleavage, upon formation of a cyclohexadienyl
hydroperoxide, migration of the adjacent acyl group (acyl
migration) would yield muconic anhydride as an intermediate,
which would undergo hydrolysis to give the product muconic
acid. 18O2 labelling studies on catechol 1,2-dioxygenase from
Pseudomonas arvilla have revealed that the intradiol cleavage
products contain 99% incorporation of a single atom of 18O, and
74% incorporation of a second atom of 18O, with 24%
incorporation of only one atom of 18O (see Scheme 4).22 These

data are not consistent with a dioxetane intermediate, but could
be explained by a Creigee rearrangement to give an anhydride
intermediate, followed by the partial exchange of the iron(III)
18O-hydroxide with solvent water.22 Interestingly, no single
atom isotope incorporation is observed with the natural
substrate catechol, implying a lack of exchange or a more
efficient hydrolysis of the anhydride intermediate.22 Model
reactions for intradiol cleavage (see below) have in some cases
yielded muconic anhydrides as reaction products, again con-
sistent with a 1,2-rearrangement.

In the case of extradiol cleavage, there are two possible
cyclohexadienyl hydroperoxides which could undergo 1,2-re-
arrangements. The first possibility is that proximal hydro-
peroxide (1) is formed, as for intradiol cleavage, which
undergoes migration of the adjacent alkene (alkenyl migration)
to give an a-keto-lactone intermediate, which then undergoes
hydrolysis by iron(II) hydroxide to give 2-hydroxymuconate
semi-aldehyde. The second possibility is that a distal hydro-

Scheme 2 Dioxetane intermediates proposed by Hayaishi for the catechol
dioxygenases.

Scheme 3 1,2-Rearrangement of a hydroperoxide.

Scheme 4 18O2 labelling studies on the reaction of pyrogallol with catechol
1,2-dioxygenase from Pseudomonas arvilla.
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peroxide (2) is formed, which undergoes 1,2-rearrangement via
acyl migration to give the same a-keto-lactone intermediate
(see Scheme 5). 18O2 labelling studies carried out on E. coli
2,3-dihydroxyphenylpropionate 1,2-dioxygenase (MhpB) re-
vealed that although both the acid and ketone carbonyls could
be labelled with 18O from 18O2, upon reaction in H2

18O the
carboxylate position was labelled to the extent of 30%,
consistent with the formation of an a-keto lactone intermediate,
and exchange of iron(II) hydroxide with solvent 18O-labelled
water (see Scheme 5).23 The enzyme was also found to catalyse
the hydrolysis of a saturated seven-membered lactone analogue
(3; see Scheme 6).23 These studies implicate a lactone
intermediate arising from Criegee rearrangement in the extra-
diol cleavage reaction mechanism.

Thus, evidence from 18O labelling experiments and model
studies has revealed that both intradiol and extradiol cleavage
reactions involve 1,2-rearrangements taking place on
cyclohexadienyl hydroperoxide reaction intermediates, in close
proximity to the non-haem iron cofactors.

Formation of cyclohexadienyl hydroperoxides via
single electron transfers
The formation of cyclohexadienyl hydroperoxides is implicated
in both intradiol and extradiol cleavage reactions from the
studies discussed above. How are they formed? What are the
differences between the Fe3+-based intradiol reaction and the
Fe2+-based extradiol reaction?

There are several clues from known chemistry that single
electron transfers may be involved in each case. First of all, it is
well established that the triplet ground state of dioxygen is
forbidden to react with paired-electron reagents, however it can
react with radical species, and it can accept one electron from
certain transition metal ions to form the much more reactive
superoxide species.24 Indeed, there are many examples of
divalent transition metals (e.g. FeII, CoII, IrII) which can form
stable metal(III)-superoxide complexes upon reaction with
dioxygen.24 The next clue is that catechol readily undergoes
single electron oxidation, via a stable semiquinone inter-
mediate, to an ortho-quinone species (see Scheme 7). Thus, a
redox-active metal such as iron could mediate one-electron
transfers between catechol and dioxygen.

There are specific examples from transition metal chemistry
which suggest that this may be the case. The X-ray crystal
structure of a rhodium(III)–triphos–catecholate complex (4)
with dioxygen synthesised by Bianchini et al. shows that
dioxygen is bound as superoxide, and that catechol is bound as

its semiquinone.25 This metal–semiquinone–superoxide com-
plex could be formed by one-electron transfer from RhIII to
dioxygen, followed by one-electron transfer from catechol to
RhII. The X-ray structure of the corresponding iridium(III)
complex (5) shows a C–O bond formed between the catechol
ring and dioxygen,26 indicating that C–O bond formation
between metal-bound semiquinone and metal-bound super-
oxide is feasible, to give a cyclohexadienyl hydroperoxide. A
similar cyclohexadienyl hydroperoxide has been reported for a

Scheme 5 Mechanistic schemes for MhpB-catalysed reaction showing 18O labelling pattern.

Scheme 6 Lactone hydrolysis catalysed by MhpB.

Scheme 7 Single electron oxidation of catechol.
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RhIII complex, formed by reaction of RhI(PPh3)3Cl with
9,10-phenanthrenequinone.27 One final clue for the involve-
ment of superoxide is the existence of a model reaction for
catechol cleavage involving treatment of catechol in DMSO
with solid potassium superoxide, which gives a 5–10% yield of
2-hydroxymuconic semialdehyde, the extradiol cleavage
product.28

EPR spectroscopic studies have shown that the iron(III)
cofactor of the intradiol dioxygenase family ligates to the
catechol hydroxy groups, by displacement of a bound water
molecule; however no transient iron(II) intermediates are
detectable during turnover.29,30 EPR spectroscopic studies of
the NO complex of the extradiol dioxygenase protocatechuate
4,5-dioxygenase have shown that the iron(II) cofactor binds
both catecholic hydroxy groups, and binds NO; however no
iron(III) intermediates could be detected during turnover.31

Thus, EPR spectroscopy has provided no experimental evidence
for the involvement of one-electron transfers in the catechol
dioxygenase reactions. However, if the one-electron transfers
were very fast, then no build-up of intermediates would be
observable.

The existence of carbon-centred radicals in enzyme-cata-
lysed reactions has been probed in several cases using ‘radical
trap’ substrates containing a cyclopropyl group adjacent to the
radical-bearing carbon atom.32 Formation of the radical inter-
mediate would then lead to an extremely rapid opening of the
cyclopropane ring, yielding a new reaction product or leading to
enzyme inactivation. A cyclopropyl-containing substrate ana-
logue (6) was synthesised as a substrate for 2,3-dihydroxy-
phenylpropionate 1,2-dioxygenase (MhpB) from E. coli.33 Both
cis- and trans-substituted cyclopropyl analogues were found to
be efficiently processed by the enzyme. However, when the
products were analysed by further enzymatic degradation, it
was found that isomerisation of the cyclopropyl ring sub-
stituents had occurred: processing of the trans-substituted
substrate gave 94% trans-product and 6% cis-product; while
processing of the cis-substituted substrate gave only 10% of the
cis-product, and 90% of the trans-product (see Scheme 8).
Having established that epimerisation via solvent exchange was
not occurring, the only reasonable explanation of these results is
that a radical-mediated reversible opening of the cyclopropyl
ring is taking place.33 Since the equilibrium position of ring-
closed vs. ring-opened product is governed by the stability of

ring-closed vs. ring-opened products, the reversible ring
opening can be explained by the high stability of the initial
semiquinone radical. These data provide some experimental
evidence for a transient iron(II)–semiquinone–superoxide inter-
mediate in the extradiol catechol dioxygenase reaction mech-
anism.

Evidence from model studies of intradiol cleavage also
suggests the involvement of one-electron transfers. Analysis of
a FeIIItris(2-pyridylmethyl)amine complex (7), which showed
high activity for intradiol catechol cleavage, by X-ray crys-
tallography and 1H NMR spectroscopy revealed a very strong
iron–catecholate interaction, and increased semiquinone char-
acter in the bound substrate.34,35 It was therefore proposed that
formation of a transient FeII–semiquinone intermediate pre-
ceded reaction with dioxygen (see Scheme 9).35 Since no

binding of O2 or NO to the iron(III) centre of the intradiol
dioxygenases has been observed by EPR spectroscopy,29,30 it is
proposed that the iron(II)-bound semiquinone reacts directly
with dioxygen, without prior binding of dioxygen to the iron
centre.35

Thus, both intradiol and extradiol dioxygenases utilise single
electron transfers to form a cyclohexadienyl hydroperoxide
intermediate, although the order of steps is different in the two
enzymes. In the extradiol dioxygenase active site single electron
transfer from iron(II) to dioxygen is followed by single electron
transfer from catechol to iron(III), to give a transient iron(II)–
semiquinone–superoxide intermediate, which then undergoes
C–O bond formation. In the intradiol dioxygenase active site
single electron transfer from catechol to iron(III) gives an
iron(II)-semiquinone intermediate which reacts directly with
dioxygen to form the C–O bond. Both families make use of the

Scheme 8 Cis–trans isomerisation of a cyclopropyl radical trap (6) catalysed by extradiol dioxygenase MhpB.

Scheme 9 Semiquinone activation proposed for intradiol cleavage.
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single electron redox chemistry of iron and catechol, but via a
different sequence.

Evidence for a proximal hydroperoxide in the
extradiol catechol dioxygenases
Returning to the cyclohexadienyl hydroperoxide intermediate
formed after the single electron redox chemistry described
above, there is one important issue to be resolved. The extradiol
cleavage mechanism could proceed via either of two possible
cyclohexadienyl hydroperoxides (Scheme 5). As discussed in
Section 3, either a proximal hydroperoxide could undergo
alkenyl migration to give an a-keto-lactone, or a distal
hydroperoxide could undergo acyl migration to give the same
a-keto-lactone. Which is it?

Several pieces of circumstantial evidence favour the inter-
mediacy of a proximal hydroperoxide, rather than a distal
hydroperoxide. Inspection of models reveals that the geometry
required to form the distal hydroperoxide is rather strained, and
inspection of the X-ray structures of BphC also indicates that
reaction at the proximal position of the substrate is more readily
achievable than reaction at the distal position.11,13 The
iridium(III) model complex (5) containing a cyclohexadienyl
hydroperoxide also exhibits a proximal hydroperoxide.26

More definitive evidence has been obtained for the extradiol
dioxygenase 2,3-dihydroxyphenylpropionate 1,2-dioxygenase
(MhpB) from E. coli. It was known from structure–activity
relationships that MhpB would process substrates containing a
diverse range of functional groups at the 3-position (e.g. alkyl,

–CHNCHCO2H, –OCH2CO2H) with comparable efficiency,
which is hard to reconcile with the formation of a distal
hydroperoxide at the 3-position.33 A series of analogues of the
proximal and distal hydroperoxides were synthesised, in which
the –OOH functional group was replaced by –CH2OH, and the
cyclohexadienyl ring simplified to a cyclohexanone ring.36

These ‘carba’ analogues are shown in Fig. 3. It was found that
the carba analogue 7 of the distal hydroperoxide showed no
inhibition of MhpB at 10 mM concentration. However,
analogues 9 and 10 of the proximal hydroperoxide did show
modest competitive inhibition of MhpB, with Ki values of 4.9
mM and 0.7 mM respectively. In contrast, the methyl-
substituted analogue 8 showed no enzyme inhibition. Analysis
by 1H NMR spectroscopy revealed that in 9 and 10 the
hydroxymethyl substituent is positioned in an axial oritentation
with respect to the cyclohexanone ring, whereas in 8 the
hydroxymethyl group was equatorial (see Fig. 3).36 These data
provided some experimental evidence in support of a proximal
hydroperoxide, and furthermore indicated that the conformation
adopted by the hydroperoxide was of importance, an axial
hydroperoxide being required at the extradiol dioxygenase
active site.

This result has an important consequence for the reaction
mechanisms of both families of enzyme, namely that both
reactions converge on the same proximal cyclohexadienyl
hydroperoxide intermediate (see Fig. 4). In the case of the
intradiol dioxygenases, this intermediate undergoes acyl migra-
tion to give a muconic anhydride, whereas in the extradiol
dioxygenases the proximal hydroperoxide undergoes alkenyl
migration to give an a-keto-lactone. Therefore, in spite of the
differences in the early steps of the reaction mechanism, the
inescapable conclusion is that the choice of intradiol vs.
extradiol reaction pathways is controlled by the choice of acyl
vs. alkenyl migration of a reactive proximal hydroperoxide
intermediate. How might this choice of 1,2-rearrangements be
controlled?

Acyl vs. alkenyl migration in hydroperoxide
rearrangements
In order to address the question of acyl vs. alkenyl migration, we
must first look at examples of hydroperoxide rearrangements in
organic chemistry. This section will describe instructive
examples from Criegee rearrangments and Baeyer–Villiger
oxidations.

The first example which provides a good model for the
desired proximal hydroperoxide occurs in the Baeyer–Villiger
oxidation of 1,2-diketones, in which anhydride products are
formed in a range of examples.21 Thus, upon attack of peroxide
or a peracid upon one ketone centre, an intermediate a-
ketohydroperoxide is formed, which undergoes acyl migration
(see Scheme 10). This example provides clear precedent for the
acyl migration step of intradiol cleavage, to give an anhydride

Fig. 3 Carba analogues of proximal and distal hydroperoxide reaction
intermediates, tested as inhibitors for 2,3-dihydroxyphenylpropionate
1,2-dioxygenase (MhpB) from Escherichia coli.36

Fig. 4 Proposed mechanistic convergence of the catalytic mechanisms of the extradiol and intradiol catechol dioxygenases onto a common proximal
hydroperoxide intermediate, and their divergence via alkenyl or acyl migration to give extradiol or intradiol reaction products.
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product. However, the mechanism of acyl migration may not be
as straightforward as it seems. Baeyer–Villiger oxidation of
17O-labelled benzil gave anhydride product containing 17O in
the bridging position, not consistent with a direct migration of
an acyl group (see Scheme 11).37 A mechanism was proposed

involving attack of the alkoxide ion upon the adjacent ketone, to
form a 1,2-epoxide, followed by C–C fragmentation to give the
anhydride product (see Scheme 11).37 It is known that the
presence of electron-withdrawing groups reduces migratory
aptitude in Baeyer–Villiger oxidations,38 therefore the facile
migration of an electron-deficient acyl group in this case could
be rationalised by this alternative mechanism.

One recent observation suggests that such a mechanism
might operate in the acyl migration of cyclohexadienyl
hydroperoxides. Treatment of 6-alkyl-6-acetoxycyclohexa-
2,4-dienones with carbonate buffer in water–methanol leads to
a rapid C–C cleavage reaction, resulting in the production of
acyclic esters (see Scheme 12). Studies of the mechanism of this

C–C cleavage reaction indicate that hydrolysis of the acetyl
group is essential for ring cleavage, hence that a mechanism
involving attack of the tertiary alcohol on the adjacent ketone,
followed by a benzene oxide–oxepin interconversion, may
mediate ring cleavage in this system (see Scheme 12). This
mechanism provides an alternative pathway for acyl migration
in the intradiol dioxygenase reaction.39

Recent work by Goodman and Kishi provides clear examples
of alkenyl migration: treatment of a cyclohexenyl hydro-
peroxide with trifluoroacetic anhydride yields products arising
from alkenyl migration in preference to alkyl migration (see

Scheme 13A).40 In cases where the hydroperoxide group is
positioned on a bicyclic carbon skeleton, as shown in Scheme
13B, the choice of migrating group is determined by stereoelec-

tronic factors: the group which preferentially migrates is the one
which is positioned anti-periplanar to the O–O bond which is
being broken,40 as one might expect from stereoelectronic
arguments.41

This idea provides an attractive rationalisation of the results
obtained using the carba-analogues of proximal hydroperoxide
intermediates in the MhpB-catalysed reaction.36 If the hydro-
peroxide functional group is positioned axially with respect to
the cyclohexadienone ring, and is ligated to the iron(II) centre,
then the O–O bond will be aligned in an antiperiplanar geometry
with the C–C bond to the neighbouring alkenyl group which
migrates in the extradiol reaction (see Fig. 5A). Thus, one factor

which could control the acyl vs. alkenyl migration of a common
hydroperoxide intermediate is the conformation of the bound
intermediate and hence precise positioning of the O–O bond.

Further reactions of alkenyl hydroperoxides provide an
alternative mechanism for alkenyl migration. Nishinaga et al.
have reported that treatment of a tributyl-substituted cyclohexa-
dienone hydroperoxide with acetyl chloride–pyridine leads to
the formation of two epoxides (see Scheme 14).42 These

Scheme 10 Baeyer–Villiger oxidation of 1,2-diketones.

Scheme 11 Epoxide mechanism proposed for Bayer–Villiger oxidation of
benzil.

Scheme 12 Solvolytic C–C cleavage of 6-alkyl-6-acetoxycyclohexa-
dienones (R = CH3, Ph).

Scheme 13 Alkenyl migration of a cyclohexyl hydroperoxides.

Fig. 5 Two possible mechanisms for alkenyl migration in the extradiol
dioxygenase reaction pathway. A. s bond migration of an axial hydro-
peroxide. B. p participation mechanism.
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epoxides could be formed by nucleophilic participation of the
neighbouring alkene to form an epoxide intermediate contain-
ing an allylic carbocation, which could be quenched by acetate.
Note that in this case the tert-butyl substituent will ensure that
the hydroperoxide is held axially with respect to the ring, which
would bring the hydroperoxide in close proximity to the p
system of the neighbouring diene. Further examples of the
reaction of polyunsaturated fatty acid hydroperoxides to form
epoxides have also been reported by Corey et al. (see Scheme
15).43,44 Again an adjacent diene is present, so that the
intermediate carbocation arising from nucleophilic participation
would be a stabilised allylic carbocation.

This p participation mechanism could be applied to the
alkenyl migration step of the extradiol reaction pathway.36 If the
hydroperoxide functional group is held axially with respect to
the cyclohexadienone ring, then the p system of the diene would
overlap with the s* orbital of the O–O bond, leading to the
formation of a transient epoxide species bearing an adjacent
allylic carbocation, which would rapidly undergo C–C
fragmentation to give the a-keto-lactone (see Fig. 5B). Thus,
there are two subtly different mechanisms for alkenyl migration
of an axial proximal hydroperoxide: either s bond migration of
an antiperiplanar alkenyl group, or p participation of the
adjacent diene.

In conclusion, there are literature examples of both acyl
migration and alkenyl migration in hydroperoxide 1,2-re-
arrangements in organic chemistry. The control of migratory
group via stereoelectronic factors would provide an attractive
means by which an enzyme active site might dictate intradiol vs.
extradiol cleavage. However, the examples in this Section lack
one crucial feature of the enzyme-catalysed reactions: the
proximity of the non-haem iron centre, whose effects upon
intradiol vs. extradiol cleavage will be discussed next.

Transition metal-based model reactions for
oxidative catechol cleavage
Since the discovery of the catechol dioxygenases, many
attempts have been made to mimic these reactions non-
enzymatically. The intriguing iron cofactor specificity of the
catechol dioxygenase suggested that the iron cofactor played a
major role in the active site chemistry, hence most attempts have
involved metal ion complexes of catechol substrates. Does the
character of the iron centre control the choice of cleavage
pathways?

Model systems for intradiol cleavage

The first model system for intradiol cleavage was an FeIII–
nitrilotriacetate complex 11, which was reported to convert
3,5-di-tert-butylcatechol catalytically over a period of 4 days in
the presence of oxygen to give the furanone derivative 12 in
80% yield.45,46 An X-ray crystal structure of this complex
showed the catechol substrate bound in bidentate fashion, with
the geometry around the central FeIII close to octahedral.46

Labelling studies with 18O2 on this system revealed the
incorporation of one atom of 18O2 into furanone 12, consistent
with the existence of an anhydride intermediate as shown in
Scheme 16.46

Subsequent studies using a range of iron(III) complexes
showed a correlation between the reactivity of the FeIII–ligand
system and the Lewis acidity of the metal centre, which could be
quantitatively assessed by measuring the redox potential for the
catechol-to-semiquinone oxidation.47 Of the complexes stud-
ied, the FeIII–nitrilotriacetate complex 11 showed the highest
reactivity, and the highest redox potential of +59 mV (and hence
the highest affinity of the catechol ligand for the FeIII

centre).47

Further studies by Que and co-workers led to the discovery of
more reactive FeIII complexes,34,35 the most active of which was
FeIII–tris(2-pyridylmethyl)amine 13. This complex was found
to react with dioxygen within minutes to form furanone 12 in
98% yield, at a rate of 15 M21 s21, approximately 1000-fold
faster than complex 11. Analysis of complex 13 by X-ray
crystallography and 1H-NMR spectroscopy revealed a very
strong iron–catecholate interaction, and increased semiquinone
character in the bound substrate. It was therefore proposed that
formation of a transient FeII–semiquinone intermediate pre-
ceded reaction with dioxygen, as shown previously in Scheme
9. Each of these tetradentate ligands 13–16, when complexed to
FeIII, showed activity for intradiol cleavage, revealing that two
easily accessible cis coordination sites are needed for coordina-
tion of the catecholate ligand and its subsequent reaction with
dioxygen. The order of reactivity of the coordinated 3,5-di-tert-
butylcatecholate ligand (dbc)22 was in the order [Fe(13)(dbc)]+

> [Fe(14)(dbc)]+ > [Fe(15)(dbc)]+ > [Fe(16)(dbc)]+ , and is
correlated to the Lewis acidity of the iron(III) centre.34,35,45

Scheme 14 Epoxide formation in cyclohexadienyl hydroperoxide re-
arrangement.

Scheme 15 Epoxide formation in polyunsaturated fatty acid hydroperoxide
rearrangement.

Scheme 16 Intradiol cleavage catalysed by FeIII(NTA) complex 11.
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Girerd and co-workers have investigated the structures and
reactivity of FeIII complexes of 17–20 with 3,5-di-tert-
butylcatechol, which all formed [Fe(L)(dbsq)] complexes with

significant semiquinone character.48 Reactivity for intradiol
cleavage was found to correlate inversely with the lmax value,
the order of reactivity being 13 (874 nm) > 17 (935 nm) > 18
(941 nm) > 19 (957 nm).48

In most studies, 3,5-di-tert-butylcatechol has been used as a
model substrate in functional investigations, however Krebs
and co-workers have reported studies of iron(III) complexes of
bis[(2-pyridyl)methyl][(1-methylimidazole-2-yl)methyl]amine
21 with a series of catechols.49 The position of the ligand-metal

charge-transfer (LMCT) bands were observed to shift to lower
energies by varying the substituents on the catecholate from
electron-withdrawing to electron-donating. The reaction with
dioxygen exhibits pseudo-first-order kinetics, and the order of
activity correlates with the energy of the lower energy LMCT
band of the complexes: electron-donating substituents on the
catechol result in a higher dioxygenase activity.49

Palaniandavar et al. have studied a series of iron(III)
complexes of tetradentate tripodal ligands 22–24, and found
that not only the phenolate-to-iron(III) charge transfer band but
also the L22/dbc22 to FeIII charge transfer band is remarkably
sensitive to the primary ligand environment.50 The simultane-
ous appearance of the dbc22 to FeIII charge transfer band, the
dbsq/dbc redox wave, and the lowering of the FeIII/FeII redox
potential on adding dbcH2, even in the absence of added base,
demonstrate the spontaneous deprotonation of the catechol
substrate on binding to iron(III). Thus it is suggested that one
function of the iron(III) center is to promote the loss of both
protons of the substrate.50

Attempts to mimic the ligating abilities of histidine in the
active site of the enzyme have been reported, by introducing
benzimidazole moieties into a tripodal ligand.51 Ligands 25,26
showed intradiol cleaving activity when complexed to FeIII, the

reaction rate depending on the steric and electronic properties of
the coordinating ligand moieties.51 Funabiki et al. have reported
the first example of the oxidative cleavage of 3- and
4-chlorocatechols with dioxygen by an FeIII(tpa) complex.52

4-Chlorocatechol was oxygenated at 25 °C in acetonitrile under
an oxygen atmosphere by the iron complex prepared in situ by
mixing FeCl3 and tris(2-pyridylmethyl)amine (tpa), giving rise
to intradiol cleavage products as shown in Scheme 17.52

Finally, Kruger et al. have reported a highly reactive and
catalytically active model system by using N,NA-dimethyl-
2,11-diaza[3,3](2,6)pyridinophane (27, L-N4Me2) as a macro-

cyclic ligand.53 For catalytic reaction, two equivalents of a base
are needed per iron(III). With 1% of the iron(III) catalyst, a yield
of 54% of muconic anhydride was obtained after a reaction time
of 30 h.53

In summary, intradiol cleavage activity is observed with a
number of tetradentate nitrogen ligands, complexed to FeIII.
High activity is correlated with Lewis acidity of the FeIII centre,
and semiquinone character of the bound catechol substrate. The
tetradentate co-ordination geometry of these systems parallels
the tetradentate FeIII co-ordination state in the intradiol
dioxygenase active sites (see Fig. 1).

Scheme 17
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Model systems for extradiol cleavage

Although most of model reactions for catechol oxidative
cleavage perform intradiol cleavage, there are a few examples
of oxidative cleavage by synthetic iron complexes to give
2-pyrone products which are believed to be of extradiol origin,
although they are lacking one carbon atom. Funabiki et al.
found that FeCl2/FeCl3 complexes with bipyridine/pyridine
prepared in situ cleave 3,5-di-tert-butylcatechol to give a
mixture of 2-pyrones, which incorporate 18O label from 18O2.54

The 2-pyrones are proposed to derive from decarbonylation of
the a-keto-lactone extradiol cleavage intermediate.54

Dei et al. found that the complex [FeII(TACN)(dbc)]Cl (28)
yielded 2-pyrones upon exposure to O2 in 35% yield (see
Scheme 18).55 Que et al. used the same complex to give an

almost quantitative yield of 2-pyrones using a modified
procedure with additional base/ligand in favor of extradiol
cleavage.56 Moro-oka et al. found that oxygenation of the
square pyramidal complex [FeIII(hydrotris(3,5-diisopropyl-
1-pyrazoyl)borate)(dbc)]Cl (29) results in the formation of
2-pyrones and an intradiol-derived anhydride (see Scheme
19).57 They report that a related complex which adopts a

trigonal bipyramidal geometry gives no 2-pyrone products,
therefore a vacant co-ordination site appears to be required for
oxygen activation.57

We have reported that the oxygenation of catechol by O2 in
the presence of FeCl2 or FeCl3, 1,4,9-triazacyclononane
(TACN), and pyridine in methanol gives the authentic extradiol
product 2-hydroxymuconic semi-aldehyde methyl ester in 50%
yield.58 In this model system FeCl2–TACN shows higher
selectivity for extradiol:intradiol cleavage (7+1) compared with
FeCl3–TACN (2+1), as shown in Scheme 20. Extradiol
cleavage is only observed with the facial N3-tridentate ligand
TACN, and not with N,O-macrocycles, nor with N-substituted
TACN macrocycles. We have found that this model reaction is
highly regioselective for proximal 2,3-extradiol cleavage over
distal 1,6-extradiol cleavage when using 3-methylcatechol
(35+1), or 4-methylcatechol ( > 99), or 3-(2,3-dihydroxy-
phenyl)propionic acid ( > 99+1) as substrates.59 The reaction
proceeds in the absence of pyridine using monosodium

catecholate, but not disodium catecholate, implying that
catechol binds to the iron centre as the monoanion,59 the same
conclusion reached from EXAFS studies on the 2,3-CTD–
catechol complex.60

Studies of the mechanism of the FeCl2–TACN model
reaction have shown that the role of pyridine is two-fold: one
equivalent of pyridine is required as a base to generate catechol
monoanion, but one equivalent of pyridinium chloride is
subsequently required as a proton donor to assist the Criegee
rearrangement for extradiol cleavage.59 Cleavage in the pres-
ence of methanol, ethanol or isopropanol yields the respective
various alkyl esters of 2-hydroxymuconic semialdehyde, imply-
ing the intermediacy of a 7-membered a-keto-lactone, as for the
enzymatic reaction.59 The close similarities of regioselectivity
and substrate selectivity between this model reaction and the
E. coli MhpB-catalysed enzymatic reaction suggest that they
follow a similar mechanism.

In summary, model systems for extradiol cleavage have
proved more elusive, but extradiol cleavage is observed for a
tridentate macrocyclic ligand, complexed with FeII, which
shows high selectivity and appears to follow the same
mechanism as the enzyme-catalysed reaction. It is interesting to
note that both FeII and FeIII are capable of extradiol cleavage in
this system, but that FeII shows higher rate and selectivity,
providing some insight into why FeII is found as the cofactor in
the extradiol dioxygenases. The two-fold role of pyridine in this
model reaction also suggests a role for an active site base, and
a proton donor, in the extradiol dioxygenase active sites. All of
the extradiol dioxygenases which have been structurally
elucidated have, as well as the iron(II) ligands, an additional
histidine residue near to the substrate binding site, and a

Scheme 18

Scheme 19

Scheme 20 FeCl2–TACN model reaction for extradiol cleavage.

Scheme 21 Axial/equatorial hypothesis for extradiol/intradiol dioxygenase
selectivity.
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tyrosine–histidine pair which could function as a proton donor
(see Fig. 2).

A hypothesis for extradiol vs. intradiol selectivity
At this point the reader will see that the choice of intradiol vs.
extradiol reaction pathway will be influenced strongly by the
co-ordination chemistry of the metal centre, but that the choice
of acyl vs. alkenyl migration which ultimately dictates the
reaction products will also be influenced by stereoelectronic
factors, notably the positioning of the hydroperoxide O–O bond.
In this section we will present a hypothesis which may
rationalise the selectivity shown by the extradiol and intradiol
dioxygenases using a stereochemical model.

In Section 5 we reached the important conclusion that,
although there is a different order of initial events in the
intradiol vs. extradiol reaction mechanisms, the two reaction
mechanisms converge on a common proximal hydroperoxide
intermediate. The choice of intradiol vs. extradiol reaction
pathways is then determined by acyl vs. alkenyl migration
rearrangements of this hydroperoxide intermediate. In Section 6
we saw that there is chemical precedent for both acyl migration
and alkenyl migration, but that the choice of migratory group
may be governed by stereoelectronic factors. In Section 7 we
saw that the co-ordination chemistry of the metal centre is also
important for choice of reaction pathway: tetradentate iron(III)
complexes are effective catalysts for intradiol cleavage, but that
the more elusive extradiol cleavage reaction can be catalysed by
a facial tridentate iron(II) complex. These co-ordination states
mimic the situation observed in the respective dioxygenase
active sites.

Our hypothesis to rationalise these observations is that there
are two stable conformations for the proximal hydroperoxide
intermediate: one in which the hydroperoxide group is situated
in a pseudo-axial orientation, and one in which the hydro-
peroxide is situated in a pseudo-equatorial orientation. In the
extradiol dioxygenase active site the His2Glu motif provides
three protein ligands for iron(II) (as found in the TACN model
reaction). Assuming that the iron(II) centre can access an
octahedral co-ordination geometry during the catalytic cycle,

then it is able to bind substrates and reaction intermediates via
three co-ordination sites. It is therefore able to bind the proximal
hydroperoxide intermediate in a tridentate fashion, and hence
access the conformation in which hydroperoxide is pseudo-
axial. In this conformation the hydroperoxide group is optimally
aligned for alkenyl migration (via either s bond migration or p
participation) and hence undergoes extradiol cleavage.

In the intradiol dioxygenase active site the His2Tyr2 motif
provides four protein ligands for iron(III) (as found in the
tetradentate iron(III) models). Assuming that the iron(III) centre
can access an octahedral co-ordination geometry during the
catalytic cycle, then it is able to bind substrates and reaction
intermediates via only two co-ordination sites. Bidentate co-
ordination of the proximal hydroperoxide is not able to access
the pseudo-axial hydroperoxide conformation, but instead binds
as the pseudo-equatorial conformation, which then undergoes
acyl migration. Why should an equatorial hydroperoxide
promote acyl migration? One argument is that acyl migration is
the ‘default’ option, as shown by the Baeyer–Villiger oxidation
of 1,2-diketones. Alternatively, the axial hydroxy group is well
positioned to attack the neighbouring ketone, which could
initiate acyl migration via electrocyclic ring opening.39

The weakness in this argument in the latter case is that the
axial tyrosine ligand (Tyr-447) of 3,4-PCD has been shown to
swing away from the iron(III) centre upon substrate binding,
leaving only three protein ligands.17 However, presumably Tyr-
447 is re-ligated to the iron(III) centre at the end of the catalytic
cycle, so it is not clear whether it remains dissociated from the
iron(III) centre throughout the reaction cycle, or becomes re-
attached at some point. The observation that the majority of
intradiol catalysts are tetradentate iron(III) complexes suggests
that the availability of only two co-ordination sites may be a
feature of the intradiol reaction.

Would this model explain the other amino acid sidechains
found in the extradiol and intradiol active sites? Studies of the
TACN extradiol model reaction imply a requirement for one
base for substrate ligation, and one proton donor to assist
alkenyl migration. In each of the extradiol active sites (see Fig.
2) there is a nearby histidine residue which could function as a
base (His195 in BphC is situated 4.0 Å from the iron(II) centre),

Fig. 6 Proposed catalytic mechanism for extradiol catechol cleavage, via an axial proximal hydroperoxide intermediate.

Fig. 7 Proposed catalytic mechanism for intradiol catechol cleavage, via an equatorial proximal hydroperoxide intermediate.
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and also a nearby tyrosine–histidine pair which could function
as a proton donor (Tyr250 in BphC is situated 3.8 Å from the
iron(II) centre, with nearby His-241). The active sites of
3,4-PCD and 1,2-CTD (see Fig. 1) are, apart from the iron(III)
ligands, notable for the absence of acid/base or polar amino acid
sidechains, suggesting that the intradiol reaction requires
relatively little catalytic assistance by the enzyme, consistent
with the observation that a wide variety of tetradentate model
systems are able to catalyse intradiol cleavage.

The overall catalytic mechanisms proposed for extradiol and
intradiol cleavage are shown in Fig. 6 and 7. For extradiol
cleavage, an active site base is required to generate the catechol
mono-anion, and a proton donor is required to assist alkenyl
migration. The iron(II) centre is able to activate both catechol
and dioxygen, mediate one-electron transfers, assist alkenyl
migration via Lewis acid catalysis, and activate FeII-hydroxide
for lactone hydrolysis. For intradiol cleavage, substrate deproto-
nation appears to be driven by the stronger Lewis acidity of
iron(III), which then activates the substrate for reaction with
dioxygen, then mediates acyl migration, and assists hydrolysis
of muconic anhydride. Both families of enzyme demonstrate the
range of chemical functions carried out by non-haem iron in
enzyme catalysis. A combination of mechanistic enzymology
and small molecule model studies, in combination with protein
crystallography, are now beginning to provide a rationalisation
of how Nature has evolved two catalytic strategies for this
difficult transformation, and the subtle chemical factors which
control the choice of reaction pathway.
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A criterion for thermochromism has been derived from ab
initio DFT B3LYP/6-31G* calculations of the anti-folded,
syn-folded and twisted conformations of thermochromic and
non-thermochromic overcrowded bistricyclic aromatic enes
(BAEs) 1–8: the thermochromic species is the twisted
conformation, a necessary condition being a small energy
difference, < 30 kJ mol21, between the global minimum
anti-folded and the thermochromic conformations.

Four score and a dozen years ago the phenomenon of
thermochromism—reversible change of color with change of
temperature—was revealed in bianthrone (1),1 a leading
overcrowded bistricyclic aromatic ene (BAE).2 The BAEs are
attractive substrates for the study of the conformational
behavior of overcrowded ethylenes and for the interplay of
strain and delocalization effects.2 Thermochromic and photo-
chromic BAEs and related overcrowded enes serve as candi-
dates for chiroptical molecular switches and molecular motors.3
Derivatives of 1 are topologically related to hypericin, wide
spread in St. Johns Wort, an important remedy for depres-
sion.4

The thermochromism of 1 and related BAEs in solution has
been attributed to a thermal equilibrium between two distinct

kT_
( Æ¨A B___ )and interconvertible conformers ,5 where A is the

room temperature, anti-folded (a), yellow conformer and B is
the thermochromic, green–blue conformer. It is generally
agreed that the thermochromic, piezochromic, and photo-
chromic6 B forms are identical. The prerequisites for thermo-
chromism in BAEs have been a controversial issue.7 Zwitter-
ionic valence isomers, diradicals, thermally populated triplets,
Woodward and Wasserman’s electrocyclized isomer, planar,
twisted, and double chair conformations have been suggested as
the B form.7 Previous studies applying various force fields6a

and the semiempirical MINDO/3,8 AM1,9 and PM32c,d methods
failed to rationalize thermochromism in the BAEs series.
Although PM3 calculations of the dynamic stereochemistry of
BAEs agreed with experiment, they failed to rationalize the
thermochromic behavior.2c,d We report here a theoretical

approach, applying ab initio Hartree-Fock (HF) and Density
Functional Theory (DFT), with the objective of determining
whether a given BAE should be thermochromic.

The homomerous BAEs bianthrone (1), dixanthylene (2),
dithioxanthylene (3), bifluorenylidene (4), bisdibenzocyclo-
heptenylidene (5), and the heteromerous BAEs fluorenylidene-
xanthene (6), fluorenylidene-anthrone (7), and xanthylidene-
anthrone (8) were subjected to ab initio HF/6-31G* and DFT
B3LYP/6-31G*10 calculations using Gaussian 94.11 All geome-
tries were fully optimized subject to symmetry constraints as
indicated. Minima and transition states were verified by
computing vibrational frequencies at HF/STO-3G, and B3LYP/
STO-3G optimized geometries. The following conformations
were calculated: homomerous BAEs 1–5, D2 twisted (t), C2h
anti-folded (a) and C2v syn-folded (s); 8, C2 twisted (t), Cs anti-
folded with uneven degrees of folding (au), and Cs syn-folded
with uneven degrees of folding (su); 6 and 7, C2 twisted (t), Cs
anti-folded with uneven degrees of folding (au). Table 1 gives
the calculated B3LYP/6-31G* and HF/6-31G* relative energies
(DErel) of the optimized conformations. The experimental
enthalpy values of the thermochromic B form, DHA?B, and
some geometrical parameters are also included.

According to the B3LYP/6-31G* results, three types of
conformational behavior appear:

† Electronic supplementary information available: semiempirical and ab
initio total energies of BAEs, calculated and experimental relative energies
of BAEs, selected B3LYP/6-31G* geometric parameters and frontier
orbital energies. See http://www.rsc.org/suppdata/cc/b1/b101797g/

Table 1 Calculated and experimental relative energies of BAEsa

Twistb
wd

Foldb

oe
HFc

DErel

B3LYPb

DErel

Exptl.
DHA?B

1 a-C2h 0.0 41.5 0.0 0.0
1 t-D2 55.0 4.4 66.4 12.0 12.65f,13

1 s-C2v 0.0 42.5 45.3 43.4
2 a-C2h 0.0 40.9 0.0 0.0
2 t-D2 49.7 2.7 71.1f 24.4 23.45c

2 s-C2v 0.0 42.5 41.2 38.1
3 a-C2h 0.0 49.5 0.0 0.0
3 s-C2v 0.0 51.9 38.2 35.0
3 t-D2 57.8 8.0 159.5f 86.6
4 t-D2 34.0 2.4 0.0 0.0
4 a-C2h 0.0 23.5 33.4 39.0
4 s-C2v 0.0 20.5 73.1f 74.3g

5 a-C2h 0.0 52.4 0.0 0.0
5 s-C2v 0.0 55.6 20.4 19.9
5 t-D2 65.9 22.6 268.0f 166.9f

6 t-C2 42.2 3.9/3.8 0.0 0.0
6 au-Cs 0.0 47.2/15.1 222.5 4.5
7 t-C2 44.1 6.5/4.5 0.0 0.0
7 au-Cs 0.0 47.2/16.4 224.1 5.5
8 au-Cs 0.0 42.1/40.3 0.0 0.0
8 t-C2 53.3 2.2/4.2 60.6 10.8 14.65c

8 su-Cs 0.0 44.4/40.2 43.0 41.3
a Energies in kJ mol21; the conformations are minima unless noted
otherwise. b B3LYP/6-31G*. c HF/6-31G*. d Pure twist of the central
ethylene bond: w = 1

2(tC9a-C9-C9A-C9aA + tC8a-C9-C9A-C8aA). e Folding of the
tricyclic moieties defined by the dihedral o of the least-squares-planes of the
aromatic rings. f Transition state. g Second order saddle point.
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Type 1: BAEs 1, 2, and 8 have anti-folded global minima a.
For 1 and 2, anti-folded conformations were found in the X-ray
crystal structures, which correspond to the respective A
forms.2b,c The twisted conformations t are only DErel(1) = 12.0
kJ mol21, DErel(2) = 24.4 kJ mol21, and DErel(8) = 10.8 kJ
mol21 higher in energy and thus may be populated thermally.
The DFT calculated energies are in very good agreement with
the experimentally determined enthalpies of the blue–green
thermochromic B forms:12 DHA?B(1) = 12.6 kJ mol21,5f,13

DHA?B(2) = 20.5,5b or 23.45c kJ mol21, and DHA?B(8) =
14.6 kJ mol21.5c The syn-folded conformations of 1, 2, and 8 are
considerably higher in energy (DErel(s) = 38 to 43 kJ mol21).
While the anti- and syn-folded conformations are colorless or
pale yellow, the high twist in the central double bond reduces
the p-overlap causing a substantial red shift and smaller
HOMO–LUMO gaps in twisted conformations. This rational-
izes the color change observed in thermochromic BAEs. Even a
small population of the twisted conformation at elevated
temperatures leads to a striking change of the visible color from
yellow to green or blue-green (Fig. 1).

Type 2: BAEs 3 and 5 also adopt anti-folded conformations
as global minima. However, in these cases the syn-folded
conformations s are more stable than the twisted conformations
t. The B3LYP/6-31G* conformational energies are DErel(s) =
35.0 and 19.9 kJ mol21, while DErel(t) = 86.6 and 166.9 kJ
mol21 for 3 and 5 (in 5, t is a transition state). The twisted
conformations cannot be populated in thermal equilibrium,
explaining the absence of thermochromism in these com-
pounds.

Type 3: BAEs 4, 6, and 7 have twisted global minima. This
is in accord with the deep color of the three BAEs (thermo-
chromic B form) at room temperature. The anti-folded
conformation of 4 is considerably higher in energy, DErel(a) =
39.0 kJ mol21, while the folded conformations of 6 and 7 are
only DErel(au) = 4.5 and 5.5 kJ mol21 higher than the twisted
conformations. Thus, the folded conformations of 6 and 7 may
easily be populated. Packing effects may favor the folded
conformations.14 Indeed, yellow crystals with folded conforma-
tions have been observed in 6 and 7.2b,14

The relative B3LYP/6-31G* conformational energies
DErel(t) agree within ±4 kJ mol21 with the experimental
DHA?B of the thermochromic species. On the other hand, the
Hartree-Fock results show substantial, systematic deviations
from the experimental data. For HF/6-31G*, the average
absolute error is 50 kJ mol21. The conformational energies of
the twisted thermochromic B conformers are systematically
overestimated by the HF calculations. According to the HF/
6-31G* results, s is more stable than t in 1, 2, and 8, leading to
a Type 2 conformational behavior (non-thermochromic). Fur-

thermore, at HF/6-31G*, 6 and 7 would have folded global
minima and should be yellow at room temperature.

The unique molecular architecture of BAEs gives rise to three
conformations, anti-folded, syn-folded and twisted. Each con-
formation represents a different compromise between p-
delocalization and steric strain. The bridges X and Y play an
important role in the relative stability of the three conforma-
tions, leading to thermochromism in favorable cases.

In conclusion, the following necessary conditions for the
thermochromic behavior of BAEs are deduced: (i) the global
minimum of a thermochromic BAE is anti-folded (a) or
unevenly anti-folded (au), whereas the thermochromic con-
formation is twisted (t); (ii) the energy difference between these
conformations is small: (E(t) 2 E(a)) < 30 kJ mol21. While
previous theoretical studies and ab initio Hartree-Fock calcula-
tions are flawed, giving conformational energies of twisted
conformations that are systematically too high, inclusion of
electron correlation via the DFT method solves this difficulty.
The B3LYP/6-31G* DErel(t) and the experimental DHA?B of
the thermochromic species agree within ±4 kJ mol21.
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Synthesis of a-acetoxy and formyloxy ketones by thallium(III)
promoted a-oxidation
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Treatment of ketones with thallium(III) triflate in amide
solvents at 60 °C for 30 min followed by addition of small
amounts of H2O cleanly provided the corresponding a-
acyloxy ketones.

The a-hydroxy ketone subunit is found in a variety of
biologically interesting natural products.1 The formate and
acetate groups can serve as useful protective groups for the
hydroxy functions in a-hydroxy ketones.2,3 The a-acetoxy
ketones can be prepared via various ways which include the
reaction of a-bromo ketones with carboxylate ions,4 the
oxidation of morpholine enamine with thallium(III) triacetate,5
anodic oxidation of enol acetates in acetic acid,6 and Cu(acac)2
catalyzed insertion reactions of a-diazo ketones with carboxylic
acids.7 In addition, it has been reported that the solvolytic
reaction of a-keto triflate in acetic acid or formic acid can
provide corresponding a-acyloxy ketones,8 but potential diffi-
culties in preparing a-triflyloxy ketone precursors (e.g. a-
triflyloxy propiophenone) limits their further synthetic applica-
tions. There exist only a few methods that deal with the direct
preparation of a-acetoxy ketones from ketones. These involve
the oxidation of ketones with lead tetraacetate,9 the oxidation of
ketones with manganese(III) acetate in acetic acid,10 and the
oxidation of aromatic ketones with hypervalent iodine reagent
followed by solvolysis in acetic acid in the presence of silver
carbonate.11 Although many procedures have been reported for
the preparation of a-acetoxy ketones, relatively little is known
for the preparation of a-formyloxy ketones. The only reported
method involves anodic oxidation of enol carbonate in DMF–
LiClO4.12 To the best of our knowledge, no general method for
the one-pot conversion of ketones to their corresponding a-
formyloxy ketones has been reported.†

We now report a new and highly efficient preparation method
for the a-formyloxy ketones and a-acetoxy ketones. This
methodology is based on the hydrolysis of iminium salt
intermediates 3 formed by the reaction of a-triflyloxy ketone
with amide solvent. Initial treatment of ketones with thallium-
(III) triflate, formed in situ by the reaction of thallium(III) acetate
with trifluoromethanesulfonic acid, in DMF at 60 °C followed
by addition of small amounts of H2O cleanly provided the a-
formyloxy ketones in excellent yields. The probable mechanism
is shown in Scheme 1. The thallium(III) organosulfonate
mediated a-sulfonyloxylation of ketones is well established.13

Therefore, the reaction of ketones with thallium(III) triflate at
room temperature for 10 min should provide a-triflyloxy ketone
intermediates 2 which undergoes rapid solvolytic reaction with
DMF at 60 °C for 20 min to give iminium salts 3. These
intermediates are instantaneously hydrolysed to give desired a-
formyloxy ketones in the presence of H2O. Although the utility
of DMF as a formate anion equivalent for the preparation of
alkyl formates has been reported,14 application of this method
for the a-formyloxylation of ketones is unprecedented. Among
the ketones examined, aliphatic ketones such as acetone and
pentan-3-one gave complex product mixtures under the present
reaction conditions. In the case of cyclopentanone, a-formyloxy
cyclopentanone was detected in 98% yield as judged by GC
analysis but a number of attempts to isolate pure a-formyloxy

cyclopentanone by column chromatographic separation failed
owing to the decomposition of the compounds. When the
present reaction conditions were applied to cyclohexanone, a
mixture of a-hydroxy cyclohexanone and a-formyloxy cyclo-
hexanone was obtained in a ratio of 84+16 as indicated by GC,
probably due to the highly unstable preformed a-formyloxy
cyclohexanone undergoing further hydrolysis.

When the same reaction protocol used in a-formyloxylation
of ketones was conducted in N,N-dimethylacetamide instead of
DMF, a-acetoxylation of ketones took place remarkably well to
give uniformly high yields of a-acetoxy ketones with all of the
ketones examined. The representative results are summarized in
Table 1. It is important to note that the solvolytic reaction of
iminium salts in DMF was carried out at 60 °C to obtain the best
results. Elevated temperature gave a number of side products.
The intermediates iminium salts 3 were not stable enough to be
isolated.

We have also studied the cleavage reactions of a-formyloxy
and a-acetoxy ketones to their corresponding a-hydroxy
ketones. We found the lithium hydroxide in aqueous solution to
be suitable for the cleavage of the formyl and acetyl groups.
Treatment of isolated a-formyloxy ketones or a-acetoxy
ketones in THF–H2O (3+1, v/v) solution of lithium hydroxide at
room temperature for 2 min afforded the corresponding a-
hydroxy ketones 5 in excellent yields ranging from 95 to
98%.

In conclusion, the facile conversion of ketones to the a-
formyloxy ketones and a-acetoxy ketones has been accom-
plished in excellent yield. The present approach provides
efficient entry for installation of a-acyloxy moieties into
ketones and their clean deprotection should find wide applica-

Scheme 1
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tions in the construction of a-hydroxy ketone subunit in natural
product synthesis.

The authors would like to thank the KOSEF
(1999-2-121-001-5) for financial support.
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Table 1 Conversion of ketones to a-formyloxy ketones

Entry Ketones

% Yielda of
a-formyloxy
ketones

% Yielda of
a-acetoxy
ketones

1 PhCOCH3 94 96
2 p-CH3C6H4COCH3 92 92
3 p-CH3OC6H4COCH3 97 98
4 p-ClC6H4COCH3 90 90
5 PhCOCH2CH3 96 97
6 p-CH3C6H4COCH2CH3 91 93
7 p-CH3OC6H4COCH2CH3 97 98
8 p-PhCH2OC6H4COCH2CH3 99 99
9 Cyclopropyl methyl ketone 99b 99b

10 Cyclopentanone 99c 99
11 Cyclohexanone —d 99
12 Indan-1-one 98 99
13 2-Acetylthiophene 97 98
a Isolated yields. b The acyloxylation occurred at methyl position. c GC
yield. d a-Hydroxy ketone was obtained as a major product.
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2-Phenyl-N-tosylazetidine as a formal 1,4 dipole precursor†‡
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N-Tosyl-2-phenylazetidine 1 in the presence of BF3·Et2O
reacts as a formal 1,4 dipole with various activated or non
activated alkenes.

Recently we reported that phenyl-N-tosylaziridines, in the
presence of Lewis acids generate a double exo stabilized 1,3
dipole, suitable for [3 + 2] dipolar cycloadditions.1 If the
concept of dipole with exo stabilisation could be extended to
phenyl-N-tosylazetidine 1,2,3 a zwitterionic or 1,4 dipole 1A
would be produced. Herein we present evidences for the
existence of 1A and several examples of its utilisation in [4 + 2]
cycloaddition reactions (Scheme 1).

If azetidin-2-ones have received considerable attention,
activity on the related azetidines has been less fevered.4–6 As the

benzylic C–N bond in 1 can be regioselectively broken,7 we
speculated that conditions might be found to open the azetidine
ring and to realize complete charge separation, producing a
transient dipole 1A. This putative 1,4 dipole 1A can be described
as follows:8 1A is a dipole of zwitterionic type according to the
Huisgen’s classification3 with the two charges stabilized in an
exo manner by the benzyl and tosyl groups. Indeed 1,4 dipole 1A,
if opposed to olefins, could represent a device to realise a formal
carboamination for the rapid construction of azaheterocycles
(Scheme 1).

For the generation of the dipole 1A we expected that a Lewis
acid might cause the desired charge separation.1 To trap both the
benzylic carbocation and the amide function in the elusive
dipole 1, we chose allyltrimethylsilane as a ‘probe’.9 Indeed,
azetidine 1 reacts with allyltrimethylsilane in the presence of
BF3·Et2O. The obtained allylated product 2 and silylated
piperidine 3 may have a common intermediate, a 1,6 zwitterion
1B. If desired, the conversion of piperidine 3 to allylamine 2 can
be performed in refluxing THF with TBAF [pathway (a) in
Scheme 1]. However, a slightly different mechanism can also be
proposed: BF3 activates the oxygen (or nitrogen atom) of the
sulfonamide function, the formed intermediate 1BA is then ready
for a nucleophilic attack at the benzylic cation operated by
allylsilane and subsequent intramolecular capture or desilyla-
tion of the newly formed cation can then produce either 2 or 3
[pathway (b) in Scheme 1]. If from a theoretical point of view
there is a great difference between a naked dipole such as 1A and
a more conventional zwitterion such as 1Ú, in practice the
observed reactivity of 1 is best explained using the simplified
intermediate 1A.

According to our previous experience, dihydropyran (DHP)
seems to be a better reagent than allylsilane for a dipole
‘capture’.1,10 Indeed in the presence of BF3·Et2O and a threefold
excess of DHP, 1 is quantitatively transformed into three
adducts 4a, 4b and 5, but the chemical events are more complex
than expected. A [4 + 2] cycloaddition takes place. The
formation of the adducts 4a (exo), 4b (endo) and 5, a di-
substituted tetrahydropyridine with a pyranyl appendage, are
accounted for by Scheme 2a. The structure of 4a was obtained
by a single crystal X-ray analysis.11

† This paper is dedicated to Professor Camille-Georges Wermuth.
‡ Electronic supplementary information (ESI) available: experimental
details and characterization for key intermediates, including the
ORTEP figures of the X-ray structures for compounds 4a and 10. See http://
www.rsc.org/suppdata/cc/b1/b101168p/

Scheme 1 Reagents and conditions: (i) allyltrimethylsilane BF3·Et2O,
278 °C, CH2Cl2; (ii) TBAF, THF (95%).

Scheme 2 Reagents and conditions: DHP, BF3·Et2O, 278 °C, CH2Cl2; (ii)
pTSA, toluene, reflux.

This journal is © The Royal Society of Chemistry 2001
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The formation of 5 is best explained in the following way:
under the reaction conditions the pyranyl ring in 4a and/or 4b is
opened through an immonium/enamine acid catalysed process
and the transiently formed alcohol 5A is trapped by the excess of
DHP present in the reaction mixture. In fact we suspect that the
major pathway which produces 5 is the transformation of 4b.
Indeed in complementary experiments, we verified the stability
of the two cycloadducts 4a and 4b in presence of BF3·Et2O at
278 °C. After 30 min 4a was recovered unchanged, while 4b
was completely transformed into 4a and 5A, as shown by the
analysis of the crude reaction mixture by NMR. Now if heated
in toluene in the presence of pTSA, the mixture of 4a and 5A is
totally converted to 4a (Scheme 2b). Therefore it can be
concluded that the reaction between 1 and DHP is a sequence of
equilibria, the thermodynamic bicycle 4a surviving under the
reaction conditions, whereas 4b evolves to 5 via 5A. It should be
noted that only the cis aza, oxo [4.4.0] bicycle was observed
because the geometrical condition required for a maximal
anomeric effect is accomplished only in a cis aza, oxo [4.4.0]
bicycle.12 Finally, it has to be emphasized that the chemical
potentialities of 4a as N,O acetal are considerable.13

Another question which was addressed: does 1A react with
simple non-activated double bonds? We selected commercially
available exomethylene cycloalkanes (cyclobutane, pentane,
and cyclohexane) as partners for 1. In this case the formation of
spiropiperidines was precisely anticipated. Indeed the adducts
isolated and characterised were respectively the spiro com-
pounds 6, 7 and 8 (Scheme 3). These results confirm nicely the
reactivity of 1 as a formal 1,4 dipole in [4 + 2] cycloaddition to
olefins and are in line with the results obtained with the
corresponding aziridine.1 This sequence constitutes a new and
rapid entry to spiropiperidine rings.

The results from using cycloalkenes (cyclopentene, cyclo-
hexene, cycloheptene) as ‘dipolarophiles’ were a surprise:
cycloalkenes reacted with azetidine 1 in the presence of
BF3·Et2O, but no trace of the expected [4 + 2] cycloaddition
products was observed. A complete NMR analysis of the
obtained products showed the exclusive formation of spiro-
pyrrolidines 9–11. The single crystal X-ray analysis of 1014

confirmed the structural assignment made by NMR (Scheme 4).
These unexpected results are best explained if the two following
arguments are considered: hydride shift is assumed to provide
the intermediate with the more stable tertiary (carbocation in
respect to the secondary) and the formation of 9–11 is accounted
for by the preferential formation of five over six-membered
rings. These results are in sharp contrast with those for the
corresponding aziridine where [3 + 2] cycloaddition was always
the major pathway.1

Finally the formation of spiro-pyrrolidines results from a
formal [4 + 1] cycloaddition of dipole 1A. The hydride shift can
be seen as additional proof for a stepwise, not concerted,
mechanism of cycloaddition reactions of 1 on non-activated 1,2
disubstituted double bonds. To the best of our knowledge no
examples of such a reaction have been reported. This sequence
is a new entry to spiro-pyrrolidines, which constitute the core of
some natural products.15

In summary, in this work we demonstrate that the 1,4 dipole
1Awith double exo stabilisation is accessible from azetidine 1; 1A
reacts under mild conditions with several olefins to produce
spiro-pyrrolidines or -piperidines by [4 + 2] or formal [4 + 1]

cycloadditions; 1A reacts with DHP to produce aza oxo [4.4.0]
bicycles which are valuable intermediates. Finally, azetidine 1
allows, in one chemical step, a new and unique entry to
azaheterocycles.
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Scheme 3 Reagents and conditions: BF3·Et2O, 278 °C, CH2Cl2.

Scheme 4 Reagents and conditions: BF3·Et2O, 278 °C, CH2Cl2.
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1,9-Dihydro-3-phenyl-4H-pyrazolo[3,4-b]quinolin-4-one, a novel
fluorescent probe for extreme pH measurement
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The synthesis of 1,9-dihydro-3-phenyl-4H-pyrazolo[3,4-
b]quinolin-4-one and its pH-dependent fluorescent proper-
ties for extreme pH measurement are presented. 

The accurate measurement of pH is very important because it
usually plays a key role in a variety of systems. The most
popular and direct device for pH measurement is the glass pH
electrode. However, the known limitations of the glass pH
electrodes (e.g. its electrical interference or mechanical damage
to small cells, and the presence of acid error and especially
alkaline error1) make them unsuitable for certain applications:
intracellular pH and microscopy studies as well as the
measurements of extreme pH values below 1 or above 9. In
contrast to the electrochemical methods, optical measurements,
based on fluorescent probes that are either protonated or
deprotonated, have no such drawbacks.2 Moreover, fluorescent
measurements are convenient to microscopy studies, and can
reflect the H+ distribution and change within cells.3 It is not
surprising, therefore, that the researches on pH-dependent
fluorescent probes have received a great attention,4 particularly
on the probes which are pH-sensitive to the near neutral pH
value of normal body fluids for the point of biological
application. To the best of our knowledge, however, relatively
less attention was paid on the fluorescent probes which are pH-
sensitive in the lower pH region (pH < 5) or the higher pH
region (pH > 9), though in some cases pH changes (e.g. within
the stomach) can enter the extreme pH ranges.1,5 It is also a
challenge to design a fluorescent probe with linear response
over a broad range, because pH measurement can be accurately
made only over a range of about two pH units, i.e. pKa ± 1.
Although some attempts have been made to broaden the
response range of pH measurement by using a mixture of
multiple pH indicators,6 this makes the system rather complex.
Another feasible approach to the problem is to develop a probe
with multiple steps of H+ binding.7 Unfortunately, the typically
used pH-dependent groups such as –COOH, –OH, etc., have a
high affinity for common metal ions, thus resulting in
complexation and nonspecific response of the probe to H+.

The objective of this research was to design a novel
fluorescent probe which is both pH-selective and pH-sensitive
for extreme pH ranges, by assembling several electronegative
atoms in the different positions of a highly conjugated molecule.
Scheme 1 shows the synthetic route to such a fluorescent probe,
1,9-dihydro-3-phenyl-4H-pyrazolo[3,4-b]quinolin-4-one 5.8
The reaction of 2-benzoylketene dithioacetal 19 with 2 gave
methylthio-substituted quinolone 3. Upon treatment with hydra-
zine, 3 was converted quantitatively to hydrazone 4 which was
then transformed into the designed product 5 by further heating
in pyridine.

In order to increase the selectivity for H+, the use of carboxyl
which is easy to complex with metal ions was avoided. pH-
dependent amino groups, though they are also strong ligands for
metal ions, were mainly chosen as H+ receptors because of their
convenient arrangement in synthesis and the wealth of proton
binding data available.10 The arrangement of multiple H+

receptors is conducive to obtaining a broad pH response range,

and three nitrogen atoms and one oxygen atom were set in the
probe 5. To achieve the fluorescent response to extreme pH
values, the environmental difference among the electronegative
atoms in the conjugated molecule should be as large as possible.
The potential binding sites for H+ in 5 were therefore placed in
quite different environments. Particularly following the known
data,11 one nitrogen atom [e.g. N(9)] was arranged in an
electron-deficient position and another one N(1) in an electron-
rich position, expecting the generation of considerably different
pKa values. In addition, for improved selectivity, the arrange-
ment of all the electronegative atoms in the structure should not
provide a suitable cavity or a convenient formation of five- and
six-membered ring complexes for metal ions. As shown in
Scheme 1, the prepared probe 5 does not possess any favorable
complexation sites for metal ions. The benzene ring in the
position 3 of the probe would render a steric hindrance for any
possible complexation of either the adjacent oxygen or nitrogen
atom with metal ions.

The experimental results showed that the probe has a notable
fluorescence quantum yield of obase = 0.14 in basic media (pH
= 13.0) or oacid = 0.12 in acidic media (pH = 1.0) with an
appreciable fluorescence lifetime of 11.12 ± 0.04 ns,12 and its
fluorescence spectra are highly dependent on pH (Fig. 1).
Titration of fluorescence intensity with pH gave two pKa values
of 2.61 and 12.44 (Fig. 1, insets),13 which correspond to the
protonations of the two nitrogen atoms N(9) and N(1) in the
probe, respectively. It is understandable that only two of the
electronegative atoms exhibit pH-sensitivity, because the
basicity of the other two (one nitrogen and one oxygen) is
largely weakened by their lone electron pairs participating in the
system conjugation. As a result, the probe is capable of
measuring the extreme pH values over the two pH ranges of
1.8–3.4 and 11.6–13.3, respectively. Further, the probe was
stable and no obvious changes in fluorescence were observed
within 5 months at rt. It should be pointed out that the probe is
unsuitable for neutral pH measurements, since a nonlinear
response of fluorescence intensity to pH was observed in that
region.

To test the selectivity of the probe, the effects of various
diverse ions upon the emission spectra were examined. The
results showed that the selectivity of this probe for H+ over other

Scheme 1 Reagents and conditions: (a) propanoic acid, reflux 48 h; (b)
hydrazine hydrate (30%), ethanol reflux; (c) anhydrous pyridine, argon
protection, reflux 60 h.
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ions (Table 1) is of specificity, making it very useful for
accurate measurement of extreme pH values.

The mechanism of the probe’s fluorescence response to pH is
complex due to the influence of protonation/deprotonation and
the possible presence of enol–amide tautomerism, but it may be
interpreted largely according to photoinduced electron transfer
(PET) principle, which has been widely used to design a variety
of fluorescent ion sensing molecules.14 Nitrogen atoms often

serve as both H+ receptors and electron donors in the PET
process. In acid media, the probe 5 has a longer fluorescence
emission of 493 nm at the optimal excitation of 385 nm (Fig.
1A), and the H+ binding equilibrium of the N(9) atom yields an
isosbestic point at 462 nm. Further protonation of the probe may
inhibit the related PET, resulting in fluorescence enhancement
(Fig. 1, curve a). On the other hand, the deprotonation of the
N(1) atom in basic media presumably revives the corresponding
PET, causing fluorescence quenching at 433 nm (Fig. 1B).

In summary, a novel fluorescent pH probe 5 has been
prepared by arranging several electronegative atoms in the
different environments of a conjugated molecule. Although this
probe is far from being an ideally broad pH sensor, it greatly
complements glass pH electrodes. Further work in this area
would be beneficial to designing more excellent fluorescent pH
probes.

Financial supports from the NNSF of China and the CMS
fund of CAS are acknowledged.
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Table 1 The tolerable concentration of foreign ions for the measurement of pHa

Mn+ Ca2+ Cu2+ Fe2+ Fe3+ K+ Mg2+ Mn2+ Zn2+ NO3
2 PO4

32 CO3
22 SO4

22

c/1024 Mb 10 10 0.70 0.40 20 0.80 40 2.6 0.50 2.0 0.20 4.0
c/1025 Mc 20 4.5 3.6 3.4 20 0.32 0.20 2.2 1.0 1.0 8.3 20
a The tolerable concentration was estimated by the criterion at which a species gave a relative error of no more than 5% in the analytical signal (fluorescence
intensity) of the probe (2.0 3 1023 g dm23) in the presence of 0.1 M NaCl. b Measured in acid medium (pH = 2.0). c Measured in basic medium (pH =
12.0).

Fig. 1 pH-dependence of the fluorescence spectra of 5 (5 3 1023 g dm23)
in 0.1 M NaCl at various pH values (A): 1.29 (a), 2.59 (b), 2.72 (c), 2.81 (d),
3.09 (e), 3.41 (f); and (B): 11.82 (a), 12.01 (b), 12.17 (c), 12.29 (d), 12.41
(e), 12.69 (f). Different pH values were obtained by adding small amounts
of 0.1 M HCl or NaOH to the solution. The excitation was at 385 nm for
both of the emission spectra (Em) of (A) and (B); the emission was at 493
and 433 nm for the excitation spectra (Ex) of (A) and (B), respectively. Inset
shows the variation of fluorescence emission intensity with pH at 493 (A)
and 433 nm (B), respectively.
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Secondary amine–borane adducts R2NH·BH3, which are
stable to H2 elimination below 100 °C, undergo efficient
catalytic dehydrocoupling at 25–45 °C in the presence of RhI

or RhIII complexes to quantitatively form cyclic aminobor-
anes [NR2–BH2]2 (1: R = Me or 2: cyclo-C4H8); under
similarly mild conditions, the analogous adducts NH3·BH3
and MeNH2·BH3 yield borazines [RN–BH]3 (3: R = H or 4:
R = Me) in yields limited by intermolecular coupling
reactions.

The application of transition metal catalysis to organic synthesis
is of enormous current importance. In contrast, the development
of analogous methods for the formation of homonuclear or
heteronuclear bonds between main group elements is relatively
unexplored. Nevertheless, the discovery of new synthetic
methods, which can complement the classical reactions used in
main group chemistry such as salt eliminations, is likely to be of
key future importance for the general development of molecular
and macromolecular p-block chemistry. Recent work has
focused on catalytic dehydrocoupling routes1 and the well-
established catalytic dehydropolymerization of silanes, ger-
manes and stannanes represents a key advance.2–6 More
recently, homodehydrocoupling chemistry has been extended to
include P–P bond formation7 and catalytic heterodehydrocou-
pling reactions to form B–Si,8 Si–P,9 Si–N,10 and Si–O
bonds11,12 have also been reported. Recently, we reported the
first examples of the transition metal-catalyzed formation of P–
B bonds.13 Thus, dehydrocoupling of phosphine–borane ad-
ducts at 60–130 °C in the presence of a range of precatalysts
(e.g. RhI complexes) was found to provide a new route to
phosphinoborane rings, chains and macromolecules.13,14 In this
preliminary communication we report well-characterized exam-
ples of the use of catalytic dehydrocoupling to form new boron–
nitrogen bonds under mild conditions.15

Amine–borane adducts undergo thermally-induced dehy-
drocoupling at elevated temperatures to afford mixtures of small
rings such as cyclic aminoboranes and borazines. For example,
dimethylamine–borane, Me2NH·BH3, eliminates hydrogen at
130 °C to quantitatively yield the cyclic dimer [Me2N–BH2]2
1.16 However, when a solution of Me2NH·BH3 in toluene was
treated with ca. 0.5 mol% of [Rh(1,5-cod)(m-Cl)]2 (1,5-cod =
1,5-cyclooctadiene) or RhCl3·3H2O at 25 °C for 48–60 h, the
quantitative formation of the cyclic aminoborane 1 was detected
by 11B NMR spectroscopy. The reaction time was reduced to
24 h when the temperature was raised to ca. 45 °C or the amount
of catalyst increased to 5 mol%. The iridium complex [Ir(1,5-
cod)(m-Cl)]2 also catalyzed the dehydrocoupling reaction but
this precatalyst (ca. 0.5 mol%) proved less active with the
reaction time for quantitative conversion to 1 increasing to 72 h
at 45 °C. Significantly, prolonged heating of neat Me2NH·BH3
in the absence of catalyst over a period of 7 days at 45 °C
resulted in the quantitative recovery of unreacted adduct, which
clearly demonstrated the catalytic effect of the Rh and Ir
complexes.

Cyclic aminoborane 1 was isolated as a colorless, extremely
volatile yet air-stable crystalline solid.† The 1H-coupled 11B
NMR spectrum showed a triplet at d 4.75 (1JBH 110 Hz), which
was consistent with the coupling of two hydrogens to the boron

centre. While 1H and 13C NMR spectra were also consistent
with the proposed product, single-crystal X-ray diffraction‡
provided definitive confirmation (Fig. 1).17 Notably, the B–N
bond lengths of 1 (1.595(4) Å) closely match those of the
analogous cyclic trimer [Me2N–BH2]3 (1.61(4) Å)18 and
moreover, are in the range observed for amine–boranes (ca.
1.58 Å). The four-membered ring appears to be strained with
bond angles deviating significantly from the tetrahedral ideal
with values of 93.7(2) and 86.3(2)° for the N(1)–B(1)–N(1A)
and B(1)–N(1)–B(1A) angles, respectively.

The formation of the cyclic dimer 1 via metal-catalyzed
dehydrocoupling of a secondary amine–borane adduct repre-
sents a new, mild route to boron–nitrogen rings. We found that
the strategy can be extended to other adducts such as
pyrrolidine–borane, (CH2)4NH·BH3. Thus, the addition of
catalytic (ca. 0.5 mol%) amounts of [Rh(1,5-cod)(m-Cl)]2 or
RhCl3·3H2O to a solution of the adduct (toluene, 25 °C, 24 h)
similarly led to the quantitative formation of the cyclic
aminoborane 2 (Scheme 1). Cyclic 2 was also characterized by
multinuclear NMR spectroscopy† and by single-crystal X-ray
diffraction.19

The catalytic dehydrocoupling methodology is not restricted
to secondary amine–borane adducts. Thus, in the presence of
[Rh(1,5-cod)(m-Cl)]2 (1.5 mol%), the parent ammonia–borane
adduct NH3·BH3 was found to eliminate two equivalents of
hydrogen to form borazine 3 (diglyme or tetraglyme, 45 °C,
72 h) by 11B NMR (Scheme 2).20 However, isolation from the
reaction mixture by vacuum fractionation proved difficult; pure

Fig. 1 Molecular structure of 1. Selected bond lengths (Å) and angles (°):
N(1)–B(1) 1.596(4), N(1A)–B(1) 1.595(4), N(1)–C(1) 1.478(4); N(1)–
B(1)–N(1A) 93.7(2), B(1)–N(1)–B(1A) 86.3(2).

Scheme 1
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3 was isolated in only ca. 10 % yield† with the major products
being non-volatile, oligomeric species.21,22

Current preparations of borazine (e.g. from NaBH4 and
(NH4)2SO4) require rather forcing conditions (elevated tem-
peratures of 140–160 °C),23 and, in our hands, are aggravated by
similar difficulties in isolation. If optimized, the metal-
catalyzed route may be advantageous, which is potentially
significant as borazine and borazine oligomers have been shown
to be useful precursors to cyclolinear polymers, boron nitride
ceramics and nanotubes.24–27

In an attempt to minimize the intermolecular dehydrocou-
pling reactions, we also investigated the catalytic elimination of
H2 from N-methylamine–borane adduct. Indeed, we found that
MeNH2·BH3 undergoes dehydrocoupling in the presence of
[Rh(1,5-cod)(m-Cl)]2 (5 mol%), under similarly mild conditions
(monoglyme or diglyme, 45 °C, 60 h) to afford N-trimethylbor-
azine 4 by 11B NMR. Pure 4 was isolated† in moderate yield
(ca. 35–40%) by vacuum fractionation.21,22 Previously devel-
oped routes to 4 typically involve high temperature dehydroge-
nation reactions such as the thermolysis of MeNH2·BH3 at
100 °C to give the cyclic trimer (MeNH–BH2)3, followed by
further pyrolysis at 200 °C.28 Interestingly, through monitoring
of the Rh catalyzed reaction by 11B NMR, dehydrocoupling to
form the cyclic aminoborane (MeNH–BH2)3 was found to occur
first (d25.1, 1JBH 108 Hz; lit. d25.4, 1JBH 107 Hz),29 followed
by further loss of hydrogen to yield 4. The isolation of a ca. 50%
yield of non-volatile residue, indicates that intermolecular
coupling also occurs in this case.22 This process may involve
catalytic dehydrocoupling of the intermediate (MeNH–BH2)3.

In summary, amine–borane adducts undergo B–N bond
formation reactions under mild conditions in the presence of
rhodium dehydrocoupling precatalysts (Schemes 1 and 2).
Future work will involve an expansion of the scope of this new
chemistry, which offers the prospect of improved routes to B–N
compounds, and mechanistic investigations.
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Two novel palladium catalysed cascade processes involving
the generation of a (p-allyl)palladium intermediate from
allenes in an intra- or intermolecular fashion, followed by
regioselective intramolecular nucleophilic addition of
amines, alcohols or malonates provide spiro- or linear fused
heterocycles in good yield.

The importance and versatility of palladium catalysed processes
involving allenes for the construction of carbon–carbon and
carbon–heteroatom bonds is amply documented in a recent
review.1

We have demonstrated that allenes are powerful relay
switches in palladium catalysed polycomponent (poly)-cyclisa-
tion anion capture cascades.2 Reaction of aryl/vinyl palla-
dium(II) intermediates with allene leads to the formation of (p-
allyl)palladium species able to undergo a wide range of
transformations including attack by nucleophiles,3 electro-
philes4 or transmetallation.5

The tactical combination of these transformations in an inter-
and/or intramolecular fashion6 enables expeditious increments
of the molecular complexity of the products that are limited only
by the ingenuity of the chemist.

We now report two novel palladium catalysed cascades
(‘Class 1’ and ‘Class 2’) characterised by intramolecular anion
capture2 as the termination step. Both cascades are initiated by
oxidative addition of Pd(0) into an Ar–I bond. In the ‘Class 1’
process this step is followed by an exo-trig cyclisation,
intermolecular allene insertion and intramolecular capture of
the resultant (p-allyl)palladium complex with a tethered
nucleophile (amine or malonate anion) (Scheme 1a). This
cascade results in the formation of three bonds and a spiro-fused
ring system.

In the ‘Class 2’ process the (p-allyl)palladium complex is
generated by an exo-dig cyclisation of the Ar–Pd species onto a
proximal 1,2-dienamide. Subsequent interception of the result-
ing (p-allyl)palladium(II) species by a nucleophile leads to
bicyclic lactams with formation of two rings and two new bonds
(Scheme 1b).

The substrates for ‘Class 1’ process (Y = NR, C(CO2Me)2)
were prepared in two steps by displacement of the allylic
chlorides 1 or 3 with amines or dimethyl malonate (Scheme
2).

Substrates 2a–c and 4a–b were then reacted with allene (1.0
bar) or 3-methylbuta-1,2-diene (dimethylallene) in the presence
of a base and Pd(0) to afford the spirocyclic products in good
yield7 (Table 1). When dimethylallene was employed, exclusive
formation of the regioisomer arising from attack at the less
hindered end of the (p-allyl)palladium moiety was observed in
all the cases.

We then focused our attention on a fully intramolecular
process: a scaffold precursor 7 was synthesised in 57% overall
yield from 2-bromobenzaldehyde (Scheme 3).

The formyl group was then exploited for the introduction of
the desired nucleophiles (Scheme 4). The N-propargyl amides
were then isomerised to the relatively labile N-allenyl amides

Scheme 1

Scheme 2 Reagents and conditions: (1) 2-iodo-N-tosylaniline, NaH,
3-chloro-2-chloromethylpropene, DMF, rt, 48 h, 95% or 2-iodophenol,
3-chloro-2-chloromethylpropene, K2CO3, MeCN, reflux, 2 h, 91%; (2)
primary amine (see Table 1), K2CO3, MeCN, reflux, 18 h (2a, 64%; 2b
54%; 4a, 61%, 4b, 60%) or dimethyl malonate, K2CO3, CH3CN, reflux, 18
h (2c, 80%, 4c, 84%).

Table 1 Class 1 processes

Entry X Y R Basea Product
Yield
(%)b

1 (2a) NTs N-Cyclopropyl H K2CO3 5a 59
2 (2b) NTs NBn H K2CO3 5b 54
3 (2b) NTs NBn Me K2CO3 5c 56
4 (2c) NTs C(CO2Me)2 H Cs2CO3 5d 66
5 (2c) NTs C(CO2Me)2 Me Cs2CO3 5e 72
6 (4a) O NBn H K2CO3 6a 55
7 (4a) O NBn Me K2CO3 6b 59
8 (4b) O N-Cyclopropyl H K2CO3 6c 65
9 (4b) O N-Cyclopropyl Me K2CO3 6d 66
a For experimental, see ref. 7. b Isolated analytically pure products.

Scheme 3 Reagents and conditions: (1) MeOH, CH(OMe)3, Dowex 50W
X8-200, reflux, 18 h, 92%; 2) THF, n-BuLi, 278 °C, 30 min, then DMF,
278 °C to rt, 98%; (3) propargylamine, MgSO4, DCM, 100%; (4) MeOH,
NaBH4, 0 °C, 95%; (5) 2-iodobenzoyl chloride, TEA, DCM, 0 °C to rt,
69%; (6) Montmorillonite K10, DCM, rt 10 min, 97%.

This journal is © The Royal Society of Chemistry 2001
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immediately prior to the last Pd(0) catalysed step. The best
conditions employed t-BuOK (1.1 eq. or 2.1 eq. when alcohols
or malonates were used) in THF at 0 °C for 1 min. The
transformation is nearly instantaneous and longer reaction times
result in further isomerisation to N-prop-1-ynyl amides and to
the formation of alcoholysis products.

All the substrates 8a–d and 10–11 cyclised in 24–48 h in
toluene at 50 °C in the presence of Pd(0) and an inorganic base8

(Table 2).
We employed two chiral amines (8c and 8d) in order to

establish if the stereocenter a- to the nitrogen is able to induce

a diastereofacial preference during the nucleophilic attack on
the (p-allyl)palladium complex. When K2CO3 was employed,
in both the cases a 1+1 mixture of diasteroisomers was obtained.
Little improvement was achieved using Ag2CO3 (entry 3) or by
increasing the steric hindrance around the nitrogen (entry 4).
However, the two diasteroisomers were easily separated by
crystallisation from EtOH.

A stronger base (entry 11) and longer reaction times were
required (entry 10) for the less nucleophilic alcohol and
malonate moieties.

In conclusion we have shown that this methodology permits
access to unusual spiro- and fused heterocyclic frameworks.

We thank Leeds University and the EU for support.
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7 Typical experimental conditions for ‘Class 1’ process: substrate (0.3
mmol), allene (1.0 bar, 100 ml one-neck pressure dram vessel) or
dimethylallene (4.0 eq.), base (2.0 eq.), tri(2-furyl)phosphine (0.2 eq.),
Pd(OAc)2 (0.1 eq.), toluene (5.0 ml), 110 °C, 18 h.

8 Typical experimental conditions for ‘Class 2’ process: substrate (1.0
mmol), base (2.0 eq.), tri(2-furyl)phosphine (0.2 eq.), Pd(OAc)2 (0.1
eq.), toluene (5 ml), 50 °C, 24–48 h.

Table 2 Class 2 processes

Entry Y Basea Time (h) Product Yield (%)d

1 (8a) NBn K2CO3 24 12a 63
2 (8b) N-Cyclopropyl K2CO3 24 12b 55
3 (8c) N-(1-Phenyl)ethyl Ag2CO3 24 12cb 52
4 (8d) N-(1-Naphthalen-1-yl)ethyl Ag2CO3 24 12dc 54
5 (10) O Cs2CO3 48 12e 50
6 (11) C(CO2Me)2 Cs2CO3 48 12f 45

a For experimental, see ref. 8. b 1.2+1 mixture of diasteroisomers (HPLC). c 1.5+1 mixture of diastereoisomers (1H NMR). d Isolated analytically pure
products.

Scheme 4 Reagents and conditions: (1) Primary amine, MgSO4, DCM, then
MeOH, NaBH4 0 °C, 10 min, (8a, 85%, 8b, 76%, 8c, 71%, 8d, 84%); (2)
THF, t-BuOK (1.0 eq.), 0 °C, 1 min; (3) MeOH, NaBH4 0 °C, 10 min, 87%;
(4) THF, t-BuOK (2.0 eq.), 0 °C, 1 min; (5) MsCl, TEA, DCM, 0 °C then
DMF, sodium dimethyl malonate, 0 °C to rt, 60%; (6) THF, t-BuOK (2.0
eq.), 0 °C, 1 min.
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Tandem cationic cyclisation–aziridinium ion formation–nucleophilic
ring opening: new methodology for the stereocontrolled synthesis of
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A novel tandem cationic cyclisation–aziridinium ion forma-
tion–nucleophilic ring opening procedure has been devel-
oped which provides powerful new methodology for the
stereocontrolled synthesis of a wide variety of substituted
pyrrolidines from acyclic precursors. The intermediate
bicyclic aziridinium ions can be isolated and their structure
has been confirmed by X-ray crystallography.

Saturated nitrogen heterocycles, including pyrrolidines and
piperidines, occur in a wide variety of natural products and
biologically active compounds.1 Their synthesis has attracted
much attention over the years, and methods which allow the
construction of polysubstituted compounds with stereochemical
control are particularly valuable.2 Our research group has been
involved in developing new chemistry of aziridinium ion
intermediates, and alongside other workers in the field,3 have
shown them to be versatile, yet underused intermediates in
synthetic organic chemistry.4 Bicyclic aziridinium ions such as
(2) have been known for some time, and are usually generated
from the corresponding pyrrolidine-2-methanols or 3-hydroxy-
piperidines or halide derivatives thereof.5 The reaction of these
bicyclic aziridinium ions with nucleophiles is very useful
synthetically, and is also of mechanistic interest as both
pyrrolidine or piperidine products can be formed depending on
the regioselectivity of the aziridinium ion cleavage reaction.
However this methodology is limited due to the availability of
suitable precursors, which are usually derived from proline or
piperidine derivatives.

We have recently reported mechanistic and synthetic studies
on the Lewis acid mediated nucleophilic cleavage of a-amino
acetals.6 In the course of this work we chose to investigate a
range of substitution patterns, including N,N-diallylamines
which were of interest as deprotection could be readily achieved
under mild conditions to give the free primary amine.7 At low
temperatures, acetal substitution occurs,6 however if the
intermediate is allowed to warm to rt prior to addition of a
nucleophile, then the final product is the substituted pyrrolidine
(3) as a single diastereoisomer (Scheme 1). This can be
rationalised by a cationic cyclisation of an N-allyl group onto
the a-oxocarbenium ion, generated by cleavage of acetal (1).
The nitrogen atom then intercepts the developing cationic centre
directly forming the bicyclic aziridinium ion (2), followed by
regioselective ring opening by the nucleophile.

The rearrangement to form the aziridinium ion proceeds in
high yield, and such intermediates can be observed by 1H NMR
prior to addition of the nucleophile. Alternatively, they can be
isolated as crystalline tetraphenylborate salts by addition of
NaBPh4 to an acetone solution of the triflate salts (2) followed
by addition of ether to induce precipitation. The aziridinium
ions isolated in this way, can be stored indefinitely, and are
particularly attractive synthetic intermediates. This also allowed
the use of X-ray crystallography to unambiguously determine
the relative stereochemistry of the aziridinium ion (4) (Fig. 1)
derived from R-(+)-a-methylbenzylamine, obtained by frac-
tional crystallisation of the crude product mixture.8

Previous studies on the reactivity of bicyclic aziridinium ions
such as (2) suggested that the regioselectivity of the ring
opening reaction may be a problem, particularly if pyrrolidines
were desired. However, we found that this was generally not the
case (Table 1), and that a range of synthetically useful
nucleophiles could be employed, leading to the synthesis of a
diverse range of 1,2,4-trisubstituted pyrrolidines. Only in the
case of oxygen nucleophiles were significant quantities of
piperidine products formed, and in such cases, this could be
improved by using more reactive synthetic equivalents.

Although these results were encouraging, the methodology
did not offer the opportunity for control of absolute stereo-
chemistry unless a resolution was used. We therefore also
investigated more complex examples derived from substituted
a-amino acetals which overcame this limitation. Examples are
shown in Scheme 2.6,9 In general, good selectivity is observed,
which is essentially independent of nucleophile, consistent with
the aziridinium ion intermediates (7) and (10). Importantly,
even a substituent as small as a methyl group still allows for a
good degree of stereocontrol for formation of aziridinium ion
(10).

The observed stereocontrol can be rationalised by assuming
all substitutents adopt a pseudo-equatorial position in a chair-
like transition state in the cyclisation reaction (Fig. 2).

The remaining limitation on this chemistry lies in the nature
of the acetal chosen. Although methyl and ethyl acetals are
readily accessible, they do not allow for ready deprotection in
the presence of sensitive functionality to give the more useful
alcohol substituent. To address this problem we synthesised the

† Author to whom communications regarding X-ray crystallography should
be addressed.

Scheme 1

Fig. 1 X-Ray crystal structure of (4) (BPh4 omitted for clarity).
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benzyl acetal (12). This underwent smooth cyclisation with
comparable efficiency and selectivity to other acetals (Scheme
3), and the product benzyl ether (13) should now be capable of
hydrogenolysis, which would also allow concomitant N-
deprotection to the parent substituted 3-hydroxypyrrolidine.

In summary, we have developed a novel tandem cationic
cyclisation–aziridinium ion formation–nucleophilic ring open-
ing procedure which provides powerful new methodology for
the stereocontrolled synthesis of a wide variety of substituted
pyrrolidines.9 We are currently investigating this reaction
further to determine its generality, and to exploit its potential in
natural product synthesis. The results of these studies will be
reported in due course.

We wish to thank the EPSRC and GlaxoSmithKline (Ste-
venage) for an Industrial CASE award.
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Table 1 Nucleophilic opening of bicyclic aziridinium ions

Entry R Xa Nucleophile Product Yieldb

a TfO2 counterion indicates aziridinium ion is generated in situ, whereas
BPh4

2 counterion indicates preformed salt is used. b Yields for X = TfO2
are from the aminoacetal precursor, for X = BPh4

2, yields are from the
purified bicyclic aziridium ion salt; yields in parentheses are for isomeric
piperidine. c CH2Cl2 exchanged for THF prior to addition of nucleophile.
d 1+1 Mixture of diastereoisomers. e 55+45 Mixture of pyrrolidine and
piperidine.

Scheme 2

Fig. 2

Scheme 3
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The synthesis and X-ray structure of a C2 symmetric
secochlorin 2, obtained by a photosensitized oxidative ring
opening of a 2,3-dimethoxy porphyrin, is described.

Photodynamic therapy (PDT), a promising treatment for a
number of medical disorders, relies on selectively retained
photosensitizers that are able to produce an efficient cytotoxic
response upon activation with light. Currently, several por-
phyrin- or expanded porphyrin-type macrocycles are in ad-
vanced clinical testing or recently approved as PDT photo-
sensitizers.1 A range of other pyrrolic macrocycles are also
being considered as photosensitizers, among them seco-
chlorins.1a The first secochlorin to be characterized structurally
was obtained as the result of an unexpected oxidative ring-
opening of a corrinato nickel(II) salt.2 Secochlorin diketones
and dialdehydes have also been obtained from an analogous
oxidative cleavage involving the corresponding nickel(II)
chlorin diols.3–5 As yet, however, these compounds have not
been prepared in their non-metalated forms. On the other hand,
several synthetic, structural, and spectroscopic studies of free
base secoporphyrazines have been reported in recent years. For
instance, a secoporphyrazine was formed as a minor side
product during the synthesis of magnesium(II) porphyrazine as
the result of the Linstead macrocyclization of 2,3-bis(dimethyl-
amino)-2(Z)-butenedinitrile.6 The same compound was also
obtained in high yield by subjecting simple free base porphyr-
azine to manganese dioxide-mediated oxidation.7 This latter
method was further extended to core-metalated (e.g. ZnII) and
unsymmetrical free base porphyrazines. We now report the
synthesis of the C2 symmetric free base secochlorins 1 and 2
obtained in the form of their bis(methyl esters) as a result of an
oxidative ring opening of dimethoxy-substituted porphyrins. To
the best of our knowledge, compounds 1 and 2 represent the first
example of a non-porphyrazine derived secochlorin to be
characterized structurally in its free base form.

The porphyrin 3 containing a 3,4-dimethoxypyrrole unit was
chosen as the starting material for the present secochlorin
synthesis. This choice reflects the fact that attempts to prepare
3 from the readily available tripyrrane precursor 2,5-bis[(5-
formyl-3-(3-hydroxypropyl)-4-methylpyrrol-2-yl)methyl]-
3,4-diethylpyrrole8 and 3,4-dimethoxypyrrole9 using the stan-
dard ‘3 + 1’ approach10 gave rise not only to the expected
porphyrin but also to secochlorin 1 as a minor side product. The
chemical composition of 1 was inferred from CI mass-
spectrometric analysis. Unfortunately, it proved impossible to
separate the secochlorin from the major reaction product,
porphyrin 3, by column chromatography unless the side chain
3-hydroxypropyl groups were acetylated. This done, however,
the desired separation was easily effected to give 2 in low
( ~ 5%) yield.

The interesting nature of 1 and its acetylated derivative 2, led
us to seek a more efficient synthesis. Here, we were inspired by
the realization that 1 could have arisen from an air-based
oxidation of the dominant 2,3-dimethoxyporphyrin product 3.

Based on such thinking, we considered that treating porphyrins,
such as 3, with singlet oxygen would effect conversion into the
corresponding secochlorin. On a more practical level, we also
thought it might prove useful to start with the bis-acetoxy
porphyrin 4, rather than 3, so as to simplify purification of the
corresponding secochlorin 2, assuming it were to be produced.
Accordingly, as shown in Scheme 1, porphyrin 4 (ca. 0.1 mol
dm23) was dissolved in O2-saturated methanol containing Rose
Bengal (ca. 150 mg l21) and subject to irradiation using a 250
W projection lamp as a light source for ca. 10 h. Under these
conditions, wherein singlet oxygen is the dominant oxidant,11

the C2 symmetric secochlorin was obtained in ca. 70% yield.

UV-vis spectral analysis revealed that the Soret band of
secochlorin 2 is red-shifted by approximately 11 nm as
compared to porphyrin 4 (Fig. 1). More significant spectral
changes were observed in the so-called Q-band region of the
visible-spectrum. In particular, compound 2 was found to
display a broad Q-type absorption band at 678 nm that is ca. 50
nm red-shifted compared to what is observed for the corre-
sponding porphyrin 4. This red-shifting of the lowest energy
transition makes secochlorin 2 potentially interesting as a PDT
photosensitizer.

Proton NMR spectroscopic studies of 2 and 4 revealed,‡ in
accord with expectations, that the OCH3 signal is shifted upfield

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b102139g/

Scheme 1

Fig. 1 Absorption spectra of porphyrin 4 and secochlorin 2. CH2Cl2
solutions, room temperature.
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by ca. 0.6 ppm in secochlorin 2 (d = 4.20 ppm) as compared to
where it is seen in the case of porphyrin 4 (signal observed at
4.78 ppm). Presumably, it is the result of significant structural
differences between 4 and 2. Whereas the methoxy groups of 4
are bound directly to one of the porphyrin pyrroles, and hence in
electronic contact with the main aromatic periphery, the
methoxy groups of 2 are further removed from the principal
secochlorin conjugation pathway. Further, they are tied up as
ester groups. Separate from this, the four meso-carbon protons
of porphyrin 4 were found to resonate as one singlet at 10.06
ppm, whereas in the case of 2 the corresponding protons
resonate at slightly higher field and appear as two singlets (i.e.
at 9.65 and 9.70 ppm, respectively).

A single-crystal X-ray diffraction analysis of 2 was also
performed.§ This analysis confirmed the proposed secochlorin
structure. In particular, it revealed that, on going from 4 to 2, the
dimethoxypyrrolic unit of porphyrin 4 gets transformed into a
bis(methyl ester) moiety, without the connectivity of the
macrocycle being otherwise modified (Fig. 2). The carbon–
carbon bond lengths of the bis(methyl ester) unit [C1–C2
1.513(2), C3–C4 1.513(3) Å] are somewhat longer than the
bond lengths in the pyrrole subunits [C6–C7 1.429(2), C8–C9
1.435(2), C11–C12 1.461(2), C13–C14 1.459(2), C16–C17
1.431(2), C18-C19 1.437(2) Å]. The C–N–C bond angle of the
bis(methyl ester) [•C1–N1–C4 120.24(14)°] was found to be
significantly different from the bond angles seen for the pyrrolic
units [•C6–N2–C9 110.3(2)°, •C11–N3–C14 104.62(13)°,
•C19–N4–C16 110.0°] and somewhat bigger than found for
meso-tetraphenylsecochlorinato nickel(II)6 [•C1–N1–C4
114.3(3)°].

In summary, the synthesis of a novel secochlorin system by
oxidative ring opening of a porphyrin is described. This
convenient method, based on the singlet oxygen mediated ring
opening of a 2,3-dimethoxyporphyrin, offers the prospect of
allowing a range of new secochlorins to be prepared and
isolated in their free base forms. Current work is focused on
exploring the metallation chemistry of these new systems.

Support for this work came from the National Institute of
Health (grant CA 68682 to J. L. S.) and Pharmacyclics, Inc.

Notes and references
‡ Spectroscopic data for 2: 1H NMR (CDCl3), d, ppm: 22.18 (s, 2H, NH),
1.79 (t, 6H, CH3CH2), 2.17 (s, 6H, pyrrole-CH3), 2.51 (p, 4H,
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(DCM), lmax, nm: 402, 519, 677. CI-MS (M+): 687. Anal. Calcd. for
C38H46N4O8, %: C, 66.45; H, 6.75; N, 8.16; Found, %: C, 66.32; H, 6.80;
N, 8.14. Spectroscopic data for 4: 1H NMR (CDCl3): d 23.78 (s, 2H, NH
pyrrole), 1.88 (t, 6H, CH3CH2), 2.17 (s, 6H, pyrrole-CH3), 2.63 (p, 4H,
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565, 619. CI-MS (M+): 655. Anal. Calcd. for C38H46N4O6, %: C, 69.70; H,
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§ Crystallographic data for 2 (dark plates and prisms, 0.35 3 0.30 3 0.10
mm): C38H46N4O8, M = 686.79, triclinic, a = 9.7740(3), b = 12.2750(4),
c = 16.3590(5) Å, a = 69.217(2), b = 84.584(2), g = 82.626(2)°, T 123(2)
K, U = 1817.27(10) Å3, Z = 2, m (Mo-Ka) = 0.088 mm21, 13040
reflections collected, 8267 independent reflections (Rint = 0.029), 5372
with I! 2s(I), R1 = 0.0498, 0.0941 (all data), wR(F2) = 0.0981, 0.114 (all
data). CCDC 160558. See http://www.rsc.org/suppdata/cc/b1/b102139g/
for crystallographic files in .cif format.
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Fig. 2 Crystal structure of 2 showing a partial atom labelling scheme: (a) top
and (b) side view. In the latter view, the pyrrole alkyl substituents are not
shown on (b). Thermal ellipsoids are scaled to the 50% probability level.
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Al atoms are not randomly distributed in ZSM-5 zeolites but
their distribution is affected by the Si/Al composition and the
synthesis procedure.

Zeolites with low concentration of aluminium in the framework
(Si/Al > 8), such as e.g. those with the ZSM-5 structure,
constitute a basis for catalysts of high significance in both acid–
base and redox catalysis. Because of the low aluminium
content, local Si–Al sequences described as ‘Al pairs’ [Al–O–
(Si–O)1,2–Al] and ‘single’ Al atoms [Al–O–(Si–O)!3–Al] that
are far apart, are present in their frameworks.1 Therefore, with
divalent cations complete ion exchange is not possible.2 Spatial
distribution of the Si–Al sequences also leads to variations in
the aluminium distribution in the zeolite channel system. As the
occurrence and distribution of Al in the zeolite framework
controls the presence, distribution and properties of catalytically
active sites, i.e. of protonic and metal ion sites, the distribution
of aluminium in the framework is very important for the
catalytic properties of these materials. The presence of Al pairs
is necessary for the exchange of divalent cations,3 and the
geometry of zeolite rings accommodating Al pairs affects
coordination of the cations in zeolites.3 However, no method is
available for determination of the distribution of Al in silicon-
rich zeolites. 29Si MAS NMR can distinguish only Al–O–Si–O–
Al pairs (representing only a minority of the Al pairs, < 5% Al,
in ZSM-54), while Al–O–(Si–O)2–Al sequences cannot be
distinguished from single Al atoms. Also 27Al MAS NMR
spectroscopy cannot provide such information. The theoretical
approach using Monte Carlo simulation, based on the premise
that Al distribution in zeolites is random, or quantum chemical
studies modeling small clusters thus face severe limitations.
Moreover, they cannot reflect the potential dynamic effect
occurring during zeolite synthesis.

We suggest an indirect method for the estimation of the
number of Al pairs and single Al atoms present in zeolites and
of the distribution of Al pairs in framework local structures
(cationic sites) in the zeolite channels. The method is based on
monitoring of the distribution of bare divalent Co(II) ions,
coordinated exclusively to framework oxygen atoms, at the
cationic sites of dehydrated Co-zeolites exchanged to the
maximum degree. To balance the positive charge of these bare
divalent cations, two negative AlO2

2 charges are required at the
cationic site. The d–d transitions of bare Co(II) ions in the Vis
region reflect their coordination at the local geometry of the
framework cationic sites. Three different cationic sites denoted
as a, b and g were suggested for bare Co(II) ions in mordenite,
ferrierite and ZSM-5 structures.5–7 In the case of the ZSM-5
matrix, Co(II) ions in the a site, characterized by a single band
at 15 100 cm21, represent the Co(II) ions located above four
framework oxygens forming a plane in the deformed six-
membered ring composed of two five-membered rings. The
Co(II) ions in the b site are located in another type of deformed
six-membered ring, and their spectrum is composed of four
bands at 16 000, 17 150, 18 600 and 21 200 cm21. The Co(II)
ions in the ‘boat shaped’ g site lead to a doublet of bands at
20 100 and 22 000 cm21. A schematic representation of these
cationic sites is given in Fig. 1, (for details see ref. 7).
Quantitative analysis of the corresponding Co(II) spectra
provided the concentration and distribution of the Co(II) ions in

the individual cationic sites of pentasil ring zeolites. Because
bare Co(II) ions must be balanced by two framework AlO2

2

tetrahedra, the distribution of the bare Co(II) ions among the
cationic sites in Co-ZSM-5 with maximum loading of the
exchanged bare Co ions reflects the distribution of Al pairs [Al–
O–(Si–O)1,2–Al] at different cationic sites. Therefore, the bare
Co(II) ions with characteristic spectral features can serve as
probes for the distribution of Al pairs in zeolites.

To guarantee that the monitored Co(II) ions are counter ions
to Al pairs, they should be present in the form of bare cations
bound only to framework oxygens without coordinating
extraframework ligands. This was confirmed by the NIR–Vis–
UV spectra of dehydrated Co-ZSM-5 and supported by FTIR
and EXAFS results. The absence of Co(II) ions coordinated to
weak extraframework ligands, such as water or OH groups, was
evidenced by the absence of the combination vibration bands
around 5200 cm21 (water) and 7200 cm21 (water and OH).
Also the band at 3650–3660 cm21, which reflects OH groups
bound to Co or extraframework Al, was not found in the IR
spectra of Co-ZSM-5 as well as in those of parent Na-ZSM-5.
The latter information together with the 27Al MAS NMR of Na-
ZSM-5, indicating only Td coordinated aluminium, evidenced
that all aluminium was present in the zeolite frameworks.
Coordination of the Co(II) ion to strong ligands such as an
extraframework oxygen atom (Co–O–Co species) lead to
intense charge transfer bands, which, however, are not found in
the UV spectral region. Moreover, EXAFS results on Co-ZSM-
5/A (Si/Al 14.1) showed Co(II) ions coordinated only to
framework oxygens, and Co–O–Co type bonding was not
detected.8 Thus, the NIR–Vis–UV spectra can be used to
provide evidence for the dominant presence of bare Co(II) ions
in dehydrated Co-zeolites and for the estimation of the
concentration and distribution of the Co(II) ions at the cationic
sites.

The concentration of Al pairs in ZSM-5/A and B series† was
obtained from the above described quantitative analysis of the
Co(II) VIS spectra of Co-ZSM-5 zeolites with maximum
loading of bare Co(II) ions (see ref. 7 and above). The effect of
the procedure of zeolite synthesis and of the framework
aluminium content in the ZSM-5 matrix (expressed as Si/Al
ratio) on the relative concentration of Al pairs in a, b and g sites
(derived from absolute concentrations) is depicted in Fig. 2. The
sum of the concentrations of Al pairs in a, b and g sites

Fig. 1 Position of a, b and g sites of the Co(II) ions in ZSM-5.
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represents the total concentration of Al pairs in the zeolite
framework. The concentration of single Al atoms can be
obtained as a difference between the total framework Al
concentration (from bulk analysis, note that the extraframework
Al species were not detected) and the concentration of Al pairs.
The effect of the procedure of zeolite synthesis and of the
framework aluminium content on the relative concentration of
Al pairs and single Al atoms is described in Fig. 3. It is evident
that the total concentration of Al pairs and single Al atoms as
well as the relative concentration of Al pairs at the a, b and g

cationic sites depend dramatically on the Si/Al composition and
on the synthesis procedure.

The assumption of random or statistically controlled distribu-
tion of aluminium1 cannot explain the dramatic differences in
the Al distribution in zeolites synthesized under different
conditions, and the dependence of the relative concentration of
Al pairs in the a, b and g sites on the Si/Al ratio. The results
imply that the aluminium distribution in ZSM-5 is not random
and not controlled exclusively by statistical rules. Preferences
for the formation of single Al atoms and Al pairs in specific
framework local structures play a significant role during zeolite
synthesis and depend on the synthesis conditions.

It can be concluded that the Al distribution in silicon-rich
molecular sieves is not random, but depends on the chemical
composition of the zeolite and on the conditions of synthesis.
The bare Co(II) ions detected by Vis spectroscopy represent a
powerful tool for investigation of the Al distribution in silicon-
rich zeolites. This provides a potential (i) for investigation of the
relation between the activity of catalysts based on silicon-rich
zeolites and the aluminium distribution in their framework, and
(ii) for controlling the Al distribution in the framework of these
zeolites by variation of synthesis procedures.

Financial support by the Grant Agency of the Czech Republic
under the project # 104/00/0640 and by the EC COST program,
project # D15/0014/00-OC D15.20 is gratefully acknowl-
edged.

Notes and references
† ZSM-5 zeolites were prepared by two types of synthesis procedure. ZSM-
5/A (Si/Al 12.5, 14.1, 22.5, 37) was provided by Slovnaft, Slovakia and
ZSM-5/B (Si/Al 12.9, 15.9, 25.5, 30) was provided by the Research Institute
of Inorganic Chemistry, Inc., Czech Republic. The parent Na-zeolites were
ion-exchanged three times with 0.1 M Co(NO3)2 at ambient temperature.
Dehydration of the samples was conducted at 770 K for 3 h under a dynamic
vacuum up to 1025 Torr.
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Fig. 2 Effect of Si/Al on relative concentration of Al pairs in a (–––), b
(– – –) and g (····) sites for ZSM-5/A and /B.

Fig. 3 Effect of Si/Al on relative concentration of single Al atoms (–––) and
Al pairs (– – –) for ZSM-5/A and /B.
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The in vitro catalytic activity of two clinically observed
mutants of phytanoyl-CoA 2-hydroxylase, an iron(II)/2-oxo-
glutarate-dependent oxygenase causing Refsum’s Disease,
was partially rescued by the use of alternatives to the natural
cosubstrate, 2-oxoglutarate; this is the first demonstration of
‘chemical co-substrate rescue’ of mutations to an enzyme
causing human disease.

Phytanic acid in the human diet is derived from the phytol
sidechain of chlorophyll, but the presence of a 3-methyl group
prevents its degradation via the fatty acid b-oxidation pathway.
Instead, a preliminary pathway effects a-oxidation of phytanic
acid, excising a methylene group to give pristanic acid.1,2

Within this pathway, hydroxylation of phytanoyl-CoA to
2-hydroxyphytanoyl-CoA is catalysed by phytanoyl-CoA 2-hy-
droxylase (PAHX),3,4 an iron(II) and 2-oxoglutarate-dependent
oxygenase (Scheme 1).5 Mutations to PAHX cause ca. 45% of
adult Refsum’s Disease (ARD) with other cases being asso-
ciated with a second locus.6

Two common point mutations in human PAHX, R275W and
R275Q, are present at an allele frequency of 3/40 (7.5%) and
5/40 (12.5%), respectively, in Dutch/Scandanavian patients
with ARD.3,7 Sequence analyses revealed that Arg-275 is
conserved in all reported PAHX enzymes and closely related
sequences. Analysis of the sequences in the light of crystal
structures8,9 for two other 2-oxoglutarate oxygenases suggested
that Arg-275 binds the 5-carboxylate of the co-substrate via an
electrostatic interaction.8 We postulated that the PAHX R275Q
and R275W mutants were inactive due to defective 2-oxoglutar-
ate binding or utilisation, and that it may be possible to rescue
their activity using alternative co-substrates.

The two clinically observed mutants of Arg-275 in human
PAHX (R275Q and R275W)3,7 and a further mutant R275A,
made for comparison, were constructed by site-directed muta-

genesis. The desired proteins were expressed via standard
techniques in recombinant E. coli and purified as mature (i.e.
without their peroxisomal targeting sequences) enzymes to
> 95% homogeneity (by SDS-PAGE analysis). Mutations were
confirmed by DNA sequencing and ESI MS analyses. Analysis
of the secondary structure by circular dichroism suggested that
all mutants had a similar overall structure to the wild-type
enzyme.

Activity of the wild-type enzyme and mutants was assayed by
conversion of phytanoyl-CoA to 2-hydroxyphytanoyl-CoA.10

Assays were performed (at least in triplicate) according to a
modified version of a published procedure11 and included ATP
to obtain maximum activity.12 The activity was further
enhanced ca. two-fold by the use of tris(carboxyethyl)phos-
phine (TCEP) in place of the previously used dithiothreitol
(DTT).11 Two concentrations of 2-oxoacid (2 and 60 mM) were
used in order to facilitate detection of low levels of activity.
Assay mixtures for the analogues contained: 50 mM Tris-HCl,
pH 7.5, 1 mM FeSO4, 50 mM synthetic (3RS,7R,11R)-
phytanoyl-CoA, 0.44 mM b-cyclodextrin, 100 mM TCEP, 10
mM ascorbate, 4 mM ATP and ca. 20 mg enzyme (2 mM
2-oxoacid) or 10 mg enzyme (60 mM 2-oxoacid). Reactions
were quenched with 250 mM EDTA after incubation for 60 min
(2 mM 2-oxoacid) or 5 min (60 mM 2-oxoacid). Samples were
centrifuged and analysed by HPLC using a Hypersil C18 column
(250 3 4.6 mm) monitoring at 254 nm.11

Using the natural co-substrate, 2-oxoglutarate, the activity of
the two clinically observed mutants was < 0.5% of that of the
wild-type enzyme (Table 1). A range of 2-oxoacids was tested
in an attempt to restore the activity of the mutants. Homogen-
tisate, 4-hydroxyphenylpyruvate, indole-3-pyruvate, 2-mercap-
tosuccinate all gave specific activities of < 0.2 nmol min21

mg21 with wild-type enzyme and all mutants. The activity of
the R275Q and R275W mutants was significantly ‘rescued’
compared to the wild-type activity with 2-oxoglutarate as a co-
substrate using certain 2-oxoacids at a concentration of 60 mM
(Table 1). Optimum rescue of mutants with hydrophobic/
aliphatic residues in place of Arg-275 is achieved using
2-oxoacids with side-chains of 2–4 carbon atoms or equivalent
length side-chains. Effective examples are in the use of
2-oxobutyrate with R275Q mutant (Table 1, entry 4) and 2-oxo-
5-thiahexanoate with the R275W mutant (Table 1, entry 9). The
latter case is striking because 2-oxo-5-thiahexanoate cannot be
substituted for 2-oxoglutarate ( < 0.5%) in assays with the wild-
type enzyme. The dramatic change in co-substrate selectivity
resulting from PAHX Arg-275 mutations may be useful for the
clinical identification of these particular mutants using a
modified assay with alternative 2-oxoacids.

Even higher levels of rescue were obtained in the case of the
R275A mutant where most of the hydrophobic analogues tested
(Table 1, entries 3–9), led to 22–28% rescue at 60 mM. An
exception was 2-oxooctanoic acid (Table 1, entry 10), which
was inactive with the wild-type enzyme, and all mutants
assayed, presumably due to its carbon chain being too large to

Scheme 1 The role of phytanoyl-CoA 2-hydroxylase in the peroxisomal
degradation of phytanic acid.
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be accommodated in the proper orientation in the active site.
The R275A mutant was also less selective than the wild-type or
other tested mutants, presumably due to a relaxation of steric
and electrostatic constraints reflecting the presence of a small,
hydrophobic and neutral side-chain.

2-Oxoacids are metabolically related to proteinogenic amino
acids via transamination reactions. Several of the 2-oxoacids
which rescue the activity of the clinically observed R275W and
R275Q mutants are thus accessible via in vivo amino acids, e.g.
2-oxovalerate from valine and 2-oxo-5-thiahexanoate from
methionine. Thus, certain forms of ARD might be treated via
dietary supplements containing the appropriate amino acids.
Maple syrup urine disease is caused by a deleterious accumula-
tion of excess 2-oxacids, and is treated, in the reverse of this
proposed therapy, by a diet low in branched-chain amino
acids.13 Restoration of complete wild-type activity may not be
required, as 5% of wild-type activity is apparently sufficient to
effectively correct inherited homocystinuria14 with vitamin
B6.

To our knowledge the only other example of the rescue of
enzyme activity with a modified co-substrate has involved the
elegant use of ATP analogues to study in vivo activity of

kinases.15 The in vitro work that is reported here is the first
demonstration of the ‘chemical co-substrate rescue’ of muta-
tions in an enzyme (Scheme 2) implicated in a human disease.
In vivo studies directed towards demonstrating the technique in
cell lines are in progress.
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Table 1 Specific activities of (3RS,7R,11R)-phytanoyl-CoA hydroxylation as catalysed by mature recombinant wild-type and mutant PAHX enzymes in the
presence of various 2-oxoacids (nmol min21 mg21 protein). Assays were carried out with 2 mM or 60 mM 2-oxoacid

PAHX mutant R275 (wild-type) R275A R275Q R275W

2-oxoacid/mM 2 60 2 60 2 60 2 60
1. 2-oxoglutarate
R = (CH2)2CO2

2 265 885 2.63 128 0.59 < 0.2 < 0.2 < 0.2
2. 2-oxoadipate
R = (CH2)3CO2

2 129 235 3.14 57.0 < 0.2 < 0.2 < 0.2 < 0.2
3. pyruvate
R = CH3 6.8 78.6 8.7 201 < 0.2 54.0 0.6 11.0
4. 2-oxobutyrate
R = CH2CH3 2.1 69.4 5.7 250 2.7 106 0.9 55.2
5. 2-oxovalerate
R = (CH2)2CH3 1.6 40.1 4.8 210 3.0 71.6 1.93 63.9
6. 2-oxoisovalerate
R = CH(CH3)2 0.65 45.3 4.30 192 1.52 72.2 0.49 17.0
7. 2-oxocaproate
R = (CH2)3CH3 0.7 20.1 5.3 235 1.33 42.4 2.4 66.2
8. 2-oxoisocaproate
R = CH2CH(CH3)2 0.8 17.8 4.8 217 1.9 45.4 2.2 56.2
9. 2-oxo-5-thiahexanoate
R = (CH2)2SCH3 < 0.2 < 0.2 4.8 226 1.6 52.8 2.6 98.2
10. 2-oxooctanoic acid
R = (CH2)5CH3 N/D < 0.2 N/D < 0.2 N/D < 0.2 N/D < 0.2

Scheme 2 ‘Chemical co-substrate rescue’ of a PAHX mutant as exemplified
for R275W. R = hydrophobic/aliphatic group. Wild-type enzyme showing
interaction of guanidino group of Arg-275 and 5-carboxylate of 2-oxo-
glutarate (above). Unfavourable interaction between aromatic sidechain of
Trp-275 and 5-carboxylate of 2-oxoglutarate; rescue of activity via
hydrophobic interactions in 2-oxoacid binding site (below). The relative
arrangement of the iron ligands is that of deacetoxycephalosporin C
synthase (DAOCS).8

Chem. Commun., 2001, 972–973 973



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Conversion of the carboxy group of sialic acid donors to a protected
hydroxymethyl group yields an efficient reagent for the synthesis of
the unnatural beta-linkage
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New sialyl donors with a protected hydroxymethyl group at
the anomeric center are over 1000 times more reactive than
the normal ester containing sialylation reagent and give
excellent yield ( > 90%) with unusually high b-stereoselectiv-
ity in sialylation.

N-Acetylneuraminic acid (sialic acid) residues are often located
at the non-reducing end of glycoconjugates, and play important
roles in many biological recognition events such as cancer
metastasis and bacterial or viral infection.1,2 The synthesis of
sialyl glycoconjugates, however, remains a challenge.3

In a typical sialylation reaction, the electron withdrawing
carboxy group at the anomeric center of sialic acids sig-
nificantly destabilizes the oxonium ion forming transition state
thus lowering the reactivity of sialyl donors towards nucleo-
philes. Furthermore, the steric hinderance at the anomeric center
leads to elimination and low yields of sialylation. Various
methods have been developed to overcome these problems,
including, for example, introduction of an additional N-acetyl
moiety,4,5 installation of an anchimeric assisting group at the C3
position5–8 or a carboxy equivalent at the anomeric center.9,10

The latter approach includes utilizing a less electron with-
drawing furyl substituent as the carboxy surrogate.9 This
method, however, failed to yield any disaccharides with
secondary sugar alcohols. Increased reactivities towards N-
iodosuccinimide (NIS) have also been observed with the
reduced 2,3-didehydro sialic acid derivatives, but these reac-
tions gave very low yields ( ~ 20%).10

To tackle the aforementioned problems, we converted the
carboxy group of sialic acid to the hydroxymethyl group and
prepared derivatives 1a–1d for investigation (Scheme 1). The
peracetylated sialic acid 311 was treated with p-thiocresol to
give thio-sialic acid 4b in 75% yield together with 20% of the a
isomer 4a. The protective groups of 4b were exchanged for
benzyl groups to give compound 5 in two steps in 55% yield.
Reduction of the ester moiety was accomplished with LiBH4 in
90% yield to give the hydroxymethyl sialic acid derivative 2,
the hydroxy group of which was protected with the acetyl,
benzyloxymethyl (BOM) or tert-butyldiphenylsilyl (TBDPS)
group to give sialyl donors 1a–1c. The a sialyl donor 1d was
prepared from 4a in a similar manner as the b sialyl donor
1a.

The relative reactivity values (RRV) of known and new sialic
acid donors 1a–1d, 2, 4b and 5 were measured as previously
described12 and shown in Table 1. Compared to the benzyl
protected sialic acid 5, over three orders of magnitude increase
in RRV was observed with all the reduced sialic acid derivatives
1a†–1d and 2 (RRV for 1a, 1b, 1c, 1d and 2 are 4.0 3 104, 2.3
3 105, 7.8 3 104, 8.0 3 104 and 3.3 3 105 respectively). The
reactivities of all these reduced sialic acids (1a–1d and 2) are

comparable to or even higher than perbenzylated L-fucose 6
which was the most reactive thioglycoside measured pre-
viously.12

With the RRV values in hand, sialylation of donors 1a–1d
was performed. The TBDPS protected sialyl donor 1c failed to
undergo glycosylation with galactose acceptor 7, presumably
due to the large TBDPS group. With the smaller acetyl
protective group, donor 1a underwent smooth sialylation with
galactose acceptor 7 to give disaccharides 8 and 9 in 95% yield
(8+9 = 15+1) in acetonitrile using dimethyl(methylthio)sulfon-
ium triflate (DMTST) as the promoter13,14 (Scheme 2a). No
elimination product was isolated. The hydroxymethyl moiety of
the products can be subsequently unmasked after sialylation and
selectively oxidized to the carboxy group in three high yielding
steps as demonstrated by transformation of compound 8 to 10
(Scheme 2b) and 9 to 12 (Scheme 2c). However, quite
unexpectedly the predominant product 8 formed in the sialyla-
tion contains a b linkage between the two monosaccharides. The
near zero 3JC1,H3a value in the EXCIDE5,15 spectra of 8 and 11‡

Scheme 1 Reagents and conditions: (i) p-Thiocresol, BF3·Et2O, CH2Cl2,
20% for 4a, 75% for 4b; (ii) NaOMe, MeOH, 100%; (iii) NaH, BnBr, DMF,
55%; (iv) LiBH4, THF, MeOH, 90%; (v) Ac2O, pyridine, 96%; (vi)
BOMCl, Pri

2NEt, CH2Cl2, 86%; (vii) TBDPSCl, imidazole, DMF, 96%.

Table 1 Relative reactivity values (RRV) of various thio-glycosidesa

Compound RRV Compound RRV

a The RRV is based on the reactivity of 1-thiotolyl-2,3,4,6-tetraacetyl-b-D-
mannopyranoside.
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indicated the b-configuration, while the 3JC1,H3a value of 13§
was determined to be 6.1 Hz indicating its a-configuration.
Comparison of the chemical shifts of H3eq of compound 11
(2.64 ppm) and 13 (2.72 ppm)16 further confirmed the
assignment following the empirical rules of chemical shift.4 The
stereoselectivity does not vary much with different acceptors.
Sialylation of various acceptors such as isopropyl alcohol 14,
lactose derivative 15 as well as primary alcohol 16, glucosamine
17 and galactose 18, with donor 1a using DMTST as the
promoter, gave predominantly the b-linked disaccharide17 (b+a
> 10+1) in high yields ( > 90%). The exception was the sialic

acid derivative 19 which gave a ratio of 3+1 favoring b-
disaccharide in 90% total yield. Sialylations in solvents such as
ether, toluene and dichloromethane gave even more b anomer
than those performed in acetonitrile. The acetonitrile effect18

could not significantly alter the anomeric selectivity. Sialylation
of galactose 7 with the BOM protected donor 1b or a sialyl
donor 1d gave the product with similar yield and ster-
eoselectivity to those with donor 1a.

Sialylations with promoters other than DMTST were also
tested. MeOTf19 failed to activate sialyl donor 1a while with
PhSOTf20 only the b isomer was isolated when galactose 18 was
sialylated with 1a. The use of NIS and triflic acid (TfOH)
improved the a-selectivity (a+b = 1+2.5) when galactose
acceptor 7 was sialylated with 1a in 90% total yield.

In conclusion, it has been demonstrated that the reactivity of
sialic donors can be dramatically increased by reducing the
carboxy group at the anomeric center to the hydroxymethyl
moiety. Subsequent sialylation with these novel sialyl donors
proceeded in excellent yield ( > 90%) but with unusually high b
stereoselectivity, probably due to a significant anomeric effect.
The hydroxymethyl moiety can be easily oxidized to the
carboxy group in high yield. The high reactivity of sialyl donors
could find uses in the preparation of enzymatically stable
unnatural oligosaccharides containing b-sialic acid. Oligo-
saccharides with unnatural glycosidic linkage could have
important biological implications, as illustrated in the study of
CD-1 mediated T-cell activation.21 The new glycosylation
reagents can also be utilized in programmable one-pot synthe-
sis, where the sialylation reaction often has to be the first and
most reactive as sialic acid is often located at the non-reducing
end of bio-active oligosaccharides.12 Introduction of a C-3
auxiliary may give the a-linkage.

This work was supported by the National Institutes of Health
(GM-44154). We thank Dr Zhiyuan Zhang for helpful discus-
sions.
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An octadentate Na+ complex of chiral cholesterol-armed
cyclen has a quadruple helicated structure and forms a
stable self-aggregate in aqueous solution which offers
chirality induction of achiral 5-dimethylaminonaphthalen-
1-ylsulfonylglycine anion.

Several kinds of transition and lanthanide metal complexes are
recognized as useful building blocks for supramolecular
architecture,1 because of their well-defined coordination topol-
ogy, high thermodynamic stability and inert kinetics. In
contrast, alkali metal complexes usually have versatile coor-
dination structures, low stability and rapid kinetics, and hence
their use for this purpose is limited. We demonstrate here that an
octadentate Na+ complex of chiral cholesterol-armed cyclen 1
forms a stable self-aggregate in aqueous solution which
provides a unique microenvironment for chirality induction of
achiral 5-dimethylaminonaphthalen-1-ylsulfonylglycine anion
(DNS-Gly2).2 The employed cyclen 1–Na+ complex is a new
type of chiral amphiphile furnished with three functional
components (Fig. 1):3 ester-armed cyclen as a twisted octa-
dentate ligand;4 four cholesterol groups as chiral and hydro-
phobic walls;5 and the Na+ ion as a charged group of
amphiphile.6 Since this Na+ complex exhibits unexpectedly
high stability and inert kinetics (logK = 11.2 in C2D5OD), its
self-aggregate is expected to offer three different levels of
chirality in the aqueous solution: (1) chirality of cholesterol

moieties; (2) helicity on asymmetrically twisted octadentate
Na+ complex; and (3) integrated chirality of highly structured
Na+ complexes on a supramolecular scale.

A series of metal complexes with tetra-armed cyclens are
known to have C4 symmetry in which four sidearms are
arranged as a quadruple helicate via twisted square-anti-
prismatic coordination.7 Actually, cyclen 2–NaCl complex gave
13C NMR signals for two carbons of the cyclen ring separately
resonating at 51.50 and 49.51 ppm in CDCl3 at 295 K, while a
single signal was observed at 55.12 ppm for N-CH2-CO-
carbons of four sidearms. Although the enantiomerization can
proceed either by a rotation of the four sidearms or an inversion
of the cyclen cycle,8 these observations indicated that cyclen
2–Na+ complex maintained unique quadruplicated helical
structures in the solution (Fig. 1). Chiral cyclen 1–NaCl
complex similarly exhibited two separate 13C NMR signals for
cyclen ring carbons at 53.01 and 48.46 ppm, though each
cholesterol moiety on the cyclen arm has several asymmetric
carbons. As reported in some Na+ complexes with chiral tetra-
armed cyclens,9 cyclen 1–Na+ complex is thought to have only
a single C4 orientation in which four chiral cholesterol moieties
are arranged in an asymmetrically helicated fashion.

Cholesterol-armed cyclen 1–NaCl complex spontaneously
aggregated in an aqueous ethanol solution (H2O–EtOH =
80/20, v/v; pH = 7.2, bis-tris-HCl)10 and gave no precipitate
from its aqueous solution after 10 days. The critical aggregation
concentration was estimated as 4.0 3 1026 mol dm23 by
fluorescence titrations, which was much smaller than those of
common micelle-forming surfactants. Dynamic light scattering
experiments showed that the aggregate had a mean hydro-
dynamic radius of 600 Å, and a TEM picture taken after
treatment of uranyl acetate also indicated that it was of similar
size (Fig. 2). Interestingly, this self-aggregate accommodated
DNS-amino acid anions in the hydrophobic domains. When an
excess of self-aggregate was added to an aqueous ethanol

Fig. 1 Armed cyclens and quadruplicated helical structures of their Na+

complexes.
Fig. 2 TEM Picture of dispersed self-aggregates of cyclen 1–NaCl
complexes.
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solution of DNS-L-leucine anion (DNS-L-Leu2), the fluores-
cence maximum of the guest anion shifted from 538 nm to 507
nm and the intensity was enhanced 6.5-fold. Cholesteryloxy-
carbonyl-4-methylmorpholine was examined for comparison.
This also formed a water-soluble aggregate in the presence of
Na+ ion, but the resulting aggregate rarely accommodated DNS-
amino acid anions. Therefore, the assembling of four choles-
terol moieties on the octadentate Na+ complex platform
provided an effective microenvironment for inclusion of DNS-
amino acid anions in the aqueous solution.

The self-aggregate of cyclen 1–NaCl complexes further
offered chirality induction of achiral anion substrates upon
inclusion. Typically, DNS-Gly2 was incorporated in the self-
aggregate and exhibited a negative CD signal around 280 nm
(Fig. 3). Both sign and intensity of the observed CD spectrum
were similar to those of DNS-D-Leu2 recorded in the self-
aggregate, indicating that the conformation of DNS-Gly2 was
asymmetrically fixed as true in DNS-D-Leu2 system. Such
chirality induction phenomena were reported when the degree
of freedom of achiral molecules was severely restricted in the
solids, membranes, micelles and inclusion compounds.11 Po-
lonski et al. reported that the CD signal observed with chiral
DNS-amino acid originated from unsymmetrical twisting of the
sulfonamide group in relation to the naphthalene plane under
the influence of hydrogen atom in the peri-position (Fig. 3).12

Since the preferred conformation of DNS-D-Leu2 was deter-
mined by the steric problem around the SNO bond rather than

the peri-positioned hydrogen atom, the negative CD signal was
indicative of ‘anti-clockwise’ conformation. The obtained CD
results suggested that the ‘anti-clockwise’ conformation of
DNS-Gly2 was more stable than the ‘clockwise’ one, when this
achiral anion was incorporated in the self-aggregate.

We demonstrated above that the self-aggregate of cyclen
1–NaCl complexes having an asymmetrically helicated struc-
ture allowed chirality induction of the achiral guest anion upon
inclusion. Since there are many structural variations in the
armed cyclen–alkali metal complexes, their characteristic
coordination chemistry provides further possibilities in the
development of supramolecular architecture with fascinating
functions.

The authors are grateful to Professors Takeshi Nagasaki of
Osaka City University and Atsushi Yoshizawa of Hirosaki
University for valuable comments on characterizations of the
self-aggregate. This research was supported in a part by a Grant-
in-Aid for Scientific Research from the Ministry of Education,
Science, Culture and Sports, Japan.
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Fig. 3 CD Spectra and preferred conformations of dansyl-glycine (DNS-
Gly) and dansyl-leucine (DNS-Leu) anions incorporated in self-aggregate
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Tris{2-[(N-acetyl-N-hydroxy)-D-alanylamino]ethyl}amine
(R-TAAE) has been synthesized as a chiral trihydroxamate
artificial siderophore with hydrogen bonding networks,
whose crystal structure of the iron(III) complex revealed L
configuration induced by interstrand hydrogen bonding
networks and steric repulsion by optically active amino acid
residues.

Siderophores are low molecular weight iron(III)-sequestering
agents produced by bacteria and fungi that form very stable
iron(III) complexes.1,2 A large number of siderophores form
chiral complexes, because the ferric siderophore complexes are
absorbed by microorganisms through specific receptors that
recognize the absolute configuration of complexes on the cell
membrane.1,2 The absolute configurations of iron(III)–side-
rophore complexes have been determined via X-ray crystallog-
raphy and circular dichroism (CD). For example, ferrichrome, a
trishydroxamate siderophore, and enterobactin, a triscatecholate
iron carrier, form complexes with a left-handed (L) and right-
handed (D) helicity, respectively.3–5 The chirality of side-
rophore–iron complexes differs, although they are induced by
the same optically active L-amino acid. In order to examine the
factors responsible for determining the chirality of side-
rophores, many analogues have been synthesized. Shanzer and
coworkers have reported that intramolecular hydrogen bonds in
chiral siderophore analogues are important for the chiral
preference and stability of complexes.6 However, crystal
structures of chiral siderophore analogue complexes with
such hydrogen bonds have not been reported yet.
Recently, we reported a crystal structure of a racemic mixture
of iron(III)–tris{2-[(N-acetyl-N-hydroxy)glycylamino]ethyl}-
amine (TAGE, Scheme 1) and observed a triple-stranded helix
with both intra- and interstrand hydrogen bonding networks.7
Such a triple helix structure is expected to induce a pronounced
difference between diastereomers by introduction of a sterically
hindered chiral group. Next, tris{2-[(N-acetyl-N-hydroxy)-D-
alanylamino]ethyl}amine (R-TAAE, Scheme 1) was synthe-
sized as a chiral trihydroxamate artificial siderophore, where

chiral centers are introduced in the TAGE ligand by replacing
the Gly residues with D-Ala residues. Here, on the basis of the
crystal structure and CD data of the iron(III) complex with R-
TAAE, we describe the influence of the intramolecular
hydrogen bonding networks on the chiral preference of the
iron(III) complex of artificial siderophores.

The ligand R-TAAE was synthesized according to a mod-
ification of a previously published method.8 The iron(III)
complex of R-TAAE (1) was prepared by reaction of Fe(acetyl-
acetonato)3 with R-TAAE in a biphasic ethyl acetate–water
solution.9 The crude complex was dissolved in an ethyl acetate
solution containing a small amount of methanol, and then after
slowly concentrating the solution for a few weeks, a deep-red
colored single crystal of 1 suitable for X-ray diffraction analysis
was obtained.‡

Initially the space group of the single crystal of 1 could not be
distinguished from either P41212 or P43212 due to the
enantiomorphous relationship between the two space groups.
From the configuration of the ligand (R), the anomalous
dispersion effect with Cu Ka radiation, and the difference in Rw
values for L(R,R,R) and D (S,S,S) forms, 3.2 and 8.5,
respectively, the space group and the absolute configuration of
1 were eventually determined to be P41212 and L(R,R,R),
respectively. The absolute configuration of 1 is identical to that
of ferrichrome, although the chirality of the ligand differs from
ferrichrome with L(S,S,S). As shown in Fig. 1, the iron ion has
a distorted octahedral geometry with three hydroxamates and
the overall structure is twisted with a pseudo-3-fold axis.

The average bond lengths between the iron(III) atom and the
coordinating N-hydroxy O(N) and carbonyl O(C) atoms are Fe–
O(N) = 1.970(7) and Fe–O(C) = 2.035(8) Å. The average

† Electronic supplementary information (ESI) available: UV-vis and CD
spectra of 1 and details of the determination of the absolute configuration
and the space group of 1 are deposited as supporting information. See http:
//www.rsc.org/suppdata/cc/b1/b100306m/

Scheme 1 TREN based trihydroxamate ligands with hydrogen bonding
networks.

Fig. 1 Crystal structure of 1 showing the atom numbering schemes. Selected
bond lengths (Å) and angles (°): Fe–O(1A) = 1.973(7), Fe–O(1B) =
1.964(7), Fe–O(1C) = 1.973(8), Fe–O(2A) = 2.029(8), Fe–O(2B) =
2.038(8), Fe–O(2C) = 2.037(8), O(1A)–Fe–O(2A) = 78.8(3), O(1B)–Fe–
O(2B) = 78.8(3), O(1C)–Fe–O(2C) = 79.0(3). Intra- and interstrand
hydrogen bond distances (Å): N(2A)…O(1A) = 2.78(1), N(2B)…O(1B) =
2.82(1), N(2C)…O(1C) = 2.92(1), N(2A)…O(1B) = 3.25(1),
N(2B)…O(1C) = 3.17(1), N(2C)…O(1A) = 3.12(1).
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O(N)–Fe–O(C) bond angle is 78.9(3)°. These values are quite
comparable to those for natural trihydroxamate siderophores2,3

and FeIIITAGE.7 The twist angle10 determined for 1 is 44.0°.
This is slightly larger than those of natural siderophores
(ferrichrome = 42.5, ferricrocin = 40.4°)2d and is comparable
to the calculated value (45.7°). As the difference between the
observed and calculated twist angles is caused by deviation
from the idealized C3 symmetry,2d these findings reflect the
difference in the symmetries of ligands. The average distances
between amide nitrogen and coordinating N-hydroxy oxygens
are 2.84 and 3.18 Å between intrastrands and interstrands,
respectively. These values are slightly shorter than those
observed for FeIIITAGE (2.88 and 3.20 Å),7 indicating that the
intramolecular hydrogen bonding networks are enhanced by the
introduction of optically active D-Ala to the ligand TAGE. The
formation of such a strong intramolecular hydrogen bond is also
supported by the 1H NMR data of the benzyl-protected
precursor of R-TAAE (R-TABAE, Scheme 1). The NMR data
revealed a pronounced anisotropy in the benzyl protons ArCH2
and tris(2-aminoethyl)amine (TREN) backbone protons
NCH2CH2NH in CDCl3 but not in DMSO-d6. This anisotropy is
evidently due to the restriction of rotation induced by intra-
molecular hydrogen bonding networks.6b On the other hand,
such anisotropy was not observed for TABGE (a similar
precursor of TAGE, Scheme 1) in both CDCl3 and DMSO-d6.

In aqueous solution at pH 7.4, the UV-vis spectrum of 1
showed a characteristic absorption band at 420 nm correspond-
ing to the tris(hydroxamato)iron(III) complex. This indicates
that the structure of 1 determined by X-ray crystallography is
maintained in an aqueous solution. The CD spectrum of 1
exhibited positive and negative Cotton effects at 444 (De =
+1.0) and 358 nm (De = 20.8). These values are qualitatively
similar to those determined from the solution and crystalline CD
spectra of ferrichrome,3 indicating that, like ferrichrome, the
absolute configuration of 1 is L in both the solution and solid
states.

Consequently, the observed chiral preference of 1, crystalline
and in solution, is reasonably explained as a result of the
orientation of the triple helix induced by intramolecular
hydrogen bonding networks becoming tightly fixed by steric
repulsion between optically active amino acid residues and
terminal methyl groups. This result strongly supports the
proposal by Shanzer et al.6 In addition, it is revealed that
intramolecular hydrogen bonding networks in the benzyl-
protected precursor of R-TAAE and its iron(III) complex are
easily formed due to the existence of an asymmetric site within
the hydrogen bonded six-membered ring. These observations
suggest that both intramolecular hydrogen bonding networks
and optically active amino acid residues operate in concert,
which play an important role for the chiral preference of

artificial siderophore complex 1. The bioavailability of 1 was
also investigated using Microbacterium flavescens which has
ferrichrome receptors but lacks the ability to produce side-
rophores. Interestingly, complex 1 promoted the growth of this
mutant. Therefore, the FeIIIR-TAAE complex, which has
structural features that are similar to those of ferrichrome, might
be a good functional model compound for the ferrichrome-type
siderophore. Detailed investigations are now under way.

This work was supported in part by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan (H. M.), for which we express our
thanks.

Notes and references
‡ Crystal data: C21H36N7O9Fe, M = 586.40, tetragonal, a = 17.237(3), c
= 19.432(2) Å, U = 5733(1) Å3, T = 296 K, space group P41212 (no. 92),
Z = 8, Dc = 1.349 g cm23, m(Cu-Ka) = 46.94 cm21, F(000) = 2472.0, R
= 0.053, RW = 0.032. A total of 2519 unique reflections (Rint = 0.102)
were collected on a Rigaku AFC5R diffractometer with graphite mono-
chromated Cu-Ka radiation and a rotating anode generator, of which 1585
reflections with I > 3s(Io) were used in the structure analysis and
refinement using the teXsan program system. Absorption correction was
applied. The absolute configuration and the space group of the complex
were determined by comparison of observed and calculated Bijvoet pair
differences, whose details are deposited as supporting information. CCDC
158411. See http://www.rsc.org/suppdata/cc/b1/b100306m/ for crystallo-
graphic files in. cif format.
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coupling of 2-naphthols†
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The enantioselective oxidative coupling of 2-naphthols using
2 mol% chiral oxovanadium complex under mild conditions
afforded chiral BINOLs in moderate enantioselectivity.

Vanadium plays a vital role in biological systems with its
participation in redox processes catalyzed by enzymes such as
bromoperoxidase1 and nitrogenase.2 The utility of vanadium
complexes in oxidation, reduction and Lewis acid promoted
reactions is well documented.3 Except for oxidation of sulfides4

and epoxidation of allylic alcohols,5 there are very few
vanadium complex catalyzed enantioselective reactions. Re-
cently we reported the aerobic oxidative coupling of 2-naph-
thols and phenols catalyzed by VO(acac)2.6 Replacement of
acac in this complex by chiral bidentate ligands, such as
3-formylcamphor and 3-heptafluorobutyrylcamphor, did not
lead to any enantioselectivity in coupling products. Earlier,
Fujita had utilized some chiral tridentate Schiff base ligands
containing vanadium complexes in asymmetric oxidation of
sulfides with moderate enantioselectivity.4a

In the light of these observations, we have studied the
oxidative coupling of 2-naphthols using chiral tridentate
oxovanadium complexes as a method for the enantioselective
synthesis of chiral BINOLs; although enantioselective coupling
of naphthols has been earlier reported, Katsuki used a ruthenium
complex and Nakajima employed a copper complex as the
catalyst in their reactions.7 Herein, we report chiral oxo-
vanadium complex catalyzed C–C bond formation in aryl
compounds with 51% ee and 50–91% isolated yield (Scheme
1).‡

Following the literature procedure,8 we have synthesized
chiral oxovanadium complexes from aldehyde, (S)-valine or
(S)-phenylalanine and vanadyl sulfate, and applied them in our
reactions. At first, we examined oxidative coupling of 2-naph-

thol by using 10 mol% complex 1 as catalyst, molecular oxygen
as oxidant and dichloromethane as solvent, but the product
could only be isolated in trace amounts (Table 1, entry 1).
Earlier Carrano and Tsuchida reported that vanadium(IV)
undergoes disproportion to vanadium(III) and vanadium(V) in
strong acidic condition.9 When we added a catalytic amount of
trifluoromethanesulfonic acid to the reaction mixture, it led to
improved chemical yield but with only 27% ee (Table 1, entry
2). Catalysts 2 to 4 gave similar enantioselectivity in these
reactions (Table 1, entries 3–5). Complexes containing bulkier
amino acids, such as (S)-tert-leucine and (S)-phenylglycine as
ligands, did not produce appreciable enantioselectivity. We

† Electronic supplementary information available: HPLC analyses. See
http://www.rsc.org/suppdata/cc/b1/b101670i/

Scheme 1

Table 1 Enantioselective oxidative coupling of 2-naphthol

Entry Complex Time/h Yield (%) Ee (%)a

1b 1 6 trace —
2 1 24 79 27
3 2 24 70 23
4 3 12 42 26
5 4 12 56 27
6c 4 12 94 23
7cd 4 12 87 31
8cde 4 24 80 42

a Determined by HPLC with Kromasil 100-5CHI-DMB column (iPrOH–
hexane = 5+95, 1 mL min21). b TfOH was not added. c TMSOTf replaced
TfOH. d Concentration was 0.5 M. e Catalyzed by 2 mol% complex.

Table 2 Promoter effect for enantioselective oxidative coupling of
2-naphthol

Entry Additive Yield (%) Ee (%)a

1 TMSOTf 80 42
2 TFAA 50 43
3 HClO4 64 29
4 TMSCl 73 48
5 TESCl 45 48
6 TBDPSCl 48 49
7 TMSBr 60 48
8 TMSCl + AgClO4 68 31

a Determined by HPLC with Kromasil 100-5CHI-DMB column (iPrOH–
hexane = 5+95, 1 mL min21).
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presumed that the electronic effect of substituents in the
aromatic ring could influence catalyzing oxidative coupling,
and investigated complexes containing 3,5-di-tert-butyl, 3-tert-
butyl, 5-methoxy and 5-nitro substituents, but no significant
enantioselectivity was observed with these complexes. How-
ever, we observed a marginal increase in enantioselectivity
when the concentration of the substrate was increased from 0.1
to 0.5 M (Table 1, entry 7). An interesting feature was that
enantioselectivity increased with decrease in concentration of
complexes from 10 to 2 mol%, more so, in the case of complex
4 (Table 1, entry 8), and (R)-binaphthol was obtained in 42%
ee.

To study the promoter effect, we used various additives. The
enantioselectivity was better in TMSCl than in TMSOTf, and
the chemical yield was a little lower (Table 2, entry 4). There
was no change in enantioselectivity with variation of silyl
groups in the additives, but it affected the reaction rate (Table 2,
entries 4–6). Polar chlorosolvents such as dichloromethane,

chloroform and 1,2-dichloroethane merely improved the en-
antioselectivity (Table 3).

The results obtained from the enantioselective oxidation of
other substituted 2-naphthols catalyzed by complex 4 are
summarized in Table 4. No variation in enantioselectivities was
observed, but reaction rate was increased with electron donating
capacity of the substituent.

In conclusion, oxovanadium complex has been used for the
first time10 in the enantioselective coupling of 2-naphthols. A
low concentration requirement of catalyst, mild reaction
conditions and high chemical yields render our method
attractive.

We are grateful to the National Science Council, Republic of
China, for support of this work.

Notes and references
‡ Representative procedure for enantioselective oxidative coupling of
2-naphthols: to a stirred solution of complex (0.1 mmol) and TMSCl (13 mL,
0.1 mmol) in chloroform (10 mL) exposed to molecular oxygen at room
temperature was added 2-naphthol (5 mmol). After 24 h, the reaction
mixture was treated with 6 M HCl (10 mL) and extracted with
dichloromethane (3 3 20 mL). The combined organic extracts were dried
(Na2SO4), and concentrated. The residue was purified by silica gel column
chromatography eluting with ethyl acetate–hexane (1+5) to furnish the
coupling product.
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Table 3 Solvent effect for enantioselective oxidative coupling of 2-naph-
thol

Entry Solvent Yield (%) Ee (%)a

1 CH2Cl2 73 48
2 CHCl3 82 51
3 (CH2Cl)2 38 46
4 CCl4 12 13
5 CH3CN 46 8
6 THF 24 0

a Determined by HPLC with Kromasil 100-5CHI-DMB column (iPrOH–
hexane = 5+95, 1 mL min21).

Table 4 Enantioselective oxidative coupling of 2-naphthol derivatives

Entry Naphthol Time/h Yield (%) Ee (%)a

1 24 82 51

2 24 91 51

3 24 50 51

4 69 trace —

a Determined by HPLC with Kromasil 100-5CHI-DMB column (iPrOH–
hexane = 5+95, 1 mL min21).
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The first observation of an acid-catalysed reaction subordi-
nated to the occurrence of an electron transfer upon the
incorporation of an electron-rich alkene in NaY zeolite is
reported; the key point is the generation in the electron
transfer process of suitable hydride donor species that react
with the carbocation generated in the acid catalysed
mechanism.

It is well documented that acid zeolites can behave either as
solid acids or as electron aceptors.1–8 In the former case the
resulting reaction mechanism generally involves carbocations
while in the latter case the key reaction intermediates are radical
cations. Studies showing the concurrent ocurrence of both type
of processes are rare. Herein by using an electron-rich alkene,
1,3,3-trimethyl-2-methyleneindoline 1 (Scheme 1), we provide

evidence that: (i) the products of both mechanisms (proton or
electron transfer) are different and characteristic of each type of
reaction intermediate and (ii) formation of the acid-catalysed
product does not occur unless the electron-transfer product is
formed previously (subordination).

A highly reactive, electron-rich alkene 1 was selected for the
present study.† Upon stirring a dichloromethane solution of this
indoline in the presence of thermally dehydrated NaY zeolite at
reflux temperature under aerated conditions the progressive
disappearance of the starting material, accompanied by the
formation of 1,2,3,3-tetramethylindoline 2 (40%) and 1,3,3-tri-
methyl-2-indolinone 3 (60%) was observed (Scheme 1). This
product distribution is not unprecedented and it parallels those
found in the reaction of 1,1-diphenylethene over CaY zeolite
wherein 1,1-diphenylethane and benzophenone were
formed.9–11

Addition of a small amount of pyridine (10 mg g21) totally
quenches the reaction and neither of the two products was
formed. This can be taken as evidence that the reaction involves
the weak acid sites present in commercial batches of NaY.
Precedents for acid-catalyzed reactions promoted by NaY have
been reported previously for vinylanisole and anethole dimer-
isation12 and spectroscopic titration of NaY acid sites has also
been reported.13 We have found that this product distribution is
not specific to NaY but that liquid acids such as trifluoroacetic
or methanesulfonic acids behave analogously.

It is obvious that the formation of indolinone 3 should involve
as reagent either molecular oxygen or water, or both. In an
attempt to clarify this point, the reaction of indoline was carried
out under argon atmosphere. However, when indoline 1 was

refluxed in the presence of thermally activated NaY under Ar
atmosphere, not only the formation of indolinone 3 but also the
formation of 1,2,3,3-tetramethylindoline 2, which does not
incorporate any oxygen atoms in its molecular formula, is
quenched. Clearly, the formation of both products is inhibited
by adding a base or in the absence of molecular oxygen.

Raman spectra of indoline 1 adsorbed into NaY zeolite under
Ar atmosphere indicates that under conditions in which no
products are observed in the liquid phase, indoline 1 is stable
upon incorporation within NaY.

Fig. 1 shows the diffuse reflectance UV–VIS spectra of the
corresponding NaY sample obtained after incorporation of
indoline 1 under argon atmosphere (a) and under aerated
conditions (b). In the latter case, the extra band at 440 nm
matches the absorption band of indolinone 3 in dichloromethane
solution, thus providing spectroscopic evidence that this
product is formed rapidly upon incorporation of 1 within NaY
in the presence of air.

To disclose the reaction mechanism of formation for both
products, indoline 1 was submitted to photochemical oxidation
under typical electron transfer conditions. It is known that
1,4-dimethoxybenzene (DMB, E = 1.34 V, vs. SCE) in the
presence of oxygen is a selective electron transfer photo-
sensitizer that does not generate singlet oxygen.14 Photo-
sensitized irradiation of indoline 1 (E = 0.76 V, vs. SCE) in
acetonitrile (0.5 wt% water content) containing DMB gives rise
to the formation of indolinone 3 with almost complete
selectivity at 98% of indoline conversion (Scheme 2). Thus,
based on the known ability of zeolites to promote single electron
transfer reactions15 and on the results of the photoinduced
electron transfer that shows that the radical cation of compound
1 leads exclusively to indolinone, we propose that the most
reasonable reaction mechanism to explain the formation of
indolinone involves the indoline radical cation (Scheme 3).

Concerning the formation of tetramethylindoline 2, it has
been reported that treatment of 1,1-diphenylethylene and
benzonorbornadiene with CaY leads to the corresponding
saturated 1,1-diphenylethane and benzonorbornane through the

Scheme 1

Fig. 1 Diffuse reflectance UV–VIS spectra of indoline 1 adsorbed onto NaY
in the presence of air (a) and under Ar atmosphere (b). The insert shows the
UV–VIS spectra of a dichloromethane solution of indolinone 2.
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corresponding radical cation.16 Other reports have invoked a
radical cation intermediate to affect the CNC double bond
hydrogenation.17 However, the fact that the photoinduced DMB
electron transfer reaction does not give detectable amounts of
compound 2, seems to rule out this possibility. An alternative
explanation for the formation of 2 would be acid-catalyzed
protonation to generate a carbocation followed by hydride
abstraction. To support this reaction mechanism, a reactive
hydride donor such as triphenylmethane (TPM) was added to a
solution of indoline 1 in methanosulfonic acid (Scheme 4).

Under these conditions, both in the presence or absence of
oxygen, 1,2,3,3-tetramethylindoline was formed in 40% se-
lectivity at 90% indoline conversion.‡ Concurrently the triphe-
nylmethyl cation characterized by 405 and 425 nm bands in the
UV–VIS spectrum of the acid solution was observed.

To further support the mechanism shown in Scheme 4, the
NaY zeolite was submitted to deuteration by two consecutive
cycles consisting in soaking the NaY solid with D2O and
subsequent drying at 110 °C. The resulting deuterated zeolite
was used for the reaction with 1. The corresponding GC–MS of
the reaction mixture showed the presence of 2-deuteromethyl-
1,3,3-trimethylindoline at a level of 45% of the total amount of
2 (Scheme 5). This result supports that formation of 2 occurs

through proton transfer from the zeolite framework to the
2-methylene substituent in a Markovnikov manner. The in-

complete deuteration can be explained by the incomplete
deuteration of the zeolite OH or by back H/D exchange.

The absence of oxygen should exclusively inhibit formation
of compound 3 the only product containing oxygen. To explain
why the absence of oxygen also inhibits formation of 2, we
speculated on the possibility that the hydride donor required in
the formation of 2 arises from the formation of 3. In this context,
it should be noted that formation of 2 according to the
conditions of Scheme 3 should occur equally well both in the
presence or absence of oxygen.

Thus, we suggest that formaldehyde, formic acid or any
product derived thereof could act as hydride donors in the
formation of 2. Since these species are formed concommitantly
with 3 this would explain why 2 is not formed under conditions
in which 3 is inhibited. In this regard, it is well documented that
formic acid can be an effective reducing agent and also can act
as a hydride donor according to eqn. (1).18

(1)

In summary, incorporation of an electron rich alkene
1,3,3-trimethyl-2-methyleneindoline within the voids of NaY
zeolite gives rise to a product distribution characteristic of the
concurrent operation of two different reaction mechanisms
involving electron transfer and acid catalysis. In the latter case,
formation of the corresponding product requires a hydride
donor species that arises in the electron transfer pathway. Our
report constitutes the first example establishing a connection
between the products of these two different mechanisms.

H. G. thanks the Spanish DGICYT for financial support
(Project MAT 2000-1678-CO2-01). I. C. also thanks Uni-
versidad Politécnica de Valencia for a scholarship.

Notes and references
† Adsorption of indoline (Aldrich) within NaY (P.Q. Industries), was
accomplished by heating at reflux temperature under magnetic stirring a
suspension of NaY zeolite (1 g) previously dehydrated (500 °C, 5 h) in a
solution of indoline 1 (100 mg) in CH2Cl2 (25 ml) for 4 h. At the end of the
reaction the solid was filtered off, and Soxhlet extracted with CH2Cl2. The
combined CH2Cl2 supernatant and extraction liquor was analysed by GC
and GC–MS.
‡ Residual amounts of water interact with the formed cation decreasing the
process selectivity.
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X-Ray analysis of two biomimetic (N3ZnL)2+ complexes
with L = ethanol and formamide revealed that hydrogen
bonding and CH/p interactions between the guest ligand L
and the calix[6]arene host structure play a key role in their
stabilization.

Recognition of the importance of zinc enzymes in biological
processes is ever increasing. The active site of mononuclear
enzymes often displays a pseudo-tetrahedral Zn2+ ion co-
ordinated by three amino-acid residues and a labile water
molecule. Among them, the recurrent tris(histidine) coordina-
tion set (as in Adamalysin II, Atrolysin C, Carbonic Anhy-
drase)1 has motivated the design of synthetic analogues based
on N3 ligands. However, tetrahedral dicationic zinc complexes
have proved difficult to stabilize. We have recently described a
supramolecular system based on a tert-butylcalix[6]arene
functionalized in alternating positions by three imidazole
groups.2–4 The neutral ligand X6Me3ImMe3, which presents
three N-methyl imidazole donors (ImMe) associated to a cavity
that mimics the enzyme pocket, was shown to stabilize four-
coordinated zinc species N3ZnL2+ with various neutral mole-
cules L, including amines, alcohols, amides, nitriles and even
aldehydes. An amino and a nitrilo complex were characterized
crystallographically.2 We describe here two novel adducts
[Zn(X6Me3ImMe3)L]2+, one with ethanol (L = EtOH) and the
other with formamide (L = NH2CHO). Their X-ray structures
revealed that hydrogen bonding and CH/p interactions between
the calix[6]arene host and the guests L play an important role in

stabilizing of the complexes. To our knowledge, they provide
the first examples of stable four-coordinated Zn dicationic
complexes presenting a terminal aliphatic alcohol5 or amide6

ligand. Both compounds are strongly relevant to the enzyme/
substrate complexes in mononuclear zinc biological systems.

As previously demonstrated by 1H NMR spectroscopy, the
water ligand in complex [Zn(X6Me3ImMe3)(H2O)](ClO4)2 is
easily displaced by alcohols and amides (Scheme 1). We
succeeded in growing X-ray quality crystals† of the ethanol
adduct [Zn(X6Me3ImMe3)(EtOH)]2+ out of an acetone solution
of the aqua complex to which 10 molar equivalents of EtOH
were added. The molecular structure, displayed in Fig. 1, shows
a tetrahedral complex where Zn2+ is wrapped by the three
imidazole arms of the calixarene-based ligand. The average Zn–

Fig. 1 Crystal structures† of Zn complexes: (a) and (b): [Zn(X6Me3ImMe3)(EtOH)]2+, side and top views, respectively. (c): [Zn(X6Et3ImEt3)(NH2CHO)]2+,
top view. The hydrogen atoms of the ethanol and formamide ligands could not be located experimentally but their location was calculated and is represented
by a plain sphere of arbitrary radius. Other hydrogen atoms and solvents of crystallization are omitted for clarity as well as the perchlorate counter anions.
Selected bond lengths (Å) and angles (°): [Zn(X6Me3ImMe3)(EtOH)](ClO4)2, Zn(1)–N(1) 1.978(5), Zn(1)–N(3) 1.977(5), Zn(1)–N(5) 1.989(5), Zn(1)–O(7)
1.984(5), O(7)–C(88) 1.341(9), N(1)–Zn(1)–O(7) 110.4(2), N(3)–Zn(1)–O(7) 112.0(2), N(5)–Zn(1)–O(7) 99.2(2), N(1)–Zn(1)–N(3) 109.1(2), N(3)–Zn(1)–
N(5) 108.0(2), N(1)–Zn(1)–N(5) 117.9(2); [Zn(X6Et3ImEt3)(NH2CHO)](ClO4)2, Zn(1)–N(1) 1.972(7), Zn(1)–N(3) 2.000(6), Zn(1)–N(5) 1.981(6), Zn(1)–
O(7) 1.897(9), O(7)–C(91) 1.202(11), C(91)–N(7) 1.238(13), N(1)–Zn(1)–O(7) 105.2(3), N(3)–Zn(1)–O(7) 110.7(3), N(5)–Zn(1)–O(7) 107.3(3), N(1)–
Zn(1)–N(3) 105.8(2), N(3)–Zn(1)–N(5) 111.1(2), N(1)–Zn(1)–N(5) 116.6(2), Zn(1)–O(7)–C(91) 169.6(10), O(1)–C(91)–N(7) 131.6(8).

Scheme 1 Synthetic scheme for the calix[6]arene-based biomimetic Zn
complexes.
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NIm bond length (1.981 Å) is comparable to those of the related
propionitrile adduct (1.996 Å) but shorter than in the heptyl-
amine complex (2.007 Å).2 A bound EtOH molecule is buried
deeply inside the calixarene conic cavity. The Zn–O distance
[1.984(5) Å] is similar to that of the only other reported four-
coordinate Zn–alcohol complex [1.993(3) Å].5 It is however
significantly shorter than those reported for the Zn–alcohol
adducts in Liver Alcohol Dehydrogenase (2.0–2.1 Å). This may
be attributed to a different overall charge in the coordinated
metal center, which is negative in the enzyme.7 The ethanol OH
group points selectively toward one of the OCH2ImMe units.
The corresponding shorter O…O distance (2.86 vs. 3.56 and
3.40 Å for the others) indicates the presence of a strong
hydrogen bond. Also noteworthy is the position of the ethanol
carbon skeleton in the p-basic cavity. The methyl group stands
just in front of an aromatic anisole ring with a perpendicular
C…Ar distance of 3.67 Å. The methylene group points toward
another anisole moiety at a perpendicular C…Ar distance of
3.82 Å. These values are typical of CH/p interactions.8

The X-ray structure† of an amide adduct was obtained with a
slightly modified ligand, X6Et3ImEt3.‡ Single crystals of
[Zn(X6Et3ImEt3)(NH2CHO)]2+ were grown by Et2O diffusion
into a benzonitrile solution of the aqua precursor to which 20
molar equivalents of formamide were added. As in the other
related structures, the tetrahedral Zn2+ ion is coordinated to all
three imidazoles with a comparable averaged Zn–NIm bond
length (1.984 Å). The amide ligand sits inside the calixarene
cavity (Fig. 1) with a short Zn–O distance [1.897(9) Å],6 which
again reflects a highly acidic zinc center. Two additional
anchorage points fix the guest molecule in the center of the
cavity. On one side, a hydrogen bond hangs the NH2 group next
to one oxygen from the calixarene skeleton [d(N…O) = 3.08 Å
and correspondingly, d(NH…O) = 2.29 Å]. In the opposite
direction, a CH/p interaction draws the guest CH group in front
of one of the aromatic rings of the host with a perpendicular
C…Ar distance of 3.60 Å.

The ability of calixarene to undergo a host–guest relationship
with organic molecules has already been described in terms of
CH/p interaction.8,9 It has also been recognized that these
interactions can help in stabilizing an enzyme–substrate
complex.8,10 In the specific case of Liver Alcohol Dehy-
drogenase,7 Phe-93 interacts with sulfoxide-based inhibitors
that coordinate the zinc dication.11,12 The reported distances
(3.7–3.8 Å) are very similar to that (3.67 Å) described above for
the methyl group of the ethanol ligand. More important
however, are the interactions of the calixarene aromatic
structure with the CH groups that are directly connected to the
O-atom coordinating the metal center (OCH2– and ONCH– for
L = EtOH and NH2CHO, respectively). Indeed, these hydrogen
atoms have an exacerbated acidic character that should increase
the stabilizing effect of the interactions with p systems. Again,
an interesting comparison can be made with the X-ray structure
of LADH reporting a tetrahedral Zn center that binds EtOH in
close contact with Phe-93.7 The distance from the ethanol
–CH2– hydrogen atom closest to the center of the aromatic ring
is 3.15 Å in the enzyme. For the calixarene-based Zn model
complexes, we found 2.92 Å for –CH2OH (L = EtOH) and 2.70
Å for –CHNO (L = NH2CHO). The distance from the Zn ion to
the center of the same phenyl rings is, in each case, 5.45, 5.41,
5.42 Å, respectively. Hence, this can be viewed as a metal
ligand aromatic cation/p interaction, as recently suggested in a
study concerned precisely with metalloproteins.10 Finally,
hydrogen bond networks have often been observed in enzyme
active sites and in particular for the zinc-bound alcohol and Ser-
48 in LADH.13

In conclusion, we have structurally characterized two novel
dicationic tetrahedral Zn complexes that display unusual and
remarkable stability. Both the ethanol and the formamide
adducts are interesting structural models for the species
involved in the catalytic cycle of Zn peptidases or LADH as
these enzymes present similar stabilizing interactions. It is
worth noting that these new data suggest that a sulfur-rich
coordination core as in LADH is not a specific requirement for

the stabilization of tetrahedral zinc–alcohol complexes, but
might rather be necessary for substrate activation toward
hydride transfer. We are currently studying the reactivity of
these so-called Zn funnel complexes.

Notes and references
† The crystals were measured on a Nonius KappaCCD diffractometer. The
structures were solved by direct methods and refined using the program
SHELXL97. As usual with this series of compounds, the crystals were very
sensitive to desolvation. The hydrogen atoms were added at idealized
positions. In the calculations, they were treated as riding atoms and the Uiso

were free to refine, except for the two hydrogens bonded to the nitrogen of
the amide ligand. For these latter, the Uiso were fixed at 1.5 3 Ueq of the
nitrogen atom before the last cycles of refinement. Crystal data for
[Zn(X6Me3ImMe3)(EtOH)](ClO4)2·Me2CO: C89H120N6O16Cl2Zn, Mw =
1666.24, triclinic, space group P1̄, a = 13.639(1), b = 16.006(1) c =
22.799(1) Å, a = 88.68(1), b = 78.12(1), g = 68.24(1)°, V = 4515.8(5)
Å3, Z = 2, Dc = 1.225 g cm23, m(Mo-Ka) = 0.396 cm21, 13013
reflections measured at 173 K, 1039 parameters refined on F2 using 12869
unique reflections to final indices R[F2 > 4sF2] = 0.112, wR = 0.307 [w =
1/[s2(Fo

2) + (0.2P)2 + P] where P = (Fo
2 + 2Fc

2)/3]. One But and one
counter ion oxygen were split on two distinct sites with multiplicities of 0.7
and 0.3 because of static disorders. The final residual Fourier positive and
negative peaks were equal to 0.70 and 20.78, respectively.

For [Zn(X6Me3ImMe3)(NH2CHO)](ClO4)2·2PhCN: C105H133N9O15-
Cl2Zn, Mw = 1897.47, monoclinic, space group P21/c, a = 23.752(1), b =
16.1345(8) c = 27.385(1) Å, b = 96.394(3)°, V = 10429.4(8) Å3, Z = 4,
Dc = 1.208 g cm23, m(Mo-Ka) = 3.52 cm21, 13101 reflections measured
at 193 K, 1316 parameters refined on F2 using 12808 unique reflections to
final indices R[F2 > 4sF2] = 0.119, wR = 0.278 [w = 1/[s2(Fo

2) +
(0.1116P)2 + 45.5085P] where P = (Fo

2 + 2Fc
2)/3]. The final residual

Fourier positive and negative peaks were equal to 0.82 and 20.58,
respectively.

CCDC 145474 and 161215. See http://www.rsc.org/suppdata/cc/b1/
b102322p/ for crystallographic data in .cif or other electronic format.
‡ In ligand X6Et3ImEt3, the O- and N-methyl substituents of X6Me3ImMe3

are replaced by ethyl groups. Its synthesis was described in ref 3. The
corresponding aqua complex [Zn(X6Et3ImEt3)(H2O)](ClO4)2 was obtained
following the synthetic procedure described in ref 2.
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for [ZnBr2(DMF)2]. See: R. A. Edwards, O. P. Gladkikh, M.
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Under visible light irradiation, ruthenium–arene complexes
bearing N-heterocyclic carbene ligands with aryl sub-
stituents – either preformed or generated in situ – are active
catalyst precursors for the ROMP of cyclooctene already at
room temperature.

Thanks to the development of well-defined ruthenium-based
catalyst precursors, ring-opening metathesis polymerisation
(ROMP) has become a valuable tool for the preparation of
synthetic macromolecules.1 A major breakthrough was
achieved in the mid-nineties by Grubbs and coworkers with the
discovery of complex 1, a very efficient and highly tolerant
catalyst precursor for olefin metathesis reactions.2 At approx-
imately the same time, we reported that the 18-electron complex
2 was also a versatile and efficient promoter for the ROMP of
both strained and low-strain olefins when activated by a suitable
carbene precursor such as trimethylsilyldiazomethane
(TMSD).3

Replacement of one of the two phosphine ligands in 1 with
more electron-donating N-heterocyclic carbene ligands (NHCs)
significantly improved its metathesis activity and paved the way
for a new generation of ruthenium–alkylidene catalyst pre-
cursors.4 Herein, we present preliminary results obtained for the
ROMP of cyclooctene (a typical low-strain cyclic olefin) when
a variety of NHCs were substituted for the tricyclohexyl-
phosphine ligand in 2. Thus, we have prepared complexes 3a–i
and 4 from [RuCl2(p-cymene)]2 and the corresponding
NHCs.5,6 The free carbene ligands were obtained from the
parent imidazole-2(3H)-thiones7 (3a,c,e,h) or from imidazol-
(in)ium chlorides8 (3b,d,f,g, 4) by reduction with potassium or
deprotonation with potassium tert-butoxide or hydride, re-
spectively. The dichlorocarbene in 3i was the adduct of
1,3-dimesitylimidazol-2-ylidene and CCl4.9

Polymerisation of cyclooctene in PhCl for 4 h at 60 °C served
as a test reaction for our initial screening. These experimental

conditions, complemented by TMSD initiation, were found
optimal in our previous studies with 2.3 Transposed to the case
of ruthenium–NHC catalyst precursors, they led to dichotomous
results. Complexes 3a–e bearing alkyl-substituted imidazol-
2-ylidene ligands were devoid of any significant activity for the
ROMP of cyclooctene, even in the presence of the TMSD
carbene precursor. Monomer conversion stagnated below 16%
and no polymer was isolated. Aryl-substituted ligands, on the
other hand, afforded much more active catalysts. With 3f and
3g, gelation of the reaction mixture occurred within a few
minutes and a near quantitative yield of polyoctenamer was
obtained after 4 h at 60 °C. When the reaction temperature was
lowered to ca. 20 °C, this remarkably high activity was
maintained. Most interestingly, we found that the polymer-
isation of cyclooctene with catalysts 3f and 3g performed
equally well in the absence of TMSD, whereas the addition of a
diazo compound was a requisite with complex 2.3 The presence
of light played a key-role in the nucleophilic carbene-based
system and the intervention of a photochemical activation step
was evidenced from the results gathered in Table 1.† With
exclusion of light, a mere 20% yield of polymer was obtained
after 2 h at room temperature. Normal lighting in the laboratory,
a combination of daylight and of fluorescent light, was
sufficient to raise the conversion to 93% within the same period.
More intense visible light sources brought the reaction to
completion while ensuring reproducible conditions. Thus,
recourse to an ordinary 40 W ‘cold white’ fluorescent tube or to
a 250 W incandescent light bulb standing 10 cm away from the
standard Pyrex reaction flasks afforded quantitative yields of
polyoctenamer. The differences in the emission spectra of the
two light sources did not have any incidence on the polymer
microstructure. In both cases, the polyoctenamer obtained was
mainly trans and had a relatively narrow molecular weight
distribution.

To the best of our knowledge, the only precedents of
photoinduced ROMP described in the literature involved UV
light irradiation. Systems based either on Schrock-type tungsten
catalysts or on ruthenium– and osmium–arene complexes
similar to 2 were able to polymerise strained cyclic olefins upon
exposure to a 200 W Hg lamp, although high molecular weights
and broad molecular weight distributions were obtained.10 It
was of note that neon light or strong daylight significantly
enhanced the catalytic activity of complex 2 itself or of a

Table 1 Effect of light on the ROMP of cyclooctene using 3g as a
catalyst

Lighting
conditionsa

Monomer
conversionb (%)

Isolated
yield (%) sc

c 1023 Mn
d Mw/Mn

d

Darkness 22 20 0.36 21 1.53
Normal 93 84 0.27 625 2.00
Neon tube 99 93 0.17 553 1.33
Light bulb > 99 91 0.18 537 1.33
a See text for details. b Determined by GC. c Fraction of cis double bonds
within the polyoctenamer, determined by 13C NMR. d Determined by GPC
in THF vs. monodisperse polystyrene standards.
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stoichiometric mixture of [RuCl2(p-cymene)]2 and PCy3 toward
the ring closing metathesis (RCM) of numerous dienes in
refluxing CH2Cl2.11 Complexes 3f and 3g, on the other hand,
displayed the same efficiency in the RCM of diallyl malonate,
whether the reaction was carried out in the presence or in the
absence of visible light.6 This is in sharp contrast with our
observations for the ROMP of cyclooctene, as we confirmed
that complex 2 was completely inactive toward the olefin if the
TMSD initiation was replaced by visible light illumination.

The UV–VIS spectra of 2 and 3g freshly dissolved in PhCl
were recorded under the exclusion of air and moisture. The
phosphine derivative 2 had an absorption maximum at 369 nm
while the carbene compound 3g displayed two less intense
bands centred at ca. 350 and 450 nm. The band at 350 nm
corresponds to the absorption of the free carbene ligand while
the band at 450 nm was more visible when [RuCl2(p-cymene)]2
and 1,3-dimesitylimidazol-2-ylidene (2 equiv.) were mixed in
the UV cell immediately prior to the analysis. Upon exposure to
intense visible light for 30 min the band at 450 nm completely
disappeared. Hence, we tentatively assign this visible absorp-
tion to the p-cymene moiety in 3g. 1H NMR spectroscopy
confirmed that free p-cymene was released from 3g when a
PhCl-d5 solution of the complex was irradiated in the presence
or in the absence of cyclooctene. A similar arene decoordination
had already been reported when 2 was treated with TMSD.3 In
that case concomitant formation of [Ru]NCHSiMe3 active
species was evidenced, whereas in the present system no
propagating carbene was detected by NMR. However, the light-
induced decomplexation of the h6-arene ligand is believed to
generate a highly reactive coordinatively unsaturated ruthenium
species that triggers the catalytic process, though the exact
nature of the active species in solution, as yet, remains
elusive.

Next, we synthesised the new complexes 3h, 3i and 4 to
compare their activities with those of 3f and 3g. Thus, the
ROMP of cyclooctene initiated by various catalyst precursors
was carried out under visible light irradiation and monitored by
GC. Fig. 1 depicts the time-course of the polymerisations in
PhCl at 20 °C. Compound 3g remained the best catalyst
precursor under the experimental conditions adopted. It slightly
outperformed complex 3f and the Grubbs’ catalyst 1 and was a
much better ROMP promoter than its saturated imidazolidine
analogue 4. Surprisingly, disubstitution of the 4,5 positions on
the heterocyclic imidazole ring by methyl groups (in 3h) gave a
very poor catalyst, while the dichloro derivative 3i displayed a

steady albeit moderate activity, close to that observed with the
TMSD-activated complex 2.

Finally, we examined the replacement of complex 3g in our
reactions by more easily available, commercial precursors. For
this purpose, we tested mixtures of [RuCl2(p-cymene)]2 5 and
1,3-dimesitylimidazolium chloride 6 (2 equiv.) in the presence
of various bases (4 equiv.) viz. 2,6-di-tert-butyl-4-methylpyr-
idine, Cs2CO3, and KOBut. With all three bases, cyclooctene
conversion did not exceed 10% after 2 h at room temperature,
maybe because the ionic components were poorly soluble in
PhCl at that temperature. When the polymerisations were
carried out at 60 °C, the sterically hindered, non-nucleophilic
pyridine did not afford any polymer, but Cs2CO3 led to a decent
yield of polyoctenamer (Table 2)†. Most gratifyingly, we also
noted that complex 3g generated in situ with KOBut as a base
was almost as effective as the preformed complex, opening the
way to new, simple, straightforward polymerisation proce-
dures.

We thank the EUTMR programme (HPRU-2000-10) for
financial support.

Notes and references
† Typical polymerisation procedure: complex 3g (3 3 1025 mol) was
dissolved in 5 mL of dry PhCl under Ar. The solution was irradiated by a 40
W ‘cold white’ fluorescent tube placed 10 cm away from the Pyrex reaction
flask. Cyclooctene (7.5 3 1023 mol) was added via a syringe and the
reaction mixture was stirred for 2 h at r.t. or at 60 °C. The resulting gel was
diluted with CHCl3 (2 3 10 mL) and slowly poured into 500 mL of MeOH
under vigorous stirring. The precipitated polyoctenamer was dried under
high vacuum and characterised by NMR and GPC.
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Schmutzler, H. A. Craig, J. R. Goerlich, W. J. Marshall and M.
Unverzagt, Tetrahedron, 1999, 55, 14523.
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Fig. 1 ROMP of cyclooctene using catalysts 1, 2, 3f–i and 4. Conditions:
0.06 mmol of catalyst in PhCl (5 mL) at 20 °C, neon light irradiation,
monomer/catalyst ratio 150. Conversion determined by GC.

Table 2 ROMP of cyclooctene at 60 °C catalysed by complex 3g preformed
or generated in situ

Catalyst
precursor

Monomer
conversiona (%)

Isolated
yield (%) sc

a 1023 Mn
a Mw/Mn

a

5 + 6 + Cs2CO3 56 47 0.44 623 3.62
5 + 6 + KOBut 99 92 0.20 659 2.02
3g > 99 84 0.17 269 1.97
a See Table 1 for details.
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This is the first report of using ultrasound radiation for
depositing a nanosized catalyst (iron oxide) into the pores of
a mesoporous material (titania); the resulting catalyst is used
for the oxidation of cyclohexane under mild conditions.

The synthesis of mesoporous materials offers a new possibility
for the creation of catalysts that are effective in many
technological processes. Their high surface area, large adsorp-
tion capacity, and ordered pore structure make them very useful
for oil refining, petrochemistry, and organic synthesis.1 At the
same time, mesoporous materials have found many applications
as supports for metal oxides, organometallic compounds, and
other precursors, achieving high dispersion and functionaliza-
tion of the active phase.2 It has been shown that the
incorporation of transition metals into the framework of MCM-
41 allows the preparation of catalysts which are active in the
oxidation of organic compounds.3 The catalytic activity in the
liquid-phase oxidation of cyclohexane with aqueous H2O2,
exhibited by an iron catalyst incorporated into mesoporous
molecular sieves (MCM-41), has been attributed to the
formation of heterogenized iron complexes.4 The yield of target
products (cyclohexanol and cyclohexanone) with this catalyst
did not exceed 3.5%.

As reported by Suslick et al., the sonochemical method can
be used as a tool to prepare nanosized amorphous metals.5 If
ultrasound irradiation is applied in the presence of an oxide
support (such as silica, titania, alumina), the initially formed
nanoscale clusters can be trapped in the support. Recently,
sonication has been further developed to drive the deposition of
iron, nickel, and cobalt on the surface of silica and alumina
particles.6 Sonochemistry has also been used for the preparation
of mesoporous silica (MCM-41),7a mesoporous titania,7b and
mesoporous yttria–zirconia. The main advantage in using
sonochemistry for the synthesis of mesoporous materials is the
drastic shortening of the time involved in the fabrication of the
products from days to hours. It has been demonstrated that the
wall thickness is perhaps also greater when the sonochemical
technique is used. This communication is the first report where
sonochemistry is employed to deposit amorphous nanoparticles
into the pores of a mesoporous material.

The question as to whether or not sonochemistry can also be
used for the deposition of a catalyst into the inner pores of
mesoporous materials is examined here. Iron oxide was chosen
as a testing probe for this purpose, which can be used as a
catalyst in the oxidation of alkanes. We have reported recently
on the oxidation of cyclohexane using sonochemically prepared
nanostructured amorphous iron and cobalt catalysts or an
amorphous iron–nickel alloy.8 In that work, the reaction was
carried out under high oxygen pressure (40 atm) at room
temperature without a solvent, using isobutyraldehyde as an
activator and a catalytic amount of acetic acid. Under these
conditions, a high conversion of cyclohexane (ca. 40%) was
obtained with an almost 80% selectivity to the target products
cyclohexanone and cyclohexanol. Later it was found that the
active catalyst was the nanostructured, sonochemically pre-

pared transition metal (TM) oxide and not the amorphous TM.9
In fact, due to the high reactivity of the amorphous materials, it
is almost impossible to avoid oxidation of the nanophased TM.
We report herein the results of cyclohexane oxidation with an
iron oxide catalyst supported over mesoporous titania (MSPT).
The preparation of the MSPT and the deposition of the iron
oxide into its pores were carried out by a sonochemical method.
In our synthesis we have followed the sonochemical preparation
of nanophased amorphous Fe2O3 described previously.10 The
synthesis was carried out in the presence of mesoporous TiO2.
The activity of this catalyst was tested in the oxidation of
cyclohexane under mild conditions.

The mesoporous titanium oxide was synthesized from
titanium isopropoxide by ultrasound irradiation, as described
elsewhere.7b Its surface area, measured by the BET nitrogen
adsorption method (Micromeritics Gemini) after removal of the
surfactant, reached 850 m2 g21 with a pore size of 1.5 nm and
a pore volume of 0.53 ml g21.

The as prepared titania was irradiated by ultrasound with a
solution of iron pentacarbonyl in decalin under an atmospheric
pressure of air at 0 °C for 3 h.11 The surface area of the sample
was reduced to 570 m2 g21, with a pore size of 1.3 nm and a pore
volume of 0.23 ml g21. The reduction in surface area and pore
volume is due to the insertion of iron oxide into the
mesopores.

The particle size of the titanium oxide, obtained from TEM
measurements (microscope JEOL-JEM 100) is of the order of
100–200 nm. The outer surface area is ca. 1–2 m2 g21 as
calculated from the particle size. Coating the outer surface with
5 nm catalyst particles (as estimated from particles found
outside the pores) would not lead to the measured reduction in
surface area for the titania/iron oxide composite. We, therefore,
conclude that the major part of the iron oxide is inserted into the
mesopores.

XRD analysis was performed with a Rigaku diffractometer
(Model 2028, Cu-Ka radiation). In the as prepared sample, iron
oxide was in an amorphous state. After heating under argon at
300 °C for 24 h, it crystallized in the form of magnetite.

Elemental analyses, performed using energy dispersive X-ray
(EDX) analysis (Link ISIS Oxford) and atomic adsorption
spectroscopy (AAS) (Perkin Elmer 2380 spectrometer) showed
a difference in iron content (Table 1), the iron concentration
obtained by EDX being higher than in the AAS results. This
indicates that part of the iron is located on the surface of the
catalyst, since EDX measures the surface concentration of the
element, while AAS gives the total quantity. Nevertheless, the
difference in concentration between these two analytical
methods for the catalysts (prepared by the same method of
sonochemical irradiation on mesoporous titania support) is
lower than on commercial titania (Degussa P-25) (Table 1).
This can occur because of the larger pore volume of mesoporous
titania in comparison to that of conventional TiO2 and thus a
deeper impregnation of the active phase in the pores.

The binding energy measured by XPS for the Fe2P3/2 and Ti
2P3/2 did not differ very much for the catalysts supported on

This journal is © The Royal Society of Chemistry 2001

988 Chem. Commun., 2001, 988–989 DOI: 10.1039/b100910a



titania and sonochemically prepared iron oxide and were close
to the values corresponding to conventional Fe2O3 and TiO2
(Table 1).

We have studied the reaction of cyclohexane oxidation with
iron oxide supported on mesoporous titania under mild
conditions.12 Table 1 presents the conversion of cyclohexane
into oxidation products, using three forms of the catalyst: (a)
unsupported nanophased amorphous Fe2O3; (b) amorphous
Fe2O3 deposited on TiO2 (Degussa P-25), which we have
reported on previously9 and (c) amorphous Fe2O3 deposited on
TiO2 (MSPT). Of these the Fe2O3/TiO2 (MSPT) showed the
highest activity in cyclohexane oxidation. The main products
(selectivity almost 90%) were cyclohexanol and cyclohex-
anone, in the ratio 1.5+1. GC analysis revealed that in the
presence of acetic acid, the activator (isobutyraldehyde) first
reacted with oxygen, and the final oxidation product was
isobutyric acid. The perisobutyric acid formed in situ during this
process may react with metal species supported on the carrier to
form oxometal complexes. Hydrogen abstraction from cyclo-
hexane by oxometal complexes, followed by the formation of
cyclohexanone and cyclohexanol, probably takes place as a
result of the same free radical mechanism described earlier.13

After the first reaction the liquid phase was separated by
centrifugation and the solid catalyst reused under the same
conditions.12 The conversion of a fresh portion of cyclohexane
was scarcely changed in comparison with the first cycle. On the
basis of these results it is reasonable to conclude that the
sonochemically prepared nanosized iron oxide deposited on
MSPT is a stable and effective catalyst. It can be used for the
oxidation of cyclohexane, other hydrocarbons, and a number of
other organic functional groups, which are currently under
investigation.

In summary, this work demonstrates that sonochemistry can
be used for anchoring nanomaterials in the pores of mesoporous
compounds to produce effective catalysts.
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(molar ratio of initial substances was 1+1). The mixture was
irradiated by ultrasound under an atmospheric pressure of air at 0 °C for
3 h. The product was washed thoroughly with pentane and dried in
vacuum.
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Table 1 Physicochemical properties of iron oxide catalysts prepared by the sonication method

Fe2O3 (mass%) Eb
a/eV

Conversion of
Catalyst EDX AAS Fe 2p3/2 Ti 2p3/2 cyclohexane (%)

Fe2O3 100 100 710.5 (711.5a) — 16.5
Fe2O3/TiO2 (Degussa P-25) 20.3 12.0 710.6 457.6 (458.6,b 459.8c) 21.3
Fe2O3/TiO2 (MSPT) 18.7 14.5 710.9 458.7 25.8

a Value for commercial Fe2O3. b Value for commercial TiO2. c Value for sonicated TiO2.
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The synthesis of peptides using micro reactors†
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We have demonstrated the first application of multi-step
synthesis within a micro reactor and have shown that
peptides may be prepared in quantitative yield in a period of
20 min, compared with batch reactions where only moderate
yields (40–50%) were obtained in a 24 h period.

During the past ten years, there has been a rapid growth in the
development of micro-Total Analytical Systems (m-TAS)1–3

which exploit electroosmotic flow (EOF).4 The development of
micro reactor devices for chemical synthesis based on com-
plementary technology is less common. However, recent
research has shown that Suzuki5 and Wittig6 reactions may be
performed using micro reactor systems.7

Peptides have been commonly prepared via solid supported
techniques since its introduction by Merrifield in 1963.8 Solid
phase peptide synthesis is based on the addition of a protected
amino acid residue to an insoluble polymeric support. The acid-
labile Boc group9 and base-labile Fmoc group10 have been
commonly used for N-protection. After removal of the protect-
ing group the next protected amino acid may be added using
either a coupling reagent or a pre-activated amino acid
derivative. If this dipeptide is the desired product, it may be
cleaved from the polymer support using various reagents, one of
the more common methods being treatment with 25–80% HF.11

If a longer peptide is required additional amino acids can be
added by repeating further coupling reactions.

Solid phase peptide synthesis has the disadvantage that a
fairly expensive polymer support is required. In addition, extra
steps are added to the synthesis as a result of initially linking the
amino acid to the support and finally having to remove the
peptide from the polymer. In this paper a micro reactor has been
used to prepare peptides using solution phase chemistry in an
attempt to overcome some of the current problems associated
with such syntheses.

The micro reactor devices used in this work were prepared
using standard procedures developed at Hull.12 A schematic of
a typical micro reactor produced using such fabrication
techniques is shown in the graphical abstract.† Microporous
silica frits13 were placed in the channels to prevent hydro-
dynamic flow occurring.

In the first instance a one-step reaction was considered in
which an N-protected b-amino acid was reacted with an O-
protected b-amino acid, to prepare the protected b-dipeptide. To
enable the methodology to be applicable to the synthesis of
more complex peptides, the use of orthogonal protecting groups
was clearly required. After careful consideration, the base-labile
Fmoc protecting group10 was selected for N-protection while
the Dmab ester14 was chosen for protection of the carboxylic
acid. Importantly, both protecting groups may be removed
under mild conditions, since electroosmotic flow is retarded if
the pH of the reaction is outside the range 3–10.

Commercially available Boc-b-alanine 1 was protected as the
Dmab ester using an EDCI [1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride] and DMAP coupling reac-
tion, to give the ester 2 in 92% yield in a bulk reaction (Scheme
1). Treatment of 2 with trifluoroacetic acid furnished the desired
amine 3 in 61% yield, which was subsequently reacted with
Fmoc-b-alanine 4 via a carbodiimide coupling reaction, to give
a synthetic sample of dipeptide 5.

Having prepared dipeptide 5, it represented a synthetic target
for preparation using the micro reactor. Prior to synthesis, the
micro reactor channels were primed with anhydrous DMF to
remove any air and moisture from the channels and the
microporous silica frits. A standard solution of Fmoc-b-alanine
4 (50 ml, 0.1 M) in anhydrous DMF was added to reservoir A,
a solution of EDCI (50 ml, 0.1 M) was placed in reservoir B and
a solution of amine 3 (50 ml, 0.1 M) was placed in reservoir C.
Anhydrous DMF (40 ml) was placed in reservoir D, which was
used to collect the products of the reaction. Platinum electrodes
were placed in each of the reservoirs (A, B and C positive, D
ground) and an external voltage was applied to the channels
inducing electroosmotic flow of the reagents. The reactions
were conducted at rt for a period of 20 min, in order to acquire
sufficient volume of product to determine the yield of the
reaction. Analysis was achieved by high performance liquid
chromatography (Jupiter C18 10 mm, 4.6 3 250 mm, obtained
from Phenomenex), mobile phase composition: 0.1% TFA in
water and 0.1% TFA in acetonitrile, using a gradient system of
30% aqueous to 70% aqueous over 20 min, with a flow rate of
2.5 ml min21 at rt).

When stoichiometric quantities of the reagents were used
only ca. 10% conversion to peptide 5 was achieved when a
voltage of 700 V was applied to the reagents (A, B and C).
However, by using two equivalents of EDCI (0.2 M solution)
the yield of the reaction was increased to ca. 20%. By applying
a stopped flow technique (2.5 sec injection length with flow
stopped for 10 sec) the yield of the reaction was further
increased to 50%. Since the yield of the reaction appeared to
greatly depend on the number of equivalents of EDCI used, we
wished to further investigate the effect of carbodiimide
concentration on the reaction, however we found that EDCI was
insoluble in DMF above 0.2 M concentrations. In further
experiments DCC was used as the coupling reagent as it was
considerably more soluble in DMF. Using 5 eq. of DCC (0.5 M
solution in reservoir B) a 93% yield of dipeptide 5 was obtained
using the optimised conditions described above.

† Electronic supplementary information (ESI) available: schematic of a
borosilicate glass micro reactor. See http://www.rsc.org/suppdata/cc/b1/
b102125g/ Scheme 1 Synthesis of standard dipeptide derivative.
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Another common method utilised in peptide bond formation
involves the reaction of a pre-activated amino acid derivative,
such as a pentafluorophenyl ester, with an amine.15,16 Fmoc-b-
alanine 4 was activated as the pentafluorophenyl ester 6 via an
EDCI coupling reaction (Scheme 2). The pentafluorophenyl
ester 6 was stable and could be stored indefinitely in the freezer.
The ester 6 was subsequently reacted in bulk with amine 3 to
produce dipeptide 5.

Having prepared dipeptide 5 via the alternative pre-activated
strategy, we wished to investigate if the reaction could be
performed in a micro reactor. A standard solution of the
pentafluorophenyl ester of Fmoc-b-alanine 6 (50 ml, 0.1 M) in
anhydrous DMF was added to reservoir A, a solution of amine
3 (50 ml, 0.1 M) was placed in reservoir B and anhydrous DMF
(40 ml) was placed in reservoir D, which was used to collect the
products of the reaction. It was found that using continuous flow
of both reagents, where the ester 6 was maintained at 700 V and
the amine 3 was maintained at 600 V, dipeptide 5 was produced
in quantitative yield in just 20 min. This represented a
significant increase in yield compared with the traditional batch
synthesis where only 40–50% conversions were obtained.

Similarly, the reaction between the pentafluorophenyl ester 7
of Boc-b-alanine and amine 3 was also investigated in the micro
reactor (Scheme 3). In this case, when the reagents were mixed
under a continuous flow regime, with both reagents maintained
at 700 V, a quantitative yield of peptide 8 was observed.
Importantly, this result demonstrates that both Boc and Fmoc
protecting groups are suitable for use in the preparation of
peptides using micro reactors.

Having successfully demonstrated that peptide bonds could
be formed in micro reactors using two common methods, we
wished to show that we could extend the methodology to the
preparation of longer chain peptides. Consequently, we needed
to be able to conduct deprotection reactions in the micro reactor
and subsequently perform further peptide bond forming reac-
tions. Fmoc-b-alanine 4 was converted into the Dmab ester 9, in
a bulk reaction, using standard conditions (Scheme 4). It was
proposed to convert ester 9 into amine 3 by deprotection of the
Fmoc group in the micro reactor and subsequently react the
amine ‘in situ’ with pentafluorophenyl ester 7, to give the
dipeptide 8. Treatment of 9, with 10 eq. of piperidine in DMF
using the micro reactor, resulted in 60–70% deprotection over a
20 min period, to give amine 3.17

Subsequently, a standard solution of the Dmab ester of Fmoc-
b-alanine 9 (50 ml, 0.1 M) in anhydrous DMF was added to
reservoir A, a solution of piperidine (50 ml, 1.0 M, 10 eq.) was
placed in reservoir B and a solution of pentafluorophenyl ester
7 (50 ml, 0.1 M) was placed in reservoir C, in an attempt to
prepare dipeptide 8 using this multi-step approach. Anhydrous
DMF (40 ml) was placed in reservoir D, which was used to
collect the products of the reaction. The HPLC of the reaction
mixture showed that Fmoc deprotection had occurred, however

no peptide was evident. It was however found that the excess
piperidine used in the reaction was reacting with the penta-
fluorophenyl ester 7 to give amide 10.

As a result, an alternative method of Fmoc deprotection was
required that would not cause the aforementioned problem.
Using the micro reactor, the Dmab ester of Fmoc-b-alanine 9
was reacted with one equivalent of DBU to give the free amine
3 which was then reacted with the pentafluorophenyl ester of
Boc-b-alanine 7, in an attempt to form the dipeptide 8.

In this case, when the reagents were mixed using continuous
flow, with the reagents maintained at 700 V, product 8 was
observed in typically 25% yield. By comparing the flows of
each reagent at this stage we were able to optimise the reaction.
The Dmab ester of Fmoc-b-alanine 9 was maintained at 750 V
while reacted with DBU at 800 V. The deprotected amine was
then reacted, using continuous flow, with the pentafluorophenyl
ester of Boc-b-alanine 7 to give a conversion of 96%, based on
the amount of Dmab ester 9 present at the end of the reaction.

Having shown that more complex peptides could be produced
by removal of the N-protecting group we wished to determine if
we could remove the Dmab protecting group using hydrazine.
Hence, a solution of the Dmab ester of Fmoc-b-alanine 9 (50 ml,
0.1 M) in anhydrous DMF was added to reservoir A and a
solution of hydrazine (50 ml, 0.1 M) was placed in reservoir B.
Anhydrous DMF (40 ml) was placed in reservoir D, which was
used to collect the products of the reaction. Using continuous
flow of both reagents, maintained at 700 V, quantitative
deprotection was observed to give carboxylic acid 4.

We wish to thank Novartis Pharmaceuticals (P. W. and
C. W.) for financial support. We are grateful to Dr Tom
McCreedy (University of Hull) for help in fabricating the micro
reactor devices.
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protected amino acids.

Scheme 3 Reaction of pentafluorophenyl esters of Boc-b-alanine.

Scheme 4 Multi-step peptide synthesis.
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A novel reusable Lewis acid catalyst has been prepared by
the heterogenization of a Lewis acid/tetrapropylammonium
adduct; anchoring of tin chloride on quaternary ammonium
chloride functionalized MCM-41 yielded a catalyst with
higher activity compared to the corresponding silica ana-
logue in terms of turnover rates and product yield in the
Prins condensation of isobutene and formaldehyde to
isoprenol.

The heterogenization of common Lewis acid catalysts is a
subject of immense importance in view of achieving clean
technology, based on the fact that heterogeneous catalysts are,
in principle, best suited for industrial applications, as ideally
they can be recycled and reused easily.1 A direct immobilization
of such catalysts on an inorganic support is not often
advantageous due to the possible leaching of the supported
species during the reaction and also in many cases the activity
is considerably less than for the unsupported Lewis acid.2 To
enhance the activity it may be preferable to anchor the metal
catalyst to the support through a chemical chain rather than
directly bond it to the support surface.

MCM-41 materials which are characterized by highly
ordered pore systems with tunable pore sizes, large specific
surface area and pore volume, and high density of surface
silanols, provide excellent opportunities in inclusion chemistry
and catalysis. A large number of functionalized entities
including both organic and inorganic ligands has been in-
troduced in the channels to generate novel catalyst materials.3
Here we report the preparation of a novel Lewis acid catalyst
comprising SnCl4 as the active component anchored on a
tetraalkylammonium chloride functionalised MCM-41 mate-
rial. A comparison is made with the corresponding silica gel
analogue in the model reaction of isobutene–formaldehyde
condensation to 3-methylbut-3-en-1-ol (isoprenol), which is an
important synthesis block for industrially valuable terpenes.4
Lewis acid catalysts such as SnCl4 and ZnCl2 have been
employed in the synthesis of isoprenol from isobutene and
formaldehyde under mild conditions, however, the yield was
low due to the formation of many side products (Scheme 1).5

So called ionic liquids or molten salts which can be prepared
by the reaction of a tetraalkylammonium halide (NR4

+X2) and
a Lewis acid (MX) are reported to be effective catalysts in
Friedel–Crafts reactions and the utility of such catalysts directly

immobilized on inorganic supports has been recently demon-
strated by Holderich and coworkers among others.6 Similarly,
we adopted the nucleophilic addition of tetraalkylammonium
chloride to tin chloride to obtain penta-coordinated tin anionic
species, [NR4

+][SnCl52].7 These types of complexes were
immobilized on silica gel and MCM-41 supports by a three-step
procedure (Scheme 2). Pure silica MCM-41 (pore diameter
= 3.7 nm, surface area = 1100 m2 g21) was synthesized
following a modified procedure involving pH adjustment and
salt addition during crystallization to improve the wetting
stability.8 Silica gel (pore diameter r = 6 nm, surface area =
500 m2 g21) was purchased from Aldrich. To a suspension of 10
g of dehydrated silica/MCM-41 support in 50 g anhydrous
toluene was added 6 g of a toluene solution of trimethoxy-
silylpropyl chloride. The suspension was refluxed for 6–7 h in
an oil bath followed by filtering and washing with excess
toluene to remove the excess of reagent. 5 g of chloropropylated
silica and 7 g of tripropylamine were further suspended in 30 g
of anhydrous toluene and refluxed for 24 h. After the reaction
the material was filtered off, washed fully with excess toluene
and dried in vacuo. Elemental analysis revealed a loading of
0.98 and 2.5 mmol of chloropropyl groups per gram of silica gel
and MCM-41 supports, respectively. The amount of chloride
ions present on the silica gel and MCM-41 support after the
reaction with tripropylamine as determined by titration with
standard AgNO3 solution and potassium chromate indicator
were found to be 0.50 and 1.20 mmol g21 of support,
respectively.

1.04 g of a solution of anhydrous SnCl4 in 10 ml
dichloromethane was added dropwise to a suspension of the
functionalized silica in 40 ml dichloromethane followed by
stirring overnight at ambient temperature. After reaction, the
material was exhaustively washed with dichloromethane and
dried in vacuo. The starting silica gel and MCM-41 before use
were dehydrated in vacuo at 450 °C. All operations including
preparation of the unsupported SnCl4–TPACl complex and its
direct reaction with unfunctionalized silica were conducted
inside the glove box under dry nitrogen atmosphere in order to
prevent any hydrolysis of Sn compounds.

The tin chloride loadings of silica and MCM-41 hybrid
catalysts as determined by energy dispersive X-ray analysis
(EDAX-JEM-35, JEOL Co., link system AN-1000, Si–Li

Scheme 1 Prins condensation of isobutene and formaldehyde; IP =
3-methylbut-3-en-1-ol (isoprenol), DMD = 4,4-dimethyl-1,3-dioxane.

Scheme 2 Preparation of SnCl4 anchored on tetraalkylammonium chloride
functionalized MCM-41; TPA = tetrapropylammonium chloride; R =
propyl group.
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detector, sensitivity > 0.1 wt%) were found to be 0.46 and 1.11
mmol g21, respectively. The MCM-41 structure remained intact
after the catalyst anchoring. The retention of organic groups on
the functionalized support after anchoring the SnCl4 was proved
by IR spectroscopy. The formation of a complex between tin
chloride and tetrapropylammonium chloride in dichlorome-
thane solution was confirmed by 119Sn NMR (external stan-
dard). A shift in the NMR signal from 2665.0 to 2725.2 ppm
after the reaction with tetrapropylammonium chloride reflects a
change in the coordination number at tin.7 The tin/chlorine
atomic ratio in the anchored catalysts determined by elemental
analysis (EDAX): 0.195 for SIL–TPA+SnCl52 and 0.204 for
MCM–TPA+SnCl52, was in accordance with such complex
formation. The solid state 119Sn MAS NMR study of the SnCl4–
tetraalkylammonium adduct anchored on MCM-41 is now in
progress in order to obtain more precise definition of the
environment around the Sn.

The results of the Prins condensation of isobutene and
formaldehyde to isoprenol over different catalysts are summa-
rized in Table 1.†‡ It is clear that complexation of tin chloride
with tetrapropylammonium chloride improves the selectivity
towards the unsaturated alcohol. Tin chloride alone under
anhydrous conditions displayed high activity but the selectivity
to MBOH was poor. The tin chloride catalysts immobilized on
organic quaternary ammonium functionalized silica/MCM-41
showed highest selectivity towards the unsaturated alcohol,
MBOH (88–95%). More interestingly, the MCM-41 based
catalyst is far more active than its silica counterpart and
outperforms the latter both in terms of isoprenol yield and
catalyst turnover. An X-ray fluorescence spectroscopic analysis
of the filtrate after the reaction (X-ray spectrometer Phillips
PW-1410; sensitivity > 0.5 ppm Sn) revealed that the new
catalysts are resistant to leaching under the reaction conditions.
Furthermore, when a subsequent reaction was performed with
the filtrate after separating the catalyst by adding fresh
formaldehyde and isobutene, no formaldehyde conversion was
observed. Recycling of the catalyst leads to no appreciable loss
in activity. Increasing the reaction time to 3.5 h, increased the
MBOH yield to a maximum of 90%. The performance of an
SnCl4/silica catalyst, prepared by treating a chloroform solution
of tin chloride and silica, in the selective synthesis of MBOH is
poor compared to immobilized complexes. Also, a direct
immobilization of the complex on silica (Silica/TPA–SnCl4)
was not advantageous in terms of MBOH yield.

The present MCM-41 based Lewis acid catalyst system
satisfactorily meets the ultimate aims of heterogenization of
metal complexes. In short, we have demonstrated the prepara-
tion and application of a novel stable, reusable, heterogeneous
Lewis acid catalyst, which shows almost the same turnover rate

(TON = 2.63 3 1023 s21) as that obtained in solution with the
homogeneous catalyst (TON = 2.68 3 1023 s21). We believe
that the accessibility of the active sites for the reactants will be
highest in the present case as it is anchored to the support
through a organic chain rather than being directly bonded to the
support surface. In addition, the regular and well ordered
hexagonal array of pores present in the MCM-41 support
provides nanosized micro-reactors for the reaction. The better
catalytic activity obtained with the MCM-41 supported catalyst
compared to the silica supported counterpart indicates a
favorable reaction environment inside the well ordered pores of
the former where the active sites are grafted through an organic
spacer. Another important feature of this catalyst is the higher
concentration of active sites per gram of the support compared
to the silica support.

T. M. J. is grateful to the Blechner foundation for a post-
doctoral fellowship.

Notes and references
† Tetrapropylammonium chloride (4 mmol) was dissolved in 40 g of dry
dichloromethane and 1.04 g (4 mmol) of anhydrous tin chloride was added
slowly with constant stirring. The mixture was stirred overnight at ambient
temperature and the solution was concentrated in vacuo to obtain a white
crystalline material which was recrystallised from dichloromethane–hexane
and stored under moisture free conditions. Analysis: found (calc.) Sn 24.78
(24.61), Cl 36.40 (36.74)%.
‡ The Silica/TPA–SnCl4 catalyst was prepared by adding a chloroform
solution of the complex prepared as mentioned above to 4 g of pre-dried
silica support suspended in chloroform with constant stirring. The excess
solvent was removed after overnight stirring and the material was extracted
with chloroform for 12 h in a Soxhlet apparatus. The material was finally
dried and kept under moisture free conditions before use.
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Table 1 Condensation of isobutene and formaldehyde to 3-methylbut-3-en-1-ol (MBOH) over silica based catalysts and catalyst recyclinga

Entry Catalyst

SnCl4
loading/mmol
(g support)21

Conversion of
formaldehydeb

(%)

MBOH
selectivityc

(%)
MBOH yieldd

(%)

1 SnCl4 — 97.4 54.6 53.0
2 SnCl4–TPACle — 77.1 (2.68) 89.0 68.7
3 SIL–TPA+SnCl52f 0.46 64.1 (2.22) 88.1 56.4
4 MCM–TPA+SnCl52g 1.11 76.0 (2.63) 94.0 71.4
5 Recycling 1h 1.10 74.3 94.1 69.9
6 Recycling 2 — 74.9 93.5 70.0
7 MCM–TPA+SnCl52i 1.11 100 90.1 90.1
8 SIL–TPA–SnCl4j 0.32 57.0 79.8 45.5
9 SIL/SnCl4 0.95 77.9 63.2 49.2

a 56 g isobutene, 3 g paraformaldehyde, catalyst containing 4 mmol of SnCl4 and 40 g of chloroform solvent were introduced in the reactor and stirred for
2 h at 60 °C. b The turnover number (TON) based on the no. of mol of formaldehyde converted per mol of catalyst per s (31023) shown in parentheses. c Other
products included 4,4-dimethyl-1,3-dioxane and traces of poly-condensation products. d Yield was determined by using butan-2-ol as an internal standard.
e TPACl–SnCl4 complex. f TPACl-functionalised silica–SnCl4 complex. g TPACl-functionalised MCM-41–SnCl4 complex. h Recycling of MCM–
TPA+SnCl52 after exhaustive washing with dichloromethane. i Reaction continued for 3.5 h. j Direct immobilization of complex on silica.
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Ambient temperature crystallisation of a lamellar gallium
fluorophosphate from the synthesis solution of microporous ULM-5
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The layered gallium fluorophosphate Ga3F2(OH)4(H2-
PO4)(HPO4)3 [H3N(CH2)6NH3]2·3.5H2O (1) crystallises at
room temperature from the supernatant liquid taken during
the hydrothermal synthesis of the large-pore material ULM-
5; the phase has a topology not previously seen among the
Group 13 phosphates.

For almost 20 years a great deal of research has focussed on the
synthesis of open-framework phosphates. The work was
instigated by Wilson et al. who first described aluminium
phosphates with zeolite-like structures for potential use in
applications such as gas separation, ion-exchange and cataly-
sis.1 Phosphates of metals from almost every group of the
Periodic Table have now been synthesised, usually using the
hydrothermal technique (T ≈ 200 °C).2 In certain cases these
new materials have found use as selective catalysts for organic
transformations, further fuelling interest in their properties.3,4

As well as 3D zeolite-like frameworks, the phosphates exhibit
structures of lower dimensionalities, ranging from layered (2D)
through chain (1D) to molecular (0D). Understandably, recent
research in the area has focussed on determining the reaction
mechanism of the formation of phosphates, with the goal of the
rational synthesis of a new framework material of pre-designed
architecture by application of appropriate synthetic conditions.
For example, Taulelle et al. have shown by in situ NMR the
existence of oligomers in the solution5 whereas Rao et al. have,
in the past few months, proposed an aufbau principle for the
building up of 3D zinc phosphates from lower dimensional
structures.6

The gallium fluorophosphates represent a large family of
open-framework materials that we have been studying.7 During
in situ X-ray diffraction studies on their hydrothermal synthesis
a number of crystalline transient phases have been observed
which appear prior to the crystallisation of the expected
product.8,9 The structural characterisation of these inter-
mediates has been hampered by the fact they are metastable and
have never been stabilised under ambient conditions. We have
recently begun a study of the isolation of metastable phases
from the same reaction mixtures used to the prepare open-
framework 3D phases, with the aim of a deeper understanding
of the solution chemistry involved in the reactions and of
producing possible structural models for the intermediate
phases.10–12

The novel, layered gallium fluorophosphate 1 was isolated as
single crystals from the supernatant liquid remaining after one
hour under hydrothermal conditions of the reactant mixture that
forms the large-pore gallium fluorophosphate ULM-5.† Struc-
ture solution was successfully performed by single-crystal X-
ray diffraction and this reveals an unusual topology not
previously seen in phosphate chemistry.‡ The phosphate layers
have empirical formula [Ga3P4O20F2H9]42 and are intercalated
with charge balancing 1,6-hexanediammonium cations, as well
as occluded water molecules [Fig. 1(a)]. Fig. 1(b) shows a view
of the structure perpendicular to a single layer, and illustrates

how the solid is constructed from corner-sharing {HxPO4}
tetrahedra, and {GaO3(OH)2F} and {GaO4F2} octahedra. The
{GaO4F2} units share axial fluorines with two {GaO3(OH)2F}
units to produce a trimer, which is bridged on both sides by four
{HxPO4} tetrahedra. There are three types of {HxPO4} tetra-
hedra: the first is shared between three gallium atoms and has a
unique terminal P–O bond of 1.575(5) Å corresponding to a P–
OH moiety; the second is shared between two gallium atoms
and presents two terminal P–O bonds [1.543(5) Å and
1.584(5) Å] while the third is also shared between two gallium
atoms but has one longer (1.60 Å) and one shorter  P–O bond
type (1.49 Å), corresponding to P–OH and PNO moieties.

The secondary building unit (SBU) of the structure can be
thought of as a Ga3F2(OH)2(HxPO4)4 heptamer, as shown in
Fig. 2(a). These are bound by P–O–Ga linkages to produce the
porous layer containing ten-ring windows. The lamellar struc-
ture of 1 is novel, but parts of the structure bear a striking
resemblance to a chain gallium fluorophosphate we have
recently isolated at room temperature.10 The latter phase is
constructed from infinite chains of {GaO4F2} octahedra and

Fig. 1 Polyhedral view of the title compound (a) parallel to the layers, along
a, showing intercalated 1,6-hexanediammonium cations, and (b) perpendic-
ular to the layers, along c (occluded species not shown for clarity). Dark
grey polyhedra are phosphorus-centred and pale grey gallium-centred, dark
grey circles are N, pale grey circles C, and smaller pale grey circles H.
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{HPO4} tetrahedra whose mode of linking is exactly the same
as the SBU in the new phase, as illustrated in Fig. 2(b).

We have now isolated phosphates with 1D,10 2D (this work)
and 3D12 structures at room temperature, and thus for our
system there is no evidence for a particular stability of low-
dimensional structures at low temperature. All of these phases
have structures not previously seen for the gallium fluor-
ophosphates when hydrothermal synthesis is used and therefore
room temperature crystallisation provides a route to novel,
open-framework phases. What is particularly noteworthy about
the new compound, and the other phases we have now isolated
at room temperature, is the existence of gallium in solely
octahedral sites, whereas the phases produced under hydro-
thermal conditions may contain gallium in four-, five- and six-
coordinate sites. NMR studies on a related system also showed
the transformation of six-coordinate metal centres to a lower
coordination number site when hydrothermal conditions are
reached.5 In order to test the generality of this crystallisation
model, we are currently surveying phases produced from other
gallium fluorophosphate systems under mild conditions.

Notes and references
† The title compound crystallised from the supernatant liquid taken during
the synthesis of the gallium fluorophosphate ULM-5.13 The reaction
mixture, 2 GaOOH+1 P2O5+1.3 NH2(CH2)6NH2+1 HF+80 H2O (initial pH
= 2.5), was sealed in a Teflon-lined, 23 mL autoclave and placed in a
furnace preheated at 180 °C for 1 h. After cooling to room temperature, the
solid product was recovered by suction filtration and identified by powder
X-ray diffraction as a new crystalline phase GaP2O7-

(OH12xFx)(C6H18N2)·nH2O.14 The filtrate was retained and allow to stand
at room temperature in a closed Teflon vessel. After several months,
colourless, rod-shaped crystals of 1 were recovered.
‡ Crystal data: for Ga3F2(OH)4(H2PO4)(HPO4)3

[H3N(CH2)6NH3]2·3.5H2O: M = 999.6, colourless crystals, 0.36 3 0.14 3
0.04 mm, monoclinic, space group P21/c, a = 10.201(2), b = 14.417(4), c
= 23.195(6) Å, b = 95.91(3)°, V = 3393.0(2) Å3, Z = 4, Dc = 1.957
g cm23, m = 2.659 mm21, index ranges 212 @ h@ 12, 218 @ k@ 10, 228
@ l @ 27, total data 20 065, independent data with Io > 2s(Io) 6931.
Intensity data were collected at room temperature with a Siemens SMART
three-circle diffractometer equipped with a CCD bidimensional detector
[l(Mo-Ka) = 0.71073 Å]. Data reduction was performed with the SAINT
software and absorption corrections were applied using the SADABS
program.15 The structure was solved by direct methods and refined by full-
matrix, least squares based on F2 using the SHELXTL software package.16

All non-hydrogen atoms were refined anisotropically except water
molecules. All water molecules were unambiguously located although two
of them (Ow3, Ow4) present a disorder with half occupancy of two sites.
Hydrogens from the organic molecules were placed in calculated positions
and treated as riding (N–H = 0.89 and C–H = 0.97 Å). Number of variables
= 395; final R(F) = 0.0562, wR (F2) = 0.1319, GOF 1.026, minimum and
maximum peak in difference electron density map 20.987 and 0.962
e Å23.

CCDC 161556. See http://www.rsc.org.suppdata/cc/b1/b102753k/ for
crystallographic data in .cif or other electronic format.
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Fig. 2 (a) Polyhedral view of the secondary building unit of the title
compound (b) part of the infinite chain of the 1D material Ga(H-
PO4)2F·H3N(CH2)3NH3·2H2O with the tancoïte-type.10
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a-Keto amides bearing (S)-indoline chiral auxiliaries reacted
with lithiated methoxyallene or lithium acetylides to pro-
duce the corresponding dihydrofuranones 7 through forma-
tion of the tertiary a-hydroxy allenes, or tertiary a-hydroxy
acetylenes, respectively, at 278 °C with high diastereo-
selectivities (up to > 99% de).

A number of diastereoselective nucleophilic additions of
organometallic reagents to a-keto amides1 bearing appropriate
chiral auxiliaries have been reported as useful methods for the
synthesis of optically active tertiary a-hydroxy acid derivatives,
which are valuable for the asymmetric syntheses of medicinal
agents and natural products.2 Creating a tertiary alcohol center
in which the stereochemistry can be controlled by a defined
chiral environment in the addition of organometallic reagents to
ketones still represents a significant challenge.3

Lithiated methoxyallene4–6 is a promising nucleophile be-
cause the products produced by its addition to carbonyl
compounds7–8 can be converted into a variety of interesting
compounds such as enones9 or dihydrofuran derivatives.10 In
particular chiral propargylic alcohols11 are useful intermediates
in the synthesis of natural products.2,12 Although a number of
stereoselective additions of acetylides to aldehydes11a–c have
been reported, asymmetric addition of acetylides to ketones to
produce chiral tertiary alcohols is little known.11d,e A highly
enantioselective addition of cyclopropanylacetylide to aryltri-
fluoromethyl ketone as a special substrate has been reported as
the first example.11d,e However, a general method to prepare
chiral tertiary a-hydroxy acetylenes has not yet been re-
ported.

Recently, we reported that chiral a-keto amides derived from
(S)-indoline-2-carboxylic acid resulted in high stereoselectivity
in stereocontrolled additions of organometallics1b and allyla-
tion.1c On the supposition that these chiral a-keto amides might
be good chiral auxiliaries, we examined the diastereoselective
additions of lithiated methoxyallene 2 and lithium acetylides 3
to various chiral a-keto amides 1.

The lithiated methoxyallene 2 was generated by treatment of
methoxyallene (2.5 eq.) with n-BuLi (2.0 eq.) in THF at 278 °C
for 30 min.7b Lithium acetylide 3 was prepared by addition of n-
BuLi (1.5 eq.) to a solution of acetylene (1.7 eq.) in THF at 0 °C,
followed by cooling to 278 °C after 30 min.11a Lithiated
methoxyallene or lithium acetylide was reacted with a-keto
amides at 278 °C in THF. Since the allene adducts 4 are
generally labile7b,c so giving low yields (Table 1), the crude
product 4 was reacted to obtain 6 without purification. Two
equivalents of 2 were added to 1 at 278 °C in THF. The reaction
mixture was stirred for 10 min at 278 °C and then quenched
with distilled water. Extraction with CH2Cl2, drying over
MgSO4, and concentration gave crude product 4, which was
treated with a solution of t-BuOK (0.5 eq.) in DMSO at 50 °C.
The reaction mixture was stirred for 1 h and then quenched with
H2O. Extraction with Et2O, drying over MgSO4, and concentra-

tion gave the crude residue, which was purified by column
chromatography on SiO2 to give dihydrofuran derivatives 6
which were treated with 5% HCl and extracted with diethyl
ether and EtOAc at pH 11. The combined organic layers were
dried over MgSO4 and concentrated to give dihydrofuranones 7.
The results obtained are summarized in Table 2.

† Electronic supplementary information (ESI) available: synthesis and
spectroscopic data for 4b, 5g, 6b and 7b. See http://www.rsc.org/suppdata/
cc/b1/b100355k/

Table 1 Diastereoselective additions of lithiated methoxyallene 2 and
lithium acetylides 3 to chiral a-keto amides 1

Run Substrate R RA RB Product Yield (%)a drb

1 1a Me Me — 4a 42 99+1
2 1b Et Me — 4b 54 94+6
3 1c n-Hex Me — 4c 45 98+2
4 1d Ph Me — 4d 56 96+4
5 1e Me SiMe2Bu-t — 4e 32 80+20
6 1f Ph SiMe2Bu-t — 4f 33 83+17
7 1a Me Me Ph 5a 71 98+2
8 1b Et Me Ph 5b 91 94+6
9 1d Ph Me Ph 5c 53 95+5
10 1e Me SiMe2Bu-t Ph 5d 62 99+1
11 1a Me Me CH2OMe 5e 72 99+1
12 1a Me Me n-Bu 5f 88 99+1
13 1a Me Me SiMe3 5gc 66 > 99+1
a Isolated yields. b Determined by HPLC (Daicel chiral OD column). c RB =
H+SiMe3 was removed.

Table 2 Transformation of crude products 4 to dihydrofuran derivatives 6
and 3(2H)-dihydrofuranones 7

6 7

Run R Yield (%)a,b drc Yield (%)a drc

1 Me (1a) 33 (6a) > 99+1 80 (7a) > 99+1
2 Et (1b) 41 (6b) > 99+1 76 (7b) > 99+1
3 n-Hex (1c) 35 (6c) > 99+1 75 (7c) > 99+1
4 Ph (1d) 44 (6d) > 99+1 78 (7d) > 99+1
a Isolated yields. b Overall yields from 1. c Determined by 1H NMR.
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The purified products 4, 5 and 6 were identified by 1H, 13C
NMR,7b–d IR and MS. The ratios of diastereomers were
determined by HPLC using a chiral OD column. The absolute
configuration of 5g was determined by comparison of the
specific rotation of 8 ([a]D

25240.2°, c = 1.7, acetone) with the
literature value13 ([a]D

24 241.0°, c = 10, acetone) and its
structure determined by X-ray analysis (Fig. 1).14 The ratios of
diastereomers were unaltered during the process. Compound 8
has been found in plant growth regulators2e and highly
enantiomeric excess synthesis of 8 has not been reported
previously.

Enol ethers of 2,5-dihydrofuran derivatives 6 were readily
hydrolyzed by HCl solution (H2O+1,4-dioxane = 10+1) to
provide the corresponding 3(2H)-dihydrofuranones 7 in good
yields (75–80%), which are interesting intermediates as ana-
logues of muscarone.15b Their structural element appears in
other biologically active compounds15 and their transformation
to certain deoxy sugar derivatives can be performed. The
indoline a-keto amides have a great advantage in terms of
cleavage of the amide bond to give chiral products and recover
the indoline chiral auxiliary.1b,c,16 The cleavage of the amide
bond of indoline amides is much easier than that of alkyl amides
such as proline amides. For instance, the chiral products 5g or
7b were readily hydrolyzed with 5% HCl in 1,4-dioxane under
reflux for 3 h to give the corresponding 2-hydroxy-2-methylbut-
3-ynoic acid 8 or 2-ethyl-3(2H)-dihydrofuranone-2-carboxylic
acid 9 in 94–98% yields, respectively, as shown in Scheme 1.
The chiral auxiliary was recovered in 95–98% yield without
loss of optical purity. Earlier work11d,e on asymmetric addition
of acetylide to a ketone (not a chiral auxiliary) gave one chiral
tertiary alcohol from a specific ketone leading to one com-
pound. Our method, however, provides a general methodology
to produce chiral tertiary a-hydroxy carboxylic acid acet-
ylenes.

Conversion of the hydroxyalkylated allenes into the a,b-
unsaturated ketones under acidic conditions is also a useful
reaction.9 It is noteworthy that treatment of 4b with 5% HCl
provided enone 10 within 10 min at 25 °C as shown in Scheme
2. The ratio of diastereomers was also unaltered during
hydrolysis. The enone moiety may be an interesting precursor
for Michael-type additions or cycloadditions.17

In summary, it has been demonstrated that the reaction of a-
keto amides derived from (S)-indoline-2-carboxylic acid with
lithiated methoxyallene or lithium acetylide can provide useful

intermediates, chiral tertiary a-hydroxy acid derivatives with
high diastereoselectivities.
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Fig. 1 X-Ray structure of 5g.
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Aqueous solutions 1023 mol dm23 in (CdI)2, prepared by
treating O2-free solutions of Cd(ClO4)2 or Cd(O3SCF3)2 with
Cd powder at 65 °C, can be handled by conventional
methods; the comproportionation constant (Cd2+ + Cd "
Cd2

2+) is estimated as 0.018 (24 °C, I = 1.14 M) and the
formal oxidation potential as 20.45 V; this atypical state
readily reduces I3

2, IrCl622, pyridine complexes of
(NH3)5RuIII, and superoxo derivatives of (NH3)5CoIII.

The atypical oxidation state cadmium(I) has been prepared and
identified in the dimeric cation, (CdI)2

2+, in aluminium chloride
melts by Corbett et al.,2–4 and has been further studied in the
crystalline state.5 Moreover, a highly reactive species, thought
to be Cd+(aq), has been generated via pulse radiolysis of
aqueous Cd2+ solutions by several workers.6–8

However, we find no reports describing aqueous solutions of
unipositive cadmium manipulable by conventional methods. By
avoiding halide and other nucleophilic ligands which favor
disproportionation of Cd(I), we have generated 1024–1023

molar solutions of this state, have estimated its redox potential,
and have examined several of its reactions.

All preparations and reactions involving Cd(I) were carried
out under argon. Typically, cadmium carbonate (0.97 g, G. F.
Smith 99.995%)9 was dissolved in a 5% molar excess of
concentrated HClO4 or triflic acid (HTf), diluted to 15 ml,
heated to 60–65 °C, treated with 1.90 g of Cd powder (Aldrich
325 mesh) with stirring for 5–10 min, then cooled to 24 °C.
Stirring was maintained for 20–30 min. After centrifugation, the
Cd(I) content in the supernatant was estimated by reaction with
KI3 (352 nm). At equilibrium (24 °C), 1.7–1.8% of the Cd(II)
taken is converted to Cd(I). After separation from Cd metal, it
decays slowly (t1⁄2 = 25 h at 24 °C).

Attempted analogous preparations of ZnI (from Zn metal and
ZnTf2) and MgI (from Mg metal and MgTf2) yielded no soluble
reductant.

Concentrations of the reducing ion are very nearly propor-
tional to [CdII] taken (Fig. 1), thus being consistent with the
formulation Cd2

2+, rather than monomeric Cd+. The compro-
portionation constant [eqn. (1)] corresponds to a DE° value of

Cd2+ + Cd " Cd2
2+; K = 0.0177 ± 0.0003 (24 °C,

I = 1.14 M) (1)

20.10 V, which, in combination with the standard potential for
Cd(II,0) (20.403 V),10 yields potentials 20.45 V for Cd(II,I) and

20.35 V for Cd(I,0). Dimeric Cd(I) is then a reductant
thermodynamically comparable to U(III) (E° 20.52 V).

The sensitivity of Cd(I) to both strong acids and bases limits
the number of redox reactions that can be studied. Rate
constants for four such reactions are summarized in Table 1.
Conversions are first order in both redox partners. Solutions of
Cd2

2+ do not react perceptibly with PtCl622, vitamin B12a
(aquacob(III)alamin), quinoxaline, or the N-methylphenazon-
ium cation, and its reaction with Cr(VI) in 2-ethyl-2-hydroxy-
butanoate buffer (pH 3.6) is inconveniently slow.

Reactions with the le2 oxidants, IrCl622, Ru(III) and the
[(NH3)5CoIII]2–superoxo cation almost certainly involve an
odd-electron species related to monomeric Cd(I). Formation of
this from the dimer in a preequilibrium homolysis (Cd2

2+" 2
Cd+) would be reflected in a half-order dependence on
[reductant], contrary to our kinetic picture. Generation of this
transient must then require an act of electron transfer to the
oxidant. Since it is likely that this transfer precedes breakage of
the Cd–Cd bond, we have designated this intermediate as Cd2

3+.
We have further chosen this as a reasonable candidate for the
necessary follow-up step, although generation and reaction of
monomeric Cd+ itself cannot be excluded. Kinetic curves
obtained with each of these le2 reagents show no irregularity
indicative of accumulation or loss of this odd-electron species
on the time scale of the principal reaction, pointing to a two-step
process, eqns. (2) and (3).

Cd2
2+ + IrIV? Cd2

3+ + IrIII (slow, rate-determining) (2)† Electron Transfer, part 146. For part 145, see ref. 1.

Table 1 Reductions with aqueous cadmium(I), 24 °Ca

Oxidant Product I/M l/nm k/dm3 mol21 s21

I3
2b I2 0.075 352 (1.00 ± 0.04) 3 105

[(4-AcPy)(NH3)5Ru]3+ [(4-AcPy)(NH3)5Ru]2+ 0.030 520 68 ± 3
[(NH3)5Co(O2)Co(NH3)5]5+ [(NH3)5Co(O2)Co(NH3)5]4+ c,d 0.060 295 (3.8 ± 0.1) 3 102

IrCl622c IrCl632 0.28 489 (1.41 ± 0.04) 3 103

a [Cd2
2+] = 2.5 3 1026–2.6 3 1024 M; [Cd2+] = 1.5 3 1024–1.5 3 1022 M; [oxidant] = 5.5 3 1026–4.2 3 1024 M. b Solution buffered with 0.025 M

N-(2-acetamido)-2-aminoethanesulfonic acid (ACES); pH 6.8. c Reaction with Cd2
2+ in excess. d Reduction of (CoIII)2–superoxo to (CoIII)2–peroxo cation;

pH 5.6.

Fig. 1 Variation of concentrations of unipositive cadmium (Cd2)2+ with
Cd(II) taken. Reactions with Cd metal powder were initiated at 65 °C and
were equilibrated at 24 °C. The slope of the regression line, 0.0177 ±
0.0003, is taken as the equilibrium quotient for the comproportionation
reaction: Cd2+ + Cd " Cd2

2+, corresponding to a DE° value 20.10 V.
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Cd2
3+ + IrIV? 2 Cd2+ + IrIII (rapid, kinetically silent) (3)

The relative rates for the two steps imply a much more
negative le2 potential for the intermediate Cd2

3+ than for Cd2
2+,

with the two necessarily totaling 2(20.45) V. A lower limit for
the formal potential of the initiation step (2) can be estimated by
applying the simplified Marcus relationship [eqn. (4)]11 to the
oxidation by IrCl622, for which the outer-sphere rate constant,

log kCd,Ir = 1/2(log kCd + log kIr + DE°/0.059) (4)

kCd,Ir, is @1400 M21 s21 (Table 1). The self-exchange rate, kIr,
for Ir(IV,III) and its standard potential have been documented12

as 105.4 M21 s21 and 0.87 V, and the self-exchange rate, kCd, for
(Cd2)3+/2+ may be assumed to lie above 10212 M21 s21, the
minimum rate recorded for single electron self-exchanges
involving simpler aquated metal ions.11 We then calculate that
DE° for the initiation step, eqn. (2), falls below 0.76 V, with E°
for (Cd2)3+/2+ thus more positive than +0.11 V, and the formal
potential for (Cd2)3+ ? 2Cd2+ therefore more negative than
21.01 V (vs. NHE). The wide gap in potentials separating the
initial loss of an electron from a main group two-electron metal
reducing center and the oxidation of the resulting odd-electron
intermediate appears to be a general feature of reagents of this
type. The gap in this case ( > 1.12 V) lies between that
estimated13 for In(I,II,III) (0.4 V) and that for Tl(I,II,III) (1.92
V).14

We are grateful to the National Science Foundation for
support of this work, to Dr J. D. Corbett for valuable
discussions, to Dr V. Manivannan for preparation of the

ruthenium(III) oxidant, and to Mrs Arla McPherson for technical
assistance.
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CaO and SrO exhibit high activities for the challenging
Tishchenko reaction of furfural.

The Tishchenko reaction is dimerization of aldehydes to yield
the corresponding esters by the action of aluminium alk-
oxides.1–5 For about a century, a number of catalysts for the
Tishchenko reaction of various types of aldehydes have been
developed to obtain the product esters in high yields. While
many aldehydes have been converted to the Tishchenko dimers
in good yields, few studies have been successfully carried out on
the Tishchenko reaction of furfural. This reaction has been
reported to be difficult when carried out using traditional
aluminium alkoxides, boric acid or tetracarbonylferrate(2II) as
catalysts.2,6,7 Recently, some homogeneous catalysts such as
(C5Me5)2LaCH(SiMe3)2 and La[N(SiMe3)2]3 have been re-
ported to be effective for the Tishchenko reaction of furfural,
though these catalysts require a long reaction time to give the
product ester in a synthetically satisfactory level of yield.8,9 In
addition, removal of those homogeneous catalysts from the
resulting solution causes loss of catalyst and reduction of the
product yields. Moreover, in view of environmental concerns,
avoidance of use of toxic transition metal catalysts in industrial
processes is encouraged. Herein, we report environmentally
benign, highly effective heterogeneous catalysts for the Ti-
shchenko reaction of furfural. The general reaction equation is
shown in Scheme 1.

Alkaline earth oxides, MgO, CaO, SrO and BaO, were
prepared from Mg(OH)2, Ca(OH)2, SrCO3 and BaCO3, re-
spectively, by thermal decomposition at elevated temperatures
in vacuo. Lanthanum oxide was prepared from La(OH)3 by the
same procedure as the alkaline earth oxides, the La(OH)3 being
obtained from an aqueous solution of La(NO3)3 upon hydrolysis
with aqueous ammonia, followed by washing with distilled
water and drying at 373 K. ZrO2 and ZnO were prepared from
Zr(OH)4 and Zn(OH)2, respectively, by thermal decomposition
at elevated temperatures in vacuo. g-Alumina used as a catalyst
and as a KOH/alumina-supported catalyst was supplied from
the Catalysis Society of Japan (JRC-ALO4). Hydrotalcite (Mg/
Al = 2) was synthesized as reported.10 Alumina-supported KF
(KF/alumina) was purchased from Fluka, and its KF content
was determined as 8.2 mmol g21 by XRF. Alumina-supported
KOH catalyst (KOH/alumina) was prepared by impregnation of
g-alumina (JRC-ALO4) with an aqueous solution of KOH,
followed by drying at 373 K in air; the KOH content was 1.2
mmol g21. The pretreatment temperatures and surface areas of
the catalysts examined are listed in Table 1.

Furfural was purchased from Aldrich, and was purified by
distillation under a reduced pressure.

The reaction was carried out in an H-shaped glass batch
reactor. The two branches of the reactor were separated by a
breakable seal. A sample of the catalyst precursor was placed in
one branch, outgassed at an elevated temperature for 2 h, and
sealed. The reactant was stored in the other branch until it was
introduced through the breakable seal by distillation into the
branch containing the catalyst thermostated at liquid nitrogen
temperature. Reaction was initiated by melting the reactant at a
reaction temperature followed by stirring. The product was
identified by 1H NMR and GC–MS analysis. GC analyses to
determine yields of the product ester were carried out using a
column of DB-1 (total length: 60 m; diameter: 0.25 mm).

Table 1 shows the activities of solid base catalysts for the
Tishchenko reaction of furfural when the reaction was carried
out with 100 mg of catalyst using 10 mmol of furfural as
reactant. Among the solid base catalysts examined, only CaO
and SrO gave the product ester in high yields. When the reaction
was carried out at 353 K for 6 h in the presence of 100 mg of
SrO, the product ester was obtained in almost quantitative yield.
To our knowledge, there have been no reports of catalysts
giving the Tishchenko dimer in > 77% yield.8 Even at a lower
reaction temperature of 323 K, the product ester was obtained in
a yield of 70% over SrO. In addition to the high activities, the
catalytic selectivities of CaO and SrO to 2-furylmethyl
2-furancarboxylate were almost 100%. This clearly emphasizes
that CaO and SrO are highly efficient for the Tishchenko
reaction of furfural. Although MgO and BaO were reported to

Scheme 1 Tishchenko reaction of furfural.

Table 1 Activities of solid base catalysts for the Tishchenko reaction of
furfurala

Catalyst
Pretreatment
temperature/K

Surface area/
m2 g21

Yieldb

(%)

MgO 873 267 < 1
CaO 873 48 61
CaO 873 48 78c

SrO 1273 12 83
SrO 1273 12 95c

SrO 1273 12 70d

BaO 1273 2 0
La2O3 873 33 0
ZrO2 873 42 0
ZnO 873 2 0
g-Alumina 773 173 0
Hydrotalcite (Mg/Al = 2) 673 118 0
Fluka-KF/alumina 673 40 0
1.2 mmol g21-KOH/alumina 873 160 0
a Catalyst weight, 100 mg; furfural, 10 mmol; reaction temp., 353 K;
reaction time, 4 h. b Yield was determined by the GC analysis of the
resulting solution and was calculated by the equation: yield (%) = {[2 3
(mol% of 2-furylmethyl 2-furancarboxylate)]/[(mol% of furfural) + 2 3
(mol% of 2-furylmethyl 2-furancarboxylate)]} 3 100. c Reaction time, 6 h.
d Reaction temp., 323 K; reaction time, 12 h.

This journal is © The Royal Society of Chemistry 2001
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be active for the Tishchenko reaction of other aldehydes such as
benzaldehyde and pivalaldehyde,11,12 they were inactive for the
present reaction. Based on a previous study,11 it is conjectured
that both basic (O22) and acidic (metal cation) sites on alkaline
earth oxides participate in the Tishchenko reaction of furfural.
The strength of basic sites lies in the order MgO < CaO < SrO
< BaO, while that of acidic sites is in the opposite order. Thus,
it appears that CaO and SrO having moderate acidic and basic
sites in comparison with MgO and BaO are appropriate for the
dimerization of furfural.

Other solid base catalysts such as La2O3, ZrO2, ZnO, g-
alumina, hydrotalcite, KF/alumina and KOH/alumina were all
inactive for the Tishchenko reaction of furfural. Although KF/
alumina has been reported to show high activities for the
Tishchenko reaction of benzaldehyde and pivalaldehyde,12,13 it
was not active at all for the Tishchenko reaction of furfural.

This work is supported by a Grant-in aid for Scientific
Research of Ministry of Education, Science, Sports, and
Culture, Japan.
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PNA and DNA have been detected for the first time with a
specifically designed non-fluorescent SERRS active label;
this is also the first use of SERRS to detect PNA.

In the post human genome project era a significant effort will
centre on the detection of known nucleic acid sequences and
variations within those sequences. Currently most methods of
achieving this detection rely on the use of specific molecular
biological assays and a physical detection technique which
selectively identifies a label in a sensitive and discriminatory
manner. Fluorescence and radio labelling are the most widely
used physical techniques.1,2 Recently we have reported the
detection of labelled oligonucleotides using surface enhanced
resonance Raman scattering, SERRS.3–5 The main benefits of
using SERRS rather than fluorescence are the ability to
discriminate between labels in a mixture, without separation, at
femtomole levels or below and the more extensive, simpler
labelling chemistry which can be employed.4

To obtain SERRS a dye requires to be adsorbed onto a
roughened surface of certain metals of which the most widely
used are silver and gold. The dye is required to obtain molecular
resonance enhancement and the surface attachment provides
enhancement by interaction with the plasmons on the metal
surface. The combined enhancement processes provide a
Raman signal of equivalent sensitivity to that of fluorescence.
The sharp vibrational signals provide much better selectivity
and since many dyes which are not fluorophores are effective,
the chemistry can be much simpler and more extensive. A very
effective metal surface used in this laboratory is that of citrate
reduced silver colloid.6 Aggregating agents such as sodium
chloride or acid provide the most effective roughened surface
and tune the surface plasmon to match the frequency of the
excitation used.7 In all previous SERRS studies involving DNA
we have used commercially available fluorophores as the labels,
as fluorescence is quenched in SERRS thus allowing the
enhanced light scattering to be observed. Surface adsorption has
been by electrostatic attraction of positively charged ammo-
nium groups on the label to negatively charged citrate groups on
the surface of the metal colloid used in our studies. In this
approach the adsorption is not robust and can be affected by the
presence of other agents such as metal chelators and no use is
made of the extensive additional chemistry available for use
with SERRS methodologies.

Previously we reported the synthesis of benzotriazole
monoazo dyes specifically designed to provide SERRS by
complexing directly to the silver surface, through the benzo-
triazole moiety which displaced the citrate surface layer.8 In this
communication we report the synthesis of a derivative of one of
the previous dyes which is capable of undergoing solid phase
addition to both DNA and PNA to make the oligomers SERRS
active. The benefits of using these labels are that they are easy
to produce, they give distinctive SERRS signals which are
different from the previously used fluorophores, and they bind

via complexation to the silver surface in a way which produces
virtually irreversible binding.

The route followed for synthesis of the dye is shown in
Scheme 1. N-(1-Naphthyl)ethylenediamine was chosen due to
the presence of the primary aliphatic amine. Once an azo
linkage has been produced the electron density on the aromatic
amine is pulled into the ring system9 dramatically reducing the
reactivity of the amine as a nucleophile. Thus the aliphatic
amine provides a reactive functionality to further derivatise the
dye once synthesised. Dye synthesis was achieved by a
diazonium coupling using 5-aminobenzotriazole to produce the
orange dye, N-[4-(5A-azobenzotriazolyl)naphthalen-1-yl]ethyle-
nediamine [1]. This dye was further functionalised to produce
N-[2-(4A-(5B-azobenzotriazolyl)naphthalen-1-yl)aminoethyl]-
succinamic acid [2]. The acidic dye was then capable of addition
to amino linked DNA and PNA via amide formation on the solid
phase.

A DNA oligomer was synthesised by routine solid phase
phosphoramidite chemistry10 and a monomethoxytrityl pro-
tected amino link added to the 5A-terminus.11 Removal of the
monomethoxytrityl group and addition of the activated dye
produced the 5A-dye labelled DNA on the solid phase. The dye
was activated by addition of carbonyl diimidazole to form the
active ester. Cleavage and deprotection produced the crude
labelled oligonucleotide which was purified by ion exchange
HPLC. The coupling efficiency was estimated as > 83% by
integration of the peaks from the HPLC.

PNA has a N-terminus which can be used to react in the same
way as the amino link in DNA, however two Fmoc protected
amino-3,6-dioxaoctanoic acid (AEEA-OH) spacers12 were

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b1/b102241p/

Scheme 1 Synthesis of the benzotriazole label and addition to amino linked
DNA.
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added to distance the dye from the PNA sequence. An 8mer was
synthesised using Fmoc/Bhoc chemistry12 and the two spacers
added to the N-terminus. Removal of the Fmoc protecting group
from the terminal spacer allowed addition of the benzotriazole
carboxylic acid dye in the same way as for the DNA. Use of the
dye as a monomer in the PNA synthesis cycle resulted in a
mixture of products and poor coupling due to the unprotected
triazole system, hence the use of the carbonyl diimidazole.
Deprotection yielded the crude oligomer as a purple solid due to
protonation of the azo linkage. Purification by reverse phase
HPLC gave the pure dye labelled PNA with an estimated
coupling efficiency of ~ 55% for the dye. The low coupling
could be from a number of sources, such as cross-reaction of the
unprotected triazole group. However, as only one monomer was
being added this yield was acceptable.

The oligomers were then investigated for their ability to
produce SERRS using citrate reduced silver colloid. A
Renishaw microprobe system was used with 1 mW of 514.5 nm
excitation at the sample. The optimum conditions for obtaining
SERRS of both benzotriazole labelled oligomers vary. For the
DNA oligomer the highest signal intensity was obtained when
the phosphate backbone was neutralised by the addition of
spermine prior to addition to the silver colloid. Use of an excess
of spermine also provides aggregation of the colloid to produce
the desired SERRS signals.4 The spectrum is shown in Fig. 1B.
The spectrum is consistent with that of the uncoupled dye (Fig.
1A) and displays the stretches at ~ 1393 cm21 and 1417 cm21

that are indicative of an azo tautomer.
A citrate assay was used to monitor the release of citrate from

the surface after the addition of the benzotriazole dye, to the
colloid. This proved that citrate was released from the surface
after addition of the benzotriazole dye, but if spermine was
added alone to induce aggregation then citrate was not released.
This indicates that the benzotriazole is indeed complexing
directly with the metal and not by a charge–charge interaction
which appears to occur during spermine aggregation. Addition-
ally, SERRS signals can be obtained from the dye labelled
oligonucleotide without the use of spermine by using alternative
aggregating agents such as phosphate buffer or nitric acid. This
is in direct contrast to the oligonucleotides labelled with the
fluorophores which in previous studies only produced intense
SERRS with spermine. Thus we can conclude that the
benzotriazole dye acts as a surface complexing agent and
displaces citrate to provide attachment of modified oligonucleo-
tides to a silver surface.

The conditions for obtaining SERRS of the PNA oligomer
differ in that the oligomer is dissolved in 0.l% TFA and has a
neutral backbone. Thus there is no need for the use of spermine
as a charge neutralising agent. Also the TFA acts as an

aggregating agent, again negating the need for the addition of
spermine as an aggregating agent. The addition of the labelled
PNA oligomer to a colloidal suspension produced a strong and
distinct SERRS spectrum identical to that obtained for the
labelled DNA (Figure 1C). In order to investigate the SERRS of
the PNA labelled oligomer, a set of standard aggregating agents
was tested with the labelled 8mer and the resulting SERRS
recorded (Table 1). The values show that the intensity of the
signals for the labelled PNA can be improved by the addition of
an aggregating agent. However, if the solution is made basic by
the addition of triethylamine then the intensity of the signals
decreases, indicating that the PNA provides optimal signal to
noise ratios in acidic conditions which are compatible with the
conditions used for the standard synthesis of PNA. Spermine
still appears to enhance the intensity of the spectrum, as it is an
efficient aggregating agent.

In conclusion, we have synthesised benzotriazole azo dye
labelled oligomers specifically designed to give SERRS. This
dye is not an effective fluorophore and gives an indication of the
additional labelling chemistry available for use with SERRS.
The dye has been added to both DNA and PNA and SERRS
obtained from both species. This type of label has additional
benefits since the covalently attached benzotriazole group gives
strong bonding, particularly to silver and copper surfaces, and
provides a new and effective DNA–metal bonding chemistry.
This is the first time that SERRS has been obtained from PNA
and it is clear that it is easier to obtain SERRS from PNA than
DNA.‡§

Notes and references
‡ The authors wish to thank the BBSRC for the award of a David Phillips
Fellowship to D. G. and Astra Zeneca for funding to R. B.
§ Oligomers synthesised were: DNA 5A-BtDye X GTG CTG CAG GTG
TAA ACT TGT ACC AG 3A (X = amino link) and PNA (N)-BtDye OO
ACA TTT GA (C) (O = AEEA spacer).

1 L. J. McBride and M. D. Oneill, Am. Laboratory, 1991, 23, 52 et seq.
2 A. Castro and J. G. K. Williams, Anal. Chem., 1997, 69, 3915.
3 D. Graham, W. E. Smith, A. M. T. Linacre, C. H. Munro, N. D. Watson

and P. C. White, Anal. Chem., 1997, 69, 4703.
4 D. Graham, B. J. Mallinder and W. E. Smith, Biopolymers (Biospectro-

scopy), 2000, 57, 85.
5 D. Graham, B. J. Mallinder and W. E. Smith, Angew. Chem., Int. Ed.,

2000, 39, 1061.
6 C. H. Munro, W. E. Smith, M. Garner, J. Clarkson and P. C. White,

Langmuir, 1995, 11, 3712.
7 C. Rodger, W. E. Smith, G. Dent and M. Edmondson, J. Chem. Soc.,

Dalton Trans., 1996, 791.
8 D. Graham, C. McLaughlin, G. McAnally, J. C. Jones, P. C. White and

W. E. Smith, Chem. Comm., 1998, 1187.
9 D. Graham, A. R. Kennedy and S. J. Teat, J. Heterocycl. Chem., 2000,

37, 1555.
10 M. H. Caruthers, Science, 1985, 230, 281.
11 S. L. Beaucage and R. P. Iyer, Tetrahedron, 1993, 49, 1925.
12 R. Castle, I. S. Jensen and M. Egholm, in Peptide Nucleic Acids:

Protocols and Applications, ed. P. E. Nielsen and M. Egholm, 1999.

Fig. 1 The SERRS spectra obtained for free dye (A), dye labelled DNA (B),
dye labelled PNA (C) and aggregated colloid with no dye (D). The spectra
were obtained under different conditions and are scaled to allow
comparison.

Table 1 The intensity of the major peak in the PNA spectrum with different
aggregating agents. All spectra were recorded in one scan of ten seconds and
at 2 3 10211 mole equivalents

Species studied
Intensity of peak at
1418 cm21

Colloid + TFA No peaks
Colloid + BtDYE PNA + triethylamine 866
Colloid + BtDYE PNA 1074
Colloid + BtDYE PNA + spermine 1269
Colloid + BtDYE PNA + NaCl 2341
Colloid + BtDYE PNA + TFA 4148
Colloid + triethylamine No peaks
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The title compound undergoes excited state intramolecular
proton transfer (ESIPT) from the phenol moiety to the 2A-
carbon position of the phenyl ring (not containing the phenol
hydroxy group), to generate the corresponding keto isomer
(a quinone methide).

Many aromatic organic molecules possessing both acidic and
basic functionalities experience simultaneous enhancement of
the acidity and basicity of these groups upon electronic
excitation. Often this enhancement is sufficient for direct
protonation of the basic site by the acidic group through the
overall process of excited state intramolecular proton transfer
(ESIPT).1a–c The basic group is usually an aromatic hetero-
cyclic nitrogen atom or a carbonyl oxygen atom, and the
reaction is usually aided by a ground state hydrogen bond with
the proton donor.1a–c ESIPT is a topic of continued interest for
many groups world-wide, as represented by some selected
recent papers in this area.1d–f All reported examples of ESIPT to
oxygen and nitrogen heteroatoms (from OH or NH acids) are
reversible, and such ‘energy-wasting’ reactions have been
exploited for use as photostabilizers although other applications
have been envisaged due to their inherent photochromic
nature.2 The first example of ESIPT to carbon (from phenol)
was reported by Yates and co-workers3 while studying the
photohydration reactions of o-hydroxystyrene (1) and o-
hydroxyphenylacetylene [eqn. (1)]. Photolysis of 1 in aqueous

(1)

MeCN gave the hydration product 3 via o-quinone methide 2.
The primary photochemical step (from S1) is ESIPT from the
phenol to the b-carbon of the alkene moiety. Reverse proton
transfer in 2 (from C–H to phenolate oxygen) is highly
unfavourable and, instead, the intermediate is trapped com-
pletely by water to give 3.3,4

To our knowledge, there are no explicit examples of ESIPT to
a carbon atom that is part of an aromatic ring. However, Webb
and coworkers5 have suggested that the geminate recombina-
tion process in the ESPT reaction of 1-naphthol could result in
protonation at the C-5 and C-8 ring carbons positions, via
solvent-mediated ESIPT. In addition, reports of the photo-
protonation (by aqueous acid) of the ring carbons of a variety of
aromatic rings is well-known.6 What is unknown is whether an
explicit ESIPT to an aromatic ring carbon could operate in
appropriately designed systems. Such systems would be unique
as examples of a new type of ESIPT process. We present results
for the photochemical deuterium exchange in 2-phenylphenol
(4) that is entirely consistent with an explicit ESIPT from the
phenol moiety to the ring carbon (position 2A) of the benzene
ring not bearing the hydroxy group.

Exhaustive photolysis of 4 in 1+1 (v/v) D2O–MeCN solution
(Rayonet RPR-100 photochemical reactor; 254 nm lamps; 1023

M; < 15 °C; argon-purged solutions; 1 h) yielded (after a H2O-

wash) 4 that is deuterated exclusively on the ring not bearing the
hydroxy group. 1H NMR (360 MHz) analysis of the sample
showed that 70% of the 2A-(ortho) positions and 30% of the 4A-
(para) positions were deuterated (not excluding dideuteration of
the 2A-position since there are two such positions). These
observations are consistent with an excited state where there is
substantial charge transfer from the phenol ring to the benzene
ring and would not be unusual based on photochemistry of some
hydroxy-substituted biphenyls and biaryls already reported by
our group.6c,7 Similar results were observed for the photolysis
of 5† whereas photolysis of 6–8 gave no observable exchange.

For 4 and 5, no exchange was observed in solutions that were
not photolyzed. Clearly the hydroxy group is necessary for
reactivity. The lack of reactivity for 7 and 8 suggest that the
exchange observed for 4 and 5 may be due to an explicit ESIPT
between the phenol OH and the 2A-position of the other benzene
ring.

To investigate the possibility of an ESIPT mechanism for
exchange, subsequent photolysis of 4 were carried out in MeCN
solutions containing varying concentrations of D2O and the
extent of exchange analyzed by NMR. The results are plotted in
Fig. 1. Under the conditions employed for these experiments,
exchange at the para position was too low to be reliably
measured (typically < 10% across the D2O concentrations
used). The plot shows that ortho exchange (which is sig-
nificantly more efficient than exchange at the para position) is
independent of D2O concentration above 0.2 M D2O. At lower
concentrations, there is a rapid rise in the efficiency for
exchange at the ortho position (see inset), reaching a plateau
level at about 0.2 M D2O. These observations strongly suggest
that exchange at the ortho and para positions take place via
different mechanisms. The rapid rise in yield of ortho exchange
with increasing D2O content at low concentrations essentially
corresponds with the extent of exchange of the hydroxy proton
of 4; that is, once all of 4 has been deuterated at the hydroxy
group (to give 4-OD), the efficiency of photochemical deutera-
tion at the ortho position is solvent independent. This is further
corroborated by independent photolysis of a crushed crystalline
sample of 4-OD, which gave exclusive exchange (about 10%) at
the ortho position, with no observable exchange at the para
position. These results are consistent with a mechanism of ortho
exchange involving ESIPT (Scheme 1). In this mechanism,
photolysis of 4-OD results in ESIPT to the 2A-carbon position, to
generate the o-quinone methide intermediate 9. Reverse transfer
of a proton or water-assisted tautomerization gives 4-2AD (after
H2O wash). A related ESIPT has been reported for compound
10 (and related systems) although in this case, the basic site is
a nitrogen of an aromatic heterocyclic ring.8 What we have
shown in this work is that the ortho carbon atoms (on a simple
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benzene ring) are sufficiently basic to accept the acidic proton
in these systems.‡

The para (4A) carbon is too far away from the acidic hydroxy
(phenol) proton to be directly protonated intramolecularly.
Indeed, its exchange yield is much lower. These results imply
that a different mechanism is operative for deuterium incorpora-
tion at the para position. This is further corroborated by the
following experiments. Photolysis of 4 in 1+1 MeOD–MeCN
resulted in deuterium incorporation exclusively at the ortho
position and suggests that only the ESIPT mechanism operates
in MeOH–MeCN. Fluorescence emission spectra of 4 in a
number of solvents gave additional insights into the mechanism
of exchange at the para position (Fig. 2). These spectra show
that 4 does not undergo excited state dissociation of the phenolic
proton in neat MeCN or MeOH whereas 1+1 H2O–MeCN is
sufficiently polar to allow the dissociation, and hence formation
of the excited state phenolate ion at 415 nm. That water is
generally required for adiabatic deprotonation of phenols is
well-known and has been specifically studied for 4 in H2O–
MeOH solutions.9 These results are consistent with a mecha-
nism of deuterium incorporation at the para position involving
protonation (at the 4A-carbon) of the excited or ground state
phenolate ion, formed via deprotonation from S1 that requires
water. This is apparently not an efficient process as the carbon
protonation step must compete with fluorescence of the excited
state phenolate as well as reprotonation at the oxygen site. This
mechanism of deuterium incorporation probably also contrib-
utes to the overall exchange observed at the ortho position in
aqueous solution (the extent of which is unknown at present)
although the evidence suggests that ESIPT is the only mode of
reaction responsible for exchange in neat organic solvents and
in the solid state.

In summary, the results observed are consistent with a new
type of ESIPT in which the acidic proton from a phenol is

directly transferred to a carbon atom of a benzene ring. The
transfer is effectively reversible resulting in deuterium in-
corporation when carried out in D2O. The dynamics and
generality of this new type of ESIPT await further explora-
tion.
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Sciences and Engineering Research Council (NSERC) of
Canada and the University of Victoria. ML thanks NSERC for
a post-graduate scholarship. Dr Y. Shi is acknowledged for
preliminary studies.
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Fig. 1 Plot of % exchange at the ortho (2A) position observed for 4 vs. D2O
concentration (in MeCN). (Inset: expanded plot at low D2O concentra-
tion).

Scheme 1

Fig. 2 Fluorescence emission spectra observed for 4 in 1+1 H2O–MeCN,
neat MeCN and neat MeOH (lex = 285 nm; t (neat H2O) = 0.53 ns;9 (1+1
H2O–MeOH) = 1.25 ns;9 estimated Ff (neat MeCN) ≈ 0.1).
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Using ethylene glycol derivatives of aluminium isopropoxide
and ethyl orthosilicate precursors in the sol–gel process,
discrete aluminosilicate nanoparticles were produced that
had a strong Brönsted acidity, high surface area and high
thermal stability; these properties were ascribed to a high
dispersion of the aluminium atoms in the silica matrix.

Acid catalysts have been the subject of considerable funda-
mental research, since they represent a very relevant family of
solid acids that are widely utilized in the chemical and
petrochemical industries.1 In regard to catalysis, pure SiO2 is of
limited use, owing to the absence of active sites in its matrix.
The substitution of Si in the SiO2 matrix by Al, creates a
negative charge on the SiO2 framework with an associated H+

being bound to a nearby oxygen atom to maintain charge
neutrality. This results in the formation of Brönsted acid protons
as Al–OH–Si bridges. One factor affecting the Brönsted acidity
is the dependency on the bond angle in Si–O–Al,2,3 while
another important factor may be said to result from ‘the degree
of dispersion of the Al ions’. Taking account of the latter factor,
in the multi-component sol–gel processes for the general
preparation of aluminosilicates, it is important to control the rate
of hydrolysis of the precursors. As the hydrolysis rates of the
respective precursors are considerably different in the prepara-
tion of aluminosilicates gels composed of different mixtures of
the elements will be formed (Al2O3 in the SiO2 matrix), instead
of a homogeneous hybrid material. This difficulty can be largely
overcome by controlling the hydrolysis rates through the
formation of more stable aluminium complexes. Zarur and
Ying4 have recently reported that an ultra-high component
dispersion plays a pivotal role in the preparation of catalysts
with high reactivity and thermal stability that are needed for a
variety of applications. Since solid acidic catalysts are used in
various catalytic reactions, it is very important to develop them
to have a reproducible and strong surface acidity. In the present
work, we aimed to prepare an aluminosilicate acid catalyst
containing well-dispersed Al ions, and to then clarify its acidic
characteristics.

Discrete nanoparticles of aluminium silicate (denoted Al2-
O3·SiO2) having well dispersed Al atoms, were prepared by
mixing 0.23 mol of ethyl orthosilicate (TEOS) with aluminium
isopropoxide (0.02 mol) to prepare a sample with an Si+Al ratio
of 11.5. Ethylene glycol was added to this suspension, and a
resultant phase-separated mixture was formed which changed to
a white suspension after stirring for 1 h at 35 °C. This
suspension was mixed with an aqueous NaOH solution (0.13
mol, 300 cm3) using a spray gun to form a mist to enable the
hydrolysis reaction to proceed slowly and homogeneously. The
suspension was kept at 50 °C for 2 d, and then finally aged for
a further 2 d at 120 °C. The sample obtained was washed well
and dried in air at 35 °C and then finally calcined in an oxygen
stream for 10 h at 600 °C. An acidic ZSM-5 zeolite (HZSM-5,
Si+Al = 11.9) provided by the Tosoh company, and a silica–
alumina sample containing 5 wt% of Al2O3 (denoted as SA-5)
prepared by a conventional sol–gel method6 were used as
reference samples. The prepared Al2O3·SiO2 sample had a
specific surface area of 711 m2 g21, which was larger than that
of the SA-5 sample (216 m2 g21).

All 27Al and 1H MAS NMR measurements were carried out
in a field of 7 T using a Varian UNITY INOVA 300
spectrometer with a 7-mm diameter zirconia rotor, filled with
dry air. Before the 1H NMR measurements, all samples were
evacuated at 450 °C to eliminate any physisorbed water.
Tetramethylsilane (TMS) was used as the external reference for
the 1H signals, and all the spectra were calibrated to this
reference. 27Al NMR spectra were measured by using a p/20
pulse and a recycle delay time of 1 s. For Al NMR
measurements, all samples were evacuated at 27 °C. The 27Al
signals and their chemical shifts were referenced in ppm with
respect to an external Al(H2O)6

3+ standard in a 1 M aqueous
Al(NO3)3 solution.

The 27Al MAS NMR spectra for the three samples are shown
in Fig. 1. These are potentially very helpful for probing the
quantity, coordination and location of aluminium atoms in
aluminosilicates, even though the quadrupolar nature of the
nucleus does not allow observation of the structurally sig-
nificant fine structure of the bands. The Al2O3·SiO2 sample
showed an 27Al band centred at 54.6 ppm, in the region
corresponding to tetrahedrally coordinated aluminium (AlIV). It
is notable that there is virtually no component at 0 ppm,
characteristic of an aluminium ion in octahedral coordination
(AlVI).5–7 The spectra of the HZSM-5 and SA-5 samples give a
pattern similar to that of Al2O3·SiO2, with the intensity of the
54.6 ppm band largest for HZSM-5, and smallest for SA-5
among the samples used. The HZSM-5 and SA-5 samples also
had a distinctive band at 0 ppm, indicating the presence of six-
coordinate aluminium ions. It cannot be emphasized too
strongly that this band was not observed in our Al2O3·SiO2
sample. These NMR results demonstrate that the Al oxide
moiety was successfully incorporated into the silica framework
by the present preparation method using ethylene glycol.

The resulting spectra from the 1H MAS NMR measurements
are shown in Fig. 2. The 1H MAS NMR spectrum for HZSM-5
was composed from the sum of the contributions of the
following types of OH groups: (i) SiOH at ca. 1.8 ppm; and (ii)
SiO(H)Al at 4.2 and 6.3 ppm (the latter as a weak shoulder).8

Fig. 1 27Al MAS NMR spectra for samples evacuated at 27 °C: (1) HZSM-
5, (2) Al2O3·SiO2, (3) SA-5 samples.

This journal is © The Royal Society of Chemistry 2001
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Similar to HZSM-5, a distinctive broad feature with a maximum
centred around 3.8 ppm was found for the Al2O3·SiO2 sample,
together with the emergence of an intense signal around 1.8
ppm. In contrast to these samples, the broad band was scarcely
discernible for the SA-5 sample, and the band at 1.8 ppm was
dominant. For the SA-5 sample, a broad band around 2.7 ppm,
assigned to an AlOH species, was detected when a deconvolu-
tion technique was applied to the observed spectrum.5,8 As a
result, for the Al2O3·SiO2 sample, the existence of a higher
number of strongly acidic Brönsted-acid sites compared to the
SA-5 sample is evident, although not so strong in acid strength
and in as large a quantity as those observed for the HZSM-5
sample.

It is well known that the adsorption of CO on zeolites gives
rise to carbonyl stretching vibration (nCO) bands at higher
wavenumber relative to the free molecule (2143 cm21),
depending on the strength of interaction.9,10 These bands are
expected to be observable through the interaction of CO with
Brönsted acid sites, even at room temperature. The procedure
used to record the IR spectra in situ and the details of the sample
cell used have been reported in previous papers.5,8

The adsorption of CO on the 450 °C-treated HZSM-5 sample
at 22 °C resulted in the development of a distinct nCO band with
a maximum around 2170 cm21, and its band-maximum shifted
to a lower wavenumber of 2168 cm21, with a distinct shoulder
toward the lower wavenumber end (Fig. 3) at a pressure of 26.6
kPa. The spectrum measured at higher pressure was deconvo-
luted into two components at 2170 and 2165 cm21. Another
feature is the appearance of a band at 2228 cm21. It should be
noted that a similar spectral pattern, except for the 2228 cm21

band, was obtained for the Al2O3·SiO2 sample, where a strong
band was found at 2170 cm21. As for the SA-5 sample, the two
bands discussed for the other samples were scarcely observed,
although a strong band could be seen at 2228 cm21. In addition,
the FTIR spectra in the OH vibrational stretch region showed
prominent band features with two components for the HZSM-5
sample, one at 3745 cm21, and the other, a broad band, at
around 3620 cm21. The appearance of the band at 2170 cm21

was accompanied by a shift in the OH band observed at 3620
cm21, i.e. an interaction with the Brönsted acid site, and the
2165 cm21 band was related to an interaction with the silanol
group, related to the band at 3745 cm21.5,11 For the Al2O3·SiO2
sample, the IR spectrum showed a discernible shoulder at 3620
cm21 at the foot of a strong band at 3745 cm21, showing a
similar trend to the HZSM-5 system in this regard. On the other
hand, the SA-5 sample exhibited a faint shoulder around 3620
cm21, and a strong band was observed around 3745 cm21. The
strong band around 3745 cm21 scarcely changed even after CO
adsorption on the SA-5 sample, coinciding with the absence of
a band at around 2170 cm21. Taking into account the IR and the
NMR data, there is no doubt about the existence of the Brönsted

acid site in the Al2O3·SiO2 sample; the Al2O3·SiO2 sample
possesses a larger number of Brönsted acid sites, and a more
homogeneous site distribution compared to sample SA-5.

The distinctive band at 2228 cm21 arising from the adsorbed
CO species as observed in the spectra of the HZSM-5 and SA-5
samples is due to the interaction of CO with strong Lewis acid
sites through a s-donor bond.9,10 It is of note that this band does
not appear for the Al2O3·SiO2 sample, clearly indicating the
lack of a Lewis acid centre. This result corresponds well with
the NMR data, which shows a lack of octahedral aluminium
sites. These data are indicative of the stability of the lattice of
the Al2O3·SiO2 sample.

In conclusion, we have shown that the preparation of an
Al2O3·SiO2 sample utilizing ethylene glycol as a solvent, leads
to a sample having a strong Brönsted acid character. The
appearance of this strong acidic property is attributable to a high
dispersion of aluminium atoms at the atomic level in the SiO2
lattice, which is more complete than that observed for a sample
prepared by the general sol–gel method. Utilizing the present
method, we can prepare various hybrid materials that consist of
elements which are well dispersed at the atomic level, and
expect such highly component-dispersed materials to exhibit
many applications in catalysis, adsorption technology and other
areas of importance.
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Fig. 2 1H MAS-NMR spectra for samples evacuated at 450 °C: (1) HZSM-
5, (2) Al2O3·SiO2, (3) SA-5 samples.

Fig. 3 FTIR spectra of CO adsorbed on the samples: (a) HZSM-5, (b)
Al2O3·SiO2, (c) SA-5. The samples were first evacuated at 450 °C and then
equilibrated with increasing pressures of CO gas at 27 °C: (1) 6.65, (2) 13.3,
(3) 20.0 and (4) 26.6 kPa.
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The structural characterization of a 3D nanoporous complex
{[Cu6(tib)8(OH)4](OH)8·22H2O·4MeOH}n 1 [tib = 1,3,5-tris-
(imidazol-1-ylmethyl)benzene] assembled from the tripodal
ligand tib and Cu(MeCO2)2 shows that p–p interactions
resulting from the novel T-shaped conformation of the
ligand are the key trigger for the construction of the
backbone of a framework with channels of size 12.00 3 18.91
and 10.30 3 13.66 Å.

Employing multidentate organic ligands and metal ions to
construct organic–inorganic hybrid materials1 via coordinative
metal–ligand bonds has become a major strategy.1,2 Frame-
works with specific topologies such as honeycomb grids and
interpenetrating nets have been obtained by assembly of
suitable metal ions with rationally designed rigid tripodal
ligands such as 1,3,5-trisbenzonitrile (tcb),3 1,3,5-tris(4-ethy-
nylbenzonitrile)benzene (teb)4 and 2,4,6-tris(4-pyridyl)-
1,3,5-triazine (tpt).5–7 For example, tcb gives an extended
honeycomb framework3 by assembly with AgO3SCF3, while in
the case of tpt, a (12,6) interpenetrating net6 was obtained by
reaction of the ligand with Ni(NO3)2. Recently, Robson and
coworkers7 reported another honeycomb-like framework7 ob-
tained by assembly of Cu(MeCO2)2 with the rigid tripodal
ligand tpt.

In order to investigate the relationship between the topology
of the assembly and the conformation of the ligand, two flexible
tripodal ligands, 1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trime-
thylbenzene (titmb)8,9 and 1,3,5-tris(imidazol-1-ylmethyl)ben-
zene (tib)10 were employed. Our previous work showed that
titmb has two conformations, namely, cis,cis,cis-conformation
(W-form) and cis,trans,trans-conformation (Y-form). An ex-
tended honeycomb framework with large cavities8 was formed
with titmb in W-form, whilst a 2D sheet-like framework9

containing the ligand in both W- and Y-form was obtained from
Cu(dien)2+ ions and titmb.  Most recently, a study also showed
that a discrete M3L2 cage-like complex was assembled from tib
in W-form with zinc(II) acetate.10

We report herein, to our knowledge, the first example of a 3D
nanoporous complex {[Cu6(tib)8(OH)4](OH)8·22H2O·

4MeOH}n assembled from the tripodal ligand tib, in which p–p
interactions play important roles in the construction of the
backbone of the framework. In addition all the tib ligands are in
a novel, unprecedented T-form conformation.

Standing of a blue MeOH–H2O solution of tib and Cu(Me-
CO2)2·2H2O (L+M = 3+2) overnight resulted in the formation
of blue sheet-like crystals with the formulation {[Cu6(tib)8(O-
H)4](OH)8·22H2O·4MeOH}n 1‡ and the structure was charac-
terized by crystallographic analysis.§ Complex 1 shows no
feature for carboxyl antisymmetric (nasym 1560 cm21) or
symmetric (nsym, 1416 cm21) vibrations in the IR spectrum,
indicating the absence of acetate anion, in agreement with the
elemental analyses and crystallographic results.

There are two types of coordination environments for the
copper ions (Fig. 1). Cu1 is coordinated by four N atoms from
four tib ligands and one O atom from one OH anion giving a
distorted N4O square-pyramidal geometry, in which the four N
atoms form the equatorial plane. By contrast Cu2 is coordinated
only by four N atoms from four tib, leading to a distorted N4
square-planar geometry.

It is interesting that in this complex, all tib ligands are in the
T-form, as (Fig. 1). One imidazolyl ring lies outside the phenyl
plane, but the centers of the other two imidazolyl rings are in the
plane of the phenyl group and situated in a linear manner, to
form a capital ‘T’. Each tib is ligated to three copper atoms via
the nitrogen atoms of the three imidazolyl groups. Two adjacent
tib ligands adopt a top-to-bottom orientation and are joined
together by atoms Cu1 and Cu1a  to generate a rhombic Cu2L2

† Electronic supplementary information (ESI) available: part of packing
diagram selected to show Cu···O interactions and O···O hydrogen
interactions (Fig. 1S). See http://www.rsc.org/suppdata/cc/b1/b100325i/

Fig. 1 Coordinative environment of copper atoms in 1 (p–p interactions
indicated by dashed lines). Selected atomic distances (Å) and bond angles
(°): Cu1–N 1.981(6)–2.006(6), Cu1–O 2.357(8); N–Cu1–N
88.3(2)–91.8(2)/161.1(3)–179.6(3), N–Cu1–O 89.1(3)–101.3(3); Cu2–N
1.991(6), N–Cu2–N 88.2(2)–91.8(2)/180. Cu1–Cu1a 13.76. All hydrogen
atoms and solvate molecules are omitted for clarity.
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unit (as shown in Fig. 1), in which strong p–p interactions
formed between the two tib ligands, with the two parallel phenyl
rings separated by 3.55 Å, and a Cu1…Cu1a distance of 13.76
Å.

Four independent Cu2L2 units are joined together by four
other Cu atoms, forming an Cu12L8 macrocyclic repeating unit
which is composed of Cu12C144N48 (as shown in Fig. 2); the
total volume of the unit, 23.19 3 18.91 3 13.66 Å, is the same
as the cell unit. Repeating the Cu12L8 units in space, a 3D
nanoporous framework is then formed (Figs. 3 and 4), in which
there are two types of channels with different sizes. Along the y
axis, a channel with hole dimensions of 12.00 3 18.91 Å, which
are defined by the Cu–Cu seperation, is shown in Figs. 2 and 3.
However, when viewed along the z axis, four Cu2L2 units with
each two sharing a Cu atom are connected by two other Cu
atoms, forming a rectangular Cu8L8 unit (Cu8C144N48) opening
with dimensions of 10.30 3 13.66 Å (Fig. 4). There are 22H2O
and 4MeOH molecules in a complete Cu12L8 repeating unit, all
within the channels. Indeed, all the modeled water molecules in
this structure are in close contact to either Cu2+ ions (e.g. Cu1–
Ow4 3.097(12) Å, Cu2–Ow2 2.642(10) Å) or the hydrogen
atoms of methanol and water molecules (Fig. 1S, see ESI†). The
free pore volume of a unit is estimated, using the PLATON
program11 (squeeze), to be 847 Å3 (15.0% of the total).

The result described here shows that p…p interactions,
resulting from the novel T-shaped conformation of the ligand,
are the key trigger for the construction of the backbone of the
framework. This is the first example determined by X-ray
structure analysis showing a 3D nanoporous structure con-

structed by Cu(II) ions and a flexible tripodal ligand. This work
also shows that the topology of assembly is obviously affected
by the ligand conformation. The novel T-form of tib is
favourable in the formation of p…p interactions between two
nearest adjacent ligands. This nanoporous complex may have
the ability to selectively enclathrate moderately sized guests.
Encapsulation reactions of guest molecules are now under
study.

We are grateful for funding from the NNSF of China and the
postdoctoral fund of Guangdong province and a special fund
from the Ministry of Education of China for the vitalization
education plan of the 21st century for H.-K. L. 
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‡ Experimental: a solution of tib (48 mg, 0.15 mmol) in methanol (5 ml) was
added to an aqueous solution (10 ml) of Cu(MeCO2)2·2H2O (22 mg, 0.1
mmol) at room temperature. The mixture was filtered after stirring for ca.
1 h to give a blue solution. Standing of this filtrate overnight resulted in the
formation of blue sheet-like crystals. Yield 10% (Found: C, 49.52; H, 5.47;
N, 18.61%. Calc. for C148H208N48Cu6O34 ([Cu6(tib)8(OH)4](OH)8·18H2O·
4CH3OH): C, 49.58; H, 5.84; N, 18.75%. IR(KBr) cm21, 3411br, 3115s,
3033m, 1638w, 1611w, 1572w, 1522s, 1440m, 1401w, 1345w, 1287w,
1237m, 1100vs, 1030m, 948w, 839w, 742m, 659m, 632w.
§ Crystal data for 1: C148H216N48Cu6O38, M = 3656.92, blue sheet, crystal
dimensions 0.15 3 0.11 3 0.04 mm, monoclinic, P21/c, a = 13.662(2), b
= 23.197(4), c = 18.914(4) Å, b = 110.074(3)°, U = 5630.1(17) Å3, Z =
1, T = 294(2) K, R (wR) = 0.0920 (0.2710) for 9552 reflections with [I >
2s(I)]. CCDC 156828. See http://www.rsc.org.suppdata/cc/b1/b100325i/
for crystallographic data in .cif or other electronic format.
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Fig. 2 Schematic drawing of a Cu12L8 macrocyclic ring in the xz plane. The
large cross-hatched ellipsoids and small hatched ellipsoids represent Cu and
O atoms respectively, while the large and small ellipsoids represent phenyl
rings and coordinated N atoms, respectively. Heavy lines represent the Cu–
N bonds while open lines connect the phenyl rings with coordinated N
atoms. All hydrogen atoms and solvate molecules are omitted for clarity.

Fig. 3 Structure views of 1 in the xz plane, showing the macrocyclic
channels. (a) Structure of three channels with cell axes. (b) A space-filling
model. All hydrogen atoms and solvate molecules are omitted for clarity.

Fig. 4 Structure views of 1 in the xy plane, showing the rectangular
channels. (a) Structure of two channels with cell axes. (b) A space-filling
model. All hydrogen atoms and solvate molecules are omitted for clarity.
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bidentate double-cubane oxo fragment (H2Ndmp = 2-amino-
4,6-dimethoxypyrimidine
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The reaction of Sn(NMe2)2 with H2Ndmp (H2Ndmp =
2-amino-4,6-dimethoxypyrimidine) and H2O (ca. 4+4+1
equivalents, respectively) gives the cage complex
[Sn9(Ndmp)7(HNdmp)2O2] 1, containing an oxo double-
cubane fragment [Sn7(Ndmp)6O2] coordinated to a neutral
(HNdmpSn)2(m-Ndmp) unit; 1 is the largest imido Sn(II)
complex so far characterised.

The reactions of Sn(NMe2)2 with aliphatic primary amines
(RNH2) provide an efficient low-temperature route to imido
Sn(II) cubanes of the type [SnNR]4.1 However, we showed
recently that the analogous reactions of 2-amino-pyridines and
2-amino-pyrimidines produce mixed-oxidation state complexes
of formulae [Sn7(NR)8], in which two cubane units are fused via
a central Sn(IV) atom into double-cubane structures.2 By
illustrating that larger oligomers can be obtained, depending on
the nature of the organic substituents present, this discovery
provides a new direction in the chemistry of imido Sn(II)
compounds (which has previously been dominated by the
simple imido cubanes3–5). Previous studies by Veith and Lange
illustrated that the imido–oxo cubane [Sn4(NBut)3O],6 in which
formal replacement of ButN group in the cubane [Sn(NBut)]4 by
isoelectronic O22 has occurred, can be used as an ‘ether-like’
ligand in the donor–acceptor adduct [Sn4(NBut)3O·AlMe3].7
Our interest in this ligand stems from the very high development
of negative charge on the O centre, making it a highly effective,
sterically demanding donor for high oxidation state metal ions.8
We show here that the double-cubane framework [Sn7(NR)8]
provides access to a bidentate homologue of this ligand system,
[Sn7(NR)6O2], present within the structure of the cage
[Sn9(Ndmp)7(HNdmp)2O2] (H2Ndmp = 2-amino-
4,6-dimethoxypyrimidine).

Complex 1 was originally obtained fortuitously from the 1+1
reaction of H2Ndmp with Sn(NMe2)2 in toluene, in low (15%)
yield. Subsequently, it was shown that the 1+1 reaction of
rigorously dried H2Ndmp with Sn(NMe2)2 gives the expected
double-cubane [Sn7(Ndmp)8].2b These observations suggest
that the initial formation of 1 was due to water of crystallisation
present in the H2Ndmp. Complex 1 can be isolated using a
variety of stoichiometric ratios of H2Ndmp+Sn(NMe2)2+H2O
(ca. 4+4+1, respectively8), the cleanest reaction being obtained
using the apparently correct mixture of H2Ndmp (9 equiv.) and
H2O (2 equiv.) with Sn(NMe2)2 (10 equiv.) (Scheme 1).† Like
the formation of the double-cubanes [Sn7(NR)8], the production
of 1 formally involves disproportionation into Sn(0) and Sn(IV).
However, there was no obvious indication of the presence of Sn
metal here, so that the exact course of the reaction remains
unclear at this stage. Although the 119Sn NMR spectrum of 1 in
DMSO at room temperature shows the presence of Sn(II) (a
broad resonance at d 2284.8, width ca. 210 Hz) and Sn(IV) (at

d +75.4), the low solubility of the complex in other organic
solvents (once isolated) precluded variable-temperature studies
which may have resolved the two Sn(II) environments.

The low-temperature crystallographic study of 1‡ shows that
it is the cage compound [Sn9(Ndmp)7(HNdmp)2O2], consisting
of a neutral [Sn7(Ndmp)6O2] oxo double-cubane fragment
coordinated via both O centres to the Sn(II) centres of a
[{Sn(HNdmp)}2(m-Ndmp)] fragment (Fig. 1). In addition, there

Scheme 1

Fig. 1 (a) Molecular structure of 1. H-atoms and the lattice-solvation by
toluene molecules have been omitted for clarity. Selected bond lengths (Å)
and angles (°): Sn(1)–O(1) 2.129(5), Sn(1)–O(2) 2.139(4), Sn(1)–N range
2.103(4)–2.139(6), Sn(2,3,5,7)–N range 2.162(6)–2.378(6), Sn(2,3,5,7)–O
range 2.238(4)–2.268(4); O(1)–Sn(1)–O(2) 90.2(2), N–Sn(1)–O/N within
cubanes range 81.6(2)–82.6(2) [between adjacent 97.3(2)–105.7(2), oppo-
site 171.7(2)–179.3(2)], Sn–O(1,2)–Sn within cubanes 99.9(2)–103.1(2),
Sn–N–Sn within cubanes range 96.5(2)–105.2(2), N–Sn–N within cubanes
range 76.8(2)–81.8(2), O–Sn–N within cubanes 72.9(2)–76.8(2); Sn(8)–
O(2) 2.186(4), Sn(8)–N(81) 2.227(6), Sn(8)–N(71) 2.142(6), Sn(9)–O(1)
2.185(5), Sn(9)–N(91) 2.141(6), Sn(9)–N(71) 2.131(6); Sn(1,2)–O(1,2)–
Sn(8,9) mean 133.9, O(1,2)–Sn(8,9)–N(71) mean 88.3, Sn(8)–N(71)–Sn(9)
142.4(3), Sn(2,3,5,7)–O(1,2)–Sn(8,9) range 105.8(2)–110.6(2); (b) The
Sn9N7O2 ‘handbag’ core of 1.
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are three toluene molecules in the lattice. The coordination of
the Sn(II) centres by the oxo double-cubane in 1 is similar to the
behaviour of [Sn4(NBut)3O] in its complexes with Al,7 Li and
Fe,8 and of the [(Me3Si)(NBut)2Sn2O] fragment to SnCl2 in
[(Me3Si)(NBut)2Sn2O.SnCl2].9 However, apart from
[Sn4(NBut)3O] no other oxo–imido Sn(II) complexes of this
type have been structurally characterised. In addition, the
structure of 1 (containing a total of nine Sn centres) is the largest
Sn imido cage to be structurally characterised.

The Sn–O bond lengths to the central Sn(IV) atom [Sn(1)–O
mean 2.13 Å] in 1 are similar to the Sn(IV)–N bonds [Sn(1)–N
range 2.103(4)–2.139(6) Å] and to the Sn(II)–O bonds in
[Sn4(NBut)3O] and its metal complexes (ca. 2.10–2.17 Å).9 The
Sn(II)–O bonds in 1 are considerably longer than anticipated
[Sn(2,3,5,7)–O range 2.238(4)–2.268(4) Å], and are within the
range of values observed for the Sn(II)–N bonds [Sn(2,3,5,7)–N
2.162(6)–2.378(6) Å] in 1. Thus, despite the substitution of two
of the imido groups for O centres, the range of bond lengths and
angles found in the [Sn7(Ndmp)6O2] oxo double-cubane unit of
1 is broadly similar to that observed in the structurally
characterised double-cubanes [Sn7(NR)8].2 The internal Sn–O–
Sn angles found in the [Sn7(Ndmp)6O2] unit of 1 [Sn–O(1,2)–
Sn range 99.9(2)–103.1(2)°] are similar to those observed
[Sn4(NBut)3O] and its complexes ca. 102°].7,8

The most obvious difference between the [Sn7(NR)8] double-
cubanes and the oxo double-cubane core of 1 is found in the
geometry of the central Sn(IV) atom. Coordination of the O
centres to the [{Sn(HNdmp)}2(m-Ndmp)] fragment results in
the compression of the O(1)–Sn(1)–O(2) angle [90.2(2)°] and in
an associated expansion of the N(21)–Sn(1)–N(41) angle
[105.7(2)°] [opposite to the Sn(IV)O2 fragment]. This leads to a
departure from the rigid C2-symmetric geometry found in
[Sn7(NR)8] (with N–Sn–N angles between the [Sn4(NR)4]
cubane subunits of ca. 99°)2 to a more irregular octahedral
geometry for the central Sn(IV) atom in 1. The association of the
[Sn7(Ndmp)6O2] and [{Sn(HNdmp)}2(m-Ndmp)] units
[O(1,2)–Sn(8,9) mean 2.186 Å] produces an envelope-shaped,
six-membered SnO2Sn2N ring, in which the plane of the
Sn(IV)O2 unit is inclined to the plane of the Sn(9)N(71)Sn(8)
fragment by 31.5°. Structurally characterised Sn(II) complexes
containing two-coordinate imido groups are very rare10–12 and
the presence of a ‘captured’ [{Sn(HNdmp)}2(m-Ndmp)] unit in
1 is unprecedented in this area. The Sn–(m-N) bond lengths in
this unit [Sn(8)–N(71) 2.142(6), Sn(9)–N(71) 2.131(6) Å] are
longer than the Sn–N bonds between the Sn(II) centres and two-
coordinate imido-N centres in the closest analogue to 1, the
nido-cubane [{SnN(C6H3OMe-2-Me-6)}2Sn(NMe2)2]
[2.106(2) and 2.120(2) Å] (consisting of a ‘trapped’
[SnN(C6H3OMe-2-Me-6)]2 dimer unit coordinated by a
Sn(NMe2)2 monomer).12 The expansion of the Sn–(m-N)–Sn
angle in the [{Sn(HNdmp)}2(m-Ndmp)] fragment [142.4(3)°]
above that in the [SnN(C6H3OMe-2-Me-6)]2 dimer units of the
latter [102.4(1)°] is presumably a consequence of the greater
ring size in 1.

In summary, we have illustrated that the double oxo cubane
arrangment can be accessed by hydrolysis. This is the next
homologue of the monodentate [Sn4(NR)3O] ligand, and its
synthesis provides a key first step in the expansion of the
coordination chemistry of this class of ligands. However, still to
be achieved is the synthesis of [Sn7(NR)6O2] in the absence of
coordinated Sn(II) fragments, and the investigation of these
species as bidentate ligands to a range of metals. The application
of 1 as a source of [Sn7(Ndmp)6O2] is under investigation.

We gratefully acknowledge the EPSRC (N. F., E. A. H.,
A. D. W.) and the EU (Fellowship for M. E. G. M.), The
Leverhulme Trust and the British Council (Socrates grant with

the University of Oviedo, Spain) for financial support. We also
thank Dr J. E. Davies for collecting the X-ray data for 1.

Notes and references
† Synthesis of 1: a mixture of 2-amino-4,6-dimethoxypyrimidine (0.70 g,
4.5 mmol) and H2O (18 mdm23, 1.0 mmol) in toluene (10 ml) was added to
a solution of Sn(NMe2)2

13 (1.04 g, 5.0 mmol) in toluene (20 ml) at 278 °C,
and the reaction mixture stirred for 30 min. The mixture was allowed to
warm to room temperature and stirred (12 h). A faint white precipitate was
then filtered off. The solvent was reduced to ca. 10 ml and the light yellow
powder formed was dissolved by the addition of further toluene (15 ml).
Storage at room temperature gave 1 as a light yellow powder. Crystals can
be grown by prolonged storage of dilute solutions at room temperature.
Elemental analysis and 1H NMR shows that ca. two of the three toluene
molecules present in the lattice are removed by placing crystalline or
powdered samples of 1 under vacuum (1021 atm, 15 min) during isolation.
Yield of powder 0.49 g (40%, based on H2Ndmp consumed and one toluene
in lattice); 215 °C melting with decomp. to brown semi-solid. IR (Nujol,
NaCl), nmax/cm21 3396s (N–H str.), 3303s (N–H str.), other bands at
1491m, 1459vs, 1420m, 1246w, 1214s, 1188s, 1160s, 1119s d, 1065s,
1003w, 935w, 795s. 1H NMR (d6-DMSO, +25 °C, 400.129 MHz), d 6.55 (s,
9H, aryl rings), 5.31 (s, 2H, N–H), 3.72 (s, 27H, MeO) [toluene at 7.10 (m,
Ph), 2.27 (s, Me), ca. one per molecule of 1]. 119Sn NMR (141.21 MHz, d6-
DMSO, +25 °C, rel. sat. SnCl2/D2O), d 75.4 (s), 2284.8 (br s). Found
(typical of several analyses on different reactions) C 28.8, H 2.9, N 15.5;
calc. for 1·C6H5Me, C 28.5, H 2.9, N 14.7%.
‡ Crystal data for 1: C75H89N27O20Sn9, M = 2757.13, monoclinic, space
group P21/n, Z = 4, a = 19.9326(3), b = 16.5364(3), c = 29.3746(4), b =
90.965(9) Å, V = 9680.9(3) Å3, m(Mo–Ka) = 2.359 mm21, T = 180(2) K.
Data were collected on a Nonius Kappa CCD diffractometer. Of a total of
53297 reflections collected, 21689 were independent (Rint = 0.060). The
structure was solved by direct methods and refined by full-matrix least
squares on F2 [with isotropic temperature factors for the light (C,H,O)
atoms].14 Final R1 = 0.057 [I > 2s(I)] and wR2 = 0.159 (all data).

CCDC 159623. See http://www.rsc.org/suppdata/cc/b1/b101247i/ for
crystallographic data in .cif or other electronic format.
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A novel one-dimensional copper(II) compound [Cu(L)(m1,3-
N3)(ClO4)]n [L = tridentate Schiff base, formed by con-
densation of pyridine-2-aldehyde and 1-(2-aminoethyl)-
piperidine] has been synthesized and structurally
characterized; it exhibits ferromagnetic interaction via end-
to-end azido (m1,3-N3) linkages, as rationalised by DFT
calculation.

The investigation of magnetic properties of molecule-based
magnetic materials (1D, 2D and 3D) has become a fascinating
subject in the fields of condensed matter physics, material
chemistry as well as inorganic chemistry.1 Considerable efforts
have been directed in preparing and characterizing molecular
systems which can exhibit ferromagnetic properties.2 Bridging
ligands play a central role since they transmit the electronic
information between the paramagnetic centres; among these the
azido ligand has been proved to be efficient. The versatility of
the azido ligand lies in its diverse bridging modes that lead to
binuclear,3a tetranuclear,3b cubane-like,3c 1D,3d 2D3e and 3D3f

compounds. In general, the coordination modes observed for the
bridging azido group are end-to-end (m-1,3) with antiferromag-
netic interaction4 and end-on (m-1,1) with ferromagnetic
interaction.3a However, in copper(II) systems where the azido
ligand adopts the end-on mode, antiferromagnetic interaction is
observed when the bridging M–N–M angle is > 108°.3d Ribas
and coworkers showed, on the basis of theoretical calculations,
that there is also a possibility of ferromagnetic interaction
between paramagnetic centres when the azido ligand binds in m-
1,3 fashion.5 Only one compound based on nickel(II) and
displaying the end-to-end azido bridging mode exhibiting a
ferromagnetic interaction is reported in the literature.6 To the
best of our knowledge, such a magnetic behaviour in 1D
copper(II) systems has not been reported to date. Here we report
the synthesis and crystal structure of a new one-dimensional
(1D) compound, [Cu(L)(m1,3-N3)(ClO4)]n 1† and the first
observation of ferromagnetic interaction through end-to-end
azido bridges in copper(II) systems.

The IR spectrum of 1 shows two very strong bands assigned
to the asymmetric stretching vibrations of N3 [nas(N3)] centred
at 2073 and 2050 cm21 and the stretching vibrations of CNN
bond of Schiff base [n(CNN)] at 1603 cm21.

The structure determination‡ reveals that the copper atoms
are bridged by azido units in an end-to-end fashion with the
occurrence of a 1D polymeric infinite chain along the a-axis. A
ZORTEP view of the asymmetric unit with the symmetry
related fragment is shown in Fig. 1. In the chain each copper
atom occupies a pseudo octahedral environment with a CuN5O
chromophore. The three nitrogen atoms (N1, N2 and N3) from

the tridentate Schiff base ligand and N4 from the bridging azido
ligand form the equatorial plane around Cu1 atom. One nitrogen
atom (N6*) from another bridging azido ligand and oxygen
atom (O4) of the perchlorate anion are in trans axial position
around Cu1. The equatorial Cu–N bond distances are in the
range [1.936(7)–2.080(6) Å]. The deviation of Cu1 from the
mean plane formed by the four equatorial nitrogen atoms is ca.
0.076(3) Å while the maximum deviation of any equatorial
atom (N2) from the mean plane is 0.032(3) Å. The equatorial
least squares planes of the two copper atoms are not parallel and
form a dihedral angle of 29.4(7)°. For two adjacent copper(II)
atoms within the chain (Cu1 and Cu1*), one nitrogen (N4) of
the bridging azido is linked to the equatorial base of Cu1
whereas the other nitrogen (N6) of the same azido is linked in an
axial fashion to Cu1*. The torsion angle Cu1–N4–N5–N6–
Cu1* is 91.6(8)° while the shortest Cu…Cu separation is
5.773(2) Å within the one-dimensional chain and 8.117(3) Å
between two adjacent chains.

Magnetic studies were performed using a SQUID magnetom-
eter on a crystalline sample in the temperature range 300–2 K in
an applied field of 1 kOe. The cMT = f(T) plot (Fig. 2) indicates
the occurrence of a ferromagnetic interaction between the Cu(II)

Fig. 1 ZORTEP plot with labelled scheme of [Cu(L)(m1,3-N3)(ClO4)]n 1
(thermal ellipsoids are drawn at 50% probablity). Selected bond lengths (Å)
and angles (°): Cu1–N1 2.046(6), Cu1–N2 1.948(6), Cu1–N3 2.080(6),
Cu1–N4 1.936(7), Cu1–N6* 2.486(7), Cu1–O4 2.691(7), N4–Cu1–-N6*,
88.0(3), N1–Cu1–N4 94.6(3), N1–Cu1–N3 163.2(2), N1–Cu1–N2 80.1(2),
Cu1–N4–N5 125.6(5), N4–N5–N6 177.1(8).
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ions via the end-to-end azido bridge. A fit of the experimental
data [where the susceptibility was corrected for TIP (55 3 1026

cm3 mol21 per Cu)] was performed using a high-temperature
series expansion of the susceptibility;1a,7 this led to the
following parameters: J = +1.36 cm21 and g = 2.06 with an
agreement factor R (defined as S[(cMT)calc 2 (cMT)obs]2/
S[(cMT)obs]2) equal to 1024. No interchain interaction was
included in the fit procedure.

It has already been shown that the different orientations of the
equatorial planes (i.e. the relative orientations of the x2 2 y2

singly occupied orbitals) of two adjacent Cu atoms are at the
origin of the nature and the strength of the magnetic inter-
action.8 In order to rationalize the origin of the ferromagnetic
interaction, we carried out two types of calculations using the
DFT method.9,12 § The calculation of the exchange parameter
within a binuclear unit of the infinite chain leads to a positive J
value of +1.6 cm21 indicating that a weak ferromagnetic
exchange interaction should be present as observed experimen-
tally. The second calculation was carried out on a mononuclear
fragment in order to visualize the magnetic orbital and to try to
give a qualitative interpretation of the observed ferromagnetic
interaction.13 It has been found that the magnetic orbital has a
contribution from the azido p orbital for the azido nitrogen atom
located in the equatorial plane of copper Fig. 3(a)] while a very
weak contribution from the s-like orbital of the azido bridge is
found for the nitrogen occupying the axial position as
schematized in Fig 3(b). The origin of the ferromagnetic
exchange interaction can thus be rationalized as due to the
quasi-orthogonality of the magnetic orbitals of the two
mononuclear fragments. It is worth noting that the presence of
a contribution from the s orbital of the azido bridge is due to the
fact that for a Cu–m1,3-N3–Cu torsion angle of 91.6(8)° (close to
90°) the Cu–N6–N5 angle [135.7(5)°] is rather large [Fig. 3(b)].
A zero delocalisation should theoretically be observed for a Cu–
N6–N5 angle of 90° while it should be maximal for 180°. On the
other hand, the fact that the Cu–N4–N5 angle [125.6(5)°] is
closer to 90 than to 180° results in a rather large delocalisation
of the metal electron density towards the p orbital of the azido
bridge. The very weak coupling parameter is mainly due to the
unusual axial–equatorial bridging mode of the azido ligand. The
consequence is a good p-type delocalisation of the Cu1 electron
density towards the bridging azido ligand nitrogen atoms N(4)

and N(6), while the apical position of N(6) and the long Cu–
N(6) distance results in a rather poor s-type delocalisation from
Cu1*. The overlap density which is mainly localized on N(6) is
thus very small leading to a weak exchange coupling parame-
ter.

We wish to thank Council of Scientific and Industrial
Research, New Delhi for financial support (granted to
N. R. C).

Notes and references
† CAUTION: perchlorate as well as azide salts should be used in small
quantities and handled with care since explosion may occur.

A methanolic solution (5 cm3) of 1-(2-aminoethyl)piperidine (1 mmol,
0.128 g) was added to a methanolic solution (20 cm3) of pyridine-
2-aldehyde (1 mmol, 0.106 g). The reaction mixture was refluxed for 1 h and
evaporated on a water bath until the volume reduced to ca. 5 ml to obtain a
viscous liquid which was added to the methanolic solution (10 cm3) of
Cu(ClO4)2·6H2O (1 mmol, 0.370 g). The resulting reaction mixture was
refluxed for 15 min. To it NaN3 (1 mmol, 0.065 g) dissolved in methanol (5
cm3) was added and the resulting deep green solution was stirred for 1 h.
This was then filtered and the filtrate kept in the open atmosphere. After a
few days deep green shiny single crystals suitable for X-ray diffraction were
obtained. (Yield 80%). Anal. Found (calc.): C, 36.89 (36.96); H, 4.50
(4.50); N, 19.89 (19.90); Cu, 15.00 (15.05)%.
‡ Crystal data: C13H19ClCuN6O4, Mw = 422.34, monoclinic, space group
P21/n (no. 14), a = 20.685(4), b = 7.337(2), c = 11.692(2) Å, b =
95.730(10), V = 1765.6(7) Å3, Z = 4, Dc = 1.589 g cm23, F(000) = 868,
l(Mo-Ka) = 0.710 70 Å, m(Mo-Ka) = 1.420 mm21, crystal size = 0.10 3
0.20 3 0.43 mm, T = 296 K, qmax = 27.5°, total data = 4566, unique data
= 4052 (Rint 0.028 ), observed data [I > 2s(I)] = 1984, R = 0.0601, wR
= 0.0676, S = 1.21. CCDC 156831. See http://www.rsc.org/suppdata/cc/
b1/b100529o/ for crystallographic data in .cif or other electronic format.
§ The methodology used to evaluate the coupling exchange constants is
described in refs. 9 and 10. Calculations were carried out using the hybrid
B3LYP (ref. 11) method as implemented in GAUSSIAN98, with the all-
electron double-basis proposed by Ahlrichs, except for the metal atom,
where we have used a triple-basis (ref. 12).
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Fig. 2 cMT vs. T plot for 1. The solid line corresponds to the best fit.

Fig. 3 The magnetic orbital of the copper fragment interacting with (a) the
azido nitrogen in the equatorial plane and (b) the azido nitrogen in apical
position.
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[Se2Cr3(CO)10]22, the first selenium-capped trichromium
carbonyl cluster, has been prepared and its reaction with
Mo(CO)6 studied.

Although numerous carbonylchromium complexes have been
reported, they have little tendency to form clusters with Cr–Cr
bonds.1 Up to now, only three homometallic chromium
carbonyl clusters with a Cr3 ring have been structurally
characterized.2–6 The rare Cr–Cr bonds in these clusters are
made possible with the stabilizing ligands such as m3-S,4,6 m3-
PR,5 and diphosphene,6 and importantly, with the aid of the
existence of the bridging carbonyls in each case.4–6 Never-
theless, no fully characterized carbonylchromium cluster with
Cr–Cr bonds stabilized with heavier main group elements has
been known.7,8 We have prepared the first example of the
selenium-capping trichromium carbonyl cluster complex
[Et4N]2[Se2Cr3(CO)10] 1, in which three Cr–Cr bonds are
present and all the carbonyls are terminally coordinated.

Numerous attempts to gain entry to the Se–Cr–CO system
using SeO2 with Cr(CO)6 in basic KOH–MeOH solutions were
not successful. However, it was found that use of the highly
concentrated NaOH–MeOH solutions followed by cation
metathesis with [Et4N]Br resulted in 1. Note that the isolation of
1 succeeds only in the NaOH–MeOH solutions but not in the
KOH–MeOH solutions due to alkali metal cation effects on the
stabilization of the cluster anion. The Mo-substituted dichro-
mium cluster complex [Et4N]2[Se2Cr2Mo(CO)10] 2 was ob-
tained by treatment of the parent compound 1 with [Mo(CO)6]
in acetone.† The anionic clusters of 1 and 2 represent rare
examples of carbonylchromium clusters which possess three
and one chromium–chromium bonds, respectively.

The anion of cluster 1 exhibits a trigonal bipyramidal
structure with the Cr3 ring capped above and below by m3-Se
atoms, in which the Se atom donates four electrons to the Cr3

ring making it a 48e2 species, in accord with three chromium
atoms with three Cr–Cr bonds. The anion possesses two mirror
planes: one passing through the Cr3 ring and the other one lying
in the Cr(1)Se2 plane (Fig. 1).‡ The Cr–Cr distances of 2.849(2)
and 2.926(3) Å are somewhat longer than predicted from the
covalent radius of Cr (1.28 Å).9 However, they are comparable
to Cr–Cr bonds found for [SCr3(CO)12{Cr(CO)5}]22 (average
2.850 Å),4 [(ButP)Cr3(CO)10(ButPPBut)] (2.814–2.851 Å),5
[SCr3(CO)12]22 (average 2.828 Å),6 and [Cr6Se8(PEt3)6] (aver-
age 2.81 Å),10 and are slightly shorter than that in [{TeCr-
(CO)5}2Cr2(CO)8]22 (3.052 Å).11 The fairly long Cr–Cr bonds
reflect their weakness and may account for the rarity of
carbonylchromium clusters. Unlike the previously reported
carbonyltrichromium clusters,4–6 the anion of 1 possesses only
terminal carbonyls, with two Cr atoms coordinated with three
carbonyls and the unique Cr(1) attached to four carbonyls. Of
interest is that the four Cr(1)–C distances [1.832(9)–1.917(9) Å]
are somewhat greater than those for Cr(2) [1.816(9)–1.855(7)
Å], indicative of weaker Cr–C bonding for the Cr(1) atom with
four coordinated carbonyls. The same effect is also observed in

the larger Se–Cr(1) distance [2.575(2) Å] compared with the
Se–Cr(2) distance [2.387(1) Å].

Employing a similar methodology to the Se–Mo–CO system
failed, and we therefore treated 1 with [Mo(CO)6] in acetone to
see if any carbonylchromium fragment can be replaced by an
incoming molybdenum moiety. This was found to be so; the
Cr(CO)4 fragment in 1 can be exchanged by Mo(CO)4 to form
the mixed-group 6 metal complex 2, [Et4N]2[Se2Cr2-
Mo(CO)10]. X-Ray analysis shows that the anion of 2 is
structurally similar to that of 1, with the Cr(1) atom replaced by
the Mo(1) atom (Fig. 2).‡ The formulation of 2 was further
substantiated by ICP metal analysis. While the Cr–Cr bond of
2.947(2) Å is still long and similar to the Cr–Mo distances
(average 2.9512 Å), the average Se–Cr length (2.4157 Å) is
significantly shorter than that of the Se–Mo distances (2.6744
Å).

In summary, the first synthesis of a trichromiumcarbonyl
cluster anion by the stabilization of the m3-Se atoms has been
achieved. The ease of replacing one Cr moiety of 1 with the Mo
fragment suggests the possibility in making other mixed-metal
carbonylchromium clusters which may help elucidate the
bonding characteristics of the Cr–Cr and Cr–M bonds. Further
investigation is under way.

A research grant (NSC 89-2113-M-003-031 to M. Shieh)
from National Science Council of Taiwan is gratefully appre-
ciated.

Fig. 1 Crystal structure of the dianion of 1 showing 30% thermal ellipsoids
and the atom labelling scheme. Important bond lengths (Å) and angles (°):
Se–Cr(1) 2.575(2), Se–Cr(2) 2.387(1), Cr(1)–Cr(2) 2.849(2), Cr(2)–Cr(2a)
2.926(3), Cr(1)–C(1) 1.917(9), Cr(1)–C(2) 1.832(9), Cr(2)–C(3) 1.855(7),
Cr(2)–C(4) 1.816(9); Cr(2)–Cr(1)–Cr(2a) 61.81(7), Cr(1)–Cr(2)–Cr(2a)
59.09(3).
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Notes and references
† Synthetic procedure: All experiemnts were performed under N2

atomsphere. A mixed solution of MeOH (30 mL) and hexanes (7.5 mL) was
added to a mixture of SeO2 (0.21 g, 1.89 mmol) and [Cr(CO)6] (0.8 g, 3.64
mmol), and NaOH (3.0 g, 82.5 mmol). The mixed solution was heated to
reflux in an oil-bath at 70 °C for 12 h to give a dark-red solution which was
filtered and concentrated, and a MeOH solution of [Et4N]Br (3.0 g, 14.3
mmol) was added dropwise, precipitating the solid. The solid was washed
several times with MeOH and CH2Cl2. The residue was recrystallized from
diethyl ether–MeCN several times to give purplish-red 1 (0.42 g, 0.49
mmol) (52% based on Se). IR (nCO, MeCN): 1990w, 1914s, 1869m cm21.
Anal. Found for 1: C, 36.55; H, 4.67; N, 3.31%. Calc.: C, 36.55; H, 4.72; N,
3.28. Compound 1 is soluble in MeCN and acetone, but insoluble in other
organic solvents. Crystals suitable for X-ray analysis were grown from
CH2Cl2–MeCN solution.

Acetone (25 mL) was added to a mixture of 1 (0.23 g, 0.269 mmol) and
[Mo(CO)6] (0.10 g, 0.379 mmol). The mixed solution was stirred at room
temperature for 11 days and the color changed from dark-red to brown. The
resultant solution was filtered and solvent was removed under vacuum. The
residue was washed with CH2Cl2, extracted with MeCN, and then
recrystallized with CH2Cl2–MeCN several times to give purplish-red 2
(0.16 g, 0.178 mmol) (66% based on 1). IR (nCO, MeCN): 2068w, 2002m,
1916vs, 1868s, 1827m cm21. Anal. Found for 2: C, 35.22; H, 4.56; N, 3.14;
Cr, 11.20; Mo, 9.09. Calc.: C, 34.76; H, 4.49; N, 3.12; Cr, 11.57; Mo,
10.68%. Complex 2 is soluble in MeCN and acetone. Crystals suitable for
X-ray analysis were grown from diethyl ether–MeCN solution.

‡ Crystal structure data: for 1: C26H40Cr3N2O10Se2: M = 854.51,
orthorhombic, space group Cmcm, Z = 4, a = 8.607(3), b = 24.591(8), c
= 15.941(4) Å, V = 3374.0(18) Å3, Dc = 1.682 g cm23, l(Mo-Ka =
0.70930 Å, m = 3.16 mm21. A total of 1656 unique reflections were
collected on a Nonius (CAD-4) diffractometer at 298 K in the 2q range
2.0–50° using q–2q scans, and an absorption correction by azimuthal (y)
scans was applied. The structure was solved by direct methods and refined
both with NRCC-SDP-VAX and SHELXL-97 packages. Both refinements
gave the similar results; however, the latter gave the lower R values and
smaller esds on distances and angles. Therefore, the results of the SHELXL-
97 refinement were used here. The [Et4N]+ cations are disordered and the H
atoms were placed in calculated positions and refined with a riding model.
All the other non-hydrogen atoms were refined with anisotropic temperature
factors. Full-matrix least squares on F2 converged to R = 0.1123 (all data),
0.0406 [I > 2s(I)]; wR = 0.1142 (all data), 0.1037 [I > 2s(I)].

For 2: C26H40Cr2MoN2O10Se2: M = 898.46, orthorhombic, space group
Pnna, Z = 4, a = 24.8153(3), b = 16.0695(3), c = 8.6204(2) Å, V =
3437.55(11) Å3, Dc = 1.736 g cm23, l(Mo-Ka) = 0.71073 Å; CCD
SMART diffractometer, and SADABS absorption correction (Tmin =
0.569, Tmax = 0.634). A total of 22975 reflections were measured, and 3957
unique reflections (2q < 55°, Rint = 0.0406) were used in the refinement.
All the non-hydrogen atoms were refined with anisotropic temperature
factors. Full-matrix least squares refinement on F2 converged to R = 0.0774
(all data), 0.0495 [I > 2s(I)]; wR = 0.1697 (all data), 0.1442 [I > 2s(I)].
All calculations were performed using SHELXTL packages.

CCDC 159098 and 159099. See http://www.rsc.org/suppdata/cc/b1/
b101283p/ for crystallographic data in .cif or other electronic format.
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Fig. 2 Crystal structure of the anion of 2 showing 30% thermal ellipsoids
and the atom labelling scheme. Important bond lengths (Å) and angles (°):
Se(1)–Cr(1A) 2.4123(9), Se(1)–Cr(1) 2.4190(9), Se(1)–Mo(1) 2.6745(7),
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Super-microporous aluminosilicate catalysts possessing
pores in the range 14–20 Å may be prepared via primary
amine templating alone or in combination with post-
synthesis Al-grafting.

The design and synthesis of materials that have a well defined
pore structure similar to that of zeolites, but with larger pores,
has been a main research goal in solid acid catalysis over the
past decade.1 Recent advances, which include the synthesis of
the M41S family of mesoporous solids,2 have to some extent
achieved this goal. Many other varieties of mesoporous
materials with pores of size typically above 25 Å have been
prepared.3 Until recently, much less attention has been paid to
the synthesis of materials with pores in the super-microporous
(10–20 Å) range. Solid acid materials in this pore size range are
important since they bridge the gap between microporous
zeolites and mesoporous materials. Bagshaw and Hayman4 used
w-hydroxy-bolaform surfactants to template the formation of
super-microporous silicas. Zhao et al.5 reported the preparation
of MCM-41 materials with tailored pore openings in the super-
microporous range. Sun et al.6 used adamantanamine while
Serranno et al.7 employed cetyltrimethylammonium or dode-
cyltrimethylammonium ions for the formation of microporous
materials. Here we report the primary amine templated
synthesis of super-microporous aluminosilicate materials
whose pore size can be further tailored via post-synthesis
grafting of Al. Post-synthesis grafting of extra Al also serves to
remarkably improve the acidity and catalytic activity of the
materials.

We have previously reported on the preparation of mesopor-
ous aluminosilicates (Al-MMS, Al-HMS)8–10 using the primary
amine templating route.11 Our previous work has shown that the
pore size of Al-MMS (Al-HMS) materials is to some extent
dependent on the alkyl chain length of the primary amine
template with longer amines resulting in larger pores.12,13 The
pore size was also found to be dependent on the Si/Al ratio, i.e.
the pore size was reduced at low Si/Al ratios.8–10,12,13 This
meant that pore sizes at the lower end of the mesopore range (ca.
20 Å) were only obtainable for highly aluminous samples and
that pores in the super-microporous range (10–20 Å) could not
be achieved even at Si/Al ratios as low as 7.8–10,12,13 Previous
work has also shown that materials prepared at gel Si/Al ratios
in the range 80–1 always have higher than expected Si/Al ratios
implying relatively low levels of Al incorporation into the solid
products.8–10,12,13 We have now found that it is possible to
circumvent the limitation on the lowest pore size obtainable by
improving the incorporation of Al. This is achieved by
modifying our previous synthesis procedure10 so as to ensure
optimum dissolution of the Al source. Furthermore performing
post-synthesis grafting of extra Al can reduce the pore size of
the resulting materials further.

The synthesis procedure used10 was modified as follows:
desired quantities of aluminium isopropoxide (Al(i-C3H7O)3)
were dispersed in 35 ml of isopropyl alcohol with vigorous
mechanical stirring at 70 °C for 15 min in order to dissolve the
highest possible amount of the aluminium source. The resulting

solution was cooled to room temperature and then added under
magnetic stirring to a solution of 0.2 mol tetraethyl orthosilicate
(TEOS) in 80 ml of absolute ethanol. The resulting mixture was
then heated at 70 °C under vigorous stirring for 4 h to obtain the
polymerised Si–O–Al species. After cooling to room tem-
perature (under stirring) the inorganic precursor was added to a
clear solution of 0.05 mol dodecylamine (DDA) in a mixture of
80 ml of deionised water and 120 ml of absolute ethanol under
slow stirring. The stirring was maintained for 5 min after which
the resulting mixture was allowed to age at room temperature
for 20 h. The solid product was obtained by filtration, washed
with two portions of 100 ml of ethanol, air-dried overnight at
room temperature and finally calcined in air at 650 °C for 4 h.
This procedure was used to prepare aluminosilicate materials
with Si/Al molar ratios of 40+1, 20+1 and 10+1, designated Al-
MMSX where X is the synthesis gel Si/Al ratio. Al-grafting was
performed on the Al-MMSX samples as follows: 1.28 g of a
solution of chlorhydrol ([Al2Cl(OH)5·2H2O], 6.4 mol l21 with
respect to aluminium) was dissolved in 50 ml of distilled water
and stirred at 80 °C for 1 h. 1.0 g of Al-MMSX was added to the
solution and the resulting suspension stirred for a further hour at
80 °C. After cooling to room temperature, the solid was filtered
off and washed with distilled water until free of Cl2 ions, dried
in the oven at 100 °C and finally calcined at 500 °C for 4 h. The
resulting Al-grafted materials were designated AlAl-MMSX.

The elemental compositions, d spacing and textural proper-
ties of the present Al-MMS materials are shown in Table 1 and
2. The bulk Si/Al ratios of the samples indicate that Si and Al
are incorporated into the solid framework in proportions closely
related to the synthesis gel composition. A significant observa-
tion is that Al-MMS40 and Al-MMS10 are Al rich, i.e. a greater
proportion of Al in the synthesis gel is incorporated into the
solid product compared to Si. This is a departure from our
previous studies where we always obtained silica rich materi-
als.8–10,12,13 The modified synthesis procedure used here, in
which the dissolution of the Al source is optimised, therefore
allows for greater Al incorporation into the solid product. The d
spacings of the present Al-MMS samples (see Table 2) are in all
cases lower (by ca. 5%) than those we have previously

Table 1 Elemental composition, acid content and catalytic activity of super-
microporous Al-MMS samples

Cumene conversion (%)a

Sample Si/Al
Acid content/
mmol g21 50 min 150 min

Al-MMS40 39.0 0.36 35 28
AlAl-MMS40 22.8 0.57 53 47
Al-MMS20 22.0 0.56 47 41
AlAl-MMS20 14.9 0.75 59 54
Al-MMS10 9.0 0.73 59 51
AlAl-MMS10 7.4 0.82 67 60
a The conversion of cumene was performed in a tubular stainless steel,
continuous flow, fixed-bed microreactor system with helium as carrier gas
at 300 °C as previously described in ref. 10.
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observed.10 It is worth noting that the d spacings observed here
are generally lower than those normally obtained for M41S type
mesoporous materials.1–3 Powder XRD patterns (not shown),
for the present Al-MMS samples are similar to those of
comparable mesoporous materials,10–14 i.e. comprising of a
single (100) peak at low 2q values. This is an indication that the
present samples are as well ordered as any other primary amine
templated mesoporous aluminosilicates.

The clearest indication that the greater Al incorporation
attained here results in materials with super-microporous rather
than mesoporous character is given by the textural parameters in
Table 2. The surface area, pore volume and pore size obtained
for the present samples are generally lower than those
previously observed for mesoporous Al-MMS (Al-HMS)
materials.10–14 We have previously reported surface areas of
1200, 1195 and 967 m2 g21, and pore volumes of 0.65, 0.52 and
0.49 cm3 g21 for mesoporous Al-MMS materials prepared (with
dodecylamine as template) at gel Si/Al ratios of 40, 20 and 10,
respectively.10 The pore volumes of the present samples are
therefore at least 30% lower than those of analogues mesopor-
ous materials.10 A particular feature of the present Al-MMS
samples is that they exhibit a high proportion of micropore
surface area and volume as shown in Table 2. The pore size of
the materials (obtained using BJH analysis) is, as shown in
Table 2, clearly in the super-microporous range. This is
illustrated by the N2 sorption isotherms shown in Fig. 1. The
isotherms exhibit high adsorption at low (P/Po < 0.2) partial
pressures which is characteristic of super-microporous materi-
als. The isotherms do not exhibit the mesopore filling step (at P/
Po > 0.2) normally observed for mesoporous materials.

We have found that performing post-synthesis grafting of Al
can increase the microporous character of the Al-MMS
samples. The effect of Al-grafting on pore size and porosity is
illustrated in Fig. 1; the super-micropore filling step is shifted to
lower partial pressures (lower pore size) after grafting. As
shown in Table 2, the pore size of AlAl-MMS samples is lower
than that of Al-MMS materials by 2–3 Å. This reduction in pore
size is accompanied by a decrease in surface area and pore
volume, which in turn leads to an increase in the proportion of
micropore surface area and volume. Indeed sample AlAl-
MMS10 is virtually microporous, with a pore size of 14.5 Å and
the proportion of micropore surface area and volume is above

75%. It is likely that the Al is grafted into the pore walls thus
reducing the pore size. This does not, however, effect the basal
spacing (see Table 2). We note that structural ordering (as
indicated by powder XRD) is largely unaffected by the grafting
process. In addition to tailoring the pore size, Al-grafting also
increases the acid content and catalytic activity as shown in
Table 1. (The acid content was determined by exposing the
samples to cyclohexylamine for 16 h following which they were
heated at 100 °C for 4 h to remove physisorbed amine. The
samples were then subjected to thermogravimetric analysis and
the weight loss between 240 and 420 °C was used to calculate
the acid content assuming that each acid site interacts with one
base molecule.9) The increase in acid content is greatest for
AlAl-MMS40 (ca. 60%) and lowest for AlAl-MMS10 (ca.
12%). The increase in acidity is reflected by the higher cumene
cracking10 activity for the AlAl-MMS samples. Interestingly,
the sample (Al-MMS10) with the highest cation exchange
capacity (CEC = 42 meq./100 g) takes up less ‘extra Al’ than
Al-MMS40 with a CEC of 12 meq./100 g. (CECs were
measured using the Kjeldahl method after NH4

+ exchange.)
This implies that the take up of extra Al is not entirely an ion
exchange process. Rather it appears that grafting also occurs on
silanol groups as previously described.15,16 The take up of extra
Al is therefore consistent with our previous observation that the
concentration of silanols in Al-MMS type materials decreases
with Al content.10 Indeed under similar grafting conditions the
pure silica material incorporates at least twice as much Al as the
Al-MMS samples.

Primary amine templating of mesostructured aluminosili-
cates is known to provide solid acid catalysts whose activity is
generally higher than that of materials prepared via quaternary
ammonium ion templating.10,12,17 Recently, it has also been
shown that the wormhole-like structure of primary amine
templated aluminosilicates has three-dimensional connectiv-
ity.18 Such connectivity is an important factor with respect to
catalytic activity. This report therefore represents the first
synthesis of super-microporous aluminosilicates with three-
dimensional connectivity. These super-microporous materials
combine all the advantages of primary amine templated
aluminosilicates, and also offer the potential for size and shape
selective catalysis of large substrates, which is not possible for
mesoporous materials.

E. B. G. would like to thank CONICIT for the Venezuelan
financial support. C.O.T. and O.R.S. scholarships are also
acknowledged. R. M. is grateful to the EPSRC for an Advanced
Fellowship.
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Table 2 Textural properties of super-microporous Al-MMS samples; values
in parenthesis are micropore surface area and volume

Sample
Basal (d100)
spacing/Å

Surface area/
m2 g21

Pore volume/
cm3 g21

Pore size/
Å

Al-MMS40 32.4 1023 (488) 0.45 (0.18) 20.5
AlAl-MMS40 32.0 643 (406) 0.33 (0.17) 17.7
Al-MMS20 31.1 864 (497) 0.38 (0.19) 18.4
AlAl-MMS20 30.2 562 (403) 0.28 (0.17) 16.3
Al-MMS10 30.5 684 (520) 0.31 (0.20) 17.7
AlAl-MMS10 29.8 358 (286) 0.24 (0.18) 14.5

Fig. 1 Nitrogen sorption isotherms of super-microporous primary amine
templated aluminosilicates, prepared at gel Si/Al ratios of (a) 40, (b) 20, (c)
10, before (top) and after (bottom) post-synthesis grafting of Al.
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Ethers reacted with acid chlorides in the presence of a
catalytic amount of MCl5/6 (M = Mo, W, Nb or Ta) to give
esters in 75–98% yield; a stoichiometric reaction of dioctyl
ether with MoCl5 afforded 1-chlorooctane in 93% yield and
addition of benzoyl chloride to the resulting mixture gave
octyl benzoate in 49% yield.

C–O bond cleavage is a versatile reaction in organic synthesis;
in particular, the catalytic cleavage of the C–O bond of ethers is
very attractive.1 There are several examples of catalytic C–O
bond cleavage of ethers in the presence of acid chlorides and
Lewis acids such as ZnCl2,2 FeCl3,3 SnBr2,4 CoCl2,5 AlCl3,6
YCl3,7 LnCl3,8 Al9 and Zn.10 As for group 6 metal compounds,
low-valent molybdenum compounds such as Mo(CO)6

11 and
ArMo(CO)3

12 have been used as catalysts for acylative cleavage
of ethers. It is generally believed that these catalytic reactions
proceed via a cationic mechanism in which the acid chloride
reacts with the catalyst first to generate a RCO+ ion. Addition of
an ether gives an oxonium salt (RCO2

+RA2) followed by
cleavage of the C–O bond to give an ester. Here, we report a
novel catalytic system for acylative cleavage of ethers [eqn. (1)]
using group 5 or 6 metal halides and propose a novel catalytic
reaction mechanism.

(1)

A representative procedure for the catalytic C–O bond
cleavage is as follows: All reactions were carried out under
nitrogen and metal chlorides were handled under nitrogen.
Solvents were dried and distilled. To a mixture of molybden-
um(V)chloride (0.1 mmol, 27 mg) and dichloroethane (DCE) (5
ml) was added dibutyl ether (1 mmol, 130 mg) and benzoyl
chloride (1 mmol, 141 mg). The reaction mixture was stirred at
80 °C for 3 h. GC analysis of the resulting mixture after
hydrolysis showed the formation of butyl benzoate in 95%
yield. Purification by column chromatography on silica gel
afforded butyl benzoate in 75% isolated yield. The results are
summarized in Table 1.

The C–O bond of dibutyl ether was cleaved in the presence of
10 mol% of MoCl5 and n-caproyl chlorides at 80 °C for 24 h and
the caproic acid n-butyl ester was obtained in 96% yield (Run
2). The lower reactivity of aliphatic acid chlorides than that of
aromatic acid chlorides has been reported in the case of
graphite.13 In the reaction reported here, there is no significant
reactivity difference between the aromatic acid chloride and the
aliphatic acid chloride. Dioctyl ether also reacted with benzoyl
chloride and n-caproyl chloride to give octyl benzoate and n-
caproyl acid n-octyl ester, respectively, in high yield (Runs 3
and 4). It is interesting to note that some unsymmetric ethers
showed selective cleavage of the C–O bond. For example,
methyl tert-butyl ether reacted with benzoyl chloride to give
methyl benzoate in 99% yield (Run 5) i.e. the But–O bond in
methyl tert-butyl ether was selectively cleaved. Allyl propyl
ether was also selectively cleaved under the same conditions.
The allyl–O bond was cleaved to give caproyl acid propyl ester
(Run 6). In contrast, for allyl trimethylsilyl ether, selective
cleavage of the Si–O bond was observed (Run 7) and the allyl–
O bond was not cleaved. Other group 5 and 6 metal chlorides
were also quite active for acylative cleavage of ethers. Dibutyl
ether reacted with benzoyl chloride in the presence of 10 mol%
of WCl6 for 24 h to give butyl benzoate in 96% yield (Run 8).
When NbCl5 and TaCl5 were used as catalysts, catalytic C–O
bond cleavage was also successful and butyl benzoate was
obtained in 98 and 96% yield, respectively (Runs 9 and 10).

In order to investigate the reaction mechanism, a stoichio-
metric reaction of dioctyl ether with molybdenum(V) chloride
was carried out at 80 °C. After 3 h, 1-chlorooctane was obtained
in 93% yield [eqn. (2)]. To the resulting mixture, benzoyl
chloride was added and octyl benzoate was obtained in 49%
yield [eqn. (3)].

(2)

(3)

Table 1 Acylative cleavage of ethers with acid chlorides in the presence of MCl5/6
a

Run Ether RCOCl MCl5/6 Time/h Product Yieldb (%)

1 Bu2O PhCOCl MoCl5 3 PhCO2Bu 95(75)
2 Bu2O C5H11COCl MoCl5 24 C5H11CO2Bu 96(78)
3 C8H17OC8H17 PhCOCl MoCl5 1 PhCO2C8H17 88(78)
4 C8H17OC8H17 C5H11COCl MoCl5 3 C5H11CO2C8H17 94(82)
5 CH3OC(CH3)3 PhCOCl MoCl5 1c PhCO2CH3 99(76)
6 C5H11COCl MoCl5 1 C5H11CO2C3H7 98(81)

7 C5H11COCl MoCl5 3 C5H11CO2CH2CHNCH2 75(58)

8 Bu2O PhCOCl WCl6 3 PhCO2Bu 96
9 Bu2O PhCOCl NbCl5 24 PhCO2Bu 98

10 Bu2O PhCOCl TaCl5 6 PhCO2Bu 96
a Conditions: MCl5/6, 0.1 mmol; ether, 1 mmol; acid chloride, 1 mmol, 80 °C. b GC yields: isolated yields in parentheses. c 50 °C.
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The results obtained here showed that the ether reacted with
MoCl5 first, to form 1-chlorooctane and the [C8H17OMoCln]
complex, although this complex was not characterized.†
Benzoyl chloride then reacted with the molybdenum complex to
give octyl benzoate. A proposed mechanism is shown in
Scheme 1. The mechanism proposed here is quite different from
the cationic mechanism which has been generally proposed for
the catalytic acylative cleavage of the C–O bond of ethers. For
example, Alper and Huang11 and Tsonis12 used group 6 metal
carbonyl or substituted group 6 metal carbonyl complexes to
catalyze the acylative cleavage of ethers. In both studies a
mechanism was proposed whereby acid chloride reacts with the
metal carbonyl to form a RCO+ ion, followed by the reaction
with an ether to produce an oxonium salt which is then cleaved
to give the ester.

The C–O bond of ethers can be cleaved only by MoCl5 in our
system which is similar to stoichiometric C–O bond cleavage of
ethers with Lewis acids. The role of the acid chlorides in the
reactions reported here does not lead to formation of the
oxonium salt but rather provides Cl2 to Cl4MoOR to regenerate
MoCl5 and esters.

Notes and references
† The 13C NMR spectrum of the reaction mixture of Bu2O and MoCl5
showed the following signals, dC(CDCl3, Me4Si): 13.66, 19.56, 29.26,
60.30.

1 M. V. Bhatt and S. U. Kulkarni, Synthesis, 1983, 249; R. C. Larock,
Ether cleavage, in Comprehensive Organic Transformations, Wiley-
VCH, 2nd edn., 1999.

2 P. Mimero, C. Saluzzo and R. Amouroux, Tetrahedron Lett., 1994, 35,
1553.

3 B. Ganem and V. R. Small, Jr., J. Org. Chem., 1974, 39, 3728.
4 T. Oriyama, M. Kimura, M. Oda and G. Koga, Synlett, 1993, 437.
5 S. Ahmad and J. Iqbal, Chem. Lett., 1987, 953; J. Iqbal, M. A. Khan and

R. R. Srivastava, Tetrahedron Lett., 1988, 29, 4985; J. Iqbal and R. R.
Srivastava, Tetrahedron, 1991, 47, 3155.

6 L. Green, I. Hemeon and R. D. Singer, Tetrahedron Lett., 2000, 41,
1343.

7 C. Qian, A. Qiu, Y. Huang and W. Chen, J. Organomet. Chem., 1991,
412, 53.

8 C. Qian, A. Qiu, D. Zhu and X. Yang, J. Mol. Catal., 1994, 87, 357.
9 F. A. Luzzio and R. A. Bobb, Tetrahedron, 1999, 55, 1851.

10 S. Bhar and B. C. Ranu, J. Org. Chem., 1995, 60, 745.
11 H. Alper and C.-C. Huang, J. Org, Chem., 1973, 38, 64.
12 C. P. Tsonis, J. Mol. Catal., 1988, 45, 145.
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319.
Scheme 1 Proposed reaction mechanism for catalytic acylative cleavage of
ethers using MoCl5.
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The polymer [Ni2(C4N2H3S)4]n with excellent electrical
conductivity and ferromagnetic interaction between the
nickel(II) centers has been prepared by the hydrothermal
reaction of Ni(O2CMe)2 with pyrimidine-2-thiol in DMF–
H2O; X-ray diffraction shows that the polymer possesses a
lamellar structure formed from the conjunction system of
pyrimidine rings and Ni(II) centers.

The increasing interest in inorganic–organic hybrid framework
assemblies has resulted in a great deal of research effort focused
on the development of new functional materials ranging from
zeolite-like coordination polymers1 to multilayered perov-
skites,2 which possess various potential applications, such as in
electrical conductivity3 and magnetism.4,5 For instance, Shi-
mizu et al. reported a layered ‘inorgano–organic’ solid where
the inorganic component is composed of sulfonate-bridged
silver(I) centers and the organic moiety is a phenyl group.6a

Monfort et al. reported a metamagnetic two-dimensional
molecular material prepared from nickel(II) and azide bridging
ligand.6b In this field, studies have mainly been focused on
inorganic–organic hybrid materials containing N-donor ligands,
and relatively few efforts have been made to investigate
transition metal organosulfur coordination polymers7,8 although
the coordination chemistry of organosulfur compounds has
been intensively studied for more than twenty years.9

As a result of the tendency of thiolates to bridge metal centers
to yield insoluble or sparingly soluble polymers, it is difficult to
control the reactions of thiolates with metal ions and obtain
single crystals of polymeric metal thiolates suitable for X-
diffraction analysis. Our recent researches revealed the reaction
of N-donor-containing thiols such as pyridine-2-thiol with
silver ions led to soluble complex species, which can be
converted into silver–thiolate or silver–thione polymers under
appropriate conditions.10 Considering that pyrimidine-2-thiol
can adopt a variety of coordination modes in its coordination
chemistry11 it was deduced that coordination polymers with
novel structures may be isolated through the reaction of M(II)
transition metal ions with pyrimidine-2-thiol. We have suc-
ceeded in the isolation of coordination polymers by the
hydrothermal reaction of bivalent transition metal ions and
pyrimidine-2-thiol. Here, we demonstrate the formation of a
nickel(II)–pyrimidine-2-thiolate polymer [Ni2(C4H3N2S)4]n 1
(C4H3N2S = pyrimidine-2-thiolate), with lamellar structure. In
contrast to other Ni(II) compounds and coordination polymers
with lamellar structure,6c the interesting features of 1 are its
paramagnetic and semiconducting properties.

At 90 °C, the hydrothermal reaction of Ni(O2CMe)2 with
pyrimidine-2-thiol in DMF–H2O (v+v = 1+2) for 48 h and
crystallization by slow cooling of the reaction solution to room
temperature led to the growth of a large amount of dark-brown,
sheet-like crystals of 1. The crystalline product 1 is very stable
even at ca. 200 °C in air. Elemental analysis showed the formula
of the product was [Ni(C4H3N2S)2]. X-Ray diffraction analysis
conformed that 1 is a lamellar polymer built from the
[Ni2(C4H3N2S)4] dimeric unit† as shown in Fig. 1. This unit
develops along the ab plane into a honeycomb structure in
which the shortest distance between metal centers is 3.774 Å.

Therefore, the solid state polymer can be viewed as a two-
dimensional lamellar structure composed of [Ni2(C4H3N2S)4]
dimeric units, wherein the nickel(II) centers are linked by sulfur
atoms of thiolate and the pyrimidine ring in the pyrimidine-
2-thiolate ligands to form inorganic and organic layers, as
shown in Figs. 2 and 3. Each pyrimidine-2-thiolate in 1 acts as
a m3-bridge to link three nickel atoms through S and N atoms.
There are two types of coordination modes for pyrimidine-
2-thiolate: one in which pyrimidyl groups of pyrimidine-
2-thiolate ligands protrude into the interlayer region [Scheme
1(a)]; and the other in which they act as bridges lying on the
layer plane to link Ni(II) centers [Scheme 1(b)]. The interlayer
distance is 8.119 Å. Each nickel atom is six-coordinated by
three S atoms and three N atoms from three different
pyrimidine-2-thiolate ligands in distorted octahedral fashion.
The Ni–N bond lengths range between 2.055 and 2.142 Å, while
the Ni–S bond lengths range from 2.438 to 2.593 Å. The
average S–Ni–N, N–Ni–N and S–Ni–S angles are 85.14,

Fig. 1 Structure of the basic unit [Ni2(C4H3N2S)4]. Selected bond lengths
(Å) and  angles (°): Ni–N(1A) 2.055(3), Ni–N(4) 2.074(3), Ni–N(3B)
2.142(3), Ni–S(1) 2.4378(10), Ni–S(2) 2.4522(10), Ni–S(1A) 2.5929(10);
N(1A)–Ni–N(4) 98.09(12), N(1A)–Ni–N(3B) 93.72(11), N(4)–Ni–N(3B)
101.89(12), N(1A)–Ni–S(1) 91.61(9), N(4)–Ni–S(1) 159.62(8), N(3B)–Ni–
S(1) 95.28(8), N(1A)–Ni–S(2) 166.20(9), N(4)–Ni–S(2) 68.52(8), N(3B)–
Ni–S(2) 92.46(8), S(1)–Ni–S(2) 100.10(3), N(1A)–Ni–S(1A) 66.76(9),
N(4)–Ni–S(1A) 84.59(8), N(3B)–Ni–S(1A) 160.25(8), S(1)–Ni–S(1A)
82.84(4), S(2)–Ni–S(1A) 107.24(3), Ni–S(1)–Ni(A) 97.16(4).

Fig. 2 View of the lamellar structure in 1.
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97.90(1) and 96.72°, respectively. All nickel atoms of each
layer are nearly coplanar with deviations being within 0.18 Å.

The cryomagnetic behavior of 1 has been studied. cMT and
cM vs. T plots of the temperature-dependent magnetic suscepti-
bility data for 1 are shown in Fig. 4. At room temperature, cMT
is 2.60 cm3 K mol21 per dimer at 299.1 K and increases slightly
to a maximum value of 2.78 cm3 K mol21 at 60 K. It decreases
from 60 K and reaches 1.44 cm3 K mol21 at 7.9 K. The
magnetic moments from 300 to 5 °C are slightly smaller than
calculated values using the free-ion approximation for Ni(II)
with high spin configuration. Least-square fitting using eqn.
(1)‡ of all experimental data leads to J, JA and g values of
19.5 cm21, 27.3 cm21 and 2.103 with the agreement factor R
= 2.0 3 1024. Fitting to this model demonstrates the existence
of ferromagnetic interactions between the two nickel(II) centers
of the dimer unit and antiferromagnetic interactions both
between adjacent dimer units and between adjacent layers. The
magnetic behavior for 1 is quite different from a nickel(II)–azide
two-dimensional polymer, in which each nickel(II) center are
high spin and normally show ferromagnetic interactions.6b

According to the literature,12 the evidence for interaction
between metal cations in extended solid structures is provided
not only by characteristic uniform structural features but also by
their physical properties such as electrical conductivity. The
semiconductivity of 1 was therefore studied. Determination of
the conductivity of 1 (powder sample from ground crystals)
indicates an electrical conductivity of 5.00 3 1023 S cm21 at
28 °C which increases with temperature (Fig. 5), indicating that
1 is a semiconductor. By examining its structure, the semi-
conducting property of 1 can be attributed to its characteristic
structural feature of the interconnected array of nickel(II) with
pyrimidine; the semiconducting property provides evidence for
nickel and pyridine ring interactions.

We gratefully acknowledge financial support from the NSF
of China and Fujian Provice and Key project from CAS.

Notes and references
† Crystal data: crystal dimensions 0.12 3 0.27 3 0.32 mm,
C16H12N8S4Ni2, Mr = 562.00, orthorhombic, space group Pbca, a =
7.8860(6), b = 15.5844(11), c = 16.2399(12) Å, V = 1995.9(3)Å3, Z = 4,
R (wR) = 0.037 (0.095) for 1402 reflections with F! 2.0s(I). The intensity
data were collected on a Bruker Smart CCD diffractometer with graphite-
monochromated Mo-Ka radiation at room temperature. CCDC 159337. See
http://www.rsc.org/suppdata/cc/b1/b101422f/ for crystallographic data in
.cif or other electronic format.
‡ Magnetic model:
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Here J is the coupling constant between the two centers of the dimer and JA
is the coupling constant both between adjacent dimer units and between
adjacent layers; TIP is the temperature-independent paramagnetism.
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Fig. 3 Structure of 1 showing the interlayer network.

Scheme 1 Coordination modes of pyrimidine-2-thiolate in 1.

Fig. 4 Temperature–dependent magnetic susceptibility of 1, (2)cm, (Ω)cmT
and (2) the best fit obtained.

Fig. 5 Temperature dependent electrical conductivity of 1.
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Chiral octahedral cobalt complexes, K[Co(edta)]·2H2O and
K[Co(trdta)]·2H2O, induce enantioselective addition of di-
isopropylzinc to pyrimidine-5-carbaldehyde, affording the
pyrimidyl alkanol with high (85–94%) enantiomeric ex-
cesses.

Enantioselective reactions are one of the most important areas
in organic chemistry.1 Chiral transition metal complexes play
an important role in asymmetric reactions with most chiral
metal complexes being prepared using chiral organic ligands.
On the other hand, metal complexes such as the octahedral
cobalt complex with achiral ethylenediamine (en) ligands, i.e.
[Co(en)3]3+ shows chirality due to the topology of coordination
of the achiral ligand.2 A ‘chiral-at-metal’3a complex with
achiral ligands has been used in diastereoselective synthesis,3b

and a ‘chiral-at-metal’ complex with chiral ligands has been
used in enantioselective synthesis.4 However, the application of
‘chiral-at-metal’ complexes with achiral ligands towards en-
antioselective synthesis has been a difficult problem. It is
noteworthy that, as early as 1929, Shibata and Tsuchida5

reported an enantiomer selective asymmetric oxidation of
racemic 3,4-dihydroxyphenylalanine using a chiral cobalt
complex [Co(en)2NH3Cl]Br2. However, highly enantioselec-
tive syntheses using chiral metal complexes (due to the
topology of achiral ligands) is a challenge.

One of us (H. O.) previously reported the preparation of
chiral octahedral cobalt complexes with ethylenediaminetetra-
acetate (edta) and trimethylenediaminetetraacetate (trdta), i.e.
K[Co(edta)]·2H2O 16a and K[Co(trdta)]·2H2O 2.6b

In the course of our continuing study on asymmetric
autocatalysis,7,8 we found that the sense of the enantioselectiv-
ity of the addition of diisopropylzinc (i-Pr2Zn) to pyrimidine-
5-carbaldehydes is affected by chiral materials9 such as chiral
quartz9a and sodium chlorate.9b

We report here a highly enantioselective addition of i-Pr2Zn
to 2-(tert-butylethynyl)pyrimidine-5-carbaldehyde 3 in the
presence of chiral metal complex 1 or 2 (Fig. 1). The absolute
configurations of the formed pyrimidyl alkanol with high
(85–94%) ee’s were controlled by the chirality of the octahedral
cobalt complexes 1 and 2.

Experiments were conducted as illustrated in Scheme 1. To a
suspension of finely powdered chiral crystals (0.025 mmol) of
cobalt complex 1 or 2, aldehyde 310 (1.05 mmol) and i-Pr2Zn
(2.15 mmol)11 were added portionwise. In the presence of
(+)546-K[Co(edta)]·2H2O 1, (S)-alkanol 4 with 91% ee was
obtained in 91% yield (Table 1, entry 1). On the other hand, in
the presence of (2)546-K[Co(edta)]·2H2O 1, (R)-alkanol 4 with
94% ee was obtained (entry 3). Thus, the absolute configuration
of chiral complex 1 determines the absolute configuration of the
newly formed pyrimidyl alkanol 4.

In a typical experiment (Table 1, entry 3), to a toluene
suspension (0.1 ml) of (2)546-K[Co(edta)]·2H2O 1 (10.6 mg,
0.025 mmol) and aldehyde 3 (9.4 mg, 0.05 mmol), a toluene
solution (1.0 M) of i-Pr2Zn (0.15 mmol) was added over a
period of 15 min at 0 °C. After the mixture was stirred for 14 h

at 0 °C, toluene (4.8 ml), i-Pr2Zn (0.4 mmol, 1.0 M toluene
solution), and a toluene solution (1.5 ml) of aldehyde 3 (37.6
mg, 0.2 mmol) were added successively, and the reaction
mixture was stirred for 3.5 h. Then, toluene (14.4 ml), i-Pr2Zn

Fig. 1 Chiral structures of ethylenediaminetetraacetatocobaltate(III) and
trimethylenediaminetetraacetatocobaltate(III).

Scheme 1 Highly enantioselective asymmetric autocatalysis in the presense
of chiral octahedral cobalt complex 1 and 2. edta: (2O2CH2C)2-
N(CH2)2N(CH2CO2

2)2; trdta: (2O2CH2C)2N(CH2)3N(CH2CO2
2)2.

This journal is © The Royal Society of Chemistry 2001

1022 Chem. Commun., 2001, 1022–1023 DOI: 10.1039/b102143p



(1.6 mmol, 1.0 M toluene solution) and a toluene (4 ml) solution
of aldehyde 3 (150.6 mg, 0.8 mmol) were added successively,
and the mixture was stirred at 0 °C for an additional 3 h. The
reaction was quenched by hydrochloric acid (1 M, 5 ml), and
satd. aq. sodium hydrogen carbonate (15 ml) was added. The
mixture was filtered using Celite, and the filtrate was extracted
with ethyl acetate. The combined organic layers were dried over
anhydrous sodium sulfate and evaporated. Purification of the
residue by silica gel thin layer chromatography (developing
solvent, hexane–ethyl acetate = 2+1 v/v) gave (R)-pyrimidyl
alkanol 4 (244 mg) with 94% ee in an isolated yield of 99%.

Since the cobalt complex 1 is practically insoluble in toluene,
enantioselective addition seems to occur at the interface
between the crystal of metal complex 1 and the solvent. When
(+)546-K[Co(trdta)]·2H2O 2 was used instead of
(+)546-K[Co(edta)]·2H2O 1, the formation of (S)-4 with 85% ee
was induced (entry 5), and the reaction using (2)546-K[Co-
(trdta)]·2H2O (2) gave (R)-4 with 88% ee (entry 6).

In summary, enantioselective addition of i-Pr2Zn to pyr-
imidinecarbaldehyde 4 in the presence of (+)546-K[Co(edta)]·
2H2O 1 or (+)546-K[Co(trdta)]·2H2O 2 gave (S)-4 with high
ee’s, respectively, and the reaction in the presence of
(2)546-K[Co(edta)]·2H2O (1) or (2)546-K[Co(trdta)]·2H2O 2
afforded (R)-4 with high ee’s, respectively. We have clearly

demonstrated that the chirality at the cobalt is responsible for
the enantioselective addition of i-Pr2Zn.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and
Culture of Japan and by a Daicel Award for Synthetic Organic
Chemistry.
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Table 1 Enantioselective addition of diisopropylzinc to aldehyde 3 in the
presence of chiral octahedral cobalt complexes 1 and 2

Alkanol 4a

Entry Cobalt complex Yield (%) Ee (%) Config.

1 (+)546-K[Co(edta)]·2H2O 1 91 91 S
2 98 89 S
3 (2)546-K[Co(edta)]·2H2O 1 99 94 R
4 92 90 R
5 (+)546-K[Co(trdta)]·2H2O 2 90 85 S
6 (2)546-K[Co(trdta)]·2H2O 2 90 88 R
a Ee was determined by HPLC analysis using a chiral stationary phase
(Chiralcel OD).
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The tris(dimethylphosphinomethyl)-substituted lithium alk-
oxide [LiOC(CH2PMe2)3] acts as a building block in mixed
polylithium aggregates, effectively capping triangular Li3
polyhedral faces; it further reacts with lithium organyls to
yield the Y-conjugated, symmetrically tris(dimethylphos-
phino)-substituted trimethylenemethane dianion.

Chelating phosphinoalkoxides1 have been used extensively as
ligands to transition metals where much of the pertinent interest
stems from the fact that many such complexes are effective
catalyst precursors in a variety of industrially useful proc-
esses.2,3 In contrast to this, only a few main group metal
complexes of phosphinoalkoxides have been described.3b–d,f,4

The same applies to lanthanide complexes.5 We are interested in
multidentate phosphinoalkoxides which we expect to effec-
tively complex more lithium cations than required for charge
neutrality (lithium trap) thereby resulting in mixed multinuclear
lithium aggregates which also incorporate additional anions.

The tris(phosphinomethyl)-substituted alcohol 1 was found
to be particularly useful in this respect. It was prepared from
1-chloro-2,3-epoxy-2-chloromethylpropane by reaction with 3
equivalents of LiPMe2 (Scheme 1)6 following the synthesis of
the corresponding perphenyl compound.3c Compound 1 reacts
with excess nBuLi (2.5 M solution in hexane)3c at 278 °C
without additional solvent to form the lithium alkoxide which
crystallizes with two equivalents of nBuLi as a hexalithium
dimer† with crystallographic inversion symmetry (compound 2;
Scheme 1).‡ In the mixed n-butyllithium/lithium alkoxide
aggregate 2 the six lithium atoms are arranged at the corners of
a slightly distorted octahedron (Fig. 1). Two opposite triangular
Li3 faces of the octahedron are capped each by the m3-oxygen
atoms of one alkoxide ligand. In addition, each of the lithium
atoms of these Li3 faces is coordinated by one of the phosphino
groups of the same ligand. Thereby three lithium atoms are held
closely together by one of the deprotonated monoanionic
ligands 1 in a very compact and effective way. Particular
indications of this are the short Li–O bonds and the Li–P bond
distances (see Fig. 1).7 Charge neutrality in dimeric 2 is
achieved by four additional n-butyl anions which bridge four of

the remaining triangular faces of the octahedron. As is often the
case for hexameric octahedral compounds with a 1+1 stoichio-
metry of cation to anion, the two unbridged faces of the
octahedron are on opposite sides of the polyhedron. It should be
noted that solid nBuLi itself is an octahedral hexamer.8 To our
knowledge, in addition to [nBuLi· LiOtBu]4

9 only one other
mixed organolithium/lithium alkoxide aggregate has been
structurally characterized to date.10

Formation and structural details of 2 strongly suggest that
[LiOC(CH2PMe2)3], formed initially by deprotonation of 1, has
further lithium binding capacity trapping two additional lithium
cations. The fragment [Li3OC(CH2PMe2)3]2+ itself seems to be
an ideal building block for mixed oligomeric lithium ag-
gregates, in which the lithium atoms are at the vertices of
trigonal polyhedral faces.

Proof for this comes from a second, unexpected reaction of 1
with nBuLi. In contrast to the synthesis of 2, which was
performed in the absence of solvent (other than the hexane
contained in the 2.5 M solution of nBuLi), 1 reacts with excess
nBuLi in toluene alone at room temperature to form the Y-
conjugated, symmetrically tris(dimethylphosphino)-substituted
trimethylenemethane dianion which, to our knowledge, has not
been described before.11 It crystallizes with the before-
mentioned fragment [Li3OC(CH2PMe2)3]2+ as counter ion
(compound 3; Scheme 1).† At the center of the molecular
structure of 3 (Fig. 2)‡ is an equilateral triangle of lithium atoms
which is capped on one side by the deprotonated alcohol 1 in
much the same way as in the structure of 2. The other side of the

Scheme 1

Fig. 1 Molecular structure of 2 in the crystal (ORTEP-III; displacement
ellipsoids at the 30% probablility level. For clarity, C atoms are drawn as
spheres with arbitray radii, and all H atoms have been omitted. Open bonds
serve to highlight the Li–C bonds. Primed atoms are related to those without
a prime by a center of inversion). Distances (Å): Li(1)–O(1) 1.904(4),
Li(2)–O(1) 1.897(4), Li(3)–O(1) 1.916(4), Li(1)–P(1) 2.755(4), Li(2)–P(2)
2.613(4), Li(3)–P(3) 2.736(4).
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Li3 triangle is coordinated by the tris(phosphino)-substituted
trimethylenemethane dianion. Thereby each lithium atom is
coordinated to one of the phosphino groups and a methylene
carbanionoid carbon atom of an adjacent arm of the dianion.
Each of the lithium atoms are four-coordinate, being bonded to
one oxygen, two phosphorus, and one carbon atom. It should be
noted that in the only other dilithium trimethylenemethane
derivative structurally characterized so far,12 the lithium atoms
are disposed on opposite sides of the trimethylenemethane
dianion while in 3 the fragment [Li3OC(CH2PMe2)3]2+ forces
the lithium atoms to be located on only one side, in accord with
our assumption that [Li3OC(CH2PMe2)3]2+ should be an ideal
building block for trigonal polyhedral lithium faces. Both the
structural data (Fig. 2) as well as the 31P and particularly the 7Li
NMR spectra indicate that the Li atoms in 3 are more tightly
bound to the trimethylene dianion rather than to the alkoxide.
This follows clearly from the shorter Li–P bonds and the
additional Li–C bonds to the dianion while the NMR data
indicate that at room temperature the alkoxide is freely rotating
around the central C–O axis with respect to the Li3 triangle
(with the dianion being held firmly in place).†

The unexpected formation of the tris(dimethylphosphino)-
substituted trimethylenemethane dianion in 3 upon reaction of 1
with excess nBuLi involves the formal loss of Li2O. At present
we do not know whether Li2O is actually formed in the reaction
sequence, or whether the O22 anion is part of a larger mixed
aggregate.13 We believe that expulsion of O22 occurs after
multiple deprotonation of 1 not only at oxygen but also at one or
more of the methylene carbon atoms. The formation of the
trimethylenemethane dianion from 1 is then believed to be
driven by the reduction of negative charge on the anion by loss
of O2– and by the formation of a Y-conjugated p-system.14

Notes and references
† Syntheses: 2: to 0.3 g (1.2 mmol) of 1 2.0 ml (5.0 mmol) of a 2.5 M
solution of nBuLi in hexane was added at 278 °C. The reaction mixture was
warmed to room temperature whereupon a clear solution formed from
which immediately small colorless crystals of 2 precipitated. After 30 min
the crystals rapidly decomposed to an amorphous solid. The recording of
NMR spectra is hampered by the necessity to avoid solvents in the synthesis
of 2 (see synthesis of 3).

3: Toluene (0.75 ml) was added to 110 mg (1.7 mmol) of neat nBuLi.
Subsequently 140 mg (0.55 mmol) of 1 was added dropwise at room
temperature, throughly mixed, and left standing for 2 d. The yield of 3 in
solution is ca. 70% (31P NMR). Colorless needles formed which proved
suitable for X-ray diffraction. Mp 165 °C (decomp.); Anal. C20H45Li3OP6;
calc: C, 47.27; H, 8.92; found: C, 47.02; H, 8.34%. 31P {1H} NMR (162
MHz, toluene-d8, 25 °C, ext. 85% H3PO4): alkoxide: d 259.5 [br s];
dianion: 264.2 [q (1+1+1+1), 1JPLi 58 Hz]; 31P{1H} NMR (toluene-d8, 280
°C): alkoxide: d 263.3 [m]; dianion: 264.2 [qd, 1JPLi 58, 2JPP 19 Hz], TC

≈ 245 °C; 7Li {1H} NMR (155 MHz, toluene-d8, 25 °C, ext. 1 M LiBr in
THF-d8): d 0.35 [dq, 1JLiP 14 Hz, with 3 alkoxide P, 1JLiP 58 Hz, with 1
dianion P]; 7Li{1H} NMR (toluene-d8, 280 °C): d 0.35 [dd, 1JLiP 42 Hz,
with 1 alkoxide P, 1JLiP 58 Hz, with 1 dianion P], TC ≈ 220 °C.
‡ Crystallography: single crystals of 2, grown as described above, were
transferred immediately to the diffractometer (Enraf-Nonius CAD4) and
examined at 278 °C under strict exclusion of air and moisture in a frozen
oil drop (Mo-Ka radiation, l = 0.71069 Å). Crystal data for 2:
C36H84Li6O2P6, M = 776.49, monoclinic, space group C2/c, a =
21.440(2), b = 17.254(1), c = 14.121(1) Å, b = 103.000(9)°, V =
5089.8(8) Å3, Z = 4, Dc = 1.013 g cm23, m(Mo-Ka) = 2.4 cm21. 4498
unique reflexions (hkl range: ±25, +20, +16) up to ((sin q)/l)max. = 0.595
Å21, R/wR/S = 0.047/0.132/1.04 for 236 refined parameters and all data
(non-H atoms anisotropic, H atoms fixed). Drfin(max./min.) = 0.41/20.37
e Å23 (SHELXS-97, SHELXL-97).

Single crystals of 3, grown as described above, were examined at 278 °C
in a frozen oil drop. Crystal data for 3: C20H45Li3OP6, M = 508.20,
triclinic, space group P1̄, a = 9.087(2), b = 11.851(2), c = 15.175(3) Å,
a = 81.323(7), b = 89.812(7), g = 73.27(2)°, V = 1545.7(5) Å3, Z = 2,
Dc = 1.092 g cm23, m(Mo-Ka) = 3.6 cm21. 5713 unique reflexions (hkl
range: 210, ±14, ±18) up to ((sin q)/l)max. = 0.604 Å21, R/wR/S =
0.040/0.120/1.04 for 295 refined parameters and all data (non-H atoms
anisotropic, methylene H atoms refined freely with isotropic displacement
parameters, all others fixed). Drfin(max./min.) = 0.64/20.47 e Å23.

CCDC 155751 and 155752. See http://www.rsc.org/suppdata/cc/b0/
b010115j/ for crystallographic data in .cif or other electronic format.
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Fig. 2 Molecular structure of 3 in the crystal (ORTEP-III; displacement
ellipsoids at the 30% level. For clarity, C atoms are drawn as spheres with
arbitray radii; H atoms omitted except those at the methylene C atoms).
Distances (Å): Li(1)–O(1) 1.888(4), Li(2)–O(1) 1.877(3), Li(3)–O(1)
1.885(4), Li(1)–P(1) 2.665(4), Li(2)–P(2) 2.696(4), Li(3)–P(3) 2.638(4),
Li(1)–P(6) 2.550(3), Li(2)–P(4) 2.592(4), Li(3)–P(5) 2.562(4).
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The new N,S,S ligand [HB(timo-An)2(pzPh,Me)]2 (L1) was
combined with zinc perchlorate and ethanol to form the
complex [L1·Zn(ethanol)]ClO4 which is the first zinc com-
plex in which the N,S,S ligation of zinc and the attachment
of ethanol occurring in the active center of horse liver
alcoholdehydrogenase (ADH) have been reproduced; the
structural details of the ZnNS2O coordination in the
complex and in DMSO-inhibited ADH are in reasonably
good agreement.

Both the function and the coordination environment of zinc in
horse liver alcoholdehydrogenase, ADH,1,2 are unusual. Zinc
supports, but does not participate in, a redox reaction, i.e. the
hydride transfer interconverting alcohol and aldehyde; and in
the resting enzyme zinc is in an uncharged state, being bound to
one histidine and two cysteinate residues. It can be assumed that
the latter is the prerequisite for the former, making it possible
that in the enzymatic environment the alcohol is bound to zinc
as an alkoxide and that its ß-hydrogens are labilized for removal
as H2 by NAD+.

These unusual properties have made it impossible until now
to build coordination compounds of zinc which correctly model
the coordination environment of the metal3–5 or which show a
reasonable catalytic activity for hydride transfer to NAD+/
NADH systems.6–8 Most of the N,S,S ligands which were
designed and used for this purpose have too strong a tendency
to form oligonuclear thiolate-bridged zinc complexes, and the
fixation of the very labile Zn–OR function in mononuclear zinc
alkoxides has required the use of coligands which suppress the
desired catalytic activity of zinc. The closest approximations to
structural models9–11 were achieved by Parkin et al.4 and
ourselves.5 Parkin’s group prepared tetrahedral L·Zn–X com-
plexes of a new N,S,S ligand L. We prepared tetrahedral
(RS)2Zn(N,O) complexes using pyridine-derived alcohols or
aldehydes as N,O ligands. A realistic functional modelling, i.e.
by using NAD+ derivatives as hydride acceptors, has been tried
in only a few cases and with little success.8,12,13

The work described in this communication was triggered by
a report by Reglinski et al.,14 which describes the simple
synthesis of tris(thioimidazolyl)borate ligands. In these ligands
the thioimidazolyl sulfur donors can be considered ‘tame’
thiolate donors according to the following resonance formula-
tion:

In agreement with this there is no sulfur bridging in metal
complexes of thioimidazolylborate ligands and such ligands are
quite reliable tetrahedral enforcers.4,7,14–16 Furthermore, their
synthesis allows the incorporation of pyrazolyl functions as
mixed pyrazolylthioimidazolylborates with N,S,S or N,N,S
donor sets.4,15,16 Having realized this, it was a matter of varying
the substituents on the pyrazole and thioimidazole groups of a
pyrazolylbis(thioimidazolyl)borate16 (i.e. a N,S,S ligand) in

order to generate an appropriate electronic and geometrical
environment for a ligated zinc ion to accommodate an alcoholic
substrate in an ADH model complex.

Ligand L1 was found to fulfil these conditions. Its constituent
1-(o-anisyl)-2-thioimidazole† is accessible from 2-methoxyani-
line and KSCN by the established procedure.17 The reaction
between two equivalents of the thioimidazole and one equiva-
lent each of 3-phenyl-5-methylpyrazole and KBH4 in boiling
toluene leads to very good yields of K[L1].† The reaction
between K[L1] and Zn(ClO4)2•6H2O in non-dehydrated ethanol
produces the raw complex 1 in nearly quantitative yield.‡
Crystals of 1 for the structure determination were obtained by
slow evaporation from ethanol.†

Complex 1 fulfils the conditions to be a close structural
model of ADH. It bears a tridentate N,S,S ligand and an ethanol
molecule comprising a ZnNOS2 coordination pattern as in the
enzyme and its pentafluorobenzyl alcohol-inhibited derivative.2
The structure determination§ (see Fig. 1) has shown the
complex to be tetrahedral to a good approximation. The alcohol
ligand is embedded between the three aromatic substituents of

Fig. 1 Molecular structure of the cation of 1. The OH hydrogen atom, which
was not localized crystallographically, was placed on a reasonable position
along the hydrogen bond to the attached second ethanol molecule.
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L1. It is attached to a second ethanol molecule by a hydrogen
bond, sharing this property with Parkin’s tris(thioimidazol-
yl)borate–zinc–CH3OH•CH3OH complex.7 It seems that the
electronic ‘saturation’ of the zinc ion by the soft sulfur donors
and the hydrophobicity of the aromatic environment provide the
driving force for the preferred attachment of the less polar
alcohol ligand, rather than the water or hydroxide ligands which
are present in the reaction solution and which become bound to
zinc in similar preparations of zinc complexes with tridentate
N,N,N or N,N,O environments.18

The bond lengths and bond angles of 1 are very similar to
those in Parkin’s S3Zn–CH3OH complex.7 Moreover they agree
satisfactorily with those in the ADH structure of highest
resolution (1.8 Å), i.e. that of the DMSO-inhibited enzyme.2
Fig. 2 and Table 1 give the details for the ZnNOS2 units. Both
units can be described as close to tetrahedral, as can be seen in
Fig. 2 by the perpendicular arrangements of the SZnS and
NZnO planes. Almost all differences in bond lengths and bond
angles are within an acceptable range. The major distortions lie
in the enzyme’s very small N–Zn–O and very large S–Zn–S
angles and in the difference between the Zn–O(‘substrate’)
bond lengths.

In summary, a new thioimidazolylborate based N,S,S ligand
has been prepared and used to obtain a zinc complex which
binds ethanol on its fourth coordination site. This corresponds to
the first step in the catalytic cycle of horse liver alcoholdehy-
drogenase (ADH), the incorporation of ethanol within the active
center which contains N,S,S ligated zinc. The resulting complex
1 is the first model complex that reproduces both the N,S,S
ligation and the alcohol binding.

This work was supported by the Deutsche Forschungsge-
meinschaft.

Notes and references
† The new compounds were characterized by elemental analyses. Complex
1 shows the OH absorption in the IR spectrum as a broad band centered at
3150 cm21 which is typical for O–H…O hydrogen bonding. 1H NMR
(CDCl3): d 1.18 (t, J 7.0 Hz, 6H, ethyl-CH3), 2.50 (s, 3H, pz-CH3), 3.61 (q,
J 7.0 Hz, 2H, ethyl-CH2), 3.62 (q, J 7.0 Hz, 2H, ethyl-CH2), 3.82 (s, 6H,
OCH3), 6.40 (s, 1H, pz-CH), 6.94 (d, J 2.1 Hz, 2H, tim-CH), 7.02 (d, J 2.1
Hz, 2H, tim-CH), 7.0–7.6 (m, 13H, aromatic).
‡ Caution: perchlorate salts of metal–organic compounds should be
handled with care and only in small amounts.
§ Crystal data for C34H42BClN6O9S2Zn: M = 854.5, triclinic, space group
P1̄ (no. 2), a = 10.962(1), b = 14.131(2), c = 14.834(2) Å, a =
101.011(2), b = 109.568(2), g = 94.234(2)°, V = 2101.6(4) Å3, T =
200(2) K, Z = 2, l(Mo-Ka) = 0.71073 Å, Bruker Smart CCD
diffractometer. 19203 reflections were collected and subjected to an
empirical absorption correction (SADABS). The final R index for [I >
2s(I)] with 5057 reflections was R1 = 0.061. CCDC 156428. See http://
www.rsc.org/suppdata/cc/b1/b100281n/ for crystallographic data in .cif or
other electronic format.

1 For the function of ADH, cf. H. Eklund, B. Nordström, E. Zeppezauer,
G. Söderlund, I. Ohlsson, T. Boiwe, B. O. Söderberg, O. Tapia, C. I.
Brändén and A. Akeson, J. Mol. Biol., 1976, 102, 27.

2 For recent structure determinations of ADH, cf. S. Ramaswamy, H.
Eklund and B. V. Plapp, Biochemistry, 1994, 33, 5230 (C6F5CH2OH
bound to zinc); S. Al-Karadaghi, E. S. Cedergren-Zeppezauer, S.
Hövmoller, K. Petratos, H. Terry and K. Wilson, Acta Crystallogr., Sect.
D., 1994, 50, 793 (dimethyl sulfoxide bound to zinc).

3 For references on structural modelling see refs. 4 and 5.
4 C. Kimblin, T. Hascall and G. Parkin, Inorg. Chem., 1997, 36, 5680.
5 B. Müller, A. Schneider, M. Tesmer and H. Vahrenkamp, Inorg. Chem.,

1999, 3, 1900.
6 For references on functional modelling, see refs. 7 and 8.
7 C. Kimblin, B. M. Bridgewater, D. G. Churchill and G. Parkin, Chem.

Commun., 1999, 2301.
8 R. Walz and H. Vahrenkamp, Inorg. Chim. Acta, 2001, 314, 58.
9 N,S,S ligands with sulfur in the form of thioether functions, which can

form L•Zn–X complexes, have been described by Riordan10 and
Berreau.11

10 S. J. Chiou, J. Innocent, C. G. Riordan, K. C. Lam, L. Liable-Sands and
A. Rheingold, Inorg. Chem., 2000, 39, 4347.

11 L. M. Berreau, R. A. Allred, M. M. Makowska-Grzyska and A. Arif,
Chem. Commun., 2000, 1423.

12 B. Kaptein, L. Wang-Griffin, G. Barf and R. M. Kellogg, J. Chem. Soc.,
Chem. Commun., 1987, 1457.

13 A. Shirra and C. J. Suckling, Tetrahedron Lett., 1975, 38, 3323.
14 M. Garner, J. Reglinski, I. Cassidy, M. D. Spicer and A. R. Kennedy,

Chem. Commun., 1996, 1975; J. Reglinski, M. Garner, I. D. Cassidy,
P. A. Slavin, M. D. Spicer and D. R. Armstrong, J. Chem. Soc., Dalton
Trans., 1999, 2119; J. Reglinski, M. D. Spicer, M. Garner and A. R.
Kennedy, J. Am. Chem. Soc., 2000, 121, 2317.

15 C. Kimblin, B. M. Bridgewater, T. Hascall and G. Parkin, J. Chem. Soc.,
Dalton Trans., 2000, 1267; C. Kimblin, B. M. Bridgewater, D. G.
Churchill, T. Hascall and G. Parkin, Inorg. Chem., 2000, 39, 4240.

16 R. Walz, M. Tesmer, B. Wu, M. Shu and H. Vahrenkamp, unpublished
results.

17 J. Kister and G. Assef, Can. J. Chem., 1979, 57, 813.
18 H. Vahrenkamp, Acc. Chem. Res., 1999, 32, 589.

Fig. 2 Superpositions of the ZnNOS2 cores of 1 (open circles) and DMSO-
inhibited ADH2 (filled circles). Left: ZnS2 in the plane of the drawing, right:
rotated by 20° about a vertical axis.

Table 1 Comparison of the ZnNOS2 units in 1 and in DMSO-inhibited
ADH2

1 ADH•DMSO

Zn–N/Å 2.012(3) 2.02
Zn–O/Å 1.970(3) 2.13
Zn–S/Å 2.282(1), 2.314(1) 2.19, 2.25
N–Zn–O/° 116.8(1) 94.2
N–Zn–S/° 100.2(1), 111.7(1) 107.4, 113.1
O–Zn–S/° 105.4(1), 109.8(1) 102.5, 103.3
S–Zn–S/° 113.2(1) 129.4
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complex†
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The first luminescent tetranuclear copper(I) phosphinidene
complex [Cu4(m-dppm)4(m4-PPh)](BF4)2 has been synthe-
sized and isolated; the red-light emitting properties and air-
stability of the complex in the solid state may render great
potential for this new class of compounds in the future
development of semiconducting luminescence materials and
applications in LED technology.

The recent growth in interest in the chemistry of transition
metal–pnictogenide complexes has been prompted in part by the
potential of utilizing such compounds as precursors of binary
pnictogenides in the development of electronic and optical
materials.1 With different particle size, the luminescence and
optical properties of the transition metal–pnictogenides may
vary dramatically due to the quantum size effect.2 Therefore one
of the important aspects in this field is to prepare particles or
synthesize model complexes with a controllable and uniform
size. In view of this, together with our recent efforts on the
syntheses and isolations of a number of polynuclear coinage
metal chalcogenide complexes with a d10 electronic configura-
tion,3 we believe that an exploration into the related phosphini-
dene complexes might give rise to new classes of soluble
molecular materials of uniform size, with easily tunable
luminescence properties via the participation of different
ancillary ligands. To the best of our knowledge, phosphinidene
complexes of d10 transition metals are extremely rare.4,5 Herein,
is described the first report on the isolation, characterization and
X-ray crystal structure of a novel red-light emitting tetranuclear
copper(I)–phosphinidene complex, [Cu4(m-dppm)4(m4-
PPh)](BF4)2 1 [dppm = bis(diphenylphosphino)-
methane], which is stable to air in the solid state and highly
soluble in common organic solvents. Its photophysical proper-
ties have also been investigated.

Reaction of [Cu2(m-dppm)2(MeCN)2](BF4)2
6 with PhPH2

and Na(acac)·H2O (acac = acetylacetonate) in THF under
nitrogen gave an orange precipitate. Recrystallization from
dichloromethane–diethyl ether afforded 1 as air-stable orange-
red crystals in 80% yield. The formulation of 1 was confirmed
by elemental analyses, positive FAB-MS, 1H and 31P NMR
spectroscopy.‡ The solid state structure was established by X-
ray crystallography.§

Fig. 1 shows the perspective drawing of the complex cation of
1. The four copper atoms are almost coplanar and form a
rectangular array, with the four bridging dppm ligands arranged
in a saddle-like configuration. The Cu–Cu distances range from
2.8225(9) to 3.4451(1) Å, and show no significant CuI…CuI

interactions. The phosphinidenic phosphorus sits at the apex of
the distorted square-pyramid and quadruply bridges the four
copper atoms, with projection of ca. 0.70 Å above the idealized
Cu4 plane. The plane of the phenyl ring on the phosphinidene is
perpendicular to the Cu4 plane and has an orientation that
bisects the two longer Cu–Cu edges, Cu1–Cu4 and Cu2–Cu3,
so as to minimize the steric hindrance experienced by the phenyl

rings on the phosphinidene and the two dppm ligands that were
folded upwards. This is also in accordance with the observed
elongation of the Cu–Cu long edges and the shortening of the
short edges when compared to the isoelectronic but less
sterically demanding chalcogenide counterparts, [Cu4(m-
dppm)4(m4-S)](PF6)2 [3.128(1), 2.869(1) Å] and [Cu4(m-
dppm)4(m4-Se)](PF6)2 [3.271(4), 2.908(4) Å].3c,d The Cu–
P(phosphinidene) bond distances of 2.2811(1)–2.3230(1) Å are
comparable to other CuI–m4-PR systems, such as [Cu24{P-
(Me2(PriMe2C)Si)}12] [2.226(3) Å] and [Cu18(PPh)4(PPh2)10-
(PHPh2)3] [2.272(2)–2.449(2) Å].4 All the Cu–P(dppm) bond
distances are typical of those reported in other copper(I)–dppm
systems.7 It is of note that all Cu–P(dppm) bonds on the same
side as the phosphinidene moiety are longer than those on the
other side. This is simply a consequence of the steric
requirements for the accommodation of the phosphinidene and
the dppm ligands on the same side of the Cu4 rectangle.

The 1H NMR spectrum of 1 in CD2Cl2 at ambient
temperature shows four broad methylene proton signals with
equivalent integrals, indicative of the absence of a flipping
motion for dppm and the rotation of the phosphinidene group.
This is different from the situation in [M4(m-dppm)4(m4-E)]2+

(M = Cu, Ag; E = S, Se, Te), where flipping motions of the
dppm ligands occurs and only one methylene signal has been
observed.3c–e The 31P{1H} NMR spectrum shows the un-
resolved phosphinidene P signal at d 294.97, a much more
downfield environment compared to the structurally related
AuI–phosphinidene complexes, [2,4,6-But

3C6H2P(AuPPh3)4]-
(BF4)2 (d 247.69) and [2-MeC6H4P(AuPPh3)4](BF4)2 (d
254.6).5

The electronic absorption spectrum of 1 in CH2Cl2 shows a
low-energy absorption band at ca. 466 nm (Fig. 2). The
electronic absorption spectral data are summarized in Table 1.
With reference to previous spectroscopic work on the related
metal chalcogenido systems,3 the low energy absorption band at
466 nm, which is absent in the copper(I) precursor complex, is
likely to be originated from the [P(phosphinidene) ? Cu]

† Electronic supplementary information (ESI) available: full crystal
structure determination details. See http://www.rsc.org/suppdata/cc/b1/
b101284n/

Fig. 1 Perspective view of [Cu4(m-dppm)4(m4-PPh)]2+ with atomic number-
ing scheme. The phenyl rings of the dppm ligand are omitted for clarity.
Thermal ellipsoids are drawn at the 30% probability level.
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ligand-to-metal charge-transfer (LMCT) transition. An assign-
ment of such low-energy bands to intraligand IL (phosphini-
dene) transitions is unlikely as the related gold(I) phosphinidene
complex, [2-MeC6H4P(AuPPh3)4](BF4)2,5b is reported to be
colourless, indicating the absence of low-energy absorption in
this region. The high-energy band at 268 nm is attributed to the
intra-ligand transition of dppm.

Excitation of 1 in the solid state and in fluid solutions at l ≈
500 nm results in intense long-lived red luminescence (Table 1).
Excitation bands at ca. 339 and 469 nm were observed upon
monitoring the emission at 816 nm (Fig. 2). The close
resemblance of the excitation spectrum to the electronic
absorption spectrum is suggestive of an emission origin derived
from the [P(phosphinidene) ? Cu] LMCT transition. The
observed lifetime in the microsecond range indicates the spin-
forbidden nature of the emission, that is tentatively assigned to
be originated predominantly from the triplet state derived from
the [P(phosphinidene) ? Cu] LMCT transition that mixed with
a metal-centred (d–s/d–p) CuI state. Such an assignment is
based on the fact that the phosphinidene group, being
isoelectronic with and similar to the unsubstituted chalcoge-
nides, is a good s-donor. The red-shift in the emission energies
upon lowering the temperature is supportive of such an
assignment as it can readily be rationalized by the shrinking of
the Cu4 skeleton, which lowers the energy of the ss acceptor
orbitals derived from the overlap of the 4s orbitals of copper.
Assignment based on similar grounds has been reported on the
related systems with d8–d8 metal–metal interactions.8

The present work demonstrates a facile, high-yield synthesis
towards soluble luminescent copper(I) phosphinidene com-
plexes. This may, in one way or the other, open up new avenues

to the chemistry of polynuclear copper(I) complexes by utilizing
the [Cu4(dppm)4]PR unit as the building block for higher
nuclearity copper(I) complexes and clusters, through various
functionalizations on the organic R group. Examples of
polynuclear gold(I) aggregates made by using this approach
have been illustrated by Schmidbaur et al.9 The present system
may also serve as a potential precursor to advanced luminescent
materials for applications in the electro-luminescent technol-
ogy; the emission colour of which could be readily fine-tuned
by employing various R groups that have different electron-
donating/withdrawing ability.10

V. W.-W. Y. acknowledges financial support from the
Research Grants Council and The University of Hong Kong,
and the receipt of a Croucher Senior Research Fellowship from
the Croucher Foundation. E. C.-C. C. acknowledges the receipt
of a postgraduate studentship (1997–99) from The University of
Hong Kong and a Croucher Scholarship (1999–2000) from the
Croucher Foundation, and N. Z. the receipt of a university
postdoctoral fellowship from The University of Hong Kong.

Notes and references
‡ [Cu4(m-dppm)4(m4-PPh)](BF4)2 1: elemental analyses: calc. for
1·0.5CH2Cl2 (found): C 60.45 (60.66), H 4.48 (4.51)%; positive FAB-MS:
m/z 1987 [M 2 BF4]+, 1602 [M 2 dppm 2 BF4]+, 950 [M 2 2BF4]2+; 1H
NMR (500 MHz, CD2Cl2, 298 K): d 2.51 (m, 2H, CH2), 2.87 (m, 2H, CH2),
3.31 (m, 2H, CH2), 3.50 (m, 2H, CH2), 6.30–7.71 (m, 85H, Ph); 31P{1H}
NMR (202 MHz, CD2Cl2, 298 K): d210.81 (m, I = 4, dppm), 212.96 (m,
I = 4, dppm), 294.97 (m, I = 1, phosphinidene).
§ Crystal data for 1: C106H93B2Cu4F8P9·2CH2Cl2: Mr = 2243.17, mono-
clinic, space group Cc (no. 9), a = 14.456(2), b = 28.797(3), c = 25.340(3)
Å, b = 91.27(2)°, V = 10546(2) Å3, T = 301 K, Z = 4, Dc = 1.413 g cm23,
m(Mo-Ka) = 1.094 mm21, 31947 reflections measured, 17709 unique (Rint

= 0.0401) which were used in all calculations. The final R(F2) was 0.0513
[I > 2s(I)]. CCDC 154244. See http://www.rsc.org/suppdata/cc/b1/
b101284n/ for crystallographic data in .cif or other electronic data
format.
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Fig. 2 Electronic absorption (––––), emission (-----) and excitation
(monitored at 816 nm) (········) spectra of 1 in CH2Cl2 at 298 K.

Table 1 Photophysical data for 1

labs
a/nm

(e/dm3 mol21 cm21) Medium (T/K) lem
c/nm to/ms

268 (sh)b (49370), 316 shb

(23460), 466 (3480)
Solid (298) 718 8.3 ± 0.2
Solid (77) 754 550 ± 50
CH2Cl2 (298) 816 2.0 ± 0.1
CH2Cl2 (77) 825 330 ± 30

a In CH2Cl2 at 298 K. b The absorption shoulders were determined from the
derivatives of the UV–VIS absorption spectra. c Corrected for photo-
multiplier tube response.
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1H-NMR study of the interaction of distamycin A and netropsin with
the parallel stranded tetraplex [d(TGGGGT)]4†
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The first 1H-NMR investigation of the reversible interaction
of two small minor groove binding molecules with a
synthetic tetraplex DNA structure is reported.

Nucleic acids reversibly interact with a broad range of small
organic molecules, such as intercalators or minor groove
binders, which represent one of the most important lines of drug
development and of current chemotherapy against cancer, viral,
and some parasitic diseases. Even though these compounds are
known to bind to double stranded DNA, several investigations
involving the interaction of small ligands with unusual
structures of nucleic acids have been reported,1–3 including
multistranded tetraplex forms.1,4–7 A multitude of proteins have
been shown to interact with these structures which, particularly,
are implicated in the molecular biology of telomeres.8–10 A high
level of telomerase activity has been associated with cancer
cells and may be essential for their immortality. G-quartet
DNA11 inhibits telomerase activity and, therefore, compounds
that bind to this arrangement can negatively interfere with
telomerase activity. This is the strongest argument in favour of
the potential role of G-tetraplexes as a potential target for
anticancer drug design. In this frame, we wish to report here the
preliminary results from a NMR investigation of the reversible
interaction of the minor groove binding agent distamycin A
(Dist-A) and the related drug netropsin (Net) with the synthetic
tetraplex [d(TGGGGT)]4.

A wide array of G-tetraplex topologies, groove widths, loop
conformations, and alternative DNA base associations have
been observed to date.4–7 The structure of the four stranded
hexamer [d(TGGGGT)]4 used for the present study has been
already characterized by NMR and X-ray crystallography.12

This tetraplex possesses a four-fold symmetry with all strands
parallel to each other, which afford four grooves of identical
medium width, and all nucleosides in an anti conformation. The
1D NMR proton spectra (T = 300 K; 500 MHz), recorded at
several points during the titration of the tetraplex with Dist-A,
are shown in Fig. 1. The first addition of 0.5 mol equiv. of Dist-
A to the oligonucleotide caused several notable variations in the
spectrum. Particularly, a general change in chemical shift of
DNA proton resonances was observed, whereas a new set of
broad signals appeared between 6 and 7 ppm which were
assigned to the drug protons. An increase of Dist-A concentra-
tion up to 2 mol equiv. caused drug resonances to gradually
grow in intensity and a progressive drift of DNA signals.
Anyhow, during the early stage of the titration, the four strands
were magnetically equivalent upon interaction with the drug.
Surprisingly, at nearly 2+1 ligand–tetraplex stoichiometry, a
further addition of drug caused a complication in the spectrum
due to the presence in solution of different species in slow
exchange on the chemical shift time scale. In fact, a new set of
proton signals could be observed, whose intensities rose with
increasing amounts of drug with a concomitant falling off of the
original signals, which completely disappeared at a ratio of 4+1
drug–DNA. At this point, in spite of a general broadening of all

signals, a single, well-defined species, was plainly observable in
solution and any further addition of ligand did not lead to
substantial changes. The final NMR spectrum showed that the
binding of the ligand to the tetraplex caused the loss of the
original four-fold symmetry of the free tetraplex. Particularly, 8
imino proton, 4 methyl and 12 aromatic proton resonances were
clearly discernible, thus pointing to a two-fold symmetry for the
4+1 complex.

In order to clarify the binding mode of Dist-A, several
NOESY spectra at 300 K (500 MHz) of the final complex were
acquired at different mixing times (250, 180, 100, and 50 ms).
The whole of the data provided by these experiments allowed us
a preliminary conclusion that the tetraplex retained the original

† Electronic supplementary information (ESI) available: 2D NOESY and
1H NMR spectra for netropsin/tetraplex and distamycin/tetraplex com-
plexes. See http://www.rsc.org/suppdata/cc/b1/b100460n/

Fig. 1 Titration with Dist-A of 1.4 mM solution of [d(TGGGGT)]4

containing 2 mM phosphate buffer, 0.2 mM EDTA and 70 mM KCl, pH 7.3,
in 9+1 H2O–D2O at 300 K (500 MHz). 1H NMR spectra were recorded
using pulsed-field gradient WATERGATE15 for H2O suppression. A time
domain deconvolution was used to further reduce the H2O signal. The drug–
DNA mole ratios are shown along the side of the spectra.

This journal is © The Royal Society of Chemistry 2001
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conformation upon binding of the drug, since all intranucleotide
and internucleotide connectivities of the free tetraplex were still
visible. However, the evaluation of possible perturbation at the
binding sites, such as small changes of the glycosidic bond
angle, would require a comprehensive analysis of the NOE
buildup rate and a quantitative analysis of internucleotide base
to sugar NOE intensities, which have not been carried out at the
present. Furthermore, the presence of ligand–ligand contacts
between formyl hydrogen (FH) at 7.68 ppm and amidinium
protons at 9.75 ppm and among NH1 amide proton at 8.25 ppm,
C20 hydrogen at 1.49 ppm and the afore cited hydrogen at 9.75
ppm, indicated that the drug molecules simultaneously bound to
the tetraplex two by two, with each term of the dimeric pairs
with an antiparallel orientation and in close contact to its partner
(as observed with duplex DNA).13 An alternative explanation,
exchange between two orientations of one molecule, so that the
ligand–ligand NOEs arise from a combination of transferred
NOE and exchange effects, could be ruled out since the NOE
contacts were still visible in the NOESY spectra acquired at
short mixing time (i.e. 50 ms), where spin diffusion phenome-
non is dramatically reduced.

NOESY spectra also showed DNA–ligand contacts between
imino proton at 11.28 and C20 hydrogen at 1.49 ppm and imino
proton at 11.38 and both NH1 amide proton at 8.25 ppm and
amidinium protons at 9.75 ppm. Other cross peaks in correspon-
dence with DNA and ligand resonances were present in the
NOESY spectra but line broadening and signal overlapping
prevented us from unequivocally ascertaining which of them
were actually due to ligand–DNA contacts.

It is noteworthy that, throughout the whole titration, a single
set of signals was present for Dist-A protons, which only grew
in intensity and did not show any significant change in chemical
shift values with increasing drug concentration. This observa-
tion suggests that, (i), even at low ligand–DNA stoichiometries
(e.g. 0.5+1), simultaneous binding of two Dist-A side by side, in
a highly cooperative mode, is dominant; (ii), both in the 2+1 and
in the 4+1 complexes, the bound pair of Dist-A, reorientates
itself in a fast process on the NMR time scale, similar to that
observed for the binding of Dist-A to duplex DNA struc-
tures.14

In conclusion, the above preliminary results can be inter-
preted as follows. Below 2+1 ligand–tetraplex stoichiometry,
Dist-A, in a dimeric form, binds each groove of the tetraplex to
form short-lived complexes on the NMR time scale. Therefore,
only one set of signals for the four strands is observed. The fast
exchange behavior of the lower complex (2+1 Dist-A–tetraplex)
could be changed only to an intermediate regime by decreasing
the temperature of the system. As the temperature was reduced
from 300 to 280 K, there was only a general broadening of the
resonances, with peaks belonging to Dist-A broadening more
than the other peaks, probably due to the slower reorientation of
the Dist-A dimer. At higher drug–DNA ratios, a second Dist-A
dimer tightly and specifically binds the tetraplex, to give a 4+1
complex, in slow exchange with the 2+1 complex, as indicated
by the presence of separate proton resonances for the two
species. This behavior can be explained assuming that binding
of the second drug pair is more favorable than binding of the
first one. Finally, the dyad symmetry of the 4+1 complex is
consistent with a model comprising two Dist-A dimers
simultaneously spanning, in fast reorientation, two opposite
grooves of the tetraplex, as illustrated in Fig. 2. Notably, a fully
saturated complex with all grooves occupied by drug molecules
was not observed. Binding of dimer Dist-A may, most likely,
expand the binding groove (as observed with duplex DNA),13

and simultaneously reduce the size of the two adjacent grooves,
thus preventing a further interaction with other Dist-A mole-
cules.

Addition of Net to the oligonucleotide (data not shown)
caused gradual changes in the chemical shift and a broadening
of DNA proton resonances. At a ligand–DNA ratio of 4+1 the
titration was virtually completed. The four strands were found
to be magnetically equivalent throughout the titration, since no
splitting of resonances was observed at any stage. This behavior

could be explained assuming that the ligand is in fast exchange
on the NMR time scale with its binding sites on the tetraplex.
This fast exchange behavior could not be changed to a slow or
intermediate regime by altering the temperature of the system.
NOESY experiments at 300 K (500 MHz) performed at
different mixing times did not show any long-range ligand–
ligand interactions, whereas only a single ligand–DNA contact
between H3 proton at 6.43 ppm and aromatic DNA proton at
7.72 could be unambiguously identified. These data can be
tentatively explained assuming that electrostatic repulsion
between the ends of the doubly charged Net molecules prevents
their side-by-side arrangements into the grooves. Thus, in
contrast to Dist-A, netropsin complexes the tetraplex with one
drug molecule bound per groove. As for Dist-A, a compre-
hensive analysis of NOESY spectra showed that the structure of
the tetraplex remained similar to the original conformation upon
binding of netropsin, as indicated by the presence of all the
intranucleotide and internucleotide connectivities of the free
tetraplex.

The present communication represents the first 1H-NMR
investigation of the reversible interaction of groove binding
agents with a tetraplex structure of DNA. Detailed structural
analysis of the above 4+1 distamycin A–DNA complex as well
as studies involving other DNA sequences and/or ligands are
currently in progress.

This work is supported by Italian M.U.R.S.T. and C.N.R. The
authors are grateful to ‘Centro Ricerche Interdipartimentale di
Analisi Strumentale’, C.R.I.A.S., for supplying NMR facilities.
Veronica Esposito is acknowledged for her collaboration.
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Fig. 2 Pictorial illustration of the proposed binding mode of Dist-A (arrows)
to parallel-stranded tetraplex [d(TGGGGT)]4.
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Electrochemical methods are used to demonstrate that
cytochrome c can be immobilized on electrodes that are
coated with self-assembled monolayers of 4-pyridinyl–CO2–
(CH2)n–S (n > 6) through interaction between the pyridine
terminal unit and the heme of the cytochrome.

One avenue toward better sensors and enzyme electrodes is the
use of a long tether, whose terminal functionality can selectively
bind a biomolecule. Here this strategy is explored with the redox
protein cytochrome c. Electron transfer reactions with cyto-
chrome c have been extensively studied, both to clarify its
function in biological systems and to provide a canonical
example of a redox active protein.1 Cytochrome c has been
immobilized on CO2H terminated self-assembled monolayers
(SAMs) through electrostatic interactions between the carboxy-
late and the exterior of the protein2 and by covalent linkage.3
This work investigates the ligation between the terminal unit of
a 4-pyridinyl–CO2–(CH2)n–S (PyCO2–Cn, n = 2, 6, 11, 16)
SAM and the heme of horse-heart cytochrome c. The data show
that immobilization of cytochrome is achieved by the pyridine
functionality when the alkane tethers are long enough, n = 6,
11, 16. In addition, the immobilization causes a large negative
shift of the formal potential E°A that does not occur for other
immobilization strategies. The data also show that the electron
transfer rate for the oxidation is enhanced over that for the
reduction; i.e. an asymmetry in the rates becomes evident.
These data suggest that the pyridine interacts with the iron in the
cytrochrome’s heme.

The experiments used a three-electrode (Pt auxiliary, Ag/
AgCl reference) electrochemical cell with a working electrode
that was a Au ball (ca. 1 mm diameter) to which the disulfide
was self-assembled  (see ESI† for details on the construction of
the electrode and its characterization). Capacitance measure-
ments were used to assess the quality of the SAM. For the
immobilization studies the SAM coated electrodes were
incubated in a cytochrome c solution and measurements were
made in 25 mM phosphate buffer solution at pH 7. Details on
the preparation of the SAM materials are given in the ESI†. For
the studies with OH terminated layers and PyCO2–C2, in which
the cyt c is not immobilized, the purified cytochrome c was
30–50 mM in the buffer solution (see ESI† for further details).

Fig. 1 shows cyclic voltammograms for some of the systems
that were studied. Fig. 1(a) and (b) show voltammograms for
SAMs that have pyridinal functionalities. The solid line curves
show the electrode’s response after it has been removed from
the incubation solution, rinsed, and placed in contact with a
buffer/electrolyte solution that does not contain cytochrome c.
The data in Fig. 1(a) shows no faradaic response for the buffer
solution because cytochrome c does not adsorb onto the surface
of PyCO2–C2, but does show a response when the electrode
contacts a solution containing cytochrome c (dashed line). Fig.
1(b) shows that some cytochrome adsorbs on the PyCO2–C11
SAM and displays a negative shift in the apparent formal
potential. A corresponding experiment using a SAM in which

the pyridine nitrogen is blocked with a methyl group shows no
faradaic current. Hence the adsorption of cytochrome c requires
that the nitrogen atom of the pyridine be accessible to the
protein and the alkane chain be long enough. Fig. 1(c) shows
voltammograms for HO-terminated films,4 in contact with
cytochrome c solution (dashed line). The solid line voltammo-
gram is the same system with 0.8% pyridine (by volume) added
to the solution. Two redox waves (apparent E°A of 217 and
2325 mV) are found upon pyridine addition. The redox wave at
217 mV is assigned to the redox reaction of unmodified
cytochrome c and the wave at 2325 mV is assigned to the redox
reaction of cytochrome c in which pyridine is coordinated to the
heme. In this system, a positive potential sweep oxidizes the
iron, and complexation with the pyridine occurs (or is
strengthened). As the voltage is swept back negative the
pyridine is not removed until the iron is reduced at the more
negative reduction potential of the pyridine-coordinated moiety.
To summarize, these data show that PyCO2–C11 SAMs
immobilize cytochrome c and cause an E°A shift that is
consistent with an interaction between pyridine and the heme.

Voltammograms were collected as a function of the voltage
scan rate for each of the electrodes. For the HO–C6 and PyCO2–
C2 SAMs with cytochrome in solution, the peak current
depended on the square root of the scan rate, indicating that the
cytochrome is not immobilized on the electrode surface. For the
HO2C–C10 and the PyCO2–Cn (n = 6, 11, 16) SAMs, the peak
current was linear with the voltage scan rate, indicating that the

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b1/b101767p/

Fig. 1 Cyclic voltammograms are shown for gold electrodes that are coated
with (a) 4-pyridinyl–CO2–(CH2)2–S, (b) 4-pyridinyl–CO2–(CH2)11–S, and
(c) HO–(CH2)6–S SAMs. In (a), the solid line shows a voltammogram for
an electrode that was incubated in 50 mM cytochrome solution for 30 min
and placed in contact with a 25 mM buffer solution, and the dashed line
shows the same electrode in contact with a 50 mM cytochrome c buffer
solution. In (b) the solid line corresponds to the Py terminated layer after it
was incubated in the cytochrome solution and the dashed line corresponds
to the background curve. (c) Shows a voltammogram for cytochrome in a
buffer solution (dashed line) and a voltammogram for a cytochrome
solution containing 0.8% pyridine (solid line).

This journal is © The Royal Society of Chemistry 2001

1032 Chem. Commun., 2001, 1032–1033 DOI: 10.1039/b101767p



cytochrome is immobilized on the surface, as demonstrated by
the data in Fig 1. The apparent formal potential, E°A, for the
cytochrome immobilized on pyridine are significantly shifted
negative of the other systems (see Table 1). For the HO2C–Cn

SAMs, the adsorption is attributed to electrostatic and hydrogen
bonding interactions between the lysine groups (–NH3

+) on the
cytochrome c periphery and the carboxylic acid group of the
SAM.2 The negative shift of E°A suggests a different adsorption
state for cytochrome on the pyridinyl layers than on the
carboxylic acid layers and a significant interaction of the
pyridine with the heme. The nitrogen in the pyridinyl moiety of
the SAM and the long alkyl chain are both needed for significant
adsorption to occur.

Available literature results support the interpretation that the
pyridine terminated SAMs coordinate to the heme. Recent
Raman and NMR studies show that Met80, which is axially
bound to the iron in the heme of cytochrome c, can be displaced
by an imidazole or pyridine.5 The apparent E°A values in the
pyridine containing solution were found to be 217 and 2325
mV, which is consistent with the reported result for yeast iso-
1-cytochrome c that complexes with imidazole.6 Thus, the large
negative shift of the E°A (342 mV) by pyridine in solution is
caused by the axial ligand exchange from Met80 to pyridine on
the heme’s iron. The 10–20 mV shift in the E°A of the
unsubstituted cytochrome is consistent with the change in
solution dielectric constant caused by 1% pyridine.7 These
observations strongly suggest that the large shift of 150 to 160
mV in the PyCO2–Cn coated electrodes results from association
of the pyridine with the heme. Although the potential shift
observed on the SAM is about half of the shift found for the free
pyridine, such a result is consistent with a reduced ability for
optimal coordination when the pyridine is tethered to the SAM.
Although a change in the local dielectric constant7 or local field
effects8 may contribute to the potential shift, they are expected
to be smaller than the shift observed here and show a chain
length dependence.

The dependence of the voltammogram’s peak position on the
voltage scan rate can be used to quantify the electron transfer
rate constant. For the PyCO2–C6, PyCO2–C11, and PyCO2–C16
SAMs the oxidation waves do not shift with increasing scan
rate; i.e. the rate remains too fast for the instrument to resolve.
In contrast, the reduction peaks shift (see Table 1) and show a
dependence on the alkane chain length of the SAM, reflecting
the impact of the tunneling barrier thickness9 on the electron
transfer rate. This asymmetry in the transfer rate is consistent
with stabilization of the heme by the pyridine. Such an
interaction would enhance the oxidation rate and inhibit the
reduction rate for which a dependence of the peak position on
the voltage scan rate is evident. The increase in the reduction
peak’s potential shift with scan rate as the alkane chain length
increases reflects a slowing of the electron transfer rate because
of an increased tunneling barrier width. A more quantitative
analysis of the electron transfer kinetics is underway and will be
reported elsewhere.

This study shows that cytochrome c can be immobilized on
PyCO2–CnS SAMs with alkane chains of n > 6, and the

adsorption occurs through association of the pyridine with the
cytochrome’s heme. This latter conclusion is supported by the
large potential shifts, an induced asymmetry in the reduction
and oxidation rates, and other literature results. Fig. 2 depicts
the mode of binding that is envisioned for this system. In
contrast to electrostatic binding with surface functionalities, the
pyridine associates directly with the redox center, which should
create a better defined geometry between the protein and the
electrode. This approach will allow the electron transfer kinetics
to be explored without the limitations imposed by an inhomoge-
neous distribution of protein orientations with respect to the
electrode. On a practical level, this strategy of ligating to metal
redox centers or binding to a biomolecule’s active site promises
improved selectivity for the electrochemical detection of
biomolecules.

We are grateful to Professor J. Shin, A. R. Lajmi, and A. M.
Napper for helpful advice. We acknowledge the Department of
Energy for partial support of this work. We thank Hach
Corporation for loan of the VoltaLab PGZ407 during part of this
study.
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Table 1 The apparent formal potential E°A and the change in peak potential
between the high (20 V s21) and low (0.1 V s21) scan rates

E°A/mVa DEp,ox/mV DEp,red/mV

PyCO2(CH2)2S– 5 — —
PyCO2(CH2)6S– 2159a ± 7 0 211
PyCO2(CH2)11S– 2152a ± 5 0 221
PyCO2(CH2)16S– 2147a 0 244
HO(CH2)6S– 44 ± 2 — —
HO2C(CH2)10S– 13 ± 3 32b 224b

a E°A = (Ep,ox + Ep,red)/2 at 100 mV s21 scan rate and vs. the Ag/AgCl
reference. b Shift in the peak potential upon change in scan rate from 0.6 to
10 V s21.

Fig. 2 Illustration of the association of a pyridine tether to the heme of
cytochrome c. Also shown are the lysine groups that are present on the
protein surface.
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Co-crystallization of C-methylcalix[4]resorcinarene 1 with
4,4A-bipyridine 2 in the presence of m-xylene results in the
formation of a 2D brick framework, 3c·2(m-xylene), that
possesses nanoscale cavities that host four aromatics as
guests in which 1 adopts a ‘T-shaped’ conformation.

With the recognition that strategies for the deliberate design1 of
molecular crystalline solids2 can lead to new materials with
predictable properties realized (e.g. inclusion),3–6 increased
efforts have been placed upon understanding and controlling
those factors that govern the assembly of molecules and/or ions
in the solid state. For the design of extended solids with cavities
that accommodate molecules as guests,7 relatively strong,
directional forces (e.g. hydrogen bonds) have attracted much
attention in this regard owing to the structure-directing abilities
of such interactions to be predicted with a reasonable degree of
accuracy. Despite successes in exploiting such forces, however,
it is, perhaps, surprising to note that nanoscale processes of
molecular inclusion,8 where, for example, multiple copies of a
guest occupy a closed cavity in a solid, remain rare. Indeed, the
successful engineering of cavities able to accommodate multi-
ple guests can, in principle, provide a route to solids with guests
that undergo reaction in the solid state9 and bear relevance to
problems of separations of large molecules.10

With this in mind, using a template-based method to
molecular self-assembly we report the ability of the components
of two supramolecular isomers 3 of composition 1·2(2) (where
1 = C-methylcalix[4]resorcinarene, 2 = 4,4A-bipyridine),11 that
define a hydrogen-bonded, wave-like network 3a12 and carcer-
and-like capsule 3b,13 to undergo a structural reorganization in
the presence of a suitable aromatic guest to form a two-
dimensional (2D) isomer 3c of the parent components
(Scheme 1). The network 3c·2(m-xylene) defines a 2D symmet-
rical brick framework14–16 that exhibits closed multi-molecular
cavities of nanoscale dimensions, that, owing to the ability of 1
to adopt a ‘T-shaped’ conformation,17 accommodate four
identical aromatics as guests. Whereas supramolecular isomer-
ism involving ligand conformational isomerism has been
observed in inclusion compounds based on coordination
polymers,18 3c·2(m-xylene) represents, to our knowledge, a
novel example of an organic inclusion compound that exhibits
supramolecular isomerism involving conformational isomerism
by a molecular receptor.†

When 1 (0.020 g) was co-crystallized with 2 equiv. of 2
(0.011 g) from a boiling aliquot of EtOH in the presence of 10
equiv. of m-xylene according to eqn. (1), single crystals of

1 + 2(2) + 10(m-xylene) + EtOH (excess) ?
3c·2(m-xylene) (1)

3c·2(m-xylene) suitable for X-ray analysis grew within a period
of approximately 4 days. The formulation of 3c·2(m-xylene)
was determined by single-crystal X-ray diffraction‡ and 1H
NMR spectroscopy.

A space-filling view of the X-ray crystal structure of 3c is
shown in Fig. 1. As in the case of the wave-like framework
3a·guest (guest = ferrocene, toluene, MeCN)11,12 and carcer-
and-like capsule 3b·guest (guest = nitrobenzene),13 four
molecules of 2, each of which serves as a bifunctional hydrogen

Scheme 1

Fig. 1 Space-filling view of the X-ray crystal structure of 3c (guests have
been omitted for clarity). Color scheme: grey = carbon; white = hydrogen;
blue = nitrogen; red = oxygen.

This journal is © The Royal Society of Chemistry 2001
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bond acceptor, have assembled with 1 such that the bipyridines
participate in four O–H…N hydrogen bonds with two opposite
resorcinol units of the macrocycle [O…N separations (Å):
O(1)…N(1) 2.770(4), O(2)…N(3) 2.727(4), O(5)…N(4)
2.774(4), O(6)…N(2) 2.725(4)]. Unlike 3a and 3b, however,
the pyridine units of 3c interact with 1 such that they participate
in edge-to-face, rather than face-to-face, p–p interactions24

along the upper rim of 1 and the cavity of 1 is closed. The
remaining resorcinol units, which are co-planar and lie
approximately perpendicular to the resorcinol moieties in-
volved in the O–H…N forces, form four intermolecular O–
H…O hydrogen bonds with two neighbouring molecules of 1,
making 1, in the form of a ‘T-shaped’ building block,17 an eight-
fold hydrogen bond donor [O…O separations (Å): O(1)…O(4)
2.749(4), O(2)…O(7) 2.754(4), O(3)…O(5) 2.768(4),
O(6)…O(8) 2.735(3)]. As a consequence of the assembly
process, a 2D layered symmetrical brick framework 3c, with
large, closed rectangular cavities (cavity dimensions ca. 14 3
11 3 6 Å) of idealized D2h symmetry, has formed.§

A view depicting the guests of 3c·2(m-xylene) is shown in
Fig. 2. Four molecules of m-xylene, which lie around a
crystallographic center of inversion, are located within each
cavity  [Fig. 2(a)] such that the aromatics assemble by way of
edge-to-face p–p interactions [Fig. 2(b)].24 In this arrangement,
two guests, which are related by symmetry, are positioned
within the cavity such that the aromatic rings of the guests
interact with 2 by way of edge-to-face p–p interactions,23 while
the remaining guests, each of which lies equally disordered
across three sites, fill the host, in contrast to the ordered guests,
such that the aromatics lie approximately parallel to the face of
the cavity. Thus, the cavities of 3c·2(m-xylene) have formed by
way of template effects involving multiple guests in which the
size, shape and electronic properties of an individual guest,
presumably, do not favour an assembly process that leads to 3a
or 3b.15 Here, the conformational flexibility of 1 has provided
access to a cavity, in the form of 3c, that accommodates four
molecules of m-xylene in which the O–H…N interactions
between 1 and 2 are maintained11–13 and 1 self-assembles by
way of O–H…O forces.17

We have revealed the ability of 1, in a ‘T-shaped’
conformation,17 to assemble with 2 in the presence of a suitable

guest to form a 2D symmetrical brick framework 3c that
possesses cavities of nanoscale dimensions which host four
identical aromatics as guests. With such observations realized,
we are currently investigating whether 3c may be used as a host
for multiple guests able to undergo reaction in the solid state.9
We are also exploring whether molecules may be selected,
a priori,15 to induce formation of additional supramolecular
isomers, able to accommodate single or multiple guests, based
on 3.¶ These observations should also bear relevance to
materials in which derivatives of 1 and 2 are employed for the
assembly process.

We are grateful for funding from the Natural Sciences and
Engineering Research Council of Canada (graduate scholarship,
J. L. R.).
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crystallographic data in .cif or other electronic format.
§ Adjacent layers lie staggered such that the cavities are closed.
¶ Molecules of similar shape to m-xylene may be used to induce formation
of 3c (unpublished results).
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Fig. 2 Space-filling view of the guests of 3c: (a) a view showing the guests
within the brick framework, and (b) a view showing the edge-to-face p–p
interactions of the guests. Color scheme: grey–yellow = guest atoms (Note:
two m-xylene guests lie disordered, each across three sites).
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Acetonitrile oxide (2) is produced by the irradiation of the
title azirine 1 in the presence of O2 in fluid solutions and in
low-temperature matrices through the capture of the bi-
radical 7 with O2, which is generated by the photochemical
C–N bond cleavage of the azirine ring. 

The photochemistry of 2H-azirines has aroused wide interest
from the mechanistic and synthetic points of view. It has been
established that the photolysis of 2H-azirines causes the C–C
bond cleavage to yield 1,3-dipolar nitrile ylides, the [3 + 2]
cycloaddition reactions of which provide a useful method for
constructing a variety of five-membered heterocyclic systems.1
However, in the course of our studies of the reactivities of
photolytically-generated intermediates having an electron-
withdrawing group,2 we found that the photodecomposition of
the title azirine 1 proceeded by a mechanism drastically
different from that reported for 2H-azirines so far. In this paper,
we report the photochemistry of the azirine 1 in fluid solutions
and in low-temperature matrices, where the first example of the
selective C–N bond cleavage in the 2H-azirine photochemistry,
as well as of the photochemical generation of acetonitrile oxide
(2) through trapping of the intermediate with O2, is demon-
strated.

The new azirine, 3-methyl-2-(4-nitrophenyl)-2H-azirine (1),3
was obtained by the reaction of 1-(4-nitrophenyl)propan-2-one
trimethylhydrazonium iodide with sodium hydride in dimethyl
sulfoxide,1b,c and purified by silica gel column chromatography
with hexane–chloroform (1+1). When a degassed solution of 1
containing 5% (v/v) acrylonitrile in acetonitrile was irradiated
with the Pyrex-filtered light of a high-pressure mercury lamp, 1
was recovered nearly quantitatively. In the 1H NMR spectrum
of the photoreaction mixture, no signals assigned to the
pyrroline, which could be formed by the cycloaddition of the
expected nitrile ylide 3 with acrylonitrile, were observed. On
the other hand, under conditions identical to those described
above, except for the saturation of the solution with O2,
irradiation of 1 afforded 4-nitrobenzaldehyde (4, 46%) and
4-nitrobenzoic acid (14%), together with the adduct identified
as the isoxazoline 5 (45%). The formation of 5 could be
interpreted in terms of the capture of acetonitrile oxide (2)
generated in the course of the photoreaction of 1 with
acrylonitrile. The structure of 5 was confirmed by comparison
of spectroscopic data with those of an authentic sample, which
was obtained by a chemical generation of 2 by the base-induced
reaction of phenylisocyanate with nitroethane in the presence of
acrylonitrile.4,5

There are no precedents of the photochemical generation of 2
in solution, though it has been reported that photolysis of ozone
matrix-isolated in Ar containing acetonitrile at 15 K gave 2
together with hydroxyacetonitrile.6 We propose that 2 is
produced by a fragmentation of the dioxazoline 6, which is
generated by the capture of the biradical 7 with O2 (Scheme 1).
The formation of 4-nitrobenzaldehyde (4) in amounts equimolar
with the isoxazoline 5 is also explained by this scheme,
assuming that the cycloaddition reaction of 2 with acrylonitrile
proceeds quantitatively. Thus, the generation of 2, as well as the
failure to obtain the product derived from the nitrile ylide 3,

strongly suggests that the photolysis of 1 causes not the C–C
bond but the C–N bond cleavage to produce the biradical 7 as a
reactive intermediate.

To gain further evidence of the C–N bond cleavage in the
irradiation of 1, we examined the photochemistry of 1 in an Ar
matrix at 10 K. Irradiation ( > 300 nm) of 1 matrix-isolated in Ar
resulted in a slow decrease in intensities of the IR peaks due to
1 (1537, 1351, and 858 cm21). Simultaneously, IR peaks
appeared at 2046, 1597, and 1340 cm21, indicating the
formation of product having a cumulenic double bond (desig-
nated as A). In the UV-vis spectrum, upon photolysis of 1 a
broad band with a maximum at 341 nm appeared with isosbestic
points at 266 and 317 nm. To identify the structure of A, we
carried out the calculations of vibrational frequencies for the
nitrile ylide 3, which would be a possible candidate for A, with
the DFT method (B3LYP/6-31G(d)).7,8 Unfortunately, as
shown in Table 1, the vibrational frequencies calculated for 3
are not consistent with those observed for A in the following
two points: (i) a large deviation of the wavenumber predicted
for the CNN+NC2 stretching of 3 from that of the observed
cumulenic double bond, and (ii) a lack of the peak predicted to
have a relatively large intensity at 1027 cm21 for 3. However,
we have found that the vibrational frequencies calculated for the
ketene imine 8 are in excellent agreement with those observed
for A (Table 1). Therefore, we conclude that the photoproduct
of 1 in an Ar matrix at 10 K is not the nitrile ylide 3, but the

Scheme 1
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ketene imine 8. The direct observation of 8 provides a strong
piece of evidence in support of the C–N bond cleavage in the
photolysis of 1, because the formation of 8 is rationalized in
terms of the Curtius-like rearrangement of the methyl group in
the biradical 7 having a vinyl nitrene character.9

When 1 was photolyzed ( > 300 nm, 10 K) in the Ar matrix
doped with a large amount of O2 (20%), we could observe no IR
peaks assigned to 8. Instead, the irradiation afforded 4-nitro-
benzaldehyde (4), the structure of which was readily confirmed
by comparison of the IR spectrum with that of the authentic
sample matrix-isolated in Ar at 10 K, together with a species
having IR bands at 2334 and 1315 cm21 (designated as B) as
primary photoproducts. The species B could be identified as
acetonitrile oxide (2) on the basis of the agreement of the
vibrational frequencies with those reported for 2.6,10 Isotopic
labeling supports this identification of B. With use of 18O2 (97%
doubly labeled), the intense band at 2334 cm21 was slightly
shifted (1 cm21), while a large isotopic shift of 28 cm21 was
observed in the band at 1315 cm21, which is assigned to the N–
O stretch. These values are in fair agreement with those reported
for the isotopic shifts of the bands assigned to 2.6,11 Conse-
quently, the generation of 2 in the photolysis of 1 in the presence
of O2, which is presumed on the basis of the characterization of
reaction products in solutions, is unambiguously confirmed by
the direct observation using a low-temperature matrix-isolation
technique.

It is generally accepted that the photochemical C–C bond
cleavage of 2H-azirines to produce nitrile ylides proceeds from
the excited singlet state having an n–p* character.1 However,
the theoretical calculation using the INDO/S method12 pre-
dicted that the lowest excited singlet state of 1, S1, could be
roughly described as a local p–p* excitation of its 4-nitrophenyl
group. Moreover, it is reasonable to think that a large spin-orbit
interaction in the nitro group can accelerate the intersystem-
crossing from the S1 state to the excited triplet state, T1. Thus,
we propose that the selective C–N bond cleavage observed in
the photolysis of 1 results from the participation of its T1 state.
This assumption is supported by the DFT calculations on the

triplet biradicals which are expected to be formed by the bond
cleavage. It was found that the biradical 7 formed by the C–N
bond cleavage was more stable by 7.6 kcal mol21 than the
triplet biradical formed by the C–C bond cleavage. The triplet
biradical 7 can be readily captured by O2 to afford 6, while in the
absence of O2, the biradical undergoes the Curtius-like
rearrangement to yield 8 from its singlet state which would be
accessible from the triplet state.

In conclusion, it is established that on the irradiation of the
azirine 1, the C–N bond is selectively cleaved, in contrast to the
C–C bond cleavage of the normal 2H-azirines reported so far.
On the basis of the calculations, we propose that the selective
C–N bond cleavage is due to the participation of the excited
triplet state of 1 in the bond cleavage. Moreover, we have
demonstrated that acetonitrile oxide (2) is produced through the
capture of 7 with O2 followed by the fragmentation, which
would provide a convenient method of photochemical genera-
tion of 2.

This work was supported in part by grants from the Ministry
of Education, Science, Sports and Culture of Japan (No.
12020214) and from the Core Research for Evolutional Science
and Technology (CREST).
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Table 1 IR spectroscopic data of the photoproduct A generated in Ar at 10 K
and of 3 and 8 calculated with the DFT Method

Experimentala Calculatedb

n/cm21 n/cm21

A 3 8 Assignment

2780 (7) 2795 (6) Me str
2046 s 2024 (100) CNCNN str

1946 (81) CNN+NC2 str
1585 (11) 1590 (9) Ar ip, NO2 unsym

1597 m 1583 (32) 1585 (21) Ar ip
1539 m 1534 (11) 1539 (10) Ar ip, NO2 unsym

1490 (4) Ar ip
1440 (6) 1412 (4) Me deform

1340 s 1338 (100) 1342 (68) NO2 sym
1329 (8) Ar ip

1197 w 1180 (5) CH ip
1111 m 1108 (13) 1106 (12) ArCH ip

1027 (47) Me rock
856 (7) ArCH ip

851 w 851 (5) 858 (4) ArCH op
a Measured in Ar at 10 K; s = strong; m = medium; w = weak.
b Calculated frequencies are scaled by the use of a linear scaling function;
See ref. 7. Relative intensities are designated in parentheses. Frequencies
with relative intensities greater than 5% were given in the table.
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The combination of boronic acid-appended poly(L-lysine) 1
and sugar-based gelator 2 yields a novel organo-polymer gel,
consisting of vesicles held together by polymer molecules.

The assembly of certain low-molecular weight compounds
(gelators) into complex, three-dimensional networks in which
organic solvent molecules are confined, leads to the formation
of organic gels.1 Polymer gels, on the other hand, have three-
dimensional structures created by cross-linked covalent bonds.2
Hence, they are generally more robust than organic gels,
however, they lack the characteristic, excellent thermo-reversi-
bility inherent to organogels.3 Recently, several groups have
been able to improve the robustness of hydrogen-bond-based,3,4

as well as cholesterol-based5 gels by polymerization of the
gelator molecules. Feringa et. al.6 have shown that increased
thermostabilization of methacrylate-containing cyclohexane-
based gels can be achieved by in situ polymerization. In our
group, the introduction of multi-point hydrogen bonding sites
into cholesterol-based gelators, and the utilization of metal–
ligand interactions in sugar-based gelators have resulted in a
remarkable stabilization of these gel systems.7 Moreover,
polymerization of a bis(diacetylene)-containing gelator also
improves gel stabilization.3 Thus, combination of polymers
with low-molecular weight gelators is a new and interesting
concept which can lead to more robust gel systems.

In this paper we show how the gelating capability of
cholesterol–saccharide conjugate gelator 2 is facilitated by the
addition of boronic acid-appended poly(L-lysine)8 1 (Scheme1),

in a DMSO–H2O mixture. Moreover, the formation of the gel is
shown to be pH-reversible due to the intrinsic properties of the
boronic acid–sugar interaction governing the gelation process.
Furthermore, transmission electron microscopy (TEM) images9

of the gel revealed a remarkably novel superstructure consisting
of a network of polymer-coated vesicles, held together by
boronic acid-appended poly(L-lysine) molecules. This contrasts
with most other gels that show structures consisting of fibrous
networks. On the basis of TEM and dynamic light scattering
(DLS) measurements, a mechanism for gel formation is
proposed.

Compounds 1 and 2 were synthesized according to literature
procedures7b,8 and utilized to perform the gel test.10 To a
solution of 2 in DMSO (90 mL) was added a solution of 1 in
water (20 mL) at pH 11.5 to favor the boronic acid–sugar
interaction.11 After heating, the system was allowed to cool in
order to grow the organogel. This procedure was repeated at
several concentrations of 2, maintaining the concentration of 1
constant (1.8 mmol dm23), which yielded a maximum  Tgel of
58 ± 3 °C at a concentration ratio of polymer to gelator of
approximately 1+6 (Fig. 1). In good agreement with these
results, a maximum Tgel of 62 ± 3 °C was observed, at a polymer
to gelator ratio of approximately 1+5 by varying the concentra-
tion of 1 while maintaining the concentration of 2 constant (10.6
mmol dm23). Compound 2 has previously been shown to form
gels with many solvents.7b However, since it did not form a gel
in DMSO–H2O (9+2 v/v) in the absence of 1, the addition of the
latter expands the gelation capabilities of 2 to more polar
solvents. To investigate the role of both the poly(L-lysine) chain
and the boronic acid moiety in the gelation process, reference
compounds 3 and 4 were used respectively (Scheme 1).†
Gelation tests carried out with 3 or 4 (1.8 mmol dm23) and

† Electronic supplementary information (ESI) available: experimental
details and synthesis of compounds 3 and 4. See http://www.rsc.org/
suppdata/cc/b1/b102436c/

Scheme 1

Fig. 1 Concentration dependence of the Tgel of 1 (1.8 monomer unit mmol
dm23) upon addition of 2 in DMSO–H2O (9+2  v/v). S: solution, G: gel.

This journal is © The Royal Society of Chemistry 2001

1038 Chem. Commun., 2001, 1038–1039 DOI: 10.1039/b102436c



    

gelator 2 (0–21 mmol dm23) did not result in gel formation,
indicating that both the poly(L-lysine) chain, and the boronic
acid moiety are a prerequisite for gelation to occur. Under
alkaline conditions, the boronic acid moiety of 1 can interact
with the glucopyranosyl moiety of 2, forming covalent bonds
with the 4,6-diol of the saccharide,12 thus creating a connection
between the polymer (1) and the gelator (2). Under acidic
conditions (pH 5), on the other hand, the addition of 1 to a
solution of 2 did not cause gel formation. The gelation behavior
of this particular system is obviously pH dependent, since it
relies on the boronic acid–saccharide interaction for gel
formation.

To shed light on the mechanism of gel formation, TEM was
employed (Fig. 2). In sample (a), containing only compound 2
(10.6 mmol dm23), monodisperse colloidal particles with
diameters of approximately 50–100 nm, can be observed.13 In
sample (b), representative of gelator 2 (2.6 mmol dm23) plus
polymer 1 (1.8 mmol dm23) in the solution state, slightly larger
(200–400 nm in diameter), monodisperse vesicles are present.
However, in sample (c), representative of the gel state with a
high Tgel (1: 1.8 mmol dm23, 2: 10.6 mmol dm23), no
individual structures are present, but only a network of vesicles
can be observed. In sample (d), representative of the gel state
with a low Tgel (1: 1.8 mmol dm23, 2: 15.9 mmol dm23), similar
features as in sample (b) can be observed. To obtain a more
accurate evaluation of the dimensions of the vesicles observed
by TEM, DLS measurements were carried out.14 The average
diameters of the features observed in samples (a)–(d) are 121,
302, 2140, and 495 nm, respectively. The high average diameter
observed for sample (c) could correspond to either very large
vesicles present in solution, or to aggregates of smaller vesicles.
In light of the TEM results (see Fig. 2c), the latter is more
viable.

From the results presented, a mechanism for gel formation
can be proposed (Scheme 2). In the presence of a large excess

of 1 with respect to 2, the gelator can form vesicles which are
completely coated by the polymer, giving rise to individual
vesicles (Fig. 2b). As a consequence, gel formation is not
observed at high concentrations of 1 with respect to 2. When the
concentration of gelator is increased and the ratio of polymer to
gelator is approximately 1+6, the number of vesicles increases
and the amount of 1 is not sufficient to completely coat all the
vesicles (Scheme 2). Therefore, aggregation of the gelator
vesicles occurs, giving rise to an extended network of vesicles
held together by polymer molecules and thus, the formation of
the gel is observed (Fig. 2c). When the concentration of gelator
2 is increased even further, the amount of polymer 1 present in
the system is not sufficient anymore for the formation of an
extended network of vesicles (Scheme 2). Under these condi-
tions, only dimers can still be observed in the TEM images and
Tgel decreases.

In contrast to most gel structures that have been reported so
far, consisting of fibrous networks running through the gels,1,15

an assembly of vesicles of gelator 2 held together by polymer 1
is at the basis of this particular gel. Remarkably, the building
blocks of this novel gel structure are polymer-coated gelator
vesicles, which assemble into a superstructure, the gel, whilst
maintaining the identity of vesicles. The gel cannot be defined
as a polymer gel since the polymer chain length is far too short
(100–200 nm, if fully stretched) to allow cross-linking of
polymer chains by vesicles. One can thus regard the gelation as
being induced by the ‘cross-linking’ of vesicles by polymers,
but not by the ‘cross-linking’ of polymers by vesicles. Studies
are currently underway to further elucidate the more detailed
mechanism of gel formation proposed in this paper and to
investigate the possibilities of utilizing poly(L-lysine)-based
polymers for the formation of robust gels useful in aqueous
systems.
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Fig. 2 TEM images of a 10.6 mmol dm23 solution of 2 (a); a solution of 1
(1.8 mmol dm23) and 2 (2.6 mmol dm23) (b); a gel of 1 (1.8 mmol dm23)
and 2 (10.6 mmol dm23) at Tgel = 58 ± 3 °C (c); and a gel of 1 (1.8 mmol
dm23) and 2 (15.9 mmol dm23) at Tgel = 44 ± 3 °C (d).

Scheme 2
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The synthetic utility of the readily separated epoxides, diols,
epoxydiols and tetrols of high enantiomeric excesses, ob-
tained by hydrolytic kinetic resolution (HKR) of function-
alised mono- and bisepoxides with (salen)Co(OAc) com-
plexes, is demonstrated by their efficient transformations to
important insect pheromones.

Many insect pheromones incorporate a medium to long alkyl
chain with some oxygen functionality, often alkyl branching,
with a specific or strongly dominating chirality and double bond
configuration.1 These structural features, and the regio- and
stereo-regularities associated with nucleophilic opening of
terminal epoxides and displacement of sulfonate ester groups,
suggest that ready availability of epoxides and 1,2-diols of high
enantiomeric excesses (ee’s), would expedite acquisition of
such pheromones. Most hydrolytic kinetic resolutions (HKR)2

of terminal epoxides relate to simple epoxides not bearing other
functionality.3 We now demonstrate that structurally more
diverse epoxides respond well to the procedures developed by
Jacobsen,2 which utilise (salen)Co(OAc) complexes, such as,
(acetato)(aqua)((R,R)(2)-N,NA-bis(3,5-di-tert-butylsalicyli-
dene)-1,2-cyclohexanediamino)cobalt(III) (1).4

Our exploratory work was directed towards (R)-(2)-10-me-
thyldodecyl acetate 8 and (R)-(2)-10-methyltridecan-2-one 12.
The acetate is a pheromone from the smaller tea tortrix moth
(Adoxophyes species), with the (R)-enantiomer slightly more
bioactive than the (S).4 (R)-(2)-10-Methyltridecan-2-one is the
sex pheromone of the southern corn rootworm (Diabrotica
undecimpunctata).4 The procedure (Scheme 1) commenced
with the benzyl ether of undecen-10-ol, 2, which was epoxi-
dised to furnish the HKR substrate 3. This was stirred with 0.5
mole% of (R,R)-1 and 0.55 mole eq. H2O at rt (ca. 22 °C) for
20–24 h.2,4 Chromatography on silica yielded (R)-epoxide 4 and
(S)-diol 5, with excellent recovery (48 and 46% respectively).
Manipulation of the epoxide afforded (R)-acetate 8 with [a]D

23

25.40° (c 0.97, CHCl3). (Reported for 8, acquired by longer

routes: [a]D 25.84° (CHCl3)5 and 25.93° (CHCl3).6) Recon-
stitution of diol 5 afforded the (S)-epoxide, which was
transformed to the (S)-(+)-pheromone, with [a]D

23 +5.29° (c
1.02, CHCl3).

The methyl ketone 12 was obtained by processing epoxide 4
as summarised in Scheme 2. After epoxide opening and
mesylate displacement, [2,3]-Wittig rearrangement of 10 af-
forded terminal alkene 11, which under Wacker conditions,
provided the desired compound 12 ([a]D

23 21.63° (c 0.70,
CHCl3); reported value, [a]D

24 21.71° (CHCl3)7). The less
active (S)-(+)-ketone could be obtained from the corresponding
(S)-epoxide, by reconstituting from diol 5.

An important component from ant-lions (Euroleon nostras
and Grocus bore) is (R)-(2)-(Z)undec-6-en-2-ol (nostrenol)
18,8 and its synthesis (Scheme 3) begins with chemoselective
epoxidation of enyne 13. HKR of epoxide 14 furnished (S)-
epoxide 15 of 95% ee (Mosher ester analysis of the alcohol
resulting from hydride opening). Ti-mediated stereospecific Z-
reduction9 of protected alcohol 17 led to (R)-(2)-pheromone
18, [a]D

2325.48° (c 0.70, CHCl3) (reported value, [a]D26.08°
(neat).8) As before, reconstitution of diol 16 to the (R)-epoxide
could afford (S)-(+)-(Z)undec-6-en-2-ol.

Whereas asymmetric dihydroxylation of dienes affords
tetrols,10 successful HKR of bisepoxides would afford three
easily separable components, with the predominating epoxydiol
facilitating bi-directional and selective functionalisation. The
conversions of nona-1,8-diene to (1R,7R)-1,7-dimethylnonyl
propanoate 26 (Scheme 4), the female produced sex pheromone
of the western corn rootworm (Diabrotica virgifera virgifera),4

† Electronic supplementary information (ESI) available: references
describing previous syntheses of insect pheromones, an illustrative
procedure for HKR of a bisepoxide and a comparison between asymmetric
dihydroxylation (of an alkene) and HKR (of the corresponding epoxide).
See http://www.rsc.org/suppdata/cc/b1/b102181h/

Scheme 1 Reagents and conditions: i, m-CPBA (78%); ii, 0.5% eq. (R,R)-1,
0.55 eq. H2O (48% for 4, 46% for 5); iii, Me2CuLi (99%); iv, MsCl, Et3N
then Me2CuLi (60%); v, O3, Me2S (42%); vi, K2CO3, MeOH (67%); vii,
Ac2O, Py (100%).

Scheme 2 Reagents and conditions: i, EtMgBr, CuI (62%); ii, MsCl, Et3N
then Me2CuLi (40%); iii, nBuLi, 278 °C (43%); iv, PdCl2, CuCl, DMF–
H2O, O2 (90%).

Scheme 3 Reagents and conditions: i, m-CPBA, CH2Cl2; ii, 0.5% eq. (S,S)-
1, 0.55 eq. H2O (43% for 16); iii, NaBH4, EtOH (73% over 2 steps); iv,
DHP, H+ (84%); v, Ti(OiPr)4, iPrMgBr, Et2O then H2O; vi, MeOH, H+

(54% over 2 steps).
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and to (6R,12R)-6,12-dimethylpentadecan-2-one 29, the female
produced pheromone of the banded cucumber beetle (Diabro-
tica balteata)4 illustrate this. Thus, racemic bisepoxide 19 was
exposed to (R,R)-1 and 0.8 eq. H2O to provide (2R,8R)-
bisepoxide 20 (24%), epoxydiol 21 (46%) and tetrol 22 (15%).
Manipulation of epoxydiol 21 afforded (1R,7R)-pheromone 26,
with [a]D

23 27.17° (c 0.70, CHCl3) (reported value, [a]D
27.57° (CHCl3)11).

The same epoxydiol, 21, provided the bioactive (6R,12R)-
6,12-dimethylpentadecan-2-one,4 29, by the procedure sum-
marised in Scheme 5. (For 29, [a]D

23 20.43° (c 0.40, CHCl3);
reported value, [a]D

22 20.5° (CHCl3).12)
HKR of the bisepoxide of dodeca-1,11-diene, 30, proceeded

satisfactorily to afford epoxydiol 32 that has been processed to
(2S,11S)-2,11-diacetoxytridecane 35, a sex pheromone compo-
nent of the female pea midge, Contarinia pisi, a serious pest of
commercial peas.4,13 (Scheme 6). Similarly, reductive opening

(NaBH4, EtOH, 84%) of the (R,R)-bisepoxide of tridecan-
1,12-diene led to (2S,12S)-2,12-diacetoxytridecane ([a]D

23

+1.77° (c 1.21, CHCl3); reported value, [a]578 +2.04°
(CHCl3)13), also from the pea-midge.

The bisepoxide of hepta-1,6-diene with 1.4 mole% (R,R)-1
and 1.0 mole eq. H2O (Scheme 7) afforded bisepoxide 36, free
of its meso isomer (NMR), and epoxydiol 37 was stereoisomer-
ically pure. Routes to (4R,8R)-4,8-dimethyldecanal (Tribolure)
41, an important pheromone component of several Tribolure
species including the red flour and confused flour beetles,4 and
C2 symmetric dimethylalkanes, 39 and 40, pheromone compo-
nents of female spring hemlock looper (Lambdina athasaria)
and female stable flies (Stomoxys calcitrans) respectively,4
have been developed. Tetrol 38 has been converted to C2
symmetric piperidines 42.14

The above examples considerably widen the scope of the
HKR approach. High ee’s have resulted, and solvent addition
with the longer chain bisepoxides may be beneficial.3 A full
discussion of these and related results will be reported at a later
date.

We thank Professor Dr W. Francke for a listing of optical
rotations of some compounds described in ref. 13.
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Scheme 4 Reagents and conditions: i, 1.0% eq. (R,R)-1, 0.8 eq. H2O, (24%
for 20, 46% for 21, 15% for 22); ii, DMP, H+ (78%); iii, Me2CuLi (98%);
iv, MsCl, Et3N then Me2CuLi (70%); v, MeOH, H+ (76%); vi, MsCl, Et3N
then K2CO3, MeOH (27%); vii, NaBH4, EtOH (92%); viii, (EtCO)2O, Py
(79%).

Scheme 5 Reagents and conditions: i, DMP, H+ (82%); ii, EtMgBr, CuI
(91%); iii, MsCl, Et3N then Me2CuLi (41%); iv, MeOH, H+ (99%); v,
MsCl, Et3N then K2CO3, MeOH (48%); vi, H2CNCH(CH2)2MgBr, CuI
(34%); vii, MsCl, Et3N then Me2CuLi (53%); viii, PdCl2, CuCl, DMF–H2O,
O2 (74%).

Scheme 6 Reagents and conditions: i, 1.0% eq. (S,S)-1, 0.6 eq. H2O (23%
for 31, 26% for 32, 12% for 33); ii, DMP, H+ (65%); iii, CH3MgBr, CuI
(91%); iv, Ph3P, p-chlorobenzoic acid, DEAD, THF (80%); v, MeOH, H+

(83%); vi, MsCl, Et3N then K2CO3, MeOH (44%); vii, LiAlH4, Et2O (79%);
viii, Ac2O, Py (68%).

Scheme 7
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A bistable [2]rotaxane that behaves as a kinetically con-
trolled molecular switch is synthesized; switching from one
state to the other is driven by pH change but the reverse
process requires pH change plus thermal activation.

The construction of nanometer-scale devices such as molecular
machines and switches from molecular components (‘bottom-
up’ approach) is of much interest in modern science and
technology.1 Mechanically interlocked molecules such as
rotaxanes and catenanes have great potential as such molecular
devices because the relative positions of their components can
be induced to change by external chemical, electrochemical or
photochemical stimuli.2,3 In appropriately designed systems,
such mechanical movements occur between two different well-
defined states so that they behave as molecular switches that are
potentially useful in molecular-scale information storage and
processing as well as sensors. In most cases, the molecular
switches operate under thermodynamic control. In other words,
since such a system is in thermodynamic equilibrium when it
responds to a stimulus, it reverts to its initial state upon removal
of the stimulus, which means that the new state cannot be
‘locked in’.4 Here we present a novel bistable [2]rotaxane
behaving as a kinetically controlled molecular switch—the new
state induced by an external stimulus can be ‘locked in’ after
removal of the stimulus.

Cucurbituril (CB[6]),5 a macrocyclic cage compound forms
host–guest complexes with protonated diaminoalkanes (logK =
5.19 at 40 °C for diaminobutane at pH = 1), the stabilities of
which, however, depend on pH. Taking advantage of this fact,
we6 and others7–9 have constructed interlocked species such as
rotaxanes, polyrotaxanes, molecular necklaces and molecular
switches using CB[6] as a molecular bead. Recently, CB[6] was
found to form a stable inclusion complex with 1,6-di(pyr-
idinium)hexane (logK = 4.40 at 25 °C);10 this complex
formation is little affected by the pH of the solution. Taking
these inclusion properties of CB[6] into account, we have
designed and synthesized a bistable [2]rotaxane (1) consisting
of CB[6] as a bead, one protonated diaminobutane unit as a
station (A), two pyridinium groups as linkers, two hexa-
methylene units as further stations (B), and two terminal
viologen groups (Scheme 1). [2]Rotaxane 1 is synthesized from
the corresponding ‘string’ and CB[6] by ‘slippage’.11† The 1H-
NMR spectrum of 1 is consistent with the desired [2]rotaxane
structure. The signals for the internal CH2 protons of the
protonated diaminobutane unit, which are now located inside
CB[6], are up-field-shifted relative to those in the free ‘string’.
On the other hand, there is no chemical-shift change in the
hexamethylene units. These observations are consistent with the
structure (state I, Scheme 2) in which the CB[6] bead in 1
resides exclusively at station A.

Deprotonation of the protonated diaminobutane unit in 1
promotes the movement of CB[6] from station A to station B.

Diisopropylethylamine (DIEA) was found to be an ideal base to
drive the switching process because it is strong enough to
deprotonate the NH2

+ while behaving concurrently as an
unreactive nucleophile towards the viologen units. Reprotona-
tion can be performed by addition of a suitable acid such as DCl.
The pH-controlled switching processes of 1 have been mon-
itored by 1H NMR spectroscopy (Fig. 1).

In a typical experiment, DIEA (2.1 eq.) is added to a solution
of 1 (state I) in D2O. The 1H NMR spectrum shows that, upon
base addition, deprotonation of the NH2

+ in station A occurs and
CB[6] moves from station A to station B, while leaving the
viologen unit intact but the chemical shifts of viologen and
pyridinium units are influenced by the CB[6] movement (Fig.
1b). Resonances for –NH2

+CH2(4)CH2(< )CH2CH2NH2
+–

protons disappear and new signals, which can be assigned to
–NHCH2(4)CH2(< )CH2CH2NH– protons without CB[6], be-
come visible as a result of the relocation of CB[6]. At the same
time, signals for the hexamethylene units (station B) split into
two sets: one set shows dramatic chemical-shift changes
(upfield shifts) whereas the other set shows no change.12 This
observation suggests that the CB[6] bead locates at one of the
two B stations (state III, Scheme 2).

Upon addition of DCl (2.2 eq.), the –NH2
+CH2(4)CH2(< )

proton signals shift downfield due to protonation of the amine
groups, while the signals for the hexamethylene unit remain
unchanged, suggesting that the CB[6] bead does not shuttle
back quickly to station A (state IV) (Fig. 1c). In fact, the reverse
process is very slow at rt: the CB[6] bead shuttles back ~ 50%

† Electronic supplementary information (ESI) available: synthetic proce-
dure and characterization data of 1 and colour versions of Schemes 1 and 2.
See http://www.rsc.org/suppdata/cc/b1/b103380h/

Scheme 1 Bistable [2]rotaxane 1.

Scheme 2 Switching cycle of bistable [2]rotaxane 1.

This journal is © The Royal Society of Chemistry 2001

1042 Chem. Commun., 2001, 1042–1043 DOI: 10.1039/b103380h



to station A after two weeks at rt. The extremely slow reverse
process at rt indicates that it has a high activation barrier.
Indeed, when the same sample is warmed up to 80 °C, the CB[6]
bead shuttles back quickly and completely to station A (Fig. 1d).
The rate of the reverse process is measured to be 7.4 3 1025 s21

at 60 °C and the activation barrier (DG‡) 26 kcal mol21.
Therefore, this novel bistable [2]rotaxane behaves as a
kinetically controlled molecular switch in which the kinetically
stable new state is maintained at rt after removal of an applied
stimulus. The complete cycle of the molecular switch is given in
Scheme 2.

In summary, we present a kinetically controlled molecular
switch based on [2]rotaxane. The switching of the molecular
bead from one site to the other site is driven by pH change, but
the reverse process requires pH change plus thermal activation.

This novel switching system may thus provide useful insights in
designing ‘safeguarded’ molecular switches.

We gratefully acknowledge Creative Research Initiative
Program of the Korean Ministry of Science and Technology for
support of this work, Brain Korea 21 Program of Korean
Ministry of Education for graduate studentship to Kyungpil
Kim, and Professor P. K. Bharadwaj for reading the manu-
script.
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Fig. 1 Comparison of the 1H-NMR spectra (in D2O at 25 °C) of 1. (a) 1 (state
I), (b) after treatment of DIEA (state III), (c) after treatment of DCl (state
IV), and (d) after heating at 80 °C (state I); the spectrum was taken after
cooling at 25 °C.
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Reversible addition fragmentation chain transfer was per-
formed at ambient temperature for the first time.

Reversible Addition Fragmentation Chain Transfer Polymer-
isation (the RAFT process) is a powerful technique for
synthesising well-defined polymer architectures with low
polydispersity.1–3 The technique employs a transfer agent of the
general formula:

which reacts with growing polymer chains via Scheme 1 shown
below. Reaction then proceeds with growing polymer chains
reacting alternately with the two sulfur atoms in the polymeric
RAFT agent. In this system, R must be a good leaving group
that is able to re-initiate polymerisation and the Z group strongly
influences the stability of the intermediate disulfur macroradical
species.4,5

In order to synthesise certain novel materials, it is desirable to
develop a RAFT agent that can be used at rt and with initiation
techniques such as UV or gamma radiation. However, prelimi-
nary studies by the authors have shown that at low temperatures
( ~ 25 °C), the presence of a common RAFT agent (1-phenyl-
ethyl dithiobenzoate, 1) strongly retards the polymerisation of

alkyl acrylates. This is consistent with previous work from the
CSIRO group, which has shown that variation of the Z group
from phenyl to methyl reduces retardation in the polymerization
of n-butyl acrylate at 80 °C.4 This retardation may be due to
either a low rate of fragmentation of the intermediate (lessening
the number of propagating radicals), or failure of the phenyl-

ethyl group to re-initiate polymerization at these low tem-
peratures. To counter the first problem, a simple variation was
made to the Z group of the RAFT agent, in order to give a less
stable macroradical intermediate, thereby increasing the rate of
fragmentation. In this study, by changing the Z group from a
phenyl to a benzyl group, the radical in the RAFT intermediate
is changed from being in a disulfur benzylic position to a less
stable disulfur alkyl position. This should increase the rate of
fragmentation and result in faster establishment of the RAFT
equilibrium. Therefore, using such a RAFT agent it could be
anticipated to observe living behaviour in the polymerization of
alkyl acrylates at lower temperatures, rather than the demon-
strated retardation caused by 1-phenylethyl dithiobenzoate. The
RAFT agent synthesised for this study was 1-phenylethyl
phenyldithioacetate (2).‡

Methyl acrylate was polymerised in septa capped ampoules
in a water bath at rt using AIBN as the initiator and
1-phenylethyl phenyldithioacetate (1-PEPDTA) as the RAFT
agent. Given that AIBN has a much longer half-life at 25 °C
than it does at 60 °C, a higher than normal concentration was
used (36.1 3 1023 molL21). A significant exotherm was
observed in the control experiments (methyl acrylate, AIBN
only), with the resultant runaway reaction causing the monomer
to boil and the septa to break in the first ten minutes of the
reaction. Conversely, the polymerization of methyl acrylate
with added 1-PEPDTA proceeded without autoacceleration via
pseudo first order kinetics, as shown in Fig. 1.§

Further, use of 1-PEPDTA in polymerisation of methyl
acrylate at 25 °C gives low polydispersity poly(methyl acrylate)
(Mn = 241,417, PDI = 1.19) that shows living behaviour (i.e.
the molecular weight increases linearly with conversion). This
is demonstrated in Fig. 2.

It should be noted that the molecular weights obtained
experimentally adhere closely to those predicted from theory
(Fig. 2, unbroken line). The exception to this is the final data
point, where the theoretical molecular weight is considerably
lower than the experimental one. An explanation for this
deviation is the use of Mark Houwink Sakurada coefficients for

† Electronic supplementary information (ESI) available: data used for the
graphs in Figs. 1 and 2. See http://www.rsc.org/suppdata/cc/b1/b101794m/

Scheme 1

Fig. 1 Pseudo first order rate plot for the bulk polymerisation of methyl
acrylate mediated with 1-PEPDTA at 25 °C. Error determined from
duplicates.
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polystyrene in the molecular weight determination of the
polymer. When analysing a polyacrylate, this would be
expected to give an error anywhere between 10 and 100% (with
larger error at higher molecular weight), and therefore may
account for the observed discrepancy between the actual and
theoretical values.

These results demonstrate that by adjusting the structure of
the Z group in the RAFT agent living polymerization at rt is
possible. The structural adjustment is required to decrease the
stability of the intermediate radical, therefore causing the
equilibrium (Scheme 1) to shift to increase the concentration of
propagating polymer chains. In this study this was achieved by
changing the RAFT agent from 1-phenylethyl dithiobenzoate,
which gives rise to a disulfur benzylic radical intermediate, to
1-phenylethyl phenyldithioacetate, which yields a less stable
disulfur alkyl radical intermediate.

The authors wish to acknowledge the support of the Co-
operative Research Centre for Polymers and Dr J. P. A. Heuts
and A/Professor R. P. Chaplin for helpful discussions.
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g) was added dropwise over 30 min, and then the mixture stirred at 0 °C for
the following 2 h. The mixture was then poured onto ice-water (300 ml) and
the aqueous portion collected following three washes with diethyl ether. A
final layer of diethyl ether was added, and the mixture acidified using 30%
aqueous HCl. Phenyldithioacetic acid ( ~ 7 g) was collected via rotary
evaporation of the ether. The acid was then reacted with styrene (9.0 g), with
a small amount of acid catalyst (toluene-p-sulfonic acid) in CCl4 (10 g). The
product was then precipitated in cold methanol and recrystallised from
methanol as fine yellow crystals (3.2 g). 1H NMR: d = 1.7 d 3H, d = 4.2
s 2H, d = 5.1 q 1H, d = 7.3 m 10H. 13C NMR (CDCl3): 20.5, 49.9, 57.9,
127.2, 127.6, 127.7, 128.5, 128.6, 129.1, 136.9, 141.0 and 233.6. IR:
Aromatic C–H stretch, 3062, 3028 cm21; Aliphatic C–H stretch, 2966, 2925
cm21; Overtone indicative of monosubstituted aromatic 2000–1650 cm21;
Aromatic ring stretch, 1601, 1494, 1453 cm21; Thiocarbonyl CNS stretch,
1219, 1125, 1028 cm21; Out of plane aromatic C–H bend 764, 697 cm21;
Weak sulfide C–S stretch, 646, 591 cm21. Melting point = 35 °C.
§ Polymerization: A solution of methyl acrylate with an initial 1-PEPDTA
concentration of 3.9 3 1023 mol L21 and an AIBN concentration of 36.1 3
1023 mol L21 was prepared. The stock solution was divided into five
individual ampoules and deoxygenated by purging with nitrogen for
approximately 15 min. The ampoules were then placed in a constant
temperature water bath at 25 °C, and an ampoule was removed after 60, 100,
150, 220 and 280 min. The reactions were stopped by cooling the solutions
in an ice bath followed by the addition of hydroquinone. The polymer was
isolated by evaporating off the residual methyl acrylate, initially in a fume
cupboard to remove the bulk of the liquid, and then in a vacuum oven at 25
°C. Final conversions were measured by gravimetry, and the molecular
weight distribution measured using gel permeation chromatography. Each
experiment was performed in duplicate. Blank solutions, containing only
methyl acrylate and AIBN were also prepared and polymerised using the
same methods.

1 Y. K. Chong, T. P. T. Le, G. Moad, E. Rizzardo and S. H. Thang,
Macromolecules, 1999, 32, 2071.

2 H. De Brouwer, M. A. J. Schellekens, B. Klumpermann, M. J. Monteiro
and A. L. German, J. Pol. Sci. Part A, 2000, 38, 19, 3596.

3 E. Rizzardo, J. Chiefari, R. T. A. Mayadunne, G. Moad and S. H. Thang,
‘Synthesis of Defined Polymers by Reversible Addition Fragmentation
Chain Transfer: The RAFT Process’, in ACS Symposium Series 768,
2000.

4 G. Moad, J. Chiefari, Y. K. Chong, J. Krstina, R. T. A. Mayadunne, A.
Postma, E. Rizzardo and S. H. Thang, Polym Int., 2000, 49, 993.

5 C. Barner-Kowollik, J. F. Quinn, D. R. Morsley and T. P. Davis, J. Pol.
Sci. Part A: Chem., 2001, 39, 1353.

Fig. 2 Evolution of molecular weight and polydispersity index with
conversion for 1-PEPDTA mediated polymerisation of methyl acrylate at
25 °C.
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When a cyanine dye is encapsulated inside the cavity of a-
cyclodextrin, by rotaxane formation, its one-electron oxida-
tion and reduction become reversible, due to a thousand-fold
increase in the kinetic chemical stability of the oxidised and
reduced forms of the chromophore.

Encapsulation of redox-active guests inside dendrimers and
molecular cages often affects the kinetics and thermodynamics
of electron transfer, just as the proteins which wrap round
biological redox centres control electron transfer in Nature.1
Conversely, changes in oxidation state can have a dramatic
effect on the strength of host–guest interactions.2 Stoddart and
coworkers have used this phenomenon to create rotaxanes3

which work as molecular machines;4 oxidation or reduction of
the dumbbell component changes the preferred location of the
macrocycle, resulting in translational motion. Here we report a
redox-active rotaxane which demonstrates a different effect: the
macrocycle acts as a protective sheath, preventing the oxidised
and reduced forms of the dumbbell from undergoing further
chemistry, making both redox processes reversible, whereas in
the absence of the threaded macrocycle, the oxidised and
reduced forms of the dumbbell are rapidly destroyed by
subsequent irreversible reactions (Scheme 1). Electrochemical
devices generally require repeated redox cycling without side
reactions, so this encapsulation effect may be widely bene-
ficial.

The rotaxanes studied here consist of a cyanine dye dumbbell
threaded through a-cyclodextrin. The two rotaxane isomers 1a
and 1b, and the analogous free dye 2, were prepared from
julolidine aldehyde 35 and diphenylpyridinium 46 as sum-
marised in Scheme 2. This reaction gives a 28% yield of a 3+2
mixture of 1a and 1b. Although this yield is modest, it

represents a ten-fold improvement compared with our previous
synthesis of cyanine dye rotaxanes7 from aldehyde 5 and
adamantylpyridinium 6. We have also prepared rotaxanes from

the combinations 3 + 6 and 4 + 5, but 3 + 4 gives the highest
yield. The longer julolidine aldehyde 3 probably forms a
stronger complex with a-cyclodextrin, with the carbonyl group
protruding further through the macrocycle. The diphenylpyr-
idinium 4 also reacts with this aldehyde at a lower temperature
than 6, which leads to a higher yield of dye, as these dyes
gradually degrade under the reaction conditions. The two
stereoisomers 1a and 1b were separated by chromatography and
structurally characterised using 2D NMR techniques. The
pattern of NOEs shows that the predominant isomer 1a has the
narrower 6-rim of the cyclodextrin towards the julolidine end of
the dye, whereas 1b has the opposite orientation. These NOE
results show that the cyclodextrin is located round the reactive
polymethine region of the p-system, in both isomers.

The highly conjugated structure of cyanine dyes results in
small HOMO–LUMO gaps, making them easy to oxidise and
reduce. The one-electron oxidation and reduction potentials
(E1/2

Ox and E1/2
Red) and peak absorption wavelengths (lmax) of

rotaxanes 1a and 1b and free dye 2, in DMSO, are compared in
Table 1.† The different environment around the chromophore in
the rotaxanes slightly shifts the absorption, but there is
remarkably little variation in the redox potentials. The inclusion
of a redox-active guest inside a cyclodextrin often hinders its
electrochemical oxidation or reduction,1 but this effect is not
observed in rotaxanes 1a and 1b. However, encapsulation has
an amazing effect on the electrochemical reversibility of both
redox processes, as seen from the cyclic voltammograms of 1b
and 2, both at a scan rate of 0.2 V s21, in Fig. 1. The oxidation
and reduction of the free dye 2 are chemically irreversible, as
shown by the missing peaks in the reverse sweep and by the
appearance of a product signal associated with the reduction
process at 0.20 V vs. Ag. The cyclic voltammogram of the
rotaxane 1b shows that the oxidation and the reduction are now
both fully reversible; both processes are well-defined, diffusion
controlled, and remain reversible even when the scan rate is
reduced to 0.02 V s21. Identical behaviour is observed for the
other rotaxane isomer 1a. We have tried increasing the scan rate
with the free dye 2 in an attempt to achieve reversible

Scheme 1 Rotaxane-encapsulation stabilises the oxidised and reduced
forms of the dumbbell, making its electrochemistry reversible.

Table 1 Redox potentials (vs. Ag) and lmax for 1a, 1b and 2 in DMSO†

Compound E1/2
Ox/V E1/2

Red/V lmax/nm

1a 0.75 20.56 579
1b 0.75 20.58 590
2 0.74 20.56 571

This journal is © The Royal Society of Chemistry 2001
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behaviour, and both responses (oxidation and reduction) do
indeed become reversible when the scan rate exceeds 20 V s21.
This demonstrates that the shielding effect of the cyclodextrin
macrocycle reduces the rate of follow-on reactions of the radical
dication and neutral radical forms of the dye by at least three
orders of magnitude. The separation between the forward and
reverse current peaks (DEp) for both redox processes in both
rotaxanes is 78 mV, which is larger than expected for a simple
reversible electron transfer process (DEp ≈ 56 mV at 298 K).
However the peak-to-peak separation does not increase with
increasing scan rate, so that there is no evidence that the
cyclodextrin retards electron transfer from the electrode surface
to the cyanine. These electrochemical measurements were
carried out in DMSO (with 0.1 M Bu4NPF6) because it is the
best solvent for all three compounds. Similar behaviour is also
observed in water and in acetonitrile. The rotaxanes 1a and 1b
are highly soluble in water and give well defined reversible
oxidation and reduction signals in this solvent (with 0.1 M KCl
electrolyte) whereas the free dye 2 is sparingly soluble in water
and exhibits similar irreversible redox processes to those
observed in DMSO, complicated by accumulation of material
on the electrode surface. In acetonitrile (0.1 M Bu4NPF6) the
free dye 2 is much more soluble, but its redox processes are still
irreversible at 0.2 V s21 scan rate; the rotaxanes are less soluble
and tend to adsorb onto the electrode, but both their redox
processes remain fully chemically reversible. The electro-
chemistry of cyanine dyes has been extensively studied because
of its relevance to the use of these dyes as photographic silver
halide sensitisers.8 The irreversible oxidation and reduction of 2
is typical for dyes of this type, and fast scan potentiodynamic
and AC techniques have been developed to overcome this
problem. The irreversiblility of these redox processes is

generally attributed to dimerisation of the electrochemically
generated radicals, and in a few cases dimeric products have
been isolated and characterised.9

Previously we have shown that rotaxane formation can
enhance the photostability of cyanine dyes. This effect is also
observed with these rotaxanes and both compounds fade slower
than the free dye 2 when irradiated with visible light in air-
saturated aqueous solution (relative rates of fading for 1a, 1b
and 2 are 0.031+0.044+1.00 respectively). It is possible that the
photo-bleaching of 2 involves photo-induced electron transfer,
leading to a direct link between the enhanced photostability and
enhanced redox reversibility of these rotaxanes. The mecha-
nisms of these reactions remain to be elucidated but it is
significant that rotaxane encapsulation protects the chromo-
phore in both its excited state and in its oxidised and reduced
forms. The kinetic stabilisation of the radical dication and
neutral radical forms of the dye inside the cyclodextrin cavity is
analogous to the stabilisation of radical intermediates by
enzymes.10

F. M. thanks the Royal Society for a University Research
Fellowship and New College, Oxford, for a Stipendiary
Lectureship. This work was supported by the EPSRC.

Notes and references
† The redox potential measurements in Table 1 and Fig. 1 were carried out
in DMSO (0.1 M Bu4NPF6) by cyclic voltammetry using a conventional
three-electrode system with a 0.5 mm diameter Pt disc working electrode, a
Pt wire counter electrode and a Ag wire pseudo-reference electrode, under
argon at 20 °C. The concentration of 1a, 1b and 2 was ca. 1 mM. The scan
rate was 0.20 V s21 in all cases except for the measurements on 2 in Table
1, where a 20 V s21 scan rate was used to achieve reversibility. E1/2 values
were estimated from the midpoint of the forward and reverse current peak
for each redox process, and were calibrated with internal ferrocene (E1/2

Ox

= 0.78 vs. Ag).

1 C. M. Cardona, S. Mendoza and A. E. Kaifer, Chem. Soc. Rev., 2000, 29,
37; A. E. Kaifer and M. Gómez-Kaifer, Supramolecular Electro-
chemistry, Wiley-VCH, Weinheim, 2000.

2 A. Niemz and V. M. Rotello, Acc. Chem. Res., 1999, 32, 44.
3 S. A. Nepogodiev and J. F. Stoddart, Chem. Rev., 1998, 98, 1959.
4 V. Balzani, A. Credi, F. M. Raymo and J. F. Stoddart, Angew. Chem.,

Int. Ed., 2000, 39, 3349.
5 A. C. Friedli, E. Yang and S. R. Marder, Tetrahedron, 1997, 53,

2717.
6 J. A. van Allan and G. A. Reynolds, J. Heterocycl. Chem., 1971, 8,

803.
7 J. E. H. Buston, J. R. Young and H. L. Anderson, Chem. Commun.,

2000, 905.
8 J. R. Lenhard and A. D. Cameron, J. Phys. Chem., 1993, 97, 4916; S.

Nomura and S. Okazaki, Chem. Lett., 1990, 2231; T. Tani, K. Ohzeki
and K. Seki, J. Electrochem. Soc., 1991, 138, 1411.

9 R. L. Parton and J. R. Lenhard, J. Org. Chem., 1990, 55, 49.
10 J. Rétey, Angew. Chem., Int. Ed. Engl., 1990, 29, 355; J. Stubbe and

W. A. van der Donk, Chem. Rev., 1998, 98, 705.

Scheme 2 The cyclodextrin is drawn as a truncated cone with a narrow rim defined by the 6-OH groups and a wide rim defined by the 2,3-OH groups.

Fig. 1 Cyclic voltammograms for oxidation and reduction of 1b and 2
DMSO (0.1 M Bu4NPF6) with a scan rate of 0.20 V s21.†
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This article focuses on the special chemistry that can take place
when certain lithium (or other heavier alkali metal) amides are
combined with certain magnesium (or zinc) bisamides. Some of
the reaction mixtures studied follow a straightforward path
leading to simple heterobimetallic compositions with predict-
able structures, whereas others take an unexpected turn to
behave as powerful oxygen scavengers or as regioselective bases
to yield novel products with unpredictable host–guest macro-
cyclic structures. We refer to these new compounds as ‘inverse
crown ethers’ or ‘inverse crowns’ because their arrangement of
Lewis acidic and Lewis basic sites is opposite to that encoun-
tered in conventional crown ether complexes. This developing
phenomenon appears to be a direct result of pairing together the
two distinct metal types in the same complex, as the chemistry
cannot be replicated by complexes containing one or the other
metal type on its own.

Introduction
Diagonal neighbours in the periodic table, lithium and magne-
sium in the form of organolithium (pioneered by Schlenk) and
organomagnesium halide (pioneered by Barbier and Grignard)
reagents respectively, have both served the synthetic commu-
nity for nearly one hundred years. Thumb through the pages of
any current journal specialising in synthesis and you will almost
certainly find several examples of these centenarians at work,
performing some or other organic transformation. They are
organometallic reagents par excellence. Accordingly, the
literature on them is vast and ever increasing. Interested readers
should consult the following sources1,2 as a starting point for
information. The present article does not deal with organoli-
thium or organomagnesium compounds per se, but rather with
organolithium–magnesium (and related organosodium–magne-
sium and organopotassium–magnesium) compounds, i.e. het-
erometallic mutations containing two different s-block metals.
In theory, mixing the metal components in this way could
promote beneficial synergic effects, and lead to mixed-metal

compounds having their own unique chemical profiles distinct
from those of the homometallic compounds from which they are
derived. This synergism could be manifested in altered
reactivities and selectivities as a function of altered activated
complexes and intermediates. It could also deliver new
chemistry and new structures, not known or not possible for the
conventional homometallic compounds. In practice, though as
yet only a select few studies have addressed the application of
mixed lithium–magnesium compounds in chemistry, several
promising observations have already been recorded. Notably,
Oshima and coworkers have demonstrated that magnesium-ate
complexes ‘LiMgR3’ are more effective than their Grignard
counterparts (RMgX) in halogen–magnesium exchange reac-
tions with organic halides for the preparation of aryl- and
alkenyl-magnesium reagents, which are subsequently trapped
by an assortment of electrophiles.3 Also, following a systematic
study of alkylation reactions of pyridine, Richey and Farkas
concluded that ‘solutions prepared by mixing solutions of
dialkylmagnesium and alkyllithium compounds exhibit behav-
iour different from that of either organometallic compound
alone’.4 Turning from organic synthesis to coordination chem-
istry, Karsch and Reisky make the point that the key to the
formation of the first magnesium compound with six Mg–P
bonds lies in its ‘ate formulation [Li(12-crown-
4)2]+[Mg{(PMe2)2C(SiMe3)}3]2, i.e. a mixed lithium–magne-
sium system albeit in the form of a solvent (crown ether)—
separated ion pair.5 Combining the two metals together has
similarly proved advantageous in areas of polymer chemistry:
Hsieh and Wang report that dialkylmagnesium, by itself, is not
an active initiator for diene and styrene polymerization, but it
participates in polymerization when complexed either with the
alkyllithium initiator or with the propagating polymer–lithium
molecules;6 Antkowiak and Hall have patented the use of mixed
lithium–magnesium amides based on hexamethyleneimine as
anionic initiators for diene polymer and copolymer elastomers.7
It is pertinent to note that in not one of these molecular/
macromolecular applications is the structure of the active
lithium–magnesium species known with any certainty. This
general lack of knowledge coupled with the potential advan-
tages alluded to earlier have prompted us to follow a programme
of research designed to shed light on the fundamental structural
consequences of mixing lithium (or another alkali metal) with
magnesium (or zinc) in an organoelement environment. Mind-
ful of the need to focus on synthetically useful compounds, we
have directed our attention towards amide derivatives. Long-
standing favourites of the synthetic chemist and thus commer-
cially available, lithium amide reagents are specialists in the art
of selective proton abstraction; recent studies have suggested
that magnesium amides may also be useful and exhibit different
reactivities/selectivities in this regard.8 The extensive library of
structural data available on these homometallic systems pro-
vides a further incentive for concentrating on amide derivatives
because if any form of structural synergism were to result from
pairing lithium and magnesium in a particular amide environ-
ment, then it should be easily recognised. It transpires that
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unique structural arrangements and, linked to this, unique
chemistry, can indeed be generated by this heterobimetallic
approach, as exemplified by the so-called ‘inverse crown ether’
complexes and related mixed-metal macrocycles which form
the basis of this article. To put the novelty of this new class of
compound into context, a brief survey of the contrasting
structural types adopted by more mainstream mixed lithium–
magnesium compounds is now presented.

‘Ordinary’ mixed lithium–magnesium compounds
Access to compounds of this type is usually achieved simply by
mixing together the component homometallic compounds in the
absence or presence of a Lewis base cosolvent [eqn. (1)]. In

(1)

homoleptic cases (i.e. with only one type of anionic ligand) the
product of such mixing need not necessarily be formulated as
‘LiMgR3’, since products with stoichiometries discordant from
that employed in the reaction can sometimes prevail. Especially
common in this regard is ‘Li2MgR4’. This phenomenon is a
direct consequence of the fact that structural factors dictate the
composition (in particular, the Li+Mg ratio) of the mixed-metal
product. To elaborate, the building up of their molecular
architectures can be formally regarded as a two-stage process,
each stage of which involves a distinct type of bonding which
may be designated as anchoring or ancillary.

The foundation/framework of the structure is provided by
anchoring bonds as they comprise the stronger, more covalent,
predominately s-based Mg–R interactions. Depending mainly
on the steric requirements of the surrounding ‘R’ ligands, this
framework is generally either tetrahedral or trigonal planar in
disposition. Ancillary bonding can be defined as those more

ionic interactions, which enable the lithium ions to affix to this
framework to give contacted ion pairs. To maximise the number
of such electrostatic contacts the lithium atoms will affix m2

rather than terminally. Tetrahedral MgR4 units have six edges,
so three diagonally opposed pairs of edges to accommodate
pairs of lithium ions, while triangular MgR3 units have three
edges, one of which can accommodate a single lithium ion
(Fig. 1): in this way are formed the common Li2MgR4 and

LiMgR3 stoichiometries respectively, and charge neutrality is
attained. Both of these scenarios can be found within the series
of lithium organoC-magnesate structures 1–59–12 shown in
Scheme 1. An additional point is raised by the structure of 2:10

planar ‘R’ ligands (shown flat here, but in reality would be tilted
out of the plane) can rotate to avoid interlocking with each other
so creating a sterically relaxed opportunity for two or more Mg
atoms to participate in the framework unit (in solvent-free
homometallic [(MgPh2)H]13 this process occurs ad infinitum to
give a polymeric arrangement). An alternative way to describe
the anchoring/ancillary demarcation is to consider that anions
will preferentially bind first to magnesium, on account of its

Scheme 1

Fig. 1 Building up 2+1 and 1+1, Li+Mg stoichiometries through tetrahedral
(a) and trigonal planar (b) ‘anchoring’ frameworks, respectively.
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greater Lewis acidity, until coordinative saturation is reached
giving (MgR4)22 or (MgR3)2 complex ions. These magnesium-
fixed anions can therefore not usually satisfy the coordinative
needs of approaching lithium cations within the limitations of a
contacted ion pair arrangement and so solvent molecules are
required to fill the remaining coordination sites. In certain cases,
for example in structure 3, solvent molecules can completely
detach the lithium ions from the primary framework to generate
solvent-separated ion pairs.

These basic structural types are not confined to alkyl and aryl
ligands, as they also extend to amido systems. A clear example
of the delicate balance between the tetrahedral and the trigonal
planar frameworks is illustrated in a family of dibenzylamido
[2N(CH2Ph)2] systems (Scheme 2).14,15 Sterically, the opti-

mum number of dibenzylamido ligands to fit around a
magnesium atom would appear to be three since homometallic
[{Mg[N(CH2Ph)2]2}2] has a trigonal planar magnesium geome-
try within its dimeric solid-state constitution. However, in-
troducing dibenzylamidolithium into this system induces coor-
dination expansion about magnesium to create an alternative
tetrahedral (MgR4)22 framework made up of four dibenzyl-
amido ligands R, set within a (Li2MgR4) formulation. This
coordination expansion can be rationalised predominantly in
terms of steric and valency effects: with the terminal coordina-
tion site on monovalent lithium vacant there is additional space
for the benzyl arms of the bridging amido ligands to occupy. In
the exclusively-magnesium structure this site is blocked by the
presence of a terminally attached dibenzylamido ligand. When
pyridine is added to the heterometallic structure a new dative
Li–N bond is formed filling the terminal coordination site and
forcing the bridging amido ligands closer towards the magne-
sium atom. This extra steric strain placed on magnesium
reduces its ability to tolerate four (tetrahedral) coordination,
thus prompting the displacement of one amide ligand (and its
Li+ partner) to leave a more sterically relaxed three-coordinate
(trigonal planar) environment. Electronic effects must also be
taken into consideration. Pyridine, a good s donor, will also
stabilise the lithium atom electronically. Other monodentate
donor solvents such as THF will do likewise in other bulky
amide systems, e.g. in [(THF)·LiMg{N(c-C6H11)2}3].16 The
same basic motif can be found in mixed-anion systems, typified
by the alkyl–amido complex [(py)·LiMg(HMDS)2(Bu)]16

[HMDS = 2N(SiMe3)2]. Therefore the stabilising role of the
solvent ligand in raising the coordination number of the lithium
atom to three is an important factor in the conversion of lithium-
rich Li2MgR4 structures into LiMgR3 alternatives.

Pyridine or THF will also stabilise the tris(amide) derived
from the sterically demanding hexamethyldisilazane
[HMDS(H)]. Interestingly, however, the 1+1, Li+Mg motif
remains intact even in the absence of any such solvent
molecules.17 As depicted in Fig. 2, the loss of solvent (N or O
donor atom)—lithium dative bonding is balanced by the gain of
H3C…Li interactions (mean length, 2.307 Å) made possible by

the bending of the SiMe3 substituents towards the semi-naked
lithium atom. Pseudo-agostic interactions of this type are
becoming increasingly familiar in structures where alkali metals
have low (formal) coordination numbers; here the affinity of the
Li atom for the methyl substituent is heightened by the marked
polarisation within the Sid+–CH3

d2 units, i.e. the carbon atoms
of the methyl groups carry a substantial negative charge. It is
therefore not surprising that, from a standpoint of length, these
H3C…Li interactions can be likened to the electron-deficient
C–Li bonds, which formally involve anions, of simple alkyl-
lithiums such as [(ButLi)4]18 and [(EtLi)4]19 (mean lengths,
2.246 and 2.25 Å, respectively).

Chelational stabilisation of lithium atoms is possible when
the ‘R’ substituents within bridging amide ligands contain an
additional heteroatom, two or three atoms removed from the
amido nitrogen atom. The first mixed lithium–magnesium
amide [Li2Mg{N(CH2CH2NMe2)CH2Ph}4], reported in
1993,20 exhibits this feature in having five-membered
(NCCNLi) chelate rings the tertiary amine nitrogen atoms of
which serve to increase the coordination number of the lithium
atoms from two to four.

‘Extraordinary’ mixed alkali metal–magnesium
compounds
(i) Inverse crown ether complexes

During our attempts to reprepare the aforementioned solvent-
free tris(amide) [LiMg{N(SiMe3)2}3] 6 a surprising develop-
ment came to light. It was found repeatedly that the reaction
solutions preferentially crystallised an oxygen-contaminated
variant of formula [Li2Mg2{N(SiMe3)2}4(O2)x(O)y] 7, despite
the fact that an inert-atmosphere protocol was employed
throughout the synthetic procedure (or so we had assumed).17

Reacting the mixtures [eqn. (2)] for 1 h then cooling the

(2)

solutions afforded 7 in typically poor, but reproducible yields of
1–5%: none of the intended (oxygen-free) product 6 precipi-
tated from solution, which perhaps reflects its previously noted
high solubility (in arene or hydrocarbon solvents). Since the
initial report of 7 we have managed to increase its yield five-fold
(best to date, 24%). This improvement came as a direct result of
deliberately exposing the reaction mixture to the atmosphere (!)
whilst stirring it for four days. Clearly, as small quantities of 7
can be produced even when standard precautions are taken to
avoid moisture/oxygen contamination, the mixed lithium–
magnesium HMDS system must be an extremely efficient
oxygen scavenger. However, the source of the oxygen con-
tamination, whether it be dioxygen or moisture or a combination
of both, is yet to be unambiguously established.

The molecular structure of 7 (Fig. 3) reveals a discrete eight-
membered ring made up of alternating nitrogen and metal
atoms, with the latter atoms themselves alternately lithium and
magnesium. Peroxide or oxide ions occupy the core of the ring
to render the molecule neutral overall. The peroxide and oxide-

Scheme 2

Fig. 2 Additional stabilisation of the Li atom can be achieved through a
dative D–Li bond or, in the absence of a donor solvent, through H3C…Li
agostic interactions.
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based molecules can be differentiated in arene solution by 1H
NMR spectroscopic studies. In the conventional host–guest
chemistry of crown ether complexes,21 electron-poor metal
cation guests are stabilised by coordination to a series of Lewis
basic oxygen centres fixed within a macrocyclic ligand host.
Contrast that situation through a representative [12]crown-4
complex with the generalised structure of 7 (Fig. 4) and one can

see at a glance that while both macrocycles offer four built-in
binding sites for the entertainment of the core guest the relative
positions of metal and oxygen atoms have been interchanged.
This topological comparison prompted us to coin the name
‘inverse crown ether’ complex to describe 7 and its isostructural
analogues, even though no ether functionality is actually
involved (a referee suggested an alternative name, metal amide
chemistry, or ‘MAC’, crowns: but while this is perhaps more
distinctive and certainly more apt given that they were
discovered in Scotland, this description could be confused with
metallo-crowns which are a known class of compound. In our
view, the ‘inverse’ prefix is also essential to convey the
difference with conventional crowns). The idea of a ‘crown’
made up of metal atoms would certainly sit easily with those
people interested in royalty! At this juncture it is germane to
mention that a similar description, ‘anti-crowns’, was in-
troduced a few years prior to our work by Hawthorne and Zheng
with regard to a series of [12]mercuracarborand-4 complexes in
recognition of their charged-reversed relationship to normal
[12]crown-4.22 Contrary to the situation in the inverse crown
systems, oxide or peroxide anions do not feature in anti-crown
chemistry presumably because the softer acid Hg atoms prefer
to bind softer bases such as Cl2, Br2, I2 or closo-B10H10

22.
On further investigation it soon became apparent that the

basic structural motif of 7 was not a unique, one-off oddity, but
rather the progenitor of a family of such structures. The
synthesis and crystallographic characterisation of 823 (Fig. 5)
established that inverse crown ethers could be made using other
amide ligands, in this case derived from 2,2,6,6-tetramethyl-

piperidine [TMPH = HN(Me)2CCH2CH2CH2C(Me)2]. Sig-
nificantly this cyclic amide ligand is even more sterically
demanding about its ligating N head than HMDS, which
prompts the thought that extreme steric hindrance may be a pre-
requisite for the formation of an inverse crown ether. Pre-
attached to the metal centres, these bulky ligands may on
exposure to the oxygen contaminant, suppress altogether or at
least kinetically inhibit the formation of metal oxide salts which
would seem more likely products from lattice energy con-
siderations.

More important extensions to the family followed on turning
our attention from lithium to the heavier alkali metals. Applying
the same synthetic approach but this time using butylsodium or
butylpotassium in place of the lithium congener [eqn. (3)],

(3)

produced the first sodium–magnesium [Na2Mg2{N(Si-
Me3)2}4(O2)x(O)y]23 9 (Fig. 6) and potassium–magnesium

[{K2Mg2[N(SiMe3)2]4(O2)}H]24 10 (Fig. 7) inverse crown
ethers, respectively. Sodium can sometimes mimic the coor-
dinative behaviour of its smaller Group 1 nearest neighbour so
the existence of the former category of crown is not that
surprising. On the other hand potassium organic derivatives
normally exhibit marked structural differences to their lithium
counterparts on account of the significantly larger size and
softer, more polarisable nature of the K+ cation; hence the fact
that a potassium-based inverse crown ether is readily preparable
bears testimony to the stability of these new macrocyclic
systems. However there is one major distinction between 10 and
7 for while both have broadly similar molecular structures, in

Fig. 3 Molecular structure of [Li2Mg2{N(SiMe3)2}4(O2)x(O)y] showing
peroxide core. Colour code for figures:39 alkali metal, purple; Mg, green;
Zn, yellow; N, dark blue; Si, light blue; C, black; O, red.

Fig. 4 A representative [12]crown-4 complex vs. the generalised structure of
7.

Fig. 5 Molecular structure of [Li2Mg2(TMP)4(O)] viewing the eight-
membered ring from the side.

Fig. 6 Molecular structure of [Na2Mg2{N(SiMe3)2}4(O2)x(O)y].
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the latter it is discrete but in the former it joins up through
intermolecular (Me2Si)H3C…K interactions to give a linear
polymeric arrangement (Fig. 8). Therefore 10 could be

described as the first supramolecular inverse crown ether
structure, but this description exaggerates the distinction
because such extended structures are quite common in the wider
context of organopotassium chemistry.25 Certain trends can be
discerned from this Li/Na/K series of structures. Most ob-
viously, the pairs of Mg atoms within the dicationic octagonal
rings are always displaced towards the centre of the ring as a
result of strong Mg–O bonding. The magnitude of this
displacement grows in concert with the increasing size of the
alkali metal partner in the ring as gauged by the endocyclic N–
Mg–N bond angles (mean values 193.3, 218.4 and 227.8° for
the Li, Na and K structures respectively). Similarly, the small Li
atom in 7 and 8 is pulled towards the centre of the ring through
strong Li–O bonding, resulting in endocyclic N–Li–N bond
angles greater than 180°. In contrast the Na and K atoms occupy
peripheral ring sites with endocyclic N–Na–N and N–K–N bond

angles significantly less than 180°, reflecting longer, weaker
Na–O/K–O bonding.

Extension to zinc. Having established that it is possible to
vary the Group 1 metal in the inverse crown ether octagons, the
next logical step was to consider possible replacement of the
Group 2 metal, magnesium. The health problems associated
with beryllium deterred us from experimenting with the lightest
member of Group 2, so instead we turned our attention towards
the next nearest neighbour, calcium. Though a significant size
differential exists between Mg and Ca (e.g. 0.28 Å for ionic
radii), that between Li and K is substantially greater (corre-
sponding value, 0.60 Å). This favourable steric comparison,
coupled with the knowledge that [{Ca[N(SiMe3)2]2}2]26 is
isostructural to the Mg congener, suggested to us that a calcium-
based inverse crown would be an easily accessible target. In
practice this has not been borne out. Thus far it has proved
problematical to obtain any solids from mixtures of LiN-
(SiMe3)2 and Ca[N(SiMe3)2]2 as they generally remain in
solution (in oxygenated arene media) even at subzero tem-
peratures. However on one occasion we did manage to isolate
and crystallographically characterise a solid product which
transpired to be the calcium analogue of 6, the tris(amide)
[LiCa{N(SiMe3)2}3] 11.27 This solvent-free system (a THF-
solvate was earlier reported by Davies28) adopts the same basic
motif as 6 but with an additional feature, a double ration of
intramolecular agostic interactions H3C…Li and H3C…Ca, i.e.
involving both types of metal atom separately. It is still an open
question whether or not this extra coordinative stabilisation has
a bearing on the failure (hitherto) to observe an inverse crown
ether molecule within the mixed lithium–calcium system, but it
most certainly contributes to its excellent solubility in organic
solvents.

More success in this regard came upon switching our
attention to the Group 12 metal zinc. This proved to be a perfect
mimic for magnesium in all but one respect: attempts to prepare
in donor-free media a lithium–zinc inverse crown ether complex
analogous to 7 did not yield any products save unreacted
starting material, namely LiN(SiMe3)2 and Zn[N(SiMe3)2]2.
This is consistent with the generalisation that reactivity
(specifically here, Lewis acidity) diminishes on moving from
magnesium to zinc. No such problems were encountered on
replacing the lithium amide by its more reactive sodium or
potassium congener. Thus the first inverse crown ether
complexes of zinc, namely [Na2Zn2{N(SiMe3)2}4(O)] 12 and
[{K2Zn2[N(SiMe3)2]4(O2)x(O)y}H] 13 were readily prepared by
the method outlined in eqn. (4).29 To obtain the former the

(4)

solution had to be heated to reflux, whereas to obtain the latter
only gentle heating was necessary. This series of reactions
therefore follows the classical reactivity trend associated with
the alkali metal series (Li < Na < K). Future work will
ascertain whether this trend holds for the complete homologous
series, i.e. will formation of the (thus far hypothetical) Rb and
Cs analogues be even more facile than that of K? The structures
of 12 and 13 (Figs. 9 and 10, respectively) are isomorphous with
each other and with their magnesium-based analogues 9 and 10.
Intermolecular (Me2Si)H3C…K contacts give a linear poly-
meric arrangement in the case of 13, in the same way as that in
10. Corresponding bond lengths and bond angles between 12
and 9 and between 13 and 10 show little variation, though the

Fig. 7 Double asymmetric unit of [{K2Mg2[N(SiMe3)2]4(O2)}H].

Fig. 8 Extended structure of [{K2Mg2[N(SiMe3)2]4(O2)}H].

Chem. Commun., 2001, 1049–1056 1053



   

Zn–N bonds are systematically 0.07–0.08 Å shorter than the
Mg–N bonds.

(ii) Inverse crown complexes

Pioneered by Pederson and first reported in 1967,30 crown ether
compounds and their many offshoots now make up a colossal
field within supramolecular chemistry:31 ring structures in this
category come in countless different shapes and sizes, accumu-
lated through the work of over thirty years of intensive research.
This knowledge prompted us to pose the question, ‘could we
extend a stage further the analogy with conventional crown
ether chemistry by also synthesising inverse analogues of
different ring shapes and ring sizes?’ We were pleased to
discover that the answer is in the affirmative albeit at this stage
to an extremely modest degree. Thus in this section two such
types containing twelve or twenty-four ring atoms are dis-
cussed. Note that in labelling these larger ring systems ‘inverse
crown’ complexes, as opposed to ‘inverse crown ether’
complexes, we simply want to draw the distinction that the
former type do not contain any oxygen (atoms or anions) at all,
though in common with the latter type their Lewis acidic (metal
cation)–Lewis basic (heteroatom anion) positions are reversed
relative to those in conventional crown ether complexes.

The breakthrough in our quest to prepare a larger inverse
crown ring system came unexpectedly when the reaction that
previously produced oxo-centred [Li2Mg2(TMP)4(O)] 8, was
repeated but with butylsodium in place of butyllithium as the
alkali-metallating source [eqn. (5)]. Remember that in the

corresponding HMDS-based system substituting sodium, or

(5)

even potassium, for lithium, does not alter the general nature of
the product as all three metals give an inverse crown ether
complex. However this time the move to the next heaviest alkali
metal induces a dramatic chemical and structural transformation
through the formation of the tetrasodium–dimagnesium amide-
arenediide [Na4Mg2(TMP)6{C6H3(CH3)}] 14, which is oxygen
free.32 We subsequently prepared a benzene-derived analogue
[Na4Mg2(TMP)6(C6H4)] 15, to prove that this novel reaction
chemistry is applicable to other arene solvents (toluene was the
solvent used in the preparation of 14). Structural preferences
dictate the unusual 4Na+2Mg stoichiometry of these products,
not that used in the original reaction mixtures (i.e. 1Na+1Mg).
Yet, perplexingly, attempts to reprepare 14 and 15 using the
‘correct’ 4Na+2Mg reaction stoichiometry are hampered by
solubility problems. The structures of 14 (Fig. 11) and 15 (not

shown) are essentially equivalent. Metal atoms and nitrogen
atoms alternate within their Na4Mg2N6 ring, which is severely
puckered. The encapsulated arene molecules lie approximately
orthogonal to the mean plane of this ring, locked into position
by a combination of Mg–C s bonds (‘anchoring’ bonds—see
earlier) and Na–C p bonds (‘ancillary’ bonds). Of particular
interest are the metallation sites of the toluene- and benzene-
based dianions (2,5- and 1,4-positions, respectively) which are
coincident with the placements of the Mg atoms within the
dicationic Na4Mg2N6 ring. This signifies that a special type of
chemistry beyond the scope of mainstream organometallic
reagents is operating here. To elaborate, while toluene can be
easily monometallated to generate the resonance-stabilised
benzyl carbanion, its dimetallation presents a much more
challenging task. Reagents such as butyllithium/TMEDA can
pull off more than one hydrogen atom, but only in a random
unpredictable way which leads to a complex assortment of
incompletely characterised polylithiated species.33 Contrast this

Fig. 9 Molecular structure of [Na2Zn2{N(SiMe3)2}4(O)].

Fig. 10 Double asymmetric unit of [{K2Zn2[N(SiMe3)2]4(O2)}H].

Fig. 11 Molecular structure of [Na4Mg2(TMP)6(C6H3CH3)].
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with the controlled, regioselective dimetallation (dimagnesia-
tion) of toluene facilitating the construction of pure 14.
However, there is another more important distinction: in the
case of 14 the CH3 substituent, which carries the most acidic
hydrogen atom (by several pKa units), remains fully intact
(solution 1H NMR studies support the crystal structure
determination in this respect), as instead deprotonation occurs
exclusively at ring sites. Treating toluene with an appropriate
mainstream organometallic base normally leads (ultimately) to
benzyl (PhCH2

2) products,34 since resonance stabilisation
reaches a maximum when a hydrogen atom is removed from the
CH3 substituent. Hence it can be reasoned that a special ring
template effect is responsible for directing the abnormal
metallation chemistry inherent in the synthesis of 14 and for
locking the toluene-based dianion in place to prevent any
possible tautomerism from taking place which might have
generated a thermodynamically more desirable benzyl isomer.
The revelation that the weaker carbon acid benzene undergoes
an identical double deprotonation during the formation of 15 is
also highly significant. This would appear to be direct proof that
a powerful synergic effect (the existence of which was
speculated upon in the Introduction) is at work here because
neither Mg(TMP)2 on its own, nor NaTMP on its own, can
metallate benzene (let alone regioselectively dimetallate it!)
under the mild conditions used to make 15. Almost certainly, a
single type of structure, the immediate precursor to 14 and 15,
executes both the template effect and the mixed sodium–
magnesium synergic effect.

The precise nature of this intermediate structure has not yet
been established, but as a working model we tentatively suggest
the (hypothetical) [Na4Mg2(TMP)8] molecule depicted in
Scheme 3. Made up of authentic features seen in other structures
such as mixed-metal Mg–N–Na bridges and tris-amido Mg
coordination, this model appears ideally tailored for trapping an
arene molecule and bringing about its twofold deprotonation by
utilising the terminal amide ligands on the magnesium atoms,
the diagonally opposed positions of which are fixed within the
constraints of the twelve-membered ring. The byproduct of this
process would therefore be the starting amine 2,2,6,6-tetra-
methylpiperidine. While we are currently investigating the
reaction of NaTMP and Mg(TMP)2 in the absence of an arene
solvent, it is conceivable that [Na4Mg2(TMP)8] may only have
a transient existence (or may not exist at all without arene ligand
stabilisation) and thus may not be isolable or easily detected.

The unpredictable nature of this area of heterometallic
chemistry was demonstrated again, even more emphatically,
when the reaction shown in eqn. (5) was repeated using
butylpotassium in place of butylsodium. By analogy with the
sodium and potassium inverse crown ether complexes 9 and 10,
it would be logical to expect that the potassium products would
adopt the same basic structural motif as that found in 14 and 15.
This time, however, the introduction of the heavier alkali metal
effects a spectacular ring expansion in the form of the

unprecedented hexapotassium–hexamagnesium twenty-four
membered macrocyclic amides [K6Mg6(TMP)12(C6H4CH3)6]
16 and [K6Mg6(TMP)12(C6H5)6] 17.35 Fig. 12 shows the

structure of 17, which is representative of both. Here the
[(KNMgN)6]6+ ring system acts as a polymetallic host to six
singly deprotonated arene anions. Mirroring the situation in 14,
the toluene-derived ligands in 16 have intact Me substituents
and hydrogen atoms missing from ring sites, the positions of
which are coincident with the placings of the magnesium atoms
within the host ring. Thus a ring template effect appears to be
operating in this system as well, though in this case the elusive
templating molecule must be larger and have more breadth than
its sodium counterpart (see Scheme 3) given that only one end
of the arene molecule experiences deprotonation, implying that
the other end lies distant from a magnesium atom. Following the
pattern laid down in the smaller sodium ring systems, the
encapsulation of the arene anions is achieved through a
combination of anchoring Mg–C s bonds and ancillary alkali
metal–C p bonds but the hapticity of the phenyl rings changes
from m-h1+h1+h1+h1 to m-h3+h2 in line with the larger size and
coordinative capacity of the potassium atom. The interaction of
alkali metal cations with p-systems is becoming an increasingly
significant feature in chemistry with implications for biology as
discussed in a recent review.36 It will be interesting to ascertain
the structural consequences of introducing rubidium or caesium
as the alkali metal in this system: will the transition to a larger
ring arrangement (here from one of twelve to one of twenty-four
ring atoms) continue or more likely given their propensity for
adopting polymeric arrangements, will cyclisation cease and

Scheme 3

Fig. 12 Molecular structure of [K6Mg6(TMP)12(C6H5)6].
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cede to an infinite chain structure? Studies are in hand to find
the answer to this question.

Outlook
Inverse crown ether and inverse crown complexes represent an
important new class of s-block compound. The fundamental
chemistry controlling their formation is intriguing and complex,
and could not have been predicted from previous knowledge of
s-block structural chemistry, even through a mountain of such
data has been accumulated in recent years. There are clearly still
some gaps in our understanding of these existing inverse crown
ether complexes and their inverse crown relatives which
ongoing research will hopefully soon resolve. Next it will be
essential to establish the chemical profiles of this aesthetically
attractive collection of ring compounds. For example, will the
Mg–C s bonded systems behave like typical Grignard reagents
or will they have a unique chemical character of their own? We
are particularly keen to ascertain how far we can extend this new
class of compound. Bearing in mind that they are formally
composite materials of four distinct component parts (M+, M2+,
R2N2, and anion2 or dianion22), the potential for permutation
appears vast. There may even be scope for extending this
chemistry beyond the s-block to, for example, the transition
metal series in view of the availability therein of M2+ cations
and the fact that [LiMn{N(SiMe3)2}3]37 is essentially iso-
structural to [LiMg{N(SiMe3)2}3]. We look forward to continu-
ing this fundamental development work with one eye focussed
on how we might usefully apply it in areas such as anion
complexation and template synthesis. Artificial organic host
molecules for anions are receiving considerable attention at
present. Main group metal cations, especially Mg2+ and Ca2+,
are found in abundance in natural protein receptors where they
play decisive roles in binding anionic substrates, in structure
enforcement, or in allosteric switching. Yet their use in artificial
receptors is not currently well developed. An expanded series of
inverse crown type compounds might therefore serve a useful
purpose as a database of model structures for learning more
about the ways in which metal-based molecules selectively bind
anions.38
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A ring closing alkyne metathesis reaction catalyzed by the
molybdenum complex 26 followed by a Lindlar reduction of
the resulting cycloalkyne product opens an efficient and
stereoselective entry into epothilone A and C.

The discovery that epothilone A (1)1 and congeners share a
common mechanism of action with paclitaxel (Taxol®) in
triggering programmed cell death (apoptosis) and exert high
activity even against paclitaxel-resistant human cancer cell lines
in vitro has spurred considerable drug development programs
worldwide.2 As a consequence, these compounds became the
focal point of many preparative studies aiming at their total
synthesis as well as at a synthesis-driven mapping of the
structure–activity relationship of these promising natural
products.2,3

In this context it is remarkable that the first three successful
approaches towards 1 were all based on ring closing alkene
metathesis (RCM) for the formation of the 16-membered ring.
Product 4 thus formed can be selectively epoxidized at the
D12,13-bond and hence constitutes an excellent precursor for
epothilone A.4–6

Although these studies were early highlights showing the
enormous potential of RCM for advanced organic synthesis,7
they invariably suffered from the fact that there was little—if
any—selectivity in favor of the required (Z)-alkene 4 (Table 1).
As this serious problem arose only towards the very end of
rather laborious sequences and since the isomeric alkenes could
not be readily separated at this stage, it is hardly surprising that
subsequent total syntheses of 1 were largely based on strategies
other than RCM that ensure better control over all structural
elements of this target.8

Recently, our group was able to show that the ring closing
metathesis of diynes constitutes a promising alternative that

retains all the advantages of metathetic conversions† but allows
for the first time the gearing of the stereochemical issue to the
cyclization event.9 If combined with a Lindlar-type reduction,
this method opens a stereoselective entry into (Z)-alkenes
(Scheme 1). We felt that epothilone A constitutes an ideal
testing ground for the scope of this emerging new methodology
(Scheme 2).9–11 Described below is the successful reduction of
this plan to practice.

Earlier studies had revealed that the selectivity gained in the
formation of the three contiguous stereocenters at C-6, C-7 and
C-8 by an aldol reaction strongly depends on the remote
functionalization of the enolate partner.2,3 The best results were
reported by Schinzer et al. who employed ethyl ketone 11
bearing a conformationally rigid and chelating 1,3-dioxane unit
as control element for this purpose.6 We took recourse to this

Table 1 RCM approaches towards epothilone A and C: formation of (E,Z)-
mixtures (Ar = 2-methyl-4-thiazolyl)

Catalysta R1 R2 Yield Z+E Ref.

[Ru] TBS TBS 86% 1.7+1 4b
TBS TBS 94% 1+1 6a
TBS H 85% 1.2+1 5b
H H 65% 1+2 4b

[Mo] TBS TBS 86% 1+2 4b
a [Mo] = Mo(NNAr)(NCHCMe2Ph)[OCMe(CF3)2]2; [Ru] = (PCy3)2(Cl)2-
RuNCHPh.

Scheme 1 Stereoselective synthesis of (Z)-alkenes by ring closing alkyne
metathesis/Lindlar reduction.

Scheme 2 Retrosynthetic analysis of epothilone C (2).

This journal is © The Royal Society of Chemistry 2001
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elegant solution, seeking, however, an improved and shorter
entry into the required key building block 11.

Our synthesis starts from commercially available 3-hydroxy-
propionitrile 5 which reacts with the zinc enolate derived from
bromo ester 6 to afford ketoester 7 in 71% yield on a multigram
scale (Scheme 3). This Reformatsky-type reaction is best
carried out with the assistance of ultrasound.12 Silylation of 7
with tert-butyldiphenylsilyl chloride under standard conditions
followed by an asymmetric hydrogenation of 8 catalyzed by
[((S)-binap)RuCl2](NEt3) in the presence of Dowex (H-form) to
ensure acidic conditions delivers the unprotected diol 9 in high
enantiomeric purity (ee = 94%).13‡ All attempts to perform the
reduction directly with the unprotected substrate 7 resulted in
rather poor conversion. Acetalization of 9 followed by reaction
of the resulting product 10 with EtMgBr in toluene in the
presence of NEt3 affords compound 11 in excellent overall
yield. The presence of the base during the addition of the
Grignard reagent to the ester is essential, as it enolizes the
ketone primarily formed and thereby avoids the formation of the
corresponding tertiary alcohol by addition of a second equiva-
lent of EtMgBr.14

Having secured an improved access to this key building
block, the subsequent aldol reaction was carried out in close
analogy to that described by Schinzer et al.6 The required
aldehyde component 14 is readily formed as shown in Scheme
4, exploiting the excellent facial guidance exerted by Op-
polzer’s bornane sultam in the alkylation of substrate 12 (d.r. =
96+4).15 Reaction of the lithium enolate derived from 11 with
compound 14 affords aldol 15 in 70% yield (Scheme 5). The
selectivity for the desired anti-Cram product was 7+1 (HPLC),
which is easily separated from the minor isomer by flash
chromatography. Further elaboration of this compound involv-
ing deprotection of the acetal, per-silylation of the resulting triol
16, and regioselective cleavage of the primary TBS-ether in 17
is performed in analogy to literature routes.5,6 Oxidation of the
resulting alcohol 18 with PDC in DMF smoothly affords the
desired carboxylic acid 19 ready for esterification with a
suitable thiazol fragment.

The preparation of the latter (Scheme 6) starts with an
allylation of aldehyde 20 with (+)-Ipc2B(allyl) as described
earlier,5 followed by silylation of the crude material with TBSCl
and imidazole, thus delivering the homoallyl alcohol derivative
21 in 89% yield over both steps in excellent enantiomeric excess

(ee > 97%). Oxidative cleavage of its terminal double bond
affords the somewhat unstable aldehyde 22 which is im-
mediately used for a subsequent Corey-Fuchs reaction.16

Specifically, treatment of 22 with CBr4 and PPh3 gives the
expected 1,1-dibromo derivative 23,2c which is converted into
alkyne 24 by means of n-BuLi in THF and trapping of the
acetylide anion thus formed with MeI. Desilylation under
standard conditions followed by esterification of the resulting
alcohol 25 with compound 19 sets the stage for the crucial
macrocyclization step. It should also be noted that all attempts
to form product 25 from aldehyde 20 by direct asymmetric
propargylation were unrewarding in terms of yield and optical
purity.

We were pleased to see that diyne 27 is in fact smoothly
converted into the 16-membered cycloalkyne 28 in 80%
isolated yield on exposure to catalytic amounts of the molybde-
num amido complex 2617 in toluene–CH2Cl2 at 80 °C (Scheme
7). This outcome is particularly noteworthy as it compares well
to the results obtained in the conventional RCM approaches
(Table 1) in terms of yield and reaction rate. Furthermore, it
clearly attests to the mildness and preparative relevance of the
method since (i) neither the basic N-atom nor the sulfur group
of the thiazole ring interfere with the catalyst, (ii) the labile aldol
substructure, the rather electrophilic ketone, as well as the ester-
and silyl ether groups are fully preserved, (iii) no racemization
of the chiral center a to the carbonyl is encountered, and (iv) the
rigorous chemoselectivity of the catalyst is confirmed, which
reacts smoothly with alkynes but leaves pre-existing alkene
moieties unaffected.§ Therefore, this particular example in
concert with the previous applications from our laboratory9–11

substantiates the notion that alkyne metathesis in general holds
great promise for target oriented synthesis.

Lindlar reduction of cycloalkyne 28 followed by cleavage of
the silyl ether groups in the resulting (Z)-alkene 29 by means of
aq. HF in Et2O–MeCN as the reaction medium delivers
epothilone C 2 in 79% yield. Because the selective epoxidation
of 29 has already been described by various groups,2–6 this
approach also constitutes a formal total synthesis of epothilone
A 1.

Scheme 3 Reagents and conditions: i, Zn, ultrasound, THF; then aq. HCl,
71%; ii, TBDPSCl, imidazole, DMF, 90%; iii, [((S)-binap)RuCl2](NEt3) (6
mol%), H2 (65 bar), Dowex, EtOH, 80 °C, 71%; iv, 2,2-dimethoxypropane,
acetone, camphorsulfonic acid cat., 92%; v, EtMgBr, NEt3, toluene, 70 °C,
68%.

Scheme 4 Reagents and conditions: i, n-BuLi, THF–HMPA, MeI, 278 ?
260 °C, 94%; ii, LiAlH4, THF, 85%; iii, Pr4NRuO4 cat., NMO, CH2Cl2,
MS 4 Å, 90%.

Scheme 5 Reagents and conditions: i, LDA, THF, 278 °C, 70%; ii, PPTS,
MeOH, 85%; iii, TBSOTf, 2,6-lutidine, 92%; iv, camphorsulfonic acid cat.,
CH2Cl2–MeOH (1+1), 78%; v, PDC, DMF, 83%.

Scheme 6 Reagents and conditions: i, (+)-Ipc2B(allyl); ii, TBSCl,
imidazole, DMF, 89% (over both steps); iii, (1) OsO4 cat., NMO; (2)
Pb(OAc)4, 86%; iv, CBr4, PPh3, CH2Cl2, 68%; v, n-BuLi, MeI, THF, 65%;
vi, TBAF·3H2O, THF, 74%.
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A chiral oligothiophene, possessing in-chain chirality, was
prepared and its racemate was characterized by single
crystal X-ray crystallography; the in-chain chiral 1,1A-
binaphthyl moiety interrupts the p-conjugation and affects
the solid state properties of the oligothiophene.

Oligothiophenes are attracting attention as functional materials
for (opto)electronic devices.1,2 Soluble oligothiophenes are
especially valuable in applications where reproducible high
chemical purity is essential and recently developed solution
printing techniques can be utilized, e.g. in ‘plastic electronics’
based upon field effect transistors.2 The well-defined oligomers
are also studied as models for the parent polymers.3 The crystal
structures of a number of oligothiophenes have been re-
ported.2,4

The introduction of chirality into the oligo- or polythiophenes
is expected to provide an additional engineering tool for these
materials, arising not only from intrinsic chirooptical and
chiroelectronic properties but also from diastereomeric inter-
actions in the solid state.5,6 Polythiophenes with various chiral
pendant groups and in-chain 1,1A-binaphthyls have been
reported.7,8

We report on the synthesis and single crystal X-ray structure
determination of 6,6A-bis(5-phenyl-2,2A-bithiophen-5A-yl)-2,2A-
bis(decyloxy)-1,1A-binaphthyl (1), a chiral oligothiophene,
possessing in chain chirality.

The convergent synthesis of (R)-, (S)-, and rac-1 is based
upon the connection of two achiral modules 2 to the chiral
module 4, which is available in the (R)-, (S)-, and racemic-
forms. 5A-Bromo-5-phenyl-2,2A-bithiophene (2) is obtained in
two steps: (1) 2,5-dibromothiophene is treated with 1 equiv. of
n-BuLi in diethyl ether, followed by oxidation with CuCl2 to
give 5,5A-dibromo-2,2A-bithiophene,9 (2) Suzuki coupling of
phenylboronic acid in the presence of an excess of 5,5A-
dibromo-2,2A-bithiophene gives 2 in 68% yield.10,11 6,6A-
Dibromo-2,2A-bis(decyloxy)-1,1A-binaphthyls (4) are prepared
according to the previously published procedures for analogous
bis(dodecyloxy) derivatives by etherification of 6,6A-dibromo-

1,1A-binaphthyl-2,2A-diols (3) with iododecane in the presence
of NaH in DMF.12 The modules 2 and 4 are linked via Negishi
coupling providing (R)-, (S)-, and rac-1 in 59–70% yields
(Scheme 1).13,14 Analogous synthetic procedures were used to
obtain the model bithiophene 5.

Orange, block-shaped crystals of rac-1 suitable for X-ray
diffraction experiments were grown by slow evaporation of the
solvent from a hexane–chloroform solution.15 The structure
displayed by 1 is that of a twisted binaphthyl with the alkoxy
chain of one naphthyl unit packing against the naphthyl–
thiophene–thiophene–phenyl p-system of the other half of the
molecule (Fig. 1). Each of the p-systems is nearly planar,
exhibiting small interplanar twist angles.16 Possible 2-fold
symmetry about an axis perpendicular to the C(1)–C(25)
binaphthyl linkage is broken by the differing conformations
displayed by the alkoxy chains. The difference is a single
torsion angle. The conformation about the C(2A)–C(3A) bond
is trans [C(1A)–C(2A)–C(3A)–C(4A) = 2176.2(4)°], whereas
the C(2B)–C(3B) conformer is gauche [C(1B)–C(2B)–C(3B)–
C(4B) = 268.8(5)°]. The remainders of both chains are in all-
trans conformations. Because of the difference in conformation,
the plane containing C(2B–10B) lies parallel to the adjacent p-
system, while the C(2A–10A) plane is essentially perpendicular
to the adjacent p-system. Both chains lie in close contact with

† Electronic supplementary information (ESI) available: synthesis and
characterization data for 1, 2, 4, and 5; crystal packing plots for rac-1. See
http://www.rsc.org/suppdata/cc/b0/b007355p/

Scheme 1 Synthesis of (R)-, (S)-, and rac-1, and the structure of the
reference compound 5.

Fig. 1 The conformation for the crystal structure for rac-1. Ellipsoids are
shown at 50% probability.
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each p-system, with alkyl hydrogens pointing towards the p-
systems. We suggest that this interaction influences the
conformation of the binaphthyl core. The binaphthyl twist
displayed [C(9)–C(1)–C(25)–C(33) = 107.3(3)°] is larger than
that observed in binaphthyl (101.4°)17 and most other 2,2-disub-
stituted binaphthyls, e.g. 2,2A-dihydroxy-1,1A-binaphthyl
(92.5°)18 and 2,2A-bis(bromomethyl)-1,1A-binaphthyl (86.8°).19

For the discussion of the crystal packing in rac-1, the two p-
conjugated moieties of 1 may be viewed as a molecular hinge.
The phenyl–bithiophene–naphthyl moieties from the mirror
image enantiomers form a quasi-one-dimensional zig-zag chain
extending along the c axis (Fig. 2). Such a chain of molecular
hinges is facilitated by the alternating enantiomers. Along the a
axis, the chains pack side-by-side to form quasi-two-dimen-
sional zig-zag layers, which pack on top of each other in a ‘lock-
and-key pattern’. The homochiral p–p interactions are negli-
gible as the phenyl–bithiophene–naphthyl moieties form
alternating stacks with the alkyl chains.

With bithiophene 5 as a reference, UV-vis spectra of 1 reveal
that the nonplanar chiral binaphthyl moiety highly attenuates
the p-conjugation.8 The broad p–p* transitions (lmax = 393
nm) for 1 and 5 are essentially superposable, except for the
molar absorptivities, which in 1 are approximately twice those
in 5 (log emax = 4.9 and 4.6). The fingerprint regions of the IR
spectra of solid (R)- and (S)-1 show small differences compared
to the IR spectrum of rac-1. Also, the melting point of rac-1 is
about 40–50 °C higher than those for the (R)- and (S)-
enantiomers, suggesting the presence of a racemic compound.20

Moreover, the melting point of bithiophene 5 is even higher,
about 95 °C above rac-1. The solubility in chloroform (g mL21)
increases in the following order: (S)-1 (2 3 1021) > rac-1 (8 3
1024) > 5 (2 3 1025), i.e. the opposite order to the melting
points. These significant differences in solubilites are of
importance for the solution processability of oligothiophenes.

In summary, the introduction of chirality into the oligothio-
phene chain leads to significant differences in solid state
properties between stereoisomers and should be an important
factor in their solution processability. Further studies on crystal

packing and materials properties of chiral molecular hinges in
the neutral and doped states are in progress.
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Charge-assisted p-stacking interactions result in the forma-
tion of large porous arrays formed from the inclusion of
metal tris(phenanthroline) cations into p-sulfonatocalix-
[4]arene anions.

A great deal of work in crystal engineering1–3 has focussed on
the manipulation, control or prediction of solid state structure of
organic2,4,5 and organometallic or coordination compounds6–9

through hydrogen bonding interactions.10 Lower in energy than
many hydrogen bonds, but now reasonably well understood, are
p-stacking interactions of the edge-to-face and face-to-face
types.11–13 As early as 1989 Gavezzotti and Desiraju were able
to classify the structures of a number of aromatic hydrocarbons
based on the ratio of carbon to hydrogen and its effect on their
mutual p-stacking interactions.14 More recently a number of
studies have shown that limited p-stacked motifs may be
predicted and perhaps conserved over a number of related
structures. This is particularly true in cases where there is a
significant donor–acceptor or ionic component to the stacking
interaction.15,16 What is most intriguing about p-stacking
interactions from a crystal engineering point of view is that such
supramolecular ‘bonds’ represent the interaction of two rela-
tively large surfaces (cf. the point-like nature of hydrogen
bonds). Thus a well-controlled p-stacked system has the
potential to command a very great deal of space within a crystal
lattice. In this paper we report the initial successful results of our
attempts to engineer extended p-stacked arrays based on charge
assisted interactions between p-sulfonatocalix[4]arene anions
(1)17,18 and metal 1,10-phenanthroline cations.

The molecular cavity in the p-sulfonatocalix[4]arene tetra-
and pentaanions (142 or 152) is both electron rich and flexible
(it is able to alternate between approximate C4v and C2v
symmetry while retaining a ‘cone’ conformation).17–20 The
cleft-shaped C2v conformation is particularly suited to the
inclusion of planar aromatic guest species and we reasoned that
reaction of Na5·1 with transition metal tris(1,10-phenanthroline)
dications is likely to result in the formation of a p-stacked motif
based on [M(phen)3]2+91n2 (n = 4–5). This motif should be
conserved over a wide variety of structures containing different
M and other co-species, particularly solvent molecules (anion 1
is commonly highly hydrated in the solid state21). It was found
that first row transition metal tris(phen) complexes were
extremely readily prepared mechanochemically.22,23 Simple
grinding together of the appropriate stoichiometric ratio of
metal salt (halide, nitrate) and phen gave rapid colour changes
indicative of the formation of the desired tris(chelate) com-
plexes. Co-complexes with 1n2 were similarly prepared by
grinding of the resulting mixture with the calixarene. The
mixtures were extracted into aqueous solution in order to
prepare single crystals suitable for X-ray crystallographic
analysis. Thus grinding of Ni(NO3)2·6H2O with 1,10-phenan-
throline resulted in the formation of a reddish solid over a period
of ca. two minutes. Subsequent grinding with hydrated Na5·1
gave rise to a red-pink, water-insoluble mixture. Similarly,
dissolution of the mechanochemically generated [Ni-
(phen)3](NO3)2 in water followed by addition of aqueous Na5·1
gave a pink precipitate. This solid was recrystallised from

water–acetone (4+1) to give a remarkable crystalline solid of
formula [Ni(phen)3]2[142]·nH2O (2) (n = ca. 28). Under
slightly different conditions (small excess of phen) the related
[Na(H2O)4(phen)][Ni(phen)3]4[142][152]·nH2O (3) (n = ca.
22) was formed. Complexes 2 and 3 were characterised by X-
ray crystallography.† Reaction with a variety of metal phen
complexes such as [Fe(phen)3]2+ also gave related products
which will be reported separately.

The structure of complex 2 comprises two independent,
infinite chains of offset face-to-face p-stacked [Ni(phen)3]2+

cations propagating in the crystal a and b directions. The strand
running along b exhibits interplanar separations of 3.356 and
3.546 Å. The former is comparable to the distance of ca. 3.35 Å
found in graphite and shorter than the 3.48 Å separation for the
direct face-to-face overlap observed for [Cr(C6H6)2]·C6F6.15

Interplanar separations in the second strand (along a) are also
short at 3.454 and 3.466 Å and of similar offset to one another,
although markedly different to the b strand. In the strand
running along b the independent [Ni(phen)3]2+ cations are
included within the cavities of the p-sulfonatocalix[4]ar-
ene(42) anion cavities (Fig. 1) with an edge-to-face arrange-
ment, closest Cphen…calixarene aryl ring centroid distances
3.600 and 3.739 Å. This interaction is facilitated by the C2
symmetric ‘pinched cone’ conformation adopted by the calixar-
ene, also noted for water inclusion.20 The a strand also exhibits
a herringbone type p-stacking intermediate between the edge-
on and face-on modes, with the outside of the calixarenes (cf.
the ‘sandwich herringbone’ structure of pyrene14). The calixar-
enes themselves engage in mutual intermolecular face-to-face
(sulfonate head to phenolic tail) p-stacking with an interplanar
separation of 3.292 Å. This gives the characteristic p-
sulfonatocalix[4]arene clay-like bilayer packing.3,21 The overall
result is a trapezoidal grid-like arrangement of p-stacked
strands leaving void spaces corresponding to large water-filled
channels running along the b direction, Fig. 2. The intra-channel
water is partially ordered, with most oxygen positions located
and being modelled as 50% occupancy. This effectively
corresponds to the formation of an extremely large hydrophilic
portion of the usual bilayer structure and arises from the

Fig. 1 Infinite p-stacked chain in 2 showing the inclusion of [Ni(phen)3]2+

cations within the cavity of a p-sulfonatocalix[4]arene(42) anion, in a C2v

symmetric conformation.
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inclusion of the second [Ni(phen)3]2+ cation necessary for
charge balance.

The crucial aspect from a crystal engineering perspective is
the prediction and conservation of the [Ni(phen)3]2+9p-
sulfonatocalix[4]arene(n2) motif with its large, accessible p-
surface, resulting in p-stacked chain formation. In this system
addition of a small excess of the basic phen is sufficient to
deprotonate some of the calixarene anions further to give
[Na(H2O)4(phen)][Ni(phen)3]4[142][152]·nH2O (3). Com-
pound 3 displays an entirely novel packing mode for the much
studied p-sulfonatocalix[4]arene which is not based on a clay-
like bilayer, nor the recently reported spherical or tubular
types.24 Each calixarene is almost entirely surrounded by
[Ni(phen)3]2+ cations in order to maximise p-stacking inter-
actions. The core of the structure is again the [Ni(phen)3]2+9p-
sulfonatocalix[4]arene(n2) motif and again an infinite ‘sand-
wich herringbone’14 type p-stacked chain is observed, although
it is very different to that found in 2. In this case the included
[Ni(phen)3]2+ cation stacks with a symmetry equivalent of itself
on one side and the second independent [Ni(phen)3]2+ unit on
the other (interplanar distances ca. 3.50 and 3.59 Å). Thus the
two independent [Ni(phen)3]2+ cations form part of the same
chain, which zig-zags across the unit cell body diagonal. The
[Na(phen)(H2O)4]+ cation forms the pivot of the chain at which
point the face-to-face p-stacking of the [Ni(phen)3]2+ cations
gives way to a herringbone type edge-to-face interaction. Thus
the full chain exhibits an …ABCCBABCCB… arrangement in
which A = [Na(phen)(H2O)4]+, B = [Ni(phen)3]2+ and C =
[Ni(phen)3]2+9p-sulfonatocalix[4]arene(n2), Fig. 3. The water
molecules of the [Na(phen)(H2O)4]+ cation hydrogen bond to
calixarene sulfonato functionalities and one solvent water
molecule. The result is again large water filled channels running
in the crystallographic b direction that are bounded by the
interlocking, zig-zag p-stacked chains, Fig. 4. The included
water is predominantly ordered with half the oxygen sites being
full occupancy and the other half being split across more than
one position.

This study has shown that there is a strong solid-state
preference for maximising p-stacking interactions and p-
surface contact to such an extent that the [Ni(phen)3]2+9p-
sulfonatocalix[4]arene(n2) motif is conserved over two very
different structures. A further [Fe(phen)3]2+ analogue has also
been isolated and will be reported separately. In each case
channel structures are a direct and predictable consequence of

the very bulky nature of the crystal synthons. Such new porous
materials may prove highly interesting in separation/adsorption
applications since the intra-channel interactions are very
different and distinct from the forces holding the channel
framework together.

We thank King’s College London and Monash University for
a travelling scholarship (to J. W. S.).

Notes and references
† Crystal data for 2: C100H140N12Ni2O50S4, M 2555.90, triclinic, space
group P1̄, a = 16.306(3), b = 18.802(4), c = 23.787(5) Å, a = 104.84(3),
b = 104.54(3), g = 98.56(3)°, U = 6644(2) Å3, Dc = 1.278 Mg m23, Z =
2, m = 4.32 cm21, T = 123(2) K, reflections measured: 117 913, unique
data: 32 533, parameters: 1423, R1 [F2 > 2s(F2)] 0.1322, wR2 (all data)
0.4148. For 3: C106H119.5N13Na0.5Ni2O39.75S4, M 2468.80, monoclinic,
space group C2/c, a = 51.7470(8), b = 14.8734(3), c = 30.5036(6) Å, b
= 102.440(6)°, U = 22 926.0(7) Å3, Dc = 1.431 Mg m23, Z = 8, m = 4.94
cm21, T = 123(2) K, reflections measured: 33 241, unique data: 19 118 (Rint

= 0.0573), parameters: 1652, R1 [F2 > 2s(F2)] 0.0739, wR2 (all data)
0.2263. CCDC 157786 and 157787. See http://www.rsc.org/suppdata/cc/
b1/b103411c/ for crystallographic data in .cif or other electronic format.
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Fig. 2 Crystal packing in 2. Only one of the two independent [Ni(phen)3]2+

cations is included within the p-sulfonatocalix[4]arene(42) anion (crystal b
direction). The calixarenes engage in mutual face-to-face p-stacking, while
the second chain of [Ni(phen)3]2+ cations runs along the crystallographic a
axis. The result is large water-filled channels of approximate van der Waals
dimensions 7.5 3 10.5 Å.

Fig. 3 The [Na(phen)(H2O)4][Ni(phen)3]4[p-sulfonatocalix[4]arene-
(42)][p-sulfonatocalix[4]arene(52)] stacked chains in 3. The two inde-
pendent [Ni(phen)3]2+ cations both form part of the same chain.

Fig. 4 Water-filled channels in 3. Approximate channel van der Waals
dimensions 4 3 7 Å.
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Hydrothermal reactions making use of dichromate metal
anion as a secondary ligand yielded a novel three dimen-
sional, bimetallic copper(II)–chromium(VI) network with an
unprecedented 4664 topology consisting of Cu(II) ions as five-
connected nodes; two such networks, completely identical,
interlock to generate a two-fold interpenetrated structure.

Self-assembled inorganic/organic frameworks that mimic pro-
totypical structures have received intense attention in the field
of coordination chemistry. Synthetic approaches making use of
carefully selected, suitable metal centers as nodes and exo-
bidentate or multifunctional ligands as connectors have pro-
duced numerous fascinating archetypal structures, including
diamond (66-a),1 a-Po (41263),2 a-ThSi2 (103-b),3 SrSi2
(103-a),4 PtS (4284),5 SiO2 (6482-b),6 and NbO (6482-a),7 which
have experimentally confirmed the topologies predicted by
theory. In certain cases, coordinated systems have generated
interesting structures that do not appear to be adopted by simple
inorganic compounds, as in the case of the ‘dense’ net (759).8
These inorganic/organic frameworks often contain large open
spaces that may be subject to interpenetration. The interlocking
networks may or may not be identical. To date, the highest
degree of catenation that has been reported is eleven-fold.9 All
of these extraordinary structures are of fundamental importance
in structural design and in the understanding of structure–
property correlations. Considering the existing coordination
systems, one notes that while numerous monometallic struc-
tures have been prepared, there has been little progress
concerning the synthesis of heterometallic frameworks. With
the premise that metal anion functional groups such as CrO4

22,
MoO4

22, Cr2O7
22 and Mo2O7

22 can form effective M–O–Cr or
M–O–Mo bonds,10 where M is typically a late transition metal,
we have successfully applied a synthetic strategy to make use of
these metal–anion functional groups as secondary ligands in the
assembly of heterometallic networks. In this communication,
we report a two-fold interpenetrated bimetallic network con-
taining Cu2+ metal centers and bridging Cr2O7

22 metal anions.
The structure can be classified as a 4664 topological type built
upon pure five-connected nodes,11 as defined by Wells (Scheme
1).12 To the best of our knowledge, this structure represents the

first example of coordination polymers possessing such a
topology.

Cu(4,4A-bpy)1.5Cr2O7·H2O 1 was prepared in single-crystal
form by the hydrothermal reaction of Cu(NO3)2·3H2O, 4,4A-
bpy, K2Cr2O7 and deionized water in the ratio of 1+1+0.5+5555
at 150 °C for 3 days.† A dark-red single crystal suitable for
single-crystal X-ray diffraction was isolated.‡ The coordination
environment of Cu in 1 is shown in Fig. 1. Each copper metal
has a distorted octahedral coordination. The apical positions are
occupied by one coordinated water (O8) and one dichromate
oxygen (O6i), while the equatorial positions are occupied by
three nitrogen atoms (N1, N2 and N3) from different 4,4A-bpy
ligands with roughly identical Cu–N bond lengths (2.009–2.033
Å). The remaining equatorial position is occupied by another
oxygen (O1) from the second dichromate group. The Cu–O
bond distances for the apical oxygen atoms (Cu–O6i = 2.330
and Cu–O8 = 2.511 Å) are significantly longer than the
equatorial Cu–O bond length of 1.972 Å, liable to Jahn–Teller
distortion of Cu(II) (d9). The coordination environments around
Cu–O–Cr and the Cr2O7

22 group are consistent with those
reported in a comparable dichromate compound.13 Each Cu
center in the framework acts as a five-connected node by
connecting the three pyridine nitrogen atoms from the 4,4A-bpy
at the equatorial positions to form a 2D Cu–bpy (6,3) network
and by further bonding to the oxygen atoms of the Cr2O7

22

metal anions to give rise to a unique network with an
unprecedented 4664 topology (Fig. 2). The coordination of the
Cu(II) in this structure is quite different from those in the two
well known Cu–bpy compounds, the six-connected Cu(II) in
Cu(4,4A-bpy)SiF6,14 and the three-connected Cu(I) in Cu(4,4A-
bpy)NO3·1.5H2O.15 As shown in Fig. 2, the single 4664 network
of 1 contains large one-dimensional open channels parallel to
the a-axis. The cross-section of the channel window is ca. 11.2
3 22.0 Å. Note that the Cr2O7

22 anions protrude into the
channel, causing a slight distortion of the N2–Cu–N3 bond
angle of 170.22(19)°. This results in a narrow ‘neck’ at the
middle of each channel with a shortest O…O distance of ca. 4.4

Scheme 1 4664 net.
Fig. 1 The coordination environment of Cu in 1 (ORTEP drawing with
ellipsoids at 50% probability).
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Å. The two shortest Cu–Cr distances in 1 are 3.543(14) and
5.1629(18) Å, respectively. A two-fold interpenetrating frame-
work is generated by accommodating two identical 4664

networks into the structure (Fig. 3). As clearly illustrated in Fig.
3, pure five-connected copper atoms constitute the nodes of this
structure. Note that this 4664 net is topologically analogous to
the inorganic network B2 in AlB2 (see Scheme 1).16

In conclusion, we have shown that the inorganic metal anion
Cr2O7

22 can act as an effective secondary ligand in constructing
a bimetallic structure with an unprecedented 4664 topology built
upon five-connected Cu2+ metal centers. The structure has the
same topology as that of the inorganic network B2 in AlB2. The
design and synthesis of novel bimetallic structures using other
metal–anion secondary ligands and metal centers other than
Cu(II) are currently under investigation.

We gratefully acknowledge financial support from the
National Science Foundation (Grant DMR-9553066).

Notes and references
† Preparation of Cu(4,4A-bpy)1.5Cr2O7·H2O 1: hydrothermal reaction of
Cu(NO3)2·3H2O (0.0242 g, 0.1 mmol), 4,4A-bpy (0.0156 g, 0.1 mmol),
K2Cr2O7 (0.0143 g, 0.05 mmol) and 10 mL deionized water in the ratio of
1+1+0.5+5555 for 3 days at 150 °C followed by slow cooling to room
temperature over an 8 hour period produced block-like dark-red crystals of
1 in about 30% yield and an unidentified brown powder. Reactions which
attempted to form a single phase were not successful. When the ratio of
K2Cr2O7+Cu(NO3)2·3H2O was reduced from 0.5+1 to 0.25–0.125+1, only
an orange solution resulted. Column-like pink crystals were collected after
evaporation of this solution. The structure of these crystal was determined
to be [H2-4,4A-bpy]Cr2O7.17

‡ Crystal data for 1: Cu(4,4A-bpy)1.5Cr2O7·H2O, MW = 531.83, mono-
clinic, space group P21/c (No. 15), a = 8.176(2), b = 14.718(3), c =
15.952(3) Å, Z = 4, V = 1880.4 Å3, Dc = 1.879 g cm23, crystal size 0.15
3 0.15 3 0.10 mm, m(Mo-Ka) = 2.306 mm21. The intensity data were
collected with an Enraf-Nonius CAD4 diffractometer using graphite-
monochromated Mo-Ka radiation (l = 0.71073 Å). 3687 unique
reflections of which 2240 with I > 2s(I); R1[I > 2s(I)] = 0.0538, wR2 (all
data) = 0.0883, GOF = 1.182. The structure was solved by direct methods
(SHELXS-86) and refined by full-matrix least-squares methods (SHELXL-
97). All non-hydrogen atoms were refined anisotropically. CCDC 159168.
See http://www.rsc.org/suppdata/cc/b1/b102155a/ for crystallographic data
in .cif or other electronic format.
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Fig. 2 A view along the crystallographic a-axis showing a single 4664 3D
network of 1. The cross-shaded circles represent Cu atoms; large singly
shaded circles are Cr atoms; and small singly shaded, open and solid circles
are N, C, and O atoms, respectively.

Fig. 3 A view along the a-axis showing two identical 4664 nets built upon
five-connected copper nodes. These two 3D nets interlock to generate a two-
fold interpenetrated structure of 1.
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Complexation of ZnP-C60-ZnP triads with diazabicyclo-
octane (DABCO) leads to rigid assemblies that display
considerably prolonged charge-separated states.

Control over the separation, specific alignment and composition
in donor–acceptor assemblies at a molecular level is a
formidable task, especially in artificial reaction centres. Mean-
ingful incentives can be lent from the organisation-principle in
the bacterial photosynthetic reaction centre:1 the different light-
and redox-active components are embedded via noncovalent
interactions into a protein matrix. In principal, biomimetic
methodologies, such as hydrogen-bonding, donor–acceptor
complexation, electrostatic interactions and p–p stacking,
guarantee the control over modulating the composition and,
simultaneously, achieving well-defined and rigid architectures,
with high directionality and selectivity.2

In the present communication we wish to present a simplistic
but powerful means to regulate donor–acceptor separations and
orientations. Successively, rigid, confined model ensembles are
self-assembled, starting from a flexible ZnP-C60-ZnP system
and DABCO.3,4 The newly formed tetrads undergo, upon
photoexcitation, efficient energy and electron transfer in toluene
and o-dichlorobenzene solutions, respectively.

We selected for the current investigation the strongly
fluorescing zinc tetraphenyl porphyrin (ZnP) chromophore as a
photo-sensitive marker to monitor the extent of excited state
interaction with the adjacent fullerene core. The porphyrinic
precursors 1 and 2 were synthesised using a statistical approach,

starting with pyrrole and the corresponding benzaldehydes and
subsequent reaction with malonyl chloride. In the final step,

attachment to C60 was achieved via modified Bingel-con-
ditions.4a

New compounds 1–4 were completely characterised (see
ESI†). The two different substitutional patterns of the phenyl-
linkages (i.e. para vs. meta) were chosen to control possible
orientations between the fullerene and porphyrin chromo-
phores.

At first the porphyrin’s emission in 3 and 4 was recorded in
a variety of solvents and compared to that of a ZnP-ZnP
reference (1). Most importantly, the para- and meta-linked
ZnP-C60-ZnP systems both gave rise to a fairly strong emission
quenching of the ZnP chromophore with fluorescence quantum
yields (F) on the order of 0.001 (see Table 1). Although the
solvent polarity differs quite substantially the emission intensity
changed only marginally. For reference the emission quantum
yield (F) of 3 in toluene and also in o-dichlorobenzene is about
0.04.

The anisotropy of the fullerene surface, as it prevails in the
well-ordered but alternating assembly of electron rich hexagons
with electron deficient pentagons, generally gives rise to
marked ‘through-space’ interactions.5 Thus, when structurally
possible, fullerene-based ensembles adopt conformations in
which the fullerene and the donor moieties come in close
proximity, from which we hypothesise that the rapid deactiva-
tion of the 1*ZnP state in 3 and 4 implies a rate-determining
transition to form the electron transfer mediating ‘intra-
molecular exciplex’.

In general a more efficient quenching ( ~ two-fold) was noted
for the meta- (4) relative to the more electron-rich para-linked
derivatives (3). A possible interpretation for this evidently
solvent-independent outcome relates to the different substitu-
tion pattern given on the phenyl ring and the subsequent impact
that stems from an electronic interaction with the fullerene
core.‡ The meta-isomer is clearly more susceptible to inter-
actions between the fullerene core and the porphyrin moiety. In
line with this purely structural assumption is the observation
that a weakly emitting transition around 800 nm was found only
for the meta-linked ZnP-C60-ZnP (4) in toluene. This NIR
emission originates from a charge transfer state, despite its
quantitative cancellation in stronger polar solvents, such as
THF, o-dichlorobenzene and benzonitrile.

Time-resolved transient absorption spectroscopy was con-
ducted to probe the fate of the photoexcited ZnP chromophore
and to inspect the identity of the resulting products. In

† Electronic supplementary information (ESI) available: selected spectro-
scopic data. See http://www.rsc.org/suppdata/cc/b1/b102141i/

Table 1 Photophysical properties of para- and meta-linked ZnP-C60-ZnP
(1.3 3 1025 M) in different solvents

(t) 1*ZnP (f) 1*ZnP 3 103 (f) ZnP•+–C60
•2

Solvent (3) (4) (3) (4) (3) (4)

Toluene 1.62 0.83 0.018 0.008
THF 122 ns 70 ns 1.50 0.79 0.02 0.012
o-dichlorobenzene 106 ns 75 ns 1.46 0.81 0.019 0.014
Bzcn 101 ns 58 ns 1.18 0.64 0.016 0.009

This journal is © The Royal Society of Chemistry 2001
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particular, the instantaneously formed ZnP singlet–singlet
absorption, which is in reference 1 subject to a slow intersystem
crossing (2.5 ns) to the triplet excited state, decays rather rapidly
( ~ 100 ps) following the completion of the short laser pulse in
3 and 4 (18 ps; 532 nm). Furthermore, this fast deactivation is
coupled with a synchronously occurring grow-in of a new
transient absorption, which in all solvents revealed a set of VIS
and NIR maxima at ~ 650 and 1030 nm, respectively.5 These
features resemble the spectral fingerprints of the one-electron
oxidised ZnP and the one-electron reduced fullerene, re-
spectively. From this we conclude that the resulting ZnP•+–
C60

•2 radical pair is formed via a photoinduced electron transfer
from the ZnP singlet excited state to the electron accepting
fullerene. The charge-separated state, formed with moderate
quantum yields, decayed on a time scale of a few hundred
nanoseconds to regenerate the ground state.

Addition of DABCO to a toluene and o-dichlorobenzene
solution of triads 3 and 4 led to a strong reactivation of the ZnP
emission (Fig. 1 and Table 2). Taking the emission reactivation
into account the ZnP in both tetrads disclose nearly the same
fluorescence quantum yields. Parallel picosecond experiments,
which indicate prolonged 1*ZnP singlet lifetimes ( ~ 185 ps) in
5 and 6 compared with 3 (106 ps) and 4 (75 ps), further

corroborated the emission studies. Both effects can be ration-
alised in terms that complexation of DABCO to the vacant sites
of the two ZnP (i.e. dz2-orbitals)3 increases the donor–acceptor
separation considerably (i.e. triad vs. tetrad). The bridging motif
with the monomeric compounds 5 and 6 was confirmed by

molecular modelling using semi-empirical methods. The forma-
tion of coordination oligomers can be largely excluded since no
dependence of the spectroscopic properties on the DABCO
concentration was observed for 1.3 3 1025 M solutions of 3 and
4. The amplification of the emission between the triads and
corresponding tetrads is less prominent in toluene (e = 2.38)
than in o-dichlorobenzene (e = 9.93). To follow up on this
issue, the pathway of ZnP deactivation was examined by
revisiting the pico- and nanosecond experiments. In o-di-
chlorobenzene, the typical radical ion fingerprints, formed
concurrently with the 1*ZnP decay, unmistakably attest to an
electron transfer mechanism.

On the contrary, the absorption features noted upon excita-
tion of a toluene solution are fundamentally different. In fact,
new broad absorption maxima at 360 and 720 nm are an exact
match of the fullerene triplet features.5 The above experiments,
considered in concert, infer that a rapid intramolecular energy
transfer, from the 1*ZnP (2.06 eV) to the energetically lower
lying 1*C60 (1.79 eV),5 prevails in toluene with a quantum yield
of 0.57. This is then followed by an efficient intersystem
crossing to generate the triplet excited state (1.50 eV)5 with a
unimolecular rate constant of 7.1 3 108 s21. The energy transfer
pathway in 5 and 6 is in sharp contrast to the excited state
behaviour seen for 3 and 4, disclosing even in toluene the
spectral characteristics of the ZnP•+-C60

•2 radical pair.
The forward electron transfer is, however, not the only

parameter affected by the increased donor–acceptor separation
(i.e. triad vs. tetrad): in addition, markedly higher quantum
yields (F) and longer lifetimes (t) of the ZnP•+–C60

•2 radical
pair were noted. Interestingly, the back electron transfer
dynamics in 5 and 6 gives rise to approximately the same rate
constant of 1.3 3 106 and 1.4 3 106 s21, respectively, reflecting
the nearly equal donor–acceptor separations in these rigid
systems.

In conclusion, we have shown by spectroscopic and photo-
chemical means that a simple complexation of DABCO to a
series of flexible ZnP-C60-ZnP triads, and thereby affording
the corresponding tetrads, is a powerful tool to control the
design and photophysical properties of rigidly, confined donor–
acceptor systems.§

Notes and references
‡ Further support for this difference can be deduced from the ground state
absorption spectra, which in the case of the meta-substituted isomer reveals
a marked red-shift of the Soret- and Q-band transitions (e.g., in toluene 550
? 552 nm; 588 ? 590 nm).
§ This work was supported by the Office of Basic Energy Sciences of the
Department of Energy and the Stiftung Volkswagenwerk. This is document
NDRL# 4294 from the Notre Dame Radiation Laboratory.
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Fig. 1 Emission spectrum of 4 (1.3 3 1025 M) in o-dichlorobenzene
(dashed line) and upon addition of various DABCO equivalents (i.e., 1, 5
and 10); excitation wavelength 550 nm.

Table 2 Influence of DABCO on the photophysical properties of para- and
meta-linked ZnP-C60-ZnP (1.3 3 1025 M)

Solvent DABCOa (f) 1*ZnP (t) ZnP•+–C60
•- (f) ZnP•+–C60

•2

3 Toluene 0 1.62 3 1023 — 0.018
5 2.50 3 1023 —b —b

o-DCBc 0 1.46 3 1023 290 ns 0.019
5 2.29 3 1023 702 ns 0.082

4 Toluene 0 0.83 3 1023 — 0.008
5 2.14 3 1023 —b —b

o-DCBc 0 0.81 3 1023 150 ns 0.014
5 2.40 3 1023 724 ns 0.086

a Equivalents of DABCO. b Triplet excited state. c o-Dichlorobenzene.

Chem. Commun., 2001, 1066–1067 1067



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Some mechanistic observations on the borohydride mediated reductive
cyclisation of tosylhydrazones

Luis D. Mirandaa and Samir Z. Zard*ab

a Institut de Chimie des Substances Naturelles, CNRS, 91198 Gif-Sur-Yvette, France.
E-mail: zard@icns.cnrs-gif.fr

b Laboratoire de Synthèse Organique associé au CNRS Ecole Polytechnique, 91128 Palaiseau, France

Received (in Cambridge, UK) 30th January 2001, Accepted 27th March 2001
First published as an Advance Article on the web 22nd May 2001

The previously described, highly stereoselective ring-closure
of d-unsaturated tosylhydrazones upon reduction with
borohydride may not be a radical process but rather an ene-
type concerted transformation of the intermediate mono-
substituted diimide.

Reduction with borohydride of tosylhydrazones derived from
ketones may lead to the formation of radical species through
loss of molecular nitrogen as shown in Scheme 1.1 Various
other related and important transformations such as the
reduction of diazonium salts,2 the Wolff–Kishner reaction,3 the
Wharton rearrangement,4 sometimes proceed through a similar
radical pathway.

In a pioneering study in this area, Taber and colleagues5

described a remarkably diastereoselective cyclisation reaction
starting with hydrazone 1 (Scheme 2). This transformation was
presumed to involve ring closure of a benzyl type radical 4, and
the unusually high diastereoselectivity (97+3) was ascribed to
the non-reversibility of the cyclisation step under these specific
conditions. The corresponding tributylstannane mediated ring-
closure starting from the imidazole thiocarbamate derivative 2
is much less stereoselective, leading to a 3+7 ratio of the same
diastereoisomers 3, and the possible reversibility of the ring-
forming step was invoked as the cause of the erosion in
selectivity. While reversible 5-exo cyclisations involving
benzylic and other stabilised carbon centred radicals are
known,6 it seemed to us that the ring-opening, reverse step, must
be too slow in this case to compete with hydrogen atom

abstraction from the stannane by the primary radical 5. In the
present study, we adduce evidence indicating that the radical
cyclisation is indeed irreversible under the stannane reduction
conditions and that the cyclopentane formation in the case of the
hydrazone precursor may in fact not be a radical process at
all.

Our approach hinges on the separate generation of the
cyclised radical 5 and showing that this species does not
undergo ring opening under dilute tributylstannane reduction
conditions. This was accomplished by exploiting the properties
of the xanthate transfer reaction.7 In this case, the cyclised
product is itself a xanthate and therefore allows the regeneration
of the cyclised radical. The requisite starting xanthate 6c was
readily obtained in 66% overall yield by reacting crude bromide
6b, itself derived from alcohol 6a, with commercially available
potassium O-ethyl xanthate. Heating this xanthate with a small
amount of lauroyl peroxide in 1,2-dichloroethane (0.1 M)
resulted in the smooth formation of cyclopentylmethyl xan-
thates 7a and 7b in a 3+7 ratio and in 78% combined yield
(Scheme 3). It is interesting to note that the ratio of the cis and
trans isomers did not change when the reaction was conducted
at 1 M concentration. This is a first indication that the
cyclisation is not so readily reversible under these conditions.

The two isomers could be separated using preparative thin-
layer chromatography, albeit with some difficulty. Reductive
dexanthylation of the pure trans isomer 7b using tributyl-
stannane in benzene at 0.001 M concentration gave the
corresponding pure trans methyl cyclopentanes 3b in 70%
yield. Perhaps more importantly, exposure of an almost pure
sample (95+5 cis+trans) of the thermodynamically less stable
cis isomer 7a to the same conditions gave methylcyclopentanes
3a and 3b in 85+15 ratio, i.e. with only a very slight modification
of the initial relative stereochemistry. Clearly, under such
highly dilute conditions, a roughly 3+7 mixture of the two
diastereoisomers should have been obtained in both cases if the
equilibrium between radicals 4 and 5 was fast in comparison to
hydrogen atom abstraction from the stannane.

The above findings constitute strong evidence against the
operation of a radical mechanism in the transformation of the
tosylhydrazone depicted in Scheme 2. The high diaster-
eoselectivity cannot be explained by a kinetically controlled,

Scheme 1

Scheme 2 Scheme 3
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irreversible radical ring closure. The radical cyclisation in such
systems is inherently poorly diastereoselective: a similar 1+2.5
cis+trans ratio was recently reported by Studer,8 who generated
the analogous 1-phenylhex-5-enyl radical by heating the
TEMPO derived precursor at 130 °C. Cyclisations involving
non-stabilised secondary radicals also take place with a modest
preference for the trans isomer.9 The very high cis-selectivity
observed by Taber and his colleagues in the present case is
probably the result of an intramolecular, ene-type pericyclic
process, as shown in Scheme 4. Placing the aryl group in the less
hindered pseudo-equatorial position leads to the cis isomer.
Such a concerted mechanism parallels that proposed for
reductions with diimide itself,10 the rigid, highly organised
transition state being more consonant with the observed high cis
selectivity. Thus, depending on the structure, the experimental

conditions, and the eventual presence of initiators, monoalk-
yldimides (monoalkyldiazenes) may react by an ionic, a radical,
or a concerted pericyclic-type mechanism. Whatever the exact
mechanism operating in the present case, the observations of
Taber and co-workers3,5 will certainly have important conse-
quences for organic synthesis.

Notes and references
1 D. F. Taber, Y. Wang and S. J. Stachel, Tetrahedron Lett., 1993, 34,

6209; A. G. Myers, M. Movassaghi and B. Zheng, J. Am. Chem Soc.,
1997, 119, 8572; A. G. Myers, M. Movassaghi and B. Zheng,
Tetrahedron Lett., 1997, 38, 6569. For related reactions which may
involve radicals, see L. Caglioti, F. Gasparini, D. Misti and G. Palmieri,
Tetrahedron, 1978, 34, 135; F. S. Guziec and D. Wei, Tetrahedron Lett.,
1992, 33, 7465; A. J. Bloodworth and D. Korkodilos, Tetrahedron Lett.,
1991, 32, 6953.

2 C. Galli, Chem. Rev., 1988, 88, 765.
3 D. F. Taber and S. J. Stachel, Tetrahedron Lett., 1992, 33, 903; D. F.

Taber and J. M. Anthony, Tetrahedron Lett., 1980, 2779.
4 G. Stork and P. G. Williard, J. Am. Chem Soc., 1977, 99, 7067.
5 D. F. Taber, Y. Wang and T. F. Pahutski, Jr., J. Org. Chem., 2000, 65,
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7 S. Z. Zard, Angew. Chem., Int. Ed. Engl., 1997, 36, 672.
8 A. Studer, Angew. Chem., Int. Ed. Engl., 2000, 39, 1108.
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10 D. J. Pasto, in Comprehensive Organic Synthesis, B. M. Trost, I.
Fleming, eds., Pergamon Press, Oxford, 1991, vol. 8, pp. 471–476.

Scheme 4

Chem. Commun., 2001, 1068–1069 1069



     

C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

A versatile synthesis of planar chiral ligands

Susan E. Gibson (née Thomas)* and Hasim Ibrahim

Department of Chemistry, King’s College London, Strand, London, UK WC2R 2LS.
E-mail: susan.gibson@kcl.ac.uk

Received (in Cambridge, UK) 4th April 2001, Accepted 25th April 2001
First published as an Advance Article on the web 22nd May 2001

Introduction of a p-But substituent onto tricarbonylchro-
mium(0) complexes of benzyl ethers facilitates clean and
selective ortho functionalisation; this reactivity is the basis of
a key step in a short and versatile synthesis of enantiomer-
ically pure planar chiral complexes.

The potential of non-racemic chiral (arene)tricarbonylchro-
mium(0) complexes as ligands in asymmetric catalysis has been
recognised.1 As a result, an increase in activity in this area in the
last three years has led to the successful application of planar
chiral (arene)tricarbonylchromium(0) complexes as catalyst
ligands in a diverse range of transformations including
rhodium-catalysed hydrogenation of ketones,2 palladium-cata-
lysed aminations of aryl bromides,3 palladium-catalysed hydro-
vinylations of styrene,4 rhodium-catalysed hydroborations of
styrene,5 palladium-catalysed allylic alkylations,6 iridium-
catalysed hydroaminations7 and Lewis acid-catalysed Diels–
Alder reactions.8 It is acknowledged, however, that although a
variety of different synthetic strategies exists for the preparation
of planar chiral (arene)tricarbonylchromium(0) complexes,
there is still a need for more general approaches that allow the
efficient preparation of a greater number of complexes.1 We
recently demonstrated that tricarbonylchromium(0) complexes
of benzyl ethers, 2, which are readily available from (benzyl
alcohol)tricarbonylchromium(0) 1 could be asymmetrically
functionalised to give complexes 3 in high yield and ee using
chiral base methodology.9 In view of the current interest in
planar chirality and the flexibility and efficiency of our route to
3, we wanted to convert the central chirality of 3 into complexes
with planar chirality, represented by 4. We report herein how we
achieved this goal and in doing so provided the foundations of
a novel and versatile route to non-racemic planar chiral
(arene)tricarbonylchromium(0) complexes.

In contrast to the highly selective deprotonation–electrophilic
quench chemistry to tricarbonylchromium(0) complexes of
derivatives of a-methylbenzylamine,10–12 deprotonation and
subsequent electrophilic quenching of tricarbonylchromium(0)
complexes of benzyl ethers is known to be unselective using the
bases BunLi,10 BusLi11 and ButLi,11,12 giving rise to mixtures
containing inter alia products of ring deprotonation and
benzylic deprotonation. Our attempts to deprotonate 3a (R1 =
R2 = Me) with LiTMP and quench with chlorotrimethylsilane
under a wide range of conditions also gave messy mixtures
containing ortho, meta and para silylated products derived from
uncontrolled ring deprotonation. Our attention then turned to
the novel complex 5,† synthesised initially in racemic form by
thermolysis of the corresponding benzyl ether with hexa-
carbonylchromium(0) (97%). It was anticipated that the p-But

substituent on 5 would direct deprotonation–electrophilic
quench to the desired ortho positions of the ether. On reaction
with LiTMP followed by a chlorotrimethylsilane quench, we
were delighted to isolate the ortho silylated product 6 in 98%
yield (Scheme 1). The 1H NMR spectrum of 6 indicated that

only one diastereomer had been generated. To confirm that this
was the case, the tricarbonylchromium(0) unit was removed
from 6 to give 7 which was subsequently heated with
hexacarbonylchromium(0) to give a 24+1 mixture of diaster-
eomers 8 and 6. Re-examination of the 1H NMR spectrum of 6
established the absense of diastereomer 8 and hence the
diastereoselectivity for the conversion of 5 to 6 is !96%.

In view of the highly selective introduction of a trimethylsilyl
group into complex 5, we decided to investigate the introduction
of substituents which would provide useful donor atoms to
metals. Deprotonation of 5 with LiTMP followed by addition of
benzophenone gave the ortho-substituted product 9 in 98%
yield (Scheme 2). The relative stereochemistries of the
trimethylsilyl isomers 6 and 8 and the hydroxy complex 9 were
initially assigned using the model developed for tricarbonyl-
chromium(0) complexes of a-methylbenzylamine deriva-
tives.10–12 An X-ray crystallographic analysis of 913 revealed
that these assignments were correct and that co-ordination of the
base to the ether oxygen plays a crucial role in the observed
diastereoselectivity. Introduction of a sulfur-containing group
was demonstrated on the ethyl ether complex 10. Reaction of 10
with LiTMP followed by diphenyl disulfide gave complex 11 in
57% yield and !96% de (Scheme 3).

Having demonstrated that ortho substituents could be
introduced into the p-But substituted complexes 5 and 10 in
good yield and with high diastereoselectivity, we turned our
attention to synthesising complexes of type 4 in enantiomer-
ically pure form. Complex (4-tert-butylbenzyl alcohol)tricarbo-
nylchromium(0), 12 [synthesised in 97% yield from the
commercially available alcohol and hexacarbonylchromium(0)]
was reacted with acidic methanol to give complex 13 in 97%
yield (Scheme 4). (It is of note that the p-But substituent not

Scheme 1

Scheme 2
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only gives rise to the excellent selectivity described herein, but
it also confers a high degree of stability and crystallinity on its
(arene)tricarbonylchromium(0) complexes.) Subsequent treat-
ment of 13 with chiral base 14 followed by benzyl bromide gave
complex 15 in 92% yield and 97% ee (as determined by chiral

HPLC analysis). The absolute stereochemistry of 15 was
assigned as R based on results obtained in our previous studies
using chiral base 14 and benzyl ether complexes lacking the p-
But substitutent.9 Finally deprotonation of 15 with LiTMP

followed by addition of Ph2PCl gave complex 16 in 91% yield,
!96% de and 97% ee. A similar three-step sequence created
complex 17 in 96% ee and !96% de in 73% overall yield from
complex 12.

In conclusion, we have demonstrated that the introduction of
a p-But substituent onto tricarbonylchromium(0) complexes of
benzyl ethers enables them to be cleanly and selectively
functionalised at the ortho-position for the first time. This new
mode of reactivity has enabled us to convert readily-available
(4-tert-butylbenzyl alcohol)tricarbonylchromium(0), 12, into
enantiomerically pure planar chiral complexes 16 and 17 in
three steps. As each step involves the introduction of a new
substituent, this sequence constitutes a very versatile synthesis
of planar chiral complexes, many of which have potential as
ligands in asymmetric synthesis.

The authors thank King’s College London for a studentship
(H. I.).

Notes and references
† The novel compounds 5–13 and 15–17 all gave satisfactory spectroscopic
(IR, 1H NMR, 13C NMR, 31P NMR and low resolution MS) and
microanalytical data.

1 C. Bolm and K. Muniz, Chem. Soc. Rev., 1999, 28, 51, and references
therein.

2 C. Pasquier, S. Naili, L. Pelinski, J. Brocard, A. Mortreux and F.
Agbossou, Tetrahedron: Asymmetry, 1998, 9, 193.

3 K. Kamikawa, S. Sugimoto and M. Uemura, J. Org. Chem., 1998, 63,
8407.

4 U. Englert, R. Haerter, D. Vasen, A. Salzer, E. B. Eggeling and D. Vogt,
Organometallics, 1999, 18, 4390.

5 S. U. Son, H.-Y. Jang, J. W. Han, I. S. Lee and Y. K. Chung,
Tetrahedron: Asymmetry, 1999, 10, 347.

6 H.-Y. Jang, H. Seo, J. W. Han and Y. K. Chung, Tetrahedron Lett.,
2000, 41, 5083.

7 D. Vasen, A. Salzer, F. Gerhards, H.-J. Gais, R. Stürmer, N. H. Bieler
and A. Togni, Organometallics, 2000, 19, 539.

8 G. B. Jones, M. Guzel and S. B. Heaton, Tetrahedron: Asymmetry,
2000, 11, 4303.

9 E. L. M. Cowton, S. E. Gibson, (née Thomas), M. J. Schneider and
M. H. Smith, Chem. Commun., 1996, 839.

10 J. Blagg, S. G. Davies, C. L. Goodfellow and K. H. Sutton, J. Chem.
Soc., Perkin Trans. 1, 1987, 1805.

11 J. A. Heppert, M. E. Thomas-Miller, M. L. Milligan, D. V. Velde and J.
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Reactions of linear triplatinum complexes, linear-[Pt3(m-
dpmp)2(RNC)2](PF6)2 (1), with excess tetracyanoethylene
(tcne) afford the novel nitrene-bridged asymmetrical A-
frame triplatinum complexes, [Pt3(m-dpmp)2(m-C12N8)-
(RNC)2](PF6)2 (2a: R = 2,6-xylyl; 2b: R = 2,4,6-mesityl,
dpmp = bis(diphenylphosphinomethyl)phenylphosphine),
in which two tcne molecules are coupled to form a
(heptacyanocyclopent-1-enyl)nitrene moiety.

Studies on organic reactions promoted by multinuclear metal
centres are directly implicated in the development of industrial
heterogeneous catalysts and could lead to metal–surface
mimetic chemistry.1 Multimetallic systems have the potential to
organize different types of reaction processes in synergetic
fashion into new homogeneous reactions which are not
established by mononuclear metal centres. Recently, we have
reported the linearly ordered, side-by-side triplatinum complex,
linear-[Pt3(m-dpmp)2(RNC)2](PF6)2 1a (R = xylyl (Xyl)),
which reacted with H+, NO+, electron-deficient alkynes and p-
nitrophenyl isocyanide, affording asymmetrical and double A-
frame triplatinum clusters through their oxidative insertion into
the Pt–Pt single bonds.2,3 Here, we have examined reactions of
1 (R = Xyl, mesityl (Mes)) with a strongly electron-deficient
olefin, tetracyanoethylene (tcne), and have successfully isolated
and characterized the novel, nitrene-bridged triplatinum com-
plexes, [Pt3(m-dpmp)2(m-C12N8)(RNC)2](PF6)2, in which two
tcne molecules are coupled to form a (heptacyanocyclopent-
1-enyl)nitrene moiety.

Complex 1a readily reacts with excess of tetracyanoethylene
(tcne) to afford pale green crystals formulated as [Pt3(m-
dpmp)2(m-C12N8)(XylNC)2](PF6)2 2a in high yield.‡ Similar
reaction of 1b also gave [Pt3(m-dpmp)2(m-C12N8)-
(MesNC)2](PF6)2 2b in 38% yield. The IR and 1H NMR spectra
of 2 indicated the presence of two terminal isocyanide ligands,
and the 31P{1H} NMR spectra exhibited three multiplets with
195Pt satellite peaks in a 1+1+1 ratio. The detailed structure of 2a
was determined by X-ray crystallographic analysis and an
ORTEP plot for the complex cation is illustrated in Fig. 1.§ The
complex cation involves an asymmetrical triplatinum core
supported by two dpmp ligands. The Pt(1)–Pt(2) distance of
2.6446(8) Å corresponds to a Pt–Pt single bond, and the Pt(2)–
Pt(3) separation of 3.2150(8) Å is indicative of the absence of a
Pt–Pt bond. The two tcne molecules are coupled to form a
(heptacyanocyclopent-1-enyl)nitrene moiety which is inserted
into one of the Pt–Pt bonds of 1a (Scheme 1). Structurally
characterized nitrene-bridged platinum and palladium com-
plexes are extremely rare4 in spite of their importance as metal–
surface nitrene intermediates in the metal-catalyzed reduction
of NO and nitro compounds and, to our knowledge, this is the
first example of a trinuclear platinum complex with a nitrene-
bridging ligand. The N(11) atom rather asymmetrically bridges
Pt(2) and Pt(3) and adopts a planar sp2 geometry with the sum
of the bond angles being 359.9°. The Pt2N plane is almost co-

planar with the [C(11)C(12)] olefin unit and the relatively short
N(11)–C(11) bond length indicates that the electron density on
the N atom is delocalized through a pp–pp interaction between
the nitrene and olefin units as shown in Scheme 1. The C(11)–
C(12) bond length is longer than that of a usual C–C double
bond. A similar tendency was observed in [Ir2(CO)2(m-
dppm)2(m-NPh)]5 and [Rh2(CO)2(dppm)2(m-N(p-NO2C6H4))]6

(dppm = bis(diphenylphosphino)methane). The heptacyanocy-
clopent-1-enyl moiety adopts an envelop conformation with the
C(14) atom in the apex site and the C(13), C(14) and C(15)
atoms having sp3 tetrahedral configuration. The present type of
tcne cyclic dimerization is very rare; the only related compound
reported is N-(heptacyanocyclopent-1-enyl)triphenylphosphor-
animine which was formed by reaction of tcne with triphenyl-
phosphine.7

The cyclic dimerization of tcne did not proceed by the dppm-
bridged diplatinum complex, [Pt2(m-dppm)2(XylNC)2](PF6)2,8
although it proceeded rapidly with the triplatinum complex 1a;
the reaction was monitored by electronic absorption spectral
change with an isosbestic point at 345 nm. The reaction with
excess of tcne ( > 10 equiv.) proceeded with a first order
dependency on the starting complex 1a with the pseudo-first
order rate constant of 4.0 3 1023 s21. Whereas no stable
intermediate was observed, the tcne adduct A might be formed
at the initial step by analogy with the reaction of 1a with
electron-deficient alkynes (Scheme 1).3 The strong trans
influence of the Pt–Pt bond may cause the zwitterionic Pt–C
bond breaking (B), together with the nucleophilic attack of the

† Electronic supplementary information (ESI) available: further structural
and experimental data for 2a·2(CH3)2CO. See http://www.rsc.org/suppdata/
cc/b1/b101805l/

Fig. 1 ORTEP diagram for the complex cation of 2a. Selected distances (Å)
and angles (°): Pt(1)–Pt(2) 2.6446(8), Pt(2)…Pt(3) 3.2150(8), Pt(1)–P(1)
2.312(5), Pt(1)–P(4) 2.328(5), Pt(1)–C(1) 2.01(2), Pt(2)–P(2) 2.263(4),
Pt(2)–P(5) 2.277(4), Pt(3)–P(3) 2.341(4), Pt(3)–P(6) 2.349(4), Pt(3)–C(2)
1.90(2), Pt(2)–N(11) 2.18(1), Pt(3)–N(11) 2.05(1), N(11)–C(11) 1.26(2),
C(11)–C(12) 1.46(2), C(11)–C(15) 1.54(2), C(12)–C(13) 1.54(3), C(13)–
C(14) 1.60(3), C(14)–C(15) 1.57(3); Pt(2)–Pt(1)–C(1) 177.8(6), Pt(1)–
Pt(2)–N(11) 175.1(4), N(11)–Pt(3)–C(2) 173.0(6), Pt(2)–N(11)–Pt(3)
98.9(6), Pt(2)–N(11)–C(11) 138(1), Pt(3)–N(11)–C(11) 123(1), N(11)–
C(11)–C(12) 129(2), N(11)–C(11)–C(15) 123(2), C(12)–C(11)–C(15)
108(1), C(11)–C(12)–C(13) 110(1), C(11)–C(12)–C(21) 127(2), C(13)–
C(12)–C(21) 123(2).
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carbanion on the electron-deficient nitrile carbon of the second
tcne molecule (C) – this was inferred as a key step for the
coupling. A detailed study on the reaction mechanism is now in
progress.

This work was partly supported by Grants-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan.

Notes and references
‡ To 20 mL of dichloromethane solution containing 71 mg of linear-[Pt3(m-
dpmp)2(XylNC)2](PF6)2 was added 37 mg of tcne (0.29 mmol). The
reaction solution was stirred at room temperature for 1 h, and the color of the
solution immediately changed from orange to pale green. The solvent was
removed under reduced pressure and the residue was washed with benzene
and diethyl ether; it was then extracted with 20 mL of dichloromethane. The
solution was concentrated to ca. 10 mL and was kept in a refrigerator after
the addition of a small amount of Et2O to afford block-shaped pale green
crystals of [Pt3(m-dpmp)2(m-C12N8)(XylNC)2](PF6)2 2a in 86% yield. Anal.
Calc. for C94H76N10P8F12Pt3: C, 46.91; H, 3.18; N, 5.82. Found: C, 46.67;
H, 3.30; N, 5.54%. IR (Nujol/cm21): 2189, 2168 (XylN·C), 1571 (CNC),
840 (PF6). UV–Vis (CH2Cl2): lmax/nm (log e) 404 (3.22). 1H NMR (C2Cl2):
d 1.34, 1.98 (s, o-Me, 6H), 2.9–5.5 (m, CH2, 8H), 6.1–8.8 (m, Ar, 56H).
31P{1H} NMR (CD2Cl2): d 25.7 (m, 1P, 1JPtP 2450 Hz), 0.2 (m, 1P, 1JPtP

2906 Hz), 6.1 (m, 1P, 1JPtP 2556 Hz). Recrystallization of 2a from a
acetone–diethyl ether mixed solvent yielded block-shaped crystals of
2a·(CH3)2CO which were suitable for X-ray crystallography.

A similar procedure using linear-[Pt3(m-dpmp)2(MesNC)2](PF6)2 1b (62
mg) afforded pale green crystals of [Pt3(m-dpmp)2(m-
C12N8)(MesNC)2](PF6)2·CH2Cl2 (2b·CH2Cl2) in 38% yield. Anal. Calc. for
C97H82N10P8F12Cl2Pt3: C, 46.24; H, 3.28; N, 5.56. Found: C, 46.48; H,
3.08; N, 5.70%. Complex 1b was prepared by the reaction of 1a with
MesNC and was characterized by X-ray crystallography, which will be
reported elsewhere. IR (Nujol/cm21): 2186, 2169 (MesN·C), 1573 (CNC),
838 (PF6). UV–Vis (in CH2Cl2): lmax/nm (log e) 391 (3.37). 1H NMR
(CD2Cl2): d 1.28, 1.90 (s, o-Me, 6H), 2.06, 2.20 (s, p-Me, 3H), 3.4–5.2 (m,
CH2, 8H), 6.2–8.6 (m, Ar, 54H). 31P{1H} NMR (in CD2Cl2): d27.3 (m, 1P,
1JPtP 2514 Hz), 21.6 (m, 1P, 1JPtP 2926 Hz), 4.2 (m, 1P, 1JPtP 2571 Hz).
§ Crystal data for 2a·(CH3)2CO: C97H82N10OP8F12Pt3, M = 2464.82, T =
2118 °C, monoclinic, space group P21/c, a = 13.872(4), b = 53.155(12),
c = 15.130(4) Å, b = 97.90(2)°, V = 11 050(4) Å3, Z = 4. A pale yellow,
block-shaped crystal was fixed on the top of a glass fiber with Paraton N oil.
14381 reflections (4 < 2q < 45°) were measured on a Rigaku AFC7R
diffractometer with graphite monochromated Mo-Ka radiation. The
structure was solved by Patterson methods using the program DIRDIF94
and was refined with SHELXL-93 to R1 = 0.068 for 10081 independent
reflections with I > 2s(I) and wR2 = 0.227 for all data.

CCDC 160684. See http://www.rsc.org/suppdata/cc/b1/b101805l/ for
crystallographic data in .cif or other electronic format.
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Complete blocking of Mn3+ ion dissolution from a LiMn2O4 spinel
intercalation compound by Co3O4 coating
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Complete elimination of Mn3+ dissolution from a LiMn2O4
spinel compound at 60 °C has been achieved by enclosing
each particle with a LiMn22xCoxO4 solid-solution thin film
having a high Co concentration at the surface.

LiMn2O4 cathode materials have received much attention due to
their environmental friendliness and low cost compared to
LiCoO2 and LiNiO2. However, their practical applications as
Li-ion cells are hindered by structural instability from acidic HF
attack on the spinel particles, as a result of the reaction of the
LiPF6 salt with residual water in the cell at elevated tem-
peratures.1–4 This leads to a disproportionation reaction (2Mn3+

? Mn4+ + Mn2+) at the particle surface, resulting in the
formation of a defective spinel. The reaction moves pro-
gressively inward with increasing exposure to the electrolyte,
especially at elevated temperatures. This reduces the inter-
calation capacity, and therefore should be prevented to ensure
long-cycle life for elevated-temperature performance. To
reduce such inherent structural degradation, a marginal increase
in the overall Mn valence to above +3.5 has been reported.5–9

However, such methods do not significantly improve the
structural stability since a fraction of Mn3+ ions still exist in the
spinel structure. The most effective way to block Mn dissolution
is to completely encapsulate the spinel particles with oxides that
are resistant to acidic HF. There have been several attempts to
minimize Mn dissolution, but none have blocked the dissolution
completely. Such studies even showed a deterioration in
cathode-cycle performance compared to unmodified samples or
decreased capacity fading during cycling at 55 °C.10–12

Here, we report a low-temperature coating method using
Co3O4, and its effect on the cycling performance at 60 °C in Li/
LiMn2O4 cells. This new approach completely blocks Mn
dissolution from the LiMn2O4 particles.

LiMn2O4 powder ‘bare sample’ was prepared by firing a
stoichiometric mixture of MnO2 (EMD) and LiOH·H2O at
750 °C for 20 h. The powder, with an average particle size of
13 mm after sieving, was used for coating and for the
electrochemical experiments. To coat each particle with the
solution of Co3O4, cobalt(III) acetate was first dissolved in
methanol, then slowly mixed until it reached the appropriate
viscosity. The solution was then mixed with the LiMn2O4
powder in a mole ratio of 10+1 (Mn+Co). The coated powder
was dried at 150 °C for 1 h, and then fired at 400 °C for 8 h in
a dry-air atmosphere. The electrochemical cycling experiments
were carried out at 60 °C with coin-type cells (size 2016)
containing a LiMn2O4 spinel electrode, a Li metal anode, a
microporous polyethylene separator, and an electrolyte consist-
ing of a 1 M LiPF6 solution in a 1+1 EC–DMC mixture (by
volume). To fabricate the cathode, the spinel powder was
blended with Super-P carbon black (to assist in current
collection) and with a polyvinylidene fluoride (PVDF) binder in
a mass ratio of 92+4+4.

X-Ray diffraction (XRD) patterns of the bare- and coated-
LiMn2O4 powders were indexed to cubic spinel (Fd3m). The
Co3O4-coated sample shows no indication of Co3O4 or other
phases, except for increased peak broadening compared to the

bare sample (Fig. 1). This broadening may be due to the
formation of a disordered spinel phase throughout the particle,
with decreasing Co concentration inward. Raman spectroscopy
of the coated sample clearly showed the presence of a Co3O4
phase (peak at 693 cm21), and electron-probe microanalysis

Fig. 1 XRD patterns of bare and Co3O4-coated LiMn2O4 powders before
and after cycling.

Fig. 2 EPMA of Co concentration across a particle cross-section; the inset
corresponds to elemental analysis of the particle within 1.5 mm.
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(EPMA) of the Co atoms across the particle shows a 43% Co
concentration at the surface, as shown in Fig. 2, which is
consistent with the Raman data. In addition, Co atoms were
mainly distributed within ca. 1 mm from the surface, and their
concentration sharply decreased further inside the particle.
Results indicate the formation of a solid-solution LizMn22x-
CoxO4 thin-film phase near the surface by interdiffusion
between LiMn2O4 and Co3O4. However, some portion of the
unreacted Co3O4 resides on the solid solution. It is expected that
the coating of each particle with LizMn22xCoxO4 and Co3O4

thin-film coatings, which are resistant to HF attack, can prevent
Mn dissolution into the electrolyte.

All spinel compounds with a defective cubic structure have
lattice constants smaller than the well-ordered LiMn2O4 phase,
because of the higher concentration of the relatively large Mn3+

ion (ionic radii of Mn3+ and of Mn4+ are, respectively, 0.65 and
0.53 Å).13 Therefore, from the XRD pattern, all the spinels
within the LiMn2O4–Li4Mn5O12–l-MnO2 tie-line-triangle in
the Li–Mn–O phase diagram will have diffraction peaks that lie
to higher 2q values than those of LiMn2O4. This feature can be
seen in the XRD patterns of the spinel electrodes after cycling
at 60 °C and after equilibration at 3.4 V for 50 h (Fig. 1). They
show a shift in the spinel peaks to higher 2q values (a = 8.122
± 0.003 Å), accompanied by peak broadening (the lattice
constant of the bare sample before cycling is 8.234 ± 0.005 Å).
This shows that the starting LiMn2O4 spinel becomes defective
during cycling at 60 °C. However, the coated sample does not
show any peak shift (a = 8.178 ± 0.005 Å) or peak broadening
after cycling.

The cycling behavior of bare- and coated-LiMn2O4 materials
was tested in coin-type half-cells using Li metal as the anode
between 4.5 and 3.3 V at a rate of 0.2 C ( = 24 mA g21) at 60 °C.
Fig. 3 shows the initial voltage profiles of the samples. The
discharge capacity of the coated sample was 105 mA h g21,
while that of the bare sample was 113 mA h g21. The decreased
irreversible capacity upon coating, 3 mA h g21 vs. 17 mA h g21

in the bare sample, is significant. Furthermore, there is
negligible capacity loss in the coated sample over 50 cycles,
while that of the bare sample shows a 41% loss. It is believed
that surface encapsulation by both Co3O4 and LizMn22xCoxO4
prevents Mn dissolution from HF attack at 60 °C.

Notes and references
1 J. C. Hunter, J. Solid State Chem., 1981, 39, 142.
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Fig. 3 Plots of (a) voltage profile of bare and Co3O4-coated LiMn2O4 at a
charging rate of 0.2 C between 4.5 and 3.4 V, and (b) cycle-life performance
of bare and Co3O4-coated LiMn2O4 at a charging rate of 0.2 C between 4.5
and 3.4 V. The coin-type half cells were cycled at 60 °C with a Li-metal
anode
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spinel structure
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Atomistic potential calculations of the relative energies of g-
alumina structures as a function of tetrahedral Al distribu-
tion give an exhaustive list of configurations which is used to
estimate thermodynamic probabilities, subsequent relaxa-
tions allow the influence of configurational entropy on
structure to be assessed.

g-Alumina finds widespread use as a stable, highly porous
medium for the support of active catalysts such as particulate
transition metals. The material is formed on dehydration of the
hydroxide boehmite and is the stable form of alumina from this
route between 750 and 1025 K.1 The structure is generally
regarded as amorphous although it is known that the oxygen
anions form an fcc lattice with Al ions occupying both
octahedral and tetrahedral sites. The cubic structure resembles a
defective spinel in which both tetrahedral and octahedral cation
positions are occupied. In the proper spinel structure, MgAl2O4,
Al3+ ions appear in half the octahedral holes and Mg2+ in 1/8 of
the tetrahedral holes. Various experiments have attempted to
apportion the Al cations in g-alumina between the two possible
sites. In 1991 X-ray and neutron diffraction were combined to
give lattice parameters for the cubic cell.2 The line widths of
specific reflections were used to suggest that the Al tetrahedral
sub-lattice is extremely disordered and that the distribution of
Al between tetrahedral and octahedral sites was roughly 50+50,
although the assignment of the occupancy ratio was difficult as
no reflections from the octahedral sub-lattice alone are present
in the diffraction pattern. More recently, 27Al MAS NMR has
been used to show that 70 ± 2% of Al ions occupy octahedral
sites.3 This is close to the proportion that would be expected for
a spinel structure in which all octahedral Al are in place and the
tetrahedral sites are partially occupied to give 75% of cations in
an octahedral environment. Here, we show that this simplified
model of the structure allows the calculation of the lattice
energy for all possible arrangements of tetrahedral Al in the
simplest stoichiometric unit cell using atomistic potentials.
Furthermore the structures of the most thermodynamically
stable lattices can be geometry optimised to allow thermally
averaged structural data such as the lattice constants to be
estimated.

Aluminas in general are based around close packed arrange-
ments of O22 anions with Al3+ occupying octahedral and/or
tetrahedral holes. a-Alumina has the corundum structure with a
hexagonal close packed arrangement of anions and exclusively
octahedral cations. The a-polymorph has been widely studied
using both atomistic potential and periodic quantum chemical
approaches. The q-alumina structure is based on a face centred
cubic packing of anions similar to the g-phase4 and contains
both octahedral and tetrahedral aluminium ions. Based on these
two ordered structures new potentials for octahedral and
tetrahedral aluminium were fitted using the GULP program5

starting from the shell model potentials derived for a-alumina
by Lewis and Catlow.6 The full procedure used in fitting and the
resulting parameter set will appear at a later date. We note here
that the new potentials are able to reproduce the experimental
lattice constants of the two phases used in fitting to within 0.15
Å.

A unit cell of overall stiochiometry Al2O3 in the spinel form
requires a supercell of at least three basic spinel cells (Al64O96)
which we produce by extension of the c-vector. Recently Allan
et al.7 have used a sampling technique to consider the
configurational entropy for the mixed oxide MnO/MgO and
find convergence with supercells containing only 32 atoms;
accordingly, we expect this cell to be sufficiently large to avoid
artifacts due to cell size affects. In this cell we have 24 possible
tetrahedral Al sites to be filled by 16 atoms. The total number of
possible distinguishable structures is simply 24C16 = 735 471.
Using an EV5 DEC alpha workstation a single lattice energy
calculation for this supercell using GULP takes approximately
1.2 CPU seconds and so the complete set of structures can be
assessed in a little over ten days. The amount of data generated
would, however, require a considerable amount of computer
storage and so to make these calculations feasible we have
developed an automated driving program. All that is stored after
each of the initial runs is the binary code and the lattice energy.
The binary code is formulated so that each tetrahedral site in the
structure is assigned a binary digit that is set to 1 for occupancy
by Al and 0 for a vacant site. In the current study a 24-bit
number uniquely identifies a configuration and is saved as an
integer. The program generates all possible configurations
simply by counting through all 24-bit integers and generating an
input file for those which have 16 bits set to 1. As they are
identified the lattice energy is calculated and both input and
output files are replaced by the next configuration.

Our procedure gives an exhaustive list of tetrahedral Al
occupancies and the corresponding lattice energies for the
structure fixed at the standard spinel geometry. The resulting
configurations were grouped according to calculated lattice
energy and the number of configurations vs. lattice energy is
shown in Fig. 1. Here we have calculated the lattice energy per
mole of Al2O3 formula units: the lowest energy configuration
was found to be unique together with the number of configura-
tion peaks at around 200 kJ mol21 higher energy where some
55 000 structures have similar energies. Since we store the code
for each structure we can easily regenerate a configuration of
interest. For example, we find that the lowest energy structures
have a uniform distribution of tetrahedral Al atoms whereas the

Fig. 1 The number of configurations as a function of calculated lattice
energy. Structures are grouped in intervals of 21.1 kJ mol21.
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highest energy structures have the occupied tetrahedral sites
clustered together and one third of the unit cell contains no
tetrahedral Al atoms. This calculation also gives us direct access
to the partition function for the tetrahedral site distributions
allowing the calculation of thermodynamic probabilities. For
example, the probability, P(DEi), of a given lattice energy is:
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RT

n
E

RT

i

i
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j j
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where ni is the number of structures with energy DEi greater
than the lowest energy structure. Since g-alumina is formed
from boehmite at elevated temperatures we chose T = 900 K.
Even at this high temperature the few low energy structures
dominate despite the entropic factor in favour of higher energy
states.

In these initial calculations no geometry optimisation was
allowed so that all possible structures could be considered. It is
well known that structural relaxation can be important in
obtaining accurate relative energies using atomistic simulation.
In this case the occupation of an Mg2+ tetrahedral site by a
smaller Al3+ cation will cause lattice strain. Despite this we
expect the ordering of the structural energies to be a good
indication of which are the important structures to consider.
Accordingly we carried out relaxations on the most probable of
the lattices generated. The list of structures was ordered
according to lattice energy and the program adapted to
reconstruct them from the list and carry out lattice relaxations
using GULP. To determine how far down the list to proceed the
thermodynamic probability of each structure was calculated
from eqn. (1) (with ni = 1) using the recorded static lattice
energy. Sub-sets of structures were generated by successively
decreasing the acceptance probability limit. Geometry optimi-
sations were performed using the same automated procedure as
described previously but now the GULP input file was written
to perform relaxations at constant pressure, i.e. a full relaxation
of all atomic co-ordinates and lattice vectors.

Fig. 2 shows the probability distribution of lattice energies at
900 K after relaxations for three sub-sets containing increasing
numbers of structures in roughly 50 000 steps. The distribution
shows significant differences for the change from 78 137 to
129 205 structures but the addition of a further 50 000 structures
results in only minor alterations suggesting that most of the
additional structures do not optimise to thermodynamically
accessible configurations. There are now two degenerate lowest
energy structures. These are found in the smallest list and
remain the minima for the longer lists indicating that the initial
ordering by structural energy has allowed the minimum energy
structure to be identified rapidly. After relaxation the number of

structures within a few kJ mol21 of the minimum is much
greater than for the simple structural energy calculations and so
the entropic effect of tetrahedral ion configurations is much
greater. The probability of the lowest energy structures is
extremely small and the probability distribution shows a great
many structures with configurations up to 20 kJ mol21 above
the minimum being significant. The highest peak in P(DEi)
occurs at 7.2 kJ mol21 and represents some 12 200 structural
alternatives.

After relaxation the lattice parameters were also recorded for
each configuration to allow the lattice vectors, a, b and c, to be
calculated as thermodynamic averages of the relaxed structures.
Based on the sub-sets of relaxed structures from Fig. 2 we find
the lattice parameters given in Table 1 where we also compare
the averaged data to experimental results and to one of the
minimum energy structures. The other degenerate minimum
energy form is identical to that in Table 1 with a and b
interchanged. These minima structures show a distortion away
from cubic symmetry. On averaging this is reduced to a small
tetragonal distortion of the basic unit cell. The convergence of
the cell dimensions with sub-set size is further confirmation that
all thermodynamically significant configurations have been
taken into account.

Early investigations of g-alumina reported tetragonal distor-
tions of the unit cell.9 It appears from these calculations that the
observed symmetry comes about from the interplay of many
possible configurations of cations. Closer inspection of the
listed data shows that the individual microstates occur in pairs
with equivalent distortions in the a and b directions, in the
averaging process these are removed to give the experimentally
observed cubic structure. In the real crystallites this tendency
toward distortion will lead to lattice strain which may contribute
to the longer scale defect structure of the material.

This research was funded, in part, through an EPSRC IMI
project, a collaboration between chemists, materials scientists
and chemical engineers from academia and industry, involving
Cardiff, Birmingham, Cambridge and Glasgow Universities
with financial support from Synetix, Johnson Matthey, BP-
Amoco, Cambridge Reactor Design and Molecular Simulations
Inc.
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Fig. 2 Probability vs. lattice energy from eqn. (1) at 900 K with structural
relaxation taken into account for three sub-sets containing 78 137 (crosses,
dotted), 129 205 (triangles, thin solid) and 179 302 (diamonds, thick solid)
structures. Boltzmann factor shown as a feint line. Structures grouped in
0.38 kJ mol21 intervals.

Table 1 Comparison of calculated and experimental lattice vectors

Number a/Å b/Å c/Å

Expt. MgAl2O8 8.080 8.080 8.080
Expt. g-alumina2 7.911 7.911 7.911
Min. energy structure 1 8.277 8.245 8.203
Thermal averagea 78 137 8.251 8.251 8.269

129 205 8.254 8.254 8.271
179 302 8.254 8.254 8.278

a Thermal averages use eqn. (1) with T = 900 K.
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Simple paper chromatography using brine as an eluent
affords the two enantiomers of metallo-supramolecular
triple-helicates. The technique may be scaled up for pre-
parative resolution by using cellulose columns in conven-
tional column chromatography.

We have recently described a facile route for assembly of
metallo-supramolecular architectures from inexpensive com-
mercial reagents.1–3 One of the architectural motifs that we have
prepared through this technology is a class of metallo-
supramolecular helicates1 that have a cylindrical architecture of
similar dimensions to protein binding units that target the major
groove of DNA.2 Excitingly these synthetic tetracationic units
also recognise the major groove of DNA and induce remarkable
structural effects, wrapping up double-stranded DNA in an
intramolecular fashion.2 Such structural effects are unprece-
dented with synthetic DNA binders. Being helical, these
supramolecular cylinders exist in two enantiomeric forms and
we have been keen to resolve these as we anticipated that the
DNA-binding of the two enantiomers might be quite different.
There has been considerable recent interest in the resolution of
metal complexes, much of which centres around resolution of
DNA-binding metal polypyridyl complexes. The main tech-
niques traditionally employed involve the use of chiral anions
either to achieve diastereoselective crystallisation or as a
component of a chiral chromatographic mobile phase.4,5 Similar
methods have also been applied to some polypyridyl and
benzimidazole based metallo-helicates.4,6

We have attempted diastereoselective crystallisations of our
supramolecular cylinders with a range of chiral anions without
success. Chromatographic techniques have proved a little more
successful, with some resolution being achieved on SP
Sephadex C25 with aqueous disodium (2)-O,OA-dibenzoyl-(L)-
tartrate solution as the mobile phase.7 The deep purple colour of
the bis iron(II) cylinder (arising from an MLCT transition)
makes it very easy to follow by eye under chromatographic
conditions. Although some resolution is apparent, passing these
supramolecular cylinders down Sephadex columns did not lead
to the formation of two discrete bands even after multiple
cycles. Instead a broad, streaked band was obtained, the front
and back of which contained enantio-excesses of the two
respective helical isomers. Changing to other chiral anions
(e.g. sodium d-antimonyltartrate, (S)-(+)-1,1A-binaphthyl-2,2A-
diyl hydrogenphosphate) or to the other enantiomer of the chiral
dibenzoyl tartrate anion did not seem to offer further improve-
ment. Frustrated with these conventional chromatographic
techniques, we considered whether DNA itself might be used to
separate the two enantiomers. To use DNA as a stationary
separation phase, we impregnated chromatographic paper with
DNA following a previously outlined procedure,8 and then
added a racemic mixture of the di-iron cylinders. Washing the
paper with ethanol afforded a solution containing an enantio-
excess of one of the isomers (as evidenced by a strong CD
spectrum). Solutions containing an excess of the other enantio-
mer could be obtained by extended washing of the residue with

ethanol. Alternatively the DNA-impregnated paper could be
used for chromatography using 0.16 M aqueous sodium acetate
solution (pH 6.90) as eluent. This led to a spot remaining fixed
to the baseline and a spot moving up the plate (associated with
some streaking). Washing these two spots off the paper with
ethanol gave solutions with opposite CD spectra. However, the
solutions obtained from the DNA-impregnated paper technique
showed an instability towards hydrolysis (as evidenced by the
loss of the MLCT absorption signal over a period of hours), not
observed with pure solutions of the compound, indicating that
the procedure had introduced some reactive impurities.

Since paper itself is chiral (being essentially a cellulose
derived product) we decided to examine whether the chiral
fibres in paper might themselves be capable of affording
separation. The compound was spotted onto Whatman 3MM
CHR chromatography paper, and paper chromatography con-
ducted with brine (aqueous 20 mM NaCl solution) as the eluent.
To our surprise and delight the purple product split beautifully
into two distinct spots as shown in Fig. 1. Washing the spots
from the paper (with saturated aqueous sodium chloride
followed by addition of ethanol) afforded solutions with
opposite CD spectra (Fig. 2). The UV-Vis absorption and mass
spectra of the solutions are identical, confirming that the
chromatography is affording two enantiomers and not two
otherwise alternate species. The solutions obtained by this
method show no evidence of hydrolytic instability. This
separation technique has been scaled up to allow preparative
separation simply by using commercially available cellulose
particles ( ~ 20 micron; Aldrich) as the stationary phase in a
column and this allows ready resolution of the di-iron and di-
nickel triple helical complexes.9

A survey of the chiral separation literature (Chirbase) seeking
examples of metal complexes being separated on paper or
cellulose, revealed that Dwyer and Sargeson10 had used a

Fig. 1 Photograph of a paper chromatograph of the di-iron triple helical
complex on Whatman 3MM CHR paper using 20 mM aqueous NaCl
solution as the eluent.
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similar technique in 1963 to separate diastereo-isomers of
cobalt(III) complexes with propane-1,2-diamine ligands but the
technique does not subsequently appear to have been widely
applied to the separation of enantiomeric metal complexes,
although resolution of ruthenium polypyridyls on HPLC
columns containing silica modified with cellulose derivatives
has recently been described.11

We have shown that simple paper chromatography is a
powerful method of separating the two enantiomers of our
metallo-supramolecular helical cylinders, and that this can be

extended to preparative scale resolution using cellulose col-
umns. We are currently investigating the application of this
technique to other metal complexes and other metallo-supramo-
lecular architectures, and also investigating the DNA-binding of
our resolved cylinders.

We thank the Leverhulme Trust (C.J.I.; F/125/BC), the
University of Warwick (I. M.) and the EPSRC lifesciences
initiative (GR/M91105) for support and acknowledge the
Socrates/Erasmus programme for the exchange visit of C. B.
from the University of Lille, France. We acknowledge use of the
UK Chemical Database Service at Daresbury.
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The intermetallic compound, TiPt3, showed much higher
catalytic activity than pure Pt catalyst for H2–D2 equilibra-
tion and ethylene hydrogenation, whereas Ti3Pt only cata-
lyzed the former reaction with a similar activity to TiPt3.

Intermetallic compounds (IMCs) have unique crystal structures
different from those of the component metals. However, the
catalytic properties of IMCs have been scarcely studied except
for those of so-called hydrogen storage alloys.1 We have
already reported unique catalytic selectivities of some IMCs,
such as Co–Ge,2 Pt–Ge3,4 and Ni–Sn5,6 compounds, in
hydrogenation and dehydrogenation reactions. For example,
Pt3Ge gives butenes with high selectivity in the hydrogenation
of buta-1,3-diene.3 However, the activity of the above IMCs is
always much lower than that of the pure metals, Co, Pt and Ni,
because of their very low activity for the dissociation of
hydrogen. For example, H2–D2 equilibration proceeds on Pt at
298 K, whereas a higher temperature of 523 K is necessary for
Pt3Ge to obtain a similar reaction rate.3 The low activity of IMC
catalysts probably results from their surface structure, that is,
the active transition metal atoms are separated by the other
element, e.g. Ge and Sn, which are almost inert towards the
hydrogen dissociation reaction. However, IMCs between two
transition metal elements might be expected to be active
catalysts for reactions with hydrogen. In this study, we
examined the catalytic activity of Ti–Pt IMCs for H2–D2
equilibration and the hydrogenation of ethylene and found that
they had much higher activity than pure Pt catalyst.

IMC catalysts were prepared by arc melting a mixture of
titanium (Soekawa Chemical, 99.9%) and platinum (Tanaka
Kikinzoku, 99.95%) under an argon atmosphere. The resultant
ingots were crushed in air and filtered into particles with
diameters below 25 mm. Powders of pure Ti (Nilaco, 99.98%)
and pure Pt (Nilaco, 99.98%) were also filtered into particles
with similar diameters. The crystal structure of the IMCs was
identified by powder X-ray diffraction (Rigaku, RINT 2400).
Single-phase crystals of TiPt3 and Ti3Pt IMCs were obtained
from mixtures with Ti/Pt atomic ratios of 1+3 and 3+1,
respectively. The crystallinity of the TiPt IMC obtained from
the mixture with Ti+Pt = 1 was not as good as those of TiPt3
and Ti3Pt. Therefore, we only examined the catalytic properties
of TiPt3 and Ti3Pt as IMC catalysts. H2–D2 equilibration was
carried out with a glass flow and circulation system connected
with a quadrupole mass spectrometer (Spectra International,
MICROVISION). Before each reaction, the catalyst was
pretreated ‘reduced’ with flowing hydrogen at a specific
temperature for 1 h and evacuated at 298 K for 10 min. A
mixture of H2 (6.6 kPa) and D2 (6.6 kPa) was then circulated
through the catalyst at the reaction temperature of 195 K and the
formation of HD was monitored by mass spectrometry.
Hydrogenation of ethylene was carried out with the same
reaction apparatus. After the same pretreatment of the catalysts,
a mixture of ethylene (2.7 kPa) and H2 (13 kPa) was circulated
through the catalyst at the reaction temperature of 251 K. The
total pressure was monitored to measure the extent of
reaction.

To measure the catalytic activity for the dissociation of
hydrogen, the H2–D2 equilibration was carried out on TiPt3,
Ti3Pt, Pt and Ti. Fig. 1 shows the fraction of HD in hydrogen as
a function of reaction time. On Pt powder catalyst reduced at
573 K, the fraction of HD gradually increased with reaction
time. When Pt was reduced at 873 K, the rate of HD formation
drastically decreased owing to the agglomeration of the fine
powder. It is clear that the surface of the Pt powder is reduced
at 573 K and that metallic Pt catalyzed the dissociation of
hydrogen at 195 K. On the other hand, Ti powder reduced at
573–1173 K did not catalyze hydrogen dissociation, probably
because Ti is not reduced even at 1173 K.

For TiPt3 reduced at 873 K, the rate of HD formation was
much higher than that on Pt. SEM images showed that the Pt
powder reduced at 573 K consisted of particles with diameters
of ca. 3–5 mm partially agglomerating to form lumps of
10–25 mm diameter. On the other hand, the reduced TiPt3
consisted of particles with diameters of 10–25 mm. From these
observations, the specific surface area of TiPt3 must be lower
than that of Pt. Therefore, it is concluded that TiPt3 has higher
activity towards hydrogen dissociation than pure Pt. The higher
activity of IMC catalysts than their component metals has not
previously been reported in the H2–D2 equilibration.2,3,5 The
reduction temperature affected the activity of TiPt3 i.e. a lower
reaction rate was observed when TiPt3 was reduced at 573 or
1173 K. At 573 K, Ti atoms on the surface of TiPt3 would not
be reduced completely. XPS measurements would clarify the
oxidation state of surface Ti atoms. At 1173 K, TiPt3 particles
agglomerated to form large lumps, resulting in lower activity.

The other IMC, Ti3Pt, reduced at 873 K, also exhibited a
higher rate of HD formation than Pt. Its activity was similar to
that of TiPt3 reduced at 873 K. It is clear that Ti3Pt also has a
higher activity than Pt towards the dissociation of hydrogen. For
Pt–Ge3 and Ni–Sn5 IMCs, the activity for the H2–D2 equilibra-
tion decreases with a decrease in content of Pt and Ni i.e. PtGe

Fig. 1 H2–D2 equilibration at 195 K on Pt (a), Ti (b), TiPt3 (c) and Ti3Pt (d)
reduced at 573 K (Pt), 873 K (TiPt3 and Ti3Pt) and 1173 K (Ti).
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and Ni3Sn4 have much lower activity than Pt3Ge and Ni3Sn,
respectively. Ge and Sn would retard the activity by reducing
the number of adjacent Pt or Ni atoms. The comparable activity
of Ti3Pt to that of TiPt3, which has a nine times larger Pt+Ti
atomic ratio, suggests that a pair of Ti and Pt atoms constitutes
an active site for the hydrogen dissociation. Reduction of Ti3Pt
at 573 and 1173 K resulted in low activity probably because of
the same reasons as for TiPt3.

On the basis of the above it is expected that TiPt3 and Ti3Pt
would have higher activity than Pt for the hydrogenation of
ethylene. Fig. 2 shows the change in total pressure with reaction
time during the hydrogenation of ethylene at 251 K. On Pt
reduced at 573 K, the pressure decreased with reaction time,

indicating the consumption of hydrogen to form ethane and
reached a steady state after 40 min of reaction. The decrease in
pressure (ca. 2.5 kPa) suggests the complete conversion of
ethylene into ethane. This was confirmed by gas-phase analysis
with a gas chromatograph. On TiPt3 reduced at 873 K, the
pressure decreased more rapidly than that on Pt and gas-phase
analysis revealed that the hydrogenation was complete in
10 min. This indicates that TiPt3 has higher activity than Pt also
for the hydrogenation of ethylene, as expected from its higher
activity for the dissociation of hydrogen. On the other hand,
Ti3Pt reduced at 873 K did not catalyze the hydrogenation of
ethylene at all, though it showed similar activity to TiPt3 for the
dissociation of hydrogen. In this case, Ti–Pt pair sites are not
able to activate both ethylene and hydrogen.

The higher activity of Ti–Pt IMC catalysts than Pt suggests
the possibility of other IMCs consisting of two transition metal
elements of being highly active catalysts for hydrogenation and
dehydrogenation reactions.

We gratefully thank Professor Takeyama for helping us to
prepare the intermetallic compounds.
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Fig. 2 Hydrogenation of ethylene at 251 K on Pt (a), TiPt3 (b) and Ti3Pt (c)
reduced at 573 K (Pt) and 873 K (TiPt3 and Ti3Pt).
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The title compound was synthesized by hydrothermal
methods and characterized by single-crystal X-ray diffrac-
tion, which reveals an open-framework structure containing
dumbbell-shaped windows with hydrophilic and hydro-
phobic characteristics.

Crystalline porous materials such as aluminosilicates (zeolites),
aluminophsphates, pillared clays, and other layers are widely
used in catalyst and separation applications.1,2 Recently,
coordination polymers and organic networks sustained by
coordinated covalent bonds and directional noncovalent inter-
actions have become a rapidly expanding field. However, a
major challenge in the highly porous coordination materials is
their fragility. Unlike zeolites, which are held together with
rugged covalent bonds, their solid molecules are glued with
relatively weak intermolecular forces. To date the number of
coordination networks with new structural aspects is increas-
ing,3–16 but to our knowledge thermally stable network
structures sustained by p–p interactions are still rare or
lacking.

Using polyfunctional squarates as molecular building blocks,
we and other groups have prepared compounds that exist as
supramolecular networks in the solid state.13–15 We have
recently focused our attention on introducing noncovalent
interactions for constructing new classes of zeolite analogues
possessing hydrophilic and hydrophobic void characteristics. In
this present work, we report a supramolecular complex,

[{Co2(C12H8N2)4(m-C4O4)(OH2)2}C4O4]·8H2O 1, that adopts a
neutral open-framework structure with one-dimensional chan-
nels containing disordered water molecules.

Hydrothermal reaction of Co3O4, squaric acid, and
1,10-phenanthroline (phen) in molar ratios at 1+3+2 at 200 °C
for 96 h in water produced crystals of 1.‡ The X-ray structure
analysis of 1 reveals an extended structure composed of the
building-block units (Fig. 1).§ The discrete dinuclear cations,
two octahedrally coordinated cobalt(II) centers bridged by a
squarate ligand, are alternately connected squarate anions via
hydrogen bonds to form infinite chains, […C4O4…{Co(OH2)–
C4O4–Co(OH2)}…]n, incorporating phen ligands (Fig. 2 ar-
rows). The interatomic O…O distances between the ligated
waters and the oxygen atoms of squarates are in the range
2.63–2.65 Å indicative of strong hydrogen bonds. The strength
of the interionic hydrogen bonds of ca. 40–190 kJ mol21 makes
for the construction of more robust framework structures.17 The
infinite chains are further held together by the natural tendency
of p overlap in phen molecules yielding a planar sheet [Fig.
2(a)]. A significant feature is that the planar sheets are stacked
in three dimensions to give ‘sinuous’ channels with a dimension
(phen to phen distances) of nearly 12 3 7 Å, in which free water
molecules fill the dumbbell-shaped voids [Fig. 2(b)]. Thermo-
gravimetric analysis (TGA) reveals that the guest water
molecules are liberated below 100 °C, a weight loss of 8.73%
consistent with the loss of eight water molecules in the

† Electronic supplementary information (ESI) available: TGA curve for 1
and X-ray powder diffraction patterns. See http://www.rsc.org/suppdata/cc/
b1/b100921o/

Fig. 1 ORTEP drawing of the building block units relating to the discrete m-
squarate-bridged cobalt(II) cations and squarate anions in 1 with thermal
ellipsoids at 50% probability. A and B phen molecules induce the pair of in-
planar-sheet p–p interactions while C and D induce the pair of out-of-
planar-sheet p–p interactions. Selected bond distances (Å): Co(1)–O(5)
2.076(3), Co(1)–O(1) 2.118(2), C(1)–O(1) 1.256(4), C(2)–O(2) 1.252(4),
C(3)–O(3) 1.261(4), C(4)–O(4) 1.257(4), O(5)–O(2) 2.649(3), O(5)–O(3)
2.634(3). Fig. 2 (a) Ball-and-stick representation of the sheetlike network in 1,

showing the dumbbell-shaped windows (12 3 7 Å) with hydrophilic and
hydrophobic characteristics; (b) perspective view of the open-framework
structure containing one-dimensional channels along the crystallographic c
axis. The arrows show the infinite hydrogen-bonding chains. Lattice water
molecules are omitted for clarity.
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channels. No weight loss was observed the temperature range
100–200 °C. The powder X-ray diffraction pattern of a sample
heated to 200 °C for 2 h shows that the positions of the most
intense lines remain unchanged relative to the simulated pattern
based upon the single-crystal data. In order to examine the
porous functionality of 1, an N2 adsorption–desorption study
was conducted. Fig. 3 reveals a reversible N2 adsorption–
desorption cycle, which was confirmed by TGA with purified
N2 as the purging gas (2 atm). Besides demonstrating that the
channel structure is retained throughout this process, this study
also indicates that the cooperative p–p interactions are robust
enough to sustain such an open space in crystals. Moreover, the
most intriguing feature of the dumbbell-shaped windows is the
presence of hydrophilic (the pendant CNO groups of squarates
protrude into windows) and hydrophobic (phen groups) void
characteristics that have a natural affinity for organic molecules.
Further experiments to explore whether this nanoporous
material can be filled by organic guests are in progress.18

This work was supported by the National Science Council of
the Republic of China (NSC 89-2113-M-005-021) and the
Chinese Petroleum Corporation (NSC 89-CPC-7-005-002).

Notes and references
‡ Synthesis of 1: a mixture of Co3O4 (0.1204 g, 0.51 mmol), squaric acid
(0.1743 g, 1.53 mmol), phen (0.2018 g, 1.02 mmol), CsOH (0.3 mL, w/w

50%) and H2O was sealed in a Teflon-lined stainless autoclave (23 mL),
heated at 200 °C for four days, and cooled to 80 °C at 6 °C h21. Needle-
shaped orange–yellow crystals of 1 and unidentified black materials were
filtered off. Additionally, allowing the deep-orange filtrate to stand at room
temperature for one week also gave crystals of 1 (yield: 10%). Elemental
analysis (%): calc. C 54.13, N 9.01, H 4.18, O 23.17; found: C 53.20, N 8.52,
H 4.17, O 22.72.
§ Crystal data for C56H52Co2N8O18, 1: M = 1242.92, triclinic, space group
P1̄, a = 9.918(3), b = 11.292, c = 13.276(4) Å, a = 93.33(2), b =
101.21(3), g = 110.44(2)°, V = 1353.8(7) Å3, Z = 1, Dc = 1.525 g cm23,
m(Mo-Ka, l = 0.71069 Å) = 6.97 cm21, 2qmax = 50°. Of the 4982
reflections collected 4757 unique reflections (Rint = 0.028) were used in all
calculations after Lorentz polarization and empirical absorption corrections;
R1 = 0.041 for 2802 reflections with I > 2.0s(I); wR2(F2) 0.121 (all data),
GOF = 0.925, residual electron density between 20.32 and 0.35 e Å23.

CCDC 144421. See http://www.rsc.org/suppdata/cc/b1/b100921o/ for
crystallographic data in .cif or other electronic format.
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Fig. 3 TGA profile of a reversible N2 adsorption–desorption cycle on 1. The
sample was initially heated at 120 °C for 0.5 h, cooled to 40 °C, maintained
at 40 °C for 0.5 h, and then heated again to 120 °C.
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The reaction of Pr(NO3)3·6H2O with 4,4A-bipyridine N,NA-
dioxide (L) and K3[M(CN)6] [M = FeIII, CoIII] gives
isomorphous heteropolynuclear complexes with formula
[{(H2O)5LPr–NC–M(CN)5}(m-L)]·0.5L·4H2O, which exhibit
a novel supramolecular architecture created by the interplay
of coordinative, hydrogen bonding and p–p stacking inter-
actions.

The design of supramolecular polymetallic architectures with
novel topologies of the spin carriers is of current interest in the
field of molecular magnetism. A successful strategy leading to
heteropolymetallic systems with extended structures consists in
self-assembly processes involving anionic building-blocks
(templates), which contain a paramagnetic ion, and assembling
complex cations with potentially free coordination sites.
Terminal cyano groups act as efficient bridging ligands,
promoting strong ferro- or antiferro-magnetic interactions
between adjacent metal ions.1 The homoleptic cyanometalates,
[M(CN)6]32 (M = CrIII, FeIII),2 and, recently, [MoIII(CN)7]42

and [W(CN)8]32,3,4 are among the most employed building-
blocks and generate an extremely rich coordination chemistry.

In the past decade, a plethora of cyano-bridged bimetallic
systems with interesting architectures and spectacular magnetic
and photomagnetic properties have been characterized.1–4 Most
of these systems contain either two different 3d metal ions, or a
3d and a 4d/5d transition metal ion. In contrast, the lanthanide
cations have been rarely used as nodes for the construction of
cyano-bridged heteropolymetallic coordination networks. The
following families of cyano-bridged lanthanide–transition
metal complexes, exhibiting extended structures, have been
obtained by using homoleptic cyanometalates as templates: (a)
LnMIII(CN)6·nH2O (MIII = CrIII, FeIII, CoIII, RuIII, IrIII);5 (b)
KLnMII(CN)6·nH2O (MII = FeII, RuII);6 (c) Ln2[MII(CN)4]3·
nH2O·mDMF (MII = NiII, PdII, PtII);7 (d) one-dimensional
chain complexes with the general formula [LnL2(H2O)m-
FeIII(CN)6]·nH2O (Ln = Gd, L = betaine, m = 3, n = 0;8 Ln
= Sm, L = dimethylacetamide, m = 4, n = 59).

Very recently, Champness and coworkers have characterized
interesting 2- and 3-D coordination framework polymers of ErIII

and SmIII, which have been obtained by using 4,4A-bipyridine
N,NA-dioxide as a bridging ligand.10 Surprisingly, in compar-
ison with other divergent ligands (e.g. 4,4A-bipyridine), the
potentialities of 4,4A-bipyridine N,NA-dioxide in the construction
of coordination networks and crystal engineering have been
little exploited.11,12

Aiming to combine the bridging ability of the cyano groups
with that of 4,4A-bipyridine  N,NA-dioxide (L), we have obtained
two isomorphous heterometallic compounds, [{(H2O)5Pr–NC–
M(CN)5}(m-L)L]·0.5L·4H2O (M = FeIII, 1; CoIII, 2), with a
novel supramolecular architecture.

The two complexes were obtained by mixing aqueous
solutions of Pr(NO3)3 and K3[M(CN)6] (M = Fe, Co) with an
ethanolic solution of 4,4A-bipyridine N,NA-dioxide.† FTIR
spectra show characteristic bands of bridging and terminal
cyano groups: 2144, 2065 cm21 (1); 2142, 2076 cm21 (2).

The crystal structures of 1 and 2 have been solved.‡ Since the
cobalt derivative 2§ is isomorphous with 1, only the structure of
the iron derivative 1 is described here. The supramolecular
order at the nanometric scale of [{(H2O)5LPr–NC–Fe(CN)5}(m-
L)]·0.5L·4H2O is created by an interesting interplay of coor-
dinative, hydrogen bonding and p–p stacking interactions. The
structure can be described as being formed by {(H2O)5LPr–
NC–Fe(CN)5} neutral binuclear entities, which are bridged by
4,4A-bipyridine N,NA-dioxide, resulting in infinite zigzag chains
(Fig. 1). Within the binuclear moieties, the [Fe(CN)6]32 anion
acts as a monodentate ligand, that is, with one CN2 group
coordinated to the praseodymium atom [Pr–N 2.636(2) Å]. The
Fe–CN–Pr linkage is slightly angular [C–N–Pr 162.87(16)°],
with a Fe…Pr distance of 5.664 Å. Three 4,4A-bipyridine N,NA-
dioxide molecules are directly bonded to one PrIII atom. Two
form bridges between the praseodymium atoms, while the third
acts as a terminal ligand. The PrIII ion exhibits a coordination
number of nine: eight oxygen atoms, arising from five aqua and
three L ligands, and one nitrogen atom from the cyano bridge.
The Pr–O distances vary between 2.406(1) and 2.518(1) Å. The
praseodymium atoms are alternately ‘bridged’ through intra-
chain hydrogen bonds involving uncoordinated 4,4A-bipyridine
N,NA-dioxide molecules and the aqua ligands (Fig. 1). The
distance between the triply ‘bridged’ praseodymium atoms
(13.439 Å) is slightly shorter than that between the simply
bridged atoms (13.937 Å).

The terminal organic ligands further extend the structure via
p–p stacking interactions with identical terminal L ligands from
adjacent zigzag chains, resulting in brick wall-like sheets
(Fig. 2). The distances associated with the ligand-to-ligand p–p
interactions are in the range 3.47–3.51 Å. The perfect face-to-
face p-stacked alignment of the peripheral pyridyl N-oxide
moieties of the terminal ligands is clearly favored by dipole–
dipole interactions.13 The uncoordinated 4,4A-bipyridine N,NA-
dioxide molecules play a special role in increasing the
dimensionality of the supramolecular architecture. Each unco-
ordinated molecule is simultaneously hydrogen bonded to four
aqua ligands, two of these being coordinated to two adjacent
praseodymium atoms in a chain, while the other two aqua
ligands arise from another chain belonging to a neighboring
brick wall sheet (Fig. 3).

The cryomagnetic properties of 1 have been investigated
between 2 and 300 K. The value of cMT at room temperature
(2.15 cm3 mol21 K) roughly corresponds to the expected value
for an uncoupled low-spin FeIII(S = 1⁄2)–PrIII(J = 4) system.

This journal is © The Royal Society of Chemistry 2001

1084 Chem. Commun., 2001, 1084–1085 DOI: 10.1039/b101070k



The high temperature limit of cMT is calculated using the
equation (cMT)HT = (NgFe

2b2/3k)[SFe(SFe + 1)] + (NgPr
2b2/

3k)[JPr(JPr + 1)], which gives (cMT)HT = 1.98 cm3 mol21 K.
The difference between the experimental and calculated values
is due to the intervention of the first-order orbital momentum
associated with low-spin FeIII. Upon lowering the temperature,
cMT decreases continuously reaching 0.40 cm3 mol21 K at
2 K.

Since both PrIII and low-spin FeIII ions show a temperature
dependence for cMT,14 this system is not appropriate for the
accurate investigation of the 3d–4f magnetic interaction.
However, these complexes open new perspectives to the

magnetochemistry of 3d–4f cyano-bridged systems. Further
work on similar compounds, especially on those containing CrIII

and GdIII ions, both without orbital contributions to the
magnetic susceptibility, is in progress and will be presented in
subsequent papers.

This work was supported by the Romanian Council of
Scientific Research, CNCSIS, Grants no. 1-D and 30-C.

Notes and references
† Synthesis: compounds 1 and 2 were obtained following the same general
procedure: to an aqueous solution (20 mL) containing 0.4 mmol
K3[M(CN)6] and 0.4 mmol Pr(NO3)3·6H2O was added an ethanolic solution
(10 mL) of 4,4A-bipyridine N,NA-dioxide (1.4 mmol). Slow evaporation of
the resulting mixtures led to orange crystals of 1 and yellowish–green
crystals of 2. Correct elemental chemical analysis.
‡ X-Ray structure determination: crystal data for 1: C31H38FeN11O14Pr, M
= 985.48, triclinic, space group P1̄, a = 8.3607(2), b = 15.4388(4), c =
15.4924(4) Å, a = 84.780(1), b = 80.671(1), g = 85.655(1)°; V = 1961.32
Å3, Z = 2, Dc = 1.669 g cm23, m = 1.677 mm21, F(000) = 996. Crystals
of 1 were measured at 183(2) K on a Bruker AXS SMART diffractometer
(Mo-Ka radiation monochromator). A total of 28265 of reflections (1.33 <
q < 30.01°) were collected of which 11383 unique reflections (Rint =
0.0182) were used. The structure was solved using the program SHELXS-
97 and refined using the program SHELXL-93 to R1 = 0.0236, wR2 =
0.0637 for 10330 reflections with I > 2s(I) and R1 = 0.0282, wR2 =
0.0727 (all data). CCDC 158134. See http://www.rsc.org/suppdata/cc/b1/
b101070k/ for crystallographic data in CIF or other electronic format.
§ Crystal data for 2: a = 8.375, b = 15.410, c = 15.420 Å, a = 84.88, b =
80.66, g = 85.63°.
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Fig. 1 Perspective view of a zigzag chain, also showing the uncoordinated
4,4A-bipyridine N,NA-dioxide molecules, which are hydrogen bonded to the
aqua ligands coordinated to two praseodymium atoms. Along a chain, the
praseodymium atoms are alternately simply and triply bridged (one genuine
bridge and two OH2…4,4A-bipyridine N,NA-dioxide…H2O ‘bridges’).

Fig. 2 Packing diagram of compound 1 showing the brick wall-like
backbone resulting from p–p stacking interactions between the terminal
ligands belonging to different chains. The uncoordinated 4,4A-bipyridine
N,NA-dioxide molecules, as well as the crystallization water molecules, have
been omitted.

Fig. 3 Hydrogen bond interaction between the uncoordinated 4,4A-
bipyridine N,NA-dioxide molecule and four aqua ligands arising from two
different chains: O(10a)…O(1a) 2.832 Å, O(10a)…O(2b) 2.739 Å.
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Aldol-type carbon bond formation of ethereal oxonium ylide†
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The Rh(2)-catalyzed reaction of 2-(3-diazo-1,1-dimethyl-
2-oxopropyl)-2-methyldioxolane (1b) with arylaldehyde in
the presence of (Me)3SiCl and Ti(i-PrO)4 gave 2-aryl-
(hydroxy)methyl-8,8-dimethyl-7-methylene-3,6-dioxocane-
1-one (6) and 2-aryl(hydroxy)methyl-4-(2-chloroethoxy)-
4,5,5-trimethyl-3-oxacyclopentanone (7); these are the first
examples of C–C bond formation of ethereal oxonium ylide
via enol silyl ether intermediates.

In general, when the ambiphilic character of onium ylides is
properly controlled by imparting a relatively long lifetime,
consecutive C–C bond formation on the carbanion can be
realized as already exemplified widely by phosphonium and
sulfonium ylides.1,2

However, similar bond formations have not been reported for
ethereal oxonium ylides. This is probably because their
extremely short lifetime3 kinetically retards electrophilic attack
by ordinary carbon electrophiles. Despite this defect, the [1,n]-
ambiphilicity of intramolecularly formed bicyclic O-ylide, e.g.
8, will enable the ylide to react with carbon electrophiles under
appropriate conditions such as, for example, transforming the
ylide to a more stable intermediate which retains the nucleo-
philic character of the ylide and also the use of a Lewis acid.

As the study model of this reaction, we chose the transition
metal-catalyzed reaction of diazo ketones bearing a cyclic acetal
ring to be carried out in the presence of a silyl reagent.4 This is
because we recently found evidence that bicyclic oxonium
ylide, generated from a diazoketone-substituted cyclic acetal,
was transiently transformed by the action of chlorotrimethylsi-
lane (Me3SiCl) to the corresponding enol silyl ether as
evidenced by the chlorosilane-catalyzed ring-expansion reac-
tion (Scheme 1, route 1).5 On this basis, we expected that the
intermediate enol ether would react with a carbon electrophile,
particularly in the presence of an appropriate acid catalyst, to
give a C–C bonded adduct (route 2). Considering chlorosilane
as the acid-catalyst,6 we designed a one-pot reaction of

diazocarbonyl-substituted cyclic acetals with aldehydes in hope
of realizing the aldol-type C–C bond formation in conjunction
with a ring-enlargement reaction. In this paper we would like to
report the first example of the C–C bond formation of ethereal
oxonium ylide.

As the model compounds to be studied, dioxolane-substituted
diazoketones 1a and 1b were prepared.4b First of all, as a
standard reaction, Rh(2)-catalyzed reaction of 1a was per-
formed in the presence of benzaldehyde (3 eq.) but in the
absence of chlorosilane reagents. Products obtained were the
[1,2]-rearrangement product 2a and ring-expansion product 3
(Table 1, entry 1), but none of the expected aldol-type products,
e.g. 6 and 7. Introducing an electron-withdrawing group to the
para-position of arylaldehyde was also unsuccessful (entry 2).
Thus, the direct reaction of oxonium ylide with aldehyde is
much slower than the [1,2]-rearrangement giving 2a and b-
elimination giving 3. To suppress the rearrangement, Me3SiCl7
was added to trap the ylide intermediate and, in fact, remarkably
promoted the ring-expansion to give 3 (entry 3).8 This indicates
that Me3SiCl promotes the b-elimination (ring-expansion) of
ylide 8a whereas it suppresses the [1,2]-rearrangement,9 when
the ylide has enolizable hydrogens at the 4-position of
1-oxonium-6-oxabicylo[3.3.0]octan-3-one (8a).

Based on this finding a similar reaction with 1b, which bears
two methyl substituents on the side chain, was examined in
expectation of suppressing the enone formation. When benzal-
dehyde or anisaldehyde was used as the electrophile, the
expected C–C bond formation between the ylide and aldehyde
did not take place but, instead, ring-expansion product 4 and
ring-switching product 5 were obtained (entries 4 and 5).
However, with p-nitrobenzaldehyde, the expected C–C-bonded
products 6d and 7d were obtained (entry 6) (Scheme 2). Both
were unequivocally formed by the aldol-type reaction between
the aldehyde and oxonium ylide 8b or its enol silyl ethers 10b
and 11b (Scheme 3). The reaction was highly stereoselective
because 6d and 7d were formed as a single diastereoisomer.10

At low temperature (entry 7), although product yields were not
improved, ring-expansion product 6d was suppressed to some

† Electronic supplementary information (ESI) available: experimental
details, 1H NMR spectra and 13C NMR spectral data of compounds 1b, 2b,
4–7. See http://www.rsc.org/suppdata/cc/b1/b102248m/

Scheme 1

Table 1 Rh(2)-catalyzed reaction of 1 with aldehyde and Me3SiCl

Entry
Sub-
strate ArCHO

Lewis
acid (mol%) Products (%)

1a 1a C6H5 — 2a(15) 3(7)
2a 1a p-NO2C6H4 — 2a(49) 3(35)
3 1a p-NO2C6H4 — 3(91)
4 1b C6H5 — 4(18) 5(14)
5 1b p-MeOC6H4 — 4(20) 5(14)
6 1b p-NO2C6H4 — 6(54) 7(7)
7b 1b p-NO2C6H4 — 4(4)

6(27)
5(6)
7(8)

8 1b p-CNC6H4 — 4(4)
6(38)

5(6)
7(3)

9 1b p-MeOC6H4 Ti(iPrO)4(5) 6(25) 7(56)
10 1b p-MeOC6H4 Al(t-BuO)3(5) 4(—)

6(11)
5(4)
7(17)

11 1b C6H5 Ti(iPrO)4(5) 6(27) 7(32)
a Me3SiCl was not used. In other runs, amount of Me3SiCl used was
3 mol eq. vs. 1. b At 240 °C.
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extent, indicating that the ring-expansion from the bicy-
clo[3.3.0] system to an eight-membered ring requires a higher
activation energy than the SN2 attack by Cl2 ion (Scheme 3).
Similarly, with p-cyanobenzaldehyde C–C-bonded products 6e
and 7e were again obtained (entry 8).

Not only benzaldehydes bearing withdrawing groups but also
unsubstituted benzaldehyde and even anisaldehyde afforded
similar C–C bonded products provided that an appropriate
Lewis acid was used in addition to Rh2(OAc)4 and Me3SiCl
(entries 9–11). Among several Lewis acids examined, Ti(i-
OPr)4 was the most appropriate for this reaction. Stereo-
selectivity of the C–C bond formation in the presence of Lewis
acid, however, was not so high as was observed with electron-
deficient aldehydes without Lewis acid (vide supra). Thus, two
isomers were formed for 6f in which the isomer ratio was anti/
syn = 2.5, whereas for 7f it was 2.0.

Kanemasa and coworkers recently reported that, in the
presence of trimethylsilyl triflate or ZnCl2–Me3SiCl, ethyl
diazoacetate reacts with aldehyde to give a b-keto ester.11 In the
Rh-catalyzed reaction of 1b, however, a similar diketone was
not obtained indicating that 1b cannot react directly with
aldehyde but only via oxonium ylide 8b (Scheme 3).

In Scheme 3, route a shows direct nucleophilic attack of ylide
8b on aldehyde, but that this did not occur is evidenced by the

negative results obtained in the absence of Me3SiCl (Table 1,
entries 1 and 2). Route b shows an indirect route to the C–C
bond formation from 8b via enol silyl ethers 10b and 11b. First,
oxonium ion intermediate 9b may be formed from 8b.
Subsequently, conjugate base Cl2 attacks 9b on either the
bridgehead methyl group for abstracting proton (route c) or the
methylene group of the acetal ring in an SN2 manner (route d),
cleaving C–O bonds, to give 10b or 11b, respectively.
Hydrogen chloride, generated from the proton abstraction
process, acts as an acid-catalyst to activate aldehydes and enol
silyl ethers as well to undergo the aldol-type C–C bond-forming
reaction.12 This was verified by the finding that addition of Et3N
to the reaction with nitrobenzaldehyde suppressed the formation
of 6d and 7d. Another possible route to 6 or 7 by the reaction of
4 or 5 with aldehyde was ruled out by the negative result of
independent treatment of 4 or 5 with nitrobenzaldehyde in the
presence of Me3SiCl.

In conclusion, the formation of 6 and 7 can be attributed to the
aldol-type reaction between aldehyde and enol silyl ethers 10b
and 11b, both derived from ylide 8b, in that not only Lewis
acids but also Me3SiCl act as the catalyst. To expand the scope
of C–C-bond formation of ethereal oxonium ylides, further
study will be needed.

This study was supported by a Grant-in-Aid for Scientific
Research on Priority Areas (B) ‘Dynamic Control of Ster-
eochemistry’, No. 10208203.
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D. C. Forbes, Chem. Rev., 1998, 98, 911.

2 A. Padwa and S. F. Hornbuckle, Chem. Rev., 1991, 91, 263; T. Ye and
M. A. Mckervey, Chem. Rev., 1994, 94, 1091; A. Padwa and M. D.
Weingarten, Chem. Rev., 1996, 96, 223.

3 I. Naito, A. Oku, N. Ohtani, Y. Fujiwara and Y. Tanimoto, J. Chem.
Soc., Perkin Trans. 2, 1996, 725; H. Tomioka, N. Kobayashi, S. Murata
and T. Ohtawa, J. Am. Chem. Soc., 1991, 113, 8771.

4 For the ring-expansion of bicyclic oxonium ylides, see: (a) A. Oku, S.
Ohki, T. Yoshida and K. Kimura, Chem. Commun., 1996, 1077; (b) A.
Oku, N. Murai and J. Baird, J. Org. Chem., 1997, 62, 2123; (c) T. Mori,
M. Taniguchi, F. Suzuki, H. Doi and A. Oku, J. Chem. Soc., Perkin
Trans. 1, 1998, 3623.
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moiety are J = 8.8 and 7.0 Hz for 6d and 7d, and also 8.5 and 7.0 Hz
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The synthesis of the optically active C3-symmetric cage-like
trisamide 2 was easily accomplished by the reaction of 1b
with Kemp’s triacid; structure elucidation revealed the
presence of an array of H-bonds closing the structure as a
capsule.

We have for some time been interested in constructing new C3-
symmetric molecules based on amino acid 1.1 The tripodal
structure of this compound in combination with Kemp’s triacid2

with its unusual triaxial alignment of the carboxylic acid
groups,3 would make possible the synthesis of the cage-like
structure 2. A similar compound 3 was indeed suggested by
Kemp and Petrakis in their paper from 1981,2 but to the best of
our knowledge, it has never been synthesised. In this commu-
nication, we describe the synthesis of 2, as shown in
Scheme 1.

The protected trisphenylalanine derivative 1a was syn-
thesised in three steps from commercially available trimesic
acid as described previously.4 Removal of the benzyloxy-
carbonyl protecting groups by hydrogenation over Pd/C, gave a
quantitative yield of 1b. Slow addition, via syringe pump, of a
mixture of Kemp’s triacid, PyAOP‡ and Hünig’s base to 1b
provided 2 in 8–11% yield§ (Scheme 1). This rather low yield
was to be expected, as judged from other similar reactions.5

Several attempts to improve the yield of the reaction were
made by employing different coupling reagents. Replacing
PyAOP with the combination EDC–HOBt had no positive
effect on the yield and remaining HOBt was difficult to remove

from the product during purification. EDC alone failed to
provide any product, while HATU gave essentially the same
yield as PyAOP. Further, using the PyAOP-procedure as above
but increasing the rate of the addition of the coupling reagent or
using smaller amounts of the solvent resulted in the formation of
more polymeric material, which made purification difficult. Nor
did slow addition of the coupling reagent and extending the
reaction time (48–72 h), with or without heat, improve the
situation; only polymeric material and decomposition of the
coupling reagent was indicated by NMR-analysis.

The free trisamine 1b could possibly also combine with its
corresponding trisacid under amide bond formation. As one of
several combinations, one would expect a C3-symmetric cage-
like compound 4 to be formed in which the general structure of
1 served both as the ‘top’ and the ‘bottom’ of the cage.
Unfortunately, 4 could not be identified in such experiments.
Mass spectroscopy revealed only the formation of material with
higher molecular weights in the range of oligomers. This
outcome was not totally unexpected since the formation of 4
would require a considerable entropy drop of the system. On the
other hand, we believe that in the reaction employing Kemp’s
acid, the preorganisation of its triaxial carboxylic acid groups3

in the acidic state and also as triester,2,3c,6 facilitated the
formation of the cage.

Since all attempts to grow crystals of 2 useful for X-ray
structure determination have hitherto failed, its structure was
studied by molecular mechanics computation, NMR- and mass
spectroscopy. According to molecular mechanics calculations
(MM3),7 starting from a large number of input structures based
on molecular models, the structure of 2 having the cyclohexane
ring in the chair conformation had the lowest energy found
(Fig. 1). H-bonds between the amide protons of one arm and the
carbonyl oxygens of the adjacent arms were clearly seen and the
C3-symmetric character of 2 was indeed reproduced.

It was also evident from the 1H NMR spectrum that 2 was C3-
symmetric, since only one set of signals appeared. As expected,
the shift of the various protons had changed as compared to
those of 1b. Thus, the a-proton signal was shifted down-field,
from 3.97 ppm in 1b to 5.25 ppm in 2, and the multiplicity
changed from a double doublet in 1b to a triple doublet in 2.
This was attributed to the coupling to both the amide protons
and the b-protons. In 1b, no coupling between the a-proton and
NH was observed and the signal of the a-proton was a double
doublet as a result of its coupling only to the b-protons. For 2,
the NH–Ha coupling was clearly seen in the COSY spectrum.†
Also the b-proton resonances showed changes in shift and
appearance. From being a double doublet at 2.87 ppm, with a
coupling constant of 7.2 Hz in 1b, the corresponding signal in 2
was split into a double doublet at 3.48 ppm and a double doublet

† Electronic supplementary information (ESI) available: spectral data for
1b and 2. See http://www.rsc.org/suppdata/cc/b1/b101193f/

Scheme 1

Fig. 1 Stereoview of 2 after steric energy minimization (MM3).7
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at 2.62 ppm (Ja,b = 6.9 Hz). One of these protons (at 3.48 ppm)
presented a weak NOESY correlation to the a-proton, (Fig. 2).
This observation supported the H-bonding in the MM3-model.
As seen in Fig. 1, the a- and gauche b-protons are positioned
2.36 Å apart. These protons are located near the extension of the
aromatic plane, i.e. in the down-field shift region, as can be seen
in Fig. 1. The effect was confirmed by 1H NMR. The anti
relation between the two b-protons was expressed by the large
geminal coupling constant (Jb–b1 = 15.7 Hz). The signal
originating from the methylene protons in Kemp’s acid itself
appeared at 2.54 ppm, while the corresponding proton reso-
nance in 2 appeared as two different doublets, one at 2.83 ppm
and the other at 0.89 ppm, with a large geminal coupling
constant of 15.7 Hz. NOESY experiments revealed that the
equatorially positioned protons (the signal at 2.83 ppm)
presented a NOE enhancement effect to NHCO (Fig. 2). No
such effect was observed for the axial protons (0.89 ppm). This
observation also supports the H-bonding shown in the MM3-
model. As seen in Fig. 1, the NH–Ha distance is only 2.0 Å. The
array of NH…ONC hydrogen bonds closes the cage, thus
hindering guest molecules to enter. Moreover, the space
available inside the cage is probably too small to accommodate
a guest particle. This was estimated by MM37 energy
minimization of an imaginary inclusion complexes between a
hydrogen or helium atom and the cage, which resulted in ca.
8 kcal mol21 higher energy of both complexes as compared to
the empty cage.

The protruding carboxylate groups of 2 may be used as
attachment points for various structures via ester- or amide
bonds. Compound 2 would then serve as a core of dendritic
structures. Synthetic work in this direction as well as molecular
recognition studies are in progress.

We thank the Swedish Natural Research Council, the
Crafoord Foundation and the Royal Physiographic Society in
Lund for financial support.

Notes and references
‡ Abbreviations: PyAOP = [7-azabenzotriazol-1-yloxytris(pyrrolidino)-
phosphonium hexafluorophosphate]; Hünig’s base = N,N-diisopropyethyl-
amine (DIEA), EDC = 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride, HOBt = 1-hydroxybenzotriazole hydrate, HATU = O-
(7-azabenzotriazol-1-yl)-N,N,NA,NA-tetramethyluronium hexafluorophos-
phate.
§ Compounds 1b and 2 were characterised by 1H and 13C NMR
spectroscopy (400 MHz, 298 K) and by mass spectroscopy (FAB). NOESY
experiment was used to make individual 1H NMR assignment. Polarimetric
measurements were performed at 20 °C.

Preparation of 1b. Compound 1a4 (1.0 g, 1.27 mmol) was dissolved in
MeOH (50 mL), Pd/C (50 mg) was added and the mixture was hydrogenated
at 1 atm overnight. After removal of the catalyst by filtration through Celite,
1b was obtained as an amorphous white powder (0.48 g, 99%). mp
207.0–208.8 °C. nmax(KBr)/cm21 3409.9(NH), 2962.5, 1743.5(CO),
1674.1. 1H NMR (300 MHz, CD3OD) d 6.81 (s, 3H), 3.97 (dd, J = 8.5 Hz,
3H), 3.51 (s, 9H), 2.87 (dd, J = 7.2 Hz, 6H). 13C NMR (75 MHz, CD3OD)
d 171.5, 137.9, 131.9, 55.9, 54.3, 37.8. [a]D +16.3° (c 0.55, MeOH). HRMS
(FAB + H+) calculated for C18H27N3O6 381.1900. Found 382.1967 [M+ +
H].

Preparation of 2. A solution of Kemp’s triacid (0.033 g, 0.13 mmol),
PyAOP (0.20 g, 0.38 mmol) and DIEA (65 mL, 0.38 mmol) in DMF (10 mL)
was added, via a syringe pump, to a solution of 1b (0.050 g, 0.13 mmol) and
DIEA (65 mL, 0.38 mmol) in DMF (90 mL), over 10 h. The reaction mixture
was stirred for an additional 12 h at rt. The solvent was then removed under
reduced pressure and the residue was dissolved in diethyl ether (20 mL).
The organic phase was washed with 1 M HCl (10 3 10 mL) in order to
remove remaining PyAOP. The volume of the organic phase was reduced
and the crude product was chromatographed (CH2Cl2–MeOH 30:1, Rf =
0.5) to give 2 as a semi-solid (7 mg, 8%). nmax(KBr)/cm21 3379.1(NHCO),
2954.7, 1895.2, 1743.5(CO), 1643.2, 1535.2. 1H NMR (400 MHz, CDCl3)
d 6.91 (s, 3H), 6.73 (d, J = 10.2 Hz, 3H), 5.27 (ddd, JHa–Hb = 6.9 Hz,
JHa–NH = 10.2 Hz, 3H), 3.78 (s, 9H), 3.48 (dd, J = 6.9 Hz, 3H), 2.83 (d,
J = 15.8 Hz, 3H), 2.62 (dd, J = 7.3 Hz, 3H), 1.15 (s, 9H), 0.89 (d, J = 15.6
Hz, 3H). 13C NMR (100 MHz, CDCl3) d 176.0, 172.2, 135.3, 129.6, 52.4,
52.2, 43.6, 40.9, 37.2, 35.9. [a]D 23.4° (c 0.35, MeOH). HRMS (FAB +
Na+) calculated for C30H39N3O9Na 608.2584. Found 608.2588 [M+ +
Na].

1 A. Ritzén and T. Frejd, Chem. Commun., 1999, 2, 207; A. Ritzén and T.
Frejd, Eur. J. Org. Chem., 2000, 22, 3771.

2 D. S. Kemp and K. S. Petrakis, J. Org. Chem., 1981, 46, 5140.
3 (a) J. Rebek Jr., L. Marshall, R. Wolak, K. Parris, M. Killoran, B. Askew,

D. Nemeth and N. Islam, J. Am. Chem. Soc., 1985, 107, 7476; (b) F. M.
Menger, P. A. Chicklo and M. J. Sherrod, Tetrahedron Lett., 1989,
30(50), 6943; (c) P. Thuéry, M. Neirlich, B. W. Baldwin, Y. Aoki and T.
Hirose, J. Chem. Soc., Perkin Trans. 2, 1999, 2077.

4 A. Ritzén, B. Basu, A. Wållberg and T. Frejd, Tetrahedron: Asymmetry,
1998, 9, 3491.

5 R. A. Pascal Jr., J. Spergel and D. van Engen, Tetrahedron Lett., 1986,
27(35), 4099.

6 T. L. Chan, Y. X. Cui, T. C. W. Mak, R. J. Wang and H. N. C. Wong,
J. Crystallogr. Spectrosc. Res., 1991, 21, 297.

7 MacMimic3, InStar Software AB, Ideon Research Park, SE-223 70 Lund,
Sweden.

Fig. 2 NOESY spectrum of 2 in CDCl3.
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Reactions of a-phenethyl-b-borylallylsilane with aldehydes
afforded tricyclic trans-1,2-benzooxadecaline frameworks
stereoselectively in the presence of Lewis acids via sequential
incorporation of two different aldehydes followed by cati-
onic cascade cyclization, ending up with intramolecular
Friedel–Crafts reaction.

Synthetic reactions in which multiple chemical bonds are
created sequentially in a single reaction vessel are highly
attractive in terms of efficiency in organic synthesis.1 In
particular, such reactions involving sequential coupling of
multiple components have gained increasing attention to
achieve high structural diversity which is one of the most
important issues in recent synthetic organic chemistry. In our
recent report that focused on the alkenylborane synthesis via b-
borylallylsilanes, we briefly mentioned that reaction of a-
phenethyl-b-borylallylsilane 1 with aldehyde afforded tricyclic
2aa as a sole diastereomer in the presence of TMSOTf [eqn.

(1)].2,3 The reaction may proceed sequentially through allyla-
tion of the aldehyde with 1 and acetal formation with the second
equiv. of the aldehyde, followed by Prins-type oxonium ion–
alkene cyclization, ending up with intramolecular Friedel–
Crafts reaction.4 The remarkable increase in molecular com-
plexity with the high stereoselection prompted us into further
investigation. Herein, we report that selective formation of the
trans-1,2-benzooxadecalines with a wide range of substituents
was realized by a sequential reaction of two different aldehydes
with 1. Moreover, formation of related tricyclic frameworks on
the basis of the same reaction protocol is also described.

Aiming at the selective, sequential reaction of 1 with
aldehydes, we initially tried a stepwise addition of two
aldehydes into a solution of 1 in the presence of TMSOTf. Thus,
after propionaldehyde (3a, 1 equiv.) was completely consumed
in the reaction mixture, acetaldehyde (3b, 2 equiv.) was
subsequently added. Work-up of the reaction mixture, however,
gave tricyclic benzooxadecaline derivative 2aa as a major
product, in which two molar equiv. of 3a were incorporated.
Selective synthesis of tricyclic benzooxadecalines, in which two
different aldehydes were incorporated in a stepwise manner,
was achieved by means of TiCl4 instead of TMSOTf (Scheme
1).2 In the presence of TiCl4 (1.2 equiv.), aldehyde 3a (1.0
equiv.) was reacted at 278 °C, to the consumption. Subsequent
addition of 3b (2.0 equiv.) to the reaction mixture at 278 °C,
followed by warming the mixture to 0 °C, resulted in the

exclusive formation of 2ab in good yield, which had ethyl and
methyl groups selectively at the right positions (Table 1; entry
1). With the optimized reaction conditions, some aliphatic and
aromatic aldehydes and acetals as the second electrophile were
employed in combination with the first aliphatic aldehydes for
the present three component cascade cyclization. When propio-
naldehyde diethylacetal (4a) and isobutyraldehyde (3c) were
employed as the second electrophiles, the corresponding
products were obtained in good yields (entries 2 and 3).
However, reaction of pivalaldehyde (3d) under the same
reaction conditions gave 2ad only in moderate yield, although
the selectivity for the formation of 2ad was perfect (entry 4). It
was found that the yield was much improved by the additional
use of TMSOTf in the second step with 3d (entry 5).‡ A similar
but more pronounced effect of the additional use of TMSOTf
was found in the reaction of benzaldehyde (3e), which hardly

† Electronic supplementary information (ESI) available: experimental
details and spectral data. See http://www.rsc.org/suppdata/cc/b1/b102613p/

Scheme 1 Three-component cascade reaction of 1 with electrophiles.

Table 1 Stereoselective synthesis of trans-1,2-benzooxadecalines 2 via
sequential reaction of aldehydes (3) and diethylacetals (4) with 1

Entry
Aldehyde
(R1)

Aldehyde or acetal
(R2)a Conditionsb

Product
(% yield)c

1 3a (Et) 3b (Me) A 2ab (81)
2 3a 4a (Et)d A 2aa (75)
3 3a 3c (i-Pr) A 2ac (80)
4 3a 3d (t-Bu) A 2ad (47)
5 3a 3d B 2ad (75)
6 3a 3e (Ph) A 2ae (trace)
7 3a 3e B 2ae (85)
8 3a 4f ((E)-PrCHNCH)d B 2af (58)
9 3b (Me) 3a A 2ba (82)

10 3c (i-Pr) 3a A 2ca (33)
a Aldehydes were used as the second electrophiles unless otherwise noted.
b Condition A: (1) R1CHO (1 equiv.), TiCl4 (1.2 equiv.), 278 °C, (2)
R2CHO or R2CH(OEt)2 (2 equiv.), 278–0 °C. For condition B, TMSOTf (2
equiv.) was added with the second electrophiles. c Isolated yield. d The
corresponding diethyl acetals were used as the second electrophiles.

This journal is © The Royal Society of Chemistry 2001
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gave the desired product in the absence of TMSOTf (entries 6
and 7). Although use of (E)-2-hexenal as the second electrophile
resulted in the formation of a complex mixture of undesired
products, the corresponding acetal (4f) afforded the tricyclic
product 2af having alkenyl group as R2 (entry 8). We also
examined the variation of the first electrophile. Reaction using
3b in combination with 3a gave 2ba with high selectivity (entry
9). Although we found that use of more sterically demanding 3c
as the first electrophile resulted in much lower yields, only 2ca
without any other tricyclic products were found in the reaction
mixture (entry 10). Presumably, 3c as well as 1 may be
consumed completely in the first step by any side reaction,
resulting in the highly selective formation of 2ca.

To evaluate the role of the boryl group in the cyclization, we
examined the reactions of the related allylsilanes bearing silyl
(5) and methyl (6) groups at the b-positions.§ Under the same
reaction conditions as for the preparation of 2aa from the b-

boryl counterpart 1, 3 molar equiv. of 3a were reacted with 5
and 6 in the presence of TMSOTf [eqn. (2)]. While the former
(5) gave only a complex mixture of products, the methyl
derivative afforded tricyclic product 8 along with its diaster-
eomer in a ratio of 3+1 in a total yield of 42%. This result
suggests that the sequential reaction with aldehydes giving the
tricyclic skeleton is efficiently controlled by the boryl group
with respect to yield and stereoselectivity. Presumably, the
electronic nature of the b-substituent has the predominant effect
on the formation and cyclization of the cationic intermediates,
e.g., A in Scheme 1.

A related cascade cyclization using 1,1,3,3-tetramethoxy-
propane with 1 in the presence of TiCl4 afforded boryl-
substituted trans-1,2-benzodecaline derivative 9 in good yield

[eqn. (3)]. Interestingly, the relative stereochemistry of the two
methoxy groups was trans, indicating the second carbon–
oxygen bond activation leading to cyclization may involve
chelation of the two methoxy groups onto the titanium metal.

The tricyclic organoboron compounds served as useful
synthetic precursors for the corresponding tertiary alcohols
bearing the hydroxy groups at the bridgehead carbon atoms
(Scheme 2). Thus, treatment of 2aa with trimethylamine oxide
at 160 °C gave the bridgehead alcohol 10 in 85% yield. Further
synthetic elaboration was demonstrated by sequential treatment
of 2aa with Li–NH3 and H2O2, which gave the dienyl alcohol 12
via isolation of 11. An attempt at an alternative pathway to 12
via Birch reduction of 10 resulted in the reduction of the tertiary,
benzylic hydroxy group to give 13 in high yield as a 1+1 mixture
of diastereomers, indicating that the boryl group served as a
masked hydroxy group in the transformation into 11.

In summary, we report a cascade cyclization giving trans-
1,2-benzodecaline skeletons via sequential reaction of a-
phenethyl-b-borylallylsilane 1 with aldehydes. The stereo-
chemical aspects and high structural diversity may deserve
further investigation of the present stereoselective cyclization.
Furthermore, the boryl group incorporation at the bridgehead
tertiary carbon atom as a hydroxy equivalent may open up new
possibilities for the synthesis of polycyclic bridgehead alcohols
via cationic cyclization.

Notes and references
‡ A general procedure (A) for the three component cascade reaction of 1
with electrophiles. To a mixture of 1 (50 mg, 0.12 mmol) and 3 (0.12 mmol)
in CH2Cl2 (0.12 mL) was added a CH2Cl2 solution of TiCl4 (2.0 M, 74 3
1023 mL, 0.15 mmol) at 278 °C, and the mixture was stirred at 278 °C for
2 h. To this was added 3 or 4 (0.25 mmol) at 278 °C, and the mixture was
stirred at 0 °C for 3 h. Aqueous NaHCO3 (sat.) was added to the mixture.
Extraction with AcOEt followed by silica gel column chromatography
afforded 2. For procedure B, the addition of the second electrophile (3 or 4)
was followed by the addition of TMSOTf (45 3 1023 mL, 0.25 mmol) at
278 °C.
§ The requisite b-silylallylsilane 5 and b-methylallylsilane 6 were prepared
by palladium-catalyzed bis-silylation of 5-phenylpenta-1,2-diene5 and
Suzuki-Miyaura cross-coupling of 1 with iodomethane,6 respectively.

1 For reviews on domino, cascade, and tandem reactions, see: L. F. Tietze,
Chem. Rev., 1996, 96, 115; S. E. Denmark and A. Thorarensen, Chem.
Rev., 1996, 96, 137; J. D. Winker, Chem. Rev., 1996, 96, 167; I. Ryu, N.
Sonoda and D. P. Curran, Chem. Rev., 1996, 96, 177; P. J. Parsons, C. S.
Penkett and A. J. Shell, Chem. Rev., 1996, 96, 195; K. K. Wang, Chem.
Rev., 1996, 96, 207; A. Padwa and M. D. Weingarten, Chem. Rev., 1996,
96, 271.

2 M. Suginome, Y. Ohmori and Y. Ito, J. Am. Chem. Soc., 2001, 123,
4601.

3 For the synthesis of b-borylallylsilanes by palladium-catalyzed silabora-
tion of allenes, see: M. Suginome, Y. Ohmori and Y. Ito, Synlett, 1999,
1567; S.-y. Onozawa, Y. Hatanaka and M. Tanaka, Chem. Commun.,
1999, 1863; M. Suginome, Y. Ohmori and Y. Ito, J. Organomet. Chem.,
2000, 611, 403.

4 For the related cyclizations of allylsilanes with aldehydes giving
4-halotertahydropyrans, see: L. Coppi, A. Ricci and M. Taddei, J. Org.
Chem., 1988, 53, 913; Z. Y. Wei, D. Wang, J. S. Li and T. H. Chan, J.
Org. Chem., 1989, 54, 5768.

5 H. Watanabe, M. Saito, N. Sutou, K. Kishimoto, J. Inose and Y. Nagai,
J. Organomet. Chem., 1982, 225, 343. 

6 N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457.

Scheme 2 Reagents and conditions: a) Li, liq. NH3, t-BuOH, 233 °C; b)
Me3NO•2H2O, diglyme, 160 °C; c) H2O2, NaOH aq., THF, 50 °C.
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Increasing the time allowed for hydrothermal crystallisation
during high temperature (150 °C) synthesis of MCM-41
appears to result in some ordering (nanocrystallites) within
the pore walls which is accompanied by increase in pore wall
thickness, pore size, silica condensation and the formation of
elongated or rod-like particles.

The synthesis of organised inorganic materials is currently the
subject of a great deal of research effort in materials science.
Since the discovery of the M41S family of mesoporous silicas,
prepared via a mechanism in which supramolecular assemblies
of surfactant micelles act as templates for the organisation of
inorganic silicate precursors,1,2 the use of surfactant species to
direct the organisation of mesoporous silica has been achieved
over a wide range of synthesis conditions.3 Recent advances
indicate that mesoporous silica materials with a wide range of
properties may be prepared by careful control of the synthesis
conditions.4–7 However, despite their excellent structural order-
ing and well defined pore size distribution, mesoporous silicas
possess a largely amorphous inorganic framework; their pore
walls are amorphous and in many ways exhibit properties
similar to those of amorphous silica. The preparation of
mesoporous silicas with semi-crystalline or crystalline walls,
similar to those of zeolites, is desirable with respect to their
stability and use as heterogeneous catalysts or ion exchangers.8
Although the preparation of surfactant-templated mesoporous
oxides (e.g. titania, zirconia) with semi-crystalline walls has
been recently achieved,9,10 there are no reports on mesoporous
silica with any degree of pore wall ordering. This report
describes some pore wall ordering observed in mesoporous
silica materials which suggests the presence of nanocrystallites
within the pore walls. The pore wall ordering, observed during
the course of our work on high temperature ( > 150 °C)
synthesis of MCM-41, may provide some insights into the
preparation of MCM-41 materials with crystallographically
ordered pore walls. Materials with pore wall ordering (nano-
crystallites) were obtained by extending the crystallisation time
in an otherwise normal MCM-41 synthesis procedure under
basic conditions. The emergence of pore wall order (i.e.
nanocrystallites within the pore walls) was accompanied by an
increase in the unit cell parameter and the formation of thick and
highly condensed silica pore walls along with morphological
transformation from the usual spherical shaped particles to
elongated or rod-like particles. The apparent pore wall ordering
was observed using transmission electron microscopy (TEM)
and selected area electron diffraction (SAED).

The nanocrystallite containing MCM-41 materials were
prepared using a normal procedure which was modified by
increasing the time allowed for hydrothermal crystallisation
from 48 to 96 h as follows; tetramethylammonium hydroxide
(TMAOH) and cetyltrimethyammonium bromide (CTAB) were
dissolved in distilled water by stirring at 35 °C to give a clear
solution. The silica source, fumed silica (Sigma), was then
added to the template solution under stirring for 1 h. After
further stirring for 1 h to allow the silica to be fully dispersed,
the resulting synthesis gel of molar composition SiO2 : 0.25
CTAB+0.2 TMAOH+40 H2O was left to age for 20 h at room
temperature following which the gel was transferred to a
Teflon-lined autoclave and heated at 150 °C for 96 h. The solid

product was obtained by filtration, washed with distilled water,
dried in air at room temperature and calcined in air at 550 °C for
8 h to obtain the final material designated as MCM-41(96).11,12

We note that careful control of the crystallisation temperature
was essential for obtaining nanocrystallite-containing MCM-
41. In particular temperatures significantly lower than 150 °C
resulted in materials with lower unit cell parameters, thinner
pore walls and no evidence of pore ordering or nano-
crystallites.

Fig. 1 shows typical TEM micrographs obtained for MCM-
41(96). The particle morphology is consistent with the elon-
gated or rod-like particles previously observed for this type of
material.12 We have previously reported that the morphology of
materials (such as MCM-41(96)), which are prepared for
extended crystallisation periods, differs from the normal
spherical shaped particle morphology observed for MCM-41,
and that they are mainly made up of elongated rod-like
spheres.12 Similar rod-like MCM-41 particles have also been
previously obtained via a two-step synthesis procedure involv-
ing post-synthesis restructuring.13 Fig. 2 shows representative
TEMs with the corresponding SAED patterns. First we note that
from the TEMs in Fig. 2, it is possible to observe the pore
channels which run along the particle axis. Secondly, the
SAEDs are unusual for MCM-41 in that they show several
diffuse diffraction rings which is an indication that the MCM-
41(96) particles exhibit some local ordering. A likely explana-

Fig. 1 Representative TEM micrographs of MCM-41(96).

Fig. 2 Representative TEM micrographs and corresponding SAED patterns
for MCM-41(96).
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tion for the diffraction rings is that the pore walls of MCM-
41(96) possess some crystalline character, perhaps in the form
of nanocrystallites which occur within the pore walls.9 We have
previously shown that the pore wall thickness of materials
similar to the MCM-41(96) sample reported here is much higher
than that of conventional MCM-41.11 The pore walls of such
materials are up to twice as thick as those of conventional
MCM-41 (crystallised at 150 °C for 48 rather than 96 h).11

Indeed the pore walls of MCM-41(96) type materials are
amongst the thickest we have encountered for any MCM-41
material. It is therefore possible that nanocrystallites can
nucleate within the thick pore walls of MCM-41(96) thus
resulting in semi-crystalline pore walls and the pore ordering
observed in Fig. 2. Mesoporous metal oxides possessing thick
pore walls and semi-crystalline frameworks have previously
been reported.9 The presence of thick pore walls was considered
as being important in the nucleation and growth of nano-
crystallites within the mesoporous metal oxide frameworks.9

The typical surface area and pore volume of MCM-41(96)
materials was in the range 650–700 m2 g21 and 0.70–0.8 cm3

g21, respectively. These values are rather lower than those of
conventional MCM-41 presumably due to the thicker pore
walls. The thick pore walls also, in part, account for the large
unit cell size observed (typically 70 Å). The pore size is
however not compromised by the thick pore walls and is indeed
much larger than that in conventional MCM-41.11,12 The
powder X-ray diffraction (XRD) pattern for a typical MCM-
41(96) sample is shown in Fig. 3. The XRD pattern is typical of
a relatively well ordered material and shows an intense basal
(100) diffraction peak and some higher order peaks. The 100
peak is shifted to lower 2q values (compared to conventional
MCM-41) indicating an expansion in the lattice parameter. We
note that although we did not observe any clearly defined high
angle peaks in the powder XRD patterns of MCM-41(96), the
amorphous silica ‘halo’ peak usually present in MCM-41
materials was virtually absent. Typical N2 sorption isotherms
(not shown) for MCM-41(96) materials exhibit a well devel-
oped step in the relative pressure (P/Po) range 0.45–0.6
characteristic of capillary condensation (filling) into uniform
mesopores.11,12,14 The isotherms also exhibit some (triangle
shaped) hysteresis which is characteristic of MCM-41 materials

with pores larger than 40 Å.14 It is worth noting that the thick
walls of MCM-41(96) are accompanied by greater silica
condensation. 29Si MAS NMR spectra of as-synthesised
(surfactant containing) MCM-41(96) indicated that the pore
walls are primarily made up of fully condensed Q4 silica units
with a small contribution from incompletely cross-linked Q3

units.11,12 Q4/Q3 ratios in the range 4.0 to 5.0 and typically ca.
4.5 were obtained for MCM-41(96) materials compared to a
ratio of 1.4 for conventional MCM-41. As expected the Q4/Q3

ratio was even higher for the calcined MCM-41(96) samples
that were used for TEM analysis. It is worth noting that the
thick, highly condensed pore walls and the implied presence of
nanocrystallites is consistent with the improved thermal and
hydrothermal stability previously observed for MCM-41(96)
materials.11

We have considered other possible explanations for the origin
of the diffraction rings observed in Fig. 2. A possible
explanation is that the diffraction rings arise from multi-
particles or particle aggregates. Although we do not rule out this
possibility, we were however unable to obtain diffuse diffrac-
tion rings from multi-particles of several other MCM-41
materials that were prepared under different conditions; the
diffraction rings were a feature of MCM-41(96) materials. It
appears therefore, that mesoporous MCM-41 silica with semi-
crystalline pore walls may be prepared by increasing the time
allowed for hydrothermal crystallisation, in an otherwise
normal MCM-41 synthesis procedure under basic conditions. In
the present case it is likely that extending the crystallisation time
allows for more extensive diffusion of additional silicate units
and surfactant species into the growing surfactant/silica meso-
phase. Additional silicate units increase the wall thickness and
extent of silica condensation while additional surfactant species
increase the volume and density of the surfactant (micellar)
phase thus increasing the pore size. The increased silicate
accretion may favour the nucleation and growth of nano-
crystallites. The findings reported here suggest that crystallisa-
tion temperature and time are likely to be important factors in
attempts to prepare mesoporous silicas with semi-crystalline or
crystalline pore walls.

The author is grateful to the EPSRC for an Advanced
Fellowship and the Royal Society for an equipment grant.
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A concise enantio- and diastereocontrolled route to (2)-mor-
phine has been developed starting from a bicyclo[3.2.1]octe-
none chiral building block through an acid-catalyzed
tandem retro-aldol-oxonium ion-mediated hydrophenan-
threne formation reaction as the key step. 

The total synthesis of (2)-morphine 1, the main alkaloid of the
opium poppy, has been a challenging target for organic chemists
for many decades.1,2 Although a number of successful synthe-
ses have been developed to date since the first accomplishment
by Gates3 in 1952, only a few could produce the alkaloid in an
enantio- and diastereocontrolled manner. We report here a
concise diastereocontrolled synthesis of the key intermediate4

dihydrocodeinone ethylene ketal (2)-2 of (2)-morphine 1 and
the related opium alkaloids starting from the bicyclo[3.2.1]octe-
none chiral building block5 (2)-3 by employing a tandem retro-
aldol cleavage and oxonium ion-mediated cyclization6 as the
key step (Scheme 1).

Enantiopure enone 3, [a]D
26 2438.6 (c 1.6, CHCl3)], was

reacted with 3-lithioveratrole generated in situ by reaction of
veratrole with butyllithium,7 to give diastereoselectively terti-
ary alcohol† 4, mp 82–84 °C, [a]D

26 2151.6 (c 1.5, CHCl3)],
which on oxidation with pyridinium chlorochromate (PCC)
afforded b-aryl-enone 5, [a]D

26 +173.5 (c 3.0, CHCl3)], in 81%
yield. Construction of the dihydrobenzofuran moiety of the
target molecule was carried out at this point by employing the
procedure developed by Mulzer and coworkers4 in their
synthesis of 1. Thus, reaction of 5 with vinylmagnesium
chloride in THF containing HMPA in the presence of copper(I)
bromide and trimethylsilyl chloride furnished silyl enol ether 6
in 75% yield by concurrent diastereoselective 1,4-addition and
O-silylation. Exposure of 6 to N-bromosuccinimide (NBS) gave
a-bromoketone 7 in excellent yield as an inseparable mixture of
two epimers (5:1). When the mixture was refluxed in DMF,4e

intramolecular etherification took place to give rise to dihy-
drobenzofuran 8, mp 80–82 °C, [a]D

232109.7 (c 0.5, CHCl3)],
in 81% yield as a single diastereomer. Since terminal hydrox-
ylation of the vinyl functionality of 8 under hydroboration–
oxidation conditions8 brought about formation of a mixture by
concomitant reduction of the carbonyl functionality in the
molecule, the ketone was first protected under mild conditions9

using 1,2-bis(trimethylsiloxy)ethane in the presence of trime-
thylsilyl triflate. Under these conditions, 8 furnished hydroxy-
ketal 9 in 71% yield with concurrent removal of the MOM-
protecting group. Primary hydroxylation carried out at this stage
under standard hydroboration–oxidation conditions8 afforded
diol 10 whose primary hydroxy functionality was selectively
acylated with pivaloyl chloride to give hydroxypivalate 11, the
substrate of the key acid-catalyzed hydrophenanthrene forma-
tion reaction, in 72% yield. Overall yield of 11 from (2)-3 was
22% in eight steps (Scheme 2).

Conversion of 11 into the key hydrophenanthrene inter-
mediate 16 could be accomplished in one step just by refluxing
with ethylene glycol in benzene with removal of generating
water. Thus, 11, on reflux with ethylene glycol in benzene using
a Dean–Stark apparatus in the presence of a catalytic amount of
toluene-p-sulfonic acid,2c furnished the hydrophenanthrene 16,

Scheme 1

Scheme 2 Reagents and conditions: i) 3-Li-veratrole, THF, 278 °C. ii)
PCC, CH2Cl2 (81% in 2 steps). iii) vinyl-MgCl, CuBr-Me2S, TMS-Cl,
HMPA, THF (75%). iv) NBS, CH2Cl2, rt (99%). v) DMF, reflux, 30 min
(82%). vi) (CH2OTMS)2, TfOTMS(cat.), CH2Cl2 (71%). vii) BH3-Me2S
then 30% H2O2, NaOH (72%). viii) Piv-Cl, pyridine (87%).
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[a]D
25 +20.6 (c 0.7, CHCl3), in 50% yield as a single product

after 15 h. The reaction may be explained by initial formation of
oxonium ion 12 which underwent retro-aldol cleavage leading
to another oxonium ion 14 via protonated aldehyde 13 after
reaction with an ethylene glycol in the reaction medium.2c The
reaction proceeded further under the conditions to bring about
cyclization to give hydrophenanthrene 16 through a transient
15. Although we did not examine this point extensively, the
addition of ethylene glycol seemed to be essential to accelerate
this cyclization reaction2c (Scheme 3).

Transformation of 16 into the penultimate intermediate 18 of
the target molecule (2)-2 could be carried out in a straightfor-
ward manner. The pivaloyl group from 16 was first removed by
reduction and the resulting primary alcohol 17, mp 92–94 °C,
[a]D

28 +31.4 (c 0.7, CHCl3), was then transformed into the
tertiary sulfonamide 18 by employing the modified Mitsunobu
reaction.4,10 Thus, the reaction of 17 with N-methylbenzene-
sulfonamide in the presence of 1,1A-(azodicarbonyl)-
dipiperidine10 and tributylphosphine gave 18, mp 113–115 °C,
[a]D

26 228.5 (c 0.1, CHCl3)]{ref. 4d: mp 115–117 °C, [a]D
20

224.1 (c 1.0, CHCl3)}, in 78% yield, whose spectroscopic data
were identical with those reported.4d Since this compound has
been transformed into (2)-morphine 1 and the related opium
alkaloids via the key intermediate (2)-2,4 the present synthesis
constitutes a formal synthesis at this point. Actually, our
product (2)-18 furnished the key morphinan (2)-2, mp
170–172 °C, [a]D

272167.1 (c 0.1, CHCl3)]{ref.4d: mp 173–175
°C, [a]D

20 2173.3 (c 1.0, CHCl3)}, in 70% yield on treatment
with lithium in liquid ammonia containing tert-butanol.4d,11

Overall yield of (2)-2 from 11 was 27% in four steps, thus, 6%
in twelve steps from the chiral building block (2)-3 (Scheme
4).

The present methodology for the synthesis of the key
intermediate of (2)-morphine may be utilized widely not only
for the construction of the alkaloids having a cis-fused
tetrahydrophenanthrene framework but also for the synthesis of
the trans-fused congeners as the bicyclo[3.2.1]octenone chiral
building block allows diastereocontrolled construction of the
pivotal stereogenic center owing to its inherent convex-face
selectivity.
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Scheme 4 Reagents and conditions: i) LiAlH4, THF, rt (100%). ii)
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A rapid, inexpensive method for producing water-soluble
enzyme-coated micro-crystals which exhibit dramatically
enhanced catalytic activity and stability in non-aqueous
media and can be re-dissolved easily in aqueous solution is
described.

Enzymes can frequently show poor activity in organic media
when compared to their respective activities in aqueous
solution.1 It has been well documented that lyophilisation (a
frequent choice of enzyme preparation for storage and use in
organic media) causes pronounced structural perturbation for
most proteins, including one of the enzymes in this study,
subtilisin Carlsberg (SC).2,3 To overcome these problems, many
strategies aimed at optimising enzyme activity, such as a range
of immobilisation methods and manipulation of the micro-
environment have been studied. Amongst others, the mode of
enzyme preparation,4–6 co-lyophilisation with lyoprotectants7

and salts,8,9 imprinting with substrates and substrate ana-
logues,10 additives11 and cross-linked protein crystals12 have
been explored. Here we demonstrate how enzyme preparations
of high activity can be rapidly and economically produced using
a novel process13 resulting in the formation of protein-coated
micro-crystals (PCMCs).

The procedure for the preparation of PCMCs is summarised
in Fig. 1. An aqueous protein solution is mixed with a
concentrated solution of an excipient, such as a salt (e.g.
K2SO4), a sugar or an amino acid. A primary requirement is that
the excipient (the crystal-forming component) should show
high solubility in water and negligible solubility in the
precipitating water-miscible organic solvent. This combined
aqueous mixture is then added dropwise with rapid mixing to a
water miscible solvent (e.g. 1-PrOH), whereupon the protein
and excipient instantly co-precipitate. The structure of the co-
precipitate (SC loading in SC–K2SO4 = 8 wt%) typically
consists of micron-sized crystals with protein molecules located
at their surface. A major advantage is that during the process the
organic solvent dehydrates the enzymes by a mechanism that
minimises denaturation and appears to leave the majority of
enzyme molecules in an active conformation. In addition a fine-

particle (0.1–5 mm) suspension is formed so that the protein-
coated crystals are homogeneously dispersed in the organic
solvent. We have found that routine transferral of this
suspension either by pipette or an automated liquid-handling
system is very straightforward. This therefore means that
enzyme-coated micro-crystals are ideally suited for use in
biocatalyst screening programmes. For use in organic solvents,
the enzyme-coated micro-crystals can be dried in situ to form a
fine powder, or the precipitating solvent can be decanted off and
replaced by a different solvent. Alternatively for aqueous
applications, the enzyme-coated micro-crystals can be rapidly
re-dissolved into aqueous solution.†

Table 1 shows a comparison of the catalytic activity of SC
either as a lyophilised powder or after formation of the SC-
coated K2SO4 micro-crystals (SC-K2SO4)‡ in different sol-
vents. The transesterification reaction of N-AcTyrOEt using
1-PrOH was monitored in acetonitrile (AcCN–1% H2O v/v).
Significantly, the catalytic rate for all PCMC preparations was
over three orders of magnitude higher than that typically found
using a lyophilised preparation.5 Among the solvents tested
(Table 1), propan-1-ol and ethanol were found to be the most
effective, whereas with SC polar aprotic solvents gave lower
activity, but nevertheless markedly increased the activity
compared to lyophilised preparations. We found that the water
content of the organic solvent used for precipitation is quite
flexible (0–20% H2O v/v). Only at water contents greater than
20% is the activity significantly reduced.

Transmission electron microscopy (TEM) showed that co-
precipitates formed in organic solvent were crystalline, result-
ing in rectangular crystals as shown in Fig. 2 for SC–K2SO4
produced in 1-PrOH. Tapping-mode atomic force microscopy
(TM-AFM) imaging (data not shown) shows that the protein
molecules are located in a fairly uniform layer on the surface of
the crystal, where they are easily accessible to the substrate.
Interestingly K2SO4 crystals formed in the absence of protein
are larger. This too indicates that enzyme molecules, located at

Fig. 1 Procedure for preparation of protein-coated micro-crystals.a At pH
optimum, both pure and impure preparations can be used. b At or near
saturation. c Component of crystal immobilisation matrix consists of either
a salt, an amino acid or a sugar.

Table 1 Effect of preparation method on the transesterification performance
in AcCN–1% H2O (v/v) of PCMC-SC

Enzyme form Precipitating solvent Relative ratea

Freeze-driedb — 0.1
PCMC 1-PrOH–1% H2O 97
PCMC 1-PrOH–7% H2O 90
PCMC 1-PrOH–25% H2O 79
PCMC EtOHc 100
PCMC AcCNc 45
PCMC Acetonec 52
PCMC THFc 76
PCMC, after storage
(14 months, RT)

1-PrOH c 86

a Relative rate (100 = 29% conversion measured after 3 h). Reaction
conditions: 10 mM N-acetyl-L-tyrosine ethyl ester, 1 M 1-PrOH, 0.47 mg
SC in 3 ml of AcCN–1% H2O (v/v), T = 25 °C and shaken at 200 rpm.
b Freeze-dried (10 mM Tris-buffer, pH = 7.8). c Containing 1% (v/v) water.
Samples were analysed by HPLC.¶
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the crystal surface, limit crystal growth by acting like a
‘poison’.

There are two ways the PCMCs can be stored, as a dry
powder or in situ as a suspension in 1-PrOH. Historically,
drying to a powder has been the preferred route for storage of
enzyme and protein powders, but we find a loss of (up to 40%)
catalytic activity as a result of air-drying, which can be regained
by coating in surfactant (PPG 2025 or Span 80). Alternatively,
when stored directly in the precipitating solvent, remarkably a
suspension of PCMC-subtilisin can be stored for 14 months at
RT with negligible loss in activity (see Table 1).

In order to assess the generality of this novel method we
extended our study to lipases employing the kinetic resolution
of (±)-1-phenylethanol as a model reaction. We chose as a
starting point a lipase screening kit consisting of a set of 10
lipases which are available in lyophilised form and are of
varying purity. Initially we screened the lipases in the set for
high enantioselectivity E14 (E > 200) in a model reaction: the
conversion of (R,S)-phenylethanol to (R)-phenyl ethyl acetate
using vinyl acetate as acyl donor. The activities of these lipases
either as received or after precipitation to form the enzyme-
coated micro-crystals are shown in Fig. 3. Remarkably, the
catalytic activity is enhanced significantly for most of the
enzyme-coated lipases§ when compared to the as received

preparations. For PCMC-Pseudomonas sp. lipase and PCMC-
using lipase B from Candida antarctica (CALB) the reaction is
complete in 0.5 and 2 h, respectively. PCMC-Pseudomonas sp.
lipase was found to be 200-fold more active than the as received
preparation. Coated micro-crystals of CALB and lipase from M.
miehei showed a 5 and 15-fold increase in catalytic activity,
respectively. No change in the enantiomeric ratio (E > 200 in
all cases) was observed. A 60-fold increase in the activity of
K2SO4–CALA (E = 1) was observed. However, one enzyme
system K2SO4–Alcaligenes sp. showed no improvement.

The preparation of enzyme-coated micro-crystals for routine
biocatalysis in organic media is fast, cheap, and requires only
standard laboratory equipment. Suspensions of highly active
PCMCs show significantly improved ease of handling/dispens-
ing and storage in liquids compared to their lyophilised
counterparts. This suggests that the methodology may find
widespread application as a generic method for the production
of biocatalysts with predictable morphology and handling
capacity in automated screening applications.

We would like to thank Dr David McComb and Mr Jim
Gallagher for the use of EM facilities at the University of
Glasgow. The work was supported by the BBSRC, a David
Phillips Research Fellowship (MCP) and funding for MK. We
would also like to thank Mr Andreas Elmecker for image
processing.

Notes and references
† Specific activity of subtilisin Carlsberg, Candida antarctica lipase B and
Mucor miehei lipase is fully retained upon re-dissolution into aqueous
solution. Other enzymes used were not investigated in this regard.
‡ Subtilisin Carlsberg, Type VIII (Sigma, UK) (4 mg) was dissolved in 100
ml of Tris buffer (10 mM, pH 7.8). To this, 300 ml of a saturated solution of
excipient was added. This combined solution was then added drop-wise to
a shaking vial (150 rpm) containing 6 ml of the organic solvent.
§ PCMC-lipases: Candida antarctica lipases L-2, and L-5, Pseudomonas
sp. lipase L-6, Mucor miehei lipase L-9, Alcaligenes sp. lipase L-10 (Roche
Diagnostics, Germany). Procedure as for SC except: 2.5 mg of L-2, L-6, L-
9, L-10; 5 mg of L-5 dissolved in 62 ml of phosphate buffer (50 mM, pH 7.0)
and 188 ml of a saturated solution of K2SO4 was then added. Addition to
3.75 ml of 1-PrOH–1% H2O as described above. The PCMCs were washed
with dry tert-butyl methyl ether to remove 1-PrOH.
¶ WATERS 2690 HPLC (Waters, UK) equipped with a Spherisorb S5
ODS2 column (4.6 3 250 mm) (Waters, UK). lmax = 280 nm.
∑ Air-dried PCMCs were examined using a Jeol JEM 1200 EX transmission
electron microscope (JEOL, Tokyo, Japan).
** Weight of as received powders is the same as weight of powder used for
formation of PCMCs. Protein loading not determined.
†† HPLC (as above) using a Chiracel OD column (250 3 4.6 mm) (Daicel,
Japan). lmax = 210 nm.
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Fig. 2 Transmission electron microscopy (TEM)∑ image of K2SO4 crystals
co-precipitated with SC using 1-PrOH–1% H2O as precipitating solvent.

Fig. 3 Comparison in catalytic activity of lipase-coated micro-crystals and
the as received preparations for the kinetic resolution of (±)-1-phenyl-
ethanol (1-PE). PCMCs were made using K2SO4 as support and 1-PrOH–
1% H2O as precipitating solvent. (») PCMC-Pseudomonas sp. lipase; (“)
lipase from Pseudomonas sp.; (5) PCMC-CALB; (2) CALB; (-) PCMC-
Mucor miehei lipase; (8) lipase from Mucor miehei lipase; (/) PCMC-
Alcaligenes sp. lipase; (.) Alcaligenes sp. lipase; (:) PCMC-CALA; («)
CALA. Reaction conditions: dry tert-butyl methyl ether (2.5 ml), lipase**
(2.5 mg, except for CALA: 5 mg), 1-PE (0.1 M), vinyl acetate (0.3 M), T =
30 °C and shaken at 200 rpm. Samples were analysed by HPLC.††
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Formation of a single-stranded silver(I) helical-coordination polymer
containing p-stacked planar chiral N4S2 ligands
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In-situ planar chirality was induced in an achiral ligand by
intramolecular p-stacking interactions upon complexation
with silver(I) and crystallisation, to give a single-stranded
helix with a nanoscale pitch which assembled into a three-
dimensional network.

The utilisation of chirality in coordination-polymer chemistry is
best exemplified by helicity. However, the factors controlling
the formation of coordination helices are still not well
understood despite the considerable attention this area has
received.1 When achiral ligands are employed to form helices
they usually give racemates2 although there are a few
exceptions where spontaneous resolution upon crystallisation
(conglomerate crystallisation) occurs.1b,3 When chiral ligands
are employed they can be used as either enantiopure ligands or
racemic mixtures. Enantiopure ligands often lead to the
stereoselective synthesis of helices4 whereas racemic mixtures
of ligands are less predictable.5 Typically, helical architectures
have been constructed using simple heterocycles1a,c,2b,6 or
flexible oligopyridines.2c,4a,7 The use of thioether-heterocyclic
ligands in this context has been less well studied.1b Recently we
observed8 that an acyclic thioether-oligopyridine ligand,
2,6-bis(2A-pyridylmethylsulfanylmethyl)pyridine, upon inter-
action with Ag(I) folded, through strong intraligand p-stacking
interactions, in such a way as to exhibit planar chirality. Our
strategy was to develop this flexible ligand for polymer
formation by retaining most of its features but replacing the
central pyridine ring with a 2,3-substituted pyrazine linker. In
terms of investigating helix self-assembly, this achiral ligand
system has properties in common with chiral ligands derived
from racemic mixtures for it may develop planar chirality in situ
through complexation and conformational folding upon crystal-
lisation. Recently, planar-chiral elements have been incorpo-
rated into cyclophanes and used to influence the self-assembly
of supramolecular arrays.9

The new ditopic ligand L (Fig. 1) was prepared in moderate
yield (67%) by the base coupling of 2,3-bis(chloromethyl)pyr-
azine10 and 6-methyl-2-(sulfanylmethyl)pyridine.11† Reaction
of L with AgClO4 in a 1+2 molar ratio in MeCN gave a pale-
yellow solution which was partially reduced in volume and then
treated with diethyl ether to give a white precipitate in 85%
yield. Microanalysis of the complex was consistent with a 1+2
ligand+metal ratio.‡ The complex was moderately soluble in
MeCN but not appreciably soluble in other common organic
solvents. Electrospray mass spectrometry under normal operat-

ing conditions in MeCN showed only one peak at m/z 489.0
with an appropriate isotopic pattern for the 1+1 [Ag(L)]+ ion. 1H
and 13C NMR spectra were consistent with a symmetrical
structure for the complex. Variable temperature 1H NMR
spectra measured in CD3CN showed no significant changes
other than broadening of peaks down to the temperature limit of
the solvent. The symmetrical nature of the 1H NMR spectra
implied that the solution species was either symmetric and
static, or more likely, asymmetric and undergoing dynamic
processes. X-Ray crystal structure analysis§ of the complex
revealed a one-dimensional single-stranded helix consisting of
repeating [Ag2(L)](ClO4)2 units (Fig. 2). The complex under-
went conglomerate crystallisation and the crystal chosen for X-
ray analysis belonged to the enantiomorphic space group P6522.
As is necessary for this space group only the M enantiomer of
the helix is observed in the crystal. Since L was achiral when
reacted with Ag(I), the bulk sample should contain equal
amounts of both types of enantiomorphic crystals. The helix
runs along the 65 screw axis with an exceptionally long pitch of
52.48(2) Å, equal to the length of the c axis (Fig. 3).3a,4a The
pitch is long despite the compact nature of the ‘three-layer’ p-
stacked ligand. The intraligand p-stacking distances determined
from atom…atom contacts between rings range from

Fig. 1 Ligand L folded as the enantiomer found in the crystal structure of
{[Ag2(L)](ClO4)2}∞ showing P,M,P planar chirality.

Fig. 2 Fragment of the helix showing the folding of the ligand. The
coordination geometry and p stacking about the silver ions are highlighted
in black, and dashed bonds indicate the continuation of the polymer (50%
probability ellipsoids). Selected bond lengths (Å) and angles (°): Ag(1)–
N(1) 2.234(5), Ag(1)–N(2) 2.374(5), Ag(1)–S(1) 2.588(2); N(1)–Ag(1)–
N(2) 134.6(2), N(1)–Ag(1)–S(1) 144.9(1), N(2)–Ag(1)–S(1) 77.1(1).

Fig. 3 Views of the helix with H atoms and ClO4
2 anions omitted. (Top)

view of two adjacent strands of the helix. The p–stacking interaction
between the helices is indicated by diamonds <. (Bottom) view down the
crystallographic c–axis showing the three–dimensional homochiral as-
sembly.

This journal is © The Royal Society of Chemistry 2001

1098 Chem. Commun., 2001, 1098–1099 DOI: 10.1039/b101875m



      

3.30–4.41 Å, with symmetry-related pyridine rings tilted at
22.2° to the central pyrazine ring. The ‘three-layer’ stack causes
the two sets of ligand donors, NpyridineSNpyrazine, to be arranged
in opposite directions which is ideal for the linking of metal
centres in polymer formation. The ‘three-layer’ p-stacking also
confers planar chirality on the ligands, with the same P,M,P
enantiomer being observed throughout the helix (Fig. 1).12 CPK
models indicate that it is not possible to build the diastereomer-
ically-related P helix with this P,M,P enantiomer of the ligand
but that the enantiomerically-related P helix can be built with
the M,P,M enantiomer. Each Ag(I) atom adopts a distorted
trigonal planar arrangement, which links symmetry-related
ligands by Npyrazine,S chelation from one ligand and NApyridine
donation from the other. Thus each ligand binds to four Ag(I)
ions. In the repeating units the distance between the Ag(I) ions
is 3.116(1) Å, which lies within the range (2.86–3.22 Å) for
similar systems.8,13 The trigonal planes in the repeating unit are
tilted at 68.2° with respect to each other. In addition, the trigonal
planes across the pyrazine are tilted by a further 16.3°. The
combined tilting of these planes across the ‘three-layered’ p-
stacked ligands generates the shallow helical twist and hence is
responsible for the long pitch of the helix. Previously, we found
that the related ligand bis(2-pyridylmethyl)sulfide formed a
dimeric side-by-side complex with silver(I).8 That discrete
complex was almost identical to the section of the helix
highlighted in black in Fig. 2 and indicates that this dimeric
arrangement is particularly favourable for ligands of this type in
the presence of silver(I).

The helices are close packed (Fig. 3) in such a way that each
pyridine ring is involved in an intermolecular p-stacking
interaction with a pyridine ring on an adjacent helix
(atom…atom contacts between rings range from 3.63 to
3.74 Å). Between any two adjacent helices there are two such
interactions per turn of helix. These interactions help to generate
a tightly packed three-dimensional network with no solvent
accessible volume (Fig. 3). This is further evidenced by the
relatively short Ag…Ag distance [8.210(2) Å] between adjacent
helices. These intermolecular interactions are probably respon-
sible for the packing together of homochiral helices on
crystallisation and the resulting conglomerate crystallisation.

We have shown that an achiral ligand predisposed to
intramolecular p-stacking can generate in-situ planar chirality
on coordination to silver(I) and the formation of a coordination
polymer. In addition, this property results in the formation of a
single-stranded helix and the packing of homochiral helices.
This work points to a complementary approach to that of using
racemic mixtures of ligands as a means of investigating the
effect of chirality in molecular recognition processes in
coordination-polymer chemistry. Currently we are actively
pursuing the use of in-situ chirality in the formation of
supramolecular architectures.

We thank Professor Ward T. Robinson and Dr Jan Wikaira
(University of Canterbury) for X-ray data collection, Associate
Professor Bill Henderson (University of Waikato) for electro-
spray MS data and the University of Otago for financial
support.

Notes and references
† Synthesis of 2,3-bis(6A-methyl-2A-pyridylmethylsulfanylmethyl)pyrazine
L: 6-methyl-2-(sulfanylmethyl)pyridine (4.4 g, 0.031 mol) was added to
degassed MeOH (250 ml) containing 0.72 g (0.031 mol) Na metal and was
stirred for 1 h. 2,3-Bis(chloromethyl)pyrazine (2.8 g, 0.016 mol) was

dissolved in degassed CH2Cl2, added to the above solution, refluxed for 4
h, and stirred overnight. The resulting solution was reduced to give a brown
residue which was dissolved in CH2Cl2 (100 ml), washed with H2O (2 3
100 ml), dried (MgSO4) and reduced to give a golden oil. Yield: 4.0 g
(67%). NMR: dH(500 MHz, CDCl3) 8.32 (s, 2H), 7.49 (t, 2H, 3J 7.5 Hz),
7.16 (d, 2H, 3J 7.5 Hz), 6.99 (d, 2H, 3J 7.5 Hz), 3.96 (s, 4H), 3.78 (s, 4H),
2.52 (s, 6H). Anal. Calc. for C20H22N4S2·H2O: C, 59.97; H, 6.04; N, 13.99;
S, 16.01. Found: C, 59.69; H, 6.03; N, 14.10; S, 16.03%.
‡ Synthesis of [Ag2(L)](ClO4)2: AgClO4 (54 mg, 0.26 mmol) was dissolved
in degassed MeCN and added via cannula to L (50 mg, 0.14 mmol)
dissolved in degassed MeCN and allowed to stir for 1 h. The lemon solution
was reduced in volume to 2 ml, diethyl ether was added and the resulting
white precipitate was filtered off and dried in vacuo. Yield: 89 mg (85%).
NMR: dH(300 MHz; CD3CN) 8.03 (s, 2H), 7.82 (t, 2H, 3J 7.5 Hz), 7.39 (d,
2H, 3J 7.5 Hz), 7.29 (d, 2H, 3J 7.5 Hz), 4.30 (s, 4H), 4.13 (s, 4H), 2.51 (s,
6H). Anal. Calc. for C20H22N4S2Ag2Cl2O8: C, 30.13; H, 2.78; N, 7.03; S,
8.04. Found: C, 30.33; H, 2.76; N, 6.99; S, 7.88%; Colourless crystals were
grown from the slow evaporation of an acetonitrile solution of the
complex.
§ Crystal data for {[Ag2(L)](ClO4)2}∞ : C20H22Ag2Cl2N4O8S2 , M =
797.18, hexagonal, P6522 (no. 179), a = 9.182(2), c = 52.48(2) Å, U =
3832(2) Å3, T = 163(2) K, Z = 6, m(Mo-Ka) = 1.961 mm21, 49 638
reflections measured, 2623 independent reflections (Rint = 0.0455) , [2553,
I ! 2s(I)], R1 = 0.0420, 0.0434 (all data), wR2 = 0.0887, 0.0893 (all
data).

CCDC 150985. See http://www.rsc.org/suppdata/cc/b1/b101875m/ for
crystallographic data in .cif or other electronic format.
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A Ru–carbene complex with a metallacycle involving a
1,8-naphthylidine framework
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The reaction of [Ru(bpy)2(napy-k2N,NA)](PF6)2 [1](PF6)2
(napy = 1,8-naphthyridine) with propiolic acid yielded a
Ru–carbene complex with a five-membered metallacycle
involving a 1,8-naphthylidine framework.

Reactions of transition metal complexes with terminal alkynes
have been utilized to prepare vinylidene complexes,1 which are
characterized by the electrophilicity of the a carbon. In fact,
vinylidene–metal complexes are converted to alkoxy–alkyl
carbene complexes by reaction with alcohols.2 We have
reported that the non-bonded nitrogen of napy-kN of [Ru-
(bpy)2(napy-kN)(CO)]2+ attacks the carbonyl carbon to form a
five-membered metallacycle upon one-electron reduction of the
napy moiety (napy = 1,8-naphthyridine).3 Moreover, [Ru-
(bpy)2(napy-k2N,NA)]2+ exists in equilibrium with [Ru(bpy)2-
(napy-kN)(solvent)]2+ in polar solutions.4 Thus [Ru(bpy)2-
(napy-k2N,NA)]2+ readily forms a 1+1 adduct with various
substrates upon opening of the chelate ring. The reaction of
[Ru(bpy)2(napy-k2N,NA)](PF6)2 [1](PF6)2 with propiolic acid in
alcohol was conducted to elucidate whether the non-bonded
nitrogen of napy or alcohol attacks the a carbon of the
vinylidene moiety. Here we report the isolation of a Ru–
carbene complex with a metallacycle 2a2+ (eqn. 1), and the
reversible conversion between 2a2+ and the vinyl complex 3+

upon acid–base treatment.

(1)

A CH3OH/H2O (3+2 v/v) solution containing [1](PF6)2 (60
mg, 72 mmol) and HCCC(O)OH (7 mg, 100 mmol) was refluxed
for 2 h, and [2a](PF6)2 was obtained from the solution (eqn. 1).
Recrystallization of the crude product from CH3CN/CH3OH
(4+1 v/v) gave single crystals of [2a](PF6)2·CH3CN in 64%
yield.† The similar reaction between [1](SbF6)2 and
HCCC(O)OH in C2H5OH/H2O (4+1 v/v) under similar reaction
conditions afforded [2b](SbF6)2 in 56% yield (eqn. 1).†

The molecular structure of 2a2+ determined by X-ray
diffraction analysis is shown in Fig. 1.5 The ruthenium atom of
2a2+ has octahedral geometry with four nitrogen atoms of two
bpy ligands, one nitrogen from napy and one carbon of the
CCH3 group. The characteristic features of 2a2+ are the C–N
bond formation between the CCH3 group and one nitrogen of
napy, and the attachment of the CH3O group to the 2-position of
the napy moiety. The resultant five-membered metallacycle
consisting of Ru, N(1), C(11), N(2), and C(2) atoms in an almost

planar structure, and the sum of the bond angles around the five-
membered ring is almost 360°. Despite the attachment of CH3O
to the 2-positon of the napy moiety, the resultant ligand still
maintains the planar structure in 2a2+. As a result, the napy
moiety and the five-membered metallacycle are co-planar. The
Ru–N(4) (2.156(9) Å) bond trans to Ru–C(2) is substantially
longer than the other Ru–N bonds of 2a2+ (2.03(1)–2.08(1) Å),
suggesting a strong trans effect of the carbene ligand. The Ru–
C(2) bond distance (1.93(1) Å) is in the expected range of hexa-
coordinated ruthenium carbene bonds (1.941–1.98 Å),6 and the
bond length is longer than those expected for penta-coordinated
ruthenium carbene complexes (1.810–1.861 Å).7 The 13C NMR
spectrum of 2a2+ also showed the a-carbon signal of the Ru–
CCH3 group at d 293 as a singlet, similar to most Ru carbene
complexes.2,6a–c,7e,f

The complex [2a](PF6)2 was stable in CH3OH/(CH3)2CO
and H2O/(CH3)2CO. On the other hand, the methyl signals of
the CH3O and the Ru–CCH3 groups of 2a2+ (d 2.95 and 2.85,
respectively) gradually weakened with time in the 1H NMR
spectrum in (CD3)CO/CD3OD (1+1 v/v). The Ru–CCH3 signal
vanished in 30 min at ambient tenperature, and the CH3O one
disappeared after 12 h at 65 °C. At the same time, the methyl
signal of free methanol appeared at d 3.33. Moreover, 2a2+ was

Fig. 1 An ORTEP view of complex 2a2+. Selected intramolecualr distances
(Å): Ru(1)–N(1), 2.03(1); Ru(1)–N(3), 2.061(9); Ru(1)–N(4), 2.156(9);
Ru(1)–N(5), 2.08(1); Ru(1)–N(6), 2.052(9); Ru(1)–C(2), 1.93(1); C(1)–
C(2), 1.53(2); C(2)–N(2), 1.41(1); C(4)–O(1), 1.40(2); C(3)–O(1), 1.40(2).
Selected bond angles (degrees): N(1)–Ru(1)–C(2), 79.8(5); Ru(1)–C(2)–
C(1), 127.1(9); Ru(1)–C(2)–N(2), 116.3(8); C(1)–C(2)–N(2), 117(1); C(2)–
N(2)–C(4), 123(1); C(2)–N(2)–C(11), 114(1); C(4)–N(2)–C(11), 122(1);
N(2)–C(4)–O(1), 112(1); N(2)–C(4)–C(5), 112(1); C(5)–C(4)–O(1),
111(1).
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converted to 2b2+ in C2H5OH/(CH3)2CO for 1 week at room
temperature. Thus, the Ru–CCH3 and CH3O groups of 2a2+

underwent H/D exchange and substitution, respectively, by
CD3OD (Scheme 1). The rate of the H/D exchange was faster
than substitution by CD3OD, and the H/D exchange reaction
was greatly enhanced in D2O, since the Ru–CCH3 signal (d
2.78) disappeared after 5 min in the 1H NMR spectrum of 2a2+

in (CD3)2CO/D2O (10+1 v/v). On the other hand, treatment of
[2a](PF6)2 with an equiv. amount of aqueous NaOH in CD2Cl2
caused the appearance of new signals at d 4.96 and 2.99, and d
92.5 in the 1H NMR and 13C NMR spectra, respectively, and the
proton and carbon signals of the Ru–CCH3 group of 2a2+

completely disappeared. The addition of 1 equiv. of HPF6 to the
solution regenerated the 1H NMR and 13C NMR spectra of 2a2+.
Such complete recovery of 2a2+ in the cycle of the acid–base
treatments without producing CH3OH is indicative of the
reversible conversion between the carbene complex 2a2+ and
the vinyl complex 3+ without opening the five-membered
metallacycle (Scheme 1).

The carbene complex 2a2+ is probably formed via a Ru–
vinylidene intermediate formed by the reaction of 12+ with
HCCC(O)OH, though it is not clear whether the decarboxyla-
tion takes place before or after the formation of the Ru–
vinylidene framework. Although vinylidene complexes react
with alcohols to produce a variety of alkoxy–alkyl carbene
complexes, the a-carbon of the carbene moiety of 2a2+ linked
exclusively with the non-bonded nitrogen of napy in MeOH.
Such novel N–C bond formation must be assisted by the
attachment of the CH3O2 group at the 2-position of the napy
ligand, since intra-molecular attack of the non-bonded nitrogen

of napy to the carbonyl carbon of [Ru(bpy)2(napy-kN)(CO)]2+

is initiated by the ligand localized one-electron reduction.

Notes and references
† Spectroscopic data for [2a](PF6)2·CH3CN: 1H NMR (500 MHz, CD3CN):
d 8.52–6.33 (m, 22H, aromatic H), 2.84 (s, 3H, OCH3), 2.68 (s, 3H, CCH3).
13C NMR (270 MHz, CD3CN): d 293.6 (RuNCCH3), 157.5–119.0 (aromatic
C), 82.8 (OCH3), 50.2 (RuNCCH3). IR (KBr): 2252, 1659, 1605 cm21. ESI-
MS: m/z = 301 (M2+). Anal. Calcd. for C33H31N7OF12P2Ru: C, 42.50; H,
3.35; N,10.51. Found: C, 42.31; H, 3.37; N, 10.39%. [2b](SbF6)2: 1H NMR
(500 MHz, CD3CN): d 8.50–6.45 (m, 22H, aromatic H), 3.76 and 3.59 (q,
2H, OCH2CH3), 2.69 (s, 3H, CCH3), 1.28 (t, 3H, OCH2CH3). 13C NMR
(270 MHz, CD3CN): d 294.7 (RuNCCH3), 157.3–121.1 (aromatic C), 81.8
(OCH2CH3), 61.8 (RuNCCH3), 15.4 (OCH2CH3). IR (KBr): 1653, 1605
cm21. ESI-MS: m/z = 308 (M2+). Anal. Calcd. for C32H30N6OF12Sb2Ru:
C, 35.35; H, 2.78; N, 7.73. Found: C, 35.15; H, 2.90; N, 7.45%. [3](PF6): 1H
NMR (500 MHz, CD2Cl2): d 9.12–5.84 (m, 22H, aromatic H), 4.96 and 2.99
(s, 2H, CNCH2), 2.54 (s, 3H, OCH3). 13C NMR (270 MHz, CD2Cl2): d 184.6
(CNCH2), 157.2–114.6 (aromatic C), 92.5 (CNCH2), 79.9 (OCH3). ESI-MS:
m/z = 601 (M+).

Crystal data for [2a](PF6)2·CH3CN: C33H31F12N7OP2Ru, M = 932.65,
orthorhombic, space group Pna21 (no. 33), a = 12.495(2), b = 19.134(4),
c = 15.602(3) Å, V = 3729(1) Å3, T = 296 K, Z = 4, Dc = 1.661 g cm23,
m(Mo-Ka) = 6.06 cm21, 4889 reflections measured, 4778 unique
reflections, 2566 observed reflections [I > 3.00s(I)]. Final R = 0.051 and
Rw = 0.071. CCDC reference number 157684. See http://www.rsc.org/
suppdata/cc/b1/b101045j/ for crystallographic data in .CIF or other
electronic format.
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Ru(II)-catalyzed cycloaddition of 1,6-diynes with electron-
deficient nitriles gave the desired bicyclic pyridines in
moderate to high yields.

Transition-metal-catalyzed [2 + 2 + 2] cyclocotrimerization of
two alkyne molecules and a nitrile has been recognized as a
straightforward protocol providing substituted pyridines.1,2

Although the selective cyclocotrimerization of two different
alkynes and a nitrile was achieved using stoichiometric cobalt1
or zirconium reagents,3 the catalytic controls of both the chemo-
and regiochemistries have remained as a crucial problem. In this
context, the intermolecular coupling between an a,w-diyne and
a nitrile was first pioneered by Vollhardt et al. in their work on
the catalytic reactions of CpCo(CO)2,4,5 and subsequently this
strategy has been successfully applied for the synthesis of
Vitamin B6.6 Electron-deficient nitriles, however, have been
reported to be hardly involved in such a useful pyridine
annulation. Ethyl cyanoformate and pentafluorobenzonitrile
gave the desired pyridines only in poor yields, lower than 10%.
In sharp contrast, we found that a ruthenium(II) complex,
Cp*Ru(cod)Cl (Cp* = pentamethylcyclopentadienyl 1), effec-
tively catalyses the cycloaddition of 1,6-diynes and nitriles
activated by an electron-withdrawing group (Scheme 1),
although the same Ru(II) complex failed to promote the reaction
with simple nitriles such as acetonitrile or benzonitrile.7

Typically, to a solution of dimethyl dipropargylmalonate
(2a)‡ in 1,2-dichloroethane was added a solution of the catalyst
1 and ethyl cyanoformate (3a) (0.02 and 1.5 equiv. to 2a,
respectively) in 1,2-dichloroethane at rt. The solution was
stirred for 30 min at 60 °C to give the desired pyridine 4a in 83%
yield (Table 1, entry 1). The side reaction of 2a leading to arene
byproducts was completely suppressed. In the same manner,
benzoyl cyanide (3b) gave the corresponding pyridine 4b as a
sole product in high yield (entry 2). On the other hand, acetyl
cyanide (3c) and tosyl cyanide (3d) required higher catalyst
loading (10 mol%) and temperature (80 °C). The former
selectively gave the desired pyridine 4c in 90% yield (entry 3),
although the concomitant formation of the dimer 5a was
observed in the reaction of 3d (entry 4). In addition to acyl and
sulfonyl cyanides, polyhaloalkylcyanides could be used for the

present ruthenium-catalyzed pyridine annulation. In the pres-
ence of 10 mol% 1, trichloroacetonitrile (3g) and penta-
fluorobenzonitrile (3f) were reacted with 2a at 60 °C to afford
pyridines 4e and 4f in 44 and 67% yields, respectively (entries
5 and 6). By employing N,N-dipropargyl tosylamide (2b) and
dipropargyl ether (2c) as diyne components, 3-pyrroline- and
2,5-dihydrofuran-fused pyridines 4g and 4h were obtained in 75
and 49% yields, respectively (entries 7 and 8).

In order to establish the regiochemistry of the Ru(II)-
catalyzed pyridine annulation, unsymmetrical 1,6-diynes 6a–c
were subjected to cycloaddition with 3a, leading to 2,3,4,6-sub-
stituted isomers 7 and/or 2,3,4,5-substituted isomers 8
(Scheme 2). As a result, one of these isomers was predom-
inantly obtained, depending on the nature of the alkyne
substituents. In the presence of 5 mol% 1, a octa-1,6-diyne 6a
(R = Me) reacted with 3a at 60 °C for 2 h to afford a 88+12
mixture of 7a and 8a in 78% yield. The presence of an alkyl-
substituent at the terminal position of the diyne decreased the
reactivity. Similarly, the cycloaddition between a phenyl-
substituted diyne 6b (R = Ph) and 3a was carried out using the
20 mol% catalyst at 60 °C. In this case, 7b was isolated as a sole
pyridine isomer in 50% yield. In contrast, the reaction of an
ester 6c and 3a proceeded at rt and, unexpectedly, a 2,3-dialkox-
ycarbonyl isomer 8c was obtained as a major product along with
a minor isomer 7c in 78% total yield. Therefore, the electron-

† Electronic supplementary information (ESI) available: experimental
procedures and analytical data for compounds 4, 7 and 8. See http://
www.rsc.org/suppdata/cc/b1/b102588k/

Scheme 1

Table 1 Cp*Ru(cod)Cl-catalyzed cycloaddition of 1,6-diynes 2a–c with
electron-deficient nitriles 3a–fa

Entry X Ewg
Catalyst/
mol % T/°C t/h Yieldb

1 C(CO2Me)2 CO2Et 2 60 0.5 4a, 83%
2 C(CO2Me)2 COPh 2 60 0.5 4b, 84%
3 C(CO2Me)2 COMe 10 80 1 4c, 90%
4 C(CO2Me)2 Ts 10 80 24 4d, 31%
5 C(CO2Me)2 CCl3 10 60 24 4e, 44%
6 C(CO2Me)2 C6F5 5 60 1 4f, 67%
7 NTs CO2Et 2 60 0.5 4g, 75%
8 O CO2Et 2 60 2 4h, 49%
a All reactions were carried out with a nitrile (1.5 equiv.) in 1,2-dichloro-
ethane under Ar. b Isolated yields.

Scheme 2
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withdrawing ester group in 6c reversed both the reactivity and
the regioselectivity.

The origin of the observed regiochemistry and the difference
in reactivity can be reasonably explained by the following
mechanism (Scheme 3). The substituent on a nitrile component
plays a critical role in the present protocol: electron-deficient
nitriles having a carbonyl, sulfonyl, or polyhaloalkyl substituent
gave rise to the desired pyridine product, although acetonitrile
and benzonitrile gave little of the corresponding cycloadduct.
This is probably because the electron-withdrawing group
lowers the antibonding orbital level of the C–N triple bond to
facilitate the oxidative cyclization involving the nitrile. In this
situation, the catalytic cycle starts from the oxidative cycliza-
tion of a nitrile 3 and one alkyne terminus of a diyne 6 on the
ruthenium center to form an azaruthenacyclopentadiene inter-
mediate 9 or 10. The regiochemistry of the product is
determined in this stage. In the case of the alkyl- or aryl-
substituted diynes 6a and 6b, the sterically less hindered
terminal alkyne moiety can be favorably involved in the
oxidative cyclization to form the intermediate 9. The sub-
sequent intramolecular alkyne insertion and reductive elimina-
tion steps afford the final pyridine product 7 as a major isomer.
On the other hand, the diyne monoester 6c forms predominantly
the intermediate 10 because the oxidative cyclization occurs at

the electron-deficient alkyne terminus due to its effective
accommodation of the d-electron from the ruthenium center. As
a result of the efficient formation of 10, the cycloaddition of 6c
proceeded smoothly even at rt and gave 8c as a major
product.

We gratefully acknowledge financial support (10132222,
11119223, and 12450360) from the Ministry of Education,
Science, Sports, and Culture, Japan.
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Self assembled monolayers of a polyether derivative se-
lectively detect potassium cations when templated in their
presence.

Self-assembled monolayers (SAMs) that incorporate receptor
molecules can act as molecular recognition interfaces and thus
as selective sensors for specific analytes.1–3 Binding sites can
also be formed within the SAMs during their preparation, if they
are grown in the presence of appropriate analytes that template
the aggregation processes.4 This process could also be de-
scribed as molecular imprinting, although this term is usually
reserved for polymer systems, where binding of functionalized
monomers by a template molecule is followed by polymeriza-
tion and template removal.4–6 Well-defined cavities with
selective binding properties are thus formed in the polymeric
backbone which are able to recognize analytes that are similar
or identical to the template.

The first preliminary report involving imprinted SAMs was
published by Sagiv7 in 1979, but the concept went largely
unexplored for a long time until recently, when the strategy was
employed to generate binding sites for organic substrates at the
surface of modified electrodes.8–11 It seems as if more examples
are appearing more frequently, probably due to the simplicity of
the approach which largely relies on the principle of self-
assembly and requires minimal synthetic effort. Perhaps
surprisingly and to the best of our knowledge, no examples of
SAM formation involving metal ions as templates have been
reported to date. In this communication, we report the
preparation and the electrochemical investigation of potassium-
templated SAMs on gold which selectively detect K+ but not
Na+.

Receptor 1 was designed to bind metal cations in the
polyether loop, which was purposely fused to the aromatic ring

for rigidity, but allowed to retain enough flexibility for intra- as
well as inter-molecular templating upon self-assembly on the
gold surface. The thiol group provides the anchoring point to the
gold substrate. The polymethylene spacer separating the
polyether recognition site and the anchoring group should
facilitate the formation of the monolayers by van der Waals
forces. The compound was synthesized in three steps. Reaction
of catechol with 2-chloroethoxyethanol afforded a diol 2, which
was monoalkylated with a small excess of 1,6-dibromohexane.
Finally, the resulting bromide 3 was converted into 1 by
treatment with thiourea followed by basic hydrolysis.†

SAMs A and B were prepared by immersing glass-sealed
gold bead electrodes for 24 h in an EtOH solution of 1 (1 mM)
(A) or an EtOH–H2O (1+1) solution of 1 (1 mM) and KCl (0.1
M) (B). The electrodes were then rinsed with H2O, EtOH and
CH2Cl2 and dried under a stream of Ar. Impedance measure-
ments were performed using an aqueous solution of Et4NCl (0.1
M) and [Ru(NH3)6]Cl3 (1 mM), a SAM modified gold bead as
the working electrode, a coiled platinum counter electrode and

a Ag/AgCl reference electrode. Experiments were conducted at
the formal redox potential of the [Ru(NH3)6]3+/2+ couple with a
frequency ranging from 100 kHz to 0.1 Hz. The spectra were
analyzed by the ‘EquivalentCircuit’12 software package. Bind-
ing of cations to the receptor moiety of a non-electroactive SAM
can be monitored by impedance spectroscopy using the
positively charged redox couple [Ru(NH3)6]3+/2+ as a probe.13

An increase in the charge transfer resistance (Rct) is observed
upon complexation of the metal cations,13,17 and is due to
electrostatic repulsion between the cation and the positively
charged ruthenium redox couple. These changes were used to
monitor the recognition of alkali metal cations by monolayers of
1.

The charge transfer resistances (Rct) of the SAMs A and B
were measured in the presence of increasing concentrations of
KCl. For A [Fig. 1(a)], Rct is 1.35 kW cm2 immediately after
preparing the SAM and in the absence of KCl. Upon KCl
additions, Rct increases slightly until it reaches a limiting value
of 2.14 kW cm2 at a salt concentration of 100 mM. Thus, the
effect of salt addition is reasonably small. For B [Fig. 1(b)], Rct
is 2.20 kW cm2 in the absence of KCl but upon addition of this
salt the resistance increases dramatically and reaches a value of

Fig. 1 (a) Nyquist electrochemical impedance spectroscopy plot of the
monolayer of 1 grown in the absence of KCl (A), and exposed to different
K+ concentrations. Experiments were conducted in H2O, using Et4NCl
(0.1 M) as supporting electrolyte and [Ru(NH3)6]Cl3 (1 mM) as redox probe
at E = 20.165 V and the frequency range 100 kHz–0.1 Hz. (b) Nyquist
electrochemical impedance spectroscopy plot of the monolayer of 1 grown
in the presence of 0.1 M KCl (B), and exposed to different K+

concentrations. Experiments were conducted in H2O, using Et4NCl (0.1 M)
as supporting electrolyte and [Ru(NH3)6]Cl3 (1 mM) as redox probe at E =
20.165 V in the frequency range 100 kHz–0.1 Hz.
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7.65 kW cm2 at a salt concentration of 100 mM. The area
coverage for monolayers A (fA = 1.96 3 1029 mol cm22) and
B (fB = 2.43 3 1029 mol cm22) were determined by reductive
desorption in a 0.5 M KOH solution,18 and are in accordance
with the relative Rct values of A and B. The association
constants (K) for potassium binding by A and B were
determined by fitting the experimental Rct values and concentra-
tions of KCl using a Langmuir isotherm.13 The value of K was
found to be 124 ± 20 M21 for A and 353 ± 30 M21 for B). The
difference between these two values demonstrates that the
templated monolayer B has a higher binding affinity for
potassium cations than A. In the case of B, the self-assembly of
1 on gold is assisted by the cations which induce the formation
of optimal binding domains [Fig. 2(b)]. The resulting pre-
organized recognition sites favor cation recognition at the
interface. The template effect is also reflected in the response to
changes in cation concentration. The addition of 5 mM KCl
produces a small change in the Rct of A but a large increase in
the Rct of B [Fig. 2(a) and (b)].

The ability of A and B to recognize sodium cations was also
tested. In both instances, however, small changes in the Rct
values were observed [Fig. 2(c) and (d)] upon addition of NaCl,
suggesting that recognition of Na+ ions by the monolayer of 1 is
very modest. Interestingly, the Rct of the templated monolayer B
is only 2.76 kW cm2 in the presence of 100 mM NaCl. This
monolayer has instead a Rct of 7.65 kW cm2 in the presence of
100 mM KCl. The different behavior indicates that B has a
pronounced selectivity for potassium cations.

Summarizing, we have demonstrated for the first time that
binding sites for potassium cations can be imprinted into SAMs
when the monolayer is assembled on gold in the presence of this
metal cation. The resulting modified gold electrodes detect
potassium cations in water with good selectivity over sodium
cations. This approach to chemical sensors is simple and
efficient and can be easily extended to the realization of SAMs
for the recognition of analytes other than potassium cations.

This work was supported by the National Science Founda-
tion, grant CHE-9816503.

Notes and references
† Experimental conditions: Preparation of 2-(2-{2-[2-(2-hydroxyethoxy)-
ethoxy]phenoxy}ethoxy)ethanol 2: a mixture of catechol (5.5 g, 50 mmol)
and K2CO3 (35 g, 250 mmol) in anhydrous MeCN, was heated for 30 min
under a stream of Ar. 2-Chloroethoxyethanol (14.9 g, 120 mmol) was added
and reflux was maintained for 40 h. The suspension was then filtered and the
solids washed with CH2Cl2 (150 mL). The combined organic phases were
evaporated under reduced pressure and the residue was re-dissolved in
CH2Cl2 (150 mL) and washed with water (3 3 50 mL). Purification by
column chromatography [SiO2, CH2Cl2–EtOAc (1+1) to EtOAc–EtOH
(9+1)] afforded 2 in 44% yield.

Preparation of 2-[2-(2-{2-[2-(6-bromohexyloxy)ethoxy]ethoxy}phen-
oxy)ethoxy]ethanol 3: a mixture of 2 (0.9 g, 3.15 mmol) and NaH (60% in
mineral oil) (0.36 g, 9 mmol) in anhydrous THF (200 mL) was stirred at
room temperature under a stream of Ar. After 30 min 1,6-dibromohexane
(4.76 g, 19.5 mmol) was added and the mixture was left stirring for 16 h.
After addition of MeOH the solvent was evaporated under reduced pressure.
The residue was dissolved in CH2Cl2 (200 mL) and washed with H2O (3 3
100 mL). Purification by column chromatography [SiO2, hexane–EtOAc
(1+1)] afforded 3 in 76% yield.

Preparation of 2-[2-(2-{2-[2-(6-mercaptohexyloxy)ethoxy]ethoxy}-
phenoxy)ethoxy]ethanol 1: a solution of 2 (1.2 g, 2.7 mmol) and thiourea
(0.813 g, 10.7 mmol) in EtOH (80 mL) was left refluxing under a stream of
Ar for 16 h. The solvent was evaporated under reduced pressure and the
residue suspended in an aqueous solution of KOH (60 mL, 0.84 g, 15
mmol), and stirred for 2 h. The reaction mixture was acidified with HCl and
CH2Cl2 (150 mL) was added. Washing with H2O (3 3 100 mL) and
purification by column chromatography afforded 1 in 33% yield.
dH(CDCl3) 1.28–1.39 (5H, m), 1.54–1.63 (4H, m), 2.48 (2H, t, J 7.3 Hz),
3.45 (2H, t, J 6.7 Hz), 3.59 (2H, t, J 5.2 Hz), 3.64–3.76 (6H, m), 4.12–4.20
(4H, m), 6.88–6.90 (4H, m); m/z (FAB+): 402 (M+,70%), 403 (M+ + 1,
100%).
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Fig. 2 Cartoon representation of the binding of metal cations by SAM of 1
grown: (a) in the absence of KCl (A), K+ titration; (b) in the presence of 0.1
M KCl (B), K+ titration; (c) in the absence of KCl (A), Na+ titration; (d) in
the presence of 0.1 M KCl (B), Na+ titration.
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Calystegine B2, B3, and B4 have been prepared in 5 steps
from the benzyl protected methyl 6-iodoglycopyranosides of
glucose, galactose and mannose, respectively, by using a
zinc-mediated domino reaction followed by ring-closing
olefin metathesis as the key steps.

Many polyhydroxylated alkaloids are important glycosidase
inhibitors due to their structural resemblance to sugars.1 A
special class of these alkaloids is the calystegines which consist
of a polyhydroxy-nortropane ring system.2 Up to date, 14
different calystegines have been isolated from various plant
species. Their structures have been elucidated mainly by NMR
spectroscopy and they have been divided into four different
classes: A, B, C and N. The absolute configuration, however, is
known only for calystegine B2 (1) and the configuration of all
the remaining calystegines is presumed to be analogous to that
of 1 based on biosynthetic considerations.2 So far, only
calystegine A3 and B2 have been prepared by chemical
synthesis.3

We have recently introduced a zinc-mediated domino
reaction followed by ring-closing olefin metathesis for synthe-
sis of polyhydroxylated carbocycles from sugars.4,5 The domino
reaction allows for the stereocontrolled introduction of an
amino group and is then well suited for preparing the seven-
membered carbocycle in the calystegines. Herein, we exploit
these reactions for short syntheses of calystegine B2, B3 (2) and

B4 (3) starting from glucose, galactose and mannose, re-
spectively.6 Calystegine B2 and B4 are potent inhibitors of b-
glucosidase and trehalase.7

The starting material for all three syntheses is the correspond-
ing benzyl protected methyl 6-deoxy-6-iodo-a-D-glycopyrano-
side (Scheme 1). Sonicating a mixture of glucopyranoside 4 and
excess zinc dust in dry THF caused a reductive fragmentation to
generate the 5,6-unsaturated aldehyde8 which was trapped in
situ as the corresponding benzyl imine. Slow addition of allyl
bromide to the mixture led to allylation of the imine to give a
5+1 mixture of amino dienes. The major diastereomer 53a was
isolated in 71% yield and the stereochemistry verified after
completing the synthesis of 1. Cbz-protection of the amino
group gave 6† which was metathesised into cycloheptene 7 with
the saturated N-heterocyclic carbene catalyst (PCy3)(C3H4-
N2mes2)Cl2RuNCHPh.4,9,10 The double bond in 7 is slightly
polarized and can be hydroborated11 followed by oxidation12 in

Scheme 1 Reagents and conditions: (a) Zn, BnNH2, CH2NCHCH2Br, THF,
sonication, 40 °C; (b) CbzCl, KHCO3, EtOAc, H2O; (c) 2% (PCy3)(C3H4-
N2mes2)Cl2RuNCHPh, CH2Cl2, rt; (d) BH3·THF, THF, 250 ? 0 °C, then
NaOH, H2O2, 0 °C, then Dess-Martin periodinane, CH2Cl2, rt; (e) H2, Pd/
C.

Scheme 2 Reagents and conditions: (a) Zn, BnNH2, CH2NCHCH2Br, THF,
sonication, 40 °C; (b) CbzCl, KHCO3, EtOAc, H2O; (c) 2% (PCy3)(C3H4-
N2mes2)Cl2RuNCHPh, CH2Cl2, rt; (d) BH3·THF, THF, 250? 0 °C, then
NaOH, H2O2, 0 °C, then Dess-Martin periodinane, CH2Cl2, rt; (e) H2, Pd/
C.
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a one pot procedure to give a 3+1 mixture of ketones. Major
ketone isomer 8 was isolated in 61% yield and hydrogenated to
give calystegine B2 ([a]20

D +23.8 (c 0.31, H2O)). NMR data and
optical rotation were in accordance with those reported for the
natural product.13

The same sequence was then applied to the synthesis of
calystegine B3 and B4 (Scheme 2). Subjecting galactose-derived
iodoglycoside 9 to the domino reaction gave a 2+1 mixture of
amino dienes. Major diastereomer 10‡ was isolated in 59%
yield and then converted into cycloheptene 12. Hydroboration
and oxidation gave a 3+1 mixture of ketones and the major
isomer 13 was isolated in 64% yield. Hydrogenation then
furnished calystegine B3 ([a]20

D +75.6 (c 0.55, H2O)) with NMR
data and optical rotation in accordance with the data for the
natural compound.13 Subjecting mannose-derived iodoglyco-
side 14 to the domino reaction gave a 8+1 mixture of amino
dienes and the major diastereomer 15§ was isolated in 71%
yield. The stereochemical outcome in these allylations is
noteworthy. In all three cases the major product is the (R)-
benzylamine which is the correct stereochemistry for the
calystegines. The major product 15 from mannose is consistent
with predictions from the Felkin-Anh model while the major
isomers from glucose and galactose are not. This, however, does
correspond with our previous experience on zinc-mediated
alkylations of glucose and mannose substrates.4a Finally, amine
15 was converted into cycloheptene 17 which was hydroborated
and oxidised to give a 3+1 ratio of ketones. The major isomer 18
was isolated in 63% yield and deprotected to give calystegine
B4 ([a]20

D 246.4 (c 0.18, H2O)). NMR data and optical rotation
were similar to those reported for the natural product.7

In conclusion, a general strategy for preparation of the
calystegines has been devised. Calystegine B3 and B4 have been
prepared for the first time and their absolute configuration
confirmed. These syntheses should hold great promise for
making the calystegines and their analogues more readily
available for biological investigations.

We thank the Danish Natural Science Research Council for
financial support.
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Hydrogen–deuterium exchange between methane and an
acid zeolite is a model reaction (refs. 1–6) for which
experimental rate constants and activation energies can be
compared with theoretical values, obtained with Eyring’s
transition state theory (ref. 7).

Obtaining rate constants for zeolite catalysed reactions, is
neither experimentally nor theoretically straightforward. Exper-
imentally, the apparent reaction rates are influenced by the
adsorption behaviour of the molecules.8,9 Intrinsic reaction
parameters can only be obtained by fitting the reaction rate data
to a model. Another problem is the uncertainty about the exact
number of acid sites in a zeolite, due to the existence of extra-
framework Al and lattice defects. The accuracy of theoretically
calculated rate constants depends strongly on the model used to
represent the zeolite. Usually a fully relaxed cluster,3,4 which
can only model the local environment of the acid site, is
employed. Thus adsorption, and structural, long range effects
cannot be accounted for in model cluster calculations.

The aim of the present paper is to check the validity of
calculated rate constants. Therefore we compared them with
reliable experimental values.6 The kinetics of hydrogen–
deuterium exchange between methane and deuterated acid
FAU- and MFI-type zeolites have been determined in a
circulation batch reactor with on-line mass spectrometric
product analysis, in the temperature range 450–550 °C. The
apparent activation energy was in the range 122–150 kJ mol21

and a kinetic isotope effect (kOH/CD/kOD/CH, see Fig. 1) of ca. 1.7
was found for MFI catalysts. This was explained by suggesting
that the O–D/O–H bond dissociation is the rate determining step
or that the mechanism is not concerted.

Rate constants can be calculated when all the steps involved
in the reaction are characterised. The reactants, transition states,
and products are localised with cluster type calculations as used
successfully before.10 During the geometry optimisation we
look for a local minimum for reactants, and products and for a
first-order saddle point for transition states. The cluster we used
consists of three T-atoms (one Al and two Si) and was allowed
to relax completely during the optimisations. The DFT
calculations used the B3LYP functional11 and a 6-31G* basis
set. They were done with Gaussian98.12

We found a symmetrical transition state with the exchanging
hydrogens in the middle between the methane carbon and the
cluster oxygen, as can be seen in Fig. 1. The interatomic
distances are given in Table 1 along with the values obtained in
previous studies using another level of calculations.1,3,4

The reaction rate constants are evaluated by using the
canonical transition state theory of Eyring, Evans and Polanyi.7
The general expression for the reaction rate constant kr is:
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where kB and h are respectively Boltzman’s and Planck’s
constants, T is the temperature. Ebar is the activation barrier of
the reaction. It is the energy difference between energies of
reactants and transition-state and contains the zero point energy
corrections. Qi and Q‡ represent the partition function of
reactants and transition-state (the index i running over all
reactants). For the evaluation of eqn. (1) we use molecular
partition functions.7 With the assumption that rotational (r),
vibrational (v) and electronic (e) movements are independent of
each other, the molecular partition function Q is given by
QNQtQrQvQe, Qt being the translational partition function.

For the H–D exchange reaction of methane, the reaction rate
constant per acid proton becomes:
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NA is Avogadro’s number and V is the volume of one mol under
the considered P and T. It appears because of the use of
concentrations in the rate laws.

Numerical values for the rigid rotor, harmonic oscillator
partition functions are obtained after a frequency calculation by
Gaussian98.12,13 Eqn. (2) was used to calculate the rate
constants for a temperature ranging from 300 to 800 K. An
Arrhenius-plot gives an apparent activation energy of 157.0 kJ
mol21, in close agreement with the experimental value.6

A comparison between the experimentally measured values
of the exchange rate and the theoretically calculated ones can be
found in Fig. 2. The rate constant depends on both the zeolite
structure type and the Al content of the zeolite. Since our cluster
contains two Si and one Al the Si/Al ratio is two. The calculated
reaction rate constant kOH/CD of 1.97 3 1027 s21 agrees well
with the experimentally obtained values at low Si/Al ratio.6

On deuteration, the reaction rate will decrease. In Table 1 rate
constants for reaction of non-deuterated/deuterated zeolite
(indicated with subscript OH or OD, respectively) with non-
deuterated/deuterated methane (indicated subscript with CH or
CD, respectively) are given. Deuteration of one of the
exchanging atoms has a larger impact than deuteration of the
non-exchanging atoms of methane: kOH/CH/kOD/CH ≈ kOH/CD/

Fig. 1 Geometry of (a) CH4 adsorbed on acid site of zeolite, (b) transition
state, with the labelling of the atoms as in Table 1. For kOH/CD: 1 = H, 2–5
= D and for kOD/CH: 1 = D, 2–5 = H.
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kOD/CD ≈ 1.7 whereas kOH/CD/kOD/CH = 1.02. This is a
consequence of the symmetrical transition state.

The experimental values for the kinetic isotope effect,
kOH/CD/kOD/CH, are larger than the theoretical values (see Fig.
2). Unfortunately there are not enough experimental data to
extrapolate to lower Si/Al ratios to validate the theoretical
prediction.

It is promising to see that present day quantum chemical
techniques allow the evaluation of rate constants of a simple
zeolite catalysed reaction as they are yielding a lower limit for
high alumina zeolites. Feasible differences between theory and
experiment can be explained in several ways: (1) the cluster is
only an approximation to a real zeolite lattice and does not
include structural and long range effects; (2) different Si/Al
ratio compared to real zeolites; (3) uncertainty on the obtained
frequencies. We will use our method of calculation of rate

constants for more complex reactions, e.g. acid zeolite catalysed
methylation of toluene to form xylene14 to check its validity.
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Table 1 Selected geometrical and energetical parameters, with ADS = adsorption of CH4 on cluster, TS = transition state, Ebar = E(TS) 2 E(cluster) 2
E(CH4) including ZPE

ADS TS ADS TS ADS TS ADS TS

Method B3LYP/6-31G*
MP2/6-31++G** //
HF/6-31G* HF/6-31G** PB86/DZPV

Cluster AlSi2O4H9 AlO2H5 AlSi2O4H9 AlSi2O4H9

Reference This work 1 3 4
Distances/Å AlO1 1.901 1.836 — 1.860 1.942 1.801 — 1.883

AlO2 1.720 1.836 — 1.860 1.706 1.801 — 1.883
O1H1 0.970 1.330 — 1.156 0.949 1.399 — 1.332
CH1 2.477 1.332 — 1.496 — 1.282 — 1.356

Ebar/kJ mol21 159.71 166.94 — —
Imaginary frequency/cm21 21745.64 22095 21423.38 21389.4
kOH/CH/s21 3.36 3 1027 a — — 3.38 3 1026 b

kOH/CD/s21 1.97 3 1027 a — — —
kOD/CH/s21 1.92 3 1027 a — — —
kOD/CD/s21 1.09 3 1027 a — — —
a At 750 K. b At 673 K.

Fig. 2 Solid line and symbols: rate constants, kOH/CD, at 700 K in function
of Al-content. Dashed line and open symbols: kinetic isotope effect, kOH/CD/
kOD/CH, at 700 K. Experimental values are taken from ref. 6.
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By taking advantage of a cage carbon-linked o-carborane,
the full-sandwich potassacarborane and a novel carborane
monoanion have been prepared and structurally charac-
terized for the first time, in which the cage carbon atom
adjacency of the precursor is maintained.

It has been well documented that o-R2C2B10H10 (R = H, alkyl,
aryl) can be readily reduced by alkali metals to form the [nido-
R2C2B10H10]22 dianion in which the cage carbon atoms are in
meta positions.1 The cage C–C bond is completely broken
during this two-electron reductive process.1 The structures of its
alkali metal salts have recently been reported.2 These salts are
very useful versatile synthons for the production of numerous
metallacarboranes of s-, p-, d-, and f-block elements.1 Protona-
tion of [nido-R2C2B10H10]22 affords two isomers, the kinetic
one A and the thermodynamic product B, as shown in
Scheme 1.3 Isomer B is more stable than A by 6.7 kcal mol21

according to the computational results.4 We have found that the
two cage carbon atoms remain adjacent in ortho positions
during the two-electron reductive process if they are linked by
a short bridge, which leads to the isolation and structural
characterization of the first full-sandwich potassacarborane and
the novel isomer of the [R2C2B10H11]2 monoanion. These new
findings are reported in this communication.

Treatment of m-1,2-[o-C6H4(CH2)2]-1,2-C2B10H10
5 with ex-

cess finely cut potassium metal in THF at room temperature
gives, after recrystallization from a THF/CH3CN solution of
18-crown-6, the first full-sandwich potassacarborane [closo-
exo-{m-1,2-[o-C6H4(CH2)2]-1,2-C2B10H10}2K3(18-crown-
6)2][(18-crown-6)K(CH3CN)2] (1) as yellow crystals in 74%
yield.† 1 is extremely air- and moisture-sensitive but remains
stable for months at room temperature under an inert atmos-
phere. Protonation of 1 generates a novel carborane monoanion
[{m-1,2-[o-C6H4(CH2)2]-1,2-C2B10H11}K(18-crown-6)]n (2) as
colorless crystals.† These transformations are summarized in
Scheme 2. Both 1 and 2 have been fully characterized by
various spectroscopic, elemental and X-ray analyses.

The 1H NMR spectra show that methylene protons on the
carborane cage in both 1 and 2 are non-equivalent in solution,
and support the ratios of 1.5 18-crown-6 and one acetonitrile
molecule per carboranyl ligand for 1, and one 18-crown-6
molecule per ligand for 2, respectively. The 13C NMR spectra
are consistent with the results derived from their 1H NMR

spectra. The 11B NMR spectra exhibit 2+2+1+2+1+1+1 and
1+4+3+1+1 splitting patterns for 1 and 2, respectively. Their
solid-state IR spectra display both a characteristic doublet
centered around 2450 cm21 and a shoulder at about 2360 cm21

attributable to a K–H–B stretching mode.6
An X-ray analysis‡ reveals that 1 is a centrosymmetric

molecule consisting of well-separated, alternating layers of
discrete cations [(18-crown-6)K(CH3CN)2]+ and complex ani-
ons [closo-exo-{m-1,2-[o-C6H4(CH2)2]-1,2-C2B10H10}2K3(18-
crown-6)2]2. In the anion, the K2 atom sits at an inversion
center and bonds to two nido-carboranyl ligands in a h6 fashion
to form a fully sandwiched metallacarborane, shown in Fig. 1.
It is interesting to note that the cage carbon atom adjacency of
the precursor is maintained in the product due to the presence of
the short bridge between the two cage carbon atoms. The six
atoms of the hexagonal C2B4 bonding face are coplanar
compared with the staggered arrangement of the two carbon
atoms of the hexagonal face in the ‘carbons-apart’ dianionic
species [nido-R2C2B10H10]22.3 The average K2–cage atom
distance of 3.064(4) Å is close to the corresponding value of
3.174(2) Å observed in [closo-exo-
{(C6H5CH2)2C2B10H10}K2(THF)2(O2C4H8)0.5]n.2

In contrast to 1, 2 adopts a polymeric structure in which the
carboranyl and potassium ions serve as alternating bridging
groups to give a zigzag carborane–K–carborane–K chain that is
maintained in one-dimension throughout the lattice (Fig. 2). The

Scheme 1 Scheme 2
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most significant part of this structure is the arrangement of the
cage atoms: 5-coordinate carbon and boron (C1, C2 and B11),
6-coordinate boron (B3–B5, B7, B8, B10 and B12), and
7-coordinate boron (B9 and B6), shown in Fig. 3. There are two
pentagonal belts, one (B6B7B8B9B10) is capped by two boron
atoms (B11 and B12) and the other (C1C2B3B4B5) is partially
capped by one m3-H atom. This is a brand new isomer of the
[R2C2B10H11]2 monoanion which has never been observed
before. Since 2 is prepared in a hot acetone solution, it is
reasonable to suggest that 2 is the thermodynamic (‘stable’)
product, which is also supported by 11B NMR data. It is very
obvious that the presence of a short bridge plays a significant
role in the generation of the novel carborane monoanion in 2.

In summary, the ‘carbons-adjacent’ carborane dianion and
monoanion of the C2B10 system can be readily produced by
introducing a short bridge between two cage carbon atoms of an
o-carborane. This study implies that these anions may exhibit a
different chemistry from the corresponding ‘carbons-apart’
species.

We thank the Research Grants Council of the Hong Kong
Special Administration Region (Project No. CUHK 4267/00P)
for financial support.

Notes and references
† Preparation of 1: To a THF (25 mL) solution of m-1,2-[o-C6H4(CH2)2]-
1,2-C2B10H10 (0.246 g, 1.00 mmol) was added finely cut K metal (0.25 g,
6.39 mmol), and the mixture was stirred at room temperature for a week.
After removal of excess K, the clear orange solution was concentrated to
about 10 mL to which was added a CH3CN solution (10 mL) of 18-crown-6
(0.53 g, 2.00 mmol). 1 was isolated as yellow crystals after this solution
stood at room temperature for a week (0.56 g, 74%). 1H NMR (pyridine-d5):
d 7.22 (m, 2H, aryl H), 7.10 (m, 2H, aryl H), 4.29 (d, J = 15.0 Hz, 2H,
C6H4(CH2)2), 4.15 (d, J = 15.0 Hz, 2H, C6H4(CH2)2), 3.47 (s, 36H,
C12H24O6), 1.87 (s, 3H, CH3CN); 13C NMR (pyridine-d5): d 141.28,
125.99, 124.73 (C6H4(CH2)2), 117.60 (CH3CN), 69.54 (C12H24O6), 48.54
(C6H4(CH2)2), 0.35 (CH3CN), the cage carbon atoms were not observed;
11B NMR (pyridine-d5): d 3.23 (2B), 23.25 (2B), 25.83 (1B), 211.59
(2B), 218.06 (1B), 222.28 (1B), 224.16 (1B); IR (KBr, cm21): nBH 2456
(vs), 2398 (s), 2351 (s). Anal. Calc. for C60H114B20K4N2O18: C, 47.28; H,
7.54; N, 1.84. Found: C, 46.92; H, 7.53; N, 1.94%.

2: To a THF (25 mL) solution of 1 (0.38 g, 0.25 mmol) was added
degassed H2O (2 mL), and the mixture was stirred at room temperature for
0.5 h. After removal of the solvent, the residue was extracted with hot
acetone (2 310 mL). The clear colorless solution was concentrated to about
4 mL. 2 was isolated as colorless crystals after this solution stood at room
temperature for a week (0.24 g, 87%). 1H NMR (CDCl3): d 7.10–6.96 (m,
4H, aryl H), 3.92 (d, J = 9.0 Hz, 1H, C6H4(CH2)2), 3.68 (d, J = 9.0 Hz, 1H,
C6H4(CH2)2), 3.60 (s, 24H, C12H24O6), 3.24 (d, J = 15.0 Hz, 1H,
C6H4(CH2)2), 2.95 (d, J = 15.0 Hz, 1H, C6H4(CH2)2), 1.70 (s, 1H, m-H);
13C NMR (CDCl3): d 138.62, 127.02, 125.55 (C6H4(CH2)2), 48.66, 39.16
(C6H4(CH2)2), 70.09 (C12H24O6), the cage carbon atoms were not observed;
11B NMR (CDCl3): d 28.78 (1B), 213.06 (4B), 222.39 (3B), 237.01
(1B), 239.73 (1B); IR (KBr, cm21): nBH 2525 (vs), 2460 (s), 2379 (m).
Anal. Calc. for C22H43B10KO6: C, 47.97; H, 7.87. Found: C, 47.82; H,
8.05%.
‡ Crystal data: for 1: C60H114B20K4N2O18, M = 1524.13, triclinic, space
group P1̄, a = 11.645(1), b = 12.209(1), c = 16.194(1) Å, a = 97.77(1),
b = 103.46(1), g = 104.23(1)°, V = 2124.7(2) Å3, Dc = 1.191 g cm23, Z
= 1, 2qmax = 50°, m(Mo-Ka) = 0.269 mm21, 11 476 reflections used,
7439 unique, R1 = 0.060 (I > 2.0s(I)), wR2 = 0.158 on F2.

For 2: C22H43B10KO6, M = 550.76, monoclinic, space group P21/n, a =
8.953(1), b = 18.667(2), c = 18.642(2) Å, b = 101.12(1)°, V = 3056.9(6)
Å3, Dc = 1.197 g cm23, Z = 4, 2qmax = 50°, m(Mo-Ka) = 0.208 mm21,
14 719 reflections used, 4787 unique, R1 = 0.063 (I > 2.0s(I)), wR2 =
0.171 on F2.

Data were collected at 293 K on a Bruker SMART 1000 CCD
diffractometer using Mo-Ka radiation. An empirical absorption correction
was applied using the SADABS program.7 All structures were solved by
direct methods and subsequent Fourier difference techniques and refined
anisotropically for all non-hydrogen atoms by full-matrix least squares
calculations on F2 using the SHELXTL program package.8 CCDC reference
numbers 160868 and 160869. See http://www.rsc.org/suppdata/cc/b1/
b102131c/ for crystallographic data in CIF or other electronic format.
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Fig. 1 ORTEP illustration of [closo-exo-{m-1,2-[o-C6H4(CH2)2]-
1,2-C2B10H10}2K3(18-crown-6)2]2 in 1 with thermal ellipsoids drawn at the
35% probability level.

Fig. 2 ORTEP illustrations of 2 showing a portion of the infinite polymeric
chain (thermal ellipsoids drawn at the 35% probability level).

Fig. 3 Closer view of [m-1,2-{o-C6H4(CH2)2}-1,2-C2B10H11]2 in 2.
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Palladium containing silica spheres are tailored by a multi-
step procedure consisting of: (i) preparation of ion exchange
resin–silica composites, (ii) Pd ion exchange, and (iii)
calcination.

Controlled preparation of porous materials is of great techno-
logical interest for areas such as heterogeneous catalysis and
molecular sieving.1,2 Advanced porous structures e.g. metallic
macrostructures, have attracted special attention due to their
unique properties. By colloidal crystal templating porous gold
flakes have been produced with the size of the pores
corresponding to the size of the latex micospheres used as
templates.3 A number of macroporous, free-standing metal
films have been prepared employing colloidal silica crystals as
pore-size determining templates.4 Silica sol has been used as a
nanoglue to synthesise composite aerogels containing different
guest components e.g. Pt and Au.5 Recently, we reported a
method for the preparation of silica-based macrostructures
using anion exchange resins as templates.6,7 This method
involves treatment of resin beads with silica solutions followed
by calcination. The resin bead templates determine the final
shape of the macrostructures whereas the combustion of the
resin provides the materials with high and controlled porosity.
Here, we report the synthesis of palladium containing silica
spheres prepared by resin templating. The procedure is based on
the fact that the resin–silica composites obtained after the ion
exchange of silica species retain a high anion exchange capacity
facilitating introduction of negatively charged ions such as
PdCl422 in a second step. Upon calcination the resin bead
templates are removed and the palladium is obtained in an oxide
form.

Macroporous strongly basic Dowex MSA-1 resin beads
(mesh size 20–50, chloride form) were used as received from
Sigma. In a typical synthesis batch, 30 g of resin were mixed
with 150 g of sodium water glass solution (21.4 wt% SiO2, 6.7
wt% Na2O, Akzo Nobel) in a polyethylene reactor. The
synthesis mixture was treated in an oil bath preheated to 100 °C
under reflux until the initially floating resin particles sank, after
4 h. The resin–silica composites obtained were separated by
decanting, rinsed repeatedly with distilled water and dried at
105 °C. Palladium was subsequently introduced into the
composites by ion exchange using a solution of 0.01 M
palladium chloride (PdCl2, Aldrich) dissolved in 1 M hydro-
chloric acid. Composites and palladium solutions were mixed in
different weight ratios (e.g. 1 g composite mixed with 5, 10 or
20 g of Pd solution and the corresponding samples were
designated as Pd5, Pd10 and Pd20) in a beaker and placed on a
shaker overnight. After this procedure the initially brownish
color of the Pd solutions turned colorless. The Pd–resin–silica
composites were decanted, rinsed repeatedly with distilled
water and dried at 105 °C. Finally, the composites were calcined
at 600 °C for 5 h after heating to this temperature at a rate of 1 °C
min21.

Visually the Pd materials obtained after the removal of the
ion exchanger consisted of solid and hard brownish spheres.
The color intensity was increased with an increase in the
palladium solution to composite weight ratio used. A SEM
image representative for those spheres is shown in Fig. 1(a). The
shape of the particles was identical to the shape of the initial ion

exchange resin beads but the spheres shrunk upon calcination. A
similar result was obtained for the silica spheres obtained after
calcining the resin–silica composites and correspondingly the
shrinkage observed was not related to the insertion of palladium
into the composites. The Pd spheres were built up by fine
particles with a size of < 100 nm which is comparable to the
pore size of macroporous resins.8 The primary particles of the
Pd silica spheres were similar to those of calcined resin–silica
composites and no conclusions about the palladium dispersion
can be drawn by the SEM investigation.

Pd silica spheres were ground into a powder and X-ray
diffraction patterns were recorded in order to identify the form
of palladium obtained after the calcination. During the grinding
no white material was observed suggesting that the palladium
was distributed within the spheres. Fig. 1(b) shows the XRD
pattern of the Pd20 sample. Two phases may be seen in this
pattern: an amorphous one, emanating from the amorphous
silica phase, and a crystalline one, corresponding to the
presence of palladium oxide in the spheres.9 The XRD patterns
of the Pd10 and Pd5 samples were similar to that shown in Fig.
1(b) but with lower peak intensities related to the decreased Pd
loading. No additional peaks due to the presence of other

Fig. 1 A representative SEM image of the Pd containing silica spheres (a)
and XRD pattern of the Pd20 sample (b). SEM was performed on a Philips
XL scanning electron microscope equipped with a LaB6 emission source.
XRD patterns were collected at room temperature with a Cu-Ka X-ray
source using a Siemens D5000 instrument.
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palladium phases were detected in the XRD patterns of the Pd
containing spheres prepared.

Fig. 2(a) shows nitrogen adsorption isotherms for calcined
silica and Pd10 spheres. The isotherm for the calcined silica
spheres was of type IV which is typical for mesoporous
materials.10 Langmuir type isotherms typical of microporous
materials, with identical, nearly horizontal, adsorption and
desorption branches, were obtained for the Pd containing
spheres. Some mesopores were also present in these spheres as
seen from the distinct hysteresis loop at high relative pressures.
From the pore-size distributions presented in Fig. 2(b) is seen
that the amount of mesopores (imposed by the removal of the
ion exchange resin) is approximately the same for the two
samples, whereas the amount of micropores is increased for the

Pd containing spheres. The surface area values, calculated with
the BET equation as well as the total pore volumes are listed in
Table 1. Judging from these values and the pore-size distribu-
tions one can conclude that: (i) the insertion of palladium into
the resin–silica composites leads to substantially larger BET
surface areas of the calcined samples; (ii) the increase in the
surface area is related to the amount of palladium present within
the spheres; and (iii) the increase in the surface areas may be
related to an increase in the micropore volume of the calcined
materials. These results are surprising and further investigations
are needed in order to explain the rather dramatic changes
observed.

Finally, the yield, the amount of solid material obtained per
gram of composite, was determined from the weight difference
between dried composites at 150 °C and calcined spheres (Table
1). From the yield and from the similar hardness of the silica and
the Pd silica spheres one may conclude that there was no
substantial silica leakage from the resin–silica composites
during the Pd ion exchange. Based on the yields, the Pd loading
was calculated and listed in Table 1. Considering the Pd uptake
data (also included in Table 1) one may conclude that the ion
exchange of Pd into the resin–silica composites was almost
complete.

The results presented show that hard and solid silica spheres
containing a controllable amount of palladium can be prepared
using macroporous ion exchange resins as templates. Owing to
the high surface areas and large pore volumes, these materials
are interesting for catalytic applications. Currently our efforts
are directed to further characterise the palladium in the silica
spheres and results will be presented in a subsequent publica-
tion. The procedure may also be used for the preparation of
silica spheres containing other active catalytic phases.

We thank the Swedish Research Council for Engineering
Sciences (TFR) for partial financial support of this work.
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Table 1 BET surface areas, total pore volumes, yield, Pd loading and Pd uptake for the spheres prepared

Spheres
BET surface/
area/m2 g21

Total pore
volumea/cm3 g21 Yield (wt%) Pd loading/(wt%) Pd uptakeb(%)

Silica 93 0.26 38.39 — —
Pd5 840 0.64 38.84 1.37 99.8
Pd10 1043 0.75 38.05 2.80 99.3
Pd20 1203 0.88 38.08 5.59 97.9

a Calculated by converting the volume adsorbed at a relative pressure of 0.995 to the volume of the liquid adsorbate. b Calculated from the Pd concentration
in the initial Pd solution and in the solution after the ion exchange as determined by atomic absorption spectrometry.

Fig. 2. Nitrogen adsorption isotherms at 77 K for calcined silica and Pd10
spheres; solid symbols, adsorption; open symbols, desorption (a) and the
corresponding pore size distributions (b). The pore size distributions were
calculated from the desorption branch of the nitrogen isotherm by the BJH
method. The data was collected with a Micromeritics 2010 Gas Adsorption
Analyser after the materials were degassed at 300 °C for 12 h.
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Based on the coordination ability of ClO4
2, BF4

2 and Cl2
anions, a switch from discrete octahedral Co(II) complexes to
a directional 1-D network was demonstrated using organic
tectons based on a pyridine unit as a monodentate coordina-
tion site and a terpyridine moiety as a tridentate coordina-
tion pole; whereas with non-coordinating anions discrete
mononuclear complexes were obtained, for Cl2 anion a 1-D
coordination network was obtained in the presence of CoCl2
under self-assembly conditions; the X-ray study on a single
crystal revealed the centrosymmetric packing of the 1-D
networks.

The self-assembly process based on the use of metals and
organic ligands is a powerful strategy allowing generation of
polynuclear assemblies displaying a variety of finite archi-
tectures.1 The same strategy is also currently used to prepare
coordination networks which are infinite assemblies possessing
translational symmetry.2

Let us focus on 1-D coordination networks obtained by a
single translation of an assembling core defined by the
coordination of the metal to the organic tecton. Although many
examples of 1-D networks using metals with linear coordination
geometrics and bis-monodentate tectons have been prepared,
for metals adopting other coordination geometries such as
square planar, tetrahedral or octahedral only a rather small
number of investigations have been reported. The majority of
coordination networks reported so far are based on 4,4A-
bipyridine,3 however, few examples based on bis-bidentate4,5 or
tetrakis-monodentate6,7 ligands have been also reported. Fi-
nally, only a few structurally characterised networks based on
bis-tridentate tectons have been published.8–10

For coordination networks based on metal cations and
anionic organic tectons bearing the same but opposite charges,
the charge compensation criteria is fulfilled. In this case, the
design of the network may be based on the match between the
coordination features of the metal and the organic tecton.
However, when charge neutrality is not achieved by the two
partners, the presence of a third component is required thus
leading to a three-component system. For a combination of
neutral tectons and metal cations, based on the binding ability of
the anion, two possibilities may be considered. Non-coordinat-
ing anions would mainly play a charge compensating role
without interfering directly with the metal centres, whereas
coordinating anions form direct bonds with the metal cation. In
the latter case, one may take advantage of this requirement to
control the coordination sphere around the metal cation. For
example, for metal centres adopting Oh geometry, the use of
bulky and coordinating anions such as Cl2 would lead to the
occupation of the two axial positions thus leaving the square
planar base for construction of coordination networks.11

Here we report the design and synthesis of a tecton 1 and,
depending on the coordinative nature of the anion (Cl2, ClO4

2),
the formation of either a discrete complex 4 or a 1-D directional
network 5 using Co(II) complexes.

Ligand 1 (Scheme 1) is based on a combination of a pyridine
(py) and terpyridine (terpy) units. The junction between the
mono- and tri-dentate units was achieved using an ethynyl
spacer. The latter was chosen because it should minimise
possible steric effects affecting the packing of 1-D networks in
the solid state and should allow electronic communication
between the py and terpy sites.12 An example of a py directly
connected to a terpy has been reported by Constable et al.13

For Co(II) cations adopting Oh geometry, in the case of non-
coordinating anions such as ClO4

2, all six available coordina-
tion positions may be occupied by two terpy moieties belonging
to two molecules of 1 acting as ligands thus leading to a discrete
complex 4 (Scheme 1). However, in the presence of coordinat-
ing anions such as Cl2, the two anions would occupy the two
axial positions leaving four coordination sites located at the
square planar plane of the octahedron. Then 1 may act as a
tecton by connecting the metal centres into a 1-D network such
as 5. Indeed, the four available coordination positions may be
occupied by a terpy moiety belonging to one tecton 1 and by the
py unit belonging to another tecton 1, leading by a single
translation of an assembling core defined as [py–CoCl2–terpy],
to a 1-D network. Moreover, owing to the unsymmetrical nature
of 1, a directional 1-D network should be obtained. The latter
point is of interest for directional physical properties if one
could avoid centrosymmetric packing of directional 1-D
networks.

The starting material for the synthesis of 1 was 214 which was
prepared according to published procedures.14 The synthesis of
1 was achieved by coupling 2 with 315 in the presence of
Pd(OAc)2 and Ph3P in Et3N under reflux for 48 h. Pure ligand
1 was obtained as a white powder in 98% yield after
chromatography (Al2O3, hexane–diethyl ether 6+4).

Upon slow diffusion at room temp. of a MeOH solution
containing Co(ClO4)2·6H2O (4 mg) into a CHCl3 solution of 1
(5 mg), orange crystals were obtained after ca. 4 h. An X-ray
study‡ on a single-crystal showed the presence of 4 with the
following relevant features: the crystal (monoclinic) was

† Dedicated to François Mathey on the occasion of his 60th birthday. Scheme 1
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composed of 1, Co2+, 2ClO4
2 and 2CHCl3. For the cationic

complex 4 comprised of one cation and two ligands 1, the metal
adopts a distorted Oh geometry with all six coordination
positions occupied by 6 N atoms belonging to two terpy units.
Whereas the two N–Co distance are 1.88 and 1.92 Å in the case
of both central py units, the other N–Co distances are between
2.00 and 2.14 Å. For nitrogen atoms in cis disposition the N–
Co–N angle varies from 78.5 to 103.0°, whereas for those in
trans configuration, the N–Co–N angle varies from 156.9 to
178.4° (Fig. 1). No specific interactions between 4 and ClO4

2

anions are observed. Interestingly, the same observations were
made for an analogous ligand (in which the terpy unit was
connected by the same ethynyl spacer to the py moiety at the
position 3) upon treatment with Co(BF4)2·6H2O (synthesis and
X-ray data not reported here).

Upon slow diffusion at room temp. of a MeOH solution
containing CoCl2·6H2O (6 mg) in to a CH2Cl2 solution of 1 (6
mg,), purple crystals were obtained after ca. 24 h. An X-ray
study‡ revealed the presence of the 1-D network 5. The crystal
(monoclinic) was composed of 1, Co2+, 2Cl2 and 1 CH2Cl2. As
expected for the coordinating Cl2 anion, a directional 1-D
neutral network based on the interconnection of CoCl2 units by
1 is observed. The assembling core is a distorted octahedral
Co(II) complex for which the coordination sphere is composed
of two Cl2 and four N atoms. The two Cl2 anions occupy the
two axial positions with a Co–Cl distance of ca 2.463 Å and Cl–
Co–Cl angle of 179.5°. The square base of the octahedron is
composed of one py belonging to 1 and one terpy unit belonging
to next tecton 1 with Co–N distances of 2.131 Å for the py unit
and 2.048 Å for the central py of the terpy moiety. The other two
Co-N distances are ca. 2.162 Å. Whereas the Cl–Co–N angle
varies from 88.6 to 91.3°, the N–Co–N angle varies between ca.
76.7 and 103.3°. The N–Co–N angle between the py and the
central py unit of the terpy moiety is 180.0°. The py and the
terpy units are not coplanar but are tilted by ca 112 ° (Fig. 2).

Owing to the unsymmetrical nature of 1, the 1-D network is
directional by nature. In principle, a directional 1-D network
may either be packed in centrosymmetric or non-centrosym-
metric modes in the crystalline phase. In the example reported
here, the directional networks are positioned in a parallel
fashion but oriented in opposite directions, thus leading to an

overall non-directional system (Fig. 2). This centrosymmetric
packing may be due to cancellation of dipolar moments.

In conclusion, using a neutral tecton such as 1 and Co(II),
depending on the its coordination ability, the role of the
auxiliary anions in directing either the formation of discrete
complexes or a 1-D network was demonstrated. Indeed,
unsymmetrical ligand 1 based on two different coordination
poles and non-coordinating anions such as ClO4

2 lead to the
formation of a discrete Co(II) octahedral complex 4, whereas,
for a coordinating anion such as Cl2, the self-assembly of CoCl2
and 1 leads to the formation of a neutral and directional 1-D
network 5 in the solid state. The directional 1-D networks are
packed parallel to each other with opposite orientation. Since
the discrete complex 4 possesses two non-coordinating pyridine
units, it may act as an exo-ligand and thus may be used as a
metallatecton16 for generating heteronuclear coordination net-
works. This aspect is under current investigation.

Notes and references
‡ Crystal data: 4: (orange, 173 K), C44H28CoN8·2CHCl3·2ClO4, M =
1165.36, monoclinic, space group P2/c, a = 8.8059(2), b = 34.3527(7), c =
16.8241(4) Å, b = 104.779(5), U = 4921.0(2) Å3, Z = 4, Dc = 1.57
g cm23, m(Mo-Ka) = 0.845 mm21, 3744 data with I > 3s(I), R = 0.077,
Rw = 0.087. 5: (purple, 173 K), C22H14Cl2CoN4·CH2Cl2, M = 549.16,
monoclinic, space group P2/n, a = 8.7151(7), b = 13.792(1), c =
10.2996(5) Å, b = 112.095(5), U = 1147.1(1) Å3, Z = 2, Dc = 1.59
g cm23, m(Mo-Ka) = 1.234 mm21, 1295 data with I > 3s(I), R = 0.063,
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Fig. 1 X-Ray crystal structure of the mononuclear Co complex 4. ClO4
2

anions, H atoms and solvent molecules are omitted for clarity. For distances
and angles see text.

Fig. 2 A portion of the X-Ray crystal structure of the directional 1-D
network 5 showing the packing of consecutive networks in ‘head-to-tail’
fashion. H atoms and solvent molecules are omitted for clarity. For
distances and angles see text.
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A simple route to organic–inorganic hybrid materials containing Eu3+
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Direct complexation of europium nitrate into HMS materi-
als containing phosphine oxide groups covalently linked to a
silica matrix is accomplished and is shown to work much
better than into the corresponding materials prepared in the
absence of surfactant.

The study of luminescent materials has been the subject of
extensive research in the past decade.1–3 Of particular interest
are rare-earth-ion-based systems which can give rise to a variety
of optical applications such as fiber amplifiers and solid-state
lasers.4,5 The sol–gel approach is an attractive means of
synthesising these materials since it allows both the control of
the devices and a great diversity of chemical composition.6
Numerous studies have been carried out on nanocomposite
hybrid materials prepared by incorporating Eu3+ or Tb3+

complexes into sol–gel matrices.7–9 With a view to avoiding the
inhomogeneous dispersion of rare-earth complexes within the
silica matrix, we have recently studied the hydrolytic poly-
condensation of isolated europium complexes with phosphine
oxides bearing one hydrolysable Si(OR)3 group.10 We have
shown that the Eu3+ are well encapsulated within the resulting
nanostructured hybrid materials which present highly lumines-
cent properties. We now report a very simple and original route
to Eu3+ containing hybrid materials. This method consists of the
direct incorporation of europium salts into a hybrid organic–
inorganic material containing phosphine oxide groups cova-
lently linked to the silica matrix and able to complex Eu3+.11

This rare-earth ion was selected as a representative rare-earth
ion because of its unique fluorescence properties.12 We show
that ordered HMS materials containing phosphine oxide groups
prepared by using the direct synthetic approach13 are much
more convenient for the complexation of Eu3+ than the
corresponding materials prepared in the absence of surfactant.
The luminescence behaviour of the materials was considered.

The hybrid materials An (Scheme 1) were obtained by co-
hydrolysis and polycondensation of a mixture of
Ph2P(CH2)3Si(OMe)3

14 and of n equiv. of Si(OEt)4 (n = 4, 7, 9,
12, 14, 19 and 35) in the presence of n-hexadecylamine as
template (route A). The corresponding materials Bn (route B)
were prepared in the absence of template but in the presence of
1% TBAF as catalyst [n in index for materials An and Bn
corresponds to the number n of equiv. of Si(OEt)4]. The
xerogels were prepared according to published procedures.15

Treatment of the materials An and Bn with a large excess of an
aqueous H2O2 solution for 12 h at 30 °C afforded the solids
An[O] and Bn[O], respectively (Scheme 1).16 After washing

and drying, the solid-state 31P NMR spectroscopy of the
resulting white solids revealed the complete formation of PNO
centres. Some relevant physical properties of these materials are
given in Table 1. The BET surface areas of both materials were
determined by the N2 adsorption–desorption isotherm measure-
ments. The materials An[O] (n = 4–35) exhibit type IV
isotherms, characteristic for mesoporous materials while the
materials Bn[O] display type II isotherms, indicative of
macroporosity. The XRD patterns of the materials An[O]
exhibit an intense diffraction peak corresponding to the d100
spacing (Table 1). and in some cases (for n ! 19) a much less
intense peak corresponding to d110 and d200 spacings indicating
a hexagonal mesostructure. In contrast, the XRD patterns of the
solids Bn[O] display no peak. Both types of solids were
subsequently treated with an excess of an ethanol solution of
Eu(NO3)3·6H2O (2 equiv. of Eu3+ per PNO) heated under reflux
for 14 h. The resulting solids EuAn[O] and EuBn[O] were
copiously washed with acetonitrile to eliminate the non-
complexed salt until no traces of Eu(NO3)3 were detected in the
filtrate. After drying, the extent of the complexation reaction
within both types of materials was first determined by solid-
state 31P NMR spectroscopy. For n @ 14, the 31P NMR spectra
of the materials exhibit two signals (Table 2), one was attributed
to the free PNO groups (33.1–37.4 ppm) and the other which was
shifted upfield (2107.1 to 2112.0 ppm), to PNO groups
coordinated to Eu3+. The percentage of complexed PNO sites
was calculated by integration of the signals and the results are
reported in Table 2 and in Fig. 1. When n > 14, the solid state
31P NMR spectra of both materials display only one signal
attributed to the starting phosphine oxide. Elemental analyses
for Eu, P, N (and in some cases Si) were carried out, and the
percentages of complexed Eu3+ were then calculated consider-
ing that one Eu3+ coordinates three PNO groups (Table 2).17

This method of calculation afforded percentages of complexed
Eu3+ in good agreement with the percentages calculated by 31P
NMR spectroscopy. This strongly suggests that the uptake of
one Eu3+ requires three PNO groups within the materials.

Thus, direct incorporation of Eu(NO3)3·6H2O within both
types of materials is possible for 7 @ n@ 14. The uptake of Eu3+

depends highly on the type of the materials (prepared in the
presence or in the absence of surfactant) and on the dilution of
the organic moiety into silica (Fig. 1), the higher percentage of

Scheme 1 An[O] and Bn[O] corresponds to materials Ph2PO(CH2)3SiO1,5/
nSiO2 prepared in the presence and in the absence of surfactant,
respectively.

Table 1 Physicochemical properties of An[O] materials containing
phosphine oxide moieties

Sample

31P NMRa

(HPDEC
MAS)

d100

lattice
spacing/Å Dp/Å

SBET/m2

g21

Total pore
volume/
cm3 g21

A7[O] 32.9 37 30 515 0.28
A9[O] 35.0 39.7 35 1000 0.30
A12[O] 33.9 38.1 35 680 0.35
A14[O] 33.0 40.8 37 750 0.47
A19[O] 34.3 40.5 34 1110 0.77
A35[O] 33.2 40.8 36 1025 0.92
a d/ppm.
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complexation (about 80%) being obtained for the material
A9[O]. Furthermore, it is remarkable to observe (Fig. 1) that, for
a given ‘dilution’ of phosphine oxide moieties into silica, in
particular for n = 7 and 9, the amount of incorporated Eu3+ is
always low for the materials prepared in the absence of
surfactant. This great difference between the properties of
materials An[O] and Bn[O] towards the complexation of Eu3+,
shows that the ordered mesoporous hybrid materials A9[O] and
A7[O] in which the PNO are located within the pores18 are
suitable for the complexation of Eu3+, while the materials Bn[O]
(n = 7 and 9) in which the distribution of PNO groups is
uncontrolled, are not. This suggests that the complexation of
Eu3+ requires not only three PNO groups in close proximity to
each other but in a favourable geometry. It is worth noting that
the complexation of Eu3+ is optimum but incomplete (80%) for
A9[O]. For n < 9, the PNO groups are certainly in close
proximity to each other but nevertheless they do not allow an
optimum complexation of Eu3+ probably for steric reasons. That
illustrates how restrained is the complexation of Eu3+ within the
materials. For the dilutions n > 14, there is neither complexation
for the ordered materials An[O] nor for Bn[O]. The distances
between the PNO groups are then likely much too large to allow
the complexation.

The emission spectra of both types of materials were
measured at 2 K under laser excitation at 325 nm. Fig. 2 displays
the emission spectra of materials EuA9[O] and EuB7[O] as
examples. The line emission of materials incorporating Eu3+

ions were assigned to the transition from the 5D0 level to the 7Fi

levels (i = 0, 1, 2, 3, 4).19 The strongest transition, 5D0?
7F2

occurs at 618 nm and is the characteristic ‘europium red’

luminescence. We observed a decrease of the red colour as the
percentage of Eu3+ decreases. It is of note that the emission
spectra are very similar for both types of materials. Of special
interest is the 5D0?

7F0 emission which exhibits in both cases
only one line indicating a unique chemical environment around
the Eu3+ ions.19 Thus, when the complexation of Eu3+ is
possible within the materials An[O] or Bn[O], the local
environment around Eu3+ is the same whatever the route for the
preparation of hybrid materials (route A or B).

In summary, we describe for the first time, a very simple
method for the complexation of Eu3+ within hybrid materials.
We show that the ordered HMS materials containing phosphine
oxide groups within the pores are mostly convenient for the
complexation of Eu3+ which requires three PNO centres.
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Table 2 Percentage of complexed PNO groups calculated from 31P NMR
spectroscopy and percentage of Eu3+ calculated from elemental analyses for
materials EuAn[O] and EuBn[O]

Sample

31P NMR chemical
shifts. Complexed
PNOa (%) Found formulab [Eu3+,c (%)]

EuA7[O] 2107.1 (62) Eu0.18N0.53P1.00 (55)
EuA9[O] 2110.3 (76) Eu0.27N0.82P1.00 (82)
EuA14[O] 2108.5 (15) Eu0.06N0.17P1.00Si12.30 (17)
EuA19[O] (0) Eu<0.02N<0.22P1.00 ( < 8)
EuB7[O] 2109.8 (18) Eu0.07N0.19P1.00 Si7.96 (21)
EuB9[O] 2112.0 (16) Eu0.06N0.15P1.00 (18)
EuB12[O] 2110.0 (10) Eu0.04N0.11P1.00 (12)
EuB19[O] (0) Eu<0.03N<0.22P1.00 ( < 9)
a From 31P NMR spectroscopy. b From elemental analyses. c Calculated by
using the theoretical formula Eu0.33NP.

Fig. 1 Percentage of complexed PNO–Eu3+ groups (calculated from solid-
state 31P NMR spectroscopy) within An[O] and Bn[O] materials as a
function of  the ‘dilution’ n.

Fig. 2 Emission spectra of EuA9[O] (upper) and EuB7[O] (lower) recorded
under laser excitation at 325 nm at 2 K. * Corresponds to 2nd order-
scattered laser beam. The insert shows the 5D0?

7F0 emission.
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The first examples of zinc compounds with bridging fluorine
and hydrogen atoms [{HC(CMeNAr)2}Zn(m-X)]2 (Ar =
2,6-Me2C6H3, X = F, 8; X = H, 9) have been synthesised and
structurally characterised.

Recent reports have shown increasing interest in the utilisation
of zinc hydride complexes as reducing reagents1 and as
precursors for various transformations.2 Generally, zinc hydride
complexes are synthesised from ZnH2.3 However, the impurity,
thermal mobility and the inertness of ZnH2 compared to its
group 13 analogues often resulted in impure products.4,5 In
addition, hydrogen is believed to play a bridging role between
two zinc atoms in many zinc hydride complexes as presumed in
ZnH2, resulting in polymeric or oligomeric species that are
difficult to crystallise and characterise.5 Therefore, zinc hydride
complexes are less well known and have been less thoroughly
investigated than the group 13 analogues and other zinc
reagents. Before this work started, only three zinc hydride
complexes had been structurally characterised, namely
[Me2N(CH2)2N(Me)ZnH]2 1,6 [{h3-HB(3-RC3N2H2)3}ZnH]
(R = But) 22 and [(Me3PN)ZnH]4·4THF 3.7 In these three
compounds, all hydrogen atoms are terminally arranged. The
bridging role of hydrogen atoms in zinc hydride complexes
remains crystallographically unveiled. Kläui et al.8 had success-
fully synthesised [{h3-HB(3-R-5-MeC3N2H2)3}ZnH] (R = p-
Tol) 4 from the metathesis reaction of Et3SiH with the first
structurally characterised zinc fluoride compound [{h3-HB(3-
R-5-MeC3N2H2)3}ZnF] (R = p-Tol) 5.8 However, Kläui’s
fluorination method is not applicable for most of the other zinc
precursors due to their moisture sensitivity.

Recently, we trapped ‘molecular’ ZnF2 and MeZnF by using
organotitanium fluorides as matrices to yield
[(Cp*TiF3)8(ZnF2)3] 6 and [(Cp*TiF3)4(MeZnF)2] 7, respec-
tively.9 Compound 7 is an intermediate for the formation of 6,
the methyl groups in 7 can be easily exchanged by Me3SnF to
afford 6. This implies that zinc fluorides can be made by
fluorination of the corresponding alkyl derivatives with
Me3SnF10 if suitable supporting ligands are chosen. Herein, we
describe the preparation and structural characterisation of
[{HC(CMeNAr)2}Zn(m-X)]2 (Ar = 2,6-Me2C6H3, X = F, 8; X
= H, 9).

The reaction of [{HC(CMeNAr)2}ZnR] (R = Me, Et)11 with
1 equiv. of Me3SnF in toluene at 100 °C for 8 h resulted in the
disappearance of solid Me3SnF. After removal of all volatiles in
vacuo, the residue was recrystallised from hot toluene affording
8 as colourless crystals suitable for X-ray single crystal
determination in high yield (80%). EI-MS shows the molecular
ion peak of the dimeric 8, in agreement with the structure
established by X-ray analysis. Having observed several cases of
the same bridging fashion of fluorine and hydrogen,12 we
inferred that the corresponding hydride should similarly contain
bridging hydrogen atoms with a composition of [{HC(CMe-
NAr)2}Zn(m-H)]2 9. The electron deficient three-centre–two-
electron intermolecular Zn–H–Zn bonds are more favoured in 9
due to the bulky substituents at N of the diketiminato ligand that
prevent the condensation through N atoms as seen in 1 and 3.

Consequently, we treated 8 with an excess amount of Et3SiH
(5–10 equiv.) in benzene under refluxing conditions for 16 h.
After the removal of all volatiles, the residue was recrystallised
from hot benzene resulting in colourless crystals of 9 in high
yield (75%). The dimeric nature of the compounds is indicated
by EI-MS and confirmed by X-ray crystallography. Unlike 1
and 2, compound 9 cannot be obtained from the reaction of
ZnH2 with [ArNNC(Me)CHNC(Me)NHAr]. However, upon
treatment of 9 with Me3SnF in benzene under reflux for 6 h,
compound 9 can be readily converted back to 8 (Scheme 1).
Satisfactory microanalyses of 8 and 9 have been obtained.† The
1H NMR spectrum reveals a singlet for the bridging hydrogens
of 9 (d 4.59), while the 19F NMR of compound 1 shows a singlet
for m-F at d 261.6.

The structures of 8 and 9 have been determined by X-ray
single crystal analysis and are shown in Figs. 1 and 2,
respectively.‡ Both molecular structures are dimeric with an
inversion centre in the centroid of the four-membered Zn2X2 (X
= F, H) ring. The two zinc atoms in 8 and 9 are bridged by
fluorine and hydrogen atoms, respectively, forming the three-
centre–four electron Zn–F–Zn and the three-centre–two-elec-
tron Zn–H–Zn bonds.

The average Zn–N bond length in 8 (1.955 Å) is quite close
to that in 9 (1.967 Å), but the six-membered ring in 9 formed by
Zn and the ligand backbone is essentially planar (mean
deviation 0.0149 Å). There is a C2 axis passing through C(2),
Zn(1), Zn(1A) and C(2A) atoms in 9. However, in compound 8,
the ligand backbone is slightly folded. The (m-F)–Zn bond
lengths in 8 [F(1)–Zn(1) 2.0034(11), F(1)–Zn(1A) 1.9473(12),
av. 1.975 Å] are close to the sum of the covalent radii, and ca.
0.126 Å longer than the terminal F–Zn bond length found in 5
[1.849(4) Å]; they are also comparable to those in 6 and 7.
The (m-H)–Zn bond lengths (1.766 Å) from the refinement of X-
ray diffraction data are slightly shorter than those in the ionic
MeZnBH4 (av. 1.82 Å).13 The distances are longer than the
terminal H–Zn bond lengths found in 1 (1.62 Å) and 3 (1.50 Å),
respectively.

Scheme 1

This journal is © The Royal Society of Chemistry 2001
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The shorter (m-H)–Zn distance compared to the (m-F)–Zn
bond length correlates well with a smaller Zn(1)–H(1)–Zn(1A)
angle (87.9°) and a wider Zn(1)–F(1)–Zn(1A) angle (97.72°).
Consequently, a wider H(1)–Zn(1)–H(1A) angle (92.1°) results
compared to the F(1)–Zn(1)–F(1A) angle (82.28°), which leads
to a significantly shorter Zn–Zn distance [2.4513(9) Å] in 9
(by 0.522 Å) than that in 8 [2.9754(6) Å]. This short Zn–Zn
distance is in the range of the sum of the covalent radii (2.50 Å),
but a Zn–Zn interaction is unlikely.

In summary, we have developed an efficient route to zinc
fluorides that are key precursors for the corresponding hydrides.
We have also established the first examples of zinc compounds

with bridging fluorine and bridging hydrogen atoms. Further
studies with 2 are in progress.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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Fig. 1 The molecular structure of 8 in the crystal (with 50% probability
elllipsoids). Selected bond lengths (Å) and angles (°): Zn(1)–N(2) 1.951(2),
Zn(1)–N(1) 1.9588(14), Zn(1)–F(1) 2.0034(11), Zn(1)–Zn(1A) 2.9754(6),
F(1)–Zn(1A) 1.9473(12), F(1A)–Zn(1)–F(1) 82.28(5), Zn(1A)–F(1)–Zn(1)
97.72(5).

Fig. 2 The molecular structure of 9 in the crystal (with 50% probability
ellipsoids). Lattice solvents are omitted. Selected bond lengths or distances
(Å) and angles (°): Zn(1)–H(1) 1.766, Zn(1)–N(1) 1.9672(17), Zn(1)–
N(1A) 1.9673(17), Zn(1)–Zn(1A) 2.4513(9), Zn(1)–H(1)–Zn(1A) 87.9,
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Both B3LYP and CCSD(T) computational results suggest
that fluorine substitution can dramatically stabilize FGe·N,
with respect to GeNNF, both from a kinetic and from a
thermodynamic viewpoint.

The chemistry of unsaturated organometallic compounds with
multiple bonds between a group 14 atom and a heteroatom has
assumed increasing importance during the last two decades, as
shown by the large number of reviews1 dealing with both
experimental and theoretical aspects. In organogermanium
chemistry, several very interesting new compounds with pp–pp
bonds between the heteroatoms have been reported: GeNC,2
GeNO,3 GeNS,4 GeNGe5 and GeNN.6 Of these species, the
germaimines, compounds with a GeNN double bond, have been
studied extensively both experimentally7 and theoretically.8
Although there have been a great number of reports concerning
the chemical and physical properties of these stable species,
stable compounds with a Ge·N triple bond (i.e. germanitriles)
are still unknown. Naturally, the steric protection of the linear
grouping of atoms in the triple bond system is much less
possible than for a double bond system so that prospective
syntheses are very problematical. Indeed, it has already been
proposed that compounds of triply bonded germanium are the
next frontier.9,10

These novel germanitriles raise a number of intriguing
questions regarding their structures, energies, physical proper-
ties, and stabilities. Experimental difficulties have so far
frustrated attempts to answer these questions. Nevertheless, this
information can be obtained by the application of reliable
computational methods. Thus, in this work we use carefully
calibrated density functional theory (DFT) and high level ab
initio computations to predict systems where XGe·N is more
stable than the isomeric GeNNX, and where relatively large
barriers separate the two isomers, hoping to stimulate experi-
mental testing of these theoretical predictions.

To the best of our knowledge, no quantum chemical
calculations for such compounds have yet been carried out, let
alone a systematic theoretical study of substituent effects on the
stabilities of germanitrile species. In view of the interest in
isolating compounds containing a Ge·N triple bond, we
consider the possibility of stabilizing this moiety with various
substituents. At present, we report a theoretical study concern-
ing the effect of various substituents X (X = H, Li, BeH, BH2,
CH3, SiH3, NH2, PH2, OH, SH, F and Cl) on the relative
stability of XGe·N and GeNNX isomers, as well as on the
transition states connecting them.

Three regions on the potential energy surfaces are considered
in this work: XGe·N (germanitriles), the transition states, and
GeNNX (germaimines); see eqn. (1) in Table 1. The geometries
and energetics of the stationary points on the potential energy
surface of eqn. (1) have been calculated using non-localized
DFT in conjunction with the 6-311++G(d,p) basis set, which is
denoted as B3LYP/6-311++G(d,p).11 All the stationary points
have been positively identified as equilibrium structures
(number of imaginary frequencies Nimag = 0) or transition
states (Nimag = 1). Single-point energies were also calculated

at CCSD(T)(frozen)/6-311++G(3df,3pd)//B3LYP/6-311++
G(d,p) (hereafter designated CCSD(T)), to improve the treat-
ment of electron correlation. Unless otherwise noted, relative
energies given in the text are those determined at CCSD(T) and
include vibrational zero-point energy (DZPE) corrections
determined at B3LYP/6-311++G(d,p).12

The results of our theoretical study of unimolecular reaction
[eqn. (1)] are summarized in the schematic reaction profiles in
Scheme 1. Selected geometrical parameters of XGe·N, GeNNX,
and the transition state for the reaction are collected in Table 1.
Several intriguing results from Scheme 1 and Table 1 are as
follows.

First, as one can see in Scheme 1, the calculated energy
difference between XGe·N and GeNNX, DH, is strongly
dependent on the substituent X. Namely, for most substituents
(i.e. X = H, Li, BeH, BH2, CH3, SiH3, NH2, PH2, OH, SH and
Cl), germaimines, GeNNX, are more stable than the isomeric
germanitriles, XGe·N, by 26.7 to 285 kcal mol21 at the
B3LYP and CCSD(T) levels of theory. Additionally, it is
apparent in Scheme 1 that electronegative substituents can
reduce the energy difference between XGe·N and GeNNX.
Furthermore, DH is positive only for X = F. That is to say,
FGe·N is more stable than the corresponding GeNNF by 7.7
kcal mol21 at the same level of theory. It is therefore predicted
that the more electronegative the substituent, the more stable the
germanitrile (XGe·N).

Secondly, it is found that the energy difference (DH) between
XGeN and GeNX increases as the X element moves from left to
right across both the first-row (from B to F) and second-row
(from Si to Cl) in the periodic table. For instance, DH increases
in the order (in kcal mol21) : BH2 (285) < CH3 (251) < NH2
(227) < OH (26.7) < F (+7.7) and SiH3 (271) < PH2 (254)
< SH (234) < Cl (214). In addition, there is a reduction in DH
energies between the first- and second-row X substituents. That
is, CH3 > SiH3, NH2 > PH2, OH > SH, and F > Cl. The

Scheme 1
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reason for these trends can easily be understood in terms of the
X–Ge vs. X–N bond energies. Generally speaking, elements
which are more electronegative than Ge increase the XGe·N vs.
XNNGe energy differences (relative to X = H), while more
electronegative elements decrease them. For example, DH is
positive for X = F, where a very strong F–Ge bond and a very
weak F–N bond13 can overturn the large (ca. 64 kcal mol21)
intrinsic preference of HNNGe over HGe·N.

Thirdly, as we can see in Scheme 1, electronegative
substitution not only reduces the energy gap (DH) between
XGe·N and GeNNX, but it also raises the barrier (DE1

‡) to the
XGe·N ? GeNNX isomerization, thus increasing the kinetic
stability of the germanitrile molecules. For instance, our
CCSD(T) calculations suggest that the barrier for the isomeriza-
tion of XGe·N to GeNNX decreases in the order (in
kcal mol21): X = OH (26) > X = F (25) > X = NH2 (23) >
X = Cl (22) > X = CH3 (18) > X = SH (15) > X = H (13)
> X = PH2 (8.9) > X = BH2 (6.4) ≈ X = SiH3 (6.0) > X =
BeH (3.1) > X = Li (0.90). Likewise, the barrier height (DE2

‡)
for the reverse reaction (from GeNNX to XGe·N) is also
dependent on the electronegativity of substituents X. That is to
say, the more electronegative the substituent, the smaller the
activation barrier from GeNNX to XGe·N. For example, our
CCSD(T) results indicate that the trend in activation energy
(DE2

‡; in kcal mol21) mirrors the trend in electronegativity of
the substituent: X = F (18) < X = OH (33) < X = Cl (35) <
X = Li (45) < X = NH2 (50) ≈ X = SH (50) < X = PH2 (63)
< X = CH3 (68) < X = H (77) ≈ X = SiH3 (77) < X = BeH
(83) < X = BH2 (91). Taken together, our theoretical findings
suggest that fluorine is a particularly appealing possibility
because of the strength of the Ge–F bond.

In summary, from our survey of the unimolecular isomeriza-
tion of XGe·N ? GeNNX reactions, the present computational
results predict that germanitrile XGe·N itself lies at the
minimum of the potential energy surface, and can be strongly
stabilized in both a kinetic and thermodynamic sense with a
proper choice of substituents. In particular, based on the DFT
and CCSD(T) results, we confidently predict that FGe·N
should be stable with respect to the products of unimolecular
isomerization and should be the most likely of the species to be
detected experimentally.

We encourage experimentalists to carry out further experi-
ments to confirm our predictions.

We are grateful to the National Center for High-Performance
Computing of Taiwan for generous amounts of computing time.
We also thank the National Science Council of Taiwan for their
financial support.
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Ionic liquids act as powerful media (or additives) in
scandium triflate catalysed Diels–Alder reactions not only
for facilitating of catalyst recovery but also for accelerating
reaction rate and improving selectivity.

Scandium triflate catalysed C–C bond formation reactions,
pioneered by Kobayashi, have recently been received consider-
able attention due to their broad synthetic utility.1 However,
there are limitations to performing these catalytic reactions on a
large scale due to their low turnover numbers (TONs are usually
< 10–20). To explore the possibility of repetitive use of catalyst,
several polymer- or dendrimer-bound scandium catalysts have
very recently been employed.2 However, most supported
scandium catalysts require complicated synthetic manipulations
and, moreover, their catalytic activity still remains far from
satisfactory. Recently, a new approach has been adopted for
catalyst separation and recycling in a few types of catalytic
reaction involving the use of room-temperature ionic liquids,3
i.e. a salt mixture with a melting point below ambient. Air- and
moisture-stable room-temperature ionic liquids consisting of
1,3-dialkylimidazolium cations and their counter anions, in
particular, have attracted growing interest in the last few years.
In these solvents, catalysts having polar or ionic character can
be immobilised without additional structural modification and
thus the ionic solutions containing the catalyst can be easily
separated from reagents and products.

Herein, we report that ionic liquids [bmim][X] 1a–c
([bmim]+ = 1-butyl-3-methylimidazolium cation; 1a: X =
PF6; 1b: X = SbF6; 1c: X = OTf)4 act as powerful media (or
additives) in scandium triflate catalysed Diels–Alder reactions5

not only for facilitating of catalyst recovery but also for
accelerating reaction rate and improving selectivity.

In a preliminary study, 1,4-naphthoquinone dissolved in
[bmim][PF6] 1a was treated with 3.0 equiv. of 1,3-dimethylbu-
tadiene in the presence of 10 mol% of Sc(OTf)3, the amount
used usually in conventional organic solvents.6 Surprisingly,
under such conditions, the reaction proceeded in seconds with
sudden generation of heat and color change of the reaction
mixture to dark brown. This observation may suggest that the
reaction using 10 mol% of catalyst was too fast to control.
Therefore, we reduced the amount of catalyst gradually to 0.2
mol%, for which the reaction was completed smoothly within 2
h at room temperature whereas the same reaction in CD2Cl2 is
extremely sluggish (compare Table 1, entries 5 and 1). Even use
of only 0.1 mol% of Sc(OTf)3 catalyst in ionic liquid 1a was
sufficient to complete the reaction. It was found that the
catalytic activity was not much affected by the counter ions of
ionic liquids 1a–c employed in this work (Table 1, entries 5–7).
Moreover, very interestingly, the use of only 1 equiv. of the
ionic liquid 1a as an additive in CH2Cl2 solvent gave a

satisfactory rate acceleration effect (entry 4, Table 1). A kinetic
study clearly illustrates the remarkable difference in reaction
rate in ionic liquid 1a and in CH2Cl2 (Fig. 1).

We next examined Diels–Alder reactions of other substrates
in the presence of 0.2 mol% of Sc(OTf)3 at 20 °C. As shown in
Table 2, in all cases the reactions proceeded with increased
reaction rate and were complete within 4 h. Similar rate
acceleration effects have been observed in Diels–Alder reac-
tions using water or LiClO4 in diethyl ether as reaction
medium.7 It should be also noted here that the rate acceleration
effect of ionic liquids have been observed by us in other
catalytic reactions, e.g., (salen)Mn catalysed asymmetric epox-

Table 1 Sc(OTf)3 catalyzed Diels–Alder reactionsa

Entry Solvent Yield(%)b

1 CD2Cl2 22
2 1a (0.1 equiv.) + CD2Cl2 46
3 1a (0.5 equiv.) + CD2Cl2 85
4 1a (1 equiv.) + CD2Cl2 > 99
5 1a > 99
6 1b > 99
7 1c > 99

a Reaction conditions: 3 mmol of 2,3-dimethylbuta-1,3-diene, 1 mmol of
1,4-naphthoquinone, 0.2 mol% of Sc(OTf)3, 1 mL of solvent, 20 °C, 2 h.
b Estimated by 1H NMR spectroscopy.

Fig. 1 Kinetic studies in the reaction of 1,4-naphthoquinone (1 mmol) with
2,3-dimethylbuta-1,3-diene (3 mmol) in the presence of 0.2 mol% of
Sc(OTf)3 at 20 °C.
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idation of olefins,8 Sc(OTf)3 catalysed Friedel–Crafts alkyla-
tion of arenes,9 and Sc(OTf)3 catalysed Friedel–Crafts alkenyla-
tion of arenes.10 Another exciting point of the use of ionic
liquids is the improvement of the endo/exo selectivity in the
studied reactions. In ionic liquid 1a, reaction proceeded with
endo selectively (endo+exo = > 99+1, Table 2, entries 1, 3, 5
and 6). This compares to 94+6 (entry 1) in CH2Cl2.6

Finally, upon completion of the reaction, the ionic liquid
phase containing 1c and Sc(OTf)3 was almost quantitatively
recovered by simple extraction of product with Et2O. The
recovered ionic liquid phase containing the catalyst was reused
several times without any loss of activity even after the eleventh
use (Table 3).

In conclusion, we have demonstrated that ionic liquids act as
powerful media (or additives) not only for facilitating catalyst
recycling but also for accelerating reaction rate and selectivity
enhancement in scandium triflate catalysed Diels–Alder reac-
tions. Therefore, this novel immobilisation methodology in-
volving the use of ionic liquids can be expected to have great

potential ability to solve the intrinsic problems (decrease of
catalytic activity and selectivity, and complicated structural
modification of catalysts) of the conventional immobilisation
methodology of homogeneous catalysts. Further applications of
this methodology to other catalytic reactions are under in-
vestigations in our laboratory.

This research was supported by a grant from the Ministry of
Science and Technology in Korea.
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without the ionic liquid 1b did not occur at all. To obtain similar
conversion without an ionic liquid, much more severe reaction
conditions are needed (170 h at 85 °C);10b (b) T. Tsuchimoto, T. Maeda,
E. Shirakawa and Y. Kawakami, Chem. Commun., 2000, 1573.

Table 2 Sc(OTf)3 catalyzed Diels–Alder reactions in ionic liquid 1aa

Entry Dienophile Diene Product Endo+exob
Yield
(%)c

1 > 99+1 (94+6) 94

2 — 88

3 > 99+1 (95+5) 96

4 — 80

5 > 99+1 84

6 > 99+1 71

a Reaction conditions: 3 mmol of diene, 1 mmol of dienophile, 0.2 mol% of
Sc(OTf)3, 1 mL of 1a, 20 °C, 4 h. b Endo/exo selectivities were estimated by
1H NMR spectroscopy; endo/exo selectivity obtained in CH2Cl2 shown in
parentheses; see ref. 6. c Isolated yield.

Table 3 Recovery and reuse of the ionic liquid phase containing
Sc(OTf)3

a

Run 1 2 3 4 5 6 7 8 9 10 11

Yield (%)b 94 86 81 88 86 85 83 87 89 91 90
a Reaction conditions: 3 mmol of 2,3-dimethylbuta-1,3-diene, 1 mmol of
methyl vinyl ketone, 0.2 mol% of Sc(OTf)3, 1 mL of 1c, 20 °C, 2 h.
b Isolated yield.
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Trinuclear, m3-oxo mixed metal acetato complexes,
[CoMn2(m3-O)(MeCO2)6(py)3] (py = pyridine) encapsulated
in zeolite HY, exhibit high catalytic efficiency in the selective
aerial oxidation of para-xylene to terephthalic acid; inter-
estingly, the formation of 4-carboxybenzaldehyde, the worri-
some impurity in the conventional process, is suppressed
significantly over these solid catalysts.

Terephthalic acid, one of the largest volume commodity
chemicals, is commercially manufactured by dioxygen oxida-
tion of para-xylene using cobalt and manganese salts, at
473–500 K, in acetic acid (MeCO2H) solvent and bromide ion
as promoter.1,2 High yields and selectivity for terephthalic acid
are obtained. Replacement of the homogeneous catalyst with a
solid catalyst is a desirable alternative which will eliminate
toxic metal ions from the waste effluents in the process. One
such method of preparing solid, heterogeneous catalysts is
encapsulation of active metal complexes inside the pores of
zeolites or zeolitic materials.3–5 We had reported earlier the
presence of reactive m3-oxo Co/Mn mixed cluster complexes in
homogeneous reaction medium.6 In this communication we
report, for the first time, the encapsulation of these complexes,
[CoMn2(m3-O)(MeCO2)6(py)3]n (n = +1 or 0) inside the cages
of zeolite HY [hereafter referred to as CoMn2(O)-Y]. The
hydrothermal stability and catalytic activity of these solid
cluster catalysts in the heterogeneous dioxygen oxidation of
para-xylene are also reported. It is found that these heteroge-
neous catalysts were highly active and selective for the
oxidation of para-xylene to terephthalic acid. A comparative
study indicates that the zeolite-Y-encapsulated heteronuclear,
cluster complex, CoMn2(O)-Y is more efficient than the
corresponding homonuclear cobalt and manganese cluster
complexes, [Co3(m3-O)(MeCO2)6(py)3] and [Mn3(m3-O)(Me-
CO2)6(py)3], respectively, in HY [hereafter referred to as
Co3(O)-Y and Mn3(O)-Y, respectively].

Co(II), Mn(II) and mixed Co(II)/Mn(II) exchanged HY
zeolites were prepared by the ion exchange method, wherein
zeolite HY was contacted with aqueous solutions of Co(Me-
CO2)2·4H2O and Mn(MeCO2)2·4H2O in requisite proportions at
338 K with stirring for 4 h. The ion-exchanged zeolites (Co-Y,
Mn-Y, Co,Mn-Y) were washed with distilled water several
times and dried at 373 K. In a typical preparation of the
encapsulated metal cluster complex, the corresponding ion
exchanged zeolite Y sample (1.5 g) was suspended in 15 ml
glacial MeCO2H. To this slurry was added pyridine (3 ml),
NaBr (0.5 g), aq. H2O2 (50%, 10 ml) and distilled water (5 ml).
The mixture was stirred, while bubbling air through the
solution, for 2 h at 298 K. The solid product [Co3(O)-Y, pink;
Mn3(O)-Y, pale brown; CoMn2(O)-Y, purple] was filtered off,
washed with glacial MeCO2H and dried under vacuum. ‘Neat’
cluster complexes of the composition [Co3(m3-O)(MeCO2)6-
(py)3]ClO4 [referred to as Co3(O)], [Mn3(m3-O)(MeCO2)6-
(py)3]ClO4 [referred to as Mn3(O)] and [CoMn2(m3-O)-
(MeCO2)6(py)3] [referred to as CoMn2(O)] were prepared, for
comparative studies, by known procedures.7–9 The formation
and purity of the complexes was confirmed by elemental
analysis, FT-IR, UV–VIS and EPR spectroscopies.

The FT-IR spectra of the encapsulated complexes showed
characteristic bands corresponding to acetate groups at ca.

2924, 1624, 1458, 1340, 1221, 680 and 623 cm21. The FT-IR
bands due to pyridine were observed at around 1545, 1489 and
790 cm21. A shift in the position of the bands due to
encapsulation was observed. Representative FT-IR spectra of
encapsulated clusters, Mn3(O)-Y and CoMn2(O)-Y, are shown
in Fig. 1. The ‘neat’ cluster complexes in MeCO2H–H2O–NaBr
medium showed a characteristic band of ligand origin and a
charge transfer band (O ?Mn/Co) in the UV–VIS spectra, the
positions of which were sensitive to the metal ions [Co3(O):
250, 355 nm; Mn3(O): 254, 320 nm and CoMn2(O): 254, 345
nm). The encapsulated clusters in zeolite-Y exhibited a marked
shift in the band positions (Fig. 2). The diffuse reflectance UV-
VIS spectra (Fig. 2) are dominated by the band of ligand origin;
the weak charge transfer band could be seen only in Co3(O)-
Y.

EPR spectra provided evidence for the formation and stability
of cluster complexes in zeolite-Y. Mn3(O) and Co3(O) com-
plexes showed a broad EPR signal at g = 2.008 (peak-to peak
line width = 500 G) and 2.259 (peak-to-peak linewidth of 1050
G), respectively. The intensity of these signals decreased with
temperature to 77 K corresponding to an antiferromagnetic
behaviour of the complexes. For Co3(O), the signal arises from
the low lying excited states while Co2Mn(O) was EPR silent.
Mn3(O) in frozen solutions of 38 ml HOAc–5.6 ml H2O–86.5
mg NaBr [Fig. 3(a)] at 82 K, showed an EPR signal with
partially resolved Mn hyperfine features. These hyperfine
features could not be seen in the solid complexes due to
intermolecular interactions. Encapsulated Mn3(O) clusters
showed EPR signals (g = 2.012) similar to that of frozen
solutions [see Fig. 3(a) and (b)] and indicate the formation and
isolation of cluster molecules in zeolite-Y. CoMn2(O)-Y
exhibited signals at g = 2.026. Co3(O)-Y showed a broad signal

Fig. 1 FT-IR spectra (Nujol mull) of cluster complexes Mn3(O) (A) and
CoMn2(O) (B)  encapsulated in zeolite HY.
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at g = 2.220 at 298 K which disappeared on lowering the
temperature below 120 K.

The encapsulated cluster catalysts are highly active in the
dioxygen oxidation of para-xylene at 550 psig (air) and 473 K
(Table 1). The oxidation products (identified by GC and GC-
MS) are para-tolyl alcohol (A), para-tolualdehyde (B), para-
toluic acid (C), 4-carboxybenzaldeyde (D) and terephthalic acid
(E). Small amounts of benzoic acid (F) were also observed.
Among the ‘neat’ complexes, the mixed metal cluster complex,
CoMn2(O) exhibited high catalytic activity similar to that of the
conventional catalyst system6 [3Co(MeCO2)2 +
1Mn(MeCO2)2] with 100% para-xylene conversion and > 97%
selectivity for terephthalic acid. The solid, heterogenized
catalyst, CoMn2(O)-Y, at 100% conversion of para-xylene, was
even more selective (99.4% selectivity for terephthalic acid;
only 0.01% of 4-carboxybenzaldehyde, a worrisome impurity in
the conventional process which imparts colour to the tere-
phthalic acid product and whose concentration must be reduced
at great cost by post-oxidation processes) than the ‘neat’ cluster
and conventional homogeneous catalysts. A longer reaction

time (4 h) was required for complete conversion of para-xylene
(Table 1). The ‘neat’ and conventional catalysts required only 2
h. This is probably due to diffusional limitations in the zeolite
catalysts. The solid catalysts were separated by simple filtration
from the terephthalic acid by converting the latter into a water-
soluble sodium salt. The separated catalyst has similar activity
(on recycling) and spectroscopic characteristics as that of the
fresh catalyst indicating the preservation of its structural
integrity and reusability. The EPR spectra of the catalysts, at 82
K, before and after the reaction were almost the same
confirming the stability of these complexes under the reaction
conditions. Leaching of metal ions (Co and Mn) into solution at
the end of the oxidation reaction [550 psig (air), 473 K and 4 h]
was investigated by AAS and EPR spectroscopies. While AAS
did not reveal any leaching of metal ions, EPR spectral
measurements revealed trace amounts of Mn ions (ca. 0.5% of
the metal in the zeolite; about 50 ppm of Mn in solution) leached
into the reaction solution which is too low to account for the
catalytic activity. Catalytic runs with this trace amount of metal
ions in solution exhibited low para-xylene conversions (25
wt%) with para-tolyl alcohol (A) and para-tolyl aldehyde (B)
as products; terepthalic acid was not detected.

Our studies also revealed that mixed metal heteronuclear
catalysts [CoMn2(O)] are more active than the homonuclear
catalysts [Mn3(O) and Co3(O)]. To our knowledge this is the
first example of a solid catalyst for the oxidation of para-xylene
to terephthalic acid with catalytic efficiencies comparable, if not
superior to that of state-of-art homogeneous catalysts.
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Fig. 2 Diffuse reflectance UV-VIS spectra of solid encapsulated clusters.

Fig. 3 X-band EPR spectra of Mn3(O) in 38 ml HOAc–5.6 ml H2O–86.5 mg
NaBr at 82 K (a) and Mn3(O)-Y (b) at 298 K.

Table 1 Catalytic activity of m3-oxo metal cluster complexes in selective
oxidation of para-xylenea

Product distribution (wt%)c

Catalyst
Time/
h

Conv.
(wt%) A B C D E F

Co3(O) 2 73.1 0.7 32.4 20.4 28.9 16.6 1.0
Mn3(O) 2 77.0 — 35.8 8.6 1.6 53.8 0.2
CoMn2(O) 2 100 — — 1.8 0.4 97.8 —
Co3(O)-Y 4 69.9 — 28.4 49.5 7.7 12.7 1.7
Mn3(O)-Y 4 99.9 — — 20.1 0.7 79.2 —
CoMn2(O)-Y 4 100 — — 0.6 0.01 99.4 —
Co(MeCO2)2·4H2O +
Mn(MeCO2)2·4H2O
(3+1)b

2 100 — — 0.7 1.4 97.9 —

a Reaction conditions: medium para-xylene (2 ml)–NaBr (86.5 mg)–H2O
(5.6 ml)–MeCO2H (38 ml); weight of ‘neat’ cluster catalyst = 34.2 mg;
weight of encapsulated cluster catalyst = 299.5 mg; pressure = 550 psig;
reaction temperature = 473 K; oxidant = air. b Conventional catalyst
system [Co(MeCO2)2·4H2O = 107 mg; Mn(MeCO2)2·4H2O = 35.7 mg] .
c A = para-tolyl alcohol, B = para-tolualdehyde, C = para-toluic acid, D
= 4-carboxybenzaldehyde, E = terephthalic acid, F = benzoic acid.
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Synthesis of a 2D polymeric cluster {[NEt4][Mo2O2S6Cu6I3-
(4,4A-bipy)5]·MeOH·H2O}n with a significant improvement of optical
limiting effect†
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The self-assembly reaction of the monomeric nest-shaped
cluster [NEt4]2[MoOS3Cu3I3] 1 or twin nest-shaped cluster
[NEt4]4[Mo2O2S6Cu6I6] 2 with the bridging ligand 4,4A-
bipyridine (4,4A-bipy) gave a 2D polymeric cluster {[NEt4]-
[Mo2O2S6Cu6I3(4,4A-bipy)5]·MeOH·H2O}n 3, which exhibits
a significant improvement of optical limiting effect in its
nonlinear optical properties relative to 1 or 2.

Thiometallic clusters continue to attract great interest not only
because of their unusual catalytic activities in biological and
industrial processes1 but also their intriguing optical and
electrical properties.2 Among these physical properties, there is
an interest in their optical limiting effect for potential applica-
tion in protecting optical sensors from laser beams of high
intensity. The design and synthesis of new materials with large
optical limiting capability represents an active field in modern
chemistry, physics, and material science.3 Results from pre-
vious studies suggest that structural, geometrical and constitu-
tional alternations of these clusters can give rise to variations in
nonlinear optical properties (NLO).4 Thus, the relative con-
tributions of different NLO mechanisms change with the types
of clusters, which is expected to explore a switching for NLO
properties of inorganic clusters. In particular, polymeric
aggregation of thiometallic clusters could result in enhancement
of the optical limiting effect (OL).5 However, it is suspected that
the polymeric structures in the solid state could dissociate in
solution due to the weak bridging interaction of labile anions.
We herein report a significant improvement in OL effect by
converting a monomeric thiometallic cluster to an inorganic–
organic polymeric hybrid material, which shows a low tendency
to dissociate in solution using 4,4A-bipyridine (4,4A-bipy), a
versatile linker, for the synthesis of open chain polymers and
supramolecular cyclophanes.

It was reported that when [NEt4]2[MoOS3Cu3I3] 1 was
treated with an excess of NEt4I in CH2Cl2, dimerisation
occurred affording a twin nest-shaped cluster [NEt4]4[Mo2O2-
S6Cu6I6] 2.6 The iodide anion in clusters 1 and 2 can be
substituted by pyridine (py) to give a neutral cluster [MoO-
S3Cu3I(py)5].6,7 Based on this finding, reaction of 1 or 2 with an
excess of 4,4A-bipy in DMF–MeCN resulted in the formation of
an air-stable, two-dimensional (2D) polymeric cluster with two
different nest-shaped cluster subunits, {[NEt4][Mo2O2-
S6Cu6I3(4,4A-bipy)5]·MeOH·H2O}n 3.‡ Polymeric cluster 3
shows good stability in the solid state as well as in solution.

A single-crystal X-ray diffraction study of 3 reveals an
infinite 2D coordination network that crystallizes in a triclinic
system with space group P1.§ The polymeric cluster has no

center of symmetry. This feature has an important influence on
the optical properties of cluster compounds. The structure of 3
consists of an open 2D anionic network with distorted
hexagonal chair cavities, [NEt4]+ counter ions and lattice
solvent molecules. As shown in Fig. 1, some of the iodine atoms
in clusters 1 and 2 were substituted by 4,4A-bipy ligands, with
the remaining iodine atoms terminally coordinating to copper
atoms. Apart from one non-bridged 4,4A-bipy ligand, the other
4,4A-bipy ligands form nearly linear bridges between Cu atoms
of neighboring nest-shaped [MoOS3Cu3] cores. Interestingly,
the configuration of polymeric anions can be viewed as two
zigzag chains, which are propagated by cell translations along
the a and b axes (Fig. 2). The edges of one chain formed by
[Cu2(m-S)(m-4,4A-bipy)]2 double bridges and a [Cu2(m-4,4A-

† Electronic supplementary information (ESI) available: preparation,
crystal structure details and nonlinear optical measurements for 3. See
http://www.rsc.org/suppdata/cc/b1/b101929p/

Fig. 1 Structure of the anion in 3 with the atom-numbering scheme.
Hydrogen atoms are omitted for clarity.

Fig. 2 Perspective view along the c axis of the 2D network in
[Mo2O2S6Cu6I3(4,4A-bipy)5]2∞ ,  showing the cavities.

This journal is © The Royal Society of Chemistry 2001
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bipy)] single bridge are alternately perpendicular to each other
by turning points of 4,4A-bipy shared copper atoms, while
another chain is extended via [Cu(m-S)Cu] moieties. Two
zigzag chains share the same [Cu2(m-S)(m-4,4A-bipy)]2 double
bridges, the intersections of which are nest-shaped [MoOS3Cu3]
cluster cores. Another important structural feature of the cluster
anion is the cross extending of two zigzag chains that creates
very large chair-shaped inner cavities (ca. 21.67 3 21.74 Å).
These dimensions are much larger than those in other reported
2D network complexes with 4,4A-bipy bridges.8 The average
distance between adjacent Mo atoms is 14.84 Å in the inner
cavity. The coordination at the Mo centers remains nearly
tetrahedral: the angles range from 107.77(19) to 113.5(6)°. The
angles around Cu atoms range from 95.9(6) to 122.0(5)°,
suggesting that the coordination geometry of the Cu atoms is
highly distorted tetrahedral. This, together with the observation
of 4,4A-bipy with non-planar pyridine rings bridging many Cu
centers with elongation of the Mo–Cu bond lengths relative to
1 and 2, is necessary for building up a 2D network polymeric
cluster 3 with very large cavities. To our best knowledge,
polymer 3 features the first example of a heterometallic cluster
polymer with thiometalates and 4,4A-bipy bridges.

The NLO properties of polymeric cluster 3 were investigated.
The nonlinear refractive negative n2-values of nest-shaped Mo/
Cu/S clusters indicate strong self-defocusing performances.6,7,9

Our motivation to study clusters of this structural mode
originates from the fact that the combination of the self-
defocusing and nonlinear absorption makes the cluster a
competent candidate for optical limiting application.10 Fur-
thermore, an obvious improvement of optical limiting capa-
bility is found when the monomeric nest-shaped clusters are
assembled to lead to twin nest-shaped clusters, probably due to
skeletal extension of the metal nuclei.4 Accordingly, it is
speculated that the clusters 1 and 2 in polymeric forms such as
3 may also possess large optical limiting effects.

With reference to the similar measurement conditions for
clusters 1 and 2, z-scan theory was employed to obtain the NLO
parameters for 3.11 The peak fluence for a z scan is ca. 1 J cm22

for a z scan over 1 ns. The a2 and n2 values extracted from 7 ns
experimental data are 2.6 3 1025 m W21 M21 and 24.2 3
10212 m2 W21 M21, respectively. The nonlinear absorptivity is
comparable to those of [W2S8Ag4(AsPh3)4]12 and [MoS4Cu6-
I4(py)4]n,5 but, is obviously superior to those of 19 and 2.6 The
nonlinear refractive self-defocusing behavior is also stronger in
3 than in 19 and 2.6 Of note is the optical limiting results for 3
at a relatively low concentration of 1.2 3 1024 mol L21 in DMF
solution (Fig. 3). The transmittance is normalized to its linear
transmittance at low incident fluence. The thresholds (fluence at
which transmittance drops to half its linear value) of the sample

are 0.4 and 0.7 J cm22, respectively, when irradiated by 0.5 and
10 Hz repetition-rate laser pulses. These values are much lower
than those of 10 and 2 J cm22 for 19 and 2,6 respectively,
indicating that the optical limiting performance for polymeric
cluster 3 was efficiently improved compared with that of the
monomer and twin nest-shaped clusters 1 and 2. Also,
polymeric cluster 3 shows good photostability during the optical
determinations. Important evidence for this is that the sample
still retained good optical limiting behaviour while the fluence
of the 10 Hz laser pulses is passed through the solution
sample.13 Further support arises from the fact that the sample
remained effective three months after its preparation.

This research was supported by the Ministry of Education of
China and the Hong Kong University of Science and Tech-
nology.
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ters.

CCDC 158546. See http://www.rsc.org/suppdata/cc/b1/b101929p/ for
crystallographic data in CIF or other electronic format.
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Treatment of a carbonate ester of 2,2,2-trichloroethanol
derivative with CrCl2–DMF in THF gives a b-carbonate-
coordinated geminal dichromium species, which adds to an
aldehyde and eliminates an acyloxychromium group to
afford a (Z)-2-chloroalk-2-en-1-ol stereoselectively.

Intramolecular coordination of a hetero atom to a metal center
often fixes the molecular conformation,1 and thus carbon–
carbon bond formation proceeds in a stereoselective manner.
We disclose here that the effect is observed in geminal
dichromium species, and that a stereoselective coupling be-
tween a geminal trichloroalkane having an adjacent acyloxy
group and an aldehyde leading to a (Z)-2-chloroalk-2-en-1-ol
proceeds with chromium(II) chloride. Chromium(II) reduces
geminal dihaloalkanes, such as 1,1-diiodoalkanes,2a iodo-
form,2b Me3SiCHBr2,2c and Bu3SnCHBr2,2d to give geminal
dichromium species, which add to aldehydes to afford Wittig-
type olefins with high E-selectivity. However, such Wittig-type
olefinations do not proceed in the trichloroalkane 1e, and a new
double bond is formed between the carbons bearing halogen and
the acyloxy group [eqn. (1)].

(1)

In 1986, Steckhan reported the reduction of 1-phenyl-
2,2,2-trichloroethanol with CrCl2 in aqueous DMF to obtain
(Z)-2-chlorostyrene in 44% yield, along with 2,2-dichlorostyr-
ene in 10% yield.3 Although the yield of 2-chlorostyrene was
moderate, the observed Z-selectivity was quite high. The
stereoselectivity was explained by 1) fixation of the conforma-
tion by intramolecular coordination of the b-hydroxy group to
chromium(III) of the monochromium species 3, and 2) selective
reduction of a chlorine atom at the less hindered side leading to
geminal dichromium species 4 (Scheme 1). Because the
reduction was performed in the presence of proton sources, i.e.,
aqueous conditions and the hydroxy group of the starting
trichloride, the procedure could not be applied for carbon–
carbon formation. Thus, we first examined the effects of
solvents using a hydroxy-protected 2,2,2-trichloroethanol 1a
[Table 1, R1 = Ph(CH2)2, R = Ac].

Treatment of 1a in the presence of nonanal with CrCl2 in
DMF at 0 °C for 24 h gave the desired coupling product 2 in
30% yield along with 6 and 7 in 35% and 16% yields,
respectively (Table 1 run 2).4 A Z-isomer was obtained
exclusively as expected.5 Although the yield could not be
improved in THF solvent (run 3), pre-treatment of 1 equiv. of
CrCl2 with DMF before addition of the trichloride 1a and
nonanal accelerated the reaction, and the yield was improved to
62% (run 1).2a Benzoate 1b gave almost the same yield with 2.
However, reactions with the pyridine-2-carbonyloxy compound
1c and mesylate 1d produced the 1,1-dichloroalkene 6 as a main
product, and most of the aldehyde was recovered. Among the
protecting groups examined, a carbonate gave the best result
(run 7).

There are three possible reaction pathways which have
different timings of the elimination steps of acyloxychromium
(Scheme 2). In Path A, acyloxychromium is smoothly elimi-
nated when one of the chlorine atoms is reduced, and
1,1-dichloroalkene 10 is produced as an intermediate. Then, the
chlorine atom at the less hindered trans position of 10 is
selectively reduced to give 11, which adds to an aldehyde. In
Path B, acyloxychromium is eliminated after the second
reduction to the geminal dichromium species 9.2,6 The elimina-
tion gives the alkenylchromium 11 directly, and addition to an
aldehyde proceeds. The third Path C also includes the acyloxy-
coordinated geminal dichromium species 9, and addition to an
aldehyde at a non-coordinated chromium of 9 occurs before
elimination of acyloxychromium.

The hydroxy-protecting groups with oxygen act as leaving
groups in the reaction sequence.7 Trichlorides 1c and 1d, which

† Electronic supplementary information (ESI) available: experimental
procedure. See http://www.rsc.org/suppdata/cc/b1/b102387j/
‡ Dedicated to Professor Jean F. Normant on the occasion of his 65th
birthday.

Scheme 1

Table 1 Reactions of 2,2,2-trichloroalkanol derivatives and nonanal with
chromium(II)a

Yield (%)b Recov. (%)

Run R 2 5 6 7 Aldehyde 1

1 Ac (a) 62 29 < 5 < 5 15 7
2 30c 2 35 16 33 0
3 27d 52 0 0 56 32
4 COPh (b) 61 23 7 2 15 13
5 CO(C5H4N) (c)e < 5 0 89 0 94 0
6 Ms (d) 0 0 96 0 91 0
7 CO2Me (e) 77 8 19 6 8 13
8 Me3Si (f) 60 0 < 5 < 5 < 5 44
a R1 = Ph(CH2)2, R2 = n-C8H17; Reaction was conducted on a 1.0 mmol
scale. Two mmol of trichloride 1, 8 mmol of CrCl2, 8 mmol of DMF were
used per mmole of nonanal. b Isolated yields. c The reaction was
conducted in DMF solvent. d The reaction was conducted without addition
of DMF. e CO(C5H4N) = pyridine-2-carbonyl.
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have good leaving groups, afforded 6 as a major product, and
only a small amount of the 1,1-dichloroalkene 6 was produced
when the adduct 2 was obtained in high yield. In addition,
treatment of a mixture of 1,1-dichloroalkene 12 and nonanal
with CrCl2–DMF in THF at 0 °C for 24 h produced the adduct
2 in only 4% yield, and most of 12 (75%) was recovered
unchanged [eqn. (2)].8 These results suggest that this addition

(2)

reaction does not proceed through the 1,1-dichloroalkene 10
(Path A) but through the geminal dichromium species 9.

During the reactions of 1a, 1b and 1e with nonanal, the
Wittig-type olefination2a leading to 1-phenyl-4-chlorotridec-
4-en-3-ol derivatives was not observed. This suggests that the
coupling reaction does not proceed via Path C either, leaving
Path B as the only possible reaction pathway.

The results of the coupling reactions between carbonates of
2,2,2-trichloroethanols and aldehydes are shown in Table 2.9

2-Chloroalk-2-en-1-ols having a Z-configuration were pro-
duced selectively in all cases. To reduce the amount of
chromium salt used in the reaction, we attempted a catalytic
reaction using manganese as a reductant of chromium(III).10 The
reaction proceeded at 25 °C, however, the yield decreased to
52% (run 3). When 2,2,2-tribromoethanol derivative was used
as the trihalide, the corresponding bromo and chloro com-
pounds were obtained (run 4).2b,11,12

This work was supported by a Grant-in-Aid from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan.
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Scheme 2 Possible reaction pathways for the coupling reaction.

Table 2 (Z)-Selective coupling of 2,2,2-trihaloalkyl carbonates and
aldehydes with chromium(II)a

Run R1 R2 X Temp/°C Yield (%)b

1 Ph(CH2)2 n-C8H17 Cl 210 84
2 0 77
3 25 52c

4 Br 210 X = Br 16d

X = Cl 31d

5 c-C6H11 Cl 210 69
6 Ph Cl 210 71
7 (E)-

PrCHNCH
Cl 210 46

8 c-C6H11 n-C8H17 Cl 210 68
9 Ph n-C8H17 Cl 210 63
a Reaction was conducted on a 1.0 mmol scale. Two mmol of trihalides,
8 mmol of CrCl2, and 8 mmol of DMF were used per mmole of an
aldehyde. b Isolated yields. Isomer ratios were determined by isolation,
GLPC, and/or NMR. c 0.8 mmol of CrCl2, 9 mmol of manganese, and
9 mmol of Me3SiCl were employed per mmole of nonanal. d Z-Isomers
were obtained exclusively.
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When diphosphine rhodium(I) hydrogenation catalysts are
incorporated into organic polymers that contain a perma-
nent pore structure, they can be utilized in fluorous biphase
solvent systems, where reaction rates increase with the
fluorous content of the solvent.

The application of a fluorous biphase system (FBS) to separate
products from a catalyst was both an intellectual and technical
achievement in catalysis research.1 At its heart, the FBS relies
on the reversible temperature dependent miscibility of per-
fluorinated and nonfluorinated liquids,2 and the solvent prefer-
ences of organic products, substrates, and catalysts that contain
ligands with perfluorinated substituents. This reversible tem-
perature dependent miscibility provides the means to separate a
catalyst from its product, and as such it has been applied in a
number of catalyzed reactions.2 These methods are charac-
terized by high turnover numbers and relatively low catalyst
leaching. Moreover, fluorous solvents show gas solubilities
modestly higher than typical organic solvents,2b a property that
could lead to higher reaction rates, in for example, olefin
hydrogenation and hydroformylation.

We recently reported an olefin hydrogenation catalyst that
was copolymerized into the matrix of a highly cross-linked
macroporous (permanent pore structure) polymer.3 The ad-
vantage of this solid support is that it does not require polymer
swelling for access to its internal volume, and should thus be
compatible with any solvent system. These heterogenized
catalysts have already demonstrated easy separation and
efficient recyclability in polar, nonpolar, and protic organic
solvents, however, they can be less active than their solution-
based analogues.4,5 The combination of higher gas solubility
coupled with the ease of adapting an existing heterogeneous
catalyst for use in fluorous solvents6 (i.e. no synthetic
modifications) suggested that the combination be examined.

For testing purposes, a cationic diphosphine hydrogenation
catalyst (2 mol%) was copolymerized into an ethylene dimetha-
crylate-based polymer (98%) as shown in Scheme 1. These
materials contain ~ 100 mmol Rh g21 dry polymer and
~ 400 m2 g21 surface areas (N2 BET).3,7

To compare the activity and longevity of PRh in a FBS and a
typical organic solvent, we carried out a series of catalyst
recycling experiments under conditions where substrate conver-
sion was incomplete, enabling run-to-run and solvent-to-solvent
comparisons. Longer reaction times always provided 100%

conversion to product. We examined a relatively simple
hydrogenation substrate, methyl-trans-cinnamate 1 (Scheme 2),
toluene for our organic phase, and the benchmark 1+1
perfluoromethylcyclohexane (PFMC)–toluene for our FBS.8 In
the PFMC–toluene mixture the polymer floats at the interface,
while it sinks in toluene. Once monophasic ( ~ 103 °C when [1]
= 0.2 M),9 the polymer in the FBS floats to the surface until
cooling and phase separation.10.

The plot in Fig. 1 charts the evolution of PRh activity in the
hydrogenation of 1 in FBS and toluene. Each reactor was run
side by side, and percentage conversions were determined after
1 h by GC after careful venting. Once an aliquot was obtained
for analysis, the vessels were re-introduced into the glove box
and the product/substrate removed from the catalysts. For the
FBS, the organic phase was removed with a pipette and the
fluorous layer washed 3 times with additional toluene (this
results in some PFMC loss, vide infra). In the toluene case, the
solution was decanted and the polymer similarly washed with
toluene. Additional substrate/toluene was added under the inert
atmospheric conditions, and in the fluorous case additional
PFMC was added every 2–3 runs to a total volume of 2 mL.

It is evident from the graph that the FBS yields a slightly
more active catalyst than in toluene alone, and although the rate
is reproducibly higher in the FBS, the absolute rate difference
may not be significant as batch to batch variability exists
(±20%).11 Over the 15 runs, the catalysts completed ~ 1400 and
~ 800 turnovers in the FBS and toluene, respectively. Combin-
ing the filtrate solutions for the 15 runs and analyzing for Rh

Scheme 1

Scheme 2

Fig. 1 Catalyst recycling for the hydrogenation of 1. FBS (-)—1+1
CF3C6F11–toluene, 0.79 mol% PRh; toluene (5)—0.76 mol% PRh.
108 °C,150 psi H2, 1 h. For run # 16, both samples were run under identical
FBS conditions.

This journal is © The Royal Society of Chemistry 2001
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(ICP), indicated that only minor catalyst leaching ( ~ 1%)
occurred in both systems.

To determine if the toluene catalyst’s activity was inherently
lower, or if it had slightly less Rh than the FBS,11 a 16th run was
carried out in the 1+1 PFMC–toluene biphase. A 10% increase
in conversion (Fig. 1) indicates that under the reaction
conditions, the FBS does increase the absolute product output
and thus the rate difference cannot be solely ascribed to a
difference in the polymer’s Rh content. Although we don’t
know unequivocally the reason(s) for loss of activity in the two
solvents, we suspect that it comes from catalyst deactivation
during the recycling process, as both systems routinely reach
10,000 turnovers in side-by-side experiments, although com-
plete conversion was always achieved 2–33 more quickly in
the FBS.12

It is also apparent from Fig. 1 that the run-to-run throughput
of the catalyst in the FBS is not as reproducible as in toluene.
Based on the mechanics of this recycle experiment, we
suspected that the variability might be due to changes in the
PFMC–toluene ratio. In practice, PFMC losses occurred during
product extraction and washing (33) of each run as it is slightly
soluble in toluene, and the aliquots were removed at or near the
reaction temperature leading to some evaporative loss (bp ~ 77
°C). Since the reactivity spikes coincided with the addition of
fluorous solvent (every 2–3 runs, to 4 mL), we hypothesized
that higher fluorous–organic solvent ratios might be responsible
for the enhanced reactivity.

This hypothesis was tested by a series of control experiments
varying the ratio of PFMC–toluene (1+3, 2+2, 3+1 and 4+0; 4
mL total volume). To eliminate batch-to-batch variability
effects we measured the effect of fluorous composition in a
series of recycle experiments where the same catalyst was used
for each solvent ratio. Moreover, the experiments were
conducted from least to most reactive to ensure that catalyst
decomposition would not be misinterpreted as a decrease in
activity.

The plot in Fig. 2 clearly shows that the 1 h conversion
increases with increasing fluorous content, suggesting that the
‘noise’ in Fig. 1 is actually due to small changes in the volume
fraction of PFMC in the FBS. This trend is unusual as
homogeneous catalysts typically become less reactive as the
fluorous content of the solvent increases.13 Several possibilities
are a priori possible: (1) changes in H2 diffusion rates under
mass transport limited conditions. The possibility that H2
diffusion from gas to solution is slower than catalysis, and
sensitive to fluorous content has been eliminated by showing
that under similar homogeneous conditions, a doubling and
tripling of the soluble catalyst, [(dppe)Rh(nbd)+ B(Arf)4

2] leads
to a doubling and tripling of product turnover.14 Thus, H2
diffusion through the meniscus occurs faster than does cataly-
sis.15 (2) Increasing substrate concentration in the polymer
phase with increasing fluorous content (a fluorophobic effect).
For example, model experiments show that 80 mg of blank
EDMA polymer will lower the [decane] in PFMC from 75 to 50

mM. To compensate for the decrease, the [decane] in the
polymer phase must be ~ 600 mM. A similar effect leading to
higher local substrate concentration in the catalyst containing
polymer phase could lead to the observed rate accelerations.
Experiments to assess the probability that these or other effects
are responsible for this unusual rate acceleration are under-
way.

Although the polymer catalyst PRh does not suffer from the
problem of catalyst/product separation of typical solution
catalysts, the FBS does engender some useful and interesting
properties to these immobilized catalysts. Chief among these is
an increase in activity that directly correlates with the fluorous
content of the solvent. The ease of utilizing a catalyst designed
for use in organic solvents to operate in fluorous solvents is also
noteworthy.

This research was partially supported by the Kenan Center
for the Utilization of Carbon Dioxide in Manufacturing, NSF
(CHE-0075717), the Petroleum Research Fund, and Union
Carbide. M. R. G is a Camille Dreyfus Teacher Scholar
(2000).
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progress were taken approximately every 24 h. After 40 h the toluene
typically completes ~ 2300 turnovers, while the FBS completes ~ 9000;
both systems do eventually show complete conversion.

13 D. Rutherford, J. J. J. Julliette, C. Rocaboy, I. T. Horváth and J. A.
Gladysz, Catal. Today, 1998, 42, 381; B. Richter, A. L. Spek, G. van
Koten and B. Deelman, J. Am. Chem. Soc., 2000, 122, 3945.

14 These experiments were carried out with 25, 50 and 66% fluorous
content (0.5, 1.0 and 1.5 mol% catalyst). Differences in activity as a
function of fluorous content varied less than 10%, with absolute rates
being similar to polymer rates.

15 At this time we cannot rule out the possibility that H2 diffusion from
solution to polymer is sensitive to fluorous content.

Fig. 2 Hydrogenation of 1 at different CF3C6F11–toluene ratios (4 mL total
volume, 0.76 mol% PRh, 106 °C, 150 psi H2, 1 h).
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A series of diphosphite ligands, derived from readily
available D-(+)-glucose, have been used for the first time in
the palladium-catalysed allylic alkylation reaction with high
enantioselectivity (ee up to 95%) and activity in standard
conditions.

One of the main objectives in modern synthetic organic
chemistry is the catalytic enantioselective formation of C–C
bonds.1 In this respect, Pd-catalysed allylic alkylation is a
powerful and highly versatile procedure. In recent years, the
asymmetric version of this reaction has been reported with
various C2- and C1-symmetric bidentate chiral ligands provid-
ing excellent enantiomeric excesses.2 However, one drawback
of using these ligands is that they are often synthesised from
expensive chiral sources and in tedious synthetic steps.
Therefore it is important to develop new chiral ligands derived
from readily available simple starting materials and to show
their applicability in C–C bond formation. In this context,
carbohydrates, which have been widely used in organic
synthesis as inexpensive starting materials or as chiral auxilia-
ries,3 have only recently shown their huge potential as a source
of highly effective chiral ligands.4

In this context, we have recently described the synthesis of a
new class of furanoside diphosphite ligands (Scheme 1),
prepared in a few steps from readily available D-(+)-glucose,
and their successful use in the rhodium catalysed asymmetric
hydroformylation of vinyl arenes (ee values up to 91%).5

The advantage of these ligands is that their modular nature
allows a facile systematic variation in the configuration of the
stereocenters (C-3, C-5) at the ligand bridge and in the biphenyl

substituents, allowing the optimum configuration for maximum
stereoselectivity to be determined. In this paper we report on the
use of this new class of sugar diphosphite ligands in enantiose-
lective Pd-catalysed allylic alkylation. We also examined the
effect of the configuration of the stereogenic centers C-3 and
C-5 since this was expected to be important for the catalytic
reaction because of the proximity of these centers to the metal.
The influence of the substituents on the biphenyl moieties was
also studied. Although the combination of mixed phosphite–
oxazoline,6 phosphite–thioether7 functionalities and phosphite–
phosphine8 ligands has already been successfully used in Pd-
catalysed allylic alkylation, to the best of our knowledge this is
the first example of diphosphite ligands being applied to this
type of reaction.

For initial evaluation of the new ligands we chose the
palladium(0)-catalysed addition of dimethyl malonate to rac-
1,3-diphenyl-3-acetoxyprop-1-ene (4) [eqn. (1)] because this

(1)

reaction has been carried out with a wide variety of ligands
carrying different donor groups, enabling direct comparison of
the efficacy of different ligand systems. In addition, many
successful ligands developed for this reaction have been found
to have broader applicability in other related reactions.2

Asymmetric allylic substitution of 4 was carried out with the
palladium complex generated in situ by mixing the correspond-
ing chiral ligand and [Pd(h3-C3H5)Cl]2, under basic Trost
conditions.9 Results are given in Table 1.

Scheme 1

Table 1 Palladium-catalysed asymmetric allylic alkylation with chiral
ligands 1–3a

Entry L* Time/min % Conv.b % eec

1 1a 1440 50 2 (R)
2 1b 15 100 64 (R)
3 1c 19 100 45 (R)
4 2c 35 60 9 (S)
5 2b 5 100 84 (S)
6 2c 10 100 95 (S)
7 3b 3600 100 52 (S)
8 6 71 100 61 (S)
9 7 65 100 59 (S)

10d 8 1440 100 61 (S)
a Reaction conditions: 1 mmol of substrate, 3 mmol of dimethyl malonate,
3 mmol of N,O-bis(trimethylsilyl)acetamide (BSA), 1 mol% of [Pd(h3-
C3H5)Cl]2, 2.5 mol% of L* and 2 mol % of KOAc, in 4 cm3 of CH2Cl2 at
room temperature. b Conversion percentage based on the substrate deter-
mined by 1H NMR spectroscopy. c Enantiomeric excesses determined by
HPLC on a Chiralcel-OD column. Absolute configuration, in parentheses,
determined by optical rotation.10 d Data from reference 11.
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The reaction at room temperature using ligand 1a with two
unsubstituted biphenol moieties provided (R)-5 with an ee value
of only 2% (entry 1). The presence of bulky tert-butyl groups in
the ortho-positions of the biphenyl moiety (ligands 1b and 1c)
had a positive effect on the enantioselectivity (ee values up to
64%, entries 2 and 3). Furthermore, the presence of tert-butyl
groups also had an extremely positive effect on the activity
(entry 1 vs. entries 2 and 3).

The use of ligands 2a–c, in which the configuration of carbon
atom C-3 is opposite to those of ligands 1a–c (Scheme 1),
produced improved enantioselectivities and activities (entries
1–3 vs. entries 4–6). Thus, ligand 2b showed not only higher
asymmetric induction (84%) but also very high catalytic activity
(5 minutes for total conversion of substrate, entry 5). Such
remarkably high activity, which can be explained by the large p-
acceptor ability of the diphospite ligands, contrasts with the low
activity reported for other homo-donor ligands.2,4k,12 The
enantioselectivity was increased to 95% (S)-5 when ligand 2c,
with methoxy groups instead of tert-butyl groups in the para
positions of the biphenyl moieties, was used (entry 5 vs. entry
6).

The use of ligand 3b, which resulted from changing the
configuration of C-5 from (R) to (S) in ligands 1, leads to lower
activity and slightly lower enantioselectivity than the catalytic
system Pd/1 (entry 2 vs. entry 7). Moreover, comparison of
entries 2, 5 and 7 clearly shows that the enantiomeric excesses
are strongly dependent on the absolute configuration of the
carbon C-3 stereocenter of the carbohydrate backbone. The best
enantioselectivities were obtained using ligands 2b and 2c with
(S) configuration at C-3. The presence of methoxy groups in the
biphenyl moieties significantly improved the enantioselectivity
(ee up to 95%).

Note that these diphosphite ligands showed higher enantiose-
lectivity and reaction rates than their corresponding di-
phosphines 6 and 713 (entries 8 and 9) and the xylo-furanoside
diphosphine 811 analogue (entry 10) under the same reaction
conditions (Scheme 2). The similar enantioselectivities ob-
tained with ligands 6 and 7 confirms that the configuration of C-
5 has no relevant influence on the enantiodiscrimination as
observed for the diphosphite ligands.

In summary, we have described the first application of
diphosphite ligands in asymmetric allylic alkylation reactions.
These ligands can be prepared in a few steps from commercial
D-(+)-glucose as an inexpensive natural chiral source. The
combination of high enantioselectivities (ee up to 95%) and
high activities in simple unoptimized reactions and the low cost
of the ligands makes these catalyst systems very attractive for
further research. These results also open up a new class of
ligands for enantioselective Pd-catalysed allylic alkylation,
which will be of great practical interest. For example,

phosphites are less sensitive to oxidation than phosphines.
Moreover, because of the modular construction of diphosphites,
structural diversity is easy to achieve, so enantioselectivity can
be maximised for each new substrate as required. Studies of this
kind, as well as mechanistic studies, are currently under way.

We thank the Spanish Ministerio de Educación y Cultura and
the Generalitat de Catalunya (CIRIT) for their financial support
(PB97-0407-C05-01 and 04).
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The phosphorescence lifetime of a water-soluble ternary
complex of 6-bromo-2-naphthol and a-cyclodextrin has been
found to decrease by more than two orders of magnitude
over a 58 °C temperature range, which makes this molecular
system well suited for use as the first optical thermometer
based solely on phosphorescence lifetimes.

A ternary molecular complex consisting of two molecules of a-
cyclodextrin (CD) and one molecule of 6-bromo-2-naphthol
(BN) emits readily detectable BN phosphorescence in aqueous
solutions containing molecular oxygen, an efficient triplet-state
quencher.1 It is believed that the triplet-state BN molecule is
protected from quenching by being encapsulated in the
hydrophobic core of the CD molecules, which are assumed to
make contact with each other concentrically along the rim of the
larger opening of the toroidal CD molecule. The phosphores-
cence lifetime of the BN/CD2 complex is reported herein to
have a very high temperature sensitivity and to be useful as the
first reported aqueous optical molecular thermometer based
only on phosphorescence lifetimes.

There has been increasing interest in the use of molecular
luminescence to make remote temperature measurements by
passing the luminescence signal from the sensor material
through an optical fiber2 or by incorporating the luminescent
probe molecule directly into the site at which the temperature is
to be measured.3 Most of these optical thermometers make use
of fluorescence and have been designed around temperature-
dependent excited state lifetimes,2–10 shifts in fluorescence or
absorption spectra,11–14 changes in fluorescence intensity,3,10,15

or black-body radiation spectra.16

One of the highest sensitivities for an optical thermometer
was reported for the delayed fluorescence of acridine yellow
dissolved in a rigid saccharide glass.10 In this sensor material
the sensitivity is ultimately determined by the triplet-state
lifetime. Over the reported temperature range, the lifetime of
delayed fluorescence and the ratio (intensity of delayed
fluorescence)/(intensity of phosphorescence), Idf/Ip, changed
only about four-fold, and the average percentage relative
sensitivities to temperature of the delayed fluorescence lifetime
and the Idf/Ip ratio were reported to be 2.0% and 4.5%,
respectively.10

The following is a brief description of our instrumentation
and experimental procedure. Excitation pulses (FWHM of 6–7
ns and typical energy of 1–10 mJ) at 280 nm or 345 nm were
produced as the frequency-doubled output of a Quanta Ray Nd/
YAG-pumped dye laser. Phosphorescence was focused into a
0.25 m Jarrell Ash spectrometer and detected at 525 nm, the
wavelength for maximum phosphorescence intensity. The
spectrometer was operated with a spectral resolution of
approximately 40 nm. The photomultiplier was gated off
electronically for 2 ms to coincide with the occurrence of the
large scattered light signal. For each lifetime measurement,
500–1000 oscilloscope traces were averaged so that a drop of
phosphorescence intensity of up to three orders of magnitude
could be analyzed. Sample temperature was maintained within
±0.1 °C by using a circulating constant-temperature bath. All
solutions contained CD and BN concentrations of 0.01 M and
9.4 3 1025 M, respectively.

Phosphorescence signals were fitted by non-linear least
squares regression and generally were found to be single
exponential for at least the first two to three orders of magnitude
decay in signal. The only exception was at the highest
temperature, 59.7 °C, where the phosphorescence intensity was
reduced sufficiently to prevent reliable curve-fitting beyond the
initial drop of 1.5 orders of magnitude. The residuals for single-
exponential fits were random, and correlation coefficients were
usually greater than 0.998. The standard deviation for all
measured phosphorescence lifetimes, t, was less than 0.5%.
Within experimental uncertainty, t values were the same when
either 280 nm or 345 nm was used as the excitation
wavelength.

The value of 1/t increases dramatically from 800 s21 to
133 000 s21 over the temperature range 1.6–59.7 °C, and the
good fit of the Arrhenius equation to the data is seen in Fig. 1.
The slight leveling of the plot at the lowest temperature is not
unexpected in view of the approach of the reciprocal phospho-
rescence lifetime to a limiting value, which for 1-bromo-
naphthalene in glass is 71 s21 at 77 K.17 Nevertheless, if all data
are included, the Arrhenius activation energy, Ea, of 69 ± 2
kJ mol21 for Fig. 1 is 2.4 times larger than the activation energy
of 28.3 kJ mol21 for the delayed fluorescence lifetime of
acridine yellow.10 For a plot of 1/t vs. temperature (K) the
relative sensitivity is defined as the slope divided by the value
of 1/t and is expressed as Ea/RT2. The percentage relative
sensitivity ranges from 11% at 1.6 °C to 7.5% at 59.7 °C. The
large sensitivity reported herein is, to our knowledge, the largest
value reported for an optical thermometer, and the small
standard deviations associated with the values of t reveal that
temperature differences smaller than 0.1 °C can be measured.

Since BN phosphorescence is detectable only from the
ternary complex in aerated solutions, the following mechanism,
which has been used for similar phosphorescent complexes,18,19

is reasonable.

Use of the steady state approximation in solving the
associated rate equations shows that the phosphorescence
should decay with a single exponential lifetime, t, expressed in
eqn. (1).

( / / )
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/
1 1

1
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1

1

t t
t

− = +− +

− −

k

k k

CD]
(1)

Values of t were measured for [CD] in the range 0.008–010
M at 24 °C and 50 °C. The value of t2 is independent of
[3BN(CD)2] and was varied until a plot of the left-hand side of
eqn. (1) vs. [CD] was linear and had the largest correlation
coefficient. The value of k2 was determined from the intercept.
The percentage increase was found to be larger for k2 than for
1/t2 as the temperature was increased from 24 °C to 50 °C and
showed the cause for the large value of Ea to be dissociation of
the ternary complex.20 Excellent support for this conclusion
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comes from recent theoretical and experimental studies of the
ternary complex of triplet state naphthalene with two a-
cyclodextrin molecules.21 The optimized, low-energy theoret-
ical structure of the complex shows that naphthalene is
longitudinally encapsulated between the CD molecules, the
secondary cyclodextrin hydroxylic rims face each other, and
hydrogen bonds between the hydroxylic groups stabilize the
complex. Triplet–triplet absorption was used experimentally to
measure an activation energy of 66.5 kJ mol21 associated with
oxygen quenching of encapsulated triplet state naphthalene. The
similarity of the activation energies reported herein and in
reference 21 shows that the shortening of t with increasing
temperature depends little on the structural difference between
BN and naphthalene. Since quenching by oxygen occurs upon
complete or partial dissociation of the complex, the activation
energy arises primarily from the breaking of several hydrogen
bonds between the cyclodextrin rings.

BN does not have good long-term stability by itself in
aqueous solution, and a sample kept in the dark for seven
months developed a light brownish tint. However, CD acts as a
good stabilizer, and a sample of the BN(CD)2 complex stored
for seven months in the dark developed no tint, and no change
in the UV/visible spectrum was detected. Although prolonged
use of a solution containing BN and CD at room temperature
produced no change in phosphorescence signal, prolonged use
at 60 °C caused the phosphorescence intensity to decrease by a
few percent.

In summary, the first optical thermometer based only on
phosphorescence lifetimes is reported, which has the following
important advantages. 1) It has perhaps the highest sensitivity
reported for an optical thermometer. 2) Adequate phosphores-
cence can be produced by using a range of excitation
wavelengths, notably between 280–345 nm. The laser-induced
phosphorescence intensities of the BN(CD)2 complex and
6-bromo-2-naphthyl sulfate (BNS) in deaerated solution are
similar.22 Since similar phosphorescence intensity of BNS is
produced by both laser and broad bandpass-filtered, 7 J

flashlamp excitation, it should also be possible to produce
adequate phosphorescence from the BN(CD)2 complex using a
simple, relatively inexpensive flashlamp excitation source. 3)
The instrumentation required to produce and detect long-lived
phosphorescence is relatively low in cost. 4) The water
solubility of the molecular complex should make it useful as a
direct probe of temperature in physiological samples and
solutions. 5) Over most of the operational temperature range,
the phosphorescence lifetime changes in accordance with the
Arrhenius equation which permits a direct correlation to be
drawn between t and temperature without additional calibra-
tion. The limitations of the BN(CD)2 optical thermometer are its
relatively limited operational temperature range and its slow
degradation at prolonged high temperatures. However, the
small amounts of BN and CD required as samples in a
functional thermometer are inexpensive and can be replaced as
necessary.
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Reaction of N,NA-bis(2,6-diisopropylphenyl)-1,4-diazadiene
with BCl3 in hexane gave the crystalline product of double
chloroboration, N,NA-bis(2,6-diisopropylphenyl)2,4,5-tri-
chloro-1,3,2-diazaborolidine, which was characterised by
single crystal X-ray diffraction, microanalysis and multi-
nuclear NMR spectroscopy.

Hydroboration has become one of the principal vehicles of
functional group interconversion. Additions of B–H across all
manner of unsaturated bonds, including CNO and CNN, are
extremely well documented.1 Haloboranes, conversely, are best
known as Lewis acids and ether cleavage agents, where the
mode of reactivity is insertion into a single bond,2 as opposed to
addition across a multiple bond. Addition of a haloborane
reagent across a multiple bond, ‘haloboration’, is less widely
studied; though isolated reports of such reactivity began in the
mid-20th century, covering alkynes, aldehydes and isocya-
nates,3 only recently through the work of Suzuki and coworkers
has the synthetic utility of the reaction type been systematically
probed, concentrating on the bromoboration of alkynes.4
Chloroboration of alkenes has also been recently identified as
the mechanism for the living cationic polymerisation of
isobutene.5 During the attempted synthesis of a very bulky
diazaborolium salt, it was discovered that the compound
produced was the product of a double B–Cl addition across two
aldimine CNN bonds, the first case, to our knowledge, of imine
haloboration. In our attempts to explore novel metal boryl
chemistry, it became necessary to prepare extremely bulky
diazaborolium salts. These species have been known for some
time to be available via the addition of boron halides to
diazadiene ligands.6 Interest in the area has recently been
revived,7 spurred by the isolation of stable carbenes by
Arduengo et al.8 However, during all of these syntheses, which
were in most cases directed at further reduction of the putative
diazaborolium halides to produce 6p pseudoaromatic diazabor-
ole compounds, no diffraction data were collected on the
diazaborolium compounds.

Reaction† of (2,6-Pri
2C6H3NCH)2 with BCl3 in hexane

produced an orange powder, 1a. This was isolated by filtration
and from the filtrate, diffraction quality crystals of 1b were
grown. Both the orange powder 1a and the crystals 1b showed
the same microanalysis, corresponding to the 1+1 product, and
had identical NMR spectra in CDCl3. The spectra appeared
consistent with the expected diazaborolium formulation
[(2,6-Pri

2C6H3NCH)2BCl2]+Cl2, save for the fact that the
‘diazaborolium’ ring CH protons resonated at 6.9 ppm, slightly
upfield of where they are normally found (8–9 ppm)6,7 in the 1H
NMR spectrum, and the 11B NMR signal was slightly shifted
from its expected position, and much broader than expected for
a pseudo-tetrahedral boron site. More puzzling was the
observance of two distinct isopropyl methine resonances. This
was indicative not only of extremely slowed aryl ring rotation,

but also of a lack of an approximate plane of symmetry in the
molecule in any conformation.

The reason for the spectral anomalies became clear upon
solution of the X-ray diffraction data:‡ The crystalline com-
pound is not an ionic salt 1a, but the neutral diazaborolidine
molecule 1b (see Fig. 1 and Scheme 1), the result of a double
chloroboration of the diazadiene. Only a single chloride remains

† Electronic supplementary information (ESI) available: Experimental
details and characterisation data for 1. See http://www.rsc.org/suppdata/cc/
b1/b101580j/

Fig. 1 Crystal and molecular structure of 1b. Selected bond lengths (Å) and
angles (°): B(1)–N(1) 1.403(3), B(1)–N(4) 1.416, B(1)–Cl(1) 1.743(3),
N(1)–C(2) 1.413(3), N(1)–C(17) 1.445(3), N(4)–C(3) 1.417(3), N(4)–C(5)
1.433(3), Cl(3)–C(3) 1.841(3), Cl(2)–C(2) 1.840(3), C(2)–C(3) 1.528(3);
N(1)–B(1)–N(4) 109.4(2), N(1)–B(1)–Cl(1) 125.5(2), N(4)–B(1)–Cl(1)
125.1(2), B(1)–N(1)–C(2) 109.10(19), B(1)–N(1)–C(17) 128.9(2), C(2)–
N(1)–C(17) 121.98(19), B(1)–N(4)–C(3) 108.82(19), B(1)–N(4)–C(5)
129.4(2), C(3)–N(4)–C(5) 121.78(19), N(1)–C(2)–C(3) 105.45(19), N(1)–
C(2)–Cl(2) 112.93(17), C(3)–C(2)–Cl(2) 107.26(16), N(4)–C(3)–C(2)
105.05(19), N(4)–C(3)–Cl(3) 112.85(17), C(2)–C(3)–Cl(3) 107.51(17).

Scheme 1
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bound to boron, completing the trigonal-planar geometry
around that atom. The other two chlorides have added to the
carbons of the diazadiene fragment, in an anti configuration,
generating two chiral centres. Structurally 1b bears close
similarities with previously reported diazaborolidines of which
there are two characterised by single-crystal X-ray diffraction
[(MeNCH2)2BMe and (EtNCH2)2BMe],9 and one by gas-phase
electron diffraction [(MeNCH2)2BCl].10 All exhibit a puckered
ring with slight pyramidalization at nitrogen, and one methylene
group lying above, and one below, the mean ring plane.
However, in 1b, each nitrogen is rigorously planar, due to the
bulky aromatic substituent. These aryl rings are slightly skewed
from orthogonality (+14.4 and 214.3°) with the diazaborolidine
ring by repulsions from the chlorides. This generates a C2-
symmetric environment about the boron (Scheme 2).

The IR spectrum of 1a showed an absorption in the region
1580–1590 cm21 indicative of a boron-coordinated imine,6,7

whereas that of the crystals 1b contained no such band.
Furthermore, 1a and 1b were established to be different
materials by powder X-ray diffraction. This identified 1a as the
expected diazaborolium salt, even though NMR spectroscopy in
CDCl3 showed it to be identical to 1b. This leads to the
conclusion that conversion of the initially formed diazabor-
olium salt to 1b is completed in that solvent. The alternative
possibility that in CDCl3 the chlorides in 1b dissociate from the
carbons is excluded by the observation of distinct signals for the
isopropyl methine resonances, directly ascribable to the reduc-
tion in symmetry generated by the addition of the chlorides
above and below the diazaborolium ring plane (Scheme 1).
Similar behaviour was observed in CD3CN.

The fact that 1b is indistinguishable by elemental analysis
from the diazaborolium formulation, and the previous lack of
diffraction data, offered the possibility that this unexpected
reactivity had been missed in previous literature, but careful re-
examination of published data showed that the diazaborolium
formulation was amply supported by conductivity, IR and 1H
and 11B NMR data.6,7 The chloroboration reaction is therefore
exclusive to 1. Since previously reported examples include
close analogues of 1, including one case7 which is identical save
for the substitution of methyl groups in the aryl 2- and
6-positions for the isopropyl groups in 1, the key to the
reactivity appears to lie in the increased bulk. It may be that the
boron atom cannot sustain four-coordination in the presence of
the two diisopropylphenyl groups. In hexane solvent, the
nucleophilicity of chloride, once ejected from the coordination
sphere of the boron atom, would be high. Allying this to the fact
that boron halides in their role as Lewis acids are often
employed in order to encourage attack by nucleophiles at ipso
carbon atoms, including such roles for imine additions11 leads
to a tentative mechanism such as that shown in Scheme 1. That
the reaction proceeds to completion in the more polar solvents
deuterochloroform and deuteroacetonitrile, more facilitative of
ionization, further supports a description of the reactivity as a
double 1,3-nucleophilic rearrangement.

A structural factor of particular note is the pronounced
shortening in the diazaborolidine ring C–N bonds, which at a
mean distance of 1.415(3) Å lie closer to the distances found in
the pseudo-aromatic diazaboroles (mean of known values to
date: 1.404 Å)7,9 than to the more normal single bond values
found in other known diazaborolidines (mean 1.459 Å).9,10 The
C–Cl distances in 1b are conversely rather long at 1.84 Å, but
are comparable to those in (CHCl2)3N obtained by chlorination
of triformamide;12 the C–N and C–Cl distances in that case were
1.418(2) and 1.800(1) Å, respectively. It is a very rare situation
because chloroamides are normally assumed to adopt an ionic

form, i.e. the equilibrium shown in Scheme 3 lies to the left.13

The analogy between this long-known behaviour and the newly
discovered diazaborolium/diazaborolidine dichotomy is a
strong one. In both cases, the molecular form would appear to
retain a significant contribution from the ionic form in the
ground-state equilibrium structure, as evidenced by the short C–
N and long C–Cl bonds and rigorously planar nitrogen.12 This
type of behaviour has previously been termed single-bond–no-
bond resonance.14 No such behaviour is apparent in the much
more common quaternary ammonium a-chloro-organonitrogen
species.14

An important distinction between the two cases dis-
cussed12,13 above is that there is only one chloride on each
carbon in 1; as an isolable synthon for a mono-a-chloro
secondary amine, 1 is unique. We intend to pursue this analogy
in parallel with the reduction chemistry of the current system to
access highly hindered diazaboroles. It is also apposite to reflect
that the use of extreme steric bulk does not always merely pacify
chemical reactivity, but in certain circumstances can engender
new and unexpected directions of that reactivity.

We thank the EPSRC and Creators Ltd for a Total
Technology studentship, the Nuffield Foundation for an
Undergraduate Research Bursary, and the Royal Society for an
equipment grant.
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‡ Crystal data for 1b: C26H36BCl3N2, M = 493.73, triclinic, space group
P1̄, a = 8.323(4), b = 9.8086(3), c = 17.35350(10) Å, a = 93.246(3), b
= 90.208(2), g = 115.0350(10)°, U = 1281.0(6) Å3, Z = 2, Dc = 1.246
Mg m23, m = 0.375 mm21 (Mo-Ka, l = 0.71073 Å), F(000) = 524, T
= 203 K. Nonius MACH 3 diffractometer, crystal size 0.4 3 0.3 3 0.3 mm,
qmax = 24.97°, 4812 reflections measured, 4475 unique. Final wR2 =
[Sw(Fo

2 2 Fc
2)2/S(wFo

2)2]1/2 = 0.1257 for all data, conventional R =
0.0445 for 3324 observed reflections. CCDC 160079. See http://
www.rsc.org/suppdata/cc/b1/b101580j/ for crystallographic data in CIF or
other electronic format.
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The optically active binaphthalene boron–dipyrromethene
(BDP) conjugate 1 shows chiral discrimination towards the
enantiomers of 1-phenylethylamine by distinguishable
quenching rates of the BDP fluorescence.

The chiral discrimination between enantiomers during molec-
ular recognition processes1 is of great importance in many fields
of pharmaceutical chemistry, bio- and food technology.2 For
instance, the knowledge of the stereochemical structure of a
potential drug is essential for rational and successful drug
design as potency, selectivity and bioavailability can differ
markedly for enantiomers of a chiral compound.3 Solution-
based sensor systems can be an important aid in these
development processes,4 since they allow the study of the
processes of drug–receptor interactions. A functionalization
with chromogenic5 or fluorescent6 reporter molecules facilitates
the application of spectrophotometric and fluorometric analyt-
ical techniques that offer many advantages for highly sensitive
chiral recognition. The use of steady-state and time-resolved
fluorometry especially can improve rapid and quantitative
analysis and is well-suited for high-throughput screening.7 In
our approach towards efficient enantioselective fluorescent
sensor molecules, we relied on the versatile8,9 and, when
equipped with an appropriate receptor, efficiently chemically
switchable9 boron–dipyrromethene (BDP) fluorophore and
designed the enantiomerically pure BDP conjugate 1. 1,1A-bi-
2-naphthol, known to selectively recognize optically active
amines or amino acids,5d,10 was chosen by us as the chiral
receptor unit. In this communication, we report on the ability of
1 to differentiate between (R)- and (S)-1-phenylethylamine by
specific modulation of its fluorescence signal at wavelengths
> 500 nm.

The optically active R-enantiomers of 1 and the reference

compound 2 were obtained from enantiomerically pure 1,1A-
binaphthalene carbaldehydes11a,b and 2,4-dimethyl-3-ethylpyr-
role by literature procedures.11c,d

In agreement with earlier studies on a phenol-appended BDP
dye,9a deprotonation of the hydroxy groups of 1 leads to a strong
decrease of the fluorescence (Ff

1 = 0.62), most probably
involving a photoinduced electron transfer-like quenching
mechanism. Fig. 1 shows this ‘switching OFF’ of the BDP
emission at 542 nm for a microtitration of 1 with diiso-
propylethylamine in acetonitrile.† Whereas the emission band
position does not change during the titration, the BDP S1/S0

absorption band shifts slightly to the blue (from 523 to 521 nm).
For 2, where the hydroxy groups are exchanged with methoxy
groups, no spectral shifts occurred in either, absorption (526
nm) or emission (542 nm, Ff

2 = 0.80), and only at
comparatively high amine concentrations (ca. > 1022 M) was a
slight reduction in fluorescence observed. To get better insight
into the nature of the quenching process(es) involved, time-
resolved fluorescence titrations were carried out. In the case of
purely static quenching, i.e. when a non-fluorescent ground-
state complex is formed, the fluorescence lifetime remains
constant (tf = const.) and only the amplitude is gradually
decreased during the titration (a ≠ const.). When dynamic
quenching occurs, the number of emitting molecules is not
changed (a = const.) but the lifetime is reduced (tf ≠ const.)
with increasing quencher concentration as a result of an increase
in collisional frequency of an excited fluorophore with a
quencher. Time-resolved quenching experiments with diiso-
propylethylamine revealed single exponential decays for both
dyes. However, whereas for 2 the amplitude of the 6.17 ns
component does not change, in the case of 1 an increase in base
concentration leads to a concomitant decrease of the amplitude
of the 5.15 ns decay species. At high amine concentrations, a
slight but gradual decrease of the fluorescence lifetime is found
for 1 and 2, with an unchanged amplitude in the case of 2. These
results, along with the spectrophotometric changes, suggest that
the reaction of diisopropylethylamine with 1 leads to the
formation of an entirely non-fluorescent, deprotonated species
of 1, i.e. static quenching occurs, the respective KS being
determined to 1.1 3 104 M21.‡ Moreover, at high concentra-
tions, base-induced dynamic quenching seems to be responsible
for a reduction in fluorescence decay time for both, the sensor
molecule as well as the reference compound. Reprotonation by
TFA restored the initial fluorescence intensity.

These findings, along with our recent investigations on the
transfer of chiral information from the optically active 1,1A-
binaphthalene skeleton to the appended BDP-chromophores,12

encouraged us to test the ability of 1 for chiral discrimination of
optically active bases, (R)-(+)- and (S)-(–)-1-phenylethylamine
(R-/S-PEA). In analogy to the results reported in the preceding

Fig. 1 Decrease in BDP fluorescence upon addition of diisopropylethyl-
amine to a 5 3 1026 M solution of 1 in acetonitrile; excitation at 490
nm.
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paragraph, an interaction between a chiral quencher and the
1,1A-binaphthalene receptor unit should be detectable by
specific changes of the BDP fluorescence signal. Upon addition
of R- and S-PEA respectively, a decrease of the intensity of the
fluorescence band was observed (Fig. 2), the emission max-
imum remaining virtually unchanged. The hypsochromic shifts
in absorption (to 518 and 519 nm for R-PEA/1 and S-PEA/1) are
twice as large as those measured for the achiral bases. In
addition, the molar absorptivities increase, the presence of R-
PEA resulting in a stronger effect. The fluorescence lifetimes of
1 are unaffected by R- and S-PEA, and only at amine
concentrations > 1022 M does the excess of base lead to
bimolecular, diffusion-controlled quenching. Analogous stud-
ies of 2 revealed that the fluorescence signal shows no
comparable response upon addition of PEA, except for the
dynamic quenching. This indicates that the hydroxy groups are
essential for an interaction between the chiral analytes and the
binaphthalene BDP conjugate, entailing specific modulations of
the spectroscopic signal. Enantiomer-specific changes in the
absorption spectra of 1,1A-binaphthol–amine associates have
been reported before13 and have been attributed to the formation
of differently structured diastereomeric complexes,13,14 most
probably involving (more or less) strongly hydrogen-bound
ground-state complexes (R–OH…NR3) or ion pairs of
RO2…HNR3

+-type. In the case of 1, such differences in
binding of R- and S-PEA can also result in a structural
reorientation of the BDP chromophores. A better verification of
the nature of the sensor molecule–analyte interaction/complex
formation was not possible with the methods employed here,
because several BDP-localized transitions which are centered in
the region of the binaphthyl absorption hampered a closer
inspection of the spectroscopic changes taking place directly at
the binding/reaction site.13

In order to examine the efficiency of the quenching process
for R- and S-PEA, the experimental data were analysed
according to the equation for static quenching.‡ Fig. 2 shows the
corresponding plots for the quenching of 1 with R- and S-PEA.
The different slopes clearly indicate the suitability of 1 as a
chirally discriminating sensor for optically active amines. The
steeper slope for quenching with S-PEA, based on a higher KS
= 226 M21 for S-PEA–1 as compared to KS = 161 M21 for R-
PEA–1, suggests that association of the S-enantiomer and 1 is
more efficient. The ratio of KS(R–S)/KS(R–R) = 1.40 is
comparatively high for amine complexes of a simple binaphthol
receptor unit in acetonitrile10f,g,13 and clearly stresses the
potential of 1 as an enantioselective sensor molecule.

In conclusion, we have shown that the combination of the
chiral recognition features of a substituted 1,1A-binaphthalene
unit with the favourable spectroscopic properties of the BDP
chromophore presents a promising approach towards ‘ON’–

‘OFF’ signaling of chiral analytes, advantageous both in
spectral region and time domain.

Notes and references
† For the equipment used and general experimental procedures including
fluorescence quantum yield determination, see ref. 9b. All quantum yields
and lifetime data were obtained at 295 K, the uncertainties of the quenching
constants are < ±4% (n = 4).
‡ If fluorescence quenching is caused by static as well as dynamic
interactions of sensor and analyte molecules, the single quenching constants
can in principle be separated by considering time-resolved emission data
(for details, see J. R. Lakowicz, Principles of Fluorescence Spectroscopy,
Plenum, New York, 1983, p. 260). In the case of 1, dynamic quenching was
only observed at very high concentrations of the corresponding bases. The
quenching of the BDP fluorescence was nearly complete at much lower base
concentrations due to static interactions, i.e. deprotonation (for diiso-
propylethylamine) or association (for the chiral amines) reactions. There-
fore, the static quenching constants KS reported here could readily be
determined according to F0/F = 1 + KScQ, where F0 is the fluorescence
yield in the absence of quencher Q, F is the respective parameter in the
presence of Q, cQ is the concentration of the quencher and KS is the
association constant, in a concentration range where no reduction in
fluorescence lifetime was observed. In all of these cases, plots of F0/F vs. cQ

were strictly linear with correlation coefficients r > 0.99.
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Fig. 2 Plots for the quenching of 1 with S-PEA and R-PEA in acetonitrile (c1

= 5 3 1026 M, excitation/emission at 490/540 nm, r = 0.999/0.998 for S-
PEA/R-PEA).
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Fundamental and superior characteristics of heteropoly com-
pounds (heteropolyoxometalates) in the solid state that make
them suitable for catalyst design at the atomic/molecular levels
are described, together with important principles required for
the understanding and design of solid heteropoly catalysts.
First, the molecular nature of heteropolyanions (metal oxide
clusters), which can be preserved in the solid state, enables
control of the acid and redox properties over a wide range.
Second, the presence of hierarchical structures (primary,
secondary and tertiary structures) can lead to three catalysis
modes—surface-type, pseudoliquid (or bulk-type I) and bulk-
type II. Precise control of pore size is possible through the
understanding of the microstructure, which results in unique
shape selectivity observed for various reactions. Heteropoly
compounds are green catalysts functioning in a variety of
reaction fields and efficient bifunctional catalysts when com-
bined with other components. The elucidation of catalytic
processes is also possible at the atomic/molecular level due to
their molecular nature. The positions and dynamic nature of
protons as well as organic reaction intermediates in the pseudo-
liquid phase can be clarified by spectroscopic techniques.
Various reactions promoted by solid heteropoly catalysts are
collected from recent publications to illustrate the usefulness of
the above ideas and of heteropoly catalysts themselves.

1 Catalyst design at the atomic/molecular level
1.1 Importance and feasibility

Efficient catalysts are key materials in chemical technologies
which supply useful substances to society and assist maintain-

ing the environment as healthy as possible: in short, catalysts
represent a key technology for a sustainable society. Although
recent progress has been remarkable for homogeneous and
biochemical catalysts, in particular the latter, heterogeneous
(solid) catalysts are still of substantial importance in catalytic
technology, and have several advantages. Therefore develop-
ment of these is centred to solving global and local problems.

It is much more difficult to design heterogeneous catalysts
than to interpret reactions over model solid catalysts. Hence, the
development of practical (or commercial) catalysts still mostly
relies on trial-and-error approaches, assisted by phenomeno-
logical knowledge on existing commercial catalysts and
sophisticated knowledge on simple model catalysts. The design
of practical catalysts at the atomic or molecular level has long
been pursued,1,2 since precisely designed multifunctional
catalysts are obviously desirable. However, catalyst design at
this level is still a distant goal in many instances.

1.2 Our approach

We have endeavored in the last two decades to establish the
methodology of catalyst design by studying crystalline mixed
oxides. In addition to their crystallinity, our criteria to choose
catalyst materials are; (i) wide variation of composition whilst
retaining the basic crystal structure and (ii) catalytic perform-
ance near the level required for practical application. Such
materials include heteropoly compounds, perovskite-type
mixed oxides and zeolites whose structures can be well defined
at least for the solid bulk phases. Differences between the
surface and solid bulk phase appear to be much smaller for these
metal oxides than for metallic catalysts. This is particularly true
for heteropoly compounds if the preparation and character-
ization of catalysts are carefully carried out. Here, the term
‘heteropoly compounds’ (abbreviated as HPAs) will be used for
heteropolyoxometalates which include heteropolyacids and
their derivatives. Heteropolyacids are hydrogen forms of
heteropolyanions produced by the condensation of more than
two kinds of oxoanions. Typical heteropolyanions are shown in
Fig. 1. Using heteropoly compounds we attempted to establish
the following relationships at the atomic/molecular levels  as
shown in Scheme 1.

This article reports important progress to establish the basis
for catalysts design since the publication of special issue of
Chemical Reviews on polyoxometalates in 1998.3 It will attempt
to show that heteropoly compounds have various attractive and
important characteristics in terms of catalysis and are promising
materials for catalyst design at the atomic/molecular level.
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Catalysts based on heteropoly compounds are hereafter denoted
heteropoly (or HPA) catalysts. Earlier books and review articles
may be referred to regarding the basic chemistry4 and general
catalysis5 of HPAs. HPA catalysts have already been applied to
several large-scale commercial processes.6

2 Basic concepts unique for solid HPA catalysts
In my view, the following concepts are essential to understand
and design HPA catalysts, in addition to the knowledge
generally required to understand heterogeneous catalysis of the
ordinary mixed oxides.

2.1 Primary, secondary and tertiary structures

At an early stage of our study it was recognized that the
hierarchical structure of solid HPAs was important for the
understanding of the heterogeneous HPA catalysis, and we
denoted the substructures as primary, secondary and tertiary.7
This may appear a very simple idea, but enormously helped the
progress of our research. Fig. 2 shows a simplified illustration of
such hierarchical structures. The primary structure is the
structure of heteropolyanion itself i.e. the metal oxide cluster
molecule and details the molecular nature of solid HPA catalyst.
Fig. 2 shows the most ubiquitous form which has the Keggin
structure. The secondary structure is the three-dimensional
(usually regular) arrangement consisting of polyanions, counter
cations and additional molecules. The secondary structure is
flexible to different extents depending on the counter cation and
the structure of the polyanion, and is the basis of bulk-type
catalysis of solid HPA catalysts (see below). The tertiary
structure represents the manner in which the secondary structure
assembles into solid particles and relates to properties such as
particle size, surface area, and pore structure,8 and plays an
important role in heterogeneous catalysis. Without under-
standing this hierarchical structure, one can neither understand
solid HPA catalysts properly nor take advantage of their
molecular nature, and the idea of bulk-type catalysis described
below would not have evolved.

2.2 Three types of catalysis

We have demonstrated that there are three totally different
modes of catalysis for solid HPAs (Fig. 3). Surface-type
catalysis (a) is ordinary heterogeneous catalysis which takes
place on the solid surface (two-dimensional reaction field on
outer surface and pore wall). Modes (b) and (c) represent bulk-
type catalysis where the reaction fields are three-dimensional in
contrast to the surface-type catalysis. When the diffusion of
reactant molecules in the solid (diffusion in the lattice rather
than pores) is faster than the reaction, the solid bulk forms a
pseudo-liquid phase in which catalytic reaction can proceed
[Fig. 3(b)]. In this instance, reactant molecules in the gas or
liquid phase penetrate in between the polyanions (primary
structure), sometimes expanding the distance between the
polyanions, and react inside the bulk solid. The products come
out to the surface and are released to the gas or liquid phase.
Pseudoliquid catalysis, proposed in 1979, was not favourably
accepted initially, since it appeared very unusual for heteroge-
neous mixed oxide catalysts. Now, however, such catalysis is
more firmly established.5a–c In the pseudoliquid phase such
catalysts appear as solids but behave like liquids (solvent). As
the active sites in the solid bulk e.g. protons, take part in
catalysis, very high catalytic activities are often observed in the
bulk phase. Phase transitions accompanied by an abrupt change
in catalytic performance are also observed.5a

Fig. 1 Examples of heteropolyanions: (a) Keggin-type polyanion e.g. a-
PW12O40

32, (b) Dawson-type polyanion e.g. P2W18O62
62; (c) disubstituted

polyanion e.g. g-SiW10Fe2O40
102.

Fig. 3 Three types of catalysis for solid heteropoly compounds: (a) surface type; (b) pseudoliquid: bulk type (I), (c) bulk type (II).

Fig. 2 Primary, secondary and tertiary structures; hierarchical structure of
heteropoly compounds (HPAs) in the solid state.
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The second bulk-type catalysis [bulk-type (II), Fig. 3(c)] is
found for oxidation catalysis at high temperature when the
diffusion of redox carriers (protons and electrons in this case) is
rapid in the solid bulk, and the whole bulk participates in the
reduction–oxidation cycle.9 It should be noted that, as the
contribution towards catalysis of the solid bulk varies with the
relative rate of diffusion to that of reaction, intermediate cases
between surface and bulk catalysis arise. Solid HPAs containing
cations of low ionic radii to charge ratio (H+, Na+, Cu2+, etc.)
readily absorb small polar molecules and tend to exhibit
pseudoliquid behaviour and are soluble in water. Cs and NH4

salts (scarcely soluble in water, due to low solvation energy)
usually show only surface-type catalysis.

The importance of this idea may be clearly understood by the
following examples. Fig. 4(a) plots the relative activity and
number of strong acid sites vs. the extent of neutralization (or
the Na content) for acidic Na salts of H3PW12O40.10 Hereafter,
H3PW12O40, one of the most widely used HPA catalysts is
abbreviated as HPW unless stated otherwise. The reactions are
of bulk type (I) and the acidity is related to the number of
protons in the entire bulk. It is evident in Fig. 4(a) that the rates
of bulk-type reactions and the bulk acidity decrease mono-
tonically with the Na content, thus showing good parallelism
between catalytic activity and acidity. This also demonstrates
that the acid catalysts can be designed by control of their acidity
in this manner. In contrast, no monotonical change is found for
several reactions catalyzed by acidic Cs salts, CsxH32xPW12-
O40 (denoted CsX), as shown in Fig. 4(b).5a,b,11 These reactions
are of surface type, as revealed by plots of the rates vs. the
surface acidity (number of protons on the surface). The surface
area sharply rises from 1–2 m2 g21 for Cs1 and Cs2 to ca. 150
m2 g21 for Cs3. The mechanism of the increase in surface area
is interpreted in a later section of the article. As is obvious in
Fig. 4(c), a good correlation is obtained.12 Another important
point to be noted is that the specific activity of CsX [catalytic
activity per surface proton, the slope in Fig. 4(c)] is much higher
than known solid acids such as zeolites and silica–alumina. This
fact demonstrates the high performance of HPA catalysts.

Bulk-type catalysis (II) is also an essential concept required
to understand and design HPA catalysts.13 This has been found
to be relevant for oxidation reactions at high temperatures. If the
rates of bulk-type oxidation (e.g. oxidative dehydrogenation)
are plotted against the surface redox property, very poor
correlations are found, but the rates exhibit good correlations
with bulk redox property. In contrast, the rate of surface-type
oxidation correlates very well with the surface redox property.
This is very similar to the acid catalysis shown in Fig. 4.
Without knowing this fact, the development of practical
oxidation catalysts would be very difficult.

2.3 Merits of HPA catalysts

The advantages of hetreopoly compounds for heterogeneous
catalysts are summarized in Table 1.5 There are several large-
scale industrial processes utilizing HPA catalysts as oxidation
and acid catalysts both in the solid state and in solution.5a,b,6

Most are environmentally friendly, so that HPA catalysts are
regarded as promising green (or sustainable) catalysts.14,15

3 Novel aspects of pseudoliquid catalysis
3.1 Variety of reaction fields

Pseudoliquid behavior [bulk-type (I) catalysis] has also been
found for liquid–solid heterogeneous systems. For example, the
relative catalytic activities of HPW and Cs2.5 dramatically
change with the polarity of reacting molecules;5b HPW > Cs2.5
for pinacol rearrangement (pseudoliquid catalysis) and
HPW < < Cs2.5 for alkylation of aromatics (surface-type cataly-
sis). HPW shows high activities for the reactions in the solid
bulk (pseudoliquid), since protons inside the solid can be
utilized, while Cs2.5 having a large quantity of protons on the
surface (see below) is active for surface-type reactions. Bulk
type (II) catalysis has not yet been observed probably because
the reaction temperatures are low. The various reaction fields
containing a liquid phase are illustrated in Fig. 5.

The catalysis of solid HPAs in the liquid phase has been well
documented.16 For example, three reactions differing in polarity
of reactants were compared using several alkali- and alkaline-
earth salts of HPW. It was shown that the decomposition of
cyclohexyl acetate is catalyzed on the solid surface (surface-
type), and that pinacol rearrangement proceeds in the pseudo-
liquid phase. On the other hand, esterification of benzoic acid
and butan-1-ol is mainly catalyzed by HPA dissolved in
solution, although most of HPA remains in the solid state. The
order of catalytic activity, therefore, is very different between
the reactions. This again demonstrates the importance of
distinguishing surface- and bulk-type catalysis for the catalyst

Fig. 4 Importance of differentiating surface- and bulk-type catalysis. (a) Bulk-type (I) (pseudoliquid) catalysis and bulk acidity of Na salts of H3PW12O40

(HPW): (:) conversion of methanol, (5) dehydration of propan-2-ol, and (8) bulk acidity measured by strongly held pyridine. (b) Rates of alkylation of
1,3,5-trimethylbenzene by cyclohexene catalyzed by Cs salts of HPW (surface-type catalysis). (c) Rates of alkylation over Cs salts [data from Fig. 4(b)] are
plotted vs. the surface acidity, together with the same plots for several other solid acids.

Table 1 Merits of solid heteropoly catalysts for catalyst design at the
atomic/molecular level 

1 Systematic variation of acid and redox properties are possible for
catalyst design.

2 Molecular nature of solid heteropoly compounds originating from
heteropolyanion molecules enables precise design of catalysts and
molecular description of catalytic processes

3 A variety of reaction fields are available for catalytic systems.
4 The unique basicity of polyanions
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design of HPAs. Fig. 5(a) and (d) correspond to the ordinary
heterogeneous catalysis (liquid–solid) and homogeneous (solu-
tion) catalysis, respectively. Phase-transfer catalysis for liquid–
liquid biphase systems [Fig. 5(e)] is well known and there are at
least two large-scale commercial processes using HPA cata-
lysts.6,14 Catalysis by solid HPAs for solid state reactions17 and
in a new phase formed on the surface layer14 [Fig. 5(c)] are new.
In the latter, protons introduced on the surface layer of Cs3
create a new active phase similar to a ‘pseudoliquid’ (Fig. 6).

Among other recent interesting observations is the unique
relationship between the shape of the primary structure, the
resulting secondary structures, and the remarkable influence on
the catalytic activity.18 The thermodynamically favored synthe-
sis of methyl tert-butyl ether (MTBE) from isobutylene and
methanol proceeds  at low temperature (323 K) on Dawson-type
hetropolyacids (H6P2W18O62 and H6P2Mo18O62) rapidly and
selectively. In contrast, the reaction is very slow over Keggin-
type heteropolyacids, in spite of the higher acid strength and
comparable acid content. We found that Dawson-type hetero-
polyacids are amorphous under the reaction conditions due to
the ellipsidal shape of the polyanion, whereas Keggin-type
polyanions having spherical shape are crystalline (bcc struc-
ture). Owing to this difference the former forms active
pseudoliquids, while the latter are much less active (Table 2).
As for MTBE synthesis catalyzed by H4SiW12O40, Bielanski’s
group has made an extensive study and proposed a hypothesis
that the reaction takes place on the surface to which methanol
and protons are supplied from the pseudoliquid phase.19

3.2 Protons, water and organic molecules in
pseudoliquids

To understand and design pseudoliquid catalysts at the
molecular level, information about the acidic protons, such as
their location, mobility and donating ability (acid strength), is
indispensable. Information about the interactions between
acidic protons and small basic molecules such as water and
alcohols provides useful knowledge about pseudoliquid cataly-
sis, since water is often contained in the working state and plays
an important role. Furthermore, the states and dynamics of
protons in the solid are interesting subjects of solid-state
chemistry. In our early studies we observed protons in HPW
using MAS NMR, then directly detected (by a combination of
NMR and IR) the reaction intermediates of ethanol dehydration
in the pseudoliquid phase, and disclosed the dynamic behavior
of methanol.5b,6

While IR is usually a powerful tool to study solid catalysts the
IR spectra of OH bands of heteropolyacids are ambiguous. For
highly hydrated HPW, the OH stretching and bending modes of

water and protonated water are detectable, but for more
dehydrated states they do not show any clear IR bands in
contrast to silica or zeolite catalysts.

Recently, reliable IR spectra of HPW·nH2O with different
degrees of hydration have been reported independently by us20b

and Zecchina’s group.21 Fig. 7 shows our results where the
water contents are quantified (reliable at least for n = 0 and 6).
Very broad bands ranging from 3500 to 1200 cm21 are evident.
For n = 6 (hexahydrate) for which the structure has been
established,5 an extremely broad band is observed which we
assigned to H5O2

+ (H2O…H+…OH2) present in the hexahy-
drate. A broad band having a peak at about 3200 cm21 was
observed for dehydrated sample (n = 0–0.5), which was

Fig. 5 Various reaction fields of HPA catalysis in reaction systems containing a liquid phase.

Fig. 6 Catalysis in a novel phase formed on the surface layer of a solid HPA
for a liquid–solid reaction system. Hydrolysis of bistrimethylol propane
monoformal in water at 348 K. The reaction rate rises sharply when the
second component is added after a certain reaction time (indicated by
arrows). The rates after the addition are much higher than the sum of the
rates of each component, indicating the formation of an active layer on the
surface of Cs3.

Table 2 Unique relationships between shape of polyanion (primary
structure), secondary structure and catalytic activity

Primary structurea

(shape)
Secondary structure
at the working state

Catalytic activity for
MTBE synthesis at
323 K

Dawson (ellipse) Amorphous Very high
H6P2W18O62

H6P2Mo18O62

Keggin (spherical) Crystalline (bcc) Very low
H3PW12O40

H4SiW12O40

a See Fig. 1.
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assigned to isolated acidic protons bonded to peripheral
oxygens of the polyanion. These bands seem to exist in the IR
spectra reported in earlier studies, but their presence and
significance have not been well recognized.

Zecchina’s group reported high quality IR spectra and
provided valuable discussion of the IR bands.21 The extremely
broad band observed for the hexahydrate is reasonably
interpreted by the nearly flat potential of a proton in a hydrogen
bond. However, they possibly underestimated the water content
of some samples (see below) and therefore their assignment of
the IR bands is probably partially incorrect. The evacuation of
hydrated HPW at 300–340 K leads to the hexahydrate which is
fairly stable.5a–c Usually a higher temperature (as high as ca.
350 K) is necessary for further dehydration. Therefore, the
sample of Zecchina’s group which was obtained upon evacua-
tion at room temperature for 3 min has probably n > 6, whereas
the sample obtained by evacuation for 150 min is most likely the
hexahydrate.

The states and dynamics of protons and water in HPW have
been clarified by an extensive study using solid-state 1H, 31P
and 17O MAS NMR.22 For example, the P NMR spectra of
HPW·nH2O (n = 0–6) which was prepared from the hexahy-
drate by evacuation at 373–423 K are shown in Fig. 8. H NMR
spectra measured at 298 and 173 K showed a very broad peak
for n = 6 due to the dipole–dipole interaction in H5O2

+, and a
sharp peak for the other samples. The following important
conclusions can be deduced from the NMR data.

(a) Acidic protons are present in three forms; (i) proton
attached to polyanions, (ii) H3O+ (hydronium ion monomer) or
H2O strongly interacting with acidic protons, and (iii) H5O2

+

(hydronium ion dimer). H3O+ and H5O2
+ weakly interact with

polyanions by hydrogen bonding. Acidic protons in the
anhydrous sample attach to the polyanion leading to a
significant chemical shift in the 31P NMR spectrum. The
probable bonding states are schematically illustrated in Fig. 9.

On the basis of IR studies, Zecchina’s group concluded that
for intermediate hydration states (0 < n < 3), the acidic proton
does not form H3O+ but rather O–H…OH2 .21 However, the
close resemblance in the chemical shifts of the P NMR spectra
(e.g. n = 2.1 measured at 173 K, Fig. 8) and of CsX8,25 suggests
the formation of H3O+; acidic protons interact very weakly with
polyanions. The remainder of the acidic protons remain directly
bonded to the polyanions. It should also be noted that the acid
strength of HPW is greater than that of zeolites (see below,
Table 3).

(b) The broad peak observed at 298 K (n = 0 .5–4) splits into
several peaks at 173 K (Fig. 8, n = 0.5, 2.1 and 4.0). This means
that the rate of proton migration (exchange) is slow at 173 K and
at 298 K is of the order of 200 Hz which is much faster than the
rate of ordinary catalytic reactions. This study also indicated

that water in the lattice enhances the mobility of protons. The
high mobility of protons may facilitate protonation in acid
catalysis.

(c) The relative intensities of the split peaks follow a
binominal distribution, indicating a uniform (random) distribu-
tion of protons and water in the solid.

(d) In the anhydrous state (n = 0), there is one type of acidic
proton species attached to the polyanion at least on the NMR
time scale. This is consistent with our IR data. We observed an
apparently single broad band for the dehydrated sample (n =
0).

Fig. 7 IR spectra of H3PW12O40·nH2O with a variety of hydration states (0
< n < 6).

Fig. 8 31P NMR spectra of H3PW12O40·nH2O with a variety of hydration
states (0 < n < 6) measured at 298 and 173 K.

Fig. 9 Models proposed for the states of acidic protons and water in solid
H3PW12O40·nH2O (0 < n < 6); two possible positions are shown for
H3O+.

Table 3 Acid strengths of various solid acids

Solid acid
Initial heat of NH3

sorption/kJ mol21

Approximate peak
temperature of NH3

desorption/K

H3PW12O40 195 850
Cs0.5H2.5PW12O40 170 830
SO4/ZrO2 165 (190)a 1000 (as N2)
HZSM-5 (Si/Al = 13) 150 670
SiO2-Al2O3 145 600
a Value in parentheses refers to the very initial value.
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(e) The concentrations of the three proton species in
HPW·nH2O (n = 0–6) change with the extent of dehydration as
shown in Fig. 10(a). The trends are in agreement with those
calculated by assuming random removal of water.

In contrast, HPW·nH2O prepared by the addition of water to
an anhydrous sample at room temperature is quite different [Fig.
10(b)]. The main reason for the difference may be the lower
temperature of preparation for which the diffusion of water is
slow. Rehydration leads mainly to H5O2

+ instead of H3O+ at n
> 2. Careful preparations are always necessary to obtain HPA
samples having uniform composition. In particular, special
caution must be taken to avoid rehydration, since anhydrous
HPAs are very sensitive to moisture (even from water adsorbed
on walls of apparatus).

3.3 Acidity

The acid strength of HPAs vary in a wide range depending on
the polyanion structure and its constitutuent elements (both
hetero and addenda atoms), as well as on the extent of hydration
and reduction. Most results indicate that HPW after dehydra-
tion, the strongest HPA known so far, is a much stronger solid
acid than zeolites including ZSM-5, and is close to that of
superacids.5,23 Indeed some believe HPW to be a superacid24

while others claim that its acidity is comparable with zeolites.21

The counter cation is also an important factor. Table 3
summarizes the acid strength as monitored by ammonia
sorption (adsorption and absorption) and desorption for several
solid acids,23,25 and Fig. 11 shows the results of calorimetric
measurements of NH3 sorption on Cs2.5 and HPW at 423 K.
Caution in interpretation of the results may be necessary for
HPW which tends to exhibit pseudoliquid behaviour. Ammonia
is absorbed into the bulk and forms ammonium salts, so that the
lattice energy of the salts should be considered in calculating the
heat of sorption.

Quantum chemical studies with higher levels of approxima-
tion on a full Keggin unit have recently been attempted. The
stronger acidity of HPW than H3PMo12O40 (HPMo) is indicated
by density functional theory (DFT).26 In early calculations, the
position of protonation was inferred to be at bridging oxygen
atoms.27 Recently the same conclusion was deduced by a DFT
calculation applied to a full Keggin unit including geometrical
optimization.28 Our 17O MAS NMR and IR data are in
agreement with this conclusion.20b,22

There are at least five different mechanisms for the evolution
of acidity of solid HPA salts5a and hence the acidic properties
are complicated unless the structures are carefully scrutinized.
NMR studies revealed that protons of a novel nature are formed
by the reduction of Ag and Pd salts of HPW.29 Protons are
reversibly formed by the reduction of Ag3PW12O40 and are
much more catalytically active than the protons in HPW for
several reactions in the presence of H2. 1H NMR spectroscopy
showed that protons in the former are more mobile than those of

the latter. The influence of the mobility of protons on catalytic
performance is an interesting topic. Similar behaviour is
observed for Ag zeolites and can be formulated by reactions
(1)–(3).29c

2Ag+ + H2? 2Ag0 + 2H+ (1)

2Ag0 + Ag+? Ag3
+ (2)

Ag3
+ + H2? Ag3H + H+ (3)

4 Recent topics in surface-catalysis of Cs and
NH4 salts of HPW
4.1 Microstructure

The microstructure, or the tertiary structure (particle size,
surface area, pore distribution, etc.) of insoluble acidic Cs and
NH4 salts of HPW is of great interest since Cs2.5 showed
extremely high catalytic activities for various reactions in the
liquid phase as a strong solid acid.5a–c The activity is often more
than ten times greater than that of zeolites and more than three
times that of the parent HPW. Activity much higher than  that of
HPW was also reported for Cs2.4 prepared in a slightly different
manner.30 Furthermore, the size of the micropores of Cs2.5 is
nearly uniform, can be controlled at the sub nm level and leads
to remarkable shape selective catalysis.23,31 Acidic NH4 salts
are also active and for benzoylation (NH4)4HPW12O40 was
more acive than Cs2.5.32 Ag and Tl salts seem to have similar
microstructures.33

The main reason for the high activity of Cs2.5 is its high
surface acidity i.e. the large number of strongly acidic protons
on the surface.5a–c The number of surface sites is about half of
the total number of protons contained in the solid owing to its
high surface area (ca. 150 m2 g21). Cs2.5 is a strong acid being
only slightly weaker than the parent HPW (Table 3). Other

Fig. 10 Amounts of H3O+ (monomer) and H5O2
+ (dimer) per polyanion in H3PW12O40·nH2O (0 < n < 6). (a) Samples prepared by evacuation of the

hexahydrate at 373–423 K. Dashed lines were calculated by assuming that water molecules are randomly removed from the hexahydrate. (b) Samples
prepared by rehydration of anhydrous H3PW12O40 at room temperature.

Fig. 11 Differential heats of NH3 sorption measured at 423 K: (2)
H3PW12O40, (5) Cs2.5H0.5PW12O40.
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reasons for the high activity are moderate hydrophobicity of the
surface, a bimodal pore distribution and acid–base bifunction-
ality (see below). All of these factors are interesting and
important for heterogeneous catalysis.

Extensive and detailed studies using 31P NMR, XRD,
electron diffraction, AFM and SEM, adsorption of N2, Ar, etc,
as well as quantitative chemical analysis, have recently been
carried out to clarify the microstructures of the acidic Cs and
NH4 salts.25 Those measurements were applied compre-
hensively to the preparation processes i.e. solutions, precipitates
and resulting solids obtained after drying and heat treatment,
and provided a consistent view about the microstructures of
Cs2.5 and other CsX salts. Their formation processes thus
deduced are schematically illustrated in Fig. 12.

Upon titration of an aqueous solution of HPW with a Cs2CO3

aqueous solution at 298 K, very fine precipitates of Cs3
(nanoparticles of ca. 10 nm in diameter) are formed, to which
HPW is partly adsorbed with the remaining HPW present in the
solution. As the titration proceeds, the amount of HPW in
solution decreases, forming Cs3 precipitates. At the stoichio-
metry of Cs2 (Cs2CO3 added: HPW = 1+1), the precipitates are
fine particles (also ca. 10 nm in diameter) of Cs3, the surface of
which are covered by nearly a monolayer of HPW. Their surface
area is very low (1 m2 g21), since the fine particles stick
together densely after drying. This model is supported by the
fact that the particle size estimated from XRD linewidths is ca.
10 nm, while that estimated from the BET surface area is 500
–1000 nm.

When Cs2CO3 is added beyond a stoichiometry of X = 2, the
surface area increases sharply, since most of HPW precipitates
as Cs3 and the amount of HPW remaining in solution or
adsorbed on precipitates diminishes rapidly. Hence, micropores
start to develop which would have been absent if the remaining
HPW had densely connected the nanoparticles. 31P NMR
(which can differentiate between polyanions containing 0, 1, 2
or 3 protons) demonstrated that thermal treatment at 373–473 K
leads to a nearly uniform solid solution of Cs3PW12O40 (Cs3)
and H3PW12O40 (HPW) via diffusion of protons and Cs+ ions,

the lattice constant changing accordingly. This process has been
unambiguously confirmed by the formation of the identical
solid solutions when Cs3, impregnated by various amounts of
HPW, is treated at 473 K, as shown by the P NMR spectroscopy
(Fig. 13).

Cs2.5 has a bimodal pore size distribution; micropores
ranging from 0.5 to 1.0 nm (peak at 0.65 nm and mostly > 0.75
nm) and mesopores (peak at 4–5 nm).30,34 It is deduced that the
micropores arise from spaces between nanocrystallites (10–20
nm) in loose and random aggregates and mesopores arise from
spaces between the nanocrystallites and between aggregates of
size ca. 100–500 nm (see Fig. 2). The micropores account for
about 70% of the total surface area of Cs2.5 [see below, Fig.
15(d)]. Misfits in the connection of nanocrystallites have
recently been suggested as the origin of small micropores (see
below).35 Another possible origin of micropores are polyanion
vacancies as proposed for Cs4PMo11VO40 .36 However, no firm
and detailed conclusion has been obtained for the origin of the
micropores which have a rather sharp size distribution.

A surprising finding of the microstructure is the epitaxial
assembly of Cs and NH4 salts, which was discovered un-
expectedly [Fig. 14 and Fig. 15].37,38 When the Cs salts are

prepared at a temperature as high as 370 K, the initially formed
nanocrystallites (ca. 10 nm) assemble together with the
identical orientation of crystal planes, leaving micropores
between the nanoparticles [Fig. 15(b)], in contrast to Cs2.5

Fig. 12 Schematic illustration of the formation processes of acidic Cs salts:
Left; after drying, right; after heat treatment.

Fig. 13 Comparison of the 31P NMR spectra of CsxH32xPW12O40 (CsX)
[(a)–(d)] with Cs salts having the same compositions (CsX, X = 1, 2, 2.5)
prepared by impregnation of Cs3PW12O40 (Cs3) by HPW [(e)–(g)]. All
samples were thermally treated at 473 K.

Fig. 14 Electron diffraction pattern of (NH4)3PW12O40 prepared by titration
at 368 K using NH4HCO3: (a) the area in which the diffraction pattern was
taken and (b) diffraction pattern.
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prepared at room temperature [Fig. 15(d)]. This is most
remarkable when a stoichiometric NH4 salt is prepared by
means of homogeneous precipitation using urea decomposi-
tion.34 The initially formed particles are spherical and slightly
oriented aggregates [resembling the NH4 salt formed by
titration at low temperature shown in Fig. 15(a)], that are
comprised of nanocrystallites of size ca. 10 nm with micropores
(ca. 0.6 nm) in the spaces between the nanocrystallites, and
mesopores (2–10 nm) between the loosely bound nano-
crystallites and/or between the aggregates (100–1000 nm). The
particles then gradually turn into large ‘crystalline’ microporous
aggregates (400–1000 nm) having regular dodecahedral shape
and few mesopores [similar to but larger than the particles
shown in Fig. 15(c)]. The particle size estimated by XRD
linewidth measurements ( > 260 nm) is much greater than the
size calculated from the surface area (10–20 nm), indicating that
epitaxial connections occur between nanocrystallites. AFM and
SEM images confirm that aggregates consist of fine particles of
size ca. 10 nm. Electron diffraction (ED) shows regular discrete
spots indicating crystallinity (Fig. 14). All of these observations
indicate that the dodecahedral particles are ‘crystalline’ ag-
gregates of nanoparticles and are porous. A monodispersed
particle size (ca. 1000 nm) can be obtained by controlling the
precipitation procedure (Fig. 16).39 Spherical aggregates shown
in Fig. 15(a) and (b) also give discrete ED patterns.

4.2 Shape selectivity

Remarkable shape selectivity has been reported for several acid-
catalyzed reactions over Cs salts using molecules having
different sizes. While Cs2.5 is active for most reactions, Cs2.1
and Cs2.2 only catalyzed reactions of small molecules.5a,b,23

Shape selective catalysis has also recently been found for
oxidation and hydrogenation reactions. Okuhara and coworkers
confirmed that Cs2.1 has only micropores of size ca. 0.45 nm
(in contrast to Cs2.5 for which both micropores of > 0.75 nm
and mesopores of ca. 5 nm are present), and demonstrated shape
selective catalysis, on the basis of the comparison of the
catalytic activities of Pt-Cs2.1, Pt-Cs2.5 and Pt-SiO2, for (i)

oxidation of methane, carbon monoxide and benzene, and (ii)
hydrogenation of ethylene and cyclohexene.40 Shape selectiv-
ity in the products was found for the reaction of n-butane.41 The
large-pore Pt-Cs2.5 was very selective for the isomerization to
isobutylene (94%), while cracked products (C1–C3) markedly
increased with a decrease in the size of micropore (only 48%
isobutene formed for Pt-Cs2.1) attributed to slow diffusion of
the branched alkane in small micropores. Okuhara and
coworkers proposed that small spaces formed by misfits in the
connection of nanocrystallites are the origin of the small
micropores of Cs2.1 (0.45 nm),34 as illustrated in Fig. 17.

4.3 Surface acidity of CsxH32xPW12O40, CsX

The unusual change with X of the catalytic activity of CsX is
reasonably interpreted by the surface acidity [Fig. 4(c)]. Here,
the surface acidity is estimated by multiplying the number of
polyanions on the surface (calculated from the surface area and
the size of polyanion) and the number of protons per polyanion
on the surface (from the proton content of the solid, or the
chemical formula). Recently, the surface acidity, or the number
of protons, on the surface of CsX (X = 2–3), has directly been
measured by an IR study of CO adsorption at 110 K (Fig. 18).20a

CO adsorbed on Cs2.5, for example, exhibits three bands; a
band at 2165 cm21 attributable to CO adsorbed on acidic proton
sites, at 2154 cm21 to CO on Cs+ ion, and at 2139 cm21 to
physisorbed CO [Fig. 18(d)]. For comparison, the IR spectra of
Cs3 is also shown, where both the 2165 cm21 band and a broad
band in the OH stretching region are absent [Fig. 18(b)].

As expected, the intensity of the first band (2165 cm21, CO
on proton site) changed in parallel with the catalytic activity as
shown in Fig. 19.20a In this way, the surface acidity estimated
previously as described above has been confirmed by the direct
measurement of the surface proton sites. None of the IR bands
of adsorbed CO were detected for CsX (X = 0–2). Even if the
very low surface areas of these Cs salts (X = 0–2) are taken into
account, the IR bands would have been detected at least for
HPW (4–5 m2 g21). The reason for the absence of the IR bands
for HPW is not clear.

4.4 Hydrophobicity: water-tolerant solid acid catalysts

It has been shown in an earlier study that the surface of organic
salts of HPW exhibit hydrophobicity.42 Recently, the hydro-
phobicity was semi-quantitativley evaluated for Cs2.5 and Cs3
by comparison of water and benzene adsorption.43 The
hydrophobicity thus evaluated is in the order of HZSM-5 (high
silica) > silica ≈ Cs3 > Cs2.5 ≈ HZSM-5 (low silica) >
silica–alumina > alumina (ZSM-5 and silica were pretreated at
673 K, silica–alumina and alumina at 573 K, and Cs2.5 and C3
at 473 K). This indicates that Cs2.5 is moderately hydrophobic
similarly to low-silica HZSM-5. As expected from this fact, it
was demonstrated that Cs2.5 was very active as a water-tolerant
solid acid catalyst.44,45 The relative activity of water-tolerant
solid acids varies with the nature of the reaction. Cs2.5 is
usually much more active for the hydrolysis of esters than other
inorganic solid acids, but less active than acidic organic resins.

Fig. 15 SEM images of (a) (NH4)3PW12O40 prepared by titration at 273 K,
(b) Cs3PW12O40 (Cs3) prepared by titration at 368 K, (c) (NH4)3PW12O40

prepared by titration at 368 K and (d) Cs3PW12O40 (Cs3) prepared by
titration at 298 K. Cs2.5 is similar to Cs3 in appearance.

Fig. 16 SEM images of monodispersed (NH4)3PW12O40 prepared by
titration at 368 K.
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However, for the reaction of a nitrile and an alcohol in an excess
of water, Cs2.5 was the most active as shown in Table 4.45

5 Efficient catalysts developed based on HPA
Table 5 lists recent examples of catalytic reactions using solid
HPA. Earlier examples may be found in ref. 5(b).

5.1 Bifunctional catalysts

HPAs show acidity as well as unique basicity; these properties
as well as their oxidizing ability can be controlled over a wide
range which is of use in catalyst design. The co-existence of
these properties can be utilized to prepare bifunctional and
multifunctional catalysts. It has been shown that the oxidation
of methacrolein to methacrylic acid proceeds in two steps; the
first step is acid-catalyzed esterification to form an intermediate
and the second step the oxidation of the intermediate which is
rate-determining. Hence this reaction can be catalyzed in a
synergistic manner utilizing acidity and oxidizing ability.7 It is
interesting to note that these two properties compete in the case
of oxidation of isobutyric acid to methacrylic acid, with acidity
accelerating side-reactions (Scheme 2).

The much higher activity of Cs2.5 than conventional solid
acids can not be explained by acidic properties alone [Fig. 3(c)],
so that acid–base bifunctional catalysis was suggested for
Cs2.5.5b

Efficient catalytic reactions can be realized by the combina-
tion of HPA catalysts with noble metals. One-stage oxidation of
ethylene to acetic acid has been commercialized (10000 ton
yr21) by combining a Keggin-type HPA catalyst and Pd.46

Here, the addition of Se or Te to Pd is essential to suppress the
complete oxidation to CO2. The overall reaction [eqn. (6)] is
suggested to proceed in two steps [eqn. (4) and (5)], a Wacker-
type mechanism (via acetaldehyde) being excluded. Control of
acidity and tertiary structure was important for catalyst

Fig. 17 A model of small micropores formed by misfits of two naoncrystallites of Pt–Cs2.1H0.9PW12O40.

Fig. 18 IR spectra of CO adsorbed on HPAs measured at 100 K. (a) Before
and (b) after adsorption of CO on Cs3PW12O40 (Cs3); (c) before and (d)
after adsorption of CO on Cs2.5H0.5PW12O40.

Fig. 19 Changes of the peak intensity of the 2165 cm21 band (CO adsorbed
on proton sites) and the catalytic activity of CsxH32xPW12O40 (CsX) as a
function of X for the rate of alkylation of 1,3,5-trimethylbenzene by
cyclohexene at 353 K.

Table 4 Comparison of catalytic activities of various solid acids for the
reaction of acrylnitrile and N-adamantanol to form N-adamantylacrylamide
(NAA) in the presence of an excess of water.a Results in the absence of
water shown in parentheses

Catalyst Yieldb(%) Selectivityc(%) TONd

Cs2.5H0.5PW12O40 84 (97) 92 (93) 36 (42)
HY zeolite 8 (79) 82 (89) 2 (0.2)
Amberlyst 15 68 (100) 82 (81) 1 (1)
Nafion-H 77 (97) 84 (92) 6 (8)
Nafion-SiO2 40 (97) 94 (93) 22 (61)
a Reaction conditions; catalyst: 0.2 g, acrylnitrile: 60 mmol, 1-adamantanol:
1.3 mmol, 373 K, 6 h. b % Yield; 100 3 (NAA formed)/(N-adamantanol
added). c % Selectivity; 100 3 (NAA formed)/(NAA formed + acrylamide
formed). d TON (turnover number); mol NAA formed/mol acid sites in
catalyst.
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development. (The photo on the cover is the plant used for this
process developed by Showa Danko, Co., Ltd.)
C2H4 + H2O ? EtOH (acid catalysis) (4)
EtOH + O2? MeCO2H + H2O (oxidation) (5)
C2H4 + O2 ? MeCO2H [overall reaction] (6)
The combination of Pd or Pt with Cs2.5 creates active and
selective catalysts for the isomerization of n-alkanes (C4–C7).47

Deactivation and cracking which are significantly observed
over Cs2.5 alone are dramatically diminished by the addition of
noble metals in the presence of H2. Without acidity, the activity
is very low. Interestingly, acidity completely prevents the
hydrogenolysis of alkanes catalyzed by noble metals. A
mechanism essentially based on a classical bifunctional cataly-
sis has been proposed; acid catalyzed isomerization + dehydro-
genation–hydrogenation. Recently, a mechanistic study using
13C labeled n-butane48 has revealed that the selective isomeriza-
tion to isobutane over Pt dispersed on Cs2.5 mostly takes place
by a monomolecular mechanism, while the reaction proceeds
less selectively via a bimolecular mechanism in the case of
Cs2.5 alone (Scheme 3). At higher reaction temperatures, the

contribution of the bimolecular mechanism increases also for
Pt-Cs2.5. Kozhevnikov and coworkers reported that HPW

combined with Pd produces only soft coke in the oligomeriza-
tion of propene and the removal of coke by combustion takes
place at a much lower temperature than in the case of HPW
alone which forms both soft and hard cokes.49

5.2 Supported HPA catalysts

Hydrogen forms (or free acids) of HPAs usually have low
surface areas. On the other hand, very active Cs2.5 having a
large surface area tends to become a milky suspension during
liquid-phase reactions, which makes it difficult to separate the
catalyst after the reaction is finished. To solve these problems,
many attempts have been made to disperse and fix HPA
catalysts on various supports, where the stability of the HPA
and firm fixation are the key issues. Support materials such as
silica, carbon, and organic resins have been applied with
varying levels of success, with new supporting materials and
methods being actively pursued. Although the structure and
composition of supported HPAs are sometimes uncertain, high
catalytic activities are often observed and separation made
easier.

Izumi et al, prepared HPW and Cs2.5 included in a silica
matrix by an in situ sol–gel method. Recently, shape selectivity
was observed for alkylation of phenol by formaldehyde owing
to the micropores of a silica matrix.50 Supported HPAs prepared
by this method have been applied as photocatalysts.51 Soled
et al. reported an in situ preparation of Cs2.5 inside silica
particles.52 Cs-containing silica is added to an aqueous solution
of HPA. As the HPA solution diffuses into pores of silica, a Cs
salt starts to precipitate at a certain level of concentration,
resulting in an egg-yolk type impregnation. Large-pore zeolites
like MCM-4153 and layered clays54 have been applied as
supports of HPA. HPAs loaded in layered double hydroxide
were active for epoxidation and showed shape selectivity.54 In
situ synthesis of HPAs in the supercage of Y-zeolite is an
interesting method for the preparation of supported HPA
catalysts.55 For metal oxide supports, interactions between the
surface and the HPA often degrade the polyanion structure. On
basic solids such as MgO and Al2O3, the Keggin structure
readily decomposes, as expected from instability of HPAs in
aqueous solution at high pH. Even on the surface of silica,
which has only weak interactions with HPAs, these tend to
decompose to smaller clusters. In most cases the decomposition
is significant at a low loading level whereas the starting
polyanion structure is predominant when the loading level is
high. Supporting on or imbedding in organic polymers has also
been attempted. Recent examples include polyazamethines,56a

polyaniline,56b and polyphenylene oxide.56c As expected from

Table 5 Acid-catalyzed reactions with solid heteropoly compoundsa

Reaction Catalyst Reference

RCO2H + RAOH ? RCO2RA H3PW12O40,
H4SiW12O40/MCM-41

59

Alkylation of alkylphenol by isobutylene (shape selective) H3PW12O40/MCM-41 53b
Trioxane + phenol Silica-included

H3PW12O40

60

Isobutane + n-butenes ? C8 alkylates H3PW12O40/MCM-41
K2.6H0.4PW12O40 (supercritical)

61
62

Diels–Alder reaction of quinone H3PW12O40 63
Acylation of xylene Cs2HPW12O40 53a
Adamantylamide synthesis Cs2.5H0.5PW12O40 45
Hydration of dimethylbutene Cs2.5H0.5PW12O40 44a
n-Cn? iso-Cn (NH4,Cs,H)3PW12O40

Pt-Cs2.5H0.5PW12O40

64

Oxidation of ethylene to acetic acid via ethanol Pd(Te)-SiW12O40

(commercialized)
46

Ethyl acetate from acetic acid HPA (commercialized)
Michael addition H3PW12O40 (pseudoliquid) 16a
EtC(CH2OH)2CH2OCH2OCH2C(CH2OH)2Et + H2O ?

2EtC(CH2OH)2CH2OH + HCHO
H3PW12O40, etc.
(a new phase?)

14

a These reactions are mostly taken from a list produced by Professor T. Okuhara.

Scheme 2

Scheme 3
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the moderate stabilities of organic ammonium and oxonium
salts, the HPA structures appear to remain mostly intact. In
addition, chemical interactions between the polymer and HPA
sometimes modify the catalytic performance in a desirable
manner.

6 Future
Notable progress has been achieved recently in heterogeneous
acid catalytic reactions of HPAs. Full utilization of the pseudo-
liquid phase and further development of bifunctional and shape-
selective catalysis will be interesting targets for the future.
Specifically organized secondary and tertiary structures that are
synthesized by using novel cations and polyanions may open up
new areas of catalysis. If the structure, composition and stability
of polyanions are properly controlled on supports, solid HPA
catalysts will find much wider practical applications. The
development of regeneration methods for deactivated HPA
catalysts is another important subject for practical applications.
As for catalysis in solution, unconventional reaction fields such
as multi-phase catalysis are promising. From the viewpoint of
fundamental study of HPA catalysis, the basicity of the surface
of the heteropolyanion (or unique complexation character)
together with its role in catalysis is of interest and understanding
of the catalytic reaction at the molecular/atomic level is
expected to be accomplished in the near future.

More progress is anticipated for oxidation catalysis of HPAs
although oxidation catalysis lies outside the scope of the present
article. The design of primary structures (structure and
composition) has been successful for oxidation in solution and
may be extended to heterogeneous catalysis, if HPAs are
stabilized or reaction systems chosen carefully. Examples
include diiron and dimanganese substsituted Keggin anions as
shown in Fig. 1(c)57 which efficiently catalyze selective
oxidation of alkanes, although enhancement of reaction rate is
still desirable. A variety of polyanion structures and composi-
tions (new and known) as well as recent progress in novel
synthetic methods promises the development of efficient
catalysts based on HPAs. For example, an exotic HPA
synthesized by Newmann and Dahan is efficient in selective
oxidation.58 Owing to various advantages, HPAs are hoped to
play important roles as green catalysts in chemical syntheses in
a sustainable manner.
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Rhodium bis-phosphine catalysts on mesoporous silica supports: new
highly efficient catalysts for the hydrogenation of alkenes†‡
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A bidentate rhodium phosphine complex anchored onto a
mesoporous molecular sieve was shown to be an active
catalyst for the hydrogenation of alkenes, with the activity
dependent on the method of grafting, and in general,
exceeding that of related homogeneous catalysts.

Remarkable developments in homogeneous catalysis have
taken place over the past two decades.1 Unfortunately, the
recovery of the precious metals and expensive ligands from the
reaction medium is often not feasible. For this reason, there
have been many approaches to ‘heterogenizing’ homogeneous
catalysts by attaching well defined molecular species to
polymeric supports.2 Despite the development of some very
effective supported systems,3 a general strategy for mimicking
solution phase behaviour is yet to be developed. Reactions on
supports are generally slower and less predictable than their
solution counterparts, commonly requiring excesses of rea-
gents, higher temperatures and longer reaction times.4

The discovery of mesoporous molecular sieves has provided
new possibilities in catalysis.5 These mesoporous materials
have unique structures characterized by high surface areas,
large pores, and high long-range order; properties that make
them ideal catalyst supports. MCM-41-type silicates have been
used as supports for a variety of metals and metal complexes.6
Recently, Shyu et al. described a supported analogue of
Wilkinson’s catalyst, prepared by treating MCM-41 with
(EtO)3Si-(CH2)3-PPh2 and then RhCl(PPh3)3.7 Our approach to
the preparation of a Rh complex supported on a mesoporous
molecular sieve involves the use of a bidentate phosphine in
order to minimize leaching, and a cationic complex to prevent
dimerization through chloride bridges8 (Fig. 1). The catalysts
thus obtained are highly active for the hydrogenation of olefins,
even more than the corresponding homogeneous complexes.
The magnitude of the activity and the nature of the grafted
species is strongly dependent on the method of grafting. To the
best of our knowledge, this is the first report of a bidentate
rhodium phosphine complex grafted onto a mesoporous
molecular sieve.

Catalyst 1 is prepared as shown in Scheme 1.9 Alkylation of
diethyl malonate with allyl bromide (89% yield) and reduction
of the ester groups with LiAlH4 (69% yield) provides diol 2.
Treatment of 2 with PPh3 in CCl4 followed by hydrosilylation
of the pendant olefin using H2PtCl6 yields 3. The phosphine
substituents were introduced using Ph2PLi, and protected prior

to isolation. Compound 4 was purified by flash chromatography
and then deprotected with morpholine. Treatment with
[Rh(COD)(THF)2]+BF4

2§ generated the homogeneous Rh
complex 1. This was spectroscopically characterized and then
grafted onto the surface of a molecular sieve (SBA-15-type)5 at
25, 110 and 165 °C (method A). Grafting was also carried out in
the presence of an inert spacer, EtSi(OEt)3 (method B).10 The
resulting catalysts were characterized by MAS NMR, TEM, and
nitrogen adsorption.

31P MAS NMR analysis of these materials revealed that as
the grafting temperature was increased, the resonance at 14 ppm
which corresponded to the homogeneous complex 1 (Fig. 2A)
decreased while a new peak at 35 ppm, attributable to a P(V)
species, appeared.11 When the complex was grafted in refluxing
mesitylene, the resulting material (1-mps-165A) was composed
entirely of the P(V) species (Fig. 2B). Grafting in the presence
of an inert spacer (method B) proved to be optimal (Fig. 2B).

The various Rh complexes were examined for their ability to
catalyze the hydrogenation of isosafrole (5), Table 1.¶ With the
exception of 1-mps-25A, all the mesoporous catalysts tested are
more active than the corresponding homogeneous catalysts
(entries 1, 2).

Catalyst 1-mps-25B, prepared in the presence of EtSi(OEt)3,
has the highest activity (3300 turnovers h21, entry 6). These
results are consistent with the results of Shyu,7 who found that
their MCM-41-modified catalyst was ca. 33 more active than
Wilkinson’s catalyst. Since 1-mps-25B also had the lowest
loading on support, the increased activity may be due to site
isolation.12 The least active catalyst of those examined, 1-mps-
25A, also has the highest Rh loading of 2.0%, consistent with
this postulate. Studies are currently underway to measure the
proximity of the Rh complexes on support.12 Simple mixing of
[Rh(COD)2]+BF4

2 with the mesoporous support in the absence
of any phosphine also led to an active hydrogenation catalyst
(entry 7). The presence of an intermediate heteropoly acid
species to aid in adsorption was not found to be necessary in this
case.13

Retention of Rh on the surface was also a function of the
grafting method. Supported systems with lower loadings of Rh
were found to be more prone to leaching as determined by ICP-

† Electronic supplementary information (ESI) available: NMR data. See
http://www.rsc.org/suppdata/cc/b1/b102355c/
‡ Presented in part: 80th Canadian Society for Chemistry conference,
Whistler, B.C., June, 1998.

Fig. 1 Supported Rh catalyst.

Scheme 1 Synthesis of Rh catalyst 1.
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MS analysis of the reaction mixture after filtration through a
nylon filter. Catalyst 1-mps-25B (0.3% Rh by weight) lost a
significant amount of Rh after the first use (21–36%) and less
(ca. 5%) in subsequent runs. Catalyst 1-mps-110A (1.4% Rh by
weight) was much more robust, and lost only 2–3% Rh during
the first run.

In conclusion, we have demonstrated that rhodium com-
plexes heterogenized on mesoporous molecular sieves are
highly active catalysts for the hydrogenation of olefins. With
one exception (1-mps-25A), the supported complexes are all
more active than the corresponding homogeneous catalysts.
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Sciences and Engineering Research Council of Canada
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Fig. 2 31P NMR of homogeneous (A) supported (B) Rh complexes.

Table 1 Hydrogenation of 5a

Entry Catalystb
Loading
on supportc

Turnover
Frequencyd

1 Rh+/DPPP n.a. 350
2 1 n.a. 750
3 1-mps-110A 1.4% > 1600
4 1-mps-25A 2.0% 200
5 1-mps-165A 1.4% 1030
6 1-mps-25B 0.34% 3300
7 Rh+/mps 3.3% 2300

a All reactions were carried out at rt, 750 psi of H2, [substrate]init = 0.06 M
in dry, deoxygenated, distilled THF. Reaction times were between 30 and
90 min. Solutions were prepared in a glove box under argon. b mps =
mesoporous silicate. c Wt%, determined by ICP MS analysis. d Turnovers
per hour.
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The synthesis and structure of a novel donor–acceptor
complex comprised of a photosensitising ruthenium poly-
pyridyl moiety covalently linked to a b-cyclodextrin unit
bearing a hydroxy-bridged manganese(III) dimer 1 is de-
scribed; the dimanganese complex undergoes a photo-
induced electron transfer and may represent an attractive
model system for elucidating aspects of photosystem II.

The current interest in novel donor–acceptor systems capable of
photoinduced charge separation is driven by applications such
as biomimetic chemistry, charge storage devices and nano-
electronic components. Recently, a number of elegant systems
have been developed,1 employing flash-quench methods and
sacrificial quenchers to mimic part of the photoinitiated
processes leading to oxidation of water in photosystem II.2 We
aimed on the other hand to develop a system incorporating a
dimanganese site, in which the excited state energy of the
sensitiser was sufficient to drive the electron transfer without
the need for sacrificial reagents.

In the approach outlined here we have developed a Ru(bpy)2
sensitiser linked via a b-cyclodextrin bridge to a hydroxo
bridged Mn(III) dimer (Scheme 1). This is the first report in
which the donor and acceptor moieties are external to
cyclodextrin which acts as the mediating bridge in the D–A
system.

By employing the highly rigid CD bridge, the inter-site
separation and relative orientation of the reactants is thought to
be consistent with those estimated for photosytem II. Moreover,
this system mimics an important feature of PSII in that up to 10
water molecules are included in the cyclodextrin. In the
photosystem, water oxidation is thought to be thermodynam-
ically promoted by association of water with the Mn sites.

Our synthetic strategy is outlined in Scheme 1. The chelating
b-cyclodextrin phenanthroline ligand, was prepared by reflux-
ing 5-amino-1,10-phenanthroline, NH2phen,3 with 6A-deoxy-
6A-O-p-toluenesulfonyl-b-cyclodextrin4 in NMP for 5 h, the
product was purified via recrystallization and purity confirmed
by 1H NMR (ESI†). This ligand was then coordinated to
Ru(bpy)2, by reaction with cis-Ru(bpy)2Cl2. The progress of the

reaction was monitored by cation exchange HPLC and 2 was
purified by column chromatography, on neutral alumina with
acetonitrile–methanol (1+2 v/v), and isolated as a dichloride salt
prior to coordination of the dimanganese centre.

The ability of b-CD to coordinate metals such as Zn(II),
Cu(II), Co(II) and Mn(III) has been known for some time, the
metals are proposed to bind as hydroxo bridged dimers to the
CD via the secondary hydroxyls, O-2 and O-3 of adjacent
pyranose rings.5–7 Mn was shown previously to coordinate
effectively to b-CD via oxidative addition, on stirring of
Mn(OAc)2 and b-CD in an ethanol–DMF mixture containing
0.2 mol dm23 NaOH under an inert atmosphere. Following this
procedure, as outlined by Nair and Dismukes,6 2 was employed
in place of b-CD and the formation of a high yield (ca. 60%), of
the dimanganese bound complex was observed. The reaction
was followed by TLC as 1 was found to be unstable in the
aqueous solution employed for HPLC. This complex is soluble
but unstable in water decomposing to 2 within minutes.
It is stable over weeks in DMF and DMSO. At pH > 9.5
the complex was observed to be stable in water for up to
30 min.

Purity and structural confirmation for ligands and complexes
were obtained through cation exchange HPLC, one- and two-
dimensional 1H NMR (ESI†), elemental analysis (ESI†) and
magnetic susceptibility studies.

The 1H NMR spectrum of 2 reveals well-resolved signals
between 6 and 10 ppm, integrating for the 23 protons associated
with the Ru(bpy)2(NH2phen) unit and a complex pattern of
signals associated with the b-CD are observed between 3 and 5
ppm. The paramagnetic dimanganese centre causes significant
broadening of the 1H NMR spectrum for 1. However bands
associated with the Ru(bpy)2 unit remained sharp because of
their distance from the paramagnetic Mn(III) centres.

Coordination of the bridged Mn(III) sites to the cyclodextrin
moiety is accompanied by the appearance or enhancement of
prominent features in the FTIR spectrum between 1700 and
1200 cm21 (ESI†). Such bands, ascribed to alterations in
included water on coordination of the metal sites, and to the OH
bridging groups are analogous to those described previously in
the simple Mn2CD complex and for other OH bridged
metallocyclodextrins,8,9 Their presence is consistent with
coordination of the manganese site to the secondary 2- and
3-hydroxy sites on the b-CD.9–11

The effective magnetic moment of complex 1 was found to be
3.46 mB per Mn at 296 K which is lower than the anticipated
value of 4.9 mB for the spin-only value for the high-spin d4

electronic configuration of Mn(III), calculated on the basis that
no magnetic interactions are occurring between the metal
ions.12 This value is however, consistent with that reported for
Mn2CD by Nair and Dismukes6 for a weakly antiferromagnet-
ically coupled OH bridged dimanganese(III) moiety, the (III)
oxidation state of which was confirmed to be EPR silent.13

Exhaustive experiments were performed on 1 and 2 using
positive and negative ion ES and FAB MS techniques. No
identifiable molecular ions were observable for either complex,
however, the results obtained from ES and FAB positive ion

† Electronic supplementary information (ESI) available: FTIR, NMR, UV–
VIS, elemental analysis and CV data. See http://www.rsc.org/suppdata/cc/
b1/b103363h/

Scheme 1
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experiments showed the presence of many CD containing ions
and also species such as [Ru(bpy)2(NHphenb-CD)Cl]+ (m/z
890) and [Ru(bpy)2(NHphen)]+ (m/z 608) were identified for
both 1 and 2. Although many of the spectra were far too weak
to identify ions associated with the Mn2(OH)2 bridging system
in 1 they do support the general structure of the ruthenium
coordinated cyclodextrin species. The absorption and emission
spectra of 1 and 2 are shown in Fig. 1, the main features in the
visible region for both complexes are associated with Ru(II) to
bpy charge transfer transitions, 450 nm for 1 (log e = 4.15) and
453 (log e = 4.52) for 2. The strong similarity between the UV–
VIS spectra of 1 and 2 is anticipated on the basis that the simple
Mn2CD shows a very weak transition at 480 nm, (log e = 0.9),
which would be expected to have little impact on the strong CT
transitions in the visible region. Significantly, no new features
are present which would indicate ground state interactions
across the molecule or that the manganese oxidation state is
altered by comparison with Mn2CD.

The formal potentials for the Ru2+/3+ redox reaction are
essentially indistinguishable in 1 and 2 (at 1.06 and 1.09 V vs.
SCE respectively). Consistent with the spectroscopic data, this
conformity suggests that there is little ground state interaction
between the Ru and Mn sites. The Mn sites of 1 can be oxidised
and reduced within an accessible potential window, with
reduction appearing as a single electron step at 21.08 V and
oxidation occurring as a single electron step at 1.41 V vs. Ag/
AgCl. The electrochemical behaviour of Mn is scan rate
dependent, under slower scan rate conditions, both Mn2+/3+ and
Mn3+/4+ couples are irreversible. This is thought to be due to
decomposition of the complex on formation of Mn(II) and
Mn(IV). At faster scan rates ( > 1000 V s21) these redox
processes become chemically reversible. Thus, while the
oxidised state is not indefinitely stable thermodynamically, its
lifetime is at least 40 ms.

This observation is important for photoinduced electron
transfer and indicates that the Mn(IV) state will be stable if the
time constant for back electron transfer is less than a few
microseconds.

1 and 2 both emit at cryogenic and room temp. Although
emission intensities and lifetimes at 77 K are comparable for 1
and 2, at room temp. the luminescence of 1 is significantly
reduced by binding of the manganese centre, as shown in Fig. 1.
This behaviour is reflected by the luminescence quantum yield,
where fem of 2, 0.012, is reduced by 50% to 0.006 for 1 and also
in the emission lifetime data (Fig. 1, inset), where the lifetime of
2 is reduced from 820 to 220 ns on coordination of the Mn2 site.
Calculation of the radiative and non-radiative rate constants for
1 and 2 reveals that the primary source of this decrease is a
reduction in knr for 1.

Assuming electron transfer is the source of quenching in 1,
we have used eqn. (1), where tcomplex is the emission lifetime of

ket = (1/tcomplex) 2 (1/tmodel) (1)

1 and tmodel the emission lifetime of a suitable structurally
analogous model complex, in this case complex 2, to estimate
the electron transfer rate ket, as 2 3 106 s21. Consistent with the
rather large distance and weak electronic coupling that would be
anticipated between the donor and acceptor sites, this electron
transfer rate constant is low. This result is entirely consistent
with the ground-state spectroscopic and electrochemical data
presented earlier. It is important to consider whether a
photoinduced electron transfer is likely to involve oxidation or
reduction of the Ru3+* centre. An insight into this process can
be obtained by combining the ground state spectroscopic and
electrochemical data.14 This analysis reveals that the driving
force for manganese oxidation is ca. 21.94 eV while the
manganese reduction is thermodynamically uphill by ca. 0.04
eV. Therefore, it appears that the PET will involve electron
transfer from the Mn(III) centre to Ru3+* leading to the
formation of Ru2+. We are currently undertaking flash photol-
ysis studies on 1 in order to confirm the photoinduced process
is electron transfer and to investigate the issue of subsequent
ground state electron transfer reactions.

In conclusion, we present here the synthesis of a novel b-CD
bridged D–A complex in which a hydroxy-bridged dinuclear
Mn site appears to behave as a donor in an excited state electron
transfer. Beyond creating a novel supermolecule with potential
biomimetic properties, this work represents a new approach to
developing donor–acceptor systems in which interactions can
be modulated by simple alterations in the synthetic procedure.
For example, a number of alternative metals may be coordinated
to the CD in an analogous manner to the manganese described
here. Furthermore, the synthetic strategy employed here
preserves access to CD cavity by guests such as phenols,
quinones and even ferrocene. These guests are likely to allow us
direct control over the strength of electronic coupling between
donor and acceptor without having to synthetically function-
alize the materials.
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and Mr M. Burke, DCU for NMR. T. E. K. and R. J. F.
acknowledge Johnson Matthey for a generous loan of ruthenium
trichloride under the Loans Scheme. The DIT scholarship
programme and Higher Education Authority are gratefully
acknowledged for supporting this work.
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Two benzylic hydrogens of 2,6-Me2C6H3O2 coordinated to
RuCl(PCy3)2(CHPh)+ are transferred to the benzylidene
ligand, liberating toluene to form a new carbene which is
covalently linked to the aryloxide ligand.

Replacement of the chloride ligand in the olefin metathesis
catalyst RuCl2(CHR)LLA (L, LA = tertiary phosphines or other
neutral donors) by other pseudohalides has been actively
studied, but no clear trends or dramatic improvements in
reactivity have yet to emerge.1 Two groups2,3 have recently
reported replacement of both chlorides by alkoxides on the
benzylidene complex, with the result [eqn. (1)] that some

(1)

combination of steric and electronic (e.g. p-donor) effects
causes loss of one PCy3 to give a four-coordinate species with
an apparent 14-valence electron count. This species is attractive
because it has an empty orbital cis to the carbene ligand, a
feature lacking in isolable RuCl2(CHR)L2. Fluoroalkoxide
analogs have also been synthesized,2 but phenoxides behave
very differently3 [eqn. (2)], proceeding further to a benzylidyne

(2)

product by liberation of phenol. We now report the wholly
distinct consequence of increasing the steric bulk of the
phenoxide

Reaction of RuCl2(CHPh)(PCy3)2 with NaOC6H3Me2-
2,6·THF (NaOAr·THF: 1 equiv) in THF proceeds rapidly to a
benzylidene complex with only one coordinated phosphine and
one coordinated aryloxide (a second equivalent of NaOAr·THF
does not replace a second Cl2) [A, eqn. (3)]. This product is

(3)

proven to have only one phosphine by the carbene proton
doublet structure (16.8 ppm), as well as by the observation of
free phosphine (by 31P NMR). This product then evolves more
slowly by transfer of two hydrogens from one ortho-methyl
group of the aryloxide to the benzylidene carbon [B, eqn. (3)].
After purification on an alumina column, the product B clearly
shows the following 1H NMR signals: one aryl methyl signal, of
intensity three, only three aryl ring chemical shifts, each of unit
intensity, and a RuNCHR singlet at 16.4 ppm (unit intensity).
Curiously, this carbene proton signal of B shows no resolved
multiplet structure, although unresolved broadening is evident.
The formation of toluene is also observed, as is the dis-
appearance of free PCy3, in the conversion of A to B. The
13C{1H} NMR supports this assignment, showing six aromatic
signals, one ArCH3 signal (16.1 ppm), diastereotopic CH2 ring
carbons for the PCy3 ligands, and a broad signal at 277.7 ppm
for RuNC.

A crystal structure determination of B (Fig. 1)‡ confirms this
remarkable transformation. The coordination geometry at Ru is
the traditional square-pyramidal, but one anionic ligand is now
covalently linked to the carbene ligand. As shown in C

(distances in Å, angles in degrees), this unusual carbene/
aryloxide ligand forms a planar five-membered chelate ring
without substantial angular distortion at the carbene carbon. The

† Electronic supplementary information (ESI) available: synthetic and
spectroscopic data. Crystallographic data and selected bond lengths and
angle for B. See http://www.rsc.org/suppdata/cc/b1/b102422c/

Fig. 1 ORTEP drawing of the nonhydrogen atoms of B. Selected distances
(Å): Ru–C(10) 1.872(7), Ru–O(3) 2.082(4), Ru–Cl(2) 2.3910(17), Ru–
P(12) 2.3947(19), Ru–P(31) 2.4005(19).
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five-membered ring interior angles sum to 539.9° (540° if
planar), and the angles that suffer the greatest compression are
that at aryloxide oxygen (111.8° is small for M–O–Aryl) and at
Ru (compare CNRu–O of 80.9° to CNRu–Cl of 107.8°). There
are no agostic interactions between the cyclohexyl hydrogens
and the open coordination site trans to the carbene (shortest Ru–
C 3.3 Å).

The accumulated empirical evidence1 shows that the magni-
tude of the 3JPH value is dependent on the dihedral angle P–
RuNC–H, and thus the orientation of the carbene plane with
respect to the P–Ru line can be estimated. In intermediate A,
3JPH is large enough to be readily resolved (6 Hz), consistent
with calculation and experiment, which give a dihedral angle of
ca. 0°. In B, where no 3JPH is resolved, the carbene hydrogen
has a dihedral angle of 90°, consistent with earlier reports that
3JPH in this conformation is near zero.1

Numerous recent developments in olefin metathesis chem-
istry have been directed to appending a good leaving group to
reduce the L+Ru ratio in the molecule to 1+1, or to attach the
molecule to a polymer to facilitate separation of catalyst from
product.4 What the present report offers is the potential for more
permanent (i.e. anion-tethered) attachment of the initial carbene
to the molecule, which contrasts to attachment via a pendant
neutral donor (olefin5 or ether6).

The mechanism of the double hydrogen transfer that converts
a methyl to a carbene in eqn. (3) is not yet established. However,
the precedent7 that 14-electron RuII recruits agostic interactions
from sterically accessible C–H hydrogens makes D a likely
starting point on this transformation. The driving force for this
reaction appears to be steric in origin, since only one ArO2
replaces chloride in the initial step of eqn. (3) and since the
sterically expelled phosphine recoordinates when the bulky
aryloxide and the benzylidene ligands are combined compactly

into a single ligand incorporating both RO2 and carbene
functionalities. Toluene elimination also provides an entropic
assist worth ca. 8 kcal mol21 at 300 K.8 The different behavior
shown by tertiary alkoxides or phenoxide and by 2,6-dimethyl-
phenoxide is certainly due to the reactivity of benzylic
hydrogens.

This work was supported by the donors of the Petroleum
Research Fund, administered by the American Chemical
Society.
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‡ Crystal data for C47H80ClOP2Ru B: M = 859.62, triclinic, space group
P1̄, brown/green crystals, a = 12.5352(16), b = 13.7485(18), c =
14.4562(20) Å, a = 73.591(4), b = 69.803(4), g = 78.316(4)°, V =
2227.6(8) Å3, Z = 2, T = 2161 °C, DC = 1.282 g cm23, m = 5.17 cm21,
F(000) = 922. The final conventional R factor was 0.0503 for 6249 data and
465 parameters, RW(F) = 0.0440 and GOF = 1.21. CCDC 161342. See
http://www.rsc.org/suppdata/cc/b1/b102422c/ for crystallographic data in
CIF or other electronic format.
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Copolymers containing Ru(bpy)3 and coumarin-2 chromo-
phores prepared using both grafting and copolymerization
approaches exhibit Förster-type energy-transfer efficiencies
ranging from 70% to above 98%.

Molecular assemblies capable of harvesting light and trans-
forming the absorbed energy have attracted great interest in
recent years because of their applicability in such domains as
light emitting diodes, fluorescent labeling of biological mole-
cules, and photonic devices.1 We have recently described
several dendritic systems containing light-harvesting dyes at the
periphery that efficiently absorb and channel light to a different
dye at the focal point by a Förster-type mechanism.2 Although
these systems exhibit extremely high energy-transfer effi-
ciencies, the demanding multi-step synthesis required for their
preparation may limit their use to speciality applications. To
circumvent this limitation, we have explored analogous light-
harvesting linear polymers in which the donor–acceptor ratios
were optimized by mimicking the dendrimer models and found
that their antenna properties,3 although less impressive than
those of the corresponding dendrimers, are nevertheless very
good.

Ruthenium-containing macromolecules are attracting wide-
spread interest due to their photochemical and electrochemical
properties.4,5 We now report our results concerning the
synthesis and characterization of a linear Ru(bpy)3–coumarin-2
copolymer (1) that exhibits the energy transfer efficiency
generally observed with light harvesting dendrimers,5 without
requiring the multi-step synthesis involved in the design of
these molecules. Two strategies were used (Scheme 1): (i)
grafting the ruthenium complex 2 on a bipyridine–coumarin-2
functionalized copolymer (3), and (ii) copolymerization of a
ruthenium functionalized monomer (4) with a coumarin-2
functionalized monomer (5). The first route enabled us to obtain
a copolymer that exhibits an energy transfer efficiency of 70%
between the coumarin-2 and the Ru(bpy)3 units. More inter-
estingly, the copolymerization route afforded a better perform-
ing copolymer that displays quantitative energy transfer
efficiency.

The styrene functionalized coumarin-2 monomer (5) was
synthesized by coupling coumarin-2 with vinyl benzyl chloride
as described elsewhere.3 The 4-vinyl-4A-methylbipyridine mon-
omer (6) was obtained using a modified literature procedure.6
Copolymerization of these two monomers using a 3 to 1 feed
ratio (mol fraction of 5 = 0.75) was carried out at 90 °C with
AIBN as the initiator in a minimum amount of dichlorobenzene.
The polymer was precipitated twice into Et2O to remove the
unreacted monomers. Molecular weights ranging from 5000 to
15 000 Daltons were obtained along with a polydispersity of
1.6, typical of AIBN initiated polymerizations. Elemental
analysis of copolymer 3 showed that the resulting polymer was
composed of ca. 25% of the bipyridine monomer and 75% of
the coumarin-2 monomer, as expected from the feed ratio.

To perform grafting of the ruthenium complex, we used the
method reported by Fraser and co-workers.7 Two equiv. of

dichloride 2 were refluxed in MeOH in the presence of an
excess of AgPF6 for 12 h and the solution was then added to a
suspension of copolymer 3 in dimethoxyethane. After 48 h at
reflux, the reaction mixture was filtered, concentrated, re-
dissolved in dichloromethane and extensively washed with
water to remove any unreacted ruthenium complex. A dark red
polymer was obtained after precipitation in Et2O.

The UV spectra of the polymer before and after the grafting
reaction with ruthenium complex 2 are given in Fig. 1. The
starting polymer displays two strong absorption bands at 290
and 350 nm, which are characteristic of the coumarin-2 and the
bipyridine units. After reaction with the ruthenium complex a
new absorption band was observed at 465 nm, which indicates
successful grafting of the ruthenium bis(bipyridine) onto the

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b103792g/

Scheme 1

Fig. 1 Normalized UV-Vis spectra of copolymer 3 before and after
grafting.
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polymer. The absorption band at 290 nm is further increased due
to the two additional bipyridine ligands introduced by the
reaction. Fluorescence resonance energy transfer studies were
carried out to determine the efficiency of energy transfer from
the coumarin-2 chromophore to the ruthenium complex. The
efficiency was calculated by comparing the coumarin-2 emis-
sion in the starting polymer 3 (a donor model compound) to the
emission of this dye in the polymer obtained after grafting of
ruthenium (Fig. 2). Based on the quenching of this emission, an
energy transfer efficiency of 70% was determined for the
grafted copolymer. Additionally, a 5-fold increase of the
ruthenium emission was observed upon excitation of the
coumarin-2 units (lex = 350 nm) over excitation of the
ruthenium complex directly (lex = 465 nm), this type of
amplification is the direct result of energy transfer (Fig. 2,
inset).

Although the grafting route enabled us to obtain a polymer
displaying good energy transfer characteristics, the functional-
ization of the polymer, estimated from the relative UV-Vis
absorbance of the coumarin-2 and Ru(bpy)3 units, was not
quantitative (ca. 30%) and some insoluble material was also
formed, decreasing the polymer yield. Therefore the copoly-
merization of monomers 4 and 5 was studied. The ruthenium-
containing monomer 4 was prepared using a modified literature
procedure.8 Polymerization of the monomers was then per-
formed at 90 °C with AIBN in DMF (mol fraction of 5 = 0.75).
The resulting polymer was purified by precipitation in Et2O and
extensive washing with MeOH. The UV-visible spectrum of the
polymer showed that incorporation of the ruthenium monomer
4 was as expected from the feed ratio, ca. 25%, with the
remainder of the polymer repeat units consisting of the
coumarin-containing monomer 5, therefore the copolymeriza-
tion route is much more effective for the introduction of the
Ru(bpy)3 complex than the grafting reaction.

The absorption spectrum of the copolymer (Fig. 3) is similar
to that of the material obtained by the grafting route except that
it displays stronger bipyridine and ruthenium metal to ligand
charge transfer bands at 290 and 465 nm. Excitation of this
polymer at 350 nm results in an emission spectrum (Fig. 4) that
is totally quenched at 440 nm (the coumarin emission),
indicating that quantitative energy transfer between the cou-
marin-2 and the Ru(bpy)3 units occurs in this copolymer.
Furthermore, the intensity of the ruthenium emission at 630 nm
is increased by a factor of 2.7 when the polymer is illuminated
at 350 nm vs. 465 nm. This increase is lower than that observed
for the grafted copolymer, again indicating that, as a result of
incomplete grafting, a higher concentration of donors relative to
acceptors was present in that case.

In conclusion, readily accessible linear copolymers contain-
ing coumarin-2 and Ru(bpy)3 units can provide quantitative
energy transfer from the coumarin-2 units to the ruthenium
centers. This finding opens interesting perspectives in the field
of solar energy conversion.9 The application of such a system to
photovoltaic devices is currently under investigation.

Financial support of this research by the AFOSR (F-
49620-01) and the U. S. Department of Energy (# DE-AC03-
76SF00098). Fellowship support from the Eastman Kodak
Company is also gratefully acknowledged (A. A).
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Fig. 2 Fluorescence spectrum of copolymer 3, in the region of coumarin-2
emission, before and after grafting. Inset shows the spectrum of the same
copolymer in the region where the Ru(bpy)3 acceptor complex emits. Fig. 3 UV spectrum of polymer 1, obtained by the copolymerization

route.

Fig. 4 Fluorescence spectrum of polymer 1, obtained by the copoly-
merization route.
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We describe the design and characterisation of two simple
‘metalloproteins’ based on Zn2+ co-ordination sites involv-
ing histidine residues close to the N- and C-termini of two b-
hairpin peptides (His2-b, KHYTVSINGKKITVHI and
His3-b, HKHYTV-SINGKKITVHI); we show by NMR and
circular dichroism spectroscopy that Zn2+ complexation co-
operatively enhances the stability of these partially pre-
organised b-sheet peptides.

Metals play a pivotal structural and catalytic role in numerous
protein and enzyme scaffolds.1 Metal complexation stabilises
some of the smallest structural motifs known (zinc finger
domains),2 while changes in metal co-ordination shell and
ligand lability are central to catalytic turnover in enzymatic
processes.3–5 Previously, metal binding sites have been de-
signed into proteins and short peptides, through the incorpora-
tion of both natural and non-natural amino acids, to study the
effects on protein stability and peptide secondary structure.6–9

While effects on structural enhancement of a-helical peptides
have been described,7 the extension of these principles to the
templating of b-sheet structures10 for subsequent use as novel
molecular architectures for molecular recognition or catalysis,
has been rather limited. Previously, the His3-Zn2+ co-ordination
site within carbonic anhydrase, which employs residues within
b-sheet and b-turn,11 has been used successfully to design a zinc
binding site on one face of an octapeptide incorporating a type
II (Pro-DSer) turn.9 Here, we investigate by NMR and CD
spectroscopy the effect of zinc co-ordination on the stability of
b-sheet secondary structure in a partially pre-organised b-
hairpin peptide. We show that engineering a metal binding site
between the termini of two b-strands, resulting in both His2-
Zn2+ and His3-Zn2+ co-ordination shells, co-operatively en-
hances b-sheet secondary structure in a b-hairpin system.

In previous studies, we have described the folding of a model
16-residue b-hairpin system (KKYTVSINGKKITVSI) that is
~ 50% populated in aqueous solution.12 We have replaced a
Lys-Ser cross-strand pair in the b-hairpin sequence (underlined)
with a His-His pair to facilitate cross-strand metal binding
initially through a His2-Zn2+ co-ordination site (peptide His2-b;
residues Lys2 to Ile17 in Fig. 1(a)). In a second peptide, we have
extended the N-terminal sequence by an additional overhanging
His residue to generate a potential His3-Zn2+ co-ordination site
(peptide His3-b). We envisaged that the greater conformational
flexibility of the terminal His (which is not part of the b-sheet),
should greatly facilitate Zn2+ co-ordination, with the final
tetrahedral site occupied by either the C-terminal carboxylate
group or a solvent molecule [Fig. 1(b)] in an analogous fashion
to the carbonic anhydrase catalytic site.

NMR analysis of Ha chemical shift deviations from random
coil values13 provides a useful handle on the extent of folding
prior to metal complexation, showing that the two b-hairpins
(His2-b and His3-b) are similarly populated in aqueous solution
at pH 7.0 and that the additional N-terminal His residue has little
effect on b-hairpin folding. A number of cross-strand HaÔHa
NOEs, in particular between Ser 7ÔLys12 and Thr5ÔThr14,
together with long range NHÔNH (Val6ÔIle13) and NHÔHa

NOEs (Ser7ÔIle13) establish that the peptides fold with the
proposed strand alignment shown in Fig. 1(a), with stabilising
interactions between side chains consistent with this fold (for
example Tyr4ÔVal15). The similarity of the Ha shifts for His3
and His16 precludes the observation of an HaÔHa NOE
between these residues, but Ha chemical shift perturbations are
consistent with cross-strand interactions close to the N- and C-
termini. Calculation of His pKa values from pH titration analysis
of His He chemical shifts, shows them to fall in the range 5.73
to 6.36 suggesting that metal complexation will be optimum
around pH 7 where all imidazole rings are unprotonated. The
pH-dependent stability profile determined from changes in CD
ellipticity and Ha chemical shifts shows that the population of
folded hairpin decreases below pH 5.5, consistent primarily
with the formation of a HisH+-HisH+ pair between opposing b-
strands that has a significant destabilising effect on b-hairpin
structure. The difference in Ha chemical shift deviations from
random coil values at pH 3.5 and 7.2 are shown in Fig. 2 for
His2-b. Interestingly, all shifts are perturbed at low pH
suggesting that an electrostatic repulsion between HisH+

residues (His3 and His16) close to the N- and C-termini, as well
as protonation of the C-terminal carboxylate group, has a co-
operative destabilising effect on the hairpin that is sensed by all
residues, including those in the distant NG turn sequence.
Similar effects are observed for both peptides His2-b and His3-
b. Thus, the data indicate that at pH 7 the two peptides are
already populating a partially pre-organised b-hairpin con-
formation.12

The uncomplexed peptide shows a very weak band at 216 nm
in the CD spectrum due to b-sheet and b-turn conformation in
equilibrium with random coil, the latter resulting in a strong
negative ellipticity at 200 nm (Fig. 3).14 CD data are also shown

Fig. 1 (a) Schematic representation of peptide His3-b (1–17) showing the
peptide main chain alignment; residues are identified using the single letter
amino acid code. His2-b (2–17) lacks the N-terminal His (Lys2-N-
acetylated), the same numbering scheme is used for each peptide; (b)
proposed zinc co-ordination site; for His3-b X = His1, Y = H2O or the C-
terminal carboxylate group of Ile17, for His2-b X = H2O, Y = H2O or
CO2

2.
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for the two peptides in the presence of excess ZnCl2 at pH 7.0.
In both cases the negative ellipticity at 216 nm becomes more
pronounced, however, the effect is greatest for His3-b, with the
ellipticity also approaching zero at 200 nm. The data imply that
Zn2+ chelation with His3-b induces a greater degree of b-sheet
secondary structure.

Significant perturbations to Ha chemical shifts are also
consistent with further induction of b-sheet secondary structure
by metal binding. In particular, Thr5 and Ser7 are shifted further
downfield by > 0.2 ppm (DdHa values of 0.67 and 0.63 ppm,
respectively for His2-b; see Fig. 2); secondly, His He reso-
nances are seen to broaden considerably, consistent with metal
complexation. The effects of zinc titration on the folding of
peptide His3-b are equally pronounced but more significant at
low concentrations of the metal ion. The Gly residue in the turn
sequence has previously proved to be a good indicator of the
extent of folding, since the two Ha resonances experience a
large difference in chemical shift in the folded state due to the
anisotropic effects of neighbouring carbonyl groups.15 In this
case the Gly residue in the turn is well removed from the direct
effects of zinc binding. In the presence of Zn2+ the Gly Ha
splitting for His3-b is much larger than for the free peptide (300
versus 141 Hz), indicating that chelation of zinc by residues
close to the peptide N- and C-termini co-operatively stabilises

b-sheet secondary structure along the full length of the hairpin.
His2-b achieves the same magnitude of Gly Ha splitting but
only at much higher metal ion concentrations ( >10 equiv.).
Using the quantitative methods previously described to estimate
hairpin stability from the Gly Ha splitting,15 we conclude that
zinc binding enhances the stability of each hairpin by up to 3 kJ
mol21 at 298 K, reflecting the net balance between favourable
electrostatic interactions with the metal and opposing entropic
effects of organising the peptide backbone and His side chains.
Although we cannot state unambiguously that all three His
residues of His3-b are simultaneously involved in complexa-
tion, the observed differences between the two peptides suggest
that the overhanging His residues plays some role (dynamic or
otherwise) in metal complexation.

In native proteins where Zn2+ is used solely in a structural
capacity, His3-Zn2+ is less common in the stabilisation of b-
sheet structure than alternative His2-Cys2 or His-Cys3 motifs. A
recent report of a redesigned zinc-finger motif has shown that
His4-Zn2+ co-ordination can be accommodated with two His
residues located in the b-sheet,16 although structural analysis
suggests that the short b-hairpin component (only three residues
per strand) is distorted by the tetrahedral co-ordination
geometry around the Zn2+ ion. Here we have used a sig-
nificantly larger element of b-sheet secondary structure than
previously reported with the metal co-ordination site incorpo-
rated close to the N- and C-termini to minimise distortions. Our
preliminary data from NMR and CD indicate that the integrity
of the b-sheet is enhanced although tetrahedral co-ordination
around zinc must produce some local distortion.

We thank the EPSRC and Glaxo-SmithKline for financial
support through a CASE collaboration, and John Keyte in the
School of Biomedical Sciences for peptide synthesis. We are
grateful to S. R. Griffiths-Jones and M. Jourdan for helpful
discussions.
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Fig. 2 Deviations of Ha chemical shifts from random coil values (DdHa,
ppm) for His2-b in water at pH 3.5 and 7.2 (298 K), and in aqueous solution
(pH 7.2) and 1 equiv. of ZnCl2. All DdHa values were determined after full
assignment of NOESY and TOCSY data collected at 500 MHz.

Fig. 3 Far UV-CD spectra of His2-b and His3-b in aqueous solution (pH 7.2)
in the absence of zinc and in the presence of 10 equiv. of ZnCl2. All spectra
were recorded on an Aviv 62DS spectrophotometer at 293 K, as previously
described.12
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Novel highly efficient Rh-based catalysts with a good
regioselectivity in olefin hydroformylation have been pre-
pared by deliberately choosing 11-mercaptoundecanoic acid
as a ligating molecule to [Rh(cod)Cl]2 (cod = cycloocta-
diene) and a simple recovery process for their recycling was
investigated.

Catalyst recovery processes are becoming more important,
especially when expensive and toxic heavy metal complexes are
employed. Owing to these economic and environmental factors,
many attempts have been made to recover homogenous
catalysts and recycle them. The homogeneous catalysts are
usually recovered by thermal operations such as distillation,
which normally leads to thermal stress on the catalyst and
seldom yields quantitative recovery. Since the separation of
catalyst from products is much simpler in two-phase (or
biphasic) systems incorporating a water-soluble catalyst,1–3

water-soluble organometallic compounds have been studied for
many years. They are normally prepared by incorporating
highly polar functional groups such as sulfonate salt4,5 carbox-
ylate salt,1 amino,6 or hydroxide7 into the ligands. Recently, Rh-
based catalysts have attracted much attention due to their high
activity and selectivity, and some attempts to immobilize these
expensive catalysts have also been reported.6,8–13 In this
communication, we will introduce a simple synthetic method of
preparing novel water-soluble Rh-based hydroformylation
catalysts and discuss their unique solubility and reactivity,
which make catalyst recycling much simpler.

[Rh(m-S(CH2)10CO2Na)(cod)]2 1 was prepared in 89% yield
as a yellow–orange solid by treating [Rh(m-Cl)(cod)]2 with
11-mercaptoundecanoic acid disodium salt† (Scheme 1).
Complex 1 is a very stable solid in air and soluble in water,
slightly soluble in MeOH, and insoluble in most organic
solvents. This complex shows a very sensitive change of
solubility in water when pH values are varied, compared to
other known water-soluble organometallic compounds that
usually contain sulfonate groups and show no pH-dependent
solubility.4,5 When an aqueous solution of 1 was treated with
acid to pH < 4, [Rh(m-S(CH2)10CO2H)(cod)]2 2 was quickly
precipitated as a yellow–orange powder from the aqueous
solution, this powder being very soluble in polar organic
solvents such as THF. Complex 2 can also be quantitatively
converted back into 1 by treating with a base such as NaOH
aqueous solution. These interconversions between 1 and 2 can

be repeated several times without any significant degradation of
the complexes (Scheme 1).

The catalytic activity of both 1 and 2 for the hydro-
formylation of arylolefins was checked, and the large differ-
ences in their solubility (depending on the pH) were used to
recover the catalyst after the reaction.‡ The water-soluble Rh
catalyst 1, in general, showed a high catalytic activity with the
exception of a-methylstyrene (Table 1, entry 1), probably due
to its steric bulkiness preventing the effective binding of the
disubstituted styrene onto the Rh catalysts. Although the
hydroformylation of aromatic olefins showed very good
regioselectivity, the electron donating or withdrawing sub-
stituents on styrene (Table 1, entries 2–6) did not give rise to any
further enhancement of selectivity. Unlike other reported
hydroformylation catalysts,1 compound 1 showed a very high
degree of catalytic activity even towards long alkyl olefins such
as oct-1-ene, undec-1-ene, and dodec-1-ene (Table 2). It is
expected that the long alkyl chains in 11-mercaptoundecanoic
acid themselves behave like a surfactant to enhance the
solubility of the long aliphatic olefins in the aqueous catalyst
phase. The low regioselectivity resulting from the hydro-
formylation of aliphatic terminal olefins suggests that re-
gioselectivity is related not only to steric but also to electronic
factors. After the reaction, the products were easily separated by
extraction with Et2O and the aqueous layer containing catalyst
1 could be reused without any further treatment. Reaction
results from the consecutive usage (five times) of aqueous

Scheme 1 Synthesis of novel sulfur bridged [Rh] catalysts.

Table 1 Hydroformylation results of substituted styrenes by employing
water-soluble catalyst 1

Entry Olefin b/la
Conversion
yield (%)b

1 a-Methylstyrene ~ 3
2 4-Bromostyrene 87/13 100
3 4-Chlorostyrene 88/12 100
4 Styrene 91/9 100
5 4-Methylstyrene 97/3 100
6 4-Vinylanisole 92/8 100
a Structural ratios of aldehyde products were measured by 1H NMR
spectroscopy (b: 9.62 ppm, l: 9.78 ppm); b stands for a branch form (e.g.
acetophenone) and l for linear form (e.g. phenylacetaldehyde). b De-
termined by 1H NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2001
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solutions containing catalyst 1 did not indicate any differences
in catalytic activity. Further detailed study on the long-term
stability of catalyst 1 is under investigation.

When organic-soluble compound 2 was used as a catalyst, the
reactions were carried out in homogeneous THF solution. All
the reaction results were the same as for the case of catalyst 1,
thereby confirming the high catalytic activity of the new Rh-
based catalysts in either a homogeneous or a heterogeneous
system. However, the recovery process of catalyst 2 from THF
solution was different. It was isolated by treating with NaOH
solution to precipitate as 1, followed by filtering off and
dissolving it in water. It was then treated with HCl solution
again to precipitate as compound 2, then filtered off and dried
for recycling. Recycled catalyst 2 showed the same activity, but
there was always a small amount of weight loss during the
filtration and drying procedures. From the practical point of
view of recycling, therefore, it is much easier and simpler to use
compound 1 in a biphasic (water/organic bilayer) system.

We are quite certain that the present catalyst should exhibit a
high degree of regioselectivity toward various olefins. Further
experiments to obtain a detailed mechanistic understanding and
the application of these novel Rh-catalysts to other types of
catalytic reactions such as hydrosilylation and stereoselective
hydrogenation reactions, are currently under investigation.

This work was supported by the Korean Science and
Engineering Foundation through the Center for Molecular
Catalysis at Seoul National University. We are grateful to Dr J.
W. Han for his kind technical assistance. T. J. Yoon is also
grateful to the BK21 fellowship.

Notes and references
† A mixed solution of NaOH (3 M, 3.06 ml) and HS(CH2)10CO2H (1.00 g,
4.58 mmol) in 10 ml of THF was stirred at room temperature for 30 min to
precipitate the salt Na+2S(CH2)10CO2

2Na+. The precipitate was filtered
off, and then washed with THF in order to eliminate excess NaOH. 0.53 g
(2.00 mmol) of dried Na+2S(CH2)10CO2

2 Na+ salt was added to a stirred
solution of [Rh(m-Cl)(cod)]2 (0.49 g, 1.00 mmol) in dried MeOH (10 ml).
The mixed solution was refluxed with vigorous stirring for 30 min. Solvent
was evaporation to dryness, and the residual solid was rinsed with cold
CH2Cl2 (3 3 10 ml) and crystallized from H2O–THF mixed solvent. Solid
crystals were filtered off and vacuum dried to give 0.80 g of pure complex
1 (89% yield). 1H NMR (300 MHz, D2O): d 2.18 and 2.3 (br, total 8H, cod
–CH2–), 4.3 (br, 4H, cod NCH–), 2.19 (t, 2H, 2O2CCH2–), 1.27 (m, 12H,
internal –CH2–), 2.53 (t, 2H, –SCH2–), 1.51(m, 4H, –SCH2CH2– and
–O2CCH2CH2–). Anal. Found: C, 50.66; H, 7.16; S, 7.12%. Calc. for
C38H64O4S2Na2Rh2: C, 50.69; H, 7.12%; S, 7.12%. MS (FAB, negative):
901 (M+).
‡ Neat substituted styrenes (2.5 mmol) over 5.0 mL of the aqueous solution
of catalyst 1 (1.3 3 1023 M) were hydroformylated with pressurized H2/CO
(500 psi, 2+1 ratio of H2+CO) gas mixtures in a stainless steel autoclave
reactor at 55 °C for 22 h. Structural ratios of aldehyde products were
measured by 1H NMR spectroscopy. (b: 9.62 ppm, l: 9.78 ppm)
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Table 2 Hydroformylation results of long alkyl olefins by catalyst 1

Entry Olefin b/l
Conversion
yield (%)

1 Oct-1-ene 50/50 100
2 Undec-1-ene 48/52 100
3 Dodec-1-ene 78/22 92

Catalytic reaction and analysis process was as for Table 1.
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A straightforward, biomimetic synthesis of (2)-N(a)-methyl-
ervitsine involving the nucleophilic addition of the enolate
derived from 2-acetylindole 1 to chiral, non-racemic pyr-
idinium salt 2, followed by (Me2N+NCH2) I– induced
cyclization of the resultant 1,4-dihydropyridine, with sub-
sequent elaboration of the exocyclic 16-methylene and 20E-
ethylidene substituents, is reported.

Biomimetic syntheses of natural products reproduce the key
steps of their biosynthesis through processes similar to those
believed to be occurring in nature.1 The conjugate iminium
cation A has been postulated as the key biogenetic intermediate
en route to ervitsine, a rare 2-acylindole alkaloid isolated from
Pandaca boiteaui,2 with a particular skeleton in which the
tryptamine carbon atoms C5–C6 are in a rearranged situation
forming the unusual C7–C5–C16–C6 bond array.3 Consequently,
this bridged alkaloid incorporates a seven membered C ring and
a piperidine moiety bearing two different (16-methylene and
20E-ethylidene) exocyclic  double bonds (Scheme 1).

We report here a biomimetic synthesis of (2)-N(a)-methyl-
ervitsine via the dihydropyridinium cation B, which can be
envisaged as a synthetic equivalent of the key biogenetic
intermediate A. This cation incorporates a latent exocyclic
methylene group (the dimethylaminomethyl substituent), and a
priori should be accessible by nucleophilic addition of a
2-acetylindole enolate to the 4-position of a 3-acyl-N-alkylpyr-
idinium salt, followed by electrophile (Me2N+NCH2)-induced
cyclization of the resulting 1,4-dihydropyridine. The acyl
substituent X* would act as a chiral auxiliary, thus allowing the
stereoselective generation of the stereocentre at the pyridine
4-position (corresponding to C-15 in ervitsine), and it would
then be stereoselectively converted into the exocyclic E-
ethylidene substituent of the alkaloid. In this approach, taking
into account the bridgehead character of C-5 and C-15, the
configuration of the latter determines that of the former after the
biomimetic cyclization.

The stereoselective synthesis of chiral non-racemic 1,4-dihy-
dropyridines4 has been previously achieved by diastereoface-

selective addition of suitable organometallic reagents to N-
acylpyridinium salts carrying chiral auxiliaries, usually at the
3-position of the pyridine ring: oxazoline,5 aminal,6 [(h5-
C5H5)Fe(CO)(PPh3)],7 and amides derived from (S)-thiazoli-
dine-2-thiones and (S)-oxazolidinones.8

In our case, we decided to study the addition of the enolate
derived from 2-acetylindole 1 to N-methylpyridinium salt 2, a
nicotinic amide derived from (S)-O-methylprolinol (Scheme 2).
The addition of indole-containing enolates to N-alkylpyr-
idinium salts bearing an electron-withdrawing group at the
3-position has extensively been used in our laboratory as the
initial step of a general scheme for the synthesis of indole
alkaloids in the racemic series.9 However, there are few
examples of the use of this methodology for the enantioselective
synthesis of alkaloids, and they deal with chiral enolates instead
of chiral pyridinium salts.10

As can be observed in Table 1, acid induced cyclization of the
initially formed dihydropyridine 3 gave a 3+1 diastereomeric
mixture of tetracycles 4a and 4b (entry 1), whereas PhSeCl
(entry 2) or (Me2N+NCH2) I– (entry 3) induced cyclization
afforded 2+1 diastereomeric mixtures of the C-16 substituted
tetracycles 5 or 6, respectively, in which the 15-H b isomers (a
series) predominated (see below for the determination of the
absolute stereochemistry).

Scheme 1 Scheme 2

This journal is © The Royal Society of Chemistry 2001
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In this way, the tetracyclic ring system of ervitsine has been
assembled in a straightforward manner, in a one-pot process
involving the formation of three carbon–carbon bonds (C14–
C15, C6–C16 and C5–C7). This clearly indicates that the
interaction of 1,4-dihydropyridine 3 with (Me2N+NCH2) I2
generates the key biomimetic intermediate B, which undergoes
the crucial biomimetic cyclization.

The formation of tetracycles 4a–6a as the major products
implies that the lithium enolate of 1 preferentially approaches
the Re face of pyridinium ring 2, probably after the initial
complexation of the lithium cation to both the carbonyl oxygen
and the methoxy group of the auxiliary.

The diastereomeric mixture of tetracycles 6a,b was converted
into the corresponding 16-methylene derivatives by Cope
elimination via the respective N-oxides in 45% overall yield
(Scheme 3). At this point both diastereomers were efficiently
separated by crystallization (ether–acetone–hexanes). The ab-
solute configuration of the major diastereomer 7,11 coincident
with that of natural (2)-ervitsine, was unambiguously deter-
mined by X-ray crystallography.12 Removal of the chiral

auxiliary from 7 required the previous chemoselective reduction
of the 2-acylindole carbonyl group with lithium borohydride to
give alcohol 8 (80%), which was converted into the acetyl
derivative 9 by reaction with methyllithium (54%). Finally,
after regeneration of the 2-acylindole carbonyl group with
MnO2 (quantitative), the stereoselective elaboration of the 20E-
ethylidene substituent was accomplished by treatment of 10
with trimethyloxonium tetrafluoroborate followed by controlled
sodium borohydride reduction (25%).13 The ee ( > 99%) of the
resulting (2)-N(a)-methylervitsine (11), [a]D 260.5 (c 0.1,
CHCl3), was determined by chiral HPLC using racemic N(a)-
methylervitsine as reference. Finally the NMR spectra of 11
matched those of the racemic material.9e

The synthesis reported here constitutes the first enantio-
selective entry to the ervitsine system.

Financial support from the ‘Ministerio de Ciencia y Tecnolo-
gía’, Spain (project BQU2000-0785) is gratefully acknowl-
edged. Thanks are also due to the ‘Comissionat per a
Universitats i Recerca’ (Generalitat de Catalunya) for Grant
1999SGR00079. One of us (Y. A.) also thanks the ‘Ministerio
de Educación, Cultura y Deporte’ for a Grant.
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Table 1 Reactions of the enolate derived from 1 with pyridinium iodide
2a

Entry Electrophileb
Product
(yield, %)c

Diastereomer
ratio (a+b)

1 HCl/C6H6 4 (25) 74+26d

2 ClSePh 5 (40) 2+1e

3 CH2NNMe2 I– 6 (40) 68+32d

a Generation of the enolate with LDA (LICA in entry 3) at 278 °C for 30
min, then interaction with 2 at 230 °C for 1.5 h. b Addition at 230 °C to the
reaction mixture, then rt for 2 h. c Isolated yield of chromatographically
pure diastereomeric mixtures. d Calculated by HPLC. e Approximate ratio
calculated by 1H-NMR.

Scheme 3 Synthesis of (2)-N(a)-methylervitsine. Reagents and conditions:
i, 70% m-CPBA, CH2Cl2, 210 °C, 2 h; ii, toluene, reflux, 1 h, 45%, then
separation of diastereomers; iii, LiBH4, THF, rt, overnight, 80%; iv, MeLi,
THF, 0 °C, 4 h, 54%; v, MnO2, CH2Cl2, rt, 2 d, quantitative; vi, Me3O·BF4,
CH2Cl2, rt, 2 h, then NaBH4, MeOH, 0 °C, 1 h, 25%.
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Iodotrimethylsilane, generated in situ from chlorotrime-
thylsilane and sodium iodide in acetonitrile, selectively
reduces moderately electron deficient benzylic alcohols to
the analogous toluenes; other reduction sensitive functional
groups such as ketone, aldehyde, nitrile, and nitro are
unaffected.

The use of iodotrimethylsilane (TMSI), generated in situ from
ClSiMe3 (TMSCl) and NaI in dry CH3CN, is known to be a
useful reagent for the reduction of secondary benzylic alco-
hols.1–3 Although infrequently utilized, this reagent provides
high yields of the deoxygenated toluene products, particularly
for electron rich aromatic systems. The near exclusive use of
these conditions for electron rich substrates may be associated
with the proposed intermediacy of a benzylic stabilized
carbocation at the reduction site. We now report that in situ
TMSI reductions can be extended to moderately electron
deficient benzylic alcohols, and that these conditions are
selective in the presence of other reduction sensitive functional
groups.

Our interest in the area began when we required a preparation
of 3-(4-fluorobenzyl)pyridine. Being a previously unknown
compound, we envisaged that it should be accessible via a
Grignard reaction to form the benzylic alcohol, followed by
selective benzylic –OH reduction in the presence of the
potentially reduced pyridine ring (Scheme 1). In practice, the
Grignard reaction, using commercially available 4-fluorophe-
nylmagnesium bromide 1 and 3-formylpyridine 2 in Et2O at 0

°C, readily provided the benzylic alcohol 3 in 74% yield after
flash chromatography. At this stage of our work we followed the
in situ TMSI benzylic alcohol reduction conditions from the
first pertinent literature paper we could locate.3 This reference
used 6 eq. each of TMSCl and NaI with acetonitrile as solvent
at 0 °C for 5 min. Under these conditions, however, we did not
observe any reduction product. Eventually we found that upon
heating the reaction to 55 °C (the boiling point of TMSCl)
overnight we obtained a near quantitative yield of the desired
reduction product 4 after standard workup (see Table 1, Ex.
1).

Upon subsequently conducting a more thorough literature
search, we were surprised to find that the defluoro analog of our
above example was reported4 to provide a 0% yield under
attempted TMSI reduction. Because this particular paper was
mainly concerned with electron rich systems, which proceeded
quickly at low temperature, these workers may not have
attempted the higher temperature and longer time that we had
found necessary. Indeed, when we attempted the reduction of
1-(3-pyridyl)phenylmethanol at 55 °C (Ex. 2), we found that the
reduction did proceed, although quite slowly. After 5 days the
reduction was observed to be 67% complete by proton NMR.

Having thus established that electron poor 3-pyridyl benzylic
alcohols were successful substrates for the in situ TMSI
reduction, we then explored several other electron deficient
examples to begin to understand the scope of the reaction. These
results are summarized in the Table 1, Examples 1–8.

It is apparent from these results that moderately electron
deficient diarylmethanols are good substrates for this reduction.
Comparison of Ex. 3–5 illustrates that increasingly electron
deficient systems, as by the sequential introduction of more
fluorines onto the rings, led to much slower reactions and poorer
yields. The reaction of the 2-pyridyl analog (Ex. 6), with the
electron deficient node directly adjacent to the reaction center,
failed completely. Strongly electron deficient 4-nitrophenylScheme 1

Table 1 In situ TMSI reduction of electron deficient benzylic alcohols

Ex. # Ar R Time Temp/°C Yield (%)a

1 3-Pyridyl 4-F-Ph 18 h 55 99
2 3-Pyridyl Ph 5 d 55 26b (67)
3 4-F-Ph 4-F-Ph 4 h rt 98
4 3,4,5-Tri-F-Ph 3,4,5-Tri-F-Ph 6 d 55 12b (74)
5 F5-Ph F5-Ph 7 d 55 0
6 2-Pyridyl Ph 5 d 55 0
7 4-NO2-Ph Me 6 d 55 0
8 4-NO2-Ph Ph 24 h 55 38
9 4-F-Ph 4-CN-Ph 3 h rt 96
10 4-Ac-Ph 4-Ac-Ph 15 min rt 100
11 4-F-Ph 4-CHO-Ph 18 h rt 58
12 4-Ac-Ph Me 18 h rt 99

a Yields are for isolated and fully characterized pure products. Yields in parentheses are estimated amounts in the crude product 1H NMR. b Additional
product was present in mixed chromatography fractions.

This journal is © The Royal Society of Chemistry 2001
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groups provide poor substrates, giving a low yield for the
doubly aromatic analog Ex. 8, and failing to react for
monobenzylic analog Ex. 7.

With this success for the in situ TMSI reduction of
moderately electron poor benzylic alcohols, we then sought to
take advantage of these conditions for selective reductions.
Aldehydes, ketones, and nitriles are examples of mild electron
withdrawing aromatic substituents which are widely found in
the chemical literature. For substrates containing any of these
three functional groups, reductive cleavage of a benzylic –OH
under more standard conditions,5 such as catalytic hydro-
genation,6 could be problematic. In fact, a literature search for
benzylic alcohol reduction in the presence of an aldehyde or
ketone failed to identify any direct methods. As shown in
Examples 9–12, we have applied the in situ TMSI method to a
series of these sensitive molecules. In all cases, the benzylic
–OH was reductively cleaved to provide the toluene product and

leave the –CN, –Ac, and –CHO groups intact. These conditions,
therefore, appear to be suitable for more widespread use.

Notes and references
1 T. Sakai, K. Miyata, M. Utaka and A. Takeda, Tetrahedron Lett., 1987,

28, 3817.
2 T. Sakai, K. Miyata, S. Tsuboi, A. Takeda, M. Utaka and S. Torii, Bull.

Chem. Soc. Jpn., 1989, 62, 3537.
3 P. J. Perry, V. H. Pavlidis and I. G. C. Coutts, Synth. Commun., 1996, 26,

101.
4 E. J. Stoner, D. A. Cothron, M. K. Balmer and B. A. Roden, Tetrahedron,

1995, 51, 11043.
5 M. Hudlicky, Reductions in Organic Synthesis, American Chemical

Society, Washington, D.C., 1996, pp. 107–108.
6 H. O. House, Modern Synthetic Reactions, 2nd Ed., Benjamin Cum-

mings, Reading, Massachusetts, 1972, ch. 1.
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A self-assembled novel octanuclear Cu(II) ‘pin-wheel’ cluster
exhibiting ferromagnetic coupling
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The heptadentate, ‘tritopic’ ligand 2poapH2 reacts with
Cu(NO3)2 in the presence of Gd(NO3)3 to give a novel, self-
assembled, ferromagnetically coupled, alkoxide bridged
octanuclear Cu(II) cluster in the shape of a pin-wheel, with a
central Cu4[m-O4] core, and isolated Curie-like
[Gd(NO3)4(H2O)2]2 anions.

Self-assembly reactions with polytopic ligands have led to a
number of novel polynuclear cluster complexes, and with the
ligand coordination pockets held in a linear array 2D grid
structures are produced with tetranuclear,1–4 hexanuclear,5
nonanuclear,6–9 and hexadecanuclear10 examples. Interest in
such systems stems from their ability to produce high nuclearity
metallic clusters with pre-determined geometrical arrangements
of closely spaced metal centres. With appropriate bridging
groups arranged strategically in the ligand backbone magnetic
coupling between the metal ions can occur. Examples of
alkoxide bridged nonanuclear grids show antiferromagnetic
coupling (M9(m-O)12; M = Mn(II), Co(II), Ni(II)), while with
copper(II) ferromagnetic exchange prevails due to strict mag-
netic orbital orthogonality via the m-O bridges.

In an attempt to generate a mixed lanthanide/copper complex
of the ligand 2poapH2 (Scheme 1), with the possibility of
enhanced ferromagnetic exchange, Gd(NO3)3 and Cu(NO3)2
were reacted with the ligand sequentially.† The resulting green
complex, [Cu8(2poap)4(CH3OH)4(CH3CN)4][Gd(NO3)4-
(H2O)2]2(NO3)6·1.3Cu(NO3)2·(H2O)10 (1),‡ has been shown to
contain both copper and gadolinium, but the main fragment
consists of a self-assembled octanuclear Cu(II)8 cation accom-
panied by two isolated [Gd(NO3)4(H2O)2]2 anions, and a fourth
component which has been identified crystallographically as a
Cu(NO3)2 based fragment trapped in the lattice. Fig. 1 shows the
octanuclear cation with four opposed ligands in parallel pairs
bound via terminal coordination pockets to a central square 2 3

2 core of four octahedral Cu(II) centres, which are bridged by
alkoxide oxygen atoms, in an arrangement common to other
[M4(m-O)4] square grids4 with the ditopic ligand poapH (M =
Mn(II), Co(II), Ni(II), Cu(II), Zn(II)). The other ends of the four
ligands radiate from the core to create a pin-wheel structure with
the external coppers connected to the core by alkoxide bridges.
The external tridentate ligand pockets fill only three copper
coordination sites, and other sites at these square pyramidal
copper centres are occupied by solvent molecules (CH3OH,
CH3CN from solvent used to produce crystals). The core
structure showing the alkoxide bridging connections is illus-
trated in Fig. 2. Cu–O–Cu angles overall fall in the range
139.0–142.0°. Cu–Cu distances within the core fall in the range

Scheme 1

Fig. 1 Structural representation of the cation [Cu8(2poap)4-
(CH3OH)4(CH3CN)4] in (1) (40% probability thermal ellipsoids). Cu(1)–
O(4)’ 2.307(4), Cu(1)–O(1) 2.020(4), Cu(2)–O(1) 2.283(4), Cu(2)–O(4)
2.030(4), Cu(3)–O(2) 1.969(5), Cu(3)–O(5) 2.215(6), Cu(2)–O(2) 2.340(4),
Cu(1)–O(3) 2.404(5), Cu(4)–O(3) 1.983(5), Cu(4)–O(6) 2.224(6), Cu(1)–
Cu(2) 4.082(2), Cu(2)–Cu(1)’ 4.038(2), Cu(2)–Cu(3) 4.038(2), Cu(1)–
Cu(4) 4.151(2), Cu(3)–Cu(3)’ 12.805(2), Cu(4)–Cu(4)’ 12.676(2) Å;
Cu–O–Cu 139.0–142.0°.

Fig. 2 Structural representation of the octanuclear core in 1.

This journal is © The Royal Society of Chemistry 2001

1170 Chem. Commun., 2001, 1170–1171 DOI: 10.1039/b101966j



4.03–4.09 Å, and in the range 4.03–4.15 Å outside. The
diagonal external Cu–Cu distances exceed 12.6 Å. The coppers
within the core are six-coordinate, with elongated tetragonal
stereochemistry. The long contacts involve all the ring oxygen
bridging atoms and all trans related oxygens (e.g. Cu(2)–O(1)
2.283(4) Å; Cu(2)–O(2) 2.340(5) Å). The external square
pyramidal coppers have short contacts to the oxygen bridges
(Cu(3)–O(2) 1.969(5) Å, Cu(4)–O(3) 1.983(5) Å), and long
axial contacts to the weakly bound methanol molecules (Cu(3)–
O(5) 2.215(6) Å, Cu(4)–O(6) 2.224(6) Å). This leads to a
unique arrangement of the copper atoms, in which all the
oxygen bridging connections involve strict metal magnetic
orbital (dx2

2 y2) orthogonality, resulting in unique ferromag-
netic properties (vide infra). A related, antiferromagnetically
coupled complex [Cu8(dpd22H)4(m-O2CMe)4{pyOH}4]-
(ClO4)4 (2) (dpd22H = dianion from the gem-diol (py)2(OH)2;
pyOH = 2-hydroxypyridine), reported recently has a Cu4(m-
O)4 core and four pendant copper centres linked by carboxylate
bridges.11

Fig. 3 shows the profile of molar magnetic moment vs.
temperature for 1, with a moment rising slightly from 13.1 mB at
300 K to 13.3 mB at about 25 K, followed by a sharp rise to a
maximum value of 14.5 mB at 2 K.§ Given the fact that the
isolated Gd(III) and Cu(II) centres should behave as Curie
components the overall magnetic behaviour of 1 indicates the
presence of a ferromagnetically coupled cluster. The magnetic
data were fitted to an isotropic exchange expression based on a
spin Hamiltonian [eqn. (1); Scheme 1],
H = 2J(S1S2 + S2S3 + S3S4 + S1S4 + S1S5 + S2S6 +

S3S7 + S4S8) (1)
reflecting equivalent exchange interactions (J) between ad-
jacent copper(II) centres. The total spin states, and their
energies, were calculated using the normal spin vector coupling
method,12 and substituted into the van Vleck equation in the
usual way. Curie components corresponding to 2 Gd(III) ions
and 1.3 Cu(II) ions identified in the X-ray structure were
included. An excellent data fit was obtained using a non-linear
regression procedure, and the solid line in Fig. 3 was calculated
for gav = 2.113(2), J = 5.0(2) cm21, TIP = 0.000500 emu
mol21, q = 20.10 K (R = 1.0%) (q is a Weiss-like corrective
term, TIP = temperature independent paramagnetism). The
positive J confirms the intramolecular ferromagnetic behaviour,
with a value comparable to related 2 3 2 and 3 3 3 grid
systems,4,8,9 and illustrates another example in which there
appears to be a spontaneous tendency for the closely spaced
magnetic planes to tilt away from each other in the alkoxide
bridged cluster. Magnetization vs. field data at 2 K showed
incomplete saturation at 5 T, with a value of 24.8 Nb at 5 T. This

is consistent with the sum of the ferromagnetically coupled Cu8

cluster, and the Curie-like Gd(III) and Cu(II) centers.
The novel ferromagnetically coupled Cu8 pinwheel cluster

forms in a mixed metal self-assembly reaction. Gd(III) is
assumed to influence the cluster self assembly, possibly by a
pre-coordination step at one end of a ligand, prior to formation
of the central square core, followed by displacement of the
Gd(III) by Cu(II) ions. Similar reactions are being studied with
other first row transition metals.

This research was supported by NSERC (Natural Sciences
and Engineering Research Council of Canada). We thank Dr. R.
McDonald, University of Alberta, for X-ray crystallographic
data.

Notes and references
† 2poapH2 was synthesized by a published procedure.7 2poapH2 (0.40 g, 1.0
mmol) was added to a warm methanol solution (25 mL) of Gd(NO3)3·6H2O
(0.23 g, 0.5 mmol) and the mixture stirred for several minutes until the
ligand dissolved, forming a clear yellowish solution. CH3CN (20 mL) was
added and the solution refluxed, and a warm solution of Cu(NO3)2·3H2O
(0.75 g, 3.1 mmol) in methanol (10 mL) added slowly. A brownish powder
formed initially, which then dissolved forming a clear deep green solution.
Well formed dark green crystals, suitable for X-ray analysis, were produced
from the filtered solution after several days (yield 85%). Found (vacuum
dried sample): C, 25.87; H, 2.56; N, 19.53. Calc. for (C19H15N9O2)4-
Cu8Gd2(CH3CN)4(CH3OH)4](NO3)14·14H2O·1.3Cu(NO3)2: C, 25.87; H,
2.86; N, 19.41. nmax/cm21 (Nujol) 3436 (H2O), 3343, 3172 (NH), 1665
(CNN) and 1026 (py). lmax/nm (Nujol) 700. m(RT) = 13.1 mB (mol).
‡ Crystal data for [Cu8(2poap)4(CH3OH)4(CH3CN)4][Gd(NO3)4-
(H2O)2]2(NO3)6·1.3Cu(NO3)2·(H2O)10 (1): C44H52.5N27.3O31.65Cu4.65Gd 1;
M = 1922.9, monoclinic, space group C2/c (no. 15), a = 26.647(1), b =
18.1576(9), c = 30.423(2) Å, b = 90.282(1)°, U = 14720(1) Å3, Z = 8, Dc

= 1.735 g cm23, T = 193(1) K, m(Mo-Ka) = 23.12 cm21. 954 parameters
were refined with 10976 unique reflections (I > 2.0s(I)) to give R1 =
0.057, wR2 = 0.178 (15062 independent reflections, Rint = 0.041) (Bruker
P4/CCD with graphite-monochromatized Mo-Ka X-radiation, and a
rotating anode generator). Hydrogen atoms were introduced in calculated
positions with isotropic thermal parameters set 20% greater than bonding
partners and were not refined. A total of six hydrogens from the gadolinium
waters and the methanol molecules were omitted from the model. One
methyl group from a bound methanol was fixed for the final round of
refinement. CCDC reference number 160557. See http://www.rsc.org/
suppdata/cc/b1/b101966j/ for crystallographic data in CIF or other
electronic format.
§ SQUID magnetometer (Quantum Design MPMS5S) with fields of 0.1–5
T. Diamagnetic corrections for the sample holder and the sample were
applied.
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studied by in situ ATR-IR spectroscopy
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Adsorption of cinchonidine on a platinum model catalyst
studied by in situ ATR-IR spectroscopy revealed that the
adsorption mode depends on surface coverage and is
affected by concomitant adsorption and fragmentation of
solvent molecules.

Heterogeneous asymmetric hydrogenation on chirally modified
catalysts is a promising route for producing chiral molecules
with high optical purity from prochiral reactants. At present,
tartaric acid modified Ni catalysts1,2 and cinchona modified Pt
based catalysts3–5 are the most successful systems for the
hydrogenation of b-keto esters and a-keto esters, respectively.
With respect to the latter, the adsorption mode of cinchonidine
(CD) is a critical factor, and still a matter of debate. Direct
spectroscopic information is available only from earlier XPS
and LEED6 and recent NEXAFS7 studies of the adsorption of
10,11-dihydrocinchonidine on Pt(111) under UHV conditions.
At 298 K the quinoline ring was found to lie almost parallel to
the metal surface, whereas a tilting angle of ca. 60° was found
at 323 K. However, these studies fail to describe the adsorption
under reaction conditions, i.e. in the presence of both the solvent
and H2. With the present work we aim at closing this gap by
studying the adsorption of CD using attenuated total reflection
IR spectroscopy (ATR-IRS)8 close to reaction conditions. For
this purpose we have developed a model system based on a Pt/
Al2O3 coated Ge internal reflection element.9 In the following it
will be shown that the presence of a solvent acting as a
competing adsorbate is a crucial factor for modifier adsorption.
Adsorption of CD on Pt/Al2O3 turns out to be complex. Several
adsorption modes of CD can be distinguished, depending on
coverage and time similar to recent findings for the Ni–tartrate
system.10

ATR spectra of cinchonidine (CD) adsorbed from H2-
saturated CH2Cl2 solvent on Pt/Al2O3 are shown in Fig. 1.†
Before recording the ATR spectra the Pt/Al2O3 film was treated
with hydrogen saturated CH2Cl2 which results in a cleaning of
the Pt.9 After this the background spectrum was recorded. Upon
admitting a H2-saturated solution of CD to the sample positive
and negative signals were immediately observed in the ATR
spectra. The positive signals arise from molecules, which are
added to, negative signals from molecules, which are removed
from the interface, with respect to the reference spectrum. We
assign the positive signals to adsorbed CD, whereas the negative
signals are due to simultaneous removal of adsorbed solvent
decomposition products as well as the displacement of solvent
from near the interface, as detailed below. The spectra exhibit
distinct concentration [compare Fig. 1(a) and (c)] and time
dependence [Fig. 1 (b) and (e)] and are clearly different from the
solution spectrum as a consequence of the interaction of CD
with the Pt/Al2O3. By contacting quinoline (Q, not shown) with
Pt/Al2O3, the same concentration and time behaviour of the
corresponding vibrational bands was observed, indicating that
the interaction of CD with the surface is dominated by the
quinoline moiety. The change of the relative intensity of the
vibrational bands with concentration and time and the appear-
ance of new bands with respect to the solution spectrum can
arise due to (i) a chemical reaction of CD or (ii) a change in

adsorption geometry. Feasible chemical reactions of the
quinoline moiety under the applied conditions are hydro-
genation and a-H abstraction. As concerns hydrogenation,
several possible hydrogenation products (1,2,3,4- and
5,6,7,8-tetrahydroquinoline and decahydroquinoline) were ad-
sorbed from CH2Cl2 on the Pt/Al2O3 film. Although for most of
them adsorption could be observed, none of them exhibited the
vibrational bands shown in Fig. 1 and hence we exclude
adsorbed hydrogenation products as the origin of the bands in
Fig. 1. To our knowledge no analysis of the vibrational
spectrum of quinoline (intact and/or after a-H abstraction) on Pt
has been reported so far. On the other hand for the chemically
related pyridine on Pt detailed analysis exists.11 Intact pyridine
and pyridine after a-H abstraction can clearly be distinguished.
After adsorption of pyridine from hydrogen-saturated CH2Cl2
we predominantly observed the bands which have been
associated with intact pyridine in a tilted orientation and bound
via the N-atom.11 Although a-H abstraction is feasible, we
conclude that it is not a dominant process under the applied
conditions. On the other hand the absence of the signal at 1635
cm21 corresponding to n(CNC) of the vinyl moiety indicates
that CD is hydrogenated at this site.

Based on the above mentioned results we conclude that the
observed positive bands are mainly associated with chemically
intact CD and that the changes in relative intensity of the bands
in Fig. 1 are associated with changes in adsorption geometry. At

Fig. 1 ATR-IR spectra of cinchonidine adsorption on Pt/Al2O3 at 283 K
from (a) 1027 mol l21 and (b)–(e) 1023 mol l21 solution in CH2Cl2
(recorded after 2, 3, 42 and 122 min, respectively), (f) followed by neat
solvent flow; (g) from a 1024 mol l21 solution in cyclohexane at 293 K; (h)
scaled (1+80) transmission spectrum of cinchonidine in CH2Cl2.
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least three different adsorption geometries of CD (in the
following termed ‘species’) can be distinguished by analysing
the spectral region between 1500 and 1650 cm21, associated
with the quinoline ring vibrations. A first species associated
with only one band in this region at 1567 cm21 predominates at
1027–1026 mol l21 [Fig. 1(a)]. At higher solution concentra-
tion, signals at 1610, 1590, 1567, 1530, 1511 and 1460 cm21 are
observed, having relative intensities changing with adsorption
time. A slight red-shift is observed for the signal at around 1570
cm21 upon increasing the concentration above 1026 mol l21

together with the appearance of the signal at 1530 cm21. The
features at 1530 and 1567 cm21 dominate the spectrum: (i)
when slowly increasing the concentration of CD from 1027 to
1025 mol l21, (ii) at the very first stages of adsorption when
flowing higher concentration ( > 1025 mol l21) of CD [Fig.
1(b)], and (iii) when flowing neat solvent after saturating the
sample [Fig. 1(f)]. They are attributed to a second species that
is therefore strongly adsorbed. A third species is associated with
strong bands at 1511 and 1590 cm21 with a spectrum
resembling that of CD in solution [Fig. 1(h)]. This species
appears only at later stages of adsorption and at high
concentration [Fig. 1(c)–(e)] and disappears when flowing neat
solvent. This species is therefore only weakly bound, which is
in line with the fact that its spectrum very much resembles the
(unperturbed) solution spectrum. Interestingly, the intensity of
the bands associated with the second and third species are
anticorrelated, which is best seen by comparing the signals at
1511 and 1530 cm21 in Fig. 1(b)–(e). Such behaviour is
consistent with mutually interconverting species, the driving
force for this process being the solution concentration. The
signal at 1460 cm21 observed for all three species is associated
with the quinuclidine moiety of CD as the adsorption of
quinuclidine (QD) on Pt/Al2O3 clearly indicated (not shown).

Knowledge of the direction of the dynamic dipole moment of
a selection of vibrations (from ab initio calculations) combined
with the metal surface selection rule12 allows information to be
gained about the local adsorbate orientation. Fig. 2 shows that
the vibration at 1509 cm21 in the solution spectrum is polarised
roughly along the long axis of the quinoline moiety, whereas the
mode at 1570 cm21 is polarised perpendicular to it.

In line with the calculated polarisation of the bands, the
following interpretation of the spectra can be given: the species
associated with only one strong signal at 1567 cm21 has the
long axis of the quinoline moiety nearly parallel to the surface
with a degree of tilting of the short axis, probably induced by the
quinoline-N and the O–H group. For the second species the
appearance of a second band at 1530 cm21 indicates a change in
orientation. We tentatively assign the band at 1530 cm21 to the
1509 cm21 band in solution, which is blue-shifted due to an
interaction with the surface. A similar blue-shift of the
corresponding bands was observed for pyridine on Pt adsorbed
through the N atom in a tilted orientation.11,13 The pyridine
spectrum recorded in the presence of H2 and CH2Cl2 shows
bands with A1 and B1 symmetry,11 indicating that none of the
molecular axes are oriented parallel to the surface. Hence, the
observed blue-shift of the 1530 cm21 band, in analogy with

adsorbed pyridine under our conditions, and the calculated
polarisation of the 1530 cm21 band are consistent with the
interpretation that for the second species the long axis of the
quinoline moiety is no longer parallel to the surface. The weakly
bound third species does not show significant orientation
preferences.

As a general trend the quinoline moiety of CD is tilted more
with increasing solution concentration and coverage. This is
consistent with an increase of the average thickness of the
adsorbate layer (defined as the distance between the Pt/
adsorbate and the adsorbate/solution interfaces) and thus the
displacement of solvent from very near the interface. This effect
is directly observed in the ATR spectra. The negative peak at
1260 cm21 corresponds to the strongest solvent vibration. Upon
adsorption of CD (increasing the thickness of the adsorbate
layer) this peak becomes negative, since, with respect to the
reference spectrum, less solvent is probed by the electro-
magnetic field. The other negative signals at around 1635, 1400,
1338 and 1120 cm21 (not shown) are associated with removal
of water, CHx and ethylidyne (CCH3), respectively, from the
adsorbate layer. CHx fragments (1400 cm21) are formed from
CH2Cl2 decomposition.14 Upon admission of a solution of
CH2Cl2 in cyclohexane on the Pt/Al2O3 sample the band was
also observed supporting this view. Ethylidyne (1338, 1120
cm21) is likely formed by recombination of CHx fragments,
which is supported by the observed evolution of ethene on Pt/
Al2O3 in contact with CH2Cl2.14 CD adsorption from cyclohex-
ane solvent afforded the same positive signals associated with
CD, but not the negative signals associated to CHx fragments
and ethylidyne [Fig. 1(g)].

The ATR spectra clearly show that the adsorption mode of
CD is coverage dependent and that CD competes with solvent
decomposition products for adsorption sites. This observation
adds an important new facet to the interpretation of the ‘solvent
effect’ in enantioselective hydrogenation over cinchona-mod-
ified platinum.

We gratefully acknowledge the financial support of the Swiss
Federal Institute of Technology (ETH), the Swiss National
Science Foundation and CSCS Manno.

Notes and references
† In situ experiments were carried out with a home-made stainless steel flow
through cell by recording spectra at 283 K and co-adding 200 scans at 4
cm21 resolution with a Bruker IFS/66 spectrometer equipped with a liquid-
N2-cooled MCT detector. Adsorption was carried out from H2-saturated
millimolar solutions in CH2Cl2 solvent (if not otherwise specified) after
cleaning of the metal surface with H2-saturated solvent. ATR spectra are
presented in absorbance units with the last spectrum recorded during H2-
cleaning serving as reference. Pt/Al2O3 model films were prepared as
described elsewhere.9 Density functional theory (B3PW91 / cc-pvtz) was
used to calculate frequencies and determine the dynamic dipole moment of
each vibration.
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Fig. 2 Schematic of two of the vibrational modes of quinoline used to
identify adsorption orientation. Arrows indicate atomic displacement
vectors and the direction of the dynamic dipole moment, respectively. The
corresponding experimental IR frequencies for cinchonidine in CH2Cl2 are
also given.
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Acetonitrile reacts with a dinuclear nickel(II) complex
[Ni2(m-OH)2(tpa)2](ClO4)2 [tpa = tris-(2-pyridylmethyl)-
amine] in solution forming a novel square-planar nickel(II)
complex Ni{HNNC(Me)–NNC(Me)–NH}2.

Acetonitrile is one of the common solvents that is widely used
to study processes in solution. With most 3d-transition metal
ions acetonitrile behaves as a relatively weak monodentate
ligand, providing inorganic chemists with a perfect media for
numerous reactions.1 However, transition metal complexes are
well known to catalyze and promote the reactions of nitriles, e.g.
their reduction, redox coupling, hydrolysis, and addition of
nucleophiles.2,3 In some cases nitrile, R–C·N, adds to a ligand
(L2 or LH) yielding a new composite ligand (L–C(R)NN2 or L–
C(R)NNH) within the coordination sphere of a metal ion.2,4

Here we report the first case of a reaction, in which acetonitrile
undergoes self-condensation into an efficient bidentate ligand
(N-acetimidoylacetamidine) under the action of a metal com-
plex, [Ni2(m-OH)2(tpa)2](ClO4)2 1.

Metal complexes with the tripodal tetramine ligand tpa and
its homologs have been widely used in metalloenzyme
modeling.5,6 In particular, complex 1 was found to be a good
catalyst for transesterification and carbon dioxide hydra-
tion.7,8

We prepared complex 1 by a simplified, one-pot procedure
adapted from the original method proposed by Ito and Takita.7
Its identity was established by elemental analysis, mass
spectrometry, and UV–VIS spectroscopy.§ Solid 1 gives a blue
solution in acetonitrile. When stored in a tightly sealed
container at room temperature, this solution very slowly (within
months) turns dark-purple and precipitates an orange–yellow
crystalline material. If the acetonitrile solution of 1 is kept at
75 °C, the transformation is completed in 2 days. Recrystalliza-
tion from acetonitrile and drying under vacuum gives pure
diamagnetic complex 2 with the formula Ni(C4H8N3)2.¶

A single crystal X-ray diffraction study of solvated complex
2·2H2O revealed that tpa and hydroxide ligands around Ni(II)
ions are lost and substituted by a new unexpected ligand, N-
acetimidoylacetamidine (Fig. 1).∑ Each Ni(II) ion is coordinated
by two bidentate N-acetimidoylacetamidinate anions, forming

the mononuclear molecular complex 2. A molecule of 2
contains two six-membered flat metallocycles (deviation of
atoms from the mean plane < 0.02 Å, and < 0.05 Å, if methyl
groups are taken into account). The Ni–N bond lengths (1.85 Å)
are similar to other Ni(II) square planar low-spin complexes
with imine nitrogen donor atoms.1 In the crystal lattice of
2·2H2O, individual molecules of 2 are connected via hydrogen
bonding with water molecules (Fig. 1; Table S1†).

A mass spectrometry study showed that N-acetimidoylacet-
amidine originated from the solvent (acetonitrile). The crude
reaction solution after heating complex 1 in acetonitrile shows
signals at m/z 255, 291, 347, 407 and 447, which can be ascribed
to the molecular ions of 2+, [tpaH]+, [Ni(tpa)]+, [Ni(tpa)-
(MeCO2)]+ and [Ni(tpa)(ClO4)]+, respectively, according to
their positions and the relative intensities of isotope satellites.
When the reaction is carried out with CD3CN instead of regular
acetonitrile, the peaks of 2+ and [Ni(tpa)(MeCO2)]+ are shifted
12 and 3 daltons up, respectively. Therefore, the source of the
four methyl groups in the molecule of 2 is acetonitrile. There is
a concomitant formation of acetate from acetonitrile. The tpa
ligand remains intact in the course of the reaction and is partially
released in the free form. The stoichiometry of the overall
transformation can be tentatively expressed by eqn. (1)

2[Ni2(OH)2(tpa)2]2+ + 6MeCN ?
Ni(C4H8N3)2 + 2Ni(tpa)(MeCO2)+ + Ni(tpa)2+ + tpa (1)

The role of 1 as a nickel complex promoting the acetonitrile
transformation is specific. In separate experiments under similar
conditions, no reaction with acetonitrile was observed, if
complex 1 was substituted by NiX2·6H2O (X = Cl, ClO4, NO3),
Ni(MeCO2)2·4H2O, Ni(ClO4)2·6H2O + py (1+4), or Ni-
(ClO4)2·6H2O + tpa (1+1).

There are only scarce reports of metal complexes
with protonated N-acetimidoylacetamidine ligand

† Electronic supplementary information (ESI) available: Table S1: hydro-
gen bonds in the crystal structure of complex 2·2H2O. See http://
www.rsc.org/suppdata/cc/b1/b101893k/
‡ Dedicated to Professor Konstantin B. Yatsimirskii on the occasion of his
85th birthday.

Fig. 1 ORTEP drawing of 2·2H2O. Selected bond lengths (Å) and angles (°):
Ni–N2 1.850(2), Ni–N1 1.851(2), N1–C2 1.296(3); C2–N3 1.360(3), N3–
C4 1.353(3); C4–N2 1.296(3), N1–Ni–N2 89.31(8).
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[HN{C(Me)NNH}2, HL]. Two copper(II) complexes
(CuCl2·nHL, n = 1, 2) have been prepared, but not charac-
terized in detail.9 The only compound characterized by X-ray
diffraction is a protonated form of complex 2, namely green
2·1.5HCl·3H2O, formed upon self-condensation of acetamidine
[MeC(NNH)NH2] and NiCl2·6H2O in methanolic solution.10

The structures of both complexes with square-planar Ni(II)
centers are very similar. The C–N bond lengths in 2 are more
uniform than in the protonated complex in agreement with more
‘aromatic’ character of the chelate metallocycle. Complex 2
seems to be the first molecular N-acetimidoylacetamidinate
metal complex prepared to date. This is in contrast to the
chemistry of metal acetylacetonates, which have been ex-
tensively studied and found numerous practical applications.1
N-Acetimidoylacetamidinate is isoelectronic with acetonyl-
acetonate, but has a significantly stronger ligand field. As a
result, 2 and 2·2H2O have low-spin square-planar Ni(II) ions,
while [Ni3(acac)6] and [Ni(acac)2(H2O)2] are high-spin pseudo-
octahedral Ni(II) complexes with bridging acac ligands and
coordinated water molecules, respectively.1,11

Based upon known literature precedence, we can propose a
sequence of events resulting in the overall transformation of
acetonitrile into the acetimidoylacetamidinate complex and
acetate (Scheme 1).

(i) Acetonitrile reacts with the hydroxide ligands of complex
1 or with trace water forming acetamide and, subsequently,
acetate and ammonia. Catalytic activity of transition metal
complexes in the hydrolysis of nitriles is well documented.2 On
the other hand, complex 1 is known to be a potent catalyst of
transesterification.8

(ii) Acetonitrile and NH3 yield acetamidine. This reaction is
also known to be catalyzed by metal ions.12

(iii) N-Acetimidoylacetamidine is formed upon condensation
of an acetamidine molecule with acetonitrile, acetamide, or
another acetamidine molecule. Templated condensation of
acetamidine in the presence of NiCl2·6H2O in methanolic
solution to form 2·1.5HCl·3H2O has been reported.10

(iv) N-Acetimidoylacetamidine, which is isoelectronic with
acetylacetone, but apparently has a much stronger ligand field,
can act as a good new ligand for Ni(II). The net result of the
reaction is the total displacement of the old ligands in complex
1, including the tetradentate tpa, and the formation of a new
complex Ni{HNNC(Me)–NNC(Me)–NH}2 2.

Some other precedence for the reaction exists. Coupling of
alkyl nitriles into 3,5-dialkyl-1,2,4-triazoles promoted by a
dicopper complex has been reported.3 Oligomerization of
CF3CN and CCl3CN in the presence of transition metal
complexes leads to the formation of the corresponding halogen-
ated N-acetimidoylacetamidines, but acetonitrile is unreactive
under the same conditions.13,14 To the best of our knowledge,
the transformation of a non-halogenated nitrile into an N-
imidoylamidine promoted by a metal complex has not been
observed before.

The behavior of dinickel(II) complex 1 can be contrasted to its
diiron(III) analog, [Fe2(m-O)(tpa)2(OH)(H2O)]3+, which reacts
with MeCN to form a complex with a bridging acetamide ligand
[Fe2(m-O){m-OC(Me)NH}(tpa)2]3+.5 In that case, the trans-
formation of acetonitrile stops on acetamide, probably because
the amidate [Fe2

III(m-O)(m-OC(R)NH)(tpa)2]3+ complexes are
coordinatively saturated and stable towards hydrolysis or
dissociation.15 In an additional experiment we found that

complex 1 does not bind acetamide in solution as its diferric
analog does.

In conclusion, we have demonstrated that a dinuclear
hydroxo-bridged nickel(II) complex promotes self-condensa-
tion of acetonitrile into N-acetimidoylacetamidine, which acts
as an efficient acetylacetone-like bidentate ligand, displacing
the old ligands around Ni(II) and forming a new molecular
homoleptic bis(N-acetimidoylacetamidinate)nickel(II) com-
plex. This reaction shows that possible side-reactions should
always be considered in studies involving metal complexes and
acetonitrile.

Notes and references
§ Synthesis of 1. Ni(ClO4)2·6H2O (0.366 g, 1 mmol) and tpa (0.29 g, 1
mmol) were dissolved in 10 ml of water on stirring. To the resulting purple
solution was added 1 ml of 1 M NaOH solution. The light-blue precipitate
of crude complex 1 was left overnight for ripening, filtered off, washed with
ice water, and dried under vacuum. Its recrystallization from acetonitrile–
diethyl ether under N2 gave pure 1 as dark-blue crystals. Yield: 0.37 g
(80%). Calc. for C36H38Cl2N8Ni2O10: C, 46.44; H, 4.11; N, 12.04. Found:
C, 46.47; H, 3.98; N, 11.92%; (ESMS+, MeCN): m/z 833 ([Ni2(OH)2(tpa)2-
(ClO4)]+, 5%), 447 ([Ni(tpa)(ClO4)]+, 95%), 383 ([Ni(tpa)(H2O)(OH)]+,
100%); UV–VIS: lmax/nm (e/M21 cm21 per Ni2): MeOH: 589 (28), 795
(sh) (18), 980 (46); MeCN: 588 (40), 790 (sh) (12), 980 (34).
¶ Synthesis and properties of 2: complex 1 (0.37 g; 0.4 mmol) and 3.7 ml of
acetonitrile are placed into a vial, tightly closed, and heated for 2 days at
75 °C. The resulting dark-purple solution is cooled forming orange–yellow
crystalline material (2·2H2O as suggested by a single crystal X-ray
diffraction study).∑ Its recrystallization from hot acetonitrile and drying
under vacuum gives pure complex 2. Yield: 0.031 g (15% based on Ni).
Calc. for C8H16N6Ni: C, 37.69; H, 6.33; N, 32.96. Found: C, 37.58; H, 6.39;
N, 32.81%; ESMS (MeCN): m/z +255 (2H+, 100%); 2253 (22 H, 100%);
NMR (25°C, D6-DMSO): 1H, d 6.20 (s, 4H, NH), 1.795 (s, 12H, Me); 13C,
d 164.5, 26.2; UV–VIS (DMSO): lmax/nm (e/mM21 cm21): 290 (sh) (3.0),
321 (1.9), 336 (1.7), 465 (0.040); FT-IR (KBr): n/cm21: 3280 (nNH), 2960
(nasMe), 2850 (nsMe), 1580 (nasCN), 1470, 1420, 1378, 1190, 946, 665,
516.
∑ Crystal data for 2·2H2O: C8H20N6NiO2, Mw = 291.01, orthorhombic,
space group Pbca (no. 61), a = 13.040(3), b = 14.150(3), c = 7.4400(10)
Å, V = 1372.8(5) Å3, Z = 4, m(Mo-Ka) = 1.415, T = 293(2) K, 1823
reflections measured, y-scan absorption correction, R1[I > 2s(I)] = 0.032,
wR2 = 0.098 for all reflections. The structure was solved by direct methods
using SHELXS-97 and refined with all data by full-matrix least squares on
F2 using SHELXL-97. All non-hydrogen atoms were refined anisotrop-
ically and hydrogen atoms were refined as isotropic. CCDC 162662. See
http://www.rsc.org/suppdata/cc/b1/b101893k/ for crystallographic data in
CIF or other electronic format.
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Scheme 1 Tentative mechanism of formation of complex 2 from acetonitrile
and complex 1 (see text for the explanation of steps).
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Ultra-fine NaX zeolite crystals of dimensions ca. 20–100 nm
have been synthesized with a novel, efficient, organic-
additive-free hydrothermal approach.

The synthesis of nanometer-sized zeolites has received much
attention recently owing to their utility in fundamental studies
of zeolite crystal growth, in the preparation of ultra-thin zeolite
films and nano-composites, and as supports for catalytic and
photochemical reactions.1–10 Reduction of the particle size from
the micrometer to the nanometer scale can improve the mass-
and heat-transfer in catalytic and sorption processes, thereby
enhancing their catalytic selectivity and reducing coke forma-
tion in some petroleum reactions.11 Furthermore, zeolite nano-
crystals can be used to fabricate ordered porous structures.12

Zeolite nano-crystals are usually synthesized via hydrothermal
procedures using clear aluminosilicate solutions, most com-
monly in the presence of organic additives as templates. Nano-
crystalline faujasite (FAU) zeolites have been synthesized using
tetramethylammonium (TMA) as a template.1–3,6 However, the
conditions have to be critically controlled in order to get pure
FAU crystals, as TMA is also a template for growth of zeolite
A; furthermore, removal of the templates can lead to an
irreversible aggregation of nano-crystals into larger solid
particles.13 Moreover, organic additive template routes are not
suited for nano-scale synthesis, whereas the ‘build-the-bottle-
around-the-ship’ method (or one-step approach) can directly
synthesize the zeolite host matrix around guest molecules, as
very pure and homogeneous nano-composites.14,15 We are
interested in developing novel organic-additive-free routes to
ultra-fine FAU zeolites. These materials could have very
different physical properties from microcrystalline zeolites, and
could provide insights into nucleation and crystal growth during
the hydrothermal process. Here we report an efficient, organic-
additive-free synthesis of NaX zeolite with particle sizes in the
range 20–100 nm.

The hydrothermal synthesis was conducted in a shaker with a
temperature controller. Aluminosilicate gel was prepared by
mixing freshly prepared aluminate and silicate solutions
together in the molar ratio 5.5 Na2O+1.0 Al2O3+4.0 SiO2+190
H2O. Typically, an aluminosilicate gel containing 5.34 g NaOH,
2.42 g NaAlO2, 3.43 g SiO2 and 50.0 g H2O was used. NaAlO2
was freshly prepared from Al(OH)3 and NaOH. SM-30
colloidal silica (Aldrich), silica fume (Sigma), and TEOS
(tetraethyl orthosilicate, Aldrich) were chosen as the silicate
sources, with no significant difference observed in the final
particle size-distribution. For TEOS, the hydrolysis was
controlled at 0 °C in order to obtain nanometer-sized alumino-
silicate gel. Hydrothermal crystallization was conducted at 60
°C for 2–4 days in a shaker with a rotation rate of 250 rpm. The
powder product, henceforth referred to as NaX-nano, was
recovered via centrifugation, washed with DI water until
pH < 8, and then dried at room temperature for 24 h. In a control
experiment, larger particle sizes of FAU zeolite, here denoted
NaX-m, were synthesized with exactly the same aluminosilicate

gel composition, but the hydrothermal crystallization was
performed at 90 °C for 2 days with no shaking.

Powder X-ray diffraction (XRD) diagrams of as-synthesized
zeolite samples and commercial micron-sized FAU zeolite
(from Aldrich) are shown in Fig. 1. The XRD patterns of the two
synthesized samples and the commercial FAU powder match
very well, demonstrating that our approach can indeed be used
to synthesize pure FAU crystals. The XRD peaks for the NaX-m
sample are almost the same as for the commercial sample, in
both intensity and width. However, the diffraction lines of the
NaX-nano sample are significantly less intense and much
broader, indicating that the crystals are much smaller. From the
diffraction peaks (2q) at 6° [111], 16° [331], and 27° [642] and
Scherrer’s equation, we calculate an average crystal dimension
of 23 ± 4 nm.2,16 XRD patterns taken after different hydro-
thermal synthesis periods reveal that NaX-nano is more than
95% crystalline after two days of shaking at 60 °C. Longer
crystallization times might slightly increase the particle size.
The Si/Al ratio was found to be 1.25 ± 0.05 for NaX-nano (by
X-ray fluorescence) and 1.3 ± 0.1 for NaX-m (from 29Si solid
state NMR). These values fall in the Si/Al range of 1–1.5 for
NaX zeolites. Therefore, both synthesized samples are NaX.
The as-synthesized samples have slightly lower 2q values than
the commercial sample, as would be expected for reduced Si/Al
ratios.

Uncoated NaX-nano and NaX-m samples were imaged with a
Hitachi S-4700 cold-field emission scanning electron micro-
scope (SEM) operated at 1 kV. A typical micrograph of NaX-
nano (Fig. 2) clearly shows that most particle sizes of NaX-nano
are in the range 20–100 nm. This is one of the smallest faujasite
particle sizes reported.1–4,6 This size distribution is consistent
with the results calculated from the XRD patterns, proving that
our method does indeed successfully synthesize ultra-fine NaX

Fig. 1 XRD powder patterns for (a) NaX-nano, (b) NaX-m and (c) a
commercial NaX sample (Aldrich). The XRD data were recorded on a
Rigaku Miniflex System using Cu-Ka radiation, 30 kV, 15 mA with a
scanning speed of 1° (2q) min21, T = 20 °C.

This journal is © The Royal Society of Chemistry 2001
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crystals without the assistance of any organic additives. The
micrographs of NaX-m show the particles to be in the micron
range (ca. 0.8 mm). The significant decrease in particle size from
NaX-m to NaX-nano indicates that lower crystallization tem-
peratures and strong shaking conditions, which would together
accelerate the nucleation process and lower the crystal growth
rates, are key factors in controlling the size of zeolite crystals
obtained. By controlling the crystallization temperature, shak-
ing time and silicate source (and its particle size), we
successfully synthesized several NaX zeolite samples with
average particle sizes ranging from 20 nm to 1 mm.

Both NaX-nano and NaX-m were further characterized by
FT-IR and 29Si solid-state NMR. In the FT-IR spectra, three
features were noted. First, a symmetric stretching band at 744
cm21 was observed in NaX-nano,17,18 with a corresponding
peak at 750 cm21 in the NaX-m sample. Secondly, the double-
ring vibration at 566 cm21, characteristic of faujasite zeolites,
appears as two bands at 608 and 566 cm21 in NaX-nano.
Thirdly, a new broad band at 860 cm21 was observed in the
ultra-fine sample, and it can reasonably be assigned to the
silanol (Si–OH) bending mode associated with the Q3 silicon
species (Si connected to three O that have connections to Si or
Al),17 detected with 29Si solid-state NMR. The existence of an
abundance of silanol groups in NaX-nano is attributed to the
large total particle surface area, associated with the reduction to
the ultra-fine particle size. From a simple calculation assuming
cubic particles, one would expect about 12% Q3 from the
external surface in an NaX zeolite with a 50 nm particle size. Q3

species could also be formed at internal defects. It was reported
that about 20% of Si was in the silanol form in an 18–100 nm
particle-size silicalite-1 zeolite studied by solid-state NMR.5
With both single-pulse and cross-polarization 29Si solid-state
NMR techniques, we found all four Q3 bands and five Q4 bands
in the NaX-nano sample. To our knowledge, this is the first time

that Q3 bands have been observed in a nanometer-sized NaX
sample. This finding agrees well with the observation of silanol
bending modes in the vibrational spectroscopy experiment. On
the other hand, only the five Q4 bands, located at 284.8, 289.5,
294.2, 299.3 and 2103 ppm, were detected in the larger-
particle NaX-m sample, as expected.

In conclusion, a novel organic-additive-free approach has
been developed to synthesize nanometer-sized faujasite NaX.
The XRD pattern of the as-synthesized NaX-nano sample
matches very well with the commercial micron-sized FAU, but
it is broader and less intense. The average crystal size of 23 nm
calculated from XRD is in accord with SEM images. The crystal
size depends critically on the synthetic conditions, e.g.
temperature and shaking. In comparison with the micron-sized
zeolite, ultra-fine NaX shows a broad silanol vibration peak at
860 cm21, associated with the Q3 silicon detected in 29Si solid-
state NMR.
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Magnetic Resonance Centre) and R. L. White for assistance.
This work was financially supported by the Natural Sciences
and Engineering Research Council and the Killam Trusts (the
latter for a postdoctoral research fellowship to B. Z. Z. and
research professorship to M. A. W.).
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Fig. 2 SEM images of NaX-nano (HITACHI S-4700 cold-field emission
SEM, 1 kV).

Chem. Commun., 2001, 1176–1177 1177
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The proposed two-step preparation route for rare earth
polyborates, i.e. dehydration of boric acid in the presence of
rare earth oxide at low temperature followed by careful
annealing at 700 °C, led to, for the gadolinium case, a new
gadolinium pentaborate (GdB5O9) that can not be prepared
by conventional high-temperature reaction.

The structural chemistry of borates is characterized by a variety
of discrete and condensed BO3 and BO4 groups;1 as a general
rule, the tendency to form polyborates is increased by
decreasing cation valence.2 This promotes stability and a wide
variety of polyborate structures with 1+ and 2+ valence cations
have been produced. The rare earth borates, on the other hand,
usually consist of isolated borate anions (BO3 or BO4) or low
polymerized borate groups; thus, in the Ln2O3–B2O3 (Ln = rare
earth) system3 only three compounds, oxyborate,4,5 orthobor-
ate6 and metaborate,7 have been identified; the more borate-rich
phases remain unknown. Recently, we found that, in the flux of
boric acid, hydrated rare earth polyborates are formed by the
reaction of boric acid and rare earth oxides at low temperature.
Subsequent annealing of the hydrated polyborates yields
anhydrous rare earth polyborates. We describe herein our
exploratory syntheses in this area.

The synthesis of hydrated gadolinium polyborate was carried
out in a sealed Teflon autoclave at 260 °C for 5 days, starting
from H3BO3 and Gd2O3 in a 20+1 ratio. The product 1, isolated
by dissolving the excess boric acid in water, consists of
colorless well-crystallized polycrystals. Chemical analysis
(ICP) reveals that the approximate atomic ratio Gd+B is about
1+6.2, and the IR spectrum indicates the presence of both BO3
and BO4 groups in this compound. Fig. 1a shows the X-ray
diffraction pattern of 1. Structural analysis using X-ray powder
diffraction techniques8 established that the product 1 is a

hydrated gadolinium polyborate with the composition
H3GdB6O12; it crystallizes with a rhombohedral structure in the
space group R3c with lattice constants a = 8.4076(2) and c =
20.7427(5) Å. The synthesis reaction is:

12H BO Gd O 2H GdB O 15H O3 2 3
260 C

3 6 12 2

o

3 + æ Æææ + (1)

H3GdB6O12 is stable at low temperature and decomposes at
high temperature. X-Ray powder diffraction studies carried out
at high temperatures indicate that the decomposition of
H3GdB6O12 occurs at about 650 °C; it transforms to an
amorphous form between 650 °C and 700 °C. During the
decomposition, significant weight loss (6.04 wt%) was ob-
served via TGA. Therefore, the decomposition reaction is
essentially the dehydration of H3GdB6O12. Careful annealing at
700 °C for 5 days resulted in another new phase (2) as shown in
Fig. 1b.

The structural study by X-ray powder techniques established
that 2 is a rare earth pentaborate GdB5O9. It crystallizes in a
body centered tetragonal cell (a = 8.2439(4), c = 33.6671(2)
Å) in the space group I41/acd.9 The basic borate fragments in
GdB5O9 are B4O9 and BO3 units. The B4O9 is a common
structure unit in many borates. For example, isolated and 1D
chains of B4O9 are present in borax (Na2[B4O5(OH)4]·8H2O)
and Na2[B4O6(OH)3] respectively.1 In the structure of GdB5O9,
the B4O9 units form 1D chains by sharing the oxygen atoms of
the BO4 groups (Fig. 2); the 3D-polyborate framework is
composed of 1D chains linked by additional BO3 groups. Fig. 3
shows an overview of the structure of GdB5O9, where the
triangles and tetrahedra represent BO3 and BO4 groups
respectively. The decomposition reaction of H3GdB6O12 is then
expressed as:

2H GdB O 2GdB O 3H O B O3 6 12
650 700 C

5 9 2 2 3

o–æ Æææææ + + (2)

The expected weight loss from eqn. (2) is 6.473 wt%, which
agrees reasonably well with that observed in the TGA study
(6.04 wt%). Moreover, GdB5O9 is not stable at higher
temperatures; further annealing at 900 °C yielded gadolinium
metaborate and another unknown phase. Therefore, this com-
pound cannot be synthesized by conventional high temperature
solid state reaction.

† Electronic supplementary information (ESI) available: crystallographic,
TGA/DTA, IR and XRD profile fits for H3GdB6O12 and GdB5O9. See
http://www.rsc.org/suppdata/cc/b1/b102045p/

Fig. 1 X-Ray powder diffraction patterns (a) of the hydrated gadolinium
polyborate H3GdB6O12 (1) and (b) of the anhydrous gadolinium polyborate
GdB5O9 (2) after annealing at 700 °C for 5 days.

Fig. 2 One-dimensional chain formed by B4O9 groups in the structure of
GdB5O9.

This journal is © The Royal Society of Chemistry 2001
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In summary, although polyborate is an important resource for
functional materials, such as nonlinear optical and luminescent
materials, our knowledge of rare earth polyborates was limited
due to the instability of these phases at high temperatures. In this
communication, we have demonstrated that careful dehydration
of a hydrated rare earth polyborate may lead to the anhydrous
rare earth polyborate. We believe that the proposed preparative
strategy will be very useful in exploiting new polyborate
materials for rare earth systems.

We are grateful for the financial support from NSFC
(29731010), Rhodia Rare Earth Co. and State Key Basic
Research Program of China.
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Unit cell parameters and space group symmetry have been
determined for the two main phases of the MoVTeNbO
catalysts; models of their structures are proposed based on
electron micrographes, EDX data and comparison with
other crystal structures.

New processes of production of acrylonitrile by ammoxidation
of propane will be implemented on the industrial scale in the
coming years.1 Two catalytic systems, AlVSbWO and MoV-
TeNbO have been shown to be effective and will most likely be
used. The former has been extensively described in the literature
whereas the latter has mostly been covered in the patent
literature.1–4

The presence in the MoVTeNbO catalyst of two major
phases, denoted M1 and M2, has been shown to be key to obtain
high yields.5 Very little is known about these phases whose
presence has been verified almost exclusively employing X-ray
diffraction. The role of these phases remains under debate
mainly because none of these phases have been synthesised and
studied independently.

We have synthesised a MoVTeNbO catalyst using a method
described in the literature5 and characterised it by electron
microscopy and X-ray diffraction. The catalyst was prepared
from an aqueous slurry comprising Mo, V, Te and Nb in the
ratios Mo+V+Te+Nb = 1+0.33+0.22+0.11, ratios most fre-
quently reported in patent examples. The slurry was evaporated
to dryness at 423 K and successively calcined at 573 K under air
and 873 K under nitrogen for 2 h.

Powder X-ray diffraction patterns were obtained using a
Siemens D5005 diffractometer and Cu-Ka radiation. They were
recorded with 0.02° (2q) steps over the angular range 3–88°
with 16 s counting time per step. High-resolution electron
microscopy was performed with a JEM 2010 (Cs = 0.5 mm).
The accelerating voltage was 200 kV with a LaB6 emission
current, a point resolution of 0.195 nm and a useful limit of
information of 0.14 nm. The instrument was equipped with an
EDS LINK-ISIS (spatial resolution+1 nm). An EDX study was
conducted using a probe size of 25 nm to analyse isolated grains
of the phases and avoid simultaneous analysis of grains of the
two phases. Standard deviations were evaluated for atomic
ratios from at least 20 analyses.

The X-ray diffraction pattern of the synthesised catalyst
showed the sets of peaks reported in the literature for the two
phases,1 the more intense corresponding to the M2 phase. The
electron diffraction spectra of the two phases have been indexed
(Figs. 1 and 2). The M1 phase crystallises in the hexagonal
system with possible space groups P6mm, P6̄m2, P622 or
P6/mmm while phase M2 crystallises in the orthorhombic
system. Extinction conditions observed for the latter are only
compatible with the space group P21212. The data obtained by
electron microscopy made it possible to index the X-ray
diffraction powder pattern of the phase mixture and to refine the
cell parameters of the phases. The cell parameters of the M1 and
M2 phases are, respectively, a = 2.61(2), c = 0.403(1) nm and
a = 2.1207(8)(3), b = 2.6831(1) and c = 0.8047(4) nm.

The structure of M1 is isomorphous to that of the phase
Sb0.4MoO3.1 reported by Parmentier et al.6 and corresponds to
a hexagonal tungsten bronze structure.7 Although the structure
is only partial; it can be schematized as shown in Fig. 3.
Tellurium occupies the sites in the channels formed by the MO6

Fig. 1 Indexed electron diffraction pattern of the phase M1.

Fig. 2 Indexed electron diffraction patterns of the phase M2.

This journal is © The Royal Society of Chemistry 2001
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octahedra (M = Mo, V, Nb). In the case of the antimony bronze,
it was proposed that Sb partially occupies the M sites which was
not possible with Te, due to steric hindrance. Consequently the
stoichiometry of the M1 phase should correspond to Te0.33MO3.
Such stoichiometry is in accord with that calculated from EDX
analyses (Table 1).

The structure of M2 shows similarities with those of
TeMo5O16 and Sb2Mo10O31 (Table 2) and should present the
atomic arrangement of TeMo5O16 (Fig. 3). A lattice image of
the phase M2 taken with the incident beam parallel to the b axis
shows an array of intense fringes having a separation of 1.04 nm
(i.e. half of the a parameter) with in between streaks forming
two less intense lines (Fig. 4). These fringes can respectively be
attributed to the planes containing tellurium and molybdenum
cations and molybdenum cations, as they appear in the structure
model of TeMo5O16. The a parameters of the two phases (M2
and TeMo5O16) are quite similar, the c parameter of the former
corresponds to twice that of the latter and the b parameter is ca.
four times larger. These features could be related to a more

complex chemical composition of the M2 phase. Such a
complex chemical composition should result from both the high
degree of substitution of the molybdenum cations by the smaller
vanadium cations and a possible ordering of the M cations on
the sites. These features may also be due to the possible
intergrowth of M2 and M1 structures as proposed earlier for
TeMo5O16.10 The stoichiometry of the phase M2 should
correspond to Te0.2MO3.2 (with M = Mo, V and Nb). The
stoichiometry calculated from EDX data with 0.08 Te per M
cation does not agree well with this stoichiometry. It may be
possible that niobium, which is in a larger amount in this phase,
partially occupies the hexagonal window sites. The sub-
stoichiometry in oxygen observed in the case of antimony is due
to the absence of infinite chains [Te–O]H in the [001] direction
caused by a different orientation of the free electron pairs. This
limits to three instead of four the number of oxygens
neighboring the Sb cation. The presence of infinite chains could
be an important parameter in the formation of this structure and
explain the difficulties encountered when preparing the same
catalysts with antimony in place of tellurium.

From the data generated from this study, the structures of the
two phases can be described on the basis of two closely related
stacking models. These models are built up from simple or
double sheets of MO6 (M = Mo, V, Nb) separated by rows of
hexagonal windows occupied by tellurium cations (Fig. 3).
These structures correspond to the same general formula
Te[MO3]2n+1 with n = 1 for M1 and n = 2 for M2. This feature
should explain why the two phases are systematically formed
concomitantly.
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Fig. 3 Representation of the structures of the phases M1 and M2 along the
c axis.

Table 1 EDX analyses of the two phases; standard deviations are given in
parentheses

Phase Te/Mo V/Mo Nb/Mo
Te/(Mo +
V + Nb)

(Te + Nb)/
(Mo + V)

M1 0.32(2) 0.30(2) 0.07(1) 0.23(4)
M2 0.11(2) 0.23(2) 0.14(5) 0.08(4) 0.20(4)

Table 2 Comparison of the unit cell parameters of the phase M2,
Sb2Mo10O31 and TeMo5O16

Phase a/nm b/nm c/nm
Space
group Ref.

M2 2.1207(3) 2.6831(1) 0.8047(4) P21212 This study
Sb2Mo10O31 2.023(1) 0.809(1) 0.717(1) Pma2 8
TeMo5O16 2.0010(1) 0.72254(4) 0.40650(2) Pma/2 9

Fig. 4 High-resolution transmission electron imaging of the phase M2.
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A [2]catenane consisting of 41-membered interlocking rings
is formed quantitatively, following a two metal based [Cu(I)
and Pd(II)] strategy; the compound is obtained as the
thermodynamic product.

Catenanes are experiencing a spectacular revival in relation to
topology as well as switches, machines and motors at the
molecular level.1–4 Copper(I) has been extensively used as
templating metal centre, allowing the preparation of simple to
complex interlocking or knotted topologies.5 The use of
coordination bonds to construct interlocking rings has been
recently proposed.6,7 It is especially attractive when the metal-
to-ligand bond is labile and the catenane is obtained as the
thermodynamically most stable product, thus leading to quanti-
tative yields of the desired species. In this respect, palladium(II)
has turned out to be particularly well adapted.6

By combining copper(I) and palladium(II) in the same
assembly, it has been possible to make a doubly-interlocking
molecule, i.e. a 4-crossing [2]catenane.8 This unexpected
structure was obtained because the organic ligand used was too
short to afford a ring incorporating a single palladium(II)
atom.

We would now like to report that, by utilising a sufficiently
large bridging ligand, quantitative formation of a [2]catenane
was observed. The strategy is depicted in Scheme 1.

According to CPK models, ligand 1 is perfectly adapted to
the strategy of Scheme 1. 1 is relatively rigid, and, in particular,
the distance between the two oxygen atoms of 1 is more or less
fixed and does not depend on rotation about C–C bonds (O…O
~ 16 Å). After coordination of enPd2+ (en = 1,2-diamino-
ethane) two interlocking 41-membered rings are obtained. The
size of the palladium(II) containing cycles is such that the final
[2]catenane should not be strained, even if one considers that
solubilizing groups (C6H13) have been attached at the back of
the phen units.

The real reactions are represented in Fig. 1. Ligand 1 was
obtained by a double Ullmann coupling reaction9 between
4,7-di-n-hexyl-2,9-bis[4-(4-hydroxyphenyl)phenyl]-1,10-
phenanthroline10 and 4-(4-bromophenyl)pyridine.11 The latter
reaction was performed in refluxing toluene in the presence of
Cs2CO3 and excess Cu(CH3CN)4·PF6 over 3 days. After
demetallation of the crude reaction mixture with KCN and
purification by chromatography over silica gel, 1 was obtained
in 10% yield as a pale yellow glass. It could be fully
characterized by 1H NMR and mass spectroscopy.

The reaction of 1 (0.010 mmol) and Cu(CH3CN)4·PF6 (0.005
mmol) in MeCN–DMF (1+1) solution (1 ml), immediately
afforded 2, which is the precursor to catenane 3. To this
solution, enPd(NO3)2 (0.010 mmol) was added and the reaction
was stirred for 1 h at rt. In solution, 3 was obtained
quantitatively. It was isolated in 85% yield as a red micro-

Scheme 1 Ligand 1 can be regarded as an open lozenge. The 1,10-phenan-
throline (phen) site reacts with copper(I) to afford an entwined complex.
Cyclisation is carried out by completing the two interlocking lozenges, the
‘clipping’ metal being palladium(II).

Fig. 1 Quantitative formation of catenane 3 in two steps from 1, by
successive addition of Cu(I) and Pd(II).

This journal is © The Royal Society of Chemistry 2001
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crystalline solid by addition of diethyl ether. 2 and 3 are formed
as thermodynamic products since copper(I) complexes and,
especially palladium(II) compounds are substitutionally labile.

The formation of 2 and 3 as single products was confirmed by
both 1H NMR and CSI-MS (Cold Electro Spray Ionization Mass
Spectroscopy).12 The 1H NMR spectrum of 2 in CD3CN–DMF-
d7 solution showed the expected signals for the aromatic
protons, in accordance with the symmetric structure of 2, except
for the protons borne by the two pyridine nuclei which are
probably too broad to lead to clear signals. CSI-MS of 2 in
MeCN–DMF solution showed a prominent peak at m/z 2046,
[M-(PF6)]+.

The 1H NMR spectrum of 3 in CD3CN–DMF-d7 is also in
agreement with its structure. The chemical shifts of the peaks
are slightly different from those of 2. Not surprisingly, the
pyridinic protons a to the Pd(II)-coordinated N atoms appear at
low field (d = 9.67). CSI-MS of 3 in CH3CN–DMF solution at
20 mM concentration showed predominant peaks for
[M-(PF6)-(NO3)n](n + 1)+·(dmf)m: e.g. m/z 548, [M-(PF6)-
(NO3)4]5+·(dmf)5; 646, [M-(PF6)-(NO3)3]4+·(dmf)2; 834, [M-
(PF6)-(NO3)2]3+. Interestingly, 3 is obtained quantitatively,
regardless of the concentration of 2 and enPd(NO3)2. This is in
contrast with other previous examples for which catenane
dissociation to simple rings was observed at low concentra-
tion.13 In MeCN–DMF, 3 does not dissociate over the
concentration range investigated (0.005 to 20 mM). This
particularly high stability suggests that no dissociation takes
place during the MS measurements. It is probably due to the
excellent fit of the ligand to coordination of Pd(II) and especially
to the appropriate length of the 4 sides of the constitutive
‘lozenges’ of 3.

The results presented in this work together with those
discussed in reference 8 (synthesis of a 4-crossing [2]catenane)
highlight the utmost importance of the nature of the ligands used
in directed syntheses involving both copper(I) and palladium(II)

coordination. The balance between the structural parameters
(length, angles, flexibility, steric hindrance) of the ligands and
stereoelectronic requirements of both metals clearly appears
highly crucial and narrow, therefore dictating irrevocably the
very nature of the molecular assembly generated by means of
such methodology.

We thank the CNRS for its financial support.
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The reaction between {HC(MeCDippN)2}Ga: (Dipp =
C6H3Pri

2-2,6) and N3SiMe3 afforded the tetrazole {HC(MeC-
DippN)2}GaN(SiMe3)NNN(SiMe3) 1 and its amide/azide
isomer {HC(MeCDippN)2}Ga(N3)N(SiMe3)2 2 whose stabil-
ities are due to the unique steric properties of the [HC(MeC-
DippN)2]2 ligand.

Recent investigations of derivatives of the sterically en-
cumbered b-diketiminate ligand [HC(MeCDippN)2]2 (Dipp =
C6H3Pri

2-2,6) have shown that it can stabilize a wide variety of
species with unusual coordination numbers and bonding
throughout the Periodic Table.1 In particular, its use in
connection with low-valent heavier group 13 elements has
resulted in the isolation of the monomeric, two-coordinate M(I)
species {HC(MeCDippN)2}M: (M = Al2 or Ga3) which contain
a stereochemically active lone pair of electrons at the metals.
Previous work on less hindered, weakly associated M(I) species
such as Cp*M (Cp* = C5Me5; M = Al4 or Ga5) has shown that
they can react with azides to give dimeric imides such as
Cp*AlN(AlCp*2)Al{N(SiMe3)2}N{Al(Cp*)N(SiMe3)2}6 or
{Cp*GaN(C6H3Me2-2,6)}2

7 under elimination of N2. We
reasoned that the more crowded Ga(I) species {HC(MeC-
DippN)2}Ga: might react with the simple azide N3SiMe3 to
afford a monomeric imide {HC(MeCDippN)2}GaNNSiMe3
which could have a GaN multiple bond. We now report that,
although unassociated products were obtained from this
reaction, neither of these involved a terminal gallium imide
moiety. Instead, the isomers 1 and 2, involving the reaction of 2
equivalents of N3SiMe3 with {HC(MeCDippN)2}Ga:, were
isolated and characterized.

The reaction of {HC(MeCDippN)2}Ga: with N3SiMe3
afforded the products 1 and 2 in accordance with Scheme 1.† It
is probable that the species {HC(MeCDippN)2}GaNSiMe3 is
generated initally, and this is prevented from dimerizing to give
[{HC(MeCDippN)2}GaNSiMe3]2 for steric reasons. Instead,
{HC(MeCDippN)2}GaNSiMe3 reacts with a further equivalent
of N3SiMe3 to give the tetrazole 1‡ and the amide/azide product
2. Solution 1H NMR spectroscopy of the reaction mixture
shows that both 1 and 2 as well as unreacted {HC(MeC-
DippN)2}Ga: and N3SiMe3 are detectable after stirring for 30

min at ca. 25 °C. Heating at ca. 75 °C results in a ca. 1+3 ratio
of 1 and 2 which can be isolated in 73% overall yield. Both 1
and 2 were obtained as colorless crystals. However, the
solubility of the tetrazole 1 is considerably less than that of 2, so
that the products can be separated quite easily by crystallization.
The compound 1 is thermally robust having a melting point
> 200 °C. It decomposes at ca. 235 °C to a red solid with N2
elimination. Compound 2 melts at a lower temperature
(161–163 °C) and also decomposes at ca. 230 °C to give a red
solid and N2 evolution.§

Compounds 1 and 2 were characterized by 1H and 13C NMR
spectroscopy, by C,H,N analysis and by X-ray crystallog-
raphy.¶ The structure of the tetrazole 1 (Fig. 1) features GaN4
and GaN2C3 rings that are fused at gallium. The metal has
distorted tetrahedral geometry and the Ga–N bonds [av.
1.947(2) Å] to the b-diketiminate nitrogens N(1) and N(2) are
significantly longer than the average distance of 1.875(16) Å to
the tetrazole nitrogens. The longer pair of Ga–N distances is
consistent with equal components of normal and dative
character in these bonds.8 These Ga–N bond lengths also
resemble those observed in other Ga(III) b-ketiminate species.9
The shorter Ga–N distances involving the tetrazole nitrogens
are in agreement with known values for bonding between four-
coordinate gallium and terminal amide groups.10 The gallium
tetrazole ring is essentially planar, and the N(4)–N(5) distance
of 1.265(3) Å is consistent with NN double bonding. In contrast,
the gallium b-diketiminate ring is folded along the N(1)…N(2)
axis such that Ga(I) lies ca. 0.34 Å from the averaged N2C3
plane. This structural feature is common to many bulky b-
diketiminate derivatives.1 The folding of the ring results in
different magnetic environments for the two SiMe3 groups (as
well as slightly different bond lengths for Ga–N(3) and Ga–
N(6)) which is manifested in different 1H NMR chemical shifts
for the SiMe3 resonances.

Scheme 1 Reactions of {HC(MeCDippN)2}Ga: (Dipp = C6H3Pri
2-2,6) with

N3SiMe3 to give 1 or 2.

Fig. 1 Thermal ellipsoid (30%) plot of 1 with H atoms not shown. Selected
bond distances (Å) and angles (°): Ga(1)–N(1) 1.945(2), Ga(1)–N(2)
1.949(2), Ga(1)–N(3) 1.858(2), Ga(1)–N(6) 1.891(2), N(3)–N(4) 1.402(3),
N(4)–N(5) 1.265(3), N(5)–N(6) 1.406(2), Si(1)–N(3) 1.737(2), Si(2)–N(6)
1.750(2); N(1)–Ga(1)–N(2) 95.40(8), N(3)–Ga(1)–N(6) 85.74(7), N(1)–
Ga(1)–N(6) 117.49(8), N(2)–Ga(1)–N(6) 115.64(8), N(1)–Ga(1)–N(3)
126.41(8), N(2)–Ga(1)–N(3) 118.11(8).
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The structure of amide/azide compound 2 (Fig. 2) also
features gallium bound to four nitrogens in a distorted
tetrahedral fashion. The Ga–N(b-diketiminate) bonds [av.
1.952(7) Å] have very similar lengths to the corresponding
bonds in 1. The b-diketiminate ring is folded along the
N(1)…N(2) axis such that Ga(I) lies ca. 0.21 Å from the
averaged N2C3 plane. The Ga–N(SiMe3)2 bond length [1.884(1)
Å] is close to the 1.872(2) Å reported for {Cp*{(Me3-
Si)2N}Ga(m-N3)}2.7 The Ga–N(azide) bond length, 1.918(3) Å,
is essentially the same as the 1.921(4) Å observed in a bulky
aryl-substituted bis(azide) of gallium.11 Within the N3 moiety,
the N–N distances are similar to those previously observed in
gallium azides.12 Like 1, compound 2 displays two different
resonances for the SiMe3 peaks—probably due to restricted
rotation of the amide moiety around the Ga–N bond as a result
of steric effects. Rotational barriers as high as 18.6 kcal mol21

have been observed for group 13 metal–nitrogen bonds in
sterically congested systems.13 Variable temperature 1H NMR
studies of 1 or 2 in toluene did not result in the collapse of the
SiMe3 signals to a single resonance.

The isolation of tetrazole–amide/azide isomers appears to be
unique.∑14 Their stability can be rationalized on the basis of the
size of the [HC(MeCDippN)2]2 ligand which prevents dimer-
ization of the intermediate {HC(MeCDippN)2}GaNSiMe3, but
allows reaction with a further equivalent of the less hindered
N3SiMe3. Owing to the multipolar nature of the NNNSi array,
this reaction proceeds by two distinct pathways to afford 1 and
2.

We thank the National Science Foundation for Financial
Support.

Notes and references
† All manipulations were carried out under anaerobic and anhydrous
conditions. A toluene solution (50 mL) of N3SiMe3 (0.38 mL, 2.9 mmol)
was added dropwise to a rapidly stirred solution of {HC(MeCNDipp)2}Ga:
(0.66 g, 1.41 mmol) in toluene (20 mL), with cooling in an ice-bath. The
solution was allowed to rise to room temperature and was then heated to ca.
75 °C for 1 h. The solution was concentrated to ca. 20 mL and cooled for
24 h in a ca. 4 °C refrigerator to afford colorless crystals of the product 1
(0.18 g, 19%). Anal. Calc. (found) for C35H59N6GaSi2: C, 60.94 (61.11), H,
8.62 (8.81), N, 12.25 (12.01)%. Mp 217–220 °C. 1H NMR (300 MHz,
C6D6) d 7.06–7.04 (m, 6H, aromatic H of Ar group), 4.89 (s, 1H, methine
CH), 3.30 (sept, 3JHH = 6.6 Hz, 2H, CHMe), 3.20 (sept, 3JHH 6.6 Hz, 2H,
CHMe), 1.50 (s, 6H, CMe), 1.32 (d, 3JHH 6.6 Hz, 6H, CHMe2), 1.14 (d, 3JHH

6.6 Hz, 6H, CHMe2), 1.08 (d, 3JHH 6.6 Hz, 6H, CHMe2), 1.06 (d, 3JHH 6.6
Hz, 6H, CHMe2), 0.54–0.12 [s, 9H, Si(CH3)3]: 13C{1H} (75 MHz, C6D6) d
172.81 (CN), 145.48 (CMe) 142.76, 140.50 (o-C on C6H3), 127.54 (p-C on

C6H3), 125.52, 124.26 (m-C on C6H3), 99.94 (g-C), 29.10, (CHMe2), 28.92
(CHMe2), 25.30, 25.25 (CHMe2) 24.37 (CMe) 1.93, 0.99 [Si(CH3)3]. The
isomeric product 2 was obtained by decanting the supernatant liquid from 1
and cooling in a ca. 220 °C freezer for 48 h to afford colorless crystals of
2 (0.52 g, 54%). Mp 161–163 °C. 1H NMR (300 MHz C6D6) d 7.15 (s, 6H,
aromatic H or Ar groups), 4.83 (s, 1H, methine CH), 3.60 (sept, 3JHH 6.6 Hz,
2H, CHMe), 3.29 (sept, 3JHH 6.6 Hz, 2H, CHMe), 1.48 (d, 3JHH 6.6 Hz, 6H,
CHMe2), 1.44 (d, 3JHH 6.6 Hz, 6H, CHMe2), 1.40 (s, 6H, CMe), 1.16 (d,
3JHH 6.6 Hz, 6H, CHMe2), 1.11 (d, 3JHH 6.6 Hz, 6H, CHMe2), 0.23, 0.41 [s,
9H, Si(CH3)3]: 13C{1H} (75 MHz, C6D6) d 171.39 (CN), 145.11 (CMe)
144.25, 141.01 (o-C on C6H3), 128.08 (p-C on C6H3), 125.58, 124.92 (m-C
on C6H3), 100.32 (g-C), 29.09, 28.45 (CHMe2), 25.93, 25.58 (CHMe2),
25.25 (CMe), 25.09, 24.82 (CHMe2), 5.90, 5.78 [Si(CH3)3].
‡ Professor H. W. Roesky has informed us that a similar reaction involving
{HC(MeCDippN)2}Al: and N3SiMe3 affords the aluminium analog of 1.
The contrasting behavior of the gallium system, with its preference for the
amide/azide over the tetrazole product, is another illustration of the
differences between aluminium and gallium chemistry.
§ Attempts at thermal interconversion of 1 and 2 have so far been
unsuccessful.
¶ Crystal data for 1 and 2 at 90 K with Mo-Ka radiation (l = 0.71073 Å):
1: C35H59GaN6Si2, M = 689.78, colorless parallelepiped, monoclinic,
space group P21/n, a = 12.3462(4), b = 21.9781(7), c = 14.0957(4) Å, b
= 91.064(1)°, Z = 4, Dc = 1.198 g cm23, m = 0.813 mm21, R1 = 0.0454
for 4934 [I > 2s(I)] data.

2: C35H59Ga2N6Si2, M = 689.78, colorless parallelepiped, orthorhombic,
space group Pbcn, a = 20.1655(8), b = 17.8134(7), c = 21.546(9) Å, Z =
8, Dc = 1.200 g cm23, m = 0.815 mm21, R1 = 0.0354 for 9374 [I > 2s(I)]
data. CCDC 156697 and 156698. See http://www.rsc.org/suppdata/cc/b1/
b100466m/ for crystallographic data in .cif or other electronic format.
∑ Non-isomeric amide/azide and tetrazole derivatives of germanium have
been obtained by reaction of Ge(II) species with azides that have different
substituents. See ref. 14.
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Holland and W. B. Tolman, J. Am. Chem. Soc., 1999, 121, 7270; P. L.
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Fig. 2 Thermal ellipsoid (30%) plot of 2 with H atoms not shown. Selected
bond distances (Å) and angles (°): Ga(1)–N(1) 1.946(1), Ga(1)–N(2)
1.958(1), Ga(1)–N(3) 1.884(1), Ga(1)–N(4) 1.918(1), Si(1)–N(3) 1.746(1),
Si(2)–N(3) 1.751(1); N(1)–Ga(1)–N(2) 98.28(5), N(3)–Ga(1)–N(4)
111.82(6), N(1)–Ga(1)–N(3) 122.45(5), N(2)–Ga(1)–N(3) 113.23(5),
Ga(1)–N(3)–Si(1) 123.39(7), Ga(1)–N(3)–Si(2) 115.32(7).
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Ethylene oligomerisation in ionic liquids gives predom-
inately alk-1-ene products with better reactivity and selectiv-
ity than in conventional solvents; turnover frequencies are
correlated with polarity data obtained using solvatochromic
dyes.

Ionic liquids are salts/salt mixtures with melting points below
ambient temperature. The first use of ionic liquids in homoge-
neous catalysis was reported in 1990 for dimerisation1 and
polymerisation2 reactions. Since then, a rapidly growing
number of transition metal catalysed reactions have been
described in various ionic liquids (for general reviews see ref.
3). Several papers describing the oligomerisation of ethylene
and higher olefins in ionic liquids have been published.1,4

However, all work described to date has used chloroaluminate
ionic liquids, giving a high degree of isomerisation, and the
formation of mainly internal olefins. For example, 9% of but-
1-ene, but 91% of but-2-enes are obtained in the C4-fraction
from the reaction of ethylene with [Ni(MeCN)6][BF4]2 in
chloroaluminate ionic liquid at room temperature.4c

Higher a-olefins (HAOs) represent an important group of
industrial chemicals. Depending on chain length, they are used
as intermediates for plastics, plasticizers, lubricants and surfac-
tants. HAOs can be obtained from ethylene via oligomerisation
processes, such as those practised by BP Amoco (alkylalumin-
ium catalyst) and Shell (SHOP, neutral nickel/phosphine
catalyst). The latter is a biphasic process, the catalyst being
dissolved in butane-1,4-diol, and the products forming a second
layer easily removed by phase separation.

Besides the neutral nickel/phosphine compounds used in
SHOP, cationic Ni complexes have attracted some attention as
highly active catalysts for ethylene oligomerisation.5 The
positive charge means that they usually possess a more
electrophilic Ni centre, often resulting in higher oligomerisation
activity. To our knowledge, no example of biphasic ethylene
oligomerisation to HAOs with cationic Ni complexes could be
realised to date owing to the lack of a suitable solvent for the
catalyst.

Here, we report the use of ionic liquids 1a–d as catalyst
solvents in the biphasic oligomerisation of ethylene to higher a-
olefins using the cationic Ni catalyst 2.5a Ionic liquids 1a–d
were synthesised by reacting the appropriate chloride salt6 with
HPF6, following a method described by Fuller et al.,7 or
purchased from Solvent Innovation GmbH, Cologne, Ger-
many.8 It was important that the liquids were completely free of
water and chloride ions for 2 to exhibit good activity. The
catalytic experiments were carried out under a constant pressure
of ethylene in a 150 ml autoclave specially designed for
biphasic ethylene oligomerisation (four paddles, stirrer with
special gas inlet, baffles).

Catalyst 2 is found to be highly active in ionic liquid 1a,
selectively forming HAOs via a biphasic reaction (Table 1,
entry 1). The products separated as a clear and colorless organic

layer from the ionic catalyst solution after reaction (catalyst
leaching being < 0.1% (detection limit)), with high selectivity
for linear alk-1-enes. Previously, internal isomers have been the
major components in reactions of this type.4 The ionic catalyst
solution was recyclable with little change in selectivity,
although with somewhat lower activity (Table 1, entries 2 and
3). Since catalyst 2 is very sensitive to traces of water, the
deactivation may be assigned to the practical problem of
quantitative transfer back into the autoclave under completely
inert conditions. In contrast, almost no ethylene conversion was
observed in butane-1,4-diol, presumably due to catalyst deacti-
vation (Table 1, entry 4). Butane-1,4-diol was chosen since this
solvent is used successfully in biphasic reactions with neutral Ni
complexes (e.g. SHOP). Following these observations, we
decided to investigate the polarity and coordination properties
of 1a in comparison to butane-1,4-diol.

Solvatochromic dyes have been widely used to help quantify
solute–solvent interactions.9 Many different scales exist, but
most probe only particular interactions of a given solvent.
Defining the ‘polarity’ of ionic liquids is made difficult by the
wide range of interactions possible within systems like 1a. The

Table 1 Comparison of ethylene oligomerisation in different solvents

Entry
Solvent
(cycle)

TOFa/
h21

L(C6)b

(%)
S(a)c

(%)
Oligomer
distributiond

Cn

(max)e

1 1a 12712 95 93 0.16 14
2 1a (2) 9889 94 92 0.16 14
3 1a (3) 7952 93 91 0.16 14
4 Butane-1,4-diol < 10 — — — —
5 CH2Cl2 1852 95 88 0.48 18
6 1b 5527 91 89 0.18 14
7 1c 2885 92 90 0.22 14
8 1d 2058 96 94 0.24 16

Conditions: T = 25 °C; t = 2 h; p(ethylene) = 50 bar; 0.05 mmol 2; 20 ml
heptane, 10 ml ionic liquid (entries 1–3, 6–8); 20 ml organic solvent (entries
4, 5). a TOF = turnover frequency; mol feedstock converted per mol
catalyst. b L(C6) = linear hexene selectivity in C6-fraction of product.
c Hex-1-ene selectivity in the linear hexene fraction of the product.
d Schultz–Flory distribution calculated from a = mol C10/mol C8. e Cn

(max) = maximum chain length of detected products.
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few studies reported to date suggest that ionic liquids are low
dielectric materials,10 whose apparent ‘polarity’ depends on the
probe molecule employed.11

One of the most widely quoted scales of solvent polarity is the
ET scale, based on the position of the charge transfer band of
betaine dyes such as 3.9 This molecule displays an extremely
large wavelength shift in its charge-transfer band between non-
polar solvents (lmax = 810 nm for Ph2O) and polar solvents
(lmax = 453 nm for H2O). The position of the CT band is most
strongly influenced by specific interactions with the highly
basic phenoxide oxygen atom.12 When 3 is dissolved in 1a (ca.
1 mM), which had been dried under vacuum at 70 °C for several
hours, lmax = 547 nm [ET(30) = 52.3 kcal mol21],†
approximately the same as that obtained for butane-1,4-diol
[ET(30) = 53.5 kcal mol21]. Karl–Fischer titration measure-
ments indicated a water content of ca. 6.0 3 1023 M in the dried
1a. It was found that extended drying and different concentra-
tions of 3 resulted in no further change in the value of ET(30).
Clearly the residual water may have some influence on the
recorded value of ET(30), given the similar concentrations of
probe molecule and water, but it is likely that removal of all
traces of water will be impossible in any synthetic applications.
By way of contrast, for undried [bmim][PF6] (water content ca.
0.15 M), lmax = 541 nm [ET(30) = 52.9 kcal mol21]. With
regard to this polarity scale, 1a can be regarded as behaving
similarly to alcohols, possibly as a result of specific interactions
between the hydrogen atoms on the imidazolium ring and the
phenoxide oxygen. Thus, these results give no explanation for
the difference in ethylene oligomerisation activity between 1a
and butane-1,4-diol.

Since catalyst activity is most likely to be affected by the
solvent basicity, we decided to probe this parameter using 4, a
complex whose d–d absorption band shifts to longer wave-
lengths as the degree of solvent coordination at the copper atom
increases. A relationship has been reported between lmax and
the Gutmann donor number of the solvent, allowing 4 to be used
as a measure of solvent and anionic basicity.13

When 4 is dissolved in dried 1a ([4] = 10–50 mM), lmax =
516.5 nm, while lmax = 598.0 nm for butane-1,4-diol indicating
much stronger coordination of the latter to the Cu(II) centre. The
same probe in undried 1a (water content ca. 0.15 M) gave a lmax
value of 535 nm, suggesting that the presence of water has a
more significant effect than is the case for probe 3. Thus, we
conclude that the beneficial properties of 1a with regard to the
ethylene oligomerisation with catalyst 2 can be explained, at
least in part, by a unique combination of high polarity and low
coordination power displayed by this ionic liquid.

Our data suggested that the coordination strength of 1a is
only slightly higher than that of CH2Cl2. Consequently, we
applied this solvent to the ethylene oligomerisation reaction
with catalyst 2. In CH2Cl2, the reaction is monophasic, thus
preventing simple product recovery by phase separation (Table
1, entry 5). More importantly, a comparison with entry 1 reveals
a much higher activity of 2 in the ionic liquid. Bearing in mind
the similar lmax values, this result seems to be somewhat
surprising at first.

Therefore, a comparison of 1a with other [PF6]2-based ionic
liquids 1b–d was carried out. As expected, measurements with
3 reveal a slight decrease in polarity on increasing alkyl chain
length at the imidazolium cation [lmax = 557 nm, ET(30) =
51.3 kcal mol21 for dried 1c]. In contrast, 4 displays effectively
identical lmax-values for the series 1a–d (lmax = 516.5 nm for
dried 1c), indicating that the strength of interaction at the metal
centre is purely anion dependent. All ethylene oligomerisation

experiments with catalyst 2 in 1b–d showed enhanced activity
compared to the reaction in CH2Cl2, but decreasing activity was
observed with increasing alkyl chain length at the imidazolium
cation. We suggest that weak coordination of the solvent to 2 is
a prerequisite for catalytic activity, but is clearly not the only
factor to explain the special usefulness of 1a in this reaction.
The greater reactivity may be explained by inhibition of the
cationic Ni catalyst 2 by the oligomers formed. This would
explain why the oligomerisation activity is reduced by both a
monophasic reaction (e.g. CH2Cl2) and increasing solubility of
the products in the catalyst solvent (e.g. 1b–d).

Remarkably, the oligomer distribution also shows a strong
solvent dependence. The lower a-value of the Schulz–Flory
distribution shows that the yield of low molecular weight HAOs
is much higher for biphasic reactions in 1a–d than for the
reaction in CH2Cl2. This observation may be explained by the
lower ethylene solubility (25 °C/50 bar) in e.g. 1a (0.110 g
ethylene/g 1a) and 1c (0.183 g ethylene/g 1c) compared with
CH2Cl2 (0.651 g ethylene/g CH2Cl2).14 Since the rate of
insertion (kins) is dependent on the ethylene concentration,
while the rate of elimination (kelim) is not, a solvent with lower
ethylene solubility shifts the ratio kins/kelim to lower values since
it decreases the relative ethylene concentration at the catalyst.

In conclusion, we believe that our results are of general
importance, since many cationic transition metal complexes are
excellent catalysts, but are often poorly soluble in non-polar
solvents, thus requiring a compromise between the solvation
and coordination properties of a solvent. Our investigations
clearly show that hexafluorophosphate ionic liquids are very
interesting solvents for these applications. We propose to
pursue these investigations, and will report our findings in due
course.

P. W. and C. H. thank Professor Wilhelm Keim for his
continuous interest in this research and many inspiring
discussions, and C. M. G. thanks the Royal Society of
Edinburgh for funding, and the EPSRC (Grant no. GR/M56852)
for a research studentship.
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A new anion sensor 1 with an azophenol and p-nitrophenyl
moieties as chromophores allows for easy colorimetric
differentiation of F2, H2PO4

2 and AcO2 with similar
basicity.

Currently, the development of receptors for biologically
important anions is emerging as a research area of great
importance.1 One of the more attractive approaches in this field
involves the construction of chemosensors.2–4 This kind of
system is generally composed of two parts. One is the anion-
binding part employing various combinations of pyrroles,
guanidiniums, Lewis acids, amides and urea/thioureas.1–5 The
other is the chromophore which turns binding-induced changes
into optical signals.2–4 These two parts are either covalently
attached4 or intermolecularly linked.2a,b,3 Previously, we pre-
sented a new chromogenic azophenol–thiourea based anion
sensor which allows for the colorimetric detection of F2,
H2PO4

2 and AcO2.6 However, this system is not able to
discriminate between H2PO4

2, AcO2 and F2.

We now present a dual-chromophore anion sensor 1 with p-
nitrophenylazophenol1a,7 and p-nitrophenylthiourea moieties as
two different chromophores.8 The anion recognition via
hydrogen-bonding interactions can be easily monitored by
anion-complexation induced changes in UV-vis absorption
spectra and with the naked eye.

Synthesis of sensors 1 and 2 is described in the ESI†,6,7,9a 1
and 2 contain four thiourea NH groups as hydrogen-bonding
donors for anions9b and one azophenol OH group as both an
additional binding site and a color-monitoring unit.6 In the case
of 1, the introduction of a p-nitrophenyl group to the thiourea
moiety as another chromophore enables color differentiation of
anions in a cooperative manner, along with an azophenol group
upon anion binding. This approach brings together changes in
lmax of two chromophores to render colorimetric detection of
anions more effective than with only one chromophore.

It turns out that the UV-vis absorption band of 1 in
chloroform undergoes a red shift as a phosphate anion is bound.
In the absence of anions, the spectrum of 1 is characterized by
the presence of one absorption maximum at 339 nm. Upon

addition of increasing amounts of H2PO4
2, the peak at 339 nm

decreases while the new peaks gradually move to longer
wavelengths finally reaching maximum values at 374 nm (due
to a p-nitrophenyl group) and 538 nm (due to an azophenol
group) (Fig. S1a). Complexation with a series of anions results
in similar red shift tendencies. Clear isosbestic points are
observed, which demonstrates the existence of two states of a
1+1 complex. As can be expected from the UV-vis data, color
change occurs through addition of anions to the solution of 1.
Upon the addition of H2PO4

2, the color of the solution changes
from light yellow to violet. The color change terminates after
the addition of 40 equiv. of H2PO4

2. However, in the case of
HSO4

2, Cl2 and Br2 , no detectable color changes are observed
upon excess addition of anions to the solution of 1.

The qualitative changes explained above are reflected in the
quantitative data in the UV-vis absorption experiment. In these
chromophores, electronic excitation generally occurs through a
charge transfer from the donor oxygen of the azophenol and
donor nitrogen of the thiourea to the acceptor substituent (-NO2)
of each chromophore. Upon the complex formation of 1 with an
anion, the excited state would be more strongly stabilized by
anion binding, resulting in a bathochromic shift in lmax.8 The
color discrimination comes from different lmax values in each
complex and the relative contribution of the two chromophores
(Fig. 1).

The degree of a red shift for 1 was determined to be H2PO4
2

9 AcO2 ≈ F2 > Br2 ≈ Cl2 > HSO4
2 ≈ I2. The maximum

red-shift value (lmax = 538 nm) for H2PO4
2 can be understood

on the basis of the guest basicity and structure of the complex.
According to the basicity of anions,9b,10 H2PO4

2, F2 and AcO2
give stronger complexes and thus show noticeable color
changes compared to other anions. H2PO4

2with four oxygens
affects both chromophores via multitopic hydrogen bonds to
give rise to a pronounced color change, while F2 and AcO2
have a relatively weaker effect on the p-nitrophenyl group with
respect to inducing color changes. This enables color discrim-
ination between H2PO4

2, F2 and AcO2. In the case of sensor 2
with only an azophenol group as the chromophore, lmax values
upon complexation with H2PO4

2, F2 and AcO2 are similar

† Electronic supplementary information (ESI) available: experimental
details for 1 and 2, Figs. S1 and S2. See http://www.rsc.org/suppdata/cc/b1/
b102187g/

Fig. 1 UV-vis changes of 1 operated in CHCl3 (5.0 3 1025 M) after the
addition of 40 equiv. of anions.
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(Fig. S1b and Fig. 2) and thus the color differentiation between
H2PO4

2, F2 and AcO2 is not feasible. This means that the
cooperativity of dual-chromophores enables color discrimina-
tion of anions H2PO4

2, F2 and AcO2with similiar basicity.
Considering that an azophenol on its own does not exhibit color
changes through addition of anions except for F2,11 this result
indicates that the introduction of p-nitrophenylthiourea groups
as an anion-binding site increases the electronic interaction
between 1 and the anion, and furthermore results in color
discrimination between H2PO4

2, F2 and AcO2.
In summary, we have developed a new anion sensor 1 with

azophenol and p-nitrophenyl moieties as two chromophores.
This dual-chromophore system allows for colorimetric differ-
entiation of H2PO4

2, F2 and AcO2 with similar basicity.
Financial support from the KRF (Grant No. KRF-

99-042-D00073) is gratefully acknowledged. We thank the

Ministry of Education (BK 21 program) for a postdoctoral
fellowship awarded to K. H. L., and predoctoral fellowships
awarded to H. Y. L. and D. H. L.
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The rate for adduct formation between cis-[Pt(NH3)(c-
NH2C6H11)Cl(OH2)]+ and guanine-N7 in d(TnGT162n) de-
creases gradually from the maximum rate found for
platination of the middle position towards both the 3A and 5A
ends.

Short DNA and RNA fragments are currently of great scientific
interest. Modified DNA fragments have emerged as promising
candidates for the treatment of both cancers and viral infec-
tions.1 In addition, increasing knowledge about the nature of the
interactions between metal ions or naturally occurring proteins
and the surface of ribonucleic acids in vivo allows for detailed
models system studies under well defined conditions in vitro.2
The use of oligonucleotides, rather than extended ribonucleic
acids for such studies is, however, likely to change the
magnitude of the electrostatic interactions between the oligonu-
cleotide surface and approaching charged or dipolar species.3–8

A goal for current work in our laboratory is to increase the
understanding of how the reduced electrostatic interactions of
such model systems influence the overall adduct formation
process with charged anticancer active metal complexes. We
here present a study that allows for a unique comparison of the
kinetic influence from the DNA environment during metalation
of the non-charged guanine-N7, G-N7, with that of the
previously studied charged phosphorothioate group, p(S).9,10

The obtained reaction profile reveals a less pronounced kinetic
influence from the surrounding DNA, which suggests the
distance from the phosphodiester backbone as a parameter of
influence on the adduct formation process.

The present study has been designed to obtain detailed
information concerning the magnitude of the kinetic influence
from the DNA environment as a function of position of G-N7
within a given size DNA fragment. The reaction between cis-
[Pt(NH3)(c-NH2C6H11)Cl(OH2)]+ 1 and a single-stranded
17-mer poly(dT) oligonucleotide with one guanine base at
variable position was used as a model system; d(TnGT162n), n
= 0, 2, 4, 6, 8, 10, 12, 14, and 16. The platinum complex is
considered to be the active metabolite of the orally adiminis-
tered anticancer active compound cis,trans,cis-[Pt(NH3)(c-
NH2C6H11)(OC(O)CH3)2Cl2] (JM216).11–13 Like cisplatin, it
preferentially forms intrastrand adducts between adjacent G-
N7, but exhibits a reduced preference for formation of the
mutagenic AG-lesion.14,15 Determination of the rate constants
for the adduct formation reactions with deoxyguanosine 5A-
phosphate, d(pG), was included to illustrate the kinetic
influence from the surrounding polymer. A low concentration
salt buffer with [cation] = 1.0 mM was used to obtain
maximum kinetic resolution between the different positions
along the oligonucleotide. The kinetics were studied under
pseudo-first-order conditions with a 40-fold excess of 1.
Samples were taken from the thermostated reaction mixture (pH
4.1 ± 0.1, 298 K) at different time intervals, and were analyzed

by use of HPLC as described previously.16 Observed pseudo-
first-order rate constants, kobs, were derived by a fit of a single-
exponential function to the time dependent decrease or increase
of peak areas corresponding to unplatinated and platinated
oligomer respectively. During reactions with the oligomers, the
concentrations of 1 and DNA were kept constant. The pseudo-
first-order rate constants can thus be directly compared and used
as a measure of the kinetic influence from surrounding DNA.

The observed rate constants were found to vary significantly
with the location of the common G-N7 nucleophile along the
oligomer d(TnGT162n), see Fig. 1. The shape of the reaction
profile shows that platination is kinetically favoured when the
G-N7 site is located in the central part of the oligomer with a
maximum for platination of d(T8GT8) with kobs = 6.46 ± 0.04
s21. The platination rate decreases gradually in both the 5A- and
3A-directions, reaching a similar value at both ends, viz. kobs =
1.9 ± 0.5 and 2.48 ± 0.13 s21, respectively. The observed
reactivity of the mononucleotide d(pG) with kobs = 0.27 ± 0.04
s21 is ca. one order of magnitude slower compared with
platination of the oligomers despite the larger Pt(II)-concentra-
tion used (CPt = 3.2 3 1024 M).

The observed increased reactivity of purine N7 in the DNA
environment, compared with the reactivity of its corresponding
monomeric form,17,18 agrees qualitatively well with previous
observations made for reactions with the charged p(S)-
group.9,10,19,20 However, the present study shows clearly that
the influence from the DNA environment is significantly
reduced for reaction with the non-charged G-N7 when the
gradient between the concentration of bulk cations and those
accumulated on the DNA is increased.3–8 For example, the
second-order rate constant for adduct formation with the
d(T8GT8) oligomer is ca. 50 times larger compared with that
observed for the d(pG) monomer, whereas the reactivity of
d(T8p(S)T8) exceeds that of d(Tp(S)T) with a factor of ca. 200
at comparable salt concentration.10 The effect is further

† Electronic supplementary information (ESI) available: observed pseudo-
first-order and apparent second-order rate constants for platination of G-N7
located in short DNA oligomers. See http://www.rsc.org/suppdata/cc/b1/
b103087f/

Fig. 1 Observed pseudo-first-order rate constants as a function of G-N7
position with respect to the 5A-end for reaction of 1 with d(pG), and
d(TnGT162n); n = 0, 2, 4, 6, 8, 10, 12, and 16, T = 25 °C, [cation] = 1.0
mM. For reactions with oligonucleotides: CPt = 1.6 3 1024 M, [DNA] =
4.0 3 1026 M, for reactions with d(pG): CPt = 3.2 3 1024 M, [DNA] = 3.3
3 1025 M.
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illustrated by a comparison of the reaction profiles obtained for
d(TnGT162n) and d(Tnp(S)T162n), see Fig. 2. The figure reveals
a similar overall tendency for a gradual increase of the reactivity
towards the middle of the oligomer. Normalization of the
reactivity with respect to the rate obtained for the 5A-end
positions shows however that the relative change is less
pronounced for formation of the platinated G-N7 moiety.

In mechanistic terms, these observations have several
implications. First of all, the DNA promoted reactivity is in line
with the previously suggested reaction mechanism where an
electrostatically driven preequilibrium between the charged
metal complex and the oligonucleotide contributes to increase
the rate of adduct formation with reactive groups located on the
oligomer.9,10,19,20 Second, the gradual increase of kobs towards
the middle of the oligomer rules out a strict sequence dependent
influence on the observed reactivity. The common platination
environment of the type 5A-T4GT4-3A should be large enough to
provide a constant local structural and electrostatic environment
around G-N7 in the centrally located positions, i.e.
d(TnGT162n); n = 4, 6, 8, 10, and 12 in the absence of other
effects. Rather, the similar shape of the reaction profiles speaks
in favour of a reaction model where the tendency for
preaccumulation varies along the oligomer, in a fashion similar
to the one calculated for short double-stranded DNA oligo-
mers.3,4 The less pronounced influence from such effect in the
present investigation, compared with adduct formation with
p(S), suggests further that the local concentration of pre-
accumulated cations decreases with increasing distance from
the phosphodiester backbone.‡ To our knowledge, this is the
first experimental investigation giving information about the
corresponding variation in reactivity for a bimolecular reaction
between an external, cationic metal reagent and reactive groups
located on the DNA surface.

In summary, the present results support a reaction model
where a varying local concentration of preassociated cationic
platinum complexes significantly influences the observed

reactivity during adduct formation with non-charged groups
located on the DNA surface. The lower sensitivity of G-N7,
compared with phosphorothioate reactions, can be explained by
the larger distance between the electrostatically preferred
interaction sites along the phosphodiester backbone and G-
N7.21 These results should be of importance for synthetic
strategies and for a fundamental understanding of reaction
mechanisms in vivo involving interactions between charged
species and reactive groups located on small ribonucleic acid
fragments or their charged antisense mimics.

Financial support from the Swedish Cancer Society (grant
3308-B00-07XCC, S.K.C.E.) is gratefully acknowledged.
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Fig. 2 Relative reactivity for adduct formation of 1 with G-N7 (hatched
bars) and p(S) (open bars)10 as a function of distance from the 5A-end of
d(TnGT162n) and d(Tnp(S)T162n).
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Enantiospecificity of sterol–lipid interactions: first evidence that the
absolute configuration of cholesterol affects the physical properties of
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Results from monolayer studies using the enantiomers of
cholesterol (nat- and ent-cholesterol) and egg yolk sphingo-
myelin show for the first time that enantiospecific inter-
actions between sterols and lipids can affect the physical
properties of membranes.

Because the sterols and lipids of cellular membranes occur in
enantiomerically pure form, it is possible that the physical
properties of the membranes could, in part, be dependent on
enantiospecific sterol–lipid interactions. This possibility has
seldom been addressed because the unnatural enantiomers of
sterols and lipids are not readily available. Nevertheless, in the
few studies that have been performed, where interactions of the
enantiomers of dipalmitoylphosphatidylcholine, (or its close
structural analogues) with natural cholesterol (nat-cholesterol)

were investigated, no enantioselective sterol–lipid interactions
were detected.1 Thus, it is perhaps not surprising that enantio-
specific sterol–lipid interactions are widely believed to be too
weak to influence the physical properties of membranes. Here,
we show that this view is unwarranted for certain sterol–lipid
interactions. Specifically, we show that enantiospecific inter-
actions between cholesterol and egg yolk sphingomyelin (SPM)
influence the physical properties of cholesterol–sphingomyelin
monolayers at the air–water interface in a Langmuir–Blodgett
trough.

The ent-cholesterol was prepared by us as described
previously.2 Enantioselectivity for the interactions of either nat-
or ent-cholesterol with egg yolk sphingomyelin was investi-
gated by examining the well known condensing effect of
cholesterol on the packing of monolayers of cellular membrane
lipids on a water surface in a Langmuir–Blodgett trough.3 At
low surface pressures, the rigid steroid acts as a template to

orient the lipid hydrocarbon chains into fully extended con-
formations thereby allowing the lipid to occupy less area on the
water surface than it would occupy if the steroid were not
present. Thus, enantioselectively for the sterol–lipid inter-
actions is detected as a difference in the plots of surface pressure
(P) vs. mean molecular area (mmA) during the compression of
mixed monolayers containing the same mol% of either
cholesterol enantiomer cospread on the surface with SPM.

In data not shown, the P–mmA compression isotherms of the
cholesterol enantiomers and SPM were recorded. The compres-
sion isotherms of the cholesterol enantiomers are identical. A
gaseous to liquid ordered phase transition (P ! 0.5 mN m21)
occurs at mmA ≈ 42 Å2 molecule21 and the film collapses
when P ≈ 49 mN m21 and mmA ≈ 36 Å2 molecule21. In the
absence of cholesterol, SPM monolayers compressed on a water
subphase undergo a gaseous to liquid ordered phase transition
(P ! 0.5 mN m21) at mmA ≈ 82 Å2 molecule21. At collapse,
the SPM monolayers have P ≈ 55 mN m21 and mmA ≈ 35 Å2

molecule21. These experimental parameters are in agreement
with published values for the compression isotherms of similar
cholesterol or SPM films.4

Results for the P–mmA compression isotherms of monolayer
films containing 30 mol% of either nat- or ent-cholesterol and
70 mol% SPM are shown in Fig. 1. Differences in mmA values
at all P are observed and are highly significant (P < 0.00001).5
The ent-cholesterol has a greater condensing effect on SPM
than nat-cholesterol.

In experiments not shown, mixed cholesterol–SPM films
containing 10–50 mol% of either cholesterol enantiomer were
compressed. Enantioselectivity during compression was ob-
served when the mol% of the steroid was varied in 10 mol%
increments between 20 and 40 mol%. Enantioselectivity was
greatest at 30 mol% sterol and was not observed at either 10 or

Fig. 1 Pressure–area isotherms for 3+7 mixtures of each cholesterol
enantiomer with egg yolk sphingomyelin.
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50 mol% sterol. Also in experiments not shown, mixed
cholesterol–DPPC (natural L-dipalmitoylphosphatidylcholine)
films containing 10–60 mol% of either cholesterol enantiomer
were compressed. These DPPC experiments provide a chirality
crosscheck on the earlier reported studies that used DPPC
enantiomers. In agreement with the earlier cited studies, we
found no enantioselectivity using cholesterol enantiomers and
natural DPPC.

The appearance of the 30 mol% nat- and ent-cholesterol–
SPM films during compression was examined using Brewster
angle microscopy.6 Fig. 2 shows micrographs of the films at
similar degrees of compression. The SPM film containing ent-
cholesterol exhibits a greater fraction of the gas (dark) phase
than the corresponding SPM film containing nat-cholesterol. At
this stage of compression the nat-cholesterol, but not the ent-
cholesterol, containing film has undergone the gaseous-to-
liquid condensed phase transition (refer to Fig. 1). Thus, the
films are visually different at similar degrees of compression.
Additionally, there are two phases evident for the nat-
cholesterol containing film, but three phases present for the ent-
cholesterol containing film. This difference in the number of
phases present also occurs when the films are more expanded
and neither film has undergone a phase transition. Further
compression of either film after the phase transition has
occurred gives uniform films with a similar bright appearance.
Although further experiments are needed to characterise the
identity of the third phase present in the ent-cholesterol
containing film, the presence of this additional phase em-
phasised that the differences between the P–mmA isotherms of
the cholesterol enantiomer–SPM films are not experimental
artefacts.

Thus, we confirm that the physical properties of cholesterol–
DPPC containing membranes are not measurably influenced by
enantiospecific interactions between the sterol and the lipid. In
contrast, we report that enantiospecific interactions between
cholesterol and SPM do affect the physical properties of these
membranes. It is likely that the varying degrees of enantiose-
lectivity observed for DPPC and SPM in their interactions with
cholesterol are explained by differences in the hydrogen
bonding between the cholesterol hydroxyl group and the polar
head groups of the two lipids.

The only chiral center in DPPC is the central carbon in the
glycerol backbone of the lipid. Thus, unless the carbonyl

oxygen in the ester group attached to this carbon is directly
involved in a hydrogen bonding interaction with the hydroxy
group attached to the C-3 chiral center in cholesterol, there is
little opportunity for the molecules to interact in an enantiose-
lective manner. However, evidence suggests that the DPPC
ester carbonyl group and the cholesterol hydroxyl group do not
hydrogen bond to each other, but instead hydrogen bond to
intervening water molecules.7,8 Hence, it may not be surprising
that cholesterol–DPPC packing interactions are not measurably
enantioselective.

The D-erythro-sphingosine base of SPM has two chiral
centers and a double bond proximate to the zwitterionic choline
head group. Additionally, since the polar head group of SPM
contains both hydrogen bond donor and acceptor groups it is
possible for hydrogen bonding to organise SPM into aggregates
in a way that is not possible for DPPC. If hydrogen bonding to
cholesterol alters these intermolecular SPM–SPM hydrogen
bonding interactions, it seems reasonable that cholesterol could
do this in an enantiospecific manner. Further experiments will
be needed to investigate this possibility. Nevertheless, the
hypothesis seems consistent with published views regarding the
idea that intermolecular hydrogen bonding between cholesterol
and SPM has important biophysical and biochemical conse-
quences.8

This study provides the first evidence that enantioselective
interactions between sterols and lipids can affect the physical
properties of membranes. In a larger context, ent-cholesterol
may prove to be a useful reagent for studying cellular
cholesterol homeostasis and the role that cholesterol–SPM raft
formation plays in the functioning and trafficking of proteins
involved in cell-signalling pathways.9 We have previously used
ent-cholesterol to demonstrate that the absolute configuration of
cholesterol has an effect on the transport of daunomycin by the
multidrug resistance transporter P-glycoprotein (Pgp) in human
HepG2 and Chinese hamster ovary (CHO) cells.10 Additional
studies to further define the effect that the absolute configura-
tion of cholesterol has on the physical properties of cell
membrane lipids and studies of ent-cholesterol binding to
proteins are in progress.

We thank the NIH for grant GM 47969 that supported this
work.
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A stable inclusion complex of b-cyclodextrin with [60]full-
erene is reported for the first time, synthesized by using a
novel synthetic procedure; radical scavenging studies of the
water-soluble complex indicate that it has potential for a
number of medical applications.

The supramolecular chemistry of cyclodextrins (CD) in aque-
ous solution is a topic of commercial interest with a variety of
biomedical applications.1 Nonpolar drug molecules have been
solubilized in water by making their inclusion complexes with
cyclodextrins. Among the cyclodextrins, the b-cyclodextrin is
the cheapest commercially available, being about four times
cheaper than g-cyclodextrin. [60]Fullerene is a nonpolar
molecule and much of the research on the inclusion complexes
of cyclodextrins and [60]fullerene has centered on g-cyclodex-
trins,2a–c as recent research has shown the biological activity of
water-soluble [60]fullerene derivatives such as its DNA-
cleaving ability and anti-HIV activity.3 There are only a few
reports on inclusion complexation of [60]fullerene.2 The
procedures described are based on heterogeneous reaction
media and all have reported that only g-cyclodextrin forms an
inclusion complex (2+1) and b-cyclodextrin or a-cyclodextrin
do not form complexes. The reason given is the comparable size
of the [60]fullerene and the cavity diameter of the g-
cyclodextrin molecule and that the C60 molecule does not
intrude deeply into the g-cyclodextrin cavity. In fact, these
reports describe the experimental failure to prepare the
inclusion complex of b-cyclodextrin with [60]fullerene.2b,c

There are only a few reports on the inclusion complexation of
[60]fullerene by CD derivatives.2d,e However, when studying
the data in detail and conducting molecular modeling studies, it
becomes evident that the dimensions of the cyclodextrins do
principally not rule out the formation of an inclusion complex
between b-cyclodextrin and [60]fullerene. The larger cavity
diameter of b-cyclodextrin is 780 pm and the outer rim diameter
is 1530 pm on the polar side of the molecule as compared to 950
pm and 1690 pm, respectively, for the g-cyclodextrin. Thus the
cavity diameters are much smaller than the van der Waals
diameter of [60]fullerene ( ~ 1000 pm). On the other hand,
based on crystallographic studies it has been reported that the b-
cyclodextrin cavity is suitable for spherically shaped guests
such as adamantane derivatives4 or naphthalene,5 and the space
enclosed by the head-to-head dimer is ~ 2.5 times wider than
the cavity of the single molecule.6 Consequently, the reason for
the unsuccessful attempts to form inclusion complexes of b-
cyclodextrin and [60]fullerene is not only the size but seems to
also depend on the reaction conditions. Due to the lower cost of
b-CD and its widespread applications, there are also con-
siderably more data available on toxicity and other pharmaco-
logical studies. Here we report a novel method for a water-
soluble, stable b-cyclodextrin–[60]fullerene inclusion
complex.

The synthesis of the CD–C60 inclusion complex (Scheme 1)
was achieved in a mixed organic solvent system containing
DMF and toluene (typically 50–90% DMF, v:v), where both the
b-cyclodextrin and [60]fullerene formed a homogeneous reac-
tion medium. The inclusion of the fullerene into the CD cavity
was monitored over a period of two weeks by UV-Vis

spectroscopy (Fig. 1). The CD–C60 complex was isolated by
removing the organic solvents, and subsequent addition of
distilled water, to yield a light yellow aqueous solution. The
complex was purified in aqueous solution by membrane
filtration using a polymer membrane with a molar mass cut-off
of 2 kg mol21 (Yield: 60%, solubility in water: 4 g L21).7 The
FTIR spectra of the inclusion complex showed the typical band
at 527 cm21 assigned to [60]fullerene. The UV-Vis spectrum
showed the absorption at 342 nm and the peak broadening
beyond 350 nm. Further corroboration for the formation of the
inclusion complex was obtained by 1H and 13C NMR
spectroscopy. The complex showed a slight shift in the
resonances of the C3 carbon of the CD unit, but no shift in the
resonance of the C5, indicating that the fullerene does not
intrude into the cavity completely. This is supported by the
energy minimization calculations (Fig. 2). These studies also
showed that the visible and accessible fullerene surface in the
complex is increased by a factor of ~ 8 compared to the g-
cyclodextrin complex, which is very important with respect to
biological applications. Under these conditions, in contrast, the
a-cyclodextrin did not form an inclusion complex.

Generally, b-cyclodextrin can form a 2+1, 1+1, or 1+2
complex with a guest and the theoretical calculated mass
content of b-cyclodextrin in the complex for these three types
would be 75.9, 61.2, and 44.1%, respectively. Thermogravi-
metric analysis of the complex formed showed that the total
mass loss of the cyclodextrin at 325 °C was 72.5%. This result
clearly indicates that this inclusion complex is of the 2+1
type.

It is known that the two main driving forces for inclusion
complexation are the repulsive forces between the included
water molecules and the apolar cyclodextrin cavity on the one

Scheme 1 Synthesis of the b-cyclodextrin–[60]fullerene inclusion com-
plex.

Fig. 1 UV-Vis spectra of C60 (in toluene) and the b-cyclodextrin–C60

inclusion complex (in water).
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hand, and between the apolar [60]fullerene and the bulk water
on the other. However, the second factor is not relevant in the
dry state and thus the product isolated from the solution could be
just a fine dispersion of b-cyclodextrin and [60]fullerene. The
X-ray diffraction pattern of the freeze-dried inclusion complex
(Fig. 3), however, shows that the product isolated has neither the
typical 2q values of CD nor those of [60]fullerene. It can be seen
that the complex has a different structure to the parent b-
cyclodextrin (2q = 9, 12.5, 19.6, 23.0, 27.0, 34.8°) and C60

8 (2q
= 11.0, 17.5, 21.7°), with the total suppression of the crystalline

structure of b-CD. This is in accord with similar observations
for the g-CD complex.2b

Water-soluble fullerene compounds have potential bio-
medical applications and previous attempts involved its func-
tionalization9 with a significant modification of the fullerene
molecule, which could lead to toxicity problems. The approach
adopted here overcomes such problems, as at present only the
parent b-CD has been cleared for human consumption. Radical
scavenging studies were carried out using a screening test with
the stable free radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
developed in our laboratory.10 There was a visual bleaching of
the purple color of the DPPH solution with time, which was
monitored by UV-Vis spectroscopy showing a gradual shift and
decrease in the absorbance of the 517 nm peak of the DPPH
solution. This shows that the [60]fullerene in the complex with
b-cyclodextrin retains its radical scavenging activity in the
aqueous solution.

Financial support from the Ministry of Education for the
‘Brain Korea 21’ project is gratefully acknowledged.
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Reactions of primary amines, RNH2 [R = (CH3)3C–,
(CH3)2CH–, CH3(CH2)2–, (CH3)2CHCH2–, CH3(CH2)3–]
and secondary amines, R2NH [(R = CH3CH2–, CH3(CH2)2–,
(CH3)2CHCH2–], with Selectfluor™ in acetonitrile or DMF
or DMA result in formation of the corresponding RNF2,
RNHF, and R2NF in high yields.

The synthesis and reactivity of compounds that contain the
nitrogen–fluorine bond have been studied extensively.1–7 Many
methods have been developed to prepare N-fluoroamines and
N,N-difluoroamines by using either elemental fluorine or other
fluorine-transfer reagents which often gave poor yields of the
final products and required extreme precautions. In 1960, Frazer
reported the formation of RNF2 (R = CH3, C2H5) in moderate
yields from photolysis of RI + N2F4 through Pyrex.8 Thermo-
lysis of mixtures of alkanes and N2F4 at 300 °C resulted in
mono and disubstituted difluoroamino compounds.9 However,
with the advent of modern day electrophilic fluorinating
reagents, such as CF3OF, XeF2, ClO3F and CsSO4F, as well as
fluorine itself, it has been possible to prepare a variety of > NF
or 2NHF compounds.9–11 A decade ago we reported the
effective synthesis of acyclic secondary and cyclic fluor-
oamines, in addition to N-nitrosoamines, by using trifluor-
oamine oxide (NF3O) as the fluorinating agent at < 0 °C.12

The application of Selectfluor™ for the electrophilic fluor-
ination of primary and secondary amines provides a powerful
straightforward one step route to –NF2 and > NF compounds
and, for the first time, the opportunity to prepare –NHF
compounds via control of reaction stoichiometry. Since the
discovery of this reagent, considerable success in the electro-
philic fluorination of organic molecules, especially in the
formation of C–F bonds, has been realized but the mechanism of
the fluorine-transfer step has remained minimally under-
stood.13-15

Initially, tert-butylamine (3 mmol) was reacted with Select-
fluor™ (6.2 mmol) at 0 °C in acetonitrile for 6 h. Analysis of the
reaction mixture with GCMS showed complete consumption of

the tert-butylamine. Separation of tert-butyldifluoroamine from
acetonitrile was not very clean due to the small difference
between the boiling points of the solvent and the product. tert-
Butyldifluoroamine was characterized spectroscopically in
acetonitrile solution. The above reaction was also found to be
equally successful when DMF or DMA was used as solvent and
was completed within an hour. These solvents were found to be
suitable due to their high boiling points which made the
separation of the products from the solvent relatively straight-
forward. In some cases, the formation of (CH3)2NCOF16 (@
5%) was observed as a byproduct when DMF was used as a
solvent. By using similar reaction conditions,† the other
primary amines, RNH2 [R = (CH3)2CH–, CH3(CH2)2–,
(CH3)2CHCH2–, CH3(CH2)3–], were converted in DMA solu-
tion into the corresponding difluoroamines in good yields
(Scheme 1, Table 1). An attempt to prepare tert-butyl
fluoroamine [(CH3)3CNHF] by the slow addition of a DMF
solution of tert-butylamine (3 mmol) into a stirred suspension of
Selectfluor™ (3 mmol) solution in DMF resulted in the
formation of a mixture of difluoro and fluoroamine in a 9+1
ratio. However, when the addition of the reagents was reversed,
tert-butylfluoroamine was formed as the sole product (Scheme
1, Table 1).

Several secondary amines, R2NH [(R = CH3CH2–,
CH3(CH)2–, (CH3)2CHCH2–], were reacted at 0 °C to 25 °C
with 1.2 equiv. of Selectfluor™ in DMA‡ for 2 h. Separation of

Table 1 Electrophilic fluorination of amines with Selectfluor™a

Entry Substrates Productsb
Conversion
(%)

Yield (%)c

(pure)
19F NMR
(d in ppm)

1 (CH3)3CNH2 (CH3)3CNF2 100 80 28.6
2 (CH3)3CNH2 (CH3)3CNHFd 100 85 2120.3
3 (CH3)2CHNH2 (CH3)2CNF2 100 78 39.0
4 (CH3)2CHNH2 (CH3)2CHNHFd 100 82 2131.7
5 CH3(CH2)2NH2 CH3(CH2)2NF2 100 75 55.0
6 CH3(CH2)2NH2 CH3(CH2)2NHFd 100 63 2117.3
7 (CH3)2CHCH2NH2 (CH3)2CHCH2NF2 100 74 33.0
8 (CH3)2CHCH2NH2 (CH3)2CHCH2NHFd 100 66 2140.9
9 CH3(CH2)3NH2 CH3(CH2)3NF2 100 72 54.8

10 CH3(CH2)3NH2 CH3(CH2)3NHFd 100 80 2116.6
11 (CH3CH2)2NH (CH3CH2)2NF 100 65 253.0
12 (CH3CH2CH2)2NH (CH3CH2CH2)2NF 100 76 250.3
13 [(CH3)2CHCH2]2NH [(CH3)2CHCH2]2NF 100 73 246.5

a All the reactions were carried out in N,N-dimethylacetamide (DMA). b All the products were characterized by spectroscopic analysis and known compounds
were identified by comparing with the spectroscopic data reported in the literature. c The yields in entries No. 1–4 were identical when either DMF or DMA
was used as solvent. d New compounds.

Scheme 1
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the product by low temperature trap-to-trap distillation gave the
corresponding N-fluoroamines, R2NF [(R = CH3CH2–,
CH3(CH)2–, (CH3)2CHCH2–] in good isolated yields (Scheme
2).

The present report describes a powerful and simple method
for the preparation of N-difluoro and N-fluoro compounds (high
energy molecules) with some advantages in comparision with
some other routes. The stability of these volatile liquids is
variable. While all are stable in solution in Pyrex glass
containers for several days at 25 °C, various degrees of
decomposition occur over time. For example, (CH3)3CNF2 was
found to be stable in a sealed tube for at least three months under
refrigeration, while CH3CH2CH2CH2NHF decomposed fully
after an equal time in Pyrex at 25 °C. A sample of (CH3)3CNHF
refrigerated in a vial for several months showed no decomposi-
tion based on NMR spectral measurements. However, R2NF
compounds are reported to be unstable in Pyrex glass for
extended periods.12

We are grateful to Dr Robert G. Syvret (Air Products and
Chemical, Inc.) for generous gifts of Selectfluor™ reagent. This
work was supported by the National Science Foundation (Grant
No. CHE – 9720365) and the Office of Naval Research (Award
No. N00014-00-1-0721). Warning: While no problems arose
during these syntheses, adqeuate precautions should be em-
ployed since fluoroamines and difluoroamines can be un-
predictably shock and thermally unstable.
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may pass through a trap at 278 °C and stop in a trap at 2100 °C.
(CH3)3CNF2: 9 IR (gas phase): 2991 vs, 2944 s, 1485 s, 1375 vs, 1253 m,
1222 m, 980 vs, 880 vs, 587 m cm21; dH (200 MHz, CD3CN): 1.24 (t, 9H,
JH-F = 1.6 Hz); dF (188 MHz, CD3CN): 28.7 broad singlet; dC (50 MHz,
CD3CN): 22.8, 70.6 (t, J = 6.8 Hz); MS (EI) m/e (species intensity): 110 (M

+ H, 1), 94 (M+ 2 CH3, 5), 57 ((CH3)3C+ , 85), 41 (CH3CN+, 100).
(CH3)2CHCH2]2NF:12 (trapped at 278 °C, passing 240 °C) IR (gas
phase): 2986 vs, 2897 vs, 2808 s, 1472 s, 1390 s, 1371 s, 1290 w, 1243 w,
1142 s, 1111 m, 930 w, 833 m cm21; dF (188 MHz, CD3CN): 0.98 (d, 12H,
J = 21 Hz), 2.1 (m, 2H), 2.88 (dd, 4H, JH-F = 40.8 Hz); dF (200 MHz,
CD3CN): 246.5 q (JF-H = 40.0 Hz); MS (EI) m/e (species intensity): 147
(M+, 6), 127 (M+2HF, 1), 104 (M+2 (CH3)2CH, 63), 57 ((CH3)2CHCH2

+,
100).
‡ To a stirred solution of primary amine (3.2 mmol in 2 mL of DMF or
DMA), a Selectfluor™ solution (3 mmol in 3 mL of DMF or DMA) was
added dropwise at 0 °C. After 0.5 h stirring, the reaction mixture was stirred
at 25 °C for an additional 0.5 h. Solvent was retained in a trap at 220 °C and
the product was isolated from a trap maintained at 278 °C. (CH3)3CNHF:
dH (200 MHz, CD3CN): 1.06 (d, 9H, JH-F = 2.2 Hz), 8.70 (br d, JH-F = 45
Hz); dF (188 MHz, CD3CN): 2131.7 (broad doublet, JH-F = 45 Hz); dC (50
MHz, CD3CN): 25.2, 59.0 (d, J = 10.7 Hz); MS (EI) m/e (species intensity):
92 (M + H, 1), 76 (M+ 2 CH3, 100), 57 ((CH3)3C+, 40), 41 (CH3CN+, 92).
(CH3)2CHNHF: 2977 vs, 2895 s, 1466 s, 1379 s, 1006s, 937m, 868 vs;
dH (200 MHz, CD3CN): 1.20 (br dd, 6H), 3.41 (d sept, JCH3-H = 6.2 Hz,
JCH-F = 37.5 Hz), 8.44 (br d, JH-F = 46.5 Hz); dF (188 MHz, CD3CN):
2120.3 (dd sept, JNH-F = 46.0 Hz, JCH3-F = 1.3 Hz); dC (50 MHz,
CD3CN): 23.0, 24.18, 41.28; MS (EI) m/e (species intensity): 77 (M+, 3), 63
(M+ 2 CH3, 71), 62 (M+ 2 (CH3 + H), 100), 42 ((CH3)2C+, 81).

1 H. J. Emeléus, J. M. Shreeve and R. D. Verma, Adv. Inorg. Chem., 1989,
33, 139, and references therein.

2 A. L. Logothetis, J. Org. Chem., 1966, 31, 3686.
3 A. L. Logothetis and G. N. Sausen, J. Org. Chem., 1966, 31, 3689.
4 C. J. Hoffman and R. A. Neville, Chem. Rev., 1963, 62, 1.
5 H. M. Marsden and J. M. Shreeve, Inorg. Chem., 1987, 26, 169, and

references therein.
6 E. O. John and J. M. Shreeve, Inorg. Chem., 1988, 27, 3100.
7 E. O. John, R. D. Willett, B. Scott, R. L. Kirchmeier and J. M. Shreeve,

Inorg. Chem., 1989, 28, 893.
8 J. W. Frazer, J. Inorg. Nucl. Chem., 1960, 16, 63.
9 R. L. Petry and S. F. Read, Jr., U.S. Patent, 1967, 3,350, 453.

10 A. A. Gakh, S. V. Romaniko, B. I. Ugak and A. A. Fainzilberg,
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12 O. D. Gupta, R. L. Kirchmeier and J. M. Shreeve, J. Am. Chem. Soc.,

1990, 112, 2383.
13 R. E. Banks, J. Fluorine Chem., 1998, 87, 1, and references therein.
14 G. S. Lal, G. P. Pez and R. G. Syvret, Chem. Rev., 1996, 96, 1737.
15 G. G. Furin, Introduction of Fluorine by N–F Compounds, ed. B.

Baasner, H. Hagemann and J. C. Tatlow, in Methods of Organic
Chemistry (Houben-Weyl) Organo-Fluorine Compounds, Georg
Thieme Verlag, New York, 1999, 432.

16 Characterization data: IR (gas phase): 2975 vs, 2877 vs, 1738 s nCNO,
1475 s, 1440 s, 1205 s, 927 s, 927 s, 786 vs cm21; NMR: dH (200 MHz,
CD3CN): 2.92 (d, 6H, JH-F = 36.5 Hz); dF (188 MHz, CD3CN): 224.49
(sept, 1F, JH-F = 36.5 Hz); dC (50 MHz, CD3CN): 55.7, 112.7. MS (EI)
m/e (species intensity): 91 (M+, 1), 76 (M+ 2 CH3, 2), 48 (COF+ + 1,
100), 44 (CH3CN+, 3).

Scheme 2
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Interlinked molecular squares with [Cu(2,2A-bipy)]2+ corners
generating a three-dimensional network of unprecedented topological
type
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A noteworthy three-dimensional framework, obtained by
reacting the preformed molecular corner [Cu(2,2A-bipy)]2+

(with BF4
2 counter ions) and 1,2-bis(4-pyridyl)ethane (bp-

etha) in the presence of chlorides, contains molecular square
units [Cu(2,2A-bipy)(bpetha)]4 that are linked via chloride
bridges into a triconnected architecture of unprecedented
topology.

In the rational development of new strategies for the crystal
engineering of coordination networks1 and of supramolecular
architectures2 the use of preformed metal-based units has
assumed an increasing relevance in recent times. Molecular
corners containing transition metals with programmed coor-
dination angles can been employed for the self-assembly of
frameworks and, especially, of macromolecular polygons and
polyhedral cages,3 of potential utility for molecular recognition.
In particular, cis-protected PdII and PtII units have been widely
employed for the building of molecular squares.3,4 We are
currently studying the use of a different corner unit, namely
[Cu(2,2A-bipy)]2+ 1 (2,2A-bipy = 2,2A-bipyridyl), that contains
two cis-equatorial and, possibly, also two axial free coordina-
tion sites, and is produced from the parent complex [Cu(2,2A-
bipy)Cl2] by removing the chlorides with different AgX salts of
poorly coordinating anions (X = triflate, tetrafluoroborate or
nitrate). These [(1)X2] species have already been reacted with a
variety of bidentate spacer ligands, mainly affording one-
dimensional zigzag polymeric chains.5 Monochloride species
[(1)Cl]X, obtained by removing only one half of the chloride
content from the parent complex, were also employed, and,
interestingly, the reaction of [(1)Cl](BF4) with 1,2-bis(4-
pyridyl)ethane (bpetha) has produced the novel polymeric
species [{(1)(bpetha)}2Cl(BF4)](BF4)2·8.5H2O 2, containing
molecular square units joined by bridging chloride ions into an
extended array. We describe here this three-dimensional
network, containing large interstitial cavities and exhibiting a
topology unprecedented within coordination networks. We
report also on a strictly related species, compound 3, obtained
using 1,2-bis(4-pyridyl)ethene (bpethe) as spacer, that, in spite
of the similarity of the ligands, shows a completely different
frame. Compound 2 is obtained in high yield in a two step
process. In the first step the parent [Cu(2,2A-bipy)Cl2] was
treated with AgBF4 in a 2+3 molar ratio in EtOH under stirring
for 2 h. The solution was then filtered and layered on a solution
of bpetha in CH2Cl2 (molar ratio Cu+bpetha from 1+1 to 1+3).
After a few days beautiful blue crystals of 2 were obtained.
Compound 3, [{(1)(bpethe)}2Cl](BF4)3·2.5H2O·CH2Cl2, was
obtained in the same way, using in the second step the bpethe
ligand in CH2Cl2 solution. Both species have been characterized
by single crystal X-ray analysis.†

The crystal structure of 2 consists of [(1)(bpetha)]4 square
units interconnected via chloride bridges into a three-dimen-
sional non-interpenetrated network. The squares are comprised
of [Cu(2,2A-bipy)]2+ corners and bpetha edges, with a Cu…Cu
separation of 13.23 Å (Fig. 1, top); they are moderately folded

about their diagonal axes by ca. 27° (Fig. 1, bottom). Similar
previously reported macrocyclic motifs, containing PtII or PdII

corners, are all individual molecules, held together essentially
by van der Waals interactions.4 The peculiar structural feature
of 2, on the other hand, consists in that these square units are
organized in an extended architecture sustained by slightly bent
chloride bridges [Cu…Cu 5.12 Å, Cu–Cl 2.582(2) Å, Cu–Cl–
Cu 164.3(2)°]. Each square is bound to four similar motifs, two

Fig. 1 Two views of the molecular squares in compound 2.

Fig. 2 A schematic view of the three-dimensional network in 2, with the
chloride bridges in red. The broken lines show the underlying diamondoid
net, obtained by connecting the baricentres of the squares.

This journal is © The Royal Society of Chemistry 2001
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above and two below the molecular plane, in an alternate
fashion. The CuII coordination geometry is octahedral, with four
equatorial Cu–N(pyridyl) bonds [in the range 2.00(1)–2.04(1)
Å], one axial Cu–Cl bond and one axial weak interaction with a
BF4

2 anion [Cu–F 2.79(1) Å].
The topology of this uninodal triconnected three-dimensional

frame (Fig. 2) is 4·142, a relatively simple topological type
already considered by Wells in his enumeration,6 but com-
pletely new within coordination polymer chemistry. Inter-
estingly, the baricentres of the squares define a diamondoid
network (see Fig. 2), so that the net of 2 can be defined,
according to O’Keeffe,7 as an ‘augmented diamond’ net.

The network contains large voids (38% of the cell volume),8
with connected chambers (Fig. 3) that are filled by water
molecules. Samples of 2 start to lose the solvated water at room
temperature and TGA analyses show that all the water content
(ca. 13% weight loss) is completely removed on heating up to
ca. 120 °C, without demolition of the array (as confirmed by X-
ray powder diffraction). Decomposition starts at ca. 180 °C,
leading to copper metal above ca. 400 °C. The desolvated
network, however, seems stable as such for an extended period
and appears unable to regain solvated molecules to a significant
extent even after immersion in different solvents (e.g. water,
ethanol, isopropyl alcohol, toluene, CCl4) for some days.

The structure of compound 3, obtained under reaction
conditions quite similar to those leading to 2 but using the
bpethe ligand, consists of zigzag polymeric chains all running

along the [3 0 1] direction (Cu…Cu contacts of 13.31 Å av.)
connected by chloride bridges [Cu–Cl 2.511(1) Å, Cu–Cl–Cu
139.5(1)°] into two-dimensional sheets of six-membered rings
(63 topology). The CuII coordination is of the square pyramidal
type, with the axial Cu–Cl interaction and four equatorial Cu–
N(pyridyl) bonds [in the range 2.012(5)–2.025(5) Å]. The
layers are highly undulated, with crankshaft-like sections (Fig.
4, top) and exhibit two-fold parallel interpenetration (Fig. 4,
bottom). Moreover, these double-layers are superimposed with
high interdigitation involving the nearest neighbours. Again, the
array contains large channels along [1 0 0] (28% of the cell
volume), located inside the double-layers.

Such different structures for 2 and 3, in the presence of
similar framework stoichiometries, are difficult to rationalize.
The higher rigidity of the bpethe ligand and the presence of
solvated CH2Cl2 molecules in 3 can play some role. While the
ideal elimination of the chloride ions from 3 leaves polymeric
zigzag chains, similar to those recently reported,5 in the case of
2 this process should result in isolated molecular motifs.
However, attempts to disentangle the squares of 2 by dissolution
were made impossible by its poor solubility in all common
solvents.

Notes and references
† Crystal data: for 2: C44H57B3ClCu2F12N8O8.50, M = 1256.94, tetragonal,
space group I4̄2d (no. 122), a = 21.479(2), c = 29.303(3) Å, U = 13519(2)
Å3, T = 223 K, Z = 8, m(Mo-Ka) = 0.749 mm21, 25456 reflections
measured, 5073 unique (Rint = 0.071) which were used in all calculations.
The final agreement index R1 was 0.0982 for 2933 independent significant
[I > 2s(I)] absorption corrected data. All but one of the solvated water
molecule were refined with partial occupancy.

For 3: C45H43B3Cl3Cu2F12N8O2.50, M = 1229.73, monoclinic, space
group C2/c (no. 15), a = 11.457(5), b = 40.814(17), c = 14.502(6) Å, b
= 111.42(1)°, U = 6313(5) Å3, T = 293 K, Z = 4, m(Mo-Ka) = 0.875
mm21, 14189 reflections measured, 4937 unique (Rint = 0.054) which were
used in all calculations. The final agreement index R1 was 0.0851 for 3240
independent significant [I > 2s(I)] absorption corrected data. All the
solvated water molecules were refined with half occupancy and suitable
disordered models were applied to both anions.

CCDC 164240–164241. See http://www.rsc.org/suppdata/cc/b1/
b103736f/ for crystallographic data in CIF or other electronic format.
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Fig. 3 The overall packing in 2 (down a, horizontal c) showing the surface
of the large interconnected cavities.

Fig. 4 A side view of the double-layer of 3 (top), showing the highly
undulated shape of the sheets, and a view approximately down b showing
the two-fold interpenetration (bottom). The Cl2 ions are in red.
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Iridium(III) complexes of the new tridentate bis(8-quinolyl)silyl
(‘NSiN’) ligand†
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Bis(8-quinolyl)methylsilane reacts cleanly with [Ir(coe)2Cl]2
(coe = cyclooctene) to give a complex containing an NSiN
tridentate ligand, [Ir(NSiN)(coe)(H)(Cl)]; preliminary re-
activity studies indicate that the (NSiN)Ir fragment is
chemically robust.

Multidentate ligands have featured prominently in the recent
development of new transition metal chemistry. Such ligands
provide stability to a metal complex, and offer diverse
possibilities for the manipulation of steric and electronic
properties in controlling reactivity at the metal center. Notwith-
standing the significant advances in transition metal–silicon
chemistry over the past several years,1,2 multidentate ligands
containing silicon as part of the chelate architecture have
received little attention. The incorporation of silicon into such
structures may offer certain advantages, given (for example) the
high strength of metal–silicon bonds and the strong trans-effect
for silicon ligands.1,3 Stobart and coworkers4 have synthesized
a number of metal complexes supported by a PSiP ligand
framework; tridentate connectivity is attained in these systems
via oxidative addition of an Si–H functionality. This general
strategy should provide synthetic routes to various silicon-
containing multidentate ligands.

With the goal of developing reactive metal fragments
supported by new tridentate ancillary ligands, we identified
nitrogen-based NSiN chelates as potential synthetic targets. A
tridentate system based on the bis(8-quinolyl)silyl framework
appeared particularly attractive, since the resulting five-
membered metallacyclic rings are expected to stabilize a
complex towards reductive elimination of the silyl unit, while
providing a rather rigid ligand binding arrangement. Support for
the viability of such a ligation strategy comes from the work of
Watts and coworkers,5 who have prepared Rh(III) and Ir(III)
complexes of the bidentate (8-quinolyl)dimethylsilyl ligand. In
this contribution, synthesis of the tridentate ligand precursor
bis(8-quinolyl)methylsilane 1 and Ir(III) complexes supported
by this NSiN fragment are reported.

Addition of 0.5 equivalents of methyldichlorosilane to
8-lithioquinoline in THF, followed by purification, provided 1
as pale yellow crystals in moderate yield.†‡ The character-
ization of 1 is based on IR and NMR spectroscopic data.
Notably, the CS symmetry of this compound results in
observation of only one set of quinoline 1H and 13C NMR
resonances.

Treatment of 1 with 0.5 equivalents of [Ir(coe)2Cl]2 in
CH2Cl2 resulted in rapid liberation of cyclooctene (coe) and
near quantitative formation (by NMR spectroscopy) of the new
coordination complex 2 as a single diastereomer (Scheme 1).
Vapor diffusion of diethyl ether into the reaction mixture
permitted isolation of 2 as analytically pure, yellow crystals in
87% yield. As expected, two sets of NMR resonances are
observed for the quinoline groups of compound 2. Evidence for
the presence of the hydride ligand in 2 was obtained from IR
(2172 cm21) and 1H NMR (215.6 ppm) spectroscopic data.

The crystallographically determined structure of compound 2
is shown in Fig. 1.†‡ The non-equivalence of the quinoline
groups noted in the 1H and 13C NMR spectra is consistent with
the observed facial binding mode of the NSiN fragment.
Constraints imposed by this ligand give rise to an Ir(III) center
which is distorted considerably from ideal octahedral geometry.
The chelate ligand ‘bite’ angles [N–Ir–N 87.5(3), N–Ir–Si
83.2(3) and 83.2(2)°] are all significantly compressed, under-
scoring the ‘pinned-back’ nature of the NSiN chelating
framework. Geometric distortions are also observed at the
silicon center. For example, the C(Me)–Si–Ir angle [131.2(4)°]
is expanded well beyond the normal tetrahedral value. The Ir–Si
distance [2.275(3) Å] in 2 can be compared to those in fac-
tris[(8-quinolyl)dimethylsilyl]iridium (av. 2.30 Å),5 and falls
within the previously observed range (2.235–2.454 Å) for such

† Electronic supplementary information (ESI) available: synthetic and
crystallographic details for 1–5. See http://www.rsc.org/suppdata/cc/b1/
b102821a/

Scheme 1

Fig. 1 Crystallographically determined structure of 2, depicted with 50%
thermal ellipsoids; all hydrogen atoms have been omitted for clarity.
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bonds.2 In contrast, the trans-labilizing nature1–3 of the silyl
group is manifested in a long Ir–Cl bond [2.572(3) Å].6 The
trans-influence of the hydride ligand is also indicated by
elongation of an Ir–N bond [2.191(9) Å], relative to the other
Ir–N bond [2.120(8) Å] in this complex.7

Preliminary reactivity studies reveal that the NSiN moiety is
a robust ancillary ligand. Treatment of 2 with either PPh3 or CO
resulted in substitution of the coe ligand, yielding compounds 3
and 4, respectively. Compound 3 gives rise to a singlet (17.0
ppm) in the 31P{1H} NMR spectrum and a phosphorus-coupled
doublet (219.1 ppm) in the hydride region of the 1H NMR
spectrum. The solid-state structure of compound 3 (Fig. 2)
confirmed that the conversion of 2 to 3 occurs with retention of
configuration at the Ir(III) center. In general, the geometric
features associated with 3 parallel those described for 2 (vide
supra). However, the Ir–P distance in 3 [2.234(3) Å] is
noteworthy, since it appears to be contracted relative to Ir–P
bonds found in related Ir(III) compounds (2.264–2.381 Å).4,6,7

The coordination of a terminal carbonyl ligand to the Ir(III)
center in 4 was confirmed by observation of a strong IR
absorption attributed to this fragment (2010 cm21) and by the
presence of a resonance at 169.9 ppm in the 13C NMR spectrum.
In contrast to the aforementioned transformations, no reaction
was observed when a degassed CD2Cl2 solution of 2 was
exposed to an atmosphere of H2—even after prolonged heating
(72 h at 90 °C). Collectively, these observations indicate that the
Ir–Si linkage in 2 is relatively stable toward reductive
elimination of Si–H.

In an attempt to prepare a cationic NSiN complex of iridium,
CH2Cl2 was added to an equimolar mixture of 2 and
LiB(C6F5)4·2.5Et2O. Surprisingly, the major product obtained
from this reaction was not that resulting from simple anion
exchange, but rather the dinuclear complex 5, which formally
results from in situ trapping of the anticipated cationic species
by an additional molecule of 2. Complex 5 is formed
exclusively as the racemic (C2-symmetric) diastereomer, as
confirmed by X-ray crystallography (Fig. 3).†‡ The overall
connectivity pattern in 5 mirrors that found in 2, with the
exception that both of the Ir–Cl distances in the former
[2.638(2) and 2.645(2) Å] are significantly longer than the Ir–Cl
distance in the latter. Subsequently, compound 5 was prepared
in 93% yield via treatment of 2 with 0.5 equiv. of the lithium
borate. However, slow addition of 2 to an equiv. of LiB-
(C6F5)4·2.5Et2O under more dilute conditions led to clean

formation (by NMR spectroscopy) of a new product, which we
assume to be the desired mononuclear complex. Attempts are
currently underway to isolate this species in pure form.

In conclusion, Ir(III) complexes containing the new bis(8-
quinolyl)methylsilyl ligand have been prepared as single
diastereomers in excellent yield. The diastereoselectivity asso-
ciated with the clean formation of 2 and its derivatives indicates
that the NSiN chelating ligand may have a directing effect on
transformations at the Ir(III) center.4 The synthesis and re-
activity of various metal complexes supported by NSiN hybrid
ligands will be the subject of future reports.

Acknowledgment is made to the National Science Founda-
tion for their generous support of this work. M. S. thanks the
Natural Sciences and Engineering Research Council of Canada
for financial support in the form of an NSERC Postdoctoral
Fellowship.
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‡ CCDC 164004–164006. See http://www.rsc.org/suppdata/cc/b1/
b102821a/ for crystallographic data in CIF or other electronic format.
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28, 3084; R. H. Crabtree, E. M. Holt, M. Lavin and S. M. Morehouse,
Inorg. Chem., 1985, 24, 1986; F. R. Hartley, Chem. Soc. Rev., 1973, 2,
163.

Fig. 2 Crystallographically determined structure of 3, depicted with 50%
thermal ellipsoids; all hydrogen atoms have been omitted for clarity.

Fig. 3 Crystallographically determined structure of 5, depicted with 50%
thermal ellipsoids; the anion, solvates and all hydrogen atoms have been
omitted for clarity. Only one component of the disordered coe fragment is
shown.
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Evaluation of a sparteine-like diamine for asymmetric synthesis
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Evaluation of a sparteine-like diamine indicates that only
the ABC rings of sparteine are required for high enantiose-
lectivity in the lithiation–substitution of N-Boc pyrrolidine.

Sparteine 1 is a naturally occurring alkaloid extracted from
plants such as Scotch Broom. It is commercially available and
has been widely used as a chiral diamine ligand in asymmetric
synthesis over the last 30 years.1 For example, asymmetric
lithiation–electrophilic quench using the combination of spar-
teine and alkyllithiums on a wide range of substrates occurs
routinely with > 90% enantioselectivity. The groups of Hoppe2

and Beak3 have led the way with pioneering contributions in the
applications of sparteine in synthesis. More recently, Hoppe et
al.4 and Wiberg and Bailey5 have carried out theoretical
calculations of transition state energies aimed at elucidating
how sparteine exerts such high levels of enantiodifferentia-
tion.

One of the main limitations of using sparteine in synthesis is
that it is only commercially available in one enantiomeric form.
Attempts to find other chiral diamine ligands capable of
matching the enantioselectivity of sparteine have been moder-
ately successful.6,7 With the long term aim of developing a
ligand that will function as the enantiomer of sparteine, we have
investigated whether diamine 2, which lacks the D-ring of
sparteine as well as one of the chiral centres, mimicks sparteine
sufficiently to give high enantioselectivity. Structural compar-
isons of diamines 1 and 2 complexed to lithium together with a
recent calculated transition state for reaction5 suggested that the
D-ring of sparteine was not a key element in the enantiodiscri-
minating process. In this communication, we provide experi-
mental evidence in support of this conjecture.

Although racemic diamine 2 is a known compound8 and has
found recent application in the functionalisation of terminal
epoxides,9 there have been no reports on the preparation of
enantiomerically enriched diamines like 2. An approach from
amino acids investigated in our laboratory10 was unsuccessful
due to unavoidable racemisation in one of the steps. Thus, we
resorted to resolution as a means of preparing non-racemic
diamine 2 as outlined in Scheme 1.

Racemic diamine 2 was prepared using a published route:8
double Mannich reaction of ketone 3 gave a single diastereoi-
somer of 4 (58% yield) which was converted into the required
diamine 2 (68% yield) using Wolff–Kishner reduction. Un-
fortunately, we were unable to develop a resolution protocol for
racemic 2 using commercial chiral acids (e.g. tartaric acid and
derivatives, malic acid and camphorsulfonic acid). However,
we had more success with resolution by inclusion complex
formation using a method previously described by Toda et al.11

Toda had discovered that it was possible to use naturally
ocurring sparteine 1 to resolve racemic acetylinic alcohols such

as 5. Since diamine 2 is structurally similar to sparteine, we
speculated that enantiomerically pure 5 could be used for
resolution.

Thus, Toda's method was employed to synthesise alcohol
(R)-5 of 98% ee (by chiral HPLC on an Astec Cyclobond I
2000-RSP column) and it was used in turn to partially resolve
diamine 2. In this way, we obtained a 23% yield of
enantiomerically enriched diamine 2† ([a]D 215.7 (c 0.5 in
EtOH); ~ 60% ee by chiral shift NMR). This resolution was
reproducible in the 50–60% ee range and after repeating it a few
times, we obtained a sufficient quantity of diamine 2 of ~ 55%
ee. Since alcohol (R)-5 had been obtained via crystal formation
with sparteine 1, it seemed likely that resolved diamine 2
(isolated via crystal formation with (R)-5) would have the same
absolute stereochemistry as the ABC rings of sparteine.

With diamine 2 of ~ 55% ee in hand, we elected to directly
compare it with sparteine 1 using lithiation of N-Boc pyrrolidine
6 and subsequent trapping with Me3SiCl.6,12 The results are
presented in Table 1. Using sparteine 1, we obtained a 73%
isolated yield of silylated pyrrolidine (S)-7 of 95% ee (by chiral
GC). Under the same conditions, use of diamine 2 of ~ 55% ee
gave an unoptimised 41% yield of silylated pyrrolidine (S)-7 of
53% ee (by chiral GC).‡ The sense of asymmetric induction was

Scheme 1 Reagents and conditions: i, MeNH2, (CH2O)n, AcOH, MeOH,
reflux, 16 h; ii, N2H4, H2O, KOH, diethylene glycol, reflux, 2 h; iii, acetone,
evaporation over 64 h.†

Table 1 Lithiation–substitution of N-Boc pyrrolidine using diamines 1 and
2

Diamine
Yield of
(S)-7 (%)a ee (%)b

Sparteine 1 73 95
(1R,2R,9R)-2 ( ~ 55% ee) 41 53

a Isolated yield after column chromatography; b Enantiomeric excess
determinined by chiral GC on a Chiraldex G-PN 20 m 3 0.25 mm id (g-
cyclodextrin, propionyl derivative in the 3-position) column.

This journal is © The Royal Society of Chemistry 2001
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the same in both reactions indicating that resolved diamine 2
does indeed possess the same absolute stereochemistry as the
ABC rings of sparteine. More importantly, however, the results
presented in Table 1 provide the first experimental evidence that
only the ABC rings of sparteine 1 are required for high
enantioselectivity in the lithiation of N-Boc pyrrolidine 6.

In summary, our results indicate that diamine 2 exhibits
essentially the same level of enantioselectivity as sparteine 1 in
the lithiation of N-Boc pyrrolidine 6. Thus, we conclude that the
sparteine D-ring is superfluous and is not a prerequisite for high
enantioselectivity.

We thank the EPSRC and GlaxoSmithKline for the award of
an Industrial CASE award (to D. W. P.), The Leverhulme Trust
for the award of a fellowship (to J. R. H.) and Dr D. B. Matthews
for chiral HPLC and GC analyses.

Notes and references
† Resolution of diamine rac-2: A solution of freshly distilled diamine rac-28

(742 mg, 3.8 mmol) in acetone (3 cm3) was added dropwise to a solution of
alcohol (R)-5 (929 mg, 3.8 mmol; 98% ee by chiral HPLC on an Astec
Cyclobond I 2000-RSP column) in acetone (3 cm3) at rt. The solvent was
allowed to evaporate slowly by standing at rt for 64 h and pale yellow
crystals formed. Petrol (5 cm3) was added and the crystals were collected by
filtration and washed well with petrol (3 3 5 cm3). The crystals were
dissolved in Et2O (15 cm3) and 2 M HCl(aq) (10 cm3), the layers were
separated and the organic layer was extracted with 2 M HCl(aq) (2 3 10
cm3). Then, 20% NaOH(aq) was added to the combined aqueous layers until
pH 9 and the solution was extracted with Et2O (3 3 10 cm3), dried (K2CO3)
and evaporated under reduced pressure to give diamine (1R,2R,9R)-2 (171
mg, 23%; ~ 60% ee by 1H NMR spectroscopy in the presence of (R)-

2,2,2-trifluoro-1-(9-anthryl)ethanol) as a colourless oil, [a]D215.7 (c 0.5 in
EtOH). Treatment of the petrol washings in the same way as described
above for the crystals gave diamine (1S,2S,9S)-2 (503 mg, 68%; ~ 30% ee
by 1H NMR spectroscopy in the presence of (R)-2,2,2-trifluoro-1-(9-
anthryl)ethanol) as a colourless oil, [a]D +6.1 (c 0.6 in EtOH).
‡ In theory, silylated pyrrolidine (S)-7 of > 55% ee could have been
generated if a non-linear effect was occurring. Our results clearly indicate
the absence of a non-linear effect and are in line with the calculated
transition state for reaction5 which invokes deprotonation by a monomeric
complex.

1 For a review, see: D. Hoppe and T. Hense, Angew. Chem., Int. Ed. Engl.,
1997, 36, 2282.

2 For recent developments, see: A. Deiters, R. Frölich and D. Hoppe,
Angew. Chem., Int. Ed., 2000, 39, 2105.

3 For recent developments, see: T. A. Johnson, M. D. Curtis and P. Beak,
J. Am. Chem. Soc., 2001, 123, 1004.

4 E.-U. Würthwein, K. Behrens and D. Hoppe, Chem. Eur. J., 1999, 5,
3459.

5 K. B. Wiberg and W. F. Bailey, Angew. Chem., Int. Ed., 2000, 39, 2127;
K. B. Wiberg and W. F. Bailey, Tetrahedron Lett., 2000, 41, 9365.

6 D. J. Gallagher, S. Wu, N. A. Nikolic and P. Beak, J. Org. Chem., 1995,
60, 8148.

7 X. Li, L. B. Schenkel and M. C. Kozlowski, Org. Lett., 2000, 2, 875.
8 P. Scheiber and P. Nemes, Liebigs Ann. Chem., 1994, 1033.
9 D. M. Hodgson and S. L. M. Norsikian, Org. Lett., 2001, 3, 461.

10 J. R. Harrison, P. O'Brien, D. W. Porter and N. M. Smith, J. Chem. Soc.,
Perkin Trans. 1, 1999, 3623.

11 F. Toda, K. Tanaka, H. Ueda and T. Oshima, Chem. Commun., 1983,
743.

12 P. Beak, S. T. Kerrick, S. Wu and J. Chu, J. Am. Chem. Soc., 1994, 116,
3231.
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A reaction between Gd(NO3)3·6H2O, K3[Cr(CN)6] and dmf
or bpy has allowed the synthesis of two new ferrimagnetic
GdIII–CrIII chains which are the first low-dimensional 4f–
CrIII systems; magnetic susceptibilty data indicate anti-
ferromagnetic coupling between GdIII and CrIII.

The association of 3d–4f ions in cyanide-bridged low dimen-
sional arrays is original and may open new perspectives for the
use of the optical properties of rare earth ions included in
magnetic molecular media.1,2 In general, little is known about
the nature of the exchange interactions of rare earth ions either
with one another or with other magnetic groups. Until recently
few simple compounds containing magnetically coupled f-
block ions were available. Most of them are GdIII–CuII or GdIII–
radical organic systems.3,4 Among those with cyanide bridges,
several tri-dimensional polycyano metallates(III) (Fe, Co, Cr)
with 4f ions5 and two heteropolynuclear LnIII–FeIII compounds
have been reported.6 Some heterometallic one-dimensional
arrays containing cyanide-bridged lanthanide(III) and diamag-
netic [M(CN)4]22 (M = Ni, Pd, Pt) have also been described.7
In contrast, to the best of our knowledge, discrete or low-
dimensional derivatives of [Cr(CN)6]32 with 4f ions have not
been reported. This communication is devoted to the prepara-
tion,† characterization including structural determination, and
magnetic properties of the two first one-dimensional derivatives
from [Cr(CN)6]32 and GdIII: cis-[Cr(CN)4(m-CN)2-
Gd(H2O)2(dmf)4]n·nH2O 1 and trans-[Cr(CN)4(m-CN)2-
Gd(H2O)4(bpy)]n·4nH2O·1.5nbpy 2. Fig. 1 shows the X-ray
crystal structure of 1.‡ The crystallographic analysis of 1

revealed that its crystal structure is a one-dimensional (1D)
chain polymer. The chain shows an alternation of GdIII and CrIII

units linked by cyanide bridges in cis geometry with respect to
CrIII. The coordination sphere around gadolinium comprises
four oxygen atoms of dimethylformamide (dmf) ligands, two
oxygen atoms of two water molecules and two nitrogen atoms
of the cyanide bridges. The eight-coordinate gadolinium atom
lies in a distorted dodecahedral environment. The Gd–Cr
intramolecular distance is 5.65 Å and the Gd–Cr–Gd angle is
98.432° indicating the cis-geometry. As shown in Fig. 1, the
chains are aligned in the x-direction where two neighboring
chains are linked by water molecules, giving a slipped
packing.

Fig. 2 shows the X-ray crystal structure of 2.‡ The
crystallographic analysis of 2 revealed that its crystal structure
is a one-dimensional (1D) chain polymer. The chain shows an
alternation of GdIII and CrIII units linked by cyanide bridges in
trans geometry with respect to CrIII. The coordination sphere
around gadolinium comprises two nitrogen atoms of the 2,2A-
bipyridine (bpy) ligand, four oxygen atoms of four water
molecules and two nitrogen atoms of the cyanide bridges. The
eight-coordinate gadolinium atom lies in a distorted dodecahe-

Fig. 1 Left: Crystal structure of cis-[Cr(CN)4(m-
CN)2Gd(H2O)2(dmf)4]n·nH2O. Selected bond lengths [Å] and angles [°],
hydrogen atoms and the methyl groups of the dmf ligands are omitted for
clarity: Gd(1)–O(1) 2.3552(17), Gd(1)–O(2) 2.4026(17), Gd(1)–O(4)
2.3768(18), Gd(1)–O(5) 2.3617(17), Gd(1)–O(6) 2.3805(16), Gd(1)–O(7)
2.3946(18), Gd(1)–N(1A) 2.521(2), Gd(1)–N(3) 2.517(2), Cr(1)–C(1)
2.092(2), Cr(1)–C(2) 2.065(2), Cr(1)–C(3) 2.084(2), Cr(1)–C(4) 2.074(2),
Cr(1)–C(5) 2.069(2), Cr(1)–C(6) 2.069(2), C(1)–N(1) 1.152(3), Cr(1)–
C(1)–N(1) 170.6(2), C(1)–N(1)–Gd(1) 163.58(18), O(1)–Gd(1)–O(5)
71.84(6), O(1)–Gd(1)–O(4) 79.69(7), O(5)–Gd(1)–O(4) 79.89(7), O(1)–
Gd(1)–O(6) 73.35(6), O(1)–Gd(1)–O(7) 81.93(7), O(4)–Gd(1)–O(7)
70.77(7), N(1A)–Gd(1)–N(3) 74.80(6). Right: Arrangement in the crystal.

Fig. 2 Left: Crystal structure of trans-[Cr(CN)4(m-CN)2Gd(H2O)4-
(bpy)]n·4nH2O·1.5nbpy. Selected bond lengths [Å] and angles [°], hydrogen
atoms are omitted for clarity: Gd(1)–O(1) 2.392(2), Gd(1)–O(2) 2.348(2),
Gd(1)–O(3) 2.417(2), Gd(1)–O(4) 2.393(2), Gd(1)–N(1) 2.479(3), Gd(1)–
N(7) 2.537(3), Gd(1)–N(8) 2.569(2), Cr(1)–C(1) 2.074(3), Cr(1)–C(2)
2.068(3), Cr(1)–C(3) 2.062(3), Cr(1)–C(4) 2.072(3), Cr(1)–C(5) 2.076(3),
Cr(1)–C(6) 2.080(3), C(1)–N(1) 1.151(4), C(1)–N(1)–Gd(1) 176.0(3),
Cr(1)–C(1)–N(1) 174.8(3), O(2)–Gd(1)–O(4) 73.76(8), O(1)–Gd(1)–O(3)
70.21(8), O(1)–Gd(1)–N(4) 77.75(8), O(4)–Gd(1)–N(4) 72.66(8), O(3)–
Gd(1)–N(4) 81.42(8), O(2)–Gd(1)–N(1) 80.20(9), O(4)–Gd(1)–N(1)
74.64(8), N(1)–Gd(1)–N(4) 145.06(9). Right: Arrangement in the crystal.

This journal is © The Royal Society of Chemistry 2001

1204 Chem. Commun., 2001, 1204–1205 DOI: 10.1039/b102739p



dral environment. The Gd–Cr intramolecular distance is 5.59 Å
and the Gd–Cr–Gd angle is 159.28° indicating the trans-
geometry. As shown in Fig. 2 the chains are aligned in the y-
direction. Between two neighboring chains are water molecules
and two different bpy crystallization molecules. One of them is
not planar showing a dihedral angle between the two pyridine
planes of 20° and the other is planar but the same dihedral angle
is 180°.

The susceptibility measurements for complexes 1 and 2 are
shown in Fig. 3 as cMT vs. T respectively. There is no
mathematical expression for fitting a one-dimensional system
with alternated S = 7/2 and 3/2. To fit the experimental data we
have assumed a ring of six atoms (three GdIII and three CrIII)
(Fig. 4), which should describe the behavior of the infinite chain
when J is small. The fit of experimental data was performed
according to the following Hamiltonian:

H = 2J(S1S2 + S2S3 + S3S4 + S4S5 + S5S6 + S6S1)

where J corresponds to the coupling through the cyanide
bridges. The free parameters were J and g (average). The fit
made by the irreducible tensor operator formalism (ITO) using
the CLUMAG program8 gave the following results: J = 20.52
cm21, g = 2.01 and R = 2.07 3 1025 for complex 1 (Fig. 3)
and J = 21.06 cm21, g = 2.05 and R = 2.137 3 1024 for
complex 2 (Fig. 3). Both complexes show a weak anti-
ferromagnetic interaction between CrIII and GdIII ions to give a
ferrimagnetic chain. For complex 2, the two values of cMT at
low temperatures are not fitted because in our model the limit of
cMT is that corresponding to three GdIII + three CrIII (cMT = 21
cm3 mol21 K; ST = 6). In the actual structure (one-dimensional
complex) cMT tends to infinity, as shown in Fig. 4.

A simulation of cMT vs. T for the ring of six atoms was
calculated using the same method as that described above. The
g value was fixed as 2.00. The value of J was simulated between
0 cm21 and 22 cm21. As expected, with these small J values,
the variation of cMT vs. T is observed only at low temperatures.
The theoretical cMT vs. T curves are shown in Fig. 5. When the
J coupling is more negative the minimum of cMT is shifted to a
higher temperature.

This work was supported by the Spanish Dirección General
de Investigación Científica y Técnica (project BQU2000-
0791).

Notes and references
† Experimental: Compound 1 was obtained by adding a solution of
K3[Cr(CN)6] (0.43 g, 1.33 mmol) in water (15 mL) to a solution of
Gd(NO3)3·6H2O (0.60 g, 1.33 mmol) in dimethylformamide (10 mL). The
solution was left undisturbed and well-formed yellow crystals were
obtained after several days (yield 63%). Anal. Calc. for C18H34CrGdN10O7:
C, 30.37; H, 4.81; N, 19.68. Found: C, 30.14; H, 4.99; N, 19.50%.
Compound 2 was obtained by adding a solution of K3[Cr(CN)6] (0.713 g,
2.2 mmol) in water (50 mL) to a solution of Gd(NO3)3·6H2O (1.00 g, 2.2
mmol) in water (50 mL). To this mixture, an ethanolic solution (10 mL) of
2,2A-bipyridine (1.03 g, 6.6 mmol) was added. The solution was left
undisturbed and well-formed yellow crystals were obtained after several
days (yield 60%). Anal. Calc. for C31H36CrGdN11O8: C, 41.37; H, 4.03; N,
17.12. Found: C, 41.15; H, 3.97; N, 17.30%.
‡ Crystal data for 1: C18H34CrGdN10O7, M = 711.80, monoclinic, space
group P21/n, a = 13.159(1), b = 12.878(1), c = 18.978(1) Å, b =
109.835(1)°, V = 3025.3(1) Å3, Z = 4, Dc = 1.563 g cm23, m = 2.582
mm21, T = 173.2 K, Bruker SMART CCD, Mo-Ka radiation (l = 0.71073
Å), 20152 reflections measured, 7471 unique (Rint = 0.0321) which were
used in all calculations. The final wR(F2) = 0.0678 (all data). 342 variables.
For 2: C31H36CrGdN11O8, M = 899.96, triclinic, space group P1̄, a =
9.815(1), b = 10.773(1), c = 19.704(1) Å, a = 83.549(1), b = 83.775(1),
g = 65.092(1)°, V = 1873.3(1) Å3, Z = 2, Dc = 1.595 g cm23, m = 2.107
mm21 , T = 173.2 K, Bruker SMART CCD, Mo-Ka radiation (l =
0.71073 Å), 12920 reflections measured, 8824 unique (Rint = 0.0308)
which were used in all calculations. wR(F2) = 0.0810 (all data), 488
variables. The structures were solved using the Bruker SHELXTL-PC
software by direct methods and refined by full-matrix least-squares methods
and non-hydrogen atoms refined anisotropically.

CCDC reference numbers 150442 and 150443. See http://www.rsc.org/
suppdata/cc/b1/b102739p/ for crystallographic data in CIF or other
electronic format.
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Fig. 3 Left: Temperature dependence of cMT for 1. The solid line represents
the best-fit curve (see text for parameters). Right: Temperature dependence
of cMT for 2. The solid line represents the best-fit curve (see text for
parameters).

Fig. 4 Left: Scheme of a ring of six atoms used in the fit made by the ITO
formalism. Right: Scheme of the spin topology assuming antiferromagnetic
coupling.

Fig. 5 Theoretical curves obtained by the CLUMAG program for different
J values; g was maintained constant and equal to 2.00.
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A new binuclear ruthenium complex with an annelated C7 bridge via
an unprecedented [2 + 2] coupling reaction†
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Treatment of [Cl(dppe)2Ru–C·C–C·C–SiMe3] with
[Fe(C5H5)2]PF6 leads to an unprecedented metal-assisted
[2 + 2] coupling reaction on Cg·Cd bonds to obtain
[Cl(dppe)2Ru–C·C–CNCHC(CH2)NCNCNRu(dppe)2Cl]PF6
with the charge highly delocalized over seven carbon atoms
and including a cyclobutenyl bridge; the crystal structure
was solved.

Polynuclear transition metal complexes with unsaturated car-
bon rich bridges retain much attention,1,2 for their potential to
scale down electronic components i.e. to form molecular wires
and other nanoelectronic devices.2 The literature is now
extensive for complexes with an even number of conjugated
carbon atoms spanning two metal fragments of various
structures1,2 such as LnMCxMLn or LnM(CH)xMLn. By con-
trast, the synthesis of bimetallic compounds with odd carbon
chains has not been extensively explored considering the variety
of fragments available. Only few bridges with one, three or five
unsaturated carbons capped with two metal moieties have been
reported.3–5 Current extension of the chemistry of vinylidene
[MNCNCR1R2] and acetylide [M–C·C–R] complexes to obtain
new bridges via [2 + 2] cycloaddition led to a class of complexes
[M–CNCR–C(CR2R3)NM]+ including rigid cyclic four-mem-
bered bridges with a delocalised C3 path between metals.4,5

Interestingly, when the reaction was applied to allenylidene4c

[MNCNCNCR1R2] or diyne4d [M–C·C–C·C–R] complexes, the
resulting ring bears an exocyclic double or triple bond,
respectively, with a similar C3 conjugated path. The formation
of these carbon ligands is highly regioselective and the product
of addition with the most activated Ca–Cb bond is always
obtained. We now report an unprecedented radical-promoted
[2 + 2] coupling reaction occurring on the Cg·Cd bonds of a
1,3-diynyl metal derivative to lead to a novel type of metal
complex [M–C·C–CNCHC(CH2)NCNCM]+ including a carbon-
rich annelated C8H3 bridge with seven conjugated carbons
between remote metals.

Previous studies6 on ruthenium allenylidenes [Cl(dppe)2-
RuNCNCR1R2] and acetylides [Cl(dppe)2Ru–C·C–R] (dppe =
1,2-diphenylphosphinoethane) showed that the bulky ruthe-
nium [RuCl(dppe)2]+ moiety prevents Ca from nucleophilic
attack while promoting reactions on Cg. The Ca·Cb bond in
diyne complexes such as [Cl(dppe)2Ru–C·C–C·C–SiMe3] is
sterically protected by the dppe groups and [2 + 2] cycloaddition
using this type of complex is likely to occur on the Cg·Cd triple
bond. The pale yellow diynyl ruthenium complex trans-
[Cl(dppe)2Ru–C·C–C·C–SiMe3] 2 was obtained (63%) via
substitution of one chloride of cis-[RuCl2(dppe)2] 1 with a slight
excess (1.5 equiv.) of lithium acetylide in THF (Scheme 1). The
trans structure was evidenced by 31P NMR spectroscopy
showing a singlet at d 49.09 for the four phosphorus atoms.
Upon treatment of complex 2 with half an equivalent of

ferrocenium hexafluorophosphate as oxidant a metal-assisted
C–C forming reaction took place and dark purple crystals of 3
were isolated after several crystallisations in moderate yield
(45%). This compound was fully characterised by NMR, IR,
UV–VIS and HR-MS (ESI†). 31P analysis of 3 shows only one
singlet at d 45.2 indicating that (i) the two metal sites are
equivalent and (ii) the four phosphorus are also equivalent on
each metal centre with the Cl atom and the bridge in a trans
position. 13C NMR analysis shows only five different signals
for the unsaturated bridges linking the two rutheniums. The Ru–
C(1) resonance at d 247.7 (quint, 2Jpc 14 Hz) is downfield
compared to that of an alkynyl (d 105.5 for [Cl(dppe)2Ru–C·C–
CPh2H])6b and upfield from that of an allenylidene complex (d
308.6 for [Cl(dppe)2RuNCNCNCPh2]).6c The same phenomenon
is observed for the C(2) (d 166.0) and C(3) (d 147.1)
resonances. The 1H spectrum shows two characteristic reso-
nances for the C4 ring at d 2.07 (s, 2H) and d 5.11 (s, 1H). These
NMR studies are consistent with a highly delocalized structure
giving a formal half positive charge on each ruthenium as
sketched on Scheme 1. The FTIR spectrum shows an intense
absorption band at 1909 cm21 indicative of the cumulenylidene
character of the system.6a,c

X-Ray-structural analysis7 (Fig. 1) verifies that the complex
is formed with two identical bulky ruthenium fragments
[RuCl(dppe)2]+ connected by a C8H3 ligand. The Cl atoms
adopt a trans position with respect to the bridge and the Cl(1)–
Ru(1)–bridge–RuA(1)–Cl(1)A arrangement is linear. The four-
membered ring is planar so giving maximum orbital overlap
across the bridge. Owing to the inversion centre which relates
the two parts of the complex, the four-membered ring is
symmetric. Moreover as the two distances, C(3)–C(4) 1.457(5)
Å and C(3)–C(4A) 1.459(5) Å, are identical within experimental
error, the four C–C bond lengths are identical within the ring.7b

† Electronic supplementary material (ESI) available: selected spectroscopic
data. See http://www.rsc.org/suppdata/cc/b1/b103301h/ Scheme 1
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In order to account for the inversion centre, we should consider
the occurrence of a fully delocalised system with a disorder
between CH and CH2. Indeed, Ru–C(1) (1.933 Å), C(2)–C(3)
(1.372 Å) bonds are found to be shorter than the single bonds in
an acetylenic system such as [Cl(dppe)2Ru–C·C–C6H4NO2)]8

(1.986 and 1.442 Å) and longer than the double bonds in an
allenylidene system [Cl(dppm)2RuNCNCNC(C14H10)]PF6

6d

(1.852 and 1.393 Å). On the other hand the C(1)–C(2) bond
length (1.225 Å) is intermediate between the values found in
these mononuclear systems (1.206 and 1.255 Å, respectively)
demonstrating a bond order between one and two for Ru(1)–
C(1), C(1)–C(2), C(2)–C(3) bonds indicative of a hybrid
structure.

The UV–VIS spectrum of the complex recorded in CH2Cl2
exhibits a strong charge transfer band (lmax = 633 nm) with a
high absorption coefficient (e = 141 000 mol21 L cm21)
(ESI†). For comparison, the allenylidene compound [ClRu-
(dppe)2(NCNCNCPh2)]PF6 shows a MLCT band at lmax = 505
nm, e = 18 000 mol21 L cm21. The charge transfer is
considerably more intense in the bimetallic compound and this
can be best rationalized by the two canonical forms A and B. It
is of note that 3 shows a stronger absorption than the related ‘V’
shaped compound [CpRu(PPh3)2NCNCNCH–C·C–
Ru(PPh3)2Cp]BF4 (lmax = 600 nm, e = 72 000 mol21 L cm21)
which exhibits the same type of conjugation between the two
remote metals.3d,9 This is certainly due to the better planarity
and rigidity of 3 and subsequent stronger conjugation. Cyclic
voltammetry (CV) was used to investigate the electrochemical
behaviour of 3 (CH2Cl2, Bun

4NPF6 0.1 M 200 mV s21). The
binuclear compound undergoes a well defined one-electron
reversible oxidation (E° = 0.42 V vs. ferrocene) and an
irreversible second oxidation at higher potential (Epa = 0.91 vs.
ferrocene). It also shows a one-electron reversible reduction (E°
= 21.48 V vs. ferrocene). The oxidation processes can be
attributed to the successive oxidation of the two ruthenium
centres3d,6c,e due to substantial electronic interaction between
the metallic centres.2 The reduction process can be attributed to
the reduction of the C8H3 ligand.3e,6b,e Indeed, carrying out the
reduction of complex 3 with cobaltocene10 in a THF solution in
a capped EPR tube allows the direct observation of the radical
species 3· which generates an intense and persistent feature at
293 K. A signal without detectable hyperfine structure is located
in a characteristic region for organic radicals with g = 2.009.
The electrochemical behaviour of 3 is in accord with that found
for the related ‘V’ shaped compound [CpRu(PPh3)2NCNCNCH–
C·C–Ru(PPh3)2Cp]BF4.3d

In summary, we have developed an easy method to prepare a
bimetallic complex containing a novel C8H3 bridge with new
interesting spectroscopic and structural properties. The unprec-
edented regioselectivity of the addition is explained by the steric
hindrance of the bulky diphosphines with only the Cg·Cd bond
being reactive.6 Despite the unfavourable potential, the reaction
is likely initiated by an electron transfer between ferrocenium
and 2 (E° = 0.130 V vs. ferrocene) generating an electrophilic

organometallic radical. The latter would be able to couple with
another molecule of acetylide 2. This mechanism (and the
driving force) remains unverified but we anticipate that the
resulting radical incorporates hydrogen atoms from the me-
dium.11

We thank the CNRS and the Université de Rennes 1 for
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M. Krueger (Erasmus student) for help.
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(Z)-2-Chloro-3,3-diphenyl-1-(2,4,6-tri-tert-butylphenyl)-1,3-
diphosphapropene was prepared from chlorodiphenylphos-
phine and 1-chloro-2-(2,4,6-tri-tert-butylphenyl)-2-phospha-
ethenyllithium and used for metal complex formation as a
ligand to provide carbonyltungsten(0) complexes.

The 1,3-diphosphapropene system is an attractive ligand system
for metal complex formation because two different types of
phosphorus atoms are included within the system; i.e. a low-
coordinated l3s2-phosphorus atom1,2 and a common l3s3-
phosphorus atom. However, research on coordination of the
1,3-diphosphapropene derivatives toward transition metals has
been limited, whereas several metal complexes of h3-1,3-di-
phosphaallyl ligands have been reported so far.3,4 Indeed, the
only reported example concerns the X-ray structural analysis of
an iron(0) complex of 1,3-diphosphapropene prepared through
an intramolecular cyclization of a bulky 1,3-diphosphaallene by
ourselves.5 There have been no reports on X-ray structural
analysis of transition metal complexes of 1,3-diphosphapropene
itself. Furthermore, the catalytic abilities of transition metal
complexes of low-coordinated phosphorus compounds are of
current interest,6–10 and thus detailed study of the coordination
chemistry of the 1,3-diphosphapropene system is crucial. Here
we report the preparation and X-ray structural determination of
carbonyltungsten complexes of a 1,3-diphosphapropene deriva-
tive kinetically stabilized by the 2,4,6-tri-tert-butylphenyl
group (Mes*) including a selective coordination reaction of
either the monodentate or chelate form.

A kinetically stabilized (Z)-1-chloro-2-(2,4,6-tri-tert-butyl-
phenyl)-2-phosphaethenyllithium (Z-1) was prepared from
2,2-dichloro-1-(2,4,6-tri-tert-butylphenyl)-1-phosphaethene
and butyllithium, and was allowed to react with chloro-
diphenylphosphine (Scheme 1)11 to afford the corresponding
2-chloro-1,3-diphosphapropene (Z-2) in good yield (78%) after
silica-gel column chromatographic purification (hexane–tolu-
ene, v/v = 5/1). Compound Z-2 was characterized spectroscop-
ically.† In the 31P NMR spectrum, a peak due to the PNC
phosphorus atom appeared at low field (dP 302.4) with a large
2JPP value (277 Hz), suggesting an E-configuration. Similarly,
starting from E-1 and chlorodiphenylphosphine,11a an attempt

was made to prepare E-2. Although NMR signals due to E-2
were observed in the reaction mixture (dP 325.1, 3.0, 2JPP

15 Hz), E-2 was isomerized to Z-2 after the usual work-up
procedure, probably due to large repulsion between the Mes*
group and the Ph2P group.

Next we investigated the coordination property of Z-2
towards tungsten(0). Initially, Z-2 was allowed to react with an
equivalent amount of W(CO)5(thf) for 6 h at room temperature
to afford the corresponding pentacarbonyltungsten(0) complex
3 in 39% yield as yellow prisms after recrystallisation from
hexane (Scheme 1).‡ The coordination on tungsten seemed to
occur at the Ph2P phosphorus atom as suggested by a satellite
signal due to the tungsten atom in the 31P NMR spectrum of 3.
The reason for this type of coordination might be explicable
taking the stronger basicity of the Ph2P group into account,12

while Bertrand and coworkers reported an NMR study to
suggest the coordination at the low-coordinated l3s2-phospho-
rus atom in a 1,3-diphosphapropene system.4 In the 13C NMR
spectrum, the chemical shift of the PNC carbon atom is similar
to that for Z-2, but the two 1JPC values are quite different (79 and
4 Hz) indicating low electronic interaction between the PPh2

group and the PNC carbon atom. The structure of 3 was
unambiguously determined by X-ray crystallography and Fig. 1
displays an ORTEP drawing.§ The P2–W distance is
2.540(1) Å, which is similar to that for W(CO)5(PPh3)
[2.545(1) Å].13 The P1–C(1) distance is 1.675(4) Å, which is a
normal value for the PNC bond.1 The P1, P2, C1, Cl, W atoms
are almost coplanar and the tungsten atom is located on the same
side of lone pairs of the P1 atom with a P1…W distance of
3.97 Å. Complex 3 did not react with an excess amount of
W(CO)5(thf) to afford the bis-tungsten complex, probably due
to steric congestion around the PNC phosphorus atom.4

The structure of 3 indicates that Z-2 is a good chelating
ligand, and therefore we tried to prepare a chelate complex of Z-
2 by use of W(CO)4(cod) (cod = cycloocta-1,5-diene) at room

Scheme 1

Fig. 1 An ORTEP drawing of 3 with 50% probability ellipsoids. Hydrogen
atoms are omitted for clarity. Bond lengths (Å) and angles (°): W–P(2)
2.540(1), C(1)–Cl 1.740(4), P(1)–C(1) 1.675(4), P(1)–Cipso(Mes*)
1.840(4), C(1)–P(2) 1.829(4), P(2)–Cipso(Ph) 1.828(4), P(2)–Cipso(PhA)
1.835(4); C(1)–P(1)–Cipso(Mes*) 103.1(2), W–P(2)–C(1) 119.3(1), W–
P(2)–Cipso(Ph) 110.6(1), W–P(2)–Cipso(PhA) 116.5(1), C(1)–P(2)–Cipso(Ph)
104.6(2), C(1)–P(2)–Cipso(PhA) 99.8(2), Cipso(Ph)–P(2)–Cipso(PhA) 104.3(2),
Cl–C(1)–P(1) 124.9(2), Cl–C(1)–P(2) 115.4(2), P(1)–C(1)–P(2) 119.2(2).
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temperature. After 12 h, 4 was obtained in 19% yield as red
crystals together with 63% recovery of Z-2, after purification by
gel permeation chromatographic separation (Scheme 1).‡ A
trace amount of 4 was also obtained by the reaction of Z-2 and
W(CO)5(thf). In the 31P NMR spectrum of 4, a peak due to the
PNC phosphorus atom is observed at a higher field than that for
Z-2, and both of the two phosphorus atoms show satellite peaks
due to the presence of the tungsten atom. Moreover, the
coupling constant between the PNC phosphorus and the tungsten
(213 Hz) is reasonable for a complex with an end-on
coordinating mode.14 On the other hand, Appel and coworkers
reported a side-on coordination with Fe(0) on the PNC moiety in
the 1,3-diphosphapropene system.3 In the 13C NMR spectrum
of 4, a peak due to the PNC carbon atom has a higher chemical
shift than that for Z-2, and the two 1JPC values are small (23 and
9 Hz). Two different chemical shifts were observed for COeq

carbons together with two different 2JPC values, probably due to
the coordination by two different types of phosphorus atoms.
The structure of 4 was unambiguously determined by X-ray
crystallography and Fig. 2 depicts an ORTEP drawing.§ The
PNC phosphorus atom coordinates in the end-on mode which
leads to a large 1JPW value in the NMR spectrum. The P1–W
distance [2.489(3) Å] is shorter than the P2–W distance
[2.526(3) Å], and the P1–C(1) distance [1.651(10)] is normal
for the PNC bond. The P1–W–P2 angle is small with a value of
65.1(1)°. The P1–C(1)–P2 and C(1)–P2–W angles, 93.5(3) and
101.8(5)°, respectively, are smaller than the corresponding
angles for 3.

Chelate complex 4 was also derived by photo-irradiation of 3.
A THF solution of 3 was irradiated with a medium-pressure
mercury lamp at 5 °C for 16 h in an NMR tube to afford 4 almost
quantitatively. No E/Z isomerization of 3 was observed
probably due to the steric hindrance between the Mes* and Ph2P
moieties.15

Compound 2 contains a chlorine atom at the sp2-carbon atom
which can potentially be substituted. We are now attempting to
prepare various types of 1,3-diphosphapropenes from 2, as well
as metal complexes of the type 3 and 4.

This work was supported in part by a Grant-in-Aid for
Scientific Research (No. 12042208) from the Ministry of
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122.5 (d, 3JPC 6 Hz, m-Mes*), 38.3 (d, 3JPC 1 Hz, o-CMe3), 35.3 (d, 5JPC 1
Hz, p-CMe3), 33.2 (d, 4JPC 3 Hz, o-CMe3), 31.0 (p-CMe3); 31P{1H} NMR
(81 MHz, CDCl3) d 263.7 (PNC), 1JPW 213 Hz, 19.1 (PPh2), 1JPW 202 Hz,
2JPP 116 Hz; IR (KBr) n 2019, 1923, 1903, 1890 cm21, FAB MS m/z 804
(M+; 59%), 692 (M+2 4CO; 96%), 275 (Mes*P+2 1; 90%), 154 (PhPCCl+
2 1; 100%). Anal. Calc. for C35H39ClO4P2W: C, 52.23; H, 4.88; Cl, 4.40.
Found: C, 52.50; H, 4.95; Cl, 4.52%.
§ Crystal data: for 3: C36H39ClO5P2W, M = 832.95, monoclinic, P21/c (no.
14), a = 10.062(5), b = 25.244(3), c = 13.845(2) Å, b = 93.920(3)°, V =
3508(1) Å3, Z = 4, Dc = 1.577 g cm2 3, m = 3.504 mm21, T = 120(1) K,
2qmax = 50.1°, 5861 total reflections, 5487 observed reflections [I >
1s(I)], R1 = 0.031, Rw = 0.073, S = 0.96 for 562 parameters, CCDC
159934.

For 4: C35H39ClO4P2W, M = 804.94, orthorhombic, P212121 (no. 19), a
= 16.687(2), b = 21.984(3), c = 9.310(3) Å, V = 3415(1) Å3, Z = 4, Dc

= 1.565 g cm21, m = 3.594 mm21, T = 125(1) K, 2qmax = 50.1°, 3318
total reflections, 3132 observed reflections [I > 2s(I)], R1 = 0.049, Rw =
0.110, S = 1.27 for 389 parameters, CCDC 159933.

See http://www.rsc.org/suppdata/cc/b1/b102810n/ for crystallographic
data in CIF or other electronic format.
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Fig. 2 An ORTEP drawing of 4 with 50% probability ellipsoids. Hydrogen
atoms are omitted for clarity. Bond lengths (Å) and angles (°): W–P(1)
2.489(3), W–P(2) 2.526(3), C(1)–Cl 1.73(1), P(1)–C(1) 1.651(10), P(1)–
Cipso(Mes*) 1.82(1), C(1)–P(2) 1.82(1), P(2)–Cipso(Ph) 1.83(1), P(2)–
Cipso(PhA) 1.81(1), C(1)–P(1)–Cipso(Mes*) 108.6(5), P(1)–W–P(2) 65.1(1),
W–P(2)–C(1) 93.5(3), W–P(1)–C(1) 99.4(4), W–P(1)–Cipso(Mes*)
152.0(3), W–P(2)–Cipso(Ph) 115.6(4), W–P(2)–Cipso(PhA) 127.6(4), C(1)–
P(2)–Cipso(Ph) 109.7(5), C(1)–P(2)–Cipso(PhA) 104.5(5), Cipso(Ph)–P(2)–
Cipso(PhA) 103.9(5), Cl–C(1)–P(1) 131.2(6), Cl–C(1)–P2 126.8(6), P(1)–
C(1)–P(2) 101.8(5).
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The first polymer with a fluorosilicate backbone and a non-polar shell
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A novel type of linear inorganic–organic hybridic polymer is
presented in which terphenyl ligands are covering the
inorganic backbone, providing it with a non-polar coating.

Over recent years coordination polymers have attracted con-
siderable interest.1 Besides their properties and potential
application,2 controlling the self organisation of the monomeric
units to build one or higher dimensional frameworks has been a
major achievement in this fascinating research area.3 Most of
these inorganic–organic hybrid materials are constructed from
metal cations connected by organic ligands, forming a hybrid
inorganic–organic backbone.4 There are also examples of
coordination polymers with a completely inorganic backbone
showing a wealth of different coordination modes.5

Several examples of crystal structures of organo-tetra-
fluorosilicates are known to date.6–8 In all of these structures the
anions show no direct interaction with more than one counter-
cation. Organofluorosilicates with a potassium counter-cation
are usually destabilized due to potassium–fluorine interactions.
These interactions can be minimised by complexation of the
cation with 18-crown-67 or completely removed with
[2,2,2]-cryptand.8

Earlier we reported9 a globular-terphenyl substituted fluoro-
silicate in which both tetra- and penta-fluoro silicate units are
interconnected in a network built together by the counter-cation
interaction. Herein we report the first inorganic fluorosilicate
based coordination polymer enveloped by a non-polar organic
shell, starting from a multidentate ligand site offering steric
control. In order to investigate the balance between electro-
philicity and steric protection of the silicon centre in such
compounds, we allowed 2,6-dimesitylphenyl trifluorosilane 1
to react with an excess of KF. We exclusively observed the
formation of the terphenyl tetrafluorosilicate 2 (Scheme 1) and
the product adopts a one dimensional polymeric structure in the
solid state (see Fig. 1). To our knowledge this is the first

structurally characterised potassium organo–tetrafluorosilicate
polymer. The interaction of the counter ions leads to association
forming a K–F–Si–F–K type of a linear coordination poly-
mer.

Under stoichiometric conditions 2,6-dimesitylphenyl tetra-
fluorosilicate 2 can be readily synthesised† from the corre-
sponding trifluorosilane 1 and KF. It is a one dimensional
coordination polymer the structure of which has been estab-
lished by X-ray diffraction analysis (see Fig. 2).‡ Polymer 2 is
built by organo-tetrafluorosilicate units each of which acts as a
bidentate ligand towards two potassium ions. The potassium
cations are surrounded by fluorine atoms forming a square
planar coordination environment. The axial positions above and
below the potassium are occupied by the mesityl substituent of
the organic ligand. Additionally one molecule of acetone is
present in the coordination sphere of every second potassium
ion.

The inorganic backbone consists of four membered SiF2K
rings which are spiro connected at the silicon and the potassium
centres. The zig-zag arrangement of the inorganic backbone is
shielded by the organic terphenyl ligands attached to each
silicon atom. The bulky aryl ligands prevent extensive coor-
dination of solvent to the potassium centres, which instead
interact with the p-systems of the mesityl rings of the terphenyl
system. This interaction of the cation with the organic shell

Scheme 1 Synthesis of 2.

Fig. 1 Inorganic backbone of 2 with (right) and without (left) ligand
shell.

Fig. 2 Detail of the structure of 2.
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seems to be crucial for the stability of the polymer, and despite
some effort we have not been able to observe similar structures
with smaller alkali metal ions.

These findings are in good accordance with previous
observations that, due to their preference for increased coor-
dination numbers, the larger alkali metal cations have a
tendency to participate in the formation of higher aggregates
than smaller alkali metal cations,10 even though the cation p-
system stabilisation energies are smaller for potassium than
those observed for lithium.11,12 The K–C distances in 2 (3.1–3.5
Å) fall in the normal range of such interactions.6

The linear polymer 2 is somewhat related to a structural
isomer 3 which however shows no polymeric structure but does
start  a fluorosilicate network in which a globular inorganic core
is covered by a shell of organic terphenyl ligands (see Fig. 3).9
This globular adduct is formed under different kinetic condi-
tions than 2. The chain 2 forms when both starting materials,
dimesitylphenyl trifluorosilane and potassium fluoride, are
present in equal concentration in the reaction mixture. In
contrast the formation of the globular system 3 is characterised
by a large excess of the bulky trifluorosilane in the presence of
a small concentration of potassium fluoride. The latter is
continuously formed in the course of a slow reductive process.9
This illustrates how delicately the reaction parameters control
the resulting architecture of the polymer. Starting with identical
components and controlling reaction conditions globular 3 or
linear arrangement 2 can be obtained.

The structure of 2 is not retained in solution as indicated by
NMR studies. In acetone solution the coordination polymer
dissociates into two species as indicated by 19F-NMR. The main
signal at 2113.3 ppm is sharp and shows 29Si satellites (214
Hz), while a minor signal at –127.3 ppm is relatively broad (n1/2
= 30 Hz) probably due to chemical exchange. Simple 29Si-
NMR experiments are hampered by the fact that the expected
fluorosilicates show their resonance in the same region as the
broad resonance of the glass peak of the NMR tube. Moreover
the Si–H coupling constants and the number of protons that are
close enough to be used for INEPT or DEPT experiments are to
small for this purpose. However, with 1H{29Si}-2D-HMQC
experiments we have been able to observe 29Si spectra and to
assign the data to the respective dissociation products. The
predominant species shows a 29Si signal at 2123 ppm (1JSiF =
214 Hz) and can be assigned to the monomeric Mes2C6H3SiF4

2

ion. For comparison PhSiF4
2 shows a 29Si resonance at 2126

ppm. The 29Si resonance of the other dissociation product
appears at 259 ppm (JSiF = 249 Hz), but due to the low signal
intensity the multiplet cannot be unambiguously assigned. It
should be mentioned that the dissociation process in solution is
reversible and the linear polymer 2 forms again on evaporation
of the solvent.

For similar reasons as in solution the presence of proton and
fluorine nuclei and their dipolar interaction with the silicon
nucleus interferes with conventional CP-MAS NMR tech-
niques. More sophisticated experiments with observation of
29Si with simultaneous decoupling of 19F and 1H are in progress.
Due to the complexity of these experiments, their results will be
reported in context with monomeric organofluorosilanes else-
where in the future.

We thank PD Dr. Dietrich Gudat (University of Bonn) for
recording the HMQC NMR spectra and Prof. Matthias Drieß for
intellectual and financial support. Funding for R. P. by the
Fonds der Chemischen Industrie (Liebig-fellowship) is grate-
fully acknowledged.

Notes and references
† Synthesis of 2: Mes2C6H3SiF3

9 (0.80 g, 2 mmol) is dissolved in acetone
(10 mL) and potassium fluoride (0.12 g, 2 mmol) is added to this solution
at room temperature. The mixture is heated to reflux giving a clear solution.
After cooling to room temperature the solvent is slowly evaporated and 2 is
obtained as colourless crystals which can be separated by filtration (0.76 g,
82.6%). Elemental analysis calc. (%) for C51H56F8K2OSi2: C: 63.06, H:
5.81; found: C: 63.29, H: 5.54. 19F-NMR (acetone-d6): 2113.3 ppm, 29Si-
NMR (acetone-d6): 2123 ppm (1JSiF = 214 Hz).
‡ Crystal data for 2: Formula = C51H56F8K2OSi2, M = 971.34,
monoclinic, space group C2/c; a = 27.63(2) Å; b = 11.432(12) Å; c =
17.03(2) Å; b = 111.50(4)°; V = 5005(10) Å3; Z = 8; Dc = 1.289 Mg m23;
l = 0.71073 Å; reflections collected/unique 12806/4429; R1 = 0.0556,
wR2 = 0.1121.

CCDC reference number 164463. See http://www.rsc.org/suppdata/cc/
b1/b102853g/ for crystallographic data in CIF or other electronic format.
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Fig. 3 Crystal structure of 3.9
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complexes with silica
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New kinds of hybrid materials containing covalently bonded
Eu3+ (Tb3+) bipyridine complexes in a silica network have
been prepared and their luminescence properties reported.

The sol–gel method has been proven to be a suitable approach
for the preparation of hybrid materials. One advantage of this
method is its low processing temperature, allowing the
incorporation of organic moieties that cannot withstand high
temperatures into the networks.1,2 Unfortunately, there are
significant drawbacks in using these systems, which include
inhomogeneous distribution of both components, leaching of
dopants and limitations on the concentrations of dopants used.
Covalent grafting of ligands on to the backbone of networks via
Si–C bonds can greatly overcome the above-mentioned short-
comings.3,4

Herein, we present a new compound (denoted as bipyridine–
Si) for sol–gelcontaining bipyridine, which plays a double role,
i.e. as a ligand for lanthanide ions and as a sol–gel precursor.
The hybrid luminescent materials were prepared using bipy-
ridine–Si as one of the precursors, which reacted with the
tetraethoxysilane (TEOS) by hydrolysis and condensation in the
presence of lanthanide ions (see Scheme 1).

The IR spectra for 2,2A-bipyridine-4,4A-dicarboxylic acid (I),
bipyridine–Si (II) and the hybrid material doped with Eu3+ (III)

are shown in Fig. 1(A, B, C), respectively.‡ The absorption
band at 1713 cm21 in Fig. 1A corresponds to the asymmetric
carbonyl stretch of carboxylic acid. This band is replaced by
bands at 1653 and 1638 cm21 due to the absorption of amide
groups (CONH) in Fig. 1B and Fig. 1C, respectively, indicating
that (3-aminopropyl)triethoxysilane (APS) has been success-
fully grafted on to 2,2A-bipyridine. Further evidence for this is
the presence of the stretching n(NH, 3379 cm21) and bending
d(NH, 1542 cm21) vibration modes, together with the stretching
vibration of Si–O at 1094 cm21 and the bending vibration of Si–
O at 462 cm21 (from APS) in Fig. 1B. The addition of Eu3+,
TEOS and water to bipyridine–Si (II) is also responsible for
changes in the IR spectra (cf. Fig. 1C and Fig. 1B) due to
hydrolysis/condensation of TEOS and bipyridine–Si (II) to-
gether with formation of a complex between Eu3+ and
bipyridine–Si (II). The n(Si–C) vibration located at 1198 cm21

is still observed in the IR spectra of hybrid materials (Fig. 1C),
which is consistent with the fact that no (Si–C) bond cleavage
occurs during hydrolysis/condensation reactions. Furthermore,
in Fig. 1C the broad absorption band at 1087 cm21, n(Si–O–Si),
indicates the formation of siloxane bonds.

The excitation spectrum monitored using the Eu3+ 5D0–7F2
transition at 614 nm is dominated by a broad band centered at
336 nm, which is the characteristic absorption of the ligands due
to their efficient p?p* transition. This indicates that an energy
transfer occurs from the ligands to the central Eu3+. Upon
excitation at the ligands (336 nm), only the emission lines of
Eu3+ 5D0–7FJ (J = 0,1,2,3,4) were observed with the hyper-
sensitive transition 5D0–7F2 (614 nm) as the most prominent
group; no emission from the ligands was detected, suggesting
that the energy transfer from the ligands to Eu3+ is efficient in
the hybrid sample. However, when the excitation is at 396 nm
(i.e. at the 7F0–5L6 absorption band of Eu3+), the obtained
emission spectrum contains not only the emission of Eu3+, but
also a broad emission band in the blue region with a maximum
at 458 nm. Apparently, the red emission of Eu3+ produced in

† Electronic supplementary information (ESI) available: Excitation (A) and
emission (B, C) spectra of hybrid materials in Scheme 1 (Ln = Eu). See
http://www.rsc.org/suppdata/cc/b1/b102160p/

Scheme 1 Synthesis procedure of bipyridine–Si and the predicted structure
of hybrid materials.

Fig. 1 IR spectra for 2,2A-bipyridine-4,4A-dicarboxylic acid (A), bipyridine–
Si (B) and hybrid materials doped with Eu3+ (C).

This journal is © The Royal Society of Chemistry 2001
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this case results from direct excitation into Eu3+. Here it is
interesting from the appearance of the broad blue band, which
can have no other cause than the excitation of the complex.
Because the ligands can by no means be excited at 396 nm, it is
obvious that the blue emission originates from an intracomplex
due to metal-to-ligand energy transfer, possibly by charge
transfer. A similar situation has been reported for Eu3+ in
bipyridine and PEG200 by Bekiari and Lianos.5 It can be
concluded that both the red and blue emissions originate mainly
from an intracomplex energy transfer process because the Eu3+

ion does not absorb at 336 nm and the ligand does not absorb at
396 nm, further pointing out the formation of a complex
between Eu3+ and the ligands in bipyridine–Si.

The decay curve of the hybrid material with Eu3+ was singly
exponential, confirming that the chemical environment of Eu3+

is uniform in the hybrid material, from which the luminescence
lifetime was determined to be 123.6 ms. This value is much
shorter than that of Eu3+ in inorganic solid host lattices
(generally in the millisecond range),6 indicating an important
quenching by the OH groups (from the coordinated H2O) or
silanol (Si–OH) groups in the hybrid materials (see Scheme
1).

Very similar results were obtained when the Eu3+ was
replaced by Tb3+ in the hybrid materials, i.e. the excitation
spectrum was identical to that of Eu3+, and the emission
consisted of 5D4–7FJ (J = 3,4,5,6) transitions of Tb3+, with the
5D4–7F5 (543 nm) green emission as the most prominent
group.

In conclusion, modification of 2,2A-bipyridine with APS
results in the formation of a hybrid compound, which can act as
both the ligand of lanthanide ions and as a sol–gel precursor.

This work is supported by ‘973’ – National key project for
Fundamental Research of Rare Earth Functional Materials, the
Nation Natural Science Key Foundation of China (No.
29731010, 29971030), National Noble Youth Sciences Founda-
tion of China (No. 29225102) and ‘Beiren Jihua’ of Chinese
Academy of Sciences. We gratefully thank S. B. Wang and Y.
N. Yu for the luminescence and lifetime measurements.

Notes and references
‡ Experimental: Compound I was prepared according to the literature
procedure.7 Anal. Calc. for C12H8N2O4: C, 59.10; H, 3.30; N, 11.50. Found:
C, 59.12; H, 2.14; N, 11.52%. Compound II was synthesized according to
the literature procedure.3 Hybrid materials III were prepared as follows:
bipyridine–Si was dissolved in 4 mL ethanol; TEOS and H2O (pH 2) were
added to it in the molar ratio 1+4+16 (bipyridine–Si+TEOS+H2O) with
stirring. EuCl3 (or TbCl3) was added to the resulting mixture with the molar
ratio of bipyridine–Si + Eu3+ (or Tb3+) of 2+1. The mixture was agitated
magnetically to achieve a single phase and then transferred into cuvettes. A
thermal curing was performed at 40 °C and was continued for three weeks
until the sample solidified.
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The hetero-Diels–Alder addition of sulfur dioxide: structure of the
first crystalline sultine. Quantum calculations on the conformations of
6-fluoro-3,6-dihydro-1,2-oxathiine 2-oxides†

Elena Roversi,a Rosario Scopelliti,a Euro Solari,a Raphaël Estoppey,a Pierre Vogel,*a Pedro
Braña,b Bibiana Menéndezb and José Ángel Sordo*b

a Section de chimie de l’Université de Lausanne, BCH, CH 1015 Lausanne-Dorigny, Switzerland.
E-mail: pierre.vogel@ico.unil.ch; Fax: (+41) 21 692 3955

b Laboratorio de Química Computacional, Departamento de Química Física y Analítica, Universidad de
Oviedo, Oviedo, Spain

Received (in Cambridge, UK) 5th April 2001, Accepted 18th May 2001
First published as an Advance Article on the web 14th June 2001

The hetero-Diels–Alder addition of sulfur dioxide to (E)-
and (Z)-4-(fluoromethylidene)-3-methylene-2,3-dihydro-
naphthalene follows the endo Alder rule. The first example
of a crystalline sultine has been obtained. In agreement with
high level quantum calculations, (1SR,3SR)-1-fluoro-
1,4,5,6-tetrahydronaphtho[2,1-d][1,2]oxathiine 3-oxide
adopts a sofa conformation in its ground state.

At low temperature and in the presence of a catalyst, simple
alkyl-substituted 1,3-dienes add reversibly to SO2 via hetero-
Diels–Alder additions to generate the corresponding 3,6-dihy-
dro-1,2-oxathiine 2-oxides (sultines).1 They are unstable above
250 °C and undergo fast cycloreversion liberating the starting
1,3-dienes and SO2 that can undergo the expected chelotropic
additions at higher temperature. Until now sultines have been
characterised in solution by their NMR data only.1,2 Because of
their instability, none of them have been isolated and better
characterised. We report here the successful crystallisation of a
fluorosultine and its structure determination by X-ray radio-
crystallography. Whereas cyclohexene adopts a pseudo-chair
conformation in its ground-state that interconverts through sofa
transition structures, 6-fluoro-3,6-dihydro-1,2-oxathiine 2-ox-
ides seem to prefer sofa conformation in their ground state with
the intra-ring oxygen atom lying in the plane of the four carbon
centres. We demonstrate also that the hetero-Diels–Alder
addition of SO2 obeys the endo Alder rule.3

The fluorodienes (E)-3 and (Z)-3 were derived from 14 as
shown in Scheme 1.5 SO2 added to (Z)-3 at 280 °C (2 h) giving
sultine 4. When allowed to stand at 240 °C it isomerised into 5.
Above 230 °C, 5 was decomposed, no trace of the correspond-
ing sulfolene could be detected! Diene (E)-3 was less reactive
than (Z)-3. It reacted with SO2 at 240 °C (15 h) giving sultine
5 that could be crystallised at 250 °C and analysed by X-ray
radiocrystallography at 2100 °C (Fig. 1), thus establishing its
structure unambiguously. That of the cis-sultine 4 was deduced
from its NMR data and by its isomerization into the more stable
trans-isomer 5.6

Compound 5 represents the first example of a crystalline
sultine.7 The most striking observation is that it adopts a nearly
sofa conformation in the crystalline state. This may not be the
unique conformation available in solution as suggested by the
1H NMR spectrum. Assuming validity of the relation 5JH,H = (5
Hz) (sinq)2(sinqA)2 for the coupling constants between the
homoallylic proton pairs8 at C-2 and C-5, a larger value should
be measured for 5J(H-2,Ht-5) than for 5J(H-2,Hc-5) since Ht

makes a greater angle with the C-2, 1, 6, 5 plane than Hc (see
Fig. 1). However, one finds similar values 5J(H-2,Hc-5) < 0.2

Hz, 5J (H-2,Ht-5) = 0.8 Hz and 5J(F-2,Ht-5) = 5J(H-2,Hc-3) =
6.2 Hz suggesting that 5 exists as an equilibrium of several
conformers in solution.

We have explored using high-level quantum calculations the
potential energy surface (PES) of the Diels–Alder additions of
SO2 to (E)- and (Z)-1-fluorobutadiene (Figs. 2 and 3). The
relative energies were computed using G3 theory9 with the
DE(2df,p) contribution estimated at the MP2 level (while the

† Electronic supplementary information (ESI) available: synthetic proce-
dures, data for (E)-3, (Z)-3, 4 and 5. Crystal and molecular structures of 5,
tables of calculated data and representations of calculated minima and
transition structures. See http://www.rsc.org/suppdata/cc/b1/b103096p/

Scheme 1 Synthesis of fluorosultines.

Fig. 1 ORTEP representation of 5 showing the nearly sofa conformation of
this 6-fluorosultine. For reasons of commodity atom numbering does not
follow IUPAC recommendations. Selected bond lengths (Å), bond angles
(°) and torsion angles (°): S1–O2 1.475(2), S1–O1 1.6840(19), S1–C4
1.796(3), O1–C1 1.413(3), C1–F1 1.414(3), O2–S1–O1 102.91(11), O2–
S1–C4 106.94(13), O1–S1–C4 93.57(11), O1–C1–F1 106.6, O2–S1–O1–
C1 179.11(18), C1–C2–C3–C4 10.4(4).

This journal is © The Royal Society of Chemistry 2001
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CPU times on a NEC SX-4 supercomputer were affected by a
factor near 10, a difference of only 0.3 kcal mol21 was found
when computing this term for (S)-7 at the MP4 level). The spin-
orbit term was not included because of the lack of data for
sultines, the zero-point energy was computed from MP2/
6-31G(d) harmonic frequencies scaled by a factor of 0.96, and
the frozen-core approximation was employed to carry out the
geometry optimizations (see ESI†). Both dienes (E)-6 and (Z)-6
prefer the endo mode (Alder rule)3 of addition and (Z)-6 is less
reactive than (E)-6, in agreement with our results with dienes
(Z)-3 and (E)-3, respectively. The calculations predict that cis-
fluorosultine 7 prefers a sofa conformation S-7 with pseudo
axial SNO (Fig. 2). The interconversions of S-7 and of the
pseudo-chair conformer C-7 can follow two paths. That with the
lowest energy barrier involves equilibrium with a boat con-

former B-7. In the case of the trans-fluorosultine 8 (Fig. 3) a
sofa S-8 with pseudo-equatorial SNO bond (corresponds to the
X-ray structure of 5) and a ‘flattened’ pseudo-chair conformer
C-8 of similar stabilities are found in agreement with our NMR
data for 5. A boat conformer B-8 is only 1 kcal mol21 above S-8
and C-8 and is reached with an energy barrier of 1.2 kcal mol21.
Alternatively, interconversion S-8 = C-8 can operate through a
boat transition structure B‡-8 with an energy barrier of 4.3
kcal mol21 only, suggesting that 8 is more flexible than 7. If
such a flexibility difference should prevail in the cases of 4 and
5, it could contribute to make 5 more stable than 4.

We have proposed that sultines are intermediates in our new
carbon–carbon forming reaction between electron-rich dienes
and enoxysilanes.10 These species raise fundamental questions
concerning their reactivity11 and, as shown here, about their
structure.

This work was supported by the Swiss National Science
Foundation, the Centro Svizzero di Calcolo Scientifico
(Manno), and by DGES (Madrid) under project PP97-
0399-C03.03.
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We report the synthesis of novel alternating copolymers of
the kind A-alt-B, where A is a dialkylfluorene unit and B is
an aromatic moiety unit which is varied in order to change
the position of the frontier energy levels; in particular we
find that the B unit thiophene S,S-dioxide is particularly
effective at increasing the polymer electron affinity and
ionisation potential. 

Poly(9,9-dialkylfluorene)s and derivatives are attracting sig-
nificant interest in the context of polymer-based optoelectronic
devices and in particular for the fabrication of efficient and
long-lived light-emitting diodes.1 Both colour tunability and
control of the position of the frontier energy levels (electron
affinity, EA, and ionisation potential, IP) are important in order
to extend the applicability of this class of polymers, with a view
to fabrication of full-colour displays and also to optimisation of
charge injection from environmentally stable electrodes. From
the synthetic point of view, a successful strategy to achieve this
goal is the preparation of copolymers combining the fluorene
moiety with other electroactive ones, in an alternating coupling
pattern (A-alt-B). For example, a moiety of interest is the
thiophene S,S-dioxide, which has been shown to produce an
effective increase of EA in oligothiophenes.2,3

Here, we report the synthesis and the electrochemical and
optical properties of a variety of well-defined A-alt-B copoly-
mers, where A is a 9,9-bis(2A-ethylhexyl)fluorene unit and B is
either a thiophene unit, a thiophene derivative, an oligothio-
phene or an oligothienylenevinylene (Scheme 1).

We synthesised the copolymers via palladium-catalysed
Suzuki coupling4 from the appropriate dibrominated and boron
ester monomers, with a polymerisation yield in the range of
47–58%. The choice of the bulkier 2-ethylhexylfluorene
solubilizing substituents, at variance with the more commonly

used dioctyl or dihexyl linear chains, is aimed at reducing
interchain interactions and ordering. The detrimental role of the
interchain excited states on the luminescent polymer properties
has been widely reported, in particular for polyfluorenes.5,6 The
polymerisation was carried out in a refluxing tetrahydrofuran–
aqueous potassium carbonate solution (2 M) containing
Pd(PPh3)4 as catalyst, for several days, in the dark and under N2.
Copolymers were then purified by dissolution in the minimum
amount of CHCl3 and by addition of the filtered solution to a
non-solvent (methanol). This process was repeated at least three
times, after which the copolymers were dried under vacuum.
Monomers and polymers were characterised by standard
spectroscopic techniques and elemental analysis. Details of the
synthesis and structural characterisation will be reported in a
future publication. The molecular weight of the polymers was
determined by gel permeation chromatography of their THF
solutions, relative to polystyrene standards. The obtained values
(Table 1) are typical of the Suzuki type polymerisation
reaction.

We investigated the electrochemical behaviour of the
copolymer films by cyclic voltammetry. The ionisation poten-
tial (IP) and electron affinity (EA) were estimated from the
oxidation and reduction onset potentials determined against a
saturated calomel electrode (calibrated against ferrocene, Fc/
Fc+ 0.41 V), considering that the energy level of Fc/Fc+ is 4.8
eV below the vacuum level.7 These values are summarised in
Table 1. On going from PFT to the copolymers with longer B
segments (PF3T and PFBTVT), we observe a decrease of IP
whereas EA remains nearly constant. The most significant
alteration of these two parameters occurs when the sulfur atom
of PFT is functionalised to SO2; namely, a significant increase
of both IP and EA is observed in going from PFT to PFTSO2.
The stabilisation of the frontier levels upon such functionalisa-
tion was previously reported for oligothiophenes,2 though, for
those systems, the increase of EA was larger than the increase of
IP.

The UV-vis absorption of the copolymer films is also
dependent on the B unit (Fig. 1). The copolymers’optical gap
values, Eg, estimated from the onset of the UV-vis absorption
spectra, are given in Table 1. Eg decreases on going from PFT

Scheme 1 Molecular structure of the synthesised copolymers.

Table 1 Number-average molecular weight (Mn), polydispersity (Mw/Mn),
ionisation potential (IP), electron affinity (EA), optical gap (Eg) and
fluorescence quantum yields (FFL) determined in solution and in solid films
of the investigated copolymers

Polymer Mn

Mw/
Mn

IPa/
eV

EAa/
eV

Eg/
eV

FFL

Soln.
FFL

Film

PFT 14100 3.4 5.49 2.84 2.5 0.51 0.032
PFTSO2 8700 3.1 5.62 2.94 2.2 0.16 0.008
PF3T 2800 1.5 5.39 2.81 2.3 0.37 0.081
PFBTVT 5300 3.5 5.24 2.89 2.2 0.11 0.005
a CV in MeCN–NBu4BF4 (0.2 M) at 50 mV s21.
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to the copolymers with longer conjugated B units, PF3T and
PFBTVT, indicating an increase of the conjugation length,
despite the decrease of the molecular weight. A similar decrease
of Eg is observed upon S to SO2 functionalisation, showing that
such chemical modification of the thiophene unit has a
comparable effect to the increase of the number of thiophene
rings in the B unit. Furthermore, two distinct bands are observed
in the PFTSO2 absorption spectra while a single one is observed
for PFT (Fig. 1). Correspondingly, a red-shift of the photo-
luminescence, PL, spectra is also observed on going from PFT
to the other copolymers. Namely, while PFT fluorescence
occurs in the green region (lmax = 476 nm), PFTSO2 emits in
the orange region of the visible spectrum (lmax = 604 nm).
Fluorescence quantum yields (FFL) of these polymers were
determined both for chloroform solutions and films. Solution
FFL were calculated by the relative method,8 by comparing the
corrected areas of the fluorescence spectra of a standard and of
the sample. As reference substances, we used quinine sulfate in
0.1 M H2SO4 (FFL = 0.5469) and rhodamine 101 in ethanol
(FFL = 0.8910). Solid state FFL was determined following the
procedure of de Mello et al.,11 using an integrating sphere, upon
excitation with the blue line (442 nm) of a He–Cd laser. As
shown in Table 1, PFT has the highest solution FFL, whereas
PF3T shows the highest solid state efficiency. All polymers
show a strong reduction of efficiency on going from solution to
the solid state, which is indicative of the quenching effects
associated to the interchain interactions. We further note that the
fluorescence efficiency of PFTSO2 is lower than that of PFT,
both in solution and solid state, indicating a detrimental effect of
the S,S-dioxide functionalisation of the thiophene unit.
FFL for PFT in solution, 0.51, is comparable to the value of

0.49 reported by Ranger and Leclerc12 for a similar alternating
copolymer combining 9,9-dioctylfluorene and an unsubstituted
thiophene unit, prepared by Suzuki coupling. They reported also
a decrease of FFL to 0.30 when two thiophene rings are used
instead of one. Interestingly, we find a higher value of 0.37 for
PF3T (which has three thiophene rings), though this value is
lower than that of PFT.

We fabricated light-emitting diodes using the copolymers
shown in Scheme 1 as electroluminescent materials, with Ca
cathodes and indium–tin oxide, ITO, or ITO/PEDOT:PSS
anodes (where PEDOT:PSS is polyethylenedioxythiophene,
doped with polystyrene sulfonic acid) and we found that the
electroluminescence spectra are similar to the fluorescence
spectra. Fig. 2 shows current density (J) and luminance (L) as a
function of the applied voltage (V) for an ITO/PEDOT:PSS/
PFTSO2/Ca device. Light-emission starts at about 14 V, and
typical external electroluminescence efficiencies of these
PFTSO2-based devices are on the order of 1023%.

In summary, we synthesised well defined alternating copoly-
mers combining fluorene and thiophene-based moieties whose
colour emission and position of frontier levels can be tuned
upon structural modifications in the thiophene-based aromatic
block.

We thank Fundação para a Ciência e a Tecnologia (Project N0

PRAXIS/3/3.1/MMA/1792/95 and PhD grant to Ana Charas)
and The British Council/CRUP (Project N. B-20/00) for
financial support. FC is a Royal Society Research Fellow.
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Fig. 1 Normalised UV-vis absorption and photoluminescence (PL) spectra
of PFT (lexc = 408 nm) and PFTSO2 (lexc = 445 nm) thin films deposited
on spectrosil.

Fig. 2 Current density (J) (-5-) and luminance (-2-), as a function of the
applied voltage (V) for an ITO/PEDOT(40 nm)/PFTSO2 (100 nm)/Ca
device. The active area of the device is ca. 0.02 cm2.
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Zr(OtBu)4 was found to be a potent catalyst for the synthesis
of acetone aldol adducts with diacetone alcohol as enol
equivalent and for domino aldol-Tishchenko reaction giving
rise to 1,3-anti-diol monoesters with excellent diaster-
eoselectivity.

Catalytic aldol reactions are currently being intensely investi-
gated. Most processes that have been developed share as a
general feature the formation of a silyl enolate in a preceding
synthetic operation which in a separate step is then treated with
the aldehyde under Lewis acid1 or Lewis base2 catalysis. Only
very recently few methods for direct, catalytic aldol reactions
have been reported.3 Typically these catalysts exhibit Brønsted
base as well as Lewis acid activity to form the metal enolate in
situ and activate the aldehyde, respectively.

Recently, pharmaceutical chemists aiming at modifying the
chemical structure of the immunosuppressant rapamycin re-
ported that the homogeneous stereochemistry of the aldol
moiety of the natural product was lost under the action of excess
Ti(OiPr)4.4 They proposed a facile retro-aldol aldolisation
process to account for this observation and pointed to the
possible use of aldol products as enolate precursors. Inspired by
this report we reasoned that a ketone aldol adduct should be an
even better source for the in situ generation of a metal enolate
through a retro-aldol mechanism and selected diacetone alcohol
(1) as a promising substrate for a direct and catalytic aldol
synthesis.5

We report here that Zr(OtBu)4 catalyses the synthesis of aldol
products from aromatic and a,b-unsaturated aldehydes 2 and
diacetone alcohol (1) to give rise to the acetone aldol products
3 in typically good yields. Moreover, with most aliphatic
aldehydes a rapid Zr(OtBu)4-catalysed Tishchenko reduction of
the b-hydroxyketones immediately succeeds the aldol reaction
to yield the 1,3-anti-diol monoesters 4/5.

In the first step various metal alkoxides (10 mol%) were
tested for their catalytic activity in the reaction of benzaldehyde
and diacetone alcohol in THF at 220 °C (Table 1). NaOtBu and
KOtBu apparently catalysed the reaction but yielded mainly the
dehydrated aldol condensation product (entries 1, 2). Ti(OiPr)4
and Ti(OtBu)4 required elevated temperatures for product
formation and gave mixtures of 3a and the condensation
product in moderate yields (entries 3, 4). Whereas Zr(OiPr)4
also exhibited poor catalytic activity, Zr(OtBu)4

6 turned out to
be the catalyst of choice furnishing the desired aldol adduct 3a
in 80% yield with only traces of the condensation product being
formed (entry 6). La(OtBu)3 yielded mainly the direct aldol
adduct of diacetone alcohol and benzaldehyde as one might
have expected in light of the results reported by Shibasaki (entry
7).3

We then subjected a range of aromatic and conjugated
aldehydes to the reaction with diacetone alcohol (2 eq.) and
Zr(OtBu)4 (10 mol%) in THF at 220 °C which gave rise to the
corresponding aldol adducts 3a–f in moderate to very good
yields (Table 2).7 Not unexpectedly, electron-deficient aromatic

aldehydes appear to be slightly more reactive than electron-rich
ones (entries 2, 3). As byproduct in 5–10% yield we
occasionally isolated 1,3-anti-diol monoesters comprising two
molecules of aldehyde and one acetone fragment which were
apparently formed in a Zr(OtBu)4-catalysed Tishchenko reduc-
tion8 of the initially formed b-hydroxy ketones with the
aldehyde as hydride source.

This domino aldol-Tishchenko process9,10 was found to be
the dominant reaction pathway in the case of most aliphatic
aldehydes (Table 3). Straight chain as well as a-branched
aliphatic aldehydes gave the 1,3-anti-diol monoesters 4/5a–e in
good yields upon reaction with diacetone alcohol (1 eq.) and
Zr(OtBu)4 (10 mol%) whereas the initial aldol adducts were
isolated in < 5% yield. Lowering the amount of aldehyde
equivalents resulted in a decrease in yield but did not increase
the proportion of the aldol adducts, indicating that the
Tishchenko reduction proceeded much faster than the formation
of the aldol adducts. Only pivalaldehyde as a sterically very
hindered aliphatic aldehyde yielded mainly the initial aldol

† Dedicated to Professor David A. Evans on the occasion of his 60th
birthday.

Table 1 Metal alkoxide-catalysed synthesis of acetone aldol adduct 3a

Entry Metal alkoxide Yield of 3a [%]a

1 NaOtBu 23 (35)
2 KOtBu 17 (49)
3 Ti(OiPr)4

b 20 (16)
4 Ti(OtBu)4

b 35 (28)
5 Zr(OiPr)4 14 (0)
6 Zr(OtBu)4 80 (2)
7 La(OtBu)3 15c

a Yield of dehydrated aldol condensation product in brackets. b This
reaction was run at rt. c In addition the ‘direct’ aldol product was formed in
46% yield.

Table 2 Zr(OtBu)4-catalysed synthesis of acetone aldol adducts 3

Entry RCHO Aldol 3 Yield [%]a

1 Ph 3a 80
2 4-NO2-Ph 3b 85
3 4-MeO-Ph 3c 68
4 1-naphthyl 3d 86
5 2-naphthyl 3e 71
6 PhCHNCH 3f 60
7 tBu 3g 60

a 5–10% of the corresponding aldol Tishchenko products were formed
additionally.

This journal is © The Royal Society of Chemistry 2001
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adduct 3g in 60% yield along with 6% of the aldol Tishchenko
product (Table 2, entry 7).

The initial Tishchenko products 4 suffered partial acyl
migration to give rise to mixtures of regioisomeric 1,3-anti-diol
monoesters which were, however, converted to a single
1,3-anti-diol upon hydrolysis with KOH in methanol. 13C NMR
analysis of the corresponding acetonides confirmed their anti-
stereochemistry.11 The degree of acyl migration was dependent
on the steric bulk of the acyl group with straight-chain acyl
groups being more readily transferred than a-branched acyl
groups. The exclusive ( > 97+3 by NMR) formation of the
1,3-anti-diol monoesters may be explained through intra-
molecular hydride delivery of a chelated Zr-hemiacetal alk-
oxide in transition structure A which has been previously put
forth for transition metal-catalysed Tishchenko reductions (Fig.
1).8

In an additional experiment we treated aldol adduct 6 with
propionaldehyde under the typical reaction conditions and
obtained the Tishchenko product 7 in 62% yield (15+1-mixture
of regioisomers) with no formation of a crossover product being
observed (Scheme 1). This result suggests that the Tishchenko
reduction proceeded faster than a possible retro-aldol aldolisa-
tion process.

At present, we can only speculate about the exact mechanism
of the reported aldol synthesis. Although it is very likely that the
reaction proceeds stepwise via a retro-aldol aldolisation path-

way and in situ generation of a zirconium enolate, we can not
rule out a concerted mechanism analogous to a Meerwein–
Ponndorf–Verley reduction.12 Attempts to detect the presumed
zirconium enolate spectroscopically have failed so far which,
however, may be due to the very low concentration of the
enolate that reacts with the aldehyde as soon as it is formed.

In conclusion, we have demonstrated that Zr(OtBu)4 is an
effective catalyst for the synthesis of acetone aldol adducts
using diacetone alcohol as an enol equivalent. With most
aliphatic aldehydes Zr(OtBu)4 exhibits a dual activity as an
aldol and Tishchenko catalyst. Further studies are aimed at
understanding the exact reaction mechanism and expanding the
scope of the reaction.

Financial support of this work by the Fonds der Chemischen
Industrie is gratefully acknowledged. We thank Professor
Tietze for his support.
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Table 3 Zr(OtBu)4-catalysed domino aldol-Tishchenko reactions

Entry RCHO 4/5 Yield [%]a

1 C2H5 4/5a (3+1) 75
2 nC6H13 4/5b (2+1) 89
3 PhCH2CH2 4/5c (1+1) 75
4 iC3H7 4/5d (9+1) 85
5 cC6H11 4/5e (22+1) 70

a Combined yield of both regioisomers; the initial aldol products were
formed in < 5% yield.

Fig. 1

Scheme 1
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The easily accessible, enantiopure (R)-(+)-2-diarylphos-
phino-2A-alkoxy-1,1A-binaphthyl 1 bearing three fluorous
ponytails is an efficient ligand in the palladium-catalysed
asymmetric allylic substitution of 1,3-diphenylprop-2-enyl
acetate affording chiral products of up to 87% ee.

The advantages brought about by the use of CO2 (supercritical
or compressed) or fluorinated solvents in catalytic reactions are
well-documented.1,2 These novel reaction media offer the
possibility of cleaner technology for the chemical industry, and
might also promote reactions that are not attainable in common
organic solvents, along with selectivity improvements related to
the unique solvation environment.3 In both cases, good
solubility of the catalyst in the peculiar reaction medium is a
major requirement. To reach this goal, several ligands featuring
long-chain perfluoroalkyl substituents (‘fluorous ligands’) have
been synthesized,4 including a few examples of chiral com-
pounds.5 Indeed, the presence of long-chain perfluoroalkyl
substituents increases the affinity of an organometallic com-
pound both for CO2 and perfluorocarbons. In the latter case, an
increasing body of literature data indicates that only a fluorine
content of at least 60% can ensure the very high partition
coefficients required for the application of the original fluorous
biphase strategy.6 In order to circumvent this limitation, new
fluorous techniques have been recently proposed, based on the
recovery of fluorinated molecules by liquid–liquid or solid–
phase extraction.7 This makes ‘minimally’ or ‘light’ fluorous
reagents and catalysts (i.e. compounds with a fluorine content
below 60%) potentially useful for small-scale and discovery-
oriented research.8

As phosphorous-based ligands are extensively used in
catalytic reactions, many efforts have been devoted to the
synthesis of their fluorous analogues.1,9 However, such enantio-
pure compounds are not easily available yet.10 Here we describe
the simple synthesis of a fluorous chiral phosphine, namely (R)-
(+)-2-{bis[4-(1H,1H-perfluorooctyloxy)phenyl]phosphino}-
2A-(1H,1H-perfluorooctyloxy)-1,1A-binaphthyl (R)-(+)-1, a new
member of this restricted family of compounds.†

Palladium-catalysed coupling of bis(aryl) phosphonic acids
with commercially available (R)- or (S)-1,1A-bi-2-naphthol
bis(trifluoromethanesulfonate) provides an easy access to
optically pure 2-(diphenylphosphino)-2A-alkoxy-1,1A-bina-
phthyls.11 Leitner and Franciò took advantage of this versatile
reaction in the synthesis of a chiral phosphine/phosphite ligand
bearing two –(CH2)2C6F13 ponytails, structurally similar to
(R,S)-BINAPHOS.10 The introduction of the perfluoroalkyl
substituents required the use of a properly functionalised
bis(aryl) phosphonic acid at an early stage of the synthesis. In
order to increase the flexibility of this approach, we decided to
postpone the introduction of perfluorinated residues. This
allows the insertion of the required perfluoroalkyl chains onto a
preformed ligand structure, thus increasing the number of
possible locations. The synthesis of enantiopure (R)-(+)-1 is
outlined in Scheme 1.

Bis(4-methoxyphenyl)phosphonic acid 3, obtained from the
corresponding para-substituted aryl bromide 2 according to a
literature procedure,12 allowed the easy monophosphinylation
of the commercially available (R)-(2)-1,1A-bi(2-naphthol) bis-
(trifluoromethanesulfonate) (R)-(2)-4. This reaction was car-
ried out in the presence of equimolar amounts of Pd(OAc)2 and
1,4-bis(diphenylphosphino)butane (dppb) in DMSO at 100 °C.
Cleavage of the methoxy group of the phosphinyl derivative
(R)-(+)-5 with BBr3 in CH2Cl2 afforded the dihydroxy deriva-
tive (R)-(+)-6 in 99% yield, after recrystallisation from diethyl
ether. Subsequent hydrolysis of the remaining triflate group
with aqueous sodium hydroxide in a methanol–dioxane mixture
led to (R)-(+)-2-[bis(4-hydroxyphenyl)phosphinyl]-2A-hydr-
oxy-1,1A-binaphthyl (R)-(+)-7 in 91% yield. Three fluorous
ponytails were then introduced by reaction of the free hydroxy
groups of (R)-(+)-7 with 1H,1H-perfluorooctan-1-ol perfluor-
obutanesulfonate 8 in DMF, in the presence of caesium
carbonate.13 Phosphine oxide (R)-(+)-9 was obtained in 70%
yield after simple flash chromatography (eluent Et2O). Finally,
reduction with Cl3SiH in boiling toluene afforded pure (R)-
(+)-1 in 90% yield.

The partition coefficients for (R)-(+)-1 between n-per-
fluorooctane and three organic solvents (CH2Cl2, toluene and

Scheme 1 Reagents and conditions: i, Mg, THF, reflux; ii, ClP(NEt2)2,
220 °C; iii, aqueous 36% HCl, 210 °C; iv, (R)-(2)-4, Pd(OAc)2, dppb,
diisopropylethylamine, DMSO, 100 °C; v, BBr3, CH2Cl2, 0 °C; vi, NaOH,
MeOH, dioxane, rt; vii, C7F15CH2OSO2C4F9 8, Cs2CO3, 100 °C; viii,
Cl3SiH, toluene, 110 °C.

This journal is © The Royal Society of Chemistry 2001
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CH3OH) were found to be 0.20, 0.23 and 7.42, respectively. As
expected, the new ligand shows a certain affinity for organic
solvents, due to the relatively low fluorine content of (R)-(+)-1
(52.4%) and to its aromatic backbone. This mixed behaviour
makes (R)-(+)-1 an ideal candidate for the application of ‘light
fluorous’ techniques. Palladium complexes of enantiopure
2-(diphenylphosphino)-2A-alkoxy-1,1A-binaphthyls (MOPs) cat-
alyse several asymmetric transformations.11 A number of
applications of related fluorous compounds could be thus
envisaged. It was previously shown that palladium(0)-catalysed
allylic substitution reactions can be conveniently performed
under fluorous biphase conditions, in the presence of a ‘light
fluorous’ triarylphosphine with a fluorine content of 57%.14 On
the other hand, chiral MOPs have been recently used for the
asymmetric allylic alkylation of 1,3-diphenylprop-2-enyl ace-
tate 10 in standard solvents (Scheme 2).15 We decided therefore
to investigate the potentiality of this new fluorous MOP (R)-
(+)-1 as a ligand in the same reaction. The results obtained are
summarized in Table 1.‡

The reaction of 10 with dimethyl malonate using MOP (R)-
(+)-1 (8 mol%) and [Pd(C3H5)Cl]2 (2 mol%) in the presence of
bis(trimethylsilyl)acetamide (BSA, 2 eq.) and potassium acetate
(10.1 eq.) in benzotrifluoride (a standard solvent for ‘light
fluorous’ compounds) proceeded quantitatively at rt to give,
after 36 h, the corresponding alkylated product in 99% yield
with 81% ee (Table 1, entry 1). This value is quite close to the
value obtained using toluene as the solvent (Table 1, entry 2). It
is to be noticed that non-perfluorinated MOP gave the alkylated
product in 95% yield and 99% ee using toluene as the solvent
(Table 1, entry 3).

Next we investigated the asymmetric reaction with other
carbon nucleophiles. Reaction of 10 with acetylacetone gave the
product nearly quantitatively after 1 h with 85% ee (Table 1,
entry 4). Substituted dimethyl malonate gave lower chemical
yields. Dimethyl methylmalonate gave the alkylated product
with 69% yield and 44% ee at 50 °C (Table 1, entry 6), although
76% ee was obtained at rt, but in 7% yield (Table 1, entry 5).
Diethyl acetamidomalonate gave also the expected alkylated
compound in 67% yield with 85% ee (Table 1, entry 7).

When toluene was used as a solvent, the simple extraction of
the reaction mixture with n-perfluorooctane (2 3 5 ml) allowed
the complete removal of the fluorous ligand and of the
corresponding palladium complexes, as shown by the absence
of phosphine resonances in the 1H-NMR of the crude product.
As pointed out by Curran, this ease of separation together with
the possible use of standard reaction conditions could be helpful
in discovery-oriented synthesis and parallel synthesis.8 How-
ever, a drawback of this ‘light fluorous’ approach is the absence
of catalytic activity of the recovered fluorous palladium
complex. We are currently investigating this problem, which
seems to be due to the separation procedure followed. Indeed,
recyclability of a ‘light fluorous’ phosphine used in the same
reaction under classical fluorous biphase conditions was
feasible.14

We thank the Programme Galilée 1999 no. 99023 for
financial support.
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and the ligand (R)-(+)-1 was dissolved in 2 ml of solvent. After stirring for
40 min at rt, a solution of 10 in 2 ml of solvent was added. After 20 min, the
resulting solution was transferred into a reactor previously charged with
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mixture was stirred at the desired temperature for the time indicated in Table
1.
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Scheme 2 Reagents and conditions: Nucleophile (see Table 1), 2 eq.; BSA,
2 eq.; KOAc, 0.1 eq.; [Pd(h3-C3H5)Cl]2, 2 mol%; (R)-(+)-1, 8 mol%.

Table 1 Asymmetric allylic alkylation of 1,3-diphenylprop-2-enyl acetate
in benzotrifluoride

Entry Nucleophile T/°C t/h
Yielda

(%)
Eea

(%) Conf.b

1 CH2(CO2Me)2 25 36 99 81 R
2c CH2(CO2Me)2 25 25 88 87 R
3cd CH2(CO2Me)2 0 48 95 99 R
4 CH2(COCH3)2 25 1 100 85 R
5 MeCH(CO2Me)2 25 48 7 76 S
6 MeCH(CO2Me)2 50 48 69 44 S
7 AcNHCH(CO2Et)2 50 25 67 85 S
a Determined by HPLC analysis (column Chiralpak AD 0.46 3 25 cm).
b Determined by comparison with an authentic sample. c Reaction run in
toluene. d See ref. 15.
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Linking of hydrogen bonded sheets by coordination polymer
chains produces a three-dimensional solid derived from two
distinct structural components.

Enhanced design strategies for the synthesis of extended
molecular solids are of considerable current interest.1 Existing
methods focus on single supramolecular synthons and give rise
to solids whose structures are dominated by one specific
interaction. Here we describe the use of two molecular tectons,
with both coordinative and hydrogen bonding2 abilities, to
construct a phase in which there are two distinct extended
structural units.

There are two principal methods for the construction of
extended molecular solids: hydrogen bonding or coordinative
metal–ligand interactions. The construction of organic hosts
from hydrogen bonding moieties has been widely studied.3 This
approach potentially offers excellent control over the construc-
tion of materials through the manipulation of the hydrogen
bonding interactions. Although hydrogen bonding architectures
containing metal ions exist, those exhibiting true coordination
polymer units are rare,4 being limited to frameworks in which
the coordination polymer is the primary structural element,
subsequently linked by hydrogen bonds. For example several
4,4A-bipyridyl frameworks display this formulation: metal–
bipyridyl chains or layers are held together by secondary
bipy…water or bipy…nitrate hydrogen bonds.5

The tectons selected in this work are trimesic acid (1,3,5-
benzenetricarboxylic acid, H3btc) and 1,4-diamino-
benzene (1,4-DAB). Trimesic acid has attracted considerable
interest as a host for inclusion compounds, co-crystallising with
a wide variety of species.6 1,4-DAB is known to act as a rigid
spacer between transition metal dimers,7 although it has not
previously been observed linking discrete metal cations.
Reaction of these molecular components with Ni2+ under
hydrothermal conditions‡ affords a dense metal–organic solid,
N3DAB, with both coordination polymer and hydrogen bonded
structural features.

Analysis of single crystal X-ray diffraction data§ collected
using synchrotron radiation shows that N3DAB displays the
first example of infinite hydrogen bonded sheets linked by
coordination polymer chains (Fig. 1).

The structure is based on nickel centres octahedrally
coordinated by three types of ligand, in an ‘all trans’ geometry
(Fig. 2) allowing the formation of the two distinct sub-arrays:
trans 1,4-DAB units form coordination polymer chains while
trans btcH2 units form hydrogen bonded sheets and are locked
into the conformation allowing the formation of this infinite
sheet by hydrogen bonding to water ligands (Fig. 3). In other
systems where two trans btc units coordinate to the same metal
centre, interligand hydrogen bonding of this type is very
important in determining the geometry about the metal and
hence the orientation of the btc units. In N3DAB this interaction
is clearly also important as shown by the extreme rotation about

the C7–C8 bond (ring-carboxylate): the torsion angle defined by
C6, C7, C8 and O5 is 156.2°. In the absence of this hydrogen
bond the angle would be expected to be very near 180°. The
btcH2 units joined to the Ni(1,4-DAB) chain display an unusual
mode of coordination, being deprotonated at only one acid
functionality. It is the dense and co-operative net of hydrogen
bonding interactions which prevents the expected complete
deprotonation of the H3btc under the basic synthetic conditions
used.

The coordination polymer chains have stoichiometry Ni(1,4-
DAB) and run parallel to the crystallographic b axis. The Ni–N–
C angle is very close to 120° which gives the chain the zigzag
arrangement shown in Fig. 2. These chains are decorated with
pairs of btcH2 at every nickel centre.

The hydrogen bonded sheets are composed of chains made up
from Z-shaped links as shown in Fig. 4. These chains are knit

† Electronic supplementary information (ESI) available: tables of crystallo-
graphic data. Full analysis of hydrogen bonding networks. Thermogravi-
metric data. See http://www.rsc.org/suppdata/cc/b1/b102809j/

Fig. 1 (a) Infinite 2-D hydrogen bonded decks (grey) linked by 1-D
coordination polymer chains (black). (b) Schematic illustration of the two
infinite motifs in the structure of N3DAB.

Fig. 2 A single Ni(1,4-DAB) zigzag coordination polymer chain decorated
at every nickel with two btcH2 units. Each btcH2 forms part of an infinite
hydrogen bonded layer (see Fig. 4).

This journal is © The Royal Society of Chemistry 2001
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together into infinite sheets by further hydrogen bonds.
However additional hydrogen bonding networks exist through-
out the entire structure and are not constrained to run within the
layers, reinforcing the remarkable extent of hydrogen bonding
within the structure. Full analysis of the hydrogen bonding is
given in the electronic supplementary information (ESI).† The
highly electron-rich hydrogen bonded decks lie parallel to each
other and their mean separation, 3.324(2) Å (a/2), is sufficiently
close to suggest that the btcH2 rings engage in p-stacking.

The unusual mode of coordination of 1,4-DAB offers
potential for the formation of a wide range of coordination
polymer networks. The coupling of the 1-D chains with
different equatorial ligands offers the prospect of novel,
potentially porous frameworks. The combination of coordina-
tion polymer chains with species known to form extended
hydrogen bonded networks opens up a new avenue for synthesis
of supramolecular hosts. This two-component approach to
synthesis is attractive because of the control which may be
exerted through the tectons present.

We thank Dr S. J. Teat for his expert assistance on DL Station
9.8 and the UK EPSRC for a studentship to T. J. P. and support
through GR/N 08537.

Notes and references
‡ Very dark purple crystals of N3DAB were grown under hydrothermal
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in an autoclave for 16 h at 150 °C and then cooled to room temperature at
a rate of 0.5 °C min21. Yield 74% (based on Ni). This synthesis affords
phase pure N3DAB as demonstrated by the full indexing of powder
diffraction patterns given in the ESI† (81 peaks) and chemical analysis
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platelet with dimensions 160 3 80 3 60 mm was covered in a thin film of
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cryostream. Synchrotron radiation of wavelength 0.6941 Å was employed
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known structure). A sphere of data in reciprocal space was collected in three
series of w-rotation exposure frames each with different crystal orientation
o angles: each 1 s exposure employs a 0.15° rotation in w. Reflection data
were integrated using Bruker software.8 Semiempirical corrections were
applied to account for absorption and beam decay.9 The structure was
solved using direct methods in SHELXS-86.10 Subsequent difference
Fourier methods to locate all other atoms and full-matrix least-squares
refinement on F2 was carried out with SHELXL-97.11 N3DAB, Ni(1,4-
DAB)(btcH2)2(H2O)2, crystallises in the centrosymmetric space group P1̄
(no. 2). The nickel atom lies in a pseudo-octahedral environment on the
inversion centre.

Crystal data: a = 6.6480(18), b = 8.550(2), c = 11.124(3) Å, a =
70.280(6), b = 79.594(6), g = 76.093(6)°, V = 574.43 Å3, Z = 2, m =
0.932 mm21. Using a single detector position, 5650 intensities were
recorded, producing 2987 unique data (qmax 29.38°). Rint = 0.0103.
Conventional R [I > 2s(I), all data] 0.0462 (0.0526), wR2 0.1256 (0.1279).
GOF on F2 1.135 (1.136). CCDC 162906. See http://www.rsc.org/suppdata/
cc/b1/b102809j/ for crystallographic data in CIF or other electronic
format.
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Fig. 3 ORTEP plot of the asymmetric unit of N3DAB. Atoms are shown as
50% thermal ellipsoids. Ni1 lies on the inversion centre. Note the hydrogen
bond between O7 and O5 (2.70 Å). Symmetry equivalent atoms appended
_B are generated by the symmetry operator 1 2 x, 2 y, 1 2 z.

Fig. 4 Part of one of the infinite hydrogen bonded decks composed of Z-
shaped links. One such link is highlighted. The three hydrogen bonds
responsible for the formation of the infinite sheet are labelled 1, 2 and 3.
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Unusual molybdenum mediated C–N bond activation†
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The compounds [Mo(NPh)(h2-olefin){o-(Me3SiN)2C6H4}]
(olefin = propene 1a or isobutene 1b) react with excess
pyridine affording the Mo(IV) bis-pyridine complex, [Mo(N-
Ph)(Py)2{o-(Me3SiN)2C6H4}] 2 which when heated to 90 °C
in toluene undergoes a C–N bond cleavage reaction and is
converted to 3, a bimetallic molybdenum species; the crystal
structures of both 2 and 3 are reported.

Reactions providing a straightforward example of C–N single
bond activation, a most desirable transformation, are rare.1 The
metal-mediated rupture of C–N bonds is for the most part
limited to those of strained amines2 or amidines.3 Activation of
non-activated substrates such as aniline4 and the ring opening of
pyridine5 has been observed with highly reactive, trivalent,
Group 5 metal complexes. A slight variation on this theme
involves the recently reported C–N bond cleavage reactivity of
a Nb(II) cluster upon ligand replacement by anionic amides.6 An
observation related to this reaction type, made in 1985 by
Chisholm et al.,7 involved the isolation of a carbide/imide
cluster that may have arisen via degradation of an amide ligand.
We have recently been able to isolate a bimetallic molybdenum
complex 3 arising by C–N activation of the o-(Me3SiN)2C6H4
ligand in the bis-pyridine complex [Mo(NPh)(Py)2{o-(Me3-
SiN)2C6H4}] 2 (Scheme 1). We herein report the synthesis and
solid-state structures of 2 and 3 providing a rare example of C–
N activation.

Addition of an excess of pyridine to a stirring pentane
solution of 1a or 1b resulted in the precipitation of 2 as a purple
solid that was isolated by filtration in high yield (Scheme 1).†
The room temperature 1H NMR spectrum of 2 displays a
significant broadening of the pyridine protons in the 2 and 6
positions. At low temperature (255 °C) two distinct resonances

are observed in the 1H NMR spectrum for these ortho protons:
one for the two ortho protons syn to the imido group and the
second for two ortho protons anti to the imido functionality.
These observations are consistent with slow rotation of the
pyridine rings about the Mo–N bond on the NMR time scale at
255 °C.

An X-ray structural analysis was carried out on a single
crystal of 2 grown at room temperature by layering a saturated
toluene solution of 2 with pentane. Selected bond lengths and
angles are listed in the legend to Fig. 1.‡ The solid-state
structure reveals a square pyramidal geometry about the Mo
atom, with the imido ligand in the apical position. The Mo–N(4)
and Mo–N(5) bond lengths are consistent with a Mo(IV)–Py
Lewis acid–base interaction. A space-filling model of 2, derived
from the X-ray study, reveals a sterically congested area around
the pyridine ligands due to the presence of the Me3Si groups.8
It is this steric crowding of the pyridine ligands by the Me3Si
groups that hinders their rotation.

The structure of the o-(Me3SiN)2C6H4 ligand in 2 differs
significantly from that observed in square pyramidal M(VI)
complexes containing both NPh imido and o-(Me3SiN)2C6H4
ligands. In 2 the C6H4 ring, the N atoms, and the metal center are
nearly co-planar. In the related M(VI) complexes the ligand is
folded along the N–N vector. This folding has been attributed to
p-donation from the NSiMe3 lone pairs to the dxy orbital of the
d0 M(VI) metal center.9,10 In 2 such p-donation is unfavorable
since it would involve a filled–filled interaction between the
ligand and the d2 metal center. The flattened conformation of
the o-(Me3SiN)2C6H4 ligand in 2 places the SiMe3 groups in the

† Electronic supplementary information (ESI) available: characterisation of
complexes 2 and 3, 1H NMR spectra of 1–3 and space-filling diagram of 2.
See http://www.rsc.org/suppdata/cc/b1/b101894i/

Scheme 1

Fig. 1 Thermal ellipsoid plot of 2 (50% probability thermal ellipsoids).
Selected bond lengths (Å) and angles (°): Mo–N(1) 1.7476(14), Mo–N(2)
2.0779(16), Mo–N(3) 2.0637(16), Mo–N(4) 2.1247(16), Mo–N(5)
2.1460(16); C(1)–N(1)–Mo 166.35(13).

This journal is © The Royal Society of Chemistry 2001
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basal plane of the molecule resulting in steric congestion
between the Py and SiMe3 groups which causes the hindered
rotation of the Py ligands.

Monomeric 2 is stable at room temperature under an inert
atmosphere for extended periods of time. However, when
heated to 90 °C in toluene, 2 converts cleanly to the bimetallic
compound 3 (Scheme 1) in > 90% yield over the course of 2 h.‡
This air-sensitive, diamagnetic compound is stable in solution
for extended periods of time at 90 °C.

A single crystal of 3 was grown from a pentane–dichloro-
methane solution at 230 °C. Compound 3 crystallizes with two
molecules of dichloromethane. An X-ray diffraction study
shows that 3 contains two Mo atoms bridged by two phenyl
imido groups as well as a Me3SiNC6H4 ligand (Fig. 2).§ This
unusual Me3SiNC6H4 group is apparently formed by cleavage
of one NSiMe3 group from an o-(Me3SiN)2C6H4 ligand. The
NSiMe3 group that was cleaved remains as an additional
terminal imido ligand on one of the Mo atoms. The formal
oxidation state at each metal center is best described as Mo(V).
The Mo(1)–Mo(2) distance of 2.5669(4) Å, although short for a
Mo–Mo single bond, indicates the existence of a metal–metal
bond, and accounts for the observed diamagnetism of 3.11 Four
upfield resonances, assigned to the four inequivalent Me3Si
groups, are observed in the 1H NMR spectrum of 3 and this is
consistent with the structure as determined by X-ray crys-
tallography.

The unusual C–N bond cleavage reaction that is observed
during the pyrolysis of 2 is presumably driven by the formation
of the Mo–N triple bond and demonstrates the reactivity of the
Mo(IV) moiety towards oxidation. Further reactivity studies of 2
and 3 are currently in progress.

We thank the National Science foundation (CHE 9523279)
for funding of this work. K. A. A. thanks the NSF and the
University of Florida for funding X-ray equipment
purchases.

Notes and references
‡ All reactions and manipulations were carried out using standard Schlenk
techniques or in a dry-box under a nitrogen atmosphere. Complexes 1a and
1b were synthesized according to published procedures.12 A representative
synthesis of 2: to a green pentane solution of freshly generated 1b (1.07 g,
2.18 mmol) was added an excess of pyridine (0.51 g, 6.54 mmol). Upon
addition of pyridine, 2 precipitated from solution and was isolated by
filtration in 90% yield.

Synthesis of 3: a toluene solution of 2 (0.200 g, 0.336 mmol) was heated
to 90 °C in a sealed ampoule for 2 h. Concentration of the reaction mixture
under reduced pressure afforded 3 as a black solid in 92% yield.
§ Crystal data: for 2: C28H37MoN5Si2, M = 595.75, a = 15.5947(8), b =
10.3170(5), c = 18.4572(9) Å, V = 2969.6 Å3, orthorhombic, space group
Pna21, Z = 4, m(Mo-Ka) = 0.547 mm21, T = 173(2) K, final R1 =
0.0218, wR2 = 0.0517, GOF (on F2) = 0.994.

For 3: C41H59Mo2N7Si4·2CH2Cl2, M = 1124.04, a = 14.4655(8), b =
23.572(1), c = 15.9891(9) Å, b = 104.390(1)°, V = 5280.8(5) Å3,
monoclinic, space group P21/n, Z = 4, m(Mo-Ka) = 0.805 mm21, T =
173(2) K, final R1 = 0.0384, wR2 = 0.0824, GOF (on F2) = 0.994.

The structures were solved by direct methods in SHELXTL5,13 and
refined using full-matrix least squares. The non-H atoms were treated
anisotropically, whereas the hydrogen atoms were calculated in ideal
positions and were riding on their respective carbon atoms. The asymmetric
unit of 3 consists of the complex and two dichloromethane molecules, one
of which is disordered and refined in three parts. Their site occupation
factors were dependently refined until the final cycle of refinement after
which they were fixed at 0.50, 0.35 and 0.15, respectively.

CCDC 159480 and 159481. See http://www.rsc.org/suppdata/cc/b1/
b101894i/ for crystallographic data in CIF or other electronic format.
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Fig. 2 Molecular structure of 3 (50% probability thermal ellipsoids). The
solvating dichloromethane molecules have been omitted for clarity.
Selected bond lengths (Å) and angles (°): Mo(1)–Mo(2) 2.5669(4), Mo(1)–
C(34) 2.179(3), Mo(2)–N(7) 2.047(2), Mo(2)–N(6) 1.745(2), Mo(2)–N(5)
2.285(3); Mo(1)–N(1)–Mo(2) 80.74(9), Mo(1)–N(2)–Mo(2) 81.48(9).
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New insight on the photoreactivity of the phototoxic anti-cancer
flutamide: photochemical pathways selectively locked and unlocked by
structural changes upon drug compartmentalization in phospholipid
bilayer vesicles
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It is shown that structural changes of the phototoxic anti-
cancer drug flutamide after its compartmentalization in
unilamellar phospholipid bilayer vesicles lead to a highly
selective modification of the photochemical outcome, lock-
ing the main photodegradation pathways observed in
homogeneous media and unlocking a new and more efficient
photoreactive channel.

Photochemical investigation of phototoxic drugs in organized
assemblies mimicking biological systems is becoming an
extremely active area of research in the wide arena of
supramolecular photochemistry. Indeed, despite the knowledge
of the drug photochemical behavior in homogeneous media is a
first step for the understanding of molecular basis of the drug-
photoinduced disorders, photoreactivity and phototoxicity are
often not directly correlated to each other. The main reasons for
these incongruities lie in the fact that real life photoprocesses
occur at surfaces, interfaces and in multiphase heterogeneous
systems. As a consequence it appears evident that a stepwise
approach consisting of the investigation of the drug photo-
behavior in biologically mimicking systems of increasing
complexity, represents an adequate strategy for a more
appropriate correlation between phototoxicity and photo-
chemical behavior. Furthermore, from a strictly photochemical
point of view, studies concerning the drug photoreactivity in
micromedia with particular polarity features in the presence of
specific interaction and/or steric constraints provide a useful
tool for the understanding of the factors influencing the
molecular reactivity in order to control it.

Flutamide (FM), 2-methyl-N-[4-nitro-3-(trifluoromethyl)-
phenyl]propanamide, is a non-steroidal anti-androgen drug that
blocks androgen receptor sites and it is widely used in advanced
prostate cancer.1 Recent reports have shown the capability of
FM to induce phototoxic and photoallergic effects in patients
after drug treatment.2,3

Our recent study performed by using UVA light excitation
and dilute FM solutions4 has shown that the photoreactivity of
the drug in homogeneous solvents is almost exclusively
characterized by a nitro-to-nitrite photorearrangement leading
to the phenol derivative 1 as the main stable photoproduct (path
a Scheme 1). It has been pointed out that the twisted geometry
of the nitro group with respect to the aromatic plane plays a key
role in triggering such a photoprocess. Indeed, such ‘out of
plane’ geometry makes the p orbital of the oxygen atom have a
constructive overlap with the adjacent p orbital of the aromatic
ring in the ground state (see Scheme 1). This kind of molecular
conformation determines a lowest excited state triplet state
characterized by a low biradical character and, as a con-
sequence, by a considerable inefficiency towards hydrogen
abstraction (H-abstraction) even in hydrogen donating solvents4

contrary to what is commonly observed for nitroaromatic

compounds in which the nitro group is conjugated with the
aromatic plane.5,6

In this study, the photoreactivity of FM (5 3 1025 M) in
unilamellar phospholipid bilayer vesicles (liposomes)7 of L-a-
phosphatidylcholine (1023 M) was analyzed. Such organized
systems are smectic mesophases of phospholipids with water
interspaced among them and characterized by both high
aggregation and occupancy number.8,9 The general observation
was that the self-incorporation of FM into the vesicles leads to
a highly selective modification of the photochemical outcome.
In fact, the chromatographic analysis† performed after 325 nm

Scheme 1

This journal is © The Royal Society of Chemistry 2001
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irradiation revealed the total absence of 1 being consistent with
the dramatic inhibition of the nitro-to-nitrite photorearrange-
ment. On the contrary, the nitroso derivative 2 originated by an
unexpected H-abstraction photoprocess was noticed as the sole
stable photoproduct (path b Scheme 1). Furthermore, the
photodegradation quantum yield of FM increased ca. 30-fold if
compared to aqueous solution (Fwater ≈ 3 3 1023).4

The present scenario cannot be roughly rationalized on the
basis of either the presence of the abstractable hydrogen atoms
of the bilayer or on its low polarity. Actually, as outlined earlier,
the irradiation of FM performed in solvents characterized by
good hydrogen donating properties and polarity similar to the
vesicles, interior did not activate the photonitroreductive
pathway.4

We believe that a plausible explanation to account for the
inhibition of 1 and the photogeneration of 2 may be consistent
with structural changes of FM occurring upon its com-
partmentalization in the bilayer. In this regard, a less perpendic-
ular geometry of the nitro group with respect to the aromatic
ring, more likely caused by steric constrains and specific weak
interactions (i.e. H-bond involving the CF3 and/or NO2) with
the close packed lipids, would account well for the obtained
results. Such changes in the perpendicularity of the nitro group
would lead in fact to a less extended overlap of the p atomic
orbital of oxygen with the adjacent orbital of the aromatic ring
(see Scheme 1) with consequent loss of the twisted conforma-
tion. As well-documented in the literature,10,11 such a con-
formation is a prerequisite for the nitro-to-nitrite photo-
rearrangement responsible for the formation of 1. The
consequence of the loss of the twisted conformation is in turn
reflected in the logical increase of the biradical character of the
n,p* triplet and the consequent high ability of this latter in
abstracting hydrogen in the presence of a suitable H-donor.
Under these conditions, an intra-vesicles H-abstraction photo-
process involving the nitro group and the hydrogen atoms of the
lipid chains might be activated, thus giving rise to the formation
of 2 according to the very well known mechanistic pathways
(path b Scheme 1).5,6 Our hypothesis is supported well by
spectroscopic data combined with theoretical calculations. In
fact, from the calculated values of the dipole moments of the
ground and first p,p* state, responsible for the first large
absorption band (Delta m about 10 Debyes), one would expect a
blue shift of this band going from water to a less polar solvent,
such as methanol and isopropyl alcohol (Fig. 1). Vice versa, in
the vesicles (Fig. 1), where the relative permittivity is similar to
that of isopropyl alcohol9 and where in principle a blue shift

should occur, one observes a marked red shift of this band
(about 15 nm), consistent with a larger conjugated system which
can only occur through a planarization of the NO2 group.

We believe that these preliminary results may be of chemical,
biological and industrial relevance. From a strict chemical point
of view, they represent a significant case of photochemical
reactions selectively locked and unlocked by conformational
changes of the molecular geometry upon substrate confinement
in an organized system. From a biological point of view, given
the potential of the bilayer in providing an useful model to
mimic the biological membranes and by considering that the
photogeneration of 2 is mediated by radical pathways5,6 the
obtained results represent a good step forward in understanding
the origin of the phototoxic effects displayed by FM. Actually,
the compartmentalization of the drug in particular biological
sites in the presence of steric constraints and specific inter-
actions, could lead to a relevant increase in the photoproduction
of reactive radical species as a consequence of the photogenera-
tion of a new product. Finally, from an industrial point of view,
by taking into account the efforts that the scientific community
has been making in the development of suitable carrier systems
able to increase the FM solubility,12 our study suggests that in
light of the high photolability of the FM–liposome adduct if
compared with the free molecule the use of liposome-based
drug/carrier systems may not be the right approach to the
aforementioned goal. 

Financial support from MURST “cofinanziamento di pro-
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Meccanismi di Processi Fotoindotti in Sistemi Organizzati) and
from Istituto Superiore di Sanità (Progetto: Proprietà Chimico-
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† The analysis of the reaction mixture was performed by HPLC-MS on a
LiChroCart RP-18 column (5 mm packing, 4 3 250 mm Hewlett Packard)
eluting with a linear gradient of CH3CN in 0.01 M phosphate buffer (pH 7)
from 0 to 75% in 25 min. Both retention time and integrated area for the
non-irradiated FM were the same either in the absence or in the presence of
vesicles, suggesting that no complex existed during the elution. Full
spectroscopic data concerning the characterization of 2 are available in ref.
4.
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The highly compact and globular shape, as well as the uniform
size and plurifunctionality of dendrimers make them ideal
molecular building blocks for a wide range of interfacial
materials involving self-assembled monolayers, Langmuir films,
multilayers, and other surface-confined assemblies. Moreover,
the study of the behavior of dendrimers at surfaces and
interfaces provides unique insight into their chemical and
physical properties. Dendritic macromolecules play an increas-
ingly important role in the materials and surface sciences, where
applications utilizing polymer thin films can benefit from their
distinctive chemical and physical properties. Recent investiga-
tions have highlighted the use of dendrimers as functional
surfaces and as interfacial materials for applications in mem-
branes, adhesion, microelectronics or in chemical and biological
sensing.

Introduction
Dendrimers constitute a unique class of polymers that are
distinguished from all other synthetic macromolecules by their
globular shape resulting from their perfectly branched archi-
tecture and their monodisperse nature.1–3 The size, molecular
weight, and chemical functionality of dendrimers can be easily
controlled through the synthetic methods used for their
preparation both by divergent4 and by convergent5 methods.
With both of these approaches, a branch point is inserted in the
dendritic structure at each monomer unit leading to a well-
defined macromolecule with a ‘degree of branching’6 (DB) of

100%. This highly branched dendritic architecture causes the
molecules to adopt three-dimensional globular conformations
to minimize their free energy, with an immediate effect on
macromolecular properties. In addition, the chemical composi-
tion of the chain-ends of the dendrimers has a determining effect
on many of their physical properties such as solubility, glass
transition temperature, or intrinsic viscosity. Finally, free
energy considerations2 dictate that the compositional contrast—
match or mismatch—between the chain ends and the building
blocks of a dendrimer will largely determine whether the chain-
ends are mostly peripheral or distributed through their vol-
ume.

Over the past 16 years a wide range of ‘designer’ dendrimers3

have been developed and synthesized, and their chemical and
physical properties as well as their solution behaviors have been
studied and well characterized.3,7 In contrast, it is only recently
that interest in the study and use of novel dendrimers for
applications at surfaces and interfaces has grown.7–9 As a result
of their compact globular shape and easily controlled size and
functionality, dendrimers constitute ideal molecular building
blocks for a wide range of surface-related applications.
Langmuir monolayers formed from amphiphilic dendrimers
have recently been utilized by several research groups in order
to probe behaviors such as shape, compressibility, and the
localization of end-groups. Moreover, by studying their be-
havior at the air–water interface, one can gain further under-
standing of the relationship between physical properties and
dendrimer generation. Similarly, the study of self-assembled
monolayers of dendrimers on solid substrates has enhanced our
understanding of the novel properties that are only accessible
through surface confinement. Examples of applications of
monolayers and other ultra-thin films assembled from tailor-
made dendritic macromolecules have recently begun to appear
in mission-oriented research such as functional materials for
sensors or for microelectronics. Finally, the globular shape and
multifunctional periphery of dendrimers makes them well
suited for the construction of multilayer nanocomposite materi-
als. These novel materials have recently been utilized to
fabricate chemical and biological sensor devices as well as
membranes responsive to external stimuli. The main goal of this
article is to highlight the recent activity in both the study and the
applications of dendrimers at surfaces and interfaces.

Dendrimers at the air–water interface
Initial studies of dendrimers at the air–water interface were
carried out by Saville et al.8 using convergent Fréchet-type
poly(benzyl ether)† dendrons with a hydrophilic alcohol moiety
at the focal point and hydrophobic benzyl groups at their
periphery. Langmuir films were prepared from a homologous
series of dendrons ranging from Generation 2 ([G-2]-OH)
through Generation 6 ([G-6]-OH). As expected, surface pres-

† The IUPAC name for poly(benzyl ether) is poly(oxymethylphenylene).
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sure versus molecular area (P–A) isotherms for this series
showed that the higher molecular weight dendrons better resist
collapse as the pressure is increased. Within the same series,
only the lower molecular weight dendrons, [G-2]-OH through
to [G-4]-OH, exhibit surfactant-like behavior while the much
larger [G-5]-OH and [G-6]-OH dendrons no longer behave as
surfactants. This suggests that the focal point of the larger
dendrons is sterically shielded within the interior of the
molecule, and, as a result, is inaccessible for association with
the water surface, in agreement with the results of sol-
vatochromic studies on comparable dendrons with a dye at their
focal point.10

Neutron reflectivity studies carried out on Langmuir films
prepared from analogous [G-4]-OH dendrons with chain-ends
deuterated for additional contrast, support a monolayer structure
as shown in Fig. 1. The peripheral benzyl groups are located on
the outside of the molecule and away from the water interface,
while the alcohol at the focal point is associated with the surface
of the water. Further evidence from these neutron reflectivity
experiments indicates that the [G-4]-OH Langmuir monolayer
collapses easily into a stable bilayer. The bottom layer of
dendrons, which afforded full surface coverage at all compres-
sions, contained approximately 25% water. Meanwhile, the top
layer, which varied in the extent of coverage from 50 to 100%,
contained little or no water. This suggests that the bottom
dendrimer layer acts as a hydrophobic barrier and prevents
water from penetrating this layer. Furthermore, at low compres-
sions, the [G-4]-OH dendrons within the Langmuir film
assumed a spherical shape. However, at higher compressions,
the dendrons in the lower layer adopted an elliptical shape with
a 2+1 aspect ratio as depicted in Fig. 2. This phenomenon will
be discussed in further detail below.

Hawker, White, and co-workers also explored the effect of
peripheral group chemistry on the surface activity of dendrimers
at the air–water interface.11 For this study, poly(benzyl ether)
dendrons were again synthesized with a single alcohol at the
focal point but also included either nitrile or methyl ester
functional groups at their periphery. The Langmuir film
structure of these dendrimers was also analyzed by neutron
specular reflectivity and P–A isotherm measurements. It was
found that functionalization of the periphery of the dendrons
with polar nitrile and ester functionalities leads to monolayers

with a structure very different from that of the unfunctionalized,
hydrophobic dendrons used in the previous study. In this case
the dendrons formed thinner films in which the presence of
polar, more hydrophilic nitrile and methyl ester groups
increased the affinity of the molecule for the water surface
leading to more spreading as the molecules flattened across the
interface. In addition, the formation of a bilayer film was not
observed as the more polar dendrons tended to move into the
water sub-phase under high compression, rather than form
bilayers.

A more systematic study was recently carried out by Hawker,
Frank and co-workers, in which the researchers examined the
Langmuir monolayer structure of a series of dendrimers by
changing chemistry at the focal point.12 Again, Fréchet-type
poly(benzyl ether) monodendrons functionalized with benzyl
ether groups at the periphery were used for this study. However,
this time the chemistry at the focal point of the molecules was
adjusted by incorporating oligo(ethylene glycol) chains of
varying length. In particular, [G-3] and [G-4] dendrons with
mono- through to hexakis-(ethylene glycol) chains at the focal
point were used for this study (Fig. 3). Studies of the P–A
isotherms for the series of [G-3] dendrons led to the conclusion
that the hydrophilic oligo(ethylene glycol) chains extended into
the water sub-phase thereby increasing the stability of the
monolayer. It was also found that the stability of the monolayers
increased with the length of the oligo(ethylene glycol) chain. A
similar relationship between monolayer stability and the chain
length of the hydrophilic oligo(ethylene glycol) focal point was
also observed for the series of [G-4] monodendrons. However,
the study concluded that the stability trends for the dendrimer
monolayers depended on the relative sizes between the
hydrophobic dendron and the hydrophilic focal point chain, as
opposed to the absolute size of the oligo(ethylene glycol) unit.
The larger [G-4] dendrons produced more stable films,
presumably due to the amplified dispersive interactions
amongst larger neighboring hydrophobic moieties, which
apparently result in a stronger attraction of the hydrophilic focal
point for the water sub-phase in the larger dendrons. Previous
studies on monolayers consisting of linear fatty acids have also
found that monolayer stability was increased by increasing the
length of the alkyl chains as a result of the increased attraction
between chains.13

The comprehensive study by Hawker and co-workers12 also
provided additional insight into the molecular shape of
monodendrons assembled into a Langmuir monolayer. The
molecular area was measured as a function of molecular weight
for the [G-3] through to [G-5] poly(benzyl ether) dendrons, each
possessing a hexakis(ethylene glycol) chain at the focal point. A
linear relationship was observed for the molecular area as a
function of molecular weight [Fig. 4(A)]. However, this
measured trend is much smaller than the analogous relationship

Fig. 1 Idealized structure of [G-4]-OH at the air–water interface.

Fig. 2 Poly(benzyl ether) dendrons assume a prolate shape at the air–water
interface.

Fig. 3 Hydrophobic poly(benzyl ether) dendron functionalized with a
hydrophilic oligo(ethylene glycol) focal point.
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predicted for dendrons assuming a spherical shape. Hence,
Hawker and co-workers concluded that the monodendrons
assumed an ellipsoidal shape at the air–water interface (Fig. 2),
in agreement with the conclusions drawn in the earlier studies
by Saville et al.8 that involved the same dendrons but with only
a single hydroxy group at the focal point. Overall, these studies
confirm that once a certain size is reached, poly(benzyl ether)
dendrons possess and maintain an overall globular shape than
can range from spherical to ovoid depending on the circum-
stances of their environment. As expected from simple
structural considerations, it is only the largest structures or those
with considerable steric requirements that can be expected to
possess significant rigidity.

Percec and co-workers have used X-ray reflectivity and P–A
isotherm measurements to gain additional insight into the
molecular structure of a series of functionalized poly(benzyl
ether) monodendrons at the air–water interface.14 In this study,
the dendrons’ periphery were functionalized with hydrophobic
dodecyl chains, while the focal points were substituted with
crown ether moieties or oligo(ethylene glycol) units. Their data
provide additional evidence that the dendrimer Langmuir
monolayers possess a structure consisting of a hydrophilic focal
point at or beneath the water surface, and a high density region
above the surface consisting of the dendritic block and the
peripheral alkyl chains extending upwards from the surface.

The interfacial properties of PEG–poly(benzyl ether) linear-
dendritic hybrid block copolymers were also recently exam-
ined.15 Narrow polydispersity poly(ethylene glycol) chains with

varying molecular weights were attached to the focal point of
[G-2] poly(benzyl ether) dendrons to afford water-soluble
hybrid block copolymers. These dendritic-PEG hybrids were
then used to modify the surface properties of various polymeric
substrates, which were then characterized by water contact
angles on polymeric substrates submerged in oil. Treatment of
hydrophobic poly(ethylene terephthalate) (PET) surfaces with a
dilute aqueous solution of dendritic-PEG copolymer resulted in
a marked decrease in the hydrophobicity of the PET surface.
This is most likely due to the physisorption of the hydrophobic
dendritic block to the lipophilic PET surface, while the
hydrophilic PEG chain is extended into the aqueous phase. In
contrast, modification of more polar regenerated cellulose
resulted in a competitive adsorption between the dendritic head
block and the PEG tail also leading to an overall increase in the
hydrophilicity of the cellulose surface. These studies have
significant implications in the context of stain-proofing fabrics
and surface modification in general. They also demonstrate the
promising utility of dendrons as modifiers for linear polymer
chains as the relatively small dendritic block can impart
significant functionality onto the end group of the linear
polymer.

Tomalia and co-workers initially examined the behavior at
the air–water interface of a series of poly(amido amine)
(PAMAM) dendrimers that had been functionalized at the
periphery with hydrophobic alkyl chains of varying length.16 As
part of this study, the researchers conducted a series of surface
pressure versus molecular area isotherm measurements. It was
found that the length of the hydrophobic end-group, when
varied from hexyl to dodecyl, did not significantly influence the
molecular area of the dendrimer at the collapse point in the
isotherm. Tomalia and co-workers speculated that the lower
generation dendrimers might adopt a conformation in which the
hydrophilic dendrimer interior associates with the water
surface, while the hydrophobic endgroups either extend up-
wards and away from the water surface or interdigitate with
neighboring molecules. They also proposed a second model in
which the dendrimers behaved like hydrophobic spheroids
floating on the water surface, in order to account for the
observation that the length of the alkyl chains at the periphery
did not significantly affect the molecular areas even for the
higher generation [G-4] and [G-5] dendrimers.

Shortly after Tomalia’s initial account16 Meijer and co-
workers reported on a comprehensive study involving a series
of poly(propyleneimine) dendrimers, [G-1] through to [G-5],
that were functionalized with a wide variety of different
hydrophobic end groups via acylation of the peripheral primary
amines (Fig. 6).17 Similar to PAMAM dendrimers, poly-
(propyleneimine) dendrimers possess a relatively hydrophilic
interior due to the presence of a large number of aliphatic
tertiary amines. When functionalized at the periphery with
either palmitoyl chains (A) or long n-alkyl chains (C)
containing an azobenzene chromophore, the amphiphilic den-
drimers form stable monolayers, as was shown in a series of P–
A isotherms. In addition, the molecular areas of the macromole-
cules increased linearly with molecular weight, and matched the
values that could be calculated for monolayers comprised of
palmitoyl chains or alkyloxy–azobenzene chain surfactants
alone. Meijer and co-workers concluded that the behavior of
these amphiphilic dendrimers could be explained by one model
only: namely that the flexible dendrimers assume a flattened
conformation in which the hydrophilic dendrimer interior
maximizes its association with the water surface, while the
hydrophobic end groups are forced upwards and away from the
water surface (Fig. 5). Further proof was obtained upon
examination of a monolayer that was formed with dendrimer C
and then transferred to a glass substrate. UV-Vis absorption
spectroscopy revealed that the absorption maximum was blue
shifted, suggesting the formation of H-type aggregates.18 This
evidence further supports the conclusion by Meijer and co-

Fig. 4 A. Molecular area (in Å2) of poly(benzyl ether) dendrons as a
function of molecular weight. B. Molecular area (in Å2) of PAMAM
dendrimers as a function of molecular weight.
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workers that the hydrophobic chains adopt a conformation
involving a parallel-packed array oriented perpendicular to the
water surface.

Although the molecular areas of the series of n-alkane-
functionalized PAMAM dendrimers at the air–water interface
was previously measured and reported by Tomalia and co-
workers,16 the authors did not specifically explore the funda-
mental relationship between area and molecular weight.
Following Meijer’s instructive study on poly(propyleneimine)
dendrimers,17 Hawker and co-workers re-examined Tomalia’s
data concerning the series of epoxy-alkane functionalized
dendrimers.12 They also showed that the molecular area
increased linearly with molecular weight (Fig. 4B) in agreement
with the data collected earlier for poly(benzyl ether) den-
drons.8,12 However, in contrast to the behavior of the more
hydrophobic Fréchet-type dendrons, the measured molecular
area for the PAMAM dendrimers was found to be much larger
than expected for a spherical model. It appears that the PAMAM
dendrimers also assume a flattened, or oblate, conformation
when assembled into a Langmuir monolayer (Fig. 5), in a
manner similar to the poly(propyleneimine) dendrimers, dis-
covered by Meijer and co-workers.17 Upon consideration of the
chemistry of the three types of dendrimers, these models
describing the molecular shapes of dendrimers at the air–water
interface can easily be reconciled. Both the PAMAM and
poly(propyleneimine) dendrimers possess a polar, hydrophilic
interior, resulting from the presence of a large number of amides
and tertiary amines. As a result, they minimize their free-energy
by association of their polar interior with the water surface,
leading to somewhat flattened macromolecules that occupy a
larger area than a sphere of comparable volume. Similarly, the
hydrophobic chain-ends of the alkyl-modified PAMAM and
poly(propyleneimine) dendrimers minimize their free-energy
by extending upwards, away from the water surface. Such
reasoning, based on simple energy minimization concepts, also
explains the initial observation of Tomalia and co-workers that
the molecular area of the PAMAM dendrimers does not change
upon varying the length of the hydrophobic chain ends from
hexyl to dodecyl groups.

In contrast, when poly(propyleneimine) dendrimers were
functionalized with bulky adamantyl groups (dendrimer B), a
different behavior was observed altogether.17 These dendrimers
did not behave like amphiphilic molecules at the air–water
interface, but rather formed multi-layers. In addition, the
molecular area of these molecules demonstrated a non-linear
dependence on molecular weight. As a result, Meijer and co-
workers concluded that dendrimer B adopts a shape persistent
spherical conformation due to the significant steric constraints
resulting from the incorporation of bulky peripheral adamantyl
groups.

A fifth generation poly(propyleneimine) dendrimer was then
randomly substituted with equimolar ratios of palmitoyl chains
and azobenzene groups (dendrimer [G-5]D).19 Not surprisingly,
this dendrimer also formed stable monolayers with a cylindrical
molecular structure similar to that of monolayers formed from
the dendrimer series A and C (Fig. 6). However, while the
dendrimers functionalized with 100% azobenzene units (C)

exhibited a blue-shifted absorption maximum, indicating favor-
able p–p stacking among neighboring azobenzene moieties,
dendrimer [G-5]D did not exhibit this behavior. Presumably the
p-stacking of azobenzene groups is prevented by their dilution
and solvation by the palmitoyl chains within the monolayer. As
a result, reversible photo-switching is enabled for dendrimer D
with the observation of changes in surface area at constant
pressure when the monolayer was alternately irradiated with
UV and IR.19

McGrath and co-workers have also developed photore-
sponsive Langmuir monolayers made from functionalized
Fréchet-type poly(benzyl ether) dendrons.20 In this case, the [G-
1] through to [G-3] monodendrons were functionalized at their
peripheries using n-decyl chains while their focal point
consisted of an azobenzene unit. Each of the dendrons exhibited
amphiphilic behavior and assembled into stable monolayers at
the air–water interface. Upon UV irradiation of the [G-1] and
[G-2] monolayers, a 10–20% increase in the cross-sectional
molecular area A0, was observed, which was attributed to the
photo-switching of the azobenzene moiety from the trans to the
cis isomer. With the monolayers prepared from the larger [G-3]
dendrimer, illumination only afforded a minor change in A0,
suggesting that any change occurring within the azobenzene
moiety is too small to have a significant effect on the large [G-3]
dendron that surrounds it.

Dendrimers have also recently been employed as amphiphilic
frameworks for the fabrication of derivatized C60 fullerene
Langmuir monolayers. Hydrophobic C60 does not normally
form stable monolayers at the air–water interface, and previous
attempts have only led to the formation of ill-defined ag-
gregates. However, in a collaborative effort involving the
research groups of Stoddart, Diederich, Echegoyen, and
Leblanc, an example of a stable Langmuir monolayer of a
fullerene derivative was demonstrated.21 This was accom-
plished by attaching C60 to hydrophilic glycodendrimer deriva-
tives to afford fullerene–glycodendron conjugates 1 and 2 (Fig.
7). The stable Langmuir monolayers formed by C60-glycoden-
drons 1 and 2 demonstrated reversible monolayer formation
upon successive compression and expansion cycles. The
researchers also succeeded in transferring the ordered mono-
layers onto a quartz substrate and concluded that the bulky

Fig. 5 Peripherally functionalized poly(propyleneimine) and PAMAM
dendrimers assume an oblate shape at the air–water interface.

Fig. 6 Functionalized poly(propyleneimine) dendrimers.
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dendritic units were responsible for preventing aggregation of
the fullerenes, thereby enabling the formation of stable
monolayers.

Using an alternative approach, Nierengarten and co-workers
functionalized the periphery of polyester dendrons with C60

units in order to promote stable monolayer formation at the air–
water interface.22 Upon successive compression and decom-
pression cycles, reversible formation of Langmuir monolayers
was observed. The researchers also succeeded in forming stable
Langmuir–Blodgett films by transferring the fullerene function-
alized dendrimer monolayers onto hydrophobic substrates.

Dendrimer self-assembled monolayers
Self-assembled monolayers (SAMs) of small organic molecules
on metal and semiconductor surfaces constitute an area of
widespread research.23 Two systems that have undergone
extensive study are alkanethiols on gold and alkylsiloxanes on
hydroxylated silicon surfaces. A wide range of different surface
chemistries has been employed in applications ranging from
lithographic imaging24–28 and chemical sensing29 to corrosion
passivation30 and adhesion promotion or inhibition.31

The first example of covalent attachment of PAMAM
dendrimers to a solid surface was reported by Crooks and co-
workers nearly 5 years ago.32 This was accomplished by
forming amide bonds between the peripheral amino-groups of
the PAMAM dendrimer and the carboxylic acid groups of a
self-assembled monolayer (SAM) of mercaptoundecanoic acid
on gold. This, and subsequent research by Crooks and co-
workers33,34 focusing on the development of dendrimer based
films as surface-confined chemical sensor arrays has been the
subject of a recent review,29 and will therefore not be covered in
detail in this article.

The chemical and physical properties of amine-terminated
PAMAM dendrimers adsorbed to gold(111) surfaces have been
thoroughly examined by Crooks and co-workers using a variety
of analytical techniques.35–37 When the gold substrate is
immersed in a solution of PAMAM dendrimer in ethanol, a
stable monolayer is formed presumably due to chemisorption of
the terminal amines to the gold surface. PAMAM dendrimer
monolayers prepared in this manner were found to be much
more stable than monolayers of primary n-alkylamine on gold.
The polydentate binding interactions between the amine groups
of the dendrimer and the gold surface is thought to be
responsible for the better stabilization of the dendritic mono-

layer. The surface-bound conformations of the dendrimers
monolayers were also characterized by AFM.36,37 Monolayer
heights for the [G-8] dendrimers were measured to be only
approximately 60% of their hydrodynamic diameter, again
presumably due to the favorable interactions of the many
peripheral amine groups with the gold surface. When the
surface is subsequently treated with hexadecanethiol the heights
of adsorbed dendrimer monolayers increase although their
density on the surface decreases (Fig. 8). The change in height
is presumably due to a distortion in the dendrimer shape from a
flattened conformation to an upright, prolate shape, or possibly
even an agglomeration of dendrimers as the surface amine
interactions are replaced by those from a competing hexa-
decanethiolate monolayer.

Crooks and co-workers also functionalized the periphery of
PAMAM dendrimers with varying amounts of thiol groups,
and, as expected, these dendrimers formed stable monolayers on
gold.38 X-Ray photoelectron spectroscopy (XPS) suggests that
fully thiolated dendrimers are bound to the gold surface
utilizing only ca. 30% of their terminal thiol groups. Other
dendrimers prepared by random functionalization of approx-
imately 20% of their peripheral functionalities with thiol groups
form monolayers in which nearly all the peripheral thiol
functionalities are bound to the gold surface. This finding attests
to the flexibility of the poly(amido amine) dendrimer frame-
work, since randomly distributed peripheral thiols are able to
become localized on the same side of the molecule in order to
minimize their free energy through interaction with the gold
surface.

Self-assembled monolayers of dendrimers on gold were also
investigated by Gorman and co-workers,39 who functionalized
the focal point of poly(ether) dendrons with a thiol group. The
dendrons, based on the 4,4-bis(4A-hydroxyphenyl)pentanol
monomer unit previously developed by our group,40 were
protected at the periphery with hydrophobic benzyl ether groups
and then functionalized at the focal point with a benzenethiol
moiety (Fig. 9).41 Self-assembled monolayers were prepared by

Fig. 7 Fullerene–glycodendron conjugates 1 (upper) and 2 (lower).

Fig. 8 PAMAM dendrimers adsorbed to gold change shape from oblate to
prolate upon co-adsorption of hexadecanethiol.
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immersing the polycrystalline gold substrate into a solution of
the dendritic thiol. Analysis of the SAM structure by XPS
verified that the dendrons were covalently bound to the gold
substrate as the aryl thiolate, which is not unexpected
considering the relatively flexible nature of the specific
dendritic scaffold used. The extent of surface coverage for [G-1]
and [G-2] dendrons analyzed by optical ellipsometry was close
to 100%. Ellipsometric data for the SAMs formed from [G-3]
dendrons showed thinner than expected film thicknesses,
indicating either incomplete surface coverage or flattening of
the macromolecules. In addition, the relative permeabilities of
the dendrimer SAMs were determined using capacitance and
redox probe measurements. The capacitance measurements
showed that the dendrimer monolayers were more permeable to
F2 and Cl2 anions than n-alkanethiolate SAMs of comparable
thicknesses. This result is not unexpected given the disordered
structure of a dendritic SAM in comparison to the ordered
quasi-crystalline packing of n-alkanethiolate SAMs.

In our own laboratories, we have investigated the preparation
of ultra-thin dendrimer films and self-assembled monolayers on
silicon surfaces for their possible use as resist materials for
scanning probe nanolithography.42,43 In earlier studies, the
scanning probe microscope (SPM) had been used as a direct-
write-and-read tool for the lithographic patterning of passivated
surfaces with several different chemistries, including self-
assembled monolayers on gold44–46 or silicon,47–49 and thin
polymer films.50–52

We first designed modified poly(benzyl ether) dendrimers
covalently tethered to a silicon substrate that could serve as
passivation resists in scanning probe lithography.42 The concept
of using dendrimers as lithographic resist materials stems from
the consideration of their uniform size (several nm in diameter)
and globular shape, which might serve as the ideal macro-
molecular template for a pixel-based approach to lithographic
imaging. Specifically, an arrayed monolayer of dendrimers on a
surface could act as a resist material for scanning probe
lithography by protecting or passivating the surface against a
wet etching process. Therefore, we prepared a series of

sterically congested, hydrophobic dendrons that could protect
the surface of a silicon wafer from an aqueous fluoride etchant.
Fréchet-type poly(benzyl ether) dendrons, protected at the
periphery with either benzyl ether or tert-butyldiphenylsilyl
ether groups, were functionalized at the focal point with a
covalent tether, consisting of a long alkyl chain derivatized with
a terminal chlorosilane coupling agent (Fig. 10). Covalently
bound self-assembled monolayers were prepared under anhy-
drous conditions using these reactive dendrons, and the
dendrimer films were characterized by standard analytical
techniques.

In addition to covalently bound dendrimer SAMs we have
also investigated the synthesis and preparation of ionically
bound dendrimer films by an acid/base self-assembly process.43

In this instance, the poly(benzyl ether) dendrons we designed
had a tethered carboxylic acid moiety at their focal point (Fig.
10). A monolayer of dendrons could then be assembled onto an
aminated silicon wafer surface prepared by pre-treatment of the
clean silicon surface with (3-aminopropyl)triethoxysilane.

We then examined the ability of both types of dendrimer
SAMs to serve as etch resists for scanning probe lithography. In
the process of scanning probe lithography, the conductive tip of
the scanning probe microscope acts as the exposure source (Fig.
11). After the tip is brought into contact with the monolayer
surface, a voltage is applied between the tip and the substrate,
normally a doped Si(100) wafer. When the process is performed
in air, any organic monolayer within the proximity of the
intense electric field created between the tip and the substrate
undergoes oxidative decomposition. At even higher field
strengths, the underlying silicon wafer may also be oxidized,
resulting in the formation of raised oxide relief features on the
substrate. This occurs as a result of the volume expansion of the
silicon wafer due to the incorporation of oxygen into the silicon
crystalline lattice. Finally, the latent image in the monolayer can
be transferred into the underlying substrate using a selective
etch process.

Fig. 9 Poly(ether) dendron with thiol-functionalized focal point.

Fig. 10 Poly(benzyl ether) dendrons for covalent and ionic assembly.
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Our experiments have demonstrated that dendrimer mono-
layers can indeed serve as effective passivation resists for
scanning probe lithography. Although these experiments were
performed without optimization of either the instrumental or the
processing parameters, we were able to successfully create
latent patterns on the surface that had feature sizes of ca. 35 nm.
Furthermore, the dendrimer monolayers efficiently resisted the
aqueous fluoride etching process, as evidenced from the lack of
any line broadening or pitting in the unexposed regions of the
film during the wet etching process. While the dimensions of
imaged features far exceed the size of individual dendrimer
molecules, it is clear that with optimization of the tip and of the
processing conditions could lead to images with sizes in the
range of 5–15 nm. Practical implementation would of course
also require multiplexing of a very large number of tips.

Other interesting examples of applications involving dendr-
itic SAMs include the use of biomolecule functionalized
dendrimer monolayers for the development of affinity bio-
sensors. Kim and co-workers have developed an electro-
chemical biosensor device that is capable of detecting the
avidin–biotin interaction by monitoring the redox properties of
free glucose oxidase in a glucose containing electrolyte solution
using cyclic voltammetry. Self-assembled monolayers of
amine-terminated PAMAM dendrimers were prepared on gold
electrodes and the periphery was randomly functionalized with
both ferrocenyl groups and biotin analogues.53,54 In the absence
of avidin, an electrochemical signal is generated by the
enzymatic activity of glucose oxidase. As the concentration of
avidin in the electrolyte solution is increased, the electro-
chemical signal is decreased due to steric blockage by the avidin
adlayer formed on the modified electrode. Finally, the biosensor
device can be regenerated by treating it with a solution of excess
biotin, which results in desorption of avidin from the bio-
tinylated dendrimer surface.

Multilayer dendrimer films
The earliest known study involving the assembly of dendrimers
onto solid surfaces was based on the formation of dendrimer-

composite multilayers. Regen and Watanabe55 first demon-
strated this concept by using PAMAM dendrimers to construct
multilayers using a method involving coordination chemistry to
prepare the thin films. An oxidized silicon surface was treated
with (3-aminopropyl)triethoxysilane, followed by adsorption of
K2PtCl4 from solution to the aminated surface. Next, PAMAM
dendrimers, terminated on the periphery with primary amines,
were adsorbed to the Pt2+ activated surface. This process could
be repeated many times over to build up a multilayer of
dendrimers with thicknesses of ca. 100 nm.

Other examples of PAMAM dendrimer multilayer formation
include the formation of dendrimer-polyanhydride composite
films on a variety of substrates. Bergbreiter and co-workers
developed a multistep process that involves the sequential
deposition of orthogonally reactive functional polymers to
prepare the composite films that constitute the basis for a variety
of ultrathin membrane materials.56 An amino-functionalized
surface is first prepared by treating glass or oxidized silicon
with (3-aminopropyl)triethoxysilane. The aminated surface is
then treated with a solution of poly[maleic anhydride-co-
(methyl vinyl ether)] (Gantrez™) that reacts with the surface
amines through amide bond formation with the maleic anhy-
dride monomer units. Next, treatment of this modified surface
with a solution of amine terminated PAMAM dendrimer results
in the grafting of dendrimer molecules onto the surface via
reaction of the amines with any previously unreacted anhy-
drides remaining in the first layer of Gantrez. Further sequential
deposition of Gantrez and PAMAM dendrimer results in an
alternating layer-by-layer build-up of the two polymers.
Deposition of the grafted polymers was verified by optical
ellipsometry, which demonstrated a linear increase of thickness
with each stage of deposition.

These Gantrez–PAMAM composite thin films were shown to
function as pH-responsive permeable membranes, as confirmed
by a variety of electrochemical experiments.57,58 The internal
chemical composition of the composite films is thought to be
homogeneous, and the incorporation of poly(amine) segments
and poly(carboxylic acid) segments results in an amphoteric
copolymer film. Composite films were coated onto a gold
electrode, and cyclic voltammetry was used to monitor the
permeability of the films towards cations and anions at different
pH. In acidic solution (pH = 3.0), the dendrimer–Gantrez
composite films were permeable to anions, such as Fe(CN)6

32,
and impermeable to cations, such as Ru(NH3)6

3+. Conversely,
in an alkaline solution (pH = 11.0) the films are impermeable
to anions and permeable to cations. Furthermore, at neutral pH,
the composite films allowed both cations and anions to diffuse
through to the electrode. Finally, thermally annealing the
dendrimer–Gantrez composite films at 120 °C, for 2 h led to
further crosslinking, and resulted in the formation of a new film
that was highly impermeable to ionic species over the entire pH
range studied.58 This simple approach to highly-crosslinked,
polyfunctional films is quite versatile, and one could easily
conceive of variations on this theme that could easily be adapted
to other applications. Furthermore, the chemically robust nature
and impermeability of the annealed films demonstrates their
potential for use as coating materials for the prevention of
corrosion.

A recent report from Crooks and co-workers details the use of
this sequential deposition technique in conjunction with
microcontact printing24,25 to fabricate patterned PAMAM–
Gantrez composite multilayer films.59 This was accomplished
by initial formation of a patterned monolayer of n-hexa-
decanethiol on a gold-coated silicon wafer using a pre-
fabricated poly(dimethylsiloxane) (PDMS) stamp. Next, the
substrate was treated with a solution of amine-terminated [G-4]
PAMAM dendrimer. A monolayer of this poly(amine) den-
drimer was preferentially adsorbed only onto the regions of the
gold surface that are not passivated with the n-hexadecanethio-
late monolayer. Finally, the substrate is treated with a solution

Fig. 11 Schematic representation of field enhanced oxidation: dendrimer
self-assembled monolayer (top); oxidative degradation of dendrimer
monolayer at low field intensity (center left); oxidation of silicon substrate
at high field intensity (center right); aqueous HF transfers pattern into
positive tone image in silicon wafer (bottom).
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of Gantrez, resulting in the selective deposition of the anhydride
containing copolymer only onto the patterned dendrimer
regions. This sequential layer-by-layer deposition is repeated in
a fashion analogous to the method previously described56 to
build up patterned PAMAM–Gantrez composite films. This
method provides a convenient approach to patterned ultrathin
organic films for applications in which durable, polyfunctional
films are required, such as the patterning of biological
molecules or cells.

An alternative method for dendrimer multilayer formation
was later developed by Tsukruk and coworkers,60,61 which
hinges on the technique of electrostatic self-assembly devel-
oped by Decher.62 The motivation for this work was said to be
related to the development of modified tribological surfaces for
boundary lubrication, however no specific applications were
reported. Although electrostatic self-assembly is a simple and
versatile method for the deposition of polymer multilayers, the
resulting films are not as chemically robust as those developed
by Bergbreiter and co-workers due to the absence of any
covalent bonds among the adjoining layers. Once again,
PAMAM dendrimers functionalized with either primary amines
or carboxylic acids at their periphery were used for this study.
Deposition of an initial layer of amine-terminated dendrimers
was performed at pH < 3 to promote adsorption of the
positively charged ammonium salts to the anionic silicon
surface. A layer of carboxylic acid terminated PAMAM
dendrimer was then deposited at pH > 6, a value that favors
assembly of the anionic carboxylate salts onto the positively
charged ammonium salt layer. Alternating sequential deposition
of oppositely charged dendrimers led to a multilayer den-
drimer–salt composite film. Thickness measurements of the
initial dendrimer layer and subsequent multilayers were per-
formed using atomic force microscopy (AFM). The data
showed that the thicknesses of the initial dendrimer monolayers
were much smaller than the previously measured hydrodynamic
diameters of the PAMAM dendrimers.2 Furthermore, the
thickness of the composite multilayers was also much less than
expected for superposed layers of spherical macromolecules.
This indicates again that the charged PAMAM dendrimers
assume a highly compressed or flattened conformation when
arranged on the surface. However, it is also likely that
incomplete surface coverage contributes to the lower than
expected thickness measurements that were obtained.

Tomalia and co-workers have also used the electrostatic
deposition technique to form gold-dendrimer nanocomposite
films.63,64 A layer of cationic poly[dimethyl(diallyl)ammonium
chloride] was first deposited onto a negatively charged
substrate, followed by the deposition of anionic poly(sodium
styrene-4-sulfonate). The bilayer modified substrate was then
treated with a solution of positively charged PAMAM den-
drimer–gold nanoparticle nanocomposite, which uniformly
assembles onto the surface. The authors contend that such
materials may be useful for catalysis or optoelectronic applica-
tions in which ultrathin nanocomposite films are required,
however this concept has yet to be realized.

Dendrimers have also recently been employed as polyfunc-
tional templates for the surface immobilization of biological
macromolecules. Anzai and co-workers have recently demon-
strated that alternating sequential deposition could be utilized to
prepare dendrimer–protein composite multilayer films.65 This
was accomplished by first depositing a layer of fluorescein
isothiocyanate-labeled avidin (FITC-avidin) onto a hydro-
phobic gold or quartz surface. Next, the substrate was treated
with a solution of biotin-labeled PAMAM dendrimer, which
then assembled onto the surface via the well-known avidin–
biotin complexation. The sequential deposition process could
be repeated to build up dendrimer–avidin composite multilayer
films. Although these materials have no distinctive utility by
themselves, their preparation constitutes a convenient gener-
alized approach toward functional polymer–biomolecule thin

film materials that could potentially incorporate other useful
functionalities.

Another example of dendrimer–protein composite multi-
layers was recently reported by Kim and Yoon.66 This involves
the deposition of an initial layer of periodate treated glucose
oxidase (GOx) onto an aminated gold surface via the formation
of Schiff bases between the aldehyde groups of oxidized GOx
with the primary amines on the surface. In the next step, the
substrate was treated with a solution of amine-terminated
PAMAM dendrimer, which then reacts with any remaining
GOx aldehydes also via imine formation to covalently bind the
dendrimer molecules to the surface. Reductive amination of the
Schiff bases was then employed to ensure against dendrimer
desorption. Cyclic voltammetry was then used to probe the
extent of active enzyme immobilized within the dendrimer–
GOx multilayers. It was found that the electrocatalytic response
of the electrode was significantly enhanced with respect to
multilayer growth, suggesting that sensitivity is tunable by
controlling the thickness of the multilayer films. Finally, the
film stability with time was investigated, and it was found that
over 80% of the initial electrode response was maintained after
20 days.

Solvent cast dendrimer films
There has been considerable interest in the properties and
potential applications of dendrimer films prepared by drop- and
spin-casting from solution onto solid substrates. A number of
groups have focused on investigating the physical properties of
dendrimers on solid surfaces using AFM. Sheiko and co-
workers first examined the properties of hydrophobic carbo-
silane dendrimers deposited onto mica and pyrolytic graphite
surfaces.67 The wetting behavior was investigated by spin-
casting dilute solutions of the dendrimer onto chemically
different surfaces. AFM was then used to analyze the micro-
scopic contact angles of the sub-micron sized droplets of
dendrimers formed on the surface. It was found that the
hydrophobic dendrimers did not interact specifically with the
substrate and the molecules were observed to aggregate into
large clusters that behaved like fluid droplets. When the
periphery of the carbosilane dendrimers was functionalized
with hydroxy groups, the resulting dendrimer possessed an
amphiphilic structure with a hydrophobic interior and a
hydrophilic periphery, hence leading to a reorganization of the
films due to a preferential adsorption of the peripheral hydroxy
groups onto the polar mica surface.68

Mülhaupt and co-workers used AFM to investigate the film
formation of carbosilane dendrimers functionalized at the
periphery with mesogenic cholesteryl groups.69 Films of the
mesogen-substituted dendrimers were prepared by drop-casting
solutions of varying concentrations onto mica surfaces, fol-
lowed by evaporation of the solvent. Analysis using AFM
showed the formation of both monolayers and multilayers,
depending on the initial concentration of the casting solution.
Annealing of the lower generation dendrimers led to a
reorientation of the molecules on the surface, presumably as a
result of the reorganization of the mesogenic peripheral units.

De Schryver and co-workers have also used AFM to probe
the physical properties of poly(phenylene) dendrimers.70 By
spin-casting from very dilute solution, poly(phenylene) den-
drimers were deposited onto mica surfaces as well separated,
individually resolved molecules. Using non-contact mode
AFM, the researchers were able to obtain measurements of the
dendrimer heights, which were in agreement with the sizes
calculated using molecular dynamics simulations. In addition,
the adhesion and stiffness properties of individual dendrimer
molecules were measured using a pulsed force mode AFM. In
comparison with the mica substrate, poly(phenylene) den-
drimers and their aggregates exhibited low adhesion and high
stiffness, which is not unexpected given the chemical composi-
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tion of the hydrophobic, rigid molecular architecture of the
poly(phenylene) dendrimer.

Klein and co-workers have used a surface force balance to
measure surface interactions and friction in dendrimers ad-
sorbed between mica surfaces. Their first report concerned low
surface energy hydrophobic poly(propyleneimine) dendrimers
that were functionalized at the periphery with N-Boc-phenyl-
alanine.71 Both shear and frictional forces were measured
between two sliding surfaces treated with an adsorbed ultra-thin
film of dendrimers. The compressibility of the dendrimer
spheres was found to decrease as the molecules were pro-
gressively compressed. Furthermore, the researchers concluded
that the behavior of these hydrophobic dendrimers was
intermediate between that of a solid and a flexible polymer, as
they did not exhibit stick–slip sliding. In the following study,
Klein and co-workers examined the behavior of a high surface
energy, or polar dendrimers under the same conditions.71 For
this comparative study, carbosilane dendrimers terminated with
peripheral alcohol groups were used for the surface force
balance measurements. In this case, the hydrophilic carbosilane
dendrimer behaved more like a rigid sphere. Upon shearing, the
molecules underwent relaxation of stored stress. In addition,
these dendrimers exhibit stick–slip behavior similar to frozen
monolayers of confined liquids.

We have recently investigated the interfacial properties of
alkyl chain-modified dendrimers as surface primers for bonding
polyolefin substrates. In this study, the end groups of poly-
(propyleneimine) dendrimers were functionalized with long-
alkyl chain aldehydes via imine formation followed by
reductive amination.72 A thin film of the alkyl-modified
dendrimer was then used as a primer layer for the adhesive
joining of a variety of different polyolefin surfaces. Initial
studies made use of cyanoacrylate adhesives that are normally
incapable of bonding polyolefin surfaces. Block-shear testing of
the adhesive strength revealed that in most cases failure could
be attributed to substrate rather than adhesive failure, thereby
demonstrating that the dendrimer films functioned as highly
effective primers for ethyl cyanoacrylate bonding of poly(ethyl-
ene) and poly(propylene) substrates.

Recently, there have been a growing number of reports
concerning the use of dendrimer-based thin films in a variety of
microelectronics-related applications. Dendrimers in the con-
densed phase display many physical properties that differ
significantly from their linear counterparts. We have been
interested in exploring some of the unique properties of
dendrimers for the development of new materials for applica-
tions in microelectronics. While our group has long been active
in the areas of photolithography73 and resist materials,74 we
have recently initiated a study of the various parameters that
control resist material performance as a function of polymer
architecture. The current state of the art resist materials
incorporating chemical amplification74 are all based on linear
polymers as the matrix resin. The use of dendrimers as resist
materials for ‘next-generation lithography’ may prove advanta-
geous when the desired feature sizes approach macromolecular
dimensions. In contrast to linear polymers, dendritic polymers
are relatively free of chain entanglement. This may have
important implications in designing resist materials for ultra-
high resolution imaging, where parameters such as line-edge
roughness, acid diffusion, and dissolution rates begin to have a
serious impact on resist performance.

We have recently reported the first dendrimer-based chem-
ically amplified resist.75,76 Fréchet-type poly(benzyl ether)
dendrimers with Boc (Fig. 12) or tert-butyl ester groups at their
periphery were synthesized via a modification of the convergent
route. Resist films were prepared by spin-casting a dendrimer-
solution containing a catalytic amount of photo-acid generator
(typically a triaryl sulfonium salt) onto a silicon wafer. These
dendrimer films, normally several hundred nm thick, exhibited
high sensitivity to both deep ultra-violet (DUV) and electron

beam radiation (E-beam). Since we are primarily interested in
the performance of dendritic polymers for imaging feature sizes
below 100 nm and there is a serious lack of imaging tools
capable of such performance, we focused on electron-beam
lithography and explored the performance of our dendrimer
films as E-beam resists. As expected, these chemically
amplified dendrimer resists displayed a high sensitivity to E-
beam radiation while allowing image development in either the
positive or the negative tone (Fig. 13). The scanning electron
micrograph of Fig. 14 shows an example of a line pattern
fabricated in a film cast from Boc terminated poly(benzyl ether)
dendrimer. Even without optimization of the lithographic

Fig. 12 Boc terminated [G-3] dendrimer.

Fig. 13 UV or E-Beam exposure, followed by a bake step removes Boc
protecting groups creating a latent, or chemical, image in the film. The dual
tone resist can be developed with either aqueous base to afford positive tone
images, or with anisole, to produce negative tone images.
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processing parameters, feature sizes below 50 nm could
consistently be printed. We are currently involved in the
development of several new designs for dendritic polymers that
may contribute to vastly enhanced lithographic resist perform-
ance. However there are undoubtedly serious limitations in the
actual utility of dendrimers as commercial resist materials due
to the obvious synthetic difficulty and expense of a multistep
convergent dendrimer synthesis. As a result, the performance of
a variety of related dendritic structures including hyperbranched
polymers as chemically amplified resist materials is also under
investigation.77

Functional dendritic polymers have also recently been used
as templating agents to prepare nanoporous thin films for use as
dielectric insulators. Therefore, Hedrick and co-workers have
prepared highly branched copolymers by the ring opening
polymerization of e-caprolactone from dendritic initiators.78,79

Composite films were made by spin-casting a solution of the
dendritic polymer and a poly(silsesquioxane) precursor onto a
silicon wafer. When the film is thermally annealed at 250 °C, a
crosslinked organic–inorganic nanocomposite material is
formed. Upon further heating to over 400 °C, the dendritic
organic component of the film thermally decomposes into
volatile byproducts, leaving behind a closed-cell nanoporous
silicate foam. Since a significant proportion of the volume of
this new material is occupied by air with a relative permittivity
k  1.0, an overall bulk relative permittivity below 2.0 is
observed, making these materials promising candidates for
high-end microelectronic applications where low-k dielectric
materials are urgently needed. The commercial exploitation of
this approach is now well under way.

Other recent applications that make use of dendrimer-based
thin film materials include sensor devices that detect volatile
organic compounds (VOCs). One such sensor device, devel-
oped by Miller and co-workers, detects VOCs on the basis of
electrical conductivity changes in a dendrimer-based thin
film.80,81 The periphery of poly(amide) dendrimers was func-
tionalized with oligothiophene derivatives, which function as
the charge carriers. Thin films were prepared by first casting the
neutral dendrimers from solution, followed by an oxidative
doping with iodine vapor. The doped films were stable in air and
exhibited true electronic conductivity (s = 1023 S cm21).
Upon exposure to organic vapors, the conductivity of the films
was increased by as much as three orders of magnitude.
Importantly, the conductivity response was fully reversible, and
the magnitude of the response varied uniquely with the identity
of the vapor.

The surface chemistry and interfacial properties of related
classes of dendritic macromolecules,2 such as hyperbranched
polymers,82–84 dendritic-linear hybrid block copolymers,85 and
dendronized or dendron-jacketed linear polymers,86,87 have also
recently become an area of growing interest, although they are
beyond the scope of this brief review focusing specifically on
dendrimers. Finally, the design and application of dendrimers
and dendrimer-based films for opto-electronic applications such
as light harvesting and light emitting diodes have been the focus

of a recent review,88 and therefore will not be discussed in this
article.

Conclusions and outlook
The past several years have seen a considerable growth in the
use of dendrimers at surfaces and interfaces. This results from
the realization that the unique dendritic architecture of den-
drimers can translate into unusual chemical and physical
properties. While the demanding methods used for the prepara-
tion of dendrimers currently negate their use as commodity
materials, it is clear that they are well suited for practical
application at surfaces and interfaces where small amounts of
materials only are needed. Early work with self-assembled
dendrimer monolayers in applications such as resists for
scanning probe lithography, affinity biosensors, and chemo-
sensor devices have already demonstrated some of the capabil-
ities of dendrimers. Such findings, coupled to others related to
the rheological properties of dendrimers,89 their ability to
encapsulate90 or harvest and concentrate energy88 will no doubt
continue to fuel interest in numerous ‘designer’ dendrimers for
applications in nanotechnology. Another area of growth for
dendrimers will involve their use at biological interfaces as their
shape and surface functionality make them ideally suited for
accessing, recognizing, coating or penetrating cell membranes.
The outlook for continued activity in this field is strong, and
many new discoveries and developments in chemistry, materi-
als science, and biology involving dendrimers at surfaces and
interfaces can be anticipated.
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A catalytic enantioselective addition of aromatic amines to
enones has been developed; the potential of the reaction is
shown for aromatic amines reacting with alkyl oxazolidi-
nones in good yield and with moderate to excellent
enantiomeric excess, and the transformation of the products
to b-amino acid amides.

Optically active b-amino acids are important molecules1 which
show biological activity in their free from, or as present in many
different types of molecules, e.g. peptides and depsipeptides.2a

Furthermore, b-amino acid derivatives can easily be converted
into important molecules such as b-lactams.2b

Optically active b-amino acids are traditionally prepared by a
diastereoselective approach,1b,3 while only very few methods
are available for the direct formation of these compounds by the
addition of nitrogen compounds to a,b-unsaturated carbonyl
compounds catalysed by chiral Lewis acids as the catalysts.4 In
these investigations O-benzylhydroxylamine, hydrazoic acid or
imines were used as the nitrogen source in the presence of
different chiral Lewis acids.

In the following we will present the first enantioselective
addition of secondary aromatic amines 1 to alkyl oxazolidi-
nones 2 catalyzed by chiral Lewis acids [eqn. (1)].5 This
reaction gives the Michael adduct 3, which leads to a simple
synthetic approach of optically active b-amino acids.

(1)

The reaction of N-methylaniline 1a with 3-[(E)-2-butenoyl]-
1,3-oxazolidin-2-one 2a proceeds well in the presence of chiral
Lewis acids. The results for the use of DBFOX-Ph6 (R)-4 and
t-Bu-BOX7 (S)-5 as ligands in combination with different Lewis
acids are presented in Table 1.

The reaction of 1a with 2a proceeds with high conversion and
3a is obtained in up to 90% ee using (R)-4-Ni(ClO4)2·6H2O (5
mol%) as the catalyst (Table 1, entries 1,2).† The solvent effect
is notable for the reaction as only 19% conversion is found in
THF (entry 3), while much higher conversion is obtained in
CH2Cl2 (entries 1,2). Other metal salts can also be used in
combination with (R)-4 as the chiral ligand with various degree
of success (entries 4,5). Surprisingly, the t-Bu-BOX (S)-5
ligand in combination with copper salts, which has been found
to be an excellent chiral catalyst for reactions of e.g. 2,7a,c gave
no conversion in the present reaction (entry 6), while the
corresponding t-Bu-BOX-Zn(OTf)2 catalyst gave moderate
conversion and low enantioselectivity (entry 7).

A selection of aromatic amines 1a–f has been reacted with the
oxazolidinones 2a–c in the presence of (R)-4-Ni(ClO4)2·6H2O
(5 mol %) as the catalyst [eqn. (2)] and the results are shown in
Table 2.

(2)

The N-substituent is important for the conversion as an
exchange of N-methyl to N-benzyl gives a significant reduction
in yield and enantioselectivity (Table 2, entries 1,2). The
reaction of N-methylanilines, having electron-donating sub-
stituents (1c–e) with 2a proceeds in high yield and with up to
89% ee (entries 3–5). It should be noted that applying
Ni(ClO4)2·6H2O (5 mol%) and varying the equivalents of (R)-4
from 2 to 0.6 relative to the Lewis acid does not alter the yield

Table 1 Screening of chiral ligands, Lewis acids and reaction conditions for
the reaction of N-methylaniline 1a with 3-[(E)-2-butenoyl]-1,3-oxazolidin-
2-one 2a at room temperature

Entry Catalyst
Loading
(%) Solvent

Conv.a
(%)

Eeb

(%)

1 (R)-4-Ni(ClO4)2·6H2O 10 CH2Cl2 76 88
2 (R)-4-Ni(ClO4)2·6H2O 5 CH2Cl2 62 90
3 (R)-4-Ni(ClO4)2·6H2O 5 THF 19 84
4 (R)-4-Mg(ClO4)2·6H2O 5 CH2Cl2 63 39
5 (R)-4-Zn(ClO4)2·6H2O 5 CH2Cl2 15 64
6 (S)-5-Cu(OTf)2 10 CH2Cl2 — —
7 (S)-5-Zn(OTf)2 10 CH2Cl2 50 14
a Determined by 1H-NMR spectroscopy. b Determined by chiral HPLC.

Table 2 Reaction of aromatic amines 1a–f with the oxazolidonones 2a–c in
the presence of (R)-4-Ni(ClO4)2·6H2O (5 mol%) as the catalyst in CH2Cl2
at room temperature

Entry Amine Oxazolidinone Yielda % Eeb %

1 1a 2a 3a–62 90
2 1b 2a 3b–6 34
3 1c 2a 3c–75 76
4 1d 2a 3d–73 89
5 1e 2a 3–87 48
6 1f 2a 3f–23 96
7 1a 2b 3g–25 95
8 1a 2c 3h–93 0
a Isolated yield after column chromatography. b Determined by chiral
HPLC.
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and enantioselectivity of the reaction of 1c with 2a. The reaction
of N-methyl-p-chloroaniline 1f with 2a proceeds also with an
excellent enantioselectivity, 96% ee of 3f, however the yield at
rt was moderate (entry 6); increasing the reaction temperature to
40 °C improves the yield to 53% and a reduction in
enantioselectivity to 60% ee. The reaction of 1a with 2b
proceeds with an excellent enantioselectivity, 95% ee of 3g
being obtained at rt (entry 7). The yield of 3g was improved to
52% by performing the reaction in dichloroethane at 60 °C
where 69% ee was obtained.

An important aspect of the present chemistry is that the
products can be converted easily into various types of b-amino
acid ester derivatives. The N-protecting group such as the
p-methoxyphenyl group can be removed by standard chem-
istry.8 In the following we will show that the oxazolidinone in
3 can be removed and exchanged with e.g. a chiral amine, which
has been used to assign the absolute configuration of the product
(Scheme 1). The adduct 3a was first hydrolyzed with LiOH–
H2O2 in a THF–H2O solution giving the carboxylic acid 7.
Condensation with (S)-phenylethylamine gave the crystalline
diastereomer 8. The stereochemistry of 8 was assigned by X-ray
analysis to be (S,S) (Scheme 1), i.e. the absolute configuration
of the stereocenter formed in the addition reaction is (S).‡

Based on the absolute configuration of 8 we have proposed
the intermediate in Fig. 1. The intermediate has a trigonal
bipyrimidal coordination6 at the metal center with the DBFOX-
Ph (R)-4 ligand occupying three sites and the oxazolidinone the
remaining two. This intermediate has the b-Si face of the alkene
shielded by the phenyl substituent of the chiral ligand, while the
b-Re face is available for approach of the secondary aromatic
amine leading to the addition adduct having an absolute
configuration consistent with the experimental results.

In summary, a new catalytic enantioselective addition
reaction of secondary aromatic amines to enones has been
developed. This reaction proceeds in good yields and with
moderate to excellent enantioselectivity in the presence of a
chiral nickel complex. It was demonstrated that one of the
products could be converted into an optically active amide
which was used for the assignment of the absolute configuration
of the addition adduct. Based on the absolute configuration, a
chiral trigonal bipyrimidal nickel complex was proposed as the
intermediate.

We are indebted to The Danish National Research Founda-
tion for financial support.
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added and reacted for 40 h. The product 3a was obtained by FC (50% Et2O
in pentane) as a pale yellow oil in 62% yield with 90% ee detected by HPLC
using a Daicel Chiralpak AS column (hexane+i-PrOH 95+5; tr(min) = 18.9
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Scheme 1

Fig. 1 Proposed intermediate for the catalytic enantioselective addition of
secondary aromatic amines to enones catalyzed by (R)-DBFOX-Ph-Ni(II).
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Upon self-assembly of a bismonodentate ligand based on two
pyridine units interconnected at the para position by a
hexaethylene glycol fragment using ester junctions and Ag+

cation, a double stranded interwound infinite linear network
was obtained in the crystalline phase; the formation of this
unprecedented architecture is a result of the loop type
conformation of the connector segment which forms a
pseudo-crown ether. The loop surounds the metal cation
which is linearly coordinated to two pyridines belonging to
consecutive units, thus forming the 1-D network.

The design of molecular networks, in particular in the
crystalline phase, can be based on concepts developed in the
context of molecular tectonics.1a The latter concerns the self-
assembly of molecular tectons1b or building blocks with
programmed information into their structure about the energy of
inter- and intra-molecular interactions. For metallo-organic
coordination networks2,3 which are generated upon self-
assembly4 of metal cations with organic ligands and in some
cases the anion5 as tectons, the design principle lies in the match
between the requirements of different partners. Under self-
assembly conditions, discrete metallo-organic complexes are
generated from endo-ligands in the presence of cations. In
contrast, the formation of coordination networks, based on
translational symmetry of assembling cores, requires the use of
exo-ligands i.e. organic ligands for which the coordination sites
are oriented in a divergent fashion.

When using flexible fragments connecting two coordination
poles (composed of one or several coordination sites), depend-
ing on the conformation of the spacer, in the presence of metal
cations one may expect the formation of either discrete
complexes (metallamacrocycle) by an obturation process or
infinite coordination networks by iteration (Fig. 1).

Pursuing our efforts to understand the basic principles
governing the formation of coordination networks,6 the above
mentioned competition between the formation of discrete and
infinite coordination networks was investigated by designing
the bis-monodentate ligand 1. The design of the latter was based
on two coordinating pyridine units interconnected by the
hexaethyleneglycol moiety using ester junctions. The two
coordination sites were connected at the 4 position of the
pyridine ring. The latter was chosen as a monodentate
coordination site because of its frequent use in the design of

coordination networks.7 Concerning the flexible spacer, this
may either be an innocent segment such as a polymethylene
chain or a functionalised fragment. Owing to its well known
ability to interact with cations, the hexaethylene glycol unit
appeared to be the most attractive fragment since it may play
both structural and recognition roles.

Here we report the first example in the crystalline phase of an
intertwound double stranded linear coordination network based
on the self assembly of ligand 1 and Ag+ cations.

The rather straightforward synthesis of 1 (slightly yellowish
oil) was achieved in THF under argon by condensing, in the
presence of Et3N, the commercially available isonicotinoyl
chloride 2 with hexaethyleneglycol 3 in 86% yield (Scheme
1).

Depending on the conformation of the polyethylene glycol
chain and rotations around the C(O)O bond, compound 1
(Scheme 1) may either behave as an endo-ligand with a
convergent orientation of both pyridines or as an exo-ligand for
which the two monodentate coordination sites are oriented in a
divergent fashion. Thus, in the presence of metal cations
adopting a linear coordination geometry, whereas for the first
case a metallamacrocycle would be expected, for the divergent
orientation an infinite coordination network should be obtained
(Fig. 1).

The best suited cation appeared to be Ag+ due to its extended
coordination flexibility, in particular its ability to adopt a linear
coordination geometry.

Upon slow diffusion at room temp. of a EtOH solution
containing AgClO4 into a PhCl solution of 1, stable colourless
crystals were obtained overnight. X-Ray diffraction‡ on a
single-crystal revealed the following relevant features: the
crystal (monoclinic system, space group C2/c) was only
composed of 1, Ag+ cations and ClO4

2 anions. No solvent
molecules were present in the crystal. The combination of 1 and
Ag+ leads to the formation of an infinite polycationic linear
coordination network. The latter is obtained by translation of an
assembling core composed of a silver cation bridging two
consecutive organic tectons. No specific interactions between
the polycationic network and the ClO4

2 anions are observed. In
a first approximation, the metal cation adopts a linear

† Dedicated to G. Ourisson on the occasion of his 75 birthday.

Fig. 1 Schematic representation of the competition between the formation of
a metallamacrocycle and an infinite coordination polymer when a
bismonodentate ligand is used in conjunction with a metal cation adopting
a linear coordination geometry.

Scheme 1
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coordination geometry with an N–Ag–N angle of 173.6°. Due to
the unsymmetrical environment of the Ag+ cation, the two N–
Ag distances of 2.154 and 2.169 Å are slightly different. The
ligand 1 adopts an interesting and particular conformation. The
two pyridine units are almost parallel and co-planar but are
oriented in opposite directions, thus allowing the formation of
the network. Because of the gauche conformation of all six
OCH2CH2O units, the hexaethylene glycol fragment adopts an
almost circular conformation which closely resembles crown
ether type units (Fig. 2). Furthermore, all pseudo-crown ether
moieties adopt the same orientation and are located on the same

side of the 1-D network. Of the six OCH2CH2O units, only one
is disordered.

What was not predicted but is particularly interesting is that
two adjacent linear networks are interwoven, leading thus to a
double stranded interwound infinite linear network (Fig. 3). The
driving force for the formation of such an architecture seems to
be the loop type disposition of the polyethylene glycol units
leading to interactions between silver cations belonging to one
strand and selected ether oxygen atoms of the other strand.
Taking into account these interactions, the coordination sphere
around the cation may be described as comprising two nitrogen
and five oxygen atoms. Among the five O atoms interacting
with the cation, there are two rather short Ag–O distances of ca.
2.70 and 2.74 Å, one Ag–O distance in the medium range (3.05
Å) and two rather long Ag–O distances of ca. 3.26 and 3.44 Å.
From this perspective, the assembling core may be regarded as
a Ag+ cation interacting strongly with two pyridine units
belonging to one strand and weakly with five O atoms
belonging to the other strand. Another curious feature is the
orientation of loops within the double stranded interwound
network: whereas for one strand all the loops adopt the same
type of turn, for example left, for the other strand the opposite
turn (right) is observed.

In conclusion, using the neutral acyclic tecton 1 based on two
pyridines interconnected by the hexaethylene glycol through
two ester junctions and Ag+ cation, an unusual architecture
consisting of a double stranded interwound infinite linear
network was obtained unexpectedly in the crystalline phase.
This observation opens the way to the design of other systems
for which the nature of the coordination site, the connecting
segment as well as the metal cation may be varied. Work along
these lines is in progress.

Notes and references
‡ Crystal data for 1·AgClO4: C24H32AgN2O9·ClO4, colourless, M =
699.85, monoclinic, space group C2/c, a = 34.290(4), b = 10.902(2), c =
19.323(4) Å, b = 114.855(5)°, U = 6554(1) Å3, Z = 8, Dc = 1.42 g cm23,
l(Mo-Ka) = 0.71073 Å, m (Mo-Ka) = 0.756 mm21, 2352 data with I >
3s(I), R = 0.077, Rw = 0.115; Data were collected on a Nonius Kappa
CCD and structural determination was achieved using the Nonius
OpenMolenN package.8 CCDC reference number 163024. See http://
www.rsc.org/suppdata/cc/b103824a/ for crystallographic data in CIF or
other electonic format.

1 (a) S. Mann, Nature, 1993, 365, 499; (b) M. Simard, D. Su and J. D.
Wuest, J. Am. Chem. Soc., 1991, 113, 4696.

2 S. R. Batten and R. Robson, Angew. Chem., Int. Ed., 1998, 37, 1460.
3 M. W. Hosseini, in NATO ASI Series; Series C, ed. D. Braga, F. Grepiono

and G. Orpen, Kluwer, Dordrecht, Netherlands, 1999, vol. 538, p. 181.
4 J. S. Lindsey, New J. Chem., 1991, 15, 153; O. M. Yaghi, H. Li, C. Davis,

D. Richardson and T. L. Groy, Acc. Chem. Res., 1998, 31, 474; F.
Swegers and T. J. Malefetse, Chem. Rev., 2000, 100, 3483; M. Fujita, K.
Umemoto, M. Yoshizawa, N. Fujita, T. Kusukawa and K. Biradha, 
Chem. Commun., 2001, 509.

5 A. Jouaiti, V. Jullien, M. W. Hosseini, J.-M. Planeix and A. De Cian,
Chem. Commun., 2001, 1114.

6 C. Kaes, M. W. Hosseini, C. E. F. Rickard, B. W. Skelton and A. White,
Angew. Chem., Int. Ed., 1998, 37, 920; G. Mislin, E. Graf, M. W.
Hosseini, A. De Cian, N. Kyritsakas and J. Fischer, Chem. Commun.,
1998, 2545; M. Loï, M. W. Hosseini, A. Jouaiti, A. De Cian and J.
Fischer, Eur. J. Inorg. Chem., 1999, 1981; M. Loï, E. Graf, M. W.
Hosseini, A. De Cian and J. Fischer, Chem. Commun., 1999, 603; C.
Klein, E. Graf, M. W. Hosseini, A. De Cian and J. Fischer, Chem.
Commun., 2000, 239; H. Akdas, E. Graf, M. W. Hosseini, A. De Cian and
J. McB. Harrowfield, Chem. Commun., 2000, 2219; A. Jouaiti, M. W.
Hosseini and A. De Cian, Chem. Commun., 2000, 1863; C. Klein, E. Graf,
M. W. Hosseini, A. De Cian and J. Fischer, New J. Chem, 2001, 25,
207.

7 T. L. Hennigar, D. C. MacQuarrie, P. Losier, R. D. Rogers and M. J.
Zaworotko, Angew. Chem., Int. Ed. Engl., 1997, 36, 972; J. Blake, N. R.
Champness, S. S. M. Chung, W-S. Li and M. Schröder, Chem. Commun.,
1997, 1675; M. A. Withersby, A. J. Blake, N. R. Champness, P.
Hubberstey, W-S. Li and M. Schröder, Chem. Commun., 1997, 2327, L.
Carlucci, G. Ciani and D. M. Proserpio, Chem. Commun., 1999, 449, S.
Sailaja and M. V. Rajasekharan, Inorg. Chem., 2000, 39, 4586.

8 OpenMolenN, Interactive Structure Solution, Nonius B. V., Delft, The
Netherlands, 1997.

Fig. 2 Schematic (left) and a portion of the X-ray structure (right) of the
cationic 1-D network obtained upon self-assembly of ligand 1 and Ag+. H
atoms and anion molecules are omitted for clarity.

Fig. 3 Schematic (left) and a portion of the X-ray structure (right) of the
double stranded cationic interwound 1-D network obtained due to
interactions between Ag+ cations and hexaethylenglycol units adopting a
pseudo crown ether type conformation. H atoms and anions molecules are
omitted for clarity.
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Synthesis and application of dimeric Cinchona alkaloid phase-transfer
catalysts: a,aA-bis[O(9)-allylcinchonidinium]-o, m, or p-xylene
dibromide†
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A dimeric Cinchona alkaloid ammonium salt, a,aA-bis[O(9)-
allylcinchonidinium]-m-xylene dibromide 4, has been devel-
oped as a new efficient phase-transfer catalyst; the catalytic
enantioselective alkylation of N-(diphenylmethylene)gly-
cine tert-butyl ester using 4 provided 7 in a high enantio-
meric excess (90–99% ee).

Although phase-transfer catalytic reactions have been widely
applied in organic synthesis,1,2 asymmetric synthetic reactions
using chiral phase-transfer catalysts have not been extensively
studied as compared to general asymmetric synthetic reactions,
such as asymmetric dihydroxylation,3 asymmetric catalytic
reduction,2 and so on. Since the pioneering work of O’Donnell
et al. (1a),4 the enantioselective alkylation of a prochiral
protected glycine derivative, using Cinchona alkaloid ammo-
nium salts, has become a very attractive method for the
preparation of both natural and unnatural a-amino acids.
Especially, the Lygo5 and Corey6 groups independently re-
ported the excellent phase-transfer catalysts, N-9-anthracenyl-
methylcinchonidinium chloride (2a) and O(9)-allyl-N-
9-anthracenylmethylcinchonidinium bromide (2b),
respectively, by replacing the phenyl group of 1 with the bulkier
anthracenyl moiety. Recently, the Maruoka group developed
very efficient non-Cinchona catalysts, the C2-symmetric chiral
quaternary ammonium salts prepared from (S)-binaphthol.7

In connection with the development of Sharpless asymmetric
dihydroxylation, the discovery of ligands with two independent
Cinchona alkaloid units attached to heterocyclic spacers led to
considerable increases in both the enantioselectivity and the
scope of the substrate.3 This dimerization effect prompted us to
develop dimeric Cinchona alkaloid ammonium salts for
enantioselective phase-transfer catalytic reactions. In this
communication, we report the preparation of new dimeric
catalysts, a,aA-bis[O(9)-allylcinchonidinium]-o, m, or p-xylene
dibromides 3–5, and their application to the catalytic enantio-
selective alkylation of N-(diphenylmethylene)glycine tert-butyl
ester 6 under mild phase-transfer conditions (Fig. 1).

Compounds 3–5 were prepared in two steps from cinchoni-
dine and a,aA-dibromo-o, m, or p-xylene, respectively. Cincho-
nidine and a,aA-dibromo-o-, m-, or p-xylene were stirred at
100 °C in EtOH–DMF–CHCl3 (v/v = 2.5+3+1)8 for 6 h
followed by O(9)-allylation with allyl bromide and 50% aq.
KOH, to give the corresponding dimeric Cinchona alkaloid
catalysts 3–5 in 90–92 % overall yields. The enantioselective
efficiency of the prepared catalysts was evaluated by enantio-
selective phase-transfer alkylation using 5 mol% of catalysts
3–5 along with 6, benzyl bromide, and 50% aq. KOH in
toluene–CHCl34f,9 (v/v = 7+3) at 0 °C or 220 °C for 2–6 h.
Surprisingly, the meta-dimeric catalyst 4‡ showed the highest
enantioselectivity (S-form, 90% ee at 0 °C; 95% ee at 220 °C)
among the three dimeric catalysts 3–5 (Table 1). The order of
enantioselectivity of the three catalysts along with the monomer
catalyst 1b was as follows: meta-dimer (4) > para-dimer (5) 
monomer (1b) ì ortho-dimer (3). The precise mechanism for

the high enantioselectivity of 4 is not clear, but it is thought to
be similar to the reported mechanism of 2.6a There are two
possible conformations, 4a and 4b, as shown in Fig. 2. The 4a
conformer seems to be preferred, because of the steric hindrance
between the quinoline and O-allyl moieties and the Cinchona
unit (CD+) in 4b. In addition, the dramatic increase in the

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b102584h/

Fig. 1

Table 1 Enantioselective catalytic phase-transfer alkylation

Entry Catalyst Temp./°C Time/h % yielda
% eeb

(Config.)c

1 1b 0 2 92 75 (S)
2 1b 220 5 94 81 (S)
3 3 0 3 90 31 (S)
4 3 220 6 88 35 (S)
5 4 0 2 91 90 (S)
6 4 220 5 94 95 (S)
7 5 0 4 92 80 (S)
8 5 220 6 92 86 (S)
a Isolated yield of purified material. b Enantiopurity was determined by
HPLC analysis using a chiral column (DAICEL Chiralcel OD). c Absolute
configuration was determined by comparison of the HPLC retention time
with the authentic samples independently synthesized by the reported
procedure.4–7

Fig. 2
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enantioselectivity from 1b to 4 implies that the Cinchona unit
(CD+) is located near the B site. Consequently, as the direction
B is sterically hindered by the counter Cinchona unit in 4, the E-
enolate of 6 forms an ion-pair with 4 from the less hindered
direction A. We expect that as the re-face of the enolate can be
effectively blocked by the formation of the ion-pair, the alkyl
halide can approach only the si-face of E-enolate, to give the S-
form. The lack of a difference in the enantioselectivity between
the para-dimer 5 and the monomer 1b implies that the Cinchona
units of the para-dimer 5 do not sterically affect each other. In
the case of the ortho-dimer 3, the severe steric repulsion
between the two Cinchona units may lead to a less efficient
conformation for enantioselectivity. Generally, the lower tem-
perature (220 °C) yielded higher enantioselectivity (Table 1).
Catalyst 4 was chosen for the further investigation of the
enantioselective phase-transfer alkylation with various alkyl
halides. Table 2 indicates the results obtained for the alkylation
of 6 with various alkyl halides, using catalyst 4 under the same
reaction conditions as in Table 1, except for the temperature
(220 °C). The very high enantioselectivities (90–99% ee)
shown in Table 2 indicate that catalyst 4 is a very efficient
enantioselective phase-transfer catalyst for the synthesis of
natural and unnatural a-amino acids.

In conclusion, we prepared the dimeric Cinchona alkaloid
ammonium salt catalysts 3–5 to enhance catalytic efficiency by
the dimerization effect. Among the dimeric catalysts, the meta-
isomer (4) showed the highest catalytic activity (90–99% ee) in
the alkylation of 6. The high catalytic efficiency, the easy
preparation, and the lower preparation cost relative to 2a,b
could make 4 a practical catalyst in industrial synthetic
processes for natural and unnatural chiral a-amino acids.
Applications to other various types of phase-transfer catalytic
reactions using 4 are currently being investigated.

This work was supported by grants from Aminogen Co.,
Korea, via the Research Center of New Drug Development of
Seoul National University and the Research Institute of
Pharmaceutical Sciences in the College of Pharmacy of Seoul
National University.

Notes and references
‡ All new compounds gave satisfactory analytical and spectral data.

Selected data for 4: mp 181 °C (decomp.); [a]25
D2156 (c 0.320, CHCl3);

IR (KBr) 3437, 2922 cm21; dH (400 MHz, DMSO-d6) 9.03 (d, J = 4.4 Hz,
2 H), 8.35 (d, J = 8.3 Hz, 2 H), 8.15 (d, J = 9.0 Hz, 3 H), 7.97 (d, J = 7.5
Hz, 2 H), 7.90–7.86 (m, 2 H), 7.81–7.76 (m, 3 H), 7.72 (d, J = 4.4 Hz, 2 H),
6.53 (s, 2 H), 6.22–6.16 (m, 2 H), 5.78–5.70 (m, 2 H), 5.49 (d, J = 17.2 Hz,
2 H), 5.37–5.28 (m, 4 H), 5.20–5.14 (m, 4 H), 4.99 (d, J = 10.5 Hz, 2 H),
4.46 (dd, J = 12.5, 5.3 Hz, 2 H), 4.06–4.03 (m, 6 H), 3.82–3.76 (m, 2 H),
3.69–3.64 (m, 2 H), 3.51–3.40 (m, 2 H), 2.84–2.75 (m, 2 H), 2.34–2.26 (m,
2 H), 2.15–2.00 (m, 4 H), 1.92–1.81 (m, 2 H), 1.51–1.42 (m, 2 H); dC (100
MHz, DMSO-d6) 150.6, 148.4, 141.7, 139.3, 138.3, 135.9, 134.6, 130.3,
130.0, 129.9, 128.8, 127.9, 125.4, 124.1, 120.0, 118.0, 116.9, 72.3, 69.7,
68.2, 63.4, 59.3, 51.2, 37.2, 26.3, 24.5, 21.2; MS (ESI): 772 [M]2+; HRMS
(ESI) calcd for [C52H60N4O2]2+: 772.4716, found: 772.4739.

Representative procedure for enantioselective catalytic alkylation of 6
under phase-transfer conditions (benzylation): to a mixture of N-(diphenyl-
methylene)glycine tert-butyl ester 6 (50 mg, 0.17 mmol) and chiral catalyst
4 (8 mg, 0.0085 mmol) in toluene–CHCl3 (v/v = 7+3, 0.75 mL) was added
benzyl bromide (0.1 mL, 0.85 mmol). The reaction mixture was then cooled
(220 °C), 50% aq. KOH (0.25 mL) was added, and the reaction mixture was
stirred at 220 °C until the starting material had been consumed (5 h). The
suspension was diluted with ether (20 mL), washed with water (2 3 5 mL),
dried over MgSO4, filtered and concentrated in vacuo. Purification of the
residue by flash column chromatography on silica gel (hexane+EtOAc =
50+1) afforded the desired product 7g (61 mg, 94% yield) as a colorless oil.
The enantioselectivity was determined by chiral HPLC analysis (DAICEL
Chiralcel OD, hexane+propan-2-ol = 500+2.5, flow rate = 1.0 ml min21,
23 °C, l = 254 nm; retention times R (minor) 12.2 min, S (major) 22.5 min,
95% ee). The absolute configuration was determined by comparison of the
HPLC retention time with the authentic sample synthesized by the reported
procedure.4–7

1 (a) E. V. Dehmlow and S. S. Dehmlow, Phase Transfer Catalysis, 3rd
edn., VCH, Weinheim, 1993 and references therein; (b) A. Nelson,
Angew. Chem., Int. Ed., 1999, 38, 1583.

2 I. Ojima, Catalytic Asymmetric Synthesis, 2nd edn., Wiley-VCH, New
York, 2000 and references therein.

3 H. C. Kolb, M. S. VanNieuwenhze and K. B. Sharpless, Chem. Rev.,
1994, 94, 2483 and references therein.

4 (a) M. J. O’Donnell, W. D. Benett and S. Wu, J. Am. Chem. Soc., 1989,
111, 2353; (b) K. B. Lipkowitz, M. W. Cavanaugh, B. Baker and M. J.
O’Donnell, J. Org. Chem., 1991, 56, 5181; (c) M. J. O’Donnell and S.
Wu, Tetrahedron: Asymmetry, 1992, 3, 591; (d) M. J. O’Donnell, S. Wu
and J. C. Huffman, Tetrahedron, 1994, 50, 4507; (e) M. J. O’Donnell, S.
Wu, I. Esikova and A. Mi, U.S. Patent 5 554 753, September 10, 1996;
(f) M. J. O’Donnell, I. A. Esikova, A. Mi, D. F. Shullenberger and S. Wu,
in Phase-Transfer Catalysis, ed. M. E. Halpern, ACS Symposium Series
659, American Chemical Society, Washington, DC, 1997, ch. 10; (g)
M. J. O’Donnell, F. Delgado and R. Pottorf, Tetrahedron, 1999, 55,
6347.

5 (a) B. Lygo and P. G. Wainwright, Tetrahedron Lett., 1997, 38, 8595; (b)
B. Lygo, J. Crosby and J. A. Peterson, Tetrahedron Lett., 1999, 40, 1385;
(c) B. Lygo, Tetrahedron Lett., 1999, 40, 1389; (d) B. Lygo, J. Crosby
and J. A. Peterson, Tetrahedron Lett., 1999, 40, 8671; (e) B. Lygo, J.
Crosby, T. R. Lowdon and P. G. Wainwright, Tetrahedron, 2001, 57,
2391; (f) B. Lygo, J. Crosby, T. R. Lowdon, J. A. Peterson and P. G.
Wainwright, Tetrahedron, 2001, 57, 2403.

6 (a) E. J. Corey, F. Xu and M. C. Noe, J. Am. Chem. Soc., 1997, 119,
12414; (b) E. J. Corey, M. C. Noe and F. Xu, Tetrahedron Lett., 1998, 39,
5347; (c) E. J. Corey, Y. Bo and J. Busch-Peterson, J. Am. Chem. Soc.,
1998, 120, 13000.

7 (a) T. Ooi, M. Kameda and K. Maruoka, J. Am. Chem. Soc., 1999, 121,
6519; (b) T. Ooi, M. Takeuchi, M. Kameda and K. Maruoka, J. Am.
Chem. Soc., 2000, 122, 5228.

8 N. Baba, J. Oda and M. Kawaguchi, Agric. Biol. Chem., 1986, 50,
3113.

9 The optimal solvent condition was determined by benzylation of 6 at
220 °C using 4. Toluene–CHCl3 (v/v, 7+3) gave the highest enantiose-
lectivity (95% ee) compared to toluene (87% ee), CH2Cl2 (85% ee),
CHCl3 (90% ee), and toluene–CH2Cl2 (v/v, 7+3, 93% ee).

Table 2 Enantioselective catalytic phase-transfer alkylation

Entry RX Time/h % Yielda
% eeb

Config.c

a CH3I 3 72 90 (S)
b CH3CH2I 10 50 92 (S)
c CH3(CH2)4CH2I 5 64 99 (S)
d 4 86 94 (S)

e 4 88 97 (S)

f 3 92 90 (S)

g 5 94 95 (S)

h 5 87 95 (S)

i 8 75 96 (S)

j 6 98 95 (S)

k 8 90 90 (S)

l 5 96 90 (S)

a Isolated yield of purified material. b Enantiopurity was determined by
HPLC analysis of the alkylated imine 7 using a chiral column (DAICEL
Chiralcel OD) with hexane–propan-2-ol (500/2 for 7a, 7b, 7g, 7h, 7j, 7k, 7l;
500/1 for 7c, 7d, 7e, 7f; 500/5 for 7i) as solvent. c Absolute configuration
was determined by comparison of the HPLC retention time with the
authentic samples independently synthesized by the reported proce-
dure.4–7
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First intramolecular trapping and structural proof of the key
intermediate in the formation of indolizine photochromics†
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The reaction of substituted spirocyclopropenes 1 with
1-(3,5-dinitrophenyl)-3,4-dihydroisoquinoline 2 in dry ether
solution afforded not only the expected THI 4 by 1,5-electro-
cyclization but also novel fluorenespiroazanorcaradienes 5
which is the first intramolecularly trapped product of the
key intermediate in the formation of indolizine photo-
chromics.

The reaction of the easily accessible spirocyclopropenes 1 with
isoquinolines 2 has been shown to be an extremely powerful
tool to prepare new photochromic dihydroindolizines (DHI),
tetrahydroindolizines (THI) and pyrrolopyrrolizidines.1–4 A
vast number of tailormade molecules having interesting proper-
ties for applications such as ophthalmic lenses,5 molecular
switches,6 dental material7 and potential application in informa-
tion recording and data storage and holography8 has been
published. We have shown recently that the reaction of 1-styryl-
3,4-dihydroisoquinolines with spirocyclopropenes 1 is con-
trolled by substituents to afford a pericyclic reaction to either
THI’s 4 or azepine derivatives 6.9 This reaction is governed by
the substituents in the fluorene part and can form in a
periselective way THI's 4 or azepines 6. These results incited us
to introduce strongly electron attracting groups (NO2) which
might stabilize the first intermediate in this reaction or even
allow isolation of the product directly derived from this—until
now—unproved intermediate. In this paper we describe the
isolation of fluorenespiroazanorcaradienes 5 the trapped key
intermediate in the indolizine formation and their X-ray
structure, and also new THIs 4.

Analogues of 2 with an unsubstituted 2-phenyl-ring, or with
halogen or one nitro-group in the ring led only to ring-closed
THIs when reacted with spirocyclopropenes 1 (see Table 1).
The reaction of spirocyclopropenes 1 with dinitrosubstituted 2
in diethyl ether at rt after 5 d not only afforded the ring-closed

THI 4 but a novel product, the azanorcaradiene 5. Both products
were isolated using column chromatography on silica gel
(eluent CH2Cl2 and CH2Cl2–MeOH), their structures were
determined via elemental analysis, 1H-NMR, 13C-NMR, IR-
spectra and X-ray analysis (see ESI†).The general mechanism
for the reaction of 2 with 1 is shown in Scheme 1. The reaction
of 1 with 2 can proceed in three possible ways. The carbon
atoms 2B and 6B in the 5A-phenyl ring of intermediate A are
positively polarised because of the influence of two strong
electron withdrawing nitro-groups in ortho- and para-positions.
In the first case (path a), after nucleophilic addition of 2 on the
double-bond of 1 starting from the intermediate cyclopro-
pylcarbanion A by 1,6-electrocyclization through attack of the
negative C2A on the positive C2B and finally by rearrangement
results in 5 which must be regarded as the product of the
intramolecularly trapped intermediate A. This is the first direct
proof of intermediate A postulated in the mechanism of
indolizine formation. In the second case (path b), the inter-
mediate A rearranges to the betaine 3 through a cyclopropyl-
allylanion rearrangment, which yields THI 4 through 1,5-elec-
trocyclization. In the third possible case (path c), the betaine 3
may form through 1,7-electrocyclization to produce the 7-mem-
bered compound 6A, a reaction not observed here.

Besides spectral data, the structure of products was con-
firmed by X-ray analysis for the fluorenespiroazanorcaradiene
dye 5b (Fig. S1†) and tetrahydroindolizine 4f (Fig. S2†).

The green to green-blue dyes 5 have two absorption bands in
the visible. The UV–Vis data and color are shown in Table 2.

The novel azanorcaradienes 5 possess acidochromic or
halochromic properties, for example the ethanol solution of 5a
has a green color (459 and 655 nm); the color changed at once
from green to deep violet (548 nm) after adding a few drops of
aqueous sodium hydoxide. This process is reversible with
hydrochloric acid many times without decreasing the absorption
intensity. It is suggested that the acidochromism of dye 5 giving
the anion 5A (proton abstracted at 4Aa position) is due to
dissociation of the 4Aa-H atom and the reversible reprotonation

† Electronic supplementary information (ESI) available: Figs. S1 and S2.
See http://www.rsc.org/suppdata/cc/b1/b101044l/

Table 1 The physical data of newly prepared tetrahydroindolizines 4a–g and betaines 3a–d

1H-NMR (CDCl3)
d in ppm

13C-NMR (CDCl3)
d in ppm

4 R E

lmax/nm
t1⁄2/s
of betaine Mp/°C Yield (%) 5A-CH2 6A-CH2 5A-C 6A-C

4a H CO2Me 500, 700
1.57

262–264 47.5 3.58(m, 1H)
3.81(m, 1H)

2.71(dt, 1H)
3.18(m, 1H)

41.00 29.24

4b H CO2Et 500, 700
1.0

253–255 46.2 3.59(m, 1H)
3.84(m, 1H)

2.71(dt, 1H)
3.19(m, 1H)

40.79 29.14

4c Br CO2Me 500, 750
0.579

305–307 50.4 3.58(m, 1H)
3.85(m, 1H)

2.77(dt, 1H)
3.22(m, 1H)

41.02 29.20

4d Cl CO2Et 500, 750
0.418

258–260 48.7 3.58(m, 1H)
3.87(m, 1H)

2.75(dt, 1H)
3.23(m, 1H)

40.83 29.17

4e H CO2iPr 480, 725
0.417

232–234 24.3 3.59(m, 1H)
3.75(m, 1H)

2.65(m, 1H)
3.13(m, 1H)

40.49 29.58

4f H CO2tBu 500, 725
0.213

200–202 21.5 3.54(m, 1H)
3.90(m, 1H)

2.64(m, 1H)
3.21(m, 1H)

40.55 29.14

4g H CO2C6H11 500, 725
0.278

168–170 18.5 3.49(m, 1H)
3.89(m, 1H)

2.61(m, 1H)
3.20(m, 1H)

40.42 29.14

This journal is © The Royal Society of Chemistry 2001
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of the resulting carbanion. This has been proved also by 1H-
NMR measurements.

Compound 5a in CD3CN shows a singlet for 4Aa-H at 5.38
and 1A-H at 8.06 ppm as well as a doublet for 3A-H at 8.27 ppm.
The addition of NaOD–D2O changed the green color to violet,
4Aa-H disappeared completely and 3A-H is shifted to 4.74 ppm
(s) and 1A-H to 7.59 ppm. The original spectrum appears again
after addition of DCl. Thus it is clear that the colored species 5A
is the anion where a proton has been abstracted from the
4Aa-position. In summary, the intramolecular trapping of
intermediate A to afford fluorenespiroazanorcaradienes 5 is the
first proof for the mechanism of the cyclopropane anion
intermediate postulated1–4 after nucleophilic attack of 2 to the
double bond of 1. The cyclopropyl anion is intramolecularly
trapped to give cyclopropane derivatives 5. The THI 4 are
formed via the betaine 3 to its precursor the cyclopropylanion
A.

Financial support from the Deutsche Forschungsgemein-
schaft and the Volkswagen Stiftung is gratefully acknowl-
edged.
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Table 2 Analytical and spectral data of fluorenespiroazanorcaradiene dyes 5a–g

1H-NMR (CDCl3)
d in ppm

13C-NMR (CDCl3)
d in ppm

5 R E mp/°C
Yield
(%) 4Aa-H 8A-CH2 9A-CH2 4Aa-C 8A-C 9A-C

lmax/
nm

Color
of dye

5a H CO2Me 218-220 33 5.27 (s, 1H) 3.47(d,1H)
3.66(td,1H)

2.77(d,1H)
3.20(td,1H)

35.92 47.13 27.4
3

453
656

Green

5b H CO2Et 212–214 40 5.24(s, 1H) 3.47(d,1H)
3.66(td,1H)

2.77(d,1H)
3.27(td,1H)

35.98 47.16 27.4
1

457
659

Green

5c Br CO2Me 227–229 30 5.04(s, 1H) 3.44(d,1H)
3.61(td,1H)

2.82(d,1H)
3.20(td,1H)

36.10 47.02 27.4
6

446
639

Green–blue

5d Cl CO2Et 213–215 35 5.03(s, 1H) 3.41(td,1H)
3.62(td,1H)

2.81(td,1H)
3.26(td,1H)

36.28 46.95 27.5
8

448
646

Green–blue

5e H CO2Pri 215–217 17 5.02(s, 1H) 3.40(m,1H)
3.60(m,1H)

2.71(m,1H)
3.23(m,1H)

35.8 46.92 27.4
5

458
663

Green

5f H CO2But 181-183 13 5.12(s, 1H) 3.43(m,1H)
3.64(m,1H)

2.84(m,1H)
3.25(m,1H)

35.9 46.87 27.6 454
660

Green

5g H CO2C6H11 171–173 11 5.08(s, 1H) 3.40(m,1H)
3.62(m,1H)

2.81(m,1H)
3.20(m,1H)

36.3 46.81 28.0 453
659

Green

Scheme 1
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Reaction of cyclohexanone enolate with some nitroarenes
carried out at 60–80 °C proceeds via addition to the nitro
group followed by a series of transformations giving o-
hydroxydiarylamines.

Carbanions react with nitroarenes mainly via addition to
electron-deficient rings, in positions ortho- or para- to the nitro
group giving anionic s adducts. Addition at positions occupied
by nucleofugal substituents X give sx adducts rapidly converted
into products of SNAr reaction.1 Faster and reversible addition
at positions occupied by hydrogen produces sH adducts,2,3

which can be converted into products of nucleophilic substitu-
tion of hydrogen on a few pathways such as oxidation,4
vicarious nucleophilic substitution VNS,5 formation of nitroso
compounds6 etc. Direct intermolecular addition of stabilized
carbanions to the nitro group is almost unknown, although there
are numerous examples of such addition proceeding as
intramolecular processes resulting in the formation of hetero-
cyclic systems.7,8 Addition of indan-1-one enolate to the nitro
group of o-nitrobenzaldehyde appears to be assisted by initial
addition to the carbonyl group, thus being in fact an intra-
molecular process.9 Of particular interest in this respect is the
observation reported by Scorrano10 and subsequently by one of
us11 that methyl aryl ketones react with some nitroarenes giving
1,2-diaroyl-1-arylaminoethylenes. The reaction proceeds ap-
parently via direct addition of the enolates to the nitro group,
although redox process and nitrosoarene intermediates are
suggested by Scorrano.10

In this communication we report that treatment of some
nitroarenes 1a–d with cyclohexanone 2a and 2- and 3-
methylcyclohexanones 2b,c in presence of base results in the
formation of substituted o-hydroxydiarylamines 3a–f in reason-
able yields. Since these anilines are sensitive to oxidation,
particularly in basic media, some problems were encountered in
isolation and purification, and thus the reaction mixtures were
treated with MeI to produce stable o-methoxydiarylamines 4a–
f, which were then readily isolated and purified.† Some results
are collected in Table 1.

The reaction proceeds apparently via direct addition of the
enolate to the nitro group in nitroarenes and is undoubtedly

related to reported earlier formation of 1,2-diaroyl-1-arylamino-
ethylenes.10,11 The speculative mechanistic pathway of these
complicated processes, which bifurcate at the stage of further
transformation of the nitrone intermediate 5, is shown in
Scheme 1.

Direct addition of the enolate to the nitro group produces the
anionic adduct converted into nitrone 5. Nitrone 5a derived
from cyclohexanone undergoes 1,3-proton shift leading to the
hydroxylamine derivative, followed by 1,4-dehydration giving
the imino ketone which tautomerizes in basic media to form the
aromatic system of o-hydroxyaniline 3. In the similar reaction
of acetophenone there is no possibility for such proton shift and
1,4-dehydration in the linear nitrone intermediate 5b, so
addition of the second enolate molecule to the nitrone takes
place to produce hydroxylamine 6 which upon dehydration and
tautomerisation gives the final diaroylethylenes 7.

The main problem to be clarified is the reason for the
observed dichotomy of the reaction course of enolates with
nitroarenes. At low temperature, enolates generated by treat-
ment of ketones with base or activation of silyl enol ethers with
F2 anions add at the ortho- or para-position of halonitro-
benzenes.12 Subsequent oxidation of the sH adducts leads to
nitrobenzylic ketones—products of the oxidative substitution of
hydrogen. On the other hand, as has been shown in previous
papers10,11 and in this report, at higher temperature the same
enolates add to the nitro group of nitroarenes. Since it is not
reasonable to assume that changing the temperature changes the
mode of the initial step, one can suppose that also in the latter
reaction reversible addition to the ring is a fast initial process. At
low temperature the sH adducts produced are long lived species
and are oxidized, whereas at high temperature the concentration
of the sH adducts becomes so low that the bimolecular oxidation
process does not occur and the reaction proceeds via addition of
the enolate to the nitro group.

The possibility that the reaction, in analogy to other
processes,13,14 proceeds via nitrosoarenes, was excluded by
experiments in which p-nitroso-N,N-dimethylaniline subjected
to the reaction with cyclohexanone under the identical condi-
tions gave mainly p,p-bis(N,N-dimethylamino)azoxybenzene in
a fast process, whereas slow introduction of this nitrosoarene to
the reaction mixture of p-nitrodimethylaniline and cyclohex-
anone did not improve the yield of the o-hydroxydiarylamine,
being rapidly converted into the azoxycompound. Direct

Table 1 Reaction of nitrobenzenes 1 with cyclohexanones 2

Z R Conditions Time/h
Product
yield (%)a

1a, H 2a, H KF/Al2O3, 80 °C 1 4a, 15
1b, MeO 2a, H KF/Al2O3, 80 °C 2 4b, 30
1c, Me2N 2a, H KOH, 60 °C 3 4c, 50
1d, Et2N 2a, H KOH, 80 °C 1 4d, 60
1d, Et2N 2b, 2-Me KOH, 80 °C 3 4e, 63
1d, Et2N 2c, 3-Me KOH, 80 °C 1 4f, 57
a Isolated products. Scheme 1 The reaction pathways of nitroarenes R = Ar with enolates of

cyclohexanone RA, R2 = (CH2)4 and acetophenone RA = H, R2 = Ph.
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intermolecular addition of carbanions to the NO2 group is a
common process when it is connected with oxygen used as
a preparative method for nitration of enolates with alkyl
nitrates.15 Such reaction can occur with nitroalkanes provided
they are not C–H acids. Thus we found that when tert-
nitrobutane was allowed to react with cyclohexanone in the
presence of KOH in DMSO at 80 °C, N-tert-butyl-2-hydroxy-
aniline 3g was isolated in moderate yield 12%.‡

It is worth stressing that the presented reaction is a useful one-
pot alternative to only a few methods designed for the synthesis
of diarylamines containing electron-donating substituents in
both rings. 16,17

This work was supported by the State Committee for
Scientific Research, grant Nr. PBZ 6.01.

Notes and references
† Typical procedure: to a stirred solution of 1 (5 mmol) and 2 (5–15 mmol)
in DMSO (10 ml) under argon, powdered KOH (30 mmol) or KF/Al2O3 was
added in one portion. The mixture was treated as shown in Table 1, cooled
to rt and MeI (10 mmol) was added. After stirring for 5 min the mixture was
poured into aq. NH4Cl, the product was extracted with EtOAc and
chromatographed on silica gel (hexane–toluene 1+3). 3a: mp 68–70 °C, lit.
71 °C.18 4a: bp 158–162 °C/5 mm, lit. 151–156 °C/5 mm.19 4b: mp 69–70
°C, lit. 71–72 °C.16 Selected spectral data for compounds not reported
earlier: 4c: mp 44–45 °C; 1H NMR (200 MHz, CDCl3, TMS); d = 2.92 (s,
6 H, N(CH3)2), 3.89 (s, 3 H, OCH3), 5.90 (br s, 1 H, NH), 6.74 (d, J = 9 Hz,
2 H, arom H), 6.80–7.01 (m, 4 H, arom H), 7.10 (d, J = 9 Hz, 2 H, arom H);
4d: oil; 1H NMR (CDCl3): d = 1.15 (t, J = 7 Hz, 6 H, (CH3)2), 3.32 (q, J
= 7 Hz, 4 H, N(CH2)2), 3.89 (s, 3 H, OCH3), 5.88 (br s, 1 H, NH) 6.68 (d,
J = 9 Hz, 2 H, arom H), 6.70–6.98 (m, 4 H, arom H), 7.07 (d, J = 9 Hz,
2 H, arom H); 4e: mp 59–60 °C; 1H NMR (CDCl3): d = 1.15 (t, J = 7 Hz,
6 H, (CH3)2), 2.30 (s, 3 H, CH3), 3.32 (q, J = 7 Hz, 4 H, N(CH2)2), 3.78 (s,
3 H, OCH3), 5.87 (br s, 1 H, NH), 6.58 (m, 1 H, arom H), 6.68 (d, J = 9 Hz,
2 H, arom H), 6.83 (m, 2H, arom H), 7.07 (d, J = 9 Hz, 2 H, arom H); 4f:
mp 80–82 °C, 1H NMR (CDCl3); d = 1.14 (t, J = 7 Hz, 6 H, (CH3)2), 2.28
(s, 3 H, CH3), 3.30 (q, J = 7 Hz, 4 H, (CH2)2), 3.86 (s, 3 H, OCH3), 5.70
br s, 1 H, NH), 6.60 (m, 2 H, arom H), 6.68 (d, J = 9 Hz, 2 H, arom H), 6.87
(d, J = 8 Hz, 1 H), 7.05 (d, J = 9 Hz, 2 H, arom H).

‡ 3g: mp 76–77 °C; 1H NMR (CDCl3): d = 1.2 (s. 9 H, tert-C4H9), 4.40 (br
s, 2 H, NH, OH) 6.60–7.10 (m, 4 H, arom H).
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Cystine-based symmetrical cyclic oligoureas, synthesized in
a one-pot reaction from L-cystine dimethyl ester and
triphosgene, are demonstrated to act as versatile neutral
receptors for both inorganic and organic anions operating
exclusively through hydrogen bonds; 1H NMR studies have
shown that while the cyclic triurea prefers to complex with
spherical (halides) and trigonal planar (nitrate) anions, the
higher oligomer tetraurea can trap the tetragonal planar
squarate dianion with modest efficiency.

Rational design of artificial receptors for anion complexation is
an area of intense current interest1 that has relevance to biology,
industry and environment. Considering the intense activity and
the vast literature that has accumulated over the past two
decades in the field of supramolecular chemistry and the
development of preorganization concepts in molecular recogni-
tion, it was surprising to find only a handful of designs for cyclic
anion receptors and barring few exceptions of neutral cyclic
anion hosts,2 most of these interestingly, centred around the use
of protonated macro mono or polycyclic amines.3 Thus,
whereas in Nature it is the neutral anion-binding proteins
regulating the transport of anions largely through hydrogen
bonds,4 the synthetic designs of positively charged anion
receptors operated mainly through coloumbic interactions. The
idea of using amino acid-based macrocycles with multiple
hydrogen-bonding pockets, uniformly distributed in the cyclic
backbone, appeared an exciting possibility to create neutral
receptors that would not only be close to natural systems but
may also show high selectivity in multifunctional anion
complexation.

In this communication, we provide the first illustration5 of
such a concept and report on the design, synthesis and anion
recognition of L-cystine-based cyclic oligourea receptors
wherein the multiple urea groups are held as part of the ring
framework in a cyclic arrangement. Among the hydrogen
bonding groups, the urea unit was particularly favoured because
of its double hydrogen bond donor capacity. Choice of cystine
unit was based on the consideration that apart from being a
neutral amino acid, the presence of S–S linkage in its framework
and its 1,w-diamine nature would facilitate the ring closure to
cyclicureas.

For the construction of homocyclic oligomers of cystine
ureas, the synthetic strategy envisaged one-step condensation of
L-cystine diOMe with triphosgene, a commercially available
precursor of phosgene (Scheme 1). The reaction carried out
under high dilution conditions afforded a mixture of two
products with similar TLC behaviour, which were separated by
chromatography on silica gel with dichloromethane–methanol

(98+2) as eluent. The products 1 and 2 were isolated in yields of
37 and 15% respectively, and were fully characterized by
spectroscopic and analytical data.6 The ES-MS and FAB-MS
results (ESI†) confirmed the cyclic trimeric and tetrameric
nature of macrocycles 1 and 2 respectively. A noteworthy
feature in the cyclization reaction of cystine dimethyl ester with
triphosgene was the formation of 27-membered 3 + 3
macrocycle 1 as the major product (37%), followed by 15% of
the 36-membered higher oligomer 2, the 4 + 4 cyclization
product. The near complete absence of 9- and 18-membered
macrocycles that could arise from 1 + 1 and 2 + 2 cyclization
reaction is in agreement with our earlier observations7 with
cystine-containing macrocycles where the most preferred ring
size in cyclooligomerization was found to be 26-membered.
Our recent finding8 that 18-membered cyclic bisurea was the
only product in the cyclooligomerization reaction of cystamine
with triphosgene also supports the notion that the asymmetric
cystine unit has more stringent steric demands with respect to
the ring size.

The highly symmetrical structure of macrocycles 1 and 2
laced with multiple units of hydrogen-bonding urea functions,
positioned equidistant from each other and all converging
towards the centre of the cavity, appeared particularly suited for
the molecular recognition of anionic substrates with spherical
shapes. We also expected these receptors to bind polyoxyanions

† Electronic supplementary information (ESI) available: 1H NMR of 1 (Fig.
S1), 2 (Fig. S2); ROESY NMR of 1 (Fig. S3), 2 (Fig. S4); ES-MS of 1 (Fig.
S5), 2 (Fig. S6), FAB-MS of 1 (Fig. S7); NMR titration of 2 with squarate
TBA salt (Fig. S8); 1H NMR of 1 in CDCl3 (host alone) (Fig. S9), 1 with
Cl2 in 1+1 molar ratio (Fig. S10), 1 with Br2 in 1+1 molar ratio (Fig. S11),
1 with NO3

2 in 1+1 molar ratio (Fig. S12), 2 in CDCl3 (host alone) (Fig.
S13), 2 with squarate dianion in 1+1 molar ratio (Fig. S14). See http://
www.rsc.org/suppdata/cc/b1/b102720b/

Scheme 1 One step condensation of triphosgene and cystine dimethyl ester
to give cyclic oligoureas 1 and 2.

This journal is © The Royal Society of Chemistry 2001
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provided their electronic and geometric features are compatible
with each other.

Binding studies with halide anions (as tetrabutylammonium
(TBA) salts) using 1H NMR, showed that while cyclic triurea 1
showed modest affinity for chloride and bromide ions and no
affinity for iodide ion, the macrocyclic tetraurea 2 was unable to
bind any of the halide anions. Interestingly, the host 1, only
sparingly soluble in CDCl3, was found to rapidly go into
solution upon the addition of chloride or bromide TBA salt,
indicating effective host–guest recognition. There was con-
siderable downfield shift ( ~ 0.5–0.8 ppm) of NH protons in 1
suggesting their involvement in hydrogen bonding with the
anion. Using NMR titration method,9 the association constants
(Ka) for 1 with chloride and bromide TBA salts were measured
as 2.05 3 103 and 2.01 3 102 M21 respectively. The triurea 1
with three-fold symmetry in its structure also suggested a
possible complexation with trigonal anionic guests. Thus, while
trimesic acid anion was found to be too big for the cavity of 1
to show any detectable NH shift, the trigonal planar geometry of
nitrate anion seemed to have a complementary fit with 1
showing appreciable binding in CDCl3 (Ka = 5.2 3 102 M21).
In conformity with the above notion, the cyclic tetraurea 2 was
demonstrated to act as an excellent host for the squarate dianion
[SQ]22, a truly delocalized planar tetraoxyanion10 with four-
fold symmetry. Using NMR titration, the association constant
for 2 with squarate TBA salt in CDCl3 was measured as 3.21 3
103 M21. The significant downfield shift (Dd ~ 1.5) observed
for the urea NH protons of 2 is indicative of highly effective
hydrogen bonding. The almost 100-fold selectivity of macro-
cyclic triurea 1 for planar, 3-fold symmetric nitrate anion and of
cyclic tetraurea 2 for planar four-fold symmetric squarate
tetraoxyanion guest was shown by complete absence of any
anion induced shifts in the 1H NMR of 1 and 2 in CDCl3 even
with excess molar proportions of the guest substrates. The
proposed tris-bidentate or hexahydrogen-bonded structure for
complex of 1 with Cl2/Br2 or NO3

2 [Fig. 1(a)] and
octahydrogen-bonded structure for the complex of 2 with
[SQ]22 [Fig. 1(b)] is supported by the maximum NH shift at a
mole ratio of 1+1 (ESI†).

The cystine-based macrocyclic oligoureas described here
represent a new class of electroneutral anion receptors that
operate exclusively through hydrogen bonds. The multiple
hydrogen-bonding sites distributed symmetrically all over the
ring make these macrocycles especially suited for molecular
recognition of spherical and polyfunctional anions. Their
remarkable affinity for planar polyoxyanions and selectivity
according to size complementarity combined with extremely
simple synthesis from commercially available materials should
open up new challenges in this area. Additionally, the receptor
modification through the COOH handles on the cystine unit

should provide attractive hosts for membrane anion transport.
Studies in this direction are in progress.

We thank Professor S. Ranganathan for valuable discussions.
Financial support from DST, New Delhi is gratefully acknowl-
edged. D. R. is also an honorary faculty member of Jawaharlal
Nehru Centre for Advanced Scientific Research.
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and D. N. Reinhoudt, Eur. J. Org. Chem., 2000, 165 wherein phenylene-
bridged macrocyclic tetraureas have been shown to bind H2PO4

2 with
complete selectivity over Cl2 in DMSO solvent, there are no reports in
literature on the use of cyclic oligoureas wherein the urea units form part
of the ring backbone as anion receptors. However, urea-appended cyclic
hosts for spherical halide anions R. C. Jagessar, M. Shang, W. R.
Scheidt and D. H. Burns, J. Am. Chem. Soc., 1998, 120, 11684; J.
Scheerder, M. Fochi, J. F. J. Engbersen and D. N. Reinhoudt, J. Org.
Chem., 1994, 59, 7815 have been reported.

6 Selected data: 1: Yield 37%; mp 202–203 °C; IR (KBr) 3376, 2956,
1736, 1634, 1565 cm21; 1H NMR (500 MHz, DMSO-d6) d 3.11 (m,
12H), 3.63 (s,18H), 4.42 (m, 6H), 6.81 (d, J = 7.5 Hz, 6H); FAB-MS
m/z: (%) 905 (10) [M + Na+], 883 (45) [M + H]+; ES-MS m/z: (%) 905
(100) [M + Na+], 883 (80) [M + H]+. 2: Yield 15%; mp 204–206 °C; IR
(KBr) 3360, 2960, 1741, 1636, 1563 cm21; 1H NMR (500 MHz,
DMSO-d6) d 3.07 (m, 16H), 3.66 (s, 24H), 4.44 (m, 8H), 6.77 (d, J =
8.0 Hz, 8H); ES-MS m/z: (%) 1199 (100) [M + Na+].
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120, 2695; D. Ranganathan, V. Haridas, K. P. Madhusudanan, R. Roy,
R. Nagaraj, G. B. John and M. B. Sukhaswami, Angew. Chem., Int. Ed.
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8 D. Ranganathan and C. Lakshmi, unpublished results.
9 The association constant (Ka) was obtained by using the following

equation: Kassoc = a/[(1 2 a)([G] 2 a[H]), where a = (d 2 d0)/(dmax

2 d0), d0 is the initial chemical shift (host alone), d is the chemical shift
at each titration point, and dmax is the chemical shift when the receptor
is entirely bound. [G] and [H] are the concentrations of guest and host,
respectively, at each titration point. (T. R. Kelly and M. H. Kim, J. Am.
Chem. Soc., 1994, 116, 7072 and references therein).

10 I. L. Karle, D. Ranganathan and V. Haridas, J. Am. Chem. Soc., 1996,
118, 7128.

Fig. 1 (a) Proposed hexahydrogen-bonded complex of 1 with Cl2/Br2 or
nitrate anion; G = Cl2/Br2/NO3

2; Cyst = L-cystine unit. (b) Proposed
octahydrogen-bonded complex of 2 with squarate dianion.
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The biosynthetic pathway to the L-di-meta-hydroxyphenyl-
glycine (DHPG) constituent of chloroeremomycin
(A82846B), has been investigated by a combination of
feeding experiments with 13C-labelled substrates, and ex-
pression and assay of HpgT from the chloroeremomycin
biosynthetic cluster.

The rising incidence of resistance to vancomycin and teicopla-
nin1,2—currently the antibiotics of last resort for treating many
nosocomial infections—necessitates the development of new
therapeutic agents. An understanding of the mode of action of
vancomycin group antibiotics3 and the emerging resistance
mechanisms4,5 should facilitate rational design of new antibiot-
ics capable of defeating vancomycin resistant bacteria. Some of
our recent research on the vancomycin group of antibiotics has
focussed on the biosynthesis of chloroeremomycin 1 (Fig. 1),
also known as A82846B and LY264826, which differs from
vancomycin in only its appended sugars. A gene cluster from
Amycolatopsis orientalis A82846 for the biosynthesis of 1 has
been sequenced.6 Protein homologies have suggested roles for
many of the putative enzymes encoded therein, and a number of
these roles have now been confirmed experimentally.7–11

The heptapeptide core of chloroeremomycin contains several
unusual amino acids, including four residues with D-ster-
eochemistry at the alpha carbon, and five with non-proteino-
genic side chains. Here we report two intermediates and the role
of one enzyme, HpgT (p-hydroxyphenylglycine transaminase),
in the biosynthetic pathway (Scheme 1) leading to L-di-meta-
hydroxyphenylglycine (L-DHPG) 2, found as the C-terminal
residue of 1. DHPG has previously been shown to be derived
from four units of acetate,12 but the subsequent biosynthetic
steps have hitherto been uncertain.

We synthesised two possible precursors to DHPG, di-meta-
hydroxyphenylacetic acid 3 and (±)-di-meta-hydroxymandelic
acid 4 (Scheme 1), with 13C-labelled carboxylate groups. These
were characterized by NMR and mass spectroscopy; [1-13C]-3
dH (500 MHz, D2O) 3.44 (2H, d, J13

CH = 12 Hz), 6.21 (1H, s),

6.30 (2H, s): dC (100 MHz, D2O, proton decoupled) 41.40 (d,
J13

C
13

C = 54.2), 102.37, 109.56, 137.98, 157.88, 177.48 (13C
enriched): m/z (EI+) [M+·] = 169.0454, calculated for
12C7

13C1
1H8

16O4 = 169.0456; [1-13C]-4 dH (500 MHz,
DMSO-d6) 4.74 (1H, d, J13

CH = 4.6 Hz), 6.02 (1H, br), 6.23
(2H, br), 9.13 (br): dC (125 MHz, DMSO-d6, proton decoupled)
72.51 (d, J13

C
13

C = 58 Hz), 101.73, 104.84, 142.25, 158.17,
174.06 (13C enriched): m/z (EI+) [M+·] = 185.0414, calculated
for 12C7

13C1
1H8

16O5 = 185.0405. (Details of the syntheses will
be published separately.) If incorporated by the producing
strain, both should lead to isotopic enrichment at the carbonyl
group of L-DHPG. To investigate the uptake of labelled
substrates by A. orientalis A82846.2 (NRRL 18100), the strain
was inoculated into CSM13 (50 ml) and incubated at 30 °C/250
rpm for 3 days. A 2.5 ml aliquot of this culture was inoculated
into FermB medium (50 ml) and incubated at 30 °C/250 rpm for
110 h. Labelled substrates were fed aseptically, in 4 3 5 mg
portions, at either 36, 40, 44 and 48 h (for 3) or 34, 38, 42 and
44 h (for 4) after inoculation. Cells were removed by
centrifugation, and the antibiotics purified from the filtered
supernatant by affinity chromatography on sepharose-D-Ala-D-
Ala (prepared from Activated CH-Sepharose 4B), desalted by
reverse-phase HPLC and lyophilised. Typically, 5–10 mg of
purified antibiotic was recovered. The 13C NMR spectra of
isolated chloroeremomycin showed enrichment of a peak at
172.1 ppm. The corresponding HMBC spectra, for 1 produced
both from 3 and from 4, showed a cross-peak to a proton at 4.42
ppm, identified as the Ca proton of DHPG, x7 (see Fig. 1),
confirming the identity of the enriched carbon as CX7. No other
cross peaks due to 1 were observed in these spectra. All spectra
were run in DMSO-d6 as 1 does not dimerise in DMSO, thus
simplifying the spectra considerably. The natural abundance
13C resonances were too weak to be seen in any of the spectra.
Thus 3 and 4 are incorporated in the biosynthesis of DHPG.

Fig. 1 The structure of chloroeremomycin 1, showing the carbonyl position
of DHPG, CX7, and the adjacent Ca proton, x7. Scheme 1 Proposed biosynthetic pathway to L-DHPG.
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To investigate the role of HpgT in the formation of DHPG,
hpgT from the chloroeremomycin gene cluster was PCR
amplified and cloned into the expression vector pET28a(+)
(Novagen) as an N-terminal His6-tagged protein. The resulting
recombinant plasmid was used to transform the expression host
E. coli BL21(DE3) (Novagen), and the cells grown for 16 h at
16 °C in 2 3 YT medium, following induction by isopropyl b-
D-thiogalactoside (IPTG, 1 mM). HpgT was purified using
Novagen His-Bind Quick 900 cartridges, and then transferred to
Tris-HCl (50 mM, pH 7.5) using Millipore™ centrifugal filters.
The purified protein was visualised as a single band by SDS-
PAGE, and the relative molecular mass determined by electro-
spray ionisation (ESI) mass spectrometry to be 49.80 kDa
(predicted = 49.808 kDa).

The HpgT catalysed interconversion of 5 (Scheme 1) and L-
DHPG was assayed as follows: HpgT (100 mg) was incubated
with L-DHPG (1 mM), a-ketoglutarate (2 mM) and pyridoxal
phosphate (PLP, 100 mM) in Tris-HCl (300 ml) for 1 h at 30 °C,
after which time HPLC analysis showed a new, strongly
absorbing peak (Fig. 2). ESI mass spectrometric analysis
identified this peak as di-meta-hydroxyphenylglyoxylic acid
([M + H]+ = 183.0, calculated for C8H7O5

+ = 183.14). These
results indicate that, in addition to its previously documented
role in p-hydroxyphenylglycine biosynthesis,11 HpgT is respon-
sible for the transamination from 5 to L-DHPG, 2.

Since another enzyme from the cluster, Hmo, has been shown
to oxidise 4 to 5,14 the results given here identify the

biosynthetic steps and intermediates from di-meta-hydroxy-
phenylacetate to L-DHPG in A. orientalis (Scheme 1) except the
required benzylic hydroxylation (3 to 4). We have shown that
ORF27 (a chalcone synthase homologue) produces di-meta-
hydroxyphenylacetate from malonyl-CoA15 and propose
ORF20 (which shows homology to the P450 family of heme-
binding proteins) from the chloroeremomycin biosynthetic
cluster as a candidate for the benzylic hydroxylation; experi-
ments are underway to investigate these proposals.

We thank the BBSRC (A. M. S., W. S.), the EPSRC (P. N. K.,
E. H. C.) and Eli Lilly (S. W. O’B.) for funding. P. Solenberg
(Eli Lilly, Indianapolis) is thanked for donating A. orientalis
A82846.2 and for advice on optimal conditions for antibiotic
production. L-DHPG was kindly donated by Professor D. Evans
(Harvard University).

Notes and references
1 V. Krcmery and A. Sefton, Int. J. Antimicrob. Agents, 2000, 14, 99.
2 Y. Cetinkaya, P. Falk and C. G. Mayhall, Clin. Microbiol. Rev., 2000,

13, 686.
3 D. H. Williams and B. Bardsley, Angew. Chem., Int. Ed., 1999, 38,

1172.
4 M. Arthur, P. Reynolds and P. Courvalin, Trends Microbiol., 1996, 4,

401
5 H. Hanaki, H. Labischinski, Y. Inaba, N. Kondo, H. Murakami and K.

Hiramatsu, J. Antimicrob. Chemother., 1998, 42, 315
6 A. M. A. v. Wageningen, P. N. Kirkpatrick, D. H. Williams, B. R.

Harris, J. K. Kershaw, N. J. Lennard, M. Jones, S. J. M. Jones and P. J.
Solenberg, Chem. Biol., 1998, 5, 155.

7 D. P. O'Brien, P. N. Kirkpatrick, S. W. O'Brien, T. Staroske, T. I.
Richardson, D. A. Evans, A. Hopkinson, J. B. Spencer and D. H.
Williams, Chem. Commun., 2000, 103.

8 P. N. Kirkpatrick, W. Scaife, T. M. Hallis, H.-W. Liu, J. B. Spencer and
D. H. Williams, Chem. Commun., 2000, 1565.

9 O. W. Choroba, D. H. Williams and J. B. Spencer, J. Am. Chem. Soc.,
2000, 122, 5389.

10 H. Chen, M. G. Thomas, B. K. Hubbard, H. C. Losey, C. T. Walsh and
M. D. Burkart, Proc. Natl. Acad. Sci. USA, 2000, 97, 11 942.

11 B. K. Hubbard, M. G. Thomas and C. T. Walsh, Chem. Biol., 2000, 7,
931.

12 S. J. Hammond, M. P. Williamson, D. H. Williams, L. D. Boeck and G.
G. Marconi, J. Chem. Soc., Chem. Commun., 1982, 344.

13 T. J. Hosted and R. H. Baltz, Microbiology, 1996, 142, 2803.
14 T. L. Li, O. W. Choroba, E. H. Charles, A. M. Sandercock, D. H. 

Williams and J. B. Spencer, manuscript in preparation.
15 T. L. Li, O. W. Choroba, D. H. Williams and J. B. Spencer, manuscript

in preparation.

Fig. 2 HPLC trace (monitored at 254 nm) showing the HpgT-catalysed
formation of di-meta-hydroxyphenylglyoxylic acid 5 from L-DHPG 2.
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The symmetry changes and length of the symmetry inde-
pendent part of [Cu(amtrz)3]n

2+ (amtrz = 4-amino-
1,2,4-triazole) polymeric chains driven by different anions in
crystals with BF4

2 (1), BF4
2/SiF6

22 (2) and SiF6
22 (3) have

been studied by single crystal X-ray method. 

A variety of coordination compounds with N4-substituted
1,2,4-triazoles as a ligand coordinating to first-row transition
metal ions have been reported.1 The interesting magnetic
properties of iron(II) and copper(II) compounds with 1,2,4-tria-
zole ligands have been extensively investigated and polynuclear
iron(II) 1,2,4-triazole compounds have been found to show spin-
crossover behaviour.2 These ground electronic state related
properties depend strongly both on the nature of N4-substituent
of the ligand3,4 and non-coordinating anion molecule.5–7 So far
no single crystals suitable for X-ray diffraction were obtained
for these iron(II) complexes, however structural information
deduced from EXAFS (X-ray absorption fine structure) spec-
troscopy at the iron K edge indicates the presence of linear
chains. On the other hand more detailed analysis of these results
leads to ambiguous conclusions. For example, the dependence
between the Fe–N bond distances and the size of anions
suggested by Erenburg et al.7 were not confirmed by Kojima et
al.6 It has been assumed that the copper(II) polymers are
isostructural with their iron(II) analogues. Crystallographic
studies of copper(II) polymeric chains in different anion
environments might reveal the nature of cation–anion inter-
actions. However, only two structures of [Cu(4-R-trz)3]A2 type
crystals have been presented (both with A = ClO4

2 anions).8,9

The number of data is limited because single crystals of 1-D
polymeric metal(II) 1,2,4-triazoles are generally difficult to
obtain due to rapid precipitation of the compounds formed.4

Because knowledge of the spatial structure of these polymers
seems to be necessary to understand the nature of anion–cation
interactions we looked for a useful procedure for growing single
crystals of copper(II) analogues. Reaction between amtrz in hot
MeCN (0.1 mmol in 10 mL) and an aqueous solution of an
appropriate copper salt (0.03 mmol, 2 mL) gave a blue
amorphous precipitate. The precipitate was filtered off, washed
with 5 mL of MeCN and immediately10 dissolved (at least
partially) in water giving a light blue solution. After a few
weeks {[Cu(amtrz)3](BF4)2·H2O 1 and [Cu(amtrz)3](BF4)
(SiF6)0.5 ·2H2O 2} or days {[Cu(amtrz)3](SiF6)·8/3H2O 3} well
shaped crystals appeared. To obtain 1 the reaction must be
carried on in a polyethylene vessel because when glassware is
used the mixed anion salt 2 is obtained. It is of note that the
synthesis of 2 is reproducible when Pyrex glassware is used. On
the other hand, decomposition due to loss of non-coordinated
water molecules is observed for compound 3.† The molecular
structures of 1–3 were elucidated by X-ray crystallography.‡

The crystals under investigation are composed of linear
coordination polymers [Cu(amtrz)3]H with BF4 (1), BF4/
SiF6 (2) and SiF6 (3) counter ions placed between them as well
as different number of water molecules (1, 2 and 8/3,
respectively). The m-N1,N2-1,2,4-triazoles act as bidentate
ligands bridging copper(II) ions via their nitrogen atoms
(Fig. 1). The Cu–Cu distances are 3.922 Å in 1, 3.877 and 3.886

Å in 2, and 3.855, 3.886 and 3.904 Å in 3. These values suggest
a lack of relation between metal–metal distances and size of
counter ion in the crystals. Such a relation was previously
postulated for iron(II) triazole complexes on the basis of EXAFS
studies.6

In 1–3 all copper(II) ions have a distorted (4 + 2), axially
elongated octahedral environment (Fig. 2). There are two
distinguishable orientations of octahedra along the polymeric
chain resulting in alternate ababa… order, whereas less regular
abcbab… order is found for [Cu(4-hydroxyethyl-1,2,4-tria-
zole)3](ClO4)2·3H2O.8 In contrast to 1–3, the latter pattern
results from intramolecular hydrogen bonds between neigh-
bouring ligands. The above illustrates very well the distribution
of elongation of Cu–N bonds due to the Jahn–Teller effect but
this distribution is independent of the size of the counter ions in
the crystals. In investigating relations between architectures of
the chains and size or charge of counter anions we, however,
have found a different interesting phenomenon, neither ob-
served nor even postulated for metal–triazole 1-D polymeric
complexes.

The ababa... order in 1–3 does not reflect the distribution of
local symmetry of copper(II) ions. In the present structures
copper atoms in the crystals occupy inversion centres (1̄) or both

Fig. 1 View of the 1-D coordination polymer in 3. The anions and water
solvate molecules have been omitted for clarity.

Fig. 2 The orientation of CuN6 coordination octahedra in polymers of 1 (a),
2 (b) and 3 (c). (d) Shows the orientation detected by Garcia et al. for [Cu(4-
hydroxyethyl-1,2,4-triazole)3](ClO4)2·3H2O.8
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inversion centres and general (1) positions. In 1 all copper atoms
are located at inversion centres and the sequence of point
symmetries in the chain is 1̄,1̄,1̄,1̄,1̄, etc. whereas in 2
consecutive copper(II) ions form the sequence 1̄,1,1̄,1,1̄, etc.,
and in 3 the observed sequence can be described as
1̄,1,1,1̄,1,1,1̄, etc. Moreover, the symmetry independent parts of
the chains have different lengths. The shortest unit,
{Cu(amtrz)3Cu}, is observed with BF4 ions in crystals of 1, the
longest one, {Cu(amtrz)3Cu(amtrz)3Cu(amtrz)3Cu} with Si-
F6 ions for 3, whereas for the anionic BF4/SiF6 mixed salt 2, an
intermediate {Cu(amtrz)3Cu(amtrz)3Cu} unit was observed.
The different size of non-coordinated anions should also be
reflected in the packing of the crystals. Analysis of crystal
packing in 1–3 showed that counter ions link polymeric chains
via N–H…F hydrogen bonds and determine the distances
between them. Each polymeric chain is surrounded by four
chains in 1 and by six chains in 2 and 3. Perpendicular distances
between neighbouring chains are 10.4 and 10.6 Å in 1, 10.3,
11.3 and 13.3 Å in 2, and 10.5, 11.4 and 12.3 Å in 3. The data
calculated for mixed anion crystal 2 clearly show that not only
do the larger counter ions determine the distances but that the
distances are dependent also on the spatial distribution of all
anions and water molecules around the rigid polymeric chains
and on the parallel displacement of the chains. Detailed analysis
of this distribution shows that the symmetry of polymeric chain
is dependent on type of counter ions, though this dependence is
very complicated. This relation is a function of several factors,
namely number of water molecules, charge of counter ions,
hydrogen bond systems etc. which directly influence the crystal
packing as well as the structure of the polymeric chain.

In summary, we conclude that the symmetry and length of
independent units of [Cu(amtrz)3]n

2+ polymeric chains is
dependent on the type of counter ions present in the crystals. In
view of published results of EXAFS studies on similarities
between structures of copper(II) and iron(II) complexes with
1,2,4-triazoles8 the counter ion dependent symmetry of poly-
meric chains in the latter seems to be a crucial factor in spin-
crossover phenomena.

Notes and references
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N, 35.52%. Analysis for 3 corresponds to one water molecule in the formula
(see text for discussion).
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P1̄ (no. 2), a = 7.8433(15), b = 10.5221(14), c = 10.8374(12) Å, a =
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= 1.389 mm21, 12688 reflections measured, 8014 unique (Rint = 0.0321)
which were used in all calculations. The final wR(F2) was 0.1742 (all
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3: C18H52F18N36O8Si3Cu3, M = 1517.85, triclinic, space group P1̄ (no.
2), a = 12.417(2), b = 13.150(3), c = 18.030(4) Å, a = 73.63(3), b =
72.64(3), g = 70.28(3)°, V = 2590.8(9) Å3, T = 100 K, Z = 2, m(Mo-Ka)
= 1.436 mm21, the crystal was mounted in inert oil and transferred to the
cold gas stream of the diffractometer, 18608 reflections measured, 11646
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electronic format.
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A novel desulfurization process for light oil, based on N-
tosylsulfimide formation by the reaction of sulfur com-
pounds with chloramine T (sodium N-chlorotoluene-p-
sulfonamide), has enabled deep desulfurization at ambient
temperature.

Much attention has been focused on the deep desulfurization of
light oil, since the sulfur oxy-acids (SOx) contained in diesel
exhaust gas cause air pollution and acid rain. The sulfur level in
diesel fuels is limited presently to 0.05 wt%, both in Japan and
Europe. The current technology of hydrodesulfurization (HDS)
can desulfurize aliphatic and acyclic sulfur-containing com-
pounds quite adequately, when adopted on the industrial scale.
The above process however is limited, when treating dibenzo-
thiophene (DBT), especially DBTs having alkyl substituents on
their 4 and/or 6-position.1 Thus, the production of light oil, of
very low level sulfur, inevitably requires severe high energy
conditions and specially active catalysts. In the development of
any alternative energy-efficient desulfurization process, a
radical approach, which is not limited to conventional HDS
technology, is required.

Various kinds of sulfur-containing compounds have been
reported to react with chloramine T, in hydrogen-donating
solvents such as alcohol and water, to give rise at ambient
temperature to crystalline powders of the corresponding N-
tosylsulfimides.2–5 These sulfimides are highly polarized and
are insoluble in nonpolar hydrocarbon solvents. Thus, such a
synthetic method, if applied to the desulfurization of nonpolar
light oil, might thus be able to remove the DBTs specifically
from the light oil under moderate conditions.

In order to test the feasibility of this idea, a n-tetradecane
solution (50 ml) containing DBT (11 mmol l21), corresponding
to a sulfur content of 0.05 wt%, was used as a model light oil.
An alcohol solution (10 ml), to which a required amount of
chloramine T trihydrate was dissolved, was then added to the
above tetradecane solution at 323 K. In this procedure, the
removal efficiency for DBT from tetradecane, following 3 h of
reaction, was however only 5%, as shown in Table 1 (entry 1).
As reported6 and shown in Scheme 1, the sulfimide 5 is formed

via the chlorination of the sulfur atom for 3 by the free-state
chloramine T 2, produced by the hydrolysis of 1. The rate of the
chlorination is therefore accelerated with decreasing pH of the
solution, owing to the acceleration of the hydrolysis of 1. The
desulfurization of DBT, when a small amount of AcOH was
added into the reaction mixture, was accelerated significantly
(entry 2). The addition of the AcOH improves the desulfuriza-
tion when used with MeOH, but is ineffective when used with
the other solvents such as EtOH and i-PrOH (entries 3 and 4).
This is because the hydrogen-donation ability of the latter two
solvents is lower than that of MeOH. The desulfurization of
DBT was also accelerated with increasing the concentrations of
chloramine T and AcOH (entries 5–7). Both MeOH and
chloramine T are insoluble in the nonpolar tetradecane, such
that the resulting tetradecane is recovered easily using a
separation funnel. When an equal volume of water to that of
MeOH was added into the resulting MeOH solution, the N-
tosylsulfimide of the DBT precipitated on the bottom of the
flask, thus suggesting that the sulfimide formed is removed
successively into the MeOH solution during the reaction.

The above procedure was then tested for the desulfurization
of methyl-substituted DBTs, which are key compounds in the
HDS technology.1 In the present process, as shown in Fig. 1, the
desulfurization rates for 4-methyl- and 4,6-dimethyl-DBT from
tetradecane were higher than that of nonsubstituted DBT. This
tendency differs completely from that obtained by the HDS
method.1 As shown in Scheme 1, the rate-determining step for
the present reaction is the chlorination of the nucleophilic sulfur
atom for the DBT 3 by 2. Semiempirical MO calculation7

showed that the electron density on the sulfur atom for DBTs
lies in the order 4,6-dimethyl (5.7597) > 4-methyl (5.7586) >
DBT (5.7577), which agrees well with the actual desulfurization
reactivity (Fig. 1). The result suggests that the rate of the
chlorination depends on the electron density (nucleophilicity)
on the sulfur atom for DBTs, and as a result, methyl-substituted

Table 1 Desulfurization yield of DBT from tetradecane following the
reaction with chloramine T under differing conditionsa

Entry Alcohol AcOH/ml
Chloramine
T/mmol

Desulfurization
(%)

1 MeOH – 1.1 5.0
2 MeOH 1 1.1 70.6
3 EtOH 1 1.1 1.5
4 i-PrOH 1 1.1 6.7
5 MeOH 1 5.5 98.5
6 MeOH 1 2.75 95.2
7 MeOH 2 1.1 > 99.9

a Temperature: 323 K, time: 3 h, tetradecane volume: 50 ml, alcohol
volume: 10 ml, initial DBT content in tetradecane: 11 mmol l21 (0.55
mmol).

Scheme 1 Formation of DBT sulfimide by chloramine T.
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DBTs, having high electron density are desulfurized more
easily than the nonsubstituted DBT.

The above process was then applied to the desulfurization of
actual light oil containing ca. 0.19 wt% sulfur (2.47 mmol),
which is just below the previous regulatory value that used to
apply in Japan (0.2 wt%). The MeOH solution (50 ml)
containing various amount of chloramine T was then added to
the light oil (50 ml) in the presence of 2 ml AcOH, and was
stirred at 323 K. Upon addition of water to the resulting MeOH
solution, a yellow–white solid precipitate adhered to the bottom
of the flask. As shown in Fig. 2b, the IR spectrum for the
precipitate demonstrated two intense absorption bands at 1180
and 1300 cm21 owing to the sulfonyl group and also a small
band at 980 cm21 owing to the S–N bond for the sulfimides. The
spectrum is similar to that for N-tosylsulfimide of DBT (Fig.
2a), thus indicating that the sulfimides, formed during the
reaction, are removed successfully from the light oil into the
MeOH solution. As shown in Table 2, the sulfur content of the
light oil decreased with increasing the chloramine T concentra-
tion. However, the deep desulfurization (0.05 wt%) was hardly
achieved, even in the presence of 10-fold molar excess of
chloramine T based on the initial sulfur concentration of the
feed light oil (entry 3). The desulfurization yields obtained are
significantly smaller than those expected from the data for the
model light oil, as shown in Fig. 1.

The actual light oil contains a large amount of DBTs, with
several types of hydrophobic alkyl substituents on the molecule,

and the polarity of the DBTs is decreased with increasing the
carbon number of the substituents.8 The low desulfurization
efficiency of the light oil is thus probably because the low
polarity sulfimides of DBTs having large carbon number of
substituents, formed by the reaction with chloramine T, are not
removed into the MeOH solution but remain in the resulting
light oil. Since the sulfimides have a higher polarity as
compared to the other constituents of the light oil, they might be
removed by the addition of solid adsorbents, such as aluminum
oxide and silica gel. As shown in Table 2 (entry 2b), the sulfur
concentration of light oil was actually decreased by the addition
of the adsorbents, with the deep desulfurization (0.05 wt%)
being achieved successfully. As shown in Fig. 2c, the adsorbed
materials showed absorption bands owing to the sulfonyl group
and the S–N bond for sulfimides as also found for the spectrum
of the precipitate (Fig. 2b). The spectrum for the adsorbed
material also showed a larger absorption band at 1620 cm21,
owing to the alkyl group, as compared to that obtained for the
precipitate, indicating that the sulfimides of the DBTs, having a
large carbon number of alkyl substituents, are adsorbed
successfully.

The present study describes a novel desulfurization process
for light oil, based on the removal of N-tosylsulfimides
produced by the reaction of sulfur compounds with chloramine
T. The deep desulfurization was achieved successfully at
ambient temperature. The refractory DBTs in the current HDS
process are desulfurized easily by the present process, thus
showing that the present process is both energy-saving and
effective as a new deep desulfurization process for light oil. The
sulfimides have been reported to have antimicrobial, diuretic
and hypotensive properties on tumor growth and activity as
antidepressants and stimulants of the central nervous system.5 It
may thus be interesting to use the recovered sulfimides from the
desulfurization process, as novel materials for medicinal
supplies.

The authors are grateful for financial support by Grant-in-Aid
for Scientific Research (No. 12555215) from the Ministry of
Education, Science, Sports and Culture, Japan.
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Fig. 1 Time-course variation in the concentration of (5) DBT, (Ω)
4-methyl-DBT and (2) 4,6-dimethyl-DBT in tetradecane. Temperature:
323 K, tetradecane volume: 50 ml, MeOH volume: 10 ml, AcOH volume:
1 ml, initial DBTs content in tetradecane: 11 mmol l21 (0.55 mmol).

Fig. 2 IR spectra for (a) N-tosylsulfimide of DBT, (b) precipitate obtained
by the addition of water to the MeOH solution following the reaction of light
oil with chloramine T, and (c) adsorbed material obtained by the addition of
silica gel to the light oil following the reaction with chloramine T. (2) S–N
bond, (5) sulfonyl group, (8) aliphatic hydrogen (C–H) and (Ω) aromatic
hydrogen (C–H).

Table 2 Variations in the sulfur content of light oil following (a) reaction
with chloramine T and (b) subsequent addition of adsorbentsa

(a) (b)

Entry
Chloramine
T/mmol

Sulfur
content/wt%

Adsorbent/g
ml21-oil

Sulfur
content/wt%

1 4.65 0.099 — —
2 11.6 0.079 0.2 (Al2O3) 0.054

0.2 (SiO2) 0.050
0.3 (SiO2) 0.048

3 23.3 0.066 — —
a Temperature: 323 K, time: 10 h, light oil volume: 50 ml, MeOH volume:
50 ml, AcOH volume: 2 mL, initial sulfur content of light oil: 0.190 wt%
(2.47 mmol).
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containing an N-heterocyclic carbene ligand

Tsuyoshi Kitamura, Yoshihiro Sato and Miwako Mori*

Graduate School of Pharmaceutical Sciences, Hokkaido University, Sapporo 060-0812, Japan

Received (in Cambridge, UK) 14th February 2001, Accepted 24th May 2001
First published as an Advance Article on the web 20th June 2001

Metathesis of enyne having 1,1-substituted alkene, carried
out with the new generation of a ruthenium carbene complex
containing an N-heterocyclic carbene ligand, gave five- and
six-membered cyclic compounds in high yield.

In recent synthetic organic chemistry, transition metals play an
important role and enable bond cleavage of multiple bonds,
such as a double bond or triple bond. A metathesis reaction1

using a metal carbene complex is quite interesting because
multiple bonds are cleaved and, at the same time, a multiple
bond is formed. Enyne metathesis2,3 is particularly attractive,
since the double bond of enyne is cleaved and the alkylidene
part of the alkene migrates to the alkyne carbon to give a
cyclized compound. However, in this reaction, the substituents
on the alkyne or the alkene are important. It has been shown that
the reaction rate of an enyne having a terminal alkyne is slow
because the generated diene moiety coordinates to the ruthe-
nium carbene complex.3a On the other hand, the effect of the
substituent on the alkene is also important. In the case of an
enyne having a mono- or 1,2-disubstituted alkene, the met-
athesis reaction proceeded smoothly and the desired product
was obtained.3a

However, when enyne 2b (R3 = Me) having 1,1-di-
substituted alkene was treated in a similar manner, no cyclized
product was obtained and the starting material was recovered
(Scheme 1). This means that ruthenium carbene complex i
formed by the reaction of the alkyne part of enyne and 1a4a does
not react intramolecularly with a 1,1-disubstituted alkene.
Recently, a new generation of ruthenium carbene complexes
containing N-heterocyclic carbene ligands was reported.4b,c The
reactivity of these complexes is greater than that of 1a, and the
metathesis of an olefin having a 1,1-disubstituted alkene
proceeded smoothly using 1b or 1c to give a cyclized product
having tri- or tetra-substituted olefin. Thus, we decided to use

the novel ruthenium carbene complex 1b or 1c for enyne
metathesis.†

When a toluene solution of enyne 2c was warmed in the
presence of 5 mol% of 1b at 80 °C for 5 h, two metathesis
products, 3c and 4c, were obtained in 85% yields along with
compound 5c in 5% yield (Scheme 2). Compounds 3c and 4c
were obtained as a mixture of two inseparable isomers, and they
could be isolated by iterative chromatography on silica gel.
Compound 3c has a five-membered ring, which is usually
formed by the reaction of enyne having a mono-substituted
alkene and 1a.3a On the other hand, the 1H NMR spectrum of 4c
is similar to that of 3c, and other spectral data such as 13C NMR,
HMQC, HMBC and mass spectra supported this structure. This
compound should be produced by C–C bond formation between
the disubstituted alkene carbon (C7) and the outside alkyne
carbon (C2), and the methylene carbon of the alkene migrates to
the inside alkyne carbon (C3).

Compound 5c is formed by reductive elimination from
ruthenacyclobutane III as shown in Scheme 2. When ruthenium
carbene complex 1c was used for this reaction, the same
compounds 3c and 4c were each obtained in 32% yield, along
with a small amount of 5c. This indicates that the six-membered
ring 4c was formed from 1,6-ene-yne using ruthenium carbene
complex 1b or 1c.

A possible reaction course is shown in Scheme 3. It is thought
that there are two pathways in the reaction of the alkyne part of
the enyne with the methylidene ruthenium carbene complex.5 If
the reaction proceeds through path A, ruthenium carbene
complex II would be formed.

Intramolecular [2 + 2]cycloaddition affords III. Thus, a
smaller ring-sized product is formed (five-membered ring).
However, when ruthenium metal of the carbene complex bonds
to the outside carbon of alkyne, ruthenacycle IV would be
formed and would be converted into ruthenium carbene
complex V by ring opening. Then the ruthenium carbene
complex reacts intramolecularly with the alkene part to give
ruthenacyclobutane VI, which affords a six-membered ring
compound.6

Various enynes were treated with 1b in a similar manner, and
the results are shown in Table 1. In all cases, enyne metathesis

Scheme 1 Ruthenium-catalyzed intramolecular enyne metathesis. Scheme 2 Reaction of 2c with ruthenium catalyst 1.
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products 3 and 4 were obtained as an inseparable mixture of two
isomers. In some cases, we could isolate each pure compound
after iterative of flash column chromatography on silica gel. In
each case, a small amount of 5 was produced. Although all
spectral data supported the structures of compounds 4, the
structure of a derivative of 4b was further confirmed by X-ray
crystallographic analysis.7

Although the reason why the reaction of enyne 2a with 1a
gave only 3a,3a but enyne 2b reacts with 1b or 1c gave 3b and
4b is not clear, the results are quite interesting.

Further studies of enyne metathesis using 1b or 1c are in
progress.

Notes and references
† Typical procedure for the metathesis reaction of 2d. To a solution of 2d
(34.2 mg, 115 mmol) in toluene (3.8 ml, 0.03 M) was added 1b (4.9 mg, 5.8
mmol, 5 mol%), and the solution was heated at 80 °C for 6 h. After the
solvent was removed, the residue was purified three times by flash column
chromatography on silica gel (C6H12–C6H6–AcOEt 8+1+2) to yield 3d
(17.1 mg, 58 mmol, 50%), and 4d (13.3 mg, 46 mmol, 39%) as colorless oils,
respectively.

Selected spectral data for 3d and 4d. 3-Acetoxymethyl-4-isopropenyl-
cyclopent-3-ene-1,1-dicarboxylic acid dimethyl ester (3d). n/(neat) 1740,
1636, 1603, 1230 cm21; dH(270 MHz, CDCl3) 1.86 (s, 3 H), 2.06 (s, 3 H),
3.15 (s, 2 H), 3.18 (m, 2 H), 3.75 (s, 6 H), 4.73 (s, 2 H), 4.81 (s, 1 H), 5.02
(s, 1 H); dC(67.8 MHz, CDCl3) 20.9 (CH3), 21.9 (CH3), 42.7 (CH2), 43.5
(CH2), 52.9 (CH33 2), 57.0 (C), 60.8 (CH2), 116.0 (CH2), 129.3 (C), 139.2
(C), 139.8 (C), 170.9 (C), 172.3 (C 3 2); LRMS m/z 296 (M+), 236, 204,
191, 177, 145, 131, 117; HRMS calcd for C15H20O6 (M+) 296.1260, found
296.1251. 3-Acetoxymethyl-4-methyl-5-methylenecyclohex-3-ene-1,1-di-
carboxylic acid dimethyl ester (4d). n/(neat) 1738, 1640, 1610, 1230 cm21;
dH(270 MHz, CDCl3) 1.85 (s, 3 H), 2.08 (s, 3 H), 2.73 (s, 2 H), 2.88 (s, 2
H), 3.70 (s, 6 H), 4.71 (s, 2 H), 4.99 (s, 1 H), 5.13 (s, 1 H); dH(67.8 MHz,
CDCl3) 13.7 (CH3), 20.9 (CH3), 34.2 (CH2), 37.2 (CH2), 52.7 (CH3 3 2),
53.8 (C), 64.6 (CH2), 112.8 (CH2), 127.9 (C), 131.1 (C), 140.6 (C), 171.0
(C), 171.1 (C 3 2); LRMS m/z 296 (M+), 254, 236, 223, 204, 177, 163, 117;
HRMS calcd for C15H20O6 (M+) 296.1260, found 296.1258.

1 For recent reviews on metathesis, see R. H. Grubbs and S. J. Miller, Acc.
Chem. Res., 1995, 28, 446; M. Schuster and S. Blechert, Angew. Chem.,
Int. Ed. Engl., 1997, 36, 2036; H.-G. Schmalz, Angew. Chem., Int. Ed.
Engl., 1995, 34, 1833; A. Fürstner, Topics in Organometallic Chemistry,
Vol. 1, Springer-Verlag, Berlin, Heidelberg, 1998; R. H. Grubbs and S.
Chang, Tetrahedron, 1998, 54, 4413; S. K. Armstrong, J. Chem. Soc.,
Perkin Trans. 1, 1998, 371; A. J. Phillips and A. D. Abell, Aldrichimica
Acta, 1999, 32, 75; A. Fürstner, Angew. Chem., Int. Ed., 2000, 39,
3013.

2 For a review on enyne metathesis, see M. Mori, Top. Organomet. Chem.,
1998, 1, 133; for recent applications, see; R. T. Hoye, S. M. Donaldoson
and T. Vos, Org. Lett., 1999, 1, 277; A. G. M. Barrett, S. P. D. Baugh,
D. C. Braddock, K. Flack, V. C. Gibson, M. R. Giles, E. L. Marshall, P. A.
Procopiou, A. J. P. White and D. J. Williams, J. Org. Chem., 1998, 63,
7893; J. Renaud, C.-D. Graf and L. Oberer, Angew. Chem., Int. Ed., 2000,
39, 310; A. Fürstner, H. Szillat and F. Stelzer, J. Am. Chem. Soc., 2000,
122, 6785; R. Stragies, U. Voigtmann and S. Blechert, Tetrahedron Lett.,
2000, 41, 5465; D. Bentz and S. Laschat, Synthesis, 2000, 1766.

3 (a) A. Kinoshita and M. Mori, Synlett, 1994, 1020; (b) A. Kinoshita and
M. Mori, J. Org. Chem., 1996, 61, 8356; (c) A. Kinoshita and M. Mori,
Heterocycles, 1997, 46, 287; (d) M. Mori, N. Sakakibara and A.
Kinoshita, J. Org. Chem., 1998, 63, 6082; (e) A. Kinoshita, N. Sakakibara
and M. Mori, J. Am. Chem. Soc., 1997, 119, 12 388; (f) A. Kinoshita, N.
Sakakibara and M. Mori, Tetrahedron, 1999, 55, 8155; (g) M. Mori, T.
Kitamura, N. Sakakibara and Y. Sato, Org. Lett., 2000, 2, 543.

4 For 1a, see (a) P. Schwab, M. B. France, J. W. Ziller and R. H. Grubbs,
Angew. Chem., Int. Ed. Engl., 1995, 34, 2039; for 1b see (b) T. Weskamp,
W. C. Schattenmann, M. Spiegler and W. A. Herrmann, Angew. Chem.,
Int. Ed., 1998, 37, 2490; (c) J. Huang, E. D. Stevens, S. P. Nolan and J. L.
Peterson, J. Am. Chem. Soc., 1999, 121, 2674; (d) M. Scholl, T. M. Trnka,
J. P. Morgan and R. H. Grubbs, Tetrahedron Lett., 1999, 40, 2247; for 1c
see (e) M. Scholl, S. Ding, C. W. Lee and R. H. Grubbs, Org. Lett., 1999,
1, 953.

5 If this reaction proceeds by the reaction of the methylene carbene
complex and the olefin part of the enyne, a similar reaction pathway is
described.

6 In the synthesis of an eight-membered ring compound using ruthenium
catalyst 1a, we considered the same possibility, but no other products
were observed. See ref. 3g.

7 Treatment of compound 4d with K2CO3 in MeOH followed by Dess–
Martin oxidation (D. B. Dess and J. C. Martin, J. Org. Chem., 1983, 48,
4156) afforded an aldehyde, which was converted into 2,4-di-
nitrophenylhydrazone, whose X-ray crystallography shows that a six-
membered ring is formed. CCDC 161214. See http://www.rsc.org/
suppdata/cc/b1/b101453f/ for crystallographic data in CIF or other
format.

Scheme 3 Two possible reaction pathways for enyne metathesis.

Table 1 Enyne metathesis using 1ba

Run Substrate Conditions Products, yieldb

1 80 °C 6 h

E = CO2Me

2 80 °C 15 h

3 80 °C 24 h

4 80 °C 6 h

5 50 °C 3 h

6 50 °C 24 h

Si = TBDMS
a All reactions were carried out using 1b (5 mol%) in toluene. b All yields
were calculated from 1H NMR spectra after isolation as a mixture of two
isomers. c 10 mol% of 1b was used.
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For subtilisin-catalysed transesterification of the racemic
esters in i-octane containing dimethyl sulfoxide as an
additive, the relationship between the enantioselectivity and
the conformational flexibility of subtilisin estimated from
the ESR spectroscopic study provides the first experimental
evidence that the enzyme has the optimum flexibility to
produce the maximal enantioselectivity toward the given
substrates.

The ability of enzymes to discriminate between enantiomers has
been applied to the optical resolution of racemates in organic
syntheses.1 Among the strategies to improve the enzyme’s
enantioselectivity, organic chemists and enzymologists often
employ various additives for enzyme-catalysed reactions in
organic solvents,2 because of their simplicity of use. Although
the variation of the enzyme’s flexibility caused by an additive,
such as a small amount of water in organic solvents, is
anticipated to control its enantioselectivity,3 definite informa-
tion is lacking as to the relationship between the enzyme’s
flexibility and its enantioselectivity for enzyme-catalysed
reactions. According to research done so far, the only reported
observation is that the effect on enantioselectivity by the
variation of organic solvents is related to the enzyme’s
flexibility, estimated from time-resolved fluorescence aniso-
tropic study.4

In this communication, for subtilisin-catalysed transester-
ification in i-octane, we wish to report the mechanism of
enantioselectivity enhancement caused by addition of dimethyl
sulfoxide on the basis of the relationship between the initial
rates for each enantiomer of the substrates used here and the
conformational flexibility of subtilisin estimated from ESR
spectroscopic study. Furthermore, the relationship established
reveals that the optimum conformational flexibility of subtilisin
gives the maximal enantioselectivity.

For subtilisin-catalysed transesterification of ethyl (R)- or
(S)-2-(4-ethylphenoxy)propionate 1 with n-butyl alcohol in i-
octane, we investigated the behaviour of the initial rates for each
enantiomer of 1 caused by addition of a small amount of various
additives such as water or polar organic solvents (Scheme 1),
because this method of enantioselectivity improvement by
additives is the simplest one. In a typical subtilisin-catalysed
transesterification, the substrate 1 (0.025 mmol) and n-butyl
alcohol (0.15 mmol) were added to dry i-octane (2 ml)
containing the additives (0–0.60 vol%), followed by ultrasonic
dispersion, and then addition of subtilisin (10 mg).† The
reaction mixture was shaken (170 strokes min21) at 37 °C.

The effects of the additives (0.45 vol%) on the initial rates as
a measure of the enzymatic activity for subtilisin-catalysed
transesterification of 1 in i-octane were investigated. When a
small amount of DMSO (0.45 vol%) was added to the reaction
medium, the initial rate for the correctly binding S enantiomer
was found to be dramatically enhanced (Vs =
20 nmol h21 mg21), as compared with those for the addition of
other general additives such as water (Vs =
0.21 nmol h21 mol21) or polar organic solvents (DMF, THF,
acetone and acetonitrile), although the reaction for no additive
conditions did not proceed at all. The effect of DMSO on the
enantioselectivity enhancement was also observed for sub-
tilisin-catalysed hydrolysis of 1 in aqueous buffer containing
DMSO.5

In order to elucidate the optimum amount of added DMSO,
the initial rates for each enantiomer of 1 for subtilisin-catalysed
transesterification in i-octane were determined for a range of
added DMSO (0–0.60 vol%). As is seen in Table 1, the initial
rate for the correctly binding S enantiomer was dramatically
enhanced by DMSO added to the reaction medium, as compared
with that for the incorrectly binding R enantiomer. In particular,
upon the addition of 0.45 vol% of DMSO, subtilisin displayed
the largest initial rate for the S enantiomer, thus resulting in the
maximal enantioselectivity (VS/VR = 9.6). A serious decrease
in the enzymatic activity, however, was produced by addition of
an excess amount of DMSO (0.60 vol%). This is probably
because the increased flexibility of subtilisin caused by the
excess addition of DMSO does not contribute to accommodat-
ing the substrate 1 into the subtilisin’s binding site, thus leading
to the decrease of the enzymatic activity accompanying the loss
of the enantioselectivity. This assumption is also supported by
the discussion below on the basis of the results obtained from
the ESR spectroscopic study.

Furthermore, in order to investigate the DMSO effect on the
other substrate, methyl mandelate 2 was submitted to the model
reaction. For subtilisin-catalysed transesterification in i-octane,
subtilisin preferentially catalysed the R enantiomer of 2. The
maximal enantioselectivity (VR/VS = 7.0) with an increase of

Scheme 1 Subtilisin-catalysed transesterification of ethyl 2-(4-ethylphen-
oxy)propionate 1 with n-butyl alcohol in i-octane.

Table 1 Effects of DMSO on the enantioselectivity (VS/VR) and the initial
rates for each enantiomer of ethyl 2-(4-ethylphenoxy)propionate 1 for
subtilisin-catalysed transesterification in i-octane

Initial rate (1021 nmol h21 mg21)

Amount (vol%) VS VR VS/VR

0 0 0 —
0.150 0 0 —
0.300 17 9.9 1.7
0.375 105 26 4.0
0.450 201 21 9.6
0.500 65 19 3.4
0.600 14 10 1.4

This journal is © The Royal Society of Chemistry 2001
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the enzymatic activity was produced by addition of 0.375 vol%
of DMSO. Therefore, our approach using DMSO as the additive
was found to be valid for the improvement of the enantiose-
lectivity for subtilisin-catalysed reaction in an organic solvent,
although there is the difference in the optimum amount of
DMSO between 1 and 2 to obtain the maximal enantiose-
lectivity.

The remarkable enhancement of the enantioselectivity ob-
served is anticipated to be strongly affected by the change of the
subtilisin’s conformational flexibility caused by addition of
DMSO. This view promoted us to investigate the relationship
between the initial rates of each enantiomer of 1 and 2, and the
subtilisin’s conformational flexibility estimated from ESR
spectroscopy. The ESR measurement was carried out under the
same conditions as that for the subtilisin-catalyzed transester-
ification of 1 and 2, using a spin-labeled subtilisin with 1-oxy-
2,2,6,6,-tetramethyl-4-piperidinyl ethoxyphosphorofluoridate
prepared by the known method.6 The spin-labeled subtilisin was
indicated by MALDI-TOF MS, in which a fragment (27543)
was found which almost corresponded to the sequence of
subtilisin (27287) plus the weight of a spin-label (282) less the
weight of F (19) and H (1). The spin-labeled subtilisin showed
a decrease of enzymatic activity for our model reaction, due to
the inhibition by the spin label attached to the active site serine.
Fig. 1 shows a typical ESR spectrum, in which two parts of the
spectrum are arbitrarily labeled Ha and Hi, respectively. The
degree of the subtilisin’s conformational flexibility can be
monitored roughly by the change in the ratio of the peak height
of Hi to (Ha + Hi),7 because each peak of Ha and Hi represents
the anisotropy and the isotropy of the subtilisin’s spin-label,
respectively.8 Thus, the increase of the Hi/(Ha + Hi) value
reflects that the subtilisin’s conformation becomes more
flexible. Fig. 2 shows the variation of the Hi/(Ha + Hi) value
estimated from the ESR spectra in i-octane as a function of the
amount of DMSO, in which the increased amount of DMSO in
i-octane is found to increase the conformational flexibility of
subtilisin. In addition, under other additive conditions that give
poor enantioselectivity and low enzymatic activity, the ESR
signal showed the characteristics of a conformationally rigid
enzyme (Hi/(Ha + Hi) = 0.10–0.27).

The plots of the initial rates for each enantiomer of 1 for
subtilisin-catalysed transesterification in i-octane containing a
small amount of DMSO as a function of the Hi/(Ha + Hi) value

are depicted in Fig. 3. The initial rate for the correctly binding
S enantiomer was significantly enhanced by an increase of the
Hi/(Ha + Hi) value. On the other hand, for the incorrectly
binding R enantiomer, the initial rate is almost unchanged, in
spite of the increase of the Hi/(Ha + Hi) value. For subtilisin-
catalysed transesterification, the variation of the subtilisin’s
conformational flexibility caused by addition of DMSO is found
to be ascribed to the acceleration of the initial rate for the
correctly binding S enantiomer, as compared with that for the
incorrectly binding R enantiomer. Thus, the larger value of the
ratio of the initial rates, arising from the marked difference in
the flexibility effect on the initial rates for each enantiomer, is
significantly responsible for the enhancement of the subtilisin’s
enantioselectivity.

A serious drop in the initial rates, however, was produced by
a small increase of the Hi/(Ha + Hi) value from the optimum
flexibility to produce the largest initial rate (Fig. 3). This result
is explained by assuming that the subtilisin’s flexibility caused
by the excess addition of DMSO does not induce the stable
association between the substrate 1 and the subtilisin’s binding
site. Thus, subtilisin is found to display the optimum flexibility
to produce the maximal enantioselectivity and the enzymatic
activity toward the substrates used here. Furthermore, as is seen
in Fig. 3, the change of the substrate from 1 to 2 shows the
difference in the optimum flexibility to maximize the enantiose-
lectivity [(Hi/(Ha + Hi) for the largest VS/VR value of 1] > [Hi/
(Ha + Hi) for the largest VR/VS of 2], which suggests that the
optimum conformational flexibility is responsible for the
substrate’s structure. Our first observation offers an important
insight into the mechanism of the enantioselectivity enhance-
ment for the enzyme-catalysed reactions under the various
reaction conditions.

Notes and references
† Because the presence of water is important in the activity of enzymes in
non-polar solvents, i-octane, n-butyl alcohol, and additives used here were
dried over Molecular Sieves 4 Å. For our model reactions, however, the
enzymatic activity was insensitive to the addition of water (0–0.9 vol%) into
i-octane.

1 G. Carrea and S. Riva, Angew. Chem., Int. Ed., 2000, 39, 2226; T. Sugai,
Curr. Org. Chem., 1999, 3, 373; S. M. Roberts, J. Chem. Soc., Perkin
Trans. 1, 1999, 1; H. Stecher and K. Faber, Synthesis, 1999, 1.

2 F. Theil, Tetrahedron, 2000, 56, 2905.
3 T. Okamoto and S. Ueji, Chem. Commun., 1999, 939; K. Kawashiro, H.

Sugahara, S. Sugiyama and H. Hayashi, Biotechnol. Lett., 1995, 17, 1161;
H. Kitaguchi, I. Itoh and M. Ono, Chem. Lett., 1990, 1203.

4 J. Broos, A. J. W. G. Visser, J. F. J. Engbersen, W. Verboom, A. Hoek and
D. N. Reinhoudt, J. Am. Chem. Soc., 1995, 117, 12657.

5 K. Watanabe and S. Ueji, Biotechnol. Lett., 2000, 22, 599.
6 J. D. Morrisett and C. A. Broomfield, J. Biol. Chem., 1972, 247, 7224.
7 L. J. Berliner, Biochemistry, 1972, 11, 2921.
8 P. P. Wangikar, P. C. Michels, D. S. Clark and J. S. Dordick, J. Am.

Chem. Soc., 1997, 119, 70; R. Affleck, Z.-F. Xu, V. Suzawa, K. Focht, D.
S. Clark and J. S. Dordick, Proc. Natl. Acad. Sci. U.S.A., 1992, 89,
1100.

Fig. 1 Typical ESR spectrum of the spin-labeled subtilisin in i-octane; (A)
no additive condition, (B) 0.45 vol% DMSO.

Fig. 2 The variation of the Hi/(Ha + Hi) value estimated from the ESR
spectra in i-octane as a function of the amount of DMSO.

Fig. 3 The relationship between the Hi/(Ha + Hi) value and the initial rates
for subtilisin-catalysed transesterifications of 1 and 2 in i-octane, 5: 1-(R),
2: 1-(S), -: 2-(R), 8: 2-(S).
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Biomimetic alkane hydroxylation by cobalt(III) porphyrin complex and
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The catalytic hydroxylation of alkanes by an electron-
deficient cobalt(III) porphyrin complex and m-chloroperben-
zoic acid yielded alcohols as major products with a high
kH/kD value, > 99% retention of stereochemistry, and a high
regioselectivity; a high-valent cobalt–oxo porphyrin complex
was suggested as a reactive hydroxylating intermediate.

Cytochrome P-450 enzymes are capable of catalyzing a variety
of oxidation reactions, including the most energetically difficult
hydroxylation of unactivated C–H bonds of alkanes.1 Since
selective oxygenations of hydrocarbons under mild conditions
are of importance in both synthetic chemistry and industrial
processes, biomimetic hydroxylation reactions with synthetic
metalloporphyrins have been intensively studied over the past
two decades.2 It has been shown that metalloporphyrins
containing iron, manganese, and ruthenium ions, especially
with electron-deficient porphyrin ligands, are efficient catalysts
for the hydroxylation of alkanes by various oxidants.2,3

However, cobalt porphyrin complexes have been rarely used as
catalysts in alkane hydroxylation reactions, since the reactions
of cobalt complexes with hydroperoxides often proceed via
free-radical type of oxidation reactions.4 In the present study,
we report for the first time that an electron-deficient cobalt(III)
porphyrin complex catalyzes the hydroxylation of alkanes by m-
chloroperbenzoic acid (m-CPBA) via a non-radical type of
oxidation reaction.

The catalytic hydroxylation of alkanes by
Co(TPFPP)(CF3SO3) [1, TPFPP = meso-tetrakis(pentafluoro-
phenyl)porphinato dianion] and m-CPBA was carried in a
solvent mixture of CH3CN and CH2Cl2 at rt.‡ The results in
Table 1 show that alcohols were yielded as major products with
high alcohol to ketone ratios under mild reaction conditions,
indicating that m-CPBA is a competent terminal oxidant for the
alkane hydroxylations by the cobalt porphyrin complex.§¶∑ The
kinetic isotope effect (KIE) for the cyclohexanol formation by 1
and m-CPBA was determined to be 8 ± 1 by carrying out
intermolecular competitive hydroxylation with cyclohexane
and cyclohexane-d12 (Table 1, entry 5).5,6

The stereochemistry of the alkane hydroxylations by 1 and m-
CPBA was investigated with cis- and trans-1,2-dimethylcyclo-
hexane. The alkane hydroxylations were highly stereospecific
with > 99% retention; no formation of isomerized alcohol
products (e.g. the formation of trans-1,2-dimethylcyclohexanol
in the hydroxylation of cis-1,2-dimethylcyclohexane was
observed (Table 1, entries 2 and 3). Interestingly, only small
amounts of secondary alcohol products such as 2,3- and
3,4-dimethylcyclohexanol were formed in these reactions, and
these results are different from those of the hydroxylations of
cis- and trans-1,2-dimethylcyclohexane by iron complexes of
porphyrin and non-porphyrin ligands.6 In the latter reactions,
moderate to high amounts of secondary alcohol products were
yielded. In a competitive hydroxylation of cis- and trans-
1,2-dimethylcyclohexane, the former was found to react 2.9
times faster than the latter (Table 1, entry 6). The alkane
hydroxylation by 1 and m-CPBA was also found to be highly

† Electronic supplementary information (ESI) available: Fig. S1. See http:
//www.rsc.org/suppdata/cc/b1/b103986p/

Table 1 Hydroxylation of alkanes by 1 and m-CPBAa

Entry Substrate Products Yields (%)b,c

A. Hydroxylation of alkanes
1 Cyclohexane Cyclohexanol 39 ± 4

Cyclohexanone 8 ± 2
2 cis-1,2-Dimethylcyclohexane cis-1,2-Dimethylcyclohexanol 65 ± 5

trans-1,2-Dimethylcyclohexanol < 1
2,3- and 3,4-Dimethylcyclohexanold 5 ± 1

3 trans-1,2-Dimethylcyclohexane cis-1,2-Dimethylcyclohexanol 0
trans-1,2-Dimethylcyclohexanol 43 ± 4
2,3- and 3,4-Dimethylcyclohexanold 8 ± 2

4 Adamantanee Adamantan-1-ol 53 ± 3
Adamantan-2-ol 9 ± 2
Adamantan-2-one > 1

B. Competitive hydroxylation of alkanesf

5 Cyclohexane Cyclohexanol 32 ± 3
+
Cyclohexane-d12 Cyclohexanol-d12 4 ± 1

6 cis-1,2-Dimethylcyclohexane cis-1,2-Dimethylcyclohexanol 41 ± 3
+
trans-1,2-Dimethylcyclohexane trans-1,2-Dimethylcyclohexanol 14 ± 1

a See footnote ‡ for detailed reaction procedures. Since the hydroxylation reactions were not affected by molecular oxygen, all the reactions were performed
in air. b All reactions were run at least triplicate, and the yields reported represent the average of these reactions. c Based on the amount of m-CPBA added.
d The yield of 3,4-dimethylcyclohexanol was determined with commercially available 2,3-dimethylcyclohexanol, with an assumption that the response
factors for these alcohols are identical. e Reaction was run with 0.2 mmol of adamantane in CH2Cl2 (0.5 mL) due to the low solubility of adamantane. f Equal
amounts of competing substrates (1 mmol each) were used.

This journal is © The Royal Society of Chemistry 2001
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regioselective, in which a high degree of selectivity for tertiary
C–H bond over secondary C–H bond was observed in the
hydroxylation of adamantane (Table 1, entry 4). The ratio of
3°/2° oxygenated products was ~ 18 after statistical correction;
such a high 3°/2° ratio was usually observed in iron and
manganese porphyrin-catalyzed hydroxylation of adaman-
tane.7

The results presented above demonstrate unambiguously that
the alkane hydroxylations by 1 and m-CPBA occur via radical-
free oxidation reactions:6 (1) the fact that alcohols were the
major products with high alcohol to ketone ratios and the ratios
of alcohol to ketone products were not affected by the presence
of O2, (2) a high KIE value for the formation of cyclohexanol,
and (3) a complete retention of stereochemistry in the
hydroxylations of cis- and trans-alkanes. Then, what is the
nature of a hydroxylating intermediate? Is a high-valent cobalt–
oxo porphyrin complex involved as a reactive species? Since
isotopically labeled water (H2

18O) experiments are a useful
mechanistic probe to test the involvement of high-valent metal
oxo intermediates in metal-mediated oxygen atom transfer
reactions,8 the hydroxylation of cyclohexane by 1 and m-CPBA
was conducted in the presence of a small amount of H2

18O [eqn.
(1)].** As the results show in Table 2 (entries 1 and 2), some of

(1)

the oxygen in the cyclohexanol product came from H2
18O and

the percentage of 18O in the alcohol product was dependent on
the amount of H2

18O present in the reaction media. These
results imply that a reactive hydroxylating intermediate gen-
erated in the reaction of 1 and m-CPBA exchanges its oxygen
with labeled water prior to the oxygen atom transfer from the
intermediate to cyclohexane.8,9 For comparison, the 18O-
labeled water experiment was carried out with an iron porphyrin
complex, Fe(TPFPP)(CF3SO3), under the identical reaction
conditions, since we have shown previously that an oxoiron(IV)
porphyrin cation radical complex was generated as a reactive
hydroxylating intermediate in the hydroxylation of alkanes by
Fe(TPFPP)(CF3SO3) and m-CPBA.10 The degree of 18O-
incorporation in the Fe(TPFPP)(CF3SO3) reaction was about
two times greater than that in the Co(TPFPP)(CF3SO3) reaction
(Table 2, entries 3 and 4). Since the observation of 18O-
incorporation from H2

18O into oxygenated products is indirect
evidence for the involvement of high-valent metal oxo inter-
mediates in metal-catalyzed oxygenation reactions,8–10 we
suggest that a high-valent cobalt–oxo porphyrin complex
participates as a reactive species in the cobalt porphyrin-
catalyzed hydroxylation of alkanes by m-CPBA.

In conclusion, we have shown for the first time that an
electron-deficient cobalt(III) porphyrin complex catalyzes the
hydroxylation of alkanes by m-CPBA via a non-radical type of
oxidation reactions. We suggest that a high-valent cobalt–oxo
porphyrin complex is generated as a reactive hydroxylating
intermediate in the reaction of the cobalt porphyrin complex and

m-CPBA. Future studies will focus on attempts to understand
the exact nature of the reactive intermediate.

This work was supported by the Korea Research Foundation
(KRF-99-042-D00068).

Notes and references
‡ Reaction conditions: m-CPBA (5 3 1023 mmol, diluted in 20 mL of
CH3CN) was added to a reaction solution containing 1 (1 3 1023 mmol) and
substrate (1 mmol) in a solvent mixture (0.5 mL) of CH3CN and CH2Cl2
(1+1) at rt. After the reaction mixture was stirred for 1 h, the reaction
solution was directly analyzed by a Hewlett-Packard 5890 II Plus gas
chromatograph with a FID detector and 30 m capillary column (Hewlett-
Packard HP-1 or HP-5). Product yields were determined by comparison of
peak area with that of decane or dodecane standard.
§ By following the time course of the hydroxylation of cyclohexane by 1
with 5 eq. of m-CPBA, we found that the alkane hydroxylation by 1 and m-
CPBA takes place slowly, and the formation of cyclohexanol lasted for 1 h
(data not shown).
¶ A control reaction carried out in the absence of the cobalt porphyrin
catalyst did not show the formation of cyclohexanol and cyclohexanone
products. Also, other cobalt porphyrin complexes such as
Co(TMP)(CF3SO3) [TMP = meso-tetramesitylporphinato dianion] yielded
only small amounts of cyclohexanol ( ~ 8%) and cyclohexanone ( ~ 2%). All
cobalt(III) porphyrin complexes were obtained from Mid-Century and used
without further purification.
∑ The catalytic activity of the cobalt porphyrin complex was examined by
adding 50 eq. of m-CPBA (10 aliquots of 5 eq. of m-CPBA each at 1 h time
intervals) into a reaction solution containing 1 (1 3 1023 mmol) and cis-
1,2-dimethylcyclohexane (1 mmol). Total reaction time was 10 h (see
footnote ‡ for detailed experimental procedures). The yield of cis-
1,2-dimethylcyclohexanol was 40% based on m-CPBA added, equivalent to
20 turnovers (see Fig. S1 for a plot of eq. of m-CPBA added vs. turnover
number). By comparing UV-vis spectra of 1 taken before and after the
reaction, we found that about 20% of the cobalt porphyrin catalyst was
degraded.
** 18O-labeled water experiments were performed under the identical
reaction conditions described in footnote ‡ except that H2

18O (5 mL,
95% 18O enriched), cyclohexane (0.5 mmol), and 15 eq. of m-CPBA (3
aliquots of 5 eq. of m-CPBA each at 1 h time intervals) were used. The 16O
and 18O compositions in cyclohexanol were determined by the relative
abundances of mass peaks at m/z = 57 for 16O and 59 for 18O (HP 5989B
mass spectrometer). A control experiment showed that cyclohexanol does
not exchange its oxygen with water under the experimental conditions.

1 M. Newcomb and P. H. Toy, Acc. Chem. Res., 2000, 33, 449; A. E.
Shilov and A. A. Shteinman, Acc. Chem. Res., 1999, 32, 763; M. Sono,
M. P. Roach, E. D. Coulter and J. H. Dawson, Chem. Rev., 1996, 96,
2841.

2 F. Montanari and L. Casella, Metalloporphyrins Catalyzed Oxidations,
Kluwer Academic Publishers, Dordrecht, 1994; R. A. Sheldon,
Metalloporphyrins in Catalytic Oxidations, Marcel Dekker, Inc., New
York, 1994; B. Meunier, Chem. Rev., 1992, 92, 1411.

3 J. L. McLain, J. Lee and J. T. Groves, in Biomimetic Oxidations
Catalyzed by Transition Metal Complexes, ed. B. Meunier, Imperial
College Press, London, 2000, pp. 91–169.

4 F. A. Chavez and P. K. Mascharak, Acc. Chem. Res., 2000, 33, 539;
R. A. Sheldon and J. K. Kochi, Metal Catalyzed Oxidations of Organic
Compounds, Academic Press, New York, 1981; D. Mansuy, J.-F.
Bartoli and M. Momenteau, Tetrahedron Lett., 1982, 23, 2781; M. A.
Brook and J. R. Lindsay Smith, J. Chem. Soc., Perkin Trans. 2, 1985,
1049.

5 F. Ogliaro, M. Filatov and S. Shaik, Eur. J. Inorg. Chem., 2000, 2455;
J. I. Manchester, J. P. Dinnocenzo, L. A. Higgins and J. P. Jones, J. Am.
Chem. Soc., 1997, 119, 5069.

6 W. Nam, Y. M. Goh, Y. J. Lee, M. H. Lim and C. Kim, Inorg. Chem.,
1999, 38, 3238; C. Kim, K. Chen, J. Kim and L. Que, Jr., J. Am. Chem.
Soc., 1997, 119, 5964.

7 E. Baciocchi, T. Boschi, C. Galli, A. Lapi and P. Tagliatesta,
Tetrahedron, 1997, 53, 4497; A. Sorokin, A. Robert and B. Meunier,
J. Am. Chem. Soc., 1993, 115, 7293; J. T. Groves and T. E. Nemo, J. Am.
Chem. Soc., 1983, 105, 6243.

8 K. Chen and L. Que, Jr., Chem. Commun., 1999, 1375; J. Bernadou and
B. Meunier, Chem. Commun., 1998, 2167; K. A. Lee and W. Nam,
J. Am. Chem. Soc., 1997, 119, 1916.

9 Y. M. Goh and W. Nam, Inorg. Chem., 1999, 38, 914.
10 W. Nam, M. H. Lim, S. K. Moon and C. Kim, J. Am. Chem. Soc., 2000,

122, 10805.

Table 2 Percentages of 18O incorporated from H2
18O into cyclohexanol

producta

Cyclohexanol

Entry Catalyst

Amount (mL) of
H2

18O present
in reaction soln. 18O (%) Yield (%)b

1 Co(TPFPP)(CF3SO3) 5 5 ± 1 18 ± 2
2 10 10 ± 1 17 ± 3
3 Fe(TPFPP)(CF3SO3) 5 11 ± 2 51 ± 4
4 10 18 ± 2 53 ± 4
a See footnote ** for detailed reaction procedures. All reactions were run at
least triplicate, and the data reported represent the average of these
reactions. b Based on the amount of m-CPBA added.
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DNA-driven self-assembly of gold nanorods
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Specific organization of gold nanorods into anisotropic 3D-
aggregates is obtained by DNA hybridisation.

Symmetry breaking and the associated introduction of aniso-
tropy in nanoparticle systems have been a major challenge for
chemists and physicists working on nano-materials in recent
years. Two distinct approaches have been explored. First, lower
symmetries can be obtained by assembling spherical particles in
anisotropic environments. Mixtures of different types of
particles,1 microcontact printing,2 1D arrays of particles along
biolipid tubules3 or in block copolymers4 are some examples of
this approach. The synthesis of anisotropic nanoparticles
constitutes a second strategy. A wide variety of materials has
recently been made available in the shapes of elongated rods5–8

or more complex morphologies.9 The anisotropy of these
building blocks can be transferred to superstructures even by
isotropic interactions such as hydrophobicity.7,10 Although
these interactions are efficient in producing large architectures,
they are neither specific or selective, thus preventing a rational
design of the self-assemblies. In this report, we show how the
selective and reversible DNA-driven assembly of nanoparticles
can be applied to gold nanorods.

The formation of networks of spherical gold nanoparticles
crosslinked by well-defined oligonucleotide duplexes has been
recently demonstrated.11–13 In this approach, two non-com-
plementary strands of DNA are immobilised on the surface of
two batches of 13-nm particles. Upon mixing the two
populations, no recognition occurs but adding a third strand half
complementary to each of the grafted sequences induces
hybridisation, which drives the self-assembly.11,12 Not only is
this method selective enough to allow the detection of a single
base mismatch in the oligonucleotide sequence,12 but the self-
organisation is also reversible as the DNA duplex can be
dissociated by heating.13 By transferring this technique to non-
spherical nanoparticles, we define a method to organise
anisotropic materials that may exhibit orientation-dependant
physical properties.

Gold nanorods used in this work were prepared by the
electrochemical conversion of a gold anodic material into
particles in an electrolytic co-surfactant system as described
elsewhere.5 The surfactants were hexadecyltrimethylammon-
ium bromide (CTABr, Sigma, 99%) and tetradodecylammon-
ium bromide (TDABr, Fluka, 98%). After synthesis, the
colloidal suspensions were repeatedly centrifuged and washed
with deionised water to remove excess surfactant. The concen-
tration of nanorods was then adjusted to an optical density of ca.
0.5 at 800 nm in 5-mm lightpath UV cells. The average aspect
ratio of the rods was 4.7 (ca. 10 nm in diameter and 50 nm in
length) as inferred from transmission electron microscopy
(TEM) images as well as from the position of the longitudinal
plasmon band (850 nm).5

Two oligonucleotide systems were examined and all se-
quences were purchased from Oswell DNA Service, South-
ampton, UK. The first one, which is shown in the insert of Fig.
2, was identical to the complementary three-strand system
reported by Mirkin and coworkers.12 The second system was
composed of two directly complementary strands of thiolated

oligonucleotides. The sequence of this duplex is shown in Fig.
3.

Functionalisation of the nanorod surface was performed
according to the reported method.12 Briefly, the thiol group of
the DNA strands was activated by treatment in 0.1 M of
dithiothreitol (DTT, Aldrich, 99%) at pH 8.4 and room
temperature for 1 h. The solutions were then purified through a
desalting column (NAP-5, Sephadex G-25 Medium). The
different thiolated oligonucleotides were then left to react at
room temperature with the nanorod solutions for up to 72 h.
Typical final concentrations were ca. 53108 nanorods per mL
(i.e. 1 pM) and 1 nM of DNA. After incubation, the suspensions
were centrifuged at 5000 rpm for 20 min, decanted and
redispersed in double distilled water to the same concentra-
tion.

For hybridisation experiments, identical volumes of equimo-
lar suspensions of functionalised nanorods were mixed in a
5-mm lightpath UV cell at room temperature. Aggregation was
monitored by recording UV–VIS spectra as a function of time
on a Lambda 11 Perkin-Elmer spectrophotometer. For the
complementary two-strand system, duplexation occurred im-
mediately upon mixing the complementary nanorods suspen-
sions. For the three-strand system, aggregation was initiated by
adding the free, non-thiolated oligonucleotide, the final concen-
tration of which was typically 10 nM.

As hybridisation progressed, the colour of the suspension
changed from red to purple and macroscopic precipitation was
observed after 24 h. The nature of the organisation of the
nanorods in the purple suspensions was elucidated by TEM. In
contrast to as-synthesised or DNA-covered but non-duplexed
nanorod suspensions, which showed totally random aggregates
when examined under the same conditions, numerous organised
aggregates, often several micrometers in size, were observed for
the hybridised suspensions. The samples were composed of 3-D
bundles of hundreds of nanorods aligned in parallel stacks
(Fig. 1). Both alternate and superimposed vertical stacking of
the rods could be seen. The inter-particle distance was about

Fig. 1 Transmission electron micrographs of bundles of DNA-linked gold
nanorods. Topological characteristics of the three-strand (a) or two-strand
(b) DNA linking systems were similar.

This journal is © The Royal Society of Chemistry 2001
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6 nm (Fig. 1a), which is longer that an interdigitated CTA
bilayer (ca. 3 nm)14 but commensurate with the length of a
24-base pair helix with two propyl spacers (6.5–9.0 nm). This is
consistent with an aggregation process resulting from DNA
duplex formation rather than from hydrophobic interactions
between the CTA alkane chains.

Fig. 2 shows a typical series of spectra taken at various times
after the addition of the third complementary oligonucleotide in
the three-strand system. The colour change, which the nanorods
share with the DNA-driven assembly of isotropic particle
suspensions, was confirmed by the decrease in intensity and the
red-shift of the transverse plasmon band (520 nm).12,15 The
UV–VIS spectra also showed a longitudinal band at 850 nm that
decreased markedly in intensity and was blue-shifted with
aggregation. A shoulder peak at 260 nm confirmed the presence
of the nucleotides. Moreover, the intensity of this peak was
reduced with time, consistent with the onset of base-pairing.13

In the two-strand system, the decrease in intensity of the three
bands upon hybridisation was also observed (Fig. 3, solid and
dotted lines). However, the plasmon bands undergo almost no
wavelength shift.

Further evidence that the aggregation was driven by DNA
duplex formation was given by ‘melting’ analysis. This consists
in dissociating the duplex by heating the sample above a
temperature, which, in the case of the three-strand system, is 53

°C.12 For this purpose, the purple suspensions were heated up to
70 °C by a thermostated bath and UV–VIS spectra were
recorded at regular intervals. Hence, upon heating the duplexed
suspension of the two-strand system, the intensities of the three
bands were essentially recovered at 60 °C (Fig. 3, dashed
curve), indicating reversible duplex formation between the
complementary nanorod surfaces. Surprisingly, no change in
the spectrum of the duplexed three-strand system could be
observed and the suspension stayed irreversibly self-assem-
bled.

Although further experiments are needed to explain this
irreversibility, it is probable that the aspect ratio of the rods and/
or the residual CTA molecules on the gold surface play a role.
Indeed, whereas the base pairing is certainly the driving force of
the self-assembly in both systems, a 12-base oligonucleotide
with a propyl spacer (three-strand system) would barely emerge
from a residual CTA bilayer. Once the aggregates are formed by
duplexation, a multilayered CTA structure could rearrange
between neighbouring rods and hydrophobic interactions could
then become dominant. Upon heating for the ‘melting’
experiments, increases in the hydrophobic forces by dehydra-
tion of the alkane chains as well as electrostatic interactions
between the –NMe3

+ headgroups and the now unpaired DNA
strands would reinforce this multilayered structure making rod
aggregation irreversible. By contrast, the 21-base HEG-coupled
oligonucleotides used in the two-strand system are sufficiently
long to extend well beyond a residual CTA bilayer. Thus, in this
case, the surfactant layers are not close enough to rearrange and
the base pairing is therefore reversible. In addition, as no free
DNA strand is released upon ‘melting’, the multilayered CTA
structure would not be stabilised by electrostatic interactions.

In conclusion, this report has shown that large scale uniaxial
organisation of metallic nanorods can be tailored by using the
specific DNA duplex formation. Beyond DNA, antigen/
antibody or protein/substrate bindings can be envisioned to
obtain similar programmable assembly of anisotropic building
blocks.16 Systematic organisation of nanorods made of different
materials is a straightforward development of this approach that
should lead to anisotropic nanomaterials with more complex
properties.

We thank Dr C. Murphy, C. Johnson and Dr W. Shenton for
valuable discussions and the European Union for a Marie Curie
Individual Fellowship (HPMF-CT-1999-00254) to E. D.
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Fig. 2 UV–VIS spectra of a suspension of non-complementary DNA-
functionalised nanorods. (a) 0 s, (b) 10 min, (c) 1 h, (d) 2 h after duplex
initiation arising from the addition of the third complementary strand.
Sequences of the three oligonucleotides are shown in the insert.

Fig. 3 UV–VIS spectra of the two-strand nanorod system before (—) and
after (····) duplexation at 25 °C. The dashed curve was obtained after melting
the DNA above 60 °C. The mismatch at higher wavelengths between the
initial and denatured spectra is attributed to imperfect background
compensation at high temperature. The sequences of the two strands are
shown in the insert; HEG = hexaethyleneglycol.
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The binuclear rigid-rod complex [{Mn(dmpe)2(C·CH)}2(m-
C4)][PF6] was spontaneously obtained from the reaction of
[Mn(dmpe)2(C·CSiMe3)2][PF6] with one equivalent of
TBAF.

Di- and oligo-nuclear organometallic complexes, in which two
neighboring metal centers are connected by a Cx chain, have
recently attracted great interest due to their potential in NLO
applications1 and the possibility to use them as precursors for
molecular wires.2 During the last decade several organometallic
research groups therefore focused on the development of facile
synthetic routes to MLn–Cx–MLn rigid-rod transition metal
complexes.3–7 Studies of the electrochemical properties of these
species have demonstrated that for x = 4 there is strong metal–
metal interaction across the carbon chain. This confers great
stability to the corresponding mixed-valent species, as indicated
by the value of the comproportionation constant (Kc) which lies
in the range of 108–1012. This metal–metal interaction decreases
with the length of the chain (Cx) and is very small for complexes
with values of x ! 20.6a With regard to the design of new
molecular wires particularly great interest arose in new
synthetic accesses to short-chain bridged species and polariz-
able end groups.

We have recently reported the syntheses and characterization
of [{Mn(dmpe)2I}2(m-C4)]n+ (n = 0, 1, 2) complexes by the
reaction of (MeCp)(dmpe)MnI with 0.5 Me3Sn–C4–SnMe3 and
dmpe.7 In order to extend the scope of available versatile routes
we initiated reactivity studies on [Mn(dmpe)2(C·CSiMe3)2]n (n
= 21, 0, +1) complexes.8 As silyl protected acetylide
derivatives they were expected to allow deprotection and
recovery of the quite reactive parent acetylide species.

Indeed, the reaction of [Mn(dmpe)2(C·CSiMe3)2]+ 1+ with
one equivalent of NBu4F (TBAF) containing 5% H2O9 led to
the deprotected species [Mn(dmpe)2(C·CH)2]+ 2a+ and sub-
sequent deprotonation of this species produced under the
reaction conditions a [(HC·C)Mn(dmpe)2(C·C)] intermediate
2b (Scheme 1).‡ Spontaneous dimerization of 2b generated
[{Mn(dmpe)2(C·CH)}2(m-C4)] 3 and subsequently the mixed-
valent compound [{Mn(dmpe)2(C·CH)}2(m-C4)]+ 3+. DFT

calculations10† performed on the hydrogen substituted model
Mn(dHpe)2(C·CH)(C·C) simulating 2b revealed that, of the
two possible states, triplet and singlet, the triplet state of 2b(A)
with two unpaired electrons is more stable than the singlet state
2b(B) by ca. 90 kJ mol21. Furthermore, the computed spin
densities of +1.45a and +0.61a, at the manganese atom and at
the terminal carbon atom, respectively, clearly indicate that the
electronic structure of 2b is well described by the resonance
formula 2b(A). The relative stability and therefore longevity of
the MnII free radical apparently supports the C–C coupling
process to produce the neutral dinuclear MnII–MnII species 3.
Under the given redox conditions, i.e. in the presence of the
mildly oxidizing 2a+, 3 is converted to 3+ with additional
formation of the corresponding Mn(dmpe)2(C·CH)2 2a which
is not stable and decomposes.8 Indeed, the THF soluble fraction
of the reaction contains a mixture of 3 and other not specifically
identified MnII and MnI complexes.8

Based on 1+, the new dinuclear mixed-valent complex 3+ was
obtained in about 65% yield, which is almost the ideal yield
based on the stoichiometry of Scheme 1. This reaction involving
acid–base chemistry in conjunction with the versatile redox
properties of the Mn center thus furnishes a new and a facile
method to obtain M–C4–M complexes starting from easily
accessible M–C2SiR3 units. Mechanistically it appears that
there is some relationship of these conversions to the coupling
of terminal acetylides with CuII reagents.6 However, the
intramolecular fashion, along which the redox chemistry of
Scheme 1 proceeds, is quite unique. In addition, species 3+

possesses two reactive terminal acetylenic moieties, which
might be utilized in further organometallic substitution proc-
esses of the H terminus. Compound 3+ has been characterized as
a violet solid, soluble only in polar and ionizing solvents such as
CH2Cl2. The 1H NMR spectrum of 3+ (20 °C, CD2Cl2) shows
four broad signals for the dmpe protons at d 20.28, 24.58,
26.49 and 26.65, and a resonance at d 246.40 due to the
C·CH proton. The paramagnetism is indicated by the broadness
of the resonances and more quantitatively confirmed by the
contact shift induced Curie–Weiss behavior of 3+ in the
temperature range from 280 to 20 °C. The fact that only one set
of resonances was observed for the protons of the dmpe ligands
is taken as a strong hint for electron delocalization with both
manganese ends equivalent on the NMR time scale (1026 s). In
the solid state, 3+ has a magnetic moment of 2.53 mB at 290 K
that drops to 1.95 mB at 100 K demonstrating strong intra-
molecular antiferromagnetic interaction comparable to that
observed for [{Mn(dmpe)2I}2(m-C4)][BF4].7

Cyclic voltammetry (CV) of complex 3+ in acetonitrile
solution displays two fully reversible waves (DEp = 0.070 V
and ipa/ipc ≈ 1 for scan rates of 0.100–0.500 V s21 at 20 °C, vs.
Fc/Fc+) at E1/2 = 20.89 V and E1/2 = 21.46 V corresponding
to the MnIII–MnIII (32+)/MnIII–MnII (3+) and MnIII–MnII

(3+)/MnII–MnII (3) redox couples. The difference of these
values of DE1/2 ( = 0.576 V) establishes a comproportionation
constant of 7.5 3 109 [Kc = exp(FDE1/2/RT)].11 Another
somewhat irreversible redox couple was identified at E1/2 =
22.29 V attributed to the MnII–MnII/MnII–MnI reduction. In
accord with this CV behavior the monocation 3+ could

† Electronic supplementary information (ESI) available: detailed DFT
calculation outputs. See http://www.rsc.org/suppdata/cc/b1/b102396a/

Scheme 1 [Mn] = Mn(dmpe)2.
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chemically be reduced to the dark-green paramagnetic complex
3 using Cp(C6Me6)Fe and oxidized with [Cp2Fe][PF6] to give
the dark-brown diamagnetic [{Mn(dmpe)2(C·CH)}2(m-C4)]2+

species 32+. Both processes can be fully reversed with [Cp2Fe]+

and Cp2Co, respectively [eqn. (1)]. Complexes 3 and 32+ were
isolated and fully characterized.

(1)

The highly symmetric structure of 3+ was determined by
single-crystal X-ray diffraction (Fig. 1),§ which indeed revealed
two equivalent manganese centers adopting pseudo-octahedral
geometry. The C1–C2 and C2–C2A bond lengths show only little
alteration and compare very well to those obtained for the
related species [{Mn(dmpe)2I}2(m-C4)]n [n = 0,
1.26(2)–1.33(3) Å; n = 1, 1.275(3)–1.313(5) Å and n = 2,
1.289(5)–1.295(5) Å].7 The C4 linear chain is thus best
described by a cumulenic resonance structure.

Support from the Swiss National Science Fundation and the
Fonds of the University of Zürich are gratefully acknowledged.
We also thank Dr A. Shengelaya, Institute of Experimental
Physics of the University of Zürich, for the magnetic studies of
3+.

Notes and references
‡ All operations were performed using standard Schlenck or Glove-box
techniches. 1H NMR data for 2a+ prepared in situ (CD2Cl2, 300 MHz, 210
°C), d 233.0 (br, 8H, PCH2), 244.0 (br, 24H, PCH3).

Synthesis of 3+ [PF6]2: A 1 M solution of TBAF (0.15 mL) was added to
a CH2Cl2 solution (15 mL) of 1+ (0.1 g, 0.15 mmol). After 1.5 h the dark-
green solution was concentrated in vacuo to 3 mL. Addition of Et2O
precipitated 3+[PF6]2, which was dried in vacuo. Yield 0.046 g, (65%).
Anal. Calc. for C32H66F6Mn2P9: C, 40.31; H, 6.98. Found: C, 40.01; H,
6.80. 1H NMR (CD2Cl2, 300 MHz, 20 °C): d20.29 (br, 8H, PCH2), 24.60
(br, 24H, PCH3), 26.55 (br, 24H, PCH2), 26.71 (br, 24H, PCH3), 246.39
(br, 2H, ·CH). 31P NMR (121.471 MHz, CD2Cl2, 20 °C, 85% H3PO4 ext.):
d 2145.62 (sept., 1JPF 717.9 Hz, PF6

2).19F NMR (CD2Cl2, 282.324 MHz,
20 °C, C6H5CF3 ext.): d 275.09 (d, 717.9 Hz, PF6

2). IR (CH2Cl2, 20 °C):
2140s 1819w (C4 unit), 1960m cm21 [n(C·CH)].

Synthesis of 32+[PF6]22: [Cp2Fe][PF6] (0.017 g, 0.052 mmol) was added
to a CH2Cl2 solution (10 mL) of 3+ (0.050 g, 0.052 mmol). After 3 h the
solution was concentrated in vacuo to 3 mL. Addition of Et2O precipitated
32+[PF6]22, which was dried in vacuo. Yield 0.051 g, (90%). Anal. Calc. for
C32H66F12Mn2P10: C, 34.99; H, 6.06. Found: C, 34.86; H, 6.06. 1H NMR
(CD2Cl2, 300 MHz, 20 °C): d 1.93 (br, 8H, PCH2), 1.83 (br, 24H, PCH2),
1.38 (br, 24H, PCH3), 1.27 (br, 24H, PCH3), 22.30 (br, 2H, ·CH). 31P
NMR (121.471 MHz, CD2Cl2, 20 °C, 85% H3PO4 ext.): d 2145.44 (sept,
1JPF 719 Hz, PF6

2). 19F NMR (CD2Cl2, 282.324 MHz, 20 °C,
C6H5CF3 ext.): d 274.02 (d, 719 Hz, PF6

2). IR (KBr, 20 °C): 1929 cm21

[n(C·C)], 2025, 1915, 1920 cm21 [n(C·C)2].

Synthesis of 3: Cp(C6Me6)Fe (0.017 g, 0.053 mmol) dissolved in toluene
(5 mL) was added to a THF suspension (5 mL of 3+[PF6]2 (0.050 g, 0.052
mmol). After 2 h the solution was filtered and the solvent removed to give
3. Yield 0.038 g, (90%). Anal. Calc. for C32H66Mn2P8: C, 47.54; H, 8.23.
Found: C, 47.62; H, 8.53. 1H NMR (C6D6, 300 MHz, 40 °C): d 29.47 (br,
8H, PCH2), 214.89 (br, 32H, PMe3 + PCH2), 218.78 (br, 24H, PCH3),
2149.44 (br, 2H, ·CH). IR: no n(C·C) are observed.
§ Crystal data for 3+[PF6]2: C32H66F6Mn2P9, M = 953.46, dark red block,
0.30 3 0.24 3 0.15 mm, tetragonal, space group I4̄c2, a = b = 16.1403(9),
c = 18.141(1) Å, V = 4725.9(5) Å3, Z = 4, Dc = 1.340 Mg m23, m =
0.884 mm21. Data were collected on a STOE IPDS diffractometer [graphite
monochromatised Mo-Ka, l = 0.71073 Å, T = 183(2) K]. 22664
reflections collected, 2924 unique (Rint = 0.0202). Refinement converged
to R1 = 0.0303, wR2 = 0.0732 [I > 2s(I)] and R1 = 0.0529, wR2 = 0.0777
(all data). CCDC reference number 161685. See http://www.rsc.org/
suppdata/cc/b1/b102396a/ for crystallographic data in CIF or other
electronic format.
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The rate of attack of hydroxide on dialkyl phosphate diesters
is far slower than previously estimated, allowing us to
estimate the stability of the diester link in DNA and showing
that ethylene phosphate is 1011 fold more reactive towards
attack by hydroxide than an acyclic diester (1000 fold more
than previously estimated).

Nature has selected phosphate diesters to hold together the
genetic code. This linkage needs to be very stable to keep the
sequence of bases intact, but is also the site at which DNA is
hydrolysed in the course of its repair and destruction by
nucleases.1 To be able to understand the efficiency of the
enzymes (and ribozymes) which catalyse hydrolysis, it is
important to quantify the background reactivity. This informa-
tion will also define the catalytic efficiency which must be
achieved by artificial catalysts before they can be used as useful
substitutes for natural nucleases. As this is not the most reactive
site of DNA,2 direct measurement of the hydrolysis reaction at
phosphorus is not possible and so the hydrolysis of simpler
phosphate diesters has to be studied. Here we report the rate of
hydroxide catalysed hydrolysis of phosphate diesters with poor
leaving groups, revealing that the phosphate diesters in DNA
are far more resistant to hydrolysis than has been previously
estimated.

The hydrolysis of phosphate diesters with alkoxy leaving
groups is extremely slow in the absence of efficient catalysts.
Westheimer3 reported the rate of hydroxide attack on dimethyl
phosphate at high temperatures, but Bunton et al.4 used
isotopically labeled solvent to show that the majority of the
reaction occurs by C–O cleavage (pathway A, Scheme 1a),
giving the same products but showing that the attack at
phosphorus (pathway B, Scheme 1a) must be slower still. This
was confirmed by Westheimer and Haake,5 and modifying the
original rate data to allow for competing attack at carbon gives
6.8 3 10212 M21 s21 as the best estimate for DNA reactivity
with hydroxide at 25 °C.6 Recently, Wolfenden and Radzicka
re-examined the hydrolysis of dimethyl phosphate, and by
extrapolating kinetic data from high temperatures arrived at an
estimate of 130 000 years as the half life for DNA at pH 6.8 and
25 °C.7 More detailed study revealed that only pathway A was
occurring, and so only an upper limit for the biologically
relevant hydrolysis reaction can be derived from these data.8
These later data also showed that hydrolysis of monomethyl

phosphate proceeds only by P–O cleavage and is rapid enough
to occur to a similar extent as solvent incorporation under the
conditions of the original labeling studies. This could account
for the reported isotope labeling results, without involving any
P–O cleavage in the initial reaction of dimethyl phosphate. We
decided to try and establish the reactivity of dialkyl phosphodi-
esters to hydrolysis by studying 1 (Scheme 1b) which has a
leaving group pKa comparable to that in DNA.

Compound 1† uses the neopentyl effect to prevent attack at
carbon without hindering attack at the phosphorus. The steric
effect of an alkyl group can significantly retard substitution
rates when it is branched a or b to a reaction centre, but the
impact of branching at the g position is minimal.9 Indeed, the
hydrolysis of alkyl 4-nitrophenyl phosphate is only slowed ~ 2
fold when the alkyl group is changed from methyl to
neopentyl.10 To facilitate analysis by HPLC, we appended
aromatic rings, which required the addition of carboxylate
groups for solubility in aqueous solution. These anionic groups
are distant to the reacting diester, so in a polar, protic solvent
such as water, we expect no electrostatic impact on its
reactivity; initial studies (using 1H NMR) confirmed that
dineopentyl phosphate had the same reactivity as 1. To study the
hydrolysis of 1, we sealed 0.5 ml aliquots of a 10 mM solution
of the diester (with 4-methylbenzoic acid as an internal
reference) in 1 M KOH in stainless steel reaction vessels with a
PTFE liner and graphite gasket. These were kept at constant
temperature by being immersed in a circulating oil bath and
removed for analysis at various times.

We investigated the site of reaction by using 94% 18O labeled
water. Stopping the reaction after ~ 50% reaction at 240 °C and
analysing the solution by LC-MS revealed that the carboxylate
oxygens of 1 and the product alcohol were isotopically labeled
at solvent levels, but that the alcohol OH was still at natural
abundance—and so the biologically relevant hydrolysis of a
phosphate diester mimicking the DNA link is being observed.

Over the range 160–260 °C, we could observe the dis-
appearance of the diester and corresponding appearance of the
alcohol product by HPLC analysis of aliquots removed at
various time intervals (Fig. 1).‡ Under these conditions, the
monoester intermediate does not accumulate to any significant
extent. Maintaining the ionic strength at 1 M with KCl, we also
measured the rates at 0.33 M KOH, and observed a 3 fold
decrease in rate, showing that in 1 M base, the reaction is
catalysed by hydroxide.§

In Fig. 2, we plot this data as the log of the second order rate
constant for the hydroxide attack against 1/T which shows the
expected linear relationship. The activation enthalpy is 129 ± 4
kJ mol21 and the activation entropy is 2102 ± 9 J mol21 K21,
consistent with a bimolecular reaction and very similar to the
entropy of activation (2117 ± 7 J mol21 K21) measured for the
hydroxide catalysed hydrolysis of methyl 4-nitrophenyl phos-
phate.11 Extrapolating this data to 25 °C predicts a second order
rate constant for attack of hydroxide at the phosphate diester of
10215 ± 0.5 M21 s21. (i.e. half life at pH 14 is ~ 20 million
years!).

If base catalysis is the dominant reaction at pH 7,12 then the
rate of hydrolysis of dialkyl diesters at neutral pH and ambient
temperature would be ~ 10222 s21. This means that staphy-
loccocal nuclease, which has a turnover number of 95 s21,13 is

Scheme 1 (a) Pathways for hydrolysis of dimethyl phosphate. (b)
Compound 1 has pathway A selectively hindered.

This journal is © The Royal Society of Chemistry 2001
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accelerating the rate of reaction (of the bound diester) by some
23 orders of magnitude. This data also means that the enhanced
reactivity of ethylene phosphate is significantly greater than
previously estimated. Constraining the ester groups in a 5
membered ring raises the rate constant for attack by hydroxide
to 5 3 1024 M21 s21 at 25 °C.3 Our data shows that this
represents about 1011 fold rate enhancement compared to the
acyclic compound, 1000 fold more than previously estimated5

suggesting that rationalisations of this observation will require
further study.

Finally, the previously reported rates of reaction of dimethyl
phosphate with hydroxide3 are about 10 000 fold faster than

predicted by extrapolating our data (Fig. 2), and so are unlikely
to have any significant contribution from pathway B. Approx-
imating the steric effect of the 5A position of DNA to an isobutyl
substituent (which retards SN2 attack at carbon by an oxyanion
in a protic solvent by about 100 fold compared to a methyl
substituent9a) means that DNA hydrolysis through hydroxide
attack at this carbon may be faster than attack at phosphorus.
Apparently, biological catalysts have evolved to accelerate
attack at phosphorus, rather than the lower energy reaction in
solution which would be more energetically efficient.

In conclusion, we have measured the rate of hydroxide attack
at the phosphorus of a dialkyl phosphate diester, and found it to
be far slower than previously estimated. Consequently, nucle-
ases are considerably more proficient than previously appre-
ciated and the target for making useful artificial nucleases is
even more challenging than has previously been appreciated. To
be able to artificially manipulate DNA in the same way,
catalysts will have to be developed which provide a rate
acceleration of about 18 orders of magnitude to reduce the half
life to useful levels.

We thank Professor R. Wolfenden for helpful discussion in
the course of this work, S. Thorpe for obtaining LC-MS data,
the Royal Society and Nuffield Foundation for financial
support, and the EPSRC for a studentship to P. W.

Notes and references
† Diester 1: dH (250 MHz, D2O) 0.85 (12H, s, CH3), 2.60 (4H, s, CH2Ar),
3.45 (4H, d, J 4.1, CH2O), 7.25 (4H, d, J 8.2, ArH), 7.75 (4H, d, J 8.2, ArH);
dP (101 MHz, D2O) 1.69; MS(ES2), 477 (M 2 H+); 1·0.5H2O Anal. Calcd.
for C24H32O8.5P: C, 59.13; H, 6.62. Found: C, 59.26; H, 6.80. Alcohol: dH

(250 MHz, CDCl3) 0.80 (6H, s, CH3), 2.60 (2H, s, CH2Ar), 3.30 (2H, s,
CH2O), 7.25 (2H, d, J 9.4, ArH), 7.80 (2H, d, J 9.4, ArH); MS(EI+) Calcd.
for C12H16O3: 208.109945. Found: 208.110790.
‡ HPLC analysis: 10 ml of each aliquot was injected onto a Luna RP C-18
5 mm column (either 4.6 3 150 mm or 4.6 3 250 mm) and eluted
isocratically with 60% 20 mM sodium phosphate buffer (pH 7), 40%
methanol, and monitored at 236 nm. The integrated peaks were normalised
against the internal reference and observed rate constants obtained either
from a first order fit or by initial rate analysis.
§ The observed pseudo-first order rate constants are: in 1 M KOH, 260 °C,
1.5 3 1025 s21; 240 °C, 4.0 3 1026 s21; 220 °C, 1.3 3 1026 s21; 200 °C,
3.6 3 1027 s21; 180 °C, 7.2 3 1028 s21; 160 °C, 1.8 3 1028 s21. In 0.33
M KOH, 260 °C, 3.9 3 1026 s21; 240 °C, 1.2 3 1026 s21; 200 °C, 8.4 3
1028 s21. These data were averaged to obtain the second order rate
constants plotted in Fig. 2.
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dimers with alkoxy leaving groups, base catalysis also dominates at pH
7 (P. Järvinen, M. Oivanen and H. Lönnberg, J. Org. Chem., 1991, 56,
5396). Interestingly, extrapolating the pH independent reaction ob-
served for good leaving groups to a leaving group pKa of 15 predicts a
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Fig. 1 HPLC traces for the hydrolysis of 1 in 1 M KOH. Upper traces at 240
°C (250 mm column); lower traces at 180 °C (150 mm column). Detection
is at 236 nm and retention times are in minutes.

Fig. 2 Arrhenius plot of the second order rate constant for the hydrolysis of
1 (open circles) by hydroxide. The filled circles are the second order rate
constant for hydroxide attack on dimethyl phosphate at 125 and 115 °C, and
the filled squares for attack on ethylene phosphate at 25 °C.5
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Chiral complexes of palladium, 1, with the new tridentate
‘pincer’ ligand 2,6-lutidinyl-biscarbene (C^N^C), have been
prepared; in the solid state they exhibit helical C2 symmet-
rical structures which are persistent in solution at least up to
80 °C; the chiral nature of 1 has been established by NMR
methods using Pirkle’s acid as a chiral discriminating agent;
racemic mixtures of 1 are highly active catalysts in Heck
coupling reactions.

The use of N-heterocyclic carbene transition metal complexes in
catalysis is an area of intense current research activity.1 This has
been stimulated by a number of attractive ligand characteristics,
including electronic similarity to the alkyl phosphines,2 forma-
tion of strong and inert metal–ligand bonds and ease of
electronic and steric tuning. Compared with the electronically
similar phosphine ligands, carbenes appear not to dissociate
easily from the metal centre and are less prone to metal assisted
decomposition leading to catalyst deactivation. Considerable
effort has also been directed to the development of new chiral
ligands due to the growing importance of transition metal
catalysed asymmetric synthesis.3 Diphosphines, especially
those with C2 symmetry, have proven to be especially useful,
resulting in good enantioselective control of the catalytic
reactions, although the potential of chiral auxilliary ligands
which bind to the metal through nitrogen and carbon atoms is
now being evaluated.4 In sharp contrast, chiral carbene
complexes are very rare and have only recently attracted
interest, with current examples of ligands including (i) chiral
imidazolin-2-ylidenes and imidazol-2-ylidenes [stereogenic
centre(s) on the alkyl substituents of the rings],5 (ii) chiral
imidazolin-2-ylidenes (stereogenic centres integrated in the
imidazoline ring),6 (iii) N-functionalised imidazol-2-ylidenes
and precursors thereof (stereogenic centres on the functional
group)7 and (iv) binaphthyl bridged dicarbenes (stereogenic
axis of the binaphthyl framework).8 Herein we communicate
our results on the isolation and full characterisation of the first
racemic carbene complexes of palladium as a result of two
carbene moieties being linked by a lutidine backbone, together
with a preliminary study of their catalytic activity.

As a logical extension of our own work and that of
McGuiness and Cavell on the use of pyridine- and picoline-
functionalised carbene complexes of palladium9 we decided to
explore the use of tridentate ‘pincer’ architectures bearing
carbene ligands. Toward this end the complexes
[(C^N^C)PdCl]X [C^N^C = a,aA-bis-(3-arylimidazol-2-yli-
dene)-2,6-picoline, 1a: Ar = 2,6-Pri

2C6H3, 1b: Ar = mes
(2,4,6-Me3C6H2); X = Cl2, AgCl22] were prepared by inter-
action of the analogous silver complexes10 with (COD)PdCl2 in
dichloromethane.

Complexes 1a, b are air stable, colourless high-melting solids
(ESI).† The structure of 1a was determined by X-ray crystallog-
raphy, and the cationic component is shown in Fig 1.‡ The
‘pincer’ ligand is coordinated to the square planar palladium

centre with the carbene ends disposed trans to each other and
the lutidine nitrogen trans to the chloride. The observed
geometrical parameters are similar to those previously reported
for analogous complexes.9 However, as a direct result of the
combination of the puckering of the two six-membered chelate
rings and the bulk of the aromatic substituents around the
carbene moieties a beautiful helical structure is generated with
a C2 proper axis coinciding with the N–Pd–Cl vector. The
conformation of the cation is best described by the orientation of
the ligand ring systems with respect to each other and to the
palladium square plane. Thus, the lutidine ring forms a dihedral
angle of 40.04(10)° with the square plane, the N1 and N5
carbene rings form dihedral angles of 42.50(13) and
239.70(11)°, respectively, with the square plane and the
carbene rings form dihedrals of 81.93(17) and –79.85(14)°,
respectively, with the C1 and C26 Ar moieties. As a
consequence of the centrosymmetric nature of the space group
(P21/c), the second enantiomer is generated through the
inversion centre leading to a racemic mixture in the crystal
lattice.

It is interesting that ‘pincer’ complexes [(CNC)PdCl]X [CNC
= 2,6-bis(3-arylimidazol-2-ylidene)pyridine; 2a: Ar = 2,6-
Pri

2C6H3, 2b: Ar = mes; X = Cl2, AgCl22] have also been
obtained following similar synthetic methods (ESI).† The
structure of 2a was also determined by X-ray crystallography
and is shown in Fig.2.‡ The coordination sphere of the metal is

† Electronic supplementary information (ESI) available: spectroscopic data
for 1a, 1b, 2a and 2b; Table S1: representative results of the Heck reaction.
See http://www.rsc.org/suppdata/cc/b1/b103330c/

Fig. 1 Molecular structure of the cation in 1a (view along the N–Pd–Cl
vector). Selected bond lengths (Å) and angles (°): Pd1–C15 2.025(4), Pd1–
C25 2.029(4), Pd1–N3 2.074(3); N3–Pd1–C15 87.41(14), N3–Pd1–C25
87.67(14).

This journal is © The Royal Society of Chemistry 2001

1270 Chem. Commun., 2001, 1270–1271 DOI: 10.1039/b103330c



similar to 1a. However, the whole molecule is virtually planar,
with the Ar groups twisted 76.68(11) and 89.63(22)° out of the
plane for rings C12 and C24, respectively. All other geometrical
data are very similar to 1a. It is instructive to view the
generation of 1 by desymmetrisation of 2 through a twist
deformation around the C2 axis. The direction of the twist
determines the chirality generated. A compound related to 2a
with methyl substituted carbene functionalities has also recently
been reported.11

The structures of 1a and 2a observed in the solid state are
persistent in solution. The 1H NMR (CD2Cl2) spectrum of 1a
(ESI†) shows four anisochronous doublets which can be
assigned to the isopropyl methyl protons. Furthermore, the
methylene-bridge protons appear as an AB pattern in the range
d 5.5–6.3 [Fig. 3(a)]. In order to demonstrate the chiral nature of
1a in solution Pirkle’s acid. [TFAE, S-(+)-2,2,2-trifluoro-
1-(9-anthryl)ethanol] was used as a chiral discriminating
agent.12 The isopropyl methyl groups and the bridging methy-
lene regions of the spectrum obtained after addition of 3.4
equivalents of TFAE in CD2Cl2 solution of 1a are shown in Fig
3(b). The doubling of the four anisochronous doublets and one
of the doublets due to the methylene linkers originates from the
strong interaction of the chiral discriminating agent with one of
the two enantiomers of 1a (degree of non-equivalence Dd ca.
0.2 ppm). The conformation of 1a is rigid at least up to 80 °C as
evidenced by variable temperature 1H NMR spectroscopy
(C6D5Cl). This supports the contention that a high activation
barrier exists for enantiomer interconversion, thus leading to the

realistic possibility of resolving the racemic mixture by
chemical or chromatographic means.

In contrast to 1a, the spectrum of the planar 2a contains only
two diastereotopic isopropyl methyl protons and remains also
unchanged over the temperature range studied.

Preliminary data show that 1 and 2 are active catalysts in
Heck coupling reactions (Table S1, ESI†).9 The catalysts show
excellent long term stability at high temperatures. Furthermore,
the activity is sensitive to the steric congestion at the reactive
site (1b is more active than 1a). It is interesting that aryl
chlorides can also be used as substrates. The mechanism and the
nature of the active species in these reactions is far from clear.
Heck reaction catalysed by ‘pincer’ phosphine ligated palla-
dium complexes have been reported.13

Isolation of the enantiomerically pure complexes and exten-
sion of this methodology to other transition metals and their
catalytic reactions are currently under way.

We thank Dr J. E. Anderson for a helpful discussion, and
acknowledge Mr S. Winston, Mr J. Gonzalez-Outeirino and
Mrs J. M. Street for assistance in solving the structure of 1a and
VT NMR spectroscopy, respectively.

Notes and references
‡ Crystal data: for 1a: crystals were obtained by layering a CH2Cl2 solution
of 1a with light petroleum (bp = 40–60 °C); C40H45AgCl9N5Pd, M =
1129.13, monoclinic, space group P21/c, a = 11.559(2), b = 42.043(8), c
= 10.631(2) Å, b = 112.51(3)°, U = 4772.6(16) Å3, T = 150(2) K, Z =
4, m(Mo-Ka) = 1.325 mm21, 28393 reflections collected, 10436 unique
reflections, Rint = 0.0867), Final R indices: wR2 = 0.1185 and R1 = 0.0514
[F2 > 2s(F2)] and 0.1340 and 0.0897 for all data.

For 2a: crystals were obtained by layering a CH2Cl2 solution of 2a with
light petroleum (bp = 40–60 °C), C36H41Cl4.5N5Pd, M = 809.66, triclinic,
space group P1̄, a = 8.4782(4), b = 11.8790(6), c = 20.8146(11) Å, a =
75.077(3), b = 83.364(3), g = 71.322°, U = 1917.65 (17) Å3, T =
150(2) K, Z = 2, m(Mo-Ka) = 0.829 mm21, 14147 reflections collected,
6524 unique reflections, Rint = 0.0839), Final R indices: wR2 = 0.2213 and
R1 = 0.0838 [F2 > 2s(F2)] and 0.2562 and 0.1316 for all data.

The refinement of both structures was hampered by severe disorder of
dichloromethane solvent molecules, and, not unrelated, limited quality data
from poor crystals, especially for compound 2a. At the present stage, the
modelling of the disorder is not complete, but the definition of the cation is
reliable in each case, with reasonable positional esds and good displacement
parameters for all component atoms. CCDC reference numbers 162457 and
162458.

See http://www.rsc.org/suppdata/cc/b1/b103330c/ for crystallographic
data in CIF or other electronic format.
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Fig. 2 Molecular structure of the cation in 2a. Selected bond lengths (Å) and
angles (°): Pd1–N3 1.977(16), Pd1–C13  2.02(2), Pd1–C21 2.03(2); N3–
Pd1–C13 79.1(8), N3–Pd1–C21 79.0(8).

Fig. 3 The isopropyl methyl- and bridging methylene-regions of the 1H
NMR spectrum of 1a before (a) and after (b) the addition of Pirkle’s
acid.
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Equilibrium between neutral hexacoordinate silicon com-
plexes and ionic siliconium chlorides, which is highly
temperature, solvent, counterion, ligand and substituent
dependent, was observed by low temperature 29Si NMR and
confirmed by crystal analysis.

Numerous well established neutral octahedral silicon com-
plexes1 are now shown to undergo unusual ionic (Si–Cl)
dissociation in suitable solvents upon cooling, and consist of
equilibrium mixtures with pentacoordinate siliconium chlo-
rides. The only reported similar equilibria are between neutral
pentacoordinate and ionic tetra-2 or pentacoordinate com-
plexes.3,4 This appears to be the first report of a dissociation–
recombination of the Si–Cl bond in hexacoordinate silicon
compounds. Substantial temperature, solvent, substituent and
counterion effects on the neutral-hexacoordinate/ionic-penta-
coordinate population ratio are found.

We have recently reported the unexpected spontaneous
formation of ionic pentacoordinate siliconium complexes (1),
stabilized by two O?Si dative bonds,5 where neutral hex-
acoordinate complexes were expected, based on the chemistry
of the isomeric N?Si analogs (2) (Scheme 1).1

In search for dissociation of 2, to form siliconium complexes
analogous to 1, the 29Si NMR spectra of 2a in CD2Cl2 were
measured at low temperature. Line broadening over a large
temperature range was observed, followed by the emergence of
two signals, at 273.0 and 2135.6 ppm, below 200 K, assigned
to 5a and 2a, respectively (Fig. 1).† Thus, a reversible
equilibrium reaction between neutral hexacoordinate com-
plexes (2a–d) to ionic pentacoordinate complexes (5a–d) is
demonstrated (Scheme 2).

The equilibrium constant K = [5a]/[2a] changes quite
dramatically with temperature, as is shown by the 29Si NMR
spectra below 190 K, when both signals are narrow (Table 1,
Fig. 1). K values above the coalescence temperature were
assessed by the temperature dependence of the weighted-
average 29Si chemical shift, and are listed in Table 1.
Interestingly, the K values cross over from K < 1 to K > 1 upon
a decrease in temperature, i.e. at higher temperatures 2a is
predominant, and at lower temperatures 5a predominates. The K
values obtained directly and from the weighted averages (below
and above Tc) were used to calculate DH° and DS° (Table 1).

A similar measurement of the temperature dependence of
d29Si of 2b showed, likewise, line broadening and splitting of

the signal, at the slow exchange limit temperature (180 K), to
two signals characteristic of hexa- and pentacoordinate silicon
complexes (Table 1). However, in sharp contrast with 2a, the
population ratio K = [5b]/[2b] is barely temperature dependent
over the range 180–300 K. It follows that by changing the
remote substituent (R) alone, a vast change in equilibrium
constant and in its temperature dependence is generated.

An even more dramatic manifestation of this effect is found
in the equilibrium K = [5c]/[2c]: K changes from 1+25 at 300
K to 30+1 at 165 K, i.e. from an essentially all hexacoordinate
to an essentially all pentacoordinate species (Table 1).

In 2d the exchange rate is too fast to permit full splitting of
the broad signal and evaluation of K down to 165 K. However,
the huge temperature dependence of K is evident by the
continuous change in d29Si, from 2123.9 at 300 K, to 266.5(br)
at 165 K. Like in 2c, this change indicates an essentially
complete turnover from a hexacoordinate to a pentacoordinate
complex upon cooling.

The wide temperature ranges over which line broadening
took place in the equilibria 2Ù5 provided approximate barrier
heights, which are summarized in Table 1 It appears that while
the equilibrium constant and its temperature dependence areScheme 1

Fig. 1 29Si NMR spectra (99.325 MHz) of 2aÙ5a in CD2Cl2 solution at
various temperatures.

Scheme 2

This journal is © The Royal Society of Chemistry 2001
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affected primarily by the remote substituent R, the exchange
rate constants strongly depend on the ligand X.

The remarkable counter-intuitive temperature dependence of
the equilibria (i.e. dissociation upon cooling) may result from
increased solvent organization around the ions. Alternatively,
the N?Si coordination may strengthen upon cooling, in
agreement with some observations in pentacoordinate complex-
es,1e,2a,b driving the chloro ligand away as a chloride anion.

Solvent and counterion effects shift the equilibrium: when the
apolar toluene-d8 was used as solvent instead of CD2Cl2, the
equilibrium shifted toward the hexacoordinate side and only 2
could be observed.‡ When the chloro ligand in 2 was replaced
by triflate (OTf), using trimethylsilyl triflate (TMSOTf),3,4,6

only the pentacoordinate 6a–d were observed (Scheme 3).

The crystal structure of 6a (Fig. 2a) features a well separated
triflate anion and a distorted trigonal bipyramid geometry,
confirming the assigned pentacoordinate siliconium complex
structure.§

The pentacoordination of 6 in solution is confirmed by the
large downfield changes in 29Si chemical shifts (6a, 273.2; 6b,
272.3; 6c, 265.3 and 6d, 261.7 ppm) relative to the parent
hexacoordinate 2. Moreover, these shifts correspond almost
exactly to those found for 5a–d at 165 K (Table 1), also
confirming the structural assignments of the latter.

A notable exception from the behaviour of 2a–d was found in
the low temperature 29Si NMR spectra of 2e (Scheme 3).

Temperature independent 29Si chemical shift, and the absence
of exchange phenomena upon cooling, indicated that in this case
no ionization took place. Even replacement of the Cl ligands by
OTf, which drove the 2Ù5 equilibrium completely to the ionic
side in 2a–d, failed for 2e and resulted in the covalent 7, which
was characterized by its crystal structure (Fig. 2b).§ This
different behaviour of 2e relative to 2a–d may be accounted for
by the greater electron withdrawing power of the chloro ligand,
causing a greater electron defficency at silicon and hence
stabilizing the hexacoordinate relative to the pentacoordinate
complex.

We thank Dr Arkady Ellern for the crystallographic analyses.
Financial support from the Israel Science Foundation and the
German Israeli Foundation (GIF) is gratefully acknowledged.

Notes and references
† These chemical shifts are highly characteristic, respectively, of penta- and
hexacoordination in silicon chelates.1e The 1H and 13C NMR spectra
featured only line broadening, but no splitting.
‡ The use of toluene-d8 as solvent prevented earlier detection of the
dissociation reported here.1b

§ Crystal data for 6a: C15H23F3N4O5SSi, M = 456.52, triclinic, space
group P1̄, a = 8.4678(15), b = 11.032(2), c = 11.517(2) Å, V = 1033.7(3)
Å3 , Z = 2, m(Mo-Ka) = 0.118 mm21, 12650 reflections measured, 5128
unique (Rint = 0.0241) which were all used in calculations. Final R1 =
0.0365 and wR2 = 0.1016 (all data). For 7: C20H22F6N4O8S2Si, M =
652.63, monoclinic, space group P21/n, a = 16.466(5), b = 8.193(3), c =
20.861(7) Å, V = 2748.3(15) Å3, Z = 4, m(Mo-Ka) = 0.330 mm21, 26602
reflections measured, 3920 unique (Rint = 0.0500) which were all used in
calculations. Final R1 = 0.0506 and wR2 = 0.1258 (all data). Data were
measured at 173(2) K on a Bruker SMART CCD 1000 diffractometer
[l(Mo-Ka) = 0.711069 Å, graphite monochromator, a scan width of 0.3°
in w and exposure time of 10 s frame21, detector–crystal distance = 4.95
cm]. Bruker SHELX software was used. CCDC 157088 (6a) and 157089
(7). See http://www.rsc.org/suppdata/cc/b1/b102427m/ for crystallographic
data in CIF or other electronic format.

1 (a) A. O. Mozzhukhin, M. Yu. Antipin, Yu. T. Struchkov, B. A.
Gostevskii, I. D. Kalikhman, V. A. Pestunovich and M. G. Voronkov,
Metalloorg. Khim., 1992, 5, 658; Chem. Abstr., 1992, 117, 234095w; (b)
D. Kost, I. Kalikhman and M. Raban, J. Am. Chem. Soc., 1995, 117,
11 512; (c) I. Kalikhman, S. Krivonos, D. Stalke, T. Kottke and D. Kost,
Organometallics, 1997, 16, 3255; (d) D. Kost, I. Kalikhman, S. Krivonos,
D. Stalke and T. Kottke, J. Am. Chem. Soc., 1998, 120, 4209; (e) D. Kost
and I. Kalikhman, in The Chemistry of Organic Silicon Comounds, Vol 2,
ed. Z. Rappoport and Y. Apeloig, Wiley, Chichester, 1998, pp.
1339–1445.

2 (a) D. Kummer, S. C. Chaudhry, J. Seifert, B. Deppisch and G. Mattern,
J. Organomet. Chem., 1990, 382, 345; (b) D. Kummer and S. H. Abdel
Halim, Z. Anorg. Allg. Chem., 1996, 622, 57; (c) A. R. Bassindale and M.
Borbaruah, J. Chem. Soc., Chem. Commun., 1991, 1499.

3 (a) M. Chauhan, C. Chuit, R. J. P. Corriu and C. Reyé, Tetrahedron Lett.,
1996, 37, 845; (b) M. Chauhan, C. Chuit, R. J. P. Corriu, A. Mehdi and
C. Reyé, Organometallics, 1996, 15, 4326.

4 (a) J. Belzner, D. Schär, B. O. Kneisel and R. Herbst-Irmer, Organome-
tallics, 1995, 14, 1840; (b) D. Schär and J. Belzner, in Organosilicon
Chemistry III, ed. N. Auner and J. Weis, VCH, Weinheim, 1997, p.
429.

5 I. Kalikhman, S. Krivonos, L. Lameyer, D. Stalke and D. Kost,
Organometallics, 2001, 20, 1053.

6 U.-H. Berlekamp, P. Jutzi, A. Mix, B. Neumann, H.-G. Stammler and
W. W. Schoeller, Angew. Chem., Int. Ed., 1999, 38, 2048.

Table 1 29Si Chemical shifts and thermodynamic and activation parameters for the mixtures 2"5 in CD2Cl2 solution at selected temperatures

29Si Chemical shift (ppm)
Equilibrium constant
K = [5]/[2]

Comp. 300 K 253 K 165 K 300 K 180 K 165 K
DH°b/
kcal mol21

DS°b/cal
mol21 K21

Tc

(±5)/Ka

DGTc
*

(± 0.5)a/
kcal
mol21

2aÙ5a 2131.3 2128.9 273.0; 2135.6 0.08 1.38 4.00 22.8 215.0 215 8.4
2bÙ5b 2133.7 2132.8 273.2; 2137.0 0.05 0.13 20.8 28.6 215 8.4
2cÙ5c 2125.4 2118.1 266.0c 0.04 30.0 23.9 217.5 195 7.5
2dÙ5d 2123.9 2120.7 266.5 brd 170 6.5
a The large chemical shift difference causes line broadening over a large temperature range, preventing accurate barrier determination. b Obtained from plots
of lnK vs. T21. R > 0.99. c At this temperature only the major component can be observed. d Barrier too low to permit resolution of the components.

Scheme 3

Fig. 2 Crystal structures of 6a (a) and 7 (b) at 50% probability level.
Hydrogen atoms have been omitted for clarity.
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Chemically amplified soft lithography of a low band gap polymer
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A solid state, acid-catalyzed reaction leading to chemically
amplified soft lithography is demonstrated with a low band
gap conjugated polymer; poly({3-[11-(tetrahydropyran-
2-yloxy)undecyl]thiophene-2,5-diyl}-3,4-ethylenedioxy-
thiophene-2,5-diyl).

p-Conjugated polymers are promising materials with which to
fabricate organic microelectronic and optoelectronic devices.1–4

Due to their increasing complexity there is a growing need to
deposit multi-layers of conjugated polymers in a spatially
controlled fashion. Previous reports describing photolitho-
graphy of conjugated polymers have been based on photo-
crosslinking, photoinduced doping/dedoping, photochemical
structural transformation,5 and chemically amplification.6 Inex-
pensive soft photolithographic techniques7 including micro-
contact printing, lift-up and micromolding have also been
investigated, as have ink-jet8 and screen printing.9

In this communication, a novel method for patterning
conjugated polymer films is described. This technique, we term
chemically amplified soft lithography, is demonstrated with a
novel regioregular conjugated polymer; poly({3-[11-(tetra-
hydropyran-2-yloxy)undecyl]thiophene-2,5-diyl}-3,4-ethyl-
enedioxythiophene-2,5-diyl) (I). 3,4-Ethylenedioxythiophene-
based polymers are receiving considerable attention due to their
low band-gap, high conductivity, stability and high trans-
mittance contrast ratio between its reduced and oxidized
states.10

Monomer {3-[11-(tetrahydropyran-2-yloxy)undecyl]thio-
phenediyl}-3,4-ethylenedioxythiophene and the analogous pol-
ymer, I, were synthesized according to Scheme 1.† Films of
polymer I are deep purple in color exhibiting a lmax of 570 nm
and a band-gap of ~ 1.67 eV (740 nm). These values are

comparable to that of poly(3,4-ethylenedioxythiophenediyl)
(PEDOT).11

The presence of the tetrahydropyranyloxy alkyl side chain
imparts solubility and reactivity.12 Similarly to that reported for
poly{3-[2-(tetrahydropyran-2-yloxy)ethyl]thiophenediyl}
(PTHPET),13 I undergoes a solid state acid-catalyzed reaction
depicted Scheme 2. In the absence of acid, thermogravimetric
analysis (TGA) (Fig. 1) shows that I is stable up to ~ 230 °C but
undergoes an 18% loss in mass between 230 and 270 °C. The
observed weight loss is consistent with theoretical value of
17.6% corresponding to cleavage and volatilization of the
tetrahydropyranyl moiety as dihydropyran. In the presence of
5% camphorsulfonic acid (mol% based on the thienyl unit)
TGA (Fig. 1) indicates that elimination of THP occurs at a much
lower temperature. 5 mol% acid is responsible for complete
deprotection and thus provides evidence that the reaction is acid
catalyzed, i.e., chemically amplified. DSC indicated that the
onset of the reaction decreased from ~ 230 to 85 °C in the
presence of acid. Reaction of the polymer was confirmed by
FTIR, which showed the emergence of a broad peak at ~ 3400
cm21 attributed to the formation of w-hydroxy groups, and a
decrease in signals at ~ 2900 cm21 corresponding to loss of
THP-methylene.

In a novel variation of chemically amplified photolitho-
graphy and soft lithographic techniques, I was pattered by
spatial deposition of acid onto the surface of a neat film (90 nm
thick), followed by heating and development. In this process,
shown schematically in Fig. 2, an ‘acidic ink’ comprising 0.01
M camphorsulfonic acid in THF–hexane was transferred to the

Scheme 1 Synthetic scheme for monomer and polymer.

Scheme 2 Acid-catalyzed elimination of dihydropyran from I.

Fig. 1 TGA thermograms of I: (a) in the absence of acid and (b) in the
presence of 5 mol% camphorsulfonic acid.

This journal is © The Royal Society of Chemistry 2001
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top of the film by way of a custom-made polydimethylsiloxane
(PDMS) rubber stamp. Heating to 130 °C for just 10 s caused
elimination of THP in the regions where acid was deposited. No
reaction was observed to occur prior to heating as judged by
FTIR analysis. The regions reacted were rendered insoluble by
virtue of the residual hydroxy group and the overall change in
polarity.6 A positive image of the stamp was obtained by
developing the film in solvent (Fig. 2).

Using UV-vis and FTIR spectroscopic analysis, it was found
that 2.1 mg cm22 acid was typically transferred to the surface of
film using the stamping procedure. The molar ratio of acid to
thienyl rings is calculated to be 1+4 for a 90 nm thick film. The
reaction is thus catalytic in acid and chemically amplified. FTIR
of the imaged polymer film indicted a loss of THP and
formation of –OH as described previously. UV-vis spectra of

the polymeric patterns were similar to I indicating that the
conjugated polymer backbone is left intact. Furthermore, redox
doping of the film with oxidants such as FeCl3 resulted in a
color change from deep purple to transparent pale gray and an
increase in transmittance from 46 to 91% at 570 nm (for a 50 nm
thick film) indicating its potential suitability for patterned
electrochromic devices. The conductivity of the doped form is
12 S cm21, on a par with poly(3-alkylthiophenediyl).

In summary, chemically amplified soft lithography is a non-
photolithographic method that circumvents photochemical
damage. Films are formed prior to patterning, which may allow
for further control of film thickness, morphology, and adhesion
over other deposition methods. Furthermore, since the patterned
polymer is rendered insoluble, it is possible to deposit multiple
layers of similar or dissimilar conjugated polymers. Evaluation
of patterned films in field effect transistors, light emitting
devices, and electrochromic devices is in progress.

We thank the Natural Sciences and Engineering Research
Council of Canada for financial support and Ms Ewa Czy-
zewska and Mr Bill Woods for their help in the fabrication of
the PDMS stamp. We also thank Bayer Corp. for the gift of
3,4-ethylenedioxythiophene (EDOT) monomer.

Notes and references
† Analytical and spectroscopic data of monomer {3-[11-(tetrahydropyran-
2-yloxy)undecyl]thiophenediyl}-3,4-ethylenedioxythiophene and the anal-
ogous polymer I. Monomer: 1H NMR: 7.23 (d, J = 5.2 Hz, 1H), 6.92 (d, J
= 5.2 Hz, 1H), 6.36 (s, 1H), 4.57 (m, 1H), 4.24 (m, 4H), 3.92–3.82 (m, 1H),
3.73 (m, 1H), 3.54–3.44 (m, 1H), 3.38 (m, 1H), 2.67 (t, J = 7.9 Hz, 2H),
1.83–1.21 (m, 24H). Elemental analysis: Calcd. for C26H38S2O4: C 65.21, H
8.00. Found: C 64.97, H 7.92. Polymer I: 1H NMR: 7.05 (s), 4.56 (s),
4.38–4.32 (m), 3.92–3.35 (m), 2.73 (s), 1.83–1.27 (m). Mw = 4000 g
mol21. Elemental analysis: Calcd. for H(C26H36S2O4)nBr: C 63.97, H 7.46.
Found: C 65.15, H 7.42.

1 H. Sirringhaus, N. Tessler and R. H. Friend, Science, 1998, 280,
1741.

2 Z. Bao, A. Dodabalapur and A. J. Lovinger, Appl. Phys. Lett., 1996, 69,
4108.

3 A. R. Brown, D. M. Deleeuw, E. E. Havinga and A. Pomp, Synth. Met.,
1994, 68, 65.

4 J. H. Burroughes, D. D. C Bradley, A. R. Brown, R. N. Marks, K.
MacKay, R. H. Friend, P. L. Burns and A. B. Holmes, Nature, 1990,
347, 539.

5 S. Holdcroft, in Handbook of Organic Conductive Molecules and
Polymers, ed. H. S. Nalwa, vol. 4, John Wiley & Sons, Chichester,
1997.

6 J. Yu, M. Abley, C. Yang and S. Holdcroft, Chem. Commun., 1998,
1503.

7 W. S. Beh, I. T. Kim, D. in, Y. Xia and G. M. Whitesides, Adv. Mater.,
1999, 11, 1038.

8 T. R. Hebner and J. C. Sturm, Appl. Phys. Lett., 1998, 73, 1775.
9 Z. Bao, Y. Feng, A. Dodabalapur and A. Lovinger, Chem. Mater., 1997,

9, 1299.
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Fig. 2 (a) Scheme depicting chemically amplified soft lithographic process.
Micrographs of (b) PDMS stamp and (c) conjugated polymer patterns of
I.
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Alternating polyesteramides are prepared by palladium
catalyzed carbonylation–polycondensation reactions of aro-
matic diiodides and aminohydroxy compounds in the
presence of an organic base.

Palladium catalyzed carbonylation–polycondensation reactions
are emerging as a new versatile synthetic tool for the
preparation of a number of high performance polymers such as
polyamides, polyesters, polyimides, polybenzoxazoles, poly-
(acylhydrazides) etc.1–5 The most rewarding feature of these
catalytic reactions is that they allow direct use of carbon
monoxide, which is one of the cheapest and most easily
available monomers. Conventionally, most of the above
polymers are prepared by condensation reactions employing
aromatic diacids or their suitable derivatives. One of the major
problems associated with conventional condensation reactions
is that they use corrosive and moisture sensitive acid chlorides
as raw materials. Also, such condensation methods are suitable
only if the appropriate diacid is easily available. However,
difficulty arises if diacids with less common substitution
patterns are required. Thus, it is highly desirable to have a
simple alternative synthetic procedure for the synthesis of these
polymers which do not require the presence of acid functional-
ities on the monomer. Palladium catalyzed carbonylation–
polycondensation is certainly a promising reaction, at least on
the laboratory scale for the preparation of such macromole-
cules.

We are currently exploring the synthetic utility of transition
metal catalyzed carbonylation reactions in the preparation of
functional polymers. Here, we report for the first time, on the
synthesis of novel alternating polyesteramides by palladium
catalyzed carbonylation–polycondensation reactions of aro-
matic diiodides with aminohydroxy compounds. Polyester-
amides contain both ester and amide functions and thus are
hybrid structures of polyesters and polyamides. These polymers
are of interest because of their good heat resistance and gas
barrier properties.6 Polyesteramides containing mesogenic
biphenylene units would be of particular interest because of
their liquid crystalline properties. Until now these polymers
have been prepared by condensation of diacids or their
derivatives with aminohydroxy compounds. The carbonylation
route proposed here eliminates the need for diacid derivatives
and provides a cleaner synthetic route.

The reaction of aromatic diiodides and aminohydroxy
compounds in the presence of carbon monoxide, a catalytic
amount of palladium complex and a base leads to carbonyla-
tion–polycondensation polymerization to give polyesteramides
(Scheme 1).† The carbonylation reactions were carried out
under comparatively mild conditions (120 °C and 45 psi of CO
pressure) and a variety of polyesteramide derivatives were
prepared using this approach. The results are presented in Table
1. Experiments using fully aromatic substrates (Table 1, entries
1 and 5) gave products which were insoluble in common
solvents while those obtained from flexible units were soluble
in N-methylpyrrolidone (NMP). A typical molecular weight of
the THF soluble fraction of polyesteramide (Table 1, entry 2) as
determined from GPC analysis was 5000 (polystyrene stan-
dard). All polymers exhibited distinct and characteristic IR
frequencies corresponding to ester carbonyl (around 1720
cm21) and amide carbonyl functional groups (around 3340 and
1640 cm21). Thermogravimetric analysis (TGA) indicated that
all polymers were stable in air up to at least 350 °C. A typical
proton NMR spectrum of the polyesteramide (Table 1, entry 2)
shown in Fig. 1 is in accordance with the earlier literature report
on similar polymers.7 The spectrum indicates the absence of any
ether or amine linkages, at least in detectable amounts, (arising
because of competing N and/or O-arylation reactions) and
confirms the structural homogeneity of the polyesteramide
produced by the catalytic carbonylation route.

It was observed that no polyesteramide could be formed in
the absence of a base. The organic base employed served as a
scavanger for the HI released during the reaction course.
Sterically hindered tertiary amines like 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) were particularly effective.

The effect of solvent on the carbonylation–polycondensation
was investigated and results are presented in Table 2. It was
observed that the highest yield (85%) of polyesteramide was
obtained in chlorobenzene as solvent while no polymer was
obtained in dichloromethane. Similarly, highest inherent vis-
cosity (0.25 dL g21) of the polyesteramide was obtained in
chlorobenzene solvent.

Table 1 Synthesis and properties of polyesteramidesa

Entry Diiodide Aminohydroxy compound Yieldb (%) [h]inh
c/dL g21 T10

d/°C IR (n/cm21)

1 4,4A-Diiodobiphenyl 4-Aminophenol 95 —e 410 3354, 1727, 1653, 1531, 1266, 1194
2 4,4A-Diiodobiphenyl 3-Aminopropan-1-ol 85 0.25 320 3350, 1712, 1638, 1542, 1278, 1111
3 4,4A-Diiodobiphenyl 3-Aminobenzyl alcohol 40 0.20 385 3371, 1714, 1648, 1541, 1274, 1111
4 4,4A-Diiodobiphenyl Ethanolamine 35 0.18 331 3321, 1718, 1639, 1541, 1273, 1108
5 1,4-Diiodobenzene 4-Aminophenol 90 —e 430 3351, 1729, 1653, 1509, 1268, 1196
6 1,4-Diiodobenzene 3-Aminobenzyl alcohol 25 0.17 392 3436, 1716, 1645, 1542, 1370, 1107
a Reaction conditions: diiodide: 5 mmol; aminohydroxy compound: 5 mmol; PdCl2: 0.011 mmol; triphenylphosphine: 0.044 mmol; DBU: 10 mmol;
chlorobenzene: 25 mL, CO pressure: 45 psi; temperature: 120 °C; agitation: 900 rpm; reaction time: 1 h. b Isolated yields. c [h]inh (intrinsic viscosity)
measured at a concentration of 0.5 g dL21 in NMP at 30 °C. d 10% weight-loss temperature (T10) in air determined by TGA. e Insoluble in NMP.

Scheme 1 Polyesteramide synthesis by carbonylation–polycondensation.
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The effect of temperature on polymer yield and viscosity was
also investigated using chlorobenzene as a solvent and the
results are given in Fig. 2. There was no significant change in
the polymer yield as a function of temperature but the viscosity
of the resulting polymer was influenced by the reaction
temperature. The viscosity was highest at 120 °C and decreased
above or below this temperature.

It is well known that Pd(0) complexes can oxidatively add
aryl iodide even in the absence of added phosphine ligand

because of the high reactivity of iodo derivatives.8 However, we
preferred adding phosphine ligand during these studies for
efficient separation and recycling of the catalyst. The polymers
were insoluble in chlorobenzene and therefore could be
separated by simple filtration or decantation. The filtrate
containing the soluble Pd–phosphine complex was then re-
cycled with fresh reactants. We found that even after four
recycles, there was no appreciable loss in the catalytic activity,
yield and the inherent viscosity of the resulting polymer.

It was also noted that the dibromoaromatics were less
effecive in these reactions and the resulting polymers were
obtained in lower yields and with lower viscosities than those
obtained with the corresponding diiodoaromatics.

In conclusion, we have successfully demonstrated the
application of palladium catalyzed carbonylation–polyconden-
sation reaction for the preparation of polyesteramides. Our
studies indicate that a variety of polyesteramides can be
prepared efficiently by this method. This approach has three
important advantages. First, it eliminates the need for corrosive,
moisture-sensitive acid chlorides. Second, literature reports
indicate the possibility of preparing a wide variety of diiodoaro-
matic substrates with high regioselectivity.9 Third, the catalyst
and iodine recyclability is good. The iodide formed during the
reaction can be reoxidized to iodine and used in the subsequent
iodination to prepare the diiodoaromatics.1 The only serious
problem at present seems to be the fairly low degree of
polymerization. We are currently exploring this reaction in
more detail to optimize reaction conditions to obtain higher
molecular weight polyesteramides.

S. M. K. thanks the Council of Scientific and Industrial
Research, New Delhi, India for the award of a Senior Research
Fellowship for this work.

Notes and references
† Experimental procedure: polymerization reactions were carried out in a
50 mL capacity autoclave. The contents were charged into the reactor and
flushed twice with nitrogen to ensure removal of air. The autoclave was then
heated to the desired temperature. After the temperature had equilibrated at
a set point, CO was introduced at the desired level. During the course of the
reaction the CO pressure in the reactor was maintained constant by adding
more CO as it was consumed. After completion of the reaction, the reactor
was cooled and the excess CO vented. The polymers separated either as
solids or viscous oils. The solution containing the catalyst was separated
either by filtration or decantation accordingly. The crude polymer was
dissolved in NMP and precipitated by methanol, filtered off and dried in
vacuo.
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Fig. 1 Proton NMR spectra (200 MHz, trifluoroacetic acid–chloroform-d1,
20+80) of the polyesteramide prepared by the carbonylation route (Table 1,
entry 2).

Table 2 The effect of solvent on polymerizationa

Entry Solvent Yield (%) [h]inh/dL g21

7 Chlorobenzene 85 0.25
8 N-Methylpyrollidone 20 0.11
9 N,N-Dimethylformamide 60 0.17

10 N,N-Dimethylacetamide 62 0.16
11 Toluene 43 0.15
12 Dichloromethane 0 —
a Reaction conditions: 4,4A-diiodobiphenyl: 5 mmol; 3-aminopropan-1-ol: 5
mmol; PdCl2: 0.011 mmol; triphenylphosphine: 0.044 mmol; DBU: 10
mmol; solvent: 25 mL, CO pressure: 45 psi; temperature: 120 °C; agitation:
900 rpm; reaction time: 1 h.

Fig. 2 Effect of temperature on intrinsic viscosity.
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Dimerization of a new styrylstilbazole ligand through non-
covalent interactions leads to polycatenar calamitic supra-
molecular structures with liquid crystalline properties.

The organization of a molecular assembly into a liquid
crystalline phase requires a microphase separation resulting
from the amphipathic character of two chemically incompatible
parts in the molecules, in general a rigid core and paraffinic
chains. The self-assembly of building blocks through non-
covalent bonds is also able to generate such a structural
segregation, thus allowing molecular units without intrinsic
mesomorphic properties to form supramolecules presenting
liquid crystalline properties.1–7 The most widely used inter-
actions to obtain self-assembled structures with mesomorphic
properties are coordination to a metal center2–4 (metal-
lomesogens) or hydrogen bonds.5–7 The use of weaker inter-
actions such as van der Waals or hydrophobic forces have been
probed to a much lesser degree.8 Here we report on the synthesis
of a calamitic polycatenar non-mesogenic pyridine containing
ligand, and the preparation of supramolecular mesogens by
using coordination to a metal and ionic bonds, but also van der
Waals forces.

The synthesis of 3 is depicted in Scheme 1. Treatment of
benzaldimine 17 with 4-iodotoluene under Siegrist conditions
gave iodostilbene E-2. Subsequent Heck coupling of E-2 with
4-vinylpyridine with Pd(OAc)2 as catalyst in Et3N–toluene in
presence of tri-o-tolylphosphine (POT) gave 3 in 80% yield. All
of the spectroscopic studies and elemental analyses were
consistent with the proposed molecular structures.† In partic-
ular, coupling constants of ca. 16.5 Hz for the two AB systems
corresponding to the two sets of vinylic protons in the 1H-NMR
spectrum confirmed the E stereochemistry of both double bonds
in 3. The electronic absorption and emission of styrylstilbazole

3 are reported in Fig. 1. Compound 3 exhibits a strong
absorption (lmax = 367 nm). Interestingly, addition of
increasing amounts of TFA to a solution of 3 causes dramatic
changes in the absorption spectrum, the peak being completely
shifted at ca. 10 equivalents of acid added. Isosbestic points are
maintained at 313 and 388 nm indicating that a single chemical
process occurs, i.e. protonation of the pyridine ring. The
initially pale yellow solution becomes orange–yellow at the end
of titration. The addition of acid also leads to changes in the
emission properties (lexc = 313 nm, isosbestic point). The
strong blue luminescence of the ligand (lmax = 501 nm)
progressively disappears and a very weak red-shifted emission
(lmax = 615 nm) corresponding to the luminescence of
protonated 3 is detected at the end of the titration (Fig. 1).
Addition of a base (DBU) restores the initial absorption and
luminescence properties. Therefore ligand 3 also presents
characteristic features that make it an interesting building block
for the preparation of new molecular switches.9

The observation of 3 under optical microscopy does not
reveal any liquid crystalline properties and only shows a
melting point at 83 °C. It is well known that metal complexes of
polycatenar stilbazole derivatives show mesomorphic proper-
ties.3,4 Ligand 3 is also a suitable building block for the
preparation of related metallomesogens. The trans-Pd(II) com-
plex of 3 has been prepared according to the procedure
developed by Bruce and co-workers.3 Treatment of 3 with
PdCl2(CH3CN)2 in a mixture of CH2Cl2–CH3CN 1+1 afforded
PdCl2(3)2 in 95% yield.‡

Observation of this Pd(II) complex under a polarizing
microscope reveals typical textures of a columnar mesophase
from 165 to 234 °C. Differential scanning calorimetry (DSC)
analyses and X-ray diffraction patterns recorded for PdCl2(3)2
at different temperatures were in full agreement with these
observations. Indeed, the X-ray pattern is characterized in the
small angle region by two sharp reflections in the ratio 1+A 3,
corresponding to a two-dimensional hexagonal lattice. The

Scheme 1 Reagents and conditions: i, 4-iodotoluene, t-BuOK, DMF,
80 °C, 1 h (50%); ii, 4-vinylpyridine, Pd(OAc)2, POT, Et3N–toluene, 90 °C,
12 h (80%).

Fig. 1 Absorption and (inset) fluorescence (lexc = 313 nm, isosb. point)
spectra of CH2Cl2 solutions of ligand 3 containing 0, 0.5, 1, 2, 4, 6, 10, 100
equiv. of TFA (the emission spectrum recorded after addition of 100 eq. of
TFA is multiplied by a factor of 50).

This journal is © The Royal Society of Chemistry 2001
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dimerization of 3 via coordination to a metal center is therefore
able to produce a polycatenar calamitic supramolecule with
liquid crystalline properties.

It has been shown that H-bonding can be used to assemble
pyridine derivatives with carboxylic acids to produce linear
structures that exhibit liquid crystalline behavior.5 The treat-
ment of styrylstilbazole 3 with various dicarboxylic acids
(oxalic acid, a,w aliphatic dicarboxylic acids of different
lengths and terephthalic acid) was therefore attempted in order
to obtain supramolecular derivatives with an appropriate shape
to produce columnar mesophases. Unfortunately, homogeneous
samples could not be obtained and macrophase separation was
observed in all the cases. The interactions (if any) of 3 with
these dicarboxylic acid derivatives seem to be too weak to allow
the preparation of the desired supramolecular assemblies. This
observation prompted us to use a more acidic derivative able to
protonate styrylstilbazole 3 in order to produce a stable adduct
thanks to the resulting ionic interactions. Slow evaporation of a
CH2Cl2 solution of 3 and perfluorosuberic acid [HO2C-
(CF2)6CO2H; 0.5 equiv.] afforded an orange crystalline solid.
The orange color and the presence of a strong band at 1623
cm21 in the IR spectrum (neat) are in good agreement with the
formation of a carboxylate salt.

Observation of the resulting complex under a polarizing
microscope reveals an optical texture characteristic of a
columnar mesophase from 124 to 170 °C (Fig. 2). The
dicarboxylic acid and 3 seem therefore able to form a
supramolecular dimer stabilized by electrostatic forces with the
appropriate polycatenar calamitic shape to produce a columnar
liquid crystalline phase.

The treatment of 3 with TFA (1 equiv.) under similar
conditions also leads to an orange crystalline solid and the
development of typical columnar texture was observed from 70
to 143 °C for the resulting compound (Fig. 2). In addition to the
electrostatic interactions among 3 and TFA, it seems that
fluorophilic interactions allow the dimerization of the resulting
3 TFA species and, thus are able to direct their self-organization
into a columnar liquid crystalline phase. It is worth noting that
salts prepared from 3 and inorganic acids such as HCl do not
exhibit any mesomorphic properties. The latter observation
shows that protonation of 3 alone is not sufficient to produce
liquid crystalline derivatives. Thus the fluorophilic interactions
must play an important role.

The mesomorphic properties of the complexes obtained from
3 and perfluorosuberic acid or TFA have been studied by DSC
and X-ray diffraction. The hexagonal lattice parameters de-
duced from the X-ray patterns (50 Å at 140 °C for the adduct
with perfluorosuberic acid and 48 Å at 140 °C for the adduct
with TFA) are similar to that found for the complex PdCl2(3)2
(45 Å at 160 °C). This observation strongly suggests an
effective dimerization of 3 through non-covalent interactions as
discussed above.

Treatment of 3 with a palladium salt, perfluorosuberic acid or
TFA afforded discrete assemblies with new properties. Effec-
tively, 3 itself does not show any mesomorphic properties, but
its dimerization through self-assembling by coordination, ionic
or fluorophilic interactions leads to discrete supramolecular
structures with liquid crystalline properties.

We thank B. Heinrich for his help with the X-ray measure-
ments and L. Oswald for technical assistance.

Notes and references
† Selected spectroscopic data for 3: Yellow crystals (mp 83 °C). UV-Vis
(CH2Cl2): 367 (40000). dH (200 MHz, CDCl3): 8.58 (d, J 6, 2 H), 7.53 (s,
4 H), 7.37 (d, J 6, 2 H), 7.12 (AB, J 16.5, 2 H), 7.02 (AB, J 16.5, 2 H), 6.73
(s, 2 H), 4.03 (t, J 6.5, 4 H), 4.00 (t, J 6.5, 2 H), 1.80–1.70 (m, 6 H),
1.50–1.20 (m, 54 H), 0.90 (t, J 6.5, 9 H). Anal. calc. for C57H89NO3: C
81.86, H 10.73, N 1.67; found: C 81.58, H: 10.75, H 1.66%.
‡ Selected spectroscopic data for PdCl2(3)2: Yellow crystals. UV-Vis
(CH2Cl2): 392 (118000). dH (200 MHz, CDCl3): 8.70 (d, J 7, 4 H), 7.56 (s,
8 H), 7.42 (d, J 7, 4 H), 7.41 (d, J 16.5 Hz, 2 H), 7.08 (d, J 16.5, 2 H), 7.06
(AB, J 16, 4 H), 6.74 (s, 4 H), 4.01 (t, J 6.5 Hz, 8 H), 3.98 (t, J 6.5, 4 H),
1.80–1.70 (m, 12 H), 1.50–1.20 (m, 108 H), 0.90 (t, J 6.5, 18 H). Anal. calc.
for C114H178N2O6PdCl2: C 74.01, H 9.70, N 1.51; found: C 73.61, H: 9.52,
H 1.55%.

1 J.-M. Lehn, Supramolecular chemistry-concepts and perspectives, VCH,
Weinheim, 1995.

2 C. Tschierske, Angew. Chem., Int. Ed., 2000, 39, 2454 and references
cited therein.

3 B. Donnio and D. W. Bruce, J. Chem. Soc., Dalton Trans., 1997, 2745;
D. J. Price, K. Willis, T. Richardson, G. Ungar and D. W. Bruce, J. Mater.
Chem., 1997, 7, 883.

4 D. W. Bruce, Acc. Chem. Res., 2000, 33, 831.
5 T. Kato, Handbook of Liquid Crystals, D. Demus, J. Goodby, G. W. Gray,

H.-W. Spiess and V. Vill, eds, Wiley: VCH, Weinheim, 1998, Vol. 2B,
pp. 969–979.

6 M. Suarez, J.-M. Lehn, S. C. Zimmerman, A. Skoulios and B. Heinrich,
J. Am. Chem. Soc., 1998, 120, 9526; A. El-ghayoury, E. Peeters,
A. P. H. J. Schenning and E. W. Meijer, Chem. Commun., 2000, 1969;
A. P. H. J. Schenning, P. Jonkheijm, E. Peeters and E. W. Meijer, J. Am.
Chem. Soc., 2001, 123, 409.

7 J.-F. Eckert, J.-F. Nicoud, D. Guillon and J.-F. Nierengarten, Tetrahedron
Lett., 2000, 41, 6411.

8 D. Felder, B. Heinrich, D. Guillon, J.-F. Nicoud and J.-F. Nierengarten,
Chem. Eur. J., 2000, 6, 3501; J. L. M. van Nunen, B. F. B. Folmer and
R. J. M. Nolte, J. Am. Chem. Soc., 1997, 119, 283.

9 N. Armaroli, J.-F. Eckert and J.-F. Nierengarten, Chem. Commun., 2000,
2105.

Fig. 2 Top: optical texture observed with a polarizing microscope at 150 °C
for the complex prepared from 3 and perfluorosuberic acid. Bottom: optical
texture observed with a polarizing microscope at 120 °C for the complex
prepared from 3 and TFA.
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Polymers and rings in gold(I) diphosphine complexes: linking gold
rings through aurophilic interactions
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Gold(I) complex cations of empirical formula
Au[Ph2P(CH2)nPPh2]+ crystallize as rings
[Au2{Ph2P(CH2)nPPh2}2]2+ when n = 3 or 5 but as a polymer
[{Au[Ph2P(CH2)nPPh2]}x]x+ when n = 4. In favorable cases,
the ring complexes can be connected through aurophilic
bonding by addition of [Au(CN)2]2, and crystals contain
pentagold units when n = 3 or polymeric pleated chains
when n = 5. 

In the context of the rapidly developing field of coordination
polymers,1 and of gold(I) diphosphine complexes that may have
interesting photophysical and biological properties,2 this article
reports two new one-dimensional polymers containing gold(I)
diphosphine units, one being the first polymer containing linear
gold(I) centres with only diphosphine ligands and the other the
first to contain gold rings stitched together by using aurophilic
attractions.1,3 The factors that are important in giving self-
assembly of polymeric structures are elucidated.

The complexes of empirical formula AuX[Ph2P(CH2)nPPh2]
have been suggested to exist as ring complexes [Au2{m-
Ph2P(CH2)nPPh2}2]2+(X2)2,4 though more complex structures
may be formed in cases when the anion X2 is also a ligand to
give a higher coordination number than two at gold(I).1,4

However, it is now shown that the derivatives with X =
CF3CO2, prepared as in Scheme 1, exist as rings 1 when n = 1,
2, 3 or 5 but as a unique polymeric chain complex 2 when n =
4.

The ring complexes 1 give sharp singlet resonances in the 31P
NMR spectra while 2 gives several overlapping and broader
resonances.† The complexes were isolated as the trifluoro-
acetate salts, and complexes 1c and 2 were characterized by X-
ray structure determination (Fig. 1).‡

Why does complex 2 have a structure that is different from
the others? The answer is not obvious but can be analyzed in
terms of two effects. First, when n = 1 or 2, the ring structure
is favored because transannular Au…Au attractions are possi-
ble1–4 and this effect is dominant in these cases. Second, there
is a relative preference for the anti, rather than syn, orientation
of the two PPh2 groups, and hence formation of chains rather
than rings, when n is an even integer.1 Only when n = 4 does

the preference for the anti conformation prevail and lead to the
novel polymeric structure of 2 (Fig. 1). The NMR data suggest,
but do not prove, that the solid state structures are maintained in
solution.

Can the rings 1 (Scheme 1) be linked to form polymers? The
complexes 1 were reacted with potassium dicyanoaurate in the
expectation that both ionic and aurophilic attractions between
the cationic and anionic gold(I) centres in 1 and [Au(CN)2]2
would promote association. In solution, these reactions lead to
mixtures containing the original ions and the neutral diphos-
phine gold(I) cyanide complexes 3 (Scheme 2) as established by
NMR [1H, 13C on 13CN enriched samples, 31P; complexes 3 are
readily identified by the large coupling 2J(PC)].† Crystalliza-
tion from these solutions gave 3 when n = 1 or 2, but the linked
ring complex 4 when n = 3 and the novel polymer 5 when n =
5 (Scheme 2). Both 4 and 5 crystallized as the dicyanoaurate
salts and so also contain free [Au(CN)2]2 anions.‡

The structures of 4 and 5 are shown in Fig. 2. In complex 4
two rings are connected by an [Au(CN)2]2 ion through
aurophilic interactions to give the unit [{Au2(m-
Ph2PCH2CH2CH2PPh2)2}2{Au(CN)2}]3+, with only one of the
two AuP2

+ centres of each ring involved in Au…Au bonding.
However, in complex 5 all the AuP2

+ centres are involved in

Scheme 1 P = PPh2.

Fig. 1 Structures of the cationic units in (a) the ring complex 1c and (b) the
polymeric complex 2. For clarity, thermal ellipsoids are not shown for
phenyl carbon atoms.

This journal is © The Royal Society of Chemistry 2001
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Au…Au bonding and so the pleated-chain polymeric structure
[{Au2[m-Ph2P(CH2)5PPh2]2}2{Au(CN)2}2]x

2x+ results. By in-
spection of Fig. 2, it is immediately clear that the structure
observed for 5 would not be possible for 4 because the
transannular Au…Au distance is too short to allow both gold
atoms to be linked to approximately collinear [Au(CN)2]2
units. Phenyl–phenyl repulsions prevent bridging in other ways
to link units of 1a, 1b or 1c.

The complexes 4, 2 and 5, as the dicyanoaurate salts, give
rather similar solid state emission spectra, with maxima at 419,
414 and 411 nm, respectively. This indicates that the extended
structures present in 2 (n = 4) and 5 (n = 5) do not greatly
affect the photophysical properties of the complexes, when
compared to the more limited association in 4.

The ability to control the self-assembly of extended structures
is becoming increasingly important. This article shows how
conformational differences in simple, commonly used diphos-
phine ligands can be used to control whether ring or polymeric
structures will be formed in gold(I) complexes and, for the ring

compounds, how the distance between phosphorus donors is
critical in determining if the rings can be linked to give extended
structures.

We thank the NSERC (Canada) for financial support and for
a scholarship to M.-C. B. and R. J. P. thanks the Government of
Canada for a Canada Research Chair. We thank Dr M. C.
Jennings for X-ray data collection.

Notes and references
† Selected data: for 1 and 2: d(31P) in CD3OD: 1a, 38.3; 1b, 41.1; 1c, 44.3;
1d, 45.6; 2, 44.7. For 3a: d(13CN) 155.7; d(31P) 34.9. For 3b: d(13CN) 155.9
[J(PC) 132 Hz]; d(31P) 33.5. For 3c: d(13CN) 157.2 [J(PC) 123 Hz]; d(31P)
31.9. For 3d: d(13CN) 157.7 [J(PC) 124 Hz]; d(31P) 35.8.

Complexes were prepared in methanol solution, NMR data were obtained
in CD2Cl2/CD3OD solution, and crystals were grown by slow diffusion of
pentane into these solutions.
‡ Crystal data: for 1c·2CH2Cl2: C60H56Au2Cl4F6O4P4, M = 1586.61,
orthorhombic, space group Pna21, a = 22.7641(8), b = 13.3249(3), c =
19.5994(8) Å, V = 5945.1(3) Å3, Z = 4, R1 = 0.0739 and wR2 = 0.1787
for 12645 reflections with I > 2s(I) at 150 K.

For 2: C30H28AuF3O2P2, M = 736.43, monoclinic, space group Pc, a =
6.7570(1), b = 11.7756(3), c = 20.3694(5) Å, b = 93.629(1)°, V =
1617.50(6) Å3, Z = 2, R1 = 0.0752 and wR2 = 0.2057 for 8807 reflections
with I > 2s(I) at 300 K.

For 3a: C27H22Au2N2P2, M = 830.34, monoclinic, space group C2/c, a
= 22.039(1), b = 7.4488(3), c = 18.3838(6) Å, b = 122.193(2)°, V =
2554.0(2) Å3, Z = 4, R1 = 0.0364 and wR2 = 0.0883 for 3723 reflections
with I > 2s(I) at 200 K.

For 3b: C28H24Au2N2P2, M = 844.36, monoclinic, space group P21/n, a
= 12.597(1), b = 11.4020(9), c = 19.258(1) Å, b = 108.34(6)°, V =
2625.5(4) Å3, Z = 4, R1 = 0.0641 and wR2 = 0.1676 for 4262 reflections
with I > 2s(I) at 298 K.

For 4: C58H52Au4N4P4, M = 1716.78, monoclinic, space group P21/n, a
= 26.860(1), b = 17.425(1), c = 28.026(1) Å, b = 96.439(4)°, V =
13034(1) Å3, Z = 10, R1 = 0.1357 and wR2 = 0.3699 for 15165 reflections
with I > 2s(I) at 200 K.

For 5: C62H60Au4N4P4, M = 1772.89, monoclinic, space group P21/c, a
= 13.7149(3), b = 25.056(1), c = 19.4449(8) Å, b = 97.46(2)°, V =
6625.5(4) Å3, Z = 5, R1 = 0.0561 and wR2 = 0.1633 for 13231 reflections
with I > 2s(I) at 296 K.

CCDC 164205–164210. See http://www.rsc.org/suppdata/cc/b1/
b103020p/ for crystallographic data in CIF or other electronic format.
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Scheme 2 P = PPh2.

Fig. 2 Structures of the linked ring complex cations in (a) complex 4 and (b)
complex 5. The parameters corresponding to aurophilic attractions are: for
complex 4, Au(1)–Au(5) 3.059(3) Å, Au(2)–Au(5) 3.034(3) Å; Au(1)–
Au(5)–Au(2) 172.1(1)°. For complex 5, Au(1)–Au(4) 2.9906(8), Au(2)–
Au(4) 3.0665(8) Å, Au(1)–Au(4)–Au(2) 165.26(3)°.
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A polymeric membrane for the separation of specific metal
ions can be designed by the application of the molecular
imprinting technique.

The transport of metal ions through membranes has been
studied as a means of separation, concentration and recovery of
both valued and toxic metal ions.1–5 These efforts are driven by
environmental concerns and dwindling natural resources. The
development of efficient and selective metal ion transporting
systems for use in such operations is of great interest. Two types
of membranes are predominant in membrane transport systems:
supported liquid membranes and polymeric membranes. The
convenience and high flux characteristics of supported liquid
membranes have made popular these types of membranes.5–7

However, the low stability, strength and finite solubility of the
active agent used in liquid supported membranes limit their
practical application. Polymeric membranes have the physical
and chemical stability for practical applications, but are often
hampered by low transport flux. In many applications, selectiv-
ity is the most important function. The most selective membrane
will have a specific transporting or penetrating path, pore or
matrix through which only the desired substrate is able to pass.
Specific receptor sites in polymeric membranes can be
introduced by the molecular imprinting technique.8

Molecular imprinting is a process for making selective
recognition sites in synthetic polymers. The process employs a
target molecule as the template. The template is surrounded by
molecular compliments that possess polymerisable functional-
ities. The template complex is typically copolymerised with a
matrix monomer and a cross-linking monomer in the presence
of a suitable solvent. The cross-linking monomers add rigidity
to the finished polymer and the solvent provides site accessi-
bility. Removal of the template molecules leaves behind
cavities that exhibit enhanced affinity for rebinding the target
molecule. Previously, using vinylbenzoic acid and vinylsalicyl-
adoxime, we used the molecular imprinting technique to
prepare ion exchange resins that are selective for the sequestra-
tion of uranyl ions.9 Recently, Saunders et al. reported an
imprinted polymer extractant based on chloroacetic acid.10

However, the utility of a permeable membrane for the selective
transport of metal ions has remained relatively unexplored. In
this communication, we report our initial results and observa-
tions concerning the transport of uranyl ions through an
imprinted polymer membrane. The molecular imprinting tech-
nique has been exploited in preparing membranes with
molecular recognition sites for low weight organic molecules,
as reported in a recent review.11 Mathew-Krotz and Shea12

reported imprinted polymer membranes for the selective
transport of targeted neutral (organic) molecules with fluxes up
to 0.5 nmol cm22 h21. The highest selectivity factor was 3.4 for
adenosine vs. guanosine with 9-ethyladenine imprinted mem-
brane.

The polymeric membranes were synthesized with ingredients
for both selective binding and improved permeability. The
selective binding site was prepared by using uranyl ion
imprinting. Permeability was addressed using a polyester that

associates with the metal ions. The length of the alkyl chain in
the diol that was used to make the polyester controlled the
spacing of association sites. The polyester was removed from
the membrane by the same acid treatment used to remove the
uranyl ion. Removal was detected by GC-MS of the membrane
acid-wash solutions. The polyester is intended to create
channels, directing ion migration to the imprinted sites, thus
increasing flux but maintaining selectivity. The addition of
polyester to the formula had two significant results: the amount
of swelling of the membrane in aqueous solutions was
dramatically increased, and in the absence of the polyester there
was no detectable migration of ions.

Membranes were prepared using uranyl vinylbenzoate,
UO2(VBA)2, as the ion imprinting complex. Styrene was used
as the matrix monomer and divinylbenzene was used as the
cross-linking monomer. Membrane synthesis was carried out in
a screw-top vial by dissolving the uranyl vinylbenzoate
complex (20–150 mg) in 400 mL of 2-methoxyethanol.
Nitrophenyl octyl ether (NPOE) as a plasticizer and 22 mg of a
polyester, prepared from diglycolic acid and 1,6-hexanediol,
was added to the polymerisation mixture. After deaeration with
dry nitrogen, 20 mg of a free radical initiator, 2,2A-azobisisobu-
tyronitrile (AIBN) were added. The vial was sealed and placed
in a sonicator at 60 °C. The solution was sonicated until viscous
and then poured into a Teflon mold. The resultant sample was
kept in a sealed container and placed in an oven at 60 °C for 18
h to complete the polymerisation. The thickness of the resulting
membranes was approximately 100 microns. Table 1 summa-
rizes the composition of membranes A, Q and R. A reference
membrane imprinted with Ni2+ was prepared in the same
manner as membrane Q. The metal templates and the polyester
were removed using a 0.1 M acetic acid solution followed by a
5% nitric acid solution. Metal ions were removed using acid
until the entire template was recovered. The membrane was then
washed with deionised water until the acid was removed.

Transport studies were carried out in a U-shaped tube
consisting of two detachable parts. The membrane, with an
exposed cross-sectional area of 0.613 cm2, was placed between
the two halves of the tube. The halves were held together with
a screw-actuated clamp that compresses an o-ring seal to tightly
secure the connection. Experiments were performed under
quiescent conditions and also by stirring the solutions. The
time-dependence of uranyl ion transport in quiescent solution is

Table 1 The composition of the membrane in wt% of the total components
in the original mixture

Reagent Membrane A Membrane Q Membrane R

UO2(VBA)2
a 6.7 1.5 1.5

Divinylbenzene 2.0 14.5 24.5
Polyester 1.8 1.8 1.8
AIBN 0.9 1.6 1.6
NPOE 4.6 8.3 8.3
Styrene 84.0 72.3 62.3

a UO2(VBA)2 was dissolved in 0.4 ml of 2-methoxyethanol in each case.
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given in Fig. 1. The concentration of uranium in the receiving
phase was determined by ICP-MS. An experiment performed
while stirring the solutions (both the source and the receiving
solution) showed that higher fluxes could be obtained by
convection. After 24 h of stirring, 25% of UO2

2+ in the source
solution containing 42 mM UO2

2+ was transported through the
membrane, compared to 6.5% when the solution was un-
stirred.

The selectivity of the membrane was evaluated by carrying
out competitive transport experiments. A solution containing
0.2 mM of UO2

2+, Ni2+, Cd2+, Cu2+ and Zn2+ was used as a
source solution. After 22 h, a portion of the receiving solution
was analysed by ICP-MS to determine the amount of each ion
that was transported across the membrane. Fluxes of the
competing ions were found to be very small (Table 2). UO2

2+

was transported at higher rate, with a selectivity factor (a)
ranging from 114 to 152. The selectivity factor is defined as the
ratio of the molar concentration of uranyl ion to the molar
concentration of the competing metal ions measured in the
receiving solution.

The origin of selective transport can be attributed to the
selective binding of uranyl ion to imprinted sites along channels
that span the membrane. The reference membrane prepared by
imprinting with nickel showed little permeation of uranyl ions,
but higher permeation of some of the competing metal ions. The
transport fluxes of UO2

2+, Cu2+ and Co2+ through the reference
membrane were 0.015 ± 0.002, 0.142 ± 0.003 and 0.045 ± 0.001
nmol cm22 h21 respectively. No Ni2+ or Zn2+ was detected in
the effluent, suggesting that the conditions for membrane
preparation may need to be established on a case by case basis.
The results do show that the Ni2+ ion imprinted membrane does
not have sites selective for uranyl ions. The selective transport
observed in the uranyl ion imprinted membrane arises from a
process that involves preferential and reversible complexation
for uranyl ion. Metal ion transport across the membrane requires
a counter flow of cations in the reverse direction to maintain
electroneutrality. A surplus of protons was maintained in the
receiving solution by the addition of acid. A scanning electron
micrograph of the membrane shows that the surface of the
membrane has pores in the micron and submicron range (Fig.
2). Micrographs of the inside of the membranes show an open
porous structure. Energy dispersive X-ray emission spectra of
the pore area show larger amounts of uranium in the pores
relative to the surrounding area, suggesting that the pores are
involved in metal ion transport.

The effects of the imprinting conditions on the membrane
performance were investigated by preparing membranes with
different degrees of cross-linking. Each membrane’s perform-

ance towards uranyl ion was examined. Using source solutions
that contained a range of UO2

2+ concentrations from 0.25 to
0.42 mM, the transport fluxes were measured and compared.
These results are shown in Table 3.

The membrane with a lower degree of cross linking (Q)
exhibited higher fluxes than the membrane with a higher degree
of cross-linking (R). The selectivity of the two membranes was
verified by the competitive transport test described above. The
results show that the membrane with the higher flux also
exhibits higher selectivity (aCd for Q = 56 and for R = 10).
Repeated uses of the membranes did not show a loss of
selectivity. This result is in agreement with previous work on
Pb2+ imprinted ion-exchange resins.13

In conclusion, the present study demonstrates that a poly-
meric membrane can be designed for the separation of a specific
metal ion from a mixed metal ion solution. The selectivity
imparted by the imprinting technique is high.

This work was supported by the US Department of Energy
through grant number DE-FG07-97ER14823.
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Fig. 1 Transport of uranyl ions across the membrane with time.

Table 2 Transport of uranyl ion through the membrane in the presence of
competitors; selectivity

Metal ion Amount diffused/mM Flux/nmol cm22 h21

UO2
2+ 11.8 ± 0.1 2.74

Ni2+ 0.104 ± 0.002 0.024
Cd2+ 0.086 ± 0.001 0.019
Zn2+ 0.076 ± 0.001 0.018
Cu2+ none detected

Membrane A, composition: 6.7 wt% complex, 2 wt% cross-linker.

Fig. 2 Scanning electron micrograph of the membrane (bar = 1 mm).

Table 3 Effects of cross-linker and concentration of the source solution on
the transport flux

Flux/nmol cm22 h21

UO2
2+ (source)/mM Membrane Qa Membrane Rb

0.25 0.83 ± 0.03 0.34 ± 0.02
0.34 0.96 ± 0.04 0.68 ± 0.02
0.42 1.21 ± 0.02 0.91 ± 0.03

a 1.5 wt% complex, 14.5 wt% cross-linker. b 1.5 wt% complex, 24.5 wt%
cross-linker.

Chem. Commun., 2001, 1282–1283 1283
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Mixed-valence, tetranuclear cobalt(III, IV) complexes: preparation and
properties of [Co4O4(O2CR)2(bpy)4]3+ salts
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Cyclic voltammetric examination of [Co4O4(O2CR)2-
(bpy)4](ClO4)2 cubane complexes 1 (R = various; bpy =
2,2A-bipyridine) in MeCN reveals a one-electron reversible
oxidation in the range 0.68–0.86 V vs. ferrocene; the one-
electron oxidized clusters can be obtained in analytical
purity by either controlled potential electrolysis to give
[Co4O4(O2CR)2(bpy)4](ClO4)3 2 or oxidation with
(NH4)2Ce(NO3)6 to give [Co4O4(O2CR)2(bpy)4][Ce(NO3)6]
3.

The ability of hard oxide (O22) ions to stabilize unusually high
metal oxidation states has long been recognized in such
textbook species as MnO4

2 and CrO4
22. More recently, some

interesting new examples have been identified in which
bridging O22 ions stabilize rare oxidation states of Fe and Cu in
non-mononuclear chemistry: apart from their intrinsic im-
portance, such species offer insights into the mode of action of
certain metalloenzymes. Thus, the FeIIIFeIV oxidation level,
thought to correspond to species X of ribonucleotide re-
ductase,1,2 has been obtained in oxide-bridged Fe2 com-
plexes,2,3 whereas a 2FeIV species is believed to be species Q of
methane monooxygenase.1 Similarly, the [Cu2(m-O)2]2+ core
(2CuIII) has been structurally characterized,4,5 as well as a
related species containing the [Cu3(m3-O)2]3+ core (2CuII,
CuIII).6 Such species offer valuable insights into Cu-mediated
O2-activation biochemistry. We have now discovered that the
cubane [Co4(m3-O4)4]4+ core containing 4CoIII can be oxidized
to a 3CoIII, CoIV form, and we describe the preparation and
characterization of several such novel species.

As reported previously,7 the D2d symmetry complex
[Co4O4(O2CR)2(bpy)4](ClO4)2 1 (R = Me; bpy = 2,2A-
bipyridyl) can be prepared by deprotonating [Co2(OH)2(O2C-
Me)3(bpy)2](ClO4) with Li2O2 in DMSO. A series of
[Co4O4(O2CR)2(bpy)4](ClO4)2 1 complexes has now been
prepared by ligand substitution with RCO2H in refluxing
MeCN, and electrochemical examination of these [Co4O4]4+

complexes by cyclic voltammetry (CV) reveals irreversible
reductions at @21.4 V vs. ferrocene and a reversible one-
electron oxidation at ca. 0.7 V vs. ferrocene. The CV scan for
the R = C6H4NO2-4 complex is shown in Fig. 1, and the
oxidation potentials as a function of R group are listed in Table
1. The peak separations are comparable with that of the
ferrocene/ferrocenium couple used as an internal reference (Fig.
1). Controlled potential coulometry at 0.90 V vs. ferrocene for
the R = C6H4Me-4 and C6H4OMe-4 species gave 0.9–1.0 e2/
Co4 transferred, confirming a one-electron oxidation process.
The CV are thus consistent with oxidation to
[Co4O4(O2CR)2(bpy)4]3+, which would contain 3CoIII,CoIV if
the oxidation were metal-based. Metal/bpy complexes can often
exhibit bpy-based reversible reductions but not oxidations.8

Analytically-pure oxidized clusters† were prepared in bulk
by two methods: (i) controlled potential electrolysis in MeCN or
MeCN–CH2Cl2 containing 0.4 M LiClO4 at 0.90–1.00 V vs.
ferrocene, which caused precipitation of [Co4O4(O2CR)2-
(bpy)4](ClO4)3 2 in ! 85% yield as microcrystalline powders;

and (ii) oxidation with (NH4)2Ce(NO3)6 in MeCN, which
caused precipitation of sparingly soluble microcrystalline
[Co4O4(O2CR)2(bpy)4][Ce(NO3)6] 3.‡ Complexes 2 can be
recrystallized from MeCN–Et2O. EPR spectra at 5 and 75–100
K of the R = C6H4Me-4 and C6H4OMe-4 derivatives as
powders (3) or MeCN–toluene (1+1) glasses (2) show a broad
(ca. 800 G) signal at g = 2.20 with no resolved hyperfine,
consistent with a S = 1⁄2 species and a Co-based oxidation.
Solid-state magnetic susceptibility studies at room temperature
on the same two derivatives of 2 gave meff ≈ 2.2 mB, consistent
with one unpaired electron. 1H NMR spectra show para-
magnetically shifted and broadened signals for 2, again
consistent with S = 1⁄2 oxidized clusters whereas complexes 1
are diamagnetic. Comparison of the spectra for 1 and 2 (R =
C6H4Me-4), for example, show that only four bpy and three
carboxylate signals are observed and that the bpy signals are
much more shifted on oxidation than the carboxylate signals,

Fig. 1 Cyclic voltammogram at a glassy carbon electrode of 1; R =
C6H4NO2-4 (1 mM) in MeCN containing 0.1 M NBun

4PF6 and ferrocene as
an internal standard (E1⁄2 = 0.00 V).

Table 1 Cyclic voltammetric data for the oxidation of [Co4O4(O2CR)2-
(bpy)2](ClO4)2 1 complexes in MeCNab

R E1⁄2
c/V R E1⁄2

c/V

Me 0.69 C6H4OMe-4 0.68
CHNCHMe 0.70 C6H3(OMe)2-2,4 0.68
Ph 0.70 C6H4Cl-4 0.72
C6H4Me-4 0.70 C6H4NO2-4 0.77
C6H4Et-4 0.69 C6F5 0.86
C6H4But-4 0.67
a In volts vs. the ferrocene/ferrocenium couple as an internal standard; ±0.01
V. b Glassy carbon working, Pt wire auxiliary, and SCE reference
electrodes; 0.1 M NBun

4PF6 supporting electrolyte. c E1⁄2 is the midpoint of
the forward (anodic) and reverse (cathodic) peak potentials.
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consistent with greater spin delocalization onto the former
groups. On the 1H NMR timescale, therefore, the oxidized
clusters retain D2d symmetry, which is consistent with elec-
tronic delocalization, or detrapping that is fast on the 1H NMR
timescale.

The crystal structure‡ of complex 2 (R = C6H4NO2-4) was
obtained at –100 °C. The cation (Fig. 2) has no crystallographic
symmetry, but has virtual D2d symmetry. There is a [Co4O4]
cubane with a bpy at each Co and a RCO2

2 group bridging two
opposite faces; the virtual S4 axis passes through the latter.
Three independent ClO4

2 groups confirm the 3+ charge of the
cation. Examination of the bond distances shows that the four
Co ions are all equivalent, indicating electronic delocalization
and a Co3.25+ oxidation state description, even in the solid state
at 2100 °C. The anisotropic thermal parameters of core Co and
O atoms do not appear abnormally large, arguing against a static
disorder of a trapped-valence 3CoIII,CoIV system. Protonation
of a core O22 ion (and a resulting 4CoIII description) is ruled out
by the absence of Co–O bond lengthening as seen previously9 in
the genuinely protonated species [Co4O3(OH)(O2CR)2-
(bpy)4]3+ and [Co4O2(OH)2(O2CR)2(bpy)4]4+. Comparison of
the structure of 2 (R = C6H4NO2-4) with that of 1 (R =
C6H4Me-4) indicates no significant difference: the largest
variation is in the Co–O (carboxylate) distances (average 1.942
Å for 2 vs. 1.955 Å for 1) but these and all the other Co–X
distances are statistically the same within the 3s criterion.

The combined results indicate that the diamagnetic [Co4-
O4]4+ core can be oxidized to a paramagnetic (S = 1⁄2) [Co4-
O4]5+ core that is electronically delocalized, as might be
expected for mixed-valence, low-spin CoIII (t2g

6), CoIV (t2g
5)

species. Cobalt(IV) is still a rare oxidation state, and isolated,
well characterized examples that are stable at room temperature
are few and all mononuclear,10 but the combined results above

establish that stable [Co4O4]5+ clusters can be accessed which
formally contain 3CoIII, CoIV. Such species could prove useful
as a new family of strong oxidizing agents soluble in organic
solvents, particularly since their oxidizing strength can be tuned
by appropriate choice of organic ligands.

This work was supported by the National Science Founda-
tion.

Notes and references
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(3.34); N, 7.42 (7.44); Cl, 7.04 (7.59). [Co4O4(O2CC6H4OMe-4)2(bpy)4]-
(ClO4)3·3/2CH2Cl2: C, 41.79 (41.78); H, 2.99 (3.15); N, 6.78 (6.93); Cl,
12.87 (12.18). [Co4O4(O2CC6H4Me-4)2(bpy)2][Ce(NO3)6]·2H2O: C, 38.59
(38.34); H, 2.89 (2.69); N, 11.25 (11.26). [Co4O4(O2CC6H4OMe-
4)2(bpy)4][Ce(NO3)6]·MeCN·2H2O: C, 39.19 (38.95); H, 2.96 (2.92); N,
12.19 (12.15). Electronic spectra in MeCN for the R = C6H4Me-4
complexes: 1; 556 (sh), 414 (10800), 293 (65800). 2; 520 (sh), 332 (sh), 314
(sh), 302 (47100).
‡ Crystal data for [Co4O4(O2CC6H4NO2-4)2(bpy)4](ClO4)3·MeCN·3H2O:
C56H49Cl3Co4N11O27, M = 1650.16, triclinic, P1̄, a = 11.6330(2), b =
14.1304(2), c = 20.7165(2) Å, a = 91.8195(6), b = 95.8450(8), g =
110.1203(4)°, V = 3172.78(4) Å3, Z = 2, Dc = 1.727 g cm23, l = 0.71073
Å, T = 2100 °C, 4 < 2q < 50°, R(Rw) = 0.0846 (0.2279) for refinement
on F2 using all 10537 unique reflections. The structure was solved and
refined using SHELXTL-97. All non-hydrogen atoms were refined
anisotropically. Three independent ClO4

2 ions were located, each at 100%
occupancy. Hydrogen atoms were included as fixed atom contributors. No
disorder problems were encountered.

CCDC reference number 161550. See http://www.rsc.org/suppdata/b1/
b102008k/ for crystallographic data in CIF or other electronic format.
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The reaction of But
3Al with ArB(OH)2 (Ar = 2,6-diisopro-

pylphenyl) leads, via the intermediate [But
2Al(O)BAr(OH)]2

1, to the crystallographically characterised boralumoxane
Al(But

2Al)(ButAl)2(O2BAr)4 3 which is able to activate
Cp2ZrMe2 to effect catalytic ethene polymerisation.

The discovery of methylalumoxane (MAO) and its use as a
cocatalyst for zirconocene-based olefin polymerisation cata-
lysts1 has spurred an explosive development of ‘single-site’
olefin polymerisation catalysts.2 Despite its widespread use as a
cocatalyst for these systems, the actual nature of MAO and the
species responsible for its activating ability has still not been
unequivocally established. Work by Barron and coworkers on
tert-butylalumoxane model systems,3 and various theoretical
studies4 have shown that this property is likely to stem from
oligomeric (MeAlO)n clusters containing four-coordinate Al,
that exhibit ‘latent’ Lewis acidity through ring-opening of
strained Al2O2 four-membered rings. In several patents it was
shown that boronic acids RB(OH)2, boronic esters or boroxines
(RBO)3 can act as promotors, enhancing the activating
properties of MAO.5 Boralumoxane materials obtained from
reactions of aluminium alkyls with boronic acids or boroxines
have been shown to be active as cocatalysts in olefin
polymerisation, but these are generally poorly defined species.6
Very recently, reactions of borinic acids R2BOH with alumin-
ium trialkyls have yielded some well-defined complexes, but
there have been no reports of their properties as cocatalysts.7
Here we describe the synthesis and structural characterisation of
the first well-defined boralumoxane with overall composition
[(RAlO)(RABO)]n, and show that this species is capable of
activating zirconocene dimethyl to effect catalytic ethene
polymerisation.

In studying the reactivity between trialkylaluminium com-
pounds and boronic acids RB(OH)2 we have focused on Al and
B compounds bearing sterically demanding ligands, in order to
enhance the possibility of obtaining well-defined species. The
reaction of AlBut

3 with an equimolar amount of the arylboronic
acid ArB(OH)2 (Ar = 2,6-diisopropylphenyl) in n-pentane
solvent at 0 °C initially yielded the species [But

2Al(O)-
BAr(OH)]2 1, obtained as an analytically pure solid in 83%
yield (Scheme 1). The presence of isolated hydroxy groups was
established by IR spectroscopy (nOH 3591 cm21) and 1H NMR
(OH d 4.73).8 It proved difficult to obtain 1 as single crystals
suitable for X-ray structure determination. Its formulation as a
dimer was supported by its reaction with BunLi followed by the
crystallisation of the Li salt [But

2Al(O)BAr(OLi)]2 2, obtained
as a benzene solvate. A structure determination§ of 2·2C6H6
(Fig. 1) revealed an eight-membered Al2B2O4 ring core. Two
oxygen atoms on opposite positions on the ring bear Li atoms,
that are further stabilised by the proximity of benzene molecules

present in the crystal lattice (Li–Cbenzene distances range over
2.80–3.05 Å). The Al–O–B angle around the unsubstituted
oxygen atom O(1) is relatively obtuse, 168.3(2)°, compared to
the Al–O(2)–B angle of 128.1(1)°, and the Al(1)–O(1) distance
of 1.744(2) Å is clearly shorter than Al(1)–O(2) of 1.821(2) Å.
Based on this structure it seems reasonable to formulate 1 as the
cyclic species [But

2Al(m-O)BAr(m-OH)]2.
Allowing a highly concentrated (0.38 M) solution of 1 in

benzene-d6 to stand at ambient temperature and monitoring the
sample by 1H NMR spectroscopy showed that isobutane is
evolved gradually, and that various (as yet unidentified)
transient species are formed. Eventually, all resonances attribut-
able to hydroxy groups disappear, and a colourless crystalline
compound is deposited. This product 3 could be obtained on a
preparative scale (Scheme 1), either from 1 by refluxing in
hexane for 2 h (48% isolated yield), or from a mixture of

† Electronic supplementary information (ESI) available: experimental,
spectroscopic and polymerisation details. See http://www.rsc.org/suppdata/
cc/b1/b103670j/ 
‡ Netherlands Institute for Catalysis Research (NIOK) publication no. RUG
01-4-03.

Scheme 1 Reagents and conditions: i, n-pentane, 0 °C, 1 h; ii, BunLi, 20 °C,
benzene; iii, toluene, 50 °C, recryst. from benzene; iv, hexane, reflux,
2 h.

Fig. 1 Molecular structure of 2 (hydrogen atoms omitted for clarity).
Selected interatomic distances (Å) and angles (°): Al(1)–O(1) 1.744(2),
Al(1)–O(2) 1.821(2), Al(1)–C(13) 1.998(3), Al(1)–C(17) 2.003(2), B(1)–
O(1) 1.319(3), B(1)–O(2) 1.380(3), O(2)–Li(1) 1.841(5); O(1)–Al(1)–O(2)
116.20(8), C(13)–Al(1)–C(17) 119.6(1), O(1)–B(1)–O(2) 123.7(2), Al(1)–
O(1)–B(1) 168.3(2), Al(1)–O(2)-B(1A) 128.1(1).
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ArB(OH)2 and But
3Al by warming in toluene at 50 °C followed

by crystallization from benzene (79% isolated yield of its
benzene solvate). Compound 3 was identified, by a crystal
structure determination of its benzene solvate,§ as Al(Bu-
t
2Al)(ButAl)2(O2BAr)4 (Fig. 2). The overall composition of the
compound corresponds to a tetramer of ‘ButAlOBArO’, but it is
clear that the remaining tert-butyl groups are not evenly
distributed over the four Al atoms. The central Al atom bears no
alkyl substituent, and is bound to five oxygen atoms. The other
three Al atoms are four-coordinate, and all B-atoms are three-
coordinate. The structure of 3 may be described as consisting of
three six- and three four-membered Al/B–O rings that share the
central Al atom. One of the most notable features in the
structure is that there are two edge-sharing four-membered
rings, containing Al(1)O(2/7)Al(3) and Al(1)O(1/2)B(1), re-
spectively. This arrangement is highly strained, as seen e.g.
from the angles O(2)–Al(3)–O(7) 83.03(6)°, O(2)–Al(1)–O(7)
81.48(6)° and O(1)–Al(1)–O(2) 71.90(6)°, and may result in
‘latent’ Lewis acidic behaviour. The longest Al–O distances to
four-coordinate Al in the structure are Al(2)–O(1), 1.940(1) Å,
a bond to the relatively electron-rich But

2Al-group, and Al(3)–
O(7), 1.890(2) Å, a bond to the ButAl group in the edge-sharing
four-membered ring assembly. In solution, the structure of 3
appears to be highly fluxional, showing at ambient temperature
only two resonances for the But groups in the 1H NMR
spectrum. This fluxionality is likely to be due to rapid
decomplexation/complexation of O(1) and O(6) to the central
Al(1) atom. This results in an average C2-symmetry of the
complex, with the C2 axis passing through Al(1) and bisecting
the O(7)–Al(1)–O(4) angle.

Compounds 1 and 3 were each combined with an equimolar
amount of the zirconocene dialkyl Cp2ZrMe2 4 in toluene
solvent and exposed to ethene (5 bar), in order to determine
whether these species can act as activators for single-site olefin
polymerisation catalysts. The combination of 1 and 4 (in an Al+
Zr ratio of 2+1) did not result in ethene polymerisation activity.
In contrast, the combination of 3 and 4 (in an Al+Zr ratio of 4+1)
readily polymerised ethene to polyethene (Mw = 16600, Mw/Mn
= 1.9) with a productivity of 2.59 kg mol21 h21 bar21 (toluene,
5 bar ethene, 23 °C, 30 min run time).

In conclusion, we have shown that the reaction of the boronic
acid ArB(OH)2 (Ar = 2,6-diisopropylphenyl) with But

3Al
results in stepwise formation of a well-defined boralumoxane
species, Al(But

2Al)(ButAl)2(O2BAr)4 3, that is able to act as an
activator for zirconocene alkyl olefin polymerisation catalysts.
Although 3 contains structural units similar to those in the
alumoxanes [ButAlO]n obtained by Barron and coworkers3 (six-
and four-membered [(Al/B)O]n rings), it is topologically quite
different from these due to three-coordinate B acting as

structural element (compared to four-coordinate Al in the
alumoxanes). It has in common with these species the presence
of edge-sharing four-membered rings, and it is therefore
possible that its activating properties are also due to the ‘latent’
Lewis acidic behaviour of these moieties, as proposed by
Barron for the alumoxanes. Further research into the structural
and reactivity features of these and related boralumoxanes is
expected to shed more light on the nature and activating
behaviour of alumoxane-based activators.

Notes and references
§ Crystallographic data: for 2·2C6H6: (C20H35AlBLiO2)2·2C6H6, M =
860.64, monoclinic, space group P21/n, a = 11.773(1), b = 14.868(1), c =
15.097(2) Å, b = 90.863(6)o, U = 2642.3(5) Å3, T = 180 K, Z = 2, Dc =
1.082 g cm23, m = 0.95 cm21, Enraf-Nonius CAD4-F diffractometer,
l(Mo-Ka) = 0.71073 Å, 6058 unique reflections, final residuals wR(F2) =
0.1207, R(F) = 0.0571 for 3501 reflections with Fo ! 4s(Fo) and 444
parameters.

For 3·2.5C6H6: C64H104Al4B4O8·2.5C6H6, M = 1344.96, triclinic, space
group P1̄, a = 14.0027(5), b = 14.2483(5), c = 22.7478(9) Å, a =
79.888(1), b = 86.886(1), g = 65.389(1)°, U = 4061.2(3) Å3, T = 200 K,
Z = 2, Dc = 1.100 g cm23, m = 1.08 cm21, Bruker SMART APEX CCD
diffractometer, l(Mo-Ka) = 0.71073 Å, 20435 unique reflections, final
residuals wR(F2) = 0.1689, R(F) = 0.0582 for 13923 reflections with Fo!

4s(Fo) and 912 parameters. CCDC reference numbers 163150 and 163151.
See http://www.rsc.org/suppdata/cc/b1/b103670j/ for crystallographic data
in CIF or other electronic format.
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6 R. L. Geerts, T. G. Hill and S. E. Kufeld, US Pat., 5411925, 1995; R. L.
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and K. Suwinska, Inorg. Chem., 2000, 39, 5763; V. C. Gibson, S.
Mastroianni, A. J. P. White and D. J. Williams, Inorg. Chem., 2001, 5,
826.

8 NMR data for 1: 1H NMR (500 MHz, C6D6, 298 K) d 7.22 (t, 3JHH 7.5
Hz, 1 H, p-H), 7.05 (d, 3JHH 7.5 Hz, 2 H, m-H), 4.73 (s, 1 H, OH), 3.24
(sept, 3JHH 7.0 Hz, 2 H, CHMe2), 1.38 (br, 6 H, CHMe2), 1.28 (br, 6 H,
CHMe2), 1.11 (s, 18 H, CMe3). 13C{1H} NMR (75 MHz, C6D6, 298 K)
d 151.2 (o-ArC), 130.6 (p-ArCH), 123.3 (m-ArCH), 35.8 (CHMe2), 30.0
(CMe3), 26.8 (br, CHMe2) 25.0 (br, CHMe2). 11B NMR (160 MHz, C6D6,
298 K) d 21.5 (W1/2 = 1495 Hz). 27Al NMR (130 MHz, C6D6, 298 K) d
128.6 (W1/2 = 18.9 kHz).

9 NMR data for 3: 1H NMR (500 MHz, toluene-d8, 298 K) d 7.26 (t, 3JHH

8.0 Hz, 2 H, p-H), 7.13 (m, 6 H, p- and m-H), 7.02 (d, 4 H, m-H), 3.31
(sept, 3JHH 6.5 Hz, 2 H, CHMe2), 3.27 (sept, 3JHH 6.5 Hz, 2 H, CHMe2),
3.23 (br, 4 H, CHMe2), 1.49 (br, 12 H, CHMe2), 1.40 (br, 24 H, CHMe2),
1.33 (br, 12 H, CHMe2), 1.16 (s, 18 H, CMe3), 0.56 (s, 18 H, CMe3). 13C
NMR (75 MHz, toluene-d8, 298 K) d 153.4 (o-ArC), 153.0 (o-ArC),
131.4 (p-ArCH), 130.9 (p-ArCH), 123.1 (m-ArCH), 123.0 (m-ArCH),
36.2 (br, CHMe2), 35.9 (CHMe2), 35.8 (CHMe2), 30.5 (CMe3), 29.3
(CHMe3), 26.4 (br, CHMe2), 25.7 (CHMe2). 11B NMR (160 MHz,
toluene-d8, 298 K) d 31.9 (W1/2 = 2957 Hz). 27Al NMR (130 MHz,
toluene-d8, 353 K) d 123.3 (W1/2 = 34.5 kHz), 50.3 (W1/2 = 3550
Hz).

Fig. 2 Molecular structure of 3 (carbon and hydrogen atoms omitted for
clarity; each B atom bears one 2,6-diisopropylphenyl group, Al(2) bears two
But groups, Al(3) and Al(4) one But group each). Selected interatomic
distances (Å) and angles (o): Al(1)–O(1) 1.869(1), Al(1)–O(2) 1.924(1),
Al(1)–O(4) 1.867(1), Al(1)–O(5) 1.823(1), Al(1)–O(7) 1.851(1), Al(2)–
O(1) 1.940(1), Al(2)–O(6) 1.761(2), Al(3)–O(2) 1.827(1), Al(3)–O(3)
1.747(2), Al(3)–O(7) 1.890(2), Al(4)–O(4) 1.873(1), Al(4)–O(5) 1.856(1),
Al(4)–O(8) 1.759(1); O(1)–Al(1)–O(2) 71.86(6), O(1)–Al(1)–O(5)
104.00(7), O(4)–Al(1)–O(5) 81.54(6), O(2)–Al(1)–O(4) 97.24(6), O(2)–
Al(1)–O(7) 81.48(6), O(1)–B(1)–O(2) 105.8(2), O(1)–Al(2)–O(6)
94.56(7), O(2)–Al(3)–O(7) 83.03(6).
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The X-ray crystal structure of N,S-bis[(4A-chloro-2,2A+6A,2B-
terpyridine)platinum(II)]-2-mercaptoimidazole
tris-hexafluorophosphate and
tris[(2,2A+6A,2B-terpyridine)platinum(II)]sulfonium tetra-perchlorate†
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Intramolecular stacking of the (4A-chloro-2,2A+6A,2B-terpy-
ridine)platinum(II) moieties occurs in N,S-bis[(4A-chloro-
2,2A+6A,2B-terpyridine)platinum(II)]-2-mercaptoimidazole
tris-hexafluorophosphate; N,S-bis[(2,2A+6A,2B-terpyridine)-
platinum(II)]thioacetimine trinitrate is slowly transformed
in aqueous solution to the molecular propeller-like tris-
[(2,2A+6A,2B-terpyridine)platinum(II)]sulfonium ion.

We have recently shown that (2,2A+6A,2B-terpyridine)plati-
num(II) complexes are cytotoxic to human ovarian carcinoma
and that bis[(2,2A+6A,2B-terpyridine)platinum(II)] complexes
with short and rigid linkers are particularly effective.1 This
study has been extended to (2,2A+6A,2B-terpyridine)platinum(II)
thiolate complexes.2 Since intercalation into DNA of such
molecules may contribute to their antitumour activity we
investigated the crystal structure of N,S-bis[(4A-chloro-
2,2A+6A,2B-terpyridine)platinum(II)]-2-mercaptoimidazole tris-
hexafluorophosphate 1 in order to determine whether the two
(4A-chloro-2,2A+6A,2B-terpyridine)platinum(II) moieties were
stacked. If they are, this might be expected to preclude
intercalation into DNA.

As seen in Fig. 1 the two (4A-chloro-2,2A+6A,2B-terpy-
ridine)platinum(II) moieties stack virtually parallel to each
other, the platinum–platinum distance being 3.2903 Å.‡ The
crystals were obtained from water. This stacking of the (4A-
chloro-2,2A+6A,2B-terpyridine)platinum(II) moieties in 1, is
maintained in solution,3 and should preclude it from inter-

calating into DNA. This supports the conclusion reported
recently that DNA is not the principal target for the antitumour
activity of these complexes.2

The bis-complex 2, which was characterised spectroscop-
ically (ESI)† is expected to adopt a similar conformation to 1.
However, unlike 1 and its analogue N,S-bis[(2,2A:6A,2B-terpy-
ridine)platinum(II)]-2-mercaptoimidazole ion (which were sta-
ble), it was observed that on storing the bis-complex 2 in
aqueous solution over a period of weeks, decomposition
occurred (t1/2 = 10.5 days at 20 °C) releasing acetamide and a
new complex4 which was shown by electrospray mass spec-
trometry to have m/z = 444 (M2+ with isotope distribution for
two Pt atoms) consistent with the complex 3 (Scheme 1). The
thioacetimine moiety in 2 would be activated by the 2,2A+6A,2B-
terpyridine platinum(II) complexes and the tetrahedral inter-
mediate formed from 2 by the nucleophilic attack of water
would be expected to collapse to 3 and acetamide. The X-ray

† Electronic supplementary information (ESI) available: spectroscopic data
for 1 and 2. See http://www.rsc.org/suppdata/cc/b1/b103637h/

Fig. 1 The X-ray crystal structure of N,S-bis[(4A-chloro-2,2A+6A,2B-
terpyridine)platinum(II)]-2-mercaptoimidazole tris-hexafluorophosphate 1,
showing the stacked (4A-chloro-2,2A:6A,2B-terpyridine)platinum(II) com-
plexes with a Pt–Pt distance of 3.2903 Å and an interplanar angle of 7.5(5)°.
The bond lengths to 2-mercaptoimidazole are Pt–S [2.312(4) Å] and Pt–N
[2.021(4) Å]. The counter ions and solvent of crystallization are excluded
for clarity.

Scheme 1

This journal is © The Royal Society of Chemistry 2001
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crystal structure of the product [Fig. 2(a)] is clearly not 3. This
tris[(2,2A+6A,2B-terpyridine)platinum(II)]sulfonium salt 4‡ could
be formed from 3 by sulfur abstracting (2,2A+6A,2B-terpy-
ridineplatinum(II) from 2. Tris[(2,2A+6A,2B-terpyridine)plati-
num(II)]sulfonium ion 4 would be expected to readily fragment
to 3 in the mass spectrometer. Although aliphatic thioethers
(e.g. methionine)5 and dimethyl sulfoxide6 will not ligate to
2,2A+6A,2B-terpyridine)platinum(II) because of the steric hin-
drance with the 6,6B hydrogens, the planar nature of the
substituents at sulfur in 3 and the longer S–Pt bond compared
with the S–C bond make it possible to form 4.

The X-ray crystal structure shows that the three (2,2A+6A,2B-
terpyridine)platinum(II) moieties generate propeller-like heli-
city which can be right- or left-handed. Sulfur is at the apex of
a shallow pyramid, with the S atom 0.354 Å above or below the
reference plane formed by the three Pt atoms which are at the
apices of an equilateral triangle (Fig. 2). It is not however a
stereogenic centre. The three NA–Pt–S bond angles are 172° to

accommodate the pyramidalization at sulfur. Thus flipping the
molecule through 180° leaves the molecular helicity unchanged
but with the sulfur atom on the opposite side of the reference
plane formed by the three Pt atoms. Thus each enantiomer (left
or right-handed molecular propeller) has crystallised in two
orientations in the crystal lattice with equal probability leading
to the two positions observed for the sulfur atom [Fig. 2(b)]. The
tilt of the (2,2A:6A,2B-terpyridine)platinum(II) moieties from the
reference plane of the Pt atoms is 40 ± 1° for each ‘blade’ of the
propeller. Thus the flanking pyridine rings of each (terpyr-
idine)platinum(II) moiety that are on the same side of the
reference plane as the sulfur atom are in a different molecular
environment from the flanking pyridine rings on the side
opposite the sulfur atom. Consequently all 1H resonances of the
terpyridines in the NMR spectrum have different chemical
shifts and are not resolved.

Propeller-like molecules have been extensively investi-
gated.7 Because of the necessity for the correlated rotation of the
(2,2A+6A,2B-terpyridine)platinum(II) moieties, the tris-
[(2,2A+6A,2B-terpyridine)platinum(II)]sulfonium ion forms sta-
ble left- and right-handed propeller-like molecules.

We gratefully acknowledge EPSRC/BBSRC support for this
work.

Notes and references
‡ Crystal structure determinations: complex 1: Crystal data:
C33H23Cl2F18N8O2P3Pt2S, M = 1491.63, triclinic, space group P1̄, a =
11.9306(1), b = 14.3873(2), c = 15.3729(2) Å, a = 97.1106(5), b =
112.5601(5), g = 109.7985(5)°, U = 2192.8 Å3, T = 190 K, Z = 2, m(Mo-
Ka) = 6.773 mm21, 33327 reflections measured, 8930 unique (Rint =
0.032), 7689 observed with I > 3s(I) which were used in all calculations.
The final wR(F) was 0.0375 for observed data.

Complex 4: Crystal data:  C57H57Cl4N9O20Pt3S, M = 973.63, mono-
clinic, space group C12/c1, a = 15.2505(3), b = 24.4126(5), c =
17.3087(3) Å, b = 90.0327(15), U = 6444.1 Å3, T = 190 K, Z = 4, m(Mo-
Ka) = 6.776 mm21, 20122 reflections measured, 6940 unique (Rint =
0.031), 6004 observed with I > 3s(I) which were used in all calculations.
The final wR(F) was 0.0306 for observed data. Owing to the volatility of the
solvate the crystal was mounted in a Lindemann tube.

CCDC reference numbers 162979 and 162980. See http://www.rsc.org/
suppdata/cc/b1/b103637h/ for crystallographic data in CIF or other
electronic format.
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(4-chloro-2,2A:6A,2B-terpyridine)platinum(II) moieties, see: H.-K. Yip,
C.-M. Che, Z.-Y. Zhou and T. C. W. Mak, J. Chem. Soc., Chem.
Commun., 1992, 1369; G. Lowe and T. Vilaivan, J. Chem. Soc., Perkin
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Fig. 2 The X-ray crystal structure of tris[(2,2A:6A,2B-terpyridine)plati-
num(II)]sulfonium tetra-perchlorate 4: (a) down the three-fold axis and (b)
at an angle to the three-fold axis showing molecules with the same propeller
helicity with the sulfur atom above or below the reference plane of the three
Pt atoms. The Pt–S bond lengths are 2.32 ± 0.01 Å and the tilt of the three
(2,2A:6A,2B-terpyridine)platinum(II) planes is 40 ± 1° to the reference plane
of the three Pt atoms. The counter ions and solvent of crystallization are
excluded for clarity.
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Planar chiral ligand transfer reactions can be carried out by
the reaction of [(naphthalene)Mn(CO)3]BF4 with planar
chiral ferrocene derivatives. 

Ligand transfer from one metal to another is a useful reaction
when the complex cannot be easily prepared by conventional
methods and is popular in organometallic chemistry.1 Among
these, cyclopentadienyl transfer reactions may be of synthetic
interest,2,3 in particular if cheap substrates such as commer-
cially available ferrocene derivatives can be used as starting
materials. However, there have been no reports of ligand
transfer reactions from ferrocene derivatives to a manganese
moiety to prepare cyclopentadienyl manganese complexes.
Such complexes have many notable features such as high
thermal stability, lack of substantial air or water sensitivity,
kinetic inertness toward substitution reactions, and stereochem-
ical robustness. These characteristics will be useful properties
when manganese complexes are used as auxiliaries in other
reactions.

Herein we report the synthesis of planar chiral cyclopentadi-
enyltricarbonylmanganese complexes from the reaction of
planar chiral ferrocenes with [(h6-naphthalene)Mn(CO)3]BF4

4

and their application in asymmetric reactions. Planar chiral
chelates of CpMn(CO)3 derivatives are quite rare and hence
their use in asymmetric reactions has not been developed. There
has been a report5 of enantioselective allylic substitution of
cyclic substrates by catalysis with palladium complexes of P,N-
chelate ligands attached to a CpMn(CO)3 unit.

Refluxing equimolar amounts of a planar chiral ferrocene
derivative 1a and [(h6-naphthalene)Mn(CO)3]BF4 in the pres-
ence of 4 Å molecular sieves in CH2Cl2, followed by standard
work-up procedures, led to a 46% yield of the air-stable, planar
chiral tricarbonylcyclopentadienylmanganese complex 2a [eqn.
(1)].‡

(1)

As far as we are aware, this is the first use of a ligand transfer
reaction in the synthesis of a planar chiral tricarbonylcyclo-
pentadienylmanganese complex. Interestingly, formation of
CpMn(CO)3 was not observed in the reaction products. Birch
et al.6 first tested the idea of chirality transfer in the reaction
between a chiral donor complex and an unsymmetrical diene
ligand. Since then, there have been many reports on the
synthesis of chiral organometallic compounds.7 However, there

have been no known reactions on the synthesis of tricarbonylcy-
clopentadienylmanganese derivatives. Surprisingly, during the
transfer reaction, a complete inversion of the absolute config-
uration occurred [eqn. (1)]. This suggests that a bimetallic
species [Cp–Fe–Cp–Mn(CO)3]+ A, in which one of the Cp rings

is coordinated to both metals, occurs as an intermediate in this
reaction especially given the recent isolation and character-
ization of bimetallic complexes [Cp*–M–Cp*–Mn(CO)3]+ (M
= Fe, Ru, Os).8 In the same way, compounds 2b,c were
synthesized from the corresponding mixed ferrocenes 1b,c.
According to the study of Herberich et al.,9 the migrating Cp is
always the unsubstituted ligand. They explained this observa-
tion based upon on the electronic structural differences between
Cp2 and Cp*2. However, in our case, the substituted cyclo-
pentadienyl ligand always migrated.

Acid hydrolysis of 2a yielded the known compound 3 [eqn.
(2)];10 according to the 1H NMR spectrum of 2a and the optical
rotation of 3, compound 3 is optically pure.

(2)

We investigated whether the triol group in 2 could be used as
a directing group in the functionalization of the cyclopentadie-
nyl ring. Deprotonation of 2a by ButLi followed by the addition
of PPh2Cl yielded 4 in 67% yield [eqn. (3)].

(3)

The structure of 4 was confirmed by an X-ray crystal
structure determination (Fig. 1).11 Thus, the diphenylphosphino
group was successfully introduced with the aid of the triol
group.

We next investigated the use of the ligand transfer reaction in
the synthesis of P,N-ligands and studied palladium-catalyzed
asymmetric allylic alkylation. The use of ligands derived from
(arene)Cr(CO)3 as a chiral chelating ligand is quite popular.12

However, the use of CpMn(CO)3 as a chiral chelating ligand is
quite rare.5

† Electronic supplementary information (ESI) available: characterization of
2b, 2c, 4, 6, 7, 8 and 9, and a typical procedure for Pd-catalyzed allylic
alkylation. See http://www.rsc.org/suppdata/cc/b1/b102693n/
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The planar chiral P,N-ligands 9 were synthesized from 5
[eqn.  (4)].

(4)

Ligand transfer reaction of 5 afforded 6 in 74% yield.
Deprotonation of 6 followed by the addition of PPh2Cl and
subsequent reaction with acid gave 8 in 75% yield. The
condensation reaction of 8 with tert-butyl amine gave a P,N-
ligand 9a in 96% yield. The de of 7 prepared from 6 was 75%.
However, after recrystallization, the de of 7 was  > 99.5%.

The palladium-catalyzed asymmetric allylic alkylation of
rac-1,3-diphenylprop-2-en-1-yl acetate with dimethyl malonate
was successfully carried out [eqn. (5)].

(5)

Reaction of rac-1,3-diphenylprop-2-en-1-yl acetate with
dimethyl malonate in the presence of 1 mol% Pd catalyst at 15
°C for 4 h gave the allylic alkylation product methyl-
2-carbomethoxy-3,5-diphenylpent-4-enolate in high yields and
high ee values (95% yield and 89% ee in CH2Cl2; 96% yield and
92% ee in DMSO). Lowering the reaction temperature to
220 °C in CH2Cl2 led to an increase of the ee value to 94% with
a 74% yield.

In conclusion, we have conducted the first demonstration that
a planar chiral ligand transfer reaction can be carried out by the
reaction of [(naphthalene)Mn(CO)3]BF4 with planar chiral
ferrocene derivatives and we have shown that the P,N-ligand
prepared in this study can be employed in palladium-catalyzed
asymmetric allylic alkylation.

Notes and references
‡ Compounds (h6-C10H8)Mn(CO)3]BF4, 1 and 5 were synthesized as
previously described.4a,13,14

Synthesis of 2a: a Schlenk flask containing 0.50 g of molecular sieves was
flame-dried. After the flask was cooled to r.t., 1a (0.35 g, 1.06 mmol), [(h6-
C10H8)Mn(CO)3]BF4 (0.40 g, 1.13 mmol), and 15 mL of CH2Cl2 were
added to the flask. The resulting solution was heated at reflux for 18 h. After
the solution was cooled to r.t., the solution was filtered over a pad of Celite.
The filtrate was evaporated to dryness and chromatographed on a silica gel
column eluting with hexane and diethyl ether (10+1 v/v). Removal of the
solvent gave 2a (oil, 46%, 0.17 g). IR n(CO) 2012, 1920 cm21; dH(300
MHz, d6-benzene, TMS) 5.21 (br s, 1 H), 5.03 (br s, 1 H), 4.15 (br s, 1 H),
4.07 (dd, 3.7, 11.0 Hz, 1 H), 3.85 (m, 1 H), 3.60 (m, 2 H), 3.56 (m, 1 H), 3.55
(s, 3 H), 2.05 (s. 3 H), 1.87 (m, 1 H), 1.26 (d, 13.0 Hz, 1 H); dC(75 MHz,
d6-benzene) 225.7, 102.8, 99.5, 96.4, 82.6, 81.1, 79.8, 76.1, 75.3, 66.6, 59.1,
28.0, 12.1; HRMS calc. for C15H16MnO6: m/z 349.0484; obs: 349.0483.
[a]21

D = 236 (c 0.42 in CH2Cl2).

1 A. Z. Rubezhov and S. P. Gubin, Adv. Organomet. Chem., 1972, 10,
347; A. Efraty, J. Organomet. Chem., 1973, 57, 1; P. E. Garrou, Adv.
Organomet. Chem., 1984, 23, 95.

2 S. Top, C. Lescop, J.-S. Lehm and G. Jaouen, J. Organomet. Chem.,
2000, 593–594, 167; R. L. Halterman, Chem. Rev., 1992, 92, 965.

3 T. W. Spradau and J. A. Katzenellenbogen, Organometallics, 1998, 17,
2009; M. Wenzel, J. Labelled Compd. Radiopharm., 1992, 31, 641.

4 (a) S. Sun, L. K. Yeung, D. A. Sweigart, T.-Y. Lee, S. S. Lee, Y. K.
Chung, S. R. Switzer and R. D. Pike, Organometallics, 1995, 14, 2613;
(b) J. E. Kim, J. S. U. Son, S. S. Lee and Y. K. Chung, Inorg. Chim. Acta,
1998, 281, 229; (c) I. S. Lee, H. M. Seo and Y. K. Chung,
Organometallics, 1999, 18, 1091.

5 S. Kudis and G. Helmchen, Angew. Chem., Int. Ed., 1998, 37, 3047. 
6 A. J. Birch, W. D. Raverty and G. R. Stephenson, Tetraheron Lett.,

1980, 197.
7 V. I. Sokolov, Chirality and Optical Activity of Organometallics

Compounds, Gordon and Breach, New York, 1990; A. Togni,
Metallocenes, ed. A. Togni and R. L. Halterman, Wiley-VCH:
Weinheim, Germany, 1998, vol. 2.

8 E. J. Watson, K. L. Virkaitis, H. Li, A. J. Nowak, J. S. D’Acchioli, K.
Yu, G. B. Carpenter, Y. K. Chung and D. A. Sweigart, Chem. Commun.,
2001, 457.

9 G. E. Herberich, U. Englert, F. Marken and P. Hofmann, Organome-
tallics, 1993, 12, 4039.

10 N. M. Loim, M. A. Kondratenkp and V. I. Sokolov, J. Org. Chem., 1994,
59, 7485; Y. Yamazaki, J. Chromatogr., 1991, 542, 129.

11 Crystal data: for 4: monoclinic, space group P21; a = 8.0816(7), b =
15.0390(4), c = 10.9049(9) Å, b = 90.422(3)°, V = 1325.34(16) Å3,
Z = 2, Dc = 1.334 Mg m23; 210 < h < 10, 217 < k < 17, 214 < l < 13,
R1 = 0.0379, wR2 = 0.10791. For 7: orthorhombic, space group
P212121; a = 7.6659(2), b = 17.7774(8), c = 18.6479(10) Å; V =
2541.33(19) Å3, Z = 4; Dc = 1.355 Mg m23; 29 < h < 9, 223 < k < 22,
224 < l < 24; R1 = 0.0526, wR2 = 0.1398. CCDC reference numbers
157495 and 157496. See http://www.rsc.org/suppdata/cc/b1/b102693n/
for crystallographic data in CIF or other electronic format.

12 M. Uemura, R. Miyake and Y. Hayashi, J. Chem. Soc., Chem. Commun.,
1991, 1696; S. B. Heaton and G. B. Jones, Tetrahedron Lett., 1993, 33,
1693; Y. Hayashi, H. Sakai, N. Kaneta and M. Uemura, J. Organomet.
Chem., 1995, 503, 143; H.-Y. Jang, H. Seo, J. W. Han and Y. K. Chung,
Tetrahedron Lett., 2000, 41, 5083; C. Bolm and K. Muniz, Chem. Soc.
Rev., 1999, 28, 51.

13 O. Riant, O. Samuel, T. Flessner, S. Tandien and H. Kagan, J. Org.
Chem., 1997, 62, 6733.

14 G. Hftime, J.-C. Daran, E. Manoury and G. G. A. Balavoine,
J. Organomet. Chem., 1998, 565, 115.Fig. 1 X-Ray structure of 4.
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Unusual binding mode of the biimidazolate bridging ligand in two
novel heteropolynuclear complexes with an M2Ag2 [M = Ru(II) or
Os(II)] core†
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Two novel examples of heteronuclear tetrametallic
M2Ag2 (M = Ru, Os) complexes are described which show
strong argentophilic interactions.

The coordination ability of 2,2A-biimidazole is varied and
interesting.1 As a bidentate chelate it can bind as a neutral
molecule H2Biim, the monoanion [HBiim]2 or the dianion
[Biim]22. In addition, the mono- and the di-anions also can act
as bridging ligands leading to the synthesis of di- and poly-
nuclear complexes. Such polynuclear ruthenium complexes of
2,2A-biimidazolate and its derivatives2 have received much
attention in recent years. Usually the biimidazolate dianion
coordinates as a bis-chelating tetradentate ligand (type I). The
ligand can also behave as a tetradentate bridge attached to three
metal centers (type II). However, the latter coordination mode
of bridging [Biim]22 is very limited. As far as we are aware, the
rhodium complex, Rh4(CO)8(Biim)2 is the only structurally
authenticated compound3 which belongs to this category.

This communication deals with the isolation and character-
isation of two novel heterometallic tetranuclear compounds
with Ru2Ag2 and Os2Ag2 cores where the bridging [Biim]22

attaches to three metal atoms (type II).
In a recent publication4 we have shown that in the presence of

a strong p-acid co-ligand 2-(phenylazo)pyridine (pap), the
complexes [M(pap)2(BiimH2)]2+ (M = Ru, Os), exhibit
relatively low pKa values (pKa: M = Ru, 4.2 and 8.0; M = Os,
3.8 and 6.5). The neutral conjugate bases, [M(pap)2(Biim)],
behave as potential chelating ligands and react with appropriate
metal complexes to yield di- and tri-metallic complexes.4,5 In an
attempt to prepare heteropolymetallic M–Ag complexes, me-
thanolic solutions of [M(pap)2(BiimH2)]2+ were reacted with
ammoniacal silver nitrate (Tollen’s reagent) in 1+1 molar
proportion. It was anticipated that the alkalinity of the Tollen’s
reagent would be strong enough for the dissociation of
biimidazole protons from the above ruthenium/osmium build-
ing units. The reaction mixture became blue–violet in an hour.
Upon crystallisation of the crude product from acetonitrile–
water (1+1), dark crystals of the tetrameric cationic M2Ag2
compounds were obtained as their perchlorate salts in high
yields (ca. 80%) [eqn. (1), M = Ru, Os].

(1)

The mass spectra of M2Ag2 compounds fully corroborate
with their formulations. For example, the weak peak at 1514 in
the ESIMS spectrum of [{Ru(pap)2(Biim)}2Ag2](ClO4)2 is
assigned to [Mc 2 X], where Mc and X represent the molecule
and ClO4, respectively. The experimental isotopic distributions
for the above molecular ions corresponded with the simulated
patterns. Representative ESIMS spectra (Fig. S1–S4) are
deposited as electronic supplementary information.†

Final authentication of these unusual M2Ag2 species, how-
ever, were made by X-ray crystallographic characterization‡ of
the representative Ru2Ag2 compound. The complex cation
consists of two approximately octahedral [Ru(pap)2(Biim)]
units which are linked by two silver atoms in a head-to-tail
fashion. The asymmetric unit consists of half of the molecule.
The other half of the molecule is related by the crystallographic
two-fold axis passing through the two silver atoms. The local
geometry around each silver atom is nearly linear (N–Ag–N ca.
179°). The Ag–Ag distance is 2.8899(19) Å, which is similar to
that observed6 in metallic silver (2.89 Å). An ORTEP plot of
[{Ru(pap)2(Biim)}2Ag2]2+ is shown in Fig. 1. In the solid state
the cations are arranged in chains with water molecules present
between alternate layers. The small Ag–Ag separation in the
compound indicates the presence of argentophilic interactions
between the two Ag(I) (4d10) ions. The present M2Ag2
compounds clearly demonstrate the unique feature of [M(pap)2-
(Biim)] as building units, viz. their ability to encapsulate two
Ag(I) such that these come in proximity giving rise to
metallophilic interactions.7 Heterometallic compounds with

† Electronic supplementary information (ESI) available: details of crystal
structure solution and refinement: Fig. S1–S4: representative ESIMS
spectra. See http://www.rsc.org/suppdata/cc/b1/b100171j/

Fig. 1 An ORTEP plot and atom numbering scheme of [{Ru(pap)2-
(Biim)}2Ag2]2+ in [{Ru(pap)2(Biim)}2Ag2](ClO4)2·H2O. Selected bond
distances (Å) and angles (°): Ag(1)–Ag(2) 2.8899(19), C(41)–N(41)
1.329(14), C(41)–N(42) 1.349(14), Ru(1)–N(41) 2.093(10), Ru(1)–N(11)
2.042(9), Ru(1)–N(13) 1.980(9), Ag(1)–N(32) 2.081(10); N(32)–Ag(1)–
N(32a) 179.3(5), N(41)–C(41)–C(31) 115.0(11), N(42)–C(41)–C(31)
131.2(11).
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such small Ag–Ag separations8 are unprecedented in the
literature. Attractive interactions between formally closed shell
(d10) metal centres containing coinage monovalent metals have
been known predominantly for gold.9 In comparison, argento-
philic compounds are rare and the M2Ag2 compounds, de-
scribed here are the first examples of heterometallic Ru–Ag and
Os–Ag compounds which show metallophilic interactions. In
the recent past, however, there have been a few reports10 on
tetranuclear Ru2Ag2 compounds in which the Ag–Ag separa-
tions are large.

To look for the reason for this mode of binding in the Ru–Ag
compound, we compared the separations between the co-
ordinated nitrogen atoms of the biimidazolate ring in the present
Ru–Ag heterometallic compound with those in the symmetrical
cationic compound,4 [{Ru(bpy)2}2(Biim)]2+. The separation
between the coordinating N(31) and N(41) in [{Ru(pap)2-
(Biim)}2Ag2]2+ is 2.622 Å and that between N(32) and N(42) is
3.222 Å. The first pair of nitrogens are attached to the
Ru(pap)2

2+ moiety as a chelate whereas the other two are
coordinated linearly to two Ag(I). This effect is also reflected in
the uneven C–N lengths and bond angles in the biimidazolate
rings. For example, the bond lengths C(41)–N(41)
[1.329(14) Å] and C(31)–N(31) [1.350(13) Å] are shorter than
C(41)–N(42) [1.349(14) Å] and C(31)–N(32) [1.371(13) Å],
respectively. Moreover, the bond angles N(41)–C(41)–C(31)
[115.0(11)°] and N(31)–C(31)–C(41) [117.3(10)°] are narrower
than the corresponding angles N(42)–C(41)–C(31) [131.2(11)°]
and N(32)–C(31)–C(41) [130.7(11)°]. This wider separation
between N(32) and N(42) undoubtedly favours monodentate
type II coordination of the [Ru(pap)2(Biim)] bridging unit over
chelate type I coordination. Interestingly, in the symmetrical
compound [{Ru(bpy)2}2(Biim)]2+, the reference C–N bond
distances, the respective angles and the separation between the
coordinated N atoms are very similar.4§ In the M–Ag
compounds, one half of the bridging biimidazolate is co-
ordinated to M(II) which are known to participate in dp–pp
interactions very effectively11 and the other half is attached to
two Ag(I) which is known to be a s-acceptor. The presence of
[M(pap)2]2+ moiety together with a preferential affinity of the
Ag(I) for a linear coordination12 are believed to be the two
important factors for the trinuclear coordination of the [Biim]22

anion in [M(pap)2(Biim)].
Finally, we note here that the ESIMS spectral measurements

together with experimental results on the reactions of [M-
(pap)2(Biim)] with Cu2+ indicate a similar binding mode of
[Biim]22 resulting in the formation of heteropolymetallic
compounds with M4Cu2 cores. However, X-ray structural
authentication of the products, which are in progress, are
essential to make further conclusions. These will be reported in
due course.

Financial support received from the Department of Science
and Technology, New Delhi is acknowledged.

Notes and references
‡ The M2Ag2 compounds appear to be crystalline but, in general, were not
suitable for X-ray study. Fortunately, after several trials X-ray quality
crystals of [{Ru(pap)2(Biim)}2Ag2](ClO4)2·H2O could be formed. Crystals
of this compound were found to be weak scatterers and thus the quality of
the structure is not very high. However, the structural analysis of the
reference Ru2Ag2 compound suffices to establish the identity and gross
features of the system. Further details of the diffraction experiment are
provided as ESI.†

Crystal data: [{Ru(pap)2(Biim)}2Ag2](ClO4)2·H2O: C56H46N20O9Cl2-
Ag2Ru2, M = 1631.91, orthorhombic, space group Pnna (No. 52), a =
34.037(5), b = 19.467(4), c = 10.0362(12) Å, Z = 4, Dc = 1.630 Mg m23,
crystal dimensions 0.25 3 0.15 3 0.15 mm. Intensity data were collected on
an Enraf Nonius CAD4 automatic diffractometer using Cu-Ka radiation (l
= 1.54184 Å) and the w-scan technique, and corrected for Lorentz and
polarisation effects.13 The number of reflections measured was 7708, of
which 6955 were unique and were used for refinement. A semi-empirical
absorption correction (y-scans) was made.14 The structure was solved by
Patterson and Fourier methods15 and refined on F2 by a full-matrix least-
squares procedure using anisotropic displacement parameters.16 All hydro-
gen atoms were located in their calculated positions (C–H 0.93 Å) and
were refined using a riding model. The hydrogen atoms of one water
molecule, O(1), were not located. The final R indices [I > 2(s)I] was 0.078
while wR2 for all data was 0.2514. CCDC reference number 156515. See
http://www.rsc.org/suppdata/cc/b1/b100171j/ for crystallographic data in
CIF or other electronic format.
§ Reference C–N bond distances4 (Å): 1.322(10), 1.327(10), 1.327(10),
1.322(10); reference N–C–C bond angles (°) : 121.5(7), 121.7(7), 121.7(7),
121.5(7). Separation between the two pairs of coordinating N, N are
identical: 2.811 Å.
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Monomeric iridium(II) porphyrin complexes of tetrakis-
(2,4,6-trialkylphenyl)porphyrin ligands that are generated
by photolysis of the Ir–Me derivatives are found to have the
dxy

2 dz22 dxz,yz
3 ground electron configuration which differs

from the dxy
2 dxz,yz

4 dz21 configuration observed for the Co(II)
and Rh(II) analogs; reactions of these Ir(II) species with
ethene reflect both the metallo-radical reactivity and the
varying steric demands for the series of porphyrin ligands.

Monomeric iridium(II) complexes1 are unusual because of the
dominant characteristic for these d7 species to form diamagnetic
IrII–IrII bonded dimers.2 All of the currently reported iridium(II)
porphyrin complexes are diamagnetic dimers,3,4 and the range
of thermodynamically favorable substrate reactions is limited
by the dimer homolytic dissociation energy. This article reports
on the generation of iridium(II) complexes with sterically
demanding porphyrin ligands along with studies relevant to the
electronic structure and ethene substrate reactions.

Tetramesitylporphyrin (TMP) and derivatives where the
mesityl methyl groups in TMP are replaced by ethyl (TTEPP)
and isopropyl (TTiPP) provide a series of ligands that require
interporphyrin distances too large to support metal–metal
bonding.5,6 Photolysis (l > 350 nm) of (octaethylporphy-
rinato)iridium methyl [(OEP)Ir–Me) gives selective Ir–Me
bond homolysis and near quantitative formation of the IrII–IrII

bonded dimer {[(OEP)Ir]2}.4 Photolysis of (por)Ir-CH3 (por =
TMP, TTEPP, TTiPP) provides an approach to generate
iridium(II) porphyrin derivatives that are sterically unable to
dimerize by IrII–IrII bonding [(eqn. (1)].

(por)Ir_Me (por)Ir Me
 nm

IIhv

l >
+ ◊

350
, (1)

Photolysis of (por)Ir–Me complexes in C6D6 results in the
direct observation of (TTiPP)IrII 1 and (TTEPP)IrII 2† and
evidence for the formation of (TMP)IrII 3 through the
characteristic reaction with ethene to form (TMP)Ir–CH2CH2–
Ir(TMP)[eqn. (2)].†

2(TMP)IrII + CH2NCH2?(TMP)Ir–CH2CH2–Ir(TMP) (2)

The paramagnetism of (TTiPP)IrII 1 produces shifts and
broadening for all of the 1H NMR resonances in 1† and the high
field position for the pyrrole hydrogens [d1 (pyr) 220.9 (296
K)] is particularly significant (Fig. 1). The ground electron
configuration for both Co(II) and Rh(II) porphyrin complexes is
known to be dxy

2 dxz,yz
4 dz21 7 and downfield pyrrole 1H NMR

shifts8 are observed for these metalloporphyrins which is
opposite in sign to that for (TTiPP)IrII 1. Upfield pyrrole
porphyrin contact shifts are associated with spin density in the
porphyrin p orbitals.9 Low spin (d5) Fe(III) porphyrin com-
plexes such as [(TPP)Fe(Im)2]Cl (Im = imidazole)10 have the
dxy

2 dxz,yz
3 ground configuration and upfield pyrrole 1H NMR

shift positions comparable to that for 1.10 The pyrrole proton
contact shifts for 1 clearly indicate that (TTiPP)IrII has a dxy

2

dz22 dxz,yz
3 electron configuration which contrasts with the dxy

2

dxz,yz
4 dz21 configuration observed for the d7 metalloporphyin

complexes of cobalt(II) and rhodium(II).
Plots of the porphyrin pyrrole shifts vs. T21 for (TTiPP)IrII

and (TTiPP)RhII are shown in Fig. 2. Linear dependence of the

paramagnetic shift with T21 for (TTiPP)RhII is indicative of
simple Curie paramagnetic behavior associated with a single
contributing state, but curvature of the plot for (TTiPP)IrII

suggests that several states are thermally populated. The
deviation from linearity in the shift vs. T21 as the temperature is
lowered is in the direction of larger upfield contact shift which
clearly indicates that the ground configuration has an unpaired
electron in the dp (dxz,yz) orbitals. Repeated attempts to
determine EPR parameters for (TTiPP)IrII in toluene glass
(20–100 K) did not result in an observed EPR spectrum. The
presence of one or more excited states with energy close to that
of the ground state may hamper observation of EPR spectra by
producing rapid electron spin relaxation.

Differences in steric demands of (TMP)IrII, (TTEPP)IrII and
(TTiPP)IrII are clearly manifested by the different products that

Fig. 1 1H NMR spectra illustrating the pyrrole resonance (296 K): (a)
(TTiPP)RhII, dpyr +17.5; (b) (TTiPP)IrII, dpyr 220.9.

Fig. 2 Plots of the pyrrole 1H NMR contact shifts in toluene-d8 vs. T21

[(TTiPP)RhII (-); (TTiPP)IrII (5)].

This journal is © The Royal Society of Chemistry 2001

1294 Chem. Commun., 2001, 1294–1295 DOI: 10.1039/b104301n



result from reactions with ethene. Reaction of (TTEPP)IrII with
ethene produces a four-carbon bridged complex (TTEPP)Ir–
CH2CH2–CH2CH2–Ir(TTEP) [eqn. (3)] without any evidence
for the two-carbon ethylene bridged species observed for
(TMP)IrII [(TMP)Ir–CH2CH2–Ir(TMP)] [eqn. (1)].

2(TTEPP)IrII + 2 CH2NCH2?

(TTEPP)Ir–CH2CH2–CH2CH2–Ir(TTEPP) (3)

The increased steric demands of (TTEPP)Ir compared to
(TMP)Ir inhibits formation of the two-carbon bridged complex
and an ethene coupling process occurs to yield a four-carbon
bridged complex that relieves the steric congestion. The
reactions of (TMP)IrII and (TTEPP)IrII with ethene to form two-
and four-carbon bridged complexes directly parallel reactions
of the rhodium(II) derivatives.6 Further increase in the ligand
steric requirements to those of (TTiPP)IrII inhibits formation of
even a four-carbon bridged species which is also a property
observed for the rhodium(II) derivative.6 When a toluene
solution of (TTiPP)IrII is exposed to ethene the porphyrin NMR
spectrum disappears, new electronic absorption maxima appear
at 444 and 730 nm and an intense EPR signal is observed [ < g >
= 1.987(290 K); g|| = 1.96, g4 = 1.998(90 K)]. These
spectroscopic changes are indicative of a donor induced
intramolecular electron transfer from the IrII center to the
porphyrin ligand p* which forms an iridium(III) porphyrin
anion radical species.11,12 This behavior differs from (TTiPP)-
RhII which reacts with ethene to form a 1+1 complex where the
unpaired electron is in a metal centered dz2 molecular orbital.6
(TTiPP)RhII requires an excess of a strong donor like pyridine
in order to elevate the dz2 above the porphyrin p* to produce an
intramolecular electron transfer.7 A higher energy position for
the iridium d orbitals and or stronger iridium–substrate binding
compared to that of rhodium(II) and cobalt(II) is inferred by
these results.

Generation of monomeric iridium(II) porphyrins permits
study of the fundamental electronic structure of Ir(II) and by
removing the thermodynamic restrictions from IrII–IrII bonding
provides an opportunity to evaluate the full range of Ir(II)
substrate reactions.

This research was supported by the Department of Energy
Division of Chemical Sciences, Office of Science through grant
DE-FG02-86ER-13615.

Notes and references
† The synthesis of iridium complexs of TMP, TTEPP and TTiPP follows the
general procedures described by Ogoshi for the synthesis of (OEP)Ir
complexes: (por)IrII (por = TMP, TTEPP, TTiPP) is generated by photolysis
of (por)Ir–Me in benzene in a Rayonet photoreactor equipped with RPR-
350 nm lamps.

Selected spectroscopic data: (TTiPP)IrII: dH(C6D6; 294 K): 8.14 (8H, br
s, m-H), 5.88 [8H, br, o-CH(CH3)2], 3.79 [4H, sept, p-CH(CH3)2], 2.08
(24H, br, p-CH(CH3)2], 1.73 [48H, br, o-CH(CH3)2], 220.89 (8H, br,
pyrrole H).

(TTEPP)IrII: dH(C6D6; 294 K): 7.62 (8H, br s, m-H), 4.08 (16H, br, o-
CH2CH3), 3.23 (8H, br, p-CH2CH3), 1.83 (12H, br, p-CH2CH3), 1.61 (24H,
br, o-CH2CH3), 221.46 (8H, br, pyrrole H).

Reaction of (TMP)Ir with ethene in benzene solution produces (TMP)Ir–
CH2CH2–Ir(TMP), which is identified by 1H NMR spectroscopy by the d
27.85 resonance characteristic of the –CH2CH2– bridge.6

Reaction of (TTEPP)Ir with ethene in benzene solution produces
(TTEPP)Ir–CH2CH2CH2CH2–Ir(TTEPP). The 1H NMR spectrum displays
two high field resonances centered at d 25.87 and 26.42 that are
characteristic of the four-carbon bridge.6
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Observation of a stable cis-diphosphine solvate rhodium dihydride
derived from PHANEPHOS
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The methanol solvate rhodium(PHANEPHOS) forms a
stable dihydride which has been characterised in solution by
NMR as a pair of equilibrating diastereomers.

Early experiments designed to elicit the mechanism of asym-
metric homogeneous hydrogenation provided a contrast be-
tween chelate diphosphine and bisphosphine rhodium com-
plexes. The solvate 1a showed no tendency to react with

ambient hydrogen, whilst the solvate 2 formed a characterised
dihydride;1 the difference was attributed to a requirement for
trans-diphosphine geometry in the stable solvate with H
correspondingly trans to solvent oxygen. This observation has
generally been sustained until recently. Aside from reversible
ortho–para dihydrogen equilibration by complexes 1a and 1b,2
and the likely mediation of a cis-dihydride in the formation of
the dimeric species 3,3 no further progress had been made prior
to the work of Gridnev, Imamoto and coworkers.4 They
demonstrated that the corresponding solvate 4 from a simple P-
chiral alkylphosphine ligand formed significant quantities of the
cis-dihydride 5 (20% at 295 °C and ambient pressure), with
two diastereomers formed in a ratio of 10+1.5 Further, this
intermediate reacted with the catalytic substrate 6a to form a Rh
alkylhydride,6 which then underwent reductive elimination at
250 °C to give the hydrogenated product. Taken together with
labelling studies, the results are compatible with path A in
Scheme 1, in contrast to the more generally accepted sequence
B.7

We recently demonstrated the presence of an agostic
dihydride intermediate 7 in the hydrogenation cycle of com-
pound 6a by [PHANEPHOS]Rh+, employing para-enriched
hydrogen and the precursor complex 8 (or the NBD analogue)
to identify the transient at 210 to 230 °C by 1H NMR.8 When
hydrogenation is complete and the substrate exhausted a second
species can be observed, however. By carrying out the
hydrogenation of the catalyst precursor in the absence of

substrate the same intermediate is seen, optimally at 240 °C.
The d and J values are entirely consistent with a cis-dihydride
structure 9, with one hydride trans to phosphorus (d ca. 211)
and one trans to one of the two solvent oxygens (d ca. 220).
Both the intensity and persistence of the signals indicate that it
is a relatively robust species. There are two diastereomers 9a
and 9b in 2+1 ratio, and their NMR spectra have been fully
assigned using PHIP++ [Fig. 1(a)].9 The chemical shifts are
very different from the previous case4 where the observed major
diastereomer resonates at d 27.7 and 223.0.

When hydrogenation is carried out under conventional NMR
conditions at 280 °C, the same dihydride 9 may be observed,
along with small amounts of other Rh hydride resonances not
seen in the PHIP spectrum. It is stable up to 240 °C [Fig. 1(b)],
and a rough estimate based on integration of the high-field 1H
NMR signals against the CH2-region of the ligand indicates that
45% of species 9 is formed at equilibrium, making it more
accessible than the previously observed case,4,5 and to higher

Scheme 1 The possible paths for addition of dihydrogen to a dehydroamino
ester; path A: H2 addition prior to substrate (dihydride route). Path B:
substrate addition prior to H2 addition (unsaturate route).
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temperatures. This may be attributed to the high level of
electron donation ensuing from the [2.2]paracyclophane back-
bone,10 together with the large bite angle of PHANEPHOS,11

which will favour the dihydride at equilibrium. The two
diastereomers are in equilibrium by an unselective mechanism,
as indicated by a selective homodecoupling experiment.12

When the solution containing complex 9 is held at 280 °C
and a solution of compound 6a in MeOH added, rapid formation
of the agostic dihydride 7a occurs. The signals at d22 and 219
are broad at that temperature, and at 270 °C they decay over
time without formation of any further observable intermediates.
The absence of a ‘classical’ alkylhydride 10 indicates that 7a is
the only accessible intermediate on the hydrogenation pathway.
Further, it must be formed directly from an assumed dihydride
precursor rather than by reinsertion of rhodium into the b-CH of
10 after formation of the latter, since the latter pathway would
vitiate the earlier PHIP experiment by uncoupling the H–H
spins.

In the earlier publication of Gridnev, Imamoto and cowork-
ers,4 it was suggested that path A could be a viable alternative
to the accepted reaction mechanism of path B (Scheme 1). We

observed that when the PHIP experiment was carried out with
6b as substrate at the lower temperature of 227 °C, the solvate
dihydride 9a, b could be observed in significant amount, but
only late in the reaction sequence when the substrate concentra-
tion was depleted (Fig. 2). This opens up the possibility that path
A may contribute to catalytic turnover in the PHANEPHOS
case. Earlier INEPT experiments demonstrated that the agostic
intermediate 7a is in reversible equilibrium with the solvate
complex and substrate.7 This makes the discrimination between
the two pathways quite subtle. Given that both species 7 and 9
are observed in the same experiment under turnover conditions,
the result is accessible in principle and a challenge for further
work.

We thank Philip Pye and Kai Rossen (Merck, Rahway) for a
generous gift of PHANEPHOS, and Johnson-Matthey for the
loan of RhCl3. R. G. thanks BASF AG and Studienstiftung des
Deutschen Volkes for a Fellowship. JMB is very pleased to
acknowledge an unrestricted grant from Merck, Inc. H. H. and
J. B. thank the Deutsche Forschungsgemeinschaft for financial
support.
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Fig. 1 (a) The PHIP 1H NMR spectrum (CD3OD, 200 MHz) of dihydrides
9a and 9b taken after parahydrogen (98% enriched) passage through a
solution of complex 8 in CD3OD at 240 °C. Minor diastereomer: d210.87
(JHP 170, 24, JHRh 14, JHH 29.0 Hz), 221.77, (JHP 32, 12, JHRh 21 Hz);
major diastereomer : d 211.46 (JHP 171, 28, JHRh 15.5, 15, JHH 27.5 Hz),
220.91, (JHP 29, 16, JHRh 22.5 Hz). (b) The 1H NMR spectrum (CD3OD,
500 MHz) of dihydrides 9a and 9b formed in the hydrogenation of complex
8 at 280 °C, taken at 240 °C, with comparable J and d values.

Fig. 2 The PHIP 1H NMR spectrum of the hydrogenation of reactant 6b in
CD3OD in the presence of Rh complex 8 at 227 °C, after 40 5 s pulses of
parahydrogen (98%). Spectra taken earlier in the sequence after 16 pulses
show only traces of complex 9.
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An iron(II) complex with a lipophilic derivative of 2,2A-
bipyridine was synthesized and found to aggregate in
aqueous solution, yielding vesicles with a mean diameter of
1000 nm; preliminary cyclic voltammetry experiments show
that the complex forms redox-active films at the electrode
surface.

The design of new amphiphilic molecules incorporating
transition metal complexes is a recent topic of interest due to
their potential use in catalysis,1 medicine2 and materials
science.3 Self-assembling amphiphilic systems containing
metal ions are particularly promising since they combine the
special solvation and interfacial behaviour of organised media
with the rich chemical reactivity of transition metal complexes.
Several applications may be envisaged for this type of
molecules, such as the development of environmentally friendly
catalysts, medical applications such as carriers of diagnostic
metals and metal-complex drugs with specific targeting ability,
and as models for biological membrane processes. Never-
theless, the special characteristics imparted by metal ions in
organised media are much more poorly understood.4

In this work we have synthesised and studied the complex
cis-bis(4,4A-dinonyl-2,2A-bipyridine)dicyanoiron(II) 1. Com-
plexes of the type [FeL2(CN)2], where L is a bidentate diimmine

ligand, have been extensively used as inorganic solvatochromic
probes of solvent polarity. In the course of a systematic study on
the solvatochromic behaviour of complexes of this type with
different hydrolipophilic balance5 we have prepared complex 1,
using a published procedure with minor modifications.6 Synthe-
sis of 4,4A-dinonyl-2,2A-bipyridine was performed by reaction of
4,4A-dimethyl-2,2A-bipyridine with lithium diisopropylamide,
followed by condensation with 1-bromooctane.7 The desired
complex was obtained by reaction of (NH4)2Fe(SO4)2·5H2O
with three-fold the stoichiometric amount of the ligand,
followed by addition of an excess of KCN; purification by
chromatography afforded the pure complex.† Its solvato-
chromic behaviour was studied in a large range of solvents with
different properties, from methanol to n-pentane. The results
obtained are indicative that the solvatochromic sensitivity of 1
is similar to that of the related complex cis-[Fe(bpy)2(CN)2],
which is, however, insoluble in low-polarity solvents. Thus, the
introduction of two nonyl chains in the diimmine ligand results
in a complex that may act as a solvent polarity probe in
lipophilic systems.

In order to evaluate possible preferential solvation effects we
have studied the solvatochromic behaviour of complex 1 in
water–methanol, water–acetone and water–acetonitrile. The
solvatochromic behaviour in water–methanol mixtures is very
different from that observed in the two other mixed solvents
(Fig. 1). Addition of water to a methanol solution of 1 results in
a small but regular decrease of lmax, and thus indicates the
absence of preferential solvation. On the contrary, the addition
of small amounts of water to acetone or acetonitrile solutions
results in a sharp decrease in band maxima, typical of a strong
preferential solvation by water.

In the three mixed solvents studied at water content of 33, 40
and 50% (v+v) in methanol, acetone and acetonitrile, re-
spectively, an abrupt increase in lmax is observed with a
perceptible colour change from red to deep blue (typical of a
very lipophilic environment) accompanied by the appearance of
turbidity. Light-scattering of these solutions shows that they
contain aggregates with a mean hydrodynamic diameter of ca.
1000 nm.‡ Since light-scattering studies and the morphology of
the aggregates may depend on the presence of small quantities
of organic solvent, we have repeated the analysis using several
reported methods for the preparation of lipid aggregates in
aqueous solutions,8§ and the results were similar. The size of
the aggregates was confirmed by electron microscopy (Fig. 2).
Several grids were observed and in all of them a regular and
relatively homogeneous population of round aggregates were
observed with most of them with diameters varying between
870 and 1020 nm.¶

The type of aggregate formed was identified by a well
established method,8b,9 with 4(5)-carboxyfluorescein as a
fluorescent probe, that is highly hydrophilic and auto-quenches
at high concentrations. Aggregates were prepared in an aqueous
1 M solution of 5(6)-carboxyfluorescein, and separated from
unincorporated probe by passing through a Sephadex G-50
column. Elution profiles showed clearly two fluorescent bands,
one corresponding to the free aqueous probe and the other to the
solution containing the aggregated complex (confirmed by UV–
VIS spectroscopy). Addition of TRITON-X to the fraction

Fig. 1Variation of lmax of the LMCT band of complex 1 with water content
in mixed solvents methanol–water (-), acetone–water (3) and acetonitrile–
water (2).
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containing the aggregates causes their disruption and an
100-fold increase in fluorescence intensity is observed. This
result clearly shows that complex 1 aggregates by forming
vesicles—double layer spherical aggregates containing an inner
aqueous core.

Preliminary studies of the redox behaviour of this complex in
the monomeric and aggregated forms were performed by cyclic
voltammetry. Solutions of 1 in acetonitrile show one reversible
redox process (E1/2 = 0.39 V vs. Ag/AgCl,1 M NaCl ), a value
that is significantly lower than that of [Fe(bpy)2(CN)2] obtained
in the same conditions (E1/2 = 0.49 V vs. Ag/AgCl,1 M NaCl),
which shows that the introduction of the alkyl chains results in
a stabilization of the +3 oxidation state for Fe. Addition of water
up to a concentrations of 55% (v/v) does not affect the
voltammograms of [Fe(bpy)2(CN)2], but for the more lipophilic
complex the redox process gradually changes toward more
positive potential (E1/2 = 0.50 V for 55% H2O–MeCN). In
water rich solvents, where formation of vesicles in solution is
observed, immersion of a platinum or vitreous carbon electrode
in the solution for 5 min leads to the formation of a redox active
film with E1/2 = 0.60 V.

The results obtained in this work show that complex 1 is a
new metallo-surfactant that readily forms vesicles in water-rich
media and with solvatochromic properties that make aggrega-
tion self-indicated. This aggregation behaviour provides a
simple way to localize metal-ion reactivity in organized media,
and the preliminary studies performed by CV show that
aggregation, although affecting the redox potential of the iron
center, does not inhibit its redox behaviour. Complex 1 is thus
a promising compound to test possible synergetic effects of
conjugating redox reactivity and the special solvation effects of
organized systems, e.g. in redox catalysis of lipophilic com-
pounds in water-rich media.

Notes and references
† Chromatography in silica gel 60 (Merck, 230–400 mesh) using acetone
and methanol as eluents. dH(200 MHz, CDCl3): 0.83–0.90 (m, 12 H, 4 3
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Ar–CH2); 2.77 (t, J 7.9 Hz, 4 H, 2 3 Ar–CH2); 6.88 (d, J 5.8 Hz, 2 H, 2 3
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Fig. 2 Negative stain transmission electron micrograph of vesicles at
magnification 30003.
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Hydrogen bonds between polyphenol (p-HOC6H4O)6W and
bipyridines: (4,4A-bipy·HOC6H4O)6W and 3-D networks
[{4,4A-(NC5H4)2(CH2CH2)}n{(HOC6H4O)6W}]H (n = 2, 3)
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Polyphenol (p-HOC6H4O)6W is stable with respect to
condensation, and formed (4,4A-bipy·HOC6H4O)6W and the
3-D networks [{4,4A-(NC5H4)2(CH2CH2)}n{(HOC6H4-
O)6W}]H (n = 2, 3), when treated with 4,4A-bipy and 1,2-di-
4-pyridylethane, respectively.

The construction of coordination networks1 and dendrimeric
materials2,3 often utilizes a polyfunctionalized molecular core
from which branches may emanate. While such organic cores
exhibit various functionalities, inorganic equivalents are less
structurally diverse, and most metals can be considered as
Lewis acidic nodes amidst an organic framework. Creating
functionality pendant to a metal can be a difficult problem,4
especially for early transition metals, which are intolerant to
many groups. For example, modeling studies indicated that
(4-HO-2,6-C6R2H2O)4M (M = Ti, Zr) would be effectively
blocked from self-condensations via appropriately sized sub-
stituents R, yet trace 4-HO-2,6-C6R2H2OH and rapid alkoxide
exchange chemistry hampered all efforts at isolating such
species, and oligomeric materials were obtained.

In contrast, (PhO)6W5 is known to be stable in basic media,
and is only susceptible to acid catalyzed phenoxide exchange at
elevated temperatures.6 The innate stability of hexaphenox-
idetungsten complexes suggested a route to a polyhydroxylated
inorganic core, namely (p-HOC6H4O)6W.

As Scheme 1 illustrates, treatment of W(OMe)6, prepared
from W(OMe)4Cl2, MeOH and NEt3,7 with p-HOC6H4OCH2Ph
in toluene for 24 h at 213 °C in a bomb reactor yielded the
polybenzyl ether, (p-PhCH2OC6H4O)6W 1 (91%).† Deprotec-
tion was effected via hydrogenation (H2 (1 atm), Pd/C) in
ethanol–toluene, and dark red (p-HOC6H4O)6W·2THF·C6H6
(2·2THF·C6H6) was crystallized in 60% yield from THF–

benzene.† An intricate, three-dimensional hydrogen-bonding
network8 is observed for 2·2THF·C6H6.‡ Fig. 1. reveals rings of
(p-OH)4 that comprise one connectivity, another loop that
alternately involves two p-OH and two phenoxide oxygens, and
a single p-OH…THF hydrogen bond. The WO…HO hydrogen
bond renders the W–O2 bond long (1.934(4) Å) in contrast to
the 1.889(14) Å average distance of the normal tungsten
aryloxide bonds.9 The W–O–C angles range from 136.8(4) to
148.0(4)° to accommodate the network, and little distortion
from octahedral coordination is observed in the WO6 core
(•OWOcis = 90.0(21)°av; •OWOtrans = 176.7(24)°av).

Attempts to generate a hydrogen-bonded network8 from (p-
HOC6H4O)6W 2 and 4,4A-bipyridine failed when efforts to
control stoichiometry continually led to the hexa-4,4A-bipyr-
idine derivative (4,4A-bipy·HOC6H4O)6W 3 (Scheme 1, Fig.
2).‡ Hexabasic 3 has a regular core (•OWOcis = 90.0(7)°av;
•OWOtrans = 178.8(2)°av; d(W–O) = 1.901(10) Åav; •WOC
= 137.8(16)°av), and packs in hexagonal columns due to face-
to-face p-stacking interactions of the bipyridines.10

Concern that 4,4A-bipy was rendered an ineffective linker due
to the weaker basicity of the second nitrogen upon formation of
the initial hydrogen-bond, or its conformational rigidity,
prompted a change to 1,2-di-4-pyridylethane. When combined
with (p-HOC6H4O)6W·2THF·C6H6 2, two materials of stoi-
chiometry [{4,4A-(NC5H4)2(CH2CH2)}2{(HOC6H4O)6W}]H 4
and [{4,4A-(NC5H4)2(CH2CH2)}3{(HOC6H4O)6W}·THF]H
(5·THF) were isolated in ca. 1+3 ratio (Scheme 1). Fig. 3(a)
reveals the OH…N, N…HO bonds of 4 as a zigzag chain-link
motif, while Fig. 3(b) shows how additional phenols interact
with the OH groups of these units to form a box.‡ Similar H-
bonds connect the boxes and a redundant network inter-
penetrates to form an overall doubly interpenetrating 3-D
network.1 Again the tungsten core is regular (•OWOcis =

Scheme 1
Fig. 1 A sheet of three-dimensional (p-HOC6H4O)6W·2THF·C6H6

(2·2THF·C6H6) showing the different H-bonding connectivities.
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90.0(18)°av; •OWOtrans = 178.4(8)°av; d(W–O) = 1.88(2)
Åav), but substantial variation in •WOC (143.6(54)°av) is
observed to reflect the constraints of the network.

Fig. 4(a) illustrates the connectivity of [{4,4A-
(NC5H4)2(CH2CH2)}3{(HOC6H4O)6W}·THF]H (5·THF),
whose tungsten centers are linked via OH…N, N…HO bonds to
form an irregular box. The familiar octahedral core of the
(HOC6H4O)6W group is evident (•OWOcis = 90.0(25)°av;
•OWOtrans = 177.6(17)°av; d(W–O) = 1.86(5) Åav), yet the
W–O–C angles vary greatly (135.7(18)° to 169.4(19)°) to
accommodate geometric features of the three-dimensional
network. The box described above is voluminous, hence the
structure triply interpenetrates1 [Fig. 4(b)].

In summary, hexaphenol (p-HOC6H4O)6W 2 does not self-
condense into m-OC6H4O oligomers and can be utilized to form
hydrogen-bonded complexes and networks.

Financial support from the National Science Foundation
(CHE-9816134), the Cornell High Energy Synchrotron Source
(CHESS), the Cornell Center for Materials Research (DMR-
9632275), and The English-Speaking Union, for a Lindemann
Trust Fellowship (RED), is gratefully acknowledged.
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Fig. 2 The hexagonal columns of (4,4A-bipy·HOC6H4O)6W 3.

Fig. 3 (a) The zigzag OH…N, N…HO connectivity of [{4,4A-
(NC5H4)2(CH2CH2)}2{(HOC6H4O)6W}]H 4. (b) Additional phenolic H-
bonds generate the doubly interpenetrating three-dimensional boxes of 4 (W
= #, O = ü, N = ™, p-C and ethane carbons (2)).

Fig. 4 (a) The OH…N, N…HO connectivity generating the irregular three-
dimensional box of [{4,4A-(NC5H4)2(CH2CH2)}3{(HOC6H4O)6W}·THF]H
5. (b) Triple interpenetration of the boxes W = #, O = ü, N = ™, p-C and
ethane carbons (2)).
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Liquid crystallinity of membrane solvent and neutral
carriers for potentiometric ion sensors affects the orientation
of neutral carrier molecules in the ion-sensing membranes,
thus bringing about significant changes in the ion selectivity
for the membrane electrodes. 

Neutral-carrier-type ion-sensing membranes are very attractive
for potentiometric ion sensors such as ion-selective electrodes
(ISEs) and ion-sensitive field-effect transistors.1 The ion
selectivities are governed not only by the original selectivity of
neutral carriers themselves but also by the kind of plasticizers,
because their ion-exchange equilibrium resembles that for
liquid–liquid extraction.2,3 We became very much interested in
how the orientation of neutral carrier and solvent molecules
affects their ion exchange in the membrane interface. The ion
sensor property might be controlled by the orientation of the
membrane components. Since liquid crystals possess some
molecular orientation as well as mobility, they may be a useful
material for PVC-based ion-sensing membranes.4 We have
therefore attempted to use a liquid-crystalline membrane
solvent and a neutral carrier as the membrane components for
ISEs, expecting some improvement of ion sensor property. Here
we report a remarkable liquid crystal effect of membrane
solvent and neutral carrier on the resulting membrane elec-
trodes.

In order to elucidate the ‘pure’ liquid crystal effect on the ion
sensor property, we decided to use bulk liquid-crystalline
membranes, not PVC-dispersed liquid-crystalline membranes.
Bulk membranes consisting of 5.0 wt% neutral carrier, 1.3 wt%
potassium tetrakis(p-chlorophenylborate) (KTpClPB), and 93.7
wt% solvent were incorporated into the plastic tip of an
adjustable pipette (Quality Science Plastics, Q-110) for the
neutral carrier-type ion-sensors. For the membrane solvent we
employed liquid-crystalline compound, 4-cyano-4A-hexyl-
biphenyl 1 (K-18, Merck) (Scheme 1), as well as 2-nitrophenyl
octyl ether (NPOE) for comparison. The neutral carriers were a
liquid-crystalline neutral carrier 25 and [bis(benzo-15-crown-
5)-4-methyl] pimelate [bis(benzo-15-crown-5)]. The electro-
chemical cell for the emf measurements was Ag | AgCl | 1 3
1023 mol dm23 KCl | ion-sensing membrane | sample solution
|| 1 mol dm23 CH3CO2Li || 3 mol dm23 KCl | AgCl | Ag. The
selectivity coefficients of K+ with respect to Na+ were

determined by a mixed solution method, that is, the fixed
interference method (FIM) at the Na+ background concentration
of 1 3 1022 or 3 3 1021 mol dm23.

Potassium ion-selective electrodes based on the liquid-
crystalline membrane containing liquid-crystalline neutral car-
rier 2 as well as KTpClPB responded to K+ activity changes
with a Nernstian or near-Nernstian slope in the activity range of
3 3 1026 to 1 3 1021 mol dm23 at 25 °C. This was the case for
the corresponding liquid membrane systems containing NPOE
instead of 1. There was not any significant difference in the
sensitivity at the three measuring temperatures of 19, 25, and
35 °C. The potential response was as fast as that for
conventional plasticized-PVC membrane electrodes with t90 of
several seconds.

The selectivity for K+ over Na+ (selectivity coefficient of K+

with respect to Na+, kPot
K,Na) was measured in the liquid-

crystalline membrane systems at the three different tem-
peratures (Fig. 1). It should be noted that the selectivity
coefficients depend significantly on the measuring temperatures
in the membrane systems containing neutral carrier 2. On the
other hand, little significant change in the selectivity with
temperature was observed in the membrane system with
bis(benzo-15-crown-5) and without any neutral carrier. The
selectivity coefficients of K+ with respect to Na+ measured at
temperatures of 19 and 25 °C are much smaller than those at
35 °C in the membrane systems containing 2.

The phase transition temperatures for the above-mentioned
membrane systems were followed by differential scanning
calorimeter, and are summarized in Table 1. The liquid-
crystalline compound 1, by itself, has a transition from crystal to
nematic phase (K–N) at 15.3 °C and from nematic to isotropic
phase (N–I) at 29.2 °C. The addition of a small amount of
neutral carrier and/or KTpClPB altered the transition tem-
perature to some extent, as anticipated. The drastic temperature
dependence of the ion selectivities as shown in Fig. 1 indicates
that the higher selectivity for K+ over Na+ is attained in the
nematic state in the neutral-carrier-type liquid-crystalline
membranes of 2. This means that the highly oriented nematic
phase enhances the K+ selectivity of the 15-crown-5 derivatives
over Na+, as compared with the corresponding isotropic liquid
phase. The selectivity coefficients for the membrane system of

Scheme 1 Liquid-crystalline solvent (1) and neutral carrier (2) employed
here.

Fig. 1 Temperature dependence of selectivity coefficient for K+ with respect
to Na+ in the ion-sensing membranes: (a) 1/KTpClPB (without neutral
carrier), (b) 2/1/KTpClPB, and (c) bis(benzo-15-crown-5)/1/KTpClPB.
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2/1/KTpClPB at 19 and 25 °C are quite comparable to those for
the corresponding membrane system containing a bis(benzo-
15-crown-5) derivative, bis[(benzo-15-crown-5)-4-methyl] pi-
melate, instead of 2. It is well-known that bis(benzo-15-crown-
5) derivatives display excellent K+ selectivity over Na+ by
cooperative action of two adjacent crown ether rings.6,7 This
implies that the highly oriented phase in the membrane urges the
monocyclic neutral carriers to aggregate to each other, which in
turn allows the neutral carriers to behave as if they were
bis(crown ether) neutral carriers.

Even when the bis(benzo-15-crown-5) derivative was em-
ployed for the neutral carrier of the liquid-crystalline membrane
(1/KTpClPB), the K+ selectivity over Na+ hardly depended on
the temperature over the range from 19 to 35 °C. Also, no

significant temperature dependence on the K+ selectivity over
Na+ was found when NPOE, a well-known plasticizer for PVC-
based ion-sensing membranes, was applied as the membrane
solvent instead of the liquid- crystalline solvent 1. This confirms
that the enhanced K+ selectivity over Na+ for the liquid-
crystalline membrane system is quite specific to the highly
oriented state of neutral carrier in the membrane.

Thus, the present results suggest that the ordered orientation
of neutral carrier molecules in ion-sensing membranes modifies
their ion-sensor selectivities to a great extent. The orientation
control of neutral carriers not only by temperature but also other
external stimuli, such as electric field and light, would switch
their membrane ion selectivity. Further study is now under
way.

Notes and references
1 P. Bühlmann, E. Pretsch and E. Bakker, Chem. Rev., 1998, 98, 1593.
2 S. Cinani, G. Eisenman and G. Szabo, J. Membr. Biol., 1969, 1, 1.
3 D. Ammann, Ion-Selective Microelectrodes—Principles, Design and

Applications, Springer-Verlag, Berlin, 1986.
4 J. Shah, J. W. Brown, E. M. Buckley-Dhoot and A. J. Bandara, J. Mater.

Chem., 2000, 10, 2627.
5 H. Tokuhisa, M. Yokoyama and K. Kimura, J. Mater. Chem., 1988, 8,

889.
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Interfacial Electrochem., 1979, 95, 91.

Table 1 Phase transition temperatures measured by differential scanning
calorimetry (°C)

K–N N–I
Membrane system (Crystal-nematic) (Nematic-isotropic)

1 15.3 29.2
1/KTpClPB 15.2 23.3
2/1/KTpClPB 15.3 32.5
Bis(b15C5)a/1/KTpClPB 15.7 31.1
a Bis(b15C5): bis(benzo-15-crown-5) or [bis(benzo-15-crown-5)-4-
methyl] pimelate
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Radicals derived from b-ketoesters can, depending on the
position of the unpaired electron, represent synthetic equiva-
lents to the high energy and elusive alkynyl radicals or to the
stabilised and relatively unreactive propargyl radicals by
application of the xanthate transfer reaction followed by
nitrosative cleavage of the corresponding isoxazolinones.

Retrosynthetic disconnections of acetylenic targets and inter-
mediates almost never encompass the possibility of using
synthons equivalent to propargyl or alkynyl radicals. Synthetic
plans rely mostly on the corresponding hypothetical anionic or
cationic species and on organometallic coupling or methathesis
reactions.1 Propargylic radicals are stabilised species and are
relatively unreactive: although they do undergo ring-closure to
non-activated olefins, intermolecular additions require acti-
vated olefins for success.2 Alkynyl radicals, in contrast, are
highly energetic species, accessible only with great difficulty3

and, as far as we know, have very rarely been used in synthesis.
One notable example is the photochemical generation of
phenylethynyl radical from phenyliodoacetylene and its capture
by aromatic compounds.4 The instability of alkynyl radicals is
reflected in the strength of the corresponding C–H bond,
estimated to be around 130 kcal mol21, nearly 20 kcal mol21

higher than that of an alkene C–H bond.3 In view of the central
role played by acetylenes in organic chemistry, it seemed
worthwhile developing a route which would be an overall
synthetic equivalent to either alkynyl or propargyl radicals.

Our approach is based on combining two reactions we have
developed in recent times: the nitrous acid mediated cleavage of
isoxazolinones5 with the intermolecular radical addition of
xanthates.6 As shown in the top sequence in Scheme 1, addition
of a radical located in position 2 of a b-ketoester and derived
from the corresponding xanthate 1 to olefin 2 gives an adduct 3,
where a new C–C bond has been formed in an intermolecular
manner. Reductive removal of the xanthate, formation of the
isoxazolinone 5 (only one tautomeric form is drawn),7 and
cleavage with nitrous acid finally provides the desired alkyne 6.
This compound corresponds formally to the addition of the
inaccessible alkynyl radical 7 to the starting olefin 2. If the
initial radical is located at position 4 of the b-ketoester (i.e.
starting with xanthate 8), the overall sequence leading to
acetylene 10 is equivalent to the addition of a propargyl radical
11 to the olefin. This approach, involving an electron attracting
a-acetonyl radical, complements the use of the propargyl
radical itself which, as was stated above, has a rather
nucleophilic character and therefore requires an olefin activated
by an electrophilic group as partner.

The examples collected in Table 1 give an idea of the scope
of the sequence corresponding to the overall addition of an

alkynyl radical. Both the radical addition and the nitrosative
cleavage occur under mild conditions and are tolerant of various
functional groups commonly encountered in organic synthesis.
In the case of the isoxazoline 5e derived from N-tosylallylamine
2e (entry 5), N-nitrosation occurred to give 6Ae (6, RA =
-CH2N(NO)Ts) in 46% yield, in addition to the ‘normal’ alkyne
6e, itself formed in 20% yield. The N-nitroso group in 6Ae could
be removed by warming with triethylamine in aqueous THF,
thus bringing the overall yield of alkyne 6e to 47%.8

For convenience, the xanthate group in the adduct was
reductively removed either by treatment with a stoichiometric
quantity of lauroyl peroxide in isopropanol (yields with an
asterisk in Table 1)9 or, more conventionally, with tributyl-
stannane; its presence, however, allows the insertion of another
radical transformation, namely cyclisation onto an aromatic
ring.10 This is illustrated by the synthesis of the 3-alkynyl
indoline pictured in Scheme 2. Thus, addition of xanthate 1c to
N-allyl-N-mesyl-p-bromoaniline 2e gave the expected adduct
12 in a reasonable yield (43%, along with 28% of recovered
xanthate). Exposure of this adduct to stoichiometric amounts of
lauroyl peroxide (added portion-wise over several hours) in
refluxing 1,2-dichloroethane resulted in ring-closure to indoline
13 (86%). Finally, conversion into the corresponding isox-

Table 1 Yield (%) of compounds 3–6 (Piv = pivalate)

R 1 RA 2 3 4 5 6

Ph 1a -CH2SiMe3 2a 3a (86) 4a (75) 5a (80) 6a (76)
Ph 1a -CH2PO(OEt)2 2b 3b (78) 4b (85) 5b (74) 6b (80)
c-C3H5- 1b -(CH2)9OPiv 2c 3c (74) 4c (75)* 5c (83) 6c (75)
c-C3H5- 1b -CH2PO(OEt)2 2b 3d (68) 4d (84)* 5d (90) 6d (67)
c-C3H5- 1b -CH2NHTs 2d 3e (65) 4e (92) 5e (89) 6e (20)
Me 1c -(CH2)9OPiv 2c 3f (75) 4f (72)* 5f (81) 6f (60)

Scheme 1 Reagents and conditions: (i) lauroyl peroxide (5–20 mol%),
1,2-dichloroethane, reflux; (iia) lauroyl peroxide (100–110%), isopropanol,
reflux; (iib) Bu3SnH (AlBN), cyclohexane, reflux; (iii) NH2OH·HCl,
AcONa, EtOH, reflux; (iv) NaNO2, FeSO4, AcOH, H2O, RT.
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azolinone and nitrosation furnished the desired alkyne 15 in
70% yield for the two steps.

A similar sequence can be used to illustrate the case of a
propargyl radical equivalent. As shown in the bottom part of
Scheme 2, radical addition of xanthate 8a to the same olefin 2e
and similar ring closure provided indoline 17 in 42% overall
yield. Allylation of the ketoester with allyl bromide, formation

of the isoxazolinone, and nitrosative cleavage gave compound
20 containing the delicate, skipped enyne motif. This sequence
corresponds to effecting the addition of stabilised and un-
reactive propargylic radical 21 to the unactivated olefin present
in 2e. Incidentally, the elaboration of a b-ketoester in the
4-position under neutral conditions via xanthate 8a is worth
underlining. Usually, it is necessary to resort to the highly basic
di-anion10 or to the bis-silylenol ether under Lewis acid
catalysis11 in order to functionalise position 4 without affecting
the much more acidic position 2 of the ketoester.

In summary, the present approach complements existing
methods by allowing the rapid assembly of a variety of
otherwise inaccessible alkynes. It also brings a practical
solution to the longstanding problem of finding synthetically
useful and tame surrogates for the unavailable and unruly
alkynyl radicals.
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The regio- and stereoselective toluene-p-sulfonyl-mediated
radical cyclization of bis(allenes) with p-TsBr and p-TsSePh
was carried out in the presence of a catalytic amount of
AIBN to afford the trans-fused five-membered ring contain-
ing vinyl sulfones and bromide or selenide functionalities.

Recently the use of radical cyclization for carbon–carbon bond
forming reactions has become widespread in organic chemistry1

for the construction of carbocyclic and heterocyclic natural
products.2 The majority of commonly employed methods utilize
tributyltin hydride to induce homolysis of an organic halide or
alcohol derivative in forming the reactive carbon radical
species. An alternative approach is to use the addition of a free-
radical to two carbon–carbon double bonds, one double bond
and one triple bond, or two triple bonds, which has the
advantage of incorporating some useful additional functional
groups into the cyclized products. The utility of this type of
method using dienes,3,4 enynes,3a,5 and diynes5e,6 with sulfonyl
halides, thiols, sulfonyl selenides, and tin hydrides etc. has been
demonstrated. However the radical reaction of allenic deriva-
tives has received little attention,7,8 because the addition
reaction to allenes will be complicated in terms of chemo-,
regio-, and stereoselectivity. To the best of our knowledge the
radical induced cyclization of bis(allenes) is not known and we
reasoned that the radical cyclization addition reaction of
bis(allenes) is appealing because useful functionality is in-
troduced in one simple step in which new carbon–carbon bond
formation occurs stereoselectively coupled with two un-
saturated appendages with distinguished reactivity.9 The result-
ing cyclic compounds would be particularly useful to allow
further synthetic transformations. Here we report the diastereo-
selective tosyl-mediated radical cyclization10 of bis(allenes) 1
with p-tosyl bromide11 and TsSePh12 in the presence of a
catalytic amount of AIBN to afford the trans-fused cyclo-
pentane compounds 3,† in which vinyl sulfones and vinyl
bromides, or selenophenyl functionalities are introduced
(Scheme 1).

Our initial work began with TsCl and benzoyl peroxide
(BPO).3b However, it turned out to be unpromising. The
reaction of 1a9 with TsI and AIBN in a sealed tube gave the

cyclized products 4a and 4b‡ as a separable mixture in a low
(22%) yield in the ratio of cis and trans (8+3). With sulfonyl
iodides the chain transfer step seems to be too fast to allow
efficient stereoselective cyclization (Scheme 2).

Although with p-TsBr and AIBN simple heating did not give
the clean product, by the use of a pressure tube (30 mL) capped

Scheme 1

Scheme 2

Table 1 Radical cyclization of bis(allenes) with TsBr and TsSePh in the
presence of AIBN

Entrya Bis(allenes) TsX Product
Isolated
yield (%)

1 TsBr 73
2a

1a

3a

2 1a TsSePh 59
2b

3b

3 2a 48

1b
3c

4 1b 2b 65

3d

5 2a 64

1c
3e

6 1c 2b 55

3f

7 2a 63

1d
3g

a All reactions were carried out at 90 °C for 4 h with AIBN (20 mol%) in
toluene.
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with a teflon screw§ the reaction of 1a with TsBr (1.1 equiv.)
and AIBN (0.2 equiv.) in toluene at 90 °C for 4 h afforded the
trans-fused cyclized product 3a as the sole product in 73%
isolated yield (entry 1 in Table 1).¶ The trans stereochemistry of
the cyclized product 3a was confirmed by the coupling constant
(J = 9.6 Hz) for the protons (d 2.97 and 2.87 ppm) at the ring
junction in COSY experiments and 2D-NOESY experiments of
the two protons at ring juncture and two ortho protons of the p-
tosyl group in 1H NMR.13 It is presumed that the addition of
tosyl radical to the central carbon atom of the allene moiety
gives the allylic radical intermediates in the propagation step
followed by cyclization with the other tethered allene moiety in
a trans fashion stereoselectively to give the energetically more
favorable and more stable trans product 3a (entry 1 in Table 1).
More clearly the trans stereochemistry of 3a was determined by
X-ray crystallography.

The cyclized product 3a was transformed to the compounds
5a and 5b by the palladium-catalyzed reductive hydrogenolysis
and Suzuki coupling reaction, respectively (Scheme 3).

Using p-TsSePh12 as the radical source14 in a pressure tube
with AIBN in toluene, the trans cyclized selenide 3b was
obtained as the only isolated product in 59% yield (entry 2 in
Table 1). The trans stereochemistry of 3b was confirmed by X-
ray crystallography.

We have applied this radical cyclization to the other
bis(allenes) 1b, 1c, and 1d, summarized in Table 1. The N-
phenyl-substituted bis(allene) 1b was treated with TsBr and
TsSePh to give the cyclized products 3c and 3d in 48 and 65%
yields, respectively (entries 3 and 4). For the bis(allenyl) ether
1c the radical cyclization with 2a and 2b gave oxacycles 3e and
3f in 64 and 55% yields, respectively (entries 5 and 6). The trans
stereochemistry of 3f was determined by the coupling constant
(J = 8.8 Hz) for the protons (d 3.10 and 3.20 ppm) at the ring
junction in COSY experiments. The diphenyl-substituted
bis(allene) 1d was smoothly cyclized to furnish vinyl bromide
3g in 63% yield (entry 7).

In conclusion, p-tosyl-mediated radical cyclization of bis-
(allenes) with p-TsBr and p-TsSePh was accomplished stereo-
selectively in the presence of a catalytic amount of AIBN to
afford the trans cyclized rings containing vinyl sulfone and
vinyl bromide or vinyl phenylselenide.

The authors wish to acknowledge financial support by
KOSEF-CMDS (Center for Molecular Design and Synthesis).

Notes and references
† A solution containing p-TsBr 2a (94 mg, 0.40 mmol), bis(allene) 1a (100
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(hexanes–ethyl acetate = 2+1). Spectral data for (3a), yield: 135 mg, 73%;
white solid; TLC, SiO2, Rf 0.31 (2+1 hexane–EtOAc); mp 158 °C; IR (neat)
n = 3061, 2925, 1596, 1338, 1171, 1012, 812 cm21; 1H NMR (500 MHz,
CDCl3): d = 2.45 (s, 3H), 2.48 (s, 3H), 2.87 (ddd, 1H, J = 7.8, 8.9, 9.6 Hz),
2.97 (ddd, 1H, J = 8.0, 8.9, 9.6 Hz), 3.04 (dd, 1H, J = 8.9, 10.5 Hz), 3.18
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(d, 2H, J = 8.0 Hz), 7.64 (d, 2H, J = 8.1 Hz), 7.70 (d, 2H, J = 8.0 Hz); 13C
NMR (125 MHz, CDCl3): d = 22.3, 22.4, 43.0, 52.0, 53.2, 54.4, 121.2,

125.0, 128.4, 129.2, 130.5, 130.6, 130.7, 134.1, 135.6, 144.6, 145.5, 149.7;
HRMS for C22H24BrNO4S2; calcd: 509.0330; found: 509.0343.

Spectral data for (3b), yield: 59%; white solid; TLC, SiO2, Rf 0.21 (3+1
hexane–EtOAc); mp 100–102 °C; IR (neat) n = 3058, 2954, 1598, 1347,
1311, 1163, 814 cm21; 1H NMR (500 MHz, CDCl3): d = 2.44 (s, 3H), 2.48
(s, 3H), 2.91 (m, 3H), 3.08 (m, 1H), 3.62 (m, 2H), 5.01 (d, 1H, J = 0.9 Hz),
5.23 (d, 1H, J = 0.9 Hz), 5.57 (d, 1H, J = 1.5 Hz), 6.38 (d, 1H, J = 1.5 Hz),
7.26–7.35 (m, 9H), 7.65 (m, 4H); 13C NMR (125 MHz, CDCl3): d = 21.6,
21.7, 42.2, 50.9, 52.6, 54.1, 120.0, 123.8, 127.6, 128.1, 128.4, 128.6, 129.5,
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C28H29NO4S2Se; calcd: 587.0703; found: 587.0715.
‡ The trans configuration was deduced by the coupling constant of the two
protons (J = 9.8 Hz) (d 2.72 and 2.55 ppm) at the ring junction.
§ The pressure tube (made of borosilicate glass) was purchased from
Aldrich Chem. Co., Inc. (Catalog Number Z18,109-9 type B).
¶ However when the same reaction was conducted with p-TsBr at threefold
higher concentration for a shorter reaction time (1 h), we could isolate the
trans product 3a, the kinetic cis product and the monoadduct in the ratio
5+1+0.6 in 34% total yield and there remained 46% of the starting
material.
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Ar3SnX, where Ar = p-MeC6H4, p-CF3C6H4 or Ph and X =
OBut or NMe2, are catalyst precursors for the ring-opening
of lactides in benzene at 80 °C and the rate of ring-opening
of lactides and a variety of related cyclic monomers is
influenced by Ar and X such the chemistry of the ring-
opening event and the initially formed product may be
examined.

The ring-opening polymerization of lactides (L, D, rac and
meso) by well-defined coordination complexes is a topic of
current interest since polylactides (PLAs) have numerous
applications ranging from bulk packing materials1 to drug
delivery reagents,2 artificial sutures2,3 and scaffolds4 for tissue
engineering. There have been some exciting recent reports
documenting stereoselective polymerization of rac- and meso-
lactides to give heterotactic, isotactic and syndiotactic PLAs.5
Much remains to be learned at this time, however, since very
little is known about the details of factors controlling the rate of
ring-opening, the stereoselectivity of this event and the
deleterious side reactions of both intra- and inter-chain transfer
and transesterification reactions, which can lead to loss of
control of stereochemistry and molecular weight of PLAs. For
example, the b-diiminate complex [(BDI)Zn(OPri)]2 shown in
A is reported to give > 90% heterotactic PLA from rac-lactide

at 25 °C in CH2Cl25c whereas the related magnesium complex
gives atactic polymer under similar conditions with rapid
transesterification.6

The stereocontrol in the polymerization of rac-lactide by
[(BDI)Zn(OPri)]2 has been attributed to end-group control
which is fostered by the bulky BDI ligand, yet even bulkier
ligands such as pyrazolylborate LMOR complexes [L =
(3-Butpz)3BH, M = Mg and Zn] show little stereoselectivity.7
We reasoned that much might be learned from studies of the
kinetics of reactions employing Ar3SnOR catalyst precursors
since, unlike trispyrazolylborate ligands or other tridentate
ligands, reversible bond breaking is not likely for the Sn–C and
Sn–O bonds under mild conditions. Moreover the influence of
electronic and steric factors can be examined by the use of para-
and meta-substituents on the aryl ligands. We report here on
initial findings from studies involving Ar3SnX precursors,
where Ar = p-MeC6H4, p-CF3C6H4 or Ph and X = OBut or
NMe2.

The compounds Ar3SnX were prepared from either meta-
thetic reactions involving the respective Ar3SnCl compound
and LiNMe2 or by an alcoholysis reaction involving
Ar3SnNMe2 and ButOH in hydrocarbons.‡ The compounds are
white, hydrocarbon-soluble, microcrystalline materials with the
exception of (p-MeC6H4)3SnNMe2 which is a colorless oil.
These compounds were characterized by 1H, 13C{H} and 119Sn
NMR spectroscopy (and for Ar = p-CF3C6H4 by 19F) together
with mass spectrometry, IR spectroscopy and elemental analy-
sis. These compounds were found to be kinetically inert at 80 °C
in benzene, conditions under which ring-opening polymeriza-
tion (ROP) of lactides was subsequently studied.

In a typical polymerization reaction 50 equivalents of lactide
was allowed to react with the Ar3SnX compound in C6D6 at
80 °C (or in some instances at 52, 67 and 70 °C) and the reaction
was monitored with time by NMR spectroscopy. Reactions
were quite slow requiring ca. 3 days to approach 90%
conversion. From the plots of 2ln(A/A0) vs. time (where A =
concentration of lactide) we can estimate the rates of consump-
tion of lactide to be kobs = 2.8(1) 3 1026 and 2.0(1) 3 1026 s21

for X = NMe2 and Ar = p-CF3C6H4 and Ph, respectively. In
reactions between Ph3SnOBut and L-lactide, we can also obtain
a reasonable estimate of the rate of the initial ring-opening
event, kro = 2.8(1) 3 1026 s21 which is faster than the rate of
propagation kprop = 1.4(1) 3 1026 s21. From studies of the
rates of polymerization reactions with temperature we have
obtained estimates of the enthalpy and entropy of activation for
the ring-opening event for Ar = Ph and X = NMe2 at a
[lactide]:[catalyst] ratio of 50 to 1: DH‡ = 12(1) kcal mol21 and
DS‡ = 251(5) cal K21 mol21. The rather large entropy of
activation is consistent with a bimolecular reaction with a
highly ordered transition state. However, the role of solvation
has not been examined. It is noteworthy that these polymeriza-
tion reactions are slower than those recently reported for a tin(II)
catalyst system employing (BDI)SnOPri 8 as an initiator and
also that whereas the latter shows a preference for heterotactic,
rmr and mrm, tetrads in the polymerization of rac-lactide, no
such preference is found in reactions employing Ar3SnX
precursors. The rate of polymerization is probably influenced
by the relative polarity of the Sn–OR bond which is greater for
Sn(II) than Sn(IV) but, given the relative size of Sn(II) vs. Sn(IV)
(0.69 Å),9 the stereoselectivity attributed to end-group control
involving the SnOC*HMeC(O)OC*HMeC(O)OP unit of the
growing polymer chain must arise from the pocket created by
the two 2,6-diisopropylphenyl ligands in the (BDI)M(OR)
catalyst systems.

Although the Ar3SnX precursors are kinetically inert at 80 °C
in benzene-d6 for several days and the system that is initially
active in the polymerization can be reasonably represented by
Ar3Sn(OP), where OP represents the growing polymer chain,
with the onset of polymerization, Ar4Sn compounds are formed
(as identified by 1H, 13C and 119Sn NMR as well as electrospray
mass spectrometry). Ar4Sn compounds are inactive and the
systems that are believed to be catalytically active are
Ar32nSn(OP)n, where n = 1 or 2. The formation of Ar4Sn
clearly implicates the facility of chain transfer and, in addition,
from studies of molecular weight distributions with time, we

† Electronic supplementary information (ESI) available: additional experi-
mental data. See http://www.rsc.org/suppdata/cc/b1/b102896k/
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observe extensive transesterification. Thus, even the seemingly
simple and kinetically slow system for the ROP of lactides
employing Ar3SnX precursors has proved to be complicated.

One important point to emerge from these studies is the rate
of ring-opening of lactide and related monomers occurs much
more rapidly when X = NMe2 than for X = OBut. Thus, at
room temperature, Ph3SnNMe2 in benzene ring-opens the
cyclic oxygenates shown in Scheme 1. The regiochemistry of
the ring-opening event can be reliably determined from NMR
studies.‡ The Sn–O13C carbon shows coupling to 119Sn and the
amide methyl protons appear as two singlets due to the
restricted rotation about the C–NMe2 bond. Notable here is the
ring-opening of propylene carbonate (PC) to give 1 and 2
(Scheme 1) a required step in the ring-opening decarbonation
polymerization of PC by tin catalysts at higher tempera-
tures.10

The ring-openings shown in Scheme 1 convert an Sn–NMe2
group to an Sn–OR group and at 25 °C no further insertion/ring-
opening occurs. The compounds are, however, not indefinitely
persistent in solution. The compound Ph3SnOCHMeC(O)OCH-
MeCONMe2 3 which we can represent as Ph3Sn[OCHMe-
C(O)]2NMe2 is labile to transesterification reactions as repre-
sented by eqn. (1).
Ph3Sn[OCHMeC(O)]2NMe2? Ph3Sn[OCHMeC(O)]NMe2 +

Ph3Sn[OCHMeC(O)]nNMe2 (n ! 3) (1)
Reaction (1) is also accompanied by chain transfer and

phenyl migration yielding Ph4Sn. The compound Ph3Sn[OC-
Me2C(O)OCHMeC(O)NMe2] 4 is less labile to transesterifica-
tion of the type shown in eqn. (1), presumably because of the
bulky gem-dimethyl group, but still enters into chain/aryl group
transfer. However, 4 does react with Ph3Sn(OBut) to give
Ph3SnOCHMeC(O)NMe2 and Ph3Sn[OCMe2C(O)OBut], prod-
ucts of transesterification. Ph3SnOCHMeC(O)NMe2 is formed
from the reaction between Ph3SnNMe2 and lactide (2+1 ratio) in
benzene as the major kinetic product in eqn. (2).
Ph3Sn[OCHMeC(O)OCHMeC(O)NMe2] + Ph3SnNMe2?

2Ph3Sn[OCHMeC(O)NMe2] (2)
Reactions employing Ph2Sn(NMe2)2 and lactide (1+1 ratio)

yield Ph2Sn[OCHMeC(O)NMe2]2 by consecutive ring-opening
of lactide followed by intramolecular attack on the chain, eqn.
(3).
Ph2Sn(NMe2)[OCHMeC(O)OCHMeC(O)NMe2] ?

Ph2Sn[OCHMeC(O)NMe2]2 (3)

In conclusion, these initial studies reveal that this seemingly
most simple system for ring-opening polymerization of lactide
is complicated by mischievous side-reactions. Insight into the
latter, namely ligand exchange and transesterification and the
ring-opening event can be gleaned from studies of model
reactions such as those shown in reactions (1), (2) and (3).

We thank the Department of Energy, Office of Basic Science,
Chemistry Division for financial support.

Notes and references
‡ General considerations: the synthesis of R3SnNMe2 and Ph2Sn(NMe2)2

complexes was based on the reported synthesis11 of Ph3SnNMe2 and
Ph2Sn(NMe2)2. See ESI for additional spectroscopic data.†

SnPh3[OCHMeC(O)OCHMeC(O)NMe2]: dH(400 MHz, C6D6): 0.99 [d,
CHMeC(O)NMe2, 3H], 1.53 (d, SnOCHMe, 3H), 2.11 (s, NMe2, 3H), 2.47
(s, NMe2, 3H), 4.75 (q, SnOCHMe, 1H), 4.83 [q, CHMeC(O)NMe2, 1H],
7.16 (m, m- and p-H, 9H), 7.80 (dd, o-H, 6H, JHH 7.9, 1.5 Hz, 119/117Sn
satellites JSnH

117Sn 64, 119Sn 49 Hz).
SnPh2[OCHMeC(O)NMe2]2: dH(400 MHz, C6D6): 1.43 (d, SnOCHMe,

6H), 1.87 (s, NMe2, 6H), 2.26 (s, NMe2, 6H), 4.87 (q, SnOCHMe, 2H), 7.21
(t, p-H, 2H), 7.35 (t, m-H, 4H), 8.37 (dd, o-H, 4H, JHH 7.6, 1.2 Hz, 119/117Sn
satellites JSnH

117Sn 75, 119Sn 59 Hz).
SnPh3[OCMe2C(O)OCHMeC(O)NMe2]: dH(500 MHz, C6D6): 1.06 (d,

CHMeCONMe2, 3H), 1.56 (s, SnOCMe2, 3H), 1.65 (s, SnOCMe2, 3H), 2.12
(s, NMe2, 3H), 2.47 (s, NMe2, 3H), 4.87 [q, CHMeCO)NMe2, 1H], 7.17 (m,
p-H, 3H), 7.23 (m, m-H, 6H), 7.87 (dd, o-H, 6H, JHH 8.2, 1.3 Hz, 119/117Sn
satellites JSnH

117Sn 64, 119Sn 48 Hz).
Polymerization reactions: standard solutions of the appropriate R3SnX

complex (0.027 M) and L- or rac-lactide (0.338 M) were prepared in C6D6

and stored in a dry-box. Aliquots (100, 50, 25 and 12.5 mL for 25+1, 50+1,
100+1 and 200+1, respectively) of R3SnX solutions were transferred along
with an aliquot (200 mL) of either L- or rac-lactide to a J. Young® NMR
tube. The total volume was made up to 800 mL with C6D6 to ensure a
constant lactide concentration (0.084 M). Rates of polymerization were
determined from 1H NMR data where the sum of the area of monomer and
polymer peaks (CH and CH3) was assumed to be 100% and rates of
disappearance of monomer were calculated by the subtraction of the integral
of the polymer peaks from the integral of the monomer peaks and dividing
by the concentration of monomer at t = 0. The natural log of this ratio was
then plotted against time with a straight line being indicative of pseudo-first
order kinetics. The gradient of this plot was used to determine values of
kobs.

1 Ecochem is a polylactide based packaging material developed by
DuPont ConAgra.

2 Leupron Depot is a product of Takeda Chemical Industries, Ltd., Japan
for drug delivery purposes; Taehan Hwakakhoe Chi, 1990, 34, 203;
Chem. Abstr., 1990, 113, 98014g.

3 E. E. Schmitt and R. A. Polistina, US Pat., 3463158, 1969; E. J. Frazza
and E. E. Schmitt, J. Biomed. Mater. Res. Symp., 1971, 1, 43; Dexon and
Vicry are products of Davis & Geek Corporation., Wayne, NJ, and
Ethicon, Inc., Somerville, NJ, respectively; J. P. Pennings, H. Dijkstra
and A. J. Pennings, Polymer, 1993, 34, 942.

4 J. A. Hubbell and R. Langer, Chem. Eng. News, 1995, March 13, 42; R.
Langer and J. P. Vacanti, Science, 1993, 260, 920.

5 T. M. Ovitt and G. W. Coates, J. Am. Chem. Soc., 1999, 121, 4072; C. P.
Radano, G. L. Baker and M. R. Smith, J. Am. Chem. Soc., 2000, 122,
1552; M. Cheng, A. B. Attygalle, E. B. Lobkovsky and G. W. Coates,
J. Am. Chem. Soc., 1999, 121, 11 845.

6 M. H. Chisholm, J. C. Huffman and K. Phomphrai, J. Chem. Soc.,
Dalton Trans., 2001, 222.

7 M. H. Chisholm, N. W. Eilerts, J. C. Huffman, S. S Iyer, M. Pacold and
K. Phomphrai, J. Am. Chem. Soc., 2000, 122, 11 845.

8 A. P. Dove, V. C. Gibson, E. L. Marshall, A. J. P. White and D. J.
Williams, Chem. Commun., 2001, 283.

9 R. D. Shannon, Acta Crystallogr., Sect. A, 1976, 32, 751.
10 R. F. Storey and D. C. Hoffman, Macromolecules, 1992, 25, 5369; L.

Vogdanis, B. Martens, H. Uchtmann, F. Hensel and W. Hetiz,
Makromol. Chem., 1990, 191, 465.

11 K. Jones and M. F. Lappert, J. Chem. Soc. A, 1965, 1944.
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A new architecture, comprising two interpenetrating chains
of rings, has been discovered in the first organometallic
polyrotaxane; the synthesis combines the techniques of
organometallic chemistry, coordination chemistry and self-
assembly through hydrogen bonding.

Functional polymers having novel architectures are of great
current interest and polyrotaxanes are viewed as particularly
significant. Admirable synthetic strategies have been developed
to polymers with the rotaxanes on the main chain or side
chain,1–5 (A and B in Chart 1), and potential applications

ranging from drug delivery vehicles6 to sensor devices7–9 have
been identified. If polymeric chains also contain ring compo-
nents, then interpenetration can occur and this has been
demonstrated in a two-dimensional sheet polyrotaxane (C in
Chart 1).10 This paper describes a new polyrotaxane archi-
tecture in which a related form of interpenetration occurs to give
a one-dimensional polyrotaxane of type D (Chart 1). The
synthesis involves introduction of a hydrogen-bonding group by
oxidative addition (organometallic chemistry), assembly of
three of these units at a tridentate templating ligand (coordina-
tion chemistry) and then formation of the polyrotaxane product
by self-assembly through the hydrogen-bonding substituents.
The combination of these interdisciplinary methods has great
potential for forming new functional materials but has very
rarely been used in the past.11,12

The reaction of [PtMe2(Bu2bipy)], 1, (Bu2bipy = 4,4A-di-
tert-butyl-2,2A-bipyridine)11 with a-bromo-4-toluic acid gave
the complex [PtBrMe2(Bu2bipy)(CH2C6H4CO2H)], 2, contain-
ing a carboxylic acid functional group designed to take part in
intermolecular hydrogen bonding (Scheme 1). Three of these
organoplatinum(IV) units were assembled at a tridentate ligand
by substitution of bromide ligands by the pyridyl donors of sec-

tris(4-pyridyl)triazine, Py3T, which is known to give interesting
structures in coordination chemistry.13 The bromide abstraction
step in the synthesis was effected by use of AgPF6, to give the
product [{(HO2CC6H4CH2)(Bu2bipy)Me2Pt}3{(b-NC5H4)3-
(C3N3)}]3+, 3, as the hexafluorophosphate salt. In the successful
crystallization, 0.5 equiv. of HPF6 and five acetone molecules
were incorporated for each complex 3[PF6]3.14

The ions 3 self-assemble into chains of rings in the following
way: the two carboxylic acid groups labelled R in Scheme 1
hydrogen bond to the group of a neighbouring molecule to form
56-membered rings and the group labelled C hydrogen bonds to
the equivalent carboxylic acid group of a second neighbouring
molecule to make a chain. Part of the one-dimensional polymer,
comprised of rings connected by chains, that results from this
self-assembly is illustrated in Fig. 1. Most remarkably, two of
these polymeric units interpenetrate, with each ring section of
one polymer penetrated by the chain section of the other, to
form a new type of polyrotaxane (D, Chart 1) as illustrated in
Fig. 2.

The infrared spectrum of 3 as a Nujol mull contains peaks due
to n(O–H) in the range 2545–2672 cm21, and the O…O
distances between the hydrogen-bonded carboxylic acid groups
in 3 are in the range 2.6–2.7 Å, Fig. 1, indicating the presence

Chart 1 Polyrotoxanes.

Scheme 1 NN = Bu2bipy. Reagents: (i) 3 BrCH2C6H4CO2H; (ii) 3 Ag+,
C3N3(C5H4N)3, 2AgBr.

This journal is © The Royal Society of Chemistry 2001
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of strong hydrogen bonds.15 Are these hydrogen bonds
maintained in solution? In acetone-d6 solution, the 1H NMR
spectrum of 3 contains two methylplatinum resonances and two
tert-butyl resonances in an approximately 2+1 intensity ratio,
that are tentatively assigned to organoplatinum units within
rings and chains respectively, suggesting that at least fragments
of the structure are maintained in solution.

Complex 3 appears to be the first organometallic poly-
rotaxane and it has a unique structure of type D (Chart 1). Its
formation involves three easy steps, using organometallic
chemistry to introduce the hydrogen bonding group, coordina-
tion chemistry to assemble three hydrogen bonding groups
around a central bridging ligand, and then the final self-
assembly of the polyrotaxane through hydrogen bonding.

Similar procedures have the potential to lead to many new and
interesting forms of molecular architecture.

We thank the NSERC (Canada) for financial support and
R. J. P. thanks the Government of Canada for a Canada
Research Chair.
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Fig. 1 The structure of complex 3. The hydrogen bonding to give chains
[O(39)…O(40B) = 2.60 Å] of rings [O(20)…O(29A) = 2.64 Å,
O(19)…O(30A) = 2.70 Å] is illustrated for a central molecule and its two
neighbours. Only the NCCN atoms of the Bu2bipy ligands are shown for
clarity.

Fig. 2 A section of the polyrotaxane structure formed by two inter-
penetrating polymer units; only the central NCCN atoms of the Bu2bipy
ligands are shown for clarity. Above, ball and stick and, below, space filling
representations.
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A b-cyclodextrin dimer binds a di-tert-butylbenzyl–Cu–
cyclen with high affinity, demonstrating potential as a
receptor/ligand system for tumor pretargeting with mono-
clonal antibodies.

Monoclonal antibodies (Mabs) have advantages for the delivery
of a radioisotope (or toxin) to tumor sites due to their high
affinity and specificity for their antigen.1,2 However, the results
of radioimmunotherapy of solid tumors have been disappoint-
ing because radiolabeled Mabs targeted to cell surface antigens
impart a high radiation dose to normal organs causing toxicity.3
In part, this is due to the long circulating times for Mabs.

Successful imaging or therapy with radiolabeled Mabs
depends not only on the concentration of the Mab at the targeted
site but on clearance rates from normal tissues relative to that
from the tumor. Imaging studies in humans have shown that
maximum concentrations of Mabs at the tumor site are
attainable within 24 h, but several more days are required before
the concentration of the radiolabeled Mab in the circulation
decreases to levels low enough for successful imaging to take
place.4 Pretargeting techniques seek to maintain high accumula-
tion of the radionuclide at the target site while minimizing non-
target tissue toxicity (see reviews1,2). One current approach at
pretargeting utilizes a Mab conjugated to a receptor with a high
affinity for a ligand bearing the radionuclide. The most often
utilized receptor/ligand system is avidin (or streptavidin/
biotin).5 After the Mab-receptor conjugate has localized at the
tumor site, a low molecular weight radiolabeled ligand, one that
is rapidly excreted via the kidneys, is administered to visualize
the tumor. To be effective, the ligand must be rapidly excreted
from the body to provide the desired high tumor accumulation
with relatively low non-target accumulation.

An alternative receptor for tumor pretargeting could be a b-
cyclodextrin dimer. Breslow et al. studied a series of b-
cyclodextrin dimers and achieved some of the highest affinities
reported to date.6,7 While the best match between a guest
molecule and single cyclodextrin subunit will provide affinities
on the order of 1024 M, cyclodextrin dimers can increase
affinities to 1028 to 10210 M.8 With affinities of this magnitude,
b-cyclodextrin dimers could serve as receptors for tumor
pretargeting. A potential strategy for pretargeting is the
development of a radiometal-binding macrocycle containing
pendant hydrophobic groups with the appropriate geometry for
inclusion into the cavity of the cyclodextrins. Ultimately, the b-

cyclodextrin dimer would be concentrated at the tumor site by
conjugation via a covalent bond to a Mab. Radiometals such
Cu-64 [t1/2 = 12.7 h; Ebmax = 0.653 MeV (17.4%); Ebmax =
0.573 MeV (40%)] and Cu-67 [t1/2 = 62 h; Ebmax = 0.392 MeV
(56%)] have been used previously in imaging9 and therapy10,11

of tumors. To demonstrate the feasibility of this new approach,
Cu–BBC (Scheme 1) and a b-cyclodextrin dimer (Scheme 2)
were synthesized and affinities determined in an equilibrium
binding assay. A fluorescent dye, BNS, was synthesized as
previously described.12

Breslow et al. reported binding affinities for a b-cyclodextrin
dimer with a single linkage in the low nanomolar region for
substrates bearing two tert-butylphenyl substituents.6 There-
fore, a b-cyclodextrin dimer with a single linkage, was
synthesized to serve as a host for a copper chelate-complex
bearing two tert-butylphenyl substituents. The dimer 1 was
prepared from commercially available tosyl-b-cyclodextrin and
2,6-naphthalene dithiol13 (Scheme 2). The cyclodextrin dimer
was purified by HILIC then by silica-gel chromatography.14

Analysis by 1H, 13C, HMQC, COSY NMR and MALDI-MS
confirmed the dimeric structure of the cyclodextrin.

Cyclen was chosen as the chelator because of its high stability
(log Kf = 24.6) for copper(II).15 Based on synthetic method-
ology for selectively protecting the 1 and 7 nitrogens of
tetraazamacrocycles,16 alkylation of the nitrogens with com-
mercially available tert-butylbenzyl bromide appeared to be the
most expedient way of introducing a pair of hydrophobic
substituents onto the chosen chelator (Scheme 1). Molecular
modeling showed that a distance of ca. 16 Å is attainable
between the two tertiary carbons of the tert-butyl groups and
between the midpoints of the b-cyclodextrin subunits of dimer
1 when the faces containing the primary hydroxyl groups are
opposed to each other.17

Equimolar amounts of copper(II) acetate and BBC resulted in
the quantitative formation of Cu–BBC. While Cu–BBC and
BBC co-eluted on a C-18 column, a diphenyl column resolved
a co-injected mixture of the two. Analysis of the reaction

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b1/b102814f/
‡ Abbreviations: Mabs, monoclonal antibodies; HILIC, hydrophilic inter-
action chromatography; HMQC, heteronuclear multiple quantam coher-
ence; COSY, H–H correlated spectroscopy; MALDI-MS, matrix assisted
laser desorption-ionization mass spectrometry; Kf, formation constant;
BBC, 1,7-(4-tert-butylphenylmethyl)cyclen; Cu–BBC, copper-1,7-(4-tert-
butylphenylmethyl)cyclen; ES-MS, electrospray mass spectrometry;
HPLC, high pressure liquid chromatography; BNS, 6-(4-tert-butylphenyl-
amino)naphthalene-2-sulfonic acid; KD, equilibrium dissociation constant;
Ki, the concentration of the competing ligand that will bind to half the
binding sites at equilibrium; IC50, concentration of competitive ligand that
inhibits half of the binding of a ligand; Cheng–Prusoff equation, Ki =
IC50(1 + [ligand]/KD,ligand)21

Scheme 1 Reagents and conditions: i, pH 2.5, water, chloroethylformate; ii,
tert-butylbenzyl bromide, DMF; iii, hydrazine, ethylene glycol, KOH; iv,
copper(II) acetate, aq. NH4O2CMe, pH 6.4.

Scheme 2 Reagents and conditions: i, KI, DMF, 85 °C; ii, 2,6-naphth-
alenedithiol, NH4HCO3, DMF, 85 °C.

This journal is © The Royal Society of Chemistry 2001
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mixture on the diphenyl column showed that BBC accounted
for < 1% of the total peak area observed (l = 215 nm, Cu–BBC
and BBCs strongest absorbance). Analysis by ES-MS con-
firmed that the component observed by HPLC was Cu–BBC.

Affinity constants for b-cyclodextrin dimers and their
substrates are often ascertained by fluorescence spectroscopy§
since saturation binding will be attained at concentrations too
low to utilize NMR and UV spectroscopy. Therefore a
fluorescent dye, BNS, was synthesized. BNS fluoresces weakly
in water, but its inclusion into a hydrophobic environment, such
as that of the cavity of b-cyclodextrin, enhances its fluores-
cence. This dye has been used extensively in the character-
ization of other b-cyclodextrin dimers (see review8). Curve
fitting with commercially available software will then yield the
affinity of dye. After the affinity of dye for its host has been
quantified, a heterologous competitive binding assay between
the dye and another guest can provide the affinity of the guest.
These approaches were taken to evaluate the affinity of BNS
and Cu–BBC for dimer 1 (Table 1).

BNS exhibited an enhancement of fluorescence in aqueous
solution when interacting with the b-cyclodextrin subunits. The
interaction was characteristic of a receptor–ligand (host–guest)
complex because of its saturable and reversible nature. The
observed affinity of BNS agrees with the previously determined
value of KD = 20 mM.12 Previous affinities of BNS observed for
b-cyclodextrin dimers with a single linkage have ranged from
ca. 3 mM to 100 nM.18,19 The increase in affinity of BNS is
consistent with previously observed increases when two b-
cyclodextrin subunits are linked face to face.

Because the fluorescence of Cu–BBC is unaffected by the
presence of dimer 1, its affinity must be determined by
competition with BNS. The log-dose dependent displacement
of BNS from dimer 1 with Cu–BBC indicates that both Cu–
BBC and BNS have formed a complex with dimer 1 (Fig. 1). By
substituting the value of the IC50 of Cu–BBC and the KD of
BNS into the Cheng–Prussof equation, the Ki of Cu–BBC is
obtained.20 This remarkably strong affinity bodes well for the

success of dimer 1 and Cu–BBC as a receptor/ligand system for
tumor pretargeting.

In conclusion, a b-cyclodextrin dimer with a naphthalene
linker, dimer 1, was synthesized for evaluation as the receptor in
a new approach to tumor pretargeting. Dimer 1 showed a higher
affinity for a fluorescent dye, BNS, than did b-cyclodextrin.
BBC, a derivative of cyclen, was synthesized and Cu–BBC was
prepared. Cu–BBC was strongly bound to dimer 1 (Ki = 18 nM
relative to BNS). With affinities in the low nanomolar region,
Cu-64–BBC and dimer 1 could serve as a receptor/ligand
system for tumor pretargeting.

This work was supported by the United States Department of
Energy (DE-FG02-87ER60512).
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§ Determination of affinity constants: Utilizing GraphPad Prism® software
(GraphPad Software Inc., San Diego, CA), the data were fit by non-linear
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fluorescence intensity generated from incorporation of BNS into the
hydrophobic interior of b-cyclodextrin (corrected for background fluores-
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Table 1 Affinities of BNS and Cu–BBC for b-cyclodextrin and dimer 1

Guest Host Calculated affinities 95% CI

BNS b-Cyclodextrin KD1 = 14 mM 10–18 mM
KD2 = 1.6 mM 0.6–2.6 mM

BNS Dimer 1 KD = 388 nM 112–664 nM
Cu–BBCa Dimer 1 Ki = 18 nM 12–28 nM

IC50 = 120 nM 76–189 nM
a BNS was included. Cu–BBC was a competitive ligand with varying
concentration.

Fig. 1 Heterologous competitive binding assay between Cu–BBC and BNS
for dimer 1.

Chem. Commun., 2001, 1312–1313 1313



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Nonenzymatic kinetic resolution of b-amino alcohols: chiral BINAP
mediated SN2 displacement of hydroxy groups by halogens through
formation of an aziridinium ion intermediate
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A series of optically active cyclic trans-b-amino alcohols
were obtained (up to 97% ee) from nonenzymatic kinetic
resolution of corresponding racemic amino alcohols using
commercially available (S)-BINAP and NCS by halogen-
ation of hydroxy groups through formation of a meso-
aziridinium ion intermediate.

Enantiopure b-amino alcohols are an important class of organic
compounds that have found much use in asymmetric synthesis1

and medicinal chemistry,2 and can be produced by reduction of
optically active a-amino acids.3 Kinetic resolution of b-amino
alcohols through enzyme-catalysed acylation or deacylation is
also one of the most efficient methods for the synthesis of chiral
b-amino alcohols.4 Nonenzymatic kinetic resolution (NKR) is
the alternative for the enzymatic process, which is considered to
be a challenging issue in organic synthesis.5,6 Very recently, we
reported the NKR of secondary alcohols by SN2 displacement of
the hydroxy groups by halogens using chiral BINAP (1).7 In

this communication, we report highly enantioselective NKR of
racemic trans-b-amino alcohols by halogenation of the hydroxy
groups through an aziridinium ion intermediate.

First, we have chosen racemic trans-2-(N-methyl-N-phenyl-
amino)cyclohexanol, (±)-trans-5, as a model substrate, which
was subjected to kinetic resolution with NCS (1 equiv.
compared to (±)-trans-5) and (S)-BINAP (0.5 equiv.) in
CH2Cl2 at room temperature [eqn. (1)]. The reaction was found

(1)

to be extremely fast with moderate selectivity. After 1 min, 41%
of optically active amino alcohol (1R,2R)-trans-58 (52% ee) and
48% of racemic trans-b-amino chloride (±)-trans-6 were
isolated. BINAP was recovered as BINAP dioxide 2 in
quantitative yield without any racemization ( > 99.9% ee),9
which can be reused after reduction.10 In this reaction, the
hydroxy group of the (1S,2S)-enantiomer of the racemic amino
alcohol was selectively replaced by chloride ion through double
SN2 reactions (intramolecular SN2 displacement of hydroxy

group by amine followed by intermolecular SN2 attack by
chloride ion) to produce racemic trans-b-amino chloride 6.

In order to improve the enantioselectivity of the kinetic
resolution, the reaction was carried out in a wide range of
solvents and the effect of other commercially available C2-
symmetric diphospine ligands were also examined (Table 1).
Comparatively the reaction was very much faster and higher
enantiomeric excess was obtained for recovered (1R,2R)-trans-
5 when the reaction was carried out in polar solvents than in
non-polar solvents. THF turned out to be the solvent of choice
among the solvents examined as it provided (1R,2R)-trans-5 in
87% ee (entry 5). When the NKR was carried out with other
commercially available C2-symmetric diphospine ligands such
as (+)-DIOP 3 and (+)-Norphos 4 the ee of (1S,2S)-trans-5
dropped to 52 and 40%, respectively (entries 8 and 9). Lowering
the reaction temperature to 210 °C–rt slightly improved the ee
to 89% but longer reaction times discouraged us from doing the
reaction at that temperature (entry 10). Surprisingly, the ee of
(1R,2R)-trans-5 dropped to 82% when the reaction was carried
out at 274 °C–rt (entry 11). We next studied the effect of other
halogenating agents such as N,N-dichlorocarbamic acid ethyl
ester, NBS, N-bromosuccinimide, and N-bromoacetamide for
the kinetic resolution of (±)-trans-5 with (S)-BINAP in THF at
room temperature. Although all the reactions proceeded
smoothly to give corresponding products, a very poor ee was
obtained for recovered (1R,2R)-trans-5 (5–12%).

Using the optimized conditions, a series of racemic cyclic
trans-b-amino alcohols11 were resolved and the results are
summarized in Table 2. When the kinetic resolution was
allowed for 60–70% conversion, excellent enantiomeric excess
was obtained for all the six- and seven-membered cyclic b-

Table 1 Effect of solvents, temperature and various diphosphine ligands in
NKR of (±)-trans-5

Entry
Diphos-
phine Solvent Time

Yield of
6 (%)a

Recovery
of 5 (%)a

Ee of
recovered
5 (%)b

1 1 Hexane 1 day 11 68 7
2 1 Benzene 30 min 47 43 38
3 1 Toluene 5 h 25 49 19
4 1 Ether 1 day 36 49 5
5 1 THF 20 min 61 27 87
6 1 CH2Cl2 1 min 48 41 52
7 1 CH3CN 1 min 57 39 55
8 3 THF 3.5 h 54 29 52c

9 4 THF 4 h 63 27 40c

10d 1 THF 10 h 60 31 89
11e 1 THF 10 h 60 33 82
a Isolated yield. b Determined by HPLC analysis using Chiralcel OD
column. c (1S,2S)-trans-5 was the major enantiomer. d Reaction temp-
erature was 210 °C–rt. e Reaction temperature was 274 °C–rt.
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tertiary amino alcohols (72–97% ee, 25–38% yield). Moderate
enantiomeric excess was obtained for the five-membered b-

amino alcohol (59% ee, entry 10). When the reaction was
carried out with an acyclic amino alcohol such as racemic 1-(N-
methyl-N-phenylamino)octadecan-2-ol, the (+)-amino alcohol
was recovered in 34% yield with poor ee (15%).12

Although at this moment the mechanism of the present
reaction is not very clear, we assume that the reaction proceeds
through an ionic phosphonium alkoxide intermediate (quater-
nary phosphonium salt) in which the amino group attacks the
alkoxide by an intramolecular SN2 reaction (neighboring group
participation) to provide meso-aziridinium ion 7. This is
followed by an intermolecular SN2 attack of meso-aziridinum
ion 7 by chloride ion to provide racemic trans-b-amino chloride
and dioxide 2 (Scheme 1). This phenomenon was supported as
the dioxide 2 was recovered after the reaction and the product b-
amino chloride was racemic with trans stereochemistry rather
than optically active with cis stereochemistry. Formation of
optically active b-amino chloride from the kinetic resolution of
acyclic amino alcohol confirms the formation of an aziridinum
ion intermediate. However, detailed mechanistic studies are
under progress.

In conclusion, we have demonstrated highly enantioselective
nonenzymatic kinetic resolution of racemic trans-b-amino
alcohols using commercially available chiral BINAP and NCS.
When the reaction was allowed for 60–70% conversion,
excellent enantiomeric excess was obtained for all cyclic b-
tertiary amino alcohols (up to 97% ee).

Notes and references
1 Catalytic Asymmetric Synthesis 2nd edn., ed. I. Ojima, Wiley-VCH,

NewYork, 2000; Comprehensive Asymmetric Catalysis I-III, ed. E. N.
Jacobsen, A. Pfaltz and H. Yamamoto, Springer-Verlag, Berlin, 1999.

2 C. I. Fincham, M. Higginbottom, D. R. Hill, D. C. Horwell, J. C.
O’Toole, G. S. Ratcliffe, D. C. Rees and E. Roberts, J. Med. Chem.,
1992, 35, 1472; C. Auvin-Guette, S. Rebuffat, Y. Prigent and B. Bodo,
J. Am. Chem. Soc., 1992, 114, 2170.

3 For a recent method for reduction of a-amino acids to b-amino alcohols,
see: M. J. McKennon, A. I. Meyers, K. Drauz and M. Schwarm, J. Org.
Chem., 1993, 58, 3568 and references cited therein.

4 G. Sekar, R. M. Kamble and V. K. Singh, Tetrahedron: Asymmetry,
1999, 10, 3663 and references cited therein.

5 Nonenzymatic kinetic resolution of b-tertiary amino alcohols by
enantioselective N-oxide formation using a stoichiometric chiral
complex (1.2 equiv. of titanium tartrate complex was used) and tert-
butyl hydroperoxide, see: S. Miyano, L. D.-L. Lu, S. M. Viti and K. B.
Sharpless, J. Org. Chem., 1985, 50, 4350.

6 For a recent review on NKR of alcohols using chiral or achiral acylating
agents, see: A. C. Spivey, A. Maddaford and A. J. Redgrave, Org. Prep.
Proced. Int., 2000, 32, 331 and references cited therein.

7 G. Sekar and H. Nishiyama, J. Am. Chem. Soc., 2001, 123, 3603.
8 Absolute configuration was determined by the comparison of the sign of

its optical rotation with that in literature. H. Yamashita, Bull. Chem. Soc.
Jpn., 1988, 61, 1213; H. Yamashita, Chem. Lett., 1987, 525.

9 The ee of 2 was determined by HPLC analysis with a Chiralpak AD
column (hexane–propan-2-ol = 75+25).

10 For the deoxygenation of chiral BINAP dioxide 2 to BINAP without
loss of enantiomeric excess, see: H. Takaya, S. Akutagawa and R.
Noyori, Org. Synth., 1988, 67, 20.

11 For the synthesis (±)-b-amino alcohols see: G. Sekar and V. K. Singh,
J. Org. Chem., 1999, 64, 287; M. Chini, P. Critti and F. Macchia, J. Org.
Chem., 1991, 56, 5939; J. Iqbal and A. Pandey, Tetrahedron Lett., 1990,
31, 575.

12 The product b-amino chloride was a mixture of two products (86.5+
13.5) due to the attack of chloride ion on terminal and internal carbon
atoms of the aziridinum ion intermediate. The ee of the major isomer
(terminal-attacked product) was 16% which was determined by HPLC
using a Chiralcel OD column (hexane–propan-2-ol = 1000+6).

Table 2 NKR of variety of cyclic b-amino alcohols with (S)-BINAP and
NCSa

Entry b-Amino alcohol Time

Recovery of
b-amino
alcohol (%)b

Ee of
recovered
b-amino
alcohol
(%)c

1 20 min 27 87

2 30 min 29 80

3 20 min 27 94

4 25 min 26 89

5 25 min 26 97

6 2 h 33 73

7 30 min 38 72

8 2 h 33 76

9d 25 min 38 72

10 15 min 25 59

11 10 min 35 86

a To a mixture of (S)-BINAP (0.125 mmol) and NCS (0.25 mmol) was
added b-amino alcohol (0.25 mmol) in THF (2 mL) at room temperature.
The white turbid reaction mixture turning to a colorless or slightly brown
homogeneous solution shows the completion of the reaction. In all the
reactions (±)-trans-b-amino chlorides were obtained in 42–69% isolated
yield. b Isolated yield (the theoretical maximum yield in a kinetic resolution
is 50%). c Determined by HPLC using chiral columns.  d 2 equiv. of NCS
were used.

Scheme 1
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Regioselective formation of highly functionalised heterofullerenes:
pentamalonates of RC59N involving an octahedral addition pattern
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The treatment of monomeric azafullerene derivatives
RC59N with an excess of diethyl bromomalonate in the
presence of DBU and dimethylanthracene leads to the
regioselective formation of azafullerene pentamalonates
with an octahedral Cs symmetrical addition pattern.

The organic chemistry of the parent azafullerene C59N in the
form of its dimer 11 has been so far restricted to the synthesis of
monoadducts RC59N. In these azafullerene derivatives the
addend R is always bound to the cluster C-atom which forms a
[6,6]-bond to the heteroatom.2–5 We have shown recently, that
monomeric derivatives RC59N such as 2 and 3 are easily

available by treatment of the dimer 1 with electron rich
aromatics or enolizable carbonyl compounds in the presence of
oxygen and p-TsOH.3–5 The only example of a multiple adduct
of C59N is the tetrachloride Cl4ArC59N containing a pyrrole
moiety within the fullerene cage.6

Here we report on the first multiple functionalisation of C59N
with organic addends. As a model reaction the template
mediated generation of oligomalonates, which we developed for
the highly regioselective functionalisation of octahedral sites
within C60 has been chosen.7 This approach allows us to
synthesize pentakisadducts of RC59N containing a Cs symmet-
rical addition pattern and a cage p-electron system consisting of
eight isolated benzenoid rings.

After stirring a solution of the monoadduct 2 and a fivefold
excess of dimethylanthracene (DMA) in 1,2-dichlorobenzene

(ODCB) for 3 h, a tenfold excess of DBU and diethyl
bromomalonate was added (Scheme 1). After stirring this
reaction mixture for 2 days a colour change of the olive green
solution into orange was observed.

After purification by HPLC using a Buckyclutcher column
and toluene–ethyl acetate (8+2) as eluent, the pentamalonate 4
was obtained in 20% yield. The other regioisomeric multi-
adducts could not be separated by chromatographic methods.

The complete structural characterisation of 4 was carried out
by 1H NMR, 13C NMR, UV-Vis and FT-IR spectroscopy as
well as by mass spectrometry.† The 1H NMR spectrum shows
two doublets for the aromatic AB spin system at d 7.95 and 7.00.
The methyl group of the polyether side chain resonates as a
singlet at d = 3.31. The signals for the methylene groups of the
polyether side chain are found in the region between d =
4.25–3.45. The four different methylene groups of the malonate
function resonate as a broad multiplet at d = 4.2 and the signals
for the four different methyl groups of the malonate function
can be found as a broad multiplet at d = 1.25. The
determination of the symmetry was unambiguously carried out
by 13C NMR spectroscopy. The 13C NMR spectrum of 4 (Fig. 1)
shows five signals for the ten carbonyl groups at d = 164 with
one signal showing double intensity. For a Cs symmetrical
pentamalonate six signals are expected. In the sp2 region
between d = 115–160 28 signals are found, four of which
belong to the aromatic addend. The remaining 24 signals are due
to the sp2 C-atoms of the Cs symmetrical fullerene cage. The
most striking evidence for a Cs symmetrical adduct can be found
in the region between d = 42–48 where four signals appear, one
having double intensity. These are the signals of the methano C-
atoms of the malonate bridges. Three of those C-atoms are
located on the mirror plane of the molecule giving rise to three

Scheme 1
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well resolved signals. The other two methano C-atoms in
equatorial positions are chemically equivalent due to the Cs
plane, causing the appearance of just one signal with double
intensity. The C-atoms of the methylene groups give rise to just
one signal at d = 62.81 and one signal at d = 45.37. The
methyl groups of the malonate addends resonate at d = 14.04.
The signals of the six different fullerene sp3 C-atoms and the sp3

C-cage atom which is adjacent to the N-atom appear as seven
different signals in the region between d = 62.81–77.88. The
UV-Vis spectrum of the orange pentakisadduct 4 is completely
different from those of monomeric derivatives RC59N.2–5 The
characteristic fullerene absorption at lmax = 320 nm has
disappeared. Similarly to hexakisadducts of C60 containing a
Th-symmetrical addition pattern7 the most intensive absorption
is shifted to lmax = 281 nm.

The reaction of the adamantyl derivative 3 applying the same
reaction conditions afforded compound 5. The structural
characterisation of this azafullerene derivative was carried out
by 1H NMR, 13C NMR, UV-Vis and FT-IR spectroscopy. In the
13C NMR spectrum no symmetry can be detected; e.g. each of
the five methano C-atoms gives an individual signal in the
region between d = 42–48. The FAB-MS clearly shows a peak
for M+ at m/z 1769. This peak displays the characteristic Br
isotope pattern. In the 1H NMR spectrum the methine proton
resonates at d = 5.6, which is characteristic for an a-bromo
ketone. Again the resonances for the methylene protons of the
malonate addends can be found in the region between d =
4.1–4.5 forming a broad multiplet. The individual protons for
the adamantyl group resonate in the region between d =
1.2–2.0 and the methyl groups of the malonate addends can be
found as a broad multiplet at d = 1.3. Significantly, the UV-Vis
spectrum of 5 is similar to that of 4, indicating that the same
addition patterns are involved. Obviously, the five-fold cyclo-
propanation of 3 in octahedral positions is accompanied by
bromination of the methylene group of the ketone addend. As a
consequence, a chiral center is introduced, which causes
symmetry lowering to C1. The facile formation of 5 clearly
demonstrates that the a-methylene protons of azafullerenated
ketones such as 3 are very acidic. Their deprotonation with
DBU used as base generates an intermediate enolate which is
able to attack diethyl bromomalonate to efficiently form an a-
brominated ketone.

We thank the Deutsche Forschungsgemeinschaft DFG and
the Graduiertenkolleg ‘Homogener und heterogener Elek-
tronentransfer’ for financial support.
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A new class of remarkably stable B-BOXate complexes has
been synthesised, isolated and employed as chiral catalysts
for asymmetric reduction of variously substituted prochiral
ketones.

Enantioselective catalytic processes have emerged as among the
most powerful of methodologies for the preparation of enantio-
merically enriched compounds.1 Of all the catalytic asymmetric
procedures, the use of metal complexes bearing chiral ligands is
receiving a great deal of attention from the chemical commu-
nity.2 In the class of the ‘privileged ligands’ reported in
literature, chiral bis-oxazoline (BOX) ligations have been
demonstrated to be effective motifs in many stereocontrolled
reactions.3 Normally, bis-oxazoline metal complexes are de-
signed to behave as chiral Lewis acids, and free coordination
sites are available for the incoming electrophile. Our attention
was addressed towards the design of stable and coordinatively
saturated BOX complexes where simultaneous binding of
electrophiles and nucleophiles is possible.4 With this in mind
our interest was drawn to the preparation of coordinatively
saturated boron bis-oxazolinate complexes. We discovered that
the achiral BOX5 1 reacted smoothly with catecholborane
(CATBH) in CH2Cl2 affording, after removal of the solvent, the
boron bis-oxazolinate adduct 3 (B-BOXate) as a white solid
stable to moisture in 85% yield.† The 1H NMR, 13C NMR and
11B NMR spectroscopy investigations supported the formation
of a single symmetric complex derived from the reaction
between the CATBH and the BOX 1 (Scheme 1). To the best of
our knowledge, B-BOXate complexes have not been reported
until now. As a matter of fact, although the BOX ligands are
easily deprotonated, only a few cases of BOXate–metal
complexes have been described.6 Diagnostic signals for 3 are
the singlet for the proton bridge at d = 4.45 ppm, the 13C signal
at d = 57.8 ppm for the methine carbon of the ligand and the 11B
signal at d = 8.87 ppm typical for a tetrahedral coordination of
the boron atom.7 These findings were also confirmed by an X-
ray crystallographic analysis of 3.‡ The structure reported in
Fig. 1 shows that the BOX and the catechol motifs lie in two
perpendicular planes, whereas the boron atom adopts a
tetrahedral coordination slightly deviating from the idealised
geometry as a consequence of the ring constraints. The
molecule would conform to an idealised C2v symmetry, but

C(2) and C(6) atoms lie out the plane of their oxazoline rings
[±0.223(5) Å] therefore the actual idealised symmetry is only
C2.

Employing chiral BOX ligands, the corresponding B-
BOXate complexes can be isolated as stable solids. For
instance, starting from the 2,2A-methylenebis[(4R,5S)-4,5-di-
phenyl-2-oxazoline] 2 and CATBH following the synthetic
protocol employed for 3 the chiral B-BOXate 4 is isolated
(diagnostic signals for 4 are as follows: 1H NMR d = 5.03 ppm
and 13C NMR d = 57.8 ppm). In the course of our studies on the
enantioselective reduction of prochiral ketones in the presence
of M-BOX complexes,6a,8 we found that the complex 3 was able
to catalyse effectively the reduction of acetophenone with
CATBH yielding the corresponding 1-phenylethanol in 86%
yield after 18 h (Scheme 2). The use of 4 in catalytic amount (8
mol%) gave the desired (R)-1-phenylethanol (6a) in 80% yield
and 44% enantiomeric excess. With the aim of searching for the
optimal reaction protocol we screened, in the asymmetric

Scheme 1 Reagents and conditions: (i) BOX (1 eq.), CATBH (1.5 eq.),
CH2Cl2, rt, 4 h.

Fig. 1 An ORTEP plot of the molecular structure of 3. Thermal ellipsoids
are drawn at the 30% probability level. Selected bond lengths (Å) and angles
(°): B–N(1) 1.541(2), B–N(2) 1.548(2), B–O(3) 1.479(2), B–O(4) 1.481(2),
N(1)–C(1) 1.494(2), N(1)–C(3) 1.316(2), N(2)–C(5) 1.319(2), N(2)–C(7)
1.493(2), C(3)–C(4) 1.375(2), C(4)–C(5) 1.370(2); O(3)–B–O(4) 104.5(1),
N(1)–B–N(2) 105.8(1), O(3)–B–N(1) 111.8(1), O(4)–B–N(1) 111.3(1),
O(3)–B–N(2) 111.6(1), O(4)–B-N(2) 111.9(1). Dihedral angle between
plane N(1)–B–N(2) and O(3)–B–O(4) is 89.69(8).

Scheme 2 Reagents and conditions: (i) 5 (1 eq.), B-BOX (8 mol%), CATBH
(2 eq.), CH2Cl2, 0 °C. (ii) NaOH (2 M).

This journal is © The Royal Society of Chemistry 2001
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reduction, other chiral C2 bis-oxazoline ligands (BOX 7–9, Fig.
2) preparing the catalytic precursors in situ, in order to simplify
the procedure.9

The best result was obtained using 8 mol% of the BOX 9 that
furnished the enantioenriched alcohol in 76% ee (Table 1, entry
4),§ while the use of non-enolizable BOXs such as the PyBOX
8, significantly decreased the enantioselectivity (ee = 18%,
entry 3). Moreover, the catalytic protocol can be successfully
applied in the reduction of branched aromatic ketones and a-
halo ketones10 (Table 1, entries 5–8). Although the mechanism
of the present reduction is still unclear, a cooperative action in
which ketones and CATBH simultaneously bind to the chiral
catalyst (chemzyme) could be invoked. In summary, the design
of a new class of B-BOXate complexes and their use in the
catalytic asymmetric reduction of ketones is presented. The
fine-tuning of the stereo-electronical features (both the bis-
oxazoline and the catechol motifs can be opportunely matched),
makes these systems promising catalysts for a variety of
stereocontrolled organic transformations.
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Notes and references
† Synthesis of the B-BOXate 3: A 25 mL round-bottom flask containing a
stirring bar was charged with dry CH2Cl2 (4 mL), BOX 1 (105 mg, 0.5
mmol) and CATBH (80 mL, 0.75 mmol) at 0 °C. The resulting solution was
stirred 4 h, then the solvent was evaporated under reduced pressure. The
crude white product obtained was washed with dry Et2O (5 mL), collected
by filtration and dried under vacuum. Yield = 85%. dH (CDCl3, 300 MHz)
6.71 (m, 4H), 4.46 (s, 1H), 4.10 (s, 4H), 1.30 (s, 12H); dC (CDCl3, 50 MHz)
150.7, 119.1, 109.3, 109.0, 81.7, 62.8, 57.8, 26.3; dB (Ref. BF3·OEt2): 8.87;
diagnostic chemical shifts for 1 and CATBH: dH (1) 3.95 (s, 4H), 3.29 (s,
2H), 1.26 (s, 12H); dC (3) 160.2, 79.5, 67.3, 28.6, 28.2; dB (CATBH) 29.92
(d, JB-H = 554.1 Hz).
‡ Crystal data for 3: C17H21O4BN2, M = 328.17, triclinic, a = 8.9871(3),
b = 9.4340(4), c = 11.1411(4) Å, a = 67.378(2), b = 75.067(2), g =
77.487(2)°, U = 835.12(5) Å3, T = 293 K, space group P1̄ (No. 2), Z = 2,
m(Mo-Ka) = 0.092 mm21, 11678 reflections measured by Bruker AXS
SMART 2000 diffractometer with a CCD detector, 4866 unique (Rint =
0.0293) which were used in all calculations. Final R1(F) = 0.0455 [I >
2s(I)] and wR2(F2) = 0.1260 (all data). Software contained in the
SHELXTL (5.1) library (G. M. Sheldrick, Bruker AXS, Madison, WI).
CCDC 163357. See http://www.rsc.org/suppdata/cc/b1/b103571c/ for crys-
tallographic files in .cif format.
§ Catalytic reduction reaction: To a stirring solution of 9 (13.2 mg, 0.04
mmol) in dry CH2Cl2 (2 mL) at 0 °C was added CATBH (100 mL, 1 mmol).
The clear mixture was stirred for 2–3 h at the same temperature then
acetophenone (58 mL, 0.5 mmol) was added by syringe. The reaction was
kept without stirring for 48–72 h at 0 °C, quenched with NaOH (2 mL, 2 M)
and then stirred for 10 min. After the usual workup (Et2O, Na2SO4) the
crude product was purified by flash chromatography (cyclohexane–Et2O
85+15) to afford the (R)-(+)-phenylethanol as a pale yellow oil in 78% yield
and 76% ee (Chiral GC analysis, Megadex-5 column).

1 B. M. Trost, Angew. Chem., Int. Ed. Engl., 1995, 34, 259.
2 (a) A. Pfaltz, E. N. Jacobsen, H. Yamamoto, ed., in Comprehensive

Asymmetric Catalysis, Springer, Berlin, 1999; (b) I. Ojima, ed., in
Catalytic Asymmetric Synthesis, Wiley, VCH, New York, 2nd edn.,
2000.

3 For a recent and comprehensive review see: A. K. Ghosh, P. Mathivanan
and J. Cappiello, Tetrahedron: Asymmetry, 1998, 9, 1.

4 Chiral oxazaborolidines are known to act as chemzyme systems in
which nucleophile and electrophile are bound in proximity affording a
synergic catalytic action see: E. J. Corey and C. J. Helal, Angew. Chem.,
Int. Ed., 1998, 37, 1986.

5 For the synthesis of 1 see ref. 2.
6 (a) Ti-BOXate: M. Bandini, P. G. Cozzi, L. Negro and A. Umani-

Ronchi, Chem. Commun., 1999, 39; (b) Zn-BOXate: M. Nakamura, A.
Hirai and M. Sogi, J. Am. Chem. Soc., 1998, 120, 546; R. P. Singh, Bull.
Soc. Chim. Fr., 1997, 134, 765; (c) Mg-BOXate: V. Schulze and R. W.
Hoffmann, Chem. Eur. J., 1999, 5, 337; (d) Yb/Ln-BOXate: H. W.
Görlitzer, M. Spiegler and R. Anwander, J. Chem. Soc., Dalton Trans.,
1999, 4287; (e) Cu-BOXate: D. Müller, G. Umbricht, B. Weber and A.
Pfaltz, Helv. Chim. Acta, 1991, 74, 1; R. Schumacher, F. Dammast and
H. U. Reißig, Chem. Eur. J., 1997, 3, 614; (f) Rh-BOXate: J. M. Brown,
P. J. Guiry, D. W. Price, M. B. Hursthouse and K. Karalulov,
Tetrahedron: Asymmetry, 1994, 5, 561.

7 For a recent elegant study concerning trigonal and tetrahedral structure
of chiral boron complexes see: K. Ishihara, H. Kurihara, M. Matsumoto
and H. Yamamoto, J. Am. Chem. Soc., 1998, 120, 6920.

8 M. Bandini, P. G. Cozzi, M. de Angelis and A. Umani-Ronchi,
Tetrahedron Lett., 2000, 41, 1601.

9 Other boron reducing agents were tested in the asymmetric reduction
(i.e. BH3·S(Me)2, BH3·2,6-lutidine and BH3·4-phenylmorpholine).
However the enantiomeric excesses were significantly lower.

10 Aliphatic carbonyl substrates afforded the secondary alcohol in low
chemical and optical yields (2-methylheptan-3-one: yield = 31%, ee =
26%).

Fig. 2 BOX ligands.

Table 1 Enantioselective reduction of ketones in the presence of boron
BOX complexes as catalysts

Entrya BOX Ketone Yield (%)b Ee (%)c Config.d

1 2 5a 80 67 S
2 7 5a 40 30 S
3 8 5a 52 18 S
4 9 5a 78 76 R
5 9 5b 65 76 R
6 9 5c 85 84 S
7 9 5d 56e 86 S
8 9 5e 78 72 R
a The reactions were carried out as described in the note §. b Isolated yields
after flash chromatography. c Evaluated by chiral GC analysis with a chiral
cyclodextrin Megadex-5 column. d The absolute configuration was assigned
by comparison of the [a]D value reported in the literature (see: ref. 6a, 8).
e The corresponding epoxide was isolated in 24% yield (ee = 86% ) as a by-
product of the reaction.
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X-Ray crystallographic studies have provided experimental
evidence for the existence of intramolecular formyl C–H
hydrogen bonds to oxygen or fluorine ligands in complexes of
aldehydes and boron Lewis acids. This type of hydrogen bond
can be regarded as ‘induced’ or ‘cooperative’ in the sense that its
strength can be expected to increase as the bonding between the
formyl oxygen and the Lewis acid becomes stronger. Coplanar-
ity of the formyl group and the metal–X subunit to which it is
bound in a five-membered ring effectively restricts rotation
about the donor–acceptor bond between the formyl oxygen and
the metal center of the Lewis acid, thus creating an additional
organizing element in these complexes. This organizing element
provides a simple and logical basis for understanding the
mechanistic basis for enantioselectivity in many reactions of
achiral aldehydes which are catalyzed by chiral Lewis acids.
These reactions include aldol, allylation and ene addition to the
formyl CNO group and Diels–Alder reactions of a,b-un-
saturated aldehydes with 1,3-dienes. The idea of the induced
formyl C–H hydrogen bond can serve as a guide in the design of
new enantioselective catalysts as well as a mechanistic principle
for understanding preferred transition state assemblies.

Introduction
One important aspect of research on enantioselective catalysis is
the study of the detailed mechanistic basis of enantioselectivity
in terms of transition-state structure. A clear understanding of
the origin of enantioselection is crucial to the rational
development of new synthetic methodology and to the success-

ful application and/or extension of enantioselective reactions.
Indeed, highly enantioselective catalytic reactions provide an
unparalleled opportunity to discern the fine details of transition-
state structure for many key synthetic processes.

Recent X-ray crystallographic studies1 have provided evi-
dence for a new kind of hydrogen bond in complexes of Lewis
acids with the formyl group, exemplified generally by structures
1 and 2 (Fig. 1). The X-ray crystal structures of boron trifluoride

complexes with benzaldehyde, methacrolein, 2,3-methylene-
dioxybenzaldehyde and dimethylformamide (DMF) show a
preference for conformer 1 in which the formyl group and one
of the B–F bonds are coplanar (eclipsed).1 The H…F distances
of 2.35–2.36 Å in these complexes are within the sum of the van
der Waals radii of 2.67 Å (H = 1.20 Å and F = 1.47 Å).2
Formyl C–H…O hydrogen bonding is indicated by the X-ray
structures of [catecholborane·(DMF)2]+Br2 (3) and [2-(N,N-
dimethylamino)phenoxyboron·(DMF)2]+I2 (4) (Fig. 2); the
H…O distances of 2.41–2.59 Å in these complexes are well
below the sum of the van der Waals radii of 2.72 Å (H = 1.20
Å and O = 1.52 Å).

Although the formyl proton of an uncomplexed substrate
normally lacks the electrophilicity (i.e. acidity or positive
charge) required for hydrogen bonding, coordination to a Lewis
acid greatly enhances the positive charge at the formyl
hydrogen while increasing the electron density at the oxygen or
fluorine atoms attached to boron. Thus, the observed formyl
hydrogen bonds shown in 1 and 2 (Fig. 1) are logical from an
electronic structural point of view and in agreement with
molecular orbital calculations.3 There may also be a contribu-
tion from an anomeric effect in which electrons from the non-
complexed lone pair on aldehyde oxygen delocalize into the s*
orbital of the eclipsed B–F or B–O bond (n ? s*). The authors
of one study3a attributed a value of 6 kJ mol21 to the anomeric
effect and 9 kJ mol21 to the formyl hydrogen bond.4

A recent publication5 from this laboratory has provided the
first discussion of the role of formyl hydrogen bonding in
determining transition-state geometry in chiral Lewis acid-
catalyzed reactions of aldehydes.6 For instance, the highly
enantioselective Diels–Alder reactions of 1,3-dienes with
2-bromoacrolein under the control of two very effective boron
catalysts7,8 can be explained in terms of the transition-state
assembly shown in 5 or 6, which contains a key formyl
hydrogen bond as an organizing factor (Fig. 3). The N-
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Fig. 1 Examples of formyl C–H…F and C–H…O hydrogen bonds.
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tosyltryptophan-derived oxazaborolidine structure which ap-
pears in assembly 6 can also function very effectively to direct
catalytic Mukaiyama aldol reactions.9 The re face selectivity of
these carbonyl additions can be predicted using the same line of
analysis (see 7). In addition, the Roush enantioselective
allylboration of aldehydes,10 a stoichiometric reaction for which
there was no satisfactory explanation previously, can be
understood in terms of a preference for the doubly hydrogen
bonded structure 8. It should be noted that the formyl hydrogen
bond is only one of several structural elements contributing to
the high enantioselectivities observed in these reactions.7–10

Pathways for enantioselective reactions of
aldehydes involving formyl C–H…O hydrogen
bonding
This section describes the application of the formyl hydrogen
bond as an organizing stereochemical element to the under-
standing of a number of catalytic reactions involving aldehydes
and chiral Lewis acids (e.g. Diels–Alder, aldol, ene reaction,
hydrocyanation, allylation and alkylation) which have recently
been developed and for which there has been no clear
mechanistic rationale.

It has been pointed out5 that the absolute stereochemical
course of aldol reactions which are promoted by Yamamoto’s
chiral acyloxyborane (CAB) catalyst can be explained readily
by formyl hydrogen bonding to two oxygens of the chiral
ligand. The favored mode of binding of the (R,R)-tartrate-
derived CAB catalyst with benzaldehyde as ligand is shown in
9 of Fig. 4.11 The combination of the double (bifurcated)
hydrogen bond and the p-attractive interaction of the bound
formyl group with the neighboring substituted aromatic ring
defines a unique structure which involves strong screening of
the si face of the aldehyde formyl group. On the basis of a
preference for this structure for the complex, it is expected that
an enol silyl ether would attack benzaldehyde at the re face of
the formyl carbon to form the (R)-Mukaiyama aldol product, as

has been observed experimentally.12 This simple explanation of
the absolute stereochemical course of the CAB-catalyzed
Mukaiyama aldol reaction can also be applied to CAB-
catalyzed allylations of aldehydes12d,e and Diels–Alder reac-
tions of a,b-enals.13

Formyl hydrogen bonding also seems to be a significant
factor in determining the stereochemical course of reactions of
aldehydes which are mediated by chiral complexes of Ti(IV).
Keck and coworkers have described allylation14 and aldol15

reactions catalyzed by a 2+1 complex derived from (R)-1,1A-bi-
2-naphthol ((R)-BINOL) and Ti(Oi-Pr)4. The catalytic species
in these reactions is probably the bis-BINOL titanate ester,
BINOL2Ti. In the case of catalytic allylation of an aldehyde
with allyltri-n-butyltin, the latter reagent probably allylates
Ti(IV) while the Bu3Sn group attaches to one of the BINOL
oxygens and causes dissociation of that oxygen from Ti.
Coordination of benzaldehyde to this species with formation of
the trigonal bipyramidal, hydrogen bonded structure 10 (Fig. 4)
should be preferred since this arrangement uniquely satisfies
three conditions: (1) minimize non-bonded steric repulsion, (2)
allow formation of a stereoelectronically and entropically
favorable formyl hydrogen bond to one of the oxygens of the
bidentate BINOL ligand, and (3) place the allyl group in the
basal position and the formyl oxygen in the apical position,
ideal for the allylation reaction. Structure 10 leads to the
observed absolute configuration of the homoallylic alcohol
adduct ((R) from (R)-BINOL; (S) from (S)-BINOL).14 It should
be noted that interchanging allyl and benzaldehyde ligands in 10
places the aldehyde in a basal site which does not allow
formation of a good formyl hydrogen bond to oxygen.16

For the Keck catalytic aldol process using BINOL2Ti, an
aldehyde and H2CNC(St-Bu)OSiMe3 as nucleophile, a structure
analogous to 10 with H2CNC(St-Bu)O replacing allyl leads
unambiguously to the observed absolute configuration of the
predominant Mukaiyama aldol adduct.15,17

A Ti-based system related to that of Keck for the catalytic
enantioselective Mukaiyama acetate aldol reaction of aldehydes
with H2CNC(OMe)OSiMe3 using a catalyst derived from Ti(Oi-
Pr)4, a Schiff base of 2-amino-2A-hydroxy-1,1A-binaphthyl and
3-bromo-5-tert-butylsalicylaldehyde, and 3,5-di-tert-butyl-
salicylic acid has been described by Carreira.18 The Schiff base
probably serves as a tridentate ligand with a coplanar arrange-
ment of the two phenolic oxygens and the imine nitrogen, while

Fig. 2 X-Ray structures of [catecholborane·(DMF)2]+Br2 (3) and [2-(N,N-
dimethylamino)phenoxyboron·(DMF)2]+I2 (4) showing formyl C–H…O
hydrogen bonds.

Fig. 3 Formyl hydrogen bond as an organizing element in enantioselective
reactions.
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the salicylic acid acts as a bidentate ligand which is capable of
accepting a trimethylsilyl group at the carboxy oxygen by
reaction with H2CNC(OMe)OSiMe3. The reactive complex in
the aldol-forming step is thus likely to have the following
ligands coordinated octahedrally to Ti(IV): (1) the tridentate
Schiff base, (2) an aryloxy group, (3) the aldehyde, and (4) the
enol of methyl acetate. Clearly, the aldehyde and enolate
ligands must be cis to one another in the octahedral arrangement
in order to react. Although there are two possible arrangements
of the complex which satisfy this condition, only that which is
shown in 11 (Fig. 4) permits formyl C–H…O hydrogen bonding
while minimizing steric repulsion involving the bulky 2,4-di-
tert-butyl-6-trimethylsilyloxycarbonylphenoxide ligand. Struc-
ture 11 unambiguously leads to the observed enantiomeric aldol
product.18 The use of the formyl C–H…O hydrogen bond
concept simplifies the analysis of the absolute stereochemical
course of the Carreira aldol and, simultaneously provides a
simple explanation of the effectiveness of the bulky substituted
salicylic acid ligand.

Yamamoto has prepared a catalyst (Brønsted acid-assisted
chiral Lewis acid, BLA) for enantioselective reactions of a,b-
enals from trimethyl borate and (R)-3,3A-bis(2-hydroxyphenyl)-
2,2A-dihydroxy-1,1A-binaphthyl.19 Although a possible transi-
tion state was proposed for this process which involved

s-trans-complexed a,b-enal, the corresponding structure with
the s-cis-complexed a,b-enal seems equally plausible, even
though it would lead to the enantiomer of the observed product
in each case. Probably for this reason, the s-cis-a,b-enal
transition state was ignored. If the condition of formyl C–H…O
hydrogen bonding is imposed on the Yamamoto BLA system, a
unique explanation of the absolute stereochemical result
emerges, as shown in 12 (Fig. 5) for the (R)-catalyst. A
favorable hydrogen bond is only possible to the terminal
aryloxy oxygen as is shown in Fig. 5. In 12 the a,b-enal is
coordinated to boron in the s-cis form. Addition of the diene to
the unobstructed si face of the a,b-enal (i.e. top face of 12 as
viewed) then leads to the observed Diels–Alder adduct. This
mode of addition minimizes steric repulsion involving the a-
substituent of the a,b-enal and the cofacial neighboring p-
aromatic ring in the transition state. This steric compression
factor8a in the transition state clearly favors reaction via the s-
cis-a,b-enal in this system.

Recently, Yamamoto has described another (R)-BINOL-
based BLA Diels–Alder system (13 in Fig. 5) which produces
adducts of opposite absolute configuration in comparison with
(R)-BINOL-based 12.20 A simple explanation for this differ-
ence is provided by the formyl hydrogen bonded transition
structure shown in 13, which contains the s-cis-complexed a,b-

Fig. 4 Transition-state structures of Yamamoto’s CAB aldol (9), Keck allylation (10) and Carreira aldol reaction (11). (Blue circles represent oxygen atoms
and blue lines represent hydrogen bonds).
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enal for the reasons described for 12. Structure 13 is optimal
with regard to favorable stereoelectronics for the hydrogen bond
and conformation of the coordinated ligand.

Kiyooka and coworkers21 have studied enantioselective
Mukaiyama aldol reactions of aldehydes with various silyl enol
ethers using an N-arylsulfonylvaline-derived oxazaborolidine
catalyst. Structure 14 (Fig. 5) illustrates the proposed transition-
state assembly in which the isopropyl and arylsulfonyl ap-
pendages are disposed trans to one another about the oxazabor-
olidine ring and in the sterically most stable arrangement. The
aldehyde can coordinate to the face of boron trans to isopropyl,

thereby minimizing steric repulsion and providing for the
necessary hydrogen bonding between the formyl hydrogen and
the oxazaborolidine oxygen. Preferential attack of the nucleo-
philic enol ether at the si face of the formyl group (correspond-
ing to the front face in 14) is predicted, in agreement with the
experimental findings.21 Kiyooka et al.21a have proposed a
transition state which is the same as 14 with respect to the Lewis
acid moiety, but which differs with regard to the absence of a
formyl C–H…O hydrogen bond and the rotational orientation of
the complexed aldehyde about the B–O bond (arbitrarily
assumed by them).22

Fig. 5 Favored binding modes of Yamamoto’s BLA catalysts (12 and 13), Kiyooka’s oxazaborolidine catalyst (14) and Ti–TADDOL catalyst (15) with
aldehyde substrates. (Blue circles represent oxygen atoms and blue lines represent hydrogen bonds.)
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Seebach, Narasaka and coworkers have pioneered the use of
titanium alkoxide catalysts containing a chiral tartrate-derived
tetraaryl-1,3-dioxolane-4,5-diyldimethanol (TADDOL) biden-
tate ligand as a promoter of reactions of aldehydes with
diethylzinc23 and trimethylsilyl cyanide.24 The transition-state
assembly shown in 15 possesses the following features: (1) the
pentacoordinate Ti has trigonal bipyramidal geometry with the
TADDOL ligand bound to basal positions, both to minimize
angle strain and to allow access to the Lewis acidic Ti by the
aldehyde; (2) coordination of the aldehyde to Ti occurs through
one of the two symmetry equivalent apical bonds (apical
binding of the aldehyde is favored because it is the least basic
ligand25 and because it allows formyl C–H…O hydrogen
bonding); (3) the orientation of the complexed aldehyde is fixed
by a stereoelectronically favorable formyl C–H…O hydrogen
bond and avoidance of steric repulsion with the axial phenyl
group; (4) attack on the formyl group by the nucleophile EtZnX
occurs at the more open si face of the formyl carbon, leading to
the observed predominant product. The hydrocyanation of the
benzaldehyde could also proceed via 15 with attack of cyanide
ion on the si face of the formyl carbon, again in accord with
experiment.23,24 These models for the TADDOL-catalyzed
ethylation and hydrocyanation of aldehydes are consistent with
the less specific scheme proposed by Seebach and coworkers,23

which does not contain the key formyl C–H…O hydrogen bond
but which assumes a similar orientation of the complexed
aldehyde. It should be pointed out that in the event that the
aldehyde was coordinated to Ti in a basal position (unlikely
because it is the most electronegative ligand25) the formyl C–
H…O hydrogen bond would not be possible and little or no
enantioselectivity would result.

Oguni and coworkers have introduced a chiral reagent which
is derived from the reaction of titanium tetraisopropoxide with
the Schiff base of 3,5-di-tert-butylsalicylaldehyde and (S)-
valinol for the catalyzed reaction of aldehydes with diketene
(aldol)26 or trimethylsilyl cyanide.27 The mechanistic basis for
enantioselectivity in these cases has been unclear. Our analysis
of the Oguni enantioselective diketene aldol reaction of
aldehydes has led unequivocally to the favored transition-state
assembly 16 which is shown in Fig. 6. In this structure there is
octahedral hexacoordination to titanium with the three donor
groups of the ligand coplanar with the metal, and the five-
membered chelate ring is puckered to allow an equatorial28

isopropyl group. Axial coordination of the aldehyde, so as to
allow the best formyl C–H…O hydrogen bond, occurs at the top
face of Ti in 16 (hydrogen bond to the axial lone pair on O). The

enolate ligand is coordinated cis to the aldehyde to allow
carbonyl addition via a six-membered chair transition state; the
remaining isopropoxy ligand is trans to the coordinated
aldehyde. In the model shown in 16 attack by the enolate occurs
at the si face of the aldehyde to produce the (S)-aldol
enantiomer, the observed product.26 Switching the aldehyde and
enolate ligands of 16 to the arrangement shown in 17, does not
allow good formyl C–H…O hydrogen bonding because each of
the two lone pairs on the valinol oxygen of the tridentate chiral
ligand is poorly positioned to interact with the formyl
hydrogen.

Hydrocyanation of aldehydes using the (S)-Oguni catalyst,
which also occurs by attack at the si face of the coordinated
aldehyde, can be explained by a transition-state structure similar
to 16 except for an isopropoxy replacing the enolate ligand.
Rearward (si face) attack by CN2 then occurs on the rigidly held
formyl group to give the observed (R)-cyanohydrin deriva-
tive.27

Kagan and coworkers have reported a Diels–Alder catalyst
system derived from (S)-1,1-diphenyl-1,2-dihydroxypropane
and EtAlCl2 (1+1).29 A linear relationship was demonstrated for
ln Re vs. 1/T where Re is the ratio of enantiomeric products (R/S)
and T is the Kelvin temperature, and values were obtained for
DDG‡ (20.74 kcal mol21), DDH‡ (22.46 kcal mol21) and
2TDDS‡ (+1.73 kcal mol21). The enthalpic barrier is lower for
formation of the predominating enantiomer, but this is partly
counterbalanced entropically due to the more ordered transition
state for the major pathway. The most likely structure for the
effective catalyst is the dioxaluminolidine 18 shown in Fig. 7.
Steric repulsion between the adjacent phenyl and methyl
substituents fixes the conformation of the five-membered
dioxaluminolidine ring and thus orients one of the four oxygen
lone pairs suitably for hydrogen bonding. This complex also
minimizes steric repulsion between the aldehyde and the phenyl
or methyl substituent and allows for a favorable p,p-attractive
interaction between the positive formyl carbon and the
neighboring phenyl group (spacing ca. 3.5 Å). The s-trans
arrangement of the complexed dienophile can be expected to
lead to a lower energy transition state than the s-cis form,
because in the former there will be less repulsion between the a-
methyl substituent of the dienophile and the phenyl of the
catalyst in the transition state. As shown in 18, the a-methyl
group remains clear of the neighboring phenyl group as C(a)
goes from sp2 to sp3 hybridization. Diene addition to the si face
of 18 leads to the observed29 predominating enantiomer. The
high degree of organization in the transition state corresponding

Fig. 6 Favored (16) and disfavored (17) transition-state assemblies of Oguni diketene aldol reaction. (Blue circles represent oxygen atoms and blue lines
represent hydrogen bonds.)
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to 18 is consistent with the observed greater loss of entropy for
the pathway leading to the major enantiomer.29

A highly enantioselective Diels–Alder reaction using a
catalyst derived from diethylaluminum chloride and a substi-
tuted 2,2A-bi-1-phenanthrol (vaulted biphenanthrol, VAPOL)
has been described by Wulff.30 No transition-state structure was
proposed, and indeed it is difficult to understand the absolute
stereochemical course of this reaction without the organizing
influence of a formyl C–H…O hydrogen bond. A favorable
hydrogen bond is only possible in the arrangement depicted in
19 (Fig. 7). The addition of cyclopentadiene to the accessible si
(front) face of the coordinated s-cis-2-methylacrolein leads to
the correct absolute configuration of the observed major
enantiomer.30 In this case the a-methyl substituent of the
dienophile is clear of the neighboring p-aromatic group in the s-
cis but not in the s-trans rotamer, leading to faster reaction via
the s-cis form.

One of the most interesting findings in the field of catalytic
enantioselective synthesis is the development by the Mikami
group of a family of enantioselective ene reactions between
unusually electrophilic (e.g. glyoxylic) aldehydes and a series of
terminal olefins under the influence of chiral Lewis acids,
especially BINOL–TiX2 (derived from 1,1A-bi-2-naphthol and
TiCl2(Oi-Pr)2 and 4 Å molecular sieves).31,32 Numerous
examples of the ene reaction have been described by Mikami
which proceed with excellent enantioselectivity, as illustrated
by the example shown in eqn. (1).33

(1)

In addition to the high facial selectivity of this process with
regard to the aldehyde component, remarkable selectivity for

the olefinic component with regard to p-facial attack and C–H
cleavage has been observed, as shown in eqn. (2).34 The detailed

(2)

mechanistic basis for such high stereoselectivity has remained
obscure, although a chair-like six-membered pericyclic transi-
tion state has been proposed for the SnCl4-catalyzed diastereo-
selective reaction of glyoxylate esters and olefins, with the
glyoxylate substrate chelated to the metal through the 1,2-di-
carbonyl subunit.31e,35

A transition-state structure has been derived for the Mikami
ene reaction by use of the following logical steps. (1) The
aldehyde is activated by complexation with the chiral catalyst
(R)-BINOL–TiX2 via the formyl lone electron pair which is syn
to the formyl hydrogen to form a pentacoordinate Ti structure.
The comparable behavior of glyoxylic esters (eqn. (1)) and
3-methoxycarbonylpropynal (eqn. (2)) in the Mikami ene
reaction argues against bidentate coordination of both carbonyl
groups of glyoxylic esters since bidentate coordination is clearly
not possible with the latter. (2) The resulting complex prefers
trigonal bipyramidal geometry with the apical substituents
being the coordinated aldehyde and one of the chlorines. This
arrangement follows from the preference for the two most
electronegative (i.e. weakest) ligands to be in the apical

Fig. 7 Favored binding mode of Kagan’s dioxaluminolidine catalyst (18) and Wulff’s Al–VAPOL catalyst (19) with a-methacrolein. (Blue circles represent
oxygen atoms and blue lines represent hydrogen bonds.)
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positions for d0 pentacoordinated structures such as Ti(IV)
complexes.25 (3) Formyl CH…O hydrogen bonding occurs to
the stereoelectronically most favorable oxygen lone pair of the
BINOL ligand to generate structure 20 (Fig. 8). In this structure,

the top (re) face of the formyl group is much more accessible to
a nucleophile than the bottom (si) face since the latter is strongly
shielded by the nearby naphthol subunit. Formyl C–H…O
hydrogen bonding to the other BINOL oxygen is stereoelectron-
ically and sterically disfavored (strong steric repulsion exists
between the formyl group and the proximate naphthol ring). (4)
The transition-state structure for the ene reaction is likely to
involve some degree of proton transfer from the scissile allylic
C–H to the formyl oxygen as the new C–C bond is being formed
and the olefinic substrate is gaining positive charge b to the
scissile C–H. Structure 21 exemplifies that type of transition-
state structure for the reaction described in eqn. (1). It also
predicts the absolute configuration of the Mikami ene product
as shown in eqn. (1) and, as well, preferential cleavage of the
allylic C–H shown rather than C–H* of 21. Cleavage of C–H*
is obviously unfavorable because it necessitates strong steric
repulsion (clash) between the cyclohexane ring and the nearby
basal chlorine ligand.

The favored transition-state structure 22 (Fig. 9) for the ene
reaction described in eqn. (2) can be derived in the same way
with the additional proviso that the face of the olefinic
component which binds to the aldehyde is that on the convex
side of the bicyclo[3.3.0]octyl ring pair. Structure 22 predicts
the stereochemistry and structure of the product shown in eqn.
(2).36 The corresponding transition-state structure for forming
the position isomeric olefin in the Mikami ene reaction is
depicted in 23. It is clearly very unfavorable because of a
serious steric clash between the basal chlorine substituent and
the proximate five-membered ring.

Mikami and coworkers have also applied the BINOL–TiCl2
catalyzed ene reaction to the desymmetrization of a symmetrical
diolefinic substrate as shown in eqn. (3).37 Outstanding enantio-

(3)

and diastereoselectivity were observed ( > 99% ee and > 99%
de). Our analysis leads to the proposed transition-state structure
24 (Fig. 10) as most favorable. In this structure the approach of
the complexed aldehyde to the olefin occurs so as to minimize
steric repulsion, with the bulky SiMe2Thx (Thx = thexyl,
1,1,2-trimethylpropyl) substituent remote and the small H* in
proximity to the attacking electrophile, as indicated. An
analogous transition state for reaction at the diastereotopic
double bond is less stable than 24 for steric reasons. Transition-
state structure 24 leads to the overall stereochemistry shown in
eqn. (3).

Ene reactions such as those described herein are calculated to
be exothermic by ca. 20 kcal mol21.38 The reaction of the Lewis
acid coordinated aldehyde will be much more exothermic—
possibly 30 kcal mol21. Therefore, the transition state for the

Fig. 8 Mechanistic rationale for the Mikami ene reactions.

Fig. 9 Mechanistic rationale for the Mikami ene reaction shown in eqn. (2). (Blue circles represent oxygen atoms and blue lines represent hydrogen
bonds.)
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reaction of an unhindered olefin and a Lewis acid–aldehyde
complex should be early, i.e. ‘starting-material like’, and the
organizing structural elements in the complex are likely to be
preserved in the transition state. Because highly organized,
activated and sterically favored reactant complexes can lead to
products via early transition states, the type of analysis
presented herein should be valid since structural factors such as
steric repulsions which disfavor alternative complexes also
disfavor the corresponding transition states.

(R)- and (S)-BINOL–TiX2 catalysts have also been utilized
successfully to promote enantioselective Mukaiyama aldol,
allylic silane mediated allylation and hetero-Diels–Alder reac-
tions of glyoxylic esters.39 The absolute stereochemical course
of these reactions can be readily explained by the same
considerations which are outlined herein for the Mikami ene
reaction.

Conclusion
The understanding of the catalytic enantioselective reactions
discussed in this appendix would be very difficult without some
restriction of rotation of the bond between the catalytic Lewis
acidic metal and the carbonyl group of the aldehyde. In each of
approximately thirty known enantioselective reactions of alde-
hydes under chiral Lewis acid catalysis, the rational use of the
formyl C–H…O hydrogen bond and strongly precedented
structural principles has led to a transition-state assembly which
predicts the observed absolute configuration of the predominat-
ing enantiomer. The success of the formyl C–H…O hydrogen
bond idea in clarifying and unifying such a large and varied
body of reactions, together with supporting evidence from X-
ray crystallographic studies of formyl-Lewis acid complexes
add credence to its validity. We believe that this formyl
C–H…O hydrogen bonding concept will be useful in future
catalyst design.
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8-Hydroxyquinoline derivatives HL1 with urea moieties in
the 7-position form hexa-stranded trinuclear coordination
compounds with a helicate-type arrangement of the ligands;
the chiral ligand HL2 stereoselectively produces P-
[Zn3(L2)6].

Supramolecular architectures and molecular machines can be
formed from simple components by self-assembly, which is
controlled by the programming (‘molecular recognition’) which
is encoded in the molecular building-blocks.1 In this respect the
control of stereo- and regio-chemistry during the self-assembly
process is essential for the formation of specific, well-defined
aggregates.2

Helicates are chiral di- or oligo-nuclear coordination com-
pounds which are formed in self-assembly processes. One or
more linear oligodonor ligand-strands wrap around the metal
centers and thus possess a helical twist (left-handed vs. right-
handed). Single-, double-, or triple-stranded helicates are
obtained depending on the preferred coordination chemistry of
the metal ions and on the kind of the ligands.3 Only a few
examples of analogous quadruple-stranded complexes are
known.4

To our knowledge helicates with more than four ligand
strands are not known although some complexes were described
in which six ligands wrap around a metaloxo-cluster containing
eight metal ions (M = Zn2+, Cd2+, Mn2+) and two bridging m3-
O22 ligands.5

The urea-substituted 8-hydroxyquinoline derivatives HL can
be formed by reaction of 7-amino-8-hydroxyquinoline6 with the
n-octyl- or (S)-1-phenylethylisocyanate. Reaction of HL with
zinc(II) acetate in methanol leads to zinc complexes which
exhibit a metal/ligand ratio of 1+2. 1H NMR spectroscopy (in
CDCl3) shows only one distinct set of signals for the
coordinated ligand (Fig. 1) which possesses significant differ-
ences to those observed for the free ligand. For the zinc complex
of L1 two signals are observed for the methylene unit which is
attached to the urea-NH at d 2.42 and 1.69 indicating
diastereotopic behavior and thus a chiral environment. The
remarkable high field shift of the protons in the 2- and
3-position of the alkyl chain [d = 0.05 and 0.33 with Dd(ligand
2 complex) = 3.04 and 1.07] should be due to a close contact
to the aromatic system of the hydroxyquinoline ligand. Indeed
cross-peaks of alkyl signals with protons of the hydroxyquino-
line can be observed by NOESY or ROESY NMR spectros-
copy.

The complex of the chiral ligand L2 shows similar NMR
spectroscopic features (Fig. 1) and a high optical rotation

Fig. 1 1H NMR spectra of [Zn3(L1)6] (a) and P-[Zn3(L2)6] (b) in CDCl3.

Fig. 2 Representations of the structure of P-[Zn3(L2)6] as found in the solid
state, showing the helical arrangement of the six ligands around the three
metal centers.

This journal is © The Royal Society of Chemistry 2001
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{[a]D = 21762 (dioxane, c = 0.1); cf. L2: [a]D = +27,6
(dioxane, c = 0.5)} which indicates a helical arrangement of the
ligands in the complex.7 The 1H and 13C NMR spectra reveal
that this complex is formed in a highly stereoselective fashion;
only one stereoisomer is present. The enantiomeric trinuclear
zinc(II) complex of the corresponding (R)-configurated ligand
leads to [a]D = +1815 (dioxane, c = 0.1).

For the zinc(II) complex of the chiral ligand L2 we obtained
X-ray quality crystals from dioxane and the structural analysis
shows that a trinuclear helicate-type complex [Zn3(L2)6] is
formed.† Three zinc atoms are arranged linearly with the central
atom possessing a separation of 2.884(3) and 2.879(3) Å to the
two terminal ones. Six ligands are coordinating in a helical
fashion to the metal centers with an alternating ‘up’ or ‘down’
orientation of the urea moieties (Figs. 2 and 3). Due to the chiral
(S)-phenylethyl substituent P-helicity is induced at the hexa-
stranded helix. This substituent at the urea is located close to the
hydroxyquinoline units of a neighboring strand and thus leads to
the anisotropic shifts found in the NMR spectra.

The complex [Zn3(L2)6] is made up from two terminal tris(8-
hydroxyquinolinato) zinc complex units in which the chelating
ligands are orientated cis to each other.8 The three oxygen-
donor atoms of each complex unit are located at facial positions
and are able to bridge to the central zinc(II) ion (distances: O–
Znterminal 2.137–2.130 Å, O–Zncentral 2.055–2.131 Å).9,10 The
trinuclear complex additionally is stabilized by interstrand
hydrogen-bonding interactions between the aryl-NH protons
and the quinolinato oxygen atoms. Thus, the oxygen-donors
possess a tetracoordinated environment, bridging two metal
centers and binding to one carbon and one hydrogen atom.

To summarise, we have presented the self-assembly of the
first trinuclear hexa-stranded helicate-type complexes

[Zn3(L)6] from a total of nine components (six ligands and three
metals). Alternatively, the compounds can be described as
hexahelices made up from two interlocking triple-helical
complexes ‘[Zn(L)3]2’ connected by a zinc(II) ion and six
hydrogen bonds. The unusual structure in the solid state is
proven by an X-ray structure analysis of the chiral complex P-
[Zn3(L2)6]. NMR spectroscopy indicates that the same structure
is present in solution and that the chiral complex P-[Zn3(L2)6]
is formed highly stereoselective.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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space group P21 (No. 4), a = 14.729(1), b = 18.049(1), c = 21.493(1) Å,
b = 108.50(1)°, V = 5418.5(5) Å3, Dc = 1.409 g cm23, m = 7.37 cm21,
Z = 2, l = 0.71073 Å, T = 198 K, 13203 reflections collected (±h, ±k, ±l),
[(sinq)/l] = 0.54 Å21, 13203 independent and 8392 observed reflections [I
4 2 s(I)], 1276 refined parameters, R = 0.097, wR2 = 0.182, Flack
parameter 0.07(2). CCDC reference number 157218. See http://
www.rsc.org/suppdata/cc/b1/b103090f/ for crystallographic data in CIF or
other electronic format.
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Fig. 3 Schematic representation of the structure of the complexes [Zn3(L)6]
(a), and the intramolecular interstrand hydrogen bonding (b).
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A hydrothermal polymerization and simultaneous sulfida-
tion (HPSS) process and the mechanism for the fabrication
of one-dimensional (1-D) nanocomposites of well dispersed
CdS nanoparticles self-assembled in the polymer nanorods is
presented.

Low dimensional, especially 1-D arrays of metal and semi-
conductor nanoparticles, owing to their potential applications in
optical and electronic sensors,1,2 nanoscale electronics,2,3 and
catalysis,4 are receiving extensive attention. The synthesis and
characterization of such materials, especially of inorganic–
polymer nanocomposites has aroused much research inter-
est.5–7

Many methods have been applied to prepare semiconductor–
polymer nanocomposites with different sizes and/or morpholo-
gies. Meissner et al.8 first reported a system involving dispersed
semiconductor/polymer arrangements by physically embedding
monograin CdS particles of ca. 40 mm diameter in a thin, non-
conducting polyurethane membrane and various photopro-
cesses were examined. Marinakos et al. synthesized intercon-
nected arrays of Au/polypyrrole colloids of 1-D morphology
using Al2O3 membranes as the template.9 However, few reports
have appeared regarding the synthesis of coupled 1-D nano-
particle systems. Notable exceptions are 1-D strands of iron
oxide particles used for navigation by magnetotactic bacteria,10

self-organized 1-D CdS chains observed by Chemseddine et
al.,11 and dithiol-linked CdSe dimers and DNA-linked Au
trimers synthesized by Alivisatos et al. 12

Polymers have advantages over other templates due to the
maintenance of the superstructures of the monomers during the
polymerization. Thus, a series of inorganic–polymer compos-
ites with different sizes and morphologies can be synthesized.13

Here we report a novel hydrothermal polymerization and
simultaneous sulfidation (HPSS) process to fabricate 1-D CdS
nanoparticle/poly(vinyl acetate) (PVAc) nanorod composites.
This method is based on the mechanism that the polymerization
of organic monomers and the formation of the CdS nano-
particles simultaneously take place in aqueous solution. The
CdS nanoparticles were well dispersed in the PVAc nanorods to
form 1-D composites.

In a typical experiment, 0.005 mol thioacetamide (taa) was
added to 50 ml 2 3 1022 mol l21 CdCl2·2.5H2O aqueous
solution in a Teflon lined autoclave of 60 ml capacity. Then
0.4 ml vinyl acetate (VAc) was added to the above solution.
0.008 g of 2,2A-azobisisobutyronitrile (AIBN) as initiator was
then added. The autoclave was maintained at 80 °C for 12 h then
allowed to cool to room temperature. The products were filtered
off and washed with distilled water and absolute ethanol, dried
in a vacuum at 60 °C, and collected for further character-
ization.

Powder X-ray diffraction (XRD) patterns for the products
were collected on a Japan Rigaku D/max-gA diffractometer
equipped with graphite-monochromatized high-intensity Cu-
Ka radiation (l = 1.51478 Å) at a scanning rate of 0.02° s21 in
the 2q range 10–70°. IR spectra were measured on a Bruker
Vector-22 FT-IR spectrometer from 4000 to 400 cm21 at room
temperature. Samples were ground with KBr and pressed into

pellets. UV–VIS absorption spectra were recorded on a
Shimadzu UV-2100 spectrophotometer scanning from 700 to
300 nm at room temperature with ethanol as the reference. TEM
images were taken on a Hitachi H-800 transmission electron
microscope, using an accelerating voltage of 200 kV. The
samples were dispersed in absolute ethanol ultrasonically, then
the suspension was dropped onto copper grids coated with
amorphous carbon film.

A representative XRD pattern is shown in Fig. 1. All the
diffraction peaks can be indexed to the wurtzite structure CdS
with cell constants a0 = 4.136, c0 = 6.713 Å. The values are
close to those in the JCPDS card (card No. 41-1049). Applying
the Scherrer equation, the average crystallite size was estimated
to be 10 nm. Although there is no apparent broad peak
corresponding to the polymer matrix in the XRD pattern, which
may be due to the low content of PVAc in the final product and
the low crystallinity of PVAc, the existence of PVAc was fully
verified by FT-IR spectroscopy. The presence of PVAc in the
1-D nanocomposite was also detected in TEM micrographs.

A representative FT-IR spectrum of a sample is illustrated in
Fig. 2. The peak at 1739.4 cm21 (uCNO), and characteristic
peaks at 1239.9, 1020.9 cm21 (uC–O), and 1375.7 cm21 (dCH3

)
corresponding to PVAc are clearly seen. The IR spectrum is
similar to the standard IR spectrum curve of PVAc (Sprouse
collection of IR, card No. 187–189) and distinctly different
from that of the VAc monomer (Standard IR Grating Spectra,

Fig. 1 XRD pattern of a CdS nanoparticle/PVAc nanorod composite
fabricated by the HPSS technique at 80 °C for 12 h.

Fig. 2 FT-IR spectrum of the CdS/PVAc composite.
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card No. 8112), which indicates the successful polymerization
of VAc and confirms the existence of PVAc in the final
product.

Fig. 3 shows a typical TEM micrograph of nanorods in the
CdS/PVAc composite. The image shows that the nanorods are
ca. 75 nm in width and several hundred nm in length. The
average crystalline size for the CdS particles in the polymer
nanorods is ca. 13 nm, well consistent with that calculated by
the Scherrer equation from half-widths of the diffraction peaks.
Because polymers show low contrast in TEM micrographs,
light areas in the spaces among the CdS nanoparticles suggest
the existence of PVAc in the composite.

According to a typical UV–VIS spectrum, the wavelength of
the maximum absorption peak, lmax, for the CdS nanoparticles
in the CdS/PVAc nanorod composite is at ca. 478 nm, which is
blue shifted relative to that for bulk CdS, 515 nm.14 This can be
explained as due to a size confined effect as a result of the tiny
dimensions of the nanoparticles in the CdS/PVAc composite.

It is well known that the radical initiator AIBN decomposes
at 45–65 °C, according to eqn. (1).

(1)

The produced radicals initiate the polymerization of VAc.
Accompanying the polymerization, CdS nanoparticles are also
simultaneously formed by the hydrolysis of taa as described in
eqns. (2) and (3).

(2)

(3)

The formation of VAc emulsions, the subsequent main-
tenance of the superstructure by polymerization, the simultane-
ous sulfidation of Cd2+, and the sticking of polymer spheres
explain the self-assembly of the 1-D CdS nanoparticles/PVAc
nanorod composites. In 1962, a spherical morphology of PVAc
was reported by Napper, et al. when the monomer, VAc, was
polymerized thermally.15 Computer simulations of the develop-

ment of rodlike semiconductor–polymer hybrids from hybrid
spheres was reported by Stoll and Buffle.16 In the present HPSS
process, VAc emulsions are formed in aqueous solution.17 At
the same time, Cd2+ cations originally coordinated to carboxyl
groups in the monomer react with released S22 to form CdS
clusters. With increasing reaction time, VAc emulsions are
polymerized into PVAc spheres. Owing to their glutinosity the
PVAc spheres stick together to form polymer nanorods. The
increasing viscosity of these polymer nanorods inhibit growth
of the CdS nanoparticles. This mechanism is further suggested
by the fact that spherical CdS/PVAc nanocomposites are
observed in samples reacted for only short reaction times.

In summary, a hydrothermal polymerization and simultan-
eous sulfidation (HPSS) process to prepare CdS nanoparticle/
poly(vinyl acetate) nanorod composites has been presented.
CdS nanoparticles of ca. 10 nm were self-assembled and well
dispersed in the nanorods of PVAc to form 1-D nano-
composites. The experiments indicated that the 1-D morphol-
ogy was favored by agglomeration of several PVAc spheres.
The polymerization of VAc turns the VAc emulsions into
polymer spheres and prevented further growth of CdS nano-
particles. The present HPSS technique may provide a new route
to prepare other 1-D metal sulfide semiconductor–polymer
hybrid nanocomposites.

This work was supported by the Nation Science Foundation
of China. Kun-song Chen, Xian-ming Liu, and Wan-qun Zhang
are gratefully thanked for their help on the IR, TEM and XRD
measurements.
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Fig. 3 TEM micrograph of the CdS/PVAc nanocomposite.
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Synthesis of the first 1-aza-3-phosphabuta-1,3-diene com-
plexes was achieved by heating solutions of 2H-azaphosphir-
ene tungsten complexes, 1-piperidinonitrile and
[bis(trimethylsilyl)methylene]chlorophosphane; X-ray
structure analysis of one new complex revealed a cisoid
position of the chlorine atom and the phosphaalkene unit at
the C,N,P-core of the trapped nitrilium phosphane-ylide
complex and a distorted heterobutadiene p-system.

[3+2] cycloaddition reactions of P-chlorophosphaalkenes1 I
with nitrilium betaines II such as nitrile ylides2 and sulfides3 are
very useful in phosphorus heterocycle synthesis, especially if an
elimination of chlorotrimethylsilane occurs subsequently (III
? IV), thus yielding aromatic heterocycles IV (Scheme 1).
Recently, we reported trapping reactions of nitrilium phos-
phane-ylide complexes with alkynes,4 nitriles5 and phosphaalk-
ynes6 giving five-membered phosphorus heterocycle com-
plexes. If phenylacetylene was used as trapping reagent and
solvent we obtained a product mixture that consisted of a 1H-
phosphirene and a 2H-1,2-azaphosphole complex and two
acyclic compounds, which, at least formally, resulted from two
differently orientated 1,3-addition reactions of the C–H bond of
phenylacetylene to the 1,3-dipole system of a transient nitrilium
phosphane-ylide complex.7 Because of this complicated situa-
tion, we were not sure about the mechanism and/or the
concertedness of these 1,3-addition reactions.

Here we report the synthesis of the first 1-aza-3-phosphabuta-
1,3-diene complexes using our thermal three-component meth-
odology: 2H-azaphosphirene complexes, 1-piperidinonitrile
and a P-chlorophosphaalkene. The products were obtained in
pure form by column chromatography and fully characterized
by various means; one complex was characterized additionally
by an X-ray diffraction study.

Heating toluene solutions of the 2H-azaphosphirene tungsten
complexes 1a8 and 1b9 with 1-piperidinonitrile and [bis-
(trimethylsilyl)methylene]chlorophosphane10 (3) for 2 h af-
forded selectively the 1-aza-3-phosphabuta-1,3-diene com-
plexes 5a,b as trapping products of the transiently formed
nitrilium phosphane-ylide complexes 2a,b (Scheme 2). Com-
plexes 5a,b were confirmed by elemental analyses, NMR
spectroscopy and mass spectrometry.‡ Only traces ( < 5%) of
other phosphorus-containing products were observed by 31P
NMR spectroscopy displaying resonances at d 106.2 and 337.4
(reaction of 1a) and at d 104.1 and 349.9 (reaction of 1b);
complexes 4a,b could not be detected. It is remarkable that the

attack at the P–Cl s-bond is preferred to that at the p-system of
the P-chlorophosphaalkene, which might be caused by strong
steric repulsion between the substituents of the carbon centre of
the PNC unit and those of the phosphorus centre of the
1,3-dipole in the transition state of the cycloaddition reaction; if
this interpretation of the reaction course is correct this example
would be unprecedented in nitrilium betaine chemistry.

The 31P NMR spectra of complexes 5a,b showed resonances
at low field (5a: d 339.5, ¡3J(PP)¡ 15.5 Hz; 5b: d 342.3, ¡3J(PP)¡
8.0 Hz), which can be assigned to the phosphaalkene nuclei, and
those at higher field (5a: d 111.8, ¡3J(PP)¡ 15.5, ¡1J(PW)¡ 284.7
Hz; 5b: d 112.9, ¡3J(PP)¡ 8.0 Hz, ¡1J(PW)¡ 305.1 Hz) to the N-
bonded phosphorus nuclei. With respect to the resonances of the
low-coordinated phosphorus centres, the 31P NMR data of 5a,b
are quite different from those found for non-coordinated 1-aza-
3-phosphabuta-1,3-dienes, which have been synthesized using
trimethylsilyl shift reactions, and which show resonances in the
range d 0–100.11,12 These differences are probably associated
with the different substituents at the PNC carbon atoms, which,
in our case, represent acceptor groups and in the other cases
donor groups. The structure of the complexes 5a,b were
unambiguously confirmed by the 13C{1H} NMR spectra, which
displayed resonances of the CNN and CNP carbon atoms with
two phosphorus–carbon couplings each, whereby the greater
magnitude values establish the direct bonding of one phospho-
rus centre to two different sp2-carbon centres. The molecular
structure of complex 5a (Fig. 1), as established for the solid state
by X-ray crystallography,§ shows a significantly distorted
heterobutadiene p-system [N(1)–C(6)–P(2)–C(7) 2106.6°]
with bond lengths typical of localized double bond systems

† This work is dedicated to Professor Henning Hopf on the occasion of his
60th birthday.

Scheme 1 Phosphaalkenes I, nitrilium betaines II and phosphorus
heterocycles III, IV (I–IV: R, RA = organic substituents; E = CR2 or S). Scheme 2 Reagents and conditions: 615 mg of complex 1a or 534 mg of

complex 1b, 100 mL 1-piperidinonitrile, 449 mg phosphaalkene 2, 2.5 mL
toluene, 75 °C, 2 h; column chromatograpy (Al2O3, 220 °C, n-hexane); 5a:
yellow solid, yield: 44%, mp 128 °C (decomp.); 5b: yellow solid, yield:
34%, mp 118 °C (decomp.).
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[N1–C6 1.303(5) and P2–C7 1.669(5) Å]. The P(2)–C(6)
distance 1.880(5) Å represents a P–C single bond (average
value: 1.885).13 The coordination environment of the P1 atom is
tetrahedral with a P1–Cl distance of 2.143(1) Å and a P1–W
distance of 2.5323(16) Å. Furthermore, the structure confirmed
the cisoid position of the chlorine atom and the phosphaalkene
unit at the C,N,P-core of the trapped nitrilium phosphane-ylide
complex and thereby strengthened the assumption of a con-
certed 1,3-addition process that is responsible for the product
formation.

Currently we are investigating the role of sterically less bulky
P-substituents of transient nitrilium phosphane-ylide complexes
(cf. ref. 4c), in three-component reactions on the reaction
course.

We are grateful to the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie for financial support.

Notes and references
‡ Satisfactory elemental analysis were obtained for complexes 5a,b. NMR
data were recorded in CDCl3 solutions (295 K) at 50.3 MHz (13C) and 81.0
MHz (31P), using TMS and 85% H3PO4 as standard references; J/Hz.
Selected spectroscopic data for 5a,b: 5a: 13C{1H} NMR: d 1.2 [d, 3J(PC)
2.6, CSi(CH3)3], 1.5 [d, 3J(PC) 13.0, CSi(CH3)3], 3.4 [d, 3J(PC) 2.7,
CHSi(CH3)3], 4.1 [d, 3J(PC) 2.6, CHSi(CH3)3], 24.4 (s, NCH2CH2CH2),
25.2 (s, NCH2CH2CH2), 26.0 (s, NCH2CH2CH2), 40.8 [d, 3J(PC) 8.5,
CH(SiCH3)2], 45.9 (s, NCH2CH2CH2), 50.6 [d, 3J(PC) 4.5,
NCH2CH2CH2], 175.9 [dd, 1J(PC) 101.1, 2J(PC) 7.1, CNN], 199.0 [d,
2J(PC) 8.2, 5J(PC) 2.9, 1J(WC) 127.0, cis-CO], 200.3 [d, 1J(PC) 85.9, CNP],

201.1 [d, 2J(PC) 33.0, trans-CO]. MS (pos.-CI; NH3, 184W) m/z (%): 851 (2)
[M+H]+. 5b: 13C{1H} NMR: d 1.0–2.3 [m, br, CSi(CH3)3], 11.9–14.1
[C5(CH3)4], 22.7 [d, 3J(PC) 36.4, C5(CH3)], 24.6 (s, NCH2CH2CH2), 25.0
(s, NCH2CH2CH2), 25.8 (s, NCH2CH2CH2), 46.3 [d, 3J(PC) 1.9,
NCH2CH2CH2], 50.4 [d, 3J(PC) 4.8, NCH2CH2CH2], 67.8 [d, 1J(PC) 16.2,
C5(CH3)5-C1], 136.9 [d, 2J(PC) 5.2, C5(CH3)5-C2/5], 137.3 [d, 2J(PC) 8.2,
C5(CH3)5-C2/5], 141.9 [d, 3J(PC) 6.4, C5(CH3)5-C3/4], 142.2 [d, 3J(PC)
5.8, C5(CH3)5-C3/4], 174.7 [dd, 1J(PC) 101.4, 2J(PC) 8.0, C = N], 197.0
[dd, 2J(PC) 8.4, 5J(PC) 2.4, 1J(WC) 126.9, cis-CO], 199.5 [d, 2J(PC) 34.7,
trans-CO], 199.9 [d, 1J(PC) 84.9, CNP]. MS (pos.-CI; NH3, 184W) m/z (%):
825 (4) [M+H]+.
§ Crystal structure determination of 5a: Crystal data: C25H46ClN2O5-
P2Si4W; monoclinic, space group P21/c, a = 10.854(2), b = 11.864(2), c
= 29.372(4) Å, b = 94.16(2)°, U = 3772.3 Å3, Z = 4, m = 3.4 mm21, T
= 2130 °C. Data collection: a colourless crystal ca. 0.4 3 0.3 3 0.3 mm
was used to record 9019 intensities on a Stoe STADI-4 diffractometer (Mo-
Ka radiation, 2qmax = 50°); 6639 reflections were independent (Rint =
0.025). An absorption correction based on y-scans was applied, with
transmissions 0.72–0.80. Structure refinement: the structure was solved by
the heavy-atom method and refined anisotropically on F2 (program
SHELXL-97, G. M. Sheldrick, Univ. of Göttingen) to wR2 0.072, R1 0.033
for 373 parameters and 59 restraints; S = 1.05, max. Dr 1.2 e Å23. The
hydrogen atoms were included using a riding model or rigid methyl
groups.

CCDC 161074. See http://www.rsc.org/suppdata/cc/b1/b102250b/ for
crystallographic data in CIF or other electronic format.
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The first diselenadiazafulvalene has been chemically syn-
thesised and electrochemically characterised, it presents
similar air sensitiveness to its sulfur analogue and affords a
spiroamide derivative upon oxidation as confirmed by its
crystal structure.

Among the numerous p-donor molecules described in the
literature as precursors of organic materials various heterocyclic
derivatives have been studied, mainly conjugated frameworks
including sulfur atoms, such as tetrathiafulvalene (TTF).1
Several modifications of the TTF skeleton have been per-
formed, for example replacement of two sulfur atoms by
nitrogen atoms has led to dithiadiazafulvalene (DTDAF)
derivatives which have recently attracted attention owing to
their high electron donating properties.2 DTDAFs present the
disadvantage of being air-sensitive in the neutral form but they
can be trapped in situ by organic or inorganic acceptors and
form molecular materials.3 As the physical properties of organic
materials are close-knit to molecular assembly, it was thus of
interest to replace the sulfur atoms by selenium atoms, in order
to increase the interactions between the donor cores. Otherwise
diselenadiazafulvalene (DSeDAF) should exhibit properties
close to DTDAF. Herein, we report the synthesis and the
electrochemical behaviour of the first DSeDAF, namely benzo-
DSeDAF, starting from selenazole moieties.

Compared to the chemistry carried out on 1,3-thiazole ring
systems, 1,3-selenazole derivatives have been scarcely studied
recently. Indeed, and as pointed out by Bogert et al., selenazole
derivatives are rather more difficult to prepare and less stable
than their sulfur analogues.4 Our approach for the synthesis of
the 1,3-selenazole core consists of the preparation of bis(o-
nitrophenyldiselenide) 1 starting from o-nitroaniline.5

We improved the chemical pathway to prepare benzo-
1,3-selenazole-2(3H)-thione 2 by reaction of bis(o-nitrophe-
nyldiselenide) 1 with sodium hydrosulfide in basic medium
followed by the addition of carbon disulfide as described in
Scheme 1.6 Alkylation of 2 in the presence of base and methyl
iodide led to 2-methylthiobenzo-1,3-selenazole 3.7 Preparation
of the sulfur analog of 4, the 3-alkylbenzo-1,3-thiazole-2(3H)-
thione by rearrangement of 2-alkylthiobenzo-1,3-thiazole in the
presence of a catalytic amount of iodine has been described.8
Thus, we investigated the possibility of forming 3-me-
thylbenzo-1,3-selenazole-2(3H)-thione 4 using the same strat-
egy starting from 3. Heating a mixture of 3 with iodine at
200–220 °C gave 4 in 67% yield (Scheme 1). Selenazole-2(3H)-
thione 4 does not undergo intermolecular coupling by treatment
with tertiary phosphorus derivatives. Therefore, we converted 4,

in the presence of boron trifluoride diethyl etherate and triethyl
orthoformate into 2-alkylthiobenzo-1,3-selenazolium salts 5,
following literature precedent for thiazole derivatives.2 Another
method for the preparation of this salt 5 utilises the alkylation of
3 with methyl iodide (Scheme 2).

Then, we treated 2-alkylthiobenzo-1,3-selenazolium salts 5
with sodium hydrogen selenide and we isolated the 3-me-
thylbenzo-1,3-selenazole-2(3H)-selone 6.† Coupling of 6 in the
presence of triethyl phosphite in refluxing toluene under an inert
atmosphere afforded DSeDAF 7. Formation of this novel p-
donor molecule can be observed by the important change of
colour of the medium, due to the formation of a conjugated
framework (Scheme 3).

Presence of electroactive species can be confirmed by cyclic
voltammetry directly on the medium where the donor was
formed.9 Therefore after the chemical coupling of 6 in the
presence of triethyl phosphite we added, under inert atmos-
phere, a degassed solution of tetrabutylammonium hexa-
fluorophosphate in CH2Cl2 and we performed electrochemical
investigations. Two reversible monoelectronic waves are ob-
served at low potentials on the cyclic voltammogram and are
associated with the redox behaviour of the DSeDAF formed in
the medium. They correspond respectively to the formation of
the radical cation and dication of 7 (Epa1 = 20.07 V and Epa2
= +0.09 V vs SCE) and indicate an extremely good donor
character of benzo-DSeDAF. These oxidation potentials are

Scheme 1 Reagents and conditions: i, NaSH, NaOH, CS2, H2O, reflux,
90%; ii, MeI, NEt3, CH2Cl2, rt, 93%; iii, I2, 200–220°C, 67%.

Scheme 2 Reagents and conditions: BF3·Et2O, CH(OEt)3, CHCl3, reflux,
97%; ii, MeI, reflux, 81%; iii,NaHSe, EtOH, rt, 95%.
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slightly higher than the one observed for the benzo-DTDAF10

also obtained in situ following the same experimental procedure
(Epa1 = 20.15 V and Epa2 = +0.05 V vs SCE). In order to
prepare the dicationic salt of benzo-DSeDAF, chemical oxida-
tion was performed by adding a solution of AgBF4 in the
medium where 7 was formed. The first dicationic, benzo-
DSeDAF 8, was obtained as its BF4 salt together with a minor
amount of a neutral compound (Scheme 3). 1H NMR data and
X-ray crystal structure determination of the latter proved this
compound to be the spiroamide 9.‡ As shown Fig. 1, the
4-methylbenzo-2H-1,4-selenazin-3(4H)-one ring is folded
along the Se2–C4 vector, where the angle between the planes
formed by Se2, C3, C7, N2, C4 and Se2, C1, C4 is 122.3 (2)°
and N2 lies 0.200(3)Å from the first plane. The benzoselenazole
system is not planar owing to a slight fold along the Se1–N1
vector leading to a torsion angle of 155.3(3) ° between the two
planes formed by Se1, C2, C6, N1 and Se1, C1, N1,
respectively.

The behavior of 7 is closely related to what was observed
with its sulfur analogue the benzo-DTDAF. Indeed, in the
presence of air benzo-DTDAF is easily oxidised and converted

into the spiro amide derivative or further into a ten-membered
ring compound.11–13

In summary, a novel heterocyclic donor has been synthesised,
namely the benzo-DSeDAF, opening a route to a new family of
p-donor molecules. This derivative exhibits similar redox
behaviour and air-sensitivity to its sulfur analogue. Work is
currently in progress in order to trap this derivative with
appropriate acceptors and to analyse the potentialities of this
new type of donor.

We thank Thierry Roisnel for performing the X-ray diffrac-
tion data collection.
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Fig. 1 Molecular structure of spiroamide 9 (50% displacement ellip-
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The pKa value of arrayed carboxy groups and that of groups
dissolved in solution can easily be determined by electro-
chemical desorption of a self-assembled monolayer of
carboxy-terminated thiols in aqueous solutions.

Monolayers composed of closely packed organic species are of
great interest as models of biomembranes. In particular,
monolayers containing acidic and basic groups are useful for
understanding roles of those species in various functions of  cell
membranes, such as cell fusion, enzymatic catalysis, and ion
transfers. One of the well-known specific properties of closely
arrayed groups is that acidities of groups like carboxy and
amino are different from their original values. Such behaviour
has been first found by potentiometric titration of micellar
solutions of various surfactants.1 A self-assembled monolayer
(SAM) of alkanethiols adsorbed on a gold surface provides
another monolayer system. Ease of preparation of the organized
monolayer with high reproducibility and high stability of the
resulting monolayer facilitate investigation of the properties of
monolayers.2 If alkanethiols substituted by functional groups at
w-positions are used, one can prepare a surface in which the
functional groups are closely arrayed. In this case also,
determination of acidity of the arrayed groups is currently
attracting great attention. To detect properties of the delicate
monolayer surfaces special techniques must be adopted, paying
deliberate attention to such matters as measurements of contact
angles of water drops on the thiol-SAM,3 the double layer
interaction measurements using the atomic force microscope,4
double layer capacitance measurements by AC impedance
spectroscopy,5 and quartz crystal microbalance measure-
ments.6 In some cases, the help of difficult theory and
calculations is needed to determine the desired parameters. We
would like to show herein that electrochemical desorption
reaction of a thiol-SAM measured by conventional voltammetry
becomes a useful method to evaluate acidity, i.e. pKa, of the
groups substituted to the terminals of alkanethiols. This method
allows direct determination of not only pKa value of the arrayed
groups but also that of the groups dissolved in solution
simultaneously from the obtained titration curve. In this paper,
a typical method is introduced by showing the results obtained
for a SAM of 3-mercaptopropionic acid (MPA) formed on a
gold substrate.

The gold substrate used in this study was an Au-coated mica
having a quasi (111) surface [Au(111)], which was prepared by
vacuum evaporation of Au.7 The mica sheet was heated at
300 °C for at least 2 h prior to evaporation and heating was
maintained during deposition and post-annealing for 1 h.
Formation of a MPA-SAM on the Au(111) electrode was
conducted by immersion of the electrode in an ethanolic
solution containing 1 mmol dm23 MPA for 1 h. The resulting
electrode is denoted here as MPA/Au(111). Reductive deso-
rption experiments were carried out in 0.1 mol dm23 phosphate

buffer solutions prepared by using Milli-Q gradient A10 water
(r > 18.2 MW cm). The electrolysis cell was a one-
compartment cell having Ag/AgCl in KCl-saturated aqueous
solution and a Pt foil electrode as reference and counter
electrodes, respectively. The MPA/Au(111) electrode was
placed at the bottom hole of the cell with a Teflon-coated O-
ring, giving an effective surface area of 0.4 cm2.7

Fig. 1 shows linear sweep voltammograms of the MPA/Au
(111) electrodes taken at 200 mV s21 in buffer solutions having
pH 3.57, 5.98, 7.04, 8.04, 8.85, and 9.97. The cathodic waves
representing reductive desorption of MPA-SAM appeared and
their peak potentials were negatively shifted with increasing pH
of the electrolyte solution. In general, the reductive desorption
of an alkanethiol-SAM was made by using highly alkaline
solutions.8 In those cases, the reaction can be formulated as Au–
S–R + e2? Au + 2S–R where R denotes an alkyl group.
However, since pH values of the solutions chosen in this study
were smaller than pKa of thiol group in MPA, which is 11,9 the
group must be protonated when MPA is dissolved in the
solutions. As a result, the desorption reaction can be given by
eqn. (1).

Au–S–R + e2 + H+? Au + HS–R (1)

This equation including one proton and one electron predicts
negative shifts of the reaction potential with an increase in pH
of the electrolyte solution. The integration of each current peak
shown in Fig. 1 gave a charge density of 71 (± 4) 3 1026 C
cm22, allowing an estimate of the amount of adsorbed MPA to
be 0.74 (± 4) 3 1029 mol cm22. The obtained values were close
to the coverage (0.77 3 1029 mol cm22) expected for a (A 3 3
A 3)R30° overlayer structure of alkanethiols on a Au(111)
surface.8

Plots of cathodic peak potentials as a function of pH of the
electrolyte solution gave the relationship shown in Fig. 2. Since
the obtained graph has two distinct bending points at pH = 4.3
and 7.5, the pH regions of pH < 4.3, 4.3 < pH < 7.5, and 7.5

† Electronic supplementary information (ESI) available: titration curves
from linear sweep voltammograms. See http://www.rsc.org/suppdata/cc/b1/
b102601c/

Fig. 1 Linear sweep voltammograms of MPA/Au(111) electrodes taken at
200 mV s21 in 0.1 mol dm23 phosphate buffer having pH of (a) 3.57, (b)
5.98, (c) 7.04, (d) 8.04, (e) 8.85, and (f) 9.97.
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< pH are denoted here as the regions (A), (B), and (C),
respectively. At the regions (A) and (C), linear relations were
observed and the same slope of 250 mV per pH unit was
estimated. If the eqn. (1) occurs, the experimentally obtained
slope was a little smaller than the value (259 mV per pH unit)
expected from the Nernst equation. In the case of the reductive
desorption of the thiol-SAM, protons in the electrolyte solution
need to penetrate through the closely packed alkyl chains of the
thiols in the initial stage. It is then suggested that some time is
required for the pH around the sulfate groups to become the
same as that of the solution bulk. Such kinetic factors seem to be
the cause of differences between the experimentally obtained
slope and the theoretical one.

The finding that one of the bending points appeared at pH =
4.3 coincident with the pKa value of carboxy group of MPA,9
allowed us to regard R in eqn. (1) as (CH2)2–COOH and
(CH2)2–COO2 at the regions (A) and (C), respectively.
However, a small pH dependence of 210 mV per pH unit was
observed at the region (B). As mentioned in the introductory
remarks, closely arrayed carboxy groups possess pKa values
that differ from the original. In the case of the MPA-SAM on
Au(111) electrode, values ranging from 5.8 to 8 were evaluated
by atomic force microscopy,4 AC impedance,5 and quartz
crystal microbalance measurements.6 If such a phenomenon is
considered, one can imagine that there is a pH region where
carboxylic acid groups in MPA-SAM are protonated but
deprotonated in the solution. By combining this idea with the
reductive desorption reaction given by eqn. (1), the reaction
given in eqn. (2) is appropriate at that pH region.

Au–S–(CH2)2–COOH + e2 ? Au + HS–(CH2)2–COO2 (2)

The deprotonation of the carboxy group and protonation of
the generated thiolate take place simultaneously, resulting in the
exclusion of protons from the reaction. The reaction having
lower pH dependence observed at the region (B) is attributable
to the reaction given by eqn. (2) and pH = 7.5 where another
bending point appeared can be regarded as the pKa value of the

carboxy groups in MPA-SAM. Nevertheless a pH dependence
of 210 mV per pH unit was observed at this region, but this
might be also due to the kinetic factors mentioned above.

The desorption experiments were made at 10, 50, and 200
mV s21. The peak potential was positively shifted with a
decrease in the sweep rate because of abatement of potential
drop in the monolayer, as already shown in our previous
paper.10 Interestingly, however, the titration curves obtained
from the voltammograms taken at different sweep rates (see Fig.
S1) exhibited bending points at the same pH within experi-
mental errors of ± 0.1, indicating that the above-mentioned
kinetic factors did not affect pKa values estimated by this
method. The investigations aiming to elucidate the kinetic
factors and applicability of the method developed in this study
are underway.

We thank Dr Araki Masuyama for stimulating discussions.
This research was supported by CREST of JST (Japan Science
and Technology Corporation) and by the Millennium Project
(No. 12310) from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.
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Masked o-benzoquinones bearing a chiral center in the
carbon-tether with a terminal olefin underwent diaster-
eoselective intramolecular Diels–Alder reactions resulting in
highly functionalized tricyclic ring systems.

The intramolecular Diels–Alder (IMDA) reaction is a powerful
tool for the rapid construction of highly substituted polycyclic
carbon skeletons.1 Milder reaction conditions and superior
reactivity and selectivities are often experienced as a result of
the entropy factor in IMDA reactions in comparison to
bimolecular Diels–Alder reactions. Recently, we have reported
the IMDA reactions of masked o-benzoquinones (MOBs)2 and
masked p-benzoquinones (MPBs)3 producing functionalized
ring systems. Herein, we report our preliminary results
regarding the diastereoselective IMDA reactions of MOBs
bearing a chiral centre in the carbon-tether with a terminal olefin
leading to highly functionalized tricyclic ring systems.

Masked o-benzoquinones,4 a highly reactive class of 6,6-di-
alkoxycyclohexa-2,4-dienones, can be easily generated in situ
by the oxidation of the corresponding 2-methoxyphenols with
hypervalent iodine reagents in MeOH. The in situ generated
MOBs undergo facile Diels–Alder reactions with a wide variety
of dienophiles.5 When the oxidation was carried out in the
presence of an alkenol, MOBs undergo IMDA reactions via a
tandem oxidative acetalization process.2 It was envisioned that
if MOBs bearing a chiral center in the alkenyl-tether undergo
intramolecular cycloaddition, easy access to highly substituted
tricyclic ring systems that are precursors for several linear and
angular tricyclic skeletons (Scheme 1), could be achieved.

The substrates required for this strategy were prepared from
benzaldehydes 1, 2 and 3. The Grignard reaction of 1 and 2 with
alkenylmagnesium reagents of varying chain length afforded
2-methoxyphenols 4a–9a, having a chiral center in the alkenyl-
tether, in 80–92% yield. The oxidation of 4a in MeOH to the
corresponding MOB 4b via the slow addition of diacetoxy-
iodobenzene (DAIB) at room temperature (Method A) did not
give satisfactory results. However, the slow addition of DAIB to
a methanolic solution of 4a (n = 1) at reflux temperature
(Method B) afforded IMDA adducts 4c and 4d of five-
membered ring annulation via transiently generated 4b, in 51
and 6% chemical yield, respectively, resulting from endo-
addition, in addition to 17% of a mixture of dimers (Scheme 2,
Table 1).† Similar results were obtained when the chain length
was increased by one carbon (n = 2) (entry 2). However, when
the reaction conditions were extended to 6a (n = 3), only a
mixture of dimers of MOB 6b were obtained. To prevent the
dimerization,6,7 we have examined the reaction of 4-bromophe-
nols 7a and 8a with DAIB in MeOH at room temperature, which

furnished the single diastereomers 7c and 8c resulting from
IMDA reaction of MOBs 7b and 8b in very good yields (entries
4 and 5). The reaction of bromophenol 9a (n = 3) proceeded
slowly and afforded only 4% of the seven-membered ring
annulated cycloadduct 9c in 12 h.

To ascertain whether the protection of the hydroxy function
at the tetrahedral carbon of 4a–9a has influenced the ster-
eochemical outcome of the reaction, we have prepared their
tert-butyldimethylsilyl derivatives 10a–15a and evaluated the
IMDA reaction of MOBs 10b–15b (Scheme 2). Gratifyingly,
the 2-methoxyphenols 10a, 11a and 13a–15a furnished a single
diastereomer in each case with an improved chemical yield. The
reaction of phenol 12a at either room temperature or reflux
temperature failed to produce the cycloadduct. These results are
summarized in Table 1.

Given the success in the IMDA reactions of in situ generated
MOBs, it seemed to us that a related process could be used for
the more stable MOBs to synthesize the tricyclic ring skeletons.
To test this proposition, phenols 16a–18a were synthesized
from 3. From our previous work, it was found that MOBs
bearing substituents at C-5 are quite stable and could be
isolated.7 Likewise, 16a–18a were oxidized with DAIB in
MeOH to the MOBs 16b–18b in excellent to quantitative yields
(Scheme 3). Interestingly, the IMDA reaction of 16b (n = 1)
proceeded in toluene at reflux temperature to furnish the endo-
diastereomeric adducts 16c,d in 38 and 15%, respectively, in
addition to 19% of exo-isomer 16e. Nevertheless, the 17b
reacted intramolecularly in THF at reflux temperature to afford
six-membered ring annulated adducts 17c and 17d in 93 and 4%
yield, respectively, with complete endo-selectivity, albeit with
longer reaction time. Similarly, 18b (n = 3) when heated at
reflux in mesitylene for 24 h, produced IMDA adducts 18c and
18d in rather poor yields. The MOB 19b formed from TBS
protected phenol 19a, upon reflux in toluene produced quantita-
tively endo-19c and exo-19e in 3+2 ratio. In contrast, a single

Scheme 1

Scheme 2 Reagents and conditions: (i) CH2CH(CH2)n + 1 MgBr, THF, rt
(80–92%); (ii) TBSOTf, 2,6-lutidine, CH2Cl2, 210 °C (89–100%); (iii)
DAIB, MeOH (Methods A and B).
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endo-diastereomer 20c was produced in near quantitative yield
from MOB 20b (Scheme 3, Table 1).

The stereoselectivity of the cycloadduct of each successful
case is completely analogous to the first example (entry 1), with
the major, or sole, diastereomer arising from an approach in
which all three rings adopt conformations of endo-mode with a-
OH or a-OTBS in the transition state. The stereochemistries of
5cA (3,5-dinitrobenzoate of 5c), 7c, 16c and 16eA (3,5-dini-
trobenzoate of 16e) were confirmed from their X-ray struc-
tures‡ and that of the other adducts were confirmed by chemical
correlation and/or by comparing 1H NMR data.

The IMDA reactions of the MOBs with 4-Br substitution
proceeded in a highly diastereoselective manner leading to a
single endo-, a-OR isomer. With one exception (19b), all the
MOBs having OTBS functionality at the chiral center provided
a single diastereomer (endo-, a-OTBS). The reduced reactivity
of IMDA reactions with increased tether length as reflected in
seven-membered ring annulations (n = 3) has been previously
recorded.8 However, the yields of these reactions (n = 3) were
partially improved (6c: 28; 9c: 25; 15c: 59%) by the pyrolysis of
the crude mixture which contains dimers, obtained after
oxidation in mesitylene.

In summary, we have demonstrated here that masked o-
benzoquinones bearing a chiral center in the carbon-tether
underwent IMDA reactions to provide densely substituted
tricyclic ring systems. Transformation of these adducts to linear
and angular tricyclic skeletons, and the asymmetric version of
the present protocol are under active investigation.

Financial support from the National Science Council (NSC)
of the Republic of China is sincerely acknowledged. We thank
Mr G.-H. Lee of NTU and Mrs F.-L. Liao of NTHU for X-ray
diffraction studies. R. K. P. thanks NSC for a postdoctoral
fellowship.

Notes and references
† All the new compounds were charaterized by IR, 1H (400 MHz), and 13C
NMR (100 MHz), DEPT, and low and high resolution MS analyses.
‡ Crystal data for 5cA: C21H22N2O9, M = 446.41, triclinic, a = 6.3649(3),
b = 9.8499(4), c = 17.6830(7) Å, a = 82.19, b = 85.9730(10), g =
72.0600(10)°, V = 1044.45(8) Å3, T = 293(2) K, space group P1, Z = 2,
m(Mo-Ka) = 0.112 mm21. 10153 reflections collected, independent
reflections 4527 (Rint = 0.0384), final R indices [I > 2s(I)] R1 = 0.0523,
wR2 = 0.1102. CCDC 160765. See http://www.rsc.org/suppdata/cc/b1/
b103440p/

Crystal data for 7c: C13H17BrO4, M = 317.18, triclinic, a = 7.9569(2),
b = 12.4857(4), c = 14.1058(3) Å, a = 82.922(1), b = 83.764(1), g =
77.597(1)°, V = 1353.35(6) Å3, T = 295(2) K, space group P1, Z = 4,
m(Mo-Ka) = 3.041 mm21. 13761 reflections collected, independent
reflections 5460 (Rint = 0.0324), final R indices [I > 2s(I)] R1 = 0.0488,
wR2 = 0.1096. CCDC 160763.

Crystal data for 16c: C13H18O4, M = 238.27, monoclinic, a = 6.7251(2),
b = 24.8959(4), c = 7.5943(3) Å, a = 90, b = 109.260(2), g = 90°, V =
1200.33(6) Å3, T = 295(2) K, space group Cc, Z = 4, m(Mo-Ka) = 0.097
mm21. 3372 reflections collected, independent reflections 2080 (Rint =
0.0187), final R indices [I > 2s(I)] R1 = 0.0412, wR2 = 0.1070. CCDC
160762.

Crystal data for 16eA: C20H20N2O9, M = 432.38, monoclinic, a =
20.8010(1), b = 12.5757(2), c = 15.9854(2) Å, a = 90, b = 112.123(1),
g = 90°, V = 3873.72(8) Å3, T = 295(2) K, space group P21/c, Z = 8,
m(Mo-Ka) = 0.119 mm21. 18200 reflections collected, independent
reflections 7835 (Rint = 0.0254), final R indices [I > 2s(I)] R1 = 0.0502,
wR2 = 0.1174. CCDC 160764.

1 For recent reviews see: W. R. Roush, in Comprehensive Organic
Synthesis, Vol. 5, ed. B. M. Trost and I. Fleming, Pergamon, New York,
1991, pp. 513–550; D. Craig, in Stereoselective Synthesis, ed. G.
Helmchen, R. W. Hoffmann, J. Mulzer and E. Schaumann, Thieme,
Stuttgardt, 1996, Vol. E21c, pp. 2872–2904.

2 P.-Y. Hsiu and C.-C. Liao, Chem. Commun., 1997, 1085; C.-S. Chu,
T.-H. Lee, P. D. Rao, L.-D. Song and C.-C. Liao, J. Org. Chem., 1999,
64, 4111.

3 Y.-F. Tsai, R. K. Peddinti and C.-C. Liao, Chem. Commun., 2000, 475.
4 S. Quideau and L. Pouysegu, Org. Prep. Proced. Int., 1999, 31, 617.
5 S.-Y. Gao, S. Ko, Y.-L. Lin, R. K. Peddinti and C.-C. Liao, Tetrahedron,

2001, 57, 297 and references therein.
6 C.-H. Lai, Y.-L. Shen and C.-C. Liao, Synlett, 1997, 1351.
7 C.-F. Yen, R. K. Peddinti and C.-C. Liao, Org. Lett., 2000, 2, 2909.
8 For reactions of tethered 1,2,4-triazines see: J.-H. Li and J. K. Snyder,

J. Org. Chem., 1993, 58, 516 and references therein.

Table 1 IMDA reactions of MOBs 4b–21b generated from phenols 4a–21a

Entry Phenol
Method/
timea MOB Timeb

DA adduct(s)
(Yield %)c

1 4a (X = H, R = H, n = 1) B/2 h 4b 0.5 h 4c (51), 4d (6)
2 5a (X = H, R = H, n = 2) B/2 h 5b 0.5 h 5c (46), 5d (2)
3 6a (X = H, R = H, n = 3) B/2 h 6b 0.5 h 6c —
4 7a (X = Br, R = H, n = 1) A/1.5 h 7b 3.5 h 7c (80)
5 8a (X = Br, R = H, n = 2) A/1 h 8b 1 h 8c (71)
6 9a (X = Br, R = H, n = 3) A/2 h 9b 12 h 9c (4)
7 10a (X = H, R = TBS, n = 1) B/1.5 h 10b 1 h 10c (53)
8 11a (X = H, R = TBS, n = 2) B/2 h 11b 0.5 h 11c (73)
9 12a (X = H, R = TBS, n = 3) B/2 h 12b 0.5 h 12c —

10 13a (X = Br, R = TBS, n = 1) A/1 h 13b 1.5 h 13c (90)
11 14a (X = Br, R = TBS, n = 2) A/1 h 14b 2 h 14c (95)
12 15a (X = Br, R = TBS, n = 3) B/2 h 15b 1 h 15c (15)
13 16a (R = H, n = 1) C 16b 7.5 h 16c (38), 16d (15), 16e (19)
14 17a (R = H, n = 2) C 17b 6 d 17c (93), 17d (4)
15 18a (R = H, n = 3) C 18b 24 h 18c (12), 18d (3)
16 19a (R = TBS, n = 1) C 19b 4 h 19c (60), 19e (40)
17 20a (R = TBS, n = 2) C 20b 20 h 20c (98)
18 21a (R = TBS, n = 3) C 21b 18 h 21c (10)

a Time during which DAIB was added. DAIB in MeOH was added to the phenol in MeOH at either rt (Method A) or reflux temperature (Method B). In
Method C, MOB was isolated and the IMDA reaction was carried out at reflux temperature in a solvent (toluene for entries 13, 16 and 17; THF for entry
14; and mesitylene for entries 15 and 18). b The reaction time after the addition of DAIB in entries 1–12. c Yields are of pure and isolated adducts.

Scheme 3 Reagents and conditions: (i) CH2CH(CH2)n + 1 MgBr, THF, rt
(71–77%); (ii) TBSOTf, 2,6-lutidine, CH2Cl2, 210 °C (89–99%); (iii)
DAIB, MeOH, rt; (iv) solvent, reflux (Method C).
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Organic template-directed crystallization of the complex fluoride
NH4MnF3 with perovskite structure
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(100)-oriented NH4MnF3 perovskite with different morphol-
ogies have been obtained in situ via an organic template;
experimental results can be rationalized in terms of electro-
static interactions and lattice matching between the organic
template and the ions undergoing nucleation.

Recently, complex fluorides with perovskite structure have
been extensively studied because of their interesting structures
and particular physical properties such as magnetic, piezo-
electric characteristics and photoluminescence behavior.1–4

However, traditional preparation methods, to a great degree,
have limited such studies on their properties since many
exploitable properties are often related to the structure, size,
morphology and orientation of inorganic materials. Such
conventional preparation methods often fail to generate con-
sistent results with respect to the control over the structure, size,
morphology and orientation. Thus it is important to develop
new synthetic strategies. A recent advance in this field involves
the use of organic templates (Langmuir or SAM monolayers)
for orientation nucleation of inorganic crystals.5–7 One of the
advantages of this method is that the crystal structure, size,
morphology and orientation can be readily controlled via
selection of the template and experimental conditions at room
temperature. In this communication, the behenic acid (BA)
monolayer template-directed room-temperature crystallization
of NH4MnF3 is studied.

The experimental procedure was similar to that described
elsewhere.6 Throughout the experiment, the temperature was
maintained at room temperature. Briefly, subphases 1 and 2
were prepared by mixing NH4F (A.R.) and Mn(NO3)2 (A.R.)
solutions. The concentrations of F2 ions in subphases 1 and 2
were 0.71 and 1.065 mol L21 and that of Mn2+ ions were 0.355
and 0.533 mol L21, respectively. The monolayer template was
prepared by spreading a measured quality of behenic acid (1 mg
mL21 in chloroform) over the surface of the subphase. After the
evaporation of chloroform, the monolayer was compressed to
the targeted pressure (28 mN m21) and the crystals formed
under the monolayer transferred onto glass or wafer silicon
substrates via a down stroke for further characterization. The
aging time between the spreading and transferring was 55 and
45 min for subphases 1 and 2, respectively. Crystals grown in
the absence of monolayer were collected on a glass substrate
placed at the bottom of the trough allowing a collection time of
5 h. The experiment of controlled crystallization under the BA
monolayer was performed using a KSV 5000 instrument
(Finland). The morphology of crystals formed under the
monolayer were examined by scanning electron microscopy
(SEM; JXA-840). The crystal faces of the samples were
measured by X-ray diffraction (XRD; D/max2000, Rigaku, Cu-
Ka). Elemental analysis of the samples was performed by
energy dispersive X-ray analysis (EDXA).

In the absence of the monolayer, the majority of crystals were
located at the bottom of the trough as a result of sedimentation.
The crystals are obviously irregular in shape and the corre-
sponding XRD pattern of crystals showed several groups of
diffraction peaks roughly consistent with the reflections of
cubic NH4MnF3 [Fig. 1A(a)] indicative of poor crystal
quality.

In the presence of the monolayer, crystallization exclusively
occurred at the monolayer–solution interface. Fig. 1B shows the
typical morphology of  crystals grown under the BA monolayer
template over subphase 1. As is evident from Fig. 1B, the
crystals formed under the BA monolayer exhibit a square
morphology and have a rather homogeneous size distribution
with an average grain size of 6 mm. The corresponding XRD
pattern of the crystals shows two sharp and strong diffraction
lines at 2q 20.90 and 42.56° [Fig. 1A(b)]. These diffraction
lines correspond to the (100) and (200) reflections for cubic
NH4MnF3 with perovskite structure indicating that the crystals
are (100)-oriented. The high quality and uniformity of the
crystals is evidenced by the sharp and strong (n00) reflections.
Moreover, by comparison with the XRD pattern of the standard
sample, we find that the crystals formed under the monolayer
template are pure and no other impurity peaks were present.
Interestingly, changing the concentration of the supersaturated
solution has a marked effect on the morphology of crystal
growns under the BA monolayer. For subphase solution 2, the
crystals grown under the BA monolayer exhibit a needle-like
morphology (Fig. 2B) while in the XRD pattern (Fig.  2A), two
sharp and strong diffraction lines together with a weak line
appear at 2q 20.90, 42.56 and 66.00°, which are assigned to the
(100), (200), and (300) reflections, respectively, of cubic
NH4MnF3 with perovskite structure.

Fig. 1 (A) (a): XRD pattern of NH4MnF3 crystals collected at the bottom of
the trough. (b): XRD pattern of NH4MnF3 crystals grown under the
monolayer template from subphase 1. (B) SEM image of NH4MnF3 crystals
grown under the monolayer template from subphase 1.
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In addition, elemental analysis of crystals grown via the
monolayer template was performed by EDXA. The EDXA
patterns showed the presence of N, F, Mn, O and C peaks, which
also further confirmed the XRD result. The C and O peaks
originate from the BA monolayer indicating that the NH4MnF3
crystals are attached to the monolayer.

What aspects of the (100) face of NH4MnF3 crystal could be
simulated by the interactions between the monolayer template
and the crystal? According to an AFM study8 on the compressed
BA monolayer over the solution containing Mn2+ ions, the BA
monolayer adopts rectangular packing with unit cell dimensions
of 0.46 3 0.87 nm. We can compare the structure of the BA
monolayer with the two-dimensional packing of Mn atoms in
different crystal faces of cubic NH4MnF3 by simulation
techniques. It is found that the superimposition of a rectangular
lattice of the monolayer template on the (100) face of the
NH4MnF3 crystal provides a good lattice matching. A compar-
ison of the Mn–Mn distance (0.424 nm) along the (010)
direction in the (100) crystal face with the monolayer lattice a
(0.46 nm) reveals a misfit of 8%. Moreover, the interatomic
Mn–Mn distance (0.424 nm) in the (001) direction of the (100)
crystal face is approximately 0.5 times the monolayer lattice b
(0.87 nm) with a misfit of only 2% (Fig. 3). However, such
lattice matching does not exist with other crystal faces of
NH4MnF3. Thus the rectangular packing arrangement of the
monolayer generates a template similar to the (100) face of
NH4MnF3 crystal which directs crystallization of NH4MnF3
along the (100) face.

The dependence of crystal morphology on the concentration
of supersaturated solution can be explained as follows. A
previous study9 showed that the concentration/ionic strength of
the reagents and the extent of nuclei–ion binding influence the
structure and the morphology of the crystals grown under the
monolayer. In the present study, the variation of the concentra-
tion of supersaturated solution results in a change of ionic
strength and the extent of nuclei–ion binding, i.e. the Stern and
boundary layers under the monolayer by electrostatic inter-
actions. As a result, NH4MnF3 crystals with different morpholo-
gies were obtained under the BA monolayer.

A more detailed mechanism will be investigated further.
In summary, (100)-oriented NH4MnF3 perovskite crystals

with different morphologies were prepared via a monolayer
template at room temperature. The solution conditions, the
electrostatic interactions and lattice matching between the
organic template and ions undergoing nucleation are important
factors for control over the morphology, size, and orientation of
crystals. Compared with traditional methods, the organic
template technique appears advantageous in terms of lower
synthesis temperature, high purity, and providing controllable
morphology and orientation of crystals.

This work was supported by the National Natural Science
Foundation of China.
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Fig. 2 (A) XRD pattern and (B) SEM image of NH4MnF3 crystals grown
under the monolayer template from subphase 2.

Fig. 3 Schematic two-dimensional representation of the proposed overlap
between the monolayer template and Mn atoms in the (100) face of
NH4MnF3 crystals.
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When a monolayer of dioctadecyldimethylammonium bro-
mide is formed on the surface of mixed aqueous solutions of
(NH4)2TiF6 and H3BO3 with a B/Ti molar ratio below 1.5,
oriented crystallites of NH4TiOF3 are produced and grown
at the hydrophilic interface of the monolayer to yield a self-
supporting thin film within a few days.

In recent years, soft solution chemistry has attracted a great deal
of attention from the viewpoint of low energy-consuming
material processing and morphological control of inorganic
materials. In this area, crystalline metal oxides have been
synthesized in the liquid phase via ligand-exchange (hydrolysis)
equilibrium reactions of the corresponding metal fluorides at an
ambient temperature.1,2 For example, the overall reaction (1)
for TiO2 synthesis consists of three equilibrium reactions
(2)–(4),3–5 in which H3BO3 acts as an F2 scavenger and forces
the equilibrium to shift to the product side. By this liquid-phase
deposition (LPD) method, TiO2 crystalline films are success-
fully prepared on a substrate at room temperature.2

[TiF6]22+ 3/2 H3BO3 + 2H+"TiO2 + 3/2 HBF4 + 5/2 H2O (1)

[TiF6]22 + n H2O " [TiF62n(OH)n]22 + n HF (2)

H3BO3 + 4 HF " HBF4 + 3 H2O (3)

[Ti(OH)6]22+ 2 H+ = TiO2 + 4 H2O (4)

So far, we have been investigating inorganic synthesis using
(multi)layered organic films as reaction fields and tem-
plates.6–10 On the other hand, Langmuir monolayers have been
successfully employed to direct the growth of oriented arrays of
inorganic salts and metal sulfides.11–13 These results motivated
the present study to combine the LPD reactions and an air/water
monolayer as a template. As reported below, self-supporting
thin films of NH4TiOF3, which acts as a stable intermediate in
LPD synthesis of TiO2, were produced at the interface of the air/
water monolayer, and were dominated by (00l) oriented
crystallites. The conversion of NH4TiOF3 into TiO2 while
retaining the orientation was also suggested.

The LPD solution used for the subphase was a mixed aqueous
solution of ammonium hexafluorotitanium [(NH4)2TiF6, 0.1
mol dm23] and boric acid (H3BO3, 0.1–0.3 mol dm23). An air/
water monolayer of dioctadecyldimethylammonium bromide
(DODMABr) was formed at 298 K on the surface of the LPD
solution by spreading a 100 ml portion of a toluene–ethanol
solution (9+1, v/v) of DODMABr (ca. 1 mg cm23). After
evaporating the spreading solvent for 20 min, two-dimensional
compression was performed by using a computer-controlled
film balance (USI system Co. Ltd., FSD 110). The DODMA
monolayer on pure water showed an expanded surface pressure-
area (p–A) isotherm characteristic of a liquid phase. On the LPD
solution, on the other hand, the monolayer exhibited a
condensed p–A isotherm, suggesting that the cationic DODMA
monolayer interacts with inorganic ionic species such as TiF6

22

and borate ions.14 The monolayer-assisted crystal growth was
performed at a constant p value of 20 mN m21, which is in the
middle of solidus region of the p–A isotherms. The monolayer
of octadecyl alcohol (ODA) was formed in the same manner
using a toluene solution of ODA, but the p–A isotherms were
almost the same on either pure water or the LPD solution,

indicating no interaction between the neutral monolayer and the
ionic species. The products were characterized by X-ray
diffraction (XRD, Rigaku LINT-2200), scanning electron
microscopy (SEM; HITACHI Co. Ltd., S-2250N) and transmis-
sion electron microscopy (TEM; JEOL, JEM-2010 UHR)
equipped with an energy dispersive X-ray spectrometer (EDX,
Oxford Link ISIS).

In the (NH4)2TiF6/H3BO3 LPD solutions, a white precipitate
was produced at room temperature within a few days, and the
main products were different below and above the stoichio-
metry of the overall reaction (1) (B/Ti = 1.5). At B/Ti ! 1.5,
the main product was anatase-type TiO2 [Fig. 1(b)], in
agreement with a previous report.2 The main product at 1 @
B/Ti < 1.5 was NH4TiOF3 [Fig. 1(a)],15 with the oxyfluoride
convertable into anatase TiO2 either by treatment with aqueous
H3BO3 or by air-calcination at 873 K for 1 h [Fig. 1(c)]. These
results indicate that NH4TiOF3 is a stable intermediate in the
LPD synthesis of TiO2.

On the surface of LPD solution with B/Ti = 1, no product
was formed in the absence of the DODMA monolayer, but pale
violet-colored transparent films were formed within a few days
in the presence of the monolayer. The floating films thus formed
were transferred onto quartz substrates by scooping up or by
horizontal dipping. SEM observation showed that the thickness
of the film after 3 days was ca. 0.5 mm [Fig. 2(a)]; thickness at
the sub-micron level was also suggested by the interference
UV–VIS absorption spectrum. It is seen that the surface of the
film at the air or monolayer side was smooth while that of the
solution or crystal-growth side was rough and that morphology

Fig. 1 XRD patterns of (a), (b) precipitates in the LPD solutions, (d), (e) thin
films deposited at the surface of the DODMA monolayer after 3 days, and
(c), (f) air-calcined precipitates of (a) and (d) at 873 K for 1 h. The solution
compositions were B/Ti = 1 [(a), (d)] and B/Ti = 2 [(b), (e)].

This journal is © The Royal Society of Chemistry 2001
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of the film was totally different from that of the precipitate [Fig.
2(b)]. XRD results on the quartz-supported films [Fig. 1(c)]
showed that the crystalline product on the surface of solution
(B/Ti = 1) was NH4TiOF3 i.e. the same as the precipitate from
the same LPD solution but the NH4TiOF3 films was preferen-
tially oriented with the (00l) crystal planes parallel to the
solution surface.

In the presence of neutral octadecyl alcohol (ODA) mono-
layer, no crystalline product was observed on the solution
surface, consistent with the suggestion from the p–A isotherm
measurement that the ODA monolayer scarcely interacts with
the ionic species. The result implies that electrostatic interaction
between the cationic monolayer and inorganic species is
indispensable to form stable and oriented NH4TiOF3 films. The
importance of the electrostatic interaction was also confirmed
by monitoring the deposition of NH4TiOF3 from the LPD
solution (B/Ti = 1, pH = 4.5) with a QCM microbalance (Sogo
Pharmaceutical Co., SF-105A). Here, three types of quartz
resonators (AT cut, 9 MHz) with different Au electrodes (area:
0.34 cm2) were used; bare, derivartized with mercapto-
ethylsulfonate (MES, anionic surface) and 2-amino-1-ethane-
thiol (AET, cationic at pH = 4.5). The amount of deposition of
NH4TiOF3 was almost the same on the bare and anionic MES
electrodes, while the amount on the cationic AET surface was
much larger than those on the other two electrodes at the same
immersion time; for example, deposited amounts on AET and
bare electrodes were 300 ng and 50 ng after 2 h and 1100 ng and
200 ng after 6 h, respectively.

The initial stage of precipitate and film formation was studied
by TEM and EDX. Products in solution and on the surface were
mounted on TEM micro-grids covered with a carbon ultrathin
film (Oken Shouji Co. Ltd) by dropping the solution and
scooping up, respectively. In the LPD solution with B/Ti = 1,
discoid crystallites, ca. 400 nm diameter by 150 nm thickness,
on average, were observed 1 h after the preparation of the
solution. The atomic composition of the crystallites measured
by EDX was close to that for NH4TiOF3 (Ti+O+F =
1+1.2+2.8). With increasing time, the crystallites grew, aggre-
gated and eventually precipitated as irregularly shaped particles
[Fig. 2(b)]. On the surface of the LPD solution (B/Ti = 1) with
the DODMA monolayer, discoid crystallites of NH4TiOF3 with
nearly the same size as in the solution were present after 1 h the
majority being oriented with the circular plane parallel to the
monolayer surface [Fig. 3(a)]: smaller crystallites with diameter
below 50 nm were also observed. Electron diffraction [Fig.
3(c)] showed each discoid crystallite was a single crystal with
the circular plane corresponding to the (00l) or ab plane of
tetragonal NH4TiOF3. The amount and size of the crystallites
increased at the monolayer surface with increasing time and a
continuous thin film composed of nanoparticulates was even-
tually produced after 12 h [Fig. 3(b)]. With further time, the
thickness of the film increased to, for example, 0.45 mm after 3
days and 0.64 mm after 5 days as estimated from the UV–VIS
interference. The results clearly indicate that the oriented
deposition of NH4TiOF3 discoids is a crucial step in the
monolayer-assisted formation of oriented NH4TiOF3 films. It is
also reasonable to propose that in the initial stage the discoid
crystallites deposited at the monolayer surface with the ab plane
preferentially parallel to the surface and act as seeds for the
subsequent crystal growth.

Monolayer-assisted LPD synthesis was also investigated for
a B-rich LPD solution (B/Ti = 2), from which non-oriented
anatase TiO2 was precipitated [Fig. 1(b)]. The formation of the
oriented NH4TiOF3 crystallites was observed by TEM electron
diffraction measurements in the early stage up to 6 h. After 3
days, however, a weak XRD peak corresponding to the (004)
peak of anatase TiO2 was observed [Fig. 1(e)]. The absence of
(101) and (200) peaks which are stronger than the (004) in non-
oriented powder anatase indicates the presence of (00l) oriented
crystallites in the film. In addition, when the (00l) oriented
NH4TiOF3 film prepared from the B/Ti = 1 LPD solution was
air-calcined at 873 K for 1 h, only the (004) XRD line of anatase
TiO2 was observed [Fig. 1(f)]: the broad peak around 2q =
20–25° is due to the quartz substrate. These results suggest the
possibility of synthesizing oriented TiO2 films directly by the
monolayer-assisted LPD method on a B rich solution or
indirectly by heat-treatment of an oriented NH4TiOF3 film.
Detailed investigation is in progress with respect to the
conversion of NH4TiOF3 to TiO2 with retention of orientation
as well as the mechanism of the deposition and growth of
oriented crystallites at the monolayer surface.

This work was financially supported by The Sumitomo
Foundation in Japan. The study made use of instruments in the
Center for Instruments Analysis (XRD, TEM) of Nagasaki
University.
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Fig. 2 SEM images of (a) NH4TiOF3 film deposited at the surface of
DODMA monolayer and (b) NH4TiOF3 precipitate in the LPD solution.
Solution composition: B/Ti = 1, deposition time: 3 days.

Fig. 3 TEM images of NH4TiOF3 crystallites deposited at a DODMA
monolayer surface after (a) 1 h and (b) 12 h after the preparation of the
monolayer. (c) Electron diffraction patterns of the crystallites of (a). Arrows
indicate the direction of electron beam.
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A one-pot reaction of three different components [Cu(II),
fumarate dianion and piperazine] leads to the self assembly
of a magnetic molecular fully interlocked 3D structure with
(4,4) nets formed by equal 2D sheets.

One of the challenges in modern inorganic chemistry is the
design of molecular extended systems possessing original
architectures and predictable physical properties. Such novel
molecular assemblies include networks mimicking zeolites or
possessing magnetic metallic ions.1,2 One of the intriguing
assemblages encountered is that consisting of interlocked
structures like catenanes where interlacing rings may be
achieved by a rational synthetic approach.3 A few systems with
interpenetrated two-dimensional networks are known and
during the last decade three examples of molecular systems
containing paramagnetic ions with fully interlocked structures
have been reported.4,5

We report, here, a new molecular magnetic system with a
fully interlocked three-dimensional structure of general formula
[Cu(fum)(ppz)(H2O)2] (fum = fumarate dianion and ppz =
piperazine) obtained from a one-pot synthesis of three different
components i.e. Cu(II), piperazine and fumarate, using an
unusual crystallization process. To the best of our knowledge,
this is the first molecular interlocked system where the 2D
sheets are assembled from two different types of organic
bridges.

Reaction of CuCl2, Na2fum, and piperazine in H2O–MeOH
results in the formation of a sky blue insoluble solid. Deep blue
single crystals were obtained by slow evaporation of an
ammoniacal solution of the solid,‡ and the structure was
determined by single crystal X-ray diffraction.§ As shown in
Figs. 1 and 2, the present compound is a 3D polymeric,
interpenetrating network consisting of equivalent 2D sheets, of
composition [Cu(fum)(ppz)(H2O)2]n with a (4,4) topology,
where copper ions provide the 4-connecting nodes bridging
through ppz and fum ligands. In the structure CuII ions, ppz and
fum ligands are situated at crystallographic centres of sym-
metry. The sides of the parallelogram forming the grid are
provided by the ppz molecules in the direction of the
crystallographic c axis (6.947 Å), the others are part of zigzag
Cu–fum chains running parallel to the diagonal of plane ab
(length of 8.960 Å). The coordinating dicarboxylate oxygen
atoms are those in anti position with respect to the adjacent H
atom of the ligand. The metals within a sheet are all coplanar in
an essentially square planar environment, since two water
molecules at pseudo-axial positions are at 3.058(6) Å, too far
apart to attest an octahedral geometry around copper. The (4,4)

nets are inclined interpenetrated to form an interlocked 3D
structure. This is the highest dimensionality found for fum
bridged CuII complexes since all previous such complexes are
dimeric or 1D chains.2 Along the line of intersection of any
particular pair of interpenetrating sheets each Cu(fum)2(ppz)2
window encircles a Cu–fumarate–Cu entity of the other sheet, in
such a way to allow the formation of weak hydrogen bonds
[3.035(4) Å] between unligated oxygen O(2) and ppz nitrogen

† Electronic supplementary information (ESI) available: magnetic results
and further crystallographic details (atomic coordinates, bond distances and
angles and hydrogen bonds). See http://www.rsc.org/suppdata/cc/b1/
b102072m/

Fig. 1 Perspective view of two interpenetrated sheets (represented by open
and filled bonds) showing the N(1)–H…O(2) hydrogen bonds (dashed
lines). Selected bond lengths (Å), angles and torsion angles (°): Cu–O(1)
1.968(2), Cu–N(1) 2.047(3); O(1)–Cu-O(1A) 180.00(1), O(1)–Cu–N(1A)
93.05(9), O(1)–Cu–N(1) 86.95(9), N(1A)–Cu–N(1) 180.00(2), C(2)–C(3)–
O(1)–Cu, 2172.2(2), C(2B)–C(2)–C(3)–O(1) 28.3(5)°.

Fig. 2 View of the crystal structure of [Cu(fum)(ppz)(H2O)2]n down the
crystallographic c axis, showing the channels hosting the water mole-
cules.

This journal is © The Royal Society of Chemistry 2001
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N(1). The dicarboxylate bridging ligands lie at a repeat distance
of half the crystallographic axis c, suggesting p contacts among
these groups (the closest C–C separation is 3.492 Å). When
viewed along the c axis the structure is seen to contain 168 Å3

channels filled with water of crystallization (Fig. 2). The
crystallographically independent water molecule, located at
2.761(5) Å from O(2), is rather disordered and is weakly
hydrogen bonded also to two close symmetry related units
[2.95(1) and 3.02(1) Å]. This crystal structure which displays an
inclined interpenetration of two (4,4) nets is unique and
unprecedented. To the best of our knowledge, only one structure
with this type of interpenetration has been reported to date
where the sheets are different, formed by a 2D layer and 1D
chains, the latter connected through H-bonds.6 Thermogravi-
metric analysis reveals a weight loss at 155 °C corresponding to
the loss of two water molecules per formula unit [calc. 12.0;
obs. 11.8%].

The magnetic behaviour of the complex was investigated
using a SQUID magnetometer in the temperature region 280–3
K within an applied magnetic field of 50 kOe. The cM = f(T)
plot (Fig. 3) is consistent with the presence of an anti-
ferromagnetic interactions between the CuII ions within the
compound. It has already been reported that through-bond
coupling leads to important magnetic interaction in CuII–
piperazine–CuII entities while the interaction through fumarate
is very small since through-bond coupling is negligible.7 The
susceptibility data were thus fitted by the theoretical law for an
antiferromagnetic S = 1/2 regular infinite chain. The least
square fit leads to the following parameters: J = 215.3 cm21,
g = 2.04, r = 0.011, TIP = 60 3 1026 and an agreement factor
R = 2.4 3 1024. The quality of the fit may be improved by
introducing an intermolecular interaction parameter zj that takes
into account the interaction between the magnetic chains in the
framework of the molecular field approximation.8 The inset of
Fig. 3 shows that a better fit of the maximum can then be
obtained with the following parameters: J = 214.7 cm21, g =
2.04, r = 0.013, zj = 24.2 cm21, TIP = 60 3 1026 and an
agreement factor of 6.5 3 1026. Since each piperazine bridged
chain is surrounded by two other chains within the 2D layers, z
is equal to 2 (we have neglected the interaction through H-
bonds) which leads to an exchange coupling parameter of 22
cm21 between the CuII ions through fumarate. DFT calculations
is underway in order to rationalize in a more quantitative way
the amplitude of the magnetic interaction between the two
different bridges.

We thank the Council of Scientific and Industrial Research,
New Delhi for financial support (granted to N. R. C).

Notes and references
‡ A 5 mL aqueous solution of CuCl2·2H2O (1 mmol, 0.1705 g) was mixed
with an aqueous solution (10 mL) containing Na2fum (1 mmol, 0.1600 g)
and piperazine (1 mmol, 0.0860 g). A sky blue solid, insoluble in common
organic solvents separated out immediately. It was filtered off, washed with
water and dissolved in a minimum amount of ammonia (14 M). Suitable
blue single crystals for X-ray diffraction were obtained by slow evaporation
of the ammoniacal solution of the solid in a refrigerator.
§ Crystal data: C8H16CuN2O6, M = 299.77, monoclinic, space group C2/c,
a = 12.785(8), b = 12.556(8), c = 6.947(5) Å, b = 99.69(1)°, U =
1099.3(12) Å3, F(000) = 620, Z = 4, Dc = 1.811 g cm23, m(Mo-Ka) =
2.007 mm21. Intensity data collected on an Enraf-Nonius CAD-4 single
crystal diffractometer employing the w–2q scan method; absorption
correction was applied. The structure was refined using a full matrix
refinement procedure (SHELXL97), with anisotropic thermal parameters
assigned to all non-hydrogen atoms. All hydrogen atoms were observed in
the difference map; those of fumarate and piperazine molecules were
constrained at geometrical estimates, while coordinates of hydrogen atoms
of water molecule were refined. At convergence R1 = 0.0428, wR2 =
0.1081 for 1292 unique reflections and 86 parameters, [3358 reflections
collected, Rint = 0.0701, 1216 with I > 2s(I)].

CCDC reference number 160683. See http://www.rsc.org/suppdata/cc/
b1/b102072m/ for crystallographic data in CIF or other electronic format.
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Treatment of UO2Cl2(thf)3 in THF with two equivalents of
1,3-dimesitylimidazole-2-ylidene (IMes) or 1,3-dimesityl-
4,5-dichloroimidazole-2-ylidene (IMesCl2) yields novel
monomeric uranyl N-heterocyclic carbene complexes, repre-
senting the first examples of actinyl carbon bonds.

The coordination chemistry of N-heterocyclic carbenes (NHC)
is a topic of much current interest, motivated in part by
promising applications in homogeneous catalysis1 and materials
science.2 NHC complexes have also been identified as principal
species formed upon dissolution of certain metal salts in N,NA-
dialkylimidazolium-based room-temperature ionic liquids
(RTILs).3 We have recently initiated a general program to
characterise the basic coordination chemistry and electro-
chemical properties of lanthanide and actinide ions dissolved in
RTILs with the goal of developing advanced, environmentally
responsible, nuclear processing and purification strategies. In
support of this effort, the reaction chemistry of isolable and
easily handled NHC ligands with lanthanide4 and actinide
complexes is of interest. Given the central role of actinyl ions
(e.g. MO2

2+, M = U, Np, Pu) in nuclear chemistry,5 we report
here the synthesis and structural characterisation of ur-
anyldichloride complexes stabilised by sterically demanding
NHC ligands. Well characterised 1,3-dimesitylimidazole-2-yli-
dene ligands were chosen in this study in order to favour highly
crystalline reaction products, amenable to detailed structural
characterisation.

Addition of a THF solution containing two equivalents of
IMes6 or IMesCl27 to a bright yellow solution of UO2Cl2(thf)3

8

in THF rapidly gives a bleached yellow solution from which
pale yellow powders separate that correctly analyse for
UO2Cl2L2 [L = IMes 1, IMesCl2 2, see eqn. (1)].† The isolated

(1)

powders are insoluble in aliphatic hydrocarbons, slightly to
moderately soluble in THF and toluene, and readily decompose
in CH2Cl2.

Crystals suitable for X-ray structural analysis could be
obtained for 1 as the THF solvate, by carefully layering a cold
solution of UO2Cl2(thf)3 in THF with a second solution of IMes,
followed by slow diffusion over several days at –30 °C. For 2,
simply cooling a saturated THF solution at –30 °C overnight

gave well formed single crystals.‡ Thermal ellipsoid representa-
tions of 1 and 2 are shown in Fig. 1. For both complexes the
uranium(VI) metal atom lies at the centre of a nearly perfect
octahedron. The uranyl U–O bond lengths of 1.761(4) and
1.739(3) Å (1 and 2, respectively) are within the range
previously observed in UO2Cl2L2 complexes.9–12 The sig-
nificantly shorter U–O bond length observed for 2 is consistent
with IMesCl2 being a weaker s-donor ligand compared to IMes,
which is also reflected in UO2 vibrational data (vide infra). The

Fig. 1 Thermal ellipsoid representation of (a) 1 and (b) 2 shown at the 50%
probability level. THF solvent of crystallisation and hydrogen atoms have
been omitted for clarity.
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U–Cl bond lengths also fall within the normal range. The
uranium–carbene bond lengths are considerably lengthened at
2.626(7) and 2.609(4) Å (1 and 2, respectively) compared to the
U–L bond lengths in UO2Cl2L2 complexes [L = OPPh3,9
OC(CHCHPh)2,10 OP(NMe2)3,11 or OC(NMe2)2

12], which are
observed between 2.27 and 2.30 Å. The electron-withdrawing
4,5-dichloro substituents of IMesCl2 are expected to reduce the
bonding radius of the carbene lone pair, which is reflected in the
relative U–C bond lengths of 1 and 2 [2.626(7) and 2.609(4) Å,
respectively]. The imidazol-2-ylidene rings lie nearly coplanar,
twisted along the C(1)–U(1)–C(1A) axis by ca. 6° (1) and 8°
(2). The plane defined by N(1)–C(1)–N(2) eclipses the O–U–O
axis [torsion angles: ca. 11° (1) and 4° (2)], thereby minimising
steric interaction between the mesityl substituents and the
chloride ligands. Instead, the mesityl groups form a basket
around the uranyl oxo ligands in which the closest non-bonded
oxygen contacts are ca. 3.1–3.2 Å to the ipso-mesityl car-
bons.

A measure of the relative donor strength of the NHC ligands
in UO2Cl2L2 complexes can be estimated using vibrational
spectroscopy. Within an isostructural series of uranyl com-
plexes, the frequency of the symmetric (v1) and asymmetric (v3)
UO2 stretch is inversely proportional to the donor strength of the
equatorial ligands which lie orthogonal to the [UO2]2+ moiety.13

For 1 and 2, the highest intensity peak in the IR spectra (Nujol),
assigned to the asymmetric UO2 stretch is observed at 938 and
942 cm21, respectively. These values are among the highest
reported for UO2Cl2L2 complexes,14 suggesting correspond-
ingly weak electron donation from the NHC ligands. A slightly
higher frequency v3 observed for 2 is consistent with the
electron withdrawing effect of the 4,5-dichloro substituted
imidazol-2-ylidene ligand. It should be pointed out that the
weak donor ability of NHC ligands in these uranyl complexes is
in marked contrast to their exceptionally strong donor strength
observed in low valent transition metal complexes.15 The
isolation of uranyl complexes stabilised by soft s-donor ligands
like NHCs is without precedent. Prior to this report, actinyl
complexes have been exclusively stabilised by hard donor
ligands (e.g. halide, oxygen and nitrogen ligation). In fact, even
tertiary phosphine complexes are unknown in the actinyl series.
A useful comparison can be made to a related tungsten complex,
WO2Cl2L2 (L = 1,3-dimethylimidazol-2-ylidene),16 which fur-
ther demonstrates the suitability of NHCs as competent
stabilising ligands for hard, Lewis acidic metal complexes.

The synthetic and structural results reported in this work
suggest that related actinide NHC complexes might reasonably
be formed in RTIL solutions. Through control of the effective
pH of these media, the concentration of free NHCs could be
reversibly adjusted to allow manipulation of the coordination
sphere of dissolved metal ions. Novel separations technology
based on the imidazolium-RTIL/NHC interconversion is cur-
rently under development. Extension of this synthetic and
structural investigation to transuranium actinyl complexes and
to low valent actinides is being actively pursued.

We thank Dr David L. Clark of the Glenn T. Seaborg Institute
for Transactinide Science for providing financial support of this
work. Los Alamos National Laboratory is operated by the
University of California for the U.S. Department of Energy.

Notes and references
† Preparation of UO2Cl2(IMes)2 1: to a solution of [UO2Cl2(thf)2]2 (100
mg, 0.103 mmol) dissolved in THF (4 mL) was added a second THF
solution (4 mL) of IMes (125 mg, 0.415 mmol). The resulting yellow
suspension was stirred for 15 min, diluted with hexanes (5 mL), then filtered
off and washed with hexanes (2 3 2 mL). Yield 145 mg (74%). 1H NMR
(300 MHz, toluene-d8): d 2.08 (s, 6H, p-CH3), 2.26 (s, 12H, o-CH3), 6.26 (s,
2H, 4,5-imidazole-CH), 6.49 (s, 4H, 3,5-mesityl-CH). IR (Nujul): n (cm21)

1304 (w), 1273 (m), 1229 (m), 1160 (w), 1100 (m), 1064 (w), 1033 (w), 962
(w), 938 (vs), 920 (s), 847 (m), 749 (m), 722 (m). Anal. Calc. for
C42H48Cl2N4O2U: C, 53.11; H, 5.09; N, 5.90. Found: C, 53.62; H, 5.76; N,
5.71%.

Preparation of UO2Cl2(IMesCl2)2 2: a similar procedure as that
described for 1 was followed. Yield 62%. 1H NMR (300 MHz, toluene-d8):
d 2.02 (s, 6H, p-CH3), 2.25 (s, 12H, o-CH3), 6.47 (s, 4H, 3,5-mesityl-CH).
IR (Nujul): v/cm21 1304 (w), 1273 (m), 1195 (w), 1180 (w), 1149 (w), 1131
(m), 1076 (w), 1036 (w), 984 (w), 942 (vs), 851 (m), 733 (w), 722 (w). Anal.
Calc. for C42H44Cl6N4O2U: C, 46.34; H, 4.07; N, 5.15. Found: C, 47.23; H,
4.56; N, 4.63%.
‡ Crystal data: for 1·6THF: C66H96Cl2N4O8U, M = 1382.40, a =
29.330(1), c = 18.879(1) Å, V = 14065(1) Å3, trigonal, space group R3̄, Z
= 9, T = 203 K, R1(I > 2s) = 0.0656, and wR2(I > 2s) = 0.1311.

For 2·THF: C50H60Cl6N4O4U, a = 10.1563(5), b = 17.3511(8), c =
13.6466(6) Å, b = 95.162(1)°, V = 2480.2(2) Å3, monoclinic, space group
P21/n, Z = 2, T = 203 K, R1(I > 2s) = 0.0456, and wR2(I > 2s) =
0.0855.

The reflection data for both structures were collected on a Bruker P4/
CCD using a combination of f and w scans. The structures were solved
using standard direct methods techniques (SHELXS-97),17 and refined
using full-matrix least squares based on F2 (SHELXL-97).17 Hydrogen
atom positions were idealized, and all non-hydrogen atoms were refined
anisotropically. Disordered lattice THF molecules in both structures were
eliminated from the refinement using PLATON/SQUEEZE.18 CCDC
reference numbers 160347 and 160348 for 1 and 2, respectively. See http:
//www.rsc.org/suppdata/cc/b1/b102649f/ for crystallographic data in CIF or
other electronic format.
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A new, mild and practical method for conducting man-
ganese(III)-mediated radical reactions, which lead to the
formation of carbon–carbon bonds, has been developed
using the ionic liquid 1-butyl-3-methylimidazolium tetra-
fluoroborate ([bmim][BF4]).

Manganese(III) acetate is known to oxidise a variety of carbonyl
compounds, including b-diketones and b-keto esters, to form
radicals.1 These a-carbonyl radicals can undergo cyclisation or
intermolecular addition reactions to form radical adducts, which
may be oxidised by a second equivalent of manganese(III)
acetate. The resultant cations can undergo nucleophilic attack or
b-deprotonation reactions leading, for example, to acetates or
alkenes. These carbon–carbon bond forming reactions are
synthetically attractive because manganese(III) acetate is inex-
pensive and, in contrast to related tributyltin hydride reactions,
this oxidative method of radical generation leads to function-
alised products.

One significant drawback to the use of manganese(III)
acetate, however, is the harsh reaction conditions. As man-
ganese(III) acetate has poor solubility in organic solvents, acetic
acid is invariably used and this severely limits the range of
substrates which can be employed, especially as many reactions
require heating (often to !70 °C). An additional drawback to
the use of acetic acid involves the separation and recovery of the
manganese acetate at the end of the reaction. The standard
workup procedure involves addition of large quantities of water
and/or aqueous sodium hydrogen carbonate to remove the acetic
acid and so large-scale reactions would generate considerable
amounts of aqueous waste. With a view to establishing milder
reaction conditions, as well as facilitating the recovery of the
manganese acetate, we have investigated the novel use of an
ionic liquid in manganese(III)-mediated radical reactions.

Ionic liquids have recently been found to be excellent,
environmentally benign solvents for a variety of reactions.2
These liquids offer an attractive alternative to conventional
organic solvents because, for example, they are easy to recycle
and are non-volatile. Of particular note are air and moisture
stable imidazolium ionic liquids, which have been used as
solvents for a variety of transition metal catalysed reactions
(e.g. oxidation,3 allylation,4 living radical polymerisation5 and
hydrogenation6). This suggested that ionic liquids such as
1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]),
which is miscible with polar solvents (e.g. methanol, dichloro-
methane) but immiscible with less polar solvents (e.g. ethyl
acetate, diethyl ether, toluene), could be compatible with
manganese(III)-mediated radical reactions.

Although our initial manganese(III) acetate reactions in neat
[bmim][BF4] were low yielding, we found that cyclised
products could be isolated in good yield when 1,3-dicarbonyl
compounds and alkenes were reacted in a mixed [bmim][BF4]–
dichloromethane solvent system (Scheme 1). Thus, reaction of
cyclohexane-1,3-dione (1 equiv.), a-methylstyrene (5 equiv.)
and manganese(III) acetate (2.1 equiv.) in a 1:4 mixture of
[bmim][BF4]–dichloromethane produced tetrahydrofuranone 1
in 50% yield after column chromatography.†‡ Similar yields of
1 were obtained when using different ratios of starting materials

and different amounts of the ionic liquid and dichloromethane.
This showed that only small amounts of the ionic liquid are
required for the reaction to proceed. For example, when a 1+19
mixture of [bmim][BF4]–dichloromethane was used, 1 was
isolated in 45% yield. The reaction could also be carried out
using [bmim][BF4] in the presence of alternative solvents to
dichloromethane, including methanol, acetone or acetonitrile
and 1 was isolated in 27–58% yield. Even solvents that are
immiscible with [bmim][BF4] can be employed. For instance,
when the reaction was carried out in a 1+19 mixture of
[bmim][BF4]–ethyl acetate, 1 was isolated in 30% yield. It
should also be noted that cerium(IV) ammonium nitrate (CAN),
another efficient one-electron oxidant, can be used in place of
manganese(III) acetate and when [bmim][BF4]–dichlorome-
thane was used as the solvent with this reagent, tetra-
hydrofuranone 1 was isolated in an excellent 82% yield. This is
an interesting result because CAN, like manganese(III) acetate,
has only limited solubility in organic solvents and so CAN
oxidations are usually carried out in aqueous acetonitrile.

Related manganese(III)-mediated reactions can also be car-
ried out using acyclic 1,3-dicarbonyl precursors (Scheme 2).
Hence, b-keto esters can be reacted with electron-rich alkenes in
the presence of 2.0 equiv. of manganese(III) acetate to give
dihydrofurans 2a–d. These types of reactions do not require a
nitrogen atmosphere. For example, 2c was isolated in 46 and
50% yield from reactions carried out in the presence or absence
of a nitrogen atmosphere, respectively.

The yields of 1 and 2a–d are similar or higher than those
reported for related manganese(III) acetate/acetic acid reactions
or alternative cyclisation methods.7 This was also apparent
using quinolone precursors when reaction of 3 (1 equiv.) with
oct-1-ene (10 equiv.) in a mixed [bmim][BF4]–chloroform

Scheme 1

Scheme 2
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solvent system produced the dihydrofuroquinolone 4 in 42%
yield (Scheme 3).§ This can be compared to the corresponding
manganese(III) acetate/acetic reaction at 60 °C, which required
ultrasonic irradiation (because of the poor solubility of 3 in
acetic acid) to give quinolone 4 in 50% yield.8 A similar
manganese(III)-mediated reaction using quinoline-2,4-diol (1
equiv.) and a-methylstyrene (5 equiv.) in [bmim][BF4]–
dichloromethane gave a 1:1 mixture of the angular and linear
tricycles 5 and 6, respectively, in a combined 78% yield.

This work has shown, for the first time, that manganese(III)-
mediated radical reactions can be carried out in alternative
solvents to acetic acid in the presence of the ionic liquid
[bmim][BF4]. The ability to carry out manganese(III) reactions
in a variety of solvents, under much milder reaction conditions
than when using acetic acid, should extend the range of
precursors which can be employed in these types of reactions.
For example, we have shown that the tert-butyl ester 7 can be
reacted with a-methylstyrene in [bmim][BF4]–dichlorome-
thane to give 8 in 43% yield (Scheme 4). The same reaction at
50 °C in acetic acid afforded 8 in a much lower yield of 25%,
presumably because of the harsher (acidic) reaction condi-
tions.

At the end of the reaction, the manganese acetate can be
easily recovered (on precipitation) by addition of further
organic solvent to the reaction mixture. After filtration, the
manganese acetate was reacted with potassium permanganate to
re-oxidise the manganese(II) back to manganese(III).9 The
manganese(III) acetate can therefore easily be recycled although
this does depend on the nature of ionic liquid. For example,
when the related ionic liquid [bmim][PF6] was used, complete
removal of the manganese byproducts was problematic. The
ionic liquid [bmim][BF4], which is believed to act as a co-

solvent in these reactions,¶ can also be recovered on workup (in
!95% yield) and we have shown that this can be reused without
any detriment to the product yields. For example, dihydrofuran
2c was isolated in similar yields (ca. 50%) when using freshly
prepared ionic liquid or ionic liquid recovered from other
reactions. This work offers the potential for carrying out a
variety of metal-mediated radical reactions in ionic liquids and
this is currently under investigation.

We thank BP Amoco Chemicals, the EU (under the
ERASMUS scheme) and The University of York for funding.

Notes and references
† To a solution of [bmim][BF4]10 (2 cm3) and dichloromethane (8 cm3)
containing cyclohexane-1,3-dione (0.10 g, 0.89 mmol) and a-methylstyrene
(0.53 g, 2.63 mmol, 5 equiv.) was added manganese(III) acetate dihydrate
(0.50 g, 1.88 mmol, 2.1 equiv.) under an atmosphere of nitrogen. The
reaction mixture was then heated overnight until the solution changed from
brown to yellow. Dichloromethane (40 cm3) was then added and
manganese(II) acetate was removed by filtration. The filtrate was then
washed with water (4 3 10 cm3) to remove the ionic liquid from the organic
phase. (The ionic liquid can be recovered by extracting the aqueous phase
with dichloromethane). The organic phase was then dried (MgSO4),
evaporated and purified using column chromatography (silica) to give
2-methyl-2-phenyl-3,5,6,7-tetrahydro-2H-benzofuran-4-one 1 (0.10 g,
50%) as an oil.
‡ All spectral data were in accord with the structures assigned. Selected data
for 1: dH(300 MHz, CDCl3) 7.30–7.15 (5H, m, aromatics), 2.98 and 2.89
(2H, dt, J 14.5, 1.9, CH2CPh), 2.45–2.40 (2H, m, CH2), 2.29–2.23 (2H, m,
CH2), 2.02–1.91 (2H, m, CH2), 1.62 (3H, s, CH3); dC(75 MHz, CDCl3)
196.0 (CNO), 176.4 (O–CNC), 146.0 (PhC1), 128.9, 127.9, 124.6 (PhC2–6),
113.0 (CNC–O), 93.0 (OCPh), 41.0 (PhCCH2), 36.8 (CH2CNO), 30.2 (CH3),
24.5, 22.1 (CH2CH2CH2).
§ When the reaction was carried out in dichloromethane in the absence of
the ionic liquid, quinolone 4 was not formed even after heating in an
ultrasonic bath (300 W, 30–40 kHz) for 24 h.
¶ Addition of the ionic liquid presumably increases the polarity of the
medium and similar reactions can be carried out using dichloromethane in
the presence of Et4N+2OTs. Reaction of cyclohexane-1,3-dione with a-
methylstyrene in a 0.1 M solution of Et4N+2OTs in dichloromethane also
gave tetrahydrofuranone 1 in 50% yield.
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Catalytic nitration of alkanes with nitric acid was first
successfully achieved by the use of N-hydroxyphthalimide
(NHPI) under mild conditions; the key to the present
nitration was found to be the in situ generation of NO2 and
phthalimide N-oxyl radical by the reaction of NHPI with
nitric acid.

Nitration of saturated hydrocarbons using nitric acid is usually
carried out at fairly high temperature (250–400 °C) because of
difficulty in generating NO2 from HNO3.1 The nitration under
such severe conditions resulted in not only the homolysis of C–
H bonds but also the cleavage of the C–C bonds of hydro-
carbons. As a consequence, the reaction is messy and often
difficult to control, and exhibits poor product selectivity. To
carry out the nitration selectively, in situ generations of alkyl
radicals from alkanes and NO2 from HNO3 must be achieved
under mild conditions. Recently, we have developed a novel
catalytic method for the nitration of aliphatic hydrocarbons with
NO2 using NHPI as the catalyst under mild conditions.2 We
now find that alkanes can be nitrated with nitric acid through the
in situ generation of NO2 and alkyl radicals by the use of NHPI
as a catalyst under mild conditions.

The nitration of adamantane (1) was chosen as a model
reaction and carried out in the presence of nitric acid and a
catalytic amount of NHPI in trifluorotoluene, affording 1-
nitroadamantane (2) (64%) and 1,3-dinitroadamantane (3) (3%)
along with oxygenated products, adamantan-1-ol (4) (9%) and
adamantan-2-one (5) (5%) [eqn. (1), Table 1 entry 1]. In a
previous paper, we showed that the nitration of 1 with NO2 as
a nitrating reagent affords 2 in 66% yield.2 The nitration of 1
with HNO3 which is easier to handle than NO2 was found to be
almost same as that with NO2.

(1)

Table 1 shows the catalytic nitration of 1 with nitric acid by
the NHPI under several reaction conditions.† Among the
solvents examined, trifluorotoluene and acetic acid were found
to be good solvents. Acetonitrile and ethyl acetate considerably
retarded the nitration (entries 3 and 4). No reaction took place in
the absence of NHPI (entry 5). The present nitration under air
afforded oxygenated products, 4 and 5, rather than nitro
compounds (entry 6).

Upon treatment of NHPI with nitric acid at 60 °C, we found
the evolution of brown gas attributed to NO2. This finding
suggests that the nitric acid reacts easily with the NHPI to
generate NO2 in the reaction system [eqn. (2)]. Importantly,

nitric acid was easily converted into NO2 in the presence of

(2)

NHPI under relatively mild conditions, although it is known that
the nitration of alkane with HNO3 must be carried out at high
temperature because of the difficulty in decomposing HNO3 to
NO2.1c From EPR measurements, it was found that the
phthalimide N-oxyl radical (PINO) was formed with the
evolution of NO2 by the reaction of the NHPI with nitric acid.‡
NHPI is known to be easily oxidized with Pb(OAc)4 to the
PINO.3 In the present reaction, nitric acid serves as a good
oxidizing agent of the NHPI to form the PINO and NO2 [eqn.
(2)].

In order to obtain further insight into the present nitration, 1
was allowed to react with nitric acid in the presence of copper
in place of NHPI, since it is known that nitric acid reacts with
copper metal, generating NO2 according to eqn. (3).4 However,

(3)

(4)

no nitration took place, although the generation of NO2 was
observed [eqn. (4)].

Table 2 summarizes the representative results for the nitration
of various saturated hydrocarbons and their derivatives with
nitric acid under the influence of the NHPI in trifluorotoluene at
60 °C for 15 h.

1,3-Dimethyladamantane (6) reacted with nitric acid under
these conditions to give 1-nitro-3,5-dimethyladamantane (7) in
67% selectivity at 77% conversion (entry 1). When the NHPI
used was increased from 0.1 mmol to 0.2 mmol, 7 was obtained
in higher conversion and selectivity (entry 2). The nitration

Table 1 Nitration of adamantane (1) with HNO3 by NHPI under various
conditionsa

Select. (%)

Entry Solvent Conv. (%) 2 3 4 5

1 PhCF3 87 64 3 9 5
2 AcOH 93 62 n.d. 6 4
3 CH3CN 55 38 n.d. 9 4
4 AcOEt 34 24 n.d. 21 3
5b AcOH > 2 n.d. n.d. n.d. n.d.
6c PhCF3 40 n.d. n.d. 33 13
a 1 (1 mmol) was reacted with HNO3 (1.5 mmol) in the presence of NHPI
(0.1 mmol) at 60 °C for 15 h. b In the absence of NHPI. c Under air.
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using excess 6 with respect to nitric acid resulted in 7 in
excellent yield (95%). The nitration of endo-tricyclo-
[5.2.1.02,6]decane (8) occurred selectively at the fused tertiary
C–H bond to give the corresponding nitro compound 9 (57%).
On the other hand, the nitration of 8 with NO2 instead of HNO3
resulted in 9 in low yield (47% selectivity, 74% conversion).
Consequently, 8 was found to be nitrated with HNO3 in higher
selectivity. Cyclooctane was also nitrated to form nitro-
cyclooctane (56%) and a regioisomeric mixture of dinitro-
cyclooctane (14%) as well as a small amount of cyclooctanone
(10%) at 75% conversion. Cyclohexane was difficult to nitrate
selectively because of the formation of adipic acid (5%).5
Aliphatic hydrocarbon like 2-methylhexane was nitrated at the
tertiary position to lead to 2-methyl-2-nitrohexane in relatively
good selectivity. Several substituted adamantanes were sub-

jected to the nitration under these reacion conditions. Thus,
1-chloroadamantane, 1-nitroadamantane, and ethyl 1-adaman-
tanecarboxylate were nitrated to the corresponding nitro
compounds in fair to good selectivities (entries 9–11).

On the basis of these results, a possible reaction path for the
present catalytic nitration of alkanes with nitric acid by the
NHPI is shown in Scheme 1.

The nitration is initiated by the in situ generation of PINO and
NO2 from NHPI and nitric acid, respectively. The resulting
PINO abstracts the hydrogen atom from alkanes to give NHPI
and alkyl radicals which are readily trapped by NO2 to form
nitroalkanes.

In conclusion, the present alkane nitration with nitric acid
provides a facile method for the preparation of nitroalkanes, by
the use of cheap and easily available nitric acid compared with
NO2.

This work was partially supported by the Research for the
Future program, JSPS and DAICEL Chemical Industries, Ltd.

Notes and references
† A typical reaction was carried out as follows: economic grade
concentrated nitric acid (60% over) was used without any treatment. The
reaction was carried out as follows: to a two necked flask was added
adamantane (1) (1 mmol), NHPI (0.1 mmol) and nitric acid (1.5 mmol) in
trifluorotoluene (3 mL), and the mixture was reacted under argon at 60 °C
for 15 h. After evaporation of the solvent under reduced pressure, the
reaction mixture was extracted with diisopropyl ether and the extracts were
washed with aq. NaHCO3. After separation of the organic phase, the
mixture was subjected to silica gel chromatograph, giving 1-nitroada-
mantane (2) (57%), 1,3-dinitroadamantane (3) (3%) together with oxy-
genated products, adamantan-1-ol (4) (8%) and adamantan-2-one (5) (4%)
(Table 1, entry 1).
‡ Electron paramagnetic resonance (EPR) measurements were carried out
under selected conditions. To a two necked flask was added NHPI (0.1
mmol) and nitric acid (1.5 mmol) in trifluorotoluene (10 mL), and the
mixture was reacted under argon at 60 °C for 1 h. The EPR spectrum
attributed to PINO was clearly observed as a triplet signal based on
hyperfine splitting (hfs) by the nitrogen atom (g = 2.0074, aN = 0.46 mT).
The g-value and hfs constant observed for PINO were consistent with those
(g = 2.0073, aN = 0.423 mT) reported by Mackor et al.3b

1 (a) F. L. Albright, Chem. Eng., 1966, 73, 149, and references therein; (b)
G. B. Bachman, J. Org. Chem., 1952, 17, 906; (c) L. F. Albright, in Kirk-
Othmer Encyclopedia of Chemical Technology, Vol 17, eds. J. I.
Kroschwite and M. Howe-Grant, Wiley, New York, 1995, 68; (d) H. B.
Hass, E. B. Hodge and B. M. Vanderbilt, Ind. Eng. Chem., 1936, 339.

2 S. Sakaguchi, Y. Nishiwaki, T. Kitamura and Y. Ishii, Angew. Chem. Int.
Ed., 2001, 40, 222.

3 (a) A. Calder, A. R. Forrester and R. H. Thomson, J. Chem. Soc. (C),
1969, 567; (b) A. Mackor, A. J. Wajar and J. de Boer, Tetrahedron, 1968,
24, 1623.

4 R. Lee and F. L. Albright, Ind. Eng. Chem. Proc. Des. Dev., 1965, 4,
441.

5 V. Anantharaj, J. Bhonsle, T. Canteenwala and L. W. Chiang, J. Chem.
Soc., Perkin Trans. 1, 1999, 31.

Table 2 Nitration of various substrates with HNO3 by NHPIa

Entry Substrate
Conv.
(%) Product

Select.
(%)

1 77 67

6 7

2b 6 89 7 81
3c 6 50 7 95d

4 89 57
(74) (47)

8 9

5 75 56e

6f — 32dg

7f — 60dh

8 80 65

9 59 61

10 73 79

11 32 91

a Reaction is shown in text. Parentheses show the conversion and selectivity
in the nitration using NO2 instead of HNO3. b NHPI (0.2 mmol) was used.
c Substrate (3.0 mmol) was used. d Based on HNO3 used. e Dini-
trocyclooctane (14%) and cyclooctanone (10%) were obtained. f Substrate
(5 mL) was used. g Adipic acid (5%) was obtained. h Benzyl alcohol (21%)
and benzaldehyde (19%) were obtained.

Scheme 1 A possible nitration path of alkanes with nitric acid by NHPI.
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A new MFI-type zeolite containing uniform supermicropores:
synthesis by structural transformation of CTA+-MCM-41 and
application in SCR of NOx

Xiaoyin Chen and S. Kawi*

Department of Chemical and Environmental Engineering, National University of Singapore, 10 Kent
Ridge Crescent, Singapore 119260, Republic of Singapore. E-mail: chekawis@nus.edu.sg

Received (in Cambridge, UK) 12th April 2001, Accepted 12th June 2001
First published as an Advance Article on the web 5th July 2001

A new MFI-type zeolite containing uniform 17 Å super-
micropores has been successfully synthesized through struc-
tural transformation of CTA+-MCM-41 and shows better
activity for SCR of NOx than conventional ZSM-5 under
lean burn conditions. 

The discovery of ordered mesoporous materials, due to their
tailor-made pore sizes from 20 to 100 Å, has inaugurated
potential pathways to selective catalysis and separation of large
molecules.1,2 Unfortunately, the hydrolysis of the amorphous
silica framework and collapse of mesostructures under hydro-
thermal conditions or even at room atmosphere prevent
practical applications of these surfactant-templated silicates.3,4

Microporous zeolites are widely used as catalysts and sorbents
due to their crystalline structure.5 However, micropores restrict
the diffusion rates of reactant and products,6 hence limiting the
activity of zeolite catalysts for certain reactions. Therefore, an
attempt to synthesize or fabricate new porous crystalline
materials having the advantages of both microporous and
ordered macroporous structures is of interest recently for
potential industrial applications.7

The difference between the synthesis of amorphous mesopor-
ous and crystalline microporous materials lies primarily in the
use of templates with different alkyl-chain quaternary ammo-
niumions. Long-chain quaternary ammoniumions (! C12) form
regular arrays of micelles to cast amorphous frameworks of
mesostructures;1 however, short-chain ones (C1–C4) template
the formation of crystalline microporous zeolites.8 Detailed
investigation by different alkyltrimethylammonium surfactants
CnH2n + 1NMe3Br (n = 6, 8, 10, 12, 14, 16) showed that the
shortest chain length (n = 6) gave predominantly MFI-type
materials, while longer chains (n = 14, 16) produced mesopor-
ous MCM-41 or amorphous materials.9 Only mixed phases of
MFI/MCM-41 were obtained using a mixed template consisting
of C6- and C14-trimethylammonium ions.10 Crystalline micro-
porous structures can be formed in the presence of CTA+

only.11,12 Recently a two-step crystallization process was
introduced into the amorphous framework of mesoporous
materials to form MCM-41/ZSM5 composites, where mesopor-
ous MCM-41 was first formed by CTA+ and the amorphous

framework of MCM-41 was then crystallized with TPA+.13

However, no literature has ever reported the formation of a
crystalline composite containing both micropores and super-
micropores (Dp = 15 and 20 Å) by using CTA+ as the only
template. This approach is of importance both for the investiga-
tion of the templating role of the surfactant and for the synthesis
of a new shape-selective catalysts as supermicropores bridge the
gap between micropores and mesopores. Here we report, for the
first time, the transformation of the CTA+–MCM-41 meso-
structure into a hydrothermally stable MFI-type composite
containing additional uniform supermicropores of 17 Å.

The new MFI-type material was synthesized according to the
reported hydrothermal procedure.12 However, in this work, the
starting gel of sodium silicate was not acidified and a final molar
composition of SiO2: x Al2O3: y CTAB: z H2O (x = 0–0.03, y
= 0.05–0.5, z = 60–120) was used. After stirring for 60 min at
room temperature, the white and viscous surfactant-silicate
mixture was transferred to a Teflon-lined autoclave and then
heated at 170 °C for different times. The resulting solids were
recovered by filtration, thoroughly washed with distilled water
and then dried at 100 °C overnight. The products were finally
calcined at 550 °C in air for 10 h. For a comparison,
conventional ZSM-5 material was synthesized using TPAOH
according to the literature procedure.14

When SiO2: y CTA+: 120 H2O was treated at 170 °C for 144
h, XRD and FTIR spectra showed that the products are of
typical MFI structure. Fig. 1 shows different morphologies of
products obtained under different crystallization times, which
correspond to hexagonal MCM-41, lamellar phase and MFI
structure in XRD patterns, respectively. Fig. 2 shows XRD
patterns of the resulting products with varying crystallization
times. For the sample formed under 6 h, the XRD pattern of the
resulting CTA+–silica composite clearly shows the hexagonal
mesoporous structure of MCM-41. However, the calcined
MCM-41 mesostructure completely collapsed when the cal-
cined sample was kept in air at room temperature for two
months or treated in boiling water for only 24 h, as shown in Fig.
3(a). For the sample formed under 12 h of crystallization, the
hexagonal MCM-41 is transformed to a typical lamellar
structure characterized by XRD and N2 adsorption/desorption

Fig. 1 SEM images of products obtained after crystallization times of 6, 24 and 144 h. SEM was performed on a JEOL JSM-5600LV scanning electron
microscope operating at 15 kV.

This journal is © The Royal Society of Chemistry 2001
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isotherms.12 Once this product was calcined at 550 °C, all the
XRD peaks disappeared and its N2 adsorption/desorption
isotherms remain unchanged after being kept in air at room
temperature for two months, as shown in Fig. 3(b). After
increasing the crystallization time to 72 h, XRD patterns show
that both lamellar phase and MFI structure are present in the
resulting product. After further crystallization for 144 h, XRD
patterns corresponding to the MFI structure only are ob-
served.

The ratios CTA+/Si, Si/H2O and Si/Al are found to be crucial
factors influencing the structural transformation of the resulting
material. The optimal values of y for successful synthesis of the
new MFI materials is 0.1–0.4. Too low a value for CTA+/Si
results in the formation of a mixture containing MFI materials
and cristobalite. However, amorphous silica was easily formed
at CTA+/Si ! 0.5. Using y = 0.2, the new MFI possesses BET
surface area and pore volumes of micropores of 409 m2 g21 and
0.172 ml g21, respectively, higher than those for a sample
formed from TPA+ (358 m2 g21 and 0.160 ml g21). Fur-
thermore, N2 isotherms of the new MFI-type material display
capillary condensation characteristics. A H1-type hysteresis
loop is clearly observed at P/P0 < 0.2 [Fig. 3(c)], which
corresponds to a narrow pore size distribution with a diameter of
17 Å. This pore size is much lower than that of CTA+-templated
MCM-41.1

CTA+-templated MCM-41 readily becomes amorphous
when subjected to refluxing in water for short periods of time
(24 h).3,4 In order to eliminate the possibility that the new
material contains a mixture of MFI and MCM-41 as those
reported elsewhere,10 hydrothermal treatment was performed
on the calcined sample in boiling water for 1 to 30 days. Fig.
3(d) and 3(e) show the N2 isotherms for these samples,

respectively. The hysteresis loops for samples treated in boiling
water are similar to that of the untreated one. The pore size
distribution of the sample treated in boiling water for 30 days, as
shown in Fig. 3 (inset), is still maintained at 17 Å. Furthermore,
its BET surface area, morphology and framework structure
(which were characterized by SEM, XRD and FTIR) also
remain unchanged.

Small crystals of Co/ZSM-5 were reportedly more active than
larger ones for selective catalytic reduction (SCR) of NOx by
propane, showing the influence of mass transfer diffusion on the
activities of the catalyst.15 In this work, we used a new
aluminium-containing MFI (Si/Al = 40) with a pore size of 17
Å, which was successfully synthesized using the above method,
to investigate the effect of pore size of a catalyst on the
conversion of NOx by propane under lean burn conditions. 1.2
wt% cobalt-supported catalysts were prepared from the new
MFI and conventional ZSM-5 by solid-state ion exchange with
cobalt nitrate solution. Fig. 4 compares the conversion curves of
NOx on these two catalysts. It is obvious that the NOx

conversion over the new Co/MFI catalyst is much higher than
that over conventional Co/ZSM-5 catalyst. The presence of
uniform supermicropores of 17 Å in the new MFI catalyst is
believed to be helpful for the mass transfer of reactants and
reaction products across the pores, hence increasing the activity
of the catalyst as diffusion control in microporous channels
generally predominates in shape-selective catalysts such as MFI
zeolite.6

Notes and references
1 J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge,

K. D. Schmitt, C. T.-W. Chu, D. H. Olson, E. W. Sheppard, S. B.
McCullen, J. B. Higgins and J. L. Schlenker, J. Am. Chem. Soc., 1992,
114, 10 834.

2 A. Corma, Chem. Rev., 1997, 97, 2373 and references therein.
3 J. M. Kim and R. Ryoo, Bull. Korean Chem. Soc., 1996, 17, 66.
4 R. Mokaya, J. Phys. Chem. B, 2000, 104, 8279.
5 Catalysis and Zeolites: Fundamentals and Applications, ed. J. Weit-

kamp and L. Puppe, Springer, New York, 1999.
6 J. Karger, Diffusion in Zeolites and Other Microporous Solids, ed. J.

Karger and D. M. Ruthven, Wiley, New York, 1992.
7 L. Huang, Z. Wang, J. Sun, L. Miao, Q. Li, Y. Yan and D. Zhao, J. Am.

Chem. Soc., 2000, 122, 3530.
8 M. E. Davis and R. F. Lobo, Chem. Mater., 1992, 4, 756.
9 J. S. Beck, J. C. Vartuli, G. J. Kennedy, C. T. Kresge, W. J. Roth and

S. E. Schramm, Chem. Mater., 1994, 6, 1816.
10 A. Karlsson, M. Stocker and R. Schmidt, Microporous Mesoporous

Mater., 1999, 27, 181.
11 R. B. Borade and A. Clearfield, Zeolites, 1994, 14, 458.
12 X. Chen, L. Huang and Q. Li, J. Phys. Chem. B, 1997, 101, 8460.
13 L. Huang, W. Guo, P. Deng, Z. Xue and Q. Li, J. Phys. Chem. B, 2000,

104, 2817.
14 R. A. Kensington and G. R. Landolt, US Pat., 1972, 3702886.
15 T. Tabata and H. Ohtsuka, Catal. Lett., 1997, 48, 203.

Fig. 2 XRD patterns of as-synthesized products obtained after different
crystallization times.

Fig. 3 N2 adsorption/desorption isotherms of hexagonal MCM-41 (a),
lamellar phase (b) and new MFI (c) after being kept in air at room
temperature for 2 months prior to N2 adsorption measurements. N2

adsorption/desorption isotherms of the new MFI after being kept in boiling
water for 10 days (d) and 30 days (e), and its BJH pore size distribution (Å)
after 30 days in boiling water (inset).

Fig. 4 Comparison of SCR of NOx over new Co/MFI (a) and conventional
Co/ZSM-5 (b). SCR of NOx was carried out using a continuous flow reactor
operating under 1 atm. Reaction conditions: 1000 ppm of NO, 1000 ppm of
C3H8, 5% of O2 (in He) and SV of 30000 h21.
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Oxidation of propene by molecular oxygen over Ti-modified silicalite
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Ti-modified high silica zeolite with an Si/Al ratio of 1900 was
found to be effective for the oxidation of propene to
oxygenates such as propene oxide, in the presence of
molecular oxygen at 573 K.

Propylene oxide is an important industrial intermediate which
has traditionally been produced by the epoxidation of propene
with organic hydroperoxides. In this proress, organic alcohols
are stoichiometrically produced as by-products. Recently,
titanium silicate-1 (TS-1) zeolite has been shown to be active
for the reaction with H2O2.1 This process is still liquid phase
whereas the gas phase is more favorable due to product
separation. Concerning the gas phase, Haruta and coworkers2

and Moulijn et al.3 have published work relating to epoxidation
with propene/O2/H2 over Au dispersed on TS-1 and other Ti-
containing supports. In these cases, selectivity to propene oxide
is high ( > 90%), but propene conversion is < 5% and a large
amount of H2 is consumed to form H2O. Direct propene
oxidation by molecular oxygen without H2 into propene oxide
would be of value. The possibility to form propene oxide (PO),
in particular, was shown, using AgNO3 or KNO3 supported on
TS-1 and K2CO3 or KCl on the same matrix with a PO yield of
0.02%.4 ARCO Chemical Technology has recently reported
improved propene oxide yield in the presence of ethyl chloride.5
In these cases without gaseous co-reactant such as hydrogen,
acidic compounds such as nitrates and chlorides on the catalyst
surface could be important for propene activation. In the course
of our research program on direct oxidation of propene without
any co-reactant, we have reported that titanium sulfate-modified
amorphous zirconia was effective for this reaction,6 although
the propene conversion was below 6% and the PO yield only ca.
0.5%. Thus, in order to improve propene oxide yield, we tried
the use of zeolite families as catalyst supports. In the present
study, we report titanium-modified high silica zeolites with
different ratios of Si/Al which are effective for the propene
oxidation by O2 without any co-reactant.

High silica zeolite (denoted silicalite) with Si/Al ratio of 3000
was prepared from Si(OEt)4 and tetraethylammonium hydrox-
ide by a hydrothermal method followed by calcination in a air
flow at 823 K for 5 h. The other high silica zeolites (denoted
HSZ) employed were provided by TOSO Co. Ltd. [HSZ(68),†
HSZ(190)† and HSZ(1900)†]. Titanium-modified HSZ sam-
ples containing 7.5 wt% Ti[Ti/HSZ(68)] were prepared by the
impregnation method.‡ All chemicals were purchased from
Wako Pure Chemicals Co.. The amounts of adsorption of
ammonia or CO2 were estimated by using a Thermal Analysis
System 001 instrument (MAC SCIENCE Co.).§

The catalytic reaction was performed under atmospheric
pressure at temperatures between 473 and 673 K. A tubular
fixed-bed reactor (OD = 1.25 cm, length = 60 cm) was filled
with 1.0 g of catalyst powder and quartz sand (2.0 g). A
pretreatment was done prior to each reaction at 673 K under air
flow (25 ml min21) for 2 h. The reactant feeds were C3H6 (7.5
ml min21) and air (17.5 ml min21). Hydrocarbons and
oxygenated compounds were detected by TCD and FID gas
chromatography, the former with Porapack Q (1 m) at 673 K,
the latter with 20 wt% FFAP on Chromosorb W (3 m) at 373 K.
Products in the gas phase was analyzed by another TCD
equipped with a Porapak Q column (3 m) and molecular sieve
5 Å column (3 m) kept at 343 K. The reaction products were also
confirmed by mass spectrometry. In order to check the initial
activities of catalysts, GC analyses were started 15 min after
reaching the reaction temperature. The products were propene
oxide (PO), acetaldehyde (AA), C1–C8 hydrocarbons (HC), CO
and CO2 (COx) and small amounts of other oxygenates
[propanal, acetone, formaldehyde, alcohols (MeOH, EtOH,
PriOH)] were also detected.

The catalytic performances at 573 K are summarized in Table
1. No product was formed through the reactor in the absence of
catalyst. Both Ti/SiO2 (run 1) and Ti/TiO2 (run 2) exhibited low
propene conversion and only hydrocarbons (HC) and COx were
produced. For the HSZ family we found that the catalyst

Table 1 Results of the oxidation of propene by molecular oxygen 573 Ka

Selectivity (%)d

Run

Conv.
propene
(%)

PO yield
(%) PO PA AA HA AL AC Alc HC COx Residuee

1 7.5% Ti/SiO2 3.76 0 0 0 0 0 0 0 0 72.7 24.7 2.6
2 7.5% Ti/TiO2 2.11 0 0 0 0 0 0 0 0 47.0 52.9 0.1
3 7.5% Ti/HSZ(68)b 97.8 3.11 3.18 5.85 6.25 0 0 0 5.39 44.5 5.12 35.6
4 7.5% Ti/HSZ(190)b 95.5 8.90 9.32 9.85 20.0 0 28.3 0 0 31.4 1.13 9.85
5 7.5% Ti/HSZ(1900)b 47.7 17.3 36.3 0 29.6 2.64 0.66 0 2.87 27.8 0 0.13
6 7.5% Ti/silicalite(3000)b 1.89 Trace Trace 0 0 0 0 0 0 100 0 0
7 15% Ti/HSZ(1900)b 78.2 20.4 26.1 0 23.6 2.92 0 0 2.60 43.9 0.74 0.14
8 15% Ti/HSZ(1900)bc 9.03 3.69 40.9 0 23.5 0.12 0 0 0 35.3 0 0
9 HSZ(1900)b 83.2 6.60 7.93 0 11.3 1.73 3.43 0.30 5.32 69.1 0.53 0

10 7.5% Ti/HSZ(1900)be 37.3 8.81 23.6 0 16.2 0.06 0 0 0 59.7 0.44 0
a Reaction conditions: see text. b Number in parentheses is the Si/Al ratio for the catalyst support employed. c Reaction carried out at 523 K. d Products
propene oxide (PO), acetaldehyde (AA), formaldehye (HA), acrolein (AL), acetone (AC), alcohol [Alc, (MeOH + EtOH + PriOH)], hydrocarbons [HC, (C1

+ C2 + C3 + C4 + C5 + C6 + C7 + C8)], CO and CO2 (COx). e Residue estimated using the equation 100 2 sum of all detectable products. Calcination of the
catalyst carried out at 173 K.

This journal is © The Royal Society of Chemistry 2001
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performances were strongly dependent on the Si/Al ratio of the
supports. For 7.5% Ti/HSZ(68) (run 3), propene conversion
was very high (97.8%) and some oxygenates were produced
with COx and a substantial amount of residue, but the PO yield
was only 3.11%. The 7.5% Ti/HSZ(190) (run 4) also showed
high propene conversion of 95.5% and both COx and the amount
of residue were decreased, while the selectivities to oxygenates
were increased. In this case the PO yield was 8.90%.

On the other hand, the conversion of propene on 7.5% Ti/
HSZ(1900) was approximately half the propene conversion of
7.5% Ti/HSZ(190), while selectivities to COx and residue
(0.13%) were dramatically lower than for 7.5% Ti/HSZ(190).
For 7.5% Ti/HSZ(1900) (run 5) the selectivity to PO was found
to be 36.3% and major by-products were acetaldehyde (AA) and
hydrocarbons (HC). As a result, the PO yield (17.3%) on
7.5% Ti/HSZ(1900) was twice that of 7.5% Ti/HSZ(190).
7.5% Ti/silicalite (3000) (run 6), on the other hand, showed
much lower propene conversion (1.89%) than 7.5% Ti/
HSZ(1900). Therefore, it is indicated that titanium-modified
HSZ with an Si/Al ratio of 1900 not only has a moderate ability
to activate propene using molecular oxygen, but also properties
suitable for predominant formation of oxygenates (in particular,
PO) over hydrocarbons (HC).

The 15% Ti/HSZ(1900) catalyst (run 7) exhibited higher
propene conversion (78.2%) than 7.5% Ti/HSZ(1900), al-
though the PO selectivity was slightly decreased, while HC
selectivity was increased. In this case, the PO yield was 20.4%,
> 10 times those previously reported under O2/H2 conditions2,3

and, at least, > 3 times recently reported for Ag-containing
catalyst4,5 or photocatalyst7 systems. At 523 K, the PO
selectivity on 15% Ti/HSZ(1900) was as high as 40.9%, while
the propene conversion was 9.03% (run 8). HSZ(1900) alone
(run 9) showed higher propene conversion and HC selectivity
than 7.5% Ti/HSZ(1900), while less selectivity to oxygenates
was observed. This indicated that surface properties for
oxygenate formation were improved by Ti modification.¶

The mechanism of oxidation of propene over Ti/HSZ
catalysts is not clear. However, catalyst performances are
dependent on Si/Al ratio of the HSZ supports (Table 1) and,
therefore, it seems likely that surface acid–base properties are
responsible for the catalyst behavior, in particular, propene
conversion and residue yield. In fact, as shown in Table 2,
where NH3- or CO2-TPD was conducted by using thermogravi-
metric methods, 7.5% Ti/silicalite(3000) catalyst exhibited
weaker adsorption for NH3 as well as CO2 than the other two
catalysts; This is in good accordance with much lower propene
conversion of this catalyst relative to the other catalysts (Table
1, runs 3, 5 and 6).

NH3 adsorption on 7.5% Ti/HSZ(1900) catalyst was slightly
larger than that on 7.5% Ti/HSZ(68), while the amount of CO2
adsorbed was similar (Table 2). However, as much as 85.3% of
NH3 adsorbed on 7.5% Ti/HSZ(1900) was found to be
desorbed below 440 K (Table 2, y/x ratio and Fig. 1), whereas
the ratio of NH3 desorption below 440 K on 7.5% Ti/HSZ(68)
was only 68.7%; These findings indicated that the ratio of
strong to weak acid sites on 7.5% Ti/HSZ(1900) is smaller than
that on 7.5% Ti/HSZ(68). This could be consistent with the fact
that the 7.5% Ti/HSZ(1900) catalyst showed lower propene
conversion and smaller amounts of residue product than those
for 7.5% Ti/HSZ(68) (Table 2, runs 3 and 5). The calcination of

7.5% Ti/HSZ(1900) at 1073 K, higher by 100 K than the
standard calcination temperature (973 K), would result in a
decrease in weak acid sites, while strong acid sites might still be
retained. As a result, propene conversion was decreased to
37.3% and selectivity to hydrocarbon formation (HC) was
raised to 59.7% (Table 1, run 10).

In summary, Ti-modified HSZ(1900) was found to catalyse
the oxidation of propene to oxygenates, such as propene oxide,
by molecular oxygen at 573 K. The catalyst performances are
affected by the Si/Al ratio of the HSZ supports as well as the
presence of titanium. Cooperation between moderate acid
properties of HSZ(1900) and titanium favors oxygenate forma-
tion. It is expected that fine control of acid properties of these
supports and titanium content well enhance the catalyst
performances for propene oxide formation.

Notes and references
† These zeolites are of H-ZSM-5 type where the number in parentheses is
the Si/Al ratio.
‡ The calcined HSZ was evacuated at 673 K for 3 h in order to eliminate a
small amount of water. Then, the HSZ was impregnated with Ti(OPri)4 in
PriOH, followed by addition of H2O (25 g) leading to precipitation of
titanium oxide. The sample was then dried at 373 K for 10 h and finally
calcined at 973 K for 3 h.
§ The sample was evacuated at 673 K for 2 h then, after cooling to 373 K,
ammonia adsorption on to the surface was allowed to occur to saturation.
Evacuation was then applied for 1 h at the same temperature followed by
thermal gravimetric (TG) analysis. CO2 adsorption was carried out at 300 K.
¶ The TS-1 catalyst contains 1.68 wt% Ti and an Si/Al ratio of 46,1 in
contrast to 7.5% Ti and Si/Al ratio of 1900 for 7.5% Ti/HSZ(1900). TS-1 is
thus less effective for selective PO formation than 7.5% Ti/HSZ(1900)
catalyst under propene/O2.
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Table 2 Quantitative estimation of acid and base sites on Ti-modified HSZ catalysts by NH3- or CO2-TPDa

Base sitesb Acid sitesb

Sample
x Within 673 K
CO2(g)/Cat(g)

y Within 440 K
CO2(g)/Cat(g) y/xc (%)

x Within 673 K
NH3(g)/Cat(g)

y Within 440 K
NH3(g)/Cat(g) y/xc (%)

7.5% Ti/silicalite(3000) 0.0104 0.0080 76.9 0.0129 0.00956 74.1
7.5% Ti/HSZ(1900) 0.0187 0.0143 76.6 0.0495 0.042 85.3
7.5% Ti/HSZ(68) 0.0196 0.0147 75.0 0.0339 0.0233 68.7
a Thermogravimetric analysis conducted in argon in the range 300–673 K. b The acid or base sites were estimated by the amounts of NH3 or CO2 desorbed
within each prescribed temperature. c These values, calculated [100 (y/x)] can be regarded as the percentage of weak base or acid sites.

Fig. 1 NH3-TPD data for (a) 7.5% Ti/silicalite(3000), (b) 7.5% Ti/
HSZ(1900) and (c) 7.5% Ti/HSZ(68).
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Novel receptors featuring a 2,6-diamidopyridine ‘head’
group and bearing sulfonamidopeptide sidearms have been
prepared on the solid-phase; one receptor showed high
selectivity for N-Cbz-D-Ala-D-AlaOH over its enantiomer N-
Cbz-L-Ala-L-AlaOH, but absolute binding constants were
relatively weak, which can be understood in terms of
receptors which have to unfold, breaking intramolecular
hydrogen bonds, in order to accommodate the guests.

While several macrocyclic hosts have been prepared and shown
to bind amino acids or peptide fragments with excellent
selectivity,1 during the last decade a different class of receptors
for peptides called ‘tweezer receptors’ or ‘two-armed’ receptors
have been developed.2,3 Many of these systems bind substrates,
and particularly peptides, with selectivities which are in many
ways surprising, given the apparent flexibility of such acyclic
receptor structures.

Whereas in many such ‘two-armed’ receptor systems the
head group plays only a limited role in the binding of the guest,
the group in Southampton have recently developed receptors
utilising a diamidopyridine as the head group which can
specifically bind to carboxylic acid functionality, and such
receptors, with peptidic arms, have proven to be selective
receptors for peptides with a carboxylic acid terminus.3 In this
paper we report studies on novel ‘two-armed’ receptors
consisting of a 2,6-diamidopyridine head group bearing sulfon-
amidopeptide sidearms,4 one of which, in particular, shows high
binding selectivity for the dipeptide N-Cbz-D-Ala-D-AlaOH
(Cbz = benzyloxycarbonyl) over its enantiomer N-Cbz-L-Ala-

L-AlaOH. In contrast to the CONH moiety of peptides, which
provides both a strong hydrogen-bond donor and acceptor, the
SO2NH moiety of sulfonamidopeptides provides a very strong
donor NH, but the SO2 group is only a weak acceptor.5,6

The synthesis of the novel receptors was accomplished on the
solid phase starting from N-Fmoc-Gly Wang resin 1 (loading
0.88 mmol g21) (Scheme 1). After deprotection of the amino-
group, diamidopyridine derivative 23 was coupled using a 20%
excess of resin, and the unreacted amino groups on the resin
were capped with acetylimidazole. Deprotection of the Fmoc
groups and coupling with the L-valine-derived b-N-Fmoc-
amino sulfonyl chloride using DMAP as catalyst and dime-
thylketene methyl trimethylsilyl acetal (MTDA) as HCl scaven-
ger,5,7 gave a resin bound disulfonamide. Cleavage of Fmoc
protection, followed by acetylation gave the desired di-
sulfonamide derivative, which was cleaved from the resin by a
direct basic methanolysis or by acidic TFA–H2O cleavage
followed by esterification to give receptor 4. Alternatively the
resin bound sulfonamide could be deprotected and subjected to
a further coupling with the L-valine-derived b-N-Fmoc-amino
sulfonyl chloride, followed by deprotection, acetylation and
cleavage to give receptor 5.

Binding studies with receptors 4 and 5 were carried out with
a series of substrates in deuteriochloroform, using a standard
NMR titration experiment.8 Titration of 4 with simple amino
acid derivatives such as N-Cbz-L-AlaOH or N-Boc-L-AlaOH
gave modest binding constants (Kass = 207 and 119 M21

respectively) and little apparent enantioselectivity (N-Cbz-L-
AlaOH: Kass = 207 M21, N-Cbz-D-AlaOH: Kass = 270 M21,
Table 1). Binding of all three amino acid substrates led to
significant downfield shifts of the amidopyridine NH1

(!0.5 ppm).9 Binding of dipeptide guests gave slightly higher
binding constants, and titration of 4 with, for example, N-Cbz-L-

† Electronic supplementary information (ESI) available: details of tem-
perature dependence experiments, NMR binding studies and chemical shift
data. See http://www.rsc.org/suppdata/cc/b1/b102383g/

Scheme 1 Reagents and conditions: (i) piperidine (20% in DMF); (ii) 2, DIC, HOBT, DMAP, DCM; (iii) AcIm, DCM; (iv) FmocNHCH(CHMe2)CH2SO2Cl,
DMAP, MTDA, DCM, two cycles; (v) Et3N, MeOH, DMF; (vi) TFA, H2O; (vii) EDC, DMAP, MeOH, THF.
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Ala-L-AlaOH gave a binding constant of 245 M21 and led to
downfield shifts of both the amidopyridine and sulfonamide
NH’s (NH1: Dd = 0.25 ppm, NH2: Dd = 0.30 ppm) and an
upfield shift of acetamide NH3 (Dd = 0.12 ppm). Binding of
dipeptides was also associated with downfield shifts for both the
amide and carbamate NH signals of the guest (Dd = 0.10–0.35
ppm). Titration with N-Cbz-D-Ala-D-AlaOH led to little change
to the amidopyridine NH1 (Dd@ 0.03 ppm), but analysis of the
downfield shift of sulfonamide NH2 (Dd = 0.28 ppm) and the
upfield shift of acetamide NH3 (Dd = 0.19 ppm) gave a binding
constant of 242 M21 indicating that 4 also shows little
enantioselectivity for dipeptides (Kass for N-Cbz-L-Ala-L-
AlaOH = 245 M21, Table 1). Thus receptor 4 does appear to
bind dipeptides and simple amino acid derivatives, but the
absolute binding constants are rather low in comparison to other
diamidopyridine based receptors, and the shifts of the various
NH signals on binding are also rather small in comparison to
those seen in other related receptor systems.1b,10,11 We therefore
studied receptor 5, reasoning that with additional binding
functionality in the longer sidearms it might show increased
affinity for peptide guests. In practice, receptor 5 initially gave
absolute binding constants somewhat lower than 4 (Table 1) and
again only small shifts were observed for the various NH signals
on addition of guest. However, binding of the N-Cbz-Ala-
AlaOH dipeptide enantiomers showed marked selectivity.
Titration of 5 with N-Cbz-L-Ala-L-AlaOH gave a binding
constant of 107 M21 and led to a downfield shift of 0.3 ppm for
the amidopyridine NH4 but only small changes to the sulfona-
mide and acetamide NH’s (NH5, NH6, NH7, Dd @ 0.07 ppm).
In contrast, titration of 5 with N-Cbz-D-Ala-D-AlaOH gave a
binding constant of 2404 M21 with a particularly large
downfield shift for the sulfonamide NH6 (Dd = 0.72 ppm) but
an upfield shift for sulfonamide NH5 (Dd = 0.38 ppm) and even
a small upfield shift for the amidopyridine NH4 (Dd = 0.05
ppm)! Binding of N-Cbz-D-Ala-D-AlaOH was also accom-
panied by significant shifts of several CH signals of the host (up
to 0.37 ppm) and significant shifts for the guest NH protons (Dd
≈ 0.5 ppm).9

The small shifts on binding for the NH signals, and generally
low absolute binding constants, for receptors 4 and 5, can be
rationalised by considering the unbound conformation of the
receptors, which were investigated in detail by NMR.

In the 1H-NMR spectra of 4 and 5 in CDCl3 peaks are rather
broad, indicating slow conformational equilibria at room
temperature (on the NMR time scale). The NH protons, for both
4 and 5 display a very small concentration dependence in CDCl3
indicating that the receptors do not aggregate in the concentra-
tion range considered (0.5–20 mM). At a concentration of 8.5
mM in CDCl3 the signals of the amidopyridine NH protons
appear at unexpectedly low field [NH11(4): 9.41, NH4(5): 9.32
ppm compared to standard values1b,11 8.0–8.5 ppm], and the
sulfonamide NH protons are also strongly deshielded [NH2(4):
6.32, NH5(5): 5.78, NH6(5): 6.32 ppm compared to their
standard values5 4.50–4.74 ppm], while the acetamide protons,
NH3(4) and NH7(5), are closer to their normal chemical shifts
(6.2 compared to 6.0–6.2 ppm). In comparison, the spectrum of
the control compound 3 (Scheme 1) in CDCl3 is perfectly
resolved, and the amidopyridine NH signal is found at 8.83 ppm
(for a concentration of 8.5 mM), whereas the acetamide NH
proton is found at 6.56 ppm. This suggests that receptors 4 and
5 collapse to give folded structures stabilised by intramolecular
hydrogen bonds. Such a conclusion is supported by NOESY and
ROESY experiments, which revealed a large number of NOE
contacts consistent with a folded structure.

Thus binding of substrates by 4 or 5 involves a degree of
unfolding of the receptor, and breaking of intramolecular
hydrogen bonds (with an associated energetic cost), to allow
interaction with the guest, resulting in rather low binding
constants and only small overall changes to the signals for the
hydrogen bonding NH protons. In particular, the only sig-
nificant change in the NMR for 5, on binding of N-Cbz-L-Ala-L-
AlaOH, is a downfield shift of the amidopyridyl NH4, indicating
breaking of an intramolecular hydrogen bond to this NH and

binding with the carboxylic acid of the guest. In contrast, the
binding of N-Cbz-D-Ala-D-AlaOH by 5 leads to significant
shifts of several CH as well as NH signals throughout the
spectrum (although there is little overall shift to the amidopyr-
idine NH4) suggesting a much more dramatic conformational
change for the receptor on binding this guest12 and that binding
of this guest is sufficiently strong to overcome the penalty of
unfolding the receptor. In any event such high enantioselectiv-
ity, > 20+1 (effectively discriminating between methyl groups
and hydrogen atoms), has rarely been observed in synthetic
receptors,1,10 and is particularly noteworthy in such a structur-
ally simple acyclic receptor, which appears to lack much, if any,
preorganisation for binding.

We thank the Commission of the European Union (TMR
Network grant ‘Enantioselective separations’ ERB FMRX-CT-
98-0233) for financial support and postgraduate and post-
doctoral fellowships (E. B., M. D. and S. O.).
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Table 1 Binding constantsa (Kass) for the 1+1 complexesb formed between
receptors 4 and 5 and various amino acid and dipeptide derivatives, in
CDCl3 at 25 °C

Kass
a/M21

Substrate 4 5

N-Cbz-L-AlaOH 207 32
N-Boc-L-AlaOH 119 —c

N-Cbz-D-AlaOH 270 —c

N-Cbz-L-Ala-L-AlaOH 245 107
N-Boc-L-Ala-L-AlaOH 361 —c

N-Cbz-D-Ala-D-AlaOH 242 2404d

a Calculated from the chemical shifts of various 1H signals of 4 and 5.
Unless otherwise stated errors for Kass estimated as < 10%.8 b 1+1
stoichiometry was confirmed by Scatchard analysis.13 c Experiment not
performed. d Error was estimated as < 5%, using data from five different 1H
signals.
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A wide range of ionic liquids based on imidazolium and
pyrrolidinium cations and weakly coordinating anions
proved to be efficient solvents for the biphasic rhodium
catalyzed hydroformylation of 1-hexene; the reaction rate
and regioselectivity, and the retention of the rhodium can be
optimized by fitting the nature of the anions and cations of
the ionic liquid and the modified phosphite or phosphine
ligands.

Ionic liquids are good solvents for transition-metal complexes
in many homogeneously catalyzed reactions, e.g. olefin hydro-
genation, hydroformylation, oligomerization and Pd mediated
carbon–carbon coupling reactions.1 In many cases the reaction
products are very weakly soluble in the ionic phase so that the
catalyst can be separated by simple decantation and recycled.
The aqueous two-phase catalysis concept, which has been
already applied industrially for propene hydroformylation,2 can
then be extended to substrates and ligands that are poorly
soluble or non stable in water. Higher olefin Rh-hydro-
formylation has been performed using different 1-butyl-
3-methylimidazolium room-temperature liquid salts as sol-
vents, in the presence of phosphine ligands. The main difficulty
is to immobilize the rhodium catalyst in the ionic liquid phase
while maintaining its activity and selectivity. A solution is to
modify the neutral phosphine ligands with ionic groups.3
Thanks to their chemical and physical versatility,4 ionic liquids
can be specially designed to fit with the ligand and the operating
conditions that provide the best performances in catalysis.

In this communication, for the first time we report the effect
of the nature of the cations and anions of the ionic liquids on the
Rh-catalyzed hydroformylation of 1-hexene. We also provide
our preliminary study on the performances of different
phosphorus ligand–ionic liquid systems.

We have prepared a wide range of ionic liquids by varying the
nature of the cation e.g. 1,3-dialkylimidazolium, 1,2,3-trialk-
ylimidazolium and N,N-dialkylpyrrolidinium and the nature of
the anion e.g. BF4

2, PF6
2, CF3CO2

2, CF3SO3
2 (OTf2) and

N(CF3SO2)2
2 (NTf2

2). The BF4
2, NTf2

2 and PF6
2 ionic

liquids were prepared by anion exchange starting from
imidazolium or pyrrolidinium chloride. The CF3SO3

2 and
CF3CO2

2 salts were prepared by direct methylation of 1-alkyli-
midazole or 1-alkylpyrrolidine with the corresponding methyl
esters.5 We have measured the solubility of 1-hexene in these
ionic liquids (Fig. 1). For a given anion, e.g. CF3CO2

2, the
solubility of 1-hexene increases upon increasing the length of
the alkyl chain of the 1,3-dialkylimidazolium e.g. 1-butyl-
3-methylimidazolium (BMI+) vs. 1-hexyl-3-methylimidazo-
lium (HMI+). Methylation of the C(2) atom of the imidazolium
ring tends to decrease the solubility of 1-hexene e.g. 1-butyl-
2,3-dimethylimidazolium BDMI+NTf2

2 vs. BMI+NTf2
2. No

significant differences are observed by changing the 1-butyl-
3-methylimidazolium cation for N,N-butylmethylpyrrolidinium
(BMP+). For a same cation, e.g. BMI+, the solubility of
1-hexene increases as follows: BF4

2 < PF6
2 < OTf2 <

CF3CO2
2 < NTf2

2.
In a first series of experiments, we performed 1-hexene

hydroformylation using these different ionic liquids as solvents

for the Rh(CO)2(acac) precursor associated with the sodium salt
of monosulfonated triphenylphosphine (TPPMS) (Fig. 1). The
results reveal that there is a correlation between the reaction
rates (TOF min21) and the solubility of 1-hexene in ionic

Fig. 1 Turnover frequency as a function of 1-hexene solubility in the ionic
liquids. Reaction conditions: Rh(CO)2(acac) 0.075 mmol, 1-hexene/Rh =
800, TPPMS/Rh = 4 , heptane was used as internal standard, CO/H2 (molar
ratio) = 1, P(CO/H2) = 2 MPa, T = 80 °C, TOF determined at 25%
conversion of 1-hexene.

Scheme 1

Scheme 2 Synthesis of ligand 2. Reagents and conditions: i, KOBut, reflux
for 3 h in THF; ii, Me3O+BF4

+ in CH2Cl2, 278 °C.
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liquids. In all cases, the selectivity in aldehydes is > 97%, the
remainder being isomerized hexenes. Surprisingly, in the
NTf2

2 based ionic liquids, lower TOF are obtained despite the
relatively good solubility of 1-hexene in these media. As
suggested by the determination of ionic liquid relative polarity,6
the NTf2

2 based salts could be more coordinating than the PF6
2

salts. In all cases, the n/i ratio is not affected by the nature of the
solvent.

In a second series of experiments, we have synthesized the
monosubstituted guanidinium triphenylphosphine ligands 1a
and 1b,7 and the pyridinium diphenylethylphosphine ligand 2
(Scheme 1). Ligand 2 was prepared in two steps according to
Scheme 2. Ligands 1a and 1b show good solubility in the ionic
liquid BMI+BF4

2 . They give good selectivities towards the
linear aldehydes. Similar catalytic performances were obtained
by using 1a or 1b (Table 1, entries 1 and 2). However, the
retention of the Rh in the BMI+BF4

2 phase was more efficient
with 1a (the Rh content in the organic phase was lower than the
detection limit according to ICP analysis for 1a, while the level
was 0.8% of the initial Rh for 1b). Ligand 2 (entry 3) presents
higher reaction rates and higher selectivity towards aldehydes
than 1a and 1b. However, the leaching of the Rh in the organic
phase was found to be higher for 2 (2% of the initial Rh).

Phosphites and bisphosphites are well known ligands for Rh-
hydroformylation to afford higher reaction rates.8 Because of
their instability toward hydrolysis, examples of their use in
aqueous two-phase hydroformylations are rare.9 Ionic liquids
offer suitable alternative solvents. We describe here the first use
of phosphite based ligands for the biphasic hydroformylation of
1-hexene in ionic liquids. Ligand 3, a mixture of tetra-
butylammonium salt of the mono- di- and tri-sulfonated
triphenylphosphites, has been prepared by transesterification of
triphenylphosphite with the tetrabutylammonium salt of p-
hydroxyphenylsulfonic acid.9 In the reaction with the ligand 3,
using BMI+PF6

2 as the solvent, good catalytic activity is
observed (entry 4). The selectivity for the linear aldehyde is
much higher than the selectivity obtained with phosphine
ligands (enties 1–3). The use of the modified phosphite 3 limits
the loss of the Rh in the organic phase (leaching is 2% of the
initial Rh used). At the end of the run, the organic phase is
decanted and separated from the ionic liquid which is reused
(entry 5 and 6). Despite a loss of activity which could be

ascribed to a partial degradation of the Rh active catalyst during
the separation, the n/i ratio remains high after two recyclings.

In conclusion, it is shown that thanks to the great versatility
of ionic liquids, it is possible to optimize Rh-hydroformylation
performances by adjusting the nature of the anions and cations
present in the solvent and the nature of the ligands. Phosphite
ligands, which are unstable in an aqueous two-phase system,
can be used. The problem of Rh leaching can be minimized by
the modification of phosphorus ligands with cationic (guanidin-
ium or pyridinium) or anionic (sufonate) groups. By adjusting
the ligand and the ions of the solvent, excellent Rh retention has
been achieved.
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Table 1 Hydroformylation with different ligand–ionic liquid systemsa

Entry Ligand L L/Rh Ionic liquid
Reaction
time/min

Conversionb

(%)
Aldehydesc

(mol %) n/id TOFe/min21

1 1a 10 BMI+BF4
2 180 77 74 3.7 3

2 1b 7 210 83 78 4 3
3 2 4 180 87 96 2.6 4
4 3 9.5 BMI+PF6

2 180 96 88 12.6 4
5f 3 240 85 89 11.2 2
6g 3 330 42 88 11.7 1

a Reaction conditions: Rh(CO)2(acac) 0.075 mmol, 1-hexene/Rh = 800, CO/H2 (molar ratio) = 1 ; P(CO/H2) = 2 MPa, T = 80 °C, heptane (internal
standard) = 2 mL, 1-hexene = 7.5 mL, ionic liquid = 4 mL. b Conversion = [(initial 1-hexene) 2 (1-hexene after reaction)]/(initial 1-hexene). c The other
products are 2- and 3-hexenes. d Linear to branched aldehyde ratio. e Mol of aldehydes per mol Rh per minute at 25% conversion. f Recycling of 4. g Recycling
of 5.
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By the novel in situ stopped-flow MAS NMR technique
allowing the observation of adsorbates on a solid catalyst
after stopping the continuous reactant flow, N-methylenea-
niline was identified as an intermediate in the formation of
N-methylaniline by methylation of aniline with methanol on
a basic CsOH/Cs,Na-Y zeolite.

In the past decade, in situ MAS NMR spectroscopy has been
developed as a powerful tool for investigating heterogeneously
catalyzed reactions.1 Since 1995, a number of new in situ MAS
NMR techniques have been developed allowing the study of
reactions under continuous flow conditions.2 With these
techniques, a direct NMR investigation of the formation and
transformation of surface compounds under steady-state condi-
tions and a simultaneous gas chromatographic analysis of the
reaction products are possible. In the present communication we
report on the application of a new in situ stopped-flow (SF)
MAS NMR experiment which is suitable to determine inter-
mediates of heterogeneously catalyzed reactions. With this
method, an intermediate involved in aniline methylation on
basic zeolite CsOH/Cs,Na-Y under flow conditions was
determined for the first time.

The zeolite CsOH/Cs,Na-Y used as catalyst in the present
work had an nSi/nAl ratio of 2.6 and was prepared as described
elsewhere.3 After the sodium/caesium exchange (sodium ex-
change degree of 70%), zeolite Cs,Na-Y was impregnated with
an aqueous solution of caesium hydroxide such as to arrive at a
loading of 14 CsOH per unit cell. Subsequently, the material
was calcined for 12 h at 723 K. The NMR experiments were
performed on a Bruker MSL 400 spectrometer at a resonance
frequency of 100.4 MHz, with direct excitation (p/2 pulse), a
repetition time of 5 s and ca. 500 scans per spectrum. For the in
situ measurements, the equipment described in ref. 2(f) and a
modified 7 mm high-temperature Doty MAS NMR probe were
used. The protocol of the ‘stopped-flow’ experiment is shown in
Fig. 1. After filling the calcined catalyst into the MAS rotor and
transferring the rotor into the spectrometer, the temperature was

raised to 473, 498 and 523 K while the carrier gas (nitrogen)
loaded with the reactants was flowing. In all experiments, a
methanol (13C-enriched) flow according to a modified residence
time of W/F = 40 g h mol21 (mcat = 250 mg, ṅme = 6.25 mmol
h21) was used. The molar ratio of the methanol–aniline
(natural 13C-abundance) mixture was 4+1. After recording
the 13C MAS NMR spectra under steady-state conditions at
reaction temperatures of 473, 498 and 523 K, the reactant flow
was stopped, and the further conversion of the adsorbate
compounds was observed, without purging the catalyst (see Fig.
1).

Methanol was applied as methylating agent, and the conver-
sion of this reactant alone on zeolite CsOH/Cs,Na-Y was
investigated in the first experiments. Fig. 2(a)–(c), left, show the
in situ 13C MAS NMR spectra obtained at reaction temperatures
of 473–523 K under steady-state conditions. The signal at 49
ppm is due to adsorbed methanol molecules. With increasing
reaction temperature, a second signal appears at 166 ppm which
is caused by surface formate species.4 In an earlier work on
methylation of toluene on a basic zeolite CsOH/Cs,Na-X it was
shown that surface formate species occurring at 166 ppm are
consumed by the reaction which indicates that these species can
act as methylating agents.4c The 13C MAS NMR spectrum
recorded immediately after stopping the methanol flow at 523 K
shows a significant decrease of the methanol signal at 49 ppm
and only a weak decrease of surface formate species at 166 ppm
[Fig. 2(d), left]. This indicates that the surface formate species
are quite stable at 523 K.

Fig. 2(a)–(c), right, show the 13C MAS NMR spectra
recorded during conversion of the methanol–aniline mixture on
zeolite CsOH/Cs,Na-Y at reaction temperatures of 473–523 K.
While the spectrum obtained at 473 K consists only of a single
signal due to methanol molecules at 49 ppm, in the spectrum
obtained at 498 K additional signals occur at 29 and 157 ppm.
The signal at 29 ppm is due to the reaction product N-
methylaniline.5 The signal at 157 ppm can be assigned to N-
methyleneaniline, based on work by Kamachi and coworkers
who observed a signal at ca. 155 ppm in the 13C NMR spectrum
of N-methyleneaniline in THF-d8.6 Further increase of the
reaction temperature to 523 K leads to the formation of surface
formate species at 166 ppm and a strong increase of the signal
at 29 ppm due to the reaction product N-methylaniline.

To find out whether the N-methyleneaniline species at 157
ppm is an intermediate in the formation of N-methylaniline on
zeolite CsOH/Cs,Na-Y, a stopped-flow experiment was per-
formed: the reactant flow was suddenly stopped, and a spectrum
was recorded while keeping the temperature at 523 K. In the
spectrum obtained [Fig. 2(d), right], the signal at 166 ppm
remained constant. On the other hand, the signals of methanol at
49 ppm and of N-methyleneaniline at 157 ppm disappeared
completely, while the signal of the reaction product N-
methylaniline at 29 ppm gained significantly in intensity.
Hence, not only methanol, but also the N-methyleneaniline
species are consumed by the formation of N-methylaniline. This
finding indicates that the N-methyleneaniline species occurring

Fig. 1 Protocol of the in situ SF MAS NMR experiment consisting of
periods (a) to (c) for the study of heterogeneously catalyzed reactions under
steady-state conditions at different temperatures and a period (d), in which
the consecutive conversion of previously formed compounds can be
investigated.
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at 157 ppm acts as an intermediate in the methylation of
aniline.

The detection of N-methyleneaniline as an intermediate
species can be accounted for by a mechanistic pathway which
includes dehydrogenation of methanol to formaldehyde, [eqn.
(1)], condensation of aniline with formaldehyde leading to N-
methyleneaniline [eqn. (2)] and hydrogenation of N-methyl-
eneaniline to N-methylaniline by H2 produced during the
methanol dehydrogenation [eqn. (3)]:

13CH3OH (49 ppm) ? H13CHO + H2 (1)

C6H5NH2 + H13CHO ? C6H5NN13CH2 (157 ppm) + H2O (2)

C6H5NN13CH2 (157 ppm) + H2 ?

C6H5NH13CH3 (29 ppm) (3)

Based on the results of the present study we cannot decide
whether the formate species observed at 166 ppm, or formal-
dehyde directly formed by conversion of methanol, acts as the
methylating agent in the first reaction step. Our previous results
demonstrated that the formation of formate species and aniline
alkylation are parallel, i.e., competing reactions on basic
zeolites and that formate species most probably do not
participate in the alkylation.8 The fact that we did not observe
formaldehyde species in the in situ MAS NMR experiments is
due to its high reactivity on basic zeolites and, consequently,
can be explained by a higher rate of reaction (2) compared to
reaction (3).

It should be mentioned that the mechanism proposed for
aniline alkylation in the present study is consistent with those
suggested previously for side-chain alkylation of toluene on
basic zeolites.4b,7 Furthermore, it is also in line with the
mechanism proposed on the basis of a recent in situ MAS NMR
spectroscopic study of aniline methylation performed under
batch conditions.8 However, a direct proof for the role of N-
methyleneaniline as an intermediate is now possible for the first
time by applying the novel in situ SF MAS NMR method. It is

obvious that this new NMR technique is an extremely useful
tool in heterogeneous catalysis and possesses high potential for
elucidating the mechanisms of a broad variety of reactions.

We gratefully acknowledge financial support by Volkswa-
gen-Stiftung, Deutsche Forschungsgemeinschaft, Max-Buch-
ner-Forschungsstiftung and Fonds der Chemischen Industrie.
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Fig. 2 In situ 13C MAS NMR spectra obtained during the conversion of pure methanol (left) and a methanol–aniline mixture (right) on zeolite CsOH/Cs,Na-Y
under flow conditions (W/F = 40 g h mol21) at reaction temperatures of 473 (a), 498 (b) and 523 K (c) and after stopping the reactant flow at 523 K
(d).
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Hierarchical zeolite structures with designed shapes were
fabricated by a ceramic processing method—gel-casting of
colloidal nanocrytal suspensions.

There is considerable interest in porous zeolite and zeolite-type
materials with designed shapes.1–4 Hierarchical porous struc-
tures with different levels of porosity can significantly aid the
diffusion of guest species through the inorganic network of
pores and channels to improve their performance. Nanometer-
sized zeolite particles have been used as building blocks to
construct hierarchical porous structures such as films, spheres
and fibers via templated self-assembly.2–4 Very recently, a bulk-
material dissolution technique has been developed for the
preparation of various shaped MFI structures including tubes
and fibers.5 The shaped zeolite structures can faithfully
reproduce the shapes of the starting bulk material. However, the
conversion process is extremely slow (e.g. 1–2 months) and the
final structure is usually a composite of the starting material and
the zeolite with non-uniform microstructure.

Ceramic forming techniques such as pressing, extrusion, tape
casting, dip (slip)-casting, and gel-casting are powerful for
shaping inorganic materials due to their simplicity and versatil-
ity. In particular, gel-casting is a method for fabrication of
complex-shaped ceramic bodies from ceramic particle suspen-
sions by means of in situ polymerization, where a macro-
molecular network is created to hold the ceramic particles
together before sintering.6,7 Zeolite nanocrystals such as
silicalite, ZSM-5, TS-1, Beta, A and FAU have been synthe-
sized from precursor solutions,9–13 and can be readily handled
in colloidal systems. In this communication, we report the first
demonstration of fabrication of shaped hierarchical zeolite
structures with well-controlled microstructures using a ceramic
forming technique—gel-casting. As an example, the gel-casting
of colloidal silicalite nanocrystal suspensions was used to
prepare hierarchical tubular silicalite structures (HTSSs).

Silicalite nanocrystals were hydrothermally synthesized
using a clear synthesis solution.4,14‡ The silicalite nanocrystals
with diameter ca. 50 nm and with narrow particle size
distribution were re-dispersed in water with a solid loading of
30–40 wt%. Water soluble organic monomer acrylamide,
crosslinker N,NA-methylenebisacrylamide, and initiator ammo-
nium persulfate (NH4)2S2O8 were added to the colloidal
silicalite suspension.‡ The gel-casting of the resulting colloidal
suspension was carried out in a home-made mold. The
fabrication process of HTSSs is illustrated in Fig. 1. Since the
suspension with monomer, crosslinker, and initiator has low
viscosity and good fluidity, it can be readily transferred into the
mold. The suspension-filled mold was hand-shaken for a few
minutes to release air bubbles inside the suspension. Once the
temperature was increased to 50 °C, the monomers in the
suspension were quickly polymerized and crosslinked free-
radically into an elastic hydrogel.6,7 A highly crosslinked
polyacrylamide hydrogel obtained is expected to be compatible
to silicalite nanocrystals whose surface silanol groups interact

favorably with –NH2 groups. The solidified suspension (a
gelcast) was mechanically strong and was easily removed from
the mold. The tubular gelcast was dried under ambient
laboratory conditions for 2–3 days, and was then further dried at
100 °C overnight. A linear shrinkage of 4.0–4.5% of the gelcast
was observed during the drying process. After drying, the
tubular gelcast was sintered under air at a heating rate of
1 °C min21 up to 500 °C, and kept at that temperature for 8 h to
burn off the organic polymer and the structure-directing agent
(tetrapropylammonium hydroxide),14 and to sinter together the
silicalite nanocrystals through condensation crosslinking of
surface silanol groups of nanocrystals.4,14 The sintering leads to
a linear shrinkage of < 0.5%. In order to examine the thermal
stability of the HTSSs, another sample was sintered at 1000 °C
for 2 h with the same heating rate.

Fig. 2 shows a photograph, SEM micrographs and XRD
pattern of an HTSS. SEM images show uniformly distributed

† Electronic supplementary information (ESI) available: nickel doping
procedure. S-Fig. 1: pore size distributions. S-Fig. 2: nickel and silicon
mapping images. see http://www.rsc.org/suppdata/cc/b1/b104275k/

Fig. 1 Schematic representation of the gel-casting forming process for a
hierarchical tubular silicalite structure (HTSS). The colloidal suspension
consists of zeolite silicalite nanocrystals and organic monomer (AM),
crosslinker (MBAM), and initiator (NH4)2S2O8.

Fig. 2 Photograph, SEM images and XRD pattern of a hierarchical tubular
silicalite structure (HTSS) sintered at 1000 °C for 2 h. (a) A photograph
(taken with a digital camera), (b) microstructure at low magnification under
SEM, and (c) microstructure at high magnification under SEM, (d) XRD
pattern.
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submicrometer-sized pores in the HTSS at low magnification,
and a hierarchical morphology of densely packed silicalite
nanocrystals at high magnification. The submicrometer-sized
pores were formed by packing of nanocrystal agglomerates
during gel-casting. Small nanocrystals tend to agglomerate to
minimize surface energy when the nanocrystal loading is high
(30–40 wt%). This is confirmed by SEM observation that shows
that there are already micrometer-sized pores in the dried gel-
cast. The XRD pattern of the sample sintered at 1000 °C for 2 h
matches the pure silicalite structure. This suggests that the
HTSS sintered at 1000 °C retains the silicalite structure.

N2 adsorption–desorption measurements were used to deter-
mine the mesopore and micropore structures of HTSSs.
N2 adsorption–desorption isotherms of samples sintered under
different conditions are shown in Fig. 3. The adsorption steps at
low relative pressures signify the filling of silicalite micropores,
and the hysteresis loops at higher relative pressures are the
consequence of N2 filling the textural mesopores, and clearly
the sample has a bimodal pore size distribution (see S-Fig. 1,
ESI).† The pore size distribution is narrow in both the
micropore and mesopore range. The sintering temperature has
an influence on the pore structure of the HTSS. When the
sintering temperature is increased from 500 to 1000 °C, the
micropore volume and mesopore volume slightly decrease from
0.16 to 0.12 cm3 g21, and from 0.35 to 0.33 cm3 g21,
respectively. The corresponding Brunaer–Emmett–Teller
(BET) surface area drops from 516 to 423 m2 g21. The
maximum pore size in the micropore range of HTSSs is 5.5 Å,
which is characteristic of silicalite. The average mesopore size
varies from 16.7 to 13.1 nm, which are similar to that of
hierarchical materials self-assembled by pure silicalite nano-
crystals.4

The HTSSs have three-level porosities including macropores
(submicrometer), mesopores (16–13 nm) and micropores
(0.55 nm). Based on a measured HTSS density of 0.85 g cm23

and assuming a dense silica density of 2.3 g cm23, the total pore
volume is estimated to be 0.74 cm3 g21. From the micropore
and mesopore volumes obtained from nitrogen adorption–
desorption isotherms, the macropore volume is calculated to be
0.29 and 0.23 cm3 g21 for HTSSs sintered at 500 and 1000 °C,
respectively.

Gel-casting processing also offers an effective way to add
functionalities to HTSSs by doping with other components.7
Unlike commonly used impregnation methods, the dopant can
be introduced easily into the colloidal suspension system so that
the dopant concentration can be precisely controlled. The
uniformity of dopant distribution also will be significantly
improved. Here the doping of nickel is used as an example to
illustrate that dopant can be easily incorporated. Ni-based
catalysts are useful for various catalytic processes such as
alkylation, methanation, hydrogenation of aromatic compounds
and methane reforming. Elemental mapping images (S-Fig. 2)†

clearly show Ni is uniformly distributed in the silicalite
matrix.

We have demonstrated that hierarchical zeolite structures
with designed shape can be readily obtained from colloidal
zeolite nanocrystal suspensions simply by applying ceramic
gel-casting processing. The hierarchical (macro-, meso- and
micro-porous) zeolite structure can be readily functionalized by
incorporation of a functional component, or by chemical
grafting of organic functional groups. Zoned zeolite structures15

with designed shapes can also be generated by adding a
secondary growth step8 to our gel-casting process. Our process
should also allow the fabrication of shaped structures with
mixed zeolites by using suspensions of two or more types of
zeolite nanocrystals. It is believed that the strategy described
here is promising for the preparation of various functional
zeolite-based structures with designed shapes, in catalysis,
separation membranes, and microelectronics, and work in these
areas are in progress.

This work was supported in part by UC-SMART, Honeywell
International, US-EPA, UC-TSR&TP, UC-EI and CE-CERT.
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Fig. 3 Nitrogen adsorption–desorption isotherms of hierarchical tubular
silicalite structures (HTSSs) sintered under different conditions.
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The synthesis, separation and isolation of a new [84]full-
erene isomer from arc-burned soot of dysprosium-doped
graphite composite rods is reported; high-resolution 13C
NMR and electronic absorption UV-VIS-NIR spectroscopy
were used to characterize this material, which was found to
possess C2 molecular symmetry; the successful synthesis of
the new [84-C2]fullerene isomer can be ascribed to a catalytic
role played by the doped Dy metal atoms in the composite
rods. 

[84]Fullerene, C84, has been solvent extracted in macroscopic
quantities since the early stages of fullerene research.1 It is the
third most abundant fullerene having 24 structural isomers that
obey the so-called isolated pentagon rule (IPR).2 Taylor et al.
reported 13C NMR measurements on a partially separated
[84]fullerene mixture.3 However, to date only nine of these
isomeric materials have been isolated and structurally charac-
terized by high resolution 13C NMR spectroscopy. Two of them,
abundantly produced, possess D2(IV) and D2d(II) molecular
symmetry,4 while the other five minor isomers having Cs(a),
Cs(b), C2, D2(II) and D2d(I) symmetries5 and a mixture of D3d/
D6h

6 have already been isolated and structurally charac-
terized.

One important aspect on the production and isolation of the
above minor [84]fullerene isomers is that some of them have
been produced only from metal-doped/graphite composite rods
and not from pure graphite rods. This means that such isomers
can be produced by catalytic effects of the doped metal atoms.
For example, the D3d/D6h isomers have been identified in the arc
burned soot of gadolinium doped composite rods6 while they
were absent in the arc burned soot of calcium doped composite
rods.5 In the latter, only the Cs(a), Cs(b), C2, D2(II) and D2d(I)
symmetrical [84]fullerenes were found, in different yields
compared to Gd-doped soot, together with the most abundant
D2(IV) and D2d(II) isomers. These findings led us to consider
the possibility that the doped metal atoms play a significant role
not only in the relative production yield of these isomers but
also in the nature of the isomer that is formed.

In this communication, we report the production of a new
isomer of [84]fullerene, C84, by using arc burning of dyspro-
sium-doped composite rods. Briefly, soot containing various
dysprosium metallofullerenes7 was produced by the direct
current arc discharge method of Dy2O3–graphite composite
rods (12.5 3 12.5 3 300 mm, 0.8 wt%, Toyo Tanso Co.). The
dysprosium composite rods were heat treated at a high
temperature of 1600 °C. The soot produced was collected under
totally anaerobic conditions to avoid any degradation from air
during the collection procedure. It was then soxhlet extracted
first by carbon disulfide and then by pyridine. The separation of
[84]fullerene isomers was achieved by multi-stage high-
performance liquid chromatography (LC-908-C60, Japan Ana-
lytical Industry) using a Buckyprep (20 3 250 mm, nakalai
tesque) and a 5PYE (20 3 250 mm, nakalai tesque) columns.4–7

The purity of the newly synthesized material ( > 99.9%) was
confirmed by both positive and negative laser-desorption time-

of-flight (LD-TOF) mass spectrometry. The UV-VIS-NIR
spectrum was recorded between 400 and 2000 nm in carbon
disulfide solutions by using a Shimadzu UV-3101PC spectro-
photometer. Finally, the high resolution 13C NMR measure-
ments were performed on a Varian Inova-600 spectrometer at
600 MHz (CS2 solution, Cr(acac)3 relaxant, acetone-d6 lock at
25 °C).

In the first HPLC stage, the fraction that contains the
[84]fullerene isomeric mixture was separated from the empty
[76], [78] and [86]fullerenes as well as from the endohedral
metallofullerenes Dy@C82 and Dy2@C84 by using a Buckyprep
column (15 ml min21 flow rate, toluene eluent).7 In the second
stage, the fraction, which was identified by LD-TOF mass
spectrometry as empty [84]fullerenes, was re-injected into a
5PYE column (15ml min21 flow rate, toluene eluent) and a
recycling HPLC was performed. After recycling for 90 min, the
mixture of the two most abundant [84]fullerene isomers with
D2(IV) and D2d(II) symmetry was separated from a mixture of
various minor [84]fullerene isomers. In the last HPLC stage, the
fraction that contained the mixture of the minor isomers was re-
injected into a 5PYE column (15 ml min21 flow rate, toluene
eluent) for the final separation. Four different compounds were
identified after recycling for more than 3 h, all of which
corresponded to [84]fullerene isomers. The purity of the
isolated material was more than 99.9% as determined by both
negative and positive laser desorption time-of-flight mass
spectrometry.

Three of the four isomeric [84]fullerenes described above
(hereafter referred as I, III and IV in order of increasing
retention time) showed identical UV-Vis-NIR absorption
spectra with those of the known minor [84]fullerene isomers
with molecular symmetries C2, Cs(b) and Cs(a), respectively,5
albeit in different yields. However, the material corresponding

Fig. 1 Electronic absorption UV-VIS-NIR spectrum of the C84(II) minor
isomer, with C2 molecular symmetry in carbon disulfide solution.

This journal is © The Royal Society of Chemistry 2001
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to the second fraction on the 5PYE column, C84(II), showed an
entirely different absorption profile from those of the previously
isolated [84]fullerene isomers.

Fig. 1 shows the UV-VIS-NIR electronic absorption spec-
trum of [84]fullerene (II) in carbon disulfide solution. There are
characteristic absorptions at 444, 506, 631, 715, 782, 1231 nm
and a broad profile from 830 to 1400 nm with the onset around
1500 nm. From all isomeric [84]fullerenes, this particular
isomer has the lowest energy onset. Since the onset of a UV-
VIS-NIR electronic absorption spectrum corresponds to the
lowest electronic transitions, this is a good measure for the
HOMO–LUMO energy gap of fullerenes. Because of the red
shift of the absorption onset relative to the other [84]fullerene
isomers, the HOMO–LUMO band gap of [84]fullerene (II)
should be smaller than that of the rest materials.

Fig. 2 shows the high resolution 13C NMR spectrum of the
newly synthesized and isolated [84]fullerene (II) in carbon
disulfide solution with chromium tris(acetylacetonate) as relax-
ant and acetone-d6 as internal lock after accumulating more than

120,000 scans. The spectrum consists of forty-two equal
intensity lines which are spread over a wide range of the
chemical shift from 125 to 150 ppm. The current isolated
[84]fullerene isomer is thus unambiguously assigned to possess
C2 molecular symmetry. Rotation of 180 degrees around the
symmetry axis generates 42 equivalent carbon atoms. There are
six structural isomers of [84]fullerene with C2 symmetry that
satisfy the isolated pentagon rule.2 Two-dimensional high
resolution 13C NMR spectroscopy could reveal which one, out
of the six possible isomers, is the present [84-C2]fullerene, in
the future.

Theoretical calculations on the relative stability of isomeric
[84]fullerenes have shown a relatively good agreement between
the theoretical stability order and the observed abundance of the
isomers.8 These calculations predict that the most stable
isomers after D2(IV) and D2d(II) are those with C2(IV), Cs(V),
D3d and D6h molecular symmetries. We have found, however,
that under similar experimental conditions employing different
metal-doped composite rods not only the produced amounts of
minor isomers of [84]fullerenes are different but more im-
portantly different isomers are formed. This implies a catalytic
effect for the doped-metal in the early stage of the growth of
these isomers. Although progress in this research area is rapid,
there are still lots of questions opened concerning the growth
mechanism of fullerenes and metallofullerenes.9 The current
finding that the doped metal atoms play a crucial role in
producing a new [84]fullerene isomer strongly suggests the
presence of interplay between an encapsulation and a catalytic
role of the doped metal atoms in the early stage of fullerene
growth.

N. T. thanks the Japan Society for the Promotion of Science
(JSPS) for a Post Doctoral Fellowship for Foreigner Re-
searchers. H. S. thanks JSPS for the Future Program on New
Carbon Nano-Materials.
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Fig. 2 High-resolution 13C NMR spectrum [600 MHz, CS2 solution,
Cr(acac)3 as relaxant and acetone-d6 for the internal lock] of the purified
minor isomer of C84(II) with C2 molecular symmetry. The chemical shifts
for the forty-two lines are at d: 148.93, 148.00, 146.87, 145.01, 144.77,
144.72, 143.66 (double line), 143.55, 143.48, 143.03, 142.98, 142.86,
142.76, 142.63, 141.12, 140.99 (double line), 140.32, 140.25, 139.21,
139.14, 138.88, 138.30, 138.00, 137.84, 137.56, 137.50 (double line),
137.29, 137.00, 136.91, 136.47, 136.42, 136.19, 136.09, 136.04, 134.67,
133.80, 132.28, 131.31 and 124.47 ppm. The * corresponds to two signals
which are overlapped with each other. Inset is an expanded region between
139.5–135.5 ppm for clarity.
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mode of Ni(CN)4

22†

Tapas Kumar Maji,a Partha Sarathi Mukherjee,a Golam Mostafa,b Ennio Zangrandoc and
Nirmalendu Ray Chaudhuri*a

a Department of Inorganic Chemistry, Indian Association for the Cultivation of Science, Jadavpur,
Calcutta-700 032, India. E-mail: icnrc@mahendra.iacs.res.in

b Department of Physics, Krishnath College, Berhampur-742109, India
c Dipartimento di Scienze Chimiche, University of Trieste, 34127, Trieste, Italy

Received (in Cambridge, UK) 27th April 2001, Accepted 13th June 2001
First published as an Advance Article on the web 5th July 2001

A novel porous framework [{Cu2(medpt)2Ni(CN)4}(ClO4)2·
2.5H2O]n 1, [medpt = bis(3-aminopropyl)methylamine] is
prepared where all the CN groups of Ni(CN)4

22 are involved
in bridging; this material retains single crystallinity upon
removal of water guest molecules and the dehydrated species
2 selectively binds organic molecules.

The design and synthesis of microporous inorganic materials
mimicking zeolites finds widespread application in heteroge-
neous catalysis, adsorption, ion exchange processes, selective
binding of guest molecules etc.1 Self assembly is the most
efficient approach towards elaboration and construction of such
types of molecular systems. Currently, a successful example of
this process is the construction of cyano bridged complexes2 in
which the cyanometallate anion [e.g. Ag(CN)2

2, Cu(CN)3
22,

Ni(CN)4
22, M(CN)6

32 (M = Cr(III), Fe(III) etc.)] behaves as the
bridging moiety to build a multidimensional structure with a
second coordination centre and the resulting complexes demon-
strate unique properties. Usually the second coordination
centres are transition metal ions since s ? p back-bonding
stabilizes the resulting complex. The rigidity and stability of
such frameworks allow for shape and size selective inclusion of
organic solvents, water molecules, aromatic amines,3 etc. to fill
up the void space so stabilizing the crystal structure.

The reaction of Cu(medpt)(H2O)2(ClO4)2 [medpt = bis(3-
aminopropyl)methyl amine] and K2Ni(CN)4·2H2O in aqueous
medium leads to the formation of deep blue plates of
Cu2(medpt)2Ni(CN)4(ClO4)2·2.5H2O 1.‡ The IR spectrum of
compound 1 shows one sharp nCN band at 2150 cm21 which is
at a higher wavenumber than that of the free Ni(CN)4

22 unit
(nCN band at 2128 cm21), indicating that all the CN groups act
as bridging ligands with the copper(II) centre. Although one
discrete square cyano-bridged compound2c has been reported,
to our knowledge, 1D square compounds where all the cyano
groups are involved in bridging have not yet been reported in the
literature.

The structure determination§ of 1 discloses a 1D square type
open microporous material, consisting of infinite chains
elongated in the direction of the crystallographic b axis (Fig. 1).
In the polymer there are intra-chain H-bonds [2.94(1) Å]
between amino nitrogens [N(1), N(1B)] and the bridging water
molecule O(3w), the latter interacting also with O(2w) at
2.79(2) Å. A third crystallization water molecule O(1w)
connects through hydrogen bonds the amino nitrogens N(3) of
adjacent chains, in a diamond shape pattern. These inter-chain
interactions of 2.913(9) and 3.021(9) Å, illustrated in Figs. 1
and 2, give rise to a 2-D structure. The water molecules, all at
half occupancy, are guests in the crystalline channels and, from
a topological point of view, have the ability to leave the host

lattice. The dehydration process, detected by thermogravimetric
analysis, occurs but leads to no deterioration of crystallinity,
indicating that the structure can be envisaged as an inclusion
compound and that removal of the H-bond network does not
lead to destruction of the structure. A similar behaviour was
described for the structure [Ni(en)2Ni(CN)4]·2.5H2O,4a where
the role of the water molecules was interpreted using a
molecular mechanics investigation. Other examples, with
phenol and aniline as guest molecules accommodated among
[M(en)2Ni(CN)4]n chains (M = Ni, Cu, Zn or Cd), were
reported by Iwamoto et al.4b

The copper presents a square pyramidal coordination where
the medpt ligand donors and a cyanide nitrogen occupy the
basal plane, the metal being slightly displaced by 0.27 Å from
the N4 mean plane towards the apical position occupied by a
cyanide ligand of a different Ni(CN)4

22 anion. The latter Cu–N
bond distance is significantly longer [2.186(4) Å] with respect
to those in the basal plane [2.000(4)–2.072(3) Å]. The
Ni(CN)4

22 anion, with the metal located on a symmetry plane,
coordinates four adjacent copper ions. The cyanide groups show
different geometries, being linear coordinated in the basal plane

† Electronic supplementary information (ESI) available: Fig. 4: ORTEP
view of 2. Fig. 5: view of 2 down the crystallographic b axis. Fig. 6: TG-
DTA curves of 1, 1a and 1b. Fig. 7: view of 1 showing the water filled
channels. See http://www.rsc.org/suppdata/cc/b1/b103823k/

Fig. 1 ORTEP drawing of the polymeric structure of 1, extending in the
direction of crystallographic b axis, with guest water molecules (dotted lines
indicate H-bonds; ClO4

2 anions omitted for clarity).

Fig. 2 Packing diagram down the b axis showing the diamond pattern of H-
bonds linked the –Ni–Cu2– polymeric chains.

This journal is © The Royal Society of Chemistry 2001
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of copper, but significantly bent at the apical position of the
pyramidal Cu environment [Cu–N·C bond angles of 176.0(4)
and 155.3(3)°, respectively].

Thermogravimetric analysis of a crystalline sample showed a
weight loss of 5.5% at 70 °C, corresponding to the loss of the
guest water occupying the channels. The remaining compound
was heated to 180 °C without any additional weight decrease,
indicating a robust open Cu–Ni framework. Examination of the
single crystals with an optical microscope at 100 °C showed that
they retained their morphology and crystallinity upon loss of the
water molecules.

The X-ray structural determination of a dehydrated single
crystal of 2§ sealed in a glass capillary reveals a 1D open
microporous framework and confirms the [{Cu2(medpt)2-
Ni(CN)4}(ClO4)2]n formulation. Besides a contraction in cell
volume, the space group changes from P21/m to P21/c, which
requires the loss of the crystallographic symmetry plane in
which nickel atoms, as well as water molecules Ow2 and Ow3,
were located (Fig. 1). The polymer backbone of Ni atoms is now
almost collinear, and the angle and distance between the
consecutive metals are 169.12(4)° and 7.109(2) Å, respectively,
cf. the zigzag Ni arrangement in the hydrated species 1 where
the corresponding values are 156.95(3)° and 7.460(3) Å. In
addition, the conformation of the Cu(medpt) moiety appears to
change slightly, and a noteworthy modification related to the
dehydration process is the change in distance between nitrogens
N1···N1B (5.37 Å), which for the corresponding atoms involved
in H-bonding with bridging water molecules in 1, is 4.81 Å (Fig.
1).

To examine the inclusion chemistry of this material, the
synthesised microcrystalline solid was heated at 100 °C for 30
min, in order to remove the guest molecules. It is worth noting
that upon reintroducing water into the pores over a period of 1
h, the XRD pattern¶ of the resulting solid is simultaneously
regenerated with the peak positions and their intensities being
fully coincident to those observed for the original solid, serving
as evidence to the reversibility of the inclusion process (Fig.
3).

It is also interesting that the evacuated solid selectively binds
MeOH (1a) and MeCN (1b)∑ in the pores among the number of
organic solvents tested (ethanol, benzene, carbontetrachloride,
chloroform, dichloromethane etc). In DMF and DMSO, the

morphology of the complex breaks down. The XRD patterns of
these two solids containing guest MeOH or MeCN molecules
show diffraction peaks which are sharp but with slightly
different positions and line widths compared to the original
species containing water as guest molecules. IR spectra also
corroborate the retention of morphology with MeOH or MeCN
as guest molecules. Thermogravimetric analyses of 1a and 1b
show weight losses at 130 and 170 °C, respectively, that can be
attributed to the loss of ca. two methanol and two acetonitrile
molecules per formula unit, respectively. It is also important to
note that the reversibility of the inclusion process found for
water guest molecules is also observed for 1a but not 1b for
which removal of the two acetonitrile molecules per formula
unit leads to instantaneous decomposition.

Notes and references
‡ Experimental procedure and selected data: bis(3-aminopropyl)methyl-
amine) (medpt) (2 mmol, 0.290 g) was added dropwise to an aqueous
solution (10 cm3) of Cu(ClO4)2·6H2O (2 mmol, 0.741 g) with constant
stirring. K2[Ni(CN)4]·2H2O (1 mmol, 0.276 g) dissolved in water (5 cm3)
was poured to the resulting blue solution and instantaneous deep blue
precipitation occurred. The reaction mixture was stirred for 30 min and then
filtered. After a few days suitable shining deep blue single crystals of 1 were
obtained from the filtrate. IR: n(N–H): 3200–3400; n(CN): 2150; n(ClO4):
1098–984 cm21.
§ Crystal data: for 1: C18H43Cu2NiCl2N10O10.5, M = 824.31, monoclinic,
space group P21/m, a = 7.806(2), b = 14.619(7), c = 15.069(5) Å, b =
97.41(2)°, V = 1705.3(11) Å3, Z = 2, Dc = 1.605 g cm23, m(Cu-Ka) =
4.075 mm21, 3247 unique reflections, R1 (Fo) = 0.0559 for 2960
reflections with I > 2s(I), wR2 (Fo

2) = 0.1672.
For 2: C18H38Cu2NiCl2N10O8, M = 779.27, monoclinic, space group

P21/c, a = 14.410(6), b = 14.154(4), c = 16.014(5) Å, b = 91.86(2)°, V
= 3264.5(19) Å3, Z = 4, Dc = 1.586 g cm23, m(Mo-Ka) = 2.080 mm21,
5018 unique reflections, R1 (Fo) = 0.0690 for 3110 reflections with I >
2s(I), wR2 (Fo

2) = 0.1983.
The structure determination was affected by the low crystallinity (2q max

= 48°), leading to geometrical data of poor accuracy, with disordered
perchlorate anions being observed.

CCDC reference numbers 154468 and 163231. See http://www.rsc.org/
suppdata/cc/b1/b103823k/ for crystallographic data in CIF or other
electronic format.
¶ X-Ray powder diffraction data were collected using Seifert XRD-3000P
instrument, where the source of X-rays was Cu-Ka radiation.
∑ For the preparation of complexes 1a and 1b, the parent species 1 in a
micro-conical flask was heated to 100 °C for 30 min and cooled to ambient
temperature whilst keeping it in a fused CaCl2-vacuum desiccator. Dry
methanol (1a)/acetonitrile (1b) was then added in excess and the sample
kept in the desiccator for a day.
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Fig. 3 The XRD patterns of (a) as-synthesized material, [{Cu2(medpt)2-
Ni(CN)4}(ClO4)2·2.5H2O]n 1; (b) dehydrated solid, [{Cu2(medpt)2-
Ni(CN)4}(ClO4)2]n 2 and (c) regenerated solid, resulting from the
reintroduction of water molecules into the channels of the dehydrated
solid.
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Synthesis and characterization of the heteroaromatic MF6
2 (M = As,

Sb) salts of the 1,2,4-trithiolanylium dication [PhCSSC(Ph)S]2+†
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PhCSSC(Ph)S(MF6)2 (M = As, Sb), (X-ray crystal structure,
FT Raman, 1H, 13C NMR and theoretical calculations)
containing the first example of a dicationic 6p five-
membered C–S heterocycle and sulfur were formed on
disproportionation of PhCSSS(MF6)  in liquid SO2 solu-
tion.

We previously prepared 3 in low yield, containing the first
structurally characterized example of the RCSSS+ ring.1 In an

attempt to prepare a simple derivative of this ring system in
good yield we reacted the previously reported2 PhCS3Cl with
AgSbF6 and to our surprise obtained PhCSSC(Ph)S(SbF6)2

2(SbF6)2. On further investigation we obtained PhCSSS(SbF6)2
1SbF6 and found that it disproportionates in SO2 solution to give
2(SbF6)2 and elemental sulfur. 2 is the first example of a
dicationic 6p five-membered C–S heterocycle. RCS3Cl (R =
Ph, p-MeOC6H4, 1-naphthyl) are known.2 Therefore the
synthesis of RCSSC(R)S(MF6)2 is likely general, although it
may require an R group onto which some of the +2 positive
charge on the C2S3 ring can be delocalized. There are many
examples of five- and six-membered C–S containing hetero-
aromatic rings,3,4 however the only aromatic dication pre-
viously reported is 10. Related analogues of 2 are 6 (R = Et,
Bu), in which the C2S3

2+ ring is non-planar and charges are
largely localized on the exocyclic N atoms as drawn.5 The other
C–S containing 6p five-membered cyclic heterocylcles are
thiophene, 1,2-dithiolium 7, and 1,3-dithiolium 8.3 2 is isolobal
to SNSSN2+ 9 in (SNSSN)2+ (MF6

2)2 (M = As, Sb).6 However
unlike the S3N2

2+ ring, which dissociates to SNS+ and SN+, 2
retains its identity in SO2 solution. The isomeric 1,2,4-trithiola-
nylium dication RCSSSCR2+ has not been reported, although
the 7p 1,2,3-trithiolynium monocation radical 11 is known.7

2(SbF6)2 was first prepared by adding the soluble product
(0.586 g, 1.697 mmol) of the PhCS2H/SCl2 reaction to AgSbF6
(1.331 g, 3.874 mmol) in liquid SO2.‡ The mixture was stirred

for 2 h in bulb 1 of a two-bulb Pyrex glass vessel incorporating
a medium sintered-glass frit (see ref. 8). A solution over a
precipitate was obtained in bulb 2 by repeatedly extracting the
soluble material into bulb 2 leaving the insolubles (including
AgCl) in bulb 1. The solvent in bulb 2 was then condensed back
to bulb 1. About 2 ml SO2 was condensed back (three times)
onto the precipitate (in bulb 2) and the obtained solution
containing the most soluble components (e.g. unreacted
AgSbF6 and other impurities) filtered to bulb 1. 2(SbF6)2 was
recovered with a trace of S8 (Raman) from bulb 2 as an orange
solid (0.446 g, 0.600 mmol, 35% yield). Single crystals of
2(SbF6)2§ were grown from SO2 solution. This implies the
presence of [PhCSSC(Ph)S]Cl2 as a main component of the
soluble product of the PhCSSH/SCl2 reaction. Crystals of
2(AsF6)2 were obtained similarly by using AgAsF6. An ORTEP
diagram of 2 in 2(SbF6)2 (260 °C) is shown in Fig. 1. The
observed and calculated (MPW1PW91/3-21G*)¶ bond dis-
tances and angles are in reasonable agreement. The structure of
2 in 2(AsF6)2 (2100 °C)§ is similar. The FT Raman spectrum of
2(SbF6)2 in the 50–800 cm21 region is shown in Fig. 2 (full
Raman spectra of 2(SbF6)2 is shown in S-Fig. 1†). The observed
and calculated Raman frequencies and 13C, 1H chemical shifts
are in good agreement (Fig. 2, Table 1 and S-Table 1†).

The precipitate in the PhCSSH/SCl2 reaction was found to be
PhCS3Cl.∑ PhCS3Cl (0.570 g, 2.59 mmol) was reacted with
AgSbF6 (0.953 g, 2.79 mmol) in liquid SO2 (9.1 g) to give
1SbF6 (0.492 g, 1.17 mmol, 45% yield). The procedure was the
same as described above except that the reaction time was < 30
min and light was excluded. The initial failure to obtain 1SbF6 is
because the soluble rather than the insoluble product of the
PhCSSH/SCl2 reaction was reacted with AgSbF6. 1H (Fig. 3)
and 13C NMR spectra of 1SbF6 in liquid SO2 were studied as a
function of time. Observed and calculated chemical shifts of 1
are in good agreement and are given in Table 1 (Similar 1H
NMR spectra found for 1AsF6).** Peaks due to 1 decreased
over time with the appearance of those of 2 and precipitation of

† Electronic supplementary information (ESI) available: S-Table 1: FT-
Raman data for 2(MF6)2 (M = As, Sb). S-Table 2: calculated/observed
bond distances and angles for 2. S-Table 3: FT-Raman data for 1MF6 (M =
As, Sb). S-Fig. 1: FT-Raman spectrum of 2(SbF6)2 in the 50–4000 cm21

region. S-Fig. 2: calculated Pauling bond orders of 2 in 2(SbF6)2. S-Fig. 3:
FT-Raman spectrum of 1SbF6 in the 50–800 cm21 region. See http:
//www.rsc.org/suppdata/cc/b1/b100001m/

Fig. 1 ORTEP of 2 in 2(SbF6)2 (260 °C) drawn at the 50% probability level.
Selected bond lengths (Å), bond angles (°); and calculated results
(MPW1PW91/3-21G*) are given in parentheses and in bold: C(3)–C(12)
1.424(10) (1.418), C(12)–C(17) 1.397(12) (1.427), C(12)–C(13) 1.392(11)
(1.426), C(13)–C(14) 1.351(12) (1.378), C(17)–C(16) 1.365(12) (1.378),
C(16)–C(15) 1.363(14) (1.403), C(15)–C(14) 1.359(14) (1.404), C(3)–S(4)
1.680(8) (1.710), S(4)–S(5) 2.024(3) (2.062), S(5)–C(1) 1.683(7) (1.710),
C(1)–S(2) 1.699(7) (1.729), C(1)–C(6) 1.412(10) (1.418); C(3)–S(2)–C(1)
100.8(4) (100.7), S(2)–C(3)–S(4) 119.4(4) (119.2), C(3)–S(4)–S(5)
100.4(3) (99.8), S(4)–S(5)–C(1) 99.8(3) (99.8), S(5)–C(1)–S(2) 119.5(4)
(119.2), C(12)–C(3)–S(4) 121.8(6) (120.1), C(12)–C(3)–S(2) 118.8(6)
(120.6).
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S8 (Raman) and an intermediate we propose could be either 4 or
5 (see Scheme 1), the mechanism of which warrants further
study. Light was found to facilitate this process.

The phenyl and C2S3 ring of 2 are planar [S angles for C2S3
rings: 539.9° (25 °C), 540.1° (260 °C) in 2(SbF6)2, 540.0° in
2(AsF6)2 (2100 °C)]. The benzyl rings and the dication ring are
nearly coplanar in 2(MF6)2 (M = Sb, As) with Ph1/CSCSS2+,
Ph2/CSCSS2+ and Ph1/Ph2 torsion angles of 3.4° (12.6°), 7.0°
(168.3°) and 3.8° (176.7°) respectively in 2(SbF6)2 (25 °C) and
2(AsF6)2 (2100 °C) (angles in parentheses). This implies the p
electrons and charges are delocalized over the three rings,
supported by the short Ph–C bond distance†† and the significant
F–H and F–S contacts. The sum of the Pauling bond orders
(BOs)‡‡ for the C2S3 ring is 6.8–6.9 in both salts (S-Fig. 2†) and

the p bonding mostly in the C–S region, cf. 12 and 13. The S–S
bond distance of 2.024(3) [in 2(SbF6)2, 260 °C] and 2.032(3)
[in 2(AsF6)2 (2100 °C)] implies the BO is slightly greater than
1 (cf. S–S distance: 2.05 Å in S8 and 2.08 Å in
C–SS–C containing compounds with C–S–S–C dihedral angle
of 0°10). Consistently, the S–S stretching frequency at 504 cm21

(see Fig. 2) is greater than that of S8 (473 cm21).
We thank Dr. Larry Calhoun (UNB) for his assistance with

NMR experiments, and NSERC for an operating grant (J. P.)
and the Province of New Brunswick for a Women’s Doctoral
Fellowship (M. F.).

Notes and references
‡ Filtration of the PhCS2H/SCl2 reaction mixture about 10 min after initial
PhCS2H addition, followed by immediate removal of solvent in vacuo, gave
the soluble product as a mixture of yellow powder and some red sticky
material. (Campaine et al.2 obtained red sticky oil as the soluble product, as
they did not immediately remove the solvent.) The product was reacted with

AgSbF6 according to: [PhCSSC(Ph)S]Cl2 + 2 AgSbF6 ? 2(SbF6)2 + 2

AgCl and assuming it was all [PhCSSC(Ph)S]Cl2.
§ Crystal data: for 2(SbF6)2 (room temp.): C14H10S3F12Sb2, M = 745.89,
monoclinic, space group P21/n (no. 14), a = 9.359(5), b = 15.148(2), c =
15.762(2) Å, b = 104.56(2)°, U = 2162.8(9) Å3, Z = 4, Dc = 2.291 g
cm23, T = 296.0 K, F(000) = 1408.00, m(Mo-Ka) = 28.85 cm21. 6923
reflections measured, 6564 independent reflections, R(Rw) = 0.051 (0.202),
R = S||Fo| 2 |Fc||/S|Fo|, Rw = [Sw(|Fo| 2 |Fc|)2/SwFo

2]1/2.
For 2(SbF6)2 (260 °C): C14H10S3F12Sb2, M = 745.89, monoclinic, space

group P21/n (no. 14), a = 9.345(4), b = 15.005(5), c = 15.745(4) Å, b =
104.71(3)°, U = 2135(1) Å3, Z = 4, Dc = 2.320 g cm23, T = 213 K,
F(000) = 1408.00, m(Mo-Ka) = 29.22 cm21. 6683 reflections measured,
6334 independent reflections, R1 (wR2) = 0.0391 (0.1487).

For 2(AsF6)2 (2100 °C): C14H10S3F12As2, M = 652.24, monoclinic,
space group P21/c (no. 14), a = 9.1371(9), b = 14.850(2), c = 15.427(2)
Å, b = 107.747(7)°, U = 1993.6(4) Å3, Z = 4, Dc = 2.173 g cm23, T =
173(1) K, F(000) = 1264.00, m (Mo-Ka) = 37.77 cm21. 5041 reflections
measured, 5041 independent reflections, R (Rw) = 0.076 (0.214). CCDC
156699–15670. See http://www.rsc.org/suppdata/cc/b1/b100001m/ for
crystallographic data in CIF or other electronic format.
¶ GAUSSIAN 98W, Revision A. 3, Gaussian, Inc., Pittsburgh PA, 1998.
∑ PhCS3Cl was prepared by a modification of the reported method.2 The
molar ratio of PhCSSH+SCl2 was changed from 1+2 to 1+1 and the solvent
from diethyl ether-CCl4 to diethyl ether. The melting point (90–93 °C) and
Raman spectrum are identical to the product obtained following the
procedure of Campaine et al..2
** 1(SbF6) was characterized also by Raman and elemental analysis [found
(calc): C, 19.63 (19.90); H, 1.26 (1.20); S, 24.65 (22.80); Sb, 29.39 (28.90),
F, 28.63 (27.10)%]. The observed and calculated (MPW1PW91/3-21G*)
Raman frequencies are in good agreement (S-Fig. 3, S-Table 3†). A
preliminary X-ray crystal structure confirms the atom connectivity [a =
6.899(3), b = 6.905(2), c = 14.651(4) Å, a = 88.78(1), b = 88.44(1), g =
60.34(1)°].
†† The average Ph–C bond distance is 1.41(1) Å in 2(SbF6)2 and 1.44(1) Å
in 2(AsF6)2, which are slightly shorter than a Csp2–Csp2 single bond distance
(1.48 Å).
‡‡ The Pauling bond order is given by Db = D12 0.71 logb where Db is the
observed bond distance and D1 is the single bond distance [D1(S–S) 2.05;
D1(C–S) 1.81, D1(Csp2–Csp2) 1.48 Å]; see ref. 9.

1 T. S. Cameron, A. Decken, M. Fang, S. Parsons, J. Passmore and D. J.
Wood, Chem. Commun., 1999, 1801.

2 E. Campaine, M. Pragnell and F. Haaf, J. Heterocycl. Chem., 1968, 5,
141.

3 R. D. Hamilton and E. Campaigne, in Special Topics in Heterocyclic
Chemistry, ed. A. Weissberger and E. C. Taylor, John Wiley & Sons,
New York, 1977, p. 271.

4 R. T. Oakley, Prog. Inorg. Chem., 1988, 36, 299.
5 J. Willemse, J. A. Cras and P. J. H. A. M. van de Leemput, J. Inorg.

Nucl. Chem. Lett., 1976, 12, 255.
6 W. V. F. Brooks, T. S. Cameron, S. Parsons, J. Passmore and M. J.

Schriver, Inorg. Chem., 1994, 33, 6230.
7 T. S. Cameron, R. C. Haddon, S. M. Mattar, S. Parsons, J. Passmore and

A. P. Ramirez, J. Chem. Soc., Dalton Trans., 1992, 1563 and references
therein.

8 M. P. Murchie, R. Kapoor, J. Passmore and G. Schatte, Inorg. Synth.,
1997, 31, 115.

9 L. Pauling, The Nature of the Chemical Bond, 3rd edn., Cornell
University Press, Ithaca, NY, 1960.

10 K. L. McCormack, P. R. Mallinson, B. C. Webster and D. S. Yufit,
J. Chem. Soc., Faraday Trans., 1996, 92, 1709.

Fig. 2 FT-Raman spectrum of 2(SbF6)2 in the 50–800 cm21 region. Data in
square brackets are the calculated frequencies (MPW1PW91/3-21G*).

Fig. 3 In situ 1H NMR study of 1SbF6 in liquid SO2.

Scheme 1 Proposed mechanisms for the rearrangement of 1 to 2 in liquid
SO2.

Table 1 Observeda [in 1SbF6 and 2(SbF6)2] and calculatedb (in parentheses)
1H and 13C NMR chemical shifts of 1 and 2

dH C1-H C2-H C3-H C4-H C5-H

1 — — 7.87 d 7.71 t 7.98 t
(7.88) (7.91) (8.44)

2 — — 8.44 d 7.98 t 8.39 t
(8.28) (8.37) (9.14)

dC C1 C2 C3 C4 C5

1 204.9 133.8 123.6 130.7 139.5
(213.7) (135.2) (125.6) (135.6) (153.3)

2 216.4 131.0 133.2 134.4 148.2
(218.8) (135.0 (140.0) (140.9) (167.6)

a Chemical shifts were obtained at room temperature in liquid SO2, using
TMS in liquid SO2 as external standard. b Isotropic NMR shielding tensors
were calculated at the MPW1PW91/6-311G(2DF)//MPW1PW91/3-21G*
level and referenced against calculated TMS values; d = doublet, t =
triplet.
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Irradiation of (Z)-3-cyano-3A-aminostilbene in the absence of
oxygen yields a push–pull substituted dihydrophenanthrene
with substantial quinoidal character as evidenced by the
pronounced solvent dependence of its absorption spec-
trum.

The photocyclization of diarylethenes is among the most
extensively studied of photochromic reactions.1–5 The proto-
type for this reaction is the photocyclization of the colorless (Z)-
stilbene Ia to the yellow 4a,4b-dihydrophenanthrene IIa, which
is rapidly converted to phenanthrene in the presence of oxygen
(Scheme 1). In the absence of oxygen IIa undergoes ring
opening to reform Ia both thermally and photochemically. Lack
of thermal stability and sensitivity to oxygen has limited the
utility of stilbene photocyclization in photochromic applica-
tions. The search for photochromic molecules which are
thermally stable even in the presence of oxygen has led to the
development of diarylethenes with heterocyclic aryl groups.5,6

The presence of an electron donating group on one heterocycle
and an electron accepting group on the other has provided
photochromic systems that absorb throughout the visible and
into the infrared. Curiously, the photochemical generation of
push–pull stabilized 4a,4b-dihydrophenanthrenes has not been
investigated.

The effects of single electron donating or accepting sub-
stituents on the quantum yield for phenanthrene formation (Fp)
from (Z)-stilbenes in the presence of oxygen was investigated
by Güsten and co-workers.7,8 They report higher values of Fp
for 3-cyanostilbene Ib and 3-aminostilbene Ic (0.012 and 0.28,
respectively) than for their 4-substituted isomers. Irradiation of
either Ib or Ic in the presence of oxidizing agents results in the
formation of both 2- and 4-substituted phenanthrenes (III and
IV), in a ca. 3.5+1 ratio. Muszkat et al.9 have investigated the
anaerobic irradiation of several monosubstituted (Z)-stilbenes
and report a higher quantum yield for formation of dihy-
drophenanthrene IIb from Ib (0.012) than for its 4-substituted
isomer. The photochemistry of a large number of push–pull
4,4A-disubstituted stilbenes including 4-cyano-4A-aminostilbene
has also been investigated.10–13 These stilbenes undergo
reversible trans–cis photoisomerization. However, to our
knowledge there have been no reports of their photocyclization.
As part of our study of the photochemical behavior of
aminostilbenes,14–17 we have investigated the anaerobic irradia-

tion of Ic, its N,N-dimethylamino analog Id, and (Z)-3-amino-
3A-cyanostilbene Ie.

Irradiation of the (Z)-3-aminostilbenes Ic, Id, and Ie in
freeze–pump–thaw degassed cyclohexane (C6H12) or acetoni-
trile (CH3CN) solution promptly followed by acquisition of the
absorption spectrum results in the observation of a broad
absorption band at long wavelengths.18 The deconvoluted
absorption spectra of IIc, IId, and IIe in acetonitrile solution are
shown in Fig. 1. These spectra are obtained by means of singular
value decomposition (SVD)-self modeling from a matrix of
absorption spectra obtained at different conversions (see:
supplementary information). This procedure also establishes the
presence of one major dihydrophenanthrene product along with
the (Z)- and (E)-stilbenes in each case. The major products are
assigned structures IIc–IIe on the basis of formation of the
corresponding 2-aminophenanthrenes IIIc–IIIe as the major
products obtained from the irradiation of aerated solutions. In
the case of Ie irradiation of an aerated solution results in the
formation of IIIe and IVe in a 4.3+1 ratio, but no detectable
4-amino-7-cyano isomer.19 The absence of evidence for the
presence of 4-aminodihydrophenanthrene products under an-
aerobic conditions may reflect more rapid thermal ring opening
of the 4-amino-substituted dihydrophenanthrenes.

The absorption band of IIc (Fig. 1) is rapidly bleached by
visible light but is stable in the dark for a period of several days
in CH3CN solution and undergoes repeated formation and
bleaching without degradation. This permits acquisition of the
1H NMR spectrum of IIc as a mixture with Ic.20 Salient features
of the spectrum include singlets at 3.23 and 3.27 ppm assigned
to the 4a,4b protons and unresolved multiplets between 5–7
ppm assigned to the vinyl protons.3 Optimum conversions of Ic
to IIc are obtained using monochromatic 276 nm irradiation as
observed for conversion of Ia to IIa by Muszkat and Fischer.21

The absorption bands of IId and IIe bleach rapidly in the dark
and thus no attempt was made to obtain their NMR spectra.

Absorption spectral data for the (Z)-stilbenes Ia–Ic, and Ie in
C6H12 and CH3CN are summarized in Table 1. The presence of
3-amino substituents in Ic and Ie results in a large red-shift in
their absorption bands compared to that of Ia. Similar red-shifts
are observed for the trans isomers of Ic and Id and are attributed

† Electronic supplementary information (ESI) available: electronic absorp-
tion spectral matrices for the irradiated aminostilbenes and SVD analyses (6
figures). See http://www.rsc.org/suppdata/cc/b1/b104510p/

Scheme 1

Fig. 1 Deconvoluted absorption spectra of the aminodihydrophenanthrenes
IIc, IId, and IIe in acetonitrile solution.
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to splitting of the long-wavelength band which results from
configuration interaction.15,16 Much smaller shifts are observed
for the 3-cyano substituents in Ib (vs. Ia) and Ie (vs. Ic).9 Also
reported in Table 1 are the absorption maxima for the
dihydrophenanthrenes IIa–IIe. The substituent-induced red-
shifts are larger than those observed for the corresponding (Z)-
stilbenes and similar shifts are observed for the 3-amino and
3-cyano substituents in IIb and IIc. The shift for IId is larger
than that for IIc, as previously observed for (E)-3-dimethyl-
amino- vs. 3-aminostilbenes.16 The aminodihydrophenan-
threnes IIc and IId display large solvent-induced red-shifts in
CH3CN vs. C6H12 solution and an exceptionally large red-shift
is observed for IIe (1600 cm21). This shift is nearly as large as
that reported for IIf, the ring-closed form of the more elaborate
diarylethene If (eqn. (1), Dn ≈ 2000 cm21 in DMSO vs.
hexane).6

(1)

The solvent-induced red-shift for the absorption maximum
IIe is exceptionally large for an uncharged molecule, indicative
of both a large ground state dipole moment and a change in the
dipole moment upon electronic excitation. Ground state dipole
moments calculated using the INDO/S-SCF-CI (ZINDO)
algorithm22 for IIa and IIc–IIe are reported in Table 1. The
values calculated for IIc and IId are larger than that for (E)-
4-dimethylaminostilbene (mg = 1.8 D) and the value calculated
for IIe is larger than that for (E)-4-dimethylamino-4A-cyano-
stilbene (mg = 6.6 D).16 The dipole moment of the Franck–
Condon excited state (me

FC) may be estimated by using the
Lippert equation [eqn. (2)]
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where n̄a is the absorption maximum, h is Planck’s constant, e0
is the vacuum permittivity, c is the speed of light, a is the radius
of the solvent cavity, e is the relative permittivity, and n is the
solvent refractive index.23 Calculated values of me

FC for IIc and
IId (Table 1) are larger than that for  (E)-4-dimethylamino-
stilbene (me

FC = 7.7 D)16 and the calculated value for IIe is
much larger than that for (E)-4-dimethylamino-4A-cyanos-
tilbene (me

FC = 9.0 D).12

The relatively large ground and excited state dipole moments
of the aminodihydrophenanthrenes IIc–IIe reflect the important

contributions of quinoidal resonance structures to both the
ground and excited states [eqn. (3)]. These values are larger than

(3)

those for the corresponding 4- or 4,4A-substituted (E)-stilbenes,
even though the distance between the donor and acceptor
substituents is smaller for the dihydrophenanthrenes. Thus the
extent of charge separation must be significantly larger for the
dihydrophenanthrenes. Photocyclization of push–pull 4,4A-
substituted stilbenes would result in the formation of 3,3A-
substituted dihydrophenanthrenes for which quinoidal reso-
nance is not possible. This may explain the absence of reports of
photocyclization of these stilbenes. In addition to providing the
first example of a simple push–pull stabilized dihydrophenan-
threne, these results provide a design principle which may prove
useful in the development of new photochromic systems. While
the dihydrophenanthrene IIe reacts with oxygen, its stability in
the absence of oxygen, ease of synthesis and compact molecular
structure may provide advantages for Ie when compared to
more complex photochromic molecules such as If.5,6

Funding for this project was provided by NSF grants CHE-
9734941 and CHE-0100596. We thank Dr Wilfried Weigel for
providing a sample of Id.
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Table 1 Absorption spectral data and calculated dipole moments for (Z)-
stilbenes and dihydrophenanthrenes

Compd.
lmax/nm
(C6H12)

lmax/nm
(CH3CN) mg/Da me

FC/Db

Ia 276 276
Ibc 277
Icd 315 320
Ie 317 328
IIae 450 450 0.7 0.7
IIbe 467
IIcd 470 482 2.4 11.4
IId 482 494 2.1 11.7
IIe 530 578 7.2 16.0
a Calculated ground state dipole moment. b Dipole moment of the Franck–
Condon singlet state calculated using eqn. (2). c Data from ref. 8. d Data
from ref. 17. e Data from ref. 3.
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Functionalized SBA-15 type materials containing mercapto-
propyl groups have been used for controlling the growth of
gold(0) nanoparticles from HAuCl4 or AuCl(THT) which
were chemically complexed within the channels prior to mild
chemical reduction.

Metal particles in the nanosize range represent a transition
between the molecular and solid states and are therefore of great
interest due to their unique properties attributed to quantum
confinement or surface effects.1 Thus, selective synthesis of
such nanomaterials with well-defined size2 and their dispersion
in an insulator like SiO2 is a significant challenge.3 One
approach to obtain such materials consists of using the regular
channels of hexagonal mesoporous silica4 as matrices either for
the inclusion of already prepared metal particles5 or for
controlling the growth of metal particles. Such matrices should
give rise to composite materials organised at the nano- and the
mesoscopic length scales. Thus, the ordered mesoporous silica
MCM-41,6–10 MCM-48,11 and FSM-1612 materials have been
used as matrices for the growth of mono-7–12 or bimetallic6

transition metal nanoparticles. The general procedure was to
generate the nanoparticles by calcination of the metallic
precursor onto the support. The final nanoparticle size is
controlled by the pore size but depends also on the calcination
temperature. Furthermore, outer pores growth of nanoparticles
is a major frequently encountered drawback of the impregna-
tion/calcination method. This problem has been circumvented
by suspending the previously impregnated material in deionised
water in order to allow complete migration of the metal salt
within the pores9 or by adding the metal salt during the
preparation of the material.10 Here, we describe a new
methodology based on the chemical control of the growth of
nanoparticles from organometallic precursors previously re-
ported.13 The precursor is chemically complexed within the
channels of functionalised mesoporous silica14 and the metal
nanoparticles growth is achieved by mild chemical reduction
which makes the final particle size only dependent of the pore
size on the matrix used.

Materials HS(CH2)3SiO1.5/xSiO2 1 (with 1a: x = 9, 1b: x =
19) were elaborated by the co-condensation route of 3-mercap-
topropyltrimethoxysilane (MPTMS) with tetraethoxysilane
(TEOS) in the presence of Pluronic 123 [PEO20PPO70PEO20

with PEO = poly(ethylene oxide) and PPO = poly(propylene
oxide] as structure directing agent in acidic media.15 After
extraction of the surfactant by using a Soxhlet apparatus, the
materials were vacuum dried at 120 °C.

29Si MAS NMR spectroscopy showed resonances for
siloxane (Qn) and organosiloxane (Tn) centres with a predom-
inance of T3 compared to T2 or T1 centres indicative of
extensive condensation of the organic moiety in the wall
structure. The solid state 13C CP MAS NMR spectra show
signals at d 27 (C1, C2) in addition to a slightly shifted
downfield CH2–(Si) (C3) signal at d 11 for the –(CH2)3SH
moiety. This confirms the presence of mercaptopropyl groups
anchored to the pore walls. Furthermore, IR spectra of 1a (x =
9) display a characteristic S–H stretching vibration of low
intensity at 2575 cm21. High values for the BET surface areas
were obtained (Table S1†). The BJH pore size distribution was
calculated from adsorption and desorption branches (53/46 Å
for 1a and 71/61 Å for 1b). These values show a significant
decrease with increasing the content of thiol groups on the
channel surface (Table S1†). The low angle X-ray diffraction
(XRD) patterns of the materials show the (100) reflection while
higher order (110) and (200) reflections were not well
observed.15

Anchoring of gold within materials 1 was performed by using
two gold precursors with a similar strategy (Scheme 1). The
protocols used were based on procedures affording gold(0)
nanoparticles in solution.16 Path A: hydrogenotetrachloroaur-

† Electronic supplementary information (ESI) available: Table S1: Physical
properties of ordered mesoporous materials. Fig. S1: Nitrogen adsorption/
desorption isotherms of 1b, B2b and B3b and pore size distributions. Fig. S2:
Low angle XRD patterns of 1b, B2b and B3b Fig. S3: UV–VIS spectrum of
B3b. Fig. S4: High angle XRD pattern of A3a. Fig. S5: TEM image of A3a.
Fig. S6 TEM image of B3b. See http://www.rsc.org/suppdata/cc/b1/
b102575a/

Scheme 1 Preparation of the gold(0) nanoparticle-containing materials.
Reagents and conditions: path A: i, HAuCl4·3H2O; ii, HOC(CO2Na)(CH2-
CO2Na)2. Path B: i, AuCl(THT); ii, Na(acac); H2O.
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ate(III) hydrate (HAuCl4·3H2O) was added to a suspension of
the material in water heated under reflux and allowed to stir
until the yellowish solution colour was transferred onto the
solid. Then, sodium citrate [HOC(CO2Na)(CH2CO2Na)2] was
added. This is the well known Turkevitch method which affords
in solution particles of mean size centred near 12 nm. Using this
procedure it will therefore be easy to discriminate between
nanoparticle growth inside or outside the channels of the
mesoporous material previously prepared. Path B: chloro-
(thiophene)gold(I) [AuCl(THT)] was added at 60 °C to a
suspension of the material in THF followed by addition of
sodium acetylacetonate hydrate [Na(acac)·H2O]. This proce-
dure is expected to be milder and to lead to a more
homogeneous system.

The presence of gold in the expected quantities for the
resulting materials 2 was established by elemental analysis. The
decrease in BET surface area as well as the decrease in pore
volume are consistent with pore filling (Table S1†).

In all cases, it was observed for the X-ray diffractograms that
when comparing the results on empty materials 1 and composite
materials 2, the intensity of the reflections was reduced in the
latter case. This provides a confirmation of the pore filling of the
host material, which reduces the scattering contrast between the
pores and the walls of the materials.17 For materials 2, absence
of plasmon band absorbances in the UV–VIS spectra or of
diffraction peaks in the X-ray diffractograms (their presence
being characteristics of gold(0) nanoparticles-containing mater-
ials) were observed. TEM images show weakly contrasted
particles with diameter sizes less than 1.5 nm. These particles,
the size of which is not dependent on the host material pore size,
were attributed to formation of (–AuISR–)n polymers.18 There-
fore, the colourless solids 2 obtained at this stage were treated
with an ethanolic sodium borohydride (NaBH4) solution at
60 °C. This mild reduction afforded, after 12 h, purple solids 3
for which further decrease in BET surface area and pore volume
was observed (Table S1†). Materials 3 exhibit intense plasmon
band absorbance at 520 nm indicative of gold(0) nanoparticles.
XRD patterns of materials 3 for the high angle region (2q =
20–70) show broad reflections characteristic of gold(0) nano-
particles. TEM studies clearly show a narrow gold(0) nano-
particle distribution size for materials 3 whatever the pathway
followed (A or B) (Fig. S5 and S6†). It is also clear that in both
cases the growth of the particles occurs within the channels of
the silica matrix since the size of the particles is quite small
(centred near 2.5 and 4.5 nm). The size distribution was found
to be more narrow via path B (B3b) than via path A (A3b) in
agreement with the milder conditions needed for the reduction
of the gold(I) precursor. In all cases, a good correlation was
demonstrated between the pore size values derived from BET
and the gold nanoparticles diameter size observed on TEM
micrographs when taking into account  experimental un-
certainties (Fig. 1).

In conclusion, two main results are reported in this com-
munication:

(i) The growth of gold nanoparticles can be achieved
selectively within the pores of a mesoporous silica previously
functionalized with thiol substituents. The nanoparticle growth
follows a two step procedure implying first the anchoring of the
gold precusors and secondly a chemical reduction.

(ii) This procedure allows a strict control of the size of the
particles, which in each experiment, remain smaller than the
pore size determined by BET and which furthermore adopt a
narrow size distribution. Further work is in progress to explore
the scope and limitations of this process.

The authors thank the CNRS and the Université de Mon-
tpellier II for financial support. C. T. thanks Air Liquide for a
grant. S. G. G. thanks EU, TMR network CLUPOS for a
grant.

Notes and references
1 A. P. Alivisatos, Science, 1996, 271, 933; J. Shi, S. Gider, D. Babcock

and D. D. Awschalom, Science, 1996, 271, 937.
2 Clusters and Colloids, from Theory to Applications, ed. G. Schmid,

VCH, Weinheim, 1994.
3 F. Tian and K. J. Klabunde, New J. Chem., 1998, 1275.
4 C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli and J. S. Beck,

Nature, 1992, 359, 710; J. S. Beck, J. C. Vartuli, W. J. Roth, M. E.
Leonowicz, C. T. Kresge, K. D. Schmitt, C. T.-W. Chu, D. H. Olsen,
E. W. Sheppard, S. B. McCullen, J. B. Higgins and J. L. Schlenker,
J. Am. Chem. Soc., 1992, 114, 10834.

5 D. S. Shephard, T. Maschmeyer, B. F. G. Johnson, J. M. Thomas, G.
Sankar, D. Oskaya, W. Zhou, R. D. Oldroyd and R. G. Bell, Angew.
Chem., Int. Ed. Engl., 1997, 36, 2242; D. S. Shephard, T. Maschmeyer,
G. Sankar, J. M. Thomas, D. Ozkaya, B. F. G. Johnson, R. Raja, R. D.
Olkroyd and R. G. Bell, Chem. Eur. J., 1998, 4, 1214; R. Raja, G.
Sankar, S. Hermans, D. S. Shephard, S. Bromley, J. M. Thomas and
B. F. G. Johnson, Chem. Commun., 1999, 1571.

6 D. Ozkaya, W. Zhou, J. M. Thomas, P. Midgley, V. J. Keast and S.
Hermans, Catal. Lett., 1999, 60, 113; F. Schweyer, P. Braunstein, C.
Estournès, J. Guille, H. Kessler, H.-L. Paillaud and J. Rosé, Chem.
Commun., 2000, 1271.

7 Z. Y. Yuan, S. Q. Liu, T. H. Chen, J. Z. Wang and H. X. Li, Chem.
Commun., 1995, 973; Y. Plyuto, J.-M. Berquier, C. Jacquiod and C.
Ricolleau, Chem. Commun., 1999, 1653.

8 P. Mukherjee, C. R. Patra, R. Kumar and M. Sastry, Phys. Chem.
Commun., 2001, 5.

9 T. Abe, Y. Tachibana, T. Uematsu and M. Iwamoto, J. Chem. Soc.,
Chem. Commun., 1995, 1617; M. Iwamoto, T. Abe and Y. Tachibana,
J. Mol. Catal. A: Chem., 2000, 155, 143.

10 R. S. Mulukutla, K. Asakura, S. Namba and Y. Iwasawa, Chem.
Commun., 1998, 1425.

11 M. Fröba, R. Köhn, G. Bouffaud, O. Richard and G. van Tendeloo,
Chem. Mater., 1999, 11, 2858.

12 A. Fukuoka, M. Osada, T. Shido, S. Inagaki, Y. Fukushima and M.
Ichikawa, Inorg. Chim. Acta., 1999, 294, 281.

13 F. Dassenoy, K. Philippot, T. Ould Ely, C. Amiens, P. Lecante, E.
Snoeck, A. Mosset, M.-J. Casanove and B. Chaudret, New J. Chem.,
1998, 703; O. Vidoni, K. Philippot, C. Amiens, B. Chaudret, O. Balmes,
J. O. Malm, J. O. Bovin, F. Senocq and M.-J. Casanove, Angew. Chem.,
Int. Ed., 1999, 38, 3736; C. Pan, F. Dassenoy, M.-J. Casanove, K.
Philippot, C. Amiens, P. Lecante, A. Mosset and B. Chaudret, J. Phys.
Chem. B, 1999, 103, 10 098; S. Gomez, K. Philippot, V. Collière, B.
Chaudret, F. Senocq and P. Lecante, Chem. Commun., 2000, 1945; K.
Soulantica, A. Maisonnat, M.-C. Fromen, M.-J. Casanove, P. Lecante
and B. Chaudret, Angew. Chem., Int. Ed., 2001, 40, 448.

14 R. J. P. Corriu, C. Hoarau, A. Mehdi and C. Reyé, Chem. Commun.,
2000, 71; R. J. P. Corriu, A. Mehdi and C. Reyé, C.R. Acad. Sci. Paris,
Sér. IIc, 1999, 35; R. J. P. Corriu, Y. Guari, A. Mehdi, C. Reyé and C.
Thieuleux, Chem. Commun., 2001, 763.

15 D. Margolese, J. A. Melero, S. C. Christiansen, B. F. Chmelka and G. D.
Stucky, Chem. Mater., 2000, 12, 2448.

16 J. Turkevitch, P. C. Stevenson and J. Hillier, Discuss. Faraday Soc.,
1951, 73, 55.

17 B. Marler, U. Oberhageman, S. Vortmann and H. Gies, Microporous
Mater., 1996, 6, 375.

18 A. C. Templeton, W. P. Wuelfing and R. W. Murray, Acc. Chem. Res.,
2000, 33, 27.

Fig. 1 Correlation between the pore diameter (solid/dotted lines for
adsorption/desorption data from N2 studies) and the gold(0) nanoparticle
size (columns) for: left A3a, right B3b.

Chem. Commun., 2001, 1374–1375 1375



      

C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

The effect of N-methylation on the chemical reactivity of binuclear Ni
amine-thiophenolate complexes†

Berthold Kersting* and Gunther Steinfeld

Institut für Anorganische und Analytische Chemie, Universität Freiburg, Albertstr. 21, D-79104 
Freiburg, Germany. E-mail: kerstber@sun2.ruf.uni-freiburg.de

Received (in Cambridge, UK) 4th April 2001, Accepted 20th June 2001
First published as an Advance Article on the web 6th July 2001

Macrocyclic amine thiophenolate ligands are shown to form
face-sharing bioctahedral nickel complexes with a central
N3Ni(m-SR)2(m-Cl)NiN3 core structure. The bridging halide
ion can be readily replaced when all six nitrogen atoms are
tertiary amine donors.

Thiolate complexes of first row transition metals are generally
labile and it is therefore difficult to control their chemical
reactivity. This is true in particular for binuclear species.1,2 For
systematic investigations, complexes of macrocyclic thiophe-
nolate ligands seem to be ideal, because of their greater
thermodynamic stability and proper positioning of free coor-
dination sites for substrate binding. However, traditional routes
developed for the corresponding phenolate macrocycles3 fail
for the synthesis of sensitive thiophenolates. This situation has
changed greatly in the last few years due to the work by the
groups of Brooker,4 McKee5 and Schröder6 who have used (S)-
(2,6-diformyl-4-methylphenyl)dimethylthiocarbamate as thio-
phenolate precursor in metal templated Schiff-base condensa-
tion reactions with a,w-diamines. The resulting thiophenolate
macrocycles bear additional imine, secondary amine, and even
hydroxy groups in the linking side arms. However, it has not
been possible to access derivatives with tertiary amine func-
tions. We describe here the syntheses, X-ray crystal structures
and properties of binuclear Ni complexes of such ligands.

Macrocycle 2 was obtained by a [2 + 1] condensation reaction
between tetraaldehyde 17 and bis(aminoethyl)amine in an
ethanol–dichloromethane mixed solvent system using medium-
dilution conditions followed by reduction with NaBH4 (Scheme
1). The yields of the new bicyclic amine-thioether are excellent
( > 90%). An attractive feature of 2 compared to unprotected
thiolate ligands is that its secondary amines are readily alkylated
without affecting the masked thiolate functions. Thus, reductive
methylation of 2 with formaldehyde and formic acid under
Eschweiler–Clarke conditions gave the permethylated deriva-

tive 3 in nearly quantitative yield. Compound 3 displays only
twelve resonances in its 13C NMR spectrum ruling out the
possibility that it exists as a mixture of conformationally stable
isomers. Both the unmethylated and the permethylated thioether
could be converted to the corresponding thiophenols H2LH and
H2LMe by using sodium in liquid ammonia as reducing agent.

The reaction of NiCl2·6H2O with H2LH·6HCl in methanol
using NEt3 as base (2+1+8 molar ratio) was found to produce the

green, air-stable complex [(LH)NiII2(m-Cl)]1+ 4. The cation was
isolated as the perchlorate salt 4·ClO4 in 80% yield. Crystallo-
graphic characterization of 4·ClO4,‡ using crystals obtained by
recrystallization from methanol, confirmed the structure of 4 to
consist of a confacial bioctahedral species (Fig. 1). The coligand
is found in a bridging position. In the context of coordinatively
unsaturated Ni thiolate complexes, the presence of a bridging
halide ligand in 4 is without precedent. Most binuclear

† Electronic supplementary information (ESI) available: Characterization
data for all new compounds. ORTEP plots for complexes 5 and 6. See http:
//www.rsc.org/suppdata/cc/b1/b103050g/

Scheme 1 Reagents and conditions: i, NH(CH2CH2NH2)2, CH2Cl2–EtOH
(high-dilution); ii, CH2O, HCO2H, reflux; iii, Na, NH3, 270 °C.

Fig. 1 Structure of the m-Cl complex 4 with thermal ellipsoids drawn at the
50% probability level. tert-Butyl groups and hydrogen atoms are omitted for
clarity. Selected bond lengths. Values in square brackets represent bond
lengths for 5. (Å): Ni(1)–Cl(1) 2.639(2) [2.433(2)], Ni(1)–S(1) 2.418(2)
[2.471(2)], Ni(1)–S(2) 2.419(2) [2.405(2)], Ni(1)–N(1) 2.078(6) [2.352(5)],
Ni(1)–N(2) 2.103(7) [2.173(5)], Ni(1)–N(3) 2.085(6) [2.181(5)], Ni(2)–
Cl(1) 2.602(2) [2.450(2)], Ni(2)–S(1) 2.423(2) [2.498(2)], Ni(2)–S(2)
2.405(2) [2.423(2)], Ni(2)–N(4) 2.099(7) [2.171(5)], Ni(2)–N(5) 2.141(7)
[2.175(6)], Ni(2)–N(6) 2.134(7) [2.380(6)]; Ni…Ni 3.098(2) [3.184(2)].
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complexes feature a dithiolate bridged Ni(m-SR)2Ni core
structure.4–6 However, all attempts to replace the halide
substituent in 4 have failed so far.

On these grounds, we synthesized the complex [(LMe)NiII2(m-
Cl)]1+ 5 by using reaction conditions similar to those described
above for 4. It was isolated as the yellow microcrystalline
perchlorate salt 5·ClO4 in 85% yield. Electronic absorption
spectroscopy (ESI†) and X-ray crystal structure determination‡
provided new insights into the coordination chemistry of the
permethylated amine-thiolate ligand H2LMe. Two bands as-
signed as n1 (3A2g?

3T2g, splitting due to lower symmetry) are
observed at 920 and 1002 nm in the UV–VIS spectrum of
5·ClO4. Compared to 4 (894 and 941 nm) these bands are shifted
to lower energies indicative of a significantly weaker ligand
field strength of H2LMe. The crystal structure determination of
5·BPh4‡ revealed the structure of the m-chloro complex 5 to be
very similar to 4. The structure of 5 may be simply derived from
that of 4 by replacing the six NH hydrogen atoms by methyl
groups. The conversion of secondary into tertiary amines results
in an increase of the average Ni–N bond length by 0.139 Å,
which in turn results in a decrease of the average Ni–Cl distance
by 0.178 Å. Similar effects have also been observed for nickel
complexes of other azamacrocycles and their methylated
derivatives.8

Preliminary binding studies demonstrate that utilization of
the permethylated ligand H2LMe in place of H2LH drastically
alters the ease of substitution of the bridging halide substituent,
presumably because of the more hydrophobic microenviron-
ment about the m-Cl function in 5. Thus, while the latter reacts
with NBun

4OH in acetonitrile to produce the m-OH complex 6,
complex 4 was found to be unreactive. Even the addition of a
halide scavenger such as PbII(ClO4)2 did not lead to substitution
of the Cl2 ion.

A crystallographic analysis of 6·BPh4‡ revealed 6 to be
isostructural with 5. The OH group replaces the m-Cl ligand,
demonstrating that the substitution reaction takes place without
gross structural changes of the parent complex. The average Ni–
O bond length at 2.10 Å is typical for hydroxide-bridged
dinickel centers.9 The Ni–N and Ni–S bond lengths are similar
to those in 5, however, the separation of the Ni atoms has
decreased to 3.037(3) Å. It is also worth mentioning that the OH
unit [n(OH) = 3543 cm-1] is not involved in hydrogen bonding
interactions.

Cyclic voltammetry experiments have shown that 4·ClO4
undergoes two one-electron oxidations at E1

1/2 = +0.27 V [·
E1/2(NiIIINiII/NiIINiII), DEp = 91 mV] and at E2

1/2 = 1.05 V [·
E1/2(NiIIINiIII/NiIIINiII), irrev.] vs. SCE. The cyclic voltammo-
gram of 5·ClO4 is very similar, but this complex is oxidized at
more positive potentials at E1

1/2 = +0.43 V (85 mV) and at
E2

1/2 = +1.37 V (irrev.) vs. SCE. The first oxidation of complex
6·BPh4, on the other hand, occurs at less positive potentials
[E1

1/2 = +0.26 V (94 mV); the value for E2
1/2 could not be

determined due to oxidation of the BPh4
- anion; a ClO4

2 salt of
6 could not be obtained in a pure form]. The shifts of the redox
potentials can be explained by the different coordination
environments about the Ni ions. Tertiary amine donors exert
weaker ligand fields than secondary amine functions. Complex
5 is thus more difficult to oxidize than 4. The OH ligand in 6, on
the other hand, exerts a stronger ligand field than the halide ion
in 5 and the former complex is thus more easily oxidized.
Remarkably, all NiIIINiIII species are not stable on the time-
scale of a cyclic voltammetry experiment. This is in marked
contrast to the behavior of coordinatively saturated Ni amine-
thiolate complexes,10 which can be reversibly oxidized to

NiIIINiIII species. It is assumed that the different electro-
chemical properties are due to redox transformations of the
bridging coligand or decomposition reactions of the NiIII
species.

In summary, the macrocyclic amine-thiolate ligand H2LH

gives rise to an unprecedented type of coordinatively un-
saturated amine-thiolate complex. The use of H2LMe in place of
H2LH facilitates rapid substitution reactions at the bridging
position, which encourages further exploration of the chemical
reactivity of complex 5 and its derivatives.

This research was supported by the Deutsche Forschungsge-
meinschaft. We thank Professor Dr H. Vahrenkamp for his
generous support of this work.
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‡ Crystal data for 4·ClO4·MeOH: C33H56Cl2N6Ni2O5S2, Mr = 869.28,
orthorhombic, space group Iba2 (no. 45), T = 293(2) K, m(Mo-Ka) = 0.22
mm–1, a = 23.941(5), b = 26.974(5), c = 12.477(2) Å, V = 8058(3) Å3,
Z = 8. 25074 measured reflections, 8935 were unique (Rint = 0.1201), R1,
wR2 = 0.0587, 0.1289 [I > 2s(I)]. For 5·BPh4·MeOH:
C63H88BClN6Ni2OS2, Mr = 1173.19, triclinic, space group P1̄ (no. 2), T =
180(2) K, m(Mo-Ka) = 0.754 mm21, a = 14.668(3), b = 20.140(4), c =
22.960(5) Å, a = 87.65(3), b = 80.96(3), g = 69.39(3)°, V = 6269.0(22)
Å3, Z = 4. 55881 measured reflections, 28884 were unique (Rint = 0.0557),
R1, wR2 = 0.0674, 0.1933 [I > 2s(I)]. For 6·BPh4·MeOH:
C63H89BN6Ni2O2S2, Mr = 1154.75, triclinic, space group P1̄ (no. 2), T =
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18.094(4) Å, a = 103.24(3)°, b = 97.42(3), g = 98.09(3)°, V = 3327.5(13)
Å3, Z = 2. 30866 measured reflections, 15786 were unique (Rint = 0.0959),
R1, wR2 = 0.0893, 0.2381 [I > 2s(I)]. The structures were determined by
direct methods in SHELXS-86, refinements were carried out with
SHELXL-93.11

CCDC reference numbers 162721–162723. See http://www.rsc.org/
suppdata/cc/b1/b103050g/ for crystallographic data in CIF or other
electronic format.
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Evidence is shown of the appearance of Brønsted acidic sites
in WOx/ZrO2 at a given W loading and of a direct correlation
between the abundance of ‘strong’ Brønsted acidic sites in
these catalysts and propan-2-ol decomposition activity.

It is well established that addition of W onto zirconia induces
the formation of acid sites. With suitable preparation methods
solid acid catalysts can be obtained which can isomerise n-
hexane.1 However, the genesis of acidity and the actual nature
of the acid sites have not been fully investigated. Previous work
with WOx/ZrO2 obtained by the incipient wetness impregnation
method, indicated that a threshold of W loading was required for
any activity for propan-2-ol decomposition to develop.2 Similar
behaviour was already reported for solids obtained by impreg-
nation of zirconium hydroxide, for different reactions such as o-
xylene3 and n-pentane4,5 isomerisation. It was proposed,2 but
not verified, that the origin of this behaviour is due to the
formation of different types of acid sites at a given W loading.
Furthermore, the simultaneous presence of polymeric surface
WOx and bulk WO3 in active catalysts complicated any attempt
to elucidate the nature of the active sites.

In the present work, a series of WOx/ZrO2 catalysts was
prepared by the equilibrium adsorption method.6 This proce-
dure was shown to prevent WO3 formation. A direct correlation
between the surface structure and the catalytic activity for
propan-2-ol decomposition is reported.

Tungsten surface species were monitored by Raman spec-
troscopy. The number, the strength and the type of acidity were
characterised by IR spectroscopy. Propan-2-ol decomposition
was used as a probe reaction to assay the acidity of the solids.

Catalysts were prepared by adsorption of W from aqueous
solutions of ammonium metatungstate on zirconia (ZrO2).6 The
support was prepared by hydrolysis of zirconium n-propoxide
[Zr(OPr)4 , 70% in n-propanol; Aldrich]. The precipitate thus
obtained was washed free of propanol, dried and calcined at 823
K in air for 24 h.7 The original zirconia had a BET surface area
of 43 m2 g21. A series of WOx/ZrO2 catalysts was prepared by
suspending a known amount of ZrO2 in a large volume of
aqueous ammonium metatungstate solution [(NH4)6H2W12O40,
Aldrich] at a given pH. The samples were filtered off, dried and
calcined at 773 K in air for 24 h. Solids with various W loadings
ranging from 1.1 to 4.6 wt% W were obtained by modifying
either the pH of the adsorption solution (adsorption time = 96
h) or the adsorption time (at pH = 12). No significant surface
area loss was observed on W deposition.

Raman spectra were recorded with a Nicolet FT-Raman
spectrometer attachment for a Nicolet Nexus FTIR spectrome-
ter between 100 and 1100 cm21 (resolution: 8 cm21). The
samples were analysed in powder form and under ambient
conditions without any pre-treatment. The technique was used
to monitor the structure of the support (monoclinic; tetragonal),
WO3 formation and the evolution of surface W species.

IR spectra were recorded with a Nicolet 710 FT-IR
spectrometer (resolution: 4 cm21). Samples were pressed into
discs (ca. 20 mg; 2 cm2) and activated alternatively in vacuum
and O2 at 723 K. Acidic properties (type and abundance) of the
samples were characterised by two basic probe molecules (CO
and 2,6-dimethylpyridine). CO was introduced at room tem-
perature by doses (from 2.6 to 664 mmol g21) up to an

equilibrium pressure of 133 Pa. 2,6-dimethylpyridine (lutidine)
was introduced at room temp. (Pequilibrium = 133 Pa) followed
by thermodesorption from 373 to 573 K.

The catalytic conversion of propan-2-ol was measured in a
fixed bed flow reactor. A mass of 100 mg of sample was pre-
treated at 723 K in N2 for 2 h. The reaction was carried out at
atmospheric pressure with 120 ml min21 N2 as carrier gas
(Ppropan-2-ol = 1.23 kPa) at 413 K. Reactants and products were
analysed with an on line Gas Chromatograph (HP 5890 Serie II)
equipped with a capillary column (CP WAX 52 CB) and an FID
detector. Catalytic study was conducted in non diffusional
conditions, with conversions typically below 10%. Neither an
induction period nor deactivation were observed during the
analysis time (2 h). The rate of propene formation was
calculated from eqn. (1), assuming a first order reaction for
propan-2-ol:

r
F

W

C= - -Ê
Ë

ˆ
¯

0 100

100
ln (1)

where r is the rate of propene formation (mol h21 g21), F0 is the
propan-2-ol molar flux (mol h21) and C is the % conversion to
propene.

Raman spectra of WOx/ZrO2 catalysts and the zirconia
support showed intense peaks between 100 and 700 cm21

characteristic of the monoclinic phase of zirconia.8 No Raman
peaks which can be ascribed to bulk WO3 were detected.9 A
band at 935 cm21 attributed to the W surface phase appears on
W deposition and increases in intensity with W loading. A shift
in the position of this band to higher wavenumbers is observed
with W content in accordance with previous results.10 This is
indicative of monomeric to polymeric transformation of W
species.

The IR spectra of tungstated zirconias show significant
dehydroxylation which increases with W loading. This in-
dicates that W deposition occurs via replacement of the
hydroxyl groups.

The presence of Lewis acid sites was monitored by FTIR and
CO adsorption. The amount of CO required to saturate the sites
decreased on W addition but it remained the same for all the
tungstated solids.

The adsorption of lutidine at room temp. followed by
evacuation at 423 K evidenced the presence of Brønsted acidic
sites on the surface of WOx/ZrO2 catalysts. This is illustrated in
Fig. 1(a) by the appearance of a doublet at 1645 and 1628 cm21

attributed to lutidinium species and the subsequent increase of
its intensity with increasing W loading. The peaks at 1610 and
1580 cm21 are attributed to Lewis acid sites. After desorption of
lutidine at 423 K, Brønsted acid sites were still observed for a W
loading of 1 atom nm22. However, following desorption at 523
K only the Brønsted acid sites of solids containing more than 1.4
atom W nm22 were sufficiently strong to retain the probe
molecule on the surface [Fig. 1(b)]. These results are compara-
ble to those reported by Wachs11 concerning the appearance of
Brønsted acidity on molybdenum, vanadium and niobium oxide
supported on alumina.

The catalysts were tested for the reaction of propan-2-ol
decomposition. Only two products, propene and diisopropyl
ether were observed. For all catalysts, the selectivity to propene
was high (4 85%) and increased with temperature as expected

This journal is © The Royal Society of Chemistry 2001
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from thermodynamics. These results are consistent with acid
catalysis.7 In Fig. 2 the rate of propene formation was plotted vs.
W content. The results show a very low rate up to 1.4 atom W
nm22, followed by a steep increase for higher loadings. Similar
behaviour was observed for measurements performed with
different flows and temperatures. Fig. 2 compares the evolution
of catalytic activity with that of the intensity of lutidinium band.
Note that the onset of catalytic activity coincides with the
appearance of ‘strong’ Brønsted sites. In addition, the evolution
of the rate of decomposition parallels that of the abundance of
Brønsted acid sites. The decomposition of propan-2-ol appears,
thus, directly related to the presence and abundance of ‘strong’
Brønsted acid sites. Note that in the present study Brønsted acid
sites are formed prior to any reductive treatment. This is in
variance with previous studies12 where strong Brønsted acid
sites were reportedly formed on reduction of WOx clusters in H2
or by the reactant mixture. The appearance and the evolution of
the abundance of the Brønsted sites on our catalysts suggest that

a minimum degree of polymeric WOx units may be necessary
for the formation of acidic sites. A similar behaviour was
observed for WOx/Al2O3 catalysts and was attributed to an
enhanced stabilisation of the proton by delocalisation among
adjacent W atoms.13,14 This interpretation is consistent with the
observed lack of activity for low loading catalysts where W is
reportedly present in a monomeric form. These results highlight
the importance of extended W coverage for the development of
Brønsted acid sites on supported catalysts.
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Fig. 1 Evolution of the lutidinium band. (a) IR spectra of lutidine evacuated
at 423 K. (b) Evolution of the area of the band (1620–1660) after desorption
of lutidine at 423 K (-) and 523 K (.). [Numbers in (a) refer to the W
loading in W atom nm22].

Fig. 2 Correlation between propene formation rate (:) and abundance of
“strong” Brönsted sites as evidenced by lutidinium peaks area after
desorption at 523 K (.).
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The reduction of SCN2 ions with iron containing zirconium
chloride clusters in the presence of 18-crown-6 gives crystals
of [K4(FeCl4)(C12H24O6)4][Fe4S4Cl4] which contain
[Fe4S4Cl4] cubane-type clusters with full Td symmetry, as
well as supramolecular [K4(FeCl4)(C12H24O6)4] complex
cations.

The chemistry of iron–sulfur clusters has attracted much
scientific interest due to the occurrence of such structural units
in biological systems like ferrodoxines, high potential iron
proteins, nitrogenases, and others.1–5 For the class of cubane-
type [Fe4S4] clusters which are believed to be involved in
biological electron transfer processes, synthetic investigations
have revealed a large number of compounds with the general
formula [Fe4E4X4]n2 with E = S, Se or Te; X = SR (R =
organic group), SH, OR, NO, Cl, Br, I; n = 21, 22, or 23.1,2,6

They all contain cubane-type iron–sulfur cores which can be
described as a tetrahedron of iron atoms, superimposed by a
larger tetrahedron of chalcogen (E) atoms such that the E atoms
are triply bridging the faces of the Fe tetrahedron. The
tetrahedral coordination environment of each Fe atom is
completed by an additional ligand X, bonded at each exo
position of the Fe tetrahedron. The symmetry of the metal–
chalcogen core of all the so far characterised molecular
examples deviates significantly from the ideal Td case. The core
is usually compressed or elongated in one direction leaving an
overall D2d symmetry. This observation holds so far for all
structurally characterised cubane-type iron–sulfur clusters,
including those with [Fe4S4Cl4]22 cores. The latter have been
described with [Et4N]+, [Prn

4N]+, [FeII(MeCN)2 (POMe)3]2+

and [Ph4P]+ counter cations.10,13–15 This deviation from ideal
symmetry has been discussed in terms of crystal packing and
Jahn–Teller type electronic effects.7,8

Here we present the synthesis and structure of [K4(FeCl4)-
(C12H24O6)4][Fe4S4Cl4] 1 which contains the [Fe4S4Cl4]22

cluster 2 of Td symmetry as well as the uncommon [K4(FeCl4)-
(C12H24O6)4]2+ complex cation 3. 1 was an unexpected product
from the reaction of K[(Zr6Fe)Cl15]9 with KSCN in MeCN, to
which 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)
was added. In a typical synthesis, 20 mg (0.017 mmol)
K[(Zr6Fe)Cl15], 10 mg (0.102 mmol) KSCN, and 31 mg (0.12
mmol) 18-crown-6 were dissolved in 5 ml thoroughly dried
acetonitrile. The initially dark blue solution loses its colour
within ca. 3 h. Diisopropyl ether was slowly added by diffusion
and after 4 weeks 1 was isolated as a black, crystalline material
(yield 3.1 mg; 76% with respect to the cluster starting material).
Apparently, the Zr-cluster becomes oxidised in solution,
thereby releasing Fe cations, whereas the SCN2 ions are

reduced, leaving S22 ions. In a further reaction step the
[Fe4S4Cl4]22 cluster anions are formed. The structure of 1 was
determined by single-crystal X-ray crystallography.‡

Within crystals of 1 the three symmetry independent atoms of
the [Fe4S4Cl4]22 cubane-type complex anion are located on 16e
Wyckoff-sites (x,x,x) of the cubic space group F23 nearby the
4d site such that with the symmetry elements present, molecular
units with full Td symmetry are formed, even though the point
symmetry of the 4d site does not imply full Td symmetry (23
instead of 4̄ symmetry). This is shown by the equivalence of all
the twelve Fe–S bonds [with a length of 2.294(2) Å] and Fe–Fe–
Fe angles of exactly 60°. An ORTEP plot of the structure of 2
is shown in Fig. 1. The Fe–S, Fe–Cl, and Fe–Fe distances
compare well with the average values of the [Fe4S4Cl4]22

clusters in other compounds with different cations.10 Because of
the equivalence of all the Fe atoms in 2 the charge is delocalized
completely with a net charge of +2.5 on each metal atom.

In crystals of 1 the central iron atom of the [K4(FeCl4)-
(C12H24O6)4]2+ complex cation is located on the 4c Wyckoff
site of the space group F23. Similar to the cluster anion on the
4d site the supramolecular entity also shows full Td symmetry.
The molecular structure of 3 is shown in Fig. 2. Compound 3 is
composed of a central [FeCl4]22 tetrahedron (with perfect
tetrahedral Cl–Fe–Cl angles of 109.5°) and Fe–Cl distances of
2.260(4) Å. Above each triangular face of the tetrahedron a
potassium cation is located which is encapsulated within a
18-crown-6 molecule. Comparable supramolecular complex
cations are found so far only in a series of thallium compounds
with the general formula [A4(MX4)(C12H24O6)4][TlX4]2 with A

† Electronic supplementary information (ESI) available: Fig. S1: packing
diagram of the molecular units in crystals of 1. Fig. S2: structure of the
supramolecular cation 3 in crystals of 1. See http://www.rsc.org/suppdata/
cc/b1/b103871k/

Fig. 1 Molecular structure of the [Fe4S4Cl4]22 cluster anion 2 in crystals
of 1 showing the atom labelling scheme (50% thermal probability
ellipsoids). Important atom distances (Å): Fe(1)–S(1) 2.294(2), Fe(1)–Cl(1)
2.222(3), Fe(1)–Fe(1) 2.790(2); angles (o): Fe(1)–Fe(1)–Fe(1) 60, Fe(1)–
S(1)–Fe(1) 74.92(8), Fe(1)–Fe(1)–Cl(1) 144.7, S(1)–Fe(1)–S(1) 103.25(6),
S(1)–Fe(1)–Cl(1) 115.14(5).
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= Tl, K, Rb, Ba, NH4; M = Cu, Mn, Zn; and X = Cl, Br which
all crystallise in the same cubic space group F23.11,12

The recognition of a molecular [Fe4S4Cl4]22 cubane-type
cluster with full Td symmetry, as reported here demonstrates
clearly that intramolecular electronic Jahn–Teller type effects
are not responsible for the symmetry reduction as observed in
many other examples of compounds with such clusters. Rather
the lattice symmetry which is, besides other factors, also
affected by the local symmetry of the counter cation determines
the cluster symmetry.

Financial support from the Gerhard-Mercator-University
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and from the Fonds der Chemischen Industrie (FCI) is
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Fig. 2 Structure of the supramolecular [K4(FeCl4)(C12H24O6)4]2+ complex
cation 3 in crystals of 1 with atom labelling scheme (50% thermal
probability ellipsoids for the central FeCl4 moiety), without hydrogen
atoms. Important atom distances (Å): Fe(2)–Cl(2) 2.260(4), Fe(2)–K(1)
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1.44, C–C 1.41; angles (°): Cl(2)–Fe(2)–Cl(2) 109.5, Cl(2)–K(1)–Cl(2)
59.8(1).
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Photochemical behavior of 2,5-di-tert-butyl-3H-azepine: unexpected
formation of a dicyclopenta[b,e]pyridine derivative and a
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Hitherto unknown photochemical behavior of 3H-azepine
giving cyclopent[c]azete and a (4p + 4p) photodimer is
reported on the basis of an unexpected formation of a
tricyclic dicyclopenta[b,e]pyridine derivative and a ten-
membered-ring dicarbaldehyde by irradiation of 2,5-di-tert-
butyl-3H-azepine in hexane.

Photochemistry of cycloheptatriene (CHT) derivatives has been
extensively examined, whereas those of 3H-azepines have
rarely been explored in spite of having a similar profile in both
molecular and electronic structure to each other. Generally,
irradiation of CHT derivatives has resulted in the formation of
bicyclic compounds via intramolecular 4p photochemical
electrocyclic reaction1 and/or isomerized CHT via photo-
chemically allowed [1,7] hydrogen shift.2 Under gas-phase
conditions, a ring contraction reaction leading to toluene
derivatives was also observed.3 A few photochemical re-
searches have examined 3H-azepine with an electron donating
group (–OR or –NR2) at the 2 position. The reaction was
rationalized by the formation of a cyclobuta[b]pyrrole deriva-
tive via ring closure between the 4 and 7 positions, exclusively.4
Although 3H-azepine without any substituents has been found
to be a labile substance5 an electron donating group, imino ether
or amidine conjugation, has been found to stabilize it.

We have reported the synthesis of dialkyl 3H-azepines, the
stability of which was sufficient for treatment under atmos-
pheric conditions when substituents were tert-butyl groups.6
Since the stability of our 3H-azepines is not owing to
conjugative stabilization, but steric protection by the bulky
substituents, the behavior upon photoirradiation can be ex-
pected to be different from those reported. We wish to report the
hitherto unknown photochemical behavior of 2,5-di-tert-butyl-
3H-azepine 1.

A solution of 1 (112 mg, 0.55 mmol) in hexane (100 ml) was
irradiated using a high-pressure mercury lamp (100 W) with
pyrex filter for 3 h at rt. Chromatography on silica gel of the
resulting mixture gave 1,4a,7-tri-tert-butyl-3-pivaloyl-
3,3a,4,4a,5,7a,8,8a-octahydrodicyclopenta[b,e]pyridin-8-ol 2
(63 mg, 61%) as colorless needles and 5,10-diamino-
2,5,7,10-tetra-tert-butylcyclodeca-2,7-diene-1,6-dicarbalde-
hyde 3 (5 mg, 5%) as a yellow oil along with recovered 3H-

azepine 1 (11 mg, 10%).7 Fortunately, the structure of
crystalline product 2 was determined by X-ray structural
analysis (Fig. 1).8 The obtained structure is considered to be an
indirect product from the starting material because the molecule
contains oxygen atoms which strongly suggests that it comes
from a kind of dimer of 1. The other product, 3, showed a
negative ion peak at m/z 445 (M 2 H, 7%) in the FAB MS
spectrum. The mass number observed is compatible with two
moles of 1 and two moles of water, therefore the precursor for
3 is also considered to arise from the dimer of 1. The 1H and 13C
NMR spectra of 3 suggest a symmetrical structure having
formyl groups owing to dH 9.55 (d, J = 5.4 Hz) and dC 205.6
(d). The IR absorption bands at 3399 and 1707 cm21 are
attributable to amino and formyl groups, respectively. There-
fore, the structure of 3 is considered to be a cis,cis-cyclodeca-
1,6-diene skeleton formed from the hydrolysis of the imine
moiety of the (4p + 4p) dimer 5. According to the conforma-
tional analysis for cis,cis-cyclodeca-1,6-diene based on molec-
ular mechanics, a chair form has been found to be the most
stable form.9 When the conformation of the ring maintains a
chair form, the stereochemistry of 3 is determined to be as
illustrated in Scheme 1 owing to both W-letter coupling, J = 2.1
Hz, between an ipso-proton of a formyl group and a methylene
proton at dH 2.28 and molecular symmetry suggested by NMR
spectra.

To obtain more detailed information about the reaction, we
observed the in situ 1H NMR spectrum during irradiation of 1 in
cyclohexane-d12 under similar conditions. A gradual inverse
relationship varying in time was observed between the peaks of
3H-azepine 1 and the peaks of 3 and a new compound 4. No
peaks corresponding to 2 were found during the irradiation. This
means 3 formed quickly from (4p + 4p) photodimer 5 by
hydrolysis with a trace of water in the solvent, but 2 formed

Fig. 1 Ortep drawing of structure 2.
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during chromatographic work from the initially formed photo-
product 4. Attempts to isolate compound 4 were unsuccessful,
however, GCMS showed m/z 205 (M+, 0.4%) which is the same
mass number as 1. 1H NMR data for 4 was obtained by the
subtraction of known peak sets of 1, 2 and 3 from the spectrum
of a reaction mixture. The structure of 4 is estimated as 3,5a-di-
tert-butyl-5,5a-dihydro-2aH-cyclopent[c]azete because of the
doublet signal at dH 8.16 which is attributable to a –CH = N–
moiety.

A possible route to 2 is illustrated in Scheme 2. The structure
of the C-ring and a half of the B-ring of 2 are already in
photoisomer 4 itself, but the pivaloyl group on the A-ring is not
in the structure 4. To access compound 2, it is necessary to
consider a formal (2p + 2p) addition between 4 and 6 which
arises from 4 through the following sequence, [3,3] sigmatropic

rearrangement, vinylcyclopropane rearrangement and finally
1,3-prototropy. Appropriate ring opening with participation of
water on the adduct 7 leads to dicyclopenta[b,e]pyridine 2.

We report here a new photochemical intramolecular ring
closure at the 2 and 6 positions of 3H-azepine and (4p + 4p)
photodimerization, although the yield of (4p + 4p) dimerization
is relatively low compared to that of 4p electrocyclic reaction.
An investigation is underway to clarify the photochemical
behavior of 3H-azepine.
We are grateful to Professor S. Kashino of Okayama University
for his helpful advice for X-ray structural analysis. We thank the
SC-NMR Laboratory of Okayama University for 1H and 13C
NMR measurements.
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126.1 (d), 122.4 (d), 70.0 (d), 68.3 (s), 61.0 (d), 57.6 (d), 52.7 (d), 45.3 (d),
44.5 (t), 37.4 (s), 34.6 (s, 2C), 33.3 (s), 31.1 (q), 30.2 (q), 25.8 (q), 24.5
(q); IR (KBr) 3476, 2960, 2872, 1694 cm21; MS (FAB) m/z 430 (M+,
100%), 372 (48), 57 (19); UV-Vis lmax (EtOH) 204 (log e 3.87) nm;
HRMS (FAB) calcd for C28H48NO2 430.3685, found 430.3654; anal.
calcd for C28H47NO2: C, 78.27; H, 11.03; N, 3.26. Found: C, 78.16; H,
11.00; N, 3.24%. Physical data for 3: yellow oil; 1H NMR (300 MHz,
CDCl3) d 9.55 (d, J = 5.4 Hz, 2H), 5.68 (ddd, J = 2.8 and 2.7 and 0.9
Hz, 2H), 3.35 (ddd, J = 5.4 and 2.1 and 0.9 Hz, 2H), 2.72 (dd, J = 17.1
and 2.7 Hz, 2H), 2.28 (ddd, J = 17.1 and 2.8 and 2.1 Hz, 2H), 1.50 (br,
4H), 1.03 (s, 18H), 0.88 (s, 18H); 13C NMR (67 MHz, CDCl3) d 205.6
(d), 150.0 (s), 126.5 (d), 70.1 (s), 63.1 (d), 43.9 (t), 38.7 (s), 33.5 (s), 29.7
(q), 24.3 (q); IR (neat) 3399, 2966, 2872, 1707, 1436, 1365 cm21; UV-
Vis lmax (hexane) 246 sh (log e 3.35), 293 (3.37) nm; HRMS (FAB) calcd
for C28H49N2O2 445.3794, found 445.3768. 1H NMR data for 4 (300
MHz, cyclohexane-d12): d 8.16 (br d, 1H), 5.35 (t, J = 2.4 Hz, 1H), 3.64
(dd, J = 3.6 and 1.5 Hz, 1H), 2.53 (dd, J = 18 and 2.4 Hz, 1H), 2.22 (ddd,
J = 18 and 2.4 and 1.5 Hz, 1H), 1.05 (s, 9H), 0.92 (s, 9H).

8 Crystal data for 2: C28H47NO2, M = 429.68, orthorhombic, a =
11.400(2), b = 21.835(6), c = 10.935(5) Å, V = 2721.9(12) Å3, T = 298
K, space group P212121, Z = 4, m(Mo-Ka) = 0.060 mm21, 2693 unique
(2qmax = 50°, Rint = 0.050) reflections were used in refinement. The
final wR(F) was 0.178 for the unique reflections and R(F) was 0.089 for
1468 reflections larger than 2s(I). The reflections in the high 2q range
were weak probably because of the large thermal displacements of the
four tert-butyl groups in the molecule. Relatively large final wR(F) and
R(F) may be caused by this fact. The absolute configuration has not been
determined. CCDC 158826. See http://www.rsc.org/suppdata/cc/b1/
b101225h/ for crystallographic data in .cif or other electronic format.

9 N. L. Allinger, M. T. Tribble and J. T. Spraguue, J. Org. Chem., 1972, 37,
2423.

Scheme 1

Scheme 2
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Soluble PEG-supported telluride 2 was synthesized and
found to be an effective catalyst for the catalytic Wittig-type
reaction to give a variety of a,b-unsaturated esters in high
yields with excellent E-stereoselectivity in the presence of
sodium bisulfite as well as triphenyl phosphite.

In the past decades, highly efficient catalysis has become one of
the most important frontiers in exploratory organic synthetic
research.1 Although the ylide reaction is one of the most useful
approaches in both constructing C–C double bonds2 and
forming small ring compounds,3 surprisingly, relatively few
catalytic ylide reactions, in particular Wittig-type reactions,
were reported in literature.4 The first example of catalytic
Wittig-type reactions appeared in 1989, in which Huang et al.
found tributylarsine could be used as the catalyst in the presence
of triphenyl phosphite.5 Later on, they described the catalytic
ylide olefination, epoxidation, and cyclopropanation reactions
mediated by n-butyl telluride or isobutyl telluride.6 Dai et al.
also reported the first catalytic ylide aziridination and provided
a facile way to the synthesis of vinyl-type aziridines.7 Aggarwal
et al. realized excellent catalytic asymmetric ylide epoxidation,
cyclopropanation and aziridination reactions by a carbene
approach.8 In this process, the ylide was formed directly from
phenyldiazomethane in the presence of a catalytic amount of
both chiral sulfide and rhodium acetate. In all of the reactions
described above, however, the amount of catalyst used was 20

mol%. Reduction of the catalyst means low yield even if the
reaction time was prolonged.9 Needless to say, these processes
need to be improved before it can be considered as a useful
synthetic tool. In our continuing studies on the application of
ylides in organic synthesis,10 we focused on the economy of
ylide reactions. In this paper, we wish to report a highly
effective Wittig-type olefination catalyzed by the soluble
poly(ethyleneglycol) (PEG)-supported telluride 2 (PEG–Te–
Bu).11

When p-chlorobenzaldehyde was mixed with ethyl bromo-
acetate in the presence of triphenyl phosphite and 1 mol% of
compound 2 in toluene at 80 °C, we found that the Wittig-type
reaction product was afforded in 88% yield with excellent
stereoselectivity.† This meant that the catalytic efficiency of
this reaction was improved greatly compared with other
catalytic ylide reactions reported to date. By optimizing the
reaction conditions, the desired olefin could be obtained in
quantitative yield when 2 mol% of telluride 2 was used. To
determine the generality of this reaction, a variety of structurally
different aldehydes were employed. Some results are summa-
rized in Table 1 (entries 1, 3, 5, 7, 9, 11, 13, 15 and 17). From
Table 1, both aliphatic and aromatic aldehydes worked well
with high stereoselectivity in reasonable yields.

To make this reaction more practical, we tried to use
inorganic reducing reagents instead of triphenyl phosphite and
found excellent results were achieved when sodium bisulfite

Table 1 Olefination of aldehydes catalyzed by PEG-supported telluride

Entry Aldehyde RA t/h Cocatalyst Yield (%)a E/Zb

1 p-CH3OC6H4CHOc Et 43 P(OPh)3 94 > 99:1
2 But 43 NaHSO3 87 > 99:1
3 p-CH3C6H4CHO Et 23 P(OPh)3 93 90:10
4 But 24 NaHSO3 96 94:6
5 trans-C6H4CH = CHCHOc Et 48 P(OPh)3 74 > 99:1
6 But 23 NaHSO3 88 > 99:1
7 C6H5CHO Et 18 P(OPh)3 98 > 99:1
8 But 11 NaHSO3 92 > 99:1
9 p-ClC6H4CHO Et 7 P(OPh)3 98 > 99:1

10 But 48 NaHSO3 93 > 99:1
11 p-CF3C6H4CHO Et 12 P(OPh)3 74 > 99:1
12 p-NO2C6H4CHO But 11 NaHSO3 77 > 99:1

13 Et 12 P(OPh)3 96 > 99:1
14 But 11 NaHSO3 88 > 99:1

15 Et 48 P(OPh)3 70 > 99:1
16 But 48 NaHSO3 76 > 99:1

17 n-C9H19CHO Et 48 P(OPh)3 74 86:14
18 But 72 NaHSO3 84 95:5

19 But 24 NaHSO3 74 > 99:1

20d But 48 NaHSO3 69 > 99:1

a Isolated yields. b The ratio of E+Z isomers was determined by 1H NMR. c 5 mol% catalyst used. d The aldehyde used in this reaction was the crude product
by Swern oxidation of 2,3-epoxy-5-benzyloxypentan-1-ol. The yield refers to the total yields of oxidation reaction and Wittig-type reaction based on
2,3-epoxy-5-benzyloxypentan-1-ol.

This journal is © The Royal Society of Chemistry 2001
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was used as the cocatalyst. Both aromatic aldehydes and
aliphatic aldehydes could react with tert-butyl bromoacetate to
afford the corresponding products in high yields with high
stereoselectivity (enties 2, 4, 6, 8, 10, 12, 14, 16 and 18) in the
presence of sodium bisulfite. It was noteworthy that phthalalde-
hyde could react with bromoacetate under these conditions and
both aldehyde groups could be olefinated in high yield (entry 19
in Table 1). g,d-Epoxy-a,b-unsaturated ester, a useful building
block, could also be synthesized by the current method in
moderate yield with excellent stereoselectivity (entry 20 in
Table 1).

This modification simplified the purification greatly and
realized a phosphorus-free catalytic reaction. One could get the
product just by filtering off the solid inorganic compounds and
precipitating the catalyst after the reaction was completed.

Further study showed that a,b-unsaturated esters can be
mass-produced under these reaction conditions and the catalyst
could be recovered in quantity but lost its activity partially
through multiple cycles. 2-Furaldehyde (10.85 mmol) was
reacted with tert-butyl bromoacetate in the presence of sodium
bisulfite and the desired product was obtained in 90% yield
when 2 mol% of PEG-telluride was used. The catalyst was
recovered in 100% yield by filtering off the solid of the reaction
mixture, followed by addition of ether and collection of the
precipitate. The recovered catalyst could be used in the second
run but only 69% yield was obtained probably due to the
decomposition of PEG-telluride during the catalytic olefina-
tion.12

Despite the advantages of easy separation and purification of
products, the uses of polymer-supported catalysts suffered from
lowered catalytic activity and stereoselectivity due to the
restriction of polymer matrix that resulted in limited mobility
and the accessibility of the active site. The PEG-telluride for
catalytic ylide olefination reported here represents a novel,
highly efficient polymer-supported catalyst that shows higher
catalytic activity as compared to the free corresponding
catalysts. Thus, we have developed an effective catalytic ylide
olefination, which involves a simple procedure, mild reaction
conditions, the use of catalytic PEG-telluride, and in particular,
the use of sodium bisulfite as cocatalyst. The high catalytic
efficiency, together with the ability to easily purify the product,
demonstrates our method to be practical for the synthesis of a,b-
unsaturated esters. The extension of our method to other
olefination, epoxidation, cyclopropanation and aziridinations is
in progress in our laboratory.

This research was supported by ‘Hundred Scientist Program’
from Chinese Academy of Sciences and State Key Project of
Basic Research (PROJECT 973, No.2000 48007).

Notes and references
† Typical procedure for the synthesis of a,b-unsaturated esters. A,
P(OPh)3 as the cocatalyst: a mixture of catalyst 2 (0.0680 g, 2 mol%), ethyl
bromoacetate (0.06 mL, 0.5 mmol), P(OPh)3 (0.36 mL, 1.4 mmol) in
toluene (3.0 mL) was stirred at 80 oC for 10 min and then K2CO3 (0.1796
g, 1.3 mmol) was added. The resulting suspension was stirred for 1 min,
followed by addition of a mixture of aldehyde (1.0 mmol) and ethyl
bromoacetate (0. 1 mL, 0.90 mmol) in toluene (1.0 mL) in portions in 3.5 h.
After the reaction was completed (monitored by TLC), the mixture was
filtered rapidly through a glass funnel with a thin layer of silica gel and
washed with ethyl acetate. The filtrate was concentrated and the residue was
purified by flash column chromatography to afford the desired product.

B, NaHSO3 as the cocatalyst: a mixture of catalyst 2 (0.0680 g, 2 mol%),
tert-butyl bromoacetate (0.06 mL, 0.4 mmol), NaHSO3 (0.1664 g, 1.6

mmol) and in THF (3.0 mL) was refluxed for 10 min and then H2O (0.04
mL) was added. The resulting mixture was stirred for 10 min, followed by
addition of K2CO3 (0.2760 g, 2.0 mmol). After being stirred for 1 min, to
this suspension was added a mixture of aldehyde (1.0 mmol), tert-butyl
bromoacetate (0.12 mL, 0.8 mmol) and water (0.03 mL) in THF (1.0 mL)
in portions in 3.5 h. The reaction was quenched by anhydrous MgSO4 after
the reaction was complete (monitored by TLC). The resulting mixture was
filtered rapidly through a glass funnel with a thin layer of silica gel and
washed with ethyl acetate. The combined filtrate was concentrated and the
residue was purified by flash column chromatography to afford the desired
product.
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Activation of a model tripartate prodrug was achieved by
abzyme-catalyzed hydrolysis of an N-methylcarbamate moi-
ety followed by a spontaneous 1,6-elimination reaction.

Researchers have long been searching for ways of delivering
drugs specifically to cancer cells. One such tactic is known as
antibody-directed enzyme prodrug therapy (ADEPT).1 In this
approach, an enzyme–antibody conjugate is used to target an
enzyme to the surface of tumour cells. An inactive prodrug is
administered which is converted into the drug only by the
tumour-bound enzyme. This results in a high concentration of
the drug in the vicinity of the cancer cell while minimizing its
presence at healthy cells. One of the key requirements for a
clinically useful ADEPT system is the absence of an equivalent
endogenous enzyme in humans. Consequently, the enzyme
component has commonly been of non-human origin. However,
the immunogenicity of the non-human enzymes has severely
limited the clinical potential of ADEPT. To overcome this
problem, researchers have suggested replacing the enzyme
component with a catalytic antibody (antibody-directed abzyme
prodrug therapy—ADAPT).2a–d Abzymes can be designed to
act upon substrates that are not readily acted upon by human
enzymes. In addition, antibodies can be humanized thus
reducing the serious problem of immunogenicity.3

A number of abzymes have been developed that convert
prodrugs into drugs.2a–d In most instances, the transition state
analogues (TSA’s) to which these abzymes were raised
contained the drug or a structural analogue of the drug.2a–c Such
abzymes were designed to activate bipartate prodrugs in which
the moiety acted upon by the abzyme (known as the specifier4)
is directly attached to the drug. An alternative to using bipartate
prodrugs is to use tripartate prodrugs. In tripartate prodrugs, the
specifier is separated from the drug by a linker. After cleavage
of the specifier from the linker, the linker–drug product is
designed to spontaneously fragment to release the drug. An
example of a tripartate prodrug system is outlined in Scheme 1.
Here, specific hydrolysis of the moiety separating the specifier
and linker in 1 releases unstable intermediate 2 which
undergoes a spontaneous 1,6-elimination reaction to release the
drug. This prodrug design was first described by Katzenellenbo-
gen and coworkers.4 Prodrugs based upon this general design
have been used extensively in ADEPT and for other applica-
tions.

Several years ago, we suggested that abzymes that are
designed to activate tripartate prodrugs might be more versatile
for ADAPT than those that act upon bipartate prodrugs.5 If an
abzyme could be designed to recognize only the specifier and
linker of a tripartate prodrug, then a single abzyme could be
used to activate a variety of different prodrugs.5 This would be
advantageous both in terms of economy and for dealing with
tumours that have developed resistance to a certain drug. We
reasoned that this could be accomplished by raising antibodies

to TSA’s in which the drug was not incorporated into the TSA.5
Instead, the carrier protein (necessary for antibody production)
could be attached to a position on the TSA that is equivalent to
the point of attachment of the drug to the prodrug. Since
abzymes are usually insensitive to changes in the region of the
substrate that corresponds to the part of the TSA that is attached
to the carrier protein,6 then abzymes raised to such TSA’s might
be capable of acting as generic activators of tripartate
prodrugs.

To test this approach we constructed the model tripartate
prodrug 3† (Scheme 2). In this system, drug release is triggered
by abzyme-catalyzed hydrolysis of the N-methylcarbamate
moiety to release p-nitrophenol (PNP, the specifier), CO2 and
intermediate 4. Intermediate 4 then undergoes the spontaneous
1,6-elimination reaction to produce the amino acid L-tryptophan
(Trp) as the model ‘drug’.7 Abzymes were raised to TSA-hapten
6,8 which mimics the rate-determining transition state for the
hydrolysis of the N-methylcarbamate moiety in 3. We recently
reported that an antibody raised to 6, called ST51, is capable of
catalyzing the hydrolysis of N-methylcarbamate 7.8 Since the
carrier protein in 6 was attached to a position on the TSA that
corresponds to the point of attachment of tryptophan to 3, we
reasoned that ST51 should be capable of activating model
prodrug 3.

Model prodrug 3 was examined as a substrate for ST51 by
removing aliquots from solutions containing ST51 (5 mM) and
varying amounts of 3, in buffer at pH 9.0 (100 mM bicine,
100 mM NaCl, 5% DMSO, 25 °C), at various time intervals,
and then examining the aliquots for production of both PNP and
Trp by HPLC. Under these conditions, we were unable to detect
any PNP or Trp in the absence of ST51 after 40 hours. However,
in the presence of ST51, both of these products were readily
detectable. The antibody-catalyzed reaction obeys saturation

† Electronic supplementary information (ESI) available: the synthesis and
characterization of 3, and 9–11, and experimental details for kinetic studies
and Lineweaver–Burk plots. See http://www.rsc.org/suppdata/cc/b1/
b103971g/

Scheme 1
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kinetics, and approximately equimolar quantities of PNP and
Trp were detected for the duration of the time the reactions were
monitored. When following the production of PNP, ST51
exhibited a kcat = 0.075 h21 and a Km = 137 mM. Similar
values were obtained from data following the production of Trp.
We also found that ST51 was unable to catalyze the hydrolysis
of Z-Trp. Taken together, these results indicate that the
production of Trp is not a result of hydrolysis of the N-H
carbamate moiety, but rather initial hydrolysis of the N-
methylcarbamate followed by the spontaneous fragmentation
reaction and that the abzyme-catalyzed step is slow compared to
the fragmentation reaction. We also found that ST51 was
capable of catalyzing the activation of 3 with multiple turnover.
This indicates that 5, which is produced as an intermediate
during the reaction, does not inactivate the abzyme after a single
turnover by reacting with crucial residues in the active site.

Assuming that the spontaneous rate of hydrolysis of the N-
methylcarbamate moiety in 3 is similar to that of 7 (t1

2
= 5.7

years in 100 mM bicine, 100 mM NaCl, 5% DMSO, pH 9.0)
then the rate enhancement (kcat/kuncat) with 3 is about 5000-fold.
This is only slightly less than the rate enhancement found for
ST51 using substrate 7 (6500-fold).8 It is also important to note
that 3 and 7 exhibit similar Km values (266 mM for 7 and 137 mM
for 3). These results indicate that the ‘drug’ portion of the
prodrug is not an important recognition site for the antibody-
catalyzed reaction and this is consistent with our hapten
design.

In summary, we have reported the first example of antibody-
catalyzed activation of a model tripartate prodrug of type 1 by

a tandem hydrolysis–1,6-elimination reaction.9 We have dem-
onstrated that it is possible to obtain an abzyme that can activate
a tripartate system without incorporating the ‘drug’ into the
TSA by attaching the carrier protein to a position on the TSA
that corresponded to the point of attachment of the ‘drug’ to the
tripartate prodrug. Although ST51 can catalyze the hydrolysis
of N-methylcarbamates at physiological pH, the rate of the
reaction is too slow for an accurate kinetic analysis and effective
prodrug activation. It has been estimated that for ADEPT
systems, a kcat value of about 1.0 s21 is required.2c Nevertheless,
the approach outlined here should be readily applicable to
tripartate prodrugs of type 1 bearing moieties that are more
amenable to antibody–catalyzed hydrolysis, under physio-
logical conditions, than N-methylcarbamates, which are highly
challenging substrates for antibody catalysis.8 An N-H carba-
mate linkage between the specifier and linker, of the type
recently exploited by Blackburn and coworkers for abzyme
catalysis,2c should be very suitable to the approach reported
here.11 However, tripartate prodrugs of type 1 bearing such a
moiety cannot be used as substrates for ST51 since ST51 will
not hydrolyze N-H carbamate 8, amide 9, or even ester 10.
Studies to elucidate the mechanism of ST51 are in progress and
we are continuing our work to develop abzymes that can trigger
tripartate prodrugs of type 1 under physiological conditions.

We thank the Canadian Institutes of Health Research (CHIR)
for financial support of this work. We would also like to thank
Katherine Majewska and Parham Daneshvar for assistance in
synthesizing compounds 8–10.
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retro-Michael reaction (see ref. 2d). Although the abzyme was not
originally designed to act as a prodrug activator (see also ref. 10),
generic tripartate prodrug activation was achievable because of the
broad substrate specificity of the abzyme.

10 J. Wagner, R. A. Lerner and C. F. Barbas, Science, 1995, 270, 1797.
11 For tripartate prodrugs of type 1 based upon N-H carbamates of the kind

examined by Blackburn and coworkers (see ref. 2c), the specifier would
be an amino acid and atom X in Scheme 1 would be oxygen and so the
self-immolative intermediate 2, would be a phenol derivative. Phenols
also undergo the spontaneous 1,6-elimination reaction. For a recent
example of this see: I. Niculescu-Duvaz, D. Niculescu-Duvaz, F.
Friedlos, R. Spooner, J. Martin, R. Marais and C. J. Springer, J. Med.
Chem., 1999, 42, 2485.

Scheme 2
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Unexpected reactivity of two-coordinate palladium–carbene
complexes; synthetic and catalytic implications†
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Ligand exchange reactions reveal unexpected lability of the
carbene ligands in two coordinate palladium(0) N-hetero-
cyclic carbene complexes; the latter are found to be very
effective catalysts for amination of aryl chlorides.

In recent years it has become clear that N-heterocyclic carbenes
can offer an interesting alternative class of ligand to the
ubiquitous phosphines, especially for catalytic applications.1
The extraordinary advantage that this class of ligand has
afforded to metathesis catalysts is a testament to the potential of
metal complexes derived from these ligands for organic
synthesis.2 Palladium catalysed protocols utilising imidazolium
salts have also been shown to offer a significant advantage for
a range of synthetically valuable coupling processes.3 These
salts can be precursors to heterocyclic carbenes and the in situ
generation of metal–carbene complexes has been suggested as a
key step in such reactions. However, although there are a
number of reports describing structures of four-coordinate
metal(II) carbene species4 there is relatively little structural,
mechanistic or theoretical work pertaining to the two-coor-
dinate palladium(0) carbene species which might be expected to
be generated under many of the reaction conditions.5 It is
important to establish whether such isolated complexes are
indeed able to effectively mediate coupling reactions; this
approach would also facilitate mechanistic studies essential for
further developments. Herrmann and coworkers have recently
reported the use of pre-formed two-coordinate palladium(0)
carbene complexes for Suzuki reactions and noted significant
differences in activity between the pre-formed complexes and
those assumed to be generated in situ.6 We have embarked upon
a programme of work, which has been directed toward the
synthesis and characterisation of a range of two-coordinate
palladium(0) carbene complexes7 and examination of their
reactivity. Here we describe the synthesis and reactivity of two-
coordinate palladium carbene complexes shown in Fig. 1.

We have previously prepared complex 1, initially using metal
vapour synthesis and more recently via a solution phase method,

and we reported that 1 can be used to mediate a Sonogashira and
an amination reaction.8 However we found procedures using 1
to be less general than protocols already available and so from
a preparative sense this was disappointing. Seminal work by
Hartwig and coworkers suggested that a key aspect of pre-
catalyst design would be the presence of a ligand which could
dissociate to generate a mono(carbene)palladium species
which, if consistent with other catalytic systems, could then
undergo oxidative addition.9,10 Moreover given the precedents
in both palladium and ruthenium catalysis, we also decided to
explore saturated N-heterocyclic carbenes as ligands since these
would offer improved donor capabilities and render catalytic
species more active.11 For these reasons we have prepared the
new, two-coordinate palladium complexes 2, 3 and 4 and
evaluated their ability to promote the amination of p-chloro-
toluene under catalytic conditions.12

Displacement of both phosphine ligands in [Pd{P(o-
tolyl)3}2] by N-heterocyclic carbenes has been previously
employed to prepare the corresponding [Pd(carbene)2] com-
plexes;6 however, careful control of stoichiometry enabled the
synthesis of the mixed carbene–phosphine complex 2 in good
yield.

Contrary to our expectation we found that attempted
amination of 4-chlorotoluene with morpholine using 2 led to a
disappointing yield of 56% for the coupling which compared
poorly to the yield obtained with the bis-carbene complex 1
(95%). We decided to examine two further pre-catalysts 3 and
4, both of which incorporate the saturated heterocyclic carbene
as ligand. The mixed catalyst 3 was prepared in very good yield,
again by phosphine displacement from [Pd{P(o-tolyl)3}2];
however bis-carbene 4 could be more readily prepared using our
alternative route employing sodium dimethyl malonate.8

We examined the ability of these complexes to promote
amination reactions of 4-chlorotoluene and both catalysts gave
excellent yields of isolated products shown in Scheme 1 for the
amination of 4-chlorotoluene using primary, secondary and
aryl-amines. Isolated yields were generally in excess of 95%
using either catalyst and the reactions were generally complete
within 1 h at 100 °C. Reactions utilising hexylamine required an

† Electronic supplementary information (ESI) available: details of experi-
mental procedures and characterisation data for complexes 2–6, ligand
substitution reactions and general procedure for coupling reactions. See
http://www.rsc.org/suppdata/cc/b1/b104297c/

Fig. 1 Two-coordinate palladium carbene complexes.

Scheme 1 Products prepared from 4-chlorotoluene using 3 and 4.‡ Numbers
in parentheses refer to isolated percentage yields from reactions employing
catalysts (3, 4); Ar = C6H4Me-4.
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excess of amine (4 equivalents), and proceeded in slightly lower
yield. In general the overall yields indicate that these are
extremely good catalysts for amination, however in contrast to
reported in situ methods, we were unable to promote these
reactions at room temperature.9

The ability of the sterically encumbered catalysts 1 and 4 to
undergo facile oxidative addition required for these amination
reactions is surprising, as is the similarity in catalytic behaviour
between 3 and 4. Given the currently accepted view that metal
N-heterocyclic carbene bonds are relatively strong compared to
metal phosphine bonds,1c we had expected that the mixed
species 3 would offer a superior class of pre-catalyst, as
phosphine dissociation to generate a mono-carbene palladium
species, followed by oxidative addition,10,13 should be more
facile than the required carbene dissociation in 4. However the
efficient behaviour of 4 as a pre-catalyst led us to conclude that
carbene dissociation from palladium may be more facile than
generally envisioned and this is borne out by further experi-
mentation (Scheme 2).

Treatment of 1 with P(o-tolyl)3 at 60 °C for 16 h resulted in
a 33% conversion to the mixed carbene–phosphine 2; prolonged
heating had no effect on the product ratio. Similar behaviour
was also observed in reaction of 1 with PCy3, to give 5, although
in this case the reaction proceeded to 100% completion in < 15
min at room temperature, and in the reaction of 4 with P(o-
tolyl)3, which gave the mixed complex 3 (28%). Ligand
redistribution reactions between 1 and [Pd{P(o-tolyl)3}2] and
between 4 and [Pd{P(o-tolyl)3}2] were also found to occur to
give 2 and 3 (92% and 28%, respectively). Finally we found that
treatment of complex 4 with free unsaturated carbene gave the
mixed bis-carbene complex 6 (67%); the latter could also be
obtained quantitatively by ligand redistribution between 1 and 4
at room temperature. These experiments demonstrate that

ligand substitution at palladium between phosphine and carbene
is fairly general and that the metal carbene bond may be more
labile than previously thought. This would explain the ability of
complexes 1 and 4 to mediate amination and Sonagashira
reactions and could be consistent with a mechanism requiring
ligand dissociation prior to oxidative addition in the latter,14

although associative pathways for the ligand exchange reactions
in Scheme 2 cannot be ruled out at this stage.

In conclusion we have shown that two-coordinate palladium
bis-carbene and mixed carbene–phosphine complexes will
efficiently promote amination of aryl halides and demonstrated
an unexpected lability of the palladium–carbene bond. These
findings may be important in the design of new palladium–
carbene catalysts for organic synthesis.

We are grateful to AstraZeneca and EPSRC for support of
this project. We are grateful to Dr Abdul Sada for his
contribution.

Notes and references
‡ General procedure: KOBut (1.18 mmol) and complex 3 or 4 (0.016 mmol)
were weighed into an ampoule (fitted with a Youngs tap) in a glove-box.
Dioxane (10 ml) was added and then 4-chlorotoluene (0.79 mmol) and
amine (0.95 mmol) added and the mixture heated at 100 oC. The reaction
was allowed to cool to room temperature, the solvent removed and the
resulting mixture loaded directly onto a silica-gel plug and eluted using
ethyl acetate in hexane (20%). The solvent was evaporated and the product
was determined to be > 95% pure by spectroscopic and analytical
methods.

1 For reviews: (a) D. Bourissou, O. Guerret, P. Gabbai and G. Bertrand,
Chem. Rev., 2000, 100, 39; (b) A. J. Arduengo, Acc. Chem. Res., 1999,
32, 913; (c) M. Regitz, Angew. Chem., 1996, 35, 725.

2 For reviews: L. Jafarpour and S. P. Nolan, Adv. Org. Chem., 2001, 46,
181; T. Weskamp, V. P. W. Bohm and W. A. Herrmann, J. Organomet.
Chem., 2000, 600, 12; T. M. Trnka and R. H. Grubbs, Acc. Chem. Res.,
2001, 34, 18.

3 For recent examples: A. Furstner and A. Leitner, Synlett, 2001, 290;
G. A. Grasa and S. P. Nolan, Org. Lett., 2001, 3, 119; H. M. Lee and
S. P. Nolan, Org. Lett., 2000, 2, 2053; J. Huang, G. Grasa and S. P.
Nolan, Org. Lett., 1999, 1, 1307.

4 For recent examples: D. J. Nielsen, K. J. Cavell, B. W. Skelton and A.
H. White, Organometallics, 2001, 20, 995; D. S. McGuinness, K. J.
Cavell and B. F. Yates, Chem. Commun., 2001, 355; T. Weskamp, V. P.
W. Bohm and W. A. Herrmann, J. Organomet. Chem., 1999, 585, 348;
A. A. D. Tulloch, A. A. Danopoulos, R. P. Tooze, S. M. Cafferkey, S.
Kleinhenz and M. B. Hursthouse, Chem. Commun., 2000, 1247; E.
Peris, J. A. Loch and R. H. Crabtree, Chem. Commun., 2001, 201.

5 J. C. Green, J. G. Scurr, P. L. Arnold and F. G. N. Cloke, Chem.
Commun., 1997, 1963.

6 V. P. W. Bohm, C. W. K. Gstottmayr, T. Weskamp and W. A.
Herrmann, J. Organomet. Chem., 2000, 595, 186.

7 P. L. Arnold, F. G. N. Cloke, T. Geldbach and P. B. Hitchcock,
Organometallics, 1999, 18, 3228.

8 S. Caddick, F. G. N. Cloke, G. K. B. Clentsmith, P. B. Hitchcock, D.
McKerrecher, L. R. Titcomb and M. R. V. Williams, J. Organomet.
Chem., 2001, 617, 635.

9 S. R. Stauffer, S. Lee, J. P. Stambuli, S. I. Hauck and J. F. Hartwig, Org.
Lett., 2000, 2, 1423.

10 L. M. Alcaraz-Roman, J. F. Hartwig, A. L. Rheingold, L. M. Liable-
Sands and I. A. Guzei, J. Am. Chem. Soc., 2000, 122, 4618.

11 J. Huang, E. D. Stevens and S. P. Nolan, J. Am. Chem. Soc., 1999, 121,
2674; J. Huang, H. J. Shanz, E. D. Stevens and S. P. Nolan,
Organometallics, 1999, 18, 2370.

12 For examples: J. F. Hartwig, in Modern Amination Methods, ed. A.
Ricci, Wiley-VCH, Weinheim, 2000; B. H. Yang and S. L. Buchwald,
J. Organomet. Chem., 1999, 576, 125; J. F. Hartwig, Angew. Chem., Int
Ed., 1998, 37, 2047.

13 For a discussion of oxidative addition see: C. Amatore and F. Pfluger,
Organometallics, 1990, 9, 2276; C. Amatore, A. Jutand and A. Suarez,
J. Am. Chem. Soc., 1993, 115, 9531.

14 J. F. Hartwig and F. Paul, J. Am. Chem. Soc., 1995, 117, 5373; M. S.
Sanford, M. Ulman and R. H. Grubbs, J. Am. Chem. Soc., 2001, 123,
749.

Scheme 2 R1 = But; R2 = C6H3Pri
2-2,6.
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Se,SeA-Diphenyl carbonodiselenoate: preparation and characterization
of its molecular structure and thermal reactivity
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Reaction of dipotassium nitroacetate with benzeneselenenyl
bromide produces the title compound as a thermally
unstable product, which has been characterized by X-ray
crystallography.

Dipotassium nitroacetate, 1, was first synthesized by Steinkopf1

in 1909. Since that time the yield and simplicity of preparation
of 1 has been improved a number of times.2 The reported utility
of employing this easily prepared dianionic organic salt in
reaction with electrophilic reagents has been somewhat limited
however. Reaction with electrophilic reagents such as the
halogens,3 the strong mineral acids,4 and several transition
metal salts5 have been noted but our preliminary attempts to
directly react 1 with organo-electrophilic reagents proved
frustrating.† One exception, we discovered, was the direct
reaction of benzeneselenenyl bromide with 1 in methanol,‡
which produced CO2 and diphenyl diselenide, 2, along with two
other organic products, 3 and 4. This communication thus
reports our characterization of one of these three organic
products, 3, and additionally elaborates upon its easy thermo-
lytic conversion to produce 2. (The chemical characterization of
4 is still under investigation.§)

Addition of 1 to an ice-cold solution of benzeneselenenyl
bromide in methanol resulted in three TLC separable organic
compounds after effervescence of CO2 had subsided. Separa-
tion of the three organic compounds using silica gel chromato-
graphy could be achieved by elution with hexane–methylene
chloride mixtures. The initial band off the column was easily
identified as 2. The compounds 3 and 4 were then eluted in
sequence, with both compounds decomposing to 2 if strict
cooling conditions were not maintained (see Scheme 1).
Compound 3 could be crystallized by slow evaporation of the
elution solvent at 0 °C to deliver X-ray quality crystals. Initial
observations on crystals of 3 indicated that yellow crystals of 2
began to grow from the colorless crystals if 3 was allowed to sit
at room temperature or above for any extended period of time.
(Storage in the refrigerator was mandatory.)

Spectral analysis of compound 3 yielded the following
important information: (1) the solution IR spectrum (CCl4)
exhibited a carbonyl stretch at 1711 cm21 in addition to bands
similar to those exhibited by 2. Attempts to obtain the IR
spectrum of 3 as a KBr pellet resulted in a spectrum identical to
that of 2. (2) The 1H-NMR spectrum of a solution (CDCl3) of 3
exhibited phenyl resonance lines only. (3) The 13C-NMR
spectrum (CDCl3) of 3 exhibited a carbonyl resonance at d =
182.7 in addition to four resonance lines in the aromatic region.
(4) The 77Se-NMR spectrum (CDCl3) of 3 exhibited a single
resonance line at d = 749 relative to dimethyl selenide.6 (5) The

CI/MS spectrum of 3 exhibited a molecular ion centered at 343
amu with appropriate isotopic satellite peaks for a compound
having two selenium atoms in its molecular structure. Major
fragment peaks were observed at 312, 237 and 159 amu as well
as the base peak at 78 amu. The EI/MS spectrum was identical
to that of 2. (Carbonodithioates fragment in a similar manner in
the EI/MS.7) (6) The UV-VIS spectrum of 3 exhibited no
absorbance above 300 nm in contrast to 2 which has a
characteristic thermochromic8 band at 337 nm (log e = 3.1).
While this spectral information was indicative that 3 had a
molecular structure that contained two phenyl selenium moie-
ties, in addition to a carbonyl group, we were uncertain whether
our compound was similar to Se,SeA-dibenzyl carbonodisele-
noate (5) prepared by Devillanova et al.9 (Reported spectral
information available for 5 consisted only of an IR band at 1680
cm21 which was attributed to a carbonyl band.) Consequently
we determined the X-ray crystal structure for 3 which
confirmed our suspicions that we had isolated Se,SeA-diphenyl
carbonodiselenoate as a rather unstable molecular entity. We
hoped that the reasons for the instability of 3 might then become
apparent.

A perspective view of the molecular structure obtained for 3
is shown in Fig. 1. (We had to collect the data at 173 K because
of the instability of 3 in the X-ray beam.¶) The space group was
found to be C2/c with a twofold axis passing through the
carbonyl function.∑ The unit cell contained four molecules of 3.
The bond lengths for the phenyl selenium moieties were found
to be almost identical10 to those of 2 including the Se–Cipso bond
length = 191.5(3) pm. The bond angles around the carbonyl
function of 3 are somewhat different from those of diphenyl
carbonate (6);11 for 3 Se–C(O)–Se is 110.2(2)°, Se–C = O is
124.9(1)°, and C(O)–Se–Cipso is 97.1(1)° while for 6 O–C(O)–
O is 104.6°, O–C = O is ~ 127.5° and C(O)–O–Cipso is
~ 118.5°. The bond lengths around the carbonyl function of 3
appeared to be normal, and similar to those of 6 when
comparable: for 3 Se–C(O) is 193.5(2) pm, and C = O is
118.5(5) pm while for 6 C = O is 119.1 pm.

There are several interesting interactions within 3. That
exhibited between the two intramolecular selenium atoms is one
of them. These two selenium atoms are separated by a distance
of 319 pm which is well within the sum of two Van der Waals
radii for selenium ( ~ 400 pm). Whether there is a partial

Scheme 1

Fig. 1 ORTEP representation of 3 with the b axis being the 2-fold axis and
roughly in the plane of the page. Atoms with the same label, but
superscripted 2, are related by a crystallographic 2-fold axis.
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intramolecular bond between the two selenium atoms of 3,
implying some hypervalency,12 is not immediately obvious.
Secondly, while the overall molecular structure for 3 is similar
to that exhibited by 6, the comparative bond angles around the
carbonyl function are different implying that any interaction
between selenium atoms in 3 is very different from those
manifested by the oxygen atoms in 6. It was therefore of interest
to determine the thermodynamic activation parameters asso-
ciated with the thermal conversion of 3 to yield 2.

Dilute solutions of 3 could be quantitatively converted to 2
while monitoring changes in the visible spectrum at 350 nm. (A
clean isosbestic point was observed at ~ 300 nm.) Compound 3,
which is colorless, smoothly and completely converted to
yellow 2 in ethylene glycol solvent within 2 h at 60 °C and 1⁄2 h
at 90 °C. The first order (or pseudo-first order) kinetics were
linear over the entire temperature range studied, after taking into
account the thermochromic properties of 2.8 The thermody-
namic activation values of Ea = +65.8 kJ mol21 and DSa =
2227 J deg21 could be derived using the method of Arrhenius.
The low activation energy for the thermolysis reaction thus
indicated that the process of forming the 229 pm bond in 2 may
be partially on the way to completion within the molecular
structure of 3 itself. Consequently the preliminary conclusion
that there may be a partial Se–Se bond in 3 seems plausible. (See
footnotes ** and †† which were added in proof.)

The negative entropy of activation generated during the
thermolysis reaction of 3, where one molecule fragments to two
molecular products, may imply that the associated disorder in
the overall reaction can be offset, to some extent, by some
factors of orderliness in the activated complex. The first factor
implied is that the solvent (ethylene glycol) could be involved in
creating more order during the thermolysis process. This
possibility is buttressed by our observation that thermolysis of 3
in hydrocarbon solvent requires higher temperatures and is thus
slower than in HOCH2CH2OH.** A second factor implicated is
that a shorter than usual movement of the phenyl selenium
substituents, during the extrusion of CO, may be inherent in 3.
As the crystal structure∑ of 3 shows the angle between the
phenyl selenium groups is compressed in comparison to a
normal sp2 hybridized situation around a carbonyl group. (It has
to be noted here that the compression of the analogous angle in
6 is even greater.11) And a third possible factor is the proposed
hypervalent interaction between the selenium atoms of 3. This
proposal bolsters a hypothetical mechanistic process where the
thermolytic transition state structure is a loosely organized
diselenacyclopropanone ring structure. Consequently contrast-
ing the thermal lability of 3 with the thermal stability of 6
suggests that these factors may not be available during
analogous bond formation processes associated with the parent
chalcogen.†† Comparing the molecular structures of Se,SeA-
diphenyl carbonodiselenoate, 3, and S,SA-diphenyl carbonodi-
thioate (7) to that of diphenyl carbonate,11 6, should prove
interesting.‡‡ 

We (ROD and AC) would like to thank NSF (CHE-9974648)
and the University of Massachusetts for funds to purchase the
Nonius KappaCCD diffractometer. JTL and WR would like to
thank the URI Foundation for partial support to fund this
research and to Michael Callahan for recording the CI/MS for
us.

Notes and references
† For example: reaction of 1 with simple alkyl halides in methanol (or other
solvents) produced no identifiable materials other than the starting
compounds.

‡ Preparation of 3: 1.0 g of benzeneselenenyl bromide was dissolved in 15
ml of cold (0 °C) methanol and placed in a round bottom flask containing
a stir bar. Solid, freshly prepared 1, 0.77 g, was added in a controlled manner
so that effervescence did not become too vigorous. Monitoring of progress
was done by TLC over the duration of the ~ 1 h reaction. During the course
of the reaction the color changed from dark red to a light yellow. Rotary
evaporation of the resultant mixture was done under vacuum at approx-
imately 0 °C after adding some silica gel. The product, adsorbed onto silica
gel, was then mixed with 70:30 hexane–CH2Cl2 and added to the top of a
chromatography column. Elution was commenced and the fractions were
monitored using TLC. The organic products were eluted from the column in
sequence (numerically). The fractions containing 3 were combined and
allowed to evaporate in the cold until clear colorless crystals had formed. %
Yield of 3 = 19%; mp = 48–50 °C.
§ The molecular characterization of 4 has proven difficult since it more
readily decomposes to 2 than even 3. We believe 4 may be either a hydrate
or hemihydrate of 3, since 4 exhibits CI/MS data with ion peaks centered
around major masses, having two and four selenium atoms respectively, at
359 and 699 amu. 
¶ The compound 3 decomposed in the X-ray beam within 5 min at rt.
∑ X-Ray study of 3: Data was collected on a Nonius KappaCCD
diffractometer. Satisfactory crystal stability was obtained by mounting the
crystal inside of a sealed, thin walled glass capillary and by collecting the
data at 173(2) K. Crystal data for 3: C13H10OSe2, FW = 340.13,
monoclinic space group C2/c, a = 2140.38(5), b = 523.60(2), c =
1291.76(4) pm, b = 119.960(2)°, V = 1.25423(7) 3 109 pm3, Z = 4, Dcalc
= 1.801 g cm23, m = 5.871 mm21. Intensities were obtained for 2055
reflections (2qmax = 50.1°) of which 1104 were unique. Refinement on F2

was based on all of the data. The final agreement factors for the 941 unique
reflections with I > 2sI are R = 0.0262 and Rw = 0.0595. CCDC
163698.
** As pointed out by referee K this observation ‘…strongly argues for a
polar transition state…’ that is ‘…hydrogen bonded resulting in increasing
order in the transition state.’ We agree with this comment and note that a
diselenacyclopropanone molecular entity would most likely be polar and H-
bonded in ethylene glycol. 
†† This same referee K has stated: ‘…the factors that the authors ascribe to
the thermal lability of 3 are said to be not available for thermally stable 6.
A more obvious difference for this differing reactivity is that the
thermodynamic driving force is substantially different i.e. a C(O)–O bond is
stronger than a C(O)–Se bond and an O–O bond is much weaker than an Se–
Se bond.’ We again agree and we wish to thank this referee for these cogent
ideas lending further support to our diselenacyclopropanone transition state
proposal.
‡‡ Thermolytic studies of carbonodithioate esters have been referenced13 to
7 but the molecular structure of 7 has not been determined as far as we are
aware. 
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One-step assembling reaction to the pentacyclic acetal of pinnatoxins
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Treatment of acyclic tetraketone 8 with HF·py in MeCN
afforded the pentacyclic system 1 in pinnatoxins with a high
selectivity in good yield.

The intramolecular acetal functionalities widely appear as
subunits of many biologically active natural products, including
polyether ionophores, and the construction of these acetal
systems represents a synthetic challenge.1,2 The favored
conformation of the spiroacetal is predictable on the basis of
stabilizing anomeric and exo-anomeric effects that direct C–O
bonds to axial positions on the respective rings.3 Pinnatoxins,
which were isolated from Pinna muricata by Uemura, included
the unique dispiroacetal and bicycloacetal moieties in their
skeletons.4 Recently, Kishi and co-workers accomplished the
total synthesis of pinnatoxin A, and the absolute stereochem-
istry was determined at the same time.5,6 Independently, we
reported an efficient formation of the trioxadispiroacetal
moieties,7 and also the construction of the BCDEF ring system
of pinnatoxins, however acetal formation of the BCDEF ring
system was rather problematic as an undesired acetal was
generated as a major product.8 On our way to the syntheses, it
was found that both of the BCD-fragment and the EF-fragment
could be constructed under the same conditions. These results
suggested the possibility of a one-step formation of two
intramolecular acetals, which would allow fewer steps and
seemed to be more attractive. Herein, we describe a one-step
assembling reaction to the pentacyclic system of pinnatoxin A,
1† (Fig. 1).

In our initial efforts, tetra-TBS‡ compound 2 was selected as
a precursor for the cyclization in the unnatural enantiomeric
form (Scheme 1). Various conditions were examined, however,
none of the acidic conditions provided compound ent-1. Upon
terminating the reaction after 1 hour, it seemed that the TBS
groups at C-29 and 30 positions still remained intact, while the
BCD-ring moiety might be gradually formed. At longer reaction
time, the cyclic products were overreacted to afford a complex
mixture, including b-eliminated and retro-aldol compounds.
These results suggested that the formation of the EF-ring should
precede the cyclization of the BCD-ring, which implied the
faster hydrolysis of the protective groups at C-29 and 30 than
the others. Therefore, 29,30-di-TES compound, which would be
more detachable than di-TBS, was directed at the next stage.

Prior to one-step assembling reaction, stepwise acetalization
was elucidated, which involves the construction of the BCD-
ring after formation of diacetal moiety (Scheme 2). The
acetalization reaction of 39 was performed with HF·py in MeCN
at 23 °C for 4 h to afford the desired compound 1 in 90% yield
as a sole component of the pentacyclic compounds in spite of
the possibility of eight products.10 According to our previous
results, the acetal formation of BCD-ring would be controlled
by the thermodynamic effect,11 which is based on the anomeric
effect enhanced by the presence of an a-ketone.12

Since formation of the BCD-ring acetal proceeded independ-
ently of the EF-ring, the one-step assembling reaction to the
pentacyclic system seemed to be realized. Reaction of 4 and 5,
followed by oxidation and desulfurization,13 gave a coupled
ketone in 84% yield in 4 steps (Scheme 3). The MMTr‡ group
was detached with PPTS in MeOH and CH2Cl2 to the alcohol in
86% yield,14 which was subsequently oxidized to aldehyde 7 in
99% yield. Analogous reaction of the sulfone 6 and 7 proceeded
moderately to furnish another coupled ketone in 60% yield in 3
steps, which was converted to tetraketone 8 by ruthenium
oxidation in 77%. Now the precursor for cyclization was
obtained in our hands. When 8 was exposed to HF·py in MeCN
at 24 °C for 7.5 h, the desired pentacyclic acetal compound 1
was produced as a single pentacyclic isomer in 71% yield,
which was accompanied by a mixture of by-products lacking
the pentacyclic system. The incompletely cyclized by-products
were convertible to 1 under the same conditions. Eventually, the
desired 1 was provided in an 83% combined yield from 8. On
the other hand, in the case of THF as a solvent, the reaction
afforded the pentacyclic compound as a mixture of three
isomers (9+10+ 1 = 2+1+1) in 83% yield (Scheme 4). When this

Fig. 1

Scheme 1

Scheme 2
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mixture of 9, 10, and 1 was treated with HF·py in MeCN–H2O
(20+1) at 21 °C for 24 h, 1 was generated in 77% yield. The
exclusive formation of 1 seems to be reasonable judging from
the results of MM2* calculation using MacroModel 6.5 for the
relative energies of the compounds, which suggested that the
potential energy of 1 would be > 3.5 kcal mol21 lower than any
others. In addition, the axial preference of the C–O bond of the
cyclic acetal would be enhanced by the presence of an a-ketone
due to the cyclic stereoelectronic effect of p-electron donation.
The acetalization in THF proceeded under the kinetic control,
while the thermodynamic effect played an important role in the
case of MeCN. The difference between the selectivities in
MeCN and THF were induced by the solvation effect, which
appeared in the glycosidation, involving the intermediacy of the
acetonitrilium ion.15 Thus, the one-step assembling reaction of
the tetraketone to the complicated acetal was achieved to
provide selectively the pentacyclic compound in an excellent

yield. Further synthetic study is now under way in our
laboratory.

This study was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and
Culture, Japan (11780410, J. I.).

Notes and references
† 1: colorless oil. [a]22

D +19.7 (c 0.14, CHCl3); 1H-NMR (C6D6, 400 MHz)
d 7.32 (2H, d, J 8.5 Hz), 7.25–7.06 (5H, m), 6.85 (2H, d, J 8.5), 4.79 (1H,
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4.43 (1H, d, J 11.2), 4.43–4.32 (3H, m), 4.23 (1H, d, J 12.2), 3.85 (1H, dd,
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‡ SEM = 2,2-(trimethylsilyl)ethoxymethyl. TBS = tert-butyldimethyl-
silyl. MMTr = 4-methoxyphenyldiphenylmethyl. DMPI = Dess-Martin
periodinane {IUPAC name: 1,1,1-tris(acetyloxy)-1,1-dihydro-1,2-benz-
iodoxol-3(1H)-one}. MPM = 4-methoxybenzyl.
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Scheme 3 (a) 5, BuLi, THF, 278 °C, 30 min, then 4, 278 °C, 30 min; (b)
Swern oxidation; (c) (i) SmI2, MeOH, THF, 0 °C, 30 min, (ii) Al(Hg), THF–
H2O (10+1), 23 °C, 16 h (84% in 4 steps); (d) PPTS (cat.), MeOH–CH2Cl2
(1+50), 21 °C, 10.5 h (88%); (e) DMPI,‡ NaHCO3, CH2Cl2, 23  °C, 20 h
(99%); (f) 6, BuLi, Et2O, 278 °C, 30 min, then 7, 278 °C, 15 min; (g)
DMPI, NaHCO3, CH2Cl2, 23 °C, 11.5 h; (h) SmI2, MeOH, THF, 0 °C, 30
min (60% in 3 steps); (i) RuO2·H2O, NaIO4, CCl4–MeCN–pH 7 buffer
(1+1+1.5), 23 °C, 195 min (77%); (j) HF·py, MeCN, 24 °C, 7.5 h (83% after
one recycle).

Scheme 4
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in N-(5-methoxyquinolyl-8)-2,4,6-trinitroaniline and its auration
product

Lyudmila G. Kuz’mina,*a Alexander A. Bagatur’yants,b Andrei V. Churakova and Judith A. K.
Howardc

a Institute of General and Inorganic Chemistry, Russian Acad. Sci., Leninskii pr. 31, Moscow, 119991
Russia. E-mail: kuzmina@igic.ras.ru

b Center of Photochemistry, Russian Acad. Sci., Novator Str. 7a, Moscow, 117421 Russia.
E-mail: sasha@photonics.ru

c Department of Chemistry, University of Durham, South Road, Durham, UK DH1 3LE.
E-mail: j.a.k.howard@durham.ac.uk

Received (in Cambridge, UK) 2nd April 2001, Accepted 20th June 2001
First published as an Advance Article on the web 11th July 2001

It has been shown by an X-ray crystallographic analysis of
N-(triphenylphosphinegold)-N-(5-methoxyquinolyl-8)-
2,4,6-trinitroaniline 1 and quantum chemical calculations on
N-(5-methoxyquinolyl-8)-2,4,6-trinitroaniline 2 that H+ and
(AuPPh3)+ sub-units in 1 and 2 occupy different positions at
the amine and quinoline nitrogen atoms, respectively.

This paper is part of our systematic investigations into the
structural chemistry of gold(I) compounds. It is well known that
the singly charged heavy-metal complex cation AuL+ (L =
neutral ligand) is isolobal with the cation HgR+ (R = acido
ligand). Both these metals commonly form 14-electron linear
complexes QAuL or QHgR (Q = organic ligand). In real
structures, the strict collinearity of metal bonds can be disturbed
because of weak interactions (secondary bonds) of the metal
with a heteroatom (X) involved in Q.1 Commonly, the HgR+

moiety behaves like a proton. Structures of chemically related
organic and organomercury compounds display high similarity
and secondary bonds M…X formed by Hg in QHgR are
analogous to hydrogen bonds H…X in the corresponding
organic compounds QH.2 In accordance with isolobal analogy,
it could be expected that the AuL+ moiety also behaves like a
proton; that is, in QAuL compounds, it forms a covalent bond
with the same atom as the proton in QH compounds.

To explore the limits of the analogy between the correspond-
ing isolobal particles AuL+, HgR+ and H+, we subjected
compound 2 to auration and investigated the structures of
compounds 1 and 2 (Scheme 1.)

The X-ray structure of complex 1 and selected geometric
parameters are shown in Fig. 1. The gold atom of the AuPPh3
moiety forms a chemical bond with the quinoline nitrogen N(2)
in 1. The Au(1) atom adopts a T-shaped coordination. Two
covalent bonds Au(1)–N(2) and Au(1)–P(1) are of normal
length [2.121(8) and 2.231(3) Å, respectively].3–6 The
Au(1)…N(1) distance [2.621(9) Å] corresponds to a secondary
bond. A similar distance [2.627(9) Å] was found in
(8-Squ)AuPPh3 (8-Squ = 8-mercaptoquinolinate) for the

Au…N(quinoline) secondary bond.6 The N(2)–Au(1)–P(1)
bond angle is equal to 168.4(2)° with the Au(1)–P(1) bond bent
away from N(1). In contrast to AuPPh3

+ in 1, the proton in N-
substituted 2,4,6-trinitroanilines is always located at the amino
nitrogen atom. According to the CSD,2 the N(amino)–C(Ar)
bond length varies within 1.33–1.37 Å, the C(ipso)–C(ortho)
bond lengths range within 1.41–1.45 Å, and the other C–C
bonds in the aniline Ph ring lie within 1.37–1.39 Å. Thus, the
bonds C(ipso)–C(ortho) are longer than the others in the ring
and no bond length alternation is observed within the C(or-
tho)…C(para) fragment. The C(ortho)–C(ipso)–C(ortho) angle
varies within 112–115°.

The formation of the Au–N covalent bond with the quinoline
rather than amine nitrogen atom is the most interesting property
of molecule 1. This fact means that the formal zwitterionic bond
structure is characteristic of this molecule. As a result, a

Scheme 1

Fig. 1 Molecular structure of 1. Bond lengths (Å) and bond angles (°) are:
Au(1)–P(1) 2.231(3), Au(1)–N(2) 2.121(8), N(2)–Au(1)–P(1) 168.4(2),
Au(1)…N(1) 2.621(9), N(1)–Au(1)–N(2) 71.6(3), N(1)–Au(1)–P(1)
120.0(2), N(1)–C(1) 1.30(1), C(1)–C(2) 1.47(1), C(1)–C(6) 1.47(1), C(2)–
C(3) 1.36(1), C(6)–C(5) 1.35(1), C(3)–C(4) 1.38(1), C(4)–C(5) 1.39(1),
N(1)–C(7) 1.44(1), C(1)–N(1)–C(7) 120.5(8), N(2)–C(15) 1.36(1), N(2)–
C(14) 1.33(1), C(14)–N(2)–C(15) 121.4(8).
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significant redistribution of bond lengths in the trinitroaniline
moiety should be observed for molecule 1. Actually, in 1, the
N(1)–C(1) bond 1.30(1) Å is shorter, both the C(1)–C(2) and
C(1)–C(6) bonds 1.47(1) Å are longer, and the C(2)–C(1)–C(6)
angle is more strongly reduced [109.5(8)°] than the analogous
parameters in N-substituted 2,4,6-trinitroanilines. A pro-
nounced alternation of bond lengths corresponding to the para-
quinoid structure of the aniline sub-unit is observed; the C(2)–
C(3) and C(5)–C(6) bonds [1.36(1) and 1.35(1) Å] are
systematically shorter than the C(3)–C(4) and C(4)–C(5) bonds
[1.38(1) and 1.39(1) Å]. Apparently, because of the contribution
of the para-quinoid structure to the total molecular structure of
1, the colour of this compound is deeper (black) than those of N-
aryl-2,4,6-trinitroanilines (tones of red).†

The structure of 1 also contrasts with that of N-(5-methoxy-
quinolyl-8)-2,4,6-trinitroaniline 2. To provide an insight into
subtle geometric changes in the molecular skeleton caused by
substituting the proton for the AuPPh3 moiety, ab initio
quantum chemical calculations were performed for 2.

Geometry optimisation7 resulted in the structure shown in
Fig. 2. Molecule 2 exists in the same neutral form as all
substituted trinitroanilines.

The distribution of bond lengths in 2 agrees well with that
observed for N-(naphthyl)-2,4,6-trinitroaniline 3.8 However,
the general conformation of 2 differs significantly from that
found for 3. For instance, dihedral angles between the C(1)–
N(1)–C(7) fragment and C(1)…C(6) and C(7)…C(15) rings are
27.3 and 12.3° in 2, whereas these angles are of 17.4 and 49.8°,
respectively, in 3. The N–H group in 2 forms a bifurcated
hydrogen bond with the quinoline nitrogen (H…N 2.104 Å) and
one of the oxygen atoms of one ortho-nitro group (H…O 1.862
Å). Therefore, the geometry of 2 is somewhat flattened
compared to that of 3, where the N–H group forms only one
hydrogen bond with the oxygen of the ortho-nitro group. This

particular ortho-nitro group is twisted from the C(1)…C(6)
plane by only 16.8°, whereas another ortho-nitro group is
twisted by 52.0°. In 2, these values are equal to 5.3 and
38.0°.

In 1, the C(1)–N(1)–C(7)/C(1)…C(6) dihedral angle is also
rather small (27.0°). The flattened conformation at the formally
double N(1)–C(1) bond is a result of a compromise between two
effects. One of these is conjugation between the formally double
N(1)–C(1) bond and the C(1)…C(6) benzene ring while the
other is steric interaction between two ring systems. There is no
weak interaction between Au(1) and the nearest ortho-nitro
group N(5)–O(5)–O(6). Because of steric interactions both
ortho-NO2 groups are strongly twisted from the C(1)…C(6)
plane by 43.4 and 38.1°.

On the other hand, the C(1)–N(1)–C(7)–C(8) torsion angle in
1 is 41.7° (cf. 49.8° in 3), indicating that there is no significant
conjugation between the amine nitrogen lone pair and the
quinoline moiety. The coordination of Au(1) with the aminoqui-
noline moiety causes only minor changes in the geometry of the
quinoline fragment. Only the endocyclic angle at N(2) increases
to 121.4(8)° vs. 117.0° in aminoquinolines and 117.7o in 2. Such
an increase in this angle is typical for N-protonated pyridines
(CSD).

We wish to thank The Royal Society, the RFBR for financial
support (projects No. 99-03-33180 and 01-03-32474) and the
EPSRC for a Senior Research Fellowship (J. A. K. H.).

Notes and references
† Crystal data for 1: C34H25AuN5O7P, M = 843.53, triclinic, space group
P1̄, a = 7.5814(2), b = 13.0849(4), c = 16.6256(4) Å, a = 74.433(1), b
= 77.980(1), g = 82.332(1)°, V = 1548.68(7) Å3, Z = 2, Dc = 1.809 g
cm23, m(Mo-Ka) = 4.861 mm21. A black needle-like crystal was covered
with perfluoropolyether oil and mounted on a Bruker SMART-CCD
diffractometer (w scan, 0.3° frame, 15 s per frame, 150 K). A total of 10117
reflections were collected in the q range 1.29–26.00° using Mo-Ka
radiation (l = 0.71073 Å). Of these, 6080 were considered unique (Rint =
0.0689). A semi-empirical absorption correction was applied (min. and
max. transmissions are 0.74362 and 0.97352). The structure was solved by
direct methods and refined by full-matrix least squares based on F2 for all
data using SHELXL software. All non-hydrogen atoms were refined with
anisotropic displacement parameters. H atoms were placed geometrically at
the calculated positions and refined with the riding model. Final R1 =
0.0662 (5616 observed reflections) and R1 = 0.0989 (all data), number of
variables is 435, GOF = 1.127, Drmin,max = 21.455 and 1.757 e Å23.

CCDC reference number 162720. See http://www.rsc.org/suppdata/cc/
b102938j/ for crystallographic data in CIF or other electronic format.
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Fig. 2 Structure of 2 on the basis of ab initio quantum chemical calculation
(MP2). Bond lengths (Å) and bond angles (°): N(1)–C(1) 1.374, C(1)–C(2)
1.426, C(1)–C(6) 1.436, C(2)–C(3) 1.390, C(6)–C(5) 1.388, C(3)–C(4),
1.388, C(4)–C(5) 1.388, N(1)–C(7) 1.405, C(1)–N(1)–C(7) 131.0, N(2)–
C(15) 1.386, N(2)–C(14) 1.347, C(14)–N(2)–C(15) 117.7.
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[Ru(h6-p-cymene)Cl2(pta)] (pta = 1,3,5-triaza-7-phosphatricyclo-
[3.3.1.1]decane): a water soluble compound that exhibits pH
dependent DNA binding providing selectivity for diseased cells
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The water soluble complex [Ru(h6-p-cymene)Cl2(pta)] (pta
= 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane), exhibits
pH dependent DNA damage; the pH at which damage is
greatest correlates well to the pH environment of cancer
cells.

Current inorganic drugs such as cisplatin are successfully used
in the treatment of many cancers, including testicular, ovarian,
oropharyngeal, bronchogenic, cervical and bladder carcinomas,
lymphoma, osteosarcoma, melanoma and neuroblastoma.1
However there are problems associated with their use including
general toxicity (leading to side effects) and drug resistance.
The general toxicity of cisplatin has been reduced by the
development of special drug-dosing protocols,2 but the need for
further improvements remains. In contrast, the ruthenium based
anticancer drug, recently launched in the clinic ImH[trans-
RuCl4(DMSO)Im] (NAMI-A), shows a remarkably low general
toxicity.3 Since ruthenium complexes have been shown to
specifically accumulate in tumour cells,4 the reduced general
toxicity of NAMI-A compared to platinum drugs could be due
to ruthenium selectivity. In this paper we describe a new
ruthenium compound that exhibits pH dependent DNA damage,
which could show increased selectivity towards cancer cells and
reduce toxic side effects in healthy cells.

The reaction of [Ru(h6-p-cymene)Cl2]2 with two equivalents
of 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane, pta,5 under
reflux in methanol, for 24 h affords [Ru(h6-p-cymene)Cl2(pta)]
1 in high yield.6 Characterisation of 1 was achieved using mass
spectrometry and NMR spectroscopy.7

The molecular structure of 1 (Fig. 1) has been determined by
single crystal X-ray diffraction 8 and contains two independent
molecules in the asymmetric unit. The C6-ring is coordinated to

the ruthenium(II) centre with an average Ru–C bond length
of 2.20 and 2.21 Å in each molecule. Two chlorine ligands
(mean Ru–Cl 2.42 Å and 2.43 Å in each molecule) and the pta
group [Ru–P 2.296(2) and 2.298(3) Å in each molecule] make
up the rest of the coordination sphere. All parameters are in
keeping with previously determined structures related to 1,
which vary in the nature of the arene and phosphine ligands.9

The presence of the pta ligand provides 1 with versatile
soluble properties. For example, 1 and 1 + H+ are soluble in
water and polar organic solvents such as CHCl3, CH2Cl2 and
(CH3)2CO. Protonation of the pta ligand influences the
solubility properties, with the deprotonated species having a
higher solubility in organic solvents. The pKa of 1 was
estimated as 6.5 by monitoring the change in absorbance at 455
nm. We recognised that the pH dependant solubility of
phosphaamine ligands like pta could also be exploited in
biological systems, with the possibility of providing clinical
uses. At physiological pH the predominant species carries no
charge and hence can diffuse through lipid membranes and
move freely into and within cells. In some diseased tissues the
pH is reduced due to the associated changes in metabolism and
in this environment the pta ligand is protonated, trapping 1 in
the cell. In addition, we have shown that the protonated species
induces DNA damage more readily than unprotonated 1 (see
below).

The DNA substrate used in agarose gel electrophoresis10 is
95% supercoiled (SC) and 5% open circular (OC), and their
positions can be distinguished on the gel (Fig. 2). The results
show that when DNA is incubated with 1 at pH 7.5 or above, the
DNA migrates similarly to the DNA substrate. These results are
in accordance with independent studies using a ruthenium(II)–
arene compound, with a DMSO ligand in place of the pta in 1,
that did not detect an interaction with DNA.11 However, at pH
7.0, the SC form of DNA incubated with 1 is slightly retarded
compared to the substrate DNA and the retardation is pro-
gressively increased as the pH is reduced. At all pH values the
position of OC DNA in the gel remains the same, indicating that
the pH dependent retardation of SC DNA by 1 is not due to
charge neutralisation.

Fig. 1 The molecular structure of one of the independent molecules of 1.
Fig. 2 Comparison of DNA damage induced by 1 incubated at different pH
values; visualised by electrophoretic DNA migration in an agarose gel.
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The pH range over which 1 retards DNA migration closely
matches the pKa of the pta ligand, and as DNA is negatively
charged, it would be expected that the interaction between these
two species would be promoted if they each carried opposite
charges. The importance of this result is that DNA binding is not
favoured at physiological pH. Many diseased cells have a
reduced pH, due to metabolic changes in part associated with
the accelerated cell division.12 Thus, 1 would have a higher
affinity for DNA in diseased cells, compared to healthy cells,
providing a means of selectivity.

Further studies are currently in progress to delineate the way
in which 1 with interacts with DNA. We are also comparing the
effect that the type of arene ligand has on DNA and the results
obtained from these studies will be reported in due course.

We would like to thank to thank The Royal Society for a
University Research Fellowship (P. J. D. and S. L. H.) and The
University of York for financial support (D. J. E).
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The crystal structure of a methylviologen dication (MV2+)–
mesitylene clathrate, one of a newly synthesized polycyano–
polycadmate host clathrates, including a charge-transfer
complex of MV2+ and an aromatic molecule, has been
revealed by X-ray diffraction.

As a trial to develop functional materials using a polycyano–
polycadmate host, we previously synthesized a series of
polycyano–polycadmate host clathrates including a methyl
viologen dication (MV2+ = 1,1A-dimethyl-4,4A-bipyridinium
ion) as a guest.1 MV2+ is widely used in the fields of
photochemistry, electrochemistry, etc. owing to its strong
electron accepting nature.2,3 MV2+ is easily reduced to become
a monopositive cation radical MV·+ whose color is blue, and
forms a charge-transfer (CT) complex with a donor. Although
some of our previous clathrates showed a color change from
colorless to blue on UV irradiation, the formation of a CT
complex in the clathrates was not confirmed clearly.1 In this
study we have newly synthesized nine polycyano–polycadmate
host clathrates including a CT complex of MV2+ and an
aromatic molecule, and have determined one crystal structure.

The polycyano–polycadmate host is a Cd cyano complex of
chemical formula [Cdx(CN)y]2x2y. The cyano group links two
Cd atoms to from a framework host structure. Two typical
structure types of the host are known.4 One is a zeolite-like
structure, which has a 3-D framework host while the other is a
clay-like structure, which is a layered structure of 2-D Cd cyano
complexes. Another important feature of the host complex is
that it is anionic. Therefore, the polycyano–polycadmate host
clathrate has a cationic guest that neutralizes the negative
charge of the host, and a neutral guest that is an ordinary neutral
organic molecule. Depending on the combination of the cationic
guest and the neutral guest, the formation of a wide variation of
clathrates is possible.5 In this study, we attempted to form a CT
complex of MV2+ (a cationic guest) and a donor (a neutral
guest) in a polycyano–polycadmate host.

The synthetic procedure was as follows: into water (50 cm3),
K2Cd(CN)4 (5 mmol, 1.47 g), CdCl2·2.5H2O (5 mmol, 1.14 g)
and methylviologen dichloride (2 mmol, 0.50 g) were dissolved.
After the solution was filtered, a neutral guest solution was
poured onto the filtrate. Various aromatic compounds were tried
as neutral guests diluted 1–50 times with n-propylbenzene and
the mixture left at 277 K. After several days, colored clathrates
were obtained in a crystalline or a powdered state. The presence
of a polycyano–polycadmate host, MV2+ and a neutral guest
was confirmed by IR spectroscopy. The new clathrates and their
absorption maximum wavelengths as determined from UV–VIS
diffuse reflectance spectra are listed in Table 1.

Among the clathrates, the crystal structure of the MV2+–
mesitylene clathrate 1 was determined by single crystal X-ray
diffraction.6 The host Cd complex of 1, [Cd3(CN)6Cl2]22,
contains two chloride ions together with cyano groups. Each
cyano group bridges Cd atoms to form a 3-D framework
structure, and each chloride ion coordinates to each Cd atom

[Fig. 1(a)]. The host structure of 1 can be classified as a zeolite-
like structure, but its framework structure is new. Although the
host is a 3-D framework, the cavity formed within has a 1-D
channel-like structure running along the b axis of the crystal.
Each chloride ligand protrudes from the wall of the channel
cavity into the inside of the cavity.

One MV2+ and one mesitylene molecule are stacked to form
a CT complex as shown in Fig. 1(b). The twist angle of the two
rings of MV2+ is 0°. The molecular plane of MV2+ is almost
parallel to that of the mesitylene molecule. The center of the
aromatic ring of the mesitylene molecule is directed toward one
of the N atoms of MV2+. This overlapping arrangement of
MV2+ and the donor is typical for a p donor.2,7 The interspacing
between MV2+ and the mesitylene molecule of 3.30(1) Å8 is
apparently shorter than van der Waals contact of stacked
aromatic rings. The diffuse reflectance spectrum of 1 and
absorption spectrum of an acetonitrile solution of MV(PF6)2
and mesitylene are shown in Fig. 2. The CT absorption band of
1 was red-shifted compared with that of the solution. It is
considered that the short interspacing contributes to the red-
shift. The CT complex lies in the channel cavity, and is related
to neighboring CT complexes by a two-fold screw axis parallel
to the b axis. The molecular planes of MV2+ and the mesitylene
molecule are parallel to the two-fold screw axis, so that the CT
complexes are not stacked mutually. The two chloride ligands
are located near the reverse side of the MV2+ molecular plane
that is in contact with the mesitylene molecule. The distances
between MV2+ and the chloride ligands are 3.256(5) Å for Cl(1)
and 3.841(6) Å for Cl(2I).9 This structural situation may suggest
the existence of an interaction between MV2+ and the host Cd
complex through the chloride ligands. The CT interaction
between MV2+ and chloride ion in solution and in the solid state
has been established,10 and the existence of a host–ac-
ceptor(MV2+)–donor triad interaction was recently shown for a
zeolite including an MV2+ CT complex.11

For n-propylbenzene, 1,2,3-trimethylbenzene, 1,2,4-trime-
thylbenzene, 1,2,4,5-tetramethylbenzene, pentamethylbenzene,
hexamethylbenzene, naphthalene or anthracene as neutral
guests, no clathrates was obtained. Considering their ionization

Table 1 Polycyano–polycadmate host clathrates including a MV2+-donor
CT complex

Neutral guest(donor) Color lmax/nm

Ethylbenzene Slightly yellow 400
Mesitylene Yellow 420
Anisole Orange 446
Phenol Yellow 411
o-Cresol Orange 424
m-Cresol Yellow 406
p-Cresol Orange 424
Aniline Red 443
Pyrrole Yellow 432

lmax = wavelength at the maximum of diffuse reflectance spectrum.
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potentials relative to that for mesitylene, the formation of
complexes might be expected for some of them. However, they
are less symmetrical or larger than mesitylene. As such, crystal

packing and a limitation of inclusion ability of the polycyano–
polycadmate host are considered. The cavity that the host must
prepare for a CT complex with MV2+ and a neutral guest is very
large. In our preparative experiments, mesitylene is the most
symmetrical and largest clathrate forming molecule (Table 1).

In summary, it has been revealed that the polycyano–
polycadmate host acts as a host for a MV2+ CT complex, and the
presence of an interaction between MV2+ and the host is
suggested. Considering the structural variety of the polycyano–
polycadmate host clathrate,4,5 it is expected that the host
structure of the new clathrates depends on the neutral guest.
Structure determinations of the other clathrates are now in
progress. At the same time, the preparation of single crystalline
samples suitable for spectroscopic experiments are in progress.
Although intensive studies of MV2+ CT complexes confined in
a solid state matrix have been carried out,11,12 there have been
few examples in which crystal structures have been clarified.
Structural and spectroscopic data obtained from single crystals
are useful for developing studies in this field. In this regard our
clathrates have an advantage.
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Fig. 1 (A) A perspective view of [MV2+][Cd3(CN)6Cl222]·C6H3(CH3)3 1
along the b axis. (B) Crystal structure around the MV2+–mesitylene CT
complex of 1. Selected interatomic distances (Å): Cl(1)…C(103) 3.37(1),
Cl(1)…C(104) 3.51(1), Cl(2I)…N(102) 3.79(1) (I = 2x + 1, y 2 1/2, 2z
+ 1), Cl(2I)…C(112) 3.77(1), N(102)…C(201) 3.84(1), N(102)…C(202)
3.78(1), N(102)…C(203) 3.59(1), N(102)…C(204) 3.47(2).

Fig. 2 Diffuse reflectance spectrum of 1 (a) and absorption spectrum of a
MV(PF6)2 (0.03 M) and mesitylene (0.03 M) acetonitrile solution (b).
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The first structurally characterised examples of the nitroxide
TEMPO acting as a ligand towards Li, Na or Mg are
described, through a series of hexamethyldisilazide com-
plexes which reveals a remarkable breadth of variety in
structure and in the mode of ligation.

TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) is a molecule
which attracts a phenomenal level of interest. A stable nitroxide
free radical, it is utilised within a remarkably diverse assortment
of areas. A key ingredient in the development of ‘living’ free
radical polymerisations,1 it is employed also as a spin label in
the study of biological systems.2 Often the reagent of choice for
effecting the mild and selective oxidation of primary and
secondary alcohols,3 TEMPO also finds utility as a radical
trapping agent.4 It is also well established as a Lewis base in d-
block coordination chemistry,5 with crystal structures known
where it binds to Co, Cu, Mn, Mo or Pd atoms. Surprisingly,
however, the s-block group of metals has hitherto been a virgin
territory for TEMPO in this regard.6 Here this situation is
redressed with the disclosure of the first reported TEMPO
complexes of Li, Na, Mg or Zn. This series establishes that
TEMPO is a versatile new ligand for these electropositive metal
atoms, offering more flexibility in its modes of ligation and
electronic structures than the conventional O-based donor
molecules usually encountered in s-block chemistry.

To minimise the number of variables that could influence
structure, the study was confined to 1,1,1,3,3,3-hexamethyldisi-
lazide [HMDS, (Me3Si)2N2] derivatives and reactions were

carried out in the same bulk solvent (hexane). Hence the
predominant discriminating factor in the structures obtained
would be the particular metal cation/TEMPO combination/s
used. Furthermore since this was explicitly a structural study,
product yields were not optimised as the immediate aim was to
perfect crystals of a quality suitable for X-ray crystallographic
study. As revealed in Scheme 1, five crystalline products 1–5
were successfully obtained using this approach. This scheme
also lists the components of each reaction mixture studied. The
details of the synthesis of 3 serve to illustrate the similar
methodology used for each new complex: under argon gas in a
Schlenk tube, a 1:1 mixture of crystalline LiHMDS and
TEMPO was dissolved in hexane and stirred at ambient
temperature for one day, from which orange crystals of [{Li(m-
HMDS)·TEMPO}2] 2 were isolated; these crystals were then
mixed with an equimolar amount of crystalline Mg(HMDS)2
and redissolved in warm hexane solution which, when sur-
rounded by a hot water Dewar flask and left to cool slowly to
ambient temperature, deposited orange–yellow crystals of
[{Li2(m-HMDS)(m-TEMPO)·2TEMPO}+{Mg(HMDS)3}2] 3.

X-Ray crystallographic studies have been carried out on all
five new complexes. ChemWin representations of their struc-
tures are shown in Scheme 1.‡ The structures of the afore-
mentioned 2 and its sodium analogue [{Na(m-
HMDS)·TEMPO}2] 4 warrant only a brief mention here as they
belong to a familiar structural type. Filling the terminal
coordination site on the alkali metal atom within a planar,
dimeric (MN)2 ring, TEMPO is acting here as an orthodox
neutral, monodentate O donor molecule in the mould of THF
(cf. the structure of [{Li(m-HMDS)·THF}2]7). The third homo-
metallic structure [{Mg(HMDS)(m-TEMPO2)}2] 1 (Fig. 1) is
also a dimer, but it is as remarkable and unpredictable as the first

† Electronic supplementary information (ESI) available: experimental,
synthesis and characterisation data. See http://www.rsc.org/suppdata/cc/b1/
b104937m/

Scheme 1
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two structures are unremarkable and predictable. First, the
positions of its ligands are mutually reversed relative to those in
2 and 4, with HMDS occupying a terminal site and TEMPO
occupying a bridging site. Second, there are two distinct types
of TEMPO ligation: one involves a m2-O bonding mode through
O(1), while the other involves a combination of m2-O bonding
and h2-O/N chelation through O(2)/N(4). Third, whereas in 2
and 4 the TEMPO ligands are neutral, free radicals, in 1 they
must both be monoanionic (i.e., reduced with respect to normal
free TEMPO) to balance the charge of the [Mg(HMDS)]2

2+

fragment: thus 1 contains a heteroleptic (anionic) ligand set.
Several Lewis base complexes of this Mg bis(amide) have been
structurally characterised,8 but none in which the donor
molecule bridges a pair of Mg atoms. TEMPO has therefore
changed its ligating role here to be more like that of an anionic
O donor such as the aldolate ligand in [{Mg(HMDS)[m-
OC(Me)ButCH2C(But)NO]}2].9 Furthermore, there also appears
to be no precedent in the library of d-block metal TEMPO
complexes for the nitroxide functioning as a m2-O donor ligand
in either its neutral or anionic form, though the h2-O/N chelating
mode has been observed previously.5 The dimensions of 1 show
that the N–O and Mg–O bond lengths are insensitive to the
TEMPO ligating mode with values of 1.461(3) and 1.471(3) Å
for the former, and of 1.955 (mean) and 1.979(3) Å for the latter,
for the monodentate O and didentate O/N types, respectively.
There is significantly more discrimination between these
bridging anionic ligands and the terminal radical type found in
2 and 4 in both N–O bond lengths (mean values: in 2, 1.279 Å;
in 4, 1.275 Å) and the geometry of the N atom {sum of bond
angles (mean): in 1, 333.5° [discounting those involving
Mg(2)]; in 2, 357.9°; in 4, 356.4°}. This ability of the N atom to
oscillate between a highly pyramidal and a planar geometry is
one important factor in TEMPO’s coordinative flexibility. Yet
another variation is revealed in the first heterometallic structure,
3. Here, TEMPO acts simultaneously as a bridging and terminal
ligand within an unusual dinuclear asymmetrical cation [{Li2(m-
HMDS)(m-TEMPO)·2TEMPO}+] (Fig. 2). Its Li–O bond
lengths [(mean): bridging, 1.969 Å; terminal, 1.816 Å] are in
accord with the different coordination numbers involved, but
again the N–O bond lengths [bridging, 1.301(3) Å; (mean)
terminal, 1.284 Å] appear rather insensitive to such differences.
However, the N(5) atom of the bridging TEMPO ligand adopts
a near-planar geometry (sum of bond angles, 357.8°) in contrast
to the highly pyramidalised geometries of its bridging counter-
parts in 1: hence the major discriminating factor is the electronic
nature of the N–O unit (i.e., free radical or anionic). The other
half of the discrete ion pair structure of 3, [{Mg(HMDS)3}2], is

also special. Examples are known where this metallate species
is tethered to Li as in [pyr·Li(m-HMDS)2Mg(HMDS)],10 but
this discrete arrangement is unprecedented. This comparison
highlights the effectiveness of TEMPO relative to even strong
donors such as pyridine. A more emphatic demonstration of this
point is provided by the final structure, [(Li·4TEM-
PO)+{Zn(HMDS)3}2] 5. Substituting Zn for Mg takes place
with retention of the trigonal planar anionic moiety, but
surprisingly the cationic moiety changes to a simple mono-
nuclear arrangement with Li tetrahedrally surrounded by
TEMPO radicals. Here the four TEMPO ligands co-operate to
sequester a Li+ cation and separate it from the anionic
moiety.

In conclusion, using a single amido system as a case study,
TEMPO has been established as a promising versatile new
ligand for the s-block metals.

We thank the University of Strathclyde (Faculty Studentship
to P. J. A. R.) and the EPSRC (grant award no. GR/M78113) for
financial support, and Dr P. A. G. Cormack for helpful
discussions.
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When carbon dioxide is in the supercritical state and
reduced by Fe3O4, multicarbon bearing hydrocarbon mole-
cules such as phenol (rather than CO or formate usually
formed in electrochemical or photochemical techniques) can
be obtained, the reduction yield is improved remarkably and
the transformation yield for CO2 to phenol can reach
7.6%.

The reduction of carbon dioxide has been extensively studied
using electrochemical1,2 and photochemical3–5 reactions in light
of the problems of global warming and depletion of fossil
fuels.6–8 Results obtained are still not satisfactory as to useful
valuable reaction products and reaction rates need to be further
improved. In addition the detailed reduction mechanism could
not be established in most cases. At present, much interest has
focused on the use of 14-membered transition-metal micro-
cycles in CO2 electrochemical reduction,9–12 however, the
catalysis efficiency for these transition-metal complexes is poor
and the catalyst is rapidly destroyed by hydrogenation and/or
carboxylation of the microcycles.13 On the other hand, although
research to optimise the reaction products is active, multicarbon
containing hydrocarbon molecules such as products containing
benzene rings have never been obtained. CO is often the main
reduction product while formate may also be formed depending
on the reaction condition.9,14 Photochemical CO2 reduction has
been carried out in a catalytic system using Ru(bpy)3

2+ as the
sensitizer, cobalt or nickel macrocycles as the electron relay
catalysts, and ascorbate as the sacrificial reductive quencher.3,4

These systems, however, also produce CO. Furthermore, the
rate of CO2 reduction is limited by the low mass transfer of CO2
both in electrochemical and photochemical techniques. Hence,
the conversion of CO2 to useful products by a simple effective
method is clearly an interesting and important topic in CO2
chemistry. Here we report that, when CO2 is in the supercritical
state and reduced with Fe3O4 powder, it can be transformed to
phenol and diphenyl ether. In some cases, we can obtain
ethanol, acetaldehyde and acetic acid. This novel reduction
method could allow studies of continuous reduction systems for
practical industrial applications.

An autoclave (flexible Au/Ti) capable of heating the system
up to 400 °C was used. A sufficient amount of solid CO2,
freshly made from high purity CO2 gas (99+%), was placed in
an autoclave to ensure that the CO2 is in a supercritical state at
high temperatures. An appropriate amount of Fe3O4 (chemical
purity reagent) and a small amount of water obtained from the
Milli-Q water purification system were placed into the auto-
clave (50 ml), which was heated to 100–350 °C for 1–3 h and
then rapidly cooled to room temperature naturally. The vapor
phase was sampled and analyzed by GC–MS, (Shimadzu, GC-
MS-QP-1100EX) to detect hydrocarbons. An appropriate
amount of water was placed into the autoclave, then the product
was collected, and filtered. After filtration, the filtrate was
analyzed by GC–MS and quantified by gas chromatography
(GC), while solid products were examined by X-ray diffraction
(XRD). A gas chromatograph with a flame ionization detector

(GC/FID) (Ohkura, GC-202 with Porapak R column packing)
was used to determine the content of the hydrocarbon molecules
formed.

A typical reaction used 8.0 g CO2, 22 g Fe3O4 and 0.5 ml
H2O, in which CO2 was in excess for the oxidation of Fe2+ in
Fe3O4, to ensure a high pressure in the system when it was
heated to appropriate temperatures. It was found that the degree
of transformation in carbon dioxide reduction increases with
increasing temperature and time, and reaches a maximum value
after 2.5 h treatment, then remains nearly constant. The total
yield of ethanol and acetic acid was around 4.2% (mol ratio)
when the reaction was carried out at 200 °C for 2.5 h and was
decreased with an increase of temperature and the amount of
H2O included. However, temperatures higher than 300 °C
yielded aromatic compounds with phenol and diphenyl ether
being the main products with ethanol, acetic acid and acet-
aldehyde also present. Fig. 1(a) depicts the mass spectrum of
standard phenol while that of phenol formed in the experiment

Fig. 1 Mass spectrum of phenol: (a) standard sample, (b) phenol formed via
CO2 reduction.
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is shown in Fig. 1(b). The peak at m/z 94 in Fig. 1 is assigned to
the molecular ion, C6H6O+. Almost all of the corresponding
peaks in Fig. 1(a) and (b) appear at the same positions,
indicating that phenol formed in the reaction. On the basis of
this result, the formation of diphenyl ether in the present system
can be rationalized in terms of phenol production in the carbon
dioxide thermal reduction system. Crystals of phenol can be
obtained by slowly heating the aqueous filtrate. A scanning
electron microscope image of the sample shows the sample
consists of typical grains with size 0.2 3 0.3 mm (not shown).
The total yield of phenol was nearly 7.6%. The GC–MS
spectrum (not shown) shows no detectable organic compounds
in the starting CO2 gas ruling out contamination in the starting
material. GC analysis showed ethane, propane and isobutane,
were the main products in the vapor phase, while no CO in the
vapor phase or formic acid in aqueous solution was detected
(the main products in electrochemical and photochemical
reduction techniques). These results indicate that the mecha-
nism of the reduction in our reaction is different from that for an
electrochemical reduction process. Carbon dioxide is a low-
energy molecule, with the standard potential of the CO/CO2·2
couple in an aprotic solvent such as N,NA-dimethylformamide
(DMF) containing a non ion-pairing counter cation (NEt4+),
being as negative as 22.2 V vs. SCE.13 The potential for the
Fe3+/Fe2+ redox couple is not as negative as that for the CO2
reduction to CO2· anion radical. Hence reduction most probably
occurs on the surface of Fe3O4 particles, and a surface-mediated
process may be involved. The XRD pattern of the solid product
shows the coexistence of Fe2O3 and Fe3O4. This is possibly due
to the surface layer of Fe3O4 being oxidized by carbon dioxide.
Furthermore, hydrocarbon molecules containing more than one
carbon atom are the products, suggesting that the mechanism of
this reaction could involve multielectron reductive coupling of
a pair of or several carbonyls to produce an intermediate bound
to the surface of the solid Fe3O4 particles (at FeII sites). The
presence of a small amount of water is required in this reaction
system as this is the source of hydrogen. Too much water,
however, is unfavorable for the reduction of carbon dioxide. It
has also been found that the transformation ratio increases with
a decrease of Fe3O4 particle size, which suggests the Fe3O4
surface area seems to have an influence on the reaction. All
these results suggest that adsorption, formation of intermediates
and hydrolysis processes are involved in the reaction. More
work should be carried out to establish the reduction mechanism
more fully.

It is known that the rate of CO2 reduction is limited by the low
mass transfer of CO2 both in electrochemical and photo-
chemical techniques. Under supercritical conditions, the polar-

ity of CO2 can be changed by controlling its density, the
dielectric constant of CO2 ranging from 1 to 1.6.15 The
increased polarity in a high pressure system is favorable for CO2
absorption on the surface of Fe3O4 particles, and may accelerate
the electron transfer from FeII ions to an intermediate due to the
changed adsorption energy level in the energy gap of Fe3O4
semiconductor. Further details about the mechanism will be
discussed later. The most significant feature is that the reductant
used for CO2 reduction is easily obtained and this reaction can
be performed in a continuous autoclave, which could lead to
practical applications.

In conclusion, we have reported, for the first time, the
reduction of carbon dioxide in the supercritical state. Valuable
products such as ethanol, acetaldehyde, acetic acid and,
especially, phenol can be obtained. The maximum transforma-
tion ratio for CO2 to phenol was found to be as high as 7.6% at
temperatures > 300 °C. The reduction is suggested to occur on
the surface of the Fe3O4 particles and to occur via a
multielectron reductive coupling of a pair of or several
carbonyls to produce an intermediate. This might open a route
for industrial reduction of CO2, which previously was only
viable via an electrochemical technique.
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Propene reduction of NO on SnO2/g-Al2O3 proceeds via the
formation of acrolein and acetaldehyde, and the latter
reduces NOx to N2 over Al2O3.

Catalytic reduction of nitric oxide (NO) from the exhaust of a
lean-burn engine, which contains only a very low concentration
(500 ppm level) of NOx but much higher concentrations of
oxygen (5–10%) and water (10–15%), has been a great
challenge. Zeolite-supported catalysts are among the most
promising known using a hydrocarbon reductant, but they lack
the necessary durability because of hydrothermal degradation.1
Alumina-based catalysts are more hydrothermally stable.
Recently, they have shown promising activities for this reaction
(e.g. refs. 2 and 3), especially under conditions of higher
temperatures and partial pressures of oxygen that are suitable
for treating heavy duty diesel engine or lean-burn  gasoline
engine exhausts. Nonetheless, higher activities are still very
desirable for a practical catalyst, as well as a broader
temperature window.

Understanding the reaction mechanism could facilitate
improvement of these catalytic systems. On zeolite-based
catalysts, a commonly observed first step of the reaction is the
oxidation of NO to NO2, which is a strong oxidant that activates
the hydrocarbon.4–7 However, the steps beyond that are not
known. Various surface intermediates have been detected, and
their involvement in the reaction implicated, such as organic
nitro compounds,8,9 isocyanate and nitrile,10–12 and oxime,13

but the steps leading to their formation and further reaction
remain mostly speculative. As for alumina-supported catalysts,
it is known that alumina itself is active for hydrocarbon
reduction of NO,14 and especially for NO2,2 but relatively
inactive for NO oxidation to NO2.15 Various surface species are
detected by IR spectroscopy in the reduction reaction, including
nitrate, isocyanate, nitrile or cyanide.16–18

We have recently discovered that SnO2/g-Al2O3 is a
bifunctional catalyst.3,19,20 Using a standard reaction feed
mixture of 0.1% propene, 0.1% NO, 10% H2O and 15% O2, it
was found that a mixture of SnO2/SiO2 and g-Al2O3 was as
effective in reducing NOx as an active SnO2/g-Al2O3 catalyst,
while SnO2/SiO2 was completely unable to produce N2.20 In
addition, the mixture of SnO2/SiO2 and g-Al2O3 was only
effective if SnO2/SiO2 was positioned upstream of Al2O3 and
not vice versa. Since the NO2 concentration at the exit of a
reactor containing SnO2/SiO2 was the same as the background
level within experimental uncertainty. Thus oxidizing NO to
NO2 is not the function of SnO2. Therefore, this system provides
a new opportunity to elucidate the hydrocarbon reaction
pathway, which is the subject of this report.

When 0.1 g of SnO2/SiO2 was placed in a separate reactor
upstream of 0.1 g g-Al2O3, it was found that no N2 was detected
at the exit of the SnO2/SiO2 reactor, even when the propene
conversion was 40%. Instead, a significant concentration of
acrolein (C3H4O, ca. 120 ppm) and some acetaldehyde
(CH3CHO, ca. 40 ppm) were detected. Thus, the function of
SnO2 was selective oxidation of propene, primarily to acrolein.
Removing NO from the reaction feed did not change the yield
of acrolein. Thus, this selective oxidation step utilizes molecular
oxygen as the oxidant.

Isotope labeling provides additional information. When 0.1%
13C-prop-2-ene (99% purity) was used as the reductant, and the
reaction feed mixture was passed over SnO2/SiO2, only 2-13C-
labeled acrolein was detected. This was similar to the results
obtained using a Bi–Mo–O catalyst. Thus, the oxidation
reaction proceeds via a symmetric p-allyl intermediate com-
monly observed in selective oxidation of propene [eqn. (1)].

(1)

The selective oxidation product acrolein is transported to g-
Al2O3 where its subsequent reaction resulted in the formation of
N2. This reaction was studied by using acrolein as the reductant
at a concentration of 160–170 ppm instead of 0.1% propene.
The concentrations of various products formed at 475 °C as a
function of residence time are shown in Fig. 1. Sometimes,
small amounts ( < 10 ppm) of HCN could be detected. HCHO
(not shown) was also formed but was difficult to quantify
because of the high concentration of water used. The data
showed that acrolein was rapidly converted to acetaldehyde
over g-Al2O3. Interestingly, this reaction was not accompanied
by the production of N2. Further reaction of acetaldehyde was
much slower, and N2 was produced.

This reaction sequence is substantiated by the experiment
using acetaldehyde as the reductant instead of acrolein. CO,
CO2 and N2 were formed, and their concentrations increased
with increasing residence time. A large CO to CO2 ratio was
observed, similar to that shown in Fig. 1. Sometimes, trace
amounts of HCN were detected.

When 2-13C-labeled acrolein was passed over g-Al2O3 at
short residence time, the acetaldehyde in the product consisted
of 85% 13CH3CHO. Thus, the formation of acetaldehyde from
acrolein is by cleavage of the CNC bond. Water is important for
this cleavage reaction and the evolution of acetaldehyde from
Al2O3. When NO reduction by acrolein on g-Al2O3 was
repeated but without water in the feed stream, no acetaldehyde
was detected in the product. In addition, the N2 yield dropped to
ca. 60% of the yield with water. Since at 475 °C, it is unlikely
that desorption of acetaldehyde requires displacement by water,
the data suggest that the formation of acetaldehyde involves
hydrolysis of a surface intermediate.

The following reaction [eqn. (2)] explains the formation of
acetaldehyde that is consistent with the observations. It is the

Fig. 1 Product distribution as a function of residence time for the NOx

reduction reaction over g-Al2O3 using ca. 160 ppm acrolein. The residence
time was changed by using different amounts of g-Al2O3. AA: acet-
aldehyde, AC: acrolein.

This journal is © The Royal Society of Chemistry 2001

1404 Chem. Commun., 2001, 1404–1405 DOI: 10.1039/b104630f



reverse of an aldol condensation reaction. We postulate that a
bridging Al–O–Al is the catalytic site.

(2)
Thus, the primary hydrocarbon pathway in NOx reduction for

this catalyst system can be summarized in Fig. 2. The interesting
features of this mechanism are the role of SnO2 in the selective
oxidation of propene using molecular O2 and the role of g-
Al2O3 in N2 formation. The reaction of acetaldehyde on alumina
probably leads to the formation of surface nitrocompounds,
nitrile or cyanide, isocyanate, and eventually N2. The reactions
of nitromethane have been studied over Cu-ZSM-59 and
Al2O3.16 Over Al2O3, nitromethane reacts to form isocyanate,
carbamite, and eventually NH3, the latter then reacts with NO to
form N2. It is quite possible that these steps apply to the system
here.

In separate experiments, the reaction of acetaldehyde with O2
on 0.1 g Al2O3 was compared with reaction with NO or NO2
with and without O2 under otherwise standard conditions. It was
found that the reaction of acetaldehyde with NO alone was slow.
Less than 40% of the acetaldehyde was converted. The reaction
with a mixture of NO and O2 was substantially faster and about
the same as with only O2. This is consistent with the low activity
for NO oxidation to NO2 on Al2O3.15 The reaction of
acetaldehyde with NO2 or NO2 + O2 was the fastest, such that
all the acetaldehyde was consumed. Thus, the initial step in the
subsequent reaction of acetaldehyde under our reaction condi-
tions does not involve adsorbed NOx species. Instead, a possible
pathway is its oxidation by oxygen to form adsorbed acetate,
which has been observed by others.21 The acetate decarbox-
ylates in the presence of NO to form nitromethane.

In order to confirm the absence of a significant parallel
reaction pathway for acrolein on g-Al2O3, the N2 production
efficiencies of acrolein and acetaldehyde were compared. The
results are shown in Fig. 3 for various NOx/reductant ratios in
the feed. Over a wide range of these ratios, the number of N2
molecules produced for every reductant molecule consumed
was independent of the reductant. Thus, the conversion of
acrolein to acetaldehyde must be quantitative, and this step does
not produce N2. The N2 production efficiencies for these two
reductants approached the limit of unity, that is, one reductant
molecule consumed per N2 produced, consistent with the
reaction mechanism in Fig. 2. Furthermore, the N2 production
efficiencies were higher using NO2 than NO at low NOx/
reductant ratios.

In summary, we have elucidated a substantial portion of the
reaction pathway of the hydrocarbon for propene reduction of
NO over SnO2/g-Al2O3. The slow step of this reaction has been
identified to be the reaction of acetaldehyde on alumina. This
information can be used to improve the catalytic activities for
N2 formation.

We acknowledge support of this research by the EMSI
program of the NSF and the US Department of Energy Office of
Science (CHE-9810378) at the Northwestern University In-
stitute of Environmental Catalysis.
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Fig. 2 Proposed mechanism for propene reduction of NO over SnO2/g-
Al2O3. Reactions occurring over the SnO2 or g-Al2O3 are enclosed by solid
lines, and reactions enclosed by dashed lines are formulated using literature
information. Compounds in bold letters denote detected gaseous products
and the remainder are surface intermediates. C* denotes labeled posi-
tions.

Fig. 3 N2 formation efficiency, defined as number of molecules of nitrogen
formed per acetaldehyde (AA) or acrolein (AC) molecule reacted, as a
function of NOx/reductant ratio in the feed. The NOx/reductant ratio was
changed by varying the concentration of NO (open symbols) or NO2 (filled
symbols) from 703 to 5921 ppm, and the concentration of the organic from
27 to 282 ppm. Standard concentrations of O2 and H2O were used, and the
total flow rate was 200 ml min21 with 0.1 g of Al2O3. The temperature was
between 475 and 525 °C to obtain high conversions of the organic.

Chem. Commun., 2001, 1404–1405 1405
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Solvent incorporation during N-iodosaccharin mediated glycosylation:
facile synthesis of acetal linked disaccharides†
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Solvent incorporation between glycosyl donor and acceptor
occurs during glycosylation reactions initiated by N-iodo-
saccharin (NISac) performed in acetone and cyclohexanone
solvents to stereoselectively produce acetal linked a-glyco-
sides.

Considerable work has been performed to understand the role of
solvent during the glycosylation process1,2 However the
situation is complicated by the identity of anomeric leaving
group, the activator and the protecting groups on the donor.
Therefore although there are several general ‘guiding princi-
ples’ as to how the choice of solvent may affect the
stereochemical outcome of glycosylation for donors with non-
participating OH-2 protecting groups, there is still requirement
for further mechanistic insight into each particular glycosyla-
tion reaction.

One of the best-established examples of solvent participation
during the glycosylation process is the preferential formation of
b-glycoside products observed when using acetonitrile as
solvent.3 This b stereoselectivity has been ascribed to trapping
of the glycosyl cation formed during the glycosylation reaction
by solvent to produce an intermediate a-nitrilium ion, which
then undergoes SN2 type glycosylation, resulting in preferential
formation of the b-product.4 The isolation of a-nitrilium
trapped species has provided substantial supporting evidence
for this hypothesis.5 Reported herein are investigations into
glycosylation reactions performed in ketone solvents, in which
solvent incorporation invariably occurs to produce good yields
of mixed acetal linked a-glycosides and a-disaccharides, in an
entirely stereoselective manner.

We recently reported the use of N-iodosaccharin (NISac) 1
for the activation of thiophenyl glycosides under mild condi-
tions.6 During the course of these studies it became clear that
reduced yields of disaccharide products were obtained by
saccharin trapping of the glycosyl cation, which is probably
produced during the glycosylation reaction. In an attempt to
promote O-glycosylation, and in particular increase yields of
disaccharide products, studies turned to the use of more polar
solvents. Use of acetonitrile as solvent7 resulted in an increase
in the yield of disaccharides, but saccharin trapping was still
observed. For this reason acetone was also investigated as the
solvent for glycosylation. Although acetone has frequently been
employed as an organic co-solvent for enzyme catalysed
glycosylation, it has not been particularly widely used for
chemical glycosylation reactions.8

Glycosylation of perbenzylated thioglycoside 2 was under-
taken with methanol as glycosyl acceptor in acetone with N-
iodosaccharin (NISac, 1) as activator. Quite surprisingly none
of the desired methyl glycoside was observed, and the sole
reaction product was identified as the pure a-glycoside 3
(Scheme 1). Moreover, 3 was produced entirely as the a-
anomer. Formation of 3 can be explained by initial formation of
the a-acetonium ion 4, by solvent participation in a manner

analogous to glycosylation in acetonitrile. Nucleophilic attack
on 4 by methanol then yields the mixed acetal. To the best of our
knowledge solvent participation by acetone during a glycosyla-
tion reaction has only been observed on two previous occa-
sions.9,10 Investigations then turned to the use of carbohydrates
as glycosyl acceptors to investigate if solvent trapping would
occur to produce disaccharides linked as mixed acetals.
Reaction of thioglycoside 2 with diacetonide galactose 5, in
acetone with NISac activation, produced acetal-linked disac-
charide 6 in an excellent 84%, as the pure a-anomer (Scheme
2).‡§ Carbohydrates with secondary hydroxy groups also
produced good yields of acetal-linked products. Thus reaction
of donor 2 with the manno acceptor 7 produced the mixed acetal
linked disaccharide 8, as the pure a-anomer, in 78% yield.

Investigation then turned to the use of other solvents to
determine the potential generality of the process. Initial
attempted reaction of 2 with methanol and NISac as activator in
butanal as an aldehyde solvent produced a complex mixture of
products and no appreciable amount of acetal glycoside.
However with cyclohexanone as solvent again good yields of
pure a-glycoside products were isolated. Thus reaction of donor
2 with methanol in cyclohexanone initiated by NISac produced
a good yield of the a-mixed acetal 9 (Scheme 3). Carbohydrate
acceptors also reacted well; diacetonide galactose 5 produced
the acetal linked a-disaccharide 10 in 73% yield.

In summary we have demonstrated that NISac11 activation of
thioglycosides in ketone solvents12 leads exclusively to the
formation of a-mixed acetal products, in which a solvent
molecule is incorporated between the anomeric centre of the
glycosyl donor and the hydroxy group of the glycosyl acceptor.
Formation of these mixed acetal products probably occurs by
trapping of an incipient a-acetonium ion 4 by the glycosyl
acceptor, and provides substantial evidence for the intermediacy
of such species during glycosylation reactions performed in
acetone as solvent. Furthermore this synthetic route to pure a-
acetal glycosides, which have been proposed as potential anti-
cancer prodrugs, compares favourably with the other published
routes.13,14

Further investigations into the generality of this novel
glycosylation reaction, and its development for the synthesis of

† Electronic supplementary information (ESI) available: spectral data for
compounds 3, 6 and 8–10. See http://www.rsc.org/suppdata/cc/b1/
b104196g/

Scheme 1 Reagents and conditions: (i) NISac 1, MeOH (3 equiv.), acetone,
278 to 0 °C, 2.5 h, 76%.

This journal is © The Royal Society of Chemistry 2001
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glycomimetics are currently in progress and will be reported in
due course. We gratefully acknowledge financial support from
the Leverhulme Trust (postdoctoral fellowship to M. A.), and
also the use of the Chemical Database Service (CDS) at
Daresbury, UK, and the EPSRC National Mass Spectrometry
Service at Swansea.

Notes and references
‡ Typical experimental procedure: a mixture of the perbenzylated phenyl
thioglucoside 2 (0.091 g, 0.14 mmol), diacetonide galactose 5 (0.056g, 0.21
mmol) and molecular sieves 4 Å (0.2 g) were stirred in dry acetone (3 ml)
under an atmosphere of argon at 278 °C. N-Iodosaccharin 1 (0.066 g, 0.021
mmol) was then added rapidly. The reaction mixture was then stirred with
warming to 0 oC until TLC (Rf 0.44, ethyl acetate–petroleum ether, 1+3)
indicated complete consumption of the thioglycoside (ca. 2.5 hours).
Triethylamine (1 ml) was added and stirring was continued for a further 15
minutes at 0 oC. The reaction mixture was then diluted with dichloro-
methane (30 ml) and then filtered through Celite®. The filtrate was then
washed with 10% aqueous sodium thiosulfate (10 ml), saturated aqueous
sodium bicarbonate (10 ml) and water (10 ml). The organic extracts were
then dried (anhydrous sodium sulfate), filtered, and the solvent removed in
vacuo. The residue was then purified by flash column chromatography
(ethyl acetate–petroleum ether, 1+4) to give the acetal-linked disaccharide 6
(0.102 g, 84 %), as a colourless oil.
§ All new compounds possess NMR and high-resolution mass spectral data
consistent with their structures.

1 G. Wulff and G. Röhle, Angew. Chem., Int. Ed. Engl., 1974, 13, 157.

2 S. Hashimoto, M. Hayashi and R. Noyori, Tetrahedron Lett., 1984, 25,
1379; A. Demchenko, T. Stauch and G. J. Boons, Synlett, 1997, 818.

3 R. R. Schmidt, M. Behrendt and A. Toepfer, Synlett, 1990, 694; J-R.
Pougny and P. Sinaÿ, Tetrahedron Lett., 1976, 17, 4073.

4 A. J. Ratcliffe and B. Fraser-Reid, J. Chem. Soc., Perkin Trans. 1, 1990,
747.

5 L. G. Nair, B. Fraser-Reid and A. N. Szardenings, Org. Lett., 2001, 3,
317 and references cited therein.

6 M. Aloui and A. J. Fairbanks, Synlett, 2001, 797.
7 Interestingly no nitrilium trapped species were observed during any

NISac mediated glycosylations in acetonitrile.
8 For some glycosylation reactions performed in acetone see: F. J.

Kronzer and C. Schuerch, Carbohydr. Res., 1974, 34, 71; F. J. Kronzer
and C. Schuerch, Carbohydr. Res., 1974, 34, 79.

9 L. Somsák, L. Kovács, V. Gyóllai and E. Õsz, Chem. Commun., 1999,
591.

10 S. Koto, S. Inada, T. Narita, N. Morishima and S. Zen, Bull. Chem. Soc.
Jpn., 1982, 55, 3665.

11 N-Iodosuccinimide (NIS) activation of thioglycoside 2 in acetone was
found to be extremely slow.

12 The use of the ketone as the solvent is not essential. A trial reaction
involving NISAc mediated glycosylation of 2 with 5 in dichloroethane
at 240 °C, in the presence of 5 equivalents of acetone, produced an
inseparable mixture of the trapped material 6, plus the expected
disaccharide (interestingly as mainly the a-anomer) in an approximate
1+1 ratio, in an overall 60% yield.

13 L. F. Tietze, R. Fischer, M. Lögers and M. Beller, Carbohydr. Res.,
1989, 194, 155; L. F. Tietze and M. Lögers, Liebigs Ann. Chem., 1990,
261; L. F. Tietze and M. Beller, Liebigs Ann. Chem., 1990, 587.

14 H. K. Chenault, A. Castro, L. F. Chafin and J. Yang, J. Org. Chem.,
1996, 61, 5024.

Scheme 2 Reagents and conditions: (i) NISac 1, acetone, 278 to 0 °C, 2.5 h, 84%; (ii) NISac 1, acetone, 278 to 0 °C, 3 h, 78%.

Scheme 3 Reagents and conditions: (i) NISac 1, acetone, 278 to 0 °C, 2.5 h, 84%; (ii) NISac 1, cyclohexanone, 240 to 5 °C, 3 h, 62%; (ii) NISac 1,
cyclohexanone, 240 to 0 °C, 2 h, 73%.
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On a new catalyzed silylation of alcohols by phenylhydrosilanes
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KOH–18-crown-6 ether is a valuable system for the cata-
lyzed dehydrocoupling of alcohols with phenylhydrosilanes
(Ph3SiH and PhMe2SiH).

The importance of silyl ethers in organic synthesis as protecting
groups for alcohols has been discussed.1,2 The most common
route to these compounds involves the reaction of a silyl
chloride (or the corresponding triflate for hindered alcohols)
with an alcohol in the presence of an amine (pyridine,
triethylamine, imidazole…). The stoichiometric amounts of
ammonium salts produced as well as the cost3 of the silylating
reagents has led chemists to study the dehydrocoupling process
involving hydrosilanes. This reaction has been reported using a
wide range of catalytic species such as transition metal
complexes, Lewis acids4 and salts.5,6 In this work, we show that
a new method involving KOH–18-crown-6 ether is simple,
inexpensive and is valuable for the catalyzed silylation of
alcohols with phenylhydrosilanes.

When hydrosilanes 1 were added to a mixture of KOH (9%
mol)–18-crown-6 ether (3% mol) and alcohols 2 in CH2Cl2
(Scheme 1), a gas evolution occurred. Apart from the desired
silyl ether 3, small amounts of siloxanes 4 were produced so that
a slight excess of hydrosilanes (1.4 eq.) was therefore required
for the total conversion of the alcohols.† It is noteworthy that
the reactions are generally clean as judged by the 1H NMR
spectra of the crude reaction mixtures and that under the same
reaction conditions, no conversion of the starting materials in
the absence of 18-crown-6 ether was observed. Dichloro-
methane was chosen because of its low boiling point and for
being a good solvent for the reagents used, but other solvents
such as THF, benzene or ether are also appropriate.

We found that Et3SiH is less reactive under these conditions
than the phenylhydrosilanes as shown by its reaction with
4-methylbenzyl alcohol, which led to only 33% conversion.
Among the phenylhydrosilanes, Ph3SiH is more reactive than
PhMe2SiH judging from their different abilities to transform
tertiary alcohols (Table 1, entry 1). The reactions of other
hindered alcohols such as 2-methylpropan-2-ol or 2-
methylpentan-2-ol were also unsuccessful using PhMe2SiH
even in boiling THF.

A better knowledge of the course of this reaction was
provided by examining different alcohols (Table 1). The
presence of a strong withdrawing group close to the hydroxy
function inhibits the reaction. For instance, 2-chloroethanol is
not reactive under the conditions used to transform 6-chloro-
hexan-1-ol into the corresponding silyl ethers (Table 1, entry 2).
Phenol or 4-methoxyphenol, which show a poor nucleophilic
character in comparison with aliphatic alcohols, are not reactive
while benzylic alcohols (Table 1, entries 3 and 4) or 2-phenyl-
propan-1-ol (Table 1, entry 5) are converted into the desired
products in good yields. Saturated alcohols (entry 6) are good
substrates for the reaction, as long as they do not provide a
strong steric hindrance as mentioned above (entry 1). Compared
to other transition metal catalysts,7 the KOH–18-crown-6 ether
system has the advantage of being compatible with unsaturated
alcohols (entries 7 and 8). Furthermore, this system is
convenient for the protection of hydroxy epoxide glycidol
(entry 9) since it does not lead to the loss of the oxirane ring as
mentioned for Lewis acid catalyzed reactions.4

This reaction when performed on a larger scale (20 mmol of
glycidol) gave the same yield of the desired product with
PhMe2SiH as the silylating agent.

We have recently shown that KOH–18-crown-6 ether was an
efficient system for catalyzed hydrosilylation and the

Scheme 1 a. KOH–18-crown-6 ether (9% + 3%), argon, 18 h, CH2Cl2, rt or
CH2Cl2, D, 3 h.

Table 1 Silylation of a number of alcohols in the presence of a catalytic
amount of KOH–18-crown-6 ether: reactions were performed in CH2Cl2 at
rt under argon for 18 h and isolated yields calculated following flash
chromatography, unless otherwise stated.

2 R 3 (cond.)

1 Me —a

Ph 87%

2 Me 73%
Ph 100%b

3 Me 94%
Ph 100%b

4 Me 80%c

Ph 78%

5 Me 90%
Ph 100%b

6 Me 90%
Ph 100%bd

7 Me 68%
Ph 57%

8 Me 72%
Ph 100%d

9 Me 50%c

Ph 93%
a No reaction even with THF, D.b Inseparable mixture of 3 and 4, total
conversion of 2 according to the 1H NMR spectrum of the crude reaction
mixture.c CH2Cl2, D, 3 h.d Reaction performed in CD2Cl2, rt, 18 h.

This journal is © The Royal Society of Chemistry 2001
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Tishchenko reaction of aromatic aldehydes.8 The KOH–
18-crown-6 ether catalyzed reaction of 4-methylbenzyl alcohol
with PhMe2SiH was therefore conducted with a stoichiometric
amount of p-anisaldehyde, a good substrate in the hydro-
silylation process.8 The 1H NMR spectrum of the crude reaction
mixture showed 12% conversion of the aldehyde and 82% of the
alcohol, thus demonstrating that the dehydrocoupling reaction
predominates over hydrosilylation.

From a mechanistic standpoint, the catalytic cycle could be
easily explained in terms of the anionic activation of the Si–H
bond first reported by Corriu et al. for various salts.5 Thus, it can
be proposed that the Si–H bond is labilized by anionic
coordination of the alcoholate 6 (or OH2) to give the
pentacoordinate intermediate 7 (Scheme 2). This activated
species could give the desired product 3 or the silanol 8, a
possible precursor for the isolated siloxane 4.

Thus we show above that KOH–18-crown-6 ether is an
efficient system for the catalyzed silylation of nucleophilic

alcohols with Ph3SiH and PhMe2SiH. The lack of reactivity
towards non-nucleophilic and hindered alcohols could be
profitable for the use of these phenylsilyl ethers as selective
protecting groups in organic synthesis. Compared to most other
catalyzed silylation reactions, this method has the advantage of
being compatible with double or triple bonds, carbonyl
functions, chlorine and oxirane.

A mechanistic study of this reaction is being undertaken. The
role of OH2 in the catalytic cycle remains to be elucidated.

Notes and references
† Typical procedure: reaction vessels were dried under vacuum and the
reactions carried out under argon. The silane (1.4 mmol) was added at rt to
a solution of the alcohol (1 mmol) and KOH–18-crown-6 ether (5 mg + 6
mg) in CH2Cl2 (0.75 mL). After stirring for 18 h, the reaction mixture was
concentrated and the residue was purified by flash chromatography or
crystallization to give the silyl ether (see Table 1). All products were
characterized by the usual spectroscopic techniques or compared with data
reported in the literature.

1 T. W. Greene and P. G. M. Wutz, Protective Groups in Organic
Synthesis, Wiley, 2nd edn., New York, 1991, p. 50.

2 P. J. Kocienski, Protecting Groups, ed. D. Enders, R. Noyori and B. M.
Trost, Thieme, Stuttgart, New York, 1994, p. 28.

3 For instance, the cost (Aldrich) per mmol of Ph3SiCl (respectively
PhMe2SiCl) is 1.46 euros (respectively 1.18 euros for PhMe2SiH)
compared with 0.60 euros for Ph3SiH (respectively 0.50 euros for
PhMe2SiH)

4 J. M. Blackwell, K. L. Foster, V. H. Beck and W. E. Piers, J. Org. Chem.,
1999, 64, 4887 and references cited therein.

5 R. J. P. Corriu, R. Perz and C. Reye, Tetrahedron, 1983, 39, 999.
6 Y. Tanabe, H. Okumura, A. Maeda and M. Murakami, Tetrahedron Lett.,

1994, 35, 8413.
7 Schubert et al. recently reported a good copper hydride complex which

allows the hydrosilylation of alcohols without reduction of double or
triple bonds present in the molecule: C. Lorenz and U. Schubert, Chem.
Ber., 1995, 128, 1267.

8 F. Le Bideau, T. Coradin, D. Gourier, J. Henique and E. Samuel,
Tetrahedron Lett., 2000, 41, 5215.

Scheme 2 A possible mechanism for the catalyzed silylation of alcohols.
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A decarboxylative acylation approach is achieved with
thiohydroxamate ester 6, which is less reactive and more
stable than Barton’s ester 1.

Since O-acyl thiohydroxamates were introduced in radical
chemistry by Barton,1 they have attracted a great deal of
attention among synthetic chemists as useful radical precursors
of alkyl2 and aminyl radicals.3 Radical chemistry of O-acyl
thiohydroxamates 1 were further applied not only to the
introduction of synthetically useful functional groups such as a
halide4 and a nitrile5 but also to the formation of carbon-carbon
bonds.6 However, a highly reactive trapping agent is normally
required because the alkyl radical could attack the thiocarbonyl
group of 1 concurrently.

In connection with our recent interest in tin-free radical
reactions,7,8 we have studied the feasibility of decarboxylative
acylation approaches of carboxylic acids via O-acyl thiohydrox-
amates 1 using phenylsulfonyl oxime ether 2a as an acylating
trapping agent (eqn. (1)).9 Irradiation of a solution of 1 and 2a

(1)

in benzene with a tungsten sun lamp (300 W) for 12 h gave a
mixture of oxime ether 3 (32%) and pyridyl sulfide 4 (36%) in
a roughly equal ratio, which was anticipated from the previously
reported kinetic data.10 Thus, the key feature for the success of
the decarboxylative acylation approach is to reduce the rate of
the alkyl radical additions onto the thiocarbonyl group to
suppress the formation of 4.

Our attention was given to somewhat less reactive thiohy-
droxamate esters that would not undergo aromatization upon
radical-mediated fragmentation.11 In this regard, we expected
that a thiohydroxamate ester 6 would be well suited for our
purpose. It is noteworthy that a very similar type of the reagent
(RCO2–NMe(CNS)SPh) was previously reported and would
have similar properties.2b Thiohydroxamate ester 6 was ob-
tained in high yield by treatment of a carboxylic acid with N-
methylhydroxydithiocarbamate 5, diethyl azodicarboxylate,
and triphenylphosphine in THF and was stable thermally and
hydrolytically (eqn. (2)). When 6 was treated with 2b using 1,1A-

(2)

azobis(cyclohexanecarbonitrile) (V-40) as an initiator in octane
at 120 °C for 10 h, a 71+16 mixture of oxime ether 3 and 7 was
obtained, indicating the addition of the alkyl radical onto 2b was
much faster than the rearrangement to afford 8 (eqn. (3)).

(3)

Furthermore, it is evident that a methyl radical, generated from
thermal decomposition of a methanesulfonyl radical, attacked
2b to some extent to yield 7.8 Thus, we performed the same
reaction with 2a and it was gratifying to find that thermal
reaction of 6 with 2a and V-40 in refluxing heptane afforded 3
in 78% yield without the formation of 7 and 8. Furthermore, the
decarboxylative acylation approach could be performed under
photochemically initiated conditions. Unlike Barton’s ester 1, 6
required irradiation at 300 nm. Irradiation of a benzene solution
of 6 with 2a at 300 nm for 9 h afforded 3 in 65% yield. Thus, the
remaining reactions were carried out with 2a in refluxing
heptane (0.25 M) for 12 h. Table 1 summarizes some
experimental results and illustrates the efficiency of the
decarboxylative acylation approaches. Primary and secondary
aliphatic carboxylic acids worked well, yielding the correspond-
ing oxime ethers in high yields. Sterically hindered tertiary

Table 1 Preparation of oxime ethers from thiohydroxamate esters

Substrate
X = (CO2–NMe-
(CNS)SMe) Product

Yielda

(%)

R = H 76 (64)
R = COOMe 62

R = H 75 (68)
R = COOMe 68

R = H 82
R = COOMe 68

R = H 88 (76)
R = COOMe 70

R = H 87
R = COOMe 74

R = H 84
R = COOMe 71

a The numbers in parentheses indicate the yields at 300 nm.

This journal is © The Royal Society of Chemistry 2001
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carboxylic acids underwent the decarboxylative acylation
cleanly.

Thermal conditions gave somewhat higher yields than
photochemical conditions and required 12 h for completion of
the reaction. The major advantage of the present method is a
sequential cyclization and acylation approach, which was
demonstrated successfully in the present study (eqn. (4)).

(4)

To obtain an oxime ester, a synthetic equivalent of a a-keto
ester,12 when we repeated the reaction with methoxycarbonyl
oxime ether 9 in refluxing heptane for 12 h, the desired oxime
ester 10 was isolated in 54% yield along with a significant
amount of the rearranged product 8 (31%) (eqn. (5)). Appar-
ently,

(5)

the addition of the alkyl radical onto 9 was slowed down to
some extent, thereby allowing the alkyl radical to attack 6. The
problem of the formation of the rearranged product was solved
by the addition of 6 into 9 with a syringe pump. Thus, the
addition of a 0.05 M chlorobenzene solution of 6 to a 0.1 M
chlorobenzene solution of 9 at 120 °C by a syringe pump over
8 h with additional stirring for 2 h afforded the desired 10 in
65% yield without the formation of 8. Similarly, the formation
of several oxime esters worked equally well under highly
diluted conditions as shown in Table 1.

In conclusion, we have developed a new thiohydroxamate
ester, which is much less reactive and more stable than Barton’s
ester and demonstrated the first examples of decarboxylative
acylation approaches under tin-free conditions.

We thank the Center for Molecular Design and Synthesis
(CMDS) and BK21 project for financial support.
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12 S. Kim, J.-Y. Yoon and I. Y. Lee, Synlett, 1997, 475.
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Moon-Kook Jeon, Kyongtae Kim*a and Yung Ja Parkb

a School of Chemistry and Molecular Engineering, Seoul National University, Seoul 151-742, Korea.
E-mail: kkim@plaza.snu.ac.kr; Fax: 82 2874 8858; Tel: 82 2880 6636

b Department of Chemistry, Sook Myung Women’s University, Seoul 140-724, Korea

Received (in Cambridge, UK) 3rd May 2001, Accepted 13th June 2001
First published as an Advance Article on the web 12th July 2001

Treatment of 5-arylimino-4-chloro-5H-1,2,3-dithiazoles
with in situ generated (chloro)phenylketene in CH2Cl2 at rt
gave azetidin-2-one-4-spiro-5A-(1A,2A,3A-dithiazoles) as major
products, which reacted with primary and secondary
alkylamines in CH2Cl2 at rt to afford bis(2-oxo-azetidin-
4-yl) trisulfides in good to excellent yields.

Azetidin-2-ones have been one of the most attractive classes of
organic compounds due to their potential biological applica-
tions.1 Numerous methods for the synthesis of azetidin-2-ones
are known and these are well-documented in the literature.1 In
connection with our ongoing project for exploring the potential
synthetic utility of 5-arylimino-4-chloro-5H-1,2,3-dithiazoles
1,2 we are interested in investigating the reactivity of the NNC-5
imine bond of 1 toward cycloaddition reactions with a ketene
because a [2 + 2] cycloaddition with a ketene would give
azetidin-2-one-4-spiro-5A-(1A,2A,3A-dithiazoles) 2, which, to the
best of our knowledge, has never been reported. Compound 2 is

of interest with respect to the stereochemistry at C-3 and C-4. In
addition, it may be utilized as a precursor for the synthesis of
hitherto unknown azetidin-2-ones created by cleaving the bond
between S-1A and S-2A with nucleophiles, as shown in the ready
conversion of 1 to diverse products.3 With this in mind, 1 was
treated with various ketenes which were generated in situ. This
paper describes the preliminary results we have obtained.

For the generation of a ketene, a method involving acid
chlorides and Et3N4 in CH2Cl2 at rt was employed since neither
reagent reacts with 1 under conditions for the generation of
ketenes. When Et3N (1.22–2.87 mmol) in CH2Cl2 (30 ml) was
added dropwise to a mixture of 1b (Ar = 4-MeOC6H4)
(0.773–0.935 mmol) and acid chlorides 3 (1.20–2.89 mmol) in
CH2Cl2 (20 ml) at rt, followed by stirring for 0.5–1 h, only a
small amount of 4a (Y = Cl), 4c (Y = MeO), and 4e (Y =
AcO), which comprised a single isomer in view of the 1H and

13C NMR spectroscopic data, and most of the unreacted 1b were
isolated (Scheme 1).

Compounds 4a, 4c, and 4e, derivatives of 5-(phenyl-
carbamoyl)methylidene-5H-1,2,3-dithiazole,5 are all new. The
(E)-stereochemistry of 4 was assigned based on the IR
absorptions of the carbonyl group at 1603, 1613, and 1619
cm21, respectively, which suggests the possible interaction of
the carbonyl oxygen with electron deficient S-1.2 Surprisingly,
the reactions of 1 with 2-chloro-2-phenylacetyl chloride (3f)
under the foregoing conditions gave the desired compound 2
(R1 = Cl, R2 = Ph) in good to excellent yields (Scheme 2).
Yields and mps of 2 are summarized in Table 1.

The structures of 2 were determined based on spectroscopic
(1H and 13C NMR, IR, MS) and analytical data. The X-ray
single crystal structure of 2d‡ (Fig. 1) clearly shows cis-
stereochemistry with S and R configurations at C-3 and C-4,
respectively. The cis-stereochemistry of 2 may be ascribed to
the avoidance of severe electronic repulsions between lone pair
electrons on the two chlorine atoms at C-3 and C-4A.

Treatment of 2 (0.23–0.38 mmol) in CH2Cl2 (10 ml) with a
slightly excessive molar amount of primary and secondary
alkylamines at rt gave bis(2-oxo-azetidin-4-yl) trisulfides 5
along with alkylamino 2-oxo-azetidin-4-yl disulfides 6 and a
considerable amount of unreacted 2 (Scheme 2). However, by
employing 4 molar equivalents of alkylamines, 5 were obtained
as major products along with 6 and a small amount of isothiazol-
3-ones 7, which were obtained only from the reactions of 2c and

† Electronic supplementary information (ESI) available: spectral and
analytical data for 2 and 4–8. See http://www.rsc.org/suppdata/cc/b1/
b103974c/

Scheme 1

Table 1 Yields and mps of 2a

Compound Ar Yieldb (%) Mpc/°C

2a 4-MeO-2-MeOC6H3 97 142–146 (dec.)
2b 4-MeOC6H4 96 122–124
2c 4-MeC6H4 95 73–76
2d 4-ClC6H4 86 147–149
2e 4-MeCOC6H4 74 156–160 (dec.)
2f 4-O2NC6H4 44 139–144 (dec.)
a Time for dropwise addition of Et3N: 2–3 h; time stirred: 0.5–1 h. b Isolated
yields. c Recrystallized from a mixture of n-hexane and CH2Cl2.

Fig. 1 ORTEP drawing of (3S,4R)-3-chloro-1-(4-chlorophenyl)-3-phenyl-
azetidin-2-one-4-spiro-5A-(4A-chloro-5AH-1A,2A,3A-dithiazole) 2d.

This journal is © The Royal Society of Chemistry 2001
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2d. Trisulfides of azetidin-2-ones have never been reported
despite the existence of numerous methods for the synthesis of
a variety of trisulfides.6 Compounds 6 and 7 are also new. The
stereochemistry at C-3 and C-4 of 5 and 6 are believed to be
intact. Reaction times and yields of trisulfides 5, disulfides 6,
and isothiazol-3-ones 7 are summarized in Table 2.

Table 2 shows that 2 react with both primary (entries 1–4 and
7–9) and secondary (entry 5) alkylamines to give 5 but not with
arylamine even at reflux temperature over a prolonged reaction
time (entry 6). Among primary alkylamines, i.e. n-PrNH2 and t-
BuNH2, the reactions with n-PrNH2 proceeded more rapidly
than those with t-BuNH2, presumably due to the steric effect of
a bulky tert-butyl group.

For a mechanistic study, a mixture of equal molar amounts of
2b (0.253 mmol) and 2c (0.253 mmol) was treated with n-
PrNH2 (2.07 mmol) for 3 h under the foregoing conditions.
From the reaction were isolated 5b (44%), 5c (46%), and
unsymmetrical trisulfide 8 (87%) (Scheme 3). The isolation of
unsymmetrical trisulfide 8 coupled with its yield, which is
approximately twice of that of either 5b or 5c, indicates that
trisulfides 5 are formed via an intermolecular reaction.
Furthermore, when the mixture of 2b (0.070 mmol) and 2c
(0.069 mmol) was treated with a large exccss of n-PrNH2 (1.1
mmol) for 24 h under the same conditions, isothiazol-3-ones 7b
(58%) and 7c (62%) along with unknown mixtures were
obtained. No trisulfides 5b and 5c were detected. The results
indicate that 2 are converted to 7 via 5 in the presence of a large
excess of n-PrNH2 over a prolonged reaction time. In addition,
the fact that 7c (78%) together with an unknown mixture as
obtained from the reaction of disulfide 6c (Ar = 4-MeC6H4, R3

= H, R4 = n-Pr) (0.11 mmol) with n-PrNH2 (0.49 mmol) in
CH2Cl2 for 26 h indicates that 6 also act as intermediates for the
formation of 7.

In conclusion we have found that 5-arylimino-4-chloro-5H-
1,2,3-dithiazoles reacted with (chloro)phenylketene in CH2Cl2
at rt to give spiro compound 2, which undergoes a decomposi-
tion reaction in the presence of primary and secondary
alkylamines in CH2Cl2 at rt, giving bis(2-oxo-azetidin-4-yl)
trisulfides as major products. Study of the mechanism and scope
of the reactions is in progress.

This work was supported by a Korea Research Foundation
Grant (DP-0261).

Notes and references
‡ Crystal data for 2d: C16H9Cl3N2OS2, M = 415.72, monoclinic, a =
16.946(2), b = 7.4460(5), c = 15.026(3) Å, b = 113.080(10)°, U =
1744.2(4) Å3, T = 293 K, P2/k, Z = 4, m(Mo-Ka) = 0.770 mm21, l =
0.71070 Å, 3189 reflections measured, 3057 unique (Rint = 0.0088) which
were used in all calculations. Final R indices [I > 2s(I)]: R1 = 0.0455, wR2
= 0.1156. CCDC 165871. See http://www.rsc.org/suppdata/cc/b1/
b103974c/ for crystallographic data in CIF or other format.

Spectral data for 2d: n(neat)/cm21 3056, 1782, 1490, 1442, 1366, 1158,
1117, 1109, 1051, 1010; dH(300 MHz, CDCl3) 7.36 (s, 4H), 7.38-7.44 (m,
3H), 7.59 (br, 2H); dC(75 MHz, CDCl3) 82.9, 102.1, 119.2, 126.6, 129.2,
129.8, 130.2, 131.8, 132.9, 133.1, 142.0, 160.3.

1 D. E. Davies and R. C. Storr, in Comprehensive Heterocyclic Chemistry,
A. R. Katritzky and C. W. Rees, ed., Pergamon, Oxford, 1984, vol. 7, pp.
237–362; N. De Kimpe, in Comprehensive Heterocyclic Chemistry II,
A. R. Katritzky, C. W. Rees and E. F. V. Scriven, ed., Pergamon, Oxford,
1996, vol. 1B. pp. 507–720.

2 M.-K. Jeon and K. Kim, Tetrahedron, 1999, 55, 9651; H.-S. Lee, Y.-G.
Chang and K. Kim, J. Heterocycl. Chem., 1998, 35, 659.

3 K. Kim, Sulfur Rep., 1998, 21, 147.
4 R. S. Ward, in The Chemistry of ketenes, allenes and related compounds,

Part 1, S. Patai, ed., John Wiley and Sons, New York, 1980, ch. 7, pp.
223–277.

5 Refer to ref. 2 for other 5-alkylidene-5H-1,2,3-dithiazoles.
6 B. D. Vineyard, J. Org. Chem., 1966, 31, 601; H. Bohme and H.-P.

Steudel, Liebigs Ann. Chem., 1969, 730, 121; D. N. Harpp and A.
Granata, Tetrahedron Lett., 1976, 35, 3001; A. Banerji and G. P. Kalena,
Tetrahedron Lett., 1980, 21, 3003; A. L. Schroll and G. Barany, J. Org.
Chem., 1986, 51, 1866; G. Capozzi, A. Capperucci, A. Del’Innocenti,
R. D. Duce and S. Menichetti, Tetrahedron Lett., 1989, 30, 2991; M.
Ghadimi and R. R. Hill, J. Chem. Soc., Chem. Commun., 1991, 903; G.
Derbesy and D. N. Harpp, Tetrahedron Lett., 1994, 35, 5381; I. A. Abu-
Yousef and D. N. Harpp, J. Org. Chem., 1998, 63, 8654.

Table 2 Reaction times and yields of compounds 5, 6 and 7

Yielda (%)

Entry Compound Ar R3R4NH Time (t/h) 5 6 7

1 2b 4-MeOC6H4 n-PrNH2 0.7 b 93
(93–98)c

2 2b 4-MeOC6H4 t-BuNH2 42 b 77 b 7
3 2c 4-MeC6H4 n-PrNH2 0.7 c 80

(103–107)c
c 4

4 2c 4-MeC6H4 t-BuNH2 4 c 77 d 6
5 2c 4-MeC6H4 n-Pr2NH 2 c 61 e 16 c 6

(170–171)d

6 2c 4-MeC6H4 PhNH2 24b

7 2d 4-ClC6H4 n-PrNH2 0.2 d 69
(110–115)c

f 10 d 19
(181–182)d

8 2d 4-ClC6H4 t-BuNH2 16 d 73 g 8
9 2f 4-O2NOC6H4 n-PrNH2 0.2 e 90

(160–165)d

a Isolated yields. b Reflux time. c Recrystallized from a mixture of CH2Cl2 and EtOH. d Recrystallized from a mixture of n-hexane and CH2Cl2.

Scheme 2 Reagents and conditions: i, Et3N, CH2Cl2, rt; ii, R3R4NH,
CH2Cl2, rt.

Scheme 3 Reagents and conditions: i, n-PrNH2 (8 equiv.), CH2Cl2, rt, 3 h;
ii, n-PrNH2, (8 equiv.), CH2Cl2, rt, 24 h; iii, n-PrNH2 (4 equiv.), CH2Cl2, rt,
26 h.
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Diastereomeric separation of [{M(Cp*)(ado)}3]3+ (M = RhIII, IrIII;
ado = adenosinato): crystal structure of an inclusion compound
[{Rh(Cp*)(ado)}3](CF3SO3)3·MeOH
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A diastereomer with a C3 cyclic trimer [{Rh(adenosi-
ne)(Cp*)}3](CF3SO3)3, which was obtained selectively by a
second-order asymmetric transformation, can include one
methanol molecule into its triangle dome-like cavity.

Adenosine (Hado, 1) is an important DNA/RNA nucleoside. In

1992 Fish and coworkers reported the synthesis of an interesting
C3 cyclic trimer complex containing the ligand [{Rh(Cp*)(a-
do)}3](CF3SO3)3 2 (Cp* = h5-C5Me5).1 However this complex
was a mixture of two diastereomers (2a and 2b) due to
chiralities of the ribose group in 1 and the pure diastereomers
had not been isolated. Hence the structure of 2 was deduced
from NMR spectroscopy and the crystal structure
[{Rh(Cp*)(Me-ade)}3](CF3SO3)3 (Me-ade = 9-methyladeni-
nato).1

Here we report diastereomeric separations of 2 and the
corresponding IrIII complex [{Ir(Cp*)(ado)}3](PF6)3 3 (3a and
3b) and a novel crystal structure of an inclusion compound
[{Rh(Cp*)(ado)}3](CF3SO3)3·MeOH (2a·MeOH). The abso-
lute configurations of all complexes can be assigned based on
circular dichroism (CD) spectra.

A self-assembling reaction between [Rh(Cp*)(H2O)3]2+ and
1 gave 2† in high yield. Fig. 1(a) shows the 1H NMR spectrum
of the reaction solution, which indicates the presence of two
diastereomers. However fractional crystallization of this reac-
tion solution gave only one diastereomer 2a up to the end of
evaporation [Fig. 1(b)]. This phenomenon, the selective crystal-
lization of one of the diastereomers under conditions of
relatively rapid isomer equilibration in solution, is denoted
second-order asymmetric transformation,2 as observed in
fac(S)-[Co{(R)-cysteinato-N,S}3]32.3 Though shifts of the dia-
stereomeric equilibria have been known in many organome-
tallic systems, the above phenomenon is quite rare.4 The
electrospray ionization (ESI) mass spectrum of 2a showed
dominant peaks at m/z 504.1, 830.7 and 1811.1, which
correspond to the ions [3M23X]3+, [3M 2 2X]2+ and [3M 2

X]+, respectively, where 3M and X represent the complex and
CF3SO3

2, respectively. The result indicates that 2 has a cyclic
trinuclear structure.

Fig. 2 shows a view of [{Rh(Cp*)(ado)}3][CF3SO3]3·
2.5H2O·MeOH (2a·MeOH).‡ This complex has a trinuclear
structure. Three RhIII ions are crystallographically independent
and form an almost equilateral triangle: Rh(1)…Rh(2)
5.6037(6), Rh(1)…Rh(3) 5.6353(6) and Rh(2)…Rh(3)
5.6285(6) Å. The ado ligand adopts a m-1kN1:2k2N6,N7

bridging mode: it coordinates to one RhIII ion in a bidentate
manner via the NH6 and N(7) donors which form a five-
membered chelate ring and bridges to another RhIII ion through
the N(1) donor. The three purine rings are located at the same
side and form a triangular dome-like cavity. Interestingly one
molecule of methanol just fits this cavity, forming an inclusion
compound. There are two O–H…O hydrogen bonds between
the oxygen of methanol and the hydroxyl groups of ribose
[O(102)…O(401) 2.782(8) and O(205)…O(401) 2.748(8) Å].
Moreover three CH–p interactions are found: the three
distances between the carbon atom of the methyl group and each
of the least-square planes of the three purine rings are 3.53, 3.63
and 3.72 Å. These two types of interactions stabilize the
inclusion of the methanol. The side length of the triangle formed
by C(6), corresponding to a bottom of the cavity in Fig. 2, is
3.86 Å (av.) and the length by C(1A), at the top of the cavity, is
8.18 Å (av.). Three ribose groups close the cavity by acting as
a cap. The side stereoview and the space-filling structure in Fig.
3 clearly show this triangle dome-like cavity. Fish and

Fig. 1 Proton NMR spectra of 2 (a) and 2a (b) in (CD3)2SO.

Fig. 2 The structure of the cation in [{Rh(Cp*)(ado)}3][CF3SO3]3·2.5H2O·
MeOH (2a·MeOH): Selected average bond distances (Å) and angles (°) Rh–
N(6) 2.161, Rh–N(7) 2.159, Rh–N(1A) 2.155, C(6)–N(6) 1.306; N(6)–Rh–
N(7) 79.1, N(6)–Rh–N(1A) 89.9, N(7)–Rh–N(1A) 84.5, N(6)–C(6)–C(5)
115.6, Rh–N(7)–C(5) 106.5, Rh–N(6)–C(6) 113.4.

This journal is © The Royal Society of Chemistry 2001
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coworkers have reported that 2 and analogous cyclic trimer
complexes are useful hosts for molecular recognition of
aromatic amino acid guests.5 The present study gives the
structural support for such investigations.

Since the central RhIII ions become chiral each unit complex
has chirality C (clockwise) or A (anticlockwise).6 2a has a chiral
array of CCC, and the CD spectrum is shown in Fig. 4. The CD
intensity is considerably stronger than those reported for
nucleosido complexes which are mixtures of two diaster-
eomers.7 It should be noted that the present RhIII system
contains only the C3 CCC diastereomer. A D2O solution of 2a
produced 30% of 2b at room temperature in ten days.

The corresponding IrIII complex [{Ir(Cp*)(ado)}3](PF6)3 3§
was prepared in the same manner and showed a very similar 1H
NMR spectrum to that of 2 which is characteristic for a trimer.1
Upon fractional crystallization, both diastereomers 3a and 3b
were obtained as almost pure isomers (Fig. 5). The ESI mass
spectrum of 3a showed dominant peaks corresponding to the
ions [3M 2 3X]3+ and [3M 2 2X]2+. Therefore we concluded
that 3 has the same C3 cyclic trinuclear structure as 2. As shown
in Fig. 4, both CD spectra (b) and (d) are almost enantiomeric.
To our knowledge, this is the first example of isolating two
diastereomers for nucleosido complexes. The CD spectra of the
IrIII complexes is blue-shifted by ca. 5000 cm21 compared with
those of RhIII complexes.  3a showed (2) and (+) CD peaks

from the lower energy side, the pattern of which is similar to that
of the RhIII complex 2a. The 1H NMR patterns of H2 and H8 are
also analogous for 2a and 3a. Hence 3a can be assigned as a
CCC cyclic trinuclear structure and 3b as AAA.

Notes and references
† For 2 (2a): to a suspension of [{Rh(Cp*)Cl2}2]8 (0.2 g, 0.32 mmol) in
water (30 cm3) was added silver triflate (0.33 g, 1.3 mmol) and the mixture
stirred at 40 °C for 1 h. The resulting silver chloride precipitate was removed
by filtration and to the filtrate was added an aqueous solution (50 cm3) of 1
(0.18 g, 0.64 mmol) adjusted to ca. pH 7 by adding aqueous NaOH. The
mixed solution was stirred at room temp. for 1 d and then the resultant
solution 2 was evaporated. Fractional crystallization of 2 always gave one
diastereomer 2a until the end of evaporation: that is, a second-order
asymmetric transformation was found in this RhIII system; hence the
isolation of 2b is impossible using CF3SO3

2. The yield was 70–85%.
Found: C, 36.72; H, 4.49; N, 10.12. Calc. for [{Rh(Cp*)(ado)}3][CF3-
SO3]3·6H2O 2a (C63H93F9N15O27Rh3S3): C, 36.58; H, 4.53, N, 10.16%.
UV–VIS (H2O): lmax/nm (e/dm3 mol21 cm21) 450sh (300) 385 (7470)
305sh (ca. 26000) 275 (32400). NMR: dH (DMSO-d6) 9.081(H8; s, 1H),
7.716(H2; s, 1H), 5.687(H1A; d, 1H), 5.467(OH2A; d, 1H), 5.254(OH3A; d, 1H),
5.052(OH5A; t, 1H), 4.531(NH6; s, 1H), 4.462(H2A; q, 1H), 4.092(H3’; q, 1H),
3.948(H4A; q, 1H), 3.703(H5A; m, 1H), 3.551(H5A; m, 1H), 1.827(Cp*; s,
15H); dC (dmso-d6) 158.91(C6), 156.83(C2), 143.47(C4), 140.02(C8),
125.58(C5), 121.73(CF3SO3), 119.60(CF3SO3), 96.12(Cp*), 89.37(C1A),
85.68(C4A), 73.33(C2’), 69.48(C3A), 60.81(C5A), 9.27(Cp*). ESI MS
(MeOH): m/z 504.1([3M 2 3X]3+), 830.7([3M 2 2X]2+), 1811.1 ([3M 2
X]+). Crystals for X-ray crystal structure analysis were obtained from a
methanol–ether solution.
‡ Crystal data for [{Rh(Cp*)(ado)}3][CF3SO3]3·2.5H2O·MeOH 2a were
collected on a Rigaku RAXIS-RAPID Imaging Plate with graphite-
monochromated Mo-Ka radiation (l = 0.71069 Å); C64H90-
F9N15O24.5Rh3S3, Mr = 2037.38, crystal size 0.15 3 0.15 3 0.35 mm; T =
23 °C; orthorhombic, space group P212121 (no. 19), a = 21.0185(4), b =
21.3660(4), c = 19.4924(3) Å, V = 8753.7(3) Å3, Z = 4, m = 7.26 cm21,
F(000) = 4156, Dc = 1.546 g cm23, 2qmax = 55.0°. 20037 reflections were
collected. Final R1 = 0.044 (wR = 0.137) for 13527 reflections with I > 2s
(I) (993 parameters). All calculations were performed using the TEXSAN9

crystallographic software package. CCDC reference number 157281. See
http://www.rsc.org/suppdata/cc/b1/b102870g/ for crystallographic data in
CIF or other electronic format.
§ For 3 (3a and 3b): the corresponding IrIII complex was prepared in the
same manner but without adding aqueous NaOH. The reaction solution was
stirred at room temperature for 6 d and then the resultant solution was
evaporated. Since the desired complex is too soluble, an excess of NH4PF6

was added leading to crystals of 3 (85% yield). When an aqueous solution
of 3 was fractionally recrystallized, 3a was obtained first as the less soluble
diastereomer (37% yield) and the more soluble diastereomer 3b was
obtained as a second crop (10% yield; 20% 3a and 80% 3b). The second-
order asymmetric transformation in the RhIII–CF3SO3 system was not
observed in the IrIII–PF6 system. Found: C, 31.37; H, 3.77; N, 9.17. Calc. for
[{Ir(Cp*)(ado)}3][PF6]3·4H2O 3a (C60H89F18Ir3N15O16P3): C, 31.50; H,
3.92, N, 9.18%. UV–VIS (H2O): lmax/nm (e/dm3 mol21 cm21) 340sh (ca.
10600) 285(23400). NMR: dH (DMSO-d6) 9.142(H8; s, 1H), 7.731(H2; s,
1H), 5.746(H1A; d, 1H), 5.523(OH2A; d, 1H), 5.296(OH3A; d, 1H),
5.081(OH5A; t, 1H), 4.651(NH6; s, 1H), 4.469(H2A; q, 1H), 4.119(H3A; q, 1H),
3.972(H4A; q, 1H), 3.728(H5A; m, 1H), 3.568(H5A; m, 1H), 1.815(Cp*; s,
15H); dC (dmso-d6) 161.38(C6), 157.93(C2), 144.19(C4), 139.36(C8),
128.06(C5), 93.80(CF3SO3), 89.65(C1A), 87.77(Cp*), 85.64(C4A),
73.55(C2A), 69.30(C3A), 60.62(C5A), 9.09(Cp*). ESI MS (MeCN): m/z
594.7([3M 2 3X]3+), 963.4([3M 2 2X]2+). 3b: NMR: dH (dmso-d6)
9.115(H8; s, 1H), 7.775(H2; s, 1H), 5.742(H1A; d, 1H), 5.541(s, 1H), 5.352(s,
1H), 4.970(s, 1H), 4.611(s, 1H), 4.555(s, 1H), 4.488(s, 1H), 4.220(s, 1H),
3.967(d, 1H), 1.808(Cp*; s, 15H). The concentration of 3b for CD
measurement was determined from the molar absorption coefficients of
3a.

1 D. P. Smith, E. Bruce, B. Morales, M. M. Olmstead, M. F. Maestre and
R. H. Fish, J. Am. Chem. Soc., 1992, 114, 10647.

2 E. E. Turner and M. M. Harris, Quart. Rev. (London), 1947, 1, 299.
3 M. Kita and K. Yamanari, J. Chem. Soc., Dalton Trans., 1999, 1221.
4 H. Brunner, Angew. Chem., Int. Ed., 1999, 38, 1194.
5 H. Chen, M. F. Maestre and R. H. Fish, J. Am. Chem. Soc., 1995, 117,

3631.
6 Nomenclature of Inorganic Chemistry, Recommendation 1990, ed. G. J.

Leigh, Blackwell Scientific Publications, Oxford, UK, 1990.
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Fig. 3 Side stereoview (top) and the space-filling structure (bottom) of
2a·MeOH.

Fig. 4 CD spectra of [{Rh(Cp*)(ado)}3](CF3SO3)3 (a) and [{Ir(Cp*)-
(ado)}3](PF6)3 (b, c and d). The pure CD spectrum (d) of 3b was calculated
from the spectra.

Fig. 5 Proton NMR spectra of 3a (a) and 3b (b) in (CD3)2SO.
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The self-assembly of discrete linear tapes claimed by the title
communication is questioned on the basis of a rigorous
thermodynamic analysis; moreover the reported thermody-
namic data are not consistent with self-assembly of the
square.

There is currently much interest in the preparation and isolation
of monodisperse oligomers because of their technological
applications.1 In a recent communication in this journal,2 Drain,
Shi, Milic and Nifiatis (DSMN) reported 1H NMR experiments
aimed at supporting a strong bias in favour of well defined linear
oligomers in solution simply by changing the stoichiometric
ratio between monofunctional and bifunctional reactants cap-
able of reacting with each other in a reversible addition reaction.
In particular they claimed that mixing 5-[2,6-bis(acetylamino)-
pyridin-4-yl]-10,15,20-tris(4-tert-butylphenyl)porphyrin and
5,15-bis[2,6-bis(acetylamino)pyridin-4-yl]-10,20-bis(4-tert-
butylphenyl)porphyrin in a 2+1 stoichiometry leads essentially
to a linear trimer (Scheme 1, i = 1) whereas using a 2:2 ratio a
linear tetramer (i = 2) is formed in prevalence.

This approach which seems to be self-evident, would have a
profound influence on the preparation of monodisperse linear
oligomers, also in view of the fact that end-terminated
oligomers would inhibit the competitive formation of cyclic
species.3 Owing to the importance of the observation, I believe
that a warrant based on rigorous thermodynamic grounds is
required.

At first consider a monomer A–A (L1) bearing two identical
functional groups, capable of reacting with each other in a
reversible addition reaction. If rings are assumed to be
completely absent, a system initially composed of monomer
units L1, after equilibration, contains in principle an infinite
number of linear oligomers Li, i being the polymerisation
degree. Let K be the equilibrium constant for the dimerisation of
a monofunctional reactant R–A, if the association between end
groups is independent of the length of the chain, then the
oligomer distribution can be expressed as follows:†

[Li] = (sK)21 xi (1)

where s is a symmetry number, that in the present case is equal
to 4,§ and x is the fraction of reacted end-groups. Eqn. (1) is of

course equivalent to the classical Flory distribution valid in the
case of polycondensation.4 The mass balance equation is given
by eqn. (2)†

[L1]0 = (sK)21x (1 2 x)22 (2)

where [L1]0 is the initial monomer concentration. Solving eqn.
(2) for x, the weight fraction wi of the oligomer Li, can be easily
evaluated.† In Fig. 1 are reported plots of the weight fraction of
the first five oligomers as a function of sK[L1]0. Extensive
polymerisation occurs at high values of the product K[L1]0,
whereas for the highest yield of a specific oligomer a specific
K[L1]0 value is required. By inspection of Fig. 1, it results that
with simple oligomerisation the yield of the dimer can be 30%
at best, that of the trimer 19%, that of the tetramer 14% and that
of the pentamer 11%. It would be very useful if by addition of
appropriate amounts of a chain terminator R–A one could
selectively increase the yield of a specific oligomer as suggested
by DSMN.

A mixture of a monofunctional reactant R–A (A) and of a
bifunctional reactant A–A (L1) will generate in solution the
dimer of R–A (N0) and three families of oligomers, namely Li

having both ends free, Mi having only one end free, and Ni

having both ends terminated as the species shown in Scheme 1.¶
The oligomer distribution of Li is still given by eqn. (1) whereas
those of Mi and Ni are given by eqn. (3) and (4), re-
spectively.†

[Mi] = [A] xi (3)

[Ni] = K [A]2 xi (4)

It is useful to consider the total concentration of the oligomers
with the same polymerisation degree, [Ri], obtained by
summing eqn. (1), (3), and (4)

[Ri] = {(sK)21 + [A] + K[A]2} xi (5)

Let us define the term in parentheses as (sKapp)21, where
Kapp is an apparent constant at a given concentration of [L1]0
and [A]0, then eqn. (5) can be rewritten as eqn. (6)

† Electronic supplementary information (ESI) available: formal derivation
of eqn. (1), (2), (3) and (4), and details about the construction of Figs. 1 and
2, and self-assembly of the square. See http: //www.rsc.org/suppdata/cc/b1/
b101678b/

Scheme 1

Fig. 1 Weight fraction of monomer, dimer, trimer, tetramer, and pentamer
(curves from A to E, respectively) vs. sK[L1]0.

This journal is © The Royal Society of Chemistry 2001
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[Ri] = (sKapp)21 xi (6)

which has the same form as eqn. (1). It is easy to show that now
the mass balance equation has the same form as eqn. (2) with K
replaced by Kapp, therefore Fig. 1 can now be used to predict the
weight fraction of Ri. Of course in no case can the weight
fraction of the end terminated oligomer Ni, which is a part of Ri,
be greater than the weight fraction of Ri, thus disproving the
idea that specific stoichiometric ratios between [L1]0 and [A]0
can drive the reaction toward a certain oligomer, as suggested
by DSMN. An increase of [A]0, of course, will cause an increase
of [A], and consequently a decrease of the Kapp value. This
involves a shift to the left in the abscissa of Fig. 1, i.e.
depolymerisation. An increase of [A] will also cause a change of
the relative weight of each oligomer type within Ri disfavouring
the Li type; thus in the limit of [A]0 tending to infinity only
N1 will be present in solution, apart of course from A and N0. To
further illustrate the extent of polydispersity, in Fig. 2 is
reported the fraction of N0, N1, and N2, weighted according to
the content of functional groups, against the ratio [A]0/[L1]0,
with K set very high so that [Li] = [Mi] = 0 and [Ri] = [Ni].†
It is evident from Fig. 2 that, although DSMN realised that
linear self-assembly does not give pure N1 and N2, they
certainly undervalued the extent of polydispersity. It also
appears that the best [A]0/[L1]0 value to obtain Ni is not 2/i but
4/i.

It should be noted that the equilibrium constants reported by
DSMN for the formation of the trimer and the tetramer (Scheme
1, i = 1 and 2, respectively), 110 dm6 mol22 and 70 dm9 mol23,
respectively, are certainly wrong. Considering the value of the
equilibrium constant for the dimerisation given by DSMN (K =
160 dm3 mol21) as a bona fide value, the constant for the
formation of the trimer should be equal to 4K2, i.e. of the order
of 105 dm6 mol22, and that of the tetramer 16K3, i.e. of the order
of 108 dm9 mol23. In fact 1H NMR cannot be used to assess the
distribution of linear oligomer ; 1H NMR records the average
chemical shift of bound and unbound end groups, and since all
the associations between end groups have the same probability
of occuring, any experiment in which the total concentration of
end groups is identical, no matter if they come from monofunc-
tional or bifunctional reactants, will give the same chemical
shift even if the distribution of the species actually present in
solution are very different. This is demonstrated by the fact that
DSMN found very similar C1/2 values (the concentration at the
half maximum increase in the chemical shift) for different linear
self-assembly experiments. DSMN also reported that
5,10-bis[2,6-bis(acetylamino)pyridin-4-yl]-15,20-bis(4-tert-
butylphenyl)porphyrin undergoes self-assembly to form a

cyclic tetramer (a square), however the equilibrium constant
they reported for the formation of the square (Ksquare = 2400
dm9 mol23) is not consistent with the reported C1/2 value (0.8
mM). By assuming that the square and the monomer are the
only species present in solution, a Ksquare value of 3.9 3 109 dm9

mol23 can be estimated.† It appears therefore that DSMN made
some serious computational error in the evaluation of Ksquare. If
the value of Ksquare were that indicated by DSMN, self-assembly
of the square would not occur.

I have reported a treatment for self-assembly macrocyclisa-
tions of a monomer of the type A–B.5 One of the principal
results of my treatment is that in order for self-assembly to be
virtually complete in a certain range of initial monomer
concentration the following condition must be verified [eqn.
(7)], where EM is the effective molarity6 of the self-assembled

EM sK ! 185 n (7)

ring, K is the equilibrium constant for the intermolecular model
reaction, and n is the number of monomer units constituting the
ring. Since Ksquare = EM(sK)4, from a Ksquare value of 3.9 3
109 dm9, an EM of ≈ 0.02 mol dm23 can be calculated.
According to eqn. (7) this value is too low to be compatible with
complete self-assembly of the square. An approximate calcula-
tion indicates that the maximum molar fraction that can be
reached by the square is about 67%.†

Another point regards the claimed quadruple hydrogen
bonding. There is a general consensus that the most stable
conformation of the amide linkage in 2,6-bis(acylamino)pyr-
idines is anti and not syn,7 as reported by DSMN; thus the sub-
units are probably just double hydrogen bonded. An example of
a reversible polymer formed by a genuine quadruple hydrogen
bond shows that such a bond can be very strong indeed (K > 106

dm3 mol21).8
In conclusion the formation of discrete linear tapes by

changing the stoichiometric ratio between monofunctional and
bifunctional reactants is not supported by a rigorous thermody-
namic analysis; the self-assembly of the cyclic tetramer should
be re-examined in the light of actual knowledge in order to
provide consistent thermodynamic data.

I thank both the referees for their helpful suggestions.
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Antisense molecules and furanose conformations—is it really that
simple?
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Selected nucleic acid mimics are discussed in the context of the
antisense therapeutic strategy with focus on furanose conforma-
tion, RNA-binding affinity, and activation of the RNA-cleaving
enzyme RNase H.

Introduction
In order to inhibit gene expression by targeting RNA with short
antisense oligonucleotides, multiple chemically modified nu-
cleoside and oligonucleotide analogues have been synthesized
and evaluated during the last 15 years.1,2 Selected examples of
modified nucleic acids are described here with the emphasis on
their hybridization properties and capability to activate RNase
H, an RNA-degrading enzyme, in relation to their conforma-
tional and structural characteristics. The focus is on important
recent developments and their prospects towards the realization
of the antisense therapeutic strategy.

The antisense strategy
The carriers of all genetic information in living organisms are
2A-deoxyribonucleic acid (DNA) and ribonucleic acid (RNA),
polymers consisting of repetitive units of nucleotide monomers.
Each nucleotide contains a phosphate group, a carbohydrate
moiety and a nucleobase (Fig. 1). The natural nucleobases in

DNA (R1 = H) are A, G, T and C while U replaces T in RNA
(R1 = OH). Two complementary polymeric or oligomeric
single strands hybridize in an anti-parallel fashion forming a
right-handed duplex with the specific Watson–Crick base-
pairing of G to C and A to T or U.

As depicted schematically in Fig. 2, the genetic information
is transcribed from double-stranded DNA, located in the cell

nucleus, to single-stranded messenger-RNA (mRNA) which
functions as a carrier of genetic information from the cell
nucleus to the ribosomes in the cytoplasm. The principle of the
antisense strategy is to target mRNA by duplex formation using
a short (10–20 nucleotides long) antisense oligonucleotide,
thereby preventing the translation of the mRNA into proteins. In
principle, any genetic sequence, and thus any disease with a
genetic origin, should be subject to selective targeting by
varying the nucleotide sequence of an antisense oligonucleotide
approximately 18 nucleotides long. This makes the antisense
strategy general and attractive compared with the individual
development of traditional drugs acting at the protein level. An
antisense oligonucleotide has to fulfil several functional
requirements, e.g. high binding affinity toward the RNA
binding strand, resistance towards nucleases, low toxicity, and
efficient delivery to the desired target site, in vivo, rendering

† Current address: Department of Chemistry, The Technical University of
Denmark, Building 201, DK-2800, Lyngby, Denmark.
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Fig. 1 Structures of a nucleotide monomer (left) and the nucleobases
adenine (A), guanine (G), uracil (U), thymine (T), and cytosine (C).

Fig. 2 Schematic overview of the antisense strategy.
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chemical modification of the natural nucleic acid structures
needed.

Nucleic acid structure and furanose
conformations
The pseudorotational circle3 depicted in Fig. 3 describes the
possible furanose conformations of the nucleotide monomers.

All distinct conformations (i.e. envelope, E, and twist, T,
conformations) are separated by 18° with a superscript
designating an atom above the plane described by the remaining
three or four atoms of the furanose ring, and a subscript
designating an atom below.

The two dominating furanose conformations for DNA and
RNA generally give rise to two different duplex forms, as
depicted in Fig. 4. Apart from having all furanose conforma-

tions in an S-type (south-type, C2A-endo, 2E) conformation, the
B-type helix seen in solution for DNA is characterized by 10
base-pairs almost perpendicular to the helix axis per helix turn,
and a distinct difference in width of the major and the minor
grooves.4,5 In contrast, RNA adopts an A-type helix in which
the furanose conformations are all N-type (north-type, C3A-
endo, 3E) with 11 base-pairs tilted 20° with respect to the helix
axis per helix turn, and the minor and major grooves being
almost equally wide.4,5

Modes of action and conformational requirements
of antisense molecules
An antisense oligonucleotide has basically two possible modes
of action both depending on the duplex formation between the
RNA target and the antisense oligonucleotide. One is a simple
steric blocking of the mRNA, the other recognition of the RNA–
antisense duplex as a substrate for the enzyme RNase H which
cleaves the RNA strand of an RNA–DNA duplex. In the latter
scenario, one antisense oligonucleotide is able to pacify
multiple mRNA strands. A high binding affinity towards RNA
is crucial, especially for the steric blocking approach. Con-
formational restriction of the single-stranded antisense oligonu-
cleotides is believed to favour duplex formation entropically by
diminishing the loss of conformational degrees of freedom upon
duplex formation, and conformational restriction of the fur-
anose rings of oligonucleotides has been successfully applied to
the field in the recent years.6–8 Studies of a large number of
oligonucleotide analogues have been generalized to the hypoth-
esis that oligonucleotides restricted into N-type furanose
conformations, thus yielding A-type duplexes when hybridized
to RNA, effect the highest duplex stabilities.1,9

However, no fully modified antisense oligonucleotide with
restricted N-type furanose conformations has been reported to
be able to activate RNase H. The RNA–DNA heteroduplexes
being substrates of RNase H which has been reported to bind in
the minor groove, adopt an intermediate duplex form with a
minor groove width also intermediate between that of the A
form and the B form.10–14 The furanose conformations in the
RNA strand are still N-type (3A-endo) while hybridization to the
RNA strand causes the furanose conformations of the DNA
strand to change from the typical S-type (C2A-endo) into E-type
conformations (O4A-endo range, see Fig. 3).10,11,14 Thus, the
activation of RNase H proposedly requires antisense oligonu-
cleotides with furanose rings able to adopt E-type (O4A-endo),
or perhaps S-type (C2A-endo), conformations, and not the
duplex-stabilizing N-type conformations.

An appealing way to circumvent the lack of RNase H
activation is the introduction of chimeric structures consisting
of high-affinity nucleotide modifications in the terminal regions
of the antisense oligonucleotide around a ‘gap’ of RNase H-
activating nucleotides in the central part. To activate the
mammalian RNase H, a gap size of five15 to seven16 unmodified
2A-deoxynucleotides has been suggested.

Selected oligonucleotide analogues
A number of the more promising nucleic acid mimics for the
development of successful antisense oligonucleotides are
discussed in the following. Emphasis is given to analogues in
which the furanose ring is restricted into a distinct conformation
by either stereoelectronical or constitutional (sterical) means.
Average duplex stabilities for hybridization towards com-
plementary RNA targets are reported as the change in the
melting temperature per modified nucleotide (°C per mod.)
relative to the corresponding unmodified DNA–RNA reference
duplex, the melting temperature being defined as the tem-
perature at which half of the duplex is dissociated as measured
by the associated hyperchromic shift at 260 nm.

Phosphorothioates

In 1998, the first antisense drug, Vitravene™ (ISIS-2922), was
approved by the FDA for the treatment of cytomegalovirus
retinitis in immunocompromised patients.17 This antisense
oligonucleotide consists of phosphorothioate (thiophosphate)
nucleotides, in which one of the non-bridging phosphate
oxygens is substituted by sulfur (5, Fig. 5) resulting in improved
nuclease stability while the capability to activate RNase H
remains intact. Phosphorothioates are, however, considered as

Fig. 3 The pseudorotation cycle showing the relation between the
pseudorotation angle P (0–360°; calculated from the five torsional angles of
the furanose ring3) and furanose ring conformations.

Fig. 4 Globular conformations of an A-type duplex (left) and a B-type
duplex (right) generally seen for RNA+RNA and DNA+DNA duplexes,
respectively.
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only ‘first generation’ antisense oligonucleotides due to less
desirable features such as lowered duplex stabilities (approx-
imately 20.8 °C per mod.), the existence of diastereomeric
mixtures because of the chirality of the phosphorus atoms, and
significant toxicity caused, e.g. by non-specific binding to
proteins.18

Selected 2A-O-alkylated RNA derivatives

For 2A-O-alkylated RNA derivatives, the gauche effect between
O2A and O4A (along the C1A–C2A bond) induces a conformational
shift towards an N-type (C3A-endo) furanose conformation
resulting in A form duplexes as also seen for unmodified RNA.
Provided that the 2A-O-alkyl group is not too sterically
demanding (i.e. alkyls smaller than hexyl),19 increased duplex
stability is observed. A 2A-O-Me-RNA monomer (6A, Fig. 6)

induces an increase in the melting temperature of ca. +0.5 to
+1.0 °C per mod.,20 while 2A-O-(methoxyethyl)- (MOE, 6B)
and 2A-O-aminopropyl- (AP, 6C) monomers effect increases of
ca. +1.0 to +1.5 °C per mod.20,21 and ca. +1.0° C per mod.,22

respectively. The nuclease stability of the 2A-O-Me derivatives
is insufficient for antisense purposes,9 which suggests the use of
the more resistant MOE21 or AP22 modifications. Because of
their preorganization into an N-type furanose conformation,
none of the 2A-O-alkylated derivatives activate RNase H unless
a gap-mer strategy is applied.23

N3A? P5A-Phosphoramidates

Replacing the 3A-hydroxy group with an amino group introduces
a non-chiral nuclease-resistant phosphoramidate internucleo-
side linkage. Such a modification (7A, Fig. 7) increases duplex

stabilities by +2.3 to +2.6 °C per mod.24–26 which has been
explained by the diminished gauche effect from the 3A-nitrogen
atom preorganizing the furanose ring into an N-type (C3A-endo)
conformation thus furnishing A-type duplexes with RNA
targets as also shown by NMR27,28 and X-ray studies.29

Hybridized to RNA, fully modified phosphoramidates do not
activate RNase H,30 but this problem can be circumvented by
the use of a gap-mer sequence with unmodified DNA
monomers in the central gap31 and also of a phosphoramidate
mix-mer with alternating phosphoramidate and unmodified
phosphordiester nucleotides.32 The gap-mer phosphoramidates
showed a lack of antisense activity which might be ascribed to
the endonucleolytic degradation of the deoxynucleotide gap9

while only fully modified phosphoramidates showed an RNase
H-independent antisense activity.31

2A-Substitution with a ribo-configured fluorine atom (7B,
ribo-configuration, Fig. 7) constrains the furanose ring entirely
to a C3A-endo conformation due to the strong gauche effect from
fluorine and induces increased duplex stabilities with as much
as +4 to +5 °C per mod.33 The RNA analogue of 7B (a 2A-OH
group instead of the fluorine atom) likewise afforded increased
duplex stabilities (ca. +0.5 °C per mod.) relative to the parent
phosphoramidates 7A.34 The arabino-configured 2A-fluoro
phosphoramidate 7C, too, displayed increased duplex stabilities
(ca. +0.5 °C per mod.) relative to phosphoramidates 7A, and,
despite the opposing gauche effect from the 2A-fluoro sub-
stituent, a preorganized C3A-endo conformation, as shown by
the analysis of coupling constants for trimers, still accounts for
the improved hybridization properties.35

The results obtained for the various phosphoramidates
convincingly demonstrate that stereoelectronic preorganization
into a C3A-endo furanose conformation can be applied to induce
increased duplex stabilities. It should be mentioned, though,
that a considerable sequence-variation has been observed and
that, e.g. increases as small as +0.6 °C per mod. have been
reported for fully modified unsubstituted phosphoramidates
7A.36 A point of concern with phosphoramidates is their more
difficult incorporation into oligonucleotides with step-wise
coupling yields in the range of 94–97%.25,33,35

Arabino nucleic acids and 2A-fluoroarabino nucleic acids
(ANA and 2A-F-ANA)

The inversion of the configuration around C2A of natural RNA
gives arabino nucleic acids (8A, Fig. 8) which show decreased

duplex stabilities when hybridized to RNA while the corre-
sponding 2A-fluoroarabino nucleic acids (8B), by contrast,
enhance duplex stabilities by ca. +1.0 °C per mod.37,38 The very
interesting feature of both these modifications is that they were
the first fully modified oligonucleotides with a chemically
modified carbohydrate moiety to act as substrates for RNase
H.37–39 Their conformational similarity with natural DNA
might account for this since duplexes, when hybridized to RNA,
resemble an intermediate DNA–RNA duplex form as shown by
CD spectroscopy.38 The 2A-fluoro analogue 8B adopts the O4A-
endo furanose conformation when incorporated into DNA as
shown by X-ray structure analysis.40,41 In addition, molecular
modelling39,41 and NMR studies39 of a fully modified 2A-F-
ANA strand hybridized to RNA have confirmed an intermediate
duplex form with a minor groove width intermediate between
the minor groove widths of the standard A- and B-forms. The
nuclease stability of the ANAs is improved compared with
unmodified DNA though not as much as for the phosphor-
othioates.37,39

Fig. 5 Structure of phosphorothioates.

Fig. 6 Structures of selected 2A-O-alkylated RNA derivatives.

Fig. 7 Structures of N3A? P5A-phosphoramidates.

Fig. 8 Structures of arabino nucleic acids.

Chem. Commun., 2001, 1419–1424 1421



Hexitol nucleic acids (HNA)

Pyranose derivatives in general adopt one predominant con-
formation due to higher energy barriers for interconversion of
ring conformers relative to furanose derivatives. To date, the
1A,5A-anhydrohexitol nucleic acids (HNA, 9A, Fig. 9) and

derivatives constitute the most promising antisense candidates
based on a pyranose moiety. Structurally, their substitution
pattern makes them very good mimics of nucleotides pre-
organized into an N-type (C3A-endo) furanose conformation
thus yielding A-type duplexes when hybridized to RNA as
shown by CD spectroscopy,42 molecular dynamics simula-
tions,43 and NMR studies.44 Fully modified HNA displays
enhanced duplex stabilities (typically +3.0 °C per mod.)45 while
sequence-specific variations of increases of duplex stabilities
ranging between +0.945 and +5.842 °C per mod. have been
observed. HNA acts only as a very poor substrate for RNase
H,42 while its nuclease-resistance45 still allows it to display
antisense effects ascribed to a mechanism of steric block-
ing.46

Interesting derivatives of HNA are the 1,5-anhydro-2-deoxy-
D-altritol nucleic acids with an additional axial hydroxy group in
the 3A-position (9B, Fig. 9) which show slightly enhanced
duplex stabilities relative to HNA.47 The altritol nucleic acids
were designed to increase the surface hydrophilicity of the
duplex thereby favouring duplex formation by improved
hydratization.8 In contrast, the inversion of configuration at the
3A-position, affording the corresponding 1,5-anhydro-2-deoxy-
D-mannitol nucleic acids, leads to significantly reduced stability
of duplexes with RNA48 and obviously imposes a restricted
conformation unfavourable for duplex formation.

Cyclohexene nucleic acids (CeNA)

Noteworthy results have been obtained for the conformationally
rather flexible cyclohexene nucleic acids (CeNA, 10, Fig. 10)

with a conformational equilibrium shifted towards N-type at the
nucleoside level as shown by NMR and modelling studies (Fig.
10).49 When incorporated into DNA strands, cyclohexene
nucleotide monomers 10 induce increased duplex stabilities
(+0.8 to +1.7 °C per mod.). Fully modified CeNA are nuclease-
resistant and activate RNase H. The latter property establishes
CeNA, next to ANA (Fig. 8), as the second fully modified
oligonucleotide analogue with an altered carbohydrate part able
to induce an RNase H cleavage of the target RNA strand.50 This
has been explained by the flexible conformational behaviour of
the cyclohexane nucleotides allowing a 2H3 (S-type mimic)
conformation when hybridized to DNA and a 3H2 (N-type

mimic) conformation when hybridized to RNA as supported by
CD spectroscopy, NMR studies of DNA duplexes with one
cyclohexene nucleotide in each strand, and molecular dynamics
simulations.50

Locked nucleic acids (LNA)

The synthesis of nucleosides and oligonucleotides containing
furanose rings efficiently locked into a C3A-endo conformation
has been accomplished by the introduction of an oxymethylene
linkage between the C2A and C4A atoms generating the bicyclic
locked nucleic acid (LNA, 11A, Fig. 11). The incorporation of

one or more LNA monomers, or the use of fully modified LNA,
induces unprecedented increases in duplex stabilities (typically
+3.0 to +11.0 °C per mod.).51–54 The preorganization into a C3A-
endo furanose conformation has been demonstrated at the
nucleoside level by X-ray crystallography55 as well as NMR
studies51,52 and also by NMR studies at the oligonucleotide
level both when hybridized to DNA56–58 and RNA, the latter
yielding the expected A-type duplexes.59 LNA monomers in
partly modified strands were shown to strongly preorganize
flanking unmodified DNA nucleotides into N-type–C3A-endo
furanose conformations and single-stranded LNA into an RNA-
like conformation.58,59 Fully modified51 and mix-mer LNA
consisting of alternating LNA and DNA monomers60 have
proved to be nuclease-resistant, and an antisense effect has been
demonstrated in living rats.60 LNA activates RNase H as gap-
mers60 but not as fully modified strands.60,61

The LNA-type constitution leads in general to efficient C3A-
endo preorganization and favoured duplex formation which has
been demonstrated by the hybridization properties (+3.0 to
+8.0 °C per mod.) obtained for the heteroatom derivatives 2A-
amino-LNA62 (11B, Fig. 11) and 2A-thio-LNA63 (11C). A
related C2A-methylene extended bicyclic nucleoside (thus
containing a 2-oxapropylene linker between the O2A and O4A
atoms), shown by X-ray crystallography and NMR studies at the
nucleoside level likewise to be restricted into a C3A-endo
furanose conformation,64 induced less dramatic but still sig-
nificantly increased duplex stabilities (+1.9 to +3.3 °C per
mod.).65

a-L-LNA—a selected LNA stereoisomer

The inversion of the configuration around C3A and/or C2A and
C4A of LNA afforded three LNA stereoisomers which have been
evaluated with respect to RNA binding.66 Of these, ‘a-L-LNA’
(a-L-ribo configured LNA, 12, Fig. 12) with inverted config-

uration around C2A, C3A and C4A compared to LNA, showed the
most promising properties with respect to duplex formation as

Fig. 9 Structures of hexitol nucleic acids.

Fig 10 Structure and conformational equilibrium of cyclohexene nucleic
acids.

Fig. 11 Structures of locked nucleic acids (LNA), 2A-amino LNA and 2A-thio
LNA.

Fig. 12 Structure of a-L-LNA.
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shown by increased duplex stabilities of +4.3 to +5.7 °C per
mod. for both partly and fully modified strands.66–68 NMR and
molecular modelling studies on duplexes of partly or fully
modified a-L-LNA hybridized to DNA or RNA have estab-
lished a-L-LNA as a DNA mimic and, in addition, that an a-L-
LNA–RNA duplex adopts an overall conformation intermediate
between the A and B form.69–71 The possibility of RNase H
activity has therefore been evaluated. Fully modified and mix-
meric (consisting of alternating a-L-LNA and unmodified DNA
nucleotides) a-L-LNA showed cleavage, albeit very slow, of
the RNA targets at high enzyme concentrations.61

Summary and outlook
For efficient antisense action by the steric blocking mechanism,
the use of antisense oligonucleotides containing preorganized
furanose rings with N-type (C3A-endo, RNA-like) conforma-
tions and high binding affinities towards RNA target strands
appears optimal. In contrast, the mechanism involving activa-
tion of RNase H demands analogues adopting S-type (C2A-endo
or O4A-endo, DNA-like) furanose conformations.2,41 It there-
fore appears impossible to take advantage of both mechanisms
effectively with only one single nucleotide modification.

Despite the above points, the necessary armamentarium of
chemically modified building blocks for development of
efficient antisense therapeutics appears at hand. LNA, a-L-
LNA and phosphoramidates, among others, offer excellent
binding affinities towards RNA targets. In addition, as shorter
strands (e.g. 10–14 nucleotides long) can be applied, good to
excellent pairing selectivities are in general obtained. The
binding affinity and pharmacokinetic properties are tuneable by
combining these affinity-enhancing key nucleotide building
blocks with, e.g. DNA, RNA, phosphorothioate-DNA, phos-
phorothioate-LNA, 2A-amino-LNA (or conjugated derivatives
thereof), and 2A-O-alkyl-RNA nucleotides which have all been
demonstrated to be applicable in DNA–LNA duplexes.62,63,69

Whether the recruitment of RNase H is essential for efficient
and general antisense action with these strongly RNA-binding
nucleic acid mimics is currently not established. If RNase H
activity turns out to be needed or beneficial, it is foreseen that
the combination of one or more segment(s) of conformationally
restricted or conformationally locked high-affinity N-type
oligonucleotide(s) with a segment of nuclease-resistant, RNase
H-activating S-type nucleotides with lower affinities should be
ideal. A gap-mer structure is of course one possibility, but with
the discovery of LNA and other extreme RNA-binders
alleviating the need for binding cooperativity between the
different segments, many other architectures appear possible.
However, biological studies and pharmacological develop-
ments are needed to confirm these predictions.

The results obtained with ANA (8, Fig. 8), HNA (9, Fig. 9)
and a-L-LNA (12, Fig. 12) are remarkable and need considera-
tion. Firstly, very efficient RNA-binding is evidently possible
for analogues based on a furanose skeleton with a non-natural
stereochemical structure, or on an RNA-mimicking hexitol
scaffold. Especially noteworthy is the dramatic RNA-binding of
the a-L-ribo configured a-L-LNA in which the configuration at
three out of the four chirality centers is inverted compared with
RNA (or LNA). In addition, fully modified HNA and fully
modified or mix-meric a-L-LNA have been demonstrated to
induce very weak, but significant, RNase H activity. Results
like these leave ample room for further curiosity-driven
chemistry-based research on modified nucleic acids.
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The hexaprotic phosphazene {2-(MeO)C6H4NH}6P3N3 re-
acts with 12 equivalents of BunLi in thf to give the
monomeric dodecanuclear complex (thf)6Li12[{2-
(MeO)C6H4N}6P3N3](CH2NCHO)6 which contains six eno-
late anions resulting from fragmentation of thf; the hexa-
anionic pentadecadentate phosphazenate ligand
[{2-(MeO)C6H4N}6P3N3]62 accommodates a total of twelve
lithium ions in bidentate chelation sites.

Ligands able to carry a high metal load ( > 10 metal centres)
have scarcely been investigated, although such systems bear the
potential to stabilise well-defined multinuclear metal arrays. In
contrast, a multinuclear metal arrangement held together by
several counter ions in an oligomeric complex usually shows
pronounced dynamic behaviour. Particularly, alkaline metal
complexes are highly fluxional and their oligomerisation grades
strongly depend on the nature of donor additives.1 Recently, we
have shown that cyclophosphazenes equipped with primary
amino groups act as multiprotic acids in the presence of
organometallic reagents yielding multianionic phosphazenates,
highly charged ligands which complex multinuclear metal
arrangements.2–5 We observed that lithiated phosphazenates
attract excess lithium ions and accommodate them by either
dimer formation3,4 or insertion of lithium enolate that is
generated by fragmentation of thf.5

With the aim to increase the maximum metal load of
phosphazenates we equipped the ligand with additional donor
sites. The hexaanionic phosphazenate A62 presented here

carries six ortho-anisidyl substituents and features an overall
pentadecadentate ligand surface comprising nine N and six O
donor functions. The ligand precursor H6A (1) was synthesised
by reaction of excess ortho-anisidine with hexachlorocyclo-
triphosphazene in the presence of triethylamine.† We have
reacted 1 with 12 equivalents of BunLi in thf in order to both
deprotonate all six NH-functions and incorporate the excess
BunLi or lithium enolate into the ligand sphere of A62. The
reaction yields a white precipitate that re-dissolves upon
heating. Crystallisation occurs on leaving the solution to cool to
room temperature.‡ Spectroscopic data and X-ray structure
analysis§ reveal the formation of the monomeric complex
(thf)6Li12A(CH2NCHO)6 2 (Fig. 1), which contains six enolate
and twelve lithium ions.

31P NMR spectroscopy shows a single peak at d 16.4 and the
P–N-ring stretching frequency appears as a very strong and
broad band with a maximum at 1077 cm21 in the IR spectrum
which is considerably red shifted compared to that of 1 (1186
cm21). The ligand A62 accommodates a total of twelve lithium
ions in bidentate chelation sites. To our knowledge this is the
largest number of s-block metal ions being chelated by a single
ligand in a molecular complex.

Complex 2 crystallises in space group R3̄c with eight lattice
bound thf molecules per formula unit and exhibits D3
symmetry. The central P3N3 ring is arranged around the three-
fold axis and each phosphorus along with the opposite ring N
atom is located on a two-fold axis. The nine anionic N-centres
and six O-donor atoms of the ligand form two large, bowl
shaped, nonadentate cavities on either side of the central P3N3
ring providing an ideal coordination geometry for the accom-
modation of twelve lithium ions: six lithium ions (Li1) reside at
‘inner’ coordination sites represented by six Nexo–P–Nendo
chelates. The other six lithium ions (Li2) occupy the ‘outer’
sites, which are the Nexo–O chelates of the anisidyl groups. The
negative charge of the hexaanion is distributed over all nine N-
atoms, each binds two lithium ions, the Nendo atom (N1) two
‘inner’ lithium ions and the Nexo atom (N2) one ‘inner’ and one
'outer' lithium ion, respectively. In addition, each ‘inner’ lithium
is coordinated by one thf molecule (O3) and one enolate ion
(O1); each ‘outer’ lithium by the O-donor function of the ligand
(O2) and two enolate ions. All lithium ions are coordinated in a
tetrahedral fashion. The 7Li NMR spectrum of 2 recorded in thf
at room temperature exhibits two signals at d 2.15 and 2.81.
This suggests that the presence of two non-equivalent lithium
ions is retained in solution.

Bond lengths and angles of the P3N9 core in 2 are in
agreement with those we found in other lithium phosphaze-

Fig. 1 X-Ray crystal structure of 2. The A62 ligand is drawn in black, thf
and enolate moieties in white and lithium ions hatched.
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nates.3,4 P–Nendo and P–Nexo bonds are of similar length
[1.638(2) and 1.637(3) Å, respectively], and the Nexo–P–Nexo
angle [115.0(2)°] is similar to the Nendo–P–Nendo angle
[113.4(3)°], showing equal P–Nendo and P–Nexo bond orders and
distribution of negative charge over all nine N-atoms. In
contrast, the neutral precursor 1 exhibits long P–Nexo bonds (av.
1.65 Å) and short P–Nendo bonds (av. 1.59 Å); and endo angles
(av. 115°) are wider than exo angles (av. 104°) indicating a
higher bond order in the P3N3 ring of 1.§ Surprisingly, the
central P3N3 ring in 2 is planar, which is in contrast to all other
lithiated cyclotriphosphazenates we have investigated so far.
All contain highly puckered central P3N3 rings of chair
conformation. The P–N–P angle of 2 is 126.6(3)° and thus
considerably wider than those observed in hexaanionic
[(CyN)6P3N3]62,3 trianionic [(CyNH)3(CyN)3P3N3]32,
[(PhNH)3(PhN)3P3N3]32,4 and neutral H6A, which are all
around 120°. This shows that the P–N–P angle is rather flexible
allowing a planar configuration of the central P3N3 ring in
hexaanionic 2.

We monitored the reaction of 1 with BunLi in thf using 31P
NMR spectroscopy. Addition of 3 equivalents of BunLi
exclusively gives trianionic H3A32 as indicated by a single peak
at d 8.7. Addition of 6 equivalents of BunLi leads to three broad
peaks at d 13.1, 19.1 and 22.2 suggesting that the fully
deprotonated species A62 is not present so far. However, A62

begins to form after addition of around 8 equivalents of BunLi,
as shown by the appearance of a sharp single peak at d 16.4
amongst a pattern of broader signals. Finally there is only one
single peak at d 16.4 after addition of 12 equivalents BunLi. This
implies that both deprotonation of NH functions and enolate
formation occur simultaneously once 3 equivalents of BunLi are
added.

The fragmentation of thf by BunLi, which produces lithium
ethenolate and ethylene, is well known6 and also adduct
formation of LiO–CHNCH2 was observed in solid state
structures of lithium complexes containing tetraanionic li-
gands.5,7 However, the inclusion of six lithium enolate moieties
into a molecular complex is unprecedented. We assume, once
the ligand acquires a certain charge it acts as a ‘Li+ sponge’:
BunLi is dragged into an ‘outer’ N,O-chelation site, which
contains an already deprotonated N-function, and fragments a
thf molecule, which is coordinated to a neighbouring ‘inner’
lithium ion. The resulting enolate ions are not sufficiently basic
to deprotonate HxAx2 6 (x = 1, 2) any further, but remain
within the complex by forming m3-bridges between one ‘inner’
and two ‘outer’ lithium ions.

Summarising, the generation of a ligand system with high
metal loading capacity has been accomplished by combining the
features of a multianionic ligand core with a multidentate ligand
surface. The hexaanionic pentadecadentate phosphazenate li-
gand A62 accommodates twelve lithium ions in bidentate
chelation sites. Currently, we are investigating self-assembly
properties of this new ligand system in the presence of LiX,
where X represents a monodentate monoanion (e.g. halide,
alkoxide, amide, carbanion), potentially leading to complexes
Li12A6X6. Such systems promise interesting template effects,
due to the potentially well-defined array of both lithium ions
and counter ions X. In addition, the straightforward introduction
of a variety of substituents into phosphazenes8,9 might facilitate
the generation of a wide range of other high metal loading
ligands based on multidentate phosphazenates.

This work was supported by the EPSRC (GR/M17280) and
the Royal Society.

Notes and references
† Preparation of 1: to a solution of 10 g hexachlorocyclotriphosphazene in
100 ml of toluene was added 40 ml of ortho-anisidine and 100 ml of

triethylamine. The mixture was refluxed for several days (31P NMR
control). The solution was allowed to cool to room temperature, separated
by filtration from the precipitate, which was washed with toluene. All
volatile components of combined filtrates were removed in vacuo. The
resulting residue was washed with hot hexane to give a white powder, which
was re-crystallised from thf–hexane. Yield: 19.7 g (79%), mp 175 °C, 1H
NMR (300 MHz, d8-thf) d 3.55 (s, 18H, OCH3), 5.72 (m, 6H, NH), 6.55 (m,
6H, aryl-H), 7.42 (m, 18H, aryl-H); 13C{1H} NMR (75.46 MHz, d8-thf) d
56.4 (OCH3), 111.29, 119.10, 121.44, 121.90, 132.59, 149.72 (aromatic
C); 31P NMR (101.25 MHz, d8-thf, 85% H3PO4 in D2O ext.) d 5.1; IR
(Nujol) n/cm21 3385 (N–H), 1596, 1247, 1186 (P–N-ring), 1111, 1026,
870, 734.
‡ Preparation of 2: to a solution of 1 (300 mg, 0.345 mmol) in 20 ml of thf
was added BunLi (2.6 ml, 1.6 M in hexane, 4.14 mmol). The solution was
stirred overnight at room temperature forming a white precipitate, which
was re-dissolved by gentle heating. On cooling to room temperature
colourless crystals formed, which disintegrated in the absence of mother-
liquor by losing lattice bound thf to give a white powder. Yield: 340 mg
(88%), decomp. > 180 °C; 1H NMR (300 MHz, d8-thf) d 3.79 (s, 18H,
OCH3), 3.41 (d, 6H, 3Jcis 5.4 Hz, HCN), 3.96 (d, 6H, 3Jtrans 13.9 Hz, HCN),
6.05–6.47 (m, 18H, aryl-H), 6.51 (dd, 6H, 3Jcis 5.4, 3Jtrans 13.9, NCHO),
7.55 (dd, 6H, aryl-H); 13C{1H} NMR (75.46 MHz, d8-thf) d 56.3 (OCH3),
86.1 (NCH2), 109.5, 114.2, 120.0, 123.1, 144.3, 150.9 (aromatic C), 159.2
(OCHN); 31P NMR (101.25 MHz, thf, 85% H3PO4 in D2O ext.) d 16.43; 7Li
NMR (97.16 MHz, thf, LiCl in D2O ext) d 2.15, 2.81; IR (Nujol) n/cm21

1621, 1590, 1377, 1316, 1282, 1258, 1216, 1178, 1077 (P–N-ring), 1056,
1030, 826, 781, 736, 634.
§ Crystallographic data were recorded on a Stoe-IPDS using Mo-Ka
radiation (l = 0.71073 Å), T = 200 K, structures were solved by direct
methods and refined by full-matrix least squares against F2 using all data
(SHELX-97).

Crystal data: for 1·0.5thf: M = 903.96, triclinic, P1̄, a = 11.570(2), b =
12.059(2), c = 18.076(3) Å, a = 77.42(2), b = 79.85(2), g = 67.35(2)°,
U = 2259.4(5) Å3, Z = 2, Dc = 1.329, m(Mo-Ka) = 0.148, 6717 unique
reflections. R1 [I > 2s(I)] = 0.037, wR2 (all data) = 0.068.

For 2·8thf: M = 2212.76, rhombohedral, R3̄c, a = 14.506(8), c =
100.883(11) Å, U = 18384(2) Å3, Z = 6, Dc = 1.199, m(Mo-Ka) = 0.119,
2647 unique reflections, R1 [I > 2s(I)] = 0.069, wR2 (all data) = 0.205. C-
positions of coordinated thf are disordered and were split in two positions.
There are 11⁄3 lattice bound thf molecules per asymmetric unit: thf on general
site is disordered and its C and O atoms were split in two positions, thf on
3 is disordered around the 3-axis generating three positions per atom.
Disordered groups were refined using similar distance and similar U
restraints and site occupancy factors. All non-H atoms were refined
anisotropically, except lattice bound thf molecules, which were treated
isotropically. H atoms were fixed in calculated positions on the parent C
atoms.

CCDC 152011–152012. See http://www.rsc.org/suppdata/cc/b1/
b104124j/ for crystallographic data in CIF or other electronic format.

1 See for example: M. A. Beswick and D. S. Wright, in Comprehensive
Organometallic Chemistry II, ed. E. W. Abel, F. G. A. Stone and G.
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Ed. Engl., 1989, 28, 277; R. Snaith and D. S. Wright, in Lithium
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and P. v. R. Schleyer, John Wiley & Sons, 1995, p. 227–293; C. Schade
and P. v. R. Schleyer, Adv. Organomet. Chem., 1987, 27, 169; D. S.
Smith, Adv. Organomet. Chem., 1998, 43, 267; K. Bode and U.
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Two types of macrocyclic multi-telluranes with hypervalent
Te–O apical linkages in the main chain were prepared by the
reaction of a telluronium salt or a cationic ditelluroxane with
phthalate via [3 + 3] and [2 + 2] assembly, respectively.

One of the characteristics of organic heteroatom chemistry is
the formation of hypervalent compounds.1 Telluranes have the
trigonal bipyramidal geometry, in which the two apical ligands
and the central Te atom construct a three-center–four-electron
hypervalent bond with ca. 180° bond angle. A strategy for the
formation of hypervalent telluranes is the use of n?s* orbital
interaction, where the s* orbital of the Te–X bond of a
telluronium salt interacts with the n orbital of a lone pair of
electrons of a ligand.1 In supramolecular chemistry, the field of
macrocycles has advanced to the stage where self-assembly
through transition-metal coordination has proved to be a reliable
tool.2 Hypervalent bonds via n?s* orbital interactions in
heteroatoms may also be a viable alternative for self-assembled
macrocycles.3–7 Recently, we have found that the cationic
ditelluroxane 2 interacts with triflate as a counter ion in the solid
state and with telluroxide in solution to form a pseudo-
macrocyclic multi-tellurane and oligotelluroxanes, respec-
tively, with hypervalent Te–O apical linkages via n?s* orbital
interaction.8 Herein we report the synthesis of the macrocyclic
multi-telluranes 4 and 5 by the reaction of the telluronium salt
1 or the cationic ditelluroxane 2 as building blocks with
phthalate 3 as a convergent bidentate ligand. This is the first
example of macrocycles composed of only hypervalent apical
linkages in the main chain for group 13–17 elements, which are
fully characterized both in solution and in the solid state.

The generation of the telluronium salt 1 in situ by the reaction
of bis(4-methylphenyl) telluroxide with 1 equiv. of triflic
anhydride in MeCN at 240 °C followed by the addition of 1
equiv. of sodium phthalate 3 at room temperature gave the
hypervalent macrocycle 4 in 76% yield after recrystallization
[Scheme 1(a)].§ Treatment of the cationic ditelluroxane 2 with
1 equiv. of 3 in MeCN at room temperature produced the
hypervalent macrocycle 5 in 14% yield after recrystallization
[Scheme 1(b)].§

The 125Te NMR spectra of 4 and 5 in CD2Cl2 showed singlets
at d 997.0 and 1044.4, respectively, which are in the region of
telluranes with hypervalent Te–O2C apical bonds.9 The 1H
NMR spectra of 4 and 5 exhibited doublet, double-doublet,
double-doublet, and doublet peaks in the aromatic region in the
integration ratios of 2+1+1+2 and 4+1+1+4, respectively. The IR
spectrum of 5 showed the characteristic Te–O–Te stretching
band at n 639 cm21.10 These data imply that 4 is the result of [3
+ 3] assembly of 1 and 3 to give a 21-membered ring, and 5 is
the result of [2 + 2] assembly of 2 and 3 to form an
18-membered ring; both structures are composed of the

hypervalent Te–O apical linkages in the main chain. The FAB-
MS spectra of 4 and 5 showed a parent peak at m/z 1423 ([M +
H]+) and at 1601 ([M + H]+), respectively, the isotopic
distribution patterns of which are consistent with the calculated
ones. Distinctive fragment peaks also appeared at m/z 801 and
477 in both cases and at m/z 1509 and 1275 in 5.

The 1H and 125Te NMR spectra of 4 and 5 in CD2Cl2 and
CD3CN remained unchanged in the range 290 to 80 °C. NOE
experiments on 4 and 5 indicated 224 and 219% NOEs,
respectively, at the ortho-hydrogens of the phthalate unit upon
irradiation of the ortho-hydrogens of the para-tolyl unit. These
results indicate that the cyclic structures of 4 and 5 are
maintained in solution.

The molecular structures of the hypervalent macrocycles 4
and 5 were determined by X-ray crystallographic analysis, as
shown in Fig. 1 and 2, respectively.¶∑ The macrocycle 4 is
composed of three Te atoms and three phthalates, and possesses
Te–O2C bond lengths of 2.133–2.166 Å, CO2–Te–O2C bond
angles of 161.8–168.3° and C–Te–C bond angles of
96.2–100.3°. The macrocycle 5 consists of two ditelluroxanes
and two phthalates, and the unit cell contains four independent
molecules.∑ The respective average bond lengths and angles are
in the range of 2.23–2.29 Å for Te–O2C, 1.99–2.03 Å for Te–O,
166.1–168.7° for O–Te–O2C, 96–101° for C–Te–C and
114–126° for Te–O–Te. These data clearly indicate that both 4
and 5 have trigonal bipyramidal geometry for the Te atoms and
hypervalent Te–O apical bonds.11 In both cases, all the atoms of
the respective macrocyclic rings are roughly coplanar. The
halves of the carbonyl O atoms and the tolyl groups are directed
inward and outward, respectively, to the respective macrocyclic
rings. By contrast, the other halves of the carbonyl O atoms and
the tolyl groups are vertically directed to the respective

† Electronic supplementary information (ESI) available: characterization
data and ORTEP diagrams for 4 and 5. See http://www.rsc.org/suppdata/cc/
b1/b103676a/
‡ Present address: Foundation for Advancement of International Science,
586-9 Akatsuka-Ushigahuchi, Tsukuba, Ibaraki 305-0062, Japan. Scheme 1 Synthesis of macrocyclic multi-telluranes (a) 4 and (b) 5.
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macrocyclic ring planes so as to be placed at the opposite side.
It is noted that the Te(1) and Te(4) atoms in 5 interact with the
carbonyl O(7A) atom of the adjacent molecule [O(7A)···Te(1)
2.95 and O(7A)···Te(4) 3.20 Å; O(7A)···Te(1)–C(8) 153 and
O(7’)···Te(4)-C(59) 149°],12 the contact distances of which are
shorter than the sum of the van der Waals radii (3.60 Å) of the
Te and O atoms. Thus, 5 forms a head-to-head type of dimeric
structure in the solid state [Fig. 2(b)].

In summary, we have demonstrated the synthesis of macro-
cyclic multi-telluranes 4 and 5 with hypervalent Te–O apical
linkages in the main chain. Hypervalent bonds via n?s* orbital
interaction in heteroatoms can serve as a new supramolecular
synthon for molecular assembly. Studies on the synthesis of
hypervalent polymers using the building blocks 1 and 2 with
divergent bidentate ligands are underway.

Notes and references
§ Representative data: for 4: mp 199–200 °C (decomp); 1H NMR (270
MHz, CD2Cl2, 23 °C) d 2.35 (s, 18H), 7.31 (d, J 8.3 Hz, 12H), 7.38 (dd, J
3.2 , 5.9 Hz, 6H), 7.48 (dd, J 3.2, 5.9 Hz, 6H), 7.78 (d, J 8.3 Hz, 12H); 125Te
NMR (85.2 MHz, CD2Cl2, 23 °C) d 997.0; FAB-MS (2-nitrophenyl octyl
ether matrix) m/z (%) 1423 (4, [M + H]+), 801 (7, [M 2 Ar2Te 2
2C6H4(CO2)2 + OH]+), 477 (43, [1/3M + H]+), 329 (79, [Ar2TeO + H]+),
312 (100, [Ar2Te]+). For 5: mp 172–174 °C (decomp); 1H NMR (270 MHz,
CD2Cl2, 23 °C) d 2.32 (s, 24H), 7.13 (d, J 8.1 Hz, 16H), 7.31 (dd, J 3.2, 5.7
Hz, 4H), 7.50 (dd, J 3.2, 5.7 Hz, 4H), 7.76 (d, J 8.1 Hz, 16H); 125Te NMR
(85.2 MHz, CD2Cl2, 23 °C) d 1044.4; FAB-MS (2-nitrophenyl octyl ether
matrix) m/z (%) 1601 (8, [M + H]+), 1509 (8, [M 2 Ar]+), 1275 (18, [M 2
Ar2TeO + H]+), 801 (18, [1/2M + H]+), 477 (37, [1/2M 2 Ar2TeO + H]+),
329 (98, [Ar2TeO + H]+), 312 (100, [Ar2Te]+).
¶ Crystal data: for 4·0.5(p-xylene)·3(CH3CN): C76H68O12N3Te3, M =
1598.19, triclinic, space group P1̄, a = 13.2525(8), b = 15.1873(9), c =
19.937(1) Å, a = 76.682(1), b = 75.167(1), g = 65.688(1)°, U =
3499.3(4) Å3, Z = 2, Dc = 1.517 g cm23, Bruker CCD/Smart 1000, m(Mo-
Ka) = 13.06 cm21, T = 173 K. Of 20229 measured and 14907 unique
reflections (Rint = 0.062), the final least-squares refinement based on F for
12760 observed reflections with I > 2.5s(I) (767 variables) converged with
R = 0.055 and Rw = 0.082. For 5·1.5(p-xylene): C84H79O10Te4, M =
1758.94, triclinic, space group P1̄, a = 18.150(2), b = 28.698(3), c =
30.804(3) Å, a = 86.630(2), b = 89.491(2), g = 77.613(2)°, U = 15644(3)
Å3, Z = 8, Dc = 1.494 g cm–3, Bruker CCD/Smart 1000, m(Mo-Ka) =
15.33 cm21, T = 123 K. Of 93535 measured and 68077 unique reflections
(Rint = 0.082), the final least-squares refinement based on F for 19579
observed reflections with I > 3.0s(I) (3527 variables) converged with R =
0.088 and Rw = 0.134. CCDC reference numbers 159004 and 159005. See
http://www.rsc.org/suppdata/cc/b1/b103676a/ for crystallographic data in
CIF or other electronic format.
∑ Compound 4 has some high thermal parameters for the solvent molecules.
The structural parameters for compound 5 reported here are still
preliminary. Even from the data collected at 2150 °C we have not yet
obtained satisfactory parameters because of the severe disorder. Although
the final level of refinement has not yet been reached, we believe the data
obtained here is significant enough to demonstrate the molecular structure
of 5.
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Fig. 1 Structure of 4 in the crystal; hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (°): Te(1)–O(1) 2.166(4), Te(1)–
O(11) 2.133(4), Te(2)–O(3) 2.141(4), Te(2)–O(5) 2.163(4), Te(3)–O(7)
2.151(4), Te(3)–O(9) 2.144(4); O(1)–Te(1)–O(11) 161.8(2), O(3)–Te(2)–
O(5) 168.3(2), O(7)–Te(3)–O(9) 165.6(2), C(1)–Te(1)–C(8) 100.3(2),
C(23)–Te(2)–C(30) 96.2(2), C(45)–Te(3)–C(52) 98.9(2).

Fig. 2 (a) Structure of 5 and (b) its dimeric structure in the crystal; hydrogen
atoms in (a) and (b) and p-tolyl groups in (b) are omitted for clarity. Selected
average bond lengths (Å) and angles (°): Te(1)–O(1) 2.28(2), Te(2)–O(3)
2.23(2), Te(3)–O(6) 2.27(2), Te(4)–O(8) 2.29(2), Te(1)–O(10) 2.03(2),
Te(4)–O(10) 2.01(2), Te(2)–O(5) 2.01(2), Te(3)–O(5) 1.99(2),
O(7A)···Te(1) 2.95, O(7A)···Te(4) 3.20; O(1)–Te(1)–O(10) 166.6(7), O(3)–
Te(2)–O(5) 167.2(7), O(5)–Te(3)–O(6) 168.7(7), O(8)–Te(4)–O(10)
166.1(8), C(1)–Te(1)–C(8) 96(1), C(23)–Te(2)–C(30) 101(1), C(37)–
Te(3)–C(44) 98(1), C(59)–Te(4)–C(66) 98(1), Te(1)–O(10)–Te(4) 114(1),
Te(2)–O(5)–Te(3) 126(1), O(7A)···Te(1)–C(8) 153, O(7A)···Te(4)–C(59)
149.
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New families of salts viz. quaternary ammonium, N-alkyl-N-
methylpyrrolidinium or 1-alkyl-3-methylimidazolium di-
cyanamides, Cat+N(CN)2

2, are low melting compounds,
most being liquid at rt, water-miscible and have low (for
ionic liquids) viscosity at rt, e.g. h = 21 cP for 1-ethyl-
3-methylimidazolium dicyanamide.

Currently, many chemically inert ionic liquids, which are of
interest as media in Green Chemistry,1 have viscosities much
higher than those of solvents normally used in synthesis. Thus
the search for new, more versatile ionic liquids is driven in part
by the need for materials of lower viscosity. High viscosities not
only lead to handling difficulties e.g. in filtration, decantation,
and dissolution, but may also lead to reduced reaction rates and
competitive unimolecular side reactions. One of the most fluid,
inert of families of ionic liquids is that based on the
bis(trifluoromethanesulfonyl)amide, N(Tf)22 ion,2 for example,
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
amide (1) (h = 34 cP 20 °C;2a cf. H2O, 1 cP; toluene 0.59 cP).

There is also a need for donor solvent characteristics. We now
report several new series of salts based on the dicyanamide
(dca) anion, viz. quaternary ammonium, pyrrolidinium, and
imidazolium dicyanamides (2–4), most of which are liquids at
rt. These have a different solubility profile from the correspond-
ing bis(trifluoromethanesulfonyl)amides, potential donor char-
acteristics as the anion is a powerful ligand,3 and, in representa-
tive cases, lower viscosity.

Quaternary iodide salts of triethylamine, tributylamine, N-
methylpyrrolidine, and 1-methylimidazole were prepared by
reported methods,2,4 and were converted into the corresponding
dicyanamides by reaction with a slight excess of silver
dicyanamide in water or ethanol (Scheme 1).

Filtration to remove AgI and evaporation of water under
vacuum gave the ionic liquid. Preparative details for two
examples are provided;† more extensive details and discussion
of properties will be published elsewhere.5 Identification was
by 1H NMR and positive and negative electrospray MS.† The
possible presence of residual I2 and Ag+ were examined via
inspection of the appropriate mass regions of the respective
mass spectra. The sensitivity of the MS measurement to trace
amounts of I2 was determined by spiking the ionic liquids with

known iodide concentrations; the noise limited detection limit
was thereby found to be 0.5% (w/w) I2. No discernable I mass
peaks were found in the dca salts, therefore indicating a residual
I content of < 0.5% (w/w). The same considerations and lack of
a detectable signal indicate residual Ag < 0.5% (w/w). It is
known6 that impurities such as halides and water can have an
effect on properties such as viscosity, though the effect of water
in particular is expected to be more dramatic when the viscosity
differs greatly from that of pure water (e.g. emim BF4

6). After
rigorous final drying, compounds were handled in a nitrogen
drybox during preparation of thermal analysis samples. Vis-
cosity measurements were carried out in a drybox.

Thermal properties of the salts were investigated by differ-
ential scanning calorimetry. All of the dca salts, except the N,N-
dimethylpyrrolidinium compound, are liquids at rt with well
defined mps below 0 °C (Table 1), providing a large liquid
range. Notably, the mps are 20–30 °C or even more below those
of the corresponding salts,2a perhaps an unexpected result since
charge delocalisation could be expected to be greater for dca,
producing weaker ion–ion interactions. Many of the dca salts
are glass forming, with very low glass transition temperatures,
Tg (Table 1), and only very sluggish crystallization kinetics at
any temperature. The dimethylpyrrolidinium compound shows
evidence of multiple solid phases, with a solid–solid thermal
transition around 26 °C (Table 1) which consumes a large
fraction of the total entropy of melting. This behaviour is
indicative of plastic crystal phase formation and in the case of
these ionic compounds, the plastic phases are often highly
conductive.7

The viscosities of representative compounds at 25 °C (Table
1) are lower than those of the corresponding salts, e.g. 1-ethyl-
3-methylimidazolium dca (h = 21 cP) and (h = 34 cP); N-
butyl-N-methylpyrrolidinium dca (h = 50 cP) and (h = 85
cP).2c This rather useful trend is possibly related to the smaller
size of the anion and parallels the lower mps of the dca
compounds. In practical terms, it is possible to filter at rt a
precipitate from a suspension in the lower viscosity dca salt with
a sintered glass frit under vacuum.

Scheme 1

Table 1 Thermal properties of dicyanamide saltsa

Compoundb
Tg/
°C ±2

Ts–s/
°C ±2

Mp/
°C ± 2

r/gcm23

±5%
(25 °C)

Viscosity/
cP ±5%
(25 °C)

P11(dca) 26 115 —
P12(dca) 210 —
P13(dca) 235 0.92 45
P14(dca) 2106 255c 0.95 50
P16(dca) 2100 211 0.92 45
N6222(dca) 282
N6444(dca) 243c

emim(dca) 2104 221 1.06 21
a Tg = glass transition temperature, Ts–s = solid–solid transition tem-
perature. b P = N,N-dialkylpyrrolidinium, N = tetraalkylammonium,
subscripts refer to the number of carbons in the alkyl chains. c In these cases
the melting transition is weak and the reported value only approximate.
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The dca compounds which are liquid at rt are hygroscopic
and are completely miscible with water, by contrast with the
water-immiscible analogues.2 The compounds also appear to
absorb carbon dioxide readily. Extended periods at tem-
peratures in excess of 100 °C have produced no evidence of
breakdown. Qualitative tests showed that a number of hydrated
cobalt(II), and copper(II) salts are appreciably soluble in 1-ethyl-
3-methylimidazolium dca at rt with enhanced solubility on
heating to 75 °C, whereas little dissolution of nickel salts and
CuCl occurs. By contrast, the dca-soluble CuCl2·2H2O and
CoCl2·6H2O are insoluble in the corresponding liquid at rt and
only dissolved slightly at 75 °C. The solubility of the salts in the
dca solvent may be due to its donor ligand properties, consistent
with the rich coordination chemistry that is known of the anion,3
though the inert behaviour of nickel salts is surprising. Of
further interest is that glucose is soluble in the dca ionic liquid
but not in the salt. Thus, the corresponding dca and salts show
complementary solvent properties.

The electrochemical behaviour of these salts is illustrated by
the example of the cyclic voltammogram in Fig. 1. The liquid is
stable to quite low potentials, around 22 V vs. Ag/Ag+, in
common with other salts of this cation; the reductive limit
presumably reflecting a reduction reaction of the cation. The
stability in the oxidative range is reduced as compared to the
analogue2 but still leaves a large ( > 3.5 V) window for
electrochemical use. The irreversible oxidation observed at ca.
1.5 V vs. Ag/Ag+ may be indicative of the formation of a neutral
dimer, [N(CN)2]2, a compound of theoretical interest but which
has not been characterized.8

Thus new low melting, water-miscible, ionic liquids of
relatively low viscosity which have considerable potential as a
reaction medium and with a coordinating anion have been
produced.

We are grateful for support from the Australian Research
Council through the Centre for Green Chemistry.

Notes and references
† Representative syntheses: 1-ethyl-3-methylimidazolium dicyanamide:
[emim(dca)]. Ag(dca)9 (2.0 g, 11 mmol) was added to a solution of emimI
(2.60 g, 11 mmol) in water (30 ml), and the resulting suspension was stirred
overnight. Filtration and evaporation under vacuum gave the crude title
compound, which was then dissolved in DCM and the solution dried over
anhydrous MgSO4. Evaporation under vacuum gave emim(dca) which was
finally dried under vacuum over SiO2 (yield, 1.51 g, 96%). Anal. Calcd for
C8H11N5: C, 54.2; H, 6.3; N, 39.5%. Found C, 52.7; H, 6.3; N, 38.6%. IR
(liquid film): 3489 (w), 3150 (s), 3106 (s), 2988 (s), 2365 (w), 2232 (v.s),
2195 (v.s), 2132 (v.s), 1637 (w), 1573 (s), 1466 (m), 1427 (w), 1388 (w),
1131 (s), 1170 (s), 1088 (w), 1030 (w), 959 (w), 905 (w), 844 (w), 802 (w),
753 (m), 701 (w), 648 (m), 622 (s) cm21. 1H NMR (300 MHz, d6-DMSO):
d 1.42 (t, CH3), 3.84 (s, n-CH3), 4.19 (q, N-CH2), 7.67 (s, CH), 7.76 (s, CH),
9.10 (s, N-CH-N) ppm. 13C NMR (JMOD) (75 MHz, d6-DMSO): d 14.5 (s,
CH3), 35.2 (s, CH3), 35.2 (s, CH3), 43.6 (s, CH2), 121.4 (s, CH), 123.0 (s,
CH) ppm, N(CN)2

2 and N–CH–N not cited. Electrospray MS(+ve): m/z 111
(100% 2 emim+) MS (2ve) m/z 66 (100% dca2), 243 (5% [emim-
(dca)2]2.

N-butyl-N-methylpyrrolidinium dicyanamide: [P14(dca)] Ag(dca) (2.10g,
12 mmol) and P14I (2.70g, 10 mmol) gave [P14(dca)] (yield 1.73g, 83%). IR
(liquid film): 3488 (m), 2964 (m), 2876 (w), 2227 (s), 2191 (m), 2131 (v.s),
1466 (m), 1340 (m), 1306 (m), 1004 (v.w), 929 (w), 902 (v.w), 830 (v.w)
cm21. 1H NMR (300 MHz, d6-DMSO): d 0.92 (t, CH3), 1.31 (m, CH2), 1.67
(m, CH2), 2.06 (br-t, 2 3 CH2), 2.96 (s, CH3), 3.24 (q, CH2), 3.43 (br-m, 2
3 CH2) ppm. 13C NMR (75 MHz d6-DMSO): d 13.8 (s, CH3), 19.6 (s, 23
CH2), 21.5 (s, CH2), 25.3 (s, CH2), 47.9 (t, CH3), 63.3 (s, CH2), 63.8 (t, 2
3 CH2) ppm, N(CN)2- not observed. Electrospray MS (+ve): m/z 142
(100%, P14

+); MS (2ve) m/z 66 (100%, dca2).
1 (a) K. R. Seddon, J. Chem. Tech. Biotechnol., 1997, 68, 351; (b) T.

Welton, Chem. Rev., 1999, 99, 2071; (c) J. L. Scott, D. R. MacFarlane, C.
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Fig. 1 Cyclic voltammetry of neat 1-ethyl-3-methylimidazolium dicyan-
amide (emim(dca)) carried out at 100 °C under a nitrogen atmosphere (dry
box), on a glassy carbon microelectrode, with a platinum counter electrode
and Ag/Ag+ pseudo reference electrode.
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Three coordination polymers formed between CuI and bpds
[bpds = bis(4-pyridyl)disulfide] have been prepared and
fully characterised illustrating rare examples of solvent
dependent topological isomerism in [(CuI)2(bpds)]H; tetra-
hedral Cu4I4 cubane junctions are linked to give either
necklace or tubular polymers. 

The study of inorganic coordination frameworks has received
increasing attention over recent years with a growing range of
structural motifs being discovered.1–4 Many of these studies
have heightened awareness of the influence not only of metal
ion and ligand2 but also of anion3 and solvent.4,5 Many of the
architectures reported to date are based upon rigid linear linker
ligands,1–4 with only recent efforts focusing on the use of
ligands showing conformational flexibility.5–7 The term ‘supra-
molecular isomerism’ has been used by Zaworotko and
coworkers5 to describe the two forms of the coordination
polymer [Co(NO3)2(L)1.5]H obtained from the reaction of
Co(NO3)2 with 1,2-bis(4-pyridyl)ethane (L). The two isomers
differ due to the conformational flexibility of L which is gauche
in one isomer and anti in the other.5 More recently, the various
different isomers of T-shaped metal–ligand building blocks
have been recognised.8 We prefer the term topological isomer-
ism as we believe that this describes the differences in the
topology and connectivity of the coordination polymer. We
report herein an unusual example of topological isomerism in
which both isomers (2 and 3) have the same stoichiometry, the
same metal-fragment and ligand-linker combinations, the same
ligand conformations, and the same metal ion stereochemistry.
Compounds 2 and 3 differ purely in their metal to ligand
coordinative connectivity to give isomers of different topol-
ogy.

We were interested in developing neutral metal–organic
networks and chose to investigate metal–halide aggregation
with heterocyclic ligands.9 The coordination polymers

[CuI(bpds)]H and [(CuI)2(bpds)]H [bpds = bis(4-pyridyl)di-
sulfide] can be prepared systematically as yellow powders. Bulk
quantities of the compounds are obtained by the stoichiometric
reaction of CuI with the ligand in MeCN or EtCN. Crystals of
the compounds were grown by slow diffusion between CuI
solutions in EtCN (or MeCN) and bpds in CH2Cl2. Regardless
of the metal+ligand ratios used, crystals of both compounds
were found in the same reaction solution. Over the period of a
week, yellow needles of [CuI(bpds)]H 1 grew in the ligand-rich

region of the solution while pale-yellow blocks of
[(CuI)2(bpds)]H, 2 or 3, grew in the metal-rich region.‡

Although the structure of [CuI(bpds)]H 1 consists of Cu2I2
cores connected by bpds to form a planar ribbon of known
topology10 (whether grown from MeCN–CH2Cl2 1a or EtCN–
CH2Cl2 1b), the single crystal X-ray structure determinations of
the 2+1 complex [(CuI)2(bpds)]H revealed two different
structural motifs depending upon the solvent used in crystallisa-
tion. In both cases the [(CuI)2(bpds)]H consists of Cu4I4 cubane
tetramers which are linked by two bpds ligands to form a
square-shaped cavity (Fig. 1). Crystals of 2 grown from EtCN–
CH2Cl2 reveals tetrahedral Cu4I4 cubane junctions§ linked by
bpds ligands [C–S–S–C 77.4(2)°] to give a necklace structure
(Fig. 1). However, in this case the tetrahedral geometry of the
Cu4I4 cubane results in alternating square-shaped units being
orientated perpendicular to each other in adjacent links of the
necklace. The square-shaped cavities are packed to give
channels which run parallel to the b-axis (potential solvent
accessible volume 21.5%)11 that accommodate EtCN mole-
cules.

Using MeCN–CH2Cl2 as the crystallisation solvent results in
a different structural isomer of [(CuI)2(bpds)]H 3. As in 2, Cu4I4
cubane tetramers are linked by two bpds ligands to form a
square-shaped cavity. However, the tetrahedral junctions§ of
these cubane units now allow these squares to interlink via two
further bpds ligands forming a tubular polymer6 (Fig. 2). The
conformation adopted by the bpds ligands is similar to that
observed for the 1+1 compound [within the square C–S–S–C
78.4(3)°, interlinkers C–S–S–C 88.3(3)°]. In 3 the spaces
between the bands of the square-shaped cavities are inter-
digitated by the bands of two adjacent tubes translated by half
the repeat unit (Fig. 3). Despite the interdigitation this packing
arrangement allows the formation of two criss-crossed channels
parallel to the a and b axes, giving a potential solvent accessible
volume of 14.4%.11 Both of these channels run diagonally
through the square-shaped cavities of adjacent tubes and are
occupied by MeCN solvent molecules (Fig. 4).

Powder X-ray diffraction studies of 2 and 3 were used to
study whether each solvent mixture results exclusively in a
single isomer. Compound 2 was found to undergo irreversible
and rapid desolvation during the period of the diffraction

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b1/b103612m/

Fig. 1 The necklace isomer 2 of [(CuI)2(bpds)]H showing alternating
square-shaped units perpendicular to each other.
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experiment giving a new diffraction pattern that was not
consistent with the single crystal X-ray structure. In contrast,
bulk samples of 3 were found to give diffraction patterns in
good agreement with that expected from the single crystal
studies. No evidence for the presence of the desolvated form of
2 was found in the diffraction pattern of 3 and vice versa. Thus,
we conclude that the formation of each isomer is exclusively
dependent on solvent of crystallisation, and that due to
interdigitation 3 is a more robust framework for potential
reversible solvent inclusion. Indeed upon heating single crystals
of 3 to 100 °C for 10 h in vacuo up to 58% of the guest MeCN
molecules can be removed as evidenced by single crystal X-ray
diffraction experiments. Further details of the desolvation
processes of compound 3 will form part of a future study.

As both isomers of [(CuI)2(bpds)]H form under similar
reaction conditions, but with a change in the nitrile solvent, it is
reasonable to conclude that there are only minor energy
differences in the formation of the two polymers. The two
isomers of [(CuI)2(bpds)]H 2 and 3 are very rare examples of
metal–organic architectures which exhibit topological isomer-
ism, and illustrate the profound effect of solvent-template
effects in their formation.5,8 We prefer the description ‘topolog-
ical isomerism’ rather than ‘polymorphism’12 in this case to
reflect the different coordinative connectivities between 2 and 3
rather than the different crystal packing.

This work was supported by the EPSRC (UK), the University
of Nottingham, the Nuffield Foundation and by the University
of Otago (L. R. H.). D. H. G. thanks the EPSRC for the award

of an Advanced Research Fellowship. We thank Professor
Graham A. Bowmaker (University of Auckland, NZ) for helpful
discussions.

Notes and references
‡ Crystal data: {[CuI(bpds)](MeCN)}H 1a: C12H11CuIN3S2, M = 451.8,
triclinic, space group P1̄ (no. 2), yellow needles, a = 8.745(2), b =
8.955(4), c = 10.636(3) Å, a = 94.48(4), b = 96.63(3), g = 106.11(4)°,
U = 789.5(5) Å3, Z = 2, Dc = 1.900 g cm23, m(Mo-Ka) = 3.591 mm21,
T = 150(2) K. 2775 unique reflections [Rint = 0.00] [2415 with I! 2s(I)].
Final R = 0.0400, wR2(all data) = 0.0982.

{[CuI(bpds)](CH2Cl2)}H 1b: C11H10Cl2CuIN2S2, M = 495.67, triclinic,
space group P1̄ (no. 2), yellow needles, a = 8.425(2), b = 10.318(2), c =
10.670(2) Å, a = 113.92(3), b = 97.23(3), g = 92.21(3)o, U = 837.0(3)
Å3, Z = 2, Dc = 1.967 g cm23, m(Mo-Ka) = 3.704 mm21, T = 193(2) K.
3415 unique reflections [Rint = 0.039] [3255 with I > 2s(I)]. Final R =
0.0541, wR2(all data) = 0.1496.

{[(CuI)2(bpds)]·0.5EtCN}H 2: C11.5H10.5Cu2I2N2.5S2, M = 628.72, or-
thorhombic, space group Pccn (no. 56), yellow block, a = 19.493(4), b =
10.760(2), c = 17.334(4) Å, U = 3635.7(13) Å3, Z = 8, Dc = 2.297 g
cm23, m(Mo-Ka) = 5.957 mm21, T = 193(2) K. 3999 unique reflections
[Rint = 0.036] [3475 with I > 2s(I)]. Final R = 0.0336, wR2(all data) =
0.0949.

{[(CuI)2(bpds)]·0.5MeCN}H 3: C22H19Cu4I4N5S4, M = 1243.43, tri-
clinic, space group P1̄ (no. 2), yellow column, a = 8.878(1), b = 10.212(1),
c = 19.307(2) Å, a = 90.249(2), b = 103.023(2), g = 92.796(2) o, U =
1703.2(3) Å3, Z = 2, Dc = 2.419 g cm23, m(Mo-Ka) = 6.356 mm1, T =
150(2) K. 7690 unique reflections [Rint = 0.024] [6494 with I ! 2s(I)].
Final R = 0.0255, wR2(all data) = 0.0643.

CCDC reference numbers 116866 and 164101–164103. See http:/
/www.rsc.org/suppdata/cc/b1/b103612m/ for crystallographic data in CIF
or other electronic format.
§ Considering the centre of the Cu4 tetrahedron to be the ‘centre’ of the
cubane, junction angles between the nitrogen donors range between 108.0
and 110.7° for 2 and 103.8 and 119.7° for 3.
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Fig. 2 The tubular isomer 3 of [(CuI)2(bpds)]H illustrating the alternative
linking of (Cu4I4) cubane units compared to its topological isomer 2.

Fig. 3 Interdigitation of adjacent [(CuI)2(bpds)]H tubes in 3 resulting in the
formation of solvent-filled channels.

Fig. 4 The solvent-filled channels formed in 3 viewed down the b-axis
illustrating the positioning of the MeCN solvent molecules.
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Hybridization of complementary oligonucleotides mediated
by a cationic surfactant at the water/hexane interface leads
to hydrophobic, double-helical DNA which may be readily
phase transferred to the organic phase and cast into thin
films on solid substrates.

The development of synthetic, virus-like DNA vectors is a
topical problem of considerable interest. Following the report of
Felgner et al.1 demonstrating that DNA pre-complexed with a
cationic surfactant leads to its enhanced uptake by eucaryotic
cells, DNA–cationic liposome complexes are being investigated
in great detail as non-viral DNA vectors.2

Many studies have dealt with DNA–surfactant complexes in
an aqueous environment.3 In aqueous solutions containing
equimolar amounts of DNA and the cationic surfactant, the
complex formed was water-insoluble but soluble in low-
polarity organic solvents.3a,d Reimer et al.4 have shown that
DNA molecules may be hydrophobized by complexation with
cationic surfactants in a Bligh and Dyer monophase5 and
thereafter transferred into the organic phase by partitioning the
monophase. We describe herein a simple method for the
hybridization of complementary oligonucleotides employing
electrostatic complexation with a cationic lipid, octadecylamine
(ODA), at the water/hexane interface followed by phase transfer
of duplex DNA into the non-polar organic environment.
Furthermore, films of the DNA–ODA complexes may be easily
deposited on solid surfaces by solvent evaporation. To the best
of our knowledge, this is the first report on the surfactant-
mediated hybridization of complementary oligonucleotides at
the interface between two liquids.

Oligonucleotides of the sequences
GGAAAAAACTTCGTGC (ssDNA1), GCAC-
GAAGTTTTTTCC (ssDNA2) and AGAAGAAGAAAAGAA
(ssDNA3) were synthesized as described elsewhere.6 ssDNA1
and ssDNA2 are complementary oligonucleotides while
ssDNA3 is non-complementary to both ssDNA1 and ssDNA2.
In typical experiments, 10 mL of a 1024 M solution of ODA
(Sigma USA) in hexane was added to: (a) 10 mL of 1026 M
aqueous solution of ssDNA1 and ssDNA2 taken in an
equimolar ratio (experiment A); (b) 10 mL of 1026 M
preformed duplex DNA constituted from complementary pairs
ssDNA1 and ssDNA2 in water7 (experiment B) and (c) 10 mL
of 1026 M aqueous solution of non-complimentary pairs
ssDNA1 and ssDNA3 in an equimolar ratio (experiment C).
The pH of the DNA solutions in all cases was 6.8. The
hybridization of the complementary oligonucleotides ssDNA1
and ssDNA2 and the intactness of the duplex structure after
phase transfer of the preformed duplex DNA was followed
using the fluorescent intercalator, ethidium bromide, added to
the aqueous solutions at a concentration of 1025 M along with
the DNA molecules. Vigorous mixing of the biphasic mixture
was carried out at room temperature using a motor-driven
overhead stirrer operating at 3000 rpm immersed in the liquid
phase for 20 min. During the mixing process, a uniform and
milky microemulsion-like phase was observed to form which,

within one minute of cessation of stirring, resulted in a rapid
separation of two clear layers.

Fig. 1A shows UV-vis spectra recorded from the hexane
phase before and after the mixing protocols described in
experiments A and B.8 There is no indication of the presence of
DNA in the organic layer before mixing (Fig. 1A, curve 3) but
a strong resonance at 270 nm is induced in the hexane phase by
the mixing process in experiments A and B (curves 2 and 1
respectively, Fig. 1A) and indicates phase transfer of the DNA
molecules into hexane.9 The mixing procedure resulted in the
formation of a microemulsion-like phase which is clearly
indicative of formation of extremely small droplets of hexane
stabilized in the aqueous phase by the ODA molecules. This is
likely given that hexane has a finite solubility in water (0.0138
g per 100 mL of water).10 These droplets would increase the
interfacial area between the water and hexane phases facilitating
the interaction of DNA with the ODA molecules at the interface.
At pH 6.8, the ODA molecules are positively charged (pKB of
ODA = 10.8) and the negatively charged DNA are thus
electrostatically bound to the cationic ODA molecules. The
DNA molecules are rendered hydrophobic upon complexation
with ODA resulting in their phase transfer into hexane. The
relative molar ratio of DNA–ODA is important in achieving a
minimum critical hydrophobicity to accomplish the phase
transfer. Equimolar ratios of DNA–ODA did not result in a
detectable phase transfer of the DNA molecules into hexane. In
the experiments described herein, a nearly 100-fold molar
excess of ODA molecules (over DNA) was taken in the hexane
phase.

Fig. 1 (A) UV-vis spectra of the hexane phase before (curve 3) and after
shaking biphasic mixtures of 1024 M ODA in hexane and aqueous solutions
of A (curve 2) and B (curve 1). (B) Fluorescence spectra of the hexane phase
after transfer of DNA from aqueous solutions of experiment A (curve 1) and
experiment B (curve 2). The fluorescence spectrum from the hexane phase
in experiment C is also shown (curve 3). The dashed curve corresponds to
the fluorescence spectrum from a mixture of ssDNA1–ODA and ssDNA2–
ODA separately phase-transferred into hexane. The inset shows fluores-
cence spectra recorded from DNA–ODA complex films cast from the
hexane phase on quartz substrates from experiments A (curve 1) and B
(curve 2).

This journal is © The Royal Society of Chemistry 2001
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Fig. 1B shows the fluorescence spectra11 from the hexane
phase after transfer of DNA from aqueous solutions in
experiments A (curve 1) and B (curve 2). A strong fluorescence
signal at ca. 570 nm is seen in both cases. Ethidium bromide
intercalates between the base pairs of DNA double helical
structures and this process is detected by enhanced fluores-
cence.12 The fluorescence results thus clearly indicate that the
preformed double helical DNA molecules are phase transferred
into hexane with retention of their double helical structure
(curve 2, Fig. 1B). More importantly, the results show that not
only have the single-stranded oligonucleotides ssDNA1 and
ssDNA2 been transferred to the organic phase by complexation
with ODA molecules, they have hybridized into a duplex (curve
1, Fig. 1B). No fluorescence was detected in the organic phase
after the phase transfer of mixtures of ssDNA1 and ssDNA3
(non-complementary oligonucleotides, experiment C) even
though the presence of the single-stranded DNA molecules was
indicated by UV-vis measurements. To distinguish whether the
transfer of DNA occurs in single-strand form followed by
duplexation in hexane or directly as a duplex, hexane solutions
of ssDNA1 and ssDNA2 separately phase transferred by
complexation with ODA were mixed and the fluorescence
measured (dashed curve, Fig. 1B). It is observed that there is no
fluorescence in this experiment either. Thus, the hybridization
inferred by the fluorescence measurements shown in Fig. 1B
(curve 2) is clearly due to recognition of the complementary
base sequences and occurs only at the hexane/water interface. In
the absence of any added salts, the cationic ODA molecules act
like counterions and screen the repulsive electrostatic inter-
actions between the individual DNA strands to facilitate the
hybridization process. The formation of double helical struc-
tures of ssDNA1 and ssDNA2 does not occur in the bulk of the
aqueous phase in the absence of salt and these results clearly
imply an interfacial process mediated by the cationic lipid
molecules.

An exciting aspect of this is the possibility of depositing films
of ODA-stabilized DNA by simple solvent evaporation. The
fluorescence spectra obtained from films of DNA–ODA
complexes cast from hexane solution onto quartz from experi-
ments A and B are shown in the inset of Fig. 1B as curves 1 and
2 respectively. Strong emission signals from ethidium bromide
are observed in both the films with an emission at ca. 675 nm.
A large red shift in the emission wavelength is seen in the
DNA–ODA films relative to the solution wavelength (main part
of Fig. 1B). This is likely to be a consequence of the large
increase in polarity of the intercalator environment in the film
form and has support from the literature.12 The low intensity
fluorescence spectrum from the preformed DNA–ODA (curve
2, inset of Fig. 1B) is perhaps a consequence of non-uniformity
of the film during evaporation of hexane and not due to a
deterioration of the degree of hybridization of the DNA double
helices.

Fig. 2 shows UV-melting curves from DNA–ODA complex
films cast onto quartz from experiments A (curve 2) and B
(curve 1). The preformed duplex DNA complexed with ODA
shows a single melting transition at 55 °C (curve 1, Fig. 2)
which is higher than the aqueous solution melting transition
temperature of 41 °C3b indicating significant thermal stabiliza-
tion of the duplex structure by the ODA molecules. The UV–
melting transition curve for the DNA hybridized at the hexane/
water interface-ODA film shows two TM values at 39 and 61 °C
(curve 2, Fig. 2). Such behaviour has been recently observed by
Pattarkine and Ganesh in aqueous DNA–lipid complexes3b and
was attributed to phase separation of lipid-free DNA double
helical structures (lower TM) and DNA double helices capped
with a layer of surfactant molecules (higher TM). DNA cannot
exist in the organic phase without some degree of hydro-
phobization provided by electrostatically complexed ODA
molecules. The above result may be attributed to two phase-

transferred components wherein the degree of complexation of
the DNA duplex with ODA molecules is different.

In conclusion, electrostatic complexation of DNA molecules
with cationic lipid molecules at the organic/water interface and
phase transfer of DNA into the organic phase has been
demonstrated. An important finding is the surfactant-facilitated
hybridization (and consequent hydrophobization and phase
transfer) of complementary single-stranded DNA molecules at
the liquid/liquid interface under conditions where the hybrid-
ization to form double helical structures does not occur in the
bulk of the aqueous phase. The DNA molecules may be
conveniently cast in the form of thin films onto any solid
support by solvent evaporation. This approach is expected to
facilitate the generation of lipid–DNA complexes for possible
application in gene-transfer systems etc.

Three of us, AK, VR and MP, thank the Council of Scientific
and Industrial Research (CSIR), Government of India, for
financial support.
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Alternating copolymerization of carbon monoxide with
aziridine was realized, which serves as a prototype of a novel
route for synthesis of poly-b-peptides.

Rational discovery of new catalytic reactions is an important
scientific challenge for synthetic chemists. We are interested in
designing new catalytic polymerization reactions which involve
reaction and incorporation of heteroatoms in the polymer chain
to produce functional polymers. In light of the successful
examples of carbonylation of aziridines and epoxides and
alternating copolymerization of CO and alkenes,1–4 we set out
to develop metal-catalyzed alternating copolymerization of CO
with aziridines [eqn. (1)].5 This reaction in principle provides an

(1)

attractive route to poly-b-peptides, which have received
considerable current attention as biomimetic materials.7,8 Prior
to this work, Sen and Arndtsen independently suggested the
possibility of copolymerization of imines with CO to produce
poly-a-peptides and demonstrated the first examples of imine
insertion into Pd–acyl bonds.9,10 We report here the initial
identification of a catalyst for CO–aziridine copolymerization
and that alternating polymerization can be achieved under
carefully controlled experimental conditions.

At the onset of this project, we conceived a catalytic cycle
leading to the copolymerization. First of all, CO insertion and
aziridine insertion into a metal–carbon bond are inevitable steps
in any catalytic cycle that one might design for the copoly-
merization of CO and aziridine. Examples of the latter reaction
are absent in organometallic chemistry to our knowledge.
However, an interesting reaction of aziridine insertion into
acetyl chloride was reported [eqn. (2)].11 It is well established

(2)

that some metal–acyl species resemble organic acyl chlorides
and undergo nucleophilic cleavage by alcohols and amines to

afford esters and amides. By such analogy, insertion of aziridine
into metal–acyl bonds might also occur. The aziridine insertion
coupled with CO insertion into a metal–alkyl bond then forms
a reasonable catalytic cycle leading to the alternating copoly-
merization (Scheme 1).

Under the above hypothesis, we screened a number of
potential catalysts and arrived at Heck’s complex CH3COCo-
(CO)3PPh3 1. In the presence of 10 mol% of 1 under 1000 psi
CO in THF solution, aziridine and CO was copolymerized to
produce a crystalline, hot-water soluble polymer in good yield
(entry 1, Table 1). The FT-IR and NMR spectra together
confirm that the product is poly-b-alanine. In the IR spectrum,
two prominent amide bands are present at 1645 and 1539
cm21.† The 1H NMR spectrum reveals two triplet resonances (a
and b) at d 3.25 and 2.26 ppm (J = 6.5 Hz) (Fig. 1a), in
agreement with the chemical shifts reported for poly-b-alanine
prepared from acrylamide.12 Additional fine features (labeled
with asterisks) are present overlapping with or in close vicinities
of a and b. The small differences in chemical shifts between
them and the main peaks a and b lead us to believe that they
belong to b-alanine units located at or close to the end of the
chain. These resonances are not due to amine microstructures,
which would possibly be present if repetitive aziridine inser-
tions occurred (see below), because they do not move downfield
in acid solutions in contrast to what should be expected for
amines upon protonation. Work is in progress in our laboratory
to positively identify these resonances. A resonance (c) at d 1.80
ppm is observed due to the acetyl end group that originates from

† Electronic supplementary information (ESI): NMR spectra, GPC sum-
mary, elemental analyses, experimental procedure of polymerization, and a
scheme rationalizing the imperfect alternating enchainment. See http://
www.rsc.org/suppdata/cc/b1/b103899k/

Table 1 Copolymerization of CO with aziridine using 1 as the catalysta

Entry [Cat]/mM Aziridine/g
Aziridine–1
(molar ratio) CO pressure/psi

Reaction
time/h Yield/g Amine units/mol%b Mw

c/103 PDIc

1 5.8 0.25 10 1000 12 0.25 (60%) < 2 14.1 4.85
2 5.8 0.25 10 500 12 0.25 (60%) < 2 — —
3 5.8 0.25 10 250 12 0.17 (41%) < 2 — —
4 5.8 0.75 30 1000 12 0.98 (79%) ~ 8 36.6 2.52
5 5.8 1.25 50 1000 12 1.84 (89%) ~ 12 57.8 11.56
6d 5.8 0.25 3 3 30 1000 12 3 3 1.06 (86%) ~ 2 36.6 5.67
7d 5.8 0.25 3 5 50 1000 12 3 5 1.92 (93%) ~ 2 63.3 9.32
a In 100 mL THF at 80 °C. b Amine defects estimated by 1H NMR. c Determined by GPC in 1,1,1,3,3,3-hexafluoropropan-2-ol with 0.01 M sodium triflate,
light scattering–viscometry–refractive index triple detector. d Aziridine was added in portions.

Scheme 1 Working model for alternating copolymerization of CO with
aziridine (L = PPh3).

This journal is © The Royal Society of Chemistry 2001
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1. Such assignment is consolidated by the observation that this
peak disappeared when the methyl-deuterated 1 CD3COCo-
(CO)3PPh3 was used for the copolymerization. In the 13C
spectrum (Fig. 1b), the amide carbonyl peak (d) is clearly
shown at d 176.2 ppm. The methylene 13C resonances appear at
d 38.3 and 37.7 ppm. The peak at 24.2 ppm (c) in the 13C
spectrum is assigned to the methyl of the acetyl end group. All
13C assignments are supported by 1H–13C HMQC and HMBC
experiments.†

Varying CO pressure exerted little effect on the selectivity of
the polymerization (entries 2 and 3, Table 1). However, the
polymer yield decreased when the reaction was run under 250
psi of CO. The lower yield was likely caused by catalyst
decomposition, not decrease of the reaction rate, as quadrupling
the reaction time did not result in any alteration of yield.

When the initial aziridine concentration was increased
(entries 4 and 5, Table 1), the selectivity of the reaction reduced,
and additional peaks appeared in the 1H spectrum.† The
chemical shifts of these resonances and that they move
downfield when the aqueous solution is acidified suggest that
they belong to amines, which apparently arise from repetitive
aziridine insertion. Extraction of the products using a wide
range of solvents including methanol, ethanol, THF, and
chloroform did not significantly change the relative amount of
amine units, suggesting that the amine and b-alanine units are in
the same chains. The problem of repetative aziridine insertion
can be partially solved by slow addition of aziridine. When

aziridine was added in portions under 1 atm of CO after the
previously added aziridine was estimated to have been con-
sumed, the selectivity was considerably improved without
sacrifice of the yield (entries 6 and 7, Table 1).

The molecular weights and molecular weight distributions of
the products are measured by gel-permeation chromatography
(GPC) coupled with a light scattering-refractive index-visco-
metry triple detector (Table 1). The weight average molecular
weights are determined with reproducibilities within 6%. The
molecular weight distributions are complex and spread over a
wide range, hampering accurate determination of the number
average molecular weights. Thus, the polydispersities (PDI)
listed in Table 1 should be taken as approximate values.

In regard to the mechanism of the polymerization, the
complexity of molecular weight distribution profiles indicates
that it is apparently not a simple one. However, the presence of
the acetyl end group argues that complex 1 is indeed the
catalyst.

The possibility that azetidin-2-one was the intermediate of
the polymerization was ruled out by two parallel experiments.
In the first experiment, equal molar amounts of azetidin-2-one
and aziridine were subjected to the polymerization conditions.
In the other experiment, only aziridine was added. The same
amounts of polymer were produced in the two experiments. The
requirement for high catalyst loading in order to achieve good
selectivity for alternating enchainment indicates that the
barriers for alternating enchainment and repetitive enchainment
are not significantly different for the catalyst employed here.
We are currently engaged in searching for catalyst systems that
provide improved selectivity toward alternating enchainment
and in elucidating the chain propagation/termination mecha-
nisms.

This work was supported by the ACS-Petroleum Research
Fund. We thank Dr Mark A. Scialdone of Du Pont Central R&D
for GPC analyses and Professor James E. Roberts of Lehigh
University for solid state 13C NMR measurements of the
polymers. L. J. thanks the Christian R. & Mary F. Lindback
Foundation for a Minority Junior Faculty Award.
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Fig. 1 a. 1H NMR (360 MHz, D2O, 95 °C) of poly-b-alanine produced from
copolymerization of CO and aziridine (entry 1, Table 1). Integral ratio of a–
b–c = 100+100+6. b. 13C{1H} NMR (90 MHz, D2O, 95 °C, THF in D2O
as external standard) of the same sample.
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Macroporous vanadium–phosphorus–oxide phases (macro-
VPO) displaying ordered 0.2–0.4 mm pores and unprece-
dented high surface areas (44–75 m2 g21) have been
synthesized using colloidal arrays of polystyrene spheres as
a template.

Mixed metal oxides possess promising catalytic properties for
the selective oxidation of lower alkanes (C2–C5).1 For example,
Mo–V–Nb and Sb–V oxides are catalytically active in selective
oxidation of ethane and propane2 and propane ammoxidation
and vanadium–phosphorus–oxides (VPOs) are selective in the
oxidation of n-butane to maleic anhydride.3

The conventional synthesis methods, both wet chemistry and
solid-state, offer limited control over the phase, bulk and
surface compositions of mixed metal oxides, preferential
exposure of active and selective surface planes, surface areas
and pore architectures, which define their catalytic properties in
selective oxidation of lower alkanes. There is a critical need for
novel routes of assembling hierarchically designed mixed metal
oxides, which display remarkable ordering on micro- ( < 3 nm
for the surface region structure and composition), nano- (3–100
nm for the bulk and phase compositions) and macro- ( > 100 nm
for pore architectures) scales.

Macroscale-templated synthesis of nanocrystalline mixed
metal oxides represents an attractive approach for the synthesis
of hierarchically designed catalytic materials. Several single-
element macroporous oxides with very interesting structural
properties have been synthesized by self-assembly using
colloidal sphere templates.4–9 However, macroporous mixed
metal oxides for applications in oxidation catalysis have not, as
yet, been reported. We report here the first successful example
of a hierarchically designed macroporous mixed vanadium–
phosphorus–oxide (macro-VPO) with desirable structural and
compositional properties for selective oxidation of n-butane.

Macro-VPO phases were assembled using close-packed
arrays of colloidal polystyrene (PS) spheres (0.4 mm diameter)
as a template. Monodispersed PS spheres were synthesized by
an emulsion polymerization process described elsewhere.7 The
ordered arrays of PS spheres were obtained by either centrifuga-
tion or filtration of PS sphere suspensions. Fig. 1 shows the
SEM image (Hitachi, Model S-3200N) of colloidal PS spheres
used as the template.

In a typical synthesis, an array of PS spheres was first
impregnated with a phosphoric or phosphorous acid solution in
ethanol. Then a solution of a vanadium-(IV) or -(V) source in
ethanol or isobutyl alcohol was introduced into the voids of the

array, where it reacted with a phosphorus source and condensed
into a macro-VPO framework upon drying. It was found that the
initial surface treatment with a phosphorus source was critical
for the nucleation and growth of macro-VPO phases in the voids
of the PS sphere arrays. In all experiments the P/V molar ratio
was 1+1, which provides the optimal surface and bulk
composition for selective oxidation of n-butane.3 The PS
spheres were removed from as-synthesized macro-VPO by
either calcination in air at 723 K or Soxhlet extraction using a
mixture of acetone and tetrahydrofuran (1:1 volume ratio).
Typical synthesis conditions, crystallographic phases deter-
mined by powder XRD (Siemens D-500) and the BET surface
areas (Micromeritics Gemini 2360) for selected calcined and
Soxhlet-extracted macro-VPO phases are given in Table 1.

The ordered pore structure of the macro-VPO phases after the
template removal is evident in Fig. 2. Interconnected pores
appear as dark spots (ca. 0.2 mm diameter) inside spherical 0.4
mm cavities left after the removal of the PS spheres. The walls
of the macropore structure are formed by the (VO)2P2O7
nanocrystals. The wall thickness was estimated from the SEM
images to be ca. 90 nm. The average nanocrystal size
determined using the Scherrer formula10 was ca. 20 nm, which
indicated that the wall was only four crystals thick. Relatively
large size of the nanocrystal building blocks explains the

Table 1 Selected properties of macroporous VPOs

VPO sources General description
Specific surface
area/m2 g21 Crystalline phase

VO[CHO(CH3)2]3, H3PO3 Calcined in air at 723 K 64 VOPO4·2H2O
VO[CHO(CH3)2]3, H3PO3 Soxhlet extracted 50 VOPO4·2H2O
V2O5, H3PO3 Calcined in air at 723 K 41 VOPO4·2H2O
V2O5, H3PO3 Soxhlet extracted 75 VOHPO4·4H2O/b-VOHPO4·2H2O
V2O5, H3PO4 Calcined in air at 723 K 44 (VO)2P2O7

Fig. 1 SEM image of the synthesized monodispersed polystyrene spheres
used as templates for the formation of macroporous VPO.
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somewhat rough and disordered appearance of the macropore
structure in SEM images (Fig. 2).

The macroscale-templated synthesis produced the VPO
phases with unprecedented high surface areas after the removal
of the PS spheres. The macro-VPO phases displayed ca. 44–75
m2 g21 surface areas (Table 1) and the optimal bulk composi-
tions (P/V ca. 1.05 by ICP elemental analysis). By comparison,
the surface areas of VPO phases synthesized by conventional
methods are in the range 5–20 m2 g21.1,3 The surface areas of
the macro-VPO phases are consistent with a theoretical estimate
for 20 nm cubic crystals of (VO)2P2O7 (90 m2 g21).

The present method of macroscale-templated synthesis of
mixed metal oxides yielded (VO)2P2O7 which preferentially
exposed the active and selective surface (100) planes for the
oxidation of n-butane. (VO)2P2O7, which is the active and
selective phase in n-butane oxidation to maleic anhydride,1,3

was synthesized using the V(IV) and P(III) sources (Table 1).
The intensity ratio of the interplanar (100) and in-plane (042) X-

ray reflections of (VO)2P2O7 (I100/I042) has been previously
used to determine the prefential exposure and the stacking order
of the surface (100) planes proposed to contain the active and
selective catalytic sites.3 The conventional VPO phases typi-
cally exhibited low intensity ratios, I100/I042 ca. 0.4, indicating
that the surface (100) planes were not dominant in these
phases.3 The macro-VPO phases are characterized by much
higher intensity ratios, I100/I042 ca. 2.48 suggesting that these
phases preferentially expose the surface (100) planes of
(VO)2P2O7.

To the best of our knowledge, the hierarchical design of the
mixed metal oxide phases with ordered macropore archi-
tectures, record high surface areas, as well as the phase
compositions and the surface plane exposures critical for
selective oxidation catalysis is achieved for the first time. This
study demonstrated that the macroscale self-assembly route
holds a great promise as a general method for the rational design
of mixed metal oxides with desirable structural and composi-
tional properties.

Further studies will focus on the catalytic performance of the
novel macroporous mixed metal oxides in the oxidation of
lower alkanes.
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Fig. 2 SEM image for macroporous VPO.
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The organized structure of Cu2+-coordinated bilayer mem-
branes formed by monoalkyl derivatives of ethylenediamine
can easily be modulated by varying the counter ions, and
their physical properties change correspondingly.

The design and construction of supramolecular organized
assemblies utilizing non-covalent intermolecular interactions,
such as hydrogen bondings, metal–ligand interactions, van der
Waals interactions, p–p stackings etc. has become a topic of
increasing interest in recent years, due to their fascinating
structures and novel functionalities.1–4 It is well-known that the
structure and properties of these aggregates are determined not
only by the chemical structures of the component molecules, but
also by environmental factors, including pH variation, metal-
ion complexation, heat, light etc. Recently, much work has
focused on the control of the macroscopic morphology and
microscopic structure of self-organized materials by changing
physical or chemical environments.5

In our previous papers, we have reported that complexed
bilayer membranes are formed from a series of single-chain
amphiphiles CnH2n+1NHC2H4NH2 dispersed in dilute aqueous
Cu(NO3)2.6 In the present work, our investigation has been
concentrated on the control of the organized structure of
monoalkylethylenediamine in dilute aqueous CuX2 by changing
the counter ions (X2 = Cl2, Br2, NO3

2 and ClO4
2).†

Fig. 1 shows the typical transmission electron micrographs
for amphiphilic aggregates of CnH2n+1NHC2H4NH2 (n = 12,

14, 16, 18) in aqueous CuX2 (X2 = Cl2, Br2, NO3
2 and

ClO4
2), which all revealed the presence of vesicular morpholo-

gies. However, there are drastic differences between the
samples with Cl2, Br2 on the one hand and NO3

2, ClO4
2 on

the other as counter ions in the appearance of the dispersion. In
the former case the aggregates are blue while the latter are
purple. Obviously for these four systems, the only difference
lies in the X2 anion type and size, therefore, it can be inferred
that the type of counter ion is of vital importance to the
determination of the organized structures, and the amphiphilic
aggregates can be categorized into two structurally differing
types.

The differences between the two kinds of assemblies in
solution colour and in their solid-state electronic spectra reveal
configurational diversities in the structures of the Cu2+-
coordinated headgroups. Typical results (n = 14) are shown in
Table 1. For asymmetric derivatives of ethylenediamine, ML2
type complexes of Cu2+-coordinated amphiphiles usually adopt
planar CuN4 structures with cis- and trans-isomers.7 It has been
established that complexes with cis-configuration show higher
s–s* transition energies than those with trans-arrangement.8
Aditionally, square-coplanar CuN4 complexes show d–d transi-
tion energies in the range (18–20) 3 103 cm21 while the range
for tetrahedral CuN4 is (12–16)3 103 cm21.9 From the d–d and
s–s* transition energies in Table 1, it can be deduced that when
X = Cl2 or Br2, the Cu2+-coordinated headgroups adopt a
trans-configuration which give a compressed tetrahedral CuN4
environment, and the two tails in the
[Cu(CnH2n+1NHC2H4NH2)2]X2 (X2 = Cl2, Br2, n = 12–18)
complexes adopt an approximately diagonal position [see Fig.
3(a)]; while for X2 = NO3

2 or ClO4
2 ions, a cis-configuration

is adopted with the copper square-coplanar, with the two tails
located at the same side of the plane and parallel to each other
[see Fig. 3(b)]. Clearly the headgroup structures greatly
influence the packing fashion of the hydrocarbon tails in the
organized aggregates.

It has been demonstrated by many experiments that in cast
films the self-aggregated structure of the amphiphiles in dilute
aqueous dispersions is well preserved.10 In order to elucidate
the structural features of the assemblies in aqueous solution,
small-angle XRD was applied to study the long spacing of the
cast bilayer membranes. Powder diffraction experiments carried
out on cast films of the complexed aggregates showed periodic
peaks corresponding to bilayers with ordered structures, which
are similar to those reported in the literature.10 Fig. 2(a) shows

Fig. 1 Typical TEM morphologies of complexed bilayer membranes of
[Cu(CnH2n+1NHC2H4NH2)2]X2: (a) X2 = Cl2, n = 14; (b) X2 = ClO4

2,
n = 14.

Table 1 The appearance of C14H29NHC2H4NH2 aggregates in aqueous
CuX2, along with electronic transitions of their cast films

s–s* Transition
(1023 ñ/cm21)

Counter ion
(X2)

Solution
appearance

d–d Transition
(1023 ñ/cm21) I II

Cl2 Emulsion, blue 16.78 35.21 42.37
Br2 Emulsion, blue 17.48 33.33 42.78
NO3

2 Emulsion, purple 18.05 35.71 44.44
ClO4

2 Emulsion, purple 19.23 36.50 43.10

This journal is © The Royal Society of Chemistry 2001
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the tail length (n) dependence of the bilayer thickness, i.e. the
long spacing (Dn) of the cast bilayer membranes. As can be seen
for each system the bilayer thickness shows good linearity with
tail length (n = 12, 14, 16 and 18):

Dn (Cl2) = 1.34n + 7.39
Dn (Br2) = 1.21n + 7.83
Dn (NO3

2) = 1.06n + 6.24
Dn (ClO4

2) = 0.97n + 6.24

The cast bilayer thickness, for X2 = Cl2, Br2 ions, falls
between the monomolecular and bimolecular length of the
amphiphile, while for X2 = NO3

2, ClO4
2 ions the bilayer

thickness is smaller than the corresponding evaluated molecular
length (Ln) (CPK model). These results indicated that the
amphiphilic molecules probably assume either a tail-to-tail
chain packing mode or an interdigitated packing mode in the
bilayer membranes.

Differential scanning calorimetry experiments of the com-
plexed bilayer dispersions showed endothermic peaks (not
shown here), indicating gel-to-liquid crystal phase transitions,
one of the basic physicochemical properties of bilayer mem-
branes. The value of the phase transition temperature (Tc) for
each system exhibits fairly good linearity with n, as depicted in
Fig. 2(b), indicating similar lateral packing in the membrane
structure of each system. It is clear from Fig. 2(b), for X2 =

Cl2, Br2 samples, the Tc values are < 65 °C, which are similar
to those of bilayer membranes showing tail-to-tail packing
reported in the literature.11 By contrast, for X2 = NO3

2,
ClO4

2, the Tc values are > 60 °C. It has been shown that in
many cases the extensively tilted tail-to-tail type bilayer
assemblages possess relatively fluid chain packing and exhibit
relatively low Tc, whereas interdigitated type bilayer mem-
branes have tighter chain packing and display higher Tc values
than tail-to-tail ones.11 Thus, by combining XRD and DSC
results, it can be inferred that for X2 = NO3

2, ClO4
2

dispersions the amphiphiles adopt the partially interdigitated
chain packing mode in the bilayer membranes. Two quite
different structures in cast films from complexed bilayer
membranes with different counter ions are thus observed. Based
on the packing model of aliphatic chains in the bilayer
membranes, the chain tilt angles (with respect to the bilayer
normal) for each system, calculated from the slope of the linear
equations12 are 58.2° (Cl2), 61.6° (Br2), 33.4° (NO3

2) and
40.2° (ClO4

2).
In summary, this study shows a very simple method,

changing the counter ion can modulate the headgroup config-
uration and packing mode of the aliphatic chains in synthetic
bilayer membranes formed by monoalkylethylenediamines
CnH2n+1NHC2H4NH2 (n = 12–18) in dilute aqueous CuX2
(Fig. 3). Furthermore, this molecular-level modification arising
from the change of counter ions is amplified by the self-
assembly process through cooperative effects of metal–ligand
interactions and van der Waals interactions, on their macro-
scopic properties leading to variations in appearance and gel-to-
liquid transition temperatures of the dispersions.

We acknowledge the National Natural Science Foundation of
China (20073019) for financial support of this work.
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Fig. 2 (a) Bilayer thickness (Dn) values and the evaluated molecular length
(Ln) as function of the tail length (n); (b) phase transition temperature (Tc)
dependence on the tail length (n): X2 = (5) Cl2; (-) Br2; (:) NO3

2; (/)
ClO4

2; (3) Ln.

Fig. 3 Schematic representation of bilayer formation from
CnH2n+1NHC2H4NH2 (n = 12, 14, 16 and 18) in aqueous CuX2: (a) X =
Cl2 or Br2; bilayer showing tail-to-tail packing mode, coordinated
headgroups adopt a trans-configuration in a compressed tetrahedral CuN4

environment with two tails in the [Cu(CnH2n+1NHC2H4NH2)2]X2 com-
plexes located at approximately diagonal positions. (b) X = NO3

2 or
ClO4

2; bilayer showing a partially interdigitated chain packing mode,
coordinated headgroups adopt a cis-configuration in a square-coplanar
environment with the two tails located at the same side of the plane and
parallel to each other.
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Robust sub-micrometer ring structures are easily prepared
using SiCl3-terminated dendrimers.

The formation of submicrometer-scale structures via the self-
assembly of molecules is of great current interest.1 Recently,
several groups have reported the formation of mesoscopic ring
structures on solid surfaces using a variety of materials,
including porphyrin derivatives, nanoparticles, and carbon
nanotubes.2–6 These ring structures were easily formed after the
evaporation of a dilute solution of the materials deposited on
substrate surfaces, through an intermediate morphology featur-
ing droplets or holes. Unfortunately, the molecules/particles in
these structures were held together only through weak inter-
molecular interactions. Consequently, the structures possess a
limited stability that restricts their potential applications.
During the course of systematic investigation of the chemisorp-
tion of a series of SiCl3-terminated dendrimers on flat surfaces,
we observed that the films of 1 deposited on mica spontaneously

adopted well-defined sub-micrometer ring structures across the
surface. Notably, the dendrimers in the films polymerize upon
curing, thereby affording robust and highly stable ring struc-
tures.

The ring structures were easily and reproducibly prepared by
spin coating of a 1025 M solution of 17 in anhydrous THF on a
freshly cleaved mica substrate. As revealed by AFM (Fig. 1),
the isolated rings are randomly located over the entire substrate
surface. Most of the rings possess an inner diameter of 450–550
nm. Although rings dominate the film surface, separated islands
with a bottom diameter of 110–230 nm and a height of 2.0–3.5
nm are also present; these are located predominately outside the
rings and on the rims. Root mean square roughness (Rq)
measurements show that the film surface inside the rings (Rq =
0.160 nm) is much flatter than outside (Rq = 0.530 nm). Fig. 2
depicts a typical ring and a cross sectional plot of the ring
diameter (R), height (h), and width (L) of the rim. Notably, the
rims of all the rings possess a similar average width (L ≈ 150
nm) and height (h ≈ 4–6 nm). Interestingly, the layer outside
the rings is higher than that inside by D ≈ 1.1 nm (Fig. 2). To
measure the thickness of the layer inside the rings, part of the
film was shaved by AFM using a square pyramid Si3N4 probe

with a loading force of ca. 190 nN. Fig. 3 shows an AFM image
of the region containing the shaved area. The average thickness
of the flat layers outside and inside the rings was then measured

Fig. 1 An AFM image of a thin film formed by spin-coating of a THF
solution of 1 onto a mica surface. The contrast covers height variations in
the 0–15 nm range.

Fig. 2 An AFM image of a ring and a line scan for measurement of the ring
diameter (R), height (h), and width (L) of the rim.

This journal is © The Royal Society of Chemistry 2001
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by AFM to be 2.2 ± 0.4 nm and 1.3 ± 0.3 nm, respectively. The
former corresponds to a monolayer of densely packed den-
drimers, as the height of 1 is calculated to be ca. 2.2 nm by
molecular mechanics (MM2). The latter could correspond to a
monolayer of flattened dendrimers. It is well known that
flexible dendrimers can substantially flatten on a surface when
their interaction with the surface is strong.8

Upon deposition of 1 (dissolved in THF) on mica in air, the
SiCl3 groups of 1 should be completely hydrolyzed to
Si(OH)3 groups by surface-bound and absorbed water.9 Inter-
molecular condensation of the Si(OH)3-terminated dendrimers
may occur at room temperature, but apparently only to a limited
extent. In fact, films that were kept at room temperature in air
for two weeks can still be shaved by AFM. Although they
cannot covalently bond to the mica surface which does not
contain OH groups, the dendrimers can undergo substantial
condensation to form a cross-linked network of Si–O–Si groups
at elevated temperatures.9 Indeed, after curing at 115 °C for 12
h, the unchanged ring structures became robust; they could no
longer be scratched by AFM tips, even under a loading force as
high as 250 nN. In addition, they remained intact after storage
in air for months, and after repeated washing with water and
organic solvents such as THF and chloroform.

Despite the presence of a large number of hydrophilic Si–O–
Si groups in the dendrimers after hydrolysis and curing, the
surface of the cured films possessed a surprisingly high water
contact angle (advancing: 103°; receding: 92°; static: 100°) and
hexadecane contact angle (advancing: 38°; receding: 31°; static:
35°). These contact angles are similar to those for a smooth solid
surface exposing closely packed –CH2– or –CHNCH2 groups.10

In addition, force measurements by AFM showed that the
attraction forces between the Si3N4 tip and the film were nearly
the same inside and outside the rings, indicating a similar
composition for both surfaces. These results suggest that the
dendrimer molecules fully cover the hydrophilic mica surface
with all of their SiOR groups (R = H, OSi), leading to a
hydrophobic film surface composed mostly of –CH2– groups.

Based on the above results, it appears that the ring structures
and islands (‘dots’) are formed on an underlying layer of the
dendrimers physisorbed on mica. Preliminary results also
indicated the absence of ring structures at a monolayer
coverage.† During spin coating, when the liquid film of the
excess dendrimers and the solvent (THF) on top of the

monolayer thins below a critical thickness by evaporation, the
instability of the film may cause film rupture into small
droplets.3 Some of the small droplets coalesce into larger ones,
and the remaining isolated small droplets dry to form the
observed islands (‘dots’). AFM imaging of freshly prepared
films showed that the rings were developed from larger
droplets,† in agreement with the mechanism proposed by
others.3 The process involves a radial flow outward from the
center of the droplet.3,11 This outward flow of liquid can carry
virtually all of the dissolved dendrimers as well as some of the
dendrimers physisorbed on the substrate surface to the rim. The
reduced number of dendrimers in the layer on the interior of the
ring then flatten to cover the substrate surface. The observed
similar heights and widths of the rims regardless of the ring
diameters might be required for ‘pinning’ of the rim.5

In conclusion, we have described the preparation of robust
submicrometer ring structures on mica surfaces using 1. AFM
studies revealed that the isolated mesoscopic ring structures and
islands were grown on an underlying self-assembled layer of the
dendrimers. The surface inside the rings is much flatter than
ouside. Prior to curing, polymerization of the hydrolyzed
dendrimers, if any, occurred only to a limited extent. Scanning
probe lithography of the pre-cured films can be used to generate
patterns (e.g. Fig. 3) on the film.12 The structures become robust
upon curing. Similar to the demonstrated application of graphite
etch pits (3.5 Å high),13 such ring structures (ca. 50 Å high) may
be used to isolate ensembles of macromolecules or nano-
particles for study by scanning probe microscopy. We will
explore the growth of ring structures using analogs of 1 that
possess functional groups at the phenyl group.

This work was supported by the Texas Advanced Research
Program under Project No.003652-0365-1999. We thank Dr
C. M. Yam for contact angle measurements and Professors T. R.
Lee and S. Perry for helpful discussions.
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A novel single azido bridged one-dimensional Ni(II) chain,
which represents the first metamagnetic one-dimensional
metal–azido system with only end-to-end azido bridges, has
been synthesised and characterised by a low temperature
magnetic study.

In the last decade chemists have dedicated their efforts to the
study of molecular-based magnetic materials owing to the need
to understand the fundamental science associated with magnetic
interactions between the paramagnetic metal ions and the
bridging ligand to develop magneto–structural correlation
enabling the designed synthesis of interesting magnetic materi-
als.1 One strategy for the design of molecular-based magnets
involves assembling of paramagnetic metal ions in one-, two-
and three-dimensional networks using suitable bridging li-
gands.1,2 The azido ligand has been widely used because of its
diverse binding modes which yield different types of molecules
such as dimers, tetramers, one-, two-, and three-dimensional
arrays etc.3 The prime coordination motif for bridging azido is
end-on with ferromagnetic interaction and end-to-end having
antiferromagnetic coupling.4 To the best of our knowledge all
compounds of NiII with end-to-end azido bridges are anti-
ferromagnetic with the exception of two compounds which are
weakly ferromagnetic: one is a dimer5 and the other a one-
dimensional chain of NiII using a non-chelating capping
ligand.6 Examples of metamagnetic molecular materials in the
metal–azido system with only end-to-end bridging azido mode
are still lacking. Here, we report the synthesis,‡ crystal structure
and magnetic properties of a new one-dimensional compound,
[Ni(L)(N3)2]n 1 (L is a tridentate Schiff base obtained by
condensation of pyridine-2-aldehyde and N,N,2,2-tetramethyl-
propane-1,3-diamine) which represents the first example of a
metamagnetic molecular material of NiII with only end-to-end
azido bridges.

A crystal structure determination§ reveals that complex 1 is a
single azido bridged one-dimensional NiII chain. A perspective
view of the polymeric chain of complex 1 with the atom
numbering scheme is shown in Fig. 1. Each nickel atom in the
chain has an octahedral coordination environment with a NiN6
core. In the chain, all nickel atoms are linked to one pendant
azido in their axial positions. One nitrogen atom, N(7), of the
bridging azido is linked to an equatorial position of one nickel
while the other nitrogen atom N(9A) of the same azido is
coordinated to an axial position of the neighbouring nickel
centre. The equatorial least-square planes of the two NiII centres
are not parallel and form a dihedral angle of 31.3(1)°. The
deviation of NiII from the best fit square plane towards N(4) is
0.042(3) Å. The two Ni–N–N bond angles of the end-to-end

azido group are different [N(8)–N(7)–Ni 133.3(4), N(8)II–
N(9)–Ni 124.5(4)]. The Ni–N3–Ni torsion angle of 106.8(4)° is
large for an azido NiII compound.6, 7 The intrachain distance
between adjacent nickel centres is 5.662(1) Å.

The thermal variation of cMT is shown in Fig. 2. The nature
of the cMT vs. T plot is a signature of global intrachain
ferromagnetic interaction. The solid line corresponds to the best
fit obtained by considering an uniform ferromagnetically
coupled chain of spin triplets (Fig. 2).8 The best fitting
parameters are J = +13.5 cm21, g = 2.08 and R = 2.33 1024.
To the best of our knowledge this is the highest positive J value
for end-to-end azido bridged complexes reported to date.6 Fig.
2 indicates that it is only possible to fit the data from T > 40 K
and below this temperature interchain magnetic interactions are
present. In fact, the susceptibility curve shows a maximum at T
= 5 K indicating that an antiferromagnetic ordering is present

† Electronic supplementary information (ESI) available: Fig. S1: magneti-
sation vs. temperature curves at different magnetic fields. Fig. S2: AC
susceptibility measurements. See http://www.rsc.org/suppdata/cc/b1/
b104649g/

Fig. 1 View of the polymeric chain (40% thermal ellipsoids) with atom
numbering scheme of complex 1 and selected bond lengths (Å) and angles
(°): Ni–N(1) 2.126(5), Ni–N(2) 2.030(5), Ni–N(3) 2.179(5), Ni–N(4)
2.072(5), Ni–N(7) 2.091(6), Ni–N(9) 2.130(5), N(4)–N(5) 1.172(9), N(5)–
N(6) 1.159(11); N(1)–Ni–N(2) 78.5(2), N(1)–Ni–N(3) 172.8(2), N(1)–Ni–
N(7) 97.7(2), N(1)–Ni–N(9) 89.8(2), N(2)–Ni–N(9) 85.9(2), N(3)–Ni–N(4)
93.76(19), N(4)–Ni–N(7) 90.3(2), N(4)–N(5)–N(6) 178.4(8).

Fig. 2 Plot of cMT vs. T for 1. Solid lines show the best fit indicated in the
text. Inset: plot of cM vs. T at low temperature.
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(see inset of Fig. 2). The magnetization curves for different
temperatures (Fig. 3) exhibit a sigmoidal shape with a common
crossing point for H = 7 kG. All these facts clearly indicate a
metamagnetic behaviour of the complex with a critical
temperature (Tc) of 5 K and critical field (Hc) of 7 kG. This
magnetic order can be understood by considering that a spin
canting structure may be involved, that is the interchain
antiferromagnetic coupling does not imply a total antiparallel
arrangement of the local spins but that a very weak canted angle
should occur. The unusual intrachain ferromagnetic interaction
is mainly due to the large deviation of Ni–N–N angles from
108°, the very high Ni–N3–Ni torsion angle and the unusual
axial–equatorial bridging mode of the azido. All these structural
factors in complex 1 diminish the antiferromagnetic interaction
to a greater extent to favour ferromagnetic interaction9 as
observed. The antiferromagnetic interactions operate between
NiII of adjacent chains probably by means of electrostatic
(dipolar) interactions between the aromatic ring of the coor-
dinating Schiff base ligand due to a close contact between the
parallel aromatic rings from two adjacent chains (the closest
distance is 3.41 Å).9 When present interchain hydrogen bonding
interactions also play a vital role in intermolecular anti-
ferromagnetic interaction. In our system, no classical hydrogen
bonds are present, but only C–H…N bonds in which d(H–N) is
ca. 2.5 Å (av.) and d(C–N) is 3.1 Å (av.), and so in our system
the contribution of interchain hydrogen bonding interactions to
interchain antiferromagnetic interaction is weak.

Previously reported results show that end-to-end azido
bridged metal complexes are always antiferromagnetic.10

However, two recently published results show the possibility of
ferromagnetic materials with such bridging.5,6 Our present
result shows the possibility of a metamagnetic molecular
material with only end-to-end azido bridged complexes. The
present example is thus a new demonstration of the versatility of
azido bridges for building molecular-based magnetic materials.
In order to complete the magnetic studies, further experiments
along with the DFT calculations and other theoretical calcula-
tions are in progress.

We wish to thank the Council of Scientific and Industrial
Research, New Delhi for financial support (granted to N. R. C)
and Prof. Joan Ribas, Universitat de Barcelona, Spain, for
fruitful scientific discussion.

Notes and references
‡ The tridentate Schiff base was prepared by refluxing pyridine-2-aldehyde
(2 mmol, 0.214 g) and N,N,2,2-tetramethylpropane-1,3-diamine (2 mmol,
0.260 g) in methanol (10 mL), according to the literature method.11 A
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Templated photochemical synthesis of a uracil vs. thymine receptor
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The first templated photochemical synthesis of a receptor
capable of differentiating between thymine and uracil is
described.

Supramolecular self-assembly can be used to build structures of
controlled size, shape, and functionality.1 Of particular interest
is the application of such processes to construct molecular
receptors by moulding small fragments containing molecular
recognition elements around a given substrate.2 However, a
means by which the reversibly-bound adduct can be captured to
allow the isolation and identification of the receptor (lock-in) is
invariably required. We have recently described a system in
which the photoinduced dimerisation of cinnamates appended
with molecular recognition units was affected by the presence
of a template molecule.3 A salient feature appeared to be the
possibility to consolidate supramolecular assemblies via light-
triggered photoreactions through a process analogous to the
topochemical control achieved in the solid.4 It therefore seemed
interesting to further explore the use of light to trigger the
covalent capture of reversibly-formed supramolecular re-
ceptors. The binding properties of this new class of hydrogen-
bonding receptors, incorporating a diphenylcyclobutane scaf-
fold, were investigated. In particular, their ability to
discriminate between analogues of the naturally-occurring
pyrimidine bases thymine and uracil makes them potential
candidates in the development of RNA vs. DNA targeting
agents.

Compound 2 was synthesised by Heck coupling between
styrene and 1(Scheme 1), prepared by sequential substitution of
cyanuric chloride† according to literature procedures.5 The
binding of 2 to the template molecule, 5,5-dihexylbarbituric
acid (3), was investigated6 by 1H NMR spectroscopy. In
principle, one may expect the formation of five distinct (two 1+1
and three 2+1) complexes (Fig. 1), only one of which places the
stilbene chromophores in close proximity. Because the inter-
conversion between the hydrogen-bonded complexes is fast on
the NMR timescale, the observed binding isotherm only allows
determination of the overall 1+1 and 2+1 association constants.
Binding of 2 to 3 in CDCl3 is accompanied by a 2 ppm
downfield shift of the N–H resonance of 3, from which
association constants K1 = 1200 ± 60 M21 and K2 = 250 ± 12
M21 can be extracted. A good fit to the experimental data was

obtained only for a model comprised of sequential 1+1 and 2+1
complex formation.

Irradiation of dilute (1022 M) CH2Cl2 solutions of 2 results in
rapid E, Z photoisomerisation of the stilbene chromophore
leading to a photostationary equilibrium mixture enriched in the
Z isomer (Z+E = 5.5), known to be unreactive towards
cyclodimerisation.‡ Upon prolonged irradiation, slow grow-in
of five additional products is observed by HPLC (Fig. 2).
Isolation of four photoproducts by preparative HPLC allowed
their characterisation by 1H NMR and mass spectroscopy,
which identified them as [2 + 2] cycloadducts. The structures of
the isolated photoproducts 5a–5d were assigned on the basis of
their spectral properties by comparison with known stilbene
dimers described in the literature.7 The major cycloadducts are
the head-to-head and head-to-tail dimers (5a and 5d), account-
ing for roughly two thirds of the total dimer formation.

Under identical irradiation conditions, the presence of 0.5 eq.
of 3 was found to enhance the formation of three of the
photoproducts (5b, 5c, and 5d), while inhibiting the formation
of 5a. This difference in reactivity is attributed to the formation
of a ternary supramolecular complex in which the stilbene
moieties are held in a face-to-face geometry that is favourable to
dimerisation. The preference for photodimers in which the

Scheme 1 (a) Styrene, Et3N, Pd2(dba)3 (5 mol%), acetonitrile, 85 °C, 24 h
(71%).

Fig. 1 Various hydrogen-bonded assemblies may be formed between 2 and
3, only one of which places two stilbene chromophores in close proximity,
favouring the formation of syn photodimers.

Fig. 2 Portion of the HPLC chromatograms showing the formation of
photodimers in the presence (a) and absence (b) of 3 upon irradiation, and
the proposed structures of dimers 5a–5d.
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triazine units are oriented syn is in agreement with the
involvement of 3 as a template during the dimerisation reaction.
This is further supported by the lack of activity of 4, in which the
hydrogen bonding sites are blocked by methylation. The
reduced yield of 5a is consistent with the inability of 3 to
promote structures that are not suitable receptors for barbiturate
derivatives. Quantum yields for the formation of dimers 5a–5d
in the presence and absence of 3 or 4 are given in Table 1. From
the measured association constants, and assuming a statistical
distribution of 1+1 and 1+2 complexes, one can estimate the
quantum yield for the formation of dimer 5d within the
supramolecular assembly to be 0.1, approximately a 170-fold
increase with respect to solution. A rationalization of the
catalysis and product distribution for an analogous cinnamate
derivative has already been described,3 and will therefore not be
discussed further.

Molecular modelling of 5d indicates that it has a tweezer-like
geometry, with both the aminotriazine groups oriented in the
same direction. Concomitant binding of a substrate to both
triazines is therefore restricted both by the hydrogen-bonding
pattern of triazine and by the size and shape of the cavity.
Titration of 5d with Barbital (5,5-diethylbarbituric acid, 6) in
CDCl3 was monitored using NMR spectroscopy by observing
the barbiturate N–H protons, which underwent a large down-
field shift ( > 4 ppm) upon complexation. The association
constant was found to be 2400 M21, much higher than the
binding of 2 to 3, for which the microscopic binding constant is
calculated to be 300 M21.8 The increase in the association
constant is attributed to the binding of 6 within the cleft formed
by the triazine groups in 5d, resulting in the formation of
multiple hydrogen bonds. In this respect, 5d is an example of
substrate-induced receptor synthesis. The magnitude of the
binding constant between 6 and 5d is very similar to that of an
analogous recently synthesised Barbital receptor containing a
ferrocene unit,9 though smaller than those previously reported
by Hamilton and co-workers.10 Thus, the preparation of
receptors via light-induced capture of supramolecular assem-
blies can lead to functional receptors, of similar binding affinity
as those obtained by conventional synthetic methodologies.

The rigid structure of 5d is the basis for the observed
selectivity in the binding of uracil vs. thymine or adenine. NMR
titration (CDCl3) of 5d by 5-(4-tert-butylbenzyl)uracil (7)
results in a binding isotherm indicating the formation of a 1+1
complex with a binding constant of 960 ± 120 M21.§ Molecular
modelling using semi-empirical PM3 calculations (Fig. 3)
reveals that uracil can bind within the diaminotriazine cleft with
formation of 4 hydrogen bonds. In contrast, the presence of the
methyl substituent in thymine is expected to prevent it from
entering the binding cleft, and should therefore result in a lower
binding affinity. This is indeed the case, and the binding of
5-(4-tert-butylbenzyl)thymine (8) to dimer 5d can only be fitted
to a model comprised of sequential 1+1 and 1+2 complex
formation. This is rationalised by the binding of a thymine
molecule to 5d following partial rotation about the C–C bond
connecting the diaminotriazine unit to the cyclobutane scaffold.
The binding constants (K1 = 1980 ± 65 M21, K2 = 150 ± 5

M21) reflect a more favourable statistical weighting for binding
the first thymine molecule, and a modest anticoopertive effect
towards binding of the second thymine, presumably due to
steric interactions. To adequately compare the binding of 7 or 8
to 5d, one must take into consideration that whereas in the case
of thymine four distinct 1+1 complexes may be formed, only
one complex can be formed between 5d and uracil. Thus, the
microscopic binding constant of thymine is actually only one
half that of uracil (500 vs. 960 M21). An upper limit of 50 M21

was estimated for the association constant between 5d and
9-ethyladenine, suggesting the formation of a rather labile
complex. This is consistent with the binding of adenine in a
fashion similar to that of thymine, but involving only two
hydrogen bonds.

The methyl group in thymine has been recently recognized to
play an important role in the recognition and suppression of
DNA sequences by certain bacteria,11 and receptors capable of
mimicking this form of recognition would be of interest. The
ability to differentiate between uracil and thymine may be
further enhanced by preventing rotation of the binding site in
5d, and this may open new possibilities for the selective
recognition of RNA vs. DNA fragments.

We are indebted to Professor M. J. Hynes for making his
program EQNMR available to us, and to the Conseil Régional
Aquitaine and the MRT for supporting this work.
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Table 1 Quantum yieldsa of photodimers 3 103

Dimer 2 Alone 0.5 eq. 3 0.5 eq. 4

5a 0.7 0.5 0.7
5b 0.1 1.6 0.1
5c 0.1 0.6 0.1
5d 0.6 2.4 0.6

a In degassed dichloromethane, [2] = 0.01 M.

Fig. 3 Energy minimised (PM3) structures of complexes formed between 5d
and uracil (left) and thymine (right).
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The first 17O solid state NMR study of a low barrier
hydrogen bond (LBHB) is reported which shows that very
strong hydrogen bonds strongly affect both the quadrupole
interaction and the isotropic chemical shift reducing both.

Hydrogen bonding plays a vital role in both chemical and
biological systems. Non-covalent forces are important in
determining the secondary, tertiary and quaternary structures of
proteins. Changes in hydrogen bonding interactions between
ground and transition states can also make an important
contribution to enzyme catalysis.1 The proposal that short
strong hydrogen bonds (SSHBs) can contribute up to 20 kcal
mol21 stabilisation energy to transition states1–3 has provoked a
vigorous debate in which the validity of this concept has been
challenged.4–6 SSHBs have been taken as synonymous with low
barrier hydrogen bonds (LBHBs).7 In such bonds, the potential
energy barrier between the two possible states of a hydrogen
bond, in which the hydrogen atom is associated with either one
or other of the donor or acceptor atoms, is lowered so that a
single well potential energy system results. The monoanions of
carboxylic acids have been the focus of most studies of LBHBs
with examples reported of both centred and non-centred
hydrogen atoms.8 In these systems the O–O bond is short ( ~ 2.4
Å) but the concept that such short bonds should be associated
with exceptional hydrogen bond strength has been dis-
puted.4,6,9

Solid state 17O NMR can be used, in principle, to study
hydrogen bonding since oxygen is directly involved in the
bonds of interest. The 17O isotropic chemical shift (diso), the
quadrupole coupling constant (CQ)10 and the asymmetry
parameter (h) are very sensitive to the bonding state.11 Despite
the low natural abundance (0.037%) and consequent necessity
for enrichment in 17O the number of solid state NMR studies in
recent years has increased rapidly because of the high
sensitivity of the 17O NMR parameters to local structural details
and its ability to probe directly structurally significant environ-
ments.12,13 Most work to date concerning application of 17O
NMR to study hydrogen bonding has been in solution. In recent
solution work the relaxation times of the 17O have been used to
determine the quadrupole interaction which has subsequently
been related, via ab initio calculations, to the bonding state.11

There have recently been some preliminary solid state 17O
measurements in a hydrogen bonded environment,14 however
the current study is the first report of 17O in a SSHB. Solid state
NMR spectra are presented from 17O-labelled phthalic acid15

and three alkali metal mono- and di-anion phthalates.16–18

17O solid state NMR spectra were accumulated at a resonance
frequency of 81.35 MHz on a Varian-Chemagnetics Infinity
600 spectrometer. Fast magic angle spinning (MAS) of ~ 20
kHz was used in a Chemagnetics 3.2 mm probe. Short excitation
pulses were applied of 0.6 µs (corresponding to a tip angle of p/
6) and 1.2 µs in a spin-echo sequence. The echo spacing was
approximately an integral number of rotation periods. Typically
100–500k acquisitions were co-added using a recycle delay of
~ 1 s. Spectra were referenced to H2O at 0 ppm. The MAS
NMR spectra together with simulations are shown in Fig. 1.

Phthalic acid shows two completely resolved well defined
second-order quadrupolar lineshapes10 [Fig. 1(a)] with similar
CQ values but with diso values that differ by ~ 130 ppm (Table
1). The dilithium salt gives a broader line intermediate in
position to the two resonances of phthalic acid [Fig. 1(b)]. A
single set of parameters provides a good simulation of both the
MAS and static spectra (latter not shown) and this was
confirmed by repeating the experiment at a different applied
magnetic field. The monolithium salt has a well defined second-
order quadrupolar lineshape with a large decrease in the
isotropic chemical shift [Fig. 1(c), Table 1]. (The very sharp
feature on this line at ~ 0 ppm is due to a small amount of fluid-
like water in the sample.) There is also some weak intensity in
the region 200–300 ppm. The monopotassium salt shows a

Fig. 1 17O 14.1 T MAS NMR spectra of (a) phthalic acid, (b) dilithium
phthalate hemihydrate, (c) lithium hydrogen phthalate dihydrate and (d)
potassium hydrogen phthalate dihydrate. [Note that the spinning speed in
(d) was lower so that the spinning sidebands (*) are more prominent.]

Table 1 17O NMR parameters from simulation of the MAS NMR spectra

Sample diso(ppm)
± 5

CQ/MHz
± 0.1

h
± 0.05

Phthalic acid
Site 1 312 7.2 0
Site 2 180 7.4 0

Lithium hydrogen phthalate dihydrate 46 5.9 0.21
Dilithium phthalate hemihydrate 272 7.6 0.44
Potassium hydrogen phthalate dihydrate 305 8.4 0.2
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quadrupolar lineshape [Fig. 1(d)] with NMR parameters that are
similar (Table 1) to the dilithium salt and phthalic acid, but are
very different from the monolithium salt.

The 17O NMR parameters observed in these four compounds
show a very wide variation compared to previous studies,
covering a chemical shift range!250 ppm with CQ differences
of ~ 40%. Recently there have been the first reports of high
resolution 17O NMR studies of solid organic materials. In
poly(L-alanine) the a-helix and b-sheet show a difference in diso
for 17O of 33 ppm, which is related to the different hydrogen
bonding of these different units.19 In potassium hydrogen
benzoate the distinct oxygen sites show a difference in
parameters of CQ = 8.5 MHz, diso = 290 ppm for the carbonyl
group oxygen atom, and CQ = 6.3 MHz and diso = 230 ppm for
the hydroxy group oxygen atom.20 The limited data that
currently exist for such materials indicate that as the hydrogen
bond strength increases the shielding increases, so that both the
chemical shift and CQ decrease. Phthalic acid has two oxygen
sites in the ratio 1+1. From comparison with solution 17O NMR
studies, the peak with a shift of 312 ppm can be assigned to the
carbonyl group oxygen atom. The shift difference between the
two observed peaks results from the different chemical nature of
these species. However the similarity of CQ indicates that the
degree of hydrogen bonding is similar and this is confirmed by
the similar O–O distance21 of these sites. The equality of the
signal intensity indicates that the two sites were equally
enriched, as expected. The dilithium salt showed a chemical
shift of ~ 280 ppm, comparable with phthalic acid. A single set
of parameters simulates the line well, hence either the notionally
different sites are in fact very similar, or on the NMR timescale
there is some averaging of the environments. Neutron diffrac-
tion studies of lithium hydrogen phthalate monohydrate17 have
revealed that it exhibits a very short hydrogen bond with the
structural properties associated with LBHBs (O–O distances of
2.4 Å). The oxygen resonance observed in the spectrum of
lithium hydrogen phthalate hemihydrate in the present study
provides strong evidence for a LBHB since it has a low isotropic
chemical shift (the lowest yet reported for such a compound)
and a much smaller CQ than the other salts. The NMR spectrum
reveals only one site with some additional minor intensity.
Observation of a single site could indicate that locally the sites
are structurally the same or alternatively there is some
averaging for the NMR that is not seen by diffraction,
highlighting the caution needed when the term equivalence is
invoked since it depends on the timescale. This is likely to be
especially true when small, mobile atoms such as hydrogen and
lithium are present. The single line implies that in lithium
hydrogen phthalate hemihydrate all the oxygen sites are
equivalent on the NMR timescale, a result that may be
attributable to electronic equivalence. Alternatively, it may be
attributed to dynamic proton disorder, as has been proposed to
explain an analogous equivalence in the 17O solid state NMR
spectrum of the benzoic acid dimer.20 The monopotassium salt
of phthalic acid contains an intermolecular hydrogen bond
according to an X-ray determination and not a strong symmetric
intramolecular hydrogen bond.22 A single site simulation
consistent with the MAS data is shown (and is also consistent
with static and multiple field data). The 17O NMR interaction
parameters are similar to the dilithium salt with an isotropic
chemical shift of ~ 305 ppm and CQ = 8.4 MHz. There is no
evidence of a second environment with a smaller quadrupole

interaction and there is certainly no intensity at the shift seen in
the monolithium salt. Hence as expected from the crystal
structure there is no 17O resonance characteristic of an SSHB
environment. The contrast between the 17O NMR spectra of
these monoanionic salts is striking since the resonance of the
lithium with the SSHB salt is shifted by a large amount
compared to the potassium salt where the hydrogen bonding is
weaker. As more data is collected it will become important to
establish the exact nature of the correlation between the NMR
parameters and the hydrogen bond strength.

This communication shows that 17O NMR is a direct and
sensitive probe of the hydrogen bonding state in solid organic
compounds, easily identifying low barrier hydrogen bonds. The
data indicates that the quadrupole interaction and in particular
the chemical shift are strongly affected by hydrogen bonding.
17O NMR should find widespread application as a probe of
hydrogen bonding state, identifying other SSHBs, and deter-
mining the protonation states of proteins.

RD, APH and MES thank EPSRC for funding the solid state
NMR equipment within the Physics Department at Warwick.
MES thanks the Royal Society for funding work on 17O NMR
of hydrogen bonding. Dr C. Gervais and D. Padro are thanked
for help in simulating the spectra.
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A new polyaniline/multi-wall carbon nanotube (PANI/
MWNT) composite has been successfully synthesized by an
“in-situ” polymerisation process; Raman studies indicate a
site-selective interaction between the quinoid ring of the
polymer and the MWNTs opening the way for charge
transfer processes; transport measurements clearly reveal
drastic changes in the electronic behaviour confirming the
formation of a true composite material with enhanced
electronic properties.

Carbon nanotubes have unique electronic1 and mechanical2
properties and are of great interest for the fabrication of new
classes of advanced materials. Here, composites based on
polymers and nanotubes especially offer the possibility of
obtaining materials with superior characteristics.3 Polyaniline
(PANI), a particular conducting polymer4 with a high applica-
tion potential,5 is a promising candidate for the synthesis of such
nanotube composites suitable for improved structural or
functional applications. In this article we report, for the first
time, the synthesis of this new material by an “in-situ”
polymerisation process.

The composites were synthesized by polymerisation of
aniline with MWNTs. The MWNTs are prepared in an arc
discharge experiment by sublimation of pure graphite rods
under an helium atmosphere of 660 mbar, using a current of 100
A and a voltage of 25 V. After the experiment, MWNTs were
collected from the inner core of the formed cathodic deposit. A
solution of HCl 1 M, containing MWNTs, was sonicated at
room temperature to disperse the carbon nanotubes. The aniline
monomer, in HCl 1 M, was added to the MWNTs suspension.
A solution of HCl 1 M containing the oxidant (NH4)2S2O8 was
slowly added with a constant sonication at a temperature of
about23 °C. After a few minutes, the dark suspension became
green indicating good polymerisation of aniline, and then was
sonicated in an ice bath for 2 h. The composite is obtained by
filtering and rinsing the suspension with HCl 1 M followed by
drying of the remaining powder under vacuum at room
temperature for 24 h. In this process, the PANI exists in its
primary doped form called the “emeraldine salt”4 in which co-
exist two structures: the polaronic form and the bipolaronic
structure6 (Fig. 1).

Different composites were synthesised by this process, using
10, 20, 30 and 50 wt% of MWNTs (in weight of monomer). In
order to compare with the in-situ polymerised material,
additionally, an “ex-situ” polymerised composite has been
prepared by only mixing the doped PANI with 30 wt% of
MWNTs by two hours of sonication.

The structural characteristics of the composites and its
constituents have been analysed by X-ray powder diffraction
measurements and is shown in Fig. 2. While the diffractogram
of the pure MWNTs exhibits the typical peaks at 3.42, 2.13,
2.05, 1.71 and 1.23 Å corresponding to the graphite (002),
(100), (101), (004) and (110) reflections, respectively, the one
of PANI shows the highly pronounced oscillation structure
characteristic of the doped form (emeraldine salt) with an
oxidation degree of 0.5.7 On the other hand, the diffractograms
of the composites (10 and 30 wt%) display the typical peaks of
the emeraldine salt as well as the strong peaks of MWNTs
which are superposed and whose heights increase proportion-
ally to their weight percentage. Therefore, it is clear that, from
a structural point of view, no additional order has been
introduced. This observation has also been confirmed by
microscopy studies.†

On the other hand, Raman spectroscopy (Fig. 3) reveals that
the electronic behaviour of the composites varies significantly
from the one of its constituents. The Raman spectrum of the
PANI shows the typical bands of the doped polymer in good
agreement with a previous paper.8 The spectra of pure
nanotubes exhibit the three usual bands of MWNTs: the D-line
at 1350 cm21 (amorphous carbon and disorder induced line),
the G-line at 1580 cm21 (in-plane stretching E2g mode) and a
shoulder around 1600 cm21 assigned to the DA-line (disorder
line).9 While the spectrum of the 10 wt% composite (not shown)
is still identical to that of PANI, from 20 wt% on, the composite
spectra clearly display different characteristics. Here, it is worth
noting the remarkable decrease of the intensity of the PANI
1485 cm21 band with respect to the 1161 cm21 band. This band
at 1485 cm21 has been assigned to an in-plane deformation of

† Electronic supplementary information (ESI) available: electron micro-
graphs of PANI/MWNT composites. See http://www.rsc.org/suppdata/cc/
b1/b104009j/

Fig. 1 Schematic structure of the emeraldine salt: (a) the polaronic form, (b)
the bipolaronic structure.

Fig. 2 X-Ray diffractograms (Cu-Ka) of doped PANI (a), composites
containing 10 wt% (b) and 30 wt% (c) of MWNTs, and MWNTs (d).
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the C–C bond of the quinoid ring of the doped PANI.8 Therefore
this pronounced decrease gives evidence that a site-selective
interaction between the quinoid ring of the doped polymer and
the nanotubes occurs as a consequence of the in-situ polymer-
isation. This interaction then may facilitate charge-transfer
processes between the two components of the system and thus
influence the transport properties of the composite.

Consequently, the transport behaviour (4 point-measure-
ments between 300 and 1.25 K) has been studied on the
MWNTs, the PANI, the in-situ polymerised composites (10, 20,
30 and 50 wt%) as well as on the ex-situ 30 wt% composite (Fig.
4). PANI shows a typical room temperature resistivity of 0.3W
cm.10 It increases by 7 orders of magnitude following a T21⁄4-
hopping law upon cooling to 1.7 K. The MWNTs resistivity is
2W cm at room temperature and increases up to 15W cm at low
temperature.

The transport properties of the highly filled composites
obtained by in-situ polymerisation exhibit the following
remarkable facts. i) The room temperature resistivity is
decreased by one order of magnitude as compared to PANI. ii)
The low temperature resistivity is much smaller than both that
of PANI as well as MWNTs (1.1 W cm for both the 50 and the
30 wt%, 2 W cm for the 20 wt% composites). iii) The
temperature dependence of the resistivity is weaker than that of
PANI. Regarding point iii), we can propose the following
explanation. In this composite system, both the matrix and the

filler (MWNTs) are conducting. At high temperatures, the
conductivity is dominated by the polymer. Decreasing the
temperature, the matrix becomes more and more resistive. On
the other hand, the filler network which shows a very weak
temperature dependence becomes more conducting than the
matrix at low temperature. This means that the low temperature
conductivity is due to the MWNTs. Actually this consideration
is supported by the ex-situ polymerised 30 wt% composite
(curve f) for which the low temperature resistivity shows the
characteristic plateau due to MWNTs conduction.

Looking in more detail at the in-situ polymerised samples
(curves b to d), the points i) and ii) further show that both the
conductivity of PANI and of MWNTs has increased during the
in-situ polymerisation process. This behaviour indicates that the
electrical contacts between the MWNTs and the PANI grains
have been improved. In accordance with the Raman observa-
tions, this suggests that in-situ polymerisation favours the
charge transfer between PANI and MWNTs resulting in an
overall material which is more conducting than the starting
components. On the other hand, the apparent saturation of the
resistivity decrease as well as of the increase of Raman intensity
at 1485 cm21 between the 30 and 50 wt% samples may be
related to both the problems of achieving a homogeneous
dispersion of large quantities of MWNTs in a matrix and the use
of a microprobe in Raman spectroscopy. For the sake of
comparison, additionally, a poly(methyl methacrylate) PMMA/
MWNTs composite was prepared by mixing the insulating
PMMA polymer with 30 wt% of MWNTs. In contrast to the
PANI composites, the electronic behaviour of this material is
completely different, especially in what concerns the tem-
perature dependence of the resistivity, which is much stronger.
Therefore, this observation further underlines the existence of a
particular behaviour in case of the PANI/MWNTs composites.
Further enhancement of the observed effects may be expected
by using purified MWNTs, provided that the conducting path
would include polyhedral particles as well.

Summarising, we have demonstrated the synthesis of a new
PANI/MWNTs composite with enhanced electronic properties.
Here, Raman and transport measurements show that the
synthesis by an in-situ process leads to effective site-selective
interactions between the quinoid ring of the PANI and the
MWNTs facilitating charge-transfer processes between the two
components. More detailed studies on the electronic behaviour
along with the exploitation of the mechanical properties are
currently carried out.

This work was supported by the EC RTN contract NANO-
COMP (HPRN-CT-2000-00037).
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Fig. 3 Raman spectra (lexc = 514.5 nm) of doped polyaniline (a), composite
using 20 (b), 30 (c) and 50 wt% (d) of MWNTs, and pure MWNTs (e).

Fig. 4 Temperature dependence of the resistivity in polymer/MWNTs
composite: PANI (a), in-situ PANI/MWNTs composites with 50 (b), 30 (c),
20 (d) and 10 wt% (e) of MWNTs, the ex-situ 30 wt% PANI/MWNTs
composite (f), the ex-situ 30 wt% PMMA/MWNTs composite (g) and
MWNTs (h).

Chem. Commun., 2001, 1450–1451 1451



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

First asymmetric synthesis of dihydrobenzo[c]phenanthrene-
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The first enantioselective synthesis of 12-tert-butyl substi-
tuted 7,8-dihydrobenzo[c]phenanthrene-1,4-quinones hav-
ing helical chirality is achieved with good chemical and
optical yields through a domino Diels–Alder reaction–
sulfoxide elimination–oxidation process starting from en-
antiopure (S)-2-(p-tolylsulfinyl)-1,4-benzoquinone and
5-tert-butyl substituted 3-vinyl-1,2-dihydronaphthalenes as
dienes.

Compounds with the benzo[c]phenanthrene framework,
[4]-helicenes, posess helical chirality due to the distortion of the
planarity caused by overcrowding of the substituents at 1 and 12
positions of the terminal rings.1 When such substituents are
large enough, these molecules can be resolved into their
corresponding enantiomers. The first configurationally stable
1,12-dimethyl substituted [4]-helicene was prepared and re-
solved by Newman2 in 1956. Since then, only a few derivatives
have been resolved into their optical isomers either by
chemical3–6 or chromatographic4,7 methods. Some of them have
shown interesting properties in chiral catalysis,5 chiral recogni-
tion in complexation with cyclodextrins,8 chiral Langmuir
Blodgett film formation,9 charge-transfer complexation,10

chiral macrocyclic anhydride and amide formation,11 and as a
part of the first rationally designed chemically powered
molecular motor.12 Moreover, a recent report has shown that a
high non-planarity of helical benzo[c]phenanthrenes induced by
a methyl group at C-12 lowers their DNA-damaging effects
compared with the unsubstituted derivative.13 Although the
interest in synthesizing these helicenes in optically active form
is evident, to the best of our knowledge, only a single
asymmetric approach has been described so far for the
enantioselective construction of a lactone-type chiral tetra-
helicene.14

In connection with a program devoted to asymmetric
synthesis mediated by sulfoxides,15 we have recently described
the first asymmetric approach to [5]-helicenediquinones16

based on the domino cycloaddition–sulfoxide elimination–
oxidation process between enantiopure (S)-2-(p-tolylsulfinyl)-
1,4-benzoquinone and vinyl phenanthrenes. Nevertheless, due
to the poor reactivity of these aromatic derivatives as dienes,
Diels–Alder reactions took place only in reflux of solvents with
high boiling points or under high pressure conditions, with low
chemical and optical yields. Taking into account the low
racemization barriers of [4]-helicenes ( < 16 kJ mol21 for
tetrahelicene),17 such an asymmetric approach would not be
applicable unless milder conditions conducive to the formation
of the tetracyclic skeleton could be found. Thus, we thought of
using more reactive non-aromatic dienes such as vinyldihy-
dronaphthalenes which would probably allow the cycloaddition
step to proceed under milder conditions, thus avoiding the
racemization processes. We also reasoned that the introduction
of a bulky substituent such as the tert-butyl group at C-1 or C-12
positions of the [4]-helicene could notably increase the

racemization barrier as well as induce a higher non-planarity of
these helical molecules. In this communication, we report the
first enantioselective approach to configurationally stable
helically chiral 12-tert-butyl substituted 7,8-dihydrobenzo[c]-
phenanthrene-1,4-quinones based on this strategy.

As outlined in Scheme 1, the synthesis of vinyldihydrona-
phthalene 5 started with the addition of tert-butyl magnesium
chloride to commercially available 7-methoxy-1-tetralone (1),‡
followed by dehydration of the resulting tertiary carbinol with
10% H2SO4 (48% yield for the two steps). The dihydrona-
phthalene 2 obtained was fully aromatized to naphthalene 3
with DDQ in 99% yield. Birch reduction of 3 with Na in
refluxing EtOH followed by acid hydrolysis of the resulting

† Electronic supplementary information (ESI) available: experimental
procedures. See http://www.rsc.org/suppdata/cc/b1/b103447m/

Scheme 1 Reagents and conditions: i, t-BuMgCl 2 M, Et2O, rt, 48 h, 56%;
ii, 10% H2SO4, benzene, reflux, 1 h, 85%; iii, DDQ, CH2Cl2, rt, 10 min,
99%; iv, Na, EtOH, reflux, 5–8 h, 35% HCl, 99%; v, Tf2NPh, KHMDS,
THF,278 °C, 2 h, 91%; vi, CH2NCHSnBu3, Pd(PPh3)4, LiCl, THF, reflux,
2 h, 44%; vii, CH2Cl2, rt, 7 d, 54%; viii, CH2NC(OEt)SnBu3, Pd(PPh3)4,
LiCl, THF, reflux, 2 h, 50%; ix, CH2Cl2, 220 °C, 3 d, 57% for 11; x, Zn,
(2)-camphanoyl chloride, DMAP, Et3N, CH2Cl2, reflux, 1 h, 42% for (P)-
12 and 40% for (M)-13 from (±)-11, 78% for (P)-12 from (+)-(P)-11.

This journal is © The Royal Society of Chemistry 2001

1452 Chem. Commun., 2001, 1452–1453 DOI: 10.1039/b1003447m



vinyl ether gave 8-tert-butyl-2-tetralone (4) in 99% yield.
Transformation of 4 into the corresponding enol triflate and
Stille coupling with tributylvinylstannane afforded 5-tert-butyl-
3-vinyl-1,2-dihydronaphthalene (5) in 40% yield for the two
last steps.

The cycloaddition between diene 5 and enantiopure (S)-2-(p-
tolylsulfinyl)-1,4-benzoquinone (6)18 at room temperature af-
forded a 25+15+60 mixture of 7, 8 and 9 which could be
separated by flash chromatography (54% overall yield). Com-
pound 7 was formed by endo-cycloaddition of 5 to the sulfinyl
substituted C-2NC-3 double bond of 6 followed by elimination
of the sulfoxide. This derivative, having a stereogenic center at
C-12b, showed a 72% ee§ {[a]20

D = 2240 (c 0.024, CHCl3)}.
Compound 8, resulting from full aromatization of the B ring of
7, was isolated in optically active form {[a]20

D = +371 (c 0.017,
CHCl3)} with a 72% ee,§ confirming the expected helical
chirality for this type of quinone. Although the dienophile 6 was
used in excess (2 equiv.) to achieve the aromatization of the B
ring of 7, only a small amount of the desired derivative 8 was
formed under these conditions. The major component of the
crude reaction mixture was characterized as a mixture of regio-
and diastereoisomers 9, resulting from the cycloaddition of
diene 5 to the unsubstituted C-5NC-6 double bond of 6.¶

In accordance with our previous findings,19 the increasing
electron donating effects of diene substituents favored cycload-
ditions through the more polarized sulfinyl substituted C-2N
C-3 double bond of 6. We thus thought of using a more reactive
diene such as 10, bearing an oxygenated substituent at the
vinylic moiety, with the aim of increasing the yield of the
desired [4]-helicenequinone. Compound 10 was prepared in a
similar way as derivative 5, by using 1-ethoxyvinyltributyl-
stannane for the Stille coupling step (46% yield for two steps
from 4, Scheme 1). Cycloaddition between 10 and 6 could be
conducted at –20 °C, affording in 57% yield helically chiral
derivative 11 showing an optical rotation value of [a]20

D =
+1077 (c 0.019, CHCl3) and 88% ee.§ Compound 11 resulted
from the exclusive attack of 10 on the sulfinyl substituted
C-2NC-3 double bond of 6, elimination of the sulfoxide and full
aromatization of the B ring. This result evidenced that the use of
the electron rich diene 10 not only completely reversed the
chemoselectivity of the process, but also facilitated the
aromatization of the B ring of the non-isolated intermediate, the
6-EtO derivative of (R)-7. Moreover, the lower temperature
used in the cycloaddition step improved the diastereoselectivity
of the whole process.20

The (R) absolute configuration at C-12b, the only stereogenic
center of 7, as well as the (P) absolute configuration of helical
quinones 8 and 11 were initially established considering the
preferred formation of a Diels–Alder adduct resulting from the
endo-approach of 5 and 10 to the lower face of (S)-6 adopting
the s-trans conformation (Fig. 1). This should be the most
favoured situation from the steric point of view since, when the
dienophile reacts through the most stable s-cis rotamer, the
approach of the diene from the less encumbered upper face
gives rise to a transition state where a severe unfavourable
interaction between the bulky tert-butyl group at C-5 of dienes
and the sulfinylic oxygen of (S)-6 appears. This configurational
assignment was confirmed for 11 by applying, for the first time
for a [4]-helicene, the methodology described by Katz21 based

on the different ONC–C–O conformations of (M)- and (P)-
helicenyl camphanates∑ which bring about a different polarity
and NMR behaviour of each diastereoisomer. Thus, we
prepared di-(2)-camphanates (P)-12 and (M)-13 from racemic
11 and diastereoisomer (P)-12 from enantiomerically enriched
(+)-11 (Scheme 1). The lower Rf (0.34) shown by diastereo-
isomer (P)-12 on silica gel (eluent EtOAc–hexane 1+2) with
respect to that of (M)-13 (Rf = 0.42), as well as the existence of
differentiated NOESY enhancements between H-2 and the
methyl groups a and b of the inside camphanates (OR* at C-1,
Scheme 1) in (M) and (P) isomers are consistent with the data
reported21 for determining the absolute configuration of these
derivatives.

In summary, we have synthesized for the first time helically
chiral 12-tert-butyl-substituted tetrahelicenequinones under
very mild conditions from enantiopure (S)-2-(p-tolylsulfinyl)-
1,4-benzoquinone and vinyldihydronaphthalenes. The presence
of the bulky tert-butyl group at C-12 makes the system stable
enough to be isolated in optically active form.

We thank DGICYT (PB98-0062) for financial support and
Comunidad Autónoma de Madrid for a fellowship to S. G.-C.
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Fig. 1 Endo approaches of vinyldihydronaphthalenes on the s-trans and s-
cis conformations of (S)-6.
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The crystallization of 4-ethynylpyridine (1) and 4-(4-ethy-
nylphenyl)ethynylpyridine (2) leads to C(sp)-H…N hydro-
gen bonded straight tapes that further assemble into polar
crystals, in the case of 2, and show intense powder SHG
response, 8 times more efficient than crystalline urea.

The aims of crystal engineering are to design crystal structures
of molecular solids with specific topological features, chemical
function, or physical properties.1 One area of particular
endeavor in this field is the design of non-centrosymmetric
polar crystals2 because of their importance for physical
properties of bulk assemblies such as non-linear optical (NLO)
activity.3 In this study we introduce a new class of polar crystals
in which the molecules are directed in a completely parallel
orientation through C(sp)–H…N hydrogen bonds. Here we

report the X-ray crystal structures of 4-ethynylpyridine (1) and
4-(4-ethynylphenyl)ethynylpyridine (2) as well as NLO proper-
ties of the polar crystals of 2.

The crystal structural analysis† for 14 revealed the formation
of a linear tape structure formed by very short and linear C(sp)–
H…N contacts (Fig. 1); the H…N distance (2.33 Å) found in the
structure is about 0.4 Å shorter than the sum of their van der
Waals (vdW) radii (2.75 Å) and is one of the shortest C–H…N

contacts reported.5 The C(sp)–H–N angle is 180° and the
molecules in the tape are located on a crystallographic two-fold
axis. The head-to-tail polar tapes of 1 are arranged in
antiparallel fashion in the crystal, resulting in a centrosym-
metric packing with space group C2/c.

The crystal structure analysis‡ for 2§ also shows the
formation of a tape structure through very short and linear
C(sp)–H…N contacts (Fig. 2). Molecule 2 is almost planar in
the crystal with the largest deviation of 0.21 Å from the least-
square plane; the dihedral angle between the two aromatic rings
is 19.0°. Interestingly, further packing analysis reveals that the
unit cell of the crystal contains eight molecules of 2 in a non-
centrosymmetric packing with space group Fdd2. Since the
majority of achiral organic compounds tend to pack into
centrosymmetric crystals,3 this observation is rather unusual.
Moreover, the dipole moments of the molecules are arranged
perfectly in a parallel orientation in the crystal and, therefore,
the vector parts of the first hyperpolarizabilities of the
molecules are directed in a completely parallel orientation,
which make this compound attractive for second-order NLO
materials. In fact, the crystals of 2 show a strong second-
harmonic generation (SHG) signal, 8 times more intense than
that of crystalline urea, in the Kurtz powder test at 1907 nm.
With this finding, we explored the SHG response in related
compounds and found that the crystals of 4-(4-ethynylphenyl)-
ethynylbenzonitrile (3)¶ also exhibit an intense SHG signal, 16
times more efficient than crystalline urea, in the Kurtz powder
test at 1907 nm. We surmise that molecules of 3 are also
arranged linearly in the crystal, in a head-to-tail fashion directed
by the C(sp)–H…N hydrogen bond.6 Although it is not clear at
present what factors are responsible for the polar organization
of 2 and 3, it can be pointed out that the p-phenylene units in 2
and 3, which is absent in 1, should play an important role in the
polar assembly process.∑

In conclusion, we have found a unique assembly of directed
polar crystals based on the C(sp)–H…N hydrogen bond, which
has been little exploited in crystal engineering so far. The
present results clearly demonstrate that the C–H…N weak

Fig. 1 Packing arrangement of 1 in the crystal. Short C(sp)–H…N contacts
are shown by dotted lines; H…N 2.33 Å, C…N 3.28 Å, C–H–N 180°.

Fig. 2 Packing arrangement of 2 in the crystal. Short C(sp)–H…N contacts
are shown by dotted lines; H…N 2.32 Å, C…N 3.27 Å, C–H–N 180°.
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hydrogen bond is capable of not only constructing well-defined
crystal structures but also inducing functional properties (SHG
response) to the resulting bulk assemblies.

This work was supported in part by a Grant-in-Aid for
Scientific Research (No. 12640508) from the Ministry of
Education, Science, Sports and Culture of Japan. We thank
Professor Tamotsu Inabe (Hokkaido University) for the use of
X-ray analytical facilities.

Notes and references
† Crystal data for 1: C7H5N, M = 103.12, colorless rod, 0.603 0.203 0.20
mm, monoclinic, space group C2/c, a = 9.800(5), b = 8.684(5), c =
7.334(4) Å, b = 116.90(4)°, V = 556.6(6) Å3, Z = 4, rcalcd = 1.231 g
cm23, T = 193 K, Mo-Ka radiation. A total of 577 unique reflections
(2qmax = 54.2°) were collected, of which 456 observed reflections [I >
3s(I)] were used in the structure solution (direct methods) and refinement
(full-matrix least-squares) to give final R = 0.085 and Rw = 0.114. Residual
electron density is 0.42 e Å23. CCDC 153071. See http://www.rsc.org/
suppdata/cc/b1/b103689k/ for crystallographic data in .cif or other for-
mat.
‡ Crystal data for 2: C15H9N, M = 203.24, colorless prism, 0.203 0.203
0.15 mm, orthorhombic, space group Fdd2, a = 17.491(1), b = 7.748(1),
c = 15.5880(9) Å, V = 2112.5(4) Å3, Z = 8, rcalcd = 1.278 g cm23, T =
123 K, Mo-Ka radiation. A total of 595 unique reflections (2qmax = 55°)
were collected, of which 513 observed reflections [I > 3s(I)] were used in
the structure solution (direct methods) and refinement (full-matrix least-
squares) to give final R = 0.056 and Rw = 0.072. Residual electron density
is 0.30 e Å23. CCDC 164007.
§ Compound 2 was prepared by successive Sonogashira coupling of
4-bromoiodobenzene with 1 and trimethylsilylacetylene followed by
desilylation using Bu4NF. Spectroscopic data for 2; mp 180–181 °C
(Found: M+, 203.0733. C15H9N requires M, 203.0735); nmax (KBr)/cm21

3148, 2216, 2088, 1592, 1502, 1408 and 838; dH (300 MHz, CDCl3) 3.21 (1
H, s), 7.38 (2 H, AAAXXA), 7.50 (4 H, s) and 8.61 (2 H, AAAXXA); dC (75
MHz, CDCl3) 79.53, 83.06, 88.49, 93.27, 122.55, 123.02, 125.56, 131.17,
131.81, 132.24 and 149.89; m/z (FD) 203 (M+, 100%).
¶ Compound 3 was prepared by successive Sonogashira coupling of
4-bromoiodobenzene with 4-ethynylbenzonitrile and trimethylsilylacety-
lene followed by desilylation using Bu4NF. Spectroscopic data for 3; mp
196–198 °C (Found: M+, 227.0753. C17H9N requires M, 227.0735); nmax

(KBr)/cm21 3236, 2212, 1600, 1504 and 840; dH (300 MHz, CDCl3) 3.21

(1 H, s), 7.49 (4 H, s), 7.60 (2 H, AAABBA) and 7.64 (2 H, AAABBA); dC (75
MHz, CDCl3) 79.45, 82.98, 89.48, 93.02, 111.73, 118.41, 122.58, 122.81,
127.82, 131.62, 132.56, 132.16 and 133.13; m/z (FD) 227 (M+, 100%).
∑ Connection of the tapes of 2 by C(sp2)–H…p contacts between the
pyridine a-proton and the terminal acetylene moiety (H…p centroid
distance 2.86 Å) might play a significant role in the polar assembly process.
Although there are face-to-face overlaps between the pyridine ring and the
p-phenylene unit of 2 in the crystal, the interplanar distance (3.80 Å) beyond
the sum of vdW radii (3.40 Å), so that the p-stacking interaction would play
a less important role in determining the packing.
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A simple molecular sensor that uses the exclusive quenching
and binding abilities of two squaramide units included
within an anionic recognition site is proposed for monitoring
sulfate in water.

Squaramides are ideal components for molecular sensing
devices due to their quenching and binding abilities. We
recently described a fluorescent molecular probe,1 showing the
classical covalent arrangement of a fluorophore close to the
recognition site that takes advantage of the quenching ability of
squaramides. In addition, squaramides feature two hydrogen
bond donor atoms that, in extended conformation, bind
carboxylate anions tighly.2 Furthermore, it is possible to
achieve strong and selective binding of oxoanions by combining
electrostatics together with more directional hydrogen bonding
interactions, as in a related streptavidin-2-iminobiotin sulfate
complex.3 On this basis, using the hydrogen bond donor
capabilities of squaramides, we describe herein a competitive
strategy for sensing sulfate based on a simple macrocyclic
charge-assisted squaramide receptor.

In contrast to the usual high dilution conditions required for
macrocyclization, receptor 1 was obtained on a gram scale, in
60% overall yield after three steps (Scheme 1). Despite its
apparent flexibility, the rigidifying effect provided by the two
squaramide rings and a charge repulsion avoid the collapse of 1
and, at the same time, generates a concave cavity lined with two
quaternary ammonium groups and four hydrogen bond donors
useful for binding. The resulting bowl-shaped receptor is well
suited for recognising tetrahedral anions as it matches the
spatial and charge requirements of a target guest like sulfate
placed at the centre of the cavity.

The formation of a 1–SO4
22 association complex was

evidenced from the observation of characteristic association-
induced shifts (CIS) on both, the squaramide and cyclophane
hydrogens of 1. Additional support was obtained from HOESY
experiments performed in methanol on a related 1–13C2O4

22

complex. In this case, diagnostic 1H to 13C NOE intermolecular
contacts between the oxalate carboxylate at 176.8 ppm and Ha,

Hb hydrogens in 1, were observed, in accordance with the
proposed localisation of the anion in 1.

Host–guest association was fully characterized by isothermal
titration calorimetry (ITC).4 This technique is a valuable
resource for investigating the energetics of host–guest proc-
esses5 as it allows the determination of association constants
larger than 105 M21 that are clearly out of the possibilities of the
standard NMR direct titration methods. In the present case, for
the complexes with SO4

22, PhOPO3
22, C2O4

22 and 1,
respectively, the value of the experimental stoichiometry
parameter “n” was always in the range 0.95 < n < 1.05 in good
agreement with a 1 + 1 mode of binding.

The results obtained with selected oxodianions, show that the
association is endothermic and entropically driven in all cases.
The binding model emerging from the calorimetric data is
consistent with an exchange equilibrium between 1 and the
anionic guests. Upon formation of the complex both, 1 and the
guest, must break their bonds with methanol and the release of
solvent bound molecules to the bulk solvent would outweigh the
entropic cost of the association.6 Remarkably, the binding of
monoanions such as halides, nitrate, acetate, and others is
negligible owing to the electroselectivity imposed by the
tetraalkylammonium groups. On the other hand, the preference
for tetrahedral sulfate is accounted for by the structural
constraints of the hydrogen bond donor array of the squaramide
units in 1, favouring the binding of sulfate over other divalent
anions.

Addition of 1 to a solution of fluorescein disodium salt
(FNa2)† in MeOH–H2O mixtures (9 + 1 v/v) produced a non-
fluorescent self-assembled ensemble as a consequence of the
effective quenching of the fluorescein emission band in the
complex. The observed fluorescence quenching is probably due
to photo-induced electron transfer (PET) from the donor
squaramide rings of 1 to the fluorescein excited singlet state.
This effect, namely an increase of fluorescence on binding the
anion due to the suppression of PET that occur when the 1–FNa2
complex dissociates, is formally equivalent to the well-known
cation promoted suppression of PET widely used for cation
recognition. In the present case, the system is not a fluorescent
chemosensor, defined as an integrated fluorophore–receptor
species,7 but merely a mixture of a receptor and a fluorophore in
which the latter competes with the target ion in complexation.

Scheme 1 Synthesis of 1, (i) 3,3A-diamino-N-methyldipropylamine (1.0
equiv.) EtOH, 7 h, rt; (ii) MeI (7 equiv.), DMF, 70 °C, 12 h.

Table 1 Thermodynamic parameters for the interaction of 1 with key
dianionsa

Guest Ka/M21
DG°/
kJ mol21

DH°/
kJ mol21

TDS°/
kJ mol21

C2O4
22 (3.2 ± 0.3) 3 105 231.0 +12.2 +43.2

PhOPO3
22 (1.5 ± 0.2) 3 104 223.5 +12.5 +36.0

SO4
22 (4.6 ± 1.0) 3 106 237.5 +11.3 +48.7

a Titration conditions: 30–40 injections (5 mL each) of a 5–10 mM solution
of the anion, as sodium or tetramethylammonium salt, were introduced into
a sample cell at 294 K containing 1.5 mL of a 0.8 mM solution of 1 in
methanol. The heats of dilution were subtracted prior to data analysis by
Origin MicroCal software. In all cases the c parameter,4 defined as c =
Ka [1]tn, was kept between 10 and 1000. Errors were calculated at a
confidence level of 95%.
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The association constant of the measuring 1–FNa2 ensemble
(Kass = 4.7 ± 0.6 3 104 M21) was obtained by measuring the
change in the fluorescence intensity of FNa2 in the presence of
an increasing amount of 1.8 In the same solvent system, the
association constant for SO4

22 (Kass = 5.2 ± 1.2 3 106 M21)
estimated by competitive spectrophotometry9 was clearly
higher. In accordance, upon competitive addition of SO4

22,
fluorescein was displaced10 restoring the original fluorescence
of FNa2 (Fig. 1) and effectively signalling the presence of
sulfate anion. This ensemble is also adequate for real time on-
line determination of sulfate in water (pH 4 10). To this end, a
stock solution of the sensing ensemble 1–FNa2 is mixed
together at a 9 + 1 v/v ratio with an incoming water stream that

contains an increasing concentration of sulfate. The result,
shown in Fig. 1(b), shows a linear response within a wide range
of sulfate concentration.

In conclusion, we have developed a squaramide-based
receptor useful for sensing sulfate. In this ensemble the effective
fluorescence quenching of the squaramides combined with an
adequate hydrogen bond pattern are valuable resources that will
be exploited in the future for sensing other targets.

Financial support from the Spanish DGESIC (PB98-0129) is
gratefully acknowledged. R. P. thanks the Spanish Ministry of
Education for a fellowship.
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† The IUPAC name for fluorescein is 9-(2-carboxyphenyl)-6-hydroxy-3H-
xanthen-3-one.
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Fig. 1 (a) Fluorescence emission band (lexc. 490 nm) of fluorescein, [FNa2]
= 1.4 3 1025 M before (upper band) and after addition of 1, [1] = 2.0 3
1024 M (lowest band). Fluorogenic emission response with several
concentrations of sulfate, [SO4

22] = 4.6, 6.5, 8.4, 10.0, 11.7, 13.3, 14.8,
15.93 1025 M. The subset reflects the response of the 1–FNa2 ensemble to
sulfate addition. (b) In this experiment, after an approximate 10 min period,
the sulfate concentration of a water solution was continuously increased
from 0 to 200 ppm and mixed at 0.10 mL min21 together with a stream of
[1] = 2.63 1024 M and [FNa2] = 7.43 1024 M in MeOH–H2O (90 + 10
v/v) at a flow rate 0.90 mL min21. Fluorescence was measured at 2 s
intervals.
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ionic liquid
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A first example of electroassisted activation of molecular
oxygen by Jacobsen's epoxidation catalyst in an ionic liquid
at room temperature has been achieved and showed the
formation of the postulated high-valent manganese–oxo
active intermediate.

Over the past few years, room temperature ionic liquids have re-
attracted a wide range of sections of chemistry and generated
much excitement and interest for various applications.1 This
renewed vigour is principally linked to the fact that these liquids
have simple physical properties making them ‘green friendly
solvents’ (easy to recycle, non-volatile and non-flammable).
Thus, they offer potential alternatives for a large variety of
disciplines, especially organic and inorganic chemistries. Re-
cently, the discovery of enzyme activity in these media1c

extends their potential use to bioinorganic applications. This
context fits well with the desire to mimic enzymatic systems
involving synthetic models (porphyrins and Schiff bases),
especially for monooxygenases of the cytochrome P-450
family.2

Indeed, analysis of comparative studies dealing with the
selectivity, efficiency, stability and recovery for both synthetic
models and natural systems have shown that efficiency arises
from the control of the environment of the enzyme active site
and the development of practical immobilisation methods for
catalysts, such as clay-intercalation,3 zeolite-encapsulation,4
covalent attachment to an organic polymeric matrix5 and the use
of two-phase systems.6 Although relatively few efficient
examples have been reported they constitute an important
contribution to the development of efficient chemical systems
operating according the catalytic cycle of substrate oxidation by
cytochrome P-450, which involves a supposed high valent
metal–oxo intermediate.7 In the last decade, we have shown the
first and rare examples involving electroassisted activation of
molecular oxygen to generate metal–oxo active species for
biomimetic oxidation of various hydrocarbons by immobilised
enzyme models.8,9

Recently, Song and Roh10 reported on the use of ionic liquids
as practical recycling media for Jacobsen's catalyst {[N,N'-
bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine)]-
manganese(III) chloride, the so-called chiral (salen)Mn epoxida-
tion catalyst and denoted here [Mn(III)]+, Fig. 1}, for the
asymmetric epoxidation of alkenes by aqueous NaOCl (as the
oxidant) in the air-and moisture-stable ionic liquid [bmim][PF6]
at 0 °C, ([bmim]+ = 1-butyl-3-methylimidazolium cation, Fig.
1). Our interest in electroassisted biomimetic reactions encour-
ages us to explore a further extension of our clean chemistry
concept, involving molecular oxygen and electrochemistry, into
the field of a non-aqueous and polar two-phase process
alternative, to provide not only simple recycling of the catalyst
without modification of its structure, but also an increase in its
activity. Herein, we report for the first time the electrochemical
analysis of the biomimetic activation of molecular oxygen with
the electrochemically reduced catalyst [Mn(III)]+ (in the
presence of benzoic anhydride and 1-methylimidazole) in the

ionic liquid [bmim][PF6]. This study constitutes the first
approach demonstrating the possible existence of the key steps
responsible for the electroassisted formation, from molecular
oxygen, of the highly reactive [Mn(V)NO]+ manganese–oxo
intermediate in these conditions.

Electrochemical experiments were carried out at a vitreous
carbon electrode of area 0.07 cm2 in [bmim][PF6], conveniently
prepared,11 in the presence of [Mn(III)]+ catalyst and 1-methyl-
imidazole (in the presence/absence of benzoic anhydride and
molecular oxygen).† Fig. 2(a) shows the cyclic voltammogram
of [Mn(III)]+ in a deaerated solution of the ionic liquid
[bmim][PF6] containing 1-methylimidazole. It exhibits a pair of
well-defined peaks at E ≈ 20.460 V vs. SCE corresponding to

Fig. 1 Structures of [Mn(III)]+ and [bmim][PF6].

Fig. 2 Cyclic voltammograms of [M(III)]+ catalyst (2 mM) in [bmim][PF6]
ionic liquid in presence of 1-methylimidazole (10 mM) at room temperature
(potential scan rate = 50 mV s21): (a): deaerated solution; (b) in the
presence of molecular oxygen (saturated solution); (c) in the presence of
benzoic anhydride (0.1 M) and molecular oxygen.
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the reversible MnIII/MnII redox process, by reference to the
electrochemical behaviour of similar models in several organic
solvents.9,12,13 This was confirmed by rotating disk electrode
voltammetry (data not shown). In presence of molecular
oxygen, three main features related to the MnIII/MnII reduction
peak appear [Fig. 2(b)]: (i) its potential shifts to a higher
potential value, (ii) its intensity is enhanced and (iii) its
associated re-oxidation peak disappears. Such modification of
the cyclic voltammogram is similar to that previously reported
with related manganese catalysts under various conditions
(dissolved or immobilised on solid supports and in organic
solvents).8,9,12,13 and is consistent with the first two steps of the
catalytic cycle shown in Scheme 1.12 Indeed, the reductive peak
observed in Fig. 2(b) is representative of the reaction between
the catalyst [Mn(III)]+ (in the presence of 1-methylimidazole as
an axial coordinating ligand, not shown in the cycle of Scheme
1) and molecular oxygen O2, leading to a doubly reduced
complex–oxygen adduct [Mn–O2]2, that can be interpreted as
an ‘electron transfer–chemical step–electron transfer’ proc-
ess.9,12,13

Fig. 2(c) shows the cyclic voltammogram of [Mn(III)]+ in
[bmim][PF6] containing both 1-methylimidazole and benzoic
anhydride upon addition of molecular oxygen. A very large
enhancement of the MnIII/MnII reduction current peak is clearly
observed. By reference to previously reported studies of similar
complexes in several organic solvents, the modification of the
cyclic voltammogram shows the occurrence of the expected
reaction of the above mentioned [Mn–O2]2 adduct with
anhydride [(RCO)2O] to give the high-valent manganese–oxo
[Mn(V)NO]+ intermediate, followed by its reduction and the
steady state electrocatalytic regeneration of [Mn(III)]+ (Scheme
1).8,9,12,13 It is important to note that this reduction occurs
competitively with the reaction of transfer of an oxygen to
hydrocarbon in solution. However, we observed that the
inclusion of olefin (cis-cyclooctene) did not produce a sig-
nificant modification of the voltammograms, implying that the
reaction is fast enough to be competitive with the rate of
formation of the oxo complex.9a,12 Finally, we have verified
that the direct reduction of molecular oxygen takes place at
ca.20.8 V vs. SCE, outside the potential range investigated in
this study, and that the presence of benzoic anhydride does not
induce any electrochemical interference. Rotating disk voltam-
metry confirms all the above observations (data not shown).

In summary, this result shows for the first time the
electroassisted biomimetic activation of molecular oxygen by

Jacobsen's epoxidation catalyst in an ionic liquid and clearly
demonstrates the possible existence of the key steps responsible
for the formation of the highly reactive [Mn(V)NO]+ man-
ganese–oxo intermediate in the ionic liquid [bmim][PF6]. This
unique observation, combined with the immobilisation of the
catalyst by using the ionic liquid, allows us to confidently
explore this clean chemistry concept involving molecular
oxygen and electrochemistry. Detailed studies are now in
progress to extend this investigation to the preparative scale, for
the epoxidation of selected olefins which may offer, for the first
time to our knowledge, a possible extension of electrocatalysis
and electrosynthesis to ionic liquid solvents.

We are grateful to Prof. P. Letellier and Dr J. Devynck for
helpful discussion and interest in this work.
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Scheme 1 Proposed scheme for the electroassisted activation of molecular
oxygen by [M(III)]+ catalyst for olefin epoxidation reaction.
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Ab initio crystal structure determination of the peptide Piv-
Pro-Gly-NHMe directly from powder X-ray diffraction data,
using the genetic algorithm technique for structure solution,
has allowed the complete structural characterization of the
Type II b-turn conformation and the intermolecular inter-
actions in this structure, and highlights the opportunities
that now exist for structure determination of peptide systems
when single crystals appropriate for single crystal X-ray
diffraction experiments cannot be prepared.

Knowledge of the conformational properties and interactions in
model peptide systems can yield important insights concerning
the structural properties of polypeptide sequences in proteins.
An example concerns b-turns, which are structural elements
that permit polypeptide chain reversals in proteins.1 Tight turns
in proteins and peptides, involving two residues as folding
nuclei, have been very widely investigated,2–5 and the under-
standing of b-turn stereochemistry that now exists has been
facilitated by extensive high resolution structure determination
of peptides4 and proteins2,3 from single crystal X-ray diffraction
data. However, an intrinsic limitation of this technique is the
requirement to prepare a crystal of sufficient size, quality and
stability to allow single crystal diffraction data of appropriate
quality to be measured. To circumvent this problem, progress
has been made recently6–10 in the development of new
techniques for determining crystal structures directly from
powder diffraction data, particularly with regard to the structure
solution stage of the structure determination process. In the field
of molecular crystals, the direct-space strategy10,11 for powder
structure solution has been a particularly important develop-
ment. This paper reports the application of a genetic algorithm
(GA) technique for ab initio structure determination of the
peptide N-pivaloyl-L-prolyl-glycyl-NA-methylamide (Piv-Pro-
Gly-NHMe) from powder X-ray diffraction data.

In the direct-space strategy for powder structure solution,
trial structures are generated in direct space, with the quality of
each trial structure assessed by comparing the powder diffrac-
tion pattern calculated for the trial structure and the experi-
mental powder diffraction pattern (this comparison is made here
using the powder profile R-factor Rwp, which implicitly takes
peak overlap into consideration). In this work, direct-space
structure solution was carried out using our GA method12–19 to
locate the trial structure corresponding to the global minimum
in Rwp. In the GA method,12–21 a population of trial structures is
allowed to evolve subject to rules and operations (mating,
mutation and natural selection) analogous to those that govern
evolution in biological systems. Each structure is specified by
its ‘genetic code’, which represents, for each molecule in the
asymmetric unit, the position {x, y, z} and orientation {q, f, y}
of the molecule, and the molecular conformation (defined by
variable torsion angles {t1, t2, ..., tn}). New structures are

generated by the mating and mutation operations, and in our
implementation used here,16 each new structure is subjected to
local minimization of Rwp. In natural selection, only the
structures of highest ‘fitness’ (i.e. lowest Rwp) are allowed to
pass from one generation to the next generation. Details of our
GA methodology for powder structure solution12–16 and
examples of its application17–19 are given in the cited refs.

The peptide Piv-Pro-Gly-NHMe was prepared by standard
procedures,22 purified by reverse phase HPLC on a C18 column
and fully characterized by 1H NMR (500 MHz) and electrospray
mass spectrometry. The powder X-ray diffraction pattern of a
lightly ground sample was recorded at ambient temperature on
a Siemens D5000 diffractometer [transmission; CuKa1 (Ge-
monochromated); linear position-sensitive detector covering 8°
in 2q]. The 2q range was 5 to 60°, measured in steps of 0.02°
over 12 hours. The powder diffraction pattern was indexed by
the program ITO,23 giving a triclinic unit cell [final refined unit
cell parameters following Rietveld refinement: a = 7.9747(3);
b = 9.1814(3); c = 5.8456(2) Å; a = 97.020(2); b =
99.429(2); g = 114.801(2)°]. Density considerations suggested
that there is one molecule in the unit cell, and the space group
was assigned as P1. Lineshape and linewidth parameters were
determined using the POWDERFIT program,24 which uses a
modified Pawley fitting procedure.25

The GA structure solution calculation was carried out using
the program EAGER.26 The structural fragment (Scheme 1)
comprised all non-hydrogen atoms of the molecule (with
standard bond lengths and angles). For each structure, the
genetic code comprised 9 variables {q, f, y, t1, t2, ..., t6}, with
the variable torsion angles allowed to take any value, except t5
which was allowed to take only the values 0 or 180°. We note
that the position of the structural fragment {x, y, z} is fixed
arbitrarily in space group P1. The O–C–N–H torsion angle
between t3 and t4 was fixed27 at 180°. The population
comprised 100 structures, and in each generation 100 offspring
(50 pairs of parents) and 20 mutants were produced. The
calculation was carried out for 50 generations.

The best structure solution (i.e. with lowest Rwp in the final
generation) was taken as the starting structure for Rietveld
refinement,28 which was carried out using the GSAS program.29

Standard restraints were applied to bond lengths and angles, and
hydrogen atoms were inserted in calculated positions. Three
common isotropic displacement parameters were refined, for

† Electronic supplementary information (ESI) available: fractional coor-
dinates and isotropic displacement parameters for atoms in the final refined
crystal structure. See http://www.rsc.org/suppdata/cc/b1/b103876c/

Scheme 1 Structural fragment used in the GA structure solution calculation
for Piv-Pro-Gly-NHMe, with variable torsion angles indicated by arrows.
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atoms of the main peptide chain, atoms of the ring system and
oxygen atoms, respectively. For hydrogen atoms, a fixed
common isotropic displacement parameter was used. In the
final stages of refinement, a preferred orientation parameter was
refined. The final Rietveld refinement (Fig. 1; supplementary
information) gave Rwp = 4.14, Rp = 5.78 and RF = 8.97% (75
variables; 269 reflections; 2857 data points).

Fig. 2 shows the final refined structure of Piv-Pro-Gly-
NHMe. As shown in Fig. 2a, the molecule adopts a Type II b-
turn conformation30 (fPro = 258.3; yPro = 127.2; fGly = 71.4;
yGly = 26.1°) stabilized by an intramolecular 4 ? 1 hydrogen
bond between the CNO group of the Piv residue and the
methylamide N–H group (N…O, 2.99 Å; N…O–C, 140.6°).
The conformation found here for Piv-Pro-Gly-NHMe is similar
to those in other structures containing Type II b-turns,
determined previously from single crystal X-ray diffraction
data.31 We note that Pro-Gly sequences in proteins and peptides

may alternatively adopt a Type I b-turn conformation, which is
related to the Type II b-turn by a flip of the central peptide unit
without disrupting the 4 ? 1 hydrogen bond.5 As shown in
Fig. 2b, adjacent molecules in the crystal structure of Piv-Pro-
Gly-NHMe are linked along the c-axis by intermolecular N–
H…O hydrogen bonds (N…O, 2.87 Å; N…O–C, 135.3°).

Our ab initio determination of the crystal structure of Piv-
Pro-Gly-NHMe from powder X-ray diffraction data has
allowed the complete structural characterization of the Type II
b-turn conformation as well as the intermolecular interactions in
this structure, demonstrating that the direct-space approach for
powder structure solution, with the molecular conformation
treated as almost completely flexible, is well suited to
applications in the field of polypeptides. The potential for
applying powder diffraction techniques in this field is clearly
important in cases that do not yield single crystals of suitable
size and quality for single crystal diffraction studies.

We thank EPSRC, University of Birmingham, Wyeth-Ayerst
plc and Ciba Specialty Chemicals for financial support.
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Fig. 1 Experimental (+ marks), calculated (solid line) and difference (lower
line) powder X-ray diffraction profiles for the final Rietveld refinement of
Piv-Pro-Gly-NHMe. The inset shows an expanded plot for 2q = 30–60°.

Fig. 2 (a) Molecular geometry of Piv-Pro-Gly-NHMe in the crystal
structure, with the intramolecular hydrogen bond shown as a dashed line. (b)
Crystal structure of Piv-Pro-Gly-NHMe viewed along the a-axis, with N–
H…O hydrogen bonds shown as a dashed lines. Hydrogen atoms are
omitted for clarity.
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We report the first molecular charge transfer salt containing
channels of H3O+/H2O within its lattice; it is formulated bB-
(BEDT-TTF)4[(H3O)Cr(C2O4)3]2[(H3O)2(18-crown-
6)]·5H2O [BEDT-TTF = bis(ethylenedithio)tetrathiafulva-
lene], deduced from the crystal structure and CNC and C–S
bond lengths and Raman stretching frequencies.

Molecular charge transfer salts based on organo-chalcogen
donors, especially those containing bis(ethylenedithio)tetrathia-
fulvalene (BEDT-TTF) have provided examples of most of the
collective electronic ground states known to condensed matter
science, such as semiconductors, metals, superconductors,
antiferromagnets, spin-Peierls systems etc.1 Because of their
layered structures, in which organic donor cations and inorganic
anions are segregated from one another (what we have called
‘organic–inorganic composites’ or ‘chemically constructed
multilayers’2), they are also a fruitful source of compounds
combining two different types of functionality, like para-
magnetic superconductors3 or ferromagnetic metals.4 However,
with one exception,5 there have been no reports of efforts to
combine electronic with ionic conductivity in this class of
compound. In that context we now report the first BEDT-TTF
salt containing crown ether molecules and both H3O+ and H2O
in the lattice, organised in such a way as to suggest the
possibility of easy proton migration.

100 mg (NH4)3[Cr(C2O4)3]·3H2O, 200 mg 18-crown-6 ether,
and 1 g pyrazine in a mixture of freshly distilled 25 ml of
dichloromethane and 25 ml acetonitrile was stirred overnight,
and filtered into an electrochemical cell. On applying a current
of 1 mA across the cell, crystals first began to appear after 5 days
and were harvested after 4 weeks. Two phases were obtained,
long thin rectangular needles, whose structure was not resolved,
and a small quantity of very thin dark brown plates. The
structure of the latter was determined as bB-(BEDT-
TTF)4[Cr(C2O4)3]2·C12O6H24·9HxO 1 (where x = 2, 3). Single

crystal X-ray diffraction data were collected using an Enraf
Nonius Kappa CCD diffractometer mounted at the window of
an Mo rotating anode generator with an Oxford Cryosystems N2
open flow cryostat. The structure was solved by direct methods
and refined anisotropically on F2 using the SHELX97 program.
H atoms were placed in idealised positions and refined using a
riding model. Raman spectra were measured at room tem-
perature with a Renishaw Ramascope System 1000 microscope
equipped with a He–Ne laser (632.8 nm), using a slitwidth of 10
mm and a 10% neutral density filter.

Compound 1 crystallises in the triclinic space group P1̄.† The
structure consists of alternating layers of BEDT-TTF, and
layers comprising [Cr(C2O4)3]32, 18-crown-6 and water mole-
cules. The packing of the layers follows the sequence
ABCDABCDA, where A contains only BEDT-TTF, B contains
[Cr(C2O4)3]32 in either D or L configuration and an H3O+

molecule, as in the superconducting compound bB-(BEDT-
TTF)4[(H3O)Cr(C2O4)3]·PhCN,6 while layer C contains the
18-crown-6 molecule and the remainder of the HxO molecules
(where x = 2, 3); layer D is a further [(H3O)Cr(C2O4)3]22 layer
with the anions having opposite stereo-configuration to those in
the B layer. Fig. 1 shows the packing of the successive layers
projected onto the bc plane.

The BEDT-TTF molecules are arranged parallel to each
other, in the b packing motif. There are two crystallographically
independent BEDT-TTF molecules with similar charges of +0.4
± 0.1 and +0.5 ± 0.1, as estimated from the CNC and C–S bond
lengths,7 which are close to those found in the b"-(BEDT-
TTF)4[(H3O)M(C2O4)3]·solv superconductors (solv being a
solvent molecule). Since the [Cr(C2O4)3]32 ions contribute a
total charge of 26, this implies that four of the HxO molecules
must be H3O+ to maintain charge neutrality. By analogy with
the superconductors two of these may be located in layers B and
D. The terminal CH2–CH2 groups of the BEDT-TTF are both
twisted, with one of the C atoms above the plane of the TTF

Fig. 1 The crystal structure of 1 showing the overall packing of the cationic and anionic layers.
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moiety and the other below, but eclipsed with respect to the
other end of the donor molecule. The two shortest S…S contacts
between the crystallographically independent BEDT-TTF mol-
ecules average to 3.70 Å, although these are longer than the
S…S van der Waals distance of 3.6 Å. The torsion angles of the
CH2–CH2 groups of the BEDT-TTF indicate that one of the
groups on one of the molecules is under more strain than the
others, and the thermal ellipsoids show that this CH2–CH2
group is disordered. In fact it is the one located directly next to
the Cr3+ centre of a tris(oxalato)Cr(III) ion. The other CH2–CH2
group, which has a more normal conformation, is closest to the
18-crown-6 ether.

Fig. 1 shows that, in contrast to the superconducting bB-
BEDT-TTF tris(oxalato)metallate(III) salts,8 the anion layer in 1
is almost as thick as two [Cr(C2O4)3]32 and a molecule of
18-crown-6 ether. The latter separates the D and L forms of
[Cr(C2O4)3]32, between each of which there is one H3O+ cation,
as in the superconducting phases. Thus there are two
[(H3O)Cr(C2O4)3]22 layers, with crown ether and HxO layers
between them. One water molecule resides within each
molecule of crown ether, the other forming a H-bonded chain to
the next crown ether molecule along the a axis. The O…O
contacts between these four water molecules are 1.84, 1.97 and
1.47 Å, the latter appearing short because one of the O atoms is
disordered over two sites. In this way the 18-crown-6 ether
molecules form an ion channel within the inorganic layer, as
shown in Fig. 2. In this figure the O atoms of H3O+/H2O are
emphasised in space filling format, those on either side of the
central chains being the H3O+ that form part of the
[(H3O)Cr(C2O4)3]22 layers.

The Raman spectrum of 1 contains two peaks in the region of
the totally symmetrical CNC vibrations at 1492 ± 2 and 1467 ±
2 cm21 corresponding to n3 and n4 of BEDT-TTF. From the
established correlation between stretching frequency and cation
charge,9 charges of +0.54 and +0.46 are indicated, in close
agreement with the charges indicated by the BEDT-TTF bond
lengths in the crystal structure. On the assumption that the two
anion layers B and D are formulated as [(H3O)Cr(C2O4)3]22 as
in the superconducting phases, charge neutrality requires that
two of the remaining seven HxO in the formula unit must be
H3O+, the remaining five being H2O. In the absence of evidence
to the contrary, it can be assumed that the two H3O+ correspond
to the water molecules closest to the rings of the crown ether
molecules, with the remaining H2O forming a H-bonded
channel between neighbouring crown ether rings as described
above.

In conclusion, we have found a new kind of organic–
inorganic layer architecture in a molecular charge transfer salt,
in which layers of BEDT-TTF0.5+ with the classical bB-stacking
arrangement, are interleaved with two layers of
[(H3O)Cr(C2O4)3]22 honeycomb layers. The latter have the
same topology as in the paramagnetic superconductors bB-
(BEDT-TTF)4[(H3O)M(C2O4)3]·solv2,6,8,10 but in the present

case, instead of alternate anion layers consisting exclusively
either of D or L-[Cr(C2O4)3]32 separated by BEDT-TTF
layers, we find alternate [(H3O)Cr(C2O4)3]22, again with
exclusively D or L stereo-configurations, but separated by
crown ether/H3O+/H2O layers. The present small size and
fragility of the crystals has inhibited detailed variable tem-
perature transport measurements. However, a preliminary two-
probe room temperature measurement gave a conductivity of
0.95 S cm21 parallel to the plate long axis, which is in the range
expected for a semiconductor. We could expect that four-probe
measurements, where the contact resistances are discounted,
would be higher and even metallic in nature like other bB-
BEDT-TTF salts. Therefore, the possibility exists to combine
both electronic and ionic conductivity in a molecular lattice
which is important in fields as diverse as solid-state batteries11

and electroluminescent displays.12

This work has been supported by the U.K. Engineering and
Physical Sciences Research Council and the European Commis-
sion TMR Network on Molecular Magnets.

Notes and references
† Crystal data: bB-(BEDT-TTF)4[Cr(C2O4)3]2·C12H24O6·9HxO (x = 2 or 3)
C32H33CrO19S16, M = 1289.50, triclinic, space group P1̄, a = 10.2212(5),
b = 11.2266(5), c = 20.0998(15) Å, a = 88.433(3), b = 88.391(2), g =
63.780(3)°, V = 2479.6(2) Å3, T = 150 K, Z = 2; l (Mo-Ka) = 0.71073
Å m = 0.973 mm21, reflections collected 19985, independent reflections
8722, final R indices [F2 > 2s(F2)]: R1 = 0.0605, wR2 = 0.1222.

CCDC reference number 166475. See http://www.rsc.org/suppdata/cc/
b1/b103877j/ for crystallograpic data in CIF or other electronic format.
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Fig. 2 The crystal structure of 1 showing the channels formed by the 18-crown-6 molecules and H3O+/H2O.
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Sequence-specific bidentate binding to double-stranded (ds)-
DNA by ‘tail-to-tail’ linked dimeric distamycin analogues is
described; compared to their monomeric analogues, these
dimers exhibit greater affinity and longer binding site size
and open up a novel avenue in the design of minor groove
binders that overcome the phasing problem.

Design of molecules with low molecular mass (Mw ca. 103) that
bind with high affinity and specificity to pre-determined DNA
sequences that are 10–16 base pairs long is a key issue in
chemical biology. For instance, a unique site within the 3 billion
base pair human genome is defined by a minimum of 15–16
contiguous base pairs.1 Natural products such as distamycin and
netropsin which exert their biological activity by competing
with the TATA box binding protein (TBP) for the target site on
DNA serve as the ‘lead compounds’ for the design of such
‘lexitropsins’ (information reading oligopeptides).2 Some of the
compounds developed on the basis of these principles have
indeed exhibited interesting biological properties.3

Distamycin (Dst)-type polyamides with (n 2 1) N-methyl-
pyrrole rings and n amide groups bind preferentially to the
minor groove sites containing (n + 1) successive AT base pairs
of ds-DNA. The repeating N-methylpyrrole-2-carboxamide
unit, however, is ~ 20% longer than is required to match the
base pair rise along the minor groove of the DNA helix. As a
result longer polyamides (n > 6) are out of phase with DNA.4,5

An over-wound curvature of longer polyamides is an added
disadvantage. These factors result in a sub-optimal contact
between DNA and the ligand leading to the manifestation of
lower binding affinities. To reset an optimum fit of long
polyamides with the DNA double-helix, flexible b-alanine or
glycine residues have in fact been inserted.4

In an alternative strategy, two netropsin-like or distamycin-
like cationic peptides have been connected in a ‘head-to-head’
(N-terminus-to-N-terminus) fashion using flexible or rigid
linkers.5 These bis(lexitropsins) were shown to adopt mono-
dentate or bidentate modes of DNA binding depending upon the
nature of the linker unit. Importantly those bound to DNA in a
dimeric fashion also exhibited higher affinities.1,6

Herein we report a new approach to the design of dimeric
lexitropsins such that optimum contacts between the successive
amide units and the DNA helix are allowed. The following
notable features characterize the present design. Firstly the
dimers were constructed by linking the C-terminus of the
individual monomers (‘tail-to-tail’ linkage). Secondly the
positive charge necessary for optimizing the DNA affinity and
water solubility is provided by the presence of a tertiary amine
based linker which remains protonated at physiological pH.§
Significantly, these tail-to-tail linked bis-Dsts (3–5) bear only a
single positive charge unlike the previously reported ‘head-to-
head’ linked dimers which carry two positive charges. These
bis-Dsts also lack the leading formamide unit at the N-
termini.7

DNA binding abilities of the Dsts [1(D3) and 2(D4)] and the
corresponding bis-Dsts [3(D33), 4(D34) and 5(D44)] were
examined for their ability to modify duplex DNA helix-to-coil
transition temperature (Tm), induced circular dichroism (ICD)
measurements, salt-dependence of ICD and fluorescence probe
displacement assay.

Dst and related minor groove binders are known to enhance
the Tm of ds-DNA. This has been attributed to the stabilization
of the double-helix.8 Table 1 summarizes the results of the Tm
measurements of DNA with the dimers D33, D34 and D44
along with those for the corresponding monomers, D3 and D4.
The DTm is higher in the case of poly d(A.T) compared to calf
thymus DNA (CT DNA, ~ 50% AT rich) indicating that these
bis-Dsts have retained the AT-specific mode of DNA binding.
The DTm values are significantly higher for the complexes of
the bis-Dsts compared to those of the corresponding monomers.
This is notable, since the positive charge is not ‘doubled’ for the
dimers compared with the monomers. The observed enhance-

† Dedicated to the memory of Dr D. Ranganathan.
‡ Corresponding author and Swannajayanti Fellow (DST, Government of
India); also at the Chemical Biology Unit, JNCASR, Bangalore 560012,
India.
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ment in Tm could be entirely due to specific H-bonding and van
der Waals interactions. The DTm was also found to increase as
a function of the length of the oligopeptides. For instance, the
D(DTm) between the complexes of D34 and D33 with poly
d(A.T) was ~ 9 °C and that between the complexes of D44 and
D34 was ~ 6 °C. These results would be possible only if both
the ‘arms’ of the dimeric distamycins are in contact with ds-
DNA implying the effectiveness of the bidentate mode of
binding.

The induced Cotton effect (ICD) produced at 25 °C upon the
binding of Dst and its analogues to DNA that appear in the
280–380 nm region is distinct from the intrinsic CD spectrum of
DNA.8 The intensity of the ICD signal is proportional to the
strength of binding and also on the number of the N-
methylpyrrolecarboxamide units present in the oligopeptides.
All the three bis-Dsts produced intense ICD signals upon
binding to poly d(A.T) and CT-DNA (not shown). The ICD was
higher in the case of poly d(A.T) compared to CT-DNA and the
ICD intensity increased in the order D33 < D34 < D44.

Monotonous increase was observed in the ICD signal with
[ligand] until saturation at [D]/[P] ratios {ratio of [ligand] vs.
[DNA] (in base molarity)} characteristic of each ligand/duplex
type. Importantly, a single set of isodichroic points was seen in
each case (not shown) implying the existence of equilibrium
between the bound and the free forms of the ligand. Molar
ellipticity (q ) observed in the case of the dimers was found to be
at least twice as high as that for the monomers. Taken together
these results suggest that both the ‘arms’ of the dimeric Dsts
bind to DNA at all [D]/[P] ratios.

Salt-induced complex dissociation experiments are often
used for comparing the relative binding affinities of ligands
towards DNA.8 The higher the binding affinity, the lower
should be the complex dissociation with increasing salt
concentration. Plots of the relative intensities of the positive
ICD bands at the respective ICD lmax as a function of [NaCl]
are presented in Fig. 1. It is seen that the ICD spectra of the bis-
Dsts are less susceptible to high [NaCl] compared to their
respective monomers. The most dramatic difference was
observed in the case of D33. These results clearly show that the
dimers bind to AT-rich DNA stronger than their monomeric

counterparts, which would be possible only if the bidentate
mode of binding is operational.

The binding site sizes of 1–5 were assessed from the
saturation [D]/[P] values obtained from the CD titration plots. It
was inferred that during DNA binding, each of the dimer arms
overlap in a head-to-tail dimeric fashion with an equivalent arm
from two neighboring dimers that lie on either side. The above
arrangement is repeated throughout the DNA leading to
‘multimeric’ arrangement on the polymer. The actual number
of bp covered by individual molecules of 3–5 may be assumed
to be ca. 8–10 bp.

Finally, to estimate the relative binding constants (Kapp) of
these bis-Dsts and the corresponding monomers we also studied
the competition between compounds D3, D4, D33, D34, D44
and the well known AT specific DNA minor groove binder
Hoechst-33258 for binding sites on poly d(A.T).9 Displacement
of Hoechst from poly d(A.T) was accompanied by a decrease in
the fluorescence intensity measured at 460 nM (lex = 355 nm).
The apparent binding constants (Kapp) were calculated from the
concentration of the compounds required for 50% quenching of
Hoechst fluorescence and the known values of [Hoechst] and
binding constant9 {[Hoechst-33258] = 230.4 nM, [poly d(AT)]
= 4.6 3 10–6 M, Ka = 5 3 107 M21 (base molarity), 50 mM
Tris·HCl buffer containing 100 mM NaCl)}. The Kapp values for
D3, D4, D33, D34 and D44 calculated this way were 6 3 105,
9.3 3 106, 2.0 3 107, 4.1 3 107 and 4.9 3 107 M21 re-
spectively. The highest enhancement in Kapp compared to the
corresponding monomer was observed in the case of D33
(33-fold). The value of Kapp for D44 was 5 times that for the
corresponding monomer D4.

In summary the present systems, which represent the first
examples of ‘tail-to-tail’ linked dimeric lexitropsins, form a
novel class of minor groove binders that bind to ds-DNA in a
bidentate fashion and exhibit significantly greater affinity for
ds-DNA compared to the respective monomers. These bind
poly d(A.T) in a nearly 2:1 overlapped fashion and individual
molecules seem to cover 8–10 bp and provide a significant step
forward in the design of minor groove binders towards
overcoming the phasing problem.

Notes and references
§ All the compounds were characterized by FT-IR, 1H-NMR, and mass
spectroscopy.
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Table 1 Summary of melting temperature measurementsa

DTm/°C

Oligopeptide Poly d(A.T) CT-DNA

D3 0.5 0
D4 11.0 1.6
D33 12.5 1.6
D34 21.5 5.0
D44 27.5 6.5

a 40 mM NaCl, 10 mM Tris·HCl (pH = 7.4), [D]/[P] = 0.2.

Fig. 1 Effect of NaCl on the ICD spectra of the complexes of D33, D34, D44
and the monomers D3 and D4.
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New 1,3-dialkylimidazolium hexafluorophosphates with
two butyl, pentyl, octyl, nonyl or decyl groups are room
temperature ionic liquids.

Room-temperature ionic liquids (RTILs),1 such as 1-alkyl-
3-methylimidazolium hexafluorophosphates, are finding ever-
expanding applications as alternative reaction media for organic
synthesis2,3 and separation science.4–6 Although our under-
standing of why these salts have such low melting points is
incomplete, the unsymmetrical nature of the cation is believed
to play a major role.1,7 Thus, the 100 °C lower melting points of
1-ethyl-3-methylimidazolium salts than their N-butylpyridin-
ium analogues have been attributed to the C2 symmetry of the
latter.1

By extension of such reasoning, 1,3-dialkylimidazolium salts
that also have C2 symmetry would seem to be poor candidates
as RTILs. In agreement, 1,3-dialkylimidazolium hexafluoro-
phosphates are reported to be solids at room temperature when
the two alkyl groups are hexadecyl.8 The salts with elongated
alkyl groups are of interest because they exhibit liquid
crystalline behavior above their melting points.8,9

We now report the synthesis of ten 1,3-dialkylimidazolium
hexafluorophosphates [(Cn)2-Im]PF6 with dialkyl moieties
ranging from dimethyl to didecyl and their phase transition
behavior. Surprisingly, 1,3-dialkylimidazolium hexafluoro-
phosphates with dibutyl, dipentyl, dioctyl, dinonyl, and didecyl
substituents are found to be RTILs.

The [(C1)2-Im]PF6 was prepared by reaction of commercially
available 1-methylimidazole with iodomethane to form [(C1)2-
Im]I10 followed by its metathesis with potassium hexa-
fluorophosphate in water.‡ Since higher homologues of 1-me-
thylimidazole are not available commercially, a method was
sought to convert imidazole directly into a 1,3-dialkylimidazo-
lium halide. (Reported methods for the preparation of 1,3-dia-
lkylimidazolium halides require multiple steps, long reactions
times, and/or special precautions.8,9,11,12) We have found that
reaction of imidazole with one equivalent of sodium hydride in
THF followed by addition of two equivalents of a 1-bromoalk-
ane and refluxing (Scheme 1) gives high yields (75–89%) of
[(Cn)2-Im]Br with n = 2–10. Metathesis of the imidazolium
bromide salts with potassium hexafluorophosphate in water
gave high yields (89–95%) of [(Cn)2-Im]PF6 with n =
2–10.†‡

The phase transition temperatures (mid-points of glass
transitions and/or melting points) for [(Cn)2-Im]PF6 with n =
1–10 as determined by differential scanning calorimetry

(DSC)§ are presented in Table 1. As the alkyl groups are
changed from methyl to ethyl to propyl, the melting point drops
from 89 to 70 to 43 °C. This suggests poorer packing into the
crystal lattice as the alkyl group is elongated. With dibutyl and
dipentyl substituents, the salts are RTILs with glass transitions,
but no melting points. In sharp contrast when the alkyl groups
are elongated to hexyl, a melting point of 73 °C, but no glass
transition, is observed. There is a remarkable, greater than
140 °C difference between the phase transition temperatures for
[(C5)2-Im]PF6 and [(C6)2-Im]PF6. Apparently the hexyl groups
pack into the crystal lattice almost as well as methyl and ethyl
groups. As the alkyl groups are lengthened from hexyl to heptyl,
the 73 °C melting point for the former diminishes to 47 °C. For
octyl and nonyl groups, both glass transitions and melting points
are observed. When the alkyl groups are decyl, there are two
melting points. Since their melting points are below room
temperature, [(C8)2-Im]PF6, [(C9)2-Im]PF6, and [(C10)2-
Im]PF6 are also RTILs. Studies are currently underway to
compare the other physical properties of these readily accessible
[(Cn)2-Im]PF6 RTILs with the more common 1-alkyl-3-methyl-
imidazolium hexafluorophosphates.

We thank the Texas Advanced Research Program for support
of this research under Grant No. 003644-0395-1999, Professor
Dominick J. Casadonte, Jr. for sharing the DSC equipment, and
Professor Sindee L. Simon for helpful discussions.

Notes and references
‡ Representative procedures for the preparation of [(Cn)2-Im]Br and [(Cn)2-
Im]PF6. Synthesis of 1,3-dinonylimidazolium bromide. A flask containing a
magnetically stirred mixture of 95% sodium hydride powder (0.75 g, 29.4
mmol) in THF (20 ml) was cooled in an ice bath and a solution of imidazole
(2.00 g, 29.4 mmol) in THF (20 ml) was added dropwise. The ice bath was
removed and the mixture was stirred for 2 h at room temperature. Following
dropwise addition of 1-bromononane (11.23 ml, 58.8 mmol) at room
temperature, the mixture was refluxed for 7 h and filtered. The precipitate
was thoroughly rinsed with THF. The filtrate was evaporated in vacuo and
the residue was dissolved in dichloromethane. The mixture was filtered and
the filtrate was evaporated in vacuo. The residue was rinsed with diethyl
ether (20 ml) and dried in vacuo to give 10.40 g (82% yield) of the product
as a waxy-like solid. Synthesis of 1,3-dinonylimidazolium hexafluor-

† Electronic supplementary information (ESI) available: 1H NMR and IR
spectra and elemental analysis results consistent with the indicated
structures for all of the [(Cn)2-Im]Br and [(Cn)2-Im]PF6 compounds. See
http://www.rsc.org/suppdata/cc/b1/b104512c/

Scheme 1 Synthesis of 1,3-dialkylimidazolium bromides and hexa-
fluorophosphates.

Table 1 Structure and phase transition temperatures of 1,3-dialkyimidazo-
lium ionic liquids

Phase transition temperature

IL Alkyl group T/°C (DCp/J g21 K21) Tm/°C (DH/kJ mol21)

1 CH3 — 89 (6.8)
2 C2H5 — 70 (6.6)
3 C3H7 — 43 (6.3)
4 C4H9 269 (0.3) —
5 C5H11 272 (0.2) —
6 C6H13 — 73 (8.8)
7 C7H15 — 47 (5.2)
8 C8H17 280 (0.2) 19 (5.2)
9 C9H19 270 (0.2) 11 (5.4)

10 C10H21 — 227 (0.4)
16 (6.7)

This journal is © The Royal Society of Chemistry 2001
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ophosphate. To a magnetically stirred solution of the imidazolium bromide
prepared above (1.17 g, 3.69 mmol) in water (20 ml) was added potassium
hexafluorophosphate (0.68 g, 3.39 mmol). After 30 min, the lower ionic
liquid layer was separated and dissolved in dichloromethane (20 ml). The
dichloromethane solution was washed with water (2 3 40 mL) and
evaporated in vacuo. Benzene was added to the residue and the solution was
dried using a Dean–Stark apparatus. After removal of the benzene in vacuo,
the residue was dried in vacuo (0.5 Torr) at 100 °C overnight to give 1.27
g (90%) of [(C9)2-Im]PF6.

For the synthesis of [(C2)2-Im]Br and [(C3)2-Im]Br, 3.0 and 1.5 molar
excess of ethyl bromide and propyl bromide were used, respectively.
§ Phase transition measurements. A Shimadzu DSC-50 differential scan-
ning calorimeter with a LTC low temperature assembly was utilized. The
sample (5–25 mg), that had been stored at room temperature before analysis,
was sealed in an aluminum pan under air and cooled to about 2130 °C by
pouring liquid nitrogen into the LTC unit under helium (30 ml min21).
Cooling to this temperature usually took 20–25 min. As soon as all of the
liquid nitrogen had evaporated from the LTC unit and the temperature
started to rise spontaneously, heating was initiated at 30 °C min21. Heating
was continued to 70 °C for liquid samples and to 130 °C for solid
samples.
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This communication describes the use of nanofiltration (NF)
membranes for efficient separation and recycling of phase-
transfer catalysts, using the conversion of bromoheptane
into iodoheptane with tetraoctylammonium bromide as the
PT catalyst, as an example; a solvent flux of > 10 L m22 h21

was achieved with > 99% catalyst recycle and no loss in PT
catalyst activity over a cycle of three consecutive reactions.

Phase-transfer (PT) catalysis, introduced by Starks,1 is an
alternative to the use of polar aprotic solvents (DMF, DMSO)
for reactions involving a water-soluble nucleophilic reagent and
an organic soluble electrophilic reagent (e.g. anions and organic
substrates). However, one of the major technical problems
inhibiting the use of phase-transfer catalysis in industrial
applications is the need to separate the product and the phase-
transfer catalyst.2

NF is a relatively new membrane process with a nominal
molecular weight cut-off3 (MWCO) in the range from
200–1000 Da. Recently NF membranes capable of performing
separations in organic solvents have become available.4 The
molecular weight of many phase-transfer catalyts is in the range
of 300–1000 Da. Therefore, it is of interest to investigate the
potential application of NF membranes to separation of
lipophilic phase-transfer catalysts from reaction mixtures, and
subsequent recycling of the catalysts. We demonstrate the
successful recycle and re-use of a catalyst in consecutive
reactions using a solvent resistant NF membrane.

The model phase-transfer catalytic reaction employed in this
study is given in eqn. (1), where PTC stands for phase-transfer

Br – C H KI I – C H KBr7 15org aq
PTC

7 15org aq+ æ Æææ + (1)

catalyst. The model reaction involves the conversion of
bromoheptane into iodoheptane using an aqueous phase
containing potassium iodide5 and is a classic example of a
nucleophilic, aliphatic substitution reaction. Toluene, a com-
mon solvent in industry and a typical solvent used in phase-
transfer catalysis, was used as the organic solvent. The PTC
used was tetraoctylammonium bromide (TOABr). At the
conclusion of the reaction, the lipophilic TOABr and the
iodoheptane product both partition entirely into the organic
phase.

Firstly, separation of PTC from a synthetic ‘post-reaction’
solution containing 0.1 M bromoheptane, 0.1 M iodoheptane
and 0.01 M TOABr in toluene was studied using two polyimide
solvent resistant NF membranes (142A and 142C, nominal
MWCO of 220 and 400 Da respectively; W. R. Grace, USA).6
The retention of the PTC, and the passage of the product
molecule through the membrane, is necessary in order for the
separation of product and catalyst to occur. Results are

summarised in Table 1 and show that any residual reactant and
the product pass through both membranes, which retain the
catalyst for re-use. The 20–22% rejection7 of reactant and
product by 142A does not constitute a significant fraction of
product being retained, and so 142A was chosen for further
experiments involving repeated reactions. The flux in the
presence of the reaction mixture is lower than for pure toluene,
suggesting some degree of membrane fouling.

Two series of reactions were carried out, which differed only
in the details of the process used to separate and recycle the
PTC. In Case 18 a new membrane disc was used for each
separation. In Case 2,9 the same membrane disc was used for the
series of separations. This latter procedure, with multiple
membrane use, mimics more closely the likely procedure which
would be used industrially. The time profiles for reactant
(bromoheptane) and product (iodoheptane) during the Case 1
series of reactions, is shown in Fig. 1. After 5 h at 50 °C, with
vigorous stirring, the yield was 97%. The phases were then
separated, and the organic phase was filtered using 142A. After
35 mL of the original 40 mL of organic liquid had passed
through the membrane, the residual 5 mL containing the PTC
was recycled to the next reaction.

At the conclusion of the second reaction, this cycle was
repeated, giving a total of three reactions and three catalyst
separations. With pleasure we observed that the conversions of
bromoheptane after 5 h in the second and third reactions were 90
and 96% respectively, indicating that the catalyst was recycled
without any loss of activity.10 Similar data were obtained in a
second reaction cycle with catalyst recovery as per Case 2. A
control confirmed no conversion of bromoheptane was ob-
served in 6 hours in the absence of TOABr.

Flux data for filtrations from the two reaction cycles is
summarised in Table 2. The permeate flux of the reaction
mixture decreased to between 7 and 15 L m22 h21 by the end of
the nanofiltration step, where a film of viscous material,
assumed to be TOABr, was observed attached to the membrane
surface. The solubility of TOABr in toluene is 380 g L21, and
the starting concentration in the reaction mixture is 27 g L21, so
it is expected that after 35 mL of organic phase has been
removed, a maximum concentration of 218 g L21 will result.
This should be below the solubility limit of TOABr in toluene.
However, it is possible that effects of the counter ion and the

† Electronic supplementary information (ESI) available: experimental
procedures and results. See http://www.rsc.org/suppdata/cc/b1/b103645a/

Table 1 Separation of catalyst from a synthetic solution [Br–C7H15 (0.1 M)
+ I–C7H15 (0.1 M) + TOABr (0.01 M) + toluene]

Flux/L m22 h21 Rejection (%)

Mem-
brane

Nominal
MWCO Pure Solution

Br–C7H15

(MW 179)
I–C7H15

(MW 226)
TOABr
(MW 546)

142A 220 65 25 20 22 > 99
142C 400 88 32 8 5 > 99

This journal is © The Royal Society of Chemistry 2001
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reactant/product in the system lower the TOABr solubility,
causing the catalyst to come out of solution at the membrane
surface.

For both reaction and filtration, Case 1 and Case 2 gave
similar results with no noticeable difference. In Case 2, (in
which the same membrane disc is used for all filtrations) the
membrane is effectively ‘washed’ at the end of each filtration
with the reaction mixture going into the next batch. In Case 1,
the membrane is washed with pure toluene at the end of each
filtration. Subsequently, prior to each separation, the pure
toluene flux was measured and found to be between 50 and 60
L m22 h21. Mass balances on the PTC over each separation
cycle showed that effectively all of the PTC was recovered
during separation and subsequent membrane washing. We
conjecture that the decrease in flux during a post-reaction
filtration is due to PTC which precipitates out on the surface of
the membrane, as described above possibly due to concentration
effects. Apparently this flux can be restored, and the catalyst
reclaimed, by simple washing with the reaction solvent. This is
likely to be an important factor in making catalyst recovery by
NF a viable process.

Using the polyimide solvent resistant nanofiltration mem-
branes, it is possible to retain essentially all the PTC and to
repeat reactions in a cycle of at least 3 reactions, without adding
any further catalyst. Membrane fouling occurs during filtration
of the catalyst, but appears to be reversible when the membrane
is washed with the reaction solvent. Finally, we conclude that
the membrane retention of homogenous phase-transfer catalysts
is feasible and offers exciting opportunities for further work in
coupling of NF membrane separators with phase-transfer
catalysis reactors.

This work was supported by the UK Engineering and
Physical Sciences Research Council grant No. GR/M 50751,
and support in kind from W. R. Grace, Colombia, USA, and

GlaxoSmithKline, Tonbridge, UK, is gratefully acknowl-
edged.
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a SEPA filtration cell and the cell was pressurized to 30 bar at room
temperature. The SEPA cell was stirred at 300 rpm.

6 Values stated are supplied by W. R. Grace, Colombia, Maryland, USA,
using various alkane solutes in toluene.

7 Rx defines the rejection of component x, this can be obtained from the
following eqn. 12 (Cp,x/Cr,x) where Cp,x is the concentration of x in the
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8 Case 1: the 5 ml of retentate left in the cell was washed out with pure
toluene and the toluene was evaporated at 50 ± 1 °C (overnight in fume
cupboard). This catalyst was then added to 35 mL 0.5 M bromoheptane
in toluene (no fresh TOABr added) and mixed with 40 mL of 2 M KI
aqueous phase. The reaction and nanofiltration were carried out as the
above.

9 Case 2: the 5 ml of retentate left in the cell was washed out with 35 mL
of 0.5 M bromoheptane in toluene to form the organic phase for the
subsequent reaction. This organic phase was then mixed with 40 mL of
2 M KI aqueous phase. The reaction and nanofiltration were carried out
as for the first reaction.

10 Reactants, products and catalyst were analysed using GC.

Fig. 1 Evolution of bromoheptane and iodoheptane concentration over time in the reaction in the presence of 0.05 M TOABr at 50 °C. The aqueous phase:
40 ml 0.5 M KI; the organic phase: 40 ml 0.5 M bromoheptane + 0.05 M TOABr. Stirring speed: 400 rpm. (A) Reaction 1; (B) Reaction 2 with the TOABr
separated from the Reaction 1 mixture; (C) Reaction 3 with the TOABr separated from the Reaction 2 mixture.

Table 2 Separation of catalyst from reaction product mixture by 142A (MWCO = 220) membrane

Rejection (%)

Conversion (%)a Solution flux/L m22 h21 TOABr MW 546) 1–C7H15 (MW 226) Br–C7H15 (MW 179)
Reaction
time/h Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2

Reaction 1 5 97 98 12 9.1 > 99 > 99 12 11 10 11
Reaction 2 5 90 97 14 8.5 > 99 > 99 18 15 14 18
Reaction 3 5 96 96 15 7.0 > 99 > 99 5 8 13 7
a Case 1: the 5 ml of retentate was washed out with pure toluene and then recovered by toluene evaporation; each filtration was carried out with a fresh
membrane disc. Case 2: the retentate was washed out each time with fresh organic reactant solution containing no catalyst, and consecutive filtrations were
carried out with the same membrane disc.
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Crystal structure of the two-dimensional framework
[Mn(salen)]4n[Re6Te8(CN)6]n [salen =
N,NA-ethylenebis(salicylideneaminato)]
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The first complex-bridged cyano–rhenium cluster frame-
work material [Mn(salen)]4n[Re6Te8(CN)6]n, with a two-
dimensional layered structure is prepared by the reaction of
a methanol solution of [Mn(salen)]ClO4 with an aqueous
solution of Na4[Re6Te8(CN)6].

The design of extended structures based on molecular com-
plexes has received much attention. Recently, there have been
many studies on developing engineered-supramolecular net-
works in an effective manner and designing highly dimensional
molecular systems with adjustable structures.1,2 One way to
obtain an extended structure is to utilize a molecular precursor
that consists of multi-binding sites such as hexacyanoiron(III).
For example, in MnL+ (L = 3-MeO-salen,3 5-Cl-salen4,5 or
acacen6) linkage occurs via hexacyanoiron(III) to form two-
dimensional layers. These cyano-bridged mixed-metal com-
pounds with ferromagnetic and antiferromagnetic interactions
are two-dimensional network structures. There have also
been extensive studies on the face-capped octahedral
rhenium cluster, [Re6Te8(CN)6]42, which is analogous to
hexacyanoiron(III). Cluster-expanded materials such as
Fe4[Re6Te8(CN)6]3·27H2O, Ga4[Re6Se8(CN)6]3·38H2O, [Cd2-
(H2O)4][Re6S8(CN)6]·14H2O, and Cs2[trans-Fe(H2O)2]3[Re6-
Se8(CN)6]2·18H2O, where simple metal ions link the Re clusters
to form bigger cavities, resemble the Prussian Blue Fe-
4[Fe(CN)6]3·14H2O.7–9 These three-dimensional frameworks
include plenty of water molecules as well as metal ions within
their cavities. [Re6S8(CN)6]42 also coordinates to Mn(II)
centers to form a neutral three-dimensional framework with
isopropyl alcohol molecules.10 In order to develop new
framework materials with a potential to create new spatial or
chemical functions, we designed a new extended solid system
based on the Re cluster. For our linking material, we chose the
[Mn(salen)]+ complex instead of a simple metal ion since
[Mn(salen)]+ is paramagnetic with a high-spin d4 electronic
configuration of Mn(III). Futhermore, it also has axial sites to
which the cyano–rhenium clusters can link up. We report here
the preparation of the first cyano–rhenium cluster which is
linked to an Mn complex to provide an extended framework
with a unique layered structure.

The face-capped octahedral rhenium cluster Na4[Re6-
Te8(CN)6] was prepared by a previous procedure.11 The orange-
red solid Na4[Re6Te8(CN)6] was purified by recrystallization
using methanol–diethyl ether. After an aqueous solution of
Na4[Re6Te8(CN)6] was carefully layered with a methanol
solution of [Mn(salen)]ClO4, black crystals of [Mn(salen)]4n-
[Re6Te8(CN)6]n 1 formed directly at the interface. A quantita-
tive yield12 of 1 was obtained by mixing an aqueous solution of
Na4[Re6Te8(CN)6] with a methanol solution of [Mn(salen)]-
ClO4. Compound 1 was not soluble in common solvents such as
methanol, ethanol, water, diethyl ether, acetone, acetonitrile, or
THF. The structure of 1 was determined by X-ray crystallog-
raphy.13

The asymmetric unit contains half of an Re cluster, a bridged
[Mn(salen)]+ unit, and a dangling [Mn(salen)]+ unit. The
complete two-dimensional layered structure is generated by

the symmetry operations, (2x + 3/2, y 2 1/2, 2z + 1/2), (2x +
2, 2y + 2, 2z + 1), and (2x + 3/2, y + 1/2, 2z + 1/2). Four
cyano groups of the Re cluster with C–N distances of
1.17(2)–1.18(2) Å are linked to [Mn(salen)]+ units, forming a
two-dimensional layer. The remaining two cyano groups with
C–N distance of 1.13(2) Å are bound to a [Mn(salen)]+ unit
dangling outside the layer. The IR spectrum (KBr) of this
compound showed two CN stretching peaks at 2073 and 2090
cm21, whereas the starting Re cluster had only one CN
stretching peak at 2081 cm21. This result is consistent with the
X-ray crystallographic data which shows two different types of
cyano groups. Fig. 1(a) shows the rhenium cluster [Re6-
Te8(CN)6]42, surrounded by six [Mn(salen)]+ units. The Re–Re
and Re–Te bonds range from 2.6842(7) to 2.7004(7) Å and from
2.685(1) to 2.703(1) Å, respectively. These are not significantly
different from the starting rhenium cluster [The mean values of
the Re–Re and Re–Te distances of the cyano–rhenium cluster
are 2.681(3) and 2.694(2) Å, respectively]. The Mn(bridging

Fig. 1 (a) ORTEP drawing of the rhenium cluster [Re6Te8(CN)6]42

surrounded by six Mn(salen)+ units. Among the six Mn(salen)+ units bound
to six rhenium atoms, only four are shown. (b) A simplified drawing with
some bond angles around the rhenium cluster. All carbon atoms of the salen
molecules have been omitted for clarity. Symmery operations: A (2x + 3/2,
y 2 1/2, 2z + 1/2), B (2x + 2, 2y + 2, 2z + 1).

This journal is © The Royal Society of Chemistry 2001
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Mn unit)–N(cyano group) distances are 2.27(1) and 2.28(1) Å,
while the Mn(dangling Mn unit)–N(cyano group) distance is
2.14(1) Å. Fig. 2(a) shows a two-dimensional layer containing

[Mn(salen)]+ units linked by cyano–rhenium clusters, while
Fig. 2(b) shows a side view of two layers stacked perpendicular
to the (1 0 1) direction. This layer is not a flat sheet, since the
angle of the bridging elements N(cyano group)–Mn–N(cyano
group) is 169.9(4)° and the angles C(cyano group)–N(cyano
group)–Mn are 147.4(1) and 149.5(1)°. The unlinked dangling
[Mn(salen)]+ units are directed toward the outside of the layers,
and the C(cyano group)–N(cyano group)–Mn(dangling Mn
unit) angle is 141.4(1)° [Fig. 1(b)]. Two neighboring chains of
–Mn(salen)–NC–Re6Te8–CN–Mn(salen)– run akin to a twisted
rope, such ropes being interconnected by Re6Te8 clusters
forming two-dimensional sheets. The intermolecular distances
between the Mn units via the Re cluster are 14.490(9) and
14.38(1) Å, while the distance between the dangling Mn units
via the Re cluster is 13.788(8) Å. The interlayer distance
between the neighboring Mn (dangling Mn unit) atoms is
7.703(2) Å.

This system with cyano–rhenium clusters linked by Mn(sa-
len) complexes is the first complex-bridged cyano–rhenium
cluster framework material. Remarkably, this compound shows
a unique thick-layered structure which opens the possibility of
developing a new class of materials through crystal engineering
of appropriate molecular complexes. We are currently in-
vestigating other transition metal complexes with high-spin
systems which could provide extended network structures with
cyano–rhenium clusters.

Y. Kim acknowledges financial support from the Basic
Research Program of the Korean Science & Engineering
Foundation. S.-J Kim acknowledges financial support from
Korea Research Foundation Grant (KRF-2000-015-DP0224).
We thank Dr Alan J. Lough in University of Toronto, Canada
for X-ray data collection.
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Fig. 2 (a) A two-dimensional layer containing [Mn(salen)]+ units linked by
cyano–rhenium clusters. The twisted ropes interconnected by Re6Te8 clus-
ters are shown. (b) Side view of two layers. All carbon atoms of the salen
molecules are omitted for clarity.
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In the solid state and in CDCl3 resorcarene tetramesi-
tylsulfonates fold by intramolecular SNO…H–O hydrogen
bonds and dimerise via intermolecular O–H…OH hydrogen
bonding.

Intramolecular folding and intermolecular association of sev-
eral sub-units are key properties of biologically important
macromolecules.1 A few synthetic compounds also exhibit
these features. For instance, the bowl shaped crown conformers
of resorcarene octols2 formed by intramolecular hydrogen
bonds lead to hydrogen bonded dimeric and hexameric
aggregates.3 A seam of intramolecular hydrogen bonds in the
calix[4]arene tetraurea derivatives was shown to change
considerably the stability and binding properties of self-
assembled dimeric capsules.4 The dimer of an artificial b-sheet5
is also an example of self-assembly involving both intra- and
inter-molecular hydrogen bonds.

Novel hydrogen bonded self-assembly of tetramesityl sulfo-
nates 1a, b6 is reported here which is a combination of folding
and dimerization.

In the crystalline state§ the molecule of 1a adopts a strongly
pinched and twisted boat conformation with almost parallel
unsubstituted resorcinol rings (Fig. 1). Two of mesitylsulfonyl
fragments oriented clock- or counter-clockwise form short
intramolecular SNO…H–O hydrogen bonds to the neighboring
hydroxy groups making the whole conformation inherently
chiral. The asymmetric unit contains two crystallographically
independent molecules (A and B) which are different mainly in
the arrangement of one non-hydrogen bonded mesitylsulfonyl
residue (Fig. 1).

Two molecules of 1a form a cross-shaped dimer linked by
four intermolecular O–H…OH hydrogen bonds (Fig. 2). Short

intra- and inter-molecular contacts between hydroxy and ortho-
methyl groups of the mesityl residues (O…C 3.2–3.4 Å) clearly
indicate the C–H…O interactions which may additionally
stabilize the assembly. The unsubstituted resorcinol rings of

† Dedicated to Volker Böhmer on the occasion of his 60th Birthday.
‡ Current address: The Skaggs Institute for Chemical Biology, The Scripps
Research Institute, MB-26, 10550 North Torrey Pines Rd., La Jolla, CA
92037, USA. E-mail: shivan@scripps.edu

Fig. 1 Two crystallographically independent molecules of 1a. C–H-
hydrogen atoms are omitted for clarity. Hydrogen bonds are shown in dotted
lines. O…O distances (Å) and O–H…O angles for intramolecular hydrogen
bonds (o): O101…O115 2.590(5) (148.3), O105…O112 2.611(5) (148.1),
O201…O215 2.510(5) (148.1), O205-O212 2.513(4) (145.3).

Fig. 2 Hydrogen bonded dimer of 1a. (a) Side view. Mesitylsulfonyl groups
of one molecule are omitted for clarity. (b) Top view. Molecule A is
darkened. Selected intermolecular distances (Å): O101…O20B 2.808,
O102…O20E 2.836, O105…O20F 2.829, O106…O20A 2.774.

This journal is © The Royal Society of Chemistry 2001
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molecule A are nearly perpendicular both to diacylated and
unsubstituted resorcinol rings of molecule B. Such a geometry
leaves no space for the encapsulation of guest species within the
dimer so that the solvent molecules are included in voids of the
crystal.

In the dimer the molecules of 1a have an opposite orientation
of hydrogen bonded mesitylsulfonyl groups obviously owing to
the requirements of complementarity. A simple consideration
reveals that the molecules of 1a having the same sense of
inherent chirality cannot form the dimer.

The 1H NMR spectrum of 1a, b measured in CDCl3 at 303 K
contains four singlets for the protons of resorcinol rings, one
singlet for the protons of hydroxy groups (d 7.0) and one set of
signals for other protons in accordance with C2v-symmetric
structure. 2D NOESY (tm = 300 ms) and long range COSY
(CDCl3, 500 MHz) techniques showed that the molecules of 1
exist in the boat conformation with parallel unsubstituted
resorcinol rings.7 At 223 K a double set of 1H NMR signals
corresponds to the protons of the methyne bridges [Fig. 3(a),
(b)], hydroxy groups and the aromatic protons of the mesitylene
residues while the protons of the resorcinol rings emerge again
as four singlets. This pattern can be ascribed to the slow
exchange between two enantiomeric C2-symmetric conforma-
tions having clock- or counter-clockwise orientation of two
hydrogen bonded mesitylsulfonyl groups similar to that found
in the solid state (Fig. 1). The signals of methyne bridges
undergo a clear coalescence at 247 K corresponding to DG* of
11.7 kcal mol21. The mixing of 1a and 1b in 1+1 molar ratio
results in additional set of 1H NMR signals for both resorcar-
enes [Fig. 3(c)]. This can be explained only by the formation of
hetero-associate 1a · 1b which co-exists with 1a · 1a and 1b · 1b
in a statistical 2+1+1 ratio. This is in accordance with the
MALDI-TOF mass spectra of 1a and 1b which showed the
peaks of both the monomer and the dimer.

The 1H NMR spectrum of 1a measured at 223 K in a 1+1
mixture of 1a, b in CD3OD–CDCl3 (1+1) exhibits a sharp C2v-
symmetric pattern which presumably corresponds to the
monomer. Furthermore, in less competing mixtures of CDCl3
and acetonitrile-d3 both C2v- and C2-symmetrical pattern are
observed simultaneously, in a ratio proportional to the polarity
of the medium. Since no signals of the monomer were observed
at 223 K in CDCl3 the dimerization constant should be
> 105 M21.

The NOESY (tm = 300 ms) spectrum of 1a in CDCl3 at 223
K reveals close proximity of the protons in 5-positions of

diacylated resorcinol rings to the protons in 2-positions of
unsubstituted resorcinol rings as found in the solid state dimer
[Fig. 2(a)]. The singlet of hydroxy groups at d 7.5 shows intense
cross-peaks to the signal of the protons in 2-positions of
unsubstituted resorcinol rings and to the OH resonance at d 7.0.
This is in accordance with the geometry of intermolecular O–
H…O–H hydrogen bonding in the solid state dimer (Figs. 1 and
2). On the other hand, the correlation between one signal of the
methyne bridges (d 4.5) and the OH resonance at d 7.0 is in
keeping with the intramolecular SNO…H–O hydrogen bonds
(Fig. 1).

The above results strongly suggest the structural similarity of
1a2 in CDCl3 and in the solid state. The fact that only one C2-
symmetrical pattern is observed in the NMR spectra of 1a2, 1b2
and 1a·1b reflects, most probably, the regioselective formation
of one dimer—a feature predicted from the crystal structure of
1a2.

In conclusion, the dimerization described above provides a
novel structural motif for molecular self-assembly which is
based on the interplay of intra- and inter-molecular hydrogen
bonds. Obviously, the aggregation of resorcarene tetramesityl
sulfonates characterized by cation and anion binding sites,
hydrogen bonding, photochemically and/or electrochemically
active groups could give novel polyfunctional molecular
assemblies. Such systems are being investigated and will be
reported in due course.

Professor Kari Rissanen (University of Jyväskylä) and
Professor Dmitry Rudkevich (TSRI) are acknowledged for
helpful discussions and Mr R. Kauppinen (University of
Jyväskylä) for assistance with the NMR measurements. This
work was supported by the Finnish Academy.
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Mode; Methods Enzymol, 1997, 276, 307). The structures were solved by
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b1/b104076f/ for crystallographic data in CIF or other electronic format.

1 L. Stryer, Biochemistry, Freeman, New York, 4th edn., 1995, pp.
28–30.

2 P. Timmerman, W. Verboom and D. N. Reinhoudt, Tetrahedron, 1996,
52, 2663.

3 K. N. Rose, L. J. Barbour, G. W. Orr and J. L. Atwood, Chem. Commun.,
1998, 407; K. Murayama and K. Aoki, Chem. Commun., 1998, 607; L. R.
MacGillivray and J. L. Atwood, Nature, 1997, 389, 469; T. Gerken-
smeier, W. Iwanek, C. Agena, R. Frölich, S. Kotila, C. Näther and J.
Mattay, Eur. J. Org. Chem., 1999, 2257.

4 Y. L. Cho, D. M. Rudkevich, A. Shivanyuk, K. Rissanen and J. Rebek Jr.,
Chem. Eur. J., 2000, 6, 3788.

5 J. C. Nowick, J. H. Tsai, Q.-C. D. Bui and S. Maitra, J. Am. Chem. Soc.,
1999, 121, 8409.

6 O. Lukin, A. Shivanyuk, V. V. Pyrozhenko, I. F. Tsymbal and V. I.
Kalchenko, J. Org. Chem., 1998, 63, 9510.

7 A. Shivanyuk, E. F. Paulus, K. Rissanen, E. Kolehmainen and V.
Böhmer, Chem. Eur. J., 2001, 7, 1944.
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Platinum nanoparticles accomodating bifunctional thiolate
ligands self-assemble into regular superstructures or organ-
ize around a large gold particle; the shape of the super-
structures can be modulated by addition of water.

There is presently a substantial interest for the study and the use
of the novel properties of metal nanoparticles.1 Complexation
of ligands at the surface of the nanoparticles may allow a good
control of both their physical and chemical properties.2
Furthermore, the use of polyfunctional ligands may lead to
connection between particles, to their self-assembly and the
formation of monolayers on surfaces, as recently des-
cribed.1g,3,4 However, the coordination chemistry of the surface
of nanoparticles has been relatively little developed, probably
because of the lack of adequate methods for synthesizing
particles of controlled surface state. CO coordination at the
surface of metal particles has often been used as a probe of the
surface state5 whereas thiol or amine coordination has been used
to stabilize metal particles.

In our group, we have been interested for some time in the
synthesis of metal nanoparticles from organometallic pre-
cursors.6 Two main reasons for this interest were the possibil-
ities to access to monodisperse particles of very small size (1–2
nm) and to perform coordination chemistry at their surface. In
this respect, we have been able to prepare platinum particles of
small size (ca. 1.5 nm) protected by various ligands such as CO,
THF, PPh3, TOPO (trioctylphosphine oxide), thiols and amines.
In the presence of thiols, we have shown the absence of ligand
exchange at the NMR time scale between free and complexed
thiol.6c–f

Having demonstrated the possibility to control the growth
and the stability of nanoparticles with ligands, the next step is
the organization of the particles in two or three dimensions. This
can be achieved by self-organization (In/TOPO6e) or by
connection of the particles in a way similar to that used in
molecular techtonics.7 We report in this communication our
first attempts in this direction using both the coordination ability
of dithiols and the formation of hydrogen bonded networks.

The reaction of Pt2(dba)3 with CO (1 bar) in THF leads to the
formation of platinum nanoparticles of uniform size centered
near 1.2 nm (colloid 1). Addition of alkanedithiol ligands
proceeds similarly as previously described for octanethiol,6c

and leads to new platinum particles (alkane = propane, colloid
2a; octane, colloid 2b). The reaction can be followed by IR
spectroscopy in which a shift to lower frequency of surface CO
stretches is observed from 2050, 1808 cm21 to 2046, ca. 1800
cm21 upon addition of 0.1 eq./Pt dithiol. The particles have
been characterized by HREM and, for some samples, by WAXS
(wide angle X-ray scattering) which both demonstrate their fcc
structure. Their mean size is ca. 1.6 nm, similar to octanethiol
stabilized particles.6c However, in contrast to the results

observed with octanethiol, the particles agglomerate into large
superstructures which do not evidence any crystalline arrange-
ment but in which the inter-particle distances is regular (Scheme
1; experimental and characterization details are given as
ESI†).

In order to determine whether this aggregation was due to the
presence of coordination links between the particles, a solution
of colloid 2b was reacted with large gold particles prepared by
the Turkevich method.8 According to the density of platinum
particles, the organization observed around gold particles
[concentric circles, Fig. 1(b)] may lead to long range ordering.
In each case, a regular inter-particle distance of ca. 1 nm can be
measured. This result therefore demonstrates the possibility to
use a linker for connecting two particles, of different or of same
nature.

Another approach for connecting nanoparticles consists in
trying to organize them through hydrogen bonds.9 In our case,
we chose to organize platinum nanoparticles by employing
bifunctional thiophenol derivatives. As the thiolate groups
display high affinity for platinum, the anchoring of the ligands
at the surface of the particles occurs through the thiolate
functions leaving free the para substituents for hydrogen
bonding. This leads to a new series of platinum particles
accommodating respectively p-hydroxythiophenol (colloid 3a),
p-aminothiophenol (colloid 3b), and p-mercaptobenzoic acid
(colloid 3c). The addition of each ligand to compound 1 can be
followed as before by IR spectroscopy. The terminal CO stretch
shifts upon addition of 0.15 eq./Pt substituted thiophenol to a
value of ca. 2040 cm21. The compounds were characterized by
microanalysis, TEM and HREM. In all cases, the products were
found to consist of severely agglomerated nanoparticles, the

† Electronic supplementary information (ESI) available: experimental and
characterization details; Schemes 1 and 2; Figs. 1–4; Graphical Abstract.
See http://www.rsc.org/suppdata/cc/b1/b103781c/

Scheme 1 Synthesis of bifunctional ligand stabilized Pt nanoparticles (a)
and [Pt]0 self-assemblies (b).

Fig 1 HREM micrograph of Pt particles stabilized by propanedithiol (a) and
of [Pt]0(S–S)[Au]0 assemblies (b).
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distance between which appears regular (near 1.5 nm). In most
cases (Fig. 4, ESI†), the agglomerates adopt a compact shape,
spherical or distorted spherical as also observed by Boal et al.9
Since water may modify the hydrogen bonding network, the
reaction was also carried out in the presence of water. In this
case, disks composed of a monolayer of platinum particles were
observed [Fig. 2(a)]. HREM analysis of these agglomerates
[Fig. 2(b)] shows the presence of well-crystallized fcc platinum
particles of uniform size near 1.6 nm, indicating the absence of
modification of the particles upon complexation and reaction
with water. Similar results were found with compounds 3b and
3c. In the latter case, the distance between the particles seems to
be slightly shorter (1 nm) which may arise from strong
hydrogen bonds between carboxylic groups.

In order to favour the organization of the particles, we mixed
together fresh solutions of 3a and 3b containing hydroxy and
amino pendent groups, respectively. XRD analysis of the
samples is in accord with the presence of small fcc platinum
with additional peaks at small angles possibly resulting from
organization of the particles. TEM micrographs of 3a/3b
evidence the organization of the particles into systems showing
an unidirectional anisotropy and resembling nanocrystals (Fig.
3, graphical abstract). Moreover in several cases we observe the
formation of nanotubes which are hollow and may accom-
modate some ‘pseudocrystals’. However, HREM analysis
demonstrates that the ‘pseudocrystals’ or the walls of the tubes
consist of fcc Pt nanoparticles of intact mean size and structure.
As for the superstructures observed with 3a alone, the addition
of water to the system releases the hydrogen bonded network,
leading to a monolayer organization.

In conclusion, functionalised platinum nanoparticles may be
used as individual blocks for the growth of 2D or 3D
superstructures through coordination bonds or hydrogen bond-

ing networks. Although the chosen systems are very simple,
several points appear nevertheless of interest : (1) the fact that
water can control the shape of the hydrogen bonded agglomer-
ates and favours the formation of monolayers is promising as far
as the deposition of nanoparticles exhibiting controlled inter-
particle distance is concerned and may lead to selected
electronic measurements or applications; (2) the shape of the
obtained agglomerates are not yet predictable but some systems
reproducibly display a preferred axis of growth to form
‘pseudo-crystals’ or nanotubes leading to possible access of
nanowires comprised of nanoparticles; (3) connecting nano-
particles appears easy and may lead to interesting chemical and
physical properties which will be studied in the future.

We thank CNRS and EC (TMR network CLUPOS) for
support, and the TEMSCAN service of the ‘Université Paul
Sabatier’ for electron microscopy facilities.
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Fast, selective conversion of internal olefins to linear esters is
catalysed by Pd(II) complexes of chelating bis(phospha-
adamantyl)diphosphines and the catalysis is acutely sensi-
tive to the ligand backbone and even to the diastereomer
used; the results are compared with those for the PBut

2
analogue.

The palladium(II) catalysed methoxycarbonylation of olefins to
esters has attracted much attention.1 Recently, complexes of
bulky alkyl diphosphines such as dtbpp2 and dtbpx3 have been

reported to give excellent catalysts for the carbonylation of
ethene to methyl propanoate (MeP) [eqn. (1)].

(1)

We have previously shown that adamantyl cage diphosphines
meso/rac-1 and meso/rac-2 and their complexes are readily

prepared.4 We report here that in situ generated palladium(II)
complexes of meso/rac-1 and 2 catalyse the carbonylation of
ethene and terminal olefins with comparable activity and
selectivity to their PBut

2 substituted analogues; more im-
portantly internal alkenes are selectively converted to linear
esters, a discovery of potential application in the synthesis of
detergents and nylon intermediates.5

Diastereomerically enriched meso-1 (80%) and rac-1 (96%)
were separated by recrystallisation from MeOH of the ca. 1+1
diastereomeric mixture. Selected results from the carbonylation
catalysis [eqn. (2)] are shown in Table 1.

(2)

Entry 1 shows that the catalyst from meso/rac-1 and
Pd(OAc)2 quantitatively forms MEP at a slightly lower rate than
its dtbpp analogue.2,3,5 The effect of the diphosphine backbone
is beautifully illustrated by comparison of entries 1 and 2; the
C2-bridged meso/rac-2 affords a catalyst for alternating CO/
C2H4 polymerisation, yielding polyketone of a relatively low
molecular weight. Normally the most active catalysts for
polyketone formation are based on C3-diphosphines,7 but the
sterically demanding phosphaadamantyl moiety renders the C2-
diphosphine more capable of copolymerision of ethene and
CO.8

The most significant results were obtained with the carbony-
lation of 1-tetradecene (entry 3) and internal isomers of
tetradecene (entry 4). The catalyst derived from meso/rac-1
gave similar selectivities to linear esters for both substrates; the
activity for the isomerisation/carbonylation of the internal
olefins is ca. 0.4 that of the linear olefins, indicating that
isomerisation is rate limiting and the high product linearity is a
consequence of the increased rate of carbonylation at the
terminal olefinic position. The analogous catalyst with dtbpp
(entry 5) showed hardly any activity for this isomerisation/
carbonylation reaction. Our results on methoxycarbonylation of
internal olefins also compare favourably with traditional cobalt9
and more recent phosphorus(III)–rhodium systems for related
hydroformylation catalysis, which suffer from relatively poor
isomerisation activity10 or low product linearity.11

The most unexpected result was the factor of two difference
in activity between enriched catalysts from meso-1 and rac-1
for methoxycarbonylation of propene (entries 6 and 7). A
similar difference in activity is observed in the conversion of
internal C11/C12 olefins to linear C12/C13 esters (entries 8 and 9).
Our results demonstrate that very subtle changes in the structure
of the palladium catalyst can have a large influence on catalytic
activity. Activity differences between diastereomeric Pd cata-
lysts for CO/olefin copolymerisation have been reported
recently.12

The difference in performance between the catalysts derived
from the ostensibly similar bulky alkyl diphosphines meso/rac-
1 and dtbpp, may be associated with the unusual stereoelec-
tronic characteristics of the cage ligand. We have previously
shown that the Tolman cone angle13 for meso/rac-1 (q = 173°)
is even larger than that of dtbpp (q = 155°).14 The s/p-bonding
ability of meso/rac-1 can be assessed from the n(CO) of the
A1 band for the [Ni(CO)2(diphos)] chelates. When diphos =
meso/rac-1, n(CO) is 2002 cm21 which is much higher than its
PBut

2 analogue (1976 cm21) and even higher than its PPh2
analogue (1997 cm21). The inference from these IR data is that
the P-atom in the phosphatrioxaadamantane cage is electron-
ically more akin to that in a P(aryl)2 than a P(alkyl)2 moiety. The
low s-basicity/high p-acidity of ligands meso/rac-1 may be

This journal is © The Royal Society of Chemistry 2001
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traced to a combination of the effect of the electronegative
oxygen atoms a to phosphorus and, perhaps more importantly,
the effect of the acute (ca. 90°) C–P–C angle imposed by the
cage.15 Palladium–dppp isomerisation–carbonylation catalysts
are known,16 but the rate of hydroformylation of internal
octenes was shown to be a factor of eight lower than the initial
rate observed with 1-octene17 and thus we cannot rationalise the
observed catalysis on a purely electronic basis.

We thank Jan-Karel Buijink and Guido Batema for their
contributions and Shell for financial support.
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Table 1 Palladium catalysed methoxycarbonylation of olefins6

Entry Liganda Olefinb Pco/bar T/°C Ratec Product (yield (%))

1 meso/rac 1 Ethene 30 90 10000 MeP ( > 99)
2 meso/rac 2 Ethene 30 90 4000 Polyketone, Mn = 2000
3 meso/rac 1 a-C14 olefin 30 115 310

(95)
n-C15 ester (80)
br-C15 esterse (20)

4 meso/rac 1 Internald
C14 olefins

30 115 120
(93)

n-C15 ester (78)
br-C15 esterse (22)

5 dtbpp Internald
C14 olefins

30 115 5
(10)

n-C15 ester (75)
iso-C15 esters (25)

6 rac (96%) 1 Propene 20 60 1000 n-Butyrate (81)
Isobutyrate (19)

7 meso (80%) 1 Propene 20 60 2000 n-butyrate (77)
Isobutyrate (23)

8 rac (96%) 1 Internald
C11/C12 olefin

15 115 100
(93)

n-C12/C13 esters (82)
br-C12/C13 esterse (18)

9 meso (80%) 1 Internald
C11/C12 olefin

15 115 160
(97)

n-C12/C13 esters (80)
br-C12/C13 esterse (20)

a meso/rac-1 and 2 is ca. 1+1 mixture of diastereomeric diphosphines. b 20 Bar ethene, 20 ml liquid propene or 20 ml olefin feed. c mol(mol) Pd h21; average
activity over conversion (% in parentheses) after 5 h (entries 3 and 4), 10 h (entries 5, 8 and 9) or after complete consumption of olefin (ethylene and propylene
experiments). d Thermodynamically equilibrated internal olefin mixture ( < 0.2% a-olefins). e Of which typically ca. 65% a-methyl, 35% higher alkyl
branching.
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Direct functionalisation of s-aryl ligands: preparation of homoleptic
functionalised aryls of osmium(IV)†
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The osmium(IV) tetraaryl complex [Os(C8H9)4] (C8H9 =
2,5-dimethylphenyl) reacts with pyridinium tribromide in
the presence of Fe powder to give [Os(C8H8Br)4], which
undergoes Suzuki coupling with arylboronic acids to afford
a series of homoleptic functionalised aryls of osmium(IV).

Transition metal complexes of s-aryl ligands bearing reactive
functional groups are of interest because they may serve as
structure building units for organometallic polymers that exhibit
interesting electrical, magnetic or catalytic properties.1 There
are, however, relatively few reports on chemical functionalisa-
tion of s-aryl ligands. Functionalised arylmetal complexes have
been previously prepared by using mercury transmetallation
reagents2 or oxidative addition of aryl halides to low-valent
metal centres.3 Recently Roper and Wright and their coworkers
reported the direct functionalisation of aryl4 and 2-(2A-pyr-
idyl)phenyl5 groups s-bound to ruthenium and osmium,
demonstrating that these metal aryls are sufficiently inert to
undergo a wide range of transformations. This prompted us to
investigate the functionalisation of homoleptic aryls of os-
mium(IV), which are known to be remarkably stable.6 The use of
homoleptic functionalised aryls of osmium as metalloligands is
of interest because of their tetrahedrally directing property, and
the fact that they can be readily oxidised to paramagnetic OsV

species.7 We here report on the acylation and bromination of an
osmium tetraaryl, and the Suzuki cross-coupling reactions of
the resulting osmium bromoaryl complex.

The osmium tetraaryl complex [Os(C8H9)4] 1 (C8H9 =
2,5-dimethylphenyl) was synthesised by alkylation of [OsO4]
with C8H9MgBr in diethyl ether, as described elsewhere.6,8

Scheme 1 summarises the reactions that lead to functionalisa-
tion of the aryl groups in 1.

As reported previously, the electron-rich s-aryl groups in
osmium tetraaryls are prone to electrophilic attack, e.g. Friedel–
Crafts acylation.9 Thus, treatment of 1 with MeCOCl in the
presence of Al2Cl6 afforded a mixture of [Os(C8H8CO-
Me)3(C8H9)] 2 and [Os(C8H8COMe)(C8H9)3] 3 in 40 and 30%
yield, respectively. The solid-state structure of complex 2 is
shown in Fig. 1.‡ The geometry around Os in 2 is approximately
tetrahedral (average C–Os–CA angle of 109.5°) and the average
Os–C distance is 1.99(1) Å. The MeCO group in each aryl
ligand is situated at the para position relative to Os, indicative
of the para-directing property of the Os centre. Bromination of
1 by pyridinium tribromide in the presence of Fe powder
afforded the tetrabromide compound [Os(C8H8Br)4] 4 in 52%
yield. Fig. 2 shows the molecular structure of 4.‡ The geometry
around Os in 4 is approximately tetrahedral [average C–Os–CA
angle of 109.5°] and the average Os–C distance of 2.00(2) Å.
Complex 4 in CH2Cl2 exhibits a reversible OsV–OsIV couple at
0.45 V vs.. the ferrocenium–ferrocene couple, which is about
0.21 V more anodic than that for complex 17 due to the
inductive effect of the bromo substitutents.

The tetrabromide 4 has proved to be a good starting material
for metal-catalysed cross-coupling reactions. For example,
complex 4 underwent Suzuki coupling with 4-XC6H4B(OH)2 in

† Electronic supplementary information (ESI) available: preparations of
osmium tetraaryl complexes. See http://www.rsc.org/suppdata/cc/b1/
b104075h/

Scheme 1 Reagents and conditions: i, MeCOCl, Al2Cl6, CH2Cl2, 240 °C;
ii, pyridinium tribromide, Fe powder, CH2Cl2, room temp; iii, 6 equivalents
of arylboronic acids, [Pd(PPh3)4], K2CO3, dmf, 110 °C.

Fig. 1 Molecular structure of [Os(C8H8COMe)3(C8H9)] 2. Selected bond
lengths (Å) and angles (°): Os(1)–C(1) 2.011(9), Os–C(11) 1.975(9), Os(1)–
C(21) 1.991(8), Os(1)–C(31) 1.985(10); C(1)–Os(1)–C(11) 107.9(3), C(1)–
Os(1)–C(21) 111.7(3), C(1)–Os(1)–C(31) 110.7(4), C(11)–Os(1)–C(21)
108.0(4), C(11)–Os(1)–C(31) 110.0(4), C(21)–Os(1)–C(31) 108.5(4).

This journal is © The Royal Society of Chemistry 2001
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the presence of [Pd(PPh3)4] and K2CO3 to afford the respective
homoleptic osmium biaryl [Os(C8H8–C6H4X)4] (X = F 5, But

6).§ Complexes 5 and 6 are highly soluble, lipophilic materials,
which could be obtained as analytically pure dark solids after
chromatography and recrystallisation. Oxidation of 5 with
AgBF4 gave a blue species, presumably [Os(C8H8–C6H4F)4]+,
which exhibits an isotropic EPR signal at 77 K at g = 2.025
characteristic of OsV species.7 It appears that the Pd-catalysed
cross coupling reaction involved oxidative addition of the aryl
bromide ligand with Pd(0) followed by reductive elimination of
the biaryl. The stoichiometric reaction between 4 and
[Pd(PPh3)4] afforded a blue solid analysed as
[Os(C8H8Br)3{C8H8PdBr(PPh3)2}] 7. Similarly, Pd-catalysed
coupling of 4 with 3-H2NC6H4B(OH)2 and 4-HO2CC6H4-
B(OH)2 afforded the tetraamine [Os(C8H8–C6H4NH2)4] 8,
which seems to contain a very small amount of unknown
impurity since the N analysis is not satisfactory at the moment,
and the tetracarboxylic acid [Os(C8H8–C6H4CO2H)4] 9, re-
spectively. Complex 9 is soluble both in organic solvents and in
aqueous medium (pH ! 10), indicative of the inertness of the
Os–C s bonds. The homoleptic functionalised aryls of osmium
can be used as starting materials for preparations of organome-
tallic oligomers/polymers. For example, cyclic voltammetry
indicated that complex 8 could be polymerised on a graphite
electrode by anodic oxidation. A preliminary result showed that
homo-coupling of the tetrabromide 4 by [Ni(cod)2] (cod =
cycloocta-1,5-diene) yielded oligomers of 1.10

In summary, we have demonstrated that the aryl groups in
osmium tetraaryl complex 1 could be functionalised by

electrophilic attack, e.g. acylation and bromination, without
cleavage of the Os–C s bonds. Suzuki coupling of the osmium
bromoaryl complex with arylboronic acids provides convenient
access to a wide range of homoleptic functionalized aryls of
osmium, which can be used as starting materials for orga-
noosmium oligomers/polymers.

This work has been supported by The Research Grants
Council of Hong Kong, China (project no.: HKUST
6189/00P).

Notes and references
‡ Crystal data: for 2: C38H42O3Os·1⁄2C6H12, M = 779.03, triclinic, space
group P1̄ (no. 2), a = 12.424(2), b = 17.168(3), c = 9.184(2) Å, a =
91.71(2), b = 106.76(1), g = 95.82(2)°, U = 1862.3(6) Å3, T = 298 K, Z
= 2, Dc = 1.389 g cm23, m(Mo-Ka) = 3.456 mm21. 5289 reflections
measured, 5016 unique (Rint = 0.033). The final R and Rw(F) were 0.042
and 0.044, respectively, on 3843 reflections with I > 1.5s(I).

For 4: C32H32Br4Os, M = 926.42, monoclinic, space group C2/c (no. 15),
a = 37.556(8), b = 9.256(6), c = 18.856(7) Å, b = 97.13(3)°, U =
6503(4) Å3, T = 298 K, Z = 8, Dc = 1.892 g cm23, m(Mo-Ka) = 8.867
mm21. 6205 reflections measured, 6101 unique (Rint = 0.071). The final R
and Rw(F) were 0.067 and 0.051, respectively, on 3117 reflections with I >
1.5s(I). Empirical absorption corrections (on y-scans) were applied for 2
and 4.

CCDC reference numbers 164948 and 164949. See http://www.rsc.org/
suppdata/cc/b1/b104075h/ for crystallographic data in CIF or other
electronic format.
§ Typical procedure for Suzuki coupling of 4 with arylboronic acids: to a
solution of 4 (100 mg, 0.1 mmol) in N,N-dimethylformamide (20 cm3) were
added 6 equivalents of arylboronic acid, K2CO3 (83 mg, 0.6 mmol) and
[Pd(PPh3)4] (12 mg). The reaction mixture was heated at 110 °C for 2 h,
evaporated to dryness in vacuo, and extracted with CH2Cl2. The products
were purified by column chromatography [silica gel, eluent: CH2Cl2–
hexane (1+5)] and further recrystallised from hexane (yield: 40–60%).
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Rev., 1999, 99, 1515 and references therein.
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251, 74.

5 M. Clark, C. E. F. Rickard, W. R. Roper and L. J. Wright,
Organometallics, 1999, 18, 2813; A. M. Clark, C. E. F. Rickard, W. R.
Roper and L J. Wright, J. Organomet. Chem., 2000, 598, 262.
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Fig. 2 Molecular structure of [Os(C8H8Br)4] 4. Selected bond lengths (Å)
and angles (°): Os(1)–C(1) 1.98(2), Os(1)–C(9) 2.01(2), Os(1)–C(17)
2.03(2), Os(1)–C(25) 1.98(1); C(1)–Os(1)–C(9) 107.3(6), C(1)–Os(1)–
C(17) 111.6(6), C(1)–Os(1)–C(25) 109.5(6), C(9)–Os(1)–C(17) 110.8(6),
C(9)–Os–C(25) 110.3(6), C(17)–Os(1)–C(25) 107.4(6).
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Linear fluorescent oligonucleotide probes with an acridine quencher
generate a signal upon hybridisation
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Linear, single stranded probes incorporating a fluorophore
and an acridine moiety are weakly fluorescent until hybri-
dised to a complementary target nucleic acid whereupon
fluorescence increases due to reduced quenching.

In recent years interest in the detection of nucleic acid
sequences in homogeneous solution has soared due to major
developments in molecular genetics. Fluorescent moieties are
the reporter groups of choice in these applications. Typically, an
oligonucleotide probe is labelled with a fluorophore and a
quencher. A reduction in quenching is caused by hybridisation
of the probe to its target nucleic acid, leading to signal
generation. Examples of such methods are scorpion primers,1
TaqManTM probes2 and molecular beacons.3

These methods rely upon changes in secondary structure
upon hybridisation, or subsequent enzymatic degradation of the
probe for signal generation. Here, we describe a novel linear
dual-labelled fluorescent probe capable of detecting specific
nucleic acids in homogeneous solution that is not reliant on
either of these mechanisms. The unhybridised linear probe is
essentially non-fluorescent due to energy transfer between the
fluorophore and the acridine quencher. However, formation of
a probe–target duplex allows the acridine moiety to interact
with the double strand—it can no longer act as an efficient
quencher and a fluorescent signal is generated (Fig. 1). An
acridine derivative has been used previously in an oligonucleo-
tide probe as the donor in a fluorescence resonance energy
transfer (FRET) system.4 The mechanism of action leads to a
decrease in fluorescent signal upon hybridisation. In contrast,
the system we describe utilises the acridine moiety as a
quencher – leading to an increase in fluorescence.

The probe is synthesised with the fluorophore 6-carboxy
fluorescein (FAM), (Fig. 2i) at the 5A-end† linked to the
intercalator 9-amino-6-chloro-2-methoxyacridine5 (Fig. 2ii).

The advantages of the method lie in its simplicity: the probes
are free of secondary structure, relatively short and inexpensive
to synthesise (commercially available phosphoramidite mono-
mers are used, Fig. 2), and the acridine stabilises probe–target
hybrids.

The 14-mer probe (P1) used in this study was designed to
hybridise to the wild type N1303K locus6‡ of the ABCC7 gene
on chromosome 7 that produces the cystic fibrosis transmem-
brane conductance regulator (CFTR) protein. The probe
sequence is:

5A-FAM-acridine-AAAAACTTGGATCC-octanediol-3A (P1)

In the current studies we used a synthetic oligodeoxynucleo-
tide version of a 24-nucleotide section of the target locus:

5A- TAGGGATCCAAGTTTTTTCTAAAT-3A (T1)

The probe was synthesised as a 2A-O-methyl oligoribonucleo-
tide. 2A-O-Methyl oligoribonucleotides are not generally sub-
strates for hydrolysis by DNase enzymes, and the probes were
assembled from 2A-O-methyl RNA phosphoramidites (Glen
Research) to avoid a TaqMan-like cleavage2 in any subsequent
PCR assay. Octanediol (phosphoramidite was a gift from Oswel
Research Products Ltd.) was incorporated at the 3A end of the
probe to avoid extension of the probe by Taq polymerase during
PCR. In preliminary studies we have shown that the observed
effect (Fig. 1) also occurs with oligodeoxynucleotide probes
with unmodified sugars, and that the optimum position for
attachment of the acridine is directly adjacent to the fluor-
ophore.

The dual-labelled probe (210 nM) P1 was added to a suitable
hybridisation buffer (100 mM sodium phosphate, 1 mM EDTA,
100 mM NaCl, pH 7.0) at room temperature, and the emission
spectrum recorded on an LS 50B Luminescence SpectrometerFig. 1 Mechanism of action of the dual-labelled probe.

Fig. 2 Monomers used in probe synthesis (i) O-[(3A,6A-dipivaloyl-
fluorescein-6-ylcarboxamidohexyl] OA-(2-cyanoethyl) (N,N-diisopropyl)
phosphoramidite (PE Biosystems) (ii) O-[1-dimethoxytrityloxy-2-(N-acri-
din-1-yl-4-aminobutyl)propyl] OA-(2-cyanoethyl) (N,N,-diisopropyl)phos-
phoramidite (Glen Research).

This journal is © The Royal Society of Chemistry 2001
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(Perkin Elmer), from excitation at 495 nm. The synthetic target
(T1, 1050 nM) was then added and the emission spectrum re-
recorded with excitation at 495 nm.

On addition of T1 and excitation at 495 nm the fluorescence
intensity at 520 nm rose from 61.6 units to 250.3 units (a
4.5-fold increase).

In order to investigate the mechanism of fluorescence
enhancement we performed UV melting experiments to deter-
mine the Tm value of probe–target hybrids. Intercalators such as
acridine are known to stabilise duplexes by participating in p-
stacking and electrostatic interactions with the nucleobases.7 A
control unlabelled 2A-O-methyl oligoribonucleotide was syn-
thesised with a sequence analogous to the probe:

5A-AAAAACTTGGATCC-octanediol-3A (C1)
The probe P1 (963 nM) and the synthetic target (T1, 1260

nM) were added to the hybridisation buffer (100 mM sodium
phosphate, 1 mM EDTA, 100 mM NaCl, pH 7.0). The sample
was heated (75 °C, 1 min), cooled (15 °C, 1 min), then melted
by heating for 3880 s, at 1 °C min21. The ultraviolet absorbance
was continuously monitored at 260 nm on a Perkin Elmer
Lambda 15 UV/VIS Spectrophotometer. Tm values were calcu-
lated using the PECSS 2 software (Perkin Elmer). The
experiment was repeated, with unlabelled probe C1 (963 nM) in
place of P1. The results are shown in Table 1.

The labelled probe–target hybrid exhibited a higher Tm than
the analogous unlabelled probe–target hybrid suggesting that
the acridine moiety intercalates into, or stacks on the end of the
duplex upon hybridisation. Further experiments are necessary to
confirm the precise interaction.
The lack of any probe secondary structure simplifies design, and
enables the use of very short probes, since hybridisation to the
target does not have to compete with any intramolecular
structures. This can be a problem with molecular beacons.

To investigate the ability of the probes to discriminate
between fully matched targets and those containing a single
mismatch we prepared a further three oligodeoxynucleotides
designed to form duplexes with a single base pair mismatch in
the highlighted position:

5A-TAGGGATCCAACTTTTTTCTAAAT-3A (T2)

5A-TAGGGATCCAATTTTTTTCTAAAT-3A (T3)

5A-TAGGGATCCAAATTTTTTCTAAAT-3A (T4)
P1 (0.5 mM) and the complement (5 mM T1, T2, T3, T4 or

water) were added to a Roche LightCyclerTM capillary
containing a buffer (20 mM (NH4)2SO4, 75 mM tris–HCl,
0.01% Tween, 4 mM MgCl2, 250 ng mL21 bovine serum
albumin). Each tube was subjected to denaturation (95 °C, 30 s),
cooled (25 °C), and then immediately heated (95 °C, 0.2 °C
s21), whilst monitoring fluorescence in Channel 1 (lem ≈ 520
nm) of the LightCyclerTM (Roche). Tm values were calculated
using the LightCycler™ software (Roche). The results are
shown in Table 2.

In samples containing the synthetic targets (T1, T2, T3 or
T4), the fluorescence intensity decreased with melting of the
probe–target hybrid (Fig. 3). The first derivative of the melting
curves allowed calculation of the Tm of probe–target hybrids
(Table 2). Analysis of this data shows excellent discrimination
between matched and mismatched probe–target hybrids, with
the Tm values differing by up to 18.3 °C.

We attribute the small rise of fluorescence with increasing
temperature to thermal disruption of the fluorophore–quencher
pair; in particular by increased molecular motion of the
fluorescein moiety, although we have not investigated the
phenomenon further.

In summary, we have developed a novel technique for
detecting nucleic acid sequences that has advantages over
existing methods.8 The lack of probe secondary structure in this
system allows the use of shorter probes with enhanced
mismatch discrimination. At present, we are investigating the
use of probes of this type in real time PCR and have shown that
in this context P1 is capable of detecting a 103 base pair
amplicon of the N1303K locus. We also expect the low
activation barrier to probe hybridisation in this type of system to
be advantageous in microarray technology.

Notes and references
† All oligonucleotides were synthesised on an ABI 394 DNA synthesiser
using standard solid phase chemistry and commercially available phosphor-
amidites at Oswel Research Products Ltd. (Fig. 2).
‡ GenBank accession number M55128.
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Table 1 Tm results of UV melting experiments

Tm of P1 with T1/ °C Tm of C1 with T1/°C DTm °C

54.0a 52.3a +1.7
a All experiments were run in triplicate, and the average reading reported.

Table 2 Tm results of fluorescent melting experiments

Complement Description of complement Tm/°C DTm/°C

T1 Matched 56.8a —
T2 C+C mismatch 38.5a 218.3
T3 C+T mismatch 40.6a 216.2
T4 C+A mismatch 40.9a 214.9
a All experiments were run in triplicate, and the average reading reported.

Fig. 3 Melting curves obtained from melting P1 with T1–T4.
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Beyond Fe-only hydrogenases: N-functionalized 2-aza-1,3-dithiolates
Fe2[(SCH2)2NR](CO)x (x = 5, 6)
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Primary amines undergo chloromethylation with CH2O/
SOCl2 to give RN(CH2Cl)2, which in turn react with
Li2[Fe2S2(CO)6] to give Fe2[(SCH2)2NR](CO)6; in the case of
R = CH2CHNCH2 and CH2CH2SMe, Me3NO-induced
decarbonylation afforded pentacarbonyl derivatives wherein
the pendant functionality is coordinated to Fe.

The Fe-only hydrogenases are a topical class of proteins with
organometallic reaction centers of the formula [Fe2(S-
R)2(CN)2(CO)3{Fe4S4(m-SR)(SR)3}(X)] (X = H2O, CO, H2/
H2).1,2 Significant progress has been achieved in characterizing
the first coordination shell of the diiron core,3–5 including high
quality crystal structures of the dicyanides [Fe2(S-
R)2(CN)2(CO)4]22 1.3 It has recently been proposed that the
dithiolate ligand is an azadithiolate SCH2NHxCH2S,6 and we
have used (ClCH2)2NMe to introduce this novel functionality
(Scheme 1).7

Because the azadithiolate cofactor defines an unprecedented
coordination motif, we sought to explore its scope. The only
known bis(chloromethyl)amine, (ClCH2)2NMe, is however
prepared via an uninviting degradation of triazine [CH2NMe]3
using PCl5.8

We have found that many primary amines undergo efficient
chloromethylation upon treatment with a solution of para-
formaldehyde followed by 23 excess of SOCl2 (Scheme 2).
The reactions occur under mild conditions, and the chlor-
omethylated amines are isolated as the free bases. In some cases
the amines were further purified by vacuum distillation, but
usually evaporation of ether extracts provided the targeted
species. These compounds were identified by 1H NMR
spectroscopy (characteristic NCH2Cl singlet at d 5.5–5.2) as
well as elemental analysis or high resolution mass spectrometry.
The following derivatives were prepared: allyl (2a), tert-butyl
(2b), methylcarboxylethyl (2c), benzyl (2d), 4-nitroaniline (2e),
and 2-(methylthio)ethyl (2f).† Compounds 2a–f are stable
under anhydrous conditions at 0 °C.

Iron thiolate carbonyl dimers were prepared from bis(chloro-
methyl)amines 2a, 2b, 2c, 2f by treatment with Li2[Fe2-

(S)2(CO)6] (Scheme 2), as for the synthesis of 1.7 Recrystalliza-
tion from hexanes gave analytically pure samples with isolated
yields of ca. 50% for Fe2[(SCH2)2NR](CO)6, 3a, 3b, 3c, (3f was
generated in situ and used immediately, see below).‡ We found
that these alkylations proceeded more efficiently when the
crude product mixture is treated with Et3N at 278 °C to
complex the BEt3 coproduct.9

Suitable substituents on the amine nitrogen should be capable
of coordinating to one of the two Fe centers. Decarbonylation of
3a with Me3NO afforded a single new derivative. Recrystalliza-
tion afforded ca. 50% yield of the deep red pentacarbonyl
Fe2[(SCH2)2N-h2-CH2CHNCH2](CO)5 4a.§ 1H NMR measure-
ments indicate that the alkene is coordinated, e.g., the
CH2CHNCH2 signals show greatly increased coupling and
chemical shift range (2.5 ppm) relative to the hexacarbonyl 3a.
Furthermore the 2-D 1H NMR spectrum demonstrated that all
methylene hydrogen atoms are diastereotopic indicative of
lowered symmetry. The IR spectrum for 4a was characteristic of
a Fe2(SR)2(CO)5L species.10

Crystallographic characterization¶ shows that 4a adopts a
cage-like structure with one Fe center bound to a pair of S atoms
and the alkene (Fig. 1). The alkene is approximately trans to the
Fe–Fe bond. The remaining Fe–Fe and Fe–C and Fe–S
distances are normal, indicating that the chelation does not
impose strain on the Fe2S2 core. Alkene adducts of iron thiolates
are not widely known, the closest examples being (1) Fe2(S-
Me)2(CO)6C2F4, which results from the oxidative addition of
tetrafluoroethene across the Fe–Fe bond,11 and (2) Fe2(S-
Ph)(CH2NCHCHCHCH2)(CO)5, which contains both alkene
and allyl ligands.12

Analogously to the preparation of 4a, MeCN solutions of 3c
and 3f were subjected to Me3NO-induced decarbonylation. We
were unable to effect coordination of the ester group in 3c, but
the thioether did cyclise to give Fe2[(S-
CH2)2NCH2CH2SMe](CO)5 4f (Scheme 3). Crystallographic

Scheme 1

Scheme 2

Fig. 1 Structure of Fe2[(SCH2)2NCH2CHNCH2](CO)5 4a with thermal
ellipsoids set at the 50% probability level. Selected distances (Å) and angles
(°): Fe(1)–Fe(2), 2.5132(6); Fe(2)–C(9), 2.185(10); Fe(2)–C(10), 2.149(8);
C(9)–C(10), 1.401(11); S(1)–C(6), 1.851(3); S(2)–C(7), 1.858(3); C(6)–
N1–C(7), 113.6(3); C(7)–N(1)–C(8), 123.1(7); C(6)–N(1)–C(8), 107.0(7).
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characterization showed that the thioether is coordinated in 4f
(Fig. 2). Pickett and coworkers have recently reported a similar
complex Fe2[(SCH2)2CHCH2SMe](CO)5.13 For 4a, and to an
even greater extent, 4f, C–S distances are lengthened and C–N–
C angles are increased due to the anomeric effect.7

In summary, a new route to bis(chloromethyl)amines allows
general access to a broad class of N-functionalized azadithiolato
complexes. Independent of any biological relevance, azadithio-
lates could be applied more generally, especially as bridging
ligands with functionality.14

This research was supported by the U.S. National Institute of
Health.

Notes and references
† Representative procedure: a mixture of 1.8 g (0.025 mol) ButNH2, 1.95 g
(0.065 mol) paraformaldehyde, and 30 mL CH2Cl2 was stirred for ca. 3 h;
the resulting suspension was treated dropwise with 11.9 g (0.1 mol) of
SOCl2. After gas evolution had ceased, solvent and unreacted SOCl2 were
removed under vacuum and the products were purified by extraction into
Et2O. CAUTION: chloromethylamines resemble mustards and should be
handled cautiously. 2a: Colorless oil; bp 40 °C (0.6 mm Hg); yield: 70%.
Anal. Calc. for C5H9Cl2N: C, 38.99; H, 5.89; N, 9.09. Found: C, 38.98; H,
6.27; N, 9.16%. 1H NMR (CDCl3): d 5.75 (1H, m, CH2NCH), 5.30–5.32
(2H, m, CH2NCH), 5.18 (4H, s, NCH2Cl), 3.48 (2H, m, CHCH2N). MS (EI):
153 (M). 2b: Colorless oil; bp 50 °C (0.8 mm Hg); yield: 60%. Anal. Calc.
for C6H13Cl2N: C, 42.37; H, 7.70; N, 8.24; Cl, 41.69. Found: C, 42.22; H,
7.85; N, 8.01; Cl, 41.62%. 1H NMR (CDCl3): d 5.42 (4H, s, NCH2Cl), 1.34
(9H, s, (CH3)3C). MS (EI): 169 (M+). 2c: Colorless solid; mp 51 °C; yield:
33%. Anal. Calc. for C5H9Cl2NO2: C, 32.28; H, 4.88; N, 7.53. Found: C,
32.62; H, 5.36; N, 7.67%. 1H NMR (CDCl3): d 5.20 (4H, s, NCH2Cl), 3.76
(2H, s, NCH2CO2), 3.75 (3H, s, CO2CH3). 2d: Colorless oil; bp 80 °C (0.05
mm Hg); yield: 50%. 1H NMR (CDCl3): d 7.40 (5H, m, C6H5), 5.22 (4H, s,

NCH2Cl), 4.15 (2H, s, C6H5CH2N). HR-EIMS: Calc. for C9H11Cl2N, m/z
202.018731 (M 2 1). Found: 202.019030 (M 2 1). 2e: pale yellow solid;
mp 99 °C; yield: 85%. 1H NMR (CDCl3): d 7.28–8.29 (4H, dd, C6H4), 5.54
(4H, s, NCH2Cl). HR-EIMS: Calc. for C8H8Cl2N2O2, m/z 233.995973.
Found: 233.996283. 2f: Colorless oil; yield: 70%. 1H NMR (CDCl3): d 5.24
[s, 4H, N(CH2Cl)2], 3.24 (t, 2H, CH2CH2N), 2.76 (t, 2H, CH3SCH2), 2.18
(s, 3H, CH3SCH2).
‡ 3a: Red crystals after chromatography on silica gel and recrystallization
from hexanes; yield: 58%. Anal. Calc. for C11H9Fe2NO6S2: C, 30.94; H,
2.12; N, 3.28. Found: C, 30.84; H, 1.97; N, 3.43%. 1H NMR (C6D6): d 5.22
(m, 1H, CH2NCH), 4.77 and 4.66 (ddq, 2H, NCH2CHNCH2), 2.55 (s, 4H,
NCH2S), 2.38 (d, 2H, NCH2CHNCH2). IR (hexanes): nco 2076, 2038, 2003,
1999 cm21. 3b: Red crystals from hexanes; yield: 58%. Anal. Calc. for
C12H13Fe2NO6S2: C, 32.53; H, 2.96; N, 3.16. Found: C, 32.42; H, 3.10; N,
3.20%. 1H NMR (CD3CN): d 3.29 (br, 4H, NCH2S), 0.97 (s, 9H, CH3). IR
(hexane): nco 2074, 2036, 2003, 1995 cm21. 3c: Red crystals from hexanes;
yield: 31%. 1H NMR (CD3CN): d 3.12 (s, 3H, CO2CH3), 2.85 (s, 4H,
NCH2S), 2.68 (s, 2H, NCH2CO2CH3). IR (hexane): nco 2076, 2044, 2037,
2004, 1996 cm21, nester 1752 cm21.
§ 4a: An orange solution of 0.150 g (0.35 mmol) 3a in 10 mL of MeCN was
treated with 0.026 g (0.35 mmol) ONMe3 in MeCN. The resulting red–
purple solution was evaporated and the product crystallized from cold
hexane. Yield: 45%. Anal. Calc. for C10H9Fe2NO5S2: C, 30.10; H, 2.27; N,
3.51. Found: C, 29.94; H, 2.10; N, 3.41%. 1H NMR (C6D6): d 4.17 (m, 1H,
NCH2CHNCH2), 3.69 and 3.06 (dd, 2H, NCH2CHNCH2), 3.07 and 2.40 (s
and AAABBA, 4H, NCH2S), 2.77 and 1.48 (dd and dd, 2H, NCH2CHNCH2).
IR (hexanes): nCO 2062, 2009, 1998, 1982, 1967 cm21. 4f: Dark red crystals
from hexanes; yield: 32%. Anal. Calc. for C10H11Fe2NO5S3: C, 27.71; H,
2.54; N, 3.23. Found: C, 27.78; H, 2.55; N, 3.23%. 1H NMR (CD3CN): d
4.10 and 4.01 (dd, 4H, SH2CNCH2S), 3.12 (b, 4H, NCH2CH2SMe), 2.66 (s,
3H, SCH3). IR (hexane): nCO 2053, 1990, 1970, 1943 cm21.
¶ Crystal data: for 4a C10H9Fe2NO5S2, M = 399.0, monoclinic, P21/n, a =
10.7450(13), b = 9.4727(11), c = 14.1176(16) Å, b = 91.324(2)°, V =
1436.6(3) Å3, T = 193 K, Z = 4, max. min. transmission: 0.9990, 0.7248,
Dc = 1.845 g cm23, 11960 reflections collected, 3222 unique, Rint =
0.0763, R1 = 0.0384, wR2 = 0.0548 [I > 2s(I)]. For 4f C20H22Fe4-
N2O10S6, M = 866.16, monoclinic, P21/n, a = 17.341(11), b = 10.489(7),
c = 18.338(12) Å, b = 110.020(12)°, V = 3134(3) Å3, T = 193 K, Z = 4,
max. min. transmission: 0.9918, 0.7477, Dc = 1.863 g cm23, 28546
reflections collected, 7566 unique, Rint = 0.0489, R1 = 0.322, wR2 =
0.0709 [I > 2s(I)].

CCDC reference numbers 163360 and 163361. See http://www.rsc.org/
suppdata/cc/b1/b104195a/ for crystallographic data in CIF or other
electronic format.
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Scheme 3

Fig. 2 Structure of Fe2[(SCH2)2NCH2CH2SMe](CO)5 4f with thermal
ellipsoids set at the 50% probability level. Selected distances (Å) and angles
(°): Fe(1)–Fe(2), 2.5144(14); Fe(2)–S(3), 2.2703(15); S(1)–C(6), 1.870(3);
S(2)–C(7), 1.865(3); C(6)–N1–C(7), 115.4(3); C(7)–N(1)–C(8), 121.3(3);
C(6)–N(1)–C(8), 118.3(3).
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Highly efficient copper-catalysed oxidation of ascorbic acid by
peroxynitrite
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The simple salt CuCl2·2H2O, and the new Cu-substituted
polyoxometalate (POM), Na7[CuCoW11O39]·5H2O 1 are
highly efficient catalysts for the oxidation of ascorbic acid by
peroxynitrite.

The chemistry and reactivity of the biologically important
inorganic toxin peroxynitrite† is not yet fully understood.1,2

Antioxidants are believed to reduce the toxic effects of
peroxynitrite3 and ascorbic acid is the most common anti-
oxidant in vivo. The reaction between ascorbic acid and
peroxynitrite is relatively slow (k = 42–47 M21 s21 at 25 °C,
pH 7.4).4,5 Transition metals are known to catalyse the
decomposition of peroxynitrite and other peroxo species.1,2,6

There are a number of reports in the literature of copper
complexes that catalyse the oxidation of ascorbic acid using
dioxygen7 and peroxo species.8 We report here the highly
efficient catalytic oxidation of ascorbic acid by peroxynitrite in
the presence of the simple aqueous cupric ion (henceforth
Cu2+), formed by dissolution of CuCl2·2H2O, and the new Cu-
substituted Co-centred polyoxometalate (POM), Na7[CuCo-
W11O39]·5H2O 1.

Peroxynitrite was prepared by the reaction of nitrite and
acidified hydrogen peroxide solution followed by quenching
with NaOH in a simple flow reactor.9 The concentrations of
these solutions were determined by UV–VIS spectroscopy [e302
= 1.7 3 103 M21 cm21].10 The new POM, 1, was prepared by
the slow addition of K9[CoW11O39]·14H2O11 to a solution
containing an excess of CuCl2.‡

Phosphate buffer solutions (pH 7.4) of Cu2+ show highly
efficient catalysis of ascorbic acid oxidation by peroxynitrite.
We also prepared and characterised 1, a new type of mixed-
metal POM, and compared its catalytic properties to those of
Cu2+. The kinetics of peroxynitrite decay are exponential§ and
follow the rate law in eqn. (1) where kobs increases linearly with
[Cu2+] (Fig. 1).

–d[ONOO2]/dt = kobs[ONOO2] (1)
The addition of EDTA completely inhibits the catalytic

activity of Cu2+ and even results in a decrease of the reaction

rate in the blank reaction (due to chelation of residual Cu2+).
The rate remains constant until [Cu2+] ≈ 1.5 mM (in the presence
of EDTA, Fig. 1) and then increases linearly with [Cu2+]. The
slope of kobs vs. [Cu2+] is the same in the presence and absence
of EDTA (Fig. 1). The amount of residual Cu2+ in the solutions
can be estimated from the interception of the straight lines
(shown by the arrow in Fig. 1) at negative [Cu2+]. The intercept
of the plot with EDTA and the y-axis is linearly proportional to
[ascorbic acid]. From this value the reaction rate constant for the
bimolecular reaction of peroxynitrite and ascorbic acid is (51 ±
5) M21 s21 and is in good agreement with the literature value of
42–47 M21 s21.4,5 Thus, the reaction rate law can be written
[eqn. (2)]:

–d[ONOO2]/dt = (ko + ka[ascorbic acid]
+ kcat[Cu2+])[ONOO2] (2)

where ko = the rate constant of unimolecular peroxynitrite self-
decay (ko = 0.4 s21 1,2), ka = the rate constant for the
bimolecular reaction of ascorbic acid with peroxynitrite (ka =
51 M21 s21), and kcat = the rate constant for the catalytic
pathway. kcat values for both Cu2+ and 1 depend on [ascorbic
acid] (Fig. 2). This dependence is complex, and the activities of
the two Cu species are very similar.¶

Similar reactions using other transition metal-containing
species (CoCl2·6H2O, K7[CoAlW11O39]·13H2O,12 Fe-
(NO3)2·6H2O, MnCl2·4H2O and NiNO3·6H2O) in aqueous
solution at pH 7.4 (25 °C, 75 mM phosphate buffer, 12 mM
ascorbic acid and 0.1 mM initial peroxynitrite) were investi-
gated, and the reaction rates (kcat) compared to those catalysed
by Cu2+ and 1. While Fe2+ and Ni2+ are inactive, Mn2+ exhibits
slight activity (kcat @ 0.05 3 106 M21 s21). Both Co2+ and
K7[CoAlW11O39] showed significant catalytic activity12 (kcat =
0.13 ± 0.03 3 106 and 0.15 ± 0.03 M21 s21, respectively) but
were still over 30 times slower than either Cu2+ or 1 (kcat = 3.65
± 0.2 3 106 and 3.15 ± 0.2 3 106 M21 s21, respectively). This
catalytic system is one of the most efficient reported thus far. At
physiological concentrations of ascorbic acid (1 mM), Cu2+

catalysis of peroxynitrite-based oxidation proceeds with kcat

Fig. 1 Dependence of kobs [eqn. (1)] vs. [Cu2+]. Reagents and conditions:
25 °C, pH 7.4, 75 mM phosphate buffer, 12 mM ascorbic acid and 0.1 mM
initial [peroxynitrite]. (2) No EDTA added. (.) 2.5 mM EDTA added.

Fig 2 Dependence of kcat [eqn. (2)] vs. [ascorbic acid]. Reagents and
conditions: 25 °C, pH 7.4, 75 mM phosphate buffer and 0.1 mM initial
[peroxynitrite]. (2): kcat data for Cu2+. (5): kcat data for 1.
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values of 0.8 3 106 or 1.6 3 106 M21 s21 (at 25 and 37 °C,
respectively), which is slightly slower than for Mn porphyrins
(1.6 3 106 M21 s21 for MnTMPyP at 23 °C).13

In order to assess the possible relevance of Cu-catalysed
ascorbic acid oxidation by peroxynitrite in vivo, the activity of
Cu2+ was evaluated in the presence of biologically important
Cu-binding chelates, Gly-Gly-His (GGH), bovine serum albu-
min (BSA), cysteine and ceruloplasmin. The effect of the
abiological chelates o-phenanthroline and nitrilotriacetic acid
was also evaluated. At a 2+1 GGH+Cu ratio ([ascorbic acid] =
12 mM), kcat = 3.0 ± 0.23 106 M21 s21, which is slightly lower
than that for the reaction catalysed by Cu2+ and similar to that
exhibited by 1. Further increases in the GGH+Cu ratio
decreased the rate until rate was that of the background reaction
at a ratio higher than 6+1. BSA also decreased the rate. At a
BSA+Cu ratio = 0.5 (the molecular weight of BSA was taken
as 66429),14 the reaction rate dropped to 60% of that in the
absence of the chelate. However, at a BSA+Cu ratio > 10 the
activity decreased to 10% that of Cu2+. Pure Cu-loaded
ceruloplasmin purified from non-specifically bound Cu2+ was
catalytically inactive. However, addition of up to 8 mM Cu2+ to
this ceruloplasmin is a catalytic system with 50% of the activity
of free Cu2+. Cysteine strongly inhibits the catalytic activity of
Cu2+ at a cysteine+Cu ratio > 1.0, but the kinetics are more
complex than eqn. (1). The non-biological chelates o-phenan-
throline and nitrilotriacetic acid substantially inhibit the reac-
tion (to approximately the background level) when they are
added in a chelate+Cu ratio of 2 and 3, respectively. Most of the
biologically important Cu-chelates do not greatly affect the
catalytic activity. It is evident that at least one coordination site
of the Cu2+ is required for catalytic activity. Significantly, the
data suggest that Cu-catalysed peroxynitrite oxidation of
ascorbic acid may constitute a minor but probable pathway for
ascorbic acid depletion in vivo.

Detailed kinetic studies showed the oxidation of CuI(GGH)n
to CuII(GGH)n (soluble models of Cu+/Cu2+ suitable for kinetic
studies) and subsequent reduction by ascorbic acid are both too
slow under our experimental conditions to account for the
observed overall reaction rate. The mechanism therefore may
involve the formation of copper-peroxynitrito intermediate
complex [eqn. (3)] which is subsequently trapped by ascorbic
acid [eqn. (4)]:

CuII(H2O) + ONOO2 " CuII(OONO2) + H2O (3)

CuII(OONO2) + H+ + HA2 ? CuII(H2O) + NO2
2 + A (4)

where HA2 is the ascorbate anion and A is dehydroascorbic
acid (the product of ascorbic acid oxidation). An alternative
mechanism [eqns. (5) and (6)] may involve the formation of a
complex between ascorbate and Cu(II) which is then oxidised by
peroxynitrite:

CuII(H2O) + HA2 " CuII(HA2) + H2O (5)

CuII(HA2) + H+ + ONOO2 ? CuII(H2O) + NO2
2 + A (6)

Either of these mechanisms results in the rectangular hyperbolic
rate law (7):

2d[ONOO2]/dt = a[Cu(II)][ONOO2][HA2]/
(b + c[HA2]) (7)

where a = k3k4, b = k23, c = k4 for eqns. (3) and (4), or a =
k6K5, b = 1, c = K5 for eqns. (5) and (6). Eqns. (3) and (4) are
likely to operate at low [ascorbic acid], while eqns. (5) and (6)
are likely to operate at high [ascorbic acid] which is consistent
with the data in Fig. 2.

We gratefully acknowledge funding by the NSF (C. L. H.)
and INTAS (grant 99-209, to Y. V. G.).

Notes and references
† The term peroxynitrite is used to refer to the peroxynitrite anion
ONNOO2, and peroxynitrous acid, ONOOH, unless otherwise indicated.
The IUPAC recommended names are oxoperoxonitrate(21) and hydrogen
oxoperoxonitrate, respectively.
‡ Synthesis of Na7[CuCoW11O39]·5H2O 1: CuCl2·2H2O (0.12 g, 0.7 mmol)
was dissolved in H2O (20 mL) and K9[CoW11O39]·14H2O11 (2.0 g, 0.6
mmol) was added over 30 min in small aliquots with each being allowed to
dissolve before further POM was added. The resulting brown solution was
stirred for a further 20 min, and KCl (10 g, 0.13 mol) was added. The
solution was cooled at 5 °C overnight and the resulting brown precipitate
filtered off, washed with cold H2O (3 3 25 mL) and purified by dissolving
in warm H2O and passing a 0.1 M solution 3 times through an Amberlite®
resin ion-exchange column charged with 1 M NaCl. The solution was
concentrated and cooled overnight at 5 °C and the resulting solid was
filtered and dried in vacuo. Analytical data: Calc. (found) for Na7CuCo-
W11O44H10: Na, 5.3 (5.2); Cu, 2.1 (2.1); Co 2.0 (2.0); W 67.0 (66.8%); IR
data (cm21): 942m, 878s, 773vs, 750s, 697m, 530w, 450m.
§ Kinetics were monitored at 302 nm using a SF-61 stop flow instrument
(Hi-Tech Scientific, UK). A deviation from exponential decay for the first
5–10% conversion of peroxynitrite was observed. The reaction proceeded
more slowly than expected. In consequence, the first 10–15% of the kinetic
curve was omitted for fitting the data. There are three possible explanations
for this rate retardation. First, Cu2+ could be reduced by ascorbic acid to Cu+

(in the stock solution), and subsequent reoxidation to the catalytically active
Cu2+ is slow. Second, at high [peroxynitrite] the equilibrium in eqn. (3) can
be shifted to the right and thus all the Cu2+ is in the form of the peroxynitrite
complex. In this case, the reaction rate is zero-order with respect to
peroxynitrite and proceeds slower than the projected first-order reaction.
Third, at high [peroxynitrite], eqn. (5) can be rate-limiting again resulting in
zero-order with respect to peroxynitrite.
¶ In aqueous solution 1 may dissociate to Cu2+ and lacunary POM (POMlac).
However, the observed activity of 1 is not due to this dissociation. The
catalytic activities of mixtures of Cu2+ and POMlac were investigated. The
addition of POMlac to Cu2+ slightly decreased the reaction rate. However, at
a [POMlac] : [Cu2+] > 1 the catalytic activity was the same as for solutions
of 1. Moreover, the addition of POMlac to 1 did not inhibit its activity.
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Pure polymorph C (denoted ITQ-17) resulting from the
intergrowth of zeolite Beta has been synthesized in the
presence of Ge from a fluoride-free synthesis mixture; this
shows that fluoride is not necessary to obtain structures
containing D4MR units that were believed to be stabilised by
fluoride; on the other hand, the presence of Ge directs the
synthesis towards the formation of pure polymorph C.

Zeolites are porous crystalline aluminosilicates that have found
important applications in catalysis, adsorption and as ion
exchangers. For many of these applications, it would be
interesting to carry out an a priori design of zeolites.
Unfortunately, despite the efforts made by several groups,1,2 the
existing knowledge on nucleation and crystallization mecha-
nisms at the molecular level is limited, and the synthesis of new
structures has advanced mainly by accumulated experience
using different structure directing agents (SDAs) and synthesis
conditions. More specifically, in the case of high silica/alumina
large pore three-dimensional zeolites, the number of existing
structures is quite limited3 and up to now only Beta zeolite has
found commercial applications.4 Zeolite Beta is a highly faulted
intergrowth of two polymorphs A and B. Newsam et al.5
described a hypothetical framework, denoted as polymorph C,
which is related to polymorphs A and B of zeolite Beta, and
could be generated from polymorph A simply by the recurrent
application to the building layers of a shear operation along both
a and b axes. The structure of polymorph C has a three-
dimensional system of 12MR channels that intersect perpendic-
ularly, and in contrast with polymorphs A and B, all the
channels in the structure C are linear.5 Furthermore, polymorph
C contains double four-membered ring (D4MR) cages as
secondary building units [two D4MR cages per unit cell (u.c.)],
while polymorphs A and B do not contain such secondary
building units.

It has been reported6 that, among a large number of pure
silica structures, those that contain mainly triple 4-MRs are the
least stable frameworks with enthalpies of transition for
quartz? molecular sieve (DH298

trans) 4 10.8 kJ mol21, in-
dicating that the presence of large fractions of multiple 4-MRs
seems to lead to a destabilization of the framework, at least for
less dense structures such as CHA, ISV, FAU and AST. It is
apparent from this point of view that structure C which presents
D4MRs should be less stable than zeolite Beta formed by
polymorphs A and B. Then, while it is true that purely
thermodynamic data cannot answer questions about the kinetics
of zeolite synthesis, they can nevertheless help to rationalize
driving forces for synthesis.6 On this basis it is not surprising
that the polymorph C has been elusive, whereas zeolite Beta has
been synthesized with several SDAs.7–9 However, it has been
shown10 that fluoride ions can stabilize D4MR small cages and,
consequently, a synthesis procedure in fluoride media, in
principle, could favour the synthesis of polymorph C. Very
recently, Liu et al.11 have found polymorph C as an impurity of
the pure silica Beta zeolite, when this was synthesized in
fluoride media using tetramethylenebisquinuclidinium diqua-
ternary cation (M4BQ2+) as structure directing agent. It was
suggested that the presence of fluoride ions was required for the
formation of the observed impurity. However, pure polymorph

C (ITQ-17) was not obtained until Corma et al.12 showed that in
the presence of fluoride ions this structure is formed when Ge is
also introduced in the synthesis media. Then, it appears that
both F2 and Ge stabilise the presence of double four-membered
rings in the structure and then it is possible to prepare the pure
polymorph C of Beta with a large number of organic structure
directing agents.

Unfortunately, the presence of F2 in the synthesis media is
not desirable from an industrial point of view and, therefore, it
is of interest to find a fluoride-free synthesis of the pure
polymorph C, not only for practical reasons but also from a
conceptual point of view in order to establish whether the
presence of F2 anions is mandatory for the stabilization of
D4MR units, which are present in that structure.

Here, we will show that the synthesis of pure polymorph C
(ITQ-17) of the intergrowth of Beta zeolite has now been
achieved in the absence of fluoride ions.

The synthesis was carried out in OH2media, using 1-methyl-
4-aza-1-azoniabicyclo[2,2,2]octane hydroxide (DABMe(OH))
as the structure directing agent. The 1-methyl-4-aza-1-azoniabi-
cyclo[2,2,2]octane cation (DABMe+) was synthesised in its
iodide form in the following way: a solution of iodomethane
(Aldrich) (3.7 g) in tetrahydrofuran (THF, 15 ml) was added
dropwise to a solution of 1,4-diazabicyclo[2,2,2]octane
(DABCO) (Aldrich) (5.6 g) in THF (200 ml) at room
temperature, and the mixture was stirred for 20 h. The resulting
solid was filtered off and washed with diethyl ether. Finally the
salt, DABMeI, was exchanged into its hydroxide form using an
anion-exchange resin (Amberlite IRN-78, Supelco). More
specifically, a synthesis gel with the following composition was
prepared:

0.666 SiO2+0.333 GeO2+0.5 DABMe(OH)+3.5 H2O.
This was obtained by adding GeO2 (powder) and TEOS
(tetraethylorthosilicate) to an aqueous solution of DAB-
Me(OH). The homogenized mixture was stirred vigorously at
room temperature in order to eliminate the ethanol produced
during the hydrolysis of TEOS and to adjust the water content
to that of the gel composition. The resulting gel was introduced

Fig. 1 X-Ray diffraction patterns of as-synthesized ITQ-17 zeolites
prepared in fluoride-free media (top) and in the presence of fluoride12

(bottom).
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into new, Teflon-lined autoclaves that had never been in contact
with a solution containing F2, and were heated at 150 °C under
static conditions. The fluoride-free gel after 12 days gives a
sample, the X-ray diffractogram of which is given in Fig. 1. This
is compared with a sample of ITQ-17 obtained in a fluoride
system and whose structure was found to correspond to that of
the pure polymorph C of zeolite Beta.12 From the comparison,
it becomes evident that well crystallized pure polymorph C has
been obtained in OH2 media and in the absence of F2.
Elemental analysis of this sample gives a C/N atomic ratio of
3.5, as would be expected, which indicates that the SDA must be
intact inside of the pores of the zeolite. A Si/Ge ratio of 2.5 was
found for this sample when analysed whereas F2 anions were
not detected by chemical analysis or by 19F MAS NMR
spectroscopy. Pure ITQ-17 samples with higher Si/Ge ratios
have been obtained by this procedure. It should be remarked that
even if pure polymorph C can be synthesized in the absence of
F2 when Ge is introduced, the combination of both F2 and Ge
accelerates the synthesis of this zeolite (Fig. 2).

The results presented here clearly prove that pure polymorph
C of Beta intergrowth can be obtained in the absence of F2
anions. Ge seems to direct the synthesis towards the formation
of this structure due to the stabilization effect of D4MR units
present in ITQ-17 materials. These results are in line with the
fact that the presence of Ge in the synthesis media strongly
accelerates the nucleation of Ti-ITQ-713 and Al-ITQ-714

zeolites that also contain D4MRs in the structure.
We thank the Spanish CICYT for financial support (Project

MAT2000-1392). M. T. N. thanks the Fundación José y Ana
Royo for a postdoctoral fellowship.
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The synthesis of chiral diamine based dendritic ligands and
their ruthenium complex catalysed asymmetric transfer
hydrogenation is described.

Since the pioneer works reported in 1994,1 dendritic catalysts
with well-defined nanostructures have triggered increasing
attention because in principle they have the potential to combine
the advantages of homogeneous and heterogeneous catalysts in
one system.2 Although a number of dendritic catalysts have
been described,3 so far, relatively few reports on catalytic
asymmetric synthesis are available.4 Also, chiral ligands and
metal catalysts are very expensive and the finding of the
recyclable catalysts becomes increasingly important.

Noyori et al. discovered an excellent ligand, (S,S)-N-(p-
tolylsulfonyl)-1,2-diphenylethylenediamine [(S,S)-TsDPEN],
for the ruthenium catalysed transfer hydrogenation reactions.5
The chiral DPEN is available in our laboratory on the kilogram
scale. Moreover, the polymeric catalysts, in which the chiral
TsDPEN was incorporated in a polymeric matrix or bound to
the insoluble polymers, were reported to be detrimental to the
catalytic activity and selectivity in varying degrees.6 Herein we
report the first use of soluble and recyclable dendritic catalysts
for the enantioselective transfer hydrogenation of prochiral
ketones. The amino-functionalised chiral ligand (S,S)-1 was
synthesized in three steps from (S,S)-DPEN, and subsequent
condensation with Fréchet’s polyether dendritic wedges7 and
the final deprotection of the Boc-group readily gave the
dendritic chiral ligands.‡

Asymmetric transfer hydrogenation reactions were studied
using acetophenone as the model substrate.§ Compared to the
monomer Ru[(S,S)-2] complex, a slightly enhanced reactivity
was observed for the dendritic catalysts with the high enantiose-
lectivity ( > 96% ee), in which the first and third generation
catalysts possess higher reactivity (Table 1).

Another unique feature of these dendritic catalysts was that
they completely maintained the enantioselectivity with only
slight loss of activity in successive use. Using the third and
fourth generation catalysts Ru[(S,S)-5] and Ru[(S,S)-6], (S)-
1-phenylethanol was formed after ~ 30 h for the fourth use with
88, 85% conversions and 96.4, 96.7% ee, respectively (entries 8
and 12), and high enantioseletivities ( > 95% ee) remained even
for the fifth use (entries 9 and 13). Further addition of
[RuCl2(cymene)]2 into the Ru[(S,S)-6] complex could not
regain the reactivity and selectivity (entry 14), and subsequent
TLC analysis of the recovered catalyst confirmed that this
mostly resulted from the decomposition of the dendritic ligand.
For the heterogeneous polymer immobilised catalysts,6 the
reactivity has been mostly lost after the third use. Moreover, the
fourth generation catalyst was more active than the third one for
the fifth use with 73 vs. 52% conversions, respectively (entries
13 and 9), although it is less active than the third generation

catalyst (entries 5 and 4). Thus, we refer the relatively robust
activity of the dendritic catalysts to the “dendrimer effects” on
stability of the catalytically active complex on the dendron,
which had been observed in bis(m-oxo)dicopper species toward
oxidative self-decomposition.8

In conclusion, various generations of chiral diamine based
dendritic catalysts encapsulated within the matrix have been
synthesized and demonstrated good recyclable catalytic activity
and enantioselectivity in transfer hydrogenation of an aromatic
ketone. Current work is aiming at a detailed insight of the nature

† Electronic supplementary information (ESI) available: synthesis details,
recycling procedure and a graph of time-dependent conversion of
acetophenone by the catalysts. See http://www.rsc.org/suppdata/cc/b1/
b104160f/

Table 1 Dendritic TsDPEN–Ru(II) complex catalysed asymmetric transfer
hydrogenation of acetophenonea

Entry Ligand t/h Conv.b (%) TOFc/h21 Eed (%)

1 2 20 95 8.6 96.5
2 3 20 > 99 11.9 96.6
3 4 20 98 9.5 96.5
4 5 20 > 99 11.0 96.5
5 6 20 98 9.6 96.5
6 5 (2nd use)e 20 93 — 96.7
7 5 (3rd use)e 25 86 — 96.7
8 5 (4th use)e 31 88 — 96.4
9 5 (5th use)e 40 52 — 95.0

10 6 (2nd use)e 20 92 — 96.6
11 6 (3rd use)e 25 87 — 96.8
12 6 (4th use)e 30 85 — 96.7
13 6 (5th use)e 40 73 — 96.3
14 6 (6th use)e,f 40 52 — 87.0
a (S)-Alcohol was obtained. b Based on GC and 1H NMR analysis.
c Average turn-over frequency calculated over the 5 h reaction time.
d Determined by GC with a Chrompack CP Chrasil-dex column (25 mm 3
0.25 mm). e Recovered catalyst was used. f Additional [RuCl2(cymene)]2

was supplemented.
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of the dendritic wedge stabilizing effect on the catalyst and the
exploration of these catalysts in other asymmetric transfer
hydrogenation reactions.

We are grateful for the financial support of the National
Science Fund for Distinguished Young Scholars of China (No.
20025205) and The Hong Kong Polytechnic University, ASD
Fund.
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Oxidative cleavage of double-strand DNA, mediated by
either Cu2+-neamine 1 or Cu2+-kanamycin A 2, is shown to
follow a highly specific C-4A H mediated pathway and
suggests a mechanism for efficient double-strand scission of
duplex DNA.

Oxidative degradation of DNA has been demonstrated to follow
a number of pathways, depending on the cleavage agent.1
Proton abstraction from one of the C-1A, C-2A, C-3A, C-4A or C-5A
ribose carbons is followed by a series of elimination reactions
that afford a variety of small molecule products characteristic of
the specific cleavage pathway. Fe–bleomycin mediated cleav-
age shows evidence of both a major C-4AH cleavage path and for
C-1AH abstraction.2,3 While copper phenanthroline and copper
desferal had previously been assigned a major C-1AH cleavage
path,4–8 more recent work has indicated that C-4AH and C-5AH
abstractions are the only routes that lead to backbone scission.9
Enediynes, oxochromium reagents and manganese porphyrin
derivatives have also been shown to mediate C-1AH, C-4AH, and
C-5AH abstraction.10,11 An example of C-2AH abstraction has
been reported for 5-iodouracil.12 With the exception of Barton’s
rhodium complexes, which mediate photocleavage via C-3AH
abstraction,13 most cleavage agents typically yield a mixture of
products, indicative of relatively non-specific cleavage path-
ways.

Previously we have synthesized and characterized copper
derivatives of aminoglycosides (1 and 2) and have demonstrated
these compounds to be highly efficient catalysts for cleavage of
both RNA and DNA under physiological conditions.14,15 Here
we characterize the mechanism for oxidative cleavage of DNA
mediated by 1 or 2, and demonstrate a highly specific C-4AH

mediated pathway (Fig. 1). This observation provides an
explanation for the efficient conversion of closed circular to
linear plasmid DNA, following the double-strand cleavage path
identified in our earlier work.14

The HPLC profile for Cu2+–kan cleaved plasmid DNA (Fig.
2A) shows the release of cytosine (C), guanine (G), thymine (T),
and adenine (A) following residual DNA and larger product
fragments. An additional peak corresponding to 5-methylene
furanone (5-MF) (Fig. 2) appears when the reaction mixture is
heated at 85 °C for 20 min following incubation. C-1AH
abstraction generates a C-1A radical that is further oxidized to a
carbocation and forms either a 2A-deoxyribonolactone6 or a
1A,2A-dehydronucleotide intermediate after subsequent attack by
H2O.8 Both intermediates are stable at pH 7.4 and 37 °C, the
conditions of our cleavage reaction, and the HPLC elution
profile corroborates heat treatment to be a prerequisite for the
release of 5-MF (Fig. 2). Thus C-1AH abstraction leads to the
formation of abasic sites with no apparent strand cleavage,
confirming the recent observation by Sugiyama et al.12

C-4AH abstraction yields distinct reaction products, depend-
ing on the attacking species following formation of the radical
intermediate. In the presence of dioxygen, base propenals
(detected by the TBA assay, ESI†) and 3A-phosphoglycolate
terminae are generated (Fig. 1; products C and D, respectively).
When water is the attacking species the pathway again does not
give rise to direct strand cleavage, but base release is observed.
Under anaerobic conditions the TBA assay was negative,

† Electronic supplementary information (ESI) available: experimental
section and complete HPLC trace for the truncated version shown in Fig.
2B. See http://www.rsc.org/suppdata/cc/b1/b103789g/

Fig. 1 Porposed radical mediated cleavage mechanisms for oxidative degradation of DNA. (A) 1A,2A-dehydronucleotide; (B) 2A-deoxyribonolactone; (C) base
propenal; (D) 3A-phosphoglycolate; (E) hydroxyabasic site.
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indicating the absence of a C-4AH (O2) path. None of the
expected products for C-2AH, C-3AH and C-5AH degradation
paths were observed,10–13 consistent with C-4AH abstraction
paths as the only route leading to plasmid cleavage.

A C-1AH path was observed only in the case of supercoiled
plasmid with peroxide as coreactant and the fraction of C-1AH
abstraction was never found to be more than 12% of the C-4AH
path, based on quantitation of the 5-MF released (ESI†).
Reaction with ascorbate/O2 appears to proceed via an inter-
mediate copper species that does not mediate C-1AH abstraction.
Neither linear plasmid, nor general polynucleotide duplex DNA
(discussed below) show evidence for C-1AH loss, whereas C-
4AH chemistry is observed with both substrates, and also using
either H2O2 or ascorbate/O2 as coreactants. This difference
most likely reflects structural perturbations of the supercoiled
strands that make C-1AH accessible for abstraction (Fig. 3
illustrates the close proximity of the C-1A and C-4A H’s).

The reactivity of Cu2+–kan A and Cu2+–neamine toward two
DNA duplexes, poly(dA)–poly(dT) and poly(dG)–poly(dC),
was also examined in the presence of either hydrogen peroxide
or ascorbate, under reaction conditions that were similar to
those used for plasmid DNA. Base release was observed and
quantitated by HPLC analysis (ESI†), and the occurrence of
base propenals was confirmed with the thiobarbituric acid
assay. Neither 5-MF (following heat treatment), nor products
for other decay paths were observed, and so again the duplexes
exhibit exclusive C-4AH abstraction chemistry in the presence of
copper neamine or copper kanamycin in the presence of either
H2O2 or ascorbate/O2. C-4AH abstraction is normally associated
with minor groove binding, and such a binding mode is

consistent with our studies conducted in the presence of
netropsin or Hoechst 33258 (minor groove binding drugs)
which inhibit the cleavage of DNA duplexes (ESI†). Quantita-
tion of the ratio of C-4AH (O2) to C-4AH (H2O) paths (ESI†)
revealed a preference for the C-4AH (O2) path, both for the
polynucleotide duplexes (74 vs. 26%), and for a plasmid DNA
(59 vs. 41%). These two pathways have previously been
observed for Cu(phen)2

+ cleavage of plasmid and duplex
sequences,6 although the factors that favor one path over
another are not clear. Base release following peroxide mediated
cleavage of either plasmid or duplex DNA by 1 or 2 also shows
no obvious trend, other than a variable tendency for release of
pyrimidine over purine.

Under hydrolytic conditions,16 in the absence of added H2O2
or ascorbate, treatment of DNA with either 0.5 mM CuSO4 or
0.5 mM aminglycoside, under otherwise similar reaction
conditions, produced neither free base, nor 5-MF, nor other
products normally observed for the oxidative degradation of
duplex or plasmid DNA. Reaction of CuSO4 and a ten-fold
excess of either H2O2 or ascorbate, again all other conditions
being maintained, showed minimal ( < 10%) base release, as
compared to treatment with either 1 or 2, but without the
production of base propenals. The latter observation suggests an
alternative path for production of nucleotide base. With
increasing amounts of free Cu2+ (maintaining ten times excess
of ascorbate or H2O2) the concentration of released bases
increased. However, base release was found to be random with
free Cu2+ and coreactant, and did not show any preference for
either pyrimidines or purines, consistent with a distinct reaction
path. No reaction was observed with H2O2 or ascorbate (with or
without added neamine or kanamycin A) in the absence of Cu2+

(aq), 1 or 2.
In contrast to other DNA cleavage agents that follow an

oxidative path (cited earlier), copper aminoglycosides (1 and 2)
follow a highly specific route mediated by abstraction of the C-
4AH. Close proximity of C-4AH’s on opposing strands separated
by two additional base-paired nucleotides (Fig. 3) also provides
a rational explanation for the observed linearization of plasmid
(or double-strand cleavage of duplex DNA). A reactive copper
moiety placed in the minor groove would be well placed to
execute a double-strand scission with minor structural re-
arrangement between cleavage reactions. Taken with the unique
enzyme-like character of these reagents,16 these results demon-
strate copper aminoglycosides to possess several valuable traits
for a metallonuclease mimetic.
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Cowan, J. Am. Chem. Soc., 2000, 122, 8814.

15 A. Sreedhara, A. Patwardham and J. A. Cowan, Chem. Commun., 1999,
1147.
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Fig. 2 HPLC profile for the reaction, 100 mg plasmid + 0.5 mM Cu–kan +
5 mM H2O2, incubated at 37 °C for 1 h (A) and 100 mg plasmid + 0.5 mM
Cu–kan + 5 mM H2O2, incubated at 37 °C for 1 h followed by 20 min at
85 °C (B). Excess complex was used to promote rapid reaction, but multi-
turnover cleavage with sub-stoichiometric complex has been docu-
mented.16

Fig. 3 The proximity of the ribose C-4AH’s on opposing strands (x, x + 3 base
positions) in the minor groove of B-conformer DNA suggests a pathway for
double-strand scission of duplex DNA by formation of reactive oxygen
intermediates in the vicinity of proximal ribose hydrogens. CPK coloring
has been used and the two nucleotides on opposing strands are high-
lighted.
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Electronic transduction of enzyme-catalyzed transforma-
tions on nucleic acids associated with surfaces such as
ligation, polymerization or restriction, is accomplished.

The use of nucleic acid interactions to construct organized
nanostructures,1,2 circuits3 and nanomachines,4 the use of the
encoded information in nucleic acids for the assembly of DNA-
based computers,5,6 and the electronic transduction of DNA
detection processes7,8 represent major research efforts in the
rapidly developing area of DNA bioelectronics. The hybrid-
ization of nucleic acids, and the biocatalyzed ligation, replica-
tion and scission of DNA are basic tools to detect nucleic acid
interactions and to generate DNA structures. Recently, Faradaic
impedance spectroscopy9 and microgravimetric quartz-crystal-
microbalance (QCM) measurements10 were used as electronic
transduction means for the nucleic acid recognition events on
conductive supports. Here we report on the novel electronic
transduction of a series of biocatalyzed transformations involv-
ing nucleic acids that include the surface-stimulated ligation,
replication and the specific scission of nucleic acids by a
restriction enzyme.

The 18-mer oligonucleotide, 1, was assembled on an Au-
electrode or on an Au/quartz piezoelectric crystal (9 MHz, AT-
cut) by the association of the thymine thiophosphate-tag to the
gold supports.11 The surface coverage of the oligonucleotide 1
was estimated by QCM to be (5.0 ± 0.7) 3 10211 mol cm22.
The resulting 1-functionalized surfaces were reacted with
polynucleotide kinase, PNK, in the presence of ATP to
phosphorylate the 5A termini of the oligonucleotide-mono-
layer.† The resulting interface was reacted with 2 in the
presence of ligase,† Scheme 1, to induce the ligation of 2 to the
base oligonucleotide associated with the surface. Fig. 1(A)
shows the Faradaic impedance spectra observed upon perform-
ing the biocatalyzed transformations on the nucleic acids
associated with the electrode, whereas Fig. 1(B) shows the
respective frequency changes occurring on the piezoelectric
crystal as a result of the chemical transformations occurring on
the crystal.† The ligation of 2 results in an increase in the
interfacial electron transfer resistance from Ret = 0.44 kW to Ret
= 1.33 kW (Fig. 1(A), curve (b)). This is consistent with the fact
that the increase of the negative charge associated with the
electrode, as a result of ligation, enhances the electrostatic
repulsion of the redox-label, Fe(CN)6

32/Fe(CN)6
42, thus

increasing the interfacial electron transfer resistance. The
frequency of the Au/quartz crystal changes upon ligation by Df
= 2100 Hz, a value that translates to a surface coverage of the
ligated product corresponding to (5.1 ± 0.8) 3 10211

mol cm22.† No frequency changes of the Au/quartz crystal
were observed upon an attempt to ligate 2 to the 1-function-
alized crystal without the primary phosphorylation of the
interface by PNK. Also no frequency changes of the crystal
were observed upon interacting the phosphorylated function-

alized crystal with 2 in the absence of ligase. The resulting
nucleic acid associated with the interface was hybridized with 3,
that is complementary to a part of the nucleic acid associated
with the solid supports. The interfacial electron transfer
resistance increases as a result of the hybridization of 3, Ret =
1.9 kW, Fig. 1(A), curve (c), consistent with the increase of the
negative charge associated with the electrode. The frequency of
the quartz crystal changes by Df = 231 Hz, that corresponds to
a surface coverage of the hybridized assembly of (2.2 ± 0.4) 3
10211 mol cm22. The incomplete hybridization is attributed to
steric constraints on the electrode support that eliminate the
formation of dsDNA with all of the nucleic acid components.

The resulting assembly was then reacted with the mixture of
nucleotides, dNTP, in the presence of polymerase (Klenow
fragment, DNA polymerase I).† This yields an increase in the
interfacial electron transfer resistance, Ret = 3.1 kW, as a result
of the higher negative charge associated with the interface, Fig.
1(A), curve (d). The change in the frequency of the piezoelectric
crystal as a result of polymerization is Df = 226 Hz, indicates
a surface coverage of (2.6 ± 0.4) 3 10211 mol cm22 for the
replicated product.† Reaction of the assembly with the
endonuclease restriction enzyme DraI that stimulates the

† Electronic supplementary information (ESI) available: details of the
experimental conditions for the biocatalytic transformations on the
electrodes and a histogram of the frequency changes observed in a series of
different experiments. See http://www.rsc.org/suppdata/cc/b1/b104335h/

Scheme 1 Biocatalyzed ligation, replication and scission of single and
double stranded DNA on electronic transducers (Ts = thymine thiophos-
phate).
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specific scission of 5ATTT/AAA3A sequence does not yield any
change in the impedance spectrum of the assembly. Reaction of
the resulting assembly with the endonuclease restriction
enzyme CfoI (HhaI) that induces the specific scission of the
5AGCG/C3A sequence results, however, in the cleavage of the ds-
assembly,† cf. Scheme 1. The resulting Faradaic impedance
spectrum is shown in Fig. 1(A), curve (e). The interfacial
electron transfer resistance decreases to Re = 0.9 kW. This is
consistent with the fact that removal of a major part of the ds-
assembly and the negative charge associated with it, by the
endonuclease activity, reduces the barrier for electron transfer
between the redox-label and the electrode. The frequency
change in the Au/quartz crystal as a result of the endonuclease
activity is Df = +75 Hz, implying a decrease in the mass
associated with the crystal, Fig. 1(B). From the frequency
change we estimate that ca. (1.5 ± 0.2) 3 10211 mol cm22 of the
hybridized nucleic acid underwent scission. The scission of the
double-stranded DNA yields a 5A-phosphorylated primer on the
electrode. Note that the interfacial electron transfer resistance of
the resulting electrode is higher than the electron transfer
resistance of the 1-functionalized electrode despite the fact that
the endonuclease cleavage generates a shorter oligonucleotide
than 1 on the electrode. This is explained by the fact that the
CfoI cleavage proceeds with partial efficiency, thus leaving a
substantial surface coverage of the ds-replicated DNA on the
electrode support (ca. 1.1 3 10211 mol cm22). The resulting
interface was then reacted with the oligonucleotide 4 in the
presence of ligase to yield the original surface, Fig. 1(A), curve
(f), exhibiting an electron transfer resistance of Ret = 2.2 kW.
Further hybridization of 3 with the ligated interface results in an
additional increase in the electron transfer resistance to Ret =

2.6 kW, Fig. 1(A), curve (g).‡ The ligation of 4 to the interface,
and the hybridization of 3 with the interface yield, however,
higher interfacial electron transfer resistances than those
observed for the originally functionalized electrodes, curves (b)
and (c), respectively. This is consistent with the fact that
endonuclease-induced scission proceeds with partial efficiency,
and thus the secondary ligation and hybridization occurs on an
interface that includes a partial coverage of the polymerase-
induced replicated double-stranded DNA. The negative charge
associated with these latter components introduces the higher
interfacial electron transfer resistances observed in the second
cycle of the biocatalytic transformations. The QCM analyses,
Fig. 1(B) confirm this explanation. Ligation of 4 to the interface
results in a frequency change of Df = 242 Hz, corresponding
to a surface coverage of ca. (1.4 ± 0.3) 3 10211 mol cm22 of the
coupled product. It should be noted that no significant changes
in the interfacial electron transfer resistances, upon the
performance of the set of biocatalyzed transformations outlined
in Scheme 1, are observed in the presence of the neutral
ferrocene methanol redox-label. This supports the conclusion
that the changes in the impedance spectra originate from the
electrostatic repulsions of the redox-label Fe(CN)6

32/42. Also,
it should be noted that the Faradaic impedance spectra results
reveal an excellent reproducibility (±5%) whereas the QCM
results reveal a larger experimental diversity due to a different
roughness of the Au/quartz crystals.

In conclusion, the electronic transduction of different bio-
catalytic transformations that include nucleic acids on surfaces
was accomplished. This enables the quantitative assay of DNA
building blocks on surfaces, and the characterization of
nanoengineered DNA structures on surfaces.

This research is supported by the Israel Ministry of Science as
an Israel-Japan Binational Cooperation. The support of the
Eshkol Fellowship, Israel Ministry of Science (L. A.) is
acknowledged. We thank A. Lichtenstein for his assistance in
the [g-32P]ATP labeling experiments.
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Fig. 1 (A) Faradaic impedance spectra corresponding to the biocatalytic
transformation of nucleic acid-functionalized electrode: (a) 1-function-
alized electrode; (b) after ligation of 2, 3 3 1025 M, with the
1-functionalized electrode in the presence of ligase, 20 units, 37 °C, 30 min;
(c) after hybridization of the resulting electrode with 3, 2.5 3 1025 M, 2 h;
(d) after replication of the double-stranded assembly in the presence of
dNTP, 1 3 1023 M, and DNA polymerase, 3 units, 37 °C, 30 min; (e) after
scission of the resulting assembly with endonuclease, CfoI, 10 units, 37 °C
1 h; (f) after ligation of the resulting interface with 4, 6.5 3 1025 M, in the
presence of ligase, 20 units, 37 °C, 30 min; (g) after hybridization of the
assembly with 3, 1 3 1024 M, for 2 h. (B) Frequency changes of an Au/
quartz crystal (9 MHz, AT-cut) upon the assembly of the 1-functionalized
interface and as a result of the biocatalyzed transformations/processes
occurring on the surface. Steps (a)–(f) correspond to the steps and
preparation protocols outlined in (A).
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Reaction of IrCl3 with fluorinated 2-arylpyridines in the
presence of AgO2CCF3 affords fac-tris-cyclometalated aryl-
pyridine Ir complexes exhibiting excellent processing and
electroluminescent properties which can be fine-tuned via
systematic control of the nature and position of the
substituents on the aromatic rings.

Low cost, lightweight, flexible, ultra-thin flat panel display
devices with miserly power consumption are being fabricated
using a new generation of materials' chemistry aimed at
exploiting the phenomenon of electroluminescence (EL).
Molecule-based ‘organic’ light-emitting diodes (OLEDs) repre-
sent a promising approach for just these applications.1–4

Suitable materials for OLEDs still need to be developed. A key
goal of materials' research in this area is achieving very high
power efficiency, which translates into enhanced operating
lifetimes and longer battery life.

An important breakthrough was reported recently5 with the
use of materials displaying phosphorescence-like EL and
having theoretical efficiency four times that of devices based on
fluorescence (assuming electron–hole recombination is statisti-
cally controlled). Initial reports of electroluminescence from the
Ir complex of 2-phenylpyridine ([Ir(ppy)3])6 doped into a
charge-transporting matrix, 4,4A-bis(carbazol-9-yl)biphenyl,6–8

emphasized its dramatically increased power efficiency, 19 lm
W21 (26 cd A21) with a Mg/Ag cathode.

We now report on the synthesis and characterization of a
series of highly efficient LED materials based on fluorinated
organometallic iridium compounds.9 Fluorinated substituents in
the aromatic ligand result in markedly reduced concentration-
quenching of luminescence, and in excellent volatility which
aids device processing.

New tris-cyclometalated arylpyridine complexes were pre-
pared by a novel one-step method [eqn. (1)]. Reaction (1) is run

(1)

in excess arylpyridine10 which is easily recovered and reused.
Complexes 2a–o were characterized by elemental analysis, 1H

and 19F NMR data, and cyclic voltammetry (CV). Nearly all of
the complexes exhibited fully reversible reduction and oxida-
tion waves (Table 1). Single-crystal X-ray structures were
obtained for 2g, h, j, and l.†§ Only fac configuration was
observed in all cases,11 as exemplified by the structure of 2h
(Fig. 1). Importantly, trifluoromethylated complexes 2d–o
sublime more easily than 2a and thus exhibit processing
properties superior to those of [Ir(ppy)3] (Table 1).

OLED devices were fabricated with 2a–o by the thermal
evaporation technique, and characterized by measuring current–
voltage (I–V) curves, EL radiance vs. voltage, and EL spectra vs.
voltage. A typical five-layer device employed ITO (indium
doped tin oxide) as the anode, bis[4-(N,N-diethylamino)-
2-methylphenyl](4-methylphenyl)methane (MPMP) as the hole
transport material, 2a–o as the luminescent material, 4,7-di-
phenyl-1,10-phenanthroline (DPA) or 2,9-dimethyl-4,7-diph-
enyl-1,10-phenanthroline (DDPA) as the electron transport
material, and Al as the cathode (Table 1).

† Electronic supplementary information (ESI) available: details of the
crystallographic studies, electrochemical measurements and device config-
uration. See http://www.rsc.org/suppdata/cc/b1/b103490c/
‡ Contribution No. 8150.

Fig. 1 An ORTEP drawing of 2h

Fig. 2 Normalized EL spectra of Ir compounds shown in Table 1.

This journal is © The Royal Society of Chemistry 2001
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Most complexes 2a–o show good EL efficiency on the order
of a few cd A21 (Table 1). A non-optimized device based on 2h
with an Al cathode yields a peak radiance of ca. 4800 cd m22

and a peak external efficiency of 20 cd A21 (ca. 16 lm W21).
Improvement in the device is expected with a low work function
cathode (e.g., Mg/Ag or LiF/Mg) and further optimization.

Forrest and coworkers6 used [Ir(ppy)3] as a 6% dopant in a
charge-transporting host, in order to achieve highest efficiency.
This is presumably due to the self-quenching effect in pure 2a.6
Measuring the relative luminescence quantum yield of 2h vs. 2a
in the form of a solid state thin film under N2 showed that the
photoluminescence efficiency of pure 2h was 10 times that of
2a. Preliminary studies demonstrated comparable photolumi-
nescence quantum yields of ca. 0.5–0.6 for 2a and 2h in toluene
solution. The marked reduction of the self-quenching effect for
some of the fluorinated iridium complexes (compare 2a with
2b–d, f–o in Table 1) obviates the need to dope them into a host
material.

By changing the substituents and their position, the peak
wavelength of the LED can be tuned from ca. 500 to 595 nm
(Fig. 2). The peak wavelength is sensitive not only to the nature
but also to the position of the substituent. Thus, 2l with a MeO
group para to Ir exhibits yellow–orange EL at 595 nm, whereas
its meta isomer 2k is green electroluminescent (530 and 565
nm). With fluorine meta to Ir (2h and 2j) EL is at 525 nm, while
the ortho/para isomers (2i) show EL at 560 nm. These changes
are likely due to the strong p-donating effect of both F and
MeO.12 The F and MeO groups may p-interact with either Ir (2i,
2l) or the pyridine ring (2h, 2j, 2k), leading to destabilization of
the HOMO (Ir) and stabilization of the LUMO (Py). These
findings raise the exciting possibility of color tuning all the way
from blue to red via systematic control of the nature and position
of the substituents. If material efficiencies can be maintained as
this tuning occurs (as intimated by unoptimized results in Table

1) then these materials will provide a unique platform for full
color display devices of the future.

Notes and references
§ CCDC reference numbers 161821–161824. See http://www.rsc.org/
suppdata/cc/b1/b103490c/ for crystallographic data in CIF or other
electronic format.

1 For most recent reviews, see: V. Bulovic, P. E. Burrows and S. R.
Forrest, Semicond. Semimetal., 2000, 64, 255; Y. Sato, Semicond.
Semimetal., 2000, 64, 209; V. Bulovic and S. R. Forrest, Semicond.
Semimetal., 2000, 65, 1.

2 C. W. Tang and S. A. VanSlyke, Appl. Phys. Lett., 1987, 51, 913.
3 J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K.

Mackay, R. H. Friend, P. L. Burn and A. B. Holmes, Nature, 1990, 347,
539.

4 M. Bernius, M. Inbasekaran, E. Woo, W. Wu and L. Wujkowski, Thin
Solid Films, 2000, 363, 55.

5 M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M. E.
Thompson and S. R. Forrest, Nature, 1998, 395, 151.

6 M. A. Baldo, S. Lamansky, P. E. Burrows, M. E. Thompson and S. R.
Forrest, Appl. Phys. Lett., 1999, 75, 4; C. Adachi, M. A. Baldo, S. R.
Forrest and M. E. Thompson, Appl. Phys. Lett., 2000, 77, 904.

7 M.-J. Yang and T. Tsutsui, Jpn. J. Appl. Phys. 2, 2000, 39, L828.
8 P. I. Djurovich, S. A. Lamansky, M. R. Nugent, D. L. Murphy, R. C.

Kwong and M. E. Thompson, Polym. Prep., 2000, 41, 770.
9 Y. Wang, V. A. Petrov and V. V. Grushin, Pat. Appl. (DuPont),

2000.
10 O. Lohse, P. Thevenin and E. Waldvogel, Synlett, 1999, 45.
11 K. A. King, P. J. Spellane and R. J. Watts, J. Am. Chem. Soc., 1985, 107,

1431; M. G. Colombo, T. C. Brunold, T. Riedener, H. U. Güdel, M.
Fortsch and H.-B. Bürgi, Inorg. Chem., 1994, 33, 545; K. Dedeian, P. I.
Djurovich, F. O. Garces, G. Carlson and R. J. Watts, Inorg. Chem.,
1991, 30, 1685.

12 C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165.

Table 1 Electroluminescent, thermal and electrochemical properties of 2a–o

Emitter
Yielda

(%) Device configurationb

LED peak
efficiency/c
cd A21

LED peak
radiance/
cd m22

lem max/
nm

TGAd/
°C E1

2
(Red)e/V E1

2
(Ox)f/V

2a 25 MPMP (523 Å), 2a (402 Å), DDPA (406 Å),
Al (742 Å), ITO-2

3.8 570 522 425 22.77; 22.95;
23.19

0.26

2b 26 MPMP (643 Å), 2b (409 Å), DDPA (112 Å),
AlQ (361 Å), Al (737 Å), ITO-1

1.9 800 514 453 22.74 0.48

2c 44 MPMP (603 Å), 2c (415 Å), DDPA (111 Å),
AlQ (303 Å), Al (732 Å), ITO-1

3.8 1150 506,
526

417 22.64; 22.83;
23.12

0.46

2dg 14 MPMP (539 Å), 2d (430 Å), DDPA (109 Å),
AlQ (318 Å), Al (725 Å), ITO-1

2 1200 517 382 22.56; 22.78;
22.99

0.62

2eg 16 MPMP (525 Å), 2e (406 Å), DDPA (106 Å),
AlQ (341 Å), Al (762 Å), ITO-1

0.013 7.6 521,
!630

392 21.30; 21.46 Irrev. Ox.h

2f 60 MPMP (547 Å), 2f (412 Å), DDPA (105 Å),
AlQ (300 Å), Al (730 Å), ITO-1

4 400 545 383 22.31 0.55

2gg 40 MPMP (553 Å), 2g (417 Å), DDPA (439 Å),
Al (714 Å), ITO-1

9.5 1500 525 345 22.06; 22.37 0.91

2h 82 MPMP (508 Å), 2h (428 Å), DPA (461 Å),
Al (731 Å), ITO-2

20 4800 525 370 22.24 0.77

2ii 52 MPMP (545 Å), 2i (462 Å), DDPA (111 Å),
AlQ (319 Å), Al (741 Å), ITO-1

2.2 514 560 305 22.17 0.67

2j 49 MPMP (551 Å), 2j (465 Å), DDPA (106 Å),
AlQ (313 Å), Al (730 Å), ITO-1

2.1 340 525 336 22.16 0.76

2k 9 MPMP (570 Å), 2k (441 Å), DDPA (107 Å),
AlQ (339 Å), Al (742 Å), ITO-1

1.8 175 530,
563

372 22.47 0.52

2lg 22 MPMP (504 Å), 2l (417 Å), DPA (407 Å),
Al(744 Å), ITO-2

1.4 360 595 384 22.29 0.33; 0.51;
0.69j

2m 72 MPMP (520 Å), 2m (405 Å), DDPA (410 Å),
AlQ (730 Å), ITO-1

5 400 520 315 22.16; 22.53 0.84

2n 8 MPMP (532 Å), 2n (457 Å), DDPA (108 Å),
AlQ (306 Å), Al (730 Å), ITO-1

3.3 190 575 280 21.56k 0.68

2o 14 MPMP (553 Å), 2o (417 Å), DDPA (439 Å),
Al (714 Å), ITO-1

9.5 1500 525 376 21.91; 22.27 0.89

a Most yields are not optimized. b See ESI† for details. c LED device efficiency is dependent on the ITO substrate used and emitter purity; 2a and 2h received
more purification effort. d At point of 50% weight loss (1 atm, N2, 10 °C min21). e In THF, vs. Cp2Fe/Cp2Fe+. Only fully reversible 2nd and 3rd reduction
waves are listed. f In CH2Cl2, vs. Cp2Fe/Cp2Fe+. g Substituent on the Ph ring para to Ir. h No return wave observed. i Mixture of isomers containing F ortho
or para to Ir. j Multiple oxidation waves were only observed for 2l; the second and third waves are tentatively assigned to ligand-based redox processes.
k Epc.
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Design of an adsorbent with an ideal pore structure for methane
adsorption using metal complexes
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Three-dimensional metal complexes synthesized from cop-
per dicarboxylates and triethylenediamine (TED), which
have an ideal pore size for methane adsorption, have higher
methane adsorption capacity than the theoretical maximum
for activated carbons.

Methane is a primary component of natural gas, which is an
important candidate for clean transportation fuels. The storage
of methane on adsorbents has been pursued actively as an
alternative to high pressure compressed gas storage. However,
it was concluded that none of the conventional adsorbents tested
showed sufficient methane storage to meet that required for
commercial viability.1–5 The analysis of pore structure of
adsorbents indicated that for even carbons as the best methane
adsorbent, there is a large percentage of mesopores and
macropores where methane adsorption does not occur suffi-
ciently.2 Therefore, to achieve higher adsorption capacity, it is
essentially necessary that the micropore volume must be
maximized, while the mesopore and macropore volume must be
minimized as far as possible.

Recently, a great deal of attention has been directed toward
the use of metal complexes in the design and synthesis of new
porous materials.6–11 Because of their structural controllability,
these porous materials will be attractive adsorbents for methane
storage. However previously reported complexes are not
suitable owing to low adsorption capacities. Herein, a new type
of methane adsorbent with ideal pore structure and sufficient
adsorption capacity is reported.

Novel metal complexes [{Cu(O2CRCO2)·1/2TED}n] (R =
4,4A-C6H4C6H4 1 or trans-C6H4CHNCH 2) were synthesized by
a heterogeneous reaction between porous copper dicarbox-
ylates6 and TED.† The temperature dependence of the magnetic
susceptibilities for the metal complexes obtained indicates that
the existence of the same dinuclear structure as that of copper(II)
acetate monohydrate and porous copper(II) dicarboxylates i.e. a
two-dimensional structure of dicarboxylic acids bridging cen-
tral copper ions. Based on these results and elemental analysis,
it is suggested that the two-dimensional layer bridging the
copper(II) ions with dicarboxylate ions are linked with TED as
pillar ligands to give a three-dimensional structure (Fig. 1).

The stability of this network structure was studied by X-ray
powder diffraction (XRPD) and thermal gravimetric (TG)
analysis. The TG curve of 1 illustrates the release of the
adsorbed molecules up to ca. 373 K, followed by thermal
decomposition of the structure at 513 K. No chemical
decomposition was observed between 373 and 513 K. The

structure of this stable phase was studied by measuring the
XRPD pattern at room temp., 473 K and 513 K. These results
demonstrate that the porous network structure is retained up to
513 K in the absence of the included guest molecules. Similarly
the network structure of 2 is retained up to 473 K in the absence
of the included guest molecules.

Fig. 2 shows that the observed XRPD pattern of 1 is in very
good accordance with a simulated pattern of the optimized
plausible structure generated using Cerius2, indicating that the
structure of 1 is similar to that shown in Fig. 1.

To examine the porosity of 1 and 2, high-resolution
adsorption isotherms of Ar at 87.3 K were measured in a relative
pressure (P/P0) range from 1026 to 1 using ASAP 2000M
volumetric adsorption equipment from Micromeritics. These
adsorption isotherms of 1 and 2 (Fig. 3) show typical isotherms
of Langmuir type, confirming the presence of micropores
without mesopores. Analyses of these isotherms yielded BET
surface areas of 3265 and 3129 m2 g21, micropore volumes of
1.18 and 1.07 cm3 g21 and effective pore sizes of 10.8 and 9.5
Å for 1 and 2, respectively (using Dubinin–Radushkevitch
methods12 and Horvath–Kawazoe methods13).

The pore size distributions are sharp with one sharp peak at
9.5 Å for 2, indicating that the obtained metal complexes have
uniform micropores. On the other hand, for 1, the pore size
distributions exhibit two peaks. This result does not indicate the
existence of two kinds of pores, but rather the existence of two
adsorption sites having different values of adsorption potential

Fig. 1 A plausible three-dimensional structure for the complexes.

Fig. 2 X-Ray diffraction patterns of 1. (a) Experimental X-ray powder
diffraction after removal of the included guest molecules. (b) Simulated X-
ray powder diffraction of the optimized structure using Cerius2.

Fig. 3 Ar adsorption isotherms at 87.3 K for the coordination polymers.

This journal is © The Royal Society of Chemistry 2001
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in one pore. These sites are the corner and the edge of the square
pore. HK methods can not be used to calculate the pore size
distributions for pores of the more than > 8 Å width.14 To
compare experimental values of the pore size with calculated
values, the plausible structures were optimized by molecular
mechanic (MM) and molecular dynamics (MD) of Cerius2 and
the pore sizes were calculated. The effective pore size
calculated from the optimized structure of 2 was ca. 9.4 Å (Fig.
1). This calculated value is in good agreement with the
experimental HK value indicating the structure of the obtained
complexes is as suggested. The bigger the size of dicarboxylic
acid as a ligand, the larger the porosity and pore size, indicating
that the porosity and pore size can be controlled by the starting
materials. These surface areas and pore volumes are much
larger compared with those of other coordination polymers,
zeolites and commercial activated carbons already reported, and
are the same as those of special high surface area activated
carbons. These coordination polymers have adequate porosity
to adsorb methane as well as a suitable pore size distribution
which is nearly ideal for methane adsorption.

The adsorption isotherms of methane were measured grav-
imetrically up to 3.5 MPa. Fig. 4 shows methane adsorption
isotherms of 1 and 2 at 298 K. The adsorption isotherms are of
Langmuir type. Approximately 212 cm3 (STP) and 213 cm3

(STP) of methane were adsorbed per g of dried samples of 1 and
2 at 3.5 MPa. These values are much higher than that of zeolite
5A [ca. 83 cm3 (STP) g21 at 3.5 MPa] and nearly the same as
that of the high surface area activated carbon AX-21, a methane
adsorbent with the highest capacity among conventional
materials.2

The samples were characterized by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Fig.
5(a) and (b) show SEM image of particles of 2, indicating that
the particles are plate forms of ca. 0.2 mm in width, these
particles aggregate and particles of ca. 7 mm in size are formed.
Fig. 5(c) shows a surface AMF image of 2. Nanocrystallites of
ca. 100 nm in size were observed on the surface, considered to
be the primary particles.

Moreover, in order to characterize pore structures and
material density, mercury intrusion penetration was measured
from 1 to 60 000 psia with a Micromeritics instrument. Fig. 6
shows the result of mercury porosimetry for 2, which is in good
accordance with those of SEM and AFM, with regard to voids
between particles, i.e. the voids between the secondary particles
(plate forms) correspond to peak a of 0.1–5 mm and the voids
between the primary particles correspond to peak b of 6–20 nm.
The apparent density (0.983 g cm23) of the primary particles is

calculated from the result of mercury porosimetry by assuming
that peaks a and b are derived from voids between particles. The
practical parameter, v/v, expressing the gas storage capacity
[v/v is the volume of gas (at 298 K and 0.1013 MPa) divided by
the volume of the tank] was estimated to be 225 from the density
and the amount of adsorbed methane per weight of dried
sample. On the other hand, adsorption simulations predict that
the theoretical maximum for methane storage capacity of
carbon, the structure of which consists of parallel planes of
graphite with an optimum slit width 11.4 Å, is v/v = 198, for
void-free monolithic carbon.15 Thus the amount of adsorbed
methane for 2 surpasses the theoretical maximum storage
capacity of carbon calculated under the same conditions due to
the high density of the complex.

The results of the present work have important implications
since practical utilization of the coordination polymer for new
adsorptive gas storage may be feasible.

I thank Dr Y. Yokomichi for simulation of structures, and
Professor W. Mori and Professor S. Kitagawa for guidance and
advice in the synthesis.

Notes and references
† 1: An ethanol solution (15 cm3) of copper(II) acetate monohydrate (0.095
g) was added to a dimethylformamide solution (30 cm3) of stylene
dicarboxylic acid (0.096 g) and formic acid (0.3 cm3). After the mixture was
allowed to stand for several days at 313 K, a toluene solution (12.5 cm3) of
triethylenediamine was added to the mixture, which was then allowed to
react at 373 K in an autoclave for 1 h. A light blue precipitate was collected,
washed with methanol, and dried at 373 K in vacuo. Anal. Found: C, 49.34;
H, 2.70; N, 4.42. Calc. for Cu(O2CC6H4CO2)·1/2C6H12N2: C, 50.90; H,
2.96; N, 4.42%.

2: This complex was prepared using the procedure described for 1. Anal.
Found: C, 56.52; H, 3.55; N, 3.52. Calc. for Cu(O2CC6H4CO2)·1/
2C6H12N2: C, 57.22; H, 3.11; N, 3.93%.
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Fig. 4 High-pressure adsorption isotherms of methane at 298 K on metal
complexes.

Fig. 5 SEM and AFM images of coordination polymer 2.

Fig. 6 Mercury penetration curve for 2 (differential intrusion vs. pore
diameter).
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Diastereospecific synthesis of amino-acid substituted 2,2A-bipyridyl
complexes
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The L-valine substituted 2,2A-bipyridyl ligand 1 forms
D-M(1)3 (M = FeII, CoII, CoIII) complexes diastereo-
specifically, with the L-valinate arms forming a chiral anion-
binding pocket in the solid state.

Tris(2,2A-bipyridyl) metal complexes are among the most
studied in coordination chemistry. Although the complexes are
inherently chiral, simple bipyridines invariably lead to mixtures
of enantiomers. To achieve stereoselectivity at the metal centre,
the ligands must be modified to introduce an element of
chirality as discussed recently by Knof and von Zelewsky.1 For
some years we have been interested in the synthesis of triple
helicates using octahedral metal ions binding to multibidentate
ligands, and the stereoselective synthesis of such complexes is
an obvious challenge. With a view to combining stereo-
selectivity and the synthesis of heteronuclear helicates we
conceived the ligand valabipy, 1, comprising three bidentate

sites, one bipyridyl and two amino acids. The amino acid moiety
could induce stereoselectivity in the coordination of metal ions,
as demonstrated by Bernauer’s group for mononuclear com-
plexes of pyridine-amino acid ligands,2 and the different
ligating powers of bipyridyl and amino acids should allow the
binding of different metal ions in the two sites. Ligand 1 is a rare
example of a chiral 5,5A-substituted bipyridyl ligand and here
we report the surprising observation of diastereospecificity
when only the achiral bipyridyl chelating unit is occupied, and
the observation of anion binding at the amino acid site in the
solid state.

Valabipy 1 is prepared in three steps from diethyl-2,2A-
dipyridyl-5,5A-dicarboxylate3 by reduction of this ester to the
corresponding alcohol, formation of the chloro derivative, and
substitution of the chloride by L-valine in basic methanol.† The
neutral ligand is sparingly soluble in water, but dissolves readily
in slightly acid solution. If a solution of three equivalents of 1 in
dilute HCl is treated with one equivalent of iron(II) perchlorate,
a red–violet solution is obtained, indicating complexation of
low spin iron(II) in the bipyridyl site. The composition
[Fe(1)3]2+ was confirmed by electrospray mass spectrometry.
The 1H NMR spectrum of the diamagnetic complex showed it to
be a mixture of diastereomers, most clearly revealed by the
signals due to the a proton of the amino acid and the 6,6A-
protons of the bipyridyl moiety. The initial ratio of diastereo-
mers was 2+1, but on warming to 60 °C or on standing
overnight, the weaker set of signals completely disappeared,
indicating a thermodynamically controlled diastereospecificity.
On the basis of the sign of the CD bands arising from the exciton
coupling of the p–p* transitions, we can assign the D

configuration to the thermodynamically stable diastereomer
(Fig. 1).4,5

If the labile cobalt(II) ion was used instead of iron(II), the
complex was less stable in acid solution than [Fe(1)3]2+ but in
the pH range 4–5 the paramagnetic 1H NMR spectrum showed
a set of 9 peaks corresponding to [Co(1)3]2+. The sign of the
exciton couplet in the CD spectrum again indicated a D-
configuration at the metal centre (Fig. 1). [Co(1)3]2+ could be
oxidised by hydrogen peroxide to give the corresponding
cobalt(III) complex. The 1H NMR spectrum of the crude product
showed predominantly one diastereomer, with traces of some
minor products easily removed by crystallisation. The CD
spectrum indicated that the oxidation reaction was stereo-
retentive, yielding D-[Co(1)3]3+ (Fig. 1).4,6

If valabipy is synthesised using D-valine, instead of natural L-
valine, the enantiomeric ligand 2 is obtained. As expected, the
CD spectrum of [Co(2)3]2+ was the mirror image of that seen for
[Co(1)3]2+, indicating that the L configuration is favoured for
[Co(2)3]2+. Interestingly, when three equivalents of 1, three
equivalents of 2 and two equivalents of cobalt(II) were mixed,
the 1H NMR spectrum was identical to that of [Co(1)3]2+. This
demonstrates that the ligands undergo a homochiral self-
recognition process, preferentially forming D-[Co(1)3]2+ and
L-[Co(2)3]2+ over any mixed ligand species.

Crystals suitable for an X-ray structure determination were
obtained from a solution of [Fe(1)3]2+ in 1 M HCl with added
sodium perchlorate.‡ The crystal structure of [Fe(1H2)2(1H)-
Cl2](ClO4)4Cl·14H2O confirmed the D-configuration for the
[Fe(bipy)3] unit, and revealed, to our surprise, the binding of
two chloride ions by the complex. The cation may be regarded
as a helicate in which the helical axis is defined by the Cl–Fe–Cl
direction [angle Cl–Fe–Cl 179.50(6)] and the 1 ligands twist
around the axis (Fig. 2 and 3).

The structure is held together by coordinate bonds between
the iron and the bipyridyls, and hydrogen bonds and electro-

Fig. 1 CD spectra of [Fe(1)3]2+ (-----), [Co(1)3]2+ (pH 4.2) (·····), and
[Co(1)3]3+ (—) in aqueous solution.

This journal is © The Royal Society of Chemistry 2001
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static interactions between the chlorides and the protonated
amino residues of the ligand. The geometry of the Fe(bipy)3 unit
is normal7 with an average Fe–N distance of 1.968 Å, interplane
torsional angles for the bipyridyl units between 4 and 8°, and
approximate D3 symmetry. The isopropyl side chains of 1 are
oriented so that they are clustered together around the helical
axis, while the carboxylates are directed away from the axis to
form a hydrophilic surface. The crystal packing of the cations
shows an ABCABC packing of layers with the pseudo-threefold
axis of the cation perpendicular to the layers and parallel to the
[1 1 1] direction. The amino acid moieties are protonated on all
the amino groups, and on five of the carboxylates, although the
deprotonated carboxylate is delocalised between two sites. One
of the N–H protons of each amino group is directed towards the
helical axis and is available to hydrogen bond the chloride ions,
with average N…Cl distances of 3.16 Å, typical of N–H…Cl
hydrogen bonding. Each chloride forms three hydrogen bonds
in an approximately trigonal arrangement, but is displaced
slightly out of the N3 plane towards the iron atom which is 4.98
Å away.

Whilst this manuscript was in preparation, a ruthenium(II)
complex with amide-substituted 2,2A-bipyridyl ligands was
shown by Beer and coworkers to encapsulate chloride ions in
both the solid state and in solution (MeOH–CH2Cl2).8 The
anion binding site is very similar, though in the case of 1 the

cationic ammonium units form significantly shorter N–H…Cl
bonds, and both the chloride ions form three hydrogen bonds in
the solid state, whereas in ref. 8 one chloride ion formed two
hydrogen bonds and the other three hydrogen bonds.

It is interesting that for [M(1)3]n+, the stereoselective
organisation of 1 around the metal ion leads to the generation of
a chiral receptor site at each end of the complex. The nature of
this site may be modified by changes in the chelating side arms
used to construct the ligand and thus these complexes have
promise as tunable selective chiral anion sensors—an area of
much current interest.9

The diastereospecific formation of D-[Fe(1)3]2+ is initially
surprising when the distance of the chiral centres of the ligand
from the iron atom is considered. The fact that the complex may
be crystallised from strongly acid (1 M HCl) solution implies
that an additional stabilising element is present since a-diimine
complexes such as [Fe(phen)3]2+ or [Fe(diethyl-2,2A-dipyridyl-
5,5A-dicarboxylate)3]2+ are rapidly decomposed under these
conditions. The observation that the labile CoII ion shows
immediate diastereoselectivity, whereas the kinetically more
inert FeII ion takes longer for the 1H NMR and CD spectra to
stabilise indicates that the selectivity is thermodynamic rather
than kinetic. Current investigations in this laboratory are
focussing on the precise origins of the observed diastereo-
selectivity and the behaviour of the anion receptor site in
solution.

Notes and references
† Ligand 1 was fully characterised by 1H NMR, 13C NMR, mass spectrome-
try and elemental analysis.
‡ Crystal data: [Fe(C22H31.667N4O4)3Cl2](ClO4)4Cl·14H2O: triclinic, space
group P1, a = 12.2214(9), b = 13.0213(10), c = 15.5397 Å , V =
2361.3(2) Å3, a = 85.007(9), b = 79.818(9), g = 76.218(9)°, Z = 1, Dc

1.449 g cm23. 32169 reflections were collected using a STOE IPDS system
at 200 K with Mo-Ka radiation. 17362 unique reflections (Rint = 0.041),
Data correction for Lorentzian polarisation and absorption (m = 0.45
mm21, Tmin = 0.9289, Tmax = 0.9539). The structure was solved by direct
methods,10 and refined against |F| using anisotropic atomic displacement
parameters for all non-hydrogen atoms. Ligand hydrogen atoms were
calculated, and OH groups were attributed on the basis of the associated C–
O distances. Inclusion and refinement of the water hydrogen atoms gave no
improvement. The final R factor for 11445 reflections (|Fo| > 4s(Fo)) with
1151 variables was 0.039 (Rw = 0.040) and the absolute structure parameter
20.04(2). Residual electron density peaks: min. 20.67, max. 0.52 e Å23.
Calculation used the XTAL11 programs.

CCDC reference number 154157. See http://www.rsc.org/suppdata/cc/
b1/b104520m/ for crystallographic data in CIF or other electronic format.
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Fig. 2 View of the solid state structure of the [Fe(1H)(1H2)2Cl2]5+ cation
showing the threefold hydrogen bonding of the chloride ions.

Fig. 3 Space filling view of the structure of the [Fe(1H)(1H2)2Cl2]5+ cation
perpendicular to the pseudo-threefold axis. The iron atom is hidden by the
bipyridyl unit; the chloride ions are shown in green and the carboxylate
oxygens in red.
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Substituent effects on aromatic interactions in the solid state

Harry Adams,a Pablo L. Bernad Jr.,a Drake S. Eggleston,b R. Curtis Haltiwanger,b Kenneth D. M.
Harris,*d Guy A. Hembury,ad Christopher A. Hunter,*a David J. Livingstone,c Benson M. Kariukid
and James F. McCabea

a Centre for Chemical Biology, Krebs Institute for Biomolecular Science, Department of Chemistry,
University of Sheffield, Sheffield, UK S3 7HF. E-mail: C.Hunter@sheffield.ac.uk

b SmithKline Beecham Pharmaceuticals, 709 Swedeland Road, PA 19406, USA
c ChemQuest, Delamere House, 1 Royal Crescent, Sandown, Isle of Wight, UK PO36 8LZ
d School of Chemistry, University of Birmingham, Edgbaston, Birmingham, UK B15 2TT.

E-mail: K.D.M.Harris@bham.ac.uk

Received (in Cambridge, UK) 16th February 2001, Accepted 26th June 2001
First published as an Advance Article on the web 26th July 2001

A systematic series of structural studies has led to an
understanding of how to use hydrogen-bonding and steric
interactions to control two aromatic rings to interact in a
well-defined and predictable manner in the solid state.

The study of non-covalent interactions in the solid state can be
a rather hit or miss pursuit, as subtle changes in molecular
structure can have dramatic effects on the way in which
molecules organise in the crystal.1 Indeed, the arrangement of
molecules observed in a crystal structure is governed by
maximising favourable intermolecular interactions and mini-
mising unfavourable intermolecular interactions throughout the
whole crystal, and the fact that the molecular packing
arrangement arises from the interplay of several different
factors calls for considerable caution in attempting to interpret,
to rationalize and even to identify specific intermolecular
interactions simply on the basis of inspecting known crystal
structures. For example, there is an unfortunate tendency to
attribute as a favourable interaction any situation in which two
functionalities happen to be found close to each other in a
crystal structure—however, the two groups involved may be
unwillingly forced into close contact as the result of a stronger
interaction involving neighbouring groups. To make progress in
understanding and controlling specific interactions in the solid
state requires investigations on families of materials designed
such that the effects of different factors on the resultant
structural properties may be systematically delineated. In this
communication, we describe systematic studies of this type,
which have led to an understanding of how to use hydrogen-
bonding and steric interactions to control two aromatic rings to
interact in a well-defined and predictable manner.2†

Using a combination of edge-to-face aromatic interactions
and H-bonds to assemble double-stranded ‘zipper’ complexes
from oligomeric amides, we have been able to quantify the
magnitudes of a range of aromatic interactions in solution.3 The
key non-covalent structural motif is shown in Fig. 1(a). Simple
aromatic amides of this general structure are self-com-
plementary on both faces and should therefore self-assemble to
give linear hydrogen bonded chains in the solid state (Fig.
1(b)).3a,4 This system provides an interesting framework for
probing the properties of aromatic interactions in the solid state,
and so we have investigated the degree of control that can be
achieved over the geometry of the interactions between the
aromatic rings and the sensitivity of these interactions to the
nature of the substituents on these rings.5

We synthesised the fifteen compounds shown in Fig. 2(a).6
This series allows us to probe the influence of the size of the
aniline ortho substituents (R1 and R2) and the effects of strongly
polarising substituents (X and Y) on the edge-to-face aromatic
interaction. For all but one of these compounds, crystals of
appropriate size and quality for single crystal X-ray diffraction
studies were obtained. It is found that, when there are no aniline

ortho substituents (i.e. R1 = R2 = H), the molecules are more
planar, and although linear H-bonded chains are formed, the
molecules are arranged in a head-to-head fashion with stacking
interactions between like aromatic rings (not shown). All of the
other compounds except 12 adopt a conformation in which the
benzoyl and aniline groups are orthogonal (in an intramolecular
sense), and the crystal structures contain H-bonded chains with
head-to-tail dimers of the type depicted in Fig. 1(a)—i.e. with

Fig. 1 (a) The key non-covalent structural motif used to assemble
oligomeric zipper complexes in solution. (b) Extending this motif yields
linear H-bonded chains for aromatic amides of the general structure shown.
The term ‘head-to-tail dimer’ is used to refer to the situation shown, in
which the aniline ring of one molecule is adjacent to the benzoyl ring of the
neighbouring molecule along the chain (and vice versa). In the alternative
situation (not shown), the aniline ring of one molecule is adjacent to the
aniline ring of the neighbouring molecule along the chain, which is
described as a ‘head-to-head dimer’.

This journal is © The Royal Society of Chemistry 2001
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interactions between the benzoyl and aniline rings of adjacent
molecules.

Fig. 2(b) shows an overlay of the aromatic interactions in all
of the crystal structures that contain head-to-tail dimers. The
behaviour of the aniline rings with ortho methyl groups is
clearly different from those with ortho ethyl and ortho isopropyl
groups. The bulkier substituents strictly enforce edge-to-face
interactions between the two p-systems, such that the geometry
of these interactions is essentially identical for all of the
structures with ethyl and isopropyl groups. As shown in Fig.
2(b) (grey structures), the benzoyl group fits into a groove
which runs along the face of the aniline ring, sandwiched
between the two alkyl substituents which project above the
plane of the aniline p-system.

For the smaller ortho methyl groups, the molecules still adopt
a conformation in which the benzoyl and aniline rings are
orthogonal to each other, but the intermolecular interactions are
significantly different. Now the geometric relation between
adjacent molecules is distorted such that intermolecular aro-
matic stacking interactions are observed (Fig. 2(b), green
structures). The major distortion concerns the geometry of the
H-bonding interaction which allows the two p-systems to
become parallel, improving the packing efficiency of the
dimer.

For X = NO2, alternating head-to-tail and head-to-head
dimers are found within the H-bonded chain for the dimethyl
and diethyl aniline derivatives, and for the mono-methyl
derivative only head-to-head dimers are found. There appears to
be a strong driving force for the nitroanilines to stack with
themselves, and this is only prevented in the presence of bulky
isopropyl groups which disrupt stacking of the aniline groups.

These results suggest that we can rigorously control the
geometry of the aromatic interactions in this system by using
isopropyl aniline derivatives, and that the packing, at least
within a chain, is insensitive to the nature of the terminal
substituents (X and Y). It should therefore be possible to use this
system as a scaffold to set up geometrically well-defined
intermolecular aromatic interactions with a variety of different
substituents. To explore this potential, we have synthesised the
wider series of compounds containing isopropyl substituents

shown in Fig. 3(a), and crystal structures have been obtained for
seven of these compounds (three structures were available from
our studies of the series shown in Fig. 2(a) and four additional
structures were obtained). In all cases, the crystals contain H-
bonded chains containing the expected head-to-tail dimers of
the type shown in Fig. 1(a).7 Fig. 3(b) shows an overlay of the
aromatic interactions in the head-to-tail dimers found in these
crystal structures. These structures are essentially identical,
supporting the view that the H-bonded motif in Fig. 1 represents
a robust framework for the study of edge-to-face aromatic
interactions in the solid state.

We thank SmithKline Beecham (JFM), BBRSC (GAH), the
Lister Institute (CAH) and EPSRC (BMK) for funding.

Notes and references
† CCDC 158573–158589. See http://www.rsc.org/suppdata/cc/b1/
b101575n/ for crystallographic data in CIF or other electronic format for
compounds 1–4, 6, 8–17, 19 and 20. The crystal structure of 5 was reported
previously.2a

1 (a) G. R. Desiraju, Crystal Engineering, Elsevier, Amsterdam, 1989; (b)
The Crystal as a Supramolecular Entity, ed. G. R. Desiraju, Wiley,
Chichester, 1996.

2 (a) H. Takahashi, S. Tsuboyama, Y. Umezawa, K. Honda and M.
Nishio, Tetrahedron, 2000, 56, 6185; (b) J. P. Glusker, Top. Curr.
Chem., 1998, 198, 1; (c) A. Gavezzotti, Curr. Opin. Solid State Mater.
Sci., 1996, 1, 501.

3 (a) H. Adams, F. J. Carver, C. A. Hunter, J. C. Morales and E. M.
Seward, Angew. Chem., Int. Ed. Engl., 1996, 35, 1542; (b) H. Adams,
K. D. M. Harris, G. A. Hembury, C. A. Hunter, D. Livingstone and J. F.
McCabe, Chem. Commun., 1996, 2531; (c) F. J. Carver, C. A. Hunter
and E. M. Seward, Chem. Commun., 1998, 775.

4 N. E. C. Duke and P. W. Codding, J. Med. Chem., 1992, 35, 1806.
5 We emphasize that some of the measured diffraction data were of

intrinsically poor quality as a consequence of comparatively poor crystal
quality. In spite of this fact, significant new structural insights have been
obtained, and the structural results are discussed at a level compatible
with the quality of the data. Disorder is a factor in structures 12, 13, 15
and 16, and a serious factor in the latter two, where it leads to alternative
orientations for the H-bonded chains. These factors do not affect the
overall findings reported here and will be fully discussed in a full paper
on this topic.

6 All new compounds gave satisfactory spectroscopic data.
7 For compound 16 (X = Y = NMe2), head-to-head dimers were also

found within the H-bonded chain.

Fig. 2 (a) Compounds used to probe the influence of the aniline ortho
substituents on the geometry of the aromatic interactions in the solid
state.

R1 N H H Me Et iPr
X Y R2 N H Me Me Et iPr

H tBu 1 2 3 4 5
H NO2 6 7 8 9 10
NO2

tBu 11 12 13 14 15
(b) The aromatic interactions in the head-to-tail dimers found in the
crystal structures of 2–5, 8–10, 13–15 are shown, with the benzoyl rings
superimposed and the para substituents deleted for clarity.5 Aniline rings
with ethyl and isopropyl substituents are coloured grey, and anilines with
methyl substituents are coloured green. The H-bonded chains in the crystal
structures of 1, 6, 11 and 12 contain head-to-head dimers and are not shown.
We have not yet been able to obtain a crystal structure of 7.

Fig. 3 (a) Compounds used to probe the influence of the polarising
substituents on the geometry of the aromatic interactions in the solid
state.
X Y N NMe2

tBu NO2

NMe2 16 17 18
H 19 5 10
NO2 20 15 21
(b) The head-to-tail dimers found in the crystal structures of 16, 17, 19,
5, 10, 20, and 15 are shown as a least squares overlay of the amide group (C,
N and O), the aniline ring (six C atoms) and benzoyl ring (six C atoms).5 We
have not yet been able to obtain the crystal structures of 18 and 21.
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A cross-shaped Ag5Ti4 molecule based on a [Ag(C·N)4]32 core
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K3[Ag(C·N)4] (2) reacts with {[Ti](C·CR)2}AgOClO3
{R = SiMe3, 1a; R = Ph, 1b; [Ti] = (h5-C5H4SiMe3)2Ti} in
a 1+4 molar ratio to produce the nonametallic Ag5Ti4 species
[Ag(C·N?Ag{(RC·C)2[Ti]})4](ClO4) (R = SiMe3, 3a;
R = Ph, 3b) in which four heterobimetallic titanium(IV)–
silver(I) tweezer units, [{[Ti](C·CR)2}Ag]+, are bridged by a
[Ag(C·N)4]32 core; the reaction chemistry of 3 is reported.

Recently, oligonuclear cyanide bridged transition metal com-
plexes have attracted much attention, since they possess
interesting chemical as well as physical properties.1,2

In this context, we here describe a straightforward method for
the preparation of, e.g. the cross-shaped structured Ag5Ti4
species [Ag(C·N?Ag{(RC·C)2[Ti]})4](ClO4) by introduction
of a group-11 metal cyanide core, [Ag(C·N)4]32, as linking
component for heterobimetallic early–late organometallic
building blocks, e.g. [{[Ti](C·CR)2}Ag]+.

Treatment of orange {[Ti](C·CR)2}AgOClO3 {R = SiMe3,
1a;3 R = Ph, 1b;4 [Ti] = (h5-C5H4SiMe3)2Ti} with
K3[Ag(C·N)4]5 in a 4+1 molar ratio in tetrahydrofuran as
solvent affords nonametallic orange-brown (3a) or red (3b)
[Ag(C·N?Ag{(RC·C)2[Ti]})4](ClO4) (R = SiMe3, 3a;
R = Ph, 3b) in excellent yields (Scheme 1).†

The most striking feature of 3a and 3b is the bridging cyano–
argentate core [Ag(C·N)4]32, which links the four hetero-
bimetallic early–late transition metal units [{[Ti](C·
CR)2}Ag]+, giving rise to the formation of the novel nona-
metallic Ag5Ti4 species 3a or 3b, respectively.

In 3 each cyano ligand of the [Ag(C·N)4]32 core is datively
bonded to the silver(I) center of the respective end-grafted
titanium–silver tweezer fragment [{[Ti](C·CR)2}Ag]+. While,
the core silver(I) center possesses a tetrahedral environment, the
silver atoms of the corresponding tweezer moieties are trigonal-
planar coordinated.6

Although [Fe(C·N)6]42 can successfully be used for the pre-
paration of, e.g. heptametallic cationic {Fe[C·N?Cu(tpa)]6}8+

[tpa = tris(2-pyridylmethyl)amine],7 surprisingly no reaction
seems to take place when K4[Fe(C·N)6] is reacted with 1a or
1b, even though various reaction conditions were applied.

Complexes 3a and 3b are readily soluble in polar organic
solvents, such as acetone and tetrahydrofuran.

However, 3a and 3b decompose, even in the dark, in solution
within several days. Besides the formation of elemental silver,

the tetranuclear Ag2Ti2 complex 4 along with other undefined
products is produced (Scheme 2).

A further possibility for the preparation of 4 is via reacting
equimolar amounts of {[Ti](C·CSiMe3)2}AgOClO3 1a and
{[Ti](C·CSiMe3)2}AgC·N 6.4 In this reaction the cyano
moiety in the latter molecule replaces the OClO3 group in 1a,
thus yielding 4.4

Tetranuclear 4 features a bent Ag–C·N?Ag array as was
demonstrated by single X-ray structure analysis (Fig. 1).‡

The molecular structure of 4 in the solid state shows that each
of the two silver(I) centers possesses a trigonal-planar surround-
ing, caused by two h2-coordinated alkynyl moieties [Ag(1):
Ti(1)–C(1)–C(2)–Si(1), Ti(1)–C(6)–C(7)–Si(2); Ag(2): Ti(2)–
C(27)–C(28)–Si(5); Ti(2)–C(32)–C(33)–Si(6)] and the m-bridg-
ing C·N unit C(53)–N(1) (Fig. 1). A cis-bending of the central
Ag(1)–N(1)–C(53)–Ag(2) assembly is observed [Ag(1)–N(1)–

Scheme 1

Scheme 2

Fig. 1 ZORTEP drawing (50% probability level) of 4. Selected interatomic
bond distances (Å) and angles (°): Ti(1)…Ag(1) 3.1585(10), Ti(2)…Ag(2)
3.1705(9), Ag(1)–N(1) 2.152(5), Ag(1)–C(1) 2.279(5), Ag(1)–C(2)
2.445(5), Ag(1)–C(6) 2.313(5), Ag(1)–C(7) 2.442(5), Ag(2)–C(53)
2.106(5), Ag(2)–C(27) 2.290(5), Ag(2)–C(28) 2.443(5), Ag(2)–C(32)
2.309(5), Ag(2)–C(33) 2.434(5), Ti(1)–C(1) 2.133(5), Ti(1)–C(6) 2.112(5),
Ti(2)–C(27) 2.135(5), Ti(2)–C(32) 2.124(5), C(1)–C(2) 1.216(6), C(6)–
C(7) 1.248(6), C(27)–C(28) 1.223(7), C(32)–C(33) 1.236(6); Ag(1)–N(1)–
C(53) 156.3(4), Ag(2)–C(53)–N(1) 158.5(5), C(1)–Ti(1)–C(6) 93.14(18),
C(27)–Ti(2)–C(32) 92.85(18), Ti(1)–C(1)–C(2) 173.6(4), Ti(1)–C(6)–C(7)
171.3(4), Ti(2)–C(27)–C(28) 171.9(4), Ti(2)–C(32)–C(33) 171.2(4), C(1)–
C(2)–Si(1) 164.9(4), C(6)–C(7)–Si(2) 169.5(4), C(27)–C(28)–Si(5)
163.3(5), C(32)–C(33)–Si(6) 167.4(5).

This journal is © The Royal Society of Chemistry 2001
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C(53) 156.3(4)°, Ag(2)–C(53)–N(1) 158.5(5)°; Fig. 1]. The
planes, comprised of the atoms Ti(1), C(1), C(2), Si(1), C(6),
C(7), Si(2) and Ag(1) (rms deviation of fitted atoms 0.02 Å) as
well as Ti(2), C(27), C(28), Si(5), C(32), C(33), Si(6) and Ag(2)
(rms deviation of fitted atoms 0.04 Å), respectively, are at 87.3°,
almost perpendicularly orientated to each other.

The structural features of the organometallic p-tweezer part
{[Ti](C·CSiMe3)2}Ag are in accordance with this type of
molecule: (i) the lengthening of the C·C triple bonds, (ii) trans-
bending of the Ti–C·C–Si units and (iii) decreasing of the bite
angle C·CC–Ti–CC·C, as a result of the h2-coordination of both
C·C triple bonds of the [Ti](C·CSiMe3)2 moieties to the
corresponding silver centers.6

IR spectroscopy is a suitable method to prove the formation
of 3a and 3b. While, in the starting material K3[Ag(C·N)4] 2,
the nC·N frequency is found at 2097 cm21, it is shifted to 2152
cm21 in 3a and 3b. This behaviour is common for cyanide
complexes in which the C·N moiety bridges two transition
metal atoms.8,9b The counter-ion ClO4

2 in 3a and 3b is non-
coordinated, since only one absorption band is found for the
nCl–O stretching vibrations at 1097 cm21 (3a) or
1100 cm21 (3b) which differs from the starting materials 1a and
1b in which the perchlorate entities OClO3 are s-bonded via the
formation of a Ag–O bond to the corresponding silver(I) center,
giving rise to two (1a: 1122, 1032 cm21)4 or three (1b: 1120,
1107, 1067 cm21)4 bands.9

13C{1H} NMR studies on 3a and 3b show only minor
changes with respect to the chemical shifts of 1a and 1b,
however, 1H NMR measurements reveal conspicious differ-
ences for the protons of the cyclopentadienyl ligands. While 1a
and 1b display the characteristic AAAXXA pattern with two
pseudo-triplets at d 6.38 and 6.68 for 1a3,4 or d 6.49 and 6.63 for
1b,4 in 3b two singlets at d 6.77 and 6.87 and in 3a only one
singlet at d 6.56 are observed, probably due to the fact that
dynamic processes are involved. However, variable tem-
perature 1H NMR measurements could not be carried out, since
3a and 3b start to precipitate on cooling during the measure-
ments.

This work was supported in part by the Fonds der
Chemischen Industrie and the Deutsche Forschungsgemein-
schaft.

Notes and references
† Experimental details: as an example, the synthesis of 3a is presented: to
a tetrahydrofuran solution (80 mL) containing 500 mg (0.69 mmol) of
{[Ti](C·CSiMe3)2}AgOClO3 1a,3 57 mg (0.17 mmol) of K3[Ag(C·N)4]5

was added in one portion at 25 °C. The reaction mixture was stirred in the
dark for 8 h. After filtration through a pad of Celite all volatiles were
removed in vacuo (oil-pump) and the orange–brown residue washed twice
with 20 mL of n-pentane (yield: 435 mg, 91%). CAUTION: Perchlorates of
silver(I) can be explosive. Care has to be taken with all safety precautions
followed.

Anal. Calc. for C108H176Ag5ClN4O4Si16Ti4 (2810.28): C, 46.16; H, 6.31;
N, 1.99. Found: C, 45.78; H, 6.44; N, 1.69%. Mp: 147 °C (decomp.). IR
(KBr, cm21): [nC·N] 2152w; [nC·C] 1949w; [nCl–O] 1099s. 1H NMR (d6-
acetone), 250.130 MHz, d 0.29 (s, 72 H, SiMe3), 0.37 (s, 72 H, SiMe3), 6.56
(br s, 32 H, C5H4). 13C{1H} NMR (d6-acetone, 62.902 MHz), d 0.4 (SiMe3),
1.1 (SiMe3), 118.0 (CH/C5H4), 120.6 (CH/C5H4), 128.0 (iC/C5H4), 138.8

(C·CSi), 156.3 (TiC·C); owing to the low solubility of 3a in acetone
the13C{1H} NMR signals for the C·N units could not be assigned.
‡ Crystal data for 4: C57H96Ag2ClNO5Si8Ti2, orange rods, 0.60 3 0.15 3
0.10 mm, Mr = 1446.06, triclinic, space group P1̄, a = 12.6070(2), b =
16.9396(2), c = 18.5179(3) Å, V = 3695.49(9) Å3, a = 99.1690(10), b =
100.4600(10), g = 103.5460(10), Z = 2, Dc = 1.300 g cm23, F(000) =
1504, T = 173 K, Bruker Smart CCD, Mo-Ka radiation (l = 0.71073 Å),
m = 0.936 mm21, min., max. transmission 0.821695, 0.481409, w-scans,
qmax = 30.27°, 18810 unique data, final R1 = 0.0562 and wR2 = 0.0881
[I ! 2s(I)], 709 refined parameters, structure solution by least square
methods.
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The first example of an organo-tungsten pyrylium complex
(4-cyclopentadienyl-2,6-diphenylpyrylium)W(CO)3CH3 has
been prepared, fully characterized and transformed in an
aqueous basic medium to the corresponding pseudobase
(3-cyclopentadienyl-1,5-diphenylpent-2-ene-1,5-dione)W-
(CO)3CH3 which is the first X-ray structure analysed
organometallic pseudobase.

It has been shown recently1–3 that pyrylium salts bearing an
organometallic fragment are very promising candidates for the
labeling of biological molecules. Due to their electrophilicity,
this family of compounds could be attractive for the selective
introduction of heavy atoms into protein crystals by means of
covalent bond formation with protein side chains carrying a
primary amine. Since such heavy metal protein derivatives are
required for crystallographic phase determination when using,
for example, the multiple isomorphous replacement method
(MIR),4 organometallic pyrylium salts could potentially be of
great use for three-dimensional protein structure determination
by X-ray crystallography. Several synthetic approaches have
been suggested for the preparation of organometallic pyrylium
salts bearing benchrotrenyl,1,5 ferrocenyl,6 cyclopentadienyl-
tricarbonyl-manganese1,7 or -rhenium1 fragments at the 4-posi-
tion of the heterocyclic ring. Reactivity studies using bench-
rotrenyl pyrylium salts with primary amines, amino acids or
proteins have shown that labeling was observed even using
crystalline protein.8 Nevertheless, X-ray diffraction experi-
ments indicated the need for heavier atoms with larger
electronic densities. We therefore sought to develop derivatives
of the CpW(CO)3CH3 system which are both air and light stable
and provide a heavy metal in a suitable organometallic
environment.

We now report the synthesis of the first pyrylium salt
containing a tungsten organometallic moiety and the X-ray
structural analysis of the pseudobase obtained from its hydroly-
sis under basic conditions.

The tungsten pyrylium complex 3 was obtained by reaction
of deprotonated starting material 1 with preformed 2,6-di-
phenylpyrylium salt followed by hydride abstraction from the
resulting pyran derivative with trityl cation (Scheme 1).†

Complex 3 was isolated as a deep purple air stable solid in
30% overall yield and characterized by elemental analysis, IR
and 1H and 13C{1H} NMR spectroscopies. In the 1H NMR
spectrum, a characteristic resonance at 8.79 (s) ppm was
assigned to the two pyrylium protons. The 13C{1H} NMR
spectrum exhibited three signals at 113.5, 164.1 and 171.2 ppm
assignable to Cb, Cg and Ca, respectively, of the heterocycle.
These data are very similar to those of 2,4,6-triphenylpyrylium
salt9 and show no significant influence of the organometallic
fragment on the heterocycle carbon chemical shifts.

The mechanism of pyrylium to pyridinium conversion has
been thoroughly studied.10 Kinetic measurements using UV–
visible spectroscopy performed on a series of 4-benchrotrenyl
pyrylium salts indicated that in aqueous media, and especially at
basic pH, the hydrolysis of the pyrylium salt is very fast and that
the pseudobase form (open chain diketone form) resulting from
the addition of OH2 to the pyrylium salt is in fact the reactive
species that undergoes the nucleophilic addition by the protein
amino group (Scheme 2).3 Thus, knowledge of the structure and
reactivity of the pseudobase form of pyrylium complex 3 is
important for the understanding of the mechanism of protein
labelling by these species.

Treatment of the tungsten pyrylium salt 3 with Na2CO3 in an
acetone–water mixture and subsequent extraction with diethyl
ether led to the corresponding pseudobase ((3-cyclopentadie-
nyl-1,5-diphenylpent-2-ene-1,5-dione)W(CO)3CH3) 4 in 92%
yield (Scheme 1) as a moderately air stable yellow solid.†

The structure of 4 was established by 1H NMR analysis
which revealed the presence of methylenic and vinylic protons
at 4.51 and 7.24 ppm, respectively. The carbon atoms of the
pent-2-ene-1,5-dione chain gave signals at 195.7 (CNO), 190.3
(conjugated CNO), 144.4 and 121.2 (CNC) and 41.7 (CH2) ppm

Scheme 1 Reagents and conditions: i, BunLi, THF, 278 °C; ii,
2,6-diphenylpyrylium salt, THF, 278 °C to RT; iii, Ph3C+BF4

2, CH3CN,
RT; iv, Na2CO3, acetone/H2O/ether, RT.

Scheme 2 Reaction of a protein with a pyrylium salt in basic aqueous
medium.

This journal is © The Royal Society of Chemistry 2001
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in the 13C{1H} NMR spectrum. These spectroscopic data are
very similar to those of the corresponding compound bearing a
phenyl group instead of the organo-tungsten fragment11 except
for the carbon C3 signal which is shifted 8 ppm upfield.

The structure of pseudobase 4 was confirmed by X-ray
crystallography (Fig. 1).‡ The complex exhibits a four-legged
piano stool geometry with the methyl group on tungsten and the
substituent on the Cp in perpendicular vertical planes. Bond
distances within the diketone chain are in agreement with those
reported for the only structurally characterized pseudobase
PhC(O)CHNC(CF3)CH2C(O)Ph12 which bears a CF3 sub-
stituent in place of the Cp-tungsten fragment. The dihedral
angles along the conjugated chain (C(6)–C(5)–C(10)–C(19)
18.6°; C(10)–C(19)–C(20)–O(5) 21.2°; O(5)–C(20)–C(21)–
C(26) 18.7°) show significant deviation from planarity and the
two phenyl end groups are almost perpendicular to each
other.

The kinetics of reaction of complex 3 with n-butylamine in
acetonitrile was studied spectrophotometrically. Conversion to
the N-butylpyridinium salt followed a pseudo-first order
reaction rate with kobs = 5.4 3 1024 s21. The structure of the
final product was confirmed by 1H NMR. For comparison, in
the same experimental conditions, a kobs of 0.583 1024 s21 and
0.32 3 1024 s21 was measured for 4-benchrotrenyl-2,6-di-
phenylpyrylium tetrafluoroborate and 2,4,6-triphenylpyrylium
tetrafluoroborate, respectively.3,13

This synthesis may help provide a new approach in X-ray
structural determination of proteins.

This work was supported by the European COST D8/0016
action.

Notes and references
† Synthetic procedure for 3: to a solution of the pyran complex 2 (232 mg,
0.4 mmol) in acetonitrile (10 mL) was added Ph3C+BF4

– (170 mg, 0.45
mmol). The solution was stirred for 0.5 h at RT. On addition of diethyl ether
(30 ml), complex 3 precipitated as a deep purple solid (205 mg, 0.29 mmol,
72%). Selected data for 3: n(CH2Cl2)/cm21 1936, 2026 (C·O); dH(200
MHz, d6-acetone): 0.54 (s, 3H, CH3), 6.28 (t, 2H, J = 2.4 Hz, Cp), 6.93 (t,
2H, J = 2.4 Hz, Cp), 7.93–7.75 (m, 6H, Ph), 8.54 (m, 4H, Ph), 8.79 (s, 2H,
H3,5-pyr); dC(100 MHz, d6-acetone) 230.8 (CH3), 93.8 (C2,2A-Cp), 98.3
(C1-Cp), 99.6 (C3,3A-Cp), 113.50 (C3,5-pyr), 129.3 (Cortho-Ph), 130.1 (Cipso-
Ph), 130.8 (Cmeta-Ph), 135.9 (Cpara-Ph), 164.1 (C4-pyr), 171.2 (C2,6-pyr),
214.5 (C·O), 226.1 (C·O); Elemental anal. Calc. for C26H19BF4O4W: C,
46.87; H, 2.85. Found: C, 46.76; H, 2.91%. Synthetic procedure for 4: to a
solution of the pyrylium complex 3 (143 mg, 0.2 mmol) in acetone (5 ml)
and ether (5 ml) was added K2CO3 (70 mg, 2 mmol) in water (3 ml). The

mixture was stirred for 10 min at RT during while the organic phase turned
orange. After extraction with diethyl ether (10 ml), evaporation and addition
of pentane to the resulting oil, the pseudobase 4 was obtained as a yellow
powder (110 mg, 0.184 mmol, 92%). Selected data for 4: n(CH2Cl2)/
cm21 1922, 2017 (C·O); dH(200 MHz, CDCl3): 0.51 (s, 3H, CH3), 4.51 (s,
2H, CH2), 5.49 (t, 2H, J = 2.4 Hz, Cp), 5.59 (t, 2H, J = 2.4 Hz, Cp), 7.24
(s, 1H, –CHN), 7.67–7.43 (m, 6H, Ph), 7.91 (d, 2H, J = 8.5 Hz, Ph), 8.09
(d, 2H, J = 8.5 Hz, Ph); dC(100 MHz, CDCl3): 230.9 (CH3), 41.7 (C4),
90.1 (C2,2A-Cp), 92.5 (C3,3A-Cp), 109.4 (C1-Cp), 121.2 (C2), 128.3, 128.4,
128.7, 128.9 (Cortho,meta-Ph), 133.0, 133.6 (Cpara-Ph), 136.5 (Cipso-Ph),
138.8 (Cipso-Ph), 144.4 (C3), 190.3 (C1), 195.7 (C5), 215.1 (C·O), 227.6
(C·O); Elemental anal. Calc. for C26H20O5W: C, 52.36; H, 3.36. Found: C,
52.84; H, 3.54%.
‡ Crystal data for C26H20O5W (4): The compound crystallises in the
triclinic space group P1̄; Mr = 596.27, a = 9.952(2), b = 10.753(3), c =
12.567(3) Å, a = 66.63(2), b = 71.183(19), g = 63.35(2)°, U = 1086.2(4)
Å3, Z = 2, T = 293(2) K, m = 5.353 mm21, Dc = 1.823 Mg m23, F(000)
= 580, Of a total of 6921 collected reflections, 6315 were unique (R(int) =
0.0325) and used in all calculations. The final wR2 = 0.1622 (all data),
R1 [I > 2s(I)] = 0.0755. The structure was solved by direct methods,
SHELXS-97,14 and refined by full matrix least squares using SHELXL-
97.15 SHELX operations were automated using ORTEX which was also
used to obtain the drawings.16 Data were corrected for Lorentz, polarization
effects and for absorption by the method of Y scans. The minimum
transmission was 74%.17 Hydrogen atoms were included in calculated
positions with thermal parameters 30% larger than the atom to which they
are attached. The non-hydrogen atoms were refined anisotropically. All
calculations were performed on a Pentium PC. CCDC reference number
number 166487. See http://www.rsc.org/suppdata/cc/b1/b104419m/ for
crystallographic data in CIF or other electronic format.

1 K. L. Malisza, S. Top, J. Vaissermann, B. Caro, M.-C. Sénéchal-
Tocquer, D. Sénéchal, J.-Y. Saillard, S. Triki, S. Kahlal, J. F. Britten, M.
J. McGlinchey and G. Jaouen, Organometallics, 1995, 14, 5273.

2 M. Salmain, K. L. Malisza, S. Top, G. Jaouen, M.-C. Sénéchal Tocquer,
D. Sénéchal and B. Caro, Bioconjugate Chem., 1994, 5, 655.

3 B. Caro, F. Le Guen-Robin, M. Salmain and G. Jaouen, Tetrahedron,
2000, 56, 257.

4 T. L. Blundell and L. N. Johnson, Protein Crystallography, Academic
Press, New York, 1976, pp. 173–259.

5 B. Caro, M.-C. Sénéchal-Tocquer, D. Sénéchal and P. Marrec,
Tetrahedron Lett., 1993, 34, 7259.

6 (a) G. N. Dorofeenko, V. V. Krasnikov and A. I. Pyshchev, Khim.
Geterotskl. Soedin., 1977, 599; Chem. Abstr., 1977, 87, 85121; L. Yu.
Ukhin, A. I. Pyshchev, V. V. Krasnikov, Zh. I. Orlova and G. N.
Dorofeenko, Dokl. Akad. Nauk SSSR, 1977, 234, 1351; Chem. Abstr.,
1977, 87, 168162; (c) V. V. Krasnikov, Yu. P. Andreichikov, N. V.
Kholodova and G. N. Dorofeenko, Zh. Org. Khim., 1977, 13, 1566;
Chem. Abstr., 1977, 87, 152357.

7 (a) V. V. Krasnikov and G. N. Dorofeenko, Khim. Geterotsikl. Soedin.,
1979, 21; Chem. Abstr., 1979, 80, 168702 (b) G. N. Dorofeenko and V.
V. Krasnikov, Zh. Org. Khim., 1972, 8, 2620; Chem. Abstr., 1973, 78,
97785; A. G. Milaev and O. Yu. Okhlobystin, Khim. Geterotsikl.
Soedin., 1985, 593; Chem. Abstr., 1986, 104, 68978.

8 D. P. Egan, P. McArdle, M. Salmain and G. Jaouen, unpublished
work.

9 A. R. Katritzky, R. T. C. Brownlee and G. Musumarra, Heterocycles,
1979, 12, 775.

10 A. T. Balaban, G. W. Fischer, A. Dinulescu, A. V. Koblik, G. N.
Dorofeenko, V. V. Mezhritski and W. Schroth, Adv. Heterocycl. Chem.,
Suppl. II, ed. A. R. Katritzky, Academic Press, New York, 1982.

11 A. R. Katritzky, R. T. C. Brownlee and G. Musumarra, Tetrahedron
Lett., 1980, 1643.

12 R. G. Pritchard, S. Tajammal and A. E. Tipping, Acta Crystallogr., Sect.
C , 1994, 50, 294.

13 A. R. Katritzky and R. H. Manzo, J. Chem. Soc., Perkin Trans., 1981,
2, 571.

14 G. M. Sheldrick, Acta Crystallogr., Sect. A, 1990, 46, 467.
15 G. M. Sheldrick, SHELXL-97: a computer program for crystal structure

determination, University of Göttingen, 1997.
16 P. McArdle, J. Appl. Crystallogr., 1995, 28, 65.
17 A. C. T. North, D. C. Phillips and F. S. Mathews, Acta Crystallogr.,

Sect. A, 1968, 24, 351.

Fig. 1 The molecular structure of 4. Selected bond lengths (Å) and angles
(°); C(5)–C(10) 1.424(9), C(10)–C(19) 1.325(10), C(19)–C(20) 1.473(9),
C(20)–O(5) 1.227(9), C(20)–C(21) 1.484(10); C(6)–C(5)–C(10) 126.5(7),
C(5)–C(10)–C(19) 119.3(6), C(10)–C(19)–C(20) 124.7(6), C(19)–C(20)–
O(5) 122.4(7), C(19)–C(20)–C(21) 118.1(6), C(5)–C(10)–C(11) 117.0(6),
C(10)–C(11)–C(12) 112.6(6), C(11)–C(12)–O(4) 120.8(8), C(11)–C(12)–
C(13) 118.4(6).
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Addition of thiophene, 2-methylthiophene, benzothiophene
or 3-methylthiophene to [W(NPh){o-(Me3SiN)2C6H4}-
(C5H5N)2] 1 affords the metallathiacycle complexes [{o-
(Me3SiN)2C6H4}(NPh)W(SC4H4)] 2, [{o-(Me3SiN)2C6H4}-
(NPh)W(SC5H6)] 3, [{o-(Me3SiN)2C6H4}(NPh)W(SC8H6)] 4
and [{o-(Me3SiN)2C6H4}(NPh)W(SC5H6)] 5a and 5b, pro-
viding the first example of thiophene C–S bond activation by
a W(IV) metal complex.

Hydrodesulfurization (HDS), the process by which sulfur is
removed from petroleum feedstocks, represents one of the
largest-scale industrial processes that utilizes transition metal
catalysts. The process involves treatment of crude oil with a
high pressure of hydrogen gas (up to 200 atm) in the presence of
an alumina-supported catalyst, typically Mo/Co, at elevated
temperatures (300–450 °C).1–5 Of the sulfur containing impuri-
ties present in petroleum feedstocks, thiophene and its deriva-
tives are among the most difficult to desulfurize. In order to
improve the efficiency of the HDS process, a better under-
standing of the interaction of thiophenes with transition metal
complexes is necessary. As a result, homogeneous modeling of
HDS has become an active area of research during the past
decade.4

Many research groups have studied the coordination and
activation of thiophenes, which are believed to be the initial
steps in HDS. A variety of thiophene complexes have been
prepared and studied possessing, h1(S)-coordinated, h4 and h5

bound thiophenes.6–10 In addition, several metal complexes
have been found to promote direct C–S bond activation of
thiophenes.4 Surprisingly, thiophene complexes of group 6
metals (Mo and W), an integral component of an industrial HDS
catalyst, have been almost non-existent. A recent report by
Parkin and coworkers11 of thiophene and benzothiophene C–S
bond activation by the molybdocene complexes [Me2Si(C5-
Me4)2]MoH2 and [Me2Si(C5Me4)2]Mo(Ph)H represents the
first homogeneous example of such chemistry with molybde-
num. The analogous tungsten system has also been shown to
facilitate the C–S bond activation of thiophene.12

Recently, we have prepared a series of coordinatively
unsaturated [W(NPh){o-(Me3SiN)2C6H4}L2] (L = pyridine,
4-picoline or quinoline) complexes.13 Our investigation of
ligand substitution reactions of the W(IV)L2 complexes with
unsaturated substrates has demonstrated the propensity of the W
metal center to reduce the coordinated substrate ligand, thereby
increasing the W(VI) character of the resulting compounds.
These results have prompted us to examine the activity of these
W(IV)L2 complexes towards substrate oxidative addition,
specifically the activation of the C–S bonds of thiophene and its
derivatives.

Thermolysis (65 °C, 8–12 h) of a toluene solution containing
[W(NPh){o-(Me3SiN)2C6H4}(C5H5N)2] 1 and 2 equivalents of
thiophene, 2-methylthiophene or benzothiophene afforded the
carbon–sulfur bond activation products [{o-(Me3-SiN)2-

C6H4}(NPh)W(SC4H4)] 2, [{o-(Me3SiN)2C6H4}(NPh)-
W(SC5H6)] 3 and [{o-(Me3SiN)2C6H4}(NPh)W(SC8H6)] 4,
respectively, as a dark red solid in 60–80% isolated yield for 2
and 3, Scheme 1.‡ Isolation of a pure sample of compound 4 has
proved difficult because the complex slowly decomposes
during the work-up procedure. As determined by 1H NMR
spectroscopy, compound 4 is formed in ca. 50% yield.

Characterization of the reaction products by 1H NMR
spectroscopy was straightforward due to the distinct resonances
and coupling constants associated with the thiophene ring
protons, which are similar for all three compounds. For
example, the 1H NMR spectrum of 2 displays two resonances (d
0.39 and 0.50), which correspond to the inequivalent Me3Si
groups. The metallathiacycle protons are shifted downfield with
respect to free thiophene and appear as a doublet of doublets (d
6.70, 3JHH 7, 9 Hz) corresponding to the b-CH, a doublet (d
8.01, 3JHH 9 Hz) with 183W satellites (2JWH 8 Hz) for the a-CH,
a doublet of doublets (d 8.20, 3JHH 13, 7 Hz) for the g-CH, and
a doublet (d 9.00, 3JHH 13 Hz) for the d-CH adjacent to the S
atom.

Compound 4 displays two doublet resonances corresponding
to the a (d 8.50, 3JHH 13 Hz) and b (d 8.65, 3JHH 13 Hz) protons,
respectively. The resonance at d 8.50 has 183W satellites (2JWH
10 Hz), confirming the suggested C(vinyl)–S insertion product.
The absence of a proton resonance in the 1H NMR spectrum of
3 with 183W satellites or in the vicinity of that observed for the
a-CH proton of compound 2 suggests preferential activation of
the (Me)C–S bond in the reaction of 1 with 2-methylthiophene.
The observed downfield shift of the metallathiacycle protons for
compounds 2, 3 and 4 contrasts with the reported upfield shift
with respect to free thiophene found for the complex
(C5H5)2W(SC4H4).12 This is presumably due to the increased
electron deficiency of the d0 W(VI) center in compounds 2, 3
and 4 relative to the d2, Cp2W(IV) system.

† Electronic supplementary information (ESI) available: experimental
section, proton NMR spectra for 2, 3 and 5a,b and crystallography. See
http://www.rsc.org/suppdata/cc/b1/b101955b/ Scheme 1 C–S bond activation products.
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An X-ray diffraction study of a single crystal of 2 grown from
a concentrated pentane solution at240 °C confirmed the nature
of the C–S bond activation product. Due to disorder in S1 and
C22, the positions of the metallathiacycle atoms were solved
independently in two parts. A molecular drawing of 2 with
selected bond lengths and angles for the major part are shown in
Fig. 1.§ Compound 2 adopts a five-coordinate, distorted square
pyramidal geometry with the imido ligand occupying the apical
position. The short W–N(imido) bond length of 1.734(3) Å,
consistent with a W–N triple bond and the W–N(amido) bond
lengths of 2.016(3) and 2.008(3) Å are similar to that observed
for other W(VI) complexes.14 The average bond lengths for the
thiophene fragment of the complex suggest localized bonding
within the metallathiacycle.

Thiophenes are known to interact with a metal center in a
number of different modes however; a h1-S-bound thio-
phene6–10 is believed to be a prerequisite for C–S bond
activation. Although the initial interaction of thiophene and its
derivatives with compound 1 has not been directly observed, the
ability of 1 to accommodate additional ligands has been
demonstrated.13 Compound 1 rapidly forms octahedral com-
plexes with the addition ligands such as CO and PMe3. For the
reaction of the s-donor ligand PMe3 with 1, the complex
[W(NPh){o-(Me3SiN)2C6H4}(C5H5N)(PMe3)2] is the preferred
product, suggesting labilization of one of the pyridine ligands
upon coordination of the first PMe3 ligands. Although thio-
phenes are weaker donor ligands than PMe3, under the
thermolysis conditions for the reaction of thiophenes with 1,
labilization of a pyridine ligand would generate the open
coordination site necessary for C–S bond activation. Although
no direct evidence for such a mechanism has been observed, it
must be considered given the reactions of 1 with PMe3.

Compound 1 also reacts with 2 equivalents of 3-methyl-
thiophene. Unlike the previously described examples, 3-
methylthiophene generates a mixture of the two possible C–S
bond activation products, [{o-(Me3-
SiN)2C6H4}(NPh)W(SC5H6)] 5a and 5b, Scheme 2.‡ As
determined by 1H NMR spectroscopy, the products are formed
in a 60+40 ratio with 5a as the major component. A similar
product mixture was observed for the reaction of
Cp*Rh(Ph)(H)(PMe3) with 3-methylthiophene.15 The observed
product selectivity in the reaction of 1 with benzothiophene
arises from steric congestion on one side of the thiophene ring,
whereby C–S bond activation opposite the substituent is

preferred. For the reaction of 3-methylthiophene with 1, both
C–S bonds are accessible as demonstrated by the formation of
both 5a and b.

In summary, we have demonstrated that the chelate stabilized
W(IV)L2 complex [W(NPh){o-(Me3SiN)2C6H4}(C5H5N)2] 1
facilitates the C–S bond activation of both thiophene and
substituted thiophenes. To our knowledge, this reactivity is the
first example of thiophene C–S bond activation by a W(IV)
species. Currently we are investigating other substrates, such as
more highly substituted thiophenes and nitrogen and oxygen
containing heterocycles, to determine the scope of this re-
activity.

We thank the National Science Foundation (CHE 9523279
and CHE 0094404) for funding of this work and the NSF and
the University of Florida for funding X-ray equipment pur-
chases.

Notes and references
‡ All reactions and manipulations were carried out using standard Schlenk
techniques or in a dry box under atmospheres of argon or nitrogen. Synthesis
of compounds 2–5a,b: to a purple toluene solution of 1 were added 2
equivalents of the appropriate thiophene. Thermolysis (65 °C) of the
reaction mixtures for 8–12 h resulted in a color change from purple to red.
After removal of the reaction solvent in vacuo, the crude products were
extracted with cyclohexane and dried in vacuo.
§ Crystal data for 2: C22H31N3SSi2W, M = 609.59, triclinic, space group
P1̄, a = 9.4647(4), b = 11.7141(5), c = 12.4830(5) Å, a = 101.246(1), b
= 111.655(1), g = 93.904(1)°, V = 1246.64(9) Å3, Z = 2, T = 173(2) K,
final R1 = 0.0264, wR2 = 0.0647, GOF (on F2) = 1.024.

The structure was solved by the Direct Methods in SHELXTL5, and
refined using full-matrix least squares.16 The non-H atoms, except the
disordered, were treated anisotropically, whereas the methyl hydrogen
atoms were calculated in ideal positions and were riding on their respective
carbon atoms. The S1–C22 chain is found to be disordered by a 180°
rotation and was refined in two parts; the major part is represented by the
S1–C22 chain and the minor part by S1A–C22A. Their site occupation factors
were dependently refined to 0.55(1) for the major part and, consequently,
0.45(1) for the minor part. All atoms of the disorder were refined with
isotropic thermal parameters. The W–S1 and W–S1A bonds were con-
strained to be equivalent during refinement. Similarly, W–C22 and W–C22A
were also constrained to remain equivalent.

CCDC reference number 162416. See http://www.rsc.org/suppdata/cc/
b1/b101955b/ for crystallographic data in CIF or other electronic format.
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Fig. 1 Molecular structure of 2, showing 50% thermal ellipsoids and the
atom labeling scheme. The H atoms and the minor part of the disordered
metallathiacycle are removed for clarity. Selected bond distances (Å) and
angles (°): W–N(1) 1.734(3), W–N(2) 2.016(3), W–N(3) 2.008(3), W–S(1)
2.371(3), W–C(22) 2.196(9), S(1)–C(19) 1.722(12), C(19)–C(20)
1.192(16), C(20)–C(21), 1.600(16), C(21)–C(22) 1.289(14); W–N(1)–C(1)
162.4(3), N(1)–W–N(2) 116.06(13), N(1)–W–N(3) 117.02(14), N(1)–W–
S(1) 104.49(13), N(1)–W–C(22) 98.0(3), C(22)–W–S(1) 83.7(3).

Scheme 2 Product mixture generated from 3–methylthiophene C–S bond
activation.
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Interesting molecular architectures are obtained by self-
assembly from silver(I) trifluoroacetate with a combination
of the diphosphine ligands [Ph2P(CH2)nPPh2, n = 1–6] and
trans-1,2-bis(4-pyridyl)ethylene (bipyen); in complexes with
stoichiometry Ag2(O2CCF3)2{Ph2P(CH2)nPPh2}(bipyen),
the complexes crystallize in the form of macrocyclic rings
[Ag4(O2CCF3)4{m-Ph2P(CH2)nPPh2}2(m-bipyen)2] when n =
1 or 5, but as a one-dimensional polymer [{Ag2(O2CCF3)2{m-
Ph2P(CH2)nPPh2}(m-bipyen)}x] when n = 6. The complex
[{Ag{m-Ph2P(CH2)3PPh2}(m-bipyen)}x](CF3CO2)x has a
novel network structure.

There is intense current interest in polymeric coordination
networks,1 but there are surprisingly few examples containing
silver(I) or phosphine ligands, and very few architectures with
mixed bridging ligands.2,3 Given the interesting electronic,4
medicinal,5 and structural4–6 properties of silver(I) phosphine
complexes, the synthesis of polymeric diphosphine bridged
silver(I) complexes was attempted. The strategy was to form
mixed ligand complexes, using the rigid linear dipyridyl ligand
trans-1,2-bis(4-pyridyl)ethylene (bipyen) in conjunction with
the more flexible diphosphine ligands Ph2P(CH2)nPPh2, since
the diphosphines alone tend to give chelate complexes or other
ring structures with silver(I).4–6 This article shows that linear
and network polymers, as well as ring complexes, can be
formed by this strategy and that the variable coordination
number of silver(I) is a key feature in allowing formation of a
particularly interesting series of compounds.7

The new silver(I) complexes were prepared by reaction of
silver(I) trifluoroacetate with the appropriate ligand
Ph2P(CH2)nPPh2 (n = 1–6) followed by reaction with trans-
1,2-bis(4-pyridyl)ethylene (bipyen).† Studies of the reaction
solutions by 1H or 31P NMR spectroscopy indicated that
mixtures of products were formed but, in favourable cases, it
was possible to crystallize pure products for structure determi-
nation and these are representative of major components of the
equilibrium system.‡

Three complexes were crystallized having the formula
Ag2(O2CCF3)2{Ph2P(CH2)nPPh2}(bipyen) of which two
formed macrocyclic ring structures (1, n = 1; 2, n = 5) and one
formed a one-dimensional polymer (3, n = 6). The structures
are shown in Figs. 1 and 2. In the 30-membered ring complex 1
two of the trifluoroacetate ions bridge silver atoms in the ring
while two are not coordinated, so the complex is formulated as
[Ag4(m-O2CCF3)2(m-Ph2PCH2PPh2)2(m-bipyen)2]2+, with each
silver(I) ion having distorted trigonal planar stereochemistry.
There is a short intramolecular silver–silver distance Ag(1)–
Ag(2) 3.0479(8) Å, which is about equal to the distance P(1)–
P(2) 3.051(2) Å but significantly shorter than N(11)–N(21)
3.507(4) Å, so indicating the presence of a secondary Ag…Ag
bond.4,8 In the related 38-membered ring structure 2, all
trifluoroacetate ions are close enough to silver(I) to influence
the stereochemistry so 2 is formulated as [Ag4(m-O2CCF3)4{m-
Ph2P(CH2)5PPh2}2(m-bipyen)2]. The longer Ag…O bonds are
shown in Fig. 1 as broken lines; if all are considered bonds, then
each silver(I) ion is four-coordinate. The transannular distance
Ag(1)–Ag(4) 3.936(1) Å is too long for a bonding interaction

Fig. 1 Views of the structures of the macrocyclic ring complexes 1 (above)
and 2 (below). Thermal ellipsoids for phenyl carbon atoms, and fluorine
atoms of the trifluoroacetate groups, are not shown for clarity. Selected
geometrical parameters (Å, °) for 1: Ag(1)–P(1) 2.360(1), Ag(2)–P(2)
2.366(1), Ag(1)–N(11) 2.199(4), Ag(2)–N(21) 2.217(5), Ag(1)–O(31)
2.506(7), Ag(2)–O(32) 2.496(7); N(11)–Ag(1)–P(1) 157.5(1), N(21)–
Ag(2)–P(2) 155.3(1). For 2: Ag(1)–P(1) 2.348(3), Ag(4)–P(4) 2.363(3),
Ag(1)–N(1) 2.20(1), Ag(4)–N(4) 2.23(1), Ag(1)–O(1) 2.63(1), Ag(1)–O(2)
2.63(1), Ag(4)–O(7) 2.379(9), Ag(4)–O(1) 2.63(1); N(1)–Ag(1)–P(1)
149.5(3), N(4)–Ag(4)–P(4) 130.1(3).

Fig. 2 A view of the structure of the polymeric complex 3. Thermal
ellipsoids for phenyl carbon atoms are not shown for clarity. Selected
geometrical parameters (Å, °): Ag(1)–P(1) 2.377(6), Ag(2)–P(2) 2.367(7),
Ag(1)–N(1) 2.18(2), Ag(2)–N(2) 2.31(3), Ag(1)–O(1) 2.38(2), Ag(2)–O(3)
2.46(2); N(1)–Ag(1)–P(1) 143.5(6), N(2)–Ag(2)–P(2) 143.4(6).
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and the conformation may be controlled by the weakly bridging
trifluoroacetate ligand and by p-stacking of the bipyen groups
(the transannular distance between centroids of pyridyl rings in
2 is 3.86 Å).

Part of the polymeric chain structure of complex 3 is shown
in Fig. 2. All trifluoroacetate ions are coordinated so the
complex is formulated as [Ag2(O2CCF3)2{m-
Ph2P(CH2)6PPh2}(m-bipyen)]x. The change in structure is
attributed to the preference for the syn or anti conformation of
the phosphorus donors when there is an odd or even number of
methylene bridges in Ph2P(CH2)nPPh2,7 leading naturally to
ring structures 1 and 2, when n = 1 and 5, but a polymer 3 when
n = 6. This conformational change is clear from a comparison
of Fig. 1 and 2. The polymer could be considered to be formed
by ring-opening polymerization of the corresponding ring
complex.

With higher ligand:silver ratios, more complex product
mixtures were formed and only in one case (n = 3) was a pure
complex crystallized. The complex 4 is formulated as [{Ag{m-
Ph2P(CH2)3PPh2}(m-bipyen)}x]x+, isolated as the trifluoro-
acetate salt, and its network structure is shown in Fig. 3,
illustrating the presence of channels that are occupied by the
anions and by solvent molecules. Each silver(I) ion is roughly
tetrahedral with AgP2N2 coordination, and all silver centres are
identical, but the overall structure is more complex. One view
would be to consider the structure as spiral chains [{Ag(m-
dppp)}x]x+ [dppp = Ph2P(CH2)3PPh2], running roughly perpen-
dicular to the plane in Fig. 3 crosslinked by m-bipyen ligands.
The smallest rings incorporated into these units are 46-mem-
bered {–Ag(m-dppp)Ag(m-dppp)Ag(m-bipyen)}2. Another view
is to consider the structure to be formed from crossing zigzag
polymers [{Ag(m-bipyen)}x]x+ crosslinked by m-dppp ligands.
The conformation of the diphosphine is neither syn nor anti but
intermediate such that the diphosphine links chains that are
roughly orthogonal. The smallest ring structure is 56-membered
{–Ag(m-bipyen)Ag(m-bipyen)Ag(m-dppp)}2 and they lie
roughly in the plane of Fig. 3.

This work shows that combination of flexible diphosphine
and linear dipyridyl ligands with silver(I) can give interesting
new molecular architectures that are significantly different from

those obtained with only nitrogen-donor ligands,1,2 and that
factors such as the preferred conformation of the diphosphine
ligand7 and the variable coordination number of silver(I)1–6 can
determine the preferred structure. There is clear potential for
design of still more complex molecular topologies by applica-
tion of these principles.
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Notes and references
† Typical synthetic procedure: [Ag4(m-O2CCF3)2(m-Ph2PCH2PPh2)2(m-
NC5H4CHNCHC5H4N)2](CF3CO2)2, 1: bis(diphenylphosphino)methane
(0.107 g, 0.278 mmol) was added to a solution of CF3CO2Ag (0.123 g,
0.556 mmol) in THF (15 mL) and after 1 h trans-1,2-bis(4-pyridyl)ethylene
(0.051 g, 0.279 mmol) was added. After 1.5 h, the volume was reduced until
the product formed as a white precipitate, which was collected by filtration,
washed with diethyl ether and pentane and dried in vacuo. Yield: 0.17 g
(60%). Anal. Calc. for C41H32N2O4F6P2Ag2: C, 48.84; H, 3.20, N, 2.78.
Found: C, 49.26; H, 3.03, N, 2.82%.
‡ Crystal data: for 1·2THF: C87H69Ag4F12N4O9P4, M = 2097.82, 296 K,
triclinic, space group P1̄, a = 10.4879(2), b = 15.2385(5), c = 19.7575(5)
Å, a = 99.008(1), b = 95.106(2), g = 96.283(2)°, V = 3081.8(1) Å3, Z =
1, m = 0.737 mm21, 21543 reflections, R1 = 0.0836, wR2 = 0.2891.

For 2: C90H80Ag4F12N4O8P4, M = 2128.94, 200 K, triclinic, space group
P1̄, a = 15.079(3), b = 17.850(4), c = 20.232(4) Å, a = 80.72(3), b =
86.72(3), g = 75.02(3)°, V = 5191(2) Å3, Z = 2, m = 0.875 mm21, 29338
reflections, R1 = 0.1168, wR2 = 0.3223.

For 3: C48H50Ag2F6N2O6P2, M = 1142.58, 150 K, triclinic, space group,
P1̄, a = 9.747(2), b = 9.588(2), c = 15.104(3) Å, a = 83.85(3), b =
73.80(3), g = 62.91(3)°, V = 1206.5(4) Å3, Z = 1, m = 0.950 mm21, 4358
reflections, R1 = 0.0604, wR2 = 0.1410.

For 4: (CH2Cl2, MeOH solvate), C43H43AgCl2F3N2O3P2, M = 933.50,
150 K, orthorhombic, space group Fdd2, a = 31.5201(7), b = 39.636(1),
c = 13.9957(4) Å, V = 17485.5(8) Å3, Z = 16, m = 0.709 mm21, 9871
reflections, R1 = 0.0699, wR2 = 0.1961.

CCDC reference numbers 165406–165409. See http://www.rsc.org/
suppdata/cc/b1/b104857k/ for crystallographic data in CIF or other
electronic format.
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Fig. 3 A view of the structure of the network polymeric complex 4. Phenyl
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MCM-41 can be used in the same way as amorphous silica
for the preparation of supported titanium catalysts; MCM-
41 does not show clear advantages over silica in epoxidation
reactions with either TBHP or H2O2; only in one case is a
positive effect observed and this involves the recycled
catalyst with H2O2.

Catalysts based on mesoporous crystalline silicas, especially
MCM-41, have been widely applied in recent years.1 Among
the advantages proposed for this type of solid are the presence
of a regular porous system, and the large pore size. In many
cases comparisons have only been made regarding the behav-
iour of zeolites and MCM-41, and comparisons with amorphous
silica are generally ignored.

Titanium catalysts are among the most important oxidation
catalysts2 and titanium centres can be incorporated in MCM-
413,4 or amorphous silica6–9 either within the framework, by
substitution of silicon atoms,3 or by grafting titanium species
onto the surface. Several of these catalysts have been used in the
epoxidation of alkenes with dilute hydrogen peroxide.10–12 In
the case of MCM-41, grafting has been described as being more
efficient than framework substitution.10,13,14 However, no
direct comparison has been made between amorphous and
crystalline mesoporous silicas. In this communication we report
the behaviour of MCM-41 as a support for Ti(OPri)4 using the
same methodology employed for amorphous silica.

The synthesis of pure siliceous MCM-4115 and titanium
grafting7 were carried out as previously described. The titanium
loading onto MCM-41 (Table 1) is in good agreement with the
surface area of the support (802 m2 g21) and the reported

density of hydroxy groups16 (ca. 2 OH nm22). In the case of
amorphous silica, this agreement (1.07 mmol g21, 475 m2 g21,
3.7 hydrogen-bridged OH nm22) is also observed. Treatment of
the catalyst with tartaric acid was carried out as described for
silica.12 The Ti content of MCM-Ti(TA) was found to be very
similar to that found in the silica counterpart (Table 1).

Si-Ti(OPri) has previously been characterised by MAS-
NMR,7 EXAFS18 and IR.12 The similarity of the IR spectra of
the solids (ESI†), together with the agreement observed in the
titanium loading, seem to indicate that the surface species’ are
similar irrespective of the structure of the silica. The exclusion
of water in the preparation method prevents the formation of
titania (anatase) on the silica surface, as demonstrated by the
absence of a UV absorption above 300 nm.

All the catalysts were tested in the epoxidation of cyclohex-
ene with 30% hydrogen peroxide in tert-butyl alcohol at 353 K
(Scheme 1). The active hydroperoxotitanium species is able to
epoxidise directly cyclohexene with hydrogen peroxide and
also to produce free radicals, which give rise to an allylic
hydroperoxide. This compound can also be involved in
titanium-catalysed epoxidation of cyclohexene, leading to
cyclohex-2-en-1-ol as a by-product. Finally, the acidity of the
catalyst promotes the hydrolysis of cyclohexene oxide to the
corresponding diol. The results of this study are gathered in
Table 1.

As far as catalysts prepared with Ti(OPri)4 are concerned,
MCM-41 leads to a solid that is less active than the silica-based
one in terms of both hydrogen peroxide conversion and turnover
number to epoxidation products. Moreover, the epoxidation/
allylic oxidation selectivity is also slightly lower, indicating a
lower contribution of the direct epoxidation. The main ad-
vantage of MCM-41 comes from the reusability of the catalyst,
in fact the turnover number for epoxidation products is nearly
constant up to the third run. However, the epoxidation/allylic
oxidation selectivity is almost 50/50, which indicates that only

† Electronic supplementary information (ESI) available: experimental
details of preparation and characterisation of the catalysts, IR spectra and
results of the cyclohexene epoxidation with TBHP. See http://www.rsc.org/
suppdata/cc/b1/b103057b/

Table 1 Results obtained in the epoxidation of cyclohexene with dilute H2O2 in the presence of titanium catalystsa

Yieldd (24 h)
Ti Conv. TON (ep + diol)/

Catalyst Run contentb H2O2/Ti H2O2
c ep diol enol chhp (ep + diol) enol ep/diol

Si-Ti(OPri) 1 1.07 58.4 72 9 21 12 15 17.2 71/29 29/71
3e 0.74 86.7 75 2 2 7 32 3.6 36/64 50/50

MCM-Ti(OPri) 1 1.25 50.0 56 9 14 13 10 11.4 64/36 37/63
3e 1.01 61.9 67 3 12 18 17 9.3 44/56 20/80

Si-Ti(TA) 1 0.99 63.0 92 9 32 15 18 25.3 73/27 22/78
3e 0.56 111.6 108 19 28 35 13 52.8 57/43 40/60

MCM-Ti(TA) 1 1.01 61.9 37 5 18 12 1 14.3 66/34 22/78
3e 0.94 66.5 38 10 7 13 4 10.6 56/44 59/41

a Reaction conditions: 200 mg catalyst, 250 mmol cyclohexene, 12.5 mmol H2O2 (30%), 25 mL tert-butyl alcohol 353 K, 24 h. b mmol g21 c % conversion
to cyclohexene oxidation products. d Determined by gas chromatography. ep = cyclohexene oxide; diol = trans-cyclohexane-1,2-diol; enol = cyclohex-
2-en-1-ol; chhp = cyclohexenyl hydroperoxide. e Ti content after the third run. Ratios are referred to this value.

This journal is © The Royal Society of Chemistry 2001
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the radical mechanism takes place with the recovered catalyst.
The presence of different titanium species, with either two or
three bonds to the surface, or the higher titanium dispersion due
to the larger surface area of MCM-41 could be responsible for
these differences in behaviour.

Treatment with tartaric acid improves the activity of the
silica-based catalyst without causing a modification in the
epoxidation/allylic oxidation selectivity. This higher activity is
reflected in the higher hydrogen peroxide conversion and the
higher turnover number for epoxidation products. It has been
shown that some of the titanium species generated in the
treatment with tartaric acid are able to pass into solution.12

However, some other more active species remain on the solid,
as shown by the higher turnover number attained with the
recovered catalyst. Even with this recovered catalyst the
epoxidation/allylic oxidation selectivity is > 50/50, signifying a
contribution of the direct epoxidation with hydrogen peroxide.
Similar treatment with tartaric acid does not cause the same
beneficial effect in the case of the MCM-41 catalyst. This solid
is much less active in terms of the productive conversion of
hydrogen peroxide and turnover numbers and, in addition, the
selectivities are very similar to those obtained with the parent
MCM-Ti(OPri) catalyst. In this case the species are more
strongly bonded to the surface, as demonstrated by the lower
degree of titanium leaching.

A particularly interesting point concerns the stability of these
catalysts in comparison to other similar systems described in the
literature. One of the few studies regarding the stability of
grafted titanium species on MCM-41 describes a titanium loss
of 50–61% after two reactions, with a total H2O2/Ti ratio in the
range 228–686.10 However, this leaching does not seem to be
proportional to either the H2O2/Ti ratio or the catalytic activity.
In our case, titanium loss is 7–19% for MCM catalysts after
three runs, with a total H2O2/Ti ratio in the range 150–200.
These values indicate that the solids described here have a
higher stability. The solids described here also show a higher
stability in comparison with related silica-based catalysts.8 This
stability is demonstrated by the the fact that catalysts prepared
with TiF4 or tetraneopentyltitanium cannot be used with dilute
hydrogen peroxide.

The IR spectra of the recovered catalysts (ESI†) show that
some by-products remain adsorbed on the surface.

Another interesting feature of these systmes is the lower
content of cyclohexenyl hydroperoxide (chhp) in the final
reaction mixture when MCM-41-based catalysts are used. This
may be due to a higher activity of these catalysts in the

epoxidation with alkyl hydroperoxides or to a more rapid
deactivation of the silica-based catalysts. In order to clarify this
point, the four catalysts were compared in the epoxidation of
cyclohexene with tert-butyl hydroperoxide (TBHP). The results
(ESI†) show that the catalysts with isopropoxy groups have
nearly the same catalytic activity and selectivity. Treatment
with tartaric acid noticeably reduces the activity, irrespective of
the type of support, but Si-Ti(TA) is clearly more active than
MCM-Ti(TA). Thus, the hypothesis regarding the higher
activity of MCM-catalysts is not confirmed.

In conclusion, the three factors studied (support, titanium
environment and nature of the oxidant) have a significant
influence on both the results of the reaction and the stability of
the catalyst. Furthermore, the three factors are not completely
independent and a careful selection of each parameter is
necessary to optimise the behaviour of this kind of catalyst.

Treatment of MCM-41 with tartaric acid has a detrimental
effect with both oxidants used (H2O2 and TBHP) in such a way
that silica-grafted systems become far more active. On using
amorphous silica, treatment with tartaric acid leads to a catalyst
that is more active in the epoxidation with dilute hydrogen
peroxide but is less active with TBHP. Ti(OPri) species
immobilised on amorphous silica are only slightly more active
than those grafted onto MCM-41. However, the use of the
crystalline MCM-41 leads to more stable catalysts.

It is clear that none of the supports are particularly
advantageous over the others and that the choice of one or other
is influenced by other factors concerning the titanium environ-
ment and the reaction conditions.

This work was made possible by the generous financial
support of the CICYT (project MAT99-1176).
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Addition of 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridines
(btp) to UI3 and CeI3 in anhydrous pyridine gave the 1+3
complexes [M(btp)3]I3, the terdentate nitrogen ligand being
completely selective for UIII over CeIII, as shown by 1H NMR
competition experiments; crystal structures of analogous btp
complexes of UIII and CeIII revealed that the U–N bond
distances are significantly shorter than the corresponding
Ce–N distances.

Much attention is currently paid to the separation of trivalent
minor actinides (americium and curium) from trivalent lantha-
nides, which represents a challenging goal for the definition of
new methods in the management of nuclear wastes.1 A number
of multidentate nitrogen extractants have been designed for the
selective complexation of the actinides, and the recently
discovered 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridines
(btp) are the most effective so far.2 The high separation factors
have been attributed to the very weakly basic nature of these
ligands which results in the formation of stronger actinide–
nitrogen bonds with increased covalent character. However, no
actinide complex with btp ligands has been isolated and
characterized. We have studied the complexation of the
triiodides UI3 and CeI3 with two btp molecules, Mebtp and
Prnbtp (Fig. 1) in anhydrous pyridine; UIII was used as an
actinide analogue of the highly radiotoxic AmIII and CmIII, and
the similarly sized CeIII was chosen as representative of the
lanthanides. For the first time, btp complexes of 4f and 5f
elements have been studied both in solution and in the solid
state, and the remarkably better affinity of actinides(III) vs.
lanthanides(III) for such multidentate ligands has been revealed
by 1H NMR competition experiments and also by X-ray
crystallography, with the direct comparison of the crystal
structures of the analogous complexes [M(Prnbtp)3]I3 (M = U,
Ce).

A 2 3 1022 M solution of UI3 in [2H5]pyridine was titrated
with Mebtp in the presence of cyclohexane as internal standard.
The 1H NMR spectra† showed that, whatever the number n of
ligand equivalents, only the 1+3 complex UIII(Mebtp)3 was
formed in an immediate and quantitative manner. For n > 3,
free Mebtp was observed in solution, without exchanging with
coordinated ligands. The four resonances in the intensity ratio of
18+18+6+3 indicate that the three Mebtp ligands are equivalent
in a D3 symmetrical arrangement. Complexation of CeI3 with
Mebtp exhibited some differences since for n < 3, the 1+2 and

1+3 complexes CeIII(Mebtp)2 and CeIII(Mebtp)3 were formed
together. This result is a first indication that CeIII has a lesser
affinity for Mebtp than UIII. However, the 1+3 complex was the
major species for n > 2 and the sole present in solution for n!
3. It is also interesting to note that addition of Prnbtp to
Ln(NO3)3 in a 1+1 ratio in ethanol resulted in the crystallization
of 1+3 complexes containing the [Ln(Prnbtp)3]3+ cations (Ln =
Sm, Tm and Yb) with a variety of anions.3 However, this work
did not demonstrate, in contrast to the present study, that the 1+3
complexes were actually the dominant species in solution, while
crystallization alone implies exceptional stability of the 1+3
complexes. The strong preference for the formation of the 1+3
complexes with respect to the 1+1 and 1+2 complexes is quite
exceptional in coordination chemistry,4 but some 1+3 com-
plexes between lanthanide ions and terdentate nitrogen ligands
have been reported.5

Even more striking was the competition reaction of UIII and
CeIII with Mebtp. Only the 1+3 complex UIII(Mebtp)3 was
observed in pyridine solution on addition of 1–3 mol equiva-
lents of Mebtp to 1 mol equivalent of both UI3 and CeI3; no
cerium complex could be detected. The two CeIII complexes
CeIII(Mebtp)2 and CeIII(Mebtp)3 then appeared as more ligand
was added (3–6 mol equivalents) and finally, only UIII(Mebtp)3
and CeIII(Mebtp)3 were observed with an excess of ligand.
Similar observations were made when Mebtp was replaced with
Prnbtp, and these results clearly demonstrate that these very
efficient complexants are completely selective for uranium(III)
over cerium(III). By considering that 5% of the cerium complex
could be easily detected in solution by 1H NMR, the selectivity
factor is certainly higher than 20. This value can be compared
with those obtained for the actinide(III)–lanthanide(III) separa-
tion (AmIII /EuIII) with btp ligands from aqueous nitric acid
solutions, which lie between 50 and 150 and are ten times
greater than those observed with other terdentate nitrogen
ligands such as 2,2A+6A,2B-terpyridine or 2,4,6-tri(2-pyridyl)-
1,3,5-triazine.2

Single crystals of [Ce(Mebtp)3]I3·9C5H5N (red), [Ce(Prn-
btp)3]I3·3C5H5N (orange) and [U(Prnbtp)3]I3·4C5H5N (brown)
were obtained by slow diffusion of pentane into pyridine
solutions and their structures were determined.‡ The crystals
are composed of discrete [M(btp)3]3+ cations, iodide anions and
pyridine molecules. The structures of the cations are very
similar; those of [Ce(Mebtp)3]3+ and [U(Prnbtp)3]3+ are shown
in Figs. 2 and 3, respectively, together with selected data. The
metal centres are nine coordinate in a slightly distorted
tricapped trigonal prismatic configuration, each btp ligand
being attached via the nitrogen atom of the pyridine fragment
(Np or N1 in Figures) which occupies the capping position and
the nitrogen atoms at the 2 position of the triazine rings (Nt or
N3 and N6 in Figures). These structures are equivalent to those
found in the lanthanide cations [Ln(Prnbtp)3]3+ (Ln = Sm, Tm,
Yb).3 Of special interest is the comparison of the metal–
nitrogen bond distances in these cations. The Ce–Np distancesFig. 1 The Rbtp ligands (R = Me and Prn).
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in [Ce(Mebtp)3]3+ are equal to 2.624(4) and 2.641(6) Å with an
average value of 2.63(1) Å whereas the Ce–Nt bond lengths
range from 2.598(5) to 2.625(5) Å with a mean value of 2.61(2)
Å. Very similar distances are found in [Ce(Prnbtp)3]3+ [ < Ce–
Np > = 2.64(1) Å and < Ce–Nt > = 2.60(4) Å], indicating that
the different alkyl groups at the 5 and 6 positions of the triazine
moiety have no significant effect on the metal coordination
sphere. These average Ce–Np and Ce–Nt distances appear
longer than the corresponding distances in the other
[Ln(Prnbtp)3]3+ cations: 2.57(3) and 2.57(3) Å (Sm), 2.49(2)
and 2.50(2) Å (Tm), 2.46(2) and 2.48(2) Å (Yb); this order is in
agreement with the variation of the ionic radii of the metals.6 In
the cation [U(Prnbtp)3]3+, the U–Np bond lengths vary from
2.53(2) to 2.56(2) Å and the U–Nt distances range from 2.52(3)
to 2.57(3) Å. These metal–nitrogen distances are shorter than
those found in the cerium analogue, by 0.09 and 0.06 Å, if the
average values are considered, while UIII and CeIII have similar
ionic radii.6 Such a difference, which has never been observed

in other pairs of analogous uranium and lanthanide complexes
with neutral N-donor ligands,4,7 could reflect some uranium to
nitrogen p-back bonding8 and some degree of covalency in the
U–N bond. The distinctive structural features of the [U-
(Prnbtp)3]3+ cation, in comparison with its CeIII counterpart,
should be related to the outstanding capacity of btp molecules to
coordinate trivalent actinides in preference to trivalent lantha-
nides, and can be attributed to the much softer character of the
N atoms in this weakly basic ligand.

Notes and references
† 1H NMR spectra (200 MHz, 30 °C in [2H5]pyridine): [Ce(Mebtp)2]I3, d
0.42 (6 H, s, Me), 1.33 (6 H, s, Me), 11.36 (1 H, t, 4-py), 12.06 (2 H, d,
3,5-py); [Ce(Mebtp)3]I3, d 20.41 (6 H, s, Me), 0.55 (6 H, s, Me), 11.91 (1
H, t, 4-py), 12.28 (2 H, d, 3,5-py); [U(Mebtp)3]I3, d 218.04 (6 H, s, Me),
4.59 (6 H, s, Me), 5.64 (1 H, t, 4-py), 33.95 (2 H, d, 3,5-py). The coupling
constants are equal to 6–8 Hz; 4-py and 3,5-py denote the H atoms at the 4
and 3,5 positions of the pyridine ring, respectively.
‡ Crystal data: for [Ce(Mebtp)3]I3·9C5H5N: C90H90I3N30Ce, M = 2112.74,
monoclinic, space group P2/n, a = 14.078(3), b = 13.889(3), c =
24.741(5) Å, b = 101.94(3)°, V = 4732.9(16) Å3, Z = 2, Dc = 1.483 g
cm23, m = 1.520 mm21, F(000) = 2114. R1 = 0.052, wR2 = 0.117, S =
1.026 for 7635 observed reflections with I > 2s(I) (Rint = 0.075) and 508
parameters.

For [Ce(Prnbtp)3]I3·3C5H5N: C84H108I3N24Ce, M = 1974.76, mono-
clinic, space group Pc, a = 13.576(2), b = 19.695(2), c = 16.643(2) Å, b
= 95.095(4)°, V = 4432.4(8) Å3, Z = 2, Dc = 1.480 g cm23, m = 1.615
mm21, F(000) = 1994. R1 = 0.093, wR2 = 0.158, S = 0.956 for 12500
observed reflections with I > 2s(I) (Rint = 0.117) and 974 parameters. The
structure was refined as corresponding to a racemic twin with x =
0.25(4).

For [U(Prnbtp)3]I3·4C5H5N: C89H113I3N25U, M = 2151.77, triclinic,
space group P1̄, a = 13.431(1), b = 16.509(1), c = 21.140(2) Å, a =
80.601(4), b = 88.755(4), g = 83.588 (5)°, V = 4595.4(6) Å3, Z = 2, Dc

= 1.555 g cm23, m = 2.832 mm21, F(000) = 2146. R1 = 0.084, wR2 =
0.174, S = 0.990 for 15377 observed reflections with I > 2s(I) (Rint =
0.093) and 1011 parameters.

The data were collected at 123 K on a Nonius Kappa-CCD area detector
diffractometer using graphite monochromated Mo-Ka radiation (l =
0.71073 Å). The structures were solved by direct methods. Absorption
effects were empirically corrected, except in [Ce(Mebtp)3]I3·9C5H5N, with
the program DELABS from PLATON.9 Some pyridine molecules in all
three compounds were found to be disordered as well as the propyl groups
and two iodide ions in [U(Prnbtp)3]I3·4C5H5N. Hydrogen atoms were
included at calculated positions as riding atoms, except those of the
disordered fragments or molecules. All non-hydrogen atoms were refined
anisotropically, except those of the disordered fragments and some pyridine
molecules. The structures were refined by full-matrix least-squares on F2

with SHELXTL.10

CCDC reference numbers 161597–161599. See http://www.rsc.org/
suppdata/cc/b1/b103606h/ for crystallographic data in CIF or other
electronic format.

1 NEA/OECD Report, 1999, Actinides and Fission Products Partitioning
and Transmutation. Status and Assessment Report, NEA/OECD Report,
1999; Actinides and Fission Products Partitioning and Transmutation,
Proceedings of the Fifth International Information Exchange Meeting,
Mol, Belgium, 25–27 Nov. 1998.

2 Z. Kolarik, U. Mullich and F. Gassner, Solv. Extr. Ion Exch., 1999, 17,
23; Z. Kolarik, U. Mullich and F. Gassner, Solv. Extr. Ion Exch., 1999,
17, 1155.

3 M. G. B. Drew, D. Guillaneux, M. J. Hudson, P. B. Iveson, M. L. Russell
and C. Madic, Inorg. Chem. Commun., 2001, 4, 12.

4 R. Wietzke, M. Mazzanti, J. M. Latour and J. Pécaut, J. Chem. Soc.,
Dalton Trans., 2000, 4167.

5 H. R. Mürner, E. Chassat, R. P. Thummel and J. C. G. Bünzli, J. Chem.
Soc., Dalton Trans., 2000, 2809; L. I. Semenova, A. N. Sobolev, B. W.
Skelton and A. H. White, Aust. J. Chem., 1999, 52, 519; S. Petoud,
J. C. G. Bünzli, F. Renaud, C. Piguet, K. J. Schenk and G. Hopfgartner,
Inorg. Chem., 1997, 36, 5750; C. Piguet, J. C. G. Bünzli, G.
Bernardinelli, G. Hopfgartner and A. F. Williams, J. Am. Chem. Soc.,
1993, 115, 8197.

6 R. D. Shannon, Acta Crystallogr., Sect. A, 1976, 32, 751.
7 J. G. Brennan, S. D. Stults, R. A. Andersen and A. Zalkin,

Organometallics, 1988, 7, 1329; R. Wietzke, M. Mazzanti, J. M. Latour
and J. Pécaut, J. Chem. Soc., Dalton Trans., 1998, 4087.

8 N. Kaltsoyannis and P. Scott, Chem. Commun., 1998, 1665.
9 A. L. Spek, PLATON, University of Utrecht, 2000.

10 G. M. Sheldrick, SHELXTL, Version 5.1, University of Göttingen,
distributed by Bruker-AXS Inc., Madison, WI, 1999.

Fig. 2 Crystal structure of the cation [Ce(Mebtp)3]3+. Methyl groups and
hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and
angles (°): Ce–N1A 2.641(6), Ce–N1B 2.624(4), Ce–N3A 2.613(5), Ce–
N3B 2.598(5), Ce–N6B 2.625(5); N1A–Ce–N1B 120.7(1), N1B–Ce–N1BA
118.7(2). Primed atoms are related to unlabelled atoms by the two-fold
axis.

Fig. 3 Crystal structure of the cation [U(Prnbtp)3]3+. Propyl groups and
hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and
angles (°); the corresponding values in the analogous cerium cation are
given in square brackets: U–N1A 2.56(2) [2.63(2)], U–N1B 2.53(2)
[2.65(2)], U–N1C 2.56(2) [2.65(2)], U–N3A 2.54(2) [2.57(2)], U–N6A
2.57(3) [2.64(2)], U–N3B 2.56(2) [2.66(2)], U–N6B 2.53(3) [2.61(2)], U–
N3C 2.52(3) [2.54(2)], U–N6C 2.53(3) [2.59(2)]; N1A–U–N1B 122.1(8)
[116.9(7)], N1A–U–N1C 118.6(8) [121.9(5)], N1B–U–N1C 119.4(8)
[121.2(6)].
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Synthesis of a linear-shaped tetramer and trimers of rhenium(I)
diimine complexes†
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First examples of a linear-shaped tetramer and non-
symmetrical trimers of rhenium(I) diimine complexes have
been synthesized in good yields, and their UV–vis absorption
and emission spectra are reported.

Linear-shaped multinuclear complexes have excited much
interest as electron or photon relays.1,2 However, only certain
kinds of metal complexes, for example, ruthenium(II) bis-
terpyridine derivatives3 and meso-linked metalloporphyrins,4,5

can be used as building blocks.6 Also, rhenium(I) diimine
complexes fac-[Re(LL)(CO)3X]n+ (LL = diimine ligand, X =
monodentate ligand), for which the photophysics and photo-
chemistry have been intensively studied,7,8 have been used only
as ‘L-shaped’ bent building blocks for supramolecules, such as
molecular squares,9–11 since only the ligands LL and X in
positions cis to one another are easily modified.12 In fact, only
two ‘linear-shaped’ rhenium(I) diimine trimers, both having a
symmetrical structure [{[Re(bpy)(CO)3](dppene)}2Re-
(LL)(CO)2]3+, have been reported so far because of the lack of
general synthetic methods.13

We report here new synthetic routes for ‘linear-shaped’ but
non-symmetrical trimers of rhenium(I) diimine complexes. This
new synthesis strategy is also successfully applied to obtain for
the first time a ‘linear-shaped’ rhenium(I) tetrameter [{Re-
(bpy)(CO)3(dppe)Re(bpy)(CO)2}2(py–py)]4+ 14+ (Scheme 1).

As a typical example, the synthetic procedure for [Re-
(bpy)(CO)3(dppe)Re(bpy)(CO)2(py–py)Re{(CF3)2bpy}-

(CO)3]3+ 2a3+, where bpy = 2,2A-bipyridine, dppe = 1,2-bis(di-
phenylphosphino)ethane, py–py = 4,4A-bipyridine, and X2bpy
= 4,4A-X2-2,2A-bipyridine, is now reported. An acetonitrile
(MeCN) solution (50 dm3) of the PF6

2 salts of [{Re-
(bpy)(CO)3}2(dppe)]2+ 32+ (0.04 mmol) was irradiated under an
argon atmosphere using a high-pressure mercury lamp with a
glass filter ( > 330 nm) for 40 min, giving [Re(bpy)(CO)3(dp-
pe)Re(bpy)(CO)2(MeCN)]2+ 42+ [eqn. (1)].

(1)

After evaporation of the MeCN solvent, [Re{(CF3)2bpy}-
(CO)3(py–py)]+(PF6

2) and tetrahydrofuran (5 dm3) were added
and the solution was refluxed under an argon atmosphere for 3
h. A red–orange solid consisting of (2a3+)(PF6

2)3 was precipi-
tated in 72% yield [eqn. (2)]

(2)

The further trimer [Re(bpy)(CO)3(dppe)Re(bpy)(CO)2(py–
py)Re(bpy)(CO)3]3+ 2b3+ was also synthesized by a similar
procedure in 78% yield. This photochemical method should be
applicable for the synthesis of various rhenium(I) trimers
[Re(X2bpy)(CO)3(PP)Re(X2bpy)(CO)2(BL)Re(LL)(CO)3]3+

(PP = diphosphorus ligand; BL = bridge ligand), because
photoexcitation of rhenium(I) diimine complexes with a
phosphorus ligand generally gives a good yield of the cis,trans-
[ReI(LL)(CO)2(PR3)(LA)]n+ type complexes.14

The tetranuclear complex 14+ was also synthesized using the
same photochemical product 42+. This product was dissolved in
THF containing half molar concentration of py–py. The
solution was refluxed for 3 h to give (14+)(PF6

2)4 at 60% yield,
based on 32+ used [eqn. (3)]

(3)

The symmetrical dimers [{Re(LL)(CO)2(MeCN)}2(dppe)]2+

are good candidates for synthetic building blocks for longer
rhenium diimine oligomers because they have thermally-active
acetonitrile ligands at both ends. Photochemical ligand substitu-
tion of 42+ was much slower than for 32+ because of the efficient
energy transfer reaction from the excited state of the [Re-
(bpy)(CO)3(dppe)–] group to the other group (specified below),
but then proceeded to give [{Re(bpy)(CO)2-
(MeCN)}2(dppe)]2+. Attempts to synthesize longer rhenium
diimine oligomers are in progress.

The electrospray ionization mass spectra of the complexes
essentially show just a parent peak, and the elemental analysis

† Electronic supplementary information (ESI) available: IR and 1H NMR
data. See http://www.rsc.org/suppdata/cc/b1/b104220n/

Scheme 1 Linear-shaped Re(I) oligomers.
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data were in good agreement with the calculated values. The 1H
NMR spectra clearly indicate that the two pyridine rings of all
the bpy and (CF3)2bpy ligands are magnetically equivalent and
that the bridged ligands are in positions trans to one another, so
that all the synthesized trimers and the tetrameter are linear-
shaped.

We report preliminary spectroscopic data for the complexes
synthesized. The UV–vis absorption spectra are shown in Fig.
1(a). The difference in the absorption maxima at 360–390 nm,
due to metal-to-ligand charge transfer (MLCT), arises mainly
from the differences in the constituent groups and their number.
We chose two excitation wavelengths for emission measure-
ments, at 350 and 440 nm: the higher energy photons can excite
all the rhenium–complex groups in the oligomers while the
other light is absorbed mainly by the central biscarbonyl
group(s) [–{(dppe)ReI(bpy)(CO)2}2(py–py)–] and one of the
terminal tricarbonyl groups [ReI{(CF3)2bpy}(CO)3 (py–py)–].

Fig. 1(b) illustrates the emission spectra of both the tetramer
14+ and the corresponding dimer 32+ under 350 nm excitation;
these differ greatly even though both complexes have the same
emissive group, [ReI(bpy)(CO)3(dppe)–]. The strong emission
of 32+, which arises from the triplet MLCT excited state
(3MLCT) of the [ReI(bpy)(CO)3(dppe)–] groups, was observed
at 540 nm. The emission of 14+ at the same wavelength was
much weaker, whereas another emission was observed at 695
nm, arising from 3MLCT on the central groups [–(dppe)-
ReI(bpy)(CO)2]2(py–py)–]. This assignment is supported by the
following experimental results: excitation of 14+ using 440 nm
light absorbed mostly by the central groups gave emission only
at 695 nm, and a model complex of the central groups

[ReI(bpy)(CO)2(PPh2Pr)(h1-py–py)]+ emits at 710 nm. The
strength of the 695 nm emission stimulated by the 440 nm
excitation, normalized using the absorbance, was only 1.3 times
greater than that stimulated by the 350 nm excitation. These
results clearly show that efficient energy transfer occurs from
the excited state of the terminal [ReI(bpy)(CO)3(dppe)–] groups
to the central [–{(dppe)ReI(bpy)(CO)2}2(py–py)–] groups in
14+ as shown in Scheme 1.

The trimer 2b3+ has a different emission property: excitation
using 350 nm light causes dual emission, at 540 and 670 nm
[Fig. 1(b)], whereas 690 nm emission alone was observed with
440 nm excitation. The emission at 540 nm arises from 3MLCT
of the [ReI(bpy)(CO)3(py–py)–] group, because the correspond-
ing mononuclear complex [ReI(bpy)(CO)3(h1-py–py)]+ 5+

emits at 570 nm and the excitation of another terminal
[ReI(bpy)(CO)3(dppe)–] group should cause efficient energy
transfer to the central group, as described above. Energy
transfer from the excited [ReI(bpy)(CO)3(py–py)–] group to the
central group is expected to occur (Scheme 1) because the
emission strength from the [ReI(bpy)(CO)3(py–py)–] group was
much less than that of the model complex.

Emission from 2a3+ using either 350 or 440 nm light was
weaker than that from 2b3+. It follows that the 3MLCT state of
the central [–{(dppe)ReI(bpy)(CO)2}2(py–py)–] group should
be quenched by the terminal [ReI{(CF3)2bpy}(CO)3(py–py)–]
group. There are two possible quenching mechanisms: energy
transfer and electron transfer. Energy transfer might not occur
because the 3MLCT energy of the central group is lower than
that of the [ReI{(CF3)2bpy}(CO)3(py–py)–] group, of which the
model complex [ReI{(CF3)2bpy}(CO)3(h1-py–py)]+ emits at
660 nm.

Further study of the intramolecular electron- and/or energy-
transfer processes of rhenium(I) oligomers is in progress using
laser flash photolysis.
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Fig. 1 (a) UV–vis absorption and (b) emission spectra (350 nm excitation)
of 14+, 2b3+, 32+ and 5+ in acetonitrile.
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The thermogelling aqueous solution of poly(DL-lactic acid-
co-glycolic acid) grafted with poly(ethylene glycol)s is
developed, and the elegant instrumental methods to deter-
mine sol–gel transition temperature and the method to
control gel duration are reported.

Self-assembly of polymers by external stimuli has been studied
extensively over the past decade.1,2 In situ gelling systems have
recently generated attention as promising biomaterials.3–6 To
apply in situ gelling systems for drug delivery and tissue
engineering, the aqueous polymer solution should be free
flowing at a certain temperature and form a gel at the
physiological temperature. The resultant gel must have reason-
able mechanical strength to persist as a drug-releasing depot
over the designed lifetime.

The synthesis of thermogelling poly(ethylene glycol-b-(DL-
lactic acid-co-glycolic acid)-b-ethylene glycol) (PEG-PLGA-
PEG) triblock copolymers by Jeong et al. required two steps.7,8

The ring-opening polymerization of DL-lactide and glycolide on
methoxy poly(ethylene glycol), followed by the coupling of the
PEG-PLGA diblock with hexamethylene diisocyanate (HMDI)
requires strict anhydrous conditions. The resulting triblock
copolymer contains two urethane linkages, which might affect
the degradation profile of the polymer. However, there is a
limitation of molecular weight for PEG-PLGA-PEG copoly-
mers by a triblock topology. Because the sol–gel transition
temperature strongly depends on the PEG length, the total
molecular weight of PEG-PLGA-PEG triblock copolymers
should be 4000–5000, if aqueous solutions are to show a sol–gel
transition below 37 °C.7

In this paper, thermogelling aqueous solutions of biodegrada-
ble graft copolymers, poly(DL-lactic acid-co-glycolic acid)
grafted with poly(ethylene glycol)s (PLGA-g-PEG) are re-
ported and we will show that such a molecular weight limitation
can be overcome by graft copolymer systems.

PLGA-g-PEG copolymers were synthesized by one-step ring
opening polymerization of DL-lactide, glycolide, and epoxy
terminated poly(ethylene glycol) (PEG; M = 600) using
stannous octanoate, as a catalyst.9 The final DL-lactic acid/
glycolic acid/ethylene glycol mol ratio of 3.2/1/2.8 was
determined by 1H NMR spectroscopy. Therefore, the grafting
frequency of PEG is 4.7 mol%. Gel permeation chromatography
(GPC) using light scattering and refractive index detectors in
series has been used to determine the absolute molecular weight
of polymers.10 GPC results found a unimodal distribution for
our polymers. The number average molecular weight (Mn) and
polydispersity (Mw/Mn) of the polymers determined by GPC
using tetrahydrofuran (THF) as an eluting solvent were 9300
Daltons and 1.5, respectively. Therefore, the 4–5 PEGs are
grafted onto the PLGA backbone.

At 23 °C, the viscosity of the aqueous solution (25 wt%) was
ca. 0.3 P (g m21 s21). This viscosity is suitable for injecting the
solution through a 25-gauge syringe needle. With increasing
temperature, the aqueous solution (25 wt%) of PLGA-g-PEG

undergoes a sol–gel transition at 30 °C. In the practical
application, the gel should keep its equilibrium-swollen state in
an excess amount of water. Further increase in temperature
above 50 °C of the PLGA-g-PEG aqueous solution results in a
macroscopic phase separation between gel and water. The entire
phase diagram will be reported elsewhere.11 The gel state has
been traditionally defined as a non-flowing semisolid in a test-
tube inversion test. The method is controversial in its simplicity
and lack of scientific rigidity.

To address this issue, the sol–gel transition of the graft
copolymer aqueous solution was investigated using dynamic
rheometry (Rheometric Scientific: SR 2000).12 The polymer
solution was placed between parallel plates of 25 mm diameter
and a gap of 0.5 mm. The data were collected under a controlled
stress (4.0 dyn cm22) and a frequency of 1.0 radian s21. The
heating and cooling rate was 0.2 °C min21. According to
dynamic rheometry, the sol–gel transition was identified in a
more reproducible and quantitative manner than by the test-tube
inversion method.

The storage moduli (GA) of PLGA-g-PEG aqueous solutions
varying from 22 to 29 wt% were measured at a heating rate of
0.2 °C min21. As the temperature increased, the storage
modulus increased abruptly at the sol–gel transition tem-
perature. The gels have a modulus of ca. 50 dyn cm22 and are
slightly affected by concentration in the range of 22–29 wt%.
The sol–gel transitions occur at ca. 30 °C, suggesting easy
formulation at room temperature.

To confirm the reversibility of the sol–gel transition, a 25
wt% PLGA-g-PEG aqueous solution was studied. The real part
(hA) of complex viscosity of the polymer solution, which is a
measure of dissipated energy when cyclic deformation is
applied to a material, is shown as a function of temperature in
Fig. 1(a). During the first heating cycle (H1), hA increased 1000
times upon the sol–gel transition. The cooling curve (C1) shows
that the gel phase persisted over the temperature range of
43–20 °C during the experiment. This fact results from the
difficulty in molecular motion to occur in the gel phase; once the
solution forms a gel, the gel resists rehydration. hA abruptly
decreased at 15 °C due to the gel–sol transition during the
cooling of the system. The second heating curve (H2) shows the
sol–gel transition at practically the same temperature as the first
heating curve (H1).

The storage modulus (GA) of the PLGA-g-PEG aqueous
solution (25 wt%), which is a measure of stored energy when a
cyclic deformation is applied to a material, approaches zero in
the sol state and is not shown in the heating curve [Fig. 1(b);
H1]. GA sharply increased during the sol–gel transition at 32 °C
as shown in the heating curves. The maximum value for GA was
observed in the temperature range 35–39 °C, indicating a
promising material for in vivo (37 °C) applications. During the
cooling cycle (C1), the gel modulus increased over the
temperature range 43–20 °C, exhibiting similar behavior to
typical elastic materials, and dropped abruptly at 15 °C due to
the gel–sol transition. During the first (H1) and second (H2)
heating cycle, practically the same transition curve was
measured for GA, indicating reversible gelation. The decrease in
GA at temperatures above 40–45 °C can be expected due to an
increase in thermal motion. This trend was also observed in the
13C NMR spectra (see ESI†).

† Electronic supplementary information (ESI) available: 1H NMR spectrum
of PLGA-g-PEG in CDCl3. 13C NMR (75 MHz) spectra of 25 wt% PLGA-
g-PEG copolymer in D2O as a function of T. See http://www.rsc.org/
suppdata/cc/b1/b102819g/
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The 13C NMR spectra of a 25 wt% copolymer solution in
D2O were recorded with increasing temperatures. In the sol
state (20 °C), the methyl peak of the hydrophobic PLGA (d 18)
is collapsed and broadened compared with PEG peak (d 72)
whereas that in CDCl3 appears as a sharp peak, indicating a
core–shell structure of this polymer in water. The core–shell
structure of these amphiphilic copolymers was also confirmed
by micelle formation in dilute aqueous solutions. The critical
micelle concentration (CMC) determined by a dye solubiliza-
tion method was 0.03 wt% at 20 °C.13

Just above the sol–gel transition temperature (33 °C) of an
aqueous PLGA-g-PEG solution (25 wt%), the 13C NMR peak
shapes of both the hydrophobic PLGA methyl peak and the
hydrophilic PEG peak are preserved except that the PEG peak
is shifted down field about 0.3 ppm. With a further increase in
temperature, the peak height of the PLGA methyl peak
increases, and the PEG peak is split into two peaks, a sharp one
at d 72.4 and a broad one at d 72.7. These behaviors are thought
to be caused by an increase in molecular motion of the
hydrophobic backbone and phase mixing between PEG and
PLGA. Phase mixing between PEG and PLGA or PLLA has
been previously reported.14 A further increase in temperature
resulted in macrophase separation between water and the
polymer.

The reversibility of the sol–gel transition is also confirmed by
deuterium NMR spectroscopy (Fig. 2). The peak at d 4.8 at
20 °C (sol state) shifted to d 4.6 at 33 °C (just above sol–gel
transition), d 4.58 at 37 °C (gel state), d 4.56 at 40 °C, and d 4.5
at 50 °C (syneresis). The change in chemical shift was most
pronounced during the sol–gel transition (d 0.2). When the
system is cooled to 20 °C, the deuterium peak reappears at d 4.8,
indicating the reversibility of the transition. In a sol state, water
moves more freely than in a gel state. During the sol–gel
transition, PEG becomes more hydrophobic due to dehydration
and the extent of hydrogen bonding between water molecules
and polymers changes. Therefore, the time average environ-
ment around deuterium nuclei will be affected, leading to the
changes in chemical shift of water during the sol–gel transition.
This finding suggests that the deuterium NMR can be a good
method for the determination of the sol–gel transition.

The sol–gel transition temperature could be controlled from
20 to 40 °C by changing PEG length and composition. When the
PEG molecular weight of PLGA-g-PEG was increased from
600 to 1000 the sol–gel transition occurred at 40 °C, whereas the

sol–gel transition occurred at 20 °C when the PEG composition
was decreased by 20 mol%.11

To conclude, an aqueous PLGA-g-PEG system showing a
reversible sol–gel transition at slightly elevated temperatures is
developed and a dynamic mechanical test and deuterium NMR
confirm the reversibility of this process. These tools can be
suggested as standard methods to determine the sol–gel
transition temperature than the more empirical test-tube invert-
ing method reported most often.

The system developed in this study is very promising for
injectable local delivery of pharmaceutical agents. In vitro study
shows that the duration of gels could be controlled from one
week to three months by mixing slow degrading PLGA-g-PEG
and fast degrading PEG-g-PLGA in different ratios.15 Both
polymer aqueous solutions undergo a sol–gel transition around
30 °C. This is very important for applications in drug delivery
and tissue engineering, which need the control of gel duration as
a matrix or carrier.

This work was supported by Battelle Memorial Institute
Independent Research and Development funds.

Notes and references
1 V. Bulmus, Z. Ding, C. J. Long, P. S. Stayton and A. S. Hoffman,

Bioconjugate Chem., 2000, 11, 78.
2 J. J. Marler, A. Guha, J. Rowley, R. Koka, D. Mooney, J. Upton and J. P.

Vacanti, Plast. Reconstr. Surg., 2000, 105, 2049.
3 W. A. Petka, J. L. Harden, K. P. McGrath, D. Wirtz and D. A. Tirrell,

Science, 1998, 281, 389.
4 M. Malmsten and B. Lindman, Macromolecules, 1992, 25, 5440.
5 W. Mingvanish, S. M. Mai, F. Heatley and C. Booth, J. Phys. Chem. B,

1999, 103, 11 269.
6 B. Jeong, Y. H. Bae and S. W. Kim, J. Controlled Release, 2000, 63,

155.
7 B. Jeong, Y. H. Bae and S. W. Kim, Macromolecules, 1999, 32,

7064.
8 B. Jeong, Y. H. Bae and S. W. Kim, Colloids Surf.: B. Biointerfaces,

1999, 16, 185.
9 K. Cho, C. H. Kim, J. W. Lee and J. K. Park, Macromol. Rapid

Commun., 1999, 20, 598.
10 P. J. Wyatt, Anal. Chim. Acta, 1993, 272, 1.
11 B. Jeong and A. Gutowska, 2001, in preparation.
12 G. Wanka, H. Hoffmann and W. Ulbricht, Colloid Polym. Sci., 1990,

268, 101.
13 P. Alexandridis, J. F. Holzwarth and T. A. Hatton, Macromolecules,

1994, 27, 2414.
14 S. S. Shah, K. J. Zhu and C. G. Pitt, J. Biomater. Sci. Polym. Ed., 1994,

5, 421.
15 B. Jeong, M. R. Kibbey, J. C. Birnbaum, Y. Y. Won and A. Gutowska,

Macromolecules, 2000, 33, 8317.

Fig. 1 Rheological study of PLGA-g-PEG copolymer aqueous solutions (25
wt%). The thermogram was obtained while heating and cooling with a rate
of 0.2 °C min21. Temperature programming sequence was heating ?
cooling? heating. H1, C1 and H2 indicate the first heating cycle, cooling
cycle and the second heating cycle, respectively. The real part (hA) of
complex viscosity, (a), and the storage modulus (GA), (b), of the copolymer
solution were measured as a function of temperature.

Fig. 2 Deuterium NMR showing reversibility of the sol–gel transition. The
deuterium NMR spectra of PLGA-g-PEG in D2O (25 wt%) were recorded
at 20 (5th row from the top), 33 (4th row), 37 (3rd row), 40 (2nd row), 50
(1st row) °C, and after cooling to 20 °C (6th row). The sample was held at
each temperature for 30 min.
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Hollow clay microspheres of high thermal stability were
easily fabricated by the adsorption of colloidal clay layers
onto the surfaces of a spherical anion exchange resin and
calcination of the resulting resin–clay composite.

Hollow spheres of nanometer to micrometer dimensions define
an important class of shape-fabricated materials in which the
shell of the hollow sphere can be constructed by a variety of
materials of high scientific interest and technological im-
portance; magnetic, semiconducting, ceramic, metallic, poly-
mer, composite etc.1–3 Owing to their low density, large specific
area, stability and surface permeability, hollow spheres are
widely used as controlled release capsules for drugs, dyes,
cosmetics and inks, artificial cells, catalysts and fillers.
Engineering hollow spheres from porous solids, such as
mesoporous silica4–6 and zeolites,7 constitutes an important
advance in materials, because of the unique properties of these
well organized superstructures. Recently, the fabrication of
hollow laponite submicrometer spheres (laponite is a synthetic
smectite clay) based on the layer-by-layer self-assembly
technique, was reported.8 In this communication we report
another approach for easy construction of hollow inorganic
spheres, and in particular, describe the synthesis and character-
ization of thermally stable hollow smectite clay spheres in the
micrometer range. In general, the production of clay spheres is
expected to be of great value since smectite clays define a
known class of layered aluminosilicate minerals that possess
unique swelling, intercalative and cation exchange properties.9
In addition, their thermal stability and chemical inertness make
them suitable materials for particle engineering (clay ceramics)
and for use as fillers in many industrial applications.10,11 The
method proposed for the morphogenesis of hollow clay
microspheres, simply comprises the adsorption of colloidal acid
clay layers onto the surfaces of a spherical anion exchange resin
(carbonated form), followed by removal of the resin’s organic
backbone by calcination in air. In principle, our synthetic
strategy resembles that of the sacrificial core–shell technique in
which hollow spheres are assembled by a controlled adsorption,
involving precipitation reactions, sol–gel condensations and
layer-by-layer depositions of the desirable material onto the
surfaces of an appropriately modified colloidal template
(usually a polymer) and subsequent removal of the template by
thermal or chemical treatment.12–15

In this work, a strongly basic anion exchange resin of a
quaternary ammonium chloride type and spherical morphology
(Dowex 2, x8 100/200 mesh) was used. The resin was initially
treated with 1 M Na2CO3 aqueous solutions in order to obtain its
carbonated form. Two sources of clay were used. The first, was
a naturally occurring montmorillonite from the island of Milos,
Greece, denoted Zenith-N. The montmorillonite was fraction-
ated to < 2 mm by gravity sedimentation and purified by
standard methods to obtain its sodium saturated form with a
CEC of 0.8 meq. g21. The second was a synthetic sodium
hectorite (laponite, monovalent cation exchange capacity: CEC
= 0.74 meq. g21) supplied by Laporte Industries Ltd. The
resin–clay products were obtained as follows: 1 g of each clay

sample was dispersed in 100 ml of deionized water. To each
colloidal dispersion, 1–2 drops of concentrated HCl (37%) were
added (pH of the mixture ca. 3) and the gelatinous mixtures
were vigorously stirred for 1 min. After centrifugation of the
solids, the supernatant liquids were discarded and the same
procedure was repeated twice. Finally, the acid clays were
washed once with water, centrifuged and redispersed in 100 ml
of deionized water. Each acid clay colloidal dispersion was then
slowly added to 4 g of carbonated resin in 20 ml of deionized
water and the mixture was heated under vigorous stirring at
80 °C for 30–45 min. During the addition of the acid clay
dispersions to the carbonated resin and the thermal treatment,
evolution of gas (CO2) was observed, indicating the binding of
the negatively charged clay layers to the positively charged
resin surfaces according to eqn. (1) where Resin+]

Resin+]CO3
22 + 2H+[2Clay? Resin+][2Clay + CO2 + H2O

(1)

denotes the positively charged surfaces of the resin and [2Clay
denotes the negatively charged clay layers. After the thermal
treatment, the resin–clay mixtures were centrifuged (4000 rpm,
1 min), washed twice with commercial acetone and dried at
60 °C for 20 min in an oven. Observation of the resin–clay
samples under an optical microscope did not reveal the presence
of any discrete clay phase but only the presence of transparent
resin spheres, suggesting a homogeneous coverage of the resin
surfaces by a thin clay coating. The as obtained resin–clay
samples were finally calcined in air at 600 °C for 7 h via steps
of 1 °C min21 to give pure hollow clay microspheres as
evidenced by the lack of organic absorptions in IR spectra. The
final samples were studied by optical microscopy, SEM and
XRD techniques.

Optical microscopy images of the parent anion exchange
resin as well as the Zenith-N and laponite clay samples derived
after calcination of the corresponding resin–clay composites are
shown in Fig. 1. The XRD patterns of the clay samples are also
included as inset photos. The parent amorphous resin particles
possess a spherical morphology with a non-uniform size
distribution of small and large spheres in the range 100–200 mm.
On the other hand, both clay samples also consist of spherical
particles (Zenith-N spheres: opaque and with rough surfaces,
laponite spheres: transparent and with smooth surfaces) with a
non-uniform size distribution in the range 20–50 mm. Therefore,
the clay samples inherit the shape morphology and size non-
uniformity of the parent resin throughout the synthetic process.
Accordingly, by controlling the size distribution of the starting
resin particles, e.g. by sieving the resin, the problem of the size
non-uniformity can be eliminated. As far as the observed size
shrinkage of the clay samples is concerned, this can be
attributed to the removal of the large resin core (at least 100 mm)
after calcination of the resin–clay composites. The spheres
based on Zenith-N show a weak (001) XRD reflection with a
basal spacing (d001 = 9.8 Å) characteristic for the collapsed
state of the layers in the prime clay particles. In contrast to
Zenith-N, the laponite based spheres do not exhibit any (001)
reflection that may be attributed to a turbostatic stacking of the
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layers in the clay particles due to their very small size (ca.
0.1 mm cf. ca. 1 mm for Zenith-N).

The SEM examination of Zenith-N and laponite samples
reveals the presence of compact and intact spheres which are
smoother in the latter, Fig. 2. The inset photo, Fig. 2(a), shows
a broken sphere that reveals the hollow structure of the spheres.
The wall thickness of the spherical cells is rather uniform and
varies between 3 and 5 mm for both clay samples. Note that the
large majority of the hollow clay spheres are intact at their
surfaces. In contrast to this observation, when the clay samples
were prepared using the sodium form of Zenith-N and laponite
instead of the acid forms, and the chloride form of the resin
instead of carbonated form, clay samples consisting primarily of
broken specimens with irregular shape and morphology were
obtained, features that were more pronounced for the laponite
sample. It seems that the resin surfaces are not sufficiently
covered by clay layers to form a thick enough coating that
remains intact after calcination. This probably arises from the
strong electrostatic binding of chloride ions by the positively
charged surface of the resin thus making their efficient
replacement by the negatively charged clay layers difficult.

Fig. 3 shows XRD patterns of Zenith-N clay spheres before
(a) and after (b) treatment with trimethylamine vapor at 80 °C
for 3 h. After vapor treatment, the basal spacing of the collapsed
clay (d001 = 9.8 Å) increased to 12.8 Å due to the insertion of
trimethylamine molecules into the gallery space of the clay
layers via interlayer protonation of the base. The results show
that the hollow clay spheres can be easily reconstructed to other
clay derivatives via intercalative patterning of their interlayer
space. For laponite, insertion of trimethylamine into the
galleries does not alter the amorphous state of the clay shell,
even after prolonged exposure. In this case, the lack of layer re-
stacking may be attributed to some chemical sintering occurring
after calcination, between laponite layers through cross-linking
of adjacent broken sites (much greater in number than for

Zenith-N due to the smaller size of the layers) near their edges.8
It should be noted that the morphology of the clay samples was
preserved after the above mentioned treatments.

In conclusion, thermally stable hollow microspheres (size:
20–50 mm, wall thickness: 3–5 mm) of a naturally occurring and
of a synthetic clay were prepared using the sacrificial core–shell
technique, in which an anion exchange resin played the role of
the core/template and the clay particles the role of the building
units of the shell. Intact hollow spheres were obtained only
when a carbonated resin and an acid clay were used, as this
combination provides an efficient way to sufficiently cover the
resin surfaces with the clay layers without screening effects
from the counter ions of the resin. The template approach
described here can also apply to fabrication of micrometer sized
analogues of clay colloidal systems, e.g. zeolites and magnetic
particles. In a forthcoming publication the ability to synthesize
a variety of hollow inorganic microspheres by simply exploiting
the exchange properties of the resin will be described.
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Fig. 1 Optical microscopy pictures of (a) parent resin spheres, (b) Zenith-N clay spheres and (c) laponite clay spheres (the inset photos show XRD patterns
of the given clay samples).

Fig. 2 SEM micrographs of a Zenith-N (a) and laponite (b) hollow clay
sphere (the inset photo shows a broken Zenith-N hollow specimen).

Fig. 3 XRD patterns of Zenith-N hollow spheres (a) before and (b) after
trimethylamine vapor treatment.
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A series of compounds made up by linking methylna-
phthalene fragments at both ends of different polyamine
chains have shown to behave as pH-regulated molecular
machines driven by light and fluorescence emission studies
have proved the formation of an excimer between the two
naphthalene units whose appearance, fluorescence intensity
and decay times depend on the pH value of the media.

Many biological systems can be considered as more or less
complex molecular machines operated by chemical or physical
stimuli. Examples of this behaviour are found in the triggering
effect of many calcium binding proteins or in the astonishing
ATP synthase molecular rotor.1,2 Therefore, in the last few
years a lot of research effort has been devoted to identifying
systems able to perform molecular motions following chemical
or physical inputs.1–9 Herewith, we communicate on a family of
very simple compounds whose molecular movements driven by
light can be controlled and even modulated by inputs like the
concentration of hydrogen ions and/or metal ions. Compounds
L1–L5 have been prepared in good yields by reaction of the

elected polyamine with naphthalene-1-carbaldehyde in ethanol
followed by reduction with sodium borohydride.10

While the absorption spectra of these compounds do not
change significantly with pH, the fluorescence emission
intensity dramatically depends on their protonation state (see
Fig. 1A for L1). As described for related compounds,10 the fully
protonated forms of L1–L5 exhibit the most intense fluores-
cence emission. Unprotonated amines are efficient electron
transfer quenchers of the aromatic excited state and depending
on the distance to the fluorophore can produce a partial or
complete quenching. This trend is illustrated in Fig. 1B, where
the fluorescence emission intensity monitored at 334 nm is

plotted together with the mole fraction distribution of the
different protonated species calculated from the protonation
constants determined potentiometrically.11 In order to have a
full picture of the situation, the protonation sequence estab-
lished for L1 by means of the 1H and 13C NMR data has to be
taken into account. As shown in Fig. 1B, the first deprotonation
that occurs on the central nitrogen atom leads to a partial
quenching, ca. 80% of the emission of the fully protonated
form. Total quenching takes place only upon removing the
second proton from one of the side nitrogens. However, the
most remarkable feature in the emission spectra of these
compounds is the presence of a red-shifted and non-structured
band attributable to excimer formation (Fig. 1A). This red
shitted band does not appear in the case of the compound
containing a single terminal naphthalene (L5), or in the case of
an analogue receptor possessing a reinforcing piperazine ring
(L6, see ESI). This absence in L5 excludes the possibility of a
charge transfer (CT) state involving the deprotonated amine and
the fluorophore.12

Excimer formation is only observed for the H2L12+ species.
Neither the fully protonated species H3L13+ nor the species with
lower protonation degrees yield such association. In the case of
H3L13+, this can be ascribed to the large electrostatic repulsion
at this stage which prevents the required bending movement
while the total quenching of the emission produced in the low
protonated species would avoid observing any excimer for-
mation.

† Electronic supplementary information (ESI) available: synthesis and
characterisation data for L1–L4, protonation constants and spectra. See
http://www.rsc.org/suppdata/cc/b1/b104311k/

Fig. 1 A—pH dependence of the fluorescence emission of compound L1 at
lexc = 287 nm. Protonation sequence determined by 1H NMR is shown in
the inset. B—Mole fraction distribution of the protonation states of
compound L1 (-----); fluorescence emission at lexc = 287 nm and lem =
334 nm (4); fluorescence emission at lexc = 287 nm and lem = 418 nm
(1).
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Intramolecular excimer formation was studied by nano-
second time-resolved fluorescence. Fluorescence decays were
monitored at lem = 315 nm, where the fluorescence emission is
essentially due to the excited monomer, and at lem = 418 nm,
where the excimer emits. Global analysis of the decays can only
be properly fitted with sums of two or three exponentials. The
fluorescence emission behaviour of the mono-chromophoric
and bis-chromophoric systems can be interpreted as depicted in
Schemes 1A and 1B for the triaza receptors L5 and L1,
respectively. In both cases, a ground-state equilibrium exists
between the fully protonated species (H3L3+) and the mono-
unprotonated one (H2L2+). Simultaneous excitation of both
H3L3+ and H2L2+, leads to H3L3+* and H2L2+* excited species;
the relative proportion of these species will depend on the pH
(Fig. 1B). While H3L3+* decays with a rate constant equal to the
reciprocal of tN, H2L2+* presents an additional direct quenching
to the ground-state by the CT state with kq (rate constant due to
amine quenching); the overall decay for the H2L2+* species is
equal to 1/tN + kq.

The question arising now is the correct attribution of the
observed components of the decay times to the species shown in
Fig. 1B for L1. At pH = 4.6, the H3L13+ and H2L12+ species
coexist with the excimer. At pH = 2.3, where practically no
excimer is observed, we have obtained a double-exponential
decay with decay times equal to 29.6 and 2.9 ns, and pre-
exponential factors, ai, of respectively 0.93 for H3L12+ and 0.07
for the small amount of the H2L12+ species present at this pH.
At pH = 3.2 the two monomers coexist with the excimer. While
H2L12+* with a decay time of 3.4 ns gives rise to the excimer (tE
= 15.8 ns), the more protonated monomer is found uncoupled
with the other emissive species and must unequivocally be
attributed to the H3L13+ species. Also it is worth noting that the
negative pre-exponential at lem = 418 nm is associated with the
shorter lifetime (H2L12+) and that no negative amplitude is
associated with the longer lifetime (H3L13+). This once more
shows that the H3L3+ species decays with a lifetime identical to
the one obtained at pH = 2.3 and to the one of L5 (where no
intramolecular excimer formation occurred).10 For pH = 6.1
the system is now reduced to a bi-exponential decay law since
the H3Ll3+ species is absent (see ESI). The H2L12+* species will
have at this pH two additional deactivation channels: i) electron
quenching promoted by unprotonated amino groups, kq, and ii)
excimer formation, k1. This situation does not apply to the case
of H3L13+* because excimer formation is forbidden and the
only possible deactivation route occurs via its natural fluores-
cence lifetime ( ≈ 31 ns). Comparison with the excited state
behaviour of L5, where only a double-exponential fit is
required, clearly supports the above considerations.

Another interesting aspect is the existence of excited state
reversibility of the excimer leading to delayed fluorescence
emission because, as reported above, the intermediate lifetime
emission can also be detected at 315 nm.

Although the behaviour of L2, L3 and L4 is analogous to that
of L1, several aspects deserve comment. The quenching
processes and the efficiency of excimer formation are strongly
affected by the length of the chain and the protonation states of
the molecules. Indeed, the protonation degree for which the
ratio excimer–monomer emission is maximum increases proton

by proton from one receptor to the following in size; for L2 it is
H2L22+, for L3 it would be H3L33+ and for L4, H4L44+. In all
these species the central nitrogens are unprotonated facilitating
the delocalisation of the positive charges along the chain.

All these data clearly point out that the compounds here
described are examples of elementary molecular movements
driven by light and switched on/off by pH. Scheme 2 for
compound L1 illustrates this concept. At pH values below 2, the
system is rigid and no bending movement occurs upon light
absorption; in this state the system is locked. The unlock step
takes place following a pH jump to 6. For this pH value, light
absorption by the monomer leads to excimer formation as well
as to the back reaction responsible for the delayed fluores-
cence.
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The epothilones have occupied center stage on the scenes of
total synthesis, chemical biology and medicine for the last five
years, no doubt because of their intriguing mode of action and
unusually high potency against tumor cells, including multi-
drug-resistant cell lines. This article highlights the most recent
advances within this exciting field. Thus, an overview of recent
synthetic endeavors culminating in a new generation of total
syntheses and analogues, some with higher potencies than the
naturally occurring substances, will be given, and the chemical
biology, in particular the current understanding of structure–
activity relationships of the epothilones, will also be discussed in
light of the latest biological results. In addition, the recently
elucidated biosynthetic machinery of the natural epothilone-
producing myxobacterium Sorangium cellulosum, as it is now

understood, will be described. Finally, some preclinical and
clinical studies will be summarized.

Introduction
Cancer claims approximately one death per minute in the
United States alone. As such, this dreaded disease has
stimulated enormous efforts directed at curative and preventive
strategies to combat its menacing effects on society. Chemistry
and biology provide most unique platforms for addressing this
problem as evidenced by the several chemotherapeutic agents
discovered and developed through endeavors in these dis-
ciplines. Prominent among them are Taxol® and Taxotere™,
two tubulin binding anticancer drugs1 whose combined sales
exceed the 2 billion dollar mark. As a new class of potent
tubulin polymerizing and microtubule stabilizing compounds,
the epothilones2 have received a great deal of attention over the
last few years from chemists, biologists and clinicians. Research
activities in this area span from isolation of natural products to
genetic engineering of new producing organisms for fermenta-
tion purposes, from total synthesis to chemical synthesis of
designed analogues, and from chemical biology to clinical
studies. Despite the several reviews3–6 covering the great strides
made in the epothilone area, the fast pace of research
surrounding these molecules necessitates this update which
aims at summarizing and placing in perspective the latest
developments in the field.

Recent total syntheses of epothilones and
analogues thereof
Many groups have reported the total or partial syntheses of
epothilone family members (Fig. 1) during the past years, and

this subject has been extensively reviewed.3–6 Within this
section we will highlight the most recent developments with
particular emphasis on the new generation total syntheses in the
field of epothilones and analogues thereof.

Although we had previously reported two different total
synthesis strategies leading to epothilones and a large number of
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Fig. 1 The epothilones.
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analogues,3 there was still room for improvements, particularly
with regards to the stereoselectivity at some key points.
Through our most recent work, these deficiencies have now
been corrected, for the most part, so that a highly efficient,
stereoselective, and flexible approach towards the epothilones
has been established. Our general strategy is outlined retro-
synthetically in Scheme 1. Key improvements include the

introduction of the C12–C13 epoxide via a Sharpless asym-
metric epoxidation directed by a C26 hydroxy group, and a
highly efficient and reproducible protocol for the aldol coupling
which creates the C6–C7 bond and simultaneously sets the
stereochemistry at these centers with > 10+1 diastereoselectiv-
ity. A high degree of convergence was achieved, as the
synthesis proceeds through the union of three fragments (6–8)
of similar size and complexity, to afford the advanced
intermediate 5. This vinyl iodide (5) had already been proved to
be highly versatile, as it allowed the synthesis of a large number
of epothilones with aromatic side chains through our Stille
coupling methodology,7,8 and, in addition, enabled the synthesis
of various C26-modified analogues.7a

The synthesis of vinyl iodide 57b is summarized in Scheme 2.
Starting from the commercially available bromoalcohol 9
(optically active), protection and conversion to the iodide 10
was followed by an alkylation with but-4-enylmagnesium
bromide to yield terminal olefin 11. Through standard method-
ology, this was converted to the ylide 6, which participated in a
Wittig coupling with iodoaldehyde 7 to yield fragment 15,
which corresponds to the C7–C17 region of the epothilones.
Functional group manipulations furnished aldehyde 19 in short
order. When this derivative was subjected to our optimized
aldol coupling protocol (enolate generation at 278 °C, then
240 °C for 1 h, then rapid addition of aldehyde at 278 °C
followed by rapid quenching after 5 min with HOAc in THF)7b,9

with ketone 8,10 a 74% yield of the desired aldol diastereomer
20 was realized. Moreover, the diastereoselectivity before
purification was better than 10+1. With all the carbon atoms in
place in 20, straight-forward functional group manipulations
and a Yamaguchi macrolactonization10 afforded the desired
vinyl iodide 5.

The vinyl iodide 5 was converted into the epothilone B
precursor 24 by a Sharpless epoxidation, followed by a mild
deoxygenation protocol (Scheme 3). This vinyl iodide (24) was
used to construct a series of aromatic side chain-modified
epothilones (see Fig. 2). Notable among them are several
pyridine derivatives (25–28, Fig. 2), some of which proved to
possess remarkable biological activities (vide infra). Using
analogous chemistry, 26-fluoroepothilone B (37)11 and 16-des-
methylepothilone B (38)7b,9 were also constructed (see Fig.
2).

In order to probe the significance of the epoxide oxygen
atom, a novel class of epothilones in which the epoxide was
replaced by a cyclopropyl or cyclobutyl moiety was targeted for

Scheme 1 Nicolaou’s retrosynthetic analysis of epothilones. Scheme 2 Nicolaou’s synthesis of the advanced intermediate 5.

Scheme 3 Nicolaou’s synthesis of side chain-modified analogues.
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synthesis. Our original studies12 with cyclopropyl epothilones
probing this question were plagued by stereochemical ambi-
guities. Specifically, our original assignments12 of the C12–C13
stereochemistries of cyclopropyl epothilones A were proven
incorrect13,14a (the correct structures of these compounds are
shown in Fig. 3, structures 58 and 59). We therefore embarked
on a new program directed at clarifying this issue. To this end,
a new total synthesis had to be developed, which allowed for the
incorporation of the requisite cycloalkyl moieties in a stereo-
selective manner at an early stage, in order to assure that no
stereochemical ambiguity would exist in the final products.

The total synthesis of 12,13-cyclopropylepothilone A (55)
serves to exemplify the approach to these compounds (Scheme
4).14 This synthesis starts from the known cyclopropyl alcohol
39, readily obtained by enantioselective Charette cyclopropana-
tion15 of cis-4-benzyloxybut-2-enol in 94% ee. Homologation
and Wittig olefination with the commercially available chiral
phosphonium bromide 41 afforded alkene 42, predominantly as
the cis isomer. Diimide reduction followed by hydrogenolysis
of the benzyl ether and a second homologation yielded aldehyde
45. At this point, a Nozaki-Kishi coupling with vinyl iodide
4614 afforded a 1+1 mixture of C15 epimers of the C7–C21
fragment 47. Standard manipulations afforded aldehyde 50,
which smoothly underwent aldol coupling with ketone 8 to

yield open-chain derivative 52 as a single diastereomer after
TBS protection of the secondary alcohol. The same sequence of
operations, i.e. protecting group manipulations, oxidation at C1
and Yamaguchi macrolactonization, as was described in
Scheme 2, was then applied to complete the synthesis. After
macrolactonization, the C15 epimers were separated and
individually desilylated to afford the desired cis-12,13-cyclo-
propylepothilones 55 and 57. This synthetic route also allowed
the preparation of several other cycloalkylepothilone deriva-
tives (60–67, Fig. 3) of various stereochemistries.14b

The Danishefsky group has made major contributions in the
epothilone field, not only with regards to their total synthesis
and their analogues, but also by extensive in vitro and in vivo
studies.4 A recent development from this camp is a new and
highly efficient synthesis of epothilone D (4, Schemes 5 and
6),16 and a closely related total synthesis of 12,13-des-
oxyepothilone F (90, Scheme 7),17 which promise to secure
sufficient quantities of these interesting compounds for ongoing
biological and clinical investigations.

Danishefsky’s ‘new-generation synthesis’ of epothilone D
(4) is summarized in Scheme 6.16,18 This new venture into the
epothilone class features a newly developed anti-Felkin–Ahn
selective aldol coupling of the (Z)-lithium enolate of 72, an

Fig. 2 Selected epothilone analogues. Scheme 4 Nicolaou’s synthesis of cyclopropylepothilone A (55).
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alkylborane Suzuki coupling of advanced intermediates 75 and
69, and a stereoselective Noyori reduction of the C3 carbonyl

group at a late stage of the synthesis. To this end, the requisite
aldol coupling precursor 72 was assembled from the known b-
ketoester 71 in two steps, and the chiral aldehyde 68 was
derived from isoprene via asymmetric epoxidation. After
extensive experimentation, good diastereoselectivity, 5–6+1
with the syn-(C6,C7)/anti-(C7,C8) compound 73 as the major
isomer, was achieved in the aldol coupling between 68 and 72.
This outcome was rationalized by postulating neighboring-
group participation by the olefinic moiety of 68. Straight-
forward manipulations converted aldol 73 into olefin 75. The
vinyl iodide 69, derived from propyne (76) via vinyl iodide 77
by an efficient protocol,18 was joined with alkene 75 via the
alkylborane Suzuki coupling, which proceeded smoothly to
afford the open-chain ester 82. After deprotection leading to
alcohol 83, the crucial Noyori reduction afforded the C3 alcohol
85 in > 95+5 diastereoselectivity, and in 82–88% yield.
Protecting group manipulations and Yamaguchi macrolactoni-
zation, followed by global deprotection, finally afforded the
desired epothilone D (4). By closely analogous routes, see
Scheme 7, the Danishefsky group also prepared 12,13-deoxy-
epothilone F (90),17 aza-epothilone D (93)19 (both C15 epimers
of 93 were prepared), and aza-epothilone B (94),19b the latter of
which had previously been synthesized and shown to be very
promising by the Bristol-Myers Squibb company (BMS), vide
infra.

Using their reactive immunization technology,20 the Lerner–
Sinha group set out to devise a new synthesis of epothilones,
where key intermediates would be generated by aldolase-like
antibody catalysts. These efforts culminated in the syntheses of
epothilones A–F,21–23 as shown in Scheme 8. Thus, monoclonal
antibodies, generated by reactive immunization against a b-
diketone hapten, were used to prepare enantiomerically en-
riched key intermediates for epothilone A synthesis, either by
kinetic resolution of racemic substrates through a retro-aldol
reaction, or by enantioselective aldol reactions with prochiral
substrates. The so obtained building blocks were elaborated to
the target molecules, epothilones A–F. Remarkably, in their
most recent work,22,23 these authors report aldolase-type
antibodies capable of resolving racemic aldols with 95–99% ee
at 50% conversion, and with as little as 0.003 mol % of the
antibody catalyst.

The C15 stereocenter of epothilones is arguably one of the
most challenging to install, and many different solutions to this
problem have been reported. In their first-generation synthe-
sis,21 the Lerner–Sinha group used their 38C2 antibody to
catalyze the addition of acetone to aldehyde 95 (see Scheme 8a).
At 51% conversion, an ee of 75% for 96 was realized for this
tranformation. Using a new hapten, more efficient aldolase
antibodies were raised, which allowed a retro-aldol kinetic
resolution of (±)-96, affording 96 in > 97% ee and 45% isolated
yield.22,23 Moreover, the aldehyde 95 could be recovered and
recycled back to (±)-96. Furthermore, it was possible to
generate a host of closely related thiazoles, including 97, which
was subsequently elaborated into epothilone E. The team’s total
synthesis of epothilones started with a retro-aldol kinetic
resolution of (±)-98 to afford (–)-98 in 98% ee. This operation
set the stereocenters at C6 and C7 of epothilones. Hydro-
genation afforded a 1:1 mixture of C8 epimers (99), and the
desired epimer 99b was taken on to the aldols 101a and 101b,
obtained as a 1:2 mixture of diastereomers favoring the desired
isomer 101b. Further standard manipulations afforded acid 102,
which was esterified with alcohol 104, obtained from 96 via a
seven-step sequence. Ring-closing metathesis and deprotection
afforded epothilone C (3) which was epoxidized to epothilone A
(1) using a sequence of steps analogous to those previously
reported in related works.3–5 The Lerner-Sinha group also
reported a related synthesis of epothilones A (1) and C (3)21 via
the macrolactonization approach,10 as well as syntheses of
epothilones B (2), D (4), E (184 in Scheme 16) and F (185 in
Scheme 16).21–23

Fig. 3 Cyclopropyl and cyclobutylepothilones.

Scheme 5 Danishefsky’s new retrosynthetic analysis of epothilones.
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The Shibasaki group’s syntheses of epothilones A and B
addressed the stereochemical challenges posed by these target
molecules by employing their recently developed Lewis acid–
Lewis base bifunctional asymmetric polyheterometallic cata-
lysts for cyanosilylation, aldol coupling and asymmetric
protonation.24,25 Thus, in their preparation of the C12–C21
fragment 111 (see Scheme 9), a catalytic asymmetric
cyanosilylation using a bis(phosphine oxide)binaphthol–alumi-
num complex (106) as a chiral Lewis acid–Lewis base catalyst
was successfully applied to the a,b-unsaturated aldehyde 105 to
furnish, after acidic workup, the corresponding chiral cyanohy-
drin 107 in 97% yield and 99% ee. Straight-forward manipula-
tions, including homologation, Wittig olefination and iodina-
tion, afforded the desired vinyl iodide 111.

Two other multifunctional asymmetric catalysts, previously
developed by the Shibasaki group, were applied to the
preparation of the C1–C11 fragment 120 (see Scheme 10). In

the first-generation approach,24 the oxime ether epoxide 114
was constructed by a short sequence of steps from diol 112
using standard methodology. A cyanocuprate-based addition of
a methyl group to 114 yielded the racemic anti-aldol 115, by a
process representing a new general approach to anti-aldols.
Reductive cleavage of the O–N bond followed by regioselective
alkylation of the resulting ketone furnished ketone 116. The
latter compound was reduced with good diastereoselectivity,
and the resulting 1,3-diol was subjected to acetonide formation
and other manipulations, ultimately leading to racemic alde-
hyde 118. At this point, resolution by enantioselective aldol
addition of acetophenone, catalyzed by the heteropolymetallic
catalyst (R)-LaLi3tris(binaphthoxide), afforded the desired
aldol 119a in 30% yield and 89% ee, together with its
diastereomer 119b (29%, 88% ee), which could be removed
chromatographically. Standard transformations eventually af-
forded the desired fragment 120. Noting the low efficiency of
their resolution-based scheme, the Shibasaki group proceeded
to develop a second generation synthesis,25 starting with a
catalytic asymmetric protonation of the enolate of thioester 121
(Scheme 10b). In the event, treatment of 121 with 5 mol % of
SmNa3tris(binaphthoxide) in the presence of 4-tert-butylth-
iophenol afforded the Michael adduct 122 in 92% yield and
88% ee. This intermediate was then elaborated into aldehyde
123, which smoothly underwent an aldol coupling with the
required ketone 124 to afford aldol 125 (dr = 4+1). Standard
chemistry finally furnished the advanced intermediate 120 via
126. The total synthesis of epothilone B (2) was completed by
the joining of fragments 111 and 120 through a Suzuki
coupling, macrolactonization and protecting group removal.
The Shibasaki group also completed the synthesis of epothilone
A (1) using closely related chemistry.25

Although several of the reported epothilone syntheses form
the macrocycle by ring-closing metathesis, poor E/Z selectiv-
ities are generally observed.3–5 To circumvent this problem, the
Kalesse group’s formal total synthesis26 of epothilone A (1)
employed the metathesis ring closure to form a smaller,
10-membered lactone, which would be expected to favor the Z
geometry on the basis of lower ring strain as opposed to the E
arrangement. To this end (see Scheme 11), chiral aldehyde 127
was allylated and the product was esterified with hept-6-enoic
acid to afford the cyclization precursor 129. Ring-closing

Scheme 6 Danishefsky’s synthesis of epothilone D (4).

Scheme 7 Danishefsky’s synthesis of selected epothilone analogues.
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metathesis of this diene system yielded 63% of the desired
lactone 130, with an E:Z ratio of 1+12; and furthermore, the E
isomer could be separated and recycled, in 60% yield, to afford
additional amounts of the desired Z lactone (Z)-130 (see
Scheme 11). Alkylation of the lactone enolate derived from (Z)-
130 with methyl iodide then afforded methylated lactone 131
(as a single diastereomer), the configuration of which was
confirmed by independent synthesis using Evans’ oxazilidinone
technology. Elaboration of this intermediate (131), including
installation of the thiazole side chain, ultimately yielded the
aldehyde 136. Since this aldehyde had previously been
converted to epothilone A (1) by Nicolaou et al.10 via coupling
to ketoacid 137, the formal total synthesis was complete. The
Kalesse group also reported an independent synthesis of
carboxylic acid 137.26

The Panek group’s synthesis of epothilone A (see Scheme
12) utilizes a lipase resolution to establish the stereochemistry at
C15 of key fragment 111, a Suzuki coupling between 111 and
olefin 138 to form the C11–C12 carbon–carbon bond, a

Mukaiyama–type aldol coupling with 139 to construct the C2–
C3 bond, and finally Yamaguchi macrolactonization and
epoxidation.27

The Carreira group’s synthesis of epothilones A (1) and B (2)
features a unique nitrile oxide cycloaddition approach to the
solution of the stereochemical problems at C12, C13 and C15
(see Scheme 13).28 The highly diastereoselective cycloaddition
of allylic alcohol 141 or 143 and nitrile oxide 145, generated
from phosphonate 140, gave a single isoxazoline diastereomer
(142 and 146, respectively), thus creating the C14–C15 bond
while simultaneously establishing the correct stereochemistry at
C12 and C13. A Horner–Emmons olefination with aldehyde
147 next installed the side chain, while reduction of the
isoxazoline moiety of the resulting compound 148 yielded diol
149 stereoselectively. This intermediate was then conveniently
converted to the key epoxide 150 via 1,3-cyclic sulfite
formation and TBAF-mediated C12 desilylation. The latter
compound (150) was then elaborated into epothilone A (1)
following Mulzer’s general strategy.5 In a similar manner, the
isoxazoline 142 was employed to synthesize epothilone B (2).

The Fürstner group’s total synthesis of epothilone C (3), and
formal total synthesis of epothilone A (1), features a novel ring-
closing alkyne metathesis reaction as the key step (see Scheme
14).29 The C1–C6 fragment 154 was prepared from ketone 151
through a Noyori asymmetric hydrogenation, protection and
Grignard addition of an ethyl group to ester 153. An aldol
coupling was then employed to join the ketone 154 with the
aldehyde 155 in a stereoselective manner to yield intermediate
156. Straight-forward manipulations yielded carboxylic acid
157, which was esterified with the side chain alcohol 158,
derived from the aldehyde 95 via a Brown asymmetric
allylboration. The so obtained cyclisation precursor 159 was
treated with 10 mol % of the metathesis catalyst 161 to afford
the desired macrocycle 160. Lindlar reduction and deprotection
finally afforded the desired epothilone C (3).

An ongoing research program at Novartis Pharma AG, led by
Altmann, has resulted in a number of highly potent epothilone
derivatives.30,31 Thus, following a convergent route, several
heterocyclic epothilone derivatives were prepared (see Scheme
15).31 The required C1–C11 fragment 165 was reached by a
short sequence of steps from 162 and 163. This olefin was
coupled to a series of vinyl iodides (169), which were
synthesized using the Oppolzer sultam aldol reaction starting
with sultam 166 and aldehyde 167. Stille coupling of 169 with
165 followed by straight-forward manipulations and macro-

Scheme 8 Lerner–Sinha’s synthesis of epothilones A (1) and B (2).

Scheme 9 Shibasaki’s synthesis of vinyl iodide 111.
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cyclization yielded the epothilone D derivatives 170–173.
Epoxidation of the latter compounds afforded epothilone B
analogues 174–177. Using similar methodology, a number of
C12–C13 modified epothilones were also prepared.30

Many other groups, in particular those of Grieco,32

Schinzer,33 Mulzer34 and White,35 also made significant
contributions to the epothilone field, and these efforts have been
reviewed recently.3,5 The Schinzer group, together with Alt-
mann’s group at Novartis, also reported a total synthesis of two
‘aza-epothilone C’ derivatives (epothilone lactams) using a
ring-closing metathesis strategy.36 An interesting biocatalytic
method for the generation of intermediates for epothilone
synthesis has been reported by Wong.37

Partial syntheses of epothilone analogues
From an industrial standpoint, and despite the progress outlined
above, fermentation followed by partial synthesis may still hold
certain advantages over total synthesis. With such advantages in
mind, a number of groups initiated programs directed at
semisynthesis of epothilone analogues. Particularly notable are
the reports from the Höfle38 and Bristol-Myers Squibb13,39

groups.
Thus, several interesting epothilone tranformations have

been carried out by Höfle (see Scheme 16).38 Ozonolysis and
silylation of epothilone A (1) or B (2) afforded the versatile
methyl ketone 178 (R = H, Me). Although Wittig-type
reactions with this substrate were largely unsuccessful, proba-
bly due to enolization of the methyl ketone, aldol condensations
with aromatic aldehydes produced the side chain modified
epothilones 179, none of which, however, exhibited any tubulin
polymerization activity or cytotoxicity. Alternatively, ketone
178 could be converted into the vinyl boronic acid 180 (E:Z =

Scheme 10 Shibasaki’s synthesis of epothilone B (2).

Scheme 11 Kalesse’s formal synthesis of epothilone A (1).

Scheme 12 Panek’s retrosynthetic analysis of epothilone A (1).
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7+3), the E isomer of which could be transformed into vinyl
iodide 181, which bears considerable similarity to the highly
versatile intermediate 24 (see Scheme 3) used by the Nicolaou
group to generate a number of analogues via Stille coupling
methodology.3 Höfle also discovered that epothilones could be
N-oxidized in fair yields by MCPBA. Upon acetylation, the N-
oxides underwent a Polonovsky-type rearrangement to yield,
after hydrolysis, the side chain oxidized epothilones E (184) and
F (185) (see Scheme 16).38

A partial synthesis of a number of cyclopropylepothilones
has been disclosed by a Bristol-Myers Squibb group13 (see
Scheme 17). Thus, deoxygenation protocols to convert epothi-
lones A (1) and B (2) into the C12–C13 olefinic epothilones C
(3) and D (4) were developed. Epothilone C (3) could be
cyclopropanated in 12% yield using dibromocarbene, generated
from bromoform and aqueous base under phase-transfer
conditions, to form the protected derivative 186. Dehalogen-
ation with nBu3SnH afforded silyl ether 187 which was
deprotected to yield cyclopropylepothilone A (55). Using
similar chemistry, cyclopropylepothilones 188, 189 and 190
were also prepared (Scheme 17).

The Bristol-Myers Squibb (BMS) group developed a very
convenient three-step, one-pot procedure for the conversion of
epothilones into the corresponding macrolactams (aza-epothi-
lones)39 (see Scheme 17). To this end, treatment of epothilone
B (1) with Pd(PPh3)4 in the presence of NaN3 afforded the
corresponding azide (192) with complete retention of stereo-
chemistry at C15. Reduction of this azide with PMe3 followed
by macrolactamization afforded aza-epothilone B (94, BMS-
247550) in moderate yield, and without the need to isolate any
intermediates.

Chemical biology of epothilones
Biological evaluation

As more and more experimental data have accumulated, a fairly
good understanding of what modifications to the epothilone

Scheme 13 Carreira’s synthesis of epothilones A (1) and B (2).

Scheme 14 Fürstner’s synthesis of epothilone C (3).

Scheme 15 Altmann’s synthesis of side chain-modified analogues.
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structure might produce active analogues has developed. This
section aims to survey some of the most recent progress in this
area. Several excellent reviews have appeared,3–6 and most of
the data published in these works will not be repeated here.

Some difficulty in evaluating the results from different
studies do arise as a result of the use of many different cell lines,
and even differences in experimental protocols may lead to
considerable variability between seemingly identical experi-
ments. The in vitro experimental data generally fall into two
categories, namely tubulin polymerization assays using purified
tubulin, and cytotoxicity assays employing various cancer cell
lines. Although there is generally some degree of correlation
between the results from these two assays, factors such as
uptake into and retention by cells obviously play a part in
determining the observed effect on cell proliferation, in addition
to the effects caused by the tubulin polymerization properties of
a given agent. In fact, the concentrations needed to induce
tubulin polymerization are two to three orders of magnitude
higher than the medium concentrations which will induce cell
death. This observation is rationalized by the fact that
epothilones, like Taxol®, readily accumulate in cells, so that the
relatively high concentrations necessary for tubulin polymeriza-
tion are finally reached.6 Because of differences in protocols
and cell lines, it will be convenient to first discuss the
contributions from the different research groups separately, and
then compare the results in order to draw some general
conclusions.

We have recently reported two new classes of epothilone
analogues with potent biological activities, namely epothilones
with pyridine or related side chains (Fig. 2, Table 1),8 and
derivatives of epothilone A (1) where the epoxide group has
been replaced by a cyclopropyl or a cyclobutyl moiety (Fig. 3,
Table 2).14 A systematic substitution study8 of pyridine

epothilones where the nitrogen atom was “walked” around the
ring (25–27) revealed its crucial position adjacent to the
macrocycle attachment site in 27 (Fig. 2, Table 1). A second
study “walked” a methyl group around the most active pyridine
epothilone analogue (27) revealing the C4 and C5 methyl
derivatives (28b, 28c, Fig. 2, Table 1) as the most active.
Interestingly, the latter compounds (28b,c) are more active than
natural epothilone B (2) itself (see Table 1), and they are in fact
among the most active derivatives reported to date, with IC50
values on the order of 10210 M.

Remarkably, some of the prepared epothilone A cyclopro-
panes and cyclobutanes (55, 57–67) were also active (Fig. 3,
Table 1), in some cases even more active than the parent
epoxide epothilone A (1).14 In particular, the hybrid epothilones
64 and 65 with pyridine side chains and cyclopropyl moieties at
C12–C13 (Fig. 3) were found to be highly active. On the other
hand, all derivatives with the unnatural C15 (R) configuration
(57, 62, 66, 67, Fig. 3, Table 1) were essentially inactive. In
addition, we have previously reported that cis- and trans-
cyclopropyl epothilones 58 and 59 (Fig. 3, Table 1), with the
configuration at C13 opposite to that of the natural series, were
inactive.12,14 From these results, it became clear that in the
epothilone A series the stereochemistry at C13 and C15 is
critical to the activity. Specifically, the configurations at these
centers must match those of the natural compound. On the other
hand, the C12 stereocenter appears to play a minor role, as both
cis- and trans-cyclopropanes exhibited similar activity. Several
other epothilone B derivatives with heteroaromatic side chains
were also prepared (Fig. 2, Table 2; unpublished results). For
example, the quinoline derivatives 32a and 32b retain sig-
nificant activity, indicative of the fact that relatively large side
chains are tolerated, as long as the basic nitrogen atom is present
at the right position.

The Novartis group has also made major contributions to the
field, and an excellent review on the biology of epothilones
reporting up to the end of 1999 has been published by Altmann.6
Notable among the many analogues reported by the Novartis
group are a series of bicyclic aromatic side chain analogues of
epothilones D (170–173) and B (174–177) where the aromatic
moiety replaces the C16–C17 double bond in the native

Scheme 16 Höfle’s partial syntheses of side chain-modified analogues.

Scheme 17 BMS’s partial syntheses of cyclopropyl and aza analogues.
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epothilones, while retaining the overall shape and, most
importantly, the position of the crucial nitrogen atom (see
Scheme 15).31 These compounds are also among the most
active analogues reported to date (see Table 2), and they are
indeed of comparable activity to our pyridine analogues 28b
and 28c (vide supra).

The BMS group has reported an interesting, one-pot
transformation which converts epothilones into their potentially
more metabolically stable lactam congeners (vide supra).39

While most of these lactams were found to be significantly less
active than their parent lactones,19,36,39 one compound, ‘aza-

epothilone B’ (94: BMS-247550), with good activity was
selected as a drug candidate and is currently in clinical trials (see
Table 3).39 The BMS group also reported the partial synthesis of
cyclopropyl epothilones A (55) and B (190) and their potent
biological activities (see Table 3).13

The Danishefsky group has pursued an extensive synthesis
and screening program, which led to a number of interesting
results.4 These authors reported that initial animal studies using
the highly potent epothilone B (2) were plagued by the high
toxicity of this compound. Specifically, it was difficult to
achieve high enough doses to effect tumor regression in mice
with human tumor xenografts without simultaneously causing
lethal toxicity. This led the group to propose epothilone D (4),
and later desoxyepothilone F (90),17 as more viable drug
candidates. Treatment efficacy of these compounds was
demonstrated in vivo, again using mouse xenograft models.17,40

The potency of these epothilones is about one order of

Table 1 Induction of tubulin polymerizationa and cytotoxicityb towards human cancer cell lines of selected epothilone analogues from the Nicolaou group
and Novartis

Cpd. % TP KB-31 KB-8511 1A9 A8 PTX10 PTX22 Ref.

2 85 0.18 0.18 0.2 5.4 0.6 0.2 8
25 35 11.8 34.7 5.75 38 180 25 8
26 42 4.32 16.5 1.7 23 35 8 8
27 80 0.30 0.3 0.1 3 1 0.15 8
28a 12 39.3 50.5 > 300 > 300 > 300 > 300 8
28b 90 0.16 0.16 0.1 2.5 0.36 0.1 8
28c 89 0.11 0.1 0.15 1.5 0.6 0.15 8
28d 30 9.05 10.6 9 180 72 18 8
37 93 nd nd 0.2 nd 0.4 0.2 3
1 69c 2.15c 1.91c 2.37 117 23.4 5.21 14b
2 90c 0.19c 0.18c 0.095 2.14 0.55 0.16 14b

Txl 49c 2.92c 626c 1.77 18.0 52.8 28.5 14b
55 83 0.84 0.41 1.60 23.4 10.9 2.6 14b
57 26 160 66.7 > 300 > 300 > 300 > 300 14b
58 2 nd nd > 100 nd > 100 > 100 12
59 2 nd nd > 100 nd > 100 > 100 12
60 79 60.7 29.7 8.8 196 62 20 14b
61 29 378 156 > 300 > 300 > 300 nd 14b
62 100 0.97 0.64 2.7 48 14.4 3.7 14b
63 82 23.1 11.5 25.5 > 300 146 63 14b
64 100 0.62 0.45 1.40 53.5 8.15 1.17 14b
65 94 0.84 0.68 0.63 9.5 3.49 0.39 14b
66 6 > 103 > 103 > 300 > 300 > 300 > 300 14b
67 < 10 930 > 103 > 300 > 300 > 300 > 300 14b

Abbreviations: Cpd. = compound, nd = not determined, Txl = Taxol®. a %TP = percent tubulin polymerized after incubation of tubulin with a known
concentration of compound (typically 3 mM). b Cytotoxicity (nM) towards human cancer cell lines. KB-31: epidermoid Taxol®-sensitive, KB-8511:
epidermoid Taxol®-resistant (due to P-gp overexpression), 1A9: ovarian Taxol® sensitive, A8: ovarian epothilone-resistant (due to b-tubulin mutations),
PTX10 and PTX22: ovarian Taxol®-resistant (due to b-tubulin mutations). c Data from ref. 31.

Table 2 Induction of tubulin polymerizationa and cytotoxicityb towards
human epidermoid cancer cell lines of selected epothilone analogues from
the Nicolaou group and Novartis

Compound % TP KB-31 KB-8511 Ref.

1: EpoA 69 2.15 1.91 31
2: EpoB 90 0.19 0.18 31
4: EpoD 83 2.70 1.44 31

Taxol® 49 2.92 626 31
29 77 32 31 c

30 49 184 351 c

31 70 25 25 c

32 78 0.58 0.47 c

33 80 0.49 0.37 c

34 75 123 302 c

35 74 64 132 c

36 82 38 41 c

38 84 0.45 0.53 c

170 76 0.45 0.23 31
171 86 0.46 0.91 31
172 94 0.21 0.73 31
173 90 0.59 0.38 31
174 83 0.13 0.09 31
175 97 0.13 0.46 31
176 99 0.14 0.38 31
177 78 0.11 0.10 31

a %TP = percent tubulin polymerized after incubation of tubulin with a
known concentration of compound (typically 3 mM). b Cytotxicity (nM)
towards human cancer cell lines. KB-31: epidermoid Taxol®-sensitive,
KB-8511: epidermoid Taxol®-resistant (due to P-gp overexpression).
c Unpublished results.

Table 3 Induction of tubulin polymerizationa and cytotxicity towards
human colon carcinoma cells of selected epothilone analogues from BMS

Compound
Tubulin EC0.01

(mM)
HCT-116 IC50

(nM) Ref.

1: EpoA 2.0 4.4 13
2: EpoB 1.8 0.8 13

Taxol® 4.6 2.3 13
3: EpoC 3.9 63 13
4: EpoD 0.6 6.0 13

55: cpEpoA 1.4 1.4 13
188: Br2cpEpoB 1.6 3.8 13
189: Cl2cpEpoB 1.7 1.9 13
190: cpEpoB 2.1 0.7 13

1: EpoA 2.3 3.2 39
2: EpoB 1.4 0.42 39

Taxol® 5.0 2.3 39
184: EpoE 17 6.0 39
185: EpoF 1.8 0.77 39
94: azaEpoB 3.8 3.6 39

a Tubulin EC0.01 (effective concentration) is defined as the interpolated
concentration of compound capable of inducing an initial slope of 0.01 OD
min21 rate of polymerization.
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magnitude less than that of epothilone B (2), but this is
apparently more than compensated for by their much lower
toxicities to the animals used. Table 4 summarizes the observed

cytotoxicities for these compounds against some sensitive and
multidrug-resistant human leukemia cell lines.

Structure–activity relationships

As a result of the extensive chemical synthesis–chemical
biology studies of hundreds of epothilone analogues, structure–
activity relationships could be established quite rapidly.3 An
electron crystallographic structure of the tubulin ab dimer with
bound Taxotere™ at 3.7 Å resolution has been disclosed, and
although the resolution is too low to pinpoint the exact
conformation of bound ligand, it clearly identifies its binding
site.41 The solution conformations of epothilones have been
investigated by NMR methods,42 and by purely computational
techniques.43 Several pharmacophore models have been ad-
vanced,44–48 generally incorporating not only epothilones, but
also taxoids and other tubulin binding molecules, under the
assumption that they all bind to a common binding site on the
tubulin dimer. This assumption was based on the similar
biological effects of these various substances, the competitive
and mutually exclusive binding of different compounds to
tubulin, and the partial cross-resistance acquired by tubulin
mutants with amino acid replacements at the proposed binding
site. Although there are many differences between these studies,
particularly as to the proposed binding conformations, there
seems to be some level of consensus as to what features are of
importance to binding (see Fig. 4).

The configurations at C6–C8 are vital for the biological
activity, probably because this region strongly influences the
overall conformation of the macrocycle through steric and/or
stereoelectronic effects.42 There was initially some speculation
that the epoxide oxygen of epothilone played a role as a
hydrogen bond acceptor, but after independent reports by
several groups13,14,40b it became clear that the epoxide moiety is
not essential for biological activity. However, a substituent at
C12, particularly a methyl group, consistently enhances the

activity. Interestingly, both cis- and trans-epoxides and cyclo-
propanes are of comparable activity, so that as long as the
configuration at C13 agrees with that of the native epothilones,
the C12 stereochemistry is of relatively little importance. This is
most probably due to the flexible C9–C11 trimethylene
element, which allows both stereoisomers to be accomodated
within the binding site. The side chain is also highly important
for biological activity, with 4- or 5-methylpyridine or related
derivatives being the optimum choice so far, about two-fold
more active than the native 2-methylthiazole analogues.8 Even
quinoline side chains resulted in very active analogues,
indicative of the fact that considerable steric bulk is tolerated in
the side chain. Finally, the stereochemistry at C15 is very
important, with C15 epimers being largely devoid of any
biological activity.14,19

Biosynthesis

The biosynthetic pathway leading to the epothilones has been
elucidated in some detail (Fig 5). Two independent reports,
originating from Novartis49 and KOSAN Biosciences,50 on the
gene cluster responsible for epothilone production in different
Sorangium cellulosum strains have appeared with essentially
identical results and conclusions. Both epothilones A and B are
produced by the same polyketide synthase (PKS), which
includes a non-ribosomal peptide synthase (NRPS) domain for
the formation of the thiazole side chain from cysteine. One of
the C4 gem-dimethyl groups is introduced by an (S)-adeno-
sylmethionine-dependent methyltranferase domain which is
also part of the PKS. It appears that the acyltransferase domain
responsible for the installation of the C11–C12 fragment is
rather unselective for malonyl-CoA vs. methylmalonyl-CoA,
and can incorporate either of these units, ultimately giving rise
to epothilones C and D, respectively. Both of these latter
compounds are the end products of the same PKS, and the
epothilones A and B are formed by post-PKS oxidation by a
cytochrome P450 oxygenase, which is also part of the
epothilone gene cluster. Additional biosynthetic studies have
been performed by the Höfle group, and their results confirm the
findings discussed above.51,52 Using labeling techniques, it was
confirmed that the epothilones are indeed synthesized from
acetate and propionate units, one cysteine unit (C17–C19 of the
thiazole side chain), and the methyl group of methionine
(incorporated as one of the C4 methyls). It was further shown
that epothilones C and D are the final products of the same PKS,
and these are oxidized by a separate enzyme to epothilones A
and B. Although only trace amounts of epothilones C and D are
produced by the native strain of S. cellulosum, mutants with
defects which render the oxygenase enzyme inactive have been
created and shown to produce only epothilones C and D.52 It has
also been suggested that by replacing the C11–C12 acyltransfer-
ase domain with a methylmalonyl-CoA-specific one should
lead to a PKS specific for epothilone D.50 Impressively, it has
already been possible to produce a mixture of epothilones A (1)
and B (2) by cloning of the entire epothilone gene cluster and
expressing it in Streptomyces coelicolor, a much better
understood organism, and with a ten-fold faster rate of growth
as compared to S. cellulosum.50

Preclinical and clinical studies

In contrast to the extensive chemistry and in vitro biological
studies discussed above, relatively scarce data have been
disclosed on the in vivo efficacy of the epothilones. To date,
published results only exist for natural epothilones B (2)6,40 and
D (4),40 aza-epothilone B (94: BMS-247550, Scheme 7),19b,53

desoxyepothilone F (90, Scheme 7),17 and 26-fluoroepothilone
B (37, Fig. 2).54 Danishefsky’s group initially reported
promising activity against subcutaneously implanted tumors in
SCID mice for epothilone B (2),40a but they later encountered
severe toxicity problems with this compound.40b On the other
hand, it was claimed that epothilone D (4) was much less toxic,
and this compound was found to be superior to both epothilone
B (2) and Taxol® in a variety of mouse tumor models.40b,40c In
some cases, epothilone D (4) was found to be curative against

Table 4 Cytotoxicitya towards human leukemia cell lines of selected
epothilone analogues from the Danishefsky group

Compound
CCRF-
CEM

CCRF-CEM/
VBL100

CCRF-
CEM/VM1

CCRF-CEM/
Taxol® Ref.

1: EpoA 3.0 200 nd nd 17
2: EpoB 0.2 1.0 nd nd 17

Taxol® 2.1 4140 6.6 120 17
3: EpoC 22 12 nd nd 17
4: EpoD 9.5 17 14 16 17

90: dEpoF 2.7 47 4.9 5.3 17
93: azaEpoD 27.8 997 nd 791 19b
94: azaEpoB 2.1 2990 39 171 19b

Abbreviations: nd = not determined. a Cytotxicity (nM) towards human T-
cell acute lymphoblastic leukemia cell lines. CCRF-CEM: parental cell line,
CCRF-CEM/VBL100: vinblastin resisistant, multidrug-resistant (due to P-
gp overexpression), CCRF-CEM/VM1: teniposide-resistant (due to mutated
topoisomerase II), CCRF-CEM/Taxol®: Taxol®-resistant.

Fig. 4 Structure–activity relationships for the epothilones.
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human tumor xenografts, even when these were unresponsive to
Taxol®.40c Preliminary results for desoxyepothilone F (90)17

showed that this compound is highly potent in the mouse tumor
models employed, while preliminary data for aza-epothilone B
(94) showed that this compound appeared to be less effective in
reducing tumor growth.

The BMS team also encountered difficulties with natural
epothilone B (2) not only due to its toxicity in mice and lower
primates, but also because of its low metabolic stability towards
various esterases. To ameliorate these problems, aza-epothilone
B (94: BMS-247550) was targeted and it was found to possess
a very promising pharmacological profile, despite its lower in
vitro activity compared to epothilone B (2).53 In fact, even when
orally administered, 94 was found to be highly effective against
a range of human tumor xenografts in mice and rats, including
taxol-resistant tumors.53

Phase I clinical trials with this compound have been
conducted by BMS, and the results are so far very promising.55

It was found that although the toxicity of 94 was similar to that
of Taxol®, 94 did show evidence of being effective in patients
with taxane-resistant tumors. Clinical trials with this compound
are currently entering phase II.

Contrary to the results above, through tumor graft studies in
mice, the Novartis group found epothilone B (2) itself to be a
viable drug candidate,6 and this compound is also currently in
phase II clinical trials, having successfully been evaluated in
clinical phase I trials.56 The Novartis group has also carried out
extensive preclinical studies with a number of our designed
epothilone analogues. In collaboration with the Logothesis–
Navone group, we have also carried out comparative in vivo
studies with Taxol®, epothilone B (2) and 26-fluoroepothilone
B (37),54 and we found that the latter compound was more
active than Taxol® in inhibiting growth of human prostate
cancer xenografts in mice, and the tolerated dose of this agent
was higher than that for either Taxol® or epothilone B (2).
These observations were attributed to lower overall toxicity of
the fluoroepothilone analogue 37.

Conclusion
With a number of epothilones (from both the natural and
designed categories) in clinical trials as potential anticancer

agents, the anticipation regarding this class of compounds is
climaxing. Indeed their emergence as top candidates for cancer
chemotherapy was rapid, being greatly facilitated by chemical
synthesis and chemical biology studies. Carried out by many
groups around the world, these investigations ensured the
availability of not only the naturally occurring substances, but
also of thousands of analogues which allowed elucidation of
structure–activity relationships. While more results from the
clinical trials of this first generation epothilone drug candidates
are eagerly awaited, the basic research efforts that brought these
molecules thus far will no doubt continue unabated for some
time to come.

Addendum
Since the submission of this manuscript relevant publications
have appeared in the literature.57–65
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60 A. Flörsheimer and K.-H. Altmann, Expert Opin. Ther. Pat., 2001, 11,
951.

61 R. E. Taylor and Y. Chen, Org. Lett., 2001, 3, 2221.
62 I. H. Hardt, H. Steinmetz, K. Gerth, F. Sasse, H. Reichenbach and G.
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Iodobenzene and tetrakis(triphenylphosphine)palladium(0)
[(C6H5)3P]4Pd catalyse a new synthesis of 1,1-dialkylbuta-
1,3-dienes, starting from 1,1-diethoxybut-2-ene and trialk-
ylboranes, in the presence of Schlosser’s superbase LIC–
KOR.

The synthesis of polienic structures has been of great interest to
organic chemistry owing not only to their presence in natural
products,1 but also to their importance as useful chemicals in the
perfume industry and other fields.2 Our interest in the synthesis
of stereodefined substituted dienes required the development of
diverse organometallic reagents and protocol for the preparation
of key building blocks.3 In the course of these studies we have
set up a new synthesis of 1,1-dialkyl substituted buta-
1,3-dienes, resorting to the reactivity of organoboron com-
pounds.4 Treatment of crotonaldehyde diethyl acetal (1) at
295 °C with LIC–KOR base (LIC: butyllithium, KOR:
potassium tert-butoxide)5 readily gives a-metalated 1-ethoxy-
buta-1,3-diene (2). Subsequent reaction with trialkylboranes
leads to the immediate disappearance of the deeply red colour of
the metalated diene. An intermediate ‘ate’ complex 36 (Scheme
1) is probably formed that undergoes different reactions
according to experimental conditions.

Treatment of complex 3 at 295 °C with H2O–THF leads to
the corresponding 1-alkoxy-1-alkylbuta-1,3-dienes 4, that can
be, like all enol ethers, smoothly converted to the corresponding

a,b-unsaturated ketones 5 (Scheme 1: path c). Moreover,
derivatives 5 can be directly obtained from 3 upon treatment
with a Lewis acid (F3B·OEt2) in an oxidative milieu (Scheme 1:
path d). More interestingly, a new and intriguing result comes
from the reaction with iodobenzene in the presence of catalytic
amounts of [P(C6H5)3]4Pd, according to the procedure of the
Suzuki–Miyura cross-coupling reaction. Thus, when inter-
mediate 3 was warmed to room temperature and treated with a
THF solution of iodobenzene and [P(C6H5)3]4Pd no coupling
product 8 was detected, while the gem-dialkyl substituted buta-
1,3-diene 7 was isolated in good yield (Scheme 1: path e).7,8 In
contrast, treatment of 3 with [P(C6H5)3]4Pd in the absence of
iodobenzene afforded only traces of product 7.9 Moreover, also
when intermediate 3 undergoes the iodination reaction6 or
treatment with iodobenzene in the absence of a palladium
complex no trace of product 7 was detected and only ketone 5
was recovered. The results obtained with different alkylboranes
are reported in Table 1.

The formation of compound 7 suggests the intermediate
formation of the rearranged borate complex 6, and in Scheme 2
a possible reaction mechanism is reported that may account for
the formation of a gem substituted diene. According to this
hypothesis vinylborate interacts with the Pd catalyst and
undergoes transfer of an alkyl group, which promotes the

† Dedicated to Professor Iacopo Degani on the occasion of his 70th
birthday.

Scheme 1 Reagents and conditions: a: LIC–KOR, THF, 295 °C; b: BR3,
THF, 295 °C; c: 295 °C, H2O; d: BF3·OEt2, H2O2, 295 °C; e: C6H5I,
[(C6H5)3P]4Pd, THF, 25 °C.

Table 1 Synthesis of 1-alkyl-1-ethoxybuta-1,3-dienes and 1,1-dialkylbuta-
1,3-dienesa

1-Alkyl-1-ethoxybuta-1,3-dienes 1,1-Dialkylbuta-1,3-dienes

R Product Yield (%) R Product Yield (%)

n-C4H9 4a 86 n-C4H9 7a 79
c-C5H11 4b 87 c-C5H11 7b 86
n-C6H13 4c 82 n-C6H13 7c 68
c-C6H11 4d 71 c-C6H11 7d 77
a For experimental details, see note 7. The spectral data for new compounds
4a–4d and 7a–7d are consistent with the structures proposed.

Scheme 2 Proposed reaction mechanism.

This journal is © The Royal Society of Chemistry 2001
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formation of a new p allyl complex. At this stage a new ‘ate’
complex forms that undergoes the elimination reaction much
faster than the phenyl transfer process.

In conclusion, these results indicate that depending on the
experimental conditions 1,1-dialkyl substituted buta-
1,3-dienes, 1-ethoxy-1-alkylbuta-1,3-dienes and a,b-unsatu-
rated ketones can be selectively prepared. Extension to other
organoboron intermediates (asymmetric ones, in particular) and
synthetic applications for these functionalized synthons, as well
as mechanistic studies to check the role of the palladium
complex and iodobenzene, are currently in progress in our
group.10

This work was supported by grants from Italian MURST. We
thank Dr Arnaud Gauthier and Dr Jacques Maddaluno (Uni-
versité de Rouen) for helpful criticism, and CNR-CNRS for a
grant for cultural exchange.
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The light induced excited spin state trapping LIESST and
the reverse LIESST-like phenomena are observed below and
above the spin transition temperature, respectively, for new
dinuclear diirion(II) complexes and familiar Fe(II) com-
plexes with thiocyanate ligands by monitoring the Raman
spectra where only excitation light of various wavelengths
for the spectroscopy was used without extra excitation light
sources.

There have been a number of investigations concerning spin-
crossover phenomena accompanying the spin state transition
between the high-spin quintet and the low-spin singlet states of
iron(II) complexes.1 Among them, much attention has recently
been paid to light induced excited spin state trapping (LIESST)2

in relation with molecular switching or information storage
from a viewpoint of molecular devices.3 The thermal spin-
crossover and LIESST by temperature variation and irradiation
into the d–d or charge transfer transition regions are mainly
observed by monitoring magnetic susceptibilities, optical
spectra and Mössbauer spectroscopy.2 On the other hand, there
have been several studies of the spin-crossover on the basis of
temperature variable vibrational spectroscopy. The Fe–N(NCS)
or –N(phen) stretching bands for far IR4 and the NC(NCS) band
for IR5 and FTIR6 could be monitored to reveal the spin
transitions for cis-[Fe(NCS)2(phen)2] or related complexes. By
monitoring the imine stretching band for Raman spectra, the
Schiff base complexes were found to exhibit spin equilibrium.
Meanwhile, the LIESST of cis-[Fe(NCS)2(phen)2] has been
detected by variable temperature FTIR measurement for the
NC(NCS) stretching bands.6 This occurs by irradiation of a low
power 632.8 nm He–Ne laser for the calibration of the FTIR
spectrophotometer. However, this method utilizes a limited
radiation source with a low power and only one wavelength.
Much advance in this field is expected to be made by
overcoming this disadvantage of limited excitation sources.
One of the candidates for easy access to LIESST could be laser
Raman spectroscopy with excitation radiation of various
wavelengths and variable powers for the spectroscopy itself, but
without using any extra light source. Raman spectroscopy has
been applied only to differentiating between high- and low-spin
Fe(II) complexes7,8 or estimating the entropy contributions.8

This paper reports a successful attempt to observe light
induced spin transitions by measuring Raman spectra as a
convenient and easily accessible probe. The complexes con-
cerned are new dinuclear diiron(II) complexes bridged by two
3,5-bis(2-pyridyl)pyrazolates (bpypz) ligands with thiocyanate
and pyridine derivatives in the Fe(II) unit, trans-(NCS, py-x)-
[Fe2(NCS)2(m-bpypz)2(py-x)2] [py complex (1) and 3-Br-py
complex (2)]‡ together with cis-[Fe(NCS)2(phen)2] 3§ and cis-

[Fe(NCS)2(picen)] (picen = bis(2-pyridylmethyl)ethylenedia-
mine) 4.§ For complexes 1–4, one or two Raman bands are
observed around 2070 and 2100 cm21 due to the C–N stretching
of the NCS2 ligand. The lower and higher frequency bands
correspond to the high- and low-spin complexes 1–4, re-
spectively, and their intensities vary with temperature [Fig. 1
(Figs. S1 and S2†)].¶ The high-spin fractions are approximated
as nHS = IHS/(IHS + ILS) where IHS of the high-spin species
around 2070 cm21 and ILS of the low-spin one around 2100
cm21 are Raman integrated band intensities at the observed
temperatures. Plots of the high-spin fraction from the Raman
band intensities vs. T do not always behave in a similar manner
to those obtained from the magnetic susceptibility (cMT) as seen
in Figs. 2 and 3 (Fig. S3†). At temperatures just below Tc for
complexes 1–3, almost only the low-spin complexes exist as is
evident from the cMT values; ca. 140–80 K for 1, ca. 120–100

† Electronic supplementary information (ESI) available: Fig. S1: variable
temperature Raman spectra of complex 2 (Ar laser). Fig. S2: variable
temperature Raman spectra of complexes 3 and 4. Fig. S3: plots of nHS of
complex 2 from magnetic susceptibility and Raman measurements. Fig. S4:
plots of nHS of complex 3 from magnetic susceptibility and Raman
measurements. See http://www.rsc.org/suppdata/cc/b1/b104121p/

Fig. 1 Variable temperature Raman spectra of complex 1 with excitation of
514.5 nm radiation. (—) 299 K; (--·--·--·--) 200 K; (-·-·-·-·-·-·) 150 K; (·········)
120 K; (---------) 5 K.

Fig. 2 Plots of the mole fraction of the high-spin state (nHS) of complex 1
obtained from the magnetic susceptibility (—8—) and from Raman
integrated intensities vs. T: (---2---) with 632.8 nm radiation, (/) 514.5 nm
radiation.
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K for 2 and ca. 170–120 K for 3. On further cooling, the low-
spin fraction decreases and the high-spin state increases as
shown in Figs. 2 and 3 (Fig. S3†). This observation of the spin
transition from low- to high-spin demonstrates the LIESST. The
LIESST occurs at the higher temperature with use of shorter
wavelength irradiation light (Fig. 2 and Fig. S4†). In contrast to
a deep drop to 100% of the low-spin fraction between the
transition temperatures for 1–3, complex 4 exhibits a shallow
dip below Tc as shown in Fig. 3. This shallow dip might result
from a slow relaxation from high- to low-spin9b or could be
related to the anomalous spin-crossover phenomenon with
hysteresis depending on cooling and heating rates.9a This
observation suggests that the Raman spectra provide informa-
tion on the spin-crossover dynamics. For the LIESST of
complex 4, the high-spin fraction was found to be ca. 40% by
Mössbauer spectroscopy using broad-band (350–650 nm)
excitation with a Xe arc lamp at 10 K,9b whereas the high-spin
population is 100% according to Raman spectroscopy with a
632.8 nm He–Ne laser around 60 K.

It is noted that the low-spin complexes 1–4 exist even at
temperatures above Tc. This phenomenon is more clearly
recognized for the complexes 1 and 2 on measuring the Raman
spectra with 514.5 nm Ar laser excitation (Fig. 1 and Fig. S2†).
The low spin fraction for 1 is ca. 30% around 200 K (Fig. 2), and
that for 2 is 15 and 50% at 300 and 118 K, respectively, (Fig.
S3†). In contrast, almost 100% of the high-spin fraction is found
to remain unchanged from the FT-IR6 of 3 as well as the Raman
measurements of 1 and 2 with 632.8 nm He–Ne laser irradiation
at this temperature range. This light induced spin transition
appears to be a kind of reverse LIESST.10 However, the
experimental conditions of temperature and radiation wave-
length are definitely different from each other; the reverse
LIESST occurs below Tc with 820 nm irradiation,10 whereas the
present phenomenon (reverse LIESST-like) is observed above
Tc with 514.5 nm irradiation. This anomalous phenomenon is
not clearly elucidated so far. Since both the Raman spectra and
LIESST occur for a finite number of molecules7 or a single
molecule,6c,11 the present Raman measurement may not be

associated with light induced thermal hysteresis (LITH)11

where the cooperative character affects the relaxation rate.11b

To our knowledge, this is the first observation of LIESST and
reverse LIESST-like phenomena in such a way that the high-
and low-spin complexes are spontaneously trapped, respec-
tively, below and above Tc by irradiation with a Raman spectral
excitation laser. These discoveries by Raman spectroscopy will
confer advantages to reveal new aspects of the light induced
spin transitions by only one radiation source without an extra
one.

We acknowledge support of this research by a Grant-in-Aid
for Scientific Research on Priority Areas ‘Metal-assembled
Complexes’ (No. 11136228) from the Ministry of Education,
Science and Culture.

Notes and references
‡ These complexes were newly prepared from trans-[Fe(NCS)2(py)4] and
Hbpypz with py-x and characterized to be trans-(NCS,py-x)-[(NCS)-
(py-x)Fe(m-bpypz)2Fe(NCS)(py-x)] [x = H (1) and Br (2)] belonging to C2h

[anti(NCS)] or C2v [syn(NCS)] point group by the elemental analysis of 1
and 2, 1H NMR, and magnetic susceptibility measurement of the analogous
complex, trans-(NCS,dmso)-[(NCS)(dmso)Fe(m-bpypz)2Fe(NCS)(dmso)].
§ Complexes 3 and 4 were prepared by the methods detailed in ref. 4(d) and
9(a), respectively.
¶ These assignments are made according to ref. 5. Raman spectra were
recorded for powdered samples using a Raman excitation He–Ne, Ar or Dye
CW unfocused laser beam (f = 1 mm; ca. 3 mW) with 32 scans
accumulating at 20 s intervals by a Jasco NR-1800 Raman spec-
trophotometer. Variable-temperature Raman measurements were per-
formed using an Oxford CF1204 cryostat.

1 H. Toflund, Coord. Chem. Rev., 1989, 94, 67; P. Gütlich, Y. Garcia and
H. A. Goodwin, Chem. Soc. Rev., 2000, 29, 419.

2 S. Decuritins, P. Gütlich, C. P. Koler, H. Spiering and A. Hauser, Chem.
Phys. Lett., 1984, 105, 1; P. Gütlich and A. Hauser, Coord. Chem. Rev.,
1990, 97, 1; A. Hauser, Coord. Chem. Rev., 1991, 111, 275; P. Gütlich,
A. Hauser and H. Spiering, Angew. Chem., Int. Ed. Engl., 1994, 33,
2024.

3 O. Kahn and C. J. Martinez, Science, 1998, 279, 44; O. Kahn, Chem. Br.,
1999, 24.

4 (a) J. H. Takemoto and B. Hutchinson, Inorg. Nucl. Chem. Lett., 1972,
8, 769; (b) J. H. Takemoto and B. Hutchinson, Inorg. Chem., 1973, 12,
705; (c) J. R. Ferraro and J. H. Takemoto, Appl. Spectrosc., 1974, 28, 66;
(d) S. Savage, Z. Jia-Long and A. G. Maddock, J. Chem. Soc., Dalton
Trans., 1985, 991.

5 W. A. Baker, Jr. and G. J. Long, Chem. Commun., 1965, 368.
6 (a) R. Herber and L. M. Casson, Inorg. Chem., 1986, 25, 847; (b) R. H.

Herber, Inorg. Chem., 1987, 26, 173; (c) D. C. Figg and R. H. Herber,
Inorg. Chem., 1990, 29, 2170; (d) D. C. Figg, R. H. Herber and J. A.
Potenza, Inorg. Chem., 1992, 31, 2111.

7 W. H. Batschelet and N. J. Rose, Inorg. Chem., 1983, 22, 2083.
8 A. Bousseksou, J. J. McGarvey, F. Varret, J. A. Real, J.-P. Tuchagues,

A. C. Dennis and M. Boilloy, Chem. Phys. Lett., 2000, 318, 409.
9 (a) H. Toflund, E. Pedersen and S. Yde-Andersen, Acta Chem. Scand.,

Part A, 1984, 38, 693; (b) T. Buchen, H. Toflund and P. Gütlich, Chem.
Eur. J., 1996, 2, 1129.

10 A. Hauser, Chem. Phys. Lett., 1986, 124, 543.
11 (a) J.-F. Létard, P. Guionneau, L. Rabardel, J. A. K. Howard, A. E.

Goeta, D. Chasseau and O. Kahn, Inorg. Chem., 1998, 37, 4432; (b) A.
Desaix, O. Roubeau, J. Jeftic, J. G. Haasnoot, K. Boukheddaden, E.
Codjovi, J. Linarès, M. Noguès and F. Varret, Eur. Phys. J., 1998, B6,
183.
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Simple tricyclohexylphosphine adducts of palladium com-
plexes with orthometallated N-donor ligands show by far the
highest activity yet reported in the Suzuki coupling of aryl
chlorides, even under aerobic conditions.

The ability to use aryl chlorides as substrates in Suzuki biaryl
coupling reactions (Scheme 1), rather than the far more
commonly employed aryl bromides, is advantageous for two
reasons. Firstly there are many more commercially available
aryl chlorides than bromides and secondly they are much
cheaper. These considerations are particularly important for
industrial applications. Consequently the search for catalysts
that can activate these substrates is a highly topical field of
study. Recent notable advances in the use of aryl chlorides in
Suzuki reactions have been made by the groups of Buchwald,1
Guram2 and Nolan.3 Most of these catalyst systems rely on the
use of complexes derived from di- or tri-alkyl substituted
phosphine ligands which are either laborious to synthesise or
are commercially available but comparatively expensive. The
expense is compounded by the fact that the catalysts have to be
used in relatively high loadings. These factors coupled with the
current high cost of palladium detract from the appeal of using
aryl chloride substrates when far cheaper ligands can be used in
ultra-high dilutions for the activation of aryl bromides.4

By comparison with other phosphine ligands currently used
in the activation of aryl chlorides, tricyclohexylphosphine is
relatively cheap, readily available and easily handled. Littke and
Fu have shown that palladium catalysts formed in situ with
tricyclohexylphosphine show reasonable activity,5 whilst Beller
and coworkers have demonstrated that pre-formed Pd(0)
complexes of the type [Pd(diene)(PCy3)], 1, are far more
active.6 Unfortunately, the synthesis and handling of the pre-
formed complexes 1 are not particularly facile. It can be
envisaged that an ideal catalyst for the Suzuki coupling of aryl
chlorides would be one that: contains tricyclohexylphosphine;
is easy to synthesise from cheap, commercially available
materials; is easy to handle and shows good activity at low
loadings.

We have previously obtained results that suggest that
triphenylphosphine adducts of palladium complexes with
orthometallated N-donor ligands act as precursors for low
coordinate ‘Pd–PPh3’ species in the Suzuki coupling of aryl
bromides and that it is these low coordinate species that are the
true active catalysts.7 We were therefore interested to see
whether analogous tricyclohexylphosphine adducts would show
good activity in the Suzuki coupling of aryl chlorides. The
preliminary findings of this study are reported below.8

The orthometallated amine complex 2 was used as a
precursor as it is readily accessible from N,N-dimethylbenzyla-
mine, which is commercially available and inexpensive and
because we and later others have shown that the chloride-
bridged analogue of 2 can be used in C–C bond forming
processes.9 Complex 2 readily reacts with tricyclohexylphos-
phine in dichloromethane to generate the adduct 3 in 60% yield
after recrystallisation from dichloromethane–ethanol (Scheme

2). Complex 3 shows good air- and moisture-stability: 31P NMR
spectroscopy of a CDCl3 solution shows only 3 and trace
amounts of a second species after one month under aerobic
conditions. For comparison purposes we also synthesised
complex 4 by an analogous route from the metallated imine
complex 5. Complexes related to the precursor 5 have been
found to give good activity in C–C coupling reactions with aryl
bromides and iodides.10

4-Chloroanisole was chosen as the main test substrate for the
optimisation studies as it is electronically deactivated and thus
resistant to oxidative addition and consequently very reluctant
to enter a catalytic manifold. Therefore any catalyst that can
activate this challenging substrate would be expected to be
active with a broad spectrum of aryl chlorides. The results of the
coupling of 4-chloroanisole with phenylboronic acid are
summarised in Table 1. A brief optimisation of solvents and
bases (entries 1–8) showed that the activity of the catalyst was
profoundly affected by reaction conditions and demonstrated
that dioxane/Cs2CO3 mixtures gave the highest activity,
although good activity was seen when K3PO4 was used as a
base. We were delighted to see that complex 3 gave essentially
complete conversion at 0.1 mol% catalyst loading and very high
turnover numbers (TONs) of up to 8000 at 0.01 mol% loading.
Astonishingly, no loss in activity was observed when coupling
reactions were performed under air. The observed activity is
over seven times higher than that of the catalysts 1 which give
a maximum TON of 1120 for this reaction under similar
conditions and an inert atmosphere.6 To the best of our
knowledge, the highest reported TON for any aryl chloride in
the Suzuki reaction is 4600 for the comparatively easy to couple
substrate 4-chloroacetophenone.1b Even at 60 °C catalyst 3
shows excellent conversion in the coupling of 4-chloroanisole at
1.0 mol% loading.

Whilst the parent dimer 2 shows virtually no activity in the
coupling of 4-chloroanisole, catalysts prepared in situ from 2
and one equivalent of PCy3 show essentially identical activity to
3. However in this case the dilute solutions of the phosphine
need to be made up under nitrogen whereas no special
precautions are required with 3. Increasing the amount of PCy3
in in situ formed catalysts appears to have a deleterious effect on
the activity. The complex 4 shows somewhat lower activity than
3, in addition the need to pre-synthesise the imine ligand
detracts from its appeal.

Encouraged by these results we investigated the use of 3 in
the Suzuki coupling reactions of a range of aryl chlorides
(entries 17–23). The reactions with the electron deficient
substrates 4-chloroacetophenone, 4-chloronitrobenzene and

Scheme 1 The Suzuki biaryl coupling reaction.

Scheme 2 Reagents and conditions: i, PCy3, CH2Cl2, r.t., 30 min.

This journal is © The Royal Society of Chemistry 2001

1540 Chem. Commun., 2001, 1540–1541 DOI: 10.1039/b105394a



4-chlorobenzaldehyde all showed quantitative conversions at
0.01 mol% catalyst loading. Further reducing the catalyst
loading gave a TON of at least 99 000 in the coupling of
4-chlorobenzaldehyde—over twenty times higher activity than
observed previously in any aryl chloride coupling reaction.1b In
order to evaluate the performance of 3 with more sterically
demanding substrates, the reactions of 2-chlorotoluene and
2-chloroanisole were investigated. Both substrates were cou-
pled with ease, the catalyst 3 again showing considerably higher
activity than any other reported previously.

With respect to the mechanism, it seems highly unlikely that
a Pd(II)/Pd(IV) catalytic cycle operates when complex 3 is used
as a pre-catalyst, particularly when 4-chloroanisole, which is
relatively resistant to oxidative addition reactions, is used as the
substrate. It is far more likely that the active catalyst is a low-
coordinate palladium(0) species. Such a species may con-
ceivably be formed by a process involving nucleophilic attack
of the phenylboronic acid at the metal centre followed by
reductive elimination of the phenyl and metallated N,N-
dimethylbenzylamine functions from the putative intermediate
6 (Scheme 3). Indeed GC and GC-MS analysis of the reaction
mixture for the coupling of 4-chloroanisole at 60 °C showed the
presence of substantial amounts of 7 ( ~ 63%) indicating that
such a process almost certainly occurs under catalytic condi-
tions. Mono-coordinate phosphine complexes have been impli-
cated previously as catalysts in coupling reactions and it seems
likely that they are the active species here.6,11 This may help
explain why doubling the concentration of PCy3 in catalysts
formed in situ drastically reduces the catalytic activity—
effectively the Pd becomes over-ligated.

Interestingly, regardless of the precise nature of the active
catalyst species derived from 3 or from mixtures of 2 and PCy3,
they show far greater activity than preformed palladium(0)
complexes of the type 1 or complexes formed in situ from PCy3
and either [Pd2(dba)3] or palladium acetate.5,6 This demon-
strates that the choice of palladium precursor can have a
profound influence on the activity of the catalyst and that the
orthopalladated N,N-dimethylbenzylamine moiety represents
the most efficient source of active palladium species yet
reported.

In summary we have found that the very easily synthesised,
comparatively inexpensive complex 3 shows by far the highest
activity yet reported in the Suzuki coupling of aryl chlorides,
regardless of whether the substrates are electron rich or poor.
Additionally this high activity is observed with catalysts formed
in situ and when the reactions are performed under air.

We thank the University of Exeter for the provision of a
student bursary (for C. S. J. C.).
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Table 1 Suzuki coupling of aryl chlorides with phenylboronic acid. Reaction conditions: aryl chloride (2.0 mmol), PhB(OH)2 (3.0 mmol), base (6.0 mmol),
solvent (20 ml), 17 h

Entry Substrate Catalyst ([Pd]/mol% Pd) Base Solvent T/°Ca Conversion (%)b

TON/mol
product (mol
Pd)21

1 4-Chloroanisole 3 (1.0) K2CO3 Toluene 110 6 6
2 4-Chloroanisole 3 (1.0) KF Toluene 110 18 18
3 4-Chloroanisole 3 (1.0) KF NMP 130 1 1
4 4-Chloroanisole 3 (1.0) KF DMA 130 8 8
5 4-Chloroanisole 3 (1.0) NaO2CMe Dioxane 100 25 25
6 4-Chloroanisole 3 (1.0) KF Dioxane 100 22 22
7 4-Chloroanisole 3 (1.0) K3PO4 Dioxane 100 60 60
8 4-Chloroanisole 3 (1.0) Cs2CO3 Dioxane 100 100 100
9 4-Chloroanisole 3 (0.1) Cs2CO3 Dioxane 100 > 99 > 990

10 4-Chloroanisole 3 (0.01) Cs2CO3 Dioxane 100 74 7400
11 4-Chloroanisole 3 (0.01)c Cs2CO3 Dioxane 100 80 8000
12 4-Chloroanisole 3 (1.0) Cs2CO3 Dioxane 60 97 97
13 4-Chloroanisole 2 (1.0) Cs2CO3 Dioxane 100 < 0.2 < 0.2
14 4-Chloroanisole 2 (0.01) + PCy3 Cs2CO3 Dioxane 100 80 8000
15 4-Chloroanisole 2 (0.01) + 2 PCy3 Cs2CO3 Dioxane 100 24.5 2450
16 4-Chloroanisole 4 (0.01) Cs2CO3 Dioxane 100 26 2600
17 4-Chloroacetophenone 3 (0.01) Cs2CO3 Dioxane 100 100 10000
18 4-Chloronitrobenzene 3 (0.01) Cs2CO3 Dioxane 100 100 10000
19 4-Chlorobenzaldehyde 3 (0.001) Cs2CO3 Dioxane 100 99 99000
20 2-Chlorotoluene 3 (0.1) Cs2CO3 Dioxane 100 100 1000
21 2-Chloroanisole 3 (0.1) Cs2CO3 Dioxane 100 100 1000
22 2-Chlorotoluene 3 (0.01) Cs2CO3 Dioxane 100 100 10000
23 2-Chloroanisole 3 (0.01) Cs2CO3 Dioxane 100 96 9600
a Approximate internal temperature. b Determined by GC against hexadecane internal standard, based on aryl chloride. c Under air.

Scheme 3 Reagents and conditions: i, PhB(OH)2, base; ii, reductive
elimination.
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The coordination number of the metal in iron(II) b-
diketiminate complexes can be tuned through the size of the
alkyl substituents on the ligand backbone.

Low coordinate transition metal complexes are of much interest
for their ability to achieve unusual and difficult transforma-
tions.1 Biological interest stems from the low coordinate iron
centres found in the iron–molybdenum cofactor of nitrogenase.2
The high reactivity of coordinatively unsaturated sites on iron
surfaces may also be imitated by these complexes.3

The chelating b-diketiminate ligands (Fig. 1) have experi-
enced a renaissance in interest recently, in part for their ability
to stabilise low-coordinate metal complexes.4 Here we show
how a simple modification of these ligands at a position away
from the immediate site of coordination results in dramatic
changes to the geometry of the metal atom.

Reaction of equimolar amounts of the lithium salt of
2,4-bis(2,6-diisopropylphenylimido)pentane5 (LiL) and
FeCl2(THF)1.5

6 in THF results in the formation of a yellow
solution, from which a yellow air-sensitive solid 1a can be
isolated by crystallisation from THF.† The molecular structure
of crystals grown from pentane solution was determined by X-
ray diffraction, revealing the product to be the ‘ate’ complex,
LFe(m-Cl)2Li(THF)2 1a.‡ The complex crystallises with two
molecules in the asymmetric unit (Fig. 2, only one molecule
shown). The iron atom is four-coordinate, and distorted from
ideal tetrahedral geometry. Thus, for example, the N(11)–

Fe(1)–N(21) bond angle is relatively acute at 93.21(14)°, while
the N(11)–Fe(1)–Cl(11) bond angle is relatively obtuse at
114.00(10)°. The bond lengths to iron do not significantly differ
from typical values.7 Interestingly, a second crystal form 1b‡§
can be grown from THF at 235 °C; it crystallises with 3
molecules in the asymmetric unit. The gross structural features
of all the unique molecules in both polymorphs are similar. The
analogous diethyl ether solvated complex, LFe(m-Cl)2Li(Et2O)2
1c can be obtained by crystallisation from diethyl ether at
235 °C.

The solid state magnetic moment is 5.4 mB, consistent with
tetrahedral high spin iron(II).8 More complicated behaviour is
observed in solution. An unexpectedly large number of signals
are observed in the 1H NMR spectrum of 1a in C6D6, although
the correct number of resonances are observed in THF-d8
solution. The solution magnetic moment9 in either solvent is 4.4
mB. No changes in the spectrum or magnetic moment are
observed in either solvent on addition of excess LiCl.
Complexes 1a and 1b give identical 1H NMR spectra in
C6D6.

To determine the effect of the source of the b-diketiminate
ligand on the coordination environment at iron, we used the
magnesium complex LMg(Cl)(THF),¶ prepared from L and
MeMgCl in THF. Reaction of this complex with FeCl2(THF)1.5
in THF solution results in the yellow complex
Mg(THF)4[LFeCl(m-Cl)]2 2 (Fig. 3).∑ The complex, which is
insoluble in less polar solvents, can be isolated in moderate
yield by multiple crystallisations from THF at 235 °C. An X-
ray diffraction study‡ revealed the product to have an unusual
structure, with the two iron centres bridged by a magnesium
atom lying on a crystallographic inversion centre. Once again
the iron is approximately tetrahedral, with bond lengths and
angles similar to those in 1.

Use of a slightly modified ligand resulted in a completely
different product. Thus, refluxing a mixture of toluene,
FeCl2(THF)1.5, and one molar equivalent of LiLA,10 in which the
ligand backbone methyls have been replaced by tert-butyl
groups, results in the formation of a red solution from which a

Fig. 1 b-Diketiminate ligands used in this study.

Fig. 2 Molecular structure of LFe(m-Cl)2Li(THF)2 1a. Hydrogen atoms not
shown, thermal ellipsoids at 50% probability. Selected bond lengths (Å) and
angles (°): Fe(1)–N(11) 2.006(3); Fe(1)–N(21) 2.021(4), Fe(1)–Cl(11)
2.324(1) Fe(1)–Cl(21) 2.338(1), Cl(11)–Li(11) 2.357(11), Cl(21)–Li(11)
2.363(8); N(11)–Fe(1)–N(21) 93.21(14), N(11)–Fe(1)–Cl(11) 114.00(10).

Fig. 3 Molecular structure of [LFe(m-Cl)2]Mg(THF)4 2. Hydrogen atoms
not shown, thermal ellipsoids at 50% probability. Selected bond lengths (Å)
and angles (°): Fe(1)–N(11) 2.011(3), Fe(1)–N(21) 2.014(3), Fe(1)–Cl(1)
2.377(1), Fe(1)–Cl(2) 2.267(1), Cl(1)–Mg(1) 2.5201(9); N(11)–Fe(1)–
N(21) 92.15(12), N(11)–Fe(1)–Cl(1) 110.25(9).
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highly air-sensitive red solid 3 can be isolated.** The molecular
structure of the product LAFeCl 3 was determined by X-ray
crystallography (Fig. 4).‡ The iron and chlorine atoms are on a
crystallographic mirror plane. The iron atom lies in a planar ring
formed with the ligand; the bond angles around the metal reveal
a planar geometry (sum of angles = 360°). The N(11)–Fe(1)–
N(11)A bond angle is compressed to 96.35(11)°, while the
N(11)–Fe(1)–Cl(1) angle opens up to 131.83(5)°. As expected,
the lower coordination number of the iron atom in 3 causes the
bond lengths to the metal to decrease as compared to 1 and 2.
Both the solution (meff = 5.5 mB) and solid state (meff = 5.9 mB)
magnetic moments confirm the high-spin iron(II) oxidation
state. The 1H NMR spectrum is relatively simple, consisting of
seven paramagnetically shifted resonances.

While the effect of the ligand backbone groups on the
coordination number of iron may not be immediately obvious,
it can be understood by examining the C–N–C bond angles in
the three complexes. In 1 they are in the range 118.6–120.3°,
while in 3 they are 128.4(2)°. Thus, the tert-butyl groups on the
ligand backbone in LA force the aryl rings to close in on the
metal, limiting the space available at the iron centre for more
ligands.

In most three-coordinate complexes of Fe(II),1,11 functional-
isation, if it is achieved, is usually at the expense of the low
coordination number. In contrast, complex 3 presents many
viable pathways for further functionalisation by reactions with
the chloride ligand while maintaining the low coordination
number.

The University of Rochester is gratefully acknowledged for
funding of this work. We would like to thank Kevin Mooney
(University at Buffalo) for recording the SQUID data.
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Fig. 4 Molecular structure of LAFeCl 3. Hydrogen atoms not shown, thermal
ellipsoids at 50% probability. Selected bond lengths (Å) and angles (°):
Fe(1)–N(11) 1.948(2), Fe(1)–Cl(1) 2.172(1); N(11)–Fe(1)–N(11)A
96.35(11), N(11)–Fe(1)–Cl(1) 131.83(5).
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Ultrasound promoted C–C bond formation: Heck reaction at ambient
conditions in room temperature ionic liquids
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Heck reaction proceeds at ambient temperature (30 °C) with
considerably enhanced reaction rate (1.5–3 h) through the
formation of Pd–biscarbene complexes and stabilized clus-
ters of zero-valent Pd nanoparticles in ionic liquids under
ultrasonic irradiation.

The palladium catalyzed Heck reaction involving the coupling
of alkenes/alkynes with aryl and vinyl halides is one of the most
powerful tools in synthetic organic chemistry.1 The reactions
which are carried out in polar solvents such as DMF and NMP
generally involve long reaction times (8–72 h) at temperatures
ranging from 80–140 °C.2 In recent times, ionic liquids have
gained prominence as attractive alternatives to volatile organic
solvents for catalytic reactions and separation processes.3 Heck
reaction in ionic liquids, in particular those involving dialkyl-
imidazolium salts, have been reported very recently.4 However,
even in such media, wherein the ionic liquid anion and cation
can exert a marked effect on the rate of the reaction, the reaction
times involved are 24–72 h at temperatures ranging from
80–100 °C. This communication reports for the first time an
ultrasound promoted Heck reaction in ionic liquids at ambient
temperature (30 °C) with considerably enhanced reaction rates
(reaction times 1.5–3 h) than those reported so far.

The sonochemical reactions were carried out in a thermo-
stated ultrasonic cleaning bath of frequency 50 KHz (Branson
5200). Iodobenzene and substituted iodobenzenes were reacted
with various alkenes/phenylacetylene in ionic liquids 1,3-di-n-
butylimidazolium bromide [(bbim)+Br2] and 1,3-di-n-butyli-
midazolium tetrafluoroborate [(bbim)+BF4

2]5 using Pd(OAc)2
as well as PdCl2 as catalyst and sodium acetate as base under
ultrasonic irradiation as shown in Fig. 1.

The products could be easily separated from the catalyst by
extraction with 10% ethyl acetate in petroleum ether leaving
behind the palladium catalyst in the dissolved state in the
immiscible ionic liquid. The catalyst thus recovered as a
solution in the ionic liquid could be reused at least three times
without any loss of activity. Pure products were isolated by
column chromatography.

The results are summarized in Table 1. As is evident, the
ultrasound assisted Heck reaction of the iodobenzenes with
alkenes/alkynes proceeded smoothly at ambient temperature
(30 °C) with complete conversion of iodobenzenes in just
1.5–3 h to afford the trans products in excellent isolated yields
(73–87%). No reaction under similar sonication conditions was
observed when the ionic liquid was replaced by molecular

solvents such as DMF and NMP even in the presence of a ligand
such as PPh3. The reaction also did not proceed with the less
reactive aryl chlorides (chlorobenzene, p-nitrochlorobenzene
and 2,4-dinitrochlorobenzene) and aryl bromides (bromo-
benzene) under the sonochemical conditions of the present
work. Obviously, no reaction even in traces could be observed
under ambient conditions in the absence of ultrasound.

Phosphine ligands, ammonium and phosphonium halides and
quarternary ammonium salts have been found to stabilize the
Pd-catalysts probably via formation of zero-valent Pd species
and accelerate the olefination reaction.6,7 In particular, Pd–
carbene complexes with alkylimidazol-2-ylidenes have been
reported very recently to be active in the Heck reaction.4b In the
present work, the formation of such a complex was studied by
subjecting a mixture of Pd(OAc)2 or PdCl2 and NaOAc in
[bbim] + Br2 and [bbim] + BF4

2 respectively to ultrasound
irradiation for 1 h. The complex was extracted into chloroform
from the ionic liquid, the chloroform evaporated and the
resulting crude product purified by column chromatography
[petroleum ether–EtOAc, 1+1]. Indeed, the formation of the
complex A was established and characterized by 1H-NMR by
the appearance of N–CH vinylic protons at d 6.85 as a multiplet
in the complex similar to the value reported by Xiao et al.4b and
by the conspicuous absence of the N2CH protons which appears
as a singlet at d 8.82 in the parent ionic liquid. The complexes
were also characterized by MS which showed the respective
molecular ion peaks. It is highly probable that complex A could
be the immediate precursor for the likely active catalyst which
could lead to a zero-valent Pd-species whose in situ generation
by reduction of the divalent Pd–carbene complex is accelerated
by electron transfer reactions under the sonochemical condi-
tions primarily through the phenomenon of cavitation. It is well
known that sonochemical processes proceed through SET
mechanistic pathway by means of formation and adiabatic
collapse of transient cavitation bubbles.8,9 It is also highly
probable that the Pd complexes formed in situ will experience
secondary reactions in the liquid phase after the bubble
collapses. Moreover, such Pd carbene complexes have been
shown to be the precursors for active catalysts for the Heck and
related C–C bond forming reactions in both molecular solvents
and ionic liquids.10–12 Detailed investigation of the mechanistic
pathways as regards the formation/decomposition of the Pd–
carbene complex under the sonochemical conditions is in
progress and will form part of a full paper.

It has long been known that chemical or electrochemical
reduction of transition metal salts in the presence of ammonium
salts leads to R4N+X2 stabilized colloids.13 A recent study
points to the involvement of intermediary colloidal Pd-
nanoparticles generated under thermolytic conditions for the
catalysis of the Heck reaction.14 The formation of such Pd-
nanoparticles was investigated in the present work by subjecting
the reaction mixture, after successful Heck reaction of iodo-
benzene with ethyl acrylate in [bbim]+BF4

2 under sonochem-
ical conditions, for ‘in situ’ TEM analysis.

TEM analysis was carried out in Transmission Electron
Microscope Model JEOL-1200 EX operated at 100 kV with a
magnification of 200 K. The sample after appropriate dilution
with isopropyl alcohol was directly deposited on carbon filmFig. 1
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coated TEM grids forming a thin film of colloidon. The TEM
image (Fig. 2) shows the presence of monodispersed grains
nearly spherical in shape. The average size of the grains
obtained from the TEM picture is about 20 nm. The porous
grains show that they are composed of dispersed particles of
approximately 1 nm size. The clusters of Pd0 nanoparticles in
ionic liquids were found to be stable even after storage for a
week since no change in the TEM picture was observed after
this period, the ionic liquid obviously contributing to the
stability. Further work is in progress in investigating the
structural details of the nano-assembly of metallic palladium
and its dispersion in ionic liquids under sonolytic conditions.

In conclusion, the Heck reaction has been performed at
ambient temperature with considerably enhanced reaction rates
by the combined use of ultrasonic irradiation and ionic liquids
as solvent. Under the sonochemical conditions, the formation of

Pd–biscarbene complex as a precursor and its subsequent
sonolytic conversion to a highly stabilized cluster of zero-valent
Pd nanoparticles has been established by NMR/MS and in situ
TEM analyses respectively. Further work is in progress to
elaborate these findings to other C–C bond formations such as
Suzuki and Stille coupling reactions.6

R. R. D. and R. R. thank CSIR, New Delhi for the award of
a Senior Research Fellowship. We thank Dr M. Bhadbhade and
Dr Rajesh Gonnade for help in TEM analysis.
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Table 1 Heck reaction of iodobenzenes with activated alkenes/alkyne under sonication in [bbim]+ Br2/[bbim]+ BF4
a

No. Aryl halide Olefin/alkyne Time/h Product
% Yieldb

(Isolated)

1. Methyl acrylate 2.0 Methyl cinnamate 81
Ethyl acrylate 1.5 Ethyl cinnamate 87
Styrene 1.5 Stilbene 82
Phenylacetylene 2.0 Diphenylacetylene 78

2. Methyl acrylate 3.0 4-Methoxymethyl cinnamate 82
Ethyl acrylate 3.0 4-Methoxyethyl cinnamate 79
Styrene 3.0 4-Methoxystilbene 80
Phenylacetylene 2.0 (4-Methoxyphenyl)phenylacetylene 77

3. Methyl acrylate 1.5 4-Chloromethyl cinnamate 79
Ethyl acrylate 1.5 4-Chloroethyl cinnamate 77
Styrene 1.5 4-Chlorostilbene 73
Phenylacetylene 2.0 (4-Chlorophenyl)phenyl acetylene 78

a Reaction conditions: a mixture of iodoarene (2 mmol), alkene/alkyne (2.1 mmol), sodium acetate (0.2 g), Pd(OAc)2 (0.02 mmol) and ionic liquid (1.5 ml)
sonicated in an atmosphere of argon. b Yields are based on iodobenzenes. All the products were trans and fully characterized by 1H-NMR, IR, MS and
elemental analysis.

Fig. 2 TEM image of palladium clusters formed in the sonolytic Heck
reaction.
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The asymmetric methylation, ethylation and allylation of
aldehydes using trialkylaluminium reagents catalyzed by
titanium(IV) complexes of N-sulfonylated amino alcohols
gave excellent enantioselectivities of up to 99% ee.

Catalytic asymmetric carbon–carbon bond formation has been
one of the most studied subjects in the past 10 years.1 In these
studies, the enantioselective additions of organozinc to alde-
hydes are one of the most reliable processes and thus gain much
attention from chemists.2–6 For alkylation reagents, trialk-
ylaluminium reagents are more interesting since they are
economically obtained in industrial scale.7 Therefore the
successful alkylation of aldehydes by trialkylaluminium should
have great potential for practical applications. Unlike the
diethylzinc addition to aldehydes which is extremely slow in the
absence of a catalyst, trialkylaluminium reagents themselves are
known to add to aldehydes at room temperature within hours.
Due to competing reactions, the development of enantiose-
lective catalysts for trialkylaluminium addition becomes much
more challenging. Recently, Chan et al. reported the first
example of asymmetric AlEt3 addition to aldehydes employing
titanium–BINOL systems with excellent ee’s.8 Subsequently,
two papers dealing with the asymmetric methylation9 and
ethylation10 of aldehydes by trialkylaluminium reagents were
also reported.

Following our recent interest in titanium chemistry,11 we
herein report the synthesis of a family of amino alcohol
derivatives 1–4 with one or two stereogenic centers. For N-
sulfonylated amino alcohol derivative (S)-1a or (S)-1b as a

chiral ligand, the asymmetric triethylaluminium addition to
benzaldehyde was examined to afford low ee values of 29% (R)
and 2% (S), respectively. The above results prompted us to
synthesize a series of amino alcohols with two stereogenic
centers, hoping to learn more about the structural factors that
influence the enantioselectivity. Based on the route described
by Reetz et al.,12 amino alcohols 2 with two stereogenic centers
starting from (S)-amino acids were synthesized. Compound 2
further reacted with arylsulfonyl chloride to give N-sulfonylated
amino alcohol derivatives (R,S)-3a, (R,S)-4a–c, and (S,S)-4a.

Asymmetric triethylaluminium additions to benzaldehyde
catalyzed by titanium(IV) complexes were conducted [eqn. (1)],

(1)

and the results are listed in Table 1.‡ While using 10 mol% of
N-sulfonylated b-amino alcohol (S)-1a or (S)-1b, the reaction
gave low ee values (entries 1 and 2). In using bidentate (R,S)-3a
with two stereogenic centers, the ee value dramatically
improved to 70% (entry 3). From entries 4–6, the tridentate
ligands (R,S)-4a were examined with variation of the amount of
Ti(O-i-Pr)4 added. Without the addition of Ti(O-i-Pr)4, the yield
of 1-phenylpropanol is 44% with ee value of only 4% (R) (entry
4). With the addition of 0.05 mmol Ti(O-i-Pr)4 (10 mol%),
which gives a molar ratio of 1+1 of Ti(O-i-Pr)4–(R,S)-4a, the ee
value improves to 45% (R) (entry 5). Similar to previous studies
of asymmetric diethylzinc addition to aldehydes, excess Ti(O-i-
Pr)4 is required in order to obtain the best enantioselectivity and,
in this study, the best ee value of 96% was obtained for a
catalytic system with a Ti(O-i-Pr)4–(R,S)-4a ratio of 18 (entry

† Postdoctoral research fellow from Department of Chemistry, Sichuan
University, P. R. China.

Table 1 Enantioselective addition of trialkylaluminium to benzaldehyde
catalyzed by in Situ-formed chiral ligand–Ti(O-i-Pr)4 catalytic systems in
THFa

Entry Compd. (mol%) AlR3

Ti/O-i-Pr)4/
mmol

Yield
(%) % eeb

1 (S)-1a (10) AlEt3 0.9 90 29 (R)
2 (S)-1b (10) AlEt3 0.9 84 2 (S)
3 (R,S)-3a (10) AlEt3 0.9 97 70 (R)
4 (R,S)-4a (10) AlEt3 0 44 4 (R)
5 (R,S)-4a (10) AlEt3 0.05 49 45 (R)
6 (R,S)-4a (10) AlEt3 0.9 98 96 (R)
7 (R,S)-4a (5) AlEt3 0.45 97 95 (R)
8 (S,S)-4a (10) AlEt3 0.9 70 26 (S)
9 (R,S)-4b (10) AlEt3 0.9 94 75 (R)

10 (R,S)-4c (10) AlEt3 0.9 66 8 (S)
a Benzaldehyde, 0.5 mmol; trialkylaluminium, 1.25 mmol; reaction tem-
perature, 0 °C; reaction time, 12 h. b The ee values were determined by
HPLC with a chiral OD column.
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6). Even with the use of as little as 5 mol% of (R,S)-4a, 95% ee
was still obtained (entry 7). For chiral ligand (S,S)-4a which is
a diastereomer of (R,S)-4a, a much lower ee value of 26% was
obtained (entry 8). When the substituent on the amino carbon
was replaced with a phenyl group ((R,S)-4b), the ee value
decreases to only 75% (entry 9). For (R,S)-4c with a tert-butyl
substituent instead of a phenyl group on the chiral alcoholic
carbon in (R,S)-4a, an ee value of 8% of S-configuration was
observed (entry 10). In the initial study of triethylaluminium
addition to benzaldehyde, a profound solvent effect was
observed, and only a coordinating solvent such as THF
prompted high enantioselectivities.

The enhanced unique reactivity of the N-sulfonylated amino
alcohol (R,S)-4a is suggested to arise from the following two
factors: (1) phenoxides are known to form strong bonds to group
4 transition metals, and with electron withdrawing halogen
groups, the phenoxide moiety may lead to enhance Lewis
acidity at the metal centre; (2) the phenolic ring provides
conformational rigidity which may be an important factor in the
transfer of asymmetry.

For examining the substrate generality, the best performing
(R,S)-4a–Ti(O-i-Pr)4 catalytic system was used (Table 2). Ee
values ranging from 92–96% (R) (entries 1–4) were recorded
for aromatic aldehydes with the best result observed for
benzaldehyde as a substrate. For the (E)-cinnamaldehyde, the ee
value is somewhat lower at 88% (entry 5). Interestingly, the
catalytic system catalyzed the ethylation of the aliphatic
cyclohexanecarboxaldehyde with an ee value of 91% (entry 6).
Though not many aldehydes were examined, the catalytic
system generally seems to work well for both aromatic and
aliphatic aldehydes.

In addition, other trialkylaluminium reagents such as AlMe3
and AlEt2(allyl)13 were also examined. AlMe3 was added to
aldehydes, to give exceptional ee values from 91 to 99% (entries
7–10). More interestingly, when allyldiethylaluminium was
used as an alkylation reagent, the allyl group rather than the
ethyl group selectively added to aldehydes to give the secondary
homoallyl alcohol with excellent ee values of 90% for
benzaldehyde (entry 11) and 96% for 2-naphthaldehyde (entry
12). For catalytic allylation reactions, this is the first example of
catalytically enantioselective allylation of aldehydes employing
the allyldialkylaluminium reagent, to the best of our knowl-
edge.

In summary, a family of N-sulfonylated amino alcohols have
been developed for asymmetric alkylation reactions. The (R,S)-
4a–Ti(O-i-Pr)4 system is an excellent catalyst for trialk-
ylaluminium addition to aldehydes at a convenient temperature
of 0 °C. Furthermore, the (R,S)-4a/Ti(O-i-Pr)4 catalytic system
shows a wide generality of trialkylaluminum reagents such as
AlEt3, AlMe3, or even (allyl)AlEt2.

We would like to thank the National Science Council of
Taiwan for financial support (NSC 89-2113-M-005-024).

Notes and references
‡ General procedures for the addition of trialkylaluminium reagents to
aldehydes. Under a dry dinitrogen atmosphere, the ligand and Ti(O-i-Pr)4

were mixed in 1.5 mL of dry THF at room temperature. After 1 hour, 1.25
mmol of AlEt3, AlMe3 or allyldiethylaluminum was added at 0 °C. After the
mixture was stirred for 30 min, the orange-colored solution was treated with
aldehyde (0.5 mmol) at 0 °C, kept at this temperature for 10 h, and quenched
with 1 M HCl. The aqueous phase was extracted with ethyl acetate (3 3 5
mL), dried over MgSO4, filtered and concentrated. Chromatography of the
residue on silica gel (elution with 5+1 hexane–ethyl acetate) gave the
alcohol. The enantiomeric purity of the product was determined by
HPLC.
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Table 2 Enantioselective addition of trialkylaluminium to aldehydes catalyzed by in situ-formed 10 mol% (R,S)-4a–Ti(O-i-Pr)4 catalytic systems in
THFa

Entry Aldehyde AlR3

Ti(O-i-Pr)4/
mmol Yield (%) % eeb

1 Benzaldehyde AlEt3 0.9 98 96 (R)
2 4-Chlorobenzaldehyde AlEt3 0.9 100 94 (R)
3 1-Naphthaldehyde AlEt3 0.9 94 92 (R)
4 2-Naphthaldehyde AlEt3 0.9 100 92 (R)
5 E-Cinnamaldehyde AlEt3 0.9 100 88 (R)
6 Cyclohexanecarboxaldehyde AlEt3 0.9 54 91 (R)c

7 Benzaldehyde AlMe3 0.9 100 98 (R)
8 1-Naphthaldehyde AlMe3 0.9 95 96 (R)
9 Cyclohexanecarboxaldehyde AlMe3 0.9 100 91 (R)c

10 (E)-Cinnamaldehyde AlMe3 0.9 99 > 99 (R)
11 Benzaldehyde (Allyl)AlEt2 0.9 100 90 (R)
12 2-Naphthaldehyde (Allyl)AlEt2 0.9 100 96 (R)

a Aldehyde, 0.5 mmol; trialkylaluminium, 1.25 mmol; Ti(O-i-Pr)4, 0.9 mmol; reaction temperature, 0 °C; reaction time, 12 h. b The ee values were determined
by HPLC with a chiral OD column. c Determined by HPLC with a chiralcel AS column after protecting as a benzoyl ester.
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Hyper-Rayleigh scattering and Stark spectroscopic studies
show that the complex salts [1–4]PF6 have larger static first
hyperpolarizabilities b0 than [5–8]PF6, because the higher
HOMO energy of a {RuII(NH3)5}2+ centre more than offsets
the superior p-orbital overlap in the purely organic chro-
mophores.

Recent years have witnessed great interest in molecular
materials having non-linear optical (NLO) properties, due to
their potential for applications in nascent optoelectronic/
photonic technologies.1 Most such materials are purely organic,
but organotransition metal complexes also exhibit NLO ef-
fects.2 Our contribution to this field has focused on the quadratic
NLO properties of dipolar RuII ammine complexes.3

Molecules with large quadratic NLO activities contain
electron donor and acceptor groups connected via polarisable p-
systems. Molecular quadratic NLO behaviour arises from first
hyperpolarizabilities b, and static first hyperpolarizabilities b0
are used for comparison purposes. Perhaps surprisingly,
quantitative, systematic comparisons of the electron donor/
acceptor properties of metal centres with those of more
traditional organic groups are very scarce. Indeed, the only such
study appears to be a ZINDO analysis of b values which showed
that the ferrocenyl and 4-(methoxy)phenyl donor groups are
essentially interchangeable.4 Here we report an experimental
study of the complex salts [1–4]PF6 and the organics [5–8]PF6
which allows a comparison of the {RuII(NH3)5(py)}2+ (py =
pyridyl) and 4-(dimethylamino)phenyl p-electron donors.

[1–4]PF6
3b,c and [5–7]Cl5 were synthesized as described

previously, and [5–7]Cl were metathesised to [5–7]PF6 by
precipitation from H2O–NH4PF6.† [8]PF6 was prepared from
4-(dimethylaminophenyl)pyridine6 and 2-chloropyrimidine,
followed by precipitation from H2O–NH4PF6.†

Selected spectroscopic and electrochemical data for [1–8]PF6
are given in Table 1. The visible absorptions of [1–4]PF6 are
due to dp(RuII)?pp*(pyridinium) charge-transfer (CT) ex-
citations,3b,c whilst those of [5-8]PF6 arise from pp(NMe2)?
pp*(pyridinium) CTs. The CT energies Emax of [5–8]PF6 are
higher than those of [1–4]PF6, but the organic vs. complex

energy difference decreases from 0.85 to 0.72 eV as R changes
in the order Me > Ph > 2,4-DNPh > 2-Pym. Also, the molar
extinction coefficients of the CT bands of [5–8]PF6 are ca. 2–3
times larger than those of [1–4]PF6. Within both series, Emax
decreases as R changes in the order Me > Ph > 2,4-DNPh >
2-Pym, the differences between the extremes being 0.26 eV for
[1–4]PF6 and 0.39 eV for [5–8]PF6.

The cyclic voltammetric data show that the {RuII(NH3)5}2+

moiety is much easier to oxidise than the –NMe2 group, and the
pyridinium groups in the complexes are easier to reduce than
those in the organics. These observations are consistent with the
lower Emax values, due to smaller HOMO–LUMO gaps, for
[1–4]PF6 compared with [5–8]PF6. Furthermore, the Ered values
show that the –C6H4NMe2-4 group exerts a greater electron-
donating influence on the acceptors than does the
{RuII(NH3)5(py)}2+ moiety, despite the fact that the {RuII-
(NH3)5}2+ centre is more electron-rich than the –NMe2 group.
Eox does not change greatly within each series, but Ered becomes
less negative as R changes in the order Me < Ph < 2-Pym <
2,4-DNPh. This trend almost parallels the decreasing CT
energies and reflects the increasing electron-deficiency of the
acceptor group. The NMR data show that the protons ortho to
the pyridinium N atoms are more shielded in [5–8]PF6,
consistent with the greater net electron-donating effect of the
–C6H4NMe2-4 group vs. {RuII(NH3)5(py)}2+.

The greater electron-donating influence of a –C6H4NMe2-4
group compared with {RuII(NH3)5(py)}2+ can be traced to two

Table 1 Visible absorption, cyclic voltammetric and proton NMR data for
salts [1–8]PF6

E/V (vs. Ag–AgCl)b

Salt
Emax/eVa

(e/dm3 mol21 cm21) Eox
d Ered

e
d/ppmc

py-Hf

[1]PF6
g 2.10 (15 800) 0.48 20.89 9.15

[2]PF6
g 1.97 (19 300) 0.48 20.73 9.33

[3]PF6
g 1.88 (16 900) 0.48 20.38 9.37

[4]PF6
h 1.84 (18 000) 0.51 20.43 10.17

[5]PF6 2.95 (40 200) 1.14 21.35 8.76
[6]PF6 2.77 (50 100) 1.18 21.11 9.01
[7]PF6 2.64 (45 300) 1.27 20.55 9.23
[8]PF6 2.56 (55 600) 1.22 20.81 9.78

a Using acetonitrile solutions (ca. 1025 mol dm23). b Measured in
acetonitrile solutions ca. 1023 mol dm23 in analyte and 0.1 mol dm23 in
NBun

4PF6 at a platinum-bead/disc working electrode with a scan rate of 200
mV s21. E1/2 values are given for [1]PF6, [2]PF6 and [4]PF6; Epa or Epc

values are given for [3]PF6 and [5–8]PF6 (return waves are also observed in
some cases). Ferrocene internal reference E1/2 = 0.43 V. c Chemical shift at
200 MHz with respect to SiMe4 in CD3COCD3. d Potential for first
oxidation of HOMO. e Potential for first reduction of LUMO. f Doublet
signal for protons ortho to pyridinium N atom. g Ref. 3(b). h Ref. 3(c).
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factors. Firstly, the latter is a s-electron acceptor, as well as a p-
donor, whilst the former is only a p-donor. The second, and
perhaps more important, factor is more effective p(N)–p(C)
compared with p(N)–d(Ru) p-orbital overlap. Such an effect
also explains differences between mixed-valence ions contain-
ing –C6H4NMe2-4 or {RuII(NH3)5(py)}2+ groups.7

We have obtained b values for [1–8]PF6 by using hyper-
Rayleigh scattering (HRS) studies;8 b0 values were derived via
the two-state model9 and results are shown in Table 2. The
previously reported b0 values of [1-4]PF6 were derived from
nanosecond 1064 nm HRS,3b,c whilst [5-8]PF6 were studied
using femtosecond 1300 nm HRS,10 incorporating fluorescence
demodulation.11 Unfortunately, the 650 nm HRS signal from
[5]PF6 was too weak to allow determination of b. Two
conclusions can be drawn from the HRS data: (i) the b0 values
of the complexes appear to be much larger than those of their
organic counterparts (but note that comparison of HRS b0
values obtained under different experimental conditions may be
of limited validity),12 and (ii) decreasing Emax generally
corresponds with increasing b0 within both series.

Stark spectroscopy affords dipole moment changes upon CT
excitation Dm12.13 According to the two-state model, Dm12 can
be used to calculate b0 by using eqn. (1)9

b
m m

0
12 12

2

2

3

2
= D ( )

( )maxE
(1)

where m12 is the transition dipole moment. The results of Stark
studies on [1–8]PF6, carried out at 77 K as previously
described,14 are given in Table 2. Unfortunately, the data fits for
[4]PF6 and [7]PF6 were unsatisfactory. The m12 values, diabatic
dipole moment changes Dmab, mixing coefficients cb

2 and
electronic coupling matrix elements Hab for the diabatic states
were calculated as previously described.14

The CT fos and m12 values of [5–8]PF6 are larger than those of
[1–4]PF6. Furthermore, m12 generally increases as Emax de-
creases within each series. [1–8]PF6 show relatively large Dm12
values, with [1]PF6 and [2]PF6 having larger values than
[5]PF6 and [6]PF6, respectively. For the complexes, Dm12
increases as R changes in the order Me < Ph < 2,4-DNPh, but
a similar trend is not shown by the organics. The values of cb

2

and Hab for the organics are about twice those for the
complexes, consistent with the less effective d(Ru)–p(N) vs.
p(N)–p(C) p-orbital overlap indicated by the electrochemical
and NMR data. The b0 values derived from eqn. (1) are in
agreement with the HRS results in as much as they increase as
Emax decreases within each series. However, in contrast with
HRS, the Stark data indicate that the b0 values of [1]PF6 and
[2]PF6 are only slightly larger than those of their organic
counterparts. This is because the b0-enhancing effects of

decreasing Emax and increasing Dm12 are largely offset by
decreasing m12 when moving from organic to complex.

In conclusion, a {RuII(NH3)5(py)}2+ centre is more electron-
rich than a –C6H4NMe2-4 group, but the latter exerts a greater
electron-donating effect on pyridinium units due in part to more
effective p-orbital overlap. HRS data show that [1–4]PF6 have
much larger b0 values than their organic counterparts, but Stark
spectroscopy indicates that the increase in b0 between the
complexes and organics is much smaller. Nevertheless, the
complexes do have the added attraction that their CT absorption
and NLO responses are redox-switchable.15
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Table 2 Visible absorption, Stark and HRS data for salts [1–8]PF6

Salt Emax/eVa fos
b |m12|/D |Dm12|/D Dmab/D cb

2
Hab/103

cm21
b0/10230

esuc
b/10230

esud
b0/10230

esue

[1]PF6 1.92 0.20 5.2 13.8 17.3 0.10 4.7 60 750f 123f

[2]PF6 1.78 0.22 5.7 15.3 19.1 0.10 4.3 93 858f 220f

[3]PF6 1.70 0.22 5.8 16.3 20.0 0.09 4.0 113 871f 289f

[4]PF6 1.64 0.28 6.7 640g 230g

[5]PF6 2.93 0.66 7.7 13.2 20.3 0.17 9.0 54
[6]PF6 2.74 0.79 8.7 12.7 21.6 0.21 8.9 75 50 23
[7]PF6 2.64 0.66 8.1 70 29
[8]PF6 2.52 0.88 9.6 12.4 22.9 0.23 8.5 106 75 29

a Butyronitrile glasses at 77 K (ca). 1025 mol dm23). b Oscillator strength determined by numerical integration of the digitized absorption spectra. c Static
first hyperpolarizability calculated from eqn. (1). d First hyperpolarizability measured in acetonitrile at 298 K using a ns 1064 nm laser for [1–4]PF6 and a
fs 1300 nm laser for [5–8]PF6. e Static first hyperpolarizability estimated from b via the two-state model.9 f Ref. 3(b). g Ref. 3(c).
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New stable, crystalline isobenzofurans 9a and 9b linked
through the 1,3-positions and incorporated into alicyclo-
phanes have been prepared from the related furano-
alicyclophane 5 in three steps (i) addition of benzyne or
4,5-bis(trimethylsilyl)benzyne (ii) hydrogenation of the p-
bond (iii) ejection of ethylene by flash vacuum pyrolysis, and
shown to yet retain high 1,3-diene character and form
adducts with dienophiles, e.g. dimethyl acetylenedicarbox-
ylate or N-methyl maleimide; the corresponding off-rack
1,3-dimethylisobenzofurans were too unstable for isolation.

Many cyclic polyene compounds that resist isolation in
monomeric form, do so because of their propensity to react with
themselves, e.g. dimerisation of cyclobutadiene1 or polymer-
isation of isobenzofuran.2 Specialised techniques to generate
the monomer species in a controlled environment have been
reported, e.g. flash vacuum pyrolysis or matrix isolation at
liquid helium temperatures. The most ingenious way to isolate
such a highly reactive monomer, however, was reported by
Cram and co-workers who were able to corral cyclobutadiene
inside a hemicarcerand (1, Fig. 1), study its chemistry and even
record its NMR spectrum.3 This method succeeded since it kept
the cyclobutadiene molecules separated from each other, and
confirmed the inherent stability of cyclobutadiene itself. In
principle, this technique should be suitable for the study of
isobenzo-systems, a class of unstable monomeric compounds
characterised by the presence of the o-xylylidene chromo-
phore.4 In practice, our efforts to achieve this goal using the
Cram technique have been unrewarding because of the
difficulty in preparing hemicarcerand hosts large enough to
encase photosubstrates currently required for such isobenzo-
system generation.5† Accordingly, we have sought ways to
stabilise these highly reactive monomers other than having them
so heavily substituted that their natural chemistry could be
compromised.6

We report herein a new technique for stabilising iso-
benzofurans (rack-IBFs) by incorporating them into an alicyclo-
phane macrocycle (2, Fig. 1).7 The concept depends on the rack
section of the alicyclophane acting as a steric shield (6.65 3
6.81 Å in rack 3, X-ray data8) that by its presence in rack-IBFs
9a and 9b inhibits intermolecular self-dimerisation or polymer-
isation processes. This motif should be applicable to other
isobenzo-systems (isoindoles, isoindenes and isobenzoful-
venes) as well as elusive monomers such as cyclobutadiene and
cyclopentadienones. The new rack-IBFs 9a and 9b are stable,
high melting solids that could be isolated, handled as regular
compounds and stored in solution for several days at 5 °C and
for many months in the solid state.

The synthesis of the parent rack-IBF 9a commenced from the
bis(succinimide) rack 37 which was reacted with 2,5-bis-
(bromomethyl)furan 4 in dimethylformamide containing solid
potassium carbonate to produce the furano-alicyclophane 59 in
84% yield (Scheme 1). Reaction of rack-furan 5 with benzyne
6a, generated by diazotisation of anthranilic acid, gave the
1,4-epoxy-1,4-dihydronaphthalene derivative 7a which was
hydrogenated (Pd/C, H2, 50 psi, 3 days) to the 2,3-dihydro
compound 8a and this subjected to flash vacuum pyrolysis
(FVP, 500 °C, 0.001 mbar) to afford the rack-IBF 9a, mp
199–201 °C, in 98% yield.10‡ The stability of rack-IBF 9a
contrasted strikingly with the structurally similar 1,3-dimethyl-
isobenzofuran 12a which, when generated under the same FVP
conditions from 11a, was found to form a polymer upon
attempted isolation.§

The 1H NMR spectrum of rack-IBF 9a revealed that the rack
endo-protons Ha, Hb were equivalent (d 1.70) and upfield-
shifted relative to those in rack-IBF 3 (d 2.30) owing to the ring-
current of the 10p-isobenzofuran while the other rack protons
occurred as overlapping resonances at d 3.01 (bridgehead,
succinimide) and an AB doublet (d 2.19, d 1.33 J = 11 Hz) for
the methano bridges. Also, the aromatic protons appeared as an
AAABBA pattern at d 6.99 and 7.59 while the N-methylene
protons displayed a singlet resonance at d 4.93 indicative of a
rapid, pendulum motion of the IBF ring about the long s-plane
of the molecule.¶

While the isobenzofuran component of rack-IBF 9a was
stabilised against polymerisation (or homocycloadditions) by
incorporation into the rack, it still retained the ability to react as
a 4p-diene with small 2p-dienophiles to form [4p + 2p] Diels–
Alder cycloadducts, e.g. reaction with N-methylmaleimide 13
was complete in 2 minutes (quantitative yield) and gave
exclusively the endo-adduct (N-Me d 2.25). In contrast, N-
methylmaleimide 13 reacted more slowly (1 hour, RT) with the
unstable 1,3-Me2IBF 12a and produced a 1+5 mixture of exo-
(N-Me d 3.03) and endo- (N-Me d 2.23) isomers of 14 in 55%
yield.

This rack-mounting strategy was general and FVP (500 °C,
0.001 mbar) of 8b yielded rack-(TMS)2IBF 9b∑ [1H NMR d
7.93 (s, 2H), 4.93, (s, 4H), 3.02, (s, 8H), 2.19 (d, J = 11 Hz,
2H), 1.73 (s, 4H), 1.56 (s, 4H), 1.28 (d, J = 11 Hz, 2H), 0.42 (s,
18H)], isolated as a stable crystalline product (96% yield), mp
312–314 °C. In a model study, 5,6-(TMS)2-1,3-Me2IBF 12b
was prepared by FVP (620 °C, 0.001 mbar) of the 1,4-epoxy-
1,2,3,4-tetrahydro (TMS)2 naphthalene 11b. The non-crystal-
line product 12b [1H NMR d 7.55 (s, 2H), 2.57 (s, 6H), 0.35 (s,
18H)] rapidly decomposed in CDCl3 solution but could be
characterised by treating the pyrolysate immediately after
deposition with a solution of N-methyl maleimide 13 in CDCl3
as its endo-adduct 14b (67% yield).

In conclusion, we have demonstrated that incorporation of
isobenzofurans into alicyclophanes to produce rack-IBFs dra-
matically increases their stability, yet achieves this without
compromising the Diels–Alder capacity of the IBF component.
This strategy should be applicable to other reactive monomers
with a propensity for self-dimerisation, and experiments to testFig. 1
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this proposal are currently being undertaken and results will be
reported in due course.

Notes and references
† We have conducted a theoretical study (AM1) on the size compatibility of
guests with Cram-type hemicarcerands as an aid to selecting hemicarcer-
ands for photosubstrate incorporation (ref. 7).
‡ The incorporation of trifluoromethyl substituents into the alicyclophane
improved their volatility and thermal stability, key factors required for
application of this FVP technique.
§ Substituents at the 1,4-positions of 1,4-epoxy-1,4-dihydronaphthalene are
known to restrict access of 3,6-di-2-pyridyl-s-tetrazine (ref. 11) to the p-
bond and often preclude the use of this route to produce the corresponding
IBF (ref. 12) in this study, attempts to prepare rack-IBF 9a from 7 failed (too
crowded), yet it is known that 1,3-Me2IBF 12a can be formed from 10a.
Removal of one or both 1,4-substituents allows the reaction to proceed, e.g.
Wong and co-workers used the method successfully for the preparation of
5,6-(TMS)2IBF and trapped it with N-phenylmaleimide (ref. 13).
¶ Protons Ha, Hb are non-equivalent in 7 and 8, but are equivalent in 5 and
9. The significance of these observations will be discussed elsewhere, (ref.
14).
∑ The 4,5-bis(trimethylsilyl)benzyne 6b required for the formation of 7b
from 5b was generated from 1,2,3,4-tetra(trimethylsilyl)benzene by
treatment with diacetoxyiodobenzene (ref. 15).

1 G. Maier, Angew. Chem., 1988, 100, 317.
2 D. Wege, Adv. Theor. Interesting Mol., 1998, 4, 1.

3 D. J. Cram, M. E. Tanner and R. Thomas, Angew. Chem., Int. Ed. Engl.,
1991, 30, 1024.

4 J. L. Segura and N. Martin, Chem. Rev., 1999, 99, 3199.
5 M. Liddell, D. Margetic, A. Mitchell and R. N. Warrener, un-
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6 inter alia 2,3-dimethyl-1,3-diphenylisoindene: K. Alder and M. Frem-

ery, Tetrahedron, 1961, 14, 190. 8-(dimethylamino)-1,3-diphenyliso-
benzofulvene: K. Hafner and W. Bauer, Angew. Chem., Int. Ed. Engl.,
1968, 7, 297.

7 D. N. Butler, M. Shang and R. N. Warrener, Tetrahedron Lett., 2000, 41,
5985.

8 R. N. Warrener, M. Shang and D. N. Butler, Tetrahedron Lett., 2001, 42,
159.

9 All new compounds gave high-resolution mass spectra, 1H and 13C
NMR spectra corresponding to their assigned structures. Compound, mp
(°C): 5, > 350; 7, > 350; 8, > 350; 9a, 199–201; 9b, 312–314; 14a
(exo), 105–106; 14a (endo), 122–123; 14b (endo) 186–187.

10 This reaction sequence was modelled on the synthesis of isobenzofuran
reported by U. E. Wiersum and W. J. Mijs, J. Chem. Soc., Chem.
Commun., 1972, 347.

11 R. N. Warrener, D. A. C. E Evans, M. N. Paddon-Row and R. A.
Russell, Aust. J. Chem., 1982, 35, 757.

12 L. Lui and R. N. Warrener, Electronic Conference on Heterocyclic
Chemistry ’98, ed. H. S. Rzepa and O. Kappe, Imperial College Press,
ISBN 981-02-3594-1 (http://www.ch.ic.ac.uk/ectoc/echet98/pub/
095/index.htm).

13 C.-Y. Yick, S.-H. Chan and H. N. C. Wong, Tetrahedron Lett., 2000, 41,
5957.

14 D. N. Butler and M. R. Johnston, unpublished results.
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Synthetic study of phomoidride B (CP-263,114); utilization of the
oxidopyrylium [5 + 2] cycloaddition
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The highly functionalized core structure of phomoidride B
(CP-263,114) was pursued by using intermolecular oxido-
pyrylium–alkene cyclization as one of the key steps.

In 1997, the group of Kaneko reported the structure of
phomoidride B (1) and its hydrolysed derivatives, both showing
inhibitory activity towards farnesyl transferase1 with IC50
values in the micromolar range.2 A great many synthetic
organic chemists have been attracted by its fascinating struc-
tural features and so far four groups have achieved elegant
complete total syntheses.3 Retrosynthetic analysis suggested
that 1 could be accessed from 2 by introducing side chains
followed by minimal functional group manipulations. Bicyclic
2 in turn could be constructed from modestly functionalized
seven-membered ring 3, which could easily be obtained by
treating the oxidopyrylium ylide4 4 with fumarate ester or its
variants thus providing easy access to the maleic anhydride
moiety of the CP-core (Scheme 1).

The synthesis began with the protection of but-2-ene-1,4-diol
with TBSCl (Scheme 2). Oxidopyrylium precursor 8 was easily
prepared in 5 steps (39% from but-2-ene-1,4-diol). When using
dimethyl fumarate as the alkene, cyclization took place quite
efficiently in the presence of Et3N to deliver oxabicycles 9a and
9b (13+1) in 77% combined yield. Hydrogenation of 9a

followed by the removal of the silyl protecting group and
iodination gave 12 (Scheme 3). Of several attempts to cleave the
ether bridge in reductive fashion, Zn proved to be the most
suitable, yielding exo-enone 13 in 96% yield. Homologation of
the exo olefin seemed reasonable for introducing the lacking
two carbon unit required for construction of the bicyclo-
[4.3.1]decene core. To this end, 13 was treated with TBSOTf in
the presence of 2,6-lutidine to give a separable mixture of TBS-
protected acetal 14 (49%) and enone 15 (5%). Acetal 14 was
next converted to 16† in two steps by allylation in the presence
of TiCl4 followed by reprotection of the liberated alcohol with
TBSOTf. Ketone 16 was subjected to ozonolysis to yield a keto-
aldehyde, which was subsequently treated with DBU to
promote the intramolecular aldol reaction.6 The crude aldol
adduct was oxidized with PCC to deliver diketones 17a and 17b
(4+1, 82% yield over 2 steps). Oxidation of 17a to enone 18
under Saegusa’s conditions7 proceeded in 35% yield. Improved
yields were obtained using the recently reported Nicolaou
method using IBX (IBX = 2-iodylbenzoic acid),8 giving enone
18 in 30% yield along with recovery of the starting material
(42%). Repeated oxidation of recovered 17a resulted in a
combined yield of 42% (52%, based on recovered 17a). Lewis
acid catalyzed allylation of 18 gave a 1,4-adduct as a single
stereoisomer. Further allylation utilizing palladium chemistry

Scheme 1 Strategy for the total synthesis of phomoidride B (1).

Scheme 2 Reagents and conditions: (a) TBSCl, Et3N, DMAP, THF, rt; (b)
O3, MeOH, 278 °C, then NaHCO3, Me2S, 278 °C ? rt, quant. (2 steps);
(c) 2-lithiofuran, Et2O, 278 °C ? rt; (d) MCPBA, CH2Cl2, 0 °C ? rt; (e)
Ac2O, pyridine, rt, 39% (3 steps); (f) dimethyl fumarate, Et3N, CH3CN,
reflux, 77% (9a+9b, 13+1).

Scheme 3 Reagents and conditions: (a) H2, Pd/C, MeOH, rt; (b) aq. HCl, rt;
(c) I2, PPh3, imidazole, benzene, reflux, 64% (3 steps); (d) Zn, MeOH,
reflux, 96%; (e) TBSOTf, 2,6-lutidine, CH2Cl2, 278 °C, 54% (14+15,
10+1); (f) allyltrimethylsilane, TiCl4, CH2Cl2, 278 °C; (g) TBSOTf,
2,6-lutidine, CH2Cl2, rt, 66% (2 steps); (h) O3, MeOH, then NaHCO3,
Me2S, 278 °C ? rt, 81%; (i) DBU, CH2Cl2; (j) PCC, CH2Cl2, 4 Å MS, rt,
82% (2 steps, 17a+17b, 4+1); (k) IBX, DMSO–PhMe (1+2), 80 °C, 52%; (l)
allyltrimethylsilane, TiCl4, CH2Cl2, 278 °C, 57%; (m) KHMDS, allyl
chloroformate, THF, 278 °C, 63%; (n) Pd2(dba)3·CHCl3, PPh3, THF, rt,
81% (19+20, 2+1).
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delivered 19‡ (19% yield from 18) a highly advanced bicyclic
intermediate with the required relative stereochemistry between
the bridging carbonyl group and the hydrophobic side-chain at
C9 along with 20 (10% yield from 18).

Having established a method for the construction of the
bicyclic framework, we then focussed upon the quaternary
carbon centre adjacent to the bridgehead. To this end 9a was
first converted to 21 in 2 steps (96%) (Scheme 4). Various
attempts to produce directly the desired quaternary centre with
organometal reagents were unsuccessful, probably due to the
highly functionalized nature of 21. Only by using a sulfonium
ylide did the reaction take place without any problems,
furnishing a cyclopropane product 22. Reductive cleavage of 22
with SmI2 proceeded with complete regioselectivity to generate
the required quaternary centre.§ Compound 23 was next
deprotected under acidic conditions followed by iodination to
give 25. Zinc reduction and protection of the resultant hydroxy
group with an acetyl group gave 26.¶

We are currently exploring methods to complete the fully
functionalized core and modify the side chains en route to
phomoidride B.

I am grateful to Professor K. Ohkata for his valuable advice
and to Dr S. Kojima for prereading of the manuscript. I am also
grateful to Drs Y. Hiraga and R. Takagi for assistance in
NMR.

Notes and references
† In this reaction 16 was obtained stereoselectively at the C2 centre. While
the reason for this selectivity is unclear, it may be due to the proton

delivering effect of the hydroxy group in the intermediate silyl enol ether
during work-up (ref. 5).
‡ Although the C8 stereochemistry of 19 is not certain, 19 was obtained as
the sole stereoisomer.
§ Although SmI2 has previously been used for cyclopropane opening (ref.
10), to our knowledge, regioselective opening of cyclopropane bearing
electron stabilizing groups on all three carbons with SmI2 is unprece-
dented.
¶ Data for 9a: Rf = 0.39 (silica gel, EtOAc–hexane 1+2); mp 92–94 °C
(CH2Cl2); nmax(neat)/cm21 2955, 1740, 1695; dH (500 MHz, CDCl3) 7.34
(dd, J 9.8, 4.6, 1H, H-6), 6.02 (d, J 9.8, 1H, H-7), 5.19 (d, J 4.6, 1H, H-5),
4.25 (d, J 11.9, 1H, H-8), 4.22 (d, J 4.3, 1H, CHCO2Me), 4.01 (d, J 11.9, 1H,
H-8), 3.76 (s, 3H, CO2CH3), 3.66 (s, 3H, CO2CH3), 3.61 (d, J 4.3, 1H,
CHCO2Me), 0.90 (s, 9H, Si-t-Bu), 0.11 (s, 3H, Si-Me) 0.70 (s, 3H, Si-Me);
dC (125 MHz, CDCl3) 193.6, 171.0, 170.3, 150.7, 127.3, 91.7, 75.9, 60.3,
52.6, 52.4, 50.6, 46.6, 25.6, 18.1, 25.5, 25.7. HRMS (EI): calc. for
C18H28O7Si (M+): 384.1604. Found: 384.1588. Anal calc: C 56.23, H 7.34.
Found: C 56.13, H 7.43%. For 26: Rf = 0.53 (silica gel, EtOAc–hexane
1+1); nmax(neat)/cm21 2955, 1740, 1440; dH (500 MHz, CDCl3) 5.59 (br s,
1H, exo-CH2N), 5.09 (s, 1H, exo-CH2N), 4.99 (s, 1H, H-5), 4.23 (d, J 7.0, 1H,
CHCO2Me), 3.81 (s, 3H, CO2CH3), 3.79 (s, 3H, CO2CH3), 3.77 (s, 3H,
CO2CH3), 3.66 (dd, J 7.0, 1.8, 1H, CHCO2Me), 3.08 (d, J 17.4, 1H,
CH2CO2Me), 3.00 (d, J 17.4, 1H, CH2CO2Me), 2.89 (d, J 13.7, 1H, H-7),
2.62 (d, J 13.7, 1H, H-7), 2.11 (s, 3H, acetyl); dC (125 MHz, CDCl3) 171.8,
171.5, 169.4, 167.6, 141.4, 119.8, 113.3, 104.9, 80.9, 53.1, 52.8, 52.3, 45.9,
45.5, 44.6, 43.1, 40.9, 21.6. HRMS (EI) calc. for C18H21O9Si (M+):
395.1216. Found: 395.1212.

1 Review: D. M. Leonard, J. Med. Chem., 1997, 40, 2971; K. Hinterding,
D. Alonso-Díaz and H. Waldmann, Angew. Chem., Int. Ed., 1998, 37,
688.

2 T. T. Dabrah, T. Kaneko, W. Massefski, Jr. and E. B. Whipple, J. Am.
Chem. Soc., 1997, 119, 1594; T. T. Dabrah, H. J. Harwood, Jr., L. H.
Huang, N. D. Jankovich, T. Kaneko, J.-C. Li, S. Lindsey, P. M. Moshier,
T. A. Subashi, M. Therrien and P. C. Watts, J. Antibiot., 1997, 50, 1.

3 K. C. Nicolaou, P. S. Baran, Y.-L. Zhong, H.-S. Choi, W. H. Yoon, Y.
He and K. C. Fong, Angew. Chem., Int. Ed., 1999, 38, 1669; K. C.
Nicolaou, P. S. Baran, Y.-L. Zhong, K. C. Fong, Y. He, W. H. Yoon and
H.-S. Choi, Angew. Chem., Int. Ed., 1999, 38, 1676; K. C. Nicolaou,
J. K. Jung, W. H. Yoon, Y. He, Y.-L. Zhong and P. S. Baran, Angew.
Chem., Int. Ed., 2000, 39, 1829; C. Chen, M. E. Layton, S. M. Sheehan
and M. D. Shair, J. Am. Chem. Soc., 2000, 122, 7424; N. Waizumi, T.
Itoh and T. Fukuyama, J. Am. Chem. Soc., 2000, 122, 7825; Q. Tan and
S. J. Danishefsky, Angew. Chem., Int. Ed., 2000, 39, 4509.

4 J. B. Hendrickson and J. S. Farina, J. Org. Chem., 1980, 45, 3359; P. A.
Wender, K. D. Rice and M. E. Schnute, J. Am. Chem. Soc., 1997, 119,
7897.

5 R. Hara, T. Furukawa, Y. Horiguchi and I. Kuwajima, J. Am. Chem.
Soc., 1996, 118, 9186.
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37, 8463.

7 Y. Ito, T. Hirato and T. Saegusa, J. Org. Chem., 1978, 43, 1011.
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Scheme 4 Reagents and conditions: (a) Br2, CH2Cl2, 240 °C, then Et3N,
240 °C ? rt; 99%; (b) NaCN, Bu4NI, CH2Cl2—H2O, rt, then Et3N, rt,
97%; (c) Me2SNCHCO2Me, THF, 0 °C ? rt, 61%; (d) SmI2, THF, 278 °C,
79%; (e) aq. HCl, 0 °C ? rt; (f) I2, PPh3, imidazole, benzene, reflux, 64%
(2 steps); (g) Zn, Ac2O, 50 °C, 25%.
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derivatives and Pd(II) or Pt(II) complexes
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Nanoscale molecular capsules have been prepared by self-
assembly of resorcin[4]arene derivatives and Pd(II) or Pt(II)
complexes; the positively charged N-alkylpyridinium deriv-
atives are encapsulated inside capsules due to strong cation–
p interactions.

The formation of self-assembled superstructures has received a
great deal of attention in recent years. Two main approaches
have been widely used to construct supermolecules using
intermolecular interactions between building blocks. One
involves using hydrogen bonding interactions between the
complementary binding sites.1 The other approach is to employ
metal–ligand interactions. Metal-induced self-assembly is a
flourishing area of study in the field of host–guest and
supramolecular chemistry. There are many examples of metal-
mediated self-assembly to form squares,2 helices,3 grids,4
catenanes,5 cylinders,6 circular helicates7 and cages.8

Recently we reported that an intramolecularly assembled
structure 2 was constructed by addition of two equivalents of
(en)Pd(NO3)2 to a suspension of 1 in aqueous solution (Scheme
1).9 Molecular models show that pyridyl groups of 3 with one
fewer carbon compared to 1, however, cannot easily get close
enough to form an intramolecularly organized structure via
Pd(II) or Pt(II) complexation. Herein we describe the formation
of nanoscale cage-like complexes composed of two re-
sorcin[4]arene derivatives and four PdII or PtII square planar
precursors, and the complexation of N-alkylpyridinium deriva-
tives in the organic phase.

Capsules are instantly formed by simple addition of two
equivalents of Pd(dppp)(OTf)2 to acetone, CH2Cl2 or CHCl3
solutions of resorcin[4]arene derivatives 3a–c† having four

pyridine units as pendent groups (Scheme 1). For 2, the bridge
methylene protons split into two sets of signals in the 1H NMR
spectrum since HiA and HoA exist in the shielding region between
two pyridine ligands interacting with a Pd(II) ion and move far
upfield compared to Hi and Ho.9 In the present case, however,
the bridge methylene protons (HinA and HoutA) do not divide into
two sets [Fig. 1(e)]. Both 1H and 13C NMR spectra are in accord
with the D4h symmetric structure of 5 and the assignments are
fully supported by two-dimensional NMR measurements. In
particular, a 1H NMR titration study clearly shows capsule
formation. When 3a and 4a are mixed in a 1+1 molar ratio, a
mixture of the capsule 5a† and free 3a is obtained. Moreover,
when an excess amount of 4a is added, 5a and unreacted 4a are
present (Fig. 1). This means that a 1+2 adduct is formed as the
sole product.

The molecular weight estimated by vapor pressure osmo-
metry (VPO) of a CH2Cl2 solution containing 3a and 4a in a 2+4
molar ratio (6230 ± 590) is consistent with the molecular weight
for the dimer 5a (6426). Moreover, electrospray ionization mass
spectrometry (ESI-MS) clearly shows the formation of 5b when
a CHCl3 solution containing 2b and 3b in a 2+4 molar ratio was
examined: [M 2 2CF3SO3

2]2+ (2961.99), [M 2 3CF3SO3
2]3+

(1928.83) and [M 2 4CF3SO3
2]4+ (1406.44).‡ Molecular

modeling shows that the cavity of 5 has nanoscale dimensions
of 16 3 20 Å.10

Several neutral guest molecules such as adamantane, anthra-
cene, phenanthrene and pyrene show no 1H NMR spectroscopic
signs of encapsulation within the capsule. This indicates either
that there is no driving force for the guest encapsulation or the
guests are too small to be encapsulated due to the large portals
of the capsule through which these guests can permeate.
However, addition of a positively charged guest such as
1-methyl-4-phenylpyridinium (OTf2 salt) 6 and methylviolo-
gen (2OTf2 salt) 7 to an acetone-d6 solution of 3a followed by
addition of 2 equivalents of 4a to the resulting mixture gave two
sets of separate 1H NMR peaks for the free and bound

Scheme 1

Fig. 1 Monitoring capsule formation by 1H NMR spectroscopy (300 MHz,
CDCl3, 300 K). (a) free 3a; (b) 3a+4a = 2+1; (c) 3a+4a = 2+2; (d) 3a+4a
= 2+3; (e) 3a+4a = 2+4; (f) 3a+4a = 2:5 molar ratio. A signal at d 7.28 
from CDCl3 is marked by an asterisk.
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capsules.11 This peak separation indicates that the decomplexa-
tion or guest-exchange rate is slow with respect to the 1H NMR
time scale. In addition, the integration ratio of the bound capsule
and encapsulated guest resonances indicated a highly symmet-
ric 1+1 complex. Particularly, NCH3 protons of 7 move ca. 6.8
ppm upfield, appearing at d 22.08,§ which presumably
indicates that 7 is encapsulated such that the methyl group
points towards the shielding region of the aromatic cavity at the
end of the long axis of the capsule. As expected from the nearly
irreversible Pd–pyridine bond formation in organic solvents,
when 7 was added after the capsule formation, no spectroscopic
signs of encapsulation were detected except that the pyridine’s
a-proton shifted slightly in the upfield direction (Fig. 2).¶ In
order to investigate the behavior of the counter ions, the 19F
NMR spectrum was examined and showed only one signal at d
277 in the spectra of 5a and 5a containing 7; this indicates that
there is not a slow exchange between triflate ions inside and
outside of the cage. We also observed the release of the
encapsulated 7 from the capsule in acetone-d6 upon heating at
35 °C in the sealed NMR tube. The first-order approximation
gives a guest-releasing rate constant of 4.5 3 1026 s21. This
means that guest release occurs slowly with a half-life of 43 h at
308 K. These phenomena indicate that 7 was complexed inside
3a, most probably due to the cation–p interaction, and then if 4a
was added, properly positioned 7 was entrapped in the forming
capsule 5a.¶

In summary, we have constructed nanoscale self-assembled
molecular capsules instead of an intramolecularly organized
structure between properly designed resorcin[4]arene deriva-
tives having relatively rigid pendent pyridine groups and square
planar metal complexes. The positively charged N-methylpyr-
idinium derivatives turn out to be encapsulated by cation–p
interactions. Further studies will explore the potential for the
use of nanoscale capsules as selective reaction chambers for
chemical reaction catalysis.¶

We are grateful to the CMDS (KOSEF) for support of this
work. S. J. P. thanks the Ministry of Education for the BK 21
fellowship.

Notes and references
† 3a: dH (300 MHz, CDCl3) 8.61 (d, J 5.89 Hz, 8H), 7.32 (d, J 5.89 Hz, 8H),
6.88 (s, 4H), 5.79 (d, J 7.11 Hz, 4H), 5.01 (s, 4H), 4.75 (t, J 7.92 Hz, 4H),
4.49 (d, J 7.12 Hz, 4H), 2.22 (br, 8H) 1.4–1.1 (br m, 72H), 0.90 (t, J 6.58
Hz, 12H); dC (75 MHz, CDCl3) 149.69, 147.97, 147.01, 144.09, 139.07,
121.39, 114.69, 99.45, 73.37, 36.91,31.92, 29.83, 29.71, 29.40, 27.91,
22.68, 14.11; FAB-MS (NBA) m/z 1581.9962 (M + H+) (calc.
1581.9920).

3b: dH (300 MHz, CDCl3) 8.61 (d, J 5.18 Hz, 8H), 7.33 (d, J 5.37 Hz,
8H), 6.88 (s, 4H), 5.79 (d, J 7.12 Hz, 4H), 5.01 (s, 4H), 4.75 (t, J 7.93 Hz,
4H), 4.49 (d, J 7.13 Hz, 4H), 2.22 (br, 8H) 1.4–1.1 (br m, 32H), 0.92 (t, J
6.47 Hz, 12H); dC (75 MHz, CDCl3) 149.62, 147.98, 146.99, 144.08,
139.10, 122.00, 113.98, 99.44, 73.36, 36.37, 31.85, 29.78, 29.44, 27.84,
22.62, 14.34 ; ESI-MS m/z 1301.6 (M + H+).

3c: dH (300 MHz, CDCl3) 8.61 (d, J 5.85 Hz, 8H), 7.33 (d, J 5.71 Hz, 8H),
7.02 (s, 4H), 5.81 (d, J 7.12 Hz, 4H), 5.1–4.9 (m, 12H), 4.50 (d, J 7.13 Hz,
4H), 2.22 (br, 8H) 1.78 (t, J 7.42 Hz, 12H ); dC (75 MHz, CDCl3) 149.56,
147.66, 147.15, 143.97, 139.99, 121.54, 114.18, 99.45, 73.40, 31.23, 15.82;
FAB-MS (NBA) m/z 1021.3663 (M + H+) (calc. 1021.3660).

5a: dH (300 MHz, CDCl3) 8.95 (d, J 5.12 Hz, 16H), 7.72 (br, 32H), 7.42
(br, 48H), 7.12 (d, J 5.36 Hz, 16H), 6.80 (s, 8H), 5.79 (d, J 6.96 Hz, 4H),
4.76 (s, 16H), 4.60 (t, J 7.60 Hz, 8H), 4.30 (d, J 7.04 Hz, 8H), 3.22 (br, 16H),
2.32 (m, 8H), 2.15 (br, 16H), 1.23 (br, 144H), 0.85 (t, J 6.56 Hz, 24H); dC

(75 MHz, CDCl3) 150.9, 150.2, 147.6, 144.3, 138.9, 133.2, 132.2, 129.5,
125.7, 122.8, 121.0 (q, J 318 Hz, CF3), 114.6, 99.5, 72.3, 36.9, 31.9, 29.8,
29.7, 29.6, 29.4, 27.9, 22.7, 21.6, 17.7, 14.1.
‡ When 5c formed from gentle heating of a CHCl3–MeOH (10+1, v/v
solution of 3c and 4b in 1+2 molar ratio was examined by ESI-MS, [M 2
nCF3SO3

2]n+ (n = 2,3,4) ion peaks were also clearly observed at m/z
2682.21, 1739.52 and 1266.74, respectively.
§ NCH3 protons of the encapsulated guest 6 appear at d 22.09.
¶ Addition of 1,4-dimethylpyridinium triflate, which is small enough to
freely pass in and out of the cavity, either before or after capsule formation,
results in two sets of separate 1H NMR peaks for the free and bound
capsules. NCH3 protons of the encapsulated 1,4-dimethylpyridinium triflate
also appear at d 22.08. This constitutes strong evidence for cation–p
interactions in the encapsulation process. According to molecular model-
ing10 and 1H NMR integration, the interior of 5a can accommodate two
molecules of 1,4-dimethylpyridinium triflate. The association constant (Ka)
can be estimated from the ratio of peak intensity of free and bound to be
1180 dm6 mol22.

1 M. M. Conn and J. Rebek, Jr. Chem. Rev., 1997, 97, 1647;
Comprehensive Supramolecular Chemistry, ed. J.-M. Lehn (Chair); J.
L. Atwood, J. E. D. Davies, D. D. MacNicol and F. Vögtle, Pergamon,
Oxford, 1996, vol. 9.

2 S. B. Lee, S. Hwang, D. S. Chung, H. Yun and J.-I. Hong, Tetrahedron
Lett., 1998, 39, 873; P. J. Stang, J. Fan and B. Olenyuk, Chem.
Commun., 1997, 1453; M. Fujita, J. Yazaki and K. Ogura, J. Am. Chem.
Soc., 1990, 112, 5645.

3 M. Scherer, D. L. Caulder, D. W. Johnson and K. N. Raymond, Angew.
Chem., Int. Ed., 1999, 38, 1587; C. Piguet, G. Bernardinelli and G.
Hopfgartner, Chem. Rev., 1997, 97, 2005.

4 P. N. W. Baxter, J.-M. Lehn, G. Baum and D. Fenske, Chem. Eur. J.,
2000, 6, 4510; A. M. Garcia, F. J. Romero-Salguero, D. M. Bassani,
J.-M. Lehn, G. Baum and D. Fenske, Chem. Eur. J., 1999, 5, 1803; L. R.
MacGillivray, R. H. Groeneman and J. L. Atwood, J. Am. Chem. Soc.,
1998, 120, 2676.

5 F. Ibukuro, M. Fujita, K. Yamaguchi and J.-P. Sauvage, J. Am. Chem.
Soc., 1999, 121, 11 014; M. Fujita, Acc. Chem. Res., 1999, 32, 53; D. B.
Amabilino, C.-O. Dietrich-Buchecker, A. Livoreil, L. Pérez-García,
J.-P. Sauvage and J. F. Stoddart, J. Am. Chem. Soc., 1996, 118, 3905.

6 Y. Yamanoi, Y. Sakamoto, T. Kusukawa, M. Fujita, S. Sakamoto and K.
Yamaguchi, J. Am. Chem. Soc., 2001, 123, 980; M. Aoyagi, K. Biradha
and M. Fujita, J. Am. Chem. Soc., 1999, 121, 7457.

7 O. Mamula, F. J. Monlien, A. Porquet, G. Hopfgartner, A. E. Merbach
and A. von Zelewsky, Chem. Eur. J., 2001, 7, 533; B. Hasenknopf, J.-M.
Lehn, B. O. Kneisel, G. Baum and D. Fenske, Angew. Chem., Int. Ed.
Engl., 1996, 35, 1838.

8 O. D. Fox, M. G. B. Drew, E. J. S. Wilkinson and P. D. Beer, Chem.
Commun., 2000, 391; S. Hiraoka, Y. Kubota and M. Fujita, Chem.
Commun., 2000, 1509; B. Olenyuk, J. A. Whiteford, A. Fechtenkötter
and P. J. Stang, Nature, 1999, 398, 796; A. Ikeda, M. Yoshimura, H.
Udzu, C. Fukuhara and S. Shinkai, J. Am. Chem. Soc., 1999, 121, 4296;
P. Jacopozzi and E. Dalcanale, Angew. Chem., Int. Ed. Engl., 1997, 36,
613.

9 C. W. Lim and J.-I. Hong, Tetrahedron Lett., 2000, 41, 3113.
10 Molecular modeling was carried out using MacroModel 7.0 and the

modified Amber* force field: F. Mohamadi, N. G. J. Richards, W. C.
Guida, R. Liskamp, M. Lipton, C. Caufield, G. Chang, T. Hendrickson
and W. C. Still, J. Comput. Chem., 1990, 11, 440.

11 Hydrogen-bonded capsules that encapsulate N-alkyl pyridinium deriva-
tives via ion–dipole interactions have been reported recently: Y. L. Cho,
D. M. Rudkevich and J. Rebek, Jr. J. Am. Chem. Soc., 2000, 122,
9868.

Fig. 2 Portion of the 1H NMR spectra (300 MHz, acetone-d6, 300 K); (a)
free 3a; (b) capsule 5a formed from 3a+4a = 2+4; (c) ca. 10 equiv. 7 added
to 3a and then 2 equiv. 4a was added; (d) ca. 10 equiv. 7 was added to 5a.
The methyl group of the encapsulated guest is indicated by an arrow.

Chem. Commun., 2001, 1554–1555 1555



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Self-assembled organogels formed by mono-chain L-alanine derivatives
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The mono-chain L-alanine derivatives self-assemble into
bilayer aggregates in a number of organic liquids and
gelatinize the liquids.

Recent discoveries of low molecular weight gelators have
stimulated considerable interest not only in academic investiga-
tions but also technological applications.1–9 Although dozens of
different categories of gelators have so far been identified, it is
difficult to select a molecule that will definitely gel a selected
liquid. Previous reports reveal that some oligomers of a-amino
acids2a,b,8 and bolaform amides derived from amino acids2c can
gel a number of organic liquids, while the reports relating mono-
amino acid derivatives are relatively few.2d,e Bhattacharya and
co-workers reported recently that mono-amino acid derivatives
can gelate selectively oil from oil–water mixtures.9 Herein, we
report simple compounds, mono-chain L-alanine derivatives,
which form bilayer aggregates in a number of organic liquids
and gelate the liquids.

The L-alanine derivatives, 1–8,† used here were prepared in
our laboratory. A typical procedure for studying gel formation

ability is as follows: a weighed sample was mixed with an
organic liquid (1 mL) in a sealed test tube and the mixture was
heated until the solid dissolved. The resulting solution was
cooled at 20 °C for 2 h and then the gelation was studied. Upon
formation the organogel is stable and the tube can be inverted
without any change of shape of the organogel.

The results of gelation tests of 1–3 are summarized in Table
1,‡ in which the values denote the minimum gel concentrations
(g L21) necessary for gelation. From Table 1, it is clear that

compounds 1–3 can form a stable physical organogel and
gelatinize a number of organic fluids even at a very low
concentration. For example, the amounts of 2 necessary to gel 1
L of CCl4, PhH, PhMe, o-xylene and mesitylene are 7, 4, 5, 5
and 4 g, respectively. Weiss and co-workers’ studies reveal that
the size of organogel colloids depends upon the nature of the
liquid.1c The amphiphiles 1–3, which form transparent or
translucent organogels in different liquids, may be due to the
different size of their colloids.

Fig. 1 shows the FT-IR spectra for the CCl4 gel and the
CHCl3 solution of 2. The FT-IR spectrum of the translucent
CCl4 gel of 2 is characterized by bands attributed to inter-
molecular hydrogen bonding, i.e. 3349 (nN–H of amide), 1704
(nCNO of 2COOH), and 1640 cm21 (nCNO of amide), whereas
the isotropic solution of 2 in CHCl3 affords bands at 3450 (nN–
H), 1740 (nCNO of carboxylic acid), and 1660 cm21 (nCNO of
amide), indicative of non-hydrogen bonding stretching vibra-
tions. The FT-IR spectrum of the KBr pellet of 2 is similar to
that of the CCl4 gel of 2, suggesting that the pattern of hydrogen
bonding in the gel is close to that in the crystal. The sharp peak
near 1704 cm21 is ascribed to the CNO stretching mode of
CO2H groups, characteristic of the formation of carboxylic acid
dimers.10 These results imply that in the gel the intermolecular
hydrogen bonds have been formed between the neighboring
molecules of 2 and thus they form a hydrogen bond network.

The TEM image of a CCl4 gel of 2 is shown in Fig. 2. It
reveals a number of fibers, juxtaposed and intertwined by
several long slender aggregations with width of ca. 30–100 nm.
The X-ray diffraction pattern (Fig. 3) of the gel cast film from
the CCl4 gel of 2 show periodical diffraction peaks, indicating

Table 1 Gelation test of 1–3 and minimum gel concentration necessary for
gelation at 20 °C. Values refer to the minimum gel concentration in
g L21 (gelator/liquid)

Gel concentration/g L21

Organic liquids 1 2 3

Carbon tetrachloride 6 (translucent) 7 (translucent) 6 (translucent)
Benzene 5 (transparent) 4 (transparent) 4 (transparent)
Toluene 5 (transparent) 5 (transparent) 4 (transparent)
o-Xylene 6 (transparent) 5 (transparent) 5 (transparent)
Mesitylene 5 (transparent) 4 (transparent) 4 (transparent)
1,1,2,2-Tetrachloroethane 6 (translucent) 6 (translucent) 5 (translucent)
Tetrachloroethylene 6 (transparent) 6 (transparent) 5 (transparent)
Tetralin 6 (translucent) 5 (translucent) 5 (translucent)
n-Octane 4 (translucent) 4 (translucent) 4 (translucent)
1,1,2-Trichloroethane 7 (translucent) 7 (translucent) 6 (translucent)
Cyclohexane 5 (transparent) 5 (transparent) 5 (transparent) Fig. 1 FTIR spectra of 2 a) as a CCl4 gel, b) in CHCl3 solution (dashed

line).
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that 2 indeed assembles into an ordered structure. The long
spacing (D) of the aggregate obtained by the XRD method is
about 3.43 nm, which is much smaller than twice the evaluated
molecular length of 2 (2.14 nm, by the CPK model), but much
larger than the length of one molecule of 2. From the XRD and
FT-IR results, it can be deduced that that the gel aggregates
consist of a repeating bilayer unit, which bears the head-to-head
packing model with highly tilted alkyl chains relative to the
bilayer normal. Within the bilayer unit, the amphiphiles are
connected by intra- and inter-layer hydrogen bonds to form a
hydrogen bond network and then develop the superstructure that
is schematically shown in Fig. 4.

The gelling abilities of some structurally related compounds
4–8 (non-gel-forming) have been inspected. Comparing the

molecular structure of 4–6 with 1–3, it can be inferred that
suitable length of the tail chain is essential for gelation since
organogels fail to form when the tail chain is lengthened to 18
C atoms (4) or is substituted by tert-butoxycarbonylcarbonyl (5)
and benzoyl (6). In experiment, we also find that the racemes of
N-dodecanoylalanine do not induce any gelation, which is
similar to that for N-dodecanoylglycine (7). The findings imply
that the homochiral effect plays an important role in the gel
formation. N-Dodecanoyl-L-phenylalanine (8), a compound
containing a chiral center, does not exhibit gelling ability, which
may be due to the relatively large steric hindrance effect of the
benzyl group of the L-phenylalanine which weakens the
intermolecular hydrogen bonding between neighboring mole-
cules. Therefore the intermolecular hydrogen bonding is unable
to meet the need for gelation. From these observations and
analyses, it can be concluded that (i) gelling ability strongly
depends on the L-alanine group, (ii) the hydrophile–lypophile
balance is a significant factor for gelation, the suitable length of
the tail chain is in the range of 8 to 14 C atoms, (iii) the
formation of the bilayer aggregates and the homochiral effect
play important roles in gel-forming.

In conclusion, this paper has shown that simple mono-chain
L-alanine derivatives can self-assemble into bilayer aggregates
through intermolecular hydrogen bonding and the homochiral
effect in a number of organic liquids, which are juxtaposed and
interlocked by van der Waals interaction, and finally gelate the
organic liquids.

This work was financially supported by the National Natural
Science Foundation of China (NSFC, NO. 20073019).

Notes and references
† Amino acid (0.05 mol) is placed in a three-necked round-bottomed flask,
filled with an efficient stirrer, and dissolved in 50 mL of 1 M NaOH. The
flask is then almost completely immersed in a bath of ice and water (T ca.
+3 °C) and the stirrer is now set in very rapid motion. To the solution are
added, dropwise, 0.10 mol of pure acyl chloride and 80 mL of 1 M NaOH
at the same rate. When the reaction is complete, the suspension is acidified
carefully with 2 M HCl. The residue obtained after filtration is extracted
with petroleum ether to remove the fatty acid. The final amino acid
derivative is chromatographed on a silica gel column empolying appropriate
solvent. Satisfactory 1H NMR, IR, element analysis and optically activity
data were obtained for the corresponding amino acid derivatives.
‡ The minimum gel concentration was calculated as described in the
literature.8 The gels were stable in a sealed tube for over two weeks. On re-
heating, the physical gelation is reversible.
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Fig. 2 TEM image of a CCl4 gel of 2 (7 g L21). The sample was prepared
by picking up the gel on a carbon grid and post-stained by uranyl acetate.

Fig. 3 X-ray diffraction patterns of a cast film from CCl4 gel of 2.

Fig. 4 Local microstructure of the bilayer aggregates of 2 in organogel.
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Alkynylboronates participate in 1,3-dipolar cycloaddition
reactions with nitrile oxides to provide isoxazoleboronic
esters with excellent levels of regiocontrol; additionally,
these potentially valuable synthetic intermediates have been
shown to participate efficiently in Suzuki coupling reac-
tions.

Aromatic boronic esters are amongst the most valuable and
widely used synthetic intermediates in modern organic chem-
istry due to their ability to participate in functional group
transformations and carbon–carbon bond forming reactions.1
These compounds are generally accessed via a functional group
interconversion strategy from a starting aryl halide or triflate.2
However, the requirement of these precursors can prove
problematic when more highly substituted or heavily function-
alised boronic ester products are required. Accordingly, in an
effort to develop novel and efficient routes to complex
arylboronates, we have recently been exploring the possibility
of employing cycloaddition/benzannulation reactions of boron
containing alkynes.3 In connection with this study, we wish to
report herein our recent findings on the [3+2] cycloaddition
reaction of alkynylboronates with nitrile oxides towards the
assembly of highly substituted isoxazoleboronic esters.

The cycloaddition reaction of nitrile oxides with alkynyl-
boronates has received scant attention in the literature to-date.
Indeed, we are aware of only a single report whereby dibutyl
ethynylboronate provided the corresponding isoxazole as a
single regioisomer.4 However and importantly, only this
terminal alkynylboronate was examined and the effect of
acetylenic alkyl substituents on regioselectivity was not de-
scribed. In contrast, the employment of alkynylstannanes is well
documented.5 However, this approach suffers from ready
protodestannylation of the heterocyclic product, as well as the
associated problems of handling toxic organotin species. In an
effort to further clarify the effectiveness of alkynylboronates as
precursors to isoxazoleboronic esters, to examine the
regiochemistry of substituted boron containing alkynes and to
establish the utility of isoxazoleboronic esters in carbon–carbon
bond forming processes, we undertook a study of the scope of
the cycloaddition reaction as outlined in Table 1.

We decided to initiate our studies on the scope of alkynyl-
boronate [3+2] cycloaddition reactions with mesitylenecarbo-
nitrile oxide 1 (R1 = Mes), which is known to be stable towards
dimerisation.6 As outlined in Entry 1, we were pleased to find
that 2-ethynyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane7 2 (R2

= H), underwent a smooth cycloaddition reaction to provide the
isoxazole 4a bearing the boronic ester unit in the 5-position in
59% yield, with only 23% of the alternative regioisomer 3a. On
changing the alkyne substituent R2 = H to R2 = Me (Entry 2)
the reaction proceeded cleanly to provide a single regioisomer
of 3b, remarkably, with complete reversal in regiochemistry.
Finally, the use of longer chain alkyl and phenyl substituents
also provided the 4-substituted boronic esters as single
regioisomers in good yield.8 We briefly examined the scope of
nitrile oxides in the cycloaddition process and were pleased to

find that this technique was applicable to phenyl and alkyl
substituted 1,3-dipole substrates (Entries 5–7), the isoxazole

† Electronic supplementary information (ESI) available: full experimental
procedures. See http://www.rsc.org/suppdata/cc/b1/b103319k/

Table 1 1,3-Dipolar cycloadditionsa

Entryb R1 R2 Product Yield (%)

a Regiochemical assignments made on the basis of diagnostic 13C
resonances. Additionally, these assignments have been supported by X-ray
data for compounds 3b and 3c, which will be the subject of a future
disclosure. b For experimental conditions, see ref. 8. c 23% of 3a was
isolated. d 6% of 3e was islolated. e Estimated by 1H NMR.9

This journal is © The Royal Society of Chemistry 2001
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products 4e, 3f–g, were again formed with excellent levels of
regioselectivity and followed the same insertion pattern estab-
lished with the mesitylenecarbonitrile oxide in Entries 1–4.
Notably, and in contrast to the stannylated isoxazoles, boronic
esters 3 and 4 were isolated as white crystalline solids which
could be readily purified by standard chromatographic tech-
niques without problematic protodeboronation side reactions.

The regiochemical outcomes outlined in Table 1 are
consistent with literature reports of electron deficient alkyne
[3+2] cycloaddition reactions with nitrile oxides. Specifically,
whereas terminal propiolates generally give a mixture of
regioisomers which favours that bearing the ester moiety in the
5-position,10 substituted propiolates and alkynyl ketones pro-
vide the regioisomeric products with the electron withdrawing
group in the 4-position with high levels of selectivity.11

Nonetheless, from a synthetic standpoint, this methodology
provides a quick and direct method for the assembly of
isoxazoleboronic esters which avoids problematic metallation
of the heterocyclic nucleus.12

With a rapid and efficient entry into isoxazoleboronic esters
in hand, we decided to confirm their effectiveness as synthetic
intermediates for Suzuki coupling reactions. As outlined in
Scheme 1, isoxazoles 3b and 3d were found to undergo smooth
and efficient Pd-catalysed coupling with bromobenzene and
allyl bromide to give 5 and 6 respectively in excellent yields.
We therefore anticipate that this efficient two step procedure
holds great promise for the regioselective assembly of a range of
functionalised highly substituted isoxazole products.13 Addi-
tionally, as exemplified in Scheme 2, attempts to prepare 5 by
direct [3+2] cycloaddition of prop-1-ynylbenzene failed to
produce any of the cycloaddition product, even after prolonged
reaction times. Therefore, not only does the cycloaddition–
coupling technique permit the regioselective formation of

highly substituted isoxazole products, it also circumvents
limitations associated with preparing 4,5-dialkyl or -diaryl
substituted isoxazoles through the employment of unactivated
alkyne substrates.

In conclusion, we report a novel and flexible approach to
highly substituted isoxazoles through a key [3+2] cycloaddition
reaction of nitrile oxides with alkynylboronates. The investiga-
tion of related cycloaddition reactions is currently underway in
our laboratories and will be reported in due course.

The authors are grateful to the EPSRC for a studentship (M.
W. D.) and to GlaxoSmithKline and the University of Sheffield
for generous financial support.
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174.4; umax/cm21 3054 (w), 2981 (m), 1570 (m), 1144 (m). (Calc. for
C24H28BNO3: C, 74.05; H, 7.25; N, 3.60. Found C, 73.94; H, 7.23; N,
3.45%). For full experimental procedure see Supplementary Informa-
tion.

9 Product could not be separated from the nitrile oxide dimer by silica gel
chromatography.

10 V. P. Sandanayaka and Y. Yang, Org. Lett., 2000, 2, 3087
11 R. R. Sauers, L. M. Hadel, A. A. Scimone and T. A. Stevenson, J. Org.

Chem., 1990, 55, 4011; M. Hojo, K. Tomita and A. Hosomi,
Tetrahedron Lett., 1993, 34, 485; F. A. Fouli, M. M. Habashy, A. F. El-
Kafrawy, A. J. A. Youseef and M. M. El-Adly, J. Prakt. Chem., 1987,
329, 1116.

12 For an excellent review on the metallation of isoxazoles, see: B. Iddon,
Heterocycles, 1994, 37, 1263.

13 Disubstituted alkynes have been shown to undergo incorporation with
low levels of regioselectivity: P. Pevarello, R. Amici, M. Colombo and
M. Varasi, J. Chem. Soc., Perkin Trans. 1, 1993, 18, 2151.

Scheme 1 Suzuki coupling reactions.

Scheme 2
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Cerium masquerading as a Group 4 element: synthesis, structure and
computational characterisation of [CeCl{N(SiMe3)2}3]†
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Oxidation of the three-coordinate cerium amide [Ce{N-
(SiMe3)2}3] with TeCl4 in toluene solution yields purple,
diamagnetic [CeCl{N(SiMe3)2}3], whose structure has been
examined by X-ray crystallographic and computational
methods.

Cerium occupies an unusual position in the periodic table,
providing a bridge between Group 3 and the lanthanides, but
rather than combining the useful characteristics of both families
it often fails to fulfil expectations. Were it not for the fact that
at atomic number 58 electrons begin to occupy the 4f shell,1
cerium would behave more like a member of Group 4, and
would presumably warrant study as intensive as that devoted to
titanium, zirconium and hafnium.2 Nature is, however, not that
accommodating, and while cerium is abundant, cheap and
readily available, it is very much a lanthanide element, is
commonly encountered as CeIII, and is thus often consigned to
the backwaters of the Periodic Table.

When seen from the point of view of the other lanthanides, its
standing is reversed, and it becomes potentially the most
interesting of those elements as it is the only one so far proven
to have chemically accessible (II),3 (III) and (IV)4 oxidation
states. High-valent cerium chemistry (excluding O-donor
complexes, where there is a more obvious convergence in
behaviour between cerium and Group 4) is still very much
under-developed, but an important contribution has been made
in this area by Scott and co-workers,5 who have reported the
oxidation of the trisamidoamine complex [Ce(NNA3)] [NNA3 =
N(CH2CH2NSiMe2But)3] with molecular halogens, which in
the case of iodine produces the mononuclear CeIV amide
[CeI(NNA3)].

We wish to report that it is possible to oxidise the prototypical
cerium amide [Ce(NR2)3] (R = SiMe3)6 1 (eqn. 1), and to

(1)

isolate a well-defined cerium(IV) compound from the reaction.
Notwithstanding the fact that the CeIII amide is known to be
unreactive towards Cl2,5 we find that the addition of 0.25
equivalents of TeCl47 to a toluene solution of 1 results in an
immediate change in colour from yellow to deep purple.‡ Very
dark, almost black, needles, which are characterised as

[CeCl(NR2)3] 2 by 1H NMR, EI-MS, microanalysis and an X-
ray crystallographic study,§ are isolable in—admittedly low—
yields of 24–30%. The diamagnetic nature of the complex (and
by implication the cerium(IV) oxidation state) is apparent from
the proton NMR spectrum in C6D6 which shows a sharp singlet
at d 0.42. The haloamide 2 has marginal stability in solvents
other than thf, decomposing over a few hours into small
amounts of [Ce(NR2)3] 1, and other, unidentified, products.
This instability is reflected in the absence of a parent ion and the
paucity of chlorine-containing fragments in its mass spectrum,
the highest m/z peak being assigned as [M 2 Me]+. A
representation of the molecular structure is shown in Fig. 1.

The molecule is C3 symmetric about the Ce–Cl axis, while
the geometry at the metal is intermediate between tetrahedral
and trigonal pyramidal (although closer to the latter) the angles
Cl–Ce–N and N–Ce–NA being 99.48(7) and 117.34(4)° re-
spectively. The cerium ion protrudes 0.36 Å out of the plane
formed by the three nitrogen atoms, which is around 0.05 Å
further than is the case for the parent CeIII species 1.8 These
features may be contrasted with those of the superficially
similar Group 4 complexes [MCl(NR2)3] (M = Ti, Zr, Hf)9

which are tetrahedral (despite their shorter M–N bonds)
although distorted significantly from the ideal. The Ce–N and
Ce–Cl bonds of 2.217(3) and 2.597(2) Å in 2 are all relatively
short, as a consequence both of the presence of a contracted
metal ion and the adoption of a lower coordination number than
is normally found for CeIV species; we estimate from our data
that CeIV has a radius of ca. 0.77 Å in four-coordination. There

† Electronic supplementary information (ESI) available: further details of
calculations relating to 3. See http://www.rsc.org/suppdata/cc/b1/
b103634n/

Fig. 1 Molecular structure of [CeCl{N(SiMe3)2}3] 2. Ce–N 2.217(3), Ce–Cl
2.597(2), Si(1)–N 1.752(3), Si(2)–N 1.750(3) Å, N–Ce–NA 117.34(4), Cl–
Ce–N 99.48(7), Si(1)–N–Si(2) 120.13(16)°.
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is a notable elongation of the N–Si bonds to around 1.751 Å,
0.05 Å longer than those found in 1 (see below).

In order to investigate the factors which determine the overall
geometry of 2, we have undertaken a computational study,
using methods previously described,10 on the hypothetical
complex [CeCl{N(SiH3)2}3] 3. The optimised model has C3
symmetry, with the Ce–Cl bond coincident with the C3 axis, and
in general its geometrical features are very close to those of the
experimental complex 2, although the Ce–L separations are
slightly longer (Ce–Cl 2.589; Ce–N 2.246 Å) than those
determined by X-ray methods, all L–Ce–LA bond angles are
around 109°, and the dihedral angle Cl–Ce–N–Si is smaller in 2
(40°) than it is in 3 (55°). These latter, more substantial, angular
differences may be ascribed to imperfect modelling of steric
bulk in the periphery of the amide ligands; however, even in
their absence the lengthening of the N–Si bond is reproduced
very well (1.762 Å vs. 1.75 Å experimental) indicating that the
effect is electronic in origin.

The calculated structure 3 may in turn be compared to that of
the model cation [Ce{N(SiH3)2}3]+ 4.11 It is apparent that the
N–Si bonds are significantly elongated in those complexes
containing an additional chloride ligand, apparently irrespective
of the metal oxidation state,¶ unperturbed bonds being 1.70 Å
by our initial calculations on the CeIV centre 4 and 1.702(2) Å
by X-ray analysis on the parent CeIII amide 1,8 both of which are
nominally three-coordinate. It is surprising to find that the
presence of an additional ligand appears to exert a greater
influence on the geometry within the amido ligand than on the
Ce–N distances themselves (Ce–N in 4 is calculated to be 2.22
Å, similar to equivalent bonds in 2 and 3).

In summary, we have accomplished the isolation of
[CeCl(NR2)3] 2, a cerium analogue of the familiar [M(an-
ion)(amido)3] family of complexes perhaps best known for M =
Ti, Zr and Hf. Its structural characterisation has revealed an
elongation of the N–Si bonds in the hexamethyldisilylamido
ligands, which, when the continued uncertainty over the
existence or otherwise of N(pp)–Si(dp) bonding is considered,
invites further study of its origin. Preliminary steps towards this
end have been taken in the computational characterisation of
[CeCl{N(SiH3)2}3] 3, which reproduces the effect very well
even in the absence of significant steric crowding.

We wish to thank the EPSRC (M. F. L., A. G. H.) and CNRS
(O. E., L. M.) for support.

Notes and references
‡ Synthesis of [CeCl(NR2)3] 2: [Ce(NR2)3]6 1 (1.0 g, 1.6 mmol) was
dissolved in toluene (25 mL) at room temperature and TeCl4 (0.11 g, 0.25
eq.) was added in one portion with vigorous stirring. The solution
immediately turned purple, although stirring was continued for 2 h; its
volume was reduced under vacuum to ca. 2 mL, hexane (ca. 15 mL) was

added, and the resulting mixture was filtered and stored overnight at 225 °C
to produce well-formed purple–black needles of 2, which were isolated by
filtration (0.25 g, 24%). Found: C, 32.4; H, 8.2; N, 6.5. C18H54CeClN3Si6
requires C, 32.92; H, 8.29; N, 6.40%. Mp, 119–121 °C (decomp.). 1H NMR
(300 MHz, [D6]benzene, 20 °C): d 0.42. EI-MS: m/z (%) 640 (4) [M 2
Me]+, 620 (54) [Ce(NR2)3]+, 605 (14) [Ce(NR2)3 2 Me]+, 459 (78)
[Ce(NR2)2]+, 444 (24) [Ce(NR2)2 2 Me]+, 299 (73) [Ce(NR2)]+, 284 (57)
[Ce(NR2)2Me]+.
§ Crystals from thf–hexane at 225 °C; C18H54CeClN3Si6, M = 656.75,
rhombohedral (on hexagonal axes), a = b = 18.4508(7) Å, c = 16.8934(7)
Å, V = 4980.6(3) Å3, space group R3c, Z = 6, m(Mo-Ka) = 1.68 mm21,
173(2) K, 1781 independent reflections, 1693 reflections with I > 2sI,
refined using SHELXL-9712 with 88 parameters, R1 = 0.023 and wR2 (all
data) = 0.057, max./min. residual electron density = 0.62 and 0.41 e
Å23.

CCDC reference number 162978. See http://www.rsc.org/suppdata/cc/
b1/b103634n/ for crystallographic data in CIF or other electronic format.
¶ We have been unable to synthesise the [CeCl(NR2)3]2 anion to test this
hypothesis further.

1 It should be noted that like Ti4+ and Zr4+, but in contrast to Hf4+, the
Ce4+ ion has no 4f electrons, and so in one way deserves to be associated
with Group 4. While a re-ordering of the Periodic Table is clearly not
appropriate in this case, see W. B. Jensen, J. Chem. Educ., 1982, 59, 634
for an interesting and persuasive discussion of the relative positioning of
La and Lu.

2 Notably absent from the literature of cerium chemistry, but pivotal in
Group 4, are the metallocene dihalides [MCl2Cp2]. With respect to
claims on their synthesis: see B. L. Kalsotra, R. K. Multani and B. D.
Jain, J. Inorg. Nucl. Chem., 1972, 34, 2679 and references therein, see
also ref. 4 and references herein.

3 Yu. K. Gun’ko, P. B. Hitchcock and M. F. Lappert, Organometallics,
2000, 19, 2832.

4 [CeCp3OtBu]: W. J. Evans, T. J. Deming and J. W. Ziller, Organome-
tallics, 1989, 8, 1581; [CeCp3OiPr]: A. Gulino, M. Casarin, V. P.
Conticello, J. G. Gaudiello, H. Mauermann, I. Fragala and T. J. Marks,
Organometallics, 1988, 7, 2360.

5 C. Morton, N. W. Alcock, M. R. Lees, I. J. Munslow, C. J. Sanders and
P. Scott, J. Am. Chem. Soc., 1999, 121, 11 255.

6 D. C. Bradley, J. S. Ghotra and F. A. Hart, J. Chem. Soc., Dalton Trans.,
1973, 1021.

7 (a) A. F. Hill, A. G. Hulkes, A. J. P. White and D. J. Williams, Angew.
Chem., Int. Ed., 1999, 38, 512; (b) similarly, reaction of 1 with TeBr4

yields [CeBr(NR2)3] in low yield. We have found [PBr2Ph3] to be a
more effective oxidant: A. G. Hulkes and M. F. Lappert, to be
submitted.

8 W. S. Rees Jr., O. Just and D. S. Van Derveer, J. Mater. Chem., 1999,
9, 249.

9 C. Airoldi, D. C. Bradley, H. Chudzynska, M. B. Hursthouse, K. M.
Abdul Malik and P. R. Raithby, J. Chem. Soc., Dalton Trans., 1980,
2010.

10 L. Maron and O. Eisenstein, J. Phys. Chem. A, 2000, 104, 7140.
11 L. Maron and O. Eisenstein, New J. Chem., 2000, 25, 255; additional

calculations are in progress on this hypothetical species.
12 SHELXL-97, Program for structural refinement, G. M. Sheldrick,

University of Göttingen, Germany, 1997.
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Mono- and di-nickellaazaphosphiranes of mono- and
bis-(amido)cyclodiphosph(III)azanes†
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The syntheses and solid-state structures of the first three-
membered nickel–phosphorus–nitrogen ring compounds,
having anionic four-electron PNN moieties are reported.

Most modern homogeneous catalysts, which polymerize olefins
to macromolecules with predictable properties, are mixtures of
early-transition metal compounds and Lewis-acidic Group 13
cocatalysts.1 Recently Brookhart and Gibson demonstrated that
similar mixtures of late-transition metal complexes, particularly
those with chelating bis(imino) ligands, also polymerize olefins
with excellent activities.2 Even more promising are single-
component, late transition-metal alkyls, because they are both
active in the absence of the expensive cocatalyst and they
polymerize polar olefins.3 The unusual properties of these
neutral compounds and their polymers have rekindled interest in
transition metals, especially iron, cobalt and nickel, that were
once considered unlikely candidates for polyolefin catalysis.

We previously reported bis(amido)cyclodiphosph(III)azane
complexes A of group 4 metals, which form polyethylene, but

have comparatively short lifetimes.4 Follow-up studies showed
that the Lewis-acidic medium deactivates the catalyst by the
ring opening of the cyclodiphosph(III)azane. This caused us to
test the suitability of these heterocycles as ligands for neutral
late-transition metal catalysts. To synthesize such complexes
we modified the cyclodiphosph(III)azane to a monoanionic
version, because one chloride ligand is required for polymer-
chain growth.

By treating NiCl2(PBun
3)2 with cis-[ButOP(m-NBut)2PN-

But]2 (Scheme 1) we hoped to obtain precatalyst B and activate
it by alkylation. Although both, tetrahedral and planar,
coordination geometries were conceivable, the diamagnetism of
the orange–red product 2‡ indicated that the nickel atom was
planar or almost planar. The uncommon chemical shift of one of
the heterocycle’s phosphorus atoms (253.1 ppm and ca. 170
ppm upfield of that of pristine ligand), however, suggested an
unusual ligand coordination.

This suspicion was confirmed by an X-ray analysis, Fig. 1,
which showed that in 2§ the amidocyclodiphosph(III)azane is
not the expected N,O-chelate, but an h2-P,N ligand, instead.
Compound 2 is a spirocycle of three- and four-membered rings,
whose crystallographic m symmetry implies a perfectly-planar

nickel environment, although some of the bond angles [e.g. P1–
Ni–N1 45.62(9)°] are far from ideal square planar. The Ni–Cl
[2.2175(10) Å] and Ni–P3 [2.1522(12) Å] bond lengths,
however, are quite similar to those in related nickel–chloro–
amido–phosphine complexes.5

To test the generality of the reaction we repeated it with the
bifunctional bis(amino)cyclodiphosph(III)azane C (Scheme 1),
for which N,N chelation seemed a distinct plausibility. Treat-
ment of {NiCl2[P(Bun)3]2} with dianionic C afforded again a
dark-red, diamagnetic complex 3.‡ The X-ray analysis, Fig. 2,§
confirmed that 3 was an almost C2-symmetric, dinuclear
analogue of 2, whose nickel atoms exhibited bond parameters
that are isometric with each other and those of 2.

A survey of the bond lengths of 2 and 3 reveals that the
amidocyclodiphosph(III)azanes are not simple amido ligands
with auxiliary nickel–phosphorus interactions. Thus, the metal-

† Electronic supplementary information (ESI) available: experimental
section and crystallography. See http://www.rsc.org/suppdata/cc/b1/
b105359k/

Scheme 1

Fig. 1 Thermal ellipsoid (35% probability) plot of 2. The n-butyl
substituents of PBun

3 have been truncated to the first methylene carbons.
Selected bond lengths (Å) and angles (°): Ni(1)–Cl(1) 2.2175(10), Ni(1)–
P(1) 2.0796(9), Ni(1)–N(1) 1.925(3), Ni(1)–P(3) 2.1522(12) P(1)–N(1)
1.559(3); P(3)–Ni(1)–Cl(1) 92.95(5), N(1)–Ni(1)–Cl(1) 105.55(9), P(1)–
Ni(1)–N(1) 45.62(9), P(1)–Ni(1)–P(3) 115.88(5).

This journal is © The Royal Society of Chemistry 2001
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lacyclic P–N bonds [av. 1.555(5) Å] are substantially shorter
than in pristine C [1.664(3) Å],6 and consistent with PNN double
bonds. This electron distribution places a formal negative
charge on the phosphorus atoms, thereby reversing the polarity
in the phosphorus–nitrogen bonds. The very short Ni–P [av.
2.0796(9) Å] and normal Ni–N [av. 1.925(3) Å] bonds reflect
this as well, suggesting that canonical form D best describes the
bonding in these mono- and di-nuclear species. The title
compounds are thus planar, 16-electron nickel(II) complexes
with anionic four-electron PNN ligands.

Only two nickellaazaphosphiranes have previously been
structurally characterized, but in these nickel(0) species (E) the
iminophosphine is a neutral p-donor ligand.7 Diagnostic for this
type of coordination is the lengthening of the PNN bond from
1.544(4) Å8 in the free iminophosphine to 1.646(2) Å in the
complexes, as would be expected from the removal of p-
bonding electron density. The nickel–phosphorus bonds in such
compounds are also substantially longer [2.23(1)–2.409(3) Å]
than those in 2 and 3.

Nickellaazaphosphiranes with anionic PNN moieties have, to
our knowledge, not been fully characterized, although their
existence has been confirmed by NMR spectroscopy.9 The
closest crystallographically characterized analogue of the title
compounds is a zirconium phosphinomethanide complex with a
three-membered P–Zr–C ring, the PNCR2 unit being iso-
electronic with PNNR.10

The easy syntheses and remarkable stabilities of these three-
membered metallacycles suggest that it may be possible to
extend these metallations to related heterocyclic and perhaps
even acyclic primary aminophosphines. Despite their unex-

pected structures, 2 and 3 exhibit the expected reactivity and are
readily alkylated. They may thus still serve as the targeted
neutral, single-component catalysts. Our investigations into the
generality of these metallaazaphosphirane formations and
potential uses of the title compounds in olefin catalysis are
continuing.

We thank the Chevron Phillips Chemical Company for
financial support.

Notes and references
‡ Anal. Found for 2: C, 52.46; H, 9.96; N, 6.64. Calc. for
C28H63ClN3NiOP3: C, 52.15; H, 9.85; N, 6.52%. Mp 176–179 °C. dH

(C6D6, 298 K) 1.626 (9 H, s), 1.592 (30 H, s), 1.349 [6 H, q, J(HH) 7.0 Hz],
1.200 (9 H, s, NBut), 0.918 [9 H, t, J(HH) 7.4 Hz]. dC (C6D6, 298 K) 76.82
[d, J(PC) 8.8 Hz], 54.25 [d, J(PC) 27.5 Hz], 53.08 [dd, J(PC) 7.6, 3.1 Hz],
32.79 [d, J(PC) 4.1 Hz], 32.33 [t, J(PC) 5.6 Hz], 31.30 [d, J(PC) 8.8 Hz],
27.09 (s), 25.94 [dd, J(PC) 25.5, 1.7 Hz], 25.01 [d, J(PC) 12.9 Hz], 14.25
(s). dP (C6D6, 298 K) 109.6 [d, J(PP) 24.7 Hz, PO], 15.2 [d, J(PP) 85.3 Hz,
PBun

3], 253.6 [dd, J(PP) 84.2, 24.7 Hz, PNN].
Anal. Found for 3: C, 51.29; H, 10.16; N, 5.97. Calc. for

C40H90Cl2N4Ni2P4: C, 51.15; H, 9.66; N, 5.96%. Mp 164 °C. dH (C6D6, 298
K) 1.88 (18 H, s, NBut), 1.67 (12 H, m, Bun), 1.52 (12 H, m, Bun), 1.46 (18
H, s, NBut), 1.35 [12 H, q, J(HH) 7.2 Hz, Bun], 0.89 [18 H, t, J(HH) 7.3 Hz,
Bun]. dC (C6D6, 298 K) 54.97 (s, NBut), 53.84 [t, J(PC) 14.1 Hz, NBut],
32.95 (s, NBut), 32.70 [t, J(PC) 4.6 Hz, NBut], 27.21 (s, Bun), 25.05 [d,
J(PC) 11.9 Hz, Bun], 24.45 [d, J(PC) 25.0 Hz, Bun], 14.12 (s, Bun).
dP (C6D6, 298 K) 12.19 [dm, J(PP) 84.5 Hz, PBun

3], 282.43 [dt, J(PP) 85.4,
21.6 Hz, PNN].
§ Crystal data: for 2: C28H63ClN3NiOP3, M = 644.88; orthorhombic, space
group Pnma, a = 20.538(2), b = 13.6862(15), c = 13.1024(14) Å, U =
3682.8(7) Å3, T = 212 K, Z = 4, m(Mo-Ka) = 0.753 mm21. 24068
reflections measured, 4736 unique (Rint = 0.0355) which were used in all
calculations. The final wR(F2) was 0.1549 (all data). For 3:
C40H90Cl2N4Ni2P4, M = 939.36; monoclinic, space group P21/c, a =
13.905(3), b = 18.186(4), c = 21.592(4) Å, b = 98.13(3)°, U =
5405.3(19) Å3, T = 293 K, Z = 4, m(Mo-Ka) = 0.942 mm21. 8647
reflections measured, 7028 unique (Rint = 0.0876) which were used in all
calculations. The final wR(F2) was 0.1486 (all data).

CCDC reference numbers 166955 and 166956. See http://www.rsc.org/
suppdata/cc/b1/b105359k/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 Thermal ellipsoid (35% probability) plot of 3. The n-butyl
substituents of both PBun

3 ligands have been truncated to the first
methylene carbons. Selected bond lengths (Å) and angles (°): Ni(1)–Cl(1)
2.2001(16), Ni(2)–Cl(2) 2.1996(17), Ni(1)–P(1) 2.0759(13), Ni(2)–P(2)
2.0739(14), Ni(1)–N(3) 1.939(4), Ni(2)–N(4) 1.944(4), Ni(1)–P(3)
2.1551(16), Ni(2)–P(4) 2.1584(18), P(1)–N(3) 1.556(4), P(2)–N(4)
1.551(4); P(3)–Ni(1)–Cl(1) 95.64(7), N(3)–Ni(1)–Cl(1) 105.27(13), P(1)–
Ni(1)–N(3) 45.44(12), P(1)–Ni(1)–P(3) 113.76(6), P(4)–Ni(2)–Cl(2)
95.24(7), N(4)–Ni(2)–Cl(2) 105.72(13), P(2)–Ni(2)–N(4) 45.27(12), P(2)–
Ni(2)–P(4) 113.91(6).
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NMR evidence of pentaoxo organosilicon complexes in dilute neutral
aqueous silicate solutions
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Silicon-29 NMR spectra of a neutral, dilute aqueous silicic
acid solution, with a pH and Si concentration typical of soil
solutions, reveal that a significant fraction of the silicon is
incorporated in two five-coordinated organosilicon com-
plexes when sodium gluconate is present.

The solubility of silica in aqueous solution is markedly pH
dependent above pH 8.0, although it is nearly constant across
the pH range typical of groundwater and soil solutions, varying
from ca. 5 ppm for a-quartz to 130 ppm for amorphous silica at
pH 7.1 At these concentrations, silica exists primarily as
tetravalent monosilicic acid, Si(OH)4, although some also
occurs as disilicic acid, (OH)3SiOSi(OH)3.2 Indeed, small
quantities of higher oligomers are also expected since the
speciation of aqueous silicates is governed by the rules of
polymer chemistry, and monomeric silicic acid is always in
dynamic equilibrium with more condensed species.3–5 No other
silicon containing species have ever been identified in neutral
aqueous solutions, and there has never been any evidence to
suggest that silicic acid reacts with organic species at these pH
values and concentrations. Although it has often been proposed
that organosilicon compounds are key to molecular level
processes underpinning the weathering of minerals and bio-
silicification in plants, such claims have always been spec-
ulative.

We have shown elsewhere,6,7 however, that silicon–carbo-
hydrate compounds readily form in aqueous solution, although
at pH values and silica concentrations much greater than are
generally found in nature. Surprisingly, the Si centres in such
complexes are not tetravalent, but instead exist with either
pentaoxo or hexaoxo coordination, or both.6 Such hypervalent
species only form when the carbohydrate ligand contains four or

more adjacent hydroxy groups, with two in threo configuration,
and are especially stable if the ligand also contains a carboxylic
acid end group.7 Accordingly, simple sugar acids like gluconic,
saccharic and glucoheptonic acid show great affinity for
aqueous silicate anions at high pH.

Here we present evidence for the existence of stable silicon–
carbohydrate compounds in neutral solution. This represents
the first observation of an organosilicon compound forming at
biologically relevant Si concentrations and pH. Indeed, with the
exception of the well attested monosilicic and disilicic acid
species, no other Si-containing molecule has ever been
observed in neutral aqueous solution.

Fig. 1 shows the 29Si-{1H} NMR spectrum of an aqueous
sodium gluconate solution which has been tumbled with
amorphous silica (enriched to 75 atom% in the NMR active 29Si
nuclide) for 4 weeks at 311 K. The solution has a measured pH
of 7.0† and a silicon concentration of 1.4 3 1023 mol kg21, a
figure that is consistent with Si levels in soil solutions. As
expected, most of the silicon is present as monosilicic and
disilicic acid, and the corresponding signals at 271.0 and 280.2
ppm, respectively, are labeled in the figure. Two additional
signals are seen at 2101.3 and 2102.0 ppm, in the region
characteristic of five-coordinated Si,8 and account for 31% of
the silicon in solution. Analogous signals appear in the 29Si
spectra of high pH silicate solutions that contain gluconic acid
or other aliphatic carbohydrate molecules having the requisite
hydroxy group configuration.6,7 Analysis of 29Si–1H scalar
coupling and the corresponding 13C NMR spectra for those
solutions showed unequivocally that the 29Si signals originate
from Si centres coordinated to two or more carbohydrate –OC·
linkages.6,7 Since a –OC· group is significantly less shielding
than –OSi·, the peaks at 2101.3 and 2102.0 ppm almost

Fig. 1 Silicon-29 NMR 1H-decoupled spectrum (99.36 MHz) at 270 K of a 3.35 mol kg21 sodium D-gluconate solution in which amorphous SiO2 (75% 29Si-
enriched) was tumbled for 4 weeks at 311 K, followed by 0.1 mm filtration. The final solution composition was 1.4 3 1023 mol kg21 Si (by ICAP), with
a measured pH of 7.0 (298 K). The spectrum was recorded using 8414 p/2 pulses with an interpulse delay of 47 s, and processed using 2 Hz artificial line
broadening. Spectral integration shows that 66 ± 2% of the dissolved silicon exists as the four-coordinated silicate monomer [Si(OH)4, Q0; 271.0 ppm, Dv1

2

= 2.5 Hz], 3 ± 1% as the dimer [(OH)3SiOSi(OH)3, Q1
2; –80.2 ppm, Dn1

2
= 2.5 Hz], and 31 ± 2% as one of two five-coordinated silicon (denoted ‘P’ for

pentafunctional6) complexes that correspond to the signals at 2101.3 (Dn1
2

= 8.2 Hz) and 2102.0 ppm (Dn1
2

= 3.7 Hz).

This journal is © The Royal Society of Chemistry 2001
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certainly arise from pentaoxosilicon complexes rather than from
those containing either tetrahedral Si(OSi·)4 or (·CO)nSi(O-
Si·)42n sites.

The spectrum remains unchanged over time, indicating that
the complexes are thermodynamically stable. Indeed, the
complexes are so energetically favoured that they re-assemble
within the time required to obtain an NMR spectrum if the
sample constituents are broken down by heating the sample to
boiling.

The actual molecular structure of these complexes cannot be
deduced with certainty from our spectra. The low Si concentra-
tions involved place these experiments at the very edge of the
spectrometer detection limits, even using isotopically enriched
materials. The spectrum shown in Fig. 1 required 8 days to

acquire. Nevertheless, our work on concentrated alkaline
samples7 would suggest that pentavalent organosilicon com-
plexes 1, 2 and 3 occur when silicate anions combine with
gluconate ligands. Based then on the chemical shifts of signals
identified at higher pH, we tentatively assign the peak at 2101.3
ppm in Fig. 1 to species 2 and that at 2102.0 ppm to species
3.

Evidence that gluconic acid is effective at sequestering
silicate anions in dilute neutral solution suggests that simple
sugar acids, or molecules containing structurally related sub-
units, could indeed play a role in isolating and trapping silicate
anions in groundwater and biofluids, thus contributing to the
functionality of silicon in nature.

This work was supported in part by the National Institutes of
Health (USA; PHS 1 S10 RR 10444-01, GM-42208, RR01811)
and the Natural Sciences and Engineering Research Council of
Canada.

Notes and references
† pH measurements were performed on two non-isotopically enriched
solutions prepared under conditions identical to those used for the 29Si
enriched sample in Fig. 1 (also yielding the same 1.4 3 1023 mol kg21 Si
concentration), using an Orion ROSS glass pH electrode. The calculated pH
for a 3.35 mol kg21 gluconate (Kb = 4.0 3 10211) solution is 9.0, which
indicates that 4 weeks exposure to atmospheric CO2 and amorphous silica
had an appreciable neutralizing effect.

1 R. K. Iler, The Chemistry of Silica, Wiley, New York, 1979, pp. 40–46;
J. D. Rimstidt, Geochim. Cosmochim. Acta, 1997, 61, 2553.

2 L. W. Cary, B. H. W. S. De Jong and W. E. Dibble, Geochim.
Cosmochim. Acta, 1982, 46, 1317.

3 C. T. G. Knight and S. D. Kinrade, in Silicon in Agriculture, ed. L. E.
Datnoff and G. H. Snyder, Elsevier, Amsterdam, 2001, pp. 57–84.

4 C. T. G. Knight, J. Chem. Soc., Dalton Trans., 1988, 1457.
5 S. D. Kinrade and T. W. Swaddle, Inorg. Chem., 1988, 27, 4253; S. D.

Kinrade and T. W. Swaddle, Inorg. Chem., 1988, 27, 4259.
6 S. D. Kinrade, J. W. Del Nin, A. S. Schach, T. A. Sloan, K. L. Wilson and

C. T. G. Knight, Science, 1999, 285, 1542.
7 S. D. Kinrade, R. J. Hamilton, A. S. Schach and C. T. G. Knight, J. Chem.

Soc., Dalton Trans., 2001, 961.
8 B. Herreros, S. W. Carr and J. Klinowski, Science, 1994, 263, 1585.

Chem. Commun., 2001, 1564–1565 1565



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Non-catalytic and selective alkylation of phenol with propan-2-ol in
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Phenol can be alkylated with propan-2-ol without catalyst in
supercritical water at 673 K with mainly ortho substituted
alkylphenols being obtained and alkylation reaction rate
increasing with increasing water density.

The Friedel–Crafts reaction is the most widely used in
chemistry and industry for the alkylation of aromatics. This
reaction is promoted by strong acid catalysts such as Lewis
acids (AlCl3 and BF3) and mineral acids (HF, H2SO4),1 and is
frequently conducted in organic solvents, which requires
considerable waste treatment. Because of increased awareness
towards our environment, research has been directed towards
alternative solvents and non-catalytic pathways.

The reactivity of the hydroxy group of phenol strongly
activates the ring substituents, especially at the ortho and para
positions. Thus, in the alkylation of phenol through the Friedel–
Crafts reaction, it is difficult to alkylate only one position. If the
alkylating agents are propan-1-ol or propan-2-ol, the condensa-
tion between alcohol and hydroxy group yields isopropyl
phenoxy ether, in addition to the alkylation.2 Solid catalysts
have been used for ortho-selective alkylation of phenol.3,4 Gray
et al. reported that the etherification and alkylation of phenol
could be controlled and the ortho alkylphenol obtained was over
3 times larger than that for para substituents in supercritical
CO2 with a solid catalyst.4

High temperature water can possibly provide an alternative
pathway for formation of C–C bonds.5,6 In the alkylation of
phenol, Chandler et al.7,8 studied non-catalytic alkylation of
phenol with several alcohols in high temperature water at
523–573 K. They reported that alkylation of phenol with
propan-2-ol occurred almost only at the ortho position of
phenol. However, the reaction rate and alkylphenol yield
obtained were low being about 20% after 120 hours reaction
time.

Supercritical water (Tc = 647 K, Pc = 22.1 MPa) shows
some unique properties and has been considered for the
decomposition of organics.5 It is completely miscible with
many organics and can provide a homogeneous reaction field.
Solvent properties such as density and relative permittivity can
be varied by manipulating temperature and pressure. The
reaction rate in supercritical water is expected to be much higher
than that in sub-critical water due to not only the higher
temperature but also to the homogeneous reaction environment9
and the chemical effects caused by the relative permittivity.10 In
this study, we conducted non-catalytic alkylation of phenol with
propan-2-ol in supercritical water at 673 K and water densities
ranging from 0 to 0.5 g cm23 and determined the reaction
pathway. We show that high reaction rate, high alkylphenol
yields and ortho selectivity are possible in high temperature
dense water.

Reactions were conducted with 6 cm3 stainless 316 tube
bomb reactors. Phenol (99.0% purity, Wako Pure Chemical
Industries, Ltd.) and propan-2-ol (99.5% purity, Wako Pure
Chemical Industries, Ltd.) were loaded into the reactors and
then a given amount of water was added. The air in the reactor
was exchanged with argon gas by successive purgings and the
reactor was sealed. The molar ratio of propan-2-ol to phenol was

1+5, which corresponded to a concentration of 0.33 mol L21 for
propan-2-ol and 1.65 mol L21 for phenol. Water was loaded
from 0 to 0.5 g cm23 of water density corresponding to a range
of concentration from 0 to 27.7 mol L21. The reactors were
submerged into a sand bath controlled at 673 K. After 10–60
minutes, the reactors were quenched. Products were identified
by GC-MS and by comparison of the GC retention time with
standards. Quantitative analysis of products was conducted with
GC-FID. For some cases, we conducted experiments for the
analysis of gas products using a reactor that was connected to a
valve. For these cases, the gas compositions were analyzed by
GC-TCD. The product yield was defined on a propan-2-ol basis,
as: yield (%) = (moles of carbon atom of the alkyl chain except
benzene ring) / (moles of carbon atom in propan-2-ol loaded) 3
100.

Fig. 1 shows the yield of main products for the alkylation of
phenol with propan-2-ol in supercritical water at 0.5 g cm23 of
water density and 673 K. The main liquid products were
2-isopropylphenol, 2-propylphenol and 2,6-diisopropylphenol,
and their maximal yields were 57.9, 6.9 and 5.9%, respectively.
Other liquid products obtained were 2-isopropyl-6-propyl-
phenol and 4-isopropylphenol, and their maximal yields were
1.7 and 2.4%, respectively. From 10 to 60 minutes reaction
time, the gas product was almost all propylene, whose molar
proportion to all gases was always above 90%. In particular, the
proportion of propylene was above 95.9% before 30 minutes
reaction time. After that, the proportion of hydrogen, methane
and propane slightly increased up to 4.7, 1.5 and 3.4%,
respectively. Propylene yields shown in Fig. 1 were obtained by
the carbon balance and so include other gas products as well.
The yield of propan-2-ol rapidly decreased and the conversion
of propan-2-ol was above 90% at 20 minutes of reaction time.
The yield of propylene was 52.1% at 10 minutes of reaction
time and decreased with reaction time down to 25.8%. The yield
of 2-isopropylphenol increased with time up to 57.9% and that
of 2-propylphenol increased up to 6.9%. The yield of 2,6-diiso-
propylphenol increased up to 5.9% at 45 minutes and subse-
quently decreased to 5.2% at 60 minutes reaction time. After 45
minutes, the reaction appeared to be at equilibrium. In contrast,
Chandler et al.7 reported that the reaction did not reach
equilibrium even after 120 hours of reaction time at 548 K.

Fig. 1 Yield of (+) propylene, ($) 2-isopropylphenol, (-) 2-propylphenol
and (∂) 2,6-diisopropylphenol for reaction of phenol with propan-2-ol (1)
at 0.5 g cm23 of water density and 673 K.

This journal is © The Royal Society of Chemistry 2001
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The dehydration of propan-2-ol yielded propylene at the early
reaction times. Alkylphenols dissociate in its aqueous solution,
as shown by Xiang et al.11 who reported that b-naphthol
dissociates even in supercritical water. For example, the
dissociation constant of b-naphthol is 1.26 3 10211 mol kg21 at
673 K and 0.5 g cm23 of water density. At room temperature
and pressure, the dissociation constant of phenol (pKa = 9.89)
at 293 K and 0.1 MPa was similar to that of b-naphthol (pKa =
9.51) at 298 K and 0.1 MPa.12 Phenol probably dissociates in
supercritical water. Antal et al.13 reported that the acid-
catalyzed dehydration of propan-2-ol yielded propylene in high
temperature water at 593 K.

Considering these experimental findings, the reaction path-
way shown in Scheme 1 was developed. The dehydration of
propan-2-ol (1) probably yields propylene (2), following
alkylation of phenol with propylene to 2-isopropylphenol (3),
2-propylphenol (4) and 2,6-diisopropylphenol (5). It is probable
that phenol acts as an acid catalyst and promotes the
dehydration of propan-2-ol at supercritical conditions.

The alkylation of phenol with propylene yielded 2-iso-
propylphenol, 2-propylphenol and 2,6-diisopropylphenol and
this reaction was the rate-determining step. Phenoxyether was
not produced, probably because hydrolysis of ethers occurs
readily in supercritical water.5 Phenol was alkylated almost
solely at the ortho position of the hydroxy group even in the
homogeneous system as obtained in high temperature water by
Chandler et al.7 The hydroxy group of phenol and several water
molecules can construct a ring structure formed by hydrogen-
bonds14 and the distance between hydroxy oxygen and
hydrogen increases with increasing the number of water
molecules in a ring structure.15 In supercritical carbon dioxide,
specific solvation around the hydroxy group of phenol can
occur.16 Taking these results into account, water molecules
probably locate around the hydroxy group of phenol at
supercritical conditions and construct a ring structure with the
hydroxy group of phenol. Then, the dissociation of the hydroxy
group is promoted locally around it. This makes the reaction
field limited only around the hydroxy group, which results in
mainly the ortho position being alkylated.

The data reported above were measured at 0.5 g cm23 of
water density. At these conditions, the phase in the reactor was
probably homogeneous and phenol was dissociated to a certain
extent as discussed previously. In order to determine the effect
of phase behavior and the dissociation of phenol, we conducted
the experiment at various water densities from 0 g cm23 (in Ar
atmosphere) to 0.5 g cm23 and at reaction times of 60 minutes.
The sum of the yield of alkylphenol was less than 2.4% below
0.3 g cm23 of water density. Table 1 shows the yield of propan-
2-ol (1), 2-isopropylphenol (3), 2-propylphenol (4) and
2,6-diisopropylphenol (5) at 673 K and more than 0.3 g cm23 of
water density. The yields of all alkylphenols increased with
increasing water density at more than 0.4 g cm23 of water
density, compared with the yield of propan-2-ol. This result
clearly shows that alkylation was accelerated with increasing

water density. We consider that phase behavior and the
concentration of protons can affect the reaction. At low water
density, the reactants were separated into two phases. Phenol
would probably be mainly distributed in the liquid phase while
the propan-2-ol would be distributed in the gas phase. With
increasing water density, the phase in the reactor probably
became homogeneous. In addition, the dissociation constant of
b-naphthol increases with increasing water density in super-
critical water.11 This trend seems to be applicable to the
dissociation of phenol. If the dissociation constant of phenol
increased with increasing water density, the concentration of
protons also increased. Then, dehydration and alkylation was
promoted with increasing water density, because the proton
catalyzed both reactions.

In summary, phenol was alkylated with propan-2-ol without
catalyst in supercritical water at 673 K. The alkylphenols
obtained were mainly ortho substituted compounds and the
maximum yield of 2-isopropylphenol was 58.8%. The sum of
ortho alkylphenols yield was 71.7%. Further, alkylation was
enhanced with increasing water density. Our results show that
supercritical water can provide a unique reaction field for the
alkylation, which is non-catalytic and highly selective.

The authors thank a Grant-in-Aid for Scientific Research on
Priority Areas (09450281, 10555270, 11450295 and 11694921)
the Ministry of Education, Culture, Sports, Science and
Technology, for support of this research.
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Scheme 1

Table 1 Yield of propan-2-ol and alkylphenols with water density for 60
minutes of reaction time at 673 K, [propan-2-ol]0 = 0.33 mol L21,
[phenol]0 = 1.65 mol L21

Yield (%)
Water density/
g cm23 1 3 4 5

0.3 75.9 3.1 0.3 0
0.4 58.5 18.0 2.2 0.6
0.42 13.7 45.5 5.8 3.7
0.46 4.5 55.1 7.1 5.1
0.48 3.6 58.8 7.5 5.4
0.5 2.6 55.0 6.9 5.1
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The C5O5
22 and relatively unstable C6O6

22 dianions, each
serving as a hub for binding with a set of convergent NH
donor groups of four phenylurea molecules, have been
generated in situ and stabilized in nearly isostructural
hydrogen-bonded host lattices.

Recently we initiated a program to explore the use of the non-
benzenoid aromatic oxocarbons CnOn

22 (n = 3, deltate; n = 4,
squarate; n = 5, croconate; n = 6, rhodizonate),1 each bearing
a planar set of divergent hydrogen-bond acceptor sites, in
combination with urea or thiourea, for the construction of
anionic host frameworks that accommodate quaternary ammo-
nium cations. In the series of inclusion complexes [Et4N+]2-
C4O4

22·2Et4N+·HCO3
2·4(NH2)2CO·6H2O,2 [Prn

4N+]2C4O4
22·

6(NH2)2CO·2H2O,3 [Et4N+]2C4O4
22·4(NH2)2CS·2H2O,4

[Et4N+]2C4O4
22·6(NH2)2CS6 and [Et4N+]2C4O4

22·2(NH2)2C-
S·2H2O,6 direct linkages between squarate and urea/thiourea
exhibit the hydrogen bonding patterns I–IV shown in Fig. 1,
which are further connected with the commonly occurring
infinite urea/thiourea chains or ribbons5 to generate two- or
three-dimensional host networks.

Attempts to obtain analogous croconate and rhodizonate
inclusion complexes with urea (and thiourea) have so far been
unsuccessful. We then proceeded on the hypothesis that an
oxocarbon dianion could be stabilized by surrounding it with
the maximum number of convergent NH donor sites, and to do
so it would be necessary to disrupt the intermolecular
association between urea molecules. We therefore decided to
replace urea with phenylurea, whose bulky and hydrophobic
substituent is expected to prevent, or at least suppress, the
formation of urea ribbons. Furthermore, the rhodizonate dianion
readily undergoes oxidative ring contraction through an a-oxo
alcohol rearrangement,6 which is related to the well known
benzil–benzylic acid rearrangement,7 to produce the croconate
ion. Accordingly we developed a simple method to generate
the rhodizonate ion in situ and incorporate it and its ring-
contracted croconate product into the host lattices of new
inclusion compounds [Bun

4N+]2C6O6
22·4PhNHCONH2 1 and

[Bun
4N+]2C5O5

22·4PhNHCONH2 2, respectively.‡
In the crystal structure of 1,§ four crystallographically

independent phenylurea molecules are directly connected to the
rhodizonate ion via separate pairs of strong N–Hanti…O
hydrogen bonds in the range of 2.834–2.933 Å [ring motifs A,

B, C and D; graph set N2 = R2
2 (9)]8 to form a pseudo-

centrosymmetric, slightly twisted X-shaped pentamer (Fig. 2).
One pair of opposite phenylurea molecules (designated as type
A) are nearly coplanar with the rhodizonate ion, as shown by the
relevant torsion angles C46–N5…O3–C3 0.6°, C46–N6…O4–
C4 18.9°, C60–N9…O6–C6 23.5° and C60–N10…O1–C1
28.2°, while the other pair (type B) are inclined to it at about
45°. Adjacent pentamers are joined together by pairs of strong
N–Hsyn…O hydrogen bonds between urea fragments
(N5…O10 2.913 Å and N9…O8  2.969 Å) in a complementary
manner [E, N2 = R2

2 (8)] to generate a wide rhodizonate–
phenylurea ribbon, which is further strengthened by additional
strong N–Hanti…O hydrogen bonds (N3…O10 3.063 Å and
N7…O8 3.083 Å) to produce two other ring motifs [F and G, N2
= R2

4 (8)]. This wide ribbon runs parallel to the [11̄0] direction,
and the hydrophilic amido fragment of the type A phenylurea
molecule participates in the construction of its zigzag ‘pseudo
rhodizonate–urea’ backbone in a ‘chain of rings’ pattern C3

3
(12)[R2

2 (9)R2
2(8) R2

2 (9)]. The phenyl rings of type A urea
molecules and whole urea molecules of type B protrude
outward from the backbone, and stacking of the wide ribbons
leads to a system of grated, broken-walled channels each
accommodating two parallel columns of well ordered tetra-n-
butylammonium cations (Fig. 3).

The hydrogen bonding pattern in the crystal structure of 2§
(Fig. 4) is very similar to that in 1 (Fig. 2), and the cyclic
pentameric structural unit with an oxocarbon core is basically
retained, so that the pair of inclusion compounds exhibit an
interesting isostructurality relationship.9 However, the croco-
nate ion is disordered about an inversion center, and it adopts
two equally populated orientations. Consequently, there are
only two independent phenylurea molecules in the asymmetric
unit of 2, and the length of the c-axis is about half of that in 1.
In addition to the conventional N–H…O hydrogen bonds, the
croconate-based pentamers are consolidated by the charged-
assisted C–H…O hydrogen bonds, whose metric parameters
(C19…O5 3.282 Å, H19…O5 2.497 Å, C19–H19…O5 142.3°,
H19…O5–C5 135.6°; C8…O2 3.341 Å, H8…O2 2.568 Å, C8–

† Dedicated to Dr. Tze-Lock Chan on the occasion of his retirement.

Fig. 1 Hydrogen bonding interaction between squarate ions and urea/
thiourea molecules in some inclusion complexes.

Fig. 2 Hydrogen bonding scheme of 1 showing a portion of the rhodizonate–
phenylurea wide ribbon consolidated by strong N–H…O hydrogen bonds.
The phenyl rings lie on opposite sides of the zigzag ribbon; half of them are
nearly co-planar with the ribbon, and the other half are inclined at 45°. The
orientation of these two kinds of phenyl rings is further illustrated in Fig. 2.
Symmetry transformation: A (2x, 2y, 2z).

This journal is © The Royal Society of Chemistry 2001
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H8…O2 140.9°, H8…O2–C2 164.4°) are comparable to those
in the most probable ranges (C…O  3.3–3.4 Å, H…O 2.2–2.6 Å,
C–H…O 150–160° and H…O–C ca. 120°).10

The present study provides the first reasonably precise
molecular dimensions of the rhodizonate dianion, which lends
support to the aromaticity of this non-benzenoid cyclic
oxocarbon. Notably, the measured C–C bond lengths
[1.421(5)–1.458(5) Å; see Fig. 5] of the rhodizonate in 1, which
exhibits approximate D6h molecular symmetry, are significantly
shorter than the corresponding values (1.488 and 1.501 Å) in
Rb2C6O6

11 and the calculated values (1.500 and 1.501 Å) for
the C2 structure of this dianion.12 Compound 1 provides yet
another example of the use of urea and its derivatives for

stabilizing elusive molecular anions such as allophanate13 and
dihydrogen borate14 in a hydrogen-bonded host lattice.

In summary, we have shown that the supramolecular
approach to the synthesis of solids may lead to the stabilization,
by way of crystal engineering, of a reactive covalent species,
and this strategy holds good promise for further development.

This work was supported by Hong Kong Research Grants
Council Earmarked Grant Ref. No. CUHK 4206/99P.

Notes and references
‡ Synthesis: phenylurea15a and tetrahydroxy-1,4-quinone hydrate15b were
prepared according to literature procedures. For 1, tetrahydroxy-1,4-qui-
none hydrate was dissolved in a small amount of absolute ethanol (E-Merck,
99.8%) in a stoppered flask, to which two molar equivalents of aqueous
tetra-n-butylammonium hydroxide solution (40 wt% in water, Aldrich)
were added. The solution was stirred until all solid material had completely
dissolved. Five molar equivalent of phenylurea was then added and stirred
for a while. The solution was concentrated under vacuum to yield a
brownish orange solid. The solid was next re-dissolved in a minimum
amount of absolute ethanol. After filtration, the deep orange red solution
was evaporated in a dessicator charged with anhydrous calcium chloride.
Rose-red polyhedral crystals of 1 (yield ca. 50%) were obtained after about
one week. Mp 125.4–130.6 °C. IR (KBr): 3390, 3338, 3271, 3205, 3075,
2956, 2871, 1696, 1652, 1598, 1545, 1500, 1444, 1343, 1247, 756, 696
cm21. It was found that when 1 was exposed in air, its reddish color
gradually faded and completely turned to pale yellow in ca. 3 h, therefore,
a selected crystal from a freshly prepared sample was sealed in a 0.5 mm
glass capillary for X-ray analysis. For 2, having noticed the color change of
1 in air, a small amount of warm absolute ethanol was added to re-dissolve
the immersed crystals. After the solution was kept inside a locker for
another three weeks, a crop of brownish yellow rectangular prisms of 2 was
deposited in ca. 60% yield. Compound 2 proved to be stable in air for an
indefinite period. Mp 128.3–134.5 °C. IR (KBr): 3339, 3271, 3201, 3076,
2957, 2874, 1695, 1595, 1545, 1509, 1445, 1343, 1250, 755, 698 cm21.
§ CCDC reference numbers 163266 and 163267. See http://www.rsc.org/
suppdata/cc/b1/b104386m/ for crystallographic data in CIF or other
electronic format.
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Fig. 3 The crystal structure of 1 showing the one-dimensional ‘broken-
walled’ channel system. The well ordered tetra-n-butylammonium cations
(represented by large shaded circles for clarity) are arranged in two parallel
columns in the [11̄0] direction. Half of the phenylurea molecules reach out
of the plane of each rhodizonate–phenylurea ribbon, functioning as spacers
which effectively separate the double cationic columns. The cross-section
of the parallelogram-shaped channel is ca. 11.6 3 19.2 Å.

Fig. 4 Hydrogen bonding scheme of 2, showing a wide croconate–
phenylurea ribbon running parallel to the b-axis. The disordered croconate
dianion lies at an inversion center; for clarity, one orientation is shown on
the left and the other on the right. Symmetry transformations: A (1 2 x, 2y,
1 2 z), B (1 2 x, 1 2 y, 1 2 z) and C (x, 1 + y, z).

Fig. 5 Structure of C6O6
22 in 1. Bond lengths (Å) and angles (°) with esds

in parentheses: O(1)–C(1) 1.234(4), O(2)–C(2) 1.247(4), O(3)–C(3)
1.252(4), O(4)–C(4) 1.251(4), O(5)–C(5) 1.258(4), O(6)–C(6) 1.250(4),
C(1)–C(2) 1.449(5), C(1)–C(6) 1.458(5), C(2)–C(3) 1.443(5), C(3)–C(4)
1.421(5), C(4)–C(5) 1.424(5), C(5)–C(6) 1.447(5); O(1)–C(1)–C(2)
120.1(4), O(1)–C(1)–C(6) 120.5(4), C(2)–C(1)–C(6) 119.4(4), O(2)–C(2)–
C(3) 120.0(4), O(2)–C(2)–C(1) 120.8(4), C(3)–C(2)–C(1) 119.2(4), O(3)–
C(3)–C(4) 120.4(4), O(3)–C(3)–C(2) 119.2(4), C(4)–C(3)–C(2) 120.5(4),
O(4)–C(4)–C(3) 119.7(4), O(4)–C(4)–C(5) 118.9(4), C(3)–C(4)–C(5)
121.4(4), O(5)–C(5)–C(4) 120.8(4), O(5)–C(5)–C(6) 120.1(3), C(4)–C(5)–
C(6) 119.1(4), O(6)–C(6)–C(5) 119.5(4), O(6)–C(6)–C(1) 120.4(4), C(5)–
C(6)–C(1) 120.1(4).
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Several cis-RuX2((R)-BINAP)(diimine) complexes have
been prepared, and many of these exhibit an unusual
temperature-dependent, accidental degeneracy of the 31P
shifts in their solution NMR spectra.

There is on-going research in this laboratory on Ru(II)
complexes possessing one chelating, ditertiary phosphine (P–P)
per Ru atom, because of their proven ability as hydrogenation
catalysts,1 especially for enantioselective catalysis when P–P is
a chiral diphosphine ligand;2 of such ligands, the C2-symmetric
BINAP (2,2A-bis(diphenylphosphino)-1,1A-binaphthyl) and its
derivatives have been employed very successfully in asym-
metric catalysis.3,4 We have also studied Ru(II) complexes with
mixed P- and N-donor ligand sets, where the N-donor is either
incorporated into the phosphine ligand,5 or with separate P- and
N-donor ligands,6 and the use of Ru(II) systems with tetra-
dentate ‘P2N2’ ligands for catalytic hydrogenation7 and epox-
idation8 reactions has been explored recently. Of particular
note, spectacular success has been achieved in the use of chiral
Ru(II) complexes with phosphine (either mono- or bidentate)
and diamine ligands in catalytic enantioselective hydro-
genation.4 We report here a warning concerning interpretation
of the 31P NMR spectra of such systems: ‘apparent complica-
tions’ can result from a remarkable temperature-dependent
degeneracy of 31P NMR chemical shifts. More specifically,
some systems, where two P atoms are trans to different ligands
(an N-donor, and a halogen), generate a singlet 31P{1H} signal
resulting from an authentic, accidental degeneracy.

Complexes of formula cis-RuCl2((R)-BINAP)(L2), where L2
= a bidentate (N–N) ligand,† were prepared by reaction of L2
with RuCl2((R)-BINAP)(PPh3),‡ and halide metathesis using
NaX (X = Br, I) in acetone afforded the corresponding cis-
RuX2((R)-BINAP)(L2) complexes. The structure of cis-
RuBr2((R)-BINAP)(bipy) (1b) is shown in Fig. 1.§ The
crystallographic and solution 31P{1H} NMR data (Table 1)
indicate that these complexes are formed stereoselectively. For
example, the pseudo-octahedral structure of 1b has the

expected3b l-conformation of the (R)-BINAP chelate ring, and
only the R,L diastereomer is seen (where L refers to the
chirality about the Ru atom; a parallel structural refinement was
carried out for both L and D isomers, but only the L structure
refined to convergence). Further, the solution 31P spectra reveal
the presence of only one set of signals at any given temperature,
while diastereomeric Ru(II) BINAP complexes have been
differentiated by 31P NMR data.6b,9 Cis-3a is seen solely as the
R,D diastereomer; whether the halide metathesis reaction
occurs with retention or inversion of stereochemistry at Ru
remains to be established.10 The solution 31P NMR behaviour is

Table 1 31P{1H} NMR spectroscopic data for cis-RuX2((R)-BINAP)(L2)a

dA, dB [2JAB/Hz]b

Complex C6D6 CDCl3 CD2Cl2

cis-RuCl2((R)-BINAP)(bipy) 1a 48.0, 46.0 [32.3] 47.1, 46.6 [33.5]c 47.2d

cis-RuBr2((R)-BINAP)(bipy) 1b 47.8, 45.2 [32.1] 47.3, 46.7 [33.3]e 47.2, 46.9 [33.7]f

cis-RuI2((R)-BINAP)(bipy) 1c 49.4, 42.5 [30.0] 48.8, 44.2 [30.6] 48.4, 44.6 [31.7]
cis-RuCl2((R)-BINAP)(dmbipy) 2 47.5, 47.2 [33.4]g 48.3, 47.4 [34.6] 48.0, 47.5 [34.4]
cis-RuCl2((R)-BINAP)(phen) 3a 48.4, 46.2 [34.0] 47.2h 47.9, 47.5 [34.4]i

cis-RuBr2((R)-BINAP)(phen) 3b 48.7, 45.7 [32.8] 48.0, 47.0 [33.1]j 47.5, 46.9 [34.0]k

cis-RuI2((R)-BINAP)(phen) 3c 50.8, 42.6 [29.7] 49.6, 44.6 [31.3] 49.3, 45.2 [31.5]
cis-RuCl2((R)-BINAP)(batho) 4 47.8, 45.5 [33.4] 47.6, 46.9 [33.6] 47.4, 47.1 [33.7]l

cis-RuCl2((R)-BINAP)(bpa) 5 50.7, 47.1 [33.3] 50.0, 47.6 [33.5] 49.5, 48.0 [33.6]
a Satisfactory elemental analyses were obtained for all the complexes listed.10 b At room temperature ( ~ 20 °C) except where noted (121 MHz spectrometer
frequency). c At 50 °C: d 47.2 (s). d At 230 °C: dA = 47.8, dB = 47.4 [33.8]; at 35 °C: dA = 47.4, dB = 47.0 [34.5]. e At 260 °C: d 47.3 (s). f At 10 °C:
d 47.2 (s); at 220 °C: dA = 47.6, dB = 47.2 [32.9]. g At 25 °C: d 47.3 (s); at 40 °C: dA = 47.4, dB = 47.0 [33.6]. h At 230 °C: dA = 47.8, dB = 47.2 [34.4];
at 60 °C: dA = 47.2, dB = 46.9 [33.9]. i At 0 °C: d 47.9 (s); at 290 °C: dA = 48.4, dB = 48.1 [34.9]. j At 240 °C: d 47.7 (s). k At 210 °C: d 47.6 (s); at
220 °C: dA = 47.6, dB = 47.2 [32.9]. l At 25 °C: d 47.2 (s).

Fig. 1 ORTEP representation (50% probability ellipsoids) of cis-RuBr2((R)-
BINAP)(bipy) (1b). Solvates and H-atoms have been omitted for clarity.
Selected bond distances (Å) and angles (°): Ru–Br(1), 2.6175(6); Ru–Br(2),
2.5476(7); Ru–P(1), 2.305(1); Ru–P(2), 2.317(2); Ru–N(1), 2.128(4); Ru–
N(2), 2.091(4); Br(1)–Ru–Br(2), 89.42(2); P(1)–Ru–P(2), 93.13(5); N(1)–
Ru–N(2), 77.7(2). Only the ipso carbon atoms (C(11), C(17), C(43) and
C(49)) of the phenyl groups are shown.
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remarkable in that the expected AB pattern is sometimes ‘lost’
(Table 1). Thus, 3a in CDCl3 shows a singlet (d 47.2) in its room
temperature spectrum, while in CD2Cl2 an AB pattern (dA =
47.9, dB = 47.5, 2JAB = 34.4 Hz) is present; 1a demonstrates
the opposite behaviour (an AB pattern in the CDCl3 spectrum
and a singlet in CD2Cl2).

Variable temperature (VT) NMR studies, conducted on all
the complexes, are exemplified by the data shown in Fig. 2.
From 0 to 10 °C, the spectrum of 1b consists of a sharp singlet,
while an AB pattern is observed either side of this range with
increasing separation of the signals; there is clearly no dynamic
exchange process between, for example, two species giving a
time-averaged singlet. A temperature-dependent, accidental
degeneracy of the two signals of the 4-line AB pattern gives rise
to the singlet. At a specific solvent and temperature combina-
tion, an A2 pattern is observed, the 31P nuclei having become
isochronous. This degeneracy occurs in at least one solvent
studied (usually chlorinated) for most of the cis-RuX2((R)-
BINAP)(L2) complexes, while cis-RuCl2((R)-BINAP)(dmbipy)
(2) is the only complex exhibiting degeneracy in C6D6 and not
in CDCl3 or CD2Cl2. The dibromo complexes 1b and 3b exhibit
degeneracy at lower temperatures than the corresponding
dichloro analogues (1a and 3a); the diiodo complexes (1c and
3c) show no degeneracy from 290 to 60 °C. Changing from the
planar bipy- or phen-based ligand systems (1–4) to that with
bis(o-pyridyl)amine (5) sufficiently separates the two 31P shifts
that degeneracy is not seen (Table 1). The related cis-
RuCl2(DPPB)(L2) complexes (DPPB = 1,4-bis(diphenylphos-
phino)butane) possess well separated (Dd > 10) signals in their
31P NMR spectra.6c

Such accidental degeneracy is likely involved in some
‘anomalies’ in earlier work from this laboratory. Within the
L(DPPB)Ru(m-Cl)3RuCl(DPPB) complexes (L = nitrile), a
31P{1H} singlet, rather than the expected AB (or AX) pattern, is
seen for the two P atoms at Ru at 20 °C in CD2Cl2 (i.e. a singlet
and 2 doublets are observed), while the expected 4 doublets are
seen in C6D6 or CDCl3;6b at 240 °C in CD2Cl2 the 2 sets of AB
patterns are seen.11 When L is Me2S, the AB pattern is seen at
20 °C in C6D6, but not in CDCl3, while the reverse holds true
when L is tetrahydrothiophene, although VT NMR experiments
were not performed.12

The temperature-dependence of 31P NMR shifts is well
documented, and indeed has been used for measuring sample
temperature in VT work; e.g. the dP values for PPh3 and ONPPh3
change linearly with temperature ( ~ 1.3 Hz °C).13 Further, the
temperature-dependence of the dP values for the dimetallic,
mixed-halide ClPd(m-DPPM)2PdI species (DPPM = bis(diphe-
nylphosphino)methane) formed in situ varies with solvent, and
the A2B2 pattern observed in CDCl3 at 220 °C ‘collapses’ to a
singlet at 35 °C, and reemerges above 45 °C,14 behaviour
similar to that of our Ru complexes.

To our knowledge, the cis-RuX2((R)-BINAP)(L2) complexes
are the first isolated complexes to exhibit temperature-

dependent degeneracy of 31P NMR shifts. These data, partic-
ularly the observance of the degeneracy at room temperature in
common NMR solvents, indicate that caution should be taken in
the analysis of 31P NMR data, especially for the widely studied
chiral P–P systems, where such spectra remain a major
characterization technique. The ‘impossible’ observation of a
singlet NMR signal must be interrogated further by variation of
temperature and variation of solvent.

We thank Colonial Metals Inc. for a loan of RuCl3·3H2O, Dr
S. King (formerly of Merck Research) for a gift of (R)-BINAP,
and NSERC of Canada for financial support.

Notes and references
† Abbreviations used are: bipy (2,2A-bipyridine), dmbipy (4,4A-dimethyl-
2,2A-bipyridine), phen (1,10-phenanthroline), batho (4,7-diphenyl-
1,10-phenanthroline, or bathophenanthroline) and bpa (bis(o-pyridyl)-
amine).
‡ A representative synthesis is as follows: RuCl2((R)-BINAP)(PPh3)1b

(0.19 g, 0.18 mmol) and bipy (0.37 g, 0.24 mmol) were dissolved in 7 mL
of C6H6 and the solution was refluxed for 3 h. The orange product (1a, L2

= bipy), precipitated by the addition of 30 mL hexanes, was washed with
hexanes and dried in vacuo. Yield: 0.11 g (65%). Anal. Calc. for
C54H40N2Cl2P2Ru: C, 68.21; H, 4.24; N, 2.95. Found: C, 68.24; H, 4.23; N,
3.01%.
§ Crystal data for 1b: C54H40N2Br2P2Ru·3C6D6, M = 1292.09, mono-
clinic, space group P21, a = 13.3564(7), b = 14.2879(7), c = 15.4367(9)
Å, b = 98.448(4)°, V = 2913.9(2) Å3, Z = 2, Dc = 1.473 g cm23, m =
17.45 cm21, T = 2100 °C, 25153 reflections measured, 6590 unique (Rint

= 0.089), R (Rw) = 0.079 (0.092) on all data. X-ray crystal data are also
available for 3a and 5.

CCDC reference number 164469. See http://www.rsc.org/suppdata/cc/
b1/b103473c/ for crystallographic data in CIF or other electronic format.
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Fig. 2 VT 31P{1H} NMR spectra (CD2Cl2, 121 MHz) of cis-RuBr2((R)-
BINAP)(bipy) (1b) from 30 to 230 °C. Spectra are plotted in 10 °C
increments.
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indole-3-acetaldoxime† is incorporated efficiently into phytoalexins but
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First biosynthetic studies utilizing tetradeuterated pre-
cursors indicate that the indole glucosinolate glucobrassicin
is not a precursor of the phytoalexin brassinin, and that
indole-3-acetaldoxime is an efficient precursor.

Plants have a complex arsenal of defense mechanisms to fight
pathogen attack. A significant aspect of these defense mecha-
nisms involves secondary metabolites, which may be either
constitutive or biosynthesized de novo in response to diverse
forms of stress, i.e. phytoalexins.1 The plant family Cruciferae
comprises a large number of economically important oilseed
crops as well as vegetables. Besides their economic importance,
crucifers are also interesting plant model-systems, containing
the first and only example to date of a completely sequenced
plant genome.2 Chemical characterization of secondary metab-
olites from crucifers has unraveled a remarkable array of
phytoalexins (e.g. 1–4),3 and a group of structurally related
secondary metabolites known as glucosinolates (e.g. 6).4 This
structural connection becomes more transparent considering
that methoxy derivatives of brassinin 1 (e.g. R = OMe, R1 = H)
and glucobrassicin 6 (e.g. R = OMe, R1 = H, R2 = b–D–
glucosyl) are naturally occurring within the same species and
that their levels increase simultaneously in plants subjected to
stress.5 Furthermore, unambiguous biosynthetic studies have
demonstrated that (S)-tryptophan is the precursor of both
metabolites 1 and 6.3,6 In this connection a number of
suggestions and attempts to establish a biogenetic relationship
between indole glucosinolates such as glucobrassicin 6 and
cruciferous phytoalexins have been reported.3,7 Furthermore, a
number of studies8 have demonstrated that (S)-tryptophan is
converted to 6 via indole-3-acetaldoxime 5 (Scheme 1).

Paradoxically, because glucosinolates are considered an
undesirable group of metabolites in brassicas,8 a large number
of oilseed breeding programs are directed at obtaining plants
containing low levels of glucosinolates. However, if indole
glucosinolates such as glucobrassicin 6 are precursors of
phytoalexins 1–4 (Scheme 1), then lowering glucosinolate
contents in these oilseeds may pose a substantial ecological risk
from a plant defense perspective. Nonetheless, despite a number
of biosynthetic studies in crucifers, this biogenetic relationship
has not been demonstrated.3 Thus we became interested in
establishing the possible biogenetic relationship between indole
glucosinolate 6 and brassinin 1, as well as the biosynthetic
pathway to the phytoalexin brassilexin 3.9 Here we establish for
the first time a biosynthetic relationship between indole-
3-acetaldoxime 5 and phytoalexins 1–4 which, contrary to
previous speculations,3 do not appear to be derived from indole
glucosinolate 6.

To investigate the possible biogenetic relationship between
phytoalexins and indole glucosinolates, [4,5,6,7-2H4]-com-
pounds 1a–3a were synthesized as previously reported;9
[4,5,6,7-2H4]glucobrassicin 6a was synthesized according to
the previously reported route10 but utilizing 7a9 as the starting

material.11 Initially, the cruciferous brown mustard (Brassica
juncea) was selected to determine the proposed biosynthetic
relationship because it produces phytoalexins 1–4 and indole
glucosinolate 6. Thus, [4,5,6,7-2H4]glucobrassicin 6a was
administered to leaves of brown mustard; after solution uptake
the leaves were elicited with a spore suspension of the fungus
Phoma lingam (perfect stage Leptosphaeria maculans), were
incubated, and extracted.9,12 HPLC analysis of the extracts
indicated the presence of phytoalexins 2–4; the extracts were
fractionated by HPLC and the identity of each phytoalexin was
confirmed by 1H NMR and HRMS-EI. Deuterium incorporation
in 2–4 (@0.1% relative to a natural abundance control sample
by HRMS-EI) was too small to establish 6a as a precursor.
Similar results were obtained when leaves were elicited with
UV light instead of the fungal spores. This lack of deuterium
incorporation was thought to be partly due to the substrate not
reaching the appropriate cell site.

Subsequently, it was thought that a different plant tissue
where precursors could be in contact with the tissue for a longer
period (i.e. no uptake of the substrate solution via the plant
vascular system) might lead to higher deuterium incorporation
levels. Thus, [4,5,6,7-2H4]glucobrassicin 6a was administered
to UV-irradiated turnip root slices (B. rapa)6 followed by
incubation. Similar experiments were conducted with non-
irradiated turnip roots. Extraction of the turnip tissue, fractiona-
tion, and HPLC analysis of extracts and fractions indicated the
presence of phytoalexins 1–4. Once again HRMS-EI analysis
indicated that deuterium incorporation in 1–4 was too low to
allow a reliable conclusion (@0.1%). However, two additional
compounds containing deuterium were separated and identified
unambiguously as indole-3-carbaldehyde 7a (34% 2H in-
corporation) and methyl indole-3-carboxylate 8a (26% 2H

† The IUPAC name for an acetaldoxime is acetaldehyde oxime.
Scheme 1 Biosynthetic pathway from (S)-tryptophan to phytoalexins 1–4
and indole glucosinolate 6.
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incorporation). These results indicated that metabolism of 6a to
7a and 8a occurred in turnip roots and that the metabolism was
unrelated to phytoalexin biosynthesis (Scheme 2).13 These
results also revealed for the first time that 3 was produced in
turnip roots.14

Next, to confirm that turnip root was an appropriate tissue to
study phytoalexin pathways, [4,5,6,7-2H4]brassinin 1a was
added to roots, the tissues were incubated, extracted, analyzed,
and the extracts fractionated to yield phytoalexins 3 and 4.
HRMS-EI and 1H NMR analysis indicated substantial deuter-
ium incorporation into both spirobrassinin 4a (15% 2H
incorporation) and 3a (9% 2H incorporation).13 The incorpora-
tion level of deuterium into brassilexin was substantially higher
than our early work utilizing B. carinata leaves,9 thus
demonstrating for the first time that in turnip, 1a is also a
precursor of 3a and confirming that turnip root tissue is an
adequate system for biosynthetic studies.6

Because of our unsuccessful attempt to demonstrate that 6a is
a precursor of 1a or related phytoalexins 2a–4a, we investigated
the potential biogenetic relationship between 5a and 1a. Thus,
tetradeuterated 5a was administered to UV-irradiated turnip
roots;15 after incubation of the tissues, extraction, and fractiona-
tion of the extracts, 2–4 were obtained. HRMS-EI analysis
indicated significant deuterium incorporation into 2a (10% 2H
incorporation), 4a (14% 2H incorporation) and 3a (2% 2H
incorporation). Furthermore, three additional compounds, sub-
sequently established to be tryptophol 9a and oxindoles 10a and
11a, were isolated and analyzed by HRMS-EI. Deuterium
incorporation levels suggested that metabolites 9a–11a were
fully derived from metabolism of 5a (Scheme 3, deuterium
incorporation @98%). This conclusion was consistent with the
absence of compounds 9a–11a in elicited control tissues.
Additional studies indicated that oxime 10a dehydrated upon
standing to yield nitrile 11a, suggesting that turnip tissue
contained the enzyme system required to oxidize oxime 5a to
10a, and that 11a might be an artifact of the isolation process.16

Note that 11 was previously isolated from B. oleracea,17

however its precursor oxindole oxime 10 has not been described
to date.

In conclusion, our results established a most important
biogenetic relation between phytoalexins 1/1a–4/4a and aldox-
ime 5/5a, whereas the postulated relationship between indole
glucosinolate 6/6a and these phytoalexins was not demon-
strated. Thus, considering that 5 is also a precursor of 6,8 it is

likely that the pathway to phytoalexins follows the tryptophan–
aldoxime route and will branch out from the indole glucosino-
late pathway a step(s) earlier than previously proposed.3
Nonetheless, our results have strong implications on plant
breeding to produce low glucosinolate content oilseed brassicas,
i.e. it is essential not to delete the indole acetaldoxime formation
steps, as aldoxime 5 is a close precursor of important
cruciferous phytoalexins (e.g. 1–4). Otherwise, ecologically
unfit plants with higher disease susceptibility may be produced.
Further work is necessary to find additional intermediates
between aldoxime 5 and brassinin 1 as well as the branch point
between the tryptophan pathway to indole glucosinolates and to
phytoalexins.

Support for the authors’ work was obtained from the Natural
Sciences and Engineering Research Council of Canada (In-
dividual Research grant and NRC-NSERC Research Partner-
ship grant to M. S. C. P.) and the University of Saskatchewan.
We would like to acknowledge the technical assistance of Ken
Thoms, Department of Chemistry, for mass spectroscopic
determinations.
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Scheme 2 Metabolism of [4,5,6,7-2H4]glucobrassicin (6a) in turnip roots
(B. rapa).

Scheme 3 Metabolism of [4,5,6,7-2H4]indole-3-acetaldoxime (5a) in turnip
roots (B. rapa).
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Upon oxidative dimerization of pale yellow Ar2CNCHPh 1
(Ar = 4-Me2NC6H4), deep blue 1,4-dication 22+ was
obtained as a stable salt, which was transformed into 1 by
reductive C–C bond fission; deprotonation of 22+ gave
intense yellow diene 3, which was interconvertible with
violet dication 42+ by two-electron transfer, thus exhibiting
two distinct modes of electrochromism before and after
proton transfer.

Recently, much attention has been focused on electrochromic
dyes1,2 for use as optical memories or electrochemical
switches.3 The representative examples are a series of open-
chain violenes4 shown by the redox couple of C and D in
Scheme 1. Diene C can be prepared by oxidative dimerization
of olefin A,2a and the similar procedure has been widely used to
synthesize novel TTF vinylogues.5,6 Although the oxidation
reactions are believed to proceed via unconjugated 1,4-dication
B, this intermediate has never been isolated nor even detected
spectroscopically probably due to its instability by rapid
deprotonation to C under the reaction conditions.

In our continuing efforts to develop new electrochromic
systems endowed with bistability by reversible C–C bond
making/breaking7 or drastic structural changes8 upon electron
transfer (dynamic redox properties), we have found here that the
dication B possessing two dye chromophores [X =
(4-Me2NC6H4)2C] and two aryl groups (R = aryl) can be
isolated as stable salts. By the selective transformation of B to
A by reduction and B to C by deprotonation, novel dual-mode
electrochromism shown in Scheme 1 could be realized, where
proton transfer alters the mode from one to another.

The voltammetric analysis‡ indicated that olefin 1§ under-
goes irreversible oxidation at +0.55 V vs. SCE in MeCN. The
corresponding reduction wave appeared in the far cathodic
region (20.38 V), which is rather close to the reduction
potential of (4-Me2NC6H4)2CH+ (20.54 V). Such a large shift
of redox peaks can be accounted for by assuming oxidative
dimerization of 1 (Scheme 2).

In fact, dication 22+ was isolated as deep blue I3
2 salt§ in 97%

yield by the reaction of yellow olefin 1§ with 1.5 eq. of I2 in
CH2Cl2. Mechanistically, there can be two pathways to produce
22+ from 1: (a) dimerization of 1+· to 22+, and (b) reaction of 1+·
with neutral 1 to form 2+· followed by further one-electron

oxidation. In the present case, path (a) is plausible because 22+

(I3
2)2 was obtained in 92% yield by the reaction of 1 with 1.5

eq. I2 under the presence of Ph2CNCHPh (2 eq.) which remained
intact and was recovered quantitatively.

The 1,4-dication 22+ is surprisingly stable with no sign of
spontaneous deprotonation; its methine proton appears at 6.02
ppm as a sharp singlet in the 1H NMR spectrum measured in
CD3CN. Upon reduction of this salt with Zn powder in MeCN,
olefin 1 was regenerated in 100% yield. Such high-yield
interconversion indicates that 1 and 22+ can be considered as a
‘reversible’ redox pair even though C–C bond making and
breaking are accompanied by two-electron transfer.7,10

When 22+ (I3
2)2 was treated with Bun

4NF in THF–MeCN,
deprotonation proceeded smoothly to give intense yellow diene
3§ in 75% yield, which is a stronger donor [Eox +0.18 V (2e,
rev.)]‡ than 1. Attempted deprotonation of 22+ (I3

2)2 with Et3N
[Eox +0.85 V (irrev.)] resulted in formation of olefin 1 in
quantitative yield by electron transfer, and deprotonation with
pyridine was very slow.

Upon treatment of 3 with 3 eq. of I2 in CH2Cl2, deep violet
dication salt 42+ (I3

2)2§ was obtained in 98% yield, which
regenerated diene 3 in 100% yield upon reduction with Zn in
MeCN. According to the X-ray analyses,¶ the diene unit in 3
adopts a nonplanar geometry with a large torsion angle of 59.1°
around the C2–C3 bond (Fig. 1a), which is undoubtedly due to
steric congestion among six aryl groups. It is likely that lack of
effective conjugation in diene 3 as well as steric shielding
against the base in the hindered C–H acid 22+ are the reasons for
reluctant deprotonation of 22+ to 3. On the other hand, all of the
diene carbons lie nearly on the same plane in 42+ (Fig. 1b), thus
confirming drastic geometrical changes by twisting motions2,6,8

during interconversion between 3 and 42+.
In this way, two types of dynamic structural changes are

presented by the redox couples of 1–22+ and 3–42+, which can
be switched by proton transfer. Furthermore, the novel dual-
mode electrochromism can be realized by these couples since
each pair exhibits distinct spectral changes upon electrolyses

† Electronic supplementary information (ESI) available: spectral data for
new compounds. See http://www.rsc.org/suppdata/cc/b1/b104742f/

Scheme 1

Scheme 2
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(Fig. 2), which opens up a way to construct a molecular device
where two independent inputs (e2 and H+) are transduced into
a unified two-dimensional output (e vs. l in UV-VIS).

This work has revealed that the 1,4-dication B in Scheme 1
can exist as stable species (as in 22+)∑when deprotonation is not
feasible due to steric shielding in B and/or prohibited full-
conjugation in diene C by twisted geometry. In such an
appropriate case, all of the species of A–D (as in 1–42+) are
stable enough to realize the dual-mode optical response. The
present electrochromism modulated by proton transfer provides
a new successful entry into the proton–electron cooperating
functions.11

This work was supported by the Ministry of Education,
Science, and Culture, Japan (No. 13440184). Financial support
from the Iwatani Naoji Foundation is gratefully acknowledged.
We thank Professor Tamotsu Inabe (Hokkaido University) for
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paper.
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Fig. 1 (a) ORTEP drawing of diene 3 determined by X-ray at 2163 °C.
Torsion angle of diene unit is 59.1°. Two aryl groups are arranged in a face-
to-face manner (dihedral angle 7.9°). Short intramolecular C…C contacts
(3.21 and 3.29 Å) are shown by dotted line. (b) ORTEP drawing of dication
42+ determined by X-ray at 2176 °C on I3

2 salt. The four carbon atoms of
C+–CNC–C+ lie nearly on the same plane (the largest deviation from the
least-squares plane, 0.09 Å).

Fig. 2 Two modes of electrochromism. a) Mode-1; changes in the UV-VIS
spectrum of 1 (3.5 mL, 1.1 3 1024 mol dm23 in MeCN) upon constant-
current electrochemical oxidation (32 mA, 4 min interval) to 22+. (b) Mode-
2; changes in the UV-VIS spectrum of 3 (3.5 mL, 2.6 3 1025 mol dm23 in
MeCN) upon constant-current electrochemical oxidation (31 mA, 2 min
interval) to 42+. Note the presence of isosbestic points in both trans-
formation.
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Tertiary amines can be added to electron-deficient alkenes
with yields up to 98% in a radical chain reaction initiated by
a photochemical electron transfer using inorganic semi-
conductors like TiO2 as sensitiser.

Radical reactions have become a valuable tool in preparative
organic chemistry.1 Among radicals having a nucleophilic
character which can be considered for addition reactions with
electron deficient alkenes, a-aminoalkyl radicals seem very
attractive.2 Recently, we described an efficient procedure
involving a photochemical electron transfer to initiate the
intermolecular radical addition of tertiary amines to electron
deficient alkenes.3 Under the same conditions, radical tandem
reactions could also be carried out efficiently.4

In principle, photochemical excited semiconductors like
TiO2 could initiate the radical addition of tertiary amines.
Photochemical reactions with TiO2 were studied, for instance,
for detoxification of waste water,5 oxidations and reductions,6
solar energy havesting7 or in the context of organic synthesis.8
Metal sulfides like ZnS and CdS have been used for the
formation of dehydrodimers of olefins or enol/allyl ethers and
for the addition of allyl radicals to imines or diazo com-
pounds.9

During photochemical excitation, an electron is transferred
from the valence band into the conduction band.10 The resulting
electron hole h+ of the valence band can be filled by electron
transfer from a reductive species such as a tertiary amine
(Scheme 1) with the formation of a radical cation and of
nucleophilic a-aminoalkyl radicals by deprotonation.

We started our investigations by irradiating a suspension of
SiC, TiO2 (anatase) or ZnS in a solution containing (5R)-
menthyloxy-2[5H]furanone 1a and N-methylpyrrolidine 2a in
acetonitrile (Table 1, entries 1–3). Low conversion rates were
observed for TiO2 and ZnS while no transformation could be
detected for SiC. The yields based on conversion were rather

low. Much faster conversions was observed when the reaction
was carried out in 2a as solvent (Table 1, entries 4–7) and yields
increased under these conditions. The concentration of 1a was
changed and it turned out that 5 3 1022 mol L21 with a
corresponding quantity of TiO2 is the optimal concentration
(Table 1, entries 4, 6 and 7). Under these reaction conditions, N-
tert-butylpyrrolidine 2b was added to 1a with the same
efficiency (entry 8). As mentioned previously, the addition of
the amine took place exclusively from the less-hindered side of
the furanone 1a.3 Unfortunately, little selectivity was observed
for the asymmetric carbon in the a-position of the nitrogen.

Under the optimised conditions,† the reaction of various a,b-
unsaturated lactones with methylpyrrolidine 2a was examined
(Table 2). Generally, high conversion rates and high yields were
observed. However, in the case of lactone 1e possessing two
substituents in the 4-position, the conversion rate was low. A
low reactivity for b-disubstituted enones is also observed when
homogeneous reaction conditions were applied.3

When TiO2 was used as sensitiser for the addition of N-
methylpiperidine 2c, only a slow reaction was observed and

Table 1 Reaction of (5R)-menthyloxy-2[5H]furanone 1a with N-methylpyrrolidine 2a and tert-butylpyrrolidine 2b under different reaction conditions; 0.1
equivalent of the semiconductor (SC) with respect to 1a was added

Entry Semiconductor c(1a)/mol L21 c(2a,b)/mol L21 R Irradiation time/h Conversion (%) Yielda (%) Ratio c(3)/c(4)

1 SiC 1022 4 3 1021 Me 8 — — —
2 TiO2 1022 4 3 1021 Me 9 59 25 47/53
3 ZnS 1022 4 3 1021 Me 9 68 28 45/55
4 TiO2 1022 Solvent Me 2.5 100 53 45/55
5 ZnS 1022 Solvent Me 2.5 100 59 45/55
6 TiO2 5 3 1022 Solvent Me 2.5 73 90 45/55
7 TiO2 1021 Solvent Me 2.5 50 39 45/55
8 TiO2 5 3 1022 Solvent But 3.5 83 88 45/55
a Based on conversion of 1a.

Scheme 1 Formation of a-aminoalkyl radicals by single electron transfer to
an electronically excited semiconductor particle.
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product 5 resulting from a Michael addition of piperidine to 1a
was isolated (Table 3, entry 1). Due to their lower reactivity of
a-aminoalkyl radicals derived from N-methylpiperidine, the
oxidation of these radicals became competitive and demethyla-
tion occurred.11 Even under strictly anhydrous conditions, this
side reaction took place (entry 2). However, when the
concentration of compound 1a was reduced, the radical addition
could be observed and product 4g was isolated with moderate
yield (entry 3). This result indicates that 1 or, more likely, the
oxoallyl radical 6 might participate in the demethylation process
via an electron transfer from the radical cation to 7 (Scheme 2).
It should be noted that the radical addition always takes place on

the ring of 2a,c and never at the methyl group. Therefore, we
propose a tautomeric equilibrium of the iminium ions 7 and 8.11

As described previously, only one diastereomer was isolated.3
Such a bimolecular reaction between two reactive intermediates
appears more realistic if the overall reaction takes place near the
surface of the semiconductor.

Oxidation of an a-aminoalkyl radical by excited TiO2 is also
possible. Therefore, we searched to diminish the two-electron
oxidation by changing the semiconductor (Table 3, entry 4).
When ZnS was used as sensitiser, only product 4g could be
isolated. Despite the more rapid conversion, the yield of the
desired product 4g remained low. Probably, this semiconductor
is less oxidative due to the higher energy level of its valence
band edge12 and its surface properties.

The most apparent difference between the reaction conditions
of the homogeneous and the heterogeneous catalysis is the
concentration of the tertiary amine. In the case of homogeneous
catalysis, acetonitrile must be used as solvent to obtain the best
results3 and the reaction is slower and less chemoselective when
the tertiary amine is used as solvent. These results might be
explained by the higher polarity of acetonitrile solutions which
stabilise the radical ion pairs formed by electron transfer and
decrease the rate of the back electron transfer. In the case of
heterogeneous catalysis, the electron transfer from the amine to
the sensitiser takes place at the surface of the semiconductor.
Molecules at interfaces are less mobile than the same molecules
in solution. Therefore, the back electron transfer can be slowed
down only by enhancement of the subsequent deprotonation
step. This acid–base reaction is facilitated by the presence of a
large excess of tertiary amine. A higher concentration of the
tertiary amine favours also the hydrogen abstraction of the
oxoallyl radical 6 in the chain propagation.

We thank Professor J. P. Pete for his support and for helpful
discussions. S. M. thanks the Ministère de la Recherche for a
doctoral fellowship.
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Table 2 Reaction of different a,b-unsaturated lactones with methylpyrroli-
dine 2a under different reaction conditions; 0.1 equivalent of the
semiconductor with respect to 1a was added

1
Irradiation
time/h

Conversion
(%)

Yielda

(%)
Ratio
c(3)/c(4)

1b 2 90 64 45/55

1c 2 100 98 43/57

1db 3.5 100 90 44/56

1e 13 20 76 44/56

a Based on conversion of 1. b The starting concentration was
1022 mol L21.

Table 3 Reaction of (5R)-menthyloxy-2[5H]furanone 1a with N-methylpi-
peridine 2c under different reaction conditions; 0.1 equivalent of the
semiconductor (SC) with respect to 1a was added

Yielda

Entry Semiconductor c(1a)/mol L21 Conversion (%) 4g 5

1 TiO2 5 3 1022 72 — 74
2 TiO2

b 5 3 1022 15 Trace 90
3 TiO2 1022 34 28 62
4 ZnS 1022 94 23 Trace
a Based on conversion of 1a. b The amine was distilled over CaH2 under
argon and the semiconductor was kept at 100 °C for 48 h.

Scheme 2 Possible mechanism of the oxidation of an a-aminoalkyl radical
by an oxoallyl radical introducing the demethylation of 2c.
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The 1-(4-mercaptobutyl)-4-(2-ferrocenylvinyl)pyridinium
bromide {1-HS(CH2)4-4-[(E)-FcCHNCH]C5H4N}+Br2 and
its hydrogenated product [1-HS(CH2)4-
4-(-FcCH2CH2)C5H4N]+Br2 were synthesized and assem-
bled on an Au electrode to form self-assembled monolayers
which showed a structure-dependent electrochemical-re-
sponse in phosphate buffer aqueous solutions (pH = 7).

Self-assembled monolayers (SAMs) of alkanethiols and their
derivatives with functionalized terminal groups have been
studied intensively on gold electrodes due to their stability,
organization, and potential application in many fields such as
surface chemistry, biochemistry, electroanalytical chemistry,
etc.1 Motivated by Chidsey’s novel work,2 many research
groups have investigated SAMs of w-ferrocenylalkanethiols on
gold because the ferrocenyl group is expected to exchange
electrons readily with gold in the monolayer and the system can
be considered as a model for the formation of electronic devices
by self-assembly.3–6 The advantage of electrochemically-active
(e.g. ferrocene) monolayers is that the redox signal can be used
as an internal readout. A linear porphyrin–ferrocene–alkane-
thiol was recently shown to be both sensitive and electro-
chemically-active.7 A mixed acid–ferrocene self-assembled
sulfide monolayer on gold shows a pH-dependent electro-
chemical-response by through-space communication between
the receptor and ferrocene readout unit.8 In addition, Marder
reported that the compound incorporating a ferrocenyl moiety
as a donor and a pyridinium as an acceptor connected by a
CHNCH bridge, which is similar to our compound 1, has
excellent NLO properties.9

Here we primarily discuss a novel kind of 1-(4-mer-
captobutyl)-4-(2-ferrocenylvinyl)pyridinium bromide and its
structure-dependent electrochemical-response in phosphate
buffer solution.

Compounds 1 and 2 can be conveniently prepared following
the steps shown in Scheme 1.10,11 Electrochemical measure-
ment was conducted in a three-electrode cell with a CHI660A
electrochemical workstation (Covarda, USA). Ag/AgCl and Pt
foil were used as reference and counter electrodes, respectively.
A gold disk electrode (CHI101) was employed as the working
electrode (its apparent area S = 0.0314 cm2), which was
subjected to the same pre-treatment procedure before each

experiment. The polished gold electrode (with 0.05 mm Al2O3)
was rinsed with water. Thereafter, it was cleaned thoroughly in
an ultrasonic cleaner with 1+1 nitric acid, 1+1 alcohol and
distilled water, respectively. The cleaned gold electrode was
washed with ethanol, dried by N2 stream, then put into 0.1 mmol
1 or 2 ethanol solution and self-assembled in 12 h. After
assembling, the monolayers were rinsed with ethanol and dried
under a stream of purified N2. The electrochemistry of the
SAMs modified Au electrodes was tested by cyclic voltam-
metry in 0.1 mol L21 phosphate buffer aqueous solution. The
scan rates were 50, 100, 200, 300 and 400 mV s21,
respectively.

Fig. 1(A) and (B) show a typical cyclic voltammogram
obtained from the SAMs of 1 and 2 modified gold electrodes in
0.1 mol L21 phosphate aqueous solution (pH = 7.0).

In each voltammogram, the electrode potential was cycled
between 20.1 and 0.7 V. One electron reversible oxidation of
the surface-confined ferrocenyl tail group was observed. The
peak currents (ipa, ipc) were found to increase linearly with scan
rate (n) as expected for a surface-confined redox system. The
currents do not show decrease after repeated cycling in buffer
solution, indicating that the ferrocene SAMs are very stable.
Hence, it can be considered that the redox centers of these
SAMs are fully solvated by aqueous electrolyte and the local
environment around each redox center is quite uniform. The
surface coverage of each thiolate was estimated from the charge
passed for the oxidation of the ferrocene redox center during the
anodic sweep. Values of QFc were obtained by integration of the
area under the anodic wave and were corrected for any
charging-current contributions. The surface coverage of 1 was
6.4 3 10211 mol cm22, and 2 was 7.1 3 10211 mol cm22. This
coverage is somewhat lower than the value of ca. 4.5 3 10210

mol cm22, which is typically reported for a complete monolayer
of uncharged ferrocenylalkanethiolates.2 However, a decrease
in packing efficiency is to be expected in this case, considering
the steric effects of the pyridinium ion, ethylene band and the
cationic charge on the nitrogen. The electrostatic repulsion of
the adjacent cationic charges and the need to accommodate a
counterion at each positively charged site would necessarily
prevent the formation of a tightly packed monolayer. In a study
carried out by Creager and co-workers a low monolayer
coverage was reported for a charged thiol on gold, and this was

Scheme 1
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attributed to the strength and nature of the coulombic forces
relative to dipolar and dispersion of forces within the mono-
layer.12

The location of the electron-withdrawing ethylene band and
the electron-donating pyridinum group had a pronounced effect
on the formal potential of the modified electrodes. The formal
potential for the surface-bound ferrocenyl species was esti-
mated from the average of the anodic (Epa) and cathodic (Epc)
peak potentials, E0A = 1/2(Epa + Epc). Monolayers of 1
displayed the more positive formal potential of 0.37 V, whereas
monolayers of 2 exhibited the less positive potential of 0.30 V.
This can be expected because the electroactive ferrocenyl
moiety is located adjacent to the strong electron-withdrawing
ethylene band in 1, thus making it more stable and slightly
harder for the ferrocene to undergo oxidation. It is well known
that ferrocene monolayers are pH-independent. Fig. 2 shows the
redox signal for 1 at pH 5.0, 6.0 and 7.0. The electrochemical
response of the 1 monolayer is influenced by the pH of the
electrolyte solution.

The electron transfer rate of these SAMs can be estimated
from the peak separation DEp. A surface-confined species
participating in a reversible electron transfer process would be
expected to exhibit a value of DEp = 0 mV. The experimental
DEp values obtained from the voltammograms show that the
peak potential separation is independent of the scan rate, which
implies that the electron transfer is relatively fast. However, the
nonzero DEp values (for 1 DEp = 120 mV, for 2DEp = 60 mV)
for separation between the oxidation and reduction peak

potentials of Fc/Fc+ indicated that the presence of the
pyridinium ion with positive charge and the ethylene band
slowed the electron transfer rate to some extent. The apparent
electrochemical reversibility of the monolayers of ferrocene
derivatives of the alkanethiolate has been tentatively attributed
to the rapid lateral transport of the electrons from one ferrocene
unit to an adjacent ferrocene unit, following electron shuttling
from the conducting gold surface to the ferrocene plane.2. Here,
the electron may be entrapped by the pyridinium ion, so the DEp
values became large.

The authors are grateful to the NSF (QT program) and the
foundation of the University Key Teacher by the Ministry of
Education of China for suport.
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Fig. 1 The cyclic voltammograms of 1 and 2 SAMs modified Au electrode
in 0.1 mol L21 phosphate buffer  electrolyte (pH = 7). (A) 1; (B) 2. The
scan rate from a to e was 50, 100, 200, 300, 400 mV s21.

Fig. 2 Electrochemical response of 1 in phosphate electrolyte: (a). pH =
7.0; (b). pH = 6.0; (c). pH = 5.0.
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Synthetic receptor 1 has been found via fluorescence
titration to compete effectively with cytochrome c perox-
idase for binding cytochrome c (Cc), forming 1+1 Cc+1
complex with a binding constant of (3 ± 1) 3 108 M21, and
to disrupt Cc+Apaf-1 complex, a key adduct in apoptosis.

Protein–protein recognition is critical to virtually all cellular
processes. Consequently, molecules which could specifically
disrupt the high affinity natural protein complexes found
physiologically could provide an important route to modulate
cellular processes. However, there are few examples of such a
modulation.1 Since high affinity protein–protein complexes
generally involve large surface areas,2 it has been argued that
small synthetic molecules which bind at the interaction surface
are unlikely to compete with high affinity natural protein
partners. Here, we show that a synthetic receptor molecule of
structure 1 can bind cytochrome c (Cc) with a sufficiently high

affinity to displace a natural high affinity protein partner,
cytochrome c peroxidase (CcP). Cytochrome c provides an
important model for such studies for several reasons. First, the
structure of Cc is well characterized.3 Second, the Cc+CcP
complex is unusually well characterized, both from structural
and thermodynamic viewpoints.4,5 Finally, the key role of Cc in
mediating apoptosis6–8 makes it a particularly interesting
target.

Several previous studies have explored the binding of small
molecules to Cc.3,9 However, in few previous cases was the
binding sufficiently strong and specific to be shown to compete
with the binding of natural partner proteins at relevant
concentrations ( < 1026 M). Preliminary data on Cc binding by
1 suggested the possibility of specific and high affinity
binding.10 To test this possibility, we have carried out a series of
spectroscopic studies and established that the synthetic receptor
1 is indeed capable of disrupting the physiological complex of
Cc with CcP by binding competitively to Cc. From the
concentration of 1 needed to disrupt the Cc+CcP binding, we
can estimate that the dissociation constant (Kd) for the Cc+1

complex is near the nanomolar level ( ~ 1028 M) in a phosphate
buffer (10 mM, pH 6.0). Furthermore, the competitive displace-
ment of CcP from its natural protein partner by 1 suggests that
they share a similar binding site on the surface of Cc.

The competitive binding experiments were based on the
quenching of strong fluorescence of magnesium(II) CcP
(MgCcP) by Cc and the reversal of that quenching by addition
of receptor 1. The reaction schemes are illustrated in eqns. (1)
and (2). It has been demonstrated that the magnesium
substitution of iron in the native CcP does not alter the binding
characteristics of CcP with Cc.5 The use of MgCcP is
advantageous because of its strong, interference-free fluores-
cence signals. In a typical experimental procedure, 3.0 mL of
0.077 mM solution of MgCcP5 in 10 mM degassed potassium
phosphate buffer (KPhos, pH 6.0) was prepared in a quartz
cuvette of 1 cm pathlength equipped with magnetic stirrer. The
fluorescence spectrum of the solution was recorded on a PTI
fluorimeter (Photon Technology International, NJ) with an
excitation wavelength of 556 nm and a scan rate of 1 nm s21 at
15.0 °C (Fig. 1a). The solution was titrated in situ with a 3.5 mM
solution of yeast Cc (Sigma) to an equivalent point [CcP]+[Cc]
= 1. Upon Cc+CcP complex formation, the fluorescence
signals of MgCcP at 598 and 653 nm were quenched by
resonant energy transfer (Fig. 1b). Then a 4.48 mM solution of
receptor 110 in 10 mM KPhos (pH 6.0) was added in aliquots of
10 to 20 mL. The fluorescence spectrum was measured after
each addition until the [1]+[Cc] molar ratio reached 5 or higher
(Figs. 1c and 1d). Upon addition of receptor 1, the intensity of
the fluorescence signals of MgCcP increased, indicating that
CcP is gradually freed from the Cc+CcP complex.

Cc + CcP ' Cc+CcP (1)

Cc+CcP + 1' Cc+1 + CcP (2)

Fig. 1 Representative fluorescence spectra of (a) MgCcP (0.075 mM), (b)
MgCcP (0.075 mM) with 0.077 mM of Cc, and the MgCcP+Cc complex
titrated with (c) 0.11 and (d) 0.28 mM of 1. Excitation at 556 nm at 15.0 °C
in 10 mM KPhos buffer (pH 6.0).

This journal is © The Royal Society of Chemistry 2001

1580 Chem. Commun., 2001, 1580–1581 DOI: 10.1039/b104142h



Fig. 2 shows the plots of relative intensity of the fluorescence
at 598 nm against the normalized concentration, ([Cc] +
[1])/[CcP]. At [Cc]/[CcP] = 1 and before addition of 1, the
fluorescence intensity (I) of MgCcP was reduced to ~ 57% of
the initial value (Io), which is in agreement with that reported in
the literature.5 Addition of 1 resulted in a sharp increase in the
relative intensity (I/Io) until ([Cc] + [1])/[CcP] reached about 2,
i.e. [1]/[Cc] ≈ 1, after which the intensity levelled off,
suggesting the formation of 1+1 Cc+1 complex. The intensity
does not increase to the original level because of partial
photodegradation of MgCcP. The recovery of fluorescence
suggests that receptor 1 effectively disrupts the Cc+CcP
complex at nanomolar concentrations (i.e. ~ 0.08 mM), and
releases CcP free into solution. Under these conditions, the
interaction between 1 and Cc appears stronger than that between
CcP and Cc, with a Kd value < 100 nM.

The binding constant (Kb) for Cc+1 complex can be estimated
from the competitive titration results using a standard nonlinear
curve-fitting. The competition equilibrium constant Kc for eqn.
(2) can be expressed [eqn. (4)] in terms of the Kb’s for eqn. (1)
(Kb1 = 2 3 107 M21)5 and for eqn. (3) (Kb2). Assuming that the
concentration of free Cc in eqn. (3) at equilibrium is negligible,
a quadratic equation can be derived as shown in eqn. (5), where
A = [Cc]Total, B = [CcP]Total, x = [1]Total, and y = (Iobs2 If)/(Ii
2 If) with Ii and If being the fluorescence intensities at ([Cc] +
[1])/[CcP] of 1 and of !2, respectively. From the solution for y
in eqn. (5), Kc was obtained. A set of typical results are shown
in Fig. 3, from which Kb2 was estimated to be (3 ± 1) 3 108

M21.

Cc + 1' Cc+1 (3)

Kc = Kb2/Kb1 (4)

(B2Kc 2 B2)y2 + (KcBx 2 ABKc + AB + B2)y 2 AB = 0 (5)

The titration of the MgCcP solution with 1 in the absence of
Cc showed little change in the fluorescence of MgCcP in the
range of [1]/[MgCcP] from 0 to 5, indicating that there is no
significant interaction between 1 and CcP. The region of Cc

involved in binding to CcP contains an array of positively
charged residues that interacts with a complementary patch of
negative residues on CcP.4 The polyanionic receptor 1 com-
petes successfully with CcP, presumably by binding to a similar
site on the surface of Cc. The CcP molecules are freed from the
interactions with Cc, leading to the observed recovery of
fluorescence.

The binding of 1 with Cc has been independently confirmed
by direct fluorescence titration of 1. Receptor 1 exhibits a broad
fluorescence peak at ~ 432–443 nm with excitation wavelength
of 298 nm. Addition of Cc results in a rapid decrease in the
fluorescence intensity, which levels off as Cc concentration
increases. Further quantitative interpretations of such data are
precluded at the present time, since the receptor molecules (1),
due to their surfactant-like structure, tend to aggregate, which
interferes with the determination of binding stoichiometry.
Reducing the concentration of 1 prevents the aggregation but
the decrease in fluorescence signal to noise ratio impedes
quantitative analysis.

The ability to bind to Cc with high affinity is of great interest,
given the major role of Cc as a signal protein for activating
Apaf-1 (the apoptosis protease activating factor-1) protein in
apoptosis.6–8 The binding constant for the 2+1 Cc+Apaf-1
complex was estimated to be ~ 1011 M21 from the fluorescence
polarization titration measurements, in which Apaf-1 was added
to nanomolar concentrations of horse heart zinc(II) Cc and the
increase in polarization was monitored.8 Upon formation of the
Cc+Apaf-1 complex, receptor 1 was added to the system. At a
[1]/[Cc+Apaf-1] molar ratio of ~ 200, the relative fluorescence
polarization decreased significantly from 1.9 to 1.3. The
preliminary data indeed suggest that 1 can disrupt the Cc+Apaf-
1 interactions. More detailed results of further studies will be
reported in due course.

In conclusion, we have demonstrated that the physiological
complex of Cc with CcP can be disrupted by a synthetic receptor
(1). Receptor 1 competes effectively with CcP for binding Cc,
forming 1+1 Cc+1 complex with a binding constant of ~ 108

M21. Investigation is in progress to evaluate the effects of the
structure of synthetic receptors on their competitive binding
with various proteins, including Apaf-1, and protein–protein
complexes.

Y. Wei thanks Drexel University for granting him a
sabbatical leave at Princeton University and Drs V. Lai, S.
Springs and S. Hatch for many helpful discussions.
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Fig. 2 Plots of the relative fluorescence intensity (I/Io) at 598 nm against the
normalized concentration ([Cc] + [1])/[CcP] (ex. 556 nm). [Cc] = 0.077
mM, [MgCcP] = 0.075 mM in 10 mM KPhos buffer (pH 6.0) at 15.0 °C.

Fig. 3 Typical curve-fitting results for the fluorescence titration of 1+1
Cc+CcP complex with the receptor 1. The values of y = (Iobs2 If)/(Ii2 If)
for emissions at (a) 598 nm at 15.0 °C, (b) 598 nm at 25.0 °C and (c) 653
nm at 25.0 °C are plotted against the concentration of 1. The experimental
data are fitted according eqn. (5) to estimate Kc values. Excitation at 556 nm,
[MgCcP] = 0.076 mM, [Cc] = 0.077 mM in 10 mM KPhos buffer (pH
6.0).
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Bidimensional hexagonal or centred-rectangular meso-
porous zirconia thin films have been reproducibly prepared
by evaporation-induced self-assembly (EISA), which are
stable up to 300 °C, with pore size around 35 Å; the films can
be post-functionalised with organic ligands presenting
different functions, opening a land of opportunities for the
design of new hybrid mesostructured materials, based on the
synergy of a transition metal oxide network and organic
groups.

Since Beck and coworkers1 demonstrated the use of arrays of
amphiphilic species as ‘supramolecular templates’, mesoporous
materials have been receiving increasing attention.2,3 However,
the hydrothermal treatment usually applied in the synthesis
procedures is not adequate for the processing of mesoporous
films, fibres or monoliths. The evaporation-induced self-
assembly (EISA)4 process represents an alternative way to
design mesostructured organic–inorganic hybrids, which are
precursors for mesoporous solids. By this process, silica based
mesoporous materials have been prepared as powders, fibres,
monoliths and thin films in a variety of structural arrangements
(2D- and 3D-hexagonal, cubic and lamellar phases).1,5 This
same process has been applied to obtain transition metal oxide-
based materials, such as mesoporous TiO2,6 ZrO2, Nb2O5,
Al2O3, SnO2, WO3, Ta2O5 and many mixed metal oxides.7 For
these systems, this approach has been applied mainly to the
preparation of powders, or even titania mesoporous films.8

Here, we report for the first time to the best of our knowledge,
the preparation of oriented mesostructured zirconium oxide-
based hybrids and mesoporous oxide films. The post-function-
alisation of the zirconia mesoporous films is also reported.
Zirconia mesoporous films are particularly interesting because
of the high chemical stability of this oxide, being potentially
applicable as catalyst support, adsorbent, heavy duty mem-
branes and chemical sensors.

Films were prepared by dip-coating glass or silicon substrates
at a constant withdrawal speed ranging from 0.08 to 0.4 cm s21

at room temperature (20–23 °C). The dipping solutions contain
1 ZrCl4+0.05 Brij-58 [C16H33(CH2CH2O)20OH]+40 EtOH+0–
20 H2O.9 The relative humidity (RH) inside the dip-coater
chamber is a parameter of paramount importance, and was thus
controlled between 10 and 80%. After drying, the as-prepared
films were submitted to a sequence of treatments in order to
stabilise the structure and remove the surfactant: drying
overnight at low humidity ( < 10%), 12 h at 60 °C, ammonia
atmosphere (30 min), and calcination in air at temperatures
ranging from 150 to 500 °C for 2 h (ramp of 1 °C min21).

Two-dimensional XRD patterns in transmission mode dem-
onstrate that a hexagonal (p6m) mesophase is obtained upon

dip-coating, the organised domains are mono-oriented, as
previously observed in silica and titania mesoporous films.8,10

Fig. 1(a)–(c) shows representative 2D-XRD patterns of films
treated at 60, 220 and 300 °C, respectively. The observed spots
can be indexed in all cases in a 2D-centred-rectangular cell

† Electronic supplementary information (ESI) available: XRD and SEM
data showing the influence of water content in solution and atmospheric
relative humidity in the organisation and optical quality of the films, and
details about the post-functionalisation. See http://www.rsc.org/suppdata/
cc/b1/b104623n/

Fig. 1 Two-dimensional XRD patterns obtained by transmission for films
treated at (a) 60, (b) 220 and (c) 300 °C. Schematic representation of the
relationship between 2D-hexagonal (p6m) and 2D-centred rectangular
(c2m) cells (d), the inset showing the observed variation of the parameters
aR and bR of the 2D-centred rectangular cell with temperature. TEM images
along the [001] zone axis of Brij 58-templated mesostructured zirconia
films treated at (e) 60, and (f) 300 °C. Inset in parts (e) and (f) are
reconstructed images and moduli of the Fourier transform of the indicated
regions.

This journal is © The Royal Society of Chemistry 2001
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(space group c2m), resulting from a preferential contraction of
the hexagonal mesophase in the direction normal to the
substrate.8,10 Low-angle XRD analysis in q–2qmode (graphite-
monochromated Cu-Ka1 radiation, l = 1.5406 Å) of the as-
prepared films only showed the presence of a single peak at d =
63.9 Å, corresponding to the d02 spot of the bidimensional
rectangular (c2m) lattice [equivalent to the d01 distance of the
hexagonal (p6m) structure, see Fig. 1(d)]. The uniaxial
contraction in the direction normal to the substrate upon thermal
treatment is clearly observed by q–2q and 2D-XRD [see inset in
Fig. 1(d)], the aR parameter remaining almost constant (ca. 76
Å).

TEM images of films (detached from the substrate, em-
bedded in epoxy resin and ultramicrotomed) support the XRD
data, showing almost circular pores for films treated between 60
and 160 °C, and elliptical pores for films treated between 200
and 300 °C, clearly a consequence of the uniaxial contraction.
Representative examples are shown in Fig. 1(e) and 1(f).
Moreover, images obtained for films treated at low tem-
peratures (60–160 °C) display regular long-range ordered
patterns, in accord with XRD data that showed narrow, intense
diffraction peaks (or spots, in the 2D-XRD pattern). The partial
degradation of the structure can be clearly visualised from Fig.
1(e), that shows broad diffractions for films treated at
temperatures > 200 °C, and the presence of an ellipse
(characteristic of entangled worm-like channels10), the intensity
of which increases with temperature. The wall thickness was
estimated from TEM to be ca. 37 Å for the film treated at 60 °C,
decreasing to ca. 20 Å upon treatment at 300 °C, probably as a
consequence of further condensation, as showed by TGA–DSC
analysis. The pore diameter was estimated to be ca. 35 Å for
films treated between 60 and 160 °C; thermal treatment at
300 °C results in ca. 14 3 36 Å pores. N2 adsorption data
(scratched films treated at 220 °C followed by UV/O3
treatment) showed an average pore diameter of 28 Å (BJH) and
specific surface (BET) of 192 m2 g21.

Films were prepared in different conditions by varying the
water contents in the solution (h = H2O/Zr = 0–20) and the
relative humidity (RH 10–80%) (ESI†). In general, ‘dry’
conditions (low h and RH) lead to non-organised coatings,
confirming the essential role of water in solution and evapora-
tion rate.6 The organisation increases for higher h values, and in
most cases, with increasing relative humidity. However, the
highest degree of organisation was observed with h = 20 and
10% RH. This result confirms the importance of the evaporation
rate, relatively fast (drying within 1 min) at 10% RH and very
slow at high humidity conditions.

Despite the high degree of organisation attained for high
water contents, the optical quality of the coatings is poor, due to
a phase segregation (observed by SEM) (ESI†). In order to
obtain transparent films, a two-step process was developed.
Submitting fresh films (h = 20; RH% = 10) to a high humidity
atmosphere (RH > 80%) for a short time (5–10 s) resulted in the
incorporation of water. A second drying process led to
transparent and homogeneous films. A SEM image of a film
submitted to this treatment shows a completely smooth surface,
and the corresponding XRD diagram presents a narrow, intense
peak with a d-spacing of 63.9 Å. These results indicate that the
as-prepared films are quasi-liquid, showing a liquid crystal
behaviour, as shown before by Brinker et al. for silica films.4,11

The post-processing (submission to high humidity for few
seconds) facilitates homogeneous texture, and leads to better
organised domains in the mesostructure, indicated by the
narrowing and increasing in intensity of the XRD peak. The
thickness of such films as estimated by SEM was 700 nm, and
can be tailored by varying the withdrawal speed and the ethanol
content in the solution without any noticeable variation in the
structure or optical quality.

Following drying overnight at low humidity and room
temperature, the d-spacing slightly contracted from 63.9 to 63.0
Å while subsequent ammonia vapour treatment resulted in a d-
spacing of 57.3 Å, indicating further condensation of the
zirconium oxide network. From this point on, the films were

submitted to thermal treatment, in order to increase the stability
of the inorganic network and to remove the surfactant. TGA–
DSC analysis of detached films (1 °C min21, air flow) shows
that surfactant decomposition occurs from 150 to 350 °C (26.5
mass%). A crossed XRD-FTIR analysis showed that contrac-
tion is small [d02d)/d0 < 22%] up to 200 °C; in this range, the
surfactant is not removed. From 200 °C on, a strong contraction
was observed (40–52% in the range 200–300 °C) coinciding
with the decomposition of the surfactant. By 350 °C the
mesostructure is lost. However, organic or carboxylate species
(detected by FT-IR bands at ca. 1618 and 1378 cm21) cannot be
removed, even at 400 °C. An alternative combination of UV
light and ozone at room temperature was thus performed,12

giving rise to pure zirconia mesoporous films.
In order to tailor the nature of the pore surfaces, organic

molecules were grafted on the mesoporous zirconia films. Three
grafting functions were selected, known by their ability of
complexing Zr(IV): b-diketonate, carboxylate and phosphonate.
The probe molecules were chosen because of their different
properties: dibenzoylmethane, (DBM) and phenylphosphonic
acid, (PPA) carrying hydrophobic groups, can be used to impart
hydrophobic properties to the pore surface. Methyl red dye,
(MTR) is well known as a pH indicator. Finally, ferrocene-
carboxylic acid (FCA), is interesting due to its redox properties.
FT-IR and UV–VIS data clearly show the grafting of the probes
(ESI†). The possibility of ready post-functionalisation of the
film, leading to pores with a tailored surface, is a very
interesting result, since functionalised films can be applied in
many fields, depending on the nature of the grafted species.

Financial support from the French Ministry of Research,
CNRS, CNPq (Brazil, grant # 200635/00-0), CONICET and
Fundación Antorchas (Argentine Republic) is gratefully ac-
knowledged.
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The title compound crystallises as a novel homometallic
mixed anion–dianion cage incorporating two four-
coordinate diorgano lithiate centres, in addition to eight
lithium centres coordinated only by oxygen and nitrogen
atoms.

The past two decades have witnessed considerable interest in
organolithium chemistry. Within this realm the formation of
complexes containing ‘ate’ centres is still comparatively rare,
despite the overwhelming number of organolithium complexes
reported to date. The first example was reported by Eaborn
et al.,1 and some closely related complexes subsequently
followed.2 There are only a handful of other examples,3
including the recently reported dibenzyl lithiate complex by
Bildmann and Müller, which contains the first example of a
four-coordinate diorganolithiate.3c Examples of ate complexes
with nitrogen donors have also been reported.4

We are currently interested in aspects of the structural
chemistry of 2-hydroxy-6-methylpyridine (Hhmp) and other
substituted 2-pyridones. Hhmp has been employed extensively
in transition metal chemistry where the similarity of its anion
hmp2 to the carboxylate group has been exploited to probe the
nature of multiple metal–metal bonds in dinuclear complexes.5
Such complexes are frequently synthesised via an alkali metal
salt; these are notable by their relative lack of structural
characterisation. Indeed, a search of the Cambridge Structural
Database6 reveals, with the exception of some heterobimetallic
alkali metal–transition metal complexes,7 only two related
compounds, both produced in aqueous media, namely the
monohydrated potassium salt of 2-pyridone [2-KOPy·H2O]8

and the caesium salt of the more highly substituted 2-pyridone
[2-CsO-3-CN-4-CF3-6-Ph-Py·H2O].9 Consequently we have
sought to characterise alkali metal complexes of hmp, as they
promise to be more structurally diverse than ‘pure’ alkoxides or
aryloxides due to the additional coordination possibilities
provided by the pyridyl nitrogen. Although our principal goal
has been to synthesise monometallated complexes, we find that
subsequent lithiation at the methyl site occurs readily, thus
allowing facile access to the synthesis of mixed anion–dianion
complexes. Indeed, it is possible to control precisely the extent
of metallation from monometallated through to dimetallated by
addition of the appropriate amount of butyllithium. It is
consequently possible to synthesise aggregates with varying
degrees of anion/dianion character and we have synthesised a
range of such complexes, which will be elaborated on in a full
account of this work. As revealed herein, we describe the
synthesis and solid state structure of the title compound 1,
which is notable for being a rare example of a Group I mixed
anion–dianion complex containing two four-coordinate organo-
lithiate centres.

In a Schlenk tube under dry nitrogen, Hhmp (10 mmol) in dry
THF (50 mL) was lithiated by BunLi (10 mmol) to afford a dark
orange solution. Addition of an additional 2/3 equivalent of
BunLi (6.67 mmol) affords a dark red solution with evolution of
gas clearly visible [eqn. (1)]. Concentration and layering with n-

hexane at 230 °C affords highly air-sensitive orange crystals of

6

6 6

-CH Py-2-OH + 10 Bu Li

-LiCH Py-2-OLi) -MePy-2-OLi) THF) +

                                                                        10 Bu H

3
n THF

2 4 2 9

n

  

[( ( ( ] 

 

 →
(1)

the title compound 1 in 82.4% isolated yield, which rapidly
degrade to a yellow powder when removed from solvent or
exposed to vacuum. Despite repeated attempts, it was not
possible to obtain satisfactory microanalysis for 1, due to the
extremely air- and moisture-sensitive nature of this complex
and loss of coordinated THF. Analyses obtained were consistent
with variable loss of non-integral amounts of coordinated THF
(typically between two and four molecules).

The structure of 1 (Fig. 1)† consists of an alkoxo cage with
two diorgano lithiate centres. There are ten lithium centres, two
anionic and four dianionic hmp ligands (deprotonated at the
hydroxy and methyl sites), and nine THF molecules. Each
lithium centre, with the exception of the three-coordinate Li(2),
which is distinctly pyramidal [sum of angles 343.5(6)°],
displays a distorted tetrahedral environment. Setting aside the
C–Li bonds, four of the hmp ligands are tetra-coordinating
[N(1), N(2), N(4) and N(6)] (with m3-oxygen atoms) and two
[N(3) and N(5)] are penta-coordinating (with m4-oxygen atoms).

Fig. 1 Molecular structure of 1. Hydrogen atoms and parentheses in atom
labels have been omitted for clarity. Selected bond lengths (Å): Li(1)–O(7)
1.998(15), Li(1)–O(8) 1.994(15), Li(1)–C(6) 2.198(16), Li(1)–C(12)
2.230(16), Li(2)–N(1) 1.996(15), Li(2)–N(2) 2.015(15), Li(2)–O(3)
1.957(14), Li(3)–O(1) 1.937(13), Li(3)–O(2) 1.898(15), Li(3)–O(6)
2.034(16), Li(3)–O(9) 1.961(16), Li(4)–O(1) 1.959(15), Li(4)–O(4)
1.916(15), Li(4)–O(6) 1.982(14), Li(4)–O(12) 1.991(15), Li(5)–O(1)
2.036(15), Li(5)–O(3) 1.938(15), Li(5)–O(4) 1.948(15), Li(5)–O(11)
1.937(14), Li(6)–O(2) 1.907(15), Li(6)–O(5) 2.267(15), Li(6)–N(5)
2.043(15), Li(6)–N(6) 2.070(17), Li(7)–O(2) 1.979(14), Li(7)–O(3)
1.927(14), Li(7)–O(5) 2.063(15), Li(7)–O(10) 2.010(15), Li(8)–O(4)
1.956(15), Li(8)–O(5) 2.004(15), Li(8)–O(6) 1.974(16), Li(8)–O(13)
1.933(16), Li(9)–O(3) 2.580(16), Li(9)–O(5) 1.970(16), Li(9)–N(3)
1.984(18), Li(9)–N(4) 1.996(18), Li(10)–O(14) 1.994(16), Li(10)–O(15)
1.934(16), Li(10)–C(18) 2.243(18), Li(10)–C(24) 2.300(20).
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Both these bonding modes are, to the best of our knowledge,
unprecedented with this ligand; only mono-, di- and tri-
coordination modes are known. The core of the cage may be
thought of as a stack of two six-membered (LiO)3 rings [ring 1:
Li(3)–O(1)–Li(5)–O(3)–Li(7)–O(2); ring 2: O(6)–Li(4)–O(4)–
Li(9)–O(5)–Li(6)], of similar architecture to the hexameric
complex [{Li(OPh)(THF)}6],10 which has been distorted by the
presence of the four extra lithium centres [Li(1), Li(2), Li(8) and
Li(10)]. The chiral cage crystallises in the non-centrosymmetric
space group P1.

Turning to bond lengths, excluding the four long Li–O
contacts of 2.267(15), 2.580(16), 2.613(15) and 2.655(17) Å
[Li(6)–O(5), Li(9)–O(3), Li(6)–O(6) and Li(9)–O(4) respec-
tively], the Li–Ohmp bond lengths span the range
1.898(15)–2.063(15) Å. This compares with a range of 1.856–
2.063 Å in the heterometallic cluster [(ButOLi)6-
(ButOK)2(Li2O)(TMEDA)2],11 and a range of 1.830–2.101 Å in
the heterometallic cluster [{(ButOLi)5(ButORb)4(Li2O2)-
(TMEDA)2}H],12 and agrees well with a recently reported
series of lithium phenoxides.13 The overall larger range
observed in 1 reflects the various coordination modes adopted
by the hmp ligands. The Li–OTHF bond lengths span the range
1.933(16)–2.010(15) Å, which is in good agreement with
previously reported values for neutral oxygen donor co-
ordinated organolithium complexes.14 The Li–N bond lengths
span the range 1.996(15)–2.678(16) Å, reflecting the distorted
nature of the cage and, discounting the longest Li(9)–N(4)
contact of 2.678(16) Å, compare well with values previously
reported for tertiary amine coordinated organolithium com-
plexes.15 The Li–C bond lengths are distinctly longer than the
Li–O and Li–N average bond lengths in accord with periodic
considerations, spanning the range 2.198(16)–2.300(20) Å; this
is in good agreement with Li–C bond lengths reported
previously.3c,14 The bond angles around the benzylic carbons
span the range 99.9(7)–108.3(8)°, indicating geometries more
in keeping with sp3 hybridised centres. This relatively wide
range of bonding angles implies a complicated situation in
terms of the electronic environment of the hmp dianion ligand,
and is in keeping with the highly polar nature of bonding
exhibited by Group I metals. This is also indicated by inspection
of the O–Cipso bond lengths, which span the range
1.284(9)–1.343(9) Å; this range is in between values generally
quoted for C–O (1.43 Å) and CNO (1.20 Å) bond lengths, and
indicates a bond order greater than one.

Recorded in [2H]8THF solution at 298 K, the 1H NMR (200
MHz) spectrum consists of multiplets at 1.40 and 3.61 ppm
characteristic of THF, a broad multiplet at 2.35–2.85 ppm
attributed to the methyl and benzylic protons, and three broad
multiplets centred at 5.47, 6.43 and 7.46 ppm attributed to the
three pyridyl protons. Integration indicated an average loss of
approximately three THF. The broad appearance of these
signals implies that a dynamic process is operating in solution.
Dynamic exchange in solution is a process for which alkoxides
are notorious, and alkali metal complexes are also well known
for their partial to full deaggregation in solution. However, no
coalescence was observed in a variable temperature study over
the range 200–323 K, indicating that this dynamic process
continues to operate over that temperature range. The 7Li NMR
(116.6 MHz) spectrum in [2H]8THF at 298 K exhibits six
identifiable signals at 1.92, 1.67, 0.66, 20.04, 21.02 and 21.17
ppm. No further signals were apparent from a variable
temperature study over the range 200–323 K.

In conclusion, we have demonstrated that 2-hydroxy-
6-methylpyridine can be deprotonated not only at the hydroxy
site, but also subsequently at the methyl site. This allows the
possibility of preparing structurally diverse alkoxo clusters with
varying degrees of alkyl character, and thus the possibility of
tuning the properties such clusters may display. Further work

will explore such avenues and will also investigate hetero-
bimetallic complexes of hmp with higher alkali metals. These
should prove to be interesting as it is likely that the lithiate
centres will be the first to be substituted by higher alkali
metals.

We thank EPSRC for equipment funding.

Notes and references
† Crystal data for 1: C80H120Li10N6O17, M = 1507.2, triclinic, space group
P1, a = 12.1861(12), b = 13.4120(12), c = 14.5875(14) Å, a =
106.156(2), b = 99.760(2), g = 104.451(2)°, U = 2143.1(4) Å3, Z = 1, Dc

= 1.168 g cm23, m = 0.08 mm21, (Mo-Ka, l = 0.71073 Å), T = 160 K,
R(F2 > 2s) = 0.093, Rw(F2, all data) = 0.210, for all 12522 unique data
(13722 measured, Rint = 0.028, 2q < 50°, CCD diffractometer) and 932
refined parameters. Programs: standard Bruker AXS control and integration
software and SHELXTL.16 Structure solution was accomplished by SIR
97.17 Uncoordinated THF solvent was too highly disordered for individual
atoms to be resolved; this was treated by the SQUEEZE procedure of
PLATON,18 which indicated the correct total electron density and void
volume for two molecules of THF per cluster molecule.

CCDC reference number 160559. See http://www.rsc.org/suppdata/cc/
b1/b104680m/ for crystallographic data in CIF or other electronic format.
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Novel tungsten octahedral sulfidocyanide cluster com-
pounds Na6[W6S8(CN)6]·18DMSO 1 and K6[W6S8(CN)6] 2
have been synthesized and characterized by X-ray crys-
tallography and NMR spectroscopy.

Chevrel phases,1 MxMo6Q8, (M = metal, Q = chalcogen) are
a class of cluster compounds extensively studied for their
superconductivity,2 fast ion conductivity3 and catalytic activ-
ity.4 The building block of the Chevrel phases is an octahedral
molybdenum cluster face-capped by eight chalcogenide atoms
(Q). Although no tungsten analogues of the Chevrel phases are
known, the molecular tungsten clusters W6Q8L6 (L = neutral
Lewis base ligand) have been synthesized in solution,5–10 as
have the Mo6S8L6 clusters.11,12 Our investigation of W6S8L6
clusters,10,13–15 particularly the finding of strong bonding to the
W6S8 cluster by isocyanide,15 suggested cyanide might also be
a good ligand. It would be interesting to explore such chemistry,
given the diverse structural chemistry of cyanides,16 in
particular, [Re6Q8(CN)6]42 clusters have been exploited to
prepare a number of extended structure coordination com-
pounds.17,18 It was reported recently that molecular [Mo6-
Se8(CN)6]72/62 clusters could be synthesized through ‘exci-
sion’ of clusters from the Chevrel phase with molten KCN,19

however, such synthesis could be achieved from simple non-
cluster starting materials as well.20 We report here the synthesis
and characterization of the first W6S8 cluster compounds with
anionic cyanide ligand: Na6[W6S8(CN)6]·18DMSO 1 and
K6[W6S8(CN)6] 2. Our preliminary study indicates that
[W6S8(CN)6]62 have different redox behavior from [Mo6-
Se8(CN)6]62.

Reaction of W6S8(4-Butpy)6
10 with NaCN (slightly more

than 1+6 equiv.) in DMSO at 100 °C for 1 day resulted in a
brown-red crystalline precipitate which was filtered off as
product 1‡ from a brown–red solution (yield of the product:
84%). Slow cooling of a hot DMSO solution of 1 yielded
suitable single crystals for X-ray structural analysis.§ The
identity of the cluster anion is apparent and shown in Fig. 1(a).
The W6S8 cluster core is a quite regular octahedron with an
average W–W distance of 2.685(3) Å, similar to that found in
W6S8(C·NBut)6 [2.681(3) Å].15 The N terminal of each CN2
ligand is coordinated to a Na+ ion in a roughly collinear fashion
and each Na+ ion is also coordinated by 3 O atoms from DMSO
solvent molecules [Fig. 1(b)]. The overall crystal structure can
be described as approximately “ABC” close packing of the
cluster complexes including Na+ ions and DMSO [Fig. 1(c)].
Based on the stoichiometry, the charge of the cluster anion is
26 and the metal electron count (MEC) of the cluster is 20.

Reaction of W6S8(4-Butpy)6 with K13CN (slightly more than
1:6 equiv.) in DMSO at 100 °C for 1 day resulted in a lustrous
crystalline precipitate which was filtered off as product 2¶ from
a nearly colorless solution (yield of the product: 91%). Insoluble
in any organic solvents, 2 is apparently not isostructural to 1 as
the PXRDs are different. Layering deoxygenated water solu-

tions of 2 with methanol yielded dark red single crystals suitable
for X-ray structural analysis.§ Shown in Fig. 2, the refined cubic
structure of K6[W6S8(CN)6]·10H2O (2·10H2O) shows fcc
packing of the [W6S8(CN)6]62 cluster anion. The K+ ions and
solvent water molecules reside, often with partial occupancies,
in octahedral, tetrahedral and other interstitial sites. The cluster
has the ideal Oh symmetry with a slightly shorter W–W distance
[2.6772(7) Å] than that of 1.

These syntheses are facilitated by the sparing solubility of
both W6S8(4-Butpy)6 and NaCN (or KCN) in DMSO and
simplified by the insolubility of product 2 or the low solubility
of 1 at RT. Cyanide can replace the more weakly bonded ligands
(L) on W6S8L6 clusters, such as n-butylamine,13 more readily,
but phosphine ligands on W6S8(PEt3)6

10 can not be completely
replaced by cyanide even in considerable excess. Therefore, the
binding free energy of CN2 is estimated to be, not surprisingly,
close to that of tert-butyl isocyanide.15

The PXRD of the bulk sample of 1 is identical to the
simulated pattern from the single crystal structure (both

† Electronic supplementary information (ESI) available: Fig. S1: observed
and simulated XRPD patterns for 1. Fig. S2: observed XRPD pattern for 2.
Fig. S3: TGA for 1. See http://www.rsc.org/suppdata/cc/b1/b104161b/

Fig 1 (a) ORTEP drawing of the [W6S8(CN)6]62 cluster anion in 1 at 50%
probability level; (b) asymmetric unit in 1 emphasizing the tetrahedral
environment around the Na+ cation (DMSO molecules are disordered, but
not shown for clarity); (c) packing diagram of Na6[W6S8(CN)6]·18DMSO
1 along the c axis. Selected bond lengths (Å) and angles (°): W1–W1A
2.6875(4), W1–W1C 2.6818(4), W1–S2 2.4518(15), W1–S3 2.4571(12),
W1–S3A 2.4587(11), W1–S3B 2.4667(11), W1–C1 2.196(5), C1–N1
1.158(6), N1–Na1 2.327(4), Na1–O range 2.118(13)–2.378(8); W1–C1–N1
176.6(4), C1–N1–Na1 164.2(4). Symmetry transformations used to gen-
erate equivalent atoms: A y, 2x + y, 2z + 2; B x2y, x, 2z + 2; C 2y, x 2y,
z.
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available as ESI†). The stoichiometry was also confirmed by
elemental analysis‡ and TGA analysis in which all of the
DMSO solvent molecules (46 wt%) were lost upon heating. For
2, the crystallographic refinements alone can not determine the
stoichiometry or cluster oxidation state since K+ and H2O are
disordered. Interestingly, the reported blue crystal of K7[Mo6-
Se8(CN)6]·8H2O19 is isotypic to this structure. However,
elemental analysis¶ and 13C NMR (vide infra) of the as prepared
compound 2 establishes the 62 charge for the cluster anion.

It proved to be extremely difficult to observe the 13C NMR
signal from [W6S8(CN)6]62 anions due to the low receptivity
and tertiary nature of 13C in CN2.21 Using 13C labeled KCN
enabled such observation and thus provides convenient means
to monitor the chemistry in solution. A 13C NMR spectrum of
cluster 2 in D2O is shown in Fig. 3. The chemical shift,  d 146.8,
is different from that of free CN2 in water (d 165) and falls into
the general range for C-bonded cyanide ligands.21 Satellite
peaks with JW-C 107 Hz caused by coupling to 183W isotope
(14.3%)21 confirms C terminal bonding to the W atom in the
cyanide. The sharp NMR signal indicates a closed shell electron
configuration. If the cluster was oxidized or reduced, the
paramagnetic cluster would have severely broadened the NMR
peak(s).14

In deoxygenated D2O, the NMR spectrum of the clear
brown–red solution of 2 does not change for at least a week.
Upon exposure to air, the solution becomes darker and the 13C
NMR peak diminishes to half of the original intensity within 20
days accompanied by some new upfield peaks, suggesting that
the cluster has been oxidized. This behavior is different from
that of [Mo6Se8(CN)6]72/62 anions:  the reduced cluster
[Mo6Se8(CN)6]72 (MEC = 21) was found to be the product of

reactions with molten KCN (though the reducing agent has yet
to be identified) and this cluster is oxidized in air to the ‘normal’
closed shell cluster [Mo6Se8(CN)6] 62.19,20 The stability of the
[W6S8(CN)6]62 cluster in deoxygenated water should allow the
exploration of its aqueous solution chemistry.

When excess NaCN is present in the DMSO solutions, the
[W6S8(CN)6]62 cluster anion is stable at least up to 180 °C. This
suggests that [W6S8(CN)6]62 might be synthesized by direct
reaction of NaCN, W and S.

We thank the Department of Energy (Grant No. DE-FG02-
87ER45298) for support of this work. This study made use of
the Polymer Characterization Facility of the Cornell Center for
Materials Research supported through the NSF Material
Research Science and Engineering Centers program (grant
DMR-0079992).

Notes and references
‡ Elemental analysis for 1: found (calc.): C 16.58 (16.49), H 3.37 (3.56), N
2.86 (2.91), W 35.84 (36.05), Na 4.37 (4.51)%. IR: n(C·N), 2083; DMSO,
2990, 1435, 1313, 1037, 954 cm21.
§ Crystal data: for 1: C42H108N6Na6O18S26W6, M = 3059.94, rhombohe-
dral, space group R3̄ (no. 148), a = 26.497(3), c = 12.1761(19) Å, U =
7403.3(15) Å3, T = 165 K, Z = 3, Dc = 2.059 g cm23, m(Mo-Ka) = 7.593
mm21, F(000) = 4416, 17304 reflections measured, 3370 unique (Rint =
0.0328) which were used in refinements, 166 parameters. The final
refinements converge to R1 = 0.0249, wR2 = 0.0563 [for I > 2s(I)] and R1

= 0.0314, wR2 = 0.0576 for all data.
For 2·10H2O: C6H20K6N6O10S8W6, M = 1930.46, cubic, space group

Fm3̄m (no. 225), a = 15.3084(15) Å, U = 3587.5(6) Å3, T = 165 K, Z =
4, Dc = 3.574 g cm23, m(Mo-Ka) = 20.369 mm21, F(000) = 3456, 2749
reflections measured, 327 unique (Rint = 0.0445) which were used in
refinements, 27 parameters. The final refinements converge to R1 = 0.0348,
wR2 = 0.0453 [for I > 2s(I)] and R1 = 0.0385, wR2 = 0.0457 for all
data.

CCDC reference numbers 163699 and 163700. See http://www.rsc.org/
suppdata/cc/b1/b104161b/ for crystallographic data in CIF or other
electronic format.
¶ Elemental analysis for 2: found (calc.): C 4.48 (4.13), H 0.58 (0), N 4.77
(4.78), W 62.86 (62.81), K 13.28 (13.35)%. IR: n(C·N), 2038 cm21.
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Fig 2 Unit cell (fcc) packing structure of K6[W6S8(CN)6]·10H2O
(2·10H2O). The circles of S atoms are omitted for clarity, K+ ions are shown
as cross-hatched circles, oxygen atoms of solvent water are shown as open
circles with dotted boundaries. Selected bond lengths (Å): W–W 2.6772(7),
W–S 2.452(2), W–C 2.152(16), C–N 1.162(19), N–K 2.447(13),
3.139(5).

Fig 3 31C NMR spectrum of K6[W6S8(CN)6] 2 in deoxygenated D2O with
dioxane as internal reference.
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Irradiation of H-ETS-10 in the presence of adsorbed
methanol or ethene causes photoreduction of Ti(IV) to Ti(III);
photoreduction does not occur for Na, K-ETS-10, but a
photoinduced polymerization of ethene is observed.

ETS-10 is a titanosilicate zeolite with a novel structure
comprising one-dimensional chains of corner-linked TiO6 octa-
hedra surrounded by tetrahedral silicate units, generating a
three-dimensional 12-ring pore system.1 There is particular
interest in the O–Ti–O–Ti–O chains, which have been described
as semiconductor nanowires within an insulating sheath.2
Titanium in ETS-10 can be chemically reduced by adsorbing
sodium vapour into ETS-10,3 suggesting that electronic com-
munication can occur between the semiconductor chains and
species in the pores. There is also an early report of
photocatalytic activity of ETS-10 in the oxidation of organic
alcohols,4 which likewise implies that electron transfer can
occur through the silicate ‘insulation’. The photoreactivity of
conventional anatase photocatalysts has been extensively
studied; band gap irradiation of anatase in the presence of
adsorbed organic compounds causes photoreduction of Ti(IV) to
Ti(III), due to trapping of holes by the adsorbed organic and
consequent trapping of electrons at Ti(IV) sites.5 We have begun
a study comparing the photoreactivity of anatase with that of
ETS-10, and report here that the photoreduction of ETS-10
depends on the presence of defects in the structure.

Two ETS-10 samples were studied: a hydrogen exchanged
material provided by Engelhard,6 and a sample synthesized in-
house following established procedures7 which contains sodium
and potassium as the charge balancing cations. Both samples
gave X-ray powder diffraction patterns characteristic of ETS-
10;1 the higher angle peaks of the H-ETS-10 sample were
however substantially broadened relative to Na,K-ETS-10,
indicating a higher degree of disorder in the proton exchanged
sample (chemical analysis of this sample showed the extent of
proton exchange to be H/(H + Na + K) = 0.78). SEM showed
average crystallite sizes to be around 2 mm for Na,K-ETS-10,
but 0.3 mm for H-ETS-10. Indications of greater disorder in the
O–Ti–O–Ti–O chains in the proton exchanged material came
from the absence of the intense Raman band at 732 cm21

attributed to Ti–O stretching vibrations in the chains8 which is
present in the Na,K-ETS-10, and substantially increased
Debye–Waller factors in the Ti K-edge EXAFS of H-ETS-10
compared with Na,K-ETS-10.9 29Si NMR spectra of the H-
ETS-10 were similar to those previously reported,6 showing
retention of Si–O–Ti bonds. A commercial (Degussa P25)
anatase sample was used for comparison with ETS-10.

Photoreduction experiments were performed in a vacuum
EPR cell; samples were outgassed in vacuo at 573 K, then
exposed to either methanol or ethene vapour and irradiated at
room temperature with a 125 W mercury arc lamp. Irradiation of
anatase in the presence of methanol or ethene produces a dark
blue colour and an intense broad EPR signal of Ti(III), with
parameters g4 = 1.973, g∑ = 1.949 (measured at 77 K). This
signal could not be detected at room temperature. Similar
signals have been previously attributed to Ti(III) cations on
lattice sites distributed through the bulk of anatase, or to surface
Ti(III) cations, in both cases with distorted octahedral coordina-
tion.10 The Ti(III) signal was removed when the sample was

evacuated then exposed to oxygen, but no new signals were
formed.

Fig. 1 shows EPR signals recorded at room temperature
following irradiation of H-ETS-10 in the presence of ethene.
The sample turns grey and the new signal which appears is
shifted significantly to higher field relative to that obtained with
anatase (gav ≈ 1.95). The other important difference from
anatase is that this signal could be observed at room tem-
perature. Subsequent exposure to oxygen (5 Torr) gave weak
new signals in the vicinity of g = 2.010, but evacuation
followed by exposure to 5 Torr of oxygen totally removed the
Ti(III) signal (and the grey colour) and enhanced the new signals
[Fig. 1(c)]. Closer examination of the new signals reveals that
one component is the superoxide ion O2

2 adsorbed on Ti(IV)
sites (gzz = 2.022, gyy = 2.011, gxx = 2.004).11 Identification of
the other species is less certain, but the lower field shoulders
may be the gzz components of superoxide species adsorbed on
sites of lower formal charge.12 Similar spectra were obtained
when H-ETS-10 was irradiated in the presence of adsorbed
methanol and subsequently exposed to oxygen.

The Ti(III) signal formed on irradiation of H-ETS-10 in the
presence of the adsorbed ethene or methanol differs from that
formed in anatase under the same conditions. This is not
unexpected if the Ti(III) is in a one-dimensional O–Ti–O–Ti–O
chain rather than the three-dimensional anatase lattice. However
it is clear from the reactivity of this species towards oxygen, and
in particular from the observation of O2

2 adsorbed on Ti(IV)

Fig. 1 EPR signals from H-ETS-10: (a), exposed to ethene prior to
irradiation; (b), irradiated for 2 h; (c), evacuated at room temperature then
exposed to 5 Torr of oxygen.

This journal is © The Royal Society of Chemistry 2001
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sites, that H-ETS-10 contains exposed titanium sites which
should not be present in a defect free ETS-10 structure.

This conclusion is supported by the observation that when the
same experiments were conducted with Na,K-ETS-10 in which
the spectroscopic evidence indicates that the O–Ti–O–Ti–O
chains are relatively defect free, no photoreduction was
observed; i.e. no colour changes occurred on irradiation in the
presence of methanol or ethene, and no Ti(III) signals were
detected by EPR.

Nevertheless, in situ FTIR studies of Na,K-ETS-10 in the
presence of adsorbed ethene show that a photoinduced reaction
of ethene with the ETS-10 does occur. Fig. 2 shows IR spectra
recorded in an in situ cell of Na,K-ETS-10 following adsorption
of ethene and subsequent irradiation (these are difference
spectra from which the spectrum of the dehydrated ETS-10
prior to admission of ethene has been subtracted, and ratioed
against a background containing the gas phase ethene to remove
gas phase contributions to the spectra).

On irradiation bands due to adsorbed ethene (e.g. 3083, 1613,
1445 and 1338 cm21) are reduced in intensity, and new bands
appear and grow in the n(OH) region (3660, 3580 cm21), in the
n(CH) region (2926 and 2856 cm21), at 1632 cm21 and at 1468
cm21. Evacuation at room temperature removes the adsorbed
ethene bands but leaves the new bands unchanged.

The bands appearing at 2926, 2856 and 1468 cm21 are
characteristic of saturated CH2 groups,13 suggesting that polym-
erization of ethene has occurred to form (CH2)n chains. On the
other hand, the bands at 3660, 3580 and 1632 cm21 are close to
those expected for isolated (non-hydrogen bonded) water

molecules.14 This experiment thus suggests that in
Na,K-ETS-10 holes and electrons formed on irradiation both
react with adsorbed ethene. A free radical polymerization of
ethene may be initiated by electrons generated in the O–Ti–O–
Ti–O chains, while the formation of adsorbed water may occur
as a result of oxidation of adsorbed ethene by positive holes
(involving reaction of lattice oxide ions). The sharpness of the
bands due to adsorbed water indicates that these are isolated
water molecules. It is important to note also that no reaction
occurred in the absence of irradiation.

This chemistry is different from that occurring in H-ETS-10,
where electron trapping occurs preferentially at Ti(IV) sites
associated with defects. An IR experiment similar to that
described above was performed on ethene adsorbed in H-ETS-
10. In this case irradiation caused a similar reduction in intensity
of the bands due to physisorbed ethene, but the only new bands
appearing were broad bands due to hydrogen bonded adsorbed
water, at ca. 3300 and 1630 cm21. In particular, no new bands
due to polyethene were detected in H-ETS-10.

Further work is needed to establish details of the photoreduc-
tion and photoinduced polymerization mechanisms. Further
characterization of the defect sites in H-ETS-10 is also in
progress. It is clear however that the defect sites are important
in the photoreactivity of these novel materials. Our observation
of photoinduced ethene polymerization in Na,K-ETS-10 also
confirms that electron transfer can occur between the semi-
conductor chains and molecules adsorbed in the ETS-10 pores.
This has important consequences for the potential use of ETS-
10 as a photocatalyst.

This work was carried out in the School of Chemistry,
University of New South Wales, and supported by a grant from
the Australian Research Council. Y. K. acknowledges an
AUSAID postgraduate scholarship.
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Fig. 2 In situ FTIR spectra of ethene in Na,K-ETS-10 (gas phase and
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Torr) at room temperature; (b), irradiated 90 min; (c), irradiated 300 min;
(d), evacuated at room temperature. (E denotes bands due to physisorbed
ethene).
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The synthesis of a new Gly-Pro turn mimetic and the
computational study of its ability to induce b-turn is
reported.

In recent years several strategies have been adopted to limit the
conformational space of peptide chains1 and many efforts have
been made to develop b-turn mimetics.2

It is known that a cis peptide moiety is geometrically suited
for inducing the peptide chain to bend and that b-turns of type
VI are characterized by a cis-Pro in the i + 2 position.3 The
control of the cis-prolyl amide geometry has been effectively
achieved by tethering the a-carbon of the N-terminal amino acid
residue to the proline 2-position.4 Particularly, the bicyclic
dipeptide analogues 1, in which the a positions are joined by a
two (X = –CH2CH2–) or three (X = –CH2NHCO–) atom
bridge, have been synthesized4 to serve as mimetics of dipeptide
cis-Xxx-Pro (Fig. 1). To reduce the conformational freedom of
dipeptide mimetics like 1, a shorter link could be introduced. In
this way the pyrrolizidine amino acids 1 (X = –CH2–),
containing the cis-Xxx-Pro residue, would result (Fig. 1).

In this communication we report the synthesis of the GPTM
(Gly-Pro Turn Mimetic) 2 (Fig. 1) either in racemic or
enantiomerically pure form and its successful coupling with L-
Boc-Phe-OH.

The 1,3-dipolar cycloaddition (1,3-DC) of nitrone 35 and an
acrylic acid derivative, followed by reductive opening of the
isoxazolidine ring and intramolecular cyclization was envis-
aged as a rapid route to afford the bicyclic lactam 9.

The 1,3-DC reaction was performed under different condi-
tions and the best results were obtained from 3 and acrylamide
(4) in water at 60 °C (Scheme 1) which afforded the
2-aminocarbonylhexahydropyrrolo[1,2-b]isoxazoles 5 and 6
and their 3-aminocarbonyl isomers 7 in 4+1 ratio and excellent
yield (98%). Although the endo–exo selectivity of the cycload-
dition was very low (6% de) this approach was synthetically
convenient because both the diastereomeric adducts 5 and 6
could be transformed into 9.

The pyrrolizidine 9 was obtained from 6 through the domino
process N–O bond hydrogenolysis/intramolecular trans-amida-
tion. Moreover, the cis substituted pyrrolizidine 8, analogously
derived from 5, could be quantitatively isomerized to the
corresponding trans hydroxy ester 9 by treatment with NaOH–
MeOH at 70 °C followed by methylation with CH2N2.
Therefore, the intermediate 9, possessing the bicyclic skeleton
of the GPTM 2, was achieved in 55% overall yield starting from
3 and 4 (Scheme 1).

The trans alcohol 9 was easily transformed into the
corresponding cis amine 2 by mesylation followed by a
nucleophilic displacement with NaN3 and reduction of the azido
group with Ni-Raney (Scheme 1). The lactam 2, was im-
mediately coupled with an amino acid such as Boc-L-Phe, to test

the reactivity of the amino group towards the peptide synthesis
and to avoid the possible epimerization to the thermodynam-
ically more stable trans isomer. The two diastereomeric
tripeptides 10a and 10b were separated by chromatography on
silica gel and fully characterized.

To assign the absolute configuration of 10a and 10b, a
sample of the racemic cis alcohol 8 was resolved through the
formation of the corresponding diastereomeric esters of R-
Mosher acid, and one of the separated esters was analyzed by
single crystal X-ray crystallography.† Consequently, both the
diastereomeric esters were assigned their absolute configura-
tion. After hydrolysis and treatment with CH2N2 the enantio-
merically pure alcohols (2R,7aR)-8 and (2S,7aS)-8 were
obtained, and transformed into 10a and 10b, respectively,
through the previously described procedure.

The investigation of the turn-inducing potential of both the
enantiomers (2R,7aR)-2 and (2S,7aS)-2 has been carried out
through a simulation procedure run on model hexapeptides
according to the criteria recently proposed by Müller et al.6

The model hexapeptides Ac-Ala-Ala-GPTM-Ala-Ala-
NHMe 11 and 12 (Fig. 2), containing in the central position RR-
GPTM and SS-GPTM respectively, were examined for their
conformational freedom by Monte Carlo (global search

Fig. 1 Mimetics of cis-Xxx-Pro dipeptide and Gly-Pro turn mimetic.

Scheme 1 a: H2O, 60 °C, 14 h (5: 37%, 6: 42%, 7: 19%). b: Pd(OH)2 (cat),
MeOH, AcOH, H2, 12 h (98%). c: (i) NaOH, MeOH, 70 °C, 2 h; (ii) Dowex
50; (iii) CH2N2; (60%). d: (i) MsCl, py; (ii) NaN3, DMF; (87%). e: Ni-
Raney (80%). f: L-Boc-Phe-OH, PyBroP, DiPEA, CH2Cl2 (55%).

Fig. 2 Model hexapeptides.
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MCMM) procedure.7 The following parameters were used to
establish the presence of a reverse turn: the donor–acceptor
NHAla5–COAla2 distance dN-O, the CaAla2–CaAla5 distance dCa

and the virtual torsion angle qCa (defined by CaAla2–CaGly3–
CaPro4–CaAla5).3,6 The percentage distribution of dN-O, dCa and
qCa values in the calculated conformations within 6 kcal mol21

of the global minimum of 11 and 12 (318 and 170 conformers
respectively) were reported in Fig. 3. The histograms showed a
substantial restriction of the occupied conformational space of
hexapeptides incorporating GPTMs 2. Moreover, a very good
portion of conformers possessed the dCa and qCa values
characteristic of b-turn. In particular the percentages of
conformers of 11 and 12 with dCa less than 5 Å (one definition
of a tight b-turn) were 55 and 58%, respectively, while almost
all structures showed dCa less than 7 Å (11: 94%, 12: 96%).3 All
conformers had |qCa| under 50°, and |qCa| under 30° present in
54 and 75% conformers of 11 and 12, respectively.

On the contrary, the presence of the hydrogen bonding
characteristic of classical b-turn (dN-O < 3.5 Å) was found in a
small fraction of conformers (11: 7%; 12: 5%). However, the
intramolecular hydrogen bond was not found critical for the
stability of a b-turn,3 and seems not to be necessary in peptides
incorporating mimics 2, because the three torsion angles (yGly3,
wPro4 and oPro4) embedded in the 5,5-bicyclic structure and the
spatial orientation of the terminal amino and carboxylic groups
(on the same face of the bicyclic ring system) force the peptide
chain to fold back upon itself.

The whole set of computational data clearly showed that
bicyclic lactams like (2R,7aR)-2 and (2S,7aS)-2 were effective
turn restraints when incorporated in the hexapeptides 11 and
12.

The spatial arrangement of side chains is generally critical to
recognition and bioactivity of peptides and its control is one of
the goals of peptidomimetics. GPTMs (2R,7aR)-2 and (2S,7aS)-
2 were shown to promote complementary relative orientation of
the side chains of the residues near the reverse-turn.

As shown in Fig. 3, the qCa values were prevalently negative
in the conformers of 11, but positive in those of 12 because of
the enantiomeric relationship between the incorporated
GPTMs. The presence of opposite reverse turns resulted also in
an opposite orientation of the amino acid side chains as
illustrated by a structural comparison of two representative low
energy conformers of 11 and 12 (Fig. 4).

Both the selected structures were characterized by the
presence of two intramolecular hydrogen bonds which indicated
the initiation of an antiparallel b-sheet interaction between the
two half-strands. In 11 the b-sheet hydrogen bonds were
contiguous (between NHAla6–COAla1 and NHAla1–COAla6)
while in 12 were more distant (between NHAla2–COAla5 and
NHNHMe–COAc). In 11 the methyl groups of Ala2 and Ala5 were
situated under the back-bone plane (when the peptide chain was
oriented as shown in Fig. 4) and those of Ala1 and Ala6 over the
plane, while in 12 the opposite orientations occurred.

In conclusion both the enantiomers of GPTMs 2 were shown
to be potentially useful reverse turn mimics. Attractive features
of these new dipeptide surrogates were the reduced flexibility
compared to analogous bicyclic systems, the complementary
behavior of the two enantiomers in controlling the side-chain
orientation, the rapid access to these systems starting from
easily available compounds, the possibility of extending the
process to the synthesis of other Xxx-Pro analogues (XPTMs)
through the cycloaddition of nitrone 3 to 2-substituted acrylic
acid derivatives.

Some structural modifications of GPTMs 2 for their use in
solid phase syntheses and their incorporation into selected
bioactive peptides for structure–activity relationship studies are
currently under investigation in our laboratories.

This work was supported by the Ministry of University and
Scientific and Technological Research, Italy (Cofin 2000
Project Synthesis of Mimics and Analogs of Bioactive Natural
Compounds). S. V. acknowledges the receipt of a PhD stipend
from Menarini Ricerche S.p.A.
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Fig. 3 Percentage distribution N of dN-O, dCa and qCa values in the
conformers of 4 and 5 within 6 kcal mol21 of the global minimum. (Each
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Fig. 4 Structures of two low energy conformers of 11 and 12. Legend: C:
black, N: pale grey, O: grey, H: white. For reasons of clarity only the H
atoms involved in hydrogen bondings (--) were depicted.
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Self-assembly of a bis-urea macrocycle into a columnar nanotube

Linda S. Shimizu,* Mark D. Smith, Andrew D. Hughes and Ken D. Shimizu

University of South Carolina, Department of Chemistry and Biochemistry, Columbia, SC 29208, USA.
E-mail: shimizul@mail.chem.sc.edu

Received (in Columbia, MO, USA) 20th December 2000, Accepted 30th April 2001
First published as an Advance Article on the web 7th August 2001

A bis-urea macrocycle 1 was synthesized and shown to form
extended nanotubular columns by X-ray crystallography.

There has been great interest in the development of new
molecular building blocks that predictably self-assemble into
three-dimensional nanoscale structures.1 In particular, colum-
nar or tube shaped structures have been sought for applications
as sensors, templates for directed reactions, and in ion and small
molecule transport systems.2 A common design motif has been
to identify macrocyclic building blocks that stack to form
cylindrical assemblies (Fig. 1). The interior cavity size and
integrity of the columns are ensured by the rigidity of the
macrocyclic building blocks. Excellent examples in this regard
are Ghadiri’s cyclic peptides, Stang’s molecular squares, and
Moore’s macrocyclic polyphenylenethynylenes.3 We have
designed a series of bis-urea macrocycles that are readily
synthetically accessible and similarly self-assemble into colum-
nar nanotubes. We report, herein, the synthesis and assembly of
the first and smallest member of this family.

The guiding interaction in macrocycle 1 is the urea self-
association. The topology of urea assembly is well understood.
The ureas commonly form head-to-tail arrays based on 3-center
hydrogen bonds from the NH’s of the urea in one molecule to
the carbonyl of the urea in the adjacent molecule which position
the ureas 4.6 Å apart.4 This strong hydrogen-bonding inter-
action has been used in self-assembled materials,5 supramo-
lecular assemblies,6 and organic gelators.7 Most of these have
been acyclic systems and only a single demonstration of a
macrocyclic assembly has been reported in which the ureas are
part of the cyclic framework.8

In macrocycle 1,† two meta-xylenes serve as rigid spacers.
The macrocycle 1 was readily synthesized (Scheme 1). First the
urea functionality was protected as a triazinanone 2, inhibiting

over-alkylation and premature self-assembly. Reaction of
5-tert-butyl-1,3,5-triazinan-2-one 2 with meta-dibromoxylene
yielded the protected bis-urea 3.9 The enhanced solubility of the
protected bis-urea 3 enabled facile isolation and purification.
Deprotection with diethanolamine in methanol yielded bis-urea
macrocycle 1. Proton NMR analysis in DMSO of the depro-
tected 1 showed two broad peaks for the benzyl CH2 groups
centered at 4.6 and 3.8 ppm, consistent with slow flipping of the
16-membered ring. This dynamic conformational behavior is
consistent with studies of the protected macrocyclic precursor 3
by Dave et al.10

The solid-state molecular and assembled structures of bis-
urea 1‡ were examined by X-ray crystallographic analysis. The
self-association of 1 was immediately apparent by its poor
solubility characteristics. Single crystals suitable for X-ray
diffraction were ultimately obtained upon slow cooling of 1
(135 °C to 25 °C) in a sealed tube of glacial acetic acid (100 mg/
15 mL). The crystal structure of 1 reveals the expected bis-urea
macrocycle (Fig. 2). The opposing urea functionalities are
parallel but oriented oppositely, presumably to minimize the
dipole moment. Most importantly, the ureas are not intra-
molecularly hydrogen-bonded and thus are free to form the
designed macrocyclic stacks. The phenyl rings are tilted slightly
out of the plane of the macrocycle, one pointing above and the
other pointing below the plane of the macrocycle. The protons
on C4 point inward, with an intramolecular H…H distance of
3.5 Å, filling most of the interior cavity.

The extended structure reveals that bis-urea units 1§ stack on
top of each other to form the desired supramolecular tubular
structure. The bis-urea monomers are held together by the head-
to-tail urea hydrogen-bonding motif extending along on both
sides of the tube (Fig. 3). The three-centered hydrogen bonds
have an N…O distance of between 2.82 and 3.01 Å and an
H…O distance of 1.98 to 2.21 Å. This generates a spacing of
4.614 Å between the urea groups, consistent with other urea
hydrogen-bonding systems. The urea monomers are aligned
parallel but off-centered. The stacks are tilted 26° off of
perpendicular as measured by the tilt in the ureas with respect to
the macrocycle. This brings the aryl rings in adjacent macro-
cycles closer together within p-stacking distance (3.568 Å)
while maintaining the longer urea–urea distance of 4.614 Å.
The tilt also serves to orient the adjacent aryl rings in the more
favorable offset aryl p-stacking geometry.11

In conclusion, the simple, symmetric bis-urea macrocycle 1,
assembles as designed into columnar structures. These extended

Fig. 1 Schematic representation of the self-assembly of rigid macrocyclic
bis-ureas.

Scheme 1 Synthesis of bis-urea macrocycle 1. Reagents and conditions: (a)
meta-dibromoxylene, NaH, THF, 20%, (b) 20% diethanolamine, MeOH,
reflux, 66%. Fig. 2 ORTEP representation of bis-urea 1.
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tubes are held together by the urea–urea 3-centered hydrogen
bonds and by aryl stacking interactions. Fig. 4 highlights the
potential channels that may form with larger bis-urea macro-
cycles. We are currently focused on the synthesis and
crystallization studies of larger analogues that would contain
channels upon nanotubular assembly.

This work is supported by the National Science Foundation
under Grant No. 9973132. In addition, A. D. H. thanks the
Howard Hughes Foundation for support.

Notes and references
† Synthesis of the protected bis-urea macrocycle: the triazone protected
macrocycle was prepared from the tert-butyl triazone and meta-a,aA-
dibromoxylylene according to the method described by Dave et al.10

‡ Synthesis of the bis-urea macrocycle 1: the triazone protected macrocycle
(0.26 g, 0.55 mmol) was stirred in MeOH (10 mL) and 20% diethanolamine
(10 mL aqueous, pH 3) was added. The solution was heated at reflux
overnight. A white precipitate formed. The reaction mixture was cooled and
the crystals were collected by filtration and washed with water to yield
0.12 g (66%) of the urea cleft (1). The material was purified by
crystallization from glacial acetic acid. 1H NMR (300 MHz, DMSO) d 7.30
(s, 2H), 7.16 (t, 2H, J = 7.4 Hz), 7.0 (d, 4H, J = 6.9 Hz), 6.46 (br s, 4H),
4.6 (v br m, 4H), 3.8 (v br m, 4H). 13C NMR (75 MHz, DMSO) d 158.0,
141.8, 127.5, 124.9, 123.3, 42.4. CHN analysis: C (calc.) 66.65 (found)
66.54, H (calc.) 6.21 (found) 6.25, N (calc.) 17.27 (found) 16.94%.
§ Crystallographic data: for 1, 293 K C18H20N4O2, M = 324.38,
monoclinic, space group P21/n, a = 12.808, b = 4.6145, c = 13.950 Å, b
= 103.193°, U = 802.7 Å3, Z = 2, Dc = 1.342 Mg m23, l = 0.71073 Å
(Mo-Ka), F(000) = 344. Bruker SMART APEX CCD-based dif-
fractometer system, crystal size 0.22 3 0.03 3 0.02 mm3, Qmax = 23.29°,
4211 reflections measured, 1155 unique (completeness = 100%, Rint =
0.0686) and 618 were greater than 2s(I). Corrections for Lorentz and
polarization effects were also applied by SAINT. Final Rw = 0.0695 (all
atoms). Conventional R = 0.0386.

CCDC reference number 166911. See http://www.rsc.org/suppdata/cc/
b1/b102159c/ for crystallographic data in CIF or other electronic format.
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Fig. 3 X-Ray structures of bis-urea macrocycle 1. The hydrogens have been
omitted for clarity. Views alongside the tube showing (a) the 3-centered
hydrogen bonding patterns and (b) the skewed orientation of monomers.

Fig. 4 Packing of the individual tubes highlights the potential channels that
could be formed with macrocycles that have significant cavities.
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A single step access to multiply substituted benzo[b]furans
and indoles has been developed.

Indoles, benzo[b]furans and benzo[b]thiophenes are structural
cores to a host of bioactive compounds in pharmaceutical use or
development. Recently, we described a novel, concise approach
to benzo[b]thiophenes.1 This synthesis was used to prepare the
tubulin polymerisation inhibitor (TPI) 1.1,2 TPIs are valued for

their capacity to inhibit the proliferation of cancer cells and to
target tumour vascular endothelial cells.2c Medarde et al.
recently described some cytotoxic 2,3-diarylindole systems,
e.g. 2, that were also believed to be TPIs.3 In our ongoing
examination of the structure–activity relationship (SAR) of
TPIs such as 1 and 2,1,4 we required a concise, flexible access to
2,3-diaryl (and aroyl) benzo[b]furans and indoles to comple-
ment our access to benzo[b]thiophenes. Here we describe a
palladium mediated, one-pot, multi-component coupling proc-
ess that gives direct access to 2,3-disubstituted benzo[b]furans
and indoles.

Cacchi and co-workers previously reported a two step
synthesis of 2,3-disubstituted indoles from o-iodotrifluoro-
acetanilides 3 (Scheme 1).5 This involves initial Sonogashira
coupling of 3 to a terminal alkyne 4 to give an o-alkynyltri-
fluoroacetanilide 5, which undergoes heteroannulative coupling
to aryl iodides and alkenyl triflates to give indoles 6 (R3 = aryl
or alkenyl respectively). The trifluoroacyl group is lost during
the coupling process. When performed under an atmosphere of
CO gas, heteroannulation proceeds in a carbonylative fashion to
provide the corresponding 3-acylindoles 7.

This access to indoles 6 and 7 was generally quite efficient.
However, extending this approach to the synthesis of 2,3-di-
substituted benzo[b]furans from o-iodophenols proved prob-
lematic.6 The propensity of intermediate o-alkynylphenols 8 to
undergo cyclisation to simple 2-substituted benzo[b]furans 9,
particularly in the presence of palladium, required that the
phenolic hydroxy be protected during the initial coupling of the
alkyne to the o-iodophenol [eqn. (1)].6 Cyclisation of 8 to 9 was

(1)

also a problem during deprotection and attempted hetero-
annulative coupling. As a result the overall yield of 2,3-di-
substituted benzo[b]furan obtained from this multi-step se-
quence was generally very low. The process was also quite
specific to the use of alkenyl triflates as substrates in the
heteroannulative coupling reaction and for electron with-
drawing groups in the o-alkynylphenol.6

We sought to improve this access to benzo[b]furans by
removing any possibility of cyclisation of the o-alkynylphenols
8 to 2-substituted benzo[b]furans 9 and by reducing the number
of steps required. This led to our development of a one-pot,
multi-component coupling procedure (Scheme 2). This involves
initial deprotonation of a mixture of o-iodophenol 10 and
terminal alkyne 4 with MeMgCl to give the corresponding
magnesium phenolate and magnesium acetylide respectively
(not shown). Addition of Pd(PPh3)2Cl2 (3 mol%) and heating
leads to a coupling to give o-alkynylphenoxy magnesium
chloride 12 (X = O). Dilution with an equal volume of DMSO
and addition of a suitable coupling partner R3Y (13) then gives
the heteroannulatively coupled product 14 (X = O) or 15 (X =
O) (under carbonylative conditions).

Alkenyl bromides, alkenyl iodides, and aryl iodides all
proved to be effective coupling partners in heteroannulation
(Table 1, entries 1–5).† The low yield of the product involving

† Electronic supplementary information (ESI) available: experimental
procedures and spectroscopic data for 14a–h, 15a and 16. See http://
www.rsc.org/suppdata/cc/b1/b104624c/

Scheme 1

Scheme 2

This journal is © The Royal Society of Chemistry 2001

1594 Chem. Commun., 2001, 1594–1595 DOI: 10.1039/b104624c



the styrenyl iodide 13b is expected to have resulted from the
instability of this iodide under the reaction conditions, that is, in
the presence of palladium at elevated temperatures. Good yields
were also obtained when allyl acetate 13d and propargyl
tosylate 13e (gives an allenic product) were used as coupling
partners (entries 6 and 7).

When the coupling reaction that gave rise to 14c was
repeated, using a carbon monoxide atmosphere at the point of
introduction of 13c, the heteroannulative coupling proceeded in
a carbonylative fashion to give 15a in good yield (entry 8).
There were no signs of formation of significant quantities of
ester (esterification of the o-alkynylphenol) or the simple
2-substituted benzo[b]furan 9, which dominated under the
reaction conditions employed by Cacchi and co-workers.6
Heteroannulative coupling involving the styrenyl iodide 13b
under such carbonylative conditions gave rise to the 3-alkylide-
nebenzo[b]furan-2-one 16 as the major product (entry 9).
Benzo[b]furanone 16 has clearly resulted from an alternative
coupling pathway. Arcadi et al. recently described a similar
reaction involving vinyl triflates with o-ethynylphenols and
proposed a mechanism of formation of the benzo[b]fur-
anones.7

Although the two step process developed by Cacchi for the
synthesis of indoles was quite efficient we were gratified to find
that our approach to benzo[b]furans could also be extended to a

one-pot access to indoles as is exemplified by our efficient
preparation of 14h (entry 10).

The authors thank the Australian Research Council for
financial support including an ARC Australian Research
Fellowship to B. L. F.
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Table 1 Multi-component coupling reaction for the formation of benzo[b]furans and indoles (see also Scheme 1)a

Components Components

Entry 10 4 13 Product (yield (%)) Entry 10/11 4 13 Product (yield (%))

1 6 10a

2 7b 10a 4a

3 10b 8c 10b 4c 13c +
CO(g)

4 4b 13c 9c 10c 4b 13b +
CO(g)

5 4b 13c 10 4c 13c

a All reactions were performed as follows (unless otherwise stated): (i) 10 (or 11), 4, 2 3 MeMgCl in THF, 0 °C; (ii) Pd(PPh3)2Cl2 3 mol%, 65 °C, 1–2 h;
(iii) cool to 18 °C, add 13, dilute with an equal volume of DMSO and heat to 80–95 °C, 4–19 h. b CH3CN was used as a solvent in place of DMSO and a
further 1.3 equiv. of 12e was added after 2 h. c CO (g) 1 atm was introduced upon addition of 13 and DMSO and the reaction heated to 80–95 °C for
20 h.
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An enantioselective Michael addition of b-keto esters to
methyl vinyl ketone exploiting a chiral N,NA-dioxide–
scandium trifluoromethanesulfonate complex as a catalyst
affords the corresponding Michael adducts in high yields
and with enantioselectivities of up to 80% ee.

Enantioselective catalytic Michael additions are one of the most
important carbon–carbon bond formation reactions because of
the versatility of the products as chiral building blocks.1 Various
chiral catalysts have been reported for the Michael addition of
prochiral b-keto esters to a,b-unsaturated carbonyl compounds
including cinchona alkaloids,2a–c chiral crown ether–metal
alkoxide complexes,2d chiral amine–transition metal complex-
es,2e–g chiral alkoxide complexes,2h and chiral bimetallic
lanthanoid complexes1b.

The N-oxide functional group is known to form complexes
with a variety of metals3 due to its strong electron donating
ability, and as such could be considered useful in potential
catalysts. However, only a limited number of attempts to
employ N-oxides in chiral catalysts have been reported.4 As part
of our program of developing N-oxide-mediated reactions,5
herein we describe an enantioselective Michael addition of b-
keto esters to methyl vinyl ketone catalyzed by a chiral N,NA-
dioxide–scandium trifluoromethanesulfonate complex.

We have recently reported enantioselective conjugate addi-
tion of thiols to cyclic enones and acyclic enals catalyzed by the
complex between 1 and cadmium iodide.6 This prompted an
investigation of the Michael addition of dimethyl malonate to
cyclohexenone employing the 1–cadmium complex, however,
no Michael adduct was obtained with the cadmium complex. A
study of the Michael addition of methyl 1-oxoindan-2-carbox-
ylate (2a) to methyl vinyl ketone, a reaction frequently
investigated as a probe for enantioselective Michael addition,
was then undertaken. The reaction proceeded smoothly with the

1–cadmium iodide complex, but the observed enantiomeric
excess of the adduct was low (75% yield, 13% ee). After
screening complexes prepared in situ from 1 and various metal
salts, we found that 5 mol % of a 1+1 complex of 1 and
scandium trifluoromethanesulfonate in dichloromethane at
room temperature catalyzed the Michael addition to generate
the adduct 3a in quantitative yield with moderate enantio-
selectivity of 39% ee (Table 1, entry 1).

Introduced by Kobayashi et al., scandium trifluoromethane-
sulfonate7 is known as a versatile Lewis acid, yet only a few
chiral scandium complexes as catalysts for enantioselective
reactions have been reported, scandium trifluoromethanesulfo-
nate–BINOL–amine complexes8,9 and bimetallic complexes.1b

Scandium trifluoromethanesulfonate is not soluble in dichloro-
methane, while its complex with 1 and 2a dissolves in
dichloromethane to give a yellow solution. Other solvents
examined in the Michael addition were found to generate
products in lower enantiomeric excess than dichloromethane
(toluene: 99% yield, 8% ee; propionitrile: 99% yield, 19% ee,
tetrahydrofuran: 99% yield, 10% ee). Lower selectivities were
obtained at both higher and lower temperatures (0 °C: 91%
yield, 5% ee; 40 °C: 98% yield, 20% ee). The enantioselectivity
also strongly depended on the ratio of N-oxide to scandium (2.5;
99% yield, 19% ee, 1.0: 99% yield, 39% ee, 0.5: 94% yield,
30% ee with 0.5 mM scandium trifluoromethanesulfonate), as
well as the catalyst concentration (0.1 mM: 85% yield, 35% ee;
0.5 mM: 99% yield, 39% ee; 2.5 mM: 93% yield, 6% ee with the
ratio of N-oxide to scandium 1.0). These results suggest a
variety of aggregation states for the complexes of scandium and
N-oxide, though the details of these complexes are beyond the
scope of this work.

As a Michael acceptor, acrolein generates a product with
similar enantioselectivity (rt, 2 h, 75% yield, 30% ee after
conversion of aldehyde into methyl ester), while chalcone

Table 1 Enantioselective Michael addition of b-keto ester 2 to methyl vinyl ketone catalyzed by 1–Sc(OTf)3 complex

Entry Donor R Acceptor Adduct Yield(%) Ee (%)a Confgn [a]D
25 (c 1, benzene)

1 2a Me CH2NCHCOMe 3a 98 39 Rb +27.1
2 2b CH2Ph CH2NCHCOMe 3b 85 38 Rc +17.5
3 2c i-Pr CH2NCHCOMe 3c 94 47 Rd +31.9
4 2d CH(i-Pr)2 CH2NCHCOMe 3d 98 69 Rd +20.4
5 2e t-Bu CH2NCHCOMe 3e 93 80 Re +46.6
6 2e t-Bu CH2NCHCHO 3f 73f 75f Rd +38.3g

a Determined by HPLC analysis employing Daicel Chiralpak AD or Chiralcel OJ (hexane–isopropyl alcohol = 9+1, 1 mL min21). b Assigned by optical
rotation ([a]577

25+29.8 (c 1, benzene), lit. 2b: [a]578
rt 277 (c 2, benzene) for (S)-3a). c Assigned by optical rotation of 3b prepared from 3a.  d Assigned by

analogy. e Assigned by optical rotation after conversion to 3a. f Determined after conversion of aldehyde into methyl ester. g Optical rotation of diester.

This journal is © The Royal Society of Chemistry 2001
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generates a complex mixture of products. No reaction was
observed using methyl acrylate as an acceptor. A variety of b-
keto esters were then evaluated as Michael donors employing
methyl vinyl ketone as an acceptor. Benzyl 2-oxocyclopentane-
carboxylate, methyl 1-oxo-1,2,3,4-tetrahydronaphthalene-
2-carboxylate, and methyl 2-methyl-3-oxopropanoate produced
racemic mixtures, which suggests the importance of the indan
skeleton in directing the enantiocontrol.

Enantioselective Michael additions of various esters of
1-oxoindan-2-carboxylic acid to methyl vinyl ketone were then
investigated. The bulkiness of the ester substituent was found to
have a pronounced effect on the observed enantioselectivity. As
shown in Table 1, the enantioselectivities increased with the
bulkiness of the ester. tert-Butyl ester 2e exhibits the highest
enantioselectivity of 80% ee (entry 5), while the Michael
addition of tert-butyl ester 2e to acrolein also produces notably
better enantioselectivity (entry 6) than that of methyl ester 2a.

The predominant formation of (R)-3e may be explained by
the transition state model shown in Fig. 1. The bulky tert-butyl
ester moiety should be located on the si-face of the keto ester
plane in order to avoid steric repulsion with the quinoline
moiety, which leads the attack of methyl vinyl ketone at the re-
face preferentially.

A representative procedure for the enantioselective Michael
addition catalyzed by the scandium trifluoromethanesulfonate–
1 complex is as follows. A mixture of N,NA-dioxide 1 (8.0 mg,
0.026 mmol), scandium trifluoromethanesulfonate (15 mg,
0.026 mmol) and b-keto ester 2e (120 mg, 0.52 mmol) in
dichloromethane (5 ml) was sonicated for 5 min to generate a
yellow solution. Methyl vinyl ketone (0.2 mL, 2.6 mmol) was
added to the solution and the mixture was stirred at room
temperature for 0.5 h. After standard work-up followed by silica
gel chromatography, 3e (145 mg, 93%) was isolated as needles.
N,NA-Dioxide 1 was recovered by elution with 10% ethanol in
dichloromethane without a loss of optical purity. The enantio-
meric excess of the adduct was determined by chiral HPLC.

In conclusion, we have demonstrated the potentiality of a
chiral N,NA-dioxide–scandium trifluoromethanesulfonate com-
plex to act as a catalyst for enantioselective Michael additions of
b-keto esters to methyl vinyl ketone. The present reaction
provides the first example of a chiral N-oxide–scandium
complex acting as a catalyst in an enantioselective reaction.
Studies into design modifications of chiral N,NA-oxides to
further enhance enantioselectivity, and into the refinement of
the mechanism of the reaction are currently in progress.

This work was partly supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports and Culture of Japan and Otsuka Chemical Award in
Synthetic Organic Chemistry, Japan.
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A novel macrocycle-MoS2 nanocomposite has been synthe-
sized and characterized using the exfoliation/restacking
properties of LiMoS2, providing the first of a new family of
intercalation compounds.

There is significant interest in the properties of polyazamacro-
cycles bearing pendant-arms, particularly those having arms
attached at the nitrogen atoms of the macrocycles. Interest in
these complexes has focussed on applications to catalysis, ion-
selectivity1 and their use as radioimmunotherapy agents.2
Transition metal macrocycles find utility as electrocatalysts in
fuel cells,3 or as catalysts for decomposition of environmentally
important small molecules (NOx, SOx and CO2).4 Cobalt
macrocycles will bond sulfur directly to the metal5 and these
complexes, which are also extremely stable in aggressive
environments, provide excellent candidates for both funda-
mental and applied studies of hydrodesulfurization (HDS) of
fossil fuels. Thus macrocycles may provide a portal to a
completely unique class of intercalation compounds, that may
prove to be robust, efficient HDS catalysts.

While the synthesis of nanocomposite materials is an
important area of research and there have been a number of
reports of intercalation of, for example, crown ethers into
phyllosilicates6 and inorganic hosts,7 there have been no reports
to date of intercalation of tetraazamacrocyclic compounds,
particularly of the pendant-arm variety. This class of compound
is particularly interesting, given its ability to form extremely
stable redox active transition metal complexes. Molybdenum
disulfide is a very attractive host material for nanocomposites
and has already been shown in its own right to be an effective
catalyst in the hydrodesulfurization (HDS) process.8 It also
finds application as a solid lubricant9 and as a cathode material
in high energy density lithium batteries.10 Despite the im-
portance of MoS2 in industrial applications, formation of its
intercalation compounds using redox techniques is usually
limited to those of alkali and alkaline earth metals dissolved in
liquid ammonia,11 or to organolithium reagents such as n-
butyllithium.12 However, intercalation compounds of MoS2
may be produced by utilizing the exfoliation and restacking
properties of LiMoS2. Complete exfoliation of LiMoS2 occurs
upon reaction with water. Addition of guest species such as
organic molecules and polymers to the de-laminated layers can
afford a wide range of intercalation compounds of MoS2.13

These include the intercalation of crown ethers and polyethyl-
ene oxides.14 In this case, however, washing the intercalation
compounds containing alkali metal complexes of the guest
ethers caused progressive elimination of the intercalated
compounds, giving solids of variable stoichiometry. We have
chosen to exploit the LiMoS2 exfoliation technique to attempt to
prepare a series of intercalation compounds containing tetra-
azamacrocycles that should provide new, stable intercalation
compounds with novel, useful properties.

We report here the formation and characterization of the first
MoS2 intercalation compound containing a pendant-arm tetra-
azamacrocycle, 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraaza-
cyclotetradecane-1-acetic acid, (L).

The macrocycle L was prepared by following the literature
procedure.15 LiMoS2 was prepared by reacting MoS2 with 3
equivalents of BunLi12 and was exfoliated by reaction with
water. Addition of an ethanol solution of L to the delaminated
layers resulted in its encapsulation in between the disulfide
sheets.

Evidence for the intercalation of L into MoS2 was obtained
by powder X-ray diffraction (XRD)† which clearly shows the
first eight (00l) reflections, indicative of a lamellar structure
(Fig. 1). The observed d-spacing of the intercalated compound
is 11.48 Å, showing an interlayer expansion of 5.3 Å with
respect to pristine MoS2, which has a d-spacing value of 6.15 Å.
This expansion is consistent with a monolayer of L lying
virtually co-planar with the MoS2 sheets.

The stoichiometry of the sandwiched compound was deter-
mined by thermogravimetric analysis under air. This method
has been shown previously13 to give reliable results that agree
closely with elemental analysis data. Examination of the
thermogram showed that the inclusion compound is stable up to
308 °C. Thereafter, a major weight loss was observed up to
450 °C, followed by the formation of MoO3, which was stable
up to 650 °C. The identity of the MoO3 phase was confirmed by
XRD. From the thermogram, the composition of the intercalated
material was found to be L0.11MoS2. It was also found that 0.11
is the maximum loading of L into MoS2. Increasing the molar
ratio of L : MoS2 from 0.11 to 1.0 during the intercalation
process had no effect. The average particle size of L0.11MoS2
was calculated from its powder pattern by using the Scherrer
formula16 and was found to be 80 Å, which may be compared

Fig. 1 Powder X-ray diffraction pattern for L0.11MoS2.
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with an average particle size of 129 Å for the pristine MoS2 used
in this study. The decrease in particle size of MoS2 upon
intercalation corresponds to a significant loss in crystallinity of
the material since upon exfoliation it does not restack quite as
well as in its initial state.

The room temperature electronic conductivity of L0.11MoS2
was assessed by the two-probe technique on a pressed pellet of
the sample. The measured conductivity value is 2.5 3 1023

S cm21, which shows a 250-fold increase with respect to
pristine MoS2. The latter, which is in the 2H form, is a
semiconductor with a room temperature electrical conductivity
of 1025 S cm21. This increase in electrical conductivity is
explained by a structural transformation of the MoS2 which
takes place during the intercalation process. In 2H-MoS2, the
molybdenum atoms are bonded to the sulfur atoms in a trigonal
prismatic arrangement. Upon treatment of 2H-MoS2 with
BunLi, reduction of the layers takes place forming LiMoS2 that
contains molybdenum atoms octahedrally coordinated to six
sulfurs. The reaction of LiMoS2 with water is fast, where
oxidation of the layers results in the formation of single layers
trapped in the octahedral geometry. When the single layers
restack with L sandwiched in between, the octahedral geometry
of the MoS2 is retained. Band structure calculations by
Matthesis showed that MoS2 in the octahedral (Oh) form is
metallic.17 However, this form is metastable and reverts to the
thermodynamically more stable 2H state. This is consistent with
the observed continuous decrease in conductivity of our
samples over a period of time. This effect is currently being
examined as well as the effect of temperature and pressure on
the conductivity of L0.11MoS2, and will be the subject of a future
paper. The structural conversion of MoS2 in L0.11MoS2 has also
been probed by differential scanning calorimetry which shows
a broad exothermic peak with a peak maximum at 200 °C. This
is consistent with the structural transformation of MoS2 from
the Oh to the 2H form. The observed transition was found to be
irreversible. restacked MoS2 (d-spacing 6.15 Å) has been
reported to show a similar transition at 100 °C.18 It seems that
an increase in d-spacing leads to an increase in the transition
temperature and we are currently exploring this effect by using
macrocycles of different sizes and with differing number and
bulk of substituents. A detailed study of the steric effects of
pendant-arm macrocycles on the properties of their MoS2
intercalation compounds is currently underway. This work
provides the first evidence that pendant-arm macrocycles are
viable guests in intercalation compounds hosted by MoS2,
which may lead to materials with unique and useful proper-
ties.

We are grateful to the Natural Sciences and Engineering
Research Council (NSERC) of Canada, and the UPEI Senate
Committee on Research for financial support. Thanks go to

Dr J. Dahn, Physics Department, Dalhousie University for the
thermogravimetric measurements.
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The combination of anionic Michael addition of lithium ester
enolates with radical 5-exo cyclizations through SET oxida-
tion gives highly functionalized cyclopentanes.

Radical reactions have developed into a valuable tool in organic
synthesis. Especially radical cyclizations are widely used since
one of their advantages is the versatility to design tandem
processes.1 However, this advantage is offset by tedious
precursor preparation. Radical addition/cyclization sequences
are conceptually attractive since the gain in complexity from
simple precursors is high. However, this strategy suffers from
drawbacks: 1) radical additions (Giese reactions) obey complex
kinetics, requiring an excess of one precursor (often a a,b-
unsaturated carbonyl compound).2 This excess, however, may
interfere with the following reaction steps in the tandem
processes thus limiting overall efficiency. 2) The radical
acceptor should be unsubstituted in the b-position to achieve
useful addition rates.2,3

A promising alternative to radical addition/cyclization cas-
cades should be one in which the addition step is performed on
the anionic oxidation stage allowing better reactivity/selectivity
control. An attractive approach is the anionic Michael addition4

proceeding with stoichiometric amounts of reagents, but the
resulting enolate is normally not able to undergo anionic
cyclization to unpolar functionalities.5 However, by oxidizing
the adduct enolate, radical cyclizations may be induced.6

Here, efficient tandem Michael addition/radical cyclizations7

are reported. Cyclopentane derivatives with up to five ster-
eocenters can be created from simple precursors.

An initial study of the Michael addition revealed that (Z)-
enolates 1a–e generated by deprotonation of the ester with
LDA–THF–HMPA underwent a useful anti-selective addition
to Michael acceptors 2a–c providing good yields of 3 [Scheme
1, dr > 6.6+1 except for 1e/2b (4.6+1), see Table 2 in the ESI†].
Enolates (E)-1a,d (generated with LDA–THF) gave syn-3 with
a very moderate selectivity. Additions of 1 to 2a,b provided 3

directly while those of 1 to 2c formed the aldol adduct at 278
°C that rearranged to 3 on warming to 0 °C.4a,b

With these results in hand, the Michael addition/radical
cyclizations were studied (Scheme 2, Table 1). Addition of 2a
or 2c to (Z)-1 in THF–HMPA at 278 °C followed by warming
to 0 °C generated the enolates 4 that were treated with a
thoroughly homogenized solid mixture of SET oxidant ferro-
cenium hexafluorophosphate 5–TEMPO 6 as oxygenation/
termination reagent at 240 °C (Scheme 2, Table 1). For
5-unsubstituted 1a and 2a,c oxygenated cyclopentane deriva-
tives 7aa‡ and 7ac were formed with good to excellent
diastereoselectivity (entries 1,2). 5-Monosubstituted 1b gave an
inseparable 1.6+1 diastereomeric mixture of 7ba‡ and 8ba in
87% yield with good control of the exocyclic stereocenter (entry
3). More bulky ester 1c improved the cyclization diaster-
eoselectivity 7ca/8ca only slightly, but induced excellent
diastereoselectivity at the exocyclic stereocenter (entry 4). Even
a fifth stereocenter can be controlled with reasonable efficiency.
Applying 1c and 2c provided 61% (75% based on 1c) of a partly
separable 13.5:3.3:1 mixture of 7cc/8cc/9cc (entry 5). The cis/
trans-cyclization diastereoselectivity for anti-4 amounted to
4.1+1. Michael addition/radical cyclization of 1d/2a gave a 2+1
diastereomeric mixture of 7da and 8da in good yield (entry
6).

The protected alcohol function in 7 can be regenerated by
reductive N–O bond cleavage6,8 as exemplified for 7aa
providing 11aa in 63% yield (Scheme 3).

The sequences are not limited to TEMPO trapping of the
cyclized radical (Scheme 4). If Michael donors 1d,e were
coupled with 2a,b followed by addition of 2.5–3 equiv. of 5,
isopropenylcyclopentanes 12 were formed as the major prod-
ucts together with minor amounts of 13–18. The sequence of
methyl ester 1d/2a in the absence of additives gave 12da in 51%
yield as a 3:1 diastereomeric mixture accompanied by 14da–
16da. Alcohol a-15da lactonized to 17da during purification.
The more bulky ester 1e and addition of 3 equiv. of KOtBu

† Electronic supplementary information (ESI) available: further experi-
mental and spectral data. See http://www.rsc.org/suppdata/cc/b1/b104415j/

Scheme 1

Scheme 2
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improved the product distribution and the diastereoselectivity of
the sequence to 12ea. Some 14ea, 16ea, 17ea and 18ea, but
almost no 15ea, were formed. From ethylidenemalonate 2b and
1e, all four diastereomers of 12eb/13eb were isolated in 54%
yield in a 26+6+3+1 ratio due to the lower anti-selectivity of the
Michael addition (4.6+1). Although not that interesting from the
synthetic point of view, this example strengthened the config-
uration assignment to all products and indicated that syn-4 may
cyclize as efficiently as anti-4.

The tandem processes can be rationalized by assuming a
chelation controlled Michael addition step via A to anti-49

(Scheme 5). SET oxidation of 4 by 5 occurs predictably to
radicals B. The cyclization diastereoselectivity to C can be
explained by a preferred Beckwith–Houk chair transition state
B10 depending on the substitution pattern of the alkene in 1
followed by combination with TEMPO 6 to the major
diastereomer 7. TEMPO trapping of radical B does not play a
significant role except for the 1a/2c combination. Tertiary
radicals C are predominately oxidized to carbenium ions D

giving 12(13) and 15–18 via deprotonation and nucleophilic
trapping, respectively, while 14 and 16 may be formed from C
via disproportionation or ligand transfer with ferrocenium/
ferrocene, respectively.

In summary, it was shown that Michael addition/radical
cyclization cascades are a convenient strategy to overcome
limitations of purely radical or anionic addition/cyclization
sequences. The results may have many implications for the
design of heterointermediate strategies since other enolate
generating reactions such as conjugate additions or anionic
rearrangements can be envisaged to be coupled with radical
reactions thus expanding the opportunities of organic synthe-
sis.

I thank Deutsche Forschungsgemeinschaft and Dr Otto
Röhm-Gedächtnisstiftung for generous financial support. Pro-
fessor H. Hopf’s support is gratefully acknowledged.
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Table 1 Tandem Michael addition/radical cyclizations of 1/2

dr: 7 : 8 : 9

Entry 1 2
Yield (%)
7+8+9 7(bR1:aR1)a 8(aR1:bR)a 9 10 (%)

1 a a 71 100(2) 0 0 —
2 a c 53b 7.5(2) 1(2) 0 25c

3 b a 87 1.6(6+1) 1( > 20+1) 0 —
4 c a 86 2.3(22+1) 1( > 20+1) 0 —
5 c c 61(75)d 13.5(5.4+1) 3.3(2+1) 1 —
6 d a 82 1.8(2) 1(2) 0 —

a Configuration at exocyclic stereocenter. b A cyclized dimer was also formed in 4.7% yield. c Mixture of four diastereomers (not assigned). d Yield in
parentheses represents yield based on recovered 1c.

Scheme 3

Scheme 4

Scheme 5
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Synthesising protease-stable isopeptides by proteases: an efficient
biocatalytic approach on the basis of a new type of substrate
mimetics†
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A biocatalytic route to the ‘post-synthesis’ formation of Asp/
Glu-derived isopeptides is illustrated on the basis of the
Staphylococcus aureus V8 protease used as the biocatalyst, a
new type of substrate mimetics as the donor peptides, and
several acceptor peptides varying in length and sequence.

The trifunctional structure of Asp and Glu allows both amino
acids to be incorporated in the backbone of polypeptides by the
side-chain and the Ca-carboxyl moiety as well. While the latter
results in the formation of normal linear peptides, the involve-
ment of the side-chain carboxyl group in the peptide backbone
leads to the corresponding isopeptides. Isopeptides are ubiqui-
tously found in nature and are considered to be one of the most
common forms of non-enzymatic degradation of linear poly-
peptides under physiological conditions.1 Rearrangement of
normal peptides into isopeptides is catalysed by bases as well as
acids, and starts with the formation of cyclic succinimide
intermediates following dehydration. Re-opening of the ring
finally leads to a mixture of normal peptides and isopeptides in
a typical ratio that ranges from 40+60 to 15+85 along with small
amounts of D-isopeptides.2 Since isopeptide formation involves
the addition of extra carbon atoms to the polypeptide backbone,
its presence in a functional protein domain has profound effects
on biological activity and its susceptibility to proteolytic
degradation.3 Recent findings have demonstrated that wide-
spread accumulation of isopeptide linkages in cellular proteins
greatly increases the immunogenicity and disrupts a wide range
of important biochemical pathways by competitively displacing
normal proteins in protein–protein or protein–ligand inter-
actions.4 Because of this function, isopeptides were found to be
highly useful to study complex biological phenomena and for
the development of therapeutic agents resulting in a great
interest in their synthesis.

Although isopeptide bond formation is often an undesired
side reaction during the chemical synthesis of normal linear
peptides due to the need for strong bases and acids for
deprotection steps and peptide release,5 the directed synthesis of
isopeptides is difficult and strictly limited by competitive
cyclisation reactions. Like bases and acids, the use of coupling
reagents to yield side-chain activation of Glu- and Asp-
containing peptides further reinforces the formation of un-
wanted cyclic products and finally leads to a crude synthesis
product with substantial amounts of undesired material. A few
enzymes, i.e. protein carboxyl methyltransferases,6 isopepti-
dases,7 and transglutaminases,8 are known to be active on the
side-chain of Glu and Asp and, therefore, may be interesting
biocatalysts for the synthesis of isopeptide bonds. However, due
to the highly restricted substrate and reaction specificity, none
of these enzymes is capable of catalysing the synthesis of

isoAsp- or isoGlu-Xaa bonds. Therefore, the development of
alternative catalytic and mild approaches to improve the current
synthesis methods of isopeptides is a challenging task.

This account reports on the use of a normal peptidase, i.e. the
Glu-specific endopeptidase from Staphylococcus aureus strain
V8 (V8 protease), that acts as an efficient biocatalyst for the
formation of isopeptides. The key feature of this approach is the
use of a novel type of substrate mimetics that directs the
synthesis activity of the protease to the side-chain carboxyl
moiety of Asp and Glu (Scheme 1). Similar to classical
substrate mimetics, the novel type donors bear a site-specific
ester leaving group that mediates the acceptance of non-specific
acyl moieties by the protease.9 To direct the activity of the
enzyme to the side-chain, the specific ester group, however, is
linked to the w-carboxyl moiety of Asp and Glu instead of being
at the C-terminus of the peptide donor. This different archi-
tecture was shown to lead to a shift in the synthetic activity of
the protease from the Ca-carboxyl group towards the side-chain
moiety of the two amino acids finally resulting in the synthesis
of isopeptides.

The general function of this biocatalytic approach was proved
by the use of several Asp- and Glu-containing peptides that
were esterified by carboxymethylthiol at their side-chain
carboxylates. The carboxymethyl thioester functionality (SCm,
cf. Scheme 1) itself was selected due to its function as a mimic
which was already shown to mediate the acceptance of non-
specific (non-Asp- and Glu-containing) linear donor peptides
by V8 protease and other highly Glu-specific peptidases as
well.10 The influence of the length of the donor peptide on the
synthesis reaction was investigated by using donor esters
derived from single amino acids up to pentapeptides. Fur-
thermore, the effect of the position of the Asp and Glu moieties
within the donor peptide on the acceptance by the enzyme was
studied by using peptides with either N-/C-terminal or endoge-
nous Glu/Asp-residues. The resulting 14 peptide esters have
served as donor components in V8 protease-catalysed isopep-
tide syntheses using amino acid amides, dipeptide amides, and

† Electronic supplementary information (ESI) available: complete details
for experimental procedures. See http://www.rsc.org/suppdata/cc/b1/
b105752a/

Scheme 1 General structures of classical linear (1) and new type (2)
substrate mimetics. The site-specific carboxymethyl thioester group is
emphasized by bold letters. PG, protecting group; R1, R2, individual side
chains.
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pentapeptides as the amino components. The reactions them-
selves were performed under identical conditions at pH and
temperature optimal to the enzyme.11 As a control for
spontaneous hydrolysis and aminolysis of the peptide esters that
may interfere with the enzymatic syntheses, parallel reactions
without enzyme were analysed. On the basis of these control
experiments, non-enzymatic aminolysis could be ruled out and
the extent of spontaneous hydrolysis was found to be less than
5%. The results observed for the enzyme-catalysed syntheses
are summarised in Table 1. Generally, the data document that all
donor peptides show productive binding at the active site of the
biocatalyst resulting in isopeptide bond formation. In contrast,
model reactions using donor components lacking the specific
ester moiety, i.e. Z-Glu(SMe)-OH and Z-Asp(SMe)-OH (SMe,
methylthiol), gave no reaction. This finding indicates that the
negative charge of the SCm-leaving group is essential to
mediate the acceptance by V8 protease. Accordingly, the lack of
this charge causes a complete loss of specificity that inevitably
leads to a loss of synthesis activity of the enzyme. On analysis
of the efficiency of syntheses, yields of isopeptide products
within a range of about 40–70% were obtained that roughly
correspond with those of comparable reactions using normal
linear substrate mimetics.10 Interestingly, apart from the
formation of the respective hydrolysed donor peptides no
further side products could be detected. Addressing the
moderate variations in the yields, the Asp- and Glu-residue
itself appears to affect the efficiency of synthesis to the highest
extent. While the use of Z-Glu(SCm)-OH and Z-Asp(SCm)-OH
led to practically the same yields, the chain elongation of the
Asp ester either in the C- or N-terminal direction resulted in an
increase in the product yields of around approximately 10–20%.
This increase makes the Asp-containing peptides more efficient
donor components than those derived from glutamic acid.
Interestingly, the individual position of both the Asp and Glu
residue within the donor peptide does not affect the course of
isopeptide synthesis significantly. In the same way, there is only
a minor influence of the length of the donor peptide on the
reaction. Surprisingly, this also holds for the acceptor peptide as
it is reflected by the similar product yields which are less
affected by the sequence and the chain length of the respective
peptide. This atypical behaviour is in contrast to reactions using
classical linear substrate mimetics as the donor peptides that
generally displayed a more pronounced influence of the
acceptor peptide on the course of synthesis.10 Accordingly, in
particular, N-terminal Gly and Met residues usually led to a
decrease in product yield; an effect that can not be found for the
synthesis of isopeptides. The synthesis of glutathione (g-
glutamylcyteinylglycine) starting from Z-Glu(SCm)-OH and
Cys-Gly, which proceeds with a yield of about 62%, gave a
further hint to the small influence of the acceptor peptide on the
efficiency of catalysis. From a synthetic point of view, this
broad tolerance towards the sequence and chain length of both
the acceptor and donor peptide should make the approach
presented a rather general one for the synthesis of a wide variety
of isoaspartyl- and isoglutamyl-containing peptides. Further-
more, due to the mild reaction conditions, the weak carboxyl
activation, and abandoning the use of additional bases and
acids, the risk of undesired cyclisation reactions is reduced to a
minimum. The synthetic utility of the method is even not
narrowed by proteolytic side reactions. Model syntheses with

elongated reaction times up to several days do not gave any
hints to an undesired cleavage activity of V8 protease towards
the formed isoGlu- and isoAsp-bonds indicating an irreversible
course of the enzymatic ligation reaction (data not shown). Only
the presence of further Glu and Asp residues additional to those
that are to be modified may lead to undesired peptide cleavages.
In such cases, freezing of the reaction mixture, which was
shown to repress the proteolytic activity of enzymes closely
related to V8 protease while retaining their synthesis activity,12

may represent an efficient resource. From a biocatalytic point of
view, the approach presented broadens the scope of proteases in
organic synthesis and opens up a new field of synthetic
applications of these enzymes for the synthesis of isopeptides.
Finally, because of the universal applicability of substrate
mimetics it can be further expected that other proteases may
also be useful biocatalysts for isopeptide synthesis. Studies in
this direction are presently under investigation.
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Table 1 Yields (%) of the V8 protease-catalysed synthesis of isopeptides. [donor]: 2 mM, [acceptor]: 15 mM, [V8 protease]: 3.61–10.33 mM

Acceptor peptide

Donor peptide H-Met-NH2 H-Gly-Leu-NH2 H-Leu-Gly-NH2 Ile-Ala-Ala-Ala-Gly Leu-Ala-Ala-Ala-Gly

Z-Glu/Asp(SCm)-OH 41.2/41.5 40.3/41.6 47.7/48.5 49.8/49.3 50.5/52.2
Z-Ala-Glu/Asp(SCm)-NH2 41.3/59.5 39.8/56.9 47.0/60.3 47.2/67.9 50.3/65.9
Z-Ala-Ala-Glu/Asp(SCm)-NH2 44.9/53.9 45.1/56.6 50.4/61.9 49.4/62.3 51.0/61.8
Z-Glu/Asp(SCm)-Ala-NH2 39.0/51.7 39.6/54.2 46.5/59.7 48.6/66.8 49.3/64.3
Z-Glu/Asp(SCm)-Ala-Ala-NH2 44.7/58.7 45.4/55.8 52.6/61.7 54.6/67.5 54.9/64.8
Z-Ala-Glu/Asp(SCm)-Ala-NH2 42.5/60.9 43.9/62.8 50.2/65.7 50.1/67.4 51.6/68.0
Z-Ala-Ala-Glu/Asp(SCm)-Ala-Ala-NH2 40.8/59.1 41.5/61.9 51.9/64.0 52.4/66.4 52.8/65.0
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A highly efficient one-pot construction of optically active
1,1A-spirobi[indan-3,3A-dione] derivative (up to 80% ee) has
been achieved by exploiting the double intramolecular C–H
insertion reaction of dimethyl 2,2A-methylenebis(a-diazo-b-
oxobenzenepropanoate) under the influence of dirhodium
(II) tetrakis[N-phthaloyl-(R or S)-tert-leucinate] as a cata-
lyst.

The development of efficient chiral metal complexes in the field
of asymmetric synthesis has focused mainly on the design and
synthesis of novel chiral ligands. BINAP, BINOL and related
ligands based on the axially chiral 1,1A-binaphthyl skeleton have
achieved significant success in asymmetric catalysis.1 In this
context, certain bifunctional chiral spirans with C2-symmetry
may be regarded as promising ligands, as they contain a totally
rigid spiro backbone which creates an effective asymmetric
environment. Although chiral cis,cis-spiro[4.4]nonane-1,6-diol
has recently shown potential either as a chiral ligand itself2 or as
a precursor to other useful chiral ligands,3 the widespread
application of this class of spiran ligands has received relatively
little attention.4 Clearly, a major obstacle is the difficulty in
obtaining enantiomerically pure spiran molecules, which gen-
erally involves a tedious resolution of racemates via fractional
crystallization5 or chromatography6 of the diastereomeric
mixtures. Thus, the development of a catalytic asymmetric
synthesis of C2-symmetrical chiral spirans would represent
significant improvement over current methodologies for obtain-
ing these ligands.7,8

Recently, Aburel and Undheim reported a new synthetic
approach to generate racemic spiro[4.4]nonane-2,7-dione deriv-
atives from acyclic bis(a-diazoketone) using a Rh2(OAc)4-
catalyzed double intramolecular C–H insertion reaction, though
the product yields are found to be only 27–35%.9 Inspired by
their pioneering work, and taking advantage of our continuing
research in this field,10 we turned our attention to the feasibility
of a high-yielding and enantioselective synthesis of C2-
symmetrical chiral 1,1A-spirobiindan systems. Herein we report

a facile path to optically pure 1,1A-spirobi[indan-3,3A-dione] 1,5b

a potential intermediate in the synthesis of the hitherto unknown
cis,cis-1,1A-spirobi[indan-2,2A-diol], via an enantioselective
double intramolecular C–H insertion process with up to 80%
ee.

At the outset of this work, we explored the double cyclization
of bis(a-diazo-b-keto ester) 2 in the presence of 2 mol % of
Rh2(OAc)4.† While the use of DCM as solvent gave a complex
mixture of products, the catalysis of 2 in toluene was found to
proceed sluggishly at rt to produce spirobiindanone derivative

4, which, without purification, was transformed by demethox-
ycarbonylation to give spirobiindanone 1. As might be expected
from the results of Undheim,9 a product yield of only 29% was
found. The use of Rh2(O2CC7H15)4, Rh2(O2CCPh3)4

12 or
Rh2(O2CC3F7)4 also resulted in low yields.‡ Thus, we were
gratified to find that the reaction proceeded smoothly at 0 °C
with the aid of chiral dirhodium(II) carboxylates, Rh2(S-
PTPA)4, Rh2(S-PTA)4, Rh2(S-PTV)4, Rh2(S-PTPG)4, and
Rh2(S-PTTL)4, derived from N-phthaloyl-(S)-phenylalanine,
-alanine, -valine, -phenylglycine, and -tert-leucine, respec-
tively,10 to give synthetically useful product yields (Table 1).
Although no explanation for the striking contrast between the
achiral and chiral dirhodium(II) carboxylates can be offered at
present, the advantage of our catalysts extends beyond stereo-
control in this system.§ While the formation of (R)-1,1A-
spirobi[indan-3,3A-dione] (R)-1 was favored in all cases, Rh2(S-
PTTL)4 characterized by an exceptionally bulky tert-butyl
group proved to be the catalyst of choice for displaying a
reasonable degree of enantioselectivity (68% ee, entry 5).¶
Further screening of solvents confirmed that the use of toluene
was the superior choice for allowing smooth insertion at 210 °C
to provide (R)-1 in 78% yield with 80% ee (entry 6), which,
upon a single recrystallization from ethanol, produced the
optically pure sample, mp 212–213 °C, [a]D

25 2237.0 (c 0.69,
CHCl3) [lit.,5b [a]D

24 +238.7 (c 0.64, CHCl3) for (S)-1], in 67%
yield. The use of Rh2(R-PTTL)4 also generated (S)-1 with 79%
ee (entry 7). Thus, both enantiomers of 1 are equally available.
The use of DCM provided (R)-1 with 60% ee (entry 8),
however, 0 °C was found to be the temperature limit for
allowing smooth cyclization. It is of particular interest that the
use of benzotrifluoride (a,a,a-trifluorotoluene)14 greatly ac-
celerated the insertion rate, though the largest ee was found to
be 72% at 223 °C (entry 9).

The stereochemical outcome observed here suggests that the
chiral rhodium(II) carbene intermediate generated via Rh2(S-
PTTL)4-catalyzed decomposition of 2 preferentially inserts into
a methylene C–Hs bond to give (3S)-indan-1-one derivative 3,
which undergoes a second C–H insertion at the methine C–H
bond with well-established retention of configuration15 to
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provide (R)-1 after demethoxycarbonylation. Thus, the sense
and magnitude of enantioselection indicates the level of
differentiation between methylene C–H bonds during the first
C–H insertion. In accordance with the order of reactivity of the
target C–H bond (methine C–H > methylene C–H),16 we could
not observe the first insertion product 3,9 which makes it
possible to conduct this one-pot reaction under the constant
conditions.

In summary, we have achieved the first catalytic, enantio-
selective synthesis of 1,1A-spirobi[indan-3,3A-dione] (1) of up to
80% ee, in which the use of Rh2(R or S-PTTL)4 as a catalyst is
crucial to the success of the double C–H insertion process. The
present protocol has the advantages of operational simplicity as
well as a facile entry to optically pure 1 via a single
recrystallization, thus providing great potential for large-scale
preparation. Elaboration of (R)- or (S)-1 to hitherto unexplored
chiral ligands such as 1,1A-spirobi[indan-2,2A-diol] for metal
catalyzed enantioselective reactions is currently in progress.

This research was supported in part by a Grant-in-Aid
(No.11470465) from the Ministry of Education, Science, Sports
and Culture, Japan. We thank Ms S. Oka of the Center for
Instrumental Analysis at Hokkaido University, for mass
measurements.

Notes and references
† Bis(a-diazo-b-keto ester) 2 was prepared from diphenylmethane-2,2A-
dicarboxylic acid11 in 70% yield by the following three-step sequence: i,
SOCl2, toluene, reflux; ii, LiCH2CO2Me, THF, 278 °C; iii, MsN3, Et3N,
MeCN.
‡ Overall isolated yield: Rh2(O2CC7H15)4, 28%; Rh2(O2CCPh3)4, 13%;
Rh2(O2CC3F7)4, 17%.
§ While reaction of the corresponding bis(a-diazoketone) with Rh2(OAc)4

in CH2Cl2 provided 52% yield of 1, Rh2(S-PTTL)4 gave a complex mixture
of products under the same conditions.
¶ Rh2(S-DOSP)4 developed by Davies13 was found to be less reactive than
our catalysts; catalysis of 2 with 2 mol % of Rh2(S-DOSP)4 in toluene
proceeded at rt sluggishly to afford, after demethoxycarbonylation, (S)-1 in
48% yield with 8.3% ee.
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Table 1 Enantioselective double C–H insertion reaction of 2 catalyzed by chiral dirhodium(II) complexesa

Entry Catalyst Solvent Temp./°C Time/h
Yield of
1 (%)b

Ee of
1 (%)c

1 Rh2(S-PTPA)4 Toluene 0 0.5 71 25
2 Rh2(S-PTA)4 Toluene 0 1 68 23
3 Rh2(S-PTV)4 Toluene 0 0.5 66 24
4 Rh2(S-PTPG)4 Toluene 0 1 67 21
5 Rh2(S-PTTL)4 Toluene 0 0.5 83 68
6 Rh2(S-PTTL)4 Toluene 210 1 78 80
7 Rh2(R-PTTL)4 Toluene 210 1 76 279d

8 Rh2(S-PTTL)4 CH2Cl2 0 1 72 60
9 Rh2(S-PTTL)4 CF3C6H5 223 1 66 72

a Reactions were carried out as follows: 2 mol % of catalyst was added to a stirred solution of diazo compound 2 (0.20 mmol) in the indicated solvent (2 ml)
at the indicated temperature under argon. After the reaction proceeded to completion, the solvent was evaporated in vacuo and the residue was treated with
90% aqueous DMSO (1.5 ml) at 120 °C for 1 h. Standard workup followed by chromatography provided (R)-1. b Overall isolated yield. c Determined by
HPLC (column, Daicel chiralcel OD; 4.6 3 250 mm 3 2; eluent, 15% propan-2-ol in hexane; flow rate, 1.0 ml min21; retention time, 31.2 min [(R)-1] and
35.1 min [(S)-1]). d (S)-1 was preferentially formed.
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Silylcupration of allene using phenyldimethylsilylcopper 1
followed by BF3-mediated reaction with a,b-unsaturated
nitriles at 240 °C affords allylsilane–vinylsilane-containing
ketones resulting from consecutive addition (1,2 and 1,4) of
the intermediate allyl- and vinylcopper species formed in the
silylcupration of allene.

We recently reported1–3 that addition of phenyldimethyl-
silylcopper (PhMe2SiCu·LiCN, 1) to propa-1,2-diene leads to a
silylated copper intermediate, which can be imprecisely formu-
lated as a mixture of the allylsilane–vinylcopper species 2 and
the vinylsilane–allylcopper species 3. The reversibility of the
reaction is one of its features. Quenching of the intermediate
copper species with different electrophiles results in formation
of compounds of type 4 or 5 (Scheme 1).

The reaction is temperature dependent and the presence of
species 2 and 3 can be demonstrated by protonation of the
reaction mixture at different temperatures. Thus, at 240 °C (or
lower temperature) only formation of 4 (E = H) was observed,
whereas 5 (E = H) was the major product obtained near to
0 °C.

In general, for most of the reported work1 the reactive species
at low temperature is 2. Thus, at 240 °C, a,b-unsaturated
ketones or aldehydes react with 2 giving exclusively 1,4-addi-
tion. However, at temperatures around 240 °C, simple ketones
are unreactive toward species 2, but they are readily attacked by
3 as the temperature increases to 0 °C, giving hydroxymethyls
bearing the vinylsilane moiety.1 In this case, conversion of
species 2 into species 3 seems to occur rapidly as the
temperature increases, which probably accounts for the ob-
served result.

We now report an interesting and unusual tandem diaddition-
hydrolysis process by successive addition (1,2 and 1,4) of
species 3 and 2 to a,b-unsaturated nitriles. Protonation of the
intermediate adduct, gives products that have both allylsilane
and vinylsilane functionality.

Reaction of a,b-unsaturated nitriles with organocopper
compounds has not been widely explored. Yamamoto4 reported
that the reaction of a,b-unsaturated nitriles with RCu·BF3 was
not satisfactory; yields were low, and mixtures of mono-
alkylated and dialkylated products were obtained. Alexakis
et al.5 showed that introduction of an additive like TMSCl in the
reaction of Me2CuLi with some a,b-unsaturated nitriles gave
the dialkylated ketone, whereas Lipshutz et al.6 found that

Me2CuCNLi2 slowly produced a poor yield of the methyl
ketone resulting from 1,2 addition.

Silylcupration of allene (2 eq., following our usual protocol1)
followed by addition of BF3·Et2O (2 equiv.) and subsequent
slow addition of nitriles 6–9 (1 eq., THF, 240 to 0 °C) afforded,
after hydrolysis at 0 °C, the ketones 10–13, which seem to be
produced by addition of the vinylsilane–allylcopper species 3 to
the nitrile group and conjugate addition of the allylsilane–
vinylcopper species 2 to the b position (Table 1).7 The reaction
(one pot) is clean and high yielding. Monoaddition products
were not found. Remarkably, when this reaction is carried out
with one equivalent each of allene and 1, BF3 and nitrile, the
same diaddition products were formed, and almost half of the
nitrile was wasted, which suggests that the second stage of the
overall addition occurs quickly. It should be also noted that
silylcupration of allene and further reaction with 8, 9 (nitrile–
organocopper; 1+2) at 0 °C, in the absence of BF3, gives
exclusively the 1,2-adducts 14 and 15 (Table 1).

The order in which the two steps (1,2 and 1,4) of addition take
place and the mechanistic pathway are not certain. Weiberth and
Hall8 have proposed the intervention of Cu(III) intermediates in
the copper-activated reaction of benzonitriles with Grignard
reagents. Although we defer any definitive statement about the
mechanism, it seems feasible—in view of the absence of
1,4-monoaddition products—that the reaction proceeds by
initial addition of species 3 to the nitrile group followed by BF3-
catalyzed conjugate addition of species 2 to the intermediate
a,b-unsaturated ketimine (Scheme 2). The chemoselectivity
observed and the preference for the attack of 3 to the nitrile and
of 2 to the conjugate position can be related to the different
hardness of the nucleophilic species.

A completely different pattern of reaction is observed when
the bulky tert-butyldiphenysilyl group is used instead of
PhMe2Si. Silylcupration of propa-1,2-diene with tert-BuPh2Si-
Cu·LiCN9 followed by addition of BF3 and reaction with 6 and
8—under the same conditions used before—affords selectively
the 1,4-adducts 16 and 17 as the only products (Table 1). We
have noted before1 that species of type 2, but carrying the bulky
tert-butyldiphenysilyl group, are regiochemically stable at any
temperature between 240 °C and 0 °C.

The one-pot tandem diaddition-hydrolysis process reported
here could be of importance in synthetic work since the
allylsilane and vinylsilane moieties are versatile synthons for
organic synthesis. Thus, the diadducts undergo selective
intramolecular allylsilane terminated cyclization,1 while the
vinylsilane unit remains unchanged, as shown in Scheme 3 with
the conversion of 10–12 into 18–20.

In summary, silylated organocopper reagents, like those used
in this work, react well with a,b-unsaturated nitriles, giving

Scheme 1 Scheme 2
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1,2-adducts, 1,4-adducts or diaddition adducts, depending on
the reaction conditions and on the nature of the silyl group.† We
are not totally clear why we succeeded where others did not, but
most probably it is connected with the nature of the equilibrium
mixture of species and with the fact that a Lewis acid (BF3)-
activated organocopper is used. The effects of Lewis acid on
cuprates have been examined recently, and they show that a
strong chemoselectivity enhancement is frequently observed
when Lewis acid-modified organocopper reagents are used.10

We gratefully acknowledge financial support from the
Ministry of Science and Technology (BQU2000-0867 pro-
ject).
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† Satisfactory analytical data were obtained for the new compounds. The
purity and structure of all new compounds were confirmed by 1H and 13C
NMR, IR and GC-MS.
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Table 1 Reaction of a,b-unsaturated nitriles with silicon containing allyl- and vinylcopper reagents

Nitrile
Ratio
nitrile+organocopper R3Si Temp. Product (yield)a

6 R1NH
7 R1NMe
8 R1NPh

1+2 PhMe2Si 240 to 0 °C

9

1+2 PhMe2Si 240 to 0 °C

8 1+1 PhMe2Si 0 °Cb

9 1+1 PhMe2Si 0 °Cb

6 R1NH
8 R1NPh 1+2 tBuPh2Si 240 to 0 °C

a Yields refer to isolated pure compounds. b Reaction was carried out in the absence of BF3. c Yield refers to the starting nitrile.

Scheme 3
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Alizarin Red S. displays a dramatic change in fluorescence
intensity and color in response to the binding of a boronic
acid and can be used as a general reporter for studying
carbohydrate–boronic acid interactions, both quantitatively
and qualitatively.

Boronic acids are known to bind diol moieties with high
affinities through reversible boronate formation.1 Conse-
quently, boronic acid compounds have been widely used for the
synthesis of artificial receptors for sugars with great success.2–4

In addition, boronic acid compounds have been used for the
development of protease inhibitors and other biologically
important agents.5,6 However, the examination of the binding of
boronic acids to the target compounds is often difficult.
Detection of boronate ester formation can sometimes be
achieved by appending a fluorophore directly to the boronic
acid.4,7 In cases without a readily detectable and sensitive signal
associated with the binding events, nuclear magnetic resonance,
circular dichroism, and pH titration have been used for the
examination of the binding.1,8 In our research, we are interested
in the design and synthesis of boronic acid compounds with
highly selective affinities for saccharides,9 especially certain
cell surface carbohydrates. In such studies, the incorporation of
fluorophores onto the boronic acid could greatly affect the
binding affinity of the artificial receptor for the target sugar in
a negative fashion, and could significantly increase the
difficulty of the synthesis. Non-fluorescent assays using NMR
and absorbance techniques often lack the desired sensitivity.
Therefore, we wish to develop a general fluorescence assay
method that allows us to monitor the binding of an unmodified
boronic acid compound with its target carbohydrate.

Conceivably, the binding between boronic acids and their
target carbohydrates can be monitored with the inclusion of a
separate reporter fluorophore whose fluorescence is sensitive to
the binding event. This type of fluorescence assay system
requires two competing equilibria (Scheme 1). The first
equilibrium, between the boronic acid and a fluorescent reporter
compound (1), will be directly measured. To this end, we have
worked on the synthesis of sensors that detect free boronic
acids.10 Alizarin Red S. (ARS) (1, Scheme 1) has been used as
a reagent for the fluorimetric determination of boric acid
concentrations.11 Although the mechanism of the fluorescence

increase was not elucidated, it is known that the active protons
of hydroxyanthraquinones are responsible for a large fluores-
cence quenching.12 Conceivably, binding of a boronic acid to
the catechol diol of ARS would remove the active protons and,
therefore, abolish the fluorescence quenching (2, Scheme 1).
The addition of a carbohydrate (3) sets up a second equilibrium
between the boronic acid and the diol moiety of the carbohy-
drate to give complex (4). This perturbs the reporter–boronic
acid equilibrium, resulting in a change in fluorescence intensity.
The fluorescence intensity changes in a three-component
system can be used for the determination of binding constants
using well-known literature procedures.3,13,14

To test the feasibility of this assay method, we first examined
the effect of added boronic acid on the spectroscopic and
fluorescence properties of ARS in aqueous solution at physio-
logical pH. ARS shows a color change, from deep red to yellow,
and an increase in fluorescence intensity by 20–80 fold in the
presence of a wide variety of arylboronic acids in aqueous
solution at pH 7.4 (data not shown). All of the boronic/boric
acids tested induced significant fluorescence increases, indicat-
ing the general applicability of this method. It should also be
noted that ARS has reasonable water solubility, up to 1023 M,
which makes it a good candidate as a reporter compound in an
aqueous assay.

In order to determine the applicability of using ARS for the
determination of the binding between a boronic acid and a
carbohydrate in a three-component system, we used fructose as
a model compound. D-Fructose is known to bind to phenyl-
boronic acid (PBA) with high affinity.1 When D-fructose was
added to the mixture of PBA and ARS, significant fluorescence
intensity changes were observed. Titrating fructose into an
aqueous solution of 1024 M ARS and 1023 M PBA caused an
eight-fold drop in fluorescence intensity (at 100 mM), and a
measurable change down to the 100 mM level (Fig. 1). The
fructose–PBA complex forms immediately upon mixing, and
can also be monitored by UV absorption and a corresponding
change in solution color from yellow to red (Fig. 2).

The ARS system also allows the quantitative determination
of association constants (Ka) of diol–boronic acid complexes.

Scheme 1 Competitive binding of a boronic acid with Alizarin Red S. and
a cis-diol.

Fig. 1 Titration of fructose into a solution of ARS (1024 M) and PBA
(1023 M). Fluorescence decreases with added fructose (0 through 0.1 M),
aqueous 0.1 M phosphate buffer, pH 7.4, Exc. l = 495 nm.

This journal is © The Royal Society of Chemistry 2001
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Monitoring the fluorescence of ARS at different concentrations
of boronic acid allows the calculation of the Ka of the boronic
acid–ARS complex by the Benesi–Hildebrand method.15 The
boronic acid–diol association constant can then be measured in
a separate titration with all three components using well-
established literature procedures.14 Using the ARS system, we
have determined the binding constant between PBA and sialic
acid (Ka, 21; pH 7.4 in 0.1 M phosphate buffer), one of the
carbohydrates that we are interested in making a specific sensor
for because of its important roles in biological systems.

In order to gain a greater understanding of the causes of the
fluorescence change, the pH profile of the PBA–ARS complex
was studied (Fig. 3). The profile shows that the largest response
to PBA is centered on pH 7. The shape of the profile is likely a
result of both the stability of the ARS–PBA complex, and the
intrinsic fluorescence of the three ionic forms of ARS (pKa =
5.3 and 10.9 by UV titration). It is well known that boronate
ester complexes have decreased stability under acidic condi-
tions.16 This results in a high concentration of the quenched,
free form of the dye at low pH ( < 5). At medium pH (5–9), the
boronate ester becomes stable, and therefore the quenching

active protons are removed from the system. Association
constants determined using the Benesi–Hildebrand method
support this view (Ka = 190 at pH 4.6, and 1100 at pH 7.4). At
high pH, there is also a considerable drop-off in the stability of
the ester (Ka = 274 at pH 9.1). Although the uncomplexed
dianion form has no active protons, there is a shift in
fluorescence to longer wavelength (Fig. 3 inset), resulting in a
sharp decrease in intensity at the shorter excitation and emission
wavelengths (Fig. 3). Methylation of the 2A-hydroxyl of ARS
causes an increase in the intrinsic fluorescence of the molecule,
but removes virtually all response to phenylboronic acid at
neutral pH (data not shown).

The absorption shift to lower wavelength upon complexation
with phenylboronic acid (Fig. 2) is likely due to a decreased
electron density on the ARS oxygens caused by the electron
deficient boron. Acetyl and benzoyl substitution on hydroxy-
anthraquinones results in similar shifts.17

ARS can be used as a general fluorescent reporter for
studying the binding events between boronic acids and
carbohydrates. It needs to be emphasized that there is no
intrinsic specificity to the ARS system, and this is vital for its
application as a general fluorescent reporter. There are many
examples in the literature of boronic acids designed to
specifically bind a particular analyte.18,19 The ARS system will
allow researchers a general and sensitive method to study the
binding events of any boronic acid–diol interaction both
quantitatively and qualitatively. This will aid in the further
development of carbohydrate sensors and other biologically
important boronic acid compounds.

Financial support by the National Institutes of Health
(DK55062 and CA88343) is gratefully acknowledged.
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The electrochemical properties of the title compound reveal
electronic interactions between two dicobalt–dicarbon clus-
ters via a 1,12-para-carborane cage.

Conjugated molecular and polymeric compounds with deloc-
alised p-electron frameworks and rigid-rod geometries are a
source of immense contemporary interest, with potential for
application in the construction of photonic and molecular
electronic devices.1 The unusual electronic properties of closo-
carborane cages, which display three-dimensional aromaticity,2
and the abilities of para-carboranes to form rod-like structures
have raised considerable interest in the synthesis of novel
conjugated materials that contain this motif.3–7 The capacity for
polyhedral transition metal clusters to act as ‘electron sinks’,
accepting or releasing electrons in response to the demands of
the environment (i.e. an electrode) or pendant groups, suggests
molecular assemblies which feature these moieties may be of
use in molecular electronics applications.8

However, compounds which feature both carborane and
transition metal clusters are rare,9 and the transmission of
electronic effects between these different types of polyhedra has
not yet been demonstrated. We have taken advantage of the
availability of 1,12-bis(trimethylsilylethynyl)-para-carborane
110 and the redox properties of Co2(alkyne) complexes11,12 to
demonstrate, using electrochemical methods, the capacity for
the 12-vertex para-carborane fragment to transmit electronic
information between two transition metal clusters. Aryl, alkynyl
and ferrocenyl based spacing groups have already been shown
to permit such interactions between cobalt-containing tetra-
hedral clusters.12

The reaction of 1 with [Co2(CO)6(dppm)]13 in refluxing
benzene afforded a dark red solution from which the novel
tricluster compound 2 was isolated as the major product (60 mg,
40%) by preparative TLC and crystallisation (CH2Cl2–MeOH)
(Scheme 1). The composition of the complex was established
from the spectroscopic data,† and confirmed by X-ray analy-
sis.‡ The structure (Fig. 1) clearly shows the para-C2B10
icosahedron and the two Co2C2 tetrahedra, which are related by
a crystallographic inversion centre at the centre of the carborane
cage. The carborane cage in 2 is the most spherical example of

a para-carborane structurally characterised to date, with a cage
C…C separation of 3.176 Å and an average tropical B–B bond
length of 1.776 Å. This contrasts sharply with the distorted cage
geometry found in 1,12-bis(ethynyl)-para-carborane [C…C
3.104(2) Å, tropical B–B 1.793(3) Å].10 These variations in the
geometry of the carborane cage are probably a consequence of
the different interactions between the carborane Csp atom and
the carbon centre of the pendant ethynyl group [Csp, C–C
1.451(2) Å] or cobalt cluster [2, Csp3, C(1)–C(2) 1.497(2) Å].
The parameters associated with the cobalt(alkyne) cluster cores
fall in the range established for aryl substituted clusters.14 While
the description of carborane clusters as analogues of benzene is
not intended to be literal, we note here that the C(1)–C(2) bond
in 2 is longer than the C(aryl)–C(cluster) separations in
conjugated Co2(m-h2-RC2C6H4-X-p)(CO)4(dppm) systems
[1.458(3)–1.463(3) Å],14 due to the high coordination number
of the carborane cage carbon atoms.

The Co2C2 tetrahedral cluster core offers a filled a2-type
fragment orbital suitable for interaction with p-systems of
adjacent groups bonded at a carbon vertex of the tetrahedron.15

The carbon atoms of the carborane cage offer tangential
fragment orbitals with considerable p-character suitable for
such an interaction.16 Of course, good orbital overlap requires
matching of fragment orbital energy as well as symmetry. The
concept of a degree of p-bonding between the cobalt/carbon and
boron/carbon cluster cores in the neutral tricluster 2 is
supported, although by no means proven, by the geometry
adopted by the complex in the solid state. Semi-empirical MO
calculations (LANL2MB)17 revealed the frontier orbitals
(HOMO and LUMO) of 2 to be largely centred on the cobalt
clusters.

The cyclic voltammogram of complex 2 revealed both
oxidation and reduction processes which were better resolved
using semi-derivative18 and square wave voltammetry (SWV)
(Fig. 2). Digital simulation of the CV and SWV responses was
employed to confirm the four redox potentials [+0.87, +0.77,
21.58, 21.66 V (vs. decamethylferrocene, Fc*/Fc*+ 0.084 V);
DE0(ox) ca. 105 mV, KC = eDE°F/RT = 60; DE0(red) ca. 80

Scheme 1

Fig. 1 Molecular structure of 2. Selected bond lengths (Å) and angles (°):
C(1)–C(2) 1.497(2), C(2)–C(3) 1.359(2), C(1)–B(av.) 1.728(3), B–B(av.)
1.771(3), Co(1)–Co(2) 2.4804(4), C(1)–C(2)–C(3) 139.3(2), C(2)–C(3)–
Si(1) 138.9(1), Co(1)–Co(2)–P(2) 98.41(2), Co(2)–Co(1)–P(1) 95.14(2).

This journal is © The Royal Society of Chemistry 2001
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mV, KC = 5].19 No redox processes were found within the
accessible potential window when 1 was subjected to a similar
electrochemical study. For comparison, the phenyl-bridged
complex [{Co2C2(H)(CO)4(dppm)}2(m-1,4-C6H4)] gave also
gave two oxidation and reduction processes with DE0(ox) 110
mV, DE0(red) 80 mV.12c

The splitting of redox waves associated with otherwise
chemically identical redox sites contained within a single
molecular unit is often cited as evidence of electronic
interaction (or communication) between these sites.11,12,20

These interactions may be transmitted between the bonding
framework or through-space.21 While ion-pairing effects may
be expected to play a role in the magnitude of the coulombic
interaction between remote intramolecular sites, a through-
space interaction should affect both oxidation and reduction
processes more or less equally. In the present example, the
difference in oxidation potentials observed is significantly
large, especially given the > 6 Å separation of the cobalt cluster
cores, and is indicative of a moderate degree of extended
electronic communication between the cobalt clusters in the
radical cation 2·+. The separation of the reduction events is
somewhat smaller, but is still larger than the statistical limit (ca.
36 mV at 298 K) predicted for non-interacting redox centres.20

The voltammetric studies reported here therefore suggest that
the unpaired electron in both the radical cation 2·+ and the
radical anion 2·2 is delocalised through the bonding framework.
These studies clearly indicate that the bonding framework of the
para-carborane cage can offer an efficient conduit for electronic
effects, and may participate in p-type delocalised bonding with
substituents in the 1 and 12 positions. Further studies on the
scope of these interactions and a thorough molecular orbital
description of assemblies derived from para-carboranes, in-
cluding 2·+ and 2·2 are in progress.
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Treatment of a-naphthyl acrylate with both aliphatic and
aromatic aldehydes in the presence of DABCO (30 mol%)
afforded the desired (a-methylene-b-hydroxy)esters with
reasonable chemical yields (51–88%) within 20 min.

Increasing interest has been focused on the coupling of an
aldehyde with acrylate in the presence of DABCO (Baylis–
Hillman reaction).1 The resulting (a-methylene-b-hydroxy)-
esters are versatile intermediates that allow for further func-
tional group manipulation. One of the major drawbacks of this
transformation is the poor reaction rates which limits the range
of substrates that are tolerated.2 Many aromatic aldehydes and
branched aliphatic aldehydes are reluctant to serve as substrates.
It is not surprisingly that numerous methods including physical
as well as chemical attempts have been made to increase the
reaction rate.3 Modest increases in rates have been obtained
under modified reaction conditions. No practical methods have
been developed so far. We wish to report here that an extremely
rapid rate can be achieved using a-naphthyl acrylate as the
Michael acceptor for the Baylis–Hillman reaction.

A plausible mechanism for the Baylis–Hillman reaction is
proposed and the addition of ammonium enolate with an
aldehyde is believed to be the rate-determining step.4 Stabiliza-
tion of the enolate species would shift the equilibrium forward
and therefore to accelerate the rates. The use of Lewis acid to
catalyze this transformation is a common strategy. The use of
lanthanides and group III metal triflates to accelerate the
Baylis–Hillman reaction have been studied.3e–g However
structural variants of acrylates for this transformation have not
been studied systematically.5 This promoted us to screen a
range of substituted acrylates 1a–g as Michael acceptor. The
substituted acrylates may provide stereo- and/or stereoelec-
tronic effects to stabilize the oxy anion intermediate and
subsequently accelerate the following aldol reaction. To test this
hypothesis various acrylates 1a–g with diverse steric, geometric
and electronic properties were prepared and benzaldehyde was
used as a probe electrophile (Table 1). Reaction of methyl
acrylate (1.0 equiv.) with benzaldehyde (1.0 equiv.) in CH3CN
in the presence of DABCO (50 mol%) at room temperature gave
the corresponding product 2a in 62% yield for 48 h (entry 1).
The use of tert-butyl acrylate affords a similar result (entry 2).
The use of phenyl acrylate 1c gave the desired product 2c with
86% yield in 2 h (entry 3). Treatment of benzyl acrylate with
benzaldehyde under the same reaction conditions provided 2d
with 80% yield in 15 h (entry 4). The desired product 2e was
isolated in 34% yield when the commercial available
1,1,1,3,3,3-hexafluoroisopropyl acrylate6 1e was used (entry 5).
The use of b-naphthyl acrylate 1f gave 2f with 70% yield in 5
h (entry 6). A significant rate acceleration was observed when
a-naphthyl acrylate 1g was employed. Thus, treatment of 1g
with benzaldehyde in the presence of DABCO affords the
desired product with 88% yield in 20 min (entry 7). The
unexpected rate acceleration using a-naphthyl acrylate for the
Baylis–Hillman reaction is amazing and was studied in more
detail.

To further determine the feasibility of this system, various
aldehydes were then studied using a-naphthyl acrylate under
the optimum conditions and the results are tabulated in Table 2.
Thus, treatment of 1g with acetaldehyde affords 3a with 70%

yield at room temperature in 20 min (entry 1). Similar results
were observed with different chain aldehydes (entries 2–4). The
reaction was slightly less effective when a-branched aldehyde
was used (entry 5). trans-Cinnamaldehyde was employed to
give the desired product with 60% yield in 20 min (entry 6).
Next, substituted aromatic aldehydes were subjected to the
same reaction conditions. Reaction of p-nitrobenzaldehyde and
p-fluorobenzaldehyde with 1g under the same conditions

Table 1 Reaction of benzaldehyde with various acrylates 1a–g in the
presence of DABCOa

Entry Acrylate t/h Product Yield (%)b

1 1a 48 (4)c 2a 62 (68)
2 1b 15 (28 days)d 2b 50 (90)
3 1c 2 (3)e 2c 86 (78)
4 1d 15 2d 80
5 1e 48 2e 34
6 1f 5 2f 70
7 1g 1/3 2g 88
a All reactions were conducted using 1+1 ratio of acrylate and aldehyde in
CH3CN at room temperature in the presence of DABCO (50 mol%).
b Isolated yield. c Numbers in parentheses are reported data. For experi-
mental details see ref. 3j. d Ref. 2. e Ref. 5.

Table 2 Reaction of 1g with various aldehydesa

Entry RCHO (RN) t/min 3 (% yield)b

1 CH3 20 70
2 CH3CH2 20 77
3 (CH3)2CHCH2 20 62
4 PhCH2CH2 20 65
5 (CH3)2CH 20 51
6 trans-C6H4CHNCH 20 60
7 p-NO2C6H4 10 82
8 p-FC6H4 20 65
9 p-MeC6H4 20 71

10 p-OMeC6H4 20 h 35
11 p-OMeC6H4 96 h 71
12 3-Pyridyl 20 72
a All reactions were conducted using 1+1 molar ratio of acrylate and
aldehyde in CH3CN at room temperature. The amounts of DABCO used
was reduced to 30 mol% to minimize the formation of the cyclic acetates 4.
b Isolated yield.

This journal is © The Royal Society of Chemistry 2001

1612 Chem. Commun., 2001, 1612–1613 DOI: 10.1039/b103644k



provide the desired products with 82 and 65% yield, re-
spectively (entries 7 and 8). Although the use of p-
methylbenzaldehyde gave a similar result, the use of p-
methoxybenzaldehyde requires 96 h to obtain comparable yield
(entries 9 and 11). This may be due to the relatively strong
electron donating ability of the methoxy group that deacceler-
ates the reaction rate. The detailed mechanistic speculation is
premature at this stage and work is underway to study this
phenomenon in more detail.

The reaction of various aldehydes with a-naphthyl acrylate
1g was very fast as mentioned above. In addition to the
conventional Baylis–Hillman products isolated, small quan-
tities (3–10%) of cyclic acetates were identified dependent upon
the substrates used. The minor product may come from the
addition of the initial product with the unreacted aldehyde
followed by elimination of a-naphthol anion.5 The cyclic acetal
products are of great synthetic interest.7 The preparation of
various 1,3-dioxan-4-ones under several different reaction
systems have been reported.3k,5,6 In this study, the use of excess
amounts of aldehydes (4.0 equiv.) under prolonged reaction
time gave 1,3-dioxan-4-ones 4a–c with good to high chemical
yields (Scheme 1).

In summary, we have developed an efficient method for the
synthesis of highly functionalized acrylates. Reaction of a-
naphthyl acrylate 1g with both aliphatic and aromatic aldehydes

in the presence of DABCO (30 mol%) provided the correspond-
ing a-methylene b-hydroxy carbonyl derivatives with reason-
able material yields within 20 min. This represents, to the best
of our knowledge, one of the best rate acceleration systems for
wide ranges of aldehydes in Baylis–Hillman reactions under
atmospheric pressure. The pronounced acceleration of this
reaction further extends the Baylis–Hillman reaction into a
viable transformation. The asymmetric version of the Baylis–
Hillman reaction using this reaction system is underway in our
laboratory.

We thank the National Science Council (NSC) for financial
support of this work.
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Scheme 1 The synthesis of 1,3-dioxan-4-ones 4a–c.
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Negative and positive microscale patterning of metal oxides
is efficiently and rapidly carried out on flat Si(100) surfaces
via a simple white light assisted bipolar electrochemical
process.

The importance of transparent or semi-transparent thin films of
high band gap metal oxide semiconductors is rapidly increasing
due to a wide range of applications,1 such as inexpensive
photovoltaic cells,2,3 electrochromic smart windows,4 ultrafast
color displays,5 and as a base material for room temperature
dilute magnetic oxides (DMO).6 Various techniques such as
simple sol–gel preparation followed by dip or spin coating,7
radio frequency magnetron sputtering,8 chemical vapor deposi-
tion,9 or laser ablation10 have been used for many years to
prepare metal oxide thin films. Electrochemical deposition has,
however, been the focus of much recent interest due its
comparable simplicity of required apparatus, and the possibility
for either kinetic or thermodynamic control of products via
galvanostatic or potentiostatic modes.11 Since Switzer in-
troduced an electrosynthetic technique for preparation of metal
oxides in 1987,12 there have been many reports outlining
electrochemical deposition of different metal oxides on various
types of conducting substrates.11 Generally, metal oxide
deposition can be accomplished by either anodic or cathodic
bias, depending on the desired oxide.11,13–17 Patterning of metal
oxide thin films is central to their application in technological
devices to allow for spatial definition.18 Here we describe a
general white light promoted electrochemical metal oxide
photopatterning procedure on n- or p-type Si(100) that allows,
in a very straightforward and efficient manner, both negative
and positive masking, as shown in Fig. 1.

A number of electrochemical deposition parameters were
systematically varied to determine the requirements for positive

and negative pattern formation on Si(100) substrates, as
summarized in Table 1. In addition, the influence of different
procedures on the metal oxide structures was determined by X-
ray diffraction (XRD) and scanning electron microscopy
(SEM). The first four processes, 1P–4P, are illuminated through
a grid mask with white light, and the second four, processes 1–4,
do not involve photopatterning and are used as reference
samples. Only processes 3P and 4P lead to positive and negative
photopatterning, depending upon the doping of the silicon.
Processes 1P and 2P, on the other hand, lead to homogeneous
deposition of metal oxides across the entire face of the exposed
silicon surface. Fig. 2 shows the results of positive and negative
photopatterning experiments formed via process 3P with zinc
nitrate on n-type (left) and p-type (right) silicon substrates as
visualized by optical microscopy (similar patterns of CeO2 and
Cr2O3 are shown in the ESI†). The dark areas in Fig. 2 are
underivatized Si, and the light areas the metal oxide, as
determined by XRD (vide infra). The metal oxides deposit in
the shaded region when the substrate is n-type Si, and
exclusively in the illuminated area on p-type Si. Process 4P,
involving in situ heating and elimination of the secondary
sintering step, yields similar results and indicates that metal
oxides can be successfully patterned regardless of the heating
process. Earlier work has shown that in the case of metal oxides

† Electronic supplementary information (ESI) available: experimental
details, XRD profiles, optical and SEM micrographs. See http://
www.rsc.org/suppdata/cc/b1/b104586p/

Fig. 1 Schematic view of electrochemical patterning of ZnO on Si(100)
substrates with white light illumination through a photomask. Positive and
negative patterning can be achieved through bipolar electrochemical
treatment.

Table 1 Outline of the 8 different metal oxide deposition approaches for
synthesis of ZnO, CeO2 and Cr2O3 on Si(100). Processes 1–4 do not involve
patterning, while processes 1P–4P differ only in that they are patterned via
simultaneous white light illumination with a photomask

Photopatterning of metal oxides on Si
Method Treatment

Process 1P Unipolar (cathodic) ? ex situ sintering at 350 °C
Process 2P Unipolar (cathodic) ? in situ heating at 60 °C
Process 3P Bipolar (anodic followed by cathodic) ? ex situ

sintering at 350 °C
Process 4P Bipolar (anodic followed by cathodic) ? in situ

heating at 60 °C
Non-photopatterned deposition of metal oxides on Si
Process 1 Unipolar (cathodic) ? ex situ sintering at 350 °C
Process 2 Unipolar (cathodic) ? in situ heating at 60 °C
Process 3 Bipolar (anodic followed by cathodic) ? ex situ

sintering at 350 °C
Process 4 Bipolar (anodic followed by cathodic) ? in situ

heating at 60 °C

Fig. 2 Optical micrographs of the patterned ZnO films on n- and p-type Si.
The diameter of the circular area is 1.0 cm. The light areas correspond to the
metal oxide deposits while the dark areas correspond to underivatized Si
surfaces.
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which can be formed via anodic oxidation on silicon (Tl2O3 for
example), photopatterning occurs only in the illluminated area
of n-type silicon.14 The bipolar electrochemical deposition
approach therefore demonstrates excellent and unique selectiv-
ity for both negative and positive photopatterning of different
metal oxides on silicon substrates.

While unipolar cathodic metal oxide deposition with either ex
situ sintering19 or in situ heating15 is known in the literature,
bipolar deposition, on the other hand, is not. Processes 1–4 were
examined to prepare large areas of metal oxide for character-
ization, and to ensure that the same material is produced under
photopatterning conditions (processes 1P–4P). XRD experi-
ments reveal that the ZnO film deposited by cathodic unipolar
treatment (processes 1 and 2), with or without illumination, is of
a wurtzite crystal structure (JCPDS table 35–1451).20 The XRD
patterns of ZnO deposited through processes 3 and 4 on n-type
Si are identical to processes 1 and 2, also of a wurtzite structure,
and little difference in the crystal structure between in situ
(process 3) and ex situ heating (process 4) is noted. The XRD
spectra of the photopatterned metal oxides indicate that the
crystal structures formed under these conditions (processes 3P
and 4P) are the same as processes 1–4, and thus the
photopatterning process does not have a major influence on the
nature of the metal oxide. The details of XRD studies of all the
metal oxides studied here are included in the ESI†. SEM studies
revealed that a porous granular thin film is formed via all of
these electrodeposition procedures ESI†. The mechanism for
cathodic metal oxide formation is most likely nitrate reduction,
forming OH2 which precipitates the metal hydroxide/oxide.15

The bipolar electrochemical deposition technique that leads
to patterning requires application of a short period of anodic
current to the silicon surface (+ 5 mA cm22) for 5 s, prior to
cathodization (25 mA cm22) for 5 min. As a control
experiment, the silicon surface (both n- and p-type) was
illuminated through a photomask during application of a
cathodic current for 5 min, without the preceding short anodic
pulse. Under these conditions, only homogeneous deposition of
metal oxides occurs over the entire substrate surface; no
patterning is observed, confirming the importance of the short
anodic pretreatment for patterning ZnO, CeO2 and Cr2O3.
Another control experiment involved cathodic treatment after

light illumination on n- or p-type Si in the deposition solution
for 10–60 s without any applied current. Again, only a
homogeneous thin film was achieved, as observed under
cathodic unipolar treatment. These results clearly show that the
deposition of metal oxides and their patterning is not controlled
by the generation of excess holes during the electrochemical
metal oxide deposition process.

On the n-type Si electrode, hole migration under positive bias
to the illuminated area takes place, leading to patterned silicon
oxide formation which requires holes at the surface; the holes
are provided by electron tunneling from the valence band to the
conduction band. Therefore, the applied current will flow
preferentially through the illuminated areas, giving rise to
selective silicon oxide growth in these regions. The silicon
oxide formed is expected to act as an electronic barrier. Thus,
upon application of cathodic current, metal oxide deposition
will take place only in the dark areas because the SiO2 layer
blocks current in the illuminated regions, as shown schemat-
ically in Fig. 3. On the p-type Si electrode, on the other hand,
holes are the majority charge carriers and thus charge separation
upon the illumination is not expected at a low bias of +5 mA
cm22, i.e. the whole area should be oxidized. In this case,
however, the onset of the photocurrent may be at a more
positive potential than the breakdown potential of the bulk
silicon band gap (electron tunneling from the valence band to
the conduction band at the surface), leading to metal oxide
deposition only in the illuminated areas. Further investigation is
presently being performed in order to elucidate these mecha-
nisms more clearly.

We gratefully acknowledge support from NSF, the Purdue
Research Foundation (fellowship to H. C. C.) and Purdue
University. J. M. B. is holder of a Sloan Research Fellowship
(2002–2002) and is a Cottrell Teacher-Scholar of Research
Corporation (2000–2002).
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Fig. 3 Schematic illustration of the effect of light illumination, allowing
selective photopatterning of various metal oxides on n- and p-type silicon,
outlining the importance of doping type. Illumination coupled with
application of an anodic bias induces holes to localize in the illuminated
areas for n-type Si, and in the shaded areas for p-type Si. Therefore, silicon
oxide formation occurs in positive and negative areas, relative to the
photomask. The insulating characteristics of the SiO2 layer prevent metal
oxide deposition during the subsequent cathodic step.
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Epoxidation of chalcone (1), using basic hydrogen peroxide,
catalysed by polypeptides with defined primary structures
demonstrates that the residues in the chain near to the N-
terminus determine the stereochemical outcome of the
reaction.

In recent years there has been an increase in the application of
peptides as catalysts for asymmetric reactions.1 One of the first
reported examples was the asymmetric epoxidation of chal-
cones, catalysed by polyamino acids in a triphasic system,
discovered and developed by Juliá and Colonna.2 Advances in
this field have been made through the introduction of biphasic
protocols, leading to an expansion in the range of enones which
can be epoxidised with good stereoselectivity.3 These method-
ologies have been successfully applied to reach various
synthetic targets.4

For such synthetic work, the preferred catalyst is polyleucine
prepared by the polymerisation of leucine N-carboxyanhydride
(Leu-NCA), in an organic solvent, using a nucleophilic initiator
(typically 1,3-diaminopropane or cross-linked aminomethyl
polystyrene).5 This polymerisation generates a mixture of
oligomers with a distribution of chain lengths. Epoxidation of
chalcone (1) using a catalyst prepared from L-Leu-NCA (15
equivalents compared to the initiator) at the start of the process
followed by D-Leu-NCA (5 equivalents) provided the first
indication that the N-terminal region of the chain has a
disproportionately large influence on the stereochemical out-
come of the reaction.6

In order to investigate more thoroughly the influence of the
primary structure of a given polypeptide on its activity as an
epoxidation catalyst, selected oligoleucines were prepared
using an automated peptide synthesiser. It was shown that H-(L-
Leu)20-R† catalyses the epoxidation of chalcone (1), to afford
the (2R, 3S)-epoxide 2, in a similar manner to the NCA-derived
polymer having an average chain length of twenty residues.7 A
peptide was then prepared in which the five N-terminal L-Leu
residues were replaced by D-Leu: H-(D-Leu)5-(L-Leu)15-R. This
material catalysed the epoxidation of chalcone (1) to give the
antipodal (2S, 3R)-epoxide 3 with 85% conversion and 45% ee
after 32 hours under the Juliá–Colonna triphasic conditions
(Scheme 1).8 In this last catalyst, the D-Leu residues make up
only 25% of the total polyamino acid, however they dictate the
stereochemical outcome of the reaction.

In this paper the use of other polypeptides as epoxidation
catalysts is reported, in order to investigate in detail which
residues in the N-terminal region are responsible for determin-

ing the origin of the stereocontrol exhibited by these cata-
lysts.

First, in order to determine whether the terminal amine group
plays a defining role in the action of the peptide catalyst, three
derivatives of H-(L-Leu)20-R were prepared. In the first, one of
the terminal amine hydrogens was substituted by an acetyl
group [Ac-(L-Leu)20-R]. The second oligomer had the same
hydrogen replaced by a methyl group [Me-(L-Leu)20-R] while
the third had both amine hydrogens replaced by methyl groups
[Me2-(L-Leu)20-R].‡ The peptides were tested as catalysts for
the epoxidation of chalcone (1) under mild reaction conditions
in order to minimise the possible cleavage of the sterically
unhindered acetyl moiety (Table 1). The biphasic conditions3a

utilise urea–H2O2 and DBU in THF, whilst the percarbonate
conditions3b employ sodium percarbonate as both base and
oxidant, in a DME–water solvent mixture.

All three polymers gave significant enantioselectivities
(50–78% ee). The polymer Ac-(L-Leu)20-R gave the lowest ee
but clearly this modification (which markedly reduces the
basicity and nucleophilicity of the terminal nitrogen atom) does
not render the catalyst wholly inactive. This result is in
agreement with the observation by Ohkata9 that a 20-mer of L-
Leu, protected at the amino-terminus with a Boc group and at
the carboxylate end as a benzyl ester, when used as an
epoxidation catalyst, affords chalcone epoxide 2 in 41% ee.

Next, a series of five peptides, H-(L-Leu)n-(D-Leu)5-(L-
Leu)152 n-R where n = 1–5 was prepared (these are referred to
as nL/5D/(15 2 n)L). These peptides were used to catalyse the
epoxidation of chalcone (1) under the triphasic conditions2 and
the results are summarised in Table 2. On using the peptide L/
5D/14L as a catalyst, the major product was epoxide 3 (i.e. that
normally generated under poly-D-leucine catalysis), with an ee
somewhat greater than that observed for the 5D/15L polymer.8
In contrast, utilisation of the polymer 2L/5D/13L led to a sharp
drop in the ee of the product; however the major enantiomer was
still the epoxide 3. Moving the block of five D-Leu residues one
step further away from the amino terminus had another dramatic
effect on the outcome of the epoxidation. Thus the 3L/5D/12L
catalyst provided the epoxide 2 (normally generated using the

Scheme 1 Reagents and conditions: (a) aq. NaOH, aq. H2O2, catalyst,
toluene; (b) DBU, urea–H2O2, catalyst, THF; (c) Na2CO3·1.5H2O2,
catalyst, DME, water.

Table 1 Epoxidation of chalcone (1) using selected catalysts

Catalysta Conditionsb Time/h Conversionc (%) Eed (%)

H-(L-Leu)20-R Percarbonate 7 94 88
Ac-(L-Leu)20-R Percarbonate 5 96 50
Me-(L-Leu)20-R Percarbonate 5 98 67
Me2-(L-Leu)20-R Percarbonate 6 82 58
H-(L-Leu)20-R Biphasic 1.07 100 92
Me2-(L-Leu)20-R Biphasic 1.5 78 78
a For the reactions under the biphasic conditions the catalyst was activated
before use by stirring with toluene–aq. NaOH for 18 h, filtered and then
washed with water, acetone and hexane. b Ref. 3. c Determined by HPLC.
d Determined by chiral HPLC.
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poly-L-leucine catalyst) in 89% ee; the oligomers 4L/5D/11L
and 5L/5D/10L gave very similar results. From this study it
appears that the penultimate and antepenultimate residues from
the N-terminus play a dominant role in determining the
stereoselectivity of the Juliá–Colonna reaction.

We reasoned that, given the above results, the inclusion of
glycine residues close to the N-terminus might have a
significant effect on the catalytic activity of the peptide. Three
catalysts H-(L-Leu)-Gly-(L-Leu)18-R, H-(L-Leu)-Gly2-(L-
Leu)17-R and H-(L-Leu)-Gly3-(L-Leu)17-R were prepared. In-
clusion of three glycine residues reduces the ee of the epoxide
2 significantly; the effect of incorporating two glycine residues
is more modest and the substitution of Gly for L-Leu in the
penultimate position has relatively little effect, when compared
to the polymer containing only L-Leu residues (Table 3).
Interestingly, incorporation of the glycine residues results in a
reduced conversion to the epoxide as well as diminishing the
enantioselectivity.

Finally, on the evidence that the residues close to the amino
terminus of the polypeptide chain have the primary influence on
the stereochemistry of the oxidation reaction, the peptides H-(L-
Leu)n-(D-Leu- L-Leu)8-R, where n = 3–6, were prepared. These
have an equal mixture of the two enantiomers of leucine in the
bulk of the peptide chain and a different number of residues of
the L-enantiomer at the amino terminus.

Table 4 shows that the polymers with five or six consecutive
L-Leu residues at the amino terminus are excellent catalysts.
Surprisingly, even the polymer with just three L-Leu residues at
the amino terminus generates 2 with significant ee. It is
noteworthy that this polymer has only one change (D- to L-Leu)
from a polymer with residues of alternating stereochemistry,
adding a little more weight to the postulate that polyamino acids
could potentially have been prebiotic catalysts,10 in as much as
these results show that even a small excess of one enantiomer in
an oligomeric structure, when correctly assembled, can lead to
an amplification and a diversification of chirality.

Overall, it appears that the enone substrate and/or the
peroxide reagent binds to the polyleucine near the N-terminus.
It may well be pertinent that the final four N–H groups of an a-

helical peptide are not able to act as hydrogen bond donors to
carbonyl groups within the helix, thus providing a possible
explanation for the differentiation between the terminal region
and the bulk of the peptide. Kinetics and spectroscopy
experiments are being undertaken (using PEG-bound poly-
amino acids that are soluble in organic solvents11) to ascertain
which species is complexed to the chiral environment of the
polymer. Such experimentation seems prudent before more
detailed modelling can commence.

We thank the EPSRC and BBSRC for studentships (R. W. F.,
P. A. B. and C. B. S.) and the EPSRC for a fellowship (J. S.).
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† The oligoleucines were linked via a hydroxymethylphenoxyacetic acid
linker to PEG and thence to polystyrene resin (loading 0.18 mmol g21).
These oligomers are represented as H-(Leu)n-R where R = linker–PEG-
resin.
‡ Strictly speaking this material is Me2NCH(CH2CHMe2)CO(L-Leu)19R,
the nomenclature Me2-(L-Leu)20-R is used for convenience. 
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Table 2 Epoxidation of chalcone (1) using mixed D- and L-Leu catalysts
under triphasica conditions over 32 h

Catalyst Major product Conversionb (%) Eec (%)

1L/5D/14L 3 99 67
2L/5D/13L 3 96 11
3L/5D/12L 2 100 89
4L/5D/11L 2 99 86
5L/5D/10L 2 99 88

a Ref. 2. b Determined by HPLC. c Determined by chiral HPLC.

Table 3 Epoxidation of chalcone (1) using selected catalysts under
triphasica conditions over 24 h

Catalyst Conversionb (%) Eec (%)

H-(L-Leu)20-R 97 88
H-(L-Leu)-Gly-(L-Leu)18-R 90 70
H-(L-Leu)-Gly2-(L-Leu)17 -R 79 52
H-(L-Leu)-Gly3-(L-Leu)17 -R 60 29

a Ref. 2. b Determined by HPLC. c Determined by chiral HPLC, in each case
epoxide 2 was the major enantiomer.

Table 4 Epoxidation of chalcone (1) using selected catalysts under
triphasica conditions over 18 h

Catalyst Conversionb (%) Eec (%)

H-(L-Leu)3-(D-Leu-L -Leu)8-R 55 64
H-(L-Leu)4-(D-Leu-L -Leu)8-R 52 64
H-(L-Leu)5-(D-Leu-L -Leu)8-R 95 92
H-(L-Leu)6-(D-Leu-L -Leu)8-R 98 91

a Ref. 2. b Determined by HPLC. c Determined by chiral HPLC, in each case
epoxide 2 was the major enantiomer.
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Diaryl alkene alcohol 1 is a ‘precipiton’, a precipitating
auxiliary that is used to aid the isolation of Baylis–Hillman
adducts.

There is a need for new methods of product isolation which rely
on simple purification procedures, eliminate the need for
distillation or chromatography, and can be easily automated and
used for parallel chemical syntheses.1 While solid-phase
organic synthesis (SPOS) remains the most popular method,
there are several disadvantages associated with SPOS: the
supports can be expensive; loading capacities can be low
(0.1–1.0 mmol g21); solid-phase reactions often require
extensive optimization of reaction conditions; and monitoring
of reaction progress is difficult. To address the shortcomings of
SPOS, molecules can be attached to ‘phase-tags’. Fluorous
synthesis,2 soluble polymer-supported organic synthesis
(SPSOS),3 dendrimer-supported organic synthesis,4 and acid/
base tags5 are examples of this approach. With these methods,
tagged compounds can be easily separated from untagged
compounds by a phase-transfer event (precipitation or liquid–
liquid partition).

We recently introduced an approach to product isolation
based on a solubility switch activated by structural isomeriza-
tion.6 Diaryl alcohol 1 is a ‘precipiton’, a group of atoms

(1)

(molecular fragment) that is purposefully attached to a reactant
molecule and that can be activated {in this case isomerized
[equilibrium (1)]} after the reaction in order to cause precipita-
tion of the attached product. Our method has been applied to the
synthesis and isolation of isoxazolines6 and a-substituted b-
ketoesters.7 In this communication, we describe the precipiton
approach for the synthesis of pure Baylis–Hillman adducts.

The Baylis–Hillman reaction8 is a C–C bond forming
reaction between an activated alkene and an aldehyde in the
presence of a tertiary amine, tertiary phosphine, or chalcoge-
nide.9 This reaction provides useful multifunctional inter-
mediates that can be used for subsequent transformations. One
of the drawbacks associated with the Baylis–Hillman reaction is
that one of the components must be used in an excess to drive
the reaction to completion.10 This often leads to a need to use
chromatography to separate the desired product from the excess
reactant. In order to avoid chromatography we sought to use our
methodology to isolate pure Baylis–Hillman adducts.

Alcohol 1Z was prepared as previously described from
4-biphenylcarbaldehyde and p-bromobenzyl alcohol via a
Negishi coupling.7 Acrylate 2Z was then readily prepared by
treatment of 1Z with acryloyl chloride in the presence of
NEt3.6

The precipiton Baylis–Hillman reactions were performed on
a 0.52 to 2.43 mmol scale with respect to the acrylate. The
acrylate 2Z was treated with a catalytic amount of DABCO and
an excess of aldehyde at room temperature.11 Upon completion
of the reaction (depending upon the nature of the aldehyde,
reactions were complete in 1 to 10 days) the crude mixture was
diluted with a suitable solvent and treated with I2 and dibenzoyl
peroxide or PhSSPh.12 The isomerization process was mon-
itored by 1H NMR (isomerizations were complete in 4–24 h).
Upon completion of the isomerization event, the crude reaction
mixture was diluted with CHCl3. Aqueous work-up with
bisulfite, followed by evaporation of the organic layer, gave a
crude product, that was then purified simply by trituration with
hexanes, ether, or MeOH, followed by filtration. This protocol
afforded Baylis–Hillman adducts in good yields and with
purities of !95% (Table 1).13

The precipiton-bound products were cleaved from the
precipiton by hydrolysis (LiOH in THF–H2O).14 These reac-
tions were performed on a 22 to 188 mmol scale. The acids were
isolated by filtration of the insoluble precipiton, acidification of
the solution, followed by extraction with EtOAc. Removal of
the EtOAc furnished the desired acids in good yields and with
purities of !95% (Table 2).13 Several other conditions,

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b1/b103969p/

Table 1 Precipiton Baylis-Hillman reaction with acrylate 2Z

Entry R Time/d
Isomerization
catalyst(s) Product

Yield
(%)

1 20 I2/BzOOBz 3E 70

2 5 I2/BzOOBz 4E 58

3 5 I2/BzOOBz 5E 78

4 3 I2/BzOOBz 6E 76

5 4 I2/BzOOBz 7E 76

6 1 I2/BzOOBz 8E 81

7 2 Ph2S2 8E 75

This journal is © The Royal Society of Chemistry 2001
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methanolysis and the Weinreib aminolysis, were examined for
cleavage of the precipiton but were found ineffective. The acid
derived from compound 8E is a zwitterionic compound which
could not be conveniently isolated.

These experiments demonstrate an application of the precip-
iton approach to product isolation. This method does not require
chromatography, which is often a necessity in the Baylis–
Hillman reaction. This process can be automated and has been
successfully applied to very small scale reactions. It therefore

may be found useful for preparing small quantities of pure
compound for biological screening. We expect the method will
be equally useful for large-scale preparations of compounds.
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Table 2 Hydrolytic removal of product from the precipiton

Entry
Starting
material R Product Yield (%)

1 3E 9 72

2 4E 10 74

3 5E 11 85

4 6E 12 83

5 7E 13 72
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A calix-crown/disulfonamide dual-host combination in
1,2-dichloroethane exhibits markedly enhanced ion-pair
extraction of caesium salts, with the observed synergism
following an anti-Hofmeister order. 

Ion-pair recognition and extraction by synthetic hosts is an area
of intense interest. Design of early prototype ion receptors has
mainly focused on cation complexation, the co-extracted anion
selectivity being determined by non-specific solvation effects.
Consequently, salt extractability generally increases in the
direction of larger, more charge-diffuse anions, consistent with
the well-known Hofmeister selectivity.1 Hence arises the
question as to the extent to which one may perturb this bias-type
vs. recognition-type of selectivity.2 This question has gained
particular relevance in connection with the need to separate
radiocaesium from nuclear waste,3 where recent attention has
been focusing on certain calix-crowns.4 Although elegant
heteroditopic hosts which are able to complex both the anion
and the Cs cation have been reported,5 the use of dual-host
systems remains rare, despite their apparent simplicity and
versatility.6,7 We recently demonstrated that simple carbox-
amides enhance extraction of the CsNO3 ion pair via binding of
the co-extracted anion, when used together with a crown-ether
cation host.6a,b These encouraging results prompted us to
examine the question of anion selectivity in such systems.6c

Herein, we report that synergism in the dual-host system
involving disulfonamides 1 or 2 as anion hosts,8 and the Cs+

selective calix-crown 4 as cation host4b is strongly biased
toward small anions, with remarkably uniform dependence on
the standard Gibbs energies of partitioning for the anions OAc2,
Cl2, Br2, I2, NO3

2 and ClO4
2. In addition, this particular dual-

host system is shown to be strikingly effective, generating the
largest synergistic effects yet observed.

The anion-binding properties of disulfonamide 1, the di(tert-
butyl) disulfonamide 2, and the monosulfonamide 3 (Scheme 1)
were initially investigated in 1,2-dichloroethane-d4 by 1H NMR
titrations of receptor solutions with nBu4NX salts (X = Cl2,
Br2, I2, OAc2, NO3

2, ClO4
2). The observed large downfield

chemical shift changes for the sulfonamide N–H protons, as

well as for the a-C–H protons (Scheme 1) were analyzed via
non-linear regression methods.8a,9,10 The results confirm the
observations of Crabtree and coworkers indicating a pre-
dominant 1+1 complex formation in CD2Cl2 for all anions plus
a weaker 1+2 complexation mode for OAc2, Cl2, Br2 and
NO3

2.8a The association constants (Table 1) are generally
higher for the more charge-dense Cl2 and OAc2 and much
smaller for the large and more hydrophobic, NO3

2, ClO4
2 and

I2. This general order is what one would expect for a strong
non-specific hydrogen-bond receptor.2,8a It follows that syner-
gistic enhancements on combining 1 or 2 with a cation receptor
should also follow this general order.

The 137Cs tracer distribution experiments were performed by
methodology described earlier,4b using aqueous phases contain-
ing 0.10 M NaX (inextractable)11 and 5 3 1026 M CsX (X =
Cl2, Br2, I2, OAc2, NO3

2, ClO4
2) and organic phases

containing 0.010 M of calix[4]arene-bis(benzo-18-crown-6) 4
with 0.035 M of 1, 2 or 3. Based on previous results4b and ion-
pairing theory,12 these experimental conditions are expected to
minimize ion-pairing and its role in anion selectivity. In
particular, at the low maximum concentration of CsX that could
be extracted, estimated ion-pairing in the organic phase would
at most be 5%. Control experiments were also performed with
organic phases containing (1) no sulfonamide, (2) no crown
ether, and (3) solvent only. The results summarized in Table 2

† Current address: Department of Chemistry, Florida International Uni-
versity, University Park, FL 33199 USA.

Scheme 1 Ion receptors used in this study.

Table 1 Association constants K (M21) for the formation of 1+1 and 1+2
complexes of 1, 2 and 3 with anions in 1,2-dichloroethane-d4 at 295 K.
Tetrabutylammonium salts were used as anion sources

Anion X2 1 2 3

OAc2 K11 19 500 (± 1400) 13 500 (± 400) 750 (± 80)
K12 73 (± 1) 70 (± 1)

Cl2 K11 50 000 (± 4000) 32 500 (± 2000) 410 (± 9)
K12 5.8 (± 0.2) 3.6 (± 0.1)

Br2 K11 10 600 (± 500) 8 900 (± 600) 150 (± 5)
K12 1.7 (± 0.7) 1.2 (± 0.3)

NO3
2 K11 4 300 (± 100) 1 800 (± 20) 55 (± 5)

K12 2 (± 0.2) 1.2 (± 0.7)
I2 K11 1 400 (± 13) 690 (± 27) 19 (± 2.5)
ClO4

2 K11 81 (± 1) 48 (± 1) < 3

Table 2 Caesium distribution ratios for calixarene 4 only (D4) and for
calixarene 4 plus sulfonamides 1–3 (D4 + R, R = 1–3). Last column shows
the synergistic factors observed for 1, expressed as the ratio D4 + 1/D4

a

Anion D4 D4 + 1 D4 + 2 D4 + 3 D4 + 1/D4

OAc2 0.471 291 62.3 1.45 618
Cl2 0.357 42.2 11.8 0.88 118
Br2 2.64 125 48.5 6.32 47.3
NO3

2 8.44 180 73.0 17.0 21.3
I2 77.6 644 284 113 8.3
ClO4

2 850 1770 1070 1020 2.1
a D1 is negligible in relation to D4.

This journal is © The Royal Society of Chemistry 2001
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and Fig. 1 show that receptors 1 and 2 dramatically enhance Cs+

ion extraction by the calix-crown. The synergism is stronger for
the more charge-dense OAc2 and Cl2, and weaker for the more
hydrophobic I2 and ClO4

2, as expected by the corresponding
anion-receptor binding affinities. It is noteworthy that the
extraction selectivity is higher for OAc2, while K11 is higher for
Cl2, possibly reflecting a contribution of 1+2 complexation or
anion-hydration effects.13 For NO3

2 the observed synergism is
in good agreement with data previously obtained using
tetrabenzo-24-crown-8 as a cation receptor.13 This observation
implies weak if any ion-pairing effects and no significant role of
the nature of the cation hosts.

One of the remarkable and unexpected aspects of this system
is the excellent correlation between the synergistic effect and
the standard Gibbs energy of anion partitioning DGp°.11,14

Plotting the logarithm of the synergistic factor vs. DGp° gave
straight lines (Fig. 1) with a higher slope for the stronger anion
receptor 1. This correlation reveals that, whereas the bidentate
nature of the disulfonamide receptor confers a strong inter-
action, the extraction enhancement is remarkably non-specific
in breaking the simple bias-type dependence on anion size.
Since the magnitude of enhancement reflects the strength of
anion complexation in the organic phase,7a,b the strict correla-
tion with DGp° suggests that the anion receptor functions by
non-specific solvation in a manner fundamentally resembling
the partitioning process.

In conclusion, a potent disulfonamide anion receptor strongly
synergizes the extraction of Cs salts when used together with a
calix-crown cation host. The synergistic effects, as well as the
anion binding affinities, are anti-Hofmeister, and thus these
compounds and derivatives represent a new, valuable tool for
tuning selectivity for anions in ion-pair extraction.

We thank Drs Jeffrey C. Bryan and Richard A. Sachleben for
useful discussions. This research was sponsored by the Division
of Chemical Sciences, Geosciences, and Biosciences, Office of
Basic Energy Sciences, U.S. Department of Energy under
contract DEAC0500OR22725 with Oak Ridge National Labo-
ratory, managed and operated by UT-Battelle, LLC. The
participation of K. K. was made possible through a appointment
to the U.S. Department of Energy Postgraduate Research
Program, administered by Oak Ridge Associated Universities.
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Non-porous membranes with the selective layer consisting of
hydrophilic or hydrophobic polymers have been applied for
the quantitative and selective recovery of solutes with
different physico-chemical properties from a room-tem-
perature ionic liquid, ([bmim][PF6]).

Room-temperature ionic liquids are fluids that consist entirely
of organic cations and inorganic or organic anions and, as a
consequence, they lack a measurable partial pressure.1 This
feature of ionic liquids permits their repeated use as benign
solvents for green chemical syntheses without solvent loss to
the environment due to evaporation.2 The challenge for the
equally benign recovery of solutes from ionic liquids remains
and has been identified.3 Conventional separation techniques
for solute recovery either apply energy non-specifically to the
bulk (distillation), or employ volatile organic solvents for
extraction, thus cancelling out one of the ionic liquid’s major
advantages. ‘Cleaner’ and energy-efficient technologies for
solute recovery from ionic liquids have recently been sum-
marised to comprise supercritical carbon dioxide extraction and
liquid–liquid extraction using aqueous systems or crown ether
extractants.4 Although supercritical carbon dioxide extraction is
an efficient separation technique applicable to a wide range of
separation problems, it remains technically demanding.5 Here
we demonstrate that pervaporation, as a highly selective and
versatile membrane separation process, is capable of quantita-
tively recovering volatile solutes directly from ionic liquids,
more effectively and under milder operating conditions than
distillation. Choosing the appropriate membrane for the in-
dividual separation problem, pervaporation may prove more
versatile than solvent extraction processes as well as more
efficient and energetically more advantageous than evaporative
techniques.

The separation principle of pervaporation is based on the
preferential partitioning of a solute from a liquid feed phase into
a dense, non-porous membrane through which it diffuses
according to its chemical potential gradient.6 This gradient is
the driving force for the solute transport across the membrane.
It is in general established by maintaining a low vacuum on the
membrane downstream side, while keeping the membrane
upstream side, which is in contact with the liquid feed, at
ambient pressure. According to the solution-diffusion model,
the partial flux Ji of a solute i across the membrane is given by
eqn. (1):

J
S D
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S D

zi
i i

m
i

i i

m
i i= = −∆m m m( )f p

(1)

with Si the partitioning coefficient of solute i between the feed
liquid phase and the membrane; Di the diffusion coefficient of
i in the membrane; zm the membrane thickness; Dmi the
chemical potential gradient of i over the membrane; mi

f and mi
p

are the chemical potential of i in the liquid feed phase and the
permeate, respectively.

Any compound partitioning between the bulk solvent and the
membrane can be recovered by pervaporation once there exists
a chemical potential gradient over the membrane. For the same

chemical potential gradient, pervaporation can be more effec-
tive than distillation for solute recovery.7 The solute partitions
from the bulk solvent into the membrane polymer where it
sorbs. Due to the chemical potential gradient it then diffuses
through the membrane polymer and subsequently desorbs on
the membrane downstream side into the vacuum. This explains
why pervaporation can also be applied to the recovery of low-
volatile, high-boiling compounds at relatively moderate tem-
perature: unlike distillation, pervaporation is not governed by
the vapour–liquid equilibrium, but by solute–polymer inter-
actions.8 For an individual separation problem, it is therefore
crucial to choose or develop the membrane polymer such that it
exhibits a high selectivity for the target compounds under the
separation process operating conditions. Otherwise, the process
is not efficient.9

Energy consumption in pervaporation stems mainly from
establishing the vacuum and condensing the solutes permeated.
Specific to coupling pervaporation to ionic liquids is the fact
that energy is spent very efficiently on the permeating solute
only because no bulk solvent permeates the membrane. In
contrast, during distillation energy is spent non-specifically on
heating both the non-volatile bulk solvent and the solutes, with
the latter often being present in minor concentrations.

Four case studies were chosen to test the promising concept
of removing volatile solutes from ionic liquids by pervapora-
tion: (1) water as a possible reaction product during, for
example, condensations or esterifications, whose removal shifts
the reaction equilibrium toward higher product yields; (2) ethyl
hexanoate as a possible product of low volatility from a heat
sensitive biotransformation; (3) chlorobutane as a possible
residue stemming from the synthesis of the ionic liquid, whose
removal increases significantly the purity of the latter; (4)
naphthalene as a low-boiling compound.

Laboratory-scale pervaporation experiments were carried out
using a range of binary solutions of the ionic liquid, 1-butyl-
3-methylimidazolium hexafluorophosphate [bmim][PF6], and
model solutes all of which differ strongly in their physico-
chemical properties. The ionic liquid was synthesised in our
laboratory using a procedure reported.10 The model solutes used
were naphthalene, ethyl hexanoate, chlorobutane and water
with initial feed concentrations of 15, 3.5, 20 and 17 kg m23,
respectively. Different dense hydrophilic and hydrophobic
polymeric membranes, namely poly(octylmethylsiloxane)
(POMS) polyether block amide (PEBA) and poly(vinyl alcohol)
(PVA) were chosen for the solute recovery based on their
selectivity for the individual model solute. All experiments with
results depicted in Figs. 1 and 2 were carried out at 323.15 K and
a permeate pressure of 10 Pa, using a standard laboratory
pervaporation set-up with an effective membrane area of 0.01
m2.11 The feed volume used was 110 cm3 throughout all
experiments. No ionic liquid was detected in any of the
permeates, with the detection limit being 74 mg kg21 using
inductively coupled plasma (ICP) spectroscopy and phosphorus
as the reference atom for the hexafluorophosphate anion of
[bmim][PF6]. Organic model solute concentrations in the feed
and the permeate were determined by gas chromatography after
extraction from the ionic liquid with diethyl ether. Water
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concentration in the ionic liquid was determined using an
automated Karl–Fischer titrator.

Fig. 1 depicts the successful, quantitative recovery ( > 99.2%)
of all solutes tested by pervaporation. It should be noted that
recovery rates apply for the small membrane area used in the
laboratory and therefore appear uneconomically long. Because
membrane area is relatively inexpensive, large-scale pervapora-
tion units will employ larger membrane area/feed volume ratios,
thus diminishing the time for quantitative solute recovery
manifold, as can be simulated on the basis of the partial fluxes
presented in Fig. 2.

Water exhibited the highest flux, using a hydrophilic PVA-
composite membrane. Because of their hydrophilicity, PVA-
membranes are highly permeable for water, while hindering the
permeation of hydrophobic molecules.12 This is particularly
interesting for reversible condensation reactions or biocatalytic
esterifications carried out in ionic liquids, during which the
selective and continuous removal of the water formed shifts the
equilibrium to higher yields of the target product.12 The target
product, such as esters formed by esterification, can then be
recovered using an appropriate hydrophobic membrane, with an
example being the pervaporation of ethyl hexanoate utilising a
POMS-composite membrane (Figs. 1 and 2). It should be
pointed out that especially with regard to biotransformations
carried out in ionic liquids, pervaporation is the only separation

technique that can be applied without either degrading the
biocatalyst or interfering with the bioconversion: it can be
efficiently operated at a moderate temperature, and does not
require any extraction aid detrimental to the performance of the
biocatalyst that, in turn, can be reused without loss of
activity.13

Once prepared, ionic liquids still contain solvent/reactant
originating from their synthesis or the subsequent purification
procedure. Commonly, these solvent residues are removed
using evaporative techniques under high vacuum and/or an
elevated temperature.10 Utilising a POMS-composite mem-
brane, chlorobutane as a solvent/reactant during synthesis of
[bmim][PF6] was recovered as depicted in Figs. 1 and 2,
respectively. Pervaporation can hence be integrated in the
production and purification process of ionic solvents for the
recovery of volatile solvent residues, enabling a closed-loop
production process for obtaining a pure ionic liquid at mild
operating conditions.

The low-volatile model solute, naphthalene, was recovered
quantitatively at 323 K, 168 K below its boiling point of 491 K
(Figs. 1 and 2) using a homogenous PEBA-membrane. A
homogenous membrane was chosen for this separation because
in composite membranes the pressure loss in the porous support
can be sufficient to cause undesired condensation of the low-
volatile solute on the membrane downstream face. Although the
rate of recovery was lower than that of the other solutes, owing
to a smaller driving force, this example illustrates the potential
pervaporation has for the recovery of high-boiling com-
pounds.

In conclusion, pervaporation is a non-evaporative process
that can be integrated in the production and purification process
of ionic solvents for the selective recovery of volatile solvent
residues at mild, and therefore energetically favourable,
operating conditions. For the recovery of volatile solutes from
heat sensitive reactions carried out in ionic liquids, such as
bioconversions, pervaporation may be superior to other tech-
niques.

We thank Elf Atochem, Portugal, and GKSS, Germany, for
the kind donations of membranes, and João N. Rosa and Luis C.
Branco for the preparation of the ionic liquid. T. S. gratefully
acknowledges financial support from FCT, Portugal.
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Fig. 1 Recovery of water by a PVA (4 mm)-composite membrane (2);
chlorobutane (5) and ethyl hexanoate (-) by POMS (25 mm)-composite
membrane; naphthalene by a homogeneous PEBA (30 mm)-membrane (:).
All solutes were recovered to a degree > 99.2% (limit of the analytical
sensitivity) of their initial feed concentration.

Fig. 2 Partial fluxes of the solutes recovered from [bmim][PF6] as a function
of their respective feed concentration. Experimental conditions and symbol
legend are as reported in Fig. 1; for graphical reasons, the x- and y-axes for
ethyl hexanoate are depicted on the top and on the right of the plot (indicated
by arrows).
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The first examples of hetero Diels–Alder reaction of masked
o-benzoquinones with nitroso dienophiles leading to novel
and highly functionalized heterocycles, which are potential
intermediates for nitrogenous natural products are re-
ported.

The hetero Diels–Alder reaction represents a powerful strategy
for the stereoselective construction of highly functionalized
heterocyclic systems.1 A nitroso function that is directly linked
with an electron-withdrawing group acts as an efficient
dienophile as a result of extremely low LUMO energy and weak
p-bond.2 Acyl nitroso compounds have been used as dieno-
philes in both intermolecular and intramolecular versions of
hetero Diels–Alder reactions to produce highly functionalized
cycloadducts that provide valuable synthetic intermediates to a
variety of biologically interesting molecules.1,3

Masked o-benzoquinones (MOBs),4 a highly reactive class of
2,4-cyclohexadienones with extensive utility can be generated
by the oxidation of easily available 2-methoxyphenols using
hypervalent iodine reagents such as diacetoxyiodobenzene
(DAIB) and phenyliodonium(III) bis(trifluoroacetate) (PIFA) in
MeOH. In the course of our investigations on MOB chemistry,
we have developed methods for their in situ generation and
studied their inter-5 and intramolecular6 carbo-Diels–Alder
reactions. The synthetic potential of this methodology has been
demonstrated in the total/formal syntheses of several natural
products by us7 and others.8 Very recently, MOBs were shown
to drive heteroaromatics such as furans,9 pyrroles10 and
indoles11 as 2p-components in the carbo-Diels–Alder reaction.
In continuation of our efforts to broaden the versatility of
MOBs, we contemplated their hetero Diels–Alder reaction with
nitroso dienophiles to generate functionalized bicyclo[2.2.2]oc-
tenone derivatives that are possible intermediates for several
biologically active natural products such as aminocyclitols,12

pancratistatin13 and tetrodotoxin14 (Scheme 1).
Owing to their highly reactive nature, both MOB (diene) and

nitroso dienophile were transiently generated in the reaction
medium. Thus, at the outset of our study, we examined the
reaction of MOB 1a, obtained from the parent 2-methoxyphenol
i.e. guaiacol (2a), with nitroso compound 3a. The oxidation of
2a with DAIB in MeOH produced MOB 1a and the periodate
oxidation of tert-butyl N-hydroxycarbamate (4a) produced 3a.
When the reaction was performed with an equimolar ratio of 2a
and 4a, the two transient intermediates reacted very efficiently
at 0 °C to furnish the Diels–Alder adduct 5a in 80% yield.
However, use of two equivalents of 4a under the same

conditions increased the yield to 90%. This overwhelming
result prompted us to extend this reaction to other 2-methoxy-
phenols. Thus, a variety of phenols 2b–j in the reaction with 4a
were examined as summarized in Scheme 2 and Table 1.† The
MOBs 1b–g reacted very smoothly with nitroso compound 3a
at 0 °C resulting in the formation of adducts 5b–g in good to
excellent yields (entries 1, 3, 5, 7, 9, 11 and 13). However, the
reactions of phenols 2h–j bearing electron-releasing sub-
stituents at C-4 did not proceed at 0 °C. A workable solution was
found by the slow addition of hydroxamic acid 4a to a mixture
of phenol 2h and oxidants in MeOH–CH2Cl2 at 50 °C and
continuing the reaction at the same temperature. Under these

Scheme 1

Scheme 2

Table 1 Hetero Diels–Alder reaction of masked o-benzoquinones 1a–j with
BocNO (3a) and CbzNO (3b)

MOB

Entry R1 R2 R2
Nitroso
compd

Temp.a/
°C

Timeb/
h

Adduct
(Yield
(%))c

1 1a H H H 3a 0 1 5a (90)
2 3b 0 1 6a (96)
3 1b H CO2Me H 3a 0 1 5b (71)
4 3b 0 1 6b (81)
5 1c H Me H 3a 0 1 5c (93)
6 3b 0 1 6c (95)
7 1d H H 3a 0 1 5d (92)
8 3b 0 1 6d (96)
9 1e Me H H 3a 0 1 5e (69)

10 3b 0 1 6e (81)
11 1f H H CO2Me 3a 0 1 5f (70)
12 3b 0 1 6f (74)
13 1g H H COMe 3a 0 1 5g (57)
14 3b 0 1 6g (52)
15 1h H H Me 3a 50 3 5h (84)
16 3b 50 3 6h (90)
17 1i H H 3a 50 12 5i (71)
18 3b 50 12 6i (92)
19 1j H H Br 3a 50 12 5j (91)
20 3b 50 12 6j (90)
a Reaction temperature. b Reaction time after the addition of RNHOH.
c Yields of pure and isolated adducts.
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conditions, phenols 2h–j afforded the cycloadducts 5h–j in high
to excellent yields (entries 15, 17 and 19).

In an effort to ascertain whether the N-substitution of nitroso
compound has influenced the reaction, we have evaluated the
Diels–Alder reaction of MOBs 1a–j with (N-carbobenzyl-
oxy)nitroso compound 3b (Scheme 2). These cycloadditions
were found to be quite efficient and the adducts 6a–j were
obtained in very good to excellent yields. These results are
summarized in Table 1.

The structures of all the cycloadducts were based on the IR,
1H (400 MHz) and 13C (100 MHz) NMR, DEPT, low-, and
high-resolution mass spectral analyses. The regiochemistry of
the adduct 5a was confirmed by its single crystal X-ray structure
(Fig. 1)‡ and that of the adducts 5b–j and 6a–j is derived by
comparing the chemical shifts of their 1H NMR spectra with
that of 5a.

The excellent regioselectivity of this Diels–Alder reaction is
in full agreement with our earlier studies on Diels–Alder
reactions of MOBs.5,9–11 The moderately stable MOBs such as
1i,j require higher temperature and prolonged reaction times for
the reaction as reflected by the reaction conditions employed for
phenols 2i,j (entries 17–20), which is in accordance with our
earlier findings.15

In conclusion, bicyclo[2.2.2]octenone derivatives embedded
with heteroatoms—types of substrate that are useful in the total
syntheses of natural products possessing an aminopolyhydroxy-
cyclohexane or cyclohexene moiety—are accessed in a highly
regioselective manner from simple 2-methoxyphenols. The
simplicity of the experimental procedure and the ready
accessibility of masked o-benzoquinones and nitroso dieno-
philes thus renders this an experimentally attractive method for
the preparation of nitrogenous heterocycles. Currently, we are
actively pursuing the transformation of such cycloadducts to
pertinent targets including conduramines and natural products
such as pancratistatin and tetrodotoxin.

We gratefully acknowledge financial support from the
National Science Council of the Republic of China. We thank
Mr G.-H. Lee of the Department of Chemistry, National Taiwan
University for X-ray diffraction studies and Dr R. K. Peddinti
for helpful discussions.

Notes and references
† General procedure for phenols 2a–g and N-hydroxycarbamates 4a,b: to
a stirred mixture of DAIB (1.1 mmol) and Bu4NIO4 (2 mmol) in MeOH (5
mL) at 0 °C, was added phenol 2 (1 mmol) in CH2Cl2 (5 mL) at once. After
10 min of stirring at 0 °C, was added carbamate 4 (2 mmol) in a 1+1 mixture
of MeOH–CH2Cl2 (5 mL) at once and the reaction was continued for 1 h at
the same temperature. Then the solvent and other volatiles were removed
under reduced pressure and the residue was subjected to silica gel column
chromatography (ethyl acetate–hexanes) to obtain pure cycloadducts 5a–g
and 6a–g.

General procedure for phenols 2h–j and N-hydroxycarbamates 4a,b: To
a stirred mixture of DAIB (1.1 mmol) and Bu4NIO4 (2 mmol) in MeOH (5
mL) at 0 °C, was added phenol 2 (1 mmol) in CH2Cl2 (5 mL) at once. After
10 min of stirring at 0 °C, the reaction flask was moved to a preheated oil
bath (50 °C ), and carbamate 4 (2 mmol) in a 1+1 mixture of MeOH–CH2Cl2
(5 mL) was added dropwise using a syringe pump (addition time: 1 h for
entries 15 and 16, 4 h for entries 17 and 18, and 8 h for entries 19 and 20)
and the reaction was continued [for 3 h (entries 15 and 16) or 12 h (entries
17–20)] at the same temperature. Thus formed adducts 5h–j and 6h–j were
isolated as described in the above procedure.
‡ Crystal data for 5a: C13H19NO6, M = 285.29, triclinic, a = 12.035(2), b
= 6.288(2), c = 19.541(2) Å, a = 90, b = 100.71(2), g = 90°, V =
1453.0(6) Å3, T = 295(2)K, space group P21, Z = 4, m(Mo-Ka) = 0.103
mm21, 3344 reflections collected, independent reflections (Rint = 0.0000),
final R indices [I > 2s(I)], R1 = 0.0418, wR2 = 0.1249. CCDC 161113. See
http://www.rsc.org/suppdata/cc/b1/b103649c/ for crystallographic data in
CIF or other electronic format.

1 (a) D. L. Boger and S. M. Weinreb, Hetero-Diels–Alder Methodology in
Organic Synthesis, Academic Press, San Diego, 1987; (b) D. L. Boger,
Comprehensive Organic Synthesis, Vol. 5, ed. B. M. Trost and I.
Fleming, Pergamon, New York, 1991, pp. 451–551; (c) H. Waldmann,
Synthesis, 1994, 535; (d) L. F. Tietze and G. Kettschau, Top. Curr.
Chem., 1997, 189, 1.

2 M. A. McCarrick, Y.-D. Wu and K. N. Houk, J. Org. Chem., 1993, 58,
3330.

3 (a) J. Strieth and A. Defoin, Synthesis, 1994, 1107; (b) C. Kibayashi and
S. Aoyagi, Synlett, 1995, 873; (c) P. F. Vogt and M. J. Miller,
Tetrahedron, 1998, 54, 1317.

4 (a) C.-C. Liao, Modern Methodology in Organic Synthesis, Kodansha,
Tokyo, 1992, p. 409; (b) S. Quideau and L. Pouysegu, Org. Prep. &
Proc. Int., 1999, 31, 617.

5 (a) C.-C. Liao, C.-S. Chu, T.-H. Lee, P. D. Rao, S. Ko, L.-D. Song and
H.-C. Shiao, J. Org. Chem., 1999, 64, 4102; (b) D.-S. Hsu, P. D. Rao and
C.-C. Liao, Chem. Commun., 1998, 1795; (c) S.-Y. Gao, S. Ko, Y.-L.
Lin, R. K. Peddinti and C.-C. Liao, Tetrahedron, 2001, 57, 297.

6 (a) P.-Y. Hsiu and C.-C. Liao, Chem. Commun., 1997, 1085; (b) C.-S.
Chu, T.-H. Lee, P. D. Rao, L.-D. Song and C.-C. Liao, J. Org. Chem.,
1999, 64, 4111.

7 (a) C.-C. Liao and C.-P. Wei, Tetrahedron Lett., 1989, 30, 2255; (b)
C.-S. Chu, C.-C. Liao and P. D. Rao, Chem. Commun., 1996, 1537; (c)
T.-H. Lee and C.-C. Liao, Tetrahedron Lett., 1996, 37, 6869; (d) W.-C.
Liu and C.-C. Liao, Synlett, 1998, 912; (e) W.-C. Liu and C.-C. Liao,
Chem. Commun., 1999, 117; (f) D.-S. Hsu, P.-Y. Hsiu and C.-C. Liao,
Org. Lett., 2001, 3, 263.

8 (a) R. Carlini, K. Higgs, C. Older, S. Randhawa and R. Rodrigo, J. Org.
Chem., 1997, 62, 2330; (b) R. Carlini, K. Higgs, R. Rodrigo and N.
Taylor, Chem. Commun., 1998, 65.

9 (a) C.-H. Chen, P. D. Rao and C.-C. Liao, J. Am. Chem. Soc., 1998, 120,
13 254; (b) P. D. Rao, C.-H. Chen and C.-C. Liao, Chem. Commun.,
1999, 713.

10 M.-F. Hsieh, R. K. Peddinti and C.-C. Liao, Tetrahedron Lett., in
press.

11 M.-F. Hsieh, P. D. Rao and C.-C. Liao, Chem. Commun., 1999, 1441.
12 M. Balci, Y. Sütbeyaz and H. Seçen, Tetrahedron, 1990 46, 3715.
13 J. H. Rigby, U. S. M. Maharoof and M. E. Mateo, J. Am. Chem. Soc.,

2000, 122, 6624.
14 Y. Kishi, T. Fukuyama, M. Aratani, F. Nakatsubo, T. Goto, S. Inoue, H.

Tanino, S. Sugiura and H. Kakoi, J. Am. Chem. Soc., 1972, 94, 9219.
15 C.-F. Yen, R. K. Peddinti and C.-C. Liao, Org. Lett., 2000, 2, 2909.

Fig. 1 ORTEP plot of the crystal structure of cycloadduct 5a (numbering is
arbitrary).
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We report the first quantum mechanical calculations of p-
tert-butylcalix[4]arene inclusion complexes in the crystalline
state with geometrical aspects demonstrating good agree-
ment with experiment, while comparison of the configura-
tions calculated for an isolated complex and in the crystal,
illustrate that crystal packing forces contribute to the
observed structure of the host–guest assembly.

The solid-state structures of calix[n]arene host–guest com-
plexes have been studied intensively since the archetypal p-tert-
butylcalix[4]arene·toluene structure was reported.1 The struc-
tural and dynamic features of this particular system have been
studied using a range of experimental methods revealing a
remarkably complex structure.2,3 To complement experimental
studies of this and other host–guest complexes, we have used ab
initio methods, within the framework of density functional
theory, to calculate the structures and energetics of calixarene
complexes in the crystalline state. Through the use of an
appropriate method it has been possible to treat both the
periodic crystal structure and gas phase molecular systems at
the same level. This allows the influence of crystal packing on
the host–guest chemistry of calixarenes to be assessed. To this
end, geometry optimisations for p-tert-butylcalix[4]arene 1
with the guests toluene and carbon disulfide have been
performed.

All calculations were performed using the ab initio program
SIESTA4 which is capable of determining the electronic
structure and properties of molecules, surfaces and bulk
materials based on density functional theory. For this work, all
runs were performed using the non-local density functional of
Perdew, Burke and Ernzerhoff.5 The core electrons for all
elements were represented by norm-conserving non-local
pseudopotentials, while the valence orbitals were described
using a double-zeta basis set, with polarisation functions
included for non-hydrogens. Here the basis set is a numerical
one, consisting of the exact solutions of the pseudopotential for
the atomic state, except that a radial confinement is included to
localise the orbital corresponding to an energy shift of 0.001
Rydberg.4,6 The energy shift used in the present work is smaller
than typical values used in many studies. This is necessary to
reduce the basis set superposition error (BSSE) that arises due
to the radial confinement. Residual BSSE present in binding
energies was accounted for using the counterpoise correction.
Selected calculations with lower energy shift values verified
that the binding configurations are not significantly influenced
by further reduction in orbital confinement. A real space mesh

equivalent to a planewave cut-off of 150 Rydberg was used for
the evaluation of the Hartree and exchange-correlation energies.
Optimisations performed on the solid-state structures were
constrained at the experimental unit cell dimensions, while all
other degrees of freedom were free to relax with no symmetry
restrictions.

The results for p-tert-butylcalix[4]arene·CS2 (Fig. 1 and
Table 1) show that the guest is less deeply included in the
calixarene cavity in the calculated crystal structure as compared
to experiment,7 although other structural parameters are in
reasonable agreement (the two complexes in the calculated unit
cell were essentially identical). For comparison, results for the
previously reported ab initio RHF/6-31G* calculation8 of the
gas phase complex are given in Table 1. In this case, the host–
guest intermolecular forces are underestimated to a greater
extent, although some parameters, such as the C–S bond length
are in better agreement with experiment than the present DFT
study due to the tendency of the Hartree–Fock calculations to
yield shorter bonds. A key finding is that the binding of the
guest is weaker in the gas phase (3.2 kJ mol21) than in the solid

Fig. 1 Superposition of the p-tert-butylcalix[4]arene·CS2 structure calcu-
lated in the solid-state (in black), and that determined by crystallography (in
grey).

Table 1 Comparison between calculated structural parameters in the
isolated p-tert-butylcalix[4]arene·CS2 assembly and crystal structure, the
RHF/6-31G* calculated structure and the experimental crystal structure (Ar
refers to each of the four phenyl rings, and O4 represents the plane defined
by the four phenol O atoms in the calixarene)

SIESTA–
gas phase

SIESTA–
crystal

RHF/6-
31G*a

Crystal
structureb

Ar–O4 angles (°) 125.6 124.6, 124.8 124.7 123.5
125.6 124.7, 125.1
125.6 124.5, 124.9
125.9 124.5, 124.4

C (CS2)–O4

distances (Å) 5.93 5.75, 5.80 6.51 5.34
C–S distance (Å) 1.587, 1.596 1.583, 1.597 1.55 1.55
O4-CS2 tilt (°) 1.2 0.93, 1.24 0 0
a Ref. 8. b Ref. 7.
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state (7.7 kJ mol21), consistent with the fact that the cavity in
the crystal is defined and influenced by neighbouring calixarene
molecules, as well as the main host. However, the absolute
binding energies will be underestimated due to the absence of
dispersion forces.

Experimental data suggest that the p-tert-butylcalix[4]ar-
ene·toluene complex has a C2-elliptical calixarene cavity that is
dynamically disordered to give an average 4-fold symmetry.2
This disorder is associated with rotational disorder of the
toluene guest molecule. While inclusion of statistical sampling,
typically via dynamical calculations, will be required to study
these processes, geometry optimisation gives preliminary
results consistent with some aspects of the experimental data. In
this case, the two complexes in the calculated crystal structure
were slightly different (Table 2). The most striking difference
between the calculated structures of the complex in the crystal
and the isolated system is the orientation of the guest toluene
molecule, along the pseudo 4-fold axis of the host calixarene
(Fig. 2). In the isolated assembly, the toluene molecule lies on
the pseudo mirror plane intersecting two of the methylene C
atoms (the interplanar angle is 1.5°). In the calculated crystal
structure, the same interplanar angle is 19.9 and 24.8°, in good
agreement with the experimental crystal structure (22.5°). It is
likely that the tert-butyl groups of neighbouring calixarenes,
which lie ‘above’ the host calixarene, are inducing this change
in orientation. It is also noteworthy that experimental data
suggest that the toluene molecule is tilted relative to the
calixarene 4-fold axis by 7°; the calculated results are 1.1 and
3.8° in the crystal, and 3.5° in the isolated complex. As observed
for the CS2 guest, the toluene is more deeply included in the
calculated crystal structure than in the isolated complex (Table
2).

The results presented here clearly demonstrate that crystal
packing can have a significant effect on the geometries of host–
guest assemblies and that periodic density functional calcula-
tions can accurately reproduce this effect. Molecular dynamics
calculations will be the next step in studying the disorder
observed in the experimental crystal structures.

Notes and references
1 G. D. Andreetti, R. Ungaro and A. Pochini, Chem. Commun., 1979,

1005.
2 E. B. Brouwer, G. D. Enright, C. I. Ratcliffe and J. A. Ripmeester,

Supramol. Chem., 1996, 7, 79.
3 E. B. Brouwer, J. A. Ripmeester and G. D. Enright, J. Inclusion Phenom.

Mol. Recognit., 1996, 24, 1; R. Caciuffo, R. Galeazzi, A. J. Horsewill, A.
Ikram and F. Ugozzoli, Phys. Rev. B, 1999, 60, 11 867; A. Arduini, R.
Caciuffo, S. Geremia, C. Ferrero, F. Ugozzoli and F. Zontone, Supramol.
Chem., 1998, 10, 125.
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Chem., 1997, 65, 453.

5 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996, 77,
3865.
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Table 2 Comparison between calculated structural parameters in the
isolated p-tert-butylcalix[4]arene·toluene assembly and crystal structure, in
addition to the experimental crystal structure (Ar refers to each of the four
phenyl rings, and O4 represents the plane defined by the four phenol O
atoms in the calixarene)

SIESTA–
gas phase

SIESTA–
crystal

Crystal
structurea

Ar–O4 angles 1 123 123, 121 118
(°) 2 132 127, 128 126

3 124 122, 123
4 127 126, 126

CH3(tol)–O4

distance (Å) 3.93 3.64, 3.66 3.65
Toluene tilt (°) 3.5 1.1, 3.8 7

a Ref. 2; coordinates obtained from G. D. Enright and J. A. Ripmeester,
personal communication.

Fig. 2 Side and top views of the superposition of the p-tert-butylcalix[4]-
arene.toluene structure calculated in the solid-state (in grey), and in the gas
phase (in black).
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An efficient synthesis of 3,3A-diphenyl-2,2A-bithiophene
based bis(triarylamines) and their physical properties are
reported.

Amorphous triarylamines with high glass transition tem-
peratures (Tg) are widely used as hole-transporting materials in
organic light-emitting devices (OLED).1 Thiophene and oligo-
thiophene-linked triarylamines and bis(triarylamines), with
phenyl rings separating the thiophene system from the terminal
diarylamino groups were first introduced by Shirota et al.2
These amorphous materials form thin films with high morpho-
logical stability and also show interesting hole-transporting
properties, resulting in their successful use as colour-tunable
emitting materials for OLED devices. Triarylamines with
diarylamino group(s) directly attached to thiophene are one of
the least exploited class of hole-transporting materials.3,4

Recently, Watanabe and co-workers5 have accomplished a
systematical study on Pd-catalysed amination for the synthesis
of 2-diarylaminothiophenes and 2,5-bis(diarylamino)thio-
phenes. In addition to this, a new synthetic strategy involving
transition-metal free cyclization followed by thermal decarbox-
ylation has also been introduced for the synthesis of triar-
ylamines bearing a thiophene moiety.6 However, the physical
properties of thiophene based triarylamines are still limited.5,6

In this communication, we report the synthesis and physical
properties of a new class of bis(triarylamines) based on 3,3A-
diphenyl-2,2A-bithiophene as a central linkage. It is well
documented that the physical properties of oligothiophenes and
polythiophenes strongly depend on the nature of the sub-
stituents. However, the similar oxidation potential and absorp-
tion lmax of bithiophene and 3,3A-diphenyl-2,2A-bithiophene
have been attributed to counterbalancing the resonance effect of
phenyl substituents by the steric effect.7 Interestingly, poly-
thiophenes with phenyl substituent(s) at its 3- and 4-position
exhibit higher thermal stability and lower oxidation potentials.8

Accordingly, the resulting new class of bis(triarylamines) based
on 3,3A-diphenyl-2,2A-bithiophene could enhance the thermal
and morphological stability, which are crucial for their
application in optoelectronic devices.

Cu-promoted Ullman reaction for the synthesis of 3,3A-
diphenyl-2,2A-bithiophene was first reported by Johnson in
1976.9 Further synthetic efforts based on the Ni-catalysed
Kumada coupling reaction of 2-halo-3-phenylthiophene with
2-magnesium-3-phenylthiophene gave 3,3A-diphenyl-2,2A-bi-
thiophene in poor yields.7,8 We report herein a more efficient
synthetic pathway (Scheme 1). In the presence of a catalytic
amount of Pd(PPh3)4, 3,3A-dibromo-2,2A-bithiophene 110 was
treated with phenylboronic acid in DME to afford 3,3A-
diphenyl-2,2A-bithiophene (2) in 86% yield. Regioselective
bromination11 of 2 was accomplished by treating 2 with
bromine in AcOH–CHCl3 (1+2) solution, which afforded 5,5A-
dibromo-3,3A-diphenyl-2,2A-bithiophene 3 in 95% yield. Six
different diarylamines were screened to react with 3 re-
spectively in the presence of a catalytic amount of Pd(OA-
c)2 and PBut

3 in toluene12 at reflux temperature, resulting in
compounds 4a–4f as bright yellow solids in moderate yields
(Table 1). For a comparative study of the influences of phenyl

† Electronic supplementary information (ESI) available: experimental
details and NMR spectra. See http://www.rsc.org/suppdata/cc/b1/
b103194p/

Table 1 Chemical yields and physical properties of 5,5A-bis(diarylamino)-3,3A-diphenyl-2,2A-bithiophenes 4 and model compound 5

Compound Yield (%)a lmax/nm, log eb lem/nmc Epa, Epc /mVd Tg/°Ce

4a 62 263 (4.59), 367 (4.12) 535 550, 430 55
4b 56 262 (4.69), 365 (4.26) 535 595, 440 85
4c 60 260 (4.96), 317 (4.87) 538 570, 465 83
4d 52 254 (4.90), 363 (4.09) 539 605, 470 114
4e 51 256 (4.99), 376 (4.54) 494 (545, 455), (650, 570) 119
4f 53 265 (4.94), 381 (4.48) 458, 503 600, 500 124
5 62 273 (4.38), 392 (4.42) 480 (460, 385), (695, 610) 67

a Isolated yield by column chromatography on SiO2 (hexane–CH2Cl2 = 4+1) with satisfactory spectral analyses (1H, 13C, mass, HRMS, and IR). b Recorded
in EtOAc; units of e mol21 dm3 cm21. c Recorded in EtOAc and excited at lmax. d Performed in 0.1 M solution of n-Bu4NPF6 in CH2Cl2, carbon electrode
was used as the working electrode, scan rate 100 mV s21, Ag/AgCl as reference electrode. e Analyzed by differential scanning calorimetry (DSC), Tg was
recorded from heating (10 °C min21) a liquid nitrogen quenched melt-sample.

Scheme 1 Reagents and conditions: a, PhB(OH)2, Pd(PPh3)4, Na2CO3,
DME, reflux 2 d, 86%; b, Br2, AcOH–CHCl3 (1+2), 0 °C to rt 98%; c,
diarylamine, Pd(OAc)2, PBut

3, NaOBut, toluene, reflux overnight.
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substituents on the physical properties, model compound 5 was
also synthesized by the Pd-catalysed amination of 5,5A-
dibromo-2,2A-bithiophene.

The absorption spectra of 4a–4f in ethyl acetate showed
similar behaviour, displaying two absorption maxima (Table 1).
The second bands of 4e and 4f were slightly red-shifted
compared to that of 4a–4d. Compound 4a–4d were highly
fluorescent. These results indicate that the absorption lmax is
relatively insensitive to the nature of the diarylamino sub-
stitutents. However, the photoluminescence efficiency and
emission maxima are strongly dependent on the structural
feature of the terminal diarylamino groups. Thus, bis(triar-
ylamines) (4a–4d) with less conjugated diarylamino sub-
stituents showed more efficient photoluminescence than when
compared with those bearing more conjugated terminal diaryla-
mino groups (4e–4f). The significant Stokes shift (ca. 170 nm
for 4a–4d) reveals that the 3,3A-diphenyl-2,2A-bithiophene
linkage may be highly twisted in the ground state. The emission
maxima with relatively long wavelength could be attributed to
the relaxation from an excited state with a more coplanar
conformation. The influence of phenyl substituents of the
bithiophene linkage on the photophysical properties are demon-
strated by a comparison of the UV-Vis and photoluminescent
spectra of 4b, 4e, and 5 (Fig. 1). Bis(triarylamine) 5 exhibited a
sharper, red-shifted absorption and a blue-shifted emission
compared to that of 4b. The longer emission wavelength of 4b
further confirms a more conjugated excited state.

Compounds 4a–4f exhibited only quasi-reversible anodic
oxidation (Table 1). The onset of oxidation and Epa (V vs. Ag/
AgCl) varied with the nature of the terminal diarylamino
groups. Differing from the conventional bis(triarylamines),13

only one redox couple (Epa 550 mV, Epc 430 mV vs. Ag/AgCl)
was detected for 4a and 4c. Coulometry in a thin layer cell
showed the redox process of 4a to be a two-electron oxidation.
The lack of co-planarity of the central 3,3A-diphenyl-2,2A-
bithiophene linkage prevents the extension of p-conjugation
along the molecular axis. The rate of second oxidation in 4a
may be faster than the conformational change reaching a more
coplanar conformation. Therefore, the first radical cation can
not efficiently delocalise in the whole molecule, the two
triarylamine systems behave independently but are oxidized
simultaneously without any communication. Fig. 2 shows a
comparison of the cyclic voltammogram of 4b, 4e, and 5. Two
partially resolved redox processes (Epa 545 mV, Epc 455 mV
and Epa 650 mV, Epc 570 mV vs. Ag/AgCl) of 4e were detected,
which were assigned to be a two-step one-electron redox couple
corresponding to removal of an electron from each triarylamine
system. The redox potential difference (110 mV) of 4e indicates
that the second oxidation could occur via a radical cation with
more coplanar conformation. 4b, 4d, and 4f showed similar
redox behaviour but were less resolved when compared with

that of 4e. The model compound 5 exhibited two well-resolved
redox couples (Epa 460 mV, Epc 385 mV and Epa 695 mV, Epc
610 mV vs. Ag/AgCl). The lower oxidation onset and larger
potential difference (230 mV) reveal that the the central
bithiophene linkage is in a coplanar conformation.

All the compounds in this study exhibited an amorphous
nature evidenced by the presence of the glass transition
temperature (Table 1). The asymmetric diarylamino substituent
and the diphenyl substituted central bithiophene linkage
significantly contribute to the high Tgs. Compounds (4d, 4e, 4f)
with higher molecular weight aryl groups showed higher Tgs
compared to that of 4a, 4b and 4c bearing a lower molecular
weight aryl group in the terminal diarylamino substituents.

In summary, we have successfully established an efficient
method for the synthesis of a new class of bis(triarylamines)
bearing 3,3A-diphenyl-2,2A-bithiophene as a central linkage. The
introduction of phenyl substituents on the central linkage apart
from improving the morphological stability, twists the con-
formation of the central bithiophene linkage in the ground state,
which results in interesting photophysical and electrochemical
properties. Further studies on the modification of the central
bithiophene linkage by introducing bulkier aryl groups and their
applications in OLED are under way and will be reported in due
course.

We thank the National Science Council of Taiwan for
providing financial support (NSC-89-2113-M002-053).
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Fig. 1 Absorption and photoluminescence spectra of 4b (solid), 4e (dot),
and 5 (dash-dot) in EtOAc (1.0 3 1025 M)

Fig. 2 Cyclic voltammogram of 4b (solid), 4e (dot), and 5 (dash-dot) in
CH2Cl2.
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Reaction of [IrCl{(S)-binap}(PPh3)] {(S)-3} with methanol
gave one of the diastereomers of the cis,mer-dihydride,
cis,mer-OC-6-44-A-[IrCl(H2){(S)-binap}(PPh3)] {(S)-4a}
stereoselectively, the structure of which was determined
crystallographically, whereas the reaction of (S)-3 with H2
produced a 1+1 mixture of the diastereomers of the cis,mer-
dihydride, (S)-4a and cis,mer-OC-6-44-C-[IrCl(H2){(S)-bi-
nap}(PPh3)] {(S)-4b}.

Although the stereochemistry for the formation of the dihy-
drides of rhodium and iridium carrying chiral ligands is of great
interest in connection with their potential as asymmetric
hydrogenation and its mechanism,1 only very rare cases of
detection of diastereoselective formation of dihydrides have
been reported.2–6 Even in such cases the absolute configuration
of the hydride was only estimated based on spectroscopic
results. Here we report a highly diastereoselective formation of
the dihydride (S)-4a by reaction of [IrCl{(S)-binap}(PPh3)]
{(S)-3}7 with methanol, the absolute configuration of which
was determined by X-ray analysis. Oxidative addition of
dihydrogen to (S)-3 gave also the same cis,mer-dihydrides 4 but
as a 1+1 mixture of the diastereomers 4a and 4b.

Recently we have reported that iridium(I) complexes bearing
peraryldiphosphines [IrCl(diphosphine)]2 (1) can activate O–H
bonds easily at room temperature. For example, [IrCl(binap)]2
(1a) reacted easily with methanol at room temperature to give
the hydrido(methoxo) complex, [{Ir(H)(binap)}2(m-OMe)2(m-
Cl)]Cl (2) in good yield,8 which becomes an efficient catalyst
precursor for transfer hydrogenation of alkynes using methanol
as a hydrogen source.9 During the studies on the reactivity of
complex 1, we have found that [IrCl(binap)]2 (1a) reacted with
2 equiv. of PPh3 to give a square-planar complex, [IrCl(bi-
nap)(PPh3)] (3) selectively as a red solid.7 The molecular
structure of (R)-3 is shown in Fig. 1.† In contrast to complex 1a,
complex 3 was fairly stable in the solid state. Heating a toluene
solution of complex (S)-3 with large excess of methanol at 70
°C during 6 h, however, gave pale-red precipitates (67% yield)
of the dihydride (S)-4a10 as a single diastereomer. The crude
reaction mixture obtained after removal of the all solvents
showed almost quantitative and selective formation of the
dihydride 4 containing a small amount of the other diastereomer
(S)-4b11 {(S)-4a+(S)-4b = 92+8}. The reaction of (S)-3 with
methanol proceeded even at room temperature in toluene and
after 45 h gave selectively the cis,mer-dihydride (S)-4a in about
90% yield {(S)-4a : (S)-4b = 96+4} (Scheme 1). The reaction,
however, is very much suppressed when excess triphenylphos-
phine is present. Complex (S)-4a was fully characterized by
elemental analyses and spectroscopic studies. The 1H NMR
spectrum showed two characteristic hydride signals at d219.56
and –9.97; the latter signal showed one large P–H coupling
indicating that the hydride is situated trans to one phosphorus
atom while the former signal does not show any couplings
larger than ca. 20 Hz, indicating the hydride situates cis to all
the phosphorus atoms. The 31P NMR spectrum measured at 35
°C showed three phosphorus signals at d24.7 (br m), 14.9 (dd,
J = 16, 358 Hz) and 19.6 (dd, J = 11, 358 Hz) in a 1+1+1 ratio;
the signal pattern indicates that the three phosphorus atoms

coordinate to the central atom in a mer configuration. The
dihydride complex showed two Ir–H stretchings (Nujol) at 2207
(trans to Cl) and 2083 cm21 (trans to P). Suitable crystals for X-
ray analysis were obtained by recrystallization from toluene-
methanol. The absolute configuration of the dihydride was
concretely determined by X-ray crystallography.† The ORTEP
drawing is depicted in Fig. 2. The predominant diastereomer
(S)-4a obtained by the reaction of (S)-3 with methanol was
revealed to be the (S)-OC-6-44-A isomer. The long bond
distance (2.363(2) Å) of Ir–P(2) indicates a strong trans
influence of the hydride ligand. Similarly, the Ir(III)–Cl bond
distance (2.505(3) Å) is long and even longer than the Ir(I)–Cl
distance (2.394(2) Å) in the Ir(I) complex (R)-3. The acute P(1)–
Ir–P(3) angle (167.30(9)°) reflects also the small hydride
ligand. The same diastereomeric dihydride (S)-4a was also
obtained selectively by the reaction of (S)-2 with 2 equiv. of
PPh3 in a mixed solvent of methanol and toluene under reflux

Fig. 1 View of (R)-3 showing the labeling of the heteroatoms. Displacement
ellipsoids are drawn at the 50% probability level. Selected bond distances
(Å) and angles (°): Ir–P(1) 2.1998(19), Ir–P(2) 2.277(2), Ir–P(3) 2.305(2),
Ir–Cl 2.394(2); P(1)–Ir–P(2) 91.58(7), P(1)–Ir–P(3) 99.20(8), P(2)–Ir–P(3)
157.11(8), P(1)–Ir–Cl 159.23(10), P(2)–Ir–Cl 87.76(9), P(3)–Ir–Cl
89.09(9).

Scheme 1 Reagents and conditions: i, MeOH–toluene, room temp.; ii, H2 (1
atm)/toluene, room temp.
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but accompanied by small amounts of several unidentified
hydrides [eqn. (1)]. Hydrogenation of complex (S)-3 with
dihydrogen in toluene at room temperature also yielded the
same cis,mer-dihydride 4 but as an almost 1+1 mixture of the
two diastereomers (S)-4a and (S)-4b. These dihydrides are
obtained by a concerted cis addition of H2 along the P–Ir–Cl
axis of the square planar complex (S)-3. In the reaction products
obtained by oxidative addition of H2 to (S)-3 substantial
amounts of cis,fac-isomer 5 resulted from cis addition of H2
along the P–Ir–P axis of complex (S)-3 and the other possible
dihydride 6 could not be detected.

(1)

Although the detailed mechanism for diastereoselective
formation of (S)-4a by the reaction of (S)-3 with methanol is not
clear at present, the large difference of the selectivity between
methanol and hydrogen may be explained as follows. Dihydride
formation from the reaction of 3 with methanol could be
explained by b-hydrogen elimination from the Ir–OMe group of
the initial oxidative addition product of methanol, a hydrido-
(methoxo) complex, ‘IrCl(H)(OMe)(binap)(PPh3)’, which is
not detected in the reaction mixture. Such iridium dihydride
formation from the H–Ir–OMe species has been reported.12

Because methanol is much larger than dihydrogen, methanol
approaches also only along the P–Ir–Cl axis to complex (S)-3
and in addition can discriminate efficiently between the two
diastereotopic planes of (S)-3, above and below the Ir(I) square
plane. By inspection of a CPK model, approach of methanol
from above the square plane of (S)-3 described in Scheme 1 is
more preferable and leads to the highly stereoselective forma-
tion of dihydride (S)-4a.13 In contrast, the small dihydrogen
molecule can not efficiently discriminate between the diaster-
eotopic planes.

This work was partly supported by the Grant-in Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan.

Notes and references
† Crystal data for (R)-3: C62H47ClIrP3, M = 1112.56, trigonal, space group
P31 (no. 144), a = 18.579(5), b = 18.579(5), c = 13.368(6) Å, a = 90, b
= 90, g = 120°, U = 3996(2) Å3, T = 296(2) K, Z = 3, Dc = 1.387 Mg
m23, l(Mo-Ka) = 0.71069 Å, m = 2.684 mm21, 2qmax = 55.0°,
absorption corrections14 (Tmin = 0.2958, Tmax = 0.4998), a linear
correction was applied (24.9% decay), 12250 unique reflections including
Friedel pairs (Rint = 0.0426), direct methods (SIR97),15 full-matrix least-
squares methods (SHELXL-97),16 refined on F2. The aromatic H-atoms
were included in the refinement on calculated positions riding on their
carrier atoms (C(sp2)–H = 0.93 Å, Uiso(H) = 1.2Ueq(C) Å2). R1/wR2 (for
9697 reflections with I > 2.0s(I)) = 0.0455/0.1288, R1/wR2 (for 12550
reflections with all data) = 0.0739/0.1429 for 581 parameters and 5
restraints, c (Flack parameter) = 20.005(7), GOF = 1.040, Dr (max./
min.) = 1.513/20.745 e Å23.

For (S)-4a: C62H49ClIrP3, M = 1114.57, monoclinic, space group P21

(no. 4), a = 11.070(3), b = 21.979(4), c = 11.788(3) Å, b = 96.50(2)°, U
= 2849.7(12) Å3, T = 296(2) K, Z = 2, Dc = 1.299 Mg m23, l(Mo-Ka)
= 0.71069 Å, m = 2.509 mm21, 2qmax = 65.0°, absorption corrections14

(Tmin = 0.4023, Tmax = 0.8168), a linear correction was applied (9.2%
decay), 21894 reflections measured, 20525 unique reflections including
Friedel pairs (Rint = 0.0693), direct methods (SIR97),15 full-matrix least-
squares methods (SHELXL-97),16 refined on F2. Non-hydrogen atoms were
anisotropically refined. The aromatic H-atoms were included in the
refinement on calculated positions riding on their carrier atoms (C(sp2)–H
= 0.93 Å, Uiso(H) = 1.2Ueq(C) Å2). Probable hydride-ligand positions
were calculated at the minima of the potential energy by the program
HYDEX17 and were included as fixed contributions. R1 = 0.0578, wR2 =
0.1483, (for 8479 reflections with I > 2.0s(I)), R1 = 0.2305, wR2 =
0.1953, (for 20525 reflections with all data), parameters = 603, c (Flack
parameter) = 20.050(9), GOF = 0.964.

CCDC reference numbers 168686 and 168687.
See http://www.rsc.org/suppdata/cc/b1/b102395k/ for crystallographic

data in CIF or other electronic format.
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Fig. 2 View of (S)-4a showing the labeling of the heteroatoms and the
hydride hydrogen atoms. Displacement ellipsoids are drawn at the 50%
probability level. Selected bond distances (Å) and angles (°): Ir–P(1)
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Bis(tripyrrolyl) cryptands are prepared via a [2 + 3] Schiff
base condensation of formyltripyrrolyls with diamines; an
ethyl-spaced hexapyrrole cryptand is shown to bind strongly
ethane-1,2-diamine and ethane-1,2-diol in chloroform solu-
tion. 

Cryptand ligands and carcerand hosts display fascinating
coordination and host–guest chemistry due to their ability to
wholly encapsulate their guest atoms or molecules.1,2 Novel and
versatile building blocks possessing multiple and convergent
donor atoms from which to prepare these cage-like molecular
hosts are currently in particular demand. From a practical
perspective, the ease with which a building block can be
prepared and modified contributes significantly to its degree of
future exploitation. Recent developments in calixarene-3 and
more recently porphyrinogen/calixpyrrole-4 chemistry are
prime examples of how simple-to-prepare and robust macro-
cycles can be skilfully exploited for the coordination of cations5

and anions.6
We were quite surprised therefore that given the recent

attention accorded to the chemistry of cyclic, oligomeric pyrrole
compounds that the coordination and supramolecular chemistry
of tripyrrolylmethane 1 appears to have been sparsely studied.7
In addition, three-dimensional cryptand-like pyrrole com-
pounds have also remained largely unexplored.8,9 Herein we
report our initial findings on the synthesis of substituted
tripyrrolyls and demonstrate the ease with which such mole-
cules can be incorporated into cryptand-like ligands via a Schiff
base condensation reaction. An ethyl-spaced bis(tripyrrolyl)
host 6 is shown to bind strongly ethane-1,2-diamine and ethane-
1,2-diol in chloroform solution.

Attempts to formylate tripyrrolylmethane10 1 employing a
variety of modifications to the Vilsmeier–Haack reaction were
unsuccessful. However, adaptation of Bruce’s method11 em-
ploying triethyl orthoacetate or triethyl orthopropanoate yielded
the methyl and ethyl tripyrrolyls 2 (59%) and 3 (60%)
respectively (see Scheme 1). These were easily formylated
employing standard Vilsmeier–Haack conditions (POCl3 and
DMF) to give the triformylpyrrolyls 4 (84%) and 5 (70%) in
good yields. The use of two different triethyl orthoalkanoates
demonstrates the generality of this reaction and also illustrates
a convenient route to the preparation of further apically-
substituted tripyrrolyls.

Treatment of 5 with 1.5 eq. of ethane-1,2-diamine (en) or
butane-1,4-diamine (bn) in THF afforded the cryptand-like
Schiff base pyrrole cages 6 and 7. Recrystallisation from DCM–
hexane afforded large, yellow, prismatic crystals of the butyl-
spaced cage 7. Confirmation of the structure was provided by X-
ray crystallography‡ (Fig. 1) and also showed the fortuitous
inclusion of a molecule of butane-1,4-diamine (bn) within 7.
The diaminobutane guest is encapsulated within the cavity via 7
hydrogen bonds between the two nitrogen atoms in the guest

and 7 different nitrogen atoms in the host. Each nitrogen head of
the bn molecule is held in place by host hydrogen-bonding

† Electronic supplementary information (ESI) available: experimental
procedures, spectroscopic data and titration protocol. See http://
www.rsc.org/suppdata/cc/b1/b104077b/

Scheme 1

Fig. 1 The structure of 7·bn. Ellipsoids are shown at 10% probability. The
7 hydrogen bonds are shown as dotted lines. Distances for donor hydrogen
bonds from the guest are N(46)…N(12C), 3.19; N(41)…N(7A) 2.99;
N(41)…N(7B) 3.01 and acceptor hydrogen bonds are N(46)–N(18B) 3.00;
N(46)–N(18C) 3.09; N(41)–N(5A) 3.16 and N(41)–N(5B) 3.22 Å.

This journal is © The Royal Society of Chemistry 2001
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acceptor interactions to the pyrrole nitrogen atoms and donor
interactions to the Schiff base nitrogens. There are seven typical
hydrogen bonding N···N distances which range between 2.99
and 3.22 Å (see Fig. 1). In the crystal structure of 7·bn only two
of the three pyrrole moieties at each end of the macrocycle are
orientated with their NHs towards the guest bn. The remaining
two pyrroles are both turned away and only participate in the
binding interaction with the bn through weak C–Hbn…ppyrrole
contacts at 2.97 and 2.66 Å. Interestingly, in order to fit into the
cavity the guest molecule bn takes up a gauche, gauche, trans
conformation rather than the more energetically favourable
trans, trans, trans conformation. Overall, inspection of the 7·bn
complex illustrates the excellent complementarity of the host’s
shape and hydrogen bonding capabilities which hold the guest
in place through multiple co-operative binding interactions.

Further evidence for the binding of bn by 7 was provided by
1H and 13C NMR in CDCl3 solution.12 In the 1H NMR spectrum
of 7·bn the two resonances for the methylene chain of the
coordinated bn were observed to be shifted upfield, at d 2.24
and 0.92 compared to their unbound values, 2.72 and 1.42 ppm.
Peaks at d 40.2 and 29.9 ppm in the 13C of 7·bn are assigned to
the methylene carbons of the guest bn. The inclusion and
identity of the guest was further qualified by 1H COSY and 1H–
13C HETCOR experiments. A very broad resonance at approx-
imately d 5 is attributed to both the pyrrolic and bn amine
protons; this peak is lost upon addition of D2O.

In a similar manner the preparation of 6 in THF produced the
ethane-1,2-diamine (en) included complex 6·en. The crystal
structure of which was also determined and is shown in Fig. 2.
The structure of 6·en closely resembles that of 7·bn with very
similar hydrogen-bonding distances from the host’s donor
pyrrole and acceptor Schiff base nitrogen atoms to the guest en.
Notably, the bound guest en adopts the gauche conformation.
Weak contacts attributable to C–Hen…ppyrrole interactions are
again observed. The identity of the guest was supported by 1H,
13C and 2D NMR experiments with the incarcerated en
molecule assigned to resonances at d 2.12 (1H), and 43.6 ppm
(13C).

The inclusion of the reactant diamine inside the Schiff base
suggests that the formation of the tripyrrolyl cages is templated
by the diamine. The preparation of 6 and 7 was performed in
acetonitrile using 2 eq. but again yielded 6·en (81%) and 7·bn
(73%). It is noteworthy that using 2 eq. of diamine does
significantly improve the yield of tripyrrolyl cryptands. Con-
sidering the high yields of cages 6 and 7 it is quite likely that the
guest diamine is involved, in some shape or form, in templating
the formation of the bis(tripyrrolyl) cryptands.

The guest en could be simply removed from 6·en by stirring
with MeOH. 1H NMR titration experiments in CDCl3 of the
diamine-free bis(tripyrrolyl) cryptand 6 were performed to
confirm diamine binding and determine a stability constant.
Titration of en with 6 produced identical 1H, 13C and 2D NMR
spectra as for 6·en and a binding constant, K, of 1500 ± 140 M21

was calculated using EQNMR.13† Titration experiments
showed 6 binds ethane-1,2-diol (eg) strongly,
K = 1060 ± 29 M21; the resonance attributed to the eg
methylene protons being shifted upfield from 3.74 to 3.32 ppm.
However, no significant shift in the resonance of the methylene
protons of 1,2-ethanedithiol (es) was observed under the same
titration conditions. That no binding was observed for es can be
attributed to a number of factors such as the reduced hydrogen
bonding abilities of thiols, the larger size of the dithiol guest and
the significantly lower stability of the gauche conformation in
es compared to en and eg. Macrocyclic calix[4]pyrroles have
been shown to bind neutral guest molecules in d6-benzene
solution.12 The large binding constants for the binding of
difunctional neutral guest molecules by the pyrrole cryptands
reported here demonstrates the enhancement in molecular
recognition that can be achieved by the use of three dimensional
host molecules that encompass their guest. Further studies with
neutral guest molecules are in progress.

In summary, bis(tripyrrolyl) cryptand-like cages have been
prepared in excellent yields and preliminary studies demon-
strate neutral guest molecule binding. The ease and scale with
which the formylated tripyrrolylalkanes can be prepared offers
plenty of opportunity for the future exploitation of these
building blocks in the construction of new cryptands. We are
currently exploring the cation and anion coordination chemistry
of these bis(tripyrrolyl) cryptands and routes to further cages
based on metal-assembled strategies.14

We thank the EPSRC for a post-doctoral fellowship
(O. D. F.) and the University of Reading and EPSRC for funds
for the Image Plate diffractometer.

Notes and references
‡ Crystal data for 7·bn: C50.5H72ClN16O0.5, M 946.69, triclinic, space group
P1̄, a = 10.955(12), b = 14.307(17), c = 17.45(2) Å, a = 100.85(1), b =
99.17(1), g = 91.80(1)°, U = 2646 Å3, Z = 2, m = 0.123 mm21, l = 1.184
gm cm23. 6·en: C44H54N14, M 779.02, triclinic, space group P1̄, a =
11.983(15), b = 13.283(15), c = 14.765(17) Å, a = 72.41(1), b =
81.74(1), g = 77.62(1)°, U = 2180 Å3, Z = 2, m = 0.075 mm21, l = 1.187
gm cm23 . CCDC 167338, 167339. See http://www.rsc.org/suppdata/cc/b1/
b104077b/ for crystallographic data in CIF or other format. The structures
were refined on F2 using SHELXL15 to respectively R1 0.0881, wR2 0.2231
for 4360 reflections and R1 0.0756, wR2 0.2107 for 3602 reflections with I
> 2s(I).
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Fig. 2 The structure of 6·en. Ellipsoids are shown at 10% probability. The
7 hydrogen bonds are shown as dotted lines. Distances for donor hydrogen
bonds from the guest are N(41)…N(7c), 3.20; N(44)…N(10b), 3.17;
N(44)…N(10a), 3.29 and acceptor hydrogen bonds are N(41)–N(2C), 3.05;
N(41)–N(2a), 3.06; N(44)–N(16a), 3.04 and N(44)–N(16b), 3.06 Å.
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Formation of the monoanion [Ar*P(BH3)(m-BH2)2H]2 with a
symmetrically bridging hydride from the attempted synthesis of the
dianion [Ar*P(BH3)3]22†
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Addition of an excess of BunLi to the bis(borano)phosphide
complex [Ar*PH(BH3)2]2Li+ 1 (Ar* = 2,4,6-tri-tert-butyl-
phenyl) and subsequent treatment with BH3, gives the
anionic complex [Ar*P(BH3)(m-BH2)2H]2Li+ 2 instead of
the expected tris(borano)phosphide dilithium,
[Ar*P(BH3)3]222Li+ 3.

Borane complexes of trivalent organophosphorus derivatives
have been extensively used in organic synthesis.1 In particular,
borane-stabilized phosphide anions of the type [R1R2PBH3]2,
which are readily available by deprotonation of the correspond-
ing secondary phosphine– or phosphinite–borane adducts, have
been found to be valuable intermediates for the preparation of
enantiomerically pure phosphines with chiral carbon skeletons
or stereogenic phosphorus centres.2 It may be assumed that
application of a conceptually similar approach (P–H deprotona-
tion/P–B complexation) to primary phosphines and PH3 would
lead to a series of reactive anions [RnH32 n2 mP(BH3)m + 1]m2

(n = 1, m = 1, 2 or n = 0, m = 1–3). However, surprisingly,
few investigations of borane-stabilized RP22 and P32 anions
have been reported to date. An early 1H NMR spectroscopic
study claimed that stepwise removal of protons from
[H2P(BH3)2]2 followed by complexation of intermediates with
BH3 afforded [HP(BH3)3]22 and [P(BH3)4]32 anions. Yet, the
observed formation of LiBH4 leaves some doubts as to the true
structure of the anionic products.3

The Cambridge Structural Database reveals that trivalent
phosphorus derivatives in which the phosphorus is bonded to
two or three boron atoms have rarely been characterized in the
solid state, and those identified are limited to polyhedral
compounds,4 neutral diborylphosphines5 and various hetero-
cyclic systems.6 No poly(borane)phosphide anions have so far
been characterized by X-ray crystallography. Here we report the
synthesis of the [Ar*PH(BH3)2]2 anion (Ar* = 2,4,6-tri-tert-
butylphenyl) and its subsequent deprotonation and complexa-
tion with BH3.

The [Ar*HP(BH3)2Li] complex 1 was prepared in 95% yield
by metallation of Ar*PH2 with an equimolar amount of BunLi in
thf solution and subsequent addition of BH3 (2 equiv.).‡ An
alternative route to 1, based on the preparation of the
Ar*PH2·BH3 adduct and its subsequent deprotonation, led to the
formation of a complex mixture of products. The 31P NMR
spectrum of 1 in C6D6 displays a broad doublet at d 253
[1J(PH) 340 Hz]. The resonance is considerably shifted toward
low field compared to that of Ar*P(H)Li [d 2108, 1J(PH) 172
Hz]. The signal observed by 11B NMR spectroscopy (d 230.6)
was very broad (W1/2 ~ 350 Hz) in both the 11B proton-coupled
and decoupled spectra, with no observable 11B–31P coupling.
Furthermore, the signal attributable to BH3 units in 1H-{11B}
and 1H-{31P} spectra is not resolved and appeared as a broad
singlet at d 1.54.

The molecular structure of 1 is depicted in Fig. 1.§ The
compound crystallizes with three molecules of thf and can be
described by the formula [Ar*HP(BH3)2Li(thf)3]. Two different
BH3 units are found in the crystal: one shows contacts of two
hydridic hydrogen atoms with Li through a m2-type interaction,
while the hydridic hydrogen atoms of the other are not involved
in the Li–H bonding. The bond distance between phosphorus
and boron engaged in B–H…Li coordination [P(1)–B(1), 1.955
Å] is shorter than that found for the ‘free’ BH3 group [P(1)–B(2)
1.984 Å]. It is apparent that the sterically demanding Ar* group
has no significant influence on the molecular geometry of 1
since the Li(1)–B(1) distance (2.430 Å) is quite similar to those
found in Li…(H)2BH2 complexes in which the BH4

2 group
acts as a m2 donor.7

In marked contrast to the PH-acid type behaviour generally
shown by secondary phosphine–borane complexes,
R1R2(H)PBH3, compound 1 does not react with KH at room
temperature in thf. The reaction with BunLi in a 1+1 molar ratio
only proceeds partially; complete deprotonation of 1 requires an
excess of BunLi (ca. 2.0 equiv., toluene, 250 °C), according to
31P NMR spectroscopy. Removal of the solvent and extraction
of the residue with pentane gave a pale yellow moisture-
sensitive oil that exhibits strong, basic properties (on addition of
CHCl3 the complex 1 is regenerated immediately). Both 11B–
and 31P–1H coupled NMR spectra show a single broad
resonance (dP 2143.9 , dB 227.8), indicating the absence of a
PH bond. Addition of excess borane to a toluene solution of the
deprotonated product at 250 °C results in the formation of a
mixture of the complex 2‡ (dP 2161.8 , dB 228.4) and LiBH4
(dB 242.1) (Scheme 1). After crystallization from toluene–
pentane solution, single colourless crystals of the phosphorus-
containing complex were obtained, suitable for the determina-
tion of its molecular structure in the solid state.§ Compound 2
crystallizes as a dimer and can be described by the formula
[Ar*P(BH3)(m-BH2)2HLi(thf)2]2 (Fig. 2). The most prominent
feature of 2 is the presence of both a four-membered
heterocyclic ring with a symmetrically bridging hydride P(m-

† Electronic supplementary information (ESI) available: crystallographic
details and colour ORTEP views of 1 and 2. See http://www.rsc.org/
suppdata/cc/b1/b105030n/

Fig. 1 Molecular structure of 1. Selected bond lengths (Å) and angles (°):
B(1)–P(1) 1.955(3), B(2)–P(1) 1.984(3), P(1)–C(1) 1.860(2), B(1)–Li(1)
2.430(5), B(1)–H(2) 1.12(3), B(1)–H(3) 1.06(3), B(1)–H(4) 1.08(3), B(2)–
H(5) 1.02(3), B(2)–H(6) 1.02(4), B(2)–H(7) 1.18(4); B(1)–P(1)–B(2)
121.52(14), P(1)–B(1)–Li(1) 139.2(2), C(1)–P(1)–B(1) 113.05(11), C(1)–
P(1)–B(2) 117.88(12).

This journal is © The Royal Society of Chemistry 2001
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BH2)2H, and a BH3 unit. The P(1)–B(2) and P(1)–B(3) bonds in
the four-membered ring are slightly shorter than the exocyclic
P(1)–B(1) bond distances, indicating that, as expected, B(2) and
B(3) are stronger electron acceptors than B(1). The B(2)–B(3)
distance in 2 is 2.00 Å, approximately 0.1 Å larger than in
neutral m-aminodiboranes [R2N(m-BH2)2H].8 Two H atoms of
the BH3 group coordinate through a m1-interaction to two
different Li cations forming an eight-membered ring. The
Li…B(1) distances (2.548–2.563 Å) compare well with those
found in other H3B–H…Li interactions.7 The coordination
sphere of each Li atom is completed by two molecules of thf. In
solution, no evidence for or against the dimeric structure can be
found, but the presence of the hydride bridging two boron atoms
is strongly suggested by the presence of an upfield broad
doublet at d 20.65 [2J(PH) 36 Hz] in the 1H NMR spectrum.

In conclusion, we have demonstrated that accumulation of
negative charge on phosphorus by H+/Li+ replacement in
complex 1 resulted in a considerable increase in the reduction
properties of BH3 groups. This results in the formation of the
monoanionic bridging complex 2 observed along with LiBH4,
instead of the expected dianionic tris(borano)phosphide com-
plex 3. Compound 2 does not react with KH in the presence of
18-crown-6 (thf, 20 °C, 24 h), despite the presence of the
electron deficient 3c–2e B–H–B bond. Thus, it appears that the
anionic m-(boratophosphino)diboranes are considerably more
stable than previously described neutral m-phosphinodiboranes,
[R2P(m-BH2)2H].9

Thanks are due to the CNRS for financial support of this
work, to the University Paul Sabatier for a grant to V. L. R.

Notes and references
‡ Selected NMR data for Ar*(H)2PBH3: 31P(CDCl3): d 261.5 (t, 1JPH 371
Hz); 11B(CDCl3): d 233.6 (br s). For 1, 31P(C6D6): d 253.3 (d, 1JPH 340
Hz); 11B(C6D6): d 230.6 (br s); 1H (C6D6): d 1.41 (s, 9H, p-But), 1.48 (br
s, thf), 1.54 (br s, 6H, BH3), 1.99 (s, 18H, o-But), 3.72 (br s, thf), 5.96 (d,
2JPH 371 Hz, 1H, PH), 7.72 (s, 2H, Harom). 13C (CDCl3): d 25.5 (s, thf), 31.4
[s, p-C(CH3)3], 34.2 [s, o-C(CH3)3], 34.7 [s, p-C(CH3)3], 38.8 [s, o-
C(CH3)3], 68.6 (s, thf), 122.8 (d, 3JPC 8.3 Hz, m-Carom), 129.7 (d, 1JPC 28.7
Hz, ipso-Carom), 148.3 (d, 4JPC 2.8 Hz, p-Carom), 154.9 (d, 2JPC 3.7 Hz, o-
Carom). For 2, 31P (C6D6): d 2161.8 (br s); 11B(C6D6): d 228.4 (br s);
1H{11B} (C6D6): d 20.65 (d, 2JPH 36 Hz, 1H, BHB), 1.39 (s, 9H, p-But),
1.49 (thf), 1.61 (br s, 7H, BH3 and BH2), 2.12 (s, 18H, o-But), 3.68 (thf),
7.67 (d, 2H, 4JPH 2.8 Hz, Harom). 13C (CDCl3): d 25.45 (s, (thf), 31.26 [s, p-
C(CH3)3], 34.45 [s, p-C(CH3)3], 38.82 [s, o-C(CH3)3], 39.88 [d, 3JCP 2.8
Hz, o-C(CH3)3], 68.75 (s, thf), 122.92 (d, 3JCP 9.2 Hz, m-Carom), 127.13 (d,
1JCP 49 Hz, ipso-Carom), 148.03 (d, 4JCP 2.8 Hz, p-Carom), 157.73 (d, 2JCP

4.6 Hz, o-Carom).
§ X-Ray structure analysis: Crystal data for: 1: C30H60B2LiO3P, M =
528.31, orthorhombic, space group P212121, a = 9.4853(5), b =
11.0044(5), c = 32.8968(16) Å, V = 3433.8(3) Å3, Z = 4, m(Mo-Ka) =
0.105 mm21, T = 193(2) K, final R1 = 0.0505, wR2 = 0.1299, GOF (on
F2) = 1.078.

For 2: C33H61B3LiO2P, M = 560.16, triclinic, space group P1̄, a =
9.8395(8), b = 11.2345(9), c = 16.5435(13) Å, a = 96.708(2), b =
98.842(2), g = 91.449(2)°, V = 1792.9(2) Å3, Z = 2, m(Mo-Ka) = 0.102
mm21, T = 193(2) K, final R1 = 0.0499, wR2 = 0.1379, GOF (on F2) =
1.036.

Both structures were solved using the direct methods option on
SHELXS.10 Full matrix least-squares refinements based on F2 were
subsequently performed using SHELXL-97.11

CCDC reference numbers 167806 and 167807. See http://www.rsc.org/
suppdata/cc/b1/b105030n/ for crystallographic data in CIF or other
electronic format.
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Scheme 1 Synthesis of the borane–phosphide complexes 1 and 2. Reagents
and conditions: i, BunLi (1 equiv.), thf, 250 °C; ii, BH3·thf (2 equiv.), thf,
240 °C, 2 h; iii, BunLi  (2 equiv.), toluene, 250 °C, 2 h; iv, BH3·thf (2
equiv.), toluene, 230 °C, 1 h.

Fig. 2 Molecular structure of 2. Selected bond lengths (Å) and angles (°):
B(1)–P(1) 1.961(2), B(2)–P(1) 1.924(2), B(3)–P(1) 1.913(2), B(1)–H(1)
1.12(2), B(1)–H(2) 1.13(2), B(1)–H(3) 1.09(2), B(2)–H(4) 1.12(2), B(2)–
H(5) 1.12(2), B(3)–H(6) 1.11(2), B(3)–H(7) 1.11(2), P(1)–C(1) 1.845(1),
B(1)–Li(1) 2.563(3), B(1)–Li(1A) 2.548(3); B(2)–P(1)–B(3) 62.91(10),
B(1)–P(1)–B(2) 118.27(9), B(1)–P(1)–B(3) 115.26(9), P(1)–B(1)–Li(1)
154.39(11), P(1)–B(1)–Li(1A) 114.66(11), C(1)–P(1)–B(1) 123.45(7),
C(1)–P(1)–B(3) 110.68(8), C(1)–P(1)–B(2) 110.94(8). The molecule of
toluene has been omitted for clarity.
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A novel bimetallic cage complex constructed from six V4Co
pentatomic rings: hydrothermal synthesis and crystal structure of
[(2,2A-Py2NH)2Co]3V8O23†
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A bimetallic cluster complex, [(2,2A-Py2NH)2Co]3V8O23
(2,2A-Py2NH = 2,2A-dipyridylamine) 1, has been hydro-
thermally synthesized; X-ray crystallography reveals that 1
possesses a novel cage topology structure in which the metal
cluster core is constructed from six V4Co pentatomic
rings.

The hydrothermal synthesis of organic–inorganic hybrid vana-
dium oxides and polyvanadate clusters is of great interest due to
their intriguing structural diversity and their potential functions
as microporous solids for molecular adsorption, ion exchange
and heterogeneous catalysis,1–3 and as anode candidates in
secondary lithium batteries and electrochromic devices.4,5

Besides acting as a charge-compensating and space-filling
constituent, the organic structure-directing component of such
hybrid materials may also function as a ligand, the resulting
transition metal complexes or fragments are then covalently
bonded to metal framework or polyanion clusters.6 Up to now,
the study of vanadium solid state complexes has largely focused
on infinite chains and layer structures.7–10 Only a few discrete
clusters have been reported, they are limited to V4O12

42, 11 and
V10O29

82,12 the latter formed through combination of two
V4O12

42 and one V2O7
42 building unit by sharing oxygen

atoms. Herein, we report the structure of a novel bimetallic cage
complex, [(2,2A-Py2NH)2Co]3V8O23 (2,2A-Py2NH = 2,2A-di-
pyridylamine) 1, which is based upon a new vanadium cluster
V8O23

62. To our knowledge, 1 is the first heterometallic cage
complex composed of six pentatomic rings.

Complex 1 was obtained as red blocks in 20% yield by a
hydrothermal reaction. A mixture of V2O5, 2,2A-dipyridyl-
amine, Co(OAc)2·4H2O and H2O in the mol ratio of 1+2+1+889
was stirred for 20 min, then transferred to a 25 ml Teflon-lined
stainless steel bomb, which was kept at 140 °C under
autogenous pressure for three days.‡ The IR spectrum of 1
exhibits characteristic bands at 922vs cm21 for the terminal
VNO stretch and at 800–770 cm21 for the V–O–V stretch.

As shown in Fig. 1, the crystal structure§ of 1 consists of
isolated neutral undecanuclear heterometallic clusters [(2,2A-
Py2NH)2Co]3V8O23 which are built up from a V8O23

62 cluster
and three [(2,2A-Py2NH)2Co]2+ fragments. The cobalt atom has
a distorted octahedral environment. It coordinates to four N
atoms from two 2,2A-dipyridylamine ligands and two oxygen
atoms from vanadium oxides, which adopt cis-orientation.

The core of 1 is V8O23
62, which can be regarded as a pseudo-

cube octanuclear vanadium cluster though there are three V–O–
V edges replaced with three V–O–Co–O–V long edges (Fig. 2).
The anionic vanadium cluster is composed of corner-sharing

VO4 tetrahedra, all VO4 tetrahedra have one terminal oxygen
atom. There are two crystallographically independent vanadium
atoms: the V1 atom shares oxygen atoms with one
CoN4O2 octahedron and two VO4 tetrahedra while the V2 atom
only shares oxygen atoms with three VO4 tetrahedra. The cobalt
atoms connect with neighboring vanadium atoms via O1 and its
symmetry equivalents to finish the empty ‘edges’ of the pseudo-
cube, thus a unique cage topology structure is formed, which is
constructed from six V4Co pentatomic rings. This cage
topology feature has not been described in other heterometallic
clusters to date.11,12

† Electronic supplementary information (ESI) available: rotatable 3-D
crystal structure diagrams of 1 in CHIME format. Fig. S1: another view of
the packing of cage 1 in three-dimensional space. See http://www.rsc.org/
suppdata/cc/b1/b104273b/

Fig. 1 A diagram showing the molecular structure of 1 with 10% thermal
ellipsoids.

Fig. 2 The metal cluster core in 1.

This journal is © The Royal Society of Chemistry 2001
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It is noteworthy that there is a C3 symmetry axis along the
O5NV2…V2ANO5A vector, the cluster, therefore, looks like a
paddle with six 2,2A-dipyridylamine ligands corresponding to
the paddles. The Co…Co separation along the edge of the cobalt
triangle is 8.832 Å while the V2…V2A separation is 5.765 Å.
The intermolecular hydrogen bonds play a significant role in
stabilization of the structure of 1. Each uncoordinated amino
group of the 2,2A-dipyridylamine ligand links to O3 or its
symmetry equivalents of the neighboring V8O23

62 clusters via
hydrogen bonding with a corresponding N…O distance of
2.787 Å. These hydrogen bonding interactions force the
undecanuclear cages [(2,2A-Py2NH)2Co]3V8O23 into an inter-
esting three-dimensional supermolecular array, as shown in Fig.
3.

The cube-based cage compounds related to silsesquioxanes
have been studied extensively for modeling framework metal
zeolite centers.13,14 This work demonstrates that a hydrothermal
method is another optional route for obtaining new metal oxide
cage materials. The formation of this type of heterometallic
cage suggests that there will be many potential implications of
such materials as new candidates for models of zeolites or
catalyst.

This work was supported by the Visiting Scholar Foundation
of Key Lab. in University (sponsored by the Education Ministry
of China) and grants from the State Key Project for Funda-
mental Research (G1998061305).

Notes and references
‡ The other product is very thin yellow plate. Anal. Calc. for C60H54N18-
O23Co3V8 1: C, 36.41; H, 2.75; N, 12.74. Found: C, 36.20; H, 2.91; N,
12.53%; IR(KBr, cm21) for 1: 1638m, 1582m, 1528w, 1475vs, 1434m,
1420w, 1362w, 1238w, 1158w, 922vs, 879s, 863s, 790s, 773s, 752m, 741m,
672w, 665w.
§ Crystal data for 1: C60H54N18O23Co3V8, rhombohedral, space group R3̄c,
Mr = 1979.52, a = 22.596(3), b = 22.596(3), c = 27.515(6) Å, a = b =
90, g = 120°, V = 12167(3) Å3, Z = 6, Dc = 1.621 g cm23, T = 293(2)
K, m = 1.551 mm21, R1 = 0.0532, wR2 = 0.1397 for 2259 observed
reflections [I > 2s(I)] from 3107 independent reflections, GOF = 1.055.
The data were collected on a Nonius Kappa CCD with Mo-Ka radiation (l
= 0.71073 Å). The structure was solved by direct methods and refined by
a full matrix least-squares technique based on F2 using the SHELXL 97
program. The V2 atom and O5 atom are disordered over 90:10 sites. All
non-hydrogen atoms except V2A and O5A were refined anisotropically and
hydrogen atoms were allowed for as riding atoms.

CCDC reference number 167670. See http://www.rsc.org/suppdata/cc/
b1/b104273b/ for crystallographic data in CIF or other electronic format.
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Fig. 3 The three-dimensional supramolecular array formed through
intermolecular hydrogen bonding interactions in the solid state of 1.
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Bidentate carbenoid ester coordination in ruthenium(II) Schiff-base
complexes leading to excellent levels of diastereo- and
enantioselectivity in catalytic alkene cyclopropanation†
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Exceptionally high stereoselectivity (ee @ 98%, dr @ 99+1) in
the cyclopropanation of alkenes with ethyl diazoacetate
using a non-planar ruthenium(II) Schiff-base precatalyst is a
result of h2C,O binding of the carbenoid ester intermediate,
according to DFT calculations.

The design of selective methods for the catalytic enantiose-
lective synthesis of cyclopropanes remains of great interest to
organic chemists, not least because of the importance of the
compounds in biological and medicinal chemistry.1 The
asymmetric addition of carbenes to electron rich alkenes2

(alkene cyclopropanation) represents a conceptually simple
approach,3 but typical reactions, such as that of styrenes with a–
diazoacetates in the presence of a chiral metal catalyst, give a
total of six organic products (Scheme 1).

Chemoselectivity for cyclopropanes over carbene dimerisa-
tion products (diethyl malonate and fumarate) is achieved
through use of an excess of alkene and slow addition of the
carbene source e.g. ethyl diazoacetate (EDA) to the reaction
mixture.4,5 For trans-selective catalysts, excellent enantiomeric
excesses have been obtained,6 but most exhibit only moderate
trans/cis- i.e. diastereoselectivity. For example, Evans’ bis(ox-
azoline) copper system gave 99% ee in the trans product which
was formed with a dr of 73+27.6 This and other results are
consistent with Pfaltz’s analysis that the cis/trans selectivity for
a given metal depends almost exclusively on the structure of the
alkene and diazo compound; the effect of the ligand is relatively
unimportant.7 Correspondingly, the use of bulkier diazo ester
substituents such as tert-butyl and 2,6-di-tert-butyl-4-methyl-
phenol leads to much higher diastereoselectivities.6,8,9 An
exception here is found in Che’s D4-symmetric Ru porphyrin
system (dr 97+3, ee 98% at 240 °C) where the four sterically-
demanding chiral substituents strongly orient alkene ap-
proach.10 Highly cis selective catalysts based on Co and Ru
using tert-butyl diazoacetate have recently been reported (e.g.
dr 7+93 and ee 99%).11

We have been interested in the use of biaryldiimine
complexes in enantioselective catalysis,12 and have discovered

that unlike salen-derived ligands, the system L in its early
transition metal complexes gives the a-cis topology I or
occasionally the b-cis structure II;13 both arrangements dictate
that the co-ligands X are placed in mutually cis coordination
sites. This has important consequences for alkene cyclopropa-
nation by the complexes M = Ru as described herein.

The reaction of Na2Ln with [{RuCl(m-Cl)(h-C6H6)}2] in
acetonitrile gave the RuII complexes of ligands Ln in high
yield.

The molecular structure of one example b-cis-
[RuL1(CH3CN)2] is shown in Fig. 1.† This, and analogous
complexes of L2 and L3 retain the b-cis structure II in solution
as evidenced by NMR spectroscopy.

† Electronic supplementary information (ESI) available: experimental and
theoretical details, structures of [RuL1(CH3CN)2] and [RuL1(h2-
CHCO2Et)] (.pdb). CCDC 167600. See http://www.rsc.org/suppdata/cc/b1/
b104964j/

Scheme 1 Products typically formed in metal catalysed cyclopropanation
via intermolecular carbene transfer to alkene.

Fig. 1 Molecular structure of the precatalyst b-cis-[RuL1(CH3CN)2].

This journal is © The Royal Society of Chemistry 2001
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The results of addition of EDA over 2 h to solutions of
styrenes at rt in the presence of pure precatalyst (R)-b-cis-
[RuL1(CH3CN)2] are summarised in Table 1 (entries 1–5).‡ The
chemoselectivity (yield), trans+cis ratios (dr) and ee are
arguably the best yet attained.10,11 The ligand L1 appears to be
close to optimal for the cyclopropanation of styrenes; prelimi-
nary experiments with the bulky system L2 and the electron
withdrawing L3 gave significantly lower selectivities. Mecha-
nistic details for the catalytic reaction are currently under
investigation.§

The selectivity determining step in alkene cyclopropanation
involves the transfer of a metal bound carbene to the substrate,14

and we set out to investigate this crucial step for the current
system using Density Functional Theory (DFT) calculations. A
fully optimised DFT structure of the precatalyst b-cis-
[RuL1(CH3CN)2] was found to be virtually superimposable on
the molecular structure shown in Fig. 1. Minimisation of a
structure arising from the removal of the CH3CN groups and
addition of the carbene derived from EDA (i.e. :CH-CO2Et) led
spontaneously to formation of a chelate, reminiscent of h2-
carboxylate, with both carbene C atom and carbonyl oxygen
atom bound to Ru (Fig. 2). This structure with the carbene C
atom trans to phenolate is ca. 30 kJ mol21 more stable than that
with the carbene trans to imine; an observation in accord with
the expected order of trans influence of the two groups (N >
O).

Hence the electronically controlled placement of the carbene
trans to phenolate and the subsequent ester binding determines
which diastereomeric face of the carbenoid is presented to the
incoming alkene. The sense of asymmetric induction is as
predicted by this model.¶ Also as a result of tight binding of the
carbenoid ester, the orientation of approach of the alkene toward
the reaction centre is exceptionally well directed by the chiral
biaryldiimine ligand (Fig. 2); this leads to the high diaster-
eoselectivity observed.

P. S. wishes to thank EPSRC for a postdoctoral fellowship
(K. M. G.) and Pfizer Ltd for a CASE award (I. J. M.). R. J. D.
acknowledges the use of the EPSRC UK Computational
Chemistry Facility.

Notes and references
‡ This complex also efficiently catalyses the intramolecular cyclopropana-
tion/cylisation of a range of allylic diazoacetates. For example, trans-hex-
2-enyl and geranyl diazoacetates were converted to the corresponding
oxabicyclohexanones (entries 6 and 7) in a similar manner to Doyle et al.,3
with the exception that slow addition of substrate was not required and the
reaction proceeded at rt in under 2 h.
§ Attenuated selectivity in polar solvents, particularly for more electron rich
alkenes, suggests significant polarity in the transition state. This will be
investigated by Hammett methods. Preliminary kinetic experiments have
indicated that the reaction is first order in catalyst.
¶ The (S)-catalyst shown in Fig. 2 gives rise to 1S-2S cyclopropanes, hence
(S)-b-cis-[RuL1(CH3CN)2] used in the experimental study is predicted to
yield 1R-2R isomers (Table 1).
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Table 1 Enantioselective cyclopropanation catalysed by (R)-b-cis-
[RuL1(CH3CN)2]a

Entry Product Yield/(%)b dr/(%) ee/(%)c

1 92 99+1 98

2 88 99+1 97

3 94 98+2 95

4 90 96+4 86

5 89 96+4 86

6 80 — 91

7 98 — 85

a Entries 1–5; 5 mol% of (R)-b-cis-[RuLn(CH3CN)2] in toluene, 4/5 equiv.
of styrene, 2 h at rt. b Isolated yield after flash chromatography (yield based
on EDA for entries 1–5). c Absolute configuration of trans isomer (1R,2R)
by comparison of optical rotations with literature values (ref. 15) for entries
1–5.

Fig. 2 Calculated structure of the carbene catalyst [RuL1(h2-CHCO2Et)]
showing the preferred orientation of approach of styrene.
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A single ethylene oxide anion derived from the ether
cleavage reaction of thf with ButLi is stabilised by the inverse
podant [Li3(NBut)3S}]+ to give a high- and a low-tem-
perature polymorph with a considerable difference in
conformation and packing.

The ether cleavage reaction is one of the most common side
reactions in organometallic chemistry as the RLi starting
material is often dissolved in ethers.1 Apart from the mostly
unintended reaction to side products, cyclic ethers are deliber-
ately employed in this reaction2–5 as they give synthetically
important lithium enolates6 by an a-metalation followed by a
[p4s + p2s]-cycloreversion. In this reaction the most common
cyclic ether tetrahydrofuran (thf) gives lithium ethylene oxide
and ethene (Scheme 1).

Recently it was found that ethene can insert in the Li–C bond
of non-reacted ButLi, to give n-hexyllithium [(thf)LiCH2-
CH2But]4.7 Because the ionic character of the Li–O bond
lithium enolates tend to aggregate in the solid state as solvated
dimers, tetramers or even hexamers.6 Although heteroatoms,
like in the mixed lithium enolate/chiral amide structures8 or
adjacent double bonds,9 help to coordinate the lithium atoms
and to decrease the degree of aggregation, structurally charac-
terised ethylene oxides generally form complex cage like
structures.2–5,10 The S4 symmetric tetrasolvated tetramer
[(Me2O)(LiOCHNCH2)]4 was computed to be the most stable
oligomer (Scheme 2(a)).11

Here we report the solid state structure of
[(thf)3Li3(OCHNCH2){(NBut)3S}] 1. Formally it derives from
the tetramer [(Me2O)(LiOCHNCH2)]4 by replacement of the top
[(Me2O)(LiOCHNCH2)3]22 dianionic fragment by the diimido
sulfite dianion [S(NBut)3]22(Scheme 2(b)). This tripodal dia-

nion templates the Li3 triangle required for the oxygen atom of
the single ethylene oxide ion to be h3 metal coordinated. By
analogy to Mulvey’s inverse crowns12 like [M2Mg2(NR2)4]2+,
M = Li, Na, K, the [Li3(NBut)3S}]+ cationic motif in 1 can be
regarded an inverse podant, capable of single-anion coordina-
tion to e.g. methanide.13 In the attempted coordination of tert-
butanide from ButLi we isolated and crystallised 1 in a high-
temperature (1a; Dc = 1.036 Mg m23) and a low-temperature
phase (1b; Dc = 1.073 Mg m23).† For the first time an in situ
generated, industrial important product is stabilised by the
diimido sulfite dianion.

Both phases contain the cap shaped triimido sulfite dianion
coordinated to three lithium atoms close to the SN2 bisectors.
The single ethylene oxide anion is h3 coordinated via the
oxygen atom to those three metal centres (Fig. 1). Thus, the
oxygen atom forms one corner of a SN3Li3O cube. In both
polymorphs the H2CNCHO group is disordered. In 1a it slots in
between the three thf molecules with a 0.8/0.1/0.1 site
occupation factor (SOF) each. In 1b the ethylene group is only
disordered over two positions: staggered between Li2 and Li3
(0.8 SOF) and eclipsed to Li1 (0.2 SOF). The average S–N bond
lengths of 165.3 and 166.4 pm for 1a and 1b, respectively, are
almost identical. The Li3N3 array is not a regular chair-shaped
ring but shows alternating long and short Li–N bonds. The
average Li…Li distances in the cap shaped [Li3(NBut)3S]+

cation are 264.3 pm in 1a and 265.5 pm in 1b and are only
marginally longer than the distances found in parent tetrameric
lithium organics (241 ([ButLi]4),14a 253 ([EtLi]4),14b 259 pm
([MeLi]4)).14c The bond lengths similarities in both structures
indicate that the different phases are not a result of severe
changes in bond distances. However, the conformation of both
molecules changes quite dramatically.‡

The most obvious difference between 1a and 1b is the more
dense packing of the molecules in the low-temperature phase

Scheme 1 Ether cleavage reaction of thf by lithium organics: a-metalation
is followed by a [p4s + p2s]-cycloreversion to give lithium ethylene oxide
and ethene.1

Scheme 2 The computed S4 symmetric cubic tetramer [(Me2O)-
(LiOCHNCH2)]4 is the most stable lithium enolate solvate (a).11

[(thf)3Li3(OCHNCH2){(NBut)3S}] 1 mimics the same aggregation by
replacement of the top [(Me2O)(LiOCHNCH2)3]22 dianionic fragment by
the triimido sulfite dianion [S(NBut)3]22 (b).

Fig. 1 Solid-state structure of [(thf)3Li3(OCHNCH2){(NBut)3S}] 1. Selected
average bond lengths (pm) and angles (°) [1b in square brackets]: S–N
165.3(3) [166.4(2)], long Li–N 210.9(7) [211.0(5)], short Li–N 202.3(7)
[200.4(5)], Li–OCHNCH2 195.7(8) [196.4(11)], Li…Li 264.3(10)
[265.5(6)], C31–O4 135.8(6) [133.1(6)], C31–C32 136.5(13) [132.1(5)];
N–S–N 100.4(2) [100.38(11)].
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compared to the high-temperature polymorph.15 The average
intermolecular distances in 1a give the molecules considerably
more room than in 1b. Virtually no interlocking of the
molecular periphery in the packing of 1a tolerates the
disordered orientation of the ethylene oxide over three posi-
tions, although the depicted one is favoured by eight of ten
molecules (Fig. 2). In the packing of 1b the molecular rods are
zipped together by interlocking thf molecules (Fig. 3). This
causes the ethylene oxide to slot in to the groove formed by two
tert-butyl groups of an adjacent rod. The channel permits only
two disordered orientations of the ethylene oxide group in 1b.
The position with the smaller SOF is disfavoured by the
orientation of the CH2 group eclipsed towards Li1.

Evidently the beginning of the chain of cause and effect
between the change in conformation and different packing can
not be identified. The question whether the different packing
causes the conformation or vice versa remains open. However,
at temperatures lower than 236 °C the ethylene oxide group
clicks into the space between two thf molecules while it has
more rotational freedom at higher temperatures.15c

We gratefully acknowledge the continued financial support
of the Deutsche Forschungsgemeinschaft and the Fonds der
Chemischen Industrie.

Notes and references
† Preparation of [(thf)3Li3(OCHNCH2){(NBut)3S}] 1: to a solution of 5.0 g
[(thf)Li2{(NBut)3S}]2 (8.46 mmol) in 20 mL thf, 4.97 mL of a 1.7 M
solution of tert-butyllithium (16.92 mmol) were slowly added at 278 °C

and stirred for 1 h. The mixture was stirred for 2 h at room temperature. The
solvent was reduced by half under vacuum. Crystallisation at room
temperature gives colourless pyrophoric crystals of the high temperature
phase 1a. Storage of the solution at 236 °C for several days affords
colourless pyrophoric crystals of 1b; destructive phase transition from 1b to
1a was observed at 230 °C; spectroscopic data for both phases are identical
(2.6 g, 78%). 1H NMR (400.4 MHz, C6D6): d 1.37 (12H, thf), 1.54 [s, 27H,
C(CH3)], 3.71 (12 H, thf), 4.03 [d, 2 H, OCHCH2], 7.45 (t, 1 H, OCHCH2);
13C NMR (100 MHz, C6D6): d 25.52, 68.40 (thf), 33.89 [C(CH3)3], 52.99
[C(CH3)3] 82.15 (OCHCH2), 159.68 (OCHCH2); 7Li NMR (155.5 MHz,
ext. sat. LiCl solution) d 1.35, (br s, 3 Li).
‡ Crystal data were collected from shock-cooled crystals on a STOE IPDS
(1a) or a Bruker SMART-APEX CCD diffractometer (1b) (Mo-Ka
radiation, l = 71.073 pm) at 193(2) and 173(2) K, respectively (D. Stalke,
Chem. Soc. Rev., 1998, 27, 171). The structure of 1a was solved by direct
methods (SHELXS-97) and refined by full-matrix least squares methods
against F2 (SHELXL-97); (G. M. Sheldrick, Acta Crystallogr., Sect. A,
1990, 46, 467; G. M. Sheldrick, SHELXL-97, program for crystal structure
refinement, 1996, Göttingen). The low-temperature phase 1b crystallised as
a non-merohedral twin. The matrices of both domains were determined and
every domain was integrated independently. Subsequently, the structure
was solved with the data of one domain by direct methods; R values defined
as R1 = S||Fo| 2 |Fc||/S|Fo|, wR2 = [Sw(Fo

2 2 Fc
2)2/Sw(Fo

2)2]0.5, w =
[s2(Fo

2) + (g1P)2 + g2P]21, P = 1/3[max(Fo
2,0) + 2Fc

2].
1a: C26H54Li3N3O4S, M = 525.60, monoclinic, space group P21/n, a =

1003.5(2), b = 2331.1(5), c = 1469.6(3) pm, b = 101.55(3), U =
3.3683(12) nm3, Z = 4, Dc = 1.036 Mg m23, m = 0.126 mm21, F(000) =
1152, 22142 reflections measured, 5718 unique, Rint = 0.0558, wR2 (all
data) = 0.1949, R1[I > 2s(I)] = 0.0747, 520 parameters and 718
restraints.

1b: C26H54Li3N3O4S, M = 525.60, monoclinic, space group P21/c, a =
1586.05(11), b = 1371.07(10), c = 1497.29(11) pm, b = 91.444(2), U =
3.2550(4) nm3, Z = 4, Dc = 1.073 Mg m23, m = 0.130 mm21, F(000) =
1152, 18299 reflections measured, 6989 unique, Rint = 0.0647, wR2 (all
data) = 0.2113, R1[I > 2s(I)] = 0.0775, 426 parameters and 305
restraints.

The disordered ethylene oxide moiety was refined with distance and ADP
restraints to split occupancies of 0.79/0.10/0.11 (1a) and 0.79/0.21 (1b). The
disordered thf molecules were refined with distance and ADP restraints to
split occupancies. All hydrogen atom positions were refined using a riding
model.

CCDC reference numbers 165029 and 165030. See http://www.rsc.org/
suppdata/cc/b105429p/ for crystallographic data in CIF or other electronic
format.
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Fig. 2 Wide packing of the molecules in the high-temperature polymorph of
1a with no interlocking at the periphery.

Fig. 3 Dense packing of the low-temperature polymorph 1b, with the thf
donors zipping the molecular rods. The ethylene oxide moiety is locked in
a groove provided by an adjacent rod.

Chem. Commun., 2001, 1640–1641 1641



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

An unusual six-co-ordinate platinum(II) complex containing a neutral
I2 ligand

Rie Makiura,b Isoroku Nagasawa,*a Noriyoshi Kimura,c Shin’ichi Ishimaru,b Hiroshi Kitagawab

and Ryuichi Ikedab

a Department of Chemistry, Fukuoka University of Education, Akama 729-1, Munakata, Fukuoka
811-4192, Japan. E-mail: isoroku@fukuoka-edu.ac.jp

b Department of Chemistry, University of Tsukuba, Tennodai 1-1-1, Tsukuba, Ibaraki 305-8571, Japan.
E-mail: ikeda@staff.chem.tsukuba.ac.jp

c Department of Chemistry, Faculty of Education, Wakayama University, Sakaedani 930, Wakayama
640-8510, Japan. E-mail: nkimura@center.wakayama-u.ac.jp

Received (in Cambridge, UK) 24th April 2001, Accepted 20th July 2001
First published as an Advance Article on the web 7th August 2001

The present paper deals with a rare platinum(II) complex
containing the k-I2 ligand, which is an unusual example of a
six-co-ordinated octahedral platinum(II) complex.

Platinum(II) strongly demands a square-planar co-ordination
geometry and very few six-co-ordinate complexes have so far
been characterized.1 Trans-[PtI2(diars)2] (diars = o-phenyl-
enebis(dimethylarsine)) has been the only example of a six-co-
ordinate platinum(II) complex determined by X-ray study.1b

However, Pt–I bonds in this complex seem to be weak because
of long Pt–I distances of 3.50 Å. Here, we present a novel
octahedral platinum(II) complex, [PtI(dmpe)2(k-I2)]I3 (dmpe =
1,2-bis(dimethylphosphino)ethane) in which the neutral molec-
ular iodine co-ordinates to the platinum(II) ion. This is a quite
rare example of the platinum(II) complex having clearly short
Pt–I bond distances.

Treatment of [Pt(dmpe)2](SCN)2 12 with a 3 molar amount of
iodine gave black needle crystals formulated as [PtI(dmpe)2(k-
I2)]I3 2 (Scheme 1, yield 21%).†

The molecular structure of complex 2 is displayed in Fig. 1,
with partial labeling.‡ Complex 2 is a mononuclear complex
with Pt1, I1, I2, and I3 atoms located on a crystallographic
mirror plane that is coincident with mirror symmetry of the
complex. The I4, I5 and I6 atoms of I3

2 anion are located on a
crystallographic mirror. The co-ordination geometry around the
platinum atom is octahedral with 4P and 2I donor atoms, with
two iodine atoms having trans geometry. The bond distances
between platinum and iodine atoms are 2.811(1) and 2.817(1) Å
for Pt1–I1 and Pt1–I2, respectively. These values are con-
siderably shorter than those in the complex trans-[PtI2(diars)2]
3 (here the bond length of Pt–I is 3.50 Å).1b Compared to 3,
complex 2 can be undoubtedly considered to be a six-co-
ordinate octahedral platinum(II) complex. Furthermore, it is
worthy of note that the neutral molecular iodine co-ordinates to
the platinum(II) ion by end-on type (Pt1–I2–I3 = 171.58(3)°),
and the I2–I3 bond distance of 3.061(1) Å is much longer than
that of 2.715(6) Å in free diiodine molecules.3 This means that
the electrons on the central platinum(II) flow into the k-I2
ligand, which is attributable to a dz2 (Pt) to s* (I2) donation.4

Van Koten and coworkers have reported five-co-ordinate
platinum(II) complexes containing the k-I2 ligand,
[PtI{C6H3(CH2NMe2)2-2,6}(k-I2)] 4a and [Pt(k-I3)(k-I2){C6-
H3(CH2N(t-Bu)Me)2-2,6}] 4b.5 The Pt–I2 bond distances of
2.895(1) and 2.906(2) Å in 4a and 4b, respectively,5d are longer
than 2.817(1) Å in 2, showing that a stronger platinum–
molecular iodine bond is realised in 2. The I–I bond distances in
these complexes show a marked difference: the I2–I3 distance
of 3.061(1) Å in 2 is much longer than that of 2.822(1) and
2.793(1) Å in 4a and 4b, respectively. This elongation is
attributable to the existence of the ligand on a trans position of
the k-I2 ligand. The bond distances between platinum and co-
ordinated phosphorus in 2 are 2.369(2) and 2.374(2) Å for Pt1–
P1 and Pt1–P2, respectively. These values are longer than that
of starting square-planar complex 1 with a Pt–P of 2.317(1)
Å.6

The formal oxidation state of the platinum ion in 2 is expected
to be +2. To confirm this, X-ray photoelectron spectroscopy
(XPS) measurements were performed.§ Binding energies of the
Pt 4f region given in Table 1 were determined by a conventional
deconvolution procedure. The XPS spectrum of 2 shows a
doublet, whose binding energies are coincident with the values
of Pt(II) binding energies.5c,7 From XPS measurements, the
platinum ion in complex 2 was found to have the +2 oxidation
state.

Scheme 1

Fig. 1 The structure of 2. Selected bond distances (Å) and angles (°): Pt1–I1
2.811(1), Pt1–I2 2.817(1), Pt1–P1 2.369(2), Pt1–P2 2.374(2), I2–I3
3.061(1), P1–C1 1.82(1), P1–C3 1.80(1), P1–C4 1.80(1), P2–C2 1.82(1),
P2–C5 1.82(1), P2–C6 1.80(1), C1–C2 1.52(1); I1–Pt1–I2 177.75(3), I1–
Pt1–P1 89.73(5), I1–Pt1–P2 92.45(5), I2–Pt1–P1 91.78(5), I2–Pt1–P2
86.04(5), P1–Pt1–P2 84.46(6), Pt1–I2–I3 171.58(3).

This journal is © The Royal Society of Chemistry 2001
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The 31P MAS NMR spectral data for 1 and 2 in the solid state
and in CD3CN or D2O solution are given in Table 2. In the 31P
MAS NMR spectrum of 2, a signal appeared at d 11.9 ppm with
satellites due to the coupling with 195Pt (1758 Hz). The smaller
coupling constant 1JPt–P in 2 compared with 2173 Hz in 1, is
explained by the difference in the co-ordination number.8 1JPt–P
of 2173 Hz in 1 is a normal value compared with analogous
platinum(II) square-planar co-ordinate complexes.9 On the other
hand, in CD3CN solution, the observed 1JPt–P of 2172 Hz in 2
was very close to 2162 Hz observed in D2O solution for 1. This
result indicates that complex 2 has a square-planar geometry
caused by the dissociation of iodine in CD3CN solution.

This work was partly supported by Grant-in Aid for Scientific
Research No.(B) 12440192 from the Ministry of Education,
Science, Sports and Culture. The authors are grateful to Dr Y.
Yokoyama and Mr H. Nakazono, the Chemical Analysis
Center, University of Tsukuba, for JEOL EX-270 NMR spectral
and elemental analysis measurements. We thank Dr H. Kuma
and Dr T. Kawamoto, Osaka University, for discussion of X-ray
data.

Notes and references
† In this reaction, two electrons are gained, but the fully balanced equation
was not understood. The authors consider that the reaction is related to the
redox systems of Pt(II) with Pt(IV) and of 2I2with I2.
‡ Crystal data for 2: C12H32I6P4Pt, M = 1256.8, orthorhombic, Pnma, a =
8.6718(4), b = 10.7317(5), c = 30.9849(3) Å, U = 2883.6(3) Å3, Dc =
2.89 g cm23, Z = 4, F(000) = 2240, m(Mo-Ka) = 11.51 mm21, graphite
monochromator, room temperature, 4933 reflections measured, 2734
observed [I > 3s(I)], 115 parameters. Empirical absorption corrections (y-
scan) were applied. Final R factor = 0.033, Rw = 0.040. Hydrogen atoms
were included in fixed positions with isotropic thermal parameters, while all
other atoms were refined by anisotropic thermal parameters.

CCDC reference number 155325. See http://www.rsc.org/suppdata/cc/
b1/b103648n/ for crystallographic data in CIF or other electronic format.
§ XPS spectra were carried out on an Ulvac Phi 5600ci with mono-
chromated Al-Ka X-rays (1487 eV). Binding energies were measured
relative to the Au 4f7/2 peak of the gold fine powder mixed with the
sample.
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Table 1 Binding energies (eV) for the 4f region of platinum

Compound 4f5/2 4f7/2

1 76.0 72.7
2 76.0 72.6

Table 2 31P NMR spectroscopic data

Compound d31P/ppm 1J(195Pt–31P)/Hz

1 32.75a 21 273a

33.06b 2162b

2 11.85a 1758a

28.95c 2172c

a MAS NMR spectrum in the solid state with a spinning rate of 4–5 kHz. b In
D2O. c In CD3CN solution.
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A strapped chiroporphyrin free base with two 8-methylene
chains linking two adjacent meso-substituents was synthe-
sized as the a4 conformer; insertion of Ni(II) triggered a
complete conversion to the abab complex, and demetalla-
tion totally regenerated the strapped free base in the a4

conformation.

Metalloporphyrin compounds which have a rigid concave shape
can trap molecular guests by coordinative or non-covalent
interactions; recognition of the guest is due to complementarity
in size, shape and functional groups.1 A ‘Venus flytrap’ zinc
porphyrin that reversibly swings between an open and a closed
form upon binding and dissociation of pyridine has also been
reported.2 We have now designed a strapped chiroporphyrin
whose shape can be controlled at will by exploiting the specific
coordination requirements of nickel(II). The forces which
operate this molecular metamorphosis might be useful in the
design of nanoscale tweezers.

Deprotonation of (1R)-cis-hemicaronaldehyde 1 by sodium
hydride, followed by nucleophilic attack3 on 1,8-diiodooctane,
led to the diester-strapped dialdehyde 2 in 99% yield (Scheme.
1). The latter was reacted with pyrrole according to a literature
method4 to afford the bis-strapped chiroporphyrin 3 in 5%
yield.‡ In contrast to the first-generation chiroporphyrins
devoid of straps, which are always obtained as the abab
atropisomer,5 3 shows an a4 conformation with the two
8-methylene straps linking adjacent meso substituents on the
same face of the porphyrin. This unusual conformation is
apparent in the C2 symmetry of the NMR spectra of 3 [e.g. two
AB systems for the pyrrole protons, Fig. 1(a)], and in the large

upfield shifts of the methylene groups of the straps. The zinc
complex 4 exhibits the same spectral symmetry [Fig. 1(b),§ and
its a4 conformation was confirmed by its X-ray structure shown
in Fig. 2.6

Much to our surprise, metallation of a4-3 by Ni(II) triggered
a major conformational change. The nickel complex 5 shows a
D2-symmetric 1H NMR spectrum [e.g. two singlets for the
pyrrole proton resonances, Fig. 2(c) in which the chemical shifts
of the methylene protons are in the normal alkyl range,
unambiguously indicating an abab conformation in which the
straps now link the adjacent meso substituents on opposite faces
of the porphyrin.¶ The conversion was complete, and no
intermediate could be detected. This unprecedented conforma-
tion of a strapped porphyrin4 was confirmed by the X-ray
structure of 5 illustrated in Fig. 3.

Several experiments were carried out to try and remove the
nickel(II) center from the porphyrin, in the view of examining

† Electronic supplementary information (ESI) available: spectroscopic data
for 3–6. See http://www.rsc.org/suppdata/cc/b1/b104715a/

Scheme 1 Reagents and conditions: i, NaH, THF, 10 °C, 30 min under Ar;
ii, 1,8-diiodooctane in DMF, 25 °C, 24 h under Ar (99%); iii, pyrrole, TFA,
CH2Cl2, 25 °C, 6 days; iv, DDQ, 4 h (5%).

Fig. 1 1H NMR spectra (400 MHz, CDCl3, 298 K) for (a) the free base
chiroporphyrin 3 with two 8-methylene straps in the a4 conformation; (b) its
a4 zinc(II) complex 4; and (c) its abab nickel(II) complex 5; crossed peaks
correspond to CDCl3 solvent impurities.

Fig. 2 Stick representation of the X-ray structure of the zinc(II)
chiroporphyrin complex 4 showing the a4 conformation and the two straps
(green) linking adjacent meso substituents on the same face of the porphyrin
(light blue).

This journal is © The Royal Society of Chemistry 2001
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the conformation of the resulting free base. Among several
acids which were tried, only trifluoromethanesulfonic acid was
found strong enough to transfer protons to the very weakly basic
nitrogen atoms of 5 and release the nickel(II) ion. Short reaction
times (15 min, resulting in ca. 50% demetallation) were
required with such a strong reagent, which also hydrolyzes the
ester groups upon prolonged contact. The resulting free base
exhibited a1H NMR spectrum identical to that of the starting
material 3, indicating the same a4 conformation. Thus the a4?

abab conformation change is entirely reversible upon nickel(II)
insertion and extrusion (see Graphical Abstract).

Metal insertion in a porphyrin generally induces modest
distortions of the core, such as the sad, ruf, dom, wav and pro
types or combinations thereof,7 but usually it does not affect the
orientation of the macrocycle substituents. The intriguing a4?

abab conformation change which is observed upon Zn(II) ?
Ni(II) substitution in the strapped chiroporphyrin may be related
to the coordination requirements of the two metals and to the
constraints induced by the short straps. While Zn(II) with its full
d10 complement shows long Zn-N bonds (average 2.036(5) Å
for the two independent molecules) compatible with the flat
porphyrin core of a4-4, square-planar d8 Ni(II) with its vacant
antibonding dx2

2 y2 orbital requires short Ni–N bonds [average
1.916(5) Å for the two independent molecules] which are
obtained by ruffling of the core of 3. In this distorted core
conformation, the 8-methylene straps apparently are too short to
stride over their adjacent cyclopropyl substituent, which are
forced to rotate toward the opposite face of the porphyrin. The
low rotation barrier usually observed in ruffled nickel(II)
porphyrins8 may facilitate this motion, which results in the
abab complex 5.

Nearly complete conversion to a paramagnetic piperidine
adduct 6 was obtained by dissolution of 5 in neat C5D10ND, as
judged from the UV–VIS spectrum.9,10 The 500 MHz1H NMR
spectrum of the resulting solution showed a broad peak near 40
ppm at room temperature for the pyrrole protons of the high-
spin Ni(II) complex 6, typical of a dz21 dx2

2 y21 configuration.9,11

A pair of singlets was also observed at d 7.44 and 7.61 for the
pyrrole protons of the residual diamagnetic species 5. The fact
that 5 and 6 are not in fast exchange on the NMR time scale
stands in contrast to the rapid equilibrium between Ni(TPP) and
its high-spin piperidine adduct which has been observed
earlier.9 These observations suggest that 5 and 6 have quite
different conformations, and they are consistent with the
expected structural consequences of the singly occupied dx2

2 y2

orbital in 6. High-spin nickel(II) porphyrins usually exhibit an
expanded core [average Ni–N bond length 2.04–2.07 Å] and
reduced non planar distortion relative to their parent low-spin
complex (average Ni–N bond length 1.89–1.93 Å).12 The
expanded porphyrin core of the piperidine adduct 6 is
incompatible with the abab conformation which imparts short
Ni-N bonds. Thus this adduct is prone to undergo a structural
change to the a4 conformation which allows near planarity of
the porphyrin core similar to that of the zinc complex 3. The
piperidine ligand located between the two straps is probably

held by mechanical forces in addition to the coordination
bond.

The strong effects of dx2
2 y2 orbital occupancy on molecular

shape and dynamics in this system could be exploited in the
design of molecular machines such as motors and switches.

We thank Nathalie Gon, Colette Lebrun and Pierre-Alain
Bayle for assistance, and Dr Pierrette Battioni for experimental
details on the use of trifluoromethanesulfonic acid.
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Fig. 3 Stick representation of the X-ray structure of the nickel(II)
chiroporphyrin complex 5 showing the abab conformation and the two
straps (green) linking adjacent meso substituents on opposite faces of the
porphyrin (light blue).
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Density functional theory calculations of hydroxyapatite
identified the oxygen and hydrogen positions of the hydroxy
groups in the crystal structure to be well defined, alternating
in a column in the c-direction, and we predict that the
experimentally found oxygen and hydrogen disorder is due
to the presence in the crystal of differently oriented locally
ordered domains, a finding which is important for studies of
crystal growth and surface reactivity.

Apatites Ca10(PO4)6(F,Cl,OH)2 are a diverse class of minerals,
which are becoming increasingly important as likely candidates
for use as biomaterials. They are the most abundant phosphorus-
bearing minerals and are found extensively in igneous,
metamorphic and sedimentary rocks, mainly in the form of
fluor- or chlor-apatite.1 More recently, hydroxyapatite has
increased its prominence due to its biological role as one of the
main constituents of mammalian bones and teeth enamel.2 As
such, hydroxyapatite may be immensely valuable in the
manufacture of artificial bones, while another possible applica-
tion is to use ceramic implants as a support for the crystallisation
and layer growth of hydroxyapatite, which can then bond to
living bone, aiding the acceptance by the body of the implant
material. It is necessary for the success of these and other
applications, such as the replacement of the hydroxy groups by
fluorine ions to strengthen tooth enamel and prevent caries,3
that we obtain a detailed knowledge of the structure of
hydroxyapatite. Although crystallographic studies of the min-
eral have elucidated the locations of the heavier atoms in the
hexagonal crystal structure,4,5 the oxygen and hydrogen ions of
the hydroxy groups are found to be disordered, each partially
occupying two possible sites, and little is known about the
hydroxy group environment in the crystal structure, e.g.
whether the constituent atoms are completely disordered over
the positions or whether there is local ordering of the groups
within domains. It is important for the investigation of
hydroxyapatite surfaces, i.e. in studies of crystal growth,
interfacial bone/ceramic behaviour and interactions between
natural bone material and organic matrices, that we have a good
understanding of the sites and interactions of the hydroxy
groups within the apatite crystal.

Computational methods are well placed to calculate at the
atomic level the geometry and relative energies of the various
possible hydrogen locations in apatite, investigations which are
at present inaccessible with experimental techniques. The
approach we have used is to employ quantum mechanical
calculations based on density functional theory (DFT) to study
the hydroxy groups in hydroxyapatite. The DFT methodology,
often used within the generalized gradient approximation
(GGA) and employing pseudo-potentials, is well established
and has been successfully applied to the study of structural and
electronic properties of complex materials, e.g. magnesium
silicates6 and microporous aluminium phosphates.7 The VASP
program8–10 was employed to calculate the structure and total
energies of a number of hydroxyapatite structures with different
configurations for the hydroxy groups. We used a cut-off for the
planewave energy of 500 eV, together with a 2 3 2 3 2 k-point
mesh, which led to a convergence of the total energy to within
0.01%.

Although a monoclinic form of hydroxyapatite is known,
biological and synthetic hydroxyapatite has a hexagonal crystal
structure with space group C63/m and a = b = 9.432, c = 6.881
Å, a = b = 90, g = 120°.1,2 After full electronic and ionic
optimisation, the structure with the lowest energy configuration
of the hydroxy groups relaxed to a = b = 9.563, c = 6.832 Å,
a = b = 90, g = 120°, in excellent agreement with the
experiment (discrepancy @1.5%). The F2 or OH2 ions in
apatite structures are located one above each other in a column
parallel to the c-axis (into the paper in Fig. 1), where the F2 ions
in fluorapatite are located at a crystallographic symmetry
position (0, 0, 0.25), while the hydroxy groups in hydrox-
yapatite are located either above or below the symmetry
position in the c-direction (oxygen at 0, 0, 0.2008, hydrogen at
0, 0, 0.0617). The deviation of the hydroxy group away from the
symmetry position, leading to four possible locations in the unit
cell, on either side of two symmetry positions, causes disorder
of the oxygen and hydrogen ions. In this work, we investigated
whether the occupancy of the oxygen and hydrogen sites is
likely to be completely random or whether we could identify
local ordering in domains. To this end, we calculated four
possible configurations for the oxygen and hydrogen ions in
hydroxyapatite, shown in Table 1, where for clarity the
(Cartesian) symmetry positions are identified together with the
hydroxy group positions above and below the symmetry
position in the c-direction. Table 1 further shows which of the
oxygen and hydrogen positions are occupied in the different
calculations with their final coordinates in the c-direction,
where the unit cell shown is periodically repeated in three
dimensions. In configuration 1, both hydroxy groups are located
at the two sites corresponding to one symmetry position, while
configurations 2 and 3 have the hydroxy groups located at sites
corresponding to both symmetry positions. In configuration 2,
all hydroxy groups are lined up with the hydrogen and oxygen
ions alternating along the c-axis, whereby each OH2 group
forms one O–H bond of 0.957 Å and one rather long O…H
hydrogen bond of 2.483 Å, while configuration 3 forms a
column of pairs of OH2 groups, with the hydrogen ions
pointing towards each other at a separation of only 0.849 Å and
an O…O separation of 4.117 Å. Finally, in configuration 4 we
investigated whether the oxygen and hydrogen ions of hydroxy
groups were likely to be found separated in the apatite structure,
by splitting up one OH2 group into its constituent atoms,
whereby the hydrogen atom of the remaining hydroxy group

Fig. 1 Structure of the hexagonal apatite unit cell, showing the position of
the fluoride or hydroxy anions in the c-direction into the plane of the paper
[O = red, Ca = green, P = yellow, F(OH) = pale blue].
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can form a hydrogen bond to the separated oxygen atom at
1.806 Å, while the separated hydrogen is in a position to form
one short and one long hydrogen bond with the oxygen atoms at
1.634 and 2.483 Å.

After electronic and ionic relaxation, the total energies of the
structures are compared (Table 1). We find that starting
configuration 1, where two hydroxy groups were located either
side of a single symmetry position, did not lead to a stable
structure. Configuration 3 led to a stable structure, but the
positions of the hydroxy groups had shifted away from the
experimental locations by about 0.3 Å to the positions shown in
Table 1, due to repulsion between the two neighbouring
hydrogen ions, which leads to an increase in the distance
between the hydroxy groups of 0.65 Å. The structure has
somewhat expanded from the experimental structure in the a
and b directions to a = b = 9.551 Å and contracted in the c-
direction, c = 6.868 Å. Configurations 2 and 4 are the most
stable structures, with practically identical energies (∆E < 0.4
kJ mol21). On inspection of Table 1, we see that the hydrogen
and oxygen ions in configuration 2 remain virtually at their
initial positions with lengthening of the O–H bond lengths from
0.957 to 0.998 Å. The a and b vectors increase to a = b = 9.564
Å, but contraction occurs again in the c-direction, c = 6.831 Å,
which causes the apparent shift of the oxygen and hydrogen ions
away from their initial position. In configuration 4 (a = b =
9.563, c = 6.832 Å), the dissociated hydroxy group in the initial
structure has recombined upon geometry optimisation, and is
located at the same site as in configuration 2, with a final O–H
bond length of 0.998 Å, forming a series of hydrogen-bonded
interactions down the c-axis at alternating O…H distances of
2.335 and 2.500 Å. If we compare these hydrogen bonds to
configuration 2 (Fig. 2), where we find all O…H interactions
down the c-axis at 2.42 Å, it is clear that configuration 2 is a
more regular structure even though energetically identical.
Contour plots of the electron density in the plane of the hydroxy
groups (Fig. 2) show that the O–H bond has covalent character,
but bonding of its oxygen atom to neighbouring calcium ions is
fully ionic, as is the interaction between calcium ions and the
oxygen atoms of the phosphate groups. Bonding within the
phosphate groups is found to be covalent in character, in
agreement with quantum chemical calculations of aluminium
phosphates.11

Our calculations of different possible configurations of
hydroxy groups within the hydroxyapatite structure have shown
that there is a preferred arrangement of the hydroxy groups,
where the energetically most favourable configurations (2 and
4) have all OH2 groups lined up with oxygen and hydrogen ions
alternating in a column parallel to the c-axis (Fig. 2). These
columns of aligned OH2 groups can of course be found in two
directions, either up or down the c-axis, and hence we predict
that the hydroxyapatite structure will consist of local domains of
these well-ordered OH2 columns. When the OH2 groups have

neighbouring oxygen ions (configuration 1) the structure is not
stable, while introducing a pair of hydroxy groups with
hydrogen ions in neighbouring positions (configuration 3) costs
approximately 42 kJ mol21 (0.436 eV/OH pair). A change in the
ordering of the hydroxy groups within columns is therefore not
energetically impossible, and may be promoted by the presence
of anionic impurities such as F2.

N. H. d L. thanks the Mineral Physics and Materials
Consortia for provision of computer time on the Cray T3E.
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Table 1 The experimental and calculated Cartesian coordinates (c-direction) of four different hydroxy group configurations in the hydroxyapatite structure,
together with the calculated total energies

Symmetry position Hydroxy sites Configuration 1 Configuration 2 Configuration 3 Configuration 4

F 1.720 H(1) 0.425 H(1) — H(1) 0.456 H(1) 0.520
O(1) 1.382 O(1) — O(1) 1.453
O(2) 2.059 O(2) — O(2) 1.728 O(2) 1.518
H(2) 3.016 H(2) — H(2) 2.722

F 5.160 H(3) 3.865 H(3) 3.873 H(3) 4.146 H(3) 3.853
O(3) 4.822 O(3) 4.871 O(3) 5.140 O(3) 4.851
O(4) 5.499
H(4) 6.456

Total energy/eV Not converged 2311.171 2310.740 2311.175

Fig. 2 Relaxed apatite crystal with OH2 configuration 2, showing electron
density contour plots in blue (O = red, Ca = green, P = yellow, H = white,
contour levels from 0.05 to 0.30 e Å23 at 0.05 e Å23 intervals).
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Cs12xSn12xBi9+xSe15 and Cs1.523xBi9.5+xSe15: members of the
homologous superseries Am[M1+lSe2+l]2m[M1+2l+nSe3+3l+n] (A = alkali
metal, M = Sn and Bi) allowing structural evolution in three different
dimensions
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Cs12xSn12xBi9+xSe15 and Cs1.523xBi9.5+xSe15 crystallize in a
new structure type which does not belong to but is closely
related to the members of the homologous series Am[M6-
Se8]m[M5+nSe9+n]; the new phases reveal a third dimension
of structural evolution for this series according to the
formula Am[M1+lSe2+l]2m[M1+2l + nSe3+3l+n].

Recent efforts1 in our laboratory aimed at defining new
chemical concepts2 identified the grand homologous series of
phases Am[M6Se8]m[M5+nSe9+n] (A = alkali metal, M = heavy
group IV or V element). Members of this series include b-
K2Bi8Se13,3 K2.5Bi8.5Se14,4 K1+xSn422xBi7+xSe15,5
K12xSn42xBi11+xSe21

6 and K12xSn52xBi11+xSe22,7 which ex-
hibit a close structural and compositional relationship. This
homology has predictive properties leading to charge-balanced
hypothetical members that can be easily generated by the
general formula. In fact, the following members of this series,
K1+xSn322xBi7+xSe14,8 K12xSn32xBi11+xSe20,8 and
K12xSn92xBi11+xSe26,9 have been successfully targeted for
synthesis after their compositions and structures had been
predicted. The construction of each member of the homologous
series is modular and assembled by two different modules,
[M5+nSe9+n] (NaCl111-type) and [M6Se8]m (NaCl100-type)10 of
variable dimensions defined by n and m, which are linked to an
anionic framework with tunnels that accommodate the alkali
ions (Am). The terminology of ‘homologous series’ was given
by Magnèli11 to characterize chemical series that are expressed
by general formulae and built on common structural principles,
that are found in transition metal oxides.12 The Aurivillius
phases Bi2An21BnO3n+3 (A = Na, K, Ca, Sr, Ba, Pb. Ln, Bi, U,
Th etc and B = Fe, Cr, Ga, Ti, Zr, Nb, Ta, Mo, W etc.)13 and
the Jacobson–Dion phases A[AAn21BnO3n+1] (A = Li, Na, K,
Rb, Cs, Tl, NH4; AA = Ca, Nd, B = Nb)14 are examples of
known homologous series in solid state chemistry. The
structures of the lamellar oxides are related to the rutile and
perovskite type, where the integer n determines the thickness of
the slabs.

In contrast to these homologies which evolve in only one
dimension, the above mentioned series presents two integers n
and m that can be changed independently and therefore cause
evolution of the structure in two different dimensions. While the
thickness of the NaCl100-type units is controlled by m, the shape
of the NaCl111-type units is induced by n. Interestingly, the
width of the NaCl100-type modules in Am[M6Se8]m[M5+nSe9+n]
is constant for all members. Here we report Cs12xBi9+xSe15 and
its isostructural ternary analog, Cs1.523xBi9.5+xSe15, both reveal-
ing a novel structure type that is closely related to the known
members of the grand homologous series but are not members
themselves because they differ in the width of the NaCl100-type
modules. In fact, Cs12xSn12xBi9+xSe15 represents structural
evolution of the series in a third dimension. Therefore the
general formula has to be expanded to the superseries
Am[M1+lSe2+l]2m[M1+2l+nSe3+3/+n] where now the additional
integer l determines the width of the building modules. The

mineral cannizzarite, Pb46Bi54S127, represents one end member
of this new homologous series with l = H, m = 1 and n = 5.
Cs12xSn12xBi9+xSe15 shows the same motif of assembling the
fundamental building units that is found for the members of the
homologous series (now a sub-series) we described earlier.
Therefore we had to introduce a third integer to account for the
structural evolution by changing the width of the NaCl100- and
NaCl111-type units. In order to achieve the next step of the
evolutionary ladder in this new direction two MSe equivalents
and one M2Se3 have to be added. For l = 2 this formula is
reduced to Am[M6Se8]m[M5+nSe9+n]. This homologous super-
series predicts the structure and composition of countless
compounds by modifying the three independent integers l, m
and n. Fig. 1 depicts the different ways the structure can
develop. Cs12xSn32xBi11+xSe20 (l = 2, m = 1, n = 3) evolves
by changing only one integer at a time leading to
Cs12xSn12xBi9+xSe15 (l = 1, m = 1, n = 3),
Cs1+xSn322xBi7+xSe14 (l = 2, m = 2, n = 3) and
Cs12xSn92xBi11+xSe26 (l = 2, m = 1, n = 9). It will be
interesting to attempt to prepare further compounds that can be
predicted, for example CsSn7Bi9Se21 (l = 1, m = 1, n = 9),

Fig. 1 Structural evolution of the homologous superseries Am[M1+l-
Se2+l]2m[M1+2l+nSe3+3l+n] (A = alkali metal, M = heavy group IV or V
element) in three different dimensions by varying the independent integers
l, m and n. The NaCl111-type units are highlighted in red and the NaCl100-
type units in blue. Small white spheres: Se, large light-gray spheres: A
medium-gray spheres: M.
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Cs2Sn2Bi12Se21 (l = 1, m = 2, n = 3) and CsSn6Bi12Se25 (l =
3, m = 1, n = 3).

Cs12xSn12xBi9+xSe15 was prepared involving Cs2Se, Bi2Se3,
Sn and Se (ratio 1+2+11+2) in a sealed evacuated carbon coated
quartz ampoule. The tube was heated within 24 h to 800 °C and
kept at this temperature for 24 h, followed by slow cooling to
400 °C at a rate of 0.1 °C min21 and then to 50 °C in 10 h
resulting in a silver, shiny, polycrystalline ingot of
Cs12xSn12xBi9+xSe15 as the major phase with
Cs12xSn32xBi11+xSe20 as impurity (about 10%). EDS analyses
of selected needles gave the average composition
Cs1.1Sn0.9Bi9.3Se15. The ternary phase Cs1.523xBi9.5+xSe15 was
obtained as follows. A mixture of 0.040 g (0.116 mmol) Cs2Se
and 0.380 g (0.580 mmol) was transferred to a silica tube which
was flame-sealed under vacuum. The tube was placed under the
flame of a natural gas-oxygen torch until the mixture melted and
then was removed from the flame and let to solidify. The
product consisted of a silvery chunk with needles growing
across its surface. Cs1.523xBi9.5+xSe15 is the main phase with
CsBi3.67Se6

15 as a minor phase as evidenced by X-ray powder
diffraction.

The isostructural Cs1.523xBi9.5+xSe15 and
Cs12xSn12xBi9+xSe15 crystallize in a new structure type as
expected from Am[M1+lSe2+l]2m[M1+2l+nSe3+3l+n.16

The crystal structure is shown in Fig. 2. Similar to the known
members of the homologous series (l = 2) the structure is
assembled by two distinct building units of the NaCl111-type
and NaCl100-type, respectively, forming a three-dimensional
anionic framework with tunnels running along the b axis which
are filled by Cs ions. In Cs12xSn12xBi9+xSe15 three BiSe6
octahedra wide and two octahedra thick fragments of the
NaCl111-type form a step-shaped layer by two adjacent units
sharing an octahedra face. The distorted 3 + 3 coordination of Bi
with interatomic distances in the range 2.74–3.07 Å is caused by
the lone pair of Bi. In contrast to A12xM32xBi11+xSe20 which
shows the same linkage of the NaCl111-type units to a step-
shaped layer, the units in Cs12xBi9+xSe15 represent a narrower
cut out of a Bi2Se3-layer. In order to adjust to the narrower
NaCl111-type [M6Se9] blocks in Cs12xSn12xBi9+xSe15 the
NaCl100-type [M4Se6] units are shorter as well. They are two
(Bi,Sn)Se6 octahedra wide parallel to the direction of the
NaCl111-type layers and one octahedron high perpendicular to
this direction while these units are three octahedra wide in
A12xSn32xBi11+xSe20. M–Se interactions between the NaCl100-
type blocks and the stepped-shaped NaCl111-type layers cause
the formation of a three-dimensional anionic framework with
tunnels along the b-direction that accommodate the Cs ions.
Besides positional disorder a high thermal displacement
parameter indicates possible ‘rattling’ of Cs ions in their partly
occupied sites.

Preliminary charge transport measurements on polycrystal-
line ingots of Cs12xSn12xBi9+xSe15 reveal moderate electrical

conductivity (370 S cm21) and Seebeck coefficient (270 mV
K21) at room temperature. The negative sign indicates electrons
as the main charge carriers. The compound is a narrow gap n-
type semiconductor with a band gap of ca. 0.53 eV.

In summary, Cs12xSn12xBi9+xSe15 and Cs1.523xBi9.5+xSe15
help reveal a new superseries Am[M1+lSe2+l]2m[M1+2l+n-
Se3+3l+n] that presents three different and independent composi-
tional variables. The new integer l controls the width of both
building units, while the shape of the NaCl111-type block is
given by n and the thickness of the NaCl100-type fragment by m.
According to our results the systems A/M/Bi/Se, M = Sn, Pb,
seems to be infinitely adaptive17 and the identification of this
broad series will permit considerable control in the design of
new compounds based on phase homologies.
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13, 989.
13 B. Aurivillius, Ark. Kemi, 1949, 1, 463; B. Frit and J. P. Mercurio,

J. Alloys Compd., 1992, 188, 27.
14 M. Dion, M. Ganne and M. Tournoux, Mater. Res. Bull., 1981, 16, 1429;

M. Dion, M. Ganne, M. Tournoux and J. Ravez, Rev. Chim. Miner.,
1984, 21, 92; A. J. Jacobson, J. W. Johnson and J. T. Lewandowski,
Inorg. Chem., 1985, 24, 3727.

15 L. Iordanidis, P. W. Bravis, T. Kyratsi, J. Ireland, M. Lane, C. R.
Kannewurf, J. S. Dyck, C. Uher, N. A. Ghelani, T. Hogan and M. G.
Kanatzidis, Chem. Mater., 2001, 13, 622.

16 Crystal data (Bruker, CCD, T = 273, 173 K) for Cs12xSn12xBi9+xSe15

and Cs1.523xBi9.5+xSe15 [in italics]: Mw = 3303.18; 3344.41, mono-
clinic, space group C2/m; a = 27.287(8); 27.547(9), b = 4.116(1);
4.162(1), c = 14.004(4); 14.132(5) Å, b = 103.346(5); 103.350(6), Z =
2, l = 0.71073 Å3, Dc = 7.168, 7.046 g cm23, m(Mo-Ka) = 72.544;
72.112 mm21, 2020; 2087 independent reflections, unique data with I >
2s(I), 1531; 1735, R1 = 0.0403; 0.0524, wR2 = 0.0911; 0.1423,
number of variables 84; 88. Structure solved and refined using the
SHELXTL-Plus program suite. Crystal dimensions 0.06 3 0.08 3 0.32;
0.10 3 0.12 3 0.25 mm. Absorption corrections were applied to the
data. Both structure refinements of Cs1.523xSe15 and
Cs12xSn12xBi9+xSe15 revealed unusual thermal displacement parame-
ters for the Bi5 and Cs1 sites which introduced a disorder model with
mixed Bi/Cs occupancies and mixed Bi/Sn occupancies, respectively, in
the same crystallographic site for Bi5 and statistical disorder in the Cs1
site. Their occupancies were constrained to give charge balance and
resulted in the formulae Cs1.11Bi9.63Se15 and Cs0.65Sn0.65Bi9.35Se15.
CCDC reference numbers 165415 and 165416. See http://www.rsc.org/
suppdata/cc/b1/b103870m/ for crystallographic data in CIF or other
electronic format.

17 For definition see: J. S. Anderson, J. Chem. Soc., Dalton Trans., 1973,
10, 1107; J. S. Swinnea and H. Steinfink, J. Solid State Chem., 1982, 41,
114.

Fig. 2 Projection of the structure of Cs0.65Sn0.65Bi8.35Se15 with atom
labeling. The tunnels in the anionic framework accommodate the Cs ions in
distorted tri-capped trigonal prismatic sites. In Cs1.523xBi9+xSe15 the Sn1
site is occupied by Cs and Bi.

Chem. Commun., 2001, 1648–1649 1649



 

C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Heteroanionic intercalation into positively charged inorganic hosts: the
first nitride mixed halides†

Amy Bowman, Pamela V. Mason and Duncan H. Gregory*

School of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD.
E-mail: Duncan.Gregory@Nottingham.ac.uk

Received (in Cambridge, UK) 21st June 2001, Accepted 25th July 2001
First published as an Advance Article on the web 15th August 2001

The first nitride mixed halides have been synthesised by
disordered intercalation of anions between the positively
charged layers of subnitride hosts.

Intercalation reactions are used extensively in solid state
chemistry not only to access new compounds or polymorphs,
but also in the synthesis of a wide range of commercially
important materials such as zeolites and layered transition metal
oxides and sulfides. The dominating pattern in this area of
chemistry is the insertion of cationic guests into neutral or
ostensibly negatively charged 2D or 3D hosts. The ability to
intercalate negatively charged species is restricted to a relatively
small and exclusive group of host materials, of which graphite
and its intercalation compounds (GICs) are well-known exam-
ples. In fact, graphite is exceptional in its capacity to act as both
electron acceptor (e.g. C8K) and electron donor (e.g. C8Br).1
Furthermore, the hydrotalcite group of clays are unusual
examples of 2D hosts containing formally positively charged
layers.1,2

Intercalation in nitride chemistry is relatively undeveloped
and is largely limited to the insertion of lithium and other alkali
metals. Most notable has been the intercalation of Li+ into
Zr(Hf)NCl to induce superconductivity at ca 25 K,3 although
other isolated examples exist (e.g. 3D insertion in the NaxTa3N5
system).4 One interesting aspect of nitride chemistry, however,
is the propensity for compounds to form anti-structures;
frameworks that are the antithesis of some of the most common
‘normal’ structures seen in oxide chemistry (e.g. anti-per-
ovskites, M3NX; anti-fluorites (Li,M)2N etc.).5 These anti-
structures can be exploited for new synthetic and materials
chemistry. Here we report our initial investigations of mixed
anion intercalation in subnitride hosts with layered anti-CdCl2
structures to produce the first examples of nitride mixed
halides.

Nitride halides A2N(X,XA) (A = Ca, Sr; X, XA = Cl, Br, I)
were synthesised by reaction of the binary alkaline earth nitrides
(Ca3N2, Ca2N or Sr2N), AX2 and AXA2 at elevated temperatures
(typically 800–1200 °C) under anaerobic conditions. Binary
nitrides were prepared first by reaction of the alkaline earth
metals under nitrogen in liquid sodium solvent as described
previously.6,7 We also observed that A2NX species sponta-
neously form at lower temperatures by reaction of the subnitride
with halogen (e.g. shaking together Sr2N and I2) or an
anhydrous transition metal halide salt (e.g. grinding Ca2N and
FeCl3 in a mortar in an Ar-filled glove box). Both these
processes begin at room temperature and are highly exothermic.
The former process leads to a crystalline powder with a powder
X-ray diffraction (PXD) pattern that cannot yet be indexed, the
latter to microcrystalline Ca2NCl and iron powder.

Nitride halides were initially characterised by PXD using a
Philips Xpert diffractometer with Cu-Ka radiation.‡ Analysis
and subsequent indexing of powder data revealed continuous
solid solutions existing in the A2N(Cl, Br) systems (A = Ca,

Sr). The hexagonal anti-a-NaFeO2 structure (filled anti-CdCl2
structure) is retained across the entire solubility range (A2N-
Cl12yBry; 0 @ y @ 1) with no evidence of superstructure
reflections (Table 1). We see no evidence of staging or ordering
in these A2N(X,XA) compounds and Cl and Br statistically
occupy the 3a (0,0,0) site within the van der Waals type gap of
the subnitrides.

Preliminary Rietveld refinement of PXD data collected for
Sr2NCl12yBry (y = 0, 0.33, 1) compounds using the GSAS
package7 confirms that the nitride halides crystallise in space
group R3̄m with the anti-a-NaFeO2 structure with Cl2 and Br2
disordered on the 3a site between [Sr2N]+ layers in the y = 0.33
compound. The Sr–N 2D ionic framework does not change
dramatically as a function of intercalant concentration. Sr–N
bond length increases slightly [2.618(1) to 2.626(1) Å] and
[Sr2N]+ layer thickness decreases (via angular compression of
NSr6 octahedra) from 2.68 Å in Sr2NCl (Rwp = 11.51%, Rp =
8.26%, c2 = 2.91) to 2.63 Å in Sr2NBr (Rwp = 11.29%, Rp =
8.04%, c2 = 2.81). The ionic layers thus separate to
accommodate the larger anion and the interlayer gap increases
(from 4.31 Å in Sr2NCl to 4.65 Å in Sr2NBr).

A detailed structural description of the Ca2N(Cl,Br) system
was obtained by GSAS8 refinement of time of flight (ToF)
powder neutron diffraction (PND) data collected using the high
intensity diffractometer POLARIS at ISIS, Rutherford Apple-
ton Laboratory. Diffraction data were collected for Ca2N-
Cl12yBry (y = 0, 0.6, 1) at 298 K and additionally at 150 and 75
K for Ca2NCl0.6Br0.4. Full details of the refinements of these
and other related compounds will be presented elsewhere. A
profile plot for Ca2NCl0.6Br0.4 data collected at 75 K is shown
in Fig. 1. Ca2NCl and Ca2NBr crystallise with the anti-a-
NaFeO2 structure as previously reported in a single crystal X-
ray diffraction study.9 Ca2NCl0.6Br0.4 (Fig. 2) also adopts this
structure, with Cl2 and Br2 disordered on the 3a site at 298 K
and there is no evidence for a phase transition to an ordered
halide anion arrangement at lower temperature. The structure is
one of [Ca2N]+ layers of edge sharing NCa6 octahedra lying
parallel to the ab plane stacked along the z-direction between
which are inserted halide anions (Cl,Br)2. This thus creates

† Electronic supplementary information (ESI) available: OCD profile plots
for data from each POLARIS detector bank. See http://www.rsc.org/
suppdata/cc/b1/b105448c/

Table 1 Lattice parameters of A2N(X,XA) nitride halides from PXD data

Compounda a/Å c/Å V/Å3 c/a

Ca2NCl 3.6678(1) 19.718(2) 229.7(1) 5.38
Ca2NCl0.833Br0.167 3.6732(7) 19.843(4) 231.8(2) 5.40
Ca2NCl0.667Br0.333 3.6800(3) 19.973(2) 234.2(1) 5.43
Ca2NCl0.5Br0.5 3.6937(3) 20.179(1) 238.4(1) 5.46
Ca2NCl0.333Br0.667 3.699(1) 20.199(8) 239.3(3) 5.46
Ca2NCl0.167Br0.833 3.7096(8) 20.401(6) 243.1(2) 5.50
Ca2NBr 3.7171(4) 20.547(3) 245.9(1) 5.53
Ca2NBr0.5I0.5 3.752(1) 21.113(5) 257.4(2) 5.63
Sr2NCl 3.8944(2) 20.991(1) 275.7(1) 5.39
Sr2NCl0.67Br0.33 3.9052(2) 21.232(2) 280.4(1) 5.44
Sr2NCl0.5Br0.5 3.916(1) 21.490(9) 285.4(3) 5.49
Sr2NBr 3.9341(3) 21.853(2) 292.9(1) 5.55
a Nominal stoichiometry.
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alternating edge sharing layers of NCa6 and (Cl,Br)Ca6 octa-
hedra.

The Ca–N bond lengths in the Ca2NCl12yBry nitride halides
are typical of the distances found in Ca containing nitrides.
These are 2.4462(2), 2.4574(2) and 2.4679(2) Å for y = 0, 0.6
and 1 respectively, compared to 2.46 Å in a-Ca3N2 and
2.4426(4) Å in the subnitride host itself, Ca2N.7,10 As in the
Sr2N(X,XA) compounds, the [Ca2N]+ framework is fairly robust.
As the average size of the anionic intercalant increases, so the
[Ca2N]+ layer compresses along z through angular distortion of
the N–Ca octahedra. The Ca–N–Ca angle, f (see Fig. 2)
increases from 97.09(1)° in Ca2NCl to 97.77(1)° in Ca2NBr. As
a result the intralayer Ca–Ca distances increase [to 3.7187(1) Å
along layers and 3.246(1) Å across layers in Ca2NBr] but
remain shorter than that in Ca metal (3.94 Å).11 In turn the
layers separate to accommodate the larger halide and Ca–X
distances increase; y = 0: 2.9542(3) Å, y = 0.4: 3.0226(2) Å,
y = 1: 3.0818(2) Å. The ratio of layer thickness, t, to interlayer
distance, d thus changes from 0.65 in Ca2N7 through 0.59
(Ca2NCl) and 0.57 (Ca2NCl0.6Br0.4) to 0.55 in Ca2NBr.

Whereas mixed halide compounds themselves are quite
prevalent [e.g. Sr(Br,I)2, InBrI2 etc.]12 and disorder of multiple
halides is seen in oxyhalides [e.g. BaCuO2(Br,I), WOCl3Br],13

these compounds are the first examples of nitride mixed halides.
The A2N(X,XA) nitrides are also, more generally, the first
examples of heteroanionic intercalation of any sort in A2N
subnitride hosts. The [A2N]+·(e2) formulation describing ionic
layers constraining free electrons within van der Waals gaps
suggests a highly reactive environment for intercalation. The
potential electron donor properties of these hosts are obvious
and the ready incorporation of halides at room temperature is
testament to the stability of the filled structures (both relative to
the hosts and to AX2). Interestingly, despite the rigidity of the
A–N framework with respect to Cl, Br and I intercalation and in
contrast to many examples of cation substitution in normal
structured 2D chalcogenides, reaction with smaller spherical
anions (e.g. H2) or non-spherical species (e.g. CN2

22) can lead
to a collapse of A–N layers and formation of 3D structures.14

This is in contrast however to incorporation of gold (Ca2NAu)
or diazenide (SrN) where more subtle modifications of the A2N
framework allow retention of 2D structure.15,16

The electronic properties of the A2N subnitrides and their
intercalates are by no means well elucidated, although the
expectation is that the subnitrides are 2D metals which become
more insulating (less conducting) with increased intercalation
of X2 (XNH, halide). Preliminary magnetic measurements were
performed on powders of Ca2N, Ca2NCl and Ca2NBr using a
Cryogenic S100 SQUID magnetometer in the range 4–298 K.
Data show weak temperature independent paramagnetism,
indicating apparently little difference in magnetic behaviour
between intercalated compounds and their Pauli paramagnetic
hosts. More comprehensive studies of the (de)intercalation
chemistry, crystal structures, magnetic and transport properties
of these and other A2N derived nitrides will be published
elsewhere.
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a = 3.6851(1), c = 20.1130(1) Å, V = 236.54(1) Å3, z(Ca) = 0.2273(1),
12756 observations, 57 parameters, Rwp = 1.43%, Rp = 2.36%, c2 =
3.60.
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Fig. 1 Observed (crosses), calculated (solid line) and difference (below)
profile plot for Ca2NCl0.6Br0.4 PND data collected from the 90° detector
bank at 75 K. Tick marks denote the major phase and CaO impurity.

Fig. 2 Structure of Ca2N(X,XA) indicating layer thickness (t), interplanar
distance (d) and Ca–N–Ca angle, f.
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Complexation of the ligand 1 with Pd(NO3)2 leads to the
self-assembly of a very stable M2L4 type macrotricyclic cage
that encapsulates a nitrate ion inside its cavity.

Construction of discrete and well-defined molecular archi-
tectures using organic ligands and cleverly selected metal ions
through the self-assembly route has received much attention
during the last decade.1 Desired species having predetermined
structural and functional properties can be obtained by simply
mixing the participating components under suitable conditions.2
The self-assembled structures formed via a metal-driven self-
assembly path can be classified logically under MxLy types
(where M and L denote metal ions and ligands involved,
respectively) with varying values of x and y. While previously
reported cage structures are mostly formulated as M3L2,3
M6L4,4 or M4L6,5 there is a scarcity in the series of M2L4 type
cages6 in the literature. Atwood and coworkers have reported an
early example of a M2L4 cage6a where two octahedral copper(II)
ions are bridged by four units of a bidentate ligand. While all the
four equatorial positions of each copper ions are coordinated
with the terminal pyridyl groups of the ligand strands, the axial
positions are occupied by water molecules. Dinuclear copper(II)
complexes of the M2L4 family having twisted structures and
including chloride6c and perchlorate6d anions in between the
metal centers are also reported. Another analogus structure is a
dinuclear Pd(II) cage,6b with inclusion of hexafluorophosphate
ion inside the cavity. However, in none of the cases the
complexation reaction leading to the cage was directly mon-
itored using NMR spectroscopy unlike our study in this work.
Herein, we report the self-assembly of a novel macrotricyclic

cage molecule from ligand 1 and Pd(NO3)2, the pivotal
positions of the cage being occupied by Pd(II) ions. A nitrate ion
is included inside the cavity in a cascade fashion bridging both
the metal centers.

Ligand 1 was synthesized by Suzuki coupling of 1,3-bis(3-
bromophenyl)benzene with 2-(4-pyridyl)-4,4,5,5-tetramethyl-
1,3-dioxaborolane7 using K3PO4 as base and Pd(PPh3)4 as
catalyst.‡ The ligand 1 was mixed with Pd(NO3)2 at a ratio of
2+1 in DMSO and stirred at 90 °C for 1 day. Subsequently,
addition of diethyl ether precipitated a pale yellow powder
which was separated by filtration, washed with MeOH, and

dried in vacuo to obtain the complex [(Pd)2(1)4(NO3)4] 2§ as a
white solid in 74% yield (Scheme 1).

Ligand 1 and complex 2 were characterised by 1H and 13C
NMR. All the peaks were further completely assigned using H–
H COSY and C–H COSY techniques. The signals for complex
2 as compared to ligand 1 in its proton NMR spectrum,
particularly for pya and pyb protons, were remarkably down-
field shifted due to the complexation. A simple pattern of the
spectrum suggests the formation of a discrete species (Fig. 1).
Similarly 13C NMR data also supports the assumed structure.¶
All the findings indicate that the four arms in complex 2 are
equivalent and that four-fold symmetry axes pass through the
metal centers in solution.

The same complexation reaction was also carried out in
DMSO-d6 and the solution was directly monitored by NMR
spectroscopic means without isolating the complex. The
spectrum obtained matched exactly that of the isolated complex.
No peaks other than due to complex 2 were observed which
establishes the quantitative self-assembly of 2. When the metal

† Electronic supplementary information (ESI) available: Crystallography
section; Figs. S1–8: 1H, 13C, H–H and C–H COSY NMR spectra for 1 and
2. See http://www.rsc.org/suppdata/cc/b1/b104853h/

Scheme 1
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salt was added in a lesser amount than the required stoichio-
metry for the complexation, all the signals of complex 2 were
still observed, without any indication of any impurity, along
with additional signals corresponding only to the uncomplexed
free ligand. Also, by adding excess of the metal salt, no other
new structures were suggestive from the NMR pattern. All these
findings support the remarkable thermodynamic stability of 2.

Finally, the structure of complex 2 was determined unambi-
guously from an X-ray diffraction study.∑ Needle-shaped
crystals, suitable for X-ray diffraction analysis, were obtained in
2 days by layering diethyl ether over a solution of 2 in DMSO.
A perspective view of the molecule is shown in Fig. 2. The
crystal structure consists of the complexed cation
[(Pd)2(1)4(NO3)]3+, three nitrate anions, nine DMSO and two
diethyl ether molecules. Each Pd(II) has a square planar
geometry with Pd–N bond distances in the range
2.024(7)–2.030(6) Å. The size of the 3-D cavity is ca. 11.1 3
10.2 3 8.4 Å which is defined by the arms of the rectangular
array formed from four hydrogen centers, Hg (see Fig. 1 for
labelling and Fig. 2 for comparison) and Pd–Pd separation. The
cavity size after correcting for the van der Waals radius of the H
centers is 8.7 3 7.8 3 6.0 Å . While three out of four nitrate ions
stay outside of the cavity, one nitrate ion is encapsulated inside
by ionic interactions, the Pd–O distance being 3.135(7) Å.

Analysis of crystal packing displayed the extension of
intermolecular interactions in a linear manner, where three
DMSO molecules lie in the intermolecular cavity formed in
between two consecutive [(Pd)2(1)4(NO3)]3+ units (Fig. 3). The
Pd–Pd axes of adjacent cages adopt a perpendicular geometry to
each other making a hydrophobic pocket.

D. K. C. thanks the Japan Society for the Promotion of
Science (JSPS) for a postdoctoral fellowship.
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was refluxed in 1,4-dioxane (25 mL) for 2 days at 100 °C under an argon
atmosphere. After usual aqueous work-up the residue was chromatographed
over silica gel to obtain a white soild, which was recrystallized from
methanol affording 1 as white needles in 65% yield. dH (500 MHz, DMSO-
d6,TMS): 9.17 (d, 4H, a), 8.66(s, 2H, c), 8.65 (s, 1H, g), 8.41(d, 2H, d), 8.36
(d, 4H, b), 8.32–8.34 (m, 4H, f & h), 8.16 (t, 2H, e), 8.13 (t, 1H, i).dC (125
MHz, DMSO-d6,TMS): 151.04 (a), 147.92 (Cq), 142.04(Cq), 141.51(Cq),
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126.64(g), 126.45(c), 122.47(b); mp 192–193 °C, Anal. Calc. for
C28H20N2·0.3CH3OH: C, 86.12; H, 5.44; N, 7.09. Found: C, 86.17; H, 5.16,
N, 7.07%.
§ Cage 2: dH (500 MHz, DMSO-d6,TMS): 10.18 (d, 16H, a), 9.20(s, 8H, c),
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N, 6.81. Found: C, 60.12; H, 4.59, N, 6.80%.
¶ In the 13C NMR spectrum of 2, instead of 13 peaks only 12 peaks were
observed. Here the signals of carbons c and d (see Fig. 1 for nomenclature)
overlapped with each other as confirmed by the C–H COSY spectrum.
∑ Crystal data for 2: C112H80N12O12Pd2·9(CH3)2SO·2(C2H5)2O, M =
2850.07, monoclinic, space group C2/c, a = 23.510(4), b = 22.229(3), c =
27.394(5) Å, b = 104.216(3)°, U = 13878(4) Å3, T = 193 K, Z = 4, Dc
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CCDC reference number 164966. See http://www.rsc.org/suppdata/cc/
b1/b104853h/ for crystallographic data in CIF or other electronic format.
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Fig. 1 1H NMR spectra of (a) ligand 1 and (b) macrotricyclic cage 2 (500
MHz, DMSO-d6, 25 °C, TMS as an external standard).

Fig. 2 Representation of [(Pd)2(1)4(NO3)]3+ in the crystal structure of 2 (Pd:
ball mode and others: cylinder mode). The disorder of the nitrate anion is not
shown. Key: palladium (magenta); nitrogen (blue); oxygen (red); carbon
(gray).

Fig. 3 Linear chain in the crystal structure of 2. Three DMSO molecules are
trapped in each of the intermolecular cavities. Key:  palladium (magenta);
nitrogen (blue); oxygen (red); sulfur  (yellow); carbon (gray). The disorders
of the nitrate anions and DMSO molecules are not shown.
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Horseradish peroxidase (HRP) utilizes molecular oxygen
(O2) with sodium sulfite (Na2SO3) to oxidize thioanisole and
styrene at the exterior of the heme pocket.

Horseradish peroxidase (HRP) bearing iron protoporphyrin
(IX) as the prosthetic group normally utilizes hydrogen
peroxide (H2O2) as an oxidant to generate an oxoferryl species
(ONFeIV) paired with porphyrin radical cation, so-called
compound I.1 Compound I is reduced back to the ferric state by
either sequential one-electron transfer from typical phenolic
substrates such as guaiacol or by ferryl oxygen transfer to
thioethers.2–4 Since HRP is known to react with racemic
hydroperoxides to afford chiral hydroperoxides and alcohols in
high enantioselectivity, the enzyme is also used for kinetic
resolutions.5–9 In contrast to P450 monooxygenases, HRP does
not efficiently activate O2 with a reductase and NADH or
NADPH because the peroxidase does not mediate the electron
transfer from external electron sources on the protein surface to
the heme iron buried inside.10 However, the direct electron
transfer from sulfite (SO3

22) to the ferric heme iron would
produce SO3

· (step 1 in Scheme 1), which could initiate the
activation of O2 to oxidize the substrates.11,12 In order to explore
transition metal promoted oxidative reactions with sulfite, we
have investigated one- and two-electron oxidation by HRP with
SO3

22 and O2.
Thioanisole is oxidized to methyl phenyl sulfoxide by HRP in

the presence of sodium sulfite and ambient O2 at a rate more
than four times faster than the value obtained in the incubation
with H2O2 as an oxidant (Table 1). Not more than a trace

amount of the sulfoxide product is detected when the reaction is
performed under anaerobic conditions. The results clearly
indicate that HRP together with sulfite can activate molecular
oxygen to produce a potential oxidant for the monooxygenation
reaction. Interestingly, sulfoxidation with SO3

22 and O2 does
not proceed enantioselectively as observed in the reaction with
H2O2 (Table 1); therefore, compound I does not seem to be a
catalytic species in the HRP–SO3

22–O2 system (i.e. pathway
step 3 ? 4 ? 5 in Scheme 1 is not dominant). Since the
oxidation of thioanisole with monoperoxysulfate (HSO5

2) has
been found to afford a racemic mixture of sulfoxide in the
presence or absence of HRP, we speculated that monoperoxy-
sulfate released from the heme pocket would be involved in
sulfoxidation with sulfite and molecular oxygen.

In order to investigate the mechanism further, we have
performed the sulfoxidation reaction in the presence of
superoxide dismutase (SOD) and catalase. The reaction is
subject to significant inhibition (97%) although SOD and
catalase do not decelerate the chemical sulfoxidation by
monoperoxysulfate (Table 2). By contrast, the rate of sulfoxida-
tion is reduced by < 18% in the presence of OH· radical
scavengers such as methanol or tert-butyl alcohol and SO4

·2

radical quenchers like ethanol (Table 2). The results imply that
(a) superoxide (O2

·2) is involved in the production of
monoperoxysulfate and (b) the lack of inhibition observed in the
presence of ethanol, methanol or tert-butyl alcohol argues
against the involvement of SO4

·2 or OH· radicals in the
catalysis. The ferrous–dioxygen and ferric–superoxide complex
of HRP are in equilibrium (step 8 in Scheme 1). Thus, the
recombination of O2

·2 and SO3
·2 generated in step 9 and 1

(Scheme 1), respectively, could produce SO5
22, which is

subsequently protonated to produce monoperoxysulfate
(HSO5

2). The release of HSO5
2 from the intermediate by Fe–O

† Electronic supplementary information (ESI) available: plots of pH vs. rate
of sulfoxidation. See http://www.rsc.org/suppdata/cc/b1/b104529f/

Scheme 1 Reaction scheme for the HRP–SO3
22–O2 system. The catalytic

cycle postulated by our results is indicated inside the square; SO3
·2 and

O2
·2 generated by step 1 and 9, respectively, would mediate the oxidation

reaction outside of the active site under the conditions described here.

Table 1 Oxidation of thioanisolea

Protein Oxidant
Initial rate/
turnover min21 %ee

HRP H2O2 1.1 77b

HRP sulfite and O2 1.2 0
a The reaction mixture containing HRP (5 mM) and thioanisole (2 mM) was
incubated with either H2O2 (0.6 mM) or sodium sulfite (0.6 mM) at 25 °C
in sodium phosphate buffer (50 mM, pH 7.0). The sulfoxide product
extracted with CH2Cl2 was analyzed by HPLC equipped with a Dicel OD
chiral column as reported in ref. 4. The reported values are the average of
two independent experiments. For anaerobic experiments, the vessel
containing the reaction mixture was frozen, evacuated and then filled with
nitrogen. The procedure was repeated three times to remove dissolved
oxygen. Sulfoxidation was then performed under a nitrogen atmosphere.
b The S isomer is the major product.
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bond cleavage (step 6 in Scheme 1) is excluded because
superoxide is not involved in the catalytic cycle (step 1 ? 2 ?
3 ? 6 in Scheme 1) and the observed inhibition in the presence
of SOD and catalase can not be rationalized.

Plots of sulfoxidation rate vs. pH examined in the range pH
5–10 reveal that the reaction with sulfite does not proceed below
pH 5, and the optimum pH is found to be 7 (see ESI†). The trend
here is similar to that observed for nickel-catalyzed oxidative
deamination with sulfite under aerobic conditions13 but differs
from the pH profile for the HRP–H2O2 system, which can
produce sulfoxide even below pH 6. The result is consistent
with our hypothesis that the oxidation mechanism is altered
when SO3

22–O2 instead of H2O2 is utilized.
Styrene and guaiacol oxidations by HRP with sulfite and

oxygen provide further support for the proposed reaction
scheme (Scheme 1). In contrast to sulfoxidation, the epoxida-
tion reaction by compound I requires interactions of the two
vinyl carbons with a ferryl oxygen atom. Since the active site of
HRP is sterically hindered, it was previously reported that
compound I of HRP could not efficiently oxidize styrene.2,4

However, styrene oxide is detected in the mixture of HRP–
styrene–SO3

22–O2 (Table 3) although the rate of oxidation is
slow. In addition, phenylacetaldehyde, which is normally
observed as a side product of compound I mediated epoxidation
by other hemoproteins, is not produced.14–18 The results
indicate that monooxygenation reactions in the HRP–SO3

22–
O2 system do not proceed via compound I but occur outside of
the heme pocket by monoperoxysulfate. Significantly, slow
one-electron oxidation of guaiacol exhibited by HRP with
SO3

22 and O2 also indicates that the intermediate formation

(step 3 in Scheme 1) or/and the heterolytic cleavage of the O–O
bond in Fe(III)–SO5

22 species (step 5 in Scheme 1) is not an
efficient process since guaiacol can not be oxidized by
monoperoxysulfate but only by compound I. The addition of an
excess of monoperoxysulfate to ferric HRP (step 7 in Scheme 1)
somewhat facilitates compound I formation to improve the one-
electron oxidation activity (4.1 turnover min21); however, the
rate is 6500-fold slower than the value obtained in guaiacol
oxidation with H2O2. It was previously reported that high valent
metal–oxo species generated from water-soluble porphyrins
and oxygen atom donors (KHSO5, H2O2, … etc.) mediate the
oxidation of alcohols, olefins or DNA,19–23 but the active site of
HRP may not be large enough to accommodate HSO5

2 as a
good oxidant.

In summary, we report that HRP can utilize SO3
22 and O2 to

oxidize thioanisole and styrene, but the catalytic species is not
compound I as established in the oxidation with H2O2. Our
mechanistic studies imply that monoperoxysulfate (HSO5

2)
generated from O2

·2 and SO3
·2mediates the oxidation reaction

outside of the heme pocket. A similar mechanism might be
involved in the metalloprotein associated biological toxicity of
sulfite inhaled from industrial emissions or ingested as a
preservative in foods.24

We thank Drs Naohiko Masuda, Minoru Ishii and Yoshihito
Watanabe for their technical support. Financial support of this
work by Grant-in-Aid for Scientific Research (No. 10680575)
and Mitsubishi Chemical Corporation Fund for S. O. is
gratefully acknowledged.
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Table 2 Inhibition of thioanisole oxidation by additivesa

Additive Relative activity (%)

—b 100
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Methanold 96
Ethanold 82
tert-Butyl alcohold 96

a Reactions were conducted with HRP (5 mM), thioanisole (2 mM), sodium
sulfite (0.6 mM) and additive(s) in sodium phosphate buffer (50 mM, pH
7.0) at 25 °C for 10 min. The reported values are the average of two
independent experiments. SOD and catalase did not inhibit chemical
oxidation of thioanisole by monoperoxysulfate (0.6 mM). b No additive.
c SOD (10 units) and catalase (11 units) added to the reaction mixture. d The
concentration of additive is 25 mM.

Table 3 Epoxidation of styrene

Experiment Protein Oxidant Rate

1a HRP H2O2 NDc

2a HRP Sulfite and O2 200b

3d — Monoperoxysulfate 250b

4e — Sulfite and O2 NDc

a Styrene (1 mL) was added to HRP (5 mM) in 0.5 mL of sodium phosphate
buffer (50 mM, pH 7.0). The concentration of styrene was expected to be 17
mM, but the reaction mixture appeared to be slightly turbid. To the styrene-
saturated solution, either H2O2 (0.6 mM) or sodium sulfite (0.6 mM) was
added to initiate the reaction at 25 °C. Products were extracted with
CH2Cl2 and analyzed by GC on a Shimadzu CBP1 capillary column. The
reaction time varied from 20 to 120 min to obtain the time vs. epoxide
formation plot. A linear relationship was observed for 120 min, and the rate
was determined as the slope of the plot. The quoted values are the average
of two independent experiments. b pmol of epoxide min21. c Not de-
tected.d The reaction was performed with monoperoxysulfate (0.6 mM) in
the absence of HRP. Since the exact concentration of monoperoxysulfate in
the HRP–sulfite–O2 solution can not be determined, direct comparison of
the rates in experiments 2 and 3 would not be appropriate, however, the
results indicated that the epoxide could be produced from styrene with
monoperoxysulfate. e Oxidation was also performed with sodium sulfite
(0.6 mM) with styrene aerobically in the absence of HRP, but the epoxide
product was not detected.
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Reversible trans–cis photoisomerization of azobenzene-attached
bipyridine ligands coordinated to cobalt using a single UV light source
and the Co(III)/Co(II) redox change
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The trans/cis ratio of the azobenzene-attached bipyridine
ligands in a cobalt complex is reversibly altered by a
combination of photoirradiation with a single UV light
source and the reversible redox change between Co(II) and
Co(III).

The photoisomerization of organic azobenzenes is a subject of
current research interest with regard to information storage and
photo-switching molecular devices.1 Molecular motion induced
by isomerization of the azo group can be controlled by a
combination of UV- and visible-light irradiation, where the
former (p–p* transition) achieves the trans-to-cis isomerization
and the latter (n–p* transition) promotes the reverse isomeriza-
tion.2 Thus, use of two different light sources to achieve
reversible molecular motion is an essential factor in the
development of molecular devices.3 An exception, which made
use of a photochemical–electrochemical hybrid system, has
been reported by Fujishima and coworkers.4 Transition metal-
conjugated azo compounds5,6 can provide new advanced mo-
lecular functions utilizing combination of the photoisomeriza-
tion and redox change of the metal center. In this
communication, we report the first example of reversible trans–
cis isomerization of the azo group achieved through a
combination of photoirradiation and a redox cycle between
Co(II) and Co(III), that makes possible both forward and
backward isomerization in response to irradiation with a single
light source (Scheme 1). A novel tris(azobenzene-attached
bipyridine)cobalt complex was employed in this system, since
both the Co(II) and Co(III) complexes are fairly stable in air
under ambient conditions.

A tolylazophenylbipyridine ligand, azobpy, was synthesized
through the coupling of 4-(4B-anilino)-2,2A-bipyridine and
4-nitrosotoluene.7 The Co(II) complex of azobpy, [CoII-
(azobpy)3](BF4)2, was obtained by reaction of CoII(NO3)2 with
azobpy in dichloromethane at room temperature, followed by
exchange of the counter ion with NEt4BF4. The oxidation of
[CoII(azobpy)3]2+ was carried out with AgCF3SO3 and [CoIII-
(azobpy)3](BF4)3 was precipitated through the addition of an
excess amount of NH4BF4.† In the 1H NMR spectrum, two
distinct signals of the terminal methyl group and complicated
signals of aromatic ring protons were derived from a mixture of
mer- and fac-isomers of [CoIII(azobpy)3]3+ with respect to three
tolylazophenyl groups.

In a cyclic voltammogram of [CoII(azobpy)3](BF4)2, a
reversible Co(III)/(II) redox wave and a quasi-reversible
Co(II)/(I) redox wave were observed at 20.15 and 21.27 V vs.
ferrocenium/ferrocene (Fc+/Fc) in dichloromethane, respec-
tively.

UV–VIS absorption spectra of azobpy, [CoII(azobpy)3]-
(BF4)2 and [CoIII(azobpy)3](BF4)3 showed p–p* bands due to
the azo group at lmax = 345 nm (e = 3.5 3 104 mol21 dm3

cm21), 360 (1.1 3 105) and 374 (9.7 3 104), respectively. An
increase in the electron-withdrawing effect on the azo group in
response to the oxidation of Co(II) to Co(III) resulted in a lower
energy of the p–p* band.8 Upon irradiation to the dichloro-
methane solution of azobpy with UV light at 366 nm,‡ the p–p*
band decreased and the n–p* band of the azo group at 445 nm
increased in intensity, showing a typical trans-to-cis isomeriza-
tion of the azobenzene moiety [Fig. 1(a)]. The molar ratio of the
cis-form reached 92% in the photostationary state (PSS). The
spectral change of [CoII(azobpy)3](BF4)2 in dichloromethane is
essentially similar to that of azobpy upon irradiation with the
366 nm light, and 40% of the trans-azobenzene moiety was
found to be changed into the cis-form in PSS [Fig. 1(b)]. The
irradiation with 438 nm light reversed the spectral change,
indicating a cis-to-trans isomerization. Intriguingly, almost no
decrease in absorbance of the p–p* band of [CoIII(azo-
bpy)3](BF4)3 was observed under the same 366 nm light
irradiation, suggesting that the cis-to-trans back-reaction of the
Co(III) complex is much more effective than that of the Co(II)
complex in PSS (vide infra).

The difference in the cis-form concentrations in PSS between
Co(II) and Co(III) described above indicates the possibility of a
reversible trans–cis conversion with single monochromatic
light irradiation by changing the redox state between Co(II) and
Co(III). To test this hypothesis, we carried out the following
experiments. A dichloromethane solution of the trans-form of
[CoII(azobpy)3](BF4)2 was irradiated with 366 nm light to reach
PSS, and the resulting mixture of trans- and cis-forms was
oxidized with a stoichiometric amount of 1,1A-dichloroferrocen-
ium hexafluorophosphate, [Fe(h5-C5H4Cl)2]PF6 (E0A = 0.19 V
vs. Fc+/Fc).5 The ratio of the cis-form remained constant after
the oxidation, the thermal isomerization to the trans-form
proceeding very slowly in the dark [the recovery of absorbance
of the p–p* band was not pronounced in intensity over 30 min

Scheme 1
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Fig. 2(b)]. When the oxidized solution was exposed again to
366 nm light, the cis-to-trans photoisomerization promptly
occurred to create the trans-rich PSS which is characteristic of
the Co(III) state, accompanied by a fast increase in the
absorbance of the p–p* band within a few minutes [Fig. 2(a)].
The Co(III) complex in PSS upon irradiation with 366 nm light
was re-reduced with a stoichiometric amount of 1,1A-acetyl-
cobaltocene, [Co(h5-C5H4COMe)2] (E0A = 20.76 V vs. Fc+/
Fc)9 and the exposure to the same 366 nm light resulted in a
trans-to-cis isomerization to reach the different PSS that is
characteristic of the Co(II) state. These results suggest that a
reversible trans–cis isomerization can be achieved by a
combination of the reversible redox change between Co(II) and
Co(III) and irradiation with a single UV light source, which is a
novel route differing from the reversible isomerization of
general organic azobenzenes with a combination of p–p* and
n–p* excitation employing UV and visible light, respectively
(Scheme 1).

The redox-coupled photoisomerization system described
above may enable continuous control of total conversion to the
cis-form of azobenzene moieties in PSS by means of a
continuous change in Co(II) to Co(III) complex molar ratio upon
irradiation with monochromatic 366 nm light. Solutions
consisting of various molar ratios of the Co(III) complex, x, were
prepared by the addition of x equivalents of [Fe(h5-
C5H4Cl)2]PF6 to the solution of [CoII(azobpy)3](BF4)3, which
was then irradiated with 366 nm light. After reaching PSS
within a few minutes, the Co(II) component was oxidized with

1 2 x equivalents of [Fe(h5-C5H4Cl)2]PF6 to estimate the total
formation ratio of the cis-azobenzene moiety by using the
absorbance of the p–p* band normalized as the Co(III) complex
(Fig. 3). The contribution of thermal cis-to-trans isomerization
to the cis ratio can be neglected, as the process proceeds very
slowly compared to the photo-process, as already mentioned.
The conversion ratio of the cis-form was found to linearly
correlate with the ratio x within 0–40%. A similar continuous
control of the conversion ratio of the cis-form for organic
azobenzenes can be achieved by tuning the relative intensities
of two different monochromatic light sources or by selection of
a suitable excitation wavelength closely associated with
overlapping of the p–p* and n–p* bands. Compared with these
photochemical methods, the combination of the photoisomer-
ization and the redox processes of the metal complex-
conjugated azobenzene is a more facile and precise pathway to
adjust the cis conversion ratio.

In conclusion, reversible trans–cis isomerization has been
achieved by a combination of the reversible redox reaction
between Co(II) and Co(III) and single UV-light irradiation. This
method should provide a new design for photochemical and
electrochemical hybrid molecular devices. We are currently
expanding the method developed in the present study to a
modified electrode system in which the redox state of Co can be
controlled electrochemically.

This work was supported by Grants-in-Aid for scientific
research (Nos. 10149102, 11167217 and 11209003) from the
Ministry of Culture, Education, Science, Sports and Technol-
ogy, Japan, the Ogasawara Foundation, and the Tokyo Ohka
Foundation.

Notes and references
† Characterisation data: [CoII(azobpy)3](BF4)2; ESI-MS: m/z 554.7 ([M 2
2BF4]2+). Anal. Calc. for C69H542CoF8N12·3.5H2O: C, 61.53; H, 4.56; N,
12.48. Found C, 61.55, H, 4.50; N, 12.34%. [CoIII(azobpy)3](BF4)3; ESI-
MS: m/z 1283 ([M 2 BF4]+). Anal. Calc. for C69H54B3CoF12N12·3H2O: C,
58.17; H, 4.24; N, 11.80. Found C, 58.11, H, 4.27; N, 11.62%.
‡ The light source was a super-high-pressure mercury lamp (500 W, USHIO
Electronic. Inc.) and the wavelength was selected with a monochromator
(Jasco CT-10).
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Fig. 1 UV–VIS absorption spectral change of azobpy (2.62 3 1025 mol
dm23) (a), [CoII(azobpy)](BF4)2 (1.17 3 1025 mol dm23) (b), and
[CoIII(azobpy)](BF4)3 (1.20 3 1025 mol dm23) (c), in dichloromethane
upon irradiation with 366 nm light.

Fig. 2 Change in absorbance at 360 nm with time upon irradiation with 366
nm light (2) and in the dark (5) after a dichloromethane solution of
[CoII(azobpy)3](BF4)2 (1.04 3 1025 mol dm23) was first irradiated with
366 nm light to reach PSS and then oxidized with [Fe(h5-C5H4Cl)2]PF6.

Fig. 3 Correlation between the conversion ratio of the cis-form and the
molar ratio, x, of the Co(III) complex.
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A novel luminescent copper(I) complex containing an
acetylenediide-bridged, butterfly-shaped tetranuclear core
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A novel luminescent acetylenediide-bridged tetranuclear
copper(I) complex [Cu4(m-Ph2Ppypz)4(m4-h1,h2-C·C)]-
(ClO4)2 [Ph2Ppypz = 2-(diphenylphosphino-6-pyrazol-
1-yl)pyridine] has been synthesized and structurally charac-
terized by X-ray crystallography.

Metal acetylides have been subjected to intensive study for
many years.1 The interest mainly stems from: (i) the ability of
the acetylide group to bond to transition metals, forming a
growing number of mono- and poly-nuclear complexes that
display an unusually rich variety of structures; (ii) the versatile
reactivity of the coordinated acetylide group in its complexes,
which serve as useful precursors for the synthesis of other target
organometallic compounds. In contrast to the plethora of
ethynyl complexes containing acetylenide ligands of the type
R–C·C2, ethynediyl complexes containing the acetylenediide
ligand, C2

22, that exhibits the known coordination modes2

shown in Fig. 1 are relatively rare.
The group 11 metal acetylides M2C2 exhibit properties that

are characteristic of covalent polymeric solids. They are
insoluble in many common solvents, and highly explosive and
sensitive to mechanical shock when completely dried. Some
examples of (m-C·C)bis[(phosphine)gold(I)] complexes have
been reported.3 In these complexes, the C2

22 anion coordinates
a pair of gold atoms by s-bonding to form a linear molecule.
Double salts of silver(I) acetylide were studied over half a
century ago,1a and recently several novel triple and quadruple
salts have been synthesized.5d,e Their structures exhibit a
variety of polyhedral silver cages each encapsulating a C2

22

anion (C2@Agn, n = 6, 7, 8, 9).5 In the context of the chemistry
of copper(I) acetylide, development has been hampered by its
insolubility in common solvents and the lack of general
methods for the synthesis of its derivatives. To date, there is
only one known ethynediyl copper(I) complex, namely [Cu4(m-
dppm)4(m4-h1,h2-C·C)](BF4)2 [dppm = bis(diphenylphosphi-
no)methane] 1 where the C2

22 anion coordinates four rectangu-
larly arranged copper atoms by distinct s and p bonding, and
this planar D(1) coordination mode is illustrated in Fig. 1.6a

Here we report the synthesis, structure and luminescence
properties of a related complex [Cu4(m-Ph2Ppypz)4(m4-h1,h2-
C·C)](ClO4)2 [Ph2Ppypz = 2-(diphenylphosphino-6-pyrazol-

1-yl)pyridine] 2, in which the coordination mode of C2
22 is

D(2), with the metal atoms arranged about it in a butterfly
configuration.

The synthesis of 2 is shown in Scheme 1. In the first method,
1 equiv. BunLi was added at room temperature to a solution of
0.5 equiv. Me3SiC·CH in pre-dried, degassed THF under an
inert nitrogen atmosphere, and 1 equiv. [Cu2(m-
Ph2Ppypz)2(MeCN)2](ClO4)2 was then introduced with stirring.
After evaporation to dryness, the resulting solid was extracted
with CH2Cl2. Subsequent diffusion of diisopropyl ether into the
concentrated solution gave air-stable orange crystals of
2·3CH2Cl2. In the second method, 0.45 equiv. NaC·CH was
added to a solution of 1 equiv. [Cu2(m-Ph2Ppypz)2(MeC-
N)2](ClO4)2

7a in degassed THF at 278 °C under an inert
atmosphere of nitrogen, and the solution was stirred for 24 h at
room temperature. The work-up was similar to that in the first
method. However, the yield of the second method is very low
( < 10%) due to formation of Cu2C2 as the major product. The
much higher yield by the first method (60%) is attributable to
the gradual release of C2

22 from Me3SiC·C2. Complex 2 gave
satisfactory C,H,N analyses, and was subsequently charac-
terized by 13C{1H} NMR spectroscopy and X-ray crystallog-
raphy.† In the 13C{1H} NMR (CD2Cl2) spectrum, the resonance
for carbon in the –C·C– group appeared at d 68.65, comparable
with that in C2H2 (d 71.90). Although the C·C stretching
vibration is IR active in coordination mode D(2), the intensity is
weak and scarcely observable in the IR spectrum.

Fig. 2 shows a perspective drawing of the tetranuclear cation
in 2·3CH2Cl2 with the atomic numbering scheme. The cation
has crystallographic C2 symmetry. Its structure consists of a
butterfly-shaped tetranuclear Cu4C2 core in which the acet-
ylenediide anion bridges a pair of Cu2 sub-units in both h1 and
h2 bonding modes. The normal electron count requires that the
C2

22 anion acts as a six-electron donor according to the
covalent model. While the interaction of the C2

22 anion with
each Cu2 sub-unit resembles that found in other m-h1,h2-
acetylido complexes, best overlap of the two p orbitals of the
C2

22 ligand with the metal orbitals would require that the two
Cu2 sub-units be orthogonal to each other. As shown in Fig. 2,
the Cu(2)–C(1)–C(1A)–Cu(2A) system is approximately linear,
and the dihedral angle between the planes Cu(1)–C(1)–C(1A)
and Cu(1A)–C(1)–C(1A) is 129.0(3)°, which is very distinct

Fig. 1 Coordination modes of C2
22 to metal atoms. In mode A, the metal

centers are bridged by the C2
22 anion through s bonds.1g,2b,c,3 In mode B,

the C2
22 anion is p-bonded to a pair of metal atoms.4 In mode C, the C2

22

species is encapsulated in a polyhedral metal cage.5 In modes D(1) and
D(2), the metal atoms are bridged by the C2

22 anion through distinct s and
p bonds in a planar6 and non-planar5b configuration, respectively.

Scheme 1 Synthesis of acetylenediide-bridged tetranuclear copper(I)
complex. Reagents and conditions: i 1 equiv. BunLi and 0.5 equiv.
HC·CSiMe3, THF, 0 °C; ii 0.45 equiv. NaC·CH (18 wt% slurry in xylene
oil), THF, 278 °C.
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from the planar Cu4C2 core in 1. A plausible reason is that the
pyridinopyrazole group has less steric hindrance than the dppm
group. The C·C bond in 2 [1.26(1) Å] is identical to that in 1 but
longer than those (1.15–1.22 Å) in the ethynediyl silver and
gold complexes. The shortest copper–copper distance Cu(1)–
Cu(2) 2.843(1) Å lies between those in [Cu2(m-Ph2Ppypz)2(m-
C·CPh)](ClO4) [2.516(1) Å] and 1 [3.264(2) and 3.245(2) Å],
which is suggestive of cuprophilic interaction between the
copper(I) centers.8 The coordination number of each copper
atom in 2 is four, in contrast to the coordination number of three
in 1. The reason can also be attributed to the difference in steric
bulk of the two ligands. The dppm ligand is soft and bulky, and
the binuclear complex [Cu2(MeCN)4(dppm)2](BF4)2 readily
reacts with halide or RC·C2 to form a trinuclear complex.9 On
the other hand, Ph2Ppypz is more rigid and [Cu2(MeCN)2(Ph2P-
pypz)2](ClO4)2 reacts with halide or RC·C2 to form other
binuclear products.7

The electronic absorption and emission spectra of complex 2
in CH2Cl2 are shown in Fig. 3.‡ The electronic spectrum
exhibits absorption bands at ca. 340–400 nm (labs

max/nm (emax/
dm3 mol21 cm21), 345sh (100 000), 364sh (63 827), 373
(37 675), 396 (28 400)). A similar band is also observed in 1 at
374 nm. Such bands most likely involve the Cu4C2 core, so they
are assigned to LMCT bands of [(C·C)22?Cu4]. Excitation of

2 in dichloromethane at l > 350 nm produces blue–green
luminescence (408, 430, 448sh, 475sh nm). Vibronically
structured bands with two progressional spacings at 2188 and
2203 cm21, characteristic of the n(C·C) stretch,9b–d were
observed. The appearance of vibrational progressions is sugges-
tive of involvement of the C2

22 unit in the excited state. The
overlap of the emission bands with the low-energy excitation
bands and a quite small Stokes shift, quite distinct from the case
in 1, are assigned to the rigid and unsubstituted aromatic ring of
Ph2Ppypz. A possible origin of the emission involves emissive
states derived from [(C·C)22?Cu4] LMCT mixed with d?s
character. Similar assignments have been proposed for other
alkynyl/alkynediyl copper(I)/silver(I) systems.9

This project is supported by Hong Kong Research Grants
Council Earmarked Grant CUHK 4022/98P.

Notes and references
† Crystal data for compound 2: C82H64Cl2Cu4N12O8P4·3CH2Cl2, M =
2049.17, monoclinic, space group C2/c (no. 15), a = 21.343(9), b =
17.303(8), c = 26.26(1) Å, b = 97.79(1)°, V = 9607(7) Å3, Z = 4, Dc =
1.417 Mg m23, F(000) = 4160, m(Mo-Ka) = 1.22 mm21, 25902
reflections measured, 8484 unique (Rint = 0.061), final R1 = 0.055, wR2 =
0.152 for 8484 independent reflections [I > 2s(I)]. Data collection was
performed at 293 K on a Bruker SMART 1000 CCD diffractometer using
frames of oscillation range 0.3°, with 1.5 < q < 25°. CCDC reference
number 160440.

See http://www.rsc.org/suppdata/cc/b1/b102717b/ for crystallographic
data in CIF or other electronic format.
‡ The emission and excitation spectra were obtained with a RF-540
fluorimeter (conc. 1025 mol dm23, CH2Cl2). The excitation wavelength
was 368 nm.
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Fig. 2 Perspective drawing (thermal ellipsoids at 35% probability level) of
the tetranuclear copper(I) cation in 2·3CH2Cl2 with the atomic numbering
scheme. Hydrogen atoms and phenyl rings have been omitted for clarity.
Selected bond lengths (Å) and angles (°): Cu(1)–C(1) 2.143(6), Cu(1)–
C(1A) 2.215(6), Cu(2)–C(1) 1.931(6), Cu(1)–Cu(2) 2.843(1), C(1)–C(1A)
1.26(1), Cu(1)–P(1) 2.220(2), Cu(1)–N(4) 2.244(5), Cu(1)–N(6) 2.050(5),
Cu(2)–P(2) 2.217(2), Cu(2)–N(1) 2.116(5), Cu(2)–N(3) 2.104(5), Cu(1)–
C(1)–C(1A) 76.3(5), Cu(2)–C(1)–C(1A) 160.9(7), dihedral angle between
planes Cu(1)–C(1)–C(1A) and Cu(1A)–C(1A)–C(1) 129.0(3)°. Symmetry
code: A  2x, y, 1⁄2 2 z.

Fig. 3 Excitation spectrum (left, ——) and emission spectrum (right, - - - -)
of 2 in CH2Cl2 at 298 K.
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The reactions of the title ylide with HgX2 (X = Cl, Br or I)
lead to the regiospecific binding of the acetyl oxygen to soft
Hg(II), producing a chloro complex with (2 + 2) coordination
and isostructural dimeric bromo and iodo complexes con-
taining halogen bridges with tetrahedral configurations
around the metal centres.

The ambidentate resonance stabilized ylide, Ph3PCHCOPh
coordinates through carbon and oxygen to Hg(II)1,2 and U(VI),3
respectively. The diketo ylide, a-acetyl-a-benzoylmethylene-
triphenylphosphorane (ABPPY) has an additional oxygen site
for coordination and can utilize different bonding modes. The
symmetrical bidentate O-coordination of the carbonyl groups
had been recently observed by us in its reaction with uranyl
nitrate.3 We present herein the regiospecific coordination of the
diketo ylide to the soft metal center, Hg(II) via the acetyl
oxygen. This paper represents the first report of O-coordination
of any keto phosphorus ylide to Hg(II).

The parent ylide was prepared by the action of acetic
anhydride on Ph3PCHCOPh and spectrally characterized as
published.4 The action of HgX2 on an equimolar methanolic
solution of the ylide afforded the complexes HgCl2(ABPPY)2
(1), [HgBr2(ABPPY)]2 (2) and [HgI2(ABPPY)]2 (3) which were
formed as crystals, on cooling the concentrated solution.
Elemental analyses of the products revealed their stoichiometry.
In the FTIR spectra of the products, the nCO for the COMe group
observed at 1537 cm21 for ABPPY is shifted to 1526, 1573 and
1575 cm21 in 1, 2 and 3, respectively. The corresponding
frequencies for the COPh group occur at 1566, 1568, 1600 and
1596 cm21 in the above molecules. It is significant that the nCO
values are very similar in 2 and 3 as expected for the identical
environment of their two carbonyl groups. In the 13C{1H} NMR
spectra of the products in CDCl3, the resonance due to the ylidic
carbon at d 86.35 as well as the 1JPC of 101.8 Hz observed for
the free ylide is not very much shifted in the products. The 31P
NMR spectra contain a single signal around d 17 for the ylide
and each of the complexes. This suggests the presence of a
single isomer in all the complexes, with the oxygen being
bonded to the metal. In contrast, the C-coordination which
implies a change in the hybridization for the ylidic carbon is
characterized by its upfield 13C chemical shifts5 and also by the
downfield shifts of 31P NMR signals.1 That the bonding of the
ylide to Hg(II) in the chloro complex is much weaker than in the
bromo and the iodo complexes is indicative in the 1H NMR
spectra in which the methyl group resonances appear at d 1.80,
1.81, 1.70 and 1.71 for the free ylide and complexes 1, 2 and 3,
respectively.

In order to establish the region and mode of coordination,
single crystal X-ray analysis‡ of the complexes has been

undertaken. The solid state structure of 1 shows that it adopts a
square planar geometry with two collinear strong covalent Hg–
Cl bonds referred to as ‘characteristic coordination.’ The
preference for a characteristic coordination number of two for
mercury in its complexes with electronegative ligands, as
observed in 1 has been attributed to relativistic effects.6 The
Hg–O bond lengths are distinctly longer in the chloro complex
and denoted7 as ‘secondary bonds.’ The importance of such
inter-species interactions has been realized in solid state
architecture, molecular recognition, prototype ‘ionic liquids’
and biological chemistry.8 Semiempirical calculations at the
PM3 level9 corroborate the geometry and bond parameters of 1,
discerned from X-ray crystallography. In particular, the calcu-
lated values, 173.9 and 179.2°, for O–Hg–O and Cl–Hg–Cl
angles, respectively, are comparable to the experimental values
(Fig. 1). Mulliken population analysis10 on the title ylide shows
that the oxygen of the COMe group possesses a higher negative
charge (20.47) than the oxygen of the COPh group (20.38).
The linear disposition of secondary bonds in 1 is traceable to the
electrostatic interactions caused by the bulky ylide ligands
precluding any weak covalent interactions involving p orbitals.
The latter type of interactions is indicated by B3LYP11/
LANL2DZ12 calculations for the identical Hg–O bonds in
HgCl2(HCHO)2

13 and likely to be present in the crystal
structure of HgCl2(chd) (chd = cyclohexane-1,4-dione) com-
plex14 with an observed O–Hg–O angle of 86°. The Hg(II) in
each of the molecules 2 and 3 has a tetrahedral coordination
environment with two unsymmetrically bridging Hg–X bonds.
The oxygen of the acetyl group is oriented cis to the phosphorus

† Electronic supplementary information (ESI) available: analytical and
spectroscopic data for 1–3. See http://www.rsc.org/suppdata/cc/b1/
b104082k/

Fig. 1 ZORTEP view of 1 with 50% probability thermal ellipsoids and
selected atom labelling scheme. The hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (°): Hg1–O1 2.707(2), Hg1–O3
2.735(2), Hg1–Cl1 2.283(4), Hg1–Cl2 2.297(3); O1–C2 1.275(11), O2–C3
1.227(11), O3–C6 1.249(12), O4–C7 1.247(11), P1–C1 1.788(8), P2–C5
1.731(10), Cl1–Hg1–Cl2 179.8(2), O1–Hg1–O3 179.0(2), Hg1–O1–C2
118.4(7), Hg1–O3–C6 123.5(7).

This journal is © The Royal Society of Chemistry 2001
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in all the three complexes as is evident from the P–C–C–O
torsion angles of 0.0 and 6.1° in 1, 0.8° in 2 and 8.31° in 3.

We conclude that novel bonding modes to Hg(II) could be
mediated by the flexidentate ylide, ABPPY. It is significant that
HgCl2 prefers to form the 1:2 complex, albeit with secondary
Hg···O interactions. The coordination of the ylide to mercury in
2 and 3 through the lone pair on the unpolarized acetyl oxygen
is shown by the C2–O1 and C1–C2 bond lengths, by the bond
angles around the trigonal acetyl oxygen (Fig. 2) and also by the
upward shifts for the nCO of COMe group in the IR spectra of
the products. This type of bonding that involves the canonical
keto form of the ylide contrasts with the enolate bonding of
Ph3PCHCOMe.15 We ascribe this keto-coordination of the ylide
found in both 2 and 3 to the symbiotic effects of the softer
halogens.
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Notes and references
‡ Crystal data: for 1: C56H46Cl2HgO4P2, a = 13.4399(2), b = 10.0105(3),
c = 17.9576(4) Å, b = 100.525(2)°, V = 2375.37(10) Å3, space group P21,
Z = 2, Dc = 1.561 Mg m23, m(Mo-Ka) = 3.467 mm21, reflections
collected/unique 25177/11404, refinement method: full-matrix least-
squares on F2; data/restraints/parameters 11403/1/254, goodness-of-fit on
F2 1.025. Final R indices [I > 2s(I)] R1 = 0.0267, wR2 = 0.0587; R indices
(all data) R1 = 0.0430, wR2 = 0.0645.

For 2: C28H23Br2HgO2P, a = 9.5287(6), b = 11.6425(8), c =
12.3992(8) Å, a = 94.835(2)°, b = 98.281(2), g = 102.172(2)°, V =
1321.22(15) Å3, space group P1̄, Z = 2, Dc = 1.968 Mg m23, m(Mo-Ka)
= 8.933 mm21, reflections collected/unique 13906/6329, refinement
method: full-matrix least-squares on F2, data/restraints/parameters
6329/0/142, goodness-of-fit on F2 1.041. Final R indices [I > 2s(I)] R1 =
0.0310, wR2 = 0.0743; R indices (all data) R1 = 0.0371, wR2 = 0.0766.

For 3: C28H23I2HgO2P, a = 8.9528(2), b = 11.7157(3), c = 13.8223(2)
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mm21, reflections collected/unique 14475/6554, refinement method: full-
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0.0637; R indices (all data) R1 = 0.0401, wR2 = 0.0669.

The intensity data, collected at 150 K on a standard Siemens SMART 1K
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effects. Non-hydrogen atoms anisotropic; hydrogen atoms in idealized
positions. Programs used: SAINT16 (X-ray data processing), SADABS17

(absorption correction), MOPAC6.018 (semiempirical PM3 calculations)
SIR-97, (structure solution) SHELX-97 (structure refinement), PARST96
(geometrical calculations) and ZORTEP (molecular Graphics).

CCDC reference numbers 167767–167769. See http://www.rsc.org/
suppdata/cc/b1/b104082k/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 ZORTEP view of 2 and 3 with 50% probability thermal ellipsoids and
selected atom labelling scheme. The hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (°): for 2: Hg1–O1 2.397(3), Hg1–Br1
2.4693(5), Hg1–Br2 2.4420(5), Hg1–Br1A 2.9997(5), O1–C2 1.270(5),
O2–C3 1.239(5), P1–C1 1.770(4); O1–Hg1–Br1 100.86(7), O1–Hg1–Br2
105.87(7); O1–Hg1–Br1A 87.67(7), Br1–Hg1–Br1A 90.76(2), Hg1–O1–
C2 128.9(3). For 3: Hg1–O1 2.370(3), Hg1–I1 3.120(1), Hg1–I2 2.615(1),
Hg1–I1A 2.676(1), O1–C2 1.269(5), O2–C3 1.223(5), P1–C1 1.766(4);
O1–Hg1–I1 81.37(8), O1–Hg1–I2 104.05(8), O1–Hg1–I1A 102.80(8), I1–
Hg1–I1A 92.49(1), Hg1–O1–C2 129.6(3).
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The addition of diethylamine to Stille alkylation reactions
using stannanes improves yields by reducing b-hydride
elimination and reduction reactions, it also serves as a
substitute for other additives such as Cu(I)I.

The Stille reaction is a member of a large family of palladium-
catalysed cross-coupling reactions. However, its generality and
high degree of success have made it popular among synthetic
chemists. One obvious reason for such popularity is the
reaction’s versatility.1 It is frequently used in the total syntheses
of large polyfunctional molecules for the coupling of complex
subunits.2,3 However, it is sometimes found that it is not
universally applicable and that many substrates require specific
reaction conditions for cross-coupling to be successful.1–5

There are relatively few examples of the successful introduc-
tion of alkyl groups employing Stille cross-coupling reactions
described in the literature,6 and for a-iodocyclohexenones the
reported yields are only moderate. This is probably due to
failure resulting from competing b-hydride elimination when
employing stannanes with alkyl groups bearing b-hydrogens
and to the low reactivity of the system. A further problem often
encountered is the competing reduction of vinylic or aromatic
halides to the corresponding hydrocarbon. This can be a serious
problem where the halide is unreactive.

Several reports have appeared relating to the importance of
intramolecular participation by amino groups in Stille cross-
coupling reactions. For example, it has been reported that alkyl
derivatives of 1-aza-5-stannabicyclo[3.3.3]undecane were re-
active in Stille couplings with aryl and alkenyl halides,7,8

without b-hydride elimination. It was suggested that intra-
molecular tin–nitrogen coordination could be the reason.

A difficult case for Stille coupling is represented in Scheme 1
(Table 1) where the highly substituted aryl iodide 1 having an

amido group reacted readily with allyl triphenylstannane in the
presence of Pd to form the expected product 3 in good yield
(95%). The ester 2 under a wide range of normally successful
conditions afforded a maximum of 36% of 4.

Assuming that the nitrogen atom of the amide was facilitating
the aryl transfer process for 1 by intramolecular chelation,9 we
added diethylamine to the reaction mixture, containing ester 2,
to ascertain if the corresponding intermolecular process was
possible. This resulted in a 87% isolated yield of the expected
allyl compound 4. No amination10 or amidification products
were isolated. We next applied these findings to other cases.

Alkylation of the iodoenone 5 under ‘normal’ Stille condi-
tions with tetrabutylstannane gave none of the expected
butylated compound 6 but high yields of the reduced product 9
(Scheme 2). The addition of diethylamine to this reaction

† Electronic Supplementary Information (ESI) available: Tables—Stille
coupling of a-iodoenone 5 with Et4Sn and Me4Sn, and general procedure.
See http://www.rsc.org/suppdata/cc/b1/b103072h/

Scheme 1 Stille coupling at a polysusbstituted aromatic compound.

Table 1 Stille coupling at polysubstituted aromatic compounds 1 and 2a

Cpd Pd cat Ligand LiCl Et2NH Prod. Time Yield

1 Pd(PPh3)2Cl2 PPh3 Yes No 3 2 h 95%
2 Pd(PPh3)2Cl2 PPh3 Yes No 4 1 h 36%
2 Pd(PPh3)2Cl2 PPh3 Yes Yes 4 1 h 87%
a The solvent employed was DMF.

Scheme 2 Stille coupling at a substituted a-iodoenone.

Table 2 Stille coupling of a-iodoenone 5 with Bu4Sn under several
conditionsa

Pd catalyst Ligand CuI Et2NH Prod Time Yield

Pd2(dba)3·CHCl3 AsPh3 Yes No 9 24 h 99%
Pd2(dba)3·CHCl3 AsPh3 Yes Yes 6 48 h 96%
Pd2(dba)3·CHCl3 AsPh3 No No 9 24 h 98%
Pd2(dba)3·CHCl3 AsPh3 No Yes 6 48 h 97%
Pd2(dba)3·CHCl3 PPh3 Yes No 9 48 h 60%
Pd2(dba)3·CHCl3 PPh3 Yes Yes 9 48 h 63%
Pd2(dba)3·CHCl3 PPh3 No No 9 48 h 54%
Pd2(dba)3·CHCl3 PPh3 No Yes 9 48 h 61%
Pd(P(o-tol)3)2Cl2 P(o-tol)3 No Yes 6 48 h 99%
Pd(P(o-tol)3)2Cl2 P(o-tol)3 No No 9 24 h 96%
a The solvent employed was THF.

Table 3 Effect of adding diethylamine to the Stille coupling of a-iodoenone
5 with [CH3(CH2)9]4Sna

Pd catalyst Ligand CuI Et2NH Prod Time Yield

Pd2(dba)3·CHCl3 AsPh3 Yes No 9 24 h 99%
Pd2(dba)3·CHCl3 AsPh3 Yes Yes 10 48 h 86%
a The solvent employed was THF.

This journal is © The Royal Society of Chemistry 2001
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resulted in the formation of the butylated compound 6 in good
yield (Table 2). This was also the case for tetraethylstannane
and for tetradecylstannane. The products 7 and 10 were
obtained in good yield. Without added diethylamine, the
reduced product 9 was formed exclusively.

Having shown that diethylamine did influence the outcome of
these reactions we next proceeded to approach optimisation by
studying several variables for this reaction (Tables 2, 3). Thus,
the influence of using Pd(0) or Pd(II) as catalyst sources, the
effect of the Pd ligands (PPh3, P(o-Tol)3 and AsPh3), the
presence of CuI as cocatalyst and the additon of LiCl for the
aromatic substrates were analysed. We have concluded that
both Pd(0) and Pd(II) were equally effective, as expected. The
catalytic role of the Pd species was largely influenced by the
ligand. AsPh3 and P(o-Tol)3 were found to be the best ligands
tested while PPh3 was considerably less effective. Remarkably,
we have observed that for the Stille coupling of iodoenone 5
with tetramethyltin, CuI could effectively be replaced by
diethylamine. When this reaction was carried out in the
presence of diethylamine the workup was considerably simpli-
fied and the yields consequently higher. Analogous reactions
reported in the literature used involatile NMP as the solvent.

Studies on the electron poor aromatic substrate 11 were also
carried out. For this compound the reaction conditions as used
for the iodoenone, had to be changed and DMF became the
solvent of choice. The use of diethylamine again prevented
reduction, as seen for the reaction of 11 with tetrabutyltin. The
yield of the coupling product 12 was not improved over that of
the same reaction without added amine but starting material was
recovered when Et2NH was present, whereas several other
products were formed in its absence (Scheme 3 and Table 4).
The addition of LiCl11 alone simplified the product distribution
but did not avoid reduction and the yield of coupling product
was zero or low. When both LiCl and Et2NH were included in
the mixture the coupling product 12 was produced in low yield
and starting halide 11 was recovered as the only other
product.

The function of the amine is not yet clear but we suspect that
it augments the activity of the phosphine ligand in maintaining
the Pd(0) in solution. This complexation with the Pd atom of
intermediates may also reduce the ability to undergo b-hydride
elimination reactions, once it has bonded with the alkyl group
by exchanging with the tin.

In conclusion, the addition of diethylamine clearly prevented
b-hydride elimination/reduction in the Stille alkylation reac-
tions tested when employing alkylstannanes with b-hydrogens,
a problem frequently reported in the literature.1 Its addition
permits the use of more volatile less polar solvents in some
cases and can reduce reaction times, as is well exemplified in
the case of tetramethyltin.† In this case too the work up and
purification of the reaction products was facilitated and the need
to use cocatalytic CuI was eliminated. This method permits the
efficient introduction of alkyl side chains into the synthetically
useful a-iodoenones,12 which are particularly difficult sub-
strates for this kind of Stille cross-coupling13 reaction.

Recent reports14 highlighting the use of organozincs and
organoboranes for the alkylation of a-iodoenones and vinyl
halides have been described. Reduction and/or b-hydride
elimination not a problem in these cases. The mechanism of Pd
catalysed coupling reactions15 may change with the type of
coupling reaction depending upon the metal or non-metal
present.

We thank Fundação para a Ciência e a Tecnologia for
generous financial support (PCTI/1999/QUI/36536) and for
grants (Praxis XXI) awarded to M. R. V. and M. I. M.
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Table 4 Stille coupling of methyl 2-iodobenzoate 11 with Bu4Sn under several conditions

Pd Catalyst Ligand Solvent LiCl Et2NH Prod Time Yield

Pd(P(o-tol)3)2Cl2 P(o-tol)3 THF No No 11 24 h 70%
Pd(P(o-tol)3)2Cl2 P(o-tol)3 THF No Yes 11 24 h 99%
Pd(P(o-tol)3)2Cl2 P(o-tol)3 DMF No No 12 24 h 68%
Pd(P(o-tol)3)2Cl2 P(o-tol)3 DMF Yes Yes 11 48 h 96%
Pd(P(o-tol)3)2Cl2 P(o-tol)3 DMF No Yes 12 + 11a 48 h 96%
Pd(PPh3)2Cl2 PPh3 DMF Yes No 12 + 13b 48 h 97%
Pd(PPh3)2Cl2 PPh3 DMF Yes Yes 12 + 11c 48 h 99%
Pd(PPh3)2Cl2 PPh3 DMF No Yes 12 + 11d 48 h 98%

a 2.3+1. b 1.5+1. c 1+4. d 3.6+1.

Scheme 3
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A new azophenol type chromogenic ionophore based on the
p-tert-butylcalix[4]arenediazacrown ether was prepared: the
ionophore exhibited a pronouncedly selective chromogenic
behaviour toward Hg2+ ions among the surveyed guests of
alkali, alkaline earth, transition and heavy metal ions in
liquid–liquid extraction experiments.

Selective signaling of heavy metal ions is a very important topic
for the detection and treatment of the toxic metal ions in various
chemical systems including living systems.1,2 There are,
however, relatively few examples of designed sensors for the
heavy metal ions in comparison with the variety of compounds
developed for the alkali and alkaline earth metal ions.3 For the
selective recognition of soft heavy metal ions, nitrogen binding
sites might be a choice as is well exemplified with classical
azacrown ethers.4 Obviously, a suitably designed calix[4]-
areneazacrown ether derivative might be a good candidate. This
can be realized by combining the azacrown ether moiety as a
binding site with the molecular framework of a calix[4]arene as
a handle for the elaborate further functionalization to endow the
signaling properties.5 Recently, sensitive ionophores having
chromogenic and fluorogenic functions have begun to be
devised for heavy metal ions.6–11 Azophenol groups are one of
the most frequently employed functions as a signaling device
for the design of chromogenic ionophores and a lot of
derivatives based on the crown ethers and calixarenes showed
unique chromogenic behaviours toward a variety of guest
species.12 Here, we report the synthesis of a new chromogenic
ionophore having 2,4-dinitrophenylazophenol functions de-
rived from the p-tert-butylcalix[4]arenediazacrown ether and its
selective chromoionophoric behaviour toward Hg2+ ions in
liquid–liquid extraction systems.

The azophenol derivative was prepared from diazacrown
ether 1,13 as shown in Scheme 1. Oxidation of the diazacrown
ether 1 with Tl(CF3CO2)3 in TFA gave the diquinone 2 (61%).‡
Reaction of the resulting diquinone 2 with 2,4-dinitrophenyl-
hydrazine (EtOH–CHCl3, with trace H2SO4)14 afforded 2,4-di-
nitrophenylazophenol derivative 3 (44%). The resulting product
was purified by column chromatography (silica gel, CH2Cl2–
MeOH, 9+1) followed by recrystallization from CH2Cl2–
MeOH.

The chromoionophoric properties of the azophenol 3 were
investigated by the liquid–liquid extraction of metal ions from
buffered aqueous solution into chloroform. The azophenol 3
itself showed a typical UV spectral behaviour of 2,4-di-
nitrophenylazophenol derivatives and revealed a distinct colour
change from yellow (lmax = 424 nm) to blue (lmax = 619 nm)
around pH 8.5 as the pH of the aqueous phase increases. The
metal ion extraction experiments were performed at pH 6
buffered with morpholin-4-ylethanesulfonic acid (MES) to
prevent the possible complications in chromogenic responses of
3. The aqueous solution containing varying amounts of target
metal ions (up to 0.05 mol dm23) was extracted with the
chloroform solution containing azophenol ionophore ([3] = 2
3 1025 mol dm23) at 25 °C. After extraction, the organic phase

was separated and the UV spectra of the solution were
measured. The guest ions surveyed were representative alkali
(Li+, Na+, K+, Rb+), alkaline earth (Mg2+, Ca2+, Ba2+),
transition metal (Co2+, Ni2+, Cu2+, Zn2+) and heavy metal ions
(Cd2+, Hg2+, Pb2+) in perchlorate.

The ionophore showed pronounced chromogenic responses
to Hg2+ and Cd2+ ions among the tested metal ions (Fig. 1).
Upon interaction with 100 equiv. of Hg2+ ions, the colour of the
ionophore solution changed distinctly from yellow (lmax = 424
nm) to red (lmax = 500 nm). With Cd2+ ions, a more dramatic
change in the UV spectrum was observed and the lmax of 3 was
significantly red-shifted and transformed into two bands (from

† Dedicated to Professor Iwhan Cho on the occasion of his 65th birthday.

Scheme 1

Fig. 1 Absorption spectra of 3 in CHCl3 upon extraction with aqueous metal
ion solution. [3] = 2 3 1025 mol dm23 in CHCl3. [M2+] = 2 3 1023 mol
dm23 in MES buffer at pH 6: (3) 3, (+) 3 with Cd2+ and (1) 3 with
Hg2+.
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424 to 457 and 591 nm). Interestingly, the changes in spectral
pattern induced by Cd2+ ions are quite different from Hg2+ ions,
which suggests that the two metal ions can be discriminated,
even visually, with the present chromogenic ionophore system.
Other guest ions of alkali, alkaline earth, and transition metal
ions revealed almost no changes in the chromogenic behaviour
of 3 at the present extraction conditions of pH 6.

The selective chromogenic behaviour of 3 toward Hg2+ ions
was further evidenced by the competitive extraction experi-
ments. The ionophore 3 showed a pronounced Hg2+-selectivity
even in the presence of a large excess of other metal ions. For
example, the absorption spectrum of 3–Hg2+ (obtained by the
extraction of 2 3 1025 mol dm23 of 3 with 50 equiv. Hg2+ ions)
in CHCl3 was almost unaffected by the addition of 500 equiv. of
alkali, alkaline earth, transition metal, and Pb2+ ions. Even with
Cd2+ as competitive guest ion, the chromogenic behaviour of
the 3–Hg2+ system was retained up to 250 equiv. of Cd2+ ions
(Table 1). In contrast to this, the spectral behaviour of 3–Cd2+

was changed upon addition of 2 equiv. of Hg2+ ions, and the
spectrum was progressively converted into almost that of
3–Hg2+ system by treatment with 30 equiv. of Hg2+ ions. These
observations clearly showed that the ionophore 3 has much
higher affinity toward Hg2+ than Cd2+ ions, that is in good
agreement with the transport results of parent calix[4]-
arenediazacrown compound 1 reported earlier.13

To have more insight for the selectivity and sensitivity of the
present ionophore system, the effects of metal ion concentration
in aqueous phase on the absorption spectrum of 3 were
investigated. Fig. 2 shows the changes in absorbance of 3
induced by the most responding ions among the surveyed alkali,
alkaline earth, transition and heavy metal ions. The selectivity
ratios for Hg2+ over other representative metal ions, estimated
from the ratio of the metal ions required for the same DAbs
value at 500 nm, were as follows: Na+, 830; Mg2+, 480; Zn2+,
250; Cd2+, 28. Upon interaction with as low as 4 equiv. of Hg2+

ions, visibly discernible changes in chromogenic behaviour

were observed for 3. With Cd2+ ions, similar colour change
from yellow to violet was observed with around 10 equiv. of
guest ions, that can also be easily detected visually. From these
measurements the detection limits of 3 for Hg2+ and Cd2+ ions
were estimated to be 1 3 1025 mol dm23 (at 500 nm) and 8 3
1025 mol dm23 (at 591 nm), respectively. One more thing to
note is the facile regeneration of the ionophore by simple
treatment with EDTA solution, that suggests the reusability of
the compound as a reversible sensor material. The ionophore
solution 3–Hg2+ and 3–Cd2+ fully restored the spectrum of free
3 by the back extraction of extracted guest metal ions with 0.1
mol dm23 EDTA solution at pH 6 (Table 1). In this case,
however, the 3–Hg2+–EDTA system restores the free 3
spectrum relatively sluggishly compared with the 3–Cd2+–
EDTA system, which also implies that Hg2+ interacts more
strongly with 3 than Cd2+ ions.

In conclusion, we have developed a new azophenol type
chromogenic ionophore having high selectivity toward Hg2+

and possibly Cd2+ ions via metal ion induced deprotonation of
the azophenol moieties. Although ionophore 3 needs more
optimization for the practical applications in terms of selectivity
and sensitivity, we believe that this compound can be utilized,
along with many intriguing systems developed up to now,15,16

for the detection of toxic Hg2+ and Cd2+ ions which are of
general interest in the treatment of industrial waste streams.

This work was supported by a fund from KOSEF, Korea
(1999-2-123-001-3) and gratefully acknowledged.
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Table 1 Spectral responses of 3 upon interaction with varying chemical
stimuli

Initial forma Reagent addedb Final form

3–Hg2+ Cd2+ 3–Hg2+

3–Hg2+ EDTA 3c

3–Cd2+ Hg2+ 3–Hg2+

3–Cd2+ EDTA 3
a Formed by the extraction with 50 equiv. of guest metal ions. [3] = 2 3
1025 mol dm23 in CHCl3.b Concentration of reagents added = 5 3 1023

mol dm23.c Transforms relatively sluggishly compared with 3–Cd2+–
EDTA system.

Fig. 2 Changes in absorbance of 3 induced by metal ions. DAbs at 500 nm
with the addition of (3) Na+, (*) Mg2+, (5) Zn2+, (1) Cd2+ and (+)
Hg2+ ions. (Ω) DAbs at 591 nm with Cd2+ ion addition. [3] = 2 3 1025 mol
dm23. DAbs = (Abs of 3 in the presence of metal ion 2 Abs of 3).
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An inner- and outer-N coordinated bis-Rh(I) metal complex
was obtained from the reaction of N-confused porphyrin and
[Rh(CO)2Cl]2 in CH2Cl2 and the structure was confirmed by
a single crystal X-ray analysis.

N-Confused porphyrin (NCP) is a porphyrin isomer in which
one of the pyrrole rings is confused or inverted.1,2 Because of
the unique NCP structure, which has peripheral nitrogen and
inner core carbon atoms, entirely different coordination chem-
istry from the parent porphyrin system has been expected and
revealed gradually.3–5 Recently, we reported a new type of
double-decker Pd NCP dimer complex that used both the inner-
and outer-N coordination sites with the help of a carbon–metal
bond from an ortho-position of a meso-aryl ring (A).6 At that

point, it was really a question whether outer-N coordination was
general and whether the complex formed could be stabilized
without any assistance from the surroundings (B). Such
coordination, if manipulated easily, would be of particular
interest for potential use in metal catalysts.7 Herein, we report
the X-ray structure of a bis-Rh(I) NCP complex where the Rh(I)
metal atoms are coordinated to the inner- and the outer-nitrogen
atoms. For comparison, the X-ray structure of the bis-Rh(I)
tetraphenylporphyrin (TPP) complex is also presented.8 To the
best of our knowledge, the structures are the first examples of
bis-Rh(I) complexes of meso-phenylporphyrin and NCP.

When N-confused tetraphenylporphyrin (NCTPP, 1) was
treated with 1 equiv. of [Rh(CO)2Cl]2 in the presence of 10
equiv. of sodium acetate in refluxing CH2Cl2 for 2 h, bis-Rh(I)
NCTPP complex 2 was obtained as a blue-greenish solid in 53%
yield. Using the same procedure with TPP (3), bis-Rh(I) TPP
complex 4 was obtained as a purple solid in 36% yield (Scheme
1). FAB mass spectra of 2 and 4 showed molecular ion peaks at
m/z 967.5 and 930.6, respectively, indicating the presence of
two Rh metal ions connected with a chloride and four carbonyl
ligands in 2 and the absence of the chloride ligand in 4. 1H NMR
spectral peaks of complex 2 in CDCl3 appeared distinctly in the
region from 24 ppm to 9 ppm. The appearance of peaks
corresponding to inner b-CH, outer a-CH and an inner NH at
23.83, 8.89 and 1.06 ppm, respectively, proved that they do not
participate in the metal coordination and further confirms that
only two pyrrolic nitrogens are coordinated to the Rh metal in

the cavity. Relative to NCTPP (1), there is significant shielding
of the inner a-CH and the outer b-CH signals (Dd = 1.28 and
0.11 ppm) suggesting that the peripheral nitrogen also partici-
pates in the metal coordination. In contrast, the absence of NH
signals for complex 4 inferrs that all four nitrogens are involved
in the metal coordination.

The absorption spectrum of 2 in CH2Cl2 displays a Soret-like
band at 488 nm and four Q-type bands in the region of 545–780
nm (Fig. 1). In general, the metal complexation is accompanied
by a red-shift of both the Soret and Q-type bands.9 The bis-
metallic complex of 2 also shows 50 nm and 44 nm red-shifts of
the Soret and the Q-type bands, respectively, as compared to 1.
This proves that the peripheral nitrogen coordination should not
perturb the p electron delocalization much, while the Rh
coordinated inside the cavity is expected to perturb the

† Electronic supplementary information (ESI) available: synthetic proce-
dures and X-ray structure information for 2 and 4. See http://www.rsc.org/
suppdata/cc/b1/b104004a/

Scheme 1 Syntheses of bis-Rh(I) metal complexes.

Fig. 1 Electronic absorption spectra of 2 and 4 in CH2Cl2.
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delocalization pathway, and this is reflected in the larger optical
absorption band shifts. This trend is further confirmed by the
absorption spectrum of 4 where both the Rh are coordinated
inside the cavity leading to strong distortion of the molecule and
resulting in bands at 371, 460 and 704 nm (Fig. 1).

The explicit structural details of the bis-Rh(I) complexes 2
and 4 were derived from the single crystal X-ray diffraction
analyses (Fig. 2).10 As predicted from the above observations,
in the bis-metallic complex of 2, there are two Rh atoms
attached in the NCP skeleton. One imino (N3) and one amino
(N4) nitrogen of the macrocycle are coordinated to the Rh2 ion
and the other two coordination sites are occupied by the
carbonyl ligands. The other Rh1 ion is coordinated to the
periphery nitrogen (N1) and the remaining coordination sites
are occupied by a chloride and the two carbonyl ligands. Both
the Rh(I) ions are located above the NCP plane and the
geometry around the metal centers is close to square planar
(Cl1–Rh1–N1, 87.6(2)°; N3–Rh2–N4, 85.7(2)°). The angles
between the planes containing the Rh1 and the Rh2 with their
coordinated atoms and the mean NCP plane are 117.29° and
61.30°, respectively, and the distance between the two Rh metal
centers is 6.286 Å.

On the other hand, the metalloporphyrin of 4 is centrosym-
metric and the two Rh(I) metal ions are bonded to two
dipyrromethene units, one above and one below the macro-
cyclic plane. Like 2, the geometry around the metal centers is
close to square planar (N1–Rh1–N2, 84.9(2)°). The angle
between the plane containing the Rh(1) with its coordinated
atoms and the mean TPP plane is 131.59° and the distance
between the two metal centers is 3.166 Å, which is considerably
longer than the Rh(I)–Rh(I) single bond (2.617–2.705 Å).11

These results are comparable with the bis-Rh(I) octaethylpor-
phyrin (OEP) complex.8

In conclusion, we have synthesized two new bis-Rh(I) metal
complexes and disclosed their solid state structures. Inner- and
outer-metallation is characteristic of NCP ligands, thus, for 2,
rich and diverse coordination chemistry similar to the parent
porphyrin (1) can be expected. The present study has also
exploited the interaction of only Rh(I) metal ions, but other
metal ions are likely to interact with the macrocycle, especially

at the peripheral nitrogen. Studies on the synthesis of such
hetero bis-metal NCP complexes are currently underway.
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Upon excitation by long wavelength UV radiation, strong
room temperature luminescence is observed in a family of
metal-activator-free zeolite-type materials; the luminescent
output from the large cage UCSB-8Mg structure is inde-
pendent of temperature from 298 K until at least 77 K.

The development of less-expensive and non-toxic luminescent
materials for lighting and display technology represents a
research area that could have significant commercial impact. In
particular, efficient phosphors that could convert low energy
UV radiation (340 to 400 nm) into visible light may lead to the
replacement of toxic mercury widely used in fluorescent lamps.
So far, the synthetic design of inorganic phosphors usually
involves the doping of crystalline host lattices with metal
activators that can be either expensive or toxic.1

Open-framework materials have been known for several
decades and have undergone an explosive growth since the
discovery of zeolite-type aluminophosphates.2 Previous efforts
to generate luminescent materials using crystalline porous
materials were either by incorporating organic dyes or by
doping with metal activators.3 For example, laser action was
observed when organic laser dye molecules, pyridine 2
{1-ethyl-4-[4-(p-dimethylaminophenyl)-1,3-butadienyl]pyri-
dinium perchlorate}, were inserted into the pores of AlPO4-5
crystals.4 To our knowledge, dye-free or metal-activator-free
open-framework phosphates or germanates that display lumi-
nescent properties have not been reported. Furthermore, no
open-framework materials were previously known to display
both fluorescence and phosphorescence. Here, a class of
efficient luminescent crystalline open-framework materials that
do not contain metal activators are described.† Some of these
phosphors can display visually observable green afterglow with
a lifetime up to 15 s.

One particularly interesting example is UCSB-8Mg (Fig. 1
and Table 1).5 UCSB-8Mg is built from stacking of large cages,
each of which has as many as 64 tetrahedral atoms (i.e. Mg, Al,
P) and 128 oxygen atoms. Clear, transparent square plates of
UCSB-8Mg can be synthesized by the low temperature
hydrothermal synthesis. When illuminated with a long wave-
length UV lamp (365 nm), the sample displays a strong bluish
color. Surprisingly, the luminescent output from UCSB-8Mg is

independent of temperature until at least 77 K, suggesting that
there might be no thermal non-radiative decay, even at room
temperature. The lack of thermal non-radiative decay, could
lead to a reasonably high quantum efficiency for UCSB-8Mg.
The method of using the temperature dependence of the light
output of a luminescent material to estimate the quantum
efficiency was described earlier.6 For open-framework materi-
als, in addition to the possible intensity increase at lower
temperatures, the luminescence bands also show a noticeable
blue-shift (Fig. 2).

Another example is UCSB-10Mg (Table 1) with large cages
and a framework topology closely related to that of faujasite.5
Excited at 340 nm, the room temperature luminescence of
UCSB-10Mg gives an emission band at lmax = 402 nm (Fig. 1).
The fit to a biexponential equation gives t = 7.2 ns and 2.0 ns.
The strong luminescence of UCSB-10Mg is persistent even at

Table 1 Photoluminescent properties of selected open-framework materials

Name
Framework
composition 

Guest 
typea

Structure 
typeb

Emission
lmax/nm

UCSB-10Mg MgAlP2O8 R4710 SBT 402
UCSB-10Zn ZnAlP2O8 R4710 SBT 407
UCSB-6Mg MgAlP2O8 R17 SBS 410
UCSB-6Zn ZnAlP2O8 R17 SBS 408
UCSB-8Mg MgAlP2O8 R19 SBE 436
UCSB-10ZnGa ZnGaP2O8 R4710 SBT 415
UCSB-7AlGe Al12 xGe1 + xO4 R33 UCSB-7 421
UCSB-7GaGe Ga12 xGe1 + xO4 R1 UCSB-7 396
UCSB-7K GaGeO4 K+, H2O UCSB-7 Zero emission
ZnGaP-SOD ZnGa2P3O12 (CH3)4N+ SOD Zero emission

a R4710 = 1,13-diamino-4,7,10-trioxatridecane; R17 = 1,7-diaminoheptane; R19 = 1,9-diaminononane; R33 = 3,3A-diamino-N-methyldipropylamine; R1
= N-(2-aminoethyl)-1,3-propanediamine. b The three-letter codes are assigned by the Structure Commission of the International Zeolite Association (http:
//www.iza-structure.org/).

Fig. 1 The excitation (dashed curves) and emission spectra (solid curves) for
selected open-framework materials. (Ω): UCSB-10Mg; (/): UCSB-
7AlGe; (2): UCSB-8Mg. Intensity data for UCSB-10Mg and UCSB-8Mg
are multiplied by 5 and 3, respectively. Fluorescent spectra were measured
on a SPEX Fluorolog-3 Tau3 system equipped with a 450 W xenon lamp
and double monochromators on both excitation and emission sides. Data
were collected with a step size of 1 Å and an integration time of 1 s per
step.

This journal is © The Royal Society of Chemistry 2001
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high temperatures, e.g. 200 °C, below or at which crystalline
microporous materials are usually synthesized. Whether the
observed photoluminescent phenomena can be used in a
screening method for the rapid detection of crystalline open-
framework materials represents an interesting question for
further studies. In our synthesis, we have frequently found it
convenient to detect crystalline open-framework phases with a
UV lamp even in the presence of a large amount of amorphous
phases because amorphous gel phases are generally not
photoluminescent.

Other open-framework materials with efficient luminescence
include UCSB-7GaGe and UCSB-7AlGe (Table 1) that are
amine-templated gallo- or aluminogermanates with two sets of
continuous helical channels separated by a gyroid minimal
surface.7–9 Strong bluish luminescence has also been observed
for other open-framework materials with different guest amines,
framework compositions and topologies (Table 1). The compo-
sitional diversity is advantageous because less expensive and
more environmentally benign starting materials may be selected
for the synthesis of phosphors reported here and it also offers
opportunities for the fine tuning of emission wavelength and
bandwidth.

The luminescent mechanism for these open framework
materials is not unambiguously known at this stage. For
insulating solids without metal activators, the luminescence is
often attributed to the presence of various kinds of lattice

defects such as oxygen vacancies. Such a defect mechanism is
also possible for materials reported here. However, it is also
observed that some closely related open-framework materials
do not exhibit any photoluminescence. For example, gallo-
germanate UCSB-7 can be synthesized with either alkali metal
cations or different organic amines. Fluorescence measure-
ments show that purely inorganic UCSB-7 structures7 (those
templated with either K or Na cations) do not exhibit
luminescence at all while those directed by protonated amine
molecules show visible photoluminescence. In addition, it is
noteworthy that open-framework materials templated by TMA
(TMA = N(CH3)4

+) such as (TMA)ZnGa2X3O12 (X = P or As)
sodalites10 do not have any observable photoluminescence
when measured on a spectrofluorometer. These preliminary
results suggest that the luminescence may also be related to the
highly negatively charged inorganic framework and the pres-
ence of protonated guest amine molecules.

Considering the great variety of open-framework materials,11

it is anticipated that additional novel properties will be
discovered in the future, which might make it possible to use
open framework materials for applications beyond traditional
catalytic or adsorptive areas. The interesting luminescent
phenomenon observed in open-framework oxides suggests that
the investigation of non-oxide open-frameworks such as
sulfides, selenides, halides, cyanides etc. might be desirable in
order to achieve a broader range of emission spectral charac-
teristics.

The financial support of this work by UC Riverside Startup
Fund is appreciated. Samples of UCSB-7K and ZnGaP-SOD
were prepared by Thurman E. Gier at Prof. Galen D. Stucky’s
laboratory at University of California, Santa Barbara.

Notes and references
† The following is a typical synthesis procedure, using UCSB-10Mg as an
example. Slurry A was prepared by adding aluminium isopropoxide (1.40 g,
98%, Aldrich) and H3PO4 (1.43 g, 85 wt% in water) into ethylene glycol
(7.52 g). The mixture was stirred for 1 week. Solution B was prepared by
mixing 1.19 g magnesium hydrogenphosphate trihydrate (99%, Aldrich)
with H2O (7.16 g) and H3PO4 (0.84 g, 85 wt% in water) and was stirred for
1 h. To the mixture of A and B, 3.01 g of 1,13-diamino-4,7,10-trioxa-
tridecane was slowly added with stirring. The final pH of the mixture was
8.12. The mixture was stirred for 5 h at room temperature, transferred into
a 23 mL autoclave, and heated in an oven at 170 °C for 4 days. The product
was filtered off, washed with distilled H2O and ethanol, and further purified
by repeated sonication of the sample in deionised water and decanting off
the cloudy solution. Hexagonal-shaped clear crystals were obtained.
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5 X. Bu, P. Feng and G. D. Stucky, Science, 1997, 278, 2080.
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Fig. 2 The emission spectra at room temperature (dashed curves) and at
liquid nitrogen temperature (solid curves). (a) UCSB-8Mg (excited at
360 nm); (b) UCSB-7AlGe (excited at 355 nm). Low temperature spectra
were collected with the sample tube immersed in a quartz liquid nitrogen
Dewar.
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Dehydrogenative coupling of phenanthroline under hydrothermal
conditions: crystal structure of a novel layered vanadate complex
constructed of 4,8,10-net sheets: [(2,2A-biphen)Co]V3O8.5
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2,2A-Biphenanthroline (2,2A-biphen) formed from 1,10-phe-
nanthroline when a new two-dimensional layered vanadium
oxide metal coordination complex, [(2,2A-biphen)Co]V3O8.5,
which contains novel 4,8,10-net sheets, was hydrothermally
synthesized.

Increasing attention has been paid to organic–inorganic hybrid
materials due not only to their intriguing structure diversity but
also their potential applications in areas of molecular adsorp-
tion, catalysis, electromagnetism and photochemistry.1 The role
of organic components in hybrid materials is of great interest.
Usually, organic amines act as structural directors to construct
inorganic frameworks, compensating charges and filling space;
on the other hand, they may also function as ligands,
coordinated directly to the oxide scaffolding or to the secondary
metal centers. 2 As examples of the latter, many hybrid organic–
inorganic vanadium oxides have recently been found to be
coordinated by transition metal complexes,3–7 which have
discrete cluster, one-dimensional (1D) chain and layer struc-
tures. However, few examples involving the self-reaction of the
organic component have been reported. Herein, we present a
novel two-dimensional (2D) layered vanadium solid state
complex [(2,2A-biphen)Co]V3O8.5 1, where 2,2A-biphenanthro-
line (2,2A-biphen) formed automatically from 1,10-phenanthro-
line (phen) under hydrothermal reaction conditions. To our
knowledge, the dehydrogenative coupling of 1,10-phenanthro-
line during hydrothermal reaction has not been described to date
though there are hybrid organic–inorganic structures reported in
which 1,10-phenanthroline coordinates to metal centers.7,8

Complex 1 is the first vanadate complex containing a tetra-
dentate ligand.

Dark red block crystals of 1 were synthesized hydrothermally
from a mixture of NH4VO3, H3BO3, Co(NO3)2·6H2O, phen and
H2O (molar ratio 1+1.5+1:2+1000) in a polyfluoroethylene-
lined stainless steel bomb (25 ml capacity) under autogenous
pressure heated to 160 °C for five days (yield 50% based on
vanadium).‡ H3BO3 is necessary for this reaction though boron
is not incorporated into the structure of 1. H3BO3 might have
adjusted the pH value of the mixture (the pH value changed
from 6 to ca. 5 after adding of H3BO3), however, 1 did not form
in the presence of other acids such as H2C2O4 or HCl instead of
H3BO3.

The formation mechanism for 2,2A-biphenanthroline is not
yet known, but probably arises from the polymerization
catalysis role of the cobalt complex.9 High temperature and
pressure have also been proved to be effective for the
dehydrogenation of pyridine when suitable transition metal salts
are present,10 but require strictly anhydrous conditions10a or
dioxygen as oxidant.10b Gillard and Hall suggested the 2-(or 4-)
position of pyridine becomes polarized upon coordination to
metal ions and so facilitating oxidition.10b A similar situation

may occur in the formation of 2,2A-biphenanthroline in our
reaction system. Interestingly, no 2,2A-biphenanthroline was
observed in the products when Ni(NO3)2 instead of
Co(NO3)2 was used under the same hydrothermal condi-
tions.11

The coordination sphere of the cobalt(II) site in 1 is defined by
four nitrogen donors of a biphen ligand and two vanadate
oxygen donors in the apical position leading to a distorted
CoN4O2 octahedron (Fig. 1).§ The two phenanthroline planes of
the 2,2A-biphenanthroline ligand are coplanar (mean deviation
from the plane defined by N1, C12, C11, N2, C10, C13, N3,
C24, C23 and N4 is 0.0209 Å; all 2,2A-biphenanthroline planes
are parallel to the ab plane) with a C10–C13 bond distance of
1.459(7) Å. The N1–Co1, N4–Co1 bond distances (2.197(2)
and 2.189(2) Å, respectively) are slightly larger than those for
N2–Co1 (2.111(2) Å) and N3–Co1 (2.110(2) Å), and the bond
angle of N1–Co1–N4 (135.40(9)°) is larger than that of N2–
Co1–N3 (72.49(10)°) for the tetradentate 2,2A-biphenanthroline
ligand. Similar bond angle trends have also been observed in
tetradentate Schiff base complexes.12

The structure of 1 consists of a 2D neutral framework, where
(2,2A-biphen)Co units are covalently linked to the vanadium
oxide V6O17 chains (Fig. 2). Each V6O17 chain is constructed
from V4O12 tetramer rings and V2O7 units arranged alternately
by edge- and corner-sharing interactions, while (2,2A-biphen)Co
units connect, in a trans fashion, V4O12 tetramer rings and V2O7
units of neighboring V6O17 chains to form an extended 2D
network structure with a unique 4,8,10-net as shown in Fig. 3.
It is noteworthy that 1 is the first 2D layered vanadium oxide
metal coordination complex constructed of 4,8,10-net sheets.

[(bipy)2Zn]2V6O17 also possesses a V6O17
42 component but

this exhibits a quite different 2D layer structure,3a where within
each VO layer there are roughly circular rings, defined by

† Permanent address: Organic Solids Laboratory, Center for Molecular
Science, Institute of Chemistry, Chinese Academy of Sciences, Beijing
100080, P.R. China. 

Fig. 1 A fragment of the net with the atomic labeling scheme (30%
probability ellipsoids) in complex 1.
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fourteen corner-sharing VO4 tetrahedra and two Zn(bpy)2
moieties which are bonded in a cis fashion to two second-
nearest neighbor VO4 groups on opposite sides of each ring. It
is clear that two oxygen atoms of vanadate connected to the
Zn(bpy)2 moiety adopting cis- rather than trans-orientation give
rise to the structure difference of [(bipy)2Zn]2V6O17 from 1.
Another quite recently reported vanadium solid state complex
with a V6O17

42 component is [Co4(2-pzc)4(V6O17)]·xH2O
(2-pzc is the anion of 2-pyrazinecarboxylic acid),13 where
V6O17

42 forms double chains, and each chain connects four
[Co4(2-pzc)4] chains to form a 3-D chiral structure.

In conclusion, this study illustrates that even organic ligands
can undergo self-reaction under hydrothermal conditions,
which suggests more novel structures can be obtained by
hydrothermal or solvothermal methods even with common
ligands.
This work was supported by Visiting Scholar Foundation of
Key Lab. in University (sponsored by Education Ministry of
China) and grants from State Key Project for Fundamental
Research (G1998061305).

Notes and references
‡ Other products are amorphous materials. Anal. Calc. for C24H14N4O-
8.5CoV3 1: C, 40.82; H, 2.00; N, 7.93. Found: C, 40.50; H, 2.03; N, 7.80%.
IR (KBr, cm21) for 1: 1674(w), 1608(m), 1517(w), 1425(m), 968(s),
946(m), 894(s), 853(s), 835(s), 796(m), 727(s), 667(vs).
§ Crystal data for 1: C24H14N4O8.5CoV3, monoclinic, space group C2/c, Mr

= 706.14, a = 19.660(4), b = 18.430(4), c = 13.640(3) Å, b = 103.20(3)°,
V = 4811.7(17) Å3, Z = 8, Dc = 1.950 g cm23, T = 293(2) K, Mo-Ka
radiation (l = 0.71073 Å), m = 1.870 mm21, R1 = 0.0420, wR2 = 0.1046
for 5750 observed reflections from 6778 independent reflections, GOF =
1.014, Nonius Kappa-CCD diffractometer.

CCDC reference number 163766.
See http://www.rsc.org/suppdata/cc/b1/b103304m/ for crystallographic

data in CIF or other electronic format.
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Fig. 2 View of the 2D layer in 1 along the b-axis direction.

Fig. 3 Polyhedral representation of complex 1 packed along the b-axis; all
C and H atoms are omitted for clarity.

Chem. Commun., 2001, 1670–1671 1671



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Naphthalene formation by allylation of zirconaindenes in the
ZnX2–Pd(PPh3)4 system
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Zirconaindenes reacted with allyl halides in the presence of
ZnX2 ( X = Cl or Br) and a catalytic amount of Pd(PPh3)4 to
give naphthalene derivatives in good yield.

It has been believed for a long time that zirconacyclopenta-
dienes are inert toward C–C bond formation reactions. Re-
cently, we found that transmetalation reactions of zirconacyclo-
pentadienes to copper,1 nickel2 and lithium3 could open a way
to various carbon–carbon bond formation reactions. In this
paper we would like to report the novel naphthalene formation
reaction4 of zirconaindenes in the presence of ZnX2 and a
catalytic amount of Pd(PPh3)4.5

When we investigated novel transmetalation to Zn, we tried
the allylation reaction of zirconacyclopentadienes, since double
allylation of zirconacyclopentadienes1 proceeded in the pres-
ence of either a catalytic or stoichiometric amount of CuCl.1
When only the zinc salts were used, the reactions were very
sluggish. However in the presence of a catalytic amount of
Pd(PPh3)4 the reaction dramatically changed. Monoallylation
products were clearly formed. The formation of double
allylation products was not observed [eqn. (1)].

(1)

This is in sharp contrast to the allylation in the presence of
CuCl.1 Then our attention was turned to the allylation reaction
of zirconaindenes. It is interesting to note that, when zircona-
indene6 3a was used, substituted naphthalene 4a was clearly
formed as a single product [eqn. (2)].† The formation of

(2)

regioisomer 5a was not observed. The use of only a catalytic
amount of Pd(PPh3)4 without zinc salt did not give a clean
reaction, although 4a was formed in 33% GC yield.

The structure of the compound 4a was confirmed by X-ray
analysis.‡ It clearly shows that the allylation reaction proceeded
selectively at the benzene-carbon attached to Zr. When
MeOC6H4- and MeC6H4- were used as substituents instead of
the Ph group, the similar perfect regiocontrol was observed as
shown in Table 1. This perfect regioselectivity is attributed to
the high reactivity of the benzene-carbon attached to Zr
compared with the carbon of the –C(Ph)NC(Ph) group attached
to Zr. It is interesting to note that when the nucleophilic property

of the carbon in the –CNC group attached to Zr was enhanced by
introducing alkyl groups such as the Et group and the Pr group
instead of the Ph groups, carbon–carbon bond formation with
allyl halides at the –C(R)NC(R), R = Et or Pr, was observed.
The isomers 5d and 5e were obtained in the case of 3d and 3e,
respectively.

A possible mechanism of the naphthalene formation involves
(i) transmetalation of the Zr-phenyl carbon bond to Zn giving 6,
(ii) transmetalation of 6 with an allylpalladium halide formed by
oxidative addition of allyl halide to a Pd0 complex, (iii)
reductive elimination to give allylated intermediate 7, (iv)
transmetalation of the second Zr–C bonds to Pd forming 8, (v)
insertion of the vinyl group into the Pd–C bond (vi) b-hydrogen
elimination to give exo-methylene derivative 10 that isomerizes
to the corresponding naphthalene 4 (Scheme 1).

Further investigations on mechanism and selectivity are
currently in progress.

Table 1 The formation of naphthalene derivatives

Zirconacyclopentadienes Product Yield (%)a

85(59)
61(42)
68(40)

79(47)
1.9+1

77(51)
3+1

a GC yields. Isolated yields are given in parentheses.
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Notes and references
† Typical procedure: to zirconaindene 3a prepared according to the
literature were added 2 eq. of ZnBr2, a catalytic amount of Pd(PPh3)4 (5
mol%) and 2 eq. allyl bromide. The mixture was stirred at 50 °C for 12 h.
Only 4a was formed in 85% GC yield. After isolation and purification by
column chromatography, 4a was obtained in 59% isolated yield.

‡ Crystallographic data of 4a: colorless prisms, monoclinic, space group
C2/c, a = 21.312(1), b = 10.6981(6), c = 16.2781(8) Å, b = 117.713(4)°,
Z = 8, R = 0.044, GOF = 1.84. CCDC 165561. See http://www.rsc.org/
suppdata/cc/b1/b103674m/ for crystallographic files in .cif or other
electronic format.
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M. Shido, K. Maeyama and H. Kusama, J. Am. Chem. Soc., 2000, 122,
10226.

6 For transmetalation of acyclic organozirconium to Zn, see E. Negishi,
D. E. Van Horn, T. Yoshida and C. L. Rand, Organometallics, 1983, 2,
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Powerful Claisen ester condensations of a,a-dialkylated
esters mediated by ZrCl4–iPr2NEt were performed to give
the corresponding thermodynamically unfavorable a,a-
dialkylated b-ketoesters, and Claisen–aldol tandem reac-
tions between an intermediary Zr-enolate of a a,a-dialkyl-
ated b-ketoester and aldehydes also proceeded.

The Claisen ester condensation is recognized as a fundamental
and useful C–C bond-forming reaction.1 Traditional Claisen
condensations using alkali-metal basic reagents such as NaOR,
NaH, LDA and LiHMDS are widely applied to a-mono-
alkylated esters 1 giving the corresponding dimeric b-ketoesters

3 (Scheme 1). However, a,a-dialkylated esters 4 could not
undergo this type of the condensation, because 4 lacks the
ability to force the formation of a stable enolate.1,2 Actually, the
reversible equilibrium barely shifts from 4 to the unfavorable
production of the b-ketoesters 5. Thermodynamics dictate that
the starting a,a-dialkylated esters 4 are more stable than the
desired b-ketoesters 5, namely, the retro-Claisen condensation
of esters 5 should predominate.1,2 Although two methods for the
Claisen condensation of alkyl 2-methylpropanoate using strong
bases (Ph3C2·Na+ or KH)3,4 have been reported, the yields were
moderate to low ( ~ 35%).† In addition, these methods describe
the sole example of the condensation of alkyl 2-methylpropa-
noate.

Recently, Ti–Claisen condensations were demonstrated5–9

and proved to be more reactive and practical between a-
monoalkylated esters than the representative method using NaH
or LDA.‡ However, this method is unfortunately limited to the
case of a-monoalkylated esters 1. Here we introduce the
powerful Claisen ester condensation of a,a-dialkylated esters 4
promoted by the ZrCl4–iPr2NEt reagent and its extension to the
Claisen–aldol tandem reaction.

First, the Claisen condensation of a,a-dialkylated esters is
described. Although ethyl 2-methylpropanoate was inert (no
reaction) to ZrCl4–amine (Et3N, Bu3N, or iPr2NEt) reagent,
successful results were obtained using a slightly more acidic
substrate, phenyl 2-methylpropanoate (4a). Treatment of 4a
with ZrCl4–iPr2NEt afforded the desired phenyl 2,2,4-tri-
methyl-3-oxopentanoate (5a) in 72% yields under optimized
conditions.§ Table 1 summarizes the results of the Zr–Claisen
condensation of a,a-dialkylated esters 4a–e. Replacement of
phenyl ester 4b for 4-chlorophenyl analog 4e increased the
yield. On the other hand, TiCl4–Bu3N agent (with or without
cat. TMSCl or cat. TMSOTf) failed to drive the reaction (no
reaction).

Phenyl esters are readily prepared by several methods and, in
addition, are smoothly hydrolyzed under milder conditions
compared with alkyl esters.10 A little higher acidity of phenyl
esters than that of alkyl esters is suggested by the following two
experiments: (a) 1H NMR chemical shifts of a-hydrogen of 4a

Scheme 1

Table 1 Claisen condensations of a,a-dialkylated esters promoted by
ZrCl4–aminea

4 R1 R2 Ar Amine Yield (%)

4a Me Me Ph Et3N 6
4a Me Me Ph Bu3N 19
4a Me Me Ph TMEDA Trace
4a Me Me Ph iPr2NEt 72
4b Me Et Ph iPr2NEt 44
4c Me Et 2-Cl-Ph iPr2NEt 29
4d Me Et 2-MeO-Ph iPr2NEt 22
4e Me Et 4-Cl-Ph iPr2NEt 55
a In CH2Cl2 at 215 to 220 °C for 3 h. Molar ratio; 4–ZrCl4–amine =
1.0+2.0+3.0.

This journal is © The Royal Society of Chemistry 2001
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and ethyl 2-methylpropanoate were located at 2.80 and 2.53
ppm, respectively; and (b) when equimolar mixtures of 4a and
ethyl 2-methylpropanoate in THF were treated with 1 equiv. of
LDA at 0–5 °C for 1 h, followed by quenching with D2O, the
ratio of a-deuterated esters was ca. 9+1 by the 1H NMR
measurement.

The successful results using the Zr reagent suggest that the
strong chelation effect of zirconium toward two carbonyl
oxygens and longer bond length between Zr–O than that
between Ti–O contribute to drive the reactions, releasing steric
constraint around the crowded Zr-intermediate 6.

Next, the intermediary Zr-enolate 6a was utilized for further
C–C bond formation. Namely, the first Claisen–aldol tandem
reaction between 2 equiv. of phenyl 2-methylpropanoate 4a and
several aldehydes successfully proceeded in a one-pot manner
through intermediary Zr-enolate 6a, eventually affording pyran-
2,4-diones 7 with a concomitant lactonization.¶ Table 2
summarizes these results. It should be noted that catalytic
TMSCl significantly affects the second aldol addition step for
some aldehydes.7

Thus, we achieved an efficient, powerful and practical Zr–
Claisen condensation and the first Claisen–aldol tandem
reaction of a,a-dialkylated esters 4.

This work was partially supported by a Grant-in-Aid for
Scientific Research on Priority Areas (A) “Exploitation of
Multi-Element Cyclic Molecules” and on Basic Areas (C) from
the Ministry of Education, Culture, Sports, Science and
Technology, Japan.

Notes and references
† In the first method,3 preparation of the Ph3C2·Na+ reagent includes a
tedious procedure from a practical and green chemical standpoint: ca. 9.3 g
of 1% Na(Hg) vs. 0.28 g (1 mmol) of Ph3CCl is used for ethyl

2-methylpropanoate (0.21 g, 1.8 mmol). The second method4 using KH
lacks generality; this reaction failed to proceed in several of our experiments
when ethyl 2-methylpropanoate was employed as the substrate.
‡ For an example of the Claisen condensation of methyl dec-9-enoate using
NaH by the reported method,11 the desired b-ketoester was obtained in ca.
75% (DME, reflux, 20 h). The Ti–Claisen condensation proceeded with a
93% yield (toluene, 0–5 °C, 1 h).8 Accordingly, the Ti–Claisen condensa-
tion clearly has the advantage of a high yield, mild conditions and a shorter
reaction time. Related Dieckmann condensation using AlCl3 is also
reported.12

§ A typical procedure is as follows. iPr2NEt (388 mg, 3.0 mmol) in CH2Cl2
(0.5 cm3) was added to a stirred suspension of ZrCl4 (466 mg, 2.0 mmol)
and phenyl 2-methylpropanoate (164 mg, 1.0 mmol) in CH2Cl2 (2.5 cm3) at
215 to 220 °C. After stirring at the same temperature for 3 h, the mixture
was quenched with water (5 cm3) and extracted twice with ether. The
combined organic phase was washed with water, brine, dried (Na2SO4) and
concentrated. The obtained crude oil was purified by SiO2-column
chromatography (hexane–ether = 30+1) to give phenyl 2,2,4-trimethyl-
3-oxopentanoate (84 mg, 72%). Colorless oil. 1H NMR (400 MHz, CDCl3)
d 1.17 (6H, d, J = 7.2 Hz), 1.53 (6H, s), 3.01–3.11 (1H, m), 7.05–7.09 (2H,
m), 7.22–7.26 (2H, m), 7.37–7.41 (2H, m). 13C NMR (100 MHz, CDCl3) d
20.42, 21.85, 36.98, 56.33, 121.11, 126.08, 129.51, 150.51, 172.35, 212.12.
IR (film) 2980, 2938, 1763, 1717, 1196, 1121 cm21.
¶ A typical procedure is as follows. In place of quenching with water,
TMSCl (0.006 cm3, 0.05 mmol) and isobutyraldehyde (72 mg, 1.0 mmol)
were successively added to a stirred reaction mixture at 0–5 °C. The mixture
was stirred for 2 h, and was then quenched with water (5 cm3) and extracted
twice with AcOEt. The combined organic phase was washed with water,
brine, dried (Na2SO4) and concentrated. The obtained crude crystals were
purified by SiO2-column chromatography (hexane–AcOEt = 20+1 ?
10+1) to give 3,3,5,5-tetramethyl-6-(1-methylethyl)pyran-2,4-dione (65
mg, 61%). Colorless crystals; mp 34.0–34.5 °C. 1H NMR (400 MHz,
CDCl3) d 1.08 (3H, d, J = 6.8 Hz), 1.13 (3H, s), 1.14 (3H, d, J = 6.8 Hz),
1.22 (3H, s), 1.43 (3H, s), 1.44 (3H, s), 2.08–2.16 (1H, m), 4.12 (1H, d, J =
3.2 Hz). 13C NMR (100 MHz, CDCl3) d 17.15, 18.21, 20.60, 22.50, 23.88,
25.63, 28.93, 47.59, 50.03, 83.97, 174.79, 211.36. IR (film) 2978, 2942,
1750, 1711, 1290, 1152, 1024 cm21.

1 J. March, Advanced Organic Chemistry, Benjamin, New York, 4th edn.,
1992, p. 491.

2 For example,K. P. C. Vollhardt and N. E. Schore, Organic Chemistry,
3rd edn., Freeman, New York, 1999, p. 1039.
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Table 2 Claisen–aldol tandem reactions of phenyl 2-methylpropanoate (4a)
with aldehydes promoted by ZrCl–iPr2NEt–(catalytic TMSCl)a

R3 Product Yield R3 Product Yieldb (%)

Ph 7a 71 PhCHNCH 7e 57
4-Cl-Ph 7b 59 2-Naphthyl 7f 43 (54)
4-NO2-Ph 7c 61 n-Pr 7g 54 (74)
4-MeO-Ph 7d 57 iPr 7h 31 (61)
a In CH2Cl2 at 215 to 220 °C for 3 h. Molar ratio; 4a–ZrCl4–amine–
aldehyde = 1.0+2.0+3.0+1.0. b Parentheses indicate the yields using
catalytic TMSCl (0.05 equiv.).
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The iminophosphinimide complexes [Ar(R)N]3M(NPNBut)
(M = V, Nb) were prepared from the corresponding anionic
nitride species {[Ar(R)N]3M·NNa}2 by way of a four-step
synthetic strategy.

Unusually stable Group 5 arylazide complexes were recently
isolated and their reactivity probed, e.g. Cp2Ta(Me)N3Ph1 and
[ArF(But)N]2V(I)N3Mes (ArF = 2-F-5-MeC6H3).2 Upon heat-
ing, these species gradually lose N2 to form the corresponding
arylimido complexes.1,2 An iminophosphinimide ligand re-
sembles the organoazide functionality, with substitution of
phosphorus in the b-position. Although several main group
compounds with an iminophosphinimide framework have been
reported, e.g. [Li][Mes*NPNMes*]3 and [ButNP(m-NBut)2PN-
But]Ga(ButNPNBut),4 this ligand-type has not been supported
on a transition-metal platform, i.e. LnM(N–PNNR) (R =
organic group). Of particular interest is the possibility of N·P
extrusion as a consequence of organoimide formation. Herein
we report characterization of the Group 5 iminophosphinimide
derivatives [Ar(R)N]3M(NPNBut) [Ar = 3,5-Me2C6H3; M =
Nb, R = C(CD3)2CH3; M = V, R = But], as constructed in
several steps from the corresponding anionic nitride complexes
(Scheme 1).

In a demonstration of the versatility and controlled reactivity
of the nitride dimer {[Ar(R)N]3NbNNa}2 (1a), reported
previously by us in this journal,5 the addition of PCl3 to a THF
solution of 1a gave the pale yellow dichlorophosphine complex
[Ar(R)N]3Nb(NPCl2) (2a) in 86% isolated yield. The 31P NMR
spectrum for 2a consists of a broad resonance at 158 ppm (Dn1/2
= 160 Hz).‡ It is important to note that although 2a was
obtained exclusively upon addition of ! 1 equiv. PCl3, a second
substitution reaction of the niobium nitride on phosphorus
occurred cleanly when 1a was added to 2a.

Employing the synthon 2a, design of a primary amino-
chlorophosphinimide functionality, i.e. –NP(Cl)(NHBut), was
pursued, since dehydrohalogenation of said species would

deliver the desired iminophosphinimide ligand. The addition of
1 equiv. ButNH2 (10% solution in NEt3) to 2a, however, did not
result in the formation of [Ar(R)N]3Nb[NP(Cl)(NHBut)] (4a),
but rather a 1+1 mixture of [Ar(R)N]3Nb[NP(NHBut)2] (3a) and
unreacted 2a. The yield of yellow di-tert-butylaminophosphini-
mide 3a, for which the 31P NMR spectrum contains a singlet at
101 ppm (Dn1/2 = 85 Hz), was optimized (92%) upon addition
of excess (ca. 4.4 equiv.) ButNH2/NEt3 to 2a. In an alternative
approach, 4a was generated by treating 3a with a large excess of
Me3SiCl. As a caveat, however, the selective substitution of one
tert-butylamino group on 3a by chloride, as monitored by 31P
NMR spectroscopy, has characteristics of an equilibrium. The
ratio of 3a+4a decreased asymptotically when the number of
silane equivalents was increased, but partial regeneration of 3a
occurred upon removal of all volatile materials in vacuo. This
behavior is presumably due to the presence of the by-product
Me3Si(But)NH, which likely drives the equilibrium back
towards 3a. Treatment of 3a with Me3SiCl in three stages,
between which all volatiles were removed in vacuo, conquered
this dilemma and yielded 4a as a yellow microcrystalline solid
(73%). The 31P NMR spectrum for 4a consists of a single
resonance at 146 ppm (Dn1/2 = 101 Hz) and the 1H NMR
spectrum exhibits a doublet for the tert-butylamino protons, due
to 1.5 Hz coupling with the 31P center.

Dehydrohalogenation of 4a was indeed achieved by treat-
ment with 1 equiv. LiN(SiMe3)2 in pentane, yielding the tert-
butyliminophosphinimide complex [Ar(R)N]3Nb(NPNBut)
(5a) as bright yellow microcrystals in 66% yield. Interestingly,
5a exhibits a 1+1+1 triplet centered at 318 ppm (1J14N–31P = 61
Hz) in its 31P NMR spectrum, due to coupling with one of the
adjacent nitrogen atoms.‡ As this phenomenon was not
observed for compounds 2a–4a, it is speculated that the imino
nitrogen experiences a more symmetric electric field gradient
than its imido counterpart and is therefore the more likely
source of 14N–31P coupling.6 During recrystallization of 5a
from pentane it was observed that an orange solid started to
form, with complete conversion in 24 h at 23 °C. A singlet at
240 ppm (Dn1/2 = 72 Hz) in the 31P NMR spectrum was
recorded for this new orange species.‡ X-Ray diffraction
analysis revealed the complex [Ar(R)N]3NbNP(m-
NBut)2PNNb[N(R)Ar]3 (6), the product of a [2 + 2] cycloaddi-
tion reaction involving two molecules of 5a (Fig. 1).§ The two
halves of dimeric 6 are related by a center of inversion, with a
planar P2N2 core containing pyramidal phosphorus centers and
nearly planar nitrogen centers. Selected bond distances and
angles are provided in the caption to Fig. 1.

Main group iminophosphinimide compounds tend to form
oligomers when lacking sufficiently bulky substituents.4a In the
case of 5a, the [Ar(R)N]3Nb platform apparently does not
provide enough steric protection to totally encumber dimeriza-
tion. It was anticipated that the vanadium analogue of 5a, with
an expected shorter metal–imide bond, would be less suscepti-
ble to oligomerization. In order to employ the same synthetic
procedure as used for 5a, however, we set out first to prepare the
vanadium nitride complex {[Ar(But)N]3VNNa}n (1b). Two
related anionic vanadium(V) nitride species, {[(Me3-
SiNCH2CH2)3N]VNLi}n

7 and (Ph2N)3VNLi(THF)3,8 were pre-
viously produced via deprotection or deprotonation strategies,

† Electronic supplementary information (ESI) available: Synthetic, spectro-
scopic, analytical, and theoretical data for all new complexes. See http://
www.rsc.org/suppdata/cc/b1/b105584b/

Scheme 1
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respectively, involving neutral imide precursors. Another
approach involved the reductive cleavage of dinitrogen.9 In the
present case, treatment of the readily available vanadium(III)
trisanilide [Ar(But)N]3V10 with NaN3 in THF, and subsequent
dissolution in pentane followed by drying in vacuo, yielded
bright yellow 1b in 88% yield. By analogy with 1a, unsolvated
1b is thought to be dimeric (n = 2) in the solid state, with
intramolecular solvation of the Na+ ions provided by the aryl
substituents of the –N(But)Ar groups.5

The vanadium iminophosphinimide [Ar(R)N]3V(NPNBut)
(5b) was indeed successfully generated from 1b by the
methodology illustrated in Scheme 1, with yields for complexes
2b–4b similar to those obtained for their niobium counterparts.
The 31P NMR chemical shift values for these intermediates are
also similar to those recorded for 2a–4a (vide supra), but the
resonances are considerably broader, likely due to unresolved
long-range 51V coupling.‡ Complex 5b was isolated from
diethyl ether as red crystals in 56% yield. The 31P and 51V NMR
spectra for 5b in D6-benzene both consist of single broad
resonances at 341 (Dn1/2 = 332 Hz) and 2151 (Dn1/2 = 123
Hz) ppm, respectively.‡ In contrast to 5a, coupling with a 14N
nucleus was not resolved in the 31P NMR spectrum. An X-ray
structure determination confirmed the monomeric nature of 5b,
but is not of publishable quality due to severe disorder in the
–N(But)Ar groups.§ Significantly, dimerization of 5b to form
the vanadium analogue of 6 was not observed, even upon
heating to 60 °C in hexane for a period of 18 h.‡ Shortening of
the V–Nimide bond in 5b, as compared with 5a, presumably
draws the iminophosphinimide functionality deeper into the
sterically protective pocket formed by the three anilide ligands
at the metal center,11 hindering P2N2 ring formation.

In summary, two examples of a transition-metal supported
iminophosphinimide ligand have been prepared by way of a
dehydrohalogenation strategy. In the case of 5a, dimerization
occurs via cycloaddition of this moiety while a monomer is
retained for 5b, making possible an exploration of the reactivity
of the novel M(NPNR) functionality. It is noteworthy that N·P
extrusion to give the corresponding imides was not observed for
either complex, illustrating the robust nature of this ligand.

For financial support we gratefully acknowledge the National
Science Foundation (CAREER Award CHE-9988806), the
Alfred P. Sloan Foundation, the National Science Board (1998
Alan T. Waterman award to C. C. C.), and the David and Lucile
Packard Foundations. J. K. B. thanks NSERC (Canada) for a
post-doctoral fellowship.

Notes and references
‡ 31P NMR chemical shift values were calculated (DFT) for models of the
complexes 2a, 5a, 6, and 2b–5b. Remarkably good agreement between the
experimental and theoretical values lends further support to the structural
assignments of these species. Additionally, the chemical shift calculated for
5b compared with that derived for the hypothetical product of dimerization
of 5b, i.e. the vanadium analogue of 6, substantiates designation of this
complex as a monomer. See ESI for details.†
§ Crystal data: 6: C40H63N5NbP, M = 737.83, triclinic, space group P1̄,
a = 10.584(7), b = 12.626(10), c = 17.968(13) Å, a = 116.92(4), b =
90.52(6), g = 114.37(4)°, V = 2069(3) Å3, T = 183(2) K, Z = 2, m(Mo-Ka)
= 0.361 mm21, Dc = 1.184 g cm23, 6162 reflections measured, 3802
unique (Rint = 0.0675), 3490 observed [I > 2s(I)]. The final R1 and
wR2(F2) were 0.0736 [I > 2s(I)] and 0.1678 (all data), respectively.

5b: a = 13.7960(2), b = 15.0337(3), c = 20.0772(4) Å, a = b = g =
90°, V = 4164.1 Å3, Z = 4.

CCDC reference number 167617. See http://www.rsc.org/suppdata/cc/
b1/b105584b/ for crystallographic data in CIF or other electronic format.
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Fig. 1 Molecular structure of [Ar(R)N]3NbNP(m-NBut)2PNNb[N(R)Ar]3 6
(35% probability ellipsoids). Hydrogen atoms are omitted for clarity.
Selected bond distances (Å) and bond angles (°): Nb–N(1) 2.005(8), Nb–
N(2) 2.050(8), Nb–N(3) 2.037(7), Nb–N(4) 1.790(7), P–N 1.734(7), P–NA
1.727(8); Nb–N(4)–P 167.0(5), N(4)–P–N 108.7(4), N(4)–P–NA 105.1(4),
N–P–NA 79.9(4), P–N–PA 100.1(4).
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Three prototypes of the remarkable new class of compound
referred to in the title have been synthesised by treating
ferrocene with the same mixed lithium (or sodium)–
magnesium amide recipes as those used previously to make
s-block metal inverse crowns.

A recent feature article1 highlighted the special synergistically
driven chemistry that can be activated by pairing two distinct
metal atom types (Li, Na or K from Group 1 with Mg or Zn from
Group 2 or 12) within the same molecular amide environment.
Arene molecules such as toluene can undergo selective
dideprotonation at thermodynamically unfavourable ring sites
to generate dianions which are locked within the central cavities
of these so-called ‘s-block metal inverse crowns’. A representa-
tive example germane to the new work described herein is 1.2

Derived from the sterically demanding amine 2,2,6,6-tetra-
methylpiperidine (TMPH) and formulated as
[Na4Mg2(TMP)6{C6H3(CH3)}], 1 displays a twelve-membered
polymetallic ring, comprising alternate NaNMg and NNaN
units, which stabilises the encapsulated arenediide through a
combination of Mg–C s bonds and Na–C p bonds (aligned
parallel and perpendicular, respectively, to the arene ring
plane). This interplay of s and p bonding prompted the
possibility of introducing cyclopentadienyl-based ligands into
this developing area of heterometallic chemistry. Here, as a first
attempt towards this goal we have subjected ferrocene to the
same mixed sodium–magnesium amide recipe as that used to
prepare 1. The surprising product of this reaction is the
trinuclear ferrocenophane disodium trimagnesium amide
[{Fe(C5H4)2}3{Na2Mg3(TMP)2·(TMPH)2}] 2. We have also
been successful in synthesising two lithium analogues [{Fe-
(C5H4)2}3{Li2Mg3(TMP)2·(TMPH)2}], 3 and [{Fe-
(C5H4)2}3{Li2Mg3(TMP)2·(pyridine)2}] 4, and so herein report
the prototypes of a remarkable new class of structure.

In the preparation of 2, freshly prepared BunNa and
commercial Bu2Mg (10 mmol of each) were stirred together in

a hexane–heptane mixture in an argon-filled Schlenk tube. The
congealed brown mass obtained was then treated with TMPH
(30 mmol) and the mixture was stirred until complete
dissolution had occurred. Next, ferrocene (5 mmol) was
introduced and the mixture was heated to reflux for 90 min. This
produced a red powder which only partially dissolved on
addition of hot toluene (40 ml), so what remained was collected
by filtration. Left to cool overnight in a Dewar flask of hot
water, the filtrate deposited a crop of red crystals. Both the
powder and crystals were identified as 2.‡ Substituting BunLi
for BunNa in a similar procedure afforded the lithium analogue
3.‡ Note that TMPH is available as a ligand here because it is the
byproduct of ferrocene deprotonation by amido anions (TMP).
Isolated 3 can be smoothly converted to 4‡ by re-dissolving it in
toluene solution and adding several molar equivalents of the
stronger donor pyridine.

Each Mg atom independently stitches together the three
ferrocene-1,1A-diyl units of 2 (Fig. 1). The distorted tetrahedral
coordination sphere of centric Mg(1) comprises four C atoms,
belonging to the ‘top’, ‘bottom’, and ‘top’ and ‘bottom’ C5H4
rings attached to Fe(1A), Fe(1) and Fe(2), respectively. This
unique third ferrocenyl unit is disordered over two sites.
Unfortunately this disorder would prejudice any discussion of
dimensions pertaining to 2, though it has no bearing on the
connectivities within the structure which are unambiguous. A
crystallographic C2 axis runs through Mg(1) and Fe(2). The
fourth coordination site of symmetry partners Mg(2)/Mg(2A) is
filled by an amido N atom [N(1)/N(1A)]. Essentially planar
(CMgNNa) rings, solvated at Na by TMPH molecules,
complete the architecture. Of special significance therein is the
Na(1)–C(1) bond [length 2.526(4) Å] as, to the best of our
knowledge, it represents the first direct contact between Na and
a ferrocenyl unit.

Detailed discussion of the structure is confined to that of 4
(Fig. 2) because there is no disorder within its molecular
structure though there are disordered solvent molecules in the
extended structure. Its connectivity pattern follows that of 2,
though the C2 symmetry about the Mg(2)…Fe(2) axis is only
approximate in this case. Mimicking the role of the TMPH

† Dedicated to Professor P. L. Pauson on the 50th anniversary of the
landmark discovery of ferrocene.
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molecules in 2, pyridine molecules bind terminally to Li at the
periphery of the structure. Centric Mg(2) bonds asymmetrically
to the ferrocenyl units: the pair of Mg–C bridging bonds to the
Fe(2) unit are longer than their single terminal counterparts to
the Fe(1) and Fe(3) units (mean lengths, 2.339 and 2.234 Å
respectively). Significantly the shortest such bonds in the
structure [Mg(1)–C(1) 2.187(4) Å, Mg(3)–C(26) 2.194(4) Å] lie
almost parallel with their attached C5H4 ring [torsion angles:
Mg(1)–C(1)–C(2)–C(3) 176.6(3)°, Mg(3)–C(26)–C(27)–C(28)
2176.3(3)°] implying a high degree of s character. All three
Mg atoms deviate substantially from a tetrahedral geometry,
with distortion most pronounced for the exclusively ferrocenyl-
bound Mg(2) [range of bond angles 90.04(14)–140.42(15)°].
Another salient feature is the near-planarity of the four-element
(CMgNLi) rings (sum of endocyclic bond angles, 359.05 or
360.05°). The quasi perpendicular approach of the Li atoms
towards the C5H4 ring [e.g. Li1–C1–C2–C3, 103.6(3)°] signi-
fies a large p contribution to the Li–C bonding. Finally it should
be noted that each ferrocenyl unit has essentially eclipsed
C5H4 rings, and that the staggered positioning of the three
ferrocenyl ligands with respect to the Mg…Mg axis gives each
molecule a chiral nature.

No precedent exists for this extraordinary class of hetero-
trimetallic complex, either in terms of composition or structure.
The closest analogy, also reported in 2001,3 is the homo-main
group-metallic gallium-bridged species [{Fe(C5H4)2}3{Ga·
(pyridine)}2]. Made by a condensation reaction from a me-
thylgallium precursor as opposed to the novel synergic

metallation approach used here, it possesses a similar chiral
‘carousel’ arrangement of ferrocenyl units linked by two end-
positioned Ga atoms [à la Mg(1) and Mg(3) in 4], but is
‘missing’ a centric metal atom and metal amide component. A
trinuclear ferrocenyl unit was first observed in the homometallic
lithium-bridged species [{Fe(C5H4)2}3Li6·(TMEDA)2],4 but
the bridges are exclusively m2-Li–C in this case. While no other
trinuclear examples are known, there has been a recent report5
of a dinuclear ferrocenyl complex containing both lithium and
magnesium; however, [(FcN)2Li2Mg(Br)2·(OEt2)] (where FcN
is a dimethylaminomethylferrocenyl unit) bears little structural
resemblance to 4.

Returning to the original theme of the work, while 2, 3 and 4
are clearly not inverse crown ring systems (à la 1) they do
nonetheless contain component parts thereof. In particular, their
bimetallic MNMg (where M is an alkali metal) fragments are
essential building blocks of all the known 8-, 12- and
24-membered inverse crown ring systems. Furthermore the
ferrocene-diyl units can be likened to the arene-diyl units
encountered in the 12-membered inverse crown 1. Where 2, 3
and 4 are truly unique in the context of heterometallic s-block
chemistry, is in having a (centric) Mg atom stripped naked of
amido ligands. With this atom acting as a fulcrum for
supporting the three ferrocenyl units, it should be possible to
build supramolecular assemblies of multiple trinuclear ferroce-
nophane molecules by exploiting the metathetical reactivity of
the peripheral alkali metal amide fragments. Such redox-active
assemblies could possess a range of interesting electrochemical,
electronic and magnetic properties.

We thank the EPSRC for funding this research (through grant
award no. GR/M78113).

Notes and references
‡ 2: Yield (based on ferrocene consumption) 49%; mp decomp. from
200 °C; pyrophoric; satisfactory C, H, N analyses; dH (400 MHz, C5D5N),
4.83/4.77 (a- or b-H, C5H4), 1.58 (g-H, TMP/H), 1.30 (b-H, TMP/H), 1.12
(a-Me, TMP/H), NH resonance was not observed. 3: Yield, 68%; mp
174–176 °C; non-pyrophoric, satisfactory C, H, N analyses; dH (400 MHz,
C5D5N). 4.85/4.80 (a- or b-H, C5H4), 1.57 (g-H, TMP/H), 1.29 (b-H, TMP/
H), 1.12 (a-Me, TMP/H), NH resonance was not observed. 4: Yield, 63%;
mp 166–168 °C; non-pyrophoric, satisfactory C, H, N analyses; dH (400
MHz, C5D5N), 8.74 (a-H, pyr), 7.59 (g-H, pyr), 7.23 (b-H, pyr), 4.84/4.80
(a- or b-H, C5H4), 1.58 (g-H, TMP), 1.29 (b-H, TMP), 1.12 (a-Me, TMP).
All samples are extremely sensitive to hydrolysis as shown by trace amounts
of ferrocene at d 4.20. Note that solubility problems were encountered when
the reactions were repeated using the stoichiometry consistent with the
formulas of 2, 3 and 4. However, in all cases the same products were again
observed.

Crystal data: for 2: C66H98Fe3Mg3N4Na2, M = 1233.94, monoclinic,
space group P2/c, a = 16.6871(3), b = 10.3932(2), c = 18.5237(4) Å, b =
102.392(1)°, U = 3137.8(1) Å3, Z = 2, l = 0.71073 Å, m = 0.77 mm21,
T = 150 K, R = 0.062 for 4553 observed reflections, wR2 = 0.1705 for
6166 unique reflections for 355 parameters refined to convergence on F2.

For 4·C6H5CH3: C65H78Fe3Li2Mg3N4, M = 1169.66, triclinic, space
group P1̄, a = 15.402(5), b = 16.552(2), c = 11.622(3) Å, a = 98.651(11),
b = 100.01(2), g = 94.796(14)°, U = 2866.2(11) Å3, Z = 2, l =
0.71069 Å, m = 0.83 mm21, T = 123 K, R = 0.0499 for 6837 observed
reflections, wR2 = 0.1350 for 8991 unique reflections and 696 parameters
refined to convergence on F2.

CCDC reference numbers 165404 and 165405. See http://www.rsc.org/
suppdata/cc/b1/b105009p/ for crystallographic data in CIF or other
electronic format.

1 R. E. Mulvey, Chem. Commun., 2001, 1049.
2 D. R. Armstrong, A. R. Kennedy, R. E. Mulvey and R. B. Rowlings,

Angew. Chem., 1999, 111, 231; D. R. Armstrong, A. R. Kennedy, R. E.
Mulvey and R. B. Rowlings, Angew. Chem., Int. Ed., 1999, 38, 131.

3 P. Jutzi, N. Lenze, B. Neumann and H.-G. Stammler, Angew. Chem.,
2001, 113, 1470; P. Jutzi, N. Lenze, B. Neumann and H.-G. Stammler,
Angew. Chem., Int. Ed., 2001, 40, 1424.

4 I. R. Butler, W. R. Cullen, J. Ni and S. J. Rettig, Organometallics, 1985,
4, 2196.

5 N. Seidel, K. Jacob, A. K. Fischer, C. Pietzsch, P. Zanello and M.
Fontani, Eur. J. Inorg. Chem., 2001, 145.

Fig. 1 Molecular structure of 2 without H atoms and disorder component.

Fig. 2 Molecular structure of 4 from an alternative view to that given for 2
in Fig. 1. H atoms and solvent molecules of crystallisation have been
omitted. Key dimensions (Å):  Li1–N1 2.031(8), Li1–N2 2.050(8), Li1–C1
2.279(8), Li2–N3 2.027(8), Li2–N4 2.049(8), Li2–C26 2.243(8), Mg1–N1
2.072(3), Mg1–C1 2.187(4), Mg1–C11 2.224(4), Mg1–C21 2.344(4),
Mg3–N3 2.094(3), Mg3–C6 2.304(4), Mg3–C16 2.221(4), Mg3–C26
2.194(4), Mg2–C6 2.224(4), Mg2–C11 2.352(4), Mg2–C16 2.307(4),
Mg2–C21 2.219(4).
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Crystal growth, structure determination and magnetism of a new
hexagonal rhodate: Ba9Rh8O24
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Single crystals of Ba9Rh8O24, grown from a molten po-
tassium carbonate flux, crystallize in the spacegroup R3̄c
with lattice parameters of a = 10.0899(4) and c = 41.462(2)
Å. Magnetic measurements on oriented single crystals reveal
the existence of magnetic anisotropy.

During recent years, there has been much interest in the
preparation and investigation of oxides structurally related to
the 2H hexagonal perovskites, the prototype of which, Sr4PtO6,
was first prepared by Randall and Katz1 and forms in the
K4CdCl6 structure type. As shown by Darriet and Sub-
ramanian,2 and more recently by Darriet and Perez-Mato,3 the
structures of these oxides can all be described as resulting from
stacking sequences of m[A3O9] layers and n[A3AAO6] layers,
with the subsequent filling of the interstitial octahedral sites.
The general formula that can be derived from the stacking of
such layers is: A3n + 3mAAnB3m + nO9m + 6n (n, m = integers, A =
alkaline earth; AA, B = large assortment of metals including
alkali, alkaline earth, transition, main group, and rare earth
metals). The structures are characterized by one-dimensional
chains of face-sharing trigonal prisms and octahedra along the
c-axis of the hexagonal unit cell.

Sr4PtO6 is the n = 1, m = 0 member of this family and
consists of chains of alternating face-sharing octahedra and
trigonal prisms. While many n = 1, m = 0 members are known,
for example Sr3NaRhO6,4 Ca3Co2O6,5,6 and Ca3CuIrO6,7 far
fewer oxides with higher integer values of n and m have been
prepared and structurally characterized. In addition, until
recently, most structure determinations were based on Rietveld
refinements of polycrystalline powders and few single crystals
of any members, and in particular very few members with
higher integer values of n and m, have been grown and
structurally characterized. A recent example of the latter type
includes Ba8CoRh6O21 corresponding to the m = 5, n = 3
member.8 Other examples include Ba6Ni5O15,9 Sr4Ru2O9,10

and the incommensurate phases of Ba1 + x(CuxRh12 x)O3 (x =
0.1605 and 0.1695) whose average structure is that of the n = 3,
m = 4 member with a repeat sequence of five octahedra and one
trigonal prism.11 In this communication we report the first
structural characterization of the m = 2, n = 1 member
Ba9Rh8O24 and the investigation of its magnetic properties.

Single crystals of Ba9Rh8O24 were grown from a molten
potassium carbonate flux. BaCO3 and Rh metal powder (6:1
molar ratio) were mixed with a 10 fold mass excess of K2CO3.
The alumina crucible was heated in air to 1050 °C, held for 48 h,
and then quickly cooled to room temperature. The crystals were
isolated manually by dissolving the flux in water.

An approximate [110] view is shown in Fig. 1. The structure
is characterized by infinite chains containing groups of seven
face-sharing RhO6 octahedra separated by one face-sharing
RhO6 trigonal prism. These chains are in turn separated from
one another by chains of Ba cations. The metal–oxygen bond
distances [Rh1–O1 2.020(6), Rh2–O2 2.008(6), Rh2–O1
2.035(6), Rh3–O3 2.003(7), Rh3–O2 2.035(6), Rh4–O4
1.969(10), Rh4–O3 2.048(7), Rh5–O4 2.012(12) Å] are typical

for oxides of this type. Intrachain Rh–Rh bond distances [Rh1–
Rh2  2.523(1), Rh2–Rh3 2.455(1), Rh3–Rh4 2.637(2), Rh4–
Rh5 2.750(1) Å] can be considered non-bonding.

Ba9Rh8O24 represents the first structurally characterized m =
2, n = 1 member of this family, and more interestingly one of
only a few single crystal compositions which are commensurate
and not of the n = 1, m = 0 structure type. It is worth noting that
this compound consists of the longest octahedra repeat sequence
structurally characterized to date and structurally approaches
the other end member of this family, n = 0, m = 1, the BaNiO3
hexagonal perovskite structure. Compounds with chains con-
sisting of 5 (Sr6Rh5O15

12) and 6 (Ba8CoRh6O21) face-sharing
octahedra separated by one face-sharing trigonal prism are
known. In these and related oxides,6 large magnetic anisotropies
have been observed as a function of crystal orientation. To
investigate the magnetic behavior of Ba9Rh8O24, susceptibility
measurements were obtained using a large single crystal
weighing 5.53(1) mg.†

The plot of susceptibility as a function of crystal orientation
measured at 2 K is shown in Fig. 2. A beautiful regular
sinusoidal variation in the susceptibility is clearly evident. The
maxima in the susceptibility correspond to a parallel alignment
of the hexagonal c-axis (i.e. the [Rh8O24]H chain direction) with
the applied field and the minima correspond to a 90 degree
rotation from that position, or a perpendicular orientation of the
c-axis relative to the magnetic field. Susceptibility measure-
ments with the crystal oriented parallel and perpendicular with
respect to the magnetic field are shown in Fig. 3, where the two
curves diverge below ca. 100 K, indicating the onset of the

Fig. 1 Approximate [110] view of the structure of Ba9Rh8O24. Dark grey:
RhO6 trigonal prisms; grey: RhO6 octahedra; light grey: Ba atoms.
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magnetic anisotropy. The inset in Fig. 3 is a plot of the
magnitude of the magnetic anisotropy, M∑/M4, as a function of
temperature.‡

The issue of oxidation states for the rhodium and their
location in this chain structure is currently not possible to
resolve. In order to charge balance Ba9Rh8O24, oxidation states
can be distributed as six Rh4+ and two Rh3+. A bond valence
analysis proved inconclusive, and so one might hope to gain
insight into the oxidation states from the magnetic susceptibility
data. Assuming low spin rhodium in octahedral coordination,
the Rh4+, d5, would each contribute one unpaired electron, while
Rh3+, d6, would contribute no unpaired electrons. Unfortu-
nately, the magnetic data cannot be fit to Curie-type behavior,
making it impossible to check the above assignment.

Finally, the presence of the non-magnetic Rh3+ in the chain,
would break any exchange interactions between Rh4+ sites,
leading to a disruption of magnetic interactions within the chain.
This should result in the formation of small magnetic units
along the chain. The anisotropy that is observed at low
temperature can potentially be due to an anisotropy in the

exchange interaction between rhodium atoms in these small
units or, alternatively, by irregular Rh4+ octahedra, resulting in
different g-factors for g∑ and g4. This is an area of further
investigation and beyond the scope of this communication.

Financial support from the National Science Foundation
through Grant DMR:9873570 is gratefully acknowledged.

Notes and references
† Crystal data: A black hexagonal prism was epoxied onto the end of a thin
glass fiber. X-Ray intensity data were measured at 293 K using a Bruker
SMART APEX CCD-based diffractometer system using Mo-Ka radiation
(l = 0.71073 Å). Ba9Rh8O24, M = 2443.34 g mol21, rhombohedral, space
group R3̄c (no. 167), a = 10.0899(4), c = 41.462(2) Å, V = 3655.6(3) Å3,
Z = 6, Dc = 6.659 Mg m23, m(Mo-Ka) = 19.622 mm21, crystal size: 0.24
3 0.11 3 0.10 mm, q range 2.38–33.16°, independent reflections 1551 (Rint

= 0.0312), data/restraints/parameters 1551 / 0 / 66. Structure solved and
refined using SHELXTL Version 5.1. An empirical absorption correction
based on the multiple measurement of equivalent reflections was applied
with the program SADABS (min., max. transmission = 0.1341, 0.2694).
Final R1 (all data) = 0.0524, wR2 (all data) = 0.0992.

Atomic coordinates and equivalent isotropic displacement parameters:

Atom x y z Ueq/Å2

Ba(1) 0.3223(1) 0.9932(1) 0.0273(1) 0.012(1)
Ba(2) 0.3519(1) 0 1/4 0.010(1)
Rh(1) 0 0 0 0.006(1)
Rh(2) 0 0 0.9392(1) 0.008(1)
Rh(3) 0 0 0.8800(1) 0.006(1)
Rh(4) 0 0 0.8163(1) 0.011(1)
Rh(5) 0 0 3/4 0.014(1)
O(1) 0.1581(7) 0.1566(7) 0.0301(2) 0.010(1)
O(2) 0.8377(7) 0.9935(8) 0.9101(1) 0.008(1)
O(3) 0.8518(9) 0.8438(9) 0.8490(2) 0.022(2)
O(4) 0.8417(13) 0.9600(20) 0.7839(3) 0.080(6)

CCDC reference number 164826. See http://www.rsc.org/suppdata/
cc/b1/b104513j/ for crystallographic data in CIF or other electronic
format.
‡ Magnetism: Magnetic measurements were collected on a single crystal of
Ba9Rh8O24 weighing 5.53(1) mg using a Quantum Design MPMS XL
SQUID magnetometer. Aligned crystal measurements were performed
using a Quantum Design Single Crystal Rotator attachment. The crystal was
affixed to the rotator using standard vacuum grease. The crystal was rotated
in 10° steps through 360° at 2 K with an applied field of 5 kG; knowing the
initial orientation makes it possible to correlate the maxima and minima to
the crystal alignment. Temperature dependence measurements were taken at
a position corresponding to a maximum and a minimum in susceptibility at
5 kG. The moment of the sample holder was corrected for using the
Automatic Background Subtraction software by Quantum Design.
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Fig. 2 Magnetic susceptibility of a single crystal of Ba9Rh8O24 as a function
of crystal orientation with respect to the applied magnetic field measured at
2 K and 5 kG. The maxima occur for the crystal’s c-axis aligned parallel
with the applied field.

Fig. 3 Temperature dependence of the magnetic susceptibility of a single
crystal of Ba9Rh8O24 oriented parallel (5) and perpendicular (8) with
respect to the applied field at 5 kG. Inset: temperature dependence of the
magnetic anisotropy (defined as the ratio between the susceptibility of a
single crystal oriented parallel and perpendicular with respect to the applied
field).
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Oxidative cyclisation of cinnamyl ethers mediated by CAN: a
stereoselective synthesis of 3,4-trans disubstituted tetrahydrofuran
derivatives
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The oxidative cyclisation of cinnamyl ethers mediated by
cerium(IV) ammonium nitrate results in the stereospecific
formation of 3,4-trans disubstituted tetrahydrofuran deriva-
tives in moderate to good yields.

Cerium(IV) ammonium nitrate (CAN) has been found to be a
very efficient reagent for carbon–carbon bond formation
especially in reactions involving the oxidative addition of 1,3-
dicarbonyl compounds to alkenes.1a,b In spite of its success in
this and a variety of other highly efficient intermolecular
reactions of value in organic synthesis,1 CAN has found very
little use in intramolecular C–C bond formation;2 this is in
contrast to the general acceptance of Mn(III) in intramolecular
cyclisations.3 In view of this and prompted by our recent
observation of CAN induced dimerisation of alkoxy styrenes,4
we surmised that appropriately tethered alkoxy cinnamyl ethers
would undergo CAN mediated cyclisation leading to tetra-
hydrofuran derivatives. It is noteworthy that a chemical electron
transfer mediated intramolecular cyclobutanation of dicinnamyl
ethers using triarylaminium salts has been reported by Bauld et
al.5

Our studies were initiated by the reaction of 2-methoxy-
cinnamyl cinnamyl ether 1a with CAN in methanol under an
oxygen atmosphere. In the event, the reaction afforded a
tetrahydrofuran derivative 2a, in moderate yield. The reaction
was found to be general and applicable to similar substrates
(Scheme 1).

Interestingly, when the reaction of 1a with CAN was carried
out under argon atmosphere, instead of the ketone, a mixture of
the methoxy and nitrato derivatives 3a, in the ratio 2:1, was
obtained in high yield. Similar results were obtained with other
substrates (Scheme 2).

Catalytic hydrogenation of the mixture of methoxy and
nitrato derivatives 3a effected the selective conversion of the
latter to the corresponding alcohol 5a (Scheme 3).

Scheme 1

Scheme 2

Scheme 3

This journal is © The Royal Society of Chemistry 2001
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Relevant spectral data (IR, 1H NMR, 13C NMR, DEPT-135
NMR) of the products are in good agreement with structures
assigned.† The stereochemistry of the 3,4-disubstituted-tetra-
hydrofuran derivative has been confirmed to be trans with the
aid of single crystal X-ray analysis of compound 2f (Fig. 1).‡

A mechanistic rationale for the formation of the product can
be depicted along the following lines (Scheme 4).

A radical cation initially formed from the methoxy styrene
unit of the substrate can add in an intramolecular fashion to the
adjacent styrene moiety to form a distonic radical cation. The
cationic center is quenched by methanol, whereas the radical
center is prone to two different transformations.1c,d Under
oxygen atmosphere, the radical site is quenched by molecular
oxygen yielding the keto product via the initially formed peroxy
radical. Under argon atmosphere, the radical site is quenched by
nitrate by ligand transfer from CAN; alternatively, it can
undergo oxidation by CAN to the benzylic cation with
subsequent addition of methanol yielding the dimethoxy
product.

In conclusion, we have devised a novel and efficient route
towards the stereospecific construction of 3,4-trans substituted
tetrahydrofurans from relatively simple precursors, which
assumes importance in view of the fact that substituted
tetrahydrofurans feature in many natural products of biological
importance,6 especially lignans. Further studies are currently in
progress.

L. B., V. S. and S. B. P. thank CSIR, New Delhi, for research
fellowships. The authors also thank Ms Soumini Mathew for
high-resolution NMR spectra and Mrs S. Viji for elemental
analysis.

Notes and references
† Experimental procedure and selected data for 2f : A solution of CAN (740
mg, 1.33 mmol ) in dry methanol (15 ml) was added dropwise with stirring
to a solution of 1f (200 mg, 0.58 mmol ) in dry methanol (10 ml) under
oxygen atmosphere. After 30 minutes the reaction mixture was diluted with
50 ml water and extracted with DCM (3 3 25 ml). The combined organic
extracts were washed with water, saturated brine and dried over sodium
sulfate. After the removal of the solvent, chromatographic separation on
silica gel using 80+20 hexane–ethyl acetate gave the THF derivative 2f (128
mg) in 56% yield as a colorless crystalline solid. Mp: 115–117 °C
(recrystallised from CH2Cl2–hexane). (Elemental analysis; Calcd for
C22H26O6 C, 68.38; H, 6.78. Found: C, 68.00; H, 6.75%) nmax/cm21 2940,
2853, 1720, 1664, 1589, 1496, 1458, 1328, 1234, 1128, 1085, 1004. dH (300
MHz; CDCl3) 7.54–7.46 (m, 3H, ArH), 7.35–7.30 (m, 2H, ArH), 6.42 (s,
2H, ArH), 4.23–4.17 (m, 1H), 4.09–3.92 (m, 3H), 3.84–3.72 (m, 11H, 3 3
OCH3 embedded in this multiplet), 3.19 (s, 3H, OCH3), 3.1–3.06 (m, 1H);
dC 198.96, 153.29, 136.47, 135.27, 133.02, 128.34, 127.90, 104.33, 85.36,
71.32, 71.27, 60.56, 56.70, 55.91, 50.67, 49.19; DEPT-135: (CH2 negative)
71.32, 71.27. All new compounds were fully characterized.
‡ Crystal data for 2f: C22H26O6, FW 386.43, 0.30 3 0.20 3 0.14 mm,
monoclinic, space group P21/n, unit cell dimensions: a = 10.8619(4) Å, a
= 90°; b = 12.9527(4) Å, b = 99.570°; c = 14.2988(5) Å, g = 90°. R
indices (all data) R1 = 0.0656, wR2 = 0.1131. n = 1983.71(12) Å3, Z =
4. Dcalc = 1.294 Mg m23. F(000) = 824. Absorption coefficient 0.094
mm21; reflections collected 42489 (G. M. Sheldrick, Siemens, Analytical
X-ray Division, Madison, WI, USA, 1995). CCDC 163141. See http://
www.rsc.org/suppdata/cc/b1/b103111m/ for crystallographic data in .cif or
other electronic format.

1 (a) V. Nair, J. Mathew and J. Prabhakaran, Chem. Soc. Rev., 1997, 127;
(b) T. Linker, K. Hartmann, T. Sommermann, D. Scheutzow and E.
Ruckdeschel, Angew. Chem., Int. Ed. Engl., 1996, 35, 1730; (c) V. Nair
and J. Mathew, J. Chem. Soc., Perkin Trans. 1, 1995, 1881; (d) V. Nair,
J. Mathew and L. G. Nair, Synth.Commun., 1997, 27, 3053; (e) V. Nair,
L. G. Nair, T. G. George and A. Augustine, Tetrahedron, 2000, 56, 7607;
(f)  E. Baciocchi, A. Casu and R. Ruzziconi, Synlett, 1990, 679; (g) T.
Linker and U. Linker, Angew. Chem., Int. Ed. Engl., 2000, 39, 902. 

2 (a) B. B. Snider and T. Kwon, J. Org. Chem., 1990, 55, 4786; (b) E.
Baciocchi, A. B. Paolobelli and R. Ruzziconi, Tetrahedron, 1992, 48,
4617; (c) H. J. Kim, U. C. Yoon, Y. Jung, N. S. Park, E. M. Cederstorm
and P. S. Mariano, J. Org. Chem., 1998, 63, 860; (d) Y. Takemoto, S.
Yamagata, S. I. Furuse, H. Hayase, T. Echigo and C. Iwata, J. Chem. Soc.,
Chem. Commun., 1998, 651; (e) A.-C. Durand, J. Rodriguez and J.-P.
Dulcere, Synlett, 2000, 731 and references cited therein.

3 (a) G. G. Melikyan, Synthesis, 1993, 833; (b) B. B. Snider, Chem. Rev.,
1996, 96, 339; (c) A. D’Annibale, D. Nanni, C. Troglo and F. Umani,
Org. Lett., 2000, 401. 

4 (a) V. Nair, J. Mathew, P. P. Kanakamma, S. B. Panicker, V. Sheeba, S.
Zeena and G. K. Eigendorf, Tetrahedron Lett., 1997, 38, 2191; (b) V.
Nair, V. Sheeba, S. B. Panicker, T. G. George, R. Rajan, L. Balagopal, M.
Vairamoni and S. Prabhakar, Tetrahedron, 2000, 56, 2461.

5 (a) T. Kim, G. A. Mirafzal, J. Liu and N. L. Bauld, J. Am. Chem. Soc.,
1993, 115, 7653; (b) N. P. Schepp, D. Shukla, H. Sarker, N. L. Bauld and
L. J. Johnston, J. Am. Chem. Soc., 1997, 119, 10325.

6 (a) H. Yoda, T. Shimojo and K. Takabe, Synlett, 1999, 1969 and
references cited therein.

Fig. 1 X-Ray crystal structure of compound 2f.

Scheme 4
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Bridged tetracyclic tetrahydroquinoline is synthesized by a
novel one-pot three component condensation of an ortho-
amino cinnamate, a-isocyano acetamide and an aldehyde.

Maximizing synthetic efficiency by designing complexity-
generating multicomponent domino processes is gaining more
and more importance in organic synthesis and in drug discovery
endeavour.1–4 In connection with our ongoing project, a novel
one-pot three component synthesis of tetracyclic tetrahydro-
quinoline5 was envisaged. The sequence of events, hinged upon
our recently developed synthesis of 5-aminooxazole,6 is
outlined in Scheme 1. Thus, reaction of an aniline, an aldehyde
and an a-isocyano acetamide should give the aminooxazole via
an iminium, then a nitrilium ion intermediate. Cycloaddition of
oxazole as an aza-diene with a properly predisposed dienophile
would then produce a bridged tetrahydroquinoline-containing
polycycle that, a priori, would undergo further fragmentation to
provide phenanthroline.7 While domino Ugi/Diels–Alder
cycloadditions starting from diene- and dienophile-containing
building blocks have been elegantly developed,8 the multi-
component reaction (MCR)/cycloaddition sequence involving
en route generation of a transient diene, to the best of our
knowledge, was unknown.9 The realization of this concept as
well as the documentation of the remarkable thermostability of
cycloadduct 1 is the subject of this communication.

Using ortho-amino methyl cinnamate (2a), heptanal (3a) and
a-isocyano a-benzyl acetamide (4a) as inputs, reaction condi-
tions were surveyed varying the solvent (MeOH, CF3CH2OH,
benzene, toluene), the temperature (rt to 110°C), and the

promotor (LiBr, BF3·OEt2, Yb(OTf)3, Sc(OTf)3, MgSO4). After
a considerable number of experiments, conditions were worked
out for the domino 3 component reaction (3CR)/intramolecular
Diels–Alder cycloaddition process. Thus, under the optimal
conditions (2a and 3a, LiBr, in toluene, 2h then 4a, 70 °C),
tetracyclic tetrahydroquinoline 1 was isolated in 94% yield as a
mixture of two separable diastereomers (ratio of 1a+1aA = 3+1,
Scheme 2). Without LiBr, 1a and 1aA were isolated in less than
6% yield under otherwise identical conditions.10 The identifica-
tion of 5-aminooxazole intermediate 7 (where NR5R6 = NEt2)
provided evidence that the reaction indeed proceeded as
programmed. It is worthy of note that one C–N, one C–O and
three C–O bonds were formed with the concomitant creation of
five asymmetric centers in this one-pot process. The efficiency
of this reaction was thus truly remarkable if one looks at the
yield per bond formation.

The stereochemistry of compound 1a and 1aA was deduced
from both mechanistic consideration and NMR studies. The
observed coupling constant between Ha and Hb (JHa-Hb = 4.6
Hz for 1a and 4.4 Hz for 1aA) indicated a gauche relationship of
these two protons in both compounds. For the inherent ring
strain imposed by the connecting bridge, only the aryl-exo-
ester-endo mode of cycloaddition was possible leading to the
observed compounds. This model of ring formation is also
indicative of a concerted rather than a stepwise process, since
one could expect the formation of aryl-exo-ester-exo diaster-
eomers if the latter mechanism was operating. The relative
stereochemistry of the major adduct 1a was deduced from the
observation of a strong NOE cross peak between Hb and Hc in
its NOESY spectrum and corroborated by X-ray analysis (Fig.
1).‡

Control experiments showed that the observed stereoselectiv-
ity was a thermodynamically controlled process. Indeed, re-
submitting the diastereomerically pure compound 1a to the
reaction conditions led to the formation of a mixture of 1a and
1aA with the ratio identical to that resulting from the reaction
mixture. The same is true for 1aA. While the thermo-equilibrium
can be interpreted by a sequence of heterocycloreversion/

† E. González-Zamora is a visiting Professor from Universidad Autónoma
Metropolitana-Iztapalapa, 09340 México D. F.

Scheme 1

Scheme 2
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cycloaddition, the relatively high stability of compound 1 with
a strained aminal function was nevertheless intriguing.

Selected structures synthesized in this preliminary study are
listed in Fig. 2.§ The reaction conditions have not been
individually optimized. As is seen, all substituents at the
periphery of the tetracyclic ring system can be varied. The
ortho-amino cinnamate with either electron donating or electron
withdrawing group participated in the reaction, as did the N-
alkylated derivatives. The a-branched aldehydes, as well as the
a-alkyl and a-aryl substituted a-isocyano acetamides took part

in this reaction. When cyclooctyl aldehyde was used, a single
diastereomer was isolated. Since the nitrogen bearing the
asymmetric center was the one that controlled the facial
selectivity of the subsequent aza-Diels–Alder cycloaddition, the
observation is thus understandable. As expected for Ugi type
reaction, racemic tetrahydroquinoline was obtained even when
enantiomerically pure isonitrile 4 (R = Bn, or phenyl) was used
as input. At this stage of the development, the failure of
aromatic aldehyde to enter the reaction cascade constituted the
limitation of the present methodology.

In conclusion, we have developed a novel multicomponent
domino process for the synthesis of oxa-bridged tetrahydro-
quinoline starting from simple and readily accessible linear
precursors. Besides its synthetic efficiency and potential
application in diversity oriented synthesis, we demonstrated, to
the best of our knowledge, for the first time that Ugi-type
condensations can be performed in toluene in the presence of
LiBr without concurrent occurrence of a Passerini-type reac-
tion.

Financial support from CONACYT (E. G.-Z.) and CNRS are
gratefully acknowledged. We thank Mr M. De Paolis for helpful
discussion.

Notes and references
‡ Crystal data for 1a: pale yellow crystal (0.32 3 0.37 3 0.40 mm).
C31H39N3O4, Mw = 517.65. Monoclinic system, space group P21/n, Z = 4,
a = 14.049 (5), b = 9.982 (5), c = 20.886 (8) Å, b = 97.64 (3)°, V = 2903
Å3, DC = 1.184 g cm23, F(000) = 1112, l(Mo Ka) = 0.71073 Å, T = 293
K, m = 0.08 mm21; 8306 data measured (q range: 2.12 to 27.47°) on a
Nonius Kappa-CCD area-detector diffractometer. Refinement with
SHELXL93. R1 (F) = 0.0755 for the 3303 Fo 4 4 s(Fo) and wR2(F2) =
0.2294 for all the 4665 unique data. GOF S = 1.101. Residual electron
density between 20.24 and 0.71 e Å23. CCDC 164901. See http:
//www.rsc.org/suppdata/cc/b1/b104317j/ for crystallographic data in .cif or
other electronic format.
§ For the sake of convenience, only one diastereomer is shown.

1 Recent review on MCR, see: A. Dömling and I. Ugi, Angew. Chem., Int.
Ed., 2000, 39, 3168.

2 Recent review on domino process, see: L. F. Tietz and A. Modi, Med.
Res. Rev., 2000, 20, 304.

3 Reviews discussing diversity-oriented synthesis: (a) S. L. Schreiber,
Science, 2000, 287, 1964; (b) P. Arya, D. T. H. Chou and M. G. Baek,
Angew. Chem., Int. Ed., 2001, 40, 339.
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6, 3321.
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derivatives. For recent syntheses by MCR, see: (a) P. A. Grieco and A.
Bahsas, Tetrahedron Lett., 1988, 29, 5855; (b) J. M. Mellor and G. D.
Merriman, Tetrahedron, 1995, 51, 6115; (c) S. Kobayashi and S.
Nagayama, J. Am. Chem. Soc., 1996, 118, 8977; (d) B. Crosse, J. P.
Bégué and D. Bonnet-Delpon, J. Org. Chem., 2000, 65, 5009.
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2001, 3, 877; (b) G. Zhao, X. Sun, H. Bienaymé and J. Zhu., J. Am.
Chem. Soc., 2001, 123, 6700.
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9 Representative examples of intramolecular cycloaddition of oxazole,
see: (a) J. L. Levin and S. M. Weinreb, J. Org. Chem., 1984, 49, 4325;
(b) M. E. Jung and L. J. Street, J. Am. Chem. Soc., 1984, 106, 8327; (c)
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references cited therein.

10 As a mild Lewis acid, lithium bromide may activate the imine
intermediate and thus facilitating the subsequent nucleophilic attack.
Control experiements showed that the strong Lewis acids such as
BF3·OEt2 decomposed both the tetrahydroisoquinoline and the amino-
oxazole intermediate.

Fig. 1 X-ray structure of 1a.

Fig. 2 Selected tetrahydroquinolines synthesized.
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Heteropoly acids such as H3PW12O40 are exceptionally
active catalysts in the synthesis of diphenylmethane from
benzene and formalin (aqueous formaldehyde) in a biphasic
system and can be recycled simply by drying the aqueous
phase at room temperature.

Diphenylmethane (PhCH2Ph) is an important intermediate in
spices, pharmaceutics and other fine chemicals1 and its
alkylated compounds can be used as insulators in place of PCB.2
PhCH2Ph has commercially been synthesized by the Friedel–
Crafts reaction with benzyl chloride and benzene, using
aluminium-amalgam, AlCl3, or ZnCl2 as catalyst.3 However,
both the materials and the catalysts are environmentally
unfriendly. Moreover, harmless solid acids like HY zeolite,4 H-
ZSM-5,5 and sulfated ZrO2

6 were reported to be of insufficient
activity.

Synthesis of PhCH2Ph by condensation of benzene with
formalin [eqn. (1)] is very attractive, since the direct use

2C6H6 + HCHO (in water) ? PhCH2Ph + H2O (1)

of formalin is economical and the only by-product of the
reaction is water. There are several reports describing reactions
between aromatic compounds and paraformaldehyde (water-
free oligomers of HCHO) catalysed by liquid acids,7 solid acids
like HY zeolite,8 and SiO2-composites of polymer resins.9
However, when formalin was used instead of paraformalde-
hyde, no reaction occurred under the same conditions,7,9 due to
serious inhibition by water. There is no report detailing a
catalyst effective for the reaction of benzene with formalin. In
this communication, we report that H3PW12O40 is unusually
active and recyclable for this reaction in a biphasic system.
Similar biphasic catalytic systems have been reported for
cyclotrimerization of propionaldehyde catalysed by heteropoly
acid10 and for nitration of benzene by lanthanide triflates.11

The reaction was performed at 433 K in a stainless steel
autoclave (ca. 100 cm3, TAIATSU TECHNO, Japan) with 40
cm3 of benzene (450 mmol), 6.72 cm3 of formalin (Wako
Chem. Co., HCHO 90 mmol, H2O 222 mmol, methanol (as
stabilizer) 18.2 mmol), and the catalyst (2.3–16.6 mol% with
respect to HCHO). The vapor phase was analyzed with a TCD
gas chromatograph (Shimadzu, GC-8A) with an active carbon
column. Each liquid phase was analyzed with an FID gas

chromatograph (Shimadzu, GC-14B) with a 15 m capillary
column of cross-linked 5% PhMe siloxane (HP-5, USA) for the
aromatic compounds and a Porapak P column for methyl
formate and methanol. The TCD-GC with an APS-201 (Flusin
T) column was also used for HCHO, HCOOH, and H2O. All
liquid acids (except for para-toluenesulfonic acid) were
exclusively present in the aqueous phase. When the reaction
solution was cooled to room temperature after the reaction (2 h),
the solution consisted of two phases, a benzene phase (the
upper) and an aqueous phase (the lower), and a phase boundary
was apparent.

As Table 1 shows, the conversions of HCHO reached over 93
mol% with H3PW12O40 and Sc(CF3SO3)3. It should be
emphasized that only H3PW12O40 gave an appreciable amount
of PhCH2Ph (the yield was 35.3% under these conditions),
which accumulated in the benzene phase. In addition, di-
benzylbenzene ((PhCH2)2C6H4), methyl benzyl ether
(PhCH2OMe), and methyl formate (HCOOMe) were detected
in the benzene phase, and formic acid, methanol, and excess
HCHO in the aqueous phase. For the formation of PhCH2Ph, the
following steps are considered:8 H2

+COH is generated from
HCHO and the proton attacks the benzene ring to form, initially,
benzyl alcohol. Benzyl alcohol can be transformed to the benzyl
cation via protonation and dehydration. PhCH2Ph is produced
by the attack of the benzyl cation on the benzene ring. With
H3PW12O40 as catalyst, two competitive reactions of HCHO
proceeded: (i) attack of the benzyl cation on benzene to form
PhCH2Ph and (ii) dimerization of HCHO to HCOOMe
(Tichenko reaction).

On the other hand, Sc(CF3SO3)3 efficiently catalysed dimer-
ization of HCHO to HCOOMe, but was inactive for the
formation of PhCH2Ph. para-Toluenesulfonic acid (PTS) was
also active for the dimerization of HCHO, but less active than
H3PW12O40 for PhCH2Ph formation. Mineral acids like H2SO4,
H3PO4, and HNO3 showed no activity for the formation of
PhCH2Ph and CF3COOH was also inactive for this reaction. It
was confirmed that HCOOMe did not react with benzene under
these conditions with any of these catalysts.

A series of other heteropoly acids were examined as catalysts
for the synthesis of PhCH2Ph from benzene and formalin (Table
2). All these heteropoly acids showed activities: H4SiW12O40
and H3PMo12O40 were effective, but H6P2W18O62 and H4Si-

Table 1 Conversion and selectivity of diphenylmethane synthesis from benzene and formalin with various liquid acids

Selectivitya (mol%)

Catalyst (mmol)
Conversiona

(mol%)
Yieldb

(mol%) CO HCOOMe MeOH HCOOH PhCH2Ph (PhCH2)2CH2 PhCH2OMe MBc (%)

H3PW12O40

Sc(CF3SO3)3

(4.2) 93.2 35.3 3.3 35.1 5.4 5.3 38.7 11.4 0.8 97.0
(2.1) 95.1 0.0 0.2 83.0 12.3 4.6 0.0 0.0 0.0 100.0

PTSd (12.6) 82.2 4.1 4.2 71.8 7.2 6.3 5.9 1.5 3.0 79.8
HNO3 (12.6) 24.4 0.0 10.0 90.0 0.0 0.0 0.0 0.0 0.0 100.0
H3PO4 (4.2) 18.7 0.0 0.2 68.8 12.0 19.0 0.0 0.0 0.0 100.0
H2SO4 (6.3) 33.7 0.0 0.6 92.0 4.0 4.0 0.0 0.0 0.0 101.0

Reaction conditions: benzene 40 cm3 (450 mmol), formalin 6.72 cm3 (HCHO 90 mmol, H2O 222 mmol, methanol 18.2 mmol), 160 °C for 2 h. a On the basis
of HCHO. b PhCH2Ph (on the basis of HCHO) c Mass balance; 100 3 (total amount of products and remaining HCHO)/(the initial amount of HCHO) d para-
Toluenesulfonic acid.

This journal is © The Royal Society of Chemistry 2001
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Mo12O40 were less efficient. With H3PW12O40 as catalyst, when
the ratio of HCHO/benzene was reduced from 1+5 to 1+10,
keeping the amount of benzene (450 mmol) the same, the yield
of PhCH2Ph became higher (42%) with 43% selectivity and
97% conversion. However, the amount of PhCH2Ph produced
was still higher at 1+5 ratio.

IR spectroscopy showed that, while the Keggin structure of
SiMo12O40

42 decomposed to some extent after the reaction, the
structures of the other polyanions were retained. The pH values
of the aqueous phases of these heteropoly acids (pH = 0.10,
0.58, 0.61, 0.79, and 0.96 for H3PW12O40, H4SiW12O40,
H3PMo12O40, H6P2W18O62, and H4SiMo12O40, respectively)
were close to those of Sc(CF3SO3)3 (pH = 0.90), H3PO4 (pH =
1.25), HNO3 (pH = 0.65), and H2SO4 (pH = 0.19). Thus the
exceptionally high activities of the heteropoly acids are due to
not only the strong acidity of the solution, but also the soft
basicity of the heteropoly anion, which has been proposed by
Izumi et al.12 The cationic intermediates are probably stabilized
by the heteropoly anions.

The results of five successive reactions are summarized in
Table 3, where used H3PW12O40 was recovered simply by

drying the aqueous solution at room temperature. The recovered
H3PW12O40 was found to be active in the repeated runs,
although the conversion of HCHO and yield of aromatics
decreased somewhat. As shown in Table 3, the conversion and
the total yield of aromatics reached plateaus after the fourth run.
These changes in the conversion, yield, and selectivity are due
to the remaining carbonaceous species on the heteropoly acid.
Elemental analysis showed that the amount of carbon on the
used H3PW12O40 was 2.1%, which corresponds to 0.4 mole-
cules of PhCH2Ph per heteropoly anion at the fifth run. IR
spectroscopy of H3PW12O40 revealed that the Keggin structure
was completely retained after repeating the reaction five
times.

In conclusion, H3PW12O40 is a highly active and recyclable
catalyst for use in the synthesis of diphenylmethane from
benzene and formalin in a biphasic system. This is a novel
example for direct use of formalin in clean organic synthesis
with solid acid.
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Table 2 Conversion and selectivity of diphenylmethane synthesis from benzene and formalin with heteropoly acids

Selectivitya (mol%)

Catalyst (mmol)
Conversion
(mol%) Yield (mol%) HCOOMe PhCH2Ph TONb

H3PW12O40 (4.2) 93.2 35.3 34.3 37.9 (79.9) 7.1
H4SiW12O40 (4.2) 92.8 25.4 43.6 27.4 (79.7) 5.1
H3PMo12O40 (4.2) 93.5 23.4 54.8 25.1 (71.1) 4.7
H6P2W18O62 (2.1) 72.4 9.2 68.8 12.7 (76.1) 2.8
H4SiMo12O40 (4.2) 92.0 3.6 77.1 3.9 (33.9) 0.7

Reaction conditions were the same as given in the footnotes of Table 1. a On the basis of HCHO. The figures in parentheses are the selectivities for PhCH2Ph
among the aromatic compounds (PhCH2Ph + (PhCH2)2CH2 + PhCH2OMe). b Turnover number defined as (mol of PhCH2Ph)/(mol of catalyst).

Table 3 Recycled H3PW12O40
a

Selectivity (mol%)c

Run Conversion (%)

Total yield of
aromaticsb

(mmol) PhCH2Ph TONd

1 83.5 31.4 79.1 4.5
2 74.7 23.8 (75.6%) 76.2 2.9
3 72.2 21.1 (68.4%) 73.4 2.4
4 64.1 17.8 (56.7%) 70.6 1.7
5 63.1 17.6 (56.1%) 66.7 1.6

Reaction conditions: benzene 40 cm3 (450 mmol), formalin 6.72 cm3

(HCHO 90 mmol, H2O 222 mmol, methanol 18.2 mmol), H3PW12O40 4.2
mmol, 160 °C, and 30 min. a Between the runs, the aqueous phase of
H3PW12O40 was dried in the ambient atmosphere. The recovered solid
H3PW12O40 was reused without any treatment. b Total yield of PhCH2Ph,
(PhCH2)2CH2 and PhCH2OMe. The figures in parentheses are the
percentage yield relative to that of the first run. c Selectivity for PhCH2Ph
among the aromatic products on the basis of HCHO. d Turnover number
defined as (mol of PhCH2Ph)/(mol of catalyst).
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Novel self-assembled monolayers of disulfides with bicyclo[2.2.2]octane
moieties on Au(111)
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A series of disulfides containing bicyclo[2.2.2]octane moie-
ties have been synthesised and their self-assembled mono-
layers (SAMs) on Au(111) have been characterized using
scanning tunnelling microscopy (STM).

SAMs consisting of thiols and disulfides chemisorbed on
Au(111) have been extensively studied owing to their stability
and ease of preparation. Among organosulfurs on gold, n-
alkanethiols and their substituted analogues are considered the
simplest case due to their linear structure of saturated hydro-
carbon chain and degree of freedom in the process of self-
assembling.1,2 The first structural study of alkanethiols having a
bulky end group was reported in 1992.3 STM topographs of
these SAMs exhibited a (A 3 3A 3)R30° lattice in spite of the
bulky end group that sterically hinders the (A 3 3 A 3)R30°
structure. Later study of other bulky thiols showed incommen-
surate lattices.4 Furthermore, new classes of SAMs consisting
of spiro-alkanethiols5 (organic) or polyhedral borane deriva-
tives6 (inorganic) have been recently investigated. In these
reports, the authors attempted to control the film properties by
designing the molecular structure of adsorbates. Detailed
microscopic structures, however, remain unsolved.

In the present work, we focused on the preparation of well-
defined thin rigid films. As a new class of adsorbates,
structurally simple and symmetric molecules (bicyclo[2.2.2]oc-
tane derivatives) were synthesized. In comparison with n-
alkanethiols and their substituted analogues, sulfur compounds
with bicyclo[2.2.2]octane moieties are expected to have unique
properties. First, the overall shape of the molecule is roughly
spherical and the size is ca. 0.60 nm, which is larger than the
nearest neighbour spacing (0.50 nm) of the (A 3 3A 3)R30°
structure. Owing to the bulkiness of the bicyclo[2.2.2]octane
moieties, they are expected to be oriented perpendicularly to the
surface and thus the formation of domain structure due to the tilt
of adsorbates can be avoided.1,2 Second, three ethylene chains
are linked at both terminals of this moiety and the structure of
the bulky end group itself is rigid. Third, formation of rigid thin
films is expected due to the stronger van der Waals interactions
between bicyclo[2.2.2]octane moieties compared to those of n-
butane moieties of n-alkanethiols with the same height. The
chain ordering in the films with such short n-alkane chains is
known to be disturbed appreciably by their vigorous thermal
motion at room temperature.1

Compounds 1a and 1b (Fig. 1) were derived from
4-methoxybicyclo[2.2.2]octane-1-carboxylic acid7 in 20–30%
overall yields by a 6–7 steps procedure.† As desired adsorbates,
disulfides were synthesized taking their stability and ease of
purification into account. Au(111) surfaces for STM studies
were prepared by thermal evaporation of gold (99.99%) onto
freshly cleaved mica in vacuo with a background pressure of
< 5 3 1027 Torr. SAMs [1/Au(111) in Fig. 1] were prepared by
dipping the Au substrates for 10–72 h in 0.5 mM ethanol
solutions of 1a, 1b, or 1a + 1b. All STM measurements were
performed using a constant-current mode with a tungsten tip in
the atmosphere at room temperature and the images were
unfiltered.

Fig. 2 shows a constant-current STM image of a 20 3 20 nm
area of a SAM of 1a/Au(111). In the same way as with n-
alkanethiols, single Au atom deep pit defects and a hexagonal
close-packed lattice were found as shown in Fig. 2. We also
investigated a SAM image of a short chain n-alkenethiol
(pentanethiol) with a carbon number in the vertical direction
equal to that of 1. In the pentanethiol SAM, disordered structure
and domains including a c(4 3 2) superlattice of a hexagonal
lattice1,2 were found. Periodicities of topographic differences
found in the superlattice are considered to reflect the difference
in azimuthal orientation. In Fig. 2, such periodicities of
topographic differences are not seen and the nearest spacing is
0.59 ± 0.03 nm. This spacing is larger than the (A 3 3 A 3)-
R30° structure (Au spacing is 0.288 nm). It is also clear from
Fig. 2 that rows of molecules are not always straight and that
such deviations are not due to thermal drifts.

We also imaged the underlying Au(111) lattice by mechani-
cally removing part of the SAM with the STM tip. It was found
that the hexagonal lattice of the adsorbate was rotated ca. 30°

Fig. 1 Bicyclo[2.2.2]octane derivatives (1a and 1b) synthesized in this study
and schematic structure of their SAMs [1/Au(111)].

Fig. 2 Constant-current STM image of a 20 3 20 nm area of a SAM of 1a
(tunnelling current = 50 pA, sample bias voltage = +1 V).

This journal is © The Royal Society of Chemistry 2001
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over that of Au(111). The molecular rows in the same direction
went across steps and pits.

Although the shape of a bicyclo[2.2.2]octane moiety is
roughly spherical as stated above, it also possesses a three-fold
axis. A shorter distance of closest approach between the two
bicyclo[2.2.2]octane moieties may be achieved when an
ethylene chain of one moiety is located between two chains of
the other moiety. We are now undertaking a study of annealing
effects to obtain detailed information on the unit cell.

Fig. 3 shows a constant-current STM image of a 20 3 20 nm
area of a SAM of 1b/Au(111). This film shows a slightly
different feature. The depressions (pits), that are usually
observed in SAMs of n-alkanethiols and also in a SAM of 1a/
Au(111) in Fig. 2, are not observed clearly in Fig. 3. Instead, the
organic overlayer itself is more poorly ordered. Since there are
tip convolution problems for imaging small size depressions,
we should take care when discussing this result. This feature
probably results from strong short-range interaction, i.e. dipole–
dipole interactions among C–Cl end groups on the bicy-
clo[2.2.2]octane moieties, oriented perpendicularly to the
Au(111) surface [1b/Au(111) in Fig. 1]. For this upright
orientation of the terminal groups, the bridgeheads of the
moieties play an important role.

Finally, we carried out adsorption of a mixture of two
components (compounds 1a and 1b). We prepared an ethanol
solution of a 1+1 mixture of 1a + 1b. Fig. 4 shows a constant-
current STM image of a 20 3 20 nm area of a SAM of the
mixture on Au(111). The two components were molecularly
dispersed. We assigned bright features (ca. 0.1 nm protrusions)
to chloride end groups on the basis of insertion experiments of
1b to the matrix containing 1a carried out separately. This result
clearly indicates that dots on the lattice of the STM image
correspond to individual molecules and a distinction of the
small difference between the H and Cl terminal atoms can be
possible by STM. The observed distinction is afforded by the
high structural order in the organic surface film which is, in turn,
the result of interactions between the rigid sphere-shaped
molecules. Most of the bright features seemed to be pairing,
indicating that lateral diffusion of dissociated thiolates occured
upon chemisorption of 1a and 1b from the 0.5 mM mixed
solution was slow.

In summary, we have investigated the structure of novel
bicyclo[2.2.2]octane derivatives chemisorbed onto Au(111)

from 0.5 mM ethanol solutions using STM. Owing to their rigid
structure, small differences between the end groups, e.g.
between H and Cl, were distinctive. This distinction of
individual molecules, to the best of our knowledge, represents
one of the highest resolutions of organic monolayers on solid
surfaces.8 Although our knowledge of SAMs of these novel
adsorbates is still limited in comparison with that of the widely
used n-alkanethiols, the well-defined structure and the ease of
detection and distinction described above will be useful for
further investigation of these adsorbates and their substituted
analogues. For example, their application to rigid bases for
oriented dipoles, rigid spacers for molecular single electron
devices, hexagonally close-packed host matrices for insertion
experiments, markers for lateral diffusion dynamics, etc. are
expected. As spacers, dimers and trimers of the bicy-
clo[2.2.2]octane unit will be useful.

Notes and references
† 4-Methoxybicyclo[2.2.2]octane-1-carboxylic acid was synthesized ac-
cording to a previously reported procedure.8 Disulfides used for SAM
formation were characterized by 1H and 13C NMR spectra and elemental
analysis giving satisfactory results. Details of the syntheses will be reported
elsewhere.

1 F. Schreiber, Prog. Surf. Sci., 2000, 65, 151; A. Ulman, Chem. Rev.,
1996, 96, 1533.

2 G. E. Poirier, Chem. Rev., 1997, 97, 1117.
3 Y.-T. Kim, R. L. McCarley and A. J. Bard, J. Phys. Chem., 1992, 96,

7416.
4 H. Wolf, H. Ringsdorf, E. Delamarche, T. Takami, H. Kang, B. Michel,

Ch. Gerber, M. Jaschke, H.-J. Butt and E. Bamberg, J. Phys. Chem.,
1995, 99, 7102; E. Delamarche and B. Michel, Thin Solid Films, 1996,
273, 54.

5 Y.-S. Shon, S. Lee, S. S. Perry and T. R. Lee, J. Am. Chem. Soc., 2000,
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J. Am. Chem. Soc., 2000, 122, 7556.
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Fig. 3 Constant-current STM image of a 20 3 20 nm area of a SAM of 1b
(tunnelling current = 30 pA, sample bias voltage = +1 V). Fig. 4 Constant-current STM image of a 20 3 20 nm area of a SAM of 1a

+ 1b (tunnelling current = 50 pA, sample bias voltage = +1 V).
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Dynamic equilibration of h1-carbene and h2-alkyne moieties within an
alkynylcarbene dimanganese complex†
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The coordination of an additional [Cp(CO)2Mn] fragment to
the alkyne linkage of an alkynylcarbene complex of the type
Cp(CO)2MnNC(RA)C·CRB yields a highly fluxional mole-
cule, in which the [h1-carbene] and [h2-alkyne] moieties are
seen to exchange rapidly on the NMR time scale.

The energy surface of the C3H2 system continues to attract
considerable attention.1 Among the numerous possible isomers
that can exist and interconvert are propynylidene A, cyclopro-
penylidene B, and allenylidene C, and many such species have

been isolated as stable organometallic complexes. In continua-
tion of our studies on manganese carbene complexes,2 our
current work has focussed on non-heteroatom-substituted
alkynylcarbenes of the type (RC5H4)MnNC(RA)C·CRB, where
R = H, Me.3,4 A recent report by Casey et al.4 that related
rhenium systems undergo a fascinating dimerization4 prompts
us to present our own findings in this area.

The alkynylcarbene complexes (RC5H4)MnNC(RA)C·CRB 1
shown in Scheme 1 were synthesised in a straightforward

manner and in high yields (81–85%) upon treatment of the
corresponding carbyne complexes [(RC5H4)Mn·CRA][BPh4]
with the appropriate alkynyllithium reagents LiC·CRB.† With
the general idea of inducing remote activation of the carbene
carbon atom by coordination of a transition metal to the alkyne
function in alkynylcarbene complexes, 1a was treated with
Cp(CO)2Mn(THF) 2a, at room temperature. This yielded 3a,
whose IR spectrum showed four bands in the nCO region,
strongly indicative of a polymetallic structure.

The structure of 3a, as determined by X-ray diffraction§ (Fig.
1) shows that, as anticipated, the molecule consists of a Mn
alkynylcarbene complex in which the alkyne is coordinated to
an additional Cp(CO)2Mn fragment. Both Cp(CO)2Mn units are
bonded in the conventional fashion so as to maximise the
overlap between the frontier orbitals of the metal fragments and
of the carbene and alkyne units, respectively.5 Indeed, the
interplanar angle {cent1–Mn1–C3}–{Mn1–C3–C4} is 2.4°
(ideal 0°), whereas the corresponding value for {cent2–Mn2–
cent3}–{Mn2–C4–C5} is 83.6° (ideal 90°) [cent1 and cent2 are
the centroids of the Cp rings attached to Mn1 and Mn2,
respectively, and cent3 is the middle of the C4–C5 vector]. The
angle between the plane containing the two alkyne carbon
atoms and Mn2, and the plane of the carbene unit attached to
Mn1 is 74.6°. The Mn1–C3 distance compares well with the
MnNC bond distance found in mononuclear non-heteroatom-
substituted Mn carbene complexes.6 The alkyne moiety is
coordinated to Mn2 in an unsymmetrical fashion, whereby the
Mn2–C4 and the Mn2–C5 distances represent, respectively, the
longest and the shortest Mn–C bonds ever reported for an
alkyne h2-coordinated to a Cp(CO)2Mn fragment.7

The variable-temperature 13C{1H} NMR spectra of 3a are
particularly informative. At 183 K, the spectrum is in full
agreement with the X-ray crystal structure; in particular, the
carbene carbon atom, C3, and two carbon atoms of the alkyne
moiety, C4 and C5, are observed at d 317.9, and 76.9 and 106.3,

† Electronic supplementary information (ESI) available: details of synthesis
and spectral characterisation of the new complexes. See http://www.rsc.org/
suppdata/cc/b1/b104712b/
‡ On sabbatical leave from: Department of Chemistry, McMaster Uni-
versity, Hamilton, Ontario, Canada L8S 4M1.

Scheme 1

Fig. 1 A perspective view of complex [Cp(CO)2Mn]2[m-h3-PhCCCPh] 3a.
Selected bond distances (Å) and angles (°): Mn1–C3 1.888(2), Mn2–C4
2.186(2), Mn2–C5 2.082(2), C3–C4 1.411(3), C4–C5 1.261(3); C3–C4–C5
166.7(2), C4–C5–C31 145.5(2).

This journal is © The Royal Society of Chemistry 2001
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respectively. As a consequence of the lack of symmetry, the Cp
rings appear as two sharp singlets at d 91.9 and 85.9, the CO
ligands give rise to four resonances at d 235.6, 235.4, 232.6 and
231.4, and the signals due to each of the Ph rings are clearly
differentiated. However, as the temperature is gradually raised,
the signals for the two Cp rings coalesce (Tc = 213 K), as do the
pairs of Ph ring absorptions as well as the four CO resonances.
Over the same temperature range, the signals attributed to the
C3 and C5 sites rapidly collapse, ultimately giving a barely
observable broad resonance centred at d 212 at 298 K. Clearly,
the molecule executes a dynamic process that averages the two
Mn environments. Additional spin saturation transfer experi-
ments, performed at 188 K, confirmed the exchange between
the C3 and C5 sites. In other words, the results indicate that
equilibration of the [h1-carbene] and the [h2-alkyne] moieties in
3a occurs readily on the NMR time-scale, as depicted in Scheme
1. The coalescence behaviour of the Cp ring resonances (both
13C and 1H) yields an activation energy barrier of 9.3 ± 0.5 kcal
mol21.

The MeCp analogue, 3b, behaved similarly, and the non-
dissociative character of the exchange was established by a
crossover experiment, whereby no trace of the mixed Cp/MeCp
product was detected when 3a and 3b were mixed. In fact, the
mixed Cp/MeCp complex can be obtained by reaction of either
1a with 2b, or 1b with 2a, as a mixture of interconverting
isomers 3c/cA, and this provides additional support for the
equilibration process shown in Scheme 1.

Likewise, complexes 3d/dA, in which an h3-PhCCCTol ligand
bridges two MeCp(CO)2Mn fragments, is preparable by
reaction of either 1c or 1d with 2b. Gratifyingly, subsequent
reaction of 3d/dA with carbon monoxide gave a 1+1 mixture of
1c and 1d through loss of the alkyne-bonded Mn fragment in
each isomer, as shown in eqn. (1).

(1)

These observations raise the possibility of alkynylcarbene
transfer from a metal fragment to an other one upon a bond shift
isomerism within a transient bimetallic bridging h3-alky-
nylcarbene complex. We now report that this can be realized in
the case of (CO)5CrNC(OEt)C·CPh 4, for which treatment with
2b yields MeCp(CO)2MnNC(Ph)C·COEt 6, through the inter-
mediacy of 5 (Scheme 2). This rearrangement is readily
accounted for by the same mechanism that gives rise to
fluxionality in the 3/3A system; the difference lies in the fact that
the MeCp(CO)2MnNC linkage is favored over the (OC)5CrNC
moiety, and that (OC)5Cr[h2-alkyne] complexes are unstable,
thus rendering the isomerization irreversible.

This may also be relevant to the postulated alkynyl carbenoid
rearrangement observed in the Rh(II)-catalysed cyclisation
reaction of dialkynyl-substituted a-diazoketones, reported by
Padwa et al.8 Moreover, it is not inconceivable that the slow
equilibrium between isomeric monometallic Re alkynylcarbene

complexes briefly mentioned by Casey et al.4 may be mediated
by traces of a dirhenium complex analogous to the Mn systems
described here.

A more complete analysis of the transition state for these
processes must await the full DFT study that is currently under
way, however, the variable-temperature NMR data provide
some insight. At the low-temperature limit, the 13C spectrum of
3a exhibits four different CO environments but, as the
temperature is raised, these signals coalesce into a single peak.
This implies that the molecule passes through a highly
symmetrical conformation allowing the pairs of carbonyls
bonded to each manganese to lose their diastereotopic character.
Planar transition states of C2h or C2v symmetry, such as those
shown below, in which the central carbon possesses carbene
character with some stabilisation provided by the two man-
ganese fragments, would be consistent with the NMR data. We
favour the C2h conformation on steric grounds, and hypothesize
that the reaction proceeds by a stretching of the alkyne-bonded
manganese fragment—evidenced by the elongated Mn2–C4
bond in the X-ray structure of 3a—while the carbene-bonded
Cp(CO)2Mn unit approaches the central carbon atom. We
emphasise, however, that unlike a conventional organic SN2
process in which the incoming nucleophile and the leaving
group maintain a rectilinear relationship, this process involves a
quasi-helical, twisting motion since in the initial and final
structures, the planes bisecting the Cp(CO)2Mn fragments adopt
mutually almost orthogonal orientations.

Notes and references
§ Crystal data: C29H20Mn2O4, M = 542.33, monoclinic, space group P21/c
(no. 14), a = 12.843(2), b = 8.358(1), c = 22.265(6) Å, U = 2368.8(8) Å3,
T = 160 K, Z = 4, m(Mo-Ka) = 1.10 mm21, 14485 reflections measured,
3520 unique (Rint = 0.039) which were used in all calculations. The final
wR(F2) was 0.0628 (all data).

CCDC reference number 168123. See http://www.rsc.org/suppdata/cc/
b1/b104712b/ for crystallographic data in CIF or other electronic format.
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2 A. Rabier, N. Lugan and R. Mathieu, J. Organomet. Chem., 2001,
617–618, 681.

3 For other non-heteroatom-stabilised alkynylcarbene complexes, see for
instance: M. A. Esteruelas, A. V. Gomez, A. M. Lopez, J. Modrego and
E. Onate, Organometallics, 1997, 16, 5826; M. R. Terry, C. Kelley, N.
Lugan, G. L. Geoffroy, B. S. Haggerty and A. L. Rheingold,
Organometallics, 1993, 12, 3607.
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Ruthenium catalysed cross metathesis with fluorinated olefins
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The E-selective cross metathesis (CM) of fluorinated olefins
with various functionalised alkenes in good to excellent
yields is reported.

In the last decade ruthenium catalysed olefin metathesis has
emerged as a powerful synthetic tool for the formation of
carbon–carbon bonds.1 There is growing interest in fluorinated
molecules, with their particularly interesting chemical, bio-
logical and physical properties.2 For instance, a high electro-
negativity together with an atomic size close to hydrogen have
made these compounds useful components of both pharmaceu-
ticals and agrochemicals. This, in addition to the selective
solubilities of perfluorinated molecules and the advent of new
possibilities with fluorinated phases,3 encouraged us to prepare
fluorine-substituted olefins via a CM methodology. There has
been one report concerning this subject, however the yield of the
cross product was modest.4 Recently we have demonstrated5,6

that reactivity and selectivity in Ru-catalysed CM reactions
depend strongly on the electronic properties of both the ligand
and Ru–carbene complex. In line with this earlier work, we

expected that phosphine-free catalyst 36,7 would show superior
activity and stability in CM reactions involving electron
deficient fluoroalkenes than either 1 or 2.8

Herein we report the CM of various functionalised olefins
with 3,3,3-trifluoropropene 4† and 3,3,4,4,5,5,6,6,6-
nonafluorohexene 5,‡ as models for molecules with varying
degrees of fluorine substitution using catalysts 1, 2 and 3.
Preliminary experiments using terminal olefins 6–129 (Scheme
1) with up to five equivalents of 4 in a closed flask at 45 °C
under atmospheric pressure, resulted in quantitative dimerisa-
tion of the more electron rich substrates. In order to suppress the
dimerisation reaction in the presence of 4, the flask was
equipped with a balloon containing 10 equivalents of 4. In the
case of 5, 10 equivalents of nonafluorohexene were used as a
solvent to achieve good yields of the products 20–26. It was
found that a,a,a-trifluorotoluene could be used successfully as
an additive to overcome the insolubility of 1, 2 and 3 in 5. Using
2, best results were achieved stirring the reaction mixture at 60
°C for 4 h, whereas reactions catalysed by 3 gave higher yields
of CM products under milder conditions (45 °C, 3 h). The
results of these experiments are presented in Table 1.

Using substrates 6–10 with ester, carboxylic acid, ketone and
hydroxy functionalities (Scheme 1), general conversions to CM
products (13–17 and 20–24) and dimers were good to excellent.
CM reactions with the fluoroolefin were generally favoured
over dimerisation, except where the substrate contained a
hydroxy group; this effect could be due to the poor solubility of
these substrates in the fluorinated media. The nitrile derivatives

11 and 12, which contain both electron deficient and relatively
electron rich terminal double bonds, were chosen to investigate
chemoselectivity. Irrespective of the catalyst, fluoroalkene
substrates or reaction conditions, the nitrile derivatives with an
unprotected hydroxy group were not converted to CM products,
giving only starting materials in all cases. The corresponding
acetylated derivatives 11 and 12 gave good to excellent
conversions, however 11 showed disappointing yields of CM
products (18, 25) due to competitive ring-closing metathesis
(RCM), giving a ratio of about 50% of RCM in three cases and
6% of RCM using the combination of catalyst 2 and fluorinated
olefin 5. In the case of the larger homologue 12, formation of the
eleven membered RCM product is unfavourable, and hence

Scheme 1

Table 1 CM reactions of fluorinated olefins using 2 and 3

Yielda (%) Dimera (%)

Substrate Product Cat. 3 Cat. 2 Cat. 3 Cat. 2

6 13 !95b 41 0 33
7 14 !95b 77 0 10
8 15 !95b 85 0 5
9 16 70 58 19 23

10 17 75 50 18 50
11 18 50 16 0 19
12 19 !95b !95b 0 0
6 20 90 40 10 45
7 21 79 38 21 42
8 22 !95b !95b 0 0
9 23 59 42 41 56

10 24 7 21 79 73
11 25 57 13 0 47
12 26 !95b 24 0 35
a CM product and dimer yields determined by 1H NMR. b Only CM product
detected by 1H NMR.

This journal is © The Royal Society of Chemistry 2001
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higher yields of the CM products 19 and 26 could be
obtained.

These CM reactions proved to be chemoselective, i.e. only
coupling between the fluorinated olefins and the more electron
rich, monosubstituted double bond was observed in all cases.

No difference in reactivity or selectivity was found when the
fluoroolefin was varied from 4 to 5, with the exception of when
10 was used as the CM partner. In this case the poor solubility
of 10 in 5 (also observed with the unprotected forms of 11 and
12) possibly explains the lack of activity with this substrate.

Consistent with our earlier findings,6 3 gave superior
conversions and higher yields of CM products than 2.
Bisphosphine complex 1 proved inactive in these systems,
giving neither CM nor dimerisation products regardless of the
reaction conditions.

CM processes are generally known to exhibit a moderate E-
selectivity,10 favoured when the substrates contain bulky
substituents.4 We found that all CM products (13–26) had an
E/Z ratio of !20+1. The stereoselectivity of fluorinated olefins
with a variety of functionalised alkenes should further increase
the synthetic utility of this reaction.

In summary, we have shown that stereoselective CM
reactions between 4 and 5 with a variety of alkenes are possible
in good yields. With the exception of hydroxy substrates,
catalysts 2 and 3 both gave good conversions to CM,
dimerisation and RCM products, whereas 1 proved unsuitable
for these purposes. Product ratio analyses show that 3 is a better
catalyst for CM than 2 in this system.6

Further studies in the use of selective CM reactions are
underway in our laboratories. The results of these investigations
will be reported in due course.

Support for this work from the ‘Freiwillige Akademische
Gesellschaft, Basel’ (S. I.) and the ‘Graduiertenkolleg: Synthe-
tische, mechanistische und reaktions-technische Aspekte von
Metallkatalysatoren of the TU Berlin’ (S. R.) is gratefully
acknowledged. We would also like to thank Dr S. Connon for
useful comments and suggestions.
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Poly(acrylic acid-co-methyl methacrylate)–cetyltrimethy-
lammonium bromide (P(AA-co-MMA)–C16TAB) complex
has shape memory behavior due to the formation of
crystalline aggregates among the long alkyl chains of
C16TAB in the complex, and can be regarded as a novel
shape memory network.

During recent years, shape memory materials have received
increasing attention on account of their interesting properties
and potential applications, especially thermally stimulated
shape memory materials.1–3 The mechanism of shape memory
behavior with temperature can be schemed briefly as outlined
below where L is the initial state of material and LA is the

deformation of material. These materials have a two phase
structure, namely, the fixing phase remembers the initial shape
and the reversible phase shows a reversible soft and rigid
transition with temperature. Based on this principle, some
polymers were discovered that had shape memory behav-
ior.4–9

Among shape memory materials, copolymer networks6,7

containing long alkyl side chains were reported due to a
reversible order–disorder transition of long alkyl side chains.
Below the transition temperature, these side chains form a
crystalline aggregate structure, and behave as hard plastic.
While above this temperature they transfer to the amorphous
state and the material abruptly becomes soft and flexible.

It is well known that many beneficial properties of poly-
electrolyte–surfactant complexes10,11 result from the highly
ordered structures12–14 formed by the self-assembly of surfac-
tant molecules inside the complexes. The supermolecular
formation was driven by both electrostatic interactions between
charged components and hydrophobic interactions between the
polymer backbones and the surfactant alkyl chains.

The research works mentioned above served as a great source
of inspiration to us in designing the polyelectrolyte network–
surfactant complexes for shape memory networks. Up to now,
any similiar research work has not been reported. Hence the
polyelectrolyte network–surfactant complexes may broaden the
list of shape memory polymers. In this paper, we synthesized
poly[(acrylic acid)-co-(methyl methacrylate)] (P(AA-co-
MMA)) networks and the complex of P(AA-co-MMA)–
(cetyltrimethylammonium bromide) (P(AA-co-MMA)–
C16TAB). The composition and the structure of the network and
complex were characterized. And the surface microstructure
before and after deformation was also studied.

Scheme 1 shows the synthesis and the expected structure of
P(AA-co-MMA)–C16TAB. The crosslinked P(AA-co-MMA)
network was designed as the fixed phase, while C16TAB was
designed as the reversible phase for shape memory networks.
Fig. 1 is the FTIR spectra of P(AA-co-MMA) before and after
complexation with C16TAB. The curves of P(AA-co-MMA)
and P(AA-co-MMA)–C16TAB both give a wide peak from
3100 to 3600 cm21 indicating the stretching of –OH groups of
polyacrylic acid (PAA). The relative intensity of the peak at
2955 cm21 due to the stretching of the –CH2 groups of P(AA-
co-MMA)–C16TAB is slightly higher than that of P(AA-co-

Scheme 1 Synthesis of P(AA-co-MMA)–C16TAB complex.

Fig. 1 FTIR spectra of P(AA-co-MMA) and P(AA-co-MMA)–C16TAB
complex.

This journal is © The Royal Society of Chemistry 2001
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MMA). Comparing the C or H content between P(AA-co-
MMA) and P(AA-co-MMA)–C16TAB, the C16TAB+AA ratio
can be calculated from eqn. (1) where nCTAB and nAA is the mole
content of C16TAB and AA in the complex, respectively.

nCTAB/nAA = 0.432 3[(%complex 2 %P(AA-co-MMA))/
(%CTAB 2 %complex)] 3 100% (1)

%complex, %P(AA-co-MMA) and %CTAB are the C or H content of
P(AA-co-MMA)–C16TAB, P(AA-co-MMA) and C16TAB, re-
spectively. The calculated value of nCTAB/nAA was 15.4%,
which is higher than the pKa of the PAA segment which is ca.
5.15 Hence, the complexation of C16TAB with P(AA-co-MMA)
was driven not only by electrostatic interactions but hydro-
phobic interactions among long alkyl chains of C16TAB and
between C16TAB and polymer chains of the network.

The most important key to a shape memory network for
P(AA-co-MMA)–C16TAB is whether the long alkyl chain of
C16TAB could form a highly ordered structure or crystalline
phase in the P(AA-co-MMA) network. Table 1 gives the DSC
data for P(AA-co-MMA) and P(AA-co-MMA)–C16TAB. A
glass transition temperature (Tg) attributed to the PAA segment
was obtained for both the polymer network and complex. A
melting point (Tm) and crystalline point (Tc) was found only in
complex. These facts mean the long alkyl side chains of
C16TAB form a crystalline phase in P(AA-co-MMA)–C16TAB.
This is the necessary condition for P(AA-co-MMA)–C16TAB to
adopt a shape memory network.

The Tg should be greater than or equal to the melting point of
P(AA-co-MMA)–C16TAB, 98.26 °C. Hence, 100 °C was
chosen to observe the deformation and recovery of the complex.
Fig. 2 shows the shape memory phenomenon of P(AA-co-
MMA)–C16TAB. The straight strip sample was heated to
100 °C, deformed as an ‘e’ shape and then cooled to rt. The
complex is rigid and retains the ‘e’ shape. On heating again to
100 °C, the complex becomes soft and recovers it’s original
strip shape. This phenomenon may be attributed to the
formation of crystalline aggregates among the long alkyl chains
of C16TAB in the complex that locks the new shape. When the
deformed complex is heated again above Tg, the crystalline
aggregates become amorphous and the complex recovers its
original size and shape.

In order to give further support for the shape memory
behavior of P(AA-co-MMA)–C16TAB, the surface variation of
P(AA-co-MMA) and P(AA-co-MMA)–C16TAB before and
after deformation were also observed on an optic microscope
and recorded by a PC digital camera. Fig. 3 shows the
microphotographs of P(AA-co-MMA) and P(AA-co-MMA)–
C16TAB under different conditions. The initial surface of

P(AA-co-MMA)–C16TAB is rougher than that of P(AA-co-
MMA). Those concavo-convex flecks on the surface of P(AA-
co-MMA)-C16TAB are due to the shrinkage caused by the
complexation of P(AA-co-MMA) with C16TAB. The surface of
P(AA-co-MMA) after deformation shows many tiny streaks,
while the surface of P(AA-co-MMA)-C16TAB shows the
extension flecks along the tensile direction. The surface of
P(AA-co-MMA) is significantly different after recovery from
the initial state, which means P(AA-co-MMA) cannot recover
its initial microstructure. In contrast, the surface of P(AA-co-
MMA)–C16TAB is very similiar in both the initial and recovery
states. In other words, the complex can recover its initial
microstructure. The recovery ratio is about 85%, calculated
from the difference in length of the test sample in the initial and
recovered states.

In conclusion, although the reversible temperature is high,
100 °C, and the recovery ratio is not 100%, the shape memory
phenomenon of P(AA-co-MMA)–C16TAB shows that the well
designed polyelectrolyte network–surfactant complex can be
considered as a kind of novel shape memory network.

The National Natural Science Foundation of China is
gratefully acknowledged for the financial support of this work
(Grant No. 59773019 and 29774036).
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Table 1 DSC data of P(AA-co-MMA) and P(AA-co-MMA)–C16TAB

Sample Tm
a/°C Tc

b/°C Tg
c/°C

P(AA-co-MMA) — — 115.54
P(AA-co-MMA)–C16TAB 98.26 68.98 128.12
a Melting point. b Crystalline point. c Glass transition temperature.

Fig. 2 Shape memory phenomenon of P(AA-co-MMA)–C16TAB. (The
initial straight stripe was heated to 100 °C and deformed as an ‘e’ alphabet,
then cooled to room temperature under constrained conditions. After
withdrawal of the external force, the ‘e’ shape sample was put into a glass
container and kept at a constant temperature of 100 °C. At the same time the
snapshot was captured by a digital camera every 2 s.)

Fig. 3 Microphotographs of the surface of (a) P(AA-co-MMA) and (b)
P(AA-co-MMA)–C16TAB under different conditions at rt. (The enlarge-
ment multiple was 160. Initial: initial state of sample. After deformation:
sample were drawn at 100 °C under a constant tensile force of 0.05 N until
the elongation rate was 150% and then cooled to room temperature. After
recovery: samples after deformation were heated to 100 °C and kept at
constant temperature for 30 min, then cooled to room temperature.)
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Synthesis of both symmetric and unsymmetric diaryl/aryl
alkyl sulfones is easily achieved by Friedel–Crafts type
sulfonylation of aromatics with suitable arene- or alkane-
sulfonic acids in the presence of Nafion-H, a perfluorinated
resinsulfonic acid catalyst.

The wide use of organosulfones as very versatile synthons in
organic synthesis is well known for the past few decades.1b–d

Diaryl sulfones are important drugs active against malaria,
leishmaniasis, infections in patients with AIDS and discoid
lupus erythematosus.2–4 Various methods for the synthesis of
sulfones involve the conventional Friedel–Crafts type sulfony-
lation of aromatics using sulfonyl halides,5 oxidation of the
corresponding sulfides,6 reactions of sulfonyl fluorides with
organolithium compounds or Grignard reagents,7 etc. Recently,
effective synthesis of sulfones from aryl trifluoromethyl sulfone
using Grignard reagents and sulfonyl halides and anhydrides
using metal triflates and zeolites as catalysts8 have been
reported. Thus far no convenient synthetic method is available
for the synthesis of sulfones using sulfonic acids directly.

In this communication, we would like to report an efficient
preparation of aromatic sulfones directly from arene- orScheme 1

Table 1 Nafion-H catalysed sulfonylation of aromatics using sulfonic acids

Sulfonic acid Substrate Time/h Yield (%) Sulfone

Benzene 20 48

Toluene 20 52

p-Xylene 16 82

m-Xylene 16 80

Chlorobenzene 20 52

Benzene 20 50

Toluene 20 57

p-Xylene 8 78

m-Xylene 8 70

Chlorobenzene 20 55

CH3SO3H p-Xylene 8 30

This journal is © The Royal Society of Chemistry 2001
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alkenesulfonic acids with the use of Nafion-H, a solid
perfluorinated resinsulfonic acid polymer as a catalyst. We have
previously found that Friedel–Crafts type intramolecular acyla-
tion with suitably ortho substituted benzoic acids in the
presence of Nafion-H affords ketones in good yields.9 Nafion
membranes have also been found to allow permeation of
sulfonating reagents such as SO3 and 20% oleum during
sulfonation reactions.10 Preparation of aromatic symmetric and
unsymmetric sulfones could be achieved in good yields
(30–80%) by intermolecular Friedel–Crafts type sulfonylation
of arenes with suitable sulfonic acids (Scheme 1).

Nafion-H has been found to be a suitable solid acid catalyst
with high selectivity and catalytic activity giving good yields of
sulfones. The reaction with the use of Nafion-H conveniently
eliminates the use of volatile or noxious reagents. After the
reactions with Nafion-H, the catalyst is easily regenerated.11

This solid resin catalyst is more convenient and environmen-
tally friendly in comparison with corrosive acid catalysts (liquid
acids) generally used in reactions involving strong acids.

The sulfonylation reactions were carried out by refluxing a
stirred mixture of the corresponding arene- or alkanesulfonic
acid and excess arene in the presence of the solid Nafion-H
catalyst. The arenes act as both the substrate and the solvent.
The products were isolated after filtering the reaction mixture
and distilling off the excess arene.12

The sulfonylation reactions are general for sulfonic acids
such as benzenesulfonic acid, toluenesulfonic acid and metha-
nesulfonic acid. Activated aromatics such as p-xylene and m-
xylene afforded the corresponding sulfones in good yields
( ~ 80%). The yield of the corresponding sulfones from benzene
and toluene were, however, low (5–15%) due to the insufficient
activation of Nafion-H under the used relatively mild refluxing
conditions. On the other hand, when the reactions with benzene
and toluene were conducted under pressure at 160–165 °C, the
product yields increased considerably (48–57%). Along with
the product and the unreacted starting material, minor amounts
of side products due to alkylation and dealkylation were also
observed.

Azeotropic removal of water using a Dean–Stark trap
increases the yields. As shown in Table 1, the present method
provides an easy approach to sulfones with no undesired side
products. Sulfonylation of toluene and chlorobenzene, afforded
para substituted sulfones as the major product indicating a
typical electrophilic aromatic sulfonylation. The method devel-
oped is simple, uses readily available arene- or alkanesulfonic
acids instead of sulfonyl halides, anhydrides, etc., used in
Friedel–Crafts reactions. The substitution of the typical Frie-
del–Crafts type catalyst with this resin and its convenient
regeneration bodes well for the protocol and its overall
applicability.

Support of our work by Loker Hydrocarbon Research
Institute is gratefully acknowledged.
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The catalyst reactivity and reusability for the lanthanide
triflate-catalyzed three component synthesis of a-amino
phosphonates have been examined in room temperature
ionic liquids, [bmim][X], in which the catalytic activities
were very dependent on the counter anion, X, as well as on
the phosphorus nucleophile, and moreover, the catalyst
immobilized in an ionic liquid was reused several times
without any loss of activity.

The use of environmentally benign reaction media is very
important in view of today’s environmentally conscious
attitude. In connection with this, room temperature ionic liquids
that are air and moisture stable have received a good deal of
attention in recent years as novel solvent systems for organic
synthesis. A number of reactions such as Friedel–Crafts
reactions, Diels–Alder cycloadditions, hydrogenation, and
Heck reactions have employed ionic liquids as solvents.1 More
recently they have been introduced in halogenations of alkenes
and alkynes2 and in asymmetric epoxidation3 and asymmetric
hydrogenations.4 Here we report lanthanide triflate-catalyzed
three component reactions in room temperature ionic liquids,
[bmim][X], to give a-amino phosphonates.

a-Amino phosphonates are an important class of compounds
in modern pharmaceutical chemistry. Consequently, their

synthesis has received an increasing amount of attention.5 It has
been recently reported that ytterbium triflates6 and indium
trichloride7 are effective catalysts for three component reactions
of aldehydes, amines, and diethyl phosphonate in organic
solvents to give a-amino phosphonates. Kobayashi discovered
that similar three component reactions using triethyl phosphite
were also efficiently promoted by a catalytic amount of
scandium-surfactant-combined catalysts in water to give a-
amino phosphonates.8 To examine the catalytic activities of
lanthanide triflates as well as indium trichloride in ionic liquids,
we carried out the three component reactions of benzaldehyde,
aniline and diethyl phosphonate, HP(O)(OEt)2, in the presence
of 10 mol% of catalyst at 20 °C for 27 h. The results are
summarized in Table 1.† 

It has been found that, using anhydrous lanthanide triflates as
catalysts, the reactions in [bmim][PF6] proceeded highly
efficiently (entries 1–4 in Table 1). Among the anhydrous
lanthanide triflates catalysts, Sm(OTf)3 is superior to other
catalysts in an ionic liquid (entry 4 in Table 1) whereas
Yb(OTf)3 is more effective in an organic solvent.6 More
interestingly, although it has been known that the lanthanide
triflates are generally stable and function well in water,9 the
yields decreased greatly with hydrated catalysts, Yb(OTf)3·H2O
(entry 5 in Table 1) and La(OTf)3·H2O (entry 6 in Table 1). The
catalytic activity of Sm(OTf)3 was retained even at 1 mol%
(95%, entry 7 in Table 1). However, the activity of the
recovered catalyst immobilized in ionic liquid decreased (74%,
entry 8 in Table 1) which may be due to water generated during

Table 1 The three component reactions of benzaldehyde, aniline and diethyl
phosphonate in ionic liquids in the presence of lanthanide triflates and
indium trichloride

Entry Ionic liquid Catalyst Yield (%)c

1 [bmim][PF6] Yb(OTf)3 95
2 [bmim][PF6] Sc(OTf)3 80
3 [bmim][PF6] Dy(OTf)3 94
4 bmim][PF6] Sm(OTf)3 99
5 [bmim][PF6] Yb(OTf)3·H2O 63
6 [bmim][PF6] La(OTf)3·H2O 39
7a [bmim][PF6] Sm(OTf)3 95
8b [bmim][PF6] Sm(OTf)3 74
9 [bmim][SbF6] Sm(OTf)3 71

10 [bmim][BF4] Sm(OTf)3 18
11 [bmim][OTf] Sm(OTf)3 89
12 [bmim][PF6] InCl3 90
13 CH2Cl2 Sm(OTf)3 70
a Used 1 mol% catalyst. b Used recovered catalyst of entry 7. c Isolated
yield.

Scheme 1 Plausible mechanism of the three component reaction using
P(OEt)3.

Table 2 The three component reactions of benzaldehyde, aniline and
triethyl phosphite in [bmim][PF6] in the presence of 1 mol% of lanthanide
triflates and recycled catalysts

Entry Catalyst 1sta 2nd 3rd 4th 5th Average

1 Sc(OTf)3 97 94 97 93 > 99 96.2
2 Yb(OTf)3 57 54 — — — 55.5
3 Sm(OTf)3 87 87 — — — 87.0
4 Gd(OTf)3 84 77 — — — 80.5
5 InCl3 86 50 — — — 68.0
a Isolated yield.

This journal is © The Royal Society of Chemistry 2001
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the reaction. The counter anion of the ionic liquids affected the
catalytic activity considerably (entries 9–11), thus, only 18% of
product was obtained upon using BF4 anion (entry 10 in Table
1). By employing indium trichloride as a catalyst in
[bmim][PF6], the reaction also proceeded efficiently (entry 12
in Table 1). However, the reaction in dichloromethane solvent
using Sm(OTf)3 afforded product only in 70% yield (entry 13 in
Table 1).

We expected that employing triethyl phosphite, P(OEt)3, as a
phosphorus nucleophile could overcome the drawback of
catalyst recycling in the three component reactions. Mechanist-
ically, the water generated during formation of imine could be
used for the hydrolysis of phosphonium intermediate10 to give
a-amino phosphonates and EtOH as shown in Scheme 1.

The use of P(OEt)3 instead of HP(O)(OEt)2 changed the
catalytic activities of the lanthanide triflates. In this reaction
system, Sc(OTf)3 exhibited the highest catalytic activity (97%,
entry 1 in Table 2), and the reaction was completed within 2 h.
The Sc(OTf)3 can be used five times without any loss of
catalytic activity (entry 1 in Table 2). In second cycle reactions,
as we expected, the catalytic activities of the recovered catalysts
except InCl3 (entry 5 in Table 2) were almost retained.

The three component reactions of various aldehydes and
aniline with P(OEt)3 in the presence of 1 mol% Sc(OTf)3 in
ionic liquid, [bmim][PF6], gave the corresponding a-amino
phosphonates in excellent yields as shown in Table 3.

In summary, the catalytic activities of various lanthanide
triflates as well as indium trichloride were examined for the
three component reactions of aldehydes, amines and phospho-
rus nuleophiles, HP(O)(OEt)2 and P(OEt)3, in room temperature
ionic liquids. The catalytic activities were very dependent on the
counter anion, X, as well as on the phosphorus nucleophile. The
catalysts immobilized on ionic liquid can be reused several
times without any loss of activity.

Notes and references
† General procedure for the three component reactions and catalyst
recycling: aniline (0.25 mmol), an aldehyde (0.25 mmol) and a phosphorus
nucleophile, HP(O)(OEt)2 (1 mmol) or P(OEt)3 (1 mmol), were succes-
sively added to a solution of catalyst (0.25 3 1022 mmol) in an ionic liquid
(1 mL) at 20 °C. The mixture was stirred at the same temperature for 27 h
for HP(O)(OEt)2 or 2 h for P(OEt)3. The mixture was extracted with
benzene (4 mL 3 5) and concentrated. Purification by silica gel
chromatography afforded the desired product. More reactants (aldehyde,
aniline and P(OEt)3) were added to the ionic liquid solution remaining in the
vessel. This was the start of the second cycle. 

1 P. Wasserscheid and W. Keim, Angew. Chem., Int. Ed., 2000, 39, 3772;
T. Welton, Chem. Rev., 1999, 99, 2071; K. R. Seddon, J. Chem.
Technol. Biotechnol., 1997, 68, 351; Y. Chauvin and H. Olivier,
CHEMTECH, 1995, 26;  and references therein.

2 C. Chiappe, D. Capraro, V. Conte and D. Pieraccini, Org. Lett., 2001, 3,
1061.

3 C. E. Song and E. J. Rho, Chem. Commun., 2000, 837.
4 R. A. Brown, P. Pollet, E. McKoon, C. A. Eckert, C. L. Liotta and P. G.

Jessop, J. Am. Chem. Soc., 2001, 123, 1254.
5 P. Kafarski and B. Lejczak, Phosphorous Sulfur Silicon, 1991, 63, 193;

and references therein.
6 C. Qian and T. Huang, J. Org. Chem., 1998, 63, 4125.
7 B. C. Ranu, A. Hajira and U. Jana, Org. Lett., 1999, 1, 1141.
8 K. Manabe and S. Kobayashi, Chem. Commun., 2000, 669.
9 S. Kobayashi, Synlett, 1994, 689; W. Xie, Y. Jin and P. G. Wang,

CHEMTECH, 1999, 29, 23.
10 In ref. 8, Kobayashi stated that the phosphonium intermediate was

hydrolyzed rapidly in water as solvent.

Table 3 The three component reactions of aldehydes, aniline and triethyl
phosphite in [bmim][PF6] in the presence of Sc(OTf)3 as catalyst

Entry Aldehyde Yield (%)a

1 Benzaldehyde 97
2 p-Methoxybenzaldehyde > 99
3 o-Tolualdehyde 90
4 m-Tolualdehyde > 99
5 p-Tolualdehyde > 99
6 p-Fluorobenzaldehyde 93
7 a,a,a-Trifluoro-p-tolualdehyde 97
8 1-Naphthaldehyde > 99
9 3-Thiophenecarboxaldehyde 93

10 3-Furaldehyde 90
a Isolated yield
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A crucial factor in realising a green chemical process in solution
involves the choice of a safe, non-toxic and cheap solvent. Water
is the obvious choice. Despite solubility problems, considerable
interest has developed recently in organic chemistry in water.
This interest also results from the fact that association and
chemical reactions often benefit noticeably from the special
properties of water, resulting mainly from its small molecular
size, its three-dimensional hydrogen-bond network and hydro-
phobic interactions which are so unique for liquid water. Here
we discuss organic reactions and assembly processes in water,
largely taken from experiments performed in the authors’
laboratories. We show that non-covalent interactions in water
can be utilised for fine tuning organic reactions in aqueous
media.

Introduction
For a very long time, water has been recognised as essential for
all life processes and indeed life support on planet Earth. For
example, at the dawn of western scientific thought, Thales
(from Milete, B.C. 640–548) said: ‘All things are produced

from water’. This statement was one of the first attempts to
formulate a generalisation; i.e. referring all things to a common
origin. In ancient Chinese thought, water was frequently used as
a root metaphor for natural and civilised behaviour.1 K’ung Tzu
said: ‘Water, which extends everywhere and gives everything
life without acting (wuwei) is like virtue (de) . . . That is the
reason that when a gentleman (junzi) sees a great river, he will
always look upon it . . .’

In all major religions and philosophies, water plays an
important role. In chemical research, a long-standing interest
exists in the properties of water2,3 and in chemical reactions
between solutes taking place in this fascinating liquid. How-
ever, water is rarely seen as the solvent of choice in which to
carry out synthetic chemistry. In this review we illustrate some
of the key features involved in understanding the role of solvent
water for chemical reactions involving small molecules and
then for processes involving larger molecules and large
molecular assemblies including micelles and vesicles. We
emphasise that water is not just a ‘green’ solvent, but that the
special properties of the liquid give rise to intra- and inter-
molecular non-covalent interactions leading to novel solvation
behaviour and assembly processes.

Aqueous solutions: general features
Introductory chemistry textbooks reviewing the properties of
water stress the importance of intermolecular hydrogen bond-
ing, leading to the conclusion that water is an associated liquid.
The high relative permittivity is consistent with the idea that
water is a polar liquid and therefore a good solvent for salts such
as sodium chloride. E(T)30-values, as defined by Reichardt,
which are particularly useful microscopic solvent micropolarity
reporter values, confirm that water is a polar solvent.4 The
absence of strong ion-pairing in aqueous solution allows
unambiguous mechanistic studies of reactions that proceed via
highly polar or ionic intermediates. We also note that water has
one of the highest heat capacities per unit volume for a liquid;
e.g. for water, Cp = 4.18 J K21 cm23; for ethanol Cp = 1.92 J
K21 cm23. This high heat capacity is important in moderating
possible extremes of temperature on planet Earth.

This emphasis on molecular association should be set against
the fact that water has a modest (shear) viscosity; the liquid
pours easily, quite different from, say, glycerol.

Granted the properties of water, including its volumetric
properties (e.g. a temperature of maximum density near 277 K)
are complicated, the expectation is that the properties of
aqueous solutions are also complicated. This is indeed the case.
Nevertheless important features of water and aqueous solutions
can be understood in the following general terms.2

A cluster of non-intermolecularly hydrogen bonded, but
closely packed water molecules has high density–low molar
volume coupled with weak cohesion. A cluster of inter-

Professor Jan B. F. N. Engberts graduated with a PhD degree
from the University of Groningen, The Netherlands (1967).
After a stay at the University of Amsterdam with Prof. Th. J. de
Boer (ESR spectroscopy) Jan returned to Groningen and was
appointed as a Professor of General Chemistry in 1978 and as
a Professor of Physical Organic Chemistry in 1991. Fascinated
by the peculiar properties of water as a medium for organic
reactions and aggregation processes, much emphasis has been
placed on hydrolysis reactions in water in the presence of
hydrophobic addenda, surfactant aggregation, vesicle fusion,
and, most recently, development of DNA carrier systems for
application in gene therapy. In these studies, thermodynamics
always played an important role, and these interests brought
Mike and Jan together, more years ago than both care to
remember.

Professor Mike Blandamer is an Emeritus Professor at the
University of Leicester, having retired in 1999. Mike graduated
with BSc and PhD degrees from the University of Southampton
who awarded Mike the degree of DSc in 1984. Following post-
doctoral research at NRC in Ottawa (Canada), Mike joined the
staff at the University of Leicester. Mike and Jan share a
common interest in aqueous solution chemistry, good food,
good wine and New Orleans jazz music. They were coauthors
on a paper published in 1985 followed over 26 years by 50 joint
papers and reviews. For part of their period of cooperation,
Mike was a Visiting Professor at the University of Groningen.
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molecularly hydrogen-bonded water molecules has low den-
sity–large molar volume with strong cohesion. In other words,
strong cohesion is coupled with large molar volume. The latter
is a consequence of the structural requirements of hydrogen
bond formation which for a simple dimer has a trans-near linear
configuration. To an important extent hydrogen bonding is both
cohesive and repulsive, the latter reflecting the tendency to hold
apart the centres of mass of water molecules. This situation is
reflected in the low internal pressure of water.5 In the context of
describing the properties of aqueous solutions, we might
speculate that any process (e.g. chemical reaction) which
enhances water–water hydrogen bonding leads to an increase in
molar volume. This rather unusual situation (compared to
organic solvents) accounts in part for the complexity of the
properties of aqueous solutions.

Experimental
This review focuses on the results obtained in the laboratories of
the two authors using two major experimental techniques: (i)
chemical kinetics, and (ii) titration microcalorimetry.

Determination of rate constants for chemical reactions in
aqueous solutions using spectrophotometric techniques is
considerably helped by computer-based data capture and data
analysis programs, coupled with good thermostatting of solu-
tions. In recently published kinetic studies from Groningen we
routinely monitor chemical reactions for up to six half-lives
leading to rate constants having standard errors of better than
1%. This precision is important in the determination of standard
enthalpies (D‡H0) and entropies (D‡S0) of activation as defined
by Eyring transition-state theory.

Titration microcalorimetry6 has proved an extremely im-
portant technique particularly in the context of our investiga-
tions into the properties of surfactants in aqueous solutions. In
this technique (see Fig. 1 of ref. 7) a micro-syringe under
computer control injects at pre-selected time intervals a small
volume (e.g. 53 1026 dm3) of an aqueous solution into another
aqueous solution held in the sample cell, volume ca. 1.5 cm3. A
reference cell for the systems discussed here contains water.
The reference cell is heated, raising the temperature very
slowly. The computer-based control system monitors the
temperature of reference and sample cells, adjusting the power
to heaters of both sample and reference cells in order to hold the
two cells at the same temperature. The recorded quantity is the
rate of heating of the sample cell over the time required to bring
both sample and reference cells on to the same temperature
ramp. In effect the outcome is a plot of the ratio (q/dn0

j ) {where
heat q results from adding dn0

j moles of chemical substance j to
the solution in the sample cell} against either injection number
or concentration of chemical substance j in the sample cell.

The thermodynamic analysis is based on the following set of
equations. The extensive state variable enthalpy H for a closed
system is defined by the three independent variables, T, p, x
where x describes the composition of the system. Thus,

H = H[T,p,x] (1)

The complete differential of eqn. (1) yields an equation for the
change in enthalpy; eqn. (2)
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Then at constant temperature and pressure the heat q recorded
by the calorimeter between injection numbers I and (I+1)
following injection of dn0

j moles of chemical substance j at
injection number I is given by eqn. (3).
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The left-hand side of eqn. (3) is the measured quantity
recorded as a function of injection number. Eqn. (3) shows that
the measured ratio (q/dn0

j ) is given by the product of two terms
which are not known a priori. We indicate below some
important cases where analysis of the thermodynamic proper-
ties of the solutions in the sample cells and injected aliquots
yields important information concerning a given system, e.g.
micelle formation.7 The thermodynamic properties commented
on in this review are Gibbsian8 in that they are generated by
differentials of Gibbs energies with respect to the variables T
and p.

Aqueous solutions: general properties
Enderby and coworkers9 using neutron inelastic scattering
techniques have published detailed information for the struc-
tures of hydrated metal cations and halide ions in aqueous
solutions. For cations, the results are in line with the structures
predicted on the basis of secondary evidence; e.g. ionic
mobilities. Thus for Ni2+, the oxygen atom is adjacent to the
cation but the Ni2+…O–D(H) angle is less than 2p; the water
molecules undergo a wagging motion.

For many years there was intense speculation concerning the
arrangement of water molecules around, for example, chloride
ions. Two models were often proposed; (i) a bifurcated structure
such that the water dipole moment is co-linear with the centre of
the anion, and (ii) a linear structure for Cl2…H–O(H). The
latter turns out to be the favoured structure. However, the
systems are quite dynamic in that water molecules in the
primary hydration sheath exchange with water molecules in the
bulk solvent although the hydrogen-bond dynamics of water
molecules in the hydration shell are slow compared to those for
pure water.10

Again the fact that water is a polar liquid is often stated to
account for the fact that apolar molecules such as rare gases and
hydrocarbons are sparingly soluble in water. Even here
complexities emerge. The solubilities of argon, methane, ethane
and butane in cold water are higher than predicted on the basis
of the cohesive energy density of water.11 For almost 50 years
the low solubilities of apolar solutes in water were attributed to
the loss of entropy by the solvent accompanying enhancement
of water–water hydrogen bonding.12 The structures of solid
clathrate hydrates were taken as models for the H-bond
structure of water around apolar solutes.

In general terms the standard enthalpy of solution for
neutral solute j (i.e. gas phase to solution) DslnH0 is
negative (i.e. exothermic). But the solution process is domi-
nated by a negative DslnS0 such that DslnG0 > 0 where
T S H∆ ∆s sln ln

0 0> . Interestingly, thermodynamic parameters

such as limiting isobaric heat capacities CHpj(aq) and limiting
partial molar volumes VHj (aq) for neutral solute j in aqueous
solution can be expressed in terms of group contributions, a
form of analysis which seemed to support the clathrate hydrate
model.13 A similar clathrate model14 was advanced for the
hydration of alkylammonium salts, R4N+X2.

Serious doubt was thrown on the clathrate model (and the
general concept of structure making) for hydration of apolar
solutes (including alkylammonium salts) by the results of
neutron inelastic experiments. Neutron diffraction data for
(CH3)4N+Cl2 in aqueous solution show no evidence for
enhancement of water–water interactions over that in pure
water.15 The negative entropy change for dissolution of apolar
gases apparently arises largely from a pronounced preference
for tangentially oriented water O–H groups with respect to the
apolar solute rather than from more or stronger H-bonds in the
hydrophobic hydration shell. Apart from neutron scattering,
supporting evidence comes from MD computer simulations,16

thermodynamic analyses,17a and quantum chemical calcu-
lations.17b However, ‘whether or not the H-bond structure in the
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hydrophobic hydration shell is significantly different from that
in water?’ is a question still not fully answered.18

Analysis of the properties of polyfunctional solutes in
aqueous solution is not straightforward. In the case of, for
example, monosaccharides account must be taken of the
possible multitude of conformations for these solutes. Such is
the complexity that it is difficult to formulate general rules
although we return in a later section to these systems. Similar
complexities emerge in the case of aqueous solutions containing
proteins.19

Intermolecular interactions in water
The properties of aqueous solutions reflect both (i) solute–water
interactions, and (ii) solute–solute interactions. Certainly for
concentrated solutions the two sets of interactions cannot be
considered independent.

In the context of understanding solute–solute interactions the
simple calculation described by Robinson and Stokes20 has
considerable merit leading to intermolecular solute–solute
centre-to-centre distances d as a function of solute concentra-
tion, cj; eqns. (4) and (5), where cj is expressed in mol dm23 and
NA is the Avogadro constant.

neutral solutes: d = (103NAcj)1/3 (4)

1+1 salts: d = (2 3 103NAcj)1/3 (5)

The results are summarised in Table 1 for solutions prepared

using a simple solute (e.g. urea) and using a 1+1 salt. Distance
d provides an indication of the number of solvent molecules
between solute molecules, a number which dramatically
decreases with increase in solute concentration.

A useful concept was introduced by Gurney21 who identified
a cosphere of water around each solute molecule (ion). The
organisation of water in the cosphere differs from that in bulk
water. Then the properties of real aqueous solutions of neutral
molecules (e.g. urea) differ from the properties of the corre-
sponding ideal solutions as a consequence of ‘communication’
through the intervening water molecules between solute
molecules plus their cospheres. Quantitatively this communica-
tion is described by the Gibbs–Duhem equation which requires
that (at fixed T and p) for an aqueous solution containing water
(1) and solute (j), the chemical potentials m1(aq) and mj(aq) are
not independent but closely linked.

n1dm1(aq) + njdmj(aq) = 0 (6)

In these terms the extent and nature of the differences
between the properties of real and ideal aqueous solutions (at
fixed T and p) are a function of the organisation of water in the
cospheres. Then for a given solution, molality mj, the differ-
ences between Gibbs energies of real and ideal solutions can be
expressed in terms of an excess Gibbs energy GE. Moreover the
latter property for dilute solutions can also be expressed in terms
of pairwise solute–solute interaction parameters22 gjj as shown
in eqn. (7) where mo = 1 mol kg21.

GE = RTgjj(mj/mo)2 (7)

Interaction parameter gjj is a member of a family of such
parameters which includes volumetric vjj, enthalpic hjj and

entropic sjj pairwise interaction parameters. For ideal solutions
hjj is zero and so the enthalpy of dilution of a given aqueous
ideal solution is zero. This is not the case for real solutions as is
readily demonstrated using a titration microcalorimeter. We can
compare the recorded traces for two experiments. In both cases
the sample cell at the start of the experiment contained water. In
one experiment the syringe contained urea(aq); in a second
experiment the syringe contained N-ethylurea(aq) at the same
molality, 0.8 mol kg21. The point to note is that in terms of the
model discussed above (cf. Table 1) dilution simply means that
the inter-solute distance increases. We find that for urea(aq),
separation is endothermic whereas for monoethylurea(aq)
separation is exothermic, showing a dramatic impact on the
properties of the solutions by replacing a hydrogen atom in urea
by an ethyl group.23 The latter comments signal the possibility
that these pairwise solute–solute interaction parameters can be
decomposed into pairwise group–group interaction parameters.
Wood and coworkers24 developed this method of analysis
leading to a significant increase in the understanding of the
properties of aqueous solutions containing neutral solutes
(Savage–Wood Additivity of Group Interactions, SWAG,
approach).

Kinetics of organic reactions in water containing
inert cosolutes
If a substrate X undergoes spontaneous hydrolysis in very dilute
aqueous solutions at fixed temperature and pressure, the (first-
order) rate constant k(aq;id) (id = ideal, i.e. in the absence of a
cosolute) is determined by the standard Gibbs energy of
activation, D‡G0.

When an inert cosolute j is added, the rate constant changes
reflecting the impact of solute j on the chemical potentials of X
in both initial and transition states. The rate constant k(aq) is
sensitive to the molality of added solute mj as determined by the
impact of solute j on the hydration properties of solute X in both
initial and transition states. The changes in the latter two states
depend on the hydration properties of solute j. In addition,
account must be taken of the fact that in real solutions properties
of the solvent are not ideal. The final equation25 takes the
following form where f is the practical osmotic coefficient for
the solvent, molar mass M1.

ln[k(aq)/k(aq;id)] = (2/RT)[1/mo]2Gcmj 2 fM1mj (8)

Here Gc is a compact representation of the effect of added
solute j on the chemical potentials of initial and transition states
for reacting solute X. For most dilute aqueous solutions it can be
assumed that f is unity. Then {ln[k(aq)/k(aq;id)]} is a linear
function of the solute molality mj such that if added solute
lowers the rate constant, Gc is negative. This model was
originally tested using kinetic data describing the effects of
added monohydric alcohols on the water-catalysed hydrolysis
of 1-acyl-1,2,4-triazoles26 and the effects of added ureas on the
neutral hydrolysis of p-methoxyphenyl dichloroethanoate,25

Fig. 1 and 2, respectively.
In both cases kinetic data at low concentrations of cosolute

followed patterns in which Gc parameters can be understood in
terms of pairwise interactions describing added solute–substrate
interactions. With increase in hydrophobicity of both added
cosolute and reacting substrate, Gc decreases. Hence in terms of
the substrate, the hydration characteristics of the initial state
rather than the transition state are important. In the context of
the model, interaction between added cosolvent and initial state
is envisaged as taking place via the cooperative hydrogen-
bonding interactions within the solvent; that is via cosphere–
cosphere communication.

This kinetic analysis of the effects of added solutes is
illustrated by kinetic data for the following reactions:

(i) Hydrolysis of [(p-nitrophenyl)sulfonyl]methyl perchlor-
ate;27 Fig. 3.

Table 1 Inter-solute distancesa

cj/mol dm23 1024 1023 1022 0.1 1.0 10.0
Neutral solutes (e.g. urea) d/nm 26 12 5.4 2.6 1.2 0.55
1+1 Salts (e.g. NaCl) d/nm 20 9.4 4.4 2.0 0.94 0.44
a The distances are calculated on the basis that each solute molecule (ion) is
at the centre of a cube, volume d3. The difference between calculated
distances for a neutral solute and a 1+1 salt is a consequence of the fact that
each mole of a 1+1 salt yields, with complete dissociation, 2 moles of
ions.
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(ii) Hydrolysis of 1-benzoyl-3-phenyl-1,2,4-triazole in aque-
ous solution containing monohydric alcohols. No alcoholysis of
the kinetic probes occurs under the reaction conditions. Group
interaction parameters for polyhydric alcohols are strongly
dependent on the positions of the hydroxyl groups in the
alcohols.28

(iii) Hydrolysis of eighteen 1-acyl-(3-substituted)-1,2,4-tria-
zoles in aqueous solutions containing ethanol and propan-1-ol.
Although the SWAG analysis is reasonably satisfactory,
stereochemical effects also play an important role.29 The latter
feature is also shown by the effects of added monosaccharides
on rate constants for hydrolysis of 1-benzoyl-3-phenyl-
1,2,4-triazoles.30

(iv) For the hydrolysis of p-methoxyphenyl dichloroetha-
noate in aqueous solutions, the elegance of the SWAG approach
is shown by the additivity of Gc for carboxamides, ureas,
sulfonamides and sulfoxides.31

(v) The kinetics of hydrolysis of 1-benzoyl-1,2,4-triazole in
aqueous solutions is accounted for in terms of pairwise solute
interactions in solution containing amphiphilic solutes below
their critical micellar concentrations.32

The additivity pattern does break down if salts are added to
the solutions in solvents comprising alcohol + water mixtures.

There are interesting and important exceptions to the SWAG
additivity concept as shown in the dramatic retardation by
added a-phenylalanine of the hydrolysis of activated amides in
contrast to the rate acceleration induced by alanine.33 Similar
non-additivity is observed for the effects of isomeric aliphatic
a-amino acids on the kinetics of hydrolysis of 2-(4-nitrophen-

oxy)tetrahydropyran and of alkylammonium salts on the
hydrolysis of 1-benzoyl-1,2,4-triazole.34

Camouflage effects
Quite generally solutes in aqueous solutions can be classified as
either hydrophilic or hydrophobic. However, we noted above
that the properties of hydrophilic solutes in aqueous solutions
are quite complicated. Indeed the properties of mono- and poly-
hydroxylated solutes point to key influences of the structure and
stereochemistry of the functional groups. This conclusion is
confirmed by limiting partial molar volumes and apparent molar
isentropic compressions f(KSj; def)H of carbohydrates in
aqueous solutions.35 However we note that f(KSj; def)H is a
complicated property8,36 being for the most part based on an
extrathermodynamic assumption.37

Hydration of carbohydrates is crucially governed by the
relative positions of OH groups in a given carbohydrate. Their
hydration characteristics depend on the matching fit between
OH-groups in a given carbohydrate and either nearest neighbour
(e.g. D-talose) or next nearest-neighbour oxygen; Table 2. A

further feature emerges from analysis of isobaric heat capacity
data which can be understood in terms of solute–solute
interactions. For a ‘probe’ solute j in an aqueous solution
containing a carbohydrate, we might ask how solute j ‘reacts’ to
the presence of the carbohydrate. The evidence suggests that if
the OH groups of a carbohydrate match into the three-
dimensional hydrogen-bond structure of water, solute j is
unaware of their presence—they have been camouflaged by the
solvent. Indeed solute j may characterise the carbohydrate
solute as hydrophobic.38 The dependence of the hydration of
monosaccharides on the detailed stereochemistry of the OH
moieties has also been noted for single-tailed nonionic surfac-
tants with sugar head groups.39

Hydrophobic inhibition
The thermodynamic properties of solute X in real solutions
containing neutral solute j can be described in terms of the
activity coefficient of solute X which can in turn be expressed
in terms of Gibbs energy interaction parameters. This analysis
leads to the description of the effects of added neutral solutes
(e.g. alcohols) on rate constants for ester hydrolysis in terms of
G(c) parameters. This line of argument envisages that the
chemical potential of a given solute X in aqueous solution is
sensitive to the nature and hydration properties of other solutes
by virtue of the communication through intervening water
molecules; i.e. cosphere–cosphere interactions. This type of
explanation is based on the proposal that the properties of a
given solute molecule X in solution are perturbed by the sum of
individual effects of all other solute molecules in solution.

In an alternative explanation the properties of a given solute
molecule X are strongly influenced by intense interaction with
a single neighbouring solute molecule j in a specific solute–
solute interaction. The possibility that the latter model could
account for the effects of added solute on the rate of ester
hydrolysis was raised by a molecular dynamics simulation.40

Fig. 1 Neutral hydrolysis of 1-acyl-3-substituted-1,2,4-triazoles.

Fig. 2 Mechanism of the water-catalysed hydrolysis of acyl-activated
esters.

Fig. 3 Water-catalysed hydrolysis of covalent arylsulfonylmethyl per-
chlorates.

Table 2 Kinetic medium effects and related properties of D-galactose and D-
talose in aqueous solutions at 298.15 K

Property D-galactose D-talose

Gc
a/J kg mol22 2142 2280

f(KSj;def)Hb/cm3 mol21 bar21 220.14 211.9
nS

c 8.7 7.7
a Gc; see eqn. (6). b f(KSj;def)H; defined limiting apparent molar isentropic
compression for solute j in aqueous solution; see ref. 37. c nh; hydration
number.
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The latter indicated that an encounter complex41 involving
ester and added solute could be formed. Moreover the cosolute
j blocks the reaction centre from attack by water in the
hydrolysis reaction. In these terms the first-order rate constant
for ester hydrolysis k(mj) in the presence of solute j, molality mj,
is related to the equilibrium constant Kec using eqn. (9); (ec =
encounter complex).

k(mj) = k(mj = 0) / [1 + Kecmj] (9)

In the limit that Kecmj < 1, ln[k(mj)] is predicted to be a linear
function of molality mj, with slope Kec. Kinetic data for the
hydrolysis of three activated esters show that the model
accounts satisfactorily for the observed patterns.42

Diels–Alder reactions in water
Relatively apolar solutes in aqueous solutions can form
encounter complexes which are stabilised by hydrophobic
interactions. This can occur for two solutes that can react to
form a product if the orientation of both reactions in the
encounter complex is suitable for bond making/bond breaking
processes. An important example is provided by the formation
of an encounter complex that consists of a diene/dienophile pair.
The relative stability of the encounter complex in aqueous
solution then leads to a rate acceleration compared to the
reaction in organic solvents, primarily because the larger
number of intermolecular collisions in the complex will favour
the cycloaddition reaction. If, in addition to this effect, the
activated complex is also stabilised by increased hydrogen-
bond interaction relative to the initial state, substantial rate
enhancements in water can be realised.43

Even in 1931 Diels and Alder used water as a solvent for their
famous reaction. However it was the communication by
Rideout and Breslow44 that aroused particular interest in Diels–
Alder (DA) reactions and other organic reactions in water. It
was reported that the DA reaction of methyl vinyl ketone with
cyclopentadiene (CP) was 290 times faster in water than in
cyanomethane and that the preference for the endo adduct was
significantly increased, Fig. 4. Later we found that the second-

order rate constant for the DA reaction of 5-methoxy-
naphthoquinone with CP was about 1.3 3 104 times higher in
water than in n-hexane.43 Detailed examination of aqueous
solvent effects on the otherwise solvent-insensitive DA reac-
tions showed that enforced hydrophobic interactions between
diene and dienophile and hydrogen bonding of water to the
polarised carbonyl moieties in the activated complex play a
major role in the large aqueous rate acceleration.45 The
enhanced preference for the endo reaction product (mentioned
above) is understood in terms of the smaller solvent accessible
surface area for the activated complex leading to this stereo-
isomer. Computational studies support the interpretation of the
beneficial effect of water on these electrocyclic reactions.46

Aqueous rate acceleration for DA reactions is quite general and
has been employed in many synthetic applications. Of course,
the magnitude of the effect depends on the contribution of both
hydrophobic and hydrogen-bonding interactions.The hydrogen-
bonding effect of water can be replaced by Lewis-acid catalysts
such as Cu(II) ions with particularly successful applications for
bidentate dienophiles,47 Fig. 5. Relative to the uncatalysed
cycloaddition with CP, 0.01 mol dm23 Cu(NO3)2 in water leads
to a rate enhancement of ca. 8 3 104 . Lewis-acids Ni2+, Co2+

and Zn2+ are less effective. Water does not enhance the endo-
selectivity for these reactions, consistent with the view that the

stereochemistry is influenced by enforced hydrophobic inter-
actions.

The same DA reactions have also been performed in the
presence of diamine and a-amino acid ligands. Interestingly,
ligand-accelerated catalysis of the reaction in the presence of
Cu2+ ions was observed for a series of (chiral) aromatic a-amino
acid ligands. In the case of Na-methyl-L-tryptophan, 74%
enantioselectivity was found. Smaller selectivities were found
when organic solvents were used. The enhanced catalytic effect
and the enantioselectivity are consistent with arene–arene
interactions between the pyridine ring48 of the dienophile and
the aromatic ring of the a-amino acid ligand bound to Cu2+, Fig.
6.

Combination of Lewis-acid catalysis with micellar catalysis
leads to exceptionally efficient catalysis.49 For example, the DA
reaction with copper didodecyl sulfate micelles shows a rate
acceleration of 1.8 3 106, again compared to the uncatalysed
cycloaddition in cyanomethane. The major factor responsible
for this huge catalytic effect is the essentially complete
complexation of the dienophile to the Cu2+ ions at the surface of
the micelles. A similar vesicular-catalysed reaction is somewhat
less effective (rate acceleration ca. 106), but the maximum
catalytic effect is obtained at significantly lower surfactant
concentration, which is important from the view point of ‘green
chemistry’.50 Lewis-acid–surfactant-combined catalysts have a
definite potential for green organic synthesis in aqueous media
as demonstrated by Kobayashi et al. for several carbon–carbon
bond-forming reactions.51 The detailed studies of the aqueous
rate accelerations of DA reactions have set the stage for
extensive application of organic synthesis in water.50

Surfactant aggregation
Micelles

The story is told52 how McBain's original proposal53 concern-
ing the possibility that surfactants might aggregate in water
above a critical micellar concentration was met with the reply,
'Nonsense, McBain'. Of course it is now recognised that in

Fig. 4 Diels–Alder reaction of cyclopentadiene with alkyl vinyl ketones.

Fig. 5 Lewis-acid catalysed Diels–Alder reaction of 3-para-substituted-
phenyl-1-(2-pyridyl)-2-propen-1-ones with cyclopentadiene to provide the
endo (major product) and exo (minor product) cycloadducts. (a) X = NO2 ,
(b) X = Cl, (c) X = H, (d) X = CH3, (e) X = OCH3, (f) X =
CH2SO3

2Na+, (g) X = CH2N+(CH3)3Br2.

Fig. 6 Ligand-induced hydrophobic bonding of the Lewis acid to the
dienophile.

Chem. Commun., 2001, 1701–1708 1705



aqueous solutions up to 100 monomer surfactant monomers
may associate to form micelles. Nevertheless the actual
structure of micelles is still a matter for debate.

Interest in these systems not only stems from their use in
detergent formulations but also for their general ability to
solubilise chemical substances in aqueous systems and to act as
catalysts for their chemical reactions. Thermodynamic descrip-
tion of the equilibrium between micelles and monomers in
solutions is generally based on one of two models, both
recognising that micelle formation is a strongly cooperative
process, with hydrophobic interactions as the major driving
force.54

According to the closed association model, a chemical
equilibrium exists between monomers and micelles. This is the
mass action model.55 Thus if N is the aggregation number for
surfactant S,

NS(aq)" SN(aq) (10)

Hence, the equilibrium constant is,

K = [SN(aq)]/[S(aq)]N (11)

Numerical analysis shows that with an increase in aggrega-
tion number N and with increase in concentration of surfactant,
the change in composition of the solution at the critical micellar
concentration becomes sharper.

According to the phase separation model,54 micelles form a
separate phase in the aqueous system with surfactant in the
micellar phase in equilibrium with surfactant in aqueous
solution at the critical micellar concentration. Thus the
equilibrium for surfactant j is described as follows; cr = 1 mol
dm23.

m*(micelle;NS) = N[m0(aq) + RTln(cmc/cr)] (12)

Then the standard Gibbs energy for micelle formation
DmicGo(aq) is given by the following equation.

DmicGo(aq) = m*(micelle; NS) 2 Nm0(aq) = NRTln(cmc/cr)
(13)

The right-hand site of eqn. (13) contains two important
quantities, N and cmc of which only the cmc is readily
determined. This point signals that there are complications in
the thermodynamic analysis of micellar systems.56 The way
ahead defines a standard Gibbs energy of micelle formation per
monomer, DmicGo(aq;mon) [ =DmicGo(aq)/N].

Then,

DmicGo(aq;mon) = RTln(cmc/cr) (14)

If the monomer surfactant is a 1+1 salt (e.g. hexadecyl-
trimethylammonium bromide; CTAB) then the standard Gibbs
energy of micelle formation per monomer is given by the
following equation.

DmicGo(aq;mon) = DmicHo(aq;mon) 2 TDmicSo(aq;mon)
= 2RTln(cmc/cr) (15)

Here DmicHo(aq;mon) is the standard enthalpy of micelle
formation per monomer. We have used the latter two equations
in an extensive study of the thermodynamics of micelle
formation using a titration microcalorimeter. In these experi-
ments the syringe contains an aqueous solution of, for example,
CTAB, at a concentration above the cmc whereas the sample
cell contains, initially, water. Over the first set of injections of
aliquots, the calorimeter records the heat associated with the
break up (i.e. deaggregation) of the injected micelles to form
monomers.57 However gradually the concentration of surfactant
in the sample cell increases, eventually approaching the cmc. At
this stage the recorded heat is close to zero in that a micellar
solution is being injected into a micellar solution. The resulting
plot, an enthalpogram, of the ratio [q/dn0

j ] against injection
number I is step-shaped such that the ratio [q/dn0

j ] effectively
yields the enthalpy of micelle formation because [q/dn0

j ] at high
injection numbers is close to zero. A more detailed analysis

takes account of the fact that CTAB is a 1:1 salt. The cmc is

[ / ]q nj
I

I N

d
0

1=

=

∑calculated using the van Os method58 in which

is plotted against the concentration of CTAB in the sample cell
at injection number N. The points generate two straight lines
which intersect at a point corresponding to the cmc.

With decreasing alkyl chain length (e.g. C16 to C10 trimethy-
lammonium bromide) the enthalpograms become more compli-
cated indicating that account has to be taken of the thermody-
namic properties of the monomer salt and ionic micelles
together with the extent of counter ion binding.59

An interesting study exploited the structural variations in the
cation using 1-alkyl-4-pyridinium surfactants in aqueous solu-
tions.60 For 1-alkyl-4-methylpyridinium halides, the standard
enthalpy of micelle formation becomes more exothermic with
an increase in alkyl chain length by 22.6 ± 0.2 kJ mol21 per
CH2 group at 303 K. For 1-methyl-4-n-dodecylpyridinium
surfactants prepared using aromatic counter ions, the enthalpo-
grams point to different degrees of penetration of the counter
anions into the cationic micelles.61

Interpretation of the enthalpograms generated by different
surfactants is often complicated by the fact that enthalpies of
micelle formation are strongly temperature dependent leading
in some cases to a change in sign of the standard enthalpy of
micelle formation.

In fact there are further complications as shown by the change
in sign of the enthalpy of micelle deaggregation of CTAB(aq)
when pentanol is added.62 Titration calorimetric data for non-
ionic carbohydrate-derived surfactants63 show interesting but
complicated patterns in the contributions to standard Gibbs
energies and enthalpies of micelle formation. A similar
comment applies to aqueous solutions containing alkylpolyoxy-
ethylene glycol ethers.64 The enthalpograms are complicated by
the presence of two processes when aliquots are injected into the
sample cell, namely micelle deaggregation and declustering of
micellar aggregates. The impact of additional methylene groups
in the alkyl chain on going from CTAB to octadecyl-
trimethylammonium bromide is dramatic. The enthalpograms
show that the sign of deaggregation changes with a change in
concentration of surfactant in the injected aliquots, again
pointing to the influence of micellar aggregation.

Analysis of the enthalpograms for mixed alkyltrimethyl-
ammonium bromide surfactants turns out not to be straightfor-
ward.65 The effective cmc of a given mixture, as signalled by an
enthalpogram, is a function of the mixture concentration. The
mixed micellar phase is treated as resembling a binary liquid
mixture characterised by rational activity coefficients for both
components together with enthalpic interaction parameters
treated along the lines used in the treatment of binary liquid
mixtures.66 Monomer–monomer surfactant interaction in both
aqueous solution and mixed micellar phase are important in
determining the properties of a mixed surfactant. For solutions
containing high concentrations of surfactants, the presence of
large aggregates is confirmed by a DSC scan for concentrated
aqueous solutions of hexadecyltrimethylammonium bromide
and chloride.67

Vesicles

Whether a surfactant molecule preferentially undergoes molec-
ular assembly to form a micelle or a (closed) bilayer, depends,
in a first approximation, on the architecture of the amphiphilic
molecule.68 This shape-dependent association signals a ten-
dency for the most efficient intermolecular overlap of hydro-
phobic hydration shells with a maximum release of these water
molecules to the bulk aqueous solution. The thermodynamics of
vesicle formation have also been examined using a titration
microcalorimeter.69 The results emphasise the importance of
the nature of the counter ion and reveal a large temperature
dependence of the enthalpy of vesiculation as anticipated for a
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process involving hydration shell overlap.Gel-to-liquid crystal-
line phase transitions in vesicular bilayers can be studied using
a differential scanning microcalorimeter.70 The design of the
latter is similar to that for a titration microcalorimeter except
that the syringe system is absent and the sample cell sealed
under nitrogen gas. Both cells are gradually heated from 5 to 90
°C under computer control. The system records the differential
amounts of heat required to raise together the temperatures of
sample and reference cells. A plot is obtained of the relative
isobaric heat capacity of a given vesicular aqueous system as a
function of temperature. These scans are extremely informative
concerning the factors controlling the thermal characteristics of
vesicular bilayers. We have concentrated attention on two
classes of vesicular systems, dialkyldimethylammonium bro-
mides71 (e.g. DOAB = di-n-octadecyldimethylammonium
bromide) and sodium dialkylphosphates72 (e.g. DDP = sodium
di-n-dodecyl phosphate).

The DSC experiments show that the transitions responsible
for extrema in isobaric heat capacities involve patches of
between 100 and 200 monomers which melt cooperatively. The
extent of cooperative melting in each patch involves but a small
fraction of the total number of monomers in each vesicle. The
melting temperature (as revealed by the maximum in isobaric
heat capacity) depends on the vesicle both in terms of the dialkyl
component and the counter ion.72 The melting has a dynamic
feature. For some vesicular systems no extremum in isobaric
heat capacity is detected in the second scan if the latter is
recorded shortly after the first. In other words there is an
element of kinetic control to the repacking of the dialkyl chains
forming the gel state from the liquid crystal state.73

DSC scans for mixed vesicular systems indicate that when
the differences in alkyl chain lengths are small, the chains can
assemble in reasonably ordered fashion leading to well defined
features in the DSC scans. When the lengths of the dialkyl
chains differ considerably, the DSC scans are complicated
indicative of domains having different compositions; cf. partial
miscibility.74

For vesicles formed by a series of three sodium dialkylphos-
phates having identical chain lengths, their thermal stability is
strongly dependent on the degree of unsaturation in the alkyl
chains. In general, vesicles are stabilised by alkyl–alkyl group
cohesion and destablised by charge–charge interactions in the
ionic head groups. The thermal stability of the bilayers is very
sensitive to added salt,75a and other cosolutes including
surfactants,75b a-amino acids,75c sodium dipicolinate75d and
poly(sodium acrylate)s.75e

Conclusion and outlook
Chemical reactions and aggregation processes in water are
strongly determined by the properties of the aqueous medium,
i.e. by the three-dimensional hydrogen-bond network that
combines strongly intermolecular interactions with low density.
Because water molecules are small and each molecule can form
up to four hydrogen bonds (twice as a donor and twice as an
acceptor), changes in the H-bond network are associated with
large entropy changes (often largely compensated by changes in
enthalpy) and with large temperature effects. There appears to
be little doubt that in the coming years the unique solvent
properties of water will be frequently employed for tuning of
desired chemical processes. In particular hydrophobic inter-
actions provide rich possibilities for this purpose. Mother
Nature was the first to recognise the potential of such medium-
induced control of chemical reactivity.
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inhibitors of aspartate semi-aldehyde dehydrogenase
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The difluoromethylene analogue of aspartyl phosphate 6 has
been prepared by the fluoride catalysed coupling of diethyl
trimethylsilyldifluoromethyl phosphonate with an appro-
priate aldehyde followed by Dess–Martin oxidation and
deprotection; the deprotected compound inhibited (KI 95
mM) aspartate semi-aldehyde dehydrogenase, a key enzyme
involved in bacterial amino acid and peptidoglycan bio-
synthesis.

Bacterial resistance to current classes of antibacterial com-
pounds is increasing alarmingly.1,2 Many successful antibiotics
target bacterial cell wall biosynthesis, and the efforts of our
group have concentrated on attempts to design and synthesise
inhibitors of enzymes from this pathway.3 We have focussed on
inhibitors of L-lysine 1 biosynthesis since L-lysine and its
precursor, diaminopimelic acid (DAP), form the strength
bearing cross-links of the peptidoglycan layer of bacterial cell
walls (Scheme 1).4 One of the earliest enzymes on the pathway,
aspartate semi-aldehyde dehydrogenase (ASA-DH, EC
1.2.1.11) forms the key intermediate L-aspartate semi-aldehyde
2 the precursor of DAP and also L-threonine 3 and L-methionine
4. Inhibitors of ASA-DH would therefore block dual key
bacterial metabolic processes forming proteins and peptido-
glycan.

The mechanism of ASA-DH is believed to involve an active
site nucleophilic cysteine.5 g-Aspartyl phosphate 5, is bound at
the active site. Thiolester formation then occurs with concomi-
tant loss of phosphate. NADPH then transfers its 4-proS hydride
to reduce the thiolester, releasing the aspartate semi-aldehyde 2
and regenerating the nucleophile (Scheme 1). The 3D crystal
structure of ASA-DH has recently been solved, but as no
substrates were bound in the structure little information is
available regarding the active site geometry and potential
binding sites.6 We decided to synthesise specific ASA-DH
inhibitors. Ideally these compounds would mimic the natural
substrate and contain an electrophillic centre for covalent
attachment to the active site nucleophile.

Difluoromethylene phosphonates have found use as phos-
phate mimics in numerous applications.7 The difluoromethy-
lene unit effectively mimics oxygen and the pKa of difluoro-
methylene phosphonates closely matches that of the analogous
phosphates.8 Compounds such as 6 could form effective
inhibitors of ASA-DH. Additionally the difluoromethylene a to
the carbonyl would have the effect of making it an excellent
electrophile and likely target for thiol attachment.

Berkowitz has reacted difluoromethylene anions such as 7
with methyl esters to prepare ketones directly.9 We attempted to
follow this methodology for the synthesis of 6 (Scheme 2). L-
Aspartic acid 8 was selectively protected at the g-ester using
methanol and thionyl chloride to form the mono ester 9. BOC
protection to give 10 followed by formation of the a-tert-butyl
ester then gave the required methyl ester 11. However this ester
was unreactive under the reaction conditions of Berkowitz9 and
we considered that the mono-protected amine could be the
source of an acidic proton. Formation of the doubly BOC
protected aspartate 12 was achieved, but this also could not be
transformed to the required phosphonate. The bis(methyl ester)
13 was also synthesised by parallel methodology, but was
similarly unreactive towards anion 7.

We next attempted to add 7 to aldehydes (Scheme 3).10

Treatment of 13 with DIBAL-H yielded a mixture of the
corresponding alcohol 14 (22%) and aldehyde 15 (68%);11 14
could be converted to 15 by treatment with the Dess–Martin
periodinane.12,13 When 15 was treated with excess 7 (ca. 7.5
eq.) at 278 °C we were able to isolate the mixture of
diastereomers 16a and 16b in very low yield—no products were

Scheme 1 Bacterial pathways to cell wall and protein components.

Scheme 2 Reagents and conditions: (i) SOCl2, MeOH, 210 °C, 78%; (ii)
BOC2O, NaHCO3–MeOH, 75%; (iii) (CH3)3COH, DMAP, EDCI, 64%;
(iv) 7, THF,278 °C–0 °C; (v) NaH, BOC2O, THF,D, 86%; (vi) LDA,278
°C–0 °C.
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formed with lower excesses or stoichiometric amounts of 7.
Under milder conditions treatment of 15 with (EtO)2P(O)CF2-
SiMe3 in THF at 0 °C in the presence of a catalytic fluoride
source such as CsF, TBAF or TBAT (Bu4N+SiPh3F2

2) yielded
the required products. The most favourable conditions required
the use of 1.3 eq. of (EtO)2P(O)CF2SiMe3, 10 mol% TBAF and
one equivalent of 15. This reaction yielded a mixture of
diastereomers 16a (2S,4S) and 16b (2S,4R)14 in 3+1 ratio in
overall 55% (Scheme 3) with the remaining mass balance being
unreacted aldehyde. The alcohols were smoothly converted to
the ketone 17. A two-step deprotection involving treatment of
17 with 5 eq. of TMSI (Me3SiI) followed by KOH treatment to
remove the methyl ester yielded 6 in excellent yield as a 45+55
mixture of keto- and hydrate forms.15 After purification by ion
exchange chromatography, 6 was used in inhibition assays
using recombinant E. coli ASA-DH.

The ASA-DH assay (Scheme 4) requires that the enzyme be
run in the ‘reverse’ direction as aspartyl phosphate is unavaila-
ble whereas aspartate semi-aldehyde is obtained by reductive
ozonolysis of allyl glycine in 1 M aqueous HCl. In the assay,
reaction is observed at 340 nm as NADPH is formed from
NADP+ (150 mM). In order to ensure satisfactory reaction rates
the other substrates (PO4

32 and ASA) must be present in large
excess (15 and 0.35 mM respectively). In initial inhibition
reactions under these conditions 6 showed little observable
effect. However in pre-incubation reactions in which ASA-DH
was incubated with 6 prior to addition of the other assay
components clear inhibition was observable varying with time
(Fig. 1A) and concentration (Fig 1B). Based on this assay a KI
of 95 mM was measured.16 The rate of inhibition of ASA-DH by
6 was diminished in the presence of phosphate (Fig. 1B)
indicating that inhibition occurs at the active site. The inhibition
appears to be slowly reversible as indicated by the regeneration
of activity upon dilution of the inhibited enzyme into the assay
cuvette. This behaviour is consistent with that expected for a
slow binding model of inhibition and is most likely caused by
covalent bond formation between 6 and the active site thiol of
ASA-DH.

Thus we have shown that a rational approach can success-
fully be used for the design and synthesis of ASA-DH
inhibitors. The route should enable the synthesis of a range of
related compounds designed to probe the mechanism and active

site geometry of ASA-DH. The inhibited enzyme is currently
undergoing crystallisation trials.

We thank Alessia Rossi for technical assistance and the
University of Bristol for financial support (University Scholar-
ship to MBM-M).
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Scheme 3 Reagents and conditions: (i) DIBAL-H, THF,278 °C, 68%; (ii)
Dess–Martin periodinane, CH2Cl2, RT, 75%; (iii) (EtO)2P(O)CF2SiMe3,
THF, 10 mol% TBAF, 260 °C RT, 55%; (iv) Dess–Martin periodinane,
CH2Cl2, RT, 69%; (v) TMSI, then aq. KOH, then Dowex AG50 WX8,
95%.

Scheme 4 Assay of ASA-DH. In the reverse reaction phosphate and ASA
are present in large excess.

Fig. 1 A. Inhibition of ASA-DH by preincubation with 6 at 0.66mM. 1
uninhibited reaction; + preincubation with 6 for 0 min; 8 preincubation
with 6 for 12 min;5 preincubation with 6 for 25 min;- preincubation with
6 for 68 min; X preincubation with 6 for 138 min. B. Rate of inhibition of
ASA-DH at varying 6 concentration (1 0.66; 8 2.5; - 5.0 mM) and at 5
2.5 mM 6 in the presence of phosphate (15 mM).
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A 3-component cascade synthesis of bis(2-arylallyl) tertiary
amines from aryl iodide, allene and primary aliphatic
amines is described; chiral amines give analogous products
with no detectable racemisation; mixtures of two different
aryl iodides can be utilised to give the mixed tertiary amines
as the sole, or major, product; the reaction is sensitive to
stereoelectronic effects which lead to mono(2-arylallyl)
secondary amines.

p-Allylpalladium species react with both carbon- and hetero-
atom-centred nucleophiles with formation of carbon–carbon or
carbon–heteroatom bonds and catalytic versions of these
processes have been widely utilized in organic synthesis.1
Heteroatom nucleophiles, including RCO2H,2 H2O,3 ROH4 and
amines5 (primary and secondary), have proved particularly
valuable in complex molecule synthesis. The reaction of
nitrogen nucleophiles with p-allylpalladium(II) species are
amongst the most widely used in organic synthesis. The
efficiency of intermolecular amination and its tolerance of a
wide range of functional groups has encouraged extensive
applications including the synthesis of carbocyclic nucleoside
analogues.6 Aryl, acyl and hydropalladation of allenes are
additional versatile routes to p-allylpalladium species which
have been imaginatively exploited in harness with nucleophilic
attack.7–9

Most reported cases of reactions with amines involve one p-
allylpalladium species reacting with a primary or secondary
amine to form a secondary amine or tertiary amine respectively.
The sequential transfer of two allyl groups from Pd(II) to a
primary amine to form a tertiary amine in a one pot reaction has
not, to our knowledge, been reported. Herein we report the first
cases where primary amines react with p-allylpalladium(II)
species, generated from allene, to form tertiary amines. The
three component reaction can be carried out under mild
conditions in the presence of a palladium catalyst in good yield
(Scheme 1) (Table 1) and involves formation of two carbon–
carbon bonds and two carbon–nitrogen bonds. The palladium(0)
catalyst Pd2dba3 (2.5 mol%) in combination with tris(2-
furyl)phosphine (TFP) together with allene gas (1 bar) proved
effective at 60–90 ° C over 1–2 d.10

A range of aryl/heteroaryl iodides and primary amines were
evaluated and good yields were obtained in all cases (Table 1).
The reaction also works well for vinyl iodides (Table 1, entries
4 and 9) and for a range of primary aliphatic amines. Reaction

of primary aliphatic amines with 1+1 mixtures of two different
aryl iodides gives the desired mixed product as the major or, in
some cases, the sole product. Two typical examples are
provided by reaction of (2)-myrtanylamine 4 with 1 mol eq. of
4-methoxyiodobenzene and 4-(N,N-diethylaminocarbonyl)io-
dobenzene which affords 5 (56%) as the sole product whilst
amine 6 reacts with 4-methoxycarbonyliodobenzene and 3,5-di-

Scheme 1

Table 1 3-Component cascade synthesis of symmetrical bis(2-arylallyl)
tertiary amines (3a–i)a

Entry Ar-I Amine
Temp/°Cb;
Time/d Product

Yieldc

(%)

1 85; 2 3a 82

2 60; 2 3b 82

3 90; 1 3c 70

4 90; 2 3d 80

5 90; 1.5 3e 78

6 80; 2 3f 70

7 80; 1 3g 62

8 85; 2 3h 72

9 80; 2 3i 71

a All reactions were run in DMF at 60–90 °C over 1–2 days in the presence
of 2.5 mol% Pd2dba3, 10 mol% (2-furyl)3P, allene (1 bar) and K2CO3(4 mol
eq.) in a Schlenk tube. b Oil bath temperature. c Isolated yield.
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methylbenzene to afford a mixture of 7 and 8. Clearly there is
scope for considerable optimisation in these cases.

The reaction is also sensitive to stereoelectronic factors as
demonstrated by Scheme 2 and Table 2.

The monoallylated a-branched primary amines 10a–d (Table
2, entries 1–4) fail to undergo a second allylation due to
substantial steric hindrance. The primary amines 9e–h (Table 2)
are orders of magnitude less basic 11 and nucleophilic than 2a–d
and are also sterically more hindered. These two factors
conspire to prevent the second allylation under the specified
conditions.

The secondary and tertiary amine products of these cascades
are unusual derivatives of the bioactive b-aryl/heteroaryl-
(ethyl)amine pharmacophore. Bis(2-arylallyl) tertiary amines
have also found applications as additives in copolymer latexes12

and in endoperoxide13 chemistry.
We thank the ORS and Tetley and Lupton for scholarships (to

X. Gai) and Johnson Matthey and Leeds University for
support.
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Scheme 2

Table 2 3-Component cascade synthesis of 2-arylallyl secondary amines
(5a–h)a

Entry Amine Product Yield(%)

1 92

2 88

3 72

4 73b

5 73

6 95

7 48c

8 83

a All reactions were run in DMF at 80 °C for 48 h. Catalyst and additive as
for Table 1. Iodobenzene was the aryl iodide unless otherwise noted. b In
addition the tertiary amine 6 was obtained. c 2-Iodothiophene replaced
iodobenzene.

Chem. Commun., 2001, 1712–1713 1713



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

A dramatic improvement of epoxide selectivity of [Ti,Al]-beta by
ion-exchange with quaternary ammonium salts

Yasuhide Goa,a Peng Wub and Takashi Tatsumi*b

a Department of Applied Chemistry, Graduate School of Engineering, The University of Tokyo, 7-3-1,
Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan

b Division of Materials Science & Engineering, Graduate School of Engineering, Yokohama National
University, 79-5, Tokiwadai, Hodogaya-ku, Yokohama, 240-8501, Japan. E-mail: ttatsumi@ynu.ac.jp

Received (in Cambridge, UK) 11th June 2001, Accepted 30th July 2001
First published as an Advance Article on the web 29th August 2001

Ion-exchange of [Ti,Al]-beta with quaternary ammonium
acetates greatly enhances the epoxide selectivity in the
oxidation of alkenes with hydrogen peroxide; this is due to
the selective poisoning of the acid sites without suppressing
the oxidation activity of Ti sites.

Since the first report of TS-1 by Taramasso et al. in 1983,
titanosilicates have attracted the attention of many researchers.1
Ti-beta zeolite has a three-dimensionally connected pore system
with 12-membered-ring channels and is verified to be more
active towards bulky substances such as branched and cyclic
alkanes and alkenes using aqueous H2O2 or tert-butyl hydro-
peroxide (TBHP) as an oxidant than medium pore TS-1 because
of the reduced diffusion restriction imposed by the large pores.
A small amount of Al (Si/Al < 200), as crystallization-promot-
ing agent, is generally needed in the conventional hydrothermal
synthesis method for Ti-beta using tetraethylammonium hy-
droxide (TEAOH) as a structure-directing agent (SDA).2,3 The
presence of Al leads to the formation of acid sites, which
promotes the successive ring-opening solvolysis of the epoxide
generated in the catalytic reactions to lower its selectivity
extensively.4 Afterwards, several novel synthesis methods for
Al-free or low-Al Ti-beta were also developed, such as the
seeding method,5 cogel method,6 fluoride method7,8 and dry-gel
conversion method;9,10 however none of these were very
efficient for enhancing epoxide selectivity in alcoholic solvents.
This is probably because the very complex, severely intergrown
nature of the beta structure results in high concentration of weak
acid sites such as silanol groups at defect sites. Although ion-
exchange with alkaline or alkaline earth metal cations inhibits
the acidity of titanosilicates, it also suppresses the oxidation
activity of Ti species.11,12 We report here a new method for
dramatically enhancing the yield of epoxide in the alkene
oxidation reactions catalyzed by Ti-beta even in protic alcoholic
solvents without losing its oxidation activity.

[Ti,Al]-beta zeolite was hydrothermally synthesized by
modifying the method reported by Camblor et al.2,3 Tetrabutyl
orthotitanate [Ti(OBu)4] was employed as a Ti source instead of
tetraethyl orthotitanate [Ti(OEt)4] and was hydrolyzed in
aqueous H2O2 before adding to the SDA solution to suppress the
formation of extraframework anatase TiO2. The mother gel
composition was SiO2+0.33 TiO2+0.005 Al2O3+0.56
TEAOH+12.5 H2O. The crystallization was carried out by
agitating the gel in a Teflon-lined stainless steel autoclave at
413 K for 4 days. The resultant [Ti,Al]-beta was calcined at 793
K for 10 h in a stream of O2 (30 ml min21 g-solid21) to remove
the SDA. Calcined [Ti,Al]-beta was treated with 1 M aqueous
solutions of various ammonium acetates (NR4OAc, R = Me,
Et, Pr and H) or 1 M aqueous potassium acetate (KOAc)
solution at 353 K for 4 h and then filtered off, washed, dried and
finally calcined of 473 K for 10 h. The liquid phase epoxidation
of alkenes with H2O2 was performed in a flask.

Table 1 shows the results of epoxidation of alkenes. Calcined
[Ti,Al]-beta exhibited a low selectivity to epoxide for oxidation
reactions of cyclohexene and hex-2-ene (entries 1 and 2). The
products were mainly diol and monomethyl glycol ether
produced by the acid-catalyzed solvolysis of epoxide, together
with a small amount of allylic oxidation products. The
negligible formation of epoxide strongly indicates that there
were a considerable amount of acid sites in [Ti,Al]-beta, which
contributed to the solvolysis of epoxide.

When the catalyst ion-exchanged with tetramethylammon-
ium acetate was employed (entries 4 and 5), the epoxide
selectivity was greatly enhanced owing to the suppression of
ring-opening reactions, and the selectivity to the allylic
oxidation did not change significantly. The enhancement was
more obvious for hex-2-ene which gave an epoxide/glycol ratio
of 28. Solvent effects were also tested. It is generally known that
aprotic solvents such as acetonitrile enhance the selectivity to
the epoxide. Employment of the weakly basic solvent, acetoni-

Table 1 Catalytic oxidation of cyclohexene and hex-2-enea

Maximum Selectivityb (mol%) H2O2 (mol%)
conv.

Entry Ion-exchange Substrate N+/Al (mol%) Epox. Glyc. Allyl Conv. Efficiency

1 No Cyclohexene – 76.1 0.0 97.6 2.4 83 90
2 No Hex-2-enec – 49.5 0.2 98.0 0.0 76 64
3d No Cyclohexene – 30.4 69.3 14.9 15.8 81 41
4 NMe4OAc Cyclohexene 1.8 75.2 55.1 43.2 1.8 95 79
5 NMe4OAc Hex-2-enec 1.8 60.7 92.4 3.3 4.1 78 72
6d NMe4OAc Cyclohexene 1.8 57.1 88.5 5.3 6.1 86 69
7 NEt4OAc Cyclohexene 1.8 47.2 71.6 26.5 1.9 69 67
8 NPr4OAc Cyclohexene 1.5 24.5 51.4 46.6 2.0 42 59
9 NH4OAc Cyclohexene 1.6 57.4 0.1 96.9 3.0 60 97

10 KOAc Cyclohexene 2.2e 18.7 63.5 34.2 2.3 48 40
a Reaction conditions: 333 K, 3 h, 8.25 mmol of alkene, 2.5 mmol of H2O2 (31 wt% in water), 50 mg of catalyst (Si/Ti = 35, Si/Al = 38) and 5 ml of
methanol. b Epox. = cyclohexene oxide or 2,3-epoxyhexane; Glyc. = cyclohexanediol or hexane-2,3-diol and their monomethyl ethers; Allyl = alcohol and
ketone formed by oxidation. c cis/trans Isomer ratio = 41/59. d Acetonitrile was employed as solvent. e K+/Al.
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trile, further enhanced the epoxide selectivity (entries 3 and
6).

Use of larger quaternary ammonium cations led to decreased
activity, probably because the bulky cations hinder the reactant
molecules from approaching the Ti sites (entries 4, 7 and 8).
Ammonium acetate treatment led to no enhancement of the
epoxide selectivity (entry 9). FT-IR spectra of the ion-
exchanged [Ti,Al]-beta taken before and after the catalytic runs
indicated that NH4

+ was oxidatively degradated while NMe4
+

remained intact. Ion-exchange with KOAc also increased the
selectivity to the epoxide; however the oxidation activity was
adversely affected (entry 10). This is consistent with the
observations that ion-exchange with sodium carbonate
(Na2CO3) or sodium azide (NaN3) on Al-containing TS-1 gave
rise to a higher epoxide selectivity but a very low activity in
allyl alcohol oxidation,11 that ion-exchange with potassium
carbonate severely lowered the oxidation turnover in un-
saturated alcohol oxidation12 and that TS-1 synthesized in the
presence of large amounts of alkali and alkaline earth ions
showed low oxidation activity.13 Elemental analyses indicated
that ion-exchanged catalyst contained NMe4

+ cations in excess
of Al, which suggests that the NMe4

+ blocks not only all the
bridging hydroxy groups but also other less acidic sites.

Calcined [Ti,Al]-beta exhibited two bands in its FTIR spectra
in the OH vibration region [Fig. 1(a)]. A peak at 3609 cm21 is
assigned to bridged hydroxy groups [Si–(OH)–Al] and the other
peak around 3740 cm21 to terminal silanols (SiOH) composed
of several types of silanol groups:14 silanols of amorphous
silica–alumina species (3747 cm21), silanols of amorphous
silica (3745 cm21) and terminal silanols attached to the zeolite
lattice (3736 cm21) After ion-exchange with NMe4OAc
followed by calcination at 473 K, the bridged hydroxy groups

band disappeared and the silanol bands significantly decreased
in intensity [Fig. 1(b)]. When the ion-exchanged sample was
calcined at 773 K, the intensities of these bands were almost
recovered [Fig. 1(c)]. The pH of aqueous NMe4OAc used for
the ion-exchange was high enough (pH ~ 9) to allow the silanol
groups to be exchanged with NMe4

+ cations since the isoelectric
point of SiO2 is 1.0–2.0. These findings indicate that a part of
silanol groups with weaker acidity as well as all of the bridged
hydroxy groups with strong acidity were ion-exchanged with
NMe4

+.
The pH of the NMe4OAc solution was varied from 8 to 12 to

control the ion-exchange ratio. The oxidation activity gradually
increased with increasing pH. Treatment at high pH resulted in
the formation of mesopores, as revealed by N2 adsorption
measurements, which could promote the diffusion of the
substances. However, the catalyst ion-exchanged at high pH
exhibited low selectivity for epoxide; probably the zeolite
framework dissolves to form silanol groups, which would
catalyze undesirable reactions.

When the ion-exchanged [Ti,Al]-beta catalyst was reused for
the oxidation of cyclohexene after the catalyst was calcined at
473 K for 10 h, the epoxide selectively was retained, although
the oxidation activity gradually decreased to 37% for the third
run probably because of the blocking of the Ti species by
unremovable reaction products such as polymers with high
boiling points. Nevertheless, after re-calcination at 793 K and
repeated ion-exchange of the deactivated catalyst with
NMe4OAc, both the oxidation activity and the epoxide
selectivity were recovered to the initial value, which strongly
indicates that the present method is effective in developing an
active, selective and reusable catalyst.

Notes and references
1 M. Taramasso, G. Perego and B. Notari, US Pat., 4,410,501, 1983.
2 M. A. Camblor, A. Corma, A. Martínez and J. Pérez-Pariente, Chem.

Commun., 1992, 589.
3 M. A. Camblor, A. Corma and J. Pérez-Pariente, Zeolites, 1993, 13,

83.
4 A. Corma, P. Esteve, A. Martínez and S. Valencia, J. Catal., 1995, 152,

18.
5 M. A. Camblor, M. Constantini, A. Corma, L. Gilbert, P. Esteve, A.

Martínez and S. Valencia, Chem. Commun., 1996, 1339.
6 M. A. Camblor, M. Constantini, A. Corma, P. Esteve, L. Guilbert, A.

Martínez and S. Valencia, Appl. Catal., 1995, 133, L185.
7 T. Blasco, M. A. Camblor, A. Corma, P. Esteve, A. Martínez, C. Prieto

and S. Valencia, Chem. Commun., 1996, 2367.
8 T. Blasco, M. A. Camblor, A. Corma, P. Esteve, J. M. Guil, A. Martínez,

J. A. Perdigon-Melon and S. Valencia, J. Phys. Chem. B, 1998, 102,
7126

9 N. Jappar, Q.-H. Xia and T. Tatsumi, J. Catal, 1998, 180, 132.
10 T. Tatsumi and N. Jappar, J. Phys. Chem. B, 1998, 102, 7126.
11 G. J. Hutchings, D. F. Lee and A. R. Minihan, Catal. Lett., 1996, 39,

83.
12 T. Tatsumi, K. A. Koyano and Y. Shimizu, Appl. Catal. A, 2000, 200,

125.
13 C. B. Khouw and M. E. Davis, J. Catal., 1995, 151, 71.
14 A. Janin, M. Maache, J. C. Lavalley, J. F. Joly, F. Raatz and N.

Szydlowsky, Zeolites, 1991, 11, 391.

Fig. 1 FTIR spectra of Ti-beta in the OH region; (a) without ion-exchange
after evacuation at 773 K, (b) ion-exchanged with NMe4OAc and evacuated
at 473 K, (c) ion-exchanged and evacuated at 773 K.
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The reaction of neat 5- or 8-oxobenzopyran-2(1H)-ones, 1–3,
with a variety of aromatic and heteroaromatic hydrazines, 4,
is remarkably accelerated upon irradiation in a household
microwave oven in the absence of any catalyst, solid support
or solvent thus providing an environmentally friendly route
to several heterocyclic hydrazones.

Microwave (MW) irradiation has been used for the rapid
synthesis of a variety of compounds.1 Chemical reactions can be
accelerated because of selective absorption of microwave
energy by polar molecules, non-polar being inert to the MW
dielectric loss. Heterogeneous reactions facilitated by supported
reagents on various inorganic surfaces have received special
attention in recent years.2 However, relatively little attention is
paid to solventless reactions with neat reactants in the absence
of a catalyst or solid support.

From the synthetic point of view hydrazones are important
synthons for several transformations3a–d and their synthesis
from various precursors is well documented.3a,b Recently, some
hydrazones have been prepared from carbonyl compounds and
hydrazine hydrate in ethylene glycol4a and toluene4b by the
application of MW irradiation while some others are synthe-
sized in the presence of silica gel and NaOH.5

We report here a general synthesis of several hydrazones
5–15, which in some earlier preparations required relatively
strenuous reaction conditions namely heating substrates for
several hours in the presence of an acidic catalyst.6 The
synthetic efforts for these compounds have been previously
directed for the selective design of the benzopyran-2-one ring at
the positions 5 and 8 as well as for the new transformation into
the corresponding quinoline derivatives. The conformational
analysis has been accomplished for some of these derivatives by
applying molecular modelling techniques based on experimen-
tally determined NOE distance restraints in order to determine
their structure in solution.6a,d These studies have been
stimulated, in part, due to potentially significant biological
activity associated with a variety of 2H-1-benzopyrans and
quinolines.6d For the above reasons and in view of our general
interest in the development of environmentally friendlier
synthetic alternatives using microwaves,2 we became interested
in an expeditious synthesis of these compounds. In all the
reactions reported in this paper we worked with neat starting
materials, 1-benzopyran-2(2H)-ones 1,7a,b 2,7a,b 37c and hydra-
zines, 4, wherein the reactions are completed within minutes
and in high yields (61–98%, Scheme 1, Table 1)‡ using an
unmodified household MW oven. Remarkably, reactions pro-
ceeded well even when both the starting reactants were solids
and the reaction temperature was maintained below the melting
points of both components; recently some comments have been

made on the preparation of phthalimides starting from solid
components, phthalic anhydride and amino compounds.8a In
view of the unprecedented nature of this reaction, we examined
the synthesis of the products 10 and 14 in detail. Since a
conventional household MW oven is used with no accurate
temperature control,§ we decided to measure the temperature of
the alumina bath (used for housing the reaction vessel in the
MW oven) with a calibrated thermometer immediately after
completion of the reaction. In a controlled experiment,
concurrently, we also heated the lower melting reactant in a
second glass beaker to obtain visual information about the
integrity of the solid materials upon exposure to microwaves.

For the synthesis of 10, the starting benzopyran 27a,b (mp
179–179.5 °C) and 3-chloro-6-hydrazinopyridazine9a (mp
135–137 °C), were admixed in the ratio 1+2 (Table 1). When the
reaction mixture was irradiated with MW for 5.5 min the highest
temperature of the alumina recorded was 120–122 °C. The
reaction mixture remained solid and no reaction was observed.
After heating for 6 min, however, the temperature of the bath
reached 130–132 °C and the reaction mixture was completely in

† Dedicated with deep respect to Professor Miha Tiŝler, University of
Ljubljana, Slovenia on the occasion of his 75th birthday.

Scheme 1

Table 1 Solvent-free preparation of hydrazones, 5–15, using microwaves

Starting
benzopyran

Hydrazine 4
R1N (mmol)

React.
time/
min

Product
(yield, %)

1 Ph (1.2) 6 5 (83)
1 2,5-Difluorophenyl (3.0) 8 6 (69)
1 3-CF3-C6H4 (1.5) 8 7 (75)
2 Ph (2.0) 8 8 (61)
2 3-CF3-C6H4 (3.0) 10 9 (62)
2 6-Chloropyridazin-3-yl (2.0) 6 10 (85)
3 Ph (3.0) 3 11 (95)
3 3-CF3-C6H4 (1.5) 8 12 (92)
3 Pyridin-2-yl (3.0) 5 13 (65)
3 4-Nitrophenyl ( ~ 2.6)a 9 14 (98)
3 2,5-Difluorophenyl (3.0) 8 15 (96)
a Reagent contains 10–15% of water for stabilization.
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liquefied form affording hydrazone 10 in 85% isolated yield
(see Table 1). The 3-chloro-6-hydrazinopyridazine kept in the
same bath barely melted ( ~ 5% as estimated visually) at that
temperature. With the critical temperature information in hand,
we embarked on a comparative study and heated the above
reaction mixture in the same proportions using a preheated oil
bath. Heating for 12 min at 133 °C gave a mixture (liquid with
some suspended solid material). NMR analysis revealed that the
molar ratio between hydrazone 10 and starting benzopyran 2
was approximately 3.3+1. Prolonged heating of the reaction
mixture for 1 h at 133 °C resulted in the formation of the liquid
with no suspended solids. The work-up (as in general
procedure) and NMR analysis revealed that the ratio between 10
and 2 in the isolated product was 92:8. Obviously, the unreacted
benzopyran derivative contaminated product 10, while under
MW conditions we observed complete conversion to a single
product (Table 1).

For the synthesis of 14 starting from 37c (mp 248–250 °C) and
4-nitrophenylhydrazine9b (mp ~ 157 °C with decomp.) we
performed an experiment with the reactants in the ratio 1+2.6
respectively. The commercially obtained hydrazine derivative,
however, contained 10–15% of water for stabilization and as
such slightly melted at 130 °C. Upon MW irradiation for 5.5
min the same temperature (120–122 °C) was attained and the
reaction mixture was completely melted while the 4-nitro-
phenylhydrazine in the second beaker was only barely melted.
NMR analysis of the crude mixture showed no presence of the
benzopyran derivative 3, and the work-up resulted in hydrazone
14 in 94% yield. On the other hand, heating the same reaction
mixture for 1 h at 128 °C in an oil bath resulted in a mixture of
product 14 and starting 3 in the ratio 4.3+1, as discerned from
the 1H NMR spectrum of the crude reaction mixture. It should
be mentioned that in this case the reaction mixture at the end of
the heating period remained solid but attained a brownish color
presumably as a result of partial decomposition.

This comparative study of the reactions taking place in an oil
bath in the absence of MW heating revealed a substantial rate
enhancement for reactions conducted under MW irradiation
conditions, presumably due to the increase in polarity after
change from the solid to the liquid phase.8a Such bimolecular
reactions2d,e will have polarity enhancement as a result of
ensuing intermediate transition state and consequently may
display a pronounced microwave effect.8b Further, the reactions
could be visibly monitored since no reaction occurs without
formation of a melt. This methodology allows for performing
rapid syntheses of a variety of hydrazones¶ below melting
points of starting materials used. This could be explained by the
lowering of the melting point by the formation of the eutectic;10

such methodology seems to be especially useful when starting
from substrates, which decompose at the normal melting
point.

In conclusion, we have shown an expeditious, easy-to-handle
and environmentally friendlier approach to the synthesis of a
variety of non-easily-available hydrazones using MW irradia-
tion that can be extended to other systems.

The authors wish to thank the Ministry of Education, Science
and Sport of the Republic of Slovenia for financial support (P0-
0503-103). Dr B. Kralj and Dr D. Z̆igon (‘Joz̆ef Stefan’
Institute, Ljubljana) are acknowledged for mass spectra.

Notes and references
‡ The starting benzopyran-2(2H)-ones, 1–3, and 3-chloro-6-hydrazinopyr-
idazine were prepared as described in the literature.7,9a A household
microwave oven operating at 2450 MHz was used at its full power, 650 W,
for all the experiments.

General procedure for the synthesis of hydrazones 5–15: a neat mixture
of benzopyran derivative 1–3 (1 mmol) and hydrazine 4 (1.2–3 mmol; see
Table 1) in a 10 mL glass beaker was thoroughly mixed for about 5 min,
then it was placed in an alumina bath inside the household microwave oven
and irradiated. Maximum temperature reached in the alumina after 10 min
was about 150 °C. After cooling, methanol ( ~ 4 mL) was added to the
mixture and the separated solid was filtered off and washed with a small

amount of methanol. Reaction conditions and yields are given in Table 1 for
products, 5–15, which conform to the NMR and elemental analyses.
§ There are commercial microwave devices available that provide adequate
mixing and control of reaction parameters such as temperature, pressure.
¶ N-(5,6,7,8-Tetrahydro-2-oxo-5-phenylhydrazono-2H-1-benzopyran-3-
yl)benzamide (5): mp 213–216 °C (DMF–MeOH); lit.6c 216–220 °C.

N-[5-(2,5-Difluorophenyl)hydrazono-5,6,7,8-tetrahydro-2-oxo-2H-
1-benzopyran-3-yl]benzamide (6): mp 248–249 °C, decomp. (DMF–
MeOH).

N-[5,6,7,8-Tetrahydro-2-oxo-5-(3-trifluoromethyl)phenylhydrazono-
2H-1-benzopyran-3-yl]benzamide (7): mp 222–223 °C (DMF–MeOH).

N-(5,6,7,8-Tetrahydro-7,7-dimethyl-2-oxo-5-phenylhydrazono-2H-
1-benzopyran-3-yl)benzamide (8): mp 223–226 °C (DMF–MeOH); lit.6c

223–226 °C.
N-[5,6,7,8-Tetrahydro-7,7-dimethyl-2-oxo-5-(3-trifluoromethyl)phenyl-

hydrazono-2H-1-benzopyran-3-yl]benzamide (9): mp 221–223 °C
(DMF).

N-[5,6,7,8-Tetrahydro-7,7-dimethyl-2-oxo-5-(6-chloropyridazin-3-yl)-
hydrazono-2H-1-benzopyran-3-yl]benzamide (10): mp 259–261 °C (DMF–
MeOH); lit.6a 260–263 °C.

N-(5,6,7,8-Tetrahydro-2-oxo-8-phenylhydrazono-2H-1-benzopyran-
3-yl)benzamide (11): mp 258–262 °C (DMF–MeOH); lit.6f 257–260 °C.

N-[5,6,7,8-Tetrahydro-2-oxo-8-(3-trifluoromethyl)phenylhydrazono-
2H-1-benzopyran-3-yl]benzamide (12): mp 113–114.5 °C (DMF–
MeOH).

N-[5,6,7,8-Tetrahydro-2-oxo-8-(pyridin-2-yl)hydrazono-2H-1-benzo-
pyran-3-yl]benzamide (13): mp 226–229 °C (DMF–MeOH).

N-[5,6,7,8-Tetrahydro-2-oxo-8-(4-nitrophenyl)hydrazono-2H-1-benzo-
pyran-3-yl]benzamide (14): mp 290 °C (DMSO).

N-[5,6,7,8-Tetrahydro-2-oxo-8-(2,5-difluorophenyl)hydrazono-2H-
1-benzopyran-3-yl]benzamide (15): mp 238–239 °C (DMSO).

1 (a) S. Caddick, Tetrahedron, 1995, 51, 10 403; (b) R. S. Varma, Green
Chem., 1999, 1, 43; (c) R. S. Varma, J. Heterocycl. Chem., 1999, 36,
1565; (d) A. Loupy, A. Petit, J. Hamelin, F. Texier-Boullet, P. Jacquault
and D. Mathe, Synthesis, 1998, 1213; (e) A. de la Hoz, A. Díaz-Ortis, A.
Moreno and F. Langa, Eur. J. Org. Chem., 2000, 3659.

2 (a) R. S. Varma, in ACS Symposium Series No. 767/ Green Chemical
Syntheses and Processes, ed. P. T. Anastas, L. Heine and T. Williamson,
American Chemical Society, Washington DC, 2000, Chapter 23, pp.
292–313; (b) R. S. Varma, in Green Chemistry: Challenging Per-
spectives, ed. P. Tundo and P. T. Anastas, Oxford University Press,
Oxford, 2000, pp. 221–244; (c) R. S. Varma, Pure Appl. Chem., 2001,
73, 193; (d) R. S. Varma, R. Dahiya and S. Kumar, Tetrahedron Lett.,
1997, 38, 2039; (e) A. Vass, J. Dudas and R. S. Varma, Tetrahedron
Lett., 1999, 40, 4951; (f) R. S. Varma, Clean Products and Processes,
1999, 1, 132.

3 (a) J. S. Clark, in Comprehensive Organic Functional Group Trans-
formations, ed. A. R. Katritzky, O. Meth-Cohn and C. W. Rees,
Pergamon, Oxford, 1995, Vol. 3, pp. 443–490; (b) D. E. Bergbreiter and
M. Momongan, in Comprehensive Organic Synthesis, ed. B. M. Trost
and I. Fleming, Pergamon Press, Oxford, 1991, Vol. 2, pp. 503–526; (c)
W. Sucrow, Org. Prep. Proced. Int., 1982, 14, 93; (d) R. Fusco and F.
Sannicolo, Tetrahedron, 1980, 36, 161.

4 (a) B. K. Banik, K. J. Barakat, W. R. Wagle, M. S. Manhas and A. K.
Bose, J. Org. Chem., 1999, 64, 5746; (b) S. Gadhwal, M. Baruah and
J. S. Sandhu, Synlett, 1999, 1573.

5 A. R. Hajipour, I. Mohammadpoor-Baltork and M. Bigdeli, J. Chem.
Res., (S), 1999, 570.

6 (a) P. Trebs̆e, S. Polanc, M. Kocevar, T. S̆olmajer and S. Golic
Grdadolnik, Tetrahedron, 1997, 53, 1383; (b) P. Trebs̆e, B. Recelj, M.
Kocevar and S. Polanc, J. Heterocycl. Chem., 1997, 34, 1247; (c) P.
Trebs̆e, B. Recelj, T. Lukanc, S. Golic Grdadolnik, A. Petric, B. Vercek,
T. S̆olmajer, S. Polanc and M. Kocevar, Synth. Commun., 1997, 27,
2637; (d) S. Golic Grdadolnik, P. Trebs̆e, M. Kocevar and T. S̆olmajer,
J. Chem. Inf. Comput. Sci., 1997, 37, 489; (e) M. Kocevar, Chem. Listy,
1997, 91, 610; (f) P. Trebs̆e, L. Vranicar, I. Mus̆ic, S. Polanc, W. C.
Stevens and M. Kocevar, Heterocycles, 2000, 53, 1111.

7 (a) M. Kocevar, S. Polanc, M. Tis̆ler and B. Vercek, Synth. Commun.,
1989, 19, 1713; (b) V. Kepe, M. Kocevar, S. Polanc, B. Vercek and M.
Tis̆ler, Tetrahedron, 1990, 46, 2081; (c) V. Kepe, M. Kocevar, A. Petric,
S. Polanc and B. Vercek, Heterocycles, 1992, 33, 843.

8 (a) T. Vidal, A. Petit, A. Loupy and R. N. Gedye, Tetrahedron, 2000, 56,
5473; (b) S. Paul, M. Gupta, R. Gupta and A. Loupy, Tetrahedron Lett.,
2001, 42, 3827.

9 (a) N. Takahayashi, J. Pharm. Soc. Jpn., 1955, 75, 778; Chem. Abstr.,
1956, 50, 4970c; (b) The Merck Index, 12th edn., Merck & Co., Inc.,
Whitehouse Station, 1996, p. 1138 (Monograph number 6721).

10 C. F. Most, Experimental Organic Chemistry, J. Wiley & Sons, New
York, 1988, pp. 53–62.
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Iron polynitroporphyrins bearing up to eight b-nitro groups as
interesting new catalysts for H2O2-dependent hydrocarbon oxidation:
unusual regioselectivity in hydroxylation of alkoxybenzenes
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A series of iron porphyrins bearing one to eight b-nitro
substituents were synthesized and evaluated as catalysts for
hydrocarbon oxidation with H2O2; iron porphyrins bearing
five or six b-nitro groups were the best catalysts for
cyclooctene epoxidation and adamantane or anisole
hydroxylation without need of a cocatalyst, and led to very
different regioselectivities with either H2O2 or PhIO as
oxidants, as shown by an unusual ortho-hydroxylation of
alkoxybenzenes highly favored in the H2O2-dependent
oxidations.

Three successive generations of Fe(III) porphyrins have been
developed during the last fifteen years as catalysts mimicking
cytochromes P450.1–3 Recently, iron porphyrins bearing elec-
tronegative substituents have been shown to catalyze olefin
epoxidation and alkane hydroxylation with H2O2 in aprotic
solvents without cocatalysts.4 However, iron porphyrin–H2O2
systems efficient for other difficult P450-type monooxygen-
ations, such as aromatic hydroxylation, remain to be found.

Quite recently, we have reported a new general method for
selective polynitration of a Zn(II) porphyrin which affords a full
series of zinc porphyrins bearing one through to eight b-nitro
groups in high yields.5 This opens the way towards metal-
loporphyrins with a remarkably wide span of redox potentials.5
This communication reports a first comparison of the catalytic
properties of a full series of new iron(III) b-polynitroporphyrins,
that became available by this method,6 in oxidations of
hydrocarbons with H2O2. It shows that some of them catalyze
not only alkene epoxidation but also alkane and aromatic
hydroxylation with H2O2, without the need of any cocatalyst,
and with chemo- and regio-selectivities very different from
those of the corresponding oxidations with PhIO.

Eqn. (1) shows the procedure that was used for preparing the

(1)

eight iron porphyrins, Fe(III)(TDCPNxP)Cl bearing one through
to eight b-nitro substituents (x = 1–8), from Zn(TDCPP).7 The

key step is a reaction of Zn(TDCPP) with increasing amounts of
a HNO3–CF3SO3H–(CF3SO2)2O mixture which leads to each
compound of the Zn(TDCPNxP) series with yields between 50
and 95%.5 All Zn(II) and Fe(III)Cl complexes of the
TDCPNxPH2 porphyrins were completely characterized by
mass spectrometry, UV–VIS, 1H NMR and EPR (for the iron
complexes) spectroscopy; their detailed synthesis and charac-
teristics will be published elsewhere. The reduction potential of
the Fe(III)Cl complexes vary from2225 (for x = 0) to +660 mV
(for x = 8) (vs. SCE7).

As shown in Table 1, Fe(TDCPP)Cl is a poor catalyst for
cyclooctene expoxidation with H2O2 in CH2Cl2–MeCN, in
accord with previous literature data.3 Increasing the number of
b-NO2 substituents of the porphyrin led to a spectacular
increase of the epoxidation yield from 5 to 90%. This optimal
yield was obtained with Fe(TDCPN5P)Cl, a further increase of
the number of b-NO2 substituents leading to much lower yields.
Fe(TDCPN5P)Cl was also the best catalyst for hydroxylation of
adamantane with H2O2 with a total yield (1- and 2-adamanta-
nols) of 35% based on starting H2O2. For this alkane, very low
yields were found for Fe(TDCPP)Cl, with a progressive
increase of the yield with catalysts bearing one through to four
b-nitro groups and optimum yields for Fe(TDCPN5P)Cl and
Fe(TDCPN6P)Cl.

A similar trend was observed for aromatic hydroxylation of
anisole with H2O2 catalyzed by this iron porphyrin series.
Fe(TDCPP)Cl is almost inactive for this reaction, whereas iron
porphyrins bearing from three to six b-NO2 substituents led to
the formation of ortho- and para-hydroxylated products with
total yields between 13 and 17% (Table 1). Interestingly, the
regioselectivity of these Fe(TDCPNxP)Cl-catalyzed aromatic
hydroxylations varies significantly as a function of x (Table 1).
The ortho+para ratio is in favor of para-hydroxylation for x =
0, 1 and 2, whereas it progressively increases to values up to 5.5
for Fe(TDCPN6P)Cl. This remarkable change of regioselectiv-
ity as a function of x should be due to a change in the nature and/
or reactivity of the active species formed in these reactions.
Possible involvement of further oxidations of o- and p-phenols
in determining the ortho+para ratio is unlikely because of the

Table 1 Oxidation of cyclooctene, adamantane and anisole with H2O2 in the presence of the Fe(TDCPNxP)Cl catalysts

Catalyst Fe(TDCPNxP)Cl x = 0 1 2 3 4 5 6 7 8

Reaction Yieldd (%)

Cyclooctene epoxidationa 5 20 48 68 80 90 15 6 2
Hydroxylation ol-1 1.5 3 1.5 2 7 26 25 17 4

of adamantaneb ol-2 1 1.5 1 0.5 2.5 9 10 7 2
Hydroxylation p-OH 1 2 3 5 6 3 2 1 2

of anisolec o-OH < 1 < 1 1.5 9.5 11 13.5 11 3 9
o/p 0.5 1.9 1.8 4.5 5.5 3 4.5

a Conditions: catalyst+H2O2+cyclooctene molar ratio = 1+300+100 in CH2Cl2–MeCN (1+1) for 2 h at 20 °C, with [catalyst] = 1 mM. b Conditions:
catalyst+H2O2+adamantane molar ratio = 1+40+300 in CH2Cl2–MeCN (1+1) for 2 h at 20 °C; [catalyst] = 1 mM. Small amounts of adamantan-2-one were
also detected (yield < 1%). c Conditions: catalyst+H2O2+anisole molar ratio = 1+20+3000 in H2O–MeCN (1+9); [catalyst] = 2 mM. p-OH and o-OH are
used for p- and o-hydroxyanisole. d Yields are based on starting H2O2 except for cyclooctene epoxidations for which H2O2 was used in excess relative to
substrate; yields for cyclooctene epoxidation were thus based on cyclooctene.
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huge excess of substrate used in these reactions (catalyst+
H2O2+substrate = 1+20+3000). Moreover, identical experi-
ments performed under stoichiometric conditions (iron por-
phyrin+H2O2+substrate = 1+1+3000) led to almost identical
regioselectivities for anisole hydroxylation. It is noteworthy
that the Fe(TDCPNxP)Cl catalysts were stable under the
conditions described in Table 1. This was shown by their visible
spectra that were found to be unchanged at the end of the
reactions, and by their catalytic activity that remained almost
identical after a further addition of H2O2 in the reaction
medium.

The aforementioned results show the particular efficiency of
iron porphyrins bearing around five b-nitro substituents to
catalyze alkene epoxidation and alkane and aromatic hydroxy-
lations with H2O2 in the absence of a cocatalyst. In order to have
a first idea of the nature of the major active species responsible
for these oxidations, we compared the oxidations of several
substrates with H2O2 and Fe(TDCPN5P)Cl to those performed
with PhIO and the same catalyst under identical conditions.
Table 2 clearly shows marked differences in the chemo- and
regio-selectivities of the H2O2- and PhIO-dependent oxidations.
This changes from small significant albeit small differences in
the regioselectivity of adamantane hydroxylation (ol-1/ol-2
molar ratio of 2.9 with H2O2 cf. 2.1 with PhIO) and in the
regioselectivity of limonene epoxidation (1,2 oxide/8,9 oxide =
2.7 cf. 1.9) to more dramatic differences in the regioselectivity
of anisole and ethoxybenzene hydroxylations (major formation
of ortho-hydroxylated products with H2O2 instead of almost
exclusive para hydroxylation with PhIO).

Several years ago, a similar comparison between the chemo-
and regio-selectivities of the oxidations of alkenes and alkanes
with either PhIO or H2O2, in the presence of the Mn(TDCPP)Cl
catalyst and imidazole cocatalyst, led to the conclusion that both
systems involve the same active oxygen species, presumably a
high-valent MnNO complex.3a The results of Table 2 strongly
suggest that the Fe(TDCPN5P)Cl–H2O2 and Fe(TDCPN5P)Cl–
PhIO systems involve different active oxygen species. If one
assumes that the active species formed with PhIO is a
(por+·)Fe(IV)NO intermediate, as has been proposed for many
other iron porphyrins,1 one is led to the conclusion that different
active species are involved in the H2O2-dependent oxidations.
Several authors have already mentioned the possible formation
of a ferric–hydroperoxo complex as an intermediate towards the
high-valent iron–oxo species, in reactions of H2O2 with iron
porphyrins1,8 [eqn. (2)]. Ortho-hydroxylation of anisole from

(2)

transfer of the terminal oxygen atom of such a ferric–
hydroperoxo complex should be less sterically restricted than
the transfer of the oxygen atom of a high-valent (TDCPNxP)
iron–oxo intermediate.9 Preferential involvement of a Fe(III)–
OOH intermediate in reaction of H2O2 with iron–b-poly-
nitroporphyrins, which should be less prone to stabilize high-
valent iron–oxo species, is likely and could explain the
surprising regioselectivity observed in the hydroxylation of
anisole and ethoxybenzene. However, additional experiments
are necessary to determine the nature of the active inter-
mediate(s) involved in reactions using H2O2 and iron–b-
polynitroporphyrins. Nonetheless, the preliminary results re-
ported here indicate that the Fe(TDCPNxP)Cl complexes with x
! 4 are interesting catalysts for alkane and aromatic hydro-
carbon oxidation with H2O2 without need of a cocatalyst, that
lead to new regioselectivities, especially in the hydroxylation of
aromatic molecules.

Notes and references
1 For a recent review, see: B. Meunier, A. Robert, G. Pratviel and J.

Bernardou, in The Porphyrin Handbook, ed. K. M. Kadish, K. M. Smith
and R. Guilard, Academic Press, New York, 1999, vol. 4, p. 119.

2 T. G. Traylor, C. Kim, K. L. Richards, F. Xu and C. L. Perrin, J. Am.
Chem. Soc., 1995, 117, 3468.

3 P. Battioni, J. P. Renaud, J. F. Bartoli, M. Reina-Artiles, M. Fort and D.
Mansuy, J. Am. Chem. Soc., 1988, 110, 8462.

4 (a) J. F. Bartoli, P. Battioni, W. R. De Foor and D. Mansuy, J. Chem. Soc.,
Chem. Commun., 1994, 23; (b) S. Tsuchiya and M. Seno, Chem. Lett.,
1989, 263; (c) W. Nam, Y. M. Goh, Y. J. Lee, M. H. Lim and C. Kim,
Inorg. Chem., 1999, 38, 3238; (d) E. Porhiel, A. Bondon and J. Leroy,
Tetrahedron Lett., 1998, 39, 4829.

5 M. Palacio, V. Mansuy-Mouries, G. Loire, K. Le Barch-Ozette, P. Leduc,
K. M. Barkigia, J. Fajer, P. Battioni and D. Mansuy, Chem.Commun.,
2000, 1907.

6 The only Fe(III)(b-polynitroporphyrin)complexes described so far4a have
been obtained from a nitration method that only led to a mixture of penta-
and hexa-nitroporphyrin derivatives.

7 TDCPP and TDCPNxP represent tetrameso(2,6-dichlorophenyl)por-
phyrin dianion and TDCPP bearing x b-NO2 substituents (1 @ x @ 8)
respectively; SCE = saturated calomel electrode.

8 W. Nam, M. H. Lim, H. J. Lee and C. Kim, J. Am. Chem. Soc., 2000, 122,
6641.

9 Previous literature data indicate that hydroxylation of anisole by
Fe(TDCPP)Cl-based systems, that are believed to involve iron–oxo
active species, mainly leads to para-hydroxyanisole: M. N. Carrier, C.
Scheer, P. Gouvine, J. F. Bartoli, P. Battioni and D. Mansuy, Tetrahedron
Lett., 1990, 31, 6645.

Table 2 Comparison of the Fe(TDCPN5P)Cl-catalyzed oxidations of various substrates either with H2O2 or with PhIO

Substrate Oxidant Products (yield in %)d

Adamantanea ol-1 ol-2 one-2 ol-1/ol-2
PhIO 62 30 2 2.1
H2O2 26 9 < 1 2.9

Limoneneb 1,2-Oxide 8,9-Oxide Oxide ratio Carveols Carvone
PhIO 35 18 1.9 8 4
H2O2 24 9 2.7 2 < 1

Anisolec o-OH p-OH o/p Phenol
PhIO < 1 7 < 0.1 2
H2O2 11 4 2.75 4

Ethoxybenzenec o-OH p-OH o/p Phenol
PhIO < 1 8 < 0.1 2
H2O2 14 5 2.8 7

a Conditions: Fe(TDCPN5P)Cl+oxidant+adamantane molar ratio = 1+40+300 in CH2Cl2–MeCN (1+1) for 2 h at 20 °C; [catalyst] = 2 mM; o1-1, ol-2 and
one-2 denote adamantan-1-ol, -2-ol and -2-one. b Conditions: Fe(TDCPN5P)Cl+oxidant+limonene = 1+40+800 in CH2Cl2–MeCN (1+1). Carveols and
carvone are the products resulting from allylic hydroxylation of limonene (at position 6).3a c Conditions: Fe(TDCPN5P)Cl+oxidant+alkoxybenzene =
1+20+3000 in CH2Cl2–MeCN (1+1). o-OH and p-OH are used for the ortho- and para-hydroxylation products. d Yields are based on starting H2O2 or PhIO.
All the experiments described in Tables 1 and 2 were usually performed under aerobic conditions. However, it is noteworthy that many experiments were
also done under anaerobic conditions (under Ar) and gave almost identical results, showing that the observed regioselectivities were not affected by the
presence of O2.
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ITQ-16, a new zeolite family of the beta group with different
proportions of polymorphs A, B and C
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ITQ-16 is a new zeolite family formed by polymorphs A, B
and C of the beta intergrowth in which the proportion of
polymorph C can be controlled by changing the organic
structure directing agent and/or by changing the Ge content
of the synthesis gel; ITQ-16 can be synthesised either in
fluoride or fluoride-free medium and Al can be introduced in
the framework giving a material with very strong Brönsted
acidity.

Beta is the only high silica zeolite with a three-dimensional
system of 12-membered ring pores (MRP) that has found
commercial applications up to now.1 Zeolite beta is formed by
an intergrowth of polymorphs A and B which gives the typical
XRD pattern of this zeolite (Fig. 1).

Over 20 years ago, Newsam et al.2 predicted that a third
polymorph with a closely related structure should also exist. We
have showed that polymorph C not only exists, but can be
synthesised as a unique phase by working in either fluoride3 or
in OH2 fluoride free media.4 The structure of polymorph C is
formed by a three-dimensional system of rectilineous 12 MRP
channels, and the corresponding XRD pattern is shown in
Fig. 1.

In the present work, we show that it is possible now not only
to synthesise the pure polymorph of C (ITQ-17), but also a new
family of materials (ITQ-16) can be prepared where the three
polymorphs A, B and C exist and the ratio C/(A + B) can be
varied as desired. This can be achieved by using different
organic structure directing agents (OSDAs) in the synthesis, and
also by working in different ranges of gel compositions and
crystallization conditions. It will be shown here that ITQ-16 can
be synthesised in fluoride as well as in a fluoride-free media.

The general synthesis conditions employed in this work for
the experiments in fluoride media were as follows:

(1 2 x) SiO2 : x GeO2 : 0.5 R1OH : 0.5 HF : 8 H2O and
(1 2 x) SiO2 : x GeO2 : 0.25 R2(OH)2 : 0.5 HF : 8 H2O

where R1 and R2 are the OSDAs shown in Scheme 1 and x was
varied between 0.0196 and 0.1667. The OSDAs were prepared

according to methods reported in the literature.5 ITQ-16 zeolite
was also synthesised in alkaline media, starting with the
following gel compositions:

(1 2 y) SiO2 : y GeO2 : 0.5 BzDOH : 3.5 H2O and
0.8333 SiO2 : 0.1667 GeO2 : 0.25 p-XydD(OH)2 : 3.5 H2O

where y was 0.0625 and 0.1667. For ITQ-16 synthesised by the
alkaline route, 3 wt% (with respect to the total weight of SiO2
and GeO2) seeds of pure ITQ-17 zeolite were added to the
synthesis gel in order to promote crystallisation.

The gels were autoclaved at 150 °C for different crystallisa-
tion times and the solids were recovered by filtration and then
were extensively washed with distilled water and dried at
100 °C, overnight. Table 1 shows the synthesis conditions
studied in this work as well as the crystalline phase obtained in
the final solids.

Syntheses 1–5 show that the level of polymorph C present in
the final solid obtained from the same starting synthesis gel can
be varied by using different organic structure directing agents.
In this way, p-XydD2+ (sample 2) and BzD+ (sample 1) give
pure polymorph C, while BzQ+ (sample 3) gives a mixture of
the three polymorphs (Fig. 2). ITQ-16 can also be obtained with
other OSDAs, such as dPyrrP2+ and in this case a different ratio
of C/(A+B) polymorphs is observed (Fig. 2, sample 4). It is
noted that polymorph C is not detected when using TEA+

(sample 5) as the OSDA in the same synthesis conditions.
The ratio of the three polymorphs in ITQ-16 can also be

controlled by modifying the cation composition of the synthesis
gel. For instance, when using BzD+ as the OSDA, it can be seen
in Fig. 3 that the proportion of polymorph C increases when
increasing the Ge content of the synthesis gel (Table 1; samples
1, 6–9).

ITQ-16 can also be synthesised in fluoride-free alkaline
media. In this case, highly concentrated gels and longer
crystallisation periods are required for the synthesis of ITQ-16
(Table 1; samples 10–12). The formation of ITQ-16 in alkaline

Fig. 1 X-Ray diffraction patterns of as-prepared zeolite beta (a) and pure
polymorph C (ITQ-17) (b). Scheme 1
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media requires lower Si/Ge ratios than when the synthesis was
carried out in fluoride media. Thus, it appears that Ge plays a
very important role in driving the synthesis towards the
formation of polymorph C between the other possible poly-
morphs which constitute the beta zeolite intergrowth.

For practical catalytic uses it is interesting to introduce
acidity in the samples. We have succeeded in incorporating
isomorphically Al into the ITQ-16, and one of the possible
synthesis gel compositions is given below.

0.9375 SiO2 : 0.0625 GeO2 : 0.5 BzDOH : 0.5 HF : 20 H2O :
0.02 Al2O3

An Al-ITQ-16 material was obtained after 10 days of
crystallisation at 150 °C. The resulting Al-ITQ-16 shows a

unique resonance peak at 53 ppm in the 27Al MAS NMR
spectrum assigned to the presence of Al in tetrahedral
coordination.

Acidity was measured after calcination of the sample at
500 °C, by means of pyridine adsorption–desorption. The IR
spectra of adsorbed pyridine (Fig. 4) indicate the formation of
pyridinium ions (ca. 1545 cm21) associated with the presence
of Brönsted acid sites, as well as a band of pyridine coordinated
to extraframework or partially dislodged Lewis acid Al atoms
generated upon calcination (ca. 1450 cm21). It can be seen in
Fig. 4 that Brönsted acid sites have been generated by the
introduction of framework Al, and some of these sites can retain
pyridine upon desorption at 350 and 400 °C and 1022 Torr,
indicating the presence of very strong acid sites in Al-ITQ-
16.

In conclusion, ITQ-16 is formed by polymorphs A, B and C,
and the proportion of polymorph C in the sample can be
controlled by changing the organic structure directing agent
and/or by changing the Ge content of the synthesis gel. ITQ-16
can be synthesized either in fluoride or fluoride-free medium
and Al can be introduced in the framework giving a material
with very strong Brönsted acidity.

Notes and references
1 C. Flego, G. Pazzuconi, E. Bencini and C. Perego, Stud. Surf. Sci. Catal.,

1999, 126, 461.
2 J. M. Newsam, M. M. J. Treacy, W. T. Koetsier and C. B. de Gruyter,

Proc. R. Soc. London A, 1988, 420, 375.
3 A. Corma, M. T. Navarro, F. Rey, J. Rius and S. Valencia, Angew. Chem.,

Int. Ed., 2001, 40, 2277.
4 A. Corma, M. T. Navarro, F. Rey and S. Valencia, Chem. Commun.,

2001, 1486.
5 J. March, Advanced Organic Chemistry, Reactions, Mechanisms and

Structure, John Wiley & Sons, New York, 4th edn., 1992, pp. 411 and
references therein.

Table 1 Synthesis conditions and zeolitic structures obtained using different OSDAs and Ge contents in the crystallisation gel

Sample
Crystallisation
time OSDA Ge/(Si + Ge) Structure

Percentage of
polymorph Ca

1 13 h BzD+ 0.0625 ITQ-17 100
2 19 h p-XydD2+ 0.0625 ITQ-17 100
3 20 h BzQ+ 0.0625 ITQ-16 46
4 12 d dPyrrP2+ 0.0625 ITQ-16 31
5 24 h TEA+ 0.0625 Beta 0
6 14 h BzD+ 0.1667 ITQ-17 100
7 15 h BzD+ 0.0385 ITQ-16 85
8 48 h BzD+ 0.0278 ITQ-16 52
9 13 h BzD+ 0.0196 ITQ-16 27

10b 5 d p-XydD2+ 0.1667 ITQ-16 66
11b 6 d BzD+ 0.1667 ITQ-16 48
12b 7 d BzD+ 0.0625 ITQ-16 40

a The percentage of polymorph C was estimated from the XRD patterns as the integrated area below the characteristic peaks at ca. 7.0 and 9.5° with respect
to the total area in the range 5–12°. b Syntheses carried out in alkaline fluoride-free gels.

Fig. 2 X-Ray diffraction patterns of as-prepared ITQ-16 zeolites syn-
thesised with different OSDAs (samples of Table 1).

Fig. 3 X-Ray diffraction patterns of as-prepared ITQ-16 zeolites syn-
thesised from gels with different Ge content (samples of Table 1).

Fig. 4 IR spectra of adsorbed pyridine of the Al-ITQ-16 sample at different
desorption temperatures (B and L indicate the characteristic IR bands of
pyridine adsorbed on Brönsted and Lewis acid sites, respectively).

Chem. Commun., 2001, 1720–1721 1721
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Enantioselective deprotonation reactions using polymer-supported
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Novel and readily accessible polymer-supported chiral
magnesium amide reagents have been prepared and shown
to be effective in the asymmetric deprotonation of a series of
prochiral cyclohexanones, affording good to excellent levels
of both conversion and enantiomeric ratio (up to 93+7); the
Merrifield-based chiral amine species has been shown to be
readily recyclable.

The application of chiral lithium amide base reagents within
asymmetric organic synthesis is widespread.1 Additionally we
have recently disclosed the preparation of a novel homochiral
magnesium amide base and have shown it to be particularly
effective in the desymmetrisation of both 4-substituted and
2,6-disubstituted cyclohexanones; the initially reported proc-
esses afforded the corresponding silyl enol ethers in up to 95+5
er.2 Consequently, with a view to gaining the practical and
economic advantages offered by solid phase chemistry,3 we
envisioned that tethering the chiral amine, and ultimately the
Mg-amide, to a polymer support4 would provide a convenient
and potentially recyclable enantioselective reaction source.
Furthermore and at least as importantly, based on our drive to
alter the nature of the base itself, we believed that this approach
would also allow the establishment of a library of supported
chiral amines and, in turn, resin-bound Mg-amides, which
would enable an effective assessment of the key structural
requirements for the optimisation of such enantioselective
reagents. Herein, we report our initial studies in this area and,
more specifically, the first use of a polymer-supported chiral
Mg-amide base to mediate enantioselective deprotonation
processes.

At the outset of this programme, the simple and readily
accessible Merrifield resin 15 formed an attractive starting point
for direct functionalisation with (R)-a-methylbenzylamine. The
process shown in Scheme 1 cleanly afforded the supported
chiral amine (R)-2.‡

Having established a practically efficient approach to the
preparation of (R)-2, its use as a Mg-amide derivative was then
evaluated in the enantioselective deprotonation of 3a. Optimum
formation of the requisite Mg-amide species occurred following
reflux of (R)-2 with dibutylmagnesium for 90 min in THF.§ On
cooling the resin-bound base to 278 °C, we were pleased to
observe the first asymmetric deprotonations with our new
supported reagent. As shown in Scheme 2, in the presence of 0.5
mol equiv. of DMPU and excess TMSCl, good levels of both
conversion of 3a to (S)-4a (78%) and enantiomeric ratio (74+26
er) were achieved.†

Based on this experimental protocol, we moved on to
consider the desymmetrisation reaction of a series of alternative
prochiral cyclohexanones 3 using our Merrifield-based chiral

amine resin (R)-2 (Table 1). At 278 °C the 4-substituted
cyclohexanones 3a–d all showed good levels of conversion and
gave enol ethers (S)-4a–d with enantiomeric ratios of up to
75+25. With the 2,6-disubstituted substrates, higher tem-
peratures were required to achieve acceptable levels of
conversion. However, when all ketones (3a–f) employed here
are considered, it should be noted that at room temperature
higher conversions were achieved in almost every instance
with, at worst, only small reductions in the recorded enantio-
meric ratios. Indeed, the enantioselection observed upon
reaction of cis-3e and cis-3f appears largely independent of
temperature. Furthermore reaction of cis-diisopropylcyclohex-

† Electronic supplementary information (ESI) available: representative
experimental procedure. See http://www.rsc.org/suppdata/cc/b1/b104417f/

Scheme 1 Reagents and conditions: i, (R)-a-methylbenzylamine (3 eq.),
NaI (1 eq.), DMF, 48 h.

Scheme 2 Reagents and conditions: i, (R)-2 (2 eq.), Bu2Mg (1 eq.), THF,
reflux, 90 min; ii, TMSCl (4 eq.), DMPU (0.5 eq.), THF, 278 °C, 4 h.

Table 1 Enantioselective deprotonations using Merrifield-based amine (R)-
2a

Ketone Product Temp. t/h Conversion
(%)b

erc

278 °C 4 78 74+26
rt 2 91 65+35

278 °C 4 74 68+32
rt 2 94 64+36

278 °C 4 85 74+26
rt 2 91 68+32

278 °C 4 89 75+25
rt 2 88 69+31

278 °C 43 7 76+24
240 °C 24 86 73+27
rt 2 98 75+25

278 °C 19 2 —
240 °C 68 69 91+9
rt 2 97 93+7

a Reagents and conditions: i, (R)-2 (2 eq), Bu2Mg (1 eq.), THF, reflux, 90
min; ii, TMSCl (4 eq), DMPU (0.5 eq.), ketone (0.8 eq.), THF.†
b Conversions were determined by GC analysis. c See footnote¶.
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anone cis-3f gives a 97% conversion and an outstanding er of
93+7 even at room temperature. As such, this method affords us
a practically convenient method by which to generate high
levels of asymmetric induction in the deprotonation of specific
2,6-disubstituted cyclohexanones.¶

In addition to establishing the initial deprotonation strategies
using our Merrifield-based Mg-amide, we were also keen to
develop an efficient recycling protocol. In this respect,
following completion of reaction, the parent polymer-bound
chiral amine (R)-2 was readily regenerated by consecutively
washing the resin with a 2+1 mixture of THF–HCl (1 M) and
then, to liberate the amine from the HCl salt, with 10% iPr2NEt
in DMF. This process opened up the possibility of re-using the
supported chiral amine and, as such, we can now report that (R)-
2 can, indeed, be recycled up to and over 5 times. More
specifically, in a series of deprotonations of 3a to afford (S)-4a,
no appreciable drop in conversion was noted and the enantio-
meric ratio remained consistent throughout (Table 2). Fur-
thermore, after 5 cycles at room temperature, the resin was also
able to show a return to the enhanced levels of asymmetric
induction observed at278 °C (Cycle 6), thus demonstrating the
durability of the tethered amine.∑

Having successfully optimised our deprotonation strategy
using the accessible and readily recyclable Merrifield-based
chiral amine resin (R)-2, we moved on to explore the effects of
alternative polystyrene supports on the enantioselective poten-
tial of the resin-bound Mg-amide, In this respect, a soluble
polystyrene resin8 was prepared and, subsequently, function-
alised with (R)-a-methylbenzylamine to afford the supported
amine (R)-5 (Scheme 3).‡ With this material in hand, we went
on to assess the performance of (R)-5, as the Mg-amide, in the
enantioselective deprotonation reaction of a selection of
ketones. Pleasingly, as can be seen in Table 3, with 3a and 3d
this new soluble resin-bound species provided excellent
reaction conversions and, moreover, delivered enhanced levels
of enantiomeric ratio at both room temperature and at 278 °C.
One again, (S)-4f was formed in excellent er and with no
appreciable difference in enantioselection being observed
between room temperature and 240 °C.

In conclusion, we have successfully prepared two distinct
polymeric species posessing chiral amino functionality and, in
turn, chiral Mg-amide units and both of these have been shown
to be effective in the enantioselective deprotonation reaction of
a variety of 4-substituted and, more particularly, 2,6-di-
substituted cyclohexanones. Moreover, moderate to high levels
of asymmetric induction (up to 93+7 er) were observed, even
during reactions performed at room temperature. In addition,
the supported chiral amine derived from Merrifield resin was
found to be efficiently recycled for further use within the

deprotonation protocols. Indeed, it is envisaged that this facet of
the supported Mg-amide chemistry disclosed here will be of
considerable benefit when employing more precious chiral
amines, which are either commercially unavailable or have
required multi-step generation. The application of this method-
ology to the preparation of a library of chiral Mg-amide reagents
and the use of other resins is underway and will be reported in
due course.

We gratefully acknowledge The Carnegie Trust for the
Universities of Scotland for a postgraduate studentship
(J. H. M.) and The Royal Society of a University Research
Fellowship (K. W. H.). We also thank Dr J. Cai and Dr W. B.
Wathey at Organon Laboratories, for many helpful discussions
and the generous donation of materials, and the EPSRC Mass
Spectrometry Service, University of Wales, Swansea for
analyses.

Notes and references
‡ The amine loading level was established by derivatisation with FmocCl,
followed by UV analysis of the subsequent cleavage reaction.6 This
routinely showed an amine loading of 1.30–1.40 mmol g21 for (R)-2 and
1.00 mmol g21 for (R)-5.
§ It should be noted that whilst the production of a resin-bound Mg-
bisamide reagent is supposed, the possible formation of some alkyl(Bu)-
Mg-amide species must also be recognised. A control experiment
performed between Bu2Mg and 3a gave no reaction, even at room
temperature. Based on this observation, it is believed that the presence of
such an alkyl–Mg intermediate would have no adverse affect on the
deprotonation process.
¶ Enantiomeric ratios were determined by GC analysis. Additionally, the
absolute configuration of the major and minor enantiomers for 4a, 4b, 4d,
and 4e were assigned by correlation of optical rotation measurements with
those of Koga and co-workers (ref. 7); for 4c and 4f the major and minor
isomer configurations were tentatively assigned by comparison with 4a, b,
and d, and 4e, respectively. All compounds also exhibited satisfactory
analytical and spectral data.
∑ It should be noted that resin (R)-2 was also effectively recycled following
the initial reaction of cis-3f at room temperature, and afforded a > 99%
conversion and 93+7 er.

1 For recent reviews, see: P. O’Brien, J. Chem. Soc., Perkin Trans. 1, 2001,
95; P. O’Brien, J. Chem. Soc., Perkin Trans. 1, 1998, 1439.

2 K. W. Henderson, W. J. Kerr and J. H. Moir, Chem. Commun., 2000,
479.

3 S. V. Ley, I. R. Baxendale, R. N. Bream, P. S. Jackson, A. G. Leach, D. A.
Longbottom, M. Nesi, J. S. Scott, R. I. Storer and S. J. Taylor, J. Chem.
Soc., Perkin Trans. 1, 2001, 3815; R. H. Drewry, D. M. Coe and S. Poon,
Med. Res. Rev., 1999, 19, 97; S. J. Shuttleworth, S. M. Allin and P. K.
Sharma, Synthesis, 1997, 1217.

4 M. Majewski, A. Ulaczyk and F. Wang, Tetrahedron Lett., 1999, 40,
8755.

5 Polymer Laboratories Ltd, Essex Road, Church Stretton, Shropshire, UK
SY6 6AX; loading: 1.88 mmol g21; 1% cross-linking.

6 E. Atherton and R. C. Sheppard, Solid Phase Peptide Synthesis, A
Practical Approach, IRL Press, Oxford, 1989.

7 K. Aoki, H. Noguchi, K. Tomioka and K. Koga, Tetrahedron Lett., 1993,
34, 5105; H. Kim, R. Shirai, H. Kawasaki, M. Nakajima and K. Koga,
Heterocycles, 1990, 30, 307.

8 M. Narita, Bull. Chem. Soc. Jpn., 1978, 51, 1477. For a review on soluble
polymer-supported reagents in organic synthesis, see: P. H. Toy and
K. D. Janda, Acc. Chem. Res., 2000, 33, 546.

Table 2 Enantioselective deprotonation of 3a using recycled amine (R)-2

Cycle Temp. t/h Conversion (%) er (S)+(R)

1 rt 2 91 65+35
2 rt 2 97 65+35
3 rt 2 86 65+35
4 rt 2 91 66+34
5 rt 2 92 66+34
6 278 °C 4 71 73+27

Scheme 3 Reagents and conditions: i, AIBN, toluene, 70 °C, 40 h; ii, (R)-a-
methylbenzylamine (3 eq.), NaI (1 eq.), DMF, 48 h.

Table 3 Enantioselective deprotonations using soluble supported amine
(R)-5a

Ketone Product Temp. t/h
Conversion
(%) er

3a (S)-4a 278 °C 4 91 83+17b

rt 2 > 99 70+30
3d (S)-4d 278 °C 4 82 80+20

rt 2 96 71+29
cis-3f (S)-4f 240 °C 24 67 93+7

rt 2 > 99 93+7
a Reagents and conditions: i, (R)-2 (2 eq.), Bu2Mg (1 eq.), THF, reflux, 90
min; ii, TMSCl (4 eq.), DMPU (0.5 eq.), ketone (0.8 eq.), THF. b This result
is comparable with that observed in our unsupported base studies (278 °C,
6 h; 89% conv., 90+10 er); see ref. 2.
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chromium(II) and their application†

Kazuhiko Takai,* Noriko Katsura and Yuji Kunisada

Department of Applied Chemistry, Faculty of Engineering, Okayama University, Tsushima, Okayama
700-8530, Japan. E-mail: ktakai@cc.okayama-u.ac.jp

Received (in Cambridge, UK) 19th June 2001, Accepted 24th July 2001
First published as an Advance Article on the web 13th August 2001

Chromioenamines can be generated by treatment of O-
acetyloximes with chromium(II) via two steps of one-electron
reduction and successive isomerization, and the species react
with aldehydes to give g-amino alcohols after reduction with
LiAlH4.

Treatment of O-acetyloximes 1 with low valent metals such as
Cr(II) and Ti(III) under aqueous conditions is a mild deoximation
procedure.1 The process includes the reductive cleavage of N–O
bonds leading to N-metal imines 32 via iminyl radicals 2,3 and
the hydrolysis of the formed imines to obtain ketones [eqn. (1)].

(1)

In order to examine the utilization of the formed reactive species
2 or 3 for carbon–carbon formation, we conducted the
chromium(II)-mediated deoximation in aprotic solvents.4

The O-acetyloxime 4 was treated with 2 equiv. of chrom-
ium(II) chloride in the presence of 10 equiv. of methyl acrylate
to give the corresponding deoximated ketone 5 in 88% yield
after hydrolysis [eqn. (2)]. Nitrogen-containing five-membered

(2)

ring compounds derived via intramolecular radical cyclization
were not observed,3 and no coupling product between 4 and the
acrylate was obtained. When the amount of chromium(II)
chloride was reduced to 1 equiv. of the oxime 4, the ketone 5
was obtained in 44% yield and 4 was recovered in 44% yield.
These results suggest that the second one-electron reduction of
the iminyl radical 2 to the N-chromium imine 3 proceeds faster
than the first reduction of 1 to 2.

Trapping of the formed N-chromium imine 3 was examined.
Although the reduction of the cyclohexanone O-acetyloxime 6
with CrCl2 in the presence of Me3SiCl resulted only in
deoximation leading to cyclohexanone, the reduction in the
presence of the benzoyl chloride gave 7 in 70% yield along with
benzamide in 8% yield [eqn. (3)].1b The expected N-acyl imine

(3)

derived from N-chromium imine 3 was not obtained, and
instead a chromioenamine was trapped as 7.

Thus, carbon–carbon bond formation with this chromioena-
mine5 was investigated in the presence of an aldehyde in the
aprotic solvent. Treatment of a mixture of acetone O-
acetyloxime (8, 2 equiv.) and benzaldehyde with CrCl2 (8
equiv.) in THF at 25 °C for 24 h followed by hydrolysis with
water gave 4-phenyl-4-hydroxybutan-2-one (9) in 23% yield.
The quenching procedure affected the yields considerably,
probably due to the strong chelation of the adducts to
chromium(III). The yield was improved to 88% by quenching
with aqueous NaF solution (Table 1 run 2).6–8 Although the
reaction proceeded more slowly in the case of aliphatic
aldehydes, addition of a catalytic amount of NiCl2 accelerated
the reaction rate and improved the yields.9

A possible mechanism is shown in Scheme 1. One electron
reduction of an O-acetyloxime with chromium(II) gives the

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b1/b105357b/

Table 1 Aldol reactions between O-acetyloximes and aldehydes with
chromium(II)a

Run R1 R2 R3 Yield (%)b syn–antic

1 Me H (8) Ph 84d (9) —
2 8 Ph 88e —
3 8 n-C8H17 67 —
4 8 c-C6H11 74 —
5 -(CH2)4- (6) Ph 81ef 36+64
6 6 Ph(CH2)2 54e 6+94
a Reaction conditions as in typical procedure (ESI) unless otherwise stated.
b Isolated yields. c Isomer ratios were determined by isolation and/or NMR.
d The reaction was completed in 8 h. e The reaction was conducted without
addition of NiCl2. f 8 mol of CrCl2 was used per mol of benzaldehyde.

Scheme 1 A possible mechanism for the coupling reaction.

This journal is © The Royal Society of Chemistry 2001
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imine radical 2,3 which is then subjected to the second one
electron reduction to give 3. The imine 3 is isomerized to
chromioenamine 10,1d,10 and the chromioenamine reacts with
an aldehyde to give 11.11 Hydrolysis of 11 gives the aldol
adduct 12. Metalloenamines are usually prepared by deprotona-
tion of imine derivatives with strong bases,5 however, the
procedure does not require such bases. Attempts to reduce the
amount of chromium(II) with manganese and Me3SiCl resulted
in deoximation probably due to the fast trapping of the
chromium imine 3 or the chromioenamine 10 with
Me3SiCl.12

When anti- and syn-4 were employed in the reaction, almost
the same product distributions were observed [eqn. (4)]. The

(4)

major product was an aldol adduct 14 at the less hindered
carbon. This result supports the proposed Scheme 1, in which
the two reactions involve the same iminyl radical as the
intermediate.

In order to utilize the nitrogen-containing adduct 11,
reduction of 11 leading to a g-amino alcohol 13 was
examined.13 A mixture obtained from 8 and benzaldehyde was
treated with LiAlH4 (10 equiv.) at278 °C, and the temperature
of the mixture was gradually raised to 0 °C. Quenching of the
mixture with alkaline NaF solution followed by acetylation
gave the acetylated g-amino alcohol 16 in 79% yield [eqn.
(5)].14,15 The yield was increased by addition of a catalytic

(5)

amount of NiCl2. The results of the preparation of g-amino
alcohols from O-acetyloximes and aldehydes with CrCl2 and
NiCl2 are summarized in Table 2.

In conclusion, chromioenamines are generated by treatment
of O-acetyloximes with chromium(II) via sequential reduction
and isomerization. These react with aldehydes to obtain g-
amino alcohols after reduction with LiAlH4. The reaction
proceeds under mild conditions and does not require strong
bases such as LDA.

This work was supported by a Grant-in-Aid from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan.

Notes and references
1 (a) Cr: E. J. Corey and J. E. Richman, J. Am. Chem. Soc., 1970, 92,

5276; (b) R. B. Boar, J. F. McGhie, M. Robinson, D. H. R. Barton, D.
Horwell and R. V. Stick, J. Chem. Soc., Perkin Trans. 1, 1975, 1237; (c)
Ti: G. H. Timms and E. Wildsmith, Tetrahedron Lett., 1971, 195; (d)
D. H. R. Barton and S. Z. Zard, J. Chem. Soc., Perkin Trans. 1, 1985,
2191.

2 H. Tsutsui and K. Narasaka, Chem. Lett., 1999, 45.
3 Ni: J. Boivin, A.-M. Schiano, S. Z. Zard and H. Zhang, Tetrahedron

Lett., 1999, 40, 4531; J. Boivin, E. Fouquet and S. Z. Zard, Tetrahedron
Lett., 1990, 31, 3545.

4 We thank Mr Shigeki Nakatsukasa of Kyoto University for conducting
an initial investigation of chromioenamines.

5 For metalloenamines, see: S. F. Martin, Comprehensive Organic
Synthesis, ed. B. M. Trost and I. Fleming, Pergamon, Oxford, 1991, vol.
2, ch. 1.16, p. 475.

6 The yield was improved to 92% when the mixture was quenched with
aq. NaF solution for 48 h.

7 Among the oxime derivatives examined, O-acetyl gave the best result.
Results with the other oxime derivatives are as follows: O-
benzoyloxime, 58%; O-mesyloxime, 75%; O-tosyloxime, 47%; O-
trimethylsilyloxime, 12%.

8 Although the amounts of O-acetyloxime and chromium(II) chloride can
be reduced to 1.2 and 3.6 equiv., respectively, without affecting the
yield, the couplings required longer reaction times.

9 (a) K. Takai, M. Tagashira, T. Kuroda, K. Oshima, K. Utimoto and H.
Nozaki, J. Am. Chem. Soc., 1986, 108, 6048; (b) S. Py, C. W. Harwig,
S. Banerjee, D. L. Brown and A. G. Fallis, Tetrahedron Lett., 1998, 39,
6139.

10 (a) J. V. Braun and W. Rudolph, Ber., 1934, 67B, 269; (b) For reverse
isomerization, see: K. A. Miller, T. W. Watson, J. E. Bender IV, M. M.
Banaszak-Hall and J. F. Kampf, J. Am. Chem. Soc., 2001, 123, 982.

11 J.-E. Dubois, G. Axiotis and E. Bertounesque, Tetrahedron Lett., 1985,
26, 4371; L. Wessjohann and T. Gabriel, J. Org. Chem., 1997, 62,
3772.

12 A. Fürstner and N. Shi, J. Am. Chem. Soc., 1996, 118, 12349.
13 K. Narasaka, Y. Ukaji and S. Yamazaki, Bull. Chem. Soc. Jpn., 1986,

59, 525.
14 Because chromium(III) salts can be reduced with LiAlH4, an excess

amount of the hydride source was required to complete the reduction.
See: Y. Okude, S. Hirano, T. Hiyama and H. Nozaki, J. Am. Chem. Soc.,
1977, 99, 3179.

15 The following reducing agents were examined: i-Bu2AlH (51% yield,
syn–anti = 72+28), Na(MeOCH2CH2O)3AlH (10%, 33+67); LiEt3BH
(10%, 68+32), Li(sec-Bu)3BH (35%, 63+37).

Table 2 Preparation of g-amino alcohols from O-acetyloximes and
aldehydesa

Run R1 R2 Yield (%)b syn–antic

1 Me (8) Ph 86 (16) 70+30
2 8 Ph 79d 82+18
3 8 Ph(CH2)2 65 69+31
4 8 c-C6H11 71 69+31
5 Ph (17) Ph 88 42+58
6 17 Ph(CH2)2 70 53+47
7 17 c-C6H11 71 54+46
a Reaction conditions as in typical procedure (ESI) unless otherwise stated.
b Isolated yields. c Isomer ratios were determined by isolation and/or NMR.
d The reaction was conducted without addition of NiCl2.
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New polymers containing 1,4,7-triazacyclononanes have
been synthesised by means of ring opening metathesis
polymerisation (ROMP); their complexes with Mn(II) cata-
lyse the oxidation of simple olefins by hydrogen peroxide.

The ongoing interest in environmentally benign processes for
oxidations of simple organic molecules has led to the develop-
ment of various catalytic systems for the activation of H2O2.
Among these, manganese–triazacyclononane complexes have
received considerable attention in recent years.1 Simple proto-
cols allow epoxidations to be performed in water–cosolvent
mixtures using catalytic amounts of such complexes and
hydrogen peroxide as stoichiometric oxidant. However, separa-
tion and recycling of the catalysts are still major challenges, and
several strategies have already been investigated. For example,
triazacyclononanes (TACNs) have been linked to silica afford-
ing heterogeneous systems, which can easily be recovered by
filtration.2 Alternatively, perfluorinated side chains were in-
troduced onto the TACN in order to allow for fluorous biphasic
catalysis (FBC).3 Unfortunately, most of these approaches led
to systems with reduced catalytic activity and lower product
selectivity. Thus, a feasible immobilization strategy which
allows maintenance of the positive attributes of the ‘free’
triazacyclononane–manganese system is still missing. In this
work, we now present the synthesis of polymeric structures
bearing a dense arrangement of 1,4,7-triazacyclononane moie-
ties by application of ROMP.4 With hydrogen peroxide as
terminal oxidant manganese complexes of such polymeric
ligands efficiently catalyse epoxidations of simple olefins
exhibiting activities and selectivities which are comparable to
those of the monomeric systems. Allylic and benzylic alcohols
are also oxidised. In the case of conjugated alkenes, other
oxidation products (e.g. diols) are formed as well.

Monomer 4 containing a polymerisable norbornene‡ element
and a 1,4,7-triazacyclonane unit was readily assembled from
norbornenylmethylamine (2) following a well-established bis-
(chloroacetamide) cyclisation–reduction sequence (Scheme 1).5

Purification via column chromatography or high-vacuum
distillation afforded 4 in 15% overall yield.

Attempted polymerisation of monomer 4 with Grubbs’s
catalyst6 failed, probably due to interference of the multiple
amine groups present in the molecule. Protonated 4 gave
polycationic polymers, which, unfortunately, only showed
negligible catalytic activity in the epoxidation of olefins when
combined with manganese salts and hydrogen peroxide. To our
delight, Schrock’s molybdenum based catalyst7 reacted with the
free triamine 4 rapidly and efficiently, allowing the preparation
of desired polymer 5 in quantitative yield (Scheme 2). In these
preliminary studies, 5 mol% of the catalyst was employed in all
runs, setting the number of triazacyclononane units per
molecule (n) at about 20. The terminal ends of the polymer were
capped by treatment of the reaction mixture with pivaldehyde
after complete consumption of the monomer. Diimide mediated
hydrogenation afforded saturated polymer 6 (with a degree of
hydrogenation of ca. 86%) in 70% yield.

The performance of manganese catalysts derived from
polymers 5 and 6 in olefin oxidations with hydrogen peroxide
was investigated under the conditions indicated in eqn. (1).§

(1)

In all runs, 1 mol% of active catalyst (based on 3.7 mmol
TACN units per g of polymer) formed in situ from Mn-
(OAc)2·4H2O and 4, 5, or 6 was employed. Both the ligand and
the manganese complexes were soluble in aqueous acetone–
methanol–H2O2 mixtures. The presence of sodium oxalate as
co-ligand proved essential for the efficiency of the reaction.8
Noteworthy is the fact that the conversion of the substrates was
negligible in the absence of the triazacyclononane-containing
polymers. The most significant results of this study are
summarised in Table 1.

The performance of the polymeric systems in catalysing the
oxidation reactions was in most cases comparable or even
superior to that of the corresponding monomeric azacycle.
Simple aromatic olefins were converted efficiently to the
corresponding epoxides (entries 1–4). In the cases of a-
methylstyrene and indene notable amounts of diols were

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b105560g/

Scheme 1 Synthesis of the monomer 4. Reagents and conditions: (a)
Na2CO3, LiBr, CH3CN, reflux, 12 h; (b) LiAlH4, THF, reflux, 6 h.

Scheme 2 Preparation of polymers 5 and 6. Reagents and conditions: (a) i.
Schrock’s catalyst (5 mol%), toluene, RT, 4 h; ii. Pivaldehyde;
(b) p-tolylsulfonylhydrazide, NaOH, di(ethylene glycol) methyl ether,
120–130 °C, 1.5 h.

This journal is © The Royal Society of Chemistry 2001
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formed. Most probably this result is due to a subsequent epoxide
hydrolysis under these reaction conditions.¶ Aliphatic alkenes
were also epoxidised. In particular, internal (Z) systems reacted
more effectively than terminal or (E) olefins (entries 5–9). In the
case of (Z)-hex-3-ene, a significant amount of trans-epoxide
was produced. a,b-Unsaturated carbonyl compounds showed
poor reactivity (entries 10, 11). Hydroxy groups in the allylic or
benzylic position were oxidised. In the case of allylic alcohols,
both the epoxy alcohol and the corresponding a,b-unsaturated
aldehyde were formed (entries 12, 13), with the epoxidation
being the main reaction pathway. The two products did not
undergo further transformations. The possibility of converting
alcohols to conjugated systems was demonstrated by the
oxidation of benzyl alcohol to benzaldehyde and benzoic acid
(entry 14) as compared to the relatively less efficient trans-
formation of 2-phenylethanol, which gave the corresponding
aldehyde in low yield (7–11% of the reaction mixture) (entry
15). Finally, the procedure described herein was successfully
performed of a 100 mmol scale with styrene as substrate, and no
variation in conversion or selectivity was observed.

In conclusion, the possibility of generating polymeric
systems with a high density of 1,4,7-triazacyclononane units by
ROMP has been demonstrated. The corresponding manganese
complexes are catalytically active in oxidation reactions with
hydrogen peroxide as terminal oxidant. Currently, we are
studying alternative polymeric systems based on the model
presented with improved characteristics regarding catalyst
stability and recovery.

This research was supported by the Fonds der Chemischen
Industrie. We thank the Commission of the European Union for
a postdoctoral fellowship to S. C. (Marie Curie grant HPMFCI-
2000-00430).

Notes and references
‡ The IUPAC name for norbornene is bicyclo[2.2.1]hept-2-ene.
§ General experimental procedure: a solution of 1 mmol of substrate in
acetone (GC quality, 1 mL) is cooled to 0–2 °C and treated with the ligand

(for 4: 2.7 mg in 48 mL of MeOH, 0.01 mmol; for 5 or 6: 2.7 mg in 48 mL
of MeOH, 0.5 mmol) and Mn(OAc)2·4 H2O (2.5 mg in 141 mL of H2O, 0.01
mmol). The mixture is stirred for 15 min. Oxalic buffer (0.15 M, 0.133 mL,
0.02 mmol) is added, followed within 1–2 min by H2O2 (30%, 0.4 mL, 4
mmol). After stirring for 1.5 h at 0–2 °C, another aliquot of H2O2 is added
(0.2 mL, 2 mmol). After a reaction time of 2.5–3 h, the excess oxidant is
destroyed by adding a small quantity of MnO2, the reaction mixture is
diluted with approx. 2 mL of CH2Cl2 and the organic phase is separated and
analysed by gas-chromatography (see ESI).
¶ Samples of pure a-methylstyrene oxide were converted to the correspond-
ing diol when exposed to the reaction conditions.
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Table 1 Oxidation of organic substrates with manganese catalysts prepared from 4 and polymeric 1,4,7-triazacyclononanes 5 and 6

Entry Substrate
Monomer 4: Conv. (%)
(Epoxide selectivity (%)a)

Polymer 5 Conv. (%)
(Epoxide selectivity (%)a)

Polymer 6 Conv. (%)
(Epoxide selectivity (%)a)

1 Styrene 75 (87) 88 (91) 78 (92)
2 b-Methylstyrene 43 (93) 48 (83) 40 (83)
3 a-Methylstyrene 88 (86) 92 (62)b 86 (69)
4 Indene 98 (63)c 80 (64)c 70 (61)
5 Cyclohexene 100 (83) 100 (90) 94 (92)
6 Cyclooctene 32 (87) 41 (85) 49 (92)
7 Hex-1-ene 58 (100) 66 (100) 50 (95)
8 (E)-Hex-3-ene 58 (71) 29 (100) 23 (100)
9 (Z)-Hex-3-ene 100 (71)d 100 (91)e,f 83 (90)e

10 Methyl acrylate 4 (100) 12 (83) 7 (100)
11 Methyl cinnamate 16 (100) 23 (91) 18 (94)
12 3-Phenylpropenolg 100 (72) 76 (50) 54 (55)
13 1-Hydroxymethylcyclohexeneh 96 (73) 80 (67) 68 (75)
14 Benzyl alcoholi 73 69 52
15 2-Phenylethanol 41 31 21

a Calculated as the ratio of epoxide yield and conversion. b A notable amount (11–27%) of the corresponding diol is produced. Other byproducts include
benzophenone and 2-phenylpropionaldehyde. c The main byproduct is indan-2-one (10–24%). A notable quantity (6–11%) of the corresponding cis-diol is
also produced. d + 17% of the corresponding trans-epoxide. e + 8% of the corresponding trans-epoxide. f 0.03 M oxalic buffer was employed. g A
considerable amount (21–27%) of the corresponding a,b-unsaturated aldehyde is formed in this reaction. h Notable amounts (13–17%) of the corresponding
a,b-unsaturated aldehyde are formed in this reaction. i The main products are benzaldehyde (18–29%) and benzoic acid (22–55%).
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Novel synthesis of cyclobutanone derivatives via dimetalation of
iminium ions with the TiCl4–trialkylamine reagent system†
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Iminium salts are generated in situ, react with TiCl4–
trialkylamines, and diaryl ketones to produce 3,3-diaryl-
cyclobutanones in moderate to good yields.

The TiCl4–R3N combination is well-known to mediate aldol
type condensation reactions1 and oxidative coupling of certain
ester enolates.2 We have reported that the TiCl4–R3N reagent
system is useful for the oxidative coupling of aryl methyl
ketimines to 2,5-diarylpyrroles,3a for the direct metalation of
alk-1-ynes,3b for the reductive coupling of imines and aromatic
aldehydes,3c and for the oxidative coupling of N,N-dialkylaryl-
amines.3d Also, it was observed that trialkylamines are oxidized
to iminium ions by TiCl4 with concomitant formation of
TiCl3.3c,4 Herein, we wish to report that the iminium ions
generated in situ,5 undergo metalation followed by reaction
with diaryl ketones to produce the corresponding 3,3-diarylcy-
clobutanones in moderate to good yields.

Metalation of iminium ions using TiCl4 and its further
reaction with PhCOPh produce a,b-unsaturated aldehydes
(Scheme 1).4

We have examined the reaction of N,N-diisopropyl-N-
ethylamine under these conditions. In this case, an inseparable
mixture of the corresponding a,b-unsaturated aldehyde deriva-
tive and the cyclobutanone derivative was obtained. The use of
N,N-diisopropyl-N-octylamine produced a better yield of the
product mixture (Scheme 2).

Fortunately, the corresponding cyclobutanol could be readily
separated after the reduction of the product mixture with
NaBH4–MeOH–H2O (overall yield 12%). Attempts to optimize
the reaction conditions to obtain better yields of the cyclobutan-
ones using various N,N-diisopropyl-N-alkylamines were not
fruitful. Therefore, we have examined the reactions of iminium
ions prepared in situ using other methods. It was found that the
iminium ions prepared through the oxidation of N,N-diiso-
propyl-N-benzylamine with I2 gave better results. For example,
in the reaction of the iminium ions with TiCl4–N,N-diisopropyl-
N-benzylamine and PhCOPh, the cyclobutanone derivative was
obtained in 76% yield (Scheme 3).6

When benzaldehyde was used as electrophile, the expected
3-arylcyclobutanone was not formed. Instead, only the di-
hydroxy ketone 7a and the divinyl ketone 7b were obtained in
58 and 11% yields respectively, besides some unidentified
products. Earlier, such a reactivity was reported when the
(2-siloxyallyl)silane was used as synthetic equivalent of acetone
a,aA-dianion in the TiCl4 mediated reaction with aromatic
aldehydes.7‡

We have carried out several experiments to examine the
scope and limitations of this transformation (Table 1). It was
observed that the use of TMEDA in the place of N,N-
diisopropyl-N-benzylamine gave the cyclobutanone derivative
in poor yields (6%). Addition of PhCOPh initially or after the
formation of the iminium ion gave no significant change to the
results. Though the reaction works well at 25 °C, the yields of
cyclobutanone are slightly better (10 to 20% more) under
refluxing conditions. Dichloroethane was found to be the best
solvent compared to CH2Cl2 and CHCl3. When acetophenone
was used as substrate, a complex mixture of products was
obtained, possibly due to competing aldol type reactions.8

The formation of a cyclobutanone derivative may be
tentatively explained by a mechanism involving the dimetalated
iminium ion intermediate (Scheme 3). The reaction of 2 eq. of
3° amine and 1 eq. of I2 would give the iminium iodide.5 Depro-
tonation of the b-hydrogen atoms of the iminium ion using N,N-
diisopropyl-N-benzylamine and further metalation with TiCl4
could give the 1,3-dititanated iminium ion intermediate. The
reaction of 1,3-dimetalated species with diarylketone would
give the corresponding cyclobutanone (Scheme 3). However,

† Electronic supplementary information (ESI) available: 13C NMR spectra
of compounds 1a, 2a, 3a, 4a, 5a, 6a, 7a and 7b. See http://www.rsc.org/
suppdata/cc/b1/103112k/

Scheme 1

Scheme 2

Scheme 3
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the possibility of an alternative mechanism involving sequential
metalation–addition reactions cannot be ruled out.

In conclusion, simple one pot methods of conversion of diaryl
ketones to 3,3-diarylcyclobutanones from readily available
starting materials have been developed. Previously, syntheses
of such cyclobutanone derivatives have been reported via
methods such as (i) the 2 + 2 cycloaddition of ketenes to
diazomethane,9 (ii) the 2 + 2 cycloaddition of dichloroketene to
olefins,10 and (iii) the 2 + 2 cycloaddition of ketiminium salts to
olefins.11 The one pot conversions described here involving a
1,3-dimetalated iminium ion intermediate, is a simple alter-
native to hitherto known methods of synthesis of cyclobutanone
derivatives.12 Moreover, it is anticipated that the interesting
reactivity pattern of the titanium intermediates reported here
should stimulate further research activities in this area.

We are grateful to the UGC and DST (New Delhi, India) for
financial support. KNJ thanks CSIR and PB thanks UGC for
fellowships. We are also thankful to the UGC for support under
Special Assistance Program.
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(77.0 ppm). Melting points are uncorrected.
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Table 1 Reaction of iminium ions (Scheme 3) with TiCl4–R3N and
ArCOArA or PhCHO

Entry Substrate Producta Yieldb (%)

1 ArNArANPh 1 1a 76
2 ArNArAN4-MeC6H4 2 2a 71
3 ArNArAN4-ClC6H4 3 3a 86
4 ArNPh 4a 73

ArAN4-MeC6H4

4
5 ArNPh 5a 51

ArANFerrocenyl
5

6 56

7 58

11

a The products were identified by 1H, 13C NMR, mass spectral and physical
constant data and comparison with the reported data.8 b The yields are based
on the amount of ketone/aldehyde used.
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The reaction of o-bis(dimethylgermyl)carborane with
Ni(PEt3)4 in pentane affords the reactive intermediate, [o-
(GeMe2)2C2B10H10]Ni(PEt3)2 2: the facile double germyla-
tion of unsaturated organic substrates catalyzed by 2 is
reported.

Although the transition metal-catalyzed double silylation of
unsaturated organic substrates has been well documented for
three decades,1 metal-catalyzed double germylation is quite
limited.2–5 Reactions were carried out mainly in the presence of
[Pd(PPh3)4] as a catalyst. In the catalytic cycle, bis(germyl)-
complexes have been implicated as important intermediates.
However, there are only a few precedents for such species6 and
only bis(chlorogermyl)platinum has been structurally charac-
terized by Tanaka and coworkers.7 However, the reactivity
towards unsaturated organic substrates was not studied. We
found that the bis(germyl)nickel complex is the most efficient
and reactive catalyst for the double germylation reaction. We
now describe (i) the isolation of the most reactive intermediate
cyclic bis(germyl)nickel compound with a bulky o-carborane
unit; (ii) the facile double germylation of alkyne catalyzed by
the intermediate under mild conditions; and (iii) the double
germylation of an alkene, aldehyde and nitrile by stoichiometric
reacion with the intermediate.

Addition of 1.1 equiv. of o-bis(dimethylgermyl)carborane,
prepared from 1,2-Li2C2B10H10 and 2 equiv. of GeMe2Cl2,
followed by reduction by NaB(CN)H3, to Ni(PEt3)4 in pentane
gave a red solution. Standard work-up and crystallization from
toluene–pentane gave [o-(GeMe2)2C2B10H10]Ni(PEt3)2 2 as a
spectroscopically pure, red crystalline solid very sensitive to air
and water in 60% yield [eqn. (1)].†

(1)

The 1H, 13C and 31P NMR spectra for 2 support the proposed
structure. The structure of 2 was unambiguously established by
a single-crystal X-ray analysis (Fig. 1).‡ Complex 2 has a
distorted tetrahedral geometry with the dihedral angle between
Ge(1)–Ni–Ge(2) and P(1)–Ni–P(2) being 84.60°. This bis(ger-
myl)nickel complex is the first as indicated by a search of the
Cambridge Crystallographic Database. As expected, the aver-
age Ni–Ge bond length [2.3290(5) Å] is slightly longer than that
of 2.248(1) Å in CpNi(PPh3)GeCl3.8 The Ni–P bond distance
[2.2188(10) Å] is consistent with those observed in other
phosphine nickel compounds.

Intermediate 2 was found to be an efficient reactant for the
double germylation reaction under mild conditions. The
reaction of o-bis(dimethylgermyl)carborane 1 with hex-1-yne
(1 equiv.) in the presence of a catalytic amount of 2 (0.03 equiv.)
at room temperature for 14 h afforded the double-germylated

product 3 in 62% yield. All the spectral data of 3 were consistent
with the proposed formulation.§ A key feature in the 1H NMR
spectrum includes a singlet at d 6.24 assigned to the vinyl
proton. A characteristic high-field 13C NMR signal at d 142.82
provides evidence for a tethered carbon atom of the two
germanium moieties. Formation of the digermyl ring compound
3 can be related to nickel-catalyzed double silylation.9

The reaction of 2 with 1 equiv. of 4-vinylanisole takes place
at room temperature and affords a moderate yield of the five-
membered digermyl ring compound 4 (Scheme 1). One doublet
(d 2.80) in the 1H NMR spectrum of 4 is assigned to the methine
proton. A low-frequency 13C NMR resonance at d 55.41
provides evidence for the tethered carbon atom of the two
germanium moieties. The structure of 4 has been determined by
X-ray crystallography (Fig. 2).‡ The formation of 4 may

Fig. 1 Molecular structure of 2. Selected bond lengths (Å) and angles (°):
Ge(1)–C(1) 2.028(3), Ge(2)–C(2) 2.035(3), Ge(1)–Ni 2.3316(5), Ge(2)–Ni
2.3264(5), Ni–P(1) 2.2146(10), Ni–P(2) 2.2230(10); C(1)–Ge(1)–Ni
116.01(10), C(2)–Ge(2)–Ni 116.52(9), P(1)–Ni–P(2) 103.10(4), P(1)–Ni–
Ge(2) 146.73(3), P(2)–Ni–Ge(2) 92.08(3), Ge(2)–Ni–Ge(1) 84.231(8).

Scheme 1 Reagents and conditions: i, HCCC4H9 (1 equiv.), 1 (0.5 equiv.),
2 (0.03 equiv.), toluene, 25 °C; ii, H2CCHC6H4OMe (1 equiv.), 2 (1 equiv.),
toluene, 80 °C.

This journal is © The Royal Society of Chemistry 2001
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involve an initial oxidative addition reaction of an olefinic C–H
bond to the nickel center, followed by the shift of a phenyl group
from the nickel atom to one of two germanium atoms. Such a C–
H activation has been observed in Ni-catalyzed double
silylation.10 Treatment of 2 with 1 equiv. of trans-cinnamalde-
hyde at room temperature gave the 1,2-double germylation
product 5 (Scheme 2). The 1H NMR spectrum of 5¶ contained
a distinguishing low-field methine resonance (d 4.61) as a
doublet of doublets which was used to monitor its formation.
This result is in contrast with that of double silylation which
gave the insertion product of two carbonyl ligands into the C–Si
bond.11

When diphenylacetonitrile is employed in the reaction with 1,
the six-membered digermyl ring compound 6 is isolated as
colorless crystals in 74% yield. All the spectral data of 6 were
consistent with the proposed formulation.∑

In summary, we have isolated a reactive intermediate, a
cyclic bis(germyl)nickel complex, which readily reacts with
unsaturated organic substrates such as alkynes, alkenes, alde-

hydes and nitriles, generating a new class of heterocyclic
compounds. This potential has been further exploited in a series
of novel chemical transformations with this system.

We are grateful to KOSEF (2001) for generous financial
support.
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and the residue extracted with toluene (8 ml) and then the solution was
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§ 3: 1H NMR (CDCl3): d 6.24 (s, CNCH), 2.13 (t, JHH 9.40 Hz, CH2),
1.59–1.27 (m, CH2CH2), 0.92 (t, JHH 4.46 Hz, CH3), 0.48 (s, GeCH3) and
0.45 (s, GeCH3). 13C{1H} NMR (CDCl3): d 159.20 (CNCH), 142.82 (Si-
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¶ 5: 1H NMR (CDCl3): d 7.34–7.25 (m, Ph), 6.52 (dd, JHH 15.88, JHH 1.82
Hz, CNCHPh), 6.22 (dd, JHH 15.88, JHH 5.44 Hz, CHNC), 4.61 (dd, JHH 5.44
Hz, JHH 1.82 Hz, OCH), 0.75 (s, GeCH3), 0.73 (s, GeCH3), 0.44 (s, GeCH3)
and 0.42 (s, GeCH3). 13C{1H} NMR (CDCl3): d 137.04, 131.64, 128.74,
128.43, 127.44, 127.21, 126.26, 70.01, 20.07, 21.85, 23.63 and 26.91.
∑ 6: 1H NMR (CDCl3): d 7.35–7.06 (m, Ph), 4.75 (s, CH), 0.64 (s, GeCH3)
and 0.61 (s, GeCH3). 13C{1H} NMR (CDCl3): d 143.54, 132.86, 130.22,
128.58, 128.34, 128.22, 125.92, 54.59, 5.85 and 1.29.
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Fig. 2 Molecular structure of 4. Selected bond lengths (Å) and angles (°):
Ge(1)–C(1) 1.990(3), Ge(2)–C(2) 1.997(3), Ge(1)–C(7) 1.967(3), Ge(2)–
C(7) 1.954(3), C(1)–C(2) 1.679(3); Ge(1)–C(7)–Ge(2) 110.04(14), Ge(1)–
C(1)–C(2) 112.30(16).

Scheme 2 Reagents and conditions: i, PhCHNCHCHO (1 equiv.), 2 (1
equiv.), toluene, 25 °C, 70%; ii, Ph2CHCN (1.3 equiv.), 2 (1 equiv.),
toluene, 25 °C, 66%.
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Direct NO group transfer from S-nitrosothiols to iron centres
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A number of S-nitrosothiols react rapidly with the Fe(II)
complexes of 2,3-dimercapto-1-propanesulfonic acid
(DMPS) and of N-methyl-D-glucamine dithiocarbamate
(MGD), transferring the NO group directly to the iron
centres.

S-Nitrosothiols (RSNO) are now widely believed to be
important species in the storage and transport of nitric oxide in
vivo.1 Since they generally show the same physiological
properties as does nitric oxide itself (notably the induction of
vasodilation and inhibition of platelet aggregation2), it has been
generally assumed that RSNO species act in this way by first
releasing nitric oxide. Release of NO from an RSNO can be
brought about by at least three routes: (a) a spontaneous thermal
reaction, which is too slow at ambient temperatures to be
important, (b) a photochemical reaction, which is also unim-
portant in the absence of appropriate incident radiation, and (c)
a rapid copper(II) catalysed process.3 For reaction (c) it has been
shown4 that decomposition is brought about by Cu+ generated
by thiol reduction of Cu2+. Even low [Cu2+] at the impurity level
are effective. Cu+ can also be obtained by reduction from Cu2+

bound to proteins and peptides.5 Complexation of Cu+ in
biological experiments results in loss of some biological
function.6 Low levels of [RSH] always present in equilibrium
with RSNO7 are sufficient to bring about the reduction. All
three decomposition pathways initially generate nitric oxide
and the corresponding disulfide, [eqn. (1)] although in the

2RSNO? RSSR + 2NO (1)

presence of oxygen oxidation of nitric oxide occurs and the final
product in aqueous buffer is nitrite ion.

In addition, S-nitrosothiols react readily with many nucleo-
philes transferring the NO group in the NO+ sense to, for
example, amines, thiols and ascorbate3 directly, without it ever
becoming free, i.e. they can act as electrophilic nitrosating
agents. Many of the biological properties of NO are believed to
occur by activation of the enzyme guanylate cyclase, through
the binding of NO to a haem iron atom in the enzyme. This leads
to elevated levels of cyclic guanosine monophosphate (cGMP)
which effects smooth muscle relaxation. It is an interesting and
pertinent question as to whether RSNO compounds can achieve
this without NO formation, i.e. whether they can transfer the NO
group directly to an iron atom.

We have chosen initially to look at a simple non-haem iron
compound. Iron(II) readily forms a complex [Fe(DMPS)2]42

with 2,3-dimercaptopropane-1-sulfonate (DMPS) shown as 1.8

This is stable in solution under anaerobic conditions and the
solution is red with absorbance maxima at 358 and 509 nm. This
iron complex has a strong affinity for NO and has been used

industrially as a scrubber of flue gases to remove NO. The
nitrosyl complex has been characterised.9

The complex is readily prepared in aqueous solution from
Fe2+ and a two-fold excess of DMPS. Addition of S-
nitrosoglutathione (GSNO), generated in solution from equimo-
lar quantities of nitrous acid and glutathione, to a solution of 1
at physiological pH 7.4 resulted in the rapid disappearance of
the absorbance at 509 nm. The final absorbance spectrum was
identical with that obtained when NO gas was reacted with
[Fe(DMPS)2]42 and is taken to be that of [Fe(DMPS)2NO]32.
Kinetic measurements, noting the decreasing absorbance at 509
nm, were made with [GSNO] > > [Fe(DMPS)2

42]. Each
individual run followed the first-order law and there was also a
first-order dependence on [GSNO], leading to a second-order
rate constant value k [defined by eqn. (2)] of 24 dm3 mol21 s21

Rate = k [Fe(DMPS)2
42] [RSNO] (2)

at 25 °C. The S-nitroso derivatives of N-acetylcysteine,
cysteine, homocysteine and captopril (all generated in situ)
behaved similarly yielding comparable k values (6.1, 71, 16 and
7.5 dm3 mol21 s21 respectively). The nitrosyl complex from S-
nitrosocysteine was identical (spectrally) with that derived from
GSNO.

An HPLC analysis of the final solution from the reaction of
GSNO with the iron complex showed that the other product of
reaction between GSNO and the iron complex was glutathione
(GSH) in > 80% yield. This oxidised slowly to give some of the
disulfide GSSG on standing in air for several hours. Initial
(essentially quantitative) formation of glutathione indicates that
the NO group is being transferred as NO+ rather than as NO.
That the same complex is formed by reaction with NO itself
means that there must be an oxidation step in that process. It is
not unknown in the synthesis of metal nitrosyls for the formal
oxidation state of the nitrosyl ligand in the product to be
different from that in the reactants.10

GSNO also reacts rapidly with the Fe2+ complex of N-
methyl-D-glucamine dithiocarbamate (MGD) shown as struc-
ture 2. The reaction is rapid and much faster than the
‘spontaneous’ release of NO from GSNO under the same
conditions. The Fe2+ complex of MGD is EPR active and has
been used recently as a trap for NO.11 Reaction occurs rapidly
with NO generated in solution giving the NO complex with a
characteristic EPR spectrum. We find that the same UV-Visible
spectrum is generated from the reactions of GSNO and NO with
the Fe2+ complex of MGD. Strangely here in our reaction, the
other product is GSSG and not GSH as in the DMPS case. This
implies that with the DMPS complex NO is delivered in the
NO+ sense, whereas with the MGD complex it appears that it is
in the NO sense. Our principal conclusion is that a direct
bimolecular process occurs in the reactions of RSNO com-
pounds with these two iron complexes and there is no prior
release of NO. Our product studies also show that this NO-
transfer reaction can occur in the NO or NO+ sense depending
presumably on which is the more favoured ligand in the
resulting nitrosyl complex. Both reactions are far too rapid for
the results to be explained mechanistically in terms of prior
breakdown of RSNO to yield NO.

Our results indicate that when considering the reaction of an
S-nitrosothiol with a biological target, the possibility of a direct
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bimolecular process must be considered. Transfer may occur as
either NO or NO+.

We thank the EPSRC for a research studentship to D. P., and
for an equipment grant.
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Control over directional metal–metal charge transfer in
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isomerism and ancillary ligand set†
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Synthesis and characterisation of cyano-bridged complexes
of the form [(h-C5R4Me)L(ON)Mn(m-XY)Mn(CO)2-
LA(dppm)]Z (X,Y = C,N; z = 1–3) shows that systematic
variation of the orientation of the CN bridge and the nature
and geometric arrangement of the ancillary ligands affords
control of the direction and energy of metal–metal charge
transfer in the mixed valence dications.

While much of the current wide interest1,2 in cyanide-bridged
complexes centres on structural properties1,3 deriving from the
(usually linear) M(m-CN)MA unit, other important effects
(optical,4–6 magnetic,1,7 etc.) depend on the facility with which
intramolecular metal–metal charge transfer (MMCT) occurs in
mixed valence complexes.

In order to understand more fully the nature of the MMCT
process, and how its energy and direction (through the bridge)
might be controlled, there is a need to prepare and study
kinetically inert cyanide-bridged species, i.e. species in which
linkage isomerisation, from M(m-CN)MA to M(m-NC)MA, does
not occur. Many systems, often constructed from classical
coordination complex units, do isomerise.1,8 However, by using
low valent transition metal building blocks (e.g. organometallic
or metal carbonyl units) we9 and others6,10 have isolated stable
cyanide-bridged complexes and, in some cases, linkage iso-
mers.4,11–14

Electrochemical studies11,13,14 which probe the effects of
linkage isomerism on redox potential are of particular rele-
vance, especially those on the asymmetric species {(OC)5Cr(m-
CN)Fe(dppe)(h5-C5H5)] and [(OC)5Cr(m-NC)Fe(dppe)(h5-
C5H5)] (each oxidised in two one-electron steps, at E°A1 and
E°A2). These isomers show quite different redox behaviour, with
E°A1 and E°A2 0.28 and 0.97 V for the former and 0.46 and 0.91
V for the latter, DE°A (DE°A = E°A22 E°A1) is 0.68 and 0.45 V,
respectively. The difference in DE°A for the two neutral
complexes implies different MMCT behaviour for the corre-
sponding monocations [(OC)5Cr(m-CN)Fe(dppe)(h5-C5H5)]+

and {(OC)5Cr(m-NC)Fe(dppe)(h5-C5H5)]+ although a direct
comparison on the electronic properties of the two was not
possible.14

Here we describe a new and highly versatile series of stable
cyanide-bridged linkage isomers, [(h-C5R4Me)L(ON)Mn(m-
XY)Mn(CO)2LA(dppm)]+, in which the pseudo-tetrahedral unit
Mn1X(NO)L(h-C5R4Me) (generalised as Mntet, R = H or Me)
is joined to octahedral cis- or trans-[MnIY(CO)2LA(dppm)]
(generalised as Mnoct) by the bridge XY (X,Y = C,N). The
potentials for, and order of, the sequential one-electron
oxidations of the two metal centres in MnI(m-XY)MnI to MnI(m-
XY)MnII and MnII(m-XY)MnII, vary not only with the orienta-
tion of the cyanide bridge but also with the cyclopentadienyl
ring substituents R, the ancillary ligands L and LA and the
geometry of the Mn(CO)2 unit (cis or trans) at Mnoct. Thus, the
energy and direction of MMCT within the MnIMnII species {(h-
C5H4Me)L(ON)Mn(m-XY)Mn(CO)2LA(dppm)]2+ can be sys-
tematically controlled.

The complexes [(h-C5R4Me)L(ON)Mn(m-XY)Mn(CO)2-
LA(dppm)][PF6] [X,Y = C,N; R = H or Me; L = PPh3,
P(OPh)3 or CNBut; LA = P(ORA)3 (RA = Et or Ph); dppm =
Ph2CH2PPh2], with either cis- or trans-Mn(CO)2 units, are
prepared as their [PF6]2 salts by reacting [Mn(CN)(CO)2-
LA(dppm)] with [MnI(NO)L(h-C5R4Me)] or [MnBr(CO)2-
LA(dppm)] with [Mn(CN)(NO)L(h-C5R4Me)] in the presence of
TlPF6.‡ Representative examples are shown in Scheme 1 and
Table S1 (ESI†).

The order in which the two MnI sites of the binuclear
complexes are oxidised is indicated by cyclic voltammetry;
assignment of each oxidation site is aided by observing the
effects of altering the ancillary ligands L and LA on redox
potential (better donors L and LA shift oxidation waves to less
positive potentials) and noting that a cis-[MnIY(CO)2LA(dppm)]
unit undergoes oxidative isomerisation, giving rise to an
irreversible oxidation wave coupled with a reversible oxidation
wave for the trans product.15 The assignments based on cyclic
voltammetry are supported by the results of IR spectro-
electrochemistry (see below).

The effect of CN linkage isomerism on redox behaviour is
demonstrated by [(h-C5H4Me)(ButNC)(ON)Mn(m-CN)-
Mn(CO)2{P(OEt)3}(dppm)-trans][PF6] 1+[PF6]2 and [(h-
C5H4Me)(ButNC)(ON)Mn(m-NC)Mn(CO)2{P(OEt)3}(dppm)-
trans][PF6] 2+[PF6]2, the X-ray structures of which are
virtually identical; that of the cation 1+ is shown in Fig. 1,
together with important bond lengths and angles for the two
isomers.§

Both 1+ and 2+ show two reversible oxidation waves in their
cyclic voltammograms, IR spectroelectrochemistry¶ confirm-
ing that the first oxidation occurs at Mnoct (Table 1). Thus, on
electrolysis at Eapplied = 0.6 (for 1+) or 0.75 V (for 2+), n(CO)
increases by ca. 70–80 cm21 while n(NO) and n(CNBut)

† Electronic supplementary information (ESI) available: Table S1+IR and
electrochemical data. See http://www.rsc.org/suppdata/cc/b1/b104998b/ Scheme 1 P–P = dppm.
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increase by much smaller amounts (ca. 13–20 and 6–7 cm21,
respectively), consistent with oxidation at the trans-Mn(CO)2
terminus. [Further electrolysis of 12+, at 1.45 V, results in
increases in n(CO), n(NO) and n(CNBut) of 16, 101 and 62
cm21, this time consistent with oxidation at Mntet to give 13+].
Thus, in the isomeric mixed valence dications 12+ and 22+, MnI

to MnII MMCT occurs in the opposite sense with respect to the
cyanide bridge, i.e. from MnI to CN to MnII in the former and
from MnI to NC to MnII in the latter.

Cyanide bridge isomerisation leads to very different values of
DE°A for 1+ and 2+ (0.81 and 0.49 V respectively) and thence to
a large difference in the MMCT band energy for the mono-
oxidised complexes. Thus, UV–VIS spectroelectrochemistry¶
shows the growth of a MMCT absorption band at 890 nm on
oxidation of 1+ to 12+ and a similar band at 1360 nm on
oxidation of 2+.

Further control of the direction (and energy) of MMCT is
possible simply by varying the geometry (cis or trans
dicarbonyl) of the Mnoct unit. Thus, the positional isomers [(h-
C5Me5)(ButNC)(ON)Mn(m-CN)Mn(CO)2{P(OPh)3}(dppm)-
trans]+ 3+ and [(h-C5Me5)(ButNC)(ON)Mn(m-CN)Mn(CO)2-
{P(OPh)3}(dppm)-cis]+ 4+ are first oxidised at Mnoct and Mntet
respectively, an assignment confirmed in the latter case by IR
spectroelectrochemistry; electrolysis (Eappl = 1.0 V) leads to a
large increase in enery for n(NO) (94 cm21) and only a small
increase in n(CO) (Table S1, ESI†). Similar behaviour has been
inferred from the CVs of [(h-C5H5)(dppe)Fe(m-XY)(Mn(CO)2-
{P(OPh)3}(dppm)][PF6] (X, Y = C, N).11

Finally, the direction of MMCT can be controlled by varying
the ligands L and LA. Thus, replacing PPh3 at the pseudo-
tetrahedral site of [(h-C5H4Me)(Ph3P)(ON)Mn(m-CN)Mn-
(CO)2{P(OPh)3}(dppm)-cis]+ 5+ by P(OPh)3, giving [(h-
C5H4Me){(PhO3P)(ON)Mn(m-CN)Mn(CO)2{P(OPh)3}-
(dppm)- cis]+ 6+, leads to the site of first oxidation changing
from Mntet (first oxidation wave reversible) to Mnoct [isomerisa-
tion of the cis-MnI(CO)2 unit at the first oxidation step].

In summary, cyclic voltammetry and spectroelectrochemistry
(IR and UV–VIS) on a range of stable linkage isomers shows
that the order of oxidation of the two MnI sites in the MnI

tet(m-
XY)MnI

oct (X,Y = C,N) unit can be controlled by the
orientation of XY, by the geometry at MnI

oct and by the
ancillary ligands at either metal centre. In this way, the direction

and energy of MMCT, from MnI to MnII through a cyanide
bridge, may be systematically and selectively controlled.

We thank the University of Bristol for Postgraduate Scholar-
ships (K. M. A., E. L.-R.), the Leverhulme Foundation for a
Postdoctoral Fellowship (R. L. P.) and Professor M. D. Ward
for help with the spectroelectrochemistry.
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Mn(CO)2{P(OEt)3}(dppm)][PF6] 2+[PF6]2 is virtually identical. Important
bond lengths (Å) and angles (°) for 1+: Mntet–CN 1.951(3), Mnoct–NC
2.010(3), C–N 1.153(4), Mntet–NO 1.656(3), Mntet–CNBut 1.916(4), Mn–P
{trans to P(OEt)3} 2.296(1), Mn–P (trans to NCMntet) 2.275(1); Mntet–C–
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A green process, using a recyclable tungstate-exchanged
Mg–Al layered double hydroxide (LDH-WO4

22) hetero-
genised catalyst and aqueous H2O2 oxidant in water, leads to
N-oxidation of aliphatic tert-amines to amine N-oxides in
quantitative yields, at a high rate at room temperature.

Aliphatic tert-amine N-oxides are essential and major compo-
nents for ubiquitously used materials such as hair conditioners,
shampoos, toothpaste, laundry detergent powders, fabric soften-
ers, toilet soaps and cosmetics as well as in biomedical
applications.1 Amine oxides are compounds of increasing
interest as potential cytoximes which are hypoxia-selective for
the treatment of solid tumors.2 These N-oxides are also used as
stoichiometric oxidants to accomplish catalytic cycles in
important reactions such as osmium catalysed dihydroxylation
of olefins,3a,b ruthenium catalysed oxidation of alcohols3c and
Mn–salen catalysed epoxidation of olefins.3d Amine N-oxides
are currently prepared via a non-catalytic oxidation of tert-
amines with H2O2 in a slow reaction.3a,4 Other oxidants
employed to hasten the oxidation of tert-amines include
peracids,5a magnesium monophthalate,5b 2-sulfonyloxaziridi-
nes,5c a-azohydroperoxides5d and dioxiranes,5e which are not
only expensive, but also generate large amounts of effluent
during the reaction. The biomimetic oxidation of tert-amines is
induced by 4a-hydroperoxyflavin in the presence of H2O2 as
oxidant.6 This forms the sole example of a catalytic reaction to
the best of our knowledge. There is a strong need to develop a
‘greener technology’7 with higher throughput, and in order to
conform to the above, we accordingly designed and developed
an eco-compatible process utilising a recyclable heterogeneous
catalyst in aqueous medium. We report here, an efficient and
heterogeneous tungstate-exchanged layered double hydroxide
catalyst (LDH-WO4

22), for the oxidation of aliphatic tert-
amines in water as solvent using aqueous H2O2 as oxidant
which leads to excellent yields for the first time (Scheme 1).

Layered double hydroxides (LDHs)8 have recently received
much attention.9 LDHs consist of alternating cationic MII

12x-
MIII

x(OH)2
x+ and anionic An2·zH2O layers. The positively

charged layers contain edge-shared metal MII and MIII hydrox-
ide octahedra, with charges neutralized by An2 located in
interlayer spacings or at edges of the lamellae. Small hexagonal
LDH crystals of composition Mg12xAlx(OH)2Clx·2H2O were
synthesized following existing procedures (here x = 0.25).9a

The anionic species tungstate, molybdate and vanadate were
exchanged with LDH-Cl to give LDH tungstate, molybdate and

vanadate, respectively. The Mg–Al LDH (3+1) tungstate (cat 1)
was prepared according to the reported procedure.9c 1 g of Mg–
Al–Cl LDH was stirred in 100 ml of an aqueous solution of 1.87
mM (0.616 g) sodium tungstate at 293 K for 24 h. The solid
catalyst was filtered off, washed with deionised and decarbon-
ated water and lyophilized to dryness. Similarly, the Mg–Al
LDH molybdate (cat 2) and Mg–Al LDH vanadate (cat 3) were
prepared. The preparation of LDH-{PO4[WO(O2)]4} (cat 4)
was carried out according to the literature procedure.10 To a
solution of 0.46 mmol of isolated (NBun

4){PO4[WO(O2)2]4} in
acetone (3 ml) was added 1 ml of H2O2 [35% (w/w) aqueous
solution] and 1 g of Mg–Al–Cl LDH and the mixture was stirred
for 16 h at room temperature. The obtained material (cat 4) was
treated consecutively with water–acetone (1+1) and acetone.

All these catalysts were well characterised by powder-XRD,
TGA–DTA and chemical analysis. The X-ray powder diffrac-
tion patterns of the LDH and LDH-WO4

22 (cat 1), LDH-
MoO4

22 (cat 2), LDH-VO3
2 (cat 3), LDH-{PO4[WO(O2)]4}

(cat 4) scarcely differ in the range 2q = 3–65°. These data
clearly indicate that the above anions are not intercalated but lie
on edge-on positions of LDH in the solid catalyst. Chemical
analysis of the catalysts revealed the tungstate (%) content in cat
1 as 11% and cat 4 as 21% while the molybdate content in cat
2 was 9.9%, and vanadate content in cat 3 was 7.8%. The
thermogravimetric profiles and the relative derivative curves
(TGA and DTA) for the tungstate, molybdate and vanadate
exchanged LDH catalysts cat 1–4 show two stages of weight
loss associated with two endotherms characteristic of LDHs.
These results provide evidence that there is no structural
disorder after the ion-exchange.

The exchanged LDH catalysts (cat 1–4) and their homoge-
neous analogues were evaluated in oxidation of aliphatic tert-
amines with H2O2 in order to identify the best catalysts (Table
1). The tert-amine is oxidised with aqueous hydrogen peroxide
(30% w/w) using water as a solvent in the presence of catalyst
at room temperature under continuous stirring, while monitor-
ing the progress of the reaction by TLC. The order of activity of

† IICT Communication No: 4804.

Scheme 1 Oxidation of tert-amines to amine N-oxides catalysed by
tungstate-exchanged Mg–Al LDH.

Table 1 Catalytic N-oxidation of N-methylmorpholine to N-methylmorpho-
line N-oxide catalysed using various metal ion-exchanged LDH catalysts
and their homogeneous analogues

Entry Catalyst Time/h Yieldc (%)

1 LDH-WO4
22 (cat 1)

Procedure Ia 1.0 96
Procedure IIb 1.0 96

2 LDH-MoO4
22(cat 2) 3.5 90

3 LDH-VO3
2 (cat 3) 3.5 40

4 LDH-{PO4[WO(O2)]4} (cat 4) 3.5 40
5 Na2WO4 3.5 75
6 NaVO3 3.5 15
7 Na2MoO4 3.5 48
8 None 24.0 25
a 2 mmol of substrate, 200 mg of catalyst, 10 ml of water and 6 mmol of aq.
H2O2 (30% w/w). b 6 mg of dodecylbenzenesulfonic acid sodium salt added
as surfactant. c Isolated yield.
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the LDH exchanged catalysts is: cat 1 > cat 2 > cat 3 = cat 4
and thus LDH-WO4

22 (cat 1) is inferred to be the best catalyst
in the oxidation of tert-amines. The heterogeneous catalysts
provide superior performance over their homogeneous counter-
parts. The efficacy in increasing the rate of N-oxidation is
evident from Table 1, in which LDH-WO4

22 affords 96%
conversion in 1 h cf. 25% in 24 h in the absence of a catalyst.

In an effort to understand the scope of the reaction, several
other amines having different R groups attached to the tertiary
nitrogen atom were subjected for oxidation using the best
catalytic LDH–WO4

22–H2O2 system to give excellent yields
and  100% selectivity (Table 2). No other by-products were
observed in these reactions. Water proved to be the best solvent
in terms of activity in the N-oxidation of tert-amines. When the
dodecylbenzenesulfonic acid sodium salt is employed as an
additive, the rate of the N-oxidation reaction is increased 2–3
fold except in the case of N-methylmorpholine (Table 2). This
may be due to the high hydrophilicity of the latter, when
compared with other tert-amines used. The present N-oxidation
reaction takes place under liquid–solid–liquid triphasic condi-
tions, comprising of organic tert-amine, solid catalyst and
aqueous phase. We assumed that the main role of the surfactant
is to increase the contact area of the interface between the
aqueous and organic phases and to enhance the transfer of the

lipophilic amine from the organic to the aqueous phase. The
amine N-oxides thus obtained are useful additives for the
surfactants,11,12 for example, the product in Table 2, entry 18 is
sold under the trade name Barlox 10S.1a The benzylic amine N-
oxides (Table 2, entries 14, 16 and 21) serve as substrates.13

Furthermore cat 1 can be reused for six cycles (see Table 2,
entry 23) without loss of activity and selectivity. The reaction
did not proceed when conducted with the resulting filtrate after
separation of the solid catalyst from the previous batch. This
indicates that the active ingredient has not leached out of the
solid catalyst during the reaction.

A plausible catalytic cycle in the oxidation of amines to
amine oxides as described in Scheme 2 involves formation of
peroxotungstate, IV on interaction of tungstate LDH III with
hydrogen peroxide II.9c A shift of lmax 250 (LDH III) to 325
nm (IV) according to UV-DRS confirms the formation of
peroxotungstate species. The peroxotungstate IV species trans-
fers its electrophilic oxygen to an amine VI forming the amine
N-oxide V with regeneration of the active catalyst III.

In conclusion, the present process represents the sole
example for synthesis of N-oxides wherein the heterogenised
tungstate-based Mg–Al LDH is used as a catalyst. The potential
for its commercial application is strengthened by the high
throughput of the product, lower process inventories and use of
an aqueous phase reaction system.

B. B. and Ch. V. R. thank CSIR, India for SRF.
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Table 2 Oxidation of tert-amines catalysed by LDH-WO4
22 (cat 1)a

Entry Tertiary amine Procedure Amine oxide Time/h
Yieldb

(%)

9 I 1.0 96
10 II 1.0 96

11 I 3.0 96
12 II 1.5 96

13 I 3.0 94

14 I 1.5 96
15 II 1.0 95

16 I 3.0 97
17 II 1.0 97

18 I 2.5 97

19 I 2.5 95
20 II 1.0 95

21 I 1.5 95
22 II 1.0 96

23 I 3.5 95(94)c

24 II 1.0 95

25 I 3.0 96
26 II 1.0 95

a Reaction conditions as in Table 1 (footnotes a and b). b Isolated yields (all
the products were characterized by 1H NMR and mass spectrometry).
c Yield after sixth cycle.

Scheme 2 Plausible catalytic cycle for the N-oxidation of tert-amines to
amine N-oxides by tungstate-exchanged Mg–Al LDH.
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Nanoparticle routes to mesoporous titania thin films

Young Kyu Hwang,a Kyoung-Chul Leeb and Young-Uk Kwon*a

a Department of Chemistry and BK-21 School of Molecular Science, Sungkyunkwan University, Suwon
440-746, Korea. E-mail: ywkwon@chem.skku.ac.kr

b Department of Chemistry, Sungkyunkwan University, Suwon 440-746, Korea

Received (in Cambridge, UK) 30th May 2001, Accepted 26th July 2001
First published as an Advance Article on the web 15th August 2001

Controlled aging of TiO2 nanoparticles blended with diblock
copolymers and processed into dip-coated thin films led to
ordered mesostructures with cubic and hexagonal symme-
tries that can be transformed into mesoporous TiO2 by
calcination.

There has been much interest in porous titania for its potential
applications in areas such as photocatalysis,1 photovoltaics,2
and proton conducting membranes.3 However, attempted
syntheses of mesoporous titania so far have achieved only
limited success.4 On the other hand, many of the possible
applications of mesoporous titania require thin films with
accessible pores from the film surfaces, which is not possible
with the common 2D hexagonal phases that form channels
parallel to the film surfaces; a bicontinuous cubic phase would
be desirable. Recently, Yang et al. have developed a generalized
method to synthesize mesoporous oxides of many non-silicon
metals utilizing non-hydrolytic condensation reactions of metal
halides with alcohols and Pluronic block copolymers as the
structure directing agents.5 They have synthesized mesoporous
titania with a cubic structure as well as 2D hexagonal structure.
However, this seemingly simple method actually involves many
different reactions occurring simultaneously including con-
densation of metal ions and self-assembly of the block
copolymer templates that are sensitively affected by the reaction
conditions. Slight variations of the reaction environments often
produce totally different results making this method not highly
reproducible. We have sought solutions for this problem by
utilizing pre-synthesized nanoparticles instead of inducing the
condensation of metal halides in the presence of surfactant
molecules to alleviate the system’s sensitivity, and thus to make
the method simpler and more reproducible. In this paper, we
report our results on the synthesis of mesoporous titania films
using TiO2 nanoparticles.

The synthesis of mesoporous titania is achieved in four steps
of (1) synthesis of nanoparticles, (2) blending nanoparticles
with template molecules into thin films, (3) aging the blended
mixtures into mesostructures under appropriate conditions, and
(4) calcination to remove the organic templates. Stock solutions
of TiO2 nanoparticles were prepared according to the literature
procedure with slight modifications:6 Titanium chloride, TiCl4,
was dissolved in absolute ethanol to a final TiCl4 concentration
of 20 wt%. A mixed solution of conc. HCl and 35% H2O2 in a
4/1 ratio (v/v) was added and the solution was refluxed at 80 °C
for 2 h. The nanoparticles so obtained have anatase structure
according to electron diffraction and transmission electron
microscopy (TEM, JEOL-3011, 300 keV) studies† with sizes of
ca. 1.6–2.0 nm based on the absorption edge of 305–325 nm
from UV–VIS spectroscopic data.7 A Brij-type diblock copoly-
mer, CnH2n+1(OCH2CH2)yOH (CnEOy) with n/y = 16/20,
16/10, or 12/4, was dissolved in the TiO2 stock solution and
stirred for 10 h at room temperature. The molar composition of
the final solution was TiCl4/CnEOy/HCl/H2O2/EtOH/H2O =
1/0.083/3.8/0.97/6.1/15. The solution was dip-coated on silicon
substrates at a pulling rate of 6 cm m21. The films were dried/
aged either at 10 °C for 8 d or at 18 °C for 7 d under a controlled
humidity of 80%. The progress of mesostructure formation of
the materials in the as-synthesized films was monitored by

powder X-ray diffraction (XRD, Rigaku D/max-RC). After the
film materials ordered into cubic or hexagonal mesostructures
(according to XRD), the films were calcined at 450 °C for 5 h
in air. The as-synthesized films had some chlorine impurity (Cl/
Ti = 0.3 by EDX/TEM), which was completely removed by
calcination. The film thickness was typically about 300 nm for
the as-synthesized and about 100 nm for the calcined films by
SEM (JEOL-35 CF) and ellipsometry (Woollam VASE instru-
ment). The crack-free, uniform and transparent (to the naked
eye) TiO2 mesoporous thin films so obtained were characterized
by XRD and TEM.

The as-synthesized film prepared with C16EO20 block
copolymer formed a mesostructure after aging at 10 °C for 7 d
as evidenced by the XRD peak with d = 5.8 nm [Fig. 1(a)]. The
XRD patterns were featureless up to 6 d of aging, indicating the
sluggish nature of the self-assembly kinetics of the film
materials. The XRD peak was shifted to d = 4.1 nm upon
calcination indicating a lattice contraction by about 30% [Fig.
1(b)]. Although the XRD patterns do not reveal the details of the
structure with only one peak present, the TEM image of the
calcined material, in Fig. 1(c), can be explained by a pseudo-
cubic structure with the [100] axis parallel to the viewing
direction. The repeating distance of 4.3 nm of this image is in
accord with the d-value from the XRD pattern. With the limited
information available from these data, we cannot determine the
structure of this material. However, the coinciding d-values
from the XRD and TEM data suggest that the material has a
primitive cubic unit cell. The one-peak nature in the XRD

Fig. 1 XRD patterns of (a) an as-synthesized thin film prepared using
C16EO20 surfactant as a structure directing agent and aged at 10°C for 7 d
and (b) the calcined thin film. (c) TEM image of the calcined thin film
showing pseudo-cubic symmetry.
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pattern and the off-perpendicular axes in the TEM images
suggest that the material is distorted from the ideal cubic
structure, probably because the ordering of the materials is not
perfect. The anisotropic lattice contraction during the calcina-
tion may also be responsible for the distorted mesostructure in
the TEM image. Reflectance UV–VIS spectroscopic data on a
calcined thin film shows an absorption edge of 360 nm that
corresponds to a size of 3.0 nm for the anatase nanoparticles.
This value agrees with the wall thickness measured from the
TEM images and implies that the particle size is increased upon
calcination. We have attempted to obtain better ordering of the
materials by aging for longer periods of time up to 14 d, but the
XRD patterns did not reveal any further peaks. Notwithstand-
ing, it is clear that thin films of mesoporous titania with
accessible pores from the film surfaces can be obtained by this
procedure.

If the as-synthesized film was aged at 18 °C for 4 d instead of
10 °C for 7 d and calcined, the XRD pattern did not show any
peak, indicating that a lamellar structure was not obtained.
However, when C16EO10 was used instead of C16EO20 and aged
at 18 °C, an XRD pattern with high order peaks that could be
indexed with a 2D hexagonal or a lamellar mesostructure was
obtained [Fig. 2(a)]. The XRD pattern was maintained after
calcination with peaks shifted to higher angles [Fig. 2(b)]
indicating a 2D hexagonal phase. The lattice parameters were a
= 6.9 and 6.1 nm before and after calcination. The TEM image
of the calcined sample also confirmed the hexagonal structure
with channels with a repeating distance of 3.7 nm in agreement
with the expected value of 3.5 nm ( = a/2) based on the lattice
parameter from XRD measurements.

Unfortunately, our TEM and XRD data did not provide any
evidence of crystalline TiO2 in the mesoporous films, probably
because the particles were not well crystallized or were too
small in size. Attempts to improve the crystallinity of the wall
TiO2 by calcining at higher temperatures than 450 °C caused
collapse of the mesostructures, although anatase peaks were
observed in the XRD patterns.

Because of the limited amount of samples available from thin
films, we were not able to perform any other characterization
studies such as surface area measurements. However, with the
XRD and TEM data provided, it is clear that the materials we
have obtained are mesoporous TiO2.

The present system requires optimization of the reaction
conditions. When different templates such as C16EO10 or
C12EO4 were used instead of C16EO20 and aged at 10 °C,
lamellar or disordered mesostructures were formed. Synthesis
using C12EO4 and aging at 18 °C produced a lamellar structure
whose lattice collapsed upon calcination. Thin films from
solutions with different molar ratio of TiCl4/CnEOy from those
given above formed poorly ordered mesostructures. However,
the synthesis results are reproducible once the conditions
including the composition, aging temperature and atmosphere
are controlled as described. The nanoparticles in the solutions,
with or without surfactant molecules, are very stable so that thin
films prepared from solutions stored for up to 2 weeks under
ambient conditions produce the same results.

Even after the mesostructures were formed by aging, the film
materials are washed out when immersed in alcohols, indicating
that the nanoparticles are not condensed into a 3D framework
structure by aging alone. This observation and the strong
dependency of the final mesostructure to the aging temperature
resemble those of liquid crystals. Therefore, the mesostructures
in the as-synthesized films can be explained by the self-
assembly of the block copolymer and TiO2 nanoparticles which,
together, behave as a liquid crystal.

The method used in this paper has many advantages over
those reported in the literature. First, by using block copolymers
with large molecular weight and nanoparticles, the resulting
mesostructures have large pores and thick walls, which can be
of benefit for the utilization of semiconducting properties of
transition metal oxides. Second, the results in this paper are
highly reproducible as long as the conditions described are met
since the complex condensation reactions of the inorganic
precursors were eliminated. Third, the principles used in this
work are simple and can be easily adapted to other metal oxide
systems. Fourth, the mesoporous thin films of transition metal
oxides with accessible pores from the film surfaces can be used
for long sought applications such as photocatalysis, photo-
voltaics and membranes.

This research was financially supported by KOSEF (SRC,
CNNC). We thank Mr J. S. Ju at Central Research Facilities,
SKKU for the TEM data.
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parallel to the viewing direction.
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Aggregation greatly boosts emission efficiency of the silole,
turning it from a weak luminophor into a strong emitter.

Many chromophoric organics and polymers are highly emissive
in their dilute solutions but become weakly luminescent when
fabricated into thin films.1 This is believed to be caused by
aggregate formation: in the solid state, the molecules aggregate
to form less emissive species such as excimers, leading to a
reduction in the luminescence efficiency. The chromophoric
molecules are practically utilised in solid state commonly as
thin films, and mitigation of the aggregation quenching has been
a goal of research.1,2 Many groups have attempted to obstruct
aggregate formation through elaborate chemical, physical, and
engineering approaches, which have, however, met with only
limited success. Aggregation is in some sense inherent in film
formation and it would be ideal if a molecule can emit intense
light in its aggregation state. We here report such an unusual
molecule, whose isolated species are faintly emissive but whose
aggregates are strongly luminescent.

In our search for highly emissive linear and hyperbranched
polymers,3 we are attracted by a group of molecules called
‘siloles’, whose linearly drawn chemical structures appear to be
conjugated, an example of which is shown in Fig. 1. During the
purification process of the silole compound 1-methyl-
1,2,3,4,5-pentaphenylsilole (1),4 we noticed an intriguing
phenomenon: when a drop of a solution of 1 was placed on a
TLC plate, the wet spot could hardly be visualised with a UV
lamp, but the dried spot (after solvent evaporation) was clearly
visible upon UV illumination. This suggests that 1 does not
luminesce when dissolved but does so upon aggregation. This
rare observation prompted us to further study its luminescence
behaviours.

When a dilute ethanol solution of 1 was excited at 381 nm,
almost no photoluminescence (PL) signals were recorded by a
spectrofluorometer (Fig. 2A). The 100-times magnified data
gave a noisy spectrum; that is, 1 is indeed a weak emitter when
it is molecularly dissolved in a good solvent. In contrast, when
large amounts of water were added to its ethanol solutions (the
final concentrations being kept unchanged at 10 mM), intense
PL spectra were recorded under identical measurement condi-
tions. Water is a non-solvent of 1 and the silole molecules must
have aggregated in the solvent mixtures with high water
contents. The ‘solutions’ were, however, macroscopically
homogenous with no precipitate, suggesting that the silole
aggregates are of nanodimension. A thin film of 1 prepared by

vapour deposition also gave a strong PL spectrum. The
spectroscopic analyses thus confirmed our visual observation
described above.

To have a quantitative picture, we estimated the PL quantum
yields (FF) of 1 in ethanol and water–ethanol mixtures, using
9,10-diphenylanthracene as the reference. The FF value for the
ethanol solution was 0.633 1023 (Fig. 2B), falling in the range
of the literature values (0.31–5.13 3 1023) of their close
cousins.5 The FF value remained almost unchanged when up to
50% water was added to the ethanol solution but started to
swiftly increase afterwards. When the water fraction was
increased to 90%, FF rose to 0.21, which is 333 times higher
than that of the ethanol solution. The trajectory of theFF change
suggests that the molecularly dissolved 1 starts to congregate at
a water fraction of 50% and the population of the aggregate
continues to increase as the water fraction increases. Similar
results were obtained when water was added into THF solutions
of 1. The change of the PL spectrum with solvent composition
may be regarded as a special type of solvatochromism, and the
sensitive on/off switching of the light emission by aggregation/
deaggregation may find potential applications in optoelec-
tronics systems.

To gain an insight into the cause of the unique PL behaviours
of 1, we checked its UV absorption spectra. The spectra of 1 in
ethanol and 50% water–ethanol mixture were almost identical
(Fig. 3). Its absorption bands in the 60% water–ethanol mixture,
however, rose in intensity and moved to longer wavelengths. A
level-off tail is seen in the visible spectral region; such tails are
commonly observed in nanoparticle suspensions,6 confirming
the existence of nanoaggregates of 1 in the solvent mixture. The
spectrum was further intensified as the water fraction increased.
The differential spectra shown in the inset clearly manifest the
growth of the red-shifted bands with an increase in the water
fraction. The new peaks at ~ 291 and 400 nm are obviously due
to the nanoaggregate absorption. When the silole molecules
cluster together, its effective concentration decreases and the
absorbance should also decrease. The increase in the ab-
sorbance thus indicates that the nanoaggregates are better
conjugated than their counterparts of isolated species.

Fig. 1 Molecular structure and conformational rotamers of 1.

Fig. 2 (A) PL spectra of 1 in water–ethanol mixture (90+10 by volume),
absolute ethanol, and solid film; concentration of 1: 10 mM; excitation
wavelength (nm): 381 (for solutions), 325 (for film). (B) Quantum yield of
1 vs. solvent composition of the water–ethanol mixture.

This journal is © The Royal Society of Chemistry 2001
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The silole may exist mainly as a twisted conformer when it is
molecularly dissolved in a good solvent. A twisted rotamer of 1,
whose energy was minimised by the MM2 method in a CS
Chem3D Pro program, is given in Fig. 1. The phenyl peripheries
linked to the silole core are obviously out of coplanarity. It has
been proposed that coplanarisation of chromophores can be
induced by aggregation.7 When 1 aggregates, coplanarisation of
its peripheries and core may be induced to a certain extent. It is
well known that coplanar and twisted conformers have different
resonance energy: when the rings are on the same plane, the
degree of conjugation is at a maximum; when the rings rotate to
90° to one another, the conjugation drops to a minimum. The
best-known example of this is biphenyl (2) and its non-coplanar
2,2’-dimethyl homologue (3), which exhibit quite different
electronic properties (e.g. e2/e3 > 20). The coplanarisation of 1
induced by the aggregation leads to a better conjugation
between its peripheries and core, thus intensifying and red-
shifting its absorption and emission bands. The silole molecules
in the nanoaggregates cannot, however, assume a perfect
coplanar conformation due to the involved steric crowdedness,
and the phenyl rings may still rotate to some degree to cope with
the steric repulsion. Such rotation will preclude co-facial
alignment of the molecules and hinder excimer formation.7
Aggregation quenching thus cannot operate in the luminescence
process of 1.

To further verify that aggregation quenching is not involved
and to prove the usefulness of the novel luminescence property,
we carried out a solid-state ‘dilution’ experiment and prepared
a series of composite films of 1 and poly(methyl methacrylate)
(PMMA). The compatibility of 1 and PMMA enabled us to cast
thin films of optical quality from its chloroform solutions. The
progressive red-shift of the PL spectrum with an increase in the
content of 1 manifests the formation and population of the
nanoaggregates in the solid ‘solutions’ (Fig. 4A). The linear
increase of the luminance with the content of 1 testifies that the
light emission is not quenched by aggregation. The composite
film with 90% of 1 emitted a blue light of 492 nm with a high
luminance of ~ 24000 cd m22. We built an electroluminescence
(EL) device of ITO/CuPc/TPD/1/Mg-Ag,† which emitted a
blue light of 496 nm. When an Alq3† layer was introduced, the
device ITO/CuPc (20 nm)/TPD (50 nm)/1 (50 nm)/Alq3 (10
nm)/LiF-Al showed a low turn-on voltage (3.4 V), high
emission efficiencies (9234 cd m22, 12.6 lm W21, and 12 cd
A21) and external quantum yield (8%). When the thickness of
the Alq3 layer was optimised (7 nm), the power efficiency was
boosted to 20 lm W21. The silole is thus an excellent light-
emitting material for the device application.

In summary we revealed the uncommon emission behaviours
of a silole (1) in this study. It has been a common ‘law’ that
aggregation quenches light emission. What we observed here is
exactly the opposite: light emission is induced by aggregation.
The aggregation increased the emission efficiency of 1 by as
high as two orders of magnitude (333 times). This is
exceptionally rare, if not unprecedented, for small organic
molecules.8 Aggregation quenching has been the thorniest
problem in the development of organic light-emitting diodes
with high efficiencies. Our finding of aggregation-induced
emission may stimulate new molecular engineering endeavours
in the design of luminescent organics and polymers with highly
emissive aggregation states.

We thank the Hong Kong Research Grants Council for
financial support (HKUST 6187/99P and 6062/98P).

Notes and references
† ITO = indium–tin oxide, CuPc = copper phthalocyanine, TPD = N,NA-
diphenyl-N,NA-bis(3-methylphenyl)-1,1A-diphenyl-4,4A-diamine, Alq3 =
tris(8-hydroxyquinolinato)aluminum.
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Fig. 3 UV spectra of 1 in water–ethanol mixtures (concentration of 1: 10
mM). Inset: differential spectra of 1 (A and A0 being absorbance of 1 in
mixture solvent and absolute ethanol, respectively).

Fig. 4 (A) PL spectra of 1–PMMA composites (excited at 325 nm). (B)
Luminance of the composite film vs. its content of 1.
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Dodecahydro-3a,9a-diazaperylene (DHDAP) was prepared
in one step from p-phenylenediamine and 1-bromo-3-chloro-
propane, and its first redox potential is 292 mV more
negative than the first redox potential of N,N,NA,NA-
tetramethyl-p-phenylenediamine (TMPD), thus becoming
the most easily oxidized p-phenylenediamine homologue.

The quest for structure–function relationships in redox chem-
istry finds an expression in tuning and control of redox
potentials. In this context, alkylation is known to increase the
electron density and render aromatic systems more easily
oxidized. For example, the redox potentials of decamethyl-
metallocenes are shifted by about 0.5 V to more negative values
relative to the corresponding metallocene–metallocenium cou-
ples.1 Similarly, conducting polymer precursors such as N-
methylpyrrole and 3-methylthiophene are easier to oxidize by
0.06 and 0.20 V relative to pyrrole2 and thiophene,3 re-
spectively.

N,N,NA,NA-tetraalkyl-p-phenylenediamines, and particularly
N,N,NA,NA-tetramethyl-p-phenylenediamine (TMPD), are
among the most well-known redox systems, typically under-
going two well-separated (vide infra) chemically and electro-
chemically reversible one-electron oxidations.4 Consequently,
this class of compounds has been considered for fundamental
studies in electrochemical5 and photoinduced electron transfer,6
as derivatizing agents for electrodes in conjunction with redox
mediation of biological reagents,7 as electrochromic materials,8
and more recently as flow indicators in electrochemically
generated magnetohydrodynamic convection.9 The structures
of three representative p-phenylenediamines pertinent to the
ensuing discussion are:

In general, the various derivatives of the parent p-phenyl-
enediamine demonstrate the typical pattern of lower redox
potentials as the degree of methylation increases (Table 1).
TMPD has been the easiest to oxidize homologue in that series
of compounds, and in fact it is one of the most easily oxidizable
organic compounds. Importantly, methylation of the phenyl
ring of TMPD does not lower the redox potential any further:
N,N,NA,NA-tetramethyl-3,6-diaminodurene (TMDAD) is not
only more difficult to oxidize than TMPD, but also according to
Evans and Hu,10 the second one-electron oxidation occurs at a
less positive potential than the first one, so electrochemical
oxidation of TMDAD yields directly the two-electron oxidized
form. Evans and co-workers have proposed that this redox
potential reversal is due to large conformational changes
occurring during the oxidation of TMDAD, but not of TMPD.
The essence of Evans’ theory is that if any of the redox forms of
TMDAD were planar, the H-atoms of the N-methyl groups

would compete for space with the H-atoms of the aromatic
methyl groups. The neutral form of TMDAD avoids these steric
repulsions by twisting the dimethylamino groups out of
planarity with the aromatic system. This is supported by the
blue-shifted absorption spectrum of TMDAD relative to that of
TMPD (Table 1). The two-electron oxidized form of TMDAD
avoids the steric repulsions by adopting a boat-like conforma-
tion.10 At this point, we reasoned that if the N-methyl and the
aromatic methyl groups of TMDAD were bridged by a single
atom, the competition for space by the aforementioned H-atoms
would no longer exist, and the steric reasons for the abnormal
behaviour of TMDAD would be eliminated. The resulting
molecule, DHDAP, should demonstrate redox chemistry analo-
gous to that of TMPD, but it should be much easier to oxidize
than the latter. These expectations are justified fully by the
following results.

The previously reported preparation procedure for DHDAP
involves multistep synthesis.11 Here, DHDAP was synthesized
in high yield from p-phenylenediamine and 1-bromo-3-chloro-
propane in one step (Scheme 1).† DHDAP is stable as a solid,

and in oxygen-free solutions. Its solubility in CH3CN is in the
2–3 mM range, but in CH2Cl2 is significantly higher. Like
TMPD, in non-degassed solvents DHDAP is oxidized slowly,
yielding blue solutions. In further analogy to TMPD, DHDAP
shows two successive one-electron oxidations, but both of its

Table 1 Redox and electronic absorption data for various p-phenylene-
diamines in acetonitrilea

E1/2(1), V E1/2(2), V lmax/nm
Compoundb (DEp-p, V) (DEp-p, V) (e 3 1023/M21 cm21)

p-Phenylenediamine 20.106 0.429 321 251
(0.063) (0.068) (2.6) (9.9)

3,6-Diaminodurene 20.259 0.237 308 245
(0.068) (0.066) (3.9) (9.8)

TMPD 20.281 0.294 332 266
(0.062) (0.060) (2.5) (17.4)

TMDAD 20.068 264 218
(0.443) (3.6) (13.0)

DHDAP 20.573 20.037 338 280 220
(0.066) (0.065) (27.6) (65.6) (193)

a All redox data were determined by cyclic voltammetry in CH3CN–0.1 M
n-Bu4N+ClO4 (applying 80% compensation for the solution resistance), and
are reported versus ferrocene. The E1/2 values are the mid-points between
the anodic and cathodic peak currents. b p-phenylenediamine, 3,6-diamino-
durene, and N,N,NA,NA-tetramethyl-p-phenylenediamine (TMPD) were
commercially available and sublimed before use. N,N,NA,NA-tetramethyl-
3,6-diaminodurene (TMDAD) was prepared according to the literature.10

Dodecahydro-3a,9a-diazaperylene (DHDAP) was prepared in this study.†

Scheme 1
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cyclic voltammetric (CV) waves are negative-shifted relative to
those of TMPD, by 292 mV for the first and 331 mV for the
second (Fig. 1). By comparison, TMDAD (its CV is also
included in Fig. 1) is oxidized 0.213 V more positive than
TMPD, reflecting its twisted geometry, which limits the extent
of conjugation. The anodic-to-cathodic peak current ratios for
both waves of DHDAP are equal to 1.0, indicating chemical
reversibilty. Bulk electrolysis to DHDAP·+ and then back to
DHDAP under the conditions of Fig. 1 led to 100% recovery of
DHDAP (by ultramicroelectrode voltammetry), showing that
DHDAP·+ is a stable species. The same experiment yielded the
following diffusion coefficient data: DDHDAP = 1.52 3 1025

cm2 s21 and DDHDAP·+/DDHDAP = 0.89. By comparison, DTMPD
= 2.58 3 1025 cm2 s21 and DTMPD·+/DTMPD = 0.79,12

reflecting the somewhat smaller size of TMPD. (The different
sizes of the CV waves of DHDAP and TMPD in Fig. 1 can be
accounted for completely by the small differences in the
concentrations and the diffusion coefficients.) Bulk electrolysis
to DHDAP2+ in CH3CN–0.1 M NaClO4 led to ca.. 80%
recovery of DHDAP. The peak-to-peak separation of DHDAP
is 66 ± 1 mV (vs. 59 mV for ferrocene) indicating a nearly
reversible redox couple. Indeed, fitting the CV data with the
Perkin–Elmer COOLTM software package we obtained as
electron transfer coefficient for the first wave, a = 0.546
(indicating an almost symmetric transition state) and a relatively
high value for the standard rate constant, k° = 10.7 cm s21.

The 292 mV negative shift of the first oxidation wave of
DHDAP relative to TMPD indicates that the HOMO of the
former is significantly higher in energy. Also, the two lower
energy absorptions of DHDAP are red-shifted by only 7–23 mV
(6–14 nm) relative to TMPD’s (Table 1), suggesting that the
HOMO and the LUMO of DHDAP are destabilized simultane-
ously by comparable amounts of energy.

The blue DHDAP·+ and TMPD·+ radicals were generated
quantitatively in transparent thin layer electrochemical cells,8
and their absorption spectra are shown in Fig. 2 alongside the
spectrum of TMDAD2+. The spectrum of DHDAP·+ is identical
to the spectrum of TMPD·+, indicating analogous structures and
identical chromophores. Similarly, the spectrum of the yellow
DHDAP2+ in CH3CN–0.1 M NaClO4 (not shown here) is
identical to the spectrum of TMDAD2+. Although energy
minimization (AM1 method) yields a boat-like structure for
TMDAD2+,10 and a planar structure for DHDAP2+, the fact that
their absorption spectra are identical implies that the differences
in their geometry are not important. In both cases the iminium
groups are electronically isolated from one another, probably
due to the perturbation imposed by the positive N-atoms.

In summary, the preparation of DHDAP has been straightfor-
ward. DHDAP demonstrates two well-separated one-electron
oxidation waves, shifted negatively by about 300 mV compared
with the corresponding waves of TMPD. DHDAP is expected to
render itself a main stream redox-active substance, with utility
in redox staircases, and as a charge transfer quencher.

This research was supported by the Petroleum Research
Fund, administered by the ACS (Grant No. 35154-AC5).
A. M. M. Rawashdeh thanks ICSC-World Laboratory for a
scholarship.

Notes and references
† Synthesis of dodecahydro-3a,9a-diazaperylene‡ (DHDAP): p-phenyl-
enediamine (0.50 g, 4.6 mmol, Aldrich, purified by sublimation) was added
to 1-bromo-3-chloropropane (25 ml, 0.25 mol) and the resulting yellow
solution was refluxed under Ar for 48 h. During this time a precipitate was
formed and the color of the reaction mixture changed to orange. It was then
cooled to rt, filtered under Ar and the pale orange solid was washed with
diethyl ether and dried in vacuo to give DHDAP2H+Br2Cl2 (1.51 g); 1H
NMR (400 MHz, D2O): d = 7.35 (s, 2H), 3.39 (t, J = 5.7 Hz, 8H,), 2.66 (t,
J = 6.9 Hz, 8H), 2.10 (quint, J = 5.7 Hz, 6.9 Hz, 8H). A solution of the
latter in 1 M HCl (50 ml, argon degassed) was made basic with 10% NaOH
(argon degassed) and then extracted with diethyl ether (3 3 100 ml).
Concentration of the pale yellow ether extracts after adding charcoal (rt) and
drying over solid NaOH yielded 0.40 g (32%) of DHDAP as colorless
platelets;§ mp 188–190 °C (lit.11a mp 190–191 °C; lit.11b mp 189–190
°C); 13C NMR (100 MHz, argon degassed CDCl3): d = 136.4, 119.6, 50.4,
24.9, 22.9 ppm; anal. calcd. for C18H24N2 (268.19): C, 80.55; H, 9.01; N,
10.44; found: C, 80.37; H, 9.06; N, 10.23.
‡ In ref. 11, the name of this compound was reported incorrectly as
1,2,3,3a,4,5,6,7,8,9,9a,10,11,12-tetradecahydro-3a,9a-diazaperylene.
§ The isolation of protonated DHDAP may be bypassed by extraction of the
reaction mixture with water, basification and isolation of DHDAP as
above.
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Fig. 1 Cyclic voltammograms of TMPD (1.71 mM), TMDAD (1.59 mM)
and DHDAP (1.38 mM) in Ar degassed solutions.

Fig. 2 Absorption spectra of TMPD (10.6 mM), TMDAD (11.1 mM), and
DHDAP (7.9 mM) recorded with a dual ITO-electrode thin-layer cell in Ar
degassed CH2Cl2–0.1 M n-Bu4N+ClO4
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design and synthesis of a novel class of photochromic molecules with
large TPACS
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Two novel photochromic compounds were designed and
synthesized; the two-photon absorption (TPA) cross section
of both were measured with a nanosecond laser pulse; their
TPACS (d ) values are around 25 3 10246 cm4 s photon21

molecule21 in acetonitrile; the molecular structure of the
target compounds have a 3-methyl-1-benzothiophen-2-yl
moiety, which can greatly enhance the two-photon absorp-
tion cross section.

In the early 1930’s two-photon absorption (TPA) of an atom
was introduced into the literature as a new concept by Göppert-
Mayer.1 The TPA can be defined as the simultaneous absorption
of two photons through a virtual state in a molecule or medium.
Theoretical studies have been done to define a unit of two-
photon absorption cross section (d ) as GM.

1 GM = 1 3 10250 cm4 s photon21 molecule21

After that, the experimental studies were not developed very
well for about forty years. In the 80’s and especially in the
90’s an upsurge of research on TPA followed the fast
development of various lasers and advanced techniques in
different fields, such as three dimensional (3D) optical
storage;2–4 the pioneer work being contributed by Rentzepis et
al.2 Other fields included 3D fluorescence imaging,5,6 3D
microfabrication,7,8 optical limiting9–11 and two-photon photo-
dynamic cancer therapy.12,13 Most of the advanced techniques
are interlinked between different sciences and techniques. Most
of them are based on TPA or multi-photon absorption (MPA).

Studies of TPA can be carried out by nanosecond, picosecond
or femtosecond laser pulses. TPA or MPA are based on
nonlinear properties of a molecule or medium. The main
advantage of TPA is that the excitation spatial area can be
selected accurately in a volume medium through a tightly
focused laser beam, so volume (3D) or multi-layer devices can
be exploited.

It is well known that systematic research on photochromism
was started from the 1950’s. Until the end of the 1980’s
photochromism was studied basically on molecules and sys-
tems.14 Two-photon induced photochromism was studied from
1989.2 Recently, Belfield and Fan et al.15 used a femtosecond
laser to study one beam two-photon induced photochromism
of 2-[1-(1,2-dimethyl-1H-indol-3-yl)ethylidene]-3-isopropyli-
dene succinic anhydride (indolyl fulgide). The TPACS (d ) was
measured through a Z-scan technique. The d value of indolyl
fulgide is 10.33 10248 cm4 s photon21 molecule21. It is almost
the same as that of the D-p-D type molecule, 1,4-bis{[4-
(4-dibutylamino)phenyl]buta-1,3-dienyl}-2,5-dimethoxyben-
zene7 (as large as 12.5 3 10248 cm4 s photon21 molecule21),
but indolyl fulgide is a D-p-A type molecule.

Unfortunately, design and synthesis for molecules with a
large TPA cross section have not been well developed. It is well
known that a large d value of a medium is a fundamental
property to make 3D or multilayer volume devices. The study of
the relationship between molecular structure and d value is quite

important. Some molecular models are designed as D-p-D, D-
p-A-p-D or A-p-D-p-A.7,16 Kim et al.17 studied p systems and
they found that the dithienothiophene chromophore as the
center p system can greatly enhance the TPA.

We find the connecting chromophore (D or A) can also
greatly affect the TPA. Two novel kinds of photochromic
compounds will be reported in this communication. The
chemical structure of these compounds has been identified by
NMR, MS and elemental analysis. They are 3,4-bis(3-methyl-
1-benzothiophen-2-yl)-2,5-dihydrofuran (I) and 3,4-bis(3-
methyl-1-benzothiophen-2-yl)-2,5-dihydrothiophene (II). The
photochromic reaction is described as follows.

hu is UV light; hu1 is visible light, it is a 532 nm laser beam
in this paper;

hu2 is blue light. C-I and C-II are the colored forms of I and
II.

The target compounds can be defined as 1,2-diarylethenes,18

but the 3,4-bis(3-methyl-1-benzothiophen-2-yl)heterocyclo-
pentene derivatives having photochromic properties have never
been reported before and never studied as TPA materials.

The one-photon absorption spectra were measured by a
spectrometer (Hitachi F-4500). Their maximum wavelengths
(lmax) are listed in Table 1.

In the transmittivity measurements, the second harmonic
wave of a Q-switched Nd:YAG laser (Spectra-Physics GCR
Series) with pulse duration of 10 ns was used as a pump source,
and a laser energy meter (Laser Precision Corp., Model Rj-
7200) with double detector was used as a recorder. The light
beam from the laser was firstly divided into two beams by an
optical splitter. The weaker one was used as a reference beam,
which entered directly into the detector of the laser energy meter

Table 1 Maximum wavelength (lmax) of absorption spectra of the target
compounds and their colored forms (C-I and C-II)

lmax/nm

Compd. Cyclohexane (CHX) Acetonitrile (ACN)

1 263, 310 263, 312
II 230, 264 230, 266
C-1 375 380
C-II 350 350

This journal is © The Royal Society of Chemistry 2001
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in order to monitor the intensity of the pump beam. The other
beam was focused into the solution of the compounds, and the
transmitted energy was measured by another detector of the
same laser energy meter. The diameter of the laser beam in the
sample was 0.6 mm.

The TPACS are calculated by a method in the literature.10

The results are collected in Table 2.
Compound I can be assigned as a D-p-A-p-D type molecule

based on the difference of electronegativity between oxygen
and sulfur. The benzothiophenyl could act as an electron donor
and the oxygen as an acceptor. On the other hand, there is no
difference in electronegativity of heteroatoms in compound II.
It is difficult to say how the photoinduced electron transfer
between different moieties of the molecule occurs. The d values
of studied compounds are almost the same in spite of the
difference in the centre moiety between dihydrofuran and
dihydrothiophene. In fact, the moieties on the left and right hand
side of the target molecules are the same, 3-methyl-1-benzo-
thiophen-2-yl.

The conclusion is that 3-methyl-1-benzothiophen-2-yl can
greatly enhance the TPA cross section of a molecule. Based on
papers we have checked in the literature, the d values of the
target compounds are the largest in acetonitrile. The reason for
the TPA enhancement of the 3-methyl-1-benzothiophen-2-yl
moiety could be owing to the lone election pairs of 3p electrons
on the sulfur atom. We propose that the enhancement

mechanism of dithienothiophene chromophore17 could also be
the same as that of 3-methyl-1-benzothiophen-2-yl. The
magnitude of the d value is a fundamental property of a
molecule or medium in making three dimensional optical
devices.

This work was supported by National Research fund for
Fundamental key project of China (G1999033005) and NSFC
(No. 29832030).
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Table 2 TPACS values of the target compounds in different solvents under
nanosecond laser pulse

Compounds I I II
Solvent CHXa ACNb ACNb

Concentration/1022 mol L21 1.00 1.00 1.00
Pulse duration/ns 10.0 10.0 10.0
Iin/1022 GM cm22 4.433 4.822 6.178
Iout/1022 GM cm22 3.367 3.903 3.827
NLO absorption coeff. b/cm GM21 21.59 42.59 39.59
dATPA/10218 cm4 GM21 3.585 7.053 6.575
dTPA/10246 cm4 s photon21 mol21 13.38 26.41 24.55
a CHX = cyclohexane. b ACN = acetonitrile.
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The selective formation of p-xylene is shown in toluene
disproportionation using a new catalyst which is surrounded
with a permselective membrane.

New technologies using inorganic membrane reactors have
become of interest with the development of preparation
methods for metal and ceramic membranes. The basic concept
of the membrane reactor is a coupling of a catalyst with a
membrane that gives (1) selective addition of reactants to the
reaction zone and (2) selective removal of products from the
reaction zone. Although the preparation of zeolite membranes
on porous supports has been extensively studied,1–9 the number
of reports regarding membrane reactors combined with zeolite
membranes is still small.10,11 Recently, titania plate-supported
platinum catalysts covered with a silicalite layer have been
developed by van der Pauil et al.12–14 who used titania/Pt/
silicalite composites for hydrogenation of linear and branched
alkenes. They showed that the yield of the hydrogenation of
linear alkenes was much higher than that of branched alkenes
because of a high diffusivity (D) of linear alkenes through the
silicalite layer.

In this study, we developed catalyst particles coated with a
permselective membrane. The reaction models for the potential
applications using this type of catalyst particle are shown in
Scheme 1. In the first example, if the diffusivity of reactant A is
much larger than that of B, reactant A selectively diffuses to a
catalyst particle through a membrane. The undesired reaction B
to S or the adsorption of B as a poison on the catalyst can be
prevented. In the second example, the reaction has a limited
yield or selectivity controlled by the reaction equilibrium
according to thermodynamics. The selective removal of desired
product R from the catalyst particle gives enhancement of
selectivity when the diffusivity of product R is much greater
than S.

A catalyst with a permselective membrane has a larger
membrane area per unit reactor volume compared to conven-
tional membrane reactors. This is one of the most advantageous
points of this catalyst considering practical applications since
the membranes with large membrane areas without pinholes or
cracks are difficult to prepare in many cases.

In this study, a silica-alumina catalyst covered with a
silicalite membrane was used for disproportionation of toluene
to produce benzene and xylene isomers, which is an example of
the reaction shown in Scheme 1(b). An amorphous acid catalyst,

silica-alumina, was first used in the industrial process of toluene
disproportionation.15 Following this, zeolite catalysts such as
mordenite, faujasite and ZSM-5 were reported to be very active
in catalyzing toluene disproportionation. However, the selectiv-
ity of p-xylene production was close to the thermodynamic
equilibrium. To overcome this, various improvements have
been carried out using medium pore zeolites, such as deal-
uminated MCM-2216 and ZSM-517 modified with P and Mg.
The high para-selectivity over modified MCM-22 and ZSM-5
can be explained by ‘restricted transition-state selectivity’ or
‘product selectivity’ inside the zeolite pores.

The silica-alumina/silicalite catalyst was prepared as follows:
silica-alumina particles (Nikki Chemical Co., Ltd.) with
composition of 82 wt% SiO2 and 13 wt% Al2O3 were crushed
to ca. 1 mm in size. The starting sol for the zeolite coating
consisted of colloidal silica (Nissan Chemical Industries, Ltd.),
tetrapropylammonium bromide (TPABr) and tetrapropyl-
ammonium hydroxide (TPAOH) (Wako Pure Chemical In-
dustries Co., Ltd.) and deionized water. The silica-alumina
particles were placed in the bottom of the sol with a molar ratio
of 3 SiO2+0.3 TPABr+0.3 TPAOH+130 H2O. The crystalliza-
tion was carried out in an autoclave at 453 K for 24 h. The
product was calcined in air at 773 K for 5 h with a heating rate
of 0.8 K min21 and characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and catalytic tests.

XRD patterns of silica-alumina particles and zeolite-coated
silica-alumina particles are shown in Fig. 1. No amorphous
phase was observed in the XRD pattern of the silicalite-coated
sample. The observed peaks are similar to the reported XRD
patterns of silicalite powder, indicating that randomly oriented
polycrystalline silicalite was formed on the silica-alumina
particles. Fig. 2 shows SEM images of the obtained particles
with different magnifications. The size of the silicalite crystals
formed on the silica-alumina was about 5 mm.

The disproportionation of toluene was performed using a
fixed-bed reactor (i.d. 4 mm) with a continuous flow system
under atmospheric pressure. The feed rate of toluene was 2.16
mg min21. The catalyst weight and the flow rate of helium
carrier were 1.3 g and 10 ml min21, respectively. Reaction

Scheme 1 Principle of operation of a catalyst particle coated with a
permselective membrane.

Fig. 1 XRD patterns of (a) silica-alumina particles and (b) silicalite-coated
silica-alumina particles.
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temperatures used were 723 and 823 K and the products were
directly introduced to an FID gas chromatograph.

Table 1 lists the yields of the xylene isomers and the fraction
of each xylene. The distribution of xylene isomers was very
close to their equilibrium value over the silica-alumina catalyst
without silicalite coating. On the other hand, the fraction of p-
xylene in xylene isomers (para-selectivity) over the silicalite-
coated catalyst largely exceeded the equilibrium value of about
22%. The selective permeation of p-xylene through silicalite
membranes has been reported by several groups.18–20 The high
para-selectivity in the toluene disproportionation is caused by
the selective removal of p-xylene from the silica-alumina
particles, which leads to an apparent equilibrium shift between
xylene isomers. The activity of the silicalite-coated catalyst was
lower than that of the non-coated catalyst because of diffusion
resistance through the membrane. A remarkable increase in the
yield of xylenes was found at high temperature (823 K) owing
to an increase in activated diffusivity of xylene through the
silicalite membrane. When silicalite crystals without silica-
alumina particles were used for the reaction, no catalytic

activity was observed. Therefore, the silicalite membrane on the
catalyst is believed to act not as a catalyst but as a separator.

High para-selectivity over shape-selective zeolite catalysts
has been reported previously16,17 (listed in Table 1). However,
the mechanism of selective p-xylene production in this study is
different from those observed in shape-selective zeolite cata-
lysts. Here, the high para-selectivity does not result from
‘product shape-selectivity’ but from the selective removal of the
produced p-xylene as seen in membrane reactors. The great
potential of catalyst particles coated with a permselective
membrane has been shown.

We would like to thank GHAS laboratory at Osaka
University for the XRD and SEM measurements.
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Table 1 Results of toluene disproportionation

Fraction of xylene (%)

Catalyst T/K WHSVa
Yield of
xylene (%) p m o Ref.

Silicalite/SAb 673 0.1 0.08 100 0 0 This work
823 0.1 0.4 91 5 4 This work

SA 673 0.1 1.5 23 52 25 This work
Silicalite 673 0.1 0.0 — — — This work
H-MCM-22 573 0.1 7.8 85.3 14.4 0.3 16
P-ZSM-5 873 10 21 97 2 1 17
Mg-ZSM-5 823 3.5 10.9 88 10 2 17
Thermodynamic equilibrium 673 — 22 54 24

823 — 22 54 24
a WHSV: weight hourly space velocity, (g of feed)/(g of catalyst) h21. b SA = silica-alumina.

Fig. 2 SEM images of a silicalite-coated silica-alumina particle.
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Unlike what has been theoretically proposed for ammonia
oxidation with hydrogen peroxide, trimethylamine oxida-
tion occurs with a concerted mechanism, which is favored
even when an explicit water molecule is added or continuum
solvent (water) is simulated.

Tertiary amines can be oxidised to their corresponding N-oxides
using a large variety of oxidants, one of the most widely used of
which is hydrogen peroxide. However, despite the simplicity of
this reaction, there is a lack of published ab initio calculations of
oxygen transfer from hydrogen peroxide to tertiary amines.

By means of such calculations, Bach et al. have extensively
studied the transfer of an oxygen atom from organic and
inorganic peroxy acids,1 dioxiranes,2 hydroperoxides3 and
hydrogen peroxide4 to a broad array of substrates (reactions
which involve the cleavage of an oxygen–oxygen s bond), but
the N-oxidation of tertiary amines by means of hydrogen
peroxide is still not completely understood. Such an under-
standing would be extremely useful because this reaction can be
considered a model for its biological counterpart, which
involves the hydroperoxy-enzymes that are currently the subject
of intense fundamental and applied research.5

Bach has also reported that the oxidation of ammonia by
hydrogen peroxide is a 2-step process dominated by a
1,2-hydrogen shift, which is followed by a simple SN2-like
displacement to afford H3NO and water: i.e. the transition state
seems to be controlled by the formation of the water oxide
(H2OO) during the reaction.4b Furthermore, investigation of the
role of solvation showed that a molecule of water stabilised the
transition state. This differs from the generally accepted
mechanism,6 which assumes that hydrogen peroxide is attacked
by the substrate with a direct nucleophilic displacement of the
b-peroxy oxygen. In this study, we investigated this last
mechanism by means of ab initio calculations, using the model
reaction of trimethylamine (TMA) oxidation to the correspond-
ing N-oxide (TMAO).

Table 1 shows the optimised geometries and related energies
of the reagent complex (TMA–H2O2), transition state (TS-1)
and product complex (TMAO–H2O) obtained using the
6-31+G* basis set at different levels of theory.7 The TMA–
H2O2 complex was obtained through the hydrogen bond
between the hydrogen of H2O2 and the TMA nitrogen.
Differences in geometry (mainly in the torsion angle3HOOH)
and energy can be found using HF, B3LYP or MP2 calculations.
Significant differences in energy were also found in TS-1,
which had only one negative eigenvalue in the Hessian matrix,
and DE values ranging from 72.24 kcal mol21 (HF) to 36.86
kcal mol21 (B3LYP). Initial TS-1 geometries were obtained
from several relaxed PES scans and refined with the eigenvalue-
following methodology. It has been reported that the activation
energy involved in the oxidation of ammonia by means of water
oxide is regulated by the formation of the water oxide itself (56
kcal mol21 MP4SDTQ/6-31G*//MP2/6-31G*),4a but our calcu-

lated activation barriers were in the range of 36–39 kcal mol21

for B3LYP and MP2 (without ZPE), and thus far below the
energy of water oxide formation. This suggests a concerted
mechanism for the oxidation of TMA by means of hydrogen
peroxide. Another important aspect for all of the transition
states (TS-1) is that the hydrogen is not partially shifted towards
the distal oxygen as in the concerted transition state mechanism
found by Bach in the case of the oxidation of ammonia.4a

In our calculations, the 1,2-hydrogen shift occurs with the
transfer of oxygen by cleavage of the O–O bond after the
activation barrier is crossed. This was also demonstrated by far-
reaching intrinsic reaction coordinate (IRC) calculations along
the reaction pathway.8

In the TMAO–H2O complex, the water was in staggered
disposition to the methyl group in TMAO and had a strong
hydrogen bond ( ~ 10 kcal mol21 for each case), as has already
been shown for the TMAO–H2O complex.9

Oxidations with hydrogen peroxide are typically carried out
in aqueous solution, and so specific solvent effects were
calculated including one explicit water molecule. The transition
state (TS-2) parameters (together with the TMA–H2O2–H2O
and TMAO–H2O–H2O complexes) are summarised in Table 2.

† Electronic supplementary information (ESI) available: transition state
structures and experimental data. See http://www.rsc.org/suppdata/cc/b1/
b104902j/

Table 1 Optimized geometries and energies for the N-oxidation of TMA
with H2O2 (6-31+G* basis set)

HF B3LYP B3LYPa MP2b

TMA–H2O2

R(OO)c 1.398 1.462 1.459 1.481
R(NO) 2.914 2.790 2.770 2.770
R(NH) 1.953 1.787 1.759 1.769
3NOOd 100.3 98.0 100.4 92.8
3HOOH 2116.9 2122.9 2105.6 2126.8
Ee 2324.05650 2326.04573 2326.04815 2325.00570
EZPE

f 0.16123 0.14982 0.14984 0.15212
TS-1

R(OO) 1.915 2.018 2.016 2.010
R(NO) 1.759 1.826 1.834 1.762
3NOO 164.2 161.1 170.3 164.5
3HOOH 2122.0 2120.2 2125.8 2123.0
Frequenciesg 984i 775i 421i 1147i
E 2323.94138 2325.98699 2326.00338 2324.94305
EZPE 0.15723 0.14982 0.14684 0.14801
DEh 72.24 36.86 28.10 39.31
DEIR

i 64.42 26.65 18.03 26.23
TMAO–H2O

R(OO) 2.794 2.711 2.717 2.726
R(NO) 1.369 1.384 1.384 1.387
3NOO 105.1 99.5 142.3 98.4
E 2324.09258 2326.08734 2326.08493 2325.04795
EZPE 0.16225 0.15100 0.15031 0.15356
a In bulk solvent (water). b MP2 frozen core. c Bond lengths in Å. d Angles
in deg. e Total energy in hartree with geometry optimized at the level
indicated. f Zero-point energies in hartree. g Frequencies in cm21. h Relative
energy in kcal mol21. i Energies relative to the isolated reactants in kcal
mol21.
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The geometric and energy parameters obtained from the
optimised structures indicate the presence of hydrogen bonds.

Comparing the energies obtained from the optimised TMA–
H2O2 and TMA–H2O2–H2O complexes with those of the
isolated reactants, the energy of the water-induced hydrogen
bond stabilisation was 6–9 kcal mol21, and further increased in
the transition state: the DE values for TS-2 were 8–10 kcal
mol21 below the TS-1 values. The overall barrier from the
isolated reactants was also reduced by about 16–20 kcal
mol21 (DEIR in Tables 1 and 2) by the action of one molecule
of water.

TS-2 optimisation and IRC indicated that the water molecule
did not act as a proton relay, but was involved in a relatively
strong hydrogen bond linking the complex. This finding is very
important because it excludes the alternative mechanism of the
1,4-hydrogen shift that has been proposed for ammonia
oxidation via hydrated water oxide.4b The 1,4-shift barrier for
hydrated water oxide at MP4SDTQ/6-31G*//MP2/6-31G* was
37.4 kcal mol21,4b whereas we calculated a barrier of 30.89 kcal
mol21 for TS-2 at MP2/6-31+G*. These results suggest that the
concerted mechanism is preferred even when one molecule of
water is added.

We also studied the effect of a continuum bulk solvent, and
analysed its consequences on the geometric and energetic
characteristics of the reaction. Our attempts to calculate the bulk
solvent effect using polarised continuum model (PCM) ap-
proaches were unsuccessful,10 and so we adopted the Onsager
model.11 The results obtained at the B3LYP level (summarised
in italics in Table 1) show that the solvent induced only small
geometric changes. The main effect was a decrease in the
imaginary frequency associated with the transition state, which
indicates that this is significantly looser in aqueous solution
than in the gas phase. Despite the small difference between
some of the geometric parameters optimised in the gas phase

and solution, there was a significant difference in the implied
energy. Comparison of the energy in the gas phase and solution
clearly showed that the transition state was stabilized (8.62 kcal
mol21) as a result of the electrostatic effect of the solvent. On
the other hand, the TMA–H2O2 complex was destabilized by
0.15 kcal mol21 and the TMAO–H2O complex stabilized by
2.47 kcal mol21.

Comparison of the optimised structures in bulk solvent and
with one explicit water molecule revealed that the geometric
differences were mainly localised to the transition state and, to
a lesser extent, to the product complex: e.g. in the transition
state, the N–O distance was lengthened in solution by 0.110 Å
and the O–O bond simultaneously shortened by 0.07 Å.

In brief, unlike what has been proposed for ammonia, our
results show that the 1,2-hydrogen shift follows the oxygen
transfer in the case of TMA oxidation by means of hydrogen
peroxide. The concerted mechanism was favoured at the studied
theoretical levels even when an explicit water molecule was
added or continuum water was simulated.

We thank the BVMO project (Biotechnology Programme of
the European Commission BIO4-CT98-0267) for its financial
support.
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Table 2 Optimized geometries and energies for the N-oxidation of TMA
with H2O2 in the presence of one water molecule (6-31+G* basis set)

HF B3LYP MP2a

TMA–H2O2–H2O

R(OO)b 1.396 1.456 1.472
R(NH) 1.924 1.749 1.736
3NOOc 104.8 106.0 103.9
3HOOH 2109.3 2107.9 2126.8
Ed 2400.08350 2402.48018 2401.22984
EZPE

e 0.18721 0.17457 0.17702
TS-2

R(OO) 1.899 2.090 2.014
R(NO) 1.761 1.724 1.701
R(HBOH–water) 1.928 1.828 1.867
R(HBwater–OH) 1.747 1.570 1.654
3NOO 170.9 165.5 165.8
3HOOH 2124.1 2114.8 2116.6
Frequenciesf 883i 359i 623i
E 2399.98506 2402.43481 2401.18062
EZPE 0.18597 0.17264 0.17533
DEg 61.77 28.47 30.89
DEIR

h 48.18 10.81 8.79
TMAO–H2O–H2O

R(OO) 2.760 2.671 2.692
R(NO) 1.367 1.385 1.387
3NOO 122.7 118.9 118.4
E 2400.12549 2400.51944 2401.27841
EZPE 0.18915 0.17619 0.17897
a MP2 frozen core. b Bond lengths in Å. c Angles in deg. d Total energy in
hartree with geometry optimized at the level indicated. e Zero-point energies
in hartree. f Frequencies in cm21. g Relative energy in kcal mol21.
h Energies relative to the isolated reactants in kcal mol21.
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The induction period of dehydroaromatization of methane
to benzene over Mo/HZSM-5 had been investigated in real-
time by the resonant-enhanced two-photon ionization
(RE2PI) technique; it is remarkable that there is a small
amount of benzene formed in the early stage of the induction
period; we suggest that the trace amount of benzene was
caused by the reduction of the original Mo6+ ion during the
induction period and the Mo6+ species has a slight catalytic
activity for methane–benzene conversion.

Direct conversion of methane to higher hydrocarbons, partic-
ularly to aromatics such as benzene, toluene, and naphthalene
under non-oxidative conditions has received considerable
recent attention.1–3 The dehydroaromatization reaction of
methane to benzene over the Mo/HZSM-5 catalysts in flow
reactors has been carried out and achieved some attractive
results, such as a methane conversion of 7–8% with 70–80%
selectivity to benzene. Although a similar catalytic performance
has been reported by several groups2,4–7 for methane conversion
over Mo/HZSM-5, differing active sites, reaction mechanisms
and reaction intermediates have been proposed by various
investigators. Xu et al.6 suggest that MoO3 may be involved as
the catalytically active center, and that dimerization of a
CH2NMoO3 species occurs to produce ethylene as the reaction
intermediate. Later they further proposed that the active center
was partially reduced molybdenum oxide species MoO(32 x).
Lin et al.7 supposed that the activation of methane to form CH3·
radicals occurred via a synergistic action between MoOx and the
Brønsted acid site, and the CH3· radicals dimerized to form
ethane as the primary product. Wang et al.8 reported that the
reaction is characterized by an induction period, prior to the
initiation of benzene formation, during which Mo2C is formed
and coke deposition occurs, as revealed by X-ray photoelectron
spectroscopy (XPS) measurements. Solymosi et al.9 suggested
that Mo2C–MoO2 with an oxygen deficiency was responsible
for the production of ethylene from methane, and ethylene was
then converted to benzene on the acidic sites of HZSM-5
support. This reaction is characterized by an induction period,
prior to the initiation of benzene production, during which the
catalyst surface undergoes physical and chemical changes and
gradually forms catalytic active sites, so it is without doubt that
the amount of the reaction products varies with time and
different detective methods will give rise to different reaction
mechanisms.

The resonant-enhanced multi-photon ionization (REMPI)
spectrum technique has a high sensitivity and good selectivity.
It has been widely used to study spectrum structures and energy-
transfer dynamics of atoms, molecules and free radicals.10,11 In
REMPI, we exploit a tunable laser to selectively ionize the
product molecules and collect the signals of the resulting
photoelectrons via electrodes. Based on the ion signals of
specified reactant or products, we can instantly monitor the

changes of the content of the objective species in the reaction
product mixture, monitoring the course of catalytic reaction. In
this paper, we investigated in real-time the induction period of
the reaction by RE2PI (resonant-enhanced 2-photon ionization)
technique and new phenomena have been observed.

According to the resonant-enhanced two-photon ionization
spectrum of benzene, we use UV light at 259.5 nm obtained
from the frequency-doubled output by the BBO crystal of a dye-
laser (Lambda-Physick model FL2002) operating with Cou-
marin 503 dye, which is pumped by XeCl (Xe/HCl/He)
excimer. A Photodiode was used to monitor the wave of laser
energy. Through the amplifier and BOXCAR, ion signals
produced by the two electrodes were collected by micro-
computer. Typical dye laser pulse energy was attenuated to ~ 50
mJ, before accessing detection windows. All ionization signal
measurements were an average of 6 laser pulses, in order to
remove pulse to pulse signal variations caused by fluctuations
of pump laser energies.

The catalyst was prepared by impregnating an aqueous
solution containing the desired amount of ammonium heptamo-
lybdate [(NH4)6Mo7O24] in a vacuum environment at rt for 24 h,
followed by drying for 4 h at 120 °C and then calcining for 4 h
at 500 °C in air. The calcined samples were crushed and sieved
to 60/80 mesh granules. Since all of the Mo-containing solution
was deposited onto HZSM-5 support during drying, the Mo
content in the final catalyst was assumed to be the same as the
total Mo content of the solution.

Reactions were carried out in a fixed bed continuous up-flow
quartz reactor with an inter diameter of 7 mm and using 0.1 g of
catalyst. The upper section of the reactor is a pair of detection
electrodes and detecting windows and the middle is a catalyst
bed. Temperature was measured by a type K thermocouple
located inside a quartz sheath in contact with the catalyst bed.
The reactor effluent was sampled using transfer lines held at 400
K, avoiding gas-product condensations. The hourly space
velocity of methane was 1500 ml g21 h21. Reactant and flush
gases which included 50% CH4–Ar, Ar (99.99%), respectively,
were used with further purification and gas flows were
regulated by mass flow controllers. The catalyst was first heated
under the flow reactor in a stream of Ar from rt to 973 K for 1 h,
maintained at a temperature of 973 K for 0.5 h, and then the 50%
CH4–Ar reactant gas mixture was introduced into the reactor.
The reaction mixtures were also analyzed by online Gas
Chromatography (Shanghai Xianchuang Instrument Factory,
Model GC-8810) using a column SE-30 and hydrogen flame
ionization detector. All studies were carried out at atmospheric
pressure and at 973 K.

The aromatization reaction of methane over 6 wt% Mo/
HZSM-5 was studied at 973 K by RE2PI techniques and
experimental results are shown in Fig. 1. It is obvious to see
from Fig. 1(A) that the dehydroaromation reaction of methane
to benzene over Mo/HZSM-5 zeolite does have an induction
period for CH4 activation. The results of RE2PI are almost the
same as the results of GC, which proves that REMPI is a reliable
technique to study this reaction. But it is noteworthy that there

† Current address: Department of Chemistry and Biochemistry, UCLA,
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is a small amount of benzene formed at the very beginning of
the reaction. Though compared with the amount of benzene
after the induction period, the amount of benzene in the early
stage of the induction period is negligible; it is an important hint
for the reaction mechanism. This phenomenon has never been
reported in previous studies. According to Fig. 1(A), we divided
the induction period into two continuous sections; one is from 0
to 50 min and the other is from 50 to 90 min. In section one,
when reactant gases were contacted with the catalyst, benzene
was immediately formed. With the increase of reaction time, the
benzene signal grows slowly. After reaching its highest point at
about 27 min, the benzene signal began to decrease steadily. At
the end of section one, there is no benzene signal. In section two,
there is no signal of benzene. From Fig. 1(B), we see that the
conversion of methane in these sections is totally different. In

section one, the conversion of methane is 1–2%; in section two,
the conversion of methane increases with time and reaches its
highest point, 31%, at about 52 min, and then decreases. After
section two, a significant amount of benzene was produced,
while the conversion of methane almost keeps constant at ~ 7%.
The signal of benzene from GC in Fig. 1(B) is the same with in
Fig. 1(A), except the unit. Under the same reaction conditions,
we repeated the experiment with 3.5 wt% Mo/HZSM-5 and 12
wt% Mo/HZSM catalysts and achieved similar results. The only
differences are the lengths of induction period for the three
catalysts.

As to the mechanism of methane aromatization reaction to
benzene over Mo/HZSM-5 catalyst without oxidant, we suggest
that the limited generation of benzene in the induction period
section two was produced during the reduction of the original
Mo6+ species. Less than 2% of the incoming methane was
converted and only a trace amount of benzene was formed,
showing that the Mo6+ species has a slight catalytic activity for
methane–benzene conversion. The Mo6+ ion was reduced to
lower oxidation state Mo species in this section. However in
section two, a large amount of methane interacted with the
catalyst without generation of benzene, suggesting that large
amounts of carbon deposited on the catalyst in the course of
high temperature methane conversion. The catalytic active sites
were converted from Mo6+ species, which are unstable and
easily reduced, to lower oxidation states of Mo species, which
are very stable in a non-oxidizing atmosphere.
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Fig. 1 (A) Benzene RE2PI and GC results versus reaction time over 6 wt%
Mo/HZSM-5 at 973 K, 1 atm and GHSV = 1500 h21.T denotes ion signal
results by RE2PI,T 4T denotes GC results. (B) Methane conversion and
benzene relative peak area by GC method over 6 wt% Mo/HZSM-5 at 973
K, 1 atm, and GHSV = 1500 h21.
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ORF22 from the chloroeremomycin gene cluster has been
cloned, expressed and characterised as a hydroxymandelate
oxidase (HmO) that is involved in the formation of both (S)-
4-hydroxyphenylglycine and (S)-3,5-dihydroxyphenylgly-
cine.

The glycopeptide antibiotics vancomycin (1, Fig. 1) and
teicoplanin are currently the treatment of last resort against
methicillin-resistant Staphylococcus aureus.1 The continued
rise of vancomycin-resistant bacteria has heightened the need
for new therapeutic agents. Manipulation of the biosynthetic
gene cluster of glycopeptide antibiotics may be a potential route
to new antibiotics. To explore this approach we have set out to
elucidate the function of the genes involved in chloro-
eremomycin biosynthesis, another important member from the
vancomycin family (2, Fig. 1).2 In this communication we
report the overexpression of the protein coded for by orf22 from
the chloroeremomycin gene cluster, and its characterisation as a
flavin-dependent oxidase catalysing the conversion of 4-
hydroxymandelic acid and 3,5-dihydroxymandelic acid to their
corresponding keto acids.

(R)-4-Hydroxyphenylglycine, found at positions 4 and 5 of
the heptapeptide backbone of chloroeremomycin, is one of a
number of rare amino acids in glycopeptide antibiotics. The
peptide synthetase involved in the biosynthesis of chloro-
eremomycin contains epimerase domains for amino acids 2, 4
and 5, which suggests that (S)-4-hydroxyphenylglycine is the
precursor of (R)-4-hydroxyphenylglycyl units at positions 4 and
5. Recently we have determined that orf21 codes for a

dioxygenase involved in the pathway to (S)-4-hydroxyphenyl-
glycine.3 This enzyme, 4-hydroxymandelic acid synthase
(HmaS), catalyses the production of 4-hydroxymandelate (4)
(4HMA) from 4-hydroxyphenylpyruvate (3) (4HPP) (Fig. 2).
Based on this discovery, it was postulated that ORF22, which
shows homology to a known glycolate oxidase4 (50% similarity
and 40% identity) might oxidise 4-hydroxymandelic acid to its
keto-acid derivative (5) followed by transamination, possibly
by ORF17, to give (S)-4-hydroxyphenylglycine (6) (Fig. 2).
During the preparation of this manuscript, Hubbard et al.
published a paper independently establishing parts of the results
presented here.5

In order to confirm the proposed pathway for the formation of
4HPG, orf22 was amplified by polymerase chain reaction
(PCR) and cloned into the expression vector pET28a(+)
(Novagen) as an N-terminal His6-tagged protein. The resulting
plasmid was used to transform the expression host E. coli
BL21(DE3). Overexpression was carried out at 37 °C in 1 L 2
3 YT medium with induction by isopropyl b-D-thiogalactoside
(IPTG, 1 mM). The protein was recovered as an ammonium
sulfate precipitate and further purified on Ni2+-NTA agarose
resin. The resulting protein was then transferred into 50 mM
HEPES buffer, pH 7.6 using Millipore centrifugal filters. The
purified protein showed a single band on a SDS-PAGE gel. The
relative molecular mass was determined by ESI-MS to be 39863
± 5 Da which was in excellent agreement with that calculated
from the protein sequence (39864 Da). The enzyme contained a
cofactor which was released when the protein was denatured by
heat. This was determined to be FMN by HPLC analysis.

The enzyme (50 mg) was incubated with commercially
available racemic 4HMA (20 mM) in HEPES buffer (50 mM,
pH 7.6, 0.5 mL) in the presence of molecular oxygen, flavin
mononucleotide (FMN, 0.5 mM) and catalase (1600 IU) at
25 °C for 16 h. The reaction was then quenched with 100 mL 6
M HCl and extracted with ethyl acetate (3 3 1 mL). The
combined organic phases were dried with N2 gas and the
products converted to their methyl esters using diazomethane.
The mixture was analysed by ammonia chemical ionisation GC-
MS. The GC trace clearly shows that a new compound had been
produced with a retention time of 16.0 min (Fig. 3, the substrate
had a retention time of 16.0 min). The newly formed product

† Electronic supplementary information (ESI) available: SDS-PAGE
analysis of HmO and molecular weight analysis of HmO protein by ESI-MS
and GC/CI-MS of the enzymatic conversion of 3,5DHMA with HmO. See
http://www.rsc.org/suppdata/cc/b1/b103548g/

Fig. 1 Structures of vancomycin (1) and chloroeremomcyin (2).

Fig. 2 Proposed biosynthetic pathway for 4-hydroxyphenylglycine (6):
4HmaS, 4-hydroxymandelate synthase; 4HmO, 4-hydroxymandelate oxi-
dase; 4HpgT, 4-hydroxyphenylglyoxylate transaminase.
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was identified as 4-methoxyphenylglyoxylate methyl ester
(identical retention time and fragmentation pattern to standard
material). This identifies orf22 as a hydroxymandelic acid
oxidase (HmO) and strongly suggests that it is involved in the
formation of (S)-4-hydroxyphenylglycine.

The stereochemistry of the substrate was elucidated using a
racemic mixture of 4HMA and determining the optical rotation
of the enantiomer remaining at the end of the incubation. Thus,
the 4-hydroxymandelic acid isolated from the reaction had a
negative optical rotation ([a]D

2525.1°, c = 2.5, ethanol) which
corresponds to the same sign as synthetic (R)-4HMA ([a]D

25

210.2°, c = 0.98, H2O).6 The enzyme was also found to oxidise
commercially available (S)-mandelic acid but not (R)-mandelic
acid. These combined results lead to the conclusion that (S)-
4HMA is the natural substrate for the enzyme. Previous studies
had determined that (S)-3,5-dihydroxyphenylglycine, another
rare amino acid found in glycopeptide antibiotics, was formed
from acetate via a polyketide pathway.7,8 Analysis of the gene
cluster reveals orf27 to be homologous to a number of chalcone
synthases (polyketide synthases found mainly in plants). Recent
work suggests that the pathway to (S)-3,5-dihydroxyphenylgly-
cine involves the formation of 3,5-dihydroxyphenylacetic acid
by ORF279a followed by hydroxylation at the benzylic position,
oxidation to the keto-acid and transamination to (S)-3,5-dihy-
droxyphenylglycine. The last two steps in this pathway are the
same as those for (S)-4-hydroxyphenylglycine. Therefore it is
tempting to suggest that ORF22 might also participate in this
pathway and catalyse the oxidation 3,5-dihydroxyphenylman-
delate to its keto-acid derivative. To test this, racemic
3,5-dihydroxymandelic acid9b was incubated with HmO as
described previously (a shorter incubation time was used in this
case) and the products analysed by GC-MS. The results show
that 3,5-dihydroxymandelic acid is oxidised by the enzyme to
give 3,5-dihydroxyphenylglyoxylic acid. This provides strong
evidence that HmO is involved in the formation of both (S)-
4-hydroxyphenylglycine and (S)-3,5-dihydroxyphenylglycine.
The reaction catalysed by HmO can therefore be summarised as
shown in Fig. 4.

Flavin-dependent enzymes are normally divided into two
classes, oxidases and dehydrogenases.10 Oxidases use molec-

ular oxygen to oxidise the flavin after each reaction cycle with
the formation of hydrogen peroxide, whereas dehydrogenases
re-oxidised the flavin through electron transfer from proteins,
such as ubiquinine or cytochrome b5. To determine whether
HmO is an oxidase or dehydrogenase the incubation mixtures
were tested for the presence of hydrogen peroxide using a
coupled assay of horseradish peroxidase (HRP) and o-dianisi-
dine.11,12 HRP generates o-dianisidine radicals which combine
with 4HMA to give a product with an absorbance maximum at
550 nm (Fig. 5, trace a). When HmO was incubated with HRP
and o-dianisidine an increase in absorbance at 550 nm was
observed (Fig. 5, trace b). This determines that HmO is formally
a flavin dependent oxidase.

In summary, we have identified the enzyme coded for by
orf22, as a hydroxymandelate oxidase (HmO) which carries out
the oxidation of both 4-hydroxymandelic acid and 3,5-hydroxy-
mandelic acid. This provides strong evidence that it is involved
in the pathway to both (S)-4-hydroxyphenylglycine and (S)-
3,5-dihydroxyphenylglycine and sheds new light on how these
important antibiotics are biosynthesised.
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Fig. 3 GC trace and CI mass spectrum of an enzyme reaction of 4HMA with
HmO after derivatisation by diazomethane showing 4-hydroxyphenyl-
glyoxylic acid (4HPGA, product) and 4-hydroxymandelic acid (4HMA,
substrate).

Fig. 4 Oxidation of (S)-4-hydroxymandelate ((S)-4HMA) and (S)-3,5-di-
hydroxymandelate ((S)-4DHMA) to 4-hydroxyphenylglyoxylate by 4HmO
in the presence of FMN and molecular oxygen.

Fig. 5 Visible spectra probing the generation of H2O2 during HmO
catalysis. a: enzymic reaction of horseradish peroxidase plus H2O2, o-
dianisidine and 4HMA, b: enzymic reaction of HmO plus o-dianisidine and
horseradish peroxidase, c: blank reaction omitting HmO.
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Addition of b-Ga2O3 to H-ZSM-5, as a physical mixture,
enhances the formation of aromatic hydrocarbons in the
methanol to hydrocarbons reaction.

Methanol conversion to hydrocarbons has been extensively
studied using zeolite catalysts1 since Chang and Silvestri
reported this reaction for the zeolite H-ZSM-5.2 The reaction
has been demonstrated over a range of zeolites and microporous
materials, e.g. zeolite Y,3 zeolite b,4 mordenite,5 Me-APO-5,6
SAPO-34,7 as well as non-microporous catalysts e.g. WO3–g-
Al2O3.8 During these studies most attention has focussed on the
reaction mechanism for the formation of the first carbon–carbon
bond.1 In addition, significant attention has been given to the
control of the product distribution e.g. the formation of light
alkenes or gasoline.1 In all these previous studies it is surprising
that no attention has been given to the use of composite catalysts
in which an oxide and zeolite are mixed together. We have now
addressed this, and we have found that the addition of b-Ga2O3
to H-ZSM-5 can dramatically enhance the yield of aromatic
hydrocarbons and in this communication we present our
preliminary results.

H-ZSM-5 (Si+Al mol ratio = 80; calcined at 350 °C, 3 h; PQ
Corporation) and b-Ga2O3 (Aldrich, 99.99%) were obtained
commercially and used without further purification or treat-
ment. The methanol to hydrocarbons reaction was carried out
using a standard laboratory microreactor. Methanol was fed
using a calibrated syringe pump to a vaporisor, mixed with
helium diluent (60 ml min21) and was reacted over the catalyst
(0.25 g) in the heated zone of a tubular microreactor (id = 9
mm). Product analysis was carried out using on-line gas
chromatography and the lines to and from the reactor were
heated to avoid condensation of the products.

H-ZSM-5 and b-Ga2O3 were separately reacted with metha-
nol (400 °C, 3.1 g methanol g catalyst21 h21) and the results are
shown in Table 1. It is apparent that b-Ga2O3 is not active for
this reaction under these conditions (experiment 3), whereas, as
expected H-ZSM-5 gives complete conversion of the methanol
to hydrocarbons (experiment 1).

Subsequently, the zeolite (0.125 g) and b-Ga2O3 (0.125 g)
were mixed together as a physical mixture. This was achieved
by mixing either the powders or pellets (b-Ga2O3, 250–300 mm;
H-ZSM-5, 600–1000 mm) together in a glass tube without
crushing. This simple physical mixture gave a significantly
higher yield of aromatic compounds and lower yields of C4 + C5
hydrocarbons, when compared with the same mass of H-ZSM-5
alone (experiment 4). A blank experiment in which BN (0.125
g), a material that is totally unreactive for the conversion of
methanol under these reaction conditions, was physically mixed
in the same way with H-ZSM-5 (0.125 g) gave no enhancement
in the yield of aromatic hydrocarbons (experiment 2). In a
subsequent set of experiments, separate beds of b-Ga2O3 (0.125
g) and H-ZSM-5 (0.125 g) were reacted with methanol. In these
experiments the two beds were separated by glass beads so that
there was no physical contact between the two materials. The
results (experiments 5 and 6, Table 1) show that no enhance-
ment in the yield of aromatic compounds was observed. This
indicates that the effect is the result of physical contact between
the two materials. To demonstrate this, an experiment was
carried out using a physical mixture of H-ZSM-5 pellets (0.125
g, particle diameter = 600–1000 mm, prepared by pelleting and
sieving the zeolite) and b-Ga2O3 powder (0.125 g, particle
diameter < 80 mm). The results for methanol conversion
(400 °C, 3.1 g methanol g catalyst21 h21) are shown in Fig. 1,
and a yield of aromatic hydrocarbons > 20 wt% is observed.
After 270 min time on line, the flow of methanol was stopped
and the catalyst was cooled in He to ambient temperature. Once
cooled, the b-Ga2O3 (powder)–H-ZSM-5 (pellets) mixture was
sieved to separate the b-Ga2O3 from the zeolite. Analysis of the
two components by powder X-ray diffraction indicated that no
changes had occurred during the reaction to the crystallinity of
these materials, althouth it is recognised that this technique
cannot provide information on the formation of nano-crystalline
material. In addition, analysis of the zeolite pellets using atomic
absorption spectroscopy confirmed that it did not contain any
gallium. Both materials were retested for methanol conversion
using the same conditions that had been used for the previous

Table 1 Methanol conversion to hydrocarbons over H-ZSM-5, b-Ga2O3 and b-Ga2O3–H-ZSM-5a

Product selectivity (%)b

Experiment
No. Catalyst

Methanol
conversion
(%) CH4 C2 C3 C4 C5 C6+ C6H6 C7H8 C8H10 C9H12

Aromatic
yield (%)

1 H-ZSM-5–glass beadsc 100 0.2 8.8 38.4 27.6 10.4 5.5 2.4 1.4 3.4 2.7 10.4
2 H-ZSM-5–BNd 100 0.2 6.3 36.1 28.2 12.6 7.3 3.1 1.1 2.7 2.5 9.3
3 b-Ga2O3 –glass beadse 0.5 trf tr tr tr tr — — — — — 0
4 b-Ga2O3–H-ZSM-5g 100 0.3 6.5 35.5 21.9 12.7 4.9 4.6 2.2 5.9 5.5 18.2
5 b-Ga2O3–H-ZSM-5h Sandwich 100 1.5 5.1 40.8 31.1 8.9 5.1 3.8 0.7 1.6 1.4 7.5
6 H-ZSM-5–b-Ga2O3

i Sandwich 100 0.2 8.0 43.9 24.9 10.2 4.3 4.0 0.8 2.1 1.6 8.5
a 400 °C, 3.1 g methanol g catalyst21 h21. b Selectivity for alkenes and alkanes are combined. c H-ZSM-5 (0.125 g, pellets) + glass beads (0.125 g) mixed.
d H-ZSM-5 (0.125 g, pellets) + boron nitride (0.125 g, pellets) mixed. e b-Ga2O3 (0.125 g, pellets) + glass beads (0.125 g) mixed. f tr = trace. g H-ZSM-5
(0.125 g, pellets, 600–1000 mm) + b-Ga2O3 (0.125 g, pellets, 250–300 mm) mixed. h Bed of b-Ga2O3 (0.125 g, pellets) upstream of H-ZSM-5 (0.125 g,
pellets), the two beds separated by glass beads. i Bed of H-ZSM-5 (0.125 g, pellets) upstream of b-Ga2O3 (0.125 g, pellets), the two beds separated by glass
beads.
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physical mixture experiment. The b-Ga2O3 was found to be
inactive. The results for the H-ZSM-5 pellets (Fig. 1) show that
the yield of aromatic hydrocarbons was now much lower
(typically 13–14 wt%), and typical for that expected for H-
ZSM-5 alone. This experiment demonstrates that the b-Ga2O3–
H-ZSM-5 composite catalyst exhibits a new catalytically active
site that gives enhanced yields of aromatic hydrocarbons. It is
proposed that this new site involves contact synergy between
the crystallites of b-Ga2O3 and H-ZSM-5. Furthermore, it is
apparent that these sites can be removed by separating the
physical mixture. To confirm this effect, a further experiment
was conducted in which b-Ga2O3 (0.125 g) and H-ZSM-5
(0.125 g) were ground together to achieve a uniform intimate
mixture. When this intimately mixed material was tested for
methanol conversion (400 °C, 0.7 g methanol g catalyst21 h21)
the yield of aromatic hydrocarbons increased to 51.4 wt%
(24.2% C8H10, 20.6% C9H12). Investigation of other ratios of
Ga2O3–H-ZSM-5 confirmed that the 1+1 physical mixture gives
the most marked enhancement in the yield of aromatic
hydrocarbon (Fig. 2) which is consistent with the proposal of
the active site for enhanced aromatic formation being at the
junction of the b-Ga2O3 and H-ZSM-5 particles. It is proposed
that at this site alkenes are dimerised and aromatised in a similar
manner to the aromatisation of propane in the Cyclar process
which is observed at temperatures > 600 °C using Ga3+-doped
H-ZSM-5.9 Indeed, recently Lunsford and co-workers10

showed that ethene could be converted to aromatic products

using a Ga–H-ZSM-5 catalyst at temperatures in the range
500–550 °C. To demonstrate the generality of the observed
effect, we have also investigated b-Ga2O3–zeolite b and b-
Ga2O3–WO3–g-Al2O3 physical mixture and have observed
similar effects of contact synergy. It is therefore considered that
composite catalysts, comprising oxides and microporous mate-
rials, may generate new types of catalyst for hydrocarbon
formation from methanol and these catalysts can be used to
control the product distribution.

We thank the EPSRC for financial support.
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Fig. 1 Methanol conversion to hydrocarbons over (a) b-Ga2O3 (powder)–H-
ZSM-5 (pellets) physical mixture until 270 min time-on-line and (b) H-
ZSM-5 (pellets) following removal of b-Ga2O3 (powder) by sieving.
Reaction conditions: 400 °C, 3.1 g methanol g catalyst21 h21. Key: black =
aliphatic hydrocarbons, grey = aromatic hydrocarbons. All data recorded at
100% methanol conversion.

Fig. 2 Methanol conversion to hydrocarbons over b-Ga2O3–H-ZSM-5
physical mixtures prepared by grinding as a function of H-ZSM-5 (wt%).
Reaction conditions: 400 °C, 0.7 g methanol g catalyst h21. Key: -
methanol conversion, 5 aromatic yield.
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Thermolysis in the solid state of Cs+[arachno-CB9H14]2, or
of Cs+[nido-CB9H12]2, or the oxidation of nido-1-CB8H12
with I2 in THF at 278 °C in the presence of NEt3, gives the
first nine-vertex closo monocarbaborane, the stable [closo-
4-CB8H9]2 anion, in yields of 56, 61 and 75%, respec-
tively.

Although carbaborane chemistry is the most investigated area of
polyhedral boron-containing cluster chemistry,1,2 it is domi-
nated by dicarbaborane chemistry. Monocarbaborane chem-
istry, by contrast, is sparsely represented,1 and many of the
fundamental cluster types are unreported. Of the classically
closo [CBnHn + 1]2 monocarbaborane anions, [CB5H6]2
(known only as its conjugate acid CB5H7), together with the
[CB9H10]2, [CB10H11]2 and [CB11H12]2 anions, have been
recognised for some 30 years.3 Of these, the [CB9H10]2 and
[CB10H11]2 species and their derivatives attract much current
attention.4,5 More recently, the [CB7H8]2 species has been
reported,6 but [CB6H7]2 and [CB8H9]2 have remained elusive.
We now report three routes for the preparation of one of these
last two missing species, viz. the nine-vertex [CB8H9]2 anion,
in good yields. The first two routes are simple solid-state
thermolyses, of Cs+[arachno-6-CB9H14]2 and of Cs+[nido-
6-CB9H12]2,7 and the third is the straightforward oxidation of
the neutral monocarbaborane nido-1-CB8H12

8,9 with I2 in the
presence of NEt3. The geometries and numbering systems for
the ten-vertex nido and arachno cages, and for the nine-vertex
closo and nido cages, are shown in Scheme 1: unlettered
vertices represent BH(exo) units.

In the first method a sample of Cs+[arachno-CB9H14]2
(compound 1 in Scheme 1)7 is heated at 220 °C for 3 h, followed
by dissolution of the product in (Me)2CO, and filtration.
Examination of the solution by NMR spectroscopy showed the
[closo-4-CB8H9]2 anion (compound 2; ca. 60%), and smaller
quantities of the [nido-CB9H12]2 and [closo-CB9H10]2 anions
(ca. 5 and 35% respectively); no starting anion 1 remained.
Chromatographic separation on a silica column (30 cm 3 2.5
cm) using MeCN–CH2Cl2 5+95 as the eluting phase, followed
by precipitation with [PMePh3]+Cl2, thence resulted in crystal-
line [PMePh3]+[CB8H9]2 (56% isolated). The second method
consists of a similar heating of Cs+[nido-CB9H12]2 (compound
3)7 at 220 °C for 3 h, again followed by dissolution of the
product in (Me)2CO and filtration. Examination by NMR

spectroscopy§ again showed the [closo-CB8H9]2 anion (ca.
61% after purification as above), but now with smaller
quantities of [nido-CB10H13]2 (20%) and [closo-CB9H10]2 (ca.
3%); no starting anion 3 remained. The by-products of the
formation of [CB9H10]2 by these two variants suggest a series
of competing reactions. Thus, [CB9H14]2 may lose H2 to give
[CB9H12]2, and [CB9H12]2 may lose H2 to give [CB9H10]2.
Alternatively, [CB9H14]2 may lose {BH3} to give [CB8H11]2
which would be unstable to H2 loss to give [CB8H9]2, and
[CB9H12]2 may lose {BH3} to give [CB8H9]2 directly.
[CB9H12]2 may add transient {BH3} to give [CB10H12]2 via
elimination of H2, whereas relatively hydrogen-rich [CB9H14]2
would not add {BH3} so readily. These considerations suggest
that the thermolysis conditions may be tailorable to favour
between [CB8H9]2 or [CB9H10]2 formation. We currently
devise experiments to examine for this possibility.

The other, efficient and fast, route for the preparation of the
[closo-4-CB8H9]2 anion 2 is based on the oxidation of nido-
1-CB8H12 (compound 4).8,9 Treatment of neutral 4 with NEt3 (3
mol equiv.) and I2 (1 mol equiv.) in THF solution at278 °C for

† Electronic supplementary information (ESI) available: NMR spectros-
copy and calculated coordinates for the B3LYP/6-31G* symmetry-locked
structure for [CB8H9]2. See http://www.rsc.org/suppdata/cc/b1/b103408c/
‡ Systematic IUPAC nomenclature: the closo-4-carbanonaborate(12)
anion; characterised crystallographically as its methyltriphenylphosphon-
ium salt. Scheme 1
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1 h, followed by stirring at room temperature for a further hour,
resulted in the formation of the [NHEt3]+ salt of the [closo-
4-CB8H9]2 anion 2. The reaction is consistent with the
stoichiometry as in eqn. (1).

1-CB8H12 4 + 3NEt3 + I2? 3[NHEt3]+ +
[4-CB8H9]2 2 + 2I2 (1)

The [NHEt3]I by-product was removed by filtration, the filtrate
evaporated to dryness, and then treated with aqueous KOH,
followed by aqueous [PBun

4]Br. Extraction with CH2Cl2 and
chromatographic separation of the CH2Cl2 extract on a silica
column (25 cm3 2.5 cm) using MeCN–CH2Cl2 5+95 as eluting
phase, thence gave crystalline [PBun

4]+[closo-4-CB8H9]2
(75%). Mechanistically, the formation of anion 2 as in eqn. (1)
seems to agree with a deprotonation of CB8H12 4 by NEt3 and
thence oxidation of the transient [nido-1-CB8H11]2 anion with
I2. Closure of the nine-vertex nido cage by joining the B(9)
vertex of 4 with the B(2) and B(5) vertices (Scheme 1), would
yield the product configuration of 2.

The structure of the [closo-4-CB8H9]2 anion 2 was con-
firmed by a single-crystal X-ray diffraction analysis of the
[PMePh3]+ salt (Fig. 1).¶ It has the classical tricapped trigonal
prismatic structure of [B9H9]22, but with a carbon atom in a
four-connectivity 4-position. As with the [B9H9]22 anion,10 the
edges of the central trigonal prism, at 191.4(4)–200.4(4) pm, are
at the longer end of typical interboron cluster bonding distances.
NMR spectroscopy on a bulk sample was consistent with the
structure derived from the single-crystal work.§¶ Like the
[CB7H8]2 anion,6 the new compound is a stronger reducing
agent than the [CB9H10]2 and [CB11H12]2 congeners. It is
similarly iodinated at the sites distal from carbon; thus
monoiodination with elemental I2 in CH2Cl2 solution gives [3-I-
closo-4-CB8H8]2 and [5-I-closo-4-CB8H8]2.

These results, allied with efficient routes from B10H14 to the
starting monocarbaboranes 1, 3 and 4,7,9,11 mean that the [closo-
4-CB8H9]2 anion is now one of the most readily accessible
closo-carboranes. Long the missing link between eight- and ten-
vertex [1-CB7H8]2 and [1-CB9H10]2, its chemistry should now
contribute substantially to the development of carborane
science. For example, the anion could act as a ‘weakly
coordinating anion’ to complement [CB9H10]2 and
[CB10H11]2, and their derivatives:4 it is also likely to be
amenable to substitution and metallacarborane chemistries. We
currently work on the optimisation of its synthesis and on the

development of other nine-vertex monocarbaborane chem-
istry.
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Czech Republic (Grants no. 203/99/M037), as well as the Grant
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Fig. 1 Crystallographically determined molecular structure of the [closo-
4-CB8H9]2 anion in its [PMePh3]+ salt. The crystal had two independent
[PMePh3]+[CB8H9]2 units per unit cell. One anion was disordered, the
other not. The anion shown here is the undisordered one. Distances (in pm
throughout) from C(4) to its adjacent B atoms are in the range
162.8(5)–164.6(5), and the corresponding distances from B(5) and B(6)
‘caps’ are in the range 165.4(5)–177.4(5). The triangular faces of the
internal trigonal prism are longer at 191.4(4)–200.4(4) than the trigonal
prism edge distances at 177 6.8(5)–180.0(5); correspondingly, the angles (in
degrees throughout) subtended at C(4) fall into two sets: 65.2(2)–66.2(2),
and 71.9(2)–75.8(2). Similarly, angles subtended at B(5) and B(6) are in two
sets: 63.3(2)–65.0(2) and 67.9(2)–72.5(2).
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C60–tetrazine Diels–Alder adducts bearing electron deficient
dihydropyridazine groups undergo chemoselective amina-
tion and hydration reactions upon addition of primary
aliphatic amines and water, respectively, to form new
adducts with 4,5-dihydropyrazole groups nested atop the
[60]fullerene skeleton.

Recently, we reported1 Diels–Alder reactivity between C60 and
electron deficient 3,6-disubstituted-1,2,4,5-tetrazines. With
3,6-di-2A-pyridyl-1,2,4,5-tetrazine, the corresponding mono-
adduct 1 bears a 4,5-dihydro-3,6-di-2A-pyridylpyridazine group

fused to the [60]fullerene skeleton. Compound 1 behaves as an
isolable but reactive intermediate capable of considerable
further chemistry. Previously a facile, regioselective 1,4-hydro-
genation of 1 was reported.1 Continued work on this and related
compounds shows that the structure reported for the hydro-
genated monoadduct was incorrect. Compound 1 does hydro-
genate in a 1,4 fashion, but only in concert with a novel
rearrangement which effectively converts the fused 4,5-dihy-
dropyridazine function into a 4,5-dihydropyrazole group. The
reaction is a net hydration. With the aid of an X-ray crystal
structure, we are now able to redefine the chemistry of 1 as it
pertains to the addition of diprotic nucleophiles. A variety of
nucleophiles including water, alcohols, thiols, and primary and
secondary aliphatic amines add smoothly to 1. Chemoselective
additions of the diprotic nucleophiles, primary aliphatic amines
and water, are followed in each case by a novel rearrangement
reaction on the [60]fullerene surface leading to new compounds
bearing fused 4,5-dihydropyrazole groups.2

Monoadduct 1 was formed as previously described1 and
reacted with several diprotic nucleophiles including hexylamine

and (R)-(+)-a-methylbenzylamine. The reactions yield new
compounds, (±)-2 and 3 (as a mixture of 2 diastereomers),
respectively. Compounds (±)-2 and 3 bear 1,3-disubstituted-
4,5-dihydropyrazole groups nested atop the corresponding
[60]fullerene skeletons.

The structure of 3 was obtained by single crystal X-ray
diffraction. Black crystals of 3 (C84H19N5·2CS2) form in the
chiral space group P212121 through vapor diffusion of hexane
into a carbon disulfide solution of the compound.‡ The structure
is disordered with both diastereomers present, but in unequal
amounts. Fig. 1 shows a view of the entire molecule for the
major diastereomer, which has a refined population of 0.529(3).
(The minor diastereomer has an analogous structure, but the
location of the [60]fullerene moiety is switched such that the
positions of the 5- and 6-membered rings adjacent to C2 and C3
are reversed relative to those shown in Fig. 1. The ability of
these two diastereomers to co-crystallize at a common crystallo-
graphic site is related to the orientational disorder seen in many
fullerene crystals.3,4) Structurally the adduct can be viewed as
involving addition to two adjacent 6+6 ring junctions of the
fullerene, analogous to a cis-1 bisadduct.5 The C2–C3–N3–N2–
C61 ring spans a 6+5 ring junction, protrudes radially from the
[60]fullerene skeleton, and is very nearly planar. The hydrogen
atoms attached to C1 and C4 were located in a difference
Fourier map for both the major and minor diastereomers. As is
usual with additions to fullerenes,6 geometric changes in the
carbon cage are localized at the sites of attachment. Thus, the
C1–C2 and C3–C4 bond lengths (1.670(8) and 1.712(10) Å in
the major diastereomer, 1.720(8) and 1.731(11) Å in the minor
diastereomer) are longer than the 1.38 Å distance found for 6+6
ring junction of C60. The C2–C3 bond, 1.622(5) Å, is also long.

† Electronic supplementary information (ESI) available: select spectro-
scopic data for (±)-2, 3 and (±)-4. See http://www.rsc.org/suppdata/cc/b1/
b104151g/

Fig. 1 A perspective view of the major diastereomer (0.529(3) occupancy)
of the adduct 3, C84H19N5, with 50% thermal contours for all non-hydrogen
atoms. Only the hydrogen atoms on C1 and C4 are shown.
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Strong spectroscopic similarities (1H and 13C NMR†) between
(±)-2 and 3 suggest an analogous structure for (±)-2.

The structures for (±)-2 and 3 are consistent with amination
across a single imine CNN bond of 1 followed by a rearrange-
ment of the amination adducts (Scheme 1). Chemoselective
amination across an imine CNN bond of 1 is somewhat
surprising considering that C60 itself is readily aminated by
primary and secondary aliphatic amines.7 EPR and UV–VIS–
NIR evidence7a,b suggests that the amination of C60 involves
initial electron transfer from the amine to C60. In our laboratory,
the amination of C60 usually requires ambient light when
relatively nonpolar organic solvents are employed (e.g. toluene,
chloroform). This observation is consistent with a mechanism
involving electron transfer from amine to photoexcited full-
erene (for similar observations involving tertiary amine addi-
tion, see refs. 7f and 7g). However, compounds (±)-2 and 3 are
formed equally well in ambient light or darkness, consistent
with but by no means specific to a mechanism involving simple
nucleophilic additions (Scheme 1).

Other diprotic nucleophiles show similar reactivity. Water
adds to 1 to give the analogous hydration product (±)-4. The
reaction is catalyzed by weak acid catalysts such as silica gel
and requires ambient light.

Compounds (±)-2 and 3 are formally imine derivatives of
(±)-4, but do not originate from (±)-4. Thus, addition of the
appropriate amine to (±)-4 does not produce (±)-2 or 3 under
otherwise identical reaction conditions employed for the
synthesis of (±)-2 or 3 from 1. Consequently, (±)-4 is not an
intermediate in the amination reactions leading to (±)-2 and 3.
Compounds (±)-2 and 3, however, are converted to (±)-4 under
harsh hydrolysis conditions (conc. HCl, CH3CN, 80 °C),
thereby confirming the structure of (±)-4.

The 1H and 13C NMR spectra for (±)-4 match those reported
previously for a compound assigned structure (±)-5.1

With an X-ray crystal structure now available for 3, it is clear
that the previously assigned structure (±)-5 is incorrect and
should be replaced with the structure (±)-4. The original
assignment of structure (±)-5 was based upon the observations
that the reaction leading to hydrogenated product is photo-
induced, the reaction requires water adsorbed on glass, and the
NMR data are uniquely consistent with a 1,4-hydrogenation

pattern on the fullerene skeleton. Moreover, the completely
regioselective nature of the reaction suggested new C–H bond
formation in close proximity to the dihydropyridazine group.
Indeed, each of these statements holds true for the hydration of
1 leading to (±)-4. A key shortcoming of the earlier work was
the failure to recognize rearrangement of the dihydropyridazine
function, as well as the erroneous incorporation of the tetrazine–
dihydrotetrazine redox cycle into the proposed reaction mech-
anism.

Because the hydration and amination reactions produce
structurally similar compounds, it is tempting to conclude that
they proceed via similar mechanisms. However, the hydration
of 1 leading to (±)-4 requires ambient light while the amination
reactions leading to (±)-2 and 3 do not. By analogy to known
photoinduced processes involving C60,7f,g at least one of the
steps leading to (±)-4 likely involves an electron transfer to a
photoexcited [60]fullerene skeleton.

A. L. B., M. M. O. and P. A. L. thank the National Science
Foundation (Grant CHE 0070291 to ALB) for financial
support.
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Scheme 1 Possible mechanism for amination of C60–tetrazine mono-
adduct.
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Identification of Tyr58 as the proton donor in the
aspartate-a-decarboxylase reaction
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The decarboxylation of L-aspartate by E. coli L-aspartate-a-
decarboxylase (ADC) is shown to occur with retention of
configuration; analysis of the protein structure identifies
Tyr58 as the proton donor in the decarboxylation mecha-
nism.

ADC catalyses the decarboxylation of L-aspartate to b-alanine.1
It is one of four enzymes in E. coli involved in the biosynthesis
of pantothenate (vitamin B5),2 the precursor of 4A-phospho-
pantetheine and coenzyme A. ADC is a tetrameric protein
comprising four 14 kDa subunits. The X-ray crystal structure of
E. coli ADC has been determined, and shows that the active
sites are between subunits.3

The mechanism of decarboxylation involves formation of an
imine between the amino group of aspartate and an integral
pyruvoyl group. The pyruvoyl group is formed by an autocata-
lytic post-translational modification which cleaves the Gly24–
Ser25 bond and converts Ser25 into the pyruvoyl group. This
reaction is analogous to that which occurs in histidine
decarboxylase4 and S-adenosylmethionine decarboxylase.5

The proposed enzyme mechanism is depicted in Scheme 1.
After formation of the enzyme–substrate adduct (1), carbon

dioxide is lost to form the extended enolate (2). This then
reprotonates to form the imine adduct of the product b-alanine
(3), which is finally released by hydrolysis to regenerate the
pyruvoyl group. Evidence for this mechanism comes from
trapping of the enzyme–substrate adduct and enzyme–product
adduct by reduction with cyanoborohydride, and subsequent
detection by electrospray mass spectrometry.6

In this paper we report the results of our investigation into the
stereochemical course of the decarboxylation reaction catalysed
by ADC. Analysis of the crystal structure of ADC suggests that
the proton may come from the phenolic group of Tyr58 or the
hydroxy group of Thr57, which lie above and below the face of
the enzyme–intermediate adduct (2) respectively (Fig. 1). If the
proton donor were Tyr58, the proton would be added to the re
face (Scheme 1, path a), corresponding to decarboxylation–
protonation occurring with overall retention of configuration.
Conversely, decarboxylation–protonation would occur with
inversion of configuration if the proton were added from Thr57
to the si face of (2) (path b). Alternatively, but less probable, the
reprotonation could be non-stereospecific.

The stereochemical course of the reaction can be determined
by using ADC to catalyse the conversion of L-aspartate into b-
alanine in deuterium oxide. Stereospecific deuteriation of (2)
will generate chirally-labelled b-alanine which can be charac-† These authors contributed equally to this work.

Scheme 1 Catalytic mechanism of ADC showing the possible stereochemical outcomes in the presence of 2H2O.
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terised as its camphanoyl derivative by comparison with
previously assigned spectra of (3R)- and (3S)-N-camphanoyl-
[3-2H1]-b-alanine.7

The panD gene6,8 in E. coli was overexpressed with an N-
terminal hexa-histidine tag to facilitate protein purification by
affinity chromatography on a nickel–nitrilotriacetic acid (Ni–
NTA) column. L-Aspartate (50 mg) and His6-ADC (6 mg) were
incubated in phosphate buffer (pD = 7.6, 50 mM) in 2H2O for
four days at 25 °C. The enzyme was removed by ultrafiltration
and the solution lyophilised to dryness. The residue was
derivatised with camphanoyl chloride by shaking in a biphasic
mixture of 2 M NaOH and toluene for 3 h, followed by
extraction with chloroform, drying with Na2SO4 and evapora-
tion. Unlabelled N-camphanoyl-b-alanine was also synthesised
by this procedure. The 1H NMR spectra of the C3 protons of N-
camphanoyl-b-alanine and the camphanoyl derivative of the
biotransformed material are shown in Fig. 2.9

Comparison of the two spectra in Fig. 2 shows that a
deuterium atom has been incorporated, leading to loss of the
signal for one proton. The geminal 1H coupling to the remaining
proton has been replaced by a smaller 2H coupling, causing an
apparent simplification of the multiplet and broadening of the
signals. This confirms that the reprotonation is stereospecific.

In order to determine the absolute stereochemistry of the
labelling of b-alanine, the spectra were compared to published
data on (3R)- and (3S)-N-camphanoyl-[3-2H1]-b-alanine, deter-
mined as part of a study on the dihydropyrimidine dehy-
drogenase reaction.7 The upfield multiplet in Fig. 2a has been
assigned to the 3R proton. The biotransformed compound, in
which this proton has been replaced by a deuteron, is
consequently (3R)-N-camphanoyl-[3-2H1]-b-alanine. This is
the expected product if deuterium is delivered from Tyr58 to the
re face of (2), with the decarboxylation–protonation steps
proceeding with overall retention of configuration (Scheme 1,
path a).

The enzyme–intermediate adduct (2) has been modelled into
the crystal structure of ADC (Fig. 1). In this model the distance
between the hydroxy proton of Thr57 and the C3 carbon is 3.3
Å. The corresponding distance from C3 to the phenolic proton
of Tyr58 is 3.8 Å. Despite being the closest potential donor,

Thr57 may not be the most appropriate. It is relatively buried in
the active site, and deprotonation of the hydroxy group could
destabilise the neighbouring salt bridge between the b-carboxyl
of the enzyme–intermediate adduct (2) and Arg54. Tyr58
appears to be better placed; in particular it is part of a potential
proton relay with Lys9 and His11. All three are conserved
residues. As His11 is close to the surface of the protein it could
acquire a proton from the solvent.

In conclusion, the stereochemical labelling study and analy-
sis of a model of the putative intermediate bound to the enzyme
(2), together suggest that the source of the proton in the
reprotonation step is the phenolic group of Tyr58.

We would like to thank Drs Martyn Frederickson, Peter Grice
and Nick Bampos and the NMR technical staff for their
assistance.
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Fig. 1 Active site of ADC with the enzyme-intermediate adduct (2)
modelled in. The active site is at the interface of subunits and is composed
of residues from both subunits (in this case subunits A and D).

Fig. 2 1H NMR (500 MHz, C2HCl3) of the C3 protons of b-alanine in (a)
N-camphanoyl-b-alanine and (b) camphanoyl derivative of the bio-
transformed material.
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Novel silver(I)–organic coordination polymers: conversion of extended
structures in the solid state as driven by argentophilic interactions

Long Pan,a E. Brice Woodlock,a Xiaotai Wang,*a Kin-Chung Lamb and Arnold L. Rheingoldb

a Department of Chemistry, Campus Box 194, University of Colorado at Denver, P.O. Box 173364,
Denver, Colorado 80217-3364, USA. E-mail: xwang@carbon.cudenver.edu

b Department of Chemistry and Biochemistry, University of Delaware, Newark, DE 19716, USA

Received (in Columbia, MO, USA) 27th April 2001, Accepted 13th July 2001
First published as an Advance Article on the web 23rd August 2001

Structurally distinct coordination polymers [Ag(bpp)]ClO4 1
and [Ag(bpp)]PF6 2 [bpp = 1,3-bis(4-pyridyl)propane] have
been assembled; the conversion of 1 into 2 on treatment with
NaPF6 is driven by argentophilic interactions and is the first
such transformation reported for silver(I)–organic coordina-
tion polymers.

The field of metal–organic coordination polymers1 has recently
attracted intense interest because such supramolecular com-
pounds have potential as smart optoelectronic,2 magnetic,3
microporous,4 and biomimetic materials.5 The design of
coordination polymers takes into account factors such as the
coordination nature of the metal ion, the structural character-
istics of the polydentate organic ligand, the metal–ligand ratio,
and the possible counter ion influence. A subtle alteration in any
of these factors can lead to new extended network structures.
Thus, a great variety of supramolecular architectures have been
ingeniously constructed. These not only have aesthetic appeal,
but occasionally exhibit interesting functions. In contrast, there
has been a scarcity of information on supramolecular reactivity
featuring well-defined conversions of extended structures in
coordination polymers.6 Such transformations may find appli-
cations in molecular recognition and chemical sensor technolo-
gies. For cationic networks, exchange of anions has recently
been reported to induce the interconversion of several silver(I)–
polynitrile coordination polymers.6a These changes apparently
involve the breaking and forming of silver(I)–nitrile coordina-
tion bonds, but the driving force and mechanism are not well
understood.

The coordination affinity of silver(I) for pyridyl-donor
ligands is well known, and the argentophilic d10–d10 bonding
interactions frequently affect the extended structures of the
resulting coordination polymers.7 The commercially available
1,3-bis(4-pyridyl)propane (bpp) is a bipyridine-type ligand with
a flexible –CH2CH2CH2– spacer, and several research groups
have reported a few AgI–bpp cationic networks where the
counter ion is CF3SO3

– or NO3
–.8 Ciani and coworkers have

also mentioned that bpp reacts with AgBF4 or AgClO4 in 2+1
molar ratio to form two-fold interpenetrated diamondoid
networks.8a We have sought to generate novel cationic AgI–bpp
networks with various counter ions and use such systems for the
study of anion-induced transformations of supramolecular
structures. Herein we report the assembly of [Ag(bpp)]ClO4 1
and [Ag(bpp)]PF6 2, two coordination polymers with novel and
distinct cationic network structures. We also describe the well-
defined, irreversible conversion of 1 into 2 on treatment with
NaPF6. This conversion is unique in that it is driven by forming
more and stronger Ag–Ag bonds in the polymeric cation (see
below); no such transformations have been previously reported
for silver(I)–organic coordination polymers.

Solution-phase reactions of bpp with AgClO4 and AgPF6 in
1+1 molar ratio generate 1 and 2, respectively.† The structures
of 1 and 2 determined via single crystal X-ray diffraction
analysis‡ are shown in Fig. 1. In both 1 and 2, each AgI ion is
coordinated by two pyridyl nitrogen atoms of different bpp units
in approximately linear geometry, and the Ag–N bond distances

fall between 2.114(5) and 2.144(5) Å, as expected for AgI

complexes with pyridine-type ligands . Despite this similarity in
local silver(I)–pyridyl coordination, 1 and 2 have significantly
different extended supramolecular structures due to differences
in argentophilic interaction.

In the cationic network of 1, there are two types of
crystallographically and chemically equivalent AgI ions, both of
which form 1-D sinusoidal chains with the bound bpp
molecules where each –CH2CH2CH2– spacer adopts a TT
conformation.8a Adjacent chains containing one type of AgI

ions are cross-linked through argentophilic bonding to form 2-D
layers, as evidenced by the Ag–Ag contact [3.2214(10) Å] that
is well below the van der Waals diameter of silver (3.44 Å).9
The 1-D sinusoidal chains containing the other type of AgI ions
lack interchain AgI–AgI interactions because the shortest
Ag···Ag separation (4.40 Å) is greater than the van der Waals

Fig. 1 Cylinder representations of the structures of 1 (top) and 2 (bottom),
both viewed approximately along the crystallographic b axis. H atoms are
omitted for clarity. Color scheme for the cationic networks: Ag, red; N,
blue; and C, green.
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diameter. In the entire crystal structure of 1, the 2-D AgI–bpp
layers and the 1-D AgI–bpp chains pack the space alternately.
The ClO4

2 ions occupy the volume between the 2-D layers and
1-D chains, interacting with the cationic network through
predominantly ionic bonding, with the shortest Ag···O(ClO4

2)
separation at 2.78 Å. To our knowledge, the polymeric cation of
1, consisting of stacked 2-D layers separated by 1-D chains,
exhibits an unprecedented structural motif in coordination
polymers. Structurally, the polymeric cation of 2 is more
straightforward than that of 1. All silver(I) ions are crystallo-
graphically and chemically equivalent and are each coordinated
by two pyridyl nitrogen atoms of different bpp units. The
sinusoidal AgI–bpp chains are cross-linked via stronger and
shorter Ag–Ag bonds [3.0852(9) Å] in comparison with those in
1. The Ag–Ag bond distance in 2 is comparable to that observed
in [Ag(bpy)]NO3 (bpy = 4,4A-bipyridine).7e,f However, ad-
jacent AgI–bpy chains are perpendicularly linked to afford a
3-D framework whereas the AgI–bpp chains in 2 are connected
approximately in parallel to generate a 2-D layer. The known
[Ag(bpp)](CF3SO3)·EtOH and [Ag(bpp)]NO3 display wave-
like AgI–bpp chains similar to 2, but no interchain Ag–Ag
bonds were reported.8 The 2-D AgI–bbp layers in 2 are
intercalated by the PF6

– ions and the interaction between
[Ag(bpp)]+ and PF6

2 is predominantly ionic, the shortest
Ag···F(PF6

2) separation being 2.75 Å. In both 1 and 2, p–p
interactions between pyridyl rings are very weak.10,11

Comparing the extended structures of 1 and 2, we reasoned
that the latter is more stable than the former primarily because
of the greater number and strength of Ag–Ag bonds. This
rationale prompted us to study the possibility of transforming 1
into 2 via anion exchange. Reaction of 1 with NaPF6 affords 2
in quantitative yield [eqn. (1)]:

[Ag(bpp)]ClO4(s) + NaPF6(aq)? [Ag(bpp)]PF6(s) +
NaClO4(aq) (1)

The IR spectrum of the exchanged solid shows the dis-
appearance of the ClO4

2 bands and the appearance of the
intense PF6

2 adsorptions at 835 and 561 cm21. Furthermore,
the X-ray powder diffraction (XRD) pattern of the exchanged
solid is identical to that of [Ag(bpp)]PF6 prepared from AgPF6
and bpp (Fig. 2). According to IR and XRD monitoring, no
reaction occurred between 2 and NaClO4 even after a sample of
2 was immersed in a large excess of saturated aqueous solution
of NaClO4 (ca. 14 M) for five days. This result agrees with the
observation that 2 has greater structural stability than does 1.

In conclusion, we have obtained structurally distinct coor-
dination polymers [Ag(bpp)]ClO4 and [Ag(bpp)]PF6. Treat-
ment of [Ag(bpp)]ClO4 with NaPF6 affords [Ag(bpp)]PF6, and
this reactivity is well-correlated with the extended structures of
the two compounds. These findings illustrate the structure–
property relationship at the supramolecular level. We are
currently attempting to extend this study to silver(I) complexes
with other pyridyl-donor ligands.

This work was supported by the University of Colorado at
Denver; Research Corporation; and the donors of the Petroleum
Research Fund, administered by the American Chemical
Society. We thank Dr Jing Li for making X-ray powder
diffraction instrumentation available to us. We also thank Drs
Jing Li and Robert Damrauer for helpful discussions.

Notes and references
† Under ambient conditions, layering of a methanol solution (4 mL) of bpp
(0.10 mmol) over aqueous solutions (4 mL) of AgClO4 and AgPF6 (0.10
mmol) produced colorless crystals of 1 and 2 in 51 and 50% yields,
respectively. Compounds 1 and 2 are insoluble in water and common
organic solvents. The bulk-phase purities of 1 and 2 were confirmed by
comparing their observed and simulated XRD patterns. IR (KBr pellet): for
1: n/cm21 2925m, 2858w, 1609s, 1558w, 1500w, 1429m, 1225w, 1097vs,
808s, 626s, 514m. For 2: n/cm21 2923m, 2856w, 1604s, 1558w, 1500w,
1417m, 1069s, br, 835vs, 561s.
‡ Crystal data: for C13H14AgClN2O4 1: M = 405.58, monoclinic, space
group P21/n, a = 16.8826(2), b = 8.6694(2), c = 19.9505(2) Å, b =
93.545(2)°, V = 2914.38(7) Å3, Z = 8, Dc = 1.849 g cm23, T = 173(2) K,
m(Mo-Ka) = 1.583 mm21, 3568 data with I > 2s(I), R(F) = 0.040.

For C13H14AgN2PF6 2: M = 451.10, monoclinic, space group P21/c, a =
11.0925(2), b = 8.4883(2), c = 17.6297(4) Å, b = 99.0826(6)°, V =
1639.12(8) Å3, Z = 4, Dc = 1.828 g cm23, T = 173(2) K, m(Mo-Ka) =
1.385 mm21, 2351 data with I > 2s(I), R(F) = 0.0504.

All data were collected on a Siemens P4 diffractometer equipped with a
SMART/CCD detector. The structures were solved by direct methods,
completed by subsequent difference Fourier syntheses, and refined by full-
matrix least-squares procedures. An absorption correction, using SADABS,
was applied to the data for 1 while no absorption correction was required for
2.

CCDC reference numbers 154893 and 154894. See http://www.rsc.org/
suppdata/cc/b1/b104074j/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 The XRD patterns of the exchanged solid (top) and [Ag(bpp)]PF6

prepared from AgPF6 and bpp (bottom).
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Crystal engineering of microporous ‘Chinese-lantern’ compounds to
improve their ability to reversibly adsorb sulfur dioxide†
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Three new ‘Chinese lantern’ complexes [XMn(m-
dppO2)4MnX]2+2X2·4MeOH·Me2CO [X = Cl, Br, I; dppO2
= 1,3-bis(diphenylphosphinoyl)propane], have been struc-
turally characterised using single-crystal X-ray diffraction
and shown to have increasing affinity for SO2 across the
series Cl < Br < I via thermogravimetric measurements.

The discovery that dppO2 and manganese isothiocyanate self-
assemble to form ‘Chinese-lantern’ shaped macromolecules1

(Fig. 1) emerged from research into the ability of manganese
phosphine oxide complexes to capture sulfur dioxide within
their lattices2,3

As our earlier work had shown that iodide containing
monophosphine oxide compounds retained SO2 more tena-
ciously than the corresponding isothiocyanates, dppO2 com-
plexes of manganese iodide, bromide and chloride were
synthesised,‡ structurally characterised§ and subjected to SO2
adsorption tests. At first sight all the lantern solids appear
isostructural as they all crystallise in space group I4/m and in
each case the cations are centred on crystallographic C4h sites.
This leads to the structures having a characteristic microporous
packing, criss-crossed by tunnels in the a and b directions (Fig
2).

The tunnels house counter-ions and, in the halide compounds,
acetone and methanol guest molecules too. Although, reminis-
cent of zeolites, whose cages contain cations and water
molecules, the tunnels are not rigid and cannot therefore act as
molecular sieves. However, the dppO2-based structures achieve
steric control by a different means. Once complexed, the dppO2
conformation is locked, as indicated by the near constancy of
the torsion angles in all four compounds, Table 1. Effectively,
the phenyl rings that surround each manganese atom, act as a
rigid calixarene type well.

The molecular shape is maintained by non-classical CH/p
hydrogen bonds4 between phenyl rings on adjacent dppO2
ligands in the lantern cations. These type of bonds are also a
feature of the crystal packing (Fig 2) and hence a reason for the
four crystal structures being nearly identical.

Despite the above similarities, closer examination of the
manganese and halide atoms lying along the central four-fold
axis reveals striking differences between the structures. Im-
portantly, halide anions are smaller than thiocyanate and can be
accommodated within the lantern shaped central part of the
complex (Cl 100%, Br 100%, I 44%). This difference has
ramifications for the manganese atom, which can now occupy
two types of sites ca. 0.5 on either side of the plane defined by
the four coordinated oxygen atoms. This allows an Mn–X bond
to form to the central halide atom or, alternatively, to the
external capping halide (Table 1).

These features are manifested in the Cl2 and Br2X-ray
structures as two semi-populated manganese sites and a semi-
populated external capping halide site. This leads to the
straightforward interpretation that a racemic mixture of the C4
symmetry molecule illustrated in Fig. 3 occupies each molec-
ular site.

The structures are completed by halide counter-ions, each
flanked by two methanol solvate molecules, and disordered
acetone, occupying C4h sites above the capping halide ligands.
In the halide cases this lead to a total formulation of [Mn2(m-
dppO2)4X2]2+2X2·Me2CO·4MeOH.

As the iodide central site is not fully occupied [44.3(1)%],
presumably because of the bulk of I2, it is tempting to assume
that the molecular site contains a mixture of isothiocyanate and
chloride type complexes. However a reasonable match for the
crystallographically derived site occupancies cannot be ob-

† Electronic supplementary information (ESI) available: full synthesis and
crystal refinement details for 2–4. See http://www.rsc.org/suppdata/cc/b1/
b101263k/

Fig. 1 The cation from [Mn2(m-dppO2)4(NCS)2]2+ 2(NCS)2 1.

Fig. 2 Crystal packing of the lantern shaped cations, viewed down the
crystallographic b axis.

Table 1 Torsion angles f(°) relative to PNO and Mn displacement from the
oxygen planea

Mn displacement/Å

Anio f1 f2 f3 In Out

NCS 224.0 9.3 262.9 — 0.47
C 226.7 11.2 268.1 20.61 0.46
Br 225.7 13.2 271.7 20.59 0.48
I 223.9 12.6 269.1 20.44 0.59
a f1 and f2 = ONP–C–CPh, f3 = O = P–C–Cprop.

This journal is © The Royal Society of Chemistry 2001
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tained using this model and 30% of a third molecular
configuration must also be used (Fig. 4).

The manganese bonded to the externally capping iodide has
flipped to the inner site, allowing the central iodide to bridge the
two manganese atoms. This breaks the bond to the capping
iodide, which is now held in position by dispersive forces within
the calixarene well.

The ability of manganese to occupy the two types of sites is
reminiscent of iron in haemoglobin, but the dynamic haemoglo-
bin situation and static disorder cannot be distinguished
crystallographically. Nevertheless, a guest molecule diffusing
through the microporous tunnels in the iodide crystals would
encounter an additional halide bridged Mn type of calixarene
site, compared to only the non-bridged types in the bromide and
chloride structures.

A series of combined thermogravimetric and X-ray powder
diffraction experiments were therefore carried out in order to
measure the effect of the above structural variations on SO2
adsorption. A typical curve shows rapid and fully reversible
SO2 take-up, reminiscent of zeolites. The XRD patterns confirm
that all the compounds retain their original crystal structure,
although small expansions of the unit cells were observed on
adsorption ( < 3% at maximum of 4 SO2 molecules /lantern).
Analysis of the isotherms using Hill’s adaptation of Langmuir’s
theory provided a series of equilibrium constants, which were
then used to determine the enthalpies of adsorption by means of
the Van’t Hoff equation. The enthalpy values obtained for the

chloride, bromide, iodide and isothiocyanate lanterns were
234, 244, 254 and 239 kJ mol21, respectively.

As would be expected for compounds that adsorb SO2 so
readily, the energies straddle the physisorption/chemisorption
boundary.5 They are comparable in value to the 250 kJ
mol21 determined for [K(18-crown-6)]+[NCS·SO2]2 5 and fall
in the range 220 to 279 kJ mol21 calculated for a series of
iodosulfinates, [I·SO2]2.6 The order Cl < Br < I is the same as
was found in square-planar Ir(X)(CO)(PPh3)2 complexes,8,9

where the SO2 binds loosely to the halide atom, suggesting that
this type of interaction also influences the retention of
SO2 within the lantern crystals.

We thank the EPSRC for providing a studentship for W. I. C.
and Dr Michael Ruf of Bruker AXS GmbH for collecting the
iodide lantern data set.

Notes and references
‡ Synthesis of [Mn2(m-dppO2)4X2]X2·Me2CO·4MeOH 2–4. MnX2 (1
equiv.) and dppO2·H2O (2 equiv.) were stirred together in acetone–
methanol (1+1) for 2 and 3 and diethyl ether for 4. The resulting solid was
filtered off under suction, washed with diethyl ether and dried in vacuo.

Crystals of 2 and 3 were grown by the vapor diffusion of diethyl ether
onto an acetone–methanol (1+1) solution of the synthesized complex, and
by liquid diffusion using the same solvents for 4.

TGA measurements were carried out by means of a CAHN TG-131.
Exhaust gases from this instrument were fed to an enclosed powder sample
in a Scintag XDS2000 X-ray powder diffractometer for simultaneous TGA/
XRD analysis.
§ Crystal data: for 2: C115H126O13P8Mn2Cl4, tetragonal, space group I4/m,
a = b = 14.382(3), c = 26.076(9) Å, V = 5393(2) Å3, T = 223 K, m =
5.14 cm21, Z = 2, 2441 unique (Rint = 0.053), wR2 = 0.152 for all
reflections and R1 = 0.070 for 1321 reflections [I > 2s(I)].

For 3: C115H126O13P8Mn2Br4 , tetragonal, space group I4/m, a = b =
14.523(4), c = 25.874(12) Å, V = 5457(3) Å3, T = 223 K. m = 18.74
cm21, Z = 2, 2750 unique, wR2 = 0.158 for all reflections and R1 = 0.073
for 1500 reflections [I > 2s(I)].

For 4: C115H126O13P8Mn2I4, tetragonal, space group I4/m, a = b =
14.984(4), c = 25.761(12) Å, V = 5784(3) Å3, T = 223 K, m = 14.55
cm21, Z = 2, 4499 unique (Rint = 0.079), wR2 = 0.100 for all reflections
and R1 = 0.041 for 2103 reflections [I > 2s(I)].

CCDC reference numbers 153090-153092. See http://www.rsc.org/
suppdata/cc/b1/b101263k/ for crystallographic data in CIF or other
electronic format.
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Fig. 3 The cation from [Mn2(m-dppO2)4Cl2]2+2Cl2·Me2CO·4MeOH 2,
which is isostructural with the bromide analogue 3.

Fig. 4 The cation from [Mn2(m-dppO2)4I2]2+ 2I2·Me2CO·4MeOH 4,
showing the central centrosymmetric iodine atom.
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A space group assignment of ZrP2O7 obtained by 31P solid state NMR
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2-D 31P dipolar recoupling magic angle spinning NMR has
been used to determine the true symmetry of the low
temperature structure of ZrP2O7 for the first time.

ZrP2O7 is often considered to be the parent of the AM2O7 family
of compounds (A N Sn, Ti, Zr etc.; M = P, V, As), which are of
interest as several members of the family show low or even
negative coefficients of thermal expansion.1–3 A detailed
knowledge of the structure of these materials is of vital
importance in understanding this unusual property. The approx-
imate structure of ZrP2O7 was reported as being cubic with an
~ 8.25 Å cell edge as long ago as 1935 by Levi and Peyronel.4
It can be described as a network of corner-sharing ZrO6
octahedra and PO4 tetrahedra, the PO4 tetrahedra themselves
sharing corners to form P2O7

42 pyrophosphate groups (Fig. 1).
It has long been realised, however, that there are problems
associated with this simple structure in that the space group
symmetry requires linear P–O–P bonds, whereas the energet-
ically preferred bond angle for these linkages is in the region
130–160°. The bending of these linear bonds (and the
concomitant lowering of symmetry) is believed to be the driving
force behind the phase transition to a low temperature 3 3 3 3
3 superstructure which has been observed for ZrP2O7 (and other
members of the AM2O7 family) by a variety of experimental
techniques.5–9

The exact nature of these low temperature superstructures is
a matter of some debate. Good quality single crystals of these
materials can be hard to obtain, and the structural complexity
makes detailed interpretation of powder diffraction data
difficult. Symmetry considerations show that a 3 3 3 3 3
material can adopt one of 12 possible space groups, containing
between 11 (Pa3̄) and 216 (P1) different unique P sites.3
Several members of this family have been shown to adopt space
group Pa3̄; others are known to have lower symmetry.10,11 In
the case of ZrP2O7 there has been one previous NMR study,
which interpreted the 12 resonances observed in terms of the 11
31P sites expected for space group Pa3̄ and a peak due to an
unspecified impurity phase.3 However, the observation of the
same impurity peak by several groups has cast some doubt on
this interpretation.12 Electron diffraction studies13 have shown
extinction conditions consistent with the presence of an a-glide,
suggesting that the space group is either cubic Pa3̄ or
orthorhombic Pbca. In the former possibility the 11 crystallo-
graphically independent P sites give rise to 6 independent

P2O7
42 groups, 4 in general positions, 1 on a 3-fold axis and 1

on an inversion centre (such that the P atoms of the P–O–P
linkage are crystallographically equivalent and the bond angle is
required to be 180°). For Pbca one would expect 27 P sites
giving rise to 13 P2O7

42 groups in general positions and one on
a centre of inversion. In the case of SiP2O7

14 and TiP2O7,15 two-
dimensional (2-D) homonuclear correlation NMR techniques
have been shown to be very useful in assigning the space group
of these 3 3 3 3 3 superstructures, since they allow the
phosphorus connectivity scheme to be probed16 and give
evidence of the presence of different phases in a sample.17 In
this work, we have used various 2-D 31P dipolar recoupling
MAS NMR experiments to characterize the ZrP2O7 structure.

31P NMR experiments on ZrP2O7† were carried out on a
Bruker DSX 300 spectrometer operating at a Larmor frequency
of 121.48 MHz, using a standard 4 mm Bruker MAS probe. One
dimensional (1-D) single-pulse MAS NMR spectra were
recorded at spinning speeds of 3, 5, and 10 kHz using a small
pulse angle (p/8) and recycle delay of 80 s to prevent saturation.
31P 2-D MAS exchange NMR experiments were obtained at 10
kHz spinning rate using the RFDR sequence18 during the
mixing time. 31P 2-D MAS double quantum spectra were
recorded at a 10 kHz spinning rate using the POSTC7
sequence19 for excitation and reconversion of double quantum
coherences under MAS. The hypercomplex acquisition
method20 was used to obtain pure absorption phase 2-D spectra
and the t1 time increment was synchronised with the rotor
period to avoid sidebands in the w1 dimension. 160 t1
increments with 8 and 16 transients per increment were
recorded for the MAS exchange NMR spectra and for the MAS
double quantum experiment, respectively. The 31P chemical
shifts were referenced relative to a 85% H3PO4 solution at 0
ppm.

The 31P 1-D MAS NMR spectra of ZrP2O7 obtained at
different spinning rates are shown in Fig. 2 (centreband region
only). These spectra can be seen to contain at least 13 partially
overlapping 31P isotropic resonances, corresponding to at least
13 different phosphorus sites. Assuming that these resonances
belong to the same phase this is not consistent with space group
Pa3̄. It can be noted that the positions and linewidths of these
resonances vary to different extents with the spinning fre-

Fig. 1 The ideal cubic structure of ZrP2O7 containing ZrO6 octahedra and
PO4 tetrahedra. A linear P2O7 group is emphasised on the right. Fig. 2 31P 1-D MAS NMR spectra of ZrP2O7.

This journal is © The Royal Society of Chemistry 2001
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quency. These effects have also been reported for SiP2O7 and
TiP2O7

15 and may be attributed to the presence of residual
dipolar interactions under MAS conditions.

To investigate the possible presence of different phases in our
ZrP2O7 sample, we have used 2D exchange MAS NMR
spectroscopy. In this experiment, the polarisation transfer in the
mixing time is driven by the dipolar interaction, allowing one to
probe large intra-P2O7

42 31P–31P dipolar couplings at short
mixing times and weaker long range dipolar couplings at long
mixing times. As shown in Fig. 3, the 2-D exchange MAS
spectrum of ZrP2O7 obtained with a mixing time of 40 ms
shows cross-correlation peaks of various intensities between all
the individual resonances displayed in the 1-D MAS spectrum
reflecting their short and long range spatial proximities. This
clearly indicates that our sample contains a single phase with at
least 13 different crystallographic sites, ruling out the possibil-
ity of the Pa3̄ space group to which the ZrP2O7 superstructure
has previously been assigned.

As well as the number of individual 31P sites, the number of
P2O7

42 groups in the ZrP2O7 structure can be used for space
group assignement. To characterize the number of P2O7

42

groups in the 3 3 3 3 3 superstructure, we have used the 2-D
MAS double quantum experiment. As shown for other
crystalline phosphates,14,15 short double quantum excitation and
reconversion periods of 600 ms allow us to differentiate dipolar
coupling between chemically linked PO4 tetrahedra ( ~ 750 Hz)
and weaker long range dipolar interactions ( ~ 300 Hz) and thus
to identify clearly the P–O–P connectivity scheme. As shown in

Fig. 4, the 2-D MAS double quantum spectrum of ZrP2O7
exhibits one intense auto-correlation peak along the diagonal
(L) and 11 pairs of intense resolved cross-correlation peaks (A–
K) that reflect the dipolar connectivities between chemically
bound PO4 tetrahedra. The weaker correlation peaks (two
lowest contour levels in Fig. 4) correspond to weaker longer
range dipolar couplings in the structure. The diagonal auto-
correlation peak (L) arises from a single P2O7

42 group
containing two crystallographically equivalent P sites; the
remaining 11 paired cross-correlation correspond to P2O7

42

dimers in which the two P sites are inequivalent. Analysis of the
peak intensities in Fig. 4 shows that the paired cross-peaks A are
about three times higher than the remaining resonances,
suggesting the presence of three overlapping cross-correlation
peaks corresponding to three P2O7

42 groups. Good fits (not
shown) of the 2-D double quantum and 1-D MAS spectra were
thus obtained with 27 distinct 31P resonances of equal intensity
corresponding to 13 P2O7

42 units (A–K) with two inequivalent
P sites, and one P2O7

42 group (L) with two equivalent P sites.
This is entirely consistent with space group Pbca.

We therefore conclude that the previously assigned space
group of Pa3̄ for the ZrP2O7 superstructure is incorrect. From
the analysis of 31P double quantum MAS NMR spectra, we
suggest that the true symmetry of ZrP2O7 is Pbca. Using this
space group excellent agreement with powder X-ray and
neutron diffraction data can be obtained.

We gratefully acknowledge support of the EPSRC and CNRS
for this work. I. J. K. would like to thank the EU for a Marie-
Curie fellowship (HPMT-CT-2000-00169).

Notes and references
† High purity ZrP2O7 was prepared from ZrOCl2 and H3PO4 (85%) which
were mixed in a 1+2 molar ratio in a platinum crucible and heating to 350
°C for 1 h. The resultant powder was washed with distilled water, and heated
to 750 °C then 1000 °C for 12 h periods. Powder X-ray and neutron
diffraction measurements confirmed sample purity and the presence of 33
3 3 3 superstructure reflections.
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Fig. 3 31P 2-D exchange MAS spectrum of ZrP2O7 obtained with a mixing
time of 40 ms at 10 kHz spinning rate, showing that all peaks belong to the
same phase.

Fig. 4 31P 2-D MAS double quantum spectrum of ZrP2O7 at 10 kHz
spinning rate. Cross-correlation peaks are labelled A–K; L is the single
auto-correlation peak.
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First observation of clusters for solvated tropylium ions
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We have first observed clusters for solvated tropylium ions
(Tr+(ROH)n) which were isolated from ROH–CH3CN (1+1
by vol.; R = Me, Et, and Prn) solutions by using a specially
designed mass spectrometer and found the clear-cut essen-
tial features concerning the solvation structure around
Tr+.

The solvation structure around a carbocation has not thoroughly
been clarified in spite of so many investigations from various
aspects for a long time1 owing to few practically available
methods for direct observation.2 Earlier than a decade ago, a
specially designed mass spectrometer was devised3 and utilized
to examine the composition of clusters which were isolated
from a liquid phase3,4 and an electrospray source3a was
introduced to the special mass spectrometer to result in direct
observation of species of clusters with a positive charge.5 Our
instruments have the advantage of a splendid isolation of
clusters and a hermetic way of working. Then, by using the mass
spectrometer and tropylium ion as a stable carbocation, we have
examined the compositions of clusters for solvated tropylium
ions (Tr+(ROH)n) to find clear-cut essential features for the
solvated carbocation clusters.

The Tr+–solvent clusters were obtained from a solution
containing tropylium ions, by electrospray interface. Since the
experimental details on the mass spectrometric analysis of
clusters including an ion isolated from solutions containing
ionic species has already been reported elsewhere,5 it is briefly
explained here. A sample solution containing ionic species is
injected into a five-stage differentially pumped vacuum cham-
ber through the electrospray interface, which leads to the
formation of multi-charged liquid droplet flow. The resulting
multi-charged liguid droplets fly from the first room to the fifth
room through the pressure difference and the electric field in the
vacuum chamber. During the flight, the multi-charged liquid
droplets are fragmented into the clusters and molecules through
the expansion due to the decrease of pressure and the electric
repulsion among the ions providing the multi-charge. After the
fragmentation of the multi-charged liquid droplets, the strongly
interacting cation(s)-molecules were isolated as clusters.
However, weakly interacting molecules were vapourized
as monomeric molecules. Herein, the clusters with positive
charge, by Tr+, were analyzed by the quadrupole mass
spectrometer.

The positively charged clusters were analyzed for a solution
of tropylium tetrafluoroborate (Tr+BF4

2; 4.5 3 1023 M) in
ethanol–acetonitrile (1+1 by vol.). Signals corresponded to
clusters containing Tr+, e.g. Tr+(EtOH)2 to Tr+(EtOH)17,

though only up to eight solvent molecules were shown in Fig. 1.
No complexes of Tr+ with CH3CN were detected. The signal
intensity generally decreased with an increase in the number of
EtOH molecules which formed clusters with Tr+, with an
exception of those from Tr+(EtOH)4 to Tr+(EtOH)6 (Fig. 1). The
signals from Tr+(EtOH)4 to Tr+(EtOH)6 were somewhat larger
than their neighbouring ones. Four to six are ‘magic number
clusters’.6 An analogous tendency was observed for
Tr+(MeOH)n, from a solution of Tr+ ions in MeOH–CH3CN,
and Tr+(PrnOH)n, from a solution of Tr+ ions in PrnOH–
CH3CN. The same feature in cluster compositions could be
observed for neutral clusters which were isolated from EtOH–
CH3CN (1+1 by vol.) solutions.7 Theoretical calculation by
b3lyp/6-31G** indicated that the binding constant between Tr+

and five MeOH molecules was larger compared to that for the
less or more MeOH molecules.8

The relative signal intensities for a solution of Tr+ in MeOH–
EtOH–CH3CN (1+1+2, by vol.) indicated that the cluster
forming ability for Tr+ was apparently MeOH+EtOH =
1.0+5.2.9 Similarly, the solution of Tr+ in EtOH–PrnOH–
CH3CN was analyzed to show that the cluster forming ability
for Tr+ is EtOH+PrnOH = 1.0+14.9 Consequently, the ability
for Tr+ should be MeOH+EtOH+PrnOH = 1.0+5.2+70. The
longer the alkyl chain of alcohol molecules, the stronger the
cluster forming ability, i.e. the solvation ability for Tr+. Such a
tendency might be related to the clustering of the alcohols in
acetonitrile, that is, the clustering of alcohols was promoted
with an increase in the size of the alkyl group. The binding
energy for Tr+ with an alcohol molecule from theoretical
calculations (by b3lyp/6-31G**)10 was consistent with the
observed sequence of cluster forming ability mentioned above.
Also, the calculations are in line with the work of Meot-Ner
(Mautner) for other ions.11 The binding energy has a linear
relationship with donor numbers12 for EtOH, MeOH, and
CH3CN suggesting that the Lewis basicity of the alcohol
molecule might play a significant role for the carbocation.

In conclusion, we have first observed the solvated cluster
compositions for Tr+ and found that the cluster forming ability
(solvation ability) increased with increasing alkyl chain length

† Present address: Institute for Fundamental Research of Organic
Chemistry, Kyushu University, Higashi-ku, Fukuoka, Japan. E-mail:
kazunari@ms.ifoc.kyushu-u.ac.jp; Fax: +81-92-642-2735; Tel:
+81-92-642-2720. Fig. 1
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of alcohols. Further elaboration and application of the present
methodology are now in progress.
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An Fe promoter inhibits the sintering of Cu particles and
oxidation of the Cu surface, resulting in high catalyst
activity and stability.

Carbon dioxide has been attributed to be the main source of the
greenhouse effect. The increase of carbon dioxide concentration
will strongly influence the global weather. Conversion of CO2
to CO by catalytic hydrogenation has been recognized as one of
the most promising processes for CO2 utilization. Synthesis gas,
H2 and CO, can be used to produce long-chain hydrocarbons via
the Fischer–Tropsch reaction.1,2 The reverse water gas shift
(RWGS) reaction is one of the available methods for the
production of CO.

Generally, copper catalysts are used for both the water gas
shift reaction and the reverse water gas shift reaction.3–10 There
have been many papers reporting the enhanced activity by
promoters and the reaction mechanism;3–7 however, the stabil-
ity of copper catalysts is little mentioned. The RWGS reaction
is an endothermic reaction; therefore, high temperature will
facilitate the formation of CO. Nevertheless, copper-based
catalysts are not suitable for operation at high temperature
because they are significantly deactivated by sintering. In this
study, iron is used as a promoter for copper catalysts in order to
improve the stability of the catalysts at high temperature.

The 10 wt% Cu/SiO2 and 0.3 wt% Fe/SiO2 samples were
prepared by impregnating Cab-O-Sil M-5 SiO2 with an aqueous
solution of Cu(NO3)2 and Fe(NO3)3, respectively. The Cu–Fe/
SiO2 (Cu+Fe = 10+0.3) was prepared by the addition of an
aqueous solution of Fe(NO3)3 to dried Cu/SiO2 before calcina-
tion and/or reduction. These catalysts were calcined in air and
reduced in pure H2 at 873 K for 5 h before reaction. Carbon
dioxide hydrogenation was carried out over a fixed bed reactor
at atmospheric pressure. 0.1 g samples of catalysts were used for
the RWGS reaction by feeding a stream of H2/CO2 at 100 ml
min21 in a 1+1 feed ratio. Temperature programmed reduction
(TPR) of catalysts was performed at atmospheric pressure in a
conventional flow system. Samples of 0.06 g of the catalysts
were placed in a U-shaped tube reactor and heated in a 5% H2/
N2 mixed gas stream flowing at 30 ml min21 at a heating rate of
10 °C min21 from 25 to 973 K. The area of the copper surfaces
was determined by using TPR of Cu oxidized by N2O.11

The dependence of CO2 conversion on time on stream for
comparison of the RWGS reaction over Cu/SiO2, Cu–Fe/SiO2
and Fe/SiO2 are shown in Fig. 1. It was found that the reaction
conversion using Cu/SiO2 was drastically decreased within
120 h: the catalytic activity decreased from 8.5 to 0.3%. The
0.3% Fe/SiO2 catalyst offered low catalytic activity: its
conversion decreased from 2.5 to 0.4% within 120 h. However,
when the same experiment was run over the Cu–Fe/SiO2
(Cu+Fe = 10+0.3) catalyst, it was found that CO2 conversion
was significantly increased and initial conversion increased
from 8.5 to 15%. On the other hand, the deactivation of Cu–Fe/
SiO2 decreased only from 15 to 12% within 120 h. After 40 h,
the catalytic activity fluctuated at about 12%. This shows that
the Cu-based catalyst could be kept in a stable state by the Fe
promoter.

Fig. 2 shows the comparison of surface area of Cu/SiO2 and
Cu–Fe/SiO2 catalysts before and after the reaction. The fresh

Cu/SiO2 and Cu–Fe/SiO2 catalysts were pretreated by calcina-
tion and reduction at 873 K for 5 h. Obviously, the copper
surface area in Cu–Fe/SiO2 was twice as large as that in Cu/
SiO2 [Fig. 2(a) and (b)]. When both catalysts were exposed to
the H2/CO2 feed at 873 K for 120 h, the copper surface area in
Cu/SiO2 was significantly decreased, but Cu–Fe/SiO2 retained
a copper surface area as high as that of a fresh catalyst.

TPR was used to characterize the Cu/SiO2 and Cu–Fe/SiO2
after H2/CO2 reaction at 873 K for 120 h (see Fig. 3). The TPR
profile of the Cu/SiO2 catalyst shows a typical Cu2O reduction
peak at 503 K. A similar result was found in our previous paper,
showing that copper can be oxidized in the process of the
RWGS reaction.7 Two peaks are observed in the Cu–Fe/SiO2
catalysts at 723 and 853 K, respectively. The TPR profile of the
Fe/SiO2 catalyst through H2/CO2 reaction at 873 K for 120 h
was performed to confirm the assignment of iron reduction
peaks in the Cu–Fe catalyst. Two peaks are also observed at 723
and 853 K. Comparing these features with earlier literature
reports,1,12 the first peak could be due to reduction of Fe2O3 to
Fe3O4. The second peak is due to reduction of Fe3O4 to FeO.
Surprisingly, no reduction peak of copper is found in the TPR
profile of Cu–Fe/SiO2. The reduced copper particles in Cu–Fe/
SiO2 catalyst cannot be oxidized during the reaction process.

Fig. 1 The dependence of CO2 conversion on time for H2/CO2 with 1+1 ratio
over Cu/SiO2, Cu–Fe/SiO2 and Fe/SiO2 catalysts at 873 K.

Fig. 2 The copper surface area in Cu/SiO2 and Cu–Fe/SiO2: (a) fresh Cu/
SiO2, (b) fresh Cu–Fe/SiO2, (c) Cu/SiO2 after exposure to H2/CO2 feed at
873 K for 120 h, (d) Cu–Fe/SiO2 after exposure to H2/CO2 feed at 873 K for
120 h.
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Two models, redox and formate decomposition mechanisms,
were proposed to explain the mechanism of CO formation in the
RWGS reaction.3–7 Cu0 may be attributed to be the major active
site for the RWGS reaction. The higher activity of Cu–Fe/SiO2
compared with Cu/SiO2 can be explained by the difference in
copper surface area values between these two catalysts. When
the pretreatment of Cu/SiO2 was conducted at 773 K for 5 h, the
copper surface area was 55 m2 g cat21. When the temperature of
calcination and reduction increased to 873 K, the surface area of
copper decreased markedly due to sintering. By adding 0.3%
iron onto the copper catalyst, the sintering of the copper catalyst
was successfully inhibited under these high temperature
conditions.

A decrease of the copper surface area together with the
oxidation of copper caused the decay in catalytic activity for Cu/
SiO2. Iron additives obviously suppressed the decrease of
copper surface area and catalyst deactivation. The small surface
energy of copper would easily lead to migration of copper under
high temperatures. The TPR study showed that iron was
oxidized under the reaction conditions. Fe oxides may act as
textural promoters which effectively suppress the sintering of
Cu.

Instead of the oxidation of copper, an Fe species in the Cu–Fe
catalyst was oxidized by the H2/CO2 stream. The TPR profile of
an Fe2O3/zeolite catalyst has been reported: three reduction
steps appeared at 695, 850 and 1000 K, respectively, when the
catalyst was calcined at 773 K.12 The lower temperature peak at
695 K corresponds to the reduction of Fe2O3 to Fe3O4; the
middle temperature peak at 850 K is due to the reduction of
Fe3O4 to FeO; and the higher temperature peak at 1000 K is for
the reduction of FeO to Fe0. FeO can reasonably be deduced to
be the major species in the Cu–Fe catalyst after the reduction
treatment at 873 K for 5 h in this study. The TPR profile of our
Cu–Fe/SiO2 catalyst in Fig. 3 provides strong evidence that FeO
can be oxidized to Fe3O4 and/or Fe2O3 during the reaction.

In summary, we have shown that Fe-promoted Cu/SiO2
exhibits high activity and stability for the RWGS reaction. The
Cu surface area was significantly improved at high temperature
by Fe additives. The Fe promoter inhibits the sintering of Cu
particles and oxidation of Cu, resulting in high catalytic activity
and stability.

We thank the Chinese Petroleum Corporation for financial
support of this study.
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Small hydrophobic pores (channels) in polystyrene latex
particles were found by investigating the penetration of
pyrene using fluorescence techniques.

Polystyrene latex (PSL) particles are solid nano- or micro-
spheres with functional groups attached on the surfaces.1
Latexes have many applications in coatings,2 biomedical
diagnostics3 and drug delivery.4 They are used also as model
systems in colloid research because of their well-defined
physicochemical characteristics.5 Recently we used latex
particles as microsubstrates for photoreactions and found that
the efficiencies of the reactions are enhanced dramatically.6,7

This effect is attributed to effective adsorption of the reactants
on the particle surfaces. Although all the applications of latex
are closely related to the composition and structure of the
particle surfaces, some structural details, such as compactness
of the polymer chains and penetration of chemicals into the
particle, are still unclear.

One particular phenomenon we observed is that the effi-
ciency of photoinduced electron transfer from pyrene (Py) to
methylviologen (MV2+) decreases with increase in the loading
time (i.e. the time of storage after mixing of the reactants with
PSL).7 This result cannot be explained by considering that the
reactants are adsorbed only on the surface of the particles. The
decrease of the efficiency suggests that there are small channels
or pores on the particle surface and Py molecules can go inside
the particle to be protected from quenching.

In this work, we report the evidence for small pores in PSL by
studying the penetrations of Py, pyrenemethanol (PyM) and
1-pyrenylbutyltrimethylammonium bromide (PBTAB) into
PSL particles in aqueous dispersion. This finding will extend
the application of PSL as a nano-scale substrate for coatings,
drug delivery systems, ammunoassay and so on.

PyM and PBTAB were purchased from Molecular Probes,
Inc. and used as supplied. Py was purified by vacuum
sublimation. To avoid any aggregate or excimer of the probes,
0.60, 5.0 and 10.0 mM stock solutions were used to prepare
samples in the penetration experiments for Py, PyM and
PBTAB, respectively. The synthesis, purification and character-
ization methods of PSL were reported elsewhere.7,8 The mean
diameter of the latex particles used in this work is 212 nm as
determined by dynamic light scattering measurements.8

Adsorption isotherms of the probes onto the latex particles
were measured by ultra-centrifugation.7,8 Fluorescence spectra
were recorded on a Hitachi F-4000 spectrofluorometer. Steady-
state fluorescence intensity is expressed in terms of peak
heights. Fluorescence lifetime measurements were carried out
with a Horiba NAES 1100 time-resolved spectrofluorometer.
All Fluorescence measurements were carried out at room
temperature with air-saturated samples.

It is well known that the microenvironment of a Py molecule
can be measured by the I1/I3 ratio in the vibronic fine structure
of its fluorescence spectrum.9 Therefore, the location of a Py
probe in a PSL aqueous dispersion can be determined by the I1/
I3 ratio. Illustrated in Fig. 1 are the loading time effects on the
relative fluorescence intensities (a) and I1/I3 ratios (b) of Py,
PyM and PBTAB in PSL aqueous dispersions. The obvious

decrease of I1/I3 ratio of Py indicates it was adsorbed from the
environment with high polarity (aqueous phase, I1/I3 = 1.84)9

to that with low polarity (polystyrene bulk, I1/I3 ≈ 1.05).
However, adsorption equilibrium is usually reached in minutes,
the slow process of the decreasing I1/I3 ratio with loading time
suggests that Py penetrates inside the particle. The homoge-
neous distribution of Py in poly(methyl methacrylate) latex
particles after soaking in a methanolic solution of Py10 also
supports the penetration.

The remarkable increase of Py fluorescence intensity with
loading time suggests that the quantum yield or lifetime was
increased due to its microenvironmental change. Time-resolved
fluorescence measurements suggest that the probes are located
in two kinds of environments (Fig. 2). Environment 1 makes Py
have a long lifetime (t1) and environment 2 makes it have a
short lifetime (t2). The adsorption isotherm of Py onto PSL
shows that more than 99.9% of Py exist in the adsorbed state

Fig. 1 Loading time effect on the relative fluorescence intensities (a), and I1/
I3 ratios (b) of Py, PyM, and PBTAB in PSL dispersion at room
temperature.
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(data not shown). Therefore, the contribution from the species
in aqueous phase is negligible. This means that both of the two
environments locate in/on the particle.

The fluorescence lifetime of Py is mainly affected by the
mobility of Py and O2 concentration in the system. In aqueous
phase, the fluorescence lifetime of Py decreases from 210 ns in
O2 free solution to 112 ns in air-saturated solution. It is expected
in the PSL dispersion that the lifetime will decrease further
when Py stays on the PSL surface due to adsorption of both Py
and O2.11 Actually, we observed the decrease of fluorescence
intensity within 2 min of the loading. On the other hand, when
Py goes into the inner part of the particle, the lifetime increases
due to the reduced mobility of Py. Thus, we ascribe environ-
ment 1 to pores or channels inside of PSL particle, and
environment 2 to the adsorption sites at the liquid–solid
interface.

Py molecules located in environment 2 seem to go gradually
to environment 1. This is indicated by the change of fluores-
cence quantum yields of the two components (data not shown)
and the increase of the total fluorescence intensity (Fig. 1a). The
microenvironmental change with the loading time is concrete
evidence for the penetration of Py.9 In aqueous solution, the I1/
I3 ratio of Py is 1.84. After Py was loaded onto PSL, the ratio
decreased to 1.22 in 2 min. Then it decreased gradually to 1.08
in 5 d at rt (Fig. 1b). If we assume that the I1/I3 ratio of the
adsorbed Py is 1.22 at the interface between PSL particle and
water, we get some details about the particle surface structure
and adsorption mechanism.

First, there are pores or channels in PSL particles through
which Py penetrates into the inner part of the particle resulting
in the decrease of I1/I3 ratio and increase of lifetime. Second, the
pore or channel is small and hydrophobic. The hydrophobicity
of the channel prevents water molecules and ionic species from
penetrating but allows Py to go slowly into the inner part. It is
known that a pyrene excimer can be easily formed in confined
spaces such as polymer micelles,12 and zeolites.13 However, a
Py aggregate or excimer was not detected even at high
concentration. Thus the dimension of the pore should be slightly
larger than the size of Py molecule. Thirdly, the number of the

holes should be large because the uptake capacity of Py
monomer can be as high as 2% (g/g).

As shown in Fig. 1, the I1/I3 ratio of PyM decreases slightly
and that of PBTAB is almost constant during the loading. If
PyM and PBTAB can go to the inside of the particle, their I1/I3
ratios should show obvious change because the I1/I3 ratios of
PyM and PBTAB are also sensitive to the polarity of the
environments.14 Comparing with that of Py, we conclude that
PBTAB does not go inside the particle and PyM goes slightly
inside. Here the “passport” for entering into the particle seems
to be mainly the polarity of the “passenger”.

To confirm the existence of the pores in the latex particles,
the control experiments were carried out using PSL and
polystyrene cast films. The former was prepared by drying the
latex dispersion, and the latter by casting from DCM solution.
Both films were annealed at 150 °C for 20 min. The
fluorescence intensities of Py from the films immersed in the
aqueous solutions decreased and the I1/I3 ratio did not decrease
below 1.2 as the loading time increased. These results are very
different from that of the latex particles. Therefore, we conclude
that there exist small hydrophobic pores in the PSL particles.
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Previously unknown 1,2,4,3,5-benzotrithiadiazepine 1 was
prepared by 1+1 condensation of Ph-NNSNN-SiMe3 with
S2Cl2 followed by intramolecular ortho-cyclization of [Ph-
NNSNN-S-S-Cl] intermediate, and hydrolyzed in pyridine to
unusual macrocyclic 7H,14H-dibenzo[d,i][1,2,6,7,3,8]tetra-
thiadiazecine 2.

Polysulfur–nitrogen p-excessive heterocycles, especially
heterocyclic stable radicals (with the former frequently being
precursors of the latter), are of keen interest for contemporary
chemistry and materials science.1–4 Among them, fused trithia-
diazepines belong to a little studied system. While
1,3,5,2,4-benzotrithiadiazepine5,6 3 is described and subjected
to preliminary investigation,6–8 its non-symmetric isomer
1,2,4,3,5-benzotrithiadiazepine 1 was unknown. The present
article deals with the preparation of 1 and its unexpected
hydrolysis in pyridine to unusual macrocyclic 7H,14H-dibenzo-
[d,i][1,2,6,7,3,8]tetrathiadiazecine 2.

For the synthesis of 1, the intramolecular electrophilic
cyclization of Ar-NNSNN-SiMe3 azathienes into 1,3,2,4-benzo-
dithiadiazines under the action of SCl26,9 was extended to S2Cl2.
This allows the preparation† of the target heterocycle 1 from
C6H5-NNSNN-SiMe3 4 (Scheme 1). The cyclization is also
successful with 4-BrC6H4-NNSNN-SiMe3 5 (providing com-
pound 6, an 8-Br derivative of 1) and 3-RC6H4-NNSNN-SiMe3
(7, R = CH3; 8, R = I). In the latter case of meta-substituted
precursors the cyclization is regioselective leading predom-
inantly or even exclusively to 7-R substituted derivatives of 1
(Scheme 1). The ratio of the major 7-R isomer to the minor 9-R
one is 65+35 for R = CH3, as shown by 1H NMR spectros-
copy.† With R = I, only the 7-I isomer 11 was observed and its
structure has unambiguously been confirmed by X-ray crys-
tallography (Fig. 1).‡

Contrary to the successful synthesis of 1, an attempt to
prepare its symmetric isomer 35,6 by the similar approach from
C6H5-S-NNSNN-SiMe3 and SCl2 fails. This result agrees with
previously reported6 one.

According to the data of X-ray crystallography (Fig. 1)‡ and
MP2/6-31G* calculations (Fig. 2),‡ the heterocycle of 1 is
significantly bent (similar to that of benzopentathiepine)10 in
contrast to the perfectly planar heterocycle of 35b and its
tetrafluoro derivative.11 The heterocycle conformation (Fig. 1)
features the planarity of the C(5a)-N(5)NS(4)NN(3)-S(2) frag-
ment within ± 0.03(1) Å. The S(1) and C(9a) atoms deviate from
this plane by 1.35(2) and 0.48(3) Å, respectively. It is seen
(Figs. 1 and 2) that the conformation and bond lengths of the
title heterocycle are practically the same for a free molecule
compared to that packed in the crystal, which is in striking
contrast to the situation with related 1,3,2,4-benzodithiadiazines
where molecular conformation significantly changes on going
from a gas phase to the solid state.12

The heteroatom reactivity of 1 differs from that of 3. For
example, it is reported that 3 is stable towards hydrolysis in
weak bases and acids7b and undergoes fast transformation into
1,3,2-benzodithiazolium chloride under the action of Me3SiCl
(a side-product of its preparation).7a,13 Compound 1 interacts
with Me3SiCl to give 1,2,3-benzodithiazolium chloride 13
(Scheme 2) extremely slowly.† However, the most interesting
finding is that hydrolysis of 1 in pyridine results unexpectedly
in the unusual macrocyclic compound 2 (Scheme 2).† In the
absence of pyridine (for example, in THF) the hydrolysis
proceeds very slowly if at all. Catalytic or even equimolar

Scheme 1

Fig. 1 The X-ray structure of molecule 11. Selected bond lengths (Å), bond
and torsion angles (°): S(1)–S(2) 2.051(6), S(2)–N(3) 1.69(2), N(3)–S(4)
1.52(2), S(4)–N(5) 1.55(1), N(5)–C(5a) 1.41(2), S(1)–C(9a) 1.76(1);
C(9a)–S(1)–S(2) 104.6(5), S(1)–S(2)–N(3) 104.2(6), S(2)–N(3)–S(4)
124.6(9), N(3)–S(4)–N(5) 127.1(8), S(4)–N(5)–C(5a) 138(1), N(5)–C(5a)–
C(9a) 125(1), C(5a)–C(9a)–S(1) 124(1), C(5a)–C(9a)–S(1)–S(2) 261(1),
C(9a)–S(1)–S(2)–N(3) 80.2(8), S(1)–S(2)–N(3)–S(4) 248(2), S(2)–N(3)–
S(4)–N(5) 8(2), N(3)–S(4)–N(5)–C(5a) 211(2), S(4)–N(5)–C(5a)–C(9a)
35(3).

Fig. 2 The MP2/6-31G* structure of molecule 1. Selected bond lengths (Å),
bond and torsion angles (°): S(1)–S(2) 2.086, S(2)–N(3) 1.688, N(3)–S(4)
1.614, S(4)–N(5) 1.594, N(5)–C(5a) 1.381, S(1)–C(9a) 1.757; C(9a)–S(1)–
S(2) 106.5, S(1)–S(2)–N(3) 105.0, S(2)–N(3)–S(4) 124.9, N(3)–S(4)–N(5)
126.9, S(4)–N(5)–C(5a) 137.8, N(5)–C(5a)–C(9a) 127.6, C(5a)–C(9a)–
S(1) 122.3, C(5a)–C(9a)–S(1)–S(2)–67.1, C(9a)–S(1)–S(2)–N(3) 78.8,
S(1)–S(2)–N(3)–S(4) 242.1, S(2)–N(3)–S(4)–N(5) 3.1, N(3)–S(4)–N(5)–
C(5a) 22.5, S(4)–N(5)–C(5a)–C(9a) 21.9.
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amounts of pyridine facilitate the hydrolysis in THF insignif-
icantly.

According to the X-ray diffraction data (Fig. 3) the molecule
2 possesses an inversion center. The macrocycle conformation
can be described as a chair featuring two transannular N–H…S
hydrogen bonds with a H…S distance of 2.60 Å.

Thus, two novel polysulfur–nitrogen heterocyclic systems
have been prepared by original approaches and structurally
characterized.

The authors are grateful to the Russian Foundation for Basic
Research for financial support of their work (project
99-03-33115 and grant 01-03-06190) and access to the
Cambridge Structural Database (grant 99-07-90133) and to the
STN International databases via STN Center at their Institute
(grant 00-03-32721).

Notes and references
† Syntheses. Compounds 1–6, 9–11. In an argon atmosphere, solutions of
1.35 g (0.01 mol) of S2Cl2 and 0.01 mol of Ar-NNSNN-SiMe3 (Ar = C6H5,
4-BrC6H4, 3-CH3C6H4 and 3-IC6H4),6,9 each in 30 cm3 of CH2Cl2, were
slowly mixed by adding them dropwise to 300 cm3 of CH2Cl2 at 20 °C, over
a period of 1 h, with stirring. After a further 1 h, the reaction solution was
filtered, the solvent distilled off under reduced pressure, and the residue was
chromatographed on silica (CCl4).

Compound 1, 10%, red oil. MS m/z 199.9534 (M+; calculated for
C6H4N2S3 199.9537). NMR (Bruker DRX-500 throughout the work) d
(CDCl3): 1H: 7.59, 7.34, 6.98; 13C: 151.1, 146.0, 132.7, 130.6, 130.4, 124.9;
15N [NH3 (liq.)]: 318.9 (s), 292.0 (d, J 3.3 Hz). UV (heptane) lmax/nm (log
e): 457 (3.39), 322 (3.53), 272 (3.85), 267 (3.83), 258 (3.75).

Compound 6, 4%, orange–red crystals, mp 80–81 °C (hexane). MS m/z
277.8642 (M+; calculated for C6H3BrN2S3 277.8642, 79Br). NMR d
(CDCl3): 1H: 7.78, 7.46, 7.19; 13C: 150.0, 147.6, 134.5, 133.0, 131.0, 117.1;
14N [NH3 (liq.)]: 319, 292. UV (heptane) lmax/nm (log e): 464 (3.51), 325
(3.60), 277 (3.98), 229 (4.32), 208 (4.32).

Compounds 9 and 10 ( ~ 2+1 mixture, 1H NMR), 7%, red oil. MS m/z
213.9697 (M+; calculated for C7H6N2S3 213.9693). NMR d (CDCl3): 1H: 9,
7.48, 7.14, 6.80, 2.34; 10, 7.22, 7.17, 6.91, 2.49; 13C: 9, 150.9, 142.8, 140.4,
131.9, 130.1, 125.2, 20.8; 10, 152.1, 145.2, 140.4, 129.7, 128.0, 125.5,
21.3; 15N [NH3 (liq.)]: 9, 319.2 (s), 292.1 (d, J 3.3 Hz); 10, 319.8 (s), 292.3
(d, J 3.3 Hz).

Compound 11, 3%, red crystals, mp 100–101 °C (hexane). MS m/z
325.8505 (M+; calculated for C6H3IN2S3 325.8505). NMR d (CDCl3): 1H:
7.70, 7.30, 7.29; 13C: 151.9, 145.5, 138.5, 133.2, 132.7, 95.5; 14N

[NH3 (liq.)]: 325, 289. UV (EtOH) lmax/nm (log e): 458 (3.24), 324 (3.45),
273 (3.95), 214 (4.07).

Compound 2. To a solution of 100 mg (53 1024 mol) of 1 in 0.6 cm3 of
pyridine was added 36 mg (23 1023 mol) of H2O. After 24 h the precipitate
(which consisted of a mixture of 2 and pyridinium sulfate, according to the
MS and IR data) was filtered off, washed with pyridine and recrystallized
from toluene. Compound 2, 5 %, colorless crystals, mp 215–217 °C. MS m/z
309.9729 (M+; calculated for C12H10N2S4 309.9727). IR n/cm21 (KBr):
3274s, 3050w, 1585m, 1470s, 1443m, 1269s, 901m, 757s, 612s, 575m,
448s. Evaporation of the filtrate under reduced pressure affords viscous oil
assumed to be (GC-MS, 1H and 13C NMR) a mixture of 2,2A-diaminodiphe-
nyl disulfide and related polysulfanes.

Compound 13. To a solution of 105 mg (5.253 1024 mol) of 1 in 4 cm3

of CH2Cl2 was added 228 mg (2.13 1023 mol) of Me3SiCl. After 21 d the
precipitate was filtered off and recrystallized from SOCl2–CCl4 (3+1).
Compound 13, 10%, yellow crystals, mp 194–196 °C (decomp.) MS m/z
153.9775 (M+ 2 35Cl; calculated for C6H4NS2 153.9785). NMR d
(CF3CO2H): 1H: 9.09, 9.00, 8.65, 8.46; 13C: 164.0, 156.2, 139.1, 133.9,
128.1, 123.4; 14N [NH3 (liq.)]: 406. UV lmax/nm (log e) (CF3CO2H): 426
(3.25), 347 (4.38).

After evaporation of the filtrate under reduced pressure unreacted 1 was
recovered in 80% yield.
‡ X-ray crystallography and ab initio calculations. X-ray structure data for
2 and 11. Compound 2: C12H10N2S4, M = 310.46, monoclinic, a =
8.101(2), b = 4.7156(9), c = 16.905(5) Å, b = 95.57(2)°, U = 642.7(3)
Å3, space group P21/c, Z = 2, dc = 1.604 g cm23, m(MoKa) = 0.719
mm21, 875 reflections measured, 807 unique (Rint = 0.037) which were
used in all calculations. The final R was 0.0873 (for 505 observed
reflections).

Compound 11: C6H3IN2S3, M = 326.18, monoclinic, a = 4.117(2), b =
11.048(7), c = 20.63(1) Å, b = 91.74(5)°, U = 938.2(9) Å3, space group
P21/c, Z = 4, dc = 2.309 g cm23, m(MoKa) = 4.023 mm21, 1859
reflections measure, 1616 unique (Rint = 0.040) which were used in all
calculations. The final R was 0.0831 (for 943 observed reflections).

CCDC 164031 (2) and 164032 (11). See http://www.rsc.org/suppdata/cc/
b1/b105001j/ for electronic files in .cif or other electronic format.

The MP2/6-31G* calculations were performed using the GAMESS
program.14
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Scheme 2

Fig. 3 The X-ray structure of molecule 2. Selected bond lengths (Å), bond
and torsion angles (°): S(1)-S(2) 2.082(5), S(2)-N(3) 1.66(1), N(3)-C(4)
1.42(2), C(4)-C(5) 1.37(2), C(5)-S(6) 1.80(1), S(6)-S(7) 2.082(5); S(1)-
S(2)-N(3) 107.1(5), S(2)-N(3)-C(4) 124(1), N(3)-C(4)-C(5) 121(1), C(4)-
C(5)-S(6) 121.2(9), C(5)-S(6)-S(7) 100.9(4), C(10)-S(1)-S(2)-N(3)
268.3(7), S(1)-S(2)-N(3)- C(4)269(1), S(2)-N(3)-C(4)-C(5) 144(1), C(4)-
C(5)-S(6)-S(7) 297(1). The dotted lines show N-H…S hydrogen bonds.
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New high-nuclearity Ni–Pt carbonyl clusters: synthesis and X-ray
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The reaction of [NnBu4]2[Ni6(CO)12] in THF solution with
1.5–2 equivalents of K2PtCl4 leads to formation of the
[Ni24Pt14(CO)44]42 and [Ni10(Ni62xPtx)Pt8(CO)30]42 (x ≈ 2)
tetraanions, the latter presents a localised substitutional Ni/
Pt disorder and an unprecedented close-packed metal
structure.

Most high-nuclearity metal carbonyl clusters containing inter-
stitial Ni or Pt atoms, e.g. [Ni11E2(CO)18]n2 (E = Sb, Bi),1,2

[H62nNi38Pt6(CO)48]n2,3 [H62nNi36Pt4(CO)45]n2,4
[Pt19(CO)22]42 5 and [Pt24(CO)30]22,6,7 display multivalence
encompassing several redox changes.5,8,9 Previously reported
Ni–Pd carbonyl clusters, viz. [Ni16Pd16(CO)40]42 and
[Ni26Pd20(CO)54]62,10 contain interstitial Pd atoms and are an
exception to the above rule. This probably happens because of
the weakness of all bonds involving palladium atoms, which
may favour fragmentation–condensation processes under redox
conditions. On the other hand, it is possible that the above
weakness could favour crowding of almost degenerate energy
levels in the frontier region and anticipate the size-induced
metal–insulator transition,11 which for metal carbonyl clusters
is expected to occur for nuclearities beyond 70.3 In partial
agreement, preliminary magnetic measurements indicate that
the even-electron [Ni16Pd16(CO)40]42 displays magnetic be-
haviour arising from the presence of four unpaired elec-
trons.12

The above considerations stirred interest in platinum-rich Ni–
Pt carbonyl clusters. As a result, we now report the synthesis
and structure of the first examples of such compounds
consisting of the substitutionally Ni/Pt crystal disordered
[Ni10(Ni62xPtx)Pt8(CO)30]42 (x ≈ 2) and the ordered
[Ni24Pt14(CO)44]42 tetraanions.

Both compounds were obtained by reaction of [NnBu4]2-
[Ni6(CO)12] in THF with 1.5–2 equivalents of K2PtCl4 and from
the residue obtained by evaporation of the reaction solution
were separated by differential solubility of their salts. Thus,
treatment of the above residue with THF gave a dark-green
solution containing a mixture of [Pt3n(CO)6n]22 (n = 3, 4)13,14

and [Ni24Pt14(CO)44]42, and an insoluble dark precipitate.
Extraction of the latter with acetone and precipitation with
hexane afforded [NnBu4]4[Ni10(Ni62xPtx)Pt8(CO)30]·Me2CO (x
= 1.92) (nCO in MeCN at 2003 s, 1990 sh, 1821 m (br) cm21)
as black prisms. [NnBu4]4[Ni24Pt14(CO)44]·6THF (nCO in
MeCN at 2008 s, 1877 mw, 1854 m and 1835 mw cm21)
separated out as hexagonal black crystals from the above dark-
green THF solution upon concentration. Both compounds have
been characterised by elemental analysis and X-ray diffraction
studies.†

The overall structures of the [Ni10(Ni62xPtx)Pt8(CO)12(m-
CO)18]42 and [Ni24Pt14(CO)26(m-CO)18]42 tetraanions are
shown in Fig. 1 and 2, respectively. The [Ni10-
(Ni62xPtx)Pt8(CO)30]42 metal frame is based on an unprece-
dented hcp sequence of M7, M10 and M7 layers. Interestingly,
the closely related homometallic [Pt24(CO)30]22 6,7 is based on
a ccp fragment deriving from that of [Pt38(CO)44]22 15 by
cutting two adjacent hexagonal Pt7 faces. The metal sites

(relative number of metal atoms in parentheses) of [Ni10-
(Ni62xPtx)Pt8(CO)30]42 display rather spread metallic coor-
dinations of 4 (4 Ni), 5 (2 Ni/Pt), 6 (1 Pt, 4 Ni/Pt), 7 (6 Ni, 4 Pt),
8 (1 Pt) and 12 (2 Pt). The Ni/Pt substitutional disorder is limited
to the two middle-layer sites with metal connectivity of 5 and
their adjacent atoms belonging to the top- and bottom-layer and
displaying metal connectivity of 6. These were refined as a
mixture of Ni and Pt atoms to obtain occupancy fractions of ca.
2/3 and 1/3, respectively. All other metal sites could be refined
either as nickel or platinum atoms. Analysis of two other
crystals, coming from different preparations of [Ni10-
(Ni62xPtx)Pt8(CO)30]42, gave rise to slightly different Ni and Pt
occupancy fractions in the same substitutionally disordered
sites. However, an overall x value of ca. 2 was confirmed. This
finding is in agreement with the presence of a stoichiometric
[Ni10(Ni4Pt2)Pt8(CO)30]42 species having localised substitu-
tional Ni/Pt disorder (as, for instance, [Fe2Rh4(CO)16]22).16 A
non-stoichiometric and substitutionally disordered mixture of
[Ni10(Ni62xPtx)Pt8(CO)30]42 species, as exemplified by the
recently reported [Au6Pd6(Pd62xNix)Ni20(CO)44]62,17 seems
less in keeping with the available data.

The metal framework of [Ni24Pt14(CO)44]42 represents a
fragment of ccp lattice identical to that displayed by the
homometallic [Pt38(CO)44]22 dianion,15 but different from that
of other carbonyl clusters possessing the same metal nuclearity,
viz. [HNi38C6(CO)42]52,18,19 [Ni32Au6(CO)44]62,17

[Ni20(Pd62xNix)Pd6Au6(CO)44]62,17 and Pd38(CO)28-

Fig. 1 The [Ni10(Ni62xPtx)Pt8(CO)30]42 (x ≈ 2) tetraanion. Pt and Ni atoms
are shown as black and open spheres, respectively. Substitutional Ni–Pt
disorder is limited to the sites shown as partially blackened spheres. Range
of M–M distances: Pt–Pt 2.612(1)–2.817(1), Ni–Pt 2.673(2)–2.854(2), Ni–
Ni 2.466(3)–2.815(3), Ni/Pt–Ni 2.705(3)–2.787(3), Ni/Pt–Pt
2.649(2)–2.796(2), Ni/Pt–Ni/Pt 2.732(3)–2.781(3) Å.

This journal is © The Royal Society of Chemistry 2001
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(PEt3)12.20 The 24 nickel atoms occupy the corner sites of the
truncated-n3-octahedron,21 whereas the 14 platinum atoms
occupy the six vertices of the interstitial octahedron and the
centers of the eight hexagonal faces. Such an ordered occupa-
tion is probably favoured by the substantial difference in metal
coordination (6, 9 and 12) of the three kinds of geometrically
equivalent metal sites of [Ni24Pt14(CO)44]42.

The carbonyl stereochemistry of [Ni24Pt14(CO)26(m-
CO)18]42 represents a variant of that of the non-isoelectronic
[Pt38(CO)32(m-CO)12]22 dianion.15 The tetraanion has 26
terminal ligands (one per each nickel atom and the two platinum
atoms centering two opposite Ni6 hexagonal rings) and 18 edge-
bridges (12 onto the Ni–Pt–Ni diagonals of the other six Pt-
centered Ni6 hexagonal faces and six onto one Ni–Ni edge of
each Ni4 square face). Spanning of Ni–Pt bonds rather than a
second opposite Ni–Ni edge of each Ni4 square face reduces the
number of short C…C non-bonding contacts and releases the
steric pressure among the carbonyl groups. Moreover, an
increased number of edge-bridging carbonyl groups with
respect to [Pt38(CO)44]22 is in keeping with the increased
negative charge of [Ni24Pt14(CO)44]42. Regeneration of the
carbonyl stereochemistry of the former would only require a
concerted terminal–edge site exchange of the 12 edge-bridging
carbonyls spanning the Ni–Pt–Ni diagonals of 6 out of 8
hexagonal faces and six terminal ligands bonded to one of the
two nickel atoms of the above diagonals.

EHMO calculations with CACAO22 show that the frontier
regions of each of [Ni24Pt14(CO)44]42 and [Ni10-
(Ni62xPtx)Pt8(CO)30]42 do not feature a well-defined HOMO–
LUMO gap. Therefore, it appears possible that both compounds
could exhibit a wide range of redox states as their homometallic
[Pt24(CO)30]22 and [Pt38(CO)44]22 congeners.6,7 A further hint
is given by the electron counts of both [Ni24Pt14(CO)44]42 and
[Ni10(Ni62xPtx)Pt8(CO)30]42, which exceed by two valence
electrons those of the related dianions, [Pt38(CO)44]22 15 and

[Pt24(CO)30],22 respectively.6,7 Studies devoted to elucidating
their magnetic and electrochemical behaviour and the eventual
structural changes occurring upon reduction or oxidation are
ongoing.

G. L. thanks the MURST (COFIN2000) and the University of
Bologna for funding. P. H. S. acknowledges grants from The
Wenner-Gren Foundation, Stiftelsen BLANCEFLOR Boncom-
pagni-Ludovisi, född Bildt and Svenska Institutet.
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Poly(distyrylbenzene-block-sexi(ethylene oxide)), a highly luminescent
processable derivative of PPV
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A block copolymer of distyrylbenzene with sexi(ethylene
oxide) spacers displays high solid state photoluminescence
efficiency (34%). Single layer light-emitting diodes with
calcium or aluminium cathodes exhibit luminances over
2000 cd m22 and efficiencies of 0.5 cd A21.

Electroluminescence in conjugated polymers was first observed
in poly(p-phenylenevinylene),1 PPV, which is made via a
precursor route and has been the workhorse for investigations of
the phenomenon.2 Most unsubstituted conjugated polymers are
insoluble and infusible and consequently not easily processed.
Various protocols have been adopted to overcome this funda-
mental problem including the use of precursor routes, solubilis-
ing side chains, formation of block copolymers and polymers
containing functional units in side chains.3 Several groups have
demonstrated the use of Wittig condensation as an effective
route to copolymers with well-defined conjugated chromo-
phores separated by a non-conjugated unit.4 In this context
oligo(ethylene oxide), OEO, spacers are attractive as they can
provide a dramatic enhancement of solubility in both organic
and aqueous solvents5 and avoid the requirement to introduce
solubilising side chains directly on the chromophore, which can
disrupt planarity. In addition OEOs can provide a significant
ionic conductivity that can, in principle, be exploited for
fabricating light-emitting electrochemical cells, LECs. Sand-
man et al.6 and Li et al.7 have described the synthesis of
copolymers of distyrylbenzene (DSB) and OEO, but found it
difficult to report device characteristics owing to rapid device
degradation.6

In contrast to these reports, we describe the synthesis and
characterisation of a block copolymer of DSB with sexi-
(ethylene oxide), SEO, spacers (DSB-block-SEO) 1 which
displays high solid state photoluminescence (PL) efficiency and
good electroluminescence in device structures. In our approach
SEO was activated as the bis-tosylate and reacted with
4-hydroxybenzaldehyde to give the flexible linker 2. The
reaction of triphenylphosphine with a,aA-dibromoxylene gave
bis(triphenylphosphonium)xylylene dibromide 3 and Wittig
condensation of 2 and 3 gave the polymer 1 (see Scheme 1).

The polymer is soluble in chloroform and robust free-
standing films can be cast from solution. The 1H-NMR-, 13C-
NMR-, FTIR and UV/vis spectra and elemental analysis were
consistent with the assigned structure. The 1H-NMR spectrum
is reproduced in Fig. 1, in the inset four AB quartets can be

identified and assigned;8 the two with JAB = 16 Hz are assigned
to trans vinylenes in trans,trans and trans,cis DSB units and the
two with JAB = 12 Hz to cis vinylenes in cis,cis and cis,trans
units, the relative intensities of these signals indicating a 50:50
cis:trans distribution of double bonds.

Gel Permeation Chromatography (Viscoteck, RI detector,
chloroform eluent, 2 3 PLgel mixed bed D 30 cm columns,
polystyrene standards, we thank RAPRA for this measurement)
indicated a Mn of 5600, a polydispersity of 3 and a degree of
polymerisation of about 10 with respect to polystyrene
calibration. Ion chromatography (Dionex, DX 120) indicated no
traces of Li+, Na+, K+, Mg2+ or Ca2+ and 31P-NMR showed no
phosphorous.

The solid state PL quantum efficiency of polymer 1 is 34%,
as measured by exciting a 100 nm thick film on spectrosil inside
an integrating sphere, with laser excitation at 325 nm (He-Cd
laser). The solid state absorption spectrum is reported in Fig. 2
and shows a maximum at 3.71 eV (334 nm), whereas the solid
state PL spectrum (Fig. 3) shows two maxima at 2.34 eV (529
nm) and 2.50 eV (496 nm), i.e. in the green region of the visible
range. The substantial red-shift ( ~ 0.25 eV) with respect to
distyrylbenzene oligomers can be explained by taking into

Scheme 1 Synthesis of polymer DSB-block-SEO 1.

Fig. 1 1H NMR spectrum of DSB-block-SEO in Tetrachloroethane-
d2 (TCE-d2).

Fig. 2 Absorption spectrum of a DSB-block-SEO thin film (100 nm thick)
on a spectrosil substrate.
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account the electron-donating properties of the alkoxy groups in
the 4 and 4A positions.9 The Stokes shift between absorption and
emission is substantial (162 nm).

Light-emitting diodes, LEDs, were prepared on ITO sub-
strates treated with an oxygen plasma prior to spin-coating, in
order to increase the work function and surface energy.10 The
active material was spin-coated from a chloroform solution, and
the device fabrication completed by thermal evaporation of a
calcium and/or aluminium cathode.

Typical current density and luminance vs. voltage (IVL)
curves for a diode with ITO and Al electrodes are reported in
Fig. 4. The turn-on voltage is at 6.5 V, and we obtained
luminance values over 2000 cd m22 at 19 V, with luminescence
efficiencies up to 0.5 cd A21. Interestingly, we observed no
significant improvement when replacing Al cathodes by Ca
cathodes in spite of a much lower work function (2.8 eV vs.
4.2–4.3 eV for Al). This is unexpected in view of the position of
the frontier levels, found at 5.5 ± 0.1 eV (ionisation potential,
IP) and 2.5 ± 0.1 eV (electron affinity, EA), determined by
cyclic voltammetry with ferrocene as reference. Relatively high

turn-on voltages, even when a poly(ethylenedioxythiophene)–
poly(styrenesulfonic acid), PEDOT:PSS, hole-injection layer
was used in order to try to increase the anode work function,11

are consistent with the presence of a significant energy barrier
at the anodic interface.

LECs use an electroluminescent polymer, an ion transporting
polymer (such as poly(ethylene oxide)) and a salt in order to aid
charge injection at the electrodes.12 Since our polymer com-
prises both OEO and DSB within its backbone we were able to
prepare LECs with active layers made of DSB-block-SEO
blended with lithium triflate (10 wt%) (ITO/DSB-block-
SEO(LiTf)/Al). The turn-on voltage was reduced to 3.8 V with
emission, as before, in the green and we could observe
electroluminescence under reverse bias.

In summary, we have prepared and characterised a solution
processable polymer containing distyrylbenzene units having a
50:50 cis+trans vinylene distribution linked at the 4,4A-positions
by sexi(ethylene oxide) units. In contrast to earlier reports on
related materials this polymer can be used to construct very
efficient LEDs.

We thank EC Network LAMINATE (HPRN-CT-
2000-00135) (PWL), the Royal Society and Clare Hall College
(FC), the EPSRC, and CDT.
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Fig. 3 EL and PL spectra of DSB-block-SEO. The EL spectrum is from an
ITO/DSB-block-SEO/Al diode (2 mm2 area; 100 nm thick layer). The PL
spectrum is obtained by exciting with a He-Cd laser (325 nm) a 100 nm
thick film on spectrosil. The relatively broad spectrum with respect to
previous reports6 is likely to be due to a greater disorder, induced by the
significant cis-content.

Fig. 4 Current density and luminance vs. voltage characteristics of the same
ITO/DSB-block-SEO/Al device used for the EL spectrum of Fig. 3.
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Synthesis and structural characterization of a silver complex of a
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The synthesis of a dicationic imidazolium-linked cyclophane
and a dimeric silver–N-heterocyclic carbene complex, that is
the first silver complex with a N-heterocyclic carbene ligand
involved in a p-bonding interaction, is reported.

Our group1 and others2 have been exploring the chemistry of
silver complexes with mixed-donor N-heterocyclic carbene
ligands. Bis(carbene)–Ag complexes with monodentate N-
heterocyclic carbene ligands are all structurally similar, with
two carbene moieties complexed to a Ag atom in a linear
fashion.3,4 The mixed-donor N-heterocyclic carbene ligands
stabilize silver complexes that are quite varied. These com-
plexes can have a combination of Ag–Ag, donor atom–Ag, and
bis(carbene)–Ag interactions.

We report herein, the synthesis of the dicationic imidazo-
lium-linked cyclophane 1 and the dimeric silver N-heterocyclic
carbene complex [Ag4(1*)2][PF6]4 (2), where 1* denotes
deprotonated 1, a bis-carbene-linked cyclophane.5 Complex 2 is
the first silver complex that has a N-heterocyclic carbene ligand
involved in a p-bonding interaction. This novel situation
facilitates the stabilization of a [Ag4]4+ cluster with four non-
coordinating PF6 anions.

The synthesis of cyclophane 1 is outlined in Scheme 1. The
3 + 1 condensation reaction of 2,6-bis(imidazolmethyl)pyr-
idine6 and 1-methyl-2,5-bis(trimethylaminomethyl)pyrrole
diiodide7 in nitromethane affords the cyclophane 1[I]2. Treat-
ment of an aqueous solution of [1][I]2 with ammonium
hexafluorophosphate affords [1][PF6]2. The 1H and 13C NMR
spectra for [1][PF6]2 are consistent with the proposed structure
of 1. The most notable features in the 1H and 13C NMR spectra
are the resonances for the imidizolium protons at 8.6 ppm and
the corresponding imidazolium carbons at 135.4 ppm. Cyclo-
phane 1 in acetone generates [1][PF6]+ ions at m/z 491.3 upon
ESI-MS conditions (calculated m/z 491.2 for C20H22N6PF6).

Treatment of cyclophane [1][PF6]2 with Ag2O in DMSO at
55 °C affords the N-heterocyclic carbene complex
[Ag4(1*)2][PF6]4 (2) (eqn. (1)). The 1H and 13C NMR data are
consistent with the structure of 2. The most notable feature of
the 1H NMR spectrum is the absence of the resonance for the

imidazolium protons at 8.6 ppm. In the 13C NMR spectrum for
2, the carbene resonance appears as two doublets centered at
163.2 ppm (1JCs–Ag = 220 Hz, 1JCp–Ag = 47 Hz).8 The
chemical shift and the coupling pattern are consistent with two
bonding interactions for the carbene moiety. The larger
coupling of 220 Hz is consistent with a s-bonding interaction
between the carbene and a silver atom. Carbene–silver coupling
constants have been reported in the range 204–220 Hz (109Ag)
and 180–189 Hz (107Ag).2b,3,4a,b The smaller coupling of 47 Hz
is unprecedented in silver–carbene chemistry, and we assign
this value to an unconventional p-bonding interaction between
the carbene and a neighboring silver atom. The assignment of
each carbene interacting with two different silver atoms, via a s-
bonding and a p-bonding interaction, is consistent with the solid
state structure for 2.‡

(1)

The structure of the tetracationic portion of 2 consists of a
centrosymmetric dimer with four Ag cations (Fig. 1). The
asymmetric unit consists of precisely half of the dimer leading
to equivalent bond lengths and angles. With this in mind, we
will confine our discussions to only the asymmetric portion of
the molecule except in the cases where the inversion center
produces additional non-redundant parameters. The four Ag
atoms form a central planar core with two Ag cations bridging
the Ag–Ag contacts between the other two. The Ag1–Ag1A
cross-ring distance (2.9712(11) Å) is slightly longer than the
bridging Ag1–Ag2 (2.7680(9) Å) and Ag1A–Ag2 (2.8077(16)
Å) interactions. Each bridging Ag atom forms two bonding

† Electronic supplementary information (ESI) available: detailed experi-
mental procedures for the syntheses of [1][PF6]2 and [Ag4(1*)2][PF6]4 (2)
and details of crystallography. See http://www.rsc.org/suppdata/cc/b1/
b105751k

Scheme 1
Fig. 1 Molecular structure of the tetracationic portion of [Ag4(1*)2][PF6]4 2
with thermal ellipsoids drawn at 50% probability. Hydrogen atoms have
been omitted for clarity. Selected bond lengths (Å) and angles (°): Ag1–
Ag1A 2.9712(11), Ag1–Ag2 2.7680(9), Ag1A–Ag2 2.8077(16), Ag2–C7A
2.148(6), Ag2–C17 2.149(6), Ag1–C7 2.412(5), Ag1–C17 2.516(6); C17–
Ag2–C7A 176.2(2).

This journal is © The Royal Society of Chemistry 2001
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interactions with the carbene ligands of two neighboring
macrocycles at Ag2–C7A (2.148(6) Å) and Ag2–C17 (2.149(6)
Å) bond distances and a nearly linear C17–Ag2–C7A
(176.2(2)°) bond angle. These values are quite normal when
compared to the same parameters reported for other silver–
bis(carbene) complexes.1,3,4a,b In addition, each bridging Ag
atom has a DMSO molecule coordinated to it with a Ag–O
distance of 2.401(5) Å. The non-bridging Ag atoms are each
coordinated to the pyridine nitrogen atoms of neighboring
ligands at a Ag1A–N1A bond distance of 2.360(5) Å. An
interesting feature of 2 is the manner in which each carbene
ligand tilts inward toward the center of the molecule and
interacts with the non-bridging Ag atoms at distances of Ag1–
C7 (2.412(5) Å) and Ag1–C17 (2.516(6) Å). Bonding inter-
actions of this type are unprecedented in N-heterocyclic carbene
chemistry.9 We assign this interaction as a p-carbene–silver
bond. Our assignment is supported by previously reported
silver–arene p-bonding interactions which lie in the range
2.43–2.61 Å.10 The pyrrole portion of each macrocycle is
positioned such that a p–Ag interaction could be envisioned;
however, the shortest contact is 3.30 Å (Ag1–N4) and they vary
from 3.30–3.89 Å.

Organosilver complexes having inner [Ag4]4+ clusters sim-
ilar to 2 have been reported.11 In fact, the structural similarity
between 2, [Ag(C6H4CH2NMe2-2)]4 311a and
[Ag(C5H3CH2NMe2-2)Fe(C5H5)]4 411e is remarkable. For 3,
four Ag–Ag bonds that average 2.738(2) Å are each asymmet-
rically bridged by an anionic 2C6H4CH2NMe2-2 ligand form-
ing two Ag–C bonds that average 2.155(13) and 2.381(13) Å,
respectively. For 4, four Ag–Ag bonds (2.740(2) Å) form a
planar core with each of the Ag–Ag bonds symmetrically
bridged by an anionic (2C5H3CH2NMe2-2)Fe(C5H5) ligand
with Ag–C distances of 2.17(2) Å. The structural similarity
between 2, 3 and 4 can be explained in terms of the isoelectronic
relationship between the anionic aryl ligands used for 3 and 4
and the N-heterocyclic carbene ligand.

We wish to thank the National Science Foundation, the
University of Akron and the Ohio Board of Reagents for
financial support. We thank Dr. Judith Gallucci for assistance in
the collection of X-ray diffraction data for 2.

Notes and references
‡ Crystal data for C22H26N6Ag2P2F12 (2)·Me2SO: M = 928.21, triclinic,
space group P1̄, a = 10.389(2), b = 11.272(2), c = 14.104(3) Å, a =

110.21(3), b = 96.34(3), g = 102.46(3°), V = 1482.3(5) Å3, Z = 2, Dc =
1.125 Mg m23, m = 0.817 mm21, T = 200 K, Refinement for data with I
> 2s(I) (5212 reflections, Rint = 0.0214) gave R1(F) = 0.0444 and
wR2(F2) = 0.1343 for all data.

See http://www.rsc.org/suppdata/cc/b1/b105751k/ for crystallographic
data in CIF or other electronic format.

1 J. C. Garrison, R. S. Simons, J. M. Talley, C. Wesdemiotis, C. A. Tessier
and W. J. Youngs, Organometallics, 2001, 20, 1276.

2 (a) A. A. D. Tulloch, A. A. Danopoulos, S. Winston, S. Kleinhenz and
G. Eastham, J. Chem. Soc., Dalton Trans., 2000, 4499; (b) A. Caballero,
E. Díez-Barra, F. A. Jalón, S. Merino and J. Tejeda, J. Organomet.
Chem., 2001, 617–618, 395; (c) A. M. Magill, D. S. McGuinness, K. J.
Cavell, G. J. P. Britovsek, V. C. Gibson, A. J. P. White, D. J. Williams,
A. H. White and B. W. Skelton, J. Organomet. Chem., 2001, 617–618,
546.

3 A. J. Arduengo III, H. V. R. Dias, J. C. Calabrese and F. Davidson,
Organometallics, 1993, 12, 3405.

4 (a) B. Bildstein, M. Malaun, H. Kopacka, K. Wurst, M. Mitterböck, K.
Ongania, O. Giuliana and P. Zanello, Organometallics, 1999, 18, 4325;
(b) H. M. J. Wang and I. J. B. Lin, Organometallics, 1998, 17, 972; (c)
D. S. McGuinness and K. J. Cavell, Organometallics, 2000, 19, 741.

5 N-Heterocyclic carbene-linked cyclophanes have only been observed in
the gas phase: E. Alcalde, N. Mesquida and M. Vilaseca, Rapid
Commun. Mass Spectrom., 2000, 14, 1443.

6 W. A. Herrmann, C. Kocher and L. Goossen, US Pat., 6 025 496,
2000

7 I. T. Kim and R. L. Elsenbaumer, Tetrahedron Lett., 1998, 39, 1087.
8 107Ag and 109Ag coupling constants for 1JC–Ag are within 10% of each

other and were not resolvable for 2 due to broadening.
9 (a) D. Bourissou, O. Guerret, F. P. Gabbaï and G. Bertrand, Chem. Rev.,

2000, 100, 39; (b) W. A. Herrmann and C. Köcher, Angew. Chem., Int.
Ed. Engl., 1997, 36, 2162.

10 (a) H. C. Kang, A. W. Hanson, B. Eaton and V. Boekelheide, J. Am.
Chem. Soc., 1985, 107, 1979; (b) P. F. Rodesiler, E. A. Hall Griffith and
B. L. Amma, J. Am. Chem. Soc., 1972, 94, 761; (c) E. A. Hall Griffith
and B. L. Amma, J. Am. Chem. Soc., 1974, 96, 5407; (d) E. A. Hall
Griffith and B. L. Amma, J. Am. Chem. Soc., 1974, 96, 743; (e) I. F.
Taylor, E. A. Hall and B. L. Amma, J. Am. Chem. Soc., 1969, 91, 5745;
(f) H. G. Smith and R. E. Rundle, J. Am. Chem. Soc., 1958, 80, 5075.

11 (a) D. A. Edwards, R. M. Harker, M. F. Mahon and K. C. Molloy, J.
Chem. Soc., Dalton Trans., 1997, 3509; (b) E. M. Meyer, S.
Gambarotta, C. Floriani, A. Chiesi-Villa and C. Guastini, Organome-
tallics, 1989, 8, 1067; (c) S. Gambarotta, C. Floriani and A. Chiesi-
Villa, J. Chem. Soc., Chem. Commun., 1983, 1087; (d) P. M. Jeffries, S.
R. Wilson and G. S. Girolami, J. Organomet. Chem., 1993, 449, 203; (e)
A. N. Nesmeyanov, N. N. Sedova, Y. T. Struchkov, V. G. Adrianov, E.
N. Stakheeva and V. A. Sazonova, J. Organomet. Chem., 1978, 153,
115.

Chem. Commun., 2001, 1780–1781 1781



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Production of Au–Ag alloy nanoparticles by laser ablation of bulk
alloys

Inhyung Lee, Sang Woo Han and Kwan Kim*

Laboratory of Intelligent Interface, School of Chemistry and Molecular Engineering and Center for
Molecular Catalysis, Seoul National University, Seoul 151-742, Korea.
E-mail: kwankim@plaza.snu.ac.kr

Received (in Cambridge, UK) 20th June 2001, Accepted 6th August 2001
First published as an Advance Article on the web 3rd September 2001

Gold–silver alloy nanoparticles can be produced by pulsed
laser irradiation of bulk alloy metals in water, preserving the
stoichiometry of the target metals.

The intense research activity in the field of nanoparticles that
has been conducted by chemists, physicists, and material
scientists is motivated by the search for new materials in order
to further miniaturize electronic devices, as well as by the
fundamental question of how molecular electronic properties
evolve with increasing size in this intermediate region between
molecular and solid-state physics.1 In particular, nanocompo-
sites, i.e., alloy and/or core–shell particles, are attractive
materials because of their composition-dependent optical and
catalytic properties. Papavassiliou has successfully prepared
Au–Ag alloy particles via evaporation of Au–Ag alloys.2 Liz-
Marzan and Philipse prepared various bimetallic colloidal
nanoparticles (Au–Ag, Au–Pt, and Ag–Pt) by reducing the
metal salts in aqueous, optically transparent dispersions of
inorganic fibers.3 Our research group4 and El-Sayed et al.5
employed simultaneous reduction of gold and silver salts to
form Au–Ag alloy particles with 4 and 18 nm diameters,
respectively. Very recently, Hodak et al.6 and Chen and Yeh7

reported the production of Au–Ag alloy nanoparticles by laser
irradiation of either the Au–Ag core–shell nanoparticles or the
gold and silver colloidal mixtures. This suggests that the
interaction between laser light and nano/colloidal particles can
result in compositional changes via a melting process.6–8

Herein, we report that homogeneous alloy nanoparticles can be
produced even from bulk alloys by laser ablation in water.9 A
gold–silver system is chosen as a model case since both metals
are miscible in all proportions in bulk due to their comparable
lattice constants. Moreover, UV-vis absorption spectroscopy
can readily be applied to differentiate an alloyed structure from
a core–shell one for Au–Ag bimetallic particles.3–5

Initially, Au–Ag bulk alloys were prepared by inductively
heating two metals at high frequency; metals used were in molar
ratios of Au+Ag = 3+1, 2+2, and 1+3. Hereafter, we will refer
to the metal nanoparticles prepared from the Au–Ag alloys in
molar ratios of 3+1, 2+2, and 1+3 as Au0.75Ag0.25, Au0.5Ag0.5,
and Au0.25Ag0.75, respectively.† Silver and gold nanoparticles
are known to show plasmon absorption bands in the visible
region (at ~ 390 and ~ 520 nm, respectively10). In fact, distinct
peaks are observed at 394 and 518 nm in the UV-vis spectra of
the Ag and Au nanoparticles prepared from pure metals (see the
spectra labeled (a) and (e) in Fig. 1). In Fig. 1 are also shown the
UV-vis spectra of the Au0.25Ag0.75, Au0.5Ag0.5, and
Au0.75Ag0.25 samples (see the spectra labeled (b), (c), and (d),
respectively). Peaks are clearly observed at 427, 460, and 493
nm, respectively, for these samples; all these peaks are located
at intermediate positions between the intrinsic Ag and Au
plasmon bands. Hence, they must arise from the surface
plasmon absorptions of alloyed nanoparticles. It is noteworthy
that the plasmon absorptions of the gold–silver composite
clusters are linearly red-shifted from that of a monometallic Ag
cluster in proportion to the increase in the mol fraction of the Au
content. This is demonstrated by Fig. 2, in which the UV-vis

absorption peak position is plotted against the mol fraction of
Au in the precursor samples. Two plasmon bands would be
expected if the clusters consisted of individual Au and Ag
particles or of bimetallic composites with a core–shell struc-
ture.4,10 All these UV-vis spectral features suggest that the Au–
Ag composite particles prepared in this work are neither a
simple mechanical mixture of two different monometallic
particles nor bimetallic nanoparticles with a core–shell struc-
ture.

Fig. 3(a) shows a typical TEM (JEM-2000 EXII, 160 kV)
image taken for a Au0.5Ag0.5 sample. As can be seen in the
image, most of the particles are not agglomerated and their
average size is ~ 10 nm. Other samples showed similar TEM
images. As surmised from UV-vis absorption spectroscopy, the
probability of the presence of core–shell particles is proved to

Fig. 1 UV-vis absorption spectra of Au–Ag alloy nanoparticles produced in
distilled water with nominal formulae of (a) Ag, (b) Au0.25Ag0.75, (c)
Au0.5Ag0.5, (d) Au0.75Ag0.25, and (e) Au.

Fig. 2 Positions of surface plasmon bands plotted against the mol fractions
of Au atoms in alloy nanoparticles.
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be very low from the energy dispersive X-ray spectroscopy
(EDX) analysis. In the latter analysis, peak integration and
normalization were carried out to measure the Au-to-Ag ratio in
individual particles, and the data were collected over 10
particles. The EDX analysis on the Au0.75Ag0.25, Au0.5Ag0.5,
and Au0.25Ag0.75 particles thus yielded atomic ratios of Au+Ag
= 75.79+24.21 (±1.65), 49.75+50.25 (±1.01), and 25.14+74.86
(±1.71), respectively. The results were always comparable to
within 2%. These observations indicate that the laser-ablated
products are indeed homogeneous alloyed nanoparticles.

Fig. 3(b) is a high-resolution TEM (HRTEM, JEM-3000F,
300 kV) image of the sample in Fig. 3(a). We can estimate from
this image that the lattice plane spacing is about 2.35 Å. Much
the same value (2.35 ± 0.01 Å) was obtained for other samples
with different compositions. In fact, the value obtained herein is
very close to those of pure Ag and Au, i.e., 2.36 Å for Ag and
2.35 Å for Au.11 This may be attributed to the fact that Ag and
Au are miscible in all proportions due to their almost identical
lattice constants. The unit cell size of Au–Ag alloys changes by
less than 1% over the entire range from pure Au to pure Ag, and
no superlattice reflections are observed in the alloys.12

Let us briefly provide a plausible mechanism for the alloyed
particle formation. Immediately after the laser irradiation, the
surface of a sample will reach a very high temperature by
absorbing pulsed laser energy. As a consequence, atoms and/or
small particles should be ejected through vaporization, followed
by the build-up of a dense cloud of metal atoms (Au and Ag
atoms) near the laser spot. Since the interaction between metal
atoms is much greater than that between a metal atom and a

solvent molecule, the metal atom(s) will aggregate to produce
nanoparticles. Since Au and Ag form nearly ideal solid
solutions at all compositions,13 mixing of the two metals is a
thermodynamically favorable process. Therefore, nanoparticles
formed must be homogeneous alloy particles.

In summary, we found that Au–Ag alloy nanoparticles could
be easily produced by laser ablation of a bulk alloy in water.
Formation of homogeneous alloyed particles was clearly
demonstrated by UV-vis absorption spectroscopy and TEM and
EDX measurements. The simplicity of the procedure is clearly
a major advantage of the present method. The size distribution
of nanoparticles can be readily controlled by varying the pulse
energy and time of ablation. The method is versatile with
respect to the kinds of metals and/or solvents employed. The
absence of chemical reagents or ions in the final preparation will
also be advantageous. The particles can be derivatized with
suitable amphiphiles afterwards. Currently, we are attempting
to synthesize other alloyed particles such as Au–Pt, Au–Cu, and
Ag–Pt.

This work was supported in part by the Korea Research
Foundation (KRF, 042-D00073) and the Korea Science and
Engineering Foundation (KOSEF, 1999-2-121-001-5). K. K.
also acknowledges KOSEF for providing a leading-scientist
grant. S. W. H. was supported by KOSEF through the Center for
Molecular Catalysis at Seoul National University. I.L., is a
recipient of the BK21 fellowship.

Notes and references
† For the laser ablation experiments, bulk alloys were placed at the bottom
of a glass vessel filled with 10 mL triply distilled water, and then irradiated
using a focused beam of a Nd+YAG laser (Continuum Surelite II-10, at
1064 nm). The typical pulse energy, repetition rate, laser pulse duration, and
irradiation time were 50 mJ, 10 Hz, 6 ns, and 30 min, respectively. For
reference, pure gold and silver nanoparticles were also prepared via the
same method. Since the produced particles interfere with the subsequent
laser pulses, the efficiency of the ablation process gradually decreases as a
function of the irradiation time. This can be minimized by stirring the
solution phase continuously during the laser ablation process. The
extinction spectrum was recorded with a UV-vis absorption spectrometer
(SINCO S-2130). Transmission electron microscope (TEM) images of the
nanoparticles were acquired by placing drops of sample solutions on copper
grids, followed by evaporation of the solvent in a vacuum desiccator.
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Fig. 3 (a) TEM image of Au–Ag alloy nanoparticles with a nominal formula
of Au0.5Ag0.5. (b) HRTEM image of a 16 nm diameter Au–Ag alloy
nanoparticle with a nominal formula of Au0.5Ag0.5.
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Asymmetric synthesis of 2-substituted piperidines using a
multi-component coupling reaction: rapid assembly of (S)-coniine
from (S)-1-(1-phenylethyl)-2-methyleneaziridine
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(S)-Coniine is made using a reaction which assembles the
piperidine ring by the sequential formation of four new
chemical bonds and installs the C-2 stereogenic centre with
high levels of diastereocontrol (90% de).

We recently devised a new type of multi-component coupling
reaction using 2-methyleneaziridines.1 Ring opening of this
stable and readily accessible heterocyclic system with a
Grignard reagent in the presence of copper(I) iodide furnishes a
metalloenamine in a regiocontrolled fashion by formation of a
carbon–carbon bond. This methodology was originally used to
make simple ketones by further in situ C-alkylation of the
metalloenamine followed by imine hydrolysis. We imagined
that by suitable modification, this multi-component coupling
reaction could be used to assemble 2-substituted piperidines,
important structural motifs in organic chemistry.2 Our basic
approach to these piperidines is depicted in Scheme 1.
Alkylation of the initially generated metalloenamine with a
1,3-difunctionalised electrophile (XCH2CH2CH2X) followed
by reduction of the resultant imine and in situ cyclisation was
anticipated to lead directly to the piperidine ring system by the
sequential formation of two carbon–carbon bonds, one carbon–
nitrogen bond and a carbon–hydrogen bond in a single
transformation. Furthermore, since 2-methyleneaziridines bear-
ing chiral, nonracemic substituents on nitrogen are known,3 we
hoped that control of the absolute stereochemistry at C-2 of the
piperidine ring may be possible by effecting a diastereocon-
trolled reduction of the intermediate imine using an enantiomer-
ically pure 2-methyleneaziridine starting material.4 In this
communication, we report the successful realisation of these
concepts as demonstrated by the enantiocontrolled synthesis of
the hemlock alkaloid (S)-coniine in a very concise fashion.5

We chose to use (S)-1-(1-phenylethyl)-2-methyleneaziridine
1 for this study as it is readily accessible in two steps from (S)-
1-phenylethylamine in good overall yield.3b In addition to
bearing a group suitable for effecting stereocontrolled reduction
of the imine double bond, it possesses the additional attribute
that the PhCHMe group can ultimately be removed by cleavage
of the benzylic C–N bond. Treatment of (S)-1 with EtMgCl and
copper(I) iodide, then 1,3-diiodopropane, and finally sodium
triacetoxyborohydride results in the production of piperidine 4

in 42% yield as essentially a single diastereomer (97% de) after
chromatography on neutral alumina (Scheme 2).†‡ Slightly
larger amounts of the (2R)-diastereomer can be detected
{(2S)+(2R) = 95+5} by GC analysis prior to chromatography.
Piperidine 4 (97% de) was obtained in identical yield using
sodium borohydride as the reducing agent, however, the crude
diastereomeric ratio was slightly lower {(2S)+(2R) = 88+12}.
Metalloenamine 2 must be added to a solution of excess
1,3-diiodopropane (5 equiv.) in THF (inverse addition) to obtain
these chemical yields. In this way, additional intermolecular
reactions of imine 3a are suppressed. Using a normal addition
mode, quantities of N-(1-phenylethyl)-4-decylamine (21%)
were produced as a result of displacement of the second iodide
by excess ethylmagnesium chloride present in the reaction
mixture. Further hydrogenolysis of 4 provides (S)-(+)-coniine
hydrochloride in 93% yield whose physical and spectroscopic
data were in good agreement with those reported previously
{mp 212 °C (lit. mp 217 °C6); [a]25

D +8.1 (c 0.6, EtOH) [lit. [a]28
D

+ 5.8 (c 0.43, EtOH)]6}. The enantiomeric excess of the
synthetic (S)-coniine was established to be !95% ee by
preparation of the corresponding Mosher amide using (S)-
(+)-a-methoxy-a-(trifluoromethyl)phenylacetic acid chlo-
ride.§

Interestingly, when 1-iodopropane was used as the electro-
phile in this multi-component coupling reaction, amine 5 was
isolated in 49% yield as a 58:42 mixture of diastereomers after
reduction with NaBH4, indicating that the presence of the
remote iodine atom has a significant influence on the diastereo-
selectivity of the imine reduction. To account for these
differences, we suggest that imine 3a cyclises to iminium ion 6
prior to reduction (Scheme 3). The high level of stereochemical
control seen in favour of the (2S)-diastereomer can be

Scheme 1 Planned one-pot piperidine synthesis. Scheme 2 Asymmetric synthesis of (S)-coniine.
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rationalised by assuming this iminium cation adopts a con-
formation in which allylic 1,3-strain is minimised by projecting
the hydrogen atom of the benzylic carbon towards the propyl
group, with subsequent hydride addition from the least hindered
Re-face. In contrast, acyclic imine 3b has much greater
conformation freedom and is reduced in a non-selective fashion
to 5.

In conclusion, we have devised a very short and stereo-
selective synthesis of the piperidine alkaloid (S)-coniine by way
of a multi-component coupling reaction. The key step forms
four new chemical bonds ( > 80% efficiency for each) and is
highly stereoselective (90% de). Since we have demonstrated
that a variety of Grignard reagents (alkyl, aryl, benzyl) ring
open 2-methyleneaziridines to metalloenamines,1 this method
should provide a rapid entry to a wide variety of enantiomer-
ically enriched 2-substituted piperidines.

We are indebted to EPSRC and GlaxoSmithKline for their
generous financial support of this work. We thank the EPSRC
National Mass Spectrometry Centre for performing some of the
mass spectral measurements and the EPSRC Chemical Data-
base Service at Daresbury.7

Notes and references
† All new compounds have been fully characterised using standard
spectroscopic and analytical methods.
‡ Experimental procedure: To CuI (72 mg, 0.378 mmol) in THF (6 ml) at
230 °C was added EtMgCl (2.0 M in THF, 2.36 ml, 4.72 mmol) dropwise.
After stirring for 10 min, (S)-1 (300 mg, 1.88 mmol) in THF (3 ml) was
added. The reaction mixture was allowed to warm up to room temperature
and stirred for 24 h. This mixture was then added to diiodopropane (1.09
mL, 9.49 mmol) in THF (2 ml) at 0 °C. A reflux condenser was fitted and
the mixture was heated to 40 °C for 18 h. On cooling, the resultant dark
green mixture was added to a solution of sodium borohydride (214 mg, 5.66

mmol) in glacial acetic acid (4 ml) at 10 °C. After 2 hours, water (6 ml) was
slowly added, then 2 M NaOH (4 ml) and EtOAc (4 ml). After 10 min, the
mixture was extracted with EtOAc then washed with aq. NH4Cl (2 3 20
ml), aq. NaHCO3 (23 20 ml) and brine (23 20 ml). The organic layer was
dried (MgSO4), filtered and the solvent removed in vacuo. Column
chromatography on alumina (0.1% MeOH in CH2Cl2) gave 4 (183 mg,
42%, 97% de) as a pale yellow oil. [a]26

D +14.0 (c 0.86, CHCl3); nmax (neat)
2929, 2797, 1445 cm21; dH (400 MHz, CDCl3) 7.45–7.19 (5H, m), 4.02
(1H, q, J 6.7 Hz), 2.75–2.73 (1H, m), 2.41–2.36 (1H, m), 2.25–2.17 (1H, m),
1.75–1.25 (10H, m, 53 CH2), 1.26 (3H, d, J 6.7 Hz), 0.94 (3H, t, J 7.2 Hz);
dC (100.9 MHz, CDCl3) 146.4 (s), 128.0 (d), 127.5 (d), 126.2 (d), 56.8 (d),
55.7 (d), 45.1 (t), 31.0 (t), 29.6 (t), 25.8 (t), 22.7 (t), 18.9 (t), 14.7 (q), 14.6
(q); Observed: 231.1995 (M+); C16H25N requires 231.1987; Anal. calc. for
C16H25N: C, 83.06; H, 10.89; N, 6.05%. Found: C, 83.15; H, 11.17; N,
5.89%.
§ rac-Coniine was made and used for comparison purposes.
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Tetrahedron Lett., 1999, 40, 5581; (i) S. B. Davies and M. A. McKervey,
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50.

6 D. Enders and J. Tiebes, Liebigs Ann. Chem., 1993, 173.
7 D. A. Fletcher, R. F. McMeeking and D. Parkin, J. Chem. Inf. Comp. Sci.,

1996, 36, 746.

Scheme 3 Rationalisation of diastereoselectivity.
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pH dependent reactivity differences of dimethylsulfite
towards the title complex 1 demonstrate the crucial need of
oxo-anionic coordination of sulfite to the molybdenum
centre of 1 in the model reductive half reaction of sulfite
oxidase.

Sulfite oxidase catalyzes the physiologically vital oxidation of
sulfite to sulfate.1 It contains molybdenum associated with a
molybdopterin dithiolene cofactor and a cytochrome b-type
heme.1,2 The two-electron oxidation of sulfite to sulfate occurs
at the molybdenum site leading its reduction from Mo(VI) to
Mo(IV) and the catalytic cycle is completed by two sequential
one-electron oxidations of Mo(IV) to Mo(VI) via Mo(V) by
cytochrome c through the cytochrome b site.3

The fundamental chemistry catalyzed by sulfite oxidase has
been investigated using several model compounds possessing a
{MoVIO2} moiety involving phosphines as model substrates.4
[Bu4N]2[MoO2{S2C2(CN)2}2] 1 is shown to perform oxidation
of HSO3

2 to HSO4
2 both in terms of saturation as well as

anionic inhibition kinetics similar to the reductive half reaction
of native sulfite oxidase.5 The initial proposal of oxoanionic
attack5 of HSO3

2 on the Mo center of 1 has been questioned6

based on the unique experimental results reported by Hille and
Brody involving neutral dimethylsulfite as an alternate substrate
of the native sulfite oxidase.7 Nucleophilic attack on one of the
MoNO groups present in 1 by a lone pair of sulfur of HSO3

2,
similar to that of phosphorus in phosphines, have been
suggested.6 Hille and Brody have shown that the methylation of
two oxoanions of sulfite reduces the affinity of dimethylsulfite
for the active site of the native enzyme. Exhibition of saturation
kinetics by dimethylsulfite implies the formation of a Michaelis
complex which they interpreted in terms of possible electro-
static interaction between the active site and modified sub-
strate.7 It has also been reported that sulfite anion contributes
3.4 kcal mol21. towards the stablization of the Eox S complex
which is consistent with the direct coordination to Mo.† Direct
oxoanionic coordination of sulfite to the Mo center has also
been suggested by Rajagopalan and coworkers.9 1 has been
shown to respond to saturation kinetics with typical anionic
inhibition involving HSO3

2 as substrate.5 In this communica-
tion we furnish proof for the importance of oxo-anionic
coordination for such an enzymatic atom transfer reaction by
presenting the pH dependent reactivity difference of dime-
thylsulfite towards 1 which is of relevance to its reaction with
native protein.

In order to gain an insight into the reaction of 1 with
reductants such as dimethylsulfite, PPh3 or HSO3

2; the
reactivity of all these oxo-acceptors have separately been
examined by following the absorbance change of 1 during the
progress of the reaction. In the presence of an excess of
dimethylsulfite, 1 in acetonitrile or in acetonitrile–water (pH,

5–7) did not show any change in its electronic spectrum
suggesting the inability of dimethylsulfite to reduce 1 [Fig.
1(a)]. Interestingly, dimethylsulfite after standing at pH 8 for a
few minutes was found to be capable to reduce 1, the time-
dependent progress of the reaction distinctly showed the
formation of the reduced species, [Bu4N]2[MoO{S2C2(CN)2}2]
2 [Fig. 1(b)].

The difference in reactivity of dimethylsulfite in the pH range
5–7 and 8 towards 1 was checked by its response to hydrolysis
under similar conditions. Thus aqueous solutions of dime-
thylsulfite at different pH were tested with aqueous BaCl2. In
the pH range 5–7 there was no precipitation of BaSO3 over a
time period of hours but at pH 8 (and above) precipitation of
BaSO3 started to occur within minutes and its identity was
confirmed by the standard BaSO4 test.§ The reactions described
above clearly demonstrate the inability of neutral dime-
thylsulfite to react with 1 suggesting the inability of the sulfur
lone pair to initiate any redox reaction. Once the neutral
dimethylsulfite is base hydrolysed (pH 8) to yield HSO3

2, the
reaction progresses smoothly [Fig. 1(b)].

Interestingly PPh3 does reduce 1 to 2; the time-dependent
progress of the reaction is shown in Fig. 2.6

Fig. 1 (a) Spectral changes for the reaction between 1 (1 3 1024 M) and
dimethylsulfite (1.153 1022 M) in acetonitrile. Spectra were taken for 150
min at intervals of 30 min. (b) Spectral changes for the reaction between 1
(1.075 3 1024 M) and dimethylsulfite (3.4 3 1022 M) at pH 8 in
acetonitrile–water medium.‡ Spectra were taken for 14 min at intervals of
2 min.

This journal is © The Royal Society of Chemistry 2001
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The difference in reactivity between HSO3
2 and PPh3 should

be noted in a sense that for all the reported reactions of model
compounds including that of 1, phosphines invariably respond
to oxo abstraction by following second order kinetics (without
the involvement of the Michaelis complex) whereas the unique
reduction of 1 by HSO3

2 follows enzymatic kinetics (Michaelis
complex) similar to that of the native sulfite oxidase.5 Thus the
reactivity of anionic HSO3

2 towards 1 is clearly dependent on
the direct coordination of HSO3

2 to the Mo site as proposed
earlier.5 This also explains the observed competitive inhibiton
by sulfate,5 otherwise the lone pair attack of sulfur on the
coordinated terminal oxo group and the direct binding of SO4

22

to Mo would have resulted in mixed non-competitive inhibition.
The heptacoordinated Eox S type complex, {[Bu4N-
]2[Mo(O)(O2){S2C2(CN)2}2{O(OH)SO}]}, generated by the
oxoanionic binding of HSO3

2 transforms the {Mo(O)2} group
to {MoVI(O)(O2){O(OH)SO}} moiety which in turn may lead
to bidentate coordination of bisulfite to form {MoVI(O)(m-
O)2(OH)S(O)} for the product release step (Scheme 1). This
reaction may thus be viewed as being similar to the reductive
elimination reaction where the Mo(VI) containing heptacoordi-
nated11 Eox S complex∑ changed to pentacoordinated Mo(IV) in
2 with the elimination of HSO4

2.
Funding of this work by DST (New Delhi) and IIT-Kanpur is

gratefully acknowledged.

Notes and references
† The possibility of direct binding of the oxoanion of HSO3

2 to Mo has not
been considered in the calculation.8
‡ Aqueous dimethylsulfite solution was adjusted to pH 8 by sodium
hydroxide and after 5 min its pH was lowered to ~ 6 by adding acetic acid.
This was added to an acetonitrile solution of 1 to monitor the reaction.
§ Aqueous dimethylsulfite in the pH range 5–7 (adjusted by adding acetic
acid) does not show any precipitation on addition of BaCl2 over a time scale
of hours but at pH 8 and above, precipitation started to occur within minutes.
This precipitate readily dissolved in dilute HCl and on addition of Br2 (aq)
to this clear solution insoluble BaSO4 was precipitated. At this point it is
important to mention that the rate of hydrolysis of dimethylsulfite in water
is 1025 s21 as quoted by Brody and Hille7 from the work of Guthrie.10 A
careful inspection of the data mentioned in Guthrie’s paper reveals that this
actually refers to the hydrolysis of the methyl ester of methanesulfonic acid
(CH3S(O)2OCH3) for which the corresponding acid is CH3SO3H (methane-
sulfonic acid) with pKa = 21.92. For dimethylsulfite (CH3OS(O)OCH3),
the corresponding acid is sulfurous acid (HOS(O)OH) with pK1 and pK2

values = +1.90 and +7.25, respectively.
¶ A similar reaction using acetonitrile–water medium showed faster
conversion of 1 to 2 compared to that in pure acetonitrile.
∑Mono-oxoheptacoordinated Mo(VI) or dithiolene coordinated mono-
oxoheptacoordinated W(VI) complexes in aqueous media have precedence
in the literature.12
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Fig. 2 Spectral changes for the reaction between 1 (1 3 1024 M) and PPh3

(53 1023 M) in acetonitrile. Spectra were taken for 150 min at intervals of
15 min.¶

Scheme 1
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diffraction analysis†
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In an attempt to find generic routes to multiple inter-cluster
s-linking, mild thermolysis of [6,9-(SMe2)2-arachno-B10H12]
1 in inert hydrocarbon solution gives the tridecaboranyl
species [6,9-(SMe2)2-arachno-B10H10-1,5-(6A-nido-B10H13)2]
3 (23%).

There is current activity in the linking together of boron-
containing clusters to generate (a) chains, rods and rings of s-
linked clusters,1 (b) strings and other assemblies in which
clusters join with a common metal atom,2 and (c) macro-
polyhedral assemblies of clusters fused with two or more atoms
in common.3 In this context, we have interest in the possibility
of multiple s-linking of several boron clusters to a central boron
core for possible precursors to globular ‘megaloboranes’, of
which structures would be based on central boron cluster cores
of which, in turn, the peripheral valencies are s-linked to outer
boron–hydride cluster units which are themselves mutually s-
linked to form a boron–hydride skin around the central borons-
only nucleus.4 Here, we thought it useful to examine for activity
of the {B10H12(SMe2)} fragment, as it has both ‘reactive’ and
‘unreactive’ forms: both forms will electrophilically add to
olefins and acetylenes,5 and thence might add to electro-
philically susceptible sites of boron clusters in first steps of a
possible synthetic approach involving initial assembly of boron
hydride units around a central core. A ‘reactive’ form of
{B10H12(SMe2)}, of unestablished constitution, is proposed as a
key intermediate in the formation of {C2B10} dicarbaboranes
from [B10H12(SMe2)2] 1.5 A ‘stable’ form, [5-(SMe2)-nido-
B10H12] 2 is well established and is generated in yields of
40–60% by heating [B10H12(SMe2)2] in the absence of other
reagents, other products being unidentified.6,7 We surmised that
these other products might arise from electrophilic attack by the
{B10H12(SMe2)} fragments, either ‘stable’ or ‘unstable’, on
other decaboranyl residues in quasi-auto-fusion processes to
generate multidecaboranyl assemblies. We here report prelimi-
nary results that are consistent with this idea.

Specifically, a solution of [(SMe2)2B10H12] 1 (schematic
structure I; 107 mg; 440 mmol) in benzene (10 mL) was heated
at reflux for 6 h. TLC separation (silica G, hexane–CH2Cl2,
3+7) gave known [5-(SMe2)-nido-B10H12] 26 (RF 0.8, 8 mg; 43
mmol, 9%). Closely following 2 on the TLC plate was a faint
yellow band (RF ca. 0.7) which was purified by HPLC
(Lichrosorb SI 60, 25 cm 3 2 cm, hexane–CH2Cl2 57+43, 20
mL min21). The fraction with RT 1.3 min was the tridecaboranyl
species [6,9-(SMe2)2-arachno-B10H10-1,5-(6A-nido-B10H13)2]
3, (schematic structure II; 16 mg, 33 mmol, 23%), characterized
by single-crystal X-ray diffraction analysis (Fig. 1)‡ and NMR
spectroscopy.‡§ We hope to be able to describe other, lower-
yield, by-products in due course.

Obtainable crystals under our conditions were of ca. 0.02 3
0.08 mm cross section, and needed synchrotron-generated X-
ray radiation for sufficient diffraction intensity for structural
analysis.8 This revealed the arachno {(SMe2)2B10} configura-

† Specifically 6,9-bis(dimethylsulfide)-1,5-bis(6A-nido-decaboranyl)-
arachno-decaborane (IUPAC nomenclature).

Fig. 1 Crystallographically determined molecular structure of [6,9-(SMe2)2-
arachno-B10H10-1,5-(6A-nido-B10H13)2] 3, drawn with 40% probability
ellipsoids for non-hydrogen atoms, and with a small arbitrary radius for
hydrogen atoms. The crystal structure had two molecules per unit cell, of
which one was disordered over two positions. The undisordered molecule is
drawn here. Selected interatomic distances (Å) for the undisordered
molecule are as follows: B(6)–S(6) 1.924(3), B(9)–S(9) 1.927(3), B(1)–
B(6A) 1.688(5), B(5)–B(6B) 1.676(5), B(5)–B(10) 1.874(5), B(7)–B(8)
1.861(5), B(5A)–B(10A) 1.969(5), B(7A)–B(8A) 1.993(5), B(5B)–B(10B)
1.980(6) and B(7B)–B(8B) 1.979(6).

This journal is © The Royal Society of Chemistry 2001
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tion as in compound 1, but now with two pendant open
decaboranyl groups, on the B(1) and B(5) positions. These are
established as {nido-B10H13} moieties by their bridging
hydrogen-atom positions, general nido-decaboranyl molecular
dimensions, and NMR characteristics.‡ Compound 3 is the first
tridecaboranyl specifically identified. Although bidecaboranyls
are well recognized,9 as far as we are aware this tridecaboranyl
{B30} framework constitutes the biggest molecular all-boron
skeletal assembly yet unequivocally characterized. Although
B30H38, bis(nido-decaboranyl)-nido-decaborane, [B10H12-
(B10H13)2], is formed in the thermolysis of nido-B10H14 in
refluxing toluene with 0.03 mol% [6,9-(SC4H8)2-arachno-
B10H12] (a close relative of compound 1) as catalyst, this
product is in low yield (0.2%), and is an unspecifiable mixture
of isomers, of which 546 are possible.10

The reaction stoicheiometry and product constitution of
compound 3 suggest initial dissociation of compound 1 to give
{B10H12(SMe2)}, followed by addition into B–H sites by
{B10H12(SMe2)} to give B–B10H13 units with the elimination of
SMe2 [eqn. (1)].

[(SMe2)2B10H12] 1 + 2 {B10H12(SMe2)}
? [(SMe2)2B10H10(B10H13)2] 3 + 2 SMe2 (1)

The result of one predominant isomer, from three clusters
conjoined s, in good yield for a thermolytic three-molecule
conjoining reaction, has interesting auguries. Firstly, the ready
attack of a {(SMe2)B10H12} moiety at nucleophilic sites on
[(SMe2)2B10H12] 1 suggests a more general use for compounds
1 and 2 in co-thermolysis reactions with other boranes to link
the versatile nido-decaboranyl residue to other borane residues.
Reaction with the [closo-B12H12]22 dianion to give
[B12H11(B10H13)]22, which might be precursive, via further
oxidation, to the novel fused-cluster [B22H22]22 anion,11 would
be an attractive target here. Second, the high yield and site
specificity for this predominant product suggest preferential
activation by the first boron substituent to the addition of the
second boron substituent at an adjacent site, which would augur
well for the observation of further addition in this and related
systems. Third, the observed multiple addition of borane
residues to adjacent sites is of potential use in the synthesis of
higher more condensed boranes, as mentioned above. Here, the
nearness of the nido-decaboranyl residues on the central borane
unit of compound 3 might imply that coupling reactions among
them, with dihydrogen loss, may be readily effected. Thus, for
example, establishment of conditions for multiple addition in
this type of reaction system to generate species such as in III,

followed by cross-linking among the pendant B10H13 moieties,
could engender the type of ‘megaloborane’ globular species
presaged by the structures of very condensed metallaboranes
such as [(PPh3)2(PPh2)Pd2B20H16Pd(PPh3)].4 Such big ‘filled-
ball’ globular species with borons-only cores surrounded by
boron hydride sheaths may well be those that ultimately typify
much big borane chemistry.3,4 Their ‘filled-ball’ constitution
contrasts to the hollow-ball structures of the fullerenes.

We thank the Deutsche Forschungsgemeinschaft and the UK
EPSRC (grants nos. J/56929, L/49505 and M/83360) for
support and Mr Simon Barrett for assistance with NMR
spectroscopy. We gratefully acknowledge the use of the UK
CCLRC SRS facility.

Notes and references
‡ Crystal data: [6,9-(SMe2)2-arachno-B10H10-1,5-(6A-nido-B10H13)2] 3
(colourless, from C6H14–CH2Cl2 at 245 K, 0.18 3 0.08 3 0.02 mm),
C4H48B30S2, M = 484.84, triclinic, space group P1̄, a = 13.693(2), b =
13.823(2), c = 17.961(3) Å, a = 90.469(3), b = 105.008(3), g =
104.249(3)°, U = 3173.2(8) Å3, Z = 4, synchrotron wiggler-generated
radiation,8 l = 0.6895 Å, m = 0.169 mm21, T = 150 K, R1 = 0.0785 for
10613 reflections with I > 2s(I), wR2 = 0.2099 for all 13451 independent
data. Methods and programs were standard and from the SHELX suite.12

CCDC reference number 162053.
See http://www.rsc.org/suppdata/cc/b1/b105551h/ for crystallographic

data in CIF or other electronic format.
§ NMR data for compound 3 (CDCl3, 294–297 K): d(11B) [d(1H) of directly
bound H atom] as follows: B(1)240.5 [conjuncto position, no terminal H],
BH(3) and BH(4A) both at ca. 237.5 [+0.44 and +0.31], BH(4B) 236.2
[+0.51], BH(2B) 232.8 [20.27], BH(2A) 231.7 [+0.68], BH(9) 222.9
[+0.14], BH(6) and BH(7) both at ca 219.6 [+1.72 and +1.58], BH(7) and
BH(8) both at ca. 217.5 [both at ca. +1.79], B(5) 214.1 [conjuncto
position, no terminal H], BH(2) 23.2 [+2.30], BH(1B) 22.1 [+2.22],
BH(5A), BH(5B) and BH(10A) all three at ca.21.1 [two at ca. +3.00 and one
at +2.87], BH(8A), BH(8B) and BH(10A) all three at ca. +0.5 [all three at ca.
+3.04], BH(9A) and BH(9B) both at ca. +8.4 [both at ca. +3.77], BH(1A),
BH(3A), BH(1B) and BH(3B) all four at ca. +11.6 [two at ca. +3.61{2H} and
two at ca. +3.52{2H}], B(6A) and B(6B) +26.8 and +32.2 [conjuncto
positions, no terminal H atoms]; additionally d(1H) {m-H(5,10)}24.17, {m-
H(7,8)} 24.26, {m-H(5A,6A},{m-H(6A,7A), {m-H(5B,6B) and {m-H(6B,7B)}
21.29, two at ca.21.52, and21.62, {m-H(8A,9A), {m-H 9A,10A); {m-H 8B,9B}
and {m-H 9B,10B)} 22.15, 22.24, and two at ca. 22.31(2H), and
d(1H)(SMe2) +2.46. Mass spectrometry showed an isotopomer envelope
centred at m/z 484 corresponding to that calculated for C4H48B30S2.
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B10H14 and PhCHO yield [6-Ph-nido-6-CB9H11]2 (94%),
from which the nine-vertex C-phenyl monocarbaborane
anion [4-Ph-closo-4-CB8H8]2 (68%) can be obtained by
heating at 200 °C, and from which the twelve- and ten-vertex
analogues [1-Ph-closo-1-CB11H11]2 (50%) and [4-Ph-closo-
4-CB9H9]2 (25%) can be obtained by heating at 210 °C with
BH3(NEt3).

There is much contemporary interest in the closo mono-
carbaborane monoanions [1-CB11H12]2 and [1-CB9H10]2, and
in their derivatives. This is because their very low basicities, as
manifested, for example, in their ‘least coordinating anion’
properties, enable the investigation and exploitation of species
with very high Lewis acidities.1,2 A considerable focus of
current activity derives from the substituent chemistry of these
anions, and how their low basicities can be tailored by these
substituents for particular purposes. Although C-substitution of
[CB11H12]2 and [CB9H10]2 has engendered a variety of
derivatives,1–3 and, although B-arylation has been achieved,4
the important target of C-arylation has proved elusive, with no
reports in the literature. Here we now report preliminary results
on convenient routes to the C-phenylated twelve-vertex [1-Ph-
closo-1-CB11H11]2 anion 1, and to its corresponding ten-vertex
[1-Ph-closo-1-CB9H9]2 analogue 2. We also report the nine-
vertex [4-Ph-closo-4-CB8H8]2 anion 3, which is the C-
phenylated derivative of the very recently established ‘missing
link’ [closo-4-CB8H9]2 monoanion.5 All three species are
characterised crystallographically (Fig. 1),† and by NMR
spectroscopy.‡

The synthesis of this series derives from Brellochs’ report of
the reaction of PhCHO with B10H14 in 5% aqueous ethanolic
KOH,6 which we have found to give the [6-Ph-nido-
6-CB9H11]2 anion 4 in 94% yield. The method is essentially the
same as that for the synthesis of unsubstituted [arachno-
6-CB9H14]2 from HCHO and B10H14,5,6 except that, inter-
estingly, the nido rather than the arachno ten-vertex species is
formed. The reaction may go via the [arachno-B9H14]2 anion
as intermediate. Thence, solid-state thermolysis of the [NEt4]+

salt of [6-Ph-nido-6-CB9H11]2 4 at 200 °C for 4 h, followed by
column chromatographic separation (silica gel, 30 cm3 2.5 cm,
MeCN–CH2Cl2 10+90), gave the [NEt4]+ salts of [PhCB8H8]2
(anion 3, 68%) and [7-Ph-nido-7-CB10H12]2 (anion 5, 22%),
together with trace quantities of the [NEt4]+ salt of [PhCB9H9]2
(anion 2). A crystallographic sample of the [NEt4]+ salt of the
[PhCB8H8]2 anion 3 was obtained from dichloromethane–
diethyl ether. The nido eleven-vertex anion [PhCB10H12]2 5
may be synthesised more specifically in 78% yield by treatment
of [PhCB9H11]2 4 with [BH3(SMe2)] in 1,2-Cl2C2H4, and
thence converted to the [PhCB11H11]2 anion 1 by treatment
with [BH3(SMe2)]. More conveniently, this last reagent also
converts [PhCB9H11]2 4 more directly to [PhCB11H11]2 1.
Thus, [NEt4]+[PhCB9H11]2 (1.65 g, 5 mmol) was suspended in
[BH3(NEt3)] (2.3 g, 20 mmol), and the mixture heated on an oil
bath (210 °C) under nitrogen for 6 h. After cooling to room
temperature, the mixture was extracted with benzene (2 3 30
ml), and the solid residue was then decomposed by heating at
reflux for 3 h in ethanol–concentrated hydrochloric acid (1+1,
50 ml). The ethanol was evaporated, the mixture mixed with

Fig. 1 From left to right, molecular structures of the [PhCB11H11]2 twelve-vertex cluster anion 1, and its corresponding ten- and nine-vertex [PhCB9H9]2
and [PhCB8H8]2 analogues, 2 and 3 respectively, as determined crystallographically for their [NEt4]+ salts.‡ Selected dimensions in Å are as follows: for
anion 1, C(1)–C(11) 1.512(3), C(1)–B(2) 1.729(4), C(1)–B(3) 1.715(3), C(1)–B(4) 1.725(4), C(1)–B(5) 1.722(4) and interboron distances 1.772(4)–1.791(4);
for anion 2, C(1)–C(11) 1.503(4), C(1)–B(2) 1.613(4), C(1)–B(3) 1.606(4), C(1)–B(4) 1.598(5) and interboron distances 1.694(6)–1.843(5); and for anion
3 C(4)–C(41) 1.490(2), C(4)–B(1) 1.623(2), C(4)–B(2) 1.622(2), C(4)–B(7) 1.620(2), C(4)–B(8) 1.623(2) and interboron distances 1.694(3)–1.975(3).
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water (50 ml), and the precipitate filtered off. The latter was a
mixture of the [NEt4]+ salts of [PhCB11H11]2 and [PhCB9H9]2
(anions 1 and 2 respectively; molar ratio 2+1; combined yield
1.45 g; 76%). Crystallographic samples of these [NEt4]+ salts of
1 and 2 for diffraction analysis were obtained by fractional
crystallisation from dichloromethane–diethyl ether. However,
bulk separation of 1 and 2 is better achieved by ion-exchange of
[NEt4]+ for Cs+, followed by fractional crystallisation of the Cs+

salts. Thus, a solution of the mixture of the two [NEt4]+ salts
(1.20 g) was dissolved in ethanol–water (4+1, 60 ml) and passed
through of column of ionex resin (Zerolit 325 in H+ form, 2.5
cm 3 30 cm) using ethanol–water (4+1) as eluting liquid.
Evaporation of ethanol in vacuo from the resulting acidic
solution, followed by neutralisation by Cs[OH] to pH 7, gave a
white precipitate of the Cs+ salts of 1 and 2. This mixture was
separated by fractional crystallisation from water, starting with
ca. 15 ml of hot solution: Cs+[PhCB9H9]2 is much less soluble
in cold water (ca. 123) than Cs+[PhCB11H11]2.

The synthesis of these first of a new generation of C-arylated
monocarbaborane anions by simple routes in relatively good
yield in two steps from the common polyhedral borane starting
material B10H14 significantly augments the range of materials
available for ‘least-coordinating anion’ chemistry; the aromatic
ring/delocalised cluster conjunction may also have implications
for investigation of electronic ‘push–pull ‘ phenomena,6 and
other related interactions between the delocalised cluster and
ring systems.7 The advantage of the method is that it starts with
the carbon atom pre-substituted, and thereby avoids complex
synthetic carborane carbon-substitution protocols. We currently
explore possibilities for other C-substituted monocarbaboranes,
and for the generality of this aromatic aldehyde route.

We thank the EPSRC and the DTI for support.

Notes and references
† Crystal data: for 1 (CH2Cl2 monosolvate), C16H38B11Cl2N: M = 434.28,
monoclinic (from dichloromethane–hexane), space group P21/c, a =
15.7334(5), b = 10.8812(4), c = 15.7928(6) Å, b = 110.9350(14)°, U =
2525.22(16) Å3, Dc = 1.14 Mg m23, Z = 4, Mo-Ka, l = 0.71073 Å, m =
0.262 mm21, T = 150(2) K, R1 = 0.0654 for 3750 reflections with I >
2s(I), and wR2 = 0.1731 for all 4857 unique reflections; CCDC reference
number 164850.

For 2: C15H34B9N, M = 325.72, monoclinic (from dichloromethane–
hexane), space group C2/c, a = 24.4404(16), b = 10.5641(6), c =
16.7478(14) Å, b = 99.099(3)°, U = 4269.7(5) Å3, Dc = 1.01 Mg m23, Z

= 8, Mo-Ka, l = 0.71073 Å, m = 0.051 mm21, T = 150(2) K, R1 =
0.0826 for 2212 reflections with I > 2s(I), and wR2 = 0.2285 for all 4147
unique reflections; CCDC reference number 164851.

For 3, C15H33B8N: M = 313.90, monoclinic (from dichloromethane–
hexane), space group P21/n, a = 11.6480(3), b = 10.5204(3), c =
17.5709(6) Å, b = 107.9740(10)°, U = 2048.08(11) Å3, Dc = 1.02 Mg
m23, Z = 4, Mo-Ka, l = 0.71073 Å, m = 0.052 mm-1, T = 150(2) K, R1

= 0.0548 for 2417 reflections with I > 2s(I), and wR2 = 0.1703 for all
4011 unique reflections; CCDC reference number 164852. For all three
compounds, methods and programs were standard.8

See http://www.rsc.org/suppdata/cc/b1/b105645j/ for crystallographic
data in CIF or other electronic format.
‡ Measured NMR data for anions [1-Ph-closo-1-CB11H11]2 1, [1-Ph-closo-
1-CB9H9]2 2, [4-Ph-closo-4-CB8H8]2 3 and [7-Ph-nido-7-CB10H12]2 5,
[NEt4]+ salts in CD3CN at 294–300 K, ordered as assignment d(11B)/ppm
[d(1H)/ppm]: anion 1: BH(12) 28.0 [+2.13], BH(2,3,4,5,6) and BH
(7,8,9,10,11) coincident at ca. 212.9 [ca. +1.75]; d(1H)(C6H5) +7.29 to
+7.63 (multiplet). Anion 2, BH(10) +27.1 [+5.49], BH(2,3,4,5) 216.1
[+1.79], BH(6,7,8,9) 224.4 [+0.84], d(1H)(C6H5) +7.40 to +7.98 (multip-
let). Anion 3, BH(5,6) +13.4 [+4.44], BH(1,2,7,8) 210.8 [+1.71], BH(3,9)
217.2 [+0.88], d(1H)(C6H5) +7.32 to +7.93, multiplet. Anion 5, BH(5)
20.8 [+2.32], BH(2,3) 29.1 [+2.09], BH(8,11) 210.0 [+1.98], B(9,10)
222.6 [ca. +1.24], BH(1) 225.2 [ca. +1.24] and BH(4,6) –31.5 [+0.45];
d(1H)(C6H5) +7.25 to +7.70 (multiplet), m-H(8,9; 10,11) 23.33.
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Starting from readily available substrates, we have devel-
oped a new synthesis of primary cyclopropylamines. The
reaction involves a cooperative Ti(II)- and Lewis acid-
mediated coupling of alkanenitriles with Grignard rea-
gents.

Cyclopropylamines are not only versatile synthetic inter-
mediates,1 but also a variety of biologically active molecules
contain a cyclopropylamine moiety.2 Yet, a few synthetic
methods that allow preparation of these important com-
pounds1,3 often require multi-step reactions. Among the
available methods, the recent de Meijere adaptation4 of the
Kulinkovich hydroxycyclopropanation5 presents a useful syn-
thesis of N,N-dialkylcyclopropylamines from N,N-dialkylcar-
boxamides and Grignard reagents in the presence of Ti(OPri)4
or MeTi(OPri)3. Here we disclose that primary cyclopropyl-
amines may be easily obtained in one step by a Ti(II)-mediated
coupling of Grignard reagents with alkanenitriles.

The idea of transforming nitriles to cyclopropylamines
directly was initially based on our recent approach to cyclopro-
panes from carbonyl compounds via Cp2Zr chemistry.6 This
reaction involves a deoxygenative contraction of an inter-
mediate oxazirconacycle into a carbocycle under Lewis acid
activation conditions [Scheme 1, eqn. (1)]. We envisioned that,
in an analogous way, nitriles might be converted to cyclopropyl-
amines following eqn. (2).

However, attempts to perform the reaction by using
Cp2Zr(ethylene) invariably led to complex reaction mixtures.
Therefore, we investigated the feasibility of the reaction using
the in situ formed (ethylene)Ti(OPri)2

4,5 instead of (ethyl-
ene)zirconocene. We noticed that cyclopropylamines were
formed by combining the use of this reagent with the subsequent
addition of a Lewis acid, BF3·OEt2 or TiCl4. After optimizing
the reaction conditions, synthetically useful yields were ob-
tained. In a representative procedure, to a solution of benzyl
cyanide (1 eq.) and Ti(OPri)4 (1.1 eq.) in Et2O was slowly added
at rt EtMgBr (2 eq., 1 M solution in ether). After stirring for 1
h, BF3·OEt2 (2 eq.) was added, and the reaction mixture further
stirred for 0.5 h at rt. Finally, basic workup (10% NaOH aq)
followed by extraction with ether and flash chromatography
purification afforded (1-benzyl)cyclopropylamine (2) in 70%
yield.

The following additional observations gave an insight into
the reaction: (i) BF3·OEt2 and TiCl4 gave rise to similar results.
(ii) The yields of 2 in the reactions employing BF3·OEt2 were
similar in THF and in Et2O. (iii) Cyclopropylamine 2 was also

formed in the absence of the additional Lewis acid, however, in
this case, the yields were markedly lower in Et2O (31%) and
negligible in THF (7%); in these reactions benzyl ethyl ketone
(3) was the major product formed (60% yield in Et2O and 70%
yield in THF). (iv) When using more than 2 eq. of EtMgBr the
yield of 2 decreased significantly to detriment of the tertiary
carbinamine 4, which was obtained solely in 67% yield with 4
eq. of EtMgBr. (v) Lowering the quantity of Ti(OPri)4 below 1
eq. decreased the yield of 2 to the detriment of 3 and 4.

The competing reactions to afford compounds 2, 3 and 4 are
summarized in Scheme 2. In accordance with our initial
hypothesis, and by analogy with the cyclopropanation of
carbonyl compounds,6 the Lewis acid plays a crucial role for the
ring contraction leading to cyclopropane 2. The reaction differs
to that of the Kulinkovich and de Meijere reactions, in which the
ring contraction occurs in the absence of an additional Lewis
acid, spontaneously from the intermediate oxatitanacycle. In
our reaction, in the absence of BF3·OEt2 the intermediate
azatitanacycle (cyclic titanium iminate) remains unchanged to
furnish the ketone 3 on hydrolysis. The minor formation of 2 in
this case can be explained by assuming that weak acid species
always present in solution (Mg, Ti) operate, to a significantly
lower degree, however, in the more coordinating THF (7% yield
of 2) than in the less coordinating Et2O (31% yield of 2). In
contrast, when a strong Lewis acid is used, the cyclopropanation
step proceeds efficiently (70% yield) in both solvents. The
competing formation of 4 also deserves some comments. It is
known that simple nitriles do not undergo double alkylation by
alkyl Grignard reagents.7 In contrast, the attack of a second
equivalent of EtMgBr on the C atom of the titanium iminate
(Scheme 2) would be an efficient process. This reaction
possibly opens a simple, general way to tertiary carbinamines.

Scheme 1 Scheme 2
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Furthermore, since an excess of EtMgBr strongly favours the
dialkylation over the cyclopropanation reaction, the nucleo-
philic attack of a Grignard reagent on titanium seems not to be
determining the ring contraction.8

To further explore the scope of the cyclopropanation reaction
we tested other nitriles and Grignard reagents under the
optimized reaction conditions. As shown in Table 1, the
reaction employing EtMgBr proceeded smoothly from different
alkanenitriles to afford the corresponding cyclopropylamines in
moderate to good yields (entries 1–5). Both acyclic and cyclic
nitriles were used. Particularly, the reaction took place starting
from the sterically crowded adamantane-1-carbonitrile (7)
(entry 4), and the nitrile 8 having the benzyloxy group (entry 5).
Benzonitrile and acrylonitrile did not afford the corresponding
cyclopropylamines under the conditions used here. The reac-
tions employing other Grignard reagents, namely BunMgBr,
BusMgBr and PhCH2CH2MgBr, could also be accomplished
leading to 1,2-disubstituted cyclopropylamines 14, 15 and 16
(entries 6–9). Interestingly, starting from the isomeric Grignard
reagents BunMgBr and BusMgBr, the same compound 14 was

formed solely (entries 6 and 7). A unique reaction pathway
through (but-1-ene)Ti(OPri)2 accounts for the totally regio-
selective formation of 14. In all cases, a moderate diastereo-
selectivity of about 2+1 was observed.9 The very easy
separation by flash chromatography of diastereomeric primary
cyclopropylamines (14, 15 and 16) is noteworthy,9 and should
be synthetically useful.

In summary, we have presented a new method for the
preparation of primary cyclopropylamines. The described
reaction involves a cooperative Ti(II) and Lewis acid-mediated
coupling of nitriles with Grignard reagents. Simplicity of the
procedure, cheap reagents as well as readily available starting
materials, and particularly different alkanenitriles, are the major
advantages of this method. Studies aimed at further exploring
the reaction are currently underway.

Notes and references
1 E. Vilsmaier, The Chemistry of the Cyclopropyl Group, ed. Z. Rappoport,

Wiley, New York, 1987, ch.. 22, p. 1341.
2 For examples, see: K. Grohe, H. Zieler and K. Metzger, Eur. Pat.

0078362, 1983; E. S. C. Wu, T. E. Cole, T. A. Davidson, J. C. Blosser,
A. R. Borrelli, C. R. Kinsolving, T. E. Milgate and R. B. Parker, J. Med.
Chem., 1987, 30, 788; H. Homma, Y. Watanabe, T. Abiru, T. Murayama,
Y. Nomura and A. Matsuda, J. Med. Chem., 1992, 35, 2881; M. C.
Pirrung, J. Cao and J. Chen, J. Org. Chem., 1995, 60, 5790.

3 Houben-Weyl, Methoden der Organischen Chemie, ed. M. Regitz,
Thieme, Stuttgart, 1989, 4th edn., vol. E 19b.

4 The oxatitanacyclopentane intermediate is involved in both Kulinkovich
and de Meijere reactions. However, whereas the OR group of an ester
further migrates to the strongly oxophilic titanium, the NR2 group of an
amide remains attached to the carbon, see: V. Chaplinski and A. de
Meijere, Angew. Chem., Int. Ed. Engl., 1996, 35, 413; V. Chaplinski, H.
Winsel, M. Kordes and A. de Meijere, Synlett, 1997, 111; J. Lee and J. K.
Cha, J. Org. Chem., 1997, 62, 1584.

5 O. G. Kulinkovich, S. V. Sviridov, D. A. Vasilevski and T. S. Pritytskaya,
Zh. Org. Khim., 1989, 25, 2244; Recent review: O. G. Kulinkovich and
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Gandon, P. Bertus and J. Szymoniak, Eur. J. Org. Chem., 2000, 22,
3713.

7 The Ti(OPri)4-promoted double nucleophilic addition of Grignard
reagents to CN triple bond of protected cyanohydrins (chelating nitriles)
has recently been reported, see: A. B. Charette, A. Gagnon, M. Janes and
C. Mellon, Tetrahedron Lett., 1998, 39, 5147.

8 In contrast to the Kulinkovich reaction, for which the intermediacy of a
titanium ate complex has recently been postulated, see: O. G. Kulinko-
vich, Pure Appl. Chem., 2000, 72, 1715.

9 Selected data for 2 and 14: 2: 1H-NMR (250 MHz; CDCl3) d 0.6–0.7 (m,
4 H), 2.72 (s, 2 H), 3.77 (s, 2 H), 7.20–7.35 (m, 5 H); 13C-NMR (63 MHz;
CDCl3) d 9.1, 35.4, 39.7, 127.5, 128.8, 129.8, 134.8; IR n (cm21) 3361,
1605, 1495, 1453; MS (70 eV) m/z 147 (M+·, 44), 132 (28), 92 (71), 91
(90), 56 (100); Analysis calculated for C10H13N·HCl: C, 65.39; H, 7.68;
N, 7.63; found C, 65.34; H, 7.61; N, 7.58%. 14: minor isomer: Rf (ether–
methanol 95+5) 0.34; 1H-NMR (250 MHz; CDCl3) d 0.31 (dd, J = 5.7,
4.7 Hz, 1 H), 0.75 (dd, J = 9.4, 4.7 Hz, 1 H), 0.86–0.99 (m, 1 H), 1.05
(t, J = 7.3 Hz, 3 H), 1.20–1.38 (m, 1 H), 1.56 (br s, 2 H), 1.54–1.72 (m,
1 H), 2.72 (d, J = 14.4 Hz, 1 H), 2.87 (d, J = 14.4 Hz, 1 H),7.20–7.38
(m, 5 H); 13C-NMR (63 MHz; CDCl3) d 14.2, 20.2, 23.3, 28.1, 38.1, 41.4,
126.2, 128.3, 129.3, 139.5; IR n (cm21) 3356, 1601, 1495, 1453; MS (70
eV) m/z 175 (M+·, 11), 160 (22), 146 (76), 92 (71), 91 (100). 14: major
isomer: Rf (ether–methanol 95:5) 0.70; 1H-NMR (250 MHz; CDCl3) d
0.23 (t, J = 4.9 Hz, 1 H), 0.72 (dd, J = 8.9, 4.4 Hz, 1 H), 0.77–0.88 (m,
1 H), 0.95 (t, J = 7.4 Hz, 3 H), 1.30 (br s, 2 H), 1.40–1.55 (m, 2 H), 2.62
(d, J = 14.0 Hz, 1 H), 2.78 (d, J = 14.0 Hz, 1 H), 7.22–7.38 (m, 5
H); 13C-NMR (63 MHz; CDCl3) d 14.3, 19.0, 21.6, 26.7, 38.4, 47.9,
126.2, 128.2, 129.2, 139.5; IR n (cm21) 3372, 1604, 1495, 1454; MS (70
eV) m/z 175 (M+·, 10), 160 (19), 146 (68), 92 (68), 91 (100); Analysis
calculated for C12H17N·HCl: C, 68.07; H, 8.57; N, 6.62%; found C,
67.83; H, 8.54; N, 6.38%.

Table 1 Reaction of nitriles with Grignard reagents promoted by Ti(OPri)4

and BF3·OEt2

Entry Nitrile RA-(CH2)2-MgBr Product Yielda (%)

1 Et-MgBr 70

2 Et-MgBr 70

3 Et-MgBr 52

4 Et-MgBr 53

5 Et-MgBr 54

6 Bun-MgBr 57
(64+36)b

7 Bus-MgBr 54
(55+45)b

8 Ph(CH2)2-MgBr 51
(68+32)b

9 Prn-CN
9

Ph(CH2)2-MgBr 54
(68+32)b

a Yields of isolated products. b Mixture of diastereomers.
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Even in highly competitive solvents such as DMSO, strong
bimolecular association and subsequent fluorescence
quenching result from the combination of hydrogen bonding
and ion pairing between a porphyrinic bis(carboxylate)
dianion and an iron(terpyridine) bis(urea).

In naturally occurring light harvesting systems, the relative
orientation and proximity of the photoactive components play
fundamental roles in the effective operation of the systems.
These complex molecular devices rely primarily on non-
covalent interactions to place the chromophores in optimal
locations to facilitate beneficial electronic communication.
Accordingly, significant efforts have been devoted to develop
artificial multi-component photoactive arrays, with a particular
emphasis on those involving porphyrins.1–7 Because the
photochemical characteristics are ultimately governed by the
assemblies’ topologies, their fabrication hinges on the tailoring
of productive molecular recognition interactions such as
coordination bonding,2,3 ion pairing,4 p–p stacking5,6 and
hydrogen bonding.3,7 The hydrogen bond is a particularly
serviceable driving force to align building blocks due to its
directionality and its ease of tailoring. This is especially true
when several hydrogen bonds are united into a multipoint
recognition site. The utility of the hydrogen bond is diminished,
however, in polar competitive solvents that can better solvate
the hydrogen bonding surface. The implementation of cooper-
ative or ionic hydrogen bonding motifs, where the hydrogen
bond partners are of opposite charge, can often overcome these
destructive solvation effects.8 Strong complexation is especially
critical in order to study energy/electron transfer processes at
the low concentrations required by luminescence spectroscopy
without having to add excessive quantities of quencher.

We describe here the synthesis and characterization of the
novel non-covalently bound porphyrinic assembly 1. The
building blocks were designed to harness the beneficial
recognition attributes of both ion pairing and hydrogen bonding
interactions. The first interaction is provided by the attraction
between the Fe2+ dication complex 3a and the porphyrinic
bis(carboxylate) dianion 4. The carboxylate groups on the
porphyrin serve dual roles in that they also act as charged
hydrogen bond acceptors for the neutral bidentate urea
hydrogen bond donors on the iron(terpyridine) fragment. The
result is the self-assembly of neutral complex 1, which retains
both its structural integrity and topology even at low concentra-
tions in polar solvents such as DMSO.

Assembly 1 was prepared by mixing an equimolar mixture of
building blocks 3a and 4 in methanol (Scheme 1). The neutral
complex precipitated from the solution and was easily isolated
in high purity and in nearly quantitative yield. Owing to the
charges balancing in the final complex, 2 equivalents of
[Bu4N][BF4] were produced in the reaction and were washed
away during the filtration. The integration of signals in the 1H
NMR spectrum of the isolated solid supports the claim that the
1:1 complex is the product of the self-assembly process.

Electrospray mass spectrometry confirmed this claim as peaks
at m/z 1738.7 and 880.3 corresponding to [M + Na]+ and [M +
2Na]2+, respectively, were observed.

Assembly 1 is freely soluble in highly polar solvents such as
DMSO and DMF, but is only sparingly soluble in all other
common organic solvents. GCOSY and T-ROESY experiments
aided in assigning the protons of complex 1. The complex

† Current address: Department of Chemistry, Simon Fraser University,
8888 University Drive, Burnaby, B.C., Canada V5A 1S6. E-mail:
nbranda@sfu.ca

Scheme 1 Reagents and conditions: (a) SnCl2·2H2O, EtOH; (b) tri-
phosgene, CH2Cl2, then 3,5-di-tert-butylaniline, 78% for three steps; (c)
NaH, CH3I, DMF, 50 °C, 99%; (d) Fe(H2O)6(BF4)2, acetone, quantitative;
(e) 4, MeOH, 97%. The double bonds have been removed from structure 1
for clarity. Observed intermolecular nOe’s (represented as arrows) and
complex induced chemical shifts in the 1H NMR spectrum (shown in
parentheses) are highlighted.

This journal is © The Royal Society of Chemistry 2001
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induced shift (CIS) values for complex 1 in the 1H NMR
spectrum in DMSO-d6 and the observed intermolecular nuclear
Overhauser enhancements (nOe's) are highlighted in Scheme 1.
Both experiments support the proposed structure of 1, where 3a
is straddling across the porphyrin macrocycle and is not lying to
its side. The significant downfield shift (Dd > 3 in DMSO-d6)
observed for the urea N–H protons in assembly 1 is indicative of
effective hydrogen bonding even in such a polar and com-
petitive solvent. The role of the hydrogen bonds is also to steer
the iron(terpyridine) fragment into a position where it lies
directly over the porphyrin plane. This guidance is successful as
diagnosed by the upfield shifts observed for the hydrogen atoms
of 3a lying directly over the porphyrin plane and within the
shielding region of the macrocycle (Dd are as large as 23.52).
The signals for the four hydrogen atoms on the terminal
pyridine ring of 3a are unique in that they appear as broad peaks
in the spectrum. We attribute this to the fact that 3a can be
thought of as a ‘spit on a barbecue’ in which the terpyridine can
slowly rotate above the porphyrin ring. The terpyridine protons
can, therefore, range in distance from 3.5 to 14.5 Å‡ from the
plane of the macrocycle at any given moment affording a
variety of possible conformers that can exist within the NMR
time-scale. Variable temperature NMR experiments failed to
alter the shape of these broadened signals.

The strength of the binding between 3a and 4 was too large to
be accurately measured by 1H NMR spectroscopy even in
DMSO-d6. Isothermal titration calorimetry (ITC) experiments
in DMSO, however, indicated a binding stoichiometry of 1+1
for 3a and 4 and an impressive value for the association constant
(Ka) of (2.47 ± 0.44) 3 106 M21. When the ITC experiments
were repeated replacing 3a with the N,NA-dimethylated analog
3b, that can only associate through ion pairing, the heat released
upon binding was so small that the association constant was
impossible to estimate. The titration of 5 with 3a also revealed
a similar trend, despite the fact that the 3a·5 complex can be
isolated as a solid in a similar fashion as for 1. In this case, the
hydrogen bonds are not suitably positioned to operate in unison
and direct the formation of a strapped 1+1 complex. Although
the 1H NMR spectrum in DMSO-d6 does reveal a 1+1
stoichiometry between 3a and 5, the signals for the urea N–H
protons shift only 1 ppm downfield, and there is no observable
shift of the signals corresponding to the C–H protons on the
iron(terpyridine) fragment. This indicates that 3a does not
reside over the plane of 5 and the 1+1 complex should really be
thought of as an aggregate (3a·5)n. These experiments clearly
highlight that ion pairing contributes to the association of 1;
however, the cooperative hydrogen bonds aid in aligning the
building blocks into close proximity so that these ion pairing
attractive forces can be maximized.

The relative positioning of 3a and 4 within 1 has a significant
impact on the photophysical behavior of the final assembly.
Studies using steady-state fluorescence spectroscopy to monitor
the changes in the emission intensities of DMSO solutions of 4
and 5 as the porphyrins were treated with aliquots of 3a are
shown in Fig. 1. The immediate quenching of the fluorescence
of 4 is most likely a direct result of the straddling nature of the
iron(terpyridine) fragment which positions the two chromo-
phores into the most intimate arrangement possible and ensures
maximum through-space communication. The fluorescence
quenching of porphyrin 4 by 3a is clearly a result of both strong
bimolecular association and optimal spatial positioning of the
two chromophores. The N,NA-dimethylated analog 3b, on the
other hand, only slightly quenched the fluorescence of 4
presumably in a dynamic, collision-based process. A similar
low level of quenching was obtained when porphyrin 5 was
titrated with 3a. Despite the fact that both hydrogen bonding
and ion pairing are present in the (3a·5)n polymolecular
assembly, the terpyridine fragment cannot form a strapped
arrangement, and any through-space communication between

the chromophores is significantly reduced. Impressively, sim-
ilar photophysical behavior of assembly 1 was observed in a
10% H2O/MeCN solution attesting to the strength of the
association between building blocks 3a and 4 even in an
aqueous environment.

This work was supported by the Natural Sciences and
Engineering Research Council of Canada and the University of
Alberta. We are grateful to Pablo Ballester (Universitat de les
Illes Balears) for his helpful suggestions.
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Fig. 1 Stern–Volmer quenching when a DMSO solution of 4 is titrated with
3a (2), with 3b (8), and when 5 is titrated with 3a (5) (lex = 415 nm, lem

= 633 nm). Concentrations: [4] and [5] = 1.0 3 1026 M, [3a] and [3b] =
2 3 1025 M.
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Ring opening–cross metathesis of unstrained cycloalkenes
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Unstrained cycloalkenes undergo ruthenium-catalysed ring
opening–cross metathesis reactions with simple a,b-un-
saturated carbonyl compounds under mild conditions.

Over the last decade, olefin metathesis has emerged as a
powerful tool for the formation of carbon–carbon double
bonds.1 Due to their excellent activity and functional group
tolerance, ruthenium complexes with sterically demanding N-
heterocyclic carbene (NHC) ligands (1 and 2) have proved to be

an important development in this field. Our group2 and others3

have investigated the catalytic properties of the readily prepared
phosphine-free catalyst 2. In the case of cross metathesis (CM)
with a,b-unsaturated carbonyl compounds catalysed by 1, the
formation of the relatively unstable acceptor substituted carbene
species was rejected.4 However, Grubbs et al. have demon-
strated that b-carbonyl ruthenium carbene species generated
from diazoacetate are highly active, reacting in stoichiometric
quantities with cyclohexene to afford new ruthenium carbene
complexes.5 Little is known about the ring opening–cross
metathesis (ROM-CM) of unstrained cycloolefins,6 and since 1
and 2 can promote highly efficient CM reactions with a,b-
unsaturated carbonyl compounds,2 we wondered if catalytic
ROM-CM reactions of low-strain cycloolefins could be accom-
plished via highly reactive b-carbonyl ruthenium carbene
intermediates.

Preliminary studies were carried out with cyclohexene and
various electron deficient olefins. We found that methyl vinyl
ketone (3), methyl acrylate (4), acrylic acid (5) and acrylalde-
hyde (6) were suitable substrates for ROM-CM, whereas vinyl
sulfones, nitriles and amides gave poor results. Encouraged by
these findings, we investigated the ROM-CM of unstrained
cycloolefins (Scheme 1) such as cyclopentene, cyclohexene and
cycloheptene (3.0 eq.), with simple a,b-unsaturated carbonyl
compounds 3–6.† It was also decided to compare the activity of
catalysts 1 and 2 in these reactions. The results of these
experiments are outlined in Table 1.

In almost all cases moderate to excellent yields of ring
opened double-cross products (7–18) were obtained. In addi-
tion, several trends were observed. Firstly, as expected,2
phosphine-free catalyst 2 gave better cross product yields than
1; secondly, the order of reactivity of the cycloalkene substrates
was cycloheptene ! cyclopentene > cyclohexene presumably
due to ring strain. In addition, acrylic acid gave especially good
results over the range of substrates.

Having established that efficient ROM-CM of unstrained
cycloolefins is possible, we wished to extend this methodology
to both functionalised and heterocyclic compounds. Thus,
19–25 were subjected to ROM-CM conditions, using catalyst 2
(5 mol%) and CM partners 3, 4 and 5 (Table 2). Given the high
reactivity of cyclopentene, the failure of 5- and 6-membered N-
heterocycles 19 and 20 to give ring-opened products was
somewhat surprising. In these reactions, only dimerisation of
the electron deficient olefin occurred. At this time it is not
known if this lack of ROM reactivity is attributable to either an
internal complexation of the heteroatom to ruthenium during the
catalytic cycle, or to the electron withdrawing effect of the
tosyl-protected nitrogen atom on the ‘allylic’ double bond. In
this regard it is interesting to note that dihydrofuran 23 gave
only moderate yields of double-cross product. In the case of 21,
the 7-membered analogue of 19 and 20, this effect is obviously
less important than relief from ring strain, as good CM product
yields were obtained. This is supported by the fact that the
yields of 32, 33 and 34 are in good correlation with those of 35,
36 and 37 derived from 22, where the olefin double bond is one
methylene unit further removed from the heteroatom. Epoxy-
cyclooctene 24 also gave smooth conversion to 41, 42 and 43,
however bicyclic lactone 25 did not react, possibly due to steric
factors.

Given that neither polymeric nor terminal olefinic products
were detected even in the presence of excess cycloolefin, it is
clear that the first step in the catalytic cycle is reaction between
1 or 2 and the electron deficient olefin to afford reactive carbene
intermediates of general type 47, which then ring-open the
substrate to form a second alkylidene 48 (Scheme 2).

Scheme 1

Table 1 Performance of 1 and 2 in ROM-CM with electron deficient
alkenes

Producta
Yield (%)b

using cat. 2
Yield (%)b

using cat. 1

7 n = 1, R = COCH3 86 62
8 n = 1, R = CO2CH3 90 79
9 n = 1, R = CO2H 83 57

10 n = 1, R = CHO 83 30
11 n = 2, R = COCH3 54 26
12 n = 2, R = CO2CH3 66 47
13 n = 2, R = CO2H 80 38
14 n = 2, R = CHO 45 5
15 n = 3, R = COCH3 87 87
16 n = 3, R = CO2CH3 97 80
17 n = 3, R = CO2H 83 70
18 n = 3, R = CHO 90 75
a Only the E-isomers were detected in all cases. b Determined by 1H NMR
using (E)-stilbene as an internal standard.
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The intermediacy of 48 suggested that a ring opening double
cross metathesis reaction with two different CM partners could
be possible. In order to test this, cyclohexene (3.0 eq.) was ring
opened in the presence of 2 (5 mol%), 5 (1.0 eq) and phenyl
vinyl sulfone (1.0 eq.) to give 25% yield (by 1H NMR) of double
cross product 49 (Scheme 3).

In summary, the novel ROM-CM of relatively unstrained
carbo- and heterocycles to give ring opened bis-a,b-unsaturated
carbonyl compounds has been described. Phosphine free
catalyst 2 has been shown to possess a superior activity

compared to 1 in these reactions. The bis-functionalisation of
cyclohexene with two different CM partners using a ROM-CM
strategy has also been demonstrated. Further investigations
along these lines are in progress in our laboratories.

We would like to thank the ‘Fonds der Chemischen Industrie’
for financial support. S. R. and S. J. C. thank the Gra-
duiertenkolleg “Synthetische, mechanistische und reaktion-
stechnische Aspekte von Metallkatalysatoren” for their sti-
pends.
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atmosphere, after which time the solvent was evaporated and (E)-stilbene
added as an internal standard. The product yield was determined by 1H
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Table 2 ROM-CM of functionalised cycloolefins

Cycloolefin Products with 3, 4 and 5 (% Yield)a,b

26 R = COCH3 (0)
27 R = CO2CH3 (0)
28 R = CO2H (0)

19

29 R = COCH3 (0)
30 R = CO2CH3 (0)
31 R = CO2H (0)

20

32 R = COCH3 (79)
33 R = CO2CH3 (70)
34 R = CO2H (85)

21

35 R = COCH3 (75)
36 R = CO2CH3 (90)
37 R = CO2H (82)

22

38 R = COCH3 (42)
39 R = CO2CH3 (0)
40 R = CO2H (60)

23

41 R = COCH3 (84)
42 R = CO2CH3 (92)
43 R = CO2H (80)

24

44 R = COCH3 (0)
45 R = CO2CH3 (0)
46 R = CO2H (0)

25
a Only the E-isomers were detected in all cases. b Determined by 1H NMR
using (E)-stilbene as an internal standard.

Scheme 2

Scheme 3
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Facile synthesis of homoallylic alcohols is achieved from
allyl halides and aldehydes or ketones over an all-oxide
heterogenous media involving b-SnO and catalytic Cu2O.

The reaction of a carbonyl compound and an organic halide in
the presence of magnesium metal, trivially known as the Barbier
reaction, has carved a distinct niche in synthetic organic and
pharmaceutical chemistry.1 In the hundred years, since its
original discovery,2 this one-pot variant of the Grignard
reaction has been demonstrated solely with zerovalent metals,
and metal halides.3 With specific reference to carbonyl
allylation via tin reagents,4 both preformed as well as in situ
generated allylstannanes continue to evoke widespread5 interest
due to their chemo-, regio-, stereo-, and enantioselecivity
aspects. Our continuing interest6 in organotin chemistry and
recent interest in heterobimetallic reagents, prompted us to
explore a gateway into the Barbier reaction via metal oxides.
We are delighted to disclose herein a facile carbonyl allylation
reaction over tetragonal tin(II)oxide (b-SnO)7 and catalytic
Pt(II), Pd(II), Pd(0), Cu(I) salts/complexes in organic–aqueous or
aqueous medium (Scheme 1). Further extension to b-SnO/
catalytic Cu2O affords an all-oxide reagent in Barbier allyl-
ation. We believe that the results provide new directions in the
synthetic and mechanistic issues of Grignard type carbon–
carbon bond forming reactions across metal oxides.

The model reaction of 1-bromoprop-2-ene 1a (2 mM) and
4-chlorobenzaldehyde 2a (1 mM) in the presence of catalytic
PtCl2(PPh3)2 4a (0.01 mM) and b-SnO (1.5 mM) in THF–water
(9+1 v/v) at 70 °C for 6 h gives rise to the desired homoallylic
alcohol 1-(4-chlorophenyl)but-3-ene-1-ol 3a in 96% isolated

yield (Table 1, entry 3).8 Under identical conditions, un-
catalyzed reaction affords < 15% of the product. Also important
is the remarkable effect of water: reaction in the presence of
catalyst 4a but in dry THF yields < 15% of the product, while
reaction in water alone gives rise to 55% of the desired alcohol.
That there is no phase change of b-SnO before and after
treatment with THF–water, is indicated by XRD. Among the
other catalysts screened, NiCl2(PPh3)2, PdCl2(PhCN)2 and
Pd2(dba)3·CHCl3 are found unsatisfactory ( < 25% yields), but
PdCl2(PPh3)2, Pd2(dba)3, and CuCl afford moderate to excellent
yields of product. The generality of the reaction has been
successfully tested with aliphatic, aromatic and heteroaromatic
aldehydes and substituted allyl bromides (Table 2, entry 1–5).

† Electronic supplementary information (ESI) available: further experi-
mental details, XRD and EIMS spectra. See http://www.rsc.org/suppdata/
cc/b1/b104500h/

Scheme 1

Table 1 b-SnO promoted carbonyl allylation: effect of catalyst

# X Catalyst Solvent Yield (%)

1 Br NIL THF–H2O 15
2 Br PtCl2(PPh3)3 4a THF 15
3 Br 4a THF–H2O 96
4 Br Pd2(dba)3 4b THF–H2O 76
5 Br Cu2O 4c DCM–H2O 80
6 Cl 4c DCM–H2O 52
7 Br CuCl 4d THF–H2O 33

Table 2 Allylation of various carbonyl compounds with b-SnO/catalyst

# Halide Carbonyl Cat Product
Yield
(%)

1 Fc-CHO 4a 70

1b 2b 3b

2 1b 4a 65

2c 3c

3 4a 63

1c 2d 3d

4 BnCHO 4b 53

1d 2e 3e

5 1d 4b 76

2f 3f

6 1c 4c 79

2g 3g

7 1c Me(CH2)8CHO 4c 54

2h 3h

8 1a 4c 71

2i 3i

9 1a 4c 45

2j 3j

This journal is © The Royal Society of Chemistry 2001
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Triggered by the success as above, we wished to attempt an all-
oxide reagent for carbonyl allylation. The reagent combination
of b-SnO and catalytic Cu2O in refluxing DCM–water (9+1 v/v)
is adjudged to be the best (Table 1, entry 5–6; Table 2, entry
6–9).

While mechanistic studies are underway in our laboratory,
preliminary experiments clearly establish the formation of new
tin–carbon bonded species during the course of the reaction.
Thus, a mixture of b-SnO (2 mM), catalytic Pd2(dba)3 (0.02
mM) and allyl bromide (4 mM) in THF–H2O (99+1 v/v) was
refluxed for 10 h. Following filtration under argon, and solvent
removal, the residue was examined by 1H NMR. The spectrum
(Fig. 1, spectrum c) showed the formation of a new s-allyl tin
species9 characterized by allylic proton signals at 2.55 ppm
[2J(119Sn–1H) = 154 Hz], as compared to that of allyl bromide
at 4.1 ppm (spectrum a). No such species was detected in the
reaction without catalyst (Fig. 1, spectrum b). On the other
hand, reaction of allyl bromide with Pd2(dba)3 alone, showed
signals due to known p-allylpalladium intermediate.10 We
conclude that the latter assists the formation of the s-allyl tin
species (Scheme 2).11

Unlike the above, we could not detect any soluble organotin
species in the reaction of allyl bromide with b-SnO/catalytic
Cu2O, thereby indicating that the incipient metal–carbon
intermediate is formed in the solid phase. To test this
hypothesis, narrow scan XPS analysis was performed for b-
SnO/Cu2O before and after its reaction with allyl bromide.
Formation of new species is indicated by major shifts in the
binding energies of Sn (3d5/2, 3d3/2), Cu (2p3/2, 2p1/2), O (1s)

and C (1s) peaks.12 Multi-Gaussian peak analysis of carbon-1s
spectra shows two new peaks at 280.8 and 283.2 eV (Fig. 2,
spectrum b) indicative of metal–carbon bonded species. Prior
interaction of alkene with copper(I) is likely to promote the
formation of an allyltin intermediate.13 We hope to address this
and related mechanistic issues in future studies.

We thank CSIR, UGC and DST for financial support.
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Fig. 1 1H NMR spectra in DMSO-d6 of (a) allyl bromide; (b) residue from
the reaction of b-SnO–allyl bromide; (c) residue from the reaction of b-
SnO–allyl bromide–catalytic Pd2(dba)3 [dba = dibenzylideneacetone].

Fig. 2 XPS spectra in the C-1s region of (a) untreated b-SnO/Cu2O—peaks
at 284.5, 287.6; (b) b-SnO/Cu2O after treatment with allyl bromide—peaks
at 280.8, 283.2, 284.5, 288.9.

Scheme 2 p-Allylpalladium attacks tetragonal tin(II) oxide.
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dioxide

Masaya Miyazaki, Mitsukuni Shibue, Kazuya Ogino, Hiroyuki Nakamura and Hideaki Maeda*

Institute for Structual and Engineering Materials, AIST Kyushu, National Institute of Advanced
Industrial Science and Technology (AIST), 807-1 Shuku, Tosu Saga 841-0052, Japan.
E-mail: maeda-h@aist.go.jp; Fax: +81(942)81-3695; Tel: +81(942)81-3643

Received (in Cambridge, UK) 4th June 2001, Accepted 3rd August 2001
First published as an Advance Article on the web 22nd August 2001

A new enzymatic synthesis of pyruvic acid from acet-
aldehyde and carbon dioxide has been developed.

Because global environmental pollution has recently become a
serious problem, it is advantageous to develop a clean chemical
process, which produces low emissions and organic wastes.
Biocatalytic reactions attract attention as environmentally safe
catalytic reactions in organic synthesis.1 Several enzymatic
processes have been designed and used as alternative organic
processes.

Pyruvate decarboxylase (EC 4.1.1.1) is known as a catalyst of
the decarboxylation reaction of pyruvic acid, to produce
acetaldehyde. The mechanism of catalytic reaction of pyruvate
decarboxylase has been elucidated. This enzyme requires
thiamin pyrophosphate as a coenzyme for catalytic activity.2 As
for other thiamin pyrophosphate dependent enzymes, this
enzyme has been interesting as a catalyst for carbon–carbon
bond formations.3–5 Pyruvate decarboxylase has been in-
tensively studied as a carboligase for synthesis of chiral a-
hydroxy ketones, which are versatile building blocks for
organic and pharmaceutical chemistry.

The reverse reaction of this enzyme is also of interest as a
catalytic procedure for carboxylation. Several studies have been
performed which imitate these enzyme reactions using CO2 as
the reactant.6–8 A previous study using a-lactoylthiamin
showed that production of pyruvate was achieved at higher pH
( > 10).8 However, these reactions require organic solvents and
severe conditions.

We are interested in the development of novel enzymatic
reactions and reactor systems having environmentally safe
chemical processes. In the present study, we demonstrate the
usefulness of the reverse reaction of pyruvate decarboxylase in
the production of pyruvic acid from acetaldehyde and carbon
dioxide (Scheme 1).

We chose a sodium bicarbonate buffer system, because not
only is this buffer suitable at higher pHs, but it also can be used
as the source of carbon dioxide. A typical run was as follows. To
a solution of acetaldehyde (100 mM) in sodium bicarbonate
buffer (1 ml) in a 1.5 ml microcentrifuge tube, Brewer’s yeast
pyruvate decarboxylase (1 unit) and thiamin pyrophosphate (the
final concentration was 10 mM) were added at 4 °C. The
reaction mixture was warmed to 25 °C quickly, and then shaken
on a vortex mixer at room temperature. After 1 h, the reaction
mixture was chilled on ice, and then subjected to HPLC analysis
immediately. The amount of pyruvic acid was calculated from
the peak area of HPLC analysis calibrated with commercially
available pyruvic acid standards. The yield was estimated based
on acetaldehyde.

First, we evaluated the effect of pH on the reaction. The
reaction was performed using acetaldehyde (100 mM), thiamin

(0.1 mM), and pyruvate decarboxylase (1 unit) in 0.1 M
NaHCO3–Na2CO3 buffer at various pHs (pH 8.5–11.5). The
result is shown in Fig. 1. Higher pHs gave a better yield of
pyruvic acid. The maximum yield was obtained at pH 11 (61%).
The present result agreed well with a previous observation
obtained from the hydrolysis of a-lactoylthiamin. In that case,
the best yield from hydrolysis was obtained at pH 12. In our
case, the best yield was obtained at pH 11, but the yields
decreased at much higher pH. Although the hydrolysis proceeds
at a maximum rate at pH 12, the enzyme might not be stable
over pH 11. Therefore, the maximum yield was obtained at pH
11. Thus, we decided to perform further experiments at pH
11.

Next, we examined the effects of concentration of bicarbon-
ate buffer on the reaction (Fig. 2). Higher ionic strength of the
bicarbonate buffer strongly influenced the yield, as expected.
The maximum yield of the reaction was 81% at 500 mM
NaHCO3–Na2CO3 buffer. This yield was sufficient to use as an
organic process, and much higher than that obtained by the
reaction in DMF under 20 atm of CO2.8 Not only does the latter
reaction require multiple steps, but the use of the organic solvent
DMF is problematic for environmental safety reasons. The
enzymatic reaction does not require any organic solvent and
gave a better yield. It has been reported that the thiamin itself

Scheme 1 Synthesis of pyruvic acid.

Fig. 1 Effect of pH on pyruvic acid production.

Fig. 2 Effect of ionic strength on enzyme reaction.
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could catalyze a reaction analogous to that of the enzyme, but
preparation of the intermediate lactoylthiamin from acet-
aldehyde was unsuccessful. Thus, it is difficult to reverse the
reaction without an enzyme, and pyruvate decarboxylase is the
best catalyst for carboxylation of acetaldehyde.

Recently, some enzymatic reactions utilizing supercritical
carbon dioxide have been reported.9,10 In our method, a higher
concentration of carbon dioxide is required. The supercritical
conditions might be effective at improving the yield of pyruvic
acid synthesis, because they should provide a much higher
carbon dioxide concentration. The reaction in supercritical
carbon dioxide conditions will be our next subject.

Although the effect is much weaker than methane, carbon
dioxide is considered to be a greenhouse gas, and therefore its
immobilization is desired. The methods currently reported are
mainly catalytic or electrochemical reactions, which require
much energy.11–13 One alternative method has been reported,
which utilized carbonic anhydrase for the immobilization of
carbon dioxide.14 This biomimetic approach needs almost no
energy for the reaction. However, the carbonic anhydrase just
improves the solubility of carbon dioxide in aqueous media, and
further treatment of dissolved gas is required. Although the
reaction requires a large excess of CO2, our approach can be
useful for such a purpose. By our method, the carbon dioxide in
the aqueous phase can be condensed with acetaldehyde to
produce the pyruvic acid. Because pyruvic acid can easily be
converted into lactic acid, which is a constituent of a
biodegradable plastic, the carbon dioxide can be immobilized
into the biological cycle. An enzymatic reaction by lactic
dehydrogenase can be used for hydrogenation of pyruvic acid
into lactic acid. Thus, it is possible to design a two-step
enzymatic process as a completely environmentally safe
method for CO2 immobilization.

In summary, we have demonstrated the usefulness of the
reverse reaction of pyruvate decarboxylase. This reaction might
become a recommendable, environmentally safe carboxylation
procedure for acetaldehyde. Further studies, such as the reaction
utilizing supercritical carbon dioxide, and two-step enzymatic
production of lactic acid, are in progress in our laboratories.

We thank Drs Masao Shibata, Tsuyoshi Sakaki, Hiroaki
Kodama and Shoji Ando, for their continuous supports.
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Novel alkenylene-bridged oligosilsesquioxanes composed of
half-caged structures with 16- or 17-membered rings as well
as a titanium-containing molecule with a twisted 21-mem-
bered macrocycle have been synthesized by ruthenium or
rhodium-catalyzed ring-closing reactions of silsesquioxanes
with bis(allyldimethylsilyl) groups.

Recently, development of novel organic–inorganic hybrid
materials, such as organic functionalized micro- and mesopor-
ous materials, has attracted widespread attention because of the
novel catalytic activities and physical properties of these
substances.1 Since silsesquioxanes and spherosilicates with
cage-like core structures are expected to be candidates for
building blocks of such materials, a number of silsesquioxanes
with organic functional groups have been synthesized by
various methods2 including ruthenium or molybdenum-cata-
lyzed cross-metathesis.3 Porous materials are reported to be
obtained by the hydrosilylative polymerization of T8 cubes.2d,4

Therefore, synthesis of oligosilsesquioxanes with novel core
structures is of great importance. On the other hand, the
synthesis of silacycloalkenes, which incorporate an alkenylene
unit in the ring system, has attracted growing interest from the
viewpoint of materials chemistry,5 and various methods6 for the
synthesis of these compounds by catalytic ring-closing met-
athesis (RCM) reactions7 have been developed.

Here we report the synthesis of silsesquioxanes containing
novel organic–inorganic hybrid half-caged core structures. The
ring-closing reactions of bis(allyldimethylsilyl)-substituted sil-
sesquioxanes in the presence of a catalytic amount of a
ruthenium or rhodium complex successfully gave novel
alkenylene-bridged oligosilsesquioxanes composed of 16-, 17-
and 21-membered macrocycles in high yields.

A silsesquioxane with two allyldimethylsilyl groups 1a was
prepared by the stepwise silylation of silsesquioxane disilanol
(c-C5H9)7Si7O9(OSiMe3)(OH)2 (2) by allylchlorodimethylsi-
lane.8 The RCM reaction of 1a promoted by stepwise addition
of 13 mol% of the ruthenium benzylidene complex,
{(C6H11)3P}2Cl2RuNCHPh (3),7 at 65 °C for 54 h, followed by
column chromatography and reprecipitation afforded the de-
sired novel half-caged oligosilsesquioxane with a 17-membered
ring 4a in an isolated yield of 94% as a mixture of cis and trans
isomers.‡ At present, the major isomer is assigned to be cis on
the basis of IR and 13C NMR, and the ratio of cis+trans was
estimated to be 4.9+1. The preliminary X-ray analysis of a
single crystal of the major isomer established the structure
illustrated in Scheme 1 with cis configuration of the butenylene
bridge,§ although the complete solution of the structure was
hampered by poor diffraction in the high angle region (2q >
30°) and severe disorder at trimethylsilyl and cyclopentyl
groups. According to the 1H NMR spectrum, these single
crystals were composed of the major isomer. The undesired
intermolecular reaction was not observed. The 29Si NMR

spectrum of cis-4a consists of one set of five peaks in a
1+1+2+2+1 ratio for seven silicon atoms in the silsesquioxane
cage, which is in good accordance with the local Cs-symmetry
of the siloxane framework. Note that the RCM reaction with a
smaller amount of a ruthenium catalyst (reduced to 5 mol%)
also gave 4a in 85% yield (by 1H NMR).

The treatment of 1b, which has three allyldimethylsilyl
groups, by stepwise addition of 10 mol% of 3 at 65 °C for 36 h
afforded 4b, a silsesquioxane containing both terminal and
internal alkenyl groups, in 90% yield as a mixture of cis and
trans isomers in a 5.6+1 ratio.

The synthesis of a titanium-containing silsesquioxane with a
more extended alkenylene-bridged macrocycle by the RCM
reaction was examined. The RCM reaction of a titanium-
containing silsesquioxane having two allylic moieties 68

(prepared by the reaction of an allyldimethylsilyl-substituted
silsesquioxane disilanol 5 with tetrakis(diethylamino)titanium)
in the presence of 15 mol% of the ruthenium catalyst 3 at 65 °C
for 54 h afforded the desired silsesquioxane 7 in 74% yield
(cis+trans = 4.4+1). The product (7) which contains an
organic–inorganic hybrid 21-membered macrocycle, was fully
characterized by NMR, IR, FAB-MS, and elemental analysis.
1H and 13C NMR measurements indicate the presence of one
butenylene unit together with two half-caged silsesquioxane
cores in 7. The 29Si NMR spectrum of cis-7 consists of eight
peaks of almost the same intensity for sixteen silicon atoms in
the molecule, which indicates the apparent local C2-symmetry
of its siloxane framework.

On the other hand, treatment of 1a with 10 mol% of the
rhodium complex Cp*Rh(ethylene)2 9 produced a trans-
propenylene-bridged silsesquioxane 8a in an isolated yield of
90%, which has a 16-membered ring. There was no sign of the
cis isomer in the crude reaction mixture. Note that the reaction
in toluene instead of ethanol did not proceed at all, strongly
suggesting that formation of a rhodium hydride species is
crucial for the present reaction. Although the present untypical
formation of (E)-propenylene-bridges has been reported in the
RuHCl(CO)(PPh3)3 or RuCl2(PPh3)3–catalyzed coupling or
polycondensation of allylsilanes,9–11 the use of these ruthenium
catalysts in toluene at 80 °C reduced the yield of 8a drastically
(less than 25% by 1H NMR), where considerable isomerization
of 1a to 1-propenylsilyl-substituted silsesquioxanes occurred.
These reactions previously had been explained in terms of
isomerization of allylsilanes to 1-propenylsilanes followed by
metathesis,9 but a mechanism including the formation of a
silylmetal species via the silyl group transfer is now generally
accepted.11,12 Treatment of a titanium-containing silsesquiox-
ane 6 under similar reaction conditions, however, did not give
any desired propenylene-bridged product, and only the iso-
merization of allylic groups was observed.

In conclusion, a series of novel alkenylene-bridged sil-
sesquioxanes with 16- to 21-membered rings were synthesized
in high yields by ruthenium or rhodium complex-catalyzed
reactions. These molecules are quite interesting as building
blocks for new materials or a platform for novel macrocyclic

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b104086n/
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hosts. The present work also provides the potential for synthesis
of new organic–inorganic hybrid cage-like molecules via the
annulation of unsaturated substituents of silsesquioxanes.

The authors are grateful to Dr M. Shiro of Rigaku
Corporation for his kind help in the X-ray crystallographic
study.
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Equimolar mixtures of ethyl diazoacetate and alkynes can be
converted into cyclopropenes in very high yields, at room
temperature, through the intermediacy of readily available
Cu(I) catalysts containing trispyrazolylborate ligands.

Carbon–carbon unsaturated bonds can be converted into three-
membered rings by the intermediacy of metal-based catalysts
and the appropriate carbene source.1,2 Thus, a diazo compound
and an olefin lead to cyclopropanes whereas the same carbene
precursor and alkynes afford cyclopropenes (Scheme 1).
Despite the obvious similarities between both reactions, most
efforts have been devoted to the former transformation, the
catalytic systems reported to date for the cyclopropenation
reaction being reduced to a few, and mainly based on copper
and rhodium. Copper bronze, Cu(I) and Cu(II) salts have been
employed as catalysts for the cyclopropenation reaction, but
high temperatures (90–140 °C) were required and yields were
low.3 At room temperature, Rh2(OAc)4 has been the catalyst of
choice for this transformation, as reported by Hubert et al.4
Related chiral derivatives of the type Rh2(L–L*)4 have been
developed by Doyle and co-workers,5 inducing high enantio-
meric excesses. However, there are two major drawbacks to
address in this field. First, those rhodium catalysts do not
operate with internal alkynes, or if so, yields are quite low.
Secondly, and despite the use of high alkyne–EDA (ethyl
diazoacetate) ratios, only moderate to high conversion yields
have been achieved (40–85%), the quantitative conversion
being still elusive.

The catalytic capabilities of the homoscorpionate complex
Tp*Cu(C2H4) (1) (Tp* = hydrotris(3,5-dimethylpyrazol-1-yl)-
borate (1), towards the alkyne cyclopropenation reaction were
reported a few years ago.6 Those preliminary results showed
that both internal and alk-1-ynes could be converted into the
corresponding cyclopropenes with moderate yields (40–65%).
Complex Tp*Cu7 (2) displays the same catalytic behaviour,
with the advantage of its higher stability in comparison with 1.
Complexes 1 or 2 also catalyse the conversion of olefins into
cyclopropanes8 and epoxides,9 both under homogeneous and
heterogeneous conditions, as well as the aziridination of
alkenes.6,9 This remarkable behaviour has been now expanded
to the achievement of higher degrees of alkyne cyclopropen-
ation. It is worth mentioning that the main problem in these

transformations is the formation of diazoacetate-coupling
products: diethyl fumarate and maleate are also formed when
EDA is employed as the carbene source. Usually, this is avoided
by using a large excess of the alkyne with respect to EDA, and
by adding the diazocompound by means of slow-addition
devices onto the alkyne and catalyst-containing solution. As a
consequence of our knowledge on the olefin cyclopropanation
reaction, we have learnt that there is an enormous dependence of
the three-membered ring yields on the reaction design,
particularly the catalyst concentration and the carbene precursor
addition rate. Fig. 1 shows the results of the hex-3-yne
cyclopropenation reaction obtained from three experiments at
three different concentrations of complex 2. The initial hex-
3-yne concentration was fixed at 0.45 M and EDA (0.15 M) was
added with two different addition rates (0.15 and 1.5 mmol
h21). The use of initial [2] of 0.0075 M (1+20+60 of [Cu]–
[EDA]–[hex-3-yne]) induced the almost quantitative conver-
sion into the corresponding cyclopropene, whereas a third of
that value caused a 50% decrease of the product. As expected,
an increase in the addition rate of EDA diminished the yields,
but the same trend was observed upon varying [Cu]. These
results are in accord with the reaction pathway proposed for the
related cyclopropanation reaction with this type of catalyst.10

With this knowledge, we have tested an array of trispyr-
azolylborate ligands11 (Fig. 2) in which R1–R3 can be modified
to tune the electronic and steric effects induced to the metal
centre. The catalysts of general formula TpXCu(I) were
generated in situ by mixing equimolar amounts of CuI and the
corresponding potassium or thalium salt of the homoscorpio-
nate ligand. These preliminary experiments were run with a
[Cu]–[EDA]–[hex-3-yne] ratio of 1+30+90, that corresponds to
[Cu] 0.005 in Fig. 1. As inferred from data in Table 1, the
3-neopentyl and 3-cyclohexyl derivatives showed excellent,
unprecedented degrees of conversion into ethyl 2,3-diethylcy-
cloprop-1-enecarboxylate (95 and 97%, respectively) therefore

Scheme 1

Fig. 1 Dependence of cyclopropene yields (hex-3-yne as alkyne) and the
amount of catalyst (Tp*Cu, 2). EDA addition rate:: 1.5 mmol h21;- 0.15
mmol h21.
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minimising the formation of EDA-coupling products (ethyl
fumarate and maleate). We have recently reported12 an
extraordinarily active and diastereoselective (towards the cis
isomer) catalytic system for the olefin cyclopropanation
reaction, in which aromatic substituents as R1 provided the best
results in comparison with the aliphatic groups in this position.
But this situation reverses in the alkyne cyclopropenation
reaction, since aliphatic groups as R1 seem to be required for
high conversions. This constitutes a significant difference
between these two transformations that traditionally have been
described to occur in a similar way.1,2

After this initial screening, optimisation of the reaction
conditions and expansion to other alkynes afforded more
interesting features. Table 2 displays the results of the
cyclopropenation reaction of hex-1-yne, 1-phenylprop-1-yne
and hex-3-yne with different [Cu]–[EDA]–[alkyne] ratios using
the TpCy derivative. The observed yields show dramatic
improvement over any other reported catalytic system in terms
of cyclopropene formation not only for alk-1-yne derivatives,
but also for internal ones: the values for hex-3-yne are > 90% in
all cases and 1-phenylprop-1-yne also undergoes high conver-
sions (73–94%). This remarkable activity is confirmed by data

in Table 2, entry 5, in which an equimolar EDA–alkyne ratio
was employed: yields of cyclopropene fall in the range 80–94%.
The lack of alkyne excess in these high-yield transformations
has no precedent in the literature: our system has obviated the
need for an excess of alkyne to achieve noticeable yields, not
only with the cyclohexyl derivative but also with other TpX

ligands (X = alkyl). Thus, the cyclopropenation of hex-3-yne
using an equimolar ratio of the alkyne and ethyl diazoacetate
afforded the corresponding three-membered ring in 75–94%
yield (Table 3).

In conclusion, we have developed an extraordinarily efficient
cyclopropenation system in which terminal and internal alkynes
can be converted into the corresponding unsaturated rings in
very high yields. In addition, no excess of the alkyne is required
for those yields to be produced. Work aimed to extend these
results to a number of other unsaturated substrates is currently
underway in our laboratory.

Notes and references
† Experimental procedure: CuI and an equimolar amount of the MTpX salt
were dissolved in CH2Cl2 and the mixture was stirred for 2–3 h. After
filtration volatiles were removed under reduced pressure. The residue was
dissolved in 20 mL of 1,2-dichloroethane, and the resulting solution was
charged with alkyne. A solution of EDA in 1,2-dichloroethane was slowly
added with the aid of an automatic syringe pump. All reactions were
performed at room temperature. After complete addition, the reaction
mixture was analyzed by GC, only cyclopropenes and ethyl fumarate or
maleate being detected. Yields are shown in Tables 1–3.
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Fig. 2 TpX ligands.

Table 1 Cyclopropenation of hex-3-yne with TpX–Cu catalystsa

Entry TpX R1 R2 R3 Yieldb

1 Tp H H H 32
2 Tp* Me H Me 82
3 TptBu tBu H H 85
4 TpNp Np H H 95
5 TpCy Cy H H 97
6 TpPh Ph H H 21
7 Tpa-Nt a-Nt H H 27
8 TpMs Ms H H 31
9 TpClPh p-C6H4Cl H H 52

10 TpAn p-C6H4OCH3 H H 43
11 TpTol p-C6H4CH3 H H 49
a See footnote† for experimental details. b Percentage of cyclopropene
determined by GC after total EDA consumption. Diethyl fumarate and
maleate accounted for the remaining diazoacetate employed.

Table 2 Cyclopropenation of alkynes with TpCyCua

Entry
Cu–EDA–
alkyneb Hex-1-ynec Hex-3-ynec

1-Phenyl-
prop-1-ynec

1 0.05+1.5+7.5 87 97 94
2 0.05+3+9 75 90 84
3 0.1+3+9 80 97 90
4 0.1+6+9 70 95 73
5 0.1+6+6 80 94 85
a See footnote† for experimental details. b In mmol. c Percentage of
cyclopropene determined by GC after total EDA consumption. Diethyl
fumarate and maleate accounted for the remaining diazoacetate em-
ployed.

Table 3 Equimolar EDA–hex-3-yne cyclopropenation experimentsa

Entry TpX Yieldb

1 Tp* 75
2 TptBu 72
3 TpNp 82
4 TpCy 94

a [Cu]–[EDA]–[hex-3-yne] ratio of 1+60+60, 0.1 mmol of Cu employed.
b Percentage of cyclopropene determined by GC after total EDA consump-
tion. Diethyl fumarate and maleate accounted for the remaining diazoace-
tate employed.
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The vinylzinc reagents derived from hydrozirconation of
alkynes and transmetallation add readily to nitrones to yield
pure (E)-N-allylhydroxylamines; some of these rearrange
into O-allylhydroxylamines.

In the course of our studies on nitrones,1 we became interested
in obtaining (E)-allylic N-hydroxylamines by the addition of
organometallic reagents onto nitrones.

In the past, addition of organolithium or organomagnesium
reagents onto CNN bonds2 was studied to a much lesser extent
than the corresponding addition onto carbonyl functions, the
major reason being that imines are less prone to nucleophilic
addition and more prone to deprotonation. In recent years, there
has been a renewed interest in the addition of organometallics
onto CNN double bonds because of both the availability of more
selective organotransition reagents, and the use of more reactive
CNN species. Among the latter, nitrones appear to be an
interesting choice as precursors. They are reactive, readily
available and stable. Indeed, recent work has dealt with the
addition of alkyl,3 allyl4 and alkynyl3,5 lithium, magnesium and
zinc reagents onto nitrones.

Comparatively fewer examples of the addition of vinylic
organometallics to CNN bonds have been described. Imines do,
however, react readily with vinylzinc compounds.6 It has also
been shown that vinylmagnesium bromide adds to tosyl
imines.7 Furthermore, it was demonstrated8 that vinylmagne-
sium bromide adds rapidly to nitrones. These results were
extended to diastereoselective additions onto chiral nitrones9

but the results were limited to the simplest ethenyl organo-
metallic reagent.

For our study, we needed adducts from g-functionalized, pure
E, vinylmetallic species. Thus, we decided to prepare these
reagents according to Wipf’s procedure:10 hydrozirconation of
alkynes followed by transmetallation to the (E)-vinylzinc
species. We found that the resultant organometallic reagents
add readily onto nitrones, under mild conditions, to give
secondary N-hydroxylamines in good yields† (Scheme 1, Table
1).

As expected, only the E configuration was observed in the
double bond of all the products. Also, excellent conversions
were obtained for the addition of the vinylzinc species derived
from hex-1-yne onto a variety of nitrones 2. Steric hindrance in
the nitrone (entry g, 39% conversion) is a limitation. The more
hindered vinylzinc reagent derived from hex-3-yne led to
incomplete conversion (entry h), and the formation of N-
benzyl-N-(1-phenylpropyl)hydroxylamine (10%), resulting
from ethylzinc addition, accompanied the allylic product 3h.
Addition onto the chiral nitrone 2d led to moderate diaster-
eoselectivity at 0 °C. Functionalized alkynes can also be used in
this protocol. The pivalate-protected but-3-yn-1-ol led readily to
3i and 3j. In other examples however, thew-cyanoalkyne (entry
k), the O-protected propynol11 (entries l, m, n, o) and the

Table 1 Preparation of N-allylhydroxylamines

Alkyne 1 Nitrone 2
Conv. of Isolated

Entry R1 R2 R3 R4 2 (%)a yield (%)

a n-Bu H PhCH2 Ph > 95 62
b n-Bu H p-CF3PhCH2 Ph > 95 70
c n-Bu H p-CF3PhCH2 Me > 95 58

d n-Bu H PhCH2 > 95 83
de 72%

e n-Bu H Ph p-MeO-Ph > 95 62c

f n-Bu H p-Tolyl Ph > 95 50c

g n-Bu H t-Bu Ph 39 29c

h Et Et PhCH2 Ph 40 30
i PivO-(CH2)2- H PhCH2 Ph > 95 58
j PivO-(CH2)2- H PhCH2 i-Pr > 95 60b

k NC-(CH2)3- H PhCH2 Ph 75 5b

l TMSO-CH2- H PhCH2 Ph 90 32b

m TMSO-CH2- H Ph p-MeO-Ph > 95 30c

n MeO-CH2- H PhCH2 Ph 50 35b

o MeO-CH2- H Ph p-MeO-Ph > 95 40c

p (EtO)2CH- H PhCH2 Ph 46 16
q Ph H PhCH2 Ph 90 0d

a Estimated from NMR of the crude product. b A significant amount of alkynyl adduct was also isolated, see text. c Isolated as the isomeric form 4, see text.
d Only alkynyl adduct, 50% yield.

Scheme 1 Reagents and conditions: (a) Cp2ZrHCl, CH2Cl2, rt, 1 h; vacuum;
Et2Zn, CH2Cl2, 265 to 0 °C; (b) CH2Cl2, 0 °C, 6 h.
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phenylacetylene (entry q) all yielded substoichiometric
amounts of vinylzinc reagent, presumably due to a less efficient
hydrozirconation step. In these runs, the conversions of nitrones
2 were incomplete, and the expected products 3 were contami-
nated with N-propargylhydroxylamines,‡ derived from the
addition of the alkyne 1 onto the nitrone 2.§

All the vinyl adducts freshly obtained from this procedure
were the expected (E)-N-allylhydroxylamines 3. Surprisingly
however, we observed that on standing (at room temperature),
some of the samples (neat or in CDCl3 solutions) isomerized
slowly, with allylic transposition, to yield (E)-O-allylhydrox-
ylamines 4 (Scheme 2). This process occurs particularly readily
for N-arylhydroxylamines. In these cases, the rearrangement
was complete within 24 h at 20 °C and consequently, the
rearranged adducts were isolated after completion of this step
(entries e, f, m, o). This rearrangement also occurred in the case
of N-tert-butylhydroxylamine 3g. The structure of 4o was
confirmed by its reduction to the (E)-allylic alcohol 5 (Zn,
AcOH–MeOH 1+9, 40 °C, 2 h, quant.).

To our knowledge, this rearrangement has not been pre-
viously described, although it can be related with several
observations, involving allylic N–O bonds, including the
Meisenheimer rearrangement of tertiary amine N-oxides.12

We observed qualitatively that the rate of this rearrangement
depends strongly on the nitrogen atom substitution: Aryl > t-Bu
> > Bn. Several observations hint at a radical mechanism. First,
the reaction seems to be initiated by air: in an early experiment,
we observed a 50+50 mixture of 3o and 4o 2 h after working-up
the reaction. We repeated the experiment, using for the
hydrolytic work-up freshly distilled solvents and freshly boiled
water phases, and handling the crude materials with simple
anaerobic precautions: the amount of isomer 4o was then
reduced to less than 3% (NMR) of the crude material.
Thereafter, exposure to air induced the rearrangement. EPR of
the crude materials during isomerization showed a strong
signal, with a fine structure consistent with the aminoxyl radical
derived from 3. Obviously, this radical could be the active
species, undergoing a Meisenheimer [2,3] rearrangement. We
are currently investigating the mechanism, scope, and limita-
tions of this new reaction.

It is important to note that the above isomerization amounted
only to traces if the R3 substituent on the nitrogen atom was a
benzyl group: as seen in Table 1, the N-benzyl-N-allylhydrox-
ylamines 3 can be isolated in good yields. They can be readily
reduced to provide the corresponding (E)-N-benzyl-N-allyl-
amines.

In conclusion, we have shown that the sequence: terminal
alkyne hydrozirconation, Zr to Zn exchange and addition to
nitrones, is a good method to stereoselectively synthesize (E)-
N-allylhydroxylamines, under mild conditions and in good
yields. It is noteworthy that this reaction occurs with no need for
an external activating agent such as amino-alcohols.13 We are

currently studying an asymmetric version of this reaction by
adding chiral zinc ligands to the reaction mixture.

Notes and references
† Typical experimental procedure: to a suspension of zirconocene hydro-
chloride (1.2 mmol) in CH2Cl2 (2 mL) under an N2 atmosphere at 20 °C was
added hex-1-yne (1.8 mmol) using standard Schlenk procedures. The
reaction was stirred at 20 °C until a homogeneous solution was formed. All
volatiles were then removed under reduced pressure at 20 °C, to give a
yellow vinylchlorozirconocene reagent. To the resultant solid was added
CH2Cl2 (2 mL) and the mixture was cooled to 265 °C. Diethylzinc (1.2
mmol, as a 1.1 M solution in toluene), was added dropwise (over 10 min) at
265 °C and allowed to stir for 15 min at 265 °C. The vessel was then
immersed in an ice bath and a solution of (N-benzylidene)benzylamine N-
oxide (1 mmol) in CH2Cl2 (2 mL) was added dropwise. After 6 h stirring at
0 °C, the reaction was quenched with saturated NaHCO3 solution (2 mL),
and extracted with ethyl acetate. The combined organic extracts were
washed with brine, dried over Na2SO4, and filtered through a pad of silica.
Removal of the solvents under reduced pressure and purification by
chromatography (silica, cyclohexane–ethyl acetate 90+10) yielded the pure
adduct 3.
‡ The IUPAC name for propargyl is prop-2-ynyl.
§ We found that a mixture of alkyne 1, nitrone 2 and diethylzinc in
CH2Cl2 or toluene at rt leads quantitatively to N-propargylhydroxylamine
adducts, and we are currently studying this reaction. A similar addition of
species generated from the reaction of dialkylzinc with terminal alkynes
onto aromatic aldehydes has been described previously.14
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Protein-based materials, toward a new level of structural control
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Through billions of years of evolution nature has created and
refined structural proteins for a wide variety of specific
purposes. Amino acid sequences and their associated folding
patterns combine to create elastic, rigid or tough materials. In
many respects, nature’s intricately designed products provide
challenging examples for materials scientists, but translation of
natural structural concepts into bio-inspired materials requires
a level of control of macromolecular architecture far higher than
that afforded by conventional polymerization processes. An

increasingly important approach to this problem has been to use
biological systems for production of materials. Through protein
engineering, artificial genes can be developed that encode
protein-based materials with desired features. Structural ele-
ments found in nature, such as b-sheets and a-helices, can be
combined with great flexibility, and can be outfitted with
functional elements such as cell binding sites or enzymatic
domains. The possibility of incorporating non-natural amino
acids increases the versatility of protein engineering still
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further. It is expected that such methods will have large impact
in the field of materials science, and especially in biomedical
materials science, in the future.

Introduction
For many years materials scientists have been investigating the
possibilities of obtaining higher levels of control in polymer
synthesis. Although important progress has been made, espe-
cially in recent years with the advance of controlled radical
polymerization techniques,1 the level of control characteristic of
biomacromolecules, such as DNA and proteins, remains
unsurpassed.

In the nomenclature of polymer chemistry, organisms prepare
monodisperse polymers with predetermined chain lengths. But
more important is the fact that virtually complete control is
achieved over the sequence of the monomeric units, the amino
acids. The information stored in the primary sequence results in
a three-dimensional folded structure for each protein, which is
largely responsible for the most important protein properties.
For every specific function, nature has refined protein structures
through eons of evolution. It is striking that with the same set of
amino acid building blocks such diverse products can be
prepared, including globular proteins which function as en-
zymes as well as fibrous proteins with structural properties,
such as collagen. It is the prospect of creating three-dimensional
ordered structures by designing the requisite amino acid
sequences that motivates much of the current interest in protein-
based materials.2

Materials scientists have much to learn from the organiza-
tional principles employed in nature, and substantial progress
has been made recently in elucidation of the three-dimensional
architectures of fibrous proteins such as silks, elastins, and
collagens. An important challenge, however, is to translate
these concepts into synthetic or bio-inspired materials, which
would lead to new kinds of high performance materials.3
Because of the importance of control at the monomer level, the
most promising approach to this target is to use the biosynthetic
pathways of (micro)-organisms to synthesize macromolecular
materials.

Protein engineering has been used for the design and
modification of globular proteins for many years, and standard
biological tools have been developed that can now be used to
prepare structural proteins.4 It is remarkable that only in the past
decade, and especially in the last 5 years, has this approach to
materials design become a serious topic of investigation.

This review is not meant to be comprehensive, but instead
will present examples of some of the latest developments in the
field of protein engineering directed toward the preparation of
high performance materials. After a short explanation of the
protein engineering technique, examples will be given of
structural proteins found in nature and attempts to use these
basic structures for the preparation of new protein-based
materials. We will conclude with new methods that allow the
scope of protein engineering to be extended to building blocks
other than the natural amino acids, developments that promise
to make this technique even more versatile in the hands of the
materials chemist.

Protein engineering
Scheme 1 shows the overall process of materials synthesis via
protein engineering.5 Often—though not always—based on
natural structures, amino acid sequences are chosen to create
specific folding patterns and desired material properties. The
primary amino acid sequence can then be reverse-translated into
a corresponding nucleotide sequence. There are 2 methods of
obtaining the needed DNA fragments. One possibility is to
clone these sequences from an organism that produces the
desired structural protein. The second option is to synthesize

artificial genes by solid phase techniques. The second method of
course allows maximum freedom in designing the target
sequence. Because many structural proteins are characterized
by repetitive amino acid sequences, it is often possible to
multimerize a smaller oligonucleotide sequence to prepare an
artificial gene that codes for proteins of high molecular
weight.

This multimerization process can be considered as a
polycondensation, which therefore results in a set of genes with
different lengths. After construction of the artificial gene
library, each individual gene is incorporated into circular
plasmid DNA, which can be used to transform an appropriate
bacterial host. Most commonly the bacterial host E. coli is used
for these purposes. The plasmids are replicated during every
division of the bacterial cells. Because there is only one type of
plasmid per cell, screening of the plasmids of individual
bacterial colonies leads to isolation of specific artificial genes,
each encoding a protein-based material with a specific molec-
ular weight.

The selected artificial gene is first analyzed to verify its
sequence, and then cloned into a second plasmid which allows
protein expression. The expression plasmid contains a promoter
site for recognition by mRNA polymerase and a switch that
regulates protein production from the gene of interest.

The expression plasmid is re-introduced into the bacterial
host, and the host cells are allowed to grow to high cell density.
During this stage the plasmid switch is turned off in order to
prevent protein production from the artificial gene. Premature
protein synthesis can be detrimental to cell growth. After
sufficient cell density is reached the switch is turned on (a
process called induction) and expression of the desired protein
begins. Often the synthesis of other cellular proteins is slowed
dramatically after induction.

Spider dragline silk
Among the most thoroughly studied classes of structural
proteins is silk.6 There are many forms of silk, of which that
from Bombyx mori (Chinese silkworm silk)7,8 and dragline
spider silk of the Nephila clavipes (the golden orb weaver) have
drawn most attention.9 Silkworm silk of course is of interest
because it is produced in large quantities and used as textile
fiber. Spiders produce a large variety of types of silk, each one
meant for a specific purpose, such as web construction or
trapping of prey. Of all these different types of spider silk,
dragline spider silk of Nephila clavipes is regarded as nature’s
high performance fiber, with a remarkable combination of
strength and toughness. Values reported for its mechanical
properties are an E-modulus of 10–50 GPa, elongation to break
of 10–30% and tensile strength of 1.1–1.4 GPa. These values are

Scheme 1 Overview of the protein engineering methodology.
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dependent on moisture content and strain rate. The effect of
humidity is of utmost importance. Silk exposed to water can
shrink to less than half of its original length, and the
supercontracted fibers then show rubberlike behavior.9 Al-
though this is a desirable feature under natural conditions,
because it allows spider webs to reshape in the dewy evening, it
is less practical when one wants to apply this material as a high
performance fiber. The large variation in properties is a result of
the difficulty in maintaining constant conditions under which
spiders produce their silk. In recent years important insight has
been obtained into the three-dimensional structures of the
different types of silk. X-ray diffraction,10 state of the art NMR
techniques11,12 and IR and Raman spectroscopy13 have helped
to unravel the architectural reasons why this class of structural
proteins has its remarkable mechanical properties. Silks from
both silkworms and spiders contain repetitive sequences of
crystalline and amorphous domains (Fig. 1). The crystalline

domains are responsible for the strength of the material,
whereas the amorphous protein matrix: i) allows the crystalline
domains to orient under strain to increase the strength of the
material, and ii) introduces flexibility to increase the energy to
break.

The crystalline domains comprise highly repetitive amino
acid sequences consisting of alanine rich b-sheets. In Bombyx
mori silk the most important repeat sequence is (Ala Gly); for N.
clavipes dragline spider silk it is predominantly poly Ala.

In contrast to silkworm silk, there is no readily available
source for spider dragline silk, and protein engineering
techniques have been explored as a means of scaling up
production. Furthermore, changes in the silk structure might be
made to produce a material less sensitive to water. The
combination of bacterial production with a synthetic processing
step should allow better control of mechanical properties as
compared to natural silk. On the other hand, development of
methods of posttranslational silk spinning is not a straightfor-
ward process.

The first protein engineering attempts were made by using
large parts of the native spider silk genes. After incorporation of
these cDNA fragments into E. coli expression systems however,
difficulties arose from gene and protein stability, and truncated
proteins were produced. Clones larger than 2.5 kb proved to be
unstable.14,15 The same behavior was observed for native
silkworm silk genes. An explanation for this phenomenon may
lie in the highly repetitive nature of these sequences, which

renders the coding sequence susceptible to genetic recombina-
tion. Differences in codon preferences between the silkworm
and the bacterial host could also reduce expression effi-
ciency.16

The first attempts using synthetic genes based on the native
gene sequence were reported as early as 1990 by Cappello and
Ferrari,17 who used silkworm fibroin analogues. Better results
were obtained than when the cDNA genes were used, although
the levels of protein production remained relatively low,
especially for high molecular weight variants.18 The best results
reported thus far with E. coli expression systems were obtained
by Winkler et al. for spider dragline silk (25–40 mg L21 cell
culture)19 and Krejchi et al. for an (AG)3EG20 repetitive
material.21,22 To increase protein yield, high cell density
production was performed, and allowed preparation of multi-
gram quantities of product (25 g protein/35 L culture).23

Another approach to this problem has involved changes in the
production host. O’Brien et al. have shown that with the yeast
Pichia pastoris it was possible to produce spider silk-like
material in larger quantity (1 g L21).24 Even mammalian hosts
are now being investigated, such as Nexia’s transgenic goats,
which produce milk containing spider silk protein.25

Protein production in large quantity is just one of the
problems related to obtaining silk-like fibers. An equally
difficult aspect is spinning of the polypeptide, to create a
material with the correct three-dimensionally ordered structure.
Recently, using micro-spinneret techniques, Jelinski et al. have
succeeded in processing regenerated Bombyx mori silk fibers
that show similar properties when compared to their native
counterparts.26,27

Protein engineering can also play a role in improving
processing of silk like materials. Introduction of methionine
residues flanking the b-sheet domains creates a tool for
chemical control of structural organization.28 By oxidizing the
methionine units, b-sheet formation was prevented, which also
increased solubility, while sheet formation was restored after
reduction. Enzymatic techniques have also been developed to
induce this transition. The functional oligopeptide RGYSLG is
a recognition site for cyclic AMP-dependent kinase, which
phosphorylates the hydroxy function of the serine residue.19

Introduction of this recognition site into the structural protein
allowed Winkler et al. to prevent b-sheet formation upon
phosphorylation. Sheet formation was restored after dephos-
phorylation.

Recent insights into the mechanical properties of silk29 have
shown that it is not necessary or desirable to prepare purely b-
sheet sequences; a certain amount of disorder should also be
introduced to allow reorientation of the b-sheet crystalline
domains. With protein engineering this could be accomplished
by producing multiblock copolymers of b-sheet structures
flanked by random oligopeptides. Such block copolymers have
been reported by Conticello et al., who synthesized multiblock
copolymers consisting of alanine-rich blocks and elastin-
mimetic domains.30 This method leads to good protein yield (50
mg L21 culture) and a method for controlling b-sheet formation
by concentration from an aqueous solution.

With respect to silk-like polymers, protein engineering is
probably the only synthetic method that will allow high
molecular weight materials to be prepared in sufficient quantity
for materials applications. The ability to introduce switches for
b-sheet formation as well as the production of multiblock
copolymers will ultimately lead to materials with predictable
processing behavior and mechanical properties.

Mussel byssus thread
Another masterpiece of a structural material found in nature is
the mussel byssus thread. This thread is used to attach the
mussel to a surface, and must be tough enough to withstand
challenging marine conditions. Extensive investigations by

Fig. 1 Schematic representation of the organization of amorphous and
crystalline domains in silk fibers. Silk has inspired protein engineers to
construct b-sheet materials. A detail of a silk-like peptide sequence
((AG)3EG)n

21,22 is encircled.
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Waite and coworkers have shown that the thread consists
predominantly of a gradient of two pentablock copolymers,
which are held together by so-called dovetail proteins, and
which provide a graded distribution of strength and structure
(Fig. 2).31–33

The polymer that is predominant at the proximal end of the
thread (i.e. closest to the mussel tissue) consists of a central
collagen block flanked by 2 elastic domains and 2 polyhistidine
sequences. The latter are expected to give rise to metal
complexation between the different peptide structures. The
elastin fragments introduce flexibility into the structure,
whereas the collagen part is responsible for stiffness. Further
down the byssus, and therefore closer to the substratum to which
the mussel is attached, the elastin fragments are replaced by
silk-like b-sheet domains. This structure therefore becomes
much more rigid. The entire byssus is built up by a mussel
within 5 minutes, and is about five times tougher and more
extensible than Achilles tendon. After processing the proteins
are also covalently connected. The complexity of a simple
mussel byssus thread is thus far greater than that characteristic
of materials produced by present-day synthetic polymer
processing techniques.

Although this material would be an ideal target for protein
engineering, no efforts toward this end have been reported. A
possible reason could be the high content of collagen in these
structures. Collagens are the most abundant family of structural
proteins in the human body, and are an important constituent of
ligaments, cartilage and bone. They are generally characterized
by the repetitive sequence GXY, in which X is often proline and
Y often hydroxyproline. Collagens form triple helices, which
provide critical building blocks for higher ordered aggregates.34

Because of their strong tendency to self-assemble, collagens
become insoluble very quickly. The few protein engineering
attempts reported thus far have failed for this (or perhaps other)
reasons.35 The need for a protein engineering approach for
collagen is also not as pressing as for spider silk, because
collagen is available in large quantities from mammalian
sources. On the other hand, the repetitive sequence of collagen
may be of value as an element in designed peptide-based
materials, as shown by the example of the mussel byssus
thread.

The mussel byssus contains more surprising peptides. The
tendons have to be attached to the substrate under aqueous
conditions. Nature therefore has developed a series of extraordi-
nary protein glues, which work even in saline media. Careful
analysis of these proteins, which must be done under conditions
where the protein hasn’t formed a network, shows that the
adhesive proteins are rich in proline, tyrosine and lysine.36

Furthermore, proline and tyrosine are posttranslationally trans-
formed into 4-hydroxyproline and L-3,4-dihydroxyphenylala-
nine (DOPA), respectively. The DOPA units are expected to
contribute to crosslinking via radical processes, in order to form
networks and assist in adhesion.37 Researchers intrigued by this
phenomenon have prepared synthetic genes and expressed the
corresponding (AKPSYPPTYK)n polypeptides.38 These model
peptides were treated with mushroom tyrosinase to convert the
tyrosine units into DOPA, and thereby to induce crosslinking.
Because expression yields were low, insufficient material was
produced for a thorough evaluation. Furthermore, the question
remains whether protein engineering is necessary in this case.
Deming et al. have used NCA polymerization techniques to
prepare copolypeptides consisting of lysine and DOPA residues
to investigate the adhesive potential of these structures.39 Based
on the positive results obtained from this research, one can
conclude that at least some of the key adhesive properties do not
require the specific protein sequence; only the presence of the
functional amino acids DOPA and hydroxyproline is essential.
For such materials it will be more convenient to pursue the
(improved) NCA polymerization routes than protein engineer-
ing.40 More subtle effects of sequence may become apparent
upon further analysis of the structure and properties of the
adhesive proteins.

Elastin
One of the most versatile materials, especially from a protein
engineering point of view is elastin. Elastin is a connective
tissue protein that provides a combination of strength and
flexibility in the extracellular matrix. Elastins are characterized
by simple repeating sequences, and in contrast to silks or
collagens, this family of materials does not suffer from
significant solubility problems. At low temperatures elastin-like
polypeptides are highly soluble in aqueous solutions and adopt
random coil conformations. Elastins, however, display lower
critical solution temperature (LCST) behavior, which means
that the proteins form ordered structures upon raising tem-
perature. The loss of entropy of the protein chain, when the
structure folds itself into a b-helix conformation, is compen-
sated by the release of water from the chain. A thoroughly
investigated series of elastin proteins is based on the pentapep-
tide sequence VPGVG.41–43 The structure and function of
elastins are maintained as long as the glycine and proline
residues are present, and the second valine residue can be
replaced by any other amino acid. This property provides a
means to control the temperature of the phase transition. When
a more hydrophobic unit, such as tryptophan, replaces valine,
the LCST drops significantly, and the transition temperature can
be raised by introduction of more polar moieties such as
glutamic acid. In the latter case, the phase transition is also made
pH dependent. The pioneering work of Urry has shown that
changing hydrophobicity leads to a broad spectrum of transition
temperatures. The phase transition can also be induced
electrochemically. For this purpose nicotinamide adenine
nucleotide (NAD) is attached to glutamic acid residues within
the peptide sequence. Reduction of NAD to NADH creates a
more hydrophobic domain and therefore a lower transition
temperature. Elastin materials have been made both by organic
chemical techniques, and by microbial protein expression.
Although it has been shown that one repeat unit of VPGVG is
sufficient to allow the transition from random coil into an
ordered b-helix structure,44 for useful materials properties

Fig. 2 Schematic view of the mussel byssus thread of M. edulis. The
enlargement depicts the pentablock copolymer containing b-sheet domains.
Reprinted with permission from (33), Copyright 1997 The American
Society for Biochemistry and Molecular Biology.
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higher molecular weight polymers are required. Protein engi-
neering is ideally suited for this purpose, especially because
production yields in bacteria are high (50–60 mg L21 culture)
when compared to other structural proteins.

Following up on earlier work by Urry, Conticello et al. have
used protein engineering techniques to synthesize elastin-based
block copolymers consisting of hydrophilic and hydrophobic
blocks.45 Protein engineering allows complete control of the
composition, sequence and length of the blocks. By careful
design, the critical micellization temperatures of these polymers
could be controlled, and the resulting materials are under
investigation as candidates for drug delivery. A second
demonstration of the versatility of protein engineering for the
preparation of elastin-based materials has been reported by the
same group. Hydrogels are important products in biomedical
applications. Ideally one wants to obtain control of mechanical
properties by regulating crosslink density and network forma-
tion. Using protein engineering, control over monomer compo-
sition, and therefore control over distribution of crosslinkable
moieties, is achieved easily. Conticello et al. synthesized
elastin-based materials containing one specific crosslinking
point (lysine) per 25 monomer units, allowing a high level of
control of crosslink density after reaction with bis(sulfosuccin-
imidyl) suberate.46

Another approach, which takes advantage of additional
possibilities of protein engineering was developed by Urry and
extended by Panitch et al., who reported new materials for
tissue-engineered vascular grafts.47,48 Oligopeptides were in-
troduced that contained either RGD (Urry) or REDV (Panitch)
domains, which are known to stimulate endothelial cell
binding.49 This approach yields matrix materials that exhibit
mechanical properties similar to those of the arterial wall and
that support adhesion of vascular endothelial cells. An exten-
sion of the polymer design was made by introduction of lysine
moieties, which allowed amine specific crosslinking of the
elastin matrix without disturbing the cell binding domains.50

The combination of structure and function in a well defined
manner as demonstrated by this example is almost impossible to
achieve by any method other than protein engineering.

Helical polypeptides
Leucine zipper peptides play key roles in the dimerization and
DNA-binding behavior of transcriptional regulatory proteins.
Related structures can be found within the keratins, the main
structural protein of hair and nails. The leucine zipper motif is
characterized by a consensus heptad repeat (abdcefg), in which
a and d are hydrophobic amino acids, (d most frequently
leucine) and the moieties at e and g are usually charged. In the
helical form of the zipper peptide, the residues at a and d are
arrayed along a single face of the helix. Exposure of this
hydrophobic face to the aqueous environment is reduced by

formation of a dimeric coiled-coil structure, while electrostatic
interactions between e and g residues modulate the stability of
the dimer. This feature has been exploited to prepare pH
dependent peptide-based hydrogels. Triblock copolymers were
constructed to comprise a central random coil (AG3PEG)x,
flanked by terminal leucine zipper domains (Fig. 3).51 These

domains consisted of six heptad repeats of which the choice of
a/d residues was based on the Jun oncogene product. A database
developed by Lupas et al.52 was used for the selection of the
residues occupying positions b, c and f. Nine of the 12 e and g
positions were occupied by Glu residues, which allowed
switching between the aggregated and dissociated states by
changes in pH or temperature. At low pH and low temperature
the materials formed elastic gels; increases in pH or in
temperature resulted in decreased viscosity and loss of hydrogel
properties.

Fig. 4 (a) Difference in molecular weight distribution of protein engineered poly L-glutamic acid (1) and a conventionally prepared sample (2). Reprinted
by permission from Nature (54), Copyright 1997 Macmillan Magazines Ltd.; (b) and (c) monodisperse poly-benzyl-L-glutamate shows a twisted smectic
liquid crystalline phase. Reprinted with permission from (55), Copyright 1998 American Chemical Society.

Fig. 3 (a) Amino acid sequence of the leucine zipper triblock copolymer; (b)
demonstration of reversible hydrogel formation. Reprinted with permission
from W. A. Petka, J. L. Harden, K. P. McGrath, D. Wirtz and D. A. Tirrell,
Science, 1998, 281, 389. Copyright 1998 American Association for the
Advancement of Science.
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Each of the examples examined thus far shows the need for
control over composition in order to engineer the properties of
the products. Molecular weight distribution is a second
parameter that is of importance in polymer chemistry, though its
influence on material properties is not always easy to anticipate.
One striking exception however, is the synthesis of the helical
polypeptide polybenzyl-L-glutamate (pBLG) (Fig. 4).

The polydisperse form, which can be prepared by NCA
polymerization, has been known for many years to exhibit
liquid crystalline behavior.53 Under most conditions, pBLG
forms a cholesteric phase, but certain solvents and temperatures
yield a nematic. Because of the broad distribution of molecular
weight a clear characterization has always been difficult. Using
protein engineering, monodisperse poly L-a-glutamic acid
could be synthesized, and posttranslationally modified to yield
pBLG. This monodisperse sample showed distinctly different
LC behavior. Instead of a nematic or cholesteric phase a twisted
smectic mesophase was obtained.54,55 The fact that all chains
were of the same length resulted in ordering in layers, which
was not possible in conventional polydisperse samples.

Increasing the scope of protein engineering
The foregoing examples illustrate some of the promise of
protein engineering as a tool for material synthesis. Especially
in cases where the information encoded in the primary amino
acid sequence governs higher ordered structures, and thereby
the ultimate material properties, protein engineering clearly
outperforms synthetic polymerization techniques.

One of the drawbacks of protein engineering in comparison
to the other techniques, however, is that the choice of building
blocks might be expected to be limited to the naturally occurring
amino acids. Many functional groups, which would be useful in
controlling properties or postmodification efforts, such as
alkenes, alkynes, or halogens, are not found in natural proteins.
The chemical versatility of amino acids containing unsaturated
side chains has recently been reviewed.56 Furthermore, in-
corporation of halides, especially fluoride, can have dramatic
effects on the physical properties of materials. Extension of the
set of amino acid building blocks to unnatural analogues that
can be utilized by the protein production mechanism of living
systems would therefore enlarge the possibilities of protein-
based materials.

This idea has intrigued several groups. A first approach is to
use stop (nonsense) codons or 4-base codons57 for the
introduction of unnatural amino acids. Suppressor tRNAs can
be found that overwrite these termination signals. If unnatural
amino acids can be coupled to these tRNA molecules, efficient
incorporation of analogues can be accomplished. This technique
has been applied in vitro for more than a decade.58 For this
approach to succeed in vivo it is necessary to introduce a
suppressor tRNA that is not recognized by the host enzymes that
couple amino acids to tRNAs (the aminoacyl-tRNA synthe-

tases).59,60 This can be achieved by using a suppressor tRNA
from an exogenous source such as yeast.61,62 Next, a synthetase
must be identified or developed to couple the unnatural amino
acid to the suppressor tRNA. This synthetase should also be
inactive toward other tRNAs. This method allows site-directed
insertion of the amino acid analogue at a single position, e.g. in
he active site of an enzyme. This method will have major impact
on the design of proteins that are used for functional purposes

Fig. 5 Schematic representation of the lamellar crystalline phase formed by
the peptide sequence ((AG)3FG)n, in which phenylalanine is replaced by p-
fluorophenylalanine. The green spots indicate amino acid side chains with
unnatural functionality, in this case fluorine, at the lamellar surface.

Fig. 6 An overview of the obtained results of Tirrell and coworkers with
respect to in vivo replacement of natural amino acids by their analogues.
Amino acids depicted in red are incorporated via standard auxotroph
methodologies. Mutant aminoacyl tRNA synthetases have to be applied to
be able to build in the blue amino acids. Analogues depicted in black are
incorporated after boosting synthetase activity.
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such as enzymes, since alteration of the overall physical
properties of the macromolecule generally cannot be achieved
through modification of a single site. An overview of this
technique has been published recently.63

An alternative method has been developed by Tirrell et al.,
based on much earlier work on substitution of natural amino
acids by their close structural analogues. This method uses so-
called bacterial auxotrophs, i.e. bacteria that have lost the ability
to produce one of the natural amino acids. Such bacterial strains
are dependent on the growth medium for obtaining this specific
amino acid. If an analogue is added to the medium, it can be
incorporated in place of the natural substrate, if it is recognized
by the corresponding aminoacyl-tRNA synthetase.

In order to reduce toxicity, the cells are grown first in a
medium containing all of the natural amino acids. When
sufficient cell density is reached, the cells are shifted to a new
medium which contains the analogue instead of the natural
amino acid.

This methodology has proven successful for a large number
of amino acids and derivatives thereof. Though the first
publications go back for several decades,64 only in recent years
has extensive research allowed replacement of phenylalanine,
proline, leucine, methionine, tyrosine and isoleucine with their
respective analogues.65–68

An interesting application of this method is the incorporation
of phenylalanine analogues into the b-sheet element
((AG)3FG)n. This sequence adopts a lamellar crystalline
structure, in which the phenylalanine residues are exposed to the
surface. Well-defined functional surfaces can now be created.
Replacement by p-fluorophenylalanine allowed the construc-
tion of fluorinated crystalline layers,65 and b-sheets containing
thiophene units from 3-thienylalanine66 can be regarded as
precursors for conducting polymers (Fig. 5).

Replacement of leucine by either trifluoroleucine or 2-amino-
4-methylhex-4-enoic acid in leucine zippers causes marked
effects on conformational stability. For example, in a leucine
zipper peptide characterized by a melting temperature of 48 °C,
the transition temperature was elevated to 61 °C by introduction
of trifluoroleucine, whereas the native structure was destabi-
lized by the introduction of the unsaturated analogue.69 This
simple example illustrates the extent to which incorporation of
amino acid analogues expands the possibilities for engineering
protein stability and protein–protein interactions.70

The most systematic study to date has concerned introduction
of methionine analogues. Homoallylglycine and homopro-
pargylglycine are especially effective as methionine surro-
gates.68,71 Although trans-crotylglycine is recognized by the
methionyl-tRNA synthetase, increasing the synthetase activity
of the host is required for protein production.72,73 The
possibility of using mutant synthetases has also been demon-
strated for p-bromophenylalanine74 and azatyrosine.75

With the methods described in this section, some of the
natural limitations of protein engineering are beginning to fade.
Tailor-made materials can now be designed with pre-defined
structures and properties (Fig. 6). Furthermore, protein engi-
neering is unique in combining structural with functional
elements, which can be either of natural origin, such as cell-
binding domains, or introduced by incorporation of unnatural
amino acids. The versatility and control of protein engineering
will make this an important synthetic approach to a new
generation of biomaterials.
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SAMs based on a novel dendron-thiol system, which
maintain the alkanethiols’ active site, but with the –SH
group connected to independently variable groups by a
dendron-linker, showed a controllable surface pattern and
wetting properties. The precisely tailored structure of
dendron-thiols with locally controlled hydrophobic and
hydrophilic peripheries allows the formation of designed
surface structures on a gold surface, e.g. nano-stripes,
honeycomb and homogeneous structures.

Self-assembled monolayers (SAMs) with macroscopic physical
properties tailored by molecular-scale variation of the chemical
structure and constituents are a particularly attractive field.
There are two routes that are amenable to realize this goal. One
is based on the chemisorption of dialkyl sulfides,1 the other is
the adsorption of an alkanethiol mixture.2 Both methods permit
local control of the surface structure of the adsorbed monolayer
to some extent. But the self-assembled monolayers formed from
dialkyl sulfides are significantly less densely packed and less
ordered than those prepared by adsorption of alkanethiols.
Moreover, the monolayers prepared from dialkyl sulfides were
not stable at high temperature (e.g. 80 °C). As for the adsorption
of mixed alkanethiols, there does exist, more or less, phase
separation. So, avoiding the above problems to obtain SAMs
with controllable constituents and a stable ordered surface
structure is a challenge for chemists.

Dendrimers, a type of regular-branched molecule, with
structures precisely controlled at the molecular level and having
many unique properties,3 are promising candidates for nano-
fabrication.4 Combining molecular self-assembly techniques
and dendrimer chemistry, self-assembled monolayer formation
based on the chemisorption of dendron-thiols has been
addressed by several groups.5,6 In our previous studies, we have
found that SAMs of Fréchet type dendrons with a thiol group at
the focal point can form patterned stripes with nanometer-sized
features and long-range order. The patterned stripes were
closely related to the size of dendron, and they can be improved
by thermal annealing. Here we introduce two types of building
blocks with different hydrophobicity into the dendron-thiols’
peripheries, and expect that the SAMs formed by this type of
dendron-thiol with locally controlled hydrophobicity could
exhibit a stable and unique assembly structure. As Fig. 1 shows,
dendron-thiols with both hydrophobic and hydrophilic groups at
their peripheries have been synthesized, labelled G2REO.
Heptane chains and oligo(ethylene oxide) chains were selected
as hydrophobic and hydrophilic building blocks respectively.
For comparison, dendron-thiols with either hydrophobic or
hydrophilic groups at their peripheries were also synthesized.
These are labelled G2R or G2EO, as shown in Fig. 1.

Scanning tunneling microscopy (STM) was used to observe
the surface morphology of self-assembled monolayers of G2R,
G2EO and G2REO on gold surfaces. For the dendron-thiols

with a purely hydrophobic periphery (G2R) as the building
block, the SAMs on a gold surface displayed a stripe-like
ordered structure (Fig. 2a). The width of stripes is about 4 nm.
It is presumed that both p–p stacking and hydrophobic
interactions of hydrophobic peripheries contribute to the long-
range order of G2R. In order to confirm this assumption, we also
studied the SAMs of G2EO. In this case, where the dendron-
thiol has a hydrophilic periphery, only uniform surface structure
(except for few defects) was found on the gold surface rather
than high-level ordered packing (Fig. 2b). A plausible reason is
that the intermolecular interaction of dendron-thiols is weak-
ened due to the extended conformation of the oligo(ethylene
oxide) chain.

As for the case of SAMs of dendron-thiols bearing hydro-
phobic and hydrophilic (G2REO) groups at their peripheries on
gold surface, it can be seen that a type of pore structure has been
formed, and in smooth areas, the pores can further self-organize
into a well-ordered structure after annealing at 70 °C for 3 h, as
shown in Fig. 3. The diameter of the pore was about 5 nm, as
measured from STM images. An STM image of G2REO on
gold surface with a large scan area depicted the ordered
structure extending over a large area. As far as we know, there
are few reports concerning the formation of such patterned
structures completely based on the self-assembly of organo-
sulfur on gold surface. The driving force for the spontaneous
formation of the 2D assembly includes chemisorption between
dendron-thiols with –SH at the focal point and the gold surface,
and combined intermolecular interactions among dendron-
thiols. In our system, the chemisorption is similar for the series
of samples. Therefore, we can deduce that the chemical
structure of dendron-thiol influences greatly the intermolecular
interaction, and even the molecular assembly behavior at the
interface. Molecular dynamics simulations with quench dy-

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b103903m/ Fig. 1 Chemical structures of dendron-thiols.
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namics show that the stable conformation of G2REO exhibits
local aggregate behavior of the hydrophobic and hydrophilic
peripheries based on the like-to-like principle. It indicates that
the precisely tailored structure of dendron-thiols with local
controlled hydrophobic and hydrophilic peripheries allows a
nano-separation in a confined state, leading to the formation of
an energetically favorable pore structure.

The process of the adsorption kinetics of dendron-thiol on
gold surface was studied by contact angle measurement of
water. Fig. 4 shows the relationship between contact angle and
assembly time of G2R, G2REO and G2EO on gold surface. For
the assembly processes of G2R or G2EO, the contact angles
increased with the assembly time, and reached saturated

adsorption within about 7 min. The values of the contact angle
at saturated adsorption were about 92° and 60° for SAMs of
G2R and G2EO respectively. The process of assembly of
dendron-thiols with hydrophobic and hydrophilic groups at
their peripheries exhibited a special character. The contact angle
decreased with assembly time at the beginning of the chem-
isorption and was constant after 11 min. G2REO’s hydrophobic
and hydrophilic peripheral group parts could both contribute to
the wettability of SAMs on gold surface. The value for the
contact angle of water on G2REO modified gold surface at
saturated adsorption was about 75°, which was just in between
the values of G2R and G2EO. The different relationship
between contact angle and assembly time of G2REO as
compared to that of G2R and G2EO might indicate a different
2D crystallizing process of dendron-thiols on gold surface.

In conclusion, these monolayers represent a successful
example of designed modification of surface structure and
properties by molecular-scale variation of the structure of
molecular constituents. By taking full advantage of dendrimers
with precisely controlled structures at the molecular level, many
functional groups can be introduced into alkanethiol with a
dendron-linker. It is expected that the interplay between
dendrimer chemistry and self-assembled monolayers may open
a new route for surface engineering.

We thank the support of the Major State Basic Research
Development Program (Grant. No. G2000078102), Educational
Ministry and National Natural Science Foundational of China.
Dr Xi Zhang would like to acknowledge DFG for a one month
visit to the University of Muenster in 2000.
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The protease-catalyzed synthesis of amino acid ester–
carbohydrate conjugates as glycopeptide analogues has been
achieved in a highly regioselective and carbohydrate-specific
manner using amino acid vinyl ester acyl donors and
minimally or completely unprotected carbohydrate acyl
acceptors, which together probed active sites of proteases to
reveal yield efficiencies that are modulated by the carbohy-
drate C-2 substituent, and that may be exploited to allow
selective one-pot syntheses.

Many carbohydrate–peptide conjugates display a wide variety
of potent biological activities of potential therapeutic and
commercial value.1,2 For example, glycoproteins act as critical
cell surface communication markers,3 glycopeptide motifs such
as the Thomsen–Friedenreich (Tf) antigen are associated with
cancer cell lines4 and an oligomeric sequence of the glycopep-
tide motif (AAT[Galb(1,3)GalNAca])n displays unusual non-
colligative antifreeze properties.5 Access to well-defined carbo-
hydrate–peptide conjugates and their analogues to probe the
nature of these properties is essential. A large number of elegant
methods have been developed for the synthesis and assembly of
N- and O-linked glycopeptides2,6 but these methods may be
complicated by low glycosylation efficiencies and extensive
protection regimes to ensure regioselectivity. To avoid these
potential problems we have investigated the utility of enzyme-
catalyzed regioselective acylation of carbohydrates as a one-
step method. Despite the ready construction of ester–carbohy-
drate linkages, there have been remarkably few syntheses of
amino acid esters of carbohydrates.7 Furthermore, although the
utility of hydrolases as powerful catalysts for regioselective
acylation of carbohydrates is well demonstrated,8 their use in
the transfer of amino acids to carbohydrates is, with very few
exceptions,9 neglected. This is all the more surprising given that
several biofunctional molecules, such as enkephalin–carbohy-
drate conjugates that modulate fibroblast and melanoma
growth,10 are themselves a-amino esters of carbohydrates.
Moreover, carbohydrate–peptide conjugates connected by po-
tentially metabolisable, sacrificial linkages, such as esters, have
high potential utility as prodrugs in which the glycan moiety
affords both protection and specific transport properties.11 We
therefore set ourselves the goal of establishing a ready, short
route for the creation of such ester-linked glycopeptides.

Initially, we chose the serine protease subtilisin Bacillus
lentus (SBL, EC 3.4.21.14) as a powerful catalyst for ester
synthesis12 and the representative amino acids phenylalanine
1a, aspartic acid 2a and glutamic acid 3a. Amino acid
derivatives (Scheme 1)† were chosen to probe not only the
amino acid specificity of SBL but also its tolerance for a variety
of amine (Ac, Boc, Fmoc, Z) and ester (Bn) protecting groups.
Pd(OAc)2-mediated transesterification13 of 1–8b with vinyl
acetate (Scheme 1) allowed the preparation of the correspond-
ing Phe, Asp and Glu; a and side-chain vinyl esters 1–8c as
acyl donors that render transesterifications essentially
irreversible.14

With these acyl donors in hand, we investigated their utility
in transesterification reactions with a representative range of
carbohydrate acyl acceptors 9a–20a (Scheme 2, Table 1). After
exploring a range of conditions, the use of SBL lyophilised from
phosphate buffer (pH 8.0) in anhydrous pyridine at 45 °C
proved optimal. Initial variation of parent carbohydrate in the
completely deprotected series 9a–12a revealed exclusive O-6
regioselectivity but only low isolated yields of either D-glucose
9b or D-galactose 10b 6-O-phenylalaninate esters.15 However, a
higher yield of the 6-O-phenylalaninate ester of D-mannose 11b
indicated an exciting preference based only on the ster-
eochemistry of the parent carbohydrate. This crucial depend-
ency on carbohydrate acceptor was yet more dramatically
confirmed by the complete absence of product from the
attempted esterification of N-acetylglucosamine 12a from
which only 12a and the product of acyl donor hydrolysis 1b
were recovered. Next the effect of anomeric substituent was
probed. Introduction of a methyl substituent at O-1 increased
yield only slightly in the case of D-galactose and D-glucose acyl
acceptors 13–15a. Moreover, the near identical yields of a- and
b-glucosides 13, 14b indicated that, at least in the D-gluco
series, anomeric stereochemistry had little or no effect on
overall yield. Most notably, the apparent specificity preference
of SBL for D-manno acyl acceptors was further confirmed by
the higher yield (76%) of ester 16b obtained here from a-D-
mannoside 16a.

Thioglycosides and selenoglycosides are important glycosyl
donors16 and we next investigated their esterification to provide
potential glycopeptide donors, in which the glycosyl unit might
be further extended, and as further probes of the effect of
anomeric substituent. Consistent with both their larger size and
the potential for aromatic aglycones in carbohydrate substrates
to interact with protein surfaces,17 more dramatic results were
obtained for the thioglycosides 17–20a. A trend in the
efficiencies of the formation of 6-O-phenylalaninate products in
the order D-manno > D-gluco > D-galacto > N-acetyl-D-gluco
emerged. In addition, for the first time, reduced regioselectivity
was observed for D-thioglucoside 17a (3+2, 6-O 17b: 3-O
17c).18

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b104137c/

Scheme 1 For reagents and conditions, see ESI.

Scheme 2
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Next we investigated the effect of varying the amino acid acyl
donor. Disappointingly, but consistent with the observed low
affinity of SBL for other amino acid esters,19 none of the
aspartate or glutamate acyl donors were accepted as substrates.
In all cases only vinyl esters 4–8c were recovered indicating an
absence of acyl–enzyme intermediate formation. This con-
trasted with the reactions of 1c from which only transesterifica-
tion or hydrolysis products were recovered. In order to further
assess the utility of 1, 4–8c as acyl donor probes, we also
screened their reactivity with CLEC-thermolysin (TL-CLEC)20

as a protease with a different substrate specificity profile, that
includes b-aspartate esters.21 However, TL-CLEC also failed to
accept 4–8c and again only 1c was accepted, allowing the
preparation of 16b from 16a in 48% yield.

Next, the effect of N-protection in the acyl donor was
investigated using Boc- and Z-protected phenylalanine donors
2, 3c, respectively. For 2c much lower rates of reaction were
observed than for 1c and after a comparable period of time
lower yields (32%) for the esterification of 16a were obtained.
However, extended reaction times gratifyingly allowed the
preparation of 6-O-phenylalaninates 16c, e from 2, 3c in 63 and
60% yields, respectively. The utility of 16c, e as glycopeptide
building blocks was confirmed through their quantitative N-
deprotection to methyl 6-O-phenylalaninyl-a-D-mannopyrano-
side 21, which may be extended at its N-terminus.

Finally, the valuable specificity information obtained in these
screens was exploited to allow selective one-pot couplings. We
were delighted to find that different carbohydrate acyl acceptors
successfully competed in one-pot reactions to allow carbohy-
drate-selective esterification. Thus, in 1+1 mixtures of 12a +
16a and 19a + 20a (Scheme 3) mannosides reacted over N-
acetylglucosaminides with 1c in SBL-catalyzed acylations to
yield mannoside esters 16, 19b exclusively. In both reactions no
trace of 12b or 20b, respectively, was detected during this
highly selective process.

In summary, we have described a ready method for the
construction of glycan–peptide conjugates by exploiting a

highly regioselective protease-catalyzed transesterification
process. The yields for this selective carbohydrate–peptide
conjugation of 23–76%, compare well with overall yields of
< 34% for alternative routes employing protection–deprotec-
tion strategies.7 The glycopeptides formed are powerful build-
ing blocks that will allow sugar reducing end (e.g. 17–20b) or
peptide N-terminal (e.g. 21) extension. In addition, we have
probed the substrate specificity of the proteases SBL and TL-
CLEC in this reaction using the novel vinyl esters 1–8c and this
has indicated a strong preference for phenylalanine but
flexibility in the N-protection that may be used. Furthermore,
we have successfully exploited striking differences in the rate of
reaction of carbohydrate acyl acceptors in this system to
perform exclusively mannose over N-acetylglucosamine se-
lective one-pot acylations. We have recently reported greatly
broadened substrate amino acid ester specificities for glycosy-
lated variants of SBL22 and we are currently exploring
transesterifications catalyzed by these glyco-SBLs with 4–8c
and other donors the results of which will be reported in due
course.

We thank the BBSRC for generous funding, Genencor
International for SBL, and Altus for TL-CLEC. We thank the
EPSRC for access to the Mass Spectrometry Service at Swansea
and the Chemical Database Service at Daresbury.
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Table 1 Carbohydrate–amino acid coupling reactions

Coupling
pair R1 R2 R3 R4 R5

Yield of
6-O-acyl (%)c

9a–1ca OH H OH OH H 24 9b
10a–1ca OH H OH H OH 24 10b
11a–1ca OH OH H OH H 49 11b
12a–1ca OH H NHAc OH H —
13a–1ca a-OMe H OH OH H 25 13b
14a–1ca b-OMe H OH OH H 28 14b
15a–1ca b-OMe H OH H OH 30 15b
16a–1ca a-OMe OH H OH H 76 16b
17a–1ca b-SPh H OH OH H 44 17b + 29 17ce

18a–1ca b-SPh H OH H OH 36 18b
19a–1ca a-SPh OH H OH H 62 19b
20a–1ca b-SePh H NHAc OH H 23 20b
16a–1cb a-OMe OH H OH H 48 16b
16a–2ca a-OMe OH H OH H 32 16c
16a–2cd a-OMe OH H OH H 63 16c + 17 16de

16a–3cd a-OMe OH H OH H 60 16e
a 2 mg ml21 of lyophilized (from pH 8.0, 0.1 M phosphate) SBL
preparation, 45 °C, anhydrous pyridine, 120 h. b 1 mg ml21 of TL-CLEC,
45 °C, 1+25 water–pyridine. c All yields are for isolated, purified, single
compounds. d As for footnote a but for 500 h. e Yield of 3-O-acyl.

Scheme 3
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Episulfidation of (E)-cyclooctene and (E)-cyclononene was
achieved with elemental sulfur by using a catalytic amount
of a molybdenum oxo complex.

Molybdenum peroxo complexes have been utilized for the
epoxidation of alkenes;1 evidently, the analogous thioepoxida-
tion by structurally related disulfur complexes would be of
considerable synthetic value. In this context, Khan and Siddiqui
claimed the first catalytic episulfidation of cyclohexene with a
ruthenium persulfido complex and elemental sulfur as sulfida-
tion source.2 Instead of elemental sulfur, Kendall and Simpkins3

described the rhodium-catalyzed sulfur transfer to norbornene
(bicyclo[2.2.1]hept-2-ene), in which propylene sulfide was used
as a sulfur source. Recently, Chandrasekaran4 and coworkers
used a molybdenum complex to transform alkyl halides into
disulfides, the latter are added to Michael acceptors such as a,b-
unsaturated enones.

Clearly, literature on sulfur-atom transfer to organic sub-
strates is to date rather scarce. Since the electrophilic character
of disulfur complexes has been demonstrated through the
desulfuration by various nucleophiles,5 most effectively by
triphenylphosphine,6 we have explored the feasibility of
employing molybdenum disulfur complexes as sulfur-transfer
agents for the episulfidation of alkenes. Herein we report the
novel catalytic episulfidation of (E)-cyclooctene and (E)-
cyclononene by elemental sulfur, mediated by the molybdenum
disulfur complex 3.

Disulfur complex 3 was obtained in three reaction steps from
sodium molybdate (Scheme 1). In the first step, the molybde-
num dioxo complex 1 is formed in 80% yield from sodium
molybdate and sodium diethyl dithiocarbamate in an acidic
medium. Deoxygenation by triphenylphosphine resulted in the
isolable but air-sensitive molybdenum oxo complex 2 in 80%
yield.7 Complex 2, when treated with elemental sulfur in
refluxing acetone gave the disulfur complex 3 in 87% yield.8

When the disulfur complex 3 was allowed to react with two
equivalents of (E)-cyclooctene [(E)-4a], the episulfide trans-5a

was quantitatively formed, as detected by 1H-NMR spectros-
copy (Scheme 2). Since the oxo complex 2 was isolated in 42%

yield, presumably, the molybdenum oxo complex 2 may be
employed directly in a catalytic manner for the episulfidation of
suitable olefinic substrates by elemental sulfur. Indeed, the
catalytic sulfur-atom transfer to strained (E)-cycloalkenes 4
worked well in refluxing acetone (Scheme 3).

Thus, with catalytic amounts (0.07 equiv.) of the oxo
complex 2, 69% of the trans-cyclooctene episulfide (trans-5a)
and 87% of the trans-cyclononene episulfide (trans-5b) were
isolated.§ When 1 mol% of catalyst 2 was used, the yield of
episulfide (trans-5a) decreased to only 15%. Other less strained
olefins failed to react under catalytic conditions, but could be
episulfidated stoichiometrically by the disulfur complex 3.
Thus, the episulfides of (Z)-cyclooctene [(Z)-4a], norbornene
(4c), bi(cyclopentadiene) (4d), and cyclopentene (4e) were
isolated in 20, 50, 28 and 16% yields based on complex 3.§ A
control experiment established that elemental sulfur only
isomerized (E)-cyclooctene [(E)-4a] to the Z diastereomer
under identical reaction conditions but without the oxo complex
2; no episulfide was detected. In an additional control
experiment, a mixture of two equivalents of (E)-cyclooctene
and the oxo complex 2 in dichloromethane remained unchanged
after several days, as revealed by direct chemical ionization
mass spectroscopy (DCI-MS), IR and 1H NMR spectra. This
indicates that not the olefin but elemental sulfur is activated by
the molybdenum oxo complex 2.

In Scheme 4, a mechanism is proposed for this catalytic
sulfur-atom transfer, in which first sulfuration of the oxo
complex 2 to the disulfur complex 3 takes place, followed by
sulfur-atom abstraction from the disulfur bridge to afford the
sulfido complex A as intermediate. Similar molybdenum
monosulfido complexes have recently been isolated and
characterized.9 The subsequent sulfur-atom transfer from the
sulfido complex A to the cycloalkene regenerates the initial oxo
complex 2 and thereby the catalytic activity is sustained. In
support of this mechanism for the sulfur abstraction from the

† This work was presented at the XIXth International Symposium on the
Organic Chemistry of Sulfur, Sheffield, England, 25th–30th June 2000.
‡ Dedicated to Professor Manfred Christl on the occasion of his 60th
birthday.

Scheme 1 Preparation of the molybdenum oxo complex 2 and its sulfuration
to the disulfur complex 3.

Scheme 2 Stoichiometric episulfidation of (E)-cyclooctene [(E)-4a].

Scheme 3 Catalytic sulfur-transfer reaction with (E)-cyclooctene [(E)-4a]
and (E)-cyclononene [(E)-4b].
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disulfur complex 3 by PPh3, the intermediary sulfido complex A
was suggested.10

In view of the difficulties with the previous report,2 presently
the first catalytic episulfidation of (E)-cycloalkenes with
elemental sulfur has been developed, in which the molybdenum
oxo complex 2 functions as catalyst and the disulfur complex 3
as sulfur-transfer agent. These encouraging results should
stimulate an intense search for more reactive molybdenum
disulfur complexes to effect in a general manner the direct
episulfidation of olefins with elemental sulfur.

We thank the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie for generous financial sup-
port.

Notes and references
§ General episulfidation procedure: in an NMR tube were placed under
argon gas 64.2 mg (2.00 mmol) of elemental sulfur and 28.6 mg (70.0 mmol)
of molybdenum oxo complex 2 in 0.7 ml of oxygen-free acetone, and 130
ml (1.00 mmol) of (E)-cyclooctene [(E)-4] were added. The tube was sealed
with a rubber septum and Parafilm®, then heated for 15 h in an oil bath to
56 °C. After cooling to room temperature, the tube was opened, the
suspension transferred to a flask and the solvent evaporated (40 °C/500
mbar). The residue was subjected to silica-gel flash chromatography and
98.0 mg (69%) of trans-9-thiabicyclo[6.1.0]nonane (trans-5a) was
isolated, Rf (silica gel, petroleum ether) = 0.33. Bis(diethylcarbamodi-
thioato-S,SA)oxomolybdenum 2:7 1H NMR (200 MHz, CD2Cl2): 1.36 (t, 3J
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CD2Cl2): 221.6 (s, CS2), 46.2 (t, CH2), 12.1 (q, CH3); IR (cm21, KBr): n
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0.95–1.20 (m, 4 H), 1.60 (m, 2 H), 1.85–2.10 (m, 4 H), 2.45 (m, 2 H), 2.68
(m, 2 H, CHS); 13C NMR (50 MHz, CDCl3): 26.3 (t), 29.3 (t), 29.5 (t), 41.2
(d). trans-10-Thiabicyclo[7.1.0]decane (trans-5b): yield 87%; mp 62.5–63
°C, colorless needles; 1H NMR (200 MHz, CDCl3): 0.77–1.06 (m, 2 H),
1.23–1.60 (m, 6 H), 1.62–1.82 (m, 2 H), 1.87–2.07 (m, 2 H), 2.35–2.50 (m,
2 H), 2.64–2.77 (m, 2 H); 13C NMR (50 MHz, CDCl3): 22.6 (t), 25.9 (t),
30.2 (t), 35.9 (t), 44.4 (d); IR (cm21, KBr): n 2933 (s), 2849 (s), 1459(s),
1444 (s), 637 (s). Anal. calcd. for C9H16S: C 69.17; H 10.32; S 20.51.
Found: C 69.09; H 10.38; S 20.26%. cis-9-Thiabicyclo[6.1.0]nonane (cis-
5a)12: yield 20%; colorless oil; 1H NMR (200 MHz, CDCl3): 1.20–1.80 (m,
10 H), 2.34 (m, 2 H), 2.93 (m, 2 H); 13C NMR (200 MHz, CDCl3): 26.3 (t),
29.3 (t), 29.5 (t), 41.2 (d). exo-3-Thiatricyclo[3.2.1.02,4]octane (5c)12: yield
50%; mp 31–32 °C, colorless waxy solid; 1H NMR (200 MHz, CDCl3): 0.65
(d, J = 10.0 Hz, 1 H), 1.24 (m, 2 H), 1.45–1.70 (m, 3 H), 2.45 (s, 2 H), 2.74
(s, 2 H); 13C NMR (50 MHz, CDCl3): 27.5 (3 3 t), 37.5 (2 3 d), 37.6 (2 3
d). exo-1a,2a,3,5a,6,6a-Hexahydro-2,6-methano-2H-indeno[5,6-b]thiirene
(5d): yield 28%; colorless oil; 1H NMR (200 MHz, CDCl3): 0.81–0.92 (m,
1H), 1.62–1.75 (m, 1 H), 2.19–2.81 (m, 5 H), 2.87–2.93 (d, J = 4.16 Hz, 2
H), 3.22–3.33 (m, 1 H), 5.56–5.72 (m, 2H); 13C NMR (200 MHz, CDCl3):
30.9 (d), 31.0 (t), 34.5 (d), 37.5 (d), 39.6 (d), 41.2 (d), 42.5 (d), 54.3 (d),
130.1 (d), 132.2 (d); EI-HRMS, m/z: calcd. for C10H12S: 164.0662. Found:
164.0662. 6-Thiabicyclo[3.1.0]hexane (5e)12: yield 16%; colorless oil; 1H
NMR (200 MHz, CDCl3): 1.42–2.15 (m, 6 H), 3.30 (m, 2 H); 13C NMR (200
MHz, CDCl3): 18.0 (t), 28.9 (t), 41.7 (d).

1 D. V. Deubel, J. Sundermeyer and G. Frenking, Org. Lett., 2001, 3, 329;
S. Ozaki, T. Takahashi and I. Sudo, Japan Patent Kokai 133309, 1974;
[Chem. Abstr., 1975, 82, 156973y]

2 M. M. T. Khan and M. R. H. Siddiqui, Inorg. Chem., 1991, 30, 1157. All
our efforts to repeat this work failed under the reported catalytic
conditions with the poorly reactive cyclohexene and even the highly
reactive (E)-cyclooctene as sulfur acceptors. Our failure to realize this
claim, motivated us to develop an authentic metal-catalyzed episulfida-
tion method with elemental sulfur.

3 J. D. Kendall and N. S. Simpkins, Synlett, 1998, 391; A. J. Blake, P. A.
Cooke, J. D. Kendall, N. S. Simpkins and S. M. Westaway, J. Chem.
Soc., Perkin Trans. 1, 2000, 153.

4 K. R. Prabhu, P. S. Sivanand and S. Chandrasekaran, Angew. Chem., Int.
Ed., 2000, 39, 4316.

5 K. Leonard, K. Plute, R. C. Haltiwanger and M. Rakowski Dubois,
Inorg. Chem., 1979, 18, 3246.

6 S. Xiaoqing, Y. Huixing and H. Degang, Int. J. Chem. Kinet., 1989, 21,
737.

7 C. G. Young, J. Chem. Educ., 1995, 72, 751.
8 J. W. McDonald and W. E. Newton, Inorg. Chim. Acta, 1980, 44,

L81.
9 C. G. Young, L. J. Laughlin, S. Colmanet and S. D. B. Scrofani, Inorg.

Chem., 1996, 35, 5368; P. D. Smith, D. A. Slizys, G. N. George and C.
G. Young, J. Am. Chem. Soc., 2000, 122, 2946.

10 S. Xiaoqing, Y. Huixing and H. Degang, Int. J. Chem. Kinet., 1989, 21,
749.

11 W. Adam, B. Fröhling, K. Peters and S. Weinkötz, J. Am. Chem. Soc.,
1998, 120, 8914.

12 M. U. Bombala and S. V. Ley, J. Chem. Soc., Perkin Trans. 1, 1979,
3013.

Scheme 4 Catalytic cycle for the generation of the disulfur complex 3 and
the sulfuration of (E)-cyclooctene [(E)-4a) and (E)-cyclononene [(E)-4b].
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Nanoparticles of chromium or nickel have been prepared by
the reduction of either CrCl2 or Ni(acac)2 (acac = pentane-
2,4-dionate) at elevated temperatures in various Lewis base
solvents; the effect of the Lewis base, which acts as both a
reaction solvent and passivating ligand on morphology are
apparent; the nanostructures have been analysed by NMR,
IR, TEM and XRD.

Nanoparticles of metals have been known since antiquity and
colloids of gold have been the subject of systematic study since
1857.1 To date, noble metals such as gold and platinum have
received most attention as they are intrinsically easier to prepare
than metals such as nickel and cobalt; mainly because of their
resilience to atmospheric degradation.2–4 A popular, simple
route to high quality alkylthiol passivated gold particles has
been reported by Brust et al.5 which has been extended to the
preparation of iridium and palladium nanoparticles.6 Heath and
coworkers have also made significant advances in the prepara-
tion of noble metal colloids.7 Nanoparticles of metals such as
cobalt or nickel have interesting magnetic properties, which
have potential as data storage devices and in ferrofluids.
Nanoparticles of cobalt have also been prepared from oil-in-
water micelles,8 by the reduction of metal salts coupled with
rapid expansion of supercritical fluid solutions.9 Nickel nano-
particles have been prepared by the sonification of nickel
tetracarbonyl.10

Sun and Murray have recently reported a route to high quality
monodispersed passivated nanoparticulate cobalt.11 In this
work, cobalt nanoparticles were prepared by reduction of
cobalt(II) chloride by superhydride in various coordinating
solvents based on the tri-n-octylphosphine oxide (TOPO)
system. Dinega and Bawendi have also prepared TOPO capped
cobalt nanocrystals by thermolysis of dicobalt octacarbonyl.12

In both cases, a new phase of cobalt was obtained, assigned e-
cobalt (space group P4132), a phase similar to cubic b-
manganese. This product could be used as a precursor to the
more usual hexagonal close packed cobalt. Whilst single
domain particles of nickel and cobalt are known to exhibit
ferrimagnetism, chromium is antiferromagnetic and is not
expected to have any magnetic applications. However, chro-
mium nanostructures have been investigated.13 The oxidation of
cobalt nanoparticles to cobalt oxide once the protective ligand is
removed has previously been reported,11 and it is hoped that the
controlled oxidation of chromium nanoparticles may result in
the magnetic phase CrO2, rather than the usual Cr2O3.

Here we report a simple preparation of alkylphosphine/
alkylphosphine oxide passivated chromium and nickel nano-
particles. Ni(acac)2 or CrCl2 was reduced with either LiBH4 or
NaBH4 in various Lewis base solvent systems in attempts to
produce nanoparticles. Lewis bases such as tri-n-octylphos-
phine oxide (TOPO), tri-n-octylphosphine (TOP), tri-n-butyl-
phosphine (TBP) and tri-n-butylphosphine oxide (TBPO) were

utilised as both the reaction solvents and passivating ligands.
The TOPO used in the experiments was technical grade
(Aldrich, 90%), purified as described in the literature.14 The
TBPO was used as received (Aldrich, 95%), as was TOP
(Aldrich, 90%) and TBP (Aldrich, 97%).

In a typical reaction, 20 g of trialkylphosphine oxide is heated
to ca. 100 °C and degassed whilst periodically being flushed
with nitrogen. The reducing agent MBH4 (M = Na, Li) is placed
in the reaction flask with the phosphine oxide, mixed, the
temperature raised to between 150 and 250 °C and stabilised.
(Reaction between the reducing agent and the phosphine oxide
may occur. However this has not been investigated and does not
appear to hinder the reduction of the metal precursors.) In a
separate flask, ca. 0.5 g of precursor (either CrCl2 or Ni(acac)2)
is dissolved in 5 ml of trialkylphosphine. Rapid injection of the
metal precursor solution into the reaction flask results in an
immediate dark colouration, consistent with reduction of the
precursor. Growth is stabilised at between 150 and 250 °C for
30 min and the flask is removed from the heat and allowed to
cool to ca. 60 °C. The nanoparticles were either dissolved
straight into a solvent (toluene or pyridine) or isolated as a
powder by addition of a non-solvent (methanol or light
petroleum). The preferred solvent is pyridine, as this polar
Lewis base solvent appears to increase the stability of the
suspension.

The identity of the materials as the metals was confirmed by
XRD. Both chromium and nickel nanoparticles gave reflections
consistent with the cubic forms of the metals. The strongest
peak in the PXRD of nanosized nickel was at 2q ca. 44°,
corresponding to the strongest 111 reflection of bulk nickel.15 A
weaker peak at ca. 51° is consistent with the 200 reflection, the
second strongest reflection in bulk cubic nickel. The chromium
sample gave a set of broad, weak reflections between 2q = 40
and 50° the region of the 200, 210, 211 reflections of the metal,
and another broad reflection between 55 and 70° (220, 310).
These reflections are in the regions associated with the strongest
reflections for bulk cubic chromium.16

Electron microscopy of the metal nanoparticles showed a
distinct relationship between morphology and the capping
agents. Preparation of chromium nanoparticles in TOPO
produced highly monodispersed spherical quantum dots of ca. 5
nm in size (Fig. 1). Preparation of nanoparticulate nickel in
TBPO showed a mixture of small (2–5 nm) particles and long
nanowires up to 20 nm in length. Impurities in the mixed ligand
system (TBPO/TBP) are believed to be responsible for the
formation of the elongated structures (Fig. 2). The control of
metal quantum dot shape and size by the capping ligand has
been previously demonstrated with gold nanoparticles.17 Alivi-
satos and coworkers have investigated the preparation of
elongated semiconductor nanoparticles and rods by synthesis
using controlled amounts of ‘impurities’.18,19

The electronic spectra of metal colloids are well documented,
especially for gold.20 The electronic spectra of nickel and
chromium colloids prepared as described above showed
unusual features. Colloidal chromium displayed no absorption

† Present address: Oxonica Ltd., Begbroke Science and Business Park,
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bands when prepared, whilst nickel displayed three peaks (Fig.
3). Altering the preparation of chromium nanoparticles by
including an amine into the reaction mixture resulted in
nanoparticles that displayed two plasmon resonance peaks. The

origin of such effects is still under investigation. The effects of
a nanoparticle’s aspect ratio on optical properties, notably the
surface plasmon resonance, has been investigated by El-Sayed
and coworkers.21 The presence of multiple plasmon resonances
in metals has also been observed by Lutz et al.22

Solution 1H and 31P NMR reveals that the ligands are bound
to the nanoparticle surface. The broadening of the proton
spectra for all samples indicates the inhomogeneous magnetic
environment due to restricted molecular motion. The phospho-
rus spectra reveal a shift in the resonances, consistent with
surface shielding effects. TOPO capped chromium nano-
particles show a single resonance at ca. 45 ppm, shifted from the
unattached ligand resonance at ca. 50 ppm.

TBPO capped nickel nanoparticles displayed a distinct
resonance at ca. 45 ppm, shifted from the free ligand resonance
at 59 ppm. Other resonances observed at 218 and 231 ppm
were attributed to TBP. Unattached TBP displays resonances at
219 and 232 ppm, as well as minor features at 42, 29, 238 and
270 ppm. These may well be from impurities that encourage
nanowire formation in TBPO/TBP capped Q-Ni. FTIR spec-
troscopy of the TOPO capped chromium particles did not show
a shift in the n(PNO) stretch at 1145 cm21, but did show a
broadening in this feature, which has also been observed with
TOPO capped semiconductors. TBPO capped nickel displayed
the n(PNO) stretch at 1128 cm21, shifted from the free ligand at
ca. 1152 cm21.

In conclusion we have demonstrated a simple solution based
route to passivated nanoparticulate nickel and chromium.
Further work is ongoing to identify the magnetic properties of
such materials.

We acknowledge Diana Zhi (Centre for Electronic Materials,
Imperial College) and Keith Pell (QMW college) for electron
microscopy, Richard Shepard (IC) for NMR and Richard
Sweeny (IC) for XRD. P. O’B. is Sumitotmo/STS visiting
Professor of Material Chemistry at ICSTM.
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Fig. 2 HRTEM image of TBPO/TBP capped Ni nanowires, bar = 10
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syn- And anti-[3.3](3,9)carbazolophanes, which are suitable
model compounds for sandwich and partial-overlap ex-
cimers, respectively, have been synthesized and charac-
terized; the structures of both singlet and triplet carbazole
excimer have been described.

Poly(N-vinylcarbazole) (PVCz) has been the subject of intense
investigation because of its photoconductive and photophysical
properties.1 In particular, two kinds of excimer, sandwich and
partial-overlap excimers, formed in PVCz are of high interest.2
The excimer formation in PVCz solutions has been extensively
studied using bichromophoric compounds such as 2,4-dicarba-
zol-9-ylpentane.3 These excimer emissions are also observed
even in PVCz solids where conformational change of carbazole
(Cz) chromophores is highly restricted. In PVCz solids,
electronic excitation energy of Cz monomer migrates efficiently
into an excimer-forming site where conformation of two Cz
chromophores are sufficiently similar to that of the excimers.
Cyclophanes are some of the most attractive molecules for
investigating the electronic interactions of face-to-face arranged
aromatic molecules in solids as well as in solutions.4 Here we
report the synthesis and photophysical properties of syn- and
anti-[3.3](3,9)carbazolophane derivatives used as model com-
pounds of excimer-forming sites in PVCz films.

Treatment of 1,3-dicarbazol-9-ylpropane with phosphorous
oxychloride and DMF gave 1, which was reduced with sodium
borohydride to afford 2 (Scheme 1). Bromination of 2 with
excess conc. HBr afforded unstable dibromide 3. The intra-
molecular cyclization of 3 with NH2CN was carried out
according to the method developed by one of us (H.T.)5 to

afford syn-isomer 4 and anti-isomer 5 in 3.3% and 28% yield,
respectively.† 

The structures of carbazolophanes 4 and 5 were clearly
determined by X-ray analyses.‡ Fig. 1 shows that two carbazole
rings in 4 completely overlap each other. Their least-squares
planes are inclined only 8.7° and the intramolecular distance
between carbazole nitrogen atoms in 4 is 3.24 Å. Fig. 2 shows
the X-ray analysis of 5, which clearly indicates the overlap of
only a 3-position-bridged benzene ring in the mutual Cz
chromophores, just like the proposed partial overlap singlet
excimer in the tt conformation of the syndiotactic sequence in
PVCz,2 and their least-squares planes are inclined only 6.2°.
Thus, it is concluded that 4 and 5 having [3.3] linkages are
suitable model compounds for investigating both sandwich and
partial-overlap interactions in excimer-forming site in PVCz
films, respectively.

(A) in Fig. 3 shows absorption spectra of N-ethylcarbazole 6,
4, and 5 in THF. The absorption shapes of both 4 and 5 were
different from that of 6, i.e., broadening and red-shift were
observed. These features were ascribed to the exciton band
splitting as is commonly applied to interpret absorption spectra
of cyclophanes.

Scheme 1 Synthesis of [3.3](3,9)carbazolophanes, 4 and 5.

Fig. 1 Crystal structure (ORTEP representation) of 4.

Fig. 2 Crystal structure (ORTEP representation) of 5.

This journal is © The Royal Society of Chemistry 2001
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The fluorescence spectra of 4, 5, and 6 were measured in
2-methyltetrahydrofuran (MTHF) at room temperature indi-
cated by (F) in Fig. 3. Both 4 and 5 exhibit broad structureless
emission and large Stokes shifts (7650 cm21 for 4, 3960 cm21

for 5). These broad emissions were not due to any impurity,
because the excitation spectra for the broad emission of 4 and 5
were almost the same as the absorption spectra. Therefore, two
kinds of fluorescence observed from 4 (lmax 457 nm) and 5 (405
nm) correspond to the emissions from the sandwich and partial-
overlap excimer-forming sites in PVCz films respectively,2
although there are slight red-shifts in the peak wavelength. The
difference demonstrates that two Cz chromophores in 4 and 5
are located in a suitable geometry for the sandwich and partial-
overlap excimer-forming sites in PVCz films.

The phosphorescence spectra of 4, 5, and 6 were measured in
a MTHF rigid matrix at 77 K indicated by (P) in Fig. 3. The
phosphorescence spectrum of 6 consists of a structured
monomer phosphorescence with the peaks 414 and 444 nm. On
the other hand, 4 exhibits a broad structureless band centered at
487 nm, which roughly agrees with that of PVCz films.6 The
phosphorescence spectrum of 5 consists of a structured band
with a maximum at 454 nm, though considerable broadening
and red-shift were observed. The excitation spectra for
phosphorescence of 4 and 5 were almost the same as the
corresponding absorption spectra. In polymeric systems, it is
difficult to distinguish between triplet excimer and any impurity
emission, because high concentration of the chromophores

enhances photosensitization.7 However, in our system, each
carbazolophane is isolated and such sensitized phosphorescence
is negligible. Therefore we ascribed the spectral change
observed in the phosphorescence spectra to intramolecular
electronic interaction in the excited triplet state of carbazolo-
phanes. The structured vibrational band of 5 indicates that
triplet interaction in 5 is weak. The broad emission of 4 shows
that the sandwich geometry of two Cz chromophores in close
proximity can surely interact in the triplet state and form a triplet
excimer.

In summary, we are confident that carbazolophanes 4 and 5
will disclose interesting sandwich and partial-overlap inter-
actions in excimer-forming sites in PVCz films. They showed
definite dependence of the emission spectra upon the geometry
of Cz chromophores. The most striking point of this work is that
one of the geometry of triplet excimer in PVCz films is revealed
for the first time.
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Fig. 3 Absorption (A), fluorescence (F) (lex = 340 nm), phosphorescence
(P) (lex = 340 nm) spectra of 6, 4, and 5: (A) were measured in a THF
solution at room temperature; (F) in a MTHF solution at room temperature;
(P) in a MTHF rigid matrix at 77 K. Emission spectra of 4 and 5 are
normalized at the maximum of each spectrum peak. All samples used for
fluorescence and phosphorescence measurements were degassed by the
freeze–pump–thaw method. The concentrations of 4, 5, and 6 were ca. 2.0
3 1025 M.
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Reaction of a,b-unsaturated aromatic carboxylic acids with
KBr and H2O2 in the presence of Na2MoO4·2H2O in aqueous
medium affords b-bromo alkenes in high yield.

The classical Hunsdiecker reaction and its later modifications
are efficient for the synthesis of organic halides.1 However,
these reactions have major limitations, such as toxicity and
hazard involving use of elemental bromine, salts of Hg(II), Tl(I),
Pb(IV), Ag(I). Apart from this, very poor yields of the products
are obtained in the cases of a,b-unsaturated aromatic carboxylic
acids. Recently, some of these difficulties have been overcome
by the use of lithium acetate as the catalyst and N-bromosuccini-
mide as the bromine source, the reaction medium being aqueous
acetonitrile.2 However, low yields were obtained in the cases of
a,b-unsaturated aromatic carboxylic acids bearing electron-
withdrawing groups in the aromatic ring.

Transition metal peroxo compounds have been shown to be
efficient oxidising agents for various organic substrates.3–6

Some marine organisms use a vanadium dependant enzyme,
bromoperoxidase, for the bromination of organic compounds
using inorganic bromides and hydrogen peroxide.6 We have
been investigating bromination of organic compounds using
vanadium(V) or molybdenum(VI), potassium bromide, and
hydrogen peroxide in aqueous medium.7–9 It was observed that
the transition metal peroxo complexes can oxidise inorganic
bromide and produce Br3

2 species which is in equilibrium with
HOBr and Br2.

We thought that this biomimetic system could be utilised as
an alternative route to the Hunsdiecker reaction. Herein we
report the initial results of our studies on the reaction of a,b-
unsaturated aromatic carboxylic acids with KBr and H2O2 in
aqueous medium in the presence of Na2MoO4·2H2O.

When a suspension of a,b-unsaturated aromatic carboxylic
acid (0.02 mol) is stirred with KBr (0.04 mol) and Na2-
MoO4·2H2O (0.001 mol) in water (5 cm3) and H2O2 (15 cm3,
0.13 mol) is added drop-wise at room temperature (30 °C), a
rapid reaction takes place and the temperature rises to 80 °C
within 20 min. The reaction mixture was stirred for further 20
min and the product as well as the unreacted acid was extracted
with diethyl ether. The corresponding b-bromostyrene was
separated from the starting material by column chromatography
in good yield (Scheme 1). The yield of the styrene is very good
in the cases of a,b-unsaturated aromatic carboxylic acid bearing
a substitutent in the 4-position. For example, 3-(4-methox-
yphenyl)prop-2-enoic acid and 3-(4-chlorophenyl)prop-2-enoic

acid yield the corresponding b-bromo alkenes in 85 and 65%
yield respectively. It may be noted that for 3-(4-chlor-
ophenyl)prop-2-enoic acid a larger amount of Na2MoO4 (acid–
Mo, 10+1) is required for better yield. The unsubstituted acid
also affords b-bromostyrene in good yield (65%). In the case of
an acid bearing substituents in 2-positions, for example,
3-(2-chlorophenyl)prop-2-enoic acid and 3-(2-methylphenyl)-
prop-2-enoic acid, the yield of the corresponding b-bromostyr-
ene is very poor (5 and 15%, respectively). The evolution of
CO2 was detected by passing the outcoming gas through
limewater. It may be noted that this is the first report of isolation
of Hunsdiecker products in water. All the earlier reports deal
with the reactions in non-aqueous medium.

The solution of Na2MoO4 (0.001 mol) and KBr in H2O (5
cm3) is basic in nature (pH 10). Upon addition of solid acid, the
pH of the slurry changes to 4.5. When H2O2 (15 cm3) is added
to the reaction mixture, the measured pH is 3.9. The pH of the
reaction changes to 9 upon completion of the reaction. It has
been shown by Rothenberg and Clark that a proton source is
required for oxyhalogenation.10 Thus in these reactions the
proton source is the acid itself.

It has been shown earlier that, MoO4
22 forms a number of

peroxo species in solution in the presence of H2O2. The 95Mo
NMR spectra of a solution of Na2MoO4 (0.001 M) in H2O2 (15
cm3) shows a major signal at 2336 ppm and a relatively low
intensity signal at 2509 ppm. These are due to the formation of
[MoO(O2)3]22 and [Mo(O2)4]22 species, respectively.11 Upon
addition of Br2 both the signals at 2509 and 2336 ppm
disappear and two signals at 2222 and 237 ppm appear. The
signal at 2222 ppm can be assigned to [MoO(O2)2]22.11 The
signal at 237 ppm may be assigned to a molybdate species
coordinated to bromide. The slight shift in the observed 95Mo
NMR spectra from those of reported ones11 may be due to the
effect of pH as well as extent of hydration.

A blank reaction, which is a similar reaction without the
addition of Na2MoO4, did not afford the brominated products.
Thus, it is clear that bromide is oxidised by the peroxo-
molybdate species formed in solution.

The electronic spectrum of a solution (1023 M) of Na2MoO4
in H2O2 (2 3 1022 M) shows bands at 445 (e = 162) and at 293
nm (e = 1620 mol21 dm3 cm21). These are due to the
tetraperoxo and triperoxomolybdate species.11 When KBr is
added to this solution an absorbance increase is observed in the
region 700 to 290 nm. However, no new band appears. The
molar extinction coefficient of the 445 nm band increases to 320
and the band at 293 nm shifts to 298 nm with increase in the
molar extinction coefficient (e = 1833). It may be noted that the
oxidised bromide species, Br2, Br3

2 and OBr2 absorb in the
region, 450 to 300 nm. Meister and Butler12 and our earlier
work on the oxidation of Br2 by H2O2 in the presence of
Mo(VI)9 have shown that Mo(VI) first forms peroxomolybdate
which then oxidises Br2 to form an equilibrium mixture of Br2,
Br3
2 and OBr2. Thus it clear form the earlier work as well as

from the present evidence that the peroxomolybdates generatedScheme 1
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from the reaction of H2O2 and MoO4
22 react with Br2 to

produce the equivalent of the Br+ species, which then react with
the unsaturated acid to give bromo alkene.

In order to identify the brominating species, reactions of Br2
in aqueous KOH (HOBr–OBr2) (pH = 10) as well as Br2 in
aqueous KBr (Br3

2) with the acid in aqueous medium were
carried out. But in both the cases we could only isolate the
starting material. Thus, it is clear that the Mo center plays an
important role, and probably the coordination of the acid is
required for the conversion as observed in the case of vanadium
bromoperoxidase.13

From the above spectral evidence, it may be inferred that, the
reaction proceeds through an ionic mechanism (Scheme 2). It
may be noted that a similar mechanism has been suggested by
Roy et al. earlier.2 The reason behind the low yield of the

products in the cases of ortho substituted aromatic acids may be
due to steric crowding of the intermediate bromonium species.
The reactions described here show that the Hunsdiecker
reaction can be brought about in aqueous medium, contrary to
earlier reports, and also this is the greenest route to Hunsdiecker
products.

The authors would like to thank Dr Sujit Roy, Department of
Chemistry, Indian Institute of Technology, Kharagpur, India for
helpful discussions and suggestions.
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Site-selectivity in a heterotetranuclear macrocyclic complex
is controlled by the geometry of the dinuclear inter-
mediate.

Arrays of different interacting metal ions in controlled geomet-
ric relationships offer potential access to new reaction chemistry
of exogenous ligands on such a bimetallic ‘surface’ and insights
into heteronuclear metal–metal interactions. Synthesis of such
complexes requires some mechanism for site-selectivity. Het-
erodinuclear complexes of phenol-based Robson1 macrocycles
are among the most studied examples2 and the essential
synthetic step is formation of a precursor containing only one
type of metal ion. Most commonly, this is achieved by
designing ligands with different binding sites and hence
different preferences for particular metals. The metal ions are
then incorporated sequentially (sometimes the first metal is
selectively eliminated from one or more sites before adding the
second metal3). Similar requirements apply to larger, tri- or
tetra-nuclear systems.4,5 Here we report the structure of a
complex incorporating a heterotetranuclear macrocyclic unit in
which the macrocyclic binding sites are identical. The geomet-
ric arrangement of the metal ions in the tetranuclear product is
controlled by the structure of the dinuclear intermediate.

The dicopper(II) species [Cu2(H3L)(OH)]2+ can be prepared
directly in a metal-deficient template reaction. Reaction of

equimolar amounts of 2,6-diformyl-4-methylphenol (Hdfmp),
1,5-diamino-3-hydroxypentane and Cu(X)2·6H2O (X = NO3 or
BF4) in methanol–water (2+1) yields complexes of formula
[Cu2(H3L)(OH)]X2, each showing characteristic FAB MS
spectra (in NOBA), with clusters centred on m/z values of 616
(100), 635 (20) and 653 (12%) assigned to {[Cu2(H2L)]}+,
{[Cu2(H3L)(OH)]}+, and {[Cu2(H3L)(OH)](H2O)}+, respec-
tively. The presence of two different imine sites is indicated by
the presence of two imine stretches in the IR spectra (KBr disc),
at 1636 and 1654 cm21. The stoichiometry suggests that the
phenol protons have transferred to the uncoordinated imine
groups, a common feature in related systems.6,7

The dicopper complexes dimerise on recrystallisation from
methanol by slow diffusion of diethyl ether to form crystals† of
formula [Cu2(H3L)O]2X2·nH2O with IR and FAB-MS spectra
very similar to the monomers. The centrosymmetric cation from
[Cu2(H3L)O]2(NO3)2·5H2O is shown in Fig. 1, and comprises
two parallel dicopper(II) macrocyclic units. The copper ions are

bridged by one of the ligand alkoxy donors and by an exogenous
oxo ligand. The two macrocycles are linked by two symmetry-
related Cu–oxo bonds, supported by longer interactions be-
tween the second copper ion and a phenolate oxygen from the
second ring. The structure of the dimer is markedly similar to
that of the fully occupied analogue where tetranuclear and
octanuclear forms are interconvertible.8,9 In each case the
dimerisation involves displacement of the OH proton by a
copper(II) ion from the second macrocycle.

The alkoxide-bridged, side-by-side geometry of this inter-
mediate complex is the key factor determining the geometry of
the heterotetranuclear product described below. There are three
possible arrangements of two copper ions between the four
potential binding sites. The side-by-side geometry permits the
copper ion to bind the largest number of deprotonated donors
(an alkoxo, a hydroxo and two phenoxo donors) and is,
presumably, favoured for this reason. We have never observed
the conventional Robson geometry (dinuclear, bridged by two
phenolate groups) in these complexes. The third possibility, a
diagonal dinuclear complex in which none of the macrocyclic
oxygen donors are bridging, can form10,11 but requires different
conditions.

Reaction of the dinuclear complexes with an excess of
nickel(II) acetate yields heterotetranuclear complexes of for-
mula [Cu2Ni2(L)(OH)(OAc)]X2. These complexes are identical
with those obtained via pyrazolate intermediates7 and consist of
olive-green powders which were readily identified from their
FAB-MS spectra but which are resistant to crystallisation.
However reaction of [Cu2(H3L)(OH)](BF4)2 with an excess of
nickel(II) acetate in the presence of excess dfmp yielded small
crystals† of {[Cu2Ni2(L)O(OAc)][Ni2(dfmp)(OAc)-
(OH)3]}·6.5H2O. The structure of this neutral complex is shown
in Fig. 2, and the metal coordination spheres are illustrated in
Fig. 3. The heterotetranuclear [Cu2Ni2(L)O] macrocyclic unit is
capped on one face by an acetate ion bridging the two nickel
ions. Bound to the other face is an assembly comprising two
nickel ions coordinated by a diformylmethylphenolate anion,
three hydroxo ligands and a second acetate ion, also bridging
two nickel ions. There are six bonds linking the macrocycle to
the superstructure; four Ni–O bonds and two (longer) Cu–O
interactions. The core (Fig. 3) can also be described as based on

Fig. 1 Molecular structure of the {[Cu2(H3L)O]2}2+ cation. Selected
distances (Å): Cu(1)–Cu(2) 3.0013(7), Cu(1)–O(5A) 2.413(3), Cu(2)–
O(1A) 3.084(3).

This journal is © The Royal Society of Chemistry 2001
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a Ni4O4 cubane. All the adjacent metal–metal distances are
under 3 Å.

The X-ray data do not distinguish between the electron
densities of nickel and copper ions, so assignment must be
based on other factors. Firstly, the stoichiometry is consistent
with the FAB-MS data, which show the presence of species
containing two copper ions and four nickel ions. The spectrum
(in NOBA) shows four significant clusters at m/z values of 747
(18), 807 (100), 1199 (41), and 1225 (29%) which are assigned
to {[Cu2Ni2(L)O] 2 H}+, {[Cu2Ni2(L)(OH)(OAc)]}+, {[Cu2-
Ni2(L)O(OAc)][Ni2(dfmp)(OAc)(OH)3] + H}+ and {[Cu2Ni2-
(L)O(OAc)][Ni2(dfmp)(OAc)(OH)3] + Na}+, respectively. The
clusters at m/z of 747 and 807 are also the principal features seen
in the FAB-MS spectrum7 of [Cu2Ni2(L)(OH)(OAc)2]BF4.
There is no indication of scrambling of the metal ions.
Secondly, the observed geometry at the metal sites, square
pyramidal at copper and six-coordinate pseudo-octahedral at
nickel, is consistent with the present assignment. If copper
occupied the sites assigned to nickel, significant Jahn–Teller
distortion would be expected and this is not observed.

The structure of the heteronuclear complex demonstrates that
the macrocycle retains the metal ions in the side-by-side
geometry, reflecting the structure of the dinuclear precursor.
Site-selection for the heteronuclear product has been achieved
based on the relative stability of one of the three possible
dinuclear intermediates, without requiring different sites in the
macrocyclic ligand itself.

The additional superstructure demonstrates that it is possible
to use the Cu2Ni2 array as a platform to bind both further ligands

and metal ions. Related synthetic strategies might be used to
design larger mixed metal assemblies.

We are grateful to the EPSRC Mass Spectrometry Service
Centre, Swansea for FAB(LSIMS) spectra and to the EPSRC
for access to Station 9.8 of the SRS at Daresbury.

Notes and references
† Both crystals were too weakly diffracting for data collection using a
standard laboratory sealed-tube source and so the data were collected at 150
K on Station 9.8 of the Synchrotron Radiation Source at Daresbury.12 The
structures were solved and refined using the SHELXTL13 package.

[Cu2(H3L)O]2(NO3)2·5H2O: C56H80Cu4.12N10O21, triclinic, space group
P1̄, a = 11.2527(7), b = 13.2136(8), c = 13.8116(9) Å, a = 104.974(1),
b = 100.755(1), g = 111.187(1)°, V = 1758.1(2) Å3, l = 0.68900 Å, Z =
1, 10912 reflections measured, 6465 unique (Rint = 0.030), wR(F2) =
0.1581 (all data), R1 = 0.0559 [I > 2s(I)]. Non-H atoms were assigned
anisotropic ADPs except the partial occupancy Cu(II) ions. H atoms bonded
to carbon were inserted at calculated positions. The remaining protons were
not located or included in the model. There is approximately 3% occupancy
of the vacant Cu coordination sites, and the saturated section of the
macrocyclic chain on the vacant side is disordered 70+30 between two
related conformations. The lattice contains a number of severely disordered
water molecules; attempts to model these were only partially successful so
the PLATON SQUEEZE14 procedure was used instead. A single void of
380 Å3 (21.6% of the cell volume) was located between the cations, the five
H2O molecules given in the formula are based on the estimate of 88
electrons in the void.

{[Cu2Ni2(L)O(OAc)][Ni2(dfmp)(OAc)(OH)3]}·6.5H2O: C41H61Cu2N4-
Ni4O21.5, monoclinic, space group C2, a = 24.1826(1), b = 20.100(1), c =
13.9551(8) Å, b = 93.223(1)°, V = 6773.5(7) Å3, l = 0.69410 Å, Z = 4,
21150 reflections measured, 11931 unique (Rint = 0.024), wR(F2) = 0.2459
(all data), R1 = 0.0741 [I > 2s(I)]. The structure could be solved and
refined in either C2/m or C2; in the C2/m solution, the molecule lies on a
mirror plane with the dfmp component disordered, having 50% occupancy
on either side of the mirror. Since this implies that no individual molecule
actually possesses mirror symmetry, the solution in C2 was preferred. In this
space group no major disorder of the complex is exhibited but the structure
behaves as a racemic twin. All non-H atoms were assigned anisotropic
ADPs; hydrogen atoms bonded to carbon were inserted at calculated
positions, those bonded to oxygen were not included in the model. CCDC
reference numbers 169116 and 169117. See http://www.rsc.org/suppdata/
cc/b1/b106340p/ for crystallographic files in CIF or other electronic
format.
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Fig. 2 Molecular structure of {[Cu2Ni2(L)O(OAc)][Ni2(dfmp)(OAc)-
(OH)3]}.

Fig. 3 Coordination spheres of the heteronuclear core. Selected distances
(Å): Cu(1)–O(8) 2.592(9), Cu(2)–O(31) 2.543(8), Ni(3)–O(5) 2.079(4),
Ni(2)–O(6) 2.057(7), Ni(1)–O(30) 2.172(7), Ni(4)–O(4) 2.094(4).
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Directly linked dehydropurpurin–porphyrin dyads from
Ag(I)-promoted oxidation of meso-phenylethynyl substituted zinc(II)
porphyrins
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Ag(I)-promoted oxidation of (5,15-diaryl-10-phenylethynyl-
porphyrinato)zinc(II) complexes in CHCl3 gave directly
linked 12,13-dehydropurpurin–porphyrin dyads, the struc-
tures of which were revealed by X-ray analysis.

5,15-Diaryl metalloporphyrins without b-pyrrolic substituents
have been shown to be reactive in direct coupling at the meso-
and/or b-positions under one-electron oxidizing conditions.1
Along this line, we reported efficient synthetic routes to meso–
meso singly-linked diporphyrins,2 meso–b singly-linked di-
porphyrins,3 meso–b doubly-linked diporphyrins,4 and meso–
meso, b–b, b–b triply-linked diporphyrins5 through the
oxidation of metalloporphyrins. The observed metal-dependent
coupling regioselectivities are likely to be correlated with the
electronic properties of the cation radical intermediates, espe-
cially whether the SOMO is derived from the A2u or A1u orbital.
In this respect, meso-ethynylated metalloporphyrins are of
particular interest since their HOMO orbitals are indicated to be
extending over the meso-ethynyl substituent.6,7 Here, we report
that Ag(I)-promoted oxidation of 5,15-diaryl-10-phenylethy-
nyl-substituted zinc(II) porphyrins gave directly-linked
dehydropurpurin–porphyrin dyads.

Treatment of 1a–Zn with 1.0 equiv. of AgPF6 in CHCl3 at
room temperature for 6 h followed by separations over size-
exclusion and silica-gel columns provided a dimer of 1a–Zn in
34% yield. The molecular weight of the dimer was revealed to
be m/z = 2273 (calc. for C144H174N8O8Zn2, 2271) by the FAB-
MS measurement but its 1H NMR spectrum was compatible not
with the structure of symmetric meso–meso coupling product 38

but with that of 2a–Zn. The 1H NMR spectrum revealed the
presence of a symmetric 5-substituted porphyrin subunit by
featuring four 2H-equivalent b-protons at 10.31, 9.43, 9.23 and

9.07 ppm, a meso-proton at 10.31 ppm, and a set of protons due
to the two equivalent 3,5-dioctyloxyphenyl substituents, while
the peripheral b-protons in the dehydropurpurin macrocycle
appeared as a singlet at 7.56 ppm (Ha); three sets of mutually
coupled pairs of doublets were observed of which the most
high-field shifted signal appearing at 4.77 ppm was assigned to
Hb because of its location in the shielding region of the
neighboring porphyrin. In order to obtain an X-ray crystal
structure, a similar hybrid dimer 2b–Zn was prepared from 1b
in 19% yield and was converted into the bis-Cu(II) complex 2b–
Cu. Fig. 1 shows the X-ray crystal structure of 2b–Cu,9 which
provides firm evidence for the directly-linked porphyrin–
12,13-dehydropurpurin dyad. Whereas the meso-arylethynyl
substituent in the dehydropurpurin moiety is intact, that in the
porphyrin is condensed with the unsubstituted porphyrin side to
form an exocyclic five-membered ring. The dehydropurpurin
macrocycle is nearly flat with a mean plane deviation of 0.119
Å and is directly linked with the porphyrin ring with a dihedral
angle of 90.8°. This orthogonal structure well explains the
observed 1H NMR spectra mentioned above. It is of interest that
the two phenyl rings [designated as Ph1 and Ph2 in Fig. 1(a)] are
nearly coplanar with the dehydropurpurin macrocycle with
dihedral angles of 20.7 and 15.6°, respectively. The mechanism
of this dimerization is not fully understood but may be
considered to be initiated by one-electron oxidation of the
zinc(II)-phenylethynylporphyrin with AgPF6 followed by nu-
cleophilic attack of another neutral porphyrin with its meso-
position against the ethynyl-carbon adjacent to the meso-
position.

Although tetrapyrrolic macrocycles with an exocyclic five
membered ring are quite ubiquitous both in nature10 and
synthetic studies,11 the 12,13-dehydropurpurin structure is quite

Scheme 1 Reaction of 1 and AgPF6.
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rare in the literature,12 and there is much less information on this
macrocycle. The 1H NMR spectrum of 2a–H2 revealed the
inner NH protons at 3.09 and 5.04 ppm for the dehydropurpurin
ring, hence suggesting that its ring current is weaker compared
with those in structurally related porphyrins and pheophor-
bides.

Fig. 2 shows the absorption spectra of 2a–Zn† and 2a–
H2 taken in THF. It is conceivable that the direct connection
leads to the strong electronic interaction between the two
macrocycles and causes broadening of the absorption bands.
Nevertheless, it seems likely that relatively sharp bands at 421

nm for 2a–Zn and 415 nm for 2a–H2 can be assigned to Soret
bands of the porphyrin, and the broad bands at 471 and 498 nm
for 2a–Zn and 482 nm for 2a–H2 can be assigned to Soret-like
bands of the dehydropurpurin. In addition, broad Q-like bands
are observed at 645 nm for 2a–Zn and at 674 nm for 2a–H2.
Neither 2a–Zn nor 2a–H2 exhibits fluorescence, probably
reflecting strong electronic interaction between the two macro-
cycles. These findings may suggest the potential use of such
dyads as energy- and electron-transfer functional units. Related
detailed studies will be reported elsewhere.

This work was supported by a Grant-in-Aids for Scientific
Research from the Ministry of Education, Science, Sports and
Culture of Japan and by CREST (Core Research for Evolutional
Science and Technology) of the Japan Science and Technology
Corporation (JST).

Notes and references
† Spectral data for 2a–Zn; dH(500 MHz, CDCl3): 10.31 (d, J = 4.5 Hz, 2H,
b-H), 10.31 (s, 1H, meso-H), 9.43 (d, J 4.5 Hz, 2H, b-H), 9.23 (d, J 4.5 Hz,
2H, b-H), 9.07 (d, J 4.5 Hz, 2H, b-H), 9.00 (d, J 4.5 Hz, 1H, b-H), 8.94 (d,
J 4.5 Hz, 1H, b-H), 8.31 (d, J 4.5 Hz, 1H, b-H), 8.07 (d, J 5.0 Hz, 1H, b-H),
7.88 (d, J 7.0 Hz, 2H, Ph), 7.67 (s, 1H, b-H), 7.50 (t, J 7.0 Hz, 2H, Ph), 7.45
(t, J 7.0 Hz, 1H, Ph), 7.42 (s, 2H, Ar), 7.38 (s, 2H, Ar), 7.26 (d, J 2.0 Hz,
2H, Ar), 7.06 (d, J 8.0 Hz, 2H, Ph), 6.93 (d, J 4.5 Hz, 1H, b-H), 6.85 (t, J
2.5 Hz, 1H, Ar), 6.84 (t, J 2.5 Hz, 2H, Ar), 6.74 (t, J 8.0 Hz, 1H, Ph), 6.63
(d, J 2.0 Hz, 2H, Ar), 6.61 (t, J 8.0 Hz, 2H, Ph), 6.36 (t, J 2.0 Hz, 1H, Ar),
4.77 (d, J 5.0 Hz, 1H, b-H), 4.18 (t, J 6.5 Hz, 4H, octyl), 4.11 (t, J 6.5 Hz,
4H, octyl), 4.06 (t, J 6.0 Hz, 4H, octyl), 3.70 (m, 4H, octyl), 1.92 (m, 4H,
octyl), 1.84 (m, 4H, octyl), 1.79 (m, 4H, octyl), 1.55–1.12 (m, 84H, octyl),
0.89 (t, J 8.0 Hz, 6H, octyl), 0.84 (t, J 8.0 Hz, 6H, octyl), 0.79 (t, J 8.0 Hz,
6H, octyl) and 0.75 (t, J 8.0 Hz, 6H, octyl). Mass (FAB): found 2273, calc.
for C144H174N8O8Zn2, 2271. UV–VIS (THF): lmax (log e) = 421 (5.58),
471 (4.88), 498 (5.00), 552 (4.65) and 645 (3.94) nm.
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Fig. 1 Molecular structure of 2b–Cu: (a) top view and (b) side view;
solvents and hydrogen atoms are omitted for clarity. Bond lengths of C(6)–
C(7) and C(6)–porphyrin meso-carbon are 1.38(1) and 1.50(1) Å,
respectively.

Fig. 2 Absorption spectra of 2a–Zn (——) and 2a–H2 (- - - - - - ) in
THF.
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Lithiation of SP[N(H)R]3 with LiBun produces the dimers
[(THF)LiSP(NR)(NHR)2]2 (R = Pri) or {[LiSP(NR)-
(NHR)2][(THF)LiSP(NR)2(NHR)]}2 (R = But) with central
Li2N2 or Li2S2 rings, respectively; further lithiation yields the
dianion [SP(NR)2(NHR)]22 (R = Pri) or leads to sulfur
extrusion when R = But.

The first polyimido analogues of the orthophosphate and
phosphite anions, i.e. [P(Nnaph)4]32 and [HP(NC6H4OMe-
2)3]22, were reported recently as their lithium derivatives.1,2

Ambidentate anions involving a combination of hard (N) and
soft (S or Se) donor sites attached to a P(V) centre display
versatile coordination behaviour3–6 and some of their alkali-
metal derivatives form extended ladder structures.4,5 For
example, the dimers of [EP(NBut)2]2, isoelectronic with
metaphosphate PO3

2, adopt a different bonding mode towards
Li+ than that observed for Na+ or K+.4 Heteroleptic imido/thio
analogues of orthophosphate PO4

32 are unknown. As a possible
approach to this potentially versatile class of anionic ligands, we
have now investigated the reactions of trisamidothiophosphates
SP[N(H)R]3 (R = Pri, But) with RALi reagents. We report here
that the steric bulk of R has a marked effect on both the mode
of aggregation and the reactivity of partially lithiated deriva-
tives of SP[N(H)R]3.

The reaction of SP[N(H)Pri]3 with LiBun in a 1+1 molar ratio
in THF produced the monolithiated derivative {(THF)LiSP(N-
Pri)(NHPri)2} 1 in 61% yield.† The 31P NMR spectrum of 1 in
C6D6 showed a singlet at d 47.9 {cf. d 56.3 for SP[N(H)Pri]3}.
An X-ray analysis of 1 revealed a centrosymmetric dimer
comprised of a step-shaped ladder in the transoid conformation
(Fig. 1).‡ The two halves of the dimer are connected by the
more polar Li–N bonds rather than the sterically unencumbered

Li–S interactions. We note that lithium thioamidates
{Li[RC(S)NRA]}n invariably aggregate through Li–S bonds.7
When the same reaction is carried out in a 1+2 molar ratio in
THF an insoluble product is formed. In the presence of
TMEDA, however, this reaction produces the dilithiated
complex {[(TMEDA)Li]2[SP(NPri)2(NHPri)]} 2.† Solid state
7Li and 31P NMR spectra of 2 showed singlets at d 1.9 and
d 45.7, respectively. An X-ray analysis showed that 2 has a
monomeric structure and contains the dianion [SP(NPri)2(NH-
Pri)]22 (Scheme 1). Apparently, chelation of Li+ ions by a
TMEDA ligand prevents extensive laddering via Li–N inter-
actions (cf. {[p-MeC6H4N(H)Li·TMEDA]2});8 the latter phe-
nomenon may account for the insolubility of the product
obtained in the absence of TMEDA.

The reaction of SP[N(H)But]3 with LiBun or LiN(SiMe3)2 in
THF in a 2+3 molar ratio produces the complex {[LiSP(N-
But)(NHBut)2][(THF)LiSP(NBut)2(NHBut)]}2 3 in an optimum
yield of 82%.† In contrast to the Li–N interactions observed for
1, an X-ray analysis showed 3 to be a dimer in which the central
feature is a cisoid Li4S4 ladder (Fig. 2).‡ There is a
crystallographic twofold axis through the middle of the central
Li2S2 ring. The asymmetric unit of 3 is comprised of an
aggregate of the mono- and di-lithiated derivatives, LiSP(N-
But)(NHBut)2 and Li2SP(NBut)2(NHBut), respectively, linked
by Li–S and Li–N bonds to give a distorted Li3PS2N2 cube
{bond lengths range from 1.615(6) [P(1)–N(2)] to 2.635(13) Å
[Li(2)–S(2)]}. The solid-state 31P NMR spectrum of 3 shows
two resonances at d 28.5 and 25.8. Complex 3 is also generated

Fig. 1 X-Ray structure of 1 (30% probability ellipsoids). Only the secondary
C atoms of Pri groups and O atoms of THF molecules are shown for clarity.
Selected bond lengths (Å) and angles (°): S(1)–P(1) 1.9927(8), S(1)–Li(1)
2.526(4), P(1)–N(3) 1.6101(17), Li(1)–N(3) 2.129(4), Li(1)–N(3)*
2.104(4); P(1)–S(1)–Li(1) 75.12(8), N(3)–P(1)–S(1) 107.90(7), P(1)–N(3)–
Li(1) 95.34(13), N(3)–Li(1)–S(1) 77.23(12), N(3)–Li(1)–N(3)* 110.21(17),
Li(1)–N(3)–Li(1)* 69.79(17).

Scheme 1 Reagents and conditions: L = THF. (i) LiBun, TMEDA (ii)
LiBun.
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when the reaction of SP[N(H)But]3 with LiBun is carried out in
a 1+1 molar ratio. In contrast to the behaviour of the Pri system,
however, the use of a 1+2 molar ratio for this reaction results in
sulfur extrusion to give the complex [(THF)LiP(NBut)3]2 4 in
ca. 15% yield. An X-ray analysis revealed that 4 is an Li2N4P2
cubane with exocyclic NBut groups attached to P, i.e. the
dimeric lithium derivative of the trisimidometaphosphate anion
[P(NBut)3]2 (Scheme 1). Monomeric analogues of 4, e.g. the
ion-separated complex [Li(THF)4]+[P(NMes*)3]2, have been
reported.9 The P(III) analogue of 4 also has a cubane structure
which, in the absence of THF ligands, dimerizes via Li–N
interactions.10,11 The facile extrusion of sulfur in this lithiation
process is in marked contrast to the formation of Li-
2[ButN(S)P(m-NBut)2P(S)NBut] via lithiation with LiBut in
boiling THF.4b Further details of this desulfurization process
and the X-ray structures of 2 and 4 will be given in a full account
of this work.

In summary, we have shown that steric effects influence the
mode of aggregation and the reactivity of lithium derivatives of
trisamidothiophosphates. The anions in 1 and 2 represent novel
examples of multidentate ligands with hard (N) and soft (S)
donor sites attached to a P(V) centre.

We thank the NSERC (Canada) for financial support and Dr
R. MacDonald (University of Alberta) for the collection of the
X-ray data for 1 and 2.

Notes and references
† Synthesis of 1: a solution of LiBun in hexanes (2.5 M, 1.69 mL, 4.21
mmol) was added to a solution of SP[N(H)Pri]3

12 (1.00 g, 4.21 mmol) in
THF (25 mL) at 23 °C. After 2 h, solvent was removed in vacuo and the
residue washed with n-pentane (2 3 5 mL) to give 1 as a pale yellow solid
in 61% yield. X-Ray quality crystals were obtained by layering hexane onto
a THF solution at 23 °C. 1H NMR (C6D6, 23 °C): d 3.66 (m, THF), 2.12 (s,
2 H, NH), 1.43 (m, THF), 1.24 [br d, 18 H, CH(CH3)2], 3.45 [m, 3 H,
CH(CH3)2]. 31P{1H} NMR (C6D6, 23 °C): d 47.9 (s); (solid state): d 55.0
(s). 7Li NMR (C6D6, 23 °C): d 21.2 (s).

Synthesis of 2: a solution of LiBun in hexanes (2.5 M, 3.37 mL, 8.43
mmol) was added to a solution of SP[N(H)Pri]3 (1.00 g, 4.21 mmol) in

toluene (20 mL) and TMEDA (10 mL) at 23 °C. After 2 h, solvent was
removed in vacuo and the residue washed with pentane (2 3 10 mL) to give
2 as a white solid in 56% yield. X-Ray quality crystals were obtained by
layering n-hexane onto a TMEDA–toluene solution at 23 °C. 31P{1H}
NMR (solid state): d 45.7 (s). 7Li NMR (solid state): d 1.9 (br s).

Synthesis of 3: A solution of (Et2O)LiN(SiMe3)2 (6.82 g, 28.2 mmol) in
THF (15 mL) was added slowly to a stirred solution of SP[N(H)But]3

13

(5.00 g, 17.9 mmol) in THF (25 mL) at 23 °C. After 18 h solvent was
removed and the residue washed with n-pentane (3 3 5 mL) to give 3 as a
white powder in 82% yield. X-Ray quality crystals were obtained from a
THF–hexane solution at 23 °C. 1H NMR (d8-THF, 23 °C): d 3.61 (m,
[O(CH2)2(CH2)2]), 1.90 (3 H, NH), 1.76 (m, [O(CH2)2(CH2)2]), 1.34 (36 H,
But), 1.17 (18 H, But). 31P {1H} NMR (d8-THF, 23 °C): d 33.1 (br s); (solid
state): d 28.5 (s), 25.8 (s). IR (cm21): 3360 [n(N–H)].
‡ Crystal data for 1: C26H62Li2N6O2P2S2, M = 630.76, monoclinic, space
group P21/c (no. 14), a = 11.0007(16), b = 17.324(3), c = 10.8355(16) Å,
b = 114.463(2)°, V = 1879.6(5) Å3, Z = 2, Dc = 1.114 g cm23, m(Mo-Ka)
= 2.56 cm21. Crystal dimensions 0.71 3 0.44 3 0.34 mm. Data were
measured on a Bruker AXS P4/RA/SMART 1000 CCD diffractometer at
280 °C using Mo-Ka radiation. The structure was solved by direct methods
(SHELXS-97) and the non-hydrogen atoms were refined anisotropically
using data that were corrected for absorption (SHELXL97-2). 3030 of the
3837 unique reflections had I ! 2.00s(I). The final agreement factors were
R1 = 0.0488, wR2 = 0.1420.

Crystal data for 3: C112H260Li12N24O4P8S8·C5H12, M = 2667.12,
monoclinic, space group C2/c, a = 24.145(4), b = 16.462(4), c =
23.405(5) Å, b = 110.45(1)°, V = 8716(3) Å3, Z = 2, Dc = 1.016 g cm23,
m(Mo-Ka) = 2.22 cm21. Crystal dimensions 0.60 3 0.50 3 0.40 mm. Data
were collected at 2103 °C on a Rigaku AFC 6S diffractometer and
corrected for absorption. The structure was solved by direct methods
(SIR92) and expanded using Fourier techniques (DIRDIF 94). One THF
molecule was disordered over two sites with unequal site occupancy factors.
3940 of the 7694 unique reflections had I ! 2.00s(I). The final agreement
factors were R1 = 0.0762, wR2 = 0.2325. CCDC reference numbers
168972 and 168973. See http://www.rsc.org/suppdata/cc/b1/b105360b/ for
crystallographic data in CIF or other electronic format.
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Fig. 2 X-Ray structure of 3 (40% probability ellipsoids). For clarity only a-
C atoms of But groups and O atoms of THF molecules are shown. Selected
bond lengths (Å): Li(1)–S(1) 2.429(12), Li(1)–S(2) 2.541(13), Li(2)–S(2)
2.635(13), Li(3)–S(1) 2.614(13), Li(3)-S(2) 2.614(13), Li(3)–S(1)*
2.449(12), P(1)–S(1) 2.077(2), P(2)–S(2) 2.036(2), P–N (amido) [mean
1.670(14), range 1.651(6)–1.683(6)], P–N (imido) [mean 1.599(24), range
1.566(7)–1.617(6)], Li–N [range 1.937(13)–2.275(13)].
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Reaction of N-[(alkoxy)benzoyl]hydrazides and diisocyanates
produces bis[(alkoxy)benzoylsemicarbazides] that allow for
‘cold gelation’ of organic liquids by mixing low viscous gelator
solutions with a large excess of the respective solvent at ambient
temperature.

‘Organogels’ are elastic- or viscoelastic materials consisting of
solvents and low molecular weight organic ‘gelators’. Most
efficient gelation is found from gelators that self-assemble to
networks of fibrous structures with large aspect ratios, e.g. rods
or ribbons.1 Though organogels have been known for a long
time2 only a few examples of designed gelators have been
reported so far.3,4

A simple rational concept to construct gel forming molecules
is to prepare nearly flat amphiphilic molecules consisting of
small polar and bulky non polar parts.4 According to this idea
rod formation was found with tris(alkoxy)benzamides,5 N-
sorbitoyl-3,4,5-tris(alkoxy)benzamides,6 and crown ether am-
phiphiles.4 The latter have been used to generate supramo-
lecular ion transport channels.7 We prepared dumb-bell shaped
amphiphiles to increase the thermal- and mechanical stability of
the resulting gels.

Urea type hydrogen bonds are known to stabilise gelator
assemblies.8 In extension of this concept bis[(alkoxy)benzoyl-
semicarbazides] of the general structure Y–CO–NHNH–CO–
NH–X–NH–CO–NHNH–CO–Y (Scheme 1) have been pre-
pared. Y represents alkoxyphenyl units, and X denotes either an
aromatic or an aliphatic moiety. Bis(semicarbazide) cores have

been selected because of (i) their ability to form up to 14
hydrogen bonds per molecule, (ii) their simple preparation† and
(iii) their large structural variability. Table 1 summarizes the
compounds prepared so far. The thermal stability of the
bis(semicarbazides) 1–10, was obtained from TGA, and
confirmed by thermo-optical analysis (TOA).

Compounds 2, 3, 6, 8 and 9 started decomposing before
melting, hence phase transition temperatures were not reproduc-
ible on repeated heating of a sample. All semicarbazides melted
into optically anisotropic liquids, but isotropisation tem-
peratures could not be obtained due to vigorous decomposition
on exceeding 250 °C. The mesophase type is not yet
determined.

The solubility of the semicarbazides was tested with solvents
of different polarity. Mixtures of 2.5 wt% solute and 97.5 wt%
of the solvent were annealed at 20 °C for 2 h, and subsequently
heated to the boiling point of the solvent until a clear solution
was obtained. The semicarbazides 1–5, and 7–10 did not
dissolve at ambient temperature in any of the tested solvents,
only swelling of the materials was occasionally observed.
Swelling most frequently occurred in the presence of THF,
CHCl3, styrene, toluene, and hexane. At elevated temperatures
the solubilities strongly depended on the molecular structure.
The derivatives with a 1,4-phenylene-core (1–7) were much less
soluble than the tolylene (8, 9), and the 1,8-naphthylene (10)
compounds. With decreasing number of attached alkyl chains
the solubility was reduced and the 4-decyloxy derivative 7
could only be dissolved in boiling DMF while all other solvents
failed.

Thermoreversible gelation was studied as an indication for
the self-ordering to supramolecular structures. Table 2 sum-
marises qualitative tests with 2.5 wt% solutions of 1–10. The
hot semicarbazide–solvent mixtures were cooled at a controlled
rate ( < 6 K min21) to induce gelation. Three types of gels have
been distinguished: (i) transparent–clear gels, (ii) turbid–
translucent gels, and (iii) opaque–white gels. Opaque gels were
most frequently obtained from the polar solvents, while the non-
polar liquids preferably yielded clear gels.Scheme 1 General formula of the bis[(alkoxy)benzoylsemicarbazides].

Table 1 Synthesised bis[(alkoxy)benzoylsemicarbazides]

No. Core R1 R2 R3 Td/°C Tm/°C DHm
f

1 1,4-PDIa C8H17O C8H17O C8H17O 229 ± 2 220 68.1
2 1,4-PDI C10H21O C10H21O C10H21O 220 ± 2 230 73.8
3 1,4-PDI C12H25O C12H25O C12H25O 223 ± 2 227 82.4
4 1,4-PDI C16H29O C16H29O C16H29O 220 ± 2 209 64.0
5 1,4-PDI C10H21O C10H21O H 225 ± 2 194 116.0
6 1,4-PDI C10H21O H C10H21O 220 ± 2 225 66.4
7 1,4-PDI H C10H21O H 250 ± 3 234 78.3
8 2,4-TDIb C12H25O C12H25O C12H25O 212 ± 5 213 143.0
9 2,6-TDIc C12H25O C12H25O C12H25O 202 ± 4 211 96.5

10 1,8-NDId C12H25O C12H25O C12H25O 208 ± 5 199 160.0
11 1,6-HMDIe C12H25O C12H25O C12H25O 255 ± 5 95 15.0

a 1,4-Phenylene. b 2,4-Tolylene. c 2,6-Tolylene. d 1,8-Naphthylene. e 1,6-Hexamethylene. f Melting enthalpy in kJ mol21, Td = decomposition
temperature, Tm = melting temperature, Tm, and DHm from DSC studies.‡

This journal is © The Royal Society of Chemistry 2001
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Ethanol was a bad solvent for all bis(semicarbazides), opaque
gels were formed from ethanol solutions of 2, 3, 9 and 10. The
critical gelation concentration was below 1 wt%.

Except for 4 and 7 all semicarbazides formed transparent–
clear gels in hexane solutions. Compounds 2, 5, 6 and 8 formed
clear solutions of high viscosity with hexane that settled to clear
gels on cooling to ambient temperature. The gels could not be
melted on re-heating the samples to the boiling temperature of
n-hexane. Clear solutions of high viscosity were also found at
20 °C with 3–tert-butyl acetate, 9–toluene, 9–styrene, and
10–toluene (cf. Table 2). In CHCl3 2.5 wt% of 1 and 2 only
partially dissolved, but the heterogeneous mixture gelled upon
cooling. Similar observations were made with 2 in toluene and
styrene. The gels from such mixtures consisted of swollen
gelator particles dispersed in a gelled matrix.

It may be summarised that gelation was most pronounced
with relatively non-polar solvents like CHCl3, styrene, toluene,
and n-hexane, since the solubility of the carbazides was rather
limited in non-polar liquids. This orthogonality in solubility and
gelation offers intriguing perspectives to induce gel formation
by changing the solvent composition (‘cold gelation’). Such a
situation might be of practical interest as it allows to add a low
viscous dissolved gelator to a solution or dispersion that should
be gelled, or thickened.

An attempt was made to gel solutions of 1 in DMAc by
addition of toluene or n-hexane as diluents of lower polarity. At
20 °C up to 33 wt% of 1 is soluble in DMAc without gelation.
On diluting the concentrated DMAc solutions, gels were
immediately formed. While the toluene gels were slightly
turbid, clear gels emerged from n-hexane (cf. Table 3).

In a similar way hot solutions of DMF and 33 wt% of 2 were
gelled by addition of toluene or hexane. Dilution of DMF
solutions by means of CHCl3 resulted in turbid inhomogeneous
gels on exceeding 4.5 wt% of 2 that became opaque on standing
for a prolonged time ( > 12 h). Between 2.4 and 0.6 wt% of 2
transparent viscous liquids, containing streaky inhomogeneous
regions, were obtained directly after mixing. Within 90 min the
inhomogeneities vanished, and simultaneously the mixtures

transformed to viscoelastic fluids. The viscoelastic properties
have been recognised by the recoil of entrapped air bubbles
subsequent to swirling the liquids in a vial.9 On standing over
night the fluid transformed to a turbid soft gel. Similar
viscoelastic fluids arised from dilution of 1.2 wt% 2 in THF
with petrol ether to an overall concentration of 0.85 wt%.

Scanning force microscopy (Fig. 1) resolved the gel network
to consist of fibre bundles 90–150 nm in diameter. The bundles
contained elementary strings with diameters below 50 nm.

These few examples demonstrate the potential of bis(semi-
carbazides) to control the mechanical properties of organic
liquids. Depending on the molecular structure of the semi-
carbazide and the solvent composition solid gels, viscoelastic
fluids, or viscous liquids can be obtained. Future work will deal
with investigation of the gel morphologies, and the kinetics of
gelation.

Financial support from the German research foundation (SFB
569, A6) is gratefully acknowledged. The authors want to thank
Martin Möller for helpful discussions.

Notes and references
† A solution of 10 mmol diisocyanate in 25 mL THF was added to a solution
of 20 mmol N-[(alkoxy)benzoyl]hydrazine in 25 mL THF. After 30 min the
solvent was removed, the residue taken up with DMF, and precipitated from
acetone. The raw compound was crystallised from acetone.
‡ DSC was obtained with a PERKIN ELMER DSC 7 device, calibrated
against cyclohexane, water, and indium standards. 5 mg samples were used,
the heating rate was 10 K min21.
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Table 2 Gelation of 2.5 wt% solution of bis(semicarbazides)

Solvent 1 2 3 4 5 6 7 8 9 10

EtOH GOd GO GO P P P P P GO GO
DMF S S GO GO P S P P GO GO
HEMAa GO GO GO GO GO GO GO P GO GO
THF GO GO GO GO GT S P GO S GO
CHCl3 GC GC GC GT GC GC GO GO S GO
tBuAcb GO GO Sh GC GT P P GO GO GO
HMAc GO GT GO GT GC GT P GO GO GO
Styrene GT GT GT GT GC GC P GT Sh GT
Toluene GC GC GC P GC GC P GT Sh Sh
n-Hexane GC GC GC P GC GC P GC GC GC
a 2-Hydroxyethyl methacrylate. b tert-Butyl acetate. c n-Hexyl meth-
acrylate. d GO = opaque gel, GT = translucent gel, GC = clear–
transparent gel, P = preciptate, S = solution, Sh = viscous solution.

Table 3 Gelation of 1–DMAc solutions by addition of toluene, or n-hexane
at ambient temperature

[1]a +solvent [DMAc]b [1]c 10 min 15 h

20.0 Toluene 10.0 2.5 GT Sh
33.3 Toluene 5.0 2.5 GT GT
33.3 Toluene 1.7 0.8 GC GC
33.3 n-Hexane 6.2 3.1 GC GC
33.3 n-Hexane 2.2 1.1 GC GC
a Gelator concentration prior to dilution in wt%. b DMAc concentration.
c Gelator concentration of the final mixture in wt%.

Fig. 1 SFM picture of gel fibres of 2 (0.8 wt%) in THF–PE (2+1).
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Acylstannanes were found to add to such a,b-unsaturated
carbonyl compounds as enones or ynoates in the presence of
a nickel or palladium catalyst to give 2-stannyl-4-oxoalk-
2-enoates or 1,4-diketones, whereas the three component
coupling between acylstannanes, enones and aldehydes
provided 2-hydroxymethyl 1,4-diketones.

Well-documented synthetic precursors for five-membered ring
compounds are 1,4-dicarbonyl compounds: furans, pyrroles or
thiophenes are readily prepared by mixing with an acid,1 an
amine2 or a sulfur nucleophile,3 respectively, whereas treatment
of 1,4-diketones with a base gives cyclopentenones.4 On the
other hand, alkenes having a carbonyl group at both of the
carbon atoms behave as good dienophiles in the Diels–Alder
reaction. Although addition of a C–H bond of aldehydes to a,b-
unsaturated carbonyl compounds provides a straightforward
way to 1,4-dicarbonyl compounds,5 the reaction is hard to apply
to synthesis of structurally complex targets. For this purpose,
acylmetalation of a,b-unsaturated carbonyl compounds6 is
apparently beneficial, since metal atoms of resulting organome-
tallic compounds can be replaced by various groups through the
reaction with electrophiles. Here we report the nickel-catalysed
acylstannylation of ynoates,7 the palladium-catalysed addition
of the acyl group of acylstannanes to enones, and the palladium-
catalysed three component coupling between acylstannanes,
enones and aldehydes to give 2-hydroxymethyl 1,4-dike-
tones.8

We first examined the reaction of benzoyl(trimethyl)tin (1a)
with methyl oct-2-ynoate (2a) in the presence of 5 mol% of
bis(cycloocta-1,5-diene)nickel, Ni(cod)2. The reaction in tolu-
ene at 30 °C for 2.5 h gave an 88+12 mixture of methyl (Z)-
3-benzoyl-2-trimethylstannyloct-2-enoate (3a) and methyl (E)-
2-benzoyl-3-trimethylstannyloct-2-enoate (4a) in 66% yield
(Scheme 1 and entry 1 of Table 1). Although the reaction in a
more polar solvent such as THF or DMF proceeded with a
perfect preference for 3a over 4a, a considerable amount of the
decarbonylation product, trimethyl(phenyl)tin, also was pro-
duced and the yield of 3a was less than 40%.9 Acylstannylation
of various alkynes with the Ni(cod)2 catalyst was next studied in
toluene (Table 1). In addition to aliphatic ynoates, trimethyl-
silyl- and phenyl-substituted propiolates also can participate in
the reaction with 1a to give regioisomeric mixtures (entries
2–4). The regiochemistry was largely affected by the substituent
on propiolate, where an electron-donating silyl group exhibited
selectivity much higher than an electron-withdrawing phenyl

group. Tributyl(propanoyl)tin (1b) also underwent acylstanny-
lation of 2a (entry 5).

Enones also were found to react with acylstannanes to give
1,4-diketones. However, a palladium complex showed catalytic
activity higher than the nickel complex (Scheme 2).  For
example, the reaction of benzoyl(tributyl)tin (1c) with methyl
vinyl ketone (5a) proceeded in the presence of tris(dibenzylide-
neacetone)dipalladium, Pd2(dba)3, in THF at 50 °C for 2 h to
afford 1-phenylpentane-1,4-dione (6a) in 71% yield. Propa-
noylstannane 1b also added to 5a or phenyl vinyl ketone (5b).
An aqueous additive in a stoichiometric amount accelerated the
reaction considerably.

Although the SnBu3 group that should be definitely versatile
for further construction of carbon frameworks was lost in the
reaction product with enones, in situ trapping with an
electrophile achieved three component coupling and accord-
ingly indicated the presence of the stannyl group in the product.
Thus acylstannanes, enones and aldehydes reacted in the
presence of a catalytic amount of Pd2(dba)3 to give labile
2-hydroxymethyl 1,4-diketones. As the products easily under-
went a retro-aldol reaction during purification by silica gel
chromatography, the three component coupled products were
isolated after acetylation with acetic anhydride–pyridine
(Scheme 3 and Table 2).

The stannyl group of the ynoate–acylstannylation products
can be easily converted into organic groups through the
palladium-catalysed cross-coupling reaction with organic hal-
ides. Actually, 3a coupled with ethyl 4-iodobenzoate in the
presence of palladium and copper catalysts and gave expected
product 9 with retention of configuration (Scheme 4).Scheme 1

Table 1 Nickel-catalysed acylstannylation of ynoatesa

Entry R1 R2 R3 R4 Time/h Yield (%)b 3+4c

1 Ph Me CH3(CH2)4 Me 2.5 66 88+12
2 Ph Me Me3Si Et 3 85 98+2
3 Ph Me Me Me 1.5 56 91+9
4 Ph Me Ph Et 24 58 66+34
5 Et Bu CH3(CH2)4 Me 24 47 79+21
a The reaction was carried out in toluene (0.4 mL) at 30 °C using an
acylstannane (0.30 mmol), an ynoate (0.90 mmol) and Ni(cod)2 (15 mmol).
b Isolated yield based on the acylstannane. c Determined by 119Sn NMR.

Scheme 2
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The catalytic cycle should be initiated by oxidative addition
of an acylstannane to a nickel(0) or palladium(0) complex as we
discussed previously,7 followed by insertion of a C–C un-
saturated bond to the C–Ni bond of oxidative adduct 10
(Scheme 5). Insertion of an ynoate should afford relatively

stable alkenylnickel complex 11, which undergoes reductive
elimination to give alkenylstannane 3. In a similar manner,
regioisomer 4 also would be produced. On the other hand,
insertion of an enone may lead to formation of palladium
enolate 12 rather than alkylpalladium complex 12A owing
possibly to relative stability of a Pd–O bond as compared with
a Pd–C bond. Reductive elimination of 12 appears to be
difficult, but the reaction of 12 with such an electrophile as
water or an aldehyde would take place, giving 6 or 8,
respectively.

In conclusion, we have demonstrated that addition of the acyl
group of acylstannanes to ynoates or enones readily takes place
in the presence of a nickel or palladium catalyst. The addition
products are further transformed into 1,4-dicarbonyl com-
pounds having a complicated structure in a separated step or a
tandem reaction. Studies on details of the mechanism as well as
synthetic applications to various unsaturated substrates and
organostannanes are in progress in our laboratories.

We thank the Ministry of Education, Science, Sports and
Culture, Japan, for the Grant-in-Aids for COE Research on
Elements Science, No. 12CE2005 and Scientific Research, No.
12750758. E. S. thanks the Asahi Glass Foundation for financial
support.
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Table 2 Palladium-catalysed three component coupling between acyl-
stannanes, enones and aldehydesa

Entry R1 R5 R6 Time/h Yield (%)b
Diastereomeric
ratio

1 Ph Me 4-CF3C6H4 1.5 64 73+27
2 Ph Ph 4-CF3C6H4 24 37 55+45
3 Et Me 4-CF3C6H4 1 62 51+49
4 Et Ph 4-CF3C6H4 1.5 44 53+47
5c Ph Me Ph 0.5 44 79+21
6c Ph Me PhCH2CH2 1 38 69+31
a The reaction was carried out in THF (0.2 mL) at 50 °C using an
acylstannane (0.15 mmol), an enone (0.23 mmol), an aldehyde (0.45 mmol)
and Pd2(dba)3 (3.8 mmol). Then, the reaction mixture was treated with acetic
anhydride (0.68 mmol) and pyridine (0.5 mL) at rt for 2 h. b Isolated yield
based on the acylstannane. c The reaction was carried out in the presence of
Linde molecular sieves Type 4A (60 mg).
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Hierarchic patterning: architectures beyond ‘giant molecular wheels’†
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Based on symmetry breaking steps under one-pot condi-
tions, simple molybdenum oxide-based building blocks
initially assemble to ‘giant molecular wheels’ in a fast
process followed by further slower assembly processes
leading stepwise to more complex mesoscopic architectures
including spherical ones and finally to those with a size
larger than 500 nm.

Molybdenum blue solutions have fascinated chemists for more
than 200 years without, however, success in identifying their
true chemical nature.1 One interesting aspect is that a structural
hierarchy is obtained in a multi-step process: the initial
assembly of very simple building blocks form ‘giant molecular
wheel’ type species within seconds, and subsequent assembly
leads to spherical patterns of the final complex architectures, as
visualised by SEM. Equally surprising and fascinating, the
whole structural hierarchy, which spans over more than four
orders of magnitude is built up under one-pot conditions
without changing the constituents.

We have used dynamic light scattering (DLS)‡ to character-
ise such solutions. The first preliminary investigations were
done using the structurally characterised ‘molybdenum blue’
compound Na24[Mo144O437H14(H2O)56]·xH2O 1 (x ≈ 250),
which contains nanoscaled wheel shaped units covalently
linked to chains.2 Surprisingly, in non-aqueous media such as
methanol or acetone, we observed only a single relaxation
process from which the hydrodynamic radius was calculated to
be about 40 nm. In particular, it should be noted that the inverse
Laplace transformation of the intensity autocorrelation function
yields a rather low variance of the size distribution of the
particles in solution (Fig. 1). Measurements with different
solutions reveal that the variation of particle sizes is always
rather small. These results are in agreement with the experi-
ments performed in methanolic and acetonic solutions prepared
from (NH4)28[Mo154(NO)14O448H14(H2O)70]·xH2O 2 (x ≈
350),3 which contains the same type of discrete ‘giant molecular

wheels’ with MoNO3+ instead of MoO4+ groups, and especially
from Na15[Mo154O462H14(H2O)70]0.5[Mo152O457H14-
(H2O)68]0.5·xH2O 3 (x ≈ 400) which can easily be obtained in
crystalline form and high yield in a facile synthesis.4 With DLS
we do not observe an additional much faster relaxation process
which would correspond to the translational motion of mono-
meric units in solution, probably due to the much lower
scattering power of these particles compared to the aggregate
structures. Model calculations were performed for rod-like or
oblate ellipsoid particles. To achieve consistency between
experimental data and theoretical predictions, we have to
assume either very elongated molecules (for example rods of 4
nm diameter and 400 nm in length) or a near spherical ellipsoid
shape.

Small angle X-ray scattering (SAXS) experiments‡ on such
fresh solutions showed the presence of small particles as
obtained from the distance distribution function [Fig. 2(a)]
which corresponds clearly to the scattering of isolated single
‘giant molecular wheel’ units for which structure and form
factors are known from the crystal structure analysis. Repeating
the measurement on these solutions after about two days
displayed significant changes. As shown in Fig. 2(b), the
corresponding distance distribution function develops further
maxima at larger distances. Supported by some preliminary
simulation calculations, this implies that for 1 and 3 chain
formation takes place where, within the limits of our present
SAXS setup, four-membered assemblies dominate.

Therefore, we assume that the chains of 1 break in solution
such that the monomeric unit is the ‘giant molecular wheel’ and
a new aggregation process initiates from this particle. This
corresponds to the observation that compound 3 which consists
of isolated ‘giant wheels’ already at the beginning also shows
this type of aggregation process. USAXS measurements would
be required to elucidate also the presence and nature of higher
aggregates with more than four members.

† Dedicated to Professor Phillip Gütlich on the occasion of his 65th
birthday.

Fig. 1 Intensity autocorrelation function g(2)(t) 2 1 and the corresponding
distribution function G(G21) of 1 or 3 in methanol.

Fig. 2 Distance distribution function P(r) from SAXS data (a) obtained from
a fresh solution of 1 (or 3, cf. text) and (b) from the same solution after two
days.
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To obtain more information about the shape of the higher
aggregated particles we examined them with an environmental
scanning electronic microscope (ESEM). Fig. 3 shows ESEM
micrographs‡ of residues obtained by drying off the solvent
under water vapour pressure. The observed spherical particles
have mainly an apparent diameter of 80–90 nm which is in
reasonable agreement with the DLS results. Particularly when
acetone instead of methanol is used as solvent even larger and
more perfect spheres are obtained. The question whether these
spherical units are filled or hollow can probably be answered
from future USAXS measurements. EDAX performed on single
spheres shows (via the carbon signal) the presence of consider-
able amounts of solvent inside, and, on switching the SEM from

the environmental to the high vacuum mode, the spherical
assemblies burst, thus implying that hollow spheres were
formed. This would also explain the obviously intrinsically
limited resolution of the ESEM pictures. Further studies will
have to elucidate the thickness and order of the spherical walls,
e.g. whether of onion type, and how and why they are formed
from chain-like building units.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie. We thank
E. Krickemeyer for his contributions.

Notes and references
‡ Experimental: compounds 1, 2 and 3 were dissolved in methanol (UV
grade) or acetone (p.a.) (c = 0.1 mg mL21 for the DLS, but higher for the
SAXS). The solutions were filtered through a filter of 0.2 mm pore size and
subsequently centrifuged for 30 min at ca. 2000 rpm to remove larger dust
particles and to de-gas the solvent. All steps were performed in an Ar
atmosphere.

DLS measurements: the light scattering measurements (l = 488 nm)
were performed at low sample concentration and with minimum laser power
to avoid any significant heating of the sample due to absorption of the
coloured material in the visible region. The experimental data were analysed
using the program CONTIN.

Small angle X-ray scattering: the SAXS experiments were carried out at
the instrument POLYP at beamline A2 at HASYLAB/DESY in Hamburg.5
The solutions used for SAXS investigations were the same as those used for
DLS and ESEM studies, but with higher concentrations (c = 5 mg mL21)
in order to obtain sufficient scattering statistics, so that the subtraction of the
solvent scattering is possible. The solutions were measured in vacuum tight
sample cells with a diameter of 1 mm and Kapton windows immediately
after preparation. A fixed wavelength of 0.154 nm, distances between
sample and detector of 0.49 and 1.91 m and measuring times of 20 min were
used.

Scanning electron microscopy: A FEI ESEM XL30 was used at an
accelerating voltage of 25 kV under 4.0 mbar water vapor pressure.
Acetonic and methanolic solutions were used directly. With the ESEM the
sample could be examined in a wet atmosphere. Under these conditions a
fast destruction of the aggregates is avoided.

1 A. Müller and C. Serain, Acc. Chem. Res., 2000, 33 and references
therein.

2 A. Müller, E. Krickemeyer, H. Bögge, M. Schmidtmann, F. Peters, C.
Menke and J. Meyer, Angew. Chem., Int. Ed., 1997, 36, 484.

3 Cf. ref. 1; for the first report of the not completely crystalline material,
see: A. Müller, E. Krickemeyer, J. Meyer, H. Bögge, F. Peters, W. Plass,
E. Diemann, S. Dillinger, F. Nonnenbruch, M. Randerath and C. Menke,
Angew. Chem., Int. Ed., 1995, 34, 2122, where an error limit had been
given for the anion charge.

4 Müller, S. K. Das, V. P. Fedin, E. Krickemeyer, C. Beugholt, H. Bögge,
M. Schmidtmann and B. Hauptfleisch, Z. Anorg. Allg. Chem., 1999, 625,
1187; see, especially: A. Müller, S. K. Das, E. Krickemeyer and C.
Kuhlmann, Inorg. Synth., in press.

5 G. Elsner, C. Riekel and H. G. Zachmann, Adv. Polym. Sci., 1985, 67,
1.

Fig. 3 ESEM images of the spherical aggregates obtained from a solution 
of 1, showing further aggregation to form some more complex architecture
(a); ESEM image of larger spherical units formed from an acetonic solution
of 3 (b).
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The hydrothermal reaction of V2O5, V2O3, 2,2A-bpy and
Na2SO4 in dilute sulfuric acid yields a novel hybrid,
[VIVO(m3-SO4)(2,2A-bpy)]H, which demonstrates the poten-
tial of constructing a new class of robust composite solids
composed of a {V/O/SO4}-based framework decorated with
organic functionalities by combining appropriate vanadyl
sulfate motifs with a variety of organic ligands.

The amalgamation of oxovanadate moieties with the tetrahedral
{PO4} ligand has produced an impressive array of vanadium–
oxide–phosphate based systems with fascinating electronic and
structural properties.1–8 Oxovanadiumphosphate-based porous-
framework materials containing unprecedented large cavities
and channels similar to those observed in conventional zeolites
and solids with double-helix structure have been synthesized
and characterized in recent years.7,8 As compared to the V/O/
PO4, however, well-defined V/O/SO4-based inorganic materi-
als prepared from the combination of sulfate with oxovanadate
units are rare.9–11

Since vanadium exhibits extensive coordination chemistry
involving a variety of organic ligands,12 the solids constructed
from {V/O/SO4} system may, in principle, incorporate appro-
priate organic ligands. This offers opportunity for making new
inorganic–organic hybrid (composite) phases containing an
inorganic {V/O/SO4} backbone decorated with organic func-
tionalities. Such compounds are practically unknown.10d We are
currently exploring the potential of this approach13 which, to
our knowledge, has not been exploited for materials design and
development. This report describes the synthesis and character-
ization by IR spectroscopy, thermogravimetry, elemental analy-
sis, manganometric titration, bond valence sum calculations,
and complete single crystal X-ray structure analysis of a new
solid [VIVO(m3-SO4)(2,2A-bpy)]H 1.

Green needle shaped crystals of 1 are prepared in ~ 78%
yield by the hydrothermal reaction of V2O5, V2O3, Na2SO4,
2,2A-bpy and 1 M H2SO4 in the molar ratio 0.5+0.5+5+3+10 at
180 °C for 48 h.†

The crystal structure‡ of 1 is shown in Fig. 1. It may be
viewed as constructed from the centrosymmetric dimer building
block, [VIV

2O2(m3-SO4)2(2,2A-bpy)2], which contains two
[VIVO(m3-SO4)(2,2A-bpy)] units linked through sulfate groups.
The crystal packing views, which exhibit alternating inorganic
(VOSO4) and organic (2,2A-bpy) layers, are aesthetically
appealing. The extended structure consists of parallel running
inorganic chains decorated by organic ligands. The individual
chains contain {VO4N2} octahedra and {SO4} tetrahedra joined
by common vertices. Every sulfate ligand, which uses three
oxygen atoms to bond three vanadium centers, bridges three
{VO4N2} octahedra each one of which, in turn, shares vertices
with three {SO4} groups. This generates a series of eight-
membered {–V–O–S–O–V–O–S–O–} rings that are fused to
construct the entire chain. The overall geometry around sulfur is
a slightly distorted tetrahedron. All O–S–O angles
(105.5–112.7°) and the S–O bond distances are in the normal
range. The octahedral geometry around each vanadium center is

defined by a terminal oxo group, three m-O groups from the
three adjacent sulfate ligands in the chain, and two nitrogen
donor atoms from a chelating 2,2A-bpy ligand. The terminal oxo
groups on vanadium centers alternate such that any two adjacent
vanadium atoms will have their terminal oxo groups pointing
toward the opposite sides of the chain.

The structure and building block units in 1 are significantly
different to those observed in our earlier reported compound
[VIV

2O2(OH)2(m-SO4)(2,2A-bpy)2] 2.13a The structure of 2
consists of ribbons constructed from the infinite inorganic
chains, [–{V2O2(m-OH)2}(m-SO4){V2O2(m-OH)2}–SO4], com-
posed of pairs of edge sharing {VO2(OH)2N2} octahedra joined
by {SO4} tetrahedra, laced by organic (2,2A-bpy) ligands. The
metrical parameters of the two V/O/SO4/2,2A-bpy-based hybrid
materials (1 and 2) are comparable.

The comparison of the two structures may suggest the
possible transformation of 2 into 1 by the replacement of the two
m-(OH) groups in 2 by a m3-SO4 group, cleavage of {V–(OH)–
V} bonds, and concomitant formation of new {V–(SO4)–V}
bonds accompanied by condensation. So far, we have not
achieved the chemical interconversion between 1 and 2.
Compound 1 can, however, be prepared by the slight modifica-
tion in the reaction used to synthesize 2. The structure of 1 is
strikingly similar to a recently reported compound [FeIII

2Cl2-
(MoO4)2(2,2A-bpy)2] 314 in which {FeCl} and tetrahedral
{MoO4} groups occupy the positions equivalent to that of {VO}
and {SO4} groups, respectively, in 1. This suggests that
{FeIIICl} and {MoVIO4} groups are topologically equivalent to
{VIVO} and {SVIO4}, respectively.15a

The bond valence sum§ calculations15b and manganometric
titration (of VIV sites) results are consistent with the formulation
and charge balance requirements of 1. Thermogravimetric
analysis of 1 reveals its remarkable thermal stability showing no
weight loss up to ~ 420 °C, a two-step weight loss in the range
423–488 °C corresponding to the decomposition of 2,2A-bpy
and sulfate ligands, and no further weight change up to 600 °C.
The IR spectrum of the black residue exhibits features [at 994w,
738m br, 699(sh), 532m and 439m cm21] of a reduced
vanadium oxide phase that has not been further characterized.

This report underlines the potential of the approach for
making new and robust inorganic–organic hybrid phases. In
view of the spectacular progress in the design and development
of V/O/PO4-based materials, it is clear that many more V/O/
SO4-based systems remain to be discovered. The suitable
combination of oxovanadate sulfate fragments and organic
ligands could yield new composites (and nanocomposites) that
may exhibit properties unobserved in purely organic or
inorganic phases.

This work was partly supported by a grant to M. I. K. from the
American Chemical Society’s Petroleum Research Fund (ACS-
PRF# 35591-AC5).

Notes and references
† A mixture of V2O5, V2O3, Na2SO4, 2,2A-bpy and 1 M H2SO4 in molar
ratio 0.5+0.5+5+3+10 contained in a 23 ml Teflon-lined Parr autoclave was
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heated for 48 h at 180 °C. After cooling the autoclave for 4 h, crystals of 1
were filtered from mother-liquor, washed with water, and dried in the air at

room temperature. The filtrate gave a second crop of 1. Compound 1 could
also be prepared by the hydrothermal reactions of [VO(H2O)4SO4]XSO4 {X
= [HN(C2H4)3NH]2+ or [H2N(C2H4)2NH2]2+},13b,c 2,2A-bpy, Na2SO4 and 2
M sulfuric acid in the molar ratio 1.25+5+2+10 at 180 °C for 48 h. Crystals
of 1 are stable in air, insoluble in common solvents, and analyzed
satisfactorily for C, H, N and S. Selected IR absorption bands for 1: (KBr
pellet, 1400–500 cm21): 1315m, 1250s, 1234s, 1158s, 1124s, 1112s, 1097s,
1056s, 1044s, 1030s, 1022s, 979s, 897w, 807w, 771s, 732s, 684m, 655m,
648w, 633m, 597s, 587s, 505m cm21.
‡ Crystal data for 1: C10H8N2O5SV, M = 319.18, monoclinic, space
group P21/n, a = 6.4102(6), b = 16.4887(16), c = 10.2176(10) Å, b =
99.417(2)°, U = 1065.40(18) Å3, Z = 4, T = 158(2) K, Dc = 1.99 Mg m23,
m = 1.146 mm21, F(000) = 644, crystal size = 0.22 3 0.05 3 0.03 mm.
A total of 7756 reflections (2.37 @ q @ 23.27°) were collected, of which
1530 unique reflections were used for structural elucidation (Rint = 0.0487).
The final R1 was 0.0658 (all data).

CCDC reference number 167561. See http://www.rsc.org/suppdata/cc/
b1/b106866k/ for crystallographic data in CIF or other electronic format.
§ 4.0 valence unit per vanadium center in the compound.
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Fig. 1 (a) A view of the extended structure of [VIVO(m3-SO4)(2,2A-bpy)]H.
(b) Structure of a chain showing eight-membered rings. (c) The centrosym-
metric building block unit in the crystal structure of 1 showing atom-
labeling scheme. Hydrogen atoms are not shown. Selected bond lengths
(Å): V1–O1 1.582(5), V1–O2 1.994(5), V1–O4 2.046(5), V1–O5 2.062(5),
V1–N1 2.13396), V1–N2 2.259(6), S1–O3 1.442(5), S1–O4 1.479(5), S1–
O5 1.484(5), S1–O2 1.499(5).
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Stereoselective total synthesis of (+)-myriocin from D-mannose
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The stereoselective total synthesis of myriocin 1 from D-
mannose is described; the carbon framework with three
contiguous chiral centers including a tetra-substituted car-
bon with nitrogen was effectively constructed using Over-
man rearrangement as the key reaction.

Myriocin1 (also known as thermozymocidin2 and ISP-I3) 1 (Fig.
1) is an a,a-disubstituted a-amino acid derivative isolated from
the culture broth of Myriococcus,1 Mycelia2 and Isalia,3 and
reported to show antifungal1,2 as well as immunosuppressive
activities.3 Its promising immunosuppressive properties4 and
unique structure have attracted much synthetic interest, and
several total5 and formal syntheses6 of 1 have been reported to
date. A structural feature of 1 is the unusual a,a-disubstituted a-
amino acid framework with three contiguous chiral centers
including a tetra-substituted carbon with nitrogen. For construc-
tion of the tetra-substituted carbon, previous syntheses adopted
the Strecker synthesis,6a hydrocyanation of imines,5a the
Darzen reaction,5b,6c Pd-catalyzed hydroxyamination of a vinyl
epoxide,6b asymmetric aldol reaction of chiral dilactim ethers,5c

and Lewis acid catalyzed cyclization of an epoxytrichloro-
acetimidate.5d Our previous success in total synthesis of
lactacystin, a heterocyclic natural product with an a,a-
disubstituted a-amino acid framework, from D-glucose7 sug-
gested that the rearrangement of an allylic trichloroacetimidate
(Overman rearrangement)8 derived from a furanose with proper
functionalities would generate the tetra-substituted carbon
stereoselectively. This methodology was also expected to
provide an efficient approach to the highly functionalized part
in 1. Here we report the realization of this plan in a total
synthesis of 1 from D-mannose.

The known glycal 29 derived from D-mannose in three steps
(80% overall yield) (Scheme 1) was converted into a-methyl
furanoside 3† by oxymercuration-reduction followed by acid
treatment in 81% yield. The primary hydroxy group in 3 was
selectively p-methoxybenzylated10 to afford 4 (95% yield).
Swern oxidation of 4 generated ketone 5, which was submitted
to the Horner–Emmons reaction to provide an inseparable
mixture of (E)-alkene 6 and its (Z)-isomer (15+1) in 90% yield
from 4. DIBAL-H reduction of the mixture followed by
chromatographic separation afforded geometrically pure (E)-
allyl alcohol 7 and its (Z)-isomer in 93 and 6% isolated yields,
respectively. Compound 7 was converted into trichloroacetimi-
date 8, which, without isolation, was subjected to Overman
rearrangement. Thus, a xylene solution of 8 was heated at 140
°C in the presence of K2CO3

11 in a sealed tube for 72 h to
provide an inseparable mixture of rearranged products 9 and its
C(5) epimer in a ratio of 7+1 (determined with 300 MHz 1H
NMR) in 90% yield from 7.‡ The newly formed ster-
eochemistry in 9 was determined to be R by NOE experiments

Fig. 1

Scheme 1 Bn = –CH2Ph, MPM = –CH2C6H4-p-OMe. Reagents and
conditions: i see ref. 9; ii Hg(OAc)2, THF–H2O, room temp., then KI,
NaBH4, THF–H2O, 0 °C; iii AcOH–H2O (3+2), room temp., then AcCl,
MeOH, 0 °C; iv n-Bu2SnO, toluene, reflux, then MPMCl, CsF, DMF, 70 °C;
v (COCl)2, DMSO, CH2Cl2, 278 °C, then Et3N, 0 °C; vi (MeO)2-
P(O)CH2CO2Me, LiBr, DBU, CH3CN, 240 °C; vii DIBAL-H, toluene,
278 °C; viii Cl3CCN, DBU, CH2Cl2, 0 °C; ix K2CO3, o-xylene, 140 °C; x
O3, MeOH, 278 °C, then NaBH4, 0 °C; xi DBU, CH2Cl2, room temp.; xii
1 M aqueous HCl–THF (1+1), room temp., then Ac2O, DMAP, pyridine,
room temp.; xiii O3, CH2Cl2, 278 °C, then Me2S; xiv NaClO2, NaH2PO4,
HOSO2NH2, t-BuOH–H2O, room temp., then Me3SiCHN2, MeOH, room
temp.; xv 4 M aqueous HCl–THF (1+3), room temp., then Ph3PNCHCO2Et,
toluene, room temp.; xvi DIBAL-H, THF–toluene, 215 °C; xvii MsCl,
Et3N, CH2Cl2, 0 °C, then LiBr, acetone, room temp.

This journal is © The Royal Society of Chemistry 2001

1932 Chem. Commun., 2001, 1932–1933 DOI: 10.1039/b104864n



of bicyclic carbamate 10 derived from 9 in four steps (46%
overall yield). Ozonolysis of the mixture of 9 and its C(5)
epimer (Me2S work-up) followed by oxidation and esterifica-
tion, and subsequent chromatographic separation afforded 11 in
a diastereochemically pure form (82% yield from the mixture of
9 and its epimer). Acid hydrolysis of 11 provided an anomeric
mixture of lactol, which was then reacted with stabilized ylide
to give (E)-alkene 12 as a single isomer in 71% yield. When
compound 12 was treated with DIBAL-H in THF–toluene at
215 °C, only the a,b-unsaturated ester function was reduced to
afford allyl alcohol 13 (75% yield), which was transformed into
cyclic carbamate 14 in 86% yield. The observed coupling
constant in 14 (J6,7 = 15.6 Hz) clearly supported the (E)-
geometry of the double bond. The primary hydroxy group in 14
was converted into corresponding bromide to furnish the highly
functionalized moiety, allyl bromide 15 in 92% yield.

The hydrophobic part of myriocin, sulfone 16, was prepared
by treatment of 1-bromododecan-6-one§ with PhSO2Na, fol-
lowed by ketalization (82% yield) (Scheme 2). Sulfone 16 was
lithiated with n-BuLi, and then reacted with the allyl bromide 15
to afford the coupling product 17 in 80% yield. Saponification
of 17 and subsequent Birch reduction gave crude carboxylic
acid 18. Removal of the ketal group and carbamate function in
18 followed by conventional acetylation provided the known g-
lactone 19 {[a]20

D +54 (c 0.7, CHCl3); lit.2a [a]24
D +57 (c 1.0,

CHCl3)} in 47% yield from 17. The spectral data for 19 were
identical in all respects to those kindly provided by Professor
Hatakeyama.5d Finally, according to the precedent,5d saponifi-
cation of 19 followed by neutralization with weak acidic resin
(Amberlite IRC-76, H+ form) furnished (+)-myriocin 1 in 82%
yield. The spectroscopic (1H and 13C NMR) data for synthetic 1
were fully identical with those of natural myriocin, and the
physical properties of 1 {mp 168–170 °C, [a]23

D +5.1 (c 0.17,
MeOH); lit.3 mp 169–171 °C, [a]D +4.8 (c 0.286, MeOH)}

showed good agreement with those reported for the natural
product.

This synthesis established an alternative and efficient
pathway to myriocin 1 (24 linear steps and 4.9% overall yield
from D-mannose), which showed almost the same efficiency as
previous excellent approaches (2.4–5.1% overall yield).5b–d In
addition, this work proved that the novel methodology,
Overman rearrangement on a furanose scaffold,7 is quite
effective for the chiral synthesis of both acyclic and hetero-
cyclic natural products possessing highly functionalized a,a-
disubstituted a-amino acid structures. Additional applications
of this methodology in natural product synthesis are now
warranted and will be reported in due course.

We thank Professor Susumi Hatakeyama (Nagasaki Uni-
versity, Japan) for providing us with spectral data of an
authentic sample and valuable discussions. Financial support of
the Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, Sports and Culture, Japanese Government
is gratefully acknowledged.
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afforded 9 and its C(5) epimer in a ratio of 1+5 in 70% yield. 
§ 1-Bromododecan-6-one was synthesized by essentially the same proce-
dure reported by Just and Payette [see ref. 6(a)]. In place of cyclooctanone,
cyclohexanone was employed as the starting material. 
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The first total synthesis of the trichlorinated natural product
barbamide is described. The convergent approach involves
coupling (S)-3-trichloromethylbutanoyl chloride with Mel-
drum’s acid (2,2-dimethyl-1,3-dioxane-4,6-dione) to give 15
followed by addition of the novel secondary amine N-
methyl-(S)-dolaphenine 2 (prepared in 6 steps and 24%
overall yield from N-Cbz-L-phenylalanine) to give the b-keto
amide 16 which was converted directly to the required (E)-
enol ether.

An interesting feature of many biologically active marine-
derived natural products is the covalent inclusion of chlorine
and bromine. Several compounds which contain a trichloro-
methyl group have been isolated from sponges of the genus
Dysidea which have symbiotic association with cyanobacteria.1
The polychlorinated natural products include, for example, the
dysamides,2 dysidin,3 dysidenin,4 herbacic acid5 and herbamide
A.6 It has been suggested that sponge-based dysidenins are
biosynthesised from associated cyanobacteria and indeed in
1996 a new natural product, barbamide, was found in the
extracts of the cyanobacterium Lyngbya majuscula.7 From
extensive spectrocopic studies, it was proposed that barbamide
has the structure 1 encompassing a trichloromethyl group, a
thiazole ring as well as the methyl enol ether of a b-keto amide.
Barbamide is an intriguing natural product in that the tri-
chloromethyl group derives from the pro-R methyl group of
leucine without detectable activation to facilitate a potential
nucleophilic or electrophilic chlorination process. Hence, we
have proposed that biochlorination occurs through a novel
process, possibly involving radical chemistry.8 In the majority
of halogenated natural products the halogens are incorporated
into positions which are suggestive of their biochemical
reaction involving electrophilic species and indeed haloperox-
idases which catalyse such reactions have been widely stud-
ied.9

Herein we report the first total synthesis of barbamide which
confirms the structure of the natural product. Degradation
studies have indicated that the configuration at C-7 is S.8 Our
retrosynthetic analysis is shown in Scheme 1 and involves
cleavage of the amide bond to give two fragments: (S)-N-
methyldolaphenine 2 which would be derived from L-phenyl-
alanine and ketone 3 from (S)-3-trichloromethylbutanoic acid
4.

The route for the synthesis of (S)-N-methyldolaphenine 2 is
shown in Scheme 2. Treatment of commercially available N-
Cbz-L-phenylalanine 5 with an excess of sodium hydride and

methyl iodide gave the N-methyl methyl ester 6 which was
hydrolysed to the corresponding acid 7 in 80% yield over the 2
steps. A modified Hantsch method was used to form the thiazole
ring in which the acid 7 was first converted to an amide 8 via a
mixed anhydride using the approach described by Pellegata and
coworkers.10 Treatment of amide 8 with Lawesson’s reagent at
room temperature in dichloromethane11 gave thioamide 9 in
71% yield over the two steps from acid 7. Reaction of 9 with a-
chloroacetaldehyde (prepared from the corresponding dimethyl
acetal12) in DME in the presence of potassium hydrogen
carbonate followed by dehydration using trifluoroacetic anhy-
dride13 gave (S)-N-Cbz-N-methyldolaphenine 10 as a yellow
oil. Finally removal of the Cbz protecting group with hydro-
bromic acid in acetic acid gave an analytically pure sample of
the novel secondary amine 2 with [a]D 23.02† (c 0.65 in
CHCl3). To ensure that the stereochemical integrity at C-2 of 2
had been maintained throughout the synthetic route a sample of
the (R,R)-tartrate salt was prepared in CD3OD+D2O (4+1).14

The 1H-NMR spectrum of the product showed a downfield shift
of the signal assigned to 2-H from d 4.22 for amine 2 to d 4.97
in the salt, there was no trace of the other diastereomer which
was clearly apparent in a control experiment with the (R,R)-
tartrate salt of racemic amine.

With the required amine 2 in hand, we next turned our
attention to the synthesis of ketone 3 for which multigram
quantities of 4 were needed (Scheme 1). Several methods have
been reported for the preparation of 4 and the most direct is
conjugate addition of a trichloromethyl anion to the chiral
crotonyl derivatives 11 and 12.15,16 Unfortunately, despite

several attempts to repeat these reactions on a synthetically
useful scale, in our hands generation of either trichloro-
methylmagnesium chloride15 or trichloromethyllithium16 at low
temperature for reaction with 11 and 12 respectively did notScheme 1 Retrosynthetic analysis of barbamide.

Scheme 2 Synthesis of (S)-N-methyldolaphenine.
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give acceptable yields of the required product. A more
satisfactory approach proved to be resolution of the racemic
acid.

Racemic trichloromethylbutanoic acid has been prepared
previously via radical addition of bromotrichloromethane to
crotonic acid followed by treatment of the resultant a-bromo
acid with zinc.17 The acid may then be resolved by separation of
the corresponding (2)-(R)-a-phenylglycinol derivatives by
HPLC giving 4 with 81% ee. However, there is some confusion
in the literature with the sign of the optical rotation for (S)- and
(R)-trichloromethylbutanoic acid.18 Thus, in order to remove
any possible ambiguity, the cinchonidine salt of 4 was prepared
and repeated crystallisation of the salt from methanol and
water16 gave a single diastereomer as determined by 1H- and
13C-NMR spectroscopy. X-Ray crystallography revealed the
(R)-configuration for C-3 of the trichloromethylbutanoic acid
portion of the salt 13. Treatment of the salt with potassium
hydroxide followed by 2 M HCl gave, after work up, (R) (+)-4
with [a]D +25 (c 1.8 in EtOH).

For the synthesis of 4, the (4R,5S)-4-methyl-5-phenyl-
2-oxazolidinone19 derivative of racemic trichloromethylbuta-
noic acid was prepared and the diastereomers were separated by
column chromatography on silica. Following hydrolytic cleav-
age with lithium hydroxide–hydrogen peroxide the required (S)-
4 ([a]D 228.9, c 0.96 in EtOH; lit.15 228.09, c 2.12 in EtOH)
was isolated as well as recovered auxiliary, both in quantitative
yield. From the retrosynthetic analysis shown in Scheme 1, the
next stage of the synthesis of barbamide required a two carbon
homologation of (S)-trichloromethylbutanoic acid 4 to give a b-
keto acid derivative 3 with a suitable leaving group for reaction
with (S)-N-methyldolaphenine 2. Several approaches were
investigated to achieve these final steps and the most direct
route proved to be conversion of acid 4 to the corresponding
acid chloride 14 with thionyl chloride followed by coupling 14
with Meldrum’s acid to give the intermediate 15 (Scheme 3).20

Treatment of 15 with 2 gave 16 with the framework of
barbamide in 51% yield over the three steps from 4. Finally, the
(E)-enol ether was formed by reaction of b-keto amide 16 with
sodium hydride and dimethyl sulfate in the presence of HMPA.
A 1+1 mixture of two products was formed in this final stage of
the synthesis due to epimerisation at C-7 under the basic
reaction conditions. These compounds were readily separated
by HPLC21 giving the less polar product barbamide 1 and
7-epibarbamide 17, [a]D +73.4 (c 1.13 in CH3OH). The 1H- and
13C-NMR and mass spectra of the synthetic material 1 were
found to be identical with those of the natural product.7 The
optical rotation of synthetic barbamide was [a]D 281.9 (c 0.95
in CH3OH) whilst that of an authentic sample of the natural
product gave [a]D 282 (c 1.2 in CH3OH).

Recently three further metabolites (pseudodysidenin 18,
dysidenamide 19 and nordysidenin 20) containing the 3-tri-

chloromethylbutanyl unit have been isolated from L. ma-
juscula.22 Unlike barbamide which is biosynthesised from L-
trichloroleucine and a derivative of L-phenylalanine,8 it is
apparent that these metabolites are assembled from L-tri-
chloroleucine and an L-alanine derivative (as determined by
degradation studies). The 2S,5S,7S configurations of 18, 19 and
20 were assigned by chiral HPLC and comparison of their
optical rotations (which were all negative) to other poly-
chlorinated natural products.22 The synthetic studies described
herein confirm that barbamide 1 isolated from extracts of L.
majuscula, encompasses the (3S)-trichloromethylbutanyl unit
which is in accord with the assignment of the configuration of
the 2S and 7S stereocentres in these new structurally related
metabolites 18, 19 and 20 which have been isolated more
recently from L. majuscula.

We are very grateful to Dr Clive Smith, GlaxoSmithKline for
his kind assistance in the preparation of (S)-3-trichlorome-
thylbutanoic acid and Dr Lee Hall for the X-ray analysis. The
University of Bristol is thanked for a Scholarship (to
V.-A. N.).
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New supported heterogeneous catalysts have been syn-
thesised through the tethering of copper bis(oxazoline)
complexes to the surfaces of MCM-41 and MCM-48
mesoporous materials, and the prepared catalysts shown to
be highly active in the enantioselective cyclopropanation of
styrene with ethyl diazoacetate.

Bis(oxazoline) complexes have been widely reported as being
excellent catalysts for a broad range of organic reactions.1 The
most extensively used bis(oxazoline) ligands have been those
containing a single carbon spacer between the oxazoline rings
(e.g. 1), enabling the ligand to chelate to a metal centre forming
a stable six-membered ring. The ease with which differing
bis(oxazoline) ligands may be synthesised, with stereocontrol
over the C2-symmetry of the ligand, combined with their ability
to complex a variety of transition metal cations, has enabled
catalysts to be tailored to give good yield and selectivity in
asymmetric syntheses including Diels–Alder,2 cyclopropana-
tion,3 aziridination4 and oxidation reactions.5

With the success and diversity of chiral bis(oxazoline)
catalysts in enantioselective reactions in the homogeneous
phase, attention has also turned to the development of
heterogenised systems which may be of significant industrial
interest. Previous studies have seen the encapsulation of
bis(oxazoline) complexes within zeolites via ‘ship-in-a-bottle’
type syntheses,6 and layered aluminosilicate clay materials.7,8

Both these strategies have met with some success, but have
recognised the potential problem of accessibility of reactants to
the catalytically active sites due to pore blocking. In both cases
the interaction between the complex and the host material is
through ionic interactions which, dependent on the nature of
support, can lead to problems of leaching of the ligand complex
into solution. An alternative strategy which prevents leaching of
ligand is to covalently bind the ligand to the substrate,
demonstrated for bis(oxazolines) through their attachment to
dendritic cores9 and polymers.8,10

We have investigated an alternative method for the develop-
ment of heterogenised bis(oxazoline) catalysts through the
covalent binding of the ligand to the surface of the inorganic
mesoporous materials, MCM-41 and MCM-48. These MCM-
type materials11,12 are large pore silicates with high surface
areas, which are ideal for use as catalyst supports. The size of
the pores (ca. 30 Å) is sufficient that, upon catalyst immobilisa-
tion, good accessibility to isolated active sites is maintained,
while also potentially enabling reactions involving larger
substrates than are possible with conventional supports such as
zeolites and clays. In many other studies, catalytically active
species have been successfully attached to mesoporous sol-
ids,13,14 either through ionic or covalent binding similar to that
we use here. To date, however, there have been no reports of the
immobilisation of the versatile bis(oxazoline) catalysts within
mesoporous materials.

We have synthesised catalysts incorporating methylene-
bis[(4S)-4-phenyl-2-oxazoline] 1 complexes, supported via
alkyl tethers on MCM-41 and MCM-48. The mesoporous silica
materials were prepared using methods derived from the
literature.12 The modified bis(oxazoline) complexes for tether-

ing were prepared using standard Schlenk techniques in a
pseudo-one-pot synthesis (Scheme 1). Typically, 0.13 mmol 1
was reacted with 0.33 mmol (2.5 equivalents) of BuLi in 5 ml
dry THF in an isopropyl alcohol–dry-ice bath, before addition
of 0.43 mmol of iodopropyltrimethoxysilane. After stirring for
several days the colour changed to red–brown, at which point
0.135 mmol of CuCl2 or Cu(TfO)2 was added and the solution
further stirred overnight. The solution was then added to 0.65 g
of MCM-41 or MCM-48 suspended in 10 ml dry THF, and 0.5
ml Et3N added. After overnight stirring, the resulting solid was
filtered off, washed and Soxhlet extracted with THF to remove
any untethered species, and dried.

Analysis by powder X-ray diffraction confirmed that the
structure of the mesoporous supporting material remained intact
through the tethering procedure and also after catalysis. Cu
contents in the final catalysts were determined by AAS; the
amount of support was selected so as to give a theoretical
catalyst loading of 0.2 mmol Cu g21, however we found in
practice that the true loading was much less than this value
(typically 20%). IR data recorded on dehydrated samples of the
supported catalysts revealed the presence of an absorption band
at ca. 1640 cm21 characteristic of the CNN double bond group
of the oxazoline ligand. All compounds were pale green–blue,
and comparison of the diffuse reflectance UV–VIS spectra of
our catalysts with those of the corresponding untethered
1+CuCl2 and 1+Cu(TfO)2 complexes revealed that a broad
absorption maximum was observed at ca. 740 nm, indicating
further that we have synthesised the mono-bis(oxazoline)
copper complex and not the di-liganded complex.3 As final

Scheme 1 Preparation of copper bis(oxazoline) catalysts tethered to the
surface of mesoporous silicas through alkylsiloxane tethering groups.
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confirmation, 13C MAS NMR of a tethered bis(oxazoline) made
in the same manner as above, but to which no CuCl2 or
Cu(TfO)2 had been added, showed peaks which matched those
seen for the free ligand, with additional peaks seen correspond-
ing to the carbons forming the alkyl chain tether to the mesopore
surface. Although NMR did not show the presence of residual
methoxy groups, it is known that the reaction between these and
the surface silanols is incomplete, resulting in complexes
attached to the surface by fewer than the maximum six Si–O–Si
linkages.

The supported catalysts prepared were tested for the
enantioselective cyclopropanation reaction of styrene with ethyl
diazoacetate (Scheme 2). As can be seen from the results in
Table 1, the supported catalysts perform favourably compared
with the homogeneous catalysts operating under the same
reaction conditions. The tethered Cl-catalysts, 2a and 2b,
performed much better giving higher yield and enantioselectiv-
ity than the homogeneous mono-bis(oxazoline) complex equiv-
alent, for significantly lower concentration of active catalyst.
The supported TfO-catalysts, 3a and 3b, showed enantiose-
lectivity only slightly lower than the homogeneous version.

Interestingly, when in a further comparison the 1+Cu(TfO)2
complex was immobilised directly onto the surface of MCM-
41, 4 (believed to be attached via hydrogen bonding between the
triflate anion and the surface Si–OH groups in a manner
analogous to that described by de Rege et al.15), the catalyst
showed respectable yield but very poor selectivity. This

suggests that, for this catalyst, the triflate complex is not leached
from the surface (in which case the reaction would be expected
to show similar results to the homogeneous system), but that the
mode of immobilisation is inferior to the covalent tethering
method we have used in generating the other catalysts.

After recovery by filtration, the catalysts were washed with
dichloromethane and dried and their structural integrity con-
firmed by XRD. On reuse, following the same catalytic
procedure as above, it can be seen that those made with copper
chloride (2a and 2b) have deactivated faster than those from the
triflate salt (3a and 3b) which show very little deactivation at
all, although there is an accompanying small drop in the ee
values and trans/cis ratio of the products observed. In part this
loss of activity and selectivity has previously been attributed to
the poisoning of the system by adsorption of by-products on the
catalyst’s surface,7 such as the dimer formed from diazoacetate
self-reacting or excess styrene, and we are currently tuning the
reaction conditions under which catalysis is carried out to
further investigate this problem. Another factor under investiga-
tion for improving the efficiency of the catalysts is the removal
of the residual surface silanol groups which may be acting to
trap side-products in the pores.

Although further work is still required to fully optimise
conditions for conversion, selectivity and recyclability in the
above reaction, the general synthetic methodology proposed
here provides the basis for a large family of mesopore supported
bis(oxazoline) catalysts to be generated for use in a wide range
of organic reactions and in particular in asymmetric synthe-
ses.

We would like to thank EPSRC for support (studentship to
R. J. C.) 
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Scheme 2 Cyclopropanation reaction between styrene and ethyl diazoace-
tate, showing the four products obtained.

Table 1 Catalytic results for the cyclopropanation reaction involving
styrene and ethyl diazoacetatea

Catalyst
Cu
(mol%) Run

Yieldb

(%)
trans/
cis

ee
(cis)c(%)

ee
(trans)d(%)

1+CuCl2 (homo) 1 1 19.5 1.99 23 21
1+Cu(TfO)2 (homo) 1 1 46.3 2.05 49 58
2a 0.10 1 38.7 1.89 48 54

2 23.7 1.80 48 52
3a 0.24 1 47.4 1.95 46 51

2 46.6 1.78 42 45
2b 0.16 1 36.6 1.69 46 51

2 27.8 1.63 44 46
3b 0.22 1 32.3 1.93 50 54

2 31.0 1.79 46 48
4 0.64 1 32 1.61 1 2
a All reactions were run at 25 °C. To a stirred solution of 3 mmol of styrene
in 2 ml of dichloroethane containing ca. 50 mg of catalyst, 50 ml of a 1%
phenylhydrazine solution was added, and 10 ml of diethyl adipate was used
as standard. 1 mmol of ethyl diazoacetate was then added and the reaction
stirred for 40 h (24 h for homogeneous reactions) before filtration, solvent
removal and purification by column chromatography. Analysis was carried
out on a CE 2000 Series Trace GC using a Chirasil-Dex CB column. b Yield
is percentage of cyclopropanes formed relative to the theoretical maximum
expected for 100% diazoacetate conversion. c Major enantiomer for cis
products is R,S. d Major enantiomer for trans products is R,R.
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The [2 + 2] photoreaction of (E)-diaminostilbene dihy-
drochloride proceeds with large rate acceleration and high
stereoselectivity via formation of a stable 1+2 host–guest
complex with cucurbit[8]uril in solution.

Bringing two reactants in close proximity and the correct
orientation to promote reactions between them in a regio- and/or
stereoselective manner is an important research goal. Supramo-
lecular encapsulation of two guest molecules in molecular
hosts1–3 or supramolecular hosts4 has been studied to achieve
this goal. For example, by forming host–guest complexes,
cyclodextrins mediate photoreaction of aromatic guests such as
anthracene,5 coumarin6 and stilbene7,8 derivatives in solution as
well as in the solid state.8,9 However, few studies reported large
rate acceleration and high stereo- and/or regioselectivity in [2 +
2] photoreactions mediated by cyclodextrins in solution.

Cucurbituril (CB[6]), a macrocycle comprising six glyco-
luril† units, forms stable host–guest complexes with small
molecules.10 Recently, we synthesized the octameric cucurbi-
turil homologue cucurbit[8]uril (CB[8]) with a cavity compara-
ble to that of g-cyclodextrin. Its large cavity can accommodate
two aromatic guest molecules to form 1+2 host–guest com-
plexes,11 or 1+1+1 ternary complexes.12 This observation
prompted us to study chemical reactions between the two guest
molecules included inside the cavity of CB[8]. Here we report
a facile, highly stereoselective [2 + 2] photoreaction of (E)-
diaminostilbene dihydrochloride [(E)-1, Scheme 1] inside the
cavity of CB[8] in solution.

CB[8] and (E)-1 form a stable 1+2 host–guest complex in
aqueous medium (D2O) as confirmed by 1H NMR spectroscopy
(Fig. 1b). Interestingly, when the host and guest are mixed in a
1+1 stoichiometry, the 1+2 complex exists as the major product.
The formation constant of the ternary complex in formic acid–
water (2+3) was measured to be (3.8 ± 0.4) 3 104 M22 by
isothermal titration calorimetry.‡ UV irradiation§ of an aqueous
solution the 1+2 complex for 0.5 h affords 3a, almost solely
(Fig. 1c). Subsequent treatment of the reaction mixture with a
small amount of base (e.g., 1 M NaOH solution) produces the
free [2 + 2] adduct, 1a,2a,3b,4b-tetrakis(4-aminophenyl)cyclo-
butane (syn-4, where a and b represent either face of the
cyclobutane ring) along with a trace amount ( < 5 %) of
1a,2b,3a,4b-tetrakis(4-aminophenyl)cyclobutane (anti-4). No
formation of the isomerization product (Z)-1 is observed. In the
absence of CB[8], however, the main reaction pathway for (E)-1
upon UV irradiation is the isomerization to (Z)-1 as usually is
the case for stilbene derivatives.13 Therefore, the present result
indicates that photodimerization is far more favorable than
photoisomerization in the cavity of CB[8]. Furthermore, the
facile formation ( < 0.5 h) of the dimers with high ster-
eoselectivity (syn–anti ratio > 95+5) in the presence of CB[8]
is in contrast to the slow formation (72 h) of dimers of a similar
stilbene derivative with moderate stereoselectivity (syn–anti
ratio ≈ 4+1) in the presence of g-CD in solution.7

What is the origin of the high stereoselectivity of the
photodimerization mediated by CB[8]? To answer the question

we carried out AM1 calculations14 on the 1+2 host–guest
complex between CB[8] and (E)-1. The most stable conforma-
tions for the ternary complex are 2a (‘syn’) or 2b (‘anti’)
(Scheme 2), in which two guest molecules are included in the
host with either ‘syn’ or ‘anti’ relationship of the olefinic
groups. In the two equally stable conformations, half of each
guest body is embedded in the host cavity while the remaining
parts of the guest molecules stick out into the solution in
opposite directions. The high stability of the conformations is
due to ion–dipole as well as hydrogen bonding interactions
between the ammonium groups of the guests and the portal
oxygen atoms of the host, and hydrophobic interaction between
the host cavity and the guests. For [2 + 2] photo-cycloaddition
to occur, however, the two olefinic double bonds should be in
close proximity as in 2aA (‘syn’) or 2bA (‘anti’), which would
lead to 3a or 3b, respectively, upon photodimerization of the
guest. Although 2aA and 2bA would also have similar stabiliza-
tion energies in solution, the concerted [2 + 2] cycloaddition of
two guests in CB[8] occurs much more effectively in 2aA than in
2bA because of the parallel orientation of the two double bonds
in 2aA.15 Furthermore, 3a is more stable than 3b (DDE ≈ 18
kcal mol21) according to the gas phase calculation.14 Although
the calculated energy difference is clearly overestimated, the
modeling results provide a possible explanation why the

Scheme 1
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photodimerization to 3a (‘syn’) is far more favorable than to 3b
(‘anti’).

In conclusion, [2 + 2] photoreaction of (E)-1 proceeds in
solution with large rate acceleration and high stereoselectivity
via formation of a stable 1+2 host–guest complex with CB[8].
The ability of the host to stabilize the two guest molecules with
a parallel orientation of the olefinic groups in close proximity
leads to the high stereoselectivity of the photodimerization. This
work thus demonstrates a synthetic utility of CB[8] as a reaction
‘vessel’ in which bimolecular reactions between appropriately

designed guest molecules can be facilitated with high regio- and
stereoselectivity.

We thank the Korean Ministry of Science and Technology
(Creative Research Initiative Program) for support of this work.
We also thank Mr Eunsung Lee for synthesizing cucurbit[8]uril
and Professor P. K. Bharadwaj for reading the manuscript.
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Fig. 1 (a) 1H NMR spectra of (trans)-1 (4 3 1023 M) in D2O; (b) after
addition of 0.5 equiv. of CB[8]; (c) after irradiation of solution (b) for 30
min. Signals for the anti adduct 3b are marked q; (d) after isolation, syn-
4–anti-4 > 95+5, in CD3CN.
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Poly(2,3,5,6-tetrafluoro-1,4-phenylenevinylene) (PTFPV)
was prepared for the first time by the Stille cross-coupling
reaction and the resulting material was characterized
through MALDI-TOF mass spectrometry, employing a
novel sample preparation protocol suitable for insoluble
compounds; preliminary optical and electrooptical measure-
ments were performed.

In recent years, conjugated organic polymers belonging to the
class of poly(1,4-phenylenevinylene) (PPV) have been success-
fully employed as active materials in several types of devices,
the most frequent use being represented by the fabrication of
light emitting diodes (OLED).1,2 However, one of the major
limiting factors in the wide commercialisation of polymer based
LED devices is their insufficient long term stability, mainly due
to the oxidative photodegradation of the organic semiconductor
layer.3

The replacement of carbon–hydrogen bonds by stronger and
less reactive carbon–fluorine bonds has been proposed as a
possible approach for increasing the chemical stability of
PPVs.4a,5 Furthermore, fluorine atoms act as electron-with-
drawing groups on the p conjugated system and consequently
they are expected to have important electronic effects on the
light emission properties of the resulting material.4b,5 For these
reasons considerable attention has been attracted by the
synthesis and optical properties of various fluorine substituted
PPVs and closely related poly(arylenevinylene)s.4,6 In partic-
ular, the synthesis of poly(2,3,5,6-tetrafluoro-1,4-phenylenevi-
nylene) (PTFPV) has been unsuccessfully attempted by the
classical soluble precursor route.6a The same protocol has been
employed for the synthesis of copolymers containing tetra-
fluorophenylenevinylene with either phenylenevinylene4a or
dialkoxyphenylenevinylene4b units. In the first case, upon
increasing the ratio between fluorinated and unsubstituted
monomers, a decrease both in the conversion to precursor
polymer and in the final yield of conjugated material was
observed.4a As a consequence, it was not practically possible to
prepare PTFPV using only the fluorinated monomer. Oligo-
meric PTFPVs having three or four aromatic rings were
obtained with very low yields, i.e. 7 and 0.6% respectively, in
the reaction of (E)-2-(pentafluorophenyl)ethenyllithium with
hexafluorobenzene.6b An alternative approach reported in the
same paper was represented by a self-polycondensation of (E)-
2-(pentafluorophenyl)ethenyllithium. However, as admitted
also by the authors, it was only possible to present rough proof,
i.e. an elemental analysis, in favour of the proposed TFPPV
structure for the resulting material.

In this communication we present our successful approach to
the preparation of such an elusive fluorinated polymer, together
with its structural characterization and preliminary measure-
ments of its properties. Our synthesis of PTFPV is based upon
a Stille cross-coupling reaction2a,d,7 (Scheme 1).

1,4-Diiodotetrafluorobenzene 1 and (E)-1,2-bis(tributylstan-
nyl)ethene 28 were suitable starting materials and Pd(AsPh3)4,9

generated in situ from Pd2(dba)3 and AsPh3, was found to be the
most effective catalyst.†

Clear evidence that the insoluble yellow powder recovered
from our reaction is PTFPV 3 is provided by the TOF mass
spectrum performed in negative mode from a matrix of
2,5-dihydroxybenzoic acid after matrix-assisted laser deso-
rption-ionization (MALDI) (Fig. 1).

Despite the complete insolubility of the material in all
common organic solvents suitable for the preparation of
samples for MALDI analysis, it was possible to get the spectra
using a protocol recently described for polyamides.10 The novel
procedure is analogous to the preparation of a KBr sample for
infrared analysis, using the matrix and the polymer in a 1+1
mixing ratio. To the best of our knowledge, the present work
represents the first application of MALDI analysis to an
insoluble conjugated polymer. The spectrum of PTFPV (Fig. 1)
consists of peaks with masses ranging from about 500 to 4500
amu. Mass-discrimination phenomena, occurring in particular
at higher molecular weight end in the MALDI-TOF spectra of
polydisperse polymers,11 allow only an approximate evaluation
of the molecular weights (Mw ≈ 2400, and Mn ≈ 1700 with a
relatively high polydispersity index D > 1.4). On the other
hand, an analysis of the MALDI-TOF spectrum enabled us to
assign the peaks to PTFPV chains with all the possible
terminations as described in Fig. 2.

Scheme 1 Polymerization reaction.

Fig. 1 MALDI-TOF mass spectrum of PTFPV. Ions are generated using a
337 nm nitrogen laser beam. The spectrum presented here is the sum of 300
shots acquired in linear mode. It was baseline corrected for presentation
quality and the matrix signals are left outside the mass range reported (see
also Fig. 2).
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The masses calculated account for the peaks within the limit
of the accuracy of about 1%, intrinsically due to the particular
sample preparation technique.

As a further characterization of our material, X-ray photo-
electron spectroscopy (XPS) elemental analysis was performed
on a silicon-supported thin film, obtained as described below.
The XPS spectrum shows the presence of carbon, fluorine, tin
and iodine in the following atomic percentages: C1s = 69.09;
F1s = 30.11; Sn3d = 0.44; I3d = 0.36. The C1s signal was best
fitted in three components respectively due to the presence of
carbon bonded to fluorine (atom% 44.19) and hydrocarbon
carbon (atom% 55.81), and a third component attributable to
p ? p* shake up satellites due to the aromatic rings.‡ The
average polymerization degree calculated assuming statistical
chain termination of an iodine atom and a tributylstannyl group
is approximately 17–20 arylenevinylene units.

The Fourier transformed infrared spectrum of the material
shows a strong band at 1490 cm21 due to C–F stretching of the
aromatic rings. A band at 963 cm21, assigned to the out of plane
bending of the vinylic C–H bonds, is consistent with a trans
geometry of the vinylene units.

In order to perform the optical and electrooptical character-
ization of the material, thin films of PTFPV (about 50 nm
thickness) were thermally evaporated under high vacuum (1026

mmHg) onto a support of quartz or commercial ITO, re-
spectively.

Absorption and photoluminescence spectra of a PTFPV film
were taken. The absorption band is centered at 347 nm. The
photoluminescence (PL), in the green region, is centered at 544
nm, showing a considerable Stokes shift.

Single-layer electroluminescent devices, fabricated using
PTFPV as emitting layer and aluminium and ITO as cathode
and anode respectively, did not yield any emission even at high
density current. According to the high electronegativity of the
fluorine atom, which should increase the electron affinity of the
polymer,12 this observation can be explained in terms of a high
energy barrier for hole injection from the ITO anode, while a
significantly lower energy barrier is expected for electron
injection from the Al cathode into the conduction band of the
PTFPV.

In fact, the introduction of a layer of TPD [N,NA-bis(3-
methylphenyl)-N,NA-diphenylbenzidine], a typical hole trans-
porter,13 between the ITO anode and the PTFPV resulted in a
working device. The I–V and E–V curves, showing current
density and emitted light power versus voltage, for an ITO/
TPD/PTFPV/Al LED are reported in Fig. 3, where the inset
illustrates the dependence of the light output on the injected
current density. The electroluminescence (EL) threshold volt-
age was 6.5 eV.

The EL spectrum essentially matches the PL one suggesting
that the radiative decay of the same exciton is responsible for the
emission in both cases.

Summing up, we have described the first synthesis of PTFPV
and performed the characterization of this insoluble material by
means of MALDI-TOF mass spectrometry, using a novel
sample preparation procedure that should enlarge the applica-
tions of this powerful analytical technique in the field of
conjugated organic materials. Useful information was also
obtained by XPS spectroscopy. Preliminary experiments have
confirmed that the length and the structure of this polymer are
suitable for the fabrication of electroluminescent devices.

This work was financially supported by Ministero dell’
Università e della Ricerca Scientifica e Tecnologica, Rome
(Project ‘Sintesi di materiali organici per applicazioni ottiche’
L.488 19/12/92, Piano ‘Materiali Innovativi’) and by Consiglio
Nazionale delle Ricerche, Rome (National Project ‘Progetto
Finalizzato Materiali Speciali per Tecnologie Avanzate II’).
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Fig. 3 I–V and E–V curves and E–I output of PTFPV LED. The area of
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Preparation of highly photocatalytic active nano-sized TiO2 particles
via ultrasonic irradiation
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A novel method for preparing highly photoactive nano-sized
TiO2 photocatalysts with anatase and brookite phases has
been developed by hydrolysis of titanium tetraisopropoxide
in pure water or a 1+1 EtOH–H2O solution under ultrasonic
irradiation; the photocatalytic activity of TiO2 particles
prepared by this method exceeded that of Degussa P25.

A great deal of effort has been devoted in recent years to
developing heterogeneous photocatalysts with high photo-
catalytic activities for their applications in solving environ-
mental problems.1–3 In order to commercialize this treatment
technique, it is of great importance to improve the preparative
methods of titania, because the photocatalytic activity and phase
transition behavior of TiO2 are significantly influenced by the
preparative conditions and methods.4–8 In this study, a novel
and simple method for preparing highly photoactive nano-sized
TiO2 photocatalysts with anatase and brookite phases has been
developed by a sol–gel method and ultrasonic irradiation in pure
water or EtOH–H2O mixed solution. This is the first report that
shows high photocatalytic activity of a photocatalyst containing
an 80% anatase and 20% brookite phase.

Sonochemistry arises from acoustic cavitation, the formation,
growth, and implosive collapse of bubbles in a liquid.8–10 The
use of ultrasound to enhance the rate of reaction has become a
routine synthetic technique for many homogeneous and hetero-
geneous chemical reactions.8–10 Sonochemistry has been used
to prepare various oxides and amorphous metal powders.8–12 In
the present work, it was found that ultrasonic irradiation could
not only accelerate the hydrolysis and crystallization of titania,
but also enhances the photocatalytic activity.

To synthesize nano-sized TiO2 particles, titanium tetra-
isopropoxide (TTIP, Aldrich) was used as a titanium source.
TTIP (0.0125 mol) was added dropwise to 100 mL pure water
or EtOH–H2O mixed solution under vigorous stirring at room
temperature. The molar ratio of EtOH to H2O (REtOH) was 0, 1
or 10. Sol samples formed by the hydrolysis process were

treated with and without ultrasonic irradiation in an ultrasonic
cleaning bath (Bransonic ultrasonic cleaner, model 3210E
DTH, 47 kHz, 120 W, USA) for 1 h, followed by ageing in a
closed beaker at room temperature for 36 h in order to further
hydrolyze the TTIP and form mono-dispersed TiO2 particles.
After the ageing, these samples were dried at 100 °C for ca. 8 h
in air in order to vaporize water and alcohol in the gels and then
ground to a fine powder to obtain dried gel samples. The dried
gel samples were calcined at 500 °C in air for 1 h to obtain TiO2
photocatalysts. Their synthesis conditions and physicochemical
properties are summarized in Table 1.

The X-ray diffraction (XRD) patterns, obtained on a Philips
MPD 18801 X-ray diffractometer using Cu-Ka radiation at a
scan rate of 0.05° 2q s21, were used to determine the identity of
any phase present and its crystallite size. The phase content of
titania can be calculated from the integrated intensities of
anatase (101), rutile (110) and brookite (121) peaks by the
method reported by Zhang.13 The average crystallite sizes of
anatase, rutile, and brookite were determined according to the
Scherrer equation. Brunauer–Emmett–Teller (BET) surface
areas (SBET) were determined using a Micromeritics ASAP
2000 nitrogen adsorption apparatus. All the samples measured
were degassed at 180 °C before the actual measurements.

The photocatalytic activity experiments on TiO2 particles for
the oxidation of acetone in air were performed at ambient
temperature using a 7000 ml reactor. The detailed experimental
process can be found in ref. 14. The photocatalytic oxidation of
acetone is a pseudo-first-order reaction and its kinetics may be
expressed as follows: ln(C0/C) = kt, where k is the apparent
reaction rate constant, C0 and C are the initial concentration and
the reaction concentration of acetone, respectively.1,2

Fig. 1 shows XRD patterns of the as-prepared TiO2 gel
powders. The TiO2 gel particles obtained from pure water
(REtOH = 0) contain anatase, as the main phase along with
brookite. With increasing REtOH, the intensities of anatase peaks
become steadily weaker and the brookite phase disappears.

Table 1 Synthesis conditions and physicochemical properties of TiO2 particles

Sample REtOH
a

Ultrasonic
irradiation Phase contentb

Crystallite
sizec/nm

SBET
d/

m2 g21 Porositye
Pore volumef/
ml g21

Pore
sizeg/nm

A 0 Yes (A): 79.6
(B): 20.4

(A): 9.5
(B): 7.9

97.61 50.6 0.218 5.9

B 1 Yes (A): 91.6
(B): 9.4

(A): 11.3
(B): 8.2

91.38 48.1 0.192 5.3

C 10 Yes (A): 100 (A): 25.8 26.34 17.7 0.052 7.2
D 0 No (A): 81.7

(B): 18.3
(A): 12.8
(B): 7.3

75.51 42.7 0.188 7.1

E 1 No (A): 100 (A): 13.1 67.5 36.3 0.136 6.82
F 10 No (A): 100 (A): 31.0 22.3 9.8 0.029 6.52

a Molar ratios of EtOH to H2O. b Determined by XRD, (A): anatase, (B): brookite. c Calculated by XRD using the Scherrer equation. d BET surface area
calculated from the linear part of the BET plot (P/P0 = 0.1–0.2). e The porosity is estimated from the pore volume determined using the adsorption branch
of the N2 isotherm curve at P/P0 = 0.995. f Total pore volume, taken from the volume of N2 adsorbed at P/P0 = 0.995. g Average pore diameter, estimated
using the desorption branch of the isotherm and the Barrett–Joyner–Halenda (BJH) formula.
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When Rw = 10, the TiO2 gel particles appear completely
amorphous. This is probably due to the fact that EtOH solvent
suppresses the hydrolysis of titanium alkoxide and rapid
crystallization of the TiO2 particles by adsorbing on the surfaces
of TiO2 particles.6,7 Usually, with increasing water content, a
stronger nucleophilic reaction between water and alkoxide
molecules will occur and more alkoxy groups in the alkoxide
will be substituted by hydroxy groups of water.7 Therefore, the
decrease in the quantity of unhydrolysed alkyls in a precursors
results in a reduction of steric hindrance by the residual alkyls,
preventing crystallization to crystalline anatase. REtOH and
ultrasonic irradiation also has a strong influence on the
crystallization behavior of TiO2 gels at 500 °C. Table 1 shows
that with increasing REtOH, the content and crystallite size of
anatase increases. This is ascribed to the fact that the heat
produced by the combustion of residual alkyls will promote the
transformation of the TiO2 phase and growth of TiO2 crystal-
lites. Moreover, ultrasonic irradiation reduces the crystallite
size of anatase. This is due to the fact that ultrasound irradiation
generates many localized hot spots in the solution and within the
gel. The hydrolysis of ·Ti–OR species is enhanced and the
polycondensation of ·Ti–OH species is promoted. This further
causes the homogeneous formation of a large number of seed
nuclei, which leads to a smaller particle size.11

Fig. 2 shows the pore size distribution curve and the
corresponding nitrogen adsorption–desorption isotherms (inset)
of sample A. The BET surface area and pore parameters of the
samples determined from the nitrogen adsorption–desorption
isotherm by the BJH (Barrett–Joyner–Halenda) method are
summarized in Table 1. This shows that all samples A–F have
a mesoporous structure. The average pore diameter is several
nm. The mesoporous structure of TiO2 particles is attributed to
pores formed between TiO2 particles.11 It is these mesopores

that allow rapid diffusion of various reactants and products
during photocatalytic reaction and enhance the speed of the
photocatalytic reaction. It can also be seen from Table 1 that
with increasing REtOH, BET surface area, porosity and pore
volume decrease and pore diameter increases, which is
attributed to the growth of TiO2 crystallites.

Fig. 3 shows the comparison of the apparent rate constants (k/
min21) of samples A–F and Degussa P25 (P25). For sample A,
the k value (5.30 3 1023) is obviously higher than that of P25
(4.19 3 1023), which is well known to have a high
photocatalytic activity.1,2 This may be attributed to the fact that
the former has a larger specific surface area, smaller crystallite
size etc. With increasing REtOH (from sample A to C), the value
of k decreases. For example, the k value of sample C is lower
than that of P25 and sample B. This is attributed to the fact that
it had a smaller specific surface area and a larger crystallite size.
On the other hand, P25 and sample A or B are composed of two
phases, corresponding to anatase and rutile and anatase and
brookite anatase, respectively. Usually, the composite of two
kinds of semiconductors or two phases of the same semi-
conductor is beneficial in reducing the combination of photo-
generated electrons and holes and in enhancing photocatalytic
activity. Fig. 3 also shows that ultrasonic irradiation obviously
enhances the photocatalytic activity of TiO2 powders whether
the solvent is pure water or EtOH–H2O. This may be ascribed to
the fact that ultrasonic irradiation enhances hydrolysis of
titanium alkoxide and promotes better crystallization of TiO2
gel, since ultrasonic cavitation creates a unique environment for
the hydrolysis of titanium alkoxide and the formation of seed
nuclei of TiO2.
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Fig. 1 XRD patterns of the TiO2 gel powders prepared from the EtOH–H2O
mixed solutions under ultrasonic irradiation with (a) REtOH = 0 (pure
water), (b) REtOH = 1 and (c) REtOH = 10; and dried at 100 °C for 8 h.

Fig. 2 Pore size distribution curve calculated from the desorption branch of
the nitrogen isotherm by the BJH method. (Inset) The corresponding
nitrogen adsorption–desorption isotherms of sample A.

Fig. 3 Comparison of the apparent rate constants of samples A–F and
P25.
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primers by recombinant glycosyltransferases immobilised on solid
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Recombinant b-1,4-galactosyltransferase (b1,4-GalT) and
a-2,6-sialyltransferase (a2,6-SiaT) immobilised covalently
with activated Sepharose beads were employed for the
practical synthesis of a trisaccharide derivative, Neu-
5Aca(2?6)Galb(1?4)GlcNAcb-O-(CH2)6-NH2, on a
water-soluble primer having GlcNAc residues through a a-
chymotrypsin-sensitive linker.

Synthesis of oligosaccharides using glycosyltransferases is
recognized as a promising practical alternative method to
chemical synthesis because enzyme-based synthesis has pro-
duced highly stereo- and regioselective glycosylations without
tedious multi-step protection–deprotection procedures.1 It has
also been known that enzymatic glycosylations of polymer-
supported sugars both in solid-phase2 and in solution3–5 greatly
facilitate synthetic schemes because of easy and simple
procedures for purifying products linked with macromolecules.
Recently, a variety of recombinant glycosyltransferases for such
a purpose are becoming practicable owing to advances in
cloning studies of glycosyltransferases.6 However, these re-
combinant enzymes are still very expensive and unstable as
versatile reagents in chemoenzymatic synthesis, and they
cannot be recovered from the reaction mixture by common
work-up processes. At present, these biocatalysts are not suited
for large-scale and/or combinatorial syntheses of glycoconju-
gates. Although immobilisation of the glycosyltransferases
seems to have become a crucial step for solution of these
problems,7,8 enzymes immobilised on solid materials cannot be
used for glycosylation of solid-supported sugars as glycosyl
acceptors. Therefore, our interest has been focused on the
feasibility of reactions between glycosyltransferases immobi-
lised on solid phase and sugars bound on the flexible polymers
showing satisfactory water-solubility as ‘primers’. In the
present communication, we describe highly practical synthesis
of a sialooligosaccharide using immobilised recombinant-

glycosyltransferases and a GlcNAc carrying primer involving
an a-chymotrypsin-sensitive linker moiety.

In the course of our synthetic studies on the multivalent
glycopolymers as models for glycoproteins,9 we found that
these materials can be used for polymer-assisted enzymatic
synthesis as convenient ‘multivalent substrates’ of glycosyl-
transferases.10 The success of this new strategy is critically
dependent on drastically enhanced affinity of glycosyltrans-
ferases for multivalent glycopolymers.5 Since glycosyltrans-
ferases are generally monomeric proteins with a single binding
site, the mechanism for the enhancement of binding affinity
observed here might be different from the cases where a
‘glycoside clustering effect’ is found in the proteins with
multiple sugar-binding sites.11 Although this can be explained
basically by ‘enhanced accessibility’ of proteins to the high-
density glycoclusters displayed on the flexible synthetic
polymers,12 further physicochemical analyses of the mecha-
nism are still under way. In this study, we firstly checked the

Fig. 1 Binding curves for glycopolymer to immobilised GalT. (a) 1.3 mM,
(b) 2.6 mM, (c) 13 mM, and (d) 26 mM. GalT was immobilised on the
activated aminosilane surface with bis(sulfosuccinimidyl) suberate.

Scheme 1 Immobilisation of glycosyltransferases. (a) CNBr-activated
Sepharose 4B, pH 8.0, 4 °C, 16 h, immobilisation yield 11%; (b) NHS-
activated Sepharose 4FF, pH 7.0, 4 °C, 16 h immobilisation yield 17%.

Fig. 2 Recyclability of immobilised GalT. Relative activity was determined
by use of the glycosylation to 2-aminopyridyl glycoside derivative as a
standard acceptor substrate. Conditions: primer (10 mM), UDP-Gal (13
mM), immobilised GalT (0.25 mL, 0.8 unit),† pH 7.5, 37 °C, 24 h.

This journal is © The Royal Society of Chemistry 2001
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effect of immobilisation of recombinant glycosyltransferases on
the affinity with glycosyl acceptor substrates by using the
surface plasmon resonance (SPR, IAsys) method. As shown in
Fig. 1, it was clearly suggested that recombinant b1,4-GalT
immobilised on the SPR-cuvette retained a high affinity for a
water-soluble primer and the affinity constant of the im-
mobilised GalT with the glycopolymer bearing GlcNAcs was
estimated to be 5.0 3 106 M21. On the contrary, the affinity of
methyl 2-acetamido-2-deoxy-b-D-glucopyranoside (GlcNAc)
for this GalT-conjugated SPR cuvette was estimated to be lower
than 103 M21. This result prompted us to immobilise GalT and
a2,6-SiaT on the polymer supports (Scheme 1). Thus, these
glycosyltransferases expressed as fusion proteins with maltose-
binding protein (MBP) in E. coli13,14 were directly subjected to
the coupling reactions with CNBr-activated§ Sepharose 4B
(MBP-GalT) or NHS-activated¶ Sepharose 4FF (MBP-SiaT).
As anticipated, immobilised GalT exhibited satisfactory sugar-
elongation activity to the primer and the GalT combined beads
were found to be recyclable (Fig. 2).

The versatility of oligosaccharide synthesis based on the
immobilised glycosyltransferases was demonstrated by con-
structing a simple trisaccharide derivative that can be applied to
further conjugation studies to produce glycodrugs or glyco-
materials having interesting bioactivities. Galactosylation
(100%) by GalT-Sepharose (0.2 unit, 0.3 mL of beads) and
sialylation (72%) by a2,6-SiaT-Sepharose (0.08 unit, 0.3 mL of
beads) were achieved on the primer (15.0 mg of polymer, 8.3
mmol of GlcNAc residue) and 4.6 mg of sialyla(2-6)-N-
acetyllactosamine (72%) was finally obtained by treating the

primer with a-chymotrypsin under reported conditions4

(Scheme 2).
It should also be noted that glycosylation of polymer primers

by glycosyltransferases conjugated with macromolecular sup-
port proceeds predominantly to afford product even in the
presence of a high concentration of inhibitors (nucleotides) as
shown in Fig. 3. This result indicates that the inhibitory effect of
nucleotide (UDP) generated from UDP-Gal was significantly
reduced by immobilisation of enzyme. The availability of the
immobilised glycosyltransferases reported herein will greatly
accelerate the development of an enzyme-based automated
glycosynthesiser.15

We are grateful to Dr Fujiyama (International Center of
Cooperative Research in Biotechnology, Japan, Osaka Uni-
versity) for gift of the cDNA coding human b1,4-GalT. This
work was supported by a grant from the New Energy and
Industrial Technology Development Organization (NEDO).
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§ CNBr = cyanogen bromide.
¶ NHS = N-hydroxysuccinimide.
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Scheme 2 (a) i, immobilized b1,4-GalT (0.2 unit, 0.3 mL),† primer (27 mg, 40 mM as GlcNAc residue), UDP-Gal (1.3 eq., 52 mM), 10 mM MnCl2, 50 mM
HEPES buffer (pH 7.5), 37 °C, 24 h; ii, gel filtration on Sephadex G-25 with distilled water;  (b) i, immobilized a2,6-SiaT (0.08 unit, 0.3 mL),‡ polymer
(19 mg, 17 mM as LacNAc residues), CMP-NeuAc (1.5 eq., 26 mM), alkaline phosphatase (40 unit), 10 mM MnCl2, 0.1% Triton CF-54, 50 mM HEPES
buffer (pH 7.5), 37 °C, 24 h; ii, gel filtration on Sephadex G-25 with distilled water; (c) i, a-chymotrypsin (3000 U, 1.5 mg), polymer (15 mg, 8.3 mM as
SiaLacNAc residues), 10 mM CaCl2, 100 mM Tris–HCl (pH 8.0), 37 °C, 24 h; ii, gel filtration on Sephadex G-25 with distilled water. PAAm: polyacrylamide
copolymer (Mr > 300K, sugar–acrylamide = 1+10).

Fig. 3 The effect of UDP on the glycosylation by GalT to primer. (a)
immobilised GalT; (b) free GalT. All reactions were carried out in the
presence of 10 mM of UDP.
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First crystallographic signature of amyloid-like fibril forming b-sheet
assemblage from a tripeptide with non-coded amino acids
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The model tripeptide Boc-b-Ala(1)-Aib(2)-b-Ala(3)-OMe 1
[b-Ala: b-alanine, Aib: a-aminoisobutyric acid] forms an
infinite parallel b-sheet structure through intermolecular
interactions in single crystals and from the SEM diagram of
this peptide, it is evident that the compound has fibrillar
morphology, a characteristic of neurodegenerative disease
causing amyloid aggregate.

The design of short peptide molecules that form an inter-
molecular b-sheet structure is a newly emerging area. The
molecular basis of some fatal, neurodegenerative diseases like
prion protein disease1,2 and Alzheimer’s disease3,4 involve
intermolecular b-sheet aggregation and subsequent formation
of highly ordered fibrillar structure. So it is important to
construct peptide b-sheet assemblage to understand the patho-
genesis and therapeutics of these diseases. Until now there have
been limited reports describing b-sheet stabilization in crystals
and in solution by intermolecular interactions. Most of the
previous reports of b-sheet stabilization include unimolecular
b-hairpin formation and subsequent stabilization by only
intramolecular interactions.5 Schrader and Kirsten first estab-
lished b-sheet stabilization using rigid templates like 3-amino-
pyrazole derivatives that promote the formation and stabiliza-
tion of b-sheet structures by purely intermolecular interactions.6
Yamada et al. introduced a series of model peptide derivatives
that formed an amyloid-like parallel b-sheet assemblage in
solution.7 Kelly and coworkers in a recent study using
2,8-disubstituted dibenzofuran-based peptidomimetics have
established that b-sheet mediated self-assembly is essential to
form amyloid-like fibrils of highly ordered structures.8 How-
ever, all previously reported peptides or peptide derivatives that
participate in intermolecular b-sheet stabilization and/or amy-
loid-like aggregate formation, used either rigid template or long
aliphatic chains. Here, we report for the first time parallel b-
sheet aggregation of a short synthetic peptide containing only
noncoded amino acids [viz. b-alanine (b-Ala) and a-aminoiso-
butyric acid (Aib)] in crystals and formation of amyloid-like
fibrils in the solid state.

The ORTEP diagram with the atom numbering scheme is
shown in Fig. 1.† The hydrogen bonding pattern (Fig. 2) in the
crystal lattice shows the formation of one infinite parallel b-
sheet assembly along the c direction. These b-sheets are
themselves regularly stacked via van der Waals interactions as
shown by the projection of the unit cells in the c direction (Fig.

3). The hydrogen bonding parameters for 1 are listed in Table 1.
There are three intermolecular hydrogen bonds N5–H5…O4,
N10–H10…O9 and N15–H15…O16 that are responsible for
connecting individual molecules to form and stabilize the sheet
assembly. For the peptide 1, backbone torsions are mostly in
fully extended and semi-extended conformations (Table 1), a
prerequisite for individual b-strand formation. This peptide has
two terminal b-Ala residues, in which inherent conformational
flexibility remains and thus terminal parts of the peptide are
flexible in nature and might help to adopt extended or semi-
extended conformations for the two terminal b-Ala residues.
The variations from extended values of torsion angles occur at
the centre of the molecule, which is occupied by the conforma-

Fig. 1 An ORTEP representation of the molecular structure including atom
numbering scheme of the peptide 1. Thermal ellipsoids are shown at the
level of 20% probability.

Fig. 2 Packing diagram of the peptide 1 in the b projection illustrating
intermolecular hydrogen bonding in solid state and the formation of the b-
sheets.

Fig. 3 Packing diagram of the peptide in the c direction showing the packing
of the b-sheets.

This journal is © The Royal Society of Chemistry 2001
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tionally restricted a-aminoisobutyric acid (Aib) residue that is
known to direct helical conformation9 instead of b-sheet (Table
1). Here, Aib also adopts helical conformation (f = 257.8°, y
= 248.5°). Some specific torsion angles along the two terminal
b-Ala residues, N5–C6, C6–C7 and N15–C17, C18–C19 are in
semi-extended conformations (Table 1).

The morphological similarity of the assemblage of the
reported peptide with the amyloid fibrils has been studied using
a scanning electron microscope (SEM). The SEM image (Fig.
4) of the dried fibrous material clearly shows that the aggregate
in the solid state is a bunch of long small filaments.

The peptide 1 (containing noncoded amino acids) self-
associates via intermolecular hydrogen bonds into a parallel b-
sheet assemblage, in which all the intermolecular hydrogen
bonds are present between the peptide linkages. Therefore, the
present model should be a good model for b-sheet polypeptides.
Morphological resemblance of this peptide with Alzheimers-
associated Ab peptides suggests that the fibril model with a

parallel b-sheet assemblage will be helpful for examining the
structure and function of abnormal peptides such as the prion
and the Alzheimer’s amyloid. Another remarkable feature of the
present result is the formation of a parallel b-sheet structure in
a short synthetic peptide containing the centrally-positioned,
conformationally-constrained helix-forming Aib residue.

We thank EPSRC and the University of Reading, UK for
funds for the Image Plate System. S. K. Maji wishes to
acknowledge the Council for Scientific & Industrial research
(C.S.I.R), New Delhi, India for financial assistance.

Notes and references
† The compound was synthesized using the fragment condensation method
in solution. Single crystals were obtained from 1,2-dichlorobenzene
solutions by slow evaporation.

Crystal data for 1: C16H29N3O6, M = 359.92, orthorhombic, space group
Pccn, a = 37.25(4), b = 11.123(19), c = 9.610(14) Å, U = 3981 Å3, Z =
8, D = 1.199 Mg m23. Intensity data were collected with MoKa radiation
using the MARresearch Image Plate System. The crystal was positioned at
70 mm from the Image Plate. 100 frames were measured at 2o intervals with
a counting time of 5 min to give 4684 reflections of which 1777 were
independent [R(int) = 0.0506)]. Data analysis was carried out with the XDS
program.10 The structure was solved using direct methods with the
SHELX86 program.11 The non-hydrogen atoms were refined with aniso-
tropic thermal parameters. The hydrogen atoms were included in geometric
positions and given thermal parameters equivalent to 1.2 times those of the
atom to which they were attached. The structure was refined on F2 using
SHELXL.12 The final R values were R1 0.0747 and wR2 0.1984 for 1255
data with I > 2s(I). The largest peak and hole in the final difference Fourier
were 0.358 and 20.317 e Å23. CCDC 167175. See http://www.rsc.org/
suppdata/cc/b1/b105418j/ for crystallographic files in .cif or other elec-
tronic format.
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Table 1 Characteristics of peptide 1 ( Boc-b-Ala-Aib-b-Ala-OMe)

(a) Selected torsional angles(°)

C6-N5-C3-O2 2169.4(5) w0 C8-N10-C11-C14 257.8(6) f2

C3-N5-C6-C7 283.8(6) f1 N10-C11-C14-N15 248.5(6) y2

N5-C6-C7-C8 277.6(6) q1 C17-N15-C14-C11 2170.8(5) w2

C6-C7-C8-N10 146.8(5) y1 C14-N15-C17-C18 84.1(7) f3

C11-N10-C8-C7 178.9(5) w1 N15-C17-C18-C19 2175.6(5) q2

C17-C18-C19-O21 77.5(8) y3

(b) Intermolecular hydrogen bonding parameters of 1

D-H…A H…A (Å) D…A (Å) D-H…A (°)

N5-H5…O4a 2.243 3.023 150.81
N10-H10…O9b 2.114 2.968 172.1
N15-H15…O16a 2.234 2.94 139.34

a Symmetry equivalent x, 2y+3/2, z+1/2. b Symmetry equivalent x, 2y+3/
2, z21/2.

Fig. 4 A typical SEM image showing the fibril aggregate of peptide 1 in the
solid state. For the SEM image, dried fibrous material was taken which was
grown up from ethyl acetate solution by slow evaporation.

Chem. Commun., 2001, 1946–1947 1947
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8,16,24,32,40,48-Hexamethoxy[2.6]metacyclophane-1,9,17,25,33,41-
hexayne: a novel near-planar ammonium-selective ionophore

Youichi Hosokawa, Takeshi Kawase and Masaji Oda*

Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043,
Japan. E-mail: moda@chem.sci.osaka-u.ac.jp

Received (in Cambridge, UK) 16th May 2001, Accepted 7th August 2001
First published as an Advance Article on the web 17th September 2001

The titled cyclophane (cyclic [6]metaphenylacetylene) with
six methoxy groups inside the cavity has a nearly planar
carbon framework, forms open-channel structures in the
crystal, and exhibits an ammonium-selective ionophoric
property in spite of the considerably large cavity.

Recently, we have reported the synthesis of [2.4]metacyclo-
phane-1,9,17,25-tetrayne 1 (cyclic [4]metaphenylacetylene,
[4]CMPA) and its tetramethoxy derivative 2 where the methoxy
groups point inside the molecule.1,2 CMPA 2 thus has a cavity
surrounded by the four methoxy oxygen atoms (1.2 Å in
diameter, X-ray analysis) and was found to be a good ionophore
for various alkali metal ions probably owing to its well-
organized but conformationally somewhat flexible structure.2
The good ionophoric properties of 2 are rare for this kind of
molecule, because host molecules composed of anisole units
have hardly shown efficient ionophoric properties except
spherands and cavitands such as 3 and 4.3 Hexamethoxy-
[6]CMPA 5, a homologue of 2, would also be of interest from
the viewpoints of structure and ionophoric properties. While 2
has a sterically congested cavity and its carbon framework
deviates from planarity, 5 would be almost free of steric
congestion (PM3 calculation4). CMPA 5 can also be regarded as
an analogue of spherand 3 extended with acetylenic bonds.
Although the parent [6]CMPA and some derivatives bearing
functional groups outside the molecules have been reported,5–7

no [6]CMPAs bearing substituents inside the molecules have
been described. We here report on the synthesis, structure, and
host properties of 5a and 5b.

Hexamethoxy[6]CMPAs 5a and 5b were synthesized in a
similar manner as for the synthesis of CMPAs 1 and 2, that is,
bromination–dehydrobromination of the corresponding meta-
cyclophane-polyenes prepared by a modified McMurry cou-
pling (Scheme 1).1,2 The McMurry coupling of 2,2A-dimethoxy-
3,3A-diformyl-(Z)-stilbene 62 in DME–toluene (5+1) afforded

(EZEZ)-tetraene 72 (23% yield) and (EZ)3-hexaene 8† (14%).
Similarly, the McMurry coupling of (Z,Z)-1,3-bis(5-tert-butyl-
3-formylstyryl)benzene 9, prepared from (Z,Z)-1,3-bis(5-
bromo-3-formylstyryl)benzene through dilithiation (BuLi) and
diformylation (DMF), in THF–toluene (5+1) afforded (all-Z)-
triene 10† (4%) and (ZEZ)2-hexaene 11† (15%). The McMurry
reactions in DME or THF alone afforded 8 or 11 in poorer yield.
Bromination of 8 and 11 with 9 equivalents of Br2 in chloroform
and subsequent dehydrobromination of the crude dodeca-
bromides with 15 equivalents of t-BuOK in ether gave the
corresponding CMPAs 5a† (52%) and 5b† (69%) as stable
crystalline substances. Similar to the parent [6]CMPA, 5a is
poorly soluble in organic solvents, but 5b is a little more soluble
to allow the examination of complexation with metal ions and
molecular cations.

1H and 13C NMR spectra of 5a and 5b are simple in
agreement with the high symmetry of the molecules (C6). The
chemical shifts of their sp carbons (d 89.92 and 89.87
respectively) are in the normal region of unstrained acetylenic
carbon [d 89.85 for bis(2-methoxyphenyl)acetylene].

A single crystal of 5b suitable for X-ray analysis was
obtained from a dichloromethane–hexane solution, and the
ORTEP drawing is shown in Fig. 1.‡ The carbon framework of
5b is nearly planar, and the six methoxy groups point up and
down alternately in accord with a theoretical calculation (PM3).
The distance between the diagonal oxygen atoms in ca. 8.1 Å
which is twice as long as that in 2 (4.2 Å). Thus, 5b (and also 5a)
has a sizable cavity of about 5 Å in diameter surrounded by six
oxygen atoms. In the crystal, the molecules of 5b form
displaced sheet structures which stack so as to form open-
channels with internal pores of 4.5 Å in diameter running
parallel to the c axis (Fig. 2). There is little p–p stacking, and the
inter-sheet separation is 3.7 Å. Channel formation in crystals of
CMPAs has also been reported for hexahydroxy[6]CMPA 12
bearing the hydroxy groups outside the molecule.7,8 While
hydrogen bonding plays an important role in channel formation
in 12, only van der Waals interactions are operative in 5b.

Scheme 1 Reagents: i, TiCl4–Zn–CuI/DME–Tol 5+1, rt then reflux; ii,
TiCl4–Zn–CuI/THF–Tol 5+1, rt then reflux.

This journal is © The Royal Society of Chemistry 2001
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The cavity size of 5b is appreciably larger than the size of a
caesium ion (3.4 Å), and in fact 5b did not show any measurable
complexation with alkali metal ions upon solvent extraction
experiments (chloroform/aq. picrate salts; the low solubility of
5b limits the range of detection by absorption spectroscopy).
However, it was found that 5b exhibits good ionophoric
selectivity for the ammonium ion in spite of its smaller size
(2.86 Å) compared with caesium ion. A plot by Shono's method
shows a straight line with a slope of approximately unity,
suggesting the formation of a 1+1 complex between 5b and the
ammonium ion in solution.9,10 The association constant ob-
tained for the ammonium ion (log Ka = 7.84) is smaller than
that of 2 (9.512) and 18-crown-6 (9.3811), but larger than that for
the cavitand 4 (6.5911). On the other hand, methylammonium
ion was extracted poorly (log Ka < 6.5). This large difference in
Ka contrasts with small differences in the complexation of 4
with ammonium and methylammonium ion (6.66 and 6.59,11

respectively). Cavitands have been known to be flexible enough
to change the cavity for binding cationic species. The carbon
framework of 5b would be more rigid than cavitands, although
some flexibility has been suggested from the low ionophoric
selectivity of 2 toward alkali metal ions.

Thus, 5b is a novel ionophore with a high selectivity for the
parent ammonium ion. This selectivity is notable because other
host molecules like 2, 4 and 18-crown-6 can bind both metal
cations and ammonium ions of similar size to a similar degree.
According to the optimized structure of the complex of 5a with
ammonium ion by PM3 calculation,4 the ammonium ion

occupies a position where three NH bonds point to three oxygen
atoms of the host.12 Therefore, although the distance between
the NH nitrogens and MeO oxygen atoms (3.5 Å) is longer than
that of a usual hydrogen bond (3.0 Å), there seems weak but
triple hydrogen bonding between 5b and the ammonium ion in
addition to electrostatic attraction. On the other hand, a similar
structure for the complex of 5a with methylammonium ion
suffers steric repulsion between the methyl groups of the host
and guest molecules and the NH bonds no longer point to the
oxygen atoms of the host in the optimized structure.

In view of the present results, the phenolic molecule of 5 will
be an intriguing compound and attempts to synthesize it are in
progress.

We gratefully acknowledge the support of this research by a
Grant-in-Aids for Scientific Research of Priority Area
(No.10146102) from the Ministry of Education, Japan.

Notes and references
† Selected spectroscopic data [NMR: at 400 MHz (1H) and 100 MHz (13C)
in CDCl3]: Hexaene 8: MS (FAB) m/z = 792 (M+); dH 3.62 (18H, s, OMe),
6.78 (6H, s, cis olefin), 6.89–6.99 (12H, m, arom.), 7.17 (6H, s, trans
olefin), 7.40 (6H, d, J = 7.3 Hz, arom.); dC 61.32, 123.74, 125.41, 125.75,
127.17, 128.34, 129.26, 131.57, 131.92, 155.40. Triene 10: MS (FAB) m/z
= 564 (M+); dH 1.06 (27H, s, tBu), 3.72 (9H, s, OMe), 6.68 (6H, s, cis
olefin), 6.75 (6H, s, arom.). Hexaene 11: MS (FAB) m/z = 1131 [(M + H)+];
dH 1.28 (36H, s, tBu), 1.54 (18H, s, tBu), 3.39 (12H, s, OMe), 3.87 (6H, s,
OMe), 6.70 (4H, d, J = 12.3 Hz, cis olefin), 6.72 (4H, s, arom.), 6.94 (4H,
d, J = 12.3 Hz, cis olefin), 7.11 (4H, s, arom.), 7.20 (4H, m, arom. and trans
olefin), 7.41 (4H, s, arom.). Hexayne 5a: MS (EI) m/z 780 (M+); dH 4.33
(18H, s, OMe), 7.01 (6H, t, J = 7.6 Hz, arom.), 7.51 (12H, d, J = 7.6 Hz,
arom.); dC 61.78, 89.92 (sp C), 117.81, 123.62, 133.28; IR (KBr, cm21): v
2220 (C·C). Hexayne 5b: MS (FAB) m/z = 1119 [(M + H)+]; dH 1.34 (54H,
s, tBu), 4.20 (18H, s, OMe), 7.52 (12H, s, arom.); dC 31.28, 34.40, 61.47,
89.68 (sp C), 116.85, 130.96, 146.42, 159.66; UV (CHCl3) lmax/nm (log e)
240 (4.64), 303 (5.22), 340 (4.73); IR (KBr, cm21) n 2213 (C·C); Raman
(KBr) n 2218 (C·C).
‡ Crystal data for 5b: C78H84O6, M = 1117.52, trigonal, space group R3̄
(#148), a = 23.604(4), c = 10.803(6) Å, V = 5212(3) Å3, Z = 3, Dcalc =
1.068 g cm23, m = 0.66 cm21, R (wR) = 0.128 (0.135), R1 = 0.060 for 677
reflections.

CCDC 165271. See http://www.rsc.org/suppdata/cc/b1/b104325k/ for
crystallographic data in .cif or other electronic format.
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Fig. 1 ORTEP drawing of 5b (50% probability): C1–C12, 1.457(5); C12–
C13, 1.185(4); Cl–O1, 1.370(4) Å. Interatomic distance of diagonal oxygen
atoms: 8.1 Å (average).

Fig. 2 Crystal packing of 5b. Top; along c axis, bottom; along a axis.
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A new tricyclic ring and a nitrogen–sulfur analogue of the
tri-pentagon bowl. Substituted
5,6,7,7a-tetrahydropyrrolo[2,1-b]-1,3,4-thiadiazole-endo-
6,7-dicarboxyimides
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The first examples of a bowl-shaped tricyclic nitrogen–sulfur
analogue of the tri-pentagon bowl are reported; substituted
5,6,7,7a-tetrahydropyrrolo[2,1-b]-1,3,4-thiadiazole-endo-
6,7-dicarboxyimides are synthesised by a relatively simple
route.

Among the fused 5,5-bicyclic heterocycles a number of simple
pyrrolo systems are quite rare. One such case is the pyrrolo[2,1-
b]-1,3,4-thiadiazole ring,1 for which there are few reports.1
Recently we have generated2 the unstabilised 1,3,4-thiadiazo-
lium-3-methanide 1,3-dipole 3 in solution by desilylation of the
salts 1 with CsF, following a literature procedure3,4 originally
developed with Schiff bases (Scheme 1). If the dipole 3 were to

cycloadd an alkene it should give the pyrrolo[2,1-b]-1,3,4-thia-
diazole ring system. The 1,3-dipole 3 was unstable and could
only be trapped at 260 °C using reactive electron-poor alkyne
dipolarophiles. The alkyne cycloadducts were unstable and
rearranged in situ by opening of the thiadiazole ring2 and the
likely intermediate pyrrolo-1,3,4-thiadiazole system could not
be isolated or detected. Problems with the lesser reactivity and
insolubility of alkene dipolarophiles in the high molar excess
required at 260 °C prevented trapping with these. The
difficulties have now been overcome with a number of alkene
systems including N-substituted maleimides in reactions of the
1,3-dipoles 3 and 4. The cycloaddition products† were the
stable compounds 5–8 (Table 1), providing a new one-pot route
to the pyrrolo [2,1-b]-1,3,4-thiadiazole system. The preferred
stereochemistry of the cycloaddition was endo- and it was
exclusively endo- for the reaction of the dipole 3 with
maleimides. These reactions gave derivatives of the new
tricyclic rings 5 and 6. The bowl-shaped structure of these
tricyclic products is a nitrogen–sulfur analogue of the tri-
pentagon bowl-unit present in the dodecahedron.

The structures of the products were established from
microanalyses, IR, 1H and 13C NMR spectra which showed all
of the expected signals (Table 1). The 5-Hendo proton was
strongly deshielded (d ≈ 4.8 ppm) relative to its geminal
partner the 5-Hexo (d ≈ 3.6 ppm). NOE difference spectra
showed enhancements at the 7a-substituent from H-7, H-6 and
5-Hexo on the same face of the central ring thereby confirming
the endo-cycloaddition. This occurred exclusively for the
1,3-dipole 3 even then RA was a tert-butyl or adamantyl group.
Small quantities of the exo-isomers were detected from
cycloadditions with the dipole 4 but the endo–exo ratio was still
!6+1. An X-ray crystal structure‡ of compound 5a illustrates
the interesting bowl-type structure of the three fused pentagons
containing three nitrogens and a sulfur (Fig. 1). The system
relieved strain by significant opening of the angles at the carbon
fusion atoms. Thus the angles C(7)–C(7A)–S(1), C(7A)–C(7)–

Scheme 1 Reagents and conditions: (i) CsF in CH2Cl2 at 260 °C; (ii) N-
substituted maleimides; (iii) methyl acrylate or dimethyl maleate.

Table 1 Pyrrolo[1,2-b]-1,3,4-thiadiazole products

Compound Mp/°C Yield (%)a C-2 C-7a C-5 6-CH (dC) 7-CHc (dC)

5a 133–135 47 148.3 94.2 54.9 3.32(46.7) 3.97(58.5)
5b 148–149 50 147.7 93.4 54.8 3.31(46.3) 3.98(58.4)
5c 148–150 54 147.1 93.9 55.5 3.15(46.30) 3.86(58.6)
5d 174–177 86 146.9 94.1 58.3 3.29(55.6) 3.94(61.1)
5e 171–173 69 147.7 94.3 55.3 3.48(46.7) 4.12(58.5)
5f 195–196 52 148.1 94.3 55.3 3.48(46.7) 4.11(58.5)
5g 201–203 57 148.1 94.5 55.4 3.47(46.8) 4.11(58.5)
6b 113–115 74 146.5 89.4 53.8 3.48(46.1) 3.20(56.7)
6e 159–161 65 164.9 90.8 54.4 3.50b(46.3) 3.36(57.0)
6f 195–197 61 147.1 91.0 54.6 3.42b(46.4) 3.26(57.2)
7 112–114 73 147.3 92.8 54.1 2.10(27.9) 3.70(52.2)
8 138–140 59 146.2 92.4 55.1 3.21(43.1) 3.91(58.5)

a Isolated yield; decomposition gums and the unreacted salts 1 and 2 (@10%) were also recovered. b Overlap with 5-CHexo. c All d except for compound 7
where the signal is a dd.

This journal is © The Royal Society of Chemistry 2001
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C(8) and C(5)–C(6)–C(9) were opened to 115.4, 113.2 and
114.6° respectively. The fusion angle at the nitrogen bridge-
head, C(5)–N(4)–N(3), 110.1°, remained close to the tetrahedral
value. The structure is a derivative of a 3,4,10-triaza-6-thia-
tricyclo[6.3.0.03,7]undecane parent.

Notes and references
† Solutions of the salts 1 or 2 (ca. 1 mmol) in CH2Cl2 (10–30 cm3) were
treated with the alkene dipolarophile (5 mmol for solids; 20 mmol for

liquids), cooled to 260 °C, treated with CsF (2 mmol), stirred for 5–7 days
at 260 °C, warmed to ambient temperatures and filtered. The filtrate was
evaporated under reduced pressure and the residue in CH2Cl2 (5 cm3) was
placed on a silica-gel 60 column (230–400 mesh ASTM) and eluted with
gradient mixtures of petroleum spirit (bp 40–60 °C)–CH2Cl2 or CH2Cl2–
Et2O to give the products (Table 1). 
‡ Crystal data for 5a: C20H17N3O2S, M = 363.43, monoclinic, space group
P21/a, a = 12.524(2), b = 11.088(3), c = 12.935(2) Å, b = 99.75(2)°, U
= 1770.3(6) Å3, T = 298 K, Z = 4, Dc = 1.364 Mg m23, m(Mo-Ka) =
0.203 mm21. Data collected on a CAD4 diffractometer, unique reflections
= 2164, Rint = 0.0228, observed I > 2sI = 1072, data/restraints/
paramaters = 2164/0/236 , obs. data R1 = 0.0422, all data wR2 = 0.1022,
max. peak/hole 0.193 and 20.226 e Å23, software used, SHELXS,5
SHELXL6 and ORTEX.7 CCDC 169186. See http://www.rsc.org/suppdata/
cc/b1/b105190n/ for crystallographic files in .cif or other format.

1 The ring is not listed in Comprehensive Heterocyclic Chemistry II series
ed. A. R. Katritzky, C. W. Rees and E. F. V. Scriven, Pergamon Press,
Oxford, 1996, vol. 10, Ring Index, or Comprehensive Heterocyclic
Chemistry, series ed. A. R. Katritzky and C. W. Rees, Pergamon, Oxford,
1984, vol. 8, part 6, ed. C. J. Drayton, Ring Index, it was reported in, M.
Mühlstadt, L. Weber and P. Birner, J. Chem. Soc., Perkin Trans. 2, 1988,
821;  and also D. M. Evans, L. Hill, D. R. Taylor and M. Myers, J. Chem.
Soc., Perkin Trans. 1, 1986, 1499.

2 R. N. Butler, M. O. Cloonan, P. McArdle and D. Cunningham, J. Chem.
Soc., Perkin Trans. 1, 1998, 1295.

3 E. Vedejs, S. Larsen and F. G. West, J. Org. Chem., 1985, 50, 2170.
4 R. C. F. Jones, J. R. Nichols and M. T. Cox, Tetrahedron Lett., 1990, 31,

2333.
5 G. M. Sheldrick, Acta. Crystallogr., Sect. A, 1990, 46, 467.
6 G. M. Sheldrick, SHELXL-97 a computer program for crystal structure

determination, University of Göttingen, 1997.
7 P. McArdle, J. Appl Crystallogr., 1995, 28, 65.

Fig. 1 X-Ray crystal structure of compound 5a.
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methane in one step at mild temperatures and development of the
catalyst under non-equilibrium reaction conditions
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Ultra highly pure hydrogen and more valuable hydro-
carbons are produced directly from methane in one step
beyond the thermodynamic equilibrium conversion by in-
tegration of the dehydrogenation reaction and hydrogen
separation with a Pd–Ag based membrane reactor at mild
temperatures, and a highly active catalyst is developed
under the non-equilibrium reaction conditions.

Both as an alternative process for production of hydrogen and as
a promising method for the production of higher hydrocarbons
from natural gas, the dehydrogenation and aromatization
reactions of methane on Mo/HZSM-5 and Re/HZSM-5 has
attracted increasing attention since 1993. However, the max-
imum aromatics yield has been reported to be only 7–8% at 973
K on the catalysts by different research groups1–9 and it seems
that this is the thermodynamic equilibrium conversion at this
temperature. In addition, the equilibrium reaction conditions
make it difficult to develop more active catalysts. In the present
communication, direct methane conversion into hydrogen and
higher hydrocarbons beyond the thermodynamic equilibrium
limit becomes possible by integration of the methane dehydro-
genation reaction and H2 separation with a Pd membrane
reactor, and a highly active catalyst has been developed for the
production of pure hydrogen and higher hydrocarbons under
non-equilibrium reaction conditions.

The catalysts Re/HZSM-5 and Mo/HZSM-5 were prepared
by impregnating NH4ZSM-5 with NH4ReO4 and
(NH4)6Mo7O24·4H2O aqueous solution, respectively, followed
by drying at 383 K for 4 h and calcination at 773 K for 4 h. The
sample was finally pressed, crushed and sorted into 20–40
meshes. Catalytic tests were carried out in a fixed bed
continuous-flow Pd–Ag based membrane reactor (5/8 inch
diameter 3 10 inch height). The membrane reactor contains
four membrane tubes (1/8 inch diameter 3 7 inch height). H2
was continuously separated from the product by permeation
through the membrane tubes and removed by a vacuum pump.
A schematic diagram of the membrane reactor is shown in Fig.
1. The results for methane conversion on Re/HZSM-5 at a low
temperature of 858 K and different methane space velocity (SV)
values are listed in Table 1. Both hydrogen and higher
hydrocarbons are produced from methane dehydrogenation on
the catalyst even at such a low temperature. The major
hydrocarbon products for methane dehydrogenation include
benzene, naphthalene, toluene and C2 products. When hydrogen
is not separated from the dehydrogenation product by H2
permeation through the membrane, the maximum methane
conversion into aromatics and C2 on Re/HZSM-5 is ca.
2.4–2.6% at 858 K (Table 1). The methane conversion changes
little even for a wide methane SV range of 120–1440 ml
h21 g21. Therefore, under thermodynamic equilibrium reaction
conditions, the yield of aromatics and C2 is only ca. 2.4–2.6%
at 858 K. Of most significance is that this thermodynamic

equilibrium can be disturbed, leading to much higher conver-
sions than the equilibrium conversion for methane dehydroge-
nation into aromatics, achieved by continuous separation of
hydrogen from the product by hydrogen permeation through the
membrane.

A high methane conversion of 7.5% is attained on Re/HZSM-
5 at 858 K when the methane SV is 120 ml h21 g21 at a low
temperature of 858 K. This is ca. twice as high as the methane
equilibrium conversion at the same temperature. At the same
time, ultra highly purely H2 is produced because of the 100%
selectivity of the membrane for hydrogen permeation and the
pure hydrogen can be directly used in a fuel cell. Fig. 2 shows
the activity profile of Re/HZSM-5 catalyst with time on stream
when H2 was separated by selective permeation. The enhanced

Fig. 1 Schematic illustration of the membrane reactor.

Table 1 Effect of hydrogen permeation on methane conversion into
aromatics and C2 on Re/HZSM-5 at 858 K

Selectivity (%)
SV/ml
h21 g21

H2

separation
Conversion
(%) C2 C6H6 C7H8 C10H8

120 No 2.5 9.6 56.0 2.4 32.0
Yes 7.5 3.2 53.3 3.5 40.0

180 No 2.4 5.4 70.8 2.9 20.8
Yes 5.9 4.1 64.4 4.4 27.1

240 No 2.6 6.2 69.2 3.1 23.1
Yes 4.9 5.5 65.3 4.3 24.5

360 No 2.6 6.9 69.2 3.8 19.2
Yes 4.2 6.4 66.7 4.8 21.4

720 No 2.4 8.8 70.8 4.6 16.7
Yes 3.5 8.3 71.4 5.4 14.6

1440 No 2.4 11.3 62.5 4.2 22.1
Yes 3.3 8.2 63.6 5.5 22.4

Pressure = 100 kPa; the permeability of H2 through the membrane is ca.
75%.

This journal is © The Royal Society of Chemistry 2001
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methane conversion declines from 7.5 to 5.9% after 7 h on
stream at 858 K at a methane SV of 120 ml h21 g21 as shown
in Fig. 2.

On the other hand, it is difficult to compare the activity of the
catalysts under equilibrium reaction conditions and therefore,
many arguments still exist about activity comparisons between
Mo/HZSM-5 and Re/HZSM-5 for the methane dehydrogena-
tion reaction. Use of non-equilibrium reaction conditions makes
it more easy to develop highly active catalysts. The results in
Table 2 indicate that both the catalysts show similar activity for
methane conversion into higher hydrocarbons when hydrogen is
not separated from the product. However, the activities of the
two catalysts are quite different under non-equilibrium reaction
conditions when hydrogen is continuously separated from
product by selective permeation of hydrogen in the Pd–Ag
based membrane reactor. Re/HZSM-5 clearly shows a higher
activity than Mo/HZSM-5 under non-equilibrium reaction
conditions as shown in Table 2. The evaluation of the catalysts
under non-equilibrium reaction conditions is a useful method
for development of highly active catalysts.

Therefore, the higher conversion of methane is dependent on
hydrogen permeation and separation through the membrane. To
make hydrogen permeation through the membrane and separa-

tion from the product more efficient, the effect of reaction
pressure on methane conversion was investigated and some
results are given in Table 3. It is clear that methane conversion
is enhanced further by a small increase of the reaction pressure.
This indicates that higher pressures are more favorable for
hydrogen permeation through the membrane tube. Thus, a
higher methane conversion of 5.8% is achieved at a higher
reaction pressure of 200 kPa and a higher methane SV of 360 ml
h21 g21 in the membrane reactor.

In conclusion, methane activation into hydrogen and more
useful hydrocarbons such as aromatics and C2 far beyond the
thermodynamic equilibrium conversion has been achieved by
continuous hydrogen separation from the product using a Pd–
Ag based membrane reactor. The highly active Re/HZSM-5
catalyst has been developed for methane conversion at a low
temperature of 858 K under non-equilibrium reaction condi-
tions. Ultra highly pure hydrogen and aromatics are produced
directly from methane in one step on the developed highly
active Re/HZSM-5 catalyst by integration of the dehydrogena-
tion reaction and a hydrogen separation process using a
membrane reactor.

Notes and references
1 L. Wang, L. Tao, M. Xie, G. Xu, J. Huang and Y. Xu, Catal. Lett., 1993,

21, 35.
2 F. Solymosi, A. Erdohely and A. Szoke, Catal. Lett., 1995, 32, 43.
3 L. Chen, L. Lin, Z. Xu, X. Li and T. Zhang, J. Catal., 1995, 157, 190.
4 D. Wang, J. H. Lunsford and M. P. Rosynek, J. Catal., 1997, 169,

347.
5 S. Liu, Q. Dong, R. Ohnishi and M. Ichikawa, Chem. Commun., 1997,

1435.
6 D. Wang, J. H. Lunsford and M. P. Rosynek, Top. Catal., 1996, 3,

289.
7 J. Z. Zhang, M. A. Long and R. F. How, Catal. Today, 1999, 44, 293.
8 R. W. Borry III, Y. H. Kim, A. Huffsmith, J. A. Reimer and E. Iglesia,

J. Phys. Chem. B, 1999, 103, 5787.
9 L. Wang, R. Ohnishi and M. Ichikawa, J. Catal., 2000, 190, 276.

Fig. 2 Activity profile for the Re/HZSM-5 catalyst with time on stream at
858 K and different methane SV when H2 was separated by selective
permeation.

Table 2 Comparison of catalytic activity of Re/HZSM-5 and Mo/HZSM-5
for methane conversion into hydrogen and higher hydrocarbons under non-
equilibrium reaction conditions

Selectivity (%)

Catalyst
H2

separation
Conversion
(%) C2 C6H6 C7H8 C10H8

Re/HZSM-5 No 2.6 6.9 69.2 3.8 19.2
Yes 4.2 6.4 66.7 4.8 21.4

Mo/HZSM-5 No 2.4 6.7 54.2 2.9 33.8
Yes 3.3 3.9 54.5 3.0 39.4

Temperature = 858 K; SV = 360 ml h21 g21; pressure = 100 kPa; the
permeability of H2 through the membrane is ca. 75%.

Table 3 Effect of hydrogen permeation on methane conversion into
aromatics and C2 on Re/HZSM-5 at 858 K and different methane partial
pressures

Selectivity (%)
Pressure/
kPa

H2

separation
Conversion
(%) C2 C6H6 C7H8 C10H8

50 No 2.8 7.1 60.7 3.6 28.6
Yes 3.3 9.1 60.6 3.0 27.3

100 No 2.6 6.9 69.2 3.8 19.2
Yes 4.2 6.4 66.7 4.8 21.4

200 No 2.7 7.4 55.6 3.7 33.3
Yes 5.8 5.2 51.7 5.2 37.9

Temperature = 858 K; SV = 360 ml h21 g21; the permeability of H2

through the membrane is ca. 75%.
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The first redox controlled hydrogen bonded three-pole switch
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The first example of a redox controlled hydrogen bonded
three-pole switch is described, which exploits both electro-
chemical oxidation and reduction of the host–guest dyad to
modulate the intermolecular recognition properties.

Application of the interplay between molecular recognition and
electrochemistry to modulate the interactions between host–
guest complexes is a burgeoning field within supramolecular
chemistry.1 The electrochemically controlled gain or loss of an
electron by a redox active host (or guest) can profoundly
influence the charge and/or electronic distribution of the host–
guest dyad, leading to major changes in the magnitude and
nature of the intermolecular interactions between these units.2
Recently, the reversibility and convenience of electrochem-
ically controlled supramolecular interactions have been used to
produce molecular switches which utilise redox controlled
inclusion,3 hydrogen bonding4 and charge-transfer (CT)5 inter-
actions to control the recognition processes between the
complementary host–guest moieties. For most of these systems,
however, the switching properties are limited to the modulation
of the host–guest binding between two distinct states (two-pole
switch). Multi-pole switch systems, on the other hand, provide
access to new applications within molecular electronics and
photonics, due to their enhanced ability to handle and process
information at the molecular level.3,6

Here, we report the application of dual redox controlled
hydrogen bonding interactions between electroactive pyridine
host 1 and flavin guest 2, to produce the first three-pole switch
which solely utilises the strength and directionality of hydrogen
bonding interactions to control the extent of the intermolecular
recognition processes (Fig. 1). In their neutral states [Fig. 1(b)],
relatively weak interactions between host 1 and guest 2 are
predicted. However, upon electrochemical oxidation of the
ferrocene unit of 1 to its ferrocenium state [Fig. 1(a)], an
increase in the acidity of the N–H group of the amide moiety of
this derivative should result in an increase in the intermolecular
hydrogen bond strength between 1 and 2.4c Furthermore,
reduction of the flavin moiety of 1·2 to its radical anion state
[Fig. 1(c)], should give rise to enhanced intermolecular
hydrogen bonding interactions due to an increase in the negative
charge density of the carbonyl groups of 2.7

The ferrocene host 1 was synthesised by reacting 2-ethyl-
amido-6-aminopyridine with one equivalent of fluorocarbo-
nylferrocene8 in THF under reflux for two days. Compound 1
was readily purified using column chromatography to afford the
host unit in 75% yield.† Flavin 2 was prepared using previously
reported procedures.9

Hydrogen bond formation between 1 and 2 was confirmed by
1H NMR titration in CDCl3. The smooth downfield shift in the
resonance of H(3) of 2 upon the addition of ferroreceptor 1
cleanly fits a 1+1 binding isotherm, providing an association
constant (Ka) of 45 ± 5 M21.10 This is considerably lower than
the Ka obtained for the 1+1 hydrogen bonded complex of 2 and
2,6-diethylamidopyridine (Ka = 537 M21),11 presumably due
to the bulky ferrocene unit partially masking the hydrogen
bonding site of 1.

With host–guest complexation verified, we next investigated
the electrochemically modulated switching properties of this
system using cyclic voltammetry (CV).12 CV studies on
compound 1 gave rise to a reversible single-electron oxidation
of E1⁄2 = +0.79 V. Addition of an excess of 2 to a solution of 1,
immediately resulted in a 20.034 V shift in the oxidation
potential of the ferrocene moiety of receptor 1 (Fig. 2). This
negative shift indicates a stabilization (3.28 kJ mol21)13 of the
ferrocenium state of receptor 1, and hence corresponds to the
flavin unit becoming more strongly bound to 1 (1+ ·2, Ka = 169
± 17 M21).14 CV studies of flavin 2 show a single, one-electron
reduction peak and two separate re-oxidation peaks (Fig. 3).4f

Fig. 1 A redox controlled three-pole switch.

Fig. 2 Cyclic voltammogram of host 1 (——) and in the presence of an
excess of 2 (......).

This journal is © The Royal Society of Chemistry 2001
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Addition of an excess of 1 provides a significant reduction
(+0.100 V) in the voltage for both the reduction wave potential
and E1⁄2 for the reversible redox couple, indicating a substantial
(9.65 kJ mol21) stabilization of the radical anion of 2, which
results in a 50-fold increase in the binding strength of the
complex (1·22·, Ka = 2209 ± 221 M21). In accordance with
previously reported data for the hydrogen bonded complex of 2
with 2,6-diethylamidopyridine, the wave corresponding to the
re-oxidation of the flavin radical anion is greatly enhanced.2a

However, the wave due to re-oxidation of the flavohydro-
quinone anion to the neutral flavin for the 1·2 complex is not
fully suppressed and is shifted to a more positive potential.

In conclusion, we have produced the first example of a redox
controlled hydrogen bonded three-pole switch which exploits
the disparate redox properties of the host and guest moieties to
modulate their intermolecular hydrogen bonded interactions.
Oxidation of the ferrocene moiety results in a four-fold increase
in the hydrogen bonding efficiency, whereas reduction of the
flavin moiety results in a 50-fold increase in the hydrogen
bonding efficiency of 1·2. Structural modification of host 1 is
underway (e.g. incorporation of moieties capable of increasing
the binding efficiency with the reduced flavin via donor atom–p
interactions) the results of which will be reported in due
course.

We gratefully acknowledge support from the EPSRC (F. M.
A. D.), The Royal Society, the Royal Society of Chemistry and
the National Science Foundation (US) (CHE 9905492, V. M.
R.). We thank the EPSRC National Mass Spectrometry Centre
for obtaining mass spectra of 1 and 2.
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† Selected data for 1: yield 75%, mp 152–154 °C; Calc. for C19H19FeN3O2:
C, 60.47; H, 5.04; N, 11.14. Found: C, 60.25; H, 5.27; N, 10.80%. 1H NMR
(400 MHz, CDCl3): d 7.92 (d, 1H), 7.86 (d, 1H), 7.70 (s, 1H), 7.67 (t, 1H),
7.52 (s, 1H), 4.72 (t, 2H), 4.39 (t, 2H), 4.20 (s, 5H), 2.37 (q, 2H), 1.20 (t,
3H); MS (EI): m/z 378 (M + 1).
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Fig. 3 Cyclic voltammogram of guest 2 (——) and in the presence of an
excess of 1 (.....).
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[(h2-Cp)3MnK·1.5thf] and ion-separated
[(h2-Cp)3Mn]2[Mg(thf)6]·2thf†

Andrew D. Bond,a Richard A. Layfield,a Judith A. MacAllister,a Mary McPartlin,b Jeremy M.
Rawsona and Dominic S. Wright*a

a Chemistry Department, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW.
E-mail: dsw1000@cus.cam.ac.uk

b School of Chemistry, University of North London, London, UK N7 8DB

Received (in Cambridge, UK) 17th July 2001, Accepted 21st August 2001
First published as an Advance Article on the web 18th September 2001

Hexagonal [(h2-Cp)3MnK·1.5thf] 1 and ion-separated [(h2-
Cp)3Mn]2[Mg(thf)6]·2thf 2 are obtained from reactions of
CpK and Cp2Mg, respectively, with manganocene, Cp2Mn;
they are the first complexes to be structurally characterised
containing the [Cp3Mn]2 anion.

The greater covalent character of the metal–ligand bonds and
the significant involvement of d orbitals in transition metal
metallocenes1 results in some fundamentally different reactivity
compared to their main group counterparts.2 One significant
difference is the far greater lability and ionicity of the Cp
ligands of main group metallocenes, which are readily displaced
by acids and nucleophiles. Nonetheless, although rarely investi-
gated these characteristics have also been found for certain
transition metal complexes, such as [CpCu(PPh3)]3 and
[Cp2Mn].4,5 The similarity between the ligand reactivity of 17e
Cp2Mn and 14e Cp2Sn and Cp2Pb has prompted us recently to
investigate the possibility of observing related reactivity at their
metal centres. We report here, that nucleophilic addition of Cp2
to [Cp2Mn] gives the first complexes containing the [Cp3Mn]2
anion, behaviour which is analogous to that of Cp2Sn and
Cp2Pb.2

The complexes [(h2-Cp)3MnK·1.5thf] 1 and [(h2-
Cp)3Mn]2[Mg(thf)6]·2thf 2 were prepared by the reactions of
[Cp2Mn] with CpK (1+1 equivalents) or [Cp2Mg] (1+2
equivalents), respectively, in thf solvent (Scheme 1).† Spectral
characterisation of 1 and 2 was hampered by their paramagnetic
nature which made NMR spectroscopic investigations of little
value in ascertaining the solution structures. A further compli-
cation is the extreme lability of the thf ligands of 1, which are
completely removed by placing the complex under vacuum for
even moderately short periods prior to isolation.

Owing to the flaky, laminar nature of crystals of 1 only
relatively poor quality X-ray data could be collected (despite
repeated attempts).‡ Despite these inherent problems the
essential features of the structure were determined unambigu-
ously. The complex consists of [(h2-Cp)3Mn]2 anions asso-
ciated via Mn–(m-Cp)–K interactions into cyclic [(h2-
Cp)3MnK]3 units, which build into a honeycomb sheet structure
(Fig. 1). The extensive static disordering of the K+ cations and
Cp ligands (over two 50+50 sites for both; see ESI†) stems from

the presence of two crystallographically independent sheets
within the structure in which the Cp rings adopt a propeller-like
arrangement which is randomly left-handed in half of the sheets
and right-handed in the other half. These layers are randomly
distributed in the lattice of 1 with an extremely large interlayer
spacing between them of ca. 9.53 Å. Like graphite, the [(h2-
Cp)3MnK]3 units of alternate sheets are staggered with respect
to each other, with the MnII cations within a sheet being
coincident with the centroid of the [(h2-Cp)3MnK]3 units of
adjacent layers. The voids between the sheets are occupied by
thf molecules {1.5 thf per [(h2-Cp)3MnK] monomer unit}. On
average, each K+ cation is solvated by half a thf ligand, with
another disordered thf ligand being uncoordinated. The struc-
ture of 1 is similar to that of the recently characterised PbII

complex [(Cp)2(Cpthf)PbNa·0.5thf] (Cpthf = C5H4CH2C4H7O)
which also adopts a ‘graphite-like’ lattice.6 However, in this
case puckered hexanuclear Pb3Na3 rings result from the
intramolecular coordination of the ligand-bonded ether func-
tionality to the Na+ cations. The h5-Cp bonding of three Cp
ligands to both of the disordered K+ sites in 1 [range K–C:
2.968(6)–3.31(2) Å] is similar to that observed previously in the
structures of CpK and its Lewis base complexes (ca. 2.97–3.13
Å).7

The extensive disordering provides a particular complication
to the discussion of the metal–ligand bond lengths and metal
geometries involved in 1. However, the significant bonding
features of the [(h2-Cp)3Mn]2 anion are nonetheless apparent.
Most surprisingly, the MnII centers are clearly coordinated by
three h2-Cp ligands for both of the disordered Cp sites [range

† Electronic supplementary information (ESI) available: experimental
details and figure of the static disordering arising from superimposition of
the two types of sheet of 1. See http://www.rsc.org/suppdata/cc/b1/
b106366a/

Scheme 1
Fig. 1 Sheet structure of 1, viewed along the c-axis. Only one of the sheets
is shown {corresponding to anti-clockwise rotation of the [(h2-Cp)3Mn]2
anions}. H-atoms and thf ligands have been removed for clarity. Key bond
lengths (Å) and angles (°); Mn–C range: 2.36(1)–2.405(4), Mn…h2-
Cpcentroid(mean) 2.25, K–C 2.96(2)–3.300(4), K…Cpcentroid(mean) 2.94,
K…Mn(mean) 5.26, Mn…Mn 9.09, C–Mn–C(mean) 34.6.
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Mn–C: 2.36(1)–2.405(4) Å]. This bonding mode is retained in
the structure of the ion-separated complex [(h2-
Cp)3Mn]2[Mg(thf)6]·2thf 2 (Fig. 2).‡ Although the three Cp
ligands of the [(h2-Cp)3Mn]2 anion are crystallographically
independent in this case, the Mn–C bond lengths are almost
identical to those in 1 [range Mn–C: 2.351(5)–2.392(6) Å]. The
outcome of the reaction of [Cp2Mn] with Cp2Mg is the same as
that between Cp2E (E = Sn, Pb) and Cp2Mg, producing the ion-
separated complexes [Cp3E]2[Mg(thf)6]·thf.8 However, unlike
2, ion-separation leads to a change in hapticity from h5 to h3 for
the group 14 [Cp3E]2 anions, apparently as a consequence of
increased p-character in the metal lone pairs.8

The only transition metal metallocene anions to be structur-
ally characterised previously have been those derived from d10

CpCuI.9 The [(h2-Cp)3Mn]2 anion of 1 and 2 is the first
transition metal tris-cyclopentadienide anion10 and the first
containing a paramagnetic metal [(d5) MnII]. To our knowledge,
the only previous case of h2-Cp coordination in manganocenes
occurs in Cp2Mn, in which the MnII centers within the polymer
chains are coordinated by three Cp ligands using h5, h3 and
h2 bonding modes [C–Mn being 2.44(3) and 2.62(3) Å for
the h2-interactions].11a It is interesting that in the previously
reported [Cp2Cu]2 and [Cp3Cu2]2 anions h2-Cp bonding is also
a feature.9

Structural investigations of Lewis base adducts of man-
ganocenes indicate that steric factors have a decisive influence
on hapticity and ring-slippage.4a,11 However, there is also some
possibility that electronic factors may play a role in the adoption
of the h2-Cp bonding mode in 1 and 2. Extended Hückel
calculations on C3v [(h5-Cp)3Ti]+ indicate that only the
essentially non-bonding metal dz2 orbital is available for metal
electrons.12 Thus, if a metal has more than 2e these high-energy
orbitals must be filled, as would be the case in a 23e [(h5-
Cp)3Mn]2 anion. The adoption of an h2-bonding mode
therefore avoids an unfavourable electronic situation, by giving
the Mn in the [(h2-Cp)3Mn]2 anion a 14e count.

Samples of 1 and 2 were examined on a SQUID magnetome-
ter in the temperature range 5–300 K, in an applied field of 700
G.†13 Both samples show an extremely similar temperature
dependence of the magnetic moment. The room-temperature
moment of ca. 4.8 mB is somewhat lower than that expected for
an S 5/2 paramagnet (5.9 mB). On cooling, the effective
magnetic moment decreases steadily, reaching a minimum
value of 3.7 mB at the low-temperature limit of the experiments.
The similarity of the behaviour of both complexes strongly
suggests that the magnetic properties originate from single-ion
effects, rather than intermolecular exchange between MnII ions.
The behaviour of 1 and 2 can be compared to that of Cp2Mn
itself, for which the MnII centers have been concluded to be
antiferromagnetically coupled over a similar temperature
range.11a,14 However, studies of ‘magnetically-dilute’ Cp2Mn
doped with Cp2Mg15 show that the magnetic properties can be
explained by zero-field splitting, which is substantially greater
than that normally observed for MnII salts.15c Attempts to model

the behaviour of 1 and 2 using zero-field splitting alone were
unsuccessful.†13 We therefore conclude that their magnetic
behaviour stems from high-/low-spin equilibrium, with a
possible component of zero-field splitting. Further detailed
magnetic and EPR experiments are planned, to provide a
detailed explanation of the electronic structure.

We gratefully acknowledge the EPSRC (A. D. B., R. A. L.,
J. M. R.) and the Isaac Newton Trust (R. A. L.) and Electron
Industries (UK) (R. A. L.) for financial support.

Notes and references
‡ Crystal data for 1: C21H27KMnO1.5, M = 397.47, hexagonal, space group
P63, Z = 2, a = b = 9.0860(13), c = 19.164(4) Å, V = 1370.1(4) Å3,
m(Mo-Ka) = 0.639 mm21, T = 220(2) K. Of a total of 3700 reflections
collected, 1405 were independent (Rint = 0.036). The structure was solved
by direct methods and refined by full-matrix least squares on F2. Final R1
= 0.088 [I > 2s(I)] and wR2 = 0.317 (all data). Crystal data on 1 was
collected a total of four times at various temperatures. Crystal data for 2:
C62H94MgMn2O8, M = 1101.56, monoclinic, space group C2/c, Z = 4, a
= 25.0027(9), b = 10.7118(6), c = 24.0194(10) Å, b = 112.560(2)°, V =
5940.7(5) Å3, m(Mo-Ka) = 0.487 mm21, T = 180(2) K. Of a total of 18733
reflections collected, 4500 were independent (Rint = 0.074). The structure
was solved by direct methods and refined by full-matrix least squares on F2.
Final R1 = 0.078 [I > 2s(I)] and wR2 = 0.231 (all data). Data for 1 and
2 were collected on a Nonius KappaCCD diffractometer.

CCDC reference numbers 164066 and 164067. See http://www.rsc.org/
suppdata/cc/b1/b106366a/ for crystallographic data in CIF or other
electronic format.
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The tandem Michael-aldol reaction of 1-[2-(methylsulfanyl)-
phenyl]prop-2-en-1-one (1) or the seleno congener 4 with p-
nitrobenzaldehyde in the presence of BF3·Et2O gave the
Baylis–Hillman adduct 2 or 5 and onium salt 3 or 6,
respectively, and selenochromanone 7 from 4.

The Baylis–Hillman reaction is one of the most popular
reactions, and a great number of papers have been recently
published on it.1 This reaction is quite slow, and many changes
have been made to it to overcome this drawback.2 We
developed the chalcogenide–TiCl4-mediated reactions of elec-
tron-deficient alkenes with aldehydes.3 The reactions had been
deemed to be a chalcogenide version of the Baylis–Hillman
reaction because the Baylis–Hillman adducts were given after
purification of the products by preparative TLC on silica gel.
However, a detailed examination of the reactions revealed that
the original products were a-chloromethyl aldols and that
dehydrochlorination occurred during purification by the pre-
parative TLC on silica gel.4 Similar reactions using TiCl4 have
been reported by other groups.5 Very recently, we obtained
methyl 3-methylsulfanyl-2-(a-hydroxy-p-nitrobenzyl)acrylate
from the reaction of methyl propiolate with p-nitrobenzalde-
hyde in the presence of TiBr4–SMe2 as a minor product.6 This
finding implied that SMe2 worked as a Lewis base and
suggested to us that the intramolecular Michael addition of a
sulfanyl group to an enone moiety would proceed more
efficiently than the intermolecular one. In other words, the
sulfanyl substituent assists the intramolecular Michael addition
to form a cyclic sulfonium betaine. Cyclisation of enone
sulfides with a Lewis acid has been reported from a different
viewpoint.7 These reports encouraged us to conduct the
reactions of 1-[2-(methylsulfanyl)phenyl]prop-2-en-1-one with
aldehydes in the presence of BF3·Et2O. In this paper, we would
like to describe a new type of tandem Michael-aldol reaction of
an enone sulfide with aldehydes using a Lewis acid.† 

A chloride ion reacted with an a,b-unsaturated carbonyl
compound as a nucleophile in the reaction of the enone with an
aldehyde using chalcogenide–TiCl4.4 In order to avoid this
reaction and allow a chalcogenide to react with the enone
instead of a chloride ion, we selected a Lewis acid such as metal
fluoride or triflate, which releases non-nucleophilic anion,
although BF3·Et2O and triflates of the lanthanide metals had
been ineffective for the intermolecularly chalcogenide-pro-
moted tandem Michael-aldol reactions.3

Various Lewis acids were examined for the reactions of
1-[2-(methylsulfanyl)phenyl]prop-2-en-1-one (1)‡ with p-
nitrobenzaldehyde (Scheme 1). The reaction mixture was
quenched with a saturated aqueous NaHCO3 solution. Results
of the reactions are summarised in Table 1. Reactions using
BF3·Et2O were monitored by TLC and stopped when p-
nitrobenzaldehyde disappeared (entries 1–3). The reaction was
accelerated with increase of the amount of BF3·Et2O and the
reaction time was shortened. Prolonged reaction time decreased
the yield of 3a and increased 2a (entries 1 and 4). Reactions
using BF3·Et2O–LiBF4 (1+1) or TiF4 afforded 2a only in low
yields (entries 5 and 6). Reaction catalyzed Yb(TfO)3 gave 2a

(21%) and 3a (42%)§ (entry 7). When 2 equiv. of BF3·Et2O
were used, the highest yields of 2a (18%) and 3a (62%)§ were
given from the reaction at 0 °C for 1 h (entry 2). The use of
lithium perchlorate and aluminium sulfate gave no product, and
1 was recovered without loss.

Other aromatic aldehydes and 3-phenylpropionaldehyde
similarly reacted with 1 to give 2 and 3 in low to moderate yields
(Scheme 2 and Table 2). Since the reactions of various
aldehydes were slower than that of p-nitrobenzaldehyde, the
reactions were conducted for 2 h and then worked up with
aqueous NaHCO3. Seleno derivative 4‡ reacted with aromatic
aldehydes to give a-methylene aldol 5, aldol selenonium salt
6§, and 3-(a-hydroxybenzyl)selenochromanone 7. Demethyla-
tion of 6 occurred more easily during the reactions than that of
3 to give 7 as a mixture of diasteroisomers. The syn- and anti-
diastereoisomers were assigned in comparison of the coupling
constants of the methine protons [C-CH(OH)-C], syn- (0–2.4
Hz) and anti-isomer (7.8–8.3 Hz), with those of the cyclohex-
anone derivative.8

1H NMR spectra of the residues obtained by concentration of
the reaction mixtures were measured in order to examine
whether a-methylene aldol 2 or 5 was formed via the Baylis–
Hillman reaction or the b-elimination of 3 or 6 by a work-up
with a saturated aqueous NaHCO3 solution. Vinyl proton

Scheme 1

Table 1 Lewis acids for reactions of 1-[2-(methylsulfanyl)phenyl]prop-
2-en-1-one 1 with p-nitrobenzaldehyde.

Entry Lewis acid (equiv.) Time Products (Yield %)

1 BF3·Et2O (1) 2 h 2a (24), 3a (50)
2 BF3·Et2O (2) 1 h 2a (18), 3a (62)
3 BF3·Et2O (3) 45 min 2a (36), 3a (34)
4 BF3·Et2O (1) 24 ha 2a (42), 3a (29)
5 BF3·Et2O–LiBF4

(1:1)
2 h 2a (10)

6 TiF4 (2) 2 h 2a (33)
7 Yb(TfO)3 (2) 2 h 2a (21), 3a (42)
a Room temperature.

This journal is © The Royal Society of Chemistry 2001
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signals of 2 and 5 were observed in the region of d 5.80, 6.09
and d 5.76, 6.06, respectively. This indicates that a-methylene
aldol 2 or 5 was formed during the reaction. However, the
intensities of the +X-Me signals of 3 and 6 were decreased, and
those of the X-Me signals of 2 and 5 were increased after
treatment with saturated aqueous NaHCO3 solution. Therefore,
some of the onium salts 3 or 6 suffered b-elimination by the
work-up with the saturated aqueous NaHCO3 solution to form 2
or 5, respectively.§

Next, the residue obtained from the reaction of 1 or 4 (2
equiv.) with p-nitrobenzaldehyde (1 equiv.) using BF3·Et2O (2
equiv.) as a Lewis acid was treated with triethylamine (2 equiv.)
instead of saturated aqueous NaHCO3 solution in order to obtain
a-methylene aldol 2 or 5 (Scheme 3). The reaction of sulfide 1
afforded 2a in 75% yield, but the reaction of the selenium
congener 4 gave 5 (64%) and the demethylated product 7
(10%).

The reaction conditions presented here were not sufficiently
optimised, but this methodology will be the starting point for the
development of tandem Michael-aldol reactions as well as the
Baylis–Hillman reaction.

This research was partially supported by the Ministry of
Education, Science, Sports and Culture, Grant-in-Aid for
Scientific Research (C), 12672056.

Notes and references
† A typical example: BF3·OEt2 (126 ml, 1.00 mmol) was added to a stirred
solution of p-nitrobenzaldehyde (76 mg, 0.50 mmol) and 1-[2-(methylsulfa-
nyl)phenyl]prop-2-en-1-one (1) (178 mg, 1.00 mmol) in dry MeCN (1.5 ml)
at 0 °C. The mixture was stirred at the same temperature for 2 h, and the
reaction was quenched by addition of saturated aqueous NaHCO3 (3 ml).
The precipitate of the inorganic material was removed by filtration through
Celite and washed with MeCN. The filtrate and the washing were combined,
and the solvent was evaporated under reduced pressure. The residue was
washed with CH2Cl2, and crystals were filtered and recrystallised from
MeCN–CH2Cl2 to give 3-[(4-nitrophenyl)(hydroxy)methyl]-1-methyl-
4-oxo-3,4-dihydro-2H-thiochromenium tetrafluoroborate (3a), as a white
powder of a mixture of diastereoisomers: major isomer: dH 3.10 (3H, s,
SMe), 3.60 (1H, dd, J = 5 and 15), 3.61 (1H, ddd, J = 3, 5 and 10), 4.02
(1H, dd, J = 10 and 15), 4.36 (1H , d, J = 4, OH), 5.79 (1H, dd, J = 3 and
4, benzylic H), 7.71 (2H, d, J = 9, ArH), 7.89–7.94 (3H, m, ArH), 8.29 (2H,
d, J = 9, ArH), 8.38 (2H, dd, J = 2 and 7, ArH). The 1H NMR signals of the
minor isomer could not be clearly assigned because of the overlapping
absorptions. The washing was concentrated to dryness, and the residue was
purified by preparative TLC on silica gel (ethyl acetate–hexane = 1+2, v/v)
to give 2-[(4-nitrophenyl)(hydroxy)methyl]-1-[2-(methylsulfanyl)phenyl]-
prop-2-en-1-one (2a) as yellow oil: dH 2.40 (3H, s, SCH3), 3.50 (1H, br s,
OH), 5.80 and 6.09 (each 1H, s, olefinic H), 5.91 (1H, s, benzylic H), 7.17
and 7.43 (each 1H, t, J = 8, ArH), 7.27 and 7.34 (each 1H, d, J = 8, ArH),
7.66 and 8.21 (each 2H d, J = 9, ArH); dC 17.0 (q), 72.4 (d), 123.8 (d), 124.6
(d), 127.3 (d), 127.4 (d), 129.7 (d), 130.1 (t), 131.7 (d), 136.9 (s), 139.3 (s),
147.5 (s), 149.1 (s), 149.2 (s), 198.2 (s); EIMS m/z 329 (M+); Found: C,
61.9; H, 4.9; N, 4.0. C17H15NO4S requires C, 62.0; H, 4.6; N, 4.3%.
‡ Compounds 1 and 4 were prepared in a similar way as for 1-[2-(ethylsulfa-
nyl)-4,5-dimethoxyphenyl]prop-2-en-1-one in Ref. 7b.
§ The onium salts 3 and 6 were obtained as mixtures of stereoisomers based
on two chiral carbons and a chalcogenide atom. However, their stereo-
structures and isomer ratios could not be determined. The stereostructures of
onium salts 3 and 6 and their reactivity against a base will be described in
the full paper. 
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Scheme 2

Table 2 Reactions of 1-[2-(methylchalcogenyl)phenyl]prop-2-en-1-ones 1
and 4 with aldehydes.

Entry Aldehyde, R Conditions Products (Yield %)

1 p-ClC6H4 0 °C, 2 h 2b (24), 3b (37)
2 p-CF3C6H4 0 °C, 2 h 2c (49), 3c (17)
3 Ph 0 °C, 2 h then rt, 3 h 2d (24), 3d (37)
4 PhC2H4 0 °C, 2 h then rt, 3 h 2e (54)
5 p-NO2C6H4 0 °C, 2 h 5a (30), 6a (45), 7a

(15) (3+2)a

6 p-ClC6H4 0 °C, 2 h 5b (25), 6b (25), 7b
(28) (3+2)a

a Diastereoisomer ratio (syn+anti-isomer).

Scheme 3
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nucleophiles in the oxazolone-based coupling†
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Unexpected cleavage of the macrocyclic ring of secondary
azacrown ethers when interacting with the Aib8 (Aib = a-
aminoisobutyric acid) oxazolone indicates the possibility for
a new mechanism of peptide racemization due to trans-
formations of the oxazolones formed from the N-derivatives
of a-amino acids in peptide synthesis.

Peptide–benzocrown ether conjugates have been proposed as
metal carriers which are capable of specific membrane
penetration.1 In the framework of developing a biomembrane
active peptide with a C-terminus-attached chelator we started
the synthesis of new peptide conjugates with crown ethers.

As the peptide we chose the octamer of a-aminoisobutyric
acid (Aib), Aib8, since natural and synthetic Aib-enriched
peptides (including Aib8) are capable of strong binding to
biomembranes.2 A preferred approach to preparation of con-
jugates consists of coupling Aib8 with derivatives of the desired
crown ethers, i.e., of peptide modification in the last synthetic
step. We chose the oxazolone-based coupling3 for the C-
terminus modification of this non-racemizing peptide, since
other activation of the carboxy group of the C-terminal Aib
residues is problematic (see below as well as ref. 4). The
oxazolone coupling proceeded smoothly with primary amines
but surprisingly led to different products on interaction with
secondary amine crown ether nucleophiles.

Basic hydrolysis of octapeptide methyl ester 1a4 (NaOH,
MeOH–H2O, 25 °C, 48 h) led to acid 1b, which was
transformed into oxazolone 2 by heating with acetic anhydride
(120 °C, 12 h; see Fig. 1). Interaction of oxazolone 2 (as a crude
material; NMP, 110 °C, 1–1.5 h) with primary amines 3 and 4c
led to conjugates 5a and 6a, respectively, in good yields.
Further, Boc-deprotection (TFA, 0 °C, 1 h) afforded peptide
trifluoroacetates 5b and 6b (isolated by HPLC).5

No difficulties were encountered for acylation of azacrown
ethers 4a and 7a possessing a secondary amino group using
different activation methods of the carboxyl group. For
instance, derivative 4c was obtained by triphosgene-assisted
coupling6 of BocGlyOH and 4a [THF, lutidine, 1 h at 25 °C and
then 1 h at 50 °C] followed by acidic deprotection of amide 4b
(see Fig. 2). The PyBOP-provided coupling of 7a and
lithocholic acid 8 (3-fold excess of the amine, DIEA, CH2Cl2,
25 °C, 48 h) led to azacrown–steroid conjugate 9 (a steroidal
analog of azacrown-based transmembranic carriers).

By contrast, when the coupling of oxazolone 2 with azacrown
compounds 4a and 7b was carried out under the above
conditions, only 10a and 10b, respectively, unexpected prod-
ucts of azacrown ring opening, were isolated (as trifluor-
oacetates)5 after hydrolysis in TFA (see Fig. 3). No link
between the secondary amine 7b and the sterically hindered
carboxyl function of peptide 1b could be achieved under other
conditions employed. For instance, triphosgene-based activa-
tion, which has been proposed as an advantageous solution for
the often difficult peptide coupling with secondary amines,6
was unsuccessful, with peptide 1b being recovered un-
changed.

The drastic difference in the chemical behavior of crown
ethers with primary (e.g., 3) and secondary (e.g., 4a) amino
groups allows us to conclude that different mechanisms are
involved in the reaction of these amines with peptide oxazolone
2. We suggest the scheme in Fig. 3 to account for the azacrown
ether ring opening with loss of two carbons.

While formation of conjugates 5a and 6a obviously occurs
according to the accepted mechanism of nucleophilic cleavage
of the peptide oxazolone ring,7a,b transformation of inter-
mediate 11 into O-alkyl imidonium species 128 under elevated
temperatures initiates the azacrown ring opening. The positive
charge on the iminium nitrogen atom (stabilized by the highly
polar solvent, NMP) facilitates b-elimination of the hydroxy
group leading to the cleavage of the macrocyclic ether. It should
be noted that in the case of the primary amine nucleophiles 3 or
4c, intermediates of type 12 will be converted in the aprotic

† Electronic supplementary information (ESI) available: spectral data for
representative examples of new compounds. See http://www.rsc.org/
suppdata/cc/b1/b106106m/

Fig. 1 Synthesis of macrocyclic conjugates 5b and 6b.

Fig. 2 Synthesis of macrocyclic conjugates 4c and 9.
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solvent used into neutral imidates (see Fig. 4), which are not
capable of b-elimination of alcohols. Imidates 13 afford the
corresponding enamines 14 which are hydrolyzed to open chain
azacrown compounds 10a or 10b.

Oxazolone formation from N-protected amino acids is one of
the important factors leading to racemization in peptide
synthesis.7a,9 The observed ring opening indicates a possible
additional mechanism for peptide racemization through ox-
azolone derivatives of amino acids (see ref. 7 for the commonly
considered mechanisms). If oxazoline intermediates of type 11
are reversibly dehydrated under reaction conditions, the acidity
of the 4-H proton is significantly increased due to tautomeriza-
tion of the imidate structure into the enamine structure (see Fig.
4). Formation of an aromatic oxazole system is the driving force
of this bond reorganization.

In order to reveal how reversible the equilibrium between
these imine and enamine forms for N-Boc derivatives of amino
acids is and thus to prove roughly the validity of the proposed
racemization mechanism, we estimated the relative stability of
the lowest energy conformers for the model tautomers I and E
using ab initio calculations at the MP2/6-31G* level. Con-
formational space for these tautomers was analyzed using force

fields Amber, OPLS and MM3 and the Monte-Carlo-based
conformational search implemented into the Macromodel 6.0
package. The conformers of I and E shown in Fig. 4 were found
by these force fields possessing the minimal energy among the
conformers of the corresponding tautomer.

Ab initio calculations for the full electron energy (DE) of
these conformers I and E (using also the PCM solvation model,
a utility of the Gaussian98 package) demonstrated that imine
tautomer I is more stable than enamine tautomer E by 6.1 and
5.1 kcal mol21 in the gas phase and in DMSO, respectively. On
the other hand, specific intermolecular amine–amide inter-
actions (e.g., H-bond formation) are not included in this
solvation model. This high energy H-bonding should stabilize
tautomer E in amidic solvents (e.g., in NMP or DMF). Values
of DH° for the H-bond formation are ~ 5 kcal mol21 in such
systems.9 Taking into account this value and the calculated DE
values we conclude that tautomers I and E should be near in
energy in these polar solvents. Therefore, the equilibrium
between I and E indeed is appreciably reversible (no large
energy gap is present for these tautomers). It is known that the
racemization in peptide synthesis is promoted by highly polar
solvents (NMP, DMF or DMSO).10 Thus, the above described
tautomerization could be involved in the racemization of
peptides being prepared in these H-bond-forming solvents.

This research was supported by a grant from the Mallinckrodt
Medical B.V., Petten, Holland, and the Israel Ministry of
Science and Technology (Grant 1471-1-99).
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Fig. 3 Azacrown ether ring opening in the reaction of secondary amines 4c
and 7b with oxazolone 2.

Fig. 4 Intermediate products of reversible transformation of oxazolones
which lead to racemization of N-acyl of N-acyloxy amino acids or peptides.
Optimized geometries (MP2/6-31G*) for model imine (I) and enamine (E)
tautomers are shown.

Chem. Commun., 2001, 1960–1061 1961



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Chemical modification of schizophyllan by introduction of a cationic
charge into the side chain which enhances the thermal stability of
schizophyllan–poly(C) complexes†‡

Kazuya Koumoto,a Taro Kimura,a Masami Mizu,a Kazuo Sakurai*b and Seiji Shinkai*b

a Chemotransfiguration Project, PRESTO, Japan Science and Technology Corporation, Kurume
Research Center Building, 2432 Aikawa Kurume, Fukuoka 839-0861, Japan

b ‘Organization and Function’, PRESTO, Japan Science and Technology Corporation, Kurume Research
Center Building, 2432 Aikawa Kurume, Fukuoka 839-0861, Japan.
E-mail: seijitcm@mbox.nc.kyushu-u.ac.jp; Fax: +81-942-39-9012; Tel: +81-942-39-9011

Received (in Cambridge, UK) 26th June 2001, Accepted 24th August 2001
First published as an Advance Article on the web 19th September 2001

Combining oxidation with periodate and reductive amina-
tion, the amino group is introduced only in the side chain of
schizophyllan and the product can bind to poly(C) with a
higher dissociation temperature than that of the unmodified
schizophyllan and poly(C) complex.

Schizophyllan (SPG) is a natural polysaccharide produced by
the fungus Schizophyllum commune and its repeating unit
consists of three b(1?3) glucose units and one b(1?6) glucose
side chain linked at every third main-chain glucose (see 5 in
Scheme 1).1,2 SPG adopts a triple helix in water and dissociates
into a single chain (s-SPG) in dimethyl sulfoxide (DMSO).3–5

The s-SPG chain can regain the original triple helix by
exchanging DMSO for water.5–7 Recently, we found that when
this solvent-exchange process is carried out in the presence of
polynucleotides, the resultant triple helix consists of two s-SPG
chains and one nucleotide chain.8,9 Subsequent study reveals
that this complexation is characteristic for water-soluble b-
1,3-glucans and never observed for other polysaccharides.10 As
far as we know, this is the first clear evidence that a neutral
polysaccharide can form a macromolecular complex with
polynucleotides. We believe that s-SPG–polynucleotide com-
plexes may provide a new methodology for gene technology,
such as gene carriers, affinity separation columns, biosensors,
etc.11 Judging from these potential applications, it is advanta-
geous to be able to control the complex stability by chemical
modification of SPG. In this paper, we have introduced an
amino group into the side chain of SPG by combining periodate
oxidation with subsequent reductive amination.

As shown in Scheme 1, oxidation of glucosides by periodate
anion (IO4

2) leads to cleavage of the pyranose ring and converts

each cleavage end to a formyl group.12 The formyl group reacts
with 2-aminoethanol and subsequent reduction of the resultant
Schiff base produces an amino-appended glucoside (2c, 3c, and
4c). When this method is applied to SPG, the product is
expected to have the chemical structure shown by 6. Here, n is
the conversion ratio (or the ratio of cationic monomeric unit),
which was estimated to be 2.4 ± 0.3% by nitrogen elemental
analysis. Hereinafter, we denote this copolymer as N-s-SPG.
Since the ratio of the introduced cationic monomer unit is very
low, it is reasonable to consider that the reaction takes place
statistically to yield a random copolymer.

One of advantages in applying this periodate oxidation
method to SPG is that the cleavage reaction takes place only at
the side chain and the main chain should be intact during the
reaction because the main chain does not have any 1,2-diol
groups. Therefore, this method can be extended to other
1,3-glucans such as lentinan and scleroglucan.11 Although not
mentioned in this paper, n can be controlled by changing the
concentration of the periodate anion. Detailed characterisations
and the relationship between n and the complex stability will be
discussed in the corresponding full paper.

The amino group introduced by the above mentioned method
forms an ammonium cation in neutral aqueous solutions.
Therefore, when N-s-SPG is mixed with polynucleotides, we
expect that an ion-pair can be formed between the phosphate
anion of polynucleotide and the cation of N-s-SPG. Once the ion
pair is formed, this strong attractive interaction is expected to
enhance the complex stability.

Fig. 1 compares the CD spectra between poly(C) itself, a
mixture of s-SPG and poly(C) (+s-SPG), and a mixture of N-s-
SPG and poly(C) (+N-s-SPG), where [q] is the molar ellipticity.
Neither s-SPG nor N-s-SPG has any absorbance in the
wavelengths presented in Fig. 1. Therefore, all CD bands are
ascribed to the conformational asymmetry of a poly(C) chain.
CD bands in this wavelength region sensitively reflect how the
cytosine bases are stacked in the helix.13

As shown in Fig. 1, the spectrum of +s-SPG is different from
that of poly(C) itself; the 275 nm band increases by 50% and a

† Electronic supplementary information (ESI) available: experimental
details and CD spectra. See http://www.rsc.org/suppdata/cc/b1/b105609n/
‡ This is the 9th paper in the series ‘Polysaccharide–polynucleotide
complexes’.

Scheme 1 Schematic illustration for the introduction of an amino group into
SPG. Reagents and conditions: (i) NaIO4, H2O, 4 °C, 2 days, (ii)
2-aminoethanol, DMSO, rt, 2 days, (iii) NaBH4, DMSO, rt 1 day.

Fig. 1 Comparison of the CD spectra between poly(C), +s-SPG and +N-s-
SPG measured at 15 °C in a non-salt solution.

This journal is © The Royal Society of Chemistry 2001
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new band arises around 242 nm. According to our previous
work,8,10 these changes can be ascribed to the complex
formation between s-SPG and poly(C). The spectrum of +N-s-
SPG also has two characteristic bands at 242 and 275 nm,
however, the spectrum is slightly different from that of +s-SPG.
In particular, the intensity of the 242 nm band of +N-s-SPG is
almost twice of that of +s-SPG. Although the origin for the 242
nm band is not clear, this difference should be related to the ion
pair formation between the cations in N-s-SPG and the
phosphate anions in poly(C). When we measured the CD
spectra with increasing Tris concentration, [q]242 of +s-SPG
does not change, whereas [q]242 of +N-s-SPG merges with that
of +s-SPG above 80 mM Tris, where [q]242 is the molar
ellipticity at 242 nm. Since Tris can generate a cationic charge
at pH = 8.0, Tris cations presumably can bind to the phosphate
anions in poly(C). Therefore, Tris and N-s-SPG cations
compete with each other for binding to poly(C) and increasing
Tris concentration is favourable for Tris to bind to poly(C).14

This ion-competition effect can explain why increasing Tris
concentration reduces the difference in the CD spectrum
between +s-SPG and +N-s-SPG.

Fig. 2 compares the temperature dependence of [q]275 for
poly(C), +s-SPG and +N-s-SPG in a non-salt solution. The
melting temperature of the complex (Tm) was determined with
a conventional method15,16 and the resultant values are
presented in the figure. The complex of +N-s-SPG dissociates at
higher temperature than s-SPG. This feature clearly indicates
that the presence of the amino group in s-SPG can stabilise the
complex. Fig. 3 plots Tm against Tris concentration for +s-SPG
and +N-s-SPG. For +s-SPG, Tm seems to be independent of the
Tris concentration, on the other hand, Tm for +N-s-SPG
decreases with increasing Tris concentration. This concentra-
tion dependence of Tm can be also explained by the ion-
competition effect mentioned above. Therefore, we can confirm
that the formation of the ion-pair between N-s-SPG and poly(C)
enhances the complex stability.

It is interesting that major features of the CD spectrum are
common to +N-s-SPG and +s-SPG. This indicates that the

poly(C) conformation in the complex is almost same for +s-
SPG and +N-s-SPG. The complex of +N-s-SPG melts at 57 °C,
whereas that of +s-SPG at 49 °C. This temperature difference of
8 °C approximately corresponds to a difference in enthalpy of
5–10 kcal mol21. The complex with +N-s-SPG is stabilised
compared with +s-SPG in spite of the similarity in their
conformation. This phenomenon can be explained by ion-pair
formation between the phosphate anion and the ammonium
cation. This ion-pair pins the poly(C) chain to the SPG chain to
prevent decomplexation. This ‘pinning effect’ is schematically
shown in Fig. 4.

In conclusion, we have successfully introduced an amino
group into the side chain of SPG and stabilised the complex. It
is undoubted that in the polymer complex the hydrogen-bonding
interaction with OH groups and the electrostatic interaction with
the amino groups operate synergistically to enhance the
complex stability and the latter interaction is selectively reduced
by the increase in the Tris concentration. Thus, this result
presents a new strategy to control the stability of polynucleo-
tide–polysaccharide complexes.
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Fig. 2 Comparison of the melting behaviours of the complex between +s-
SPG (:) and +N-s-SPG (-) [Poly(C) (5)].

Fig. 3 Tris concentration dependence of Tm for +s-SPG (~ ) and N-s-SPG
(-).

Fig. 4 Schematic illustration of the pinning effect induced by ion-pair
formation.
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Nickel olefin polymerisation catalysts containing bulky
phosphino-enolate ligands are shown to give methyl metha-
crylate end-functionalised polyolefins.

Industrial processes for the manufacture of most polyolefin
materials rely on transition metal catalysts which operate at
modest temperatures and pressures and allow the properties of
the materials to be tuned to their various applications. The past
20 years or so have seen important advances in the design of
‘single-site’ molecular catalysts which have given rise to an era
of more finely controlled polyolefin materials synthesis.1 A
crucially important industrial and academic objective remains,
however, and that is to develop catalysts that will allow the
copolymerisation of hydrocarbon monomers such as ethylene
and propylene with readily available polar monomers such as
methyl methacrylate (MMA), alkylacrylates, and vinyl acetate.
At present, commercial processes for the copolymerisation of
these monomers rely on high pressure free radical polymer-
isation technology, and the range of materials accessible via this
technology is severely restricted. There thus exists a compelling
technological requirement for new metal-based catalysts capa-
ble of copolymerising hydrocarbon and polar monomers, under
low temperature/pressure conditions, to give polyolefins with
modified surface properties (adhesion, wettability, etc.) or bulk
properties, or to act as compatibilisers for polyolefins and
functionalised polymers.

To date, late transition metal catalysts have provided the most
significant advances in polar comonomer incorporation but the
majority only incorporate monomers in which the functionality
is remote to the polymerisable vinyl group.2,3 An important
advance was reported by Brookhart and coworkers4 who
showed that a-diimine palladium catalysts are capable of
incorporating acrylates into highly branched polyethylene, to
give materials that bear resemblance to the copolymers obtained
by free radical techniques. More recently nickel catalysts
bearing salicylaldimine ligands have been shown to copoly-
merise ethylene with functionalised norbornenes.3 These cata-
lysts, however, do not incorporate polar monomers with the
polar functionality directly attached to the C–C double bond.†

Recently we described a new family of highly active ethylene
polymerisation catalysts 1 and 2 (Scheme 1) based on P–O

chelate ligands bearing bulky substituents.5 Here, we describe
the use of this catalyst system to incorporate the readily
available polar monomer, methyl methacrylate, into polyolefin
materials.

The [P,O]Ni catalysts are readily generated by treatment of
Ni(cod)2 with the ligand precursors 1a–c‡ in the presence of
MMA. Interestingly, the catalyst does not form in the absence of
an olefin (ethylene or MMA) which is presumed to be required
to displace a cod ligand from the nickel centre. The polymer-
isations were carried out by exposing the nickel catalyst/MMA
mixture to a continuous feed of ethylene (1–5 bar) in a glass
reactor at temperatures in the range 50–70 °C. At the end of each
polymerisation the polymer was precipitated with methanol,
filtered, dissolved in 1,2,4-trichlorobenzene at 120 °C and
precipitated from tetrahydrofuran. This procedure was repeated
twice to remove any traces of poly(MMA). In situ generated
catalytic mixtures as well as the pre-formed catalysts 2 are
found to be equally active in the copolymerisation reaction.

The polymerisation results are collected in Table 1. The
activities of the catalysts range from 80 to 418 g mmol21 h21,

Table 1 Ethylene–MMA copolymerisation dataa

Catalystb Amount/mmol C2H4/bar
Comonomer/
mmol

Polymer
yield/g

Activityc/g
mmol21 h21 Mn

d Mw/Mn

1a/Ni(cod)2/MMA 65 3 MMA (37) 6.8 418 3600 2.2
1a/Ni(cod)2/MMA 65 5 MMA (74) 3.2 197 3800 2.2
1a/Ni(cod)2/MMA 65 4 MMA (74) 2.4 148 3400 2.0
1a/Ni(cod)2MMA 65 3 MMA (74) 2.1 129 3100 2.1
1a/Ni(cod)2/MMA 65 2 MMA (74) 1.3 80 2600 2.0
2b 65 3 MMA (74) 2.6 160e 3800 2.3
1c/Ni(cod)2/MMA 17 1 MMA (19) 0.6 141 3400 2.1
1a/Ni(cod)2/(MMA)3 65 2 (MMA)3

f (10) 4.7 289 3700 3.1
a Polymerisations carried out in Fischer–Porter glass reactors, toluene, 65 °C, reaction time = 15 min. b 12 equivalents of Ni(cod)2 employed; this provides
an optimal nickel:ylide ratio to disfavour the formation of inactive bis(ylide) species.2 c Based on concentration of ligand precursor. d Determined by GPC,
uncorrected. e Based on concentration of Ni complex 2b. f Methyl methacrylate trimer: CH2NC(CO2Me)CH2C(Me)(CO2Me)CH2C(Me)2CO2Me.

Scheme 1 Ligand precursors 1 used in the in situ catalyst system
1/Ni(COD)2/MMA, and the corresponding preformed catalyst precursors 2.
BArF

4 = [3,5-(CF3)2C6H3]4B.

This journal is © The Royal Society of Chemistry 2001
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and give a first-order dependence on ethylene concentration,
affording number average molecular weights in the range
3000–4000 and with narrow molecular weight distributions.

The isolated polymers were analysed by 1H, 13C{1H} NMR
and IR spectroscopies, MALDI-TOF mass spectrometry§ and
gel permeation chromatography. In addition to the resonances
of linear polyethylene, the 13C{1H} NMR spectrum revealed
signals consistent with the presence of the methyl methacrylate
unit. In particular, resonances at d 128.2 and 143.0 are
attributable to a double bond substituted with an ester
functionality, while resonances at d 169.0 and 51.7 confirm the
presence of the methyl ester unit. Comparison of these NMR
data with those derived from 2-methylpent-2-enoate (Fig. 1)
indicate that the polyethylene chains possesses a methylenoate
end-group. The presence of this end-group is confirmed by
MALDI-TOF mass spectrometry (Fig. 2) which reveals in-
dividual polymer chains [MeCH2(CH2CH2)n21CHNC(Me)-
CO2Me (n = 40–60)], each terminated by the methylenoate
functionality. In general, MALDI-TOF mass spectrometry
would appear to provide a useful direct method of determining
whether or not a polar comonomer has been incorporated into
the polyolefin, since purely hydrocarbon polyolefins do not
generally give good mass spectral data. The presence of the a,b-
unsaturated ester functionality can also be observed by IR
spectroscopy which affords bands corresponding to the ester
group (1720 cm21) and CNC double bond (1642 cm21). Methyl
methacrylate oligomers can also be incorporated into PE. For
example, polymerisation of ethylene in the presence of trimer-
MMA affords a PE–t-(MMA)3 block copolymer (Table 1)
which is readily identified by NMR and MALDI-TOF mass
spectrometry. The presence of the a,b-unsaturated ester groups
at the chain ends is consistent with a mechanism involving
insertion of MMA or (MMA)3 into the growing polyethylene
chain, followed by b-H elimination (Scheme 2) rather than via
chain transfer to the polar monomer, since the latter, in the

absence of chain-walking, would give rise to saturated ester
end-groups.

Since this catalyst system has also been shown to be capable
of oligomerising propylene with good activities and hex-1-ene
with more modest activities,5 we have also investigated the
potential for incorporating MMA into these oligomeric prod-
ucts. Treatment of 1a/Ni(cod)2 with an equimolar amount of
propylene and MMA affords (by GC–MS) the MMA end-
functionalised polypropylene oligomers (C3H6)nMMA (n =
1–3) (activity ~12 g mmol21 h21). In the case of hex-1-ene, a
very low activity system (~1 g mmol21 h21) results in the
MMA-functionalised co-dimer and -trimer, (C6H12)nMMA (n
= 1–2).

BP Chemicals Ltd is thanked for financial support. Drs G.
Audley and J. Boyle are thanked for GPC and NMR measure-
ments, respectively.

Notes and references
† It should be noted that lanthanide based catalyst systems for the synthesis
of ethylene–MMA diblock copolymers have been reported,6,7 and thio-
phene end-functionalised polyethylene via C–H bond activation8 has
recently been described.
‡ All new compounds gave satisfactory analytical and spectroscopic data.
§ Measured on a Micromass TOFSPEC spectrometer at laser lex 337 nm. a-
Cyano-4-hydroxycinnamic acid was used as a matrix. It should be noted that
MALDI-MS has been shown in certain cases to observe components of
lower mass preferentially.9 This results in Mw being lowered to a greater
extent than Mn, consequently affording a lower molecular weight distribu-
tion than the true value. The detector response is also known to affect the
measured polymer weight distributions.

1 G. J. P. Britovsek, V. C. Gibson and D. F. Wass, Angew. Chem., Int. Ed.,
1999, 38, 429.

2 U. Klabunde and S. D. Ittel, J. Mol. Catal., 1987, 41, 123.
3 T. R. Younkin, E. F. Conner, J. I. Henderson, S. K. Friedrich, R. H.

Grubbs and D. A. Bansleben, Science, 2000, 287, 460.
4 L. K. Johnson, S. Mecking and M. Brookhart, J. Am. Chem. Soc., 1996,

118, 267.
5 V. C. Gibson, A. Tomov, A. J. P. White and D. J. Williams, Chem.

Commun., 2001, 719.
6 H. Yasuda, M. Furo and H. Yamamoto, Macromolecules, 1992, 25,

5115.
7 G. Desurmont, Y. Li, H. Yasuda, T. Mauro, N. Kanehisa and Y. Kai,

Organometallics, 2000, 19, 1811.
8 S. N. Ringelberg, A. Meetsma, B. Hessen and J. H. Teuben, J. Am. Chem.

Soc., 1999, 121, 6082.
9 P. M. LLoyd, K. G. Suddaby, J. E. Varney, E. Scrivener, P. J. Derrick and

D. M. Haddleton, Eur. Mass Spectrom., 1995, 1, 293.

Fig. 1 13C NMR chemical shifts (d) for methyl trans-2-methylpent-2-enoate
(a) and PE–t-MMA (b); solvent C2D2Cl4.

Fig. 2 MALDI-TOF mass spectrum of PE–t-MMA generated using catalyst
1a. The masses correspond to the potassium adducts [M + K+]. Repeat unit
of all series: 28 Da. Solvent: 1,2,4-trichlorobenzene.

Scheme 2 Proposed mechanism for formation of PE–t-MMA.
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Palladium-catalysed cross-coupling reactions in supercritical carbon
dioxide
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Heck and Suzuki reactions proceed in good yield in
supercritical carbon dioxide in the presence of palladium
acetate and tri-tert-butylphosphine with both free and
polymer-tethered substrates.

The synthesis of organic molecules in the absence of volatile
organic solvents remains an important industrial goal and the
use of alternative reaction media in synthetic chemistry has
attracted widespread attention. Supercritical carbon dioxide
(scCO2) has recently attracted much interest as an environmen-
tally benign alternative to many toxic organic solvents.1–3 It is
non-toxic, inexpensive, universally available and affords facile
separation from products by simple depressurisation. However,
its practical use has been limited by its solvent power. Although
scCO2 will dissolve most non-polar compounds of low
molecular mass, many catalysts, substrates and reagents are
only poorly soluble.

Heck and Suzuki reactions have evolved into one of the most
versatile families of reactions, as illustrated in the recent
literature.4,5 Their application in scCO2 media was initially
hindered by the poor solubilities of commercially available
metal catalysts. In 1998 we6 and Tumas7 independently
reported the first palladium-catalysed carbon–carbon coupling
reactions in scCO2 using fluorinated phosphine ligands to

solubilise the palladium complex. To date, although the use of
non-fluorinated phosphine ligands has been contemplated, the
results have been disappointing, and inferior to the comparable
fluorinated system. Rayner8 reported added advantages in using
palladium trifluoroacetate with commercial phosphines and
metallocycles in the Heck reaction. Arai and co-workers
communicated a Heck reaction in scCO2 using a water soluble
catalyst in a biphasic system, in which phase-transfer additives
such as ethylene glycol afforded an increased reaction yield.9
Very recently Bannwarth10 described the application of per-
fluoro-tagged triphenylphosphine derivatives in the Stille
reaction. Significantly, triphenylphosphine itself was also used
as a ligand, with lower overall yields than the fluoro-analogue,
but still an improvement over the previously reported work.7

Tri-tert-butylphosphine [P(t-Bu)3] has been shown by Fu to
be a highly active catalyst in a variety of palladium-catalysed
coupling reactions.11,12 We now show that the combination of
palladium acetate with P(t-Bu)3 very effectively catalyses Heck
and Suzuki reactions of aryl halides in scCO2. The solubility of
triethylphosphine in scCO2 has previously been noted.13

We first tested P(t-Bu)3 as a ligand in the Heck reaction, a
system with which we had previous experience.6 (Table 1,
entries 1a and b). Initial results were promising, and the
application of this completely non-fluorous system to the

Table 1 Heck and Suzuki reactions in scCO2 using the Pd(OAc)2–P(t-Bu)3 catalytic systema

Entry Substrate 1 Substrate 2 Product Base T/°C Yieldb (%)

1a NEt3 100 77
1b DIPEA 100 92c

2 DIPEA 100 68

3a
3b
3c
3d

DIPEA
Me2N(CH2)6NMe2

Bu4NOAc
Et4NOAc

100
120
100
100

73
76
69d

70d

4a
4b

DIPEA
Cs2CO3

100
100

54
52

5a
5b

DIPEA
DIPEA

80
80

67e

70e

6 DIPEA 80 98ce

a All reactions were conducted in scCO2 over a 16 h period with 5 mol% palladium and a two-fold molar ratio of phosphine to palladium acetate unless
otherwise stated. b Isolated yield by column chromatography. c 10 mol% palladium. d HPLC yield e Isolated yield after base cleavage from resin. DIPEA
(Hünig’s base) is N,N-diisopropylethylamine.

This journal is © The Royal Society of Chemistry 2001
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Suzuki reaction was also successful (entries 2–4). The yields for
these reactions are not yet optimised.†

Both aryl iodides and bromides underwent the Suzuki
reaction, although lower yields were obtained with the less
reactive bromide coupling partners. A variety of different bases
were investigated and shown to be effective in scCO2.
Surprisingly these reactions proceeded effectively in the
presence of solid tetraalkylammonium acetate salts without
addition of any other base. Jeffrey has reported the use of
alkylammonium salts for the Heck reaction in conventional
solvents.14 In addition, Bannwarth reported the use of tetra-n-
butylammonium chloride in a Stille reaction in scCO2.10 We
have found in related cross coupling reactions that the acetate is
superior.15

Solid phase organic synthesis carried out on a substrate
bound to a solid, typically polymeric, support continues to be an
area of intense study. The application of solid phase synthesis to
palladium-catalysed reactions has been the subject of recent
reviews.16,17 Conducting reactions on a solid support provides
an attractive and practical method for clean and efficient
synthetic preparations, allowing convenient separation of
products from the reaction mixture and forming the basis of
combinatorial chemistry. Reactions using polymer supports
require the use of a solvent that will swell the polymer and
expose reactive sites. The ability of scCO2 to plasticise
polymers has been exploited in a number of applications
including polymer impregnation, formation of blends and
particle formation.18 We expected therefore that scCO2 would
provide a good swelling solvent for polymer supported
reagents, allowing access to reactive sites and reducing the
amount of excess reagent required to give acceptable cov-
erage.

We now report the successful application of solid supported
substrates for palladium catalysed Heck and Suzuki couplings
in scCO2. The first pilot reaction employed a catalytic system of
palladium acetate with the highly fluorinated phosphine
PhP(CH2CH2C6F13)2, 1 (Scheme 1).6 REM resin19 underwent a
Heck reaction with iodobenzene and the modified resin was
then cleaved under basic conditions to give (E)-methyl
cinnamate in 74% yield over the two steps.

After this initial success we then extended the palladium
acetate–P(t-Bu)3 catalytic system to substrates immobilised on
a polymer resin. The Suzuki reaction was applied to a
functionalised Merrifield resin and proceeded in good yield,
comparable to reactions off resin (Table 1, entries 5a and b). The
Heck reaction on REM resin19 gave a near-quantitative yield
(entry 6). These results clearly demonstrate the successful
application of the palladium-mediated cross-coupling method-
ology to a heterogeneous system, and form to our knowledge the
first example of the use of polymer supported synthesis in
scCO2.

In summary we have shown that the non-fluorinated
palladium acetate–P(t-Bu)3 catalyst system is highly active in

promoting C–C bond forming reactions in scCO2. We have
applied this system to the first example of polymer-supported
reactions in scCO2.

We thank the EPSRC, AstraZeneca, the Commission of the
EU (Brite-Euram Contract BRRT-CT98-5089 ‘RUCADI’) and
the Isaac Newton Trust, Cambridge for generous financial
support. We thank EPSRC for provision of the Swansea Mass
Spectrometry Service.

Notes and references
† Typical procedure for the Suzuki reaction in supercritical carbon dioxide:
palladium(II) acetate, (11 mg, 0.05 mmol) and tolylboronic acid (204 mg,
1.5 mmol) were placed in a 10 cm3 stainless steel cell, which was taken into
a nitrogen atmosphere (glove-box) where tri-tert-butylphosphine (20 mg,
0.1 mmol) was added, and the cell was sealed, and removed from the glove-
box. Iodobenzene (0.204 g, 1 mmol) and N,N,NA,N'A-tetramethylhexane-
1,6-diamine (0.172 g, 1 mmol) were injected through the inlet port. The cell
was then connected to the CO2 line and charged with CO2 (99.9995%—fur-
ther purified over an Oxisorb® catalyst) to approximately 880 psi (volume
ca. 5 cm3 liquid carbon dioxide). The cell was heated to 100 °C and the
pressure was adjusted to 3000 psi by the addition of CO2. The reagents were
maintained at this temperature and pressure for 16 h and the cell was then
allowed to cool to room temperature. The contents of the cell were vented
into ethyl acetate (100 cm3), and once atmospheric pressure had been
reached the cell was opened and washed out with further ethyl acetate (20
cm3). The combined organic fractions were concentrated in vacuo to give
the crude product which was adsorbed onto a flash silica column using
CH2Cl2 and eluted with hexane to give a white crystalline solid (128 mg,
76%), mp 47–48 °C (lit.20 49–50 °C) dH (400 MHz; CDCl3) 7.59 (2 H, dd,
oA-Ph, J 7.8, 1.2 Hz), 7.51 (2H, d, m-Ar, J 8.1 Hz), 7.44 (2 H, dd, mA-Ph, J
7.8, 7.35 Hz), 7.33 (1 H, td, pA-Ph, J 7.35, 1.2 Hz), 7.26 (2H, d, o-Ar, J 8.1
Hz), 2.41 (3 H, s, Ar-CH3).

1 R. S. Oakes, A. A. Clifford and C. M. Rayner, J. Chem. Soc., Perkin
Trans. 1, 2001, 917. 

2 J. A. Darr and M. Poliakoff, Chem. Rev., 1999, 99, 495. 
3 P. G. Jessop and W. Leitner, Chemical Synthesis Using Supercritical

Fluids, Wiley-VCH, Weinheim, 1999.
4 I. Beletskaya and A. V. Cheprakov, Chem. Rev., 2000, 100, 3009.
5 A. Suzuki, J. Organomet. Chem., 1999, 576, 147.
6 M. A. Carroll and A. B. Holmes, Chem. Commun., 1998, 1395.
7 D. K. Morita, D. R. Pesiri, S. A. David, W. H. Glaze and W. Tumas,

Chem. Commun., 1998, 1397.
8 N. Shezad, R. S. Oakes, A. A. Clifford and C. M. Rayner, Tetrahedron

Lett., 1999, 40, 2221.
9 B. M. Bhanage, Y. Ikushima, M. Shirai and M. Arai, Tetrahedron Lett.,

1999, 40, 6247.
10 T. Osswald, S. Schneider, S. Wang and W. Bannwarth, Tetrahedron

Lett., 2001, 42, 2965.
11 A. F. Littke and G. C. Fu, J. Org. Chem., 1999, 64, 10.
12 A. F. Littke and G. C. Fu, J. Am. Chem. Soc., 2001, 123, 6989 and

references cited therein.
13 I. Bach and D. J. Cole-Hamilton, Chem. Commun., 1998, 1463.
14 T. Jeffrey, Tetrahedron, 1996, 30, 10113.
15 T. R. Early, R. S. Gordon, M. A. Carroll, A. B. Holmes, R. E. Shute and

I. F. McConvey, manuscript in preparation.
16 C. L. Kingsbury, S. J. Mehrman and J. M. Takacs, Curr. Org. Chem.,

1999, 3, 497.
17 R. Franzen, Can. J. Chem., 2000, 78, 957.
18 A. I. Cooper, J. Mater. Chem., 2000, 10, 207 and references cited

therein.
19 J. R. Morphy, Z. Rankovic and D. C. Rees, Tetrahedron Lett., 1996, 37,

3209.
20 M. S. C. Rao and G. S. K. Rao, Synthesis, 1987, 231.

Scheme 1 Reagents and conditions: (i) 5 mol% Pd(OAc)2, 10 mol%
phosphine 1, NEt3, scCO2, 100 °C, 40 h. (ii) NaOMe, MeOH, THF.
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A novel route to substituted 4-methylene-4,5-dihydroisoxazoles
mediated by hafnium(IV) chloride
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Heating alkyl vinyl ketones and N-tert-butylarylmethylide-
neamine N-oxides in the presence of HfCl4 results in the
formation of 4-methylene-4,5-dihydroisoxazoles in good
yield.

We recently reported that hafnium(IV) chloride is an excellent
catalyst for the tandem 1,3-azaprotio cyclotransfer–cycloaddi-
tion reaction between aldoximes and divinyl ketone, inducing
the formation of the exo-isomers of substituted 1-aza-8-oxa-
bicyclo[3.2.1]octan-4-ones 3 and reversing the natural re-
gioselectivity of the thermally promoted cascade (Scheme 1).1
We proposed that the dramatic effect on regioselectivity was
due to coordination of the Lewis acid to the carbonyl moiety of
the intermediate nitrone enhancing nucleophilicity at the b-
carbon and promoting the formation of 3.

To study the effect of HfCl4 on a similar intermolecular
1,3-dipolar cycloaddition we reacted N-tert-benzylideneamine
N-oxide 5a with methyl vinyl ketone 6a. Under thermal
conditions (MeCN, reflux, 48 h) a 4+1 mixture of 5-substituted
isoxazolidines exo-7 and endo-7 was obtained in 34% com-
bined yield (Scheme 2). When the same substrates were
subjected to the HfCl4 catalysed conditions outlined in Scheme
1 only starting material was obtained after the usual reaction
time of 30 min. Increasing the reaction time to 8 h did not result
in the formation of the expected 4-substituted isoxazolidine 9

but, instead, furnished 4-methylene-4,5-dihydroisoxazole 8a
(80% conversion of nitrone, 51% yield). The structure of 8a was
determined by X-ray crystallography (Fig. 1).† Anhydrous
Sc(OTf)3 also induced the formation of 8a (0.5 eq. Sc(OTf)3,
THF, reflux, 8 h) in slightly lower yield (80% nitrone
conversion, 48% yield) whereas the addition of ZnBr2 (0.5 eq.)
under otherwise identical reaction conditions did not induce the
formation of 8a (1H NMR indicated that the crude reaction
mixture was comprised of starting material and traces of the
products of a 1,3-dipolar cycloaddition).

Further development of this process identified conditions that
afford reproducible results (Scheme 3).2 The methodology
encompasses both electron-donating and electron-withdrawing
groups on the aromatic ring and variation of the ketone
component (6a–c) (Table 1). In addition to 8a–h, which were
obtained as single stereoisomers, traces (5%) of the correspond-
ing aromatic aldehydes (from degradation of 5a–f, vide infra)
were visible in the 1H NMR spectra of crude products. The
stereochemistry of the double bond in compounds 8b–h was
assigned by correlation of the chemical shift and coupling
constants of the CNCH and CH2 moieties in the 1H NMR spectra
with those obtained for 8a.

Scheme 1

Scheme 2

Fig. 1 X-Ray crystal structure of 8a.†

Scheme 3

This journal is © The Royal Society of Chemistry 2001
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The mechanism of the reaction is a matter of conjecture at
present. HfCl4 catalysed degradation of nitrone 5a may generate
benzaldehyde and a hafnium complexed hydroxylamine if
traces of water are present in the system. Indeed small amounts
of the corresponding aromatic aldehydes are visible in the 1H
NMR spectra of the crude products and the amount of these was
found to be proportional to the quantity of catalyst and reaction
time. The hydroxylamine may react with 6a to generate nitrone
103 followed by a 6p-electrocyclisation–aldol condensation–
dehydration sequence to generate 8a (Scheme 4). Analogous
6p-electrocyclisation reactions are well known.4–6

In summary, we report a novel route to 4-methylene-
4,5-dihydroisoxazoles from readily available starting materi-
als.7 The synthetic value of these systems, and conventional
methods to generate them are the subject of a recent review by
Zecchi et al.8 Further studies of the mechanism and scope of the
reaction are in progress.

We thank Pfizer Global Research & Development (UK),
Leeds University and the EPSRC for support.

Notes and references
† Crystal data. C11H11NO, M = 173.21, orthorhombic, Pcba, a =
12.3331(2), b = 7.3853(2), c = 20.0230(9) Å, U = 1823.77(10) Å3, Z =
8, Mo-Ka radiation, l = 0.71073 Å, m = 0.081 mm21, T = 150(2) K, R1

= 0.0449 for 1319 reflections with I > 2s(I), wR2 = 0.1063 for all 1787
independent data. CCDC 168614. See http://www.rsc.org/suppdata/cc/b1/
b105561p/ for crystallographic data in .cif or other format. Methods and
programmes were standard from the SHELX suite.9

1 P. J. Dunn, A. B. Graham, R. Grigg and P. Higginson, Chem. Commun.,
2000, 2035.

2 Typical experimental procedure: methyl vinyl ketone 6a (0.75 mmol)
was added to a solution of nitrone 5a (0.5 mmol) and HfCl4 (0.75 mmol)
in dry THF (20 mL) under a nitrogen atmosphere and the resulting
homogeneous solution stirred at reflux for 24 h. The reaction mixture was
quenched by the addition of saturated NaHCO3 solution and extracted
with dichloromethane. The combined organic extracts were washed with
water, dried (MgSO4), filtered and the filtrate concentrated in vacuo. The
residue was purified by flash chromatography, eluting with 1+1 v/v
diethyl ether–pentane to afford the product 8a as a colourless crystalline
solid (0.065 g, 75%). Recrystallisation from dichloromethane–pentane
afforded the product as colourless needles, mp 107.5–109 °C.

3 When the corresponding oxime of 6a and benzaldehyde were heated
under the reaction conditions (HfCl4 (0.5 eq.), THF, reflux, 8 h) no traces
of 8a were detected and only unreacted material was recovered.

4 R. Grigg, P. Myers, A. Somasunderam and V. Sridharan, Tetrahedron,
1992, 48, 9735.

5 R. Grigg, P. Kennewell, V. Savic and V. Sridharan, Tetrahedron, 1992,
48, 10 423.

6 E. C. Taylor and I. J. Turchi, Chem. Rev., 1979, 79, 181; R. Huisgen,
Angew. Chem., Int. Ed. Engl., 1980, 19, 947.

7 N-tert-Butylarylmethylideneanine N-oxides are readily prepared in high
yields by treatment of the corresponding aldehyde with commercially
available N-tert-butylhydroxylamine hydrochloride (1.5 eq.) and
Na2CO3 (0.75 eq.) in 1+1 THF–H2O solution and heating at 60 °C for 2
days.

8 G. Broggini, C. La Rosa and G. Zecchi, Synlett, 1995, 12, 1208.
9 G. M. Sheldrick, SHELX97, University of Göttingen, Germany, 1997;

G. M. Sheldrick, SHELXTL Manual, Bruker AXS Inc., Madison, WI,
USA, 1994 and 1998.

Table 1 Hafnium(iv) chloride mediated synthesis of 4-methylene-4,5-di-
hydroisoxazoles

Nitrone Vinyl ketone Producta Yieldb (%)

5a 6a 8a 75
5b 6a 8b 76
5c 6a 8c 68
5d 6a 8d 54
5e 6a 8e 64
5f 6a 8f 70
5a 6b 8g 64
5a 6c 8h 31
a In all cases apart from 5a + 6a, small amounts (5–10%) of the
corresponding aldehydes were detected by 1H NMR. b Yield isolated by
flash chromatography.

Scheme 4
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Hollow spheres of MCM-41 mesoporous aluminosilicates,
with two small holes on the shell, have been synthesized from
a surfactant–aluminosilicate gel composite.

Hollow spherical ceramic materials of micron size have
received a lot of recent attention due to their potential
applications in drug-delivery, adsorption, and catalysis.1–3 The
standard approach for generating hollow spheres is to use
organic polymer beads as the templates which control the size of
the void volume.4,5 However, large entities such as macromole-
cules usually cannot penetrate such spheres because of the
microporous shell. It would be desirable to leave a macro-hole
on the shell surface for transporting macromolecules. Fur-
thermore, a mesoporous shell of the hollow sphere would allow
simultaneous embedding of smaller molecules.

In this paper, we report a liquid crystalline/sol–gel approach
to the synthesis of vesicular mesoporous aluminosilicates
MCM-41. Both the diameters of the hollow spheres and the
aluminium content of the materials can be controlled. The
vesicular hollow spheres of MCM-41 were reasonably sup-
posed to possess a pair of holes of submicron size on exactly
opposite sides.

The hollow spheres of MCM-41 aluminosilicates were
prepared according to our previously reported delayed neutral-
ization procedure at 27 °C.6,7 Typically, the surfactant myristyl-
trimethylammonium bromide, CH3(CH2)13N(CH3)3Br,
(C14TMAB), as organic template, and butanol (BuOH), as
cosurfactant, were dissolved in sufficient water to form a clear
solution. Sodium silicate was added and mixed thoroughly.
Then 1.2 M H2SO4 (aq) was gradually added to adjust the pH
value of the gel solution to ca. 9.0. Finally, the gel solution was
combined with the required amount of sodium aluminate
(NaAlO2).  The molar ratios of the resulting gels were 1
C14TMAB+1.50 SiO2+1.20 NaOH+0.48 H2SO4+(0.02–0.1)
NaAlO3+(1.25–1.85) BuOH+200 H2O. The vesicular sphere
products were obtained by filtering the solution after hydro-
thermal treatment at 100 °C for 6 h. After washing with
deionised water, drying and calcination at 580 °C in air, hollow
spheres of MCM-41 mesoporous aluminosilicate were ob-
tained.

In Fig. 1(A), we see that the aluminosilicate spheres were
produced in high yield ( ~ 95%) and uniform size (5.0 mm).
From some broken spheres (broken by the scraper during the
SEM sample preparation process), one can easily distinguish
that the micrometer-sized spheres are hollow (Fig. 1(B)).
Without the use of sodium aluminate, we previously obtained
hollow spheres with a center pillar inside.7 TEM micrographs
(not shown here) of microtomed samples also show the hollow
insides of the spheres. Careful checking under higher magnifi-
cation showed that the surface of every hollow sphere contains
a tiny hole of ca. 0.1 mm in diameter (Fig. 1(C)). The existence
of this tiny hole would allow the large internal void space of the

sphere to be more accessible to larger entities such as viruses or
macromolecules. An ultra-thin film microtome TEM micro-
graph of the shell of a hollow sphere is illustrated in Fig. 1(D).
This enables the mesostructure of the shell to be examined and
clearly shows the hexagonal-arrayed honeycomb mesostruc-
tures of MCM-41. This well-aligned structure is in agreement
with its  XRD pattern, which possesses 3–4 sharp peaks (see
ESI†).8,9

To understand the direction of the nanochannels on the shell
of the hollow sphere, we carefully observed the nanochannels
near the tiny hole on the shell under a TEM. Fig. 2(A) clearly
shows that the nanochannels of the hollow sphere of the MCM-
41 mesoporous aluminosilicates are arranged concentrically
around the hole. Taking the hole as the north pole of the sphere,
the nanochannels are arranged in the latitudinal direction to
form the shell. This is in agreement with our previous
observation that nanochannels arrange latitudinally in pillar-
within-spheres structures except that this time the center pillar is
removed, leaving holes in the shell at the bases of the pillar. The

† Electronic supplementary information (ESI) available: XRD pattern of a
hollow sphere of MCM-41 (Si/Al = 30). See http://www.rsc.org/suppdata/
cc/b1/b104600b/

Fig. 1 SEM and TEM micrographs of the mesoporous aluminosilicate
(Si/Al = 30) hollow spheres. (A) Low magnification SEM showing the
uniform spheres with average diameter of 5 mm. (B) SEM of some broken
hollow spheres of MCM-41 mesoporous aluminosilicates. (C) A tiny hole
on the shell of the hollow sphere. (D) An ultra-thin section TEM picture
displayings the well-ordered nanostructures of the vesicle-shaped alumino-
silicate spheres.

This journal is © The Royal Society of Chemistry 2001

1970 Chem. Commun., 2001, 1970–1971 DOI: 10.1039/b104600b



fact that we can always see only a single hole on the shell leads
us to the logical conjecture that every hollow sphere possesses
two tiny holes on opposite sides. A schematic diagram of the
hollow sphere is shown in Fig. 2(B). Although a direct
microscopic observation of both polar holes on a hollow sphere
was not obtained, the existence of the tiny holes at both poles
can be reasonably explained. The singularity at the pole gives
too high an energy penalty to form closed hollow spheres.10,11

This hollow sphere with two tiny holes at both poles is a novel
hierarchical structure that has not previously been identified.
Compared with our previous pillar-within-sphere structure,7 the
aluminium component apparently makes the center pillar
position of higher energy and the aluminosilicate materials are
deposited around the waist to make a thicker shell.

In addition to making hollow spheres with an Si/Al ratio of
30, we can prepare samples with different aluminium contents
by simply adding different amounts of sodium aluminate. In the
range Si/Al = 15–70, hollow spheres of MCM-41 aluminosili-
cates with well-aligned mesostructures have been obtained. By
examining the 27Al MAS NMR spectra of the uncalcined
hollow spheres, we found that only one peak at 54 ppm,
referenced to a dilute aqueous solution of Al(NO3)3, was
observed in each sample. This indicates that all the Al atoms are
incorporated in the silica framework to form the hollow
sphere.12

We can also control the size of the hollow spheres. In
lyotropic surfactant liquid crystals, the rigidity of the surfactant
assembly, such as the membrane,  decreases with the amount of
cosurfactant alkanol.13,14 Accordingly, we changed the BuOH/
C14TMAB ratio in the reaction mixture. Fig. 3 demonstrates that
the diameter of the hollow sphere decreases with an increase of
the BuOH/C14TMAB ratio, as we expected. However, the size
range can be adjusted only in the range of  2.5 to 7.6 mm using
the C14TMAB–BuOH–aluminosilicate–water composition.
Outside this range, the morphology will transform into fine
particles or tubules-within-tubules structures.15 We found that

the tiny hole size ranges from ca. 0.05–0.1 mm and is not
apparently dependent on sphere diameter.

Table 1 lists the physical properties of the hollow spheres
with various diameters and Al contents. Comparing these data,
the surface area, pore size and porosity are not significantly
affected by the aluminium content or the diameter. For different
Al contents and various sphere diameters, high yields of
vesicular hollow spheres of MCM-41 materials with high
surface area, uniform pore size and large porosity  have been
successfully synthesized using a simple self-organization
approach.

The discovery of such an intricate hollow spherical topology
with two tiny holes at the poles of the sphere will also be
interesting to the physics of complex biomineralization proc-
esses. It will enrich our ability to build hierarchical complex
inorganic–organic composite structures using the bottom-up
approach.

This research was financially supported by the China
Petroleum Co. and the National Science Council of Taiwan.
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Fig. 2 (A) A HR-TEM micrograph showing nanochannels arranging around
the tiny hole. The scale bar in this figure is 110 nm. (B) A schematic diagram
of the vesicle-like sphere of aluminosilicates MCM-41.

Fig. 3 The diameter of the hollow sphere of MCM-41 aluminosilicates as a
function of the BuOH/C14TMAB ratio.

Table 1 The physical properties of the hollow spheres of MCM-41
mesoporous aluminosilicates with different diameters and Si/Al ratio
composites

Diameter/
mm Si/Al

d100

value/nm
Pore
sizea/nm

BET
surface
area/
m2 g21

Porosityb/
cm3 g21

7.5 30 3.25 2.25 960 0.67
5.0 30 3.30 2.30 975 0.65
2.8 30 3.32 2.23 1002 0.62
5.0 60 3.42 2.28 996 0.70
5.0 15 3.25 2.20 952 0.63

a The central value of the pore size distribution calculated from the N2

adsorption isotherm branch using the BJH method. b The N2 adsorption
value at P/P0 = 0.9.
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Banana-shaped mesogens: observation of a direct transition from the
antiferroelectric B2 to nematic phase†
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The synthesis and characterisation of the first banana-
shaped mesogens which exhibit a direct transition from the
antiferroelectric B2 phase to the nematic phase are re-
ported.

During the last couple of years there has been an upsurge in the
synthesis and phase transition studies of compounds composed
of banana-shaped or bent-core molecules because of the unusual
and very interesting mesophases they exhibit. The detection of
ferroelectricity in the mesophase of such an achiral compound
by Niori et al.,1 which was later determined to be antiferro-
electric in the ground state2–4 by current response measure-
ments, have stimulated further research in this field. Several
hundred compounds with a bent molecular shape have been
synthesised so far and at least seven different banana (B) phases
characterised.5,6 It has been observed that in many homologous
series of compounds only one banana phase exists in one
homologue. However, smectic A, smectic C or nematic phases
have been obtained either individually or in combination
particularly for homologues with short terminal chains. Al-
though the nematic phase has been observed in many series of
bent-core molecules,7–11 there is no example of a compound
exhibiting a direct transition from the B2 phase to nematic. Very
recently there was a report of a case in which the B2 phase and
a nematic phase are observed in the same substance and the two
are separated by smectic A and smectic C phases.12 It would be
very interesting and useful from an experimental point of view
if one could get a direct transition from the antiferroelectric B2
phase to the nematic phase. We have achieved this objective and
report our results in this communication.

The synthesis and characterisation of four compounds
composed of banana-shaped molecules, three of which repre-
sent the first examples which show a direct transition from the
antiferroelectric B2 to nematic (N) phase transition, is described
here. The general method of preparation of the compounds is
shown in Scheme 1. As reported10 by us earlier, 2,7-dihydroxy-
naphthalene 1 was reacted with 2-fluoro-4-benzyloxybenzoic
acid 2 to give the diester 3. The protective benzyloxy groups
were removed using 5% Pd–C as catalyst in an hydrogen
atmosphere to yield the diphenol 4. In the final step (iii)
compound 4 was reacted with two equivalents of an appropriate
(E)-4-n-alkoxy-a-methylcinnamic acid to furnish compound
5.‡ All the compounds were purified by column chromatog-
raphy (silica gel, 60–120 mesh) and were crystallised several
times using suitable solvents.

The liquid-crystalline properties of the compounds were
investigated by using optical polarising microscopy and
differential scanning calorimetry (DSC). The transition tem-
peratures together with the associated enthalpies are sum-
marised in Table 1. On examination of the samples under a
polarising microscope the following are observed. Compound
5, n = 12, melts into a nematic phase and on cooling the
isotropic (I) liquid shows typical schlieren texture. On further
cooling, small broken-fan like texture emanates from the
nematic phase and the field of view is completely filled with this

texture. Fig. 1 shows a typical texture wherein the broken-fans
are appearing from the nematic phase and this phase transition
is enantiotropic. Compounds 5, n = 13 and n = 14, are
enantiotropic in both nematic and the lower temperature phase
while compound 5, n = 16, is also enantiotropic but without the
nematic phase. The N?I transition enthalpy is about 0.4 kJ
mol21. A DSC thermogram obtained for compound 5, n = 13,
is shown in Fig. 2 and all the transitions can be seen clearly.

In order to confirm the nature of the lower temperature phase
of these compounds, X-ray investigations were carried out. The
X-ray diffraction experiments were conducted using Cu-Ka
radiation from a rotating anode generator with a flat graphite
crystal monochromator. The diffraction patterns were collected
on an image plate (Marresearch). The unoriented sample was
contained in a Lindemann capillary and the temperature was
controlled to within ±0.1 °C. The diffraction pattern of an
unoriented sample of the mesophase of compound 5, n = 14,

† Electronic supplementary information (ESI) available: Fig. 1 in colour.
See http://www.rsc.org/suppdata/cc/b1/b106458b/

Scheme 1 Reagents and conditions: i DCC, cat. DMAP, dry CHCl3, room
temp., 12 h, 78%; ii cat. 5% Pd–C, H2, 1,4-dioxane, 55 °C, 90%; iii (E)-4-n-
alkoxy-a-methylcinnamic acid, DCC, cat. DMAP, dry CHCl3, room temp.,
15 h, 65–70%.

Table 1 Transition temperatures and the associated enthalpies (in italics) as
determined by DSC

Compound n Phase transition temp/°C; enthalpy/kJ mol21

5 12 Cr 119.5 [B2 116.0] N 127.0 I
75.56 13.23 0.49

5 13 Cr 117.5 B2 120.0 N 125.0 I
59.28 13.92 0.43

5 14 Cr 107.0 B2 123.0 N 124.0 I
58.6 14.15 0.34

5 16 Cr 108.0 B2 128.0 I
52.36 16.84

This journal is © The Royal Society of Chemistry 2001
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shows a diffuse peak in the wide angle region with d = 4.6 Å,
indicating liquid-like in-plane order. In addition, three orders of
lamellar reflections (in the ratio 1+2+3) in the small angle region
could be clearly seen. From this as well as the textural
characteristics we have identified this mesophase to be a B2
phase.

Finally, the characteristic feature of the B2 phase, namely the
switching current response, was carried out on the mesophase of
compound 5, n = 14. An electro-optical switching cell was
constructed using two ITO coated glass plates pre-treated with
polyimide which enables the sample to align homogeneously.
The cell thickness was adjusted to be 6 mm by using appropriate
spacers. The sample was filled in the isotropic phase and cooled
slowly. A very good alignment of the nematic phase was
obtained. On further slow cooling under a low frequency AC
triangular voltage, well formed domains of the B2 phase over
the entire field of view were seen. From the visual observations
under the polarising microscope, we see colourful circular
domains which switch above a threshold voltage. Simultane-
ously two very sharp current peaks could be seen on the
oscilloscope screen for the half period of the triangular voltage
(250 Vpp). A typical switching current response for this
compound is shown in Fig. 3. The current was measured across
a 10 kW resistance. The apparent ‘saturated polarisation’ Ps was
obtained by measuring the area under the peaks and is about 560
nC cm22. These observations clearly indicate the antiferro-
electric nature of this phase.

The presence of this uniaxial nematic phase, as evidenced by
numerous s = ±1 disclinations and fewer s = ±1

2 defects above
the B2 phase helps to align the latter and may contribute to
making the measurement of other physical properties of this
interesting antiferroelectric phase rather easy.

The authors thank Dr V. A. Raghunathan for help with the X-
ray measurements and Mrs K. N. Vasudha for technical
support.
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‡ The chemical structure of the compounds listed in Table 1 was determined
from their spectral data. Typical data obtained for compound 5, n = 13 is
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Fig. 1 Photo-micrograph of the B2 phase appearing on cooling from a
homogeneously aligned nematic phase, compound 5, n = 13 (magnification
3300).

Fig. 2 Differential scanning calorimetric scan of compound 5, n = 13
showing clearly the transition from the B2 to the nematic phase. The insert
shows the amplified N?I transition.

Fig. 3 Switching current response obtained in the B2 phase of compound 5,
n = 14 at 120 °C by applying a triangular voltage (cell thickness: 6 mm, 250
Vpp, 29 Hz). (Vpp = volt peak-to-peak.)
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Asymmetric synthesis of 2-azido-1-arylethanols from azido aryl
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b-Cyclodextrin catalyses for the first time the asymmetric
reduction of a-azido aryl ketones to corresponding alcohols
of great significance using sodium borohydride in water. The
azido group appeared to be the best fit among various groups
studied. This asymmetric reduction using water as solvent
overcomes many of the drawbacks in the existing method-
ologies.

Chiral vicinal azidohydrins are of great significance in asym-
metric catalysis,1 chemistry of carbocyclic nucleosides2,3 and
also as precursors for a wide range of pharmaceuticals such as
b-blockers and agonists in the treatment of cardiovascular
disease, cardiac failure, asthma and glaucoma.4 However,
synthetic methodologies reported until recently consist mainly
of either asymmetric ring opening of oxiranes in the presence of
chiral organometallic complexes5 or reduction of prochiral
ketones catalysed by oxazaborolidines in presence of
BH3·SMe2 etc.6 involving the use of anhydrous organic
solvents, moisture sensitive catalysts, expensive and toxic
reagents. In view of these limitations, there is still a need for a
mild, simple and widely applicable alternative approach to these
highly valuable compounds. The best choice would be through
supramolecular catalysis involving water as solvent, which is
environmentally benign, however, this still remained as a
goal.

Though the reduction of some substituted aryl alkyl ketones
using sodium borohydride in the presence of cyclodextrin have
been reported earlier, the results are not encouraging (optical
yields up to 36% ee).7 However, no attempts have been made so
far to involve a-azido aryl ketones in supramolecular catalysis
to get the versatile azidoalcohols. In our efforts to develop
biomimetic approaches for chemical reactions including asym-
metric catalysis using cyclodextrins(CDs),8 we report herein the
first biomimetic approach for the asymmetric synthesis of a-
azidoalcohols 2 by reduction of the corresponding ketones 1 as
their b-cyclodextrin complexes in water using sodium borohy-
dride (Scheme 1).

Cyclodextrins, which are cyclic oligosaccharides, catalyse
reactions by supramolecular catalysis through non-covalent
bonding by formation of reversible host–guest complexes as
seen in enzymes. Cyclodextrins’ chirality can also induce
asymmetric reactions but the utility of CDs in asymmetric
synthesis is still limited.8a,e,f, 9,11

In CD catalysed asymmetric reactions, the following criteria
are required to be met for chiral induction: a phenyl ring in the
substrate to form the CD inclusion complex and a functional
group to interact with CD hydroxy groups to attain rigidity for
chiral recognition. Since a-azido aryl ketones 1 conform to
these criteria, they have been chosen as substrates for chiral
asymmetric reduction. The complexes were formed with b-
cyclodextrin since it is the most inexpensive and easily
accessible of the cyclodextrins.

The reductions were carried out as follows: b-CD (1 mmol)
was dissolved in water (15 ml) and heated up to 60 °C until a
clear solution was formed. Then a-azido aryl ketone 1 (1 mmol)

dissolved in acetone (1 ml) was added dropwise and allowed to
come to room temperature. Later, the reaction mixture was
cooled in an ice bath and sodium borohydride (5 mmol) was
added slowly, brought to room temperature and stirred for 24 h.
It was then quenched with hydrochloric acid (2 M, 10 ml),
extracted with ethyl acetate, dried and concentrated under
reduced pressure. The crude product was purified by column
chromatography on silica gel. The yields obtained were good,
ranging from 90–96% and the enantioselectivities observed
were also impressive in some cases showing up to 81% ee
(Table 1). The ratio of b-CD to the substrate 1 appeared to be

† IICT Communication No. 4769.

Scheme 1

Table 1 Asymmetric synthesis of 2-azido-1-arylethanols

Entry Product Ee(%)a Yield (%)b,c

1 2a 52 92
2 2b 10 94
3 2c 12 90
4 2d 4 89
5 2e 80 95
6 2f 73 94
7 2g 66 96
8 2h 53 94
9 2i 81 95

10 2j 0 90
11 2k 15 92
12 2l 7 90
13 2m 8 89
14 2n 0 95
15 2o 40 84
16 2p 61 80
17 2q 11 88

a Determined by HPLC analysis with the chiral column ‘Diacel Chiralcel
OD’ (0.46 cm ™ 3 25 cm) using hexane–propan-2-ol (85+15) as eluent at
a flow rate of 0.5 ml min21 using UV detection (254 nm). b Isolated yields.
c All products were characterised by mass, 1H, 13C NMR, IR spectroscopy
and elemental analysis.

This journal is © The Royal Society of Chemistry 2001
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optimum at 1+1 since a lower ratio of b-CD led to a decrease in
ee whereas a higher ratio has not shown any improvement in
enantioselectivity (Table 2). The enantiomeric excesses (ee) of
the products were determined by chiral HPLC analysis. These
compounds have been shown to have S configuration by
comparison of the sign of rotation with those of the known
compounds.6 An interesting feature of this reaction is that the
substrates having electron donating substituents on the aromatic
ring have shown higher enantioselectivity compared with the
electron withdrawing substituents (Table 1). This may be
ascribed to additional stabilization of the transition state of
carbonyl–borohydride complex by electron donating sub-
stituents which can result in better enantioselectivity. However,
this will be complimentary to other factors.

Among the compounds studied, compound 2i with an
isopropoxy group has shown the highest enantioselectivity
(81% ee) followed by 2e (80% ee), 2f (73% ee), 2g (66% ee), 2h
(53% ee) and 2a (52% ee) whereas lower enantioselectivities
were observed with the rest of the compounds (0–12% ee). To
study the effect of substitution on enantioselectivity, the azido
group was replaced by H, OH and OTBDMS with increasing
bulkiness. Though increase in bulkiness in this series (2k–q) has
led to enhancement in enantioselectivity (Table 1) with 2p
showing a maximum of 61% ee, the ketones with azide group
(2a–j) appeared to fit best in the CD cavity for reduction with
sodium borohydride giving an ee up to 81% (Table 1).

The inclusion complex formation was observed from 1H
NMR spectra10 and powder X-ray spectra11 of the solid CD
complexes. Hydrogen bonding of substrates with CD hydroxy
groups was seen from IR by a shift of the CNO stretch to lower
frequency in CD complexes (in the range of 2–53 cm21)
compared with the uncomplexed substrates. Stronger shifts
were observed for the substrate–CD complexes which yielded
products with higher ee. Thus, the CD induced asymmetric
reductions by supramolecular catalysis may involve various
factors such as hydrophobic binding, carbonyl exposure to the
CD rim of secondary hydroxy groups, a decrease in the degrees

of freedom of the guest molecule possibly through hydrogen
bonding, favorable control of geometry in the approach of the
substrate to the ‘active site’ etc. A balance of these interactions
determines the enantioface selectivity.

These CD mediated water solvent reactions are very useful
both from economical and environmental points of view and
also for the practical convenience of not having to handle
flammable anhydrous organic solvents or toxic and expensive
reagents. b-Cyclodextrin, apart from being non-toxic, is also
considered as metabolically safe.12 Thus, the present method-
ology for the synthesis of chiral 2-azido-1-arylethanols of great
significance in asymmetric synthesis and medicinal chemistry
involving water as solvent may be considered as simple from
the practical point of view with great potential for future
applications.

MAR thanks CSIR, New Delhi, India for the award of a
fellowship.
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Acenaphthenic hopanoids, a novel series of aromatised triterpenoids
occurring in crude oil
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A series of diaromatic 8,14-secohopanoids of microbial
origin has been characterized in a petroleum by NMR
studies, disclosing novel geochemical transformations.

In the course of our studies dealing with the geochemical
characterization of Mexican crude oils, coupled gas chromatog-
raphy–mass spectrometry (GC-MS) investigation of the ‘triaro-
matic’ hydrocarbon fraction separated by thin layer chromatog-
raphy (SiO2, hexane as developer) from Lacantún petroleum†
revealed the presence of a homologous series of 5 compounds
1a–e with unknown mass spectra.‡ The lowest homologue 1a is
characterized by a molecular ion at 402 (C30H42) and a base
peak at m/z 195 (C15H15

+) which could correspond to an
alkylated acenaphthene moiety. In the mass spectra of the
higher homologues, the major fragment and the molecular ion
are shifted upwards by n3 14 mass units (n = 1–4), indicating
that this series extends up to the C34 homologue (Mw 458).
These mass spectral features, together with the fact that the
homologous series ranges from C30 to C34, suggest that these
new compounds may be related to 8,14-secohopanoids bearing
an acenaphthene moiety.1

To unambiguously establish the structure of these novel
aromatic hydrocarbons, isolation of the predominant C30 (1a, R
N H) and C31 (1b, R N CH3) homologues was carried out.§ 

Following HPLC purification, the structure of compound 1a
was determined by exhaustive 1D and 2D NMR studies
including 1H–1H COSY, NOESY, direct (HMQC) and long-
range (HMBC) 1H–13C correlation experiments (Table 1). The
1H spectrum shows the presence of 3 aromatic protons (2
doublets at 7.16 and 7.36 ppm and 1 singlet at 7.32 ppm), 2
benzylic methyl groups (singlets at 2.36 and 2.49 ppm), 3
methyls on quaternary carbons and 1 methyl on a tertiary carbon
(doublet at 1.08 ppm). The major part of the carbon framework,
including notably the dimethylated acenaphthene moiety was
unambiguously established from the 1H–13C long-range (2,3J)
connectivities (Fig.1).

The connection between the bicyclic aliphatic and the
aromatic moieties was determined by the presence of a coupling
between H-9 and CH2-11 in the COSY experiment.

Stereochemical information, notably concerning the trans
junction of rings A and B, could be obtained from the NOESY
experiment (Fig. 1) and is also confirmed by the chemical shifts
of the protons and carbon resonances. For example, the shielded
13C signal and deshielded 1H signal for H-5 is in agreement with
an axial orientation. Similarly, the high-field 13C signal (d < 20
ppm) of CH3-25 indicates that this methyl at the ring junction is

Table 1 1H (500.1 MHz) and 13C (125.8 MHz) NMR data for compound 1a (Bruker ARX 500; in CD2Cl2; d in ppm relative to SiMe4)

C-atom d13C d1H C-atom d13C d1H

1 39.35 1.08 (ax) 1.93 (eq) 16 128.76
2 19.22 1.47 (eq) 1.62 (ax) 17 138.54
3 42.58 1.20 (ax) 1.42 (eq) 18 143.23
4 33.60 19 29.83 3.34
5 55.63 0.92 20 30.09 3.28
6 22.27 1.31 (ax) 1.60 (eq) 21 143.02
7 37.47 1.06 (ax) 1.77 (eq) 22 127.85
8 34.85 1.42 23 33.62 0.87 (s)
9 59.36 0.65 24 21.57 0.82 (s)

10 38.98 25 14.38 0.77 (s)
11 29.33 1.21 1.59 26 21.93 1.08 (d, J 6.4 Hz)
12 33.94 2.62 2.78 27 20.69 2.49 (s)
13 134.44 29 18.47 2.36 (s)
14 136.09 30 129.57 7.16 (d, J 8.2 Hz)
15 123.11 7.32 (s) 31 121.71 7.36 (d, J 8.2 Hz)

This journal is © The Royal Society of Chemistry 2001
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axial (presence of g-gauche effects). The equatorial position of
CH3-26 could be established due to the presence of nuclear
Overhauser effects between H-8 and CH3-25, and H-9 and CH3-
26 (Fig. 1).

The 1H NMR spectrum of compound 1b is almost identical to
that of compound 1a, except for the presence of 1 additional
benzylic methyl group superimposed for CH3-27 at 2.52 ppm
and the presence of only 2 aromatic protons. Both protons are
uncoupled and resonate at 7.00 (H-30) and 7.39 ppm (H-15),
indicating that the methyl group is located at C-31, as expected
for a homohopanoid structure.1

Aromatisation processes of polycyclic terpenoids are wide-
spread in the sub-surface. Such transformations may be induced
by microorganisms at the earliest stages of diagenesis, as
demonstrated in the case of higher plant pentacyclic triterpe-
noids.2 Alternatively, aromatisation may occur at subsequent
stages of dia- and catagenesis via abiotic processes, notably
driven by thermal stress. Among sedimentary hopanoids, which
are molecular fossils of bacteria ubiquitous in geological
samples,1 several aromatic hydrocarbons have been identified.
Thus, the presence of functionalities (e.g., double bonds) in
intermediates like hop-17(21)-enes or neohop-13(18)-enes may
initially trigger aromatisation in ring D (e.g., compound 2) and
progress from ring D to ring A.3 Aromatisation of ring D may
also occur in connection with cleavage of the weak C-8(14)
bond, yielding monoaromatic 8,14-secohopanes 3.4 Aromatisa-
tion of hopanoids may also operate at relatively early stages of
diagenesis under a different mechanism which involves cyclisa-
tion of the hopanoid side-chain at position 20 or 16, leading to
the formation of benzohopanes 4 and 5, respectively.4,5

Recently, the aromatic 8,14-secohopanoid 6a bearing a
fluorene moiety has been isolated from the solvent extract of an
immature sediment from the Jurassic Kimmeridge Clay Forma-
tion and has been characterized by NMR studies.6 The presence
of this compound, which is formed by cleavage of the C-8(14)
bond, followed by aromatisation of ring D and by cyclization–
aromatisation of the hopanoid side chain at C-20, indicates that
both aromatisation processes may be operative on the same
molecule upon diagenesis or early maturation. In the crude oil

from Lacantún, ring D monoaromatic 8,14-secohopanoids, 3,
and benzohopanes cyclized at C-20, 4, occur in relatively high
amounts, whereas benzohopanes cyclized at C-16, 5, are
completely absent. Surprisingly, no fluorene hopanoid deriva-
tives such as 6 could be detected, whereas those corresponding
to the novel series 1 represent the predominant polyaromatic
polycyclic hydrocarbons. It can be proposed that given the
relative high maturity reached by Lacantún crude oil, the
benzohopanes 5 originally present have been converted into
more stable C30–C34 hopanoid derivatives belonging to series 1.
This process involves cleavage of the C-8(14) bond and
formation of a fused aromatic ring by hydrogen transfer
reactions well established to occur in the sub-surface.7 In
contrast, it is likely that compounds 6a,b are not formed by a
maturity-driven process, but rather originate from a specific
intermediate or precursor.6 Indeed, these compounds have been
characterised in quite immature samples and possess an axial
methyl group at C-8, unlike compound 1a which bears an
equatorial methyl at C-8. Furthermore, the C32 homologue 6b,
present in trace amounts, represents the highest homologue of
this hopanoid fluorene series detected thus far in sediments,
whereas benzohopanes 4 usually occur as a series of four
homologues (i.e., C32–C35).4–6 These features seem therefore to
indicate that despite some structural similarities, aromatised
hopanoids 1 and 6 are formed at different stages of maturity by
distinct processes.

We thank Drs M. A. Guzmán Vega and J. Connan for
providing the crude oil samples from Lacantún, Drs P. Adam
and J. M. Trendel for helpful discussions and E. Mastio and Dr
R. Graff for their assistance in MS and NMR measurements,
respectively. The Instituto Mexicano del Petroleo is acknowl-
edged for financial support (T. C.-H.).
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Fig. 1 (a) Spatial representation of 1a showing the main NOEs observed. (b)
In bold: carbon sequence established from the inverse long range 1H–13C
(HMBC) correlation experiment.
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The adsorption of various amino acids on zeolites with
different structures was studied with regard to dependence
of the pH value of the solution and the aluminum content of
the zeolite in order to design tailor-made adsorbents for
amino acid separations.

Amino acids are used on a large scale as supplements to stock
feed and to improve the quality of proteins in food technology.
There are several routes for the production of amino acids, e.g.,
their extraction from natural primary products (e.g. feathers),
chemical or enzymatic synthesis and microbiological fermenta-
tion. All of these methods require the use of separation
techniques in order to recover and purify amino acids with
similar chemical properties. Beside several chromatographic
techniques,1 organic ion exchange resins are usually used for
the recovery of the desired amino acid.2 A process for the
separation of amino acids from aqueous fermentation broths by
bringing these solutions into contact with zeolites was claimed
recently.3 Moreover, several zeolites were tested in the
separation of leucine and isoleucine from aqueous solutions,4
but the fundamentals of the decisive interactions between the
amino acids and the zeolite framework are still unknown.

To learn more about these interactions, the adsorption of
various amino acids has been studied on different zeolites. For
this purpose, zeolites ZSM-22, ZSM-5, ZSM-11, MCM-58,
Beta and dealuminated Y were synthesized as described in the
open literature, calcined at 813 K, subsequently repeatedly ion-
exchanged in NH4NO3 solution and finally calcined at 723 K to
obtain the protonated forms. Characterization of the adsorbents
prior to and after the adsorption process was performed by
chemical analysis, powder X-ray diffraction and nitrogen
sorption at 77 K. The adsorption experiments were conducted in
the liquid phase using the batch method at 298 K. In a typical
experiment, 0.3 g of the activated zeolite was brought into
contact with 5 g of an aqueous solution of the amino acid or a
mixture of amino acids. Adsorption equilibrium was reached
within 24 h under continuous stirring. The concentrations of the
amino acids at the onset of the experiments and after
equilibrium were determined by high performance liquid
chromatography (HPLC). The extent of adsorption from the
liquid-phase is quantified by the specific reduced surface excess
naa
s(n)/m = n0(x0

aa 2 x aa)/m, where n0 is the total number of
moles in the original solution and (x0

aa2 xaa) the change in the
molar fraction of the amino acid (aa) in solution due to
adsorption on the adsorbent of mass m.5 The adsorption
isotherms were either recorded using solutions buffered at pH 6
or at varying solution pH adjusted by the addition of aqueous
HCl or NaOH.

X-Ray powder patterns (not shown), recorded before and
after the adsorption of amino acids show no changes, indicating
that the zeolite structure remains unaffected during the course of
adsorption. Pertinent nitrogen sorption data for zeolite samples
before and after the adsorption of phenylalanine reveal that the
micropore volume of, e.g., zeolite Beta decreases from 0.28 to
0.09 cm3 g21 and for ZSM-5 from 0.17 to 0.08 cm3 g21. The
significant reduction of the pore volumes due to the adsorption

of phenylalanine on the zeolites indicates that the amino acid
molecules are located inside the pores.
a-Amino acids are amphoteric compounds, consisting of an

amino group, a carboxyl group, a hydrogen atom, and a
distinctive side chain R which are bonded to one carbon atom.
The ionization state of an amino acid varies with the pH value
(cf. Scheme 1). Acidic amino acids, such as glutamic acid,
additionally contain a second carboxy group in the side chain,
and, hence, have a lower isoelectric point pI compared to amino
acids with neutral side chains, like phenylalanine. Basic amino
acids, such as lysine, contain a second amino group in the side
chain, leading to a higher isoelectric point. The influence of the
solution pH value on the uptake of an amino acid with an acidic
(glutamic acid, pI = 3.24), a neutral (phenylalanine, pI = 5.48)
and a basic side chain (lysine, pI = 9.82) on zeolite Beta (nSi/
nAl = 25) is depicted in Fig. 1. Glutamic acid is exclusively
adsorbed under acidic conditions and the amount adsorbed
diminishes for solution pH values exceeding pI = 3.24. This
behavior can be explained by electrostatic interactions between
the positively charged amino group and the negatively charged
lattice of the zeolite. Phenylalanine shows a similar behavior,
but the decrease in uptake starts at higher pH since the
isoelectric point of phenylalanine is higher (pI = 5.48).
Although lysine is positively charged over the whole investi-
gated pH range, its adsorption is particularly favored under
strongly basic conditions. Apparently, the additional positively
charged ammonium group in the side chain for lower pH results
in a reduced uptake of lysine. In order to examine the influence
of the nature of the side chain on the adsorption in detail, the
adsorption of four amino acids containing different neutral side
chains was studied on zeolites Beta and ZSM-5. The hydro-
phobic properties of these amino acids increase with the number

Scheme 1

Fig. 1 Influence of the pH on the adsorption of lysine, phenylalanine and
glutamic acid on zeolite Beta (nSi/nAl = 25).
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of C-atoms in the side chain, viz. in the sequence: alanine (1 C)
< valine (3 C) < leucine (4 C) < phenylalanine (7 C). A
comparison of the specific reduced surface excesses naa

s(n)/m
for zeolites Beta and ZSM-5 (Table 1) shows that the loadings
achieved for Beta are generally higher than those for ZSM-5,
which can be attributed to the different pore volumes (Beta: 0.28
cm3 g21, ZSM-5: 0.17 cm3 g21). Furthermore, the more
hydrophobic amino acids are adsorbed to a considerably higher
extent on both zeolites. Therefore, hydrophobic interactions
seem to complement the electrostatic interactions of the amino
acid with the zeolite. These hydrophobic interactions may either
originate from an attraction of the non-polar side chains of the
amino acids by siloxane bridges at the zeolite surface or from
adsorbate–adsorbate interactions between the hydrophobic side
chains of neighboring adsorbate complexes. With respect to the
pronounced hydrophobic properties of phenylalanine its ad-
sorption on ZSM-5 is unexpectedly low. The adsorbate–
adsorbate interactions between the hydrophobic side chains of
neighboring amino acids adsorbed on the zeolite surface are
expected to be restricted by the narrow pore system of ZSM-5
and, hence, the bulky phenylalanine molecules interact to a
lower extent than in zeolite Beta, which has larger pores. For a
closer inspection of the hydrophobic interactions, adsorption
isotherms of phenylalanine were recorded on samples of zeolite
Beta with different aluminium content from buffered solutions
at pH 6 (Fig. 2). The maximum amount adsorbed is nearly the
same for all samples, except for the sample with the lowest nSi/
nAl ratio of 12 with a slightly lower loading. This can be
attributed to an increasing affinity to water due to the high
aluminium content. The initial curvature of the corresponding
isotherm changes with decreasing aluminium content of the
adsorbent. For zeolite Beta with nSi/nAl ratios of 12 and 25,
respectively, the isotherms exhibit the common Langmuir-type
L-curve, but the shape changes with increasing nSi/nAl ratio to
an S-curve. S-curves are characteristic for solutes showing only
little attraction to the adsorbent, but possessing stronger
intermolecular interactions.6 At low concentrations, phenyl-

alanine is hardly adsorbed on the surface of the aluminium-free
zeolite Beta. This can be rationalized by the absence of
aluminium atoms in the zeolite structure, which are the
adsorption sites for the amino acids if electrostatic interactions
dominate. At higher concentrations, the sudden sharp increase
in the amount adsorbed reflects the change in the adsorption
conditions: the number of solute molecules is now high enough
to form clusters of adsorbed molecules that interact with each
other via the hydrophobic attractions of their non-polar phenyl-
groups and, hence, rapid filling of the zeolite pores with
phenylalanine molecules occurs.

According to our results, zeolites allow the separation of
miscellaneous amino acids from model aqueous solutions. As
already demonstrated in Fig. 1 amino acids of different polarity
can be separated by adjusting the pH of the solution appro-
priately. The separation of phenylalanine (Phe) and leucine
(Leu) from buffered solutions at pH 6 on various zeolites with
nSi/nAl ratios of about 30 is depicted in Fig. 3, where the ratio of
phenylalanine adsorbed over the total amount of phenylalanine
and leucine adsorbed from the mixture (nPhe

s(n)/(nPhe
s(n) +

nLeu
s(n))] is plotted against the pore volumes of the zeolites used

as adsorbents. Both amino acids are excluded from the
relatively narrow pores of ZSM-22. For ZSM-5, the adsorption
of leucine as compared to phenylalanine is clearly favored.
Using zeolites with larger pore sizes, the ratio nPhe

s(n)/(nPhe
s(n)

+ nLeu
s(n)) increases and phenylalanine is preferentially ad-

sorbed.
The results obtained for a systematic variation of the side

chain of the amino acid, the structure and the aluminium content
of the zeolites used as adsorbent and the pH of the solution can
be summarized as follows. The adsorption of amino acids seems
to be dominated by electrostatic interactions of their positively
charged ammonium group with the negatively charged zeolite
surface. Moreover, hydrophobic interactions between non-polar
side chains of adsorbed amino acid molecules complement the
ionic interactions. These two fundamental interactions allow the
separation of amino acids from aqueous solutions, as could be
demonstrated for a mixture of leucine and phenylalanine.

Financial support by Deutsche Forschungsgemeinschaft and
Fonds der Chemischen Industrie is gratefully acknowledged.
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Table 1 Adsorption of amino acids with non-polar side chains

Adsorbent Amino acid 
(naa
s(n)/m )a/mmol

g21

Beta (nSi/nAl = 25) Alanine 0.04
Valine 0.37
Leucine 0.70
Phenylalanine 0.84

ZSM-5 (nSi/nAl = 30) Alanine 0.02
Valine 0.29
Leucine 0.40
Phenylalanine 0.29

a Specific reduced surface excess values for equilibrium molar fractions of
xaa = 0.001.

Fig. 2 Effect of the aluminium content of zeolite Beta on the adsorption of
phenylalanine at pH 6.

Fig. 3 Separation of leucine and phenylalanine from a mixture of both
amino acids in aqueous solution by adsorption on various zeolites.
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Racemic D,L-asparagine induced spontaneous asymmetric
resolution of co-existing D,L-phenylalanine or D,L-trypto-
phan by recrystallization from a homogeneous aqueous
solution, and the enantiomeric excess of phenylalanine or
tryptophan in the resulting crystals correlated linearly with
that of asparagine crystallized with phenylalanine or tryp-
tophan.

Although many efforts have been devoted to the elucidation of
why and how L-amino acids were selected in the biosphere,1–3

it is still difficult to explain the origin of the specificity of L-
amino acid, and further to elucidate the relationship in selection
among 20 L-amino acids with apparently different structures
except the configuration of the a-carbon. Since the famous
experiment performed by Pasteur,4 recrytallization has been
tried for asymmetric resolution.5–7 Among amino acids, D,L-
asparagine (D,L-Asn) spontaneously forms crystals of either
isomer during recrystallization.8 In this study, we report that
D,L-Asn induces asymmetric resolution of co-existing racemic
amino acids during recrystallization. This is the first study that
shows the spontaneous induction of enantiomeric excess (ee) of
coexisting racemic amino acid by a racemic amino acid (in this
case, D,L-Asn), although asymmetric resolution by crystalliza-
tion using chiral additives and crystal interfaces are well
documented.9,10

In this study, the ee value was determined by a widely used
method utilizing high-performance liquid chromatography
(HPLC) equipped with a column {Crownpak CR(+) manu-
factured by Daicel Chem. Ind. Ltd., Tokyo, Japan} which
allowed perfect separation of D- and L-amino acids using
perchloric acid solution as an eluent as indicated by the supplier.
The determination was made by absorption at 200 nm also
indicated by the column supplier. When starting racemic
materials {D,L-asparagine, D,L-phenylalanine (D,L-Phe), and
D,L-tryptophan (D,L-Trp)} taken as an aliquot just after the first
filtration of the recrystallization experiments described below
were analyzed, ee of either isomer never exceeded 2.5%.
Usually the experimental error in chromatographic analysis is
assumed to be 2–3%. Therefore, an ee value of less than 2.5%
was defined as racemic.

D,L-Asn monohydrate (2 g) was dissolved in water (10 ml)
heated in a boiling water bath. After filtration with a glass filter,
the solution was stored in a glass vial with a screw cap, and left
at room temperature until a measurable amount of crystals were
formed. Crystals weighing from 170 to 652 mg were collected
by filtration with a glass filter, dissolved in an appropriate
amount of water, and directly applied to HPLC analysis. The ee
values of L-Asn were 4.8, 11.2, 11.5, 11.7, 15.5, 26.7, 26.8,
27.1, 64.7, 88.9, and 259.7%, showing that L-rich crystals were
obtained 10 times and D-rich crystals were formed once among
11 recrystallizations. These results clearly indicate that crystals
formed by recrystallization of D,L-Asn show ee as a whole. To
elucidate the mechanism of this resolution, the ee of each crystal
taken randomly from recrystallization experiments was meas-
ured. Among 35 crystals, 3 crystals gave an ee of either isomer
at about 70% and that of 32 crystals was more than 90%. This
result indicated that each crystal consisted of almost purely one

enantiomer and that the ee of the crystals in total was
determined by the weight percent of crystals of the enriched
isomer.

D,L-Phe (180 mg) was dissolved in 10 ml of water heated with
a boiling water bath. After filtration, recrystallization was
similarly performed. Crystals weighing from 17 to 41 mg were
collected, and dissolved in water, and applied to HPLC analysis,
which showed that the resulting samples from 11 independent
recrystallizations were all racemic. D,L-Phe (300 mg) and D,L-
Asn monohydrate (2.1 g) were similarly dissolved in 10 ml of
water at 100 °C. By similar recrystallization, crystals weighing
62–240 mg were obtained, dissolved in water, and analyzed by
HPLC. Thirteen independent experiments were carried out. The
ee values of L-Asn (abscissa: x-axis) and L-Phe (the ordinate: y-
axis) for each sample solution were plotted as shown in Fig. 1.
The maximal ee values of L-isomer were 22.3 and 41.1% for
Phe and Asn, respectively. The maximal ee values of the D-
isomer were 35.6 and 89.8% for Phe and Asn, respectively (Fig.
1). These results demonstrate that D,L-Asn causes asymmetric
selection of Phe to a significant extent. Furthermore, the ee of
Phe correlated almost linearly with that of Asn, and the former
was less than the latter (Fig. 1). The content of Phe in these
crystals was less than 1% of Asn. The ee of each crystal
indicated that the ee of Asn of either isomer was nearly 100%
and that of Phe of the corresponding isomer was 60–93%. These
results suggested that L-Asn crystallized preferentially involv-
ing L-Phe, and vice versa, and that asymmetric selection
resulted from the relative content of crystals enriched with
either Asn isomer.

Trp was examined as the second amino acid. D,L-Trp (133
mg) was dissolved in 10 ml of hot water. After filtration,
recrystallization was similarly performed. Crystals weighing
from 10 to 43 mg were collected, dissolved in water, and applied
to HPLC analysis, which showed that the resulting samples
from 11 independent recrystallizations were all racemic as
expected. Then, D,L-Trp (125 mg) and D,L-Asn monohydrate
(2.5 g) were dissolved in 10 ml of hot water. Similar
recrystallization yielded crystals weighing 20–250 mg. After
dissolving the crystals in water, HPLC analysis was carried out.

Fig. 1 Plot of ee values of L-phenylalanine and L-asparagine of crystals
obtained from recrystallization of d,l-phenylalanine and D,L-asparagine.
The ee values of asparagine {Asn: abscissa (x-axis)} and phenylalanine
{Phe: the ordinate (y-axis)} for each sample were plotted as 5.
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Twelve independent experiments were performed. The ee
values of L-Asn (the abscissa: x-axis) and l-Trp (the ordinate: y-
axis) for each sample solution were plotted as shown in Fig. 2.
The maximal ee values of L-isomer were 30.2 and 48.7% for Trp
and Asn, respectively. The maximal ee values of the D-isomer
were 62.1 and 83.8% for Trp and Asn, respectively (Fig. 2).
These results demonstrate that D,L-Asn also causes asymmetric
crystallization of D,L-Trp to a considerable extent. The extent of
asymmetric induction in Trp correlated almost linearly with that
of Asn, and the ee of the influenced amino acid (Trp) was less
than that of the inducer (Asn) (Fig. 2) as in the case of Phe. The
content of Trp in these crystals was less than 5% of Asn.
Although recrystallization of D,L-Trp with D,L-Asn gave fine
powders and a crystal that could be separated with forceps was

not obtained, a similar mechanism to the case of Phe was
suggested for the optical resolution of Trp.

In conclusion, the present study demonstrates that D,L-Asn
can induce a significant enantio-selective crystallization of co-
existing amino acids such as Phe and Trp from a homogeneous
aqueous solution. Whether the enrichment takes place in L- or D-
Asn is accidentally determined. However, once the selection is
made, the co-existing amino acid with the same configuration at
the a-carbon seems to be preferentially involved in crystals of
Asn. This idea may be supported by the observation that the ee
of asparagine correlates almost linearly with that of the
influenced amino acid (Fig. 1 and 2). These results suggest that
the ee of racemic amino acids induced by spontaneous and
accidental resolution of co-existing racemic molecules such as
D,L-Asn may contribute to the homochirality of L-amino acids in
the biosphere.
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An electrochemical metal ion sensor has been developed
with a detection limit of less than 0.2 ppt by the covalent
attachment of the tripeptide Gly-Gly-His as a recognition
element to a 3-mercaptopropionic acid modified gold
electrode.

Detecting a number of metal ions at very low concentrations
directly in the field is one of the key targets of environmental
chemists. Electrochemical sensors have the potential to allow
multi-ion analysis in the field because of their small size, low
power requirements and the need for little or no sample
pretreatment. The majority of research into chemically modified
electrodes for the detection of metal ions involves the synthesis
and testing of macrocyclic ligands to provide the sensing
interface with selectivity for a given metal ion and the ability to
pre-concentrate the metal. In nature however, binding metals is
achieved with a high degree of selectivity using peptide motifs
rather than macrocyclic ligands. Considering the development
of biosensors that exploit Nature’s methods of selective
recognition and the extensive body of literature on the
complexation of metal ions with peptides,1,2 it is surprising how
little research has been conducted into the development of solid
state metal ion sensors based on peptide ligands.3 Here we
describe an electrode modified with the oligopeptide Gly-Gly-
His with an extraordinarily low detection limit in the sub ppt
range (pM) for copper ions.

Electrodes modified with Gly-Gly-His were prepared using
polycrystalline gold electrodes cleaned as described pre-
viously.4,5 Self-assembly of 3-mercaptopropionic acid (MPA)
was achieved by soaking the electrodes in a 1.0 mM MPA
solution in ethanol for 12 hours. The carboxylic acid terminated
self assembled monolayer (SAM) was activated using a mixture
of 15 mM N-hydroxysuccinimide (NHS) and 75 mM 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
and 2-(N-morpholino)ethanesulfonic acid (MES) buffer solu-
tion (pH 5.5) for 30 minutes.6 The resultant succinimide ester
monolayers were reacted for 30 minutes in a solution of Gly-
Gly-His (50 mg ml21) in MES buffer to give the modified
electrode shown in Fig. 1 where the tripeptide is attached
through the amino group of the first glycine and terminates with
the carboxylic acid of the histidine.

Copper was accumulated at the Gly-Gly-His modified
electrode (GGHME) in an open circuit potential for 10 minutes
in a 0.05 M ammonium acetate buffer solution (pH 7.0)
containing copper nitrate. Cyclic voltammetry (using a BAS
100B, Bioanalytical System Inc., USA) measured after removal
of the electrode from the copper nitrate solution, rinsing and
then placing in a copper free ammonia acetate buffer solution
showed reversible electrochemistry with a half-wave potential
at 255 mV versus Ag|AgCl|3.0 M KCl which was attributed to
the half cell Au|Cu(II)complex, Cu(I)complex as reported previously
for cysteine modified electrodes.7–9 In the absence of accumu-
lated copper no such electrochemistry was observed. Copper

free electrodes could be regenerated by elimination of Cu(II) by
holding the working electrode at +0.5 V for 30 seconds in 0.1 M
HClO4.

That Cu(II) is tightly bound to the GGHME is demonstrated
by no diminution of the peak currents with multiple scans,
despite the absence of any copper in the test solution.
Furthermore, the peak current varies linearly with scan rate,
behaviour indicative of the redox active species being strongly
bound to the electrode.10 Hence we propose the copper is bound
to the GGHME as shown in Fig. 1 to give the tetragonal
coordination preferred by Cu(II). Evidence for the binding of the
copper through the nitrogen on the histidine ring, to give
coordination by four nitrogen atoms, was obtained from studies
of collision-induced dissociation (CID) using electrospray
ionization Fourier transform ion cyclotron resonance mass
spectroscopy (FT-ICR MS).† In the absence of copper, the
negative ion mass spectrum of Gly-Gly-His in pure methanol
showed the pseudo-parent ion [Gly-Gly-His 2H] at m/z 268.11
Da and the most prominent fragment ion at m/z 154.06 Da
which arises from the cleavage of histidine to leave [Gly-Gly].
However, in the presence of Cu(II) the cleavage of histidine is
prevented by its role in the complexing of copper. The pseudo-
parent ion [Gly-Gly-His + Cu2+2 3H] is observed at m/z 331.02
Da with the most common fragment ion at m/z 287.03 Da which
corresponds to decarboxylation from the histidine; thus con-
firming in solution that the binding of the copper is through a
deprotonated amine of the peptide bond between Gly and His.
These results are consistent with mass spectroscopy results
reported previously.11

Osteryoung square wave voltammetry (OSWV) was em-
ployed with a GGHME for detection of low levels of copper in
environmental samples. This technique is more sensitive than
cyclic voltammetry.12 Fig. 2a shows OSWV peaks of a
GGHME in 0.05 M ammonium acetate buffer solution (pH 7.0)
for a series of copper standards adsorbed for ten minutes from
solutions with concentrations in the picomolar range, before

† Electronic supplementary information (ESI) available: mass spectra and
Table S1. See http://www.rsc.org/suppdata/cc/b1/b106730n/

Fig. 1 Schematic of the Gly-Gly-His modified electrode with and without
complexed Cu2+.
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transfer to the stripping electrolyte. The 3 pM (0.2 ppt) standard
could easily be discriminated from the background in which no
Cu(II) was added to the buffer (Fig. 2a). The implied detection
limit (i.e. < 3 pM) is several orders of magnitude below that
which we have reported previously for cysteine (1.5 ppb)9 and
polyaspartate (0.2 ppb)13 modified electrodes. The low detec-
tion limit and strong binding of copper reflects the well known
affinity for Gly-Gly-His, the so called copper binding peptide,
for Cu(II).1,2

To the best of our knowledge this detection limit is well
below any other reported in the literature [50 pM using the
subtractive mode of anodic stripping voltammetry14 (ASV)] and
is also well below that observed for most metal ions using
anodic stripping voltammetry or catalytic ASV.15 A fluori-
metric method has achieved 125 pM16 and electrothermal
atomic adsorption spectrometry, where the sample was accumu-
lated via sorption in a knotted reactor, detected 100 pM.17

The calibration curve (Fig. 2b) shows a linear range up to 10
pM with a slope of 2.1 (standard deviation = 0.1) nA pM21.
The standard error in a measurement of concentration made in

the middle of the calibration range was 0.33 pM. The electrodes
could be regenerated up to 30 times without any apparent
change in performance. Four electrodes fabricated on different
days with different batches of reagents gave results with RSDs
between 10 and 20%, as indicated by the error bars on points in
Fig. 2b. The low saturation concentration again reflects the high
affinity of the peptide for copper. The selectivity of GGHMEs
to copper was tested by measuring the response of the electrode
to a number of metals ions commonly found in waste water,
shown in Table S1 in the supplementary information. The case
of Ni(II) addition of 10 pM of Ni(II) to a solution of 9.8 pM of
Cu(II) resulted in a 6.5% decrease in current. Apart from Ni(II)
however, none of the other metal ions showed significant
interference with the Cu(II) measurement. The interference of
Ni(II) is not unexpected considering Ni(II) is also known to form
a 4N complex with Gly-Gly-His in solution.2 Analysis of a local
tap water was performed by diluting the sample to bring the
copper concentration to within the range of the Gly-Gly-His
modified electrode. The measured concentration of free Cu(II)
in the tap water, when dilutions were accounted for, was 0.27
ppm (standard deviation = 0.03 for 3 samples (i.e. n = 3))
which agreed well with the total copper concentration measured
using inductively coupled plasma optical emission spectros-
copy (ICP-OES) of 0.33 ppm.

These initial results illustrate the potential for peptide-
modified electrodes to be used as metal ion sensors with
extraordinarily low detection limits. This work is part of our aim
to fabricate a multiple metal ion sensor array, based on peptide
modified electrodes, where each electrode in the array gives a
different response for a given metal ion to produce a
characteristic response pattern for different metal ions. Future
work involves exploring other peptide modified electrodes for
selectivity for other metal ions.
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Fig. 2 Response of the Gly-Gly-His modified electrode to complexed Cu(II)
(a) Osteryoung square wave voltammetry peaks showing an increase in
current with copper concentrations of 0, 1.28, 4.2, 6.4, 8.6, 9.8, 15.6, 25.3
pM and (b) calibration curve derived from the OSWV peaks with error bars
as ±1 standard deviation of four electrodes prepared on different days. In all
cases Cu(II) was accumulated at the Gly-Gly-His modified electrode in an
open circuit over 10 minutes in a 0.05 M ammonium acetate buffer solution
(pH 7.0) containing copper nitrate, removed, rinsed and then placed in a
copper-free ammonium acetate buffer solution.
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The crystal structure of BiPb2VO6 has been determined from
powder diffraction data using a combination of direct
methods and the novel approach of applying simulated
annealing methods simultaneously to X-ray and neutron
data; BiPb2VO6 is a polar, noncentrosymmetric, second
harmonic generation active material and its crystal structure
is one of the more complex to be solved ab initio from powder
diffraction data.

Bismuth vanadates have been widely studied owing to the
interesting properties they exhibit. Materials based on Bi4V2O11
are good oxide ion conductors.1 BiVO4 is a ferroelastic and has
been patented as a yellow pigment.2,3 Owing to the Bi(III) lone
pair stereoactivity, these materials frequently crystallize in
noncentrosymmetric space groups and thus are potential
nonlinear optical materials and ferroelectrics. Several vanadates
of the BiM2AO6 family (M = Ca, Mg, Cd, Cu; A = V, As ,P)
have been synthesized and characterized by us and others.4–9

The different members have related, though subtly different
crystal structures and three of them have been shown to be
second harmonic generation active. BiPb2VO6 was first re-
ported in 1995 and its diffraction pattern described10 as complex
and apparently unrelated to other phases of the BiM2AO6
family.

Our BiPb2VO6 samples were prepared by solid state
reactions of stoichiometric quantities of Bi2O3, PbO and
NH4VO3 at 720 °C. DSC measurements show that between
room temperature and its melting point, BiPb2VO6 undergoes
several phase transformations and displays different behaviour
on heating and cooling. Although crystals of this phase can be
grown, they exhibit complex intergrowths and twinning,
making them unsuitable for structural analysis. This is pre-
sumably related to the large number of phase transitions.

In order to solve the structure of this material, we therefore
resorted to powder diffraction methods. The first attempt to
index11 the diffraction pattern of the room temperature phase
was carried out using laboratory X-ray diffraction data collected
on a Siemens D5000 diffractometer. The cell obtained gave a
figure of merit of 109 and indexed all but a few weak
reflections; it corresponded to the unit cell reported by Mizrahi
et al.,10 but with the c axis halved. By doubling the c cell
dimension and applying a simple transformation, we obtained a
unit cell with a = 7.7219(2), b = 5.8443(1), c = 29.0762(7) Å
and b = 94.278(2)°. Using this cell and the space group Pn, an
excellent Pawley fit to the observed X-ray data was achieved.
This unit cell was later unambiguously confirmed by electron
diffraction12 which suggested possible space groups Pn or P2/n.
The absence of an inversion centre in the structure was
confirmed by a positive second harmonic generation test,13 an
observed signal of 2–5 3 that of quartz was obtained. This
leaves Pn as the only possible space group choice.

X-Ray diffraction data for structure solution were collected at
beam line X7A of the Brookhaven NSLS, using a wavelength of
0.57775 Å, in both flat plate and capillary modes. Structure
solution was attempted by direct methods14 in space group Pn,
using the flat plate data set. A total of 16 metal sites were found,
12 assigned as Bi/Pb and 4 as V. Owing to minor texture effects
in the flat plate data, the metal positions obtained were refined
against the capillary synchrotron X-ray data until the best
possible fit was achieved. To obtain information on the oxygen
positions two approaches were used: 51V solid state NMR and
neutron powder diffraction measurements.15,16 51V MAS NMR
provides valuable information on vanadium coordination. A
single peak was observed with an isotropic chemical shift of
2496 ppm and a very low chemical shift anisotropy. This is
consistent with all V sites existing as regular, isolated VO4

tetrahedra.17

Armed with this information, the X-ray derived metal
coordinates were used to calculate a difference Fourier map
based on the neutron diffraction data, which are more sensitive
to oxygen positions. This revealed a number of difference
peaks. Eight peaks could be readily assigned as oxygen atoms
tetrahedrally coordinated by four Bi/Pb atoms. Other peaks
were observed in the vicinity of vanadium sites suggestive of
tetrahedrally coordinated vanadium. In fact, charge balance
requires a further 16 oxygens in the asymmetric unit. This,
together with the 51V NMR data, provides convincing support
for four tetrahedral VO4 groups.

Introduction of the eight tetrahedrally coordinated oxygen
sites and a plausible set of oxygens around vanadium atoms
followed by Rietveld refinement led to a model showing
reasonable agreement with both X-ray and neutron data sets and
agreement factors for neutron data of wRp = 6.77% and RBragg

= 7.26%. At this stage of the solution, however, there were still
some significant discrepancies between the observed and
calculated neutron diffraction data. Since the X-ray scattering is
dominated by Bi, Pb and V atoms, whereas neutron data are
sensitive to Pb, Bi and O (the coherent cross section of
vanadium is only 20.40 fm), we decided to adopt a novel
approach of simultaneous simulated annealing of the neutron
and X-ray diffraction data in order to complete the structure
solution.

Simulated annealing calculations were performed18,19 in
which a structural model was generated by the application of
random shifts to the positions and rotations of rigid VO4

tetrahedra and fractional coordinates of other atoms. These
shifts were then scaled according to an arbitrary ‘temperature’.
Several thousand cycles of full Rietveld refinement followed by
perturbation of the structural model were then performed,
during which the scaling temperature was varied systematically.
In this manner a structural model was found showing excellent
agreement with both neutron and X-ray data. From this solution,
combined Rietveld refinement of both data sets was performed,
in which a total of 128 parameters were varied.20 The final
overall agreement factor was wRp = 3.83%, while the
agreement factors for the individual data sets were wRp =

† Electronic supplementary information (ESI) available: fractional coor-
dinates and valence sums, bond distances and angles and virtual reality
image of Fig. 2. See http://www.rsc.org/suppdata/cc/b1/b105242j/
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3.71% and RBragg = 2.01% for X-ray data [Fig. 1(a)] and wRp
= 3.91% and RBragg = 3.25% for neutron [Fig. 1(b)].

When rigid VO4 bodies were allowed to refine freely, the V–
O bond lengths refined to values between 1.65 and 1.82 Å and
the O–V–O angles to 109 ± 6°, without a significant reduction
of the agreement factors. The sensitivity of the data to Bi/Pb
occupancies on the various sites of the edge sharing OM4
tetrahedra was then investigated by perturbing the Bi/Pb
distribution several thousand times followed by the full
refinement of the model. The data were essentially insensitive to
this distribution. By analogy with other BiM2VO6 phases we
have chosen to assign Bi atoms to the central two positions of
the tetrahedral chains of Fig. 2.

Views of the unit cell of BiPb2VO6 are given in Fig. 2. The
structure can be described as containing infinite edge sharing
chains of OBi2Pb2 tetrahedra similar to those found in fluorite,
running parallel to the b axis, with isolated VO4 tetrahedral
groups interspersed.

Bi and Pb atoms adopt geometrically irregular coordination
environments characteristic of lone-pair cations, with coordina-
tion numbers between five and seven. Typically, they bond to
four oxygen atoms with bond lengths between 2.2 and 2.5 Å and
complete their coordination spheres by additional bonds of up to
2.9 Å in length. The VO4 tetrahedra can be seen to adopt an
acentric orientation in accordance with the noncentrosymmetric
space group.

More detailed comparison of this structure to other members
of the BiM2AO6 family and the details of the high temperature
structures of BiPb2VO6 will appear elsewhere.
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1998, 141, 149.
7 I. Radosavljevic, J. S. O. Evans and A. W. Sleight, J. Alloys Compd.,

1999, 284, 99.
8 I. Radosavljevic and A. W. Sleight, J. Solid State Chem., 2000, 149,

143.
9 I. Radosavljevic, J. A. K. Howard and A. W. Sleight, Int. J. Inorg.

Mater., 2000, 2, 543.
10 A. Mizrahi, J. P. Wignacourt, M. Drache and P. Conflant, J. Mater.

Chem., 1995, 5, 901.
11 J. W. Visser, J. Appl. Crystallogr., 1969, 2, 89.
12 Electron diffraction samples were prepared by crushing and dispersing

onto holey-carbon coated molybdenum grids which were subsequently
examined in a Philips EM 430 transmission electron microscope.

13 Y. Porter, K. M. Ok, N. S. P. Bhuvanesh and P. Shiv Halasyamani,
Chem. Mater., 2001, 13, 1910.

14 A. Altomare, M. C. Burla, G. Cascarno, C. Giacovazzo, A. Guagliardi,
A. G. G. Moliterni and G. Polidori, J. Appl. Crystallogr., 1995, 28,
842.

15 51V MAS NMR data were collected at 78.9 MHz on a Bruker DSX-300
spectrometer using a 4 mm outer diameter rotor, and spin rates of 6 and
10 kHz. The pulse width was 1 ms and 4k points were acquired for each
transient, with an acquisition time of 0.004 s and a relaxation delay of 10
s. Chemical shifts were referenced relative to neat VOCl3 using
V2O5 (diso = 2609 ppm) as a secondary reference.

16 Neutron diffraction data were collected on a 10 g sample on instrument
D2B at Institut Laue Langevin, using a Ge (335) monochromator (l =
1.594 Å) and an array of 64 3He detectors spaced at 2.5° intervals.

17 O. B. Lapina, V. M. Mastikhin, V. N. Krasilnikov and K. I. Zamaraev,
Prog. NMR Spectrosc., 1992, 24, 457.

18 Topas v2.0: General Profile and Structure Analysis Software for Powder
Diffraction Data, Bruker AXS, Karlsruhe, Germany, 2000.

19 A. A. Coelho, J. Appl. Crystallogr., 2000, 33, 899.
20 Parameters refined: 1 scale, 1 zero, 7 profile, 7 background terms and 4

cell parameters for neutron data; 1 scale, 1 zero, 7 profile, 8 background
terms and 4 cell parameters for synchrotron data; 36 positional
parameters and 1 isotropic temperature factor for Bi/Pb atoms, 3
rotations, 3 translations and 1 isotropic temperature factor for rigid VO4

groups, 24 positional parameters and 1 isotropic temperature factor for
tetrahedrally coordinated oxygen atoms; data range 4–37° 2q for X-rays
and 8 to 122.19° for neutrons corresponding to a final d-spacing of
0.9104 Å. X-Ray and neutron data were given approximately equal
weights in refinement. CCDC reference number 169043. See http:
//www.rsc.org/suppdata/cc/b1/b105242j/ for crystallographic data in
CIF or other electronic format.

Fig. 1 Final Rietveld plots for (a) X-ray and (b) neutron data.

Fig. 2 Views of the BiPb2VO6 structure down (a) the a-axis and (b) the b-
axis: Bi atoms are depicted in yellow, Pb atoms in blue, V atoms in light
brown and O in red; light brown tetrahedra represent VO4 groups; red
tetrahedra represent OBi2Pb2 groups which share edges and form chains
running parallel to the b axis.
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First synthesis of a highly symmetrical decakis-adduct of fullerene
dimer C120
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The highly symmetrical decakis-cyclopropanated derivative
of C120 was synthesized using template activation and the
structure was determined by X-ray crystallography; the
decakis-adduct was converted into the eicosa-carboxylic
acid derivative that is water soluble.

Fullerene is considered as a three-dimensional building block,
to which multiple organic addends can be introduced. In
particular, detailed studies have been conducted concerning the
hexakis-adduct of C60 with a Th symmetric octahedral addition
pattern.1–6 For example, regioselective introduction of different
addends to these six positions have been reported,3 giving
applications as a core block of dendrimer molecules,4 an
organometallic ligand,5 or an investigation of organic LEDs
using the emisson property of the hexakis-adduct.6 We have
previously reported a highly selective synthesis of the fullerene
dimer C120 by the solid-state reaction of C60 using a high-speed
vibration-milling technique.7,8 Having the two C60 cages
directly connected, C120 can accommodate a larger number of
addends. It seems to be a difficult task to precisely control the
multi-addition to this very large molecule. However, we
succeeded in the synthesis of the decakis-adduct of C120 with
D2h symmetry by the use of the Bingel cyclopropanation
reaction under the template activation with 9,10-dimethyl-
anthracene (DMA).2 Here we report the synthesis, structure, and
properties of this new highly symmetrical decakis-adduct.

The reaction was conducted by addition of excess amounts of
diethyl bromomalonate (17 eq.) and 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) (17 eq.) to a solution of C120 and DMA (11
eq.) in o-dichlorobenzene (ODCB). After stirring for 3 days, the
reaction mixture was roughly separated by flash chromato-
graphy over SiO2 eluted with CHCl3 and washed with diethyl
ether to give the D2h symmetric decakis-adduct 1† as orange
crystals in 26% yield (Scheme 1).

In the 1H NMR spectrum of 1, four signals (peak intensity
2+1+1+1) corresponding to ethyl groups were observed reflect-
ing the D2h symmetry. In the 13C NMR spectrum, 12 signals
were observed in the sp2 region, which indicated the existence
of only two kinds of cyclohexatriene rings on the fullerene
cages. In the sp3 region five signals including a signal for the

central cyclobutane ring (71.1 ppm) were observed. The UV-vis
spectrum of 1 was similar to that of the Th symmetric hexakis-
cyclopropanated C60,1a while the extinction coefficients were
larger because of the presence of two C60 cages. These results
clearly support the structure of 1.

A single crystal of 1 was grown from a CHCl3–chloro-
benzene solution ( ~ 5+1), and its structure was determined by
X-ray crystallography‡ as shown in Fig. 1. Four molecules of
chlorobenzene were found in the unit cell. With respect to the
bond length, the bond alternation between the 6-6 bond (average
1.385 Å) and the 5-6 bond (average 1.424 Å) on the p-system of
the C60 cages is reduced compared with that of the original C120
(6-6 bond, 1.380 Å; 5-6 bond, 1.450 Å).7a This is attributed to
the presence of the six-membered ring as an isolated p-system
(which is somewhat more ‘benzene-like’) as in the case of Th
symmetric C60 hexakis-adducts.2 The cyclobutane ring con-
necting the two C60 cages lies about an inversion centre and is
thus planar; the cyclobutane bond lengths (intra-cage bond
length, 1.582(6) Å; inter-cage bond length, 1.579(9) Å) are not
significantly different. A similar situation was found in the case
of the parent C120 (intra-cage bond length, 1.581(7) Å; inter-
cage bond length, 1.575(7) Å).7a

Just in the same manner as the mother compound C120,7b the
central cyclobutane ring of decakis-adduct 1 in CHCl3 solution
slowly underwent cleavage to give C60 pentakis-adduct 2
(Scheme 2) with a half-life of 1.5 days under irradiation of room
light (ca. 100 lux). The same cleavage also took place under
thermal conditions: 1 was quantitatively converted to 2 after
heating at 200 °C for 0.5 h. This cleavage reaction of decakis-
adduct 1 can be regarded as an efficient synthetic method of C60
pentakis-adduct 2, which has only one reactive site left on the
C60 cage. Thus, 2 is a suitable precursor for the selective
synthesis of a hexakis-adduct of C60 having different addends.
Fullerene 2 was allowed to react with an azomethine ylide,

Scheme 1
Fig. 1 X-ray crystal structure of 1. Molecules of chlorobenzene were
omitted for clarity.

This journal is © The Royal Society of Chemistry 2001
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generated from N-methylglycine and formaldehyde,9 to give a
C60 hexakis-adduct 3§ having two kinds of addends in a high
yield (82%).

When treated with NaH in toluene and with methanol,10 the
decakis-adduct 1 having 20 ester groups was transformed into
the eicosa-carboxylic acid derivative 4¶ in high yield (91%). In
spite of the carbon-rich framework composed of two C60 cages,
it exhibited considerable solubility in neutral water (16 mg
ml21) to give a yellow–orange solution, owing to the presence
of abundant hydrophilic sites.

In summary, the highly symmetrical decakis-adduct of
fullerene dimer C120 was synthesized by the Bingel reaction
with template activation. This adduct is expected to have an
applicability as a core block for dendrimeric compounds and
also as a precursor to a C2v symmetric pentakis-adduct.

We thank the Ministry of Education, Science, Sports and
Culture, Japan, for the Grant-in-Aids for COE Research on
Elements Science, No. 12CE2005. K. F. thanks JSPS for a
Research Fellowship for Young Scientists.

Notes and references
† 1H NMR (300 MHz, CDCl3) d 4.34 (q, 8H), 4.38 (q, 16H), 4.32 (q, 8H),
4.21 (q, 8H), 1.37 (t, 12H), 1.34 (t, 24H), 1.32 (t, 12H), 1.22 (t, 12H); 13C
NMR (100 MHz, CDCl3) d 163.65, 163.57, 163.35, 163.08, 148.32, 145.93,
145.70, 145.38, 145.32, 145.24, 145.15, 141.52, 141.07, 140.06, 139.74,
139.39, 71.17, 69.60, 69.21, 68.83, 68.21, 62.75, 62.71, 62.68, 62.29, 45.42,
45.28, 41.04, 14.21, 14.06, 14.06, 14.02; UV-vis (CH3CN–CHCl3 (19+1))
lmax 239 nm (log e 5.24), 272 (5.13), 280sh (5.12), 320 (5.00), 344sh (4.83),
550sh (3.36).

‡ Crystal data: C214H120Cl4O40, M = 3472.90, triclinic space group P1̄, a
= 14.4234(7), b = 14.5285(7), c = 19.5453(9), a = 105.288(1), b =
100.531(1), g = 93.227(1) V = 3860.6(3) Å3, Z = 1, Dcalc = 1.494 Mg m23

Intensity data were collected at 103 K on a Bruker SMART APEX
diffractometer with Mo-Ka radiation and graphite monochromater. The
structure was solved by direct methods and refined by full-matrix least-
squares on F2 (SHELXTL). A total of 27583 reflections were measured and
17551 were independent. Final R1 = 0.0747, wR2 = 0.2076 (I > 2s(I)), and
GOF = 0.965 (for all data, R1 = 0.1230, wR2 = 0.2370). CCDC 168411.
See http://www.rsc.org/suppdata/cc/b1/b105191c/ for crystallographic files
in .cif or other electronic format. 
§ 1H NMR (300 MHz, CDCl3) d 4.40–4.23 (m, 20H), 3.70 (s, 4H), 2.63 (s,
3H), 1.40–1.27 (m, 30H); 13C NMR (75 MHz, CDCl3) d 164.13, 163.92,
163.66, 152.83, 146.21, 145.64 (two overlapped signals), 145.53, 145.11,
143.59 141.77, 141.59, 140.01, 139.55, 139.11, 139.39, 70.01, 69.67, 69.42,
69.19, 68.18, 62.90, 62.79, 62.75, 62.68, 45.34, 44.90, 41.37, 41.23, 14.08,
14.05, 14.01; FAB MS, m/z 1567 (M+).
¶ 13C NMR (100 MHz, (CD3)2CO) d 165.23, 165.71, 165.39, 165.24,
149.29, 146.48, 146.38 (two overlapped signals), 145.76, 145.63, 145.47,
143.07, 142.66, 141.58, 141.10, 141.03, 72.28, 71.18, 70.59, 70.59, 69.69,
48.28, 47.90, 43.77. 

1 (a) For example: A. Hirsch, I. Lamparth and T. Grösser, J. Am. Chem.
Soc., 1994, 116, 9385; (b) L. Issacs, R. F. Haldimann and F. Diederich,
Angew. Chem., Int. Ed. Engl., 1994, 33, 2339; (c) R. F. Haldimann, F.-
G. Klärner and F. Diederich, Chem. Commun., 1997, 237.

2 I. Lamparth, C. Maichle-Mössmer and A. Hirsch, Angew. Chem., Int.
Ed. Engl., 1995, 34, 1607; I. Lamparth, A. Herzog and A. Hirsch,
Tetrahedron, 1996, 52, 5065.

3 W. Qian and Y. Rubin, Angew. Chem., Int. Ed., 1999, 38, 2356; W. Qian
and Y. Rubin, J. Am. Chem. Soc., 2000, 122, 9564; W. Qian and Y.
Rubin, Angew. Chem., Int. Ed., 2000, 39, 3133.

4 X. Camps, H. Schöberger and A. Hirsch, Chem. Eur. J., 1997, 3, 561; X.
Camps, E. Dietel, A. Hirsch, S. Pyo, L. Echegoyen, S. Hackbarth and B.
Röder, Chem. Eur. J., 1999, 5, 2362; A. Herzog, A. Hirsch and O.
Vostrowsky, Eur. J. Org. Chem., 2000, 171; M. Brettreich, S.
Burghardt, C. Böttcher, T. Bayerl, S. Bayerl and A. Hirsch, Angew.
Chem., Int. Ed., 2000, 39, 1845; F. Djojo, E. Ravanelli, O. Vostrowsky
and A. Hirsch, Eur. J. Org. Chem., 2000, 1051.

5 T. Habicher, J.-F. Nierengarten, V. Gramlich and F. Diederich, Angew.
Chem., Int. Ed., 1998, 37, 1916.

6 G. Schick, M. Levitus, L. Kvetko, B. A. Johnson, I. Lamparth, R.
Lunkwitz, B. Ma, S. I. Khan, M. A. Garcia-Garibay and Y. Rubin, J.
Am. Chem. Soc., 1999, 121, 3246; K. Hutchison, L. Gao, G. Schick, Y.
Rubin and F. Wudl, J. Am. Chem. Soc., 1999, 121, 5611.

7 (a) G.-W. Wang, K. Komatsu, Y. Murata and M. Shiro, Nature, 1997,
387, 583; (b) K. Komatsu, G-W. Wang, Y. Murata, T. Tanaka, K.
Fujiwara, K. Yamamoto and M. Saunders, J. Org. Chem., 1998, 63,
9358.

8 For a recent review on C60 dimers, see: J. L. Segura and N. Martin,
Chem. Soc. Rev., 2000, 29, 13.

9 M. Maggini, G. Scorrano and M. Plato, J. Am. Chem. Soc., 1993, 115,
9798.

10 I. Lamparth and A. Hirsch, J. Chem. Soc., Chem. Commun., 1994,
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(C4N2H12)(UO2)2(PO3H)2{PO2(OH)H}2: a three dimensionally
connected actinide framework
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The material (C4N2H12)(UO2)2(PO3H)2{PO2(OH)H}2
(MUPH-1) has been prepared hydrothermally; it is a three
dimensional structure consisting of four intersecting ellip-
tical shaped one-dimensional channels, the largest channel
has dimensions of 13.1 3 7.2 Å.

In recent years we have been interested in developing the solid
state chemistry of uranium. In particular, we have been
interested in template-directed hydrothermal syntheses of novel
uranium-containing phases. Zeolite-like materials built from
MX7, MX8, or even MX9 units, where M is a lanthanide or
actinide, would be expected to exhibit unusual structural

topologies, connectivity and reactivity. We have previously
reported a series of layered uranium(IV) fluorides (UFO-n)
which were prepared under hydrothermal conditions from UO2,
HF and H3PO4 by using H2N(CH2)nNH2 (n = 3, 4 or 6) as the
structure directing agents.1 More recently, we reported
(C4N2H12)U2O4F6 MUF-12,3 which was the first organically
templated microporous actinide material. Here we report the
phase pure synthesis and crystal structure of an organically
templated actinide phosphite which contains a 3D channel
network structure.

(C4N2H12)(UO2)2(PO3H)2{PO2(OH)H}2 MUPH-1 was syn-
thesised hydrothermally by combining UO2(MeCO2)2·2H2O

Fig. 1 Views of the structure of MUPH-1 down four crystallographic axes; (a) 100; (b) 011; (c) 010; (d) 110. (Note the piperazine template has been removed
for clarity.)

This journal is © The Royal Society of Chemistry 2001
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(0.406 g, 1.0 3 1023 mol), H3PO3 (Aldrich, 99%) (0.385 g, 4.7
3 1023 mol), and C4N2H10 (Aldrich, 95%) (0.043 g, 0.5 3
1023 mol) in a Teflon-lined, 23 ml stainless steel autoclave.
UO2(MeCO2O)2·2H2O was synthesized as previously de-
scribed.3 The autoclave was sealed, heated for 1 d at 180 °C, and
cooled at 6 °C h21 to room temperature over an additional day.
The only product recovered was yellow rods, obtained in 25%
yield based on uranium.† The powder X-ray diffraction pattern
of this product is in excellent agreement with the pattern
generated from the single crystal structure data.‡

MUPH-1 contains two crystallographically unique uranium
atoms, both of which adopt seven coordinate, pentagonal
bipyramidal geometries. Axially, the uranium atoms are bonded
to two oxygen atoms to form uranyl units. The axial UNO bond
lengths range between 1.772(10) and 1.780(10) Å, with ONUNO
bond angles of 176.2(5) and 176.9(5)°. In the equatorial plane,
both uranium atoms are bonded to five oxygen atoms, with U–O
bond lengths ranging between 2.321(10) and 2.445(9) Å. The
O–U–O bond angles are between 69.4(3) and 75.6(3)°. The
uranium polyhedra share all five equatorial vertices with
phosphite groups. Bond valence calculations give values of
6.738 and 6.809 for the uranium atoms.4

There are four crystallographically distinct phosphorus
atoms, each bonded to three oxygen atoms and one hydrogen
atom in a truncated tetrahedral environment. Two of the
phosphite groups contain three bridging oxygen atoms, while
the other two contain two bridging oxygen atoms and one
terminal OH group. The bridging P–O bond lengths are between
1.487(13) and 1.533(10) Å whilst the P–OH bond lengths are
1.537(14) and 1.557(11) Å. Bond valence calculations give
values between 4.088 and 4.258 for the P–H unit.5

The linkages between the polyhedra result in an anionic
[(UO2)2(PO3H)2{PO2(OH)H}2]22 three dimensional frame-
work, which contains four channels running throughout the
structure. These are summarised in Table 1, and shown in Fig.
1. There are two distinct template molecules in MUPH-1, both

of which form hydrogen bonds with the inorganic framework.
They are found along the 100 channel, stacked in an ABA
fashion.

The thermal analysis shows no significant mass loss until
between 325 and 400 °C, where 4.5% of the starting mass is lost.
This is due to the start of template decomposition. At 400 °C a
smoother mass loss of 2% begins, continuing until 725 °C,
attributable to further template decomposition and the start of
framework breakdown. Between 725 and 850 °C there is a rapid
mass loss of 5%, indicating framework breakdown. The final
product obtained after heating to 850 °C is UP2O7.

The presence of the template is confirmed in the IR spectrum
by the N–H stretch at 3024 cm21, the N–H bend at 1604 cm21

and the C–H bending mode at 1430 cm21. P–H stretches are
observed as sharp peaks at 2426 and 2400 cm21. P–H bending
modes are observed at 1042 and 984 cm21. A P–O stretch can
be seen at 1156 cm21. The UNO asymmetric and symmetric
stretches appear at 950 and 828 cm21 respectively. The MAS
31P solid state NMR spectrum of MUPH-1 exhibits two
resonances at 13.4 and 9.2 ppm which is consistent with the
crystal chemistry.

We thank the EPSRC for financial support.

Notes and references
† Elemental analysis; found (calc.) for (C4N2H12)(UO2)2(PO3H)2-
{PO2(OH)H}2: C, 5.06 (5.06); N, 2.95 (2.95); H, 2.07 (1.91); P, 12.94
(13.04); U, 50.37 (50.10)%.
‡ Crystal data for MUPH-1: (C4N2H12)(UO2)2(PO3H)2{PO2(OH)H}2:
C4H18N2O16P4U2, M = 950.14, monoclinic, space group P21/n, a =
13.758(5), b = 8.180(5), c = 18.037(5) Å, b = 106.647(5)°, V =
1944.81(15) Å3, 150 K, Z = 4, Dc = 3.245 g cm23, m(Mo-Ka) = 17.042
mm21, 8286 total (4467 independent) reflections, R = 0.0396 and RW =
0.1052 for 3315 reflections with I > 2s(I). CCDC reference number
168965. See http://www.rsc.org/suppdata/cc/b1/b106804k/ for crystallo-
graphic data in CIF or other electronic format.

1 R. J. Francis, P. S. Halasyamani and D. O'Hare, Angew. Chem., Int. Ed.,
1998, 37, 2214; P. S. Halasyamani, R. J. Francis, J. Bee and D. O’Hare,
J. Am. Chem. Soc., 1999, 121, 1609.

2 P. S. Halasyamani, S. M. Walker and D. O’Hare, J. Am. Chem. Soc.,
1999, 121, 7415.

3 S. M. Walker, P. S. Halasyamani, S. Allen and D. O’Hare, J. Am. Chem.
Soc., 1999, 121, 10 513.

4 P. C. Burns, R. C. Ewing and F. C. Hawthorne, Can. Miner., 1997, 35,
1551.

5 N. E. Brese and M. O’Keeffe, Acta Crystallogr., Sect B, 1991, 47, 192;
I. D. Brown and D. Altematt, Acta Crystallogr., Sect. B, 1985, 41, 244.

Table 1 Summary of channel information for MUPH-1

Direction Shape Dimensions/Å Ring size/atoms

100 Elliptical 8.306 3 7.230 12 atoms
011 Elliptical 13.170 3 7.230 12 atoms
010 Elliptical 8.127 3 6.900 8 atoms
110 Elliptical 6.483 3 4.878 8 atoms
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Direct in situ observation of increasing structural dimensionality
during the hydrothermal formation of open-framework zinc
phosphates
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The first time-resolved in situ X-ray diffraction studies of the
hydrothermal crystallisation of open-framework zinc phos-
phates reveal a pathway of sequential crystallisation involv-
ing formation of a metastable low dimensional chain phase
before the growth of three-dimensional zeolitic archi-
tectures.

A great deal of effort is currently focussed on understanding the
crystallisation mechanism of microporous solids which can
have applications in shape-selective catalysis, separation sci-
ence, and ion-exchange. It is hoped that an understanding of
mechanisms leading to the formation of these zeolite-like solids
at the atomic-scale will allow the rational synthesis of new
materials.1,2 The common use of hydrothermal synthesis
conditions in the preparation of such open-framework solids
requires sealed thick-walled reaction vessels and it is only in
recent years that in situ probes of hydrothermal crystallisation
have been developed to follow reactions under these experimen-
tally-challenging conditions.3 For example, in a study of the
phosphates of gallium using energy-dispersive X-ray diffrac-
tion (EDXRD) some of us have observed previously-unknown,
transient phases prior to the onset of crystallisation of open-
framework phases,4,5 and Taulelle et al. have identified
oligomeric ‘building blocks’ in hydrothermal reaction solutions
using NMR spectroscopy.6 The results of such studies provide
a foundation on which to build descriptions of reaction
mechanisms.

The first results of an in situ EDXRD study of the
hydrothermal synthesis of zinc phosphates are described here.
This large family of solids has recently been the focus of study
by some of us, and an Aufbau principle for the building up of
three-dimensional structures from structures of lower di-
mensionalities proposed.7 With an aim of gaining further
information about crystallisation mechanisms it is crucial to
study systems such as these using in situ measurements of
crystallisation, since it has been established that on arresting a
hydrothermal reaction by cooling to room temperature the
material recovered is not necessarily representative of the
material present under reaction conditions.4,5 The EDXRD
method uses intense synchrotron X-rays which allows the use of
a laboratory-sized hydrothermal reaction vessel, mimicking the
conditions employed in the synthetic laboratory and permitting
rapid data collection ( < 1 min) for kinetic studies. An apparatus
developed over the past few years by O’Hare and co-workers8

was used in the current work.†
In the first zinc phosphate system studied we focussed on the

reaction between piperazine phosphate ([C4N2H12][HPO4]·
H2O, PIP-P) and zinc oxide in dilute hydrochloric acid solution.
Fig. 1 shows a stack plot of the time-resolved EDXRD data
measured as a reaction mixture of composition ZnO+1.5
HCl+1.75 PIP-P+100 H2O which was heated to 180 °C in an

autoclave at ca. 5 °C min21 (detector angle 0.9325°). The use of
a three-element energy discriminating detector system9 allows
unambiguous identification of known crystalline phases, owing
to the large amount of diffraction data that can be simultane-
ously recorded.10 Characteristic Bragg reflections of the
phosphate and amine source, PIP-P, are observed only during
the first minute before disappearing; presumably this is due to
dissolution of this rather soluble species. Remarkably, we
observe that characteristic Bragg reflections of a known zinc
phosphate, [C4N2H12][Zn(HPO4)2(H2O)] (ZnPO–PIP-I),11 are
present in the first spectrum recorded (31 °C), suggesting that
this material forms on mixing the chemicals at room tem-
perature. The compound has a 1-D ladder structure (see Table 1
for descriptions of the phases discussed in this paper). After
heating to 163 °C new strong Bragg reflections (of a phase not
yet identified) are apparent, and these diffraction features, along
with those of ZnPO–PIP-I, have constant intensity for 30 min
during which time a temperature of 180 °C is reached. Over a
period of 10 min, these two phases and the starting material ZnO
are replaced by two known zinc phosphates,
[C4N2H12][Zn3.5(PO4)3(H2O)] (ZnPO–PIP-II)11,12 and
[C4N2H12][Zn2(HPO4)2(H2PO4)2] (ZnPO–PIP-III),11 which are
the sole two products after 145 min of heating. ZnPO–PIP-II
and ZnPO–PIP-III both have three-dimensional framework
structures.

On changing the amount of PIP-P we observed rather
different behaviour. For a mixture of composition ZnO+1.5
HCl+1 PIP-P+100 H2O, held at a constant temperature of 180
°C, the ladder phase ZnPO–PIP-I is present in the first spectrum

Fig. 1 A stack plot of EDXRD data measured during the sequential
crystallisation of zinc phosphates from the reaction mixture ZnO+1.5
HCl+1.75 PIP-P+100 H2O.

This journal is © The Royal Society of Chemistry 2001
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recorded, and almost immediately its Bragg reflections begin to
decay. The ladder phase is consequently replaced by a known
zinc phosphate with a three-dimensional structure,
[C4N2H12][Zn(H2O)Zn(HPO4)(PO4)] (ZnPO–PIP-IV).11 The
decay of the precursor phase and growth of the product are not
mirrored precisely: integrated peak intensities show that an
appreciable amount of ZnPO–PIP-I is consumed before ZnPO–
PIP-IV is observed. The decay and growth curves cross at a
≈ 0.3 of product (a is the extent of reaction; see Fig. 2). This
suggests that the transformation of the chain material to the
three-dimensional structure is a solution-mediated process
involving dissolution of the first phase, rather than a solid-state
transformation.

We have presented preliminary results of an in situ study of
the formation of a large family of open-framework materials.
The dissolution of starting materials and sequential crystallisa-
tion of a number of open-framework solids was directly
observed. In certain cases, crystalline materials with as-yet
unknown structures form during the reactions. Given the huge
number of zinc phosphate structures that can be formed from
reaction mixtures of only slightly differing composition, it is not
unexpected to discover new metastable phases. The importance
of these crystallisation studies is that for the first time we have
observed under real reaction conditions the sequential crystal-
lisation of materials with increasing dimensionality. Recently it
has been shown that a ladder zinc phosphate, similar to that
observed as a transient phase in our in situ studies, can be used

as a solid precursor to a number of other layered and 3-D
phases.13 Combined with our in situ results, such studies of the
reactivity of the ZnPO phases provide convincing evidence for
the Aufbau principle proposed recently for the building up of
3-D zinc phosphate structures.7 We are currently extending our
in situ studies to survey other ZnPO/amine systems in order to
understand more fully the nature of the structural transforma-
tions taking place.

We thank the EPRSC for funding and provision of beam-time
at SRS, Daresbury Laboratory.

Notes and references
† EDXRD experiments were performed on Station 16.4 of the Daresbury
Synchrotron Radiation Source (I ~ 200 mA, ~ 2 GeV synchrotron). Station
16.4 was illuminated with X-rays in the energy range 5–120 keV from a 6
T superconducting wiggler insertion device. Diffracted X-rays were
measured using a three-element germanium solid-state detector; this
allowed access to three d-spacing ranges, dependant on the angle to which
the detector was set. The delay between mixing reagents, sealing in the
hydrothermal autoclave and beginning data collection was of the order of 5
min.
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Table 1 Zinc phosphates observed in situ in the ZnO/PIP-P/HCl (aq) system

Compound (dimensionality) Formula
Miller index, observed d (expected)/c/Å
Lowest EDXRD detector at 0.9325°

ZnPO–PIP-Ia (1-D) [C4N2H12][Zn(HPO4)2(H2O)] 011, 7.77 (7.733)
020, 7.05 (7.012)

ZnPO–PIP-IIa,b (3-D) [C4N2H12][Zn3.5(PO4)3(H2O)] 200, 7.82 (7.813)
110, 7.30 (7.300)
111, 6.74 (6.717)

ZnPO–PIP-IIIa (3-D) [C4N2H12][Zn2(HPO4)2(H2PO4)2] 110, 9.285 (9.272)
111̄, 6.37 (6.325)

ZnPO–PIP-IVa (3-D) [C4N2H12][Zn(H2O)Zn(HPO4)(PO4)]2 110, 9.35 (9.327)
111̄, 7.73 (7.703)
020, 7.47 (7.444)
111, 6.99 (6.954)
200, 5.96 (5.983)

a Ref. 11 b Ref. 12. c Bottom EDXRD detection.

Fig. 2 Integrated peak intensities of ZnPO–PIP-I and ZnPO–PIP-IV during
crystallisation from the reaction mixture ZnO+1.5 HCl+1 PIP-P+100 H2O at
180 °C.
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Novel oligonucleotide analogues, containing a 3A-amino-
2A,4A-BNA unit, were successfully synthesized, and they
showed superior duplex and triplex forming ability as well as
BNA itself, along with remarkable enzymatic stability.

Oligonucleotides for practical antisense and/or antigene mole-
cules should fulfil some requirements, such as a high binding
affinity for the target ssRNA or dsDNA, high sequence
selectivity, and sufficient enzymatic stability. During the past
decade, various chemically modified oligonucleotides have
been synthesized, and their properties have been investi-
gated;1–5 however, an ideal antisense or antigene molecule is
still lacking. We recently achieved the first synthesis of a novel
nucleoside with a fixed N-type conformation,6 2A-O,4A-C-
methylene bridged nucleic acid (2A,4A-BNA)7,8 (Fig. 1) and
found that 2A,4A-BNA modified oligonucleotides exhibited
strong hybridization ability with complementary strands of
RNA and DNA.9,10 Moreover, these 2A,4A-BNA oligonucleo-
tides appeared to possess high affinity for dsDNA forming a
stable  DNA triplex.10–15

On the other hand, Gryaznov et al. reported in numerous
papers that oligonucleotide analogues with an N3A?P5A
phosphoramidate linkage show superior properties of hybrid-
ization to ssDNA, ssRNA and dsDNA, along with high
resistance to enzymatic degradation.16–19

Therefore, we became interested in a combination of a BNA
structure and an N3A?P5A phosphoramidate linkage.† Here, we
report the synthesis, hybridization properties and enzymatic
stability of novel oligonucleotide analogues with a 3A-amino-
2A,4A-BNA monomer unit (Fig. 1).

The synthesis of 3A-amino-2A,4A-BNA heterodimer building
block 1 was accomplished as shown in Scheme 1. After
protection of the 5A-hydroxy group in 2,20 the 3A-azido group
was successfully reduced to give the 3A-amino derivative 3.
Condensation of 3 with a 5A-phosphoramidite 421 was per-
formed according to the reported procedure.17,21 The obtained
heterodimer 5 was converted to the deisred compound 1 by
treatment with tetrabutylammonium fluoride and subsequent
phosphitylation. The 3A-amino-2A,4A-BNA oligonucleotides 6–8
were prepared using the phosphoramidite 1.‡

The duplex-forming abilities of the 3A-amino-2A,4A-BNA
modified oligonucleotide 6 with complementary ssDNA and

ssRNA were elucidated under physiological conditions on the
basis of melting temperatures (Tms) (Table 1). Replacement of
a natural 2A-deoxyribonucleotide by a 3A-amino-2A,4A-BNA
monomer in the 12-mer oligonucleotide 9 resulted in significant

Fig. 1 Structure and conformation of 2A,4A-BNA and 3A-amino-2A,4A-BNA.

Scheme 1 Reagents and conditions: i 4,4A-dimethoxytrityl chloride, DMAP,
Py, room temp., 76%; ii Ph3P, Py, room temp., then NH4OH aq., room
temp., 97%; iii CCl4, Et3N, MeCN, room temp., 39%; iv TBAF, THF, room
temp., 78%; v 2-cyanoethyl N,N,NA,NA-tetraisopropylphosphorodiamidite,
diisopropylammonium tetrazolide, MeCN–THF, room temp., 61%; vi DNA
synthesizer (AB Expedite™ 8909). CE = 2-cyanoethyl. DMTr = 4,4A-
dimethoxytrityl.

Table 1 Tm values for 3A-amino-2A,4A-BNA with complementary DNA and
RNAa

Tm (DTm)/°C

Oligonucleotides DNA RNA

5A-GCGTTTaBTTTGCT-3A (6) 51 (+4) 52 (+7)
5A-GCGTTTBTTTGCT-3A (10) 53 (+6) 52 (+7)
5A-GCGTTTTTTGCT-3A (9) 47 45
a UV melting profiles were measured in 10 mM sodium phosphate buffer
(pH 7.2) containing 100 mM NaCl at a scan rate of 0.5 °C min21 at 260 nm.
The oligonucleotide concentration used was 4 mM for each strand. The
sequence of target DNA or RNA complements is 5A-AGCAAAAAACGC-
3A.

This journal is © The Royal Society of Chemistry 2001
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stabilization of the duplexes formed with both complementary
DNA and RNA. The increases in Tms were up to 4 and 7 °C for
the duplexes formed with the DNA and RNA strands,
respectively. Next, the binding affinity of the oligonucleotide 7
to a homopurine•homopyrimidine dsDNA was also studied and
shown to be much higher than that of the natural oligonucleotide
11. The Tm values of triplex formation for 7 were 55 and 44 °C
under neutral conditions with or without 10 mM MgCl2,
respectively, which is over 10 °C higher than the corresponding
value for 11 as summarized in Table 2.

Thus, the oligonucleotides with one-point modification by 3A-
amino-2A,4A-BNA, a combination of the 2A,4A-BNA backbone
and N3A?P5A phosphoramidate linkage, exhibited enhanced
hybridizing properties towards complementary ssDNA, ssRNA
and dsDNA, compared to the corresponding natural oligonu-
cleotides. These DTm values were almost comparable to those
for 2A,4A-BNA singly modified congeners 10 and 12, and seem
to reach the utmost level of hybridization.

The nuclease-resistance of the 3A-amino-2A,4A-BNA modified
oligonucleotide 8 was investigated by using snake venom
phosphodiesterase (SVPDE), compared with natural and one
point modified (2A,4A-BNA or phosphorthioate22) oligothymidi-
late 10-mers 13, 14 and 15, respectively. The reaction mixtures
were analyzed at several time points by reversed-phase HPLC
to monitor the percentage of full length oligonucleotides (Fig.
2). Under the conditions used, the natural T 10-mer control 13
and the 2A,4A-BNA 14 were immediately digested. In both cases,
no full length oligomer was detected after 10 min, although the
2A,4A-BNA modification of oligonucleotides was found to be

sufficiently resistant to enzymatic hydrolysis in other cases.10 In
contrast, more than 98% of full length 3A-amino-2A,4A-BNA
oligonucleotide 8 was unchanged after 40 min, while 83% of 15
was intact after the same time period. It is noteworthy that
enzymatic stability of the 3A-amino-2A,4A-BNA 8 was superior to
that of the phosphorthioate modified oligonucleotide 15.22

The results presented here clearly demonstrate that the novel
nucleic acid analogue, 3A-amino-2A,4A-BNA, was a good candi-
date for a practical antisense and antigene molecule, due to its
potent hybridization ability with DNA and RNA complements
and homopurine•homopyrimidine dsDNA, and remarkable
enzymatic stability surpassing that of phosphorthioate oligonu-
cleotides. Further investigation of properties of the 3A-amino-
2A,4A-BNA is currently under way.

Notes and references
† Recently Wang and Stoisavljevic reported a combination of a phosphor-
amidate linkage and another type of bicyclic nucleoside, and their
modification of oligonucleotides decreased the duplex-forming ability. See
ref. 21.
‡ The obtained 3A-amino-2A,4A-BNA oligonucleotides were purified by
reversed-phase HPLC, and the compositions were determined by MALDI-
TOF-MS. MALDI-TOF-MS data: 6 [M 2 H]2 3024.58 (calc. 3024.05); 7
[M 2 H]2 4523.32 (calc. 4523.13); 8 [M 2 H]2 3615.11 (calc.
3614.47).
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Table 2 Tm values of 3A-amino-2A,4A-BNA with dsDNAa

Tm (DTm)/°C

+10 mM
Oligonucleotides MgCl2 2MgCl2

5A-TTTTTmCTTaBTmCTmCTmCT-3A (7) 55 (+11) 44 (+11)
5A-TTTTTmCTTBTmCTmCTmCT-3A (12) 57 (+13) 44 (+11)
5A-TTTTTmCTTTmCTmCTmCT-3A (11) 44 33
a UV melting profiles were measured in 7 mM sodium phosphate buffer (pH
7.0) containing 140 mM KCl without or with additional 10 mM MgCl2. The
oligonucleotide concentration used was 1.5 mM for each strand. The
sequence of target dsDNA is 5A-GCTAAAAAGAAAGAGAGATCG-3A/3A-
CGATTTTTCTTTCTCTCTAGC-5A. mC means 5-methylcytidine.

Fig. 2 Enzymatic stability of T8TaBT (8) (closed circle), T10 (13) (cross),
T8TBT (14) (open circle) and T8TST (15) (triangle). Hydrolysis of the
oligonucleotides (10 mg) was carried out at 37 °C in a buffer (320 ml)
containing 50 mM Tris–HCl (pH 8.0), 10 mM MgCl2 and SVPDE (0.2 mg).
‘S’ means phosporthioate linkage.
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Directed assembly of multilayers—the case of Prussian Blue
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We introduce the concept of ‘directed assembly’ of multi-
layers on surfaces: the overall process involves the exposure
of a surface to a series of solutions containing, alternately,
adsorbable cations and adsorbable anions, and these are
gradually built up into well-defined multilayer structures.

In the present work we describe a new method of assembling
multilayers on surfaces. In contrast to the familiar process of
self-assembly, which is spontaneous and leads to single
monolayers, directed assembly is driven by the experimenter
and leads to extended multilayers. In a proof-of-concept
experiment, described below, we show that it is possible to
generate multilayers of Prussian Blue and Ruthenium Purple on
gold surfaces by exposing them alternately to positively charged
ferric cations and negatively charged Fe(CN)6

42 or Ru(CN)6
42

anions. We also show that this process can be controlled with
monolayer precision.

Prussian Blue [iron(III) potassium hexacyanoferrate(II)] has
the nominal formula Fe(III)K[Fe(II)(CN)6]·xH2O, but com-
monly contains extensive cation disorder and variable amounts
of water. In industry it is employed as a pigment1 in the
formulation of paints and printing inks. It has also found use as
a thallium absorbent in medicine, as an electrochromic material,
as a catalyst, and as a sequestrant for heavy metals. In the
laboratory, its ability to exchange metal ions with ambient
solutions makes it an object of continuing curiosity.2

For synthetic work, bulk quantities of Prussian Blue can
readily be precipitated from aqueous mixtures of Fe3+ and
Fe(CN)6

42. For solid state electrochemical measurements,
however, more complex preparations must be employed, in
which electrode surfaces are coated in situ by electrochemical
reduction of Fe(CN)6

32 to Fe(CN)6
42 in the presence of Fe3+.3

This leads to thick polycrystalline films. More rarely, films of
Prussian Blue have also been prepared by extensive redox
cycling of ferrocyanide4 or by embedding micrometer sized
crystals directly into electrode surfaces using powder abra-
sion.5

In our quest to achieve ultra-thin layers of Prussian Blue, our
attention was drawn to some recent work in which polymer
heterostructures had been successfully deposited on surfaces
using alternate adsorption of anions and cations. For example,
Stepp and Schlenoff6 had prepared polyelectrolyte multilayers
of poly(butanyl viologen) dibromide and poly(styrene sulfo-
nate) from alternating positive and negative polyion solutions.
Mallouk and coworkers had also reported an ionic–covalent
strategy for self-assembly of inorganic multilayer films.7 These
works, and others, inspired us to attempt monolayer-by-
monolayer deposition of Prussian Blue using a similar ap-
proach. Here, we report the successful implementation of this
idea.†

Our monolayer-by-monolayer deposition method for Prus-
sian Blue films is as follows. A gold electrode (A = 0.2 cm2) is
immersed in (a) 40 mM Fe3+ in aqueous 0.1 M HNO3 for 60 s,
(b) deionized water for 30 s, (c) 40 mM Fe(CN)6

42 in aqueous
0.1 M HNO3 for 60 s, and finally (d) deionized water for 30 s
again. The Fe3+ cations adsorbed during the first immersion
react with the Fe(CN)6

42 anions adsorbed during the second
immersion to form the first monolayer of Prussian Blue. (This is

readily confirmed by cyclic voltammetry, as we show later.)
This completes the first treatment cycle. Additional monolayers
can be added by repeating the treatment cycle. After about fifty
cycles, the characteristic colour of Prussian Blue emerges. A
cartoon of the deposition process is shown in Fig. 1.

All the Prussian Blue multilayers deposited by the above
method exhibit a characteristic voltammetric reduction re-
sponse at +0.2 V vs. Ag/AgCl, which allows them to be
quantified. The response is due to the electrochemical reaction
[eqn (1)]:

Fe(III)K[Fe(II)(CN)6]·xH2O + K+ + e2 Ù
Fe(II)K2[Fe(II)(CN)6]·(x 2 n)H2O + nH2O (1)

and is completely analogous to the reduction of the bulk
material. It is noteworthy that the reaction is accompanied by
the insertion of K+ cations into the Prussian Blue framework in
order to maintain charge neutrality, and this is accompanied by
a change in the hydration state of the crystal lattice.

Cyclic voltammograms for the reduction and re-oxidation of
a series of Prussian Blue multilayer deposits are shown in
Fig. 2(a). Corresponding numerical data are compiled in Table
1. Immediately after the first treatment cycle, the characteristic
voltammetric response for the reduction and re-oxidation of
Prussian Blue is detected. As the number of treatments
increases, the charge under the reduction peak increases and the
peak positions change. The change in peak position during the
first six treatments is evidence that the deposited material is not
bulk material: each layer deposits on a slightly different
substrate until the influence of the underlying substrate becomes
negligible.

The charge under the reduction peak increases linearly with
the number of treatments, with a slope of ca. 26 mC per
treatment cycle [see Fig. 2(c)]. This corresponds to an
incremental extension of the deposit by 130 mC cm22, or 2.6 3
10210 mol. Assuming a roughness factor of ca. 1.7 (estimated

Fig. 1 Cartoon showing the steps involved in the directed assembly of
Prussian Blue multilayers.
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by SEM), this is as expected for a monolayer quantity of
Prussian Blue. The linearity of the plot emphasizes the layer-by-
layer nature of the assembly process.

Gravimetric data recorded simultaneously with cyclic vol-
tammetric data provide further insight into the reaction
mechanism. By multiplying the total mass change after
reduction by Faraday’s constant, then dividing by the total
charge, the overall mass change per mol of electrons is readily
determined (Table 1). This overall mass change per mol of
electrons, which stabilizes at ca. 17 g mol21, is clearly

inconsistent with the theoretical value for K+ electroinsertion,
39 g mol21, but is consistent with the co-expulsion of about 1.2
mol of water for each mol of K+ inserted.

Surface analysis by Auger spectroscopy on selected areas of
10 3 10 mm size allowed the elemental composition of the
electrode surface to be sampled as a function of the number of
treatments. After deposition of 4–6 monolayers of Prussian
Blue, strong signals for Fe, K, C, and N were detected in
approximately 2+1+6+6 proportions and the signal for Au was
considerably diminished. After deposition of 10 monolayers the
signal for Au was undetectable, suggesting an even coverage.

Besides creating compositionally uniform structures, the
directed assembly technique was also used to create composi-
tionally modulated structures. For example, Ruthenium Purple,8
Fe(III)K[Ru(II)(CN)6]·xH2O, has a structure very similar to
Prussian Blue (unit cell dimension 1.14 nm)9 and may also by
prepared by directed assembly from solutions of (i) 40 mM Fe3+

in aqueous 0.1 M HNO3 and (ii) 40 mM Ru(CN)6
4- in aqueous

0.1 M HNO3. Moreover, the reduction of Ruthenium Purple
occurs at approximately the same potential as that of Prussian
Blue, in accordance with eqn (2):

Fe(III)K[Ru(II)(CN)6]·xH2O + K+ + e2 Ù
Fe(II)K2[Ru(II)(CN)6]·(x 2 n)H2O + nH2O (2)

Thus, multilayers of Ruthenium Purple could readily be
deposited on top of multilayers of Prussian Blue (Fig. 2).

Finally, it should be noted that the voltammetric responses
and gravimetric responses shown in Fig. 2 remain sharp even at
scan rates above 1 V s21, and that the charges under the
oxidation and reduction peaks are independent of scan rate. This
is consistent with very fast insertion of K+ ions into the
multilayers of Prussian Blue, suggesting that the process is field
driven rather than diffusion controlled.

In conclusion, we have demonstrated that Prussian Blue
multilayers can be formed by directed assembly on electrode
surfaces. In future, the production of a wide range of
compositionally modulated electrode surfaces can be expected,
with applications in catalysis, sensors, and electrochromic
materials.

F. M. thanks the Royal Society for the award of a University
Research Fellowship, and R. C. M. thanks EPSRC for a
studentship (grant no. 99305973). We are grateful for help with
Auger surface analysis from Ralf Dahm and Gary Critchlow
(ISST, Loughborough University).
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from an Elgastat purification system (Elga, High Wycombe, Bucks). The
simultaneous cyclic voltammetry and gravimetry experiments were carried
out with a Princeton Applied Research model 173 potentiostat/galvanostat
and an Elchema model EQCN-700 electrochemical quartz crystal nano-
balance. For mass balance experiments the working electrodes were AT-cut
10 MHz gold plated quartz crystals with geometric electrode areas of 0.2
cm2. All gold electrodes were pretreated by cycling in 0.1 M HNO3 between
0.0 and 1.0 V vs. Ag/AgCl. Auger spectra were recorded on a JEOL 7100
Auger electron spectrometer and quantified based on a K4Fe(CN)6

reference sample.
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9 K. P. Rajan and V. D. Neff, J. Phys. Chem., 1982, 86, 4361 and references

therein.

Fig. 2 Cyclic voltammograms (0.5 M KCl, scan rate 0.1 V s21) for Prussian
Blue and Ruthenium Purple formed by layer-by-layer deposition onto a gold
plated quartz crystal electrode (area 0.2 cm2). (a) Cyclic voltammograms for
the reduction of Prussian Blue after 4 and 10 treatment cycles and for the
reduction of a Prussian Blue/Ruthenium Purple bilayer with 10 treatment
cycles of Prussian Blue and with 4 and 10 treatment cycles of Ruthenium
Purple. (b) Simultaneous mass changes recorded by quartz crystal
microbalance gravimetry. (c) Plot of the charge under the reduction signal
vs. the number of treatment cycles (Prussian Blue and Ruthenium Purple)
with a line indicating 26 mC per treatment cycle.

Table 1 Data obtained from cyclic voltammetry (scan rate 0.1 V s21) and
gravimetry for the reduction of Prussian Blue (treatments 1–10) and
Ruthenium Purple (treatments 11–20). Multilayers on a 0.2 cm2 gold
electrode immersed in aqueous 0.5 M KCl

Number of 
treatments Ep

ox/V Ep
red/V

DEp/
mV

Qred/
mC

Dm/
ng

(DmF/
Qred)/
g mol21

Deposition Prussian Blue
2 0.228 0.199 29 62 4 6.5
4 0.238 0.194 44 99 13 12.9
6 0.246 0.190 56 150 23 15.7
8 0.250 0.184 66 218 36 16.6

10 0.256 0.184 72 272 49 17.9
Deposition of Ruthenium Purple onto Prussian Blue
10 + 2 0.257 0.184 73 324 58 17.8
10 + 4 0.257 0.181 76 373 66 17.7
10 + 6 0.241 0.168 73 422 72 17.1
10 + 8 0.263 0.179 84 458 78 17.1
10 + 10 0.269 0.177 92 500 86 17.2
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The reaction of nona-2,7-diyne, deca-2,8-diyne and hex-
1-yne with [RuCp(PR3)(MeCN)2]PF6 (R = Cy, Ph, Me)
affords, depending on the structure of the alkyne and the
substituent of the phosphine ligand, ruthenium metalla-
cyclopentatriene, allyl carbene and/or butadienyl carbene
complexes involving either metal-to-ligand-to-metal migra-
tion of the phosphine ligand with concomitant C–H activa-
tion or a facile 1,2 hydrogen shift.

Transition metal complexes with a vacant coordination site, or
bearing weakly coordinating ligands, are known to react with
alkynes to form a variety of products such as vinylidene
complexes,1 metallacyclopentadienes,2 and in some cases
metallacyclopentatrienes.3 We have recently shown4 that the
labile complex [RuCp(PR3)(MeCN)2]PF6 [R = Cy (1a), Ph
(1b), Me (1c)], which serves as a synthetic equivalent for the
14-electron fragment [RuCp(PR3)]+, reacts with terminal al-
kynes to give ruthenium allyl carbene complexes.5 This
conversion is a very complex one involving oxidative coupling
of two alkynes and an unusual PR3 migration. In the course of
the reaction, a metallacyclopentatriene complex is a reasonable,
though elusive intermediate which is a fascinating entity
featuring the cyclic biscarbene structure. Since such species
might be important intermediates in various transformations,6
we set out to modify the reactants with the aim to make such
species observable. For this purpose we switched over to using
the internal alkynes nona-2,7-diyne and deca-2,8-diyne, the
intention being to impede nucleophilic attack at the a carbon of
the metallacycle. Along these lines, however, unexpected and
novel reactions occurred, which are described herein.

In virtually one case the surmised metallacyclopentatriene
intermediate could be isolated, namely when the alkyne was
deca-2,8-diyne and the phosphine in 1 was PCy3. Monitoring
the reaction by 1H, 13C{1H}, 31P{1H} NMR spectroscopy
revealed the formation of an intermediate consistent with the
cationic metallacyclopentatriene structure [CpRu{NC2-
(Me)2C2(CH2)4}(PCy3)]+ (2) (Scheme 1).‡ Thus, the reso-
nances in the 13C{1H} NMR spectrum at 325.6 and 170.6 ppm
can be associated with the Ca and Cb ring carbons, respectively.
The unusual down-field shift of the Ca carbon resonance is in
agreement with an unsaturated bis-carbene ligand {cf.
RuCp[NC2(Ph)2CH2]Br, for which the resonances of the Ca and
Cb atoms, respectively, are found at 271.1 and 156.0 ppm3a}.
Finally, the signal at 52.5 ppm is relevant to the methyl carbon
atoms. However, this metallacyclopentatriene complex is
unstable and transforms directly into the butadienyl carbene
complex [CpRu{NC(Me)C(CH2)4C-h2-CHNCH2}(PCy3)]PF6
3a in high yield (for the characterization see below).

The direct step from 2 to 3a is intriguing in that it involves
activation of an a-substituent by an electrophilic carbene

(pathway a), which is unprecedented for a metallacyclopenta-
triene. Hitherto, a 1,2 hydrogen shift was known only for
electrophilic alkyl carbenes.7 There is only one other example
of a butadienyl carbene as encountered recently in the reaction
of an osmacyclopentatriene complex with tert-butylamine.8

Note that the outcome of the reaction of deca-2,8-diyne with
[RuCp(PR3)(MeCN)2]PF6 is very sensitive to the substituent of
the phosphine ligand. While also with PPh3 conversion to the
butadienyl carbene complex 3b occurred, although without
observing an intermediate, the reaction took another course
when PMe3 was used. In this case, phosphine migration takes
place as shown in pathway b of Scheme 1, analogously to the
reaction of nona-2,7-diyne with
[RuCp(PR3)(MeCN)2]PF6, independent of the phosphine sub-
stituent. Such a phosphine migration results in the formation
of the allyl carbene complexes [CpRu{NC(Me)-h3-
C(CH2)4CC(Me)PMe3}]PF6 4a and [CpRu{NC(Me)-h3-
C(CH2)3CC(Me)PR3}]PF6 [R = Me (4b), Ph (4c), Cy (4d)] in
essentially quantitative yield. This conversion features the same
type of reaction that was observed before in the case of terminal
alkynes. Products 4 could be readily characterized by their
13C{1H} NMR spectra displaying two doublet resonances in the
range of 271–252 (JCP 7–4 Hz) and 41–33 ppm (JCP 72–61 Hz)
that can be assigned to the carbene carbon atoms and the
terminal allyl carbon atoms bearing the phosphine substituent,
respectively.

Furthermore, the allyl carbene composition of 4c proved not
to be the most stable one. If a solution of 4c in acetone-d6 is kept
for several days at room temperature, further rearrangement
takes place leading eventually to the butadienyl carbene
complex [CpRu{NC(Me)C(CH2)3C-h2-CHNCH2}(PPh3)]PF6
3c in essentially quantitative yield. The 1H NMR spectroscopic
data for 4c include characteristic resonances centered at 5.42
(dd, H4, 3JHH 11.4 3JHH 10.8 Hz), 3.80 (d, H5cis, 3JHH 10.8 Hz)
and 1.85 ppm (dd, H5trans, 3JHP 12.0, 3JHH 11.4 Hz) assignable

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b104927p/ Scheme 1
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to the vinyl protons of the coordinated double bond. In
the 13C{1H} NMR spectrum the characteristic resonance of the
carbene carbon occurs as a doublet centered at 330.1 ppm (JCP
15.3 Hz). The uncoordinated and coordinated sp2 carbon atoms
C2, C3, C4 and C5 of the butadienyl unit exhibit resonances at
199.7, 174.4, 74.4 and 55.1 (d, JCP 5.6 Hz) ppm, respectively.
During this conversion, the PPh3 moiety has re-migrated to the
metal center with concomitant C–H bond activation. This may
involve either the Me substituent of the carbene carbon atom via
a 1,2 hydrogen shift (pathway c) or the Me group adjacent to the
phosphonium moiety (pathway d). It is interesting that neither
4a, 4b nor 4d underwent such a rearrangement process.

In addition to a full NMR spectroscopic and analytical
characterization of 3a–c,§ the solid state structure of 3b was
determined by single-crystal X-ray diffraction.¶ The solid state
structure is depicted in Fig. 1 with important bond distances
reported in the legend. Accordingly, 3b adopts a three legged
piano stool conformation with PPh3 and the two CNC bonds and
the carbene carbon atom of the butadienyl moiety as the legs.
The most notable feature is the short Ru–C(7) bond distance of
1.934(5) Å, which is in line with a metal–carbon double bond.
Furthermore, the butadienyl C–C bonds C(8)–C(13), C(13)–
C(14) and C(14)–C(15) show the expected short–long–short
pattern (1.349(9), 1.471(8) and 1.397(8) Å, in the same
order].

In order to distinguish between the operation of pathways c or
d in Scheme 1, complex 1b was also reacted with hex-1-yne.
The result is depicted in Scheme 2. As expected, the allyl
carbene [CpRu{NC(Bun)(h3-CHC(Bun)CHPPh3)}]PF6 4e was
formed in high yield. Owing to the positions of the butyl
substituents, however, any rearrangement to the corresponding
butadienyl carbene complexes could occur only via a 1,2 H
shift. Since no such rearrangement was evident, even after a
week, it can be concluded that the activation of C–H bonds
adjacent to the phosphonium moiety is preferred to a 1,2 H shift.
In this context, it is worth mentioning that allyl carbenes can
activate alkyl C–H bonds in tertiary phosphine ligands.5

In conclusion, we have shown that the reactivity of a cationic
metallacyclopentatriene complex varies with the nucleophi-
licity of the co-ligand and the presence of a-alkyl substituents.

Ligand migrations give initially allyl carbenes and a 1,2
hydrogen shift gives butadienyl carbenes. Therefore, due to
their strong electrophilic character, cationic metallacyclopenta-
triene complexes are not catalytically active with respect to
cyclotrimerizations. Furthermore, the present reluctance with
respect of a 1,2 H shift may suggest that allyl carbenes are not
electrophilic enough at the carbene carbon. In fact, the carbene
carbon of allyl carbenes can be attacked by protons forming h4-
diene complexes.5

Financial support by the ‘Fonds zur Förderung der wis-
senschaftlichen Forschung’ is gratefully acknowledged (Project
No. P14681-CHE).

Notes and references
‡ Preparation and data for 2: to a solution of 1a (100 mg, 0.148 mmol) in
MeNO2 (4 mL) deca-2,8-diyne (28 ml, 0.150 mmol) was added. The colour
of the solution changed from yellow to dark violet. After 20 h at room
temperature the solvent was removed, the residue was washed with Et2O (5
mL) and the violet precipitate was filtered off and dried under vacuum.
Yield: 75 mg (70%) (Found: C, 54.70; H, 7.19. C33H52F6P2Ru requires: C,
54.61; H, 7.22%). 1H NMR (acetone-d6, 20 °C): d 5.77 (s, 5H, Cp),
2.51–1.10 (m, 41H, PCy3, CH2), 1.69 (s, 6H, CH3). 13C{1H} NMR
(acetone-d6, 20 °C): d 325.6 (d, 2JCP 11.4 Hz, 2C, C1), 170.6 (2C, C2), 94.6
(5C, Cp), 52.5 (2C, CH3), 37.0 (d, 1JCP 22.9 Hz, 3C, Cy1), 30.3 (br s, 3C,
Cy4), 28.1 (d, 2JCP 10.2 Hz, 6C, Cy2,2A), 27.3 (s, 2C, CH2), 26.4 (br s, 6C,
Cy3,3A), 22.5 (s, 2C, CH2).31P{1H} NMR (acetone-d6, 20 °C): d 48.1 (PCy3),
142.7 (JPF 707.5 Hz, PF6

2).
§ Preparation and data for 3b: a solution of 1b (100 mg, 0.159 mmol) in
MeNO2 (3 mL) was treated with deca-2,8-diyne (32 mL, 0.191 mmol) and
was stirred at room temperature for 20 h, whereupon the colour of the
solution turned from violet to dark orange. The solution was evaporated to
dryness, redissolved in CH2Cl2 (1 mL) and the product was precipitated
with Et2O (5 mL). The product was filtered, washed twice with Et2O, and
dried in vacuo. Yield: 90 mg (80%) (Found: C, 55.98; H, 4.79.
C33H34F6P2Ru requires: C, 56.01; H, 4.84%). 1H NMR (CD2Cl2, 20 °C): d
7.71–6.77 (m, 15H, Ph), 5.12 (dd, JHH 11.4 Hz, JHH 10.5 Hz, 1H, H4), 5.11
(s, 5H, Cp), 3.61 (d, JHH 11.4 Hz, 1H, H5a), 2.76 m, 1H, CH2), 2.58 (d, JPH

1.3 Hz, 3H, CH3), 2.47–1.38 [m, 7H, (CH2)4], 1.59 (ddd, JHH 13.1, JHH 11.4,
JHH 1.6 Hz, 1H, H5b). 13C{1H} NMR (CD2Cl2, 20 °C): d 338.0 (d, JCP 13.6
Hz, 1C, C1), 188.2 (1C, C2), 162.1 (1C, C3), 134.8–128.5 (18C, Ph), 91.0 (s,
5C, Cp), 78.0 (s, 1C, C4), 51.9 (d, JCP 6.8 Hz, 1C, C5), 48.1 (d, JCP 3.4 Hz,
CH3), 36.3 (s, 1C, CH2), 26.7 (s, 1C, CH2), 22.1 (2C, CH2). 31P{1H} NMR
(CD2Cl2, 20 °C): d 50.5 (PPh3), 2143.7 (1JPF 710.8 Hz, PF6).
¶ Crystal data: for 3b: C33H34F6P2Ru, M = 707.61, monoclinic, space
group P21 (no. 4) a = 9.952(5), b = 15.229(7), c = 10.059(6) Å, b =
92.86(1)°, U = 1523(1) Å3, T = 297(2) K, Z = 2, m(Mo-Ka) = 0.679
mm21, R1 = 0.045 (all data), wR2 = 0.102 (all data), no. of reflections
6607, no. of refined parameters 385. CCDC reference number 169027. See
http://www.rsc.org/suppdata/cc/b1/b104927p/ for crystallographic data in
CIF or other electronic format.
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Fig. 1 Structural view of 3b showing 20% thermal ellipsoids (aromatic H
atoms and PF6

– omitted for clarity). Selected bond lengths (Å) and angles
(°): Ru–C(1–5)av 2.245(5), Ru–C(7) 1.934(5), Ru–C(14) 2.212(6), Ru–
C(15) 2.265(6), Ru–P(1) 2.358(1), C(7)–C(8) 1.437(7), C(8)–C(13)
1.349(9), C(13)–C(14) 1.471(8), C(14)–C(15) 1.397(8), C(7)–C(8)–C(13)
112.8(4), C(8)–C(13)–C(14) 119.7(5), C(13)–C(14)–C(15) 121.3(6), P(1)–
Ru–C(7) 91.8(1).

Scheme 2
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The synthesis and structure of two thermally stable neutral
b-diketiminato copper(I) olefin complexes are presented
along with the structure of a Cu(II)2(m-OH)2 dimer that
results from the reaction of the Cu(I) ethylene complex with
O2 via the proposed intermediacy of a Cu(III)2(m-O)2 spe-
cies.

The diverse biological role copper(I) complexes play motivates
a great deal of interest in synthetic nitrogen-ligated systems. For
example, the Cu(I)-based ethylene receptor in ETR 1 regulates
many facets of plant growth such as fruit ripening, seed
germination and even sex determination in some species.1
Synthetic studies have uncovered that most copper(I)-ethylene
complexes are quite labile,2 with the most robust systems based
on very electron-rich neutral donors such as bipyridine2b or a
recently reported monoanionic iminophosphinamide.2c Cu(I)
complexes are also responsible for the binding and transport of
dioxygen in invertebrates as exemplified by the ubiquitous
enzyme hemocyanin whose active site consists of two Cu(I)
centers ligated by three histidine residues each.3 The related
enzyme tyrosine is responsible for the selective C–H activation
of phenols, ultimately oxidizing them to orthoquinones.4
Whereas much effort has been directed toward a detailed
understanding of this biological reactivity,3 model systems
based on bi- and tri-dentate amine donors also offer the
synthetic potential for selective C–H bond functionalization.5
As part of our program to explore the chemistry of electron-rich
b-diketiminates of the later first row metals, we report herein
our initial results describing a neutral Cu(I) system that both
binds olefins and activates dioxygen.6–8

Reaction of the thallium b-diketiminate Tl[Me2NN] with
CuBr·SMe2 in the presence of either ethylene (1 atm) or styrene
(1.2 equiv.) in benzene or toluene provides thermally stable
[Me2NN]Cu(alkene) complexes in 60–80% yield as colorless
crystals from pentane (Scheme 1) (ESI†). The 1H NMR
spectrum of 1 in benzene-d6 shows a significantly upfield
shifted resonance (d 2.91) for bound ethylene. Neither 1 nor 2 is
exceptionally labile as exchange with free olefin is slow on the
NMR timescale. Reaction of 1 with 1 equiv. styrene at 25 °C in
a sealed NMR tube, however, does result in a 1+2.3 equilibrium
mixture of 1 and 2 after 3 h. Taking the incomplete solubility of
ethylene in benzene-d6 into account, styrene complex 2 is
actually thermodynamically disfavored over the sterically less

hindered ethylene derivative 1 (K = 0.33(2)). Backbonding in
1 and 2 is likely relatively weak as shown by the ethylene 1JCH
coupling constant of 158 Hz in 1 and facile rotation about the
Cu–styrene bond in 2 (DG‡ = 10.7(3) kcal mol21 at 215 K)
(ESI†).

The X-ray structures of 1 and 2‡ (Fig. 1) reveal a coplanar
orientation of the olefin with the b-diketiminate backbone
which chelates the copper center with bite angles of 98.68(6)
and 99.0(1)°, respectively. The ethylene and styrene C–C
distances in 1 and 2 (1.365(3) and 1.373(6) Å) are similar to that
found in the iminophosphinamide [But

2P(NSiMe3)2-
k2N]Cu(C2H4) (1.362(6) Å)2c and [(bipy)Cu(styrene)][ClO4]
(1.358(10) Å),9 slightly elongated as compared to the corre-
sponding free olefins (1.337(1)10a and 1.346(2)10b). While the
above data suggest minimal backbonding from the d10 copper(I)
center, the observed orientation may be favored on electronic
grounds due to an enhanced interaction of the olefin p* orbital
with the filled Cu d orbital destabilized by the opposing b-
diketiminate N donors.

Treating a diethyl ether solution of ethylene complex 1 with
several equivalents of dry dioxygen at room temperature
ultimately results in the precipitation of paramagnetic
{[Me2NN]Cu(m-OH)]}2 36,7 (meff = 1.39 mB in CDCl3) which is
isolated in 80% yield as brown crystals (ESI†). The X-ray
structure of 3‡ (Fig. 2) shows two square planar Cu(II) centers
separated by 3.0581(3) Å nearly symmetrically bridged by two
hydroxo ligands with Cu–O distances of 1.914(1) and 1.923(1)
Å. The hydroxo H-atom was found in the Fourier difference
map, corroborated by a sharp, high energy band at 3646 cm21

in the solid state IR spectrum of 3. We suggest that the reaction
proceeds via the intermediacy of a Cu(III)2(m-O)2 dimer5,11 4
followed by abstraction of some H-atom donor5 to provide 3

† Electronic supplementary information (ESI) available: synthesis of
Tl[Me2NN] and 1–3 with relevant analytical and spectroscopic details. See
http://www.rsc.org/suppdata/cc/b1/b105244f/

Scheme 1 Synthesis of Cu(I) olefin complexes (ESI†).

Fig. 1 ORTEP diagrams of the solid state structures of 1 and 2.‡ Selected
bond distances (Å) and angles (°) for 1·0.5 C5H12: Cu–N(1) 1.917(2), Cu–
N(2) 1.908(1), Cu–C(22) 1.986(2), Cu–C(23) 1.992(2), C(22)–C(23)
1.365(3), N(1)–Cu–N(2) 98.68(6), C(22)–Cu–C(23) 40.13(9). Selected
bond distances (Å) and angles (°) for 2: Cu–N(1) 1.913(3), Cu–N(2)
1.915(3), Cu–C(22) 1.975(5), Cu–C(23) 2.027(4), C(22)–C(23) 1.373(6),
N(1)–Cu–N(2) 99.0(1), C(22)–Cu–C(23) 40.1(2).

This journal is © The Royal Society of Chemistry 2001
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(Scheme 2). Whereas the source of the hydroxo H-atoms is not
yet known, it should be noted that 1 rapidly reacts with H2O
under anaerobic conditions to give the free ligand H[Me2NN]
and an intractable Cu-containing precipitate.

Significantly less thermally stable than the only other
reported neutral, iminophosphinamide-based Cu2(m-O)2 com-
plex which slowly decomposes to an unidentified Cu(II)
species,11a the enhanced reactivity of proposed m-oxo dimer 4
has hampered its isolation in pure form. Addition of O2 to 1 at
278 °C in diethyl ether allows for the isolation of a green
microcrystalline material that gradually converts into 3, even in
the solid state. A solution of this freshly isolated green material
in CH2Cl2 shows an absorption band at 343 nm (e = 2.4 3 104

M21 cm21) corresponding to the m-hydroxo complex 3 as well
as two new absorbances at 315 and 420 nm, consistent with
characteristic LMCT bands of previously reported Cu(III)2(m-
O)2 complexes.5,11 Furthermore, oxygenation of 1 with air
(THF, 25 °C) results in the initial formation of these bands at
315 and 420 nm followed by their gradual loss in intensity
giving rise to the 343 nm band of the m-hydroxo complex 3
(ESI†).

Low temperature resonance Raman spectroscopy5,11 in
addition to the synthesis of a sterically diverse family of neutral
b-diketiminato Cu(I) complexes are underway to uniquely
determine the composition of the green intermediate 4 as well as
the source of H-atoms that lead to the isolated m-hydroxo
compound 3. Further protonation studies of the olefin adducts 1
and 2 to yield new cationic b-diimino Cu(I) olefin complexes6

and their use as cyclopropanation catalysts will also be reported
in due course.

We thank the Georgetown University Department of Chem-
istry for financial support of this work as well as Professor
Robert Bachman and Professor K. Travis Holman for assistance
with the X-ray structures of 1 and 2.
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Gold nanoparticles have been functionalized with thiol
dendrons containing three redox active amidoferrocenyl or
silylferrocenyl units; using cyclic voltammetry, these den-
dronized gold nanoparticles recognize H2PO4

2

The scope of supramolecular chemistry1 involves nanoscience
including dendrimers2 and nanoparticles3 with applications to
the field of sensors.1,4 Beer et al. have shown various examples
of redox anion recognition by amidoferrocenes bound to
endoreceptors,4 a concept that we have extended to den-
drimers5a and colloids5b as exoreceptors. So far, only a few
other reports of molecular recognition by nanoparticles have
appeared,6 althought ferrocenylalkylthiol ligands bonded to
surfaces in self-assembled monolayers and colloids have been
known for some time.7 Dendrimer-colloid assemblies have also
been successfully designed for the fabrication of a new
generation of catalysts and sensors.3b We now report the
synthesis of dendrons containing silylferrocenyl or amidoferro-
cenyl termini, their functionalization by thiol ligands, fixation
of these dendron-thiol ligands onto gold colloids8 and recogni-
tion of H2PO4

2 by these thiol-functionalized gold colloids.

Our strategy has consisted of performing ligand exchange
reactions between alkylthiol–gold colloids of the Brust type9

and the thiol dendron, a method that keeps the size of the
colloids constant during the ligand exchange reactions, thus
retaining their narrow polydispersity.5b,9 The two syntheses of
the triferrocenyl dendron–gold particle assemblies are repre-
sented in Scheme 1. Both syntheses represent the first routes to
ferrocenyl-containing dendrons, although numerous ferrocenyl-
and amidoferrocenyl-containing dendrimers are known.10–13a

The key to rapid entry into the chemistry of such functionalized
dendrons is the direct hydrosilylation of the three allyl groups of
the dendron 112 using various silanes11–13 without any protec-
tion of the phenol function (Scheme 1).14 The two air-sensitive
thiol dendrons 8 and 10 were fully characterized by elemental
analysis, NMR and the molecular peaks in their MALDI TOF
mass spectra. We synthesized gold colloids with 2.1 nm
diameter core and approximately 108 ± 5 dodecanethiolate
ligands using the method of Brust et al.9 Ligand-exchange
reactions between these gold–dodecanethiolate particles and the
thiol ligands 8 and 10 were carried out under ambient conditions
in CH2Cl2 using 2/3 equiv. functional thiol per dodecane thiol

Scheme 1 Syntheses of the dendronized gold colloids. Reagents and conditions: i, Karstedt cat., HSiMe2Fc (Fc = ferrocenyl), Et2O, reflux, 1 d, 90%; ii,
Karstedt cat., HSiMe2(CH2Cl), Et2O, 1 d at room temp., then 1 d at reflux, 85%; iii, 1,1A-dibromo-p-xylene, K2CO3, MeCN, room temp., 3 d; 7: 76%; 9: 70%;
iv, NaI, NaN3, anhydrous DMF, 80 °C, 1 d, 90%; v, PPh3, H2O, THF, 80 °C, 1 d, 70%; vi, conc. aq. HCl, then NEt3, FcCOCl, CH2Cl2, 16 h, room temp.,
45%; vii, NaSH, THF, 50 °C, 1 d; 8: 76%, 10: 90%; viii, thiol dendron (2/3 equiv./equiv. dodecanethiolate ligand), CH2Cl2, 3 d, room temp.

This journal is © The Royal Society of Chemistry 2001
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ligand. This led to the dendronized particles 11 and 12, and the
excess of functional ligand was removed by washing 11 and 12
with methanol. The percentage of functional thiolate dendrons
introduced as ligands in 11 and 12, determined by combined
HRTEM, 1H NMR spectroscopy and elemental analysis, was
4.8 and 3%, respectively (a little more than five and three
dendrons per particle for 11 and 12, respectively). TEM images
confirm that the sizes of the gold cores of the particles remain
unchanged after the ligand-substitution reactions.

The cyclovoltammograms of the dendronized colloids 11 and
12 (Pt, CH2Cl2, 0.1 M [n-Bu4N][PF6]) show a chemically (ia/ic
= 1) and electrochemically (DEp 5 50 mV) reversible
ferrocene/ferrocenium wave.14 Thus, all the ferrocenyl units
appear equivalent in each type of particles, which is due, in
particular, to the fact that rotation of the particles is faster than
the electrochemical time scale.15 The separation between the
anodic and cathodic peaks is 50 mV for 11, which almost
corresponds to the value expected at 20 °C for a single-electron
wave (58 mV). In the case of 12, however, this peak separation
is only 20 mV. This indicates some adsorption, although this
phenomenon is not accompanied by an enhanced intensity of
the adsorbed species. The E1/2 value is 0 V vs. Cp2Fe0/+ for 11
and 0.145 V vs. Cp2Fe0/+ for 12.

We then added [n-Bu4N][H2PO4] to the electrochemical cell
containing 12, which led to a decrease of the intensity of the
amidoferrocene wave of 12 (Fig. 1). The growth of another
wave was then observed at a less positive potential until the
initial wave had disappeared when the amount of [n-
Bu4N][H2PO4] added corresponded to 1 equiv. per amidoferro-
cenyl branch. Thus, the new wave is the signature of a strong
amidoferrocenium–H2PO4

2 interaction. Contrary to the initial
wave, it shows the characteristic of slow electron transfer since
the DEp value is larger than 60 mV and depends on the scan rate,
indicating structural reorganization in the course of the
heterogeneous electron transfer.14 The value of E1/2 for each
wave does not vary during the titration, the difference remaining
equal to 210 ± 10 mV (as for the dendron 8 alone). This
corresponds to an apparent association constant Kapp between
the ferrocenium form of 12 and H2PO4

2 that is 5200 ± 1000
times larger than that between the neutral form of 12 and
H2PO4

2.16 This shift is very large compared to monomeric
amidoferrocenes (E1/2(free) 2 E1/2(bound) = 45 mV) and even to
tripodal tris-amidoferrocenes such as PhC{(CH2)3O(CH2)3NH-
COFc}3 (E1/2(free) 2 E1/2(bound) = 110 mV), and is about as
large as with a nona-amidoferrocene dendrimer.5a The known
factors involved in the recognition of H2PO4

2 by amidoferroce-

nyl-containing receptors are the double hydrogen bonding
between this anion and the amido groups, the enhanced
electrostatic attraction in the oxidized ferrocenium form and the
topographical effect of the receptor.4

Interestingly, the silylferrocene-containing colloids 11 also
recognize H2PO4

2. Addition of [n-Bu4N][H2PO4] to an electro-
chemical cell containing 11 provokes the same effect as with 12,
i.e. the appearance of a new wave at less positive potential than
the original one, while the disappearance of the initial wave is
observed for 1 equiv. of anion per silylferrocenyl branch. The
difference of potential between the two waves is 110 ± 10 mV,
which corresponds to a Kapp value 85 ± 30 times larger for the
ferrocenium form than for the ferrocenyl form. So far, only
H2PO4

2 is recognized, the anions HSO4
2, Cl2, Br2 and NO3

2,
for instance, having no significant effect using either 11 or
12.

It is likely that the supramolecular redox properties of
dendronized colloids can be developed for sensoring, catalysis
and molecular electronics in the near future.
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Fig. 1 Titration of 12 (1026 M in CH2Cl2) with [n-Bu4N][H2PO4] (1022 M
in CH2Cl2) monitored by CV. Decrease of the intensity of the initial wave
at E1/2 = 0.145 V vs. FeCp2

+/0 and increase of the intensity of the new wave
at E1/2 = –0.065 V vs. FeCp2

+/0 vs. the number of equivalents of [n-
Bu4N][H2PO4] added per ferrocenyl branch of 12. [n-Bu4N][PF6] 0.1 M, 20
°C; internal reference: [Fe(h5-C5Me5)2]; reference electrode: Ag; auxiliary
and working electrodes: Pt; scan rate: 0.2 V s21. A similar response was
obtained with 11.

Chem. Commun., 2001, 2000–2001 2001



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Immobilization of chlorophyll derivatives into mesoporous silica and
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Chlorophyll derivatives possessing triethoxysilyl groups
have been synthesized for the first time and grafted on
mesoporous silica to construct an efficient energy transfer
system between the chromophores.

In natural photosynthesis, chlorophylls (Chls, Fig. 1) play a key
role in converting solar energy to chemical energy. Mimicking
the highly efficient energy transfer (ET) systems is a subject to
be tackled towards the ultimate goal of establishing solar energy
conversion systems.1 Considerable efforts have been directed
toward the preparation of donor–acceptor (D–A) systems
immobilized in various media (e.g. films,2 surfactant micelles,3
and lipid vesicles4). On the other hand, we have recently
proposed the use of FSM-type mesoporous silica as an
adsorbent of Chls,5–7 because mesoporous silica powders
possess high adsorption capacity with well ordered mesopores.
However, our previous studies revealed that the surface silanol
groups on FSM denatured incorporated chlorophyllous pig-
ments.5 Although surface modification with diols is an effective
approach to suppress denaturation of Chls,5,7 the plane of
chlorin macrocycles should probably lie down on the modified
silica surface.6,7 Moreover, the arrangement between neighbor-
ing chromophores in mesopores is difficult to control by simple
liquid-phase adsorption,7 resulting in inefficient ET. In order to
control the arrangements of macrocycles which should ideally
be located in the center of mesopores, Chl derivatives
possessing triethoxysilyl groups (Fig. 1) were therefore synthe-
sized and grafted on mesoporous silica. We used Zn–chlorin
and Cu–chlorin as the donor–quencher pair, because the
fluorescence of Zn–chlorin should be quenched by Cu–chlorin,
a non-fluorescent Chl derivative.2

Siliceous FSM was synthesized according to a method
reported previously.5 The X-ray diffraction (XRD) pattern (d100
= 4.0 nm) and the BET specific surface area (1000 m2 g21)
were similar to those reported in ref. 5. A prescribed amount of
compound 1‡ (50–200 nmol of 1a, 1b, or a mixture of 1a and
1b, see Fig. 1) and 3-aminopropyltriethoxysilane (APTES, 4.3
mmol), a modifier to suppress denaturation of Chls, were

dissolved in dry CH2Cl2 (2 mL). Then FSM powders (0.1 g),
preheated at 150 °C for 3 h under vacuum, were dispersed in the
solution of 1 and APTES. The mixtures were stirred at room
temperature for 24 h in the dark (i.e. under mild conditions) to
prevent denaturation of the chlorin macrocycles, centrifuged,
washed with acetone, and dried under reduced pressure. The
APTES–FSM/1 compounds (i.e. APTES–FSM/1a, APTES–
FSM/1b and APTES–FSM/1a–1b) were found to be green
powders after washing. The mesostructure was retained after
silylation according to the XRD patterns of APTES–FSM/1
which was quite similar to that of pristine FSM (d100 = 4.0 nm)
(ESI).†

The cross polarization (CP) and magic angle spinning (MAS)
29Si NMR spectrum of pristine FSM gives a Q4 (Si(OSi)4) peak
with a relatively small Q3 (Si(OSi)3OH) band.8 On the other
hand, APTES–FSM gave resonance peaks in the region from
250 to 270 ppm assigned to T1 (R(ORA)(ORAA)Si(OSi)), T2

(R(ORA)Si(OSi)2) and T3 (RSi(OSi)3) peaks along with Q3 and
Q4 peaks (ESI).9† A decrease in the number of Si–OH groups
after silylation was also indicated by a decrease in the IR
absorption in the O–H stretching region (ca. 3690 cm21)
(ESI).† These findings confirm that APTES formed Si–O–Si
bondings with Si–OH groups on FSM. Oligomerization of
APTES in mesopores should be negligible, since silylated FSM
powders were washed three times to remove residual silanes.
The 13C CP/MAS NMR signals due to CH2 and CH3 carbons of
unreacted ethoxy groups of APTES appeared at ca. 56 and 17
ppm in the spectrum (data not shown).9 Based on the CHN
analysis, the number of grafted aminopropylsilyl groups was
roughly estimated to be 1.3 nm22 and the number of reacted
ethoxy groups per APTES was calculated to be 1.9 nm22. The
degree of grafting was smaller than that of FSM silylated with
APTES by refluxing (1.7 groups nm22),8 which is ascribed to
the mild reaction conditions.

Because the amounts of 1 introduced were much lower than
that of APTES molecules to prevent concentration quenching of
ET (see below), there is no spectroscopic evidence whether the
compounds 1 formed Si–O–Si bondings with FSM. However,
all APTES–FSM/1 powders were scarcely bleached by repeated
washing with acetone. This is in sharp contrast with the
observation that Chls incorporated into FSM by simple liquid-
phase adsorption were easily desorbed from the mesopores by
washing with acetone.5–7 This finding strongly suggests that the
compounds 1 were grafted onto the surface of mesopores as
well as APTES–FSM.

Fig. 2(top) and (middle) depict the diffuse reflectance visible
absorption spectra of 1a (M = Zn) and 1b (M = Cu) grafted on
FSM. The Soret and Qy absorption peaks of 1a onto FSM were
located at 426 and 660 nm, respectively. The spectral shape for
APTES–FSM/1a is similar to the absorption spectrum of Zn–
Chl a in methanol.10 The full width at half maximum of the Qy
band (ca. 720 cm21) was broadened to a lesser extent than that
of FSM/Zn–Chl a (ca. 1100 cm21),6 indicating that 1a was
well-dispersed in the mesopores. Compound 1b showed Soret
and Qy absorption peaks at 413 and 655 nm, respectively. The
incorporation of Cu–chlorin was successful, which was in sharp

† Electronic supplementary information (ESI) available: Figs. S1–3: XRD
patterns, 29Si CP/MAS NMR and IR spectra. See http://www.rsc.org/
suppdata/cc/b1/b104959n/

Fig. 1 Molecular structure of chlorophyllous pigments (left) and schematic
representation of the ET process in mesopores (right).
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contrast to the fact that Cu–Chl a was scarcely immobilized in
APTES–FSM (Furukawa et al., unpublished results). In the co-
adsorbed state (APTES–FSM/1a–1b), the absorption band in
the Soret region appeared at 408 nm with a small shoulder at
430 nm [Fig. 2(bottom)],11 which indicates that this absorption
spectrum can be roughly interpreted as a summation of those of
1a and 1b. This also indicates that the individual chromophores
scarcely exhibit any specific interactions in the ground states
within the mesopores.

The fluorescence emission spectra of APTES–FSM/1 pow-
ders are illustrated in Fig. 3. Concentration quenching is
negligible in all the APTES–FSM/1 samples since the fluores-
cence intensity is proportional to the pigment concentration.
The amounts of incorporated pigments were also estimated by
the difference in the absorption spectra of the supernatant
solutions before and after the silylation. The emission peaks of
1a (M = Zn) and 1b (M = Cu) on APTES–FSM were located
at 666 and 670 nm, respectively. The emission intensity of 1b
was much weaker than that of 1a in APTES–FSM.11 The
spectral overlap between the donor emission and quencher
absorption bands is also relatively large (Figs. 2 and 3). These
findings indicate that Förster type donor–acceptor (quencher)
ET should occur.12 In the co-adsorption systems the emission
intensity of 1a (M = Zn) was decreased with an increase in the
amount of 1b (M = Cu). The ET efficiency from 1a to 1b was
approximately estimated by the considering the decrease in the
emission area in the Qy region in comparison with that of the
APTES–FSM/1a complex (90% for D/A = 1/2; 50% for D/A =
1/1). In the case of co-adsorption of both Zn–pyroChl b and Zn–
pyroChl a in APTES–FSM, the emission intensity originating
from Zn–pyroChl a (acceptor) was increased even though there
are many NH2 groups in the mesopores (ET efficiency 75% for
D/A = 1/10, Furukawa et al., unpublished results). The finding
indicates that the NH2 groups of APTES scarcely act as
quenchers in the present system. Based on the pore volume and
pore size of APTES–FSM, the critical distance (R0)12 between
neighboring chromophores is calculated to be ca. 12 nm. It is of
interest that this efficiency is much higher than the ET
efficiency between Chl b and Chl a in diol modified FSM (70%
for D/A = 1/10),7 though the pigment concentration and R0 in
the mesopores are very similar. Taking into account that fact
that highly efficient ET is obtained in this grafted system in

comparison to systems obtained by conventional adsorption
methods, the planes of chromophores are probably perpendicu-
lar to the silica walls in the mesopores. This suggests that the
interactions between the chlorin macrocycles and the silica
walls are relatively small, and this may be the reason why
APTES–FSM/1a complexes gave a sharper absorption band in
comparison with FSM/Zn–Chl a, for which Zn–Chl a was
incorporated into FSM by liquid-phase adsorption.6

We are grateful to Mr T. Shigeno (Waseda Univ.) for his help
in NMR measurements. This work was partially supported by a
Grant-in-Aid for COE Research, MEXT, Japan. H. F. also
acknowledges a Grant-in-Aid for Scientific Research, MEXT,
Japan (No. 13750780).

Notes and references
‡ Chl was extracted from spinach tissue and pyrolyzed to suppress
denaturation of the chlorin macrocycle.6 The amidation procedure is as
follows: zinc C132-demethoxycarbonylchlorophyllide a (Zn–pyroChlid a)
was prepared, as described in ref. 13 from Chl a. Zn–pyroChlid a (60 mmol)
was added to a mixture of 3-aminopropyltriethoxysilane (120 mmol),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (60 mmol) and dimethyl-
aminopyridinium tosylate (60 mmol) in dry CH2Cl2 (10 mL).14 The mixture
was stirred for 12 h under N2 at room temperature. The crude compound was
purified by flash column chromatography over silica gel with acetone and
by preparative normal-phase HPLC (column: Senshupak Silica-5251N;
eluent: ethyl acetate–hexane–acetone = 6+1+3). Characterization data for
zinc C132-demethoxycarbonylchlorophyllide a 3-triethoxysilylpropyl-
amide (1a, 60%). Visible (acetone): lmax 656 (relative intensity, 0.66), 609
(0.12), 569 (0.06), 427 (1.00). 1H NMR (400 MHz, CDCl3) d: 9.42, 9.28,
8.53 (each 1H, s, 10-, 5-, 20-H), 8.03 (1H, dd, J = 12, 18 Hz, 31-H), 6.22
(1H, dd, J = 2, 18 Hz, 32-cis-H), 6.08 (1H, dd, J = 2, 12 Hz, 32-trans-H),
5.07 (1H, br s, 174-NH), 4.16–4.59 (2H + 1H, m, 132-CH2 + 18-H),
3.62–3.86 (1H + 2H, m, 17-H + 175-CH2), 3.70 (2H, q, J = 7 Hz, 81-CH2),
3.62 (6H, q, J = 7 Hz, 1710-(CH2)3), 3.45, 3.33, 3.24 (each 3H, s, 121-, 21-,
71-CH3), 1.75–2.30 (each 1H, m, 17-CH2CH2), 1.69 (3H, t, J = 7 Hz,
82-CH3), 1.65 (3H, d, J = 7 Hz, 18-CH3), 1.20–1.28 (each 1H, m, 176-CH2),
1.07 (9H, t, J = 7 Hz, 1711-(CH3)3), 0.78–0.95 (each 1H, m, 177-CH2). MS
(FAB): m/z 799.3 (M+, for 64Zn), calc.: 799.3. Copper C132-demethoxy-
carbonylchlorophyllide a 3-triethoxysilylpropylamide was prepared in the
same manner as compound 1a except for the Cu insertion.15 Character-
ization data for 1b (yield = 22%). Visible (acetone): lmax 651 (relative
intensity, 0.46), 605 (0.12), 420 (0.94), 410 (1.00). MS (FAB): m/z 798.4
(M+, for 63Cu), calc.: 798.3.
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region of APTES–FSM/1a–1b was located at a wavelength shorter than
that of APTES–FSM/1a, the possibility of denaturation (and/or
demetalation) of the macrocycle in mesopores cannot be fully excluded.
This may be the reason that a weak emission of 1b was observed (Fig.
3), though Cu–chlorin is normally non-fluorescent.2 An excitation
spectrum of APTES–FSM/1b did not resemble that of either pheophytin
a (free base chlorin) or Zn–Chl a, which may also support the possibility
of partial pigment denaturation.
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Fig. 2 Diffuse reflectance visible absorption spectra of APTES–FSM/1
compounds. F(R) refers to the so-called remission function for diffuse
reflection measurements; F(R) = (1 2 R)2/2R.

Fig. 3 Fluorescence emission spectra of APTES–FSM/1 compounds
(excited at 426 nm): APTES–FSM/1a (M = Zn) (—), APTES–FSM/1b (M
= Cu) (…), APTES–FSM/1a–1b (co-adsorption) (– – –).
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One-way EZ-isomerization of bis(n-butylammonium) (Z,Z)-muconate
under photoirradiation in the crystalline state
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One-way EZ-isomerization of bis(n-butylammonium) (Z,Z)-
muconate [(Z,Z)-hexa-2,4-diene-1,6-dioate] to the corre-
sponding (E,E)-isomer quantitatively proceeded in the
crystalline state under photoirradiation with a high-pressure
mercury lamp, being a new type of crystal-to-crystal
reaction.

Organic synthesis performed in the solid state is one of the most
intriguing fields of chemistry in recent years, because of the
specific features of the solid-state reaction including the
excellent selectivity of the reaction compared to those in an
isotropic medium, the specific molecular alignment in the solid
as the product, and the environmental aspect of a solvent-free
process.1 In contrast to cyclization and rearrangement as the
unimolecular reaction in the crystalline state, EZ-isomerization
is difficult due to a drastic and unenviable change in the size and
shape of the occupied space by an olefin molecule during the
isomerization.2 During the course of our recent studies of the
topochemical polymerization of diene monomers, we have
found that some (Z,Z)-muconic derivatives provided a geomet-
rical isomer but not a polymer as the photoproduct in a high
yield by UV irradiation in the crystalline state.3 This isomeriza-
tion is a crystal-to-crystal reaction with an excellent selectivity,
being completely different from ordinary photoreactions.
Monoolefins and azo compounds generally induce reversible
EZ-isomerization and the photoproducts are isolated as a
mixture of cis and trans isomers, whose composition is
dependent on the wavelength of light used. In the present paper,
we describe the unique one-way EZ-isomerization of bis(n-
butylammonium) (Z,Z)-muconate [(Z,Z)-hexa-2,4-diene-1,6-di-
oate] (1) to the corresponding (E,E)-isomer (2) as a new type of
solid-state topotactic reaction.

When 1 was irradiated in the crystalline state at room
temperature using a high-pressure mercury lamp with a Pyrex
filter, the isomerization to 2 proceeded. In this system, no
polymer was produced due to the absence of columnar structure
appropriate for the topochemical polymerization in the crys-
tals.3c,d 1H NMR spectroscopy confirmed that the solid-state
photoisomerization is highly stereoselective, i.e., no (E,Z)-
isomer (3) formed during photoirradiation in the crystalline
state, in contrast to the photoirradiation in a solution resulting in
a mixture of three kinds of isomers, and complementary to the
exclusive formation of 3 during thermal isomerization in
solution.4 As summarized in Table 1, the conversion of 1 to 2
achieved 98% for the 10 h irradiation. When 2 was irradiated in

the crystalline state under similar conditions, unreacted 2 was
recovered. Thus, the isomerization occurs solely one-way from
1 to 2 in the crystalline state, despite similar UV absorption
bands of both isomers, i.e., l = 255 nm and e = 1.77 3 104 for
1; l = 260 nm and e = 2.42 3 104 for 2. Similar one-way
isomerization was observed for a series of muconic acid
derivatives, e.g., n-alkyl- and branched alkylammonium salts,
alkyl esters, and N-alkylamides.

Powder X-ray diffraction has verified that the isomerization
occurs via a crystal-to-crystal reaction process, and that the
diffraction profiles of the crystals after photoirradiation consist
of overlapped patterns of the diffraction due to the crystals of 1
and 2 (Fig. 1). This indicates that the crystal domains of each
isomer exist simultaneously in the crystals accompanied by
crystal phase separation during the photoisomerization. Single
crystal structure analysis has disclosed that the crystals of 2 as
the photoproduct have a symmetry different from that of the
starting crystals of 1 (Fig. 2).† The solid-state photoisomeriza-

Table 1 Photoisomerization of 1 and 2 under irradiation with a high-
pressure Hg-lamp in the crystalline state or in solution

Composition after photoirradiation

Substrate Temp./°C Time/h 1 2 3

1 30 2 79 21 0
4 44 58 0
6 30 70 0
8 5 95 0

10 2 98 0
2 30 8 0 100 0
1a 80 2 60 0 40
1b 30 8 24 33 43
a Thermal isomerization in D2O. b Photoisomerization in D2O.

Fig. 1 Powder X-ray diffraction profiles of (a) 1, (b) after isomerization of
1, 1+2 = 64+36 determined by 1H-NMR, (c) 1+2 = 36+64, (d) 2.

This journal is © The Royal Society of Chemistry 2001
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tion of 1 proceeds via a topotactic reaction mechanism.5 The
isomerization from 1 to 2 in the crystalline state requires not
only the movement of atoms but also a change in the crystal
symmetry and the reconstruction of the hydrogen bond network
pattern. In the crystals of these primary ammonium carboxyl-
ates, one-dimensional ladder-type hydrogen bonds are ob-
served, consisting of the primary ammonium cations and the
carboxylate anions which act as triple hydrogen bond donors
and acceptors, respectively.3c,6 The isomerization of the (Z,Z)-
diene to the (E,E)-diene is associated with the rotation of
carbonyl groups and the change in the hydrogen bond structure
(Fig. 3). The reconstruction of the hydrogen bond network
during the isomerization is accompanied with an inter-ladder
reaction, but not intra-ladder. The quantitative transformation of
1 to 2 in the crystalline state suggests that the molecular motion
in the crystals occurred cooperatively with the minimum
movement of atoms in the crystals via a phase transition from
the crystal of 1 to that of 2. It is possible to accelerate the
heterogeneous solid-state reaction in a boundary domain
between the mutual crystal phases of 1 and 2.

Topotactic EZ-isomerization is advantageous for 1,3-diene
derivatives such as muconates, of which both isomers have
similar molecular shapes, different from the case of mono-
olefins. As an exceptional event, unique one-way isomerization
of an anthracene-substituted olefin with (Z)-configuration has
been reported,7 in which the isomerization to the (E)-derivative
proceeds during photoirradiation in solution, but the reverse
reaction hardly occurs due to the presence of the large aromatic
substituent changing in its potential energy surfaces at the
excited triplet state. In this work, the excited-state of 1 probably
has a conformation similar to that of 2 in the solid state,
resulting in a quantitative and one-way isomerization. Further
mechanistic studies of the one-way EZ-isomerization of the
muconic acid derivatives in the crystalline state are now under
investigation.

Notes and references
† Crystallographic data for 1: C14H28N2O4, Mr = 288.39, monoclinic,
space group P21/n, T = 200(1) K, a = 5.7715(4), b = 20.005(1), c =
14.749(1) Å, b = 96.510(4)°, V = 1691.9(2) Å3, Z = 4, Dc = 1.132 g cm3,
m(CuKa) = 0.673 mm21. A total of 10965 reflections was measured, 2864
were unique. 2391 [I > 1.5s(I)] were used in the refinement of 199
parameters. R1 = 0.063, wR2 = 0.172, GOF = 1.92. A butyl group was
disordered. For 2: C7H14NO2, Mr = 144.19, triclinic, space group P1̄,
T = 293(1) K, a = 5.5246(8), b = 7.433(1), c = 10.865 (2) Å, a =
98.88(1), b = 100.86(1), g = 104.38(1)°, V = 414.8(1) Å3, Z = 2, Dc =
1.154 g cm3, m(MoKa) = 0.084 mm21. A total of 2103 reflections was
measured, 1141 [I > 1.5s(I)] were used in the refinement of 105
parameters. R1 = 0.046, wR2 = 0.137, GOF = 1.00. CCDC 169916,
169917. See http//www.rsc.org/suppdata/cc/b1/b106155k/ for crystallo-
graphic files in .cif format. 
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Fig. 2 Crystal structure of (a) 1, (b) 2 viewed along the crystallographic a-
axis. Hydrogen atoms are omitted. Hydrogen bond networks run along the
crystallographic a-axis.

Fig. 3 One-dimensional ladder-type hydrogen bond networks of (a) 1, (b)
2.
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A novel cage organotellurate(IV) macrocyclic host encapsulating a
bromide anion guest:
[Li(THF)4][{(PriTe)12O16Br4{Li(THF)Br}4}Br]·2THF

Hélène Citeau, Kristin Kirschbaum, Olaf Conrad and Dean M. Giolando*

Department of Chemistry, University of Toledo, Toledo, OH 43606 USA.
E-mail: Dgiolan@uoft02.utoledo.edu

Received (in Columbia, MO, USA) 5th June 2001, Accepted 2nd August 2001
First published as an Advance Article on the web 19th September 2001

The first structural report of an unprecedented organotellur-
ate(IV) inorganic–organic hybrid macrocyclic host encapsu-
lating a bromide anion guest is described.

In recent years considerable efforts have been directed to
gaining an understanding of the fundamental aspects of tellurite
glass chemistry because of its potential applications in nonlinear
optics and as ionic conductive materials.1 Tellurites, (M2O)x-
(TeO2)12x, are glass oxide materials constituted by a network
(TeO2) and a modifier (M2O, alkali metal oxide). Their
remarkable properties arise from the free electron pair in their
motif built of TeO3 or TeO4 units. In spite of the significant
progress in the interpretation of solid state 125Te-NMR
spectroscopy data2 and the structure determination of a few
crystalline phases,3 precise structural data remain elusive due to
the amorphous nature of these materials. The development of a
‘telluroxane’ chemistry of tellurium(IV) as model compounds
might be a fruitful approach by analogy to the well-developed
chemistry of oligomeric siloxanes, whose importance as
molecular precursors and model compounds for zeolitic
material is well known.4 To the best of our knowledge, no
comparable oligomeric ‘telluroxane’ containing exclusively
Te–O bonds in their rings has been crystallographically
characterized. We present here a novel ‘telluroxane’ containing
a Te12O16 ring that can be formally viewed as the condensation
product of organotellurium trihydroxides. [Li(THF)4][{(Pri-
Te)12O16Br4{Li(THF)Br}4}Br] 1 represents the first of a new
and potentially rich class of compounds.

Crystals of the title salt† consist of isolated [Li(THF)4]+

cations, [{(PriTe)12O16Br4{Li(THF)Br}4}Br]2 anions and un-
coordinating solvent molecules. The crystals were obtained as
colorless air-sensitive trigonal prismatic crystals in a reaction
designed initially to prepare a new organotellurium compound,
isopropyl hex-1-ynyl telluride,5 and can be viewed as a partial
air oxidation product of a mixture of lithium hex-1-ynyl
tellurolate and isopropyl bromide in THF. The structure of this
novel tellurium oxide cage compound, with unprecedented
molecular macrocyclic character, has been determined by single
crystal X-ray diffraction. In the crystalline state, the tellurium
oxide framework spherically encapsulates a bromide anion in its
cavity. This molecular guest–host entity is stabilized by four
Li(THF)Br units and four bromide anions in an outer shell. The
capability of entrapping an atomic size guest in its cavity makes
it a promising candidate for various applications in chemistry.6
Moreover, this new example of a self-assembled molecular
macrocycle exhibits the remarkably rare7 property of encapsu-
lating a negatively charged ion.

The structure of the skeleton of the anion is shown in Fig. 1.
The macrocycle of alternating tellurium and oxygen atoms—
constructed of four O–Te–O–Te(m-O)2Te– monomers attached
head-to-tail—folds into a spherical arrangement. With twelve
tellurium and sixteen oxygen atoms in a continuous ring the
macrocycle is unprecedented for a molecular organotellur-
ate(IV). The closest structural analogs are [(C6H4-4-Me)2-
Te{OTe(C6H4-4-Me)2}2][Te(C6H4-4-Me)2OTe(C6H4-
4-Me)2][CF3SO3]4 in which Te…O–S–O…Te cation–anion

interactions form a 14-membered ring8 and, the first example of
a supramolecular structure of an organotellurium complex,
polymeric [(C4H8TeNO3)2O]n containing (NO3)Te(C4H8)–O–
Te(C4H8)(NO3) monomers connected via Te…O–N–O…Te
secondary semi-bonding interactions.9

The arrangement of the Te–O framework around the central
bromide anion possesses the point group symmetry D2d and is
topologically equivalent to the seams of a tennis ball.6 The
encapsulated bromide anion is located inside a cavity of
dimensions 5.0 3 4.1 3 3.2 Å3, with four long
[4.1707(10)–4.2641(10) Å; Te(3), Te(5), Te(9), Te(11)] and
eight short [3.5398(9)–3.6625(10) Å; Te(1), Te(2), Te(4),
Te(6), Te(7), Te(8), Te(10), Te(12)] Br(9)–Te distances. No
bonding interactions are expected for the longer Te…Br
distances, which are slightly greater than the sum of van der
Waals radii (Te, 2.10 Å; Br, 1.80–2.00 Å).10 The distance
between the central bromide anion and the eight closer tellurium
atoms is shorter than the sum of van der Waals radii, but much
longer than the sum of the covalent radii (Te, 1.35 Å; Br, 1.14
Å),10 indicating a stabilizing interaction between guest and host.
Similar distances have been ascribed to Te…Br secondary
interactions.11

The Te–O macrocycle consists of alternating Te(m-O)2Te and
O–Te–O building blocks. In agreement with other Te(m-O)2Te
microcycles3 the Te(m-O)2Te rings in 1 possess alternating short
[1.916(5)–1.941(5) Å] and long [2.107(5)–2.157(5) Å] bonds
between tellurium and oxygen. The shorter ones can be
attributed12 to TeNO bonds, and are slightly shorter than the sum
of covalent radii (Te, 1.35 Å; O, 0.73 Å),10 while the longer
ones can be attributed12 to dative interactions (Te/O). The

Fig. 1 Labeling scheme of the Te12O16 skeleton and the central bromine
anion of the anion of 1. For clarity the Pri groups, four Br anions and four
Li(THF)Br have been removed.

This journal is © The Royal Society of Chemistry 2001
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connection of the four Te(m-O)2Te rings to the –OTeO–
building block occurs by weaker Te–O-interactions
[2.091(6)–2.120(5) Å], while the O–Te–O unit itself contains
stronger Te–O bonds [1.908(5)–1.924(5) Å]. This sequence of
bonding type and the planarity (±0.12 Å) of the Te(m-O)2Te
rings is not uncommon for telluroxides.12,13

Stabilization of the spherical Te12O16 framework is provided
by the nine bromide anions, one inside and eight outside the
sphere (Fig. 2).  The eight tellurium atoms of the Te(m-O)2Te
microcycle have weak interactions to the central Br(9) and
somewhat stronger interactions to the ‘outer’ bromine atoms

[Br(1)–Br(4): Te–Br 3.2444(10)–3.3639(10) Å] of the four
Li(THF)Br units in the anion. A stronger set of Te–Br
interactions occur between the O–Te–O building blocks and
‘outer’ bromide anions [Br(5)–Br(8): Te–Br
3.0847(10)–3.1817(11) Å]. Similar Te–Br bridging bonds have
been described.14 Additional stabilization of the Te12O16
framework occurs through O–Li–O bridges above the Te(m-
O)2Te microcycles through Li–O [1.914(15)–1.980(15) Å]
bonds (Fig. 2). Finally, each tellurium atom bears one Pri group
with standard Te–C distances [2.132(8)–2.176(8) Å].15 A
[Li(THF)4] cation compensates for the charge of the host–guest
assembly in the crystal.

Overall the anion possesses a non-crystallographic 4̄ sym-
metry (Fig. 3). A deviation from this point symmetry is most
likely caused by packing effects due to the spatial requirements
of the [Li(THF)4]+ ion. The proximity of the [Li(THF)4]+ cation
to Li(4) causes Li(4) to move toward O(9). As a result one, that
attached to Te(9), of the four Pri groups on the macrocycle is
turned by ca. 90°.

Notes and references
† Systematic name (from CAS services): tetrabromo[dodecakis(1-methyl-
ethyl)octa-m-oxododecatellurium]octa-m3-oxotetrakis(tetrahydrofuran)-
tetralithium(4+) (T-4)-tetrakis(tetrahydrofuran)lithium(1+) bromide com-
pound with tetrahydrofuran (1+1+5+2).

Crystal data: Te12Br9O26C76H162Li5, M = 3754.97, monoclinic, space
group P21, a = 15.1957(4), b = 27.6216(8), c = 16.0219(3) Å, b =
116.572(1)°, U = 6014.5(3) Å3, Z = 2, Dc = 2.073 Mg m23, crystal
dimensions 0.30 3 0.38 3 0.18 mm, F(000) = 3516, T = 140(1) K, Mo-Ka
radiation, l = 0.71073 Å. Data collection Bruker CCD. Of the total 43781
independent reflections measured, the final indices for 28382 reflections
with I > 2s(I) were R(F) = 0.0422, wR(F2) = 0.0748 and R(F) = 0.0629,
wR(F2) = 0.0799 for all data. CCDC reference number 168678. See http:
//www.rsc.org/suppdata/cc/b1/b107147p/ for crystallographic data in CIF
or other electronic format.
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Fig 2 Labeling scheme for the Te and Br atoms of the anion of 1.

Fig. 3 Drawing showing the 4̄ symmetry in the title compound.
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The formation of dimerized alkenyl carbenium ions, charac-
terized by an IR band at 1513 cm21 and a UV band at
323 nm, was observed by adsorption of 1-methylcyclo-
pentene on HY and DY zeolites at temperatures as low as
150 K.

The formation of alkenyl carbenium ions on zeolites has
attracted much attention in the past decade.1,2 Using in-situ
NMR, Haw and his coworkers observed the formation of
cyclopentenyl cations on zeolites through propene oligomeriza-
tion on HY at 293 K,3 by cracking ethene oligomers on HZSM-
5 at 523 K,4 and by adsorption of some cyclic precursors on HY
and HZSM-5.5 These cations are believed to be the true
intermediates in aromatics formation and coke deposition,
which are undesirable in some reactions. However, very
recently, Haw et al.6 found that cyclopentenyl cations not only
play a catalytic role but also act as reactive intermediates in
methanol-to-olefin (MTO)/methanol-to-gasoline (MTG) chem-
istry. The critical and distinct roles of these cations are of great
importance, and have motivated us to investigate the initial
formation of alkenyl carbenium ions using in-situ infrared
spectroscopy, a powerful technique that is widely used for
studying zeolites. In this work, 1-methylcyclopentene, a cyclic
olefin with a tertiary carbon, was selected as a probe
molecule.

HY zeolite (Si/Al = 2.8) was pressed into a self-supporting
wafer and placed in a quartz IR cell connected to a closed gas-
circulation system. The sample was first evacuated and oxidized
at 773 K and was then treated with H2 or D2 at 673 K, followed
by evacuation at room temperature. All IR spectra were
recorded on a JASCO 7000 FTIR spectrometer with MCT
detector at a resolution of 4 cm21 and 64 scans. Only
differential spectra are given, obtained by subtracting the
spectra taken at different temperatures before adsorption. UV-
vis spectra were collected on a JASCO V-560 UV-vis
spectrophotometer, the sample for which was treated in a
similar manner as for the IR experiments.

Fig. 1 shows the IR spectra of 1-methylcyclopentene
adsorbed on DY zeolite. The spectrum of 1-methylcyclopentene
adsorbed on SiO2 is also given as a reference. A small amount
(ca. 40 mmol) of 1-methylcyclopentene was introduced to the IR
cell at below 150 K, and the sample chamber was immediately
evacuated in order to avoid rapid oligomerization and to allow
the formation of intermediates to be observed clearly. The IR
cell was then gradually warmed under evacuation. On SiO2
(partially deuterated, Fig. 1(a)), 1-methylcyclopentene is only
adsorbed molecularly, via hydrogen bonds, as indicated by the
two broad bands at 3495 and 2592 cm21 attributable to the shift
of the isolated OH and OD bands, respectively. The spectrum of
adsorbed 1-methylcyclopentene is identical to that of free
1-methylcyclopentene molecules,7 and the nNC–H and nCNC
bands appear at 3043 and 1650 cm21, respectively. With
increasing temperature, the adsorbed molecules are simply
desorbed from SiO2 under evacuation. The adsorption of
1-methylcyclopentene on to DY (Fig. 1(b)–(g)), however,
induced significant changes. At 150 K, four bands at 3032,
2961, 2931 and 2859 cm21 were identified in the nC–H region.

The band at 3032 cm21 is attributed to olefinic C–H stretching,
while the latter three are related to the ns and nas bands of
saturated C–H bonds. The nCNC band shifts to 1637 cm21, 13
cm21 lower than that of free molecules,7 suggesting the
formation of a p-BAS (Brønsted acid sites) complex.8 Mean-
while, a negative band appears at ca. 2690 cm21, confirming the
consumption of OD groups. In the low-frequency region
(1600–1300 cm21), a new band appears at 1513 cm21. With
increasing temperature, the bands at 2931, 2859 and 1513 cm21

grow in intensity, and the band at 3032 cm21 due to olefinic C–
H stretching has almost disappeared by 245 K. Upon heating to
373 K, the 1513 cm21 band reaches maximum intensity and
then disappears with further increases in temperature. At 473 K,
only the bands at 2931, 2859, 1465 and 1382 cm21 remain,
while a band at 1600 cm21 due to aromatic compounds
appears.

The formed species are considered to be alkenyl carbenium
ions, as characterized by the band at 1513 cm21. This band is
attributed to the asymmetric stretching vibration of the [CNC–
C]+ unit.2 Because the positive charge of this unit is delocalized
within the three carbon atoms, its vibrational frequency occurs
in the region between those of the typical C–C and CNC
stretching modes. Buzek et al.9 simulated the IR spectrum of the
parent allyl cation and predicted a band at 1558 cm21, which is
in agreement with their experimental data in acidic solutions.
This assignment is further supported by our theoretical

Fig. 1 IR spectra of 1-methylcyclopentene adsorbed on (a) SiO2 at 215 K;
and on DY zeolite at various temperatures: (b) 150 K; (c) 207 K; (d) 245 K;
(e) 298 K; (f) 373 K and (g) 473 K. Reverse peaks indicate consumption of
OH and OD groups.

This journal is © The Royal Society of Chemistry 2001
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calculation of the harmonic IR frequencies of 1-methylcyclo-
pentenyl cations.

UV-vis spectroscopy was also used to confirm the formation
of alkenyl carbenium ions, and the results are given in Fig. 2.
After 1-methylcyclopentene adsorbed on HY at liquid nitrogen
temperature, the sample was warmed to room temperature. Two
strong bands appeared at 323 and 400 nm, and a small shoulder
could be seen at ca. 480 nm. Based on experience with
superacid solutions, the bands observed in the ranges 280–330,
360–380 and 430–470 nm have been attributed to p–p*
transitions of mono-, di-, and trienylic carbenium ions.
Therefore, the three bands observed in our case can be assigned
accordingly.2 The red-shift of the bands is attributed to the
formation of branched, i.e. alkyl-substituted, carbenium ions.
The results clearly show that monoenylic carbenium ions are
predominant on the sample, along with a considerable amount
of dienylic ones and a small amount of trienylic ones. After
evacuation at 453 K, only dienylic and trienylic carbenium ions
were left. This is in good agreement with IR results, which show
that the 1513 cm21 band disappears at 423 K and above.

To estimate the structure of the species formed on zeolite Y,
1-butene was used to calibrate the acid sites of HY at 235 K. At
this temperature, 1-butene is adsorbed only molecularly on the
acid sites of HY (forming a 1+1 p-OH complex) without
oligomerization.8 A controlled amount of 1-butene (0.06 mmol
g21 catalyst) was then introduced to the IR cell at 235 K. An IR
spectrum was taken after 3–5 min of the dosage, and then other
doses were given, until saturated adsorption. By measuring the
decrease of the integrated intensity of the 3647 cm21 band
(stretching vibration of OH groups in supercages), the correla-
tion between the OH band intensity (which represents the
amount of acid sites) and the dosage of 1-butene was obtained
(Fig. 3). In a separate experiment, 6.81 mmol 1-methylcyclo-
pentene was introduced to the sample, and the weakening of the
3647 cm21 band plotted against adsorption time. If the adsorbed
1-methylcyclopentene species is monomeric, the consumption
of acid sites should be the same as for the addition of 6.81 mmol
1-butene, as indicated by the dotted line in Fig. 3. However,
only half of the acid sites were consumed, suggesting that the
formed species are not monomeric, but dimeric. Of course the
formation of trimerized (or even higher) species could not be
totally excluded, but their amount should be very small. These
results clearly indicate that 1-methylcyclopentene rapidly
undergoes oligomerization on zeolite Y even at temperatures as
low as 150 K. As a result, dimerized carbenium ions were
formed, with a notable absence of monomeric species.

Alkenyl carbenium ions can be formed by hydride transfer
between olefin and carbenium ions, or through hydride
abstraction from olefins by Lewis acid sites (LAS). Owing to
the absence of LAS on our sample, alkyl carbenium ions may
act as LAS and abstract hydrogen from olefins or oligomers to
form alkenyl carbenium ions. From the integrated intensity of

the 1513 cm21 band, it can be deduced that alkenyl carbenium
ions have already been formed in high yield at temperatures
lower than 298 K. Scheme 1 shows the possible pathway for the
formation of dimerized alkenyl carbenium ions. Worth noting is
that cation 1 cannot be observed experimentally.

In summary, alkenyl carbenium ions were formed by the
adsorption of 1-methylcyclopentene on zeolite Y in high yield
at temperatures from 150 to 473 K. The majority of the
carbenium ions were present in dimerized form, indicating that
the oligomerization of olefins proceeded very rapidly even at
temperatures as low as 150 K, and as a result, monomeric forms
were not observed.

This work was supported by PEC and Monbusho
(C11640600) of Japan. S. Y. thanks JSPS for a fellowship.
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Fig. 2 UV-vis spectra of 1-methylcyclopentene adsorbed on HY at liquid
nitrogen temperature and then (a) warmed to RT and maintained for 30 min,
and (b) evacuated at 453 K.

Fig. 3 Calibration of acid sites of HY using 1-butene at 235 K. For
comparison, 6.81 mmol 1-methylcyclopentene (0.18 mmol g21 catalyst)
was also introduced on HY at 235 K. If monomeric species are formed, the
consumption of acid sites should be situated on the dotted line.

Scheme 1 Possible pathway for the formation of dimerized alkenyl
carbenium ions.
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A range of novel, moisture-stable, Lewis-acidic ionic liquids
has been prepared by mixing appropriate molar ratios of
MCl2 (M = Zn and/or Sn) and quaternary ammonium salts
of formula [Me3NC2H4Y]Cl (Y = OH, Cl, OC(O)Me,
OC(O)Ph); the influence of substituent Y and metal M on the
physical properties of the melts has been investigated.

Ionic liquids, or room temperature molten salts, have attracted
increasing interest over recent years, particularly in the area of
green chemistry, due to their advantageous properties including
negligible vapour pressure and wide liquid range.1–3 Work has
focussed on liquids formed from dialkylimidazolium halides
which are readily prepared from 1-methylimidazole and a slight
excess of the desired haloalkane.4 Addition of a suitable molar
ratio of aluminium chloride to these salts gives rise to ionic
liquids containing complex metal anions which have been used
in a number of applications such as electroplating, electro-
chemical devices and catalysts for organic synthesis.1,4–6 The
main disadvantage of imidazolium-based liquids is their
relatively high cost for bulk applications, whilst chloroalumi-
nate ionic liquids have the additional problem of their low
tolerance to moisture, necessitating the use of glove box and
Schlenk techniques to prepare and investigate their properties.
The former problem may be overcome by using cheaper
ammonium salts whereas the latter may be solved by replacing
aluminium with less reactive metals.

Recently, Freeman and coworkers have characterised ionic
liquids formed from FeCl2 or FeCl3 and 1-butyl-3-methylimida-
zolium chloride.7 However, other examples of ionic liquids
made from metal chlorides other than aluminium are less well
characterised and are mainly cited in conference proceedings8

or in the patent literature.9,10 Here we report the synthesis and
characterisation of new moisture-stable, Lewis-acidic ionic
liquids made from metal chlorides and quaternary ammonium
salts that are commercially available or simple to synthesise.
These offer the potential to tailor the physical properties e.g.
melting point, viscosity and conductivity, and to tune the Lewis
acidity by choosing a different metal or indeed combinations of
metals.

To investigate the parameters necessary for a salt to be liquid
at or near room temperature we have heated a range of
ammonium salts with zinc chloride in a 1+2 molar ratio and the
results are shown in Table 1.‡ Using salts of symmetrical
cations, H4NCl and Me4NCl, no liquid is formed below 200 °C
whereas with the longer chain NEt4Cl the freezing point was ca.
90 °C. It has been established in the imidazolium systems that
reducing the symmetry of the cation leads to a lower freezing
point for the ionic liquid, thus, we have examined cations of the
general formula Me3NR+. Using Me3NEt+ gives a freezing
range of 53–55 °C, i.e. a reduction of ca. 35 or 140 °C compared
with Et4N+ and Me4N+ respectively. However, we have found
that functionalised ethyl chains, Me3NC2H4Y+, give even lower
freezing points; e.g. if Y = OH or Cl, room temperature liquids

are observed with freezing points of 23–25 °C. Even when the
substituent is significantly larger, e.g. Y = OC(O)Me or
OC(O)Ph, the salts formed have lower freezing points than for
Me3NEt+. These results suggest that both lower symmetry and
the presence of a functional group reduce the freezing points of
the salts formed, though the exact role of the functional
substituent is not yet clear. In all cases the liquids formed are
viscous and hygroscopic but moisture-stable so can be easily
prepared and stored without the need for specialist equip-
ment.

Since choline chloride, [Me3NC2H4OH]Cl, gave the lowest
freezing point we have characterised this system in more detail.
Heating mixtures of choline chloride and zinc chloride in molar
ratios between 1+1 and 1+3 gave rise to clear colourless liquids,
with the freezing points varying between ca. 65 °C (1+1), 25 °C
(1+2) and 45 °C (1+3). Unlike analogous aluminium sys-
tems,4,11,12 ratios with a molar excess of choline chloride, i.e.
basic melts, do not form ambient temperature liquids in these
systems. This would imply that complex zinc anions, in which
the charge can be delocalised, are necessary in the formation of
these ionic liquids. Further characterisation of the 1:2 liquid is
described below.

A 1H NMR spectrum of the neat ionic liquid was recorded
and shows resonances at d 2.97, 3.34 and 3.94 assigned to the
methyl groups, N–CH2 protons, and the CH2OH protons,
respectively, of the choline cation. All signals were broad and
poorly resolved, even at 80 °C, due to the viscosity of the melt.
The FAB mass spectrum shows the presence of complex zinc
chloride ions [ZnCl3]2, [Zn2Cl5]2 and [Zn3Cl7]2. Higher
clusters are also detectable but occurred at very low intensities.
Similar species have been observed in aluminium chloride-
based ionic liquids.13

The ionic liquid has a conductivity of 36 mS cm21 at 40 °C
and this increases exponentially with temperature, due to a
decrease in the viscosity and hence an increase in the mobility
of the ions in the melt.† The conductivity is similar to that found
in alkylpyridinium-based ionic liquids14 and is sufficient for
them to be suitable media for electrochemical applications such

† Electronic supplementary information (ESI) available: plot of con-
ductivity vs. temperature for the ionic liquid formed from zinc chloride and
choline chloride (2+1). See http://www.rsc.org/suppdata/cc/b1/b106357j/

Table 1 Freezing points for the materials formed from heating a quaternary
ammonium chloride and MCl2 (M = Zn, Sn) in a 1+2 molar ratio

Cation M Freezing point/°C

1 NH4 Zn > 200
2 Me4N Zn > 200
3 Et4N Zn 90–92
4 Me3NEt Zn 53–55
5 Me3NCH2CH2OH Zn 23–25
6 Me3NCH2CH2Cl Zn 23–25
7 Me3NCH2CH2OC(O)Me Zn 30–32
8 Me3NCH2CH2OC(O)Ph Zn 46–48
9 Me3NCH2CH2OH Sn 43–45

10 Me3NCH2CH2Cl Sn 69–71
11 Me3NCH2CH2OC(O)Me Sn 13–15
12 Me3NCH2CH2OH Zn/Sna 21–23

a The ratio [Me3NCH2CH2OH]Cl+ZnCl2+SnCl2 was 1+1+1.

This journal is © The Royal Society of Chemistry 2001
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as batteries and metal deposition. The liquids provide an
electrochemical window of about 2 V positive from the Zn/Zn2+

couple. Further details of the conductivity and electrochemical
properties are reported elsewhere.15

Having established that the cationic component can be varied
we have also investigated changing the metal-containing, i.e.
anionic, component. Heating choline chloride and SnCl2 in a
1+2 molar ratio provides a viscous liquid which has a freezing
range of 43–45 °C. The negative ion FAB mass spectrum shows
the presence of [SnCl3]2 and [Sn2Cl5]2; however, no higher
ions are observed in this case. For the tin-containing melts the
liquid formed from [YC2H4NMe3]Cl (Y = OC(O)Me) gave the
lowest melting point. Heating choline chloride+ZnCl2+SnCl2 in
a 1+1+1 molar ratio gives a liquid with a freezing point of
21–23 °C, i.e. similar to the pure zinc-containing melt but
significantly lower than the pure tin-containing one. The FAB
mass spectrum of this liquid shows the presence of the
individual metal-containing ions and the mixed metal ion
[SnZnCl5]2. Mixed metal melts allow the possibility of tuning
the catalytic properties of the liquids, as well as opening up
possibilities for electrodeposition of metal alloys.

To conclude, we have shown that heating functionalised
quaternary ammonium halides [Me3NC2H4Y]Cl and MCl2 (M
= Zn, Sn) gives materials that are conducting, viscous liquids at
or around room temperature. The freezing points are dependent
upon the symmetry of the cation and upon the nature of the
functionalised side chain. The advantages of these new ionic
liquids over presently available metal-containing ionic liquids
are that they are insensitive to moisture and are much cheaper
than imidazolium-based liquids. In addition, their Lewis acidity
can be altered by varying the metal chloride(s) used. The use of
these liquids as catalysts for the Diels–Alder reaction of
acroleins and dienes will be reported elsewhere.

We thank Scionix Ltd., a joint venture company between
Whyte Chemicals and the University of Leicester, for financial
support.
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L-Lysine derivatives of viologens form supramolecular
assemblies of fibers and ribbons in some aromatic solvents,
and the charge separation reaction in these self-assembling
systems proceeds with a similar efficiency to the MV2+

system.

One of the keywords in supramolecular chemistry, which
utilizes relatively weak, noncovalent interactions such as
hydrogen bonding, p–p stacking, electrostatic, and van der
Waals interactions, is self-assembly.1 Self-assembly, which is
the spontaneous organization of molecules driven by non-
covalent interactions or objects into stable aggregates, has been
well recognized in biological systems: lipid bilayers, the DNA
duplex, and tertiary and quaternary structure of proteins.2 In
chemical synthesis, self-assembly offers considerable advan-
tages over stepwise bond formation in the construction of large
supramolecular assemblies. Many reports have appeared on
supramolecular assemblies formed from organic compounds,
dendrimers, macromolecules, and coordination compounds.3

Ordered, self-assembling aggregates of low molecular weight
compounds formed through noncovalent interactions such as
hydrogen bonding, van der Waals interactions and p–p stacking
have been of great interest.4 These supramolecular assemblies
are to some extent similar to macromolecules, as repeating units
linked to each other by either noncovalent or covalent bonds
(can be both) give a network structure in various solvents,
resulting in gelation or a high viscosity. In contrast to the gels
obtained from supramolecules, which can be disintegrated by
addition of a cosolvent or by heating, the network structures
obtained from macromolecules are decomposed only by
breaking chemical bonds. Several low molecular mass com-
pounds which form network structures in organic fluids have
been reported.5,6 Recently, L-lysine derivatives have been found
to form supramolecular fibrous network structures on the
nanometer scale.7 Here we describe the formation of self-
assembling fibers from new L-lysine derivatives of viologens
and their photosensitized charge separation using tris(2,2A-
bipyridine)ruthenium(II) [Ru(bpy)3

2+] as a photosensitizer.
The viologen derivatives (1, 2) were prepared in high yield

according to the synthetically simple approach as shown in
Scheme 1. The gelation ability of 1 and 2 was evaluated after
allowing solutions to stand at rt for 6 h followed by dissociation
into organic solvents with heating. Photosensitized charge
separation reactions were carried out in methanol–toluene
containing 1.0 3 1025 M Ru(bpy)3

2+, 1.0 3 1023 M viologen,
and 0.1 M triethanolamine (TEOA) under an argon atmosphere.
Visible light irradiation was performed using a 300 W Xe lamp
equipped with a UV cutoff filter (l > 440 nm). The rate

constants of the elemental reactions were measured by laser
flash photolysis.8

Both 1 and 2 were completely dissolved with heating in all
organic solvents in which the gelation ability was examined.
After dissolution of 1 and 2 by heating, they formed gels in
aromatic solvents (benzene, toluene, nitrobenzene, chloro-
benzene) and reprecipitated in alcohols. In DMF, DMSO, and
chloroform, both 1 and 2 have a high solubility and give an
isotropic solution. TEM images of samples prepared from these
solvents demonstrated that the viologens formed fibrous
assemblies in aromatic solvents and alcohols, but not in
chloroform; in alcohols, small fibers of 1 and 2 were observed
for samples prepared from the dilute solutions (see ESI†). These
facts imply that 1 and 2 hardly interact with each other in
chloroform and strongly interact in alcohols, which leads to the
isotropic solution in chloroform and reprecipitation in the
alcohols. As shown in Fig.1, 1 (A) and 2 (B) prepared from
toluene create nanometer scale network structures with ca.
250–700 nm width for 1 and ca. 300–400 nm width for 2 formed
by entangling of fine fibers (ca. 30–100 nm width) or ribbons
(ca. 70–200 nm width).9 It is noteworthy that the viologens
form different nanostructures; a fibrous structure for 1 and a
ribbon structure for 2.

To consider the factor of self-assembling behavior, we
measured the FTIR spectrum of 1 and 2. The FTIR spectra in
chloroform, in which no self assembly occurs, show the
absorption bands at 3440 and 1665 cm21, characteristic of non-
hydrogen bonded N–H and CNO stretching vibrations. In
contrast, the FTIR spectra in toluene show almost the same
spectra in the solid state and are characterized by a band at 3320
cm21 which is assigned to N–H stretching vibrations of
hydrogen bonded amide groups,10 which indicates that the
driving force for the self-assembly is mainly hydrogen bonding.
The fine nanofibers and nanoribbons are entangled in a complex
way probably through van der Waals interaction between the
terminal alkyl groups and the three-dimensional network

† Electronic supplementary information (ESI) available: experimental
details and Figs. S1 and S2. See http://www.rsc.org/suppdata/cc/b1/
b106513k/ Scheme 1
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structure is created, which leads to gelation. Moreover, the
shape of the nanostructure is controllable to some extent by the
length of alkylene spacer between bipyridine and L-lysine
segments.

Next, the photosensitized charge separation reaction was
carried out in a mixture of methanol and toluene (1+1 v/v).11

Fig. 2 shows the formation of a viologen radical upon visible
light irradiation. Very interestingly, the viologen radical
formation in the self-assemblies is the almost the same as in
MV2+. In the present systems, the photosensitized charge
separation proceeds according to eqns. (1)–(5):

Ru(II) + hv? *Ru(II) (1)

* ( (Ru ) Ru ) +0ii iik hvæ Ææ ¢ + D (2)

*Ru( ) V Ru( ) V2+ +qii iii+ æ Ææ +k
(3)

Ru( V Ru( V+ 2+biii) ii)+ æ Ææ +k
(4)

Ru( ) TEOA Ru( ) TEOAoxsiii ii+ æ Ææ +k
(5)

where k0, kq, kb, and ks represent the rate constants for the
corresponding reactions. These values are obtained by laser
flash photolysis and are listed in Table 1. The rate constants of
the quenching reaction (forward reaction), kq, are almost the
same values regardless of the viologens. In contrast, the self-
assembling viologens restrict the back electron transfer and
accelerate the re-reduction of the Ru(III) to Ru(II) with TEOA.
This is probably due to an electrostatic repulsion between the
positively charged viologen assembly and the ruthenium(III)
complex and a concentration of TEOA in the vicinity of the
assemblies.

In summary, we have found that new L-lysine derivatives of
viologens form gels containing nanometre scale organized
assemblies in some organic solvents. In particular, the viologens
create a network structure by the entangling of nanofibers for
viologen 1 and nanoribbons for viologen 2 in some aromatic
solvents. In the viologen assembly–Ru(bpy)3

2+ systems con-
taining a sacrificial electron donor, the charge separation
reaction proceeds with a similar efficiency to MV2+–Ru(bpy)3

2+

because of the restriction of the back electron transfer and
acceleration of re-reduction of the Ru(III). Furthermore, we find
that the nanostructure is controllable by changing the length of
the alkylene spacer.

This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, Department of
Energy, under contract DE-FG02-93-ER14374 and Grant-in-
Aid for COE research (10CE2003) from the Ministry of
Education, Culture, Sports, Science, and Technology of
Japan.
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Fig. 1 TEM images of viologens 1 (A) and 2 (B) prepared from toluene
solution.

Fig. 2 Viologen radical formation upon visible light irradiation for V1 (2),
V2 (8), and MV2+ (Ω) systems.

Table 1 Kinetic parameters obtained from laser flash photolysis

kq (M21 s21)a kb (M21 s21)b ks (M21 s21)c

1 7.0 3 108 1.7 3 1010 2.7 3 107

2 6.2 3 108 2.3 3 1010 1.9 3 107

MV2+ 6.9 3 108 5.1 3 1010 1.5 3 107

a Stern–Volmer plot (t0/t vs. [viologen]) using laser flash photolysis. b Rate
constants for back electron transfer. c The rate constants of re-reduction
reaction of Ru(iii) with TEOA corresponding to eqn. (5).
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The first synthesis of two porphyrin–phthalocyanine hetero-
dimers with a direct triple bond linkage between the
macrocycles, designed for the study of photo-induced energy
and electron transfer processes, is presented along with
preliminary ground state and fluorescence spectroscopic
data.

It is well known that metalloporphyrins which are held together
in carefully controlled orientations play important roles in
photosynthesis and some metalloenzyme catalysed reactions.1,2

Spectroscopic evidence has suggested that this careful control
of spatial orientation allows optimisation of photon or electron
transfer processes,3 and there is now considerable interest in the
generation of compounds that can be used to model such
processes. A number of covalently linked porphyrin–chlorin4

and phthalocyanine homo/hetero-dimers5 have been prepared
successfully, as well as a number of porphyrin–phthalocyanine
heterodimers.6–10 Although most of these examples have shown
varying degrees of intramolecular energy transfer, they have
involved covalent attachment of both macrocycles using ether,
phenylethynyl linkages11–15 or flexible aliphatic chains. As a
result, the p electron system of each macrocycle can orient to
minimise p–p orbital overlap with the linker, thus inhibiting
conjugation of the two systems through these bonds. This effect
is well known for meso-aryl porphyrins, where the phenyl rings
are typically perpendicular to the macrocycle.

We report here the first synthesis and characterisation of a
(Zn)porphyrin–(Zn)phthalocyanine heterodimer 1(Zn), and

also a (H2)porphyrin–(Zn)phthalocyanine heterodimer 1(H2)
produced by selective de-metallation of the porphyrin, in which
the two macrocycles are directly linked through an ethynyl
group. The direct triple bond linkage fully conjugates the two
major p systems, irrespective of the torsional angle between the
planes of the porphyrin and phthalocyanine. An initial photo-
physical investigation of these ethynyl linked heterodimers has
also been undertaken.

Scheme 1 shows the strategy used to synthesise heterodimers
1(Zn) and 1(H2). The convergent synthesis involved the
preparation of heterodimer precursors 6 and 11. Hexamethoxy-
diphenylporphyrin16 2 was selectively monoiodinated at one of
the available meso positions using I2/trifluoroacetoxyben-
zene.17 The crude reaction, containing impurities of starting
material and diiodoporphyrin, in addition to monoiodopor-
phyrin, was purified by flash silica-gel chromatography. The
required monoiodoporphyrin 3 was then metallated with zinc
acetate. The zinc monoiodoporphyrin 4 was converted into
meso-(2-(trimethylsilyl)ethynyl) zinc porphyrin 5 by palladium
mediated Sonagashiro coupling with TMS-acetylene. Desilyla-
tion of 5 using tetrabutylammonium fluoride afforded the meso-
ethynyl zinc porphyrin 6. Phthalocyanine 11, the second
macrocycle required for coupling, was synthesised by con-
densation of 4-(tert-butyl)phthalonitrile 7 with 4-nitrophthalo-
nitrile 8 and Zn(AcO)2, to give a statistical mixture composed
primarily of tetra(tert-butyl)phthalocyanine and mononitro-
tri(tert-butyl)phthalocyanine 9.18 The crude reaction mixture
was then treated with sodium sulfide to afford a mixture of

Scheme 1 Conditions: (i) I2, PhI(OCOCF3)2, pyridine, 45 min, RT; (ii) Zn(OAc)2, CHCl3 (iii) TMS-acetylene, [Pd(PPh)2Cl2], CuI, THF, Et3N, RT, 16 h;
(iv) TBAF, DCM; (v) Zn(OAc)2, fuse 165 °C, 2 h; (vi) Na2S·9H2O, 60 °C, 2 h; (vii) NaNO2(aq), conc. HCl(aq)/glacial acetic acid (1+1), acetone, 5 °C, 1
h, then KI(aq); (viii) Pd2(dba)3, toluene/Et3N (5+1), RT, 3 h (anaerobic conditions); (ix) TFA, DCM, RT, 30 min.
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phthalocyanines containing monoaminotri(tert-butyl)phthalo-
cyanine 10, which was easily separated from the much less polar
tetra(tert-butyl)phthalocyanine by flash column chromatog-
raphy.18 Phthalocyanine 10, as a mixture of positional isomers,
was then converted into a mixture of monoiodotri(tert-
butyl)phthalocyanine isomers 11 via the diazonium salt, using a
modified Sandmeyer reaction.19 A second Sonagashiro palla-
dium mediated coupling between precursors 6 and 11, under
anaerobic conditions, afforded the required heterodimer 1(Zn)
as a mixture of positional isomers in 50% yield. Flash column
chromatography of the mixture of heterodimer positional
isomers allowed isolation of a greatly enriched sample contain-
ing over 75% of the heterodimer 1 as a single positional isomer
(the remaining 25% consisting of other positional isomers
formed during phthalocyanine condensation). The heterodimer
1(Zn) could now be characterised by 1H NMR, UV-visible
spectroscopy, fluorescence spectroscopy and FAB mass spec-
trometry.20 It was then possible to take advantage of the weaker
binding of zinc in the central cavity of porphyrins, compared
with phthalocyanines, to conduct a facile, and selective, de-
metallation of the porphyrin component of heterodimer 1(Zn)
using trifluoroacetic acid to give the (H2)porphyrin–(Zn)phtha-
locyanine heterodimer 1(H2) in quantitative yield.

The UV-visible spectra, in toluene, of heterodimers 1(Zn)
and 1(H2) resemble that of an equimolar mixture of porphyrin 6
and phthalocyanine 11, however a number of differences are
apparent (Fig. 1). Firstly, both compound 1(Zn) and 1(H2) show
marked bathochromic shifts in their Soret bands of 10 and 13
nm respectively, indicating that effective electronic commu-
nication between the two different ring systems occurs.
Secondly, the phthalocyanine Q-band in the heterodimer is split
as a result of electronic and symmetry effects caused by the
porphyrin–ethynyl moiety. Presumably, the closeness of the
two ring systems results in a perpendicular, unsymmetrical
orientation in solution. Although splitting of the phthalocyanine
Q-band has not been reported previously, a broadening of this
absorption has been noted in other porphyrin–phthalocyanine
dimers9 and was ascribed to a weak exciton interaction between
the two chromophores in the ground state.

An initial examination of the heterodimer 1(Zn) by fluores-
cence spectroscopy (Fig. 2) has shown that excitation at the
porphyrin Soret band (431 nm) results in an emission spectrum
with a major peak between 600–630 nm and a second weaker
band at 712 nm. Fig. 2 also shows the effect of solvent polarity
on the emission spectrum, where a direct relationship between
increasing solvent polarity and the relative intensity of the
shorter to longer wavelength emission bands was observed. The
solvent dependent behaviour observed here is in accord with
spectroscopic data for other porphyrin–phthalocyanine sys-
tems8–10 where it is reported to be indicative of singlet–singlet
energy transfer between the porphyrin and phthalocyanine.

Work is currently underway within our laboratory to
synthesise a series of metalloporphyrin–(Zn)phthalocyanine
heterodimers, by re-metallation of (H2)porphyrin–(Zn)phthalo-
cyanine 1(H2) and to study more closely the influence of the

coordinated metal on ground and excited state photochemical
processes.

The authors wish to thank the Wellcome Trust for financial
support (052724) and EPSRC Mass Spectrometry Service,
Swansea for analyses.
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Fig. 1 UV-vis absorption spectra of A: heterodimer 1(Zn) and B: an
equimolar mixture of DPP 6 and PC 11 in toluene.

Fig. 2 Fluorescence spectra of heterodimer 1(Zn) in solvents of different
polarity (1–3; toluene/DCM/DMF, respectively).
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Treatment of the Schiff-base ligand [3,5-But
2-

2-(OH)C6H2CHNC6H4-2-(CO2H)] with either Me3Al,
Me2AlCl or Me3Ga affords 16-membered macrocyclic tetra-
mers containing both four- and six-coordinate metal cen-
tres.

The chemistry of frameworks that permit the binding of two or
more multidentate Lewis acid centres is a rapidly emerging
area. In particular, organoaluminium chelate complexes are
receiving interest not only for their intriguing structural
diversity but also for their co-operative effects in organic
chemistry.1 Neutral and more recently cationic organoalumin-
ium species are also known to act as olefin polymerisation
catalysts.2,3 Despite this growing interest, the non-aqueous
chemistry of organoaluminium carboxylates is scant.4 Indeed,
structural studies are limited to only a handful of compounds,
but do reveal a preference for a bridging, bidentate carboxylate
mode. Similarly, the behaviour of a number of bifunctional
amine-alcohols towards aluminium trialkyls has revealed a
dependence on the nature of both the alkyl and amine groups
present.5 The latter reactions resulting in the formation of
mono-, di- or tri-nuclear products. Recent results in our
laboratory have focused on reactions of anthranilic acid,
1,2-(H2N)C6H4CO2H.6 Crystal structure analyses of a number
of transition metal complexes have shown its potential to
function as a chelating amidobenzoate, imidobenzoate or as a
carboxylate group. Extending these studies to Me3Al led quite
unexpectedly to a remarkable macrocyclic deca-ring system
{[Me2Al(MeAl)(m3-O)(m-O)L]}3 (L = quinazoline ring sys-
tem) arising from insertion of acetonitrile into the generated Al–
N bonds.7 Such insertion reactions also led to novel ring
structures by reaction of Me3Al with 1,1-disubstituted hydra-
zines.8 Considering all of this, we were interested in exploring
the feasibilty of forming other large aggregates by utilising the
coordination properties of these functional groups. To this end,
it seemed interesting to ascertain the detailed structural features
of the products arising from the interaction of the organoalu-
minium reagents Me3Al and Me2AlCl (as well as the gallium
reagent Me3Ga) with the potentially tridentate Schiff-base
ligand I. The products from these reactions are remarkable
16-membered macrocyclic tetramers, see Scheme 1. However,
despite being recrystallised from acetonitrile none of the
products are the result of MeCN insertion into Al–N bonds.

The Schiff-base ligand I is formed readily from anthranilic
acid and 3,5-di-tert-butylsalicylaldehyde in refluxing ethanol.
Its molecular structure exhibits both intra- and inter-molecular
H-bonding.9 Addition of 2 molar equivalents of Me3Al to I in
toluene results in rapid evolution of methane and formation of
a yellow solution. Following work-up, small yellow prisms of 1,
suitable for an X-ray analysis using synchrotron radiation,10

were grown from acetonitrile in ca. 55% yield. The molecular
structure of the acetonitrile solvate is shown in Fig. 1, with

selected bond lengths given in the caption. The X-ray analysis‡
reveals the product to be a centrosymmetric tetramer. The
16-membered macrocyclic ring is self-filling and comprises
four aluminium atoms (two octahedral and two tetrahedral)
linked via carboxylate groups binding in an anti/syn fashion.
The geometries at the bridging aluminium centres are only
slightly distorted from tetrahedral (104–123°). In contrast, the
remaining two aluminium centres are octahedral with two
tridentate, meridonally coordinated Schiff ligands, binding to
aluminium via the deprotonated hydroxy oxygen, the imino
nitrogen and an oxygen of the carboxylate group (cis-oxygens,
trans-nitrogens). This results in the formation of four six-
membered N,O-chelate rings per Al centre, each of which adopt
a ‘boat-like’ conformation, the aluminium lying on average
about 0.63 Å out of the plane of the other five atoms (which
are co-planar to within 0.06 Å). The imino bonds to aluminium
are typical [1.986(2)–2.001(3) Å], whilst the CNN bonds (av.
1.31 Å) have clearly retained some double bond character, there
being no evidence of significant delocalisation into any of the

† Electronic supplementary information (ESI) available: full spectroscopic
data and elemental analyses for all new compounds. See http://
www.rsc.org/suppdata/cc/b1/b106113p/

Scheme 1

Fig. 1 Molecular structure of 1 with H-atoms, But groups and MeCN solvent
molecules removed for clarity. Selected bond lengths (Å): Al(1)–O(1)
1.833(2), Al(1)–O(2) 1.904(2), Al(1)–O(4) 1.835(2), Al(1)–O(5) 1.885(2),
Al(1)–N(1) 1.986(2), Al(1)–N(2) 1.999(2), Al(3)–O(6) 1.826(2), Al(3)–
O(9) 1.812(2).
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adjoining bonds. The Al–methyl distances [1.940(4)–1.948(4)
Å] are typical of others observed in the literature.11 Despite the
apparent inequivalence of the phenyl groups in the structure, the
1H NMR spectrum (ambient temperature, 300 MHz) is
relatively simple with only one Al–Me and two tert-butyl
resonances.

Encouraged by the synthesis of the macrocyclic ring system
1, we then investigated the reaction of Me2AlCl with I. Addition
of Me2AlCl (2 equivalents) to I in toluene, followed by heating
to reflux for 12 h, afforded, on work-up, small yellow prisms of
2 suitable for X-ray diffraction in 40% yield. The X-ray
analysis‡ reveals the product to be a similar centrosymmetric
tetramer (Fig. 2). Again, the 16-membered macrocyclic ring is
self-filling and comprises four aluminium atoms (two octahe-
dral and two tetrahedral) linked via carboxylate groups binding,
as in 1, in an anti/syn fashion. The geometries at the bridging
aluminium centres are only slightly distorted from tetrahedral
(104–106°). The two octahedral aluminium centres are again
coordinated by two tridentate, meridonal Schiff ligands, binding
to aluminium via the deprotonated hydroxy oxygen, the imino
nitrogen and an oxygen of the carboxylate group (cis-oxygens,
trans-nitrogens). The resulting four six-membered N,O-chelate
rings adopt the ‘boat-like’ conformation seen in 1, the
aluminium lying on average ca. 0.61 Å out of the plane of the
other five atoms (which are co-planar to within 0.07 Å). The
imino bonds to aluminium are typical [2.001(3)–2.012(3) Å],
whilst the CNN bonds (av. 1.31 Å) have clearly retained some
double bond character, there being no evidence of significant
delocalisation into any of the adjoining bonds. The Al–methyl
distances [1.939(4) and 1.951(3) Å] are similar to those in 1; the
Al–Cl distances are 2.1169(16) and 2.1015(18) Å. The 1H NMR
spectrum of 2 is more complex than that of 1, doubtless
reflecting the increased asymmetry at the bridging Al centres.
The 27Al NMR spectra of 1 and 2 consist of two peaks: one in
the expected range for six-coordinate aluminium (d ~ 8) and a
second peak which is difficult to interpret (d ~ 120 (1) and 107
(2)], but tentatively assigned to the four-coordinate centre.
Four- and five-coordinate aluminium centres usually appear at
d ~ 150 and 100, respectively.12 It is noteworthy that in a related
Schiff-base type environment, five-coordinate aluminium is
present at d ~ 65.13

The gallium analogue of 1 is readily available in good yield
(ca. 70%) from the reaction of Me3Ga (2 equivalents) and I.
Although compounds 1–3 failed to give the expected parent
ions in the FAB mass spectra, a number of fragments were
consistently observed (see ESI†).

In contrast to the pendant-arm Schiff-base complexes of
aluminium reported by Gibson and coworkers (all mono-

nuclear),3d the present system powerfully illustrates the poten-
tial for generating novel macrocyclic ring systems utilising the
coordination properties of the carboxylate group. Future studies
will focus on further exploiting these coordination properties to
access new inorganic ring systems and to examine the catalytic
properties thereof.

The Leverhulme Trust (for a Research Fellowship to C. R.)
are thanked for financial support. The EPSRC is thanked for the
award of beam time at Daresbury. Professor W. Clegg is
thanked for the crystallographic facilities at The University of
Newcastle, UK. We also thank the EPSRC Mass Spectrometry
Service Centre, Swansea.
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19.081(2) Å, b = 95.703(2)°, V = 9195.6(17) Å3, T = 160 K, Z = 4, m
(silicon 111 monochromated synchrotron radiation, l = 0.6878 Å) = 0.111
mm21, 59798 data, 23109 were unique, Rint = 0.0939, all unique data used
in refinement against F2 values to give final wR = 0.1792 (on F2), R =
0.0709 [for 10681 data with F2 > 4s(F2)].14 Two-fold disorder modelled
with restraints in one But group.

For 2·4MeCN: C90H106Al4Cl2N4O12·4CH3CN, M = 1778.82, mono-
clinic, space group P21/n, a = 20.502(2), b = 22.794(3), c = 23.785(2) Å,
b = 114.694(2)°, V = 10099(2) Å3, T = 150 K, Z = 4, m (Mo-Ka) = 0.159
mm21, 71603 data, 17785 were unique, Rint = 0.0742, wR = 0.1940 (on
F2), R = 0.0627 [for 10465 data with F2 > 4s(F2)].14 One of the MeCN
solvent molecules is disordered across two sets of positions.

CCDC reference number 167944 and 167945. See http://www.rsc.org/
suppdata/cc/b1/b106113p/ for crystallographic data in CIF or other
electronic format.

1 V. Sharma, M. Simard and J. D. Wuest, J. Am. Chem. Soc., 1992, 114,
7931; O. Saied, M. Simard and J. D. Wuest, Organometallics, 1996, 15,
2345; T. Ooi, M. Takahashi and K. Maruoka, J. Am. Chem. Soc., 1996,
118, 11 307.

2 H. Martin and H. Bretinger, Makromol. Chem., 1992, 193, 1283.
3 (a) M. P. Coles and R. F. Jordan, J. Am. Chem. Soc., 1997, 119, 8125;

(b) C. E. Radzewich, M. P. Coles and R. F. Jordan, J. Am. Chem. Soc.,
1998, 120, 9384;  (c) M. Bruce, V. C. Gibson, C. Redshaw, G. A. Solan,
A. J. P. White and D. J. Williams, Chem. Commun., 1998, 2523;  (d)
P. A. Cameron, M. Bruce, V. C. Gibson, C. Redshaw, J. A. Segal, A. J.
P. White and D. J. Williams, Chem. Commun., 1999, 1883;  (e) D. A.
Robson, L. H. Rees, P. Mountford and M. Schröder, Chem. Commun.,
2000, 1269;  (f) P. A. Cameron, V. C. Gibson, C. Redshaw, J. A. Segal,
G. A. Solan, A. J. P. White and D. J. Williams, J. Chem. Soc., Dalton
Trans., 2001, 1472.

4 J. L. Atwood, W. E. Hunter and K. D. Crissinger, J. Organomet. Chem.,
1977, 127, 403; M. J. Zaworotko, R. D. Rogers and J. L. Atwood,
Organometallics, 1982, 1, 1179; S. G. Bott, A. W. Coleman and J. L.
Atwood, J. Am. Chem. Soc., 1986, 108, 1709; Y. Koide and A. R.
Barron, Organometallics, 1995, 14, 4026;  J. Lewinski, J. Zachara and
I. Justyniak, Organometallics, 1997, 16, 3859; J. Lewinski, J. Zachara
and I. Justyniak, Inorg. Chem., 1998, 37, 2575.

5 J. Lewinski, J. Zachara and T. Kopec, Inorg. Chem. Comm., 1998, 1,
182 and references therein.

6 V. C. Gibson, C. Redshaw, W. Clegg and M. R. J. Elsegood, J. Chem.
Soc., Dalton Trans., 1997, 3207; V. C. Gibson, C. Redshaw, W. Clegg
and M. R. J. Elsegood, Inorg. Chem. Comm., 2001, 4, 95.

7 V. C. Gibson, C. Redshaw, A. J. P. White and D. J. Williams, Chem.
Commun., 2001, 79.

8 V. C. Gibson, C. Redshaw, A. J. P. White and D. J. Williams, Angew.
Chem., Int. Ed., 1999, 38, 961.

9 R. McCann, C. Redshaw and M. R. J. Elsegood, unpublished results.
10 W. Clegg, M. R. J. Elsegood, S. J. Teat, C. Redshaw and V. C. Gibson,

J. Chem. Soc., Dalton Trans., 1998, 3037; W. Clegg, J. Chem. Soc.,
Dalton Trans., 2000, 3223.

11 G. H. Robinson, Coordination Chemistry of Aluminium, VCH, New
York, 1993.

12 D. A. Atwood, J. A. Jegier, S. Liu, D. Rutherford, P. Wei and R. C.
Tucker, Organometallics, 1999, 18, 976.

13 P. Wei and D. A. Atwood, Chem. Commun., 1997, 1427.
14 Programs used were BRUKER AXS SMART and SAINT for

diffractometer control and interpretation, SHELXTL for structure
solution, refinement and molecular graphics and local programs.

Fig. 2 Molecular structure of 2 with H-atoms, But groups and MeCN solvent
molecules removed for clarity. Selected bond lengths (Å): Al(1)–O(1)
1.826(3), Al(1)–O(2) 1.921(3), Al(1)–O(4) 1.820(3), Al(1)–O(5) 1.915(3),
Al(1)–N(1) 2.013(3), Al(1)–N(2) 2.000(3), Al(3)–O(6) 1.802(3), Al(3)–
O(9) 1.810(3).

Chem. Commun., 2001, 2016–2017 2017



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

The first fluorescent sensor for boronic and boric acids with sensitivity
at sub-micromolar concentrations—a cautionary tale†
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The first reported fluorescent sensor for boronic and boric
acids is actually not a sensor for boronic and boric acids but
rather is a sensor for protons; the system is also not the first
fluorescent sensor since Alizarin has been used as a
fluorescent sensor for boric acids since 1936.

We were very interested to read ‘the first fluorescent sensor for
boronic and boric acids with sensitivity at sub-micromolar
concentrations’. The report1 described how the interaction
between an amine and boronic acid could be used to create a
fluorescent sensor for boric and boronic acids. It was proposed
that compound 1 formed a stable complex with phenylboronic
acid and was fluorescent due to a strong B–N interaction,
whereas compound 2 does not interact strongly with phenyl-
boronic acid and remains non-fluorescent due to a weak B–N
interaction.†

We have also been interested in the use of such B–N
interactions in the development of fluorescent sensors for
saccharides.2 The interaction of a neighbouring amine with
boronic acid is strengthened on saccharide binding. The
strength of this boronic acid–tertiary amine interaction can be
used to signal the binding event. Many successful photoinduced
electron transfer (PET) sensors have been developed based on
this approach.3–7

We were interested in the Wang paper1 since we believed that
molecule 1 would make it possible to develop an independent
(of saccharide) scale for boronic acid binding efficiency. We
believed that such a scale would help in the development of new
saccharide receptors.

We easily repeated the reported syntheses of compounds 1
and 2, and also prepared compound 3. Compound 3, like

compound 2, cannot form a cyclic ester with phenylboronic acid
but is a closer structural mimic of 1. With compounds 1, 2 and
3 we repeated the titration with phenylboronic acid in methanol
(Fig. 1). The relative fluorescence intensity of 1, 2 and 3
increased with added phenylboronic acid. The results we
obtained for 1 and 2 are almost identical to the published
results.1 However, we were intrigued by the fluorescence
spectra of 1, 2 and 3 in methanol. The observed fluorescence
intensity of 2 in the absence of phenylboronic acid was much
higher than the fluorescence intensity of 1 and 3. Therefore we
decided to investigate the fluorescent properties of 1, 2 and 3
further.

A fluorescence titration of 1 (1.0 3 1026 mol dm23) with
phenylboronic acid was carried out in pH 8.21 aqueous
methanolic buffer solution [52.1 wt% methanol (KCl, 0.01000
mol dm23; KH2PO4, 0.002752 mol dm23; Na2HPO4, 0.002757
mol dm23)].8 Surprisingly the fluorescence intensity of 1 only

increased slightly with added phenylboronic acid. Why was the
result for non-buffered methanol and buffered methanolic
aqueous solution different?

In order to investigate the above observations we determined
the pKa values of 1, 2 and 3 in aqueous methanolic solution. The
pH titrations of 1, 2 and 3 (all 1.0 3 1026 mol dm23) were
carried out in 52.1 wt% methanolic aqueous solution (sodium
chloride 0.05 mol dm23). The pH was controlled using
minimum volumes of sodium hydroxide and hydrochloric acid
solutions. The fluorescence intensity vs. pH curves are shown in
Fig. 2, and pKa values of 1, 2 and 3 calculated from the relative
fluorescence intensity vs. pH titration curves7,9 are given in
Table 1. The pKa values of 1, 2 and 3 were also determined in

† Electronic supplementary information (ESI) available: PET sensors 1 and
2, 1H, 13C and 11B NMR data for 1 with and without phenylboronic acid
(PBA). See http://www.rsc.org/suppdata/cc/b1/b103533a/

Fig. 1 Relative fluorescence intensity vs. log[phenylboronic acid] profile for
1, 2 and 3 at 25 °C in methanol; [1] = [2] = [3] = 1.0 3 1026 mol dm23,
[phenylboronic acid] = 0–0.01 mol dm23: (5) 1, (-) 2, (:) 3. lex = 370
nm, lem = 417 nm.

Fig. 2 Fluorescence intensity vs. pH profile for 1, 2 and 3 at 25 °C; [1] = [2]
= [3] = 1.0 3 1026 mol dm23, 52.1 wt% methanolic aqueous solution in
the presence of [NaCl] = 0.05 mol dm23: (5) 1, (-) 2, (:) 3. lex = 370
nm, lem = 417 nm.

Table 1 pKa values of 1, 2 and 3 with and without phenylboronic acid
(PBA)a

Compound pKa(r2) pKa [PBA (10 mM)] (r2)

1 6.55 ± 0.03 (1.00) 6.70 ± 0.01 (1.00)
2 9.03 ± 0.01 (1.00) 8.75 ± 0.01 (1.00)
3 6.78 ± 0.03 (0.99) 6.61 ± 0.04 (0.99)
a The pH titration was carried out in 52.1 wt% methanolic aqueous solution
in the presence of NaCl (0.05 mol dm23) at 25 °C.

This journal is © The Royal Society of Chemistry 2001
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the presence of phenylboronic acid (0.01 mol dm23) (Table 1).
From Table 1 it can be seen that the pKa values of 1, 2 and 3 do
not change significantly in the presence of phenylboronic acid.
This result indicates that under these conditions 1, 2 and 3 do not
show a significant B–N interaction. From these results it is also
evident that 3 (pKa = 6.78) and not 2 (pKa = 9.03) should be
used as a model for compound 1 (pKa = 6.55).

The observed lack of a significant B–N interaction was
somewhat surprising since Hall et al. and ourselves have
recently used diethanolamine based polymers to bind with
boronic acids.10,11 However, the loading of diethanolamine
based polymers is achieved in THF, which is a non-protic polar
solvent.

To confirm these observations we recorded the 1H and 13C
NMR spectra of 1 with and without phenylboronic acid, and
also the 11B NMR spectra of phenylboronic acid with and
without 1 in methanol and chloroform.† The methanol condi-
tions are those employed by Wang et al.1 whereas chloroform is
an aprotic solvent that mirrors the conditions used by Hall et al.
and ourselves for loading boronic acids onto diethanolamine
polymers.

11B NMR spectroscopy provides the clearest evidence that no
complex is formed in methanol. The boron signal of phenyl-
boronic acid appears at 29.97 ppm and shifts to 30.70 ppm on
addition of 1 clearly indicating that the boron remains sp2

hybridised.12 In contrast in chloroform the boron signal of
phenylboronic acid at 32.27 ppm shifts to 15.90 ppm on
addition of 1, showing that the boron changes hybridisation
from sp2 to sp3.12 The 13C NMR spectrum of 1 is also useful
since in methanol none of the methylene carbons shift
significantly on addition of phenylboronic acid whereas in
chloroform the methylene carbon next to the oxygen shifts by
3.03 ppm on addition of phenylboronic acid. The 1H NMR
spectrum of 1 is also informative; in methanol none of the
methylene protons shift significantly on addition of phenyl-
boronic acid. However, in chloroform the spectrum becomes
broad on addition of phenylboronic acid. These NMR measure-
ments indicate that in methanol no complexation with 1 occurs,
but in chloroform compound 1 does form a complex with
boronic acids.

Wang et al.1 made their conclusions about compound 1 in
methanol using model compound 2 and the relative fluores-
cence intensity. With this research we have shown that
compound 3 and not compound 2 should have been used as the
model compound. Also, if the data used to produce Fig. 1 is
replotted using the raw fluorescence intensity the conclusions
drawn about compound 1 are shown to be incorrect. Fig. 3
shows the fluorescence intensity vs. log concentration titration
curves of 1, 2 and 3 in methanol with phenylboronic acid. From
these curves compound 2 and not compound 1 shows the best
response with added phenylboronic acid.

From the experimental pKa curves (Fig. 2) and the titrations
with phenylboronic acid (Fig. 3) an explanation for the observed

behaviour of compounds 1, 2 and 3 is forthcoming. In our
experiments we used HPLC grade methanol but took no special
precautions to ensure that the solvent was dry. Therefore, it is
reasonable to assume that water was present in the methanol.
From our observations this water must be sufficiently acidic to
partially protonate 2 but not 1 or 3. This explains why in just
methanol, the fluorescence intensity of 1 was much higher than
2 and 3 (Fig. 3). When phenylboronic acid is then added to the
methanol solution water molecules present in the methanol
coordinate with the boron Lewis acid and become more
acidic.2,13 These more acidic water molecules can now
protonate compounds 1 and 3 as well as compound 2. Because
compound 2 is more basic than 1 and 3 it is more sensitive to the
addition of phenylboronic acid (Fig. 3). Also, since phenyl-
boronic acid is simply acting as an acid in methanol it is not
surprising that the maximum intensities observed in the
phenylboronic acid titrations (Fig. 3) mirror the maximum
intensities observed in the pH titrations (Fig. 2).

The justification given above explains the observed titration
results in methanol and may also explain why in buffered
methanolic solution negligible fluorescence changes are ob-
served.

In conclusion, compound 1 in methanol does not act as a
fluorescence sensor for boronic and boric acids. The fluores-
cence increases observed by Wang et al.1 for 1 with added
boronic acid are probably due to protonation14 and not a B–N
interaction. If a fluorescence sensor for boronic or boric acid is
required the reader is directed to two recent papers where
commercial Alizarin Red S has been used.15,16 In fact Alizarin
Red S has been used as a fluorescent sensor for boric acid since
1936.17
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acknowledge Beckman-Coulter for support through the award
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acknowledge the EPSRC and Avecia Limited for support
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Non-covalent interactions exert extraordinary influence over
conformation and properties of a well-known supramolecular building
block
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At low pH, and in the presence of 4,4A-bipyridine, p-
sulfonatocalix[4]arene crystallizes in the 1,3-alternate con-
formation rather than the expected cone conformation and
exhibits remarkable stability.

We and others have conducted extensive studies of the solid-
state supramolecular complexes of p-sulfonatocalix[4]arene 1.1

Our primary interest in this compound relates to its amphiphilic
nature which is of possible relevance to biological systems. The
molecule resembles the shape of a truncated cone and possesses
strongly hydrophilic upper and lower rims, while the cavity and
outer midsection are strongly hydrophobic. Furthermore, p-
sulfonatocalix[4]arene is usually terta- or penta-anionic, de-
pending on pH, and highly soluble in aqueous media. To date,
this tantalizing blend of properties has yielded several different,
but related packing motifs of remarkable complexity. Most
commonly, the calixarenes arrange themselves in an up–down
fashion to form a bilayer with the hydrophobic midsections of
adjacent molecules mutually aligned and engaged in inter-
molecular p-stacking interactions.

Owing to its truncated cone shape, the bilayers of 1 are
necessarily planar and the head and tail groups of the individual
molecules constitute hydrophilic surfaces on both sides. The
hydrophilic region between adjacent layers is occupied by a
complex array of hydrogen bonded water molecules and
cations. In the presence of suitably sized aromatic guests, the
non-polar portions of the guest molecules usually protrude into
the calixarene cavities lining the surface of the bilayer. Recently
we were able to show that an up–up arrangement of the cones
can be induced, thereby affording curvature to the calixarene
‘skin’.2 This results in the formation of nanometer-scale spheres
and tubules with hydrophilic interior and exterior regions. Such
studies have relied upon the notion that the cone shape of p-
sulfonatocalix[4]arene is invariant owing to the rigidity im-
parted by the cyclic hydrogen bonded array at the lower rim.
Indeed, a survey of the Cambridge Crystallographic Database
reveals that, of the 102 deposited calixarene structures with at
least three hydroxy groups at the lower rim, none deviate from
the cone conformation. We now present a crystal structure in
which the p-sulfonatocalix[4]arene molecule assumes the so-
called 1,3-alternate conformation despite all four phenolic
hydroxy groups being intact. Furthermore, this conformation
markedly affects the solubility properties of the molecule.

As part of our ongoing investigation of the inclusion
phenomena of calixarenes, Na41 (0.06 mmol) and 4,4A-
bipyridine 2, (0.48 mmol) were dissolved in a mixture of 2 ml
water and 1 ml concentrated HCl. After a period of ca. two days,

bright yellow crystals appeared and their X-ray structure was
determined.† The asymmetric unit consists of one quarter of a
calixarene molecule, and one half of a diprotonated 4,4A-
bipyridine molecule (1+2 molar ratio). As shown in Fig. 1, the
calixarene is situated on a position of 4̄ site symmetry and
assumes the completely unanticipated 1,3-alternate conforma-
tion.3 As expected at low pH, 1 possesses a charge of 24 which
is counterbalanced by the charge on the bipyridinium cations.
To the best of our knowledge, this structure represents the first
example of a structure involving p-sulfonatocalix[4]arene that
is completely devoid of solvent water molecules. A detailed
inspection of the intermolecular hydrogen bonded pattern
(Table 1) of the structure reveals an intricate network of
interactions that provide a high degree of stability to the
lattice.

Each p-sulfonatocalix[4]arene molecule donates four O–
H…O–S and eight C–H…O–S hydrogen bonds to a total of
eight neighboring calixarenes. Each sulfonate oxygen atom

Fig. 1 View of 1 and 2 showing the labeling scheme (only asymmetric unit
atoms are labeled) and the 1,3-alternate conformation of the p-sulfonato-
calix[4]arene molecule. Hydrogen atoms are omitted for clarity.

Table 1 Unique hydrogen bond geometrya

No.b D A d(D…A) d(H…A) q(D–H…A)

1 O(1) O(4)i 2.823 1.854 166
2 C(7) O(4)i 3.290 2.396 150
3 C(7) O(3)ii 3.500 2.549 161
4 N(3A) O(2)iii 2.780 1.922 165
5 C(4A) O(1)iv 3.116 2.313 142
6 C(5A) O(3)v 3.100 2.370 133
a Distances and angles are given in Å and °. D = donor, A = acceptor.
Symmetry operations: (i) 1⁄2 + y, x2 1⁄2, z2 1⁄2; (ii) 1⁄22 x, 1⁄22 y, 1⁄22 z; (iii)
1⁄2 + x, 1⁄2 2 y, 1⁄2 2 z; (iv) 1⁄2 + y, x 21⁄2, 1⁄2 + z; (v) 1 2 x, 2y, z. b See Fig. 2
for bond numbering scheme.
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O(4) acts as a double receptor of both a strong O–H…O and a
moderately strong4 C–H…O hydrogen bond while each methy-
lene carbon atom C(7) donates its two hydrogen atoms to C–
H…O hydrogen bonds to sulfonate oxygen atoms of two
separate calixarenes.

The calixarene is surrounded by eight 4,4A-bipyridinium
cations. As shown in Fig. 3, four of these are situated about the
4-fold axis while the remaining four protrude into the small
clefts beside the sulfonate headgroups. The former interact with
the calixarene by means of relatively strong C–H…O hydrogen
bonds and face-to-face aromatic p…p interactions (interplanar
spacing 3.24 Å) while the latter form strong N–H…O hydrogen
bonds to the O(2) atoms of the four symmetry-related sulfonate
groups.

A number of additional conformational features of 1 are
worthy of mention with regard to the overall stability of the
crystal lattice. It is interesting that the sulfonate groups
belonging to distal aromatic rings of 1 are aligned such that their
O(2) oxygen atoms are separated by a distance of only 2.855 Å.

This is well within the van der Waals contact limit and
somewhat surprising, considering that the sulfonate groups each
carry a negative charge and are thus expected to repel one
another strongly.

Furthermore, the phenolic rings deviate significantly from
planarity: C(1) and O(1) are at distances of 0.101 and 0.295 Å
respectively, from the least-squares plane through C(2)–C(3)–
C(4)–C(5)–C(6). The hydroxy groups are pulled away from the
4̄ axis by the O–H…O hydrogen bond that they donate to a
sulfonate oxygen atom of a neighboring calixarene molecule
(the methylene carbon atoms C(7) act as hinges to facilitate this
motion). However, appropriate angling of the aromatic ring is
impeded as the distal sulfonate oxygen atoms O(2) come into
close contact with one another as described above. As a result,
the aromatic ring is forced to bend outwards near the lower
rim.

Finally, since every other known solid-state phase of 1 is
highly water-soluble it is noteworthy that the crystals described
here are insoluble in water and decompose at ca. 344–348 °C.
Indeed, it is clear that, in concert, the many intermolecular
interactions (i.e. O–H…O and C–H…O hydrogen bonds as well
as aromatic p…p interactions) impart an extraordinarily high
degree of stability to the structure, thereby compensating for the
energy involved in disruption of the cone conformation and the
strain resulting from close non-interacting O…O contacts and
distortion of the calixarene aromatic rings.

We thank the National Science Foundation for support of this
work.
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12722/2302 (Rint = 0.0379); final R indices [I > 2s(I)] R1 = 0.0437, wR2
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Fig. 2 View showing the hydrogen bonded network. Hydrogen atoms are
omitted for clarity (H-bonds are drawn between donor and acceptor atoms).
See Table 1 for details of the hydrogen bond geometry.

Fig. 3 View along [001] showing the calixarene molecule (dark) surrounded
by eight molecules of 4,4A-bipyridine.
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A new highly fluorescent probe for monosaccharides based on a
donor–acceptor diphenyloxazole
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A diphenyloxazole substituted with a dimethylamino and a
boronic acid group showing intramolecular charge transfer
in the excited state undergoes large spectral changes in the
presence of monosaccharides.

For a decade, the development of synthetic probes for the
recognition and analysis of sugar has attracted much attention.1
Synthetic probes could find useful applications in the food
industry as well as in clinical analysis. Detection and monitor-
ing of glucose is particularly important for diabetics.2 The
development of synthetic sensors could be complementary to
the present technology of glucose testing by using enzymes.3
For example, the use of enzymes shows some limitations in the
development of implantable sensors for continuous glucose
monitoring in blood or in interstitial tissue. Continuous
monitoring of glucose blood level is very important for the long
term health of the diabetics and synthetic probes could lead to
improvements in medical technology such as alarm systems for
hypoglycemia and a control device for an insulin pump.

The boronic acids have been known for a few decades for
their ability to interact with diols.4 They have been used for the
development of receptor and fluorescent probes for sugars.1,5–7

The advantages of using boronic acid as chelator group for
sugars are the fast and reversible interaction with sugars. In
addition, many substituted phenylboronic acids are commer-
cially available allowing the development of a large diversity of
synthetic fluorescent probes for sugars with minimal synthetic
steps. Different mechanisms have been used to induce spectral
change following the interaction of the boronic acid and the
sugars. Among these mechanisms, the use of intramolecular
charge transfer (ICT) involving the boronic acid is very
promising.6,7 ICT is well known to be very sensitive to small
perturbations8 that can result in spectral shifts, intensity changes
and/or lifetime changes. In addition, ICT can be applied to a
very large diversity of fluorophores with no limitation of the
wavelength range and/or lifetime of the fluorophore.

In an attempt to develop highly effective fluorescent probes
for glucose, we synthesized compound 1 (Scheme 1). Com-
pound 1† is readily synthesized from the reaction between the
2-amino-4A-dimethylaminoacetophenone hydrochloride‡ and

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoyl chlo-
ride, obtained from the commercially available 4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)benzoic acid refluxed in
SOCl2, following by the dehydratation of the product in POCl3.9
Donor–acceptor derivatives of diphenyloxazole are well known
to show high fluorescence quantum yields, long wavelength
emission and to be very sensitive to small variations affecting
the ICT properties of the excited state.9 In this case, the ICT
state is between the boronic acid, the electron-withdrawing
group, and the N,N-dimethylamino group, the electron-donating
group. As the boronic acid group changes to its anionic form, 2
in Scheme 2, the electron-withdrawing properties of the boron
are removed and then the ICT is affected.6 As the pH increases,
we observe a blue shift (results not shown) and a significant
increase in the fluorescence intensity. The emission band of the
neutral form 1 appears at 557 nm with a fF value of 0.03, on the
other hand, the emission of the anionic form 2 appears at 488 nm
with a fF value of 0.95. These important spectral changes are
interpreted by the loss of the ICT property for the anionic form
2. The intensity change following the pH change is shown in

Scheme 2 Equilibrium involving pH and sugars.

Scheme 1 Synthetic route to 1.

This journal is © The Royal Society of Chemistry 2001
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Fig. 1. Nearly a 30-fold increase in the fluorescence intensity
can be observed at 485 nm.

Usually, the effects of sugars are observed since the boronic
acid–sugar complex (structure 3 from Scheme 2) has a lower
pKa than the uncomplexed boronic acid. At a selected pH, it is
possible to have a predominance of the neutral form (1) in
absence of sugar and a predominance of the anionic form (4) in
presence of sugar. This conformational change of the boron
group, induced by the presence of sugar, is the origin of the
spectral changes observed. Titration curves of 1 in presence of
the sugar are displayed in Fig. 1. The observed pKa of 1 is 7.8
in absence of sugar, pKas of 5.6 and 6.5 are obtained in presence
of fructose and glucose, respectively. Maximum changes
between the titration curves with and without sugar are obtained
at pH 6.5 and 7.0 for fructose and glucose, respectively. Since
the spectral changes induced by sugar are not so different
between these two pH values, we performed our measurements
at pH 7.0 for all saccharides. It is also interesting to note that
large spectral changes could also be observed at a pH higher
than 9.0 as seen in Fig. 1. This suggests that probe 1 could also
be used for monitoring sugar at high pH.

The effect of fructose on the emission band of 1 is displayed
in Fig. 2. As observed for the pH, the presence of the sugar
induces a blue shift and an increase in the fluorescence intensity.
An isosbestic point is observed at 615 nm showing the
equilibrium of the two conformations, the neutral and anionic
form of the boronic acid. The same isosbestic point was
observed in the pH effects on the emission band. The increase of
the emission intensity is about 5-fold in the presence of fructose
and about 3-fold in the presence of galactose and glucose.
Titration curves of 1 against sugars are displayed in Fig. 3.
Dissociation constants (KD) of 1 were calculated at 1.9 ± 0.1
mM for fructose and 14 ± 1 and 37 ± 3 mM for galactose and
glucose, respectively. KD values are comparable to previous

values obtained with donor–acceptor chromophores involving
the boronic acid group.6,7 The higher affinity of the mono-
boronic acid 1 for fructose in comparison with glucose and the
high concentration range of practical usefulness of 1 for glucose
would not be suitable for glucose sensing in biological samples
and/or in the presence of fructose but could find applications in
the food industry and/or in fermentation industry where high
concentrations of glucose are used.

In addition to the observed changes in the steady-state
emission properties of 1, we have also observed changes in the
fluorescence lifetime of the probes. The neutral structure, 1,
shows a monoexponential fluorescence decay with a lifetime of
1.7 ns while the anionic form 2 possesses a lifetime of 3.7 ns,
also monoexponential. At pH 7, the presence of fructose
changes the fluorescence lifetime of the probe from 2.8 to 3.6
ns. Fluorescence lifetime changes are useful for sensing and
monitoring since they are independent of the total intensity and
independent also from the power of the excitation source and
the concentration of the probe.10

The authors wish to acknowledge the Juvenile Diabetes
Foundation, 1-2000-546, and the NIH National Center for
Research Resources, RR-08119, for financial support.

Notes and references
† Selected data for 1 5-(4-dimethylaminophenyl)-2-[4-(dihydroxybor-
anyl)phenyl]oxazole: yellow solid, yield 48%, dH(300 MHz; CD3OD) 2.83
(6 H, s), 6.59 (2H, d), 7.05 (1H, s), 7.40 (2H, d), 7.52 (1H, s), 7.67 (1H, s)
and 7.82 (2H, s).
‡ Synthesised from 4A-dimethylaminoacetophenone (TCI America) accord-
ing to the standard procedure described in the litterature.11,12
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Fig. 1 Titration curves of 1 against the pH in absence and presence of sugars,
lex = 350 nm.

Fig. 2 Effect of fructose on the emission of 1, measured in phosphate
buffer–methanol (2+1 v/v) at pH 7.0, lex = 350 nm. Probe concentration:
5 3 1026 M.

Fig. 3 Titration curves of 1 against sugars, measured in phosphate buffer–
methanol (2+1 v/v) at pH 7.0, lex = 350 nm. Probe concentration: 5 3 1026

M.
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Antigenic phosphoglycan repeats of the Leishmania parasite
can be assembled in a flexible and efficient manner without
involving any glycosidation steps, and the chain can be
extended either towards the non-reducing (6A-OH) or reduc-
ing (1-OH) end suitable for synthesis of lipophosphoglycan,
proteophosphoglycan and analogues.

The protozoan parasite Leishmania causes visceral and cuta-
neous leishmaniases and has a remarkable ability to survive and
proliferate in extreme environments during its digenetic life
cycle in the sandfly vector and the human host. At all life-cycle
stages Leishmania species assemble an abundance of a unique
class of glycoconjugates named phosphoglycans (reviewed in
ref. 1). These include the most abundant surface molecule of
infectious promastigote stage, the lipophosphoglycan (LPG),
and secreted proteophosphoglycan (PPG) of the amastigote
stage. There is substantial evidence1 that the LPG and PPG are
antigenic and multifunctional virulence factors essential for
infectivity and survival of the parasite. The role of phosphogly-
cans in parasite virulence is currently a topic of intense debate2

in parasite biology.

The intriguing structure of the LPG consists of four distinct
domains: (i) alkyllysophosphatidylinositol lipid-anchor; (ii)
conserved phosphosaccharide core with internal galactofur-
anose residue; (iii) variable phosphoglycan repeats and (iv)
neutral oligosaccharide cap. The unique feature of LPG is the
variable phosphoglycan domain made of phosphodisaccharide
[6Galp-b1,4-Manp-a1-phosphate]n repeats linked through
phosphodiester between the anomeric-OH of mannose of one
repeat and the 6-OH of galactose of the adjoining repeat. PPG
molecules are made up of the phosphoglycan repeats linked to
a peptide anchor.

The biological, biochemical and biophysical experiments to
probe the function, biosynthesis and conformation of the
Leishmania phosphoglycans, and to exploit them in drug and
vaccine design, require efficient chemical synthesis. Since the
phosphoglycans are labile molecules, due to the presence of
anomeric phosphodiester linkages, their synthesis is particularly
challenging. The first synthesis of Leishmania phosphoglycans

was accomplished3 by the Dundee group from monosaccharide
building blocks, using a suitably protected galactose donor and
mannose acceptors. This obviously involved multiple protec-
tion, deprotection, glycosidation and purification steps even
before the phosphoglycan assembly began through the H-
phosphonate chemistry.

In our ongoing work on synthesis4–7 and biosynthesis8 of
Leishmania glycoconjugates, an efficient route to construct
phosphoglycans was required for the total synthesis of LPG and
vaccine design. To circumvent the usual problems associated
with glycosidation and to avoid several protection–deprotection
steps required in previous synthesis, we used the readily
available disaccharide lactose as starting material. Here we
report a new efficient synthesis of phosphoglycans, which does
not involve any glycosidation steps, and the phosphoglycan
chain can be extended either towards the non-reducing (6A-OH)
or reducing (1-OH) end in high yielding iterative steps. The
important features of our approach include the glycal chemistry
mediated gluco?manno transformation and regioselective 6A-
protection to convert lactose (Galb1,4-Glu) into the suitably
protected Galb1,4-Man building block, extension of PG repeats

in either direction by selective deprotection at the non-reducing
6A-position or reducing 1-position and a-phosphitylation, fol-
lowed by iterative PG coupling cycles.

The first intermediate lactal (1) was prepared6,7 from lactose
(Scheme 1) in straightforward steps (acetylation, bromination,
reductive elimination and deacetylation), and a high yield could
be obtained in the reductive elimination step by the application
of Zn–Vitamin-B12 reagent.9 The next task was to selectively
protect the 6-position of the galactose residue of lactal (1) and
this was achieved, after a considerable number of experiments,
by dibutyltin oxide mediated silylation (Bu2SnO–MeOH reflux
followed by TBSCl) which led exclusively to 6A-O-TBS-lactal
(2). It should be mentioned here that under similar conditions
most other protecting groups (benzyl, p-methoxybenzyl and
allyl) led to C3A-OH protected lactals. The next step involved
stereoselective gluco?manno transformation of 6A-O-TBS-
lactal (2) by MCPBA under biphasic conditions which led
exclusively to the manno product 6A-O-TBS-galactopyranosyl-
(1?4)-b-D-mannopyranose (3). The acetylation of 3 gave the
key intermediate, 1,2,3,6-tetra-O-acetyl-4-O-(2,3,4,tri-O-ace-
tyl-6-O-TBS-b-D-galactopyranosyl)-a-D-mannopyranose (4),
as the major isomer, which served as a central point to both

† Electronic supplementary information (ESI) available: selected data for
compounds 7, 8, 10 and 11. See http://www.rsc.org/suppdata/cc/b1/
b106634j/
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donor and acceptor for iterative assembly of the phosphoglycan
repeats. Compound 4 was divided into two parts; the first part
was transformed to the PG donor by anomeric deacylation
(Me2NH at 220 °C) followed by phosphitylation (triimidazo-
lylphosphine generated in-situ from PCl3 and imidazole) to
provide 2,3,6-tri-O-acetyl-4-O-[2,3,4-tri-O-acetyl-6-O-(tert-
butyldimethylsilyl)-b-D-galactopyranosyl]-a-D-mannopyrano-
syl H-phosphonate (5), isolated as the TEAB salt. The second
part of 4 was converted to hepta-acetyl PG-acceptor 6 by
removal of the TBS group from the 6-position of the Gal
residue. The pivaloyl chloride coupling of PG-H-phosphonate
donor 5 with acceptor 6 followed by in-situ iodine oxidation
afforded fully protected phosphotetrasaccharide 7; which on
full deprotection (HF, NaOMe–MeOH) provided free phospho-
glycan 8 (with two PG repeats).

Now the protected phosphotetrasaccharide 7 was well placed
(Scheme 2) for further extension of phosphoglycan chain either
in the upstream direction (non-reducing 6A-end) or downstream
direction (reducing 1-OH end). For upstream extension of the
PG domain, the TBS group from the 6A-position of galactose at
the non-reducing end of 7 was removed, and the resulting
tetrasaccharide 9 was coupled with disaccharide H-phosphonate
5 to provide phosphohexasaccharide 10 in high yield. The
global deprotection (HF–CH3CN and TEA–MeOH–H2O) led to
free phosphoglycan 11 with three PG repeats. For downstream
extension of the PG domain, the intermediate 7 was deacety-
lated (Me2NH at 220 °C) at the reducing-end anomeric position
and converted to H-phosphonate 12 as described above. This
was coupled with hepta-O-acetyl disaccharide 6 to provide
phosphohexasaccharide 13 ready for deprotection or further
extension to higher oligomers. The presence of (1?6)-phos-
phodiester linkages between the PG repeats was confirmed by
31P–13C coupling (doublets, 5 and 7 Hz in 13C NMR) for C-1
and C-2 of the mannose units, and the C-5 and C-6 of the
corresponding galactose units; these 13C signals were found to
be shifted due to a- and b-phosphorylation effects.

It is obvious from above that the phosphoglycan chain can
further be extended to the desired length in either direction, and
instead of 2 + 4 (disaccharide + tetrasaccharide) coupling, 4 + 4
coupling can also be carried out for rapid access to desired
PGs.

To conclude, a versatile synthesis for rapid assembly of the
biologically important Leishmania phosphoglycans has been
achieved, which does not involve any glycosidation steps and
allows the PG chain to grow in either direction. This approach
is now being adopted on the solid phase and for the total
synthesis of the LPG, which will be communicated shortly.

Authors thank the DST (India) for financial support for this
work, and the DBT (India) for core grant to the Institute.
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Scheme 1 Reagents and conditions: (a) Bu2SnO, MeOH, reflux, 4 h; tert-
butyldimethylsilyl chloride (TBSCl) , THF, rt, 48 h, 80%; (b) MCPBA, 0
°C, 4 h, 90%; (c) Ac2O, Py, rt, 16 h, 99%; (d) Me2NH, CH3CN, 220 °C, 3
h, 95% and PCl3, imidazole, CH3CN, 0 °C, 2 h, triethylammonium
bicarbonate (TEAB), 87%; (e) HF–CH3CN, 0 °C, 2 h, 85%; (f) 5 and 6,
pivaloyl Cl, Py, rt, 1 h; I2, 30 min, TEAB work-up, 79%; (g) HF–CH3CN,
0 °C, 2 h; NaOMe–MeOH, 95%.

Scheme 2 Reagents and conditions: (h) HF–CH3CN, 0 °C, 2 h, 85%; (i) 5,
pivaloyl Cl, Py, rt 1 h; I2, 30 min, TEAB work-up, 79%; (j) TEA–MeOH–
H2O, rt, 24 h, 95%; (k) Me2NH–CH3CN, 220 °C, 3 h, 95%; PCl3,
imidazole, CH3CN, 0 °C, 2 h, TEAB, 87%; (l) 6, pivaloyl Cl, Py, rt, 1 h; I2,
30 min, TEAB, 79%.
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A ready access to a new family of planar chiral ferrocenes,
the (RFc,RS)-2-amino substituted 1-tert-butylsulfinylferro-
cenes, is described; in the case of the sulfonamide series
enantioselectivities of up to 96% were obtained in the
addition of Et2Zn to aromatic aldehydes.

During the last two decades the sulfinyl group has been
extensively used as a chiral auxiliary in emblematic C–C bond
forming reactions, such as Diels–Alder cycloadditions and
nucleophile additions,1 and more recently has started to be
applied in transition metal-catalyzed reactions.2 However,
despite the huge interest currently devoted to the development
of highly efficient chiral ligands for asymmetric catalysis,
usually involving P,P- P,N- or N,N-bidentate metal-coordinat-
ing ligands,3 few examples of chiral ligands based on sulfoxides
have been reported,4 most of them being tested only in
asymmetric palladium-catalyzed allylic substitutions. Among
the wide structural diversity of chiral frameworks commonly
used in asymmetric catalysis, the planar chirality of 1,2-di-
substituted ferrocene derivatives has received a great attention.5
Within this context, we describe herein the synthesis of
enantiopure (RFc,RS)-2-amino substituted tert-butylsulfinylfer-
rocenes as a new family of sterically and electronically
adjustable chiral ligands and their application to the asymmetric
addition of Et2Zn to aromatic aldehydes.6

The synthesis of tert-butyl ferrocenyl sulfoxide (1) in high
optical purity had been previously described by enantioselective
oxidation of the corresponding thioether and by sulfinylation of
ferrocenyllithium with an enantiopure tert-butylsulfinate.7 Al-
ternatively, we have prepared (R)-1 by direct sulfinylation of
ferrocenyllithium (formed in situ by deprotonation of ferrocene
with t-BuLi in THF) with (R)-S-tert-butyl 1,1-dimethylethane-
thiosulfinate.8 This one-step procedure is experimentally quite
simple (THF, 0 °C), affording ferrocene (R)-1 in 40% yield after
flash chromatography (58% of starting ferrocene is recovered).
The recrystallization from hexane–ether (1+1) yielded (R)-1 in
very high optical purity9 (ee = 99%, HPLC, Daicel Chiralcel
OD column).

According to the previously reported cases of highly
stereoselective ortho C-2 deprotonation of ferrocenyl sulf-
oxides with strong bases,7 the treatment of 1 with n-BuLi (THF,
0 °C) generated selectively the C-2 lithiated tert-butylsulfi-
nylferrocene.10 This solution was treated with tosyl azide to
give the intermediate ferrocenyl azide, followed by in situ
reduction with NaBH4, which afforded the amino(sulfinyl)fer-
rocene 2a (64% yield) in very high optical purity (ee > 98%,
HPLC, Chiralpak AS column) (Scheme 1).

In the search of efficient chiral ligands for enantioselective
synthesis, the ready access to a wide diversity of substrates with
adjustable steric and electronic properties around the metal-
coordinating atoms is a crucial point. In this context, having
developed a practical two-step procedure for the preparation of
enantiopure 2a in gram quantities from ferrocene, the amino
group was readily transformed into a variety of nitrogen

compounds such as substituted amines (2b), amides (2c–f) and
sulfonamides (2g–l) following straightforward reactions of
amine derivatization (Scheme 2).

With this family of ligands in hand, we examined their
effectiveness as chiral catalysts in one of the most prototypical
reactions in chiral ligand screening: the addition of diethylzinc
to benzaldehyde.6 The reactions were performed under typical
conditions: 5 mol% of ligand 2, excess of diethylzinc (200
mol%) in toluene at rt (Table 1). In most cases the complete
disappearance of benzaldehyde was observed after 1–4 days,
affording in acceptable to good yields the alcohol 3 with
enantioselectivities very dependent on the substitution at the
nitrogen atom. While a low enantiocontrol occurred using the
amine (entries 1 and 2) and amide ligands (entries 3–6), a more
interesting outcome was observed in the case of the sulfonamide
ligands (entries 7–14), which provided (R)-3 in 42 to 88% ee’s.
The best ligands were found to be the p-tolylsulfonamide 2h
(80% ee, entry 8) and the p-methoxyphenylsulfonamide 2i
(82% ee, entry 10). It is worth noting that in both cases the

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b105962a/

Scheme 1 Synthesis of 2-amino(sulfinyl)ferrocene 2a.

Scheme 2 Synthesis of ligands 2 bearing subtituted amines, amides and
sulfonamides.
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enantioselectivity of the process was enhanced significantly by
performing the reaction at 220 °C instead of rt (entries 9 and 11,
88 and 86% ee, respectively).

In order to clarify whether the enantiocontrol exerted by the
chiral ligand was predominantly due to the planar chirality of
the ferrocenyl moiety or to the stereogenic sulfur atom, the
optimal sulfoxides 2h and 2i were reduced to the corresponding
thioethers 2m and 2n by reaction with NaI–(CF3CO)2O in
acetone (89 and 74% yields, respectively). Interestingly, the
addition of Et2Zn to benzaldehyde at rt in the presence of both
2m and 2n (entries 15 and 16) occurred with an enantioselectiv-
ity very similar to that observed for the corresponding
sulfoxides 2h and 2i (entries 8 and 10), showing that the planar
chirality of ferrocene is the main structural factor involved in
the asymmetric induction.11

Finally, to explore the substrate generality of this enantiose-
lective process, the ligands 2h and 2i were tested in the addition
of Et2Zn to differently substituted aromatic aldehydes under the
same experimental conditions. As depicted in Table 2, both
ligands 2h and 2i behaved similarly, affording in all cases the
alcohol of (R) configuration as the main enantiomer12 in good
chemical yields. With the exception of the case of p-
nitrobenzaldehyde (entries 1 and 2), moderate to high enantio-
selectivities were observed with the rest of aldehydes (ee’s from
58 to 96%, entries 3–12).

In summary, a novel family of enantiopure ferrocene ligands,
the (RFc,RS)-2-amino substituted 1-tert-butylsulfinylferrocenes
2, has been readily synthesized from ferrocene. Using sulfona-
mide ligands (especially 2h and 2i) moderate to high asym-
metric inductions were obtained in the addition of Et2Zn to
aromatic aldehydes. The application of this new type of chiral
ferrocene ligand to other asymmetric C–C bond forming
reactions is under active investigation.

This work was supported by the Ministerio de Ciencia y
Tecnología (project BQU2000-0266). J. P. and O. G. M. also
thank the Ministerio de Educación y Cultura for their pre-
doctoral fellowships.
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Table 1 Diethylzinc addition to benzaldehyde catalyzed by the ligands 2

3

Entrya Ligand Ee (%)b Conf. Yield (%)c

1 2a 28 S 93
2 2b 6 R 59
3 2c 60 R 76
4 2d 6 R 67e

5 2e 14 R 70
6 2f 8 R 74
7 2g 74 R 90
8 2h 80 R 79
9d 2h 88 R 80e

10 2i 82 R 82
11d 2i 86 R 76e

12 2j 58 R 62e

13 2k 48 R 68
14 2l 42 R 51
15 2m 82 R 85
16 2n 74 R 81
a Reaction conditions: Et2Zn (200 mol%), ligand (5 mol%), toluene, rt, 1–4
days. b Determined by HPLC (Daicel Chiralcel OD). c In pure alcohol after
flash chromatography. d Reaction run at 220 °C. e Conversion yield.

Table 2 Diethylzinc addition to aromatic aldehydes catalyzed by the ligands
2h and 2i

Entrya Ar Ligand
Product,
(R) conf. Ee (%)b Yield (%)c

1 p-NO2C6H4 2h 4 28 73e

2 p-NO2C6H4 2i 4 26 75e

3 p-MeOC6H4 2h 5 66d 65e

4 p-MeOC6H4 2i 5 58d 61e

5 p-MeC6H4 2h 6 64d 86
6 p-MeC6H4 2i 6 66d 72
7 p-CO2MeC6H4 2h 7 88 71
8 p-CO2MeC6H4 2i 7 96 78
9 2-Naphthyl 2h 8 82 73
10 2-Naphthyl 2i 8 92 79
11 m-FC6H4 2h 9 80 76
12 m-FC6H4 2i 9 72 74
a Reaction conditions: Et2Zn (200 mol%), ligand (5 mol%), toluene, rt, 1–4
days. b Determined by HPLC (Daicel Chiralpak AD). c In pure alcohol
after flash chromatography. d Determined by HPLC (Daicel Chiralcel OD).
e Conversion yield.
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Interfacial synthesis of hollow microspheres of mesostructured silica
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Hollow microspheres with ordered mesoporous walls are
synthesised under ambient conditions by a simple procedure
involving dilution and neutralisation of an aqueous tetra-
ethoxysilane/cetyltrimethylammonium bromide reaction
mixture.

The size and shape selectivity of porous inorganic structures
plays a pivotal role in a wide range of industrial and biological
applications involving molecular transport, adsorption, cataly-
sis and separation. The scope of these applications could be
significantly increased, for example in the parallel or sequential
processing of feedstock, by the use of hierarchically organized
architectures that exhibit order and functionality across several
length scales. Efforts have therefore been made to invent
chemically based routes to the synthesis of inorganic materials
with structural and morphological complexity.1 For example, a
variety of multiple templating methodologies involving macro-
and microscopic structures such as latex particles,2 colloidal
crystals3 and bacterial superstructures,4 in association with
preformed nanoparticles or reaction solutions containing supra-
molecular aggregates, have been investigated. Alternatively,
confined reaction environments such as emulsion droplets have
been employed to prepare porous hollow spheres and inorganic
vesicle-like morphologies that could be useful in controlled
storage and release.5 In particular, multilamellar silica colloids
have been synthesised using neutral gemini surfactant vesicles6

or by spray drying of reaction solutions containing cationic
surfactant templates,7 and semi-hollow microspheres of mesos-
tructured silica prepared using a cosolvent,8 or oil droplets
containing tetraethoxysilane (TEOS) dispersed in aqueous
reaction solutions.9

We now report the facile synthesis of thermally stable
micron-size hollow spherical shells with ordered mesoporous
walls, approximately 20 nm or less in thickness. The structures
were synthesised at room temperature by hydrolysis and
condensation of TEOS in an aqueous solution of cetyl-
trimethylammonium bromide (CTABr), which was subjected to
rapid quenching by dilution followed by pH neutralisation after
an induction period.‡ Unlike previous studies, the preparation
did not necessitate addition of auxiliary cosurfactants or
cosolvents, substrates, stringent conditions and/or specialized
equipment, and the products were structurally and morpho-
logically well-defined and stable upon calcination.

Samples of the as-synthesised product were obtained as a
cloudy suspension at the air/water interface. Scanning electron
microscopy (SEM) studies showed a high yield of micrometre-
sized (mean diameter = 0.98 mm, s = 0.4 mm) spherical
structures with a uniform and smooth surface texture [Fig. 1(a)].
The size and shape of the microspheres were unchanged upon
heating to 540 °C [Fig. 1(b)]. In general, only a few deformed
or cracked structures were observed but when imaged these, as
well as samples that had been mechanically fractured, indicated
that the silica microspheres were hollow, as shown for example
in Fig. 1(b). The shell thickness, which was determined from
SEM and transmission electron microscopy (TEM) images of
the broken microspheres, was highly uniform and less than 20
nm.

TEM studies of the as-synthesised and calcined materials
showed hollow shells that occasionally collapsed under the high
vacuum. High resolution images of the wall structures showed
multiple domains of well-ordered lattice fringes with spacings
between 4.2 and 5.8 nm (Fig. 2). The spacings were sig-
nificantly larger than those reported for MCM-41 silica, and
although image artefacts could not be ruled out, the reproduci-
bility in the measurements suggested that the as-synthesised
walls consisted of a metastable or swollen silica–surfactant
mesophase that was replicated in the form of an ordered
mesoporous silica shell upon calcination. In general, the lattice
fringes were observed as parallel lines running across the
surface of the wall, except at the edges of the projected
structures where ‘dot’ patterns were sometimes observed (Fig.
2). The results were therefore consistent with a wall structure in
which the mesoporous channels were predominantly arranged
parallel to the shell surface. Pseudo-hexagonal patterns were
occasionally observed in the central areas of the projected

† Current address: School of Physical Sciences, University of Kent at
Canterbury, UK CT2 7NR.

Fig. 1 SEM micrographs showing (a) as-synthesised silica-surfactant
hollow mesostructured microspheres; note the partial collapse in the high
vaccum of a few of the shells. (b) Hollow microspheres after calcination; a
broken shell clearly shows the hollow interior and a thin 20 nm-thick wall.
Scale bars, 1 mm.
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images but these were interpreted as fortuitous intersections
between different domains rather than regions comprising
channels aligned perpendicular to the wall surface.

Small angle X-ray diffraction patterns of the as-synthesised
and calcined hollow microspheres showed a single broad
reflection centred at approximately 3.7 nm (Cu-Ka, l =
0.154178 nm). The absence of higher-order reflections was
consistent with the limited domain size of the mesostructure
imaged by TEM. Surprisingly, thermogravimetric analysis
revealed a loss of only ca. 2.5 wt% centred at 223 °C that was
attributed to removal of surfactant from the shell walls (Fig. 3).
This suggests that a significant amount of the micellar template
was released in situ after formation of the as-synthesised
mesophase without loss of the ordered mesostructure. In
addition, there was minimal loss attributed to physisorbed water
(4 wt% at < 100 °C) or removal of water from the condensation
of terminal silanol groups (2 wt% between 400 and 500 °C).
Thus, a residual mass of over 90% was obtained after heating at
800 °C for 5 h. This is considerably higher than for bulk
mesoporous silica, which for MCM-41 is ca. 55 wt%.

Formation of the mesostructured hollow spheres was sensi-
tive to the stirring conditions, induction time, and time delays
between the dilution and neutralisation steps of the synthesis
procedure. For the conditions used, TEOS is only partially
hydrolysed prior to dilution so droplets of the reactant form in
the reaction mixture. These are probably stabilized to some
extent by CTABr molecules that partition at the TEOS/water
interface. Moreover, as the pH is lowered significantly on
dilution and neutralisation, slow hydrolysis and condensation of
TEOS at the droplet/water interface is curtailed so that
mesostructured spherical shells only 20 nm in thickness are
produced. One possibility is that the extremely dilute conditions
of the synthesis promote the formation of hemispherical CTABr
micelles on the surface of the TEOS droplet,10 which also
promotes the interfacial reactions. However, mesostructured
nanoparticles are also formed in the reaction,11 which indicates
that the interfacial synthesis of the hollow microspheres and
nucleation of colloidal particles in bulk solution are competitive
processes, and explains why the preparation of the mesos-
tructured shells is highly dependent on the reaction condi-
tions.

We would like to thank the University of Bristol and EPSRC
for financial support, and Dr C. G. Goeltner for scientific
discussions.
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Fig. 2 TEM image of a calcined hollow mesostructured microsphere
showing domains of well-ordered lattice fringes with 4.3 nm spacing. Scale
bar, 100 nm.

Fig. 3 TGA plot of %wt with increasing temperature and the corresponding
derivative curve.
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A new enantiocontrolled synthesis of a potent immunosup-
pressant (2)-mycestericin E has been accomplished by using
cinchona alkaloid-catalyzed asymmetric Baylis–Hillman
reaction of an aldehyde with 1,1,1,3,3,3-hexafluoroisopropyl
acrylate and Lewis acid-promoted cyclisation of an epoxytri-
chloroacetimidate as the key steps.

Recently, we have developed a catalytic asymmetric version of
the Baylis–Hillman reaction using an amine catalyst derived
from quinidine, which allows us to obtain highly enantiomer-
ically enriched (R)-(a-methylene-b-hydroxy)esters.1 In order to
demonstrate the synthetic utility of our methodology, we
envisaged its application towards a synthesis of (2)-mycester-
icin E (1), a potent immunosuppressive principle isolated from
the culture broth of the fungus Mycelia sterilia ATCC 20349.2
We report herein an enantio- and stereocontrolled synthesis3 of
(2)-mycestericin E (1) employing a new strategy which relies
on the above-mentioned asymmetric Baylis–Hillman reaction
for securing the key chiral framework and Lewis acid-promoted
cyclisation of an epoxytrichloroacetimidate4 for the stereo-
selective construction of the substituted serine structure with a
quaternary centre.

The required long chain aldehyde 6 was prepared from the
dithiane 25 in a straightforward manner in 62% overall yield
(Scheme 1). Thus, sequential substitution of both terminals of
1,6-diiodohexane with 2 and 5-(tert-butyldimethylsilyloxy)-
pent-1-yne via the lithio-species gave the alkyne 3. Dethioketal-
isation with concomitant cleavage of the silyl ether protecting
group, followed by ketalisation converted 3 to the dioxolane 5
via 4 in good yield. LiAlH4-reduction of 5 in diglyme6 at 130 °C

allowed stereoselective formation of the E-olefinic double bond
although Birch reduction was unsuccessful in this transforma-
tion. Swern oxidation of the reduced product generated the
aldehyde 6 quantitatively.

The crucial Baylis–Hillman reaction of 6 thus obtained was
investigated using 1,1,1,3,3,3-hexafluoroisopropyl acrylate and
the amine catalyst 7 under various conditions according to the
procedure we have developed.1 As a result, we found that our
method can be successfully applied to even long chain
aldehydes such as 6. Thus, upon reaction of 6 with
1,1,1,3,3,3-hexafluoroisopropyl acrylate in the presence of the
amine catalyst 7 (0.2 equiv.) in DMF–CH2Cl27 (1+1), the (R)-
ester 8, [a]D

27 +6.9° (c 0.72, CHCl3), was produced with
excellent enantioselectivity ( > 97% ee8) in 47% yield together
with the dioxanone 9 (14% yield), [a]D

25 22.7° (c 1.11,
CHCl3), 20% ee (Scheme 1). It is important to note that this
reaction could be easily carried out on a multi-gram scale.
Interestingly, compared with 8, the dioxanone 9 again showed
the lower optical integrity and the opposite chirality regarding
the stereocenter generated in this reaction as we observed
previously.1

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b106471c/

Scheme 1 Reagents and conditions: i, n-BuLi, THF, 230 °C, then
1,6-diiodohexane, 81%; ii, LiCC(CH2)3OTBS, THF–HMPA, 220 °C,
87%; iii, MeI, Na2CO3, THF–MeCN, sealed tube 70 °C, 91%; iv, ethylene
glycol, cat. p-TsOH, benzene, 80 °C, 98%; v, LiAlH4, diglyme, 130 °C,
87%; vi, DMSO, (COCl)2, Et3N, CH2Cl2, 278 °C to 0 °C, quant; vii, 7 (0.2
equiv.), 1,1,1,3,3,3-hexafluoroisopropyl acrylate (1.5 equiv.), DMF–
CH2Cl2 (1+1), 255 °C, 24 h, 47% of 8, 14% of 9.
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2030 Chem. Commun., 2001, 2030–2031 DOI: 10.1039/b106471c



With the desired Baylis–Hillman product 8 in hand in almost
enantiomerically pure form, we then investigated the construc-
tion of the serine structure possessing a quaternary centre. Prior
to introduction of the epoxide scaffold, the hexafluoroisopropyl
ester of 8 was converted to the methyl ester under methanolytic
conditions to give the methyl ester 10, [a]D

24 +9.0° (c 1.0,
CHCl3), in 95% yield (Scheme 2). Ti(Oi-Pr)4-mediated epox-
idation8 of 10 was found to proceed with complete diaster-
eoselectivity to furnish the epoxy alcohol 11, [a]D

17 +10.1° (c
1.0, CHCl3), in 73% yield. Exposure of 11 to NaBH4 in THF–
MeOH allowed chemoselective reduction of the ester function-
ality to give the diol 12, [a]D

21 +9.7° (c 0.95, MeOH), in 79%
yield. The primary hydroxy group of 12 was then selectively
protected as its tert-butyldiphenylsilyl ether to give 13, [a]D

18

22.6° (c 1.0, MeOH), in 95% yield. At this stage stereoselective
introduction of a nitrogen atom at the quaternary centre was

achieved by taking advantage of Lewis acid-promoted cyclisa-
tion of an epoxytrichloroacetimidate which we have previously
developed.4 Thus, the epoxy alcohol 13 was converted to the
corresponding trichloroacetimidate 14, [a]D

22 +7.3° (c 1.0,
CHCl3), in 81% yield by the reaction with trichloroacetonitrile
in the presence of DBU. Upon treatment of 14 with 1.0 equiv.
of BF3·OEt210,11 in CH2Cl2 at 223 °C, the cyclisation took
place selectively at the quatenary centre of the epoxide with
complete inversion of the stereochemistry to produce the
oxazolidine 15, [a]D

2323.5° (c 1.0, CHCl3), in 71% yield along
with dihydrooxazine 16 (4% yield). Upon sequential Moffatt
oxidation,12 NaClO2 oxidation,13,14 and esterification, 15 gave
the methyl ester 17, [a]D

24 +26.6° (c 1.48, CHCl3), in 55%
yield. Treatment of 17 with 47% HF in acetonitrile at 60 °C
brought about deprotection of the silyl ether and cyclic ketal
protecting groups to give the trichloroacetamide 18 in 87%
yield. Finally, saponification of 18, followed by neutralisation
using Amberlite IRC–76 furnished (2)-mycestericin E (1). The
synthetic substance, mp 183–184 °C, [a]D

27 28.3° (c 0.05,
MeOH), exhibited spectral properties (1H and 13C NMR, IR,
MS) in accord with those reported for natural mycestericin E,2
mp 184–186 °C, [a]D 28.6° (c 0.06, MeOH).

In conclusion, we have achieved an asymmetric synthesis of
(2)-mycestericin E from the achiral aldehyde 6 in twelve steps
in 4.7% overall yield. The present work illustrates a new
methodology of general value for the synthesis of various
immunosuppressive compounds related to 1.

This study received financial support from Uehara Memorial
Foundation and Japan Society for the Promotion of Science
(Grant-in-Aid for Encouragement of Young Scientists).
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Periodic mesoporous organosilicas (PMOs) with unusually
large pores and high BET surface areas have been synthe-
sized using triblock PEO–PPO–PEO copolymer P123 as the
structure-directing agent and 1,2-bis(trimethoxysilyl)ethane
(BTME) as the organically bridged silica source.

In 1999, a new way was found to incorporate organic moieties
into M41S silica materials.1–6 For the first time bridged
silsesquioxane7 precursors, e.g. 1,2-bis(trimethoxysilyl)ethane,
were used as a silica source in the synthesis of highly ordered
hybrid mesoporous materials in order to integrate bridging
organic groups directly into the framework of the pore walls
instead of grafting these organic species onto the pore wall
surface. The obvious advantages of these periodic mesoporous
organosilicas (PMOs)8 over porous sol–gel derived or grafted
hybrid materials are that they are highly ordered structures with
very uniform pores, have homogeneous distributions of func-
tional groups throughout the whole framework, have high
loadings and the absence of any strong pore blocking effects
that could be generated by the organic moieties.

Despite the fact that many applications require materials with
larger mesopores this approach has so far almost exclusively
been restricted to the synthesis of PMOs with rather small pore
sizes (diameter < 4 nm).9–10 A very limited amount of work on
large pores has been published to date.11 We have now extended
this method to the application of nonionic poly(alkylene oxide)
triblock copolymer surfactants which have already been widely
used in the synthesis of large pore M41S pure silica materi-
als.12–14 By employing the commercially available triblock
copolymer P123 (HO(CH2CH2O)20(CH2(CH3)CH2O)70(CH2-
CH2O)20H) as the surfactant together with BTME (1,2-bis-
(trimethoxylsilyl)ethane, (CH3O)3Si–CH2–CH2–Si(OCH3)3) as
the organically bridged silica source we have obtained materials
with pores as large as 6.5 nm.

In a typical synthesis 574.8 mg (0.0991 mmol) of P123 were
dissolved in 17.31 g (0.961 mol) of water and 3.45 ml (34.5
mmol) of conc. HCl. This solution was stirred at 308 K for 20
min before 800 mg (2.95 mmol) of BTME were added. The
overall composition resulted in molar ratios of
0.5+0.0168+5.85+163 for BTME+P123+HCl+H2O. Precipita-
tion of a white solid occurred almost immediately. In order to
complete hydrolysis of the methoxy groups and to evaporate the
methanol evolved the stirring mixture was kept at 308 K for 1
day. To achieve a high degree of condensation the mixture was
then transferred into a Teflon-lined autoclave and heated to 358
K for an additional 24 h. After thorough washing with water the
precipitate was dried overnight in air to yield a fine white
powder. Removal of polymers was accomplished either by
extraction in ethanol at room temperature for 10 h or at more
elevated temperatures by using a Soxhlet apparatus for 17 h,
each with subsequent filtration of the product and drying in
air.

The powder X-ray diffraction pattern of the as-synthesized
product shows one strong reflection at 2q = 0.81° correspond-
ing to a d-value of 10.8 nm (Fig. 1) which is similar to those of
pure silica materials synthesized with the same structure-
directing agent.12–14 Both extracted samples reveal almost the
same figures and therefore highlight a significant solvothermal
stability since the structural order of the product remains
unchanged. Even during calcination of the as-synthesized
product in a thermogravimetric experiment up to 1073 K under
flowing air the mesostructure remains intact to a very high
extent whereas a natural shrinkage of the structure of approx-
imately 2.4 nm occurs corresponding to the total loss of the
bridging organic moieties from inside the pore walls.

FTIR spectroscopy corroborates the latter result (Fig. 2).
While the as-synthesized and the extracted samples clearly
show absorption bands assigned to Si–C stretching vibrations
(*) at 695 and 768 cm21, and to C–H deformation vibrations (+)
at 1272 and 1412 cm21, these cannot be observed in the spectra
of the calcined sample. Furthermore, absorption bands which
could be assigned to the triblock copolymer (#) at 1345, 1376,
1459, 2907 and 2976 cm21 can only be seen in the spectra of the
as-synthesized sample indicating that the surfactant is almost
completely removed by extraction. In order to elucidate the
exact amount of surfactant remaining in the mesostructure,
much more sensitive thermoanalytical coupled TG/DTA/MS
measurements were carried out.15 During a continuous heating
process, 5 K min21, all samples showed an endothermic drying
step (323–448 K) which was followed by the oxidation of the
block copolymer and the bridging organic groups (448–
1073 K).

We detected a substantial mass loss of 39.2% in the course of
the latter process for the as-synthesized sample whereas mass
losses of only 11.8 and 8% were observed for the room
temperature and the Soxhlet extracted samples, respectively,
Soxhlet extraction being thus the superior method of extraction.

† Electronic supplementary information (ESI) available: TG/DTA/MS data.
See http://www.rsc.org/suppdata/cc/b1/b106636f/

Fig. 1 Powder X-ray diffraction patterns‡ of products synthesized with
1,2-bis(trimethoxysilyl)ethane and triblock copolymer P123: as-synthe-
sized, extracted RT/EtOH/10h, extracted Soxhlet/EtOH/17h, calcined (TG/
DTA/MS, 1073 K).

This journal is © The Royal Society of Chemistry 2001

2032 Chem. Commun., 2001, 2032–2033 DOI: 10.1039/b106636f



Unfortunately, prolonged extraction experiments always led to
a strong reduction in structural order.

N2-physisorption measurements at 77 K of the extracted
samples show typical type IV isotherms of mesoporous
materials with large pores where the capillary condensation step
is shifted to high relative pressures > 0.6 p/p0 (Fig. 3).

Also typical for these large pore solids is the observed large
type I hysteresis. Since the course of the adsorption and
desorption branches are not exactly parallel, flask-like pores or
interparticle porosity must be considered to be existent in both

samples. Again, Soxhlet extraction turns out to be the superior
method of surfactant removal because the calculated BET
surface area is ca. 150 m2 g21 higher for the Soxhlet extracted
material (913 m2 g21) than for the room temperature extracted
sample (760 m2 g21). Pore diameter distributions have been
calculated from the adsorption branch using the Barrett–
Joyner–Halenda method revealing average pore diameters of
6.5 nm for both extracted samples. A cell constant of 12.4 nm
for the Soxhlet extracted sample, which could be derived from
the first Bragg reflection of the powder diffraction pattern
assuming a two-dimensional hexagonal pore structure, leads to
a wall thickness of at least 5.9 nm. This high value is consistent
in view of the applied nonionic structuring process which
usually favours thick walls.

In conclusion, we have prepared the first PMO materials with
pore diameters as large as 6.5 nm and BET surface areas greater
than 900 m2 g21 using the nonionic poly(alkylene oxide)
triblock copolymer surfactant P123 and 1,2-bis(trimethoxy-
silyl)ethane. In addition, we have shown that the structure-
directing surfactant can be successfully removed to a very high
extent by Soxhlet extraction using ethanol as solvent without
loss of the mesostructure or the bridging ethane groups. In order
to elucidate further the type of mesostructure, additional TEM,
13C and 29Si MAS-NMR investigations are currently in
progress.

This work was supported by the Deutsche Forschungsge-
meinschaft (DFG) and the Fonds der Chemischen Industrie
(FCI). O. M. is grateful for receiving a postdoctoral scholarship
from DFG within the European Graduate School ‘Functional
Materials’. Furthermore, the authors thank BASF for providing
the block copolymer surfactants.
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Fig. 2 FTIR spectra§ of products synthesized with 1,2-bis(trimethoxysilyl)-
ethane and triblock copolymer P123: (a) as-synthesized, (b) extr. RT/EtOH/
10h, (c) extr. Soxhlet/EtOH/17h, (d) calcined (TG/DTA/MS, 1073 K); (#)
modes assigned to C–H stretching and deformation vibrations of P123, (+)
modes assigned to C–H deformation vibrations of the framework organic
groups, (*) modes assigned to Si–C stretching vibrations.

Fig. 3 N2-physisorption isotherms¶ and BET surface areas of extracted and
calcined products synthesized with 1,2-bis(trimethoxysilyl)ethane and
triblock copolymer P123: (:,Ω) RT/EtOH/10 h, (5,2) Soxhlet/EtOH/17 h,
(-,8) calcined (TG/DTA/MS, 1073 K); the inset shows pore size
distributions (BJH) calculated from the adsorption branch.
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The nanoscale engineering of functional chemical assemblies
has attracted recent research effort to provide dense informa-
tion storage, miniaturized sensors, efficient energy conversion,
light-harvesting, and mechanical motion. Functional nano-
particles exhibiting unique photonic, electronic and catalytic
properties provide invaluable building blocks for such nano-
engineered architectures. Metal nanoparticle arrays crosslinked
by molecular receptor units on electrodes act as selective sensing
interfaces with controlled porosity and tunable sensitivity.
Photosensitizer/electron-acceptor bridged arrays of Au-nano-
particles on conductive supports act as photoelectrochemically
active electrodes. Semiconductor nanoparticle composites on
surfaces act as efficient light collecting systems, and nano-
engineered semiconductor ‘core–shell’ nanocrystal assemblies
reveal enhanced photoelectrochemical performance due to
effective charge separation. Layered metal and semiconductor
nanoparticle arrays crosslinked by nucleic acids find applica-
tions in the optical, electronic and photoelectrochemical detec-
tion of DNA. Metal and semiconductor nanoparticles assembled
on DNA templates may be used to generate complex electronic
circuitry. Nanoparticles incorporated in hydrogel matrices yield
new composite materials with novel magnetic, optical and
electronic properties.

Introduction
Increasing interest is directed to miniaturization and the
nanoscale engineering of functional chemical assemblies.1 The
development of nanoscale devices will provide dense informa-
tion storage, ultra-small sensing units, and data processing
elements of reduced dimensions. Another important aspect of
miniaturization to the nanoscale is the breakdown of macro-
scopic properties and the emergence of quantum-level phenom-
ena.2 Metal and semiconductor nanoparticles exhibit unique
properties and provide important building blocks for the
construction of functional structures.3 Nanoparticles can be
synthesized from a variety of materials with controllable sizes,
shapes and morphologies.4 The electronic properties of nano-
particles, which may be tuned by the particle dimensions, give
rise to unique absorbance and emission features.5 The confined
electrons in nanoparticles smaller than the wavelength of light
give rise to plasmon excitons.6 Nanoparticles also offer
catalytic properties that differ from the bulk material properties,
due to their high surface-area, high edge concentration and
unusual electronic properties.7 This has led to the application of
modified nanoparticles in enantioselective catalysis8 and elec-
trocatalysis on surfaces.9

The surface modification of nanoparticles by functional
monolayers or polymer ‘shells’, provides a means to generate
composite materials with tunable surface properties (e.g.
wettability, hydrophobicity, polymerizable units, photosensi-
tive sites or molecular recognition properties).10 In addition, the
surface functionalization of nanoparticles allows their covalent

attachment, self-assembly and organization on surfaces.11 The
engineering of nanoparticle surfaces has led to the construction
of nanoparticle dimers and trimers,12,13 controlled aggre-
gates,14,15 wires16 ordered monolayers17 and multilayers.18 The
integration of functional nanoparticles with surfaces has
enabled the organization of nanoscale devices19 including
single-electron devices.20 In this account we focus on the use of
modified nanoparticles as structural or functional units in the
assembly of composite structures on surfaces. We address the
use of the nanoengineered architectures as high surface-area
conductive matrices, as optical indicators, and as semiconductor
composites for photoelectrochemical functions. We discuss the
use of surface-confined architectures for sensoric and photo-
electrochemical applications and focus on the tailoring of
composite materials with novel electronic properties. We also
introduce the conjugation of nucleic acids with nanoparticles for
the development of DNA sensors and complex electronic
circuits.

Nanoparticle multilayers in sensing applications
The use of metal nanoparticles as conductive elements in
electrochemical sensing interfaces has been approached in
several different ways. One direction involves the use of gold
nanoparticles to contact biocatalysts either by the fabrication of
nanoparticle–enzyme conjugates21 or by the sequential im-
mobilization of the nanoparticles and the biomaterial.22 The
small size of the nanoparticles not only gives a conductive
matrix, but also enables them to approach the redox sites of
some enzymes closely enough to provide electrical communica-
tion between the enzyme redox-center and the electrode,
without the need for a diffusional electron mediator. The
conductivity of metal nanoparticles also allows their use as gas
sensors. Thin films of gold nanoparticles held apart by long
chain thiols demonstrate a conductivity that is strongly
dependant on gas vapors.23 The vapors are absorbed by the
nanoparticle–thiol matrix, modulating the conductivity of the
film (as is also the case in carbon black–polymer compos-
ites24).

A series of sensors has been developed using Au-nanoparticle
multilayers crosslinked by molecular host components. Scheme
1 outlines the general method for the construction of the
multilayer Au-nanoparticle structures. First, a conductive glass
support is functionalized with a thin film of 3-(aminopropyl)si-
loxane to yield a positively charged interface. The electrostatic
binding of the negatively charged citrate-stabilized Au-nano-
particles (12 ± 1 nm diameter) yields the first layer of Au-
nanoparticles.25 Treatment of the negatively charged interface
with the tetracationic cyclophanes cyclobis(paraquat-p-phenyl-
ene) 126 or cyclobis(paraquat-p-biphenylene) 2,27 the bipyr-
idinium salts 3 or 4, or the octacationic Pd(II)-macrocycle 5,28

results in the electrostatic association of the molecular host

This journal is © The Royal Society of Chemistry 2001
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components. Further interaction of the assembly with the
citrate-capped Au-nanoparticles yields the second layer of
nanoparticles, and by the alternating treatment of the system
with the oligocationic molecular crosslinker and the nano-
particles, an architecture of the desired thickness may be
constructed. The crosslinking units need not necessarily be
molecules. Analogous results have been obtained using charged
polymers,29 other nanoparticles30 and even biomaterials.31

Similarly, covalently linked multilayers can be constructed
using gold-binding bisthiol molecules as crosslinkers.32

Fig. 1 shows the characterization of 1–5 layers of gold
nanoparticles crosslinked by the tetracationic cyclophane
cyclobis(paraquat-p-phenylene) 1. The absorbance spectra [Fig.
1(A)] show the characteristic plasmon absorbance of the gold
nanoparticles at ca. 520 nm,33 and as more layers are added, an
additional absorbance appears at longer wavelengths as a

Scheme 1 Method for the construction of oligocation-crosslinked Au-nanoparticle multilayers by electrostatic interactions. The first nanoparticle layer is
formed by the interaction of a nanoparticle solution with an amine-functionalized surface.

2036 Chem. Commun., 2001, 2035–2045



consequence of interparticle plasmon coupling.34 Electro-
chemical analysis of the gold surface [Fig. 1(B)] and the
cyclophane crosslinking units [Fig. 1(C)] demonstrate the
almost linear buildup of the structure on the conductive support.
The fact that the nanoparticles and crosslinker continue to be
electrochemically active throughout the crosslinked structure,
demonstrates that the array is both porous and conductive.
Coulometric assay of the electrical responses of the Au-
nanoparticles and the bipyridinium units, indicates that the
average surface coverage of the Au-nanoparticles per layer is
ca. 1 3 1013 particles cm22 and that ca. 100 units of 1 are
associated with each Au-nanoparticle in the 3D structure.

The crosslinker 1 acts as a p-acceptor and is capable of
forming p donor–acceptor complexes.35 Thus, the association
of electroactive p-donor substrates to the p-acceptor receptor
sites, together with the 3D conductivity of the nanoparticle
architecture, enables electrochemical sensing of the substrates.
The cavity of 1 is suited to bind p-hydroquinone 6 and other
hydroquinone derivatives such as dihydroxyphenylacetic acid
7, dopamine 8 and adrenaline 9. All of these substrates can be
electrochemically sensed by the 1-crosslinked Au-nanoparticle
architectures assembled on the conductive glass supports.36 The
sensitivity of the functionalized electrodes is controlled by the
number of nanoparticle layers in the structures.

Fig. 2(A) shows the electrochemical analysis of p-hydro-
quinone 6 by a 5-layer 1-crosslinked Au-nanoparticle-function-
alized electrode. The sensitivity limit for the sensing of 6 was
estimated to be 1 mM. The substrate could not be electro-
chemically detected in this concentration range by a 5-layer Au-
nanoparticle architecture crosslinked by the dicationic N,NA-
dimethyl-4,4A-bipyridinium unit 3. These results clearly indicate
that the electrochemical sensing of 6 does not originate from the

increase in the surface roughness of the electrode, but rather
from the concentration of 6 in the receptor sites by supramo-
lecular interactions. Fig. 2(B) exemplifies the electrochemical
detection of adrenaline 9 by the 1-crosslinked Au-nanoparticle
array. The electrochemical oxidation of 9 associated with the
receptor-sites reveals a broad irreversible wave that leads to a
cyclic product that exhibits a reversible-redox response (wave
x). The latter wave may act as an indicator for the concentration
of adrenaline in the system [Fig. 2(B) inset].

The specificity of sensing by the Au-nanoparticle array is
controlled by changing the structure of the crosslinking receptor
units.37 A three-dimensional array of Au-nanoparticles was
constructed using the enlarged cyclophane, cyclobis(paraquat-
p-biphenylene) 2, Scheme 1. This larger receptor accom-
modates bishydroxymethylferrocene 10 as a guest. Fig. 3(A)
shows the analysis of 10 (1 3 1026 M) by the 2-crosslinked Au-
nanoparticle electrodes with different numbers of crosslinked
Au-nanoparticle layers. As the number of layers increases, the
electrical response of 10 is enhanced, demonstrating tunable
sensitivity of the nanostructured layered electrode. Fig. 3(B)
shows the amperometric responses of the Au-nanoparticle array
upon the sensing of different concentrations of 10. The resulting
receptor-crosslinked arrays also reveal selectivity. While 10 is
electrochemically sensed by a 2-crosslinked Au-nanoparticle
structure, the receptor 2 is too large to accommodate p-
hydroquinone 6 in its cavity. Similarly, the 1-crosslinked Au-
nanoparticle assembly is unable to accommodate 10, but does
associate with p-hydroquinone, which is electrochemically
sensed [Fig. 3(C)]. Selectivity is also observed upon the sensing
of p-hydroquinone 6 by the Pd(II)-square, 5-crosslinked Au-
nanoparticle structure that is unable to detect the isomer o-
hydroquinone. The selective sensing of 6 by the oligocationic

Fig. 1 (A) Absorbance spectra of a glass slide after (a–e) the deposition of 1–5 1-crosslinked Au-nanoparticle treatments. (B) Cyclic voltammograms of the
Au-surface of 1-crosslinked assemblies containing (a–e) 1–5 layers of Au-nanoparticles. (C) Cyclic voltammograms of 1 in (a–e) 1–5 layer arrays of
1-crosslinked Au-nanoparticles.

Fig. 2 (A) Cyclic voltammograms for the sensing of hydroquinone 6 (1–30 mM) by a 5-layer 1-crosslinked Au-nanoparticle array. Inset: calibration curve
for the sensing of 6. (B) The sensing of adrenaline 9 (1–40 mM) by the array. [Wave (x) corresponds to the redox response of an electrocyclized product
originating from the oxidized 9] Inset: calibration curve for the sensing of 9.
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macrocycle was attributed to the diagonal association of 6 to the
Pd(II)-receptor, that is not possible for the ortho isomer.38

Receptor-modified Au-nanoparticles were also assembled on
the gate interface of an ion-sensitive field-effect-transistor
(ISFET).39 A 1-functionalized Au-nanoparticle ISFET device
was found to effectively detect adrenaline, serotonin and
dopamine. Since the ISFET gate-potential is controlled by the
charge associated with the interface, the detection of receptor-
bound substrates is not limited to electroactive species.

Nanoparticle multilayers in photoelectrochemical
applications
The high surface-area, porous and conductive properties of Au-
nanoparticle arrays can be exploited for the construction of
photoelectrochemically active superstructures. Fig. 4(A) and
(B) show absorbance spectra and cyclic voltammograms of a

gold nanoparticle multilayer architecture ‘crosslinked’ by the
hexacationic catenane 11.40 This catenane consists of non-

covalently bound ruthenium tris(bipyridine) (photosensitizer)
and bipyridinium (electron acceptor) groups.41 The absorbance
spectra show similar features to those of other molecule-
crosslinked gold nanoparticle arrays, as well as an additional
absorbance at 425 nm that is attributed to the ruthenium
tris(bipyridinium) chromophore. Coulometric assay of the
cyclic voltammograms corresponding to the bipyridinium
crosslinking units reveals an almost linear increase in the
surface coverage of the crosslinking units upon the build-up of
the layers. The derived surface coverage of 11 per layer is 3.6 3
10212 mol cm22 and it has been estimated that on average ca. 45
units of the photosensitizer/acceptor crosslinker are associated
with each Au-nanoparticle. Irradiation of the 11-crosslinked
Au-nanoparticle multilayer array results in the photocurrent
action spectra shown in Fig. 5(A), which follows the absorbance
features of the Ru(II)–tris(bipyridinium) chromophore. The
photocurrent increases upon the build-up of the array and is
reversibly cycled between ‘ON’ and ‘OFF’ states upon
switching the light on and off, respectively. Fig. 5(B) shows the
dependence of the photocurrent intensity on an applied
potential. The photocurrent decreases as the potential is
negatively shifted and it is blocked at a potential where the
bipyridinium units are reduced to the radical cation. This
observation led to the conclusion that the photocurrent origi-
nates from the primary electron transfer quenching of the
excited Ru(II)–tris(bipyridine) chromophore by the bipyr-
idinium electron acceptor. The reduced acceptor acts as an
electron mediator for charge injection into the electrode, Fig.
5(C). Upon the electrochemical reduction of the bipyridinium
units, intramolecular electron transfer quenching is inhibited
and photocurrent generation is blocked. The nanoengineered
electrode operated at a quantum efficiency of 1 3 1024 in the
generation of the photocurrent. A related nanoparticle engi-
neered electrode for photocurrent generation using Zn(II)-
protoporphyrin IX–bis(bipyridinium) photosensitizer–electron
acceptor (12) as a crosslinker has also been developed.42

Photoelectrochemical electrodes based on semiconductor
nanoparticles offer many advantages in the organization of

Fig. 3 (A) Cyclic voltammograms for the sensing of 10 (1 mM) with (a–f) 0–5 layers of 2-crosslinked Au-nanoparticles. (B) The sensing of 10 (a–f = 0.1,
0.2, 0.4, 0.8, 1.5 and 3.0 mM, respectively) by a 5-layer 2-crosslinked Au-nanoparticle array. (C) Cyclic voltammograms of 5-layer electrodes constructed
using cyclophanes 1 (curve a) and 2 (curve b) as crosslinkers in the presence of 10 (1 mM).

Fig. 4 (A) Absorbance spectra of (a–d) 1–4 layer Au-nanoparticle
superstructures crosslinked by the catenane 11. (B) Cyclic voltammograms
of (a) a single nanoparticle layer, and (b–e) 1, 3, 4 and 5-layer
11-crosslinked Au-nanoparticle arrays.

Fig. 5 (A) Photocurrent action spectra (a–d) obtained from 0-, 1-, 3- and 4-layer 11-crosslinked Au-nanoparticle arrays. (B) Dependance of the photocurrent
on the electrode potential. (C) Mechanism for the generation of a photocurrent from a photosensitizer(s)–bipyridinium dyad-crosslinked Au-nanoparticle
superstructure.
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energy conversion and storage cells. The ability to process,
engineer and chemically functionalize semiconductor nano-
particles, enables the control of the properties and functions of
the resulting photoelectrochemical cells. The use of nano-
particle-functionalized electrodes for photoelectrochemical ap-
plications has been reviewed in depth,43 and the development
and commercialization of solar cells based on photosensitizer/
TiO2 nanoparticle structures44 represent recent advances in the
field. Also, a large number of diverse nanoparticle-based
electroluminescent devices have been investigated.45 The
tuning of the band-gap energies and redox properties of the
energy levels by controlling the nanoparticle dimensions allows
the tailoring of multicomponent systems that reveal new
functionalities as a result of interparticle electronic coupling,
and interparticle electron or energy transfer.46 One example of
such a system would be a nanoparticle-based ‘luminescent
collector’.47 This is a device consisting of a thin sheet of
material doped with dyes that absorb ambient light and re-emit
it within the material where it is trapped by internal reflection.
In order to collect a high proportion of the incident radiation,
several chromophores with complementary absorption bands
are required. Previous designs have led to problems of finding
sets of organic dyes with this complementarity as well as the
necessary processing and stability properties,48 but nano-
particles may offer a feasible alternative.

Interparticle energy transfer between nanoparticles of the
same substance but of different sizes exemplifies how multi-
particle systems might find applications. It has been shown that
both for indium phosphide49 and cadmium selenide50 nano-
particles, energy transfer from smaller to larger particles takes
place within composite films. Fig. 6 shows absorbance and
emission spectra of a 4+1 mixture of 2.8 and 3.7 nm-diameter
CdSe nanoparticles that were prepared in highly monodisperse
samples by selective precipitation. In a dilute solution (curve a),
the emissions of both nanoparticles are seen, but in a close-
packed film (curve b), energy transfer takes place and emission
only from the larger particles is observed.

Extensive recent research effort has been directed towards the
assembly of composite nanocrystalline semiconductor films to
enhance the activity of photoelectrochemical cells. The cou-
pling of a large bandgap semiconductor with a smaller bandgap
semiconductor not only extends the photoresponse of the
system to longer wavelengths but also facilitates charge
separation. The photogenerated electrons and holes are trapped

into different particles, and the interparticle interface acts as a
barrier for the recombination of the intermediate redox species.
Fig. 7(A) shows the energetics of a SnO2/CdSe nanocrystalline
film assembled on an OTE electrode.51 This photoelec-
trochemical electrode was found to operate at an efficiency of
2.25% (Isc ≈ 30 mA cm22; Voc = 0.5–0.6 V; ff = 0.47), higher
than for nanocrystalline CdS alone. The enhanced photo-
electrochemical activity of the composite film is attributed to
the charge rectification resulting from interparticle electron
transfer. The role of coupled systems in enhancing charge
separation has been demonstrated in other systems such as ZnO/
CdS52 and TiO2/CdS.53 Photosensitization of nanocrystalline
composites results in charge rectification and facilitates the
collection of the injected electrons by the electrode. Fig. 7(B)
shows a ‘core–shell’ nanocomposite of TiO2 coated with
Nb2O5. Photoejection of electrons from an excited dye [cis-
di(isothiocyanato)-N-bis(4,4A-dicarboxy-2,2-bipyridine)ruthe-
nium(II)] to the Nb2O5 conduction-band followed by electron
transfer to the TiO2 conduction band results in the rectification
effect. The recombination of the ‘core’ conduction-band
electrons with the oxidized dye are retarded by means of the
Nb2O5 ‘shell’.54 This charge separation improves the photo-

Fig. 7 (A) Suppression of charge recombination in a coupled SnO2/CdSe system. (B) Charge separation upon photosensitization of a TiO2/Nb2O5 core–shell
semiconductor nanocomposite electrode.

Fig. 6 Absorbance (----) and emission spectra of a 4+1 mixture of 2.8 nm
and 3.7 nm InP ‘quantum dots’ (a) in solution, and (b) in a close-packed
film.
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electrochemical performance of the cell as compared to the
TiO2/dye system (maximum power of the TiO2/Nb2O5/dye cell
is 4.70 mW cm22 as compared to 3.45 mW cm22 for the TiO2/
dye cell). Similar results have been observed for other
photosensitized nanocrystalline systems.55

DNA-linked nanoparticle superstructures
The study of DNA–nanoparticle conjugates has received special
attention in the past few years. DNA is of particular interest
since it may be made into complex, highly designed struc-
tures.56 The use of DNA–nucleic acid-complementary binding,
along with enzymes that act specifically on DNA (e.g.
polymerase, ligase, endonuclease for polymerization, lengthen-
ing and scission, respectively) make it a useful structural tool.
The dimensions and properties of DNA are well known and may
be exploited, for instance for the fabrication of conductive
wires.57 In solution, interactions between DNA-functionalized-
nanoparticles and DNA-crosslinked nucleic-acid-functional-

ized nanoparticles have been used for the detection of DNA,58

and more recently they have allowed the construction of
nanoparticle architectures on surfaces.59 Scheme 2 shows a
general method to fabricate a crosslinked multilayer of
nanoparticle–DNA composites. First, an appropriate surface
(gold or functionalized glass) is reacted with a thiolated
oligonucleotide (13). This immobilized DNA can hybridize
with part of an analyte nucleic acid (14) that is complementary
with it. The remaining part of the analyte oligonucleotide can
then be used to immobilize a nanoparticle that bears an
oligonucleotide complementary to it (15). The growth may be
continued either by reacting with the analyte then a nanoparticle
functionalized by 13 [Scheme 2(A)], or by reacting with both at
the same time [Scheme 2(B)]. This second layer contains many
more nanoparticles since the first immobilized nanoparticles
constitute ‘branching points’. This ‘amplification’ allows the
microgravimetric sensing of the analyte–DNA at concentrations
of 1 3 10210 M using a quartz-crystal-microbalance as
transducer.59a If the analyte DNA has a sequence that is not
properly complementary to both the surface and the nano-

Scheme 2 Method for the construction of DNA-crosslinked metal or semiconductor nanoparticle arrays for the sensing of a DNA analyte, on gold or glass
substrates. (A) Continued stepwise growth. (B) Growth with pre-hybridized nanoparticles and analyte.
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particle, then the structure is not built up, and no response is
measured. Fig. 8 shows results from a similar experiment,
where several nanoparticle layers were constructed, and the
concentration of the nucleic-acid functionalized nanoparticles
and analyte DNA are sufficiently high to generate saturated Au-
nanoparticle layers.59b Fig. 8(A) shows the absorbance spectra
recorded for 1–5 nanoparticle layers. It is seen that non-linear
growth only occurs for the first two layers, after which the
surface is saturated with nanoparticles and a full layer is added
at each step. It is also noteworthy that no additional absorbance
above 600 nm appears, which indicates that the nanoparticles
are not close enough to develop interparticle coupled plasmons.
Finally, as the film becomes thicker, the melt transition for the
DNA complex becomes sharper [Fig. 8(B)]. This observation is
indicative of the cooperative effect of the nanoparticle network
holding the entire assembly together.

Another way to transduce the build-up of these nanoparticle–
DNA arrays is to employ functional nanoparticles. The use of
cadmium sulfide nanoparticles (CdS) (instead of gold) yields a
superstructure with novel fluorescence and photoelectrochem-
ical properties.60 Absorbance and fluorescence spectra of such
a system are shown in Fig. 9(A). Irradiation of the array in the
presence of a sacrificial electron donor results in a photocurrent
that can also be used as a sensing signal [Fig. 9(B)]. The
photocurrent is enhanced as the number of aggregated layers
increases. It is also clear that the photocurrent increases non-
linearly since the non-particle architecture exhibits a dendritic
structure upon aggregation of the layers. Only CdS particles that
are in intimate contact with the electrode support are active in
the generation of the photocurrent. This was proved by the
association of Ru(NH3)6

3+, acting as an electron acceptor, on
the DNA strands. The Ru(NH3)6

3+ units trap the conduction-

band electrons and mediate their transfer to the electrode, thus
enhancing the generated photocurrent.

Hydrogel-entrapped nanoparticle systems
Polymers are extensively used as matrices for processing
nanoparticles, and the advances in the assembly of polymer–
nanoparticle composites have recently been reviewed.61 As this
review emphasizes the properties and functions of organized
nanoparticle architectures, we will specifically discuss the
functional features of nanoparticle–hydrogel composites. Hy-
drogels are highly swollen crosslinked polymers that are
generally based on poly(acrylamide) and poly(acrylic acid).
Due to the delicate balance of hydrogen bonds that stabilizes the
gel's structure, the degree of swelling is highly dependent on
factors such as solvent, solutes, pH, temperature and electric
fields.62

‘Ferrogels’ are a class of materials that consist of magnetic
nanoparticles (or ‘ferrofluids’) immobilized in hydrogel matri-
ces. Poly(vinyl alcohol)63 and poly(acrylamide)64 hydrogels
containing 10–12 nm magnetite (Fe3O4)63 or maghemite (g-
Fe2O3)64 particles have been investigated. These magnetic
nanoparticles do not aggregate in solution as their mutual
attraction is compensated for by repulsion due to surface
charges and by loss of alignment of magnetic moments because
of Brownian motion. The ferrogels can thus be prepared by a
solution-state polymerization in the presence of the particles.
Upon exposure to non-uniform magnetic fields, ferrogels
deform almost instantaneously, and they return reversibly to
their original state when the field is removed. Fig. 10 shows a
typical experimental setup. The ferrogel is tethered to a stress-
sensitive device from above, and a solenoid is placed below it.

Fig. 8 (A) UV–VIS absorbance spectra of 1–5 Au-nanoparticle layers constructed on glass and linked by DNA (by method A, Scheme 2). Insert: growth of
absorbance at 540 nm (A540) with the number of layers (n). (B) Melt transitions of a DNA complex in solution, and the same complex as a nanoparticle linker
in architectures of 1, 4 and 10 layers; monitored by absorbance at 260 nm (in solution) or at 520 nm (on surfaces). Insets: first derivatives of the melt
curves.

Fig. 9 (A) Absorbance (—) and fluorescence (·····) spectra of (a–d) 1–4 layer ‘dendritic-type’ DNA/CdS superstructures. (B) Photocurrent spectra of 2-layer
(a and c) and 4-layer (b and d) DNA/CdS arrays in the absence (a and b) and presence (c and d) of Ru(NH3)6

3+.
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Upon applying a current to the solenoid, the downward force
and the elongation of the material can be measured. Fig. 10(B)
shows typical curves for the dependence of the elongation of ca.
120 mm long gels. Upon applying current to the solenoid, up to
a 10% deformation can be achieved. Other magnetic field
geometries produce different deformation effects.

Since the swelling and shrinking behavior of hydrogels is
extremely sensitive to many environmental factors, it may
conceivably be used as a sensing event if a suitable transduction
method can be found. Nanoparticles have been shown to
provide methodologies for transducing these changes. By one
method, crystalline colloid arrays (CCAs) of polystyrene
particles (ca. 100 nm diameter) inside hydrogel matrices were
constructed.65 The assembly acts as a diffraction grating with a
periodicity dependent on the interparticle spacing. It was found
that the swelling and shrinking of the gel, brought about by
exposure to different solutes or temperatures (depending on the
nature of the gel used), causes the entire assembly to deform,
thus increasing or decreasing the unit cell size of the crystallized
colloid array. This change is easily detected and quantified by
examination of the diffraction properties of the assembly. Fig.
11 shows absorbance spectra of a CCA immobilized in a crown
ether-containing hydrogel, (16). Exposure of the system to Pb2+

causes the swelling of the gel as the metal ions are bound to the
crown ether. The diffraction properties of the structure follow
Bragg’s law, and a 0.5% volume change causes a ca. 1 nm
movement of the diffraction wavelength.

Poly(acrylamide) hydrogels adopt swollen structures in
water, but undergo phase transitions to collapsed states upon
exposure to less polar solvents such as acetone. Taking
advantage of this phenomenon, hydrogels containing a con-
trollable concentration of gold nanoparticles have been synthe-
sized by the route described in Scheme 3.66 In this procedure,
the nanoparticle-free gel is first synthesized on a conductive
support by electropolymerization. The nanoparticles are then
introduced into the structure by a ‘breathing’ method. First, the
gel is shrunken by immersing it in acetone. This step removes
most of the solvent from the gel. The shrunken gel is then
immersed in an aqueous nanoparticle solution. The water causes
the gel to swell and take the solution into its structure. As it does
so, nanoparticles are introduced, where they become stuck by
entanglement and the hydrogen bonding network (the gold
nanoparticles bear a citrate surface, so have a high hydrogen
bonding potential). This ‘breathing’ mechanism may be re-
peated several times to gradually increase the nanoparticle
content of the gel, and as more nanoparticles are included, the
properties of the gel are modified. The electronic properties of
the hydrogel are altered upon the incorporation of the Au-
nanoparticles. Fig. 12(A) shows Faradaic impedance spectra (in
the form of Nyquist plots) of the hydrogel after three ‘breathing’
cycles. The diameters of the semicircular regions in the plots are
indicative of the interfacial electron transfer resistances be-
tween the electrode and a solution-solubilized redox probe.67 As
the amount of Au-nanoparticles increases in the hydrogel, the
interfacial electron transfer resistance decreases, implying
enhanced conductivity of the hydrogel matrix. The electronic
properties of the Au-nanoparticle–hydrogel composite are
strongly affected upon phase-transition of the polymer matrix.
Fig. 12(B) shows chronopotentiometric transients of the
polymer matrix in the swollen [curve (a)] and shrunken [curve
(b)] states. For comparison, the chronopotentiometric transients
of the Au–polymer composite in the swollen [curve (c)] and
shrunken [curve (d)] configurations are given. These chron-
opotentiometric transients indicate the overpotentials required

Fig. 10 (A) Experimental setup for the measurement of ferrogel elongation in a non-uniform magnetic field. (B) Elongation of a 120 mm gel as a function
of solenoid current for gels containing (a) 2.45 and (b) 4.9 wt% magnetite.

Fig. 11 Absorbance spectra of a polystyrene CCA embedded (7 wt%) in the
polymer 16 (ca. 1 crown ether unit per 20 monomer units) in the presence
of Pb2+ at concentrations of (a) 0, (b) 0.4 and (c) 4 ppm. Pb2+ can be sensed
with a sensitivity limit of ca. 20 ppb.

Scheme 3 Method for the assembly of Au-nanoparticle-containing electropolymerized hydrogels by the ‘breathing’ technique. First the hydrogel is
electropolymerized, then the nanoparticles are introduced by (i) shrinking the gel in acetone and (ii) re-swelling the gel in a nanoparticle-containing solution.
Steps (i) and (ii) may be repeated to increase the nanoparticle concentration in the gel.
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to retain a constant current in the cell in the presence of a redox
label [Fe(CN)6

32/42], and thus allows the extraction of the
values of electrode resistance in the different configurations.
The shrunken nanoparticle-free electrode reveals a substantially
higher resistance than the swollen configuration ( > 300 vs. 70
kW). On the other hand the shrunken nanoparticle-containing
electrode reveals a substantially lower resistance than its
swollen state (0.4 vs. 20 kW, respectively). The low resistance
of the shrunken Au-nanoparticle polymer composite is attrib-
uted to electrical contact in the nanoparticle network which
offers a route for electronic communication between the
electrode and the electrolyte solution.

Conclusions and perspectives
The article has addressed means to tailor functional metal and
semiconductor nanoparticle arrays for sensoric and electronic
uses. The unique conductivity, catalytic, photonic, optical,
electronic and photoelectronic properties of metallic and
semiconductor nanoparticle systems, originating from the
collective interactions in the crosslinked architectures, in-
troduce new perspectives in nanotechnology. The nano-
structuring of the assemblies provide high surface-area systems
of controllable electronic and optical properties. Crosslinking of
nanoparticles with molecular receptors yields conductive arrays
with specific recognition features and controllable porosity, and
the integration of nanoparticles with polymeric hydrogels paves
the way to design signal-triggered materials with novel
electronic properties. The conjugation of nanoparticles with
nucleic acids establishes a fascinating research area that enables
the amplified optical electronic and photoelectrochemical
detection of DNA as well as the nanoengineering of prede-
signed and programmed DNA/nanoparticle circuitry. The
application of these methodologies for gene analyses on DNA
arrays, and the organization of wired nanoparticle assemblies
that include resistance, capacitance and conductivity elements
seem to be reachable goals.

We have already discussed some basic nanoparticle-based
devices that have found commercial interest such as gas sensors,
electrochemical sensors, photovoltaic cells, and luminescence
collectors. More advanced applications that use layered nano-
particle composites may need more time to develop, yet they are
certainly emerging. For example, nanoparticles may have a
large impact in the area of reflective, bistable electronic
displays.68 These displays, known as ‘electronic paper’,
promise to resemble paper in their ease of viewing and
portability, without requiring a continuous input of energy to
maintain a picture. These technologies are based on variously
colored nanoparticles that are aligned inside microcapsules by
external electrical fields. Other promising applications of
nanoparticles may include displays and memory devices based

on electroluminescence matrices69 or integrated molecule/
nanoparticle systems as computing devices.

One important future challenge will involve the organization
of addressable nanoparticle architectures of variable composi-
tion and functions. Primary efforts in patterning of nanoparticle
structures on surfaces have been reported.70 The rapid advances
in developing scanning microscopy ‘writing’ techniques71

suggest that the use of ‘nanoparticle inks’ for nanometer-sized
writing is a feasible goal. The progress in the photonic
activation of nanometer-sized domains using near-field scan-
ning optical microscopy (NSOM), indicates that the photonic
addressability and imaging of nanostructures are viable con-
cepts.
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The presence of a phthalate in dry polymer membranes
consisting of polyvinylpyrrolidone (PVP) and AgBF4,
AgBF4–PVP, provides long-term stability and better per-
formance for the separation of propylene/propane gas
mixtures.

Olefin/paraffin separation by facilitated transport polymer
membranes consisting of silver salts and polymers has attracted
much interest because of its advantages of low energy
consumption, compact apparatus and simple operation.1,2

However, polymer membranes containing silver salts exhibit
some disadvantages that prevent the commercialization of this
separation process.3 One major drawback observed in the
membranes is the gradual decrease in membrane performance
with time, possibly due to the reduction of silver ions to silver
particles.

To our knowledge, however, no report has been published on
the long-term stability of polymer membranes containing silver
salts. It is well known that the ionic mobility and conductivity
of lithium ions in PEO-based lithium polymer electrolytes can
be significantly increased by the incorporation of a plasticizer
such as dibutyl or dioctyl phthalate.4 The dissociation of lithium
salts into ions seems to be more facilitated by the strong
interaction between the ester groups of phthalates and lithium
ions. Furthermore, each dissociated lithium ion can be further
stabilized by forming a chelating bond to two adjacent ester
groups. In this context, we have employed phthalates as
stabilizers for silver ions in dry polymer membranes containing
silver salts for olefin/paraffin separation.

We report here that plasticizers such as dialkyl and diaryl
phthalates are highly effective for stabilizing silver ions,
thereby improving the performance of a dry polymer membrane
consisting of AgBF4 and polyvinylpyrrolidone (PVP), AgBF4–
PVP. Of the several polymer membranes containing silver salts,
AgBF4–PVP membranes are chosen for our study because PVP
is often used for reducing silver salts to silver nanopar-
ticles.5,6

AgBF4–PVP membranes were prepared by dissolving AgBF4
in methanol solution containing 20 wt% of PVP or 20 wt% of
PVP and a phthalate. The molar ratio of AgBF4+PVP and the
weight ratio of phthalate+PVP were fixed at 1 and 0.02,
respectively. The resulting solution was coated onto a poly-
sulfone microporous membrane support (SEAHAN Industries
Inc., Seoul, Korea) using an RK Control Coater. The solvent
was evaporated in a light-protected convection oven at 25 °C
under a stream of nitrogen, and then the membrane was dried
completely in a vacuum oven for 24 h at room temperature. The
thickness of the top polymer electrolyte layer was ca. 1 mm.
Permeation tests were performed in a stainless steel separation
module as described elsewhere.7 The flow rates of the mixed
gas and sweep gas (helium) were controlled using mass flow
controllers and the gas flow rates represented by permeance
were determined using a soap-bubble flowmeter. The mixed gas
(50+50 vol% of a propylene/propane mixture) separation

properties of the membranes were evaluated using gas chroma-
tography (Gow-Mac) equipped with a TCD and a unibead 2S
60/80 packed column. The separation of propylene/propane
mixtures was conducted to evaluate the effect of plasticizers on
the performance of the AgBF4–PVP membranes. As shown in
Figs. 1 and 2, the selectivity of propylene over propane and
permeance for the AgBF4–PVP membrane without a phthalate
decreases with time.

On the other hand, the incorporation of a plasticizer, such as
dibutyl phthalate (DBP), dioctyl phthalate (DOP) and diphenyl
phthalate (DPP), significantly improves the performance of the
AgBF4–PVP membranes. The selectivity and permeance for the
membranes containing phthalates remain nearly constant
throughout the experiments for up to 100 h. Furthermore, the

Fig. 1 Selectivity of propylene/propane with time for AgBF4–PVP
membranes with or without a plasticizer.

Fig. 2 Mixed gas permeance with time for AgBF4–PVP membranes with or
without a plasticizer.
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selectivity and permeance measured at 100 h are much higher
for the membranes containing phthalates in comparison with
those of the membranes without phthalates. From these results,
it is likely that phthalates in AgBF4–PVP membranes are
playing an important role in preventing the reduction of silver
ions as well as in increasing the mobility of the silver ions,
thereby facilitating the propylene transport.

The effect of plasticizers on the reduction of silver ions in the
AgBF4–PVP membrane was investigated using TEM analysis.
The TEM micrograph of the AgBF4–PVP membrane without a
phthalate taken just after preparation shows the presence of a
small number of particles of approximately 5 nm in size (Fig.
3a). The TEM micrograph of the same membrane after one
week shows an increase in the number of particles and in
particle size (Fig. 3b). However, as shown in Fig. 3c, the TEM
micrograph of a membrane containing 2 wt% dioctyl phthalate
taken after one week of preparation shows a much smaller
number of silver nanoparticles, indicating that dioctyl phthalate
is playing an important role in preventing the reduction of silver
ions in the AgBF4–PVP membranes. This stabilization of silver
ions in the AgBF4–PVP membrane can be explained by the
strong interaction of silver ions with the two carbonyl groups of
the phthalate, as shown in Scheme 1. FTIR study shows that the
carbonyl stretching frequency of the free DOP at 1729 cm21

shifts to a much lower frequency, by about 46 cm21, upon

interaction with AgBF4, indicating the strong interaction
between the carbonyl groups of DOP and silver ions.1

To compare the effects of phthalates and non-phthalate
plasticizers, we have carried out a separation experiment using
2 wt% glycerol which is a weakly coordinating plasticizer to
silver ions. Completely non-coordinating plasticizers like
chlorinated paraffins were not tested due to their extremely low
solubility in lower alcohols and water. As shown in Figs. 1 and
2, the membrane containing 2 wt% glycerol showed a
selectivity of 103 for propylene over propane with a permeance
of 4.8 3 1026 cm3(STP) cm22 s21 cmHg21 initially. However,
the selectivity and permeance rapidly decrease as in the case
without a plasticizer. Furthermore, the color of the membrane
containing glycerol becomes dark brown within a day, indicat-
ing the rapid formation of silver particles. On the other hand, no
color change was observed after one week for the membrane
containing phthalate. These results suggest that enhanced
performance of the membranes can be achieved only in the
presence of a plasticizer which can strongly interact with silver
ions.

In summary, the AgBF4–PVP membranes show high initial
selectivity for propylene/propane separation, but the selectivity
was found to continuously decrease with time, most possibly
due to the reduction of silver ions to silver nanoparticles. The
TEM results support this argument. The addition of small
amounts of plasticizer such as dibutyl phthalate, dioctyl
phthalate or diphenyl phthalate significantly increase the
membrane stability with an unexpected increase in the selectiv-
ity and permeance. TEM analysis shows that the formation of
silver nanoparticles can be significantly retarded by the
presence of small amounts of plasticizer in the membrane.

The authors acknowledge the financial support from the
Ministry of Science and Technology of Korea through the
Creative Research Initiatives program.
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Steaming-dealuminated HZSM-5-supported molybdenum
catalysts have been found to be high coking-resistance
catalysts for methane aromatization reactions; compared
with conventional catalysts, they give a much higher
selectivity towards aromatics.

The scission of a C–H bond is the first step for a hydrocarbon
transformation reaction. The main reason for the relatively low
conversion obtained upon oxidation, functionalization and
dehydro-aromatization activation of these hydrocarbons is the
high activation energy for C–H bond scission, which requires
high reaction temperatures.1–3 At the high temperature used for
aromatization of alkanes on zeolite catalysts, how to suppress
coke formation during the reaction remains a big problem. This
is especially the case when methane is activated and trans-
formed to aromatics over bifunctional Mo/HZSM-5 catalysts
under non-oxidative conditions.4–12 At 973 K, ca. 20–40% of
the methane converted is deposited on the catalyst surface as
coke species,6,9,11 lowering the selectivity to desired products as
well as masking the active center for the catalytic reaction. The
latter process decreases catalytic activity vs. time on-stream and
eventually leads to the complete deactivation of the catalyst. On
considering this, great attention has been paid to the suppression
of coke formation in this reaction. Successful examples arise
from adding a small amount of CO, CO2 or O2 into the reactant,
which efficiently suppresses the carbonaceous deposits on the
catalyst surface.8,12 Consequently, it results in much lower coke
selectivity and thus a greater durability of Mo/HZSM-5
catalysts. However, using an oxidative co-feed material in-
creases the complicacy of the reaction requirements and at the
same time enhances the cost of the potential of putting this
reaction into industrial use. Here, we report an alternative but
easy handling method (without the addition of oxidative gases)
to suppress coke formation by pre-dealumination of the parent
HZSM-5 zeolite using a steaming-treatment. Significant im-
provement has been realized from this method, i.e. in a proper-
dealuminated ZSM-5-supported Mo catalyst the benzene yield
increases by 32% while the selectivity to coke formation drops
dramatically from ca. 20 to 8% when compared with the
conventional Mo/HZSM-5 catalyst.

HZSM-5 with Si/Al mole ratio of 25 [denoted as HZSM-5(P),
supplied by Nankai University] was used as the parent zeolite.
The dealumination of the parent zeolite was realized by a
steaming method, resulting in a series of dealuminated samples
[HZSM-5(STn), n = 1–3]. The steam treatment conditions
(temperature/K, partial pressure of steam/kPa, time/h) of
HZSM-5(ST1), HZSM-5(ST2) and HZSM-5(ST3) were (773,
38, 6), (823, 38, 6) and (823, 70, 6), respectively. With n varying
from 1 to 3, the severity of dealumination increases. After the
steam treatment, the samples were washed by 0.5 M HCl
solution at room temperature in order to remove the additional
extra-framework aluminium species which are expelled from
the zeolite lattice during steaming. The parent HZSM-5 was
treated with 0.5 M HCl prior to Mo loading and was denoted as
HZSM-5(HCl) for the blank experiment. No obvious deal-
umination of HZSM-5(HCl) was detected compared with

HZSM-5(P). Mo-containing catalysts (Mo wt% = 4%) were
prepared by incipient wetness impregnation of HZSM-5(P),
HZSM-5(HCl) and HZSM-5(STn) (n = 1, 2, 3) with an
aqueous solution of ammonium heptamolybdate
((NH4)6Mo7O24·H2O). Methane aromatization reactions were
carried out in a continuous flow reactor system equipped with a
quartz tube (10 mm id) packed with 1.5 ml of catalyst pellets of
40–60 mesh. A feed gas mixture of 97.5% CH4 with 2.5% Ar
was purified and then introduced into the reactor at a flow rate
of 1500 ml g21 h21 (GHSV = 600 h21). The reaction was
conducted at 973 and 1023 K under a total pressure of 1 atm.
The tail gas out of the reactor was detected on-line by a six-way
valve connected with two sets of gas chromatographs. The
conversion of methane and selectivity to products were
calculated by a method similar to that reported by Liu et al.8
Details can be found from our previous publication.11 TPO
(temperature programmed oxidation) experiments of coked
catalysts (after 8 h time on-stream, 1 atm, GHSV = 600 h2)
were performed with a 20% O2/He mixture (20 ml min21, after
dehydration) as the oxidant at a heating rate of 10 K min21. The
concentrations of CO2 in the discharged gas were monitored by
gas chromatography.

Fig. 1 shows the methane conversion, benzene yield and the
distribution of various products of Mo/HZSM-5 and Mo/
HZSM-5(STn) after 360 min time on-stream at 973 K and 1
atm. While methane conversion of heavily dealuminted catalyst
Mo/HZSM-5(ST3) dropped sharply to less than 6% due to a loss
in lattice cystallinity (ca. 60% of that of the parent, XRD pattern
not shown here), it is clear that CCH4

remained stable (ca. 9.5%)
for the Mo/HZSM-5(P), Mo/HZSM-5(ST1) and Mo/HZSM-
5(ST2) catalysts [Fig. 1(a)]. On the other hand, a dramatic
increase in benzene yield is observed after steaming-treatment.
Compared with Mo/HZSM-5(P), the benzene yield of the
dealuminated catalysts gradually reaches a plateau at Mo/
HZSM-5(ST2), raised by about 1/3, i.e. from 4.8 to 6.4%. With
methane conversion being similar, an increase in benzene yield
means that the product distribution of this reaction is changed.
It is interesting to note that the enhancement of benzene
selectivity after dealumination treatment arises from the strong
suppression of coke formation [the selectivity towards toluene
and naphthalene remains also intact, see Fig. 1(b)]. For the
parent and HZSM-5-supported molybdenum catalysts
dealuminated to different extents, the coke selectivity bottomed
out at Mo/HZSM-5(ST2) [for Mo/HZSM-5(P) it is 20.3%,
whereas that of Mo/HZSM-5(ST2) is 8.2%], in line with
maximum benzene selectivity. Parallel, improved catalytic
behavior is obtained as for the reaction conducted at 1023 K
(Table 1), where the yield of aromatics from the dealumintated
catalyst after 420 min time on-stream is about 32% higher than
that of parent Mo/HZSM-5(P) (8.7% cf. 6.6%). To rule out the
possible role of HCl treatment, Mo/HZSM-5(HCl) was tested in
the methane aromatization reaction (Table 1). It is obvious from
Table 1 that washing that catalyst with 0.5 M HCl solution at RT
does not alter its catalytic performance significantly. Hence, it is
concluded that suitable dealumination of the zeolite will benefit
aromatics formation and coke suppression and, as a con-

This journal is © The Royal Society of Chemistry 2001

2048 Chem. Commun., 2001, 2048–2049 DOI: 10.1039/b105853n



sequence, will benefit the stability of the catalyst. These facts
indicate that, different from previous suggestions, only a
relatively small amount of Bronsted sites (aluminium connected
with the zeolite framework) is necessary for Mo/HZSM-5 to be
an efficient and effective methane aromatization catalyst.
Superfluous framework aluminium (which is  associated with
bridging hydroxy) will benefit the formation of carbonaceous
deposits, which may initialize and grow in the sites and then
ultimately lead to channel blockage and destruction of the
catalyst.13,14 It is precisely the removal of excess framework
aluminium (from these dealuminated catalysts) that inhibits the
formation of harmful coke and therefore increases the benzene
yield and durability of catalysts.

To further endorse these conclusions, TPO experiments of
coked Mo/HZSM-5(P) and Mo/HZSM-5(ST2) catalysts were
conducted and the results are displayed in Fig. 2. It is obvious
that the TPO profiles of deactivated Mo/HZSM-5(P) (after 8 h
reaction at 973 and 1023 K) are of double-peak structure, with
the low temperature oxidation peak attributed to carbon
associated with molybdenum, and the high temperature peak to
the carbonaceous deposits on the zeolite Bronsted acid sites.8,9

After pre-dealumination treatment [TPO profiles of coked Mo/
HZSM-5(ST2)], the amount of coke on the catalysts decreased
remarkably. In fact, only a peak which is the low temperature
peak of TPO of coked Mo/HZSM-5(P) could be monitored, in
conjunction with an indistinct tail in the high temperature
region. This observation supports our conclusion that deal-

umination successfully removed the excess framework alumi-
num (Bronsted sites), which is the main drawback of this
reaction, i.e. acid-associated carbonaceous depositions in the
methane aromatization reaction.

In summary, an easy way (without addition of any oxidative
gases in reactant) for modification of catalyst has been
presented here that effectively suppresses coke formation in
methane aromatization reactions. It gives a much higher
benzene yield and a longer durability as compared with
conventional Mo/HZSM-5 catalysts.

This work was sponsored by the National Natural Science
Foundation under grant no. 29573137.
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Table 1 Catalytic performance of 4wt% Mo/HZSM-5(P), 4wt% Mo/HZSM-5(HCl) and 4wt% Mo/HZSM-5(ST2) catalysts

CH4 Selectivity (%) Yield of
conversion aromatics

Catalyst (%) Benzene Toluene Naphthalene CN2 C0
2 Coke (%)

4wt% Mo/HZSM-5(P) 11.9 46.1 2.7 6.3 4.7 1.1 37.9 6.6
4wt% Mo/HZSM-5(HCl) 11.7 48.6 2.2 7.0 4.3 1.6 35.2 6.8
4wt% Mo/HZSM-5(ST2) 10.9 63.5 3.1 8.3 4.9 1.4 18.9 8.7

Time on-stream 420 min; reaction temperature 1023 K; reaction pressure 1atm; GHSV 600 h21.

Fig. 1 Methane conversion, benzene yield (a) and product distribution (b) of
Mo/HZSM-5(P) and Mo/HZSM-5(STn) (n = 1–3) catalysts after 360 min
time on-stream of methane aromatization reaction (973 K; 1 atm; GHSV =
600 h21).

Fig. 2 TPO profiles of (a) Mo/HZSM-5(P) after reaction at 973 K for 8 h;
(b) Mo/HZSM-5(P) after reaction at 1023 K for 8 h; (c) Mo/HZSM-5(ST2)
after reaction at 973 K for 8 h; (d) Mo/HZSM-5(STZ) after reaction at 1023
K for 8 h. All methane aromatization reactions were conducted at 1 atm,
GHSV = 600 h21.
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Sequence fidelity of a template-directed PNA-ligation reaction† 
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The ligation method and an appended duplex-stabilizing
dye affect both yield and sequence selectivity of a template-
controlled PNA-ligation. The highest selectivity was ob-
tained with a peptide condensation that formed an abasic
site.

In key biological processes like replication, transcription and
translation nucleic acids serve as templates that organize nucleic
acid substrates such that ligation reactions are facilitated.1 A
great deal of research has been devoted to the construction of
chemical models that can help to unravel the molecular basis of
evolution.2 Ligation reactions that proceed under the control of
a DNA-like template are useful examples and illustrate how
chemical reactivities can be controlled by Watson–Crick base-
pairing. It is commonly accepted that the fidelity of a DNA-
controlled ligation reaction, a critical issue for chemical
evolution and gene diagnostics, is dependent on the selectivity
of nucleic acid hybridisation. The results that will be presented
in the following support the notion that it is not only the
template binding that accounts for ligation selectivity but also
the ligation method itself.

Several oligonucleotide modifications were developed with
the aim of enhancing the affinity and the selectivity of their
binding to complementary DNA and RNA.3 Only a few
artificial base-pairing systems were used in template-directed
ligations.4 None of these studies addressed the issue of ligation
fidelity as far as single base mutations are concerned. We
examined the ligation fidelity of one of the most successful
DNA-analogues, the peptide nucleic acids (PNA).5

Orgel and co-workers have shown that a template-controlled
ligation of PNA is possible when a peptide coupling is carried
out by using a water-soluble carbodiimide in an imidazole
buffer.4b Therefore the carbodiimide-mediated condensation of

PNA-fragments 1a and 2a was investigated. Fig. 1A shows the
kinetic monitoring of product formation. In the absence of a
template the ligation reaction of the PNA-fragments was
inefficient and leveled off at 6% after 24 h. In the presence of the
complementary PNA-template 3a the yield of the ligation
reaction was increased but to a moderate extent. Astonishingly,
the use of PNA-template 3b, which contained a single base
mismatch, led to the formation of 4a in an even higher yield.

To enhance the ligation selectivity we envisioned incorporat-
ing an abasic site. We speculated that the introduction of an
abasic site would disrupt the cooperativity of base stacking and
would therefore render the ligation system less tolerant in
accommodating further disturbances such as a mismatch.6 The
abasic site was integrated by replacing a central PNA-monomer
such that an isosteric dipeptide would be formed upon ligation
of two PNA-amino acid conjugates. Two ligation methods were
compared.

According to the protocol of native chemical ligation
(NCL),7 the PNA–glycine thioester 1b was allowed to react
with the PNA-conjugate 2b bearing an N-terminal cysteine
residue (Fig. 1B). In the event of the ligation, conjugation
proceeded smoothly reaching ligation yields of 77% after 150
min. However, ligation product 4b was formed in high yield
independently of the presence of the matched or mismatched
template. In contrast, a substantial template effect was obtained
by employing a carbodiimide-mediated ligation of the PNA–
glycine conjugates 1c and 2c shown in Fig. 1C. In the absence
of a template the formation of the ligation product 4c was a slow
process. The addition of the perfectly complementary template
3a enhanced the ligation efficiency by a factor of 5 and led to the
formation of 4c in 37% yield. Importantly, this ligation
displayed a remarkable sequence selectivity. The single mis-
match template 3b was ineffective in accelerating the formation
of PNA–dipeptide hybrid 4c and the kinetic profile was
virtually indistinguishable from the non-templated reaction.† PNA = peptide nucleic acid.12

Fig. 1 Time course of the template-controlled ligation of PNA-fragments 1 and 2 in the presence of match-template 3a (-), mismatch-template 3b (/) and
in the absence of template (1). A) PNA fragment ligation. B) Native chemical ligation forming an abasic site. C) Carbodiimide-mediated ligation forming
an abasic site. Concentration of probes and templates: 160 mM; T = 25 °C; EDC = 1-ethyl-3-(3A-dimethylaminopropyl)carbodiimide hydrochloride; im =
imidazole. Yields were determined by subjecting aliquots to HPLC-analysis. Data points were averaged over 3 independent experiments.
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In order to facilitate the detection of the ligation products we
attached a fluorescence marker. Acridine was preferred since
Göbel and co-workers reported that the use of this duplex-
stabilizing dye increased the yield of a template-directed
oligomerisation reaction.8 The acridine-labelled PNAs 2d and
2e (Fig. 2) were examined in the template-controlled ligation
reactions. As shown in Fig. 2A, in the case of the carbodiimide-
mediated reaction with 2d, an increase of the reaction yield was
observable. However, this effect impaired the template selectiv-
ity. The ligation of the conjugates 1c and 2d performed on the
matched template 3a and the mismatched template 3b with
different efficiency, but the discrimination power did not reach
the level of the system in Fig. 1C. The incorporation of acridine
resulted in a significant template effect when NCL was
employed (Fig. 2B). Interestingly, rather than enhancing the
templated ligation the presence of the acridine reduced the yield
of the ligation performed in absence of a template. A selectivity
to different template sequences was not detectable.

The template-directed PNA ligation system showed a
remarkable sensitivity towards the different reaction conditions.
It is important to note that due to the short oligomer length
fragments 1 and 2 are in a rapid dynamic equilibrium between
template-bound and unbound species. Taking into account the
low stability of duplex structures involving only two base pairs,
it was expected that a template-directed ligation at the
mismatched template 3b was unlikely to occur. However, the
mismatched template 3b was more effective in accelerating the
ligation of 1a and 2a than the perfectly complementary template
3a. One way of interpreting this result is that ligation reactions
require some flexibility. Additional flexibility was introduced
by the incorporation of an abasic site. Indeed, it was the abasic
site forming ligation of 1c with 2c that showed the highest
ligation fidelity (Fig 1C). Support for this idea comes from the
pioneering work of Shabarova and the work of others, in which
it has been shown that DNA-directed reactions perform well
when a distorted nucleic acid duplex is produced.9 On the
contrary, the best performing oligonucleotide ligation to date
produces a phosphothioate linkage, which closely resembles the
phosphodiester structure as found in DNA.10 It is therefore
conceivable that additional effects influence yield and selectiv-
ity of the PNA-ligation. For example, any ligation that proceeds
via a product-like transition state should be affected by the

stability of the evolving duplex. The introduction of the abasic
site is expected to disrupt the cooperativity of the “unselective”
base-stacking thereby increasing the contribution of the se-
lective Watson–Crick hydrogen-binding. It appears plausible
that an unselective hybridisation or an unselective ligation
process can be rendered selective when an abasic site is
involved.

The ligation method also plays an important role. The
insensitivity of NCL to the presence of template was surprising
(Fig. 1B). Ghadiri and co-workers were successful in using this
ligation reaction for achieving a template-controlled self-
replication of a hydrophobic coiled-coil peptide.11 It can be
speculated that nucleic acid-directed reactions that are under
control of directed hydrogen bonding show an increased
sensitivity to geometric constraints as compared to reactions
that are controlled by hydrophobic interactions. In this context,
it is a noticable observation that melting experiments with a 3a–
4b-mixture failed to show a sigmoidal melting curve, which
suggests that binding of the template 3a to the ligation product
4b does not suceed.

The examination of the PNA system also provided evidence
that the introduction of duplex-stabilising dyes like acridine can
increase the overall ligation yield. This is in agreement with
previous reports which described a substantial enhancement of
oligomerisation yields on acridine-labelled hairpin templates.8
However, the results shown in Figs 2A and 2B demonstrate that
an increase of ligation yield can lead to reduced fidelity of the
ligation reaction. It hence seems likely that the acridine-
intercalator induced an unspecific association which stabilised
both matched and single-mismatched complexes. This indicates
that duplex-stabilising dyes should be used with caution when
the selectivity of a ligation process is under scrutiny.

In conclusion we have shown that a careful analysis is
required before employing PNA-based ligations. The abasic site
ligation of PNA-glycine conjugates (Fig. 1C) displays the
desired sequence selectivity and DNA-targeting applications
will be reported in due course.

This work was supported by the DFG and the Fonds der
chemischen Industrie. A. M. is grateful for a Kekulé-fellowship.
O. S. is grateful for Liebig- and DFG-fellowships.
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conjugate 2d. B) Native chemical ligation of dye-labelled PNA-cysteine
conjugate 2e. Reaction conditions: see Fig. 1.
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(h5-Cyclopentadienyl)(k3-hydrotris(pyrazolyl)borate)-
cobalt(II) has been synthesised; magnetic and crystallo-
graphic data indicate this to be the first example of a high-
spin cobalt organometallic complex whilst its pentame-
thylcyclopentadienyl analogue is found to have a low-spin
electronic configuration.

The vast majority of transition metal cyclopentadienyl (Cp)
complexes adopt low-spin ground state electronic configura-
tions. When a molecule has a d-electron count such that the
high-spin state would require occupancy of an antibonding level
(in an axially symmetric system the d-orbitals of p symmetry
with respect to the M-centroid axis) in preference to a vacant
bonding or non-bonding level (d-orbitals of d or s symmetry)
the low-spin state is almost invariably observed. A few
exceptions that exhibit high-spin behaviour (over all tem-
peratures studied) exist in the first-row transition metal series
and include 1,1A-bis(trimethylsilyl)manganocene, bis(1,3-diiso-
propylindenyl)chromium and the (ferromagnetically coupled)
1,2,3,4-tetra- and 1,2,3,4,5-pentaisopropylcyclopentadienyl-
iron(II) bromide dimers. To date no example of high-spin
behaviour has been found for an element from Group 9.1 We
have been interested in synthesising mixed-sandwich com-
pounds containing a Cp and a hydrotris(pyrazolyl)borate (Tp)
ligand. In the course of our studies we have isolated CoCpTp,
the first example of an organometallic cobalt complex which
adopts a maximum spin configuration in preference to a
potential low-spin alternative.

Reaction of CoCp(CO)I2
2 with KTp gave [CoCpTp]+I2,

[1]+I2 as a dark purple solid (Scheme 1).3 Reduction of [1]+I2
yielded CoCpTp, 1, as a green-yellow crystalline solid. The
pentamethylcyclopentadienyl (Cp*) analogue, CoCp*Tp, 2,
was directly obtained as a red-brown solid from [CoCp*Cl]2

4

and was oxidised to [CoCp*Tp]+[PF6]2, [2]+[PF6]2, by
reaction with [FeCp2]+[PF6]2.

Both 1 and 2 were characterised by elemental analysis, and
mass spectrometry (EI). Infra-red spectroscopy revealed char-
acteristic nB–H at 2494 and 2448 cm21 respectively.† Surpris-
ingly 1, in contrast to CoCp2 and CoCp*2, is essentially air-
stable in the solid-state and solutions only decompose slowly
when exposed to air, whereas 2 is very air-sensitive in solution
but less so in the solid-state. Despite being paramagnetic, 1 has
a well-defined 1H NMR spectrum whereas that of 2 is very
broad.

SQUID magnetometry measurements were performed on
powdered samples of both 1 and 2. 1 gave a moment of 5.84 mB
(± 0.1 mB) at 300 K which can be accounted for by a high-spin
electronic configuration, i.e. three unpaired electrons. The large
deviation from the spin-only value for S = 3/2 (3.87 mB) is due
to a large spin–orbit contribution to the moment and is only
slightly larger than the typical values observed for high-spin
Co(II) complexes (4.77–5.40 mB).5 1 shows non-Curie–Weiss
behaviour between 5 and 300 K, see Fig. 1. In contrast, 2 is in
the low-spin state over the entire temperature range, and obeys
the Curie–Weiss law in the range 40–300 K (C = 0.51 emu K
mol21, q = 215.46 K). It has a moment of 1.95 mB at 300 K
(spin–only value for S = 1/2 is 1.73 mB) falling to 1.20 mB at 5
K, presumably as a result of intermolecular antiferromagnetic
interactions.

Electronic spectra of 1 and 2 in thf are shown in Fig. 2. Three
spin-allowed d–d transitions are expected for a high-spin
octahedral d7 ion corresponding to the transitions 4T1g(F) ?
4T2g, 4T1g(F) ? 4T1g(P) and 4T1g(F) ? 4A2g. For 1, we observe
3 bands in the near IR/visible whose energies correlate well with
reported high-spin octahedral Co(II) spectral data (10800,
20800, 24400 cm21), but whose relative intensities are
increased as a consequence of the symmetry lowering in 2 from
Oh.5 In the spectrum of 2, the d–d transitions are only poorly
resolved and assignment is difficult. The spectrum is similar to
that of cobaltocene where transitions to excited doublet states of
similar energy overlap and are also poorly resolved.6

An ESR (X-band) spectrum of 2 was obtained in a frozen
toluene solution at 15 K and a rhombic g tensor was observed
with hyperfine coupling on all 3 components to 59Co (I = 7/2).
The spectrum is similar to those observed for cobaltocenes7,8

and monomeric CoCp*X (X = Cl, NH2, OEt) and CoCp*XL (X
= Cl, L = PMe3 and py) species,4 confirming a low-spin 2P

ground state. In comparison 1 was silent at room temperature

† Electronic supplementary information (ESI) available: full character-
isation data for all compounds. See http://www.rsc.org/suppdata/cc/b1/
b105661c/

Scheme 1 Reagents and conditions: (i) KTp, thf, 98%; (ii) CoCp2, thf, 83%;
(iii) KTp, thf, 43%; (iv) [FeCp2]+[PF6]2, MeCN, 72%.

Fig. 1 Plot of meff (mB) against T (K) for 1 and 2.
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and below 20 K in toluene solution, indicating a very different
ground state electronic configuration to that of 2.

Spectral and magnetic data support a greater ligand-field
splitting in 2 as compared to 1 resulting in different electronic
ground states, a phenomenon also observed in manganocenes
but never before for Co.9 The stronger electron-donating ability
of Cp* in comparison to Cp has been demonstrated to lead to an
increased ligand-field splitting in the decamethylmetallocenes
compared to unsubstituted metallocenes,7 and we can rationa-
lise the difference between 1 and 2 in these terms.

Single crystals of 1 were grown by slow-cooling of a
saturated pentane solution to 235 °C; the molecular structure is
shown in Fig. 3.‡ Comparison of the Co–C bond lengths
(average 2.290(2) Å) and the Co–Cp(centroid) distance (1.97 Å)
with a range of previously reported Co(II)Cp compounds
incorporating various ancillary ligands (see Table 1) indicates
that these parameters lie well outside the limits previously
observed for low-spin complexes. This increase is clearly
consistent with the high-spin electronic configuration indicated
by the other data: double occupation of the antibonding p level
(assuming the symmetry can be well approximated as CHv)
necessary for a high-spin d7 configuration, [d4s1p2] or
[s2d3p2], will lead to a weakening of the Co–Cp bonds
compared to the low-spin state where this is only singly
occupied [d4s2p1]. The Co–N bond lengths (av. 2.091(2) Å) are
slightly shorter (significant at the 3s level) than those in CoTp2
(av. 2.129(7) Å),10 which has a high-spin configuration.11

The air-stable 18 electron species [1]+I2 and [2]+[PF6]2 are
diamagnetic and were characterised by 1H, 13C and 11B NMR
spectroscopy, showing resonances consistent with axially
symmetric species.† IR spectroscopy revealed nB–H typical for
k3-Tp ligands of 2501 and 2505 cm21 respectively. The redox
couple [1]+/1 was measured at 2590 mV versus ferrocenium/
ferrocene in CH2Cl2 and the [2]+/2 couple at 2890 mV. 2 is
more readily oxidised than 1 despite the high-spin ground state

of 1. Both compounds are less readily oxidised than CoCp2
12

and are more readily oxidised than CoTp2.13

We have succeeded in isolating a hitherto unseen high-spin
state for a Co organometallic compound by synthesis of a
mixed-sandwich complex with Cp and the weak-field Tp
ligand. Investigations utilising other metals from across the first
transition series also illustrate a tendency towards high-spin
configurations in such complexes and will be reported in
future.

We thank the EPSRC for a studentship (T. J. B.) and A. R.
Cowley and T. Hascall for crystallographic assistance.
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150(2) K, space group Pcmn, Z = 4, m = 1.144 mm21, 3120 total
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Fig. 2 Electronic spectra of 1 and 2 in thf solution.

Fig. 3 Molecular structure of 1 with thermal ellipsoids at 50% probability
(hydrogen atoms have been omitted for clarity). Primed atoms are generated
by symmetry. Selected interatomic distances (Å): Co–N1 2.103(1), Co–N3
2.069(2), Co–C11 2.305(2), Co–C12 2.286(2), Co–C13 2.268(3).

Table 1 Summary of structural parameters for selected CpCo(II) com-
plexes

Compound
Co–C
(average)/Å

Co–Cp
(centroid)/Å Ref.

CoCp2 2.096(8) 1.70 14
Co(C5(i-Pr)3H2)2 2.122(7) 1.75 15
CoCp*(acac) 2.089(5) 1.70 16
[Co(C5(i-Pr)4H)Cl]2 2.061(4) 1.68 17
CoCp*(py)Cl 2.076(2) 1.70 18
CoCpTp 2.290(2) 1.97 This work

acac = acetylacetonate, py = pyridine.
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Diastereoselectivity controlled by electrostatic repulsion between the
negative charge on a trifluoromethyl group and that on aromatic
rings†
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Intramolecular electrostatic repulsions between the local
negative charge on a trifluoromethyl group and that on the
ortho position of an aryl moiety of a nucleophile was found
to be a controlling factor of the diastereoselectivity in a
cyclopropanation reaction, in which the electrostatic repul-
sion was evaluated quantitatively.

Non-covalent interactions are not only the basis of the
functional properties of molecules1 but are also fundamental to
the explanation and prediction of relationships between chem-
ical structure and reactivity. In the field of organic chemistry,
the exchange repulsion, or the so-called steric repulsion, has
been paid much attention among so many repulsive forces. Thus
have been predicted and explained the stereoselectivities of
reactions using the CPK model, a substitute for the Van der
Waals surface.2 On this basis, fluorinated groups have some-
times been considered to resemble their parent non-fluorinated
groups in their steric size, which is consistent with the so-called
mimic effect of fluorinated bioactive compounds.3

In spite of the situation, the ‘size’ of the trifluoromethyl
group (CF3) is still of controversy.3,4 The steric effect of CF3,
especially in nucleophilic reactions, has also been suggested to
be comparable to that of isopropyl or tert-butyl groups.5 This
unexpected large steric effect of CF3 has been attributed to a
possible participation of electrostatic repulsions although
quantitative confirmation or proof is still lacking. The primary
aim of this report is to propose the electrostatic interaction of
CF3; the secondary aim is to develop a method for the
quantitative estimation of the electrostatic interaction around
CF3.

Very recently, we have developed a nucleophilic cyclization
of 1-aryl-1-cyano-3-(p-toluenesulfonyloxy)-4,4,4-trifluorobu-
tanes to produce cyclopropanes via cyano-stabilized carbanions
(Scheme 1),6 in which a stereochemical inversion on the carbon
bearing the trifluoromethyl and hydroxy groups was ob-
served.†

Detailed results of the present study on the diastereoselectiv-
ity of the cyclopropane products having various aryl moieties
are summarized in Table 1. Except for Ar = C6F5, the major
isomers were cis in which the CF3 and aryl groups were anti.
The results shown in Table 1 demonstrate that the orders of
these de values are dependent upon the substituents on the
aromatic rings. However, this order of de values cannot be
explained in terms of electronic effects of substituents or by
conventional bulkiness. For instance, the de for p-MeO-C6H4
(entry 3) is lower than that of C6H5 (entry 1), and the de for
naphthyl (entry 2) is much lower than that of p-MeO-C6H4
(entry 3). Moreover, the compound having C6F5 as the aryl
moiety gave the opposite diastereomer (trans) as a major
product to those of other substituents, and whose structure was
confirmed by X-ray crystallographic analysis.7‡ This result
implies that the C6F5 moiety is ‘less bulky’ than CN or CF3.

The CF3 attached with some alkyl moiety should have a
negative charge due to the strong electron withdrawing effect of
the group. Here, the aryl moiety of the intermediate is p-
conjugated to the anion center; thus, the moiety should also be
negatively charged. Therefore, the CF3 should make a repulsive
interaction toward the negatively charged aromatic ring. The
diastereoselection will therefore be controlled by the energetic
difference between the two conformations of the intermediates,
A and B, in Scheme 1. Conformation A has a structure in which
CF3 and the aryl group are anti, to give the cis product as the
major product except for when Ar = C6F5. Meanwhile,
conformation B should have a repulsive electrostatic interaction
of the negative charge on CF3 with that of the aryl group, which
makes this structure rather unstable. It is noteworthy that the
local minimum structure of this syn intermediate, which was
estimated by geometry optimization by PM3, has no direct
contact of the Van der Waals surfaces of CF3 and aryl
moieties.

This syn structure suggests that the fluorine atoms on CF3
should have the largest overlapping of their reflection on the
ortho carbon of an aryl moiety (g from the carbanion center).
Thus, we estimate the effective negative charges on these
positions of the anion moiety (A in Scheme 1) by the Mulliken
method of PM3 level MO calculations. The sum of the
electrostatic charges on these two ortho carbons, an estimated
effective charge (q), is also summarized in Table 1, and the free

† Electronic supplementary information (ESI) available: general experi-
mental methods and typical reaction procedure. See http://www.rsc.org/
suppdata/cc/b1/b105602f/ Scheme 1
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energy relationship of q to the logarithm of the ratio of the two
diastereomers is illustrated in Fig. 1.8

The correlation coefficient of this relationship shown in Fig.
1 is 0.965, that is, the relation is ‘satisfactorily’ linear. This
linear relationship is consistent with our working hypothesis
that the diastereoselectivity of the reaction is controlled by
electrostatic repulsion between CF3 and the aryl moiety.6 Here,
the destabilizing energy by the electrostatic repulsion should be
2qqA/4pe0r, where q is the effective negative charge on the aryl
moiety, qA is that of CF3, and r is the distance between the
negative charges. In the case of C6H5 as the Ar group, the
equation estimates a repulsion energy between CF3 and Ar to be

2.8 kcal mol21, and that between CF3 and CN to be 1.6 kcal
mol21; thus, the energetic difference between conformers A and
B in Scheme 1 is estimated to be 1.2 kcal mol21, which is very
close to the known value for 80% de, 1.3 kcal mol21.9 It is also
of note that the anionized C6F5 group has a relatively small
electrostatic repulsion toward CF3, which is consistent with a
known inverse quadrupole of hexafluorobenzene.10 The q value
for C6F5 was estimated to be 20.04 e, thus the repulsion energy
of CF3 to C6F5 is estimated to be only 0.3 kcal mol21, which is
apparently smaller than that of CF3 to CN (1.6 kcal mol21).
Therefore, the diastereoselectivity of the product where Ar =
C6F5 is inverted compared with the other cases.

In conclusion, we have clarified that CF3 should be
considered to be a negatively charged moiety, and its interaction
can be estimated by the Coulomb equation. Such an electrostatic
repulsion, a longer distance interaction than the Van der Waals
repulsion, should be utilizable for discrimination between
functional groups and/or moieties having similar sizes with
different charges.11 Further utilization of this function for CF3
as a chiral auxiliary and chiral ligand are now in progress in our
laboratory.

We thank the SC-NMR Laboratory of Okayama University
for 19F and 1H NMR analyses, and the Venture Business
Laboratory of Graduate School, Okayama University, for X-ray
crystallographic analysis. We are grateful for financial support
for this work from Monbusho (Grant-in-Aid for Scientific
Research on Priority Areas, No.706 Dynamic Control of
Stereochemistry, and No. 12650854), and by The Shorai
Foundation for Science and Technology.

Notes and references
‡ Crystal data for 2-trifluoromethyl-1-(2,3,4,5,6-pentafluorophenyl)cyclo-
propyl cyanide (major product, entry 7 in Table 1): C11H3F8N; M = 301.14,
rhombohedral, space group R3; a = 10.6401(4) Å, a = 111.8530(4)°, V =
835.60(6) Å3, Z = 3, Dc = 1.795 g cm23; m = 2.01 cm21 for Mo Ka
radiation (l = 0.7107 Å). The structure was solved by direct methods
(SHELXS86), and refined by a full-matrix least squares method. Final R
was 0.032 and Rw was 0.031 for 1236 reflections with I0 > 0.80s(I0).
Reflection/parameter ratio was 6.31, goodness of fit indicator was 1.41.
Max shift/error in final cycle was 0.00. CCDC reference number 169307.
See http://www.rsc.org/suppdata/cc/b1/b105602f/ for crystallographic data
in CIF or other electronic format.
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Table 1 Diastereoselectivity depending on the substituents with the sum of
charges on ortho carbons

Entry Aryl moietya de (%) ln (major/minor) q

1 80.7 ± 3.5 2.24 ± 0.20 20.36

2 46.6 ± 8.7 1.01 ± 0.23 20.22

3 63.0 ± 2.4 1.48 ± 0.08 20.29

4 83.5 ± 1.3 2.41 ± 0.09 20.37

5 89.6 ± 1.1 2.90 ± 0.11 20.49

6 65.8 ± 4.3 1.58 ± 0.16 20.34

7 277.0 ± 3.2b 22.04 ± 0.15b 20.04

8 > 98c > 4.60c 20.62

a The circles indicate the ortho positions for estimation of q values. b The
major diastereomer was found to be trans, see text and ref. 6. c Only one
diastereomer was found.

Fig. 1 Relationship between discrimination energy and the sum of charges
on ortho positions.
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Solid state coordination chemistry: construction of 2D networks and
3D frameworks from phosphomolybdate clusters and binuclear Cu(II)
complexes. The syntheses and structures of
[{Cu2(tpypyz)(H2O)2}(Mo5O15)(HOPO3)2]·nH2O [n = 2, 3; tpypyz =
tetra(2-pyridyl)pyrazine]†
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The hydrothermal reaction of MoO3, Cu(C2H3O2)2·H2O,
tpypyz, H3PO4 and H2O yields a 2D material, [{Cu2(tpy-
pyz)(H2O)2}(Mo5O15)(HOPO3)2]·2H2O (1·2H2O), con-
structed from {Mo5O15(HOPO3)2}42 clusters linked through
{Cu2(tpypyz)(H2O)2}2+ components; in contrast, use of Cu2O
in the synthesis in place of Cu(C2H3O2)2·H2O yields a 3D
material [{Cu2(tpypyz)(H2O)2}(Mo5O15)(HOPO3)2]·3H2O
(2·3H2O), constructed from the same building blocks as
1·2H2O.

Inorganic oxides are ubiquitous materials exhibiting a vast
compositional range and significant structural versatility,1
characteristics which endow these phases with useful physical
properties which can be exploited in applications ranging from
heavy construction to microelectronics.2,3 The design of new
materials is driven by synthesis, and several strategies for the
construction of specific oxide architectures have been de-
scribed. One approach relies upon the profound influences of
organic components on oxide structrures,4 as manifested in
zeolites,5 mesoporous materials of the MCM-41 class,6 and
oxometal phosphates with entrained organic cations.7 Another
approach employs well-defined oxometalate clusters as molec-
ular building blocks in the self-assembly of ordered oxide
structures.8–12 We recently demonstrated the confluence of
these strategies in the design of the 2D network [{Cu2(tpy-
pyz)(H2O)2}(Mo5O15)(O3PCH2CH2PO3)], in which molybdate
clusters are linked in one-dimension through organic tethers and
crosslinked by binuclear Cu(II) complexes into a 2D network.13

A prominent feature of the structural chemistry of this and
related materials is the requirement of the secondary metal
complex, such as Cu(II) organoimine, for the isolation of the
product. This observation suggests that the well-known phos-
phomolybdate cluster {Mo5O15(HOPO3)2}42 could serve as
one molecular building block, with an appropriate binuclear
secondary metal–ligand complex acting as a linker in the
construction of the extended structure. This expectation was
realized in the reaction of {Mo5O15(HOPO3)2}42 with copper
and a binucleating ligand to produce crystalline solid state
oxides. However, minor variations in reaction conditions
unexpectedly resulted in significant structural changes, as
manifested in the 2D network material [{Cu2(tpypyz)-
(H2O)2}(Mo5O15)(HOPO3)2]·2H2O (1·2H2O) and the 3D
framework [{Cu2(tpypyz)(H2O)2}(Mo5O15)(HOPO3)2]·3H2O
(2·H2O).

The hydrothermal reaction of MoO3, Cu(C2H3O2)2·H2O,
tpypyz (tetrapyridylpyrazine), H3PO4 and H2O in the mole ratio
5.80+2.14+1.00+4.85+2740 at 150 °C for 48 h yields dark green
crystals of 1·2H2O in 40% yield as a monophasic product.‡ In
contrast, the reaction of MoO3, Cu2O, tpypyz, H3PO4, and H2O

in the mole ratio 5.89+1.20+1.00+7.00+2670 at 150 °C for 48 h
yielded green crystals of 2·3H2O in 35% yield. The Cu(I)
starting material is required for the isolation of 2, as is the
increased ratio of MoO3 to copper precursor since part of the
molybdate is employed in the oxidation of the Cu(I) to Cu(II).
The IR spectra of 1 and 2 are characterized by a series of seven
median intensity bands in the 1000–1560 cm21 region asso-
ciated with the tpypyz ligand and two strong bands at ca. 921
and 897 cm21 assigned to n(MoNO). A prominent feature at 785
cm21 may be attributed to n(Mo–O–M).

As shown in Fig. 1, the structure of 1·2H2O§ consists of 2D
sheets, constructed from {Mo5O15(HOPO3)2}42 clusters14

linked through {Cu2(tpypyz)(H2O)2}2+ subunits. Each binu-
clear copper component links three phosphomolybdate clusters,
while each cluster is in turn bonded to three binuclear copper
subunits, which bridge to six neighboring clusters of the
network. The periphery of a phosphomolybdate cluster is
decorated by four corner-sharing copper(II) octahedra.

The phosphomolybdate cluster {(Mo5O15)(HOPO3)}42 con-
sists of a ring of edge- and corner-sharing {MoO6} octahedra
capped on both poles by phosphate tetrahedra sharing three
vertices with the ring molybdenum centers. The pendant oxygen
atom of each phosphorus tetrahedron is protonated, as indicated
by charge balance considerations and confirmed by valence sum
calculations. The copper coordination of the {Cu2(tpypyz)-
(H2O)2}4+ subunit is defined by two bridging oxo-groups from
the phosphomolybdate clusters, three nitrogen donors from the
chelating and bridging tpypyz ligands and an aqua ligand. The
geometry is the common ‘4 + 2’ variant with normal distances
in the equatorial plane [Cu–O, 1.932(3) Å; 3 3 N, 1.969(3) Å
(ave)] and long axial distances [Cu–O(oxo), 2.409 (3)Å; Cu–
O(aqua), 2.665(5) Å]. The metal-oxide substructure {Cu2-
Mo5O15(HOPO3)2} is 2D with intralamellar cavities occupied

† Electronic supplementary information (ESI) available: colour polyhedral
representations of the structures 1·2H2O and 2·3H2O. See http://
www.rsc.org/suppdata/cc/b1/b105563c/

Fig. 1 Polyhedral view of the network structure of 1·2H2O parallel to the
crystallographic c axis. For colour version see ESI.†
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by the organic component and the water molecules of
crystallization.

It is now well-documented that variations in hydrothermal
reaction conditions can afford quite different products. In this
case, substitution of Cu2O for Cu(C2H3O2)2·H2O results in the
isolation of [{Cu2(tpypyz)(H2O)2}(Mo5O15)(HOPO3)2]·
3H2O§ (2·3H2O), a material constructed from the same building
blocks as 1, in the same ratios, but with a dramatically different
structure. As shown in Fig. 2(a), the structure of 2 is a 3D
framework constructed from phosphomolybdate clusters and
Cu(II)–tpypyz binuclear subunits. As illustrated in Fig. 2(b), the
building blocks connect to form 1D {Cu2Mo5O15(HOPO3)2}
chains, in contrast to the {Cu2Mo5O15(HOPO3)2} sheets formed
in 1. The Cu sites of a given chain link through the tpypyz
bridges to Cu sites on four adjacent chains to provide the 3D
connectivity.

The structural differences between 1 and 2 are reflected in
their thermal behavior. Thus, the thermogravimetric curve for 1
exhibits a weight loss of ca. 2.5% between 110 and 125 °C,
corresponding to the loss of two molecules of water of
crystallization. In contrast, the dehydration process for 3 occurs
at 170–190 °C (3.2% weight loss; 3.6% theoretical for three
water molecules of crystallization). The mechanism of dehydra-
tion is dependent upon topological and energetic considera-
tions.15 Consequently, a lower dehydration energy is associated
with accessibility of water molecules to crystal void volume
such as channels or interlamellar regions. The more open
layered structure of 1, in contrast to the more dense 3D
framework of 2, is consistent with the dehydration curves. A
second dehydration step, corresponding to the loss of the aqua
ligands associated with the Cu(II) sites occurs at 225–240 °C for

1 and at 250–280 °C for 2. Both 1 and 2 exhibit ligand loss in
steps at 350–450 °C to give a mixture of P2O5 and MoO3 as the
final residues.

The structures of this study demonstrate that a building block
approach to solid oxide materials based on molecular cluster
precursors is practical.16 However, the strategy relies on the
judicious choices of a secondary metal and ligand subunits, such
that the final structure reveals a synergism between the basicity
of surface oxo-groups on the cluster, the coordination prefer-
ences of the secondary metal and the ligand geometry and
denticity. Furthermore, the inherent versatility of metal coor-
dination modes produces a certain unpredictability in the
linkages between building blocks as manifested in this instance
in the contrasting dimensionalities of the structures of 1 and 2.
While the information required for the self-assembly of the
extended hybrid structures is present at the molecular level in
the component building blocks, this provides only a broad
blueprint for design, while further elaboration relies upon
empirical observation of novel architectures derived from
manipulation of reaction conditions and selection of component
substructures.

This work was supported by a grant from the National
Science Foundation (CHE9987471).

Notes and references
‡ The product purity was checked by powder X-ray diffraction.
§ Crystal data for C24H26Cu2Mo5N6O27P2 (1·2H2O): M = 1499.23,
triclinic, space group P1̄, a = 11.0736(5), b = 11.0775(5), c = 17.7972(8)
Å, a = 85.178(1), b = 79.964(1), g = 68.271(1)° V = 1995.5(2) Å3, Z =
2, Dc = 2.494 g cm23, T = 90 K; structure solution and refinement based
on 5720 reflections converged at R1 = 0.0310 and wR2 = 0.0687.

For C24H28Cu2Mo5N6O28P2 (2·3H2O): M = 1517.24, monoclinic, space
group C2/c, a = 18.3609(1), b = 16.0705(1), c = 13.4127(9) Å, b =
102.6690(1)°, V = 3861.3(4) Å3, Z = 4, Dc = 2.610 g cm23, T = 90(2) K;
structure solution and refinement based on 2789 reflections converged at R1

= 0.0475 and wR2 = 0.0981.
CCDC reference numbers 167763 and 167764. See http://www.rsc.org/

suppdata/cc/b1/b105563c/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 (a) Polyhedral representation of the 3D structure of 2·3H2O viewed
parallel to the c axis. (b) View of the 1D chain {Cu2Mo5O15(HOPO3)2}
substructure of 2. For colour versions see ESI.†
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Extreme (109) acidification of adenine-NH2 in an open platinated
nucleobase quartet. A pH switch with potential as a biological
acid/base catalyst†
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The combination of electronic effects (PtII binding to N7 and
N1) and a favourable conformation permitting efficient
stabilization of the anion brings about a 109 fold increase in
the exocyclic amino group acidity of 9-ethyladenine.

The heterocyclic nucleobases generally do not have groups with
pKa values corresponding to the physiological pH, unless
present in a particular environment or chemically altered.1 For
example, the ‘i motif’ of hemiprotonated cytosine bases2 is
stable up to neutral pH despite the pKa of protonated cytosine
being between 4 and 5, and methylation of guanine-N7 increases
the acidity of the N1 proton by about 2.5 log units, thus bringing
it down to 7.3 Similarly, metal coordination to guanine-N7 shifts
the pKa to ca. 8.4 There is an increasing awareness that unusual
pKa shifts of nucleobase groups leading to pKa values close to
physiological pH might be the clue to an understanding of
catalysis involving nucleic acids.5–9 Scenarios include either
general acid–base catalysis5–8 or structural changes of the
catalytic site due to formation of non-canonical base pairs.9
Probably the most exciting recent example is RNA being the
catalyst in the ribosomal peptidyl transferase center,10 with a
highly preserved adenine residue acting as a reversible proton
acceptor and donor. The pKa of this adenine is unusual in that it
is 7.6 ± 0.2.5

In the course of our studies on metal-modified nucleobase
quartets11 we have now come across an example of an extreme
acidification (109) of the 6-amino group of adenine in a complex
consisting of two 9-ethyladenine (eade, A) and two 1-methylur-
acilate (mura, U) model nucleobases and three trans-a2PtII
entities (a = NH3 or MeNH2). trans,trans,trans-{(NH3)2Pt(N7-
eade-N1)2[(MeNH2)2Pt(mura-N3)]2} {1}(ClO4)4·4H2O‡ crys-
tallizes in a characteristic Z-shape with the four bases being
nearly coplanar (Fig. 1).§ As in related compounds,11 Pt–N1 and
Pt–N7 vectors are approximately perpendicular to each other
[91.8(4)°]. The 1H NMR solution spectra (1D; 1H–1H-NOESY)
in D2O are consistent with the existence of different rotameric
forms in this medium (at ambient temperature). The assignment
of the resonances is realized by evaluating the 1H–1H-NOESY
spectrum, because the A-H8 (9.31 ppm) and A-CH2 (4.52 ppm)
protons generate an intense cross-peak. Hence, the two signals
at 9.35 and 9.32 ppm, which are two singlets with relative
intensities of 1+1, can be attributed to the A-H2 protons.‡ The
fact that this resonance is split suggests that the externally
bonded mura ligands undergo hindered rotation about the U-
N3–Pt(1)–N1-A bonds.12 The corresponding A-H8 signal shows
no doubling. Therefore, a rotation with a different activation
energy about the central A-N7–Pt(2)–N7-A bonds is assumed,
with the repulsive interaction of the two exocyclic A-NH2
groups favouring the Z-form, as found in the solid state (cf. Fig.
1).

pD-dependent 1H NMR spectra (2 < pD < 14) reveal two
deprotonation steps occurring with pKa1 = 7.94 ± 0.31 and pKa2

= 11.66 ± 0.30 (3s) (calculated for H2O¶), which are assigned
to two successive single deprotonation steps of NH2 groups of
the two adenine bases. Furthermore, the difference between the
two acidity constants amounts to DpKa = (11.66 ± 0.30) 2
(7.94 ± 0.31) = 3.72 ± 0.43. Comparison with literature data
show that the amino group acidity (pKa  16.7 in the free
base13) increases upon PtII coordination to N7 or N1 by 2–3 log
units and even more so if both positions are simultaneously
platinated (pKa  10.8–12.611,14). The unusually low pKa1 of
7.94 (and the large difference between the two pKa values) can
only be rationalized if in addition to the polarizing effect of the
two metal ions a fundamental conformational change is taken
into account. We propose that the transition of the Z-shaped
cation to a U-shaped one takes place, which stabilizes the first
deprotonated species {1–H+}3+ (Fig. 2). On the basis of
structural models as well as X-ray data of fragments of the title
compound15 it is obvious that (i) the four bases in the U-shape
can adopt a perfectly planar arrangement, and (ii) the exocyclic
amino groups of the head–head arranged adenine bases are 3 Å
or less apart. In fact, any reduction of the N7–Pt–N7 angle from
180° further reduces this separation. This short distance permits
an efficient stabilization of the NH2 group by the NH2 group of
the second adenine through intramolecular H bond formation
(cf. Fig. 2, bottom). The situation is reminiscent of that
occurring in the N2H5

2 ligand of the dinuclear PtIV complex
[(NH3)3Pt(NH2)2(N2H5)Pt(NH3)3]5+.16 Our conclusion con-
cerning the conformational change during the first deprotona-
tion of the title compound is in agreement with observations for
linkage isomers, viz. complexes containing a central N1–Pt–N1

bond and additional PtII entities at the N7 positions.11,17 There,
mainly the electronic effects of the two metal ions are operative,
hence pKa values are higher and close to the normal range
(10–11). As the pH is raised further, the cation is expected to
adopt again the Z-shape to avoid the mutual repulsion of the two
amide groups. Consequently, pKa2 is in the expected range

† Electronic supplementary information (ESI) available: table of the
determined values of the different evaluated protons and Figures of the fits
under discussion. See http://www.rsc.org/suppdata/cc/b1/b105395g/

Fig. 1 X-Ray structure of the cation of {1}(ClO4)4·4H2O. Selected bond
distances (Å) and angles (°) are: Pt(1)–N(3u) 2.026(8), Pt(1)–N(1a)
2.055(8), Pt(2)–N(7a) 2.014(7), Pt(2)–N(21) 2.041(7); N(3u)–Pt(1)–N(1a)
175.8(3), N(3u)–Pt(1)–N(12) 87.5(3), N(7a)a–Pt(2)–N(7a) 180.0, with the
symmetry code: a 2x, 2y, 2z + 1.
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(11.66). In the pD range corresponding to pKa1, the A-H2
resonance is split into a multiplet, indicating again a hindered
rotation of the terminal coordinated mura ligands in the U-form
of the cation, which leads to different conformations. There is
no indication of any (fast) Pt migration from either N1 or N7 to
N6 as observed by Arpalahti and coworkers upon heating.18

The compound described here behaves as a pH switch,19 and
hence changes its conformation from Z to U upon removal of a
single proton and again from U to Z if a second proton is
removed. Vice versa, the mutual orientation of the two adenine
nucleobases and the close distance of the exocyclic amino
groups make the compound a system with the potential of acting
as an acid and a base in a reversible manner at physiological pH.
The only requirement to achieve such a function would be to
have the system confined in space to a situation in which the
cation adopts a structure halfway between the two extremes (cf.
Fig. 2, top). Slight mechanical oscillations of the two halves
could then eject a proton or pick one up from the environ-
ment.

There is a second feature of interest to cationic {1–H+}3+ in
its U-shape, which refers to its possible interaction with
(anionic) telomere sequences of DNA. The enzyme telomerase
is a key player in the development of cancer and has been found
to be inhibited by conjugated p-systems capable of stabilizing
guanine quartet structures of the telomeres.20

This work was supported by the DFG and FCI.

Notes and references
‡ Experimental procedure: trans-(MeNH2)2Pt(mura-N3)Cl (220 mg, 0.54
mmol)21 was suspended in a weakly acidic (HNO3, pH 4.5) aqueous
solution (40 mL) of trans-[(NH3)2Pt(eade-N7)2](NO3)2·3H2O (200 mg, 0.27
mmol).17 A solution of AgNO3 (91 mg, 0.53 mmol) in H2O (10 mL) was
added dropwise over a period of 6 h with daylight excluded and stirred for
6 d at 40 °C. After the mixture was cooled to 4 °C, AgCl was removed by
filtration. The colourless filtrate was concentrated to a 20 mL volume (N2-
stream) and an excess of NaClO4 was added. After 2 d, pure
{1}(ClO4)4·1.5H2O precipitated as long needles. These were filtered off and
dried in air (150 mg, 32%). 1H NMR (D2O, 0.02 mol L21, 200.13 MHz,
TSP, ambient temperature, pD = 5.7): d 9.35, 9.32 (s, A-H2 with relative
intensities of 1+1), 9.31 (s, A-H8), 7.45 (d, U-H6, 3J 8 Hz), 5.81 (d, U-H5,
3J 8 Hz), 4.52 (q, A-CH2, 3J 8 Hz), 3.46, 3.45 (s, U-CH3 with relative
intensities of 1+1), 1.62 (t, A-CH3, 3J 8 Hz); 195Pt NMR (D2O, 0.02 mol
L21, 42.95 MHz, Na2PtCl6, ambient temperature, pD = 5.7, with relative
intensities of 1:2): d 22466 (A-N7–Pt–N7-A), 22594 (U-N3–Pt–N1-A);
Anal. calc. for C28H57N20O21.5Pt3Cl4 (M = 1744.9 g mol21): C 19.3, H 3.3,

N 16.1. Found: C 19.1, H 3.1, N 15.9%. Recrystallization of
{1}(ClO4)4·1.5H2O from D2O gave suitable crystals for X-ray structure
analysis and showed the presence of four water molecules per quartet in
contrast to elemental analysis.
§ Crystal data: asymmetric unit: C14H31N10O12Cl2Pt1.5, M = 895.02,
monoclinic, space group P21/n, a = 8.364(2), b = 26.394(5), c =
12.751(3) Å, b = 106.58(3)°, U = 2697.9(10) Å3, T = 154(2) K, Z = 4,
m(Mo-Ka) = 8.054 mm21, Enraf-Nonius-Kappa CCD22 with graphite
monochromator, w-scans, 5574 independent reflections, Rint = 0.1234;
structure was solved by standard Patterson methods22 and refined by full-
matrix, least sqares on F2 using SHELXL-93.22 Refinement of 367
parameters converged at final R1 = 0.0511 and wR2 = 0.1191 for 3932
reflections with I = 2s(I) and R1 = 0.0768 and wR2 = 0.1676 for all data
(5560 reflections), min. and max. features in difference Fourier map: 3.934
and 23.375 e Å23. CCDC reference number 165198. See http://
www.rsc.org/suppdata/cc/b1/b105395g/ for crystallographic data in CIF or
other electronic format.
¶ Determination of the acidity constants: the pKa values of the nucleobase
quartet {1}(ClO4)4·1.5H2O were determined using pH-dependent 1H NMR
measurements in D2O (20 °C; I = 0.1 mol L21, NaNO3). Changes in
chemical shifts of all non-exchangeable protons of the complex due to the
change in pD were evaluated with a nonlinear least squares fit after
Newton–Gauss.23 The obtained acidity constants were then transformed to
the values valid for water according to the literature.24
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Fig. 2 Schematic presentation of the conformational pH switch.
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Phosphonate esters react with g-alumina under microwave
(MW) irradiation; this reaction is a simple preparative
method to graft organic pendant groups onto the surface of
alumina; the efficiency of the grafting was readily checked
by solid-state NMR techniques (31P and 27Al).

The grafting of organic moieties onto the surface of inorganic
compounds is an important process widely used in numerous
applications. These include, heterogenisation of homogeneous
catalysts,1 elaboration of solid phases for chromatography,
organic synthesis on solid phases and the modification of the
surface properties of solids. For silica, the use of siloxy groups
for grafting silica is very common while for other oxides such as
alumina there is no satisfactory method for grafting organic
pendant groups. Alumina provides excellent properties as a
support. These include ease of diffusion of reactant in the pore
structure and a large available specific surface, leading to its
high popularity as a support for both heterogeneous catalysis2

and chromatography.
Phosphonyl groups are known to form very stable networks

in aluminium phosphate and in ALPOs. Thus we speculated that
phosphonate could be grafted onto alumina with strong
bonding.3

Although several reactions of phosphoric or phosphonic
derivatives with alumina have already been reported in the
literature (studies of surface modification of oxidised alumin-
ium4 or surface modification of aluminosilicate5), the use of
such reactions for grafting of functionalised organic groups has
not, to our knowledge, been previously studied.

After many trials with phosphonic acid and phosphonate
esters under classical heating and under microwave activation,
we found that the best procedure was the reaction of a
phosphonate with alumina under MW irradiation (Scheme 1 and
Table 1).

The grafting of the organic chain was followed by elemental
analysis (%C) of the obtained material. Although a phosphonic
acid can be used to give the same type of material, phosphonate
esters produced better yields in grafting than phosphonic acid
(R2 = PhCH2, R1 = OH, %C = 4.63 cf. entry 3 in Table 1, %C
= 6.08). One reason may be that phosphonates are more easily

dispersed.6 Whatever the reason, the higher loadings were
obtained by MW activation and by the use of phosphonate esters
without solvent. Classical heating conditions under the same
conditions (130 °C) produced inferior results when compared to
MW irradiation. Although alumina is a thermal insulator it is
transparent to microwaves, and therefore it is easy to activate
polar molecules such as phosphonates using MWs in the
presence of alumina.7 The molecular mobility of small polar
molecules (water, alcohols) is increased by MW irradiation and
they desorb rapidly, hence microwave activation is well adapted
for the hydrolysis–condensation reaction (Scheme 1). During
the anchoring process with phosphonate, the phosphonate
function was dealkylated and some monodealkylated phospho-
nates were recovered by washing with methanol. This deal-
kylation process was previously reported by Weinberg et al.8
who described via a spectroscopic study, the adsorption of
gaseous dimethylmethylphosphonate onto alumina. More re-
cently in a spectroscopic study of the reaction of war gas on
alumina, Wagner et al.9 observed similar results.

A readily available commercial g-alumina with a specific
surface area of 132 m2 g21 was used. In a typical preparation, 3
g of g-Al2O3 (Merck, BET = 132 m2 g21; 30 mmol) and
diethylcyanoethylphosphonate 1a (1.06 g; 6 mmol) were mixed
and irradiated (15 3 4 min) by microwaves at 150 W (focused
irradiation 2450 MHz; Prolabo Synthewave 402). The highest
temperature observed was 198 °C. After cooling to room
temperature the crude product was washed with dichloro-
methane (3 3 20 ml) and 150 mg of starting compound 1a was
recovered. Further washing with methanol up to a constant
weight (3 3 20 ml) led to the recovery of 60 mg of mono-
dealkylated ethylcyanomethylphosphonate in the filtrate. Fur-
ther washing of compounds 2 with water at room temperature
did not lead to any removal of loading groups of the grafted
phosphonate. The specific surface areas of compounds 2 are

Scheme 1 Reaction of phosphonate esters with g-alumina under microwave
irradiation.

Table 1 Reaction of phosphonate esters with g-alumina under microwave
irradiation

Entry Reactant R1 R2
Al2O3/1
ratio %C in 2

mmol
PR2 g21

1 1a Et –CH2CN 5 4.58 2
2 1b Me Me 10 0.59 0.5

3 1c Et 5 6.08 0.9

4 1d Et 10 4.97 0.3

5 1e Et –CH2(CH2)3 10 3.00 0.6
6 1f Et –CH2C(O)OEt 5 5.54 1.2
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slightly decreased (104–130 m2 g21) compared to the starting g-
Al2O3 (132 m2 g21).

Upon drying at 200 °C for 24 h the products e.g. 2a (3.50 g;
%C = 4.58) were obtained and were found to be amorphous by
powder X-ray diffraction. The FTIR spectrum of 2a exhibits a
sharp peak at 2254 cm21 arising from the stretching mode of the
nitrile group. Another important modification observed by IR
(compared to the parent g-Al2O3) relates to the P–O and PNO
stretching bands that are located at 1042, 1114 and 1198 cm21.
31P MAS NMR indicates an intense peak at 3.6 ppm (Fig. 1, 31P
MAS) and a wide background signal which is presumably the
result of a chemical shift distribution of small peaks.

The 27Al MAS NMR spectrum of 2a (Fig. 1) shows three
signals. The two main resonances are broad, with an isotropic
chemical shift in the range 70–80 ppm and 10–20 ppm, arising
from four- and six-fold aluminium, respectively, of g-Al2O3.10

Their asymmetric line-shape is characteristic of an amorphous
material in which aluminium sites present a distribution of
quadrupolar interactions.11 Interestingly a third weaker reso-
nance, not present in the starting g-Al2O3 (not shown) is
observed at 215 ppm. Its isotropic chemical shift corresponds
to an octahedral aluminium site and is close to the chemical shift
observed for bulk aluminophosphonate materials.12

DTA analysis of material 2a shows an endothermic transition
around 100 °C and a broad exothermic transition ranging from
269 to 395 °C. According to TGA a first weight loss arising
from residual water is observed around 100 °C and further
stepwise mass losses starting at 250 °C are observed at 280, 344
and 407 °C. The total mass loss above 250 °C represents 7.7%
of the total weight.

In order to investigate the bonding mode between phosphonic
acids and g-Al2O3, the bonding of phosphorus with aluminium
nuclei has been determined via a 27Al–31P HETCOR experi-
ment.13 This experiment reveals the presence of magnetization
transfer and hence the spatial proximity of phosphorus and
aluminium. The spectrum (Fig. 1) consists of a single cross-
peak centred at 215 ppm for 27Al and 3.7 ppm for 31P. The 31P
projection corresponds closely to the one-dimensional 31P MAS
NMR spectra, with both a ‘weak’ and wide component. By
contrast the 27Al HETCOR projection shows only the additional
resonance at 215 ppm caused by phosphorus impregnation.
Unlike the two g-Al2O3 signals, this resonance can be simulated
with a Lorentzian line shape, indicating a more symmetric
environment. This experiment suggests that the weak 27Al
signal at 215 ppm can be attributed to aluminium surrounded
by phosphorus, and that all the phosphorus nuclei are close to
aluminium nuclei. The distance between the aluminium and
phosphorus atoms was estimated by a 27Al–{31P} REDOR
experiment.14 In this experiment, a 27Al rotor synchronised
Hahn-echo spectrum (S0) was compared to the 27Al REDOR
spectrum (Sf), in which the heteronuclear dipolar coupling is
reintroduced by application of radiofrequency pulses on 31P.
The difference DS = S02Sf gives the spectrum of aluminium
close to phosphorus. As expected, the difference spectrum
consists of a single resonance at 215 ppm, confirming its
attribution to aluminium surrounded by phosphorus nuclei.

Fig. 2 shows the relative intensity of the REDOR fraction, DS/
S0, as a function of echo time for the 215 ppm 27Al signal. For
relatively short echo times, the difference intensity increases as
the dipolar coupling increases.

The dipolar coupling constant was obtained by fitting the
experimental data (Fig. 2; the theoretical curve was calculated
assuming that each aluminium can only be connected to one
phosphorus15). From this fit, the dipolar coupling constant was
estimated to be 420 ± 30 Hz which corresponds to a 31P–27Al
distance of 3.12 ± 0.08 Å. This distance is consistent with an
Al–O–P arrangement for which the P–Al distance is in the range
of 3.10–3.22 Å as reported in the literature.16 From the MAS
NMR study, it can be stated that the global structure of aluminis
not deteriorated by the grafting reaction. Indeed, the character-
istic peaks around 15 and 75 ppm observed by 27Al MAS NMR,
corresponding to six and four-fold aluminium, respectively, are
still present in the resulting materials.

In conclusion, a general preparative method for coating g-
Al2O3 with organic groups based on the reaction of phosphonate
and g-Al2O3 is proposed.

C. F. and V. M. are grateful to the CNRS, FEDER and Région
Basse-Normandie for funding. Thanks go to the ‘Région Basse
et Haute-Normandie’ (Punch) for their financial support.
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Fig. 1 27Al–31P HETCOR spectrum of compound 2a (MAS speed 14.3 kHz,
CP contact time 5 ms). 27Al and 31P resonances are shown along the vertical
and horizontal axes and are compared to the MAS spectra.

Fig. 2 REDOR fraction DS/S0 of the 215 ppm 27Al resonance vs. the total
echo time (MAS 14.3 kHz). The squares indicate the measured data while
the solid line is the simulated curve for D = 420 Hz and r = 3.12 Å.
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The bulky trityl steric buttress is used to effect an
intramolecular, uncatalysed ene reaction that operates at
room temperature, whilst smaller buttresses require heat.

The ene1 reaction and its intramolecular counterpart2 are
synthetically useful processes that have been exploited in a wide
range of chemistry. Normally the ene reaction requires the use
of heat at temperatures greater than 140 °C to proceed and, for
systems where the enophile is not activated by an electron
withdrawing group, much higher temperatures are often re-
quired.3 For systems with electron deficient enophiles, the
process may be catalysed with Lewis acids, whereby the
reaction has been observed to proceed at ambient temperatures4

but such catalysis is not generally effective for non-activated
enophiles.

The stereochemistry of the intramolecular ene process2 has
also been examined and, under vigorous thermal conditions,
stereocontrol is often lost. Thus, heating the simple N-
trifluoroacetyl-N-allyl-N-dimethylallylamide compound 1 at
220 °C for 30 min effects an intramolecular ene reaction and
converts it into the mixture of cis and trans-pyrrolidines 2 and
3.5 The latter compounds are of interest as members of the
kainic acid family of neuroactive agents,6 the kainic acid series
having the cis-stereochemistry 2 and the allo series the trans-
stereochemistry 3.7 Thus any means of controlling the stereo-
chemistry of the intramolecular ene process would be of
synthetic value.

As part of our interest in the use of steric buttressing as an aid
to reactions,8 herein we describe examples of use of a steric
buttress that assists ene reactions to occur under uncatalysed
and low temperature conditions.

Upon heating in xylene, under argon at 140 °C, for 100 h, the
trityl-protected N-allyl-N-dimethylallylamine 4, prepared by
standard methods,† smoothly produced the ene product 6 in
almost quantitative yield (Scheme 1). Only one isomer could be
detected by 1H NMR spectroscopy ( > 95%), assigned from 1H
NOE experiments, as the cis-isomer. The cis-isomer is known to
be the preferred stereoisomer in analogous carbocyclic ene

reactions.2 That a buttressing effect is operating was supported
by the observation that no sign of any cyclisation product was
obtained upon heating the parent amine 5 under the same
conditions. The ease of the buttressed cyclisation, compared
with the harsh conditions normally reported for unactivated ene
reactions,3 led us to seek other examples of the sterically
assisted ene process.

In earlier work we had shown that, on heating, the trityl
protected N-allylfurfurylamine 7 undergoes an intramolecular
Diels–Alder cycloaddition to the corresponding cycloadduct 8
in almost quantitative yield. At rt a competing intermolecular
cycloaddition, with dimethyl butynedioate, is possible to give
the cycloadduct 9 but, on heating, this loses the acetylenic ester
by a retro-cycloaddition reaction and again forms the thermo-
dynamically favoured cycloadduct 8 (Scheme 2).

The intramolecular process, e.g. 7 to 8, is sensitive to
substituents on the allyl group and the dimethylallyl derivative
10, only undergoes partial cycloaddition to 11 on heating, to
form an 80+20 equilibrium ratio of the cyclised to uncyclised
components at 140 °C. A similar competing, intermolecular
cycloaddition was attempted with 10 as a parallel reaction to
that performed on the unsubstituted allyl compound 7.

When the tritylated amine 10 was allowed to react with
dimethyl butynedioate at rt over 5 d, a new product formed in
high yield. However, the compound was not the expected
Diels–Alder product 12 but, instead, the ene product 13, isolated
as a crystalline solid, mp 164–166 °C (Scheme 3). In its 1H
NMR spectrum 13 showed loss of the isopropylidene group and
the furan ring protons and formation of the isopropenyl group.
The ring protons, Ha to Hd, showed as a tightly coupled ABXY
system. NOE experiments indicated the geometry shown,
resulting from an approach, via the transition state 12a, from the
least hindered, exo-face of the oxabicycloheptadiene system. It
should be noted that this ene reaction involves a type 1 process

Scheme 1 i, 220 °C, 30 min; ii, 140 °C, 4 days.

Scheme 2 i, 120 °C, 24 h; ii, MeO2C–C·C–CO2Me, rt; iii, 120 °C.
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of a 1,7-diene system, that normally proceed in only modest
yields at very high temperatures.2,9

The striking buttressing effect of the trityl group was further
illustrated by repeating the reaction using the ‘smaller’ buttress,
the 4-toluenesulfonamide 14.10 In this case the dimethyl
butynedioate adduct 15 could be isolated but showed no sign of
ene products after leaving at rt for several weeks. However, on
heating to 70 °C, compound 15 slowly reacted further, an ene
reaction being observed, as indicated by the appearance of the
compound 16 as a transient intermediate but which was unstable
to the reaction conditions and underwent a subsequent retro-
Diels–Alder reaction to form the furfuryl derivative 17 (Scheme
4). That this sequence of ene reaction followed by the retro-
Diels–Alder process occurred, rather than an initial retro-Diels–
Alder reaction, followed by an intermolecular ene process was
supported by the absence of any of the starting material 14 either
as a reaction product or as a transient intermediate. In contrast
to the behaviour of the tosylated intermediate 16, heating the N-
tritylated ene product 13 at 70 °C gave no indication of the
competing retro-Diels–Alder reaction, none of the open form
corresponding to 17 being formed. Thus, not only does the trityl
buttress assist in lowering the activation energy for the ene
process but it also helps prevent the subsequent retro-Diels–
Alder process from occurring. Presumably the open form (cf.
17) would occupy more conformational space than is available
in the presence of the sterically demanding trityl group, hence

leaving the equilibrium firmly in favour of the closed form
13.

We thank GlaxoSmithKline Pharmaceutical Research and
the EPSRC for a research studentship (to G. S.)
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Scheme 3 i, 140 °C, xylene; ii, MeO2C–C·C–CO2Me, rt. Scheme 4 i, MeO2C–C·C–CO2Me, rt, 7 days; ii, heat, 70 °C, 3 days.
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The first water-soluble asymmetric hydrogen-transfer ruthe-
nium(II) catalyst system consisting of [Ru(p-cymene)Cl2]2,
(S)-proline amide, and sodium formate, which gives high
conversion rates with high ee values up to 95.3% and is
reusable, has been developed.

Extensive research on new and effective catalytic asymmetric
reactions has been continuing to find more efficient methods for
the preparation of optically active compounds.1 While several
excellent chiral catalysts have been developed, most of them
have to be used in strictly anhydrous organic solvents. As a
consequence of the increasing demand for efficient and
environmental friendly methods, heterogenization of homo-
geneous catalysts by immobilizing them with the aid of liquid or
solid supports is now of great interest.2 While there have been
many trials to immobilize homogeneous catalysts on solid
supports, successful examples are still rare.3 The use of
homogeneous catalysts in aqueous solution and on liquid
supports is more feasible and can offer a great opportunity for
green chemistry.4

Catalytic asymmetric transfer hydrogenation of ketones has
recently emerged as a viable means of synthesizing chiral
alcohols.5 Due to its operational simplicity, the easy availability
of reductants, and the high enantioselectivities, the catalytic
enantioselective reduction of ketones has been extensively
studied during the last decade. In particular, a ruthenium
catalyst bearing a chiral ligand such as mono N-tosylated
diphenylethylenediamine (DPEN-Ts, Noyori’s ligand) has been
well studied.6 In the hope of finding efficient and environmental
friendly methods, we focused our efforts on finding a water-
soluble catalyst system. During the course of our study on the
use of amino amide as a chiral ligand,7 we found that a
combination of (S)-proline amide and [Ru(p-cymene)Cl2]2 was
quite soluble in water. Recently, Williams et al.8 reported the
synthesis of water-soluble aminosulfonamide ligands and their
applications in the Ru(II)-catalyzed enantioselective transfer
hydrogenation of aromatic ketones. However, they used water
as an additive to stabilize the catalyst. In this paper, we report
the first water-soluble Ru(II)-catalyst system that can catalyze
an asymmetric hydrogen-transfer reduction of aromatic ketones
in aqueous solution. In addition to the high conversion rates and
enantioselectivities, the catalytic system can be recycled at least
six times withou loss of performance.

(S)-Proline amides 1, 2, and 3 (Chart 1) were synthesized
according to the published methods.9 Structure 1 was modified
by the addition of a hydroxy group, as in 2, to increase water
solubility. Likewise, a fluoride group was introduced to increase
polarity and to test its electronic effect. Combination of the
ligand with [Ru(p-cymene)Cl2]2 and a hydrogen source was

examined for the asymmetric hydrogen-transfer reduction of
ketones. Because the organic substrates have no noticeable
solubilities in aqueous solution, they form an aqueous biphasic
system and the reaction occurs at the interface.

We screened several hydrogen sources and found that
HCOONa10 was the best for the catalytic system. Ketones 4, 5,
6, and 7 (Chart 2) were reduced to give sec-alcohols (Table 1).†
The absolute configuration of the product was R as in the
homogeneous reaction. For 4, the conversion yields were quite
high and enantioselectivities up to 95.3% were obtained. The
best results were obtained for 4b. In our previous study
regarding the catalytic reaction in organic solvent such as
dichloromethane using HCOOH–Et3N (5+2) as a hydride
source,7 1 and 3 had been used as the chiral ligands. In that case,

Chart 1 Proline aromatic amide derivatives.

Chart 2 Prochiral aromatic ketones.

Table 1 Asymmetric hydrogen-transfer reduction of prochiral aromatic
ketonesa

Entry Ligand Substrate Conv. (%) E.e. (%)

1 1 4a 99.4 61
2 2 4a 99.5 46.1
3 3 4a 99.3 61.1
4 1 4b 99.1 94.7
5 2 4b 99.1 89.6
6 3 4b 99.6 95.3
7b 1 4c 100 91.6
8b 2 4c 60 86
9b 3 4c 99.7 91.6

10b 1 4d 100 92.3
11b 2 4d 100 91
12b 3 4d 100 91.3
13 1 4e 99.7 91.6
14 2 4e 30 83.8
15 3 4e 97.5 91.4
16 2 5 86 40.2
17 3 5 96 54.2
18 1 6 99.1 58.3
19 3 6 85 57.3
20 3 7 100 89.4c

a All were reacted for 4 h at 30 °C. b The configuration R was determined
by the optical rotation and the retention time of chiral GC using a Chrompak
Chirasil DEX CB 25 m 3 0.32 mm column. c The conversion of 4c, 4d and
7 were determined by GC using a Ultra 2 50 m 3 0.32 mm. E.e. was
determined by HPLC using Daicel OD column.
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high conversion yields (96–100%) were obtained for 4b and 4c
and the highest enantioselectivity, up to 98.8%, was obtained
for 4d. When the substrate was 4b, the conversion yields
( > 99%) and enantioselectivities (95.3%) in an aqueous solu-
tion were quite comparable to those in the homogeneous
solution (96–100% and 94.6–94.8% ee, respectively). To
compare the enantioselectivity dependency upon the position of
the methoxy substituent, the m- and p-methoxy substituted
compounds 5 and 6 were tested. For 5 and 6, the conversion
yields were quite high but the enantioselectivities were
moderate. Thus, the meta- and para-substitutions were less
effective than the ortho-substitution. Transfer hydrogenation of
7 with ligand 3 gave (R)-1-naphthylethanol in a quantitative
yield with 89.4% ee.

Recovery and reusability of the catalytic system were tested
by carrying out consecutive cycles for 4b with ligand 3 (Table
2), with the same catalyst in aqueous solution, carefully
separated from the organic phase at the end of each run.
Substrate 4b was chosen because it was used for the synthesis of
medicinal intermediates.11 After each catalytic reaction, 1
equiv. formic acid was added to regenerate sodium formate. The
conversion yields and enantioselectivities were quite high even
on the 6th run. The relative invariance of the conversion yields
and enantioselectivities means that the catalyst system is quite
stable and the environment around the reaction center is intact
during the catalysis. The catalytic system can be recycled at
least six times with little loss of perfomance and without
producing waste water.

In summary, we have demonstrated that the combination of
(S)-proline amide and [Ru(p-cymene)Cl2]2 could be used as an
asymmetric hydrogen transfer catalyst for aryl ketones in an
aqueous solution. To the best of our knowledge, this is the first
example of the Ru(II)-catalyzed asymmetric hydrogen-transfer
reduction of aromatic ketones in an aqueous solution. The
catalytic system shows a catalyst performance comparable with
that in homogeneous solution. The amino amide can readily be
fine-tuned by changing the functional group on the amide or by
incorporating different amino acids. Other asymmetric reac-
tions with amino amides are being carried out and progress will
be reported in due course.

This work was supported by grant No. 2000-2-12200-001-1
from the Basic Research Program of the Korea Science and
Engineering Foundation (KOSEF) and (1999-1-122-001-5) and
the KOSEF through the Center for Molecular Catalysis. H.-J. P.

thanks the Ministry of Education for the Brain Korea 21
Fellowship.
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A facile, single-step transesterification approach to poly(lac-
tides) with controlled molecular weights and end-group
functionality, as well as block and star-shaped architectures
is described using nucleophilic amine catalysts.

Tailor made bioresorbable polymers, particularly poly(lactide),
are needed for a wide variety of biomedical applications and for
controlled drug delivery media.1 For many of these applica-
tions, molecular weight modification is accomplished by
controlled chain-growth polymerization, via ring opening of the
cyclic diester in the presence of a suitable organometallic
promoter.2–4 Another recognized procedure for the preparation
of defined telechelic polymers involves the depolymerization of
a high molecular weight polymer via metal catalysis e.g. the
chain-end functionalization of poly(butadiene) by olefin met-
athesis.5,6 Gross et al.7,8 demonstated the versatility of lipase
catalyzed transesterification and transacylation chain scission
as a route to low molecular weight poly(e-caprolactone) and
block copolymers. In this communication, a new methodology
of poly(lactide) (PLA) depolymerization is introduced as a
general route to controlled molecular weight, end-group
functionality and complex macromolecular architectures in a
single step procedure using nucleophilic catalysts (Scheme 1).
Nucleophilic catalysts (i.e., tertiary amines, pyridines, imida-
zoles and tertiary phosphines)9–12 have been shown to accel-
erate a wide variety of processes including the ‘living’ ROP of
lactide, initiated from primary alcohols, in the presence of either
4-(dimethylamino)pyridine (DMAP) or 4-pyrrolidinopyridine
(PPY).13 The ‘living’ character is a manifestation of the rapid
initiation and the weakly nucleophilic propagating species
(secondary alcohol) that is active only to the cyclic diester
monomer, precluding undesirable transesterification reactions.
The new depolymerization strategy is based on a single

transesterification reaction that should occur between a primary
alcohol and poly(lactide), in the presence of DMAP to
selectively cleave the PLA chain and produce an a-chain-end
bearing the ester of the alcohol and a w-chain-end having a
secondary hydroxy, which is dormant to subsequent reactions
(Scheme 1).

Model reactions were performed to demonstrate the selectiv-
ity of the DMAP catalyzed transesterification of primary
alcohols with poly(lactide). Excess of either benzyl alcohol or
a-methylbenzyl alcohol were reacted with lactide in the
presence of DMAP in CH2Cl2 at 38 °C (Scheme 2). The lactide
was ring-opened by the benzyl alcohol with the formation of the
benzyl ester. However, quantitative transesterification of the
diester ring-opened product, by the excess benzyl alcohol
afforded the monoester, 1.14 Conversely, the a-methylbenzyl
alcohol ring-opened lactide produced quantitatively the diester
product with no evidence of adverse side reactions, 2.15 This
data clearly demonstrates the susceptability of lactic acid
derivatives towards selective transesterification with primary
alcohols and confirms that secondary alcohols are dormant
towards transesterification with the ring-opened products.

The feasibility of the organocatalytic chain scission of
poly(lactide) was demonstrated with several modest molecular
weight polymers, to discern the end-groups and molecular
weight, including; poly(D,L-lactide) having an average DP of
120 and a polydispersity of 1.14 (3) and a poly(L-lactide) having
an average DP of 88 and a polydispersity index of 1.06, 4. In
addition, two commercially available high molecular weight
poly(L-lactides) (Mn 50 000 g mol21, Mw/Mn = 1.60, 5, and Mn
100 000, Mw/Mn = 1.61, 6) were also used to demonstrate the
generality of the procedures. Various compositions of benzyl
alcohol together with 2.5 equivalents of either PPY or DMAP
were allowed to react in solution (36 °C, CH2Cl2) with 3.16 The
size exclusion chromatography (SEC) data (Fig. 1) clearly
shows a systematic decrease in the hydrodynamic volume with
benzyl alcohol content. Consistent with the SEC results,
predictable molecular weights, determined from end-group
analysis (1H-NMR), were obtained from the alcohol to polymer
ratio, further demonstrating the versatility of the transesterifica-
tion approach (7–9, Table 1). The 1H-NMR spectra clearly show
the presence of the benzyl ester a-chain end and the w-hydroxy
chain-end.13 The reactions were performed in either solution

Scheme 1 Depolymerisation cycle. Scheme 2 Model compounds.
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(36 °C, CH2Cl2) or bulk (135 or 185 °C for the D,L- or L-lactide,
respectively) in the presence of either PPY or DMAP. The low
temperature solution reactions took between 2 and 4 days and
were particularly sluggish in the case of DMAP, whereas the
bulk reactions took only 15–30 min., irrespective of the
catalysts. Notably, these procedures are general and applicable
towards high molecular weight commercial poly(lactides)
(samples 13–14, Table 1). Pyrenebutanol was used as the
nucleophile and the reaction was followed by SEC using a diode
array UV detector, 11, Fig. 1. This data clearly shows that the
pyrene is statistically distributed throughout the sample,
confirming the utility of the procedure as a general route to
functional poly(lactides). The use of a-methylbenzyl alcohol as
the nucleophile in the transesterification with poly(lactide) did
not result in a molecular weight or end-group change.

The organocatalytic transesterification of poly(lactide) to
novel macromolecular architectures and block copolymers is
demonstrated by the use of pentaerythritol and monohydroxy
functional poly(ethylene oxide) (PEO) oligomers that produced

either star-shaped (15–17) or block polymers (18–21), re-
spectively. The reactions were performed in bulk and, at these
temperatures, the homogeneous mixtures allowed effective
transesterification for both of the high molecular weight
poly(lactide) samples investigated. In each case, the 1H-NMR
spectra clearly show the resonances associated with the
transesterification alcohol as well as the resonances associated
with the hydroxy chain end, allowing molecular weight
determination. In each case, the molecular weight of the
polylactide was comparable to the alcohol-to-polymer ratio and
the polydispersities were monomodal with no evidence of either
of the homopolymers. These combined data clearly demonstrate
the versitility of the organic catalyzed chain scission approach
to functional poly(lactide) block copolymers and architectures
in a single-step one-pot aproach.
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Fig. 1 SEC chromatography.

Table 1 Depolymerization of polylactide: reactivity of assorted alcohols

Entry PLA Alcohol Target DP Exptl DPe PDIf

7 3 PhCH2OHa,c 56 56 1.15
8 3 PhCH2OHa,c 28 28 1.28
9 3 PhCH2OHa,c 18 16 1.38
10 3 PhCH2OHa,c 18 17 1.31
11 3 Pyrenebutanolb,c 18 13 1.28
12 4 Pyrenebutanola,d 22 18 1.30
13 5 PhCH2OHa,d 110 95 1.25
14 5 PhCH2OHa,d 18 10 1.35
15 5 Pentaerythritola,d 50 48 1.65
16 5 Pentaerythritola,d 25 16 1.26
17 5 Pentaerythritola,d 10 6 1.21
18 5 PEOa,d,g 100 78 1.55
19 5 PEOa,d,g 40 31 1.61
20 6 PEOa,d,g 180 160 1.67
21 6 PEOa,d,g 58 55 1.60
a PPY. b DMAP. c CH2Cl2, 38 °C. d Bulk, 135 °C. e DP = degree of
polymerization, experimentally measured by end group analysis from 1H
NMR spectroscopy. f PDI = polydispersity index, experimentally meas-
ured by gel permeation chromatography. g Mw = 2000 g mol21,
monohydroxy terminated.
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3-Iodoenoates are converted into the corresponding alke-
nylmagnesium species with complete retention of configura-
tion of the double bond; both direct reaction and copper(I)-
mediated reactions with various electrophiles provide
polyfunctional enoates.

Functionalized organometallics are key intermediates for the
synthesis of complex polyfunctional molecules.1 Although
organozinc reagents have been proven to tolerate many
functional groups, their low reactivity precludes their reaction
with some electrophiles.1 Recently, we have shown that the
iodine–magnesium exchange reaction allows the preparation of
highly functionalized aryl and heteroaryl magnesium rea-
gents2,3 and this methodology has also been used to access
alkenylmagnesium compounds.4 Since the stereoselective prep-
aration of stereochemically well defined E- or Z-alkenylmagne-
sium compounds is not possible by the direct insertion of
magnesium into E- or Z-alkenyl halides, the iodine–magnesium
exchange reaction may be a unique way of preparing stereo-
chemically pure E- or Z-alkenylmagnesium derivatives.5 Espe-
cially useful for synthetic applications are organometallic
reagents bearing functional groups in close proximity to the
carbon–magnesium bond in an arrangement which provides an
umpolung of the standard reactivity.6 This led us to investigate
the stereoselective preparation of 3-magnesiated enoates7 of
type 1 displaying a d3-reactivity.6 The required 3-iodoenoates of
type 2 are readily available by literature procedures.8 Thus, the
reaction of (Z)-ethyl 3-iodocrotonate (2a) with isopropylmag-
nesium bromide in THF at 220 °C for 2 h leads to the desired
(Z)-ethyl 3-magnesiated crotonate (1a). After quenching with
an electrophile, products of type 3 are obtained in good yields
(Scheme 1, Table 1). (Z)-Ethyl 3-iodocinnamate (2b) behaves in
a similar fashion; the I/Mg-exchange reaction is complete
within 0.5 h as indicated by GC analysis of iodolized and
hydrolyzed reaction aliquots. Transmetalation of 1a or 1b with
the THF-soluble copper salt CuCN·2LiCl9 provides a function-
alized copper reagent with complete retention of the double

Scheme 1

Table 1 Stereoselective preparation of 3-substituted crotonates and
cinnamates of type 3 and 4 obtained by the reaction of the 3-magnesiated
crotonates 1a and 3-magnesiated cinnamates 2b with various electro-
philes

Entry
Grignard
reagent Electrophile Product of type 3 or 4

Yield
(%)a

1 1a 69b

2 1a 69b

3 1a Me3SnCl 72

4 1a PhCHO 3d: R1 = H; R2 = Ph 75
5 1a c-HexCHO 3e: R1 = H; R2 = c-Hex 73
6 1a PhCOCH3 3f: R1 = Me; R2 = Ph 47

7 1b 92b

8 1b 90b

9 1b TosCN 75

10 1b PhCOCl 96b

11 1b PhCHO 4e: R = Ph 72
12 1b c-HexCHO 4f: R = c-Hex 68
a Yield of analytically pure products. b A transmetalation to a copper
reagent with CuCN·LiCl (1 equiv.) was performed prior to the addition of
the electrophile.
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bond configuration. Reaction of the cuprate derived from 1a
with ethyl (2-bromomethyl)acrylate10 provides the (Z)-un-
saturated diester 3a in 69% yield ( > 99% Z). Similarly,
3-magnesiated cinnamate 1b furnishes after transmetalation
with copper E-4a (92% yield; > 99% E), thus showing in both
cases complete retention of configuration of the double bond
(entries 1 and 7 of Table 1).11 Additionally we have prepared
iodide 2a as a 2:7 E/Z mixture.12 We observed that both isomers
undergo the I/Mg-exchange. However, iodolysis experiments
indicate that the E-isomer of 1a is less stable (30 min at 260 °C)
which can be explained by the absence of chelation for this
Grignard species. Due to the difficulty of preparing pure E-2a
no additional experiments have been performed so far. The fact
that the E-isomer of 2a undergoes the I/Mg-exchange under
similar conditions as the corresponding Z-isomer seems to
indicate that chelation is not essential. The reaction of the
copper derivatives of 1a,b with 3-iodo-2-methylcyclopent-
2-enone (220 °C, 2 h) furnishes the dienic ketoesters 3b and 4b
in 69% and 92% yield respectively ( > 99% Z for 3b and > 99%
E for 4b; entries 2 and 8). Reactive electrophiles like Me3SnCl
and tosyl cyanide react directly with the functionalized
alkenylmagnesium reagents 1a,b providing the Z-organotin
derivative 3c (72% yield; > 99% Z) and the Z-1,2-cyanoester 4c
(92% yield; > 99% Z); entries 3 and 9. After transmetalation to
the copper derivative, 1b reacts with PhCOCl to give the
unsaturated 1,4-ketoester 4d (96% yield; > 99% Z). The
unsaturated Grignard reagent 1a,b adds directly to aldehydes
and ketones, furnishing the corresponding lactones in 47–75%
yield (entries 4–6 and 11–12). Finally, an additional cyano
group is also well tolerated. Thus, ethyl 3-iodo-p-cyanocinna-
mate 2c can be converted into the corresponding magnesium
derivative (1c) under our standard conditions (i-PrMgBr (1
equiv); THF; 220 °C; 0.5 h) in high yield. After transmetalation
with CuCN·2LiCl and reaction with ethyl (2-bromomethyl)-
acrylate, the expected allylation product 5 is obtained ( > 99%
E; 70% yield; Scheme 1).

In summary, we have demonstrated that new 3-magnesiated
enoates can be prepared with high stereoselectivity ( > 99%)
starting from isomerically pure Z-3-iodoenoates. These func-
tionalized alkenylmagnesium reagents react with a range of
electrophiles either directly or after transmetalation to the
corresponding alkenylcopper species.13 Extension of this
method to other polyfunctional iodoalkenes and related organic
halides is currently underway in our laboratories.

We thank Aventis Pharma and the Deutsche Forschungsge-
meinschaft (Leibniz program) for financial support. We also
thank BASF AG (Ludwigshafen), Chemetall GmbH (Frankfurt)
and Degussa AG (Hanau) for generous gifts of chemicals.
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one: a dry and argon flushed 25 mL flask, equipped with a magnetic
stirrer and a septum, was charged with 2a (480 mg, 2 mmol). Dry THF
was added and the mixture cooled to 220 °C. i-PrMgBr (3.7 mL, 0.54
M in THF, 2 mmol) was added dropwise. The exchange was complete
after 2 h (checked by GC analysis of reaction aliquots) and the
magnesiated crotonate 1a was added via cannula to a solution of
cyclohexanecarboxaldehyde (168 mg, 1.5 mmol) in THF (1.5 mL)
cooled to 240 °C. After 30 min stirring at 240 °C the reaction was
quenched with saturated NH4Cl solution (2 mL) and poured into water
(50 mL). The aqueous phase was extracted with diethyl ether (2 3 60
mL). The organic fractions were washed with brine (40 mL) then dried
over MgSO4 and concentrated in vacuo. The crude product was purified
by flash chromatography (pentane–EtOAc 4+1) yielding the lactone 3e
as a pale colourless oil (200 mg, 73%).
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The relatively hydrophobic ionic liquid 1-butyl-3-methylimi-
dazolium hexafluorophosphate has been found to be totally
miscible with aqueous ethanol between 0.5 and 0.9 mol
fraction ethanol, whereas the ionic liquid is only partially
miscible with either pure water or absolute ethanol; the
ability to dissolve 1-butyl-3-methylimidazolium hexafluoro-
phosphate in a ‘green’ aqueous solvent system has important
implications for cleaning, purification, and separations
using ionic liquids.

Current interest in ionic liquids1,2 (IL) stems primarily from the
heightened awareness of the potential applications for IL in
Green Chemistry3 and the associated emphasis on clean
manufacturing processes. We have investigated IL as clean,
environmentally benign solvents as replacements for VOCs in
liquid/liquid separations and extraction processes.4–9 From the
‘green’ perspective, an issue of primary importance is the
separation and recovery of products from reaction systems, as
well as the potential to recycle and reuse the reaction/
separations media without generating secondary waste. There is
concern about how to address issues such as cleaning and
removal of non-volatile IL from surfaces or from solid products
without using VOCs. For example, the commonly used
‘hydrophobic’ IL 1-butyl-3-methylimidazolium hexafluoro-
phosphate, [C4mim][PF6],† is readily soluble in many common
organic solvents but is relatively insoluble in most green
solvents including water and sc-CO2. Here, we demonstrate that
[C4mim][PF6] can be solubilized in a green aqueous solvent
system–ethanol/water.

In a traditional liquid/liquid separation processes, the princi-
ple of ‘like dissolves like’ forms the basis for the partitioning of
solutes between the two phases; the less water-soluble the
solute, the higher its affinity for the hydrophobic extracting
phase. The partitioning of organic solutes in IL/water systems
shows a correlation with the octan-1-ol/water partition coeffi-
cient.6 This is consistent with solvatochromatic studies10,11

which appear to show that IL have solvent characteristics
similar to moderately polar organic molecules, but with some
important and inherent differences.12 The solvent parameters
determined for IL can vary significantly depending on the
experimental probe used, and depend upon the contributions
from specific interactions between IL and solutes. Volume and
hydrogen-bond acceptor terms appear to be most important to
the overall solvating environment. In light of this, it is important
to note that PF6

2 is a poor hydrogen-bond acceptor and
consequently ethanol and water should not partition in sig-
nificant concentrations to [C4mim][PF6].

Dullius et al.13 have shown that tetrafluoroborate-containing
IL display miscibility curves with water typical of a partially
miscible two-component system with an upper thermal critical
point and, at lower temperatures, the formation of a two-phase
system containing IL-rich and aqueous-rich layers. Work by
Friberg et al.14 has highlighted the complexity of the co-
miscibility/solvation profile in [C4mim][PF6]/water/nonionic

surfactant systems and also noted that the IL exhibited only
partial miscibility with hydrated ethanol.

During partitioning studies, we were intrigued by the
variation in miscibility of IL with molecular solvents we had
observed from simple bench tests, and in particular, the
observation that [C4mim][PF6] was totally miscible with 80%
aqueous ethanol and yet formed biphasic mixtures with both
pure water and pure ethanol. This prompted a more detailed
investigation of the phase behavior.

The ternary phase diagram for [C4mim][PF6] in contact with
ethanol and water was determined by cloud-point titration15 at
25 °C and is shown in Fig. 1. [C4mim][PF6] is partially miscible
with both pure water and with pure ethanol. Regions of biphasic
coexistence extend along the [C4mim][PF6]/H2O and
[C4mim][PF6]/ethanol axes, respectively. The solubility limit of
absolute ethanol in the IL was determined to be 10.1 wt% and
the solubility of water was 1.2 wt%. The water content of
saturated [C4mim][PF6] has been reported in the literature
ranging from 1.2 to 2.3 wt%,7,16,17 corresponding to a mol
fraction between 0.16 to 0.27. The region of complete
miscibility of the three components, water, ethanol, and
[C4mim][PF6], is shown between the two binodal curves and
extends from the EtOH/H2O axis.

To further our characterization of the ethanol/water solubility
in [C4mim][PF6], the distribution of ethanol and water to the IL
was determined (Fig. 2). Samples containing 2 mL of IL were
contacted with an equal volume of aqueous ethanol solution
labeled with a 14C-ethanol tracer.12 The distribution of ethanol
was determined from the radiotracer partitioning, and the water
content of the IL phase was measured by Karl Fischer
titration.12 In the biphasic regions, the distribution of ethanol is

Fig. 1 Triangular phase diagram for ternary compositions of [C4mim][PF6],
ethanol, and water determined at 25 °C and plotted as mol fraction. The
region to the left of the binodal line, ñ is biphasic with water- and
[C4mim][PF6]-rich phases; the region to the right of  the line ò is biphasic
comprising ethanol- and [C4mim][PF6]-rich phases. In the central region,
the three components are totally miscible and form a single monophasic
solution.
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less than 1, which indicates the tendency for ethanol to remain
in the aqueous phase. For the two-component [C4mim][PF6]/
water system, the distribution ratio for the ethanol tracer
between the IL and water is only 0.16. Successive increases in
the mol fraction of ethanol cause an increase in ethanol
distribution ratios up to a maximum of 0.61 at 0.5 mol fraction
of ethanol in water. In the range 0.4–0.5 mol fraction, the
distribution of ethanol to [C4mim][PF6] and the water content of
the IL increases dramatically, and for 0.5–0.9 mol fraction the
system is monophasic, shown by the vertical lines in Fig. 2.
Above 0.9 mol fraction, a biphasic mixture is once again
obtained.

The solubility of both ethanol and water in the IL phase
increases in the presence of the other component, leading to the
large homogeneous region in the phase diagram. The DEtOH and
water content data shown in Fig. 2 indicate that ethanol and
water are dissolved together in the IL. Both the DEtOH and water
content increase linearly with XEtOH from 0 to 0.40, where a
sharp rise in both is maintained until the miscibility region. At
XEtOH = 0.90 a biphasic region is again observed and DEtOH and
water content decrease with the addition of ethanol.

The liquid structure and association in ethanol/water compo-
sitions has been the subject of extensive study;18 when XEtOH <
0.2, ethanol molecules cluster with the ethyl chains forming a
hydrophobic core surrounded by water molecules. At 0.2 <
XEtOH < 0.8, a sandwich-type cluster containing extended
chains of hydrogen-bonded ethanol and water occurs. The
interactions that could occur between the water/ethanol clusters
and the IL to lead to the total miscibility region is not yet clear.
Free-volume cavities, or void space within the IL matrix17 may
allow ethanol and water to be dissolved together, whilst
maintaining the bulk ethanol/water hydrogen-bonding structure
with only weak interactions between the alkyl-groups of the IL
and the hydrophobic ethyl-substituents of the water/ethanol
chains.

A comparison of the vapor phase compositions above the
[C4mim][PF6]/water/ethanol mixtures with ethanol/water mix-
tures only was made using SPME/GC. No discernable differ-
ences in the ethanol/water composition of the gas vapor phase
was observed. This adds to our supposition that ethanol/water
compositions mix with the IL whilst maintaining the bulk
ethanol/water hydrogen-bonded structure.

The observation that [C4mim][PF6], regarded as a hydro-
phobic IL, can be dissolved in a ‘green’ aqueous solvent system
has important implications for purification and separations from
IL. As shown here, the addition of a solute or combination of
solutes dramatically affects the solution behavior of IL,
highlighting the need to fully understand these systems and
instances in which their solution chemistry may vary from that
of traditional organic solvents. At a practical level, these results
show a method by which [C4mim][PF6] can be dissolved and

cleaned from, for example, a reaction vessel or a solid product
without using volatile chlorinated organic solvents. The IL can
be recovered by distilling the water/ethanol azeotrope or by
changing the solution composition to form a biphasic system.

This research was supported by the US Environmental
Protection Agency’s STAR program (grant number R-
82825701-0). Additional support was provided to the Center for
Green Manufacturing from the National Science Foundation
Grant EPS-9977239 and the PG Research Foundation. The
authors appreciate the chemicals supplied by Ozark Fluorine
Specialties.
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Fig. 2 The distribution ratios at 25 °C of ethanol (DEtOH = ò) and water
content of the IL phase (ÿ) in 1+1 volume mixtures of [C4mim][PF6] and
aqueous ethanol as a function of initial mol fraction of ethanol in the
aqueous phase prior to contact with the IL phase. The monophasic region is
bounded by the vertical dashed lines.
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Topological analysis of experimental and theoretical charge
densities in the title complex [{2-(Me3Si)2CLiC5H4N}2] 1
reveals the nature of the agostic deformation postulated for
this complex: delocalization of the Li–C bonding electrons
over the entire agostic alkyl group controls the formation of
an acute Li–C–Si angle and thus a sufficient electronic
saturation of the electron deficient lithium atom via secon-
dary interactions.

Alkyllithium complexes are of fundamental interest in organic
synthesis and as anion transfer reagents in organometallic
synthesis. Their crystal structures display a remarkable range of
bonding modes which have been compiled and rationalized in
several surveys of this field.1 In the title compound2 featuring a
formal lithium coordination number of only 2, ‘secondary
interactions’, which compensate for the electron deficiency of
the metal centre, should be of great importance in understanding
not just the structure adopted by the complex, but also the
reactivity of the species. Despite this, little is known about the
details of such interactions which compensate for the electron
deficiencies of the metal centres in their reduced coordination
state, and include (i) close Li…Li contacts3 and (ii) close
‘agostic’ type Li…H–C interactions—as evident in the title
compound.2 The importance of these Li…H–C agostic inter-
actions was highlighted in early calculations on the trimeric
lithium amide complex [{Li[m-N(CH2Ph)2]}3]4a which con-
cluded that Li…H–C interactions might account for 40% of the
valence shell electron density for the lithium atom. Fur-
thermore, agostic interactions4b are of particular interest in
organotransition-metal chemistry in view of their potential
relevance to important processes like C–H activation in
catalytic reactions. Reliable ways of pinning down these
interactions are still at a premium, notwithstanding the
numerous examples reported on the basis of structural or
spectroscopic measurements or of theoretical studies.

In a recent charge density study on an agostic compound we
demonstrated that topological analysis of experimental charge
densities can be used to identify b-agostic interactions in
EtTiCl3(dmpe) by locating the Ti…H bond critical point.5 In
this combined neutron and X-ray charge density study,
however, we show that Li…H secondary interactions only play
a minor role in compensating for the electron deficiency of the
metal center. Fig. 1 shows the relevant molecular agostic
fragment in 1 based on a precise neutron diffraction study at 20
K. This displays an acute Li–C1–Si2 angle of 88.8(2)°, leading
to short Li…Si2, Li…C7 and Li…H7c contacts of 2.850(5),
2.658(5) and 2.320(6) Å, respectively. In addition, the presence
of two further short intermolecular Li…H contacts [Li…H3b*
= 2.329(5) and Li…H3c* = 2.245(5) Å] and a rather short
Li…C3* contact of 2.496(4) Å were confirmed by the neutron

diffraction study. All the Li…H contacts are remarkably short
(ca. 0.7 Å less than the sum of the van der Waals radii; cf. the
Li…H distance of 2.043(1) Å in crystalline lithium hydride).6
Thus, they might be interpreted as agostic Li…H interactions.
However, no significant C–H activation is evident from the
neutron diffraction data [C7–H7a = 1.089(4), C7–H7b =
1.086(4), C7–H7c = 1.087(4) Å; C3–H3b = 1.085(3), C3–H3c
= 1.097(4) Å]. We have therefore performed a combined X-ray
and neutron charge density study7,8 to explore for the first time
the nature of Li…H–C agostic interactions on the basis of an
experimental topological analysis of the electron density r(r) of
1 using the ‘Atoms in Molecules’ (AIM) approach of
Bader.9,10

DFT calculations at the B3LYP/6-311G(3d,3p) level of
theory11 on several monomeric model systems such as the
donor-free species LiCMe2SiMe3 1a show alkyl coordination
geometries (Li–Ca–Si = 85.3°, Li…Hg = 2.11–2.29 Å) rather
similar to that of the agostic alkyl backbone Li–C1–Si2–C7–
H7c (Li–Ca–Sib–Cg–Hg) in 1. The agostic deformations in 1
clearly do not originate from any of the following: (i) the
coordination of the s-donor ligand, despite the short Li–N
distance of 1.9508 Å; (ii) p-electron delocalization involving
the aromatic pyridine ring; (iii) secondary interactions such as
Li…Li contacts or intermolecular Li…H contacts; or (iv) other
crystal-packing effects. Thus, 1 seems an ideal experimental
benchmark system to study the nature of Li…H–C bonding,
since we can focus our discussion solely on the bonding
situation of the agostic backbone Li–Ca–Sib–Cg–Hg of 1 (Fig.
1). Indeed, the topology of r(r) of this fragment reveals the

† Electronic supplementary information (ESI) available: experimental
and theoretical details of multipole refinements and model systems. See
http://www.rsc.org/suppdata/cc/b1/b105452j/

Fig. 1 Molecular structure of [{2-(Me3Si)2CLiC5H4N}2] 1 at the 50%
probability level and 20 K. Only relevant hydrogen atoms are shown. Atoms
labeled with or without * are related by a crystallographic inversion centre
at the midpoint of the Li–Li* vector. The location of the agostic alkyl group
is indicated by a shaded area.
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unusual electronic nature of the alkyl ligand. We first note the
absence of a Li…Hg bond critical point (bond CP)9 in the
experimental or theoretical r(r) maps, indicating a lack of any
significant agostic interaction. This accords with the absence of
any significant Cg–Hg bond activation revealed by the low
temperature neutron diffraction study. At this stage, the origin
of the deformation of the alkyl group remains unclear.

However, analysis of the geometry of the Li–Ca–Sib–Cg–Hg
backbone gives some guidelines by revealing two significantly
different C–Si bonds: Ca–Sib and Cg–Sib [C1–Si2 = 1.8592(4)
and Si2–C7 = 1.8947(7) Å, respectively]. While Cg–Sib seems
to be slightly enlarged compared with standard single C–Si
bonds such as Si2–C5(6) or Si1–C2(4) [Si–C =
1.8781(7)–1.8888(6) Å], the Ca–Sib bond length is clearly
shortened. Furthermore, the discrepancy in Si–C bond lengths is
accompanied by significant differences in the nature of the Ca–
Si and Cg–Si bonding as shown by the combined charge density
study: the value of r(r) at the bond CP, r(rc), for the Ca–Sib
bond [r(rc) = 0.86(2) e Å23] is clearly larger than that for the
corresponding Cg–Sib bond [0.72(2) e Å23], hinting at an
increased bond order in the Ca–Si vs. the Cg–Si bond. This
conclusion is supported by a pronounced bond ellipticity e of
0.13 at the Ca–Sib bond CP (see ref. 9 and Fig. 2 for a definition
of e). Tracing the bond ellipticity between Ca and Si along the
bond path9 reveals the unusual nature of this bond in
comparison with the ellipticity profiles of the theoretical
benchmark systems for a C–Si single (CH3–SiH3) and a CNSi
double bond (CH2NSiH2) (Fig. 2).

We further note that the Li–Ca (Li–C1) bond in 1 is
significantly longer than the corresponding distance in the
theoretical reference molecule LiMe:12 Li–Ca = 2.2049 vs.
1.966 Å; and that the topological features of r(r) in the two
compounds indicate that the Li–C bond in the former is weaker
[r(rc) = 0.150(2) vs. 0.30 e Å23], and has a pronounced bond
ellipticity (e = 0.12 vs. 0.0). This suggests that the unusual
double bond character of the Ca–Sib bond might be associated
with a delocalization of the Li–C bonding electrons into the Ca–
Sib bonding region, as revealed by the relief map of the negative
Laplacian,92∂2r(r), in the Li,Ca,Sib-plane (Fig. 3). This effect
might be related to negative (anionic) hyperconjugation.

In conclusion, we have demonstrated by a combined neutron
and X-ray charge density study on the lithium–alkyl system 1
that secondary, agostic Li…H interactions are not necessarily
paralleled by significant C–H activation. Despite our findings,
C–H activation probably plays an important role in lithium
organic chemistry and is certainly significant in the character-
istic reactivity of lithium in salient reactions such as b-H-
elimination or even metallation. Furthermore, our results clearly
indicate that Li…H contacts in 1 are not responsible for the
unusual alkyl deformation. These deformations seem more

likely to be a result of electron delocalization of the Li–Ca
bonding electrons over the entire (agostic) alkyl group, leading
to a reduced Li–Ca–Sib angle, a pronounced Ca–Sib double
bond character, short Li…Sib, Li…Cg and Li…Hg distances,
and thus allowing a more efficient charge transfer between the
electron deficient metal center and the agostic Ca–Sib–Cg–Hg
backbone.
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1 See, for example: R. E. Mulvey, Chem. Soc. Rev., 1998, 27, 339.
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Fig. 2 Bond ellipticity9 along the C1–Si2 bond path of 1. The definition of
the bond ellipticity is illustrated by the r(r) contour map in the left corner
showing the charge density in the plane perpendicular to the bond path at the
C–Si bond CP of SiH2NCH2. e is thus a measure of the non-spherical charge
distribution of r(r): e = l1/l2 21. li are eigenvalues of the corresponding
eigenvectors v̆1 and v̆2 of the Hessian matrix of r(r).

Fig. 3 Relief map of the negative Laplacian, 2“2r(r), showing the close-
to-merging situation of the two valence shell charge concentrations
VSCC(1) and VSCC(2) in the Li,Ca,Sib-plane. Normally, the VSCCs on
sp3-hybridized carbon atoms are clearly separated. This effect might
indicate a delocalization of the Li–C bonding electrons into the Ca–Sib
bonding region.
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A new family of discotic liquid crystals, potentially electron
carriers, has been synthesised, some members of which
exhibit a particularly rich thermotropic behaviour.

The discovery that 2,3,6,7,10,11-hexakis(hexylthio)tripheny-
lene (HHTT), in a highly ordered helical (H) mesophase,1
exhibits a charge carrier mobility (m) on the order of m = 0.1
cm2 V21 s21, has created wide scientific and technological
interests in discotic liquid crystals2a as potential candidates for
optoelectronic applications.2b Since then, the charge carrier
mobilities of several mesogens based on hexabenzocoronene,
triphenylene, and phthalocyanine aromatic cores have been
studied.3 Values of m as high as 0.5 cm2 V21 s21 have been
reported for the columnar mesophase of hexabenzocoronene
derivatives.4 Such mobility approaches the corresponding value
for the intersheet mobility in graphite (3 cm2 V21 s21) and
matches those of single crystals of aromatic compounds.4
However, most of the discotic mesogens reported so far are
better hole carriers than electron carriers.3a Only a few
examples of electron carrier discotic mesogens exist to date5,6

creating, therefore, the need for new materials.
In this communication, we report the synthesis and prelimi-

nary mesophase characterisation of a new type of discotic
mesogen 4a–d. The presence of six nitrogen atoms in the
aromatic core is anticipated to significantly increase the first
reduction potential facilitating electron injection and high
electron mobility.7

The synthetic route is short and efficient (Scheme 1). The first
step consists of the condensation of hexaoxocyclohexane
octahydrate (1) with 4,5-dichlorobenzene-1,2-diamine (2) to
afford the 2,3,8,9,14,15-hexachlorodiquinoxalino[2,3-a:2A,3A-
c]phenazine 3 in 94% yield.8 The second step is the nucleophilic

aromatic substitution of 3 by alkyl thiolates.† The yield of
hexakis(alkylthio)diquinoxalino[2,3-a:2A,3A-c]phenazines 4a–d
ranges between 29 and 67% depending on the ease of
purification. Compounds 4b,c, exhibiting a crystalline phase at
room temperature, are easily purified by recrystallization
whereas mesogens 4a and 4d having an X phase at room
temperature necessitate several recrystallizations and chromato-
graphic separations. The solubility of 4a–d is good in common
organic solvents such as CHCl3 and THF. The structure and
purity of 4a–d were confirmed by 1H- and 13C NMR
spectroscopy, mass spectrometry, and UV-visible absorption
spectroscopy. In deuterated chloroform, the 1H-NMR chemical
shift of the aromatic protons moves to higher field on increasing
the concentration, ranging from 8.26 ppm at 1.3 3 1023 M to
8.11 ppm at 2.85 3 1022 M.

The thermotropic behaviour of 4a–d, as studied by differ-
ential scanning calorimetry (DSC), is strongly dependent on
thioalkyl chain length (Table 1). Particularly unexpected is the
number of mesophases observed upon heating for 4b and 4c
(three and five, respectively) whereas 4a and 4d exhibit only
two mesophases from room temperature to decomposition
around 250 °C. This rich thermotropic behaviour and depend-
ence on flexible chain length of 4a–d is reminiscent of some LC
derivatives of truxene and thiatruxene.2b Interestingly enough,
they all have in common the same molecular shape of the
aromatic core, i.e. a three-arm star shape rather than a disk-like
shape. No clearing temperature, below decomposition, was
observed for any of the four mesogens.

The types of the mesophases have been tentatively assigned
based on the observations made by polarised optical microscopy
and X-ray diffraction.‡ Characteristically, besides crystalline
phases (Cr), LC mesophases and non-specified phases (X) were
observed. Phases X are not solid, rather waxy and show
birefingence. Powder diffraction patterns from these phases

Scheme 1 Synthetic route to mesogens 4a–d; a: R = C6H13, b: R = C8H17,
c: R = C10H21, d: R = C12H25. i) Six-fold excess of 4,5-dichlorobenzene-
1,2-diamine (2), acetic acid, reflux, 2 h, ii) ten-fold excess of CnH2n+1SH,
K2CO3, DMF, 85 °C, 5 d.

Table 1 Tentative mesophase assignment,a transition temperatures, °C
(onset),b and transition enthalpies (kJ mol21) of discotic mesogens 4a–d

a Based on optical microscopy and X-ray diffraction investigations.
b Measured by DSC at heating and cooling rate of 10° min21. The data from
second heating scan and first cooling scan are given and were found to be
fully reproducible. c Decomposition occurs around 250 °C.
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exhibit less order than for the solid crystalline phases but a
3-dimensional correlation of molecules is maintained, which is
manifested by maxima superimposed on the halo of the
isotropic alkyl side chains. We propose phases X to be
mesophases of higher, three dimensional order. The presence of
highly ordered mesophases for compounds 4a–d is particular
important in view of charge transport properties since well-
ordered plastic crystals (PC) or helical columnar phase (H) are
known to exhibit higher charge carrier mobilities than less-
ordered LC mesophases.1,6,9 LC phases show birefringence and
a significant fluidity. The textures are rather unspecific for 4b–
d, whereas 4a displays a fan-like texture with large domains,
spontaneously forming above the Cr–LC transition, which can
be frequently found for columnar phases. Interestingly, the X-
ray investigation of the mesophases reveals rather unconven-
tional supramolecular arrangements. Beside halos with maxima
at 0.45 nm for the average distance of isotropic alkyl chains and
shoulders at 0.37–0.40 nm assigned to average intracolumnar
distances separating aromatic cores, several maxima are
observed at small angles which can not be unambiguously
indexed for all observed mesophases. Fig. 1 depicts the X-ray
pattern of 4c at 170 °C, for which we could obtain the clearest
assignment of the diffraction pattern. Three dominant diffrac-
tion peaks are found which can be attributed to an oblique unit
cell with the parameters a = 2.24 nm , b = 2.13 nm and b =
83.5°. The calculated data is in agreement with the observed
distances. The unit cell is significantly smaller than the diameter
of 4c, which is 1.30 nm for the core including the sulfur atoms
and between 3.4 and 4.2 nm depending on the orientation of the
alkyl chains in the all-trans conformation. Thus, like in
hexakis(alkylthio)triphenylenes, this implies a large degree of
penetration of the alkyl chains in the aliphatic region of the
neighbouring column.11 Similar data, but with lower intensity,
was obtained for 4d, however, for 4a and 4b the X-ray patterns
remain complex for the fluid phase at high temperature. The
precise supramolecular order of these molecules is under
investigation. 2D X-ray data of oriented samples and solid state
NMR is in progress and will be published in detail elsewhere.

Compounds 4a–d strongly absorb in the visible range. In
toluene solution, the absorption maxima at the longest wave-
length (lmax) of 4a–d are identical, located at 470 nm with an
absorption coefficient (e) of 105000 M21 cm21. These
compounds emit weakly in dilute solution, when excited either
at 254 or 366 nm. In the solid state, absorption peaks are
broadened and bathochromically shifted. This shift decreases
for longer thioalkyl chains, i.e. lmax = 503, 496, 494, and 491
nm for 4a–d, respectively.

In conclusion, a new type of discotic mesogen, potentially
electron carriers, is reported. These compounds have one or
several mesophases at low temperature and one or more LC
mesophases at high temperature. Future work involves: the

investigation of charge carrier mobility, the synthesis of new
members of the same family with lower clearing temperatures,
and detailed X-ray investigations.
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Fig. 1 X-Ray diffraction pattern of 4c measured at 170 °C using Cu-Ka
radiation. d values are calculated for an oblique unit cell with a = 2.24 nm,
b = 2.13 nm, b = 83.5°.
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Directed and undirected asymmetric dihydroxylation reactions:
application in the synthesis of a C-linked analogue of allolactose
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The complex OsO4·(S,S)-1,2-diphenyl-N,NA-bis(2,4,6-tri-
methylbenzyl)ethane-1,2-diamine is an effective reagent for
the desymmetrisation of meso-1,2-bis(3,6-dihydro-2H-
pyran-2-yl)ethanes by asymmetric dihydroxylation; this
process, whose sense of diastereoselectivity depends on
substitution and stereochemistry, has been exploited in the
synthesis of a C-linked analogue of allolactose.

Previously, we have described methods for the synthesis of
some stereoisomeric C-linked disaccharide mimetics.1 A key
feature of our approach was that diastereomeric mimetics could
be prepared by minor variation of a general reaction sequence.
For example, complementary undirected2 and directed3 dihy-
droxylation reactions were exploited in the two-directional
elaboration of diols (such as C2-symmetric 1) to give products
of general stucture 2 with 1,4-syn stereochemistry. In order to

synthesise the mimetics with the opposite 1,4-stereochemical
relationship, an efficient method for the desymmetrisation4 of
the meso difuryl diol1 3 or one of its derivatives would be
required.

Oxidative ring expansion of the furan rings of the diol 3 using
VO(acac)2–tBuOOH, and acetalisation, gave the dipyranone 4
as a 75+25 mixture of meso and unsymmetrical anomers, from
which the required meso diastereoisomer was crystallised in
52% yield (Scheme 1). Reduction of 4 under Luche’s conditions
gave the diol 5 in > 98% yield, which was converted into the p-
methoxybenzoyl diester 6. The diastereoisomeric diol 8 was
synthesised by hydrolysis of the diacetate 7 obtained by
inversion of the dimesylate derived from 5.

Treatment of 6 with OsO4·10 at 220 °C lead to complete
consumption of the starting material and gave the desymmetr-
ised diol 9† as a single diastereoisomer in 84% yield with 60%

ee (Scheme 2). Dihydroxylation occurred anti2 to the pseudo-
equatorial allylic p-methoxybenzoyloxy group. Previously,
prochiral cyclic dienes have been desymmetrised using AD-mix
b, with dihydroxylation occurring on the outside of their
bicyclic structure.6 This natural diastereoselectivity could be
reversed by delivery of OsO4·10 to the double bond: dihydrox-
ylation of 8 was highly syn selective, and gave, after
peracetylation, the tetraacetate 11 with 93% ee (87% yield
based on recovered starting material). We believe that
diastereoselectivity stems from hydrogen bonding of the
reagent to the pseudoaxial hydroxy group,3 and that this
reaction is the first example of a directed asymmetric dihy-
droxylation.

As a prelude to the diastereoselective functionalisation of the
remaining double bond of 9, we studied the functionalisation of
the allylic p-methoxybenzoate 15 using iodine and silver
benzoate in dry carbon tetrachloride (Scheme 3).7 In view of the

Scheme 2

Scheme 1
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rigorously dry reaction conditions of these reactions, the syn
stereospecificity of this process (15 ? 16, 17) and the absence
of benzoate from the products are remarkable. Presumably,
participation8 of the p-methoxybenzoyloxy group gave the
dioxonium ion 22 which was stable to the reaction conditions;
subsequent hydrolysis of this intermediate, presumably on
aqueous work-up, gave the observed syn hydroxy p-methoxy-
benzoates 16 and 17. In general, syn hydroxyesters are only
obtained when Prévost reactions are conducted in the presence
of water because, under these conditions, the intermediate
dioxonium is hydrolysed in situ.9

Treatment of the iodoesters 16–17 (4+1 mixture of regio-
isomers) with potassium hydoxide in water–THF, followed by
peracetylation, gave a 3+1 diastereomeric mixture of the
triacetates 18 and 19. Presumably, 16 and 17 were converted
into the same epoxide which was opened by hydroxide ion.‡
trans-Diaxial opening11 of the major conformer (20 ? 19,
Scheme 4) requires opening at the site which is b to the two
oxygens of the acetal;12 consequently, reaction via the con-
former 21 (? 18)—that is, away from the two b oxygens12—is
competitive with, and in fact dominates over, this process.

In a similar vein, treatment of the desymmetrised compound
23 with iodine and silver benzoate in dry carbon tetrachloride,
followed by treatment with aqueous potassium hydroxide
solution, gave the C-linked disaccharide mimetic ent-25
(Scheme 5); peracetylation gave the hexaacetate 24 in 64%
yield over 3 steps. The C-linked allolactose mimetic 25, in
which C-6 of the galactose ring has been replaced by a methoxy
group, could clearly have been prepared by the same synthetic
methods using the enantiomeric diamine ligand in the key
desymmetrisation step. It has been suggested that stable
analogues of allolactose, the intracellular inducer of the lactose
(lac) operon, may also exert negative control over gene
expression.13

Our synthesis of the C-linked disaccharide mimetic ent-25 is
unusual in that neither ring derives directly from a sugar, though
Vogel has reported the use of a non-carbohydrate based
template to introduce one of the sugar rings to some C-linked
disaccharides.14 Key steps in our synthesis include the de-
symmetrisation of a highly functionalised meso di-DHP using
an asymmetric dihydroxylation reaction, and the use of a p-
methoxybenzoate ester to control the stereospecificity of a
Prévost reaction.

We thank EPSRC and Aventis for providing funds under the
CASE scheme for new appointees, the Royal Society for a grant
and Pfizer and AstraZeneca for strategic research funding.
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† The absolute configuration of 9 was deduced by comparing the 500 MHz
1H NMR spectra of its (R)- and (S)-Mosher diesters with those of the diol 13,
which was derived from the pyranone5 (2R)-12.
‡ For the hydrolysis of similar epoxides, see ref. 10.
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The synthesis and aminohydroxylation of a series of acyclic
allylic carbamates is described: the formation of a putative
ONOsNNR linkage between the transition metal and sub-
strate is proposed to account for the high levels of
regioselectivity that were observed; proof of the structure of
one of the aminohydroxylation products was obtained
through X-ray crystallography.

The aminohydroxylation reaction has emerged as a particularly
powerful method for the oxidation of alkenes, introducing both
oxygen and nitrogen in a stereospecific manner.1 The asym-
metric variant of this reaction, as pioneered by Sharpless,2 is
adept at transforming alkenes into amino alcohols with high
levels of enantioselectivity. However, control of the regio-
chemistry of oxidation can be difficult with mixtures frequently
being formed. Our interest in this reaction derives from our
work on the regio- and stereoselective dihydroxylation of allylic
alcohols3 and we sought to control the aminohydroxylation of
these substrates. Early work on the asymmetric aminohydrox-
ylation (AA) reaction of allyl alcohol by Landais and co-
workers4 suggested that these substrates might show high levels
of regiocontrol. However, our own work,5 and a further study by
Landais,6 has shown that substituted allylic alcohols are not
oxidised with any appreciable regioselectivity. Janda and co-
workers recently modified allylic alcohol substrates and
developed a range of protecting groups that bias the AA reaction
(Scheme 1):7 these allow the formation of individual regioi-
somers with high selectivity when the alkene is mono-
substituted and with moderate selectivity when the allylic
alcohol becomes more heavily substituted.

We sought to control the regioselectivity of oxidation in a
different way, by formation of a carbamate derivative of allylic
alcohols (Fig. 1). When subjected to the aminohydroxylation
regime, the carbamate group will be chlorinated and deproto-
nated to form a nitrene equivalent that acts as both the oxidant
and nitrogen source for the aminohydroxylation reaction. Of
course, as the putative RNNOsNO fragment is contained within
the allylic alcohol, we should expect high control of regio-
selectivity in the ensuing oxidation event.

The following sequence was used to prepare allylic carba-
mates from the corresponding alcohol (Scheme 2) and,
generally, the reaction was convenient and high yielding.

Preliminary studies concentrated on the oxidation of 1 under
a range of conditions, mostly those developed by Sharpless
(Scheme 3).§ Pleasingly, the reaction worked as planned, giving
decent yields of hydroxyoxazolidinone 2¶ from the allylic
carbamate. Unfortunately, reaction with Sharpless’ ligand
(DHQ)2PHAL gave material that was racemic; this is surprising
as the reactions were clearly faster in the presence of this amine
ligand than without it. Other amine additives had mixed effects:
quinuclidine was not shown to be efficient in promoting the
reaction, whereas Hunig’s base6 gave good yields in a process
that was still faster than that without any ligand at all. The re-
isolation of starting material was difficult to avoid and attempts
to push the reaction to completion by increasing the amount of
tBuOCl and NaOH in the mixture simply gave a more complex
array of products.

Buoyed by these encouraging results, we prepared a range of
allylic carbamates and subjected them to cyclisation with
catalytic potassium osmate and iPr2NEt (Scheme 4). The
reaction is clearly regioselective and stereospecific as shown by
the selective formation of 2 and 4 from 1 and 3, and of 6 and 8
from 5 and 7 respectively.

Most of the compounds shown in Scheme 4 have been
reported previously in the literature8 and we were able to

† Present address, Dyson Perrins Laboratory, South Parks Road, Oxford,
UK OX1 3QY.
‡ Author to whom correspondence regarding the X-ray crystal stucture
should be addressed.

Scheme 1

Fig. 1

Scheme 2 Reagents and conditions: Cl3CNCO; ii, K2CO3.

Scheme 3
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correlate the products from the aminohydroxylation reaction
with that data. While compound 12 is novel, hydrogenation over
palladium on carbon formed compound 6 in good yield (86%),
thus allowing us to confirm the identity of 12. In addition, we
managed to obtain an X-ray crystallography analysis of 2 thus
verifying its structure (Fig. 2).

The stereospecific (and suprafacial) nature of the addition
leads us to postulate a mechanism based around that described
in Fig. 1. A series of control experiments whereby 1, 3, 5, 7, 9
and 11 were subjected to all of the ingredients shown in Scheme
4, bar potassium osmate, gave no oxazolidinone products at all,
thus ruling out a more conventional type of cyclisation reaction
via an epi-ion.

Certainly, the success of these reactions depends on the
presence of osmium which supports the in situ formation of a
ONOsNNR fragment. The lack of enantioselectivity with
Sharpless’ catalysts is disappointing and could be due to a
number of factors such as a lack of involvement of the ligand
during the stereoselectivity determining step, disruption of the

binding pocket by the carbamate tether or slow hydrolysis of the
osmate ester thus promoting reaction via the (non-selective)
second cycle.

To conclude, we have developed a completely regioselective
regime for the hydroxyamination reaction of allylic carbamates.
The reaction is stereospecific and proceeds with only catalytic
amounts of transition metal. One might expect that the
aminohydroxylation of chiral cyclic and acyclic allylcarba-
mates under these conditions should lead to diastereoselectivity
as well as regioselectivity: this aspect of the work is currently
under active investigation.

We are grateful to the EPSRC and Lilly for financial support
of this project. AstraZeneca, GlaxoSmithKline and Pfizer are
thanked for unrestricted financial support.

Notes and references
§ Representative experimental procedure: A fresh, aqueous solution (15
mL) of NaOH (45 mg, 1.1 mmol) was prepared. 14 mL of this was added in
one portion to a magnetically stirred solution of trans-cinnamyl carbamate
1 (200 mg, 1.13 mmol) in nPrOH (12 mL). The solution was allowed to stir
for 5 min, then tert-butyl hypochlorite (129 mL, 1.13 mmol) was added. The
mixture was again allowed to stir for 5 min. To this was then added a
solution of (DHQ)2PHAL (44 mg, 5 mol%) in nPrOH (13 mL) in one
portion. The mixture was allowed to stir for a further 5 min before the final
addition of a solution of potassium osmate (21 mg, 4 mol%) in the NaOH
solution made previously (1 mL). The reaction was followed by TLC until
the solution turned black, which denoted the end of turnover (12 h). The
reaction was quenched by the addition of Na2SO3 (500 mg), and allowed to
stir for 30 min. The mixture was extracted with EtOAc (1 3 25 mL), and the
organic layer washed with brine (25 mL). The organic layer was then
collected and concentrated under reduced pressure. Column chromatog-
raphy (3+2 EtOAc–petroleum ether 40–60) of the crude product yielded the
oxazolidinone 2 (135 mg, 62%) as a colourless crystalline solid. Rf: 0.44
(EtOAc); mp 142–143 °C; IR (CHCl3): 3366 (br, OH), 3230 (NH), 3054,
1730 (CO); 1H NMR (500 MHz, CDCl3): 7.32–7.44 (5H, m, PhH), 5.54
(1H, br s, NH), 4.63 (1H, dd, J 7.5, 3.5, PhCH), 4.23 (1H, t, J 9, CHHA), 4,12
(1H, dd, J 9, 5.5, CHHA), 4.05 (1H, m, CHNH), 2.48 (1H, d, J 3.5, OH); 13C
NMR: 159, 139, 129, 126, 76, 66, 58; MS 194 (M + H+), 211 (M + NH4

+);
HRMS calculated (M + H+) 194.0817, found 194.0816
¶ Crystal data: 2, C10H11NO3: M = 193.20, monoclinic, a = 7.551(4), b =
23.367(3), c = 5.612(5) Å, b = 111.25(6)°, V = 922.7(9) Å3, T = 293 K,
space group P21/n (no. 14), Z = 4, m(Mo-Ka) = 0.104 mm21, 1520
independent reflections, final wR(F2) = 0.1121 (all data) and R(F) =
0.0390 using 1303 reflections with I > 2s(I). The structure was solved by
direct methods. H atoms bonded to C were included in calculated positions,
and those bonded to N and O were found by difference Fourier methods and
refined isotropically. The non-H atoms were refined anisotropically.
Refinement was carried out on F2 using full matrix least squares. CCDC
169247. See http://www.rsc.org/suppdata/cc/b1/b107253f/ for crystallo-
graphic files in .cif or other electronic format.
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Schlingloff and K. B. Sharpless, Angew. Chem., Int. Ed. Engl., 1997, 36,
1483; A. E Rubin and K. B. Sharpless, Angew. Chem., Int. Ed. Engl.,
1997, 36, 2637.

2 For a review see: H. C. Kolb and K. B. Sharpless, in Transition Metals
For Organic Synthesis, ed. M. Beller and C. Bolm, Vol. 2, Wiley, 1998,
pp. 243; O. Reiser, Angew. Chem., Int. Ed. Engl., 1996, 35, 1309.

3 T. J. Donohoe, P. R. Moore, M. J. Waring and N. J. Newcombe,
Tetrahedron Lett., 1997, 38, 5027.
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1407.
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64, 9613.
7 H. Han, C.-W. Cho and K. D. Janda, Chem. Eur. J., 1999, 5, 1565.
8 Literature references to the following compounds: 4, S. Knapp, P. J.

Kukkola, S. Sharma, T. G. Mirali Dhar and A. B. J. Naughton, J. Org.
Chem., 1990, 55, 5700; 8, S. C. Bergmeir and D. M. Stanchina, J. Org.
Chem., 1997, 62, 4449; 10, M. P. Sibi, D. Rutherford and R. Sharma,
J. Chem. Soc., Perkin Trans. 1, 1994, 1675. The literature does not
contain data for 6 and the identity of this compound was proven when it
was oxidised to the corresponding ketone under Jones’ conditions;
subsequent oxidation of the (known) diastereoisomer 8 gave the same
ketone.

Scheme 4 Reagents and conditions: i, K2Os(OH)2O4 (4%), NaOH (1 eq.),
tBuOCl (1 eq.), iPr2NEt (5%), PrOH/H2O, RT.

Fig. 2 X-ray structure of 2.
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An unusual tetrazolodiazepin-6-one was prepared and
shown, by X-ray crystallography, to adopt an essentially
planar conformation about the tetrazole ring with geometry
that closely approximates a cis-amide bond.

The process of transforming the topology of a bioactive
molecule onto a different molecular scaffold is an important
method for generating new classes of bioactive molecules. This
procedure can provide important biological probes and potential
therapeutics with improved potency, stability and other charac-
teristics relative to their parent. The diazepine ring system has
been used extensively in this respect; for example, benzodiaze-
pines have found wide-spread medicinal applications and a
number of diazepine-based systems have been used to construct
peptidomimetic scaffolds that possess well-defined geometries,
such as those found in b-turns.1 Another important peptido-
mimetic scaffold is the 1,5-disubstituted tetrazole ring that has
been identified as an effective cis-amide bond mimic.2 The
incorporation of this moiety into peptides gives cis-restricted
peptidomimetics that have found use as protease inhibitors,3
and biological probes.4 In this paper we present the synthesis
and X-ray structure of (8S)-8-benzyl-8,9-dihydro-7H-tetra-
zolo[1,5-d][1,4]diazepin-6-one, 1. This compound was isolated
and characterized as part of our continuing program to develop
non-hydrolysable tetrazole-based cis-amide bond isosteres and
to investigate their applications.3,5,6 This compound is im-
portant in that it represents a combination of the two
aforementioned scaffolds into one, new class of dipeptido-
mimetic.

Compound 1 was isolated from an attempted coupling of N-
Boc-protected dipeptide mimic 2,6 with the benzyl ester
hydrobromide 3,6 under standard EDCI mediated peptide
coupling conditions (Scheme 1). The desired tetrapeptide, 4,
was not observed in the crude reaction product by 1H NMR or
mass spectrometry.† Purification of the crude mixture by flash
column chromatography gave the cyclic tetrazole-based dipep-
tide mimic, 1, in 93% yield,‡ which was recrystallised from
methanol.

A few related nitrogen-containing five-membered rings fused
to the diazepine scaffold are known and these have been shown
to possess interesting pharmacological properties.7,8 However,
our structure is unique in that its diazepinone scaffold contains
a homophenylalanine–glycine based cyclic dipeptide in which
one of its cis-amide bonds is constrained within a tetrazole-
based amide surrogate. The tetrazole moiety forces the system
to adopt a ‘cis-like’ geometry at the homophenylalanine–
[CN4]–glycine junction that is necessitated by the cyclic
architecture of the diazepinone scaffold.

The structure of 1 was confirmed by an X-ray structure
determination at 173(2) K and was satisfactorily refined (Fig.
1).§ The structural data from 1 provides information for the
design of cis-constrained tetrazole-based peptidomimetics, and
also diazepine-based dipeptidomimetic scaffolds. Very few
solid state structures of tetrazole-based peptidomimetics have
been reported.9 Consequently, this class of peptidomimetic

remains relatively uncharacterized with regards to its geometry.
Such information is required if these compounds are to be fully
exploited as conformationally restricted peptidomimetics.

The structural data obtained for 1 compares well with other
reported 1,5-disubstituted tetrazole groups.10 The tetrazole ring
of 1 was found to be essentially planar with the torsion angles
N2–C5–N5–N4, C5–N5–N4–N3, N5–N4–N3–N2, N4–N3–
N2–C5, and N3–N2–C5–N5 being 20.55(15), 0.17(16)°,
0.27(16), 20.62(15) and 0.74(15)°, respectively and the ring
atoms show a mean deviation from the plane of 0.003 Å. The

Scheme 1 Synthesis of (8S)-8-benzyl-8,9-dihydro-7H-tetrazolo[1,5-d]-
[1,4]diazepin-6-one. Reagents and conditions: i) EDCI [1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride], HOBt (1-hydroxyben-
zotriazole hydrate), DIPEA (N,N-diisopropylethylamine), rt, 18 h.

Fig. 1 Molecular structure of (8S)-8-benzyl-8,9-dihydro-7H-tetrazolo-
[1,5-d][1,4]diazepin-6-one, 1.
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N3–N4 bond [1.2887(18) Å] possesses the most double bond
character of the heterocyclic bonds. The N2–N3 and N4–N5
bonds are the longest being 1.3537(16) and 1.3650(18) Å,
respectively. The N5–N4–N3 endocyclic bond angle,
111.37(11)°, is wider than the C5–N5–N4 and N4–N3–N2 bond
angles, 105.79(12) and 105.56 (12)°. The dipeptide mimic is
folded at the homophenylalanine–[CN4]–glycine sequence with
the torsion angles, C5–C6–C7–N1, N2–C5–C6–C7, C6–C5–
N2–C3, and C2–C3–N2–C5, being 59.53(16), 29.2(2), 3.3(2),
and 248.92(19)° respectively. The diazepinone ring is puck-
ered with a mean deviation from the plane of 0.317 Å, while the
phenylalanine ring adopts a flagpole orientation over the
diazepin-6-one scaffold.

The tetrazole-based cis-amide bond mimic is known to
compare well with the geometric properties of a generic cis-
amide bond obtained from statistical analysis of published X-
ray diffraction structures.11 However, the solid state structure of
1 provides an excellent opportunity for a direct comparison of
the tetrazole-based amide bond surrogate and the cis-amide
bond, as 1 contains both these structural motifs within the
constrained diazepinone ring. The geometric properties of the
tetrazole-based surrogate of 1 and the cis-amide bond of 1
compare favourably. The N2–C5 bond [1.3455(18) Å] of the
tetrazole is slightly shorter than the amide bond, N1–C2
[1.3508(19) Å]. The separation between carbon centres adjacent
to the tetrazole ring [C3…C6] and the corresponding distance
between a-carbons adjacent to the amide bond [C7…C3] are
similar, being 3.229 and 2.911 Å, respectively. The small
variation between these distances is a consequence of the
increased steric bulk of the tetrazole moiety. Hence, the bond
angles C6–C5–N2 [127.19(13)°] and C3–N2–C5 [131.98(12)°]
of 1 are greater than the corresponding bond angles of the cis-
amide bond, C7–N1–C2 [127.05(12)°] and N1–C2–C3
[115.81(12)°]. The w̄ torsion angle at the homophenylalanine–
[CN4]–glycine junction, [C6–C5–N2–C3], is forced to adopt a
planar cis-conformation by the fused tetrazole ring, where w̄ =
3.3(2)°. Similarly, the torsion angle about the cis-amide bond of
1, [C7–N1–C2–C3], is essentially planar, where w̄ =
3.11(19)°.

In this paper we have presented the synthesis and solid state
structure of a new class of peptidomimetic diazepinone
molecular scaffold. This architecture should be amenable to
attaching a wide range of amino acid R groups and thus the
presentation of a diverse range of topologies.

The work was supported by a Royal Society of New Zealand
Marsden grant. We are indebted to Peter Steel and Chris Fitchett
for their assistance in solving the structure presented in this
paper.
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bonds. To this end we targeted tetrapeptide mimic, 4, that contains two
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b = 8.621 (3), c = 20.890 (7) Å, g 90 (2)°, V = 1147.8 (7) Å3, spacegroup
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Synthesis and properties of fac-Re(dmbpy)(CO)3CHO (dmbpy =
4,4A-dimethyl-2,2A-bipyridine), a possible intermediate in reductions of
CO2 catalyzed by fac-Re(dmbpy)(CO)3Cl
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Synthesis of fac-Re(dmbpy)(CO)3CHO 2 and its reactions
with CO2 in DMF and DMSO have been conducted; 2
transfers hydride to CO2 to give Re(dmbpy)(CO)4

+ OCHO2
5 which is rapidly transformed to fac-Re(dmbpy)(CO)3-
(OCHO) 3 in DMF, thus supporting the viability of 2 in
photocatalytic reactions of fac-Re(dmbpy)(CO)3Cl with
CO2.

Photo- and electrochemical reductions of carbon dioxide
catalyzed by fac-Re(N–N)(CO)3Cl (N–N = 4,4A-dimethyl-2,2A-
bipyridine) lead to carbon monoxide and fac-Re(N–N)(CO)3-
(OCHO).1 Scheme 1 shows a previously proposed photo-
catalytic cycle leading to CO.1b Proton-promoted dehydroxyla-
tion of fac-Re(N–N)(CO)3CO2H 1 would yield Re(N–N)(CO)4

+

which was thought to react with chloride ion, with CO loss, to
regenerate the starting rhenium complex; the photocatalytic
reactions were typically conducted for ca. 4 h in DMF solution.
The formate complex could result from intermediate metal-
locarboxylic acid 1 after decarboxylation to fac-Re(N–
N)(CO)3H followed by CO2 insertion into the metal hydride
bond.2 Also, the formate could result from protonation of Re(N–
N)(CO)3

2 (c in Scheme 1) followed by rapid CO2 insertion.
Thus, competition between CO2 and H+ for the anion could
determine the CO+formate ratio. We recently prepared the
metalloacid 1, and studied its thermolysis reactions.3 However,
reactions of 1 do not provide the formate complex even when
conducted in the presence of added CO2.

The possible intermediacy of a formyl complex as a precursor
to the formate in photochemical reactions of CO2 with fac-
Re(bpy)(CO)3H was suggested by Sullivan and Meyer.2 Also,
the possibility of formyl intermediates in photocatalytic reac-
tions of fac-Re(N–N)(CO)3Cl with CO2 has been suggested by
us3,4 and others5 because of the reaction conditions used.
Triethanolamine (TEOA) was used as a sacrificial electron
donor in the photocatalytic reactions.1a,b The decomposition of
the resulting TEOA cation radical occurs through H-atom

transfer from a second TEOA (yielding TEOAH+ and providing
a proton source in the reactions) and concurrent formation of
one or more carbon-centered radicals;6 the carbon-centered
radicals are subject to further transformations.7 Since Re(N–
N)(CO)4

+ is a likely reaction intermediate, as discussed above,
its one-electron reduction to the acyl radical [Re(N–
N)(CO)3(CNO)]· is possible,8 and hydrogen atom abstraction8,9

by this radical (from a carbon-centred TEOA radical) could
yield fac-Re(N–N)(CO)3CHO. As with other formyl com-
plexes,10 these could be expected to decarbonylate to fac-Re(N–
N)(CO)3H; the hydrides are known to insert CO2 and provide
formates.2,3a This side reaction leading to the formyl complex
from Re(N–N)(CO)4

+ would explain why excess Cl2 is
effective in suppressing formate since Cl2 should speed the
conversion to a (Scheme 1) and diminish the availability of
Re(N–N)(CO)4

+ for the side reaction.
We have now prepared and characterized fac-Re(dmbpy)-

(CO)3CHO 2,† and studied its reactions with CO2 and with
metalloacid 1. Reaction of 2 with CO2 in DMF-d7 leads,
primarily, to Re(dmbpy)(CO)3OCHO2,3a (3; 76% yield after
1 h, 85% yield after 4.5 h at room temperature) together with the
bicarbonato complex fac-Re(dmbpy)(CO)3OCO2H3b (4; 10%
yield at either time). However, in monitoring the reaction
solution (0.013 M in 2 and 0.17 M in CO2

11 with ferrocene as
an internal standard) at 25 °C by 1H NMR spectra during the
early stages of the reaction, we observed that the initial products
were Re(dmbpy)(CO)4

+ OCHO2 5,‡ acid 1 and the CO2-
bridged compound fac,fac-Re(dmbpy)(CO)3(CO2)Re(dmbpy)-
(CO)3 6.3a Over time, 1 and 6 are converted to 4 in the presence
of CO2 and the small amount of water in the solvent.3b After 20
min, 5 and 3 were present in approximately equal amounts; after
1 h, the ionic formate 5 had mostly converted (10% remaining)
to the covalent formate 3. In a second reaction, beginning at
210 °C and then warming to +10 °C and finally to 25 °C during
2 h, the yield of 5 reached ca. 40% (at +10 °C) before 3 began
to appear. After warming to 25 °C, however, the transformation
of 5 to 3 was enhanced (45% yield of 3 after 30 min). Reaction
of 2 with CO2 was also conducted in DMSO-d6 (0.005 M in 2,
0.115 M in CO2

11) at 25 °C for comparison. After 1.5 h, the
yield of ionic formate 5 had reached 60% and 2 had been mostly
consumed ( < 5%); at this time no 3 had yet been formed. Also
formed were 4 (10%), 6 (5%) and 1 (15%). After 24 h, the yield
of 5 had dropped only to 50% as 3 was generated. Thus, the rate
of conversion of 5 to 3 is highly solvent dependent.

Parts of Scheme 1 are certainly viable: we have prepared fac-
Re(dmbpy)(CO)4

+ Cl2 7§ and observed that it slowly converts
to fac-Re(dmbpy)(CO)3Cl 8 at room temperature (38% after 5.5
h) in DMF-d7. However, irradiation (450 W mercury arc lamp
through a Pyrex cooling jacket) of 7 in DMF-d7 showed that
84% of it was converted to 8 after 2.5 h, thus the conversion
should have been complete within the time of the catalytic
experiments. Ziessel1a found that it was necessary to increase
[Cl2] in order to suppress formate. While increased [Cl2] could
certainly increase the rate of conversion of 7 to 8, it should have
little impact on protonation of anion c (Scheme 1). In the
manner of other metallocarboxylic acids,12 1, in DMF-d7, isScheme 1

This journal is © The Royal Society of Chemistry 2001
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rapidly dehydroxylated by concentrated HCl, yielding 7 (88%)
and 8 (12%) upon mixing. Efforts to prepare an authentic
sample of formate 5 in the manner of 7 have failed because the
excess formic acid necessary to bring the reaction to completion
ensures that the formate anion is converted to the formic acid
solvate.13

Since ruthenium formyl complexes with polypyridine ligands
are reactive toward the corresponding metallocarboxylic acids14

and 1 was expected to be a product in the photocatalytic
reactions involving 8, we have also probed the reactivity of 2
toward 1. In DMF-d7 (0.013 M in both 2 and 1) after 1 h, the
major product (83%) is the same intermediate species that was
generated from 1 alone in this solvent; the intermediate is
eventually transformed to the CO2-bridged complex, 6.3b

We found no evidence for rhenium hydrides in decomposi-
tions of 2 conducted in the presence of CO2; the formyl complex
reacts directly with CO2 to produce 5 as shown in Scheme 2.
Direct transfers of hydride from formyl complexes to carbon
electrophiles are well known,10a,c although the electrophiles are
usually stronger than CO2. However, hydride transfer has been
suggested in reactions of Ru(bpy)2(CO)(CHO)+ PF6

2with CO2
although the product was not characterized.15 The reactions of
formyl complex 2 with CO2 and the subsequent rapid
conversion of 5 to 3 support the suggestion that 2 could be a
viable reaction intermediate in the catalytic reactions.

This work has been supported by the United States Depart-
ment of Energy, Division of Chemical Sciences, Office of
Science.

Notes and references
† Preparation of 2: to a solution of Re(CO)4(dmbpy)(OTf) (0.25 g, 0.40
mmol) in MeCN (16 mL) and H2O (4 mL) at 25 °C was added Et4NBH4

(0.064 g, 0.44 mmol). The mixture was stirred for 2 min and allowed to
stand for an additional 5 min. A yellow precipitate formed and was
collected, washed with water (30 mL) and MeCN (15 mL) and then dried
(0.16 g, 83%), mp 162 °C (decomp.). Anal. calc. for C16H13N2O4Re: C,
39.75; H, 2.71. Found: C, 39.41; H, 2.82%. IR nCO (KCl, DRIFTS)/cm21:
2005 (s), 1907 (s), 1882 (vs), 1554 (m). 1H NMR (DMF-d7, 25 °C): d 14.69
(1H, s), 8.88 (2H, d, J 5.5 Hz), 8.75 (2H, s), 7.57 (2H, d, J 5.5 Hz), 2.60 (6H,
s). 1H NMR (DMSO-d6, 25 °C): d 14.49 (1H, s), 8.76 (2H, d, J 5.5 Hz), 8.65
(2H, s), 7.49 (2H, d, J 5.5 Hz), 2.54 (6H, s). Note: the formyl proton has a
long relaxation time. In order to obtain accurate integrations of this proton

relative to the dmbpy protons it was necessary to use a pulse delay of
25 s.
‡ 1H NMR spectral properties of 5 in DMF-d7: d 9.09 (d), 8.86 (s), 8.58 (s,
OCHO), 7.79 (d) and 2.65 (s).
§ Preparation of 7: Re(dmbpy)(CO)3CO2Me3a (0.40 g) and CH2Cl2 (15
mL) were stirred in a 100 mL flask under N2 at 25 °C and then HCl (gas)
was bubbled through the yellow suspension for 30 s to provide a pale yellow
solution. The solution was stirred for 5 min, then purged with N2 at 25 °C;
ether (50 mL) was then added to precipitate the product (0.41 g, 100%
yield), mp 92 °C (decomp.). Anal. calc. for C16H12ClN2O4Re + 2.5H2O: C,
34.10; H, 3.02. Found: C, 33.79: H, 2.71%. IR nCO (KCl, DRIFTS)/cm21:
2109 (s), 1994 (vs), 1966 (s), 1934 (s). 1H NMR (CD2Cl2): d 9.32 (2H, s),
8.75 (2H, d), 7.53 (2H, d), 2.75 (6H, s). 1H NMR (DMF-d7): d 9.08 (2H, d),
8.99 (2H, s), 7.79 (2H, d), 2.66 (6H, s). 13C NMR (CD2Cl2): d 187.96,
183.30, 156.46, 155.70, 153.50, 129.87, 127.50, 21.83.
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application of coupling reagents in palladium catalysis
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A new palladium-catalyzed cross-coupling reaction between
arylboronic acids and carboxylic acids, activated in situ for
the oxidative addition to a tricyclohexylphosphine palla-
dium(0) catalyst by treatment with di(N-succinimidyl)
carbonate (DSC) is disclosed, which allows the high-yielding
synthesis of various functionalized arylketones under mild
conditions.

The reaction of carboxylic acid derivatives, for example nitriles,
Weinreb-amides, anhydrides, or acid chlorides with carbon
nucleophiles to the corresponding ketones is an important C–C
bond-forming reaction that is commonly used in organic
synthesis.1 Various procedures have been developed to opti-
mize the yield of the ketones and avoid the formation of the
tertiary alcohols.2 Highly reactive acid chlorides can be
alkylated with a number of mild carbon nucleophiles, for
example organotin, -zinc and -copper compounds or boronic
acids.3,4 Furthermore, ketone synthesis from thioesters5 has
been reported. However, only a few protocols have been
disclosed for the highly desirable direct conversion of the
plethora of carboxylic acids into ketones and all of these require
aggressive lithium, magnesium, or aluminum reagents intoler-
ant of most functional groups.6 Recently, we reported a novel
palladium catalyzed synthesis of arylketones directly from
carboxylic acids and boronic acids using pivalic anhydride as an
activating agent.7 This transformation gives good yields for
many substrates, however, the reactivity of the pivalic anhy-
dride against basic groups and the inconvenience of the
separation of the products from the pivalic acid are still
disadvantageous. A milder and more practical ketone synthesis
from carboxylic acids and readily available boronic acids,8
which works under neutral conditions in the presence of many
functional groups would be of great value especially for
applications in combinatorial chemistry.

The utilization of mild coupling reagents such as DCC–
HOBt, CDI (1,1A-carbonyldiimidazole) or DSC for the activa-
tion of the carboxylic acids could be the key to a much-
improved process (Scheme 1). These compounds are known to
cleanly convert carboxylic acids into stable intermediates,
which are just reactive enough to ensure smooth conversion to
the corresponding amides.9 Due to their easy handling, their
reliability and selectivity combined with an excellent tolerance
of functional groups, coupling reagents have become indis-
pensable for most applications in peptide synthesis.

In principle, a catalytic cycle for the palladium-catalyzed
reaction of carboxylic acids with boronic acids consisting of the
oxidative addition of an activated acid derivative producing an
acyl palladium complex, followed by transmetallation of a
boronic acid, and reductive elimination of the ketone appeared
to be feasible.10 However, to the best of our knowledge there is

no literature precedent for the use of coupling reagents in
transition-metal catalysis.11

Due to the high stability and easy handling, we chose
phenylboronic acid (1a) and N-benzoyloxysuccinimide (4) as
our model substrates and screened various palladium catalysts
for activity in the desired conversion (Scheme 2). The catalysts
were prepared in situ from Pd(ii) precursors and two equivalents
of different phosphines. Some results are summarized in
Table 1.

Whereas no reaction was observed for triarylphosphines,
with electron-rich trialkylphosphines moderate yields were
obtained (Entries 1–6). This may indicate that the oxidative
addition of the N-benzoyloxysuccinimide is the rate-determin-
ing step which should be facilitated by increasing the electron
density on the palladium. Sterically demanding tricyclohex-
ylphosphine gave best results while tri-tert-butylphosphine
complexes were not stable under the reaction conditions and
precipitation of palladium(0) was observed.

THF proved to be the most effective solvent (Entries 6–8).
The stability of the catalytic system was significantly enhanced
when a mild base was added (Entries 9–13). Best results were
obtained with Na2CO3 while the presence of soluble bases
appeared to inhibit the reaction. We also investigated the

Scheme 1 Cross-coupling of boronic acids and carboxylic acids.

Scheme 2 Cross coupling of N-benzoyloxysuccinimide.

Table 1 Effects of the reaction conditions on the yielda

Ligand Pd-source Solvent Base Product (%)b

1 PPh3 Pd(OAc)2 THF — < 2
2 DPPF Pd(OAc)2 THF — < 2
3 P(o-Tol)3 Pd(OAc)2 THF — < 2
4 P(tBu)3 Pd(OAc)2 THF — < 2
5 P(nBu)3 Pd(OAc)2 THF — 19
6 PCy3 Pd(OAc)2 THF — 33
7 PCy3 Pd(OAc)2 DMF — 6
8 PCy3 Pd(OAc)2 Toluene — 12
9 PCy3 Pd(OAc)2 THF K2CO3 48

10 PCy3 Pd(OAc)2 THF Cs2CO3 < 2
11 PCy3 Pd(OAc)2 THF KF 40
12 PCy3 Pd(OAc)2 THF NEt3 41
13c PCy3 Pd(OAc)2 THF Na2CO3 64,e 76, 98f

14d PCy3 Pd(OAc)2 THF Na2CO3 74
15 PCy3 Pd(OAc)2 THF Na2CO3 48
16 PCy3 dba3Pd2 THF Na2CO3 5,e 36, 45f

17 PCy3 Pd(NO3)2 THF Na2CO3 70,e 92, 97f

18 PCy3 PdCl2 THF Na2CO3 15,e 25, 26f

19 PCy3 Pd(acac)2 THF Na2CO3 2,e 80, 98f

20 PCy3 Pd(F6-acac)2 THF Na2CO3 67,e 81, 97f

a Conditions: 1 mmol N-benzoyloxysuccinimide, 1.2 mmol phenylboronic
acid, 3 mol% Pd, 7 mol% ligand, 2 mmol base, 60 °C, 14 h. b Yields
determined by GC. c 1 mmol water added. d 10 mmol water added. e 3 h; 
f 36 h.
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influence of the counter ion on the palladium pre-catalyst and
observed faster reactions with weakly coordinating counter-
ions such as NO3

2 or F6-acac than with stronger coordinating
Cl2 (Entries 16–20).10 Under the reaction conditions, the
boronic acids act as the reducing agents for the palladium so that
biaryls are formed in small quantities. With dba3Pd2 as a pre-
catalyst, lower yields were observed, which may be due to an
insufficient dissociation of the dba from Pd(0). The presence of
small quantities of water has little effect on the reaction
outcome so that it is not necessary to dry the reagents or
solvents, however, the presence of a large excess of water was
found to lower the yields (Entries 13–15).

We then set out to combine the activation of the carboxylic
acid with di(N-succinimidyl) carbonate and the transformation
to the ketone into a convenient one-pot procedure (Scheme 3).†
Since the activation of the acid was found to proceed smoothly
within a few minutes in THF in the presence of Na2CO3, this
was easily accomplished: in a typical procedure, all reagents
except the boronic acid are dissolved in THF and the mixture is
stirred until the CO2 evolution has ceased. Then, the boronic
acid is added and the reaction is heated until complete
conversion. Under these conditions F6-acac gave best results,
and it is beneficial to add a slight excess of the phosphine to
make up for losses during the first reaction step. The water-
soluble by-products N-hydroxysuccinimide and boric acid are
easily removed by a single water wash.

In order to test the generality of this protocol, we applied it to
a variety of different substrates. Table 2 shows the broad scope
of the new transformation. Both electron-rich and electron-poor
alkyl, aryl and even heteroaryl carboxylic acids work equally
well, many functional groups such as keto, cyano, ester, nitro,
amido and even hydroxy groups are tolerated, and no side
products arising from enolisation of the keto groups were
observed in significant quantities.

In summary, the introduction of easy-to-handle coupling
reagents as activating agents for acids in transition-metal
catalysis led to the discovery of a convenient new ketone
synthesis from carboxylic acids and boronic acids. Further
applications of this new concept, for example, in the reduction
of carboxylic acids to aldehydes or the Heck reaction of benzoic
acid derivatives are under current investigation.

We thank M. Rössig and L. Winkel for technical assistance
and Professor Dr M. T. Reetz for generous support and constant
encouragement.
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mmol), tricyclohexylphosphine (252 mg, 0.90 mmol), 3-phenylpropionic
acid (2e) (1.50 g, 10.0 mmol), Na2CO3 (2.08 g, 20.0 mmol), and di(N-
succinimidyl) carbonate (3.33 g, 13.0 mmol). The reaction vessel was
purged with argon and degassed THF (30 mL) was added. The yellow
mixture was stirred at 60 °C for a few minutes until the gas evolution had
ceased. Then, the solution was cooled down to RT, a solution of
4-methoxyphenylboronic acid (1a) (1.82 g, 12.0 mmol) in THF (30 mL)
was added and the purple reaction mixture was stirred at 60 °C overnight.
The reaction slurry was then poured into water (300 mL) and extracted 3
times with 100 mL portions of ethyl acetate. The combined organic layers
were dried over MgSO4, filtered, and the volatiles were removed in vacuo.
The residue was adsorbed on a plug of Al2O3. Nonpolar impurities such as
the phosphine or the biaryl were removed by elution with hexane. The
product (2.19 g, 91%) was then eluted with 20% ethyl acetate in hexane. 1H
NMR (300 MHz, CDCl3, 25 °C, TMS): d = 7.93 (d, 3J (H,H) = 9 Hz, 2H),
7.23–7.19 (m, 5H), 6.92 (d, 3J (H,H) = 9 Hz, 2H), 3.85 (s, 3H), 3.24 (t, 3J
(H,H) = 7 Hz, 2H), 3.06 (t, 3J (H,H) = 7 Hz, 2H) ppm; 13C NMR (75 MHz,
CDCl3, 25 °C, TMS): d = 197.8, 163.5, 141.5, 130.3, 130.0, 128.5, 128.4,
126.1, 113.7, 55.5, 40.1, 30.3 ppm; MS (70 eV): m/z (%): 240 (33) [M+],
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[M+]: 240.115029; found: 240.115132; anal. calcd. for C16H16O2 (240.30):
C, 79.97; H, 6.71; N, 0.0; found: C, 80.12; H, 6.78; N, 0.0. The reactions in
Table 1 and Table 2 were performed on a 1 mmol scale using 50 mg
tetradecane as an internal GC standard. The products were isolated by
column chromatography (Al2O3 hexane–ethyl acetate 10:1) and charac-
terized by means of 1H and 13C NMR as well as by GC-MS and HRMS.
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Scheme 3 One-pot synthesis of arylketones from carboxylic acids.

Table 2 Pd-catalyzed synthesis of arylketonesa

Comp. Ar R Yield (%)b

3a Phenyl Phenyl 90
3b Phenyl 2-Phenylethyl 95
3c o-Tolyl 2-Phenylethyl 90
3d 1-Naphthyl 2-Phenylethyl 90
3e p-Methoxyphenyl 2-Phenylethyl 91
3f p-Acetylphenyl 2-Phenylethyl 56
3g 3-Thienyl 2-Phenylethyl 88
3h 2-Furyl 2-Phenylethyl 55
3i Phenyl 2-Methoxycarbonylethyl 51
3k Phenyl m-Acetoxyphenyl 42
3l Phenyl 4-Pyridyl 42
3m Phenyl p-Methoxycarbonylphenyl 53
3n Phenyl 3-Thienyl 49
3o Phenyl 3-Furyl 48
3p Phenyl p-Acetylphenyl 88
3q Phenyl Cyclohexyl 81
3r Phenyl p-Nitrophenyl 37
3s Phenyl p-Methoxyphenyl 68
3t Phenyl p-Cyanophenyl 95
3u Phenyl p-Trifluoromethylphenyl 89
3v Phenyl p-Acetamidophenyl 86
3w Phenyl m-Cyanophenyl 90
3x Phenyl HO-C11H22 78
a Conditions: 1 mmol carboxylic acid, 1.2 mmol boronic acid, 1.3 mmol
DSC, 3 mol% Pd(F6-acac)2, 9 mol% PCy3, 2 mmol Na2CO3, 60 °C, 20 h.
b Isolated yields.
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S3O, a new sulfur oxide identified in the gas phase
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S3O, a novel, linear sulfur oxide has been detected in the gas
phase by means of neutralization reionization mass spec-
trometry; the upper limit of stability of acyclic forms of SnO
oxides has been set by theoretical calculations.

Disulfur monoxide, S2O, and homocyclic sulfur oxides, SnO (n
= 5–10), are well known non-polymeric, sulfur-containing
species formed by oxidation of cyclosulfurs Sn, and are relevant
to combustion processes.1,2 They have been detected in both the
solid-state and in solution, apart from S2O which has also been
observed in the gas phase. We now report the first experimental
detection of S3O oxide, potentially significant in combustion
processes but also in sulfur-rich extraterrestrial atmospheres
such as that of Venus, where S2, S3 and higher Sn oligomers are
present mainly in the sub-cloud region. Polysulfur species, that
partially reach the upper region, include S3, also denoted
‘thiozone’, whose role in the Venusian atmosphere can be
thought of as that of ozone in the Earth’s upper atmosphere.3 As
an example, the result obtained may suggest an additional way
of depletion of S3 (so far traced to photodissociation), i.e. the
oxidation to S3O, likely occurring from O2 and SO3, produced
by photolysis at the cloud tops.

In this work, detection of S3O oxide, as an isolated gaseous
molecule, was accomplished by the neutralization reionization
(NR) mass spectrometric technique4 from the S3O+ ion,
obtained by SO+ chemical ionization (CI) of carbonyl sulfide, in
the high-pressure source (0.1–0.2 Torr) of a ZABSpec-oa TOF
mass spectrometer. The S3O+ ion and the S3O oxide were
characterized by mass spectrometric techniques and theoretical
calculations.

The S3O+ ion was generated according to the general
reaction

recently described as an oligomerization process, where each
SnO+ ion formed further reacts with COS giving Sn + 1O+.5

However, in the specific case of interest, detection and
structural characterization of S3O+ is hindered by the super-
imposition of the isobaric species formed in the CI of the most
commonly used precursors of the SO+ reagent. As an example,
in the SO2/CI of COS,

the isobaric S2O3
+ ion is formed by the very efficient reaction

(2).5,6 To circumvent the problem we exploited instead the
reaction occurring in the O3/CI of COS

which proved an effective route to SO+ in the absence of
SO2.5 This rules out reaction (2) and allows the S3O+ ion from
reaction (1) to be mass selected and structurally assayed by

collisionally activated dissociation (CAD) mass spectrometry.
The CAD spectra of the 32S3O+, 34S32S2O+ and 32S34S2O+

isotopomers were recorded, as well as the MS3 (multi-stage
mass spectrometry) spectra of several significant daughter ions,
which confirmed the elemental composition of the S3O+

precursor ion. As an example, the CAD spectrum of 32S3O+ has
been reported in Fig.1(a). S3O+ was then mass selected and
neutralized by electron exchange with Xe in a first collision cell
located along the flying path. After deflection of any surviving
ions by a high-voltage electrode, the neutral beam was reionized
in a second cell by collision with O2. The NR spectra of 32S3O+

and 34S32S2O+ ions were recorded, showing significant ‘recov-
ery’ peaks of m/z 112 and 114, respectively, and pointing to the
existence of neutral S3O as an isolated species in the gas phase,
with a lifetime in excess of 1 ms. As an example, the NR
spectrum of 32S3O+ is shown in Fig.1(b). The identity of the
S3O+ ion from the reionization process was ascertained by its
CAD-TOF mass spectrum, which was compared with that of the
S3O+ ion from the source.

The optimized geometries of the minima identified on the
potential energy surfaces of S3O+, computed using the hybrid
B3LYP function7,8 are shown in Fig. 2. Single point energy
calculations at the optimized geometries were performed using
the coupled-cluster single and double excitation method, with a
perturbational estimate of the triple excitations [CCSD(T)]
approach,9 using the 6-311+G(3df) basis set,10 which includes a
set of diffuse functions and three d and one f polarization
functions, both on oxygen and on sulfur. All the species display
a terminal oxygen atom, the most stable being the 2AB planar
structure 1, as illustrated by the total and relative energies
reported in Table 1.11 All structures are probably accessible to
the formation process; nevertheless, in the absence of apprecia-
ble barriers to the isomerization typical of conformer relaxation,

Fig. 1 (a) CAD spectrum of 32S3O+, He collision gas. The out-of-scale m/z
112 parent ion is not shown. (b) NR spectrum of 32S3O+, neutralizing gas
Xe, reionizing gas O2, 80% transmittance.
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structures 1 and 2 are expected to be the most representative of
the population sampled, the quartet state being considerably less
stable.

Fig. 3 shows the structures of the minima identified on the
potential energy surfaces of S3O. The most stable species are the
1AA planar structures A and D, the triplet states B and C being
less stable by some 10 kcal mol21 (Table 1). Inspection of Figs.
2 and 3 shows that the geometrical correlation between the most
stable charged and neutral species makes conceivable the
formation of the latter ones by a vertical neutralization process.
From a more general standpoint, the results have some bearing

on the question concerning the relative stability of cyclic vs.
acyclic SnO oxides. It is well known that S2O is an acyclic,
angular molecule with a terminal O atom. As for S3O, the only
minima theoretically localized are also characterized by an
acyclic structure, with a terminal O atom. Extension of the
analysis to S4O12 shows that at the B3LYP/CCSD(T) level of
theory the DH∆ values of the most stable acyclic isomer and the
cyclic one are very close, falling within 1 kcal mol21. In
summary, it appears that, among the SnO oxides, S3O sets the
upper n limit of the range where acyclic species are significantly
more stable.

Financial support from Ministero dell’Università e della
Ricerca Scientifica e Tecnologica (MURST), from Consiglio
Nazionale delle Ricerche (CNR) and from the Rome University
‘La Sapienza’ is gratefully acknowledged. The authors thank A.
Di Marzio for its helpful assistance.
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Fig. 2 Optimized geometries of the localized minima on the potential energy
surface of the S3O+ system, computed at the B3LYP/6-311+G(3df) level.
Only the main geometrical parameters are shown. Bond lengths in Å, angles
in °.

Table 1 Total energies, relative enthalpies and relative free energies at 298
K of the S3O+/0 systems computed using the 6-311+G(3df) basis set. Total
energies in Hartrees, relative energies in kcal mol21

Species Symmetry

Relative
enthalpy
(B3LYP) CCSD(T)

Relative
free energy
(B3LYP) CCSD(T)

1 2AB 0 0 0 0
2 2AB 1.6 2.2 1.8 2.4
3 4A 7.9 10.1 6.0 8.2
A 1AA 0 0 0 0
B 3A 7.3 12.8 5.4 11.0
C 3AA 7.3 12.4 5.1 10.2
D 1AA 3.8 4.3 3.6 4.1

Fig. 3 Optimized geometries of the localized minima on the potential energy
surface of the S3O system, computed at the B3LYP/6-311+G(3df) level.
Only the main geometrical parameters are shown. Bond lengths in Å, angles
in °.
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A titania-supported ammonium salt of 12-molybdophos-
phoric acid has been synthesized, and the salt–support
interaction, which enhanced the reaction rate, has been
correlated with the activity of the catalyst in the ammoxida-
tion of 2-methylpyrazine.

12-Molybdophosphoric acid (MPA) is an effective catalyst1 for
acid catalysed and redox reactions. The ammonium salt of MPA
(AMPA), which exhibits better thermal stability than MPA, is
also reported as a good catalyst for several reactions.2 However,
studies on the effect of impregnation of AMPA on supports are
scarce. The influence of the salt–support interaction upon the
activity and selectivity of the catalyst has also not yet been
reported. Ammoxidation of 2-methylpyrazine (MP) to 2-cyano-
pyrazine (CP) is a crucial step in the production of pyr-
azinamide, an important anti-tubercular drug,3 for which MPA
is an effective low temperature catalyst. Recently, it has been
reported4 that higher CP selectivity may be achieved using
AMPA as a catalyst rather than MPA. Hence, it is important to
study the influence of support on the activity and selectivity of
AMPA. It is also interesting to elucidate the effect of loading,
reflected by the extent of interaction, on the performance of the
catalysts.

In the present investigation we report, for the first time, the
synthesis of titania supported AMPA catalysts.‡ Catalysts with
varying AMPA loading have been prepared and characterized
by nitrogen adsorption, X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy and 31P MAS NMR
techniques. We have observed higher activity and selectivity on
the supported catalysts than on the bulk AMPA, for the
ammoxidation of MP. A good correlation is observed between
the extent of interaction and the activity of the catalyst, which
helps optimize the loading on the support.

A gradual decrease in the BET surface area of the catalyst
with an increase in AMPA loading (Table 1) implies its uniform
impregnation since titania favours interaction with the active
phase.5 The XRD patterns of 5, 10 and 15 wt% loaded catalysts
show no indication of the crystallinity of the salt. This
observation is in conformity with the results reported by Roy
et al. and Pizzio et al.6 The amorphous nature can be explained
as follows. The hydroxy groups on the titania surface acquire a
positive charge due to protonation in the acidic solution, and

bind the complex Keggin ion [PMo12O40]32 by electrostatic
attraction,7 leading to interaction of AMPA with the surface.
Catalysts with 20 and 25 wt% loading clearly reveal the
formation of the crystalline ammonium salt, (NH4)3PO4
(MoO3) 12 ·4H2O (ASTM File No. 9-412) in their diffraction
patterns, indicating the completion of the interaction at 15 wt%
loading.

FTIR spectra of the titania-supported AMPA catalysts with
different loadings are presented in Fig. 1. The spectra show
intense bands at 672 and 528 cm21 due to the titania support, in
addition to bands with medium intensity at 1060 and 960 cm21

due to the AMPA with the characteristic Keggin structure.
Literature reveals8 that AMPA exhibits IR bands at 1410, 1065,
960, 873 and 786 cm21 assigned to stretching vibrations of the
NH4

+ ion, (P–Od), (Mo–Ot), (Mo–Ob–Mo) and (Mo–Oc–Mo)

† IICT Communication No. 4793.

Table 1 Surface area of the catalysts and selectivity to cyanopyrazine during the ammoxidation of 2-methylpyrazine

Titania supported AMPA catalysts
Titania
support

Bulk AMPA
catalyst AMPA-5a AMPA-10a AMPA-15a AMPA-20a AMPA-25a

BET surface area/m2 g21 55 10 8.6 5.4 3.2 1.4 0.8
Selectivity to CP at 360 °C (%) 40 78 83 86 91 92.5 94
Selectivity to CP at 380 °C (%) 33 75 79 81 90 90 93

a Numbers indicate wt% loading of AMPA on the support.

Fig. 1 FTIR spectra of the AMPA-loaded titania catalysts. Titania support
(a), catalysts loaded with 5 wt% AMPA (b), 10 wt% AMPA (c), 15 wt%
AMPA (d), 20 wt% AMPA (e) and 25 wt% AMPA (f).

This journal is © The Royal Society of Chemistry 2001
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respectively. As reported by Damyanova and Fierro,9 titania-
supported MPA exhibits strong framework vibration bands of
titania below 900 cm21, overshadowing the bands at 873 and
787 cm21 and making interpretation of the bands based on the
Mo–O bond difficult. In the present study it has been observed
that the amount of AMPA loading has a marked effect on the
characteristic P–Od band at 1060 cm21. Characterization of this
band by standard half-band width analysis10 reveals some
interesting observations. The half-band widths of catalysts with
5, 10 and 15 wt% loading gradually increase with values equal
to 112, 160 and 176 cm21, respectively. This phenomenon
indicates that the PNO bond becomes progressively weaker due
to interaction of the salt with the support. As the loading
increases the magnitude of the half-band width attains a
constant value (180 cm21) revealing that the PNO group has
attained saturation. The FTIR results are in full agreement with
those of the XRD data.

31P MAS NMR spectra of the 5, 10 and 15 wt% AMPA
catalysts exhibit singlets at 26.300, 26.534 and 27.605 ppm,
respectively. The 20 and 25 wt% samples show peaks at 210.7
ppm. Vazquez et al.,7 in their studies on supported MPA, have
observed a MAS NMR broad band at 27.49 ppm in the case of
a carbon support and at 210.76 ppm in the case of an alumina
support. This observation is in close corroboration with our
results where the protonated titania is initially acidic and
exhibits an NMR peak in the range 26.3 to 27.6 ppm. Once the
interaction of the salt species with the acid centers is complete
the NMR signal shifts to 210.7 ppm.

The variation in the activity of the catalysts (expressed as
percentage conversion of MP) with the salt loading, evaluated at
two reaction temperatures, is shown in Fig. 2 (MP conversion
values on the bulk AMPA are 5 and 23% at 360 and 380 °C,
respectively). The conversion percentage increases up to a
loading of 15 wt% and remains almost constant from then on.
Values of the half-width of the 1060 cm21 band also display a
similar trend. Hence, it appears that the extent of interaction of
the salt with the support reaches a maximum at ca. 15 wt%
loading of AMPA. Further increase in loading (where crystal-
lization of the salt is observed) does not increase the conversion.
This observation may be valuable in the characterization of
supported heteropolyacids and their salts in determining the

maximum extent of loading where the activity is also the
maximum.

The significance of impregnation of the salt on the support is
also manifested in obtaining enhanced selectivity. Whereas high
selectivity to pyrazine is observed on a titania support,
impregnation of the support with 5 wt% salt completely
reverses the trend by offering high selectivity to CP. This
indicates that the acid centers on titiania, on which pyrazine
formation is more facile, are progressively covered by the salt,
simultaneously exposing more active sites of AMPA. An
interesting question to be answered at this juncture is how the 20
and 25 wt% catalysts, after attaining crystallinity (expected to
behave like bulk AMPA), show continuous increase in
selectivity. It may be expected that diffusional limitations may
be responsible for lower activity and reduced selectivity in the
bulk catalysts, as expressed by Forni11 Impregnation of the
active component on a suitable support, like titania, with higher
loading eliminating narrow pores, appears to minimize the
diffusional resistance, thus increasing the selectivity.

It may be concluded that the salt–support interaction in
titania-supported AMPA offers higher activity and selectivity in
the ammoxidation of MP than that of the bulk catalyst. The
FTIR half-band width analysis could be a useful method in
characterizing the extent of interaction and correlating it with
the performance of the catalyst.

The authors are grateful to Dr K. V. Raghavan, Director,
IICT, for permitting publication of the results. K. N. R. thanks
CSIR, India, for the award of a Senior Research Fellowship.
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Fig. 2 Variation of conversion and the half-width of the 1060 cm21 band
with AMPA loading. (a) MP conversion at 360 °C; (b) MP conversion at
380 °C; and (c) half-bandwidth values.
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A halogen-free inorganic photochromic soda-lime silicate
glass containing silver ions has been developed; reversible
change between colorless and yellow color in this glass is
achieved through combined 193 nm excimer laser irradia-
tion and heat treatment. 

Photochromic glasses refer to the glasses that change color
reversibly when exposed to actinic radiation. The word
reversibly does not exclude examples having immeasureably
slow reverse rates, but does exclude those in which the state
resulting from photolysis is thermodynamically more stable
than the initial states.1 These glasses have a wide range of
applications such as ophthalmic lenses, architectural or automo-
tive glazing, information storage and display devices.2 Until
now, the most extensively studied and widely commercialized
glasses are those which contain silver halide crystallites, and
which were first reported in 1965 by Armistead and Stookey.3
Although the silver ions can be sometimes replaced by other
ions such as copper,4 the halogen ions are normally irreplace-
able since they act as the reducing agent during photolysis to
render the electrons for silver particle formation.

In response to the increased demand for green life technology
in the color glass industry, a plan to make recyclable colored
glass is proposed,5 where the color of the glass is required to be
generated or erased using simple physical treatment such as
photo-irradiation or heat annealing. An important point in this
plan is that environment-unfriendly materials such as halogens
should not be included in the glass. The normal photosensitive
glasses6 that contain silver ions and optical (such as cerium) or
thermal (such as tin or antimony) sensitizers seem to comply
with this requirement, but the yellow color formed cannot be
erased unless melting of the glass is carried out.

In this communication, we report a successful preparation of
a halogen-free photochromic glass. Different from the pre-
viously reported ones, the glass contains only silver ions,
without any other sensitizers. The transparent, colorless glass
gives a yellow color after treatment with 193 nm excimer laser
irradiation and heat annealing at 400 °C; however this color can
also be erased through heating at 500 °C.

The raw materials used are SiO2, Na2CO3, Al(OH)3, CaCO3
and AgNO3 (all analytical grade). The soda-lime silicate glass
with composition of 75% SiO2, 17% Na2O, 3% Al2O3 and 5%
CaO containing 0.02% Ag was prepared by melting the mixture
of the above raw materials in a platinum crucible at 1450 °C for
4 h under an air atmosphere. Absorption and fluorescence
measurements were conducted using a Hitachi U-4000 UV-
VIS-NIR and an F-4500 fluorescence spectrophotometer,
respectively. The 193 nm excimer laser applied was a Lambda
Physik COMPex 102 ArF laser with pulse duration of 25 ns.
The frequency of pulse irradiation was fixed at 10 Hz. The
average intensity of the laser beam was measured with a Vector
H 410 (Scientech) power meter.

The glass changed immediately from colorless to slightly
black after exposure to the laser irradiation. As shown in Fig. 1,
curve (a), several absorption bands can be clearly identified at
620, 460, 233 and 333 nm. The former three peaks are caused by
the formed defects in the glass matrix. They can be assigned to
non-bridging oxygen hole centers (HC1 for 460 nm and HC2 for

620 nm), and EA centers (for 233 nm).7 The 333 nm peak is
caused by the formation of silver atoms.8 Since the glass does
not contain any other reducing agents, it is evident that the silver
atoms are formed through electrons trapped by silver ions,
resulting in the generation of large amounts of hole centers.

Glass h eLaseræ Æææ ++ - (1)

Ag+ + e2 ? Ag0 (2)

After heating at 400 °C for 15 min [Fig. 1, curve (b)], the
characteristic surface plasmon absorption band of silver
particles at 406 nm appeared indicating the formation of silver
particles.

nAg0? Agn (3)

More information about the fate of silver ions in the glass was
traced from the fluorescence spectra, where a 335 nm
fluorescence emission was assigned to the free Ag+ ions in the
soda-lime glass.9 As shown in Fig. 2, curve (a), excimer laser
irradiation resulted in ca. 85% decrease in the fluorescence
intensity, which corresponds to a decrease in free silver ion
concentration as a result of silver atom formation. Heating at
400 °C leads to ca. 80% recovery of silver ion concentration
[Fig. 2, curve (b)], implying that large amounts of reduced silver
atoms should have lost electrons to form ions again.

Ag0?Ag+ + e2 (4)

It can be seen that treatment at 400 °C gives two results: one
is the aggregation of silver atoms to form particles, the other is
the direct dissolution of silver atoms to form silver ions.

The most interesting feature is that further heating at 500 °C
for 15 min results in the disappearance of the yellow color [Fig.
1, curve (c)}, i.e. the silver particles, once formed, dissolved
again.

Agn?nAg+ + ne2 (5)

Fig. 1 Absorption spectra of the soda-lime glass containing 0.02 wt% Ag,
(a) after 30 min of 193 nm excimer laser irradiation at an intensity of 100
mW cm22, and then (b) after heat annealing at 400 °C for 15 min; (c) further
heat annealing at 500 °C for 15 min. The absorption spectra are referenced
with an untreated sample.
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This is also indicated by the further increase in silver ion
concentration shown by the fluorescence spectrum [Fig. 2,
curve (c)].

The reason for the silver particle dissolution may be the same
as the silver atom dissolution during 400 °C treatment. Since no
other oxidants are present in the glass, the hole centers produced
by the excimer irradiation may be considered as the oxidant to
oxidize the silver particles. As shown in Fig. 1, the band of the
hole centers at 620 or 460 nm in the glass continuously
decreases and finally disappears after heat treatment at 400 and
500 °C.

The silver particle formation is related to the defects formed
within the glass, which is dependent upon the duration of the
irradiation pulse, as well as on the laser intensity. As shown in
Fig. 3, at an average intensity of 100 mW cm22, after treatment
at 400 °C the formed amounts of silver particles, as indicated by
the 406 nm absorbance, level off after 5–10 min of irradiation.
This is explainable since the amount of HC1 centers (at 620 nm)
formed, as well as that of silver atoms (at 333 nm) reaches a
maximum within 5 min of irradiation (Fig. 3 inset). Increasing
the laser intensity to 200 and 400 mW cm22 can stimulate the
formation of silver particles, and this was shown by the
increased 406 nm absorbance (8 and « symbols in Fig. 3).

Information about the size of the silver particles formed was
obtained by studying the absorption curve of the silver plasmon
band, where the width of the band is related to the particle
size.10 It was found that the plasmon band can be fitted with a
Lorentz function in the present experiments and that the band
widths are in the range of 100–130 nm. Estimated with Mie
theory corrected by the ‘mean free path’ effect,10 the particle
size is estimated at < 2 nm.

The experiments shown in Fig. 1 were also found to be
repeatable, i.e. the color of the glass can be switched from

colorless to yellow, and then to colorless again for many cycles.
Since the defects induced by the laser irradiation finally
disappeared after high temperature annealing, severe fatigue of
the base glass itself was not found in the present system. This
property makes this glass very attractive, not only for glass
recycling, but also as an advanced material used for erasable
high density information storage.

The authors thank New Energy and the Industrial Technology
Development Organization of Japan (NEDO) for financial
support.
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Fig. 2 The corresponding fluorescence spectra during the treatment of the
glass as shown in Fig. 1. The excitation wavelength is 240 nm; (aA)
represents the spectrum before treatment; (a), (b) and (c) are as detailed in
Fig. 1.

Fig. 3 The effect of laser irradiation time (i.e. the amount of laser irradiation
pulse) on the 406 nm absorbance obtained after heat annealing at 400 °C for
15 min. The irradiation intensity is 100 mW cm22. The solid line shows a
fitting of the experimental data with y = 0.12 3 (1 2 e2x/2). The inset is the
change of the 333 and 620 nm absorbances after irradiation at different
times. The symbols 8 and « show the 406 nm absorbance obtained at
irradiation intensities of 200 and 400 mW cm22 for 30 min, respectively.
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A new fluorescent probe 2 is developed that is capable of
measuring the concentration of a mixture of sodium and
potassium ions in the solution. This probe contains a
fluorophore that is utilized in two ways depending on the pH
of the solution.

A large family of the fluorescent chemical sensors is based on
photo-induced electron transfer quenching (PET) of the fluor-
ophore by the receptor.1–4 Most of the current PET fluorescent
probes are designed for only one species. A multicolor labeling
experiment entails the deliberate introduction of two or more
probes to monitor simultaneously different species. This
technique has major applications in flow cytometry, DNA
sequencing, in situ hybridization, etc. However, only a few such
two or multicolor systems have been studied because of the
strict prerequisites of this technique, including absorption at a
coincident excitation wavelength and well-separated emission
spectra of two or more fluorophores,5 no energy transfer
between two fluorophores, no transient excited-state collisional
quenching, and no excited state dimer, etc. These prerequisites
increase the barrier in the development of multicolor sensors.

Recently,6 we designed and synthesized one novel fluores-
cent probe 1. Our results have shown that this molecule can be
used to detect caesium ions in acid conditions, but potassium
ions in basic solutions. Based on the same design, we
synthesized another probe 2. Logically, 2 would be a potassium
sensor in basic solution and a sodium sensor in acidic solution.
In this paper, we report the fluorescence-sensing behavior of
probe 2. Furthermore, the unique fluorescence behaviors of 1
and 2 suggest that another approach for a mixture of dual
component sensing is feasible. We also report here that probe 2
could be a potential sensor for a mixture of sodium and
potassium ions.

In molecule 2, two receptors are connected with the
anthracene. One receptor is benzo-15-crown-5, which is a good
host for sodium ions.7 Another is aza-18-crown-6, which is the
right size for K+ complexation.8

Under basic conditions, the PET fluorophore–receptor pair is
anthracene and aza-crown-6 ether (ring I). The lone-pair
electrons on nitrogen in ring I quench the fluorescence of

anthracene. Addition of K+ in the solution causes an enhance-
ment in the fluorophore’s emission due to the formation of the
K+–2 complex as shown in Fig. 1. The complexations of ring I
with other alkali metal ions are weaker than ring I with K+ and
only cause weak fluorescence enhancement of 2. Meanwhile,
since the crown ring II has no contribution to the PET process,
the complexation of alkali metals by the crown ring II under
basic conditions has no effect on the fluorophore’s emission.

In an acidic environment, where the nitrogen atom of aza-
crown ring I of 2 is protonated (hereafter referred as 2-H+), the
PET fluorophore–receptor pair is switched to anthrylmethyl-
ammonium and benzo group in benzo-15-crown-5. The low
fluorescence quantum yield of 2-H+ is similar to that of 2 in
basic solution. The diminished emission intensity of anthryl-
methylammonium is due to PET quenching of the fluorophore
by the dialkoxybenzene moiety of crown ring II. The driving
force, DG, is calculated to be 20.1 eV.9 Addition of Na+ to the
solution results in an enhancement of fluorescence intensity of
2-H+ because the complexation between Na+ and benzo-
15-crown-5 (ring II) inhibits the PET process from benzo to
anthrylmethylammonium. The complexation constants of ring

Fig. 1 (A) Changes in the fluorescence intensity (lem = 426 nm) of 2 (1 3
1026 M) in basic methanol (morpholine, 1 3 1022 M as proton scavenger)
as a function of concentration of various alkali metal ions. (B) Change in the
emission intensity (lem = 425nm) of 2-H+ (1 3 1026 M) in acidic methanol
(1 3 1022 M HCl) as a function of concentrations of various alkali metal
ions. Excitation at the isosbestic point for both 2 and 2-H+ is at 376 nm.
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II with other alkali metal ions, except K+, are weaker than those
with Na+, which results in weaker fluorescence enhancement of
2-H+. Though the complexation constant of ring II with K+ (6.0
3 102 L mol21) is similar to the ring II with Na+ (6.2 3 102 L
mol21), which is consistent with those of other benzo-
15-crown-5 derivatives with Na+ and K+ in methanol,10–12 the
fluorescence enhancement of 2 upon addition of K+ is weaker
than addition of Na+. This is probably due to the metal ion size
effect and will be explained in a full paper. Since nitrogen in
ring I is protonated, no metal ions can be complexed into ring I
because of electrostatic repulsion.

In probe 2, fluorophore I (anthracene) and fluorophore II
(anthrylmethylammonium) are switched by H+, and 2 could be
used to detect Na+ at low pH, and to detect the K+ by raising the
pH of the solution. The maximum fluorescence quantum yields
and the complexation constants of various metal ions with 2
under different conditions are listed in Table 1.

Further study of the fluorescence sensing behavior of 2 is
conducted in a mixture of various concentrations of Na+ and K+

in two pH conditions (one acidic and the other basic), which is
shown as a three-dimensional map in Fig. 2. In basic solution,
the fluorescence enhancement region of 2 occurs when [K+] =

1 3 1026 M to 1 3 1024 M in the absence or presence of low
concentration of Na+ as shown in Fig. 2A. However, although
the complexation constant of 2 with Na+ is low, high
concentration of Na+ would affect the complexation of K+ with
2. In consequence, the fluorescence enhancement of 2 occurs at
higher concentration of K+ in the presence of high concentration
of Na+. For instance, when [Na+] = 3 3 1022 M, the
fluorescence enhancement of 2 begins at [K+] = 1 3 1024 M
and is completed at [K+] = 1 3 1022 M. In acidic solution as
shown in Fig. 2B, the fluorescence enhancement of 2-H+ begins
at [Na+] = 1 3 1024 M and is completed at [Na+] = 3 3 1022

M in the absence of K+. In the presence of high K+

concentrations, such as 3 3 1023 M of K+, the fluorescence
enhancement of 2-H+ begins at [Na+] = 3 3 1024 M, which is
slightly higher than that in the absence of K+. It is also noticed
that at fixed [Na+], especially at low [Na+], the fluorescence of
2-H+ increases upon addition of [K+] because K+ could also
complex with 2-H+ and cause a relatively weaker fluorescence
enhancement of 2-H+ than Na+ does.

These results suggest that probe 2 could be a potential
fluorescent sensor to measure a mixture of Na+ and K+ in
solution, the fluorescence intensity of 2 in a solution containing
a Na+–K+ mixture is significantly different from only one metal
ion species in the solution. By computer analysis of the data
collected in both acidic and basic solutions, the concentrations
of both K+ and Na+ in the solution may be determined
simultaneously.

Currently, we are seeking the design of a similar system with
two fluorophores switched by other factors, such as tem-
perature, hydrogen bonds, or other supramolecular inter-
actions.

The authors thank the Louisiana Board of Regents through
the Board of Regents Support Fund under contract number
LEQSF(2001-04)-RD-A-16 for financial support.
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Table 1 The maximum fluorescence quantum yield (F) and complexation constants, K, for the complexation of various alkali metal ions by 2 and 2-H+ (1
3 1026 mol L21) in CH3OH. lex = 376 nm at the isosbestic point for both 2 and 2-H+. The quantum yields were determined relative to
9,10-diphenylanthracene in MeOH, Ff = 0.946

Metal ion
M+

Free Li+ Na+ K+ Rb+ Cs+

Fem of 2 0.048 0.060 0.053 0.39 0.31 0.12
K of aza-crown in 2 with ions — 10 7.4 3 102 6.30 3 104 1.26 3 104 2.82 3 103

Fem of 2-H+ 0.060 0.098 0.55 0.26 0.22 0.15
K of 2-H+ — 65 6.2 3 102 6.0 3 102 3.9 3 102 1.5 3 102

Fig. 2 (A) Changes in the fluorescence intensity (lem = 426 nm) of 2 (1 3
1026 M) in basic methanol (morpholine, 1 3 1022 M as proton scavenger)
as a function of different concentrations of K+ and Na+. (B) Change in the
emission intensity (lem = 425 nm) of 2-H+ (1 3 1026 M) in acidic
methanol (1 3 1022 M HCl) as a function of different concentrations of K+

and Na+. Excitation at the isosbestic point for both 2 and 2-H+ is at 376
nm.
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The tetradentate ligand, common name Salban(But)H4
(N,NA-bis(2-hydroxy-3,5-di-tert-butylbenzyl)-1,4-diamino-
butane) combines with appropriate amounts of LiAlH4 to
produce the unique monomeric, uni-ligated aluminate
[Salban(But)Al]Li(thf)2 (1) and the bimetallic derivative
Salban(But){AlH2Li(thf)2}2 (2).

Group 13 anions have become increasingly important in recent
years as reducing agents,1 cocatalysts or counter ions for
polymerization reactions2 and in ionic liquids.3 In their most
commonly reported form, aluminates are composed of a
combination of four singly-charged ligands, [AlR4]2. By
comparison, there is relatively little literature focusing on
chelated aluminium anions. Less frequently, they have been
formed from bidentate ligands, and have the form [L2Al]2
(where L = diamine4 or diol,5 for example). Rarer still are those
supported by a single ligand. Of this sort, only anions supported
by Salan-type ligands have been reported.6

The Salan ligands are ideal candidates for supporting Group
13 anions since they can be deprotonated in four places to form,
potentially, tetra-anions. Additionally, the hydrocarbon ‘back-
bone’ can easily be altered to allow for the synthesis of
complexes with a wide variety of structures.6,7 Two dimeric
aluminates have previously been formed from Salan ligands
with two- or three-carbon backbones: [SalanAl{Li(thf)2]2
[where Salan = Salpan (N,NA-bis(2-hydroxybenzyl)-1,4-diami-
nopropane)], and Salomphan (N,NA-bis(2-hydroxybenzyl)-o-
diamino(4,5-dimethyl)phenyl).6 In the present work we de-
scribe the first uni-ligated monomeric aluminate, as well as an
unusual bimetallic AlH2 derivative. These compounds have
been made accessible by the use of a bulky Salan ligand with
four carbons in its backbone, Salban(But)H4 (N,NA-bis(2-
hydroxy-3,5-di-tert-butylbenzyl)-1,4-diaminobutane).

The reaction of LiAlH4 with a secondary amine was first
reported in 1988.8 Later, the intermediates in these reactions
were isolated using HN(SiMe3)2.9 More recently, several
possible intermediates in the reactions of primary amines with
LiAlH4 have been reported.10 We report here reactions of
LiAlH4 with the Salban(But)H4 ligand. The Salban(But)H4
ligand reacts with two moles of LiAlH4 to form a mixture of two
compounds, [Salban(But)Al]Li(thf)2 1 and Salban(But){AlH2-
Li(thf)2}2 2.† The ratio of reactants can be selected to favor one
product exclusively over the other: 1 is isolated as a pure
product from the reaction of an equimolar ratio of the two
reactants, and 2 can be obtained by using four equivalents of
LiAlH4 (Scheme 1).

The (CH2)4 linkage in the backbone of Salban(But) is of
sufficient flexibility to allow the ligand to coordinate just one

metal. The structure of 1 (Fig. 1)11 demonstrates the distorted
tetrahedral geometry that results for the aluminum atom when
this occurs. The angles range from 122.59(10)° (for O2–Al1–
N1) to 91.48(8)° (for O2–Al1–O1). The Al–N and Al–O are
suprisingly similar [Al1–N1, 1.801(2); Al1–N2, 1.785(2); Al1–
O1, 1.7997(18); Al1–O2, 1.7944(17)], and short, for this type of
complex. By comparison, these distances for [SalpanAl-
{Li(thf)2}]2 are 1.8–2.0 Å.6 In fact, values of Al–O ≈ 1.7 Å are
close to those ascribed to p-bonded systems such as dialkyl
aluminium aryloxides12 and Al–N distances ≈ 1.8 Å for
monomeric aluminium amides with some p-bonding.13 It is
remarkable that compound 1, which does not fulfill the usual
criteria for p-bonded systems, should demonstrate such short,
and uniform, bonds. However, alumoxanes such as [(Me2AlO-
Li)4·7thf)] also demonstrate relatively short distances (Al–O
1.769 Å).14 The lithium atom is coordinated to both oxygens of
the Salban(But) ligand [Li1–O1, 1.963(5) Å; Li1–O2,
2.023(5) Å] and to two terminal thf molecules [Li1–O3,
1.958(5) Å; Li1–O4, 1.917(5) Å].

The crystal structure of 2 reveals the bimetallic nature of the
compound (Fig. 2).11 The aluminium atoms are five-coordinate
and have a trigonal-bipyramidal geometry. The axial sites are
occupied by oxygen and nitrogen atoms [O1–Al1–N1A,
167.30(11)°]. These nitrogens form longer bonds to aluminium
[Al1–N1A 2.113(3) Å] than the equatorial nitrogens [Al1–N1
1.938(3) Å]. Despite the charge on aluminium, the Al–O and
Al–N distances are comparable to those demonstrated in the
neutral Salan derivatives [SalanAlR(AlR2)2].7 A similarity in
these distances for related charged (cationic or anionic) and
neutral derivatives is common. The other equatorial sites are
filled by hydrogens, which were located in the structure
determination. The Li–O distances for 2 are comparable to those
demonstrated in 1 and do not reflect any steric interaction
between the ligand But groups and the Li(thf)2 unit. The Li1–H1
distance of 1.8929 Å is within the range observed for similar
compounds (1.83–2.00 Å).9,10

Scheme 1 View of the SalbanH4 ligand and the preparation of compounds
1 and 2.

Fig. 1 Molecular structure and atom numbering scheme for 1 with selected
bond distances (Å) and angles (°): Al1–N1 1.801(2), Al1–N2 1.785(2),
Al1–O1 1.7997(18), Al1–O2 1.7944(17), Li1–O1 1.963(5), Li1–O2
2.023(5), Li1–O3 1.958(5), Li1–O4 1.917(5); N2–Al1–O2 101.29(9), N2–
Al1–N1 118.30(11), O2–Al1–N1 122.59(10), N2–Al1–O1 120.36(10), O2–
Al1–O1 91.48(8), N1–Al1–O1 101.00(9), Al1–O1–Li1 94.58(15), Al1–
O2–Li1 92.73(15).
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In the 1H NMR spectrum of 2, one of the two Al–H
resonances appears at d 0.29 while the second is either
broadened or coincident with other resonances, probably in the
range 3–5 ppm, where the Al–H groups of other compounds
appear ([H2Al(pmdta)]+ (pmdta = pentamethyldiethylene-
triamine) = 3.09 ppm (br),15 H3Al–NMe3 = 4.0 ppm16 and
[H2AlOBut]2 = 4.43 ppm (br)17]. The NCH2 groups show AB
coupling consistent with diastereotopic, non-fluxional behavior
in solution. In contrast, compound 1 demonstrates only one
resonance for this group. Additionally, the 7Li NMR spectrum
of compound 2 shows two resonances in C6D6. However, in
THF-d8, the 7Li NMR spectrum shows only one resonance
which does not broaden significantly, even at 285 °C. Attempts
were made to resolve 1J(Li, H) coupling in 2 in a 7Li NMR
experiment similar to that reported by Heine and Stalke;9
however, in 2 we could not observe the coupling at any
temperature between 25 and 285 °C in either toluene-d8 or
THF-d8. Our observations of the single 7Li NMR resonance in
THF-d8, combined with the absence of 1J(Li, H) coupling,
suggest that the bonding of the lithium atoms in this compound
are highly ionic in character.

Attempts to make boron and gallium complexes analogous to
compound 1 have not been successful using the corresponding
reagents NaBH4 and LiGaH4. In the case of NaBH4 no reaction
occurred after overnight reflux, and LiGaH4 decomposed
(depositing gallium metal) before it could react with Sal-
ban(But)H4. We are currently exploring the utility of the
chelated anion 1 as a cocatalyst in olefin polymerization and are
working towards the synthesis of analogous complexes of boron
and gallium using alternative routes.
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Notes and references
† Preparation of Salban(But)[AlLi(thf)2] 1: Salban(But)H4 (1.00 g, 1.91
mmol) and LiAlH4 (0.07 g, 1.91 mmol) were placed in a dry flask under
nitrogen. Dry toluene (50 mL) was added at 25 °C and the solution stirred
for 15 min. Dry tetrahydrofuran (20 mL) was added and the exothermic
reaction was refluxed for 10 h. After filtration and removal of the volatile
components under vacuum the residue was recrystallized from n-hexane–

toluene (10+1) to afford 1 as pale yellow crystals (0.30 g, 23%), mp
235–239 °C. 1H NMR (270 MHz, THF-d8, TMS): d 1.22 (s, 18H, CCH3),
1.34 (s, 18H, CCH3), 1.47 (m, 4H, CH2CH2), 1.71 (m, 8H, THF), 2.58–2.65
(m, 4H, NCH2CH2), 3.57 (m, 8H, THF), 3.88 (s, 4H, NCH2), 6.81 (m, 2H,
PhH), 7.16 (m, 2H, PhH); IR (KBr)/cm21: 2970 (s), 2864 (s), 1620 (m),
1479 (s), 1446 (s), 1361 (m), 1305 (s), 1276 (s), 1240 (s), 1203 (m), 1170
(m), 1132 (w), 1049 (s), 918 (w), 868 (s), 765 (m), 646 (w), 586 (w), 497
(w), 414 (w). Anal. Calc. for C42H68N2O4AlLi: C, 72.15; H, 9.81; N, 4.01.
Found: C, 72.35; H, 9.97; N, 4.50%.

Preparation of Salban(But)[AlH2Li(thf)2]2 2: Salban(But)H4 (1.00 g,
1.91 mmol) and LiAlH4 (0.29 g, 7.66 mmol) were placed in a dry flask
under nitrogen. Dry toluene (50 mL) was added at 25 °C and the solution
stirred for 15 min. Dry tetrahydrofuran (20 mL) was added and the
exothermic reaction was refluxed for 10 h. After filtration and concentra-
tion, colorless crystals were grown at 230 °C [0.95 g, 59%, based on
Salban(But)H4], mp > 260 °C. 1H NMR (270 MHz, C6D6, TMS): d 0.29 (s,
4H, AlH), 1.23 (s, 18H, CCH3), 1.41 (s, 18H, CCH3), 1.58 (t, 2H, CH2CH2),
1.73 (m, 16H, THF), 1.89 (t, 2H, CH2CH2), 2.82 (t, 2H, NCH2CH2), 3.37
(m, 16H, THF), 3.45 (t, 2H, NCH2CH2), 3.82 (d, 2H, NCH2), 4.82 (d, 2H,
NCH2), 7.21 (d, 2H, PhH), 7.46 (d, 2H, PhH); 7Li NMR (C6D6, 24 °C): d
21.90 and –2.55; 7Li NMR (THF-d8, 24 °C): d 0.84. IR (KBr)/cm21: 2949
(s), 2868 (m), 1622 (m), 1479 (s), 1442 (s), 1359 (w), 1303 (m), 1236 (m),
1167 (m), 1122 (m), 1045 (m), 875 (m), 841 (m), 744 (m), 603 (w), 549 (w),
449 (w). Anal. Calc. for C50H88N2O6Al2Li2: C, 68.16; H, 10.07; N, 3.18.
Found: C, 67.75; H, 9.64; N, 3.29%.
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Fig. 2 Molecular structure and atom numbering scheme for 2 with selected
bond distances (Å) and angles (°): Al1–H1 1.5718, Al1–H2 1.5175, Al1–O1
1.927(2), Al1–N1 1.938(3), Al1–N1A 2.113(3), Al1–Li1 2.739(7), Li1–O1
1.887(7), Li1–O2 1.909(14), Li1–O3 1.958(18), Li1–H1 1.8929; O1–Al1–
N1 93.21(11), O1–Al1–N1A 167.30(11), N1–Al1–N1A 79.88(13), O1–Al1–
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Cycloaddition reaction of an iminophosphorane bearing the
Martin ligand with an alkyne gave the first stable 1,2l5-
azaphosphetine, whose structure was determined by X-ray
crystallographic analysis, and variable temperature NMR
spectroscopy revealed the existence of equilibrium with the
corresponding a-iminoalkylidenephosphorane.

There has been much interest in the chemistry of four-
membered heterocyclic compounds containing a pentacoordi-
nate phosphorus atom in view of their unique structures and
reactivities.1 For example, 1,2l5-oxaphosphetanes have been
intensely studied as the intermediates of Wittig reactions.2 Such
heterocycles bearing a CNC double bond in the ring would have
a much more strained structure than the corresponding saturated
ring compounds because of shortening of the bond length. They
are expected to show interesting properties due to ring strain
such as rearrangement to the corresponding conjugate phospho-
rus ylide accompanying bond dissociation between phosphorus
and the adjacent heteroatom.3 To the best of our knowledge,
however, there have been only a few examples of such
unsaturated ring compounds, i.e. 1s4,2s5-diphosphete, 1,2l5-
thiaphosphetene, and 1,2l5-oxaphosphetene.4–6 Furthermore,
only one example of crystallographic analysis has been reported
to date in spite of their potentially interesting structures.4 On the
other hand, the nitrogen analogue of a phosphonium ylide, i.e.
an iminophosphorane, is expected to be a useful building block
for nitrogen-containing four-membered heterocycles.7 The
reaction of an iminophosphorane with a reactive alkyne has
been intensely studied because it is a convenient synthetic
method for the corresponding a-iminoalkylidenephosphorane
presumably via a [2 + 2]-cycloadduct of the two molecules
although the intermediate has neither been observed nor been
isolated yet.8 We report here the synthesis and crystal structure
of the first stable 1,2l5-azaphosphetine derived from the
corresponding iminophosphorane bearing the Martin ligand as
well as a bulky 2,4,6-triisopropylphenyl (denoted as Tip
hereafter) group.9,10

Reaction of iminophosphorane 1 which was prepared in situ
from PCl3, with alkyne 2 (1.2 eq.) in toluene-d8 at 50 °C gave
the corresponding cycloadduct 3 (27%) as colourless crystal
(Scheme 1).11† Pentacoordinate 1,2l5-azaphosphetine 3 was
also obtained (5%) by thermal reaction of 1,3l5,2-oxazaphos-
phetidine 4 with alkyne 2 (2.7 eq.) in toluene-d8 at 140 °C,
together with cyclic phosphinate 5, ketone 6, and imine 7.12 In
the latter reaction, iminophosphorane 1 should be generated in
situ together with formation of phosphinate 5 and imine 7 as
indicated in the thermolysis of 4.11,12

The molecular structure of 3 was determined by X-ray
crystallographic analysis as shown in Fig. 1.‡ The 1,2l5-
azaphosphetine ring is almost planar, judging from the sum of
the interior angles of the ring (359.6(8)°) and the small torsion
angle of P(1)–C(1)–C(2)–N(1) (6.6(3)°). The P(1)–N(1) bond
length (2.170(3) Å) is much greater than that of the trivalent
1,2-azaphosphetine, (1.824(6) Å), and that of the corresponding
saturated compound, 1,2l5-azaphosphetidine, (1.789(5) Å), but
it is shorter than the sum of the van der Waals radii (3.40 Å),

indicating a characteristic feature of the apical bond.10b,13 The
pentacoordinate phosphorus atom shows a distorted trigonal
bipyramidal (TBP) structure with a nitrogen and an oxygen

Scheme 1 i. n-BuLi (1.9 eq.), Et2O, 0 °C, 3 h; ii. PCl3 (2.5 eq.), Et2O,
270 °C to rt, 13 h; iii. 2-(LiOC(CF3)2)C6H4Li (0.5 eq.), THF–hexane,
278 °C, 30 min; iv. PhN3 (0.9 eq.), THF, 278 °C, 12 h; v. PhC·CSO2CF3

2, (1.2 eq.), toluene-d8, 50 °C, 27 h, (27%); vi. PhC·CSO2CF3 2, (2.7 eq.),
toluene-d8, 140 °C, 25 h (5%).

Fig. 1 ORTEP drawing of 23·32C6H6 with thermal ellipsoid plot (30%
probability for all non-hydrogen atoms). One of the enantiomers of 3 and a
solvent molecule are omitted for clarity. Selected bond lengths (Å), bond
angles (deg), and torsion angle (deg): P(1)–N(1), 2.170(3); P(1)–O(1),
1.676(2); P(1)–C(1), 1.773(3); C(1)–C(2), 1.415(4); C(2)–N(1), 1.314(4);
O(1)–P(1)–N(1), 168.95(11); C(1)–P(1)–N(1), 66.79(13); P(1)–C(1)–C(2),
99.9(2); C(1)–C(2)–N(1), 107.1(3); P(1)–N(1)–C(2), 85.8(2); C(2)–N(1),
6.6(3).
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atom at the apical positions and three carbon atoms at the
equatorial positions. The deviation from the ideal TBP structure
is exemplified by the position of the phosphorus atom slightly
above the equatorial plane by 0.204 Å and the bond angle
between apical bonds (168.95(11)°). The pentacoordination
characters, %TBPa and %TBPe were determined as 66% and
88%, respectively.14 The deviation from ideal TBP structure
seems to emerge from a steric repulsion between the N–Ph
group and substituents on the phosphorus atom.

In the 1H NMR spectrum of 3, the ortho proton of the Martin
ligand resonated at low field (dH 9.06 in CDCl3), which is a
typical feature of compounds with a TBP structure bearing a
polar apical bond.15 On the other hand, the chemical shift of 3
(dP 25.6 in the CDCl3) in the 31P NMR spectrum was at a low
field for a phosphorane structure.16 The low field shift
compared to that of 1,2l5-azaphosphetidine indicates the
contribution of the phosphorus ylide.13 In the variable tem-
perature 31P NMR spectra of 3 in toluene-d8, the signal shifted
to the higher field almost linearly with decrease in the
temperature from +90 °C (dP 26.9) to 290 °C (dP 15.6). The
chemical shift of 3 in the more polar solvent, CD3CN, also
showed similar temperature dependence between +70 °C
(dP 23.1) and 240 °C (dP 16.6). These results definitely show
the equilibrium between 3 and 8 (Scheme 2). The higher the
temperature, the more the equilibrium inclines to 8. Compound
3 serves as a model for sequential structural change between
TBP geometry of a 1,2l5-azaphosphetine and tetrahedral
geometry of the corresponding conjugate a-iminoalkylidene-
phosphorane along with P–N bond formation–dissociation.

While spectroscopic studies revealed the existence of an
equilibrium with the conjugate phosphorus ylide, no evidence
of such an equilibrium was obtained by the following reactions.
1,2l5-Azaphosphetine 3 was thermally stable, and it did not
decompose after heating in toluene-d8 at 180 °C for three days.
Heating of a toluene-d8 solution of 3 with benzaldehyde at 80 °C
or phenyl isocyanate at 140 °C resulted in no reaction instead of
giving the corresponding Wittig-reaction products.17

In summary, we achieved the isolation and X-ray crystallo-
graphic analysis of the first example of a 1,2l5-azaphosphetine,
which has been assumed to be an intermediate of the reaction of
an iminophosphorane and an alkyne giving the a-iminoalk-
ylidenephosphorane.

We thank Central Glass and Tosoh Finechem Corporation for
the gifts of organofluorine compounds and alkyllithiums,
respectively.

Notes and references
† Spectral and analytical data of 3: colourless crystals; mp 225.6–226.9 °C
(dec.); 1H NMR (500 MHz, CDCl3) dH20.10 (br s, 3H), 20.05 (br s, 3H),
1.16 (dd, 3JHH = 6.85, 3JHH = 6.90 Hz, 6H), 1.43 (br s, 3H), 1.63 (br s, 3H),
2.79 (septet, 2JHH = 6.90 Hz, 1H), 2.99 (br s, 1H), 4.96 (br s, 1H), 7.04–7.15
(m, 3H), 7.29 (br s, 3H), 7.78 (br s, 1H), 7.86 (t, 3JHH = 7.70 Hz, 1H), 7.91
(t, 3JHH = 7.70 Hz, 1H), 9.06 (dd, 3JHH = 7.85, 3JPH = 11.7 Hz, 1H);
13C{1H} NMR (126 MHz, CDCl3) dC 22.0 (s), 23.4 (s), 23.6 (s), 23.9 (s),
24.1 (s), 26.1 (s), 30.9 (s), 31.5 (s), 34.0 (s), 80.1 (d, 1JCP = 144 Hz), 85.2
(sepet, 2JCF = 289 Hz), 120.5 (q, 1JCF = 329 Hz), 121.8 (q, 1JCF = 290 Hz),
122.0 (s), 124.4 (d, 3JCP = 33.6 Hz), 125.4 (s, 2C), 125.6 (s), 125.9 (d, 1JCP

= 140 Hz), 126.5 (s), 127.0 (s, 3C), 128.6 (s, 2C), 130.0 (s, 3C), 131.1 (d,
3JCP = 11.7 Hz), 132.0 (d, 3JCP = 12.9 Hz), 132.9 (d, 2JCP = 10.6 Hz),
133.0 (d, 1JCP = 113 Hz), 134.5 (d, 4JCP = 2.5 Hz), 137.8 (d, 2JCP = 18.9
Hz), 145.7 (s), 150.5 (d), 152.5 (d, 2JCP = 27.1 Hz), 178.1 (d, 2JCP = 10.3
Hz); 31P NMR (109 MHz, CDCl3) dP 25.6 (s); Anal. Calcd. for
C39H37F9NO3PS: C, 58.42; H, 4.65; N, 1.75. Found: C, 57.91; H, 4.64; N,
1.40%.

‡ Crystal data for 23·32C6H6. C87H83F18N2O6P2S2, M = 1720.66, triclinic,
space group P1̄, a = 12.246(2), b = 16.830(2), c = 20.7758(11) Å, a =
79.555(3), b = 85.597(3), g = 86.0042(10)°, V = 4191.6(7) Å3, Z = 2, T
= 150 K, Dc = 1.363 g cm23, m = 1.95 cm21. The intensity data were
collected on a Rigaku Mercury CCD. 37809 reflections collected, 17840
unique (Rint = 0.039). Refinement based on 9247 observed reflections (I >
3.00s(I)) and 1137 variable parameters converged to R = 0.041, Rw =
0.043. CCDC reference number 166846. See http://www.rsc.org/suppdata/
cc/b1/b106501g/ for a crystallographic files in .cif or other format.
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A methyl substituent at C-5 of the nicotinamide ring is found
to confer increased acid stability in a reduced nicotinamide
model (5–20 fold) and in a reduced dinucleotide coenzyme
(2–3 fold), while retaining reactivity towards hydride
transfer.

Nicotinamide adenine dinucleotide is a redox coenzyme used by
a large family of dehydrogenase enzymes, operating via a
hydride transfer mechanism.1 Dehydrogenase enzymes have
found applications as catalysts for biotransformations,2 and also
as analytical biosensors.3 Although methods for re-cycling of
NADH have been developed for large scale biotransforma-
tions,4 one major limitation of NADH and NADPH for
biotechnological applications is their instability in aqueous
solution. Under neutral and acidic conditions, NADH decom-
poses via general acid-catalysed protonation at C-5 (t1/2 2–24 h),
and nucleophilic attack upon the resulting imine, as shown in
Scheme 1.5

Model studies have shown that dihydronicotinamide ana-
logues in which the 5,6-double bond is fused to a benzene ring,6
or to a heterocyclic ring,7 possess increased stability towards
acid-catalysed decomposition, but the effects of such modifica-
tions in a dinucleotide coenzyme analogue have not been
reported. As part of a study of bio-electrochemical applications
of engineered dehydrogenase enzymes, we required a dinucleo-
tide analogue of NADH that showed enhanced stability in
aqueous solution, but which might also be accepted into
dehydrogenase active sites. We describe here a simple mod-
ification to the nicotinamide skeleton, which confers increased

acid stability in a nicotinamide model, and in a dinucleotide
coenzyme.

In order to disfavour the protonation of the 5,6-double bond
of reduced nicotinamide, we investigated the effect of substitut-
ing the C-5 or C-6 position with a methyl substituent.
5-Methylnicotinamide, prepared as described by Kyba et al.,8
and 6-methylnicotinamide were converted to their respective N-
benzyl derivatives, and reduced to the corresponding N-
benzyldihydronicotinamides (2) and (3) by treatment with
sodium dithionite.9 Their stability in aqueous buffers was then
compared with N-benzyldihydronicotinamide (BNAH, 1). The
decomposition of 0.2 mM solutions of each compound was
monitored at the respective lmax as described in Table 1.

In each case the rate of decomposition was found to increase
with decreasing pH, indicating an acid-catalysed process.
Higher rates of decomposition were found in phosphate buffer,
which is known to accelerate the decomposition of NADH.5 In
each case the presence of a 5-methyl substituent led to a 5–20
fold decreased rate of decomposition, whereas the presence of a
6-methyl substituent led to a 30–70 fold increased rate of
decomposition. The instability of the 6-methyl analogue (3) can
be rationalised by the electron-donating effect of the methyl
substituent upon C-6 of the nicotinamide ring, where a partial
positive charge would accumulate in the transition state for
protonation at C-5 (see Scheme 1). Therefore, the stabilising
effect of the 5-methyl group must be due primarily to steric
hindrance of attack at C-5, rather than electronic effects.

The reactivity of dihydronicotinamides (1)–(3) towards
hydride transfer was assessed by reaction of 10 mM solutions in
dry acetonitrile with 10 equiv. p-trifluorobenzaldehyde and 1
equiv. Mg(ClO4)2 at 25 °C, monitoring the disappearance of
reduced nicotinamide by reverse phase HPLC vs. time. The
half-life for reaction of BNAH (1) was 6 h, whereas half-lives of
1.5 h and 3.5 h were measured for (2) and (3) respectively.
Therefore, no loss of chemical reactivity is observed upon
addition of a methyl substituent to the 5- or 6-positions; in fact
the substituted analogues are somewhat more reactive.

The same modification was then introduced into a dinucleo-
tide analogue of NADH (see Scheme 2), using the enzyme
NAD+ glycohydrolase to catalyse the exchange of nicotinamide
with an unnatural substituted nicotinamide.10 Incubation of
0.2 g 5-methylnicotinamide with 1 unit porcine brain NAD+

glycohydrolase and 0.2 g NAD+ in 100 mM potassium
phosphate buffer pH 7.5 for 16 h at 37 °C gave a reaction
mixture containing 5+1 5-methyl-NAD++NAD+. The two
dinucleotides were separated by reverse phase HPLC,† and the
5-methyl NAD+ purified preparatively. Reduction of 5-methyl
NAD+ to 5-methyl-NADH (4) was achieved by treatment with
sodium dithionite, followed by ethanol precipitation.

The decomposition of 0.1 mM 5-methyl-NADH (4) was
assessed in 50 mM MES buffer pH 5.5–6.5 and 50 mM
potassium phosphate buffer pH 6.0–7.0, and was compared with
NADH under the same conditions (see Table 1). Dinucleotides
NADH and (4) were in general more stable than the N-benzyl-
nicotinamide analogues (1)–(3), perhaps due to the folded
conformation adopted by the dinucleotide in water,11 which
would offer some protection of the 5,6-double bond. Rates of

Scheme 1 Mechanism for acid-catalysed decomposition of dihydronicoti-
namide cofactors (ref. 5).
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decomposition were again higher in more acidic buffer,
consistent with an acid-catalysed decomposition mechanism.
5-Methyl-NADH (4) showed 2–3-fold increased stability,
relative to NADH, in 50 mM MES buffer pH 5.5–6.5 and in 50
mM potassium phosphate buffer pH 6.0–7.0 (see Table 1).
Thus, the stabilising effect of the 5-methyl substituent is also
observed in the dinucleotide series, but is less marked than in
the N-benzylnicotinamide series.

5-Methyl-NADH (4) was found to support the turnover of
pyruvate by rabbit muscle L-lactate dehydrogenase, but at
reduced catalytic efficiency (kcat 0.0028 s21; KM 55 mM;
kcat/KM 50 M21 s21) compared with NADH (kcat 14 s21;
KM 7.0 mM; kcat/KM 2.0 3 106 M21 s21), implying that the
native enzyme is selective for the bound cofactor. Nevertheless,
it is realistic to suggest that protein engineering could be used to
design dehydrogenase enzymes capable of more efficient
turnover of modified cofactors.

In summary, the introduction of a methyl group into the
5-position of the nicotinamide ring is shown to confer enhanced
stability in aqueous buffers, due to the shielding of the
5,6-double bond from protonation. The same effect has been
demonstrated in a dinucleotide coenzyme, which, although
smaller in magnitude than in a nicotinamide model, demon-
strates the feasibility of designing redox coenzymes of im-
proved stability, which could be of considerable utility for
biotechnological applications.

The authors thank the Office of Naval Research (Grant
N00014-98-1-0898) for financial support, Dr H. Bright (ONR)

and Dr A. Ellington (University of Texas at Austin) for helpful
discussions, and Christopher Beadle (University of South-
ampton) for preliminary work.
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Table 1 Half-lives for stability of reduced nicotinamides (1)–(3) and reduced dinucleotide coenzymes NADH and 5-methyl-NADH (4). Assays were carried
out in 50 mM ammonium acetate buffer pH 5.0, 50 mM MES buffer pH 5.5–6.5, or 50 mM potassium phosphate buffer pH 6.0–7.0, at 25 °C, at a final
concentration of 0.1–0.2 mM dihydronicotinamide. Decomposition was monitored at the appropriate lmax (1, 355 nm; 2, 360 nm; 3, 350 nm; NADH, 340
nm; 4, 345 nm), and first order half-life determined from a plot of lnA vs. time

Half-life/min Ratio t1/2/t1/2(1) Half-life/h Ratio

Buffer pH BNAH (1) 5-methyl (2) 6-methyl (3) 5-methyl (2) 6-methyl (3) NADH 5-methyl (4) t1/2/t1/2(NADH)

Acetate 5.0 6.1 134 0.11 21.9 0.018 2.0 5.7 2.8
MES 5.5 66 490 2.0 7.4 0.030 18.2 51.2 2.8
MES 6.0 89 820 2.9 9.2 0.033 40.4 106 2.6
MES 6.5 220 1570 5.9 7.1 0.027 86.2 191 2.2
KPi 6.0 30.5 153 0.44 5.0 0.015 16.2 50.0 3.1
KPi 6.5 39.3 483 0.52 12.3 0.013 31.1 68.4 2.2
KPi 7.0 63.0 1010 0.81 16.0 0.013 48.8 145 3.0

Fig. 1 Half-lives for first-order decomposition of dihydronicotinamides
BNAH (1), 5-methyl-BNAH (2), and 6-methyl-BNAH (3) in 50 mM MES
buffer pH 5.5, 6.0, and 6.0 at 25 °C.

Scheme 2 Preparation of 5-methyl-NADH (4): a. 5-methylnicotinamide (5
equiv.), Porine brain NAD+ glycohydrolase (1 units), 100 mM potassium
phosphate pH 7.5; b. sodium dithionite (1.5 equiv.), sodium bicarbonate
(1.5 equiv.), H2O.
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Porous clay heterostructures (PCHs) with enhanced acidity
may be prepared from suitably acid-activated montmor-
illonite clays; the higher acidity arises from Brønsted acid
sites generated by acid treatment of the clay prior to its use
as a host for PCH formation.

Over the past decade, extensive research has been undertaken in
the synthesis of porous inorganic materials, which may be used
as heterogeneous catalysts, adsorbents or as hosts for composite
materials. Examples are the synthesis of pillared clays and
mesoporous molecular sieves.1–3 A recent class of clay based
high surface area, porous materials are porous clay hetero-
structures (PCHs).4 In the synthesis of a PCH, the clay is firstly
opened up by the introduction of an ionic surfactant (via a cation
exchange reaction) thus allowing easier access to the interlayer
region.4 Neutral amine co-surfactant molecules are then
intercalated along with silica species, which leads to self-
assembly of the silica into a porous network within the
interlayer region. This gives an interlayer silica structure similar
to that of MCM-41 molecular sieves.4,5 The synthesis of PCHs
was first reported using a fluorohectorite clay with a high cation
exchange capacity (CEC).4,6,7 A host clay with a high CEC was
considered essential for the formation of PCHs.4,6,7 However,
more recently PCHs have been successfully synthesised from
saponites and montmorillonites.8,9 PCHs have been shown to
act as solid acid catalysts;6 their acidity arises from the clay and
also from protons which are released during the silica
polymerisation reaction to balance the layer charge of the clay.
The acidity of PCHs may be improved via post-synthesis
grafting of Al9 or by using saponite clays with a high
(tetrahedrally coordinated) Al content.8 Here we explore the
possibility of enhancing the acidity of PCHs by using acid-
activated clays as hosts for the formation of porous acid-
activated clay heterostructures (PAACHs). Since most of the
(Brønsted) acid sites on PCHs are associated with the layers of
the clay, we have attempted to enhance the acidity of the host
matrix by acid treatment prior to PCH formation.

It is known that the number of matrix protons (on clay
sheets), not associated with the interlayer cation, may be
increased by acid treatment.10,11 We have previously syn-
thesised pillared acid-activated clays (PAACs) derived from an
acid treated clay matrix and shown that due to the acidic nature
of the host matrix, PAACs exhibit significantly different
characteristics compared to conventional pillared clays and that
they are superior (to conventional pillared clays) in terms of
their acidity and catalytic activity for acid catalysed reac-
tions.12,13 We show here that high surface area PCH materials
with enhanced acidity may be prepared from suitably acid-
activated clays. The lower CEC of the acid-activated clay does
not seem to affect the formation of a porous clay hetero-
structure.

The starting raw clay used was a Peruvian montmorillonite
with a CEC of 91 meq (100 g)21, a basal (001) spacing of 15.4
Å and an anhydrous structural (layer) formula: [Si7.86Al0.14]-
[Al2.84Fe0.30Mg0.86]O20(OH)4. The raw clay was acid treated as
previously described11–13 to yield an acid-activated clay with a
CEC of 71 meq (100 g)21 and a basal spacing of 15.5 Å. We

were careful to ensure that the level of acid treatment was such
that the acid-activated clay retained a layered structure and a
substantial CEC. PCHs were prepared as follows: the clay (raw
or acid-activated) was suspended in water (100 cm3 per g clay)
to which 0.5 M cetyltrimethylammonium bromide (CTAB) was
added in a two fold excess of the clay CEC. The clay/CTAB
suspension was stirred for 24 hours at 50 °C following which
the clay was recovered by filtration and washed with deionised
water to remove excess CTAB (i.e. until pH 7 was reached) and
air dried overnight. The CTAB intercalated clay (Q+-clay) was
then stirred in neutral primary amine (octylamine or decyl-
amine) at room temperature for 20 minutes following which
tetraethylorthosilicate (TEOS) was added and the resulting
suspension stirred for a further 3 hours. The final synthesis gel
mixture had the molar ratio: Q+-clay+amine+TEOS of 1+2+12.
The precursor PCH was then recovered by filtration, air dried
overnight and calcined at 650 °C for 5 hours. The final samples
were designated PCH (from raw clay) or PAACH (from acid-
activated clay) followed by C8 or C10 in parentheses to denote
the use of octylamine or decylamine, e.g. PAACH(C8) is
derived from acid activated clay using octylamine.

The CTAB solvated Q+-clays from both the raw and acid-
activated clays had basal spacings of ca. 22 Å; an increase in
interlayer spacing of 6.5 Å. On intercalation of TEOS the basal
spacings increased further to between 35–40 Å and then
decreased slightly on calcination. Fig. 1 shows a representative
powder XRD pattern obtained for calcined PAACH(C8). It is
clear that the interlayer space is greatly expanded and that the
layered structure of the clay is retained as indicated by the
presence of higher order peaks. It is worth noting that, in the
present case, the basal peak for PAACH samples (see Fig. 1)
was much more clearly defined compared to that of PCH
samples. We however also note that, during calcination, the
removal of the organic matter was far quicker for PAACHs
samples than for PCH samples. The PCH samples required
calcination for 16 hours (at 650 °C) to totally remove the
organic matter and obtain an off-white sample while a heating
time of 5 hours was sufficient for PAACHs. This may suggest
that PAACHs are more reactive (acidic) and therefore more
readily catalyse the decomposition and removal of organic

Fig. 1 A representative powder XRD pattern of a porous clay hetero-
structure (PAACH(C8)) derived from an acid-activated montmorillonite
clay.
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matter. Another possibility is that the more flexible acid-
activated layers of the precursor PAACH allow easier removal
(diffusion) of the organic matter; the assumption here is that
acid activation disrupts the rigidity of the clay layers by
removing some metal ions resulting in layers that are more
structurally flexible. The manner and ease with which the
organic matter is removed during calcination may therefore
contribute to structural differences between PCH and PAACH
that are reflected in the intensity of their basal peaks. We
however note that calcining the precursor PAACH for 16
instead of 5 hours did not alter the properties of the final
PAACH.

Table 1 shows the textural data obtained for PCHs and
PAACHs. The PCH samples have surface area of ca. 800 m2

g21 while the acid-activated clay derived samples have higher
surface area of 915 m2 g21 for PAACH(C8) and 951 m2 g21 for
PAACH(C10). All the samples however have comparable pore
volumes. The surface areas of the present materials are
generally higher than that of fluorohectorite-PCH6 but compa-
rable to those of saponite and montmorillonite derived PCHs.8,9

The pore volumes observed here (0.71 to 0.82 cm3 g21) are
similar to those of montmorillonite and saponite derived PCHs
prepared by Ahenach et al.9 but higher than that of saponite-
PCH reported by Polverejan et al.8 This is not unexpected since
the synthesis method used here was similar to that of Ahenach
et al.9 The chain length of the neutral amine used has no
influence on the surface area. However, using a longer chain
amine (decylamine, C10) results in a slightly higher pore
volume. The N2 sorption isotherms obtained here for the PCH
and PAACH materials are shown in Fig. 2. The isotherms are
similar to those previously reported for PCHs.8,9 A gradual
increase in N2 adsorption at low to medium partial pressures
suggests that the materials possess supermicropores and small
mesopores. The hysteresis loops are characteristic of cylindrical
pores which are open at both ends, or of spaces between parallel
plates, which is consistent with the structure of PCHs.4 It is
worth noting that the isotherms in Fig. 2 are significantly
different from those exhibited by so-called silica bonded
montmorillonite, SBM.14

The textural properties discussed above clearly illustrate that
PCHs can be obtained using acid-activated clays as hosts. The
acid contents of the present PCHs and PAACHs are given in
Table 1. The acid content was determined using thermally
programmed desorption of cyclohexylamine (CHA) as pre-
viously described.15,16 Prior to thermogravimetric analysis, the
base-containing samples were heated at 80 °C for 2 hours. The
weight loss due to amine desorption from acid sites between 200
and 420 °C was used to quantify the acidity in mmol of CHA,
assuming that each base molecule interacts with one Brønsted
acid site. The total acid content (desorption between 200 and
420 °C) of PAACH is at least 30% higher than that of PCH.
Furthermore the number of medium to strong acid sites
(desorption between 300 and 420 °C) for PAACH is almost
twice that of PCH. This suggests that the higher acidity in
PAACHs is mainly due to an increase in the number of medium
to strong acid sites. This is expected to have positive
implications for the use of PAACHs as solid acid catalysts. We
propose that the higher/stronger acid content of PAACHs is a
consequence of the enhanced acidity on the clay sheets (after

acid treatment) used for PAACH formation. It is also possible
that some loose Al, present in the host acid-activated clay, is
incorporated into the interlayer silica network. We are currently
investigating the effect of using aluminosilicate rather than
silica sources for PCH formation and anticipate that even higher
acidity can be obtained if acid-activated saponites are used as
hosts or by combining an acid activated host matrix (saponite or
montmorillonite) with an aluminosilicate interlayer structure.
The findings reported here open new opportunities for the
preparation of acidic PCHs where the acidity can be optimised
by varying the nature of the host clay and/or the type of
interlayer network.

R. M. is grateful to the EPSRC for an Advanced Fellowship.
We are also grateful to S. Sajidu (University of Cambridge) for
some of the acidity measurements.
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Table 1 Textural properties and acidity of porous clay heterostructures
derived from raw montmorillonite (PCH) and acid-activated montmor-
illonite (PAACH) clays

Sample
Surface area/m2

g21
Pore volume/
cm3 g21

Aciditya/mmol
CHA g21

PCH(C8) 795 0.75 0.54 (0.14)
PCH(C10) 782 0.82 0.56 (0.15)
PAACH(C8) 915 0.71 0.71 (0.25)
PAACH(C10) 951 0.78 0.74 (0.27)
a Total acid content obtained from weight loss between 200 and 420 °C.
Values in parentheses are the amounts of medium to strong acid sites
obtained from weight loss between 300 and 420 °C.

Fig. 2 Nitrogen sorption isotherms of porous clay heterostructures: (a) PCH,
derived from a raw montmorillonite clay and (b) PAACH, derived from an
acid-activated montmorillonite clay. C8 and C10 denote the use of
octylamine or decylamine respectively as co-surfactant. For clarity, the
isotherms of PCH(10) and PAACH(10) are offset (y axis) by 150.
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A new manganese(III) oxamato dimer possesing an unprece-
dented Mn2(m-O2CR)(m-OH2…O2CR) core has been syn-
thesised, structurally and magnetically characterised, and
used as a catalyst for the oxidation of alkanes to alcohols and
ketones by ButO2H and O2 in CH2Cl2 at rt.

The past two decades have seen a considerable interest in
manganese redox enzymes, particularly those containing car-
boxylate-bridged dinuclear active sites.1 Among them, the less
well understood but functionally important is manganese
ribonucleotide reductase (MnRR), which catalyses the dioxy-
gen-dependent reduction of ribonucleotides to deoxyribonu-
cleotides in certain groups of bacteria.2 This key reaction for the
synthesis of DNA initiates, however, with hydrogen atom
abstraction from the furanose ring of the ribonucleotide
substrate by a tyrosyl protein radical generated during the
process of O2 activation by the dimanganese center.2c Although
no crystallographic data are yet available for the native
manganese enzyme, a manganese-substituted inactive form of
the more extensively studied iron ribonucleotide reductase
(FeRR) has been isolated and structurally characterised.3 In this
case, two MnII ions are doubly-bridged by two bidentate
carboxylates of glutamato protein residues at a separation of 3.6
Å.3b That being so, studies concerning the reactivity of
manganese model complexes bearing some structural features
similar to those proposed for the different forms of the enzyme
can help to understand the mechanism of conversion of
ribonucleotides by MnRR.4 Here we report on the synthesis and
general physical characterisation,† crystal and molecular struc-
ture,‡ and magnetic properties of the manganese(III) dimer
complex (Ph4P)2[Mn2(opba)2(H2O)3]·3H2O·MeCN 1, where
opba is o-phenylenebis(oxamato). We also report a preliminary
investigation of the catalytic activity of 1 towards the oxidation
of hydrocarbons with alkyl hydroperoxides in the presence of
dioxygen under mild conditions.

The structure of 1 consists of non-centrosymmetric dinuclear
manganese(III) complex anions, [Mn2(opba)2(H2O)3]22 (Fig.
1), tetraphenylphosphonium cations and both water and acetoni-
trile solvent molecules. The coordination environment about
each Jahn–Teller-elongated octahedral manganese atom is
formed by two amide nitrogen and two carboxylate oxygen
atoms of the tetradentate opba ligand defining the equatorial
plane and with the two labile axial positions being occupied by
water and/or carboxylate oxygen atoms. In fact, within the
dinuclear unit, a carboxylate group from one planar [Mn(opba)]
moiety is axially bound to the manganese atom from the other
moiety (syn–anti bidentate bridging mode),5 while a free
carboxylate oxygen atom from the latter [Mn(opba)] fragment is
hydrogen-bonded to an axial, manganese-bound water molecule
of the former fragment [O(8)…O(14) separation of 2.702(9) Å].
This leads to an overall asymmetric doubly-bridged dimanga-
nese(III) core which is reminiscent of the structure of the
diiron(III) form of FeRR, but without the oxo bridge present
therein.3a The Mn(1)…Mn(2) intramolecular separation
through this unique nine-membered metallacyclic ring,

MnIII
2(m-O2CR)(m-OH2…O2CR), in 1 is 5.693(3) Å. This is ca.

2.5 Å longer than the corresponding distance in the related
triply-bridged MnIII

2(m-O)(m-O2CR)2 species, which have been
proposed as suitable structural models of the dimanganese(III)
form of MnRR.6

The magnetic behaviour of 1 is typical of an antiferromagnet-
ically-coupled dimanganese(III) pair. At room temperature, the
product cMT (cM being the molar magnetic susceptibility per
dinuclear unit and T the temperature) is equal to 6.0 cm3 mol21

K (6.9 mB), a value which is consistent with two MnIII (S = 2)
ions. Upon cooling, cMT continuously decreases from room
temperature to 0.8 cm3 mol21 K (2.5 mB) at 2.0 K, whereas cM
exhibits a characteristic maximum around 6.0 K, which
unambiguously indicates a diamagnetic ground singlet (S = 0)
pair spin state. The least-squares fitting of the magnetic
susceptibility data gives g = 2.00 and J = 22.0 cm21 (where
H = 2JS1·S2; S1 = S2 = 2). The value of the exchange
coupling parameter for 1 compares well with that found for
other weakly coupled di(m-carboxylato)dimanganese(II) com-
plexes (J values of 21.4 and 21.9 cm21).7 On the other hand,
this certainly weak, although non-negligible, antiferromagnetic
coupling through the carboxylate bridge found in 1 emphasises
the relative importance of the exchange pathways involving the
bridging carboxylate groups for the analysis of the variations in
the sign and the magnitude of the exchange coupling in (m-
oxo)di(m-carboxylato)dimanganese(III) complexes (J values
ranging from +18.0 to 28.2 cm21).6b

The oxidation catalytic activity of 1 has been examined in a
non-coordinating solvent like methylene chloride and at room
temperature using tert-butyl hydroperoxide as oxidant under
aerobic conditions. The results for some representative alkanes

Fig. 1 Perspective view of the anionic dinuclear unit of 1 with the atom-
numbering scheme (thermal ellipsoids are at the 50% probability level and
hydrogen atoms have been omitted for clarity). Selected bond distances (Å)
with standard deviations in parentheses: Mn(1)–N(1) 1.919(5), Mn(1)–N(2)
1.914(5), Mn(1)-O(3) 1.968(4), Mn(1)–O(6) 1.935(5), Mn(1)–O(13)
2.318(6), Mn(1)–O(14) 2.323(5), Mn(2)–N(3) 1.883(6), Mn(2)–N(4)
1.920(8), Mn(2)–O(9) 1.911(7), Mn(2)–O(12) 2.019(7), Mn(2)–O(15)
2.272(6), Mn(2)–O(2) 2.321(5).
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and alkyl arenes are summarised in Table 1. Complex 1
catalysed the oxidation of cyclohexane to the corresponding
alcohol and ketone, cyclohexanol and cyclohexanone, re-
spectively, with varying yields depending on the reaction time
(entry 1). Interestingly, the cyclohexanol+cyclohexanone ratio
dropped from 0.9 to 0.6 with longer reaction times, suggesting
that secondary alcohols are further oxidised to ketones under the
experimental conditions. It is also noteworthy that for our
catalytic system the tertiary to secondary C–H bond relative
reactivities (ktert/ksec; on a per bond basis) for the oxidation of
adamantane was as high as 24 (entry 2). On the other hand, alkyl
arenes such as toluene, ethylbenzene or diphenylmethane were
oxidised selectively at the benzylic position to give the
corresponding benzylic oxygenation products, and no traces of
the corresponding aromatic ring hydroxylation products were
detected by GLC analysis in any case. As expected, the
oxidation of toluene gave some minor amounts of benzoic acid
together with the main product benzaldehyde, whereas no
benzyl alcohol was observed among the oxygenation products
(entry 3). The oxidation of ethylbenzene and diphenylmethane
afforded mixtures of the corresponding alcohol and ketone
exclusively (entries 4 and 5, respectively). The total yields of
benzylic oxygenation products followed the trend toluene <
ethylbenzene < diphenylmethane (entries 3–5). Indeed, the
oxidation efficiency along this series of alkyl arenes PhCH2R (R
= H, Me, Ph) correlates directly with the C–H bond strength,
thus suggesting that C–H bond cleavage is the rate-determining
step of the catalytic cycle. Further kinetic studies are in progress
to determine the detailed mechanism and the exact chemical
nature of the active oxidant in these biomimetic oxidations.

This work was supported by the Dirección General de
Enseñanza Superior e Investigación Científica (Spain) through
projects PB97-1411 and PB97-1397. R. R. thanks the Minis-
terio de Ciencia y Tecnología (Spain) for a grant. We are
specially thankful to Pedro Palanca for the assistance with the
GLC measurements.

Notes and references
† Synthesis and selected data: to a solution of the diethyl ester derivative of
the ligand (1.54 g, 5.0 mmol) in methanol (50 mL) was added a 25%
methanol solution of Me4NOH (8.0 mL, 20.0 mmol). Solid Mn(Me-
CO2)3·2H2O (1.35 g, 5.0 mmol) was then added in small portions under
stirring, and the resulting reaction mixture was further stirred for 15 min at
room temperature. A brick-red microcrystalline solid formed abundantly
which was collected by filtration and dried under vacuum. The filtered deep
brown solution was reduced to a final volume of 25 mL in a rotatory
evaporator. Upon standing at 4 °C in a refrigerator, a second crop of crystals
separated from the concentrated solution which was also collected and dried
(60%). Anal. Calc. for C14H16MnN3O6·2H2O: C 40.67, H 10.17, N 4.84.
Found: C 41.05, H 9.91, N 5.12%. (Me4N)[Mn(opba)]·2H2O (0.83 g, 2.0
mmol) was dissolved in water (50 mL) and the reaction mixture was filtered
on paper to eliminate a small amount of solid particles. A solution of Ph4PCl
(0.75 g, 2.0 mmol) in acetonitrile (25 mL) was then added to the filtered
deep brown aqueous solution. Well-shaped, brick-red elongated prisms of 1
suitable for X-ray diffraction were deposited after a few hours of slow
evaporation at room temperature. They were filtered off and air-dried
(90%). n(KBr)/cm21 3422s (O–H) from H2O, 2254w (C·N) from MeCN,
1669vs and 1645vs (CNO), 1381s and 1280s (C–O) from opba. UV–Vis
(MeCN) lmax/nm: 210 (e/L mol21 cm21 1.4 3 105), 225 (sh), 260 (4.0 3
104), 275 (sh), 340 (9.4 3 103) and 410 (sh).
‡ Crystal data for C70H63Mn2N5O18P2: M = 1434.1, triclinic, space group
P1̄, a = 13.099(3), b = 15.446(3), c = 17.687(4) Å, a = 73.04(3), b =
79.94(3), g = 80.84(3)°, U = 3348(1) Å3, T = 293 K, Z = 2, m(MoKa)
= 0.50 mm21, 11 665 reflections measured, 7556 assumed as observed with
I 4 2s(I). Hydrogen atoms were located from a difference synthesis and
refined with an overall isotropic thermal parameter. Refinement on F2 of
875 variables with anisotropic thermal parameters for all non-hydrogen
atoms gave R = 0.092 and wR = 0.251 with S = 0.94 (observed data).

CCDC reference number 166256. See http://www.rsc.org/suppdata/cc/
b1/b105132f/ for crystallographic data in CIF or other electronic format.
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Table 1 Results for the oxidation of alkanes and alkyl arenes catalysed by
1a,b

Entry Substrate Product Yield (%)c

1 Cyclohexane Cyclohexanol 1.9 (3.5)d

Cyclohexanone 2.2 (5.4)d

2 Adamantane 1-Adamantanol 8.0
2-Adamantanol/one 1.0

3 Toluene Benzaldehyde 3.1
Benzoic acid 1.3

4 Ethylbenzene 1-Phenylethanol 4.2
Acetophenone 16.9

5 Diphenylmethane Benzhydrol 5.2
Benzophenone 37.3

a Reactions were carried out at room temperature by adding a solution of the
substrate (0.10 mmol) in CH2Cl2 (0.2 mL) to a stirred mixture of the metal
catalyst (5.0 3 1023 mmol) and ButO2H (0.30 mmol) in CH2Cl2 (0.2 mL)
under an O2 atmosphere for a period of 24 h. b In the absence of catalyst no
oxidation was observed. c Yields refer to GLC determination based on the
starting substrate. d With a reaction time of 72 h.
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2,4,6-Tris(2-fluoroanilino)-1,3,5-triazene successively un-
dergoes one-, two- and three-fold deprotonation in the
presence of BunLi; the dilithiated triazenate exists as the
dimeric complex (thf)6Li4[(RN)2(RNH)C3N3]2 in the solid
state (R = 2-F-C6H4) featuring bidentate Nendo–C–Nexo
chelation sites.

The resemblance of monoanionic amidinates [RC(NR)2]2 1 and
bis-imino phosphinates [R2P(NR)2]2 2 in reaction and coor-
dination behaviour corroborate the diagonal relationship be-
tween carbon and phosphorus. Both are sterically demanding,
electron-rich bidentate chelates, which can be obtained from the
protic precursor [RC(NR)(NHR)] and [R2P(NR)(NHR)], re-
spectively. Recently, we have shown that hexakis(organoami-
no)cyclotriphosphazenes (RNH)6P3N3 act as multiprotic acids
in the presence of strong bases yielding trianionic
[(RNH)3(RN)3P3N3]32 and hexaanionic phosphazenates
[(RN)6P3N3]62.3 Considering the diagonal C–P relationship,
analogous triprotic 2,4,6-tris(organoamino)-1,3,5-triazenes 1H3
are expected to be metallated correspondingly to give anionic
triazenates (Scheme 1), which promise interesting coordination
modes, due to the potential three-fold symmetry of the
anticipated multi-site ligands.

Here, we present initial lithiation studies of 2,4,6-tris(2-
fluoroanilino)-1,3,5-triazene (1H3), which was generated by the
reaction of cyanuric chloride with an excess of 2-fluoroaniline.
We monitored the reaction of 1H3 with BunLi in THF using 1H
and 13C NMR spectroscopy (Fig. 1). Upon addition of BunLi the
NH signal gradually shifts up-field and decreases in intensity
until it vanishes once three equivalents of BunLi have been
added. The 13C NMR shift of C(1) moves down-field from 127
in 1H3 to 144 ppm in Li31, and that of C(6) up-field from 124
(1H3) to 115 ppm (Li31) (see Fig. 1 for numbering scheme). The
signal of the 13C nuclei of the central triazene ring shifts only
slightly from 165 (1H3) to 169 ppm (Li31). Throughout
lithiation the 19F NMR consists of a single peak, which also
shifts only marginally from 130 to 132 ppm. Both 1H and 13C
NMR of partially deprotonated species display only one set of
signals for both 2-fluoroanilino and triazene moieties, indicat-
ing rapid proton transfer at room temperature. However, two

sets of signals with an intensity ratio of 2+1 appear in the 13C
NMR spectrum of a THF solution containing the dilithiated
species Li21H, which was recorded at 280 °C. The chemical
shifts of the set of lower intensity are similar to the spectrum of
1H3 and can be attributed to the non-deprotonated anilino
substituent, wheras those of the set of higher intensity, which
resemble the pattern observed in the spectrum of Li31, are
caused by the two deprotonated substituents. At 280 °C the 13C
nuclei of the triazene ring also give two resonances (at 164 and
169 ppm).

Single crystals were obtained from the reaction of 1H3 with
two equivalents of BunLi in THF. X-Ray structure determina-
tion revealed that two-fold deprotonation had occurred and the
resulting Li21H exists as the centrosymmetric dimer
(thf)6Li4(1H)2 2 in the solid state (Fig. 2).† Both ligands in 2 are
linked by the two centrally arranged lithium ions (Li1, Li1a)
forming an eight-membered [Li–Nexo–C–Nendo–]2 ring core. In
addition, Li1 and Li1a undergo weak cross-ring interactions to
Nexo-sites and each is coordinated to an F-aryl atom and a thf
molecule resulting in distorted trigonal bipyramidal coordina-
tion geometries. The other two lithium ions (Li2, Li2a) are
accommodated in neighbouring Nexo–C–Nendo chelates and are
additionally coordinated to two thf molecules giving tetrahedral
metal surroundings. 2 combines coordination modes of mono-
meric and dimeric lithium complexes of ligands featuring
bidentate N–E–N chelates [E = (R)C,4 (R2)P,5 (R)S6]. Li2

Scheme 1

Fig. 1 13C NMR (top) and 1H NMR (bottom) spectra of stepwise reaction of
1H3 with n equivalents of BunLi in thf at 20 °C. In 13C NMR ‘+’ refers to
the C(1) ( = C–N) and ‘*’ to the C(6) position of 2-fluoroaniline
substitutents; in 1H NMR ‘*’ refers to the NH signal.
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2104 Chem. Commun., 2001, 2104–2105 DOI: 10.1039/b105435j



corresponds to the 'monomeric' mode, where the lithium ion is
chelated by a single N–E–N unit, and Li1 to the often
encountered N–E–N dimer mode, where two ligands encapsu-
late two lithium ions in both mono- and bi-dentate fashion. A
similar motif is observed in the polymeric trilithium salt of
trithiocyanuric acid.7

In contrast to phosphazenates, where the metallation causes a
marked impact on the structural parameters of the central P3N9
core, bonding parameters within the central C3N6 ligand core of
2 are not very much affected upon metallation. The C–Nexo
bond involving the non-metallated anilino group is only
marginally longer [C3–N30 1.374(10) Å] than those of the
deprotonated substituents [C1–N10 1.353(9), C2–N20 1.334(9)
Å], which are of similar lengths as C–Nendo bonds ranging from
1.336(9) to 1.359(9) Å. Accordingly, in neutral 2,4,6-tris-
(amino)-1,3,5-triazenes C–Nexo bonds are on average only
0.02 Å longer than C–Nendo bonds.8

1H3 is deprotonated without undergoing side reactions. The
lithiation is reversible as 1H3 is recovered after protolysis of
Li31. On the other hand, 1,3,5-triazene and 2,4,6-tris(organo)-
1,3,5-triazenes are prone to nucleophilic attack by organoli-
thium reagents at Cendo positions, which leads to either
nucleophilic addition, substitution or ring cleavage.9 F(aryl)
functions in 2, initially introduced to act as 19F NMR spectator
sites, are inert on lithiation. The absence of line broadening of
19F signals indicates that there are no considerable 7Li–19F
interactions in solution.

The electron deficiency of the central C3N3 ring in 132 is
compensated for by the p-donating character of exocylic N
centres, which allow delocalisation of negative charge across
the entire C3N6 core. In contrast to the non-aromatic tri- and

hexa-anionic triphosphazenates, triazenates H122 and 132

feature an aromatic ligand core. This enables electronic
interaction between accommodated metal centres across the
aromatic ligand system. In addition, the D3h symmetry of the
C3N6 ligand core and the straightforward introduction of organo
amino groups with various functionalities promise the genera-
tion of metal complexes with interesting properties.

This work was supported by the EPSRC and the Royal
Society.

Notes and references
† Crystal data for 2·C4H8O·C6H14 were collected on a Stoe-IPDS at 200 K
using Mo-Ka radiation (l = 0.71073 Å). Full-matrix, least squares
refinements on F2 using all data.10 C66H74F6Li4N12O6·C4H8O·C6H14, M =
1431.41, triclinic, space group P1̄, a = 10.121(6), b = 14.415(3), c =
15.282(3) Å, a = 68.66(3), b = 72.98(5), g = 79.06(5)°, U = 1977.0(13)
Å3, Z = 1, m(MoKa) = 0.087 mm21, R1 [I > 2s(I)] = 0.095, wR2 (all
3514 data) = 0.231. 2 crystallises with one molecule of thf and one
molecule of hexane as lattice solvent per formula unit. Both coordinated and
non-coordinated thf molecules as well as the hexane molecule are
disordered and were split in the refinement on two positions using similar
distance and similar U restraints. All non-hydrogen atoms were refined
anisotropically with the exception of disordered atoms which were treated
isotropically. 2 forms thin and highly fragile plates, which are prone to
solvent loss in the absence of the mother-liquor, and give a rather weak
diffraction pattern of low resolution (2qmax = 40°).

CCDC reference number 166359. See http://www.rsc.org/suppdata/cc/
b1/b105435j/ for crystallographic data in CIF or other electronic format.
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Fig. 2 X-Ray structure of 2. Selected bond lenghts (Å) and angles (°): N1–
C1 1.339(9), N1–C3 1.351(9), N2–C1 1.343(9), N2–C2 1.359(9), N3–C3
1.336(9), N3–C2 1.341(9), C1–N10 1.353(9), C2–N20 1.334(9), C3–N30
1.374(10), Li1–N1 2.03(2), Li1–N10 2.32(2), Li1–N10a 2.07(2), Li1–F1a
2.15(2), Li2–N2 2.11(2), Li2–N20 1.99(2), Li2…F2 3.072(15); C1–N1–C3
113.1(7), C1–N2–C2 115.7(7), C2–N3–C3 114.3(7), N1–C1–N2 125.5(8),
N2–C2–N3 124.0(8), N3–C3–N1 127.3(7), N1–C1–N10 111.6(8), N2–C2–
N20 110.5(7), N3–C3–N30 118.5(8).
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First molecular switch encapsulated within the cavities of a zeolite.
A dramatic lifetime increase of the charge-separated state
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A [2]-catenane consisting of a bipyridinium cyclophane and
a dioxybenzene macrocyclic polyether has been encapsu-
lated within the supercages of zeolite Y by ship-in-a-bottle
synthesis; laser flash photolysis reveals that the charge-
separated species decays in hundreds of microseconds in
contrast to the few picoseconds previously reported for the
same transient in acetonitrile.

The action of many photoresponsive switches and supramo-
lecular machines is based on the occurrence of an intra-
molecular electron transfer triggered by light.1 However, one of
the major problems thwarting the operation of these supramo-
lecular devices is a fast deactivation pathway of the charge-
separated transient species consisting of reverse electron
transfer leading back to the ground state.2 This energy-wasting
process is generally very efficient and limits the lifetime of the
photogenerated transient to the subnanosecond time scale.
Generally, the ‘action’ of the supramolecular machine is
expected to consist of the movement of a shuttle from one
station to a second in the supramolecular assembly during the
lifetime of the charge-separated state. This co-conformational
movement requires a sufficiently long transient lifetime and is
related to a retardation of the back electron transfer (BET) to the
microsecond time scale.

In a different context, it has been reported that incorporation
of a charge-transfer (CT) complex within the internal voids of
zeolites may increase the lifetime of the photoinduced radical
ion pair by over six orders of magnitude.3 As a part of our on-
going research focussed on the encapsulation of photo-
responsive rotaxanes and catenanes within the rigid internal
voids of zeolites, we report here the ship-in-a-bottle synthesis of
[2]-catenane 34+ encapsulated within the supercages of zeolite
Y (34+@Y). We provide laser flash photolysis evidence
showing that the transient of [2]-catenane 34+ within zeolite Y
is much longer lived (hundreds of ms) than that observed for the
same switch in MeCN (tens of ps).4 Our report is the first to
show the benefits of immobilization of a molecular switch
within the rigid matrix of a zeolite.

Based on the reported single-crystal X-ray diffraction,5 the
dimensions of the [2]-catenane 34+, comprised of the viologen
cyclophane as the electron-acceptor unit and the macrocyclic
hydroquinone polyether as the electron-donor unit, are too large
(11.7 3 10.3 3 7.0 Å) to allow its free diffusion from the
exterior to the interior cages of the zeolite Y (openings 7.4 Å in
diameter). It is, however, sufficiently small for accommodation
within the spherical supercages (13 Å). In contrast, the smaller
dimension of the macrocyclic polyether (10.6 3 4.7 Å) should
allow its free diffusion through the zeolite Y micropores. A
suitable strategy to prepare 34+@Y is a ship-in-a-bottle
synthesis6 consisting of constructing the big catenane within the
cage by reacting smaller precursors that diffuse through the pore
openings.

We have adapted the reported synthesis of catenane 34+ in
solution5 to obtain it by a ship-in-a-bottle methodology
(Scheme 1).† In the first step, the open precursor 12+ is ion-

exchanged inside zeolite NaY (12+@Y), by stirring an aqueous
solution of preformed 1(PF6)2 in the presence of the zeolite.
Zeolites are microporous solids that are well suited to adsorb
positively charged organic species. Subsequent formation of the
[2]-catenane 34+ encapsulated within the cages of Y zeolite was
accomplished by treating 12+@Y first with the macrocyclic
polyether (CT complex formation), and then with 1,4-bis-
(bromomethyl)benzene (closure of the cyclophane macro-ring).
Formation of 34+@Y was assessed by comparing the spectra of
the solid sample with those of its precursor 12+@Y and the
corresponding viologen macro-ring 24+@Y.

The UV–vis absorption spectra of the cyclophane 24+ and the
[2]-catenane 34+ inside zeolite Y are similar to the reported
absorption spectra of these compounds in MeCN.5 Fig. 1 shows
the diffuse reflectance UV–vis absorption spectra of the
samples 24+@Y and 34+@Y. A weak band with its onset at 800
nm, whose absorption increases linearly as the wavelength
decreases, is observed in the spectrum of 34+@Y but is absent in
the spectrum of the cyclophane 24+@Y. This absorption band is
known to arise from the interaction between the electron-rich
crown ether moiety and the electron-poor tetracationic cyclo-
phane. The presence of this broad, structureless band has been
taken as the simplest criterion to establish the formation of this
type of complex.5,7,8

IR spectroscopy provides useful information since it allows
differentiation between pyridine and pyridinium rings.9 Con-
sidering the difference between 12+ and 24+ or 34+, the presence
or absence of neutral pyridine rings can be used as a criterion to
establish the success of the formation of catenane 34+. To follow
the cyclization step shown in Scheme 1 without interference
from the polyether macrocycle, FT-IR spectra of 12+@Y were

Scheme 1
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compared with those for 24+@Y and for an authentic specimen
of 24+(PF6)4 prepared as reported. Fig. 1 inset shows the
corresponding FT-IR spectra.

In the context of the characterization of acidity in zeolites, it
has been reported that pyridine and pyridinium ions can be
safely distinguished by the presence of 1560 and 1450 cm21

bands, respectively.9 Accordingly, the IR spectrum of the
viologen cyclophane shows only vibration bands corresponding
to N-alkylpyridinium and is different from that of 12+@Y which
contains bands corresponding to both N-alkylpyridinium and
free pyridine. Similarly, the aromatic region of the IR spectrum
of 24+@Y viologen macro-ring can be taken as a fingerprint,
and is very similar to that recorded for the 24+(PF6)4 salt in the
form of a KBr disk. This good match was also considered to be
a good means of assessing the success of the cyclization of the
bipyridinium macro-ring inside the zeolite Y supercages,
providing solid evidence in support of the formation of 24+@Y
and 34+@Y.

Diffuse reflectance-laser flash photolysis of 34+@Y was
carried out exciting at 532, 355 or 308 nm. According to the
reported work on laser flash photolysis of arene–methylviolo-
gen complexes,3,10 it was anticipated that 532 nm would
selectively excite the CT complex band. However, in our case
the low extinction coefficient of 34+ at 532 nm (see Fig. 1)
prevented us from obtaining any detectable transient signal
upon excitation at 532 nm. Thus, we recorded the spectrum at
both 355 and 308 nm. The same transient spectrum was
obtained in both cases. These wavelengths, however, do not
provide selective excitation of the CT complex of catenane 34+;
excitation of the uncomplexed bipyridinium or hydroquinone
moieties also occurs. To distinguish the contribution of the CT
complex in 34+, the transient spectrum of 34+@Y was compared
with that recorded for 24+@Y as a control (Fig. 2). Both spectra
show similar features corresponding to bipyridinium radical
cations.11,12 However, closer inspection reveals that the absorp-
tion in the 600–750 nm region for 34+ is significantly more
intense than for 24+. In addition, the decays monitored at 390
and 750 nm for 34+ are significantly different (see Fig. 2 inset),
firmly proving that at least two different species are involved.
This second transient would correspond to the charge-separated
state of the CT complex of 34+. As expected for a single
transient, the decays for 24+ monitored at 390 or 750 nm
coincide.

Importantly, as Fig. 2 shows, the lifetime of the photo-
generated charge-separated state of the 34+ CT complex is

hundreds of ms. This contrasts sharply with previous laser flash
photolysis studies of [2]-catenane 34+ in MeCN where the
lifetime was tens of ps.4 Therefore, incorporation of catenane
34+ into zeolite Y increases the lifetime of the charge-separated
transient species by six orders of magnitude. This dramatic
effect of incorporation of 34+ on the lifetime of the photo-
generated radical ion pair can been explained by the stabiliza-
tion due to the intense electrostatic fields experienced inside the
zeolite pores. Since co-conformational movements are pre-
dicted to take place on the ms time scale,2 the present finding
that the charge-separated state of catenane 34+ exists for
hundreds of ms when encapsulated in zeolite Y could open the
possibility of observing the cyclic action of molecular-level
machines.

Financial support by the Spanish CICYT (HG, MAT 2000,
1768-002-01) and the Canadian NSERC (JCS) are gratefully
acknowledged. B. F. thanks the Spanish Ministry of Education
for a scholarship.
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suspension was stirred at room temperature under Ar. Then, a solution of
1,4-bis(bromomethyl)benzene (0.0083 g, 0.03 mmol) in dry MeCN (5 ml)
was added and the suspension was stirred at room temperature under Ar for
5 d, and then at reflux temperature for 24 h. The resulting solid was filtered
off and submitted to exhaustive solid–liquid extraction using MeCN as the
solvent.
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Fig. 1 Diffuse reflectance UV–vis spectra (plotted as the inverse of R) of
24+@Y (a) and 34+@Y (b). The inset shows part of the IR spectra of 12+@Y
(a), 24+@Y (b) recorded at room temperature after outgassing at 200 °C for
1 h at 1022 Pa, and that of 24+(PF6)4 (c) in a KBr disk. The three spectra
exhibit the band corresponding to the N-alkylpyridinium ring (–), but only
the uncyclised 12+ has the band characteristic of the free pyridine ring
(*).

Fig. 2 Time-resolved diffuse reflectance UV–vis spectra of 34+@Y
recorded 15 ms after 308 nm excitation (8), and 24+@Y recorded 2 ms after
266 nm excitation (-). The inset shows the decays of 34+@Y monitored at
705 (8) and 450 nm (-).
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Hole transfer through DNA is coupled with proton transfer
processes.

The controversial long distance hole transfer through DNA was
debated over the course of the last decade.1 Today, a consensus
exists that this process occurs as a multistep hopping reaction2

with guanines (G), the DNA bases of lowest ionisation
potentials, as possible carriers of the positive charge.3,4 Since
Steenken has measured a pKa value of 3.9 for the guanine
radical cation (G·+),5 one would expect that G·+ loses the
positive charge by proton transfer to the surrounding water in
poorly paired (mismatched) strands. This should retard or even
stop hole transfer through DNA. Recently, we have observed
such a decrease of the charge transfer efficiency in experiments
with double strands 1a,b (Fig. 1).6

The positive charge was injected into G1 of strands 1a,b by
photolysis of a 4A-pivaloylated thymidine, situated next to G1 in
the complementary strand.7 The hole migrates via G2 through
DNA until it reaches the GGG sequence, a thermodynamic sink
for the positive charge.8 The charge could be detected by
nucleophilic water trapping of G·+, which led to strand cleavage
products PG1

, PG2
and PGGG after piperidine treatment (Fig.

1).3,6 In the paired double strand 1a the PGGG yield was 71%.
Thus, most of the charge migrated from G1 to the GGG
sequence in strand 1a where the acidic proton is held within the
G–C base pair by a hydrogen bridge (2a" 2b). However, the
PGGG yield dropped from 71 to 12% in the mismatched strand
1b having an abasic site (H) opposite G2.9 We explained this
effect by a proton transfer from the non-paired G2·+ in strand 1b
to the surrounding water (3 ? 4), which slows down or even
stops the charge transfer (Scheme 1).

If this interpretation is correct, methylguanosine 5 (GMe in
1c) should not stop the hole transfer through DNA because the
acidic hydrogen atom is exchanged by a methyl group.10 We
therefore synthesized double strand 1c where the abasic site is
opposite to GMe. Charge injection into G1 led to the results
shown in Fig. 2. Compared to the inefficient charge transfer in
strand 1b, where an abasic site opposite to G2 reduced the
PGGG yield from 71 to 12%, with methyl guanosine 5 (GMe)
opposite the abasic site in 1c the PGGG yield increased again to
53%. This experiment strongly supports the explanation that
mismatches in G–C base pairs interrupt the hole transfer
through DNA by a proton shift from the mismatched G·+ to the
surrounding water (3 ? 4).

In contrast to the decrease of the hole transfer efficiency
through DNA by deprotonation of G·+ (3 ? 4), a proton shift
within the oxidized hydrogen-bridged G–C base pair could
increase the hole transfer rate, because the proton shift

Fig. 1 Histograms of denaturing polyacrylamide gels, obtained by
subtraction of control experiments (irradiation of unmodified strands) from
irradiation experiments with the modified strands, which contain a 4A-
pivaloylthymidine next to G1 in the complementary strand. The histograms
show the yields of products PG1

, PG2
, and PGGG at the different positions of

the radiolabelled strand. These products are formed by water trapping of the
guanine radical cations and subsequent site selective strand cleavage of the
radiolabelled strands. Scheme 1

This journal is © The Royal Society of Chemistry 2001
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(2a " 2b) stabilizes the positive charge.5,11 The prerequisite for
a rate increase is that hole and proton transfer reactions are
coupled with each other. Recently, Thorp proved this process by
a kinetic deuterium isotope effect of the hole injection step into
G.12 We have now demonstrated that a deuterium isotope effect
also exists during hole transfer reactions between guanines. The
effect was measured using double strand 6 where the hole
migrates from G to the GGG sequence and its relative rate was
determined by the yield ratio PGGG–PG.13

The results are presented in Fig. 3. As observed previously,13

in H2O the PGGG–PG ratio is 9.0 ± 1.0 for double strand 6. This
ratio decreases to 3.0 ± 1.0 in D2O where all acidic protons are
replaced by deuterons. A decrease of the charge transfer
efficiency by a factor of 3 in D2O can be explained by a slower
deuteron shift from G·+ to C compared to the corresponding
proton shift (2a" 2b). But this kinetic deuterium isotope effect

influences the rate of the hole transfer only if both processes are
coupled. Thus, in charge transfer reactions through DNA the
hole hopping processes between guanines are coupled with
proton transfer reactions.14,15

Generous financial support by the Swiss National Science
Foundation and the Volkswagen Foundation is gratefully
acknowledged.
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Fig. 2 Histogram of denaturing polyacrylamide gels, obtained by subtrac-
tion of control experiments (irradiation of unmodified strands) from
irradiation experiments with the modified strand, which contained a 4A-
pivaloylthymidine next to G1 on the complementary strand. The histogram
shows the yields of products PG1

, PGMe, and PGGG at the different positions
of the radiolabelled strand. These products are formed by water trapping of
the guanine radical cations and subsequent site selective strand cleavage of
the radiolabelled strands.

Fig. 3 Product ratios PGGG–PG resulting from water trapping of the guanine
radical cations and subsequent site selective strand cleavage of the
radiolabelled strand. The experiments were carried out in H2O and D2O,
respectively.
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The reaction of [o-(trimethylsilyl)carboranyl]lithium with
IPh(OAc)2 in diethyl ether affords an efficient 1,2-dehydro-
o-carborane precursor 4: the facile 2 + 4 cycloaddition of 4
with dienes in the presence of the desilylating agent is
reported.

Although benzyne 1 has been widely used in organic synthesis,
mechanistic studies, and synthesis of functional materials,1–3

the chemistry of 1,2-dehydro-o-carborane 2, the carborane
version of benzyne, has sporadically appeared. Recently, Jones
and coworkers4–11 have described its reactions with a variety of
dienes, alkynes and alkenes. In order to generate 2, they used the
bromo anion 3 as an 1,2-dehydro-o-carborane precursor, which
is stable at 0 °C. However, the yields in their reactions are too
low. To make a plausible advance into consideration in this
area, methodology is desired for 1,2-dehydro-o-carborane
precursors to generate 2 with high efficiency and under mild
conditions. Recently, we found that phenyl[o-(trimethylsi-
lyl)carboranyl]iodonium acetate 4 has proved to be such an
example since this precursor is readily prepared from available
chemicals and is stable enough to be handled without any
special precaution. We now describe (i) the isolation of an
excellent 1,2-dehydro-o-carborane precursor 4 and (ii) the
efficient reactions of 4 with dienes under mild condition.

Addition of 1 equiv. of [o-(trimethylsilyl)carboranyl]lithium,
prepared from o-(trimethylsilyl)carborane and 1 equiv. of n-
BuLi, to IPh(OAc)2 in diethyl ether gave phenyl[o-(trimethylsi-
lyl)carboranyl]iodonium acetate 4 as a spectroscopically pure,
colorless powder relatively sensitive to air in 46% yield [eqn.
(1)].†

(1)

The 1H and 13C NMR spectra for 4 support the proposed
structure.

The intermediate 4 was found to be an efficient precursor for
the generation of 1,2-dehydro-o-carborane under mild condi-
tions. The reaction of 4 with anthracene (1.2 equiv.) in the
presence of CsF (2.4 equiv.) in diethyl ether at room
temperature for 24 h afforded the carborane adduct 5 in 48%
yield [eqn. (2)].‡

(2)

When KF was used as the desilylating agent with 18-crown-6,
the adduct 5 was also obtained in 40% yield.12 All the spectral
data of 5 were consistent with the proposed formulation. A key
feature in the 1H NMR spectrum of 5 includes a singlet at d 4.74
assigned to the bridgehead hydrogens. A high-field resonance at
d 51.17 in the 13C NMR provides evidence for bridgehead
carbon atoms. The structure of 5 was unambiguously estab-
lished by a single-crystal X-ray analysis (Fig. 1).§ The central
six-membered ring (C3, C4, C5, C10, C11 and C16) is
puckered. The dihedral angle between C1–C2–C3–C4 and C3–
C4–C11–C16 is 58.4(3)°, and that between C1–C2–C3–C4 and
C3–C4–C5–C10 is 58.6(3)°.

The reaction of 4 with 3 equiv. of norborna-2,5-diene under
the same reaction conditions takes place and affords three
isomers (7, 8, and 9) in 62% yield [eqn. (3)].

(3)

Fig. 1 Molecular structure of 5 showing the atom numbering scheme.
Selected distances (Å) and angles (°): C(1)–C(2) 1.6072, C(1)–C(3) 1.5639,
C(2)–C(4) 1.593(10), C(3)–C(5) 1.518(8); C(1)–C(3)–C(5) 108.6(3), C(5)–
C(3)–C(11) 103.5(5), C(3)–C(1)–C(2) 109.6.

This journal is © The Royal Society of Chemistry 2001
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We were not able to separate 8 and 9 as also found in Jones’
work.6 Three resonances (d 3.10, 2.80 and 1.57) and two
doublets (d 1.42 and 1.40) in the 1H NMR spectrum of 7 are
assigned to the methine proton and methylene proton, re-
spectively. Five 13C NMR resonances (d 56.52, 49.83, 32.24,
25.04 and 24.58) provide evidence for the adduct 7. The
structure of 7 has been determined by X-ray crystallography
(Fig. 2).§ The formation of 7–9 may involve 2 + 4 and 2 + 2
cycloaddition.

Other dienes such as naphthalene, 2,5-dimethylfuran and
thiophene worked well as trapping agents for 1,2-dehydro-o-
carborane. The results are summarized in Table 1. When the
results obtained here are compared with the reported data
available in the literature, much improved results are obtained
by using the hypervalent iodine-1,2-dehydro-o-carborane pre-
cursor.

In summary, we have isolated an efficient 1,2-dehydro-o-
carborane precursor, phenyl[o-(trimethylsilyl)carboranyl]io-
donium acetate 4, which readily reacts with dienes such as
anthracene, naphthalene, norborna-2,5-diene, 2,5-dimethyl-
furan and thiophene, efficiently generating 1,2-dehydro-o-
carborane adducts in good yield. This potential has been further
exploited in a series of novel chemical transformations with this
system.

We are grateful to BK21(2001) for generous financial
support.

Notes and references
† Experimental procedure for 4: to a stirred diethyl ether solution (15 mL)
of o-(trimethylsilyl)carborane was added n-BuLi (1.43 mL of 1.6 M
solution of hexane, 2.3 mmol) at 0 °C. The temperature was warmed to room
temperature and stirring continued for 6 h at that temperature. The solution
was slowly added to a diethyl ether solution of IPh(OAc)2 (0.74 g, 2.3
mmol) at 278 °C and warmed to room temperature. The solution was stirred
for 6 h. The solvent was removed in vacuo and washed with hexane (5 mL
3 3). The residue was extracted with methylene chloride to afford 4 in 46%
yield. 1H NMR (CD2Cl2): d 8.06–7.36 (m, 5H, aromatic proton), 1.96 (s,
3H, COCH3), 0.20 (s, 9H, SiCH3). 13C{1H} NMR (CD2Cl2): d 176.43 (CO),
134.97, 133.43, 132.20, 131.53, 130.22, 121.27 (Ph), 20.47 (COCH3),
20.97 (SiCH3). 
‡ Experimental procedure for 5: anthracene (0.49 g, 2.75 mmol) and CsF
(0.87 g, 5.75 mmol) were added to a stirred diethyl ether (20 mL) solution
of 4 (1.31 g, 2.75 mmol) at room temperature. After stirring for 24 h, the
mixture was filtered. The solvent was removed in vacuo and extracted with
hexane. The solution was chromatographed using hexane as eluent.
Recrystallization from hexane at 215 °C afforded 5 in 48% yield. mp 248
°C. 1H NMR (CDCl3): d 7.24–7.00 (m, 8H, aromatic proton), 4.74 (s, 2H,
CH). 13C{1H} NMR (CDCl3): d 144.12, 127.62, 124.28, 51.17. MS: m/z
320 [M+]. 
§ Crystal data for 5: C16H20B10, M = 320.42, orthorhombic, space group
Pca21, a = 8.742(2), b = 15.710(3), c = 13.300(2) Å, V = 1826.6(5) Å3,
Z = 4, Dc = 1.165 g cm23, m(Mo-Ka) = 0.058 mm21, 880 reflections
observed [I > 2s(I)], 227 parameters, largest difference peak 0.285 e Å23,
final R and Rw were 0.0842 and 0.1912, goodness of fit on F2 = 1.044. For
7: C9H18B10, M = 234.33, monoclinic, space group P21/c, a = 7.6927(8),
b = 13.5948(14), c = 12.9203(14) Å, b = 100.354(2)°, V = 1329.2(2) Å3,
Z = 4, Dc = 1.171 g cm23, m(Mo-Ka) = 0.054 mm21, 3195 reflections

observed [I > 2s(I)], 172 parameters, largest difference peak 0.571 e Å23,
final R and Rw were 0.0665 and 0.1804, goodness of fit on F2 = 1.047.
CCDC reference numbers 170498 and 170499. See http://www.rsc.org/
suppdata/cc/b1/b107343e/ for crystallographic data in CIF or other
electronic format. 
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Fig. 2 Molecular structure of 7 showing the atom numbering scheme.
Selected distances (Å) and angles (°): C(1)–C(2) 1.618(2), C(5)–C(6)
1.516(3), C(6)–C(7) 1.478(4), C(3)–C(7) 1.493(3); C(3)–C(4)–C(5)
92.80(15), C(4)–C(9)–C(8) 98.89(17), C(6)–C(8)–C(7) 58.40(16).

Table 1 Trapping reaction of 1,2-dehydro-o-carborane derived from
iodonium acetate 4

Yield(%)

Substrate Product This worka Reported

48 19b

33 15c

62 19d

46 25d

38 19e

a Isolated yield. bRef. 4. cRef. 11. dRef. 6. eRef. 10.

Chem. Commun., 2001, 2110–2111 2111



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Evidence of 29Si NMR paramagnetic shifts in rare-earth zeolite LSX
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Paramagnetic shifts have been observed for the first time in
rare-earth zeolites; the 29Si MAS NMR spectra of rare-earth
ion-exchanged low silica X show a large range of isotropic
chemical shifts that can be attributed to Fermi contact
interactions with the lanthanide electronic moments. 

Many zeolites of importance are solids exchanged with
paramagnetic cations such as lanthanides. In the faujasite group,
rare-earth zeolite Y is of high interest due to its performance as
an octane-enhancing catalyst,1 and rare-earth zeolite X is a
promising material for laser applications due to the strong
luminescent properties of the lanthanide complex immobilized
within its cages.2

The effects of magnetic impurities on the 29Si NMR spectra
of alumino-silicates are well known. They decrease the spin–
lattice relaxation, substantially broaden the resonance line as a
function of the concentration of impurities,3 and enhance the
spinning-sideband patterns.4 High concentrations of para-
magnetic species in zeolites make the acquisition of NMR
spectra difficult and, in general, the signal of nuclei in the
neighbourhood of paramagnetic centers is not detected.5 The
use of NMR spectroscopy is relatively limited; at best, the
proportion of nuclei close to paramagnetic centers can be
estimated based on the intensity loss compared with diamag-
netic samples.6 In this work we show that 29Si paramagnetic
shifts can be observed in the NMR spectra of rare-earth zeolites,
which provide information on the interaction between the
paramagnetic species and the silicon atoms.

Fully exchanged rare-earth zeolites LSX are prepared by ion
exchange in aqueous solution. A key parameter controlling the
location of the lanthanide in the structure is the degree of
hydration of the cation. The large diameter of the hydration
sphere of the lanthanide cations prevents their access to the
sodalite cages.† By heating the solution, the trivalent cations are
partly dehydrated and are found essentially in only one site.
They occupy sites on top of the six-ring windows of the sodalite
cages (sites II), within the supercages of the zeolite.7,8

The 29Si MAS NMR spectrum of LaLSX‡ exhibits a single
resonance line at 283 ppm§ [Fig. 1(a)], corresponding to
silicon atoms in a single environment Si(4Al). The 29Si
chemical shift of Si(4Al) sites does not exceed a range of 20
ppm, and varies from ca. 275 to 295 ppm, depending on the
environment geometry.9 The spectra of fully exchanged
paramagnetic zeolites NdLSX [Fig. 1(b)] and EuLSX [Fig. 1(c)]
show dramatic changes. The overall signal is very broad and
exceeds 60 kHz in width, but the individual spinning sidebands
are sharp. The relaxation times are very short and they are
estimated to be ca. 0.2 s for NdLSX. The isotropic chemical
shifts spread over an unusually large range, varying from ca. +6
to 2146 ppm for our samples.

The appearance of widely spread resonance lines can be
attributed to the interaction between the electronic moment of
the rare-earth cations, siting on top of the six-ring windows of
the sodalite cages, and the silicon nucleus. Lanthanide com-
plexes are largely used as shift reagents in solution NMR,10,11

where large shifts induced by the paramagnetic centers to close
nuclei allow enhancement of the spectral resolution. However,
only few examples in solid state NMR have been re-
ported.12–15

Paramagnetic signals are difficult to detect due to the
substantial broadening of the resonance lines. They can go
almost unnoticed under the typical acquisition conditions for
zeolites that require long recycle times, limiting the numbers of
scans. Large numbers of scans are needed to get a good signal/
noise ratio, but the significant decrease of the spin–lattice
relaxation time enables data acquisition within reasonable
times.

The overall width of the resonance line is dominated by the
anisotropic part of the dipolar interaction between electronic
and nuclear spins, and is proportional to the square of the
magnetic moment m of the rare-earth cations.16,17 We observed
experimentally, with a series of rare-earth LSX, that the overall
width is relatively well correlated with m2 (Table 1).

The interaction between the unpaired electron and a given
nucleus consists of two contributions: (i) the Fermi contact shift,
which arises from the electron–nucleus hyperfine interaction

Fig. 1 29Si MAS NMR spectra of rare-earth LSX at spinning rate of 15 kHz,
(a) LaLSX, (*) is the rotor contribution, (b) NdLSX and (c) EuLSX show a
single line with a pattern of spinning sidebands. The pulse delay is 10 s for
LaLSX and 0.1–0.8 s for the paramagnetic zeolites.

This journal is © The Royal Society of Chemistry 2001
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and (ii) the pseudo-contact shift resulting from through-space
dipolar interaction. The Fermi contact is proportional to < Sz > ,
the average value of the rare-earth spin over the spin levels,
assuming that the hyperfine coupling constant Ahf does not vary
across the rare-earth zeolite series, which seems reasonable as
the ionic radius of the lanthanide cation remains relatively
constant. The contact shift is expressed as DH = Ahf < Sz > /hgn,
where /h is the reduced Planck’s constant and gn the nuclear
gyromagnetic factor of the observed nucleus.18

Fig. 2 shows a plot of < Sz > , calculated by Golding and
Halton,19 as a function of the experimental shift of a series of
rare-earth zeolites LSX (Table 1). The variation is linear with a
relatively good correlation, which suggests that the contact
interaction is the predominant contribution to the paramagnetic
shift. It is a through-bond mechanism despite the absence of a
direct bond between the trivalent cation and the silicon atom.
Other lanthanide systems show similar results.13–15 The good
correlation obtained in Fig. 2 confirms that the hyperfine
coupling constant Ahf does not vary in rare-earth LSX,
suggesting that the geometry of the cation site remains the same
across the first half of the lanthanide series studied here.

The sign of < Sz > changes once in the lanthanide series at
Eu3+ and explains the downfield shift observed for this cation.
On the other hand, a pseudo-contact shift should show an
alternation of sign not observed experimentally.20 It is inter-
esting to note a correlation factor better than 0.997 between the
29Si isotropic shifts of rare-earth LSX and the 119Sn isotropic
shifts in rare-earth stannates reported by Grey et al.14 The
deviations from the strict linear dependence of the chemical
shift on < Sz > due to Fermi contact, probably have the same
origin in both solids.

We have demonstrated in this work that 29Si NMR spectra of
zeolites containing high concentrations of paramagnetic cations
can be obtained. We observed paramagnetic shifts and found

that the predominant contribution to the shift is the Fermi
contact interaction. The shifting ability of lanthanide to close
silicon atoms allows the discrimination between silicon sites in
partly exchanged zeolites. Applications of rare-earth cations
acting as paramagnetic shift agent in zeolites will be published
later.

We thank Dr N. Mizuno and Ms S. Uchida for help in the
NMR acquisitions at the University of Tokyo and Dr M. D.
Williams for the NMR acquisitions performed at Arizona State
University. Work at A. S. U. is supported by the U. S. National
Science Foundation, Grant DMR 9804817. The NMR equip-
ment was purchased under NSF Grant CHE 9808678.

Notes and references
† The structure of zeolite LSX (Low Silica X), the end-member of the
faujasite group, with ratio Si/Al = 1, is composed of strictly alternating
SiO4 and AlO4 tetrahedra. Faujasite consists of sodalite cages linked
together through six-membered rings by oxygen atoms, forming small
hexagonal prism cages. The sodalite cages are packed in a diamond-like
arrangement forming large cavities with 12-ring openings, the super-
cages.
‡ Fully-exchanged rare-earth zeolite LSX were prepared by ion-exchanges
of (Na,K)LSX (Tosoh Co. Ltd) in an aqueous solution of 0.1 M lanthanide
chloride at 373 K for 24 h. Elemental analysis revealed only traces of alkali
metal in the final samples.
§ 29Si MAS NMR spectra were recorded at 79.5 MHz. The samples were
packed in a 4-mm silicon nitride rotor and spun at 15 kHz. Acquisition
parameters were p/4 pulse width, 10 s pulse delay and 2500 scans for
diamagnetic samples and p/4 pulse width, 0.1–0.8 s pulse delay and a
number of scans around 10000 for paramagnetic samples. Chemical shifts
are reported relative to tetramethylsilane with an uncertainty of 2 ppm.
Background correction was applied to remove rolling baseline when
necessary.
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Table 1 29Si isotropic chemical shifts of some rare-earth LSX

Ion 4fn < Sz > a diso/ppm m/mB

La3+ 4fo 0.0 283 0.0
Ce3+ 4f1 0.98 2106 2.3
Pr3+ 4f2 2.97 2142 3.4
Nd3+ 4f3 4.49 2146 3.5
Sm3+ 4f5 20.063 281 1.6
Eu3+ 4f6 210.7 +6 3.4
a < Sz > calculated according to Golding and Halton.19

Fig. 2 Variation of < Sz > 19 as a function of the 29Si chemical shift of
paramagnetic rare-earth LSX (3) and LaLSX (2).
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Universal hybridization using LNA (locked nucleic acid) containing a
novel pyrene LNA nucleotide monomer
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A novel pyrene LNA nucleotide monomer is shown to
mediate universal hybridization when incorporated into a
DNA strand or a 2A-OMe-RNA/LNA chimeric strand. For
the latter, high-affinity universal hybridization without
compromising the base-pairing selectivity of bases neigh-
bouring the universal pyrene LNA nucleotide monomer is
documented.

Currently, there is much focus on the development of
chemically modified nucleotide monomers for universal hy-
bridization, i.e. so-called universal bases able to bind iso-
energically with each of the natural bases.1 The main applica-
tions of these universal bases are as primers for degenerate PCR
reactions or as hybridization probes. Promising universal bases
with a 2-deoxy-b-D-ribofuranosyl moiety have been reported,
e.g. 3-nitropyrrole,2 5-nitroindole,3 pyrene,4 isocarbostyril5 and
8-aza-7-deazaadenine6 derivatives. While incorporation of one
of these monomers into a DNA strand induces little variation in
the melting temperature (Tm value) when placed opposite the
four natural DNA bases (DTm ~ 1–3 °C), decreases in the Tm
value of between 4 to 10 °C per universal nucleotide monomer
incorporated compared to the corresponding fully complemen-
tary reference DNA–DNA duplex are typical.1–7 Therefore,
improved binding affinity beside applicability in PCR-based
applications have been considered desirable properties of an
ideal universal base.1,5

Stimulated by the work of Kool and collaborators on
hybridization using non-polar aromatic moieties as replace-
ments of the natural bases,4,8 we became interested in studying
LNA (locked nucleic acid)9–12 derivatives containing non-polar
aromatic moieties.† The hybridization properties of LNA are
characterised by very high binding affinity and strong Watson–
Crick discrimination9–12 both as fully modified LNA and as
mix-meric LNA also containing, e.g. DNA,9–12 RNA13 or 2A-
OMe-RNA monomers.14 Matray and Kool showed that the
pyrene nucleoside analogue Py (Fig. 1) when incorporated into
a DNA strand paired in a universal way with the four natural
bases with moderately decreased thermal affinity (24.5 to
26.8 °C). This behaviour was explained by intercalation of the
pyrene moiety within the helix.4 As both synthetic work15 and
NMR studies16 have indicated the importance of the nucleo-
bases for structural organisation and thus the remarkable
binding affinity of LNA, we decided to synthesise LNA
containing the derivatives PhL and PyL (Fig. 1, Table 1),17 both
based on the 2A-O,4A-C-methylene-b-D-ribofuranosyl moiety
known to adopt a locked C3A-endo RNA-like furanose con-
formation.9–11

Initially, the hybridization of the oligonucleotides ON1–ON6
(Table 1) towards four 9-mer DNA targets with the central base
being each of four natural bases was studied by thermal
denaturation experiments.‡ Compared to the DNA reference
ON1,10 introduction of one abasic LNA monomer AbL (ON2)
has earlier been reported to prevent the formation of a stable
duplex above 0 °C (only evaluated with adenine as the opposite
base).15 With the phenyl monomer PhL (ON3), thermal
denaturation with Tm values in the range of 5–12 °C was
observed. Thus, compared to AbL, the phenyl moiety stabilises

the duplexes, but universal hybridization is not achieved—a
preference for an adenine complement being observed instead.
In addition, significant destabilisation compared to the ON1–
DNA reference was observed.

The pyrene LNA nucleotide PyL (ON4) displays more
encouraging properties. Firstly, the binding affinity towards all
four complements is increased compared to ON3 (containing
PhL). Secondly, universal hybridization is induced as shown by
the four Tm values all being within the range 17–19 °C. With

Fig. 1 Structures of selected nucleotide monomers: DNA (T), LNA (TL),
pyrenyl DNA (Py), 2A-OMe-RNA [2A-OMe(T)], abasic LNA (AbL), phenyl
LNA (PhL), and pyrenyl LNA (PyL). The short notations shown are used in
Tables 1 and  2. For DNA, LNA and 2A-OMe-RNA, the thymine monomers
are shown as examples.

Table 1 Thermal denaturation experiments (Tm/°C values shown) for ON1–
ON6 towards DNA complements 3A-d(CACTYTACG) with each of the
four natural bases in the central positiona

Y

A C G T

ON1 5A-d(GTGATATGC)10 28 11 12 19
ON2 5A-d(GTGAAbLATGC)15 < 3 nd nd nd
ON3 5A-d(GTGAPhLATGC) 12 5 6 7
ON4 5A-d(GTGAPyLATGC) 18 17 18 19
ON5 2A-OMe(GTGATATGC) 35 14 19 21
ON6 2A-OMe(GTLGAPyLATLGC) 39 38 37 40
a Melting temperatures (Tm/°C values) measured as the maximum of the
first derivative of the melting curve (A260 vs. temperature) recorded in
medium salt buffer (10 mM sodium phosphate, 100 mM sodium chloride,
0.1 mM EDTA, pH 7.0) using 1.5 mM concentrations of the two strands; A
= adenine monomer, C = cytosine monomer, G = guanine monomer, T =
thymine monomer; See Fig. 1 for structures of TL, AbL, PhL and PyL; DNA
sequences are shown as d(sequence) and 2A-OMe-RNA sequences as 2A-
OMe(sequence); ‘nd’ denotes ‘not determined’.

This journal is © The Royal Society of Chemistry 2001
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respect to universal hybridization, PyL thus parallels the pyrene
DNA derivative Py,4 but the decrease in thermal stability
compared to the ON1–DNA reference is more pronounced for
PyL ( ~ 10 °C) than reported for Py ( ~ 5 °C in a 12-mer
polypyrimidine DNA sequence4). It therefore appears that
stacking (or intercalation) by the pyrene moiety is not favoured
by the conformational restriction of the furanose ring of PyL,
although a comparison of the thermal stabilities of ON2, ON3
and ON4 strongly indicates interaction of the pyrene moiety
within the helix.

The effect of PyL could be different in an RNA-like strand,
and we therefore synthesised ON5 and ON6, the former being
composed entirely of 2A-OMe-RNA monomers and the latter of
six 2A-OMe-RNA monomers, two LNA thymine monomers TL,
and one central LNA pyrene monomer PyL. A sequence
corresponding to ON6 but with three TL monomers has earlier
been shown to form a duplex with complementary DNA of very
high thermal stability.14 ON6 is therefore suitable for evaluation
of the effect of introducing high-affinity monomers around a
universal base. As seen in Table 1, the 2A-OMe-RNA reference
ON5 binds to the DNA complement with slightly increased
thermal stability and conserved Watson–Crick discrimination
(compared to the DNA reference ON1). Indeed, the 2A-OMe-
RNA/LNA chimera ON6 displays universal hybridization
behaviour as revealed from the four Tm values (37, 38, 39 and
40 °C). All four Tm values obtained for ON6 are higher than the
Tm values obtained for the two fully complementary reference
duplexes ON1–DNA (Tm = 28 °C) and ON5–DNA (Tm =
35 °C). These data demonstrate that the pyrene LNA monomer
PyL displays universal hybridization behaviour both in a DNA
context (ON4) and in an RNA-like context (ON6), and that the
problem of decreased affinity of universal hybridization probes
can be solved by the introduction of high-affinity monomers,
e.g. 2A-OMe-RNA and/or LNA monomers.

Very recently, the effect of the universal 3-nitropyrrole DNA
nucleotide on the base-pairing selectivity of neighbouring
natural bases was for the first time systematically studied.7
Reduced discriminatory ability was demonstrated in some cases
suggesting caution when using this universal base in hybrid-
ization probes.7 We therefore performed a systematic thermal
denaturation study with ON6 (Table 2). For each of the four
DNA complements (monomer Y = A, C, G or T) used in the
study shown in Table 1, ON6, containing a central pyrene LNA

monomer PyL, was hybridised with all four base combinations
in the neighbouring position towards 3A-end of ON6 (monomer
Z = A, C, G or T, monomer X = T) and the same towards the
5A-end of ON6 (monomer X = A, C, G or T, monomer Z = T).
In all eight subsets of four data points, satisfactory to excellent
Watson–Crick discrimination was observed between the match
and the three mismatches (DTm values in the range 5–25 °C).

The results reported herein have several implications for the
design of probes for universal hybridization. Firstly, universal
hybridization is possible with a conformationally restricted
monomer as demonstrated for the pyrene LNA monomer.
Secondly, universal hybridization behaviour is feasible in an
RNA context. Thirdly, the binding affinity of probes for
universal hybridization can be increased by the introduction of
high-affinity monomers without compromising the base-pairing
selectivity of bases neighbouring the universal base.§

We thank The Danish Research Agency and Exiqon A/S for
financial support, Ms Britta M. Dahl for oligonucleotide
synthesis, and Dr Carl E. Olsen for MALDI-MS analyses.

Notes and references
† We have defined LNA as an oligonucleotide containing one or more
conformationally locked 2A-O,4A-C-methylene-b-D-ribofuranosyl nucleo-
tide monomer(s).9
‡ MALDI-MS ([M 2H]2; found/calcd.: ON3 2731/2733; ON4 2857/2857;
ON6 3094/3093). The purity of ON3, ON4 and ON6 was verified as > 80%
by capillary gel electrophoretic analysis.
§ We are currently evaluating chimeric oligonucleotides containing pyrene
and other known universal bases attached to various backbones (e.g. LNA-
type monomers, ribofuranose monomers or deoxyribose monomers in 2A-
OMe-RNA–LNA oligos). One purpose of these further experiments is to
evaluate the possibility of obtaining similar results as for the 2A-OMe-RNA/
LNA oligo ON6 at a lower cost, e.g. by substituting PyL with a pyrenyl-2A-
OMe-ribonucleotide monomer.
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Table 2 Thermal denaturation experiments (Tm/°C values shown) to
evaluate the base-pairing selectivity of the bases neighbouring the universal
pyrene LNA monomer PyL in the 2A-OMe-RNA/LNA chimera ON6. In the
target strand [3A-d(CACXYZACG)], the central three bases XYZ are varied
among each of the four natural basesa

XYZ Tm/°C XYZ Tm/°C XYZ Tm/°C XYZ Tm/°C

TAA 26 TCA 22 TGA 22 TTA 29
TAC 26 TCC 29 TGC 26 TTG 31
TAG 24 TCG 24 TGG 30 TTC 32
TAT 39 TCT 38 TGT 37 TTT 40

AAT 18 ACT 27 AGT 22 ATT 28
CAT 30 CCT 31 CGT 27 CTT 35
GAT 14 GCT 28 GGT 16 GTT 27
TAT 39 TCT 38 TGT 37 TTT 40
a See caption below Table 1 for abbreviations and conditions used; the data
for matched neighbouring bases (X = Z = T) are shown in italic.
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The oxidation of guanine in the dinucleoside mono-
phosphate d(GpT) by an oxo-metalloporphyrin generates a
linear oxaluric acid† derivative after heating at 65 °C for 30
min and at neutral pH.

Guanine is the most easily oxidizable nucleobase of DNA by
electron abstraction since it has the lowest ionization potential.1
The 8-oxo-7,8-dihydroguanine (8-oxo-G) derivative was re-
ported to be one of the products of guanine oxidation by one-
electron transfer.2,3 However many other oxidation products
were described including an imidazolone derivative,4–7 a
dehydroguanidinohydantoin8,9 and a dihydroxylated derivative
of guanine at C5 and C8.8,10 These products are not highly
stable under physiological conditions. Imidazolone is trans-
formed into an oxazolone derivative11 upon hydrolysis. The
half-life of imidazolone in water at 37 °C is 2.5 h.12 The
structures of imidazolone and oxazolone derivatives are well
documented.12 The dehydroguanidinohydantoin compound was
recently analyzed by NMR after stabilization by reduction into
the corresponding guanidinohydantoin.9 The half-life of dehy-
droguanidinohydantoin in water is 5 h at 37 °C13 or 8 h at 0 °C.9
The hydrolysis product of dehydroguanidinohydantoin is pro-
posed to be an oxaluric acid derivative arising from the
hydrolysis of a postulated parabanic acid intermediate (Scheme
1). Considering the short half-life of dehydroguanidinohy-
dantoin, its hydrolysis product may be important in vivo as a
guanine lesion. In order to determine the exact structure of this
compound, we report here the 1H NMR analysis of the oxaluric
acid derivative, d(OxapT) (see Scheme 1), obtained from the
two-electron oxidation of guanine in a dinucleoside mono-
phosphate d(GpT).

This oxaluric acid derivative was initially described in the
literature as the oxidation product of 8-oxo-G but not in the
oxidation of guanine itself. Oxidation products of 8-oxo-G were
more studied than those of guanine oxidation. This is due to the
easier oxidation of 8-oxo-G compared to that of guanine by
available reagents.13–17 When the guanine oxidation products
arise from an intermediate oxidation at C8, they are identical to
the products generated in the oxidation of 8-oxo-G. In the
oxidation of 8-oxo-G by peroxynitrite, a nitration product of the
dehydroguanidinohydantoin derivative was formed and its
hydrolysis product, an oxaluric acid derivative, was analyzed by
NMR.17 This oxaluric acid derivative, was analyzed after
incubation of the nitrodehydroguanidinohydantoin derivative
for 2 days at ambient temperature. The oxidation of 8-oxo-G by
singlet oxygen also gave a dehydroguanidinohydantoin deriva-
tive that was transformed into an oxaluric acid lesion.13 The
latter was analyzed by electrospray MS/MS after incubation of
the reaction medium for 2 or 9 h at 37 °C. The structure of the
oxaluric acid derivative obtained in this work from the
oxidation of guanine was compatible with the two previously
proposed structures from 8-oxo-G oxidation.13,17

The oxidation of guanine was performed by a cationic
manganese porphyrin, Mn–TMPyP,18 activated by KHSO5, an
oxygen atom donor. Oxo-Mn(V)–TMPyP is able to mediate a
two-electron oxidation of guanine.7–9 The high yield in guanine
oxidation allowed us to isolate the products of guanine

oxidation and to analyse them by NMR on the simplified DNA
model, a dinucleoside monophosphate d(GpT). The oxidation
of guanine on this substrate led to two products, an imidazolone
and a dehydroguanidinohydantoin derivative, referred to as
d(G+4pT) since it corresponds to an increase of 4 amu
compared to d(GpT).9

In order to obtain the NMR data of the oxaluric acid derived
from d(G+4pT), the oxidation reaction of d(GpT) was carried
out on a semi-preparative scale. The starting dinucleoside
monophosphate d(GpT) (3 mM, 3.4 mg) was incubated with
Mn–TMPyP (16 mM) and KHSO5 (3.5 mM) in 80 mM TEAA,
triethylammonium acetate buffer pH 6.5, at 0 °C for 10 min
(final concentrations are indicated, total reaction volume = 2
mL). The reaction was stopped by the addition of HEPES buffer
pH 8 (35 mM) and the products were separated by semi-
preparative HPLC. This individual reaction was repeated 10
times to obtain enough material. The isolation of the oxidation

Scheme 1 Oxidation of d(GpT) by Mn–TMPyP–KHSO5 leads to a
dehydroguanidinohydantoin derivative, d(G+4pT), that undergoes hydrol-
ysis upon heating. The resulting product is an oxaluric acid derivative,
d(OxapT), corresponding to the highlighted structure 1 (the numbering of
atoms being that of the initial guanine).

This journal is © The Royal Society of Chemistry 2001
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product of d(GpT) was done by collecting the products eluted
from a reverse phase semi-preparative column (nucleosil C18,
10 mm, 250 3 6.2 mm from Interchrom, France) eluted in a
gradient mode at 2 mL min21. The gradient was from 1 to 20%
of CH3CN for 1 h by combination of the two eluents, solvent A
= 10 mM TEAA pH 6.5, solvent B = solvent A containing
20% CH3CN (detection was at 260 nm). The reaction volume (2
mL) was injected directly. The collected d(G+4pT) fractions
were pooled together and lyophilized to reduce the collected
volume. The pooled fractions were then heated at 65 °C for 30
min (reaction volume = 1 mL). The hydrolysis of d(G+4pT)
was complete under these conditions. The oxaluric acid
derivative d(OxapT) was purified again by semi-preparative
HPLC for desalting. The dried sample was dissolved in 0.5 mL
of NMR solvent (DMSO-d6). The NMR data are listed in Table
1.19 The NH protons of the oxaluric acid moiety were at 8.59
and 9.61 ppm. The signal at 8.59 ppm was coupled to the H1'
proton of the sugar moiety with a coupling constant of 9.4 Hz.
The coupling between NH of the oxaluric acid moiety and H1A
from the sugar was confirmed by a 1D-TOCSY experiment (not
shown).20 These NMR data are in favor of a linear structure for
the oxaluric acid derivative without having the possibility of
discriminating between the two possible linear structures
derived from the hydrolysis of d(G+4pT) to d(OxapT) 1 or 2
(see Scheme 1). Structures 1 and 2 correspond to the cleavage of
the former C4–N9 and C8–N9 bonds of the guanine oxidation
product, respectively (the numbering of atoms being that of the
initial guanine). However our previous electrospray MS/MS
data on d(OxapT)9 are in favor of structure 1. Structure 2 can
be discarded. The fragmentation of oxaluric acid derivative (m/z
= 551.0 with z = 1) during negative electrospray mass analyses
gave signals at m/z = 479.1, 436.1 and 321.0 corresponding to
structure 1. The 479.1 signal corresponds to a –NH–CO–NH2
residue attached to the sugar C1A carbon (cleavage of the N7–C5
bond). The 436.1 signal was attributed to an amino-sugar
derivative (cleavage of the N9–C8 bond) and the 321.0, to 2A-
deoxythymidine 5A-monophosphate. Depending on the electro-
spray conditions, the loss of CO2 due to the decarboxylation of
the last carboxylic function can also be observed (cleavage of
C4–C5 bond).8 A signal at m/z = 492 was not observed. It
would have corresponded to a –NH–CO–CHO residue attached
to the sugar C1A carbon (cleavage of the N7–C5 bond of
structure 2).

In conclusion the oxidative lesion of guanine, dehydroguani-
dinohydantoin d(G+4pT), was isolated from the oxidation of
d(GpT) by Mn–TMPyP–KHSO5. It was transformed into a
linear oxaluric acid derivative d(OxapT) upon heating at 65 °C

for 30 min and at neutral pH. The linear structure of this oxaluric
acid lesion is 1, as depicted in Scheme 1, resulting from the
hydrolysis of the C4–N9 bond.

The authors are indebted to Yannick Coppel for recording the
NMR data, to Igor Dubey for the synthesis of d(GpT) and to
Professor Jean Bernadou for fruitful discussions.
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Table 1 1H NMR data [d (ppm)] for d(OxapT) in DMSO-d6

Deoxyribose Oxa Thymine

H1A
H2A
H2B H3A H4A

H5A
H5B 3A-OH 5A-OH COOH NH NH CH3 H6 NH

Oxa 5.62 1.91–2.14 4.51 3.79–3.85 3.39– 5.35–5.38 9.4 9.61 8.59
(q) (m) (m) (m) under

DMSO
(br s) (s) (d)

(m) 3JHH = 9.4 Hz

T 6.21 1.91–2.14 4.28 3.79–3.85 3.39– 5.35–5.38 1.82 7.82 11.24
(t) (m) (m) (m) under

DMSO
(s) (s) (s)

(m)
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with a wormhole structure†
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A new type of mesoporous mixed transition metal oxide of
Nb and Ta (NbTa-TIT-1) has been prepared through a two-
step calcination, which consists of single crystal particles
with wormhole mesoporous structure.

Recently, various types of mesoporous materials have been
extensively synthesized. However, the walls of all the synthe-
sized mesoporous materials are amorphous. Mesoporous mate-
rials possessing crystallized wall structure would show mechan-
ical, thermal and hydrothermal stability, and are expected to
have applications other than catalysis1 such as for semi-
conductors,2 optical devices2 and fuel cells,3,4 etc. Moreover,
electronic transfer throughout the crystallized framework could
enable wide application in nanotechnology.

Neutral templating routes for syntheses of inorganic me-
soporous materials have introduced thick wall structures to
silica with wormhole-like,5–8 lamellar,9,10 cubic10 or hexago-
nal10,11 mesostructures. Successful applications of these meth-
ods to other mesoporous metal oxides have shown the great
utility of the synthetic procedure.12,13 Following a typical
neutral block copolymer templating route in ref. 12, we have
attempted to produce various mixed metal oxides with mesopor-
ous structure. Our efforts have been focused especially on the
formation of mesopores among crystallized wall structures.
Initially, we prepared niobium–tantalum mixed oxide, which
has a stable oxidation state. Almost identical atomic and ionic
radii might lead to full solid solubility and mixing, and are
expected to promote stable crystallization.14 In this communica-
tion, we report on the synthesis of a crystallized niobium–
tantalum (1+1) mixed oxide with mesoporous structure.

In the synthetic route, neutral block copolymer was employed
as a template for the mesoporous structure. 0.005 mol of TaCl5
and NbCl5 were added to 1 g of poly(alkylene oxide) block
copolymer HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2-
CH2O)20H (Pluronic P-123, BASF) dissolved in 10 g of ethanol.
After vigorous stirring for 30 min, the resulting sol solution was
aged at 40 °C in air for 7 days. Crystallized mesoporous material
was obtained by a two-step calcination. First, the template was
completely removed by calcination at 400 °C for 20 h to form
the precursor, and in the second step the sample was calcined at
650 °C for 1 h to yield the final product. X-Ray diffraction
(XRD) patterns for the two-step calcined sample confirmed
crystallization of the wall structure. All the peaks can be
assigned to the orthorhombic-like structure of a (Nb,Ta)2O5
mixed oxide.

To study the details of the crystallized sample, observations
by transmission electron microscopy (TEM) were carried out.
Fig. 1(a) presents the TEM image of a particle (ca. 500 nm) and
its electron diffraction (ED) pattern (inset) which is typical with
respect to particle size and lattice structure of the product

calcined at 650 °C. The crystallinity of the sample was
determined by TEM observation of diffraction patterns of 50
particles sized from 100 to 1000 nm. From the observation, we
confirmed > 90% of the particles were totally crystallized.
Three-dimensional open pores and the wormhole-like meso-
porosity are identified. The mean pore diameter is roughly
estimated as 10 nm and the wall thickness is > 5 nm. Fig. 1(b)
shows the lattice image obtained at the edge of the particle. It
demonstrates clearly the crystallized lattice of the wall around a
pore. Analysis of the particle by ED and high resolution TEM
observation demonstrate that this particle is a single crystal. We
collected ED patterns from 10 local regions of the particle in
250-nm range and confirmed the identical patterns. (Detailed
analysis will be reported elsewhere.) The regular spot patterns
of the whole region and each local area indicate that the whole

† Electronic supplementary information (ESI) available: Fig. S1: XRD
patterns; Table S1: comparison of XRD data of niobium, tantalum oxides
and NbTa-TIT-1; Table S2: typical EDX results of NbTa-TIT-1. See http:
//www.rsc.org/suppdata/cc/b1/b104516b/

Fig. 1 TEM image and electron diffraction pattern of the sample calcined at
650 °C for 1 h (a) and the high resolution TEM image of a mesopore and
wall structure (b). The images were recorded with a 200 kV JEOL
JEM2010F system.

This journal is © The Royal Society of Chemistry 2001
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particle is crystallized in the same direction. We also carefully
observed several successive lattice images of a 100 nm-region
and the whole particle was confirmed to have exactly the same
periodic atomic arrays. It is, therefore, concluded that this
particle is a single crystal with wormhole-like mesoporous
structure. From these results we conclude that the mesoporosity
does not arise from the agglomeration or aggregation of smaller
crystallites. Although the typical particle size of the sample after
the second-step calcination was in the sub-mm range, there were
particles over mm-size. They were confirmed to consist of
several single crystal domains of sub-mm size. Energy dis-
persive X-ray (EDX) analysis on various regions (several
hundreds nm in diameter for each region) in a whole particle
indicated that Nb and Ta atoms were homogeneously mixed in
each region, i.e. the particle is confirmed to be (Nb,Ta)2O5
mixed oxide.

The mesoporosity of the sample after the second-step
calcination was testified by the N2 adsorption–desorption
isotherm and Barrett–Joyner–Halenda (BJH) pore size distribu-
tion analysis in the adsorption branch of the isotherm (curve B)
as shown in Fig. 2. The results are also compared with the
sample before the second-step calcination (curve A). Both
samples indicate type IV isotherms, which are attributed to
typical mesoporous structure.15 The hysteresis loop in the
isotherm curve of the crystallized sample (curve B) indicates a
network pore system, i.e. mesopores run through the particles
with a wormhole trace and form three-dimensionally complex
pore media. The maximum of the pore size distribution of the
sample calcined at 650 °C for 1 h of ca. 10 nm (Fig. 2, inset,
curve B) agrees well with the TEM result. It should be noted that
pore diameter expansion due to the crystallization is observed;
the pore diameter of 4 nm before calcination at 650 °C (Fig. 2,
inset, curve A) disappeared, while a new peak at around 10 nm
appeared after the second-step calcination (Fig. 2, inset, curve
B). The Brunaer–Emmett–Teller (BET) surface area decreased

from 140 to 48 m2 g21 after the second-step calcination. The
considerably high surface area for the crystallized oxide is a
result of the mesoporous structure.

Results from TEM observation and N2 adsorption isotherms
clearly confirm the formation of single crystal particles of
(Nb,Ta)2O5 with wormhole mesoporous structure. We denote
this new type of single crystal particles of oxides with
mesopores as M-TIT (M denotes a metal in metal oxide) type
material, and we classify an M-TIT with wormhole-like
mesoporous structure as M-TIT-1. The present sample is thus
represented as NbTa-TIT-1. In the cases of pure Nb2O5 and
Ta2O5, the wormhole-like mesoporous materials were obtained
after the first-step calcination at 400 °C. However, crystalliza-
tion in the second-step calcination led to the destruction of the
mesoporous structure. Therefore, the mixing of two compo-
nents is preferable for the preparation of M-TIT-1 materials in
addition to the stepwise calcination.

The NbTa-TIT-1 showed mechanical and hydrothermal
stability: no structure and surface area changes were confirmed
by N2 adsorption isotherms even after mechanical pressing at
500 kgf cm22 for 17 h and after hydrothermal treatment at
200 °C and at 20 atm for 24 h.

It is reasonably expected that for other combination of metals,
TIT-type materials may be formed. In preliminary results,
ZrNb-TIT-1, ZnNb-TIT-1 and MgTa-TIT-1 have been prepared
by the two-step calcination method. Indeed, we believe that the
hexagonal-arrayed TIT series also can be prepared. Further
investigation for wide variety of components is now in
progress.
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Fig. 2 Nitrogen gas adsorption–desorption isotherm and pore-size distribu-
tion (inset) of the sample calcined at 400 °C for 20 h (curve A) and that
calcined at 650 °C for 1 h in the second-step (curve B). Data was collected
with a Coulter Omnisorp 100CX system.
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An amine bis(phenolate) dibenzyl titanium complex having
a methoxy donor on a side arm leads, upon activation with
tris(pentafluorophenyl)borane, to unique living properties in
a-olefin polymerization: exceptionally high molecular
weight poly(1-hexene) is obtained in a living fashion at room
temperature, living polymerization of 1-hexene is obtained
above room temperature, and block copolymerization of
1-hexene and 1-octene at room temperature is described as
well.

The quest for new a-olefin polymerization catalysts has
involved many research groups for half a century. A recent
addition to the arsenal of polymerization possibilities is the
ability to produce polymers having narrow molecular weight
distributions, and living polymerization processes. The vast
majority of living processes are possible only below room
temperature,1 and the molecular weights of the polymers
obtained in living processes are usually not very high. These
systems are rarely utilized for block copolymerization of
different monomers,1c–e since complete consumption of the
monomer in a living fashion, followed by resumption of the
polymerization process upon addition of the second monomer is
difficult to achieve. Thus, all block copolymerization processes
of a-olefins known to date are conducted below room
temperature.

Recently, various Cp-free group IV metal complexes have
been introduced as polymerization catalysts.2 The most widely
studied ligands are of the diamido type,3 and one such system
was the first to lead to living polymerization of a-olefins at
room temperature.1a On the other hand, living polymerization
involving alkoxo-type ligands4 is quite rare.1b,c In this commu-
nication we introduce an amine bis(phenolate) titanium com-
plex which, upon activation with tris(pentafluorophenyl)bor-
ane, leads to a polymerization process having unique living
manifestations.

We recently introduced the amine bis(phenolate) group IV
metal complexes and their application in a-olefin polymeriza-
tion.5–9 We revealed a unique effect of an extra donor arm in a
titanium based catalyst on the complex reactivity and the
termination/propagation rate ratio:6 an [ONNO]-type complex
was found to lead to living polymerization of 1-hexene, whereas
an [ONO]-type complex led only to oligomerization of that
monomer.

In our search for modified living catalysts of this family, we
turned to a ligand having a side oxygen donor (Scheme 1).9 We
were interested in evaluating the effect of such a side donor,
expected to bind strongly to the metal, on the living nature of a
potential polymerization process. Furthermore, we wanted to
explore the limits of the living process, in terms of polymeriza-
tion time, molecular weight obtained, percentage of conversion
and reaction temperature.

1 reacted cleanly with 1 mol equiv. of titanium tetra(isopro-
poxide) yielding the bis(isopropoxide) complex quantitatively.

This complex was further reacted with 2 mol equiv. of
chlorotrimethylsilane followed by reaction of the product with
2 mol equiv. of benzyl magnesium chloride, yielding the
dibenzyl titanium complex 1a in an overall yield of 95%
(Scheme 1).

The 1H NMR data are consistent with the formation of a Cs-
symmetrical complex having two equivalent phenolate rings
bound to the metal in a trans configuration, and two different
benzyl groups bound in a cis configuration. The X-ray structure
of 1a (Fig. S1, ESI†) supported this notion, and indicated
binding of the methoxy group to the titanium atom.‡

Upon activation with B(C6F5)3, 1a was found to be reactive
in the polymerization of neat 1-hexene, exhibiting a reactivity of
20-35 g mmolcat

21 h21.§ The polymerization process induced
by 1a was found to be living for an exceptionally long time: as
long as 31 hours, as expressed in the linearity of the molecular
weight dependence on time (Fig. 1).1a,e

This system represents a rare example of living polymeriza-
tion of a-olefins at room temperature.1 Moreover, the long
period at which the system remains living gives rise to a
polymer having an exceptionally high molecular weight of Mw
= 445 000 with a PDI of 1.12.

As this catalyst led to such a well-behaved polymerization at
room temperature, it was interesting to find the temperature at
which it lost its living nature. Increasing the reaction tem-
perature to 40 °C in chlorobenzene resulted in a living process.
The polymer obtained after 1 hour had a molecular weight of
Mw = 16 000 with a PDI value of 1.14. Thus, this system gives
rise to a rare living polymerization of a-olefins above room
temperature. At 55 °C the PDI obtained was found to be 1.25
(Mw = 18 000 after one hour), and further broadening of the
PDI to 1.30 (Mw = 22 000 after one hour) was obtained upon
a temperature increase to 65 °C.

The most important application of living polymerization is in
block copolymerization.10 16 mmol of 1a were dissolved in 2.50
g of chlorobenzene, and 110 mol equiv. of 1-hexene were
added. Activation with approximately 1 mol equiv. of B(C6F5)3
dissolved in 2.50 g of chlorobenzene resulted in a living process
characterized by a narrow PDI of 1.2. After 3.5 hours, complete
consumption of the monomer was observed, and a polymer
having a molecular weight of Mn = 9000 was obtained,
supporting the polymerization of the 1-hexene employed in a
living fashion (expected Mw = 9400). To further ascertain the
complete consumption of the first monomer, the second
monomer (1-octene) was added only after a 1.5 hours delay
period (Fig. 2), resulting in resumption of the polymerization
process. Stopping the polymerization after an additional 3 hours

† Electronic supplementary information (ESI) available: Fig. S1: molecular
structure of 1a. Preparation and characterization data for 1a. Crystallo-
graphic data for 1a. See http://www.rsc.org/suppdata/cc/b1/b105492a/ Scheme 1
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yielded poly(1-hexene-block-1-octene) having Mn = 11 600
and PDI of 1.2. A 13C NMR spectrum of the resulting polymer
supported its assignment as an atactic copolymer of 1-hexene
and 1-octene. This is a rare example of block copolymerization
of a-olefins conducted at room temperature.

In summary, we present a catalytic system for polymerization
of a-olefins that exhibits several unique living properties. When
conducted at room temperature, the polymerization of neat
1-hexene is practically ‘immortal’. Even when the reaction is
allowed to stand for days, the only cause of loss of ‘life’ is the
increased viscosity of the polymerization mixture. Thus, very
high molecular weights may be obtained with extremely narrow
PDI values. A solution of the monomer in chlorobenzene
(diluted to enable its complete consumption) was employed for
block copolymerization of a-olefins to give a di-block of
homopolymers, at room temperature. We are currently studying

related systems and the polymerization mechanism by which
they operate.

This research was supported by the Israel Ministry of
Science, Culture and Sports, and was also supported in part by
the Israel Science Foundation founded by the Israel Academy of
Sciences and Humanities. We thank Sima Alfi (BIU) for
technical assistance.
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Fig. 1 Dependence of the number average molecular weight (Mn) on time
(hours) using 20 mg of 1a and 1.1 mol equiv. of B(C6F5)3 in 30 mL of neat
1-hexene at RT and PDI values. (a) 31 hours of reaction, (b) first 7 hours of
reaction.

Fig. 2 Dependence of the number average molecular weight (Mn) on time
(hours) in the block copolymerization of 1-hexene and 1-octene using 1a.
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In situ-EPR, in situ-UV–VIS spectroscopy and on line-GC
have been for the first time simultaneously combined to
follow the behaviour of lanthanum-doped CrOx/ZrO2 and
CrOx/Al2O3 catalysts during the dehydrogenation of pro-
pane to propene.

Understanding the role of active sites in solid catalysts under
working conditions is a major research goal in heterogeneous
catalysis and a number of spectroscopic techniques have been
adapted in recent years to study solid catalysts during reaction,1
among them UV–VIS diffuse reflectance2,3 and EPR spectros-
copy.4,5 These techniques provide complementary information
on the structure and valence state of transition metal ions (TMI)
during reaction. For example, Cr6+ species are not visible by
EPR but do give rise to intense charge-transfer (CT) transitions
in the UV–VIS spectrum while EPR is able to distinguish
between Cr5+ and Cr3+ sites of different structure.2,6 A similar
situation arises, e.g. for different valence states in vanadia-
based catalysts.7

In this work, both techniques have been for the first time
coupled to each other and to on line-GC to widen the variety of
TMI that can be simultaneously monitored under reaction
conditions. Moreover, this set-up ensures identical reaction
conditions for both spectroscopic techniques that are almost
equal to those usually applied in catalytic tests since a fixed-bed
flow reactor of similar dimensions is used. Thus, limitations in
the comparability of spectroscopic results are eliminated that
otherwise might arise from variations of the reaction conditions
when different in situ-cells are used for separate EPR and UV–
VIS measurements.

Combined in situ-EPR/UV–VIS measurements were per-
formed using a home-made flow reactor4,5 which was imple-
mented in the rectangular cavity of a c.w. spectrometer
ELEXSYS 500-10/12 (Bruker) operating in X-band. Details of
the flow reactor are described elsewhere.4 Simultaneous UV–
VIS reflectance spectra were recorded by a fibre optics AVS-
PC-2000 plug-in spectrometer (Avantes) equipped with a CCD
array detector responsive from 200 to 1100 nm. The two
channels of the spectrometer (master: 200–500 nm; slave:
500–1100 nm) as well as a DH-2000 deuterium-halogen light
source were connected to a cylindrical quartz sensor (Optran
WF, length 200 mm, diameter 1.5 mm) by fibre optic cables
(length 2 m) consisting of a core of pure silica (diameter 0.4
mm) coated with polyimide. The sensor fits into the reactor
through a Teflon sealing disk which is fixed by a screwing at the
top end of the reaction tube. The tip of the sensor is a plane
polished surface and is placed within the catalyst bed. The feed-
through of the thermocouple at the bottom end of the reaction
tube is realized in the same way. For on line product analysis,
the reactor outlet was connected to a GC 17AAF capillary gas
chromatograph (Shimadzu) equipped with a 30 m 3 0.32 mm
Silicaplot column (Chrompack) and a FID. The main features of
the arrangement are schematically displayed in the graphic
contents entry.

This setup has been used to study the dehydrogenation of
propane to propene over two CrOx catalysts: (a) Cr/La,Al2O3

prepared by thermal decomposition of ammonium dawsonite,
NH4Al(OH)2CO3, doped with 10 wt% Cr and 3.9 wt% La and
(b) Cr//La,ZrO2 prepared by impregnating a commercial 7 wt%
La2O3/ZrO2 support (MEL-CAT XZ0681/01, MEL Chemicals)
with an aqueous (NH4)2CrO4 solution to result in a Cr loading
of 0.5 wt% followed by calcination at 873 K.6 Doping by La was
used since La is known to stabilize the Cr species on the
surface.8 The BET surface areas were 345 m2 g21 (Cr/
La,Al2O3) and 104 m2 g21 (Cr//La,ZrO2). In each run, 125 mg
catalyst particles (250–355 mm) were treated in a flow of 23%
C3H8/N2 (W/F = 16.2 g h mol21).

The as-synthesized catalysts contain mainly hexavalent
chromate species evidenced by intense CT bands around 370
nm in the UV–VIS spectra [Fig. 1(a) and 2(a)]9 besides traces of
Cr5+ species that give rise to the very narrow singlet at gA ≈ 1.97
in the EPR spectra [Fig. 1(b) and 2(b)]. The as-synthesized
sample Cr/La,Al2O3 contains also a certain amount of Cr3+

reflected by a broad d–d transition band around 630 nm [Fig.
1(a)].9 Upon heating under feed, the CT bands of chromate

Fig. 1 UV–VIS (a) and EPR (b) spectra alongside propane conversion and
propene selectivity results during heating of the Cr/La,Al2O3 catalyst in a
flow of 23% C2H8/N2. For comparison the UV–VIS spectrum at 810 K in
H2 flow is also shown (thick line).
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around 370 nm vanish and d–d bands of Cr3+ appear in the UV–
VIS spectra [Fig. 1(a) and 2(a)]. Simultaneously, the narrow
EPR singlets of Cr5+ disappear and a broad singlet at gA ≈ 2
arises from weakly interacting Cr3+ species [Fig. 1(b) and 2(b)].
By comparing these results with the catalytic data [Fig. 1(c) and
2(c)] it is clearly evident that the reduction of Cr6+ and Cr5+ to
Cr3+ occurs already at temperatures well below the onset of the
dehydrogenation reaction. This information cannot be derived
post mortem from measurements of quenched catalysts and
shows that Cr sites in oxidation states higher than +3 do not
exist under reaction conditions. With increasing time on stream
at 810 K the propane conversion over the Cr/La,ZrO2 catalyst
drops markedly [Fig. 2(c)]. This is due to the partial coverage of
active Cr3+ sites by coke deposits.6 As a consequence, the EPR
singlet of Cr3+ loses intensity since magnetic interaction with
paramagnetic coke species may cause line broadening. In the
UV–VIS spectra, deactivation leads to a gradual increase of
absorbance in the visible range of the spectrum with a maximum
around 470 nm arising from higher condensed carbon species
such as polyaromatics and condensed rings.10

In comparison to sample Cr/La,ZrO2, the Cr/La,Al2O3
catalyst is, despite a higher BET surface area and Cr content,

less active but more stable against deactivation [Fig. 1(c)]. As
for Cr/La,ZrO2, carbon deposits are also formed with increasing
time on stream. However, the maximum of absorbance is
shifted to lower wavelength around 360 nm being characteristic
of less condensed rather linear polyenylic species10 which
might be less deactivating [Fig. 1(a)]. Unfortunately, the d–d
bands of Cr3+ ions and bands of the different carbonaceous
deposites fall partially in the same wavelength range. However,
the contribution of the carbon deposits to the overall absorbance
is readily evident by comparing the UV–VIS spectra at 810 K in
H2 flow [thick line in Fig. 1(a) and 2(a)] reflecting only bands
of reduced Cr species with those in propane/N2 flow. The latter
show higher absorbance even at 620 K when propane
conversion is still below the detection limit. This suggests that
carbon deposits start to form quite early but probably need to
exceed a certain polymerization degree to become deactivating.
Again, this is a result that cannot be obtained from ex situ-
measurements of deactivated catalysts. The lower activity of the
Cr/La,Al2O3 catalyst is most probably due to the fact that most
of the Cr ions are incorporated in Al lattice positions of the
catalyst bulk and, thus, not accessible by reactants. This is also
supported by XPS measurements that reveal a markedly lower
Cr concentration on the surface than in the bulk already for the
as-synthesized catalyst which is expected to decrease even more
upon reduction during time on stream. This behaviour is well
known for Cr/Al2O3 catalysts.9 In contrast to Cr/La,ZrO2
catalysts8 this obviously can not markedly be prevented by
doping with La.

The obtained results demonstrate that the simultaneous
coupling of in situ-EPR/UV–VIS/on-line-GC is a powerful new
tool to follow the reaction-dependent interconversion of
different Cr oxidation states and the deactivation behaviour of
CrOx catalysts.

Dr I. Pitsch and Dr D. L. Hoang are thanked for providing the
catalyst samples as are the German Federal Ministry of
Education and Research for financial support (grant no.
03C0280).

Notes and references
1 Catalyst Characterization under Reaction Conditions, ed. G. A.

Somorjai and J. M. Thomas, Top. Catal., 1999, 8 (1/2).
2 B. M. Weckhuysen, A. A. Verberckmoes, J. Debaere, K. Ooms, I.

Langhans and R. A. Schoonheydt, J. Mol. Catal. A: Chemical, 2000,
151, 115.

3 X. Gao, M. A. Bãnares and I. E. Wachs, J. Catal., 1999, 188, 325.
4 A. Brückner, B. Kubias and B. Lücke, Catal. Today, 1996, 32, 215.
5 H. G. Karge, J.-P. Lange, A. Gutsze and M. Laniecki, J. Catal., 1988,

114, 144.
6 A. Brückner, J. Radnik, D.-L. Hoang and H. Lieske, Catal. Lett., 1999,

60, 183.
7 P. Rybarczyk, H. Berndt, J. Radnik, M.-M. Pohl, O. Buyevskaya, M.

Baerns and A. Brückner, J. Catal., 2001, 202, 45.
8 A. Trunschke, D. L. Hoang, J. Radnik and H. Lieske, J. Catal., 2000,

191, 456.
9 B. M. Weckhuysen, L. M. De Ridder and R. A. Schoonheydt, J. Phys.

Chem., 1993, 97, 4756.
10 H. G. Karge, M. Laniecki, M. Ziolek, G. Onyestyak, A. Kiss, P.

Kleinschmit and M. Siray, in Zeolites: Facts, Figures, Future, ed. P. A.
Jacobs and R. A. van Santen, Elsevier, Amsterdam, 1989, p. 1327.

Fig. 2 UV–VIS (a) and EPR (b) spectra alongside propane conversion and
propene selectivity results during heating of the Cr/La,ZrO2 catalyst in a
flow of 23% C2H8/N2. For comparison the UV–VIS spectrum at 810 K in
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The transfer of strontium ion from acidic nitrate media into
a series of 1-alkyl-3-methylimidazolium-based room-tem-
perature ionic liquids containing dicyclohexano-18-crown-6
is shown to proceed via cation-exchange, in contrast to
conventional solvents such as alkan-1-ols, in which extrac-
tion of a strontium nitrato-crown ether complex is ob-
served.

Room-temperature ionic liquids (RTILs) have recently gar-
nered increasing attention as environmentally benign alter-
natives to conventional organic solvents in a variety of
synthetic,1 catalytic,2 and electrochemical3 applications, a result
of their unique physical and chemical properties and the relative
ease with which these properties can be fine-tuned by altering
the cationic or anionic moieties comprising the RTIL.4 Very
recent efforts by several investigators have focused on the
application of ionic liquids in separations,5–9 in particular, on
the utility of these materials as replacements for the organic
diluents employed in traditional liquid–liquid separations of
organic solutes5,6 or metal ions,7–9 generally with encouraging
results. Dai et al.,7 for example, have demonstrated that highly
efficient extraction of strontium ion from water (DSr > 104) can
be achieved when dicyclohexano-18-crown-6 (DCH18C6) is
combined with various water-immiscible 3-methylimidazo-
lium-based RTILs, and thus, that ionic liquids offer consider-
able potential as diluents in metal ion separations. Full
realization of this potential, however, requires a greater
understanding of the metal ion partitioning process in these
systems than is now available. To this end, we have examined
the extraction of strontium ion from acidic nitrate media by
DCH18C6 (a mixture of the A and B isomers) dissolved in a
series of 1-alkyl-3-methylimidazolium (alkyl = ethyl, n-butyl,
n-pentyl, n-hexyl, or n-octyl) bis[(trifluoromethyl)sulfonyl]-
amides (abbreviated as Cn mim+ Tf2N2, with n = 2, 4, 5, 6, or
8).† Comparison of the results to those obtained using a series
of n-alkanols as diluents is shown to provide insight into the
process of metal ion extraction by crown ethers in the RTILs.

Measurements of the dependency on crown ether concentra-
tion of the distribution ratio, DSr (defined as [Sr]org/[Sr], where
the subscript ‘org’ and the absence of a subscript designate
organic and aqueous phase species, respectively), for strontium
extraction from nitric acid solution into the five RTILs yield
lines of unit slope, consistent with the partitioning of a 1+1
strontium–crown ether complex (Sr·CE2+). The linearity of
these dependencies contrasts with the non-linear dependencies
observed for DCH18C6 in n-alkanols,11 indicating that unlike
extraction into the more conventional solvents,11,12 the equilib-
rium aqueous phase concentration of the strontium–crown ether
complex is not high in the RTIL systems under the experimental
conditions.

As is well known, the extraction of a metal ion from an
aqueous solution into an organic solvent requires that electro-
neutrality be maintained.13 In conventional solvent systems
involving the use of a neutral extractant, such as in the
extraction of metal ions into an n-alkanol by a crown ether, this
is achieved by aqueous phase anion coextraction. In the

extraction of Sr2+ from nitric acid into octan-1-ol by
DCH18C6,11 for example, the 1+1 strontium–crown ether
complex is accompanied by two nitrate ions:

Sr·CE2+ + 2 NO3
2 " Sr(NO3)2·CEorg (1)

For this process, the following equilibrium expression can be
written:11

KAex,Sr = DSr [NO3
2]22 [CE]org

21 (2)

where KAex,Sr is the conditional extraction constant and CE
represents the crown ether. Not unexpectedly, the nitric acid
dependency of DSr for DCH18C6 in such systems is charac-
terized by increasing strontium partitioning with increasing
nitrate (i.e. nitric acid) concentration. For example, DSr rises
from 0.0025 at 0.010 M HNO3 to 4.2 at 3.0 M acid for a 0.50 M
solution of DCH18C6 in octan-1-ol. In contrast, the nitric acid
dependency of DSr in the Cnmim+ systems exhibits a significant
decline in strontium partitioning as the acidity is increased. For
a 0.1 M solution of DCH18C6 in C2mim+Tf2N2, for example,
DSr falls from 468 at 0.010 M HNO3 to 18 at 3.0 M acid. Such
a result, while consistent with previously reported results in
related Cnmim+PF6

2 systems,9 is clearly inconsistent with the
extraction of a strontium nitrato–crown complex [eqn. (1)]. (It is
important to note here that repeated contact of the ionic liquids
with an excess of an aqueous phase containing a high
concentration of nitric acid results in the gradual disappearance
of the organic phase, an apparent result of the replacement of
Tf2N2 by nitrate.)

A further indication that the observed strontium partitioning
into the RTILs does not involve nitrate ion coextraction is found
in the acid dependencies of DSr for DCH18C6 in C2mim+Tf2N2
using HCl or H2SO4 solutions as the aqueous phase, both of
which differ little from that observed with HNO3. Prior studies
of the effect of anion on the extraction of metal ions by neutral
extractants into various organic solvents have demonstrated that
the need to dehydrate the anion upon phase transfer and the
significant differences in the hydration energy between anions
(e.g. DGhydration = 293 and 318 kJ mol21 for nitrate and
chloride, respectively14) typically give rise to substantial
differences in the extraction of, for example, metal nitrates and
chlorides.11 Although these differences diminish when the
organic solvent is capable of dissolving high concentrations of
water (thereby facilitating transfer of a hydrated anion) they
remain significant. In fact, a factor of 73 difference in strontium
extraction into octan-1-ol by DCH18C6 from HCl and HNO3
has been observed, despite the presence of more than 2 M water
in the solvent.11 The absence of an appreciable anion effect in
the extraction of strontium into C2mim+Tf2N2, particularly
given the fact that the solvent, like other related RTILs7

dissolves only a modest amount (@2%
w/w) of water, thus strongly suggests that strontium partitioning
in the Cnmim+ systems does not involve nitrate ion coextrac-
tion.

When an ionic liquid, rather than a conventional organic
solvent, is employed as a diluent for metal ion extraction by a
neutral extractant, there are two other means by which

This journal is © The Royal Society of Chemistry 2001
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electroneutrality could conceivably be maintained. First, the
anionic component of the RTIL, here the bis[(trifluorome-
thyl)sulfonyl]amide anion, arising in the aqueous phase from
solubilization of the RTIL, could serve as the counterion:

Sr2+ + 2 Tf2N2 + CEorg" Sr(Tf2N)2·CEorg (3)

In the alternative, strontium partitioning could involve not
extraction, but rather exchange of the strontium–crown ether
complex, Sr·CE2+, for the cationic constituent of the ionic
liquid, here Cnmim+:

Sr·CE2+ + 2 Cnmim+
org" Sr·CE2+

org + 2 Cnmim+ (4)

for which the following equilibrium expression can be writ-
ten:

KAix,Sr = [Sr·CE2+]org [Cnmim+]2 [Sr·CE2+]21 [Cnmim+]org
22

(5)

where KAix,Sr is the conditional exchange constant. Obviously, in
this case, no anion coextraction is required to maintain
electroneutrality.

If extraction of a complex incorporating Tf2N2 counterions is
indeed occurring, conditions that increase the aqueous concen-
tration of the anion would be expected to yield the highest
distribution ratios. This is not the case, however. That is,
although increasing nitric acid concentration is accompanied by
greater aqueous solubility of the RTILs, higher acidity is also
accompanied (as already noted) by decreasing DSr values. This
result, together with the apparent absence of nitrate ion
coextraction and the poor strontium extraction observed in the
absence of the crown ether, strongly suggests that strontium
partitioning in these systems involves the process depicted in
[eqn. (4)].

Additional support for this conclusion is found in Fig. 1A,
which depicts the relationship between the conditional partition
constant for strontium and the number of carbon atoms in the
alkyl group of the 1-alkyl-3-methylimidazolium cation. If we
assume, as implied by eqn. (4), that differences in the extent of
strontium partitioning into the various RTILs arise from
differences in the free energy of transfer of the various Cnmim+

cations from the organic to the aqueous phase, then previously
reported values of DG associated with the transfer of a
methylene unit from water to a water–hydrocarbon interface
(23.0 to 23.5 kJ mol21)15 or from water into a bulk
hydrocarbon (23.7 kJ mol21)16 imply that a plot of log KAix,Sr
vs. n should yield a line whose slope lies in the range 20.53 to
20.66, consistent with the observed slope of Fig. 1A (20.64).
Not unexpectedly, the analogous plot of log KAex,Sr [as per eqn.
(2)] vs. n for a series of alkan-1-ols [Fig. 1(B)] does not yield

such a line, providing yet another indication that the process
involved in strontium partitioning in the RTIL systems differs
from that observed for conventional organic diluents.

That ion-exchange may constitute the predominant mode by
which a cation is transferred into an RTIL in the presence of a
neutral extractant would seem to have significant implications
for the ‘greenness’ of these solvents in the area of liquid–liquid
extraction. That is, eqn. (4) indicates that increasing metal ion
extraction will be accompanied by increasing solubilization of
the RTIL in the aqueous phase, as the M·CE2+ complex is
exchanged for Cnmim+. Indeed, while the water solubility of
C5mim+Tf2N2, for example, is only 0.03 M, this solubility is
increased by 0.066, 0.082, and 0.093 M upon extraction of
0.030, 0.040 and 0.05 M Sr(NO3)2, respectively, into a 0.10 M
solution of DCH18C6 in it, a result consistent with the 2+1
Cnmim++Sr·CE2+ stoichiometry depicted in eqn. (4). Thus,
although RTILs clearly offer advantages in terms of enhanced
extraction efficiency and reduced volatility vs. conventional
organic solvents, these advantages may be diminished by
aqueous phase solubility losses when they are employed as
diluents in certain metal ion extraction applications. Work to
further delineate the benefits and limitations of RTILs as
separation media is now underway in this laboratory.

This work was performed under the auspisces of the Office of
Basic Energy Sciences, Division of Chemical Sciences, United
States Department of Energy, under contract No. W-
31-109-ENG-38.

Notes and references
† The ionic liquids were prepared according to published methods.10 The
aqueous phase solubility of the RTILs was quantified by UV-visible
spectrophotometry.8 As anticipated, their water solubility decreased
markedly (from 0.187 to 0.013 M) as the alkyl chain length increased from
C2 to C8. The solubility of water in the RTILs was determined via Karl
Fischer titration, and was found to decrease (from 1.84 to 0.80 M) over the
range of chain lengths examined. That the RTILs are stable to contact with
nitric acid was verified by examination of 1H-NMR spectra acquired
following 24 h contact of the ionic liquid with 3 times its volume of 8 M
HNO3. All strontium distribution ratios were determined radiometrically
using a commercial Sr-85 radiotracer, assayed via gamma spectroscopy
using standard procedures. The choice of Tf2N2 anion was prompted by
satisfactory results obtained with it in prior studies of cation extraction from
water.7

1 C. J. Adams, M. J. Earle and K. R. Seddon, Chem. Commun., 1999,
1043.

2 N. Karodia, S. Guise, C. Newlands and J. Andersen, Chem. Commun.,
1998, 2341.

3 J. Fuller, R. T. Carlin and R. A. Osteryoung, J. Electrochem. Soc., 1997,
144, 3881.

4 K. R. Seddon, J. Chem. Tech. Biotechnol., 1997, 68, 351.
5 L. A. Blanchard and J. F. Brennecke, Ind. Eng. Chem. Res., 2001, 40,

287.
6 J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser and R. D.

Rogers, Chem. Commun., 1998, 1765.
7 S. Dai, Y. H. Ju and C. E. Barnes, J. Chem. Soc., Dalton Trans., 1999,

1201.
8 A. E. Visser, R. P. Swatloski, W. M. Reichert, S. T. Griffin and R. D.

Rogers, Ind. Eng. Chem. Res., 2000, 39, 3596.
9 A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton, S. Sheff, A.

Weirzbicki, J. H. Davis, Jr. and R. D. Rogers, Chem. Commun., 2001,
135.

10 P. Bonhôte, A.-P. Dias, N. Papageorgiou, K. Kalyanasundaram and M.
Grätzel, Inorg. Chem., 1996, 35, 1168.

11 E. P. Horwitz, M. L. Dietz and D. E. Fisher, Solvent Extr. Ion Exch.,
1990, 8, 199.

12 M. L. Dietz, A. H. Bond, M. Clapper and J. W. Finch, Radiochim. Acta,
1999, 85, 119.

13 M. L. Dietz, A. H. Bond, B. P. Hay, R. Chiarizia, V. J. Huber and A. W.
Herlinger, Chem. Commun., 1999, 1177.

14 R. M. Izatt, R. L. Bruening, G. A. Clark, J. D. Lamb and J. J.
Christensen, J. Membr. Sci., 1986, 28, 77.

15 M. J. Rosen, Surfactants and Interfacial Phenomena, John Wiley, New
York, 2nd edn., 1989.

16 F. MacRitchie, Chemistry at Interfaces, Academic Press, San Diego,
1990.

Fig. 1 Dependence of the conditional partition constants for strontium in
DCH18C6–Cnmim+ Tf2pN2 (panel A; 0.1 M HNO3) or alkan-1-ol (panel B;
1.0 M HNO3) systems on the alkyl chain length of the solvent. (The solid
line in panel A represents the line of best fit, while that in panel B is intended
only as a guide to the eye.)

Chem. Commun., 2001, 2124–2125 2125



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Mimicking oxide surfaces: different types of defects and ligand
coordination at well defined positions of a molybdenum oxide based
nanocluster†
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The mixed valence cluster anion of the compound
(NH4)32[MoVI

110MoV
28O416H6(H2O)58(CH3CO2)6]·xH2O 1

(x ~ 250), synthesized under one-pot conditions, contains
well-defined different types of defects—missing groups
compared to the complete parent {Mo154} type cluster with
full D7d symmetry—and acetate ligand coordination; this
proves that the giant-wheel type anion can be considered as
an object with a variety of nanoscale structural features
(“nanostructured landscape”) allowing reactions at a variety
of well defined centers.

It is still a challenge to understand details of the interaction
mechanisms of substrates with the surfaces of heterogeneous
catalysts,1,2 as for instance in the case of transition metal oxides
which play an important role in industrial processes, e.g. in
selective oxidations.3 Of particular interest is MoO3, which
shows an enormous versatility of catalytical properties.3a A
tremendous step to this end would be to consider the well
defined discrete giant metal–oxide based cluster species, i.e.,
nanoreactors (which show the same or a similar structure
including defects on their large surfaces), as relevant catalyt-
ically active bulk materials, the surface of which is difficult to
investigate. Remarkably, very little is known as yet about the
influence of such defects present on the surface of an oxide, and
their role in determining the catalytic properties.3b Here we
report on the synthesis of (NH4)32[MoVI

110MoV
28O416H6-

(H2O)58(CH3CO2)6]·xH2O 1 (x ~ 250) which shows different
types of well defined defects, substrate interactions/activation,
and even other important structural features such as MoVI/V type
redox as well as acid sites, important for the catalytic action of
molybdenum–oxide based catalysts. In particular the pentago-
nal bipyramidal MoO7 polyhedra seem to be of interest for
understanding selective oxidations.3c

When an aqueous solution of ammonium heptamolybdate is
reduced with hydrazinium sulfate in the presence of a high
acetic acid concentration, blue crystals of 1 precipitate within
three weeks.‡ Compound 1 was characterized by elemental
analysis, thermogravimetric analysis (to determine the crystal
water content), cerimetric titrations [for the determination of the
(formal) number of MoV centers], spectroscopic methods (IR,
resonance Raman, VIS–NIR)§ and single crystal X-ray struc-
ture analysis, including bond valence sum (BVS) calculations
(to determine the number and positions of H2O and OH groups
as well as the formal number of MoV centers).¶ The relatively
low solubility of 1 in water is due to the abundance of acetate
ligands and ammonium cations.

The crystal structure of 1 shows in the lattice the presence of
a derivative of the “classical” tetradecameric type of molybde-
num–oxide based anionic giant wheel, formulated with its
characteristic building blocks as [{Mo2}14{Mo8}14-
{Mo1}14]142 = [{(O)2NMoVI(H2O)(m-O)(H2O)MoVIN
(O)2}2+

14{MoVI/V
8O26(m3-O)2H(H2O)3MoVI/V}32

14]142 ·

[MoVI
126MoV

28O462H14(H2O)70]142 2a.4 In 1a (Fig. 1) there

are six {Mo2} units missing while two bidentate acetate ligands
are coordinated to other abundant {Mo2} units thereby
replacing four H2O ligands with the formation of {Mo2Ac}*
units. In addition, four {Mo1} units are—compared to 2a—
“released”. Describing the “release” of these {Mo1} units is
somewhat difficult (see Fig. 2): formally, 4 {{MoO2}2+ + H2O
+ H+} collectives of 2a are removed and 4 {CH3CO2

2 + 3H+}
added, thus leading to the schematic description of 1a as
[{Mo2}6{Mo2Ac}*2{Mo8}10{Mo8Ac}*4{Mo1}10]322 or to the
formula (NH4)32[MoVI

110MoV
28O416H6(H2O)58(CH3-

CO2)6]·xH2O (x ~ 250) for the resulting compound 1, as stated

† Dedicated to Prof. J. Strähle on the occasion of his 65th birthday.

Fig. 1 Side view of the structure of 1a in crystals of 1 in ball and stick
representation with enlarged C atoms of the acetate ligands.

Fig. 2 Schematic representation (view from the inside of the rings) of the
structural change from 2a to 1a at one representative {Mo5O6} type
compartment built up by four {Mo8} and one {Mo1} type atoms: formally,
one MoO2

2+ group, i.e. the {Mo1} type atom with the terminal oxygen atom
bonded to it and the m-O atom bridging the Mo atom and the pentagonal Mo
center of the {Mo8} group, is removed from 2a. The vacant position due to
the loss of m-O at the pentagonally coordinated Mo atom is filled by an O
atom of an acetate ligand while the other O atom of the carboxylate group
substitutes a H2O ligand of a neighbouring Mo center. The two m3-O type
atoms (one of which is protonated in 2a) of the complete {Mo5O6}
compartment of 2a situated on the equator are doubly protonated in 1a.
Consequently, a protonation at the m3-O type atom of a neighbouring intact
compartment is not possible due to space limitations.

This journal is © The Royal Society of Chemistry 2001
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in the abstract ({Mo8Ac}* = {MoVI/V
8O24(m-H2O)2(H2O)2-

(CH3CO2)}32; for the differing number of H atoms in {Mo8}
units see Fig. 1).

These novel {Mo1} type defects have been generated now for
the first time and could in principle be formed in the following
way: 1a is initially formed while the acetate ligands, after
coordination to the {Mo8} units (comparable to the situation of
pentagonal units of the ball/basket type species5), subsequently
expel the {Mo1} units in order to overcome the steric strain
imposed on the specific sites. Due to the loss of four {Mo1} type
centers from the cubane {Mo5O6} compartment, present in 1a
and for instance in [MoVI

114MoV
28O432H14(H2O)58]262 3a6 as

well as in all other ring type species, eight of the related 28 (m3-
O) type atoms abundant in 2a become doubly protonated (by
reason of their trans positions to terminal O atoms and the
removal of the {Mo1} type atoms, corresponding to Fig. 2). This
causes the absence of protonations at neighbouring {Mo5O6}
compartments like in the parent 2a, since the space which would
be required is already occupied by the hydrogen atoms of the
“new” m-H2O ligands (Fig. 2).

The maximum possible number of {Mo2} type defects is six,
as observed also in 3a,6 because more than three defects in one
half of the ring would cause at least one {Mo8} unit not to link
to an {Mo2} unit, a situation which would result in the collapse
of the ring skeleton. For this type of defect generation, a
relatively high pH value as in the case of lacunary Keggin ions
is obligatory.7 On the other hand, aging also favours their
formation.

A significant aspect of our work is that we are able to study
a variety of reactions at well defined sites of the same
structurally characterized nanoobjects4,8–10 including the delib-
erate generation of different types of defects.

Notes and references
‡ Synthesis of 1: To a solution of (NH4)6Mo7O24·4H2O (2.0 g, 1.62 mmol)
in 75 mL of water, acetic acid (9.0 mL, 100%) and hydrazinium sulfate
(0.05 g, 0.38 mmol) were added. After stirring the mixture (pH = 3.5) in a
closed flask for 75 min, the resulting blue solution was kept undisturbed at
room temperature for 3 weeks. The precipitated blue crystals were filtered
off, washed quickly with a small amount of cold water and sucked dry.
Yield: 0.66 g (30% based on Mo).
§ Selected data for 1: VIS–NIR (in H2O) [lmax/nm (e/dm3 mol21 cm21)]:
744 (1.75 3 105), 1090 (1.3 3 105). IR (KBr pellet, n/cm21): 1616m
{d(H2O)}, 1400s {d(NH4

+)}, 959s/906m {n(MoNO)}, 799m, 748m, 634s,
558vs. Resonance-Raman (H2O, le = 1064 nm, n/cm21): 798vs, 531s,
465s, 322s, 215s. Anal. Calc. for C12H768Mo138N32O736 (M 26382.30) C,
0.55; N, 1.70; MoV, 10.18 (non-coordinated) crystal water 17.07%. Found:

C, 0.47; N, 1.6; MoV, 10.3; non-coordinated crystal water ~ 19%
(thermogravimetry).
¶ Crystal data for 1: C12H768Mo138N32O736 , M = 26382.30 g mol21,
monoclinic, space group C2/m, a = 42.0716(14), b = 40.2653(14), c =
26.0734(9) Å, b = 112.019(1)°, V = 40947(2) Å3, Z = 2, Dc = 2.140 g
cm23 , m = 2.145 mm21, F(000) = 25496, crystal size = 0.15 3 0.15 3
0.10 mm. Crystals of 1 were removed from the mother-liquor and
immediately cooled to 183(2) K on a Bruker AXS SMART diffractometer
(three circle goniometer with 1K CCD detector, Mo-Ka radiation, graphite
monochromator; hemisphere data collection in w at 0.3° scan at a detector
distance of 5.0 cm). A total of 94 714 reflections (0.73 < q < 25.01°) were
collected of which 36 348 unique reflections (Rint = 0.0445) were used. An
empirical absorption correction using equivalent reflections was performed
with the program SADABS. The structure was solved with the program
SHELXS-97 and refined using SHELXL-93 to R = 0.0551 for 24 378
reflections with I > 2s(I), R = 0.1000 for all data; max./min. residual
electron density 2.160 and 21.503 e Å23. (SHELXS/L, SADABS from
G.M. Sheldrick, University of Göttingen 1997, 1993; structure graphics
with DIAMOND 2.1 from K. Brandenburg, Crystal Impact GbR, 1999.)
Whereas the {Mo2} type defects show no disorder, this is the case for the
{Mo1} type units. CCDC reference number 166020. See http://
www.rsc.org/suppdata/cc/b1/b106092a/ for crystallographic data in CIF or
other electronic format.
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1988; (b) J. M. Thomas and W. T. Thomas, Principles and Practice of
Heterogeneous Catalysis, VCH, Weinheim, 1997.

2 (a) For some related aspects see H. H. Kung, Transition Metal Oxides:
Surface Chemistry and Catalysis, Elsevier, Amsterdam, 1989 (b) J. M.
Thomas and R. Raja, Chem. Commun., 2001, 675.

3 (a) J. Haber and E. Lalik, Catal. Today, 1997, C33, 119; (b) J. Haber,
Molecular mechanism of heterogeneous oxidation—Organic and solid
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Delmon and J. T. Yates, Elsevier, Amsterdam, 1997, vol. 110, p. 1 (c)
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Investigation of the selectivity of a diol organic host for
mixtures of DMF and DMSO, showed the formation of five
inclusion compounds in which the stoichiometry varies in
discrete steps and is determined by the composition of the
liquid guest mixture; the structures of these compounds are
described.

Molecular recognition is fundamental to supramolecular chem-
istry, and the formation and stability of a particular inclusion
compound depends on the strengths and direction of the
intermolecular forces which impinge on a particular host–guest
system.1–5 This can be exploited to carry out selective
enclathration, whereby a given host molecule is exposed to a
mixture of possible guests, and preferentially forms an inclusion
compound with only one guest, thus enacting a perfect
separation. In practice, this is seldom achieved in a single cycle,
particularly when we seek to separate close isomers, where the
differences between guests may be subtle.

The results of competition experiments whereby inclusion
compounds are grown from solutions of pairs of guests A and B
of known compositions, usually give rise to selectivity curves
shown in Fig. 1.

XB is the mole fraction of guest B in the liquid mixture and ZB
that of guest B which has been enclathrated in the host–guest
crystal. Curve a results from a host displaying no selectivity,6
curve b occurs when guest B is strongly selected over A for the
whole concentration range7 and curve c occurs when the
selectivity is concentration dependent.8 In this work, however,
we present results of a host–guest system which behaves in a
totally different manner.

When the host trans-9,10-dihydroxy-9,10-bis(p-tert-butyl-
phenyl)-9,10-dihydroanthracene = H, is exposed to mixtures of
dimethylformamide, A, and dimethyl sulfoxide, B, it forms a
series of inclusion compounds of the type H·nA·(4 2 n)B, such
that n varies integrally from 0 to 4. The results of the
competition experiments are given in Fig. 2, which shows that
the stoichiometry of the inclusion compounds varies in discrete
steps, and gives rise to five distinct compounds: H·4A, H·3A·B,
H·2A·2B, H·A·3B and H·4B. The stoichiometry can be
controlled by changing the composition of the liquid guest
mixture.

Thermal gravimetry, TG, and differential scanning calo-
rimetry, DSC were employed to analyse the stoichiometries and
thermal stabilities of all five inclusion compounds.9,10 The
compound H·A·3B was difficult to isolate, because when the
guest liquid mixture is in the mole fraction range XB 0.5–1.0, the
host shows a strong propensity for the formation of H·2A·2B.

We therefore prepared the H·A·3B compound by using an initial
guest mixture with a mole fraction XB of 0.99.

We have elucidated the structures of all five compounds by
single crystal X-ray diffraction methods at low temperatures.†
The five structures are all triclinic, with similar cell dimensions
and all crystallise in the space group P1̄. A typical example, that
of the H·2A·2B structure, is displayed in Fig. 3. This shows that
the host molecule is located at the origin on a centre of
inversion. The two DMSO molecules are hydrogen bonded to
the host and the two DMF molecules are disordered and located
close to a centre of inversion at Wyckoff position g.

The TG and DSC curves for H·2A·2B are given in Fig. 4. This
shows that the compound desolvates in two distinct steps, the
first corresponding to the loss of two DMF molecules, followed
by the loss of two DMSO guest molecules. The DSC displays
the concomitant A and B endotherms, while peak C is due to the
melting of the host. Similar curves were obtained for the other
four compounds, and allowed us to establish the stoichiometry
unambiguously in each case.

The compounds are isostructural with respect to the location
of the host atoms. The changes which occur in the positions of
the guest molecules are summarised in Fig. 5a to 5e. In all cases

Fig. 1 Typical selectivity curves obtained from competition experiments.

Fig. 2 Results of the competition experiments.

Fig. 3 Projection of the H·2A·2B structure along [010].

This journal is © The Royal Society of Chemistry 2001
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only two guests are hydrogen bonded to the host. For the
H·3A·B structure, symmetry requires the DMSO guest, B, and
at least one DMF molecule to be located at two sites, each with
site occupancies of 0.5. The difference electron density map
showed that these guests shared the same general location. The
same situation is obtained for the compound H·A·3B.

The occurrence of a host–guest system in which the ratio of
mixed guests can be controlled, has implications for crystal
engineering.11,12 Thus the physical and chemical properties of
such compounds can be governed, and this has significance in
such fields as chemical sensors, optical and electronic proper-
ties of organic crystals as well as their thermal stabilities and
kinetics of desolvation.

We are currently investigating the possibility of incorporat-
ing a variety of other guests, including chiral molecules, in

clathrates formed by this host, and investigating their thermody-
namic and kinetic properties.

Notes and references
† CCDC 168239–168243. See http://www.rsc.org/suppdata/cc/b1/
b105080p/ for crystallograhic data in .cif or other format.

Crystal data for H·4A: C34H36O2·4(C3H7NO), M = 769.01, triclinic, P1̄,
a = 8.9414(3), b = 9.0806(4), c = 14.935(1) Å, a = 91.307(2), b =
105.523(2), g = 110.189(3)°, U = 1087.67(9) Å3, Z = 1, T = 173 K, m =
0.077 mm21, 7032 reflections measured, 4823 unique (Rint = 0.0163), final
R index [I > 2s(I)]: R1 = 0.0554.

Crystal data for H·3A·B: C34H36O2·3(C3H7NO)·(C2H6OS), M = 774.08,
triclinic, P1̄, a = 9.0806(3), b = 9.0909(3), c = 14.6632(7) Å, a =
72.294(1), b = 87.660(1), g = 70.299(2)°, U = 1083.05(8) Å3, Z = 1, T
= 173 K, m = 0.124 mm21, 6646 reflections measured, 4955 unique (Rint

= 0.0190), final R index [I > 2s(I)]: R1 = 0.1410 (guest molecules
disordered).

Crystal data for H·2A·2B: C34H36O2·2(C3H7NO)·2(C2H6OS), M =
779.12, triclinic, P1̄, a = 9.1425(3), b = 9.173(3), c = 14.273(1) Å, a =
71.356(1), b = 81.229(1), g = 69.938(1)°, U = 1064.13(9) Å3, Z = 1, T
= 173K, m = 0.173 mm21, 5770 reflections measured, 4625 unique (Rint =
0.0145), final R index [I > 2s(I)]: R1 = 0.0967.

Crystal data for H·A·3B: C34H36O2·(C3H7NO)·3(C2H6OS), M = 784.15,
triclinic, P1̄, a = 9.046(2), b = 9.1291(2), c = 14.409(1) Å, a = 72.559(1),
b = 80.132(1), g = 71.486(2)°, U = 1072.64(8) Å3, Z = 1, T = 173 K, m
= 0.218 mm21, 5828 reflections measured, 3710 unique (Rint = 0.0163),
final R index [I > 2s(I)]: R1 = 0.0931.

Crystal data for H·4B: C34H36O2·4(C2H6OS), M = 789.19, triclinic, P1̄,
a = 9.0330(4), b = 9.1302(5), c = 14.404(1) Å, a = 72.870(3), b =
80.072(3), g = 71.659(3)°, U = 1073.4(4) Å3, Z = 1, T = 173 K, m =
0.265 mm21, 5632 reflections measured, 3823 unique (Rint = 0.0262), final
R index [I > 2s(I)]: R1 = 0.1283 (guest molecules disordered).

1 J. W. Steed and J. L. Atwood, Supramolecular Chemistry, Wiley,
Chichester, 2000.

2 E. Dicera, Chem. Rev., 1998, 98, 1563.
3 C. A. Hunter, Chem. Soc. Rev., 1994, 23, 101.
4 P. Wallimann, T. Marti, A. Fürer and F. Diederich, Chem. Rev., 1997,

97, 1567.
5 D. M. Rudkevich and J. Rebek, Jr., Eur. J. Org. Chem., 1999, 1991.
6 M. R. Caira, A. Horne, L. R. Nassimbeni and F. Toda, J. Mater. Chem.,

1997, 7, 2145.
7 M. R. Caira, L. R. Nassimbeni, D. Vujovic, E. Weber and A. Wierig,

Struct. Chem., 1999, 10, 205.
8 J. Bacsa, M. R. Caira, A. Jacobs, L. R. Nassimbeni and F. Toda, Cryst.

Eng., 2000, 3, 251.
9 A. Sopkova, P. Mondik and M. Rehakova, J. Therm. Anal., 1996, 47,

365.
10 H. K. Cammenga and M. Epple, Angew. Chem., Int. Ed. Engl., 1995, 34,

1171.
11 G. R. Desiraju, Crystal Engineering, Elsevier, Amsterdam, 1989.
12 W. Jones, Organic Molecular Solids, ch. 6, CRC Press, New York,

1997.

Fig. 4 TG and DSG curves for H·2A·2B.

Fig. 5 Schematic diagram summarising the differences beteen the five
structures.
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A zeolitic material containing Ti chains activated by light
allows a shape-selective transformation of organic com-
pounds; the molecules that can enter into the zeolitic cavities
are protected from the light-induced processes, while the
other are degraded.

It is well known that light activated processes on TiO2 have
applications in several fields such as the removal of water
pollutants1 and organic synthesis.2,3 When dealing with pollu-
tion problems, the complete degradation of the polluting
organic molecules is of course the goal. The photoactivity of
TiO2 is generally not selective, leading to the complete
decomposition of the organic compounds. However, it is
intriguing to test the feasibility of selective phototransformation
of organic species in an aqueous medium. For this purpose,
materials that show shape selectivity properties, such as
zeolites, could be used. Among them, ETS-10 (Engelhard
Titanosilicate Structure 10)4 is particularly interesting for
photocatalytic applications. In fact, it has two main features: i)
it is a semiconductor containing photo-excitable titanium
moieties, and ii) its structure is characterized by a three-
dimensional set of channels with a free entrance of about 0.8 3
0.5 nm, ref. 5 (Fig. 1). The UV-VIS spectrum of ETS-10 shows
two absorption bands at 282 and 214 nm, which have been
assigned to ligand-to-metal charge transfer (LMCT) transitions,
involving two kinds of oxygen ligands: those which bridge Ti
atoms along straight Ti–O–Ti chains (282 nm), and those in the

Si–O–Ti groups (214 nm).6 The band gap of the –Ti–O–Ti–
quantum wire is 4.03 eV7 and is slightly higher than that of
TiO2.8 A higher energy is then necessary to obtain the
production of the active carriers (electrons and holes) and for
this reason, in the experiments reported below a 310 nm cut-off
filter has been adopted. The irradiation of the single species
were carried out on 5 ml of aqueous suspension containing
1 3 1024 M organic compound and 1 g L21 of catalyst, using
a 1500 W Xenon lamp (Solarbox, CO.FO. MEGRA, Milan,
Italy) simulating AM1 solar light and equipped with a 310 nm
cut-off filter. The irradiance spectrum and the cells have been
described elsewhere.9 The photonic flux entering into the cell is
7.9 3 1026 einstein min21. The content of the cell was filtered
through a 0.45 mm cellulose acetate filter (Millipore HA) and
analyzed by the appropriate analytical technique.

To test the selective photoactivity of ETS-10, molecules of
different steric hindrance were investigated: phenol (P),
1,3,5-trihydroxybenzene (3HP) and 2,3-dihydroxynaphthalene
(2HPP) have been chosen. A comparison of the relative
dimensions of the molecules and of the zeolitic cavities is
shown in Fig. 1, while an analysis of the degradation rate ratios
is reported in Table 1. In the same Table the results obtained
with TiO2 P25 as photocatalyst are reported for comparison.
The contribution of direct photolysis is negligible (see Table
1).

An interesting correlation between the size of the molecule
and its photodegradability is shown. This is particularly evident
comparing P and 2HPP degradation, 2HPP being degraded on
ETS-10 with a rate which is 56 times higher than P, and with a
degradation efficiency of the same order as TiO2. These results
provide, for the first time, evidence of the feasibility of selective
photocatalytic degradation in aqueous medium. A study of the
intermediates of the degradation of phenol shows that they are
the same catechol and quinol on TiO2 and ETS-10. In the case
of 3HP and 2HPP, even if the intermediates have not been
identified, they show the same chromatographic pattern both on

Fig. 1 Structure of zeolite ETS-10 and of the degraded molecules: phenol
(P), 1,3,5-trihydroxybenzene (3HP) and 2,3-dihydroxynaphthalene (2HPP).
The pointed surface in the zeolite structure evidences the accessible spaces
as determined by the Connolly algorithm.14

Table 1 Degradation rate of hydroxyaromatic compounds on TiO2 and on
zeolite ETS-10. From these experimental data, the process efficiency (rate
of degradation/photonic flux incoming into the cell) can be easily
calculated;10 in the case of dihydroxynaphthalene on ETS-10, a process
efficiency of 2.8% is obtained. In parentheses are reported the degradation
rate ratios (rx/rP) obtained comparing the values obtained in each set of
experiments with that obtained for P. H-ETS-10 in the acid form was kindly
supplied by the Engelhard Corporation (Iselin, NJ, USA); its external
surface area is 21 m2 g21 (T-plot volumetric measurements with N2 made
with a Micromeritics apparatus). TiO2 was a commercial Degussa P25
sample (surface area: about 50 m2 g21)

Rate/105 M
min21 TiO2 ETS-10

Direct
photolysis

P 2.77 (1) 0.08 (1) —
3HP 5.74 (2.07) 0.38 (4.75) —
2HPP 7.90 (2.85) 4.46 (55.7) 0.21

This journal is © The Royal Society of Chemistry 2001
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TiO2 and ETS-10. These results indicate that the degradation
mechanism is similar and suggests that, like on TiO2, the
catalytic active sites of ETS-10 are titanols linked on external
surfaces where the –Ti–O–Ti–O–Ti– chains are emerging and
the TiO bonds are consequently broken. The bulk Ti atoms of
ETS-10 cannot be considered as playing a role in the
degradation for two reasons: i) imperfect structures are not
directly exposed on the channels walls (see Fig. 1); ii) it has
been shown11,12 that when degradation takes place at centers
located in restricted places (like titanols in defects located in
zeolitic channels), the intermediate degradation products are
able to back react with active species, favoring recombination.
It is also to be noted that in the photocatalytic process there is no
relation between the absorption on the surface and the rate of
disappearance, as shown in the case of phenol (not adsorbed)
and catechol (adsorbed).13

In view of these results and of the fact that the catalytic
centers are located on the surface, it can be concluded that the
zeolitic internal cavities offer a protective environment against
degradation to those species which, for their small size, easily
diffuse inside. This shielding effect against photodegradation is
particularly marked for P, which was the smallest molecule
investigated, and not present for 2HPP, which is the only
studied species whose size surely does not fit the channel size
and so it is the most degraded molecule. The ability to diffuse
inside the cavities is then the main factor determining the shape
selective degradation.

Finally, a further confirmation of the presence of catalytic
sites on the external surface is given by the fact that the
degradation rate of 2HPP on TiO2 and on ETS-10, which have

similar external surface area, is of the same order of magni-
tude.

Future developments also have to consider the influence of
competitive diffusion of the molecules; this probably explains
the small differences that can be observed in the rate constant
values, compared to the values obtained in the degradation of
the single molecules.
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The dynamics of decay of the photoproducts of the two non
equivalent molecules of N-(n-propyl) nitrospiropyrane‡ in
the crystalline state is significantly different due to the effect
of the specific site where each of the molecules is located in
the crystal latice.

Reversible molecular transformations have been studied ex-
tensively through the years due to their fundamental importance
in many chemical and biological processes and their relevance
to artificial sensing.1 Amongst the most frequently addressed
optical switch systems are spiropyranes.2 Reversible photo-
induced and thermally activated ring transformations of spiro-
pyrane systems have been studied in great detail in different
solutions, including solid solutions.3 The utilization of spiropyr-
ane derivatives as molecular optical switches for different
applications such as LC switching,4 optical recording,5 sens-
ing,6 and other optoelectronic devices7 was also reported.
Curiously, the photoactivity of spiropyranes in the crystalline
state was reported only recently.8

The study of chemical processes in well-defined media, such
as crystals, provides direct evidence for the effect of the
molecular environment on the chemical reactivity. In most
chemical transformations, the molecular environment in which
the reaction is performed plays an important role by influencing
the reaction path. Such site effects are the source of the ultimate
chemical selectivity of enzymes and other biological systems.
In the biological realm, a tailor-made restrictive anisotropic
environment results in the selection of one specific reaction
path, leading to a specific target molecule. Similar site effects
are found for numerous reactions that take place in crystalline
systems.9 In many of those systems, a slight variation in the
environment of the reactants results in a significant change in
reactivity or in the mechanism path selection.10 The establish-
ment of quantitative correlations between the molecular and
supramolecular structure and respective changes in properties is
a long-standing goal in solid state chemistry and photo-
chemistry. Such studies are essential for better understanding
and mastering reactions in restrictive anisotropic environ-
ments.

Here we report on the photochromism of 1A-(n-propyl)-3A,3A-
dimethyl-6-nitrospiro[2H-[1]benzopyran-2,2A-indoline], 1a, in
the crystalline state and on the effect of the crystal site on the
chemical reactivity of the open merocyanine species.

Crystals of 1 develop a red–purple color (lmax = 600 nm)
upon exposure to near UV light (l = 360 nm). The formation
of the new optical band is correlated to the appearance of several
new IR peaks between 1000 and 1600 cm21 while the intensity
of the IR bands at 1338, 1276 and 1172 cm21, decreases. These

changes in the IR and visible spectra are indicative of the
formation of the merocyanine species, 1b.11 Based on the IR
spectra we estimate that at a photostationary state the ratio
between the open and the closed forms is at least 1+3.

In the dark, both the visible and IR bands decay homoge-
neously, an indication of a back, thermally activated, 1b ? 1a
ring closure process. The decay of the IR bands is associated
with a decay of the band at l = 600 nm. Fig. 1A depicts the
absorbance of a crystalline sample at l = 600 nm and T = 304
± 0.1 K as a function of the time after irradiation.§ Interestingly,
in contrast to most chemically active systems in crystals (but
note ref. 1a, 9) the decay curves of the band at l = 600 nm can
be fitted only to a biexponential decay curve, indicating the
presence of two independent decaying merocyanine species.¶
For example, at 304.5 K, the lifetimes of the two merocyanine
species are 3095 ± 25  and 19040 ± 60 s. At 315 K the lifetimes
of these two species are shortened to 875 ± 14  and 5910 ± 150 s

† Electronic supplementary information (ESI) available: time decay of
merocyanine absorption; overlay plot of molecules 1(A) and 1(B); plot of the
ratio between the effective volume of the two sites as a function of the radius
of the rigid sphere in the Monte Carlo calculation. See http://www.rsc.org/
suppdata/cc/b1/b102121b/

Fig. 1 (A) The absorbance of an irradiated crystalline sample of 1 as a
function of the time after irradiation, l = 600 nm; T = 304 ± 0.1 K. (B) The
difference between the experimental signal depicted in A and a best-fitted
biexponential curve. (C) Arrhenius plots for the two different sets of rate
constants composing the biexponential decay curves.
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respectively. The two sets of lifetimes extracted from the
biexponential decay curves at different temperatures form two
linear Arrhenius plots, Fig. 1C, attributed to the two different
coexisting merocyanine species that are photogenerated simul-
taneously in the crystal. These two different merocyanine
species are characterized by somewhat different activation
energies and pre-exponential factors: Ea(1) = 23.4 ± 0.8 kcal
mol21 and Ea(2) = 21.9 ± 0.9 kcal mol21, A(1) = 13.2 ± 0.6 and
A(2) = 11.3 ± 0.8 for the short-lived and long-lived species
respectively. The origin of the two different photogenerated
merocyanine species is revealed from the crystal structure.
Crystals of 1 contain two nonequivalent spiropyrane molecules,
1(A) and 1(B), in the asymmetric unit, Fig. 2. The two
nonequivalent molecules of 1 are almost identical with respect
to their internal coordinates when considered as rigid bodies and
the overlap between them is maximized. The minimal distance,
D, between the overlapping molecules is D = 0.137 Å, where
D = {[S(xi

(1)2xi
(2))2]/(3N)}1

2, (see supplementary material for
an overlay plot of 1(A) and 1(B)). The main differences between
the two molecules are expressed in the nature of the sites the
molecules occupy in the crystal. In the absence of a unique
definition of the exact volume the molecule occupies in the
crystal, we defined it using the following scheme. The
molecular environment was represented by spheres having the
Van der Waals radii of the atoms. A dynamical rigid sphere was
placed in the void which was created by removing the reacting
molecule and the diffusion equation was solved for this sphere
within the rigid cage using Monte Carlo integration. The space
that was sampled by the sphere in the infinite time-limit
provides a practical definition of the volume and shape of the
site hosting the molecule. The results were insensitive to the
choice of the rigid sphere radius (rs) in the range 1.6 < rs < 2.5
Å. The two sites are found to have roughly the same volume,
Fig. 3, nevertheless, the shapes of the cavities that host each of
the two molecules are remarkably different. The n-propyl
moiety of 1(A) is interlocked between two n-propyl groups of
neighboring molecules. In contrast, the n-propyl group of 1(B) is
loosely bound to its environment but its nitroindoline skeleton is
more tightly packed in its environment compared to 1(A). The
difference in the shape of the cavities and nature of nearest
neighbors seem to impose different restrictions on the degree of

relaxation of the photoproduct of the reacting molecule within
the reaction site. Based on this analysis we conclude that two
almost equivalent molecules of 1, that occupy two non-
equivalent sites in the crystal lattice are photoactive and that
they yield two structurally different merocyanine species. These
two merocyanine moieties relax into two different sites in the
crystal lattice and therefore exhibit different thermal reactivity
for the back cyclization process.

This research was supported by the US–Israel Binational
Science Foundation (BSF) and the Foundation for Promotion of
Research at the Technion.
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Fig. 2 A stereoscopic view of the unit cell of 1 containing two nonequivalent
spiropyrane molecules 1(A) (black) and 1(B) (green).

Fig. 3 The superposition of the two cavities hosting the molecules 1(1) (blue)
and 1(2) (yellow). The effective volumes, defined by the diffusion of a rigid
sphere of radius 1.8 Å, are V(1) = 912 and V(2) = 1051 Å3,
respectively.
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The ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine forms a 1+1
complex with Na[BPh4], which has been structurally charac-
terised as a one-dimensional polymeric system with an
unusual coordination geometry about the sodium.

Polytopic ligands incorporating multiple oligopyridine metal-
binding domains are important components in the development
of metallosupramolecular chemistry.1 A key early observation
was the spontaneous self-assembly of a 2 3 2 grid from the
reaction of a copper(I) salt with 3,6-bis(2-pyridyl)pyridazine I.2
We have recently commenced a systematic study of compounds
related to I, including 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine II
which has been shown to have a rich supramolecular chem-
istry.3 In this paper, we report the unexpected formation of a
sodium complex of II.

In the course of our studies with II we noted that the purple
ligand II gave rise to a series of variously hued pink species in
addition to the expected metal complexes. These pink species,
which we initially believed to be salts of II gave differing but
repeatable 1H NMR spectra. In some cases, the 1H NMR spectra
differed significantly from that of II and the compounds were
characterised as protonated derivatives of II. In other cases,
the 1H NMR spectra were essentially identical to II. When the
purple complex [Ag2(II)2][CF3SO3]2

4 was treated with an
excess of Na[BPh4] a pink solution was obtained which
eventually deposited red crystals. The same red crystalline
compound was obtained directly from the reaction of II with
Na[BPh4] in nitromethane† No change occurred in the UV–VIS
spectrum of a nitromethane solution of II upon the addition of
three equivalents of Na[BPh4].

In the 1H NMR spectrum of the red solid, the ligand
resonances are essentially identical to those of II in CD3COCD3
or CD3SOCD3, although the signals due to H3 and H6 were
slightly broadened and shifted downfield by ≈ 5 Hz (300 MHz).
Elemental analysis was consistent with a formulation
{Na(II)(BPh4)} and the FAB MS exhibited peaks at m/z 495
and 601 assigned to {Na(II)2}+ and {Na2(II)(BPh4)}+, res-
pectively. Somewhat surprisingly, in view of the 1H NMR data,
ESMS studies in MeCN exhibited the peaks at m/z 495 and 601
together with one at m/z 300 assigned to {Na(II)(MeCN)}+.
These data strongly suggest that the red compound is a sodium
complex of II. Although alkali metal complexes of oligopyr-
idines have been reported over a number of years,5 structural
data establishing the coordination mode are sparse.6

The solid state structure of [{Na(II)(BPh4)}n ] is presented in
Fig. 1.‡ Each II ligand is in a transoid arrangement and presents
a didentate N2 donor set to each of two sodium ions. Although
each of the aromatic rings is planar, II is riffled with the
terminal pyridine rings making dihedral angles of 13–17° with
the central tetrazine ring. As far as conventional donor atoms are
concerned, each sodium is in a four-coordinate environment
comprising two II ligands with unremarkable6 Na–N distances

in the range 2.465(2)–2.533(1) and a bite angle of 65.93(4)°.
The result is a polymeric structure with chains of {Na(II)} units.
However, before discussing the nature of the polymer, there is
a feature of the coordination environment about the sodium
which deserves comment.

Examination of the coordination geometry about the sodium
reveals bond angles which imply that the two ‘bipy’ domains
coordinated to each metal are best described in terms of an
octahedral cis-{Na(bipy)2X2} structure [N(3)–Na(1)–N(3B)
88.18°, N(2)–Na(1)–N(2B) 174.03°]. The sodium and boron
atoms lie on two-fold axes and the tetraphenylborate ion is
located in the lattice such that the ring containing C(7) is p-
stacked with the tetrazine ring containing N(1) [and of course
the same interaction between the symmetry related rings
containing C(7B) and N(1B)]. The simplest explanation for the
coordination geometry of the sodium is that the remaining two
sites of the octahedron are voids filled by the two p-stacked
phenyl rings. However, the stacking results in close contacts
between the sodium and the two phenyl rings [Na(1)–C(12)
2.8332(18) Å, Na(1)–H(12) 2.6745 Å].

The bridging ligand II results in the formation of a one-
dimensional polymer which is decorated by the tetraphenylbor-
ate counter ions which are locked in at each metal centre (Fig.
2). The polymeric units are then assembled in sheets with no
short contacts between adjacent layers. Within each layer, the
phenyl rings of the tetraphenylborates are locked into the
notches between BPh4 units of the adjacent chain, although
there are no short contacts or additional stacking interactions.
The 1H NMR data indicate that this interaction is primarily a
solid state phenomenon and no evidence for direct interaction of
the tetraphenylborate with the metal centre in solution has been
obtained.

We are currently investigating the coordination behaviour of
II with other sodium salts and with other group 1 metals and

Fig. 1 The coordination geometry about sodium in the complex
[{Na(II)(BPh4)}n] as found from the solid state X-ray structure. With the
exception of H(12), hydrogen atoms have been omitted and carbon atoms
have only been labelled where necessary to identify phenyl rings or at sites
of chemical interest.
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have recently shown that II forms stable complexes with
LiClO4 which exhibit a different one-dimensional polymeric
structure.7

We gratefully acknowledge financial support from the
University of Birmingham and the EPSRC.

Notes and references
† Sodium tetraphenylborate (30.1 mg, 0.88 mmol) was added to a solution
of II (20.8 mg, 0.88 mmol) in nitromethane (10 cm3), and the solution
stirred at room temperature for 10 min. After standing the solution in the
refrigerator overnight, red block-like crystals which were suitable for X-ray
structural analysis deposited from the reaction mixture. Yield 24.1 mg,

47%. Found: C, 74.71; H, 4.94; N, 14.35. C36H28BN6Na requires C, 74.75;
H, 4.88; N, 14.53%. 
‡ Crystal data: C36H28BN6Na, M = 578.44, monoclinic, space group C2/c,
a = 17.2064(4), b = 12.4777(3), c = 15.3058(3) Å, b = 115.529(1)°, V =
2965.27(11) Å3, Z = 4, m(Mo-Ka) = 0.738 mm21, 5413 reflections
measured, 2639 unique which were used in all calculations. Final R1 =
0.0551 and wR2 = 0.1432 (all data). Data were measured at 296 K on a
Bruker SMART CCD 6000 diffractometer [l(Mo-Ka) = 1.5418 Å],
graphite monochromator, 1722 frames were recorded in 0.4° steps, each for
30 s, crystal-detector distance 40 mm, collimator 0.5 mm. Data reduction by
SAINTPLUS, structure solution and refinement by SHELXTL. Hydrogen
atom positions calculated and subsequently riding. CCDC reference number
168478. See http://www.rsc.org/suppdata/cc/b1/b106728c/ for crystallo-
graphic data in CIF or other electronic format. 
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Fig. 2 A view of the part of the polymeric chain formed by the II ligands
(blue) and sodium ions (yellow) showing how the tetraphenylborate anions
(red) are located about the metal and the interactions which construct a sheet
structure from adjacent one-dimensional polymeric chains.
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A mixed-valence dimanganese complex with two water
ligands bound to the Mn(II) ion and two methoxide ligands
bound to the Mn(III) ion in a H-bonded arrangement has
been structurally characterised and models possible resting
state water/hydroxide coordination in purple acid phos-
phatases.

The majority of proposals for the mechanisms of metal-
containing enzymes and catalysts involve reactive inter-
mediates incorporating labile ligands which can be substituted
by substrate. For metalloenzymes labile ligands are commonly
water while water-derived ligands, H2O, OH2, OH·, O22, are
also reactants in hydrolysis and oxidation reactions. Of the
limiting forms of water-derived ligands, it is the terminal
hydroxides and oxides that are rarely structurally characterised
with biologically important metal ions, presumably due to their
high reactivity. Despite this, terminal (hydr)oxides of iron and
manganese have been designated significant biological roles.

The present report concerns the structural characterisation of
a unique mixed-valence complex containing two H-bonded
methoxo–water dimetal ‘bridging groups’, m-(HOHOCH3).
This moiety is homologous to the m-(H3O2) group which was, in
fact, our original target. Only a handful of complexes with a m-
(H3O2) group have been crystallographically characterised.
These are exclusively homovalent. Notably the first examples
were obtained using the robust metal ions, dichromium(III),1,2

diiridium(III)3 and dicobalt(III).4 More recently labile diiron(III)
complexes5,6 have been characterised. In contrast to the solid
state, m-(H3O2) moieties are almost certainly important in the
aqueous chemistry of labile dinuclear systems. The m-(H3O2)
group is a likely intermediate in the formation of m-OH bridged
dimers and polymers from metal aqua ions via ‘olation’
reactions,1 and for dimetallic complexes and enzymes known to
promote/catalyse hydrolysis reactions.5,7,8

Reaction of bpbpH† with manganese perchlorate in dry
methanol leads to formation of the dark green compound
[Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2.9 The X-ray crystal struc-
ture shows the two aqua and two methoxide ligands in the H-
bonded [MnII(OH2)2…(OCH3)2MnIII] motif, Fig. 1.10 The
Mn(II) and Mn(III) atoms are linked asymmetrically by the
phenolate oxygen atom of bpbp2. Shorter metal–ligand bond
distances, and an axial Jahn–Teller distortion along the O(1)–
Mn(2)–N(41) axis, identify the Mn(III) atom as that bound by
the two methoxide ligands. The location of hydrogen atoms in
difference maps supports assignment of two methoxide and two
aqua ligands rather than two methanol and two hydroxide
ligands or an intermediate symmetrically H-bonded arrange-
ment. The terminal ligands are H-bonded with Oaq–H 0.97 Å,
H…Ometh 1.80 Å, O…O 2.691(5) Å and O–H…O 152° for O(2)
and Oaq–H 0.96 Å, H…Ometh 1.65 Å, O…O 2.563(4) Å and
H…O 158° for O(3). To our knowledge [Mn2(bpbp)(CH3-
O)2(H2O)2](ClO4)2 incorporates the first example of an un-
symmetrical m-(ROHOR) group in two senses: (i) the complex
is mixed-valent, and (ii) the terminal ligands are derived from
two different hydroxylic solvents. Despite considerable effort

we were not successful in isolating a homologous di-m-(H3O2)
bridged complex from reactions without methanol, or by
exchange of methoxide for hydroxide by reaction of
[Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2 with water. 

The cyclic voltammogram of [Mn2(bpbp)(CH3O)2(H2O)2]-
(ClO4)2 attests to its lability in solution: no distinct electro-
chemical response was observed in CVs recorded under
identical conditions to those recorded for the related bis-acetate-
bridged MnII–MnIII complex, [Mn2(bpbp)(CH3CO2)2](ClO4)2
which we prepared for comparative purposes:
[Mn2(bpbp)(CH3CO2)2](ClO4)2

12 shows a reversible wave for
the MnII–MnII/MnII–MnIII couple and a quasi-reversible wave
for the MnII–MnIII/MnIII–MnIII couple reflecting the structural
stability of this compound in solution compared to
[Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2.

X-Band EPR spectra of [Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2
as a powder or acetone glass at 102 K (Fig. 2) display multiple,
broad lines in the range 0–6000 G with the strongest resonances
occurring in the 3500 G region. The spectrum of the neat
powder, at 295 K, though less well resolved, is generally similar
to that of the acetone glass, suggesting that either the complex
retains its integrity in acetone solution or that coordinated
solvent exchange has little effect on the electronic structure.
Assignment of the signals has not been attempted since they
result from a complicated combination of exchange, dipolar and
zero-field splitting effects. The multiple hyperfine lines origi-
nating from the S = 1⁄2 coupled ground state are resolved at g ~
2, as noted by Hendrickson and coworkers12 for a bis-acetate-
bridged Mn(II)-Mn(III) compound [Mn2(bcmp)(CH3CO2)2]-
(ClO4)2·CH2Cl2.†

ESI mass spectra of [Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2
give no indication of the structure of the cation. The
[Mn2(bpbp)(CH3O)2(H2O)2]2+ ion was not observed. A mixture

Fig. 1 Structure of the cation in [Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2.
Selected bond lengths (Å): MnIII–OCH3 1.849(3), 1.900(4), MnII–OH2

2.132(3), 2.176(3), MnII–Ophenoxide 2.143(3), MnIII–Ophenoxide 2.155(3) Å,
Mn…Mn, 3.776(1) Å.
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of solvent-dependent ions with the Mn(III)–Mn(II)
[Mn2(bpbp)]4+ core were observed in all solvents tried
(CH3OH, CH3CN, H2O) reflecting the lability of the auxilary
ligands. The major ion in all spectra was at m/z 348.7 which can
be assigned to an oxide, [Mn2(bpbp)(O)]2+. The following MS/
MS experiment indicates that this oxide ion is not present in
solution: [Mn2(bpbp)(O)]2+ is produced easily by collision
activated dissociation (CAD) of the [Mn2(bpbp)(RO)2]2+ ions,
R = H (m/z 357.8) or CH3 (m/z 371.7), which are obtained from
water or methanol solutions respectively when these are sprayed
using very mild source conditions. Thus, the loss of a mass
equivalent of water or dimethyl ether from the
[Mn2(bpbp)(RO)2]2+ (R = H, CH3) ions to give the dominant
[Mn2(bpbp)(O)]2+ ions is a facile fragmentation pathway. We
have previously noted the facile gas phase formation of metal
oxides from metal carbonates,13 and the present case is another
example which should serve as a warning to the assignment of
‘novel metal–oxide’ species on the basis of ESI MS alone.

The arrangement of the auxiliary solvent-derived ligands as
two m-(HOHOCH3) groups in, [Mn2(bpbp)(CH3O)2(H2O)2]-
(ClO4)2 can be regarded as a pertinant structural motif for
coordinated solvent interactions at the active sites of dimetallic
proteins, particularly those containing a mixed valence site, e.g.
the purple acid phosphatases (PAPs). Like [Mn2(bpbp)-
(CH3O)2(H2O)2](ClO4)2 the PAPs contain one trivalent metal
ion [Fe(III)] and one divalent metal ion [Fe(II) or Zn(II)].14 The
mechanistically important nucleophilic hydroxide has been
proposed to be metal coordinated; whether or not it is terminal
or bridging is uncertain. [Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2
with its trivalent and divalent metal ion at a distance of 3.77 Å
shows a way in which a M(III)-bound hydroxide (by analogy to
methoxide) ion could be stabilised by H-bonding to a water
molecule bound to the adjacent M(II) to give the m-(H3O2) group
and thus support the notion of a terminally bound hydroxide as
the nucleophile and terminal water as a substitutionally labile
ligand on the adjacent metal ion in PAPs. Although
[Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2 is a plausible structural
model for resting state PAP, we have no indications that it might
be a useful functional model from our investigations of
reactivity in promotion/catalysis of PAP-like hydrolysis reac-
tions using phosphate ester, alkyl ester and nitrile substrates in
solutions containing water. This contrasts to a structurally
characterised diiron system with a m-(H3O2) bridge which was
shown to promote hydrolysis of acetonitrile and triphenyl-
phosphate.5

Finally, the formation of [Mn2(bpbp)(CH3O)2(H2O)2]-
(ClO4)2 formally requires a one-electron oxidation of one
manganese ion. The reaction occurs only in the presence of
oxygen. Such spontaneous air oxidations are normal, however
they are often not elucidated mechanistically. Preliminary
results suggest that a background oxidation of the methanol

solvent (and presumably concomitant reduction of dioxygen)
has occured during the reaction. Repitition of the work using
cyclohexanol to replace methanol in the reaction mixture
showed a background formation of cyclohexanol. This air
alcohol oxidation to aldehydes is slow but catalytic.15

In summary, the m-(HOHOCH3) group in
[Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2 is a plausible structural
model for water/hydroxide coordination and interactions in the
resting state of PAPs which, like the complex here, contain a
trivalent and divalent metal ion. Preliminary work indicates that
the labile [Mn2(bpbp)(solv)x]3+ (solv = water and alcohols),
activates oxygen to form an oxidant capable of oxidising
alcohols. Future investigations will centre around the selectiv-
ity, extent and efficiency of the [Mn2(bpbp)(solv)x]3+/4+/O2
system, as an oxidation catalyst.

Support from the Danish Natural Science Council (C. J. M.)
is gratefully acknowledged. Professor Keith S. Murray (Monash
University) is thanked for helpful discussions. At the University
of Southern Denmark we are grateful to Dr Kenneth Bendix
Jensen for recording the ESI mass spectra and Jens Zacho
Pedersen for recording EPR spectra.
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bcmpH = 2,6-bis[bis(1,4,7-triazacyclonon-1-ylmethyl)aminomethyl]-
4-methylphenol; bpmpH = 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-
4-methylphenol.
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Fig. 2 The EPR spectrum of [Mn2(bpbp)(H2O)2(CH3O)2](ClO4)2 2: (a) neat
powder, 295 K; (b) frozen glass acetone solution, 102 K.
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The homoleptic, tetrahedral, paramagnetic d2 species
[NBu4][VIII(C6Cl5)4] 1 has been obtained and characterised
by analytical, spectroscopic and X-ray diffraction meth-
ods.

The organometallic chemistry of vanadium is chiefly dominated
by species containing carbonyl and cyclopentadienyl ligands.1
In contrast, simple, homoleptic s-organovanadium compounds
unsupported by cyclopentadienyl or other donor ligands are still
rare. The chemistry of these derivatives has, however, received
renewed attention especially because some organovanadium(II)
or -(III) species appear as active intermediates in chemical
fixation processes of molecular nitrogen.2 It is thus thought that
the formation of [(VR3)2(m-N2)] is likely to occur via the
homoleptic intermediates VR3 [R = C6H2Me3-2,4,6 (mes)3 or
CH2But 4]. To the best of our knowledge, the only homoleptic
organovanadium(III) compounds that have been isolated to date
are: anionic [VR4]2 [R = mes5 or C6H3(OMe)2-2,66] and
neutral [VR3] [R = mes,3 C(CN)3

7 or CH(SiMe3)2
8]. However,

unequivocal structural information is not available for any of
them. We now report the synthesis and structural character-
isation of [NBu4][V(C6Cl5)4] 1, a remarkably stable homoleptic
organovanadium(III) compound.

The reaction of [VCl3(thf)3]9 with LiC6Cl510 in a 1+8 molar
ratio followed by the appropriate treatment‡ allows the isolation
of [NBu4][V(C6Cl5)4] 1 as a deep green solid. Once isolated,
complex 1 is air- and moisture-stable in the solid state. This
behaviour is in contrast with the reported observation of the ease
with which the related compound [Li(thf)4][V(mes)4] is air-
oxidised to give neutral [V(mes)4].12 Complex 1 behaves as a
1+1 electrolyte in dilute acetone solution (3.1 3 1021

mol dm23).13

The solid-state structure of 1 has been established by single-
crystal X-ray diffraction analysis.§ The structure of the anion
[V(C6Cl5)4]2 is depicted in Fig. 1. It can be seen that all four s
V–C bonds are virtually identical, while the C–V–C angles take
values between 98.1(2) and 117.6(2)°. Hence, the local
geometry around the vanadium centre can be described as
slightly distorted tetrahedral (cf. ideal C–V–C angle: 109.5°).
The V–C distances in 1 [ranging from 214.2(5) to 215.8(5) pm]
are similar to those found in other heteroleptic s-arylvana-
dium(III) compounds, such as [V{C6H2(CF3)-2,4,6}2Cl(thf)]
[V–C 214.5(4) and 215.9(4) pm],15 [PF(NEt2)3][V(mes)3F] [V–
C 210.7(4)–213.2(4) pm]16 and [V(mes)3(thf)] [V–C
209.5(6)–211.7(7) pm].17 The V–Cipso–Cortho angles within
each pentachlorophenyl ring are dissimilar with values amount-
ing to ca. 115 and ca. 130°, respectively. The swing of the aryl
rings also implies the existence of two sets of ortho-Cl–V
distances each approaching 310 and 366 pm, respectively.
These structural features have been previously used as criteria
which help to determine the existence of ortho-Cl…M inter-
actions in other pentachlorophenyl metal derivatives.18 Bearing
in mind these criteria we suggest the non-existence of additional
ortho-Cl…V interactions in 1 since: (i) the swing of the C6Cl5

rings is only moderate; (ii) the ortho-Cl–V distances are too
long to be considered as the result of a bonding interaction; and
(iii) the central core is well described as a slightly distorted
tetrahedron with no evidence for the need of a higher
coordination polyhedron.

Complex 1 has also been studied by EPR spectroscopy both
in the X- and Q-bands.¶ Frozen solutions of 1 in THF/CH2Cl2
mixtures gave poor-quality spectra with very low signal-to-
noise ratios. However, the X-band EPR spectrum of a powder
sample of 1 shows four clearly defined features at room
temperature, located at ca. 120, 280, 670 and 840 mT (Fig. 2).
At lower temperatures, the two outer signals shift downfield,
whereas the central ones remain almost unchanged.

† Dedicated to Professor Dr Rafael Usón on the occasion of his 75th
birthday.

Fig. 1 Thermal ellipsoid diagram of the anion of 1. Selected distances (pm)
and angles (°): V–C(1) 214.4(5), V–C(7) 215.8(6), V–C(13) 215.2(5), V–
C(19) 214.2(5), V–Cl(2) 364.6(2), V–Cl(6) 311.6(2), V–Cl(8) 311.5(2), V–
Cl(12) 366.3(2), V–Cl(14) 366.3(2), V–Cl(18) 313.6(2), V–Cl(20)
304.9(2), V–Cl(24) 368.3(2); C(1)–V–C(7) 112.1(2), C(1)–V–C(13)
117.6(2), C(1)–V–C(19) 101.2(2), C(7)–V–C(13) 98.1(2), C(7)–V–C(19)
116.1(2), C(13)–V–C(19) 112.6(2).

Fig. 2 X-band EPR spectrum of a powder sample of 1 at room temperature
(microwave frequency 9.545 GHz): experimental (a) and calculated (b).

This journal is © The Royal Society of Chemistry 2001
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Vanadium(III) is a non-Kramers paramagnetic system (d2),
which is usually ‘EPR silent’ unless located in a high-symmetry
site such as cubic, octahedral or tetrahedral. When located in a
tetrahedral site, the 3F ground term in the free V(III) ion splits
into two triplets (3T1 and 3T2) and one singlet (3A2), the latter
being the lowest energy level. Since the V(III) centre in 1 is in
a nearly tetrahedral environment, the ground state orbital wave
function is expected to be close to a 3A2 orbital with an isotropic
g-factor and the spin-Hamiltonian given in eqn. (1).∑

H g B S D S S S E S SZ X Y= ⋅ + − +





+ −mB

r r
2 1

3
2 21( ) ( ) (1)

The analysis of the EPR spectrum of 1 using eqn. (1) gives a
satisfactory agreement between the calculated [Fig. 2(b)] and
experimental [Fig. 2(a)] spectra with the following values of the
spin-Hamiltonian parameters: g = 1.98(1), D = 13.59(5) GHz
and h = 0.16(1). It is interesting to note that these values also
allow the reproduction of the Q-band spectrum.

In contrast to the profusion of EPR reports involving V(IV)
species (d1), there are very few EPR data available for V(III).
These data have been obtained on samples of V(III) doped into
ionic lattices (e.g. CaF2:V, g = 1.93319 and CdF2+V, g =
1.93720) and into semiconductors (g = 1.92–1.99).21 Recently,
a detailed EPR study on samples of V(III) doped into
CsGa(SO4)2·12H2O has been reported using high-field, multi-
frequency techniques. The spectra thus obtained for the
[V(H2O)6]3+ cation have been analysed with an axial spin-
Hamiltonian with g∑ = 1.955, g4 = 1.869 and D = 143
GHz.22

The moderate departure of the g value obtained for 1 from the
free electron value can be attributed to some degree of
delocalisation of the unpaired electrons over the aryl ligands in
the [V(C6Cl5)4]2 anion. This assumption, however, cannot yet
be confirmed, since the hyperfine structure expected to appear
in 1 (51V, I = 7/2, 100% natural abundance) is unresolved due
to the broadness of the features in the EPR spectrum.

The remarkable stability of 1 has allowed the first structural
characterisation of a homoleptic organovanadium(III) derivative
to be obtained. Moreover, this is, to the best of our knowledge,
the first V(III) compound which has a defined EPR spectrum and
in which the vanadium centre is not a doping but rather a
constituent element of the sample. On the other hand, the
inertness of 1 could well act as a drawback for its chemical
reactivity which is currently under study.

We thank Professor P. H. Rieger (Brown University,
Providence) for helpful EPR discussions and suggestions. We
also thank the Dirección General de Enseñanza Superior
(Projects PB98-1595-C02-01 and PB98-1593) for financial
support and the Gobierno de Aragón for a grant to
M. A. G.-M.

Notes and references
‡ Experimental procedure: to a solution of LiC6Cl5 (ca. 55 mmol) in Et2O
(60 cm3) at 278 °C was added [VCl3(thf)3] (2.54 g, 6.80 mmol). The
suspension was allowed to warm up to room temperature and, after 15 h of
stirring, the by then deep green solid was filtered, washed with Et2O (3 3
5 cm3) and extracted in CH2Cl2 (50 cm3). The extract was evaporated to
dryness and the resulting residue was redissolved in PriOH (80 cm3) and
filtered. The addition of NBu4Br (4.4 g, 13.6 mmol) to the filtrate caused the
precipitation of a first fraction of 1 as a deep green solid. By standing the
mother liquor at 230 °C overnight, a second crop of 1 was obtained (45%
overall yield). Anal. found for C40H36Cl20NV: C 37.28, H 2.80, N 0.65.
Calc.: C 37.22, H 2.80, N 1.08%. IR(KBr)/cm21: 1482m, 1458w, 1379w,
1321s, 1312s, 1283vs, 1224m, 1145w, 1063s, 1025w, 883w (NBu4

+), 828s
(C6Cl5: X-sensitive vibr.),11 740w (NBu4

+), 669s and 346w. FAB-MS: m/z
1039 [V(C6Cl5)4]2, 827 [V(C6Cl5)3Cl]2, 792 [V(C6Cl5)3]2, 615
[V(C6Cl5)2Cl2]2 and 545 [V(C6Cl5)2]2. LM(acetone) = 108.1 S cm2

mol21.

§ Crystal data for 1: C40H36Cl20NV, M = 1290.64, orthorhombic, space
group Pbca (no. 61), a = 1938.00(10), b = 2125.86(13), c = 2590.52(14)
pm, U = 10.6727(10) nm3, T = 293(2) K, graphite-monochromated Mo-
Ka radiation, l = 71.073 pm, Z = 8, Dc = 1.606 g cm23, F(000) = 5168,
measured absorption correction based on y scans, Enraf-Nonius CAD4
diffractometer, 9361 intensity data collected, 9358 unique (Rint = 0.0031)
which were used in all calculations. The structure was solved by Patterson
and Fourier methods and refined anisotropically by full-matrix, least
squares on F2 (program SHELXL 93; ref 14) to final values of R1 = 0.0589
[for 5228 data with I > 2s(I)] and wR2 = 0.1398 (all data) for 559
parameters.

CCDC reference number 167901. See http://www.rsc.org/suppdata/cc/
b1/b106364m/ for crystallographic data in CIF or other electronic format.
¶ EPR spectra were measured using a Bruker ESP388E spectrometer
equipped with an ERV411T variable temperature device. The microwave
frequency was determined with a Hewlett/Packard HP5350B frequency
counter and the magnetic field strength was measured with a Bruker
ER035M gaussmeter.
∑ S = 1, mB is the Bohr magneton, (X, Y, Z) are the principal axes of the
second rank tensor describing the zero-field splitting (ZFS) effects due to
the admixture of the triplet orbitals to the ground state singlet. This mixture
is a consequence of both the spin-orbit and the non-cubic crystal field
contributions and is usually described by the D and E parameters, being 0
@ h = E/D @ 1/3.
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Biaxial smectic A liquid crystal in a pure compound
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The synthesis and characterisation is reported of a low
molecular weight organic compound to exhibit the biaxial
smectic A (SmAb) phase, which shows a transition from the
partial bilayer uniaxial SmAd phase to the SmAdb phase as
the temperature is lowered.

The discovery of liquid crystalline phases in compounds with
bent-core (BC) or banana-shaped molecules1 has led to a very
intense research activity in the field.2 In the past couple of years
several new compounds having this molecular architecture have
been reported3–8 in an effort to find the relationship between the
molecular structure and the mesomorphic properties associated
with it. At least five different B-(banana) types of liquid crystal
have been clearly identified in pure compounds, though recently
some new variants have been found.8 The most fluid of the B-
type of liquid crystals, which is also electrically switchable is
the B2 phase in which the bent-cores pack along a common axis
to give rise to an electric polarisation of the layer. The molecular
plane tilts with respect to the layer-normal to produce a chiral
layer, though the molecules themselves are usually achiral.9 In
an earlier study, we found that binary mixtures of a compound
exhibiting the B2 phase with one made of rod-like molecules
exhibiting the bilayer smectic A2 phase showed a very
interesting phase diagram.10,11 If the concentration of the rods is
between 4 and 13 mol% the mixtures exhibit a biaxial smectic
A2 (SmA2b) phase in which the BC molecules undergo an
orientational transition as the temperature is lowered from the
uniaxial SmA2 phase. The other known systems exhibiting the
SmAb phase were found (i) in a binary mixture of polymeric and
monomeric species,12 (ii) in an oxadiazole derivative13 at high
temperatures (above 235 °C), and (iii) in a binary mixture
involving a metallomesogen.14

It is of obvious interest to find the biaxial SmAb phase in a
low molecular weight pure compound at a relatively low
temperature. Compounds whose molecules have a strong
biaxiality of shape are necessary for this purpose and the best
systems appear to be those made of BC molecules. Indeed,
several compounds with BC molecules are known to exhibit the
smectic A (SmA) phase but NMR studies have shown that in
such molecules the angle between the two arms of the bent-core
is about 160°, which means that the deviation from a rod-like
structure (in which this angle would be 180°) is quite small.2 On
the other hand, if the molecules have highly bent cores the
compounds are known to exhibit only the B-type of liquid
crystal.

Here, we report the synthesis of a compound made of BC
molecules with a new architecture. The unsymmetrical mole-
cule has an alkoxy chain attached to only one of the arms of the
bent-core, while the other arm ends with the highly polar cyano
group. The synthetic pathway used to obtain this compound is
shown in Scheme 1.‡ Our studies show that the compound
exhibits a partial bilayer smectic Ad phase in which the bent-
cores of two neighbouring molecules overlap in an antiparallel
orientation, as in the case of highly polar rod-like mole-
cules.15,16 Indeed, this is the first example of a single-
component, low molecular weight compound to exhibit the
biaxial smectic A to uniaxial smectic A transition.

The liquid crystalline properties were investigated by
differential scanning calorimetry (DSC, Pyris 1D, 5 °C min21)
and polarised optical microscopy (Leitz Laborlux 12 POL).
Observation using a polarising microscope of a sample taken
from between the untreated slide and coverslip shows the
following sequence of textures as the temperature is lowered.
The dark field of view, corresponding to the isotropic phase,
goes over at a transition point to an SmA texture in which most
of the sample has a homeotropic alignment, but some parts
clearly show focal-conic domains. As the temperature is
lowered further, there is another phase transition in which the
homeotropic regions exhibit a schlieren texture (Fig. 1), with
both two-brush and four-brush defects. Strong fluctuations in
intensity are seen as in the SmA2b phase.10 The presence of two-
brush defects indicates that the low temperature phase has one
of the following structures: (i) a biaxial smectic A phase in
which the two orthogonal directors in the plane of smectic
layers are also apolar in nature; (ii) a packing of the BC
molecules of compound 1 such that each layer is polarised, but
with a mutually antiferroelectric arrangement in neighbouring
layers (the two-brush defects in such a case are dispirations,
which are combinations of half strength disclinations which are
defect patterns in the in-plane director, and screw disloca-
tions;17 this structure can also be described as a biaxial SmA);
and (iii) another possibility would be for the molecules to tilt
with an anticlinic arrangement in successive layers, in which

† Electronic supplementary information (ESI) available: spectroscopic data
for 1. See http://www.rsc.org/suppdata/cc/b1/b106084h/

Scheme 1 Reagents and conditions: i, DCC, cat. DMAP, dry CHCl3, rt, 15
h, 81%; ii, cat. 5%Pd–C, H2, 1,4-dioxane, 55 °C, 75%; iii, 3-benzylox-
ybenzoic acid, DCC, cat. DMAP, dry CHCl3, rt, 15 h, 72%; iv, cat. 5% Pd–
C, H2, 1,4-dioxane, 55 °C, 73%; v, 3-fluoro-4-benzyloxybenzoic acid,
DCC, cat. DMAP, dry CHCl3, rt, 20 h, 68%; vi, cat. 5% Pd-C, H2,
1,4-dioxane, 55 °C, 80%; vii, 4-n-tetradecyloxybenzoic acid, DCC, cat.
DMAP, dry CHCl3 rt, 20 h, 61%.
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case again dispirations can produce two-brush defects. We rule
out the last possibility in view of the X-ray results to be
described later.

DSC of compound 1 shows the following sequence of
transitions. The numbers above the arrows are transition
temperatures in °C and the numbers in parentheses are

(1)

enthalpies in kJ mol21. In order to confirm the biaxiality of the
low temperature phase, samples contained in a cell and well
aligned using a lateral electric field are employed. The thickness
of the sample is 37.3 mm which is controlled using appropriate
spacers and measured using an interference technique before
filling the sample. As the temperature of the cell is lowered
below the SmA to SmAb transition point (Tbu) again the
schlieren texture is seen. The application of an electric voltage
of ca. 200 V at 10 kHz between the two ITO regions aligns the
sample uniformly in the gap. Conoscopic observations between
crossed polarisers, which are set at 45° to the direction of the
electric field, clearly show that the uniaxial cross in the SmA
phase splits to give a biaxial pattern below the relevant
transition temperature (Fig. 2). As the temperature is lowered,
the separation between the hyperbolic isogyres [the two dark
arcs seen in Fig. 2(b)] continuously increases.

X-Ray scattering studies have been carried out by taking the
sample in a Lindemann capillary tube which is slowly cooled to
the desired temperature under a magnetic field of strength ca. 2
kG applied perpendicular to the axis of the tube. The alignment
is only partial as the isotropic to SmA transition has a strong
first-order character. X-Rays of l = 1.54 Å from a rotating
anode generator are used to study the scattered pattern collected
using a 2D image plate. In the small angle region, a sharp
reflection corresponding to the smectic layer spacing can be
clearly seen (Fig. 3). As usual, the second-order reflection is
very weak. The wide angle scattering corresponds to a liquid-
like pattern. The measured layer spacing is equal to ca. 54 Å
which does not vary with temperature as the sample is cooled
from the SmA to the lowest temperature to which the SmAb
phase can be supercooled. This, in conjunction with the
observation of two-brush defects described earlier, clearly
indicates that the lower temperature phase with layer bi-
refringence is not a tilted SmC phase. The layer spacing d = 54

Å is significantly larger than the calculated molecular length l ≈
49 Å in its most extended form with an all-trans configuration
of the alkoxy chain. This clearly implies a partial bilayer
structure of the smectic layers in both SmA and SmAb phases,
which we have to designate as SmAd and SmAdb re-
spectively.

Thus, we believe that the occurrence of both the uniaxial and
biaxial smectic A phases in compound 1 is mainly a con-
sequence of the partial bilayer structure in which there is a dense
region of biaxial aromatic cores and relatively sparsely
populated aliphatic regions, which allow for considerable
orientational freedom of the chains. The arrangement of the BC
molecules in the SmAdb phase in the pure compound 1 is hence
quite different from that proposed for the SmA2b phase
occurring in binary mixtures of rod-like and bent-core mole-
cules. In the latter the BC molecules orient with their arrow axes
along the layer-normal, whereas in the SmAdb phase the arrows
lie in the layer-plane.

The authors wish to thank Dr V. A. Raghunathan for help in
the X-ray experiments and Mr P. N. Ramachandran and Ms K.
N. Vasudha for technical support.

Notes and references
‡ Compound 1 was synthesised according to a procedure which will be
described in a publication under preparation. The intermediate compounds
have spectral data consistent with their molecular structure.
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Fig. 1 Photograph of the schlieren texture of a homeotropic sample of the
biaxial smectic liquid crystal of compound 1. Note several half strength
disclinations with two dark brushes which indicate an apolar in-layer
director field (crossed polars, 3250).

Fig. 2 Photographs of the conoscopic patterns from a homeotropically
aligned sample of (a) the uniaxial smectic Ad phase at 128 °C, and (b) the
biaxial smectic Adb phase at 124 °C.

Fig. 3 Intensity profile of the X-ray diffraction pattern in the SmAdb phase
of compound 1 at 123 °C as a function of the Bragg angle, q. The sharp
reflection corresponds to a layer spacing of 54 Å. A very weak second order
reflection can also be seen. The diffuse maximum corresponds to 4.6 Å,
which is a typical intermolecular separation in the liquid layers.
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Photosensitization of nanocrystalline TiO2 films by pomegranate
pigments with unusually high efficiency in aqueous medium
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An aqueous system based on a TiO2 layer photosensitized by
natural pigment(s) from pomegranate, shows relatively high
stability under illumination with a quantum yield of 0.74 and
a photovoltage of 0.46 V.

Sensitization of wide band gap semiconductor electrodes by
dyes absorbing visible light has been a topic of continuing
interest since its introduction by Gerischer in 1972.1 While early
versions of dye-sensitized photoelectrochemical cells were
inefficient, Graetzel and coworkers,2 followed by many others
(see for example refs. 3–7 and references cited therein)
succeeded in achieving relatively high photon-to-current con-
version efficiencies. The Graetzel cell is based on a dye
adsorbed to a porous TiO2 layer. Upon light absorption, electron
injection from the excited dye to the conduction band of the
semiconductor may occur on an ultrafast time scale. In a typical
Graetzel cell, I2/I3

2 ions in organic solvents serve as charge
carriers. Aqueous solutions of the charge carriers have been
employed only rarely,8–11 and with one exception (showing,
however, low yield)12 were abandoned after 1990 because of
low photocurrent, photovoltage or stability. However, equili-
bration of the TiO2 layers with photosensitizers has often been
carried out using aqueous solutions, with reasonably good
results. Several natural pigments have been used as photo-
sensitizers in organic environments,13,14 showing ultrafast
electron injection from anthocyanin dyes to TiO2 nano-
crystallite electrodes. Most of this work did not report the
efficiency.

The present work shows unusual high yields in an aqueous
system. The active pigment was adsorbed from seed coats of the
pomegranate fruit, which is a rich source of anthocyanins.15 The
present results indicate good stability (tested for several days)
besides unusually high photocurrent yields. These features were
unexpected for such a simple system in an aqueous environ-
ment.

The seed coats of the pomegranate fruit were processed and
separated from the solid residue by filtration. The resulting
liquid was kept frozen until used. Transparent TiO2 layers (3.3
mm thickness) were prepared on ITO surfaces using TiO2
nanocrystallites dispersed in water at pH 1.8 by successive spin
coatings followed by heating at 450 °C. The TiO2 colloid (5 nm
diameter) was prepared by hydrolysis of titanium isopropoxide.
The ITO/TiO2/dye working electrode was separated from the
ITO/Pt counter electrode by a thin Teflon spacer. Iodide and
iodine in water solution added at the bottom filled the space
between the two plates as a consequence of capillary forces.

The ITO/TiO2 electrode was equilibrated with the pomegran-
ate liquid (natural pH 2.8) to which acid (HCl) or alkali (NaOH)
had been added to adjust the pH in the range 1.0–5.6 by shaking
for 12–24 h, inducing a violet coloration of the film. Note that
low photocurrent yields were observed when the electrodes
were initially equilibrated with the natural pomegranate liquid
at the natural pH and subsequently washed or shaken with acidic
water. This observation is apparently related to the buffer
capacity of the TiO2/H+/dye system, which seems to have been
ignored in previous works.

The natural red dye is likely to be a mixture of several
pigments. The spectrum in the TiO2 layer in the range 500–700

nm resembles that of cyanidin 3-O-b-glucoside and cyanidin
3,5-O-b-diglucoside, which are among the six pigments
identified in pomegranates. Deviations below 500 nm, increas-
ing towards the UV, indicate the presence of additional
absorbing materials in the natural dye mixture. Fig. 1 shows the
chemical structure of the cyanidin-3-glucoside pigment.

The optical absorption spectrum of the pomegranate pig-
ments adsorbed to TiO2 shows a peak at 560 nm, i.e. 40–50 nm
red shifted compared to the absorption in aqueous solution. This
indicates that chemical binding takes place, apparently through
the hydroxy groups (Scheme 1). The formation of a very strong
complex14 takes place despite of the predominantly cationic
form of TiO2 at acid pH.

Typical short circuit photocurrents and open circuit photo-
voltages observed upon illumination with the entire visible
range of a halogen lamp are presented in Table 1. The
photocurrents were normalized to the light absorption and show
the relative photon to current efficiencies. Table 1 shows that
the aqueous Na+ counter ion is the most effective in photo-
current generation, and the results in aqueous solutions are
comparable to results in ethanol.

The spectrum of the photocurrent follows fairly closely the
absorption spectrum of the dye. The effect of pH is remarkable:
using 2.5 M NaI and 0.1 M I2 in water as charge carriers, the
quantum yield of the photocurrent increases from ca. 0.03 at pH
5.5 to 0.74 at pH 1. At the same time, the photovoltage changes
only little, remaining between 0.4 and 0.46 V through the entire
tested pH range. This observation is unusual, because so far it is
believed that aqueous solutions much more strongly lower the

Fig. 1 Chemical formula of cyanidin-3-glucoside.

Scheme 1 Adsorption of aromatic dihydroxy compounds to TiO2.

Table 1 Photocurrents and photovoltages for various iodides and sol-
ventsa

Counter ion
Li+
(H2O)

K+

(H2O)
Na+

(H2O)
Na+

(ethanol)
But

4N+

(ethanol)

Photocurrent/mA 0.45 1.2 2.2 2.1 0.78
Photovoltage/V 0.30 0.33 0.44 0.41 0.48
a TiO2 layers are equilibrated with natural pomegranate liquid at the natural
pH (2.8) for 24 h. Peak absorbance in the layers was 0.4. All systems contain
1 M iodide and 0.1 M iodine. Illumination carried out at 400–700 nm.

This journal is © The Royal Society of Chemistry 2001
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photovoltage, reduce the photocurrent and in many, if not most
cases, destabilize the dye–TiO2 binding. Stability tests of the
present system showed no measurable decrease of photocurrent
after 24 h illumination, corresponding to an estimated turnover
number of > 105. Washing the layer with water at the
appropriate pH does not reduce the photocurrent magnitude or
its stability. These results rule out the possibility that impurities
act as a source of energy for the operation of the photo-
electrochemical cell, since washing of the layers leaves only the
adsorbed components in the layer, the concentration limit of
which is of the order of the adsorbed pigments. Even if
oxidation of photosensitizer molecules or impurities may take
place in the absence of iodide, the high iodide concentrations
suppress these reactions.

Another very interesting effect is the TiO2 particle size used
to prepare the layer: When nanocrystallites of diameter 18 nm
are used instead of the usual 5 nm, the photocurrent decreases
considerably. This is in contrast to the behavior of the popular
Ru(dcbpy)2(SCN)2 (dcbipy = dicarboxybipyridine) (ethanol
used as charge carrier solvent), which under similar conditions
shows 50% increase of photocurrent. Apparently, the small
pores in the 5 nm diameter layer serve as a filter, preventing or
minimizing adsorption of undesired molecules, which reduce
the photocurrent by competition for photons. Another observa-
tion of considerable interest is the decrease of photocurrent
yield in the absence of bound glucose (see Fig. 1). The role of
the glucose is not clear, although control experiments show that
regeneration of the photosensitizer from its oxidized state is
carried out predominantly, if not solely, by the iodide ions.

In conclusion, the combination of high photocurrent yield,
reasonably high photovoltage and apparently good stability of
the very simple dye sensitized TiO2 system operating under
aqueous conditions opens interesting perspectives in the field of
solar energy conversion. Further work is in progress on the
natural pigment mixture as well as on the isolated pigments, in

order to better understand the chemistry, which provides the
photoelectrochemical cell its unique features.

This work was supported by the Ministry of National
infrastructure, and by the Belfer and Berman Foundations,
Israel.
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A new class of bis(amidinato) ligands, which feature
dibenzofuran or 9,9-dimethylxanthene spacers, are used to
prepare structurally characterized dizirconium complexes.

The development of single-site catalysts for selective bond
forming and cleaving processes is a major topic in organo-
metallic chemistry. Toward this goal, much effort has gone into
controlling chemical reactivity through the modification of
supporting ligands.1 This approach has been highly successful
for the preparation of new mononuclear catalysts; however,
equivalent advances have not been made for bimetallic
complexes. The use of well-defined bimetallics as catalysts,
however, is highly desirable because multiple metals acting
cooperatively can activate substrates and perform reactions that
fail to occur in mononuclear systems.2,3 Thus, we have begun to
develop new binucleating ligands which will allow us to explore
the reactivity of binuclear organometallic complexes. Here we
report two new bis(amidinato)4 ligands and their structurally
characterized Zr derivatives.

The bis(amidine) ligands (Pri
4DBF)H2† and (Pri

4Xan)H2
were prepared by the reaction of diisopropylcarbodiimide with
doubly deprotonated dibenzofuran or 9,9-dimethylxanthene.5
The ligands are highly soluble in hydrocarbon solvents, but they
can be readily isolated as colorless crystals from warm
acetonitrile solutions in moderate yield. Combustion analysis
and 1H NMR spectroscopy confirmed their formulations. IR
absorption spectroscopy of (Pri

4Xan)H2 (Nujol) revealed char-
acteristic absorptions at nNH 3440 and nCN 1639 cm21. Related
parameters for (Pri

4DBF)H2 were observed at 3434, 3427, 3402
and 1633 cm21.

Entry into transition metal derivatives was accomplished by
reaction of (Pri

4DBF)H2 with 2 equivalents of Zr(CH2Ph)4 in
toluene solution [eqn. (1)]. Removal of the volatiles under

(Pri
4DBF)H2 + 2Zr(CH2Ph)4? (Pri

4DBF)Zr2(CH2Ph)6
+ 2PhCH3 (1)

reduced pressure afforded yellow (Pri
4DBF)Zr2(CH2Ph)6 in

quantitative yield. 1H and 13C NMR spectroscopy (C6D6) reveal
a symmetrical ligand environment and equivalent benzyl
ligands, consistent with fast fluxional behavior in solution.
Crystallization of the product, however, was slow, and crystals
suitable for X-ray diffraction‡ studies were obtained only after
storing Et2O solutions at 240 °C for two weeks. The solid-state
structure (Fig. 1) confirmed the formulation of the dizirconium
complex. Geometry at each Zr center resembles that of the
guanidinate derivative {CyNC[N(SiMe3)2]NCy}Zr(CH2Ph)3,
which was recently reported by Richeson and coworkers.6 The
h2-benzyl ligands feature Zr–CH2–Cipso angles of 90.9(2) and
88.1(2)° with Zr–Cipso distances of 2.721(3) and 2.682(3) Å,
values which are similar to other reported Zr(h2-benzyl)
compounds.7 The intermetal distance of 8.574(1) Å is sig-

nificantly longer than the value predicted from simple MM2
calculations (7.3 Å). Interestingly, this is due to the presence of
a cocrystallized Et2O that is located between the two Zr atoms
yet is not coordinated to either metal. The Zr–ether distances are
short (Zr1–C69, 4.46 Å; Zr2–C69, 4.27 Å), with the H atoms
bound to C69 approaching to within 3.5 Å of Zr2. This presents
the intriguing possibility of using the intermetal gap as a
docking site for incoming substrates that could subsequently
react with metal-bound ligands.

The related xanthene-bridged dizirconium complex (Pri
4-

Xan)Zr2(CH2Ph)6 was prepared following the methodology
similar to that used for (Pri

4DBF)Zr2(CH2Ph)6 (Scheme 1). The
product was isolated as yellow microcrystals from toluene–
hexamethyldisiloxane mixtures in high yield. 1H NMR spectra
(C6D6) reveal a fluxional ligand environment. Crystals suitable
for X-ray diffraction studies were grown from Et2O at 240 °C.
Metrical parameters (Fig. 2) are very similar to those of (Pri

4-
DBF)Zr2(CH2Ph)6; however, the xanthene-bridge closes the
gap between the two Zr(CH2Ph)3 moieties. Consequently, there
is not a solvent molecule present between them, and the
intermetal distance is reduced by over 2 Å [Zr1–Zr2 6.489(1)
Å].

Reaction of a single equivalent Zr(CH2Ph)4 with (Pri
4Xan)H2

(Scheme 1) yielded an orange solution. After stirring overnight
and removal of the volatiles, the residue was extracted into
warm Et2O. Cooling to 240 °C gave orange crystals in good
yield. Combustion analysis of the product indicated the

Fig. 1 Molecular structure of (Pri
4DBF)Zr2(CH2Ph)6·1.5Et2O drawn with

50% thermal ellipsoids. Half occupancy ether is omitted. Selected distances
(Å) and angles (°): Zr1–Nav 2.25, Zr1–Cav (excl. C28) 2.27, Zr1–C28
2.721(3), Zr1–C69 4.467(4), Zr2–Nav 2.25, Zr2–Cav (excl. C49) 2.28, Zr2–
C49 2.682(3), Zr2–C69 4.273(4), C48–C69, 3.756(6), Zr1–Zr2 8.574(1);
Zr1–C27–C28 90.9(2), Zr2–C48–C49 88.1(2).

Scheme 1

This journal is © The Royal Society of Chemistry 2001
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empirical formula [(Pri
4Xan)Zr(CH2Ph)2]n. 1H NMR spectra

(C6D6) were also consistent with this formulation and featured
a single set of resonances for the benzyl ligands. Single crystal
X-ray diffraction studies revealed the product to be mono-
nuclear, with a single Zr atom bridging the two amidinates of
the (Pri

4Xan) ligand (Fig. 3). Geometry at the Zr center closely
resembles that observed for Group 4 dialkyl derivatives of N4-
macrocycles.8 Interestingly, there appears to be significant ring
strain as a result of this binding mode. As shown in Fig. 3(b), the
amidinates are bent towards Zr giving angles of 114.1(2) and
115.2(2)° for C7–C8–C13 and C23–C21–C17, respectively.
Additionally, the Zr atom is coordinated ca. 1.2 Å out of each
NCN amidinate plane, and the Zr–N bond lengths suggest
stronger coordination to one of the amidinates. Asymmetric
binding, however, is not observed by 1H NMR spectroscopy (in
C6D6), and it is unclear whether this is due to fluxionality or a
lack of asymmetry.

We thank Professor Clark R. Landis for helpful discussions
and the University of Colorado for funding.

Notes and references
† All compounds analyzed satisfactorily. Selected data for (Pri

4DBF)H2: 1H
NMR (d6-acetone): d 8.12 (d, J 7.7 Hz, 2H), 7.42 (t, J 7.5 Hz, 2H), 7.33 (d,
J 7.3 Hz, 2H), 4.20 (br, 2H), 3.10 (br, 2H), 2.86 (br, 2H), 1.22 (br, 12H),
0.98 (br, 12H). For (Pri

4Xan)H2: 1H NMR (d6-acetone): d 7.53 (d, J 7.7 Hz,
2H), 7.11 (t, J 7.5 Hz, 2H), 6.94 (d, J 7.1 Hz, 2H), 4.13 (br, 2H), 2.85 (m,
br, 4H), 1.63 (s, 6H), 1.36–0.80 (br, 24H). For (Pri

4DBF)Zr2Bn6: 1H NMR

(C6D6): d 7.52 (dd, J 1.2, 7.5 Hz, 2H), 7.25 (t, J 7.6 Hz, 12H), 7.11 (t, J 7.5
Hz, 2H), 7.06–7.00 (m, 20H), 3.27 (sept, J 6.5 Hz, 4H), 2.53 (s, 12H), 1.08
(d, J 6.5 Hz, 12H), 0.93 (d, J 6.5 Hz, 12H). 13C{1H} NMR (C6D6): d 175.9,
152.1, 143.8, 129.9, 128.5, 128.3, 126.8, 124.7, 123.7, 123.2, 121.8, 116.6,
77.2, 50.9, 25.3, 24.2. For (Pri

4Xan)Zr2Bn6: 1H NMR (C6D6): d 7.18 (t, J 7.7
Hz, 12H), 7.04 (dd, J 1.6, 7.8 Hz, 2H), 7.00 (d, J 7.3 Hz, 12H), 6.97 (t, J 7.4
Hz, 6H), 6.92 (t, 7.5 Hz, 2H), 6.71 (dd, J 1.6, 7.3 Hz, 2H), 3.36 (sept, J 6.6
Hz, 4H), 2.65 (s, 12H), 1.35 (s, 6H), 1.31 (d, J 6.5 Hz, 12H), 0.91 (d, J 6.7
Hz, 12H); 13C{1H} NMR (C6D6): d 177.1, 146.2, 144.3, 130.2, 129.7,
128.6, 128.3, 128.1, 127.9, 127.5, 123.7, 123.0, 120.5, 78.2, 51.0, 34.2,
33.4, 26.4, 24.2. For (Pri

4Xan)ZrBn2: 1H NMR (C6D6): d 7.61 (d, J 7.6 Hz,
4H), 7.42 (t, J 7.6 Hz, 4H), 7.08 (t, J 7.3 Hz, 2H), 7.05 (dd, J 1.4 Hz, 7.3 Hz,
2H), 6.93 (dd, J 1.4, 7.9 Hz, 2H), 6.74 (t, J 7.6 Hz, 2H), 3.54 (sept, J 6.5 Hz,
4H), 2.92 (s, 4H), 1.27 (s, 6H), 1.12 (d, J 6.5 Hz, 12H), 0.84 (d, J 6.3 Hz,
12H); 13C{1H} NMR (C6D6): d 165.2, 148.5, 144.5, 129.1, 128.5, 128.3,
127.9, 126.7, 126.5, 125.1, 123.0, 121.6, 75.2, 50.8, 34.2, 32.5, 25.6,
25.1.
‡ Crystal data for (Pri

4DBF)Zr2(CH2Ph)6·1.5Et2O: C74H91N4O2.5Zr2, M =
1258.95, triclinic, space group P1̄ (no. 2), a = 11.392(2), b = 18.274(4), c
= 18.717(4) Å, a = 109.66(3), b = 102.65(3), g = 105.50(3)°, V =
3324.7(12) Å3, Z = 2, m = 0.34 mm21, T = 2138 °C, 20 243 independent
reflections, Rint = 0.0482, 11 705 observations, 783 parameters, R1 =
0.0603, wR2 = 0.1571, GOF = 0.973. For (Pri

4Xan)Zr2(CH2Ph)6·Et2O:
C75H92N4O2Zr2, M = 1263.97, monoclinic, space group P21/n (no. 14), a
= 17.940(4), b = 18.075(4), c = 21.577(4) Å, b = 105.70(3)°, V =
6736(2) Å3, Z = 4, m = 0.36 mm21, T = 2138 °C, 21 557 independent
reflections, Rint = 0.1058, 10 074 observations, 752 parameters, R1 =
0.0637, wR2 = 0.1561, GOF = 0.929. For (Pri

4Xan)Zr(CH2Ph)2:
C43H54N4OZr, M = 734.12, monoclinic, space group P21/c (no. 14), a =
10.887(2), b = 16.325(3), c = 21.427(4) Å, b = 96.47(3)°, V = 3784.1(13)
Å3, Z = 2, m = 0.33 mm21, T = 2138 °C, 12 039 independent reflections,
Rint = 0.0554, 8425 observations, 452 parameters, R1 = 0.0455, wR2 =
0.1176, GOF = 1.008. Refinements were performed (SHELXTL-Plus
V5.0) on F2.

CCDC reference numbers 170218–170220. See http://www.rsc.org/
suppdata/cc/b1/b106972a/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 Molecular structure of (Pri
4Xan)Zr2(CH2Ph)6·Et2O drawn with 50%

thermal ellipsoids. Cocrystallized ether is omitted. Selected distances (Å)
and angles (°): Zr1–Nav 2.24, Zr1–Cav (excl. C31) 2.28, Zr1–C31 2.627(3),
Zr2–Nav 2.24, Zr2–Cav (excl. C52) 2.28, Zr2–C52 2.678(4), Zr1–Zr2
6.489(1); Zr1–C30–C31 86.2(2), Zr2–C51–C52 89.8(2).

Fig. 3 Views of the molecular structure of (Pri
4Xan)Zr(CH2Ph)2 drawn with

50% thermal ellipsoids. Pri groups omitted in (b) for clarity. Selected
distances (Å) and angles (°): Zr1–N1 2.269(2), Zr1–N2 2.247(2), Zr1–N3
2.288(2), Zr1–N4 2.308(2), Zr1–C30 2.280(2), Zr1–C37 2.284(2); C30–
Zr1–C37 88.87(8).
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The 3H-disilagermirene, (tBu2MeSi)4GeSi2, reacts with a-
hydrogen containing carbonyl compounds (acetophenone,
butane-2,3-dione) by an ‘ene’-reaction pathway followed by
isomerization or insertion reactions, representing a new
mode in the reaction of disilenes with carbonyl com-
pounds.

The stable dimetallenes containing MNM double bonds (M =
heavier Group 14 elements) have now become common, easily
accessible and a rather important class of organometallic
compounds of Group 14 elements.1 The reactivity of such
dimetallenes has been widely studied, including a variety of
addition and cycloaddition reactions. Thus, it is well established
that disilenes with a SiNSi double bond react with carbonyl
compounds, such as benzaldehyde, acetone, acetophenone and
dibenzyl, by [2 + 2] or [4 + 2] cycloaddition reaction modes.2 In
contrast, the reaction of carbonyl compounds having a-
hydrogen atoms with compounds containing polar bonds, such
as SiNC or GeNP, proceeded as an ‘ene’ reaction resulting in the
formation of enol ether products.1,2 Quite recently, we prepared
3H- and 1H-disilagermirenes; that is, three-membered ring
compounds with endocyclic metal–metal double bonds.3 We
have found that such compounds exhibit a high reactivity of
both the double bond and the strained three-membered ring
skeleton.4–6 In this paper, we report the reactions of a 3H-
disilagermirene with carbonyl compounds containing a-hydro-
gen atoms. They unexpectedly produce enol ether type
products, which subsequently undergo further interesting
isomerization and insertion reactions.

The reaction of 3H-disilagermirene 1 with a slight excess of
acetophenone in C6D6 at room temperature was complete in two
hours to form quantitatively a single product. It was identified
by NMR spectroscopy data as cis-1,2,3,3-tetrakis(di-tert-butyl-
(methyl)silyl)-1-(1-phenylvinyloxy)disilagermirane 2 (Scheme
1). The formation of this compound can be considered the result
of nucleophilic attack of the carbonyl oxygen atom on the sp2-Si
atom through either a zwitterionic intermediate or six-centered
transition state. This resulted in the formation of the product of
a formal 1,2-addition of 1-phenylvinyl alcohol to a SiNSi double
bond of 1. The enol ether 2 was not stable at room temperature
and spontaneously isomerized to the thermodynamically more
stable trans-isomer 3. After one day the ratio of cis- and trans-
isomers of 2 and 3 was 1+1, whereas after two days 2 was
completely isomerized to 3. The driving force for such
isomerization is most likely to be the decrease of the steric
hindrance on going from the cis- to the trans-isomer.7

The trans-isomer 3 was isolated quantitatively as pale-yellow
crystals by recrystallization from hexane. Its structure was

determined by all spectral data† and finally confirmed by X-ray
analysis.‡ From the crystal structure, the three-membered ring
skeleton with a trans-arrangement of H- and H2CNC(Ph)O-
substituents can be clearly seen. The bond lengths lie in the
normal range and the Si–Si bond length of the three-membered
skeleton is 2.3383(6) Å, which is very similar to those of
disilagermirane derivatives that we have previously reported
(2.342(2)5 and 2.3269(6) Å6). The formation in the first step of
the cis-isomer 2 agrees with the previously established
mechanism for the reaction of disilenes with alcohols, which
proceeds as syn-addition.8

The reaction of 3H-disilagermirene 1 with an excess of the
dicarbonyl compound butane-2,3-dione also occurred smoothly
and cleanly in C6D6 at room temperature to produce quantita-
tively a single product in 30 minutes. Its structure was
established by spectral data§ and X-ray crystallography¶ to be
1,2,3,3-tetrakis(di-tert-butyl(methyl)silyl)-4-methyl-5-methyl-
ene-6,7-dioxa-1,2-disila-3-germabicyclo[2.2.1]heptane 4
(Scheme 2).

X-Ray analysis of 4 showed a bicyclic structure with the
norbornane-type skeleton (Fig. 1). Compound 4 has two oxygen
atoms incorporated in the rings, one of which occupies the
bridging 7-position. Formation of the norbornane 4 can be
rationalized as the following reaction sequence. In the first step,
nucleophilic attack of the carbonyl oxygen lone pair on the
doubly-bonded Si atom results in the formation of the cis-
adduct–enol ether 5. The primarily formed 5 may isomerize to
a thermodynamically more favorable 6, due to the lower steric
repulsions of the bulky silyl substituents in the trans-isomer. In
the last step, the second carbonyl group in 6 undergoes an
intramolecular insertion into the endocyclic Si–Ge bond of the
three-membered ring to form the final norbornane 4. The
proposed mechanism satisfactorily explains the structure of
compound 4, in which the H atom on the Si atom is directed
towards the bridge; that is, it occupies the exo-position. Such an
arrangement of the H atom in 4 can be obtained from the trans-
isomer 6 only by geometrical reasons, and the last compound
can be imagined as the result of isomerization of the initially
formed cis-isomer 5.

Scheme 1 Scheme 2
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Both reactions of 3H-disilagermirene 1 with acetophenone
and butane-2,3-dione represent the first examples of an ‘ene’-
type reaction of disilenes with carbonyl compounds, which
were previously commonly recognized to react only by
cycloaddition pathways to form cyclic compounds.2,9 The cis–
trans isomerization of the enol ether was also previously
unknown, as well as the combination of 1,2-addition and
insertion pathways in one reaction.

This work was supported by a Grant-in-Aid for Scientific
Research (Nos. 12042213, 13440185, 13029015) from the
Ministry of Education, Science and Culture of Japan, and
TARA (Tsukuba Advanced Research Alliance) fund.
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Characterization of germanium site distribution in zeolite ITQ-7 by
photoluminescence
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Zeolite ITQ-7 containing germanium emits luminescence
upon excitation at the wavelength of the absorption maxima;
control experiments with amorphous GeO2 and all-silica
zeolites indicate that the emission is attributable to Ge atoms
occupying framework positions; the emission decays on the
nanosecond time scale and it fits to variable proportions of
three exponential kinetics, this being compatible with the
presence of three families of Ge atoms in the solid.

Zeolites in which a fraction of the framework silicon atoms are
isomorphically replaced by a heteroatom, particularly by
transition metals, are important heterogeneous solid catalysts.
For instance, a case of special industrial relevance is titanosili-
cates.1,2 Given that the heteroatom content in these crystalline
metallosilicates is usually very low ( < 1 wt%), there has been a
considerable interest in developing experimental techniques to
determine the metal atom distribution among families depend-
ing on their framework versus non-framework location, coor-
dination sphere or crystallographic positions. This information
is highly valuable to rationalise the activity of these solids and
to find a correlation between optimum catalytic activity and the
structure of the active sites.

In the context of the characterization of heteroatom distribu-
tion in crystalline silicates, pioneering reports showing that
photoluminescence spectroscopy can be applied to determine
the different coordination spheres of Ti atoms in titanosilicates
have constituted a significant contribution.3,4 Photolumines-
cence is a non-destructive routine spectroscopic technique
widely available in common photochemical laboratories whose
distinctive feature is high sensitivity. This contrasts with
XANES and EXAFS techniques that require very sophisticated
facilities.

Germanium-containing zeolites as well as microporous
germanates are interesting materials. By introducing Ge into a
zeolite framework one can not only change the basicity of the
support5 or influence the redox properties of the next nearest
neighbour framework transition metal,6 but the introduction of
Ge can also accelerate the growth of some existing zeolites as
well as the nucleation of new ones.

Unfortunately, Ge characterization in zeolites has been
elusive to most of the current techniques, such as NMR and IR.
Only EXAFS-XANES has been used to ascertain framework
incorporation and to discuss the nature of the next nearest
neighbours. There is no doubt that it would be very useful to
have a more easily available technique that can give information
on the following issues: is Ge incorporated in the zeolite
framework? Is there a uniform (statistical) distribution of Ge in
the framework? If the answer to the latter is no, the question
then will be: what is the proportion of Ge among the different T
positions? Herein, we present for the first time evidence that Ge-
containing zeolites emit photoluminescence. The evidence that
will be presented in this work shows that only the framework Ge
originates photoluminescence, extra-framework GeO2 species
giving no signal under the same conditions of low-power
excitation. By comparing the kinetic analysis of the emission
decay with information from 29Si NMR we have proposed a Ge
atom distribution among different sites. The reference zeolite

Ge/ITQ-7 was prepared following reported procedures.7,8 The
composition of the resulting Ge/ITQ-7 sample was 57.6
SiO2+6.4 GeO2[4C14H26NF], the surface area and micropore
volume being equal to 660 m2 g21 and 0.24 cm3 g21,
respectively.

The Ge/ITQ-7 sample exhibited room temperature emission
(lem 515 nm) upon excitation at wavelengths between 220 and
300 nm. The emission and excitation spectra are shown in
Fig. 1.

Control measurements with all-silica ITQ-7, as well as
amorphous GeO2 showed no emission, and consequently we
can conclude that the emission from the Ge-containing zeolite
arises from Ge atoms occupying tetrahedral framework posi-
tions. We have ascertained this by observing that other related
Ge-zeolites in which Ge is known to occupy framework
positions (such as ocatadecasil germanates) also exhibit photo-
luminescence. We propose that the emission observed arises in
tetrahedral Ge atoms from the singlet ligand-to-metal charge
transfer state as shown in Scheme 1. This proposal is analogous
to the emission mechanism of vanadium supported on inorganic
oxides and Ti emission in titanosilicates.9

The emission decay of Ge/ITQ-7 depends significantly on the
wavelength being monitored and takes place on the nanosecond
time scale (Fig. 2). The photoluminescence decay monitored at
the emission maximum wavelength was clearly not mono-
exponential. The variation of the temporal decay depending on
the emission wavelength and the non-monoexponential kinetics
can be taken as evidence for a distribution of Ge atoms among
different sites. A reasonably good fit (c2 = 1.1) could be
obtained using a three exponential function. From this theoret-
ical fitting the lifetimes and relative contributions measured at
515 nm were 1.2 ns (24%), 5.3 ns (35%) and 12.2 ns (41%).

Fig. 1 Excitation (Ex, lem 515 nm) and emission (Em, lex 290 nm) spectra
of Ge/ITQ-7 after N2 purging.

Scheme 1 Proposed mechanism for the observed ·Ge–O photolumines-
cence.

This journal is © The Royal Society of Chemistry 2001

2148 Chem. Commun., 2001, 2148–2149 DOI: 10.1039/b103034p



Therefore, according to kinetic analysis and assuming
identical emission efficiency for all the lumophores, the novel
Ge/ITQ-7 sample should contain three different Ge sites, whose
relative populations measured at 515 nm are 24+35+41. Some
other non-emissive Ge atoms such as amorphous germanium
oxides may also be present in the solid. Unfortunately, although
photoluminescence spectroscopy is a very sensitive technique
that is useful for lumophore distribution analysis, it does not
give structural information on the species responsible for the
emission. Herein we have addressed the structural character-
ization by comparing the relative intensities of the signals
corresponding to the different Si nuclei in the 29Si NMR spectra
of the germanosilicate with that for analogous all-silica zeolites
(Fig. 3). This gives indirect information on the location of the
Ge atoms in the germanosilicate. As it can be seen, the intensity
of the band at 2117 ppm remains unchanged upon the
incorporation of Ge, but there is a significant decrease in the
area of the band at 2107 ppm. At the same time, a new signal
appears at 2100 ppm corresponding to Si atoms having Ge in
the coordination sphere. It is known that the signal at 2117 ppm
corresponds to framework atoms occupying positions in the
double four member ring (4MR) units. This clearly indicates
that incorporation of Ge atoms into the framework occurs
preferentially in the 4MR units. In these units there is, however,
the same proportion of two different crystallographic sites (T1
and T4). The third population observed by photoluminescence
characterized by a shorter lifetime would correspond to those
Ge atoms located either at T1 or T4 (same probability) but
having a second Ge in the same 4MR unit. According to the Si/
Ge ratio in a unit cell there are 6.4 Ge atoms and four 4MR
units.

Alternatively, it could also be possible that the prepared
material still containing its template could be somewhat
distorted due to the presence of quaternary ammonium ions.
Then, the third Ge atom population could arise from this lack of
complete symmetry of the as-synthesized ITQ-7. Calcination
was not carried out in order to minimise the presence of extra-
framework Ge atoms.

In conclusion we have observed for the first time photo-
luminescence in Ge-containing zeolites. Controls indicate that

photoluminescence originates from framework Ge atoms.
Therefore, this technique is applicable for the routine determi-
nation of Ge distribution in crystalline germanosilicates.
Comparison of indirect 29Si NMR spectroscopy data is also in
accord with framework Ge incorporation, preferentially in two
equally probable crystallographic positions in the 4MR units.
Although the assignment is tentative, we propose that the three
different populations of Ge atoms observed by photolumines-
cence correspond to Ge atoms ocuppying these two crystallo-
graphic positions together with a third population correspond-
ing to those 4MR units that contain two Ge atoms. Since it can
be anticipated that germanosilicates can be applied to the
synthesis of novel zeolite-containing heteroatoms, the present
study is relevant to provide a routine tool to assess Ge
distributions.

Financial support by the Spanish DGES (HG project
MAT2000 1768-C02-01) is gratefully acknowledged.
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Fig. 2 Emission decays monitored at 515 (a) or 550 (b) nm upon excitation
at 290 nm for Ge/ITQ-7 after N2 purging. The lamp pulse (c) is also given
to show the instrumental response. The continuous lines correspond to the
fitting from which kinetic data has been obtained and they give a visual
indication of the quality of the data.

Fig. 3 MAS 29Si NMR spectra of all-silica ITQ-7 (a) and Ge/ITQ-7 (b).
Note that the area of the signal at 2117 ppm remains unchanged, while the
intensity of the peak at 2107 ppm is much reduced. A new signal at 2100
ppm corresponding to Ge–O–Si appears in spectrum (b).
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The use of a bis-bidentate ligand in a solid cobalt dioxolene
complex affords the necessary cooperative properties that
lead to thermal hysteresis in a valence tautomeric inter-
conversion equilibrium.

Among the molecular systems that undergo valence tautomer-
ism, cobalt–dioxolene complexes are the most attractive from a
magnetic point of view. For all of the examples reported to date
the tautomeric interconversion involves an intramolecular
electron transfer between a six-coordinate diamagnetic co-
balt(III) metal ion and a coordinated catecholate ligand yielding
a cobalt(II)–semiquinone species, the metal ion being in the
high-spin electronic configuration.1–9 It is well established that
the transition between the two forms can be induced by
temperature and pressure changes as well as by optical
irradiation. However, to date the potential application of these
systems has been limited by the paucity of materials exhibiting
thermal hysteresis, a necessary prerequisite for obtaining
memory effects. A small hysteresis width (5 K) was found to be
associated to the tautomeric interconversion showed by the
CoIII(phen)(DBSQ)(DBCat)·C6H5CH3 complex,3 whereas a
rather large effect was detected for CoIII(3,6-DBCat)(3,6-
DBSQ)(py2O) and CoII(3,6-DBSQ)2(py2O) valence tautomeric
pair (DBCat and DBSQ are semiquinonate and catecholate
species derived from 5,5A-di-tert-benzylquinone).9 In the latter
system the observed behaviour has been attributed to the planar/
folded change in conformation due to the steric requirements of
the ancillary diazine ligand. In this sense the observed magnetic
behaviour of this molecular system must be considered as a very
interesting exception, but, because of its pure molecular origin,
it cannot provide the basis for the development of a class of
magnetic materials. The attractiveness of a class of compounds
exhibiting molecular bistability is due to the fact that their
properties can be tuned by means of molecular chemistry
techniques. Since the fundamental origin of valence tautomer-
ism is molecular and the cobalt(III)–catecholate and cobalt(II)–
semiquinone species involved in the interconversion have
different molecular volumes, a thermal hysteresis and then a
memory effect must be associated with the existence of a strong
cooperativity between the cobalt centers. Following this
elementary paradigm, we thought that efforts of the research
must be focused towards the design of molecular assemblies
with mutually interacting metal centers undergoing valence
tautomerism.

Bearing this in mind, we have synthesized a 1,10–phenan-
throline–cobalt adduct (Scheme 1) of the dioxolene ligand
3,5-bis(3A,4A-dihydroxy-5A-tert-butylphenyl)-1-tert-butylben-
zene (L)10 which according to its geometry may act as bis-
bidentate ligand towards two different metal ions. Once
coordinated this ligand may give by one-electron oxidation the
trinegative radical anion we indicate as Sq–Cat, which, although
not physically characterized, can be expected to behave as a
class II mixed valence radical ligand. A further one-electron
oxidation has been shown to yield the diradical Sq–Sq species,
which according to its topological properties, is characterized

by a triplet electronic ground state. We have recently shown
how the topology of this ligand may enforce the achievement of
high multiplicity ground-states when the Sq–Sq is coordinated
to two paramagnetic metal ions.11

The reaction of cobalt(II) chloride, 1,10 phenanthroline and L
in 1+1+1 ratio in ethanol–dichloromethane (1+2 v/v) in the
presence of a stoichiometric amount of triethylamine (4+1)
affords a black–green powder (30% yield) of analytical formula
Co(phen)L·0.5CH2Cl2 1. Compound 1 is insoluble in common
organic solvents. It is reasonable to believe that this compound
contains six-coordinated cobalt ions like all Co(N–N)(diox)2
(N–N = diazine ligand, diox = catecholate or semiquinone)
species previously described.1,2 The main difference between
this compound and previous ones is the fact that each dioxolene
ligand is paramagnetic and coordinated to two different cobalt
ions, thus giving rise to a polymeric structure.

The temperature dependent magnetic behavior of compound
1 is shown in Fig. 1.†

The observed magnetic behaviour is consistent with the
presence of a cobalt(III)–catecholato–semiquinonato dominant
species at low temperature undergoing a thermally induced
valence tautomeric transition to a high spin cobalt(II)–bis(semi-
quinonato) species according to equilibrium (1). At 310 K, the
highest temperature value we measured, it can be estimated
from the cT value that each tautomer is present in equal
concentration: indeed, the expected cT value for a CoII center
and two SQ units would be ca. 3.3 emu K mol21.12 Using the

Scheme 1

Fig. 1 cT values vs. T for compound 1 reported for a single Co center; it is
evident that the gradual transition is due to a valence tautomeric process
[eqn. (1)] occurring above 50 K.

[(CoIII/2)SQ–Cat(CoIII/2)]n? [(CoII/2)SQ–SQ(CoII/2)]n (1)
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nomenclature currently used for spin-crossover systems, the
transition can be classified as gradual, but, more importantly, a
thermal hysteresis width of ca. 12 K is observed (see Fig. 2),
though the optimum conditions for observing this phenomenon,
i.e. the full conversion to hs-cobalt(II), are not reached.

This result was obtained in three independent measurements
repeated on the same sample, using 30 min for each point to
ensure sample thermal equilibration. These experimental data,
therefore, suggest the existence of a strong cooperativity
between the magnetic centers.

A comprehensive analysis of magnetic data is not straightfor-
ward owing to the high complexity of the different magnetic
interactions occurring in the present system and the orbital
degeneracy of octahedral Co(II). Moreover the cT value
characterizing the cobalt(II)–bis(semiquinonato) species is un-
known.

Furthermore the powder EPR spectrum (see Fig. 3) at 4 K
shows a broad transition at 1530 G (g = 4.3) and a sharper one
at 3300 G (g = 2). The transition at g = 2 can be assigned to a
CoIIISQ species and is detected also at room temperature,
whereas the transition at g = 4.3 seems to be due to the presence
of CoIISQ or CoII(SQ)2. This assignment is supported by the
fact that these absorptions disappear as the temperature is
increased to 40 K (Fig. 3, inset), which is a typical behavior for
CoII species. Detection of the g = 2 signal at room temperature
is of significance since under fast interconversion between the
cobalt(III) and cobalt(II) centers, this transition should not be
detected on the EPR time scale.

The most important finding of the present experimental
results is the strong cooperativity shown by compound 1, a
property that we were looking for in designing this peculiar
molecular system. We feel that the observed properties can be
easily manipulated by changing the dioxolene substituents, the
diazine acceptors as well the crystallization solvent, in agree-
ment with the suggestions of previous work concerning more
simple molecular Co(NN)(diox)2 complexes.

Financial support of the EC through the projects ERB 4061 Pl
97-0197 and HPRN-CT-1999-00012, and of the Italian
MURST and CNR is gratefully acknowledged. D. A. S. thanks
the NSF for financial support.

Notes and references
† The magnetic susceptibility of polycrystalline powder samples of 1 was
measured between 2 and 310 K at an applied magnetic field of 0.1 or 1 T
using a Cryogenic S600 SQUID magnetometer. Data were corrected for the
magnetism of the sample holder that was determined separately in the same
temperature range and field, and the underlying diamagnetism of the
samples was estimated from Pascal’s constants. EPR spectra were recorded
at X-band frequency (9.23 GHz) on a Varian ESR9 spectrometer equipped
with a continuous flow 4He cryostat.
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Fig. 2 Difference in the measured cT when heating (”) and cooling (:) the
sample, respectively. The arrow evidences the maximum width of thermal
hysteresis, ca. 12 K at 250 K.

Fig. 3 EPR spectrum of 1 at 4 K. The inset shows the temperature evolution
of the low-field transition at 4, 10, 20 and 40 K, respectively.
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A homoleptic phosphine adduct of Tl(I)†
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A homoleptic phosphine adduct of thallium(I) supported by
a tris(phosphino)borate ligand has been isolated and struc-
turally characterized.

Although hard donor ligands are known to stabilize simple
molecular complexes of thallium-(I) and -(III),1 well-defined
examples of thallium supported by correspondingly soft donor
ligands are relatively rare.2 Regarding phosphine donors
specifically, only two phosphine adducts have been structurally
characterized: both of thallium(III);3 to our knowledge, there are
no well-characterized phosphine adducts for thallium(I). By
comparison, there are numerous structurally characterized
examples of thallium(I) supported by hard N-donor ligands
including the tripodal ligands Tp (Tp = tris(pyrazolyl)borate)
and Me3-TACN (TACN = triazacyclononane).4,5

Our group is developing transition metal chemistry utilizing
anionic tris- and bis-(phosphino)borate ligands.6 We have set
out to prepare a thallium adduct of the tris(phosphino)borate
ligand, [PhBP3] (PhBP3 = PhB(CH2PPh2)3),7 for two reasons.
We were surprised by the dearth of well-defined phosphine
complexes of thallium and hoped that the anionic [PhBP3]
ligand might support and stabilize a thallium(I) species.
Additionally, the previously reported lithium salt of this ligand,
[Li(tmeda)][PhBP3] (tmeda = tetramethylethylenediamine), is
not a reagent of general synthetic utility for clean delivery of the
[PhBP3] ligand to transition metals. A versatile thallium reagent
of this ligand therefore seems highly desirable. Herein we report
the isolation and structural characterization of a homoleptic
phosphine adduct of thallium(I) stabilized by the [PhBP3]
ligand.

It was convenient to prepare the target complex, [PhBP3]Tl,
1, by transmetallation of lithium for thallium upon addition of
TlPF6 to a methanolic solution of [Li(tmeda)][PhBP3] (Scheme
1).‡ The reaction occurred rapidly and cleanly at ambient
temperature as indicated by 31P NMR spectroscopy. Following
work-up, the light yellow product was isolated in reasonable
yield (65%). It is worth noting that the entire reaction sequence
can be executed in air without decomposition. Furthermore, the
thallium salt itself is stable to moisture and oxygen for an
extended period, both in solution and in the solid state.

Examination of the 31P NMR spectrum of 1 (C6D6) showed
two resonances (1+1 ratio) separated by more than 40 ppm, each
resonance bearing a resolvable shoulder (ESI†). This spectrum
represents two separate doublets from a very strong 1JTlP
coupling interaction (5214, 5168 Hz) for each of the naturally

occurring spin 1⁄2 thallium isotopes {205Tl (70.5%), 203Tl
(29.5%), respectively}. Notably, these coupling values are
significantly larger than those reported for phosphine com-
plexes of thallium(III) (approximately 1500 Hz).3

In order to corroborate the NMR assignment, consistent with
a structure resulting from symmetric, tridentate binding of the
[PhBP3] ligand to the thallium cation, we sought independent
structural confirmation. Slow evaporation of a benzene solution
of 1 afforded crystals suitable for an X-ray diffraction study. A
structural representation of complex 1 is shown in Fig. 1 (top
view, 50% ellipsoids).8 The structure confirms our assignment
of 1 as a homoleptic phosphine adduct of thallium. The anionic
[PhBP3] ligand coordinates the thallium cation in the expected
tridentate conformation (top view). The large ionic radius of the
thallium(I) ion forces it to sit well above the basal plane (2.074
Å) defined by its three phosphine donor atoms. This structural
feature affords a significant separation between the thallium ion
and the molecule’s anionic borate counter-anion (Tl1–B
distance = 4.253 Å). It is interesting to compare the
intramolecular Tl–B distance found in a host of structurally
characterized thallium(I) adducts of variously substituted Tp
ligands. The Tl–B distance is much longer in 1 than in all related
Tp adducts of thallium(I) (range = 3.46–3.90 Å), and is
approximately 0.6 Å longer than the mean distance (3.65 Å) for
the related Tp systems.4 The pronounced Tl–B distance in 1, in
conjunction with the absence of simple resonance contributors

† Electronic supplementary information (ESI) available: 31P and 205Tl
NMR spectra of [PhBP3]Tl in C6D6. See http://www.rsc.org/suppdata/cc/
b1/b104447h/

Scheme 1

Fig. 1 Displacement ellipsoid (50%) representation of Tl[PhBP3], 1.
Hydrogen atoms have been omitted for clarity. Selected interatomic
distances (Å) and angles (°): Tl1–P1 2.878, Tl1–P2 2.953, Tl1–P3 2.932,
Tl1–B 4.254; P1–Tl1–P2 70.82, P1–Tl1–P3 76.78, P2–Tl1–P3 77.46. The
bottom view shows a transparent space-filling model of 1 depicted as a
dimer [Tl1–Tl1A = 3.5652(2) Å]. The [PhBP3] ligands are highlighted as
bold stick figures and the positions of the Tl nuclei are labelled.

This journal is © The Royal Society of Chemistry 2001
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that delocalize the anionic charge from the borate counter-anion
to the Tl center, suggests that 1 may be represented as a simple
zwitterion (Scheme 1). Although equivalent phosphorus nuclei
are observed by 31P NMR spectroscopy, the three phosphine
donors are not symmetrically bound in the solid state. The Tl1–
P3 distance, 2.880 Å, is appreciably shorter than the Tl1–P1 and
Tl1–P2 distances (2.953 and 2.934 Å, respectively).

The bottom view of Fig. 1 shows a transparent space-filling
model of 1 and its neighboring thallium adduct. The asymmetric
unit of 1 contains a single thallium complex that is related to the
neighboring thallium atom, Tl1A, by a center of symmetry. The
distance between these thallium atoms is 3.5652(2) Å, which is
considerably longer than twice the covalent radius (1.64 Å) of
thallium, and is consistent with a thallium–thallium dimer
resulting from weak interactions. This dimeric structure does
not exist in solution. Direct evidence for assigning 1 as a
monomer in solution is as follows: the 31P NMR spectrum of 1
shows only 1JTlP coupling. We would expect to observe a
weaker 2JTlP coupling to the neighboring Tl nucleus if the
dimeric structure exists in solution. To buttress this argument,
the 205Tl NMR spectrum of 1 was obtained in C6D6:9 a single
resonance (2809 ppm) split into a quartet by the three equivalent
phosphine donors was observed (ESI†). There was no evidence
for 1J(205)Tl(203)Tl coupling, ruling out Tl–Tl interactions in
benzene solution. Finally, 1 was analyzed by electrospray mass
spectroscopy (ESI/MS). The parent ion observed in positive
mode (891) was consistent with the protonated monomeric form
of 1. Thus, our data imply a monomeric formulation of 1 in
solution,10 consistent with its readiness to undergo thallium loss
by transmetallation chemistry (vide infra).

Regarding other soft, tripodal donor ligands supporting
thallium(I), a good comparison to complex 1 comes from
Riordan and coworkers, who recently reported a thallium(I)
adduct of their second generation, anionic tris(thioether)borate
ligand, [PhTtt-Bu].11 Notably, [PhTtt-Bu] does not enforce a
simple, 1+1 complex between thallium(I) and the tris(thioether)
ligand in the solid state. This is despite the fact that the
Tl[PhTtt-Bu] reagent enables access to monomeric, pseudo-
tetrahedral geometries for simple divalent nickel and cobalt
chlorides.

To highlight the synthetic utility of the thallium reagent 1, we
examined its reactivity with CoI2. The previously prepared
Li(tmeda) adduct of [PhBP3], in addition to its related
ammonium salt [nBu4N][PhBP3], afforded ill-defined mixtures
of paramagnetic products on attempted metathesis with CoI2 in
benzene and other solvents.6 By contrast, the softer and
presumably less-reducing thallium reagent 1 reacted cleanly
with CoI2 in benzene to afford the bright green, low spin cobalt
iodide complex [PhBP3]CoI, 2, in good yield (91%).§ Complex
2 was structurally characterized and adopts the expected
pseudo-tetrahedral geometry in the solid state (Scheme 2).8

In summary, we have isolated and structurally characterized
a rare example of a simple phosphine adduct of thallium(I). It
has been found that complex 1 displays a signature 1JTlP
coupling constant of 5214 Hz. In addition to exposing new
possibilities for thallium coordination chemistry within a
phosphine donor sphere, complex 1 promises to be an important

reagent for delivering the relatively unexplored [PhBP3] ligand
to transition metals.

We thank the Dreyfus Foundation, Caltech, and the NSF for
financial support of this work.

Notes and references
‡ Synthesis of [PhBP3]Tl, 1: solid [Li(tmeda)][PhBP3] (7.1 g, 8.6 mmol),
generated as previously described,7 was suspended in methanol (60 mL). To
this stirring suspension was added an aqueous solution (30 mL) of TlPF6

(3.00 g, 8.6 mmol) over a period of 5 min. A cloudy white suspension
resulted which was stirred for an additional 5 min, followed by extraction
with dichloromethane (2 3 150 mL). Drying the organic extract in vacuo
afforded a light yellow powder that was subsequently washed with hexanes
and Et2O (40 mL each). The remaining powder was extracted into benzene,
stirred over MgSO4, and dried thoroughly in vacuo to afford the thallium
adduct 1 as a fine yellow powder (5.00 g, 65%). 1H NMR (C6D6, 300 MHz,
25 °C): d 8.13 (d, J = 6.6 Hz, 2H), 7.67 (m, J = 7.5 Hz, 2H), 7.42 (tt, J =
6.6, 1.2 Hz, 1H), 7.18–7.11 (m, 12H), 6.80–6.77 (m, 18H), 1.96 (br m, 6H).
31P NMR (C6D6, 121.4 MHz, 25 °C): d 21.6 [d, 1JTlP = 5214 Hz for 205Tl
(70.5% abundance), 1JTlP = 5168 Hz for 203Tl (29.5% abundance)]. 205Tl
NMR (C6D6, 231.31 MHz, 25 °C): d 2810 (q, 1JTlP = 5204 ± 116 Hz). 13C
NMR (C6D6, 125.7 MHz, 25 °C): d 139.8, 132.5, 128.8–129.1 (overlapping
resonances), 124.6, 17.0 (br). 11B NMR (C6D6, 128.3 MHz, 25 °C): d
210.96. Anal. Calc. for C47H48BP3Tl: C, 60.73; H, 4.64. Found: C, 61.75;
H, 4.76%.
§ Synthesis of [PhBP3]CoI, 2: a benzene solution (50 mL) of the thallium
reagent 1 (0.356 g, 0.40 mmol) was added to a stirring suspension of CoI2

(0.250 g, 0.80 mmol) in benzene (20 mL). After stirring at ambient
temperature for 24 h, the resulting green solution was filtered through
Celite, concentrated in vacuo (50%) and filtered through Celite once again.
Vapor diffusion of petroleum ether into the resulting green filtrate afforded
a good yield of the desired crystalline product (0.317 g, 91.1% yield). 1H
NMR (C6D6, 300 MHz, 25 °C): d 22.2 (br s), 15.8 (s), 10.8 (s), 7.7 (s), 7.5
(s), 4.3 (br s), 2.2 (s), 28.5 (s). IR (n/cm21): 1433 (s), 1091 (b), 739 (s). meff

= 2.60 mB (SQUID). UV–vis (C6H6): 638 nm (e = 1112), 738 nm (e =
627). Anal. Calc. for C45H41BCoIP3: C, 62.03; H, 4.74. Found: C, 61.76; H,
4.75%.
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Dalton Trans., 1986, 939; K. Henrick, R. W. Matthews and P. A.
Tasker, Inorg. Chem., 1977, 16, 3293.

2 A. J. Blake, J. A. Greig and M. Schröder, J. Chem. Soc., Dalton Trans.,
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3 G. Muller and J. Lachmann, Z. Naturforsch., Teil B, 1993, 48, 1544; R.
A. Baldwin, R. L. Wells and P. S. White, Main Group Chem., 1986, 2,
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4 For recent references, see: P. Ghosh, D. G. Churchill, M. Rubeinshtein
and G. Parkin, New J. Chem., 1999, 23, 961; C. Janiak, L. Braun and F.
Girgsdies, J. Chem. Soc., Dalton Trans., 1999, 3133; A. L. Rheingold,
B. S. Haggerty, L. M. Liable-Sands and S. Trofimenko, Inorg. Chem.,
1999, 38, 6306.

5 K. Wieghardt, M. Kleine-Boymann, B. Nuber and J. Weiss, Inorg.
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J. Allen and J. C. Peters, 2001, manuscript in preparation.

7 J. C. Peters, T. D. Feldman and T. D. Tilley, J. Am. Chem. Soc., 1999,
121, 9871; see also: A. A. Barney, A. F. Heyduk and D. G. Nocera,
Chem. Commun., 1999, 2379.

8 Crystal data for 1: C45H41BP3Tl, M = 889.87, pale yellow rhombohe-
dral plate, T = 98 K, monoclinic, space group P21/n, a = 13.7449(7),
b = 13.5812(7), c = 20.5487(10) Å, b = 94.536(1)°, V = 3823.9(3)
Å3, Z = 4, R1 = 0.0221 [I > 2s(I)], GOF = 1.308. For 2:
(C45H41BCoIP3), M = 910.38, dark green blade, T = 98 K, monoclinic,
space group P21/c, a = 22.5443(17), b = 12.7044(9), c = 29.526(2) Å,
b = 90.230(2)°, V = 8456.6(11) Å3, Z = 8, R1 = 0.0476 [I > 2s(I)],
GOF = 1.137. CCDC reference numbers 160107 and 162229. See http:/
/www.rsc.org/suppdata/cc/b1/b104447h/ for crystallographic data in
CIF or other electronic format.

9 Dr Todd Alam from Sandia National Laboratory is acknowledged for
obtaining the 205Tl NMR spectrum of 1.

10 Attempts to obtain a solution molecular weight estimate for 1 by the
Signer method have thus far been inconclusive due its tendency to
precipitate from solution on prolonged standing.

11 P. J. Schebler, C. G. Riordan, I. A. Guzei and A. L. Rheingold, Inorg.
Chem., 1998, 37, 4754.Scheme 2
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Revision of the absolute configuration of the tricyclic sesquiterpene
(+)-kelsoene by chemical correlation and enantiospecific total synthesis
of its enantiomer
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The absolute configuration of the recently identified sesqui-
terpene (+)-kelsoene was revised by chemical correlation
with (R)-(+)-pulegone; the correct structure is
(1R,2S,5R,6R,7R,8S)-2,8-dimethyl-6-(1-methylethenyl)tri-
cyclo[5.3.0.02,5]decane.

Recently the sesquiterpene hydrocarbon (+)-kelsoene (1, also
called tritomarene) was isolated from the marine sponge
Cymbastela hooperi1 as well as from the liverworts Ptychanthus
straitus,2 Calypogeia muelleriana,3 and Tritomaria quinque-
dentata.4 The relative configuration was elucidated during these
studies; 1 contains a rare cis,anti,cis 4-5-5 carbotricyclic ring
system, previously only found in the tetraterpene poduran5 and
the sesquiterpenoid sulcatine G.6 The analysis of NMR data
obtained from two dihydroisoxazoles formed after addition
of (aS)-2A-methoxy-1,1A-binaphthalene-2-carbohydroximoyl
chloride (MBCC) to the double bond of 1 according to the
method of Fukui et al.7 led to the conclusion that (+)-1
possesses a (1S,2R,5S,6S,7S,8R)-2,8-dimethyl-6-(1-methyl-
ethenyl)tricyclo[5.3.0.02,5]decane structure.8 In the present
study we will show by chemical correlation with the ketone 3
and further with (R)-(+)-pulegone (4) that this assignment is
incorrect. We will also present the first synthesis of enantiomer-
ically pure 1, which has previously only been synthesized in
racemic form.9

Natural 1 can be isomerized by a short treatment with
toluene-p-sulfonic acid into the more stable isomer 2, which in
turn is cleaved by ozonolysis to the tricyclic ketone 3. Under the
reaction conditions no excessive degradation of 3 or 1 or
formation of byproducts occurs. The ketone 3 was the target of
a short enantiospecific synthesis, because we reasoned that its
racemate may be well suited to separation by GC on chiral
phases due to its rigidity. It would also be formed by
degradation of other terpenes exhibiting the same ring system,
such as e.g. the tetraterpene poduran recently identified by us,5
thus allowing its use for the determination of the absolute
configuration of several natural products.

The ketone 3 was synthesized starting from (R)-(+)-pulegone
(4), which was transformed by bromination and Favorskii-
rearrangement into a mixture of cis- and trans-pulegonic acids
(5),10 separable by column chromatography. Isomerization of
the double bond into the terminal position was achieved by

lactonization of pure cis-5 to 6, followed by elimination with a
bulky base, as has been described for anti-5.10,11 The double
bond of the resulting acid 7 was now internally acylated via the
acid chloride to form the ketone 8, which was photochemically
transformed by a [2 + 2]-cycloaddition with ethylene into the
desired ketone (1S,2R,5R,7R,8R)-2,8-dimethyltricyclo-
[5.3.0.02,5]decan-6-one (ent-3). The ethylene attack occurs from
the less hindered side. In an identical manner, rac-3 was
synthesized starting from rac-4. To exclude the unlikely
possibility of inversion of the stereogenic centers in the course
of our synthesis, ent-3 was reduced with LiAlH4. Preferential
attack of the hydride from the less hindered side and reaction of
the alcohol with tosyl chloride resulted in formation of the

Scheme 1 Reagents and conditions: (a) p-TSA, 15 min, CH2Cl2, D; (b) O3,
CH2Cl2, 278 °C, then Me2S.

Scheme 2 Reagents and conditions: (a) Br2, Et2O, 0 °C; (b) 25% aq. KOH,
D, column separation; (c) aq. HCl, MeOH, D; (d) t-BuOK, DMF, 140 °C;
(e) (COCl)2, CH2Cl2; (f) AlCl3, CH2Cl2; (g) CH2NCH2, hn, CH2Cl2, 0 °C;
(h) LiAlH4, Et2O; (i) p-TsCl, py; (j) see9,13; (k) Me3SOI, DMSO; (l) H2,
Pd/C, Et2O; (m) MeLi, THF, 278 °C; (n) PDC, CH2Cl2; (o) NaOMe,
MeOH, D; (p) Cp2TiMe2, THF, D.
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tosylate 9. An X-ray analysis of 9† allowed the determination of
its absolute configuration.12 This tosylate could be thus
identified as (1S,2R,5R,6S,7R,8R)-2,8-dimethyltricyclo-
[5.3.0.02,5]dec-6-yl tosylate, exhibiting the expected absolute
configuration.

Being confident on the absolute configuration of ent-3, we
were now able to perform GC analyses. The absolute configura-
tion of natural (+)-1 can be deduced by analysis of its
degradation product 3, because its relative configuration has
been elucidated during its isolation.1 Separation of rac-3 was
achieved on a chiral Hydrodex-6-TBDMS stationary phase.‡
The (2)-enantiomer of 3 eluted first, as did the degradation
product of synthetic (2)-kelsoene. The ketone 3 derived from
natural (+)-kelsoene eluted as second peak. In addition, the
synthetic (2)-1 prepared by us showed the expected sign of
optical rotation of [a]20

D = 278.3. These data unequivocally
prove that natural (+)-kelsoene has the opposite configuration as
previously reported and possesses a (1R,2S,5R,6R,7R,8S)-
2,8-dimethyl-6-(1-methylethenyl)tricyclo[5.3.0.02,5]decane
structure.

We proceeded with the synthesis of enantiomerically pure
(2)-1 to further underline the consistency of our data set. In
their synthesis of rac-1, Mehta and Srinivas showed that ketone
3 is strongly hindered and not readily attacked by nucleophiles.
We therefore chose their strategy to reduce steric hindrance:
The bicyclic ketone 8 was transformed into the cyclobutene
derivative 10 as described.9,13 The side chain was then
elaborated in a new way. Even after reduction of the steric
hindrance, only small nucleophiles can be used to attack the
carbonyl carbon atom. Nevertheless, epoxidation with trime-
thylsulfoxonium iodide was feasible with satisfactory yield.
The epoxide 11 was then hydrogenated and rearranged in one
step to form the aldehyde 12. Addition of methyllithium
followed by oxidation with PDC afforded the ketone 13 in a
80+20 dr in favor of the unwanted diastereomer. Obviously the
less hindered hydrogen moves more readily in the epoxide–
aldehyde rearrangement of 12. Nevertheless, simple treatment
with base epimerized this center to the thermodynamically more
favored arrangement, which is also found in the natural product.
Kelsoene was then formed by final methenylation with
Me2TiCp2,

14 because Wittig olefination, despite reported by
Mehta and Srinivas,13 did not proceed with satisfactory yields.
Thus enantiomerically pure (2)-1 has been synthesized,
confirming our previous assignments.§,¶

We thank Professor Nabeta and Professor G. König for
kindly providing us with samples of (+)-kelsoene. We also
thank the Deutsche Forschungsgemeinschaft and the Fonds der
chemischen Industrie for financial support.

Note added in proof. Similar results were obtained recently
by G. Mehta and K. Srinivas, Tetrahedron Lett., 2001, 42, 2855,
using a different synthetic strategy.

Notes and references
† Crystal data for 9: orthorhombic, space group P212121, a = 9.1578(8), b
= 11.7038(10), c = 16.1527(14) Å, U = 1731.3 Å3, Z = 4, T = 2130 °C.
Data collection: a crystal ca. 0.4 3 0.16 3 0.09 mm was used to record
26944 intensities on a Bruker SMART 1000 CCD diffractometer (Mo-Ka
radiation, 2qmax 57°). Structure refinement: the structure was refined
anisotropically on F2 (program SHELXL-97, G. M. Sheldrick, University of
Göttingen) to wR2 0.083, R1 0.032 for 211 parameters and 4388 unique
reflections. The hydrogens were refined using a riding model or rigid
methyl groups. The Flack parameter refined to 20.07(5). CCDC 171200.
See http://www.rsc.org/suppdata/cc/b1/b101579f/ for crystallographic files
in .cif or other electronic format.
‡ Separations were performed on a 15 m Hydrodex-6-TBDMS capillary
column (Macherey & Nagel), id 0.25 mm, programmed from 60 to 180 with
5 min after a 2 min isothermal period with H2 as the carrier gas (45 psi).
§ The 1H NMR, 13C NMR, and MS data are identical to those reported in the
literature.1 [a]25

D = 278.3 (c = 0.31, CHCl3). Literature data for (+)-1:
[a]25

D = +78.1 (c = 1.98, CHCl3).1
¶ We also tried to find out why the NMR study by Nabeta et al.8 furnished
the opposite result. In their work Nabeta et al. presented a preferred
conformation for one of the two formed kelsoene-MBCC adducts.
Unfortunately, they did not explain how they obtained this conformation.
These adducts contain a single bond between the heterocyclic ring and the
cyclic core of 1, while in the original paper introducing this method7 all
examples contain a dihydroisoxazole ring directly linked to the parent cyclic
hydrocarbon, thus reducing the inherent flexibility. Finally, only one of two
formed diastereomers was investigated by NMR and no comparison with
the respective (aR)-MBCC was performed, as should be done in Mosher-
like methods. In essence, their determination of the absolute configuration
relies on several NOE signals observed, while in the present study a sound
chemical correlation is performed. It should be noted that recently a very
informative critique of the Mosher method has been published, which also
applies to related methods.15

1 G. M. König and A. D. Wright, J. Org. Chem., 1997, 62, 3837.
2 K. Nabeta, K. Yamamoto, M. Hashimoto, H. Koshino, K. Funatsuki and

K. Katoh, Chem. Commun., 1998, 1485.
3 U. Warmers, K. Wihstutz, N. Bülow, C. Fricke and W. A. König,

Phytochemistry, 1998, 48, 1723.
4 U. Warmers and W. A. König, Phytochemistry, 1999, 52, 1519.
5 S. Schulz, C. Messer and K. Dettner, Tetrahedron Lett., 1997, 53,

2077.
6 A. Arnone, G. Nasini and O. V. de Pava, J. Chem. Soc., Perkin Trans.

1, 1993, 2723.
7 H. Fukui, Y. Fukushi and S. Tahara, Tetrahedron Lett., 1999, 40,

325.
8 K. Nabeta, M. Yamamoto, H. Koshino, H. Fukui, Y. Fukushi and S.

Tahara, Biosci., Biotechnol., Biochem., 1999, 63, 1772.
9 G. Mehta and K. Srinivas, Tetrahedron Lett., 1999, 40, 4877.

10 J. Wolinsky, H. Wolf and T. Gibson, J. Org. Chem., 1963, 28, 274.
11 J. Wolinsky and E. J. Eustache, J. Org. Chem., 1972, 37, 3376.
12 P. Jones, I. Dix, S. Fietz-Razavian and S. Schulz, unpublished results.
13 G. Mehta and K. Srinivas, Synlett, 1999, 5, 555.
14 N. A. Petasis and E. I. Bzowej, J. Am. Chem. Soc., 1990, 112, 6392.
15 J. M. Seco, E. Quiñoá and R. Riguera, Tetrahedron: Asymmetry, 2000,

11, 2781.
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Biosynthesis of the vancomycin group of antibiotics: characterisation
of a type III polyketide synthase in the pathway to
(S)-3,5-dihydroxyphenylglycine†

Tsung-Lin Li, Oliver W. Choroba, Hui Hong, Dudley H. Williams and Jonathan B. Spencer*

Cambridge Centre for Molecular Recognition, Department of Chemistry, Cambridge University,
Lensfield Road, Cambridge, UK CB2 1EW. E-mail: jbs20@cam.ac.uk; Fax: 44 1223 336362;
Tel: 44 1223 331696

Received (in Cambridge, UK) 23rd July 2001, Accepted 30th August 2001
First published as an Advance Article on the web 2nd October 2001

3,5-dihydroxyphenylacetate, a precursor for the non-protei-
nogenic amino acid 3,5-dihydroxyphenylglycine occurring
in glycopeptide antibiotics, is determined to be catalysed by
a type III polyketide synthase using malonyl-CoA as a
starter unit.

Vancomycin 1 (Fig. 1) is currently the antibiotic of last resort
against methicillin-resistant Staphylococcus aureus (MRSA).1
We are investigating the biosynthetic pathway of chloroer-
emomycin 2, another important member of this family of
glycopeptide antibiotics.

A number of unusual amino acids, such as (S)-4-hydroxy-
phenylglycine (4-HPG) and (S)-3,5-dihydroxyphenylglycine
(3,5-DHPG) are found in glycopeptide antibiotics. Recently the
pathway to 4-HPG from tyrosine has been elucidated2–4 and the
pivotal enzyme, 4-hydroxymandelic acid‡ synthase determined
to be a novel dioxygenase.2 In this paper we report the
identification of the protein coded for by orf27 from the
chloroeremomycin gene cluster, now named 3,5-dihydroxy-
phenylacetate synthase (DhpaS), as the first enzyme involved in
the pathway to 3,5-DHPG. DhpaS catalyses the formation of
3,5-dihydroxyphenylacetate (3,5-DHPA) from four malonyl-
CoA units and is only the second type III polyketide synthase
fully characterised in bacteria.

Previous feeding studies using vancomycin-producing organ-
isms and labeled acetate showed that the carbon skeleton of
3,5-DHPG was of polyketide origin.5 Recently we have shown
the involvement of 3,5-DHPA in the pathway to this amino acid
by feeding experiments using the chloroeremomycin-producing
strain Amycolatopsis orientalis. NMR studies showed that 13C-
labeled 3,5-DHPA was incorporated into the 3,5-DHPG moiety
of the isolated antibiotic.6 Homology searches of the open
reading frames (orfs) from the biosynthetic gene cluster of
chloroeremomycin7 revealed that orf27 had homology (37%
similarity, 28% identity) to a group of plant chalcone synthases
which provide precursors for flavonoids.8 This family of small
discrete enzymes have been called type III polyketide syn-

thases. They differ from other polyketide synthases by not
possessing a phosphopantetheine prothetic group. Chalcone
synthases typically use aromatic coenzyme A esters, such as
coumaryl-CoA, as starter units and malonyl-CoA as the chain
extender unit. Based on these findings we felt that ORF27 might
catalyse the formation of 3,5-DHPA 4 from an acetyl-CoA
starter unit and three malonyl-CoA extender units. Hydroxyla-
tion at the benzylic position of 4 would lead to 3,5-dihydrox-
ymandelic acid 5, oxidation to 3,5-dihydroxyphenylglyoxylic
acid 6 and subsequent transamination should then furnish
3,5-dihydroxyphenylglycine 7 (Scheme 1).

To test this hypothesis orf27 from the chloroeremomycin
gene cluster was amplified by polymerase chain reaction using
the cosmid pCZA361. Ligation into pET28 (Novagen) and
transformation into E. coli BL21(DE3) yielded the N-terminal
His6-tagged protein which was purified using Ni2+-NTA
agarose. Electrospray mass spectrometry of the purified protein
confirmed the right molecular weight for the protein without a
phosphopantheine arm, therefore being consistent with a type
III polyketide synthase. The enzyme was incubated in Hepes
buffer (50 mM, pH 7.2) containing DTT (1,4-sulfanylbutane-
2,3-diol,1.0 mM), acetyl-CoA (3.3 mM) and malonyl-CoA (10
mM) for 2 h. The enzymic mixture was acidified and extracted
with ethyl acetate, silylated and analyzed by GC-CI-MS (NH3
as reaction gas). The GC trace revealed a new peak when
compared to a control reaction (Fig. 2). This compound was
identified as the tris(trimethylsilyl) derivative of 3,5-dihydroxy-
phenylacetate by comparison with an authentic sample (identi-
cal retention time and fragmentation pattern) (Fig. 3). This
proves that ORF27 is a type III polyketide synthase that
catalyses the first step in the pathway to 3,5-DHPG.

The mechanism in which the polyketide chain cyclises to
form 3,5-DHPA is interesting since it predicts that, if acetyl-
CoA is the starter unit, an anion must be formed from a methyl
ketone 8 (Scheme 2, A). In the vast majority of polyketides the
folding pattern arises from an anion generated at a more acidic
methylene position. It has recently been reported that malonyl-
CoA serves as the starter unit for the formation of the polyketide
1,3,6,8-tetrahydroxynaphthalene.9 If malonyl-CoA was used as
the starter unit for 3,5-DHPA then the anion of the methyl
ketone could be generated by decarboxylation of 9,10 which
would be energetically more favorable than deprotonation of the

† Electronic supplementary information (ESI) available: electrospray mass
spectrum of DhpaS. See http://www.rsc.org/suppdata/cc/b1/b106638b/

Fig. 1 Structures of vancomycin and chloroeremomycin.

Scheme 1 Proposed pathway for 3,5-dihydroxyphenylglycine formation.
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methyl ketone (Scheme 2, B). To determine the origin of the
starter unit and investigate these two possible reaction mecha-
nisms, labeled malonyl-CoA (formed in situ by transfer of CoA
from acetoacetyl-CoA to [1,2,3-13C3]malonic acid using succi-
nyl-CoA transferase11) was incubated with DhpaS in the
presence of unlabeled acetyl-CoA (Scheme 3). The mass
spectrum of the isolated 3,5-DHPA gives only an [M + 8]+ peak,
clearly showing that all the carbon atoms come from malonyl-
CoA (Fig. 4).

The family of chalcone synthases are relatively small proteins
that appear to have only one active site.12 This is in contrast to
type I polyketide synthases which are typically very large
multifunctional proteins with a separate active site for each

reaction that they catalyse. It is therefore tempting to propose
that the cyclisation to form 3,5-DHPA might be catalyzed by the
same amino acids that carry out the Claisen condensation of
malonyl-CoA with the growing polyketone chain since the two
reactions are very similar.

In summary, we have shown that ORF27 from the chloroer-
emomycin gene cluster is an unusual type III polyketide
synthase catalyzing the formation of 3,5-dihydroxyphenylacetic
acid. Labeling experiments prove that malonyl-CoA acts not
only as the chain-extender unit but also as the starter unit. This
leads us to propose that cyclisation to form 3,5-dihydroxy-
phenylacetic acid is initiated by decarboxylation of the
polyketone chain 9.13 This study determines that the bio-
synthesis of 3,5-dihydroxyphenylglycine begins with the for-
mation of 3,5-dihydroxyphenylacetic acid or its CoA-ester, and
therefore affords a new insight into how the biosynthesis of
these important antibiotics occurs.

We thank the Royal Society for a Research Fellowship
(J. B. S.), the Ministry of Education, Taiwan, for a Research
Fellowship (T.-L. L.), the European Union for a TMR Marie-
Curie Research Fellowship (O. W. C.), St. John’s College,
Cambridge for a Junior Research Fellowship (O. W. C.), and the
BBSRC for financial support.
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Fig. 2 GC trace on an enzymic reaction of malonyl-CoA in the presence of
ORF27 (standard of 1-[13C]-3,5-DHPA in the background).

Fig. 3 (A) CI-MS spectrum of [1-13C]-3,5-DHPA standard silylated (note
that the standard has one 13C atom and therefore gives a molecular ion one
mass higher than the enzymic sample). (B) CI-MS spectrum of the peak at
19.2 minutes from the enzymic reaction (Fig. 2).

Scheme 2 Formation of 3,5-dihydroxyphenylacetic acid using either acetyl-
CoA and malonyl-CoA (A) or malonyl-CoA only (B).

Scheme 3 In situ formation of [1,2,3-13C3]malonyl-CoA and its utilisation
by DhpaS to form labeled 3,5-DHPA (13C represented as 4).

Fig. 4 Mass spectrum of labeled 3,5-DHPA formed by enzymic reaction of
dihydroxyphenylacetate synthase with [1,2,3-13C3]malonyl-CoA in the
presence of unlabeled acetyl-CoA.
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Recent advances in solventless organic reactions: towards benign
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A paradigm shift away from using solvents in organic synthesis
as solventless reactions can lead to improved outcomes, and
more benign synthetic procedures, in for example aldol con-
densation reactions, sequential aldol and Michael addition
reactions en route to Kröhnke type pyridines, reactions leading
to 3-carboxycoumarins, benzylidenes, 4-aryl-1,4-dihydropyr-
idines and 2-aryl-1,2,3,4-tetrahydroquinazolines, and oligomer-
isation reactions for the synthesis of cavitands; kinetic con-
siderations for the reaction of two solids can only be explained
if a eutectic melt is formed during the reaction.

Introduction
Sustainability is increasingly an important issue in the wider
context dealing with population, health, the environment,
energy, technology, renewable resources, and, in the sciences,
as an integral part of the rapidly emerging field called Green
Chemistry.1,2 This is a multidisciplinary field, requiring
integrated study in the chemical, biological and physical
sciences as well as many aspects of engineering. Even nano-
technology is important in Green Chemistry, providing a way of
dematerialising society while providing the benefits of technol-
ogy.3 The twelve principles of Green Chemistry, as defined by
Anastas and Warner,1 and generally accepted internationally,
cover complex issues including waste minimisation, reduction
in energy usage, and the use of renewable resources rather than
depleting natural resources such as oil, coal and gas. Bio-
catalysis is an important area of Green Chemistry providing a
means of converting biomass, a renewable resource, into
commodity chemicals.1–3 In the chemical sciences there is a
need to develop benign synthetic pathways which, in addition to
being high yielding (historically the most important measure of
the success of a reaction), are simple and exhibit high atom
efficiency, hence a reduced number of steps and no waste, are
safe, and are environmentally acceptable.2 Another measure of
the ‘greenness’ of a reaction is the E factor ( = waste (kg)/1 kg
product),4 which, for pharmaceuticals, is typically > 100. The
emergence of Green Chemistry has resulted in a paradigm shift
in the way chemists develop processes and products, and
requires the development of a Green Chemistry toolbox.

Removing organic solvents in chemical synthesis is im-
portant in the drive towards benign chemical technologies.
Organic solvents are high on the list of toxic or otherwise
damaging compounds because of the large volumes used in
industry, and difficulties in containing volatile compounds.
Replacement reaction media include ionic liquids5–7 (which
have extremely low vapour pressure and can be recycled), liquid
and supercritical CO2,8 water (often at high temperature under
microwave irradiation),1,9,10 and polyethylene and polypropy-
lene glycol11 (Fig. 1). Another alternative is not to use a reaction
medium, the so called solventless reactions, which is the main
focus of this article.7,11–20 The choice of solventless or specific
non-organic solvent reaction medium will depend on several
issues, including selectivity, stereochemistry, yield, waste,
viscosity, ease of recycling, energy usage, ease of isolation of
product(s), competing reactions, and heat of reaction. In using a
reaction medium, there are many choices within each system,
for example using ionic liquids with the appropriate hydro-
phobic–hydrophilic balance, and varying the density of liquid
and supercritical CO2, which can affect the stereochemical
outcome of addition reactions.8

Advantages in using solventless reactions, particularly those
described herein, relative to using organic or other reaction
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media include: (i) there is no reaction medium to collect, purify
and recycle, (ii) the compounds formed are often sufficiently
pure to circumvent extensive purification using chromatog-
raphy, and indeed in some cases the need for recrystallisation,
(iii) sequential solventless reactions are possible in high
yielding systems, (iv) the reactions can be rapid, often reaching
substantial completion in several minutes compared to hours in
organic solvents, (v) there is often no need for specialised
equipment (see below), (vi) energy usage can be much lower,
(vii) the need for pre-formed salts and metal–metalloid
complexes may often be dispensed with, (viii) functional group
protection–deprotection can be avoided, (ix) lower capital
outlay for equipment in setting up industrial processes, and (x)
considerable batch size reduction and processing cost savings
are achievable such that such solvent-free protocols are not only
more environmentally benign but are also more economically
feasible. This is one of the original considerations in bringing
Green Chemistry to the fore.1

There are some disadvantages in solventless reactions but
these are solvable using developments in engineering reactor
technology21 (Fig. 1). Objections to the use of solventless
reaction conditions include the formation of hot spots and the
possibility of runaway reactions. Instead of operating in the old
paradigm, notably the use of a reaction medium or solvent as a
heat sink or heat transfer agent, consideration could be given to
applying developments in reactor design either for continuous
flow or batch systems. Our recent paper on the solventless aldol
condensation reaction,15 attracted attention in Chem. Brit. (June
2000, p. 18) with a subsequent letter to the editor drawing
attention to the potential for run away reactions (January 2001,
p. 14). Clearly measurement of heat of reaction in solventless
systems is important as is effective heat dissipation. If highly
exothermic reactions are identified which are otherwise suited
to solventless conditions the problem could be addressed
through advanced reactor design. Another objection can be
difficulties in handling solid or highly viscous material. Again
this can be overcome by advances in engineering and innovative
reactor design. Solventless reactions may be more appropriate
for small volume commodity chemicals rather than high
throughput although it is possible to envisage extrusion type
continuous reactors. Though the concept of grinding (including
ultra high energy grinding) to promote chemical reactions has
been known for some time, there have been few reports of
applications of high intensity grinding in organic synthe-
sis.22–24

Historically organic synthesis was carried out in organic
solvents even in the absence of apparent reasons to do so (other
than heat transfer considerations). In moving towards sustain-
able technologies the issue now becomes either carrying out
solventless reactions, or using alternative reaction media, or (for
a multi-step synthesis) a combination of these. In covering
recent advances in solventless reactions, we will compare
(where information is available) reactions in organic solvents

and in other media. We initially entered Green Chemistry as a
challenge to establish solventless procedures for reactions
which traditionally play a pivotal role in organic synthesis. We
also targeted solventless reactions, and reactions in ionic
liquids, for preparing building molecules which feature ex-
tensively in supramolecular chemistry leading to advances in
materials chemistry and nano-technology. This is based on the
premise that any developments in supramolecular chemistry are
more likely to have downstream applications if the building
molecules are readily available using benign synthetic proto-
cols. Specific reactions studied include solventless aldol
reactions,15 sequential aldol and Michael addition reactions as a
route to symmetrical and unsymmetrical 1,5-diketones leading
to Kröhnke type pyridines,17–19 synthesis of 3-carboxycoumar-
ins (and a comparison with using an aqueous slurry),16

oligomerisation reactions affording cavitands, notably cyclo-
triveratrylene and related compounds (and a comparison with an
ionic liquid reaction medium),7 calix[4]resorcinarenes,11 and
4-substituted-1,4-dihydropyridine compounds such as the com-
monly used cardiovascular drug Felodipine.25 All these reac-
tions have a common theme of dehydration, and most exhibit
high atom efficiency. We note that Kröhnke type pyridines and
cavitands have ‘high technology’ applications, for example in
devices, materials chemistry, and liquid crystals, and ultimately
in developing sustainable technologies, Fig. 2, but this is not

matched by their syntheses. We have also studied the kinetics of
these solventless reactions, to help understand the chemistry at
the molecular level which is important in developing tools for
Green Chemistry.

Chemoselective, aldol condensation reactions
The aldol reaction, the formation of a b-hydroxycarbonyl
compound from two carbonyl compounds with at least one
being enolisable, which on dehydration becomes an a,b-
unsaturated carbonyl compound, can be carried out by simply
grinding together solid (or liquid) aldehydes and ketones in the
presence of solid NaOH followed by washing with a dilute
aqueous acid solution, Scheme 1.15 No preformed enolates are
used, no heating or cooling is required, no organic solvent is
utilised in the reaction (unless product recrystallisation is
required), and the only waste produced is a small amount of
acidic aqueous waste. Single crossed aldol condensation
products are produced in high yield even in reactions where a
mixture of products is possible. Solvent free aldol condensation
reactions of benzaldehyde and acetophenone derivatives have
been reported by Toda et al.,26 although in all cases the

Fig. 1 Non-organic solvent reaction medium linking into reactor design.

Fig. 2 Relationship between compounds with materials applications and
sustainable technologies.
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aldehydes are devoid of a-hydrogen atoms, thereby ensuring
that only a single aldol condensation product is possible.

Interestingly, the first reports of aldol reactions utilised
underivatised ketones and aldehydes with simple acid27 or
base28 catalysis. The trend has been towards reactions using
pre-formed enolates, which serve both to increase the driving
force of the reaction and to ensure that the desired chemo-
selectivity is achieved. Numerous elegant procedures have been
developed to this end29 but they frequently require the use of
reagents which are themselves somewhat noxious and result in
the generation of significant quantities of waste containing
metal salts such as Li+ salts. Some routes use enol esters or silyl
enol ethers but these are poor performers with regard to atom
efficiency and often require the use of potentially polluting
solvents and low temperatures.

In highlighting the solventless approach, the solids vera-
traldehyde, 1, 4-phenylcyclohexanone, 2, and indan-1-one, 3,
are reacted in various combinations affording aldol condensa-
tion products, with a high degree of conversion and a single
major product, Scheme 1.15 In the case of 1 and 3 a single
condensation product is obtained as expected, since the
aldehyde bears no a-hydrogen atoms and cannot therefore act as
a carbon nucleophile. Compounds 1 and 2 may yield two
products (a mono- and bis-adduct). The combination of 2 and 3
is less straightforward and a number of possible products may
be envisioned including crossed aldol products with either
ketone acting as a nucleophile, self condensation products of the
ketones and a mixture of these two. Under solventless
conditions, only one crossed aldol product is isolated. In stark
contrast, for the reaction of compounds 2 and 3 in solution,
without the use of a pre-formed enolate, a complex mixture of
products results.30 Attempted self-condensation of 3 under
solventless conditions fails to give the condensation product.

Where reaction occurs, a eutectic mixture, with melting point
lower than the ambient temperature, results and the reaction
mixture is in fact a mutual solution of the carbonyl compounds
reacting together to yield a solid product which separates from
this solution as the reaction proceeds.20 This observation may
provide insight into the remarkable selectivity of the ketone–
ketone reaction involving 2 and 3 under these conditions, with
the product arising from attack by a carbanion formed by indan-
1-one on the electrophilic carbonyl carbon of 4-phenyl-
cyclohexanone followed by spontaneous dehydration and
sequestration of the product as a separate solid phase.

If dehydration occurs immediately and is irreversible under
the conditions of the reaction the product is trapped and no
equilibration occurs. The solid product appears to be insoluble
in the reaction mixture and is effectively removed by this
change in phase driving the reaction rapidly to completion.
Stabilisation of the indanon-1-one carbanion intermediate leads
to higher acidity of the a-hydrogen atoms and, as no
equilibration is possible (as the product is removed from the
‘reaction solution’), no products due to attack of 4-phenyl-
cyclohexanone carbanions are noted.

Adopting the principles of Green Chemistry for the aldol
condensation reaction, has resulted in establishing a new
benchmark for minimising waste in these reactions while
allowing for a greater degree of chemoselectivity than in
solution. These are distinct advantages over the classical
reactions in organic solvent. Moreover, intermediates formed
by grinding together two solids and the base catalyst may be
stored for months without impact on product quality, and this
issue alone may be attractive in industrial applications of the
solventless aldol reaction.

3-Carboxycoumarins
These compounds, 7, can be readily prepared from 2-hydroxy-
benzaldehydes, 4, and Meldrum’s acid, 5, by a room tem-
perature reaction involving two solids or a solid and a liquid
with a catalytic amount of ammonium acetate, Scheme 2.16 The

yields of 7 are quantitative, with no heating, and no use of
organic solvent, with purification achieved by an aqueous wash.
Alternatively the reactions can be carried out as slurries in
aqueous solutions of ammonium acetate, despite the extremely
low solubility of Meldrum’s acid, 5. As for the solventless
reaction, the ammonium acetate solution can be reused without
affecting product quality. The Knoevenagel reaction product
(the benzylidene intermediate, 6) can be isolated from a reaction
mixture devoid of catalyst and further reacted, in the presence of
the catalyst, either as a solid or in aqueous slurry to effect ring
closure to the coumarin. Remarkably, the reaction of 4 and 5 to
produce 7 proceeds more rapidly when carried out under
aqueous slurry conditions. It is generally accepted that the
1,2-elimination in the Knoevenagel reaction is inhibited in
protic solvents31 and this provides a clue to an increase in the
rate of the reactions in aqueous slurries. If the 1,2-elimination is
inhibited and hydrolysis of Meldrum’s acid and ring closure
proceeds once the b-hydroxydiketone is formed, i.e. before or
concomitantly with 1,2-elimination of water, then the longer
lived the flexible b-hydroxydiketone, the more favourable are
the conditions for coumarin formation and the more rapid the
reaction.16

3-Carboxycoumarins represent an important class of bio-
logically active compounds, and their synthesis is now more
convenient, clean and efficient. There is no need for the use of
polar aprotic solvents such as DMF or solvents in general, no
heating is required, and minimal waste is generated.16 The
procedure becomes almost facile in its simplicity and equipment
use is limited to vessels for stirring and suitable filtration
devices. The Knoevenagel reaction of active methylene com-
pounds with 2-hydroxybenzaldehdes has been extensively used
in the first step in the synthesis of 3-carboxycoumarins.
Knoevenagel himself described the solution phase condensation
of 2-hydroxybenzaldehydes with malonic acid more than 100
years ago.32 Numerous routes to 3-substituted coumarins have
been published, including the use of noxious compounds such
as POCl3,33 bases such as piperidine,34 solvents such as DMF,35

and, recently, a low-yielding ‘solid phase’ synthesis, utilising

Scheme 1

Scheme 2
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ethyl malonate tethered to a Wang resin and suspended in
pyridine.36 A more benign method is a one pot microwave
mediated synthesis which entails the use of a solid catalyst,37

but this is not solvent free, unlike in our methods, Scheme 2,
requiring removal of the product from the catalyst using a
solvent, followed by extensive use of solvent for chromato-
graphic purification.37

Synthesis of Kröhnke type pyridines
Despite the continual research and applications surrounding
Kröhnke type pyridines and related compounds, the method-
ologies used to synthesise these compounds have changed little
since a review article by Kröhnke in 1976,38 which involves
volatile organic solvents and displays only moderate to low
yields with low atom efficiency. In applying the principles of
Green Chemistry a new and indeed more versatile protocol has
been established.17–19 The aldol condensation of an enolisable
ketone and a benzaldehyde followed by Michael addition of the
enone, 8, with a second enolisable ketone, both steps under
solvent free conditions involving grinding with solid NaOH,
leads to the quantitative formation of a 1,5-diketone, 9, either
symmetrical or unsymmetrical with respect to the aromatic
rings, depending on the ratio of reactants and order of
addition.17–19 A Kröhnke type pyridine, either a terpyridyl 10,
or a bipyridyl or pyridine 11, is then readily formed in high yield
via a double condensation in the presence of ammonium acetate
in acetic acid. Some of the types of compounds prepared using
this new approach are shown in Scheme 3. Overall, this

solventless approach coupled with the ring closure in acetic acid
allows access to a diverse range of oligopyridyls, including
bipyridyls and terpyridyls (symmetrical and unsymetrical)
which in many cases are not accessible using traditional
methods, or are accessible only in low yields. Thus the Green
Chemistry approach not only reduces the use of organic
solvents and minimises other waste,1 it allows access to new
classes of compounds and associated applications. It is
noteworthy that the new method is simple, occurs under mild
conditions (improved energy usage), and has inherently lower
costs.18 In keeping with our ‘green’ approach we have also
synthesised all non-commercially available starting alkoxy-
benzaldehydes and alkoxyacetophenones for 10 and 11 using
recyclable polypropylene glycol as a low vapour pressure
reaction medium.11

It is noteworthy that Kröhnke type pyridines and other
substituted pyridines, including the related terpyridines, with
their p-stacking ability, directional H-bonding and coordination

properties, are prominent building blocks in both organic and
inorganic supramolecular chemistry.19,39–41 They also have
luminescence properties,42 with applications in liquid crys-
tals,43 photosensitisers,44 and biochemical DNA binding reac-
tion mechanisms.45 Studies into the possible medical applica-
tions of substituted terpyridines have shown promising results,
attributed to their ability to form complexes with metals,
although the toxicity of previously synthesised materials has
hampered clinical trials.46 The significance of being able to
synthesise such substituted terpyridines for use in pharmaco-
logical testing alone is reflected in the increasing number of
associated international patents in recent years.47

The solventless reactions, Scheme 3, occur for combinations
of liquids, liquids and solids, and solids. In a typical experiment,
benzaldhyde and acetophenone are both colourless liquids at
room temperature and upon addition of the NaOH the liquids
immediately turn yellow indicating the formation of the enolate.
By aggregating the reaction mixture in a mortar and pestle, the
viscosity rapidly increases to form a tacky solid after ca. 5 min
of constant mixing, which hardens after ca. 30 minutes as the
solid aldol product, 8. During the reaction between two solids
the reaction mixture undergoes a phase transition into a eutectic
melt. Grinding the solid starting materials in the absence of
base, this eutectic phase can be reproduced, however, there is no
observed conversion to the aldol product.

A conventional Kröhnke synthesis proceeds by treating an
unsaturated ketone with the pyridinium salt formed by reacting
halogenated-methyl ketone with pyridine, Scheme 4, to produce

the Michael addition product 9. Although this step is reported to
be high yielding, the byproducts of the reaction generate
significant waste and the reagents are expensive (see below).
The direct reaction of the enone with an enolisable aryl methyl
ketone in a basic solution proceeds to the 1,5-diketone,48 thus
eliminating the preliminary pyridinium salt formation. In the
case of unsymmetrical compounds, there is no need to isolate
the intermediate enone which is essentially formed quantita-
tively, thereby eliminating an intermediate purification step,
and without the need to add more NaOH.

When the solvent based methods were adopted in an attempt
to prepare 10, 4,4B, R = O-alkyl, only the cyclohexyl product

12 could be isolated from the complex reaction mixture which
was devoid of target molecules. A recent paper describes the
synthesis of 10, 4,4B, R = H, under somewhat harsh conditions
with a moderate 6% overall yield,49 compared with 84% using
the solventless approach.17–19

After the final ring closure reaction in acetic acid, addition of
water results in precipitation of the product which can be
collected and washed with ethanol. Although this stage of the

Scheme 3

Scheme 4
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synthesis requires the use of a solvent, it should be noted that the
low vapor-pressure of the acetic acid allows the use of an air
condenser during the reflux, following the workup process the
acetic acid can be efficiently regenerated and used as a batch
process. The chosen solvent is also a naturally renewable source
in alignment with the principals of Green Chemistry. Typically
the traditional methods to prepare Kröhnke type pyridines
generates as much as 29 times more solid waste than the
‘greener’ route to the same compound.50 Moreover, even for a
compound available in modest yield using traditional meth-
ods,50 the ‘greener’ route is estimated to be 600% more cost
effective, not taking into account the cost of energy usage and
waste disposal, which is rapidly escalating. Then there is the
new chemistry which is accessible, for example the synthesis of
the complex molecules 13 and 14.50

By utilising the above techniques, we have synthesised
several novel building blocks, including 13 and 14,50 which
have potential as supramolecular synthons, polymeric mono-
mers, coordination ligands, mono- and di-cyclometallation
ligands, and as molecules with pharmacological properties. The
added halogen functionality on the terminal carbon of the alkyl
chains in compounds also allows for great scope. As an example
of the utility of the new pyridines now available in supra-
molecular chemistry, compound 10, 4,4B, R = O-Octyln, forms
hetero-multi-component molecular capsules with C-methyl-
calix[4]resorcinarene, Scheme 5.19 The calix[4]resorcinarene is
also readily prepared in high yield as the cavitand C4v isomer
under solvent free conditions19 which dispenses with the need
for using large volumes of acid and solvent (see below).51

Overall, supramolecular chemistry is part of the drive towards
sustainable technologies in nano-chemistry and beyond. Molec-
ular capsules in general find applications in clean chemical
synthesis,52 drug delivery, materials and separation sciences,53

and they are structurally related to components in biological
systems such as those in viruses.54

The molecular capsules contain microenvironments of sol-
vent, either four toluene molecules, or if a trace of diethyl ether
is present, two diethyl ether molecules and two toluene
molecules, which has implications in separation technology.
Both capsules have been structurally authenticated, with the
structure of the latter shown in Fig. 3, and are held together by

a total of 8 N…HO hydrogen bonds, and p-stacking associated
with pairs of terpyridines.

Cavitands: calix[4]resorcinarenes,
cyclotriveratrylene (CTV) and related molecules
The synthesis of calix[4]resorcinarenes was first reported in the
late 19th century by Baeyer55 and in spite of the increased
interest in such compounds the synthetic methodology used has
changed little. This typically involves heating resorcinol and the
appropriate aldehyde to reflux for hours to days in a mixture of
mineral acid and alcohol (usually a 2+2+1 ratio of ethanol, water

Scheme 5
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and concentrated HCl).56 In applying the principles of Green
Chemistry C-aryl and C-methylcalix[4]resorcinarenes are now
accessible in substantially higher yields and high purity by the
direct reaction of resorcinol and aldehyde in the presence of a
catalytic amount of solid acid, tolyl-p-sulfonic acid, at ambient
temperature, under solvent-free conditions with grinding for a
few minutes, Scheme 6.11,19 This represents a significant
improvement on the traditional solution phase methodology
with respect to energy usage, solvent wastes and associated
hazards, reaction time and yield. In addition, and again applying
the principles of Green Chemistry, the relevant benzaldehyde
derivatives are prepared in polypropylene glycol, which is
readily recycled. Calix[4]resorcinarenes find applications as
supramolecular tectons19,57 and host molecules,58 as compo-
nents in liquid crystals,59 photoresists,60 selective mem-
branes,61 surface reforming agents,62 HPLC stationary
phases,63 as ion channel mimics64 and metal ion extraction
agents.65

As noted previously,7,20 the reaction mixtures are viscous
liquids or pastes even where all reagents are solids; the melt
formed on mixing the reagents stiffens within minutes to yield
a sticky solid that hardens further on standing. This material is
mainly the product 14 and purification involves washing with
water to effect removal of the catalyst, followed by re-
crystallisation from hot methanol where required.

Calix[4]resorcinarenes commonly occur in two isomeric
forms, namely the rccc or C4v and the rctt or C2h isomers.66 For
C-methyl- and C-C6H4-4-O-Octyln–calix[4]resorcinarenes the
C4v isomer results, whereas for C-C6H4-2-OH–calix[4]resorci-
narene the C2h isomer predominates and, for C-C6H4-
4-O(CH2)4Br–calix[4]resorcinarene, a mixture of the two
isomers is obtained (Scheme 6). The predominance of the C2h
isomer contrasts with molecular modelling calculations,11

which indicate that the C4v isomer in the crown conformer is
favoured over the C2h isomer in the chair conformer (in the
absence of solvent effects) by 6.3 and 14.4 kcal mol21 for C-
C6H4-4-O-Octyln–calix[4]resorcinarenes and C-C6H4-
4-O(CH2)4Br–calix[4]resorcinarene respectively. Altering the
reaction time does not lead to an increase in the formation of the
C4v isomer.

CTV and related molecules, 16, are versatile supramolecular
host molecules, recently gaining prominence in forming
complexes with large globular molecules such as fullerenes and

carboranes,67,68 yet the synthesis of these host molecules has
changed little since their discovery earlier last century.69 CTV is
formed by the harsh acid catalysed condensation of veratryl
alcohol 15, or veratrole and formaldehyde. In focusing on more
benign syntheses, two new methods have been developed,
solventless and the use of an ionic liquid as a reaction medium,
both providing reasonable yields yet being low waste generat-
ing, Scheme 7.7 The solvent free method is particularly well
suited to the analogues of CTV derived from the corresponding
benzyl alcohol which are sensitive to strongly acidic conditions,
while condensation in the ionic liquid N6444 Amide facilitates
the condensation of liquid or molten benzyl alcohol monomers
to the cyclic trimers. While the yields from the solventless
reactions carried out at room temperature are modest, 41–59%,
these are readily improved by the use of elevated tem-
peratures.70 The trimer is more easily isolated than in traditional
syntheses, and only a catalytic amount of acid is required, the
volume of solvent used is hugely reduced and is only associated
with product purification. Phosphoric acid proved the best
catalyst as solid tolyl-p-sulfonic acid results in the formation of
solid product shells around the catalyst, effectively rendering
the catalyst inactive.7 Organic solvents used in product isolation
are not heated above ambient temperature, thus reducing the
difficulties associated with containment of vapours.

Fig. 3 Structure of [{(OEt2)2(toluene)2}7(C-Methylcalix[4]resorcinarane)2 (10, 4,4B, R = –O-Octyln)4].

Scheme 6
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In the case of the ionic liquid method, the reaction of 15 with
a catalytic amount of phosphoric acid affords the trimer in very
high yield, > 82%, and the non-volatility of the ionic liquid
provides unique recycling possibilities. Indeed it can be
recycled five times before product quality is compromised and
the scheme for recycling the ionic liquid is shown in Fig. 4. The

methanol used in the scheme can be removed by distillation and
recycled. The high yielding reaction occurs in an ionic liquid
which is strongly hydrophobic and with the negative charge on
the anion diffuse and partially protected.7 The low equilibrium
concentration of water in the reaction mixture assists in driving
the reaction to high yield, the excess water being continuously
lost as vapour. The properties of the ionic liquid which favour
the trimerisation reaction underscores the need to develop a
wide range of ionic liquids of varying properties, and this is an
important part of the rapidly expanding research in ionic
liquids.5–7

Therapeutic agents
4-Aryl-1,4-dihydropyridines such as 21 are potent calcium
channels agonists and antagonists and are extensively used in
the treatment of cardiovascular disease (CVD),71 which is one
of the leading causes of death the world over (for example,
41.4% of deaths in the USA in 1996 were a result of CVD).72

Following the two step regime illustrated in Scheme 8 (and
similar to most industrially used synthetic routes to such
unsymmetrically substituted dihydropyridine derivatives), but
using solventless reaction conditions, leads to a vast improve-
ment in extent of conversion and isolated yield while delivering
significantly shortened reaction times, batch sizes that are
defined only by the quantity of drug to be produced and

concomitant improvements in energy utilisation.73 Volatile
organic compound (VOC) use is restricted to product re-
crystallisation, in turn facilitated by the high degree of
conversion achieved which results in low quantities of residual
starting materials or impurities.

The simplicity and efficacy of the solventless methodology
may again be contrasted with the various strategies that have
been employed to maximise conversion and minimise reaction
time in traditional solvent-phase syntheses. These include
azeotropic removal of water,76–76 catalyst optimisation,74,77 and
selective deesterification of diesters using acid catalysts.78

Reaction times are of the order of 2 to 40 hours and overall
yields for the two step synthesis are significantly lower than
quantitative (30 to 65%). Extractive workups79 and the need to
separate symmetrical diester byproducts from the desired
product74 serve to increase the usage of volatile organic
compounds and decrease efficiency with respect to yield and
number of process steps.

These reactions proceed at ambient temperature but, in
common with the solution phase methods, more rapid conver-
sion is achieved at elevated temperatures. To gain further
understanding of these reactions, we have studied the rate of
formation of the products 19 and 21 and find that it is possible
to optimise reaction conditions with respect to maximum rate of
conversion vs. energy use.73

Remarkable improvements in yield, energy use and waste
minimisation are also achieved in the synthesis of 1,2,3,4-tetra-
hydroquinazolines 22 and the related fully aromatised quinazo-
lines 23 (Scheme 9).80 These compounds are biologically

active81 and derivatives are of interest as dihydrofolate
reductase inhibitors,82 antitubercular83 and antibacterial
agents.84

Mechanistic considerations
That many of the solventless reactions discussed above involve
the reaction of macroscopic solid organic particles, yet proceed
via a liquid or melt phase is intriguing and has formed the basis
of a detailed study of several organic reactions.20 Some of these
reactions have been reported to proceed ‘in the solid phase’ but
clearly involve the formation of a liquid phase. Catalytic
transformations, including aldol condensations and oligomer-
isation of benzylic compounds to form cavitands, proceed via a
liquid phase, as do many non-catalytic reactions including
Baeyer–Villiger oxidations, oxidative coupling of naphthols
using iron chloride, condensation of amines and aldehydes to

Scheme 7

Fig. 4 Procedure for recycling of ionic liquid N6444 Amide in the synthesis
of CTV. This anion is also commonly described in the materials and
electrochemistry literature as the bis(trifluoromethylsulfonyl)imide ion,
hence the abbreviation NxyyyImide.

Scheme 8

Scheme 9
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form azomethines, homo-etherification of benzylic alcohols
using tolyl-p-sulfonic acid, and nuclear aromatic bromination
with NBS.20 This liquefaction implies the existence of a eutectic
mixture with Tfusion below ambient temperature (although both
reagents have higher than ambient melting points). In cases
where heating is required, it is again clear that a phase change
(from solid to liquid) occurs, explaining the observed reaction
kinetics. We have previously examined a number of experi-
mental examples,20 and these along with the examples de-
scribed above provide the basis for a description of such
reactive systems involving intervention of a liquid phase
resulting from the occurrence of a eutectic (or peritectic) melt
phase. When considering reactions between solids it is
important to distinguish between solid phase synthesis (the
reaction of molecules from a fluid phase with a solid substrate
as in the polymer-supported peptide syntheses); solvent-free
synthesis (any system in which neat reagents react together, in
the absence of a solvent); and solid-state synthesis or solid-
solid reactions, in which two macroscopic solids interact
directly and form a third, solid product without intervention of
a liquid or vapour phase. A cartoon of these three processes is
shown in Fig. 5. Numerous reactions such as those resulting in

the formation of a complex such as a charge-transfer or
molecular complex,85 reactions in a single crystalline phase
such as photochemically induced solid-state transformations,86

or the reaction of two components that crystallise together to
form a discrete stoichiometric co-crystal (or inclusion com-
pound), may be considered to occur in the solid phase.87

However, it may be demonstrated that many reactions between
discrete solid particles are actually reactions in a liquid melt
phase.20

In the aldol condensation, observation of the phase resulting
on grinding together the solid aldehydes or ketones without
addition of the base catalyst, reveals that in some cases a liquid
melt forms while in others the solid reagents occur as
mechanically mixed, discrete crystalline phases (as verified by
powder X-ray diffraction studies). More importantly, upon
addition of the solid base catalyst, reaction is only observed in
those systems that exhibit a phase change to a melt.15 Thus, the
existence of a liquid phase is a prerequisite for reaction in these
systems! In systems such as these, which require addition of an
acid or base catalyst, it is possible to construct the phase
diagram for the two component reagent mixture. Measurement
of thaw and liquidus points for the system indan-1-one 2 and

4-phenylcyclohexanone 3 yields Fig. 6. The eutectic tem-
perature of 19 °C is below the ambient temperature of the
reaction experiments. However, it is interesting to note that at a
1+1 mole ratio of 1+2 the liquidus temperature is above ambient
T, implying that some unmelted solid 2 would be present. This
is not observed in the bulk samples and may indicate the
tendency of the system to supercool.88 In addition, this implies
that some heat is released on grinding of the two components
which leads to complete melting of the mixture. Such heat may
be generated by the occurrence of ‘hot spots’89 during initial
grinding of the solids and this phenomenon should be carefully
considered when high intensity grinding techniques, such as
ball milling, are employed (even in cases where temperature-
controlled apparatus is used).

Similar melt behaviour is noted in a number of reactions and,
for example, trimerisation of benzylic alcohols, achieved by
grinding 4-allyloxy-3-methoxybenzylalcohol with one equiva-
lent of tolyl-p-sulfonic acid, yields a viscous melt that solidifies
over a period of days yielding 16, R = allyl (Scheme 7), which
separates as a microcrystalline solid. Once again, this solvent-
free reaction is not a solid–solid reaction in spite of the
relatively high melting points (86 °C and 103–105 °C, re-
spectively) of both reagents. One mole of water is produced for
each mole of benzyl alcohol condensed, but this does not
account for the apparent liquefaction of the reaction mixture.
Although the viscosity of the monomer–acid mixture is lowest
directly after the grinding of the two components, TLC analysis
reveals < 5% product at this point. Thus, the water present is
derived chiefly from the monohydrate catalyst and would be
insufficient to achieve dissolution of the very sparingly soluble
benzyl alcohol monomer.

Highly efficient solventless transformations of benzaldehyde
and aniline derivatives have been reported previously,90 and the
reaction between o-vanillin 24 and p-toluidine 25 to yield the
azomethine product 26 (Scheme 10), provides a striking
example of a melt phase on mixing of the solid reagents.

Mixing of the finely powdered reagents (without grinding)
immediately yields a bright orange fluid that has a low viscocity
and may be drawn into a pasteur pipette as illustrated in Fig. 7.
This liquid rapidly solidifies yielding a bright orange crystalline
solid that is slightly wetted (presumably by the water produced
in the condensation reaction). As with many solventless
reactions, reaction is rapid and conversion virtually quantita-
tive. Aside from drying, no further purification is required.

Clearly many of the so-called ‘solid–solid’ reactions are not
reactions in the solid-state. Solid–solid reactions occurring
between two discrete crystalline solids, without intervention ofFig. 5 Cartoon of solid phase reaction (top), solvent-free reaction (middle),

and solid-state reaction (bottom).

Fig. 6 Phase diagram of indan-1-one 1 and 4-phenylcyclohexanone 2 at
constant (ambient) pressure. Filled circles represent liquidus temperatures,
filled squares, thaw points, and open squares the onset temperature of the
first endotherm measured by DSC analysis.
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a mobile phase (which allows a large number of productive
molecular collisions) would be expected to exhibit diffusion-
controlled kinetics.91 Thus, the rapid rates noted do not support
the theory of two solids reacting together without intervention
of a new (liquid) phase that enables higher substrate mobil-
ity.20

A description of the behaviour noted is described: upon
mixing of the reagents, a melt of mutually miscible A and B
exists, so that these may be considered to be mutually soluble.
In the reaction A + B » C, the overall phase equilibria may be
represented by a triangular prism as shown in Fig. 8a. In this
prism each rectangular face represents one binary diagram (AB,
AC etc.).92 Since the reactions are not thermally isolated these
approximate systems at constant T, and the chemical and phase
composition may be represented by triangular cross sections of
the prism such as the central triangle in Fig. 8(b) which
represent a cross-section at T1. This figure illustrates the

situation where the temperature is above that of the binary
eutectic formed by A and B (and above the binary eutectics
formed by A and C, B and C and the ternary eutectic formed by
A, B and C). Thus as A and B react in 1+1 stoichiometry to form
product C the composition changes along the line qC. The liquid
phase, initially composed of 1+1 A+B, becomes enriched in C
until the liquidus line is crossed and C begins to crystallise out
of the melt. At complete conversion the only phase present will
be a solid, crystalline C. As the quantities of A and B, relative
to each other, remain constant throughout the reaction, a vertical
section of the triangular prism such as Fig. 8c can be used to
depict the phase equilibria occurring. Each face of the prism is
in fact a two component diagram such as that appended to the
base of the triangular cross section in Fig. 8b. It may be
illustrated that a number of reactive systems exhibit 2
component phase diagrams AC and BC such as those repre-
sented as dotted rectangles appended to the sides of the triangle
(Fig. 8b).

Overall, these reactions should therefore be classified
together with classical liquid–liquid and liquid–solid systems
that react in the absence of an added solvent such as many of the
solid–liquid or liquid–liquid systems presented above.

Future trends
The remarkable versatility and success of using solventless
reactions to prepare several classes of compounds demonstrates
that this methodology has an important place in the toolbox
arsenal for Green Chemistry. In accepting the enormous
challenge of Green Chemistry in the march towards sustain-
ability, new chemistry can emerge as well as access to
compounds not possible using traditional methods, and on this

Scheme 10

Fig. 7 Photographs of liquid phase formed upon mixing of o-vanillin and p-
toluidine. (a) Pale yellow crystalline o-vanillin (left) and white crystalline p-
toluidine (right) form an orange liquid phase upon contact. (b) The orange
liquid phase is fluid enough to be drawn into a Pasteur pipette and solidifies
rapidly to form the orange crystalline solid azomethine product.

Fig. 8 (a) Triangular prism basis for a 3 component phase diagram at
constant P (vertical axis represents increasing T). Consideration of cross
sections such as T1 and T2 allow analysis of the phases occurring at various
component concentrations at a specific, constant temperature. (b) Repre-
sents a cross section of this prism at a particular temperature (central
triangle) greater than the AB, BC, AC or ABC eutectic temperature (note
liquid phase at C = 0). (c) Diagram representing constant A and B
composition of 1+1 mole ratio with increasing T. Moving along the dotted
lines marked T1 and T2 indicates the phase changes occurring as C
increases.
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issue alone, the results challenge the classical approach of using
volatile organic solvents in synthesis. Green Chemistry is an
area of chemistry where applied and fundamental research
collapses with a common thread of sustainability. It also
challenges the description of certain classes of reactions
between organic solids as being solid state reactions. Applying
the principles of Green Chemistry has led us into developing
new building blocks for supramolecular chemistry, and estab-
lishing protocol for organic synthesis. In this context then the
question is: ‘why wouldn’t you want to embark on research in
Green Chemistry?’
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Sustainable silver and copper nano-contacts showing quan-
tized conductance are prepared at a gap between two thin
gold wires in solution.

Facile preparation of metal nano-structures, such as nano-wires
and nano-gaps, has become an important subject in recent nano-
technologies. The techniques enable us to evaluate various
characteristics of nano-structures, such as quantized con-
ductance, single-electron charging, and specific conductivity of
a single organic molecule, which are useful for the fabrication of
novel devices such as quantum devices.1 Of various possibil-
ities to fabricate nano-structures on solid surfaces, chemical
techniques are of much interest because they give stable and
self-ordered structures by low-cost processes.2–4 Especially, an
electrochemical method is one of the most promising tech-
niques4 since the control of the electrode potential leads to
precise control of atomic processes on solid surfaces.5

Recently interesting examples have been reported6–11 on the
fabrication of nano-junctions via electrochemical processes and
on the observation of the conductance quantization. The nano-
junctions are prepared either at a gap between the tip and the
substrate of a scanning tunneling microscope (STM)6–8 or a gap
between two micro-electrodes prepared by photolithogra-
phy.9,11 Another interesting method is to use the electro-
chemical dissolution and deposition of a thin metal wire in
solution. This method is one the simplest and very useful if
sustainable nano-contacts can be prepared reproducibly. At
present, only one example is reported10 for a Cu wire though the
detailed preparation method is not reported.

In this paper, we report the successful observation of the
quantized conductance in sustainable Cu nano-contacts, pre-
pared by the electrochemical dissolution and deposition of Cu
wires. We also report that the method is extended to the
preparation of nano-contacts of various other metals such as Ag
by use of the electrochemical deposition and dissolution of the
metals at a stable gap such as an Au gap. This gives an
interesting way to prepare nano-contacts of a variety of metals,
for the fabrication of nano-contacts in solution are now only
limited to Cu7–10,12 and Au.6,11

The metal nano-contacts were prepared as follows. A Cu or
Au wire (30 mm in diameter, 99.95% purity) was attached to a
glass plate with adhesive insulating tapes, with a region of a few
hundred mm in width being left as a gap, at which the metal wire
could be in contact with an electrolyte solution. The electro-
chemical dissolution of the metal wire at the gap resulted in the
formation of a thin metal wire with a diameter of a few mm (Fig.
1). Further dissolution led to the disconnection of the wire,
which was easily detected by simultaneous measurement of its
conductance. The nano-contact was formed just before the wire
was disconnected. The formation of Ag nano-contacts was
performed by the controlled deposition and dissolution of Ag at
the gap of an Au wire.

A potentiostat (Toho Technical Research, 2001) and a
programmed function generator (Toho Technical Research, FG-
02) were used to control the potential of the thin metal wire with

respect to the Ag/AgCl reference electrode. The current flowing
through the thin metal wire under a constant bias (18.8 mV) was
measured in the course of its electrochemical dissolution and
deposition with an electrometer (Keithley 6517A), to obtain the
conductance.

Fig. 1 shows an example of a thin Cu wire with a diameter of
a few mm, prepared by the electrochemical dissolution of a Cu
wire (d = 30 mm) for 3 min in 0.1 M H2SO4 + 1 mM CuSO4 (M
= mol dm23) at 0.3 V vs. Ag/AgCl, which is ca. 0.17 V more
positive than the equilibrium potential for Cu dissolution (0.13
V). By this method, a long sustainable thin metal wire of
approximately 100–300 mm in length was successfully pre-
pared.

After the preparation of the thin Cu wire, the potential was
changed from 0.3 to 0.2 V to cause further slow dissolution. The
current flowing through the thin metal wire decreased with time
and finally became zero, indicating that the wire was broken.
Just before the wire was broken, the current showed stepwise
changes, as shown in Fig. 2(a). The conductance of the Cu wire,
calculated form the current and the bias voltage, is also shown
on the right axis of the figure in units of quantized conductance
(G0 = 2e2/h). A unit conductance of 1 G0 is clearly observed for
a long time of about 8 s. It is likely that the half unit
conductance, 1/2 G0, is also observed. Repeated experiments
have shown that the conductance of 1 G0 continues for 10 to 100
s. The observation of the unit quantized conductance indicates
the formation of a Cu nano-wire consisting of a few Cu atoms.
Essentially the same behavior was reported in Cu nano-contacts
prepared at a gap of Cu wires10 and a junction of electro-
chemical STM.7,8

We also succeeded in preparing sustainable Cu and Ag nano-
contacts at a gap between two thin Au wires. The dissolution of
an Au wire (d = 30 mm) proceeded in 0.5 M KCl when the
potential was kept at 0.8 V or more positive,13 leading to the

Fig. 1 Optical microscopic image of a thin Cu wire (d = 1–2 mm) prepared
by electrochemical dissolution of a thick Cu wire (d = 30 mm) at 0.3 V vs.
Ag/AgCl. The circle shows the broken part of the thin Cu wire, caused by
further slow dissolution at 0.2 V.
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formation of a thin Au wire and finally disconnection. After the
formation of a gap in a thin Au wire, Cu was deposited on it at
0.3 V in 0.1 M H2SO4 + 1 mM CuSO4. Several repeated Cu
deposition and dissolution cycles led to the formation of Cu
nano-contacts showing unit quantized conductance lasting for
100 s or more [Fig. 2(b)]. The result indicates that a gap between
two thin Au wires can be used effectively for the fabrication of
sustainable nano-contacts of other metals.

Fig. 3 shows results of similar experiments for the deposition
and dissolution of Ag at a gap of thin Au wires. Ag was
deposited on Au when the potential of Au was kept at 20.3 V
in 0.05 M H2SO4 + 1 mM AgNO3, which is about 0.7 V more
negative than the equilibrium potential for Ag dissolution (0.4
V). The deposited Ag was dissolved at 0.44 V. The stepwise
changes of the conductance were observed both for the
deposition of Ag [Fig. 3(a)] and the dissolution of it [Fig. 3(b)].
In the latter case, unit conductance, G0, was observed for a long
time of more than a 1000 s. The results again clearly show the
formation of sustainable metal nano-contacts showing quan-
tized conductance, indicating the effectiveness of the present
method.

It may be noted in Fig. 3 that the conductance at several
current plateaus show conductances different from integral
multiples of the unit conductance (G0). Similar behavior is also
observed for Cu nano-contacts [Fig. 2(a)]. Such deviations are
often observed in electrochemical systems, as reported by other
workers,6,12 The formation of certain characteristic configura-
tions of metal atoms14 in electrolyte solutions may be
responsible for the deviations, since it is plausible that the
structure of the metal nano-contacts depends on the nature of the
solvent and electrolyte ions used.

In conclusion, sustainable metal nano-contacts showing
conductance quantization have been successfully prepared by

electrodeposition and dissolution of Cu and Ag metals at a gap
of Au wires. Especially, the Ag nano-contacts, which were
prepared for the first time in the present work, showed unit
quantized conductance for more than 1000 s. The technique
may be applied easily to various metals and other materials,
whose structures can be controlled by electrochemical process,
to investigate detailed properties of nano-contacts in solution.

This work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology, Japan.
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Fig. 2 Time courses of the conductance during the electrochemical
dissolution of (a) a Cu wire and (b) Cu deposited at a gap of Au wires. The
potential for the Cu dissolution was 0.03 V vs. Ag/AgCl; electrolyte: 1 mM
CuSO4 + 0.1 M H2SO4.

Fig. 3 Time courses of the conductance (a) during the electrochemical
deposition of Ag at a gap of Au wires at 20.1 V, and (b) during the
electrochemical dissolution of the deposited Ag at 0.3 V; electrolyte: 1 mM
AgNO3 + 0.05 M H2SO4
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A new polynuclear copper(II) complex [Cu7(OH)6Cl2-
(pn)6(H2O)2](C(CN)3)4Cl2 with hydroxo-bridging ligands
has been prepared; the centrosymmetric cluster cation can
be described as two Cu4O3Cl distorted cubane units sharing
one copper cation.

Various multinuclear copper(II) complexes have been reported
in the last decade with a great number of simple and
sophisticated bridging ligands;1–5 however, some nuclearities
remain comparatively scarce. In the case of tetranuclear
complexes with Cu4O4 cubane-like clusters some examples
have been thoroughly described,2 but to date little is known
about clusters involving more than four metal centres.3,4

Concerning the heptanuclear copper(II) clusters, as far as we are
aware, only one example of the dicubane-like type has been
described.5 Here we report the structure and preliminary
magnetic studies of a novel vertex sharing dicubane-like
heptanuclear copper(II) cluster [Cu7(OH)6Cl2(pn)6(H2O)2]-
(tcm)4Cl2 (1) [pn = 1,3-diaminopropane; tcm2 = C(CN)3

2 =
tricyanomethanide] with chloro- and hydroxo-bridging li-
gands.

1.00 mL (12 mmol) of 1,3-diaminopropane (pn) was slowly
added to a warm aqueous solution of CuCl2·2H2O (12 mmol)
and then an aqueous solution of sodium hydroxide (12 mmol)
was added. To the resulting clear solution were immediately and
consecutively added concentrated aqueous solutions of
CuCl2·2H2O (2 mmol) and potassium tricyanomethanide
(8 mmol). Slow evaporation gave prismatic blue crystals of
[Cu7(OH)6Cl2(pn)6(H2O)2](tcm)4Cl2 (yield 1.28 g, 42%) suita-
ble for crystallography.‡ The structure of 1 is unique and
consists of a centrosymmetric hydroxo-bridged heptanuclear
copper(II) cation (Fig. 1) which can be described as two
Cu4O3Cl distorted cubanes which share one copper cation
(Cu1) (Fig. 1 and 2). The four crystallographically independent
Cu(II) centres differ markedly in their co-ordination geometry.

The central atom (Cu1) presents a strongly elongated octahedral
coordination which involves a CuO4 equatorial plane with
essentially equivalent Cu–O bonds [see Fig. 2(a)] and two semi-
coordinated Cl anions in axial positions (Cu…Cl = 3.029(2)
Å). The Cu2 and Cu3 cations have distorted square pyramidal
CuO2N2Cl environments. In both cases, the basal planes are
occupied by two hydroxo bridging ligands (O1 and O3 for Cu2;
O2 and O3 for Cu3) and two nitrogen atoms of the chelating pn
ligand (Cu–O range 1.977–2.016 Å and Cu–N range
1.975–2.021 Å). Both pyramids share a strongly elongated axial
position filled by the bridging Cl1 atom (Cu2–Cl1 = 2.654(2)
Å and Cu3–Cl1 = 2.679(2) Å) (Fig. 1). The co-ordination

† Electronic supplementary information (ESI) available: detailed synthesis
and X-ray crystallography of 1. See http://www.rsc.org/suppdata/cc/b1/
b105231b/

Fig. 2 (a) Schematic projection of the copper cluster including pertinent bond lengths and bond angles; (b) schematic representation of the magnetic coupling
model in 1. Code of equivalent positions: (*) 1⁄2 2 x, 1⁄2 2 y, 1 2 z.

Fig. 1 ORTEP of the heptanuclear cation in 1 showing atomic labelling
scheme (30% probability ellipsoids). Shortest Cu…Cu distances (Å) and
selected bond angles (°): Cu1–Cu2 3.3796(5), Cu1–Cu3 3.3719(5), Cu1–
Cu4 3.1873(5), Cu2–Cu3 3.2829(8), Cu2–Cu4 3.1607(8), Cu3–Cu4
2.9610(8); O1–Cu1–O2 83.9(1), O1–Cu2–O3 84.5(1), O2–Cu3–O3
80.1(1), O1–Cu4–O2 72.0(1), O1–Cu4–O3 73.7(1), O2–Cu4–O3 79.5(1).
Code of equivalent positions: (*) 1⁄2 2 x, 1⁄2 2 y, 1 2 z.

This journal is © The Royal Society of Chemistry 2001

2172 Chem. Commun., 2001, 2172–2173 DOI: 10.1039/b105231b



polyhedron of the Cu4 cation can be described as a
Cu(N2O2)(O2) pseudo-octahedron generated by a CuN2O2
plane arising from two nitrogen atoms of the chelating pn ligand
and the two m3-hydroxo ligands (O2 and O3), and two axial
positions filled by the O1 hydroxo ligand and a water molecule
(O4) (Cu…O4 = 2.524(4) Å). Note that the O1 hydroxo ligand
may be viewed as a m2-bridging group since it involves two
short and one long Cu–O distances as clearly shown on Fig.
2(a). Further examination of the structure shows that the tcm
units, which usually act as m2- or m3-bridging ligands, are here
uncoordinated; however, there are significant hydrogen bonds
formed between their nitrogen atoms and the hydroxo-bridging
ligands [N7(tcm)…O2 = 2.826(6) Å, O1–H…N7 = 167.3(3)°
and N8(tcm)…O1 = 2.961(6) Å, O1–H…N7 = 160.6(2)°].
Such intermolecular hydrogen bonds may contribute to the
stabilisation of the cluster conformation.

Magnetic susceptibility data for 1 were collected in the
temperature range 2–300 K, the cm and cmT product vs. T plots
are depicted in Fig. 3. From room temperature down to 25 K the
cmT product decreases continuously and then reaches a plateau
close to 0.43 emu K mol21, which corresponds to an S = 1/2
ground state. This behaviour is indicative of an overall
antiferromagnetic coupling between the Cu(II) centres; this is in
agreement with the strongly reduced magnetic moment at room
temperature (cmT = 2.01 emu K mol21). Taking into account
the cluster topology and connectivity (Fig. 2), it is possible to
distinguish up to six different exchange pathways. However, in
order to avoid an overparameterization and in view of the Cu–
O–Cu angles and connectivity of the OH bridges (m2-OH or m3-
OH), these six exchange pathways have been grouped into three
averaged different exchange parameters. The magnetic data
have been analysed with the following spin Hamiltonian:
Ĥ = 22J1(Ŝ1Ŝ2 + Ŝ1Ŝ5) 2 2J2(Ŝ3Ŝ4 + Ŝ6Ŝ7)
22J3(Ŝ1Ŝ3 + Ŝ1Ŝ4 + Ŝ2Ŝ3 + Ŝ2Ŝ4 + Ŝ1Ŝ6 + Ŝ1Ŝ7 + Ŝ5Ŝ6 + Ŝ5Ŝ7)

Calculations have been performed with the magnetism package
MAGPACK.6 The best fit obtained from a least-squares

analysis of the cmT is J1 = 2188.4 cm21, J2 = 252.6 cm21,
J3 = 210.8 cm21 and g = 2.15 (R = S [((cmT)obs

2 2

(cmT)calc
2)/(cmT)obs

2] = 7.8 3 1023). Attempts to fit with only
one or two averaged exchange parameters failed. As expected
from the structural parameters depicted in Fig. 2(a) (Cu–O
distances and Cu–O–Cu angles), the results show the presence
of two weak antiferromagnetic interactions (J2 and J3) asso-
ciated to the interactions by m3-OH as have been observed in
previous cubane-type systems2,3 and a strong one (J1) corre-
sponding to the exchange interaction between the two Cu
connected by O1 that has a main component of m2-OH and a
large Cu–O–Cu angle (117.6°).

This work was supported by CNRS (Centre National de la
Recherche Scientifique, UMR 6521), the University of Brest
(SUCRI 2E). F. T. thanks the ‘Ministère de l'Education
Nationale, de la Recherche et de la Technologie’ for a
postgraduate grant.

Notes and references
‡ Anal. Calc. for C34H70Cl4Cu7N24O8: C, 26.7; H, 4.6; Cl, 9.3; Cu, 29.1; N,
22.0. Found: C, 26.9; H, 4.6; Cl, 9.2; Cu, 29.2; N, 21.9%. IR data: n/cm21:
3293m, 3247m, 2175s, 2168s, 1588m, 1195m, 1037w, 1023w, 900m,
561m, 494m.

Crystal data for 1. C34H70N24O8Cl4Cu7, M = 1529.68, monoclinic,
space group C2/c (no. 15), a = 24.8994(3), b = 11.9801(2), c = 21.4298(3)
Å, b = 112.14(6)°, U = 5920(2) Å3, Z = 4, Dc = 1.72 g cm23, m(Mo-Ka)
= 2.72 mm21, T = 288 K, final R = 0.044, wR = 0.065 for 3924 observed
reflections [I > 4s(I)] and 351 variables.

CCDC reference number 165568. See http://www.rsc.org/suppdata/cc/
b1/b105231b/ for crystallographic data in CIF or other electronic format.
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Fig. 3 Plots of molar susceptibility cm vs. T (the inset shows the cmT product
vs. T) for 1 measured in a field of 1 T. The solid line was calculated using
the magnetic coupling model (see text).
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High regioselectivity in propylene hydroformylation using
rhodium-bisphosphite catalysts is due to properties of the SRS
diastereomer
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The large cone angle and bite angle of the SRS ligand
diastereomer in biphenol-based Rh-bisphosphite catalysts
lead to high linear regioselectivity in the hydroformylation of
propylene.

Rhodium-catalyzed hydroformylation of a-olefins is widely
used for the industrial synthesis of alcohols and carboxylic acid
derivatives.1 Biphenol-based bisphosphite ligands, such as 1,

offer increased reaction rates and dramatic improvements in
linear/branched regioselectivity (l/b) and chemoselectivity over
conventional phosphine ligands in rhodium-catalyzed hydro-
formylation.2 Unfortunately, a comprehensive mechanistic
explanation of the factors that control hydroformylation
regioselectivity has remained elusive. Several ligand structural
features have been identified to be important in determining
regiochemistry in hydroformylation, including steric bulk,3
electrophilicity,4 and, in bidentate ligands, bite angle.5 In this
communication we show that in this class of bisphosphite
ligands, diastereomeric configuration can also have a profound
effect on catalytic hydroformylation regiochemistry and activ-
ity.

Rhodium-catalyzed hydroformylation of a-olefins using 1
produces linear aldehydes with high regioselectivities while
tolerating a wide variety of functional groups.6 Structurally
related optically-active bisphosphites have been developed
which result in high regio- and enantioselectivities for asym-
metric hydroformylation.7 Due to the presence of three axial
elements of chirality, bisphosphite 1 can potentially adopt three
diastereomeric forms. The notation for these diastereomers
(RRR, SRR, SRS) uses the middle descriptor for the central
bridging biphenoxide moiety. Interconversion of these
diastereomers can occur by rotations about the biaryl axes.
Previous NMR studies have demonstrated facile epimerization
of the cyclic dibenzo[d,f][1,3,2]dioxaphosphepin moiety in
related bisphosphites.8 This rotational process can interconvert
all three possible diastereomers (RRR, SRR, SRS).

Rotation about the central tert-butyl substituted biphenyl axis
could also interconvert RRR and RSR diastereomers, however,
chiral HPLC studies reveal this process is slow. Analytical
chiral stationary phase HPLC (Chiralcel OD, 99+1 hexane–
propan-2-ol) separated 1 into two fractions (1+1 ratio) which
exhibited identical UV spectra. When the column eluent was
monitored using a polarimetric detector, the first peak exhibited

a negative optical rotation; the second peak had a positive
optical rotation. These enantiomers were physically separated
by preparative chiral HPLC and then re-analyzed. Slow
racemization of these enantiomers occurred (t1

2
= 53 min) at

34 °C by rotation about the central bridging biaryl bond.
Interconversion of diastereomers of 1, therefore, most often
occurs via dibenzo[d,f][1,3,2]dioxaphosphepin epimerization
with a rate faster than the rate of hydroformylation.

Given the possibility that diastereomeric forms of 1 could
contribute to the observed catalytic behavior, we sought to study
the effect of isolated configurationally-stable bisphosphite
diastereomers in propylene hydroformylation. Bisphosphite 2
was selected for study due to the presence of 6,6A-methyl
substituents which prevent biaryl rotation. In addition, bis-
phosphite 2 contains 3,3A-tert-butyl substituents, which are
necessary for high hydroformylation regioselectivity using
ligands such as 1. The synthesis of two of the three possible
diastereomeric bisphosphites, 2, is depicted in Scheme 1. Acid-
catalyzed alkylation of enantiomerically-pure9 (R)-3 led to (R)-
4. Synthesis of (RRR)-2 and (SRS)-2 as pure enantiomers was 
performed by reaction of (R)-4 with the phosphorochloridite
prepared by reaction of PCl3 with the requisite enantiomer of
3.

Rhodium-catalyzed propylene hydroformylation† was per-
formed using (RRR)-2 and (SRS)-2 to investigate the effects of
relative ligand stereochemistry. Hydroformylation using Rh–
(SRS)-2 resulted in a high regioselectivity (l/b = 46) with an

Scheme 1 Reagents and conditions: (i) isobutylene, nitrobenzene, triflic
acid (5 mol%); (ii) for (RRR)-2: R-6,6A-dimethylbiphenylphosphochloridite
(2 equiv.), NEt3, THF; (iii) for (SRS)-2: S-6,6A- dimethylbiphenylphospho-
chloridite (2 equiv.), nBuLi, THF.
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average rate of 513 turnovers h21 over the course of 6 h. Under
identical conditions, Rh–(RRR)-2 gave a much lower rate (110
turnovers h21) and regioselectivity (l/b = 4) than the SRS
diastereomer. Bisphosphite 1 exhibited a rate (434 turnovers
h21) and regioselectivity (l/b = 53)2 which was very similar to
that observed with (SRS)-2. These results demonstrate that
rhodium complexes of the RRR and SRS diastereomers of ligand
2 lead to inherently different regioselectivities and rates for
propylene hydroformylation. The similarity between the cata-
lytic performance of (SRS)-2 and 1 suggests that during
catalysis, 1 exists predominantly in the SRS configuration.
Similar differences between bisphosphite diastereomers have
been reported by van Leeuwen for asymmetric styrene hydro-
formylation, where the branched isomer predominates.10 Reetz
has recently reported that asymmetric alkene hydrogenation
with biphenyl-based bisphosphite ligands displays an analogous
difference between ligand diastereomers.11 Our results obtained
using diastereomeric structures of 2 indicate that achiral
transformations mediated by bisphosphites are likewise ef-
fected by ligand structure.

Molecular mechanics calculations‡ of [(SRS)-2]Rh(CO)2H
and [(RRR)-2]Rh(CO)2H were performed to identify the factors
which could lead to their dramatically different hydroformyla-
tion behavior. The strain energies calculated for these two
diastereomeric complexes were essentially identical (within 2
kcal mol21). The natural bite angle12 for the SRS diastereomer
was calculated to be 117°, whereas the RRR diastereomer was
calculated to have a natural bite angle of 111°. Consistent with
previous correlations5 between hydroformylation regioselectiv-
ity and chelate natural bite angle, the more regioselective SRS
diastereomer of 2 exhibits a larger natural bite angle than the
less regioselective RRR diastereomer. In addition to differences
in natural bite angle, these calculations also revealed a
significant difference in cone angle between these two diaster-
eomeric catalysts (Fig. 1). The cone angles at each phosphorus
atom in (RRR)-2 and (SRS)-2 were calculated to be 104° and
157°, respectively. The RRR (low l/b) catalyst adopts an open
geometry around the equatorial CO ligand, which should result
in minimal energy differences between linear and branched
alkyl or acyl intermediates. The SRS diastereomer, which
dominates hydroformylation catalysis, is calculated to form a
more crowded complex in which the two dibenzo[d,f]-
[1,3,2]dioxaphosphepin moieties flank the equatorial CO li-
gand. This arrangement should result in large energy differ-

ences between linear and branched alkyl or acyl intermediates
and could account for the high regioselectivity for linear
aldehyde observed with ligands such as 1.

Previous observations of increased hydroformylation re-
gioselectivity with increased natural bite angle have been
complicated by the relationship between cone angle and bite
angle for chelating ligands.5,12 Since large bite angle diphos-
phines and bisphosphites typically have larger cone angles than
their smaller bite angle analogs, the inherent effect of the natural
bite angle on hydroformylation regioselectivity is unclear.
Recent calculations by Bo and van Leeuwen suggest that steric
effects play the dominant role in determining hydroformylation
regioselectivity.13 Although the natural bite angles of (RRR)-2
and (SRS)-2 correlate with their hydroformylation regiose-
lectivity, the very large difference in cone angles for these two
diastereomers suggests that the high hydroformylation re-
gioselectivity of (SRS)-2 is predominantly due to an increase in
steric influence of the bisphosphite ligand.

Notes and references
† Propylene hydroformylation experiments were performed in tetraglyme
solution in a stirred autoclave at constant pressure (148 ppm Rh (1.4 mM),
L+Rh(CO)2(acac) = 2.0, 82 °C, 85 psi propylene, 45 psi 1+1 H2–CO).
‡ Molecular mechanics calculations were performed using the augmented
MM3 force field implemented in the CAChe software package. Natural bite
angles were calculated by using a P–Rh–P bending force constant of 0 kcal
mol21 deg22. The authors are indebted to the reviewers for insight
regarding these calculations.
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Fig. 1 Molecular mechanics structures of [(RRR)-2]Rh(CO)2H (left) and
[(SRS)-2]Rh(CO)2H (right). Hydrogen atoms are omitted for clarity.
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An unusual hexanickel cage complex with m- and m3-chloro bridges
and an interstitial m6-chloride
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A pyrazolate-based dinucleating ligand of the bis(a-diimine)
type forms an unusual hexanuclear nickel(II) cage complex
incorporating an interstitial m6-Cl atom.

Since Brookhart and coworkers1 introduced nickel and palla-
dium complexes of a-diimine ligands with bulky aryl sub-
stituents as efficient pre-catalysts for olefin polymerisation,1
these systems and various derivatives thereof have been studied
extensively.2 Most of the catalytic chemistry of such type A
compounds is based on the presence of two active coordination
sites at the single metal centre, which suggests to devise novel
bimetallic type B complexes where two adjacent metal ions

might work in concert. The basic concept, i.e. the use of a
pyrazolate bridge to (in a formal sense) link two N-based ligand
compartments in a preorganized dinucleating scaffold, has been
outlined previously and has proven to be successful for the
investigation of bimetallic versions of N-donor-functionalized
cyclopentadienyl compounds3 as well as bimetallic versions of
classical Werner-type coordination compounds.4,5

A synthetic route to a multidentate pyrazolate ligand HL that
bears bulky 2,6-diisopropylphenyl substituents at the imine-N
atoms and that appears suitable for the preparation of type B

systems has been described recently.6 Here we report the first
transition metal complexes of HL. While HL forms the sought-
after LM2Cl3 coordination compounds for M = Pd,7 its
coordination chemistry with NiCl2 was found to give rise to
oligonuclear species of quite unusual topology.

Treatment of HL with 1 equivalent of KOtBu and 2
equivalents of [NiCl2(dme)] afforded a green complex 1 that
could be crystallised from CH2Cl2–light petroleum (bp 40–60
°C) solution. Its analytical data† were in accord with the
anticipated composition LNi2Cl3, but UV–VIS spectra sug-
gested an OC-6 rather than a SP-4 coordination of the nickel(II)
ions, and FAB-MS spectra were indicative of the presence of
species of higher nuclearity (Fig. 1).

The molecular structure of 1 was elucidated by X-ray
crystallography‡ and is shown in Fig. 2. In 1, three bimetallic
LNi2Cl3 building blocks have assembled via Cl-bridges to form
a hexanuclear array with all metal ions in distorted octahedral
coordination spheres. The central Ni6Cl9 core consists of two
roughly planar Ni3Cl3 ring systems that are each capped by a m3-
Cl atom. These two Ni3Cl3 planes are almost parallel and are

held together by the three pyrazolate clips, thus forming a cage-
like structure which accommodates a single Cl atom in its

Fig. 1 FAB-MS spectrum of 1; the inset shows the experimental (lower) and
theoretical (upper) isotopic distribution for the tetranuclear [L2Ni4Cl5]+ and
the hexanuclear [L3Ni6Cl8]+.

Fig. 2 Molecular structure of 1. For clarity all hydrogen atoms have been
omitted. Selected atom distances (Å): Ni–(m-Cl) 2.360(3)–2.466(3), Ni-(m3-
Cl) 2.402(3)–2.466(3), Ni–Npyzazole 1.965(7)–1.980(6), Ni-Nimine

2.102(7)–2.120(7), Ni1–Cl9 2.835(3), Ni3–Cl9 2.805(3), Ni5–Cl9
2.796(3), Ni2–Cl9 2.775(3), Ni4–Cl9 2.710(3), Ni6–Cl9 2.724(3), Ni···Ni
within the Ni3Cl3 rings: 3.136(2)–3.195(3), Ni···Ni bridged by pyrazolate:
4.167(2)–4.216(2).

This journal is © The Royal Society of Chemistry 2001
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centre. That interstitial m6-Cl atom is bound to all six nickel ions
in an almost trigonal prismatic fashion (trigonal twist ~ 10°).
The bulky aryl substituents provide a hydrophobic shell
encapsulating the central core structure.

Compared to the ubiquitous occurrence of terminal Cl and m-
Cl ligands and the frequently observed m3-Cl coordination,
higher coordination numbers for halide ligands in discrete
molecules are much less common.8 To the best of our
knowledge, m6-Cl atoms bound to six metal ions are very rare in
molecular compounds,9–11 and structurally characterised exam-
ples are mainly restricted to a few siloxane clusters.11 In the
latter compounds, however, the central Cl atoms are generally
found in a hexagonal-planar surrounding of metal ions and
feature significantly longer (and differing) metal–Cl bonds,11

while in 1 all Ni–Cl9 distances are found in the narrow range
2.724(3)–2.835(3) Å. The structure of 1 allows for a direct
comparison of these values for the m6-Cl with the Ni–Cl bond
lengths for the m- and m3-Cl bridges [d(Cl–Ni) =
2.360(3)–2.446(3) and 2.402(3)–2.466(3) Å, respectively],
which follows the expected trend. Trigonal prismatic coordina-
tion of a Cl equidistant from six metal ions has also been
reported for a hexanuclear neodymium isopropoxide com-
plex.9

In the presence of donor solvents, the hexanuclear entity of 1
is degraded to complexes of lower nuclearity. From a CHCl3
solution of 1 containing small amounts of EtOH, the tetranick-
el(II) compound [LNi2Cl3(EtOH)2]2 2 was obtained in crystal-
line form. Its molecular structure is depicted in Fig. 3.

In 2, two LNi2Cl3 building blocks are linked via m- and m3-Cl
bridges to form a stair-like dimeric aggregate (distance
between the two parallel pyrazolate planes 2.034 Å), with the
remaining coordination site at each metal ion now being
blocked by an EtOH solvent molecules. The OC-6 coordination
spheres of both Ni1 and Ni2 are somewhat distorted, and in
particular a hydrogen bond between Cl1 and O2 causes these
ligands to bend towards each other [d(O2···Cl1) = 3.512(2) Å].
A further H-bonding interaction is detected between the ethanol
O1 atom and the p system of the opposite aryl ring [distance
between O1 and the centre of the ring (C18–C23): 3.487 Å].

Formation of the unusual cage-like hexanickel array ob-
served in 1 is not restricted to the presence of a templating m6-Cl
atom: structures analogous to those of 1 and 2 have been
obtained from the reaction of HL with NiBr2(dme), where in the
case of the bromo derivative of 1 the expanded Ni3Br3 belts give

rise to an enlarged cavity suited to accommodate the larger Br
atom.6

We thank Professor Dr G. Huttner for his generous support.
Funding by the Deutsche Forschungsgemeinschaft (SFB 247,
Heisenbergstipendium for F. M.) and by the Fonds der
Chemischen Industrie is gratefully acknowledged.

Notes and references
† (LNi2Cl3)3 1: elemental analysis: calc. for C87H111Cl9N12Ni6 (found): C,
52.34 (51.52); H, 5.60 (5.77); N, 8.42 (8.14); Cl, 15.98 (16.06%); selected
IR bands: nmax/cm21 (KBr) 3389vs, 2956vs, 2918vs, 2861s, 1593vs,
1577vs, 1455s, 1379m, 1356s, 1129m, 906s, 800s; UV–VIS absorptions: l/
nm (e/M21 cm21 per NiII): 440(sh), 741(25), 1283(27).
‡ Crystal data for 1·5CH2Cl2: C87H111Cl9N12Ni6·5CH2Cl2, M = 2420.8,
monoclinic, space group P21/n, a = 14.699(10), b = 34.114(15), c =
22.346(17) Å, b = 107.01(4)°, V = 10715(12) Å3, Z = 4, Dc = 1.501 g
cm23, m(Mo-Ka) = 1.56 mm21, 18308 unique reflections measured (Rint =
0.080), 12524 observed [I > 2s(I)], 1192 parameters, largest diff. peak 3.1
e Å23, final R1[I > 2s(I)] = 0.080, wR2 = 0.254, goodness of fit on F2 =
1.038.

For 2·4CHCl3: C66H98Cl6N8Ni4O4·4CHCl3, M = 1992.5, triclinic, space
group P1̄, a = 11.5542(2), b = 13.6937(2), c = 16.0974(3) Å, a =
97.368(1), b = 110.249(1), g = 102.478(1)°, V = 2275.1(1) Å3, Z = 1, Dc

= 1.454 g cm23, m(Mo-Ka) = 1.391 mm21, 11068 unique reflections
measured (Rint = 0.033), 8851 observed [I > 2s(I)], 656 parameters,
largest diff. peak 0.67 e Å23, final R1[I > 2s(I)] = 0.038, wR2 = 0.106,
goodness of fit on F2 = 1.056. CCDC reference numbers 171005 and
171006. See http://www.rsc.org/suppdata/cc/b1/b106258c/ for crystallo-
graphic data in CIF or other electronic format.
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Sulfonic acid groups anchored to the surface of mesoporous
MCM-41 silica have been identified with S K-edge XANES
spectra and the material is an efficient catalyst for the liquid
phase condensation of phenol with acetone to form Bis-
phenol-A with high selectivity.

We report here that sulfonic acid functionalized mesoporous
MCM-41 silica can be an efficient catalyst for the condensation
of phenol and acetone at relatively low temperature to
synthesize Bisphenol-A with a very high selectivity. Bisphenol-
A is an important raw material for polymer and resin
production, and it is produced industrially using ion-exchange
resins such as Amberlyst.1 However, thermal stability and
fouling of the resins are major problems for these catalysts and
the search for thermally stable and regenerable solid acid
catalysts are continuing.

Zeolites have been increasingly used in the synthesis of fine
chemicals due to their high surface area and confined domains.2
However, the suitability of zeolites for the conversion of larger
substrates has been severely limited by the available dimensions
of their pores, which are in the micropore region with pore
mouth diameter usually less than 1 nm.3 For reactions to occur
within the pores, the reaction substrates and products must be
allowed to diffuse smoothly through the zeolite pores. The
discovery of surfactant–templated mesoporous silica materials
such as MCM-41 (hexagonal P6m symmetry) and MCM-48
(cubic Ia3d symmetry) with controlled pore diameters (2–10
nm) and topologies has extended the suitability of these
materials for the conversion of larger substrates.4 They are very
promising for the application as catalysts and/or catalyst
supports and are likely to offer potential improvements in
reaction selectivity in the conversion of larger substrate
molecules in their well-defined channels with narrow pore size
distributions. However, in spite of these favorable pore
dimensions, the acidity of Al-substituted mesoporous materials
such as Al-MCM-41, is much weaker than that of microporous
zeolites.5 To overcome this drawback, the synthesis of in-
organic–organic hybrid mesoporous materials with alkyl-
sulfonic acid groups has been reported recently.6–9 These hybrid
materials can be synthesized either by direct one-step synthesis
or via secondary silylation. Thus, MCM-SO3H prepared by
direct synthesis and secondary silyation is reported to be highly
efficient in the synthesis of bisfurylalkanes6 and also in the
esterification of glycerol with fatty acids.7,9 However, as the
organic functional groups may be damaged or destroyed during
the template removal process, the secondary silylation tech-
nique seems to offer a better alternative for preparing mesopor-
ous acid catalysts.

Pure silica MCM-41 was synthesized according to the
method described earlier.10 Surface functionalization with
sulfonic acid groups was carried out according to the method
described in the literature.7,8 Typically, 3.0 g of the freshly
calcined MCM-41 sample was evacuated at 150 °C and then an
excess of 3-mercaptopropyltrimethoxysilane (MPTS) in dry
toluene was introduced. The mixture was refluxed for 6 h and
the solid was filtered off, washed with dry toluene and air-dried.

The –SH groups were converted into –SO3H groups by mild
oxidation with H2O2 (stirring for 24 h at 60 °C with excess
oxidant). The solid was filtered off, washed with water and
ethanol, followed by acidification with 0.1 M H2SO4 followed
by thorough washing with water to remove all traces of liquid
acid. The solid material was finally dried at 60 °C overnight.

Sulfur loading of the solid material was determined by
elemental analysis (Heraeus) and was typically in the range
0.9–1.8 meq. g21 of solid. Thermogravimetric analysis (Du
Pont 950) shows the material to be more hydrophobic than
MCM-41. While calcined pure silica MCM-41 shows ca. 5%
weight loss in the range 30–100 due to water removal, sulfonic
acid functionalized MCM-41 (denoted MCM-SO3H) showed
only < 1% weight loss in this region. Loss of sulfonic acid
groups starts at ca. 200 °C and is completed by 325 °C. The
specific surface area and pore volume of the pure silica MCM-
41 material was reduced from 1035 m2 g21 and 0.85 cm3 g21,
respectively, to 690 m2 g21 and 0.42 cm3 g21 after anchoring
the sulfonic acid groups. Although the pore size distribution
curve (Fig. 1) becomes somewhat broad after sulfonic acid
group introduction and the peak maximum shifts from 27 Å
(pure MCM-41) to 22 Å, the pore size distribution still remains
very narrow with major fractions of pores lying within the 7 Å
region. These results indicate that anchoring sulfonic groups to
the channels of MCM-41 reduced the pore diameter and volume
of MCM-41 but did not damage the mesoporous structure. This
was also affirmed by the retention of sharp diffraction peaks in
the corresponding XRD pattern.

To obtain good catalytic activity it is imperative that the thiol
groups can be effectively oxidized to active sulfonic acid
groups. To monitor this process, the oxidation states of sulfur
were examined by studying the S K-edge XANES spectra of the
sample before and after oxidation. The XANES experiments
were performed at Beam line 15B at the Synchrotron Radiation
Research Center facility at Hsinchu, Taiwan. Standard operat-
ing conditions were 1.5 GeV and 200 mA beam current and the

Fig. 1 Pore size distribution of (a) calcined pure silica MCM-41 and (b)
MCM-41 functionalized with sulfonic acid groups.
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photon energies were calibrated using the L-edge of pure Mo
foil. Fig. 2 shows the S K-edge XANES spectra of the thiol
functionalized samples before and after H2O2 oxidation. It has
been reported that both the energy position (Ek) and intensity of
the S s?p transition peak (white-line) are sensitively related to
the oxidation state of the S atom.11 Studies with model
compounds showed an increase of Ek and amplitude of the
white-line with increasing formal oxidation states of S. Thus,
for unoxidized sample containing thiol groups the white-line
appears at 2472 eV corresponding to sulfur in the reduced state.
After H2O2 oxidation the white-line shifts to higher energy
(2481 eV) which corresponds to sulfonic acid with S in the +5
state.11,12 It can be seen from Fig. 2 that most of the anchored
thiol groups have been oxidized to sulfonic acid groups under
the above oxidation conditions.

Condensation of phenol and acetone to Bisphenol-A (Scheme
1) was carried out at temperatures of 70–125 °C with the
sulfonic acid functionalized MCM-41 silicas. Several other
acidic zeolites such as H-ZSM-5, H-Y and H-beta have also
been used for comparison. The products were analyzed and
identified using a Chrompak 9000 gas chromatograph and HP
6890 GC-MS, and the results are given in Table 1. No
conversion of phenol was observed in the absence of catalyst.
While acidic zeolites like H-ZSM-5, H-Y and H-beta showed
negligible activity at 70 °C, MCM-SO3H showed 30% phenol
conversion (cf. 40% maximum theoretical conversion at a
phenol+acetone molar ratio of 5+1) with > 90% selectivity
towards p,pA-Bisphenol-A; the other product was o,pA-Bis-
phenol-A. The conversion was found to increase with the
reaction temperature, but the selectivity remained almost
unchanged up to 120 °C. Chroman and trisphenols were not
detected at temperature below 125 °C, but small amounts
( < 1%) of these byproducts were detected at or above 125 °C.
Recently, the synthesis of Bisphenol-A over heteropolyacid
encapsulated MCM-41 has been reported.13 However, 12-tung-
stophosphoric acid encapsulated MCM-41 was found to be
catalytically active only at temperatures above 120 °C. Due to
this high reaction temperature, several by-products such as
alkylated phenols and chroman derivatives were formed, and

the selectivity to Bisphenol-A was much lower than that
obtained with MCM-SO3H. Furthermore, leaching of sulfur
during the catalytic reaction was found to be negligible with
MCM-SO3H. Elemental analysis of the catalyst before reaction
indicated ca. 3.4% sulfur and 5.6% carbon content. After
reaction at 70 °C, these values were 3.2% S and 9.5% C. The
slight decrease in sulfur content is mainly due to the increase in
weight from adsorption of organic species. On the other hand, it
is noted that optimization of the oxidation process in the
preparation of MCM-SO3H is essential to achieve high catalytic
activity. For samples with similar sulfur loadings but with
incompletely oxidized thiol groups (dotted line in Fig 2) the
activity was found to be much lower (see Table 1). XANES
spectra of the samples with incompletely oxidized sulfur species
showed a number of peaks around 2472 eV, suggesting the
presence of lower valent sulfur species such as sulfides and
disulfides.11,12 It has also been observed that at higher sulfur
loadings ( > 1.5 meq. g21 solid) part of the sulfur remains in the
reduced form even after prolonged oxidation, probably due to
formation of sulfides and disulfides.

In conclusion, sulfonic acid anchored MCM-41 has been
found to be very effective in the synthesis of p,pA-Bisphenol-A
with very high selectivity at relatively low reaction tem-
peratures. S K-edge XANES studies can be used as a convenient
tool for easy monitoring of the oxidation state of sulfur in the
samples.

Financial support was provided by the Chinese Petroleum
Corporation and the Ministry of Education, Taiwan.
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Fig. 2 S K-edge XANES spectra of thiol functionalized MCM-41 materials
(a) before oxidation, (b) after oxidation and (c) sample with incomplete
oxidation of thiol groups.

Scheme 1

Table 1 Synthesis of Bisphenol-A with sulfonic acid functionalized MCM-
41 silicasa

Entry Catalyst
Phenol
conversion (%)

Selectivityb

(%)

1 — 0 —
2 H-betac 5 55
3 HYd 7 —
4 HZSM-5e < 5 10
5 MCM-SO3H 30 92
6 MCM-SO3Hf 17 90

a Reagents and conditions: Phenol 4.7 g, acetone 0.58 g, (molar ratio =
5+1), catalyst 50 mg, 70 °C, 24 h. b Selectivity to p,pA-Bisphenol-A. c Si/Al
= 50. d Si/Al = 10.6. e Si/Al = 80. f Incomplete oxidation (from
XANES).
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Hydroboration of conjugated dienes is promoted by the
hydroxy and methoxy groups, which also control the
rearrangement of the initially produced allylic boranes.

The hydroboration–oxidation process has been established as a
useful synthetic tool for conversion of an olefinic function to a
hydroxy group with control of the regio- and stereochemistries.1
The reaction can also be applied to conjugated diene systems
but the factors governing the reaction selectivities are more
complicated.2 Synthetic use of hydroboration with conjugated
diene substrates requires not only control of these factors but
also a solution to overcome the poorer reactivity of the diene
unit, especially those likely to give a mono-hydroboration
product. Hence, only limited examples of such reactions have
been reported.3 The expected difficulties are in controlling: 1)
regioselectivity of the initial addition, 2) allylic borane
rearrangement of the adduct, and 3) the second addition through
cyclic hydroboration and through hydroboration with an
external borane.

In contrast to hydrosilylation,4 hydroboration is known not to
be directed by a hydroxy group. Borane reagents readily react
with the hydroxy group before the addition to the olefinic unit,
and the produced borate acts only as a steric fence for the second
borane reagent. Thus, more than two equivalents of a borane
reagent have been employed.5 However, during the study of
asymmetric synthesis of polypropionate units through chiral
cyclic dienes, we found that the hydroxy group in 3b promotes
mono-hydroboration and the reaction completed only with one
equivalent of ThexBH2. Strict control of rearrangement of the
initially produced allylic boranes is also caused by the oxy-
functions.

Optically active cyclic dienes 3a–e (Scheme 1) were prepared
under strict stereocontrol by the rhodium-catalyzed reaction of
stereochemically pure 1.6,7

Hydroboration of an unfunctionalized substrate 3a (X = H)
with ThexBH2 (2 eq.) in THF at room temperature was slow,
and 48 h was required to complete the reaction. After the usual
workup (30% H2O2 with 1 M NaOH for 5 h), two diols 4 and 5
were obtained in a 2 + 1 ratio (66.3%, Scheme 2).8 The reaction
with a smaller amount of ThexBH2 (1 eq.) or a shorter reaction
time (5 h) did not give any mono-hydroboration product but
only the two diols 4 and 5 at the same ratio in low conversion of

the reactant. Bis-substituted boranes like diisoamylborane and
9-BBN did not cause the hydroboration of 3a, but most of 3a
was recovered after the oxidative workup.

The result with 3a is just an additional example of a less
active diene substrate for the hydroboration indicating the
difficulty in interruption of the second hydroboration. In
contrast, the hydroboration of a hydroxylated substrate 3b (X =
OH) occurred smoothly at room temperature with ThexBH2,
and was completed within 2–4 h. The product after workup was
mono-hydroborated product 6 as a single isomer ( > 99%
selectivity), and no bis-hydroboration was observed even with
excess ThexBH2 for a longer reaction time. Unexpectedly, the
substrate 3b was consumed even with one equivalent of
ThexBH2, and 6 was isolated in 86.1% yield after workup.

Since the reaction of 3b with ThexBH2 should start with
quick reaction at the hydroxy group to give A in Scheme 3,5
further reaction at the olefinic bond was expected to be sluggish
with one equivalent of ThexBH2. However, a small amount of
ThexBH2 can remain. Considering the low reactivity of 3a, the
oxy-function in A should play a role in promoting the addition
of ThexBH2 at the 10,11-bond from the same face of the
hydroxy group. Facile allylic rearrangement in the adduct B
results in a stable cyclic borate D with regeneration of
ThexBH2. Thus, a disproportionation of the borate species may
facilitate this process.

Promotion of the hydroboration by the oxy-function in A was
mimicked with O-protected substrates 3c–e (X = OR). The

Scheme 1 Synthesis of chiral dienes.
Scheme 2 Hydroboration of 3 with ThexBH2 in THF followed by the
oxidation with NaOH–H2O2 (O–O = meso-pentane-2,4-diol moiety).
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reaction of 3d or 3e with excess ThexBH2 at room temperature
did not give any hydroboration product but resulted in the
substrate recovery after the oxidative workup. In contrast, the
reaction of 3c (X = OMe) with one equivalent of ThexBH2
proceeded even at 220 °C (7.5 h) to give 7 as a sole product in
29.0% yield together with a recovery of 3c in 50.1%. Thus, the
oxy-function having proper bulkiness and coordination ability
was found to promote the hydroboration of the diene. It was also
confirmed that the initial site of addition is at the 10,11-bond
when the reaction is promoted by the oxy-functions. Elevation
of the hydroboration temperature of this reaction increases the
reaction conversion accompanied by rearrangement of 7, which
resulted in production of another regioisomer, 8. The reaction at
room temperature for 10 h afforded 8 as a single isomer in
59.9% yield after workup.

The results with 3c indicate that the borane adduct at the
10,11-bond is fragile at room temperature. Although the
observed rearrangement in 3c is possible through cyclohydro-
boration (in giving a 4-membered carboborane) and retro-
hydroboration, a process consisting of retro-hydroboration of
the kinetic adduct and then re-hydroboration to give a
thermodynamically stable adduct is more likely. When the
adduct was treated with cyclohexene at 220 °C followed by
warming up to room temperature, 8 was not obtained and the
conversion of 3c to 7 was reduced. Since the second olefin
addition to a ThexBH2 adduct is known to be slower than the
first addition,9 cyclohexene should have trapped the regenerated
free ThexBH2.

In this communication, we have demonstrated that the
hydroxy and methoxy groups promote the hydroboration of the
diene, and fully control the rearrangement of the initial adduct
in a different manner. The role of the oxy-functions in the
promotion of the hydroboration is suggested to be due to
interruption of the retro-hydroboration. Details of the further
reactions of the obtained products aiming at asymmetric
synthesis of polypropionate units are in progress.
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Scheme 3 Plausible mechanism of the hydroboration of 3b with ThexBH2.
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Taking advantage of the spontaneous polymerisation of
eugenol to lignin-like species catalysed by the surface of
crocidolite fibres, a procedure is proposed, possibly useful in
asbestos removal and disposal, where the polymer avoids the
release of airborne fibres and also scavenges ROS (reactive
oxygen species).

Pioneering studies on the formation of protobiopolymers
following Bernal’s hypothesis1a on the origin of life have
focused attention on the polymerisation of eugenol to lignin-like
polymers,1b because lignin is, after cellulose, the most abundant
organic material on Earth. Silica and silicates, the major
constituents of the Earth’s crust, have been proposed as
materials exhibiting appropriate surface sites for catalysed
polymerisation.2 Various silicates have indeed been found to
catalyse the polymerisation of eugenol in the presence of
hydrogen peroxide. The reaction appears to be promoted by
hydroxyl radicals released from the Fenton-like decomposition
of hydrogen peroxide.2a

We have revisited this reaction from a different viewpoint
and investigated whether it could take place not only on
serpentine asbestos (chrysotile) but also on the amphibole
asbestos crocidolite (fibrous riebeckite), considered to be the
most dangerous form of asbestos.3 The reaction was carried out
by adding a solution of hydrogen peroxide to a suspension of
crocidolite in an aqueous solution of eugenol. After the reaction,
crocidolite fibres appear to be completely included in a polymer

matrix and the resulting product is a bulk solid material. Fig. 1
compares the SEM (scanning electronic microscope) images of
the product obtained with crocidolite with the original fibre. No
free fibres are present at the surface of the product which
appears smooth and polished. Only at higher magnification are
the individual fibres trapped within the polymeric matrix
detectable. No modifications in the polymer were detectable
several months after the polymerisation had occurred.

It is generally accepted that free radical generation upon
fibre/cell contact is one of the steps yielding the pathogenic
response to inhaled fibres.4–6 Crocidolite is highly reactive in
releasing free radicals.4,5,7,8 Two radical-generating mecha-
nisms are usually investigated in cell-free systems4,5,8,9

(Scheme 1): (i) the release of OH· radicals in the presence of
hydrogen peroxide, mimicking contact with lysosomal fluids,
following phagocytosis by alveolar macrophages and recruited
polymorphonucleated cells (PMN); (ii) the release of CO2·2
radicals from the formate ion, used as target molecule for
homolytic cleavage of a carbon–hydrogen bond, which occurs
with several endogenous molecules such as peptides, proteins
and lipids. The free radical release from aqueous buffered
suspensions of crocidolite was measured before and after the
treatment by means of the classical spin trapping technique.5
Fig. 2 shows the EPR (electronic paramagnetic resonance)
spectra of the radical adducts obtained from suspensions of,
respectively, crocidolite and crocidolite treated with eugenol in
a buffered solution (pH 7.4) of (a) hydrogen peroxide and (b)

Fig. 1 SEM images at increasing magnitude of a fragment of crocidolite following surface polymerisation of eugenol (A, B, C), compared with original
crocidolite fibres (D, E, F) at the same magnification. When treated with eugenol, crocidolite appears a solid, non-fibrous material. A very high magnification
is required to detect the single fibres trapped into the polymeric matrix.

This journal is © The Royal Society of Chemistry 2001
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sodium formate in the presence of the spin trap 5-5A-dimethyl-
1-pyrroline-N-oxide (DMPO) (Scheme 2). The amount of
radical released is proportional to the intensity of the signals of
the [DMPO–OH]· and [DMPO–CO2]·2 adducts, respectively.
No radical release was observed from the crocidolite treated
with eugenol. The activity was partially restored only after
heavy grinding, which exposed fresh surfaces of fibres to the
air. The inactivation may be partially ascribed to the dramatic

decrement of the exposed surface but is also due to a scavenging
effect of the lignin-like polymer. Lignin is, in fact, considered
responsible for the antimutagenic/anticarcinogenic effect of
dietary fibre. The protective effect is attributed to the scaveng-
ing property towards free radicals.10 There is evidence that the
inactivation is not due to the reaction of the surface with
hydrogen peroxide: the active sites present on the surface of the
crocidolite fibres are catalytic sites not consumed during the
reaction with hydrogen peroxide.8,11

The reaction described, once set up for practical application,
may be proposed as an intermediate step to be taken in the
procedure of asbestos removal, which is still a controversial
issue.3,12,13 This could avoid the formation of airborne fibres,
transforming a fibrous particulate material into a bulk solid for
disposal. Note that if the polymerisation solution is maintained
over the surface of the material during removal, any acciden-
tally detached fibres will act as a catalyst for the reaction and
will consequently be covered by the lignin-like polymer. The
observed inactivation of radical release by the action of the
lignin-like polymer makes this reaction advantageous with
respect to other methods.14,15 It can thus be regarded as a new
approach to the problem of disposal employing a one-pot
reaction under mild conditions, as a continuous surface-
inactivating process takes place along with asbestos removal.

This study was supported by the Regione Piemonte, Italy.
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Scheme 1 Hydroxyl radical release and homolytic cleavage of carbon–
hydrogen bond mediated by asbestos fibers.

Fig. 2 Free radical release from crocidolite fibres (signals a, b) and of
eugenol-treated crocidolite (signals c, d): in the presence of hydrogen
peroxide (signals a, c) or sodium formate (signals b, d) the EPR spectra of
the supernatant from an aqueous suspension of fibres (pH 7.4, phosphate
buffer) recorded after 60 min show, with crocidolite, the typical signals of
the [DMPO–OH] and [DMPO–CO2]·2 adducts, respectively. Crocidolite
fibres contacted with eugenol lose their radical release potential.

Scheme 2 Reaction of hydroxyl radical and carboxylate radical with the
spin trap DMPO.
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NbS2 nanotubes/rods have been generated successfully
employing carbon nanotube template promoted growth;
high resolution transmission electron microscopy, coupled
with EDX analysis, confirm the template effect and ex-
istence of NbS2 tube structures.

Inorganic nanotubes/nanoparticles, first reported by Tenne
et al.,1 have engendered intense scientific interest because of
their promising electronic and mechanical properties. For
example, WS2 nanotubes have been used as scanning probe
microscope tips,2,3 and MoS2 nanoparticle-based lubricants
display excellent wear-resistance.4 Syntheses of these materials
include chemical transport,5 gas–solid reactions6 and in situ
heating,7 leading to pure MS2 nanoparticles, short and long
tubes, bundles and even microtubes. The family of inorganic
nanostructures has been widened in various ways, e.g. by
creating so-called inorganic–organic dual phase nanostructures
(mixing MX2 layers with C layers);8,9 intercalating noble metals
(Au and Ag) within the tube walls;10,11 Ti and Nb doped MX2
composite nanotubes.12,13 Recently, significant developments
in the generation of single-layered MX2 tubes have been
reported,14,15 years after single-walled carbon nanotubes were
first described.16 Single layered MoS2 nanotubes have been
formed successfully using chemical transport14 and WS2
nanotubes have been the subject of template generation.15,16

However, it is noteworthy that after several years of effort,
NbS2 nanotubes, a layered material possessing interesting
electronic properties (e.g. superconducting), have only just been
prepared.17 Unfortunately, this communication contained no
high resolution TEM images, so that detailed tube structures
need to be determined. We now describe the successful
generation of NbS2 nanotubes/nanorods via a carbon nanotube
template process.

A 20 mg sample of NbCl4 (Aldrich Co) was added to a
suspension of carbon nanotubes (20 mg, produced by the arc-
discharge process), in CCl4 (30 cm3), and the mixture was
subjected to ultrasound treatment for 30 min. It was set aside for
72 h at room temperature, then heated at 80 °C to remove the
CCl4, leaving a black powder consisting of NbCl4-coated
nanotubes. The nanotubes were transferred to a quartz boat
placed in a quartz tube inside an electrical resistance furnace.
The sample was heated at ca. 500 °C for 30 min in air, then at
ca. 1100 °C in an Ar atomsphere. This temperature was
maintained for a further 30 min, whilst H2S was passed through
the tube. After cooling to room temperature, the nanotube
sample was examined using a CM-200 high resolution transmis-
sion microscope, with energy dispersive X-ray analysis equip-
ment attached (EDX, element 4 B).

TEM observations revealed that a proportion of the carbon
nanotube surfaces were modified during the preheating process
(500 °C in air). Notably, some of the tube bodies were
discontinuously sheathed with crystalline structures [Fig. S1(a),

ESI†]. Under these conditions, the layered structure and the
hollow cores of the carbon nanotubes were difficult to recognise
because of a lack of carbon contrast due to the wrapped oxide
crystals. However, using focus/defocus techniques, we were
able to observe the carbon layer fringes (ca. 0.34 nm separation)
and the hollow core at the centre of the tube [Fig. S1(b) arrowed,
ESI†]. The outer crystalline shell of this tube, containing Nb and
O (as well as C, which presumably arises from the central
carbon nanotube) according to our EDX ananlysis, was NbOx.
The lattice separation of the oxide is ca. 0.36–0.37 nm, i.e. close
to that of NbO2.

After the passage of H2S, HRTEM analysis showed that
NbS2 nanotubes/rods (ca. 5–10%) were present in the specimen,
together with micro-polygonal particles. The diameter of the
nanotubes varies from 50 to 200 nm, and their lengths are up to
a few microns. The nanotube layers are separated by ca. 0.60
nm [Fig. 1(a)], corresponding to layered hexagonal NbS2
structures (a = 3.31 Å, c = 11.89 Å).18 The inner carbon
nanotube layer separation is ca. 0.34 nm, i.e. identical to the
separation in the starting materials. It is apparent that the carbon
template has been sheathed incompletely with NbS2 layers, and

† Electronic supplementary information (ESI) available: HRTEM images of
a carbon nanotube wrapped in Nb oxide (a), of the inner carbon layers (b)
and of an NbS2 nanorod with NbOx residue at the tip (c); (d) EDX profile
of an isolated NbS2 nanotube. See http://www.rsc.org/suppdata/cc/b1/
b106388j/

Fig. 1 HRTEM images: (a) a long open-tipped NbS2 nanotube grown on a
close-tipped carbon nanotube template; (b) the outer NbS2 layer distance is
0.6 nm, the inner carbon layer separation 0.34 nm. The tube wall and the
hollow core of the carbon template are marked by the vertical lines. Several
closed inner layers of the carbon nanotube are arrowed.
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the open-ended growth of the NbS2 nanotube is visible [Fig.
1(b)]. In some cases, it was difficult to determine whether or not
the layered nanorods had circular cross-sections [Fig. S1(c),
ESI†]. The interlayer separation of this rod is ca. 0.60 nm, the
same value as found for the tubes. At the rod tip, traces of the
NbOx lattice (indicated by the ca. 0.37 nm layer distance) are
clearly visible [Fig. S1(c) arrowed, ESI†]. The oxide appears to
be attached to the larger NbS2 layers [Fig. S1(c) insert, ESI†]
and indicates incomplete oxide-to-sulfide conversion.19 Large
polygonal particles, ca. 5 mm diameter, are often observed and
appear to possess a layer construction at their edges, akin to the
tube layers. EDX analysis revealed that most of the tubes/rods
contain Nb, S and C only [Fig. S1(d), ESI†]; the Nb+S ratio is
ca. 1+2. The nanoparticles in which less carbon was detected
have the same Nb+S ratio, indicating that they may not be
attached to any carbon nanotube templates. These experiments
show that NbS2 nanotubes and nanorods had been successfully
generated. The carbon nanotubes located in the middle of the
NbO2 and NbS2 shells [Fig. S1(b), ESI† and Fig. 1] provide
direct evidence for the template effect during NbS2 forma-
tion.

Various phases have been reported in the Nb–S system,18

however in order to form a tube by rolling up these layers, NbS2
needs to adopt hexagonal structures, as do WS2 and MoS2
nanotubes. This is shown by their 0.60 nm layer separation (Fig.
1), which is ca. 0.5 c. Prior to the report of Nath et al. the
existing approaches to MS2 nanotubes, e.g. chemical transport,5
gas–solid reactions6 and in situ heating,7 proved to be
inapplicable to NbS2 tubes. Carbon nanotubes have often been
used as templates to fabricate novel nanostructures, the most
successful examples being the generation of ceramic nanorods
(SiC, Si3N4, GaN)20,21 and single-layered inorganic nanotubes
(WS2).15 Taking advantage of these carbon templates, we have
endeavoured to produce inorganic nanotubes by an alternative
method. Furthermore, another advantage of this process is that
the remaining carbon nanotube templates in the centre, together
with the NbS2 shells, form a kind of composite which may be
used as a nanocable (e.g. metallic–metallic or a semiconduct-
ing–metallic cable).

Upon passage of H2S at ca. 1100 °C over the oxidised
sample, oxide-to-sulfide conversion occurs, resulting in sulfide
wrapping of the template, as observed for MS2 species formed
in various processes. Further EDX analysis revealed that the
Nb:S ratio is close to 1+2. Taking account of the 0.60 nm layer
separations, we believe that our product consists of NbS2
nanotubes/nanorods. It is noteworthy that the oxide might be
unevenly and discontinuously deposited on the template
surfaces [Fig. S1(a), ESI†], however after the passage of H2S,
we rarely found any uneven NbS2 tubes (Fig. 1). This result
could have arisen from the structural rearrangement occurring
during lattice replacement of oxide by sulfide, i.e. from
monoclinic NbO2 (or other oxides) to hexagonal NbS2.
However, this conversion appears to be different from the route
involved in most MoS2 or WS2 conversions, in which
transformation proceeds from the outer shell inwards, as
established by Tenne and coworkers.19 The incompletely
converted oxide residue at the tip [Fig. S1(c), particularly the
insert, ESI†] provides direct evidence for this conjecture. We
suggest that the oxide residue may again arise as a result of

lattice rearrangement during the conversion, which may take
place at one or more points (nuclei sites) and subsequent
passage along the template. Meanwhile, the temperature (1100
°C) could also contribute to the smooth tube surfaces. As a
result, relatively straight uniform NbS2 nanotubes/nanorods
were produced. This growth is similar to that associated with the
continuous growth of WS2 and MoS2 nanotubes by in situ
heating, which sometimes leaves an open growing end.7 The
main process may be represented by eqns. (1) and (2)

2NbCl5 + 2O2? 2NbO2 + 5Cl2 (1)

NbO2 + 2H2S ? NbS2 + 2H2O (2)
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facilities.
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Ligands containing P–CH2–CH2–P elements have been
shown to form double-stranded helicates whose axis consists
of gold atoms with Au…Au contacts; the interconversion of
the P and M forms of the helicate [Au3(m-pp2)2](OTf)3 (pp2
= PhP(CH2CH2PPh2)2) is monitored via 31P NMR.

The occurrence of helical motifs is of great current interest.
Helical co-ordination complexes have attracted attention in
view of the development and understanding of self processes.1
We report in this paper that ligands containing P–CH2–CH2–P
elements form double-stranded helicates whose axis consists of
gold atoms with Au…Au contacts. The interconversion of the P
and M helicates may be observed via 31P NMR in solutions of
the tricationic helicate [Au3(m-pp2)2]3+.

Whilst gold complexes of the tridentate dppm analogue
Ph2P–CH2–PPh–CH2–PPh2 (dmmp) in the molar ratio of 3+2
are well known,2 no complexes of Ph2P–CH2–CH2–PPh–CH2–
CH2–PPh2 (pp2) in this stoichiometry appear to be reported.
Reaction of Au(SMe2)Cl with pp2 and TlOTf in the molar ratio
of 3+2+3 in MeOH results in the formation of [Au3(m-
pp2)2](OTf)3, 1, which was isolated as colourless crystals which
exhibit a violet glimmer in daylight.†

The structure of 1 (Fig. 1) shows two ligand strands wrapped
as a double helix around three essentially linear gold atoms.
Crystals of 1 are a racemic compound: the asymmetric unit
contains one helicate. The symmetry operations of the cen-
trosymmetric space group P21/c additionally provide one
identical and two inverted helicates corresponding to a P+M
ratio of 1+1 as usually observed when achiral ligands are
employed. The Au–Au distances are less than 300 pm as a result
of 1,6-transannular Au–Au d10–d10 interactions in the 10-mem-
bered (Au–P–CC–P)2 rings. Each gold atom is co-ordinated by

two P atoms in a nearly linear geometry. It is interesting to note
that the related compound [Au3(m-pp2)I3] as well as the Au(III)
complex [Au(C6F5)3]3(pp2), both with the ligand+Au ratio of
1+3, do not show any helical suprastructures.5

The 31P NMR pattern of 1 in MeOH at 333 K consists of an
[A2X]2 pattern; at 213 K an [AMX]2 spin system is observed in
keeping with a C2 symmetry of the complex cation.6 The
coalescence temperature is 260 K, corresponding to a DG‡ of 46
kJ.

In order to rationalise the 31P NMR results with respect to the
quasi-C2 symmetry in the crystal structure there must exist an
intramolecular mechanism in solution which interconverts the
terminal phosphorus atoms of the pp2 ligand P1/P6 and P3/P4
(labelling as in Fig. 1). This is attributed to a molecular torsion
pendulum motion, which converts the right-handed into the left-
handed enantiomer, and vice versa, and thus generates an
intramolecular mirror plane perpendicular to the C2 axis
provided for rapid exchange on the 31P NMR time-scale. A
related dynamic process has been described for the 10-mem-
bered inorganic mesocycle [Hg{Fe[Si(OMe)3](CO)3(m-
dppm)2}Cu](PF6) by Braunstein and coworkers.7

The related dication [Au2(m-dppe)2]2+ has been previously
reported but was not structurally characterised.8 [Au2(m-
dppe)2](OTf)2, 2, was obtained analogously to 1. The solid state
structure of 2† (Fig. 2) is related to that of 1: the dppe ligands
form a double helix whose axis passes through the two gold
atoms connected by a 1,6-transannular Au–Au d10–d10 inter-
action in a 10-membered Au2(m-dppe)2 ring [Au1–Au2,
295.94(10) pm], and the unit cell contains one left- and one
right-handed isomer. Although the phosphorus atoms of the
dppe ligands are inequivalent in the solid state (see Fig. 2), their

Fig. 1 Structure of the complex cation of 1. Selected distances (pm) and
angles (°): Au(1)–Au(2) 294.86(4), Au(2)–Au(3) 299.15(4); P(1)–Au(1)–
Au(2)–P(2) 54.57(6), P(2)–Au(2)–Au(3)–P(3) 50.66(7).

Fig. 2 Structure of the complex cation of 2. Selected distances (pm) and
angles (°): Au(1)–Au(2) 295.94(10); P(1)–Au(1)–Au(2)–P(2): 43.8(2).

This journal is © The Royal Society of Chemistry 2001
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exchange is fast on the 31P NMR time-scale in MeOH down to
the temperature limit of the solvent.

Notes and references
† Crystal data for 1: C71H66Au3F9O9P6S3·3MeOH·2H2O, M = 2239.30,
monoclinic, space group P21/c (no. 14), a = 1687.43(3), b = 1484.24(3),
c = 3403.69(4) pm, b = 104.007(1)°, V = 8.2712(2) nm3, T = 223(2) K,
Z = 4, Mo-Ka radiation (l = 71.073 pm), 36 441 reflections collected,
11 248 independent reflections (Rint 0.0497), reflections with I > 2s(I)
9576, R1 [I > 2s(I)] = 0.0363, wR2 (all data) = 0.0932, goodness-of-fit
1.025.

For 2: C54H48Au2F6O6P4S2·2MeOH, M = 1552.94, monoclinic, space
group P1̄ (no. 2), a = 1467.2(2), b = 1488.0(1), c = 1637.9(2) pm, a =
91.912(6), b = 111.136(5), g = 115.533(5)°, V = 2.9329(6) nm3, T =
223(2) K, Z = 2, Mo-Ka radiation (l = 71.073 pm), 9977 reflections
collected, 5441 independent reflections (Rint 0.0508), reflections with I >
2s(I) 3829, R1 [I > 2s(I)] = 0.0486, wR2 (all data) = 0.1207, goodness-
of-fit 1.043.

The structures were solved by direct methods (SHELXS-86),3 and
refined by full-matrix, least squares methods on F2 (SHELXL-93).4

CCDC reference numbers 171151 and 171152. See http://www.rsc.org/
suppdata/cc/b1/b106058a/ for crystallographic data in CIF or other
electronic format.

1 J. M. Lehn, Supramolecular Chemistry, VCH, Weinheim, 1995.

2 H. Xiao, Y.-X. Wenig, W.-T. Wong, T. C. W. Mac and C. M. Che, J.
Chem. Soc., Dalton Trans., 1997, 221; M. Bardají, A. Laguna, V. M.
Orera and M. D. Villacampa, Inorg. Chem., 1998, 37, 5125; T. Tanase, K.
Masuda, J. Matsuo, M. Hamaguchi, R. A. Begum and S. Yano, Inorg.
Chim. Acta, 2000, 299, 91 and references cited therein.

3 G. M. Sheldrick, SHELXS-86: program for crystal structure solution,
Universität Göttingen, Germany, 1986.

4 G. M. Sheldrick, SHELXL-93: program for refinement of crystal
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6 31P NMR (MeOH, 333 K)+d 38.2 (terminal P atoms), 31.2 (central P
atoms), J31Pcentral

31Pterminal 25; (213 K): d 43.1, 31.7 (terminal P atoms,
m), 33.2 (central P atom, m). According to 31P NMR spectroscopy,
solutions of 1 contain a second species (ca. 10%) which is tentatively
assigned to the syn orientation of the phenyl groups attached to the central
phosphorus atoms of the pp2 ligands. All crystals examined exhibit an
anti orientation (see Fig. 1) and hence the syn isomer was either
overlooked in the solid state or is formed fast on the preparative time-
scale upon dissolving 1.

7 M. Bénard, U. Bodensieck, P. Braunstein, M. Knorr, M. Strampfer and C.
Strohmann, Angew. Chem., Int. Ed. Engl., 1997, 36, 2758.

8 J. Yau and D. M. P. Mingos, J. Chem. Soc., Dalton Trans., 1997, 1103;
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Blue emission from cysteine ester passivated cadmium sulfide
nanoclusters
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A one-pot synthesis is reported of water-soluble cadmium
sulfide nanoclusters capped with cysteine ester, with an
average size of 2.0 nm and fluorescing in the blue region,
establishing the possibility of using these as fluorescent
biological probes.

Nanoclusters of II–VI semiconductors have been extensively
studied during the past two decades.1 On reducing the size of
bulk semiconducting materials below their Bohr exciton
diameter,2 the band gap can be varied continuously from the
bulk value to a relatively large one, thus allowing one to tune the
electronic properties.3 These nanoclusters are typically of the
order of or smaller than characteristic sizes of various features
in biological molecules and therefore have potential applica-
tions as biological sensors.4 With this application in mind, we
have synthesized CdS nanoclusters passivated with cysteine
ester. Our study establishes the feasibility to cap the CdS
nanoclusters with biological molecules such as peptides having
the cysteine amino acid, for possible use as a fluorescent probe.5
Also, cysteine ester passivates the surface states of the
nanoclusters more effectively compared to other thiols and
shifts the mid-gap, surface-state dominated fluorescence closer
to the band edge. For example, the PL spectra from CdS
nanoclusters capped with thioglycerol always peaks at 530 ± 20
nm, although the cluster size is varied from 2.0 to 4.5 nm,
thereby tuning the bandgap from 3.8 eV ( ≈ 325 nm) to 2.5 eV
( ≈ 500 nm).6 The cysteine ester therefore acts as both a more
effective capping agent, resulting in a blue emission ( ≈ 470
nm), as well as a biologically active end-group for targeting
specific cell sites.

We have prepared cysteine ester passivated CdS nanoclusters
by a one-pot solution phase technique. 1.066 g (4.0 mmol)
Cd(OAc)2·2H2O was dissolved in 40 ml dimethylformamide
(DMF) along with 0.858 g (5.0 mmol) L-cysteine methyl ester
hydrochloride. 0.480 g (2.0 mmol) Na2S·9H2O was dissolved in
10 ml double-distilled water and added to the DMF solution
dropwise under an argon atmosphere. The solution was then
heated at 60 °C for 12 h. A light yellow powder of CdS
nanoclusters capped with cysteine ester was precipitated with
acetone after rotavaporizing the solution. The powder was dried
in vacuo for 5 h, yielding water soluble CdS nanoclusters.

Fig. 1(a) shows a high-resolution transmission electron
micrograph (HRTEM) of a CdS nanocluster. The particles are
spherical in shape and the lattice fringes can be clearly
observed. In order to estimate the particle size distribution, the
nanoclusters were dispersed on the TEM sample holder grid and
a lower resolution transmission electron micrograph, as shown
in Fig. 1(b), recorded. The histogram of cluster size obtained
from Fig. 1(b) is shown in Fig. 1(c), indicating an average
particle diameter, dav, of 2.0 nm with a standard deviation of
0.19 nm.

The powder X-ray diffraction pattern is shown in Fig. 2. The
peak at 2q = 5.1° arises from the close packing of the individual
clusters, defining a characteristic separation equal to the
average diameter of the clusters; we estimate the dav from this
to be 1.7 nm, in reasonable agreement with the TEM result. The

width of the diffraction peak at 27.6° is determined by the
particle size via the Debye–Scherrer formula. We have
performed a Debye–Scherrer broadening7 on the bulk CdS
XRD pattern. The bulk XRD pattern8 and the broadened pattern
are also shown in the Figure with the extent of broadening
corresponding to a cluster size of 1.5 nm. The slight under-
estimation of particle size in this case may be due to defects
present in the nanoclusters.9,10

The UV–VIS absorption spectra of an aqueous solution of the
nanoclusters, shown by the solid curve in Fig. 3, exhibits a fairly
sharp excitonic peak at 303 nm (4.1 eV), with the bandgap ≈ 3.6
eV estimated from the absorption onset. To correlate the size
with the absorption threshold of the nanoclusters, we have
developed a method using a realistic sp3d5 orbital basis11

instead of the previously used sp3s* basis12 within the tight-

Fig. 1 (a) HRTEM of a cysteine-ester passivated CdS nanocluster showing
the lattice fringes. The length of the bar is 2.5 nm. (b) TEM showing the CdS
nanoclusters. The length of the bar is 20 nm. (c) Histogram for the cluster
size, obtained from TEM.

This journal is © The Royal Society of Chemistry 2001
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binding model. According to our calculations, the size of CdS
nanoclusters corresponding to the absorption onset shown in
Fig. 3 is 1.8 nm. This is in good agreement with the size
determined from TEM and XRD. The fluorescence excitation
and emission spectra are also shown in Fig. 3. The particles emit
strongly in the blue region of the visible spectrum (470 nm)
upon illumination by UV radiation, establishing a substantial
blue shift in emission compared to normally produced CdS
nanoclusters with most other organic passivating agents such as

thiols, thereby confirming cysteine as a more effective capping
agent compared to thiols. FTIR results from the sample (not
shown here) show that all the absorption bands of the cysteine
shifted towards lower wavenumbers compared to the spectra for
the pure ester, thereby indicating that the ester is bound to the
heavy nanoclusters.

In conclusion, we have synthesized CdS nanoclusters
passivated by cysteine-ester, suggesting the possible use as
biological probes. This passivation quenches the deep trapped
surface states and causes the nanoclusters to emit in the blue
region, which otherwise emit yellow–orange radiation. The
sizes determined from various methods are in good agree-
ment.

We thank Mr J. Basu and Professor V. Jayaram for help with
the TEM work and useful discussions. This work is supported
by the Department of Science and Technology, Government of
India, under the Indo–Israeli program of cooperation.
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Fig. 2 XRD pattern of CdS nanoclusters. Shown below are the simulated
XRD pattern for 1.5 nm clusters and the experimental bulk CdS XRD
pattern.

Fig. 3 UV–VIS and fluorescence spectra recorded from an aqueous solution
of CdS nanoclusters.
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Sn-MCM-41—a heterogeneous selective catalyst for the
Baeyer–Villiger oxidation with hydrogen peroxide†
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A new heterogeneous catalyst, Sn-MCM-41, is described for
the Baeyer–Villiger reaction with hydrogen peroxide which
selectively activates the carbonyl function for the nucleo-
philic attack by the oxidant, with high chemoselectivities
when double bonds are present in the molecule.

The Baeyer–Villiger (BV) reaction is one of the most important
transformations in synthetic organic chemistry. Its mechanism
involves a nucleophilic attack on the carbonyl group by the
oxidant followed by a concerted rearrangement with retention
of the configuration at the migrating carbon atom [eqn. (1)].1

(1)

Up to the present, the only suitable oxidants for the BV
reaction were the peracids which involve not only safety
problems but also a bad atom economy and therefore cause
waste material.2 For economic and environmental reasons a big
effort has been made to develop a catalytical method,
preferentially a heterogeneous one. Recently, the catalytic
action of redox molecular sieves, namely Mn-AlPO-36 and Co-
AlPO-36, on the oxidation of ketones to lactones has been
reported.3 However, the reaction is carried out by peracids
prepared in-situ from sacrificial benzaldehyde and oxygen. To
overcome the waste problem, the peracid oxidant should be
replaced by hydrogen peroxide activated by a suitable catalyst.
Soluble Pt complexes have shown a good activity and turnover
numbers (TON, catalytic cycles per metal centre) close to 50
with good selectivities towards the lactones.4 The anchoring of
these complexes onto a polymer has been attempted, but the loss
of catalytic activity with respect to the homogeneous system
observed introduced a serious limitation for a potential
commercial application.5 TS-1 zeolite has been used in the
presence of H2O2 as catalyst for the BV reaction, but the
selectivity to the desired product was lower than 65% due to the
formation of a-hydroxy ketones and other undesired products.6
These catalysts were designed to activate H2O2 by co-
ordination with the metal, forming the corresponding metal
peroxide that was the oxidising agent. Unfortunately, the metal
peroxide formed also oxidises other functions such as alcohol or
olefinic groups that may be present in the reactant molecule, and
thus strongly limits the chemoselectivity of these catalysts.

We have developed a solid catalyst for the BV reaction which
allows the reaction the reaction to work with H2O2 and is highly
selective. We started from the concept that, for making a good
BV solid catalyst, the catalytic sites should selectively activate
the ketone instead of the H2O2. In this way, we could increase
the positive charge on the carbon atom of the carbonyl group
and facilitate the nucleophilic attack on this group by H2O2.

Thus, Sn-MCM-41 samples with 1, 2 and 9 wt% of Sn,
calculated from SnO2, were synthesised in the following way.

An aqueous solution of hexadecyltrimethylammonium hy-
droxide/bromide (C16TAOH/Br) was mixed with a tetra-
methylammonium hydroxide solution (25%, Aldrich) and an
aqueous solution of SnCl4·5H2O (98%, Aldrich). After homo-
genisation, the silica (Aerosil, Degussa) was added under
continuous stirring. The final composition was the following: 1
SiO2+(0.16 2 4x) C16TABr+4x C16TAOH+0.26 TMAOH+x
SnCl4+24.3 H2O, where x was varied between 0.04 and 0.01.
C16TABr was partially exchanged in order to compensate for
the OH2 depletion produced by the incorporation of SnCl4 into
the synthesis gel. The homogeneous gel was sealed in Teflon-
lined stainless steel autoclaves and heated at 135 °C under static
conditions for 24 h. The resulting solid product was recovered
by filtration, washed with water and dried at 60 °C for 24 h. The
occluded organic was removed by heating the solid at 540 °C
for 1 h in a flow of N2, followed by 6 h in air. The solid obtained
presents a typical XRD pattern of MCM-41 structure.†

For the catalytic activity tests ca. 1.2 mmol cyclohexanone
(1) and ca. 1.5 mmol of H2O2 (35 wt%) were dissolved in 3.00
g of methyl tert-butyl ether (MTBE) and were stirred and heated
to 56 °C with 50 mg of the catalyst for 6 h. The reaction was
followed by GC analysis and the e-caprolactone (2) product was
identified by GC-MS analysis and by comparison with the
authentic sample. With the Sn-MCM-41 catalyst with 1% SnO2
a conversion of 15% was observed which corresponded to a
turnover number (TON) of 55 (Table 1, entry 1), while the
selectivity towards the lactone was 96%. This result was a big
improvement compared to the selectivities obtained with the
TS-1/H2O2 oxidation system (Table 1, entry 5). Conversion was
increased by increasing the amount of Sn, and the high
selectivity to the lactone was maintained (Table 1, entries 2 and
3). However, the TON was lower when the Sn content was
increased, indicating that not all the Sn introduced was active. It
must be noted that SnO2 impregnated on silica gave no activity
for the BV reaction (Table 1, entry 4). In order to discuss the
nature of the active sites, a Sn-MCM-41 sample was prepared
using the 119Sn isotope (2% SnO2), which can be detected by

† Electronic supplementary information (ESI) available: XRD pattern of as-
prepared Sn-MCM-41. See http://www.rsc.org/suppdata/cc/b1/b105927k/

Table 1 Baeyer–Villiger oxidation of cyclohexanone (1) by hydrogen
peroxide catalysed by Sn-MCM-41 with different Sn contents

Entry Catalyst
Conversion
(%) TONa TOFb

Lactone
selectivity
(%)

1 Sn-MCM-41 (1% SnO2) 15 55 23 96
2 Sn-MCM-41 (2% SnO2) 22 40 13 94
3 Sn-MCM-41 (9% SnO2) 36 12 7 97
4 SiO2–SnO2

c 0 0
5 SnCl4c 3 5
6 TS-1d 31 21 20
a Turnover number; catalytic cycles per metal centre. b Turnover frequency;
TON per hour; calculated on the conversion after 1 h of reaction time. c The
Sn content corresponded to that of the catalyst with 2 wt% of SnO2. d Data
from ref. 6.
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MAS NMR. Indeed, by this analytical method it could be
confirmed that the Sn sites of Sn-MCM-41 were different to
those of SnO2.

The large pore diameter of MCM-41 should allow the
oxidation of sterically more demanding reactants. To study this,
adamantanone (3) was reacted in the following way: 1 mmol of
adamantanone and 1.5 mmol of H2O2 (35%) were dissolved in
3.00 g of dioxane, and 50 mg of Sn-MCM-41 (9% SnO2)
catalyst were added and stirred at 90 °C. After 6 h no substrate
could be detected and the corresponding lactone 4 was the only
product, with a selectivity to H2O2 of > 90% (Table 2, entry 1).
In order to check the possible contribution of the homogeneous
reaction, another experiment was carried out in which the
catalyst was separated by filtration after 30 minutes reaction
time and 70% conversion. The solution was further heated for
5.5 h and the conversion did not proceed further, confirming
that the active species was the metal incorporated into the
framework and not any leached species in solution. Fur-
thermore, it was shown that a homogeneous Sn species has an
activity almost one order of magnitude lower than the Sn
incorporated into the MCM-41 framework (cf. Table 1, entries
2 and 5).

With respect to catalyst life, we have observed that some
deactivation occurs during the reaction when the same catalyst
is recycled three times. The decrease in the catalyst activity is
especially pronounced after the first recycle for which the TON
decreased from 42 to 17 after 3 h. However, further recycling
did not show any notable decrease in activity (16 and 16 TON
for cycles 3 and 4, respectively). In order to check if the
deactivation during the first recycling was due to leaching and/
or to the adsorption of some product, the catalyst after the first
recycling was filtered at the reaction temperature (90 °C) and
then air calcined at 540 °C for 6 h. The calcined catalyst was
again used in the reaction, and a TON of 35 was observed. This
indicated that the decrease in activity observed in the first cycle
cannot be attributed mostly to leaching of some of the less stable
Sn, but it is mainly due to catalyst poisoning by organic
deposits.

A very interesting result was observed when an unsaturated
ketone was employed as substrate, e.g. dihydrocarvone (5).
With the traditional oxidant for the BV oxidation, the peracids,
the main product was the epoxyketone 7 in the case of a deficit
of oxidant (Table 3, entry 1). When an excess of the oxidant was
used, both types of oxidation, i.e. BV oxidation and epoxida-
tion, occurred and consequently the epoxylactone 8 was
obtained. When Sn-MCM-41 (9% SnO2) was used as catalyst
and H2O2 (35 wt%) as oxidant, the lactone 6 was the main
product, although the selectivity was lower than with Sn-Beta
zeolite7 (Table 3, entry 3). This showed that with the Sn-MCM-
41 catalyst unsaturated lactones can be obtained while, with the
classic peracid or other reported catalysts, the unsaturated
lactones cannot be synthesised because the epoxidation reaction
competes very effectively (see ref. 8 and Table 3).

The reason for this extraordinary selectivity probably has its
origin in the type of catalysis. If the catalyst can activate the
peroxide, epoxidation will also be observed. This was the case

for MeReO3 which catalysed BV oxidation9 as well as
epoxidation.10 So, it was more probable that the Sn-MCM-41
interacted with the ketone by activating the carbonyl group for
the nucleophilic attack by hydrogen peroxide. This was tested
by carrying out in-situ IR experiments in which cyclohexanone
was adsorbed on Sn-MCM-41. The results showed that, indeed,
a shift of the carbonyl band towards lower wavenumbers
occurred (48 cm21), and the ketone remained co-ordinated even
at 100 °C. With an all-silicon MCM-41 sample this shift in the
carbonyl signal was not observed.

In summary, Sn-MCM-41 opens up a new class of catalysts
for the BV reaction with hydrogen peroxide. High turnover
numbers with good selectivities to lactones are observed and,
furthermore, the catalysts show a reasonable chemoselectivity
when olefinic groups are present in the reaction.

The authors thank the CICYT (MAT2000-1392) and UOP for
financial support. M. T. N. thanks the ‘Fundación Ana y José
Royo’ for a postdoctoral grant.
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Table 2 Baeyer–Villiger oxidation of adamantanone (3) by hydrogen peroxide catalysed by Sn-MCM-41

Entry Time/h 3/mg
Ratio Sn/3
(mol/mol) Conv. (%) TONa TOFa

Selectivity
(%)

1 6 150 0.03 > 98 32 24 > 98
2 6 150 0.03 72b 24 48c > 98

a See Table 1. b The catalyst was removed by filtration after 30 min. The conversion after 30 min was already 72% and did not change during the rest of the
reaction time. c TOF calculated on the first 0.5 h.

Table 3 Selectivities in the oxidation of dihydrocarvone (5) with different
oxidants.

Product distribution (%)

Oxidant Equiv.
Conv.
(%) 6 7 8 Othera

mCPBA 0.88 85 11 71 18 0
mCPBA 1.65 100 4 11 82 3
Sn-MCM-
41/H2O2 2.05 22 68 18 0 14
a Others products include: other oxidation products, e.g. the a-hydroxy-
ketone or hydrolysis products.
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The synthesis and structural characterisation of the di-
amino-bis-pyridine ligand L2 and its diammonium-bis-
pyridinium salt [(H4L2Cl)2]·6Cl·H2O 1, are reported; X-ray
diffraction studies reveal that chloride coordination causes
the latter to adopt a double-helicate structure in the solid-
state.

In recent years coordination chemists have developed several
strategies to predict the outcome of self-assembly processes and
have used this information to exert influence over the
subsequent architectures adopted during these processes.1
Much of the current literature has concentrated on metal-
assisted, self-assembly processes where ligands are tailored for
the recognition of the intrinsic stereochemical properties of a
particular metal ion. Fine tuning of ligand properties such as
donor density, type and number as well as the spacer group
separating coordination sites has led to a plethora of resultant
structural motifs such as grids,2 boxes,3 cylinders,4 helicates5

and molecular polyhedra.6 In contrast, there have been
relatively few reports detailing ‘metal-free’ anion directed self-
assembly processes, despite there being considerable current
interest in the development of molecular and supramolecular
systems which have the ability to bind negatively charged
ions.7,8 The motivation behind such studies is the recognition
that anions enjoy an important role in biology, medicine and the
environment.8 Typically, these systems utilise hydrogen bond-
ing and electrostatic interactions to bind anions, and many
varieties exist based on chemical archetypes including amides,
ureas, pyrroles, ammonium macrocycles, guanidinium and
pyridinium moieties.7,8 However, we are aware of only one such
report detailing the formation of a helical structure as a result of
an anion directed self-assembly process. de Mendoza and
coworkers synthesised a tetraguanidinium strand that self-
assembled around sulfate ions to form a double helix, as
evidenced by ROESY NMR spectroscopy.9 Herein, we report
the synthesis and structural characterisation of the diamino-bis-
pyridine ligand L2 and the dinuclear double helicate of its di-
ammonium-bis-pyridinium salt [(H4L2Cl)2]·6Cl·H2O 1. To the
best of our knowledge, this is the first structurally characterised
example of an anion directed assembly of a helicate.

L2 was prepared from its bis-imine progenitor,10 L1, by
standard borohydride reduction and isolated in 65% yield as a
white crystalline product of suitable quality for a diffraction
study.‡§ The atomic numbering scheme and atom connectivity
are shown in Fig. 1. There is a clear twist evident on traversing

the molecule from N(1), through the central phenyl rings, to
N(29). The two pyridyl moieties are inclined at an angle of 81°
to one another and the phenyl groups are rotated by 99° with
respect to each other. The nitrogen atoms N(1) and N(29) make
close contacts with H(7a) and H(23a') (symmetry code: 21 + x,
1 + y, z), respectively, forming C–H…N hydrogen bonded
chains. The chains are further linked into a 3D hydrogen bonded
network via edge-to-face N–H…p [N(22)–H(22)–centre-of-
ring, 2.77] and combined N–H…p, C–H…p interactions (3.14
and 2.80 Å to centre-of-ring, respectively). Interestingly, there
are no face-to-face p…p interactions between the molecules.

Addition of dilute hydrochloric acid to a methanolic solution
of L2 induced the precipitation of a pale yellow solid in
quantitative yield. Recrystallization afforded single crystals of 1
suitable for a diffraction study.‡§ The atomic numbering
scheme and atom connectivity are shown in Fig. 2. The
asymmetric unit contains two independent cations located about
twofold axes. Two of the Cl2 anions are also located on two-
fold axes. The structure consists of two ligand strands that wrap
around two chloride anions in a double helical arrangement with
a major and minor groove, both enantiomers of which are
present. The chloride ions are coordinated by two pyridinium
moieties, with further weaker interactions from the methylene
and aromatic CH residues being evident. There is no interaction
between the coordinated chloride ions and the ammonium
moieties N(8). Coordination is such that the anions reside within
a cleft formed by the two ligand strands giving an intra-
molecular Cl2…Cl2 separation of 13.17 Å, (Fig. 3). Inter-
estingly, there are no intrahelicate cross-strand p…p inter-
actions (closest contact > 4.5 Å). There are, however, extensive
inter-helicate intermolecular p…p interactions (3.4–3.9 Å)
between the phenyl rings [C(9)–C(14)] and the pyridyl rings
[N(1)–C(6)] of neighbouring helicates in contrast to L2. The
lattice anions are involved in extensive hydrogen bonding with
the ammonium moieties [N(8)] and this results in the formation
of a 3D network supported by a combination of these hydrogen

† Electronic supplementary information (ESI) available: Fig. S1: stereo-
views showing the packing of 1 in the solid state. Fig. S2: partial 1H NMR
spectra of L2 and 1 and their assignment. See http://www.rsc.org/suppdata/
cc/b1/b106981k/

Fig. 1 Molecular structure and atomic numbering scheme of L2.
Fig. 2 Molecular structure and atomic numbering scheme in 1. Thermal
ellipsoids at 50% probability level. Hydrogen atoms, lattice anions and
water solvent omitted for clarity. Selected bond lengths (Å) and angles (°)
for 1: N(1a)–Cl(3) 3.039(3), N(1b)–Cl(3) 3.031(3), H(1a)–Cl(3) 2.16,
H(1b)–Cl(3) 2.16; N(1a)–H(1a)–Cl(3) 175, N(1b)–H(1b)–Cl(3) 172.
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bonds and the p…p interactions. This is further enhanced by
hydrogen bonding between Cl(4) and the lattice water molecule
O(1w).

It is instructive here to compare and contrast the structures of
L2 and 1 with the metal helicate complexes of the bis-imine
ligand L1.10 From the structure of L2 it is evident that nothing
inherent within it pre-organises it to form a helical motif in the
absence of a suitable template. The rigid nature of the central
diphenylmethane spacer does, however, predispose L2 to
coordinate to two (or more) guests. This is probably the key
feature of L2 that leads to the formation of the helicate, as it has
been shown that highly flexible, sterically unencumbered
polyammonium hosts do not generate this topology upon guest
binding.11 The formation of 1 is also due to the template effect
of the chloride anion following protonation of L2. Once
coordinated, the anion resides within a shielded pocket at the
head of the helicate. It is coordinated in pincer fashion by the
two pyridinium moieties via charge assisted hydrogen bonds,
and further stabilised by weaker interactions with methylene
and aromatic hydrogen atoms from deeper within the pocket.
Despite the inherent flexibility in the system, there are no
intramolecular interactions between the ligand strands. Pre-
viously, it has been proposed that contacts of this type help
promote and stabilise the formation of related metallo-helicates,
[M2L1

3], and are responsible for the resultant helicate micro-
architecture.10b–e The lack of any cross-strand contacts here
may potentially arise from the relatively larger ionic radius of
the chloride anion {cf. M(II) cations}, but we suspect that the
lack of a preferred coordination geometry for chloride more
than adequately offsets this size difference. This adds weight to
our contention that metal coordination, and not intra-helicate
p…p interaction, is a primary driving force for helicate
formation and the resultant solid-state structures in [M2L1

3]
compounds.10a,f The coordination of L1 to a metal centre applies
strain to the ligand, whereas the hydrogen-bonded nature of 1
allows the ligand, L2, to adopt an unstrained conformation,
notably with no intra-strand interactions. We would therefore
expect protonated salts of L1 and related ligands to coordinate
anions in a similar fashion and are currently investigating these
systems. 1H NMR and potentiometric titration experiments are
also underway to determine the stability constants of 1 and
analogous systems in solution.

In conclusion, we report here the synthesis and structural
characterisation of a new diamino-bis-pyridine ligand L2 and
demonstrated that it, on addition of HCl, generates a novel
dinuclear double helicate. We believe this to be the first
structurally characterised example of the anion directed assem-
bly of such a motif.

Enterprise Ireland is thanked for financial support by way of
a Ph.D. studentship to J. K. Mr Robert Doyle (TCD) is thanked
for assistance with the ESMS.

Notes and references
‡ Selected data for L2 MS (ESI): m/z 381 [L2]+. Found: C, 78.65; H, 6.37;
N, 14.73. C25H24N4 requires C, 78.94; H, 6.31; N, 14.64%. dH (400 MHz;
d6-DMSO) 8.51 (2H, d, Py), 7.71 (2H, dt, Py), 7.32 (2H, d, Py), 7.23 (2H,
t, Py), 6.85 (4H, d, Ar), 6.48 (4H, d, Ar), 6.10 (t, NH), 4.31 (4H, d, CH2

spacer), 3.59 (2H, s, CH2 bridge).

For 1: found: C, 55.90; H, 5.70; N, 10.38. C50H56N8Cl8O requires C,
56.14; H, 5.24; N, 10.66%. dH (400 MHz; d6-DMSO) 8.79 (2H, d, Py), 8.46
(2H, dt, Py), 7.97 (2H, Py), 7.87 (2H, t, Py), 6.94 (4H, Ar), 6.63 (4H, d, Ar),
4.71 (4H, s, CH2, spacer), 3.62 (2H, s, CH2, bridge).
§ Crystal data: for L2: C25H24N4, M = 380.48, monoclinic, space group
P21/c, a = 11.5546(8), b = 8.1809(5), c = 21.5214(14) Å, b = 97.881(1)°,
U = 2015.1(2) Å3, Z = 4, m = 0.076 mm21, Rint = 0.0604. A total of 22756
reflections were measured for the angle range 4 < 2q < 58 and 4724
independent reflections were used in the refinement. The final parameters
were wR2 = 0.1275 and R1 = 0.0462 [I > 2s(I)].

For 1: C25H28N4Cl4O0.5 M = 534.31, orthorhombic, space group Pnna,
a = 17.656(4), b = 24.275 (6), c = 12.263(3) Å, U = 5256(2) Å3, Z = 8,
m = 0.474 mm21, Rint = 0.1325 A total of 48268 reflections were measured
for the angle range 4 < 2q < 50 and 4638 independent reflections were
used in the refinement. The final parameters were wR2 = 0.1878 and R1 =
0.0662 [I > 2s(I)]. A check for higher symmetry using PLATON12

suggested the space group should be Pban. Refinement of the structure in
this cell gave a fit which was 0.5% worse. Furthermore, the atomic
displacement parameters of the pyridinium ring indicated it was disordered.
This is not true for the original assignment and thus we discounted this
alternative cell.

Data were collected on a Bruker SMART diffractometer using the
SAINT-NT13 software with phi/omega scans. A crystal was mounted on to
the diffractometer at low temperature under dinitrogen at ca. 120 K. The
structures were solved using direct methods and refined with the SHELXTL
program package.13

CCDC reference numbers 169237 and 169238. See http://www.rsc.org/
suppdata/cc/b1/b106981k/ for crystallographic data in CIF or other
electronic format.
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Fig. 3 The helical arrangement in 1 viewed down the Cl…Cl vector.
Hydrogen atoms, lattice anions and water solvent omitted for clarity.
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Pyrrole was converted to pyrrole-2-carboxylate in super-
critical CO2 using cells of Bacillus megaterium PYR 2910,
and the yield of the carboxylation reaction in supercritical
CO2 was 12 times higher than that under atmospheric
pressure.

The development of CO2 fixation reactions on organic mole-
cules is one of the challenges in synthetic chemistry. An
increasing number of chemical CO2 fixation reactions1 have
been reported, especially using supercritical CO2 (CO2 above its
critical temperature (31.0 °C) and pressure (7.38 MPa, 72.8
atm)), such as the synthesis of urethane,1b dimethyl carbonate,1c

styrene carbonate1d methyl ethanoate.1e On the other hand,
biocatalysis is now one of the most powerful and indispensable
tools for organic synthesis due to its environmentally friendli-
ness and excellent enantio-, regio- and chemo-selectivities.2
Some enzymatic CO2 fixation reactions have also been reported
including the central CO2 fixation reaction in photosynthetic
organisms catalyzed by ribulose-1,5-diphosphate carboxy-
lases,3 the reduction of CO2 to formic acid or methanol by
dehydrogenases,4 the reductive CO2 fixation on 2-oxoglutarate
and pyruvate by isocitrate5 or malate6 dehydrogenases, and the
CO2 fixation on pyrrole and phenolic compounds (phenol and
catechol) by decarboxylases from B. megaterium7 or Clostrid-
ium hydroxybenzoicum,8 respectively.

Although enzymes in nature catalyze reactions in aqueous
media, their use in supercritical CO2 has been attracting
increasing attention due to its gas-like low viscosities and high
diffusivities and its liquid-like solubilizing power,9 and mostly
hydrolytic enzymes, with the exception of the cholesterol
oxidases10 and the alcohol dehydrogenase,11 have been used in
supercritical fluids to improve their functions, i.e., faster
reaction rates.12 Here we report that cells of Bacillus mega-
terium PYR2910 catalyzes the reverse reaction, CO2 fixation, in
supercritical CO2 for the first time. As shown in Scheme 1, CO2
was fixed on pyrrole to produce pyrrole-2-carboxylate at 10
MPa and 40 °C. The yield of the reaction in supercritical CO2
was much higher than that at atmospheric pressure.

The cells of Bacillus megaterium PYR29107 were employed
for the CO2 fixation reaction. The reaction was conducted by
adding CO2 to 10 MPa to the mixture of pyrrole, the cells,
KHCO3, and NH4OAc in potassium phosphate buffer. For the
reaction at atmospheric pressure (0.1 MPa), the evolved CO2
was released to keep the pressure atmospheric. The yields of the
reaction at 40 °C are listed in Table 1. The yield is much higher
for the reaction in supercritical CO2 than at atmospheric
pressure (Table 1, Entries 1–4). It was also confirmed by the
control experiment without the cells that the non-biocatalytic

carboxylation of pyrrole did not proceed (Table 1, Entry 5).13

Therefore, the cell is surely catalyzing the CO2 fixation reaction
more effectively in supercritical CO2 than at atmospheric
pressure.

The time courses of the reaction at 10 MPa and at
atmospheric pressure in Fig. 1 also have a higher yield for the
supercritical reaction than that of the atmospheric reaction. The
reaction reached an equilibrium position within a few hours and
did not proceed further. As listed in Table 1, the doubling of the
quantity of cells (Entry 6) as well as the change in the initial pH
value from 5.5 to 7.0 to prevent a pH decrease caused by CO2
(Entry 7) did not have any significant effect on the equilibrium
position.

The effect of pressure on the carboxylation of pyrrole was
also investigated, and the result is shown in Fig. 2. The
maximum yield was between 4 and 7 MPa; the yield at just
above its critical pressure (7.6 MPa) is about 12 times that at
atmospheric pressure (0.1 MPa). Similar pressure dependencies
of the yield on pressure were also observed using an increased
quantity of the cells, shorter reaction times, and different
temperatures (data not shown). At present, it is not clear why the
increased concentration of CO2 in the range greater than the

Scheme 1

Table 1 Conversion of pyrrole to pyrrole-2-carboxylate in supercritical CO2

at 40 °C

Entry Pressure/MPa Cells/mLa pH Time/h
Yield
(%)b

1 0.1 (Atmospheric) 0.5 5.5 1 7
2 0.1 (Atmospheric) 0.5 5.5 3 6
3 10 (Supercritical) 0.5 5.5 1 54
4 10 (Supercritical) 0.5 5.5 3 55
5 10 (Supercritical) 0.0 5.5 3 0
6 10 (Supercritical) 1.0 5.5 3 59
7 10 (Supercritical) 0.5 7.0 1 59
a OD610 = 32; decarboxylation activity for pyrrole-2-carboxylate = 0.024
mmol min 21ml21. b Based on the starting amount of pyrrole determined by
HPLC analysis.

Fig. 1 Time course of conversion of pyrrole to pyrrole-2-carboxylate [5: 10
MPa (supercritical), 3 0.1 MPa (atmospheric)].
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critical pressure did not favorably shift the carboxylation
equilibrium.

In a typical experiment, B. megaterium PYR2910 was grown
as previously described.7b To a stainless steel pressure-resistant
vessel containing a magnetic stirrer bar as previously de-
scribed,11 pyrrole (0.40 M, 0.50 mL), potassium phosphate
buffer (pH 5.5, 0.40 M, 0.50 mL), ammonium acetate (0.56 M,
0.50 mL), the cells (OD610 = 32, 0.50 mL) and KHCO3 (0.60
g) were added. The vessel was then warmed to 40 °C, and CO2
preheated to 40 °C was introduced to a final pressure of 10 MPa.
The mixture was stirred at 40 °C for 3 h, and the CO2 was
liquefied at 210 °C and then the gas pressure was released. The
chemical yield was measured by HPLC analysis as previously
described.7b

In conclusion, cells of B. megaterium catalyzed the conver-
sion of pyrrole to pyrrole-2-carboxylate in supercritical CO2 at
40 °C with pressures up to 10 MPa, and a higher yield was
obtained under supercritical conditions than at atmospheric
pressure. This finding will play a significant role both in
investigating enzyme species suitable for the biocatalysis in
supercritical CO2 and in developing synthetic methods utilizing
CO2.

This work was supported by a Grant-in-Aid from the Taisho
Pharmaceutical Co. Award in Synthetic Organic Chemistry,
Japan, the Sasakawa Scientific Research Grant from the Japan
Science Society, a Grant-in-Aid for Encouragement of Young
Scientists (No. 12740400) and a Grant-in-Aid for Scientific
Research (C) (No. 11640602) from the Ministry of Education,
Science, Sports and Culture of Japan.
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Mesoporous silicon doped with 3.0 3 1019 B atoms cm23 (p+-
type) is an insulating material which dramatically increases
its electrical conductivity when exposed to traces of gaseous
NO2; nitrogen dioxide chemisorption at the surface gen-
erates carriers, the population of which is readily evaluated
through the intensity of IR absorption.

Porous silicon (PS) is obtained through the electrochemical
etching of semiconducting phosphorus- (n-type) or boron- (p-
type) doped crystalline silicon.1–3 When the etching is per-
formed on silicon with an impurity level of around 1 3 1019 B
cm23 (p+ type), a mesoporous system with a dendritic structure
(see graphical abstract) is obtained, with a surface area ranging
from 200 to 600 m2 cm23 (N2 BET). Although the etching
process is believed to remove selectively only silicon atoms,4 it
causes the depletion of carriers present in the pristine material:
PS nearly behaves like an insulator and is consequently
practically transparent to mid-IR radiation.

Curve a in Fig. 1 reports the spectrum, taken under vacuum,
of a self-supporting membrane of PS (40 mm thick, 60%
porosity). Peaks are seen around 2100 cm21 and below 1000
cm21, where fall the vibrational modes of hydride-terminated
silicon species,5–7 SiHx (or SiyHx) formed during the electro-
chemical etching, and those related to oxidised species.

The smooth increase of the background absorption below
2000 cm21 (broken curve) is due to residual free carriers and is
therefore described by the Drude equation,8 according to which

the absorption coefficient is proportional to both the square of
the wavelength and to the concentration of carriers. Fitting the
Drude equation to the background of curve a yields9 ca. 3 3
1017 cm23 free carriers, i.e. about 99% of the boron atoms no
longer act as electron traps. Curve a also shows interference
fringes, due to multiple reflections of the IR beam at the rather
regular boundaries of the sample.

With p+-type PS (and only in this case), the electrical
conductivity has been found10 to increase when the voids are
filled by polar liquids with high dielectric constant. On the other
hand, still with p+-type PS, it has recently been observed,
through dc electrical measurements,11 that the original semi-
conducting character may be partially restored through the
contact of gaseous NO2 already at very low (sub-ppm)
concentrations.

We used FTIR in situ spectroscopy to investigate the
interaction of gaseous species on the PS surface in the mid-IR
region. Whereas extensive studies5–7 have been performed on
H2 and O2 environments in PS, no FTIR study of the interaction
of other gases with the PS surface is available. A sample of p+-
PS was exposed to a few mbar of different pure gases: NO2, CO,
NH3, NO, O2 and acetone. While no response to the latter five
species is seen, an impressive response to NO2 develops in a
few seconds. Curve b in Fig. 1 shows that, after the admission
of gaseous NO2, an absorption appears, monotonically increas-
ing from about 4000 cm21. This spectral profile is again
described by the Drude law: as a consequence of the interaction
with NO2, a higher concentration of carrier is observed (around
3 3 1018 holes cm23). Because of the increased absorption,
interference fringes are drastically decreased.

The intensity of the IR absorption (i.e. the concentration of
carriers) depends upon pNO2. Fig. 2 reports the intensity
measured at three arbitrarily chosen frequencies (1300, 1900
and 2500 cm21) plotted against the equilibrium pNO2: a
saturation effect is seen for comparatively low pressures,
irrespective of the wavelength chosen. This suggests that the
behaviour of PS in the presence of NO2 is due to an entirely
different mechanism with respect to dielectric or polarization
effects invoked as explanation of the conductivity induced by
polar substances condensed in the pores.10 A chemically guided
process, i.e. a chemisorption phenomenon, is likely to be the
reason for the generation of free carriers. Attempts to evaluate
volumetrically the amount of adsorbed molecules showed that
this is rather small, at the most a fraction of the boron atoms
present in the system. This is probably also the reason why no
signal due to chemisorbed molecules is seen in curve b of Fig.
1.

The chemical nature of the interaction between PS and NO2
is supported by the fact that NO2 has the highest electron
affinity12 among the gases studied by us. This high value (2.273
eV) is probably the key factor in determining the unique
selectivity shown by PS. A species roughly describable as
NO2

2 may be formed by the trapping of an electron at the
surface, whereas such a process is far less likely for NO and O2,
with a much smaller electron affinity13,14 (0.45 and 0.026 eV,

Fig. 1 IR spectra of p+-type PS in vacuo (curve a) and under 1 mbar of pure
NO2 (curve b). Broken curves are simulations of the background according
to the Drude law (see text).
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respectively), and is impossible for the other molecules which
do not accept electrons easily.

As it concerns the evolution of the spectra with time, two
different behaviours have been observed, depending upon the
NO2 partial pressure. With pNO2 less than 1 mbar, the intensity
grows rapidly and remains constant; with higher partial
pressures, the absorption reaches a maximum and than
decreases slowly, the rate of decrease strongly depending upon
the NO2 pressure. Such an effect, probably due to successive
reactions involving nitrogen dioxide, does not interfere, how-
ever, with the possible use of PS as an NO2 sensor, which is of
interest in the pressure region to which Fig. 2 refers.

The effect of NO2 at low pressures is completely reversible
within a few seconds, and the interaction can be repeated on the
same sample several times. In contrast, with higher NO2
pressures, the decrease of intensity of the IR absorption is
accompanied by a slight oxidation of the PS sample, as shown
by the increase of the absorption bands due to the stretching
vibrations of oxidised species (Si–O–Si, O3SiH and O2SiH2).6
This process is irreversible and causes a decrease in the
response to NO2 in successive experiments. Uptake of oxygen

by PS is mainly a surface process, at least in the initial stages,
leading to the formation of a surface oxidised layer that prevents
the chemisorption process. This is further evidence that the
generation of free carriers in PS involves adsorption of NO2 at
the surface.

For the sake of completeness, the same experiments were run
on a lightly B-doped PS and on n-type PS, and no effect on the
background spectrum was seen.

In conclusion, the experimental evidence reported shows that
a real chemisorption process takes place at the surface of PS.
Also, it suggests that PS may probably be used as a very
sensitive NO2 sensor working at room temperature. At variance
with what is observed for oxide-based NO2 sensors, PS shows
a unique selectivity to NO2 and does not sense other nitrogen
compounds such as NO. We have evidence that other
atmospheric components like H2O and CO2 do not interfere
with NO2: future work will deal with ozone, a molecule strictly
similar to NO2, and therefore a possible source of interference.
The detection of the sensing effect is possible on the basis of IR
measurements (Fig. 2): taking into account the availability of IR
LEDs, the results reported may open a new possibility in the
applications of PS as a chemical sensor towards a hazardous
pollutant like NO2, especially when present in trace amounts.
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Reaction of Tpt-Bu,MeCo–H with O2 proceeds via a spec-
troscopically observable hydroperoxide whose reactivity in
solution and in the solid state differ dramatically. 

Metal hydroperoxides (M–OOH) are reactive intermediates in
metal mediated reactions of hydrogen peroxide and dioxygen.
Due to their lability, there are few instances in which such
species can be observed spectroscopically,1 much less charac-
terized structurally.2 Migratory insertion reactions of O2 into
metal–carbon bonds are rare and mechanistically diverse;3 their
extension to metal hydrides is of interest.4

Exposure of a C6D6 solution of Tpt-Bu,MeCo-H5 to an excess
of O2 gas at room temperature caused a rapid reaction that
yielded only the known complexes Tpt-Bu,MeCo(O2) and
Tpt-Bu,MeCo–OH in approximately equal amounts (see Scheme
1).6 In contrast, exposure of solid Tpt-Bu,MeCo–H to oxygen gas
(1 atm) produced a new cobalt complex (1), along with minor
amounts of Tpt-Bu,MeCo–OH.

1 could be separated from the hydroxide by differential
solubility and recrystallization from ether yielded purple
crystals of 1 in 70% yield. The 1H NMR spectrum of 1 indicated
a loss of the threefold symmetry of the Tpt-Bu,Me ligand.
Structural characterization of 1 by X-ray diffraction revealed
that one of the hydrogen atoms of a tert-butyl group had been
replaced with an oxygen atom that was also bonded to cobalt,
thus forming a cobalt(II) alkoxide featuring a six-membered
ring. The structure determination was unfortunately marred by
multiple disorder; however, it allowed the unambiguous
assignment of the connectivity of 1. Addition of one equivalent

of 3-tert-butyl-5-methylpyrazole to 1 yielded 2, the structure of
which is shown in Fig. 1.7 Five-coordinate 2 adopts trigonal
bipyramidal geometry, with the nitrogen atoms of the free
pyrazole (N31) and the functionalized pyrazole (N21) occupy-
ing axial positions and those of the remaining two pyrazoles
(N1, N11) and the alkoxide oxygen (O1) taking up the
equatorial positions.

Carrying out the oxygenation of Tpt-Bu,MeCo–H in toluene at
low temperature (278 °C) revealed a color change from bright
blue to purple (reminiscent of the color of Tpt-Bu,MeCo–OH),
followed by another change to a grayish green upon warming to
room temperature. 1H NMR monitoring of this reaction at 278
°C showed that the resonances of Tpt-Bu,MeCo–H were slowly
replaced by a new set of resonances consistent with a three-fold
symmetric Co(II) species of the type Tpt-Bu,MeCo–X.8 Upon
warming the solution to room temperature, these resonances
disappeared, while those of Tpt-Bu,MeCo(O2) and Tpt-Bu,MeCo–
OH appeared. Further characterization of the intermediate was
obtained using in-situ IR spectroscopy. When a toluene solution
of the hydride at 261 °C was exposed to dioxygen, the Co–H
stretch at 1671 cm21 gradually disappeared and was replaced by
a broad peak at 3347 cm21; the latter disappeared upon
warming to room temperature. We note that the IR spectrum of
a solution of tert-butyl hydroperoxide exhibits its broad O–H
stretch at 3304 cm21. Repetition of the same experiment with
Tpt-Bu,MeCo–D showed a replacement of nCo–D (at 1208 cm21)
with a new resonance at 2486 cm21. Unfortunately, neither
experiment revealed the expected nO–O (ca. 800–900 cm21),
which is likely obscured by the many strong bands attributable
to the Tp ligand. All these observations are most consistent with
the formation and subsequent decomposition of the Co(II)
hydroperoxide Tpt-Bu,MeCo–OOH.

A mechanistic proposal for the formation of Tpt-Bu,MeCo–
OOH and its different thermal decompositions is shown in

Scheme 1

Fig. 1 The molecular structure of 2. Selected interatomic distances (Å) and
angles (°): Co1–O1, 1.929(3); Co1–N1, 2.126(4); Co1–N11, 2.133(3);
Co1–N21, 2.126(4); Co1–N31, 2.074(3); N21–Co1–N31, 174.83(12); O1–
Co1–N1, 133.66(13); O1–Co1–N11, 126.98(14); N1–Co1–N11,
99.45(13).
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Scheme 2. The commonly discussed mechanisms for reactions
of metal hydrides with O2 seem not germane here. Thus, a
radical chain reaction is ruled out by the observation that
Tpt-Bu,MeCo(O2) does not react with Tpt-Bu,MeCo–H. An
alternative deprotonation/O2-coordination/protonation se-
quence is unlikely in light of the extremely low expected acidity
of the hydride precursor, the conjugate base of which—i.e.
[Tpt-Bu,MeCo]2—is highly destabilized. We favor a migratory
insertion of coordinated O2 into the Co–H bond. Such a process
finds a parallel, if not exact precedent, in the reaction of
Tpt-Bu,MeCr–Ph with O2.3g Hydrogen atom abstraction by O2,
followed by binding of the resulting HO2, is another possible
pathway given the comparable strengths of the Co–H bond of
Tpt-Bu,MeCo–H (DCo–H ≈ 60 kcal mol21) and the O–H bond of
the HO2 radical (DO–H = 49 kcal mol21).9

The O–O bond of peroxides is weak, and cobalt alkylper-
oxides have been implied to suffer homolysis of this linkage.10

Homolytic cleavage of the O–O bond of the common inter-
mediate Tpt-Bu,MeCo–OOH would generate a terminal cobalt
oxo species (Tpt-Bu,MeCoNO Ô Tpt-Bu,MeCo–O·) as well as
hydroxyl radical. At this point the mechanistic pathways
may diverge. In solution the fragments are free to move
about and encounter other molecules; the cobalt oxo species
may show selectivity and abstract weakly bonded hydrogen
from Tpt-Bu,MeCo–OOH in a bimolecular reaction yielding
Tpt-Bu,MeCo(O2) and Tpt-Bu,MeCo–OH in equal amounts. In
contrast, in the solid the movements of both fragments are
restricted. The hydroxyl radical may abstract a hydrogen atom
from the nearest methyl group. The resulting primary radical
then combines with the Co–O· moiety to form 1. The small
amount of Tpt-Bu,MeCo–OH produced probably results
from diffusion of the reaction product water to unreacted
Tpt-Bu,MeCo–H.

In conclusion, our observations show that the reaction of a
cobalt(II) hydride with O2 proceeds via the formation of a
reactive hydroperoxide intermediate; we propose that the latter
is formed by a migratory insertion of bound O2 into the
metal–hydrogen bond. The subsequent transformations of
Tpt-Bu,MeCo–OOH are consistent with the formation of a
terminal cobalt oxo complex. They also provide another
example of different reactivity in solution versus the solid state.
We have previously made good use of this phenomenon,11 and
it may prove of general utility in synthetic chemistry and
mechanistic investigations.

This research was supported by a grant from the United States
Department of Energy (ER14273).
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The cation distribution in dehydrated NaX was predicted
using appropriate interatomic potentials and (N,V,T) sim-
ulations, considering the cations as ‘guest’ particles and the
framework as a ‘host’; the simulations not only yield the
expected different types of sites, but also highlight the
cooperative placement of supercage cations which results
essentially from electrostatic interactions between the
cations.

The dehydrated forms of X faujasite-type zeolites have attracted
much attention in the last five years, largely owing to their
industrial use for gas adsorption and separation. Adsorption
properties are closely related to the location of extraframework
cations and to their accessibility to adsorbed molecules. The
precise location of cations in channels and cages is an important
prerequisite for understanding the adsorption properties of the
zeolite of interest. However, the precise location of supercage
cations in monovalent zeolites by conventional diffraction
techniques is rendered especially difficult because of partial
occupancies affecting low symmetry sites. Typically, since the
initial diffraction work by Mortier,1 there have been a
significant number of studies dedicated to the reinvestigation of
the location of cations in monovalent X zeolites like NaX or
LiX, ranging from conventional powder or single crystal
diffraction refinements2–8 to NMR studies5,9–12 and computa-
tional approaches.3,13,14

The cation distribution in NaX is usually described as
follows: 32 Na+ ions are in sites IA within the sodalite cages
facing the six-rings of hexagonal prisms (partial occupancy of
site I inside the hexagonal prims may occur); 32 Na+ ions are in
sites II facing the six-rings of sodalite cages towards the
supercages; the extra cations are distributed in the supercages
near the 12-ring or 4-ring windows over a variety of sites
referred to as III or IIIA depending on their framework
environment (Fig. 1). While the location of Na ions in sites IA
and II is well established, the location of the remaining Na ions
in the supercages has been the subject of much controversy.

In recent years, atomistic simulations have been recognized
to be an interesting alternative for yielding valuable insights

into the  structure and energetics of zeolites.15 Typically, energy
minimizations have been successfully applied to the siting of
cations in various zeolites: Li-ABW and 4A,16 ETS-10,17

NaX3,14 or Na-clinoptilolite.18

Here we predict the equilibrium distribution of Na ions in the
NaX (Na86Al86Si106O384) zeolite using Monte Carlo simula-
tions in the (N,V,T) ensemble, considering the cations as ‘guest’
particles and the rest of the structure as the ‘host’. We believe
this stochastic simulation method should be the most appro-
priate one to tackle this problem, especially since an important
amount of Na ions are known to be statistically disordered.

The sensitivity of the equilibrium cation distribution to the
framework model was explored through the use of two distinct
rigid framework models. In the first one (Model 1), the host
structure consisted of an incomplete and negatively charged
unit-cell [(Si/Al)192O384] considering an average T(Si/Al)
framework atom. The cation/framework interactions were
modeled using a dispersion–repulsion term acting between
cations and oxygen atoms only, together with a coulombic term
using partial charges on all atoms (T, +1.24, Na, +1; O,
20.84396).19 In the second model (Model 2), Si and Al were
explicitly distinguished, adding explicit repulsive–dispersive
interactions for Si and Al with Na ions as encapsulated in the
cvff_aug forcefield.20 In this latter case, the [Si106Al86O384]
host model was obtained by substituting ten randomly chosen
Al atoms with Si atoms from a framework model with a strict
alternation of AlO4 and SiO4 tetrahedra (Si+Al = 1). Following
our previous computational work on NaX,3 the following partial
charges were used: Si, +2.4; Al, +1.4; Na, +1, O, 21.2. While
constructed starting from the original cubic form, both in-
complete zeolite models were converted into P1 in order to
perform the simulations. Finally, (N,V,T) simulations were
performed at 298 K using both host models over one unit-cell
with periodic boundary conditions. Random translational
displacements of cations (maximum of 0.3 Å) were adjusted so
as to obtain an acceptance rate of 50%. A standard MC
simulated annealing procedure had to be used to accelerate
convergence to the most stable configuration. Equilibrium was
typically reached after 105 moves. A further 106 production
steps were performed to average quantities. More details are
given in ref. 19.

Monte Carlo (MC) simulations using Model 1 lead to an
average cation distribution in NaX where sites IA and II are fully
occupied as expected from diffraction data, with average atomic
coordinates very close to the experimental ones (Fig. 2(a) and
(b)). The 22 extra cations are found mainly in sites III with a
small proportion in sites IIIA (Fig. 2(c)), a result that contrasts
with the experimental predominance of sites IIIA.2,3,6,7 Neither
do we obtain the secondary sites IIIA, recently reported as sites
IIIA and IIIB by Seff et al. for example, facing AlO4 and SiO4
tetrahedra respectively.6 A small 1 Å deviation is obtained
between the simulated site III and its reported experimental
position,8 while the simulated sites IIIA correspond quite well to
the experimental ones. Both types of sites yield average
simulated Na–O distances to the closest oxygens of 2.37 and

Fig. 1 (a) Schematic representation of the faujasite-type X zeolite with
extra-framework cation positions. (b) Sites III and IIIA differ in their
placement relative to the four-ring windows of the supercages.
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2.26 Å for Na ions in sites III and IIIA respectively. Indeed, it
turns out that the structural features of the cation distribution in
the  NaX zeolite are correctly predicted by the MC simulations
using a crude model for the framework itself and cation/
framework interactions; however, these simulations failed to
predict the correct location of supercage Na ions. We concluded
that such a detailed and correct description of Na ion
distribution probably cannot be obtained as long as Al and Si
atoms cannot be distinguished in the faujasite framework
model.

Simulations were then performed with Model 2, which
explicitly distinguishes Al and Si atoms in terms of coulombic
and short-range interactions. Prior to the simulations, 32 Na
ions were placed in sites I and 32 Na ions in sites II, so that
insertions were performed on the remaining 22 Na ions
exclusively. The simulated pair distribution functions reveal
that all Na ions are located in sites IIIA, with Na…O(1) and
Na…O(4) distances typical of sites IIIA (Fig. 3(a)), in excellent
agreement with the most recent crystal structures of NaX.3,6 No
cation was detected in sites III. Another key feature of the
simulations is that they successfully predict the location of Na
ions in sites IIIA facing both AlO4 tetrahedra and SiO4
tetrahedra: Na…Si and Na…Al pair distribution functions (Fig.
3(b)) are in excellent agreement with the two types of sites IIIA/
IIIB recently evidenced in ref. 6. Also, different Al distributions
were tested as starting points for our MC calculations; it shows
that the location of the additional Na cations always follows the
above features, assessing the influence of the specific Al
distributions chosen.

Interestingly, MC simulations with both models show that the
placement of supercage cations is driven by electrostatic
repulsion with Na ions in sites II together with electrostatic
repulsion among sites IIIA themselves. Typically, Model 2 yields
first II…IIIA neighbours at 4.7 Å and first IIIA…IIIA neighbours
at 6.2 Å (Fig. 3(c)). Such features, difficult to pinpoint when
using diffraction techniques, tend to show that the placement of
cations in zeolites is to be regarded as a cooperative process
rather than the occupancy of sites with specific energies,

resulting from both short-range interactions with the framework
and cation–cation repulsive interactions.
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Fig. 2 Predicted cation distribution in NaX using Model 1. The computed distance distributions are indicated by reference to the observed crystallographic
positions in sodium-exchanged faujasites.8,21

Fig. 3 Predicted cation distribution in NaX using Model 2. Selected pair distribution functions for the extra Na cations of the supercage in sites IIIA (a) with
framework oxygens O(1) and O(4); (b) with Si and Al framework atoms; (c) with Na ions in sites II and IIIA.
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90-363 Oódź, Poland. E-mail: gmsalamo@bilbo.cbmm.lodz.pl; Fax: +48 (42) 684-7126; Tel: +48 (42)
681-8952

Received (in Cambridge, UK) 27th July 2001, Accepted 11th September 2001
First published as an Advance Article on the web 2nd October 2001

The backbone of a selenophosphate-based dendrimer of
generation 3 having three and four carbon chains is flexible
enough to allow its chemical modification by means of
partial or complete oxygenation with bulky peroxide.

Dendrimers constitute a relatively young, yet rapidly evolving
field of chemistry. A diverse array of dendrimers have been
synthesised and applied in different research areas.1 Modifica-
tion and introduction of functional groups to a dendrimer are of
great present interest. However, most of these transformations
rely on the formation of a bond to the surface.2 Site directed
alterations of the interior of a dendrimer appears to be a much
more difficult task.3

We turn our attention to preparing the first dendrimers based
on selenium,4 which has been increasingly recognised as an
essential element in biology and medicine.5

Recently, we have disclosed an expedient synthesis of
thiophosphate-based dendrimers6 involving phosphoroamidite
chemistry.7 In this paper, we report on 1) a divergent synthesis
of new phosphorus- and selenium-containing dendrimers apply-
ing our developed methodology; 2) an unprecedented oxy-
genation of branching units of selenophosphate dendrimers to
the corresponding phosphate functions, which provided another
new type of dendrimer. Starting materials, the core compound,
tris(3-hydroxypropyl) selenophosphate (1) and phosphitylating
agent, bis(4-acetoxybutoxy)-N,N-diethylaminophosphine (2)
were prepared8 in high yield from corresponding alkanediol
monoacetates9 and cheap chemicals, in analogous manner to
that described previously.6 The key dendrimer growth step is
based on acid mediated alcoholysis of phosphoroamidite.7 For
instance, Se†P[O(CH2)3OH]3 (1) reacts smoothly with 3.4
equiv. of Et2NP[O(CH2)4OAc]2 (2) in the presence of an excess
of tetrazole to furnish trisphosphite intermediate Se†P{O-
(CH2)3OP[O(CH2)4 OAc]2}3 and the diethylammonium salt of
tetrazole. Addition of pyridine10 and black selenium to the
above reaction mixture afforded first generation dendrimer
3P4Se4, as shown in Scheme 1. The product, purified on the
short pad of silica gel was isolated in 94% yield.

Cleavage of terminal acetates in 3P4Se4 using K2CO3 in
methanol provided polyalcohol 4P4Se4 in quantitative yield.
Reiteration of growth and deprotection reactions afforded the
2nd (3P10Se10, 4P10Se10, 98% yield), 3rd (3P22Se22, 4P22Se22,
70%) and 4th (3P46Se46, 4P46Se46, 52%) generation den-
drimers. All compounds are stable, colourless oils whose
viscosity increases with increase of molecular weight.

The obtained dendrimers were characterised by 1H NMR, 13C
NMR, 31P NMR, 77Se NMR, FT-IR and MALDI TOF mass
spectrometry. Especially, the 31P NMR proved to be useful. For
example, the 31P{1H}NMR spectrum of the somewhat large 4th
generation dendrimer 3P46Se46 (theoretical molecular weight
15275) showed five distinct resonance lines with accurate
integration: d = 73.99(1P, core), 73.72(3P), 73.57(6P),
73.54(12P), 73.41(24P) ppm. All signals displayed satellite side
bands with the splitting of 931 Hz due to 31P–77Se coupling.

The chemical behaviour of selenophosphate dendrimers was
found to be rather intriguing. Oxidation of thio- and selenophos-
phates with hydrogen peroxide11 and its bis-silyl12 derivative to
their corresponding oxo compounds is documented and pre-
sumably proceeds via an addition–elimination mechanism with
formation of pentacovalent phosphorus intermediates.11

Treatment of the 3rd generation dendrimer 3P22Se22
(31P{1H}NMR and MALDI TOF MS spectra, Fig. 1A and 1D)
with tert-butylperoxytrimethylsilane13 (7.7 equiv., CH2Cl2, rt, 2
h) resulted in regioselective oxygenation of phosphorus atoms
at peripheral branching and extrusion of red selenium, which
precipitated from the reaction medium.

The 31P{1H}NMR spectrum (Fig. 1B) shows the decline of
the resonance line corresponding to P†Se (d = 72.7 ppm) at
the 3rd sphere to about half of its original height along with the
appearance of new lines (P†O, d = 20.4, 20.5 ppm). It gives
the evidence that on average 6 out of 12 phosphorus atoms at
third branching were oxygenated. Two resonance lines (P†O
range) prompt dissymmetrisation of the macromolecule and/or
existence of dendrimeric regioisomers. Addition of the next
amount of peroxide (7.7 equiv., 16 h) shifts the degree of
oxygenation to about 70%. At this stage more definitive
information came from MALDI spectral analysis (Fig. 1E). All
peaks differ in mass exactly 63 amu due to replacement of
selenium (79) by oxygen (16). Major products (central peak)
contain 4 P†Se and 18 P†O functions suggesting that most of
the selenium left is located in the core and at first generation.
Apparently no degradation of dendrimer framework has
occurred. Consecutive addition of organic peroxide (7.7 equiv.,
2 h) to the above mixture led to 96% of oxygenation (calculated
from the integral of 31P signals) with at least two compounds
detected by the 31P{1H}NMR (spectrum not shown). The total
conversion of hydrophobic dendrimer 3P22Se22 into water-
soluble phosphate 3P22O took place in three days (Scheme
2).

Isolation of novel phosphate dendrimer 3P22O required only
removal of insoluble selenium and evaporation of all the
volatiles. Its 31P{1H}NMR spectrum (Fig. 1C) shows the
coincidence of chemical shifts of the signals from all the
phosphorus atoms present in the molecule.6 The MALDI TOF

† Electronic supplementary information (ESI) available: experimental
procedures and full characterization of new compounds. See http://
www.rsc.org/suppdata/cc/b1/b106849k/

Scheme 1 The synthesis of selenophosphate dendrimers up to generation 4.
(a) 2, tetrazole, dichloromethane; (b) selenium, pyridine; (c) K2CO3,
methanol, water.
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MS (Fig. 1F) unambiguously confirms complete oxygenation of
3P22Se22 without any damage to the dendrimer backbone. Two
minor peaks, which are ca. 43 and 86 amu in mass lower than
the major one (M + Na), presumably arose due to insignificant
cleavage (3% calcd. from 1H NMR) of one and two peripheral
acetates during the long reaction period. Interestingly, the entire
dendritic structure was sufficiently flexible to allow bulky
peroxide to penetrate the depth of the macromolecule. More-
over, during the reaction time, all branching units and the core
must have changed their geometry from tetrahedral to trigonal
bipyramidal and back to tetrahedral. It is also noteworthy to

point out that the corresponding thiophosphate6 dendrimer did
not undergo oxygenation in these mild conditions.

In conclusion, we have synthesised highly pure, novel
selenophosphate dendrimers via simple one-pot phosphitylation
and selenium addition reactions. These compounds are not only
the first selenium-based dendrimers, but also seem to be the
largest synthetic selenium derivatives ever reported having
molecular weight comparable with selenoproteins.14 In addi-
tion, the selenophosphate dendrimer served as a macro-
molecular substrate for partial or complete oxygenation. The
oxygenation reaction proceeded cleanly. Initially, peroxide
reagent oxidised peripheral branching, then it was capable to
penetrate deeper into the cascade structure. The dendrimer was
even adaptable enough to make possible the modification in the
core.

This study was supported by the Committee for Scientific
Research, Grant No 3T09A 040 19. The authors are grateful to
Professor Dr A. Skowrońska for her encouragement to work
with dendrimers.
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3P22Se22 into 3P22O (B) and 3P22O (C); MALDI TOF MS spectra of
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oxygen atoms refers to phosphoryl oxygen) and 3P22O (F).

Scheme 2 The oxygenation of 3rd generation dendrimer 3P22Se22. (a)
tBuOOSiMe3, dichloromethane, 75 h.
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A monoclinic centrosymmetric form of zopiclone dihydrate
undergoes a sequential, two-step transformation in the solid-
state upon heating which results in separation of the
enantiomers into a racemic conglomerate or racemic twins.

Racemic zopiclone (a cyclopyrrolone hypnotic drug marketed
as Zimovane® tablets) crystallises in two centrosymmetric
forms: monoclinic dihydrate (I) and monoclinic anhydrous (II).
Zopiclone is also known to form a non-centrosymmetric
orthorhombic anhydrous structure1 (III) (Fig. 1). This commu-
nication describes the structural basis for the reversible
transformation IÔII, and provides evidence for an irreversible
solid-state chiral separation in which the racemic crystal
structure II loses its centre of symmetry during a transformation
to form III.†

The crystal structures of all three forms were determined
directly from data collected on BM16 at the ESRF (Table 1, Fig.
1), using the simulated annealing procedure described pre-
viously4 which is now implemented in the DASH computer
program.5 In each case, repeat DASH runs converged to
substantially the same crystal structure, and the ratio c2

Rietveld/
c2

Pawley (Table 1) was sufficiently small to confirm that the
solution was correct.‡ As the form II structure was previously
unknown, and is therefore the principal focus of our attention,

the correctness of this solution merits careful consideration. The
potential accuracy of structures solved using the global
optimisation procedure implemented in DASH has already been
demonstrated4 and, reassuringly, the DASH solutions for forms
I and III are essentially superimposable on the corresponding
single-crystal structures.6 This close agreement arises from the
ability of the simulated annealing algorithm to ‘fine-tune’ both
the internal and external degrees of freedom of the zopiclone
molecule (and the positions of both water molecules in the case
of form I), effectively implementing a rigid body Rietveld
refinement of the structure. Although the absolute magnitudes
of c2 for form II are high (cf. forms I and III, Table 1), it is the
ratio c2

Rietveld/c2
Pawley which is important and this is satisfactory

in each case.
Our confidence in the form II solution is further increased by

the following observations: (i) no unfavourable contacts are
observed within the crystal structure; (ii) the molecular
conformation and crystal packing in form II relate to form I in
a way which is both obvious and physicochemically sensible in
the context of the transformation. In fact, the high c2 values for
the form II pattern are attributable to a degree of anisotropic line
broadening, plus the presence of trace amounts of forms I and
III in the form II sample, arising as a consequence of producing
the form II sample in situ.

Examination of the crystal structures of forms I and II reveals
many striking similarities. The molecular conformations of the
zopiclone molecules are essentially identical (Fig. 2). More-
over, the basic packing motif is the same in forms I and II (Fig.
3). In both structures, the zopiclone molecules arrange them-
selves in bilayer sheets and these sheets remain essentially

Table 1 Refined unit cells, extracted intensity information and final c2a

Zopiclone form

I II III

Space group P21/c P21/c P212121

a/Å 16.4834(1) 15.2023(4) 5.5813(1)
b/Å 7.1465(1) 7.1510(1) 8.8467(1)
c/Å 17.4026(1) 17.6577(3) 35.6588(3)
b/° 109.8065(4) 111.213(1) —
V/Å3 1928.7 1789.5 1760.7
T/K 298 325 298
Data range/°2q

(BM16, l = 0.8 Å) 1.0–23.0 1.0–17.8 1.0–-22.0
td/min 60 200 42
Resolution/Å 2.0 2.6 2.1
Nreflections 254 109 143
Nparameters 17 11 11
Ntps/s21 3100 5500 4000
ts/min 27 24 5
c2

Pawley 5.1 28.2 2.0
c2

Rietveld 31.5 107.0 7.2
a td = data collection time over specified range; resolution = maximum
spatial resolution of data; Nreflections = number of reflections in data range
shown; c2

Pawley = chi-squared for Pawley-type fit3 to data range shown;
c2

Rietveld = chi-squared for DASH Rietveld-type fit to data range shown,
varying only scale factor; Nparameters = number of parameters optimised
during DASH structure solution; Ntps = number of trial structures evaluated
by DASH per second (800 MHz PIII PC); ts = time to solution.

Fig. 1 Capillary X-ray powder diffraction (XRPD) patterns in the range
2.2–3.6° 2q (l = 0.8 Å) for the three forms of zopiclone. The data were
collected on BM16 of the European Synchrotron Radiation Facility
(ESRF).2 Form II was produced in situ from the starting sample (form I,
crystallised from toluene) by breaking the sealed end of the capillary and
exposing the sample to a warm N2 stream. The transformation was
monitored via the growth on heating of the diagnostic (100) reflection at ca.
3.23°, which occurs at the expense of the dihydrate (100) reflection at ca.
2.96°. Further heating transformed II? III, as evidenced by the appearance
of the form III (002) reflection at ca. 2.57°.

This journal is © The Royal Society of Chemistry 2001
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unchanged in the dehydration process as the water molecules
are cooperatively removed from the crystal structure. The
process is facile and thus energetically straightforward since the
principal structural change during dehydration is the slipping of
each bilayer sheet by 6.61 Å along the c axis and 1.48 Å along
the a axis, both relative to the form I unit cell.

This close structural similarity also accounts for the ease with
which hygroscopic form II reverts to form I on exposure to high
relative humidity at rt. The thermodynamic gain in transforming
II?I is associated with the formation of 1 3 Ow–H…Nzop, 1 3
Ow–H…Ozop and 2 3 Ow–H…Ow hydrogen bonds.

The exothermic transformation of form II?III at elevated
temperature constitutes a spontaneous resolution of enantio-
mers in the solid state and is accompanied by a significant
change in molecular conformation (Fig. 2). The transformation
is not reversed on cooling and, unlike form II, form III is stable
to high humidity. Whilst spontaneous resolution is well
documented for compounds crystallising from solution or from
the molten state, it is less well known (but not unknown7) for
such a transformation to occur in the solid state. There is no
doubt that the (R) and (S) enantiomers separate during the
transformation, since the form III unit cell volume can only
accommodate four zopiclone molecules and the chiral space
group P212121 can accommodate only one enantiomer or the
other.§ What the XRPD experiment cannot tell us is whether

this solid-state separation results in the formation of racemic
twins or a racemic conglomerate—either possibility is con-
sistent with the diffraction data. However, the sharpness of the
powder diffraction lines indicates domain sizes in excess of
1000 Å.

Strong additional evidence to support the favourability of
enantiomer separation comes from the fact that we have
observed spontaneous resolution upon crystallising zopiclone
from a racemic solution of the compound in ethyl acetate. The
refined Flack (absolute structure) parameter8 for a single crystal
of (R)-zopiclone6 (20.04(6)) and a single crystal of (S)-
zopiclone6 (20.04(6)) produced in this way was sufficient to
confirm unambiguously that separation to a racemic conglomer-
ate had indeed occurred.

We conclude that racemic zopiclone can crystallise from
solution either as enantiomerically pure crystals (a racemic
conglomerate formed via spontaneous resolution) or in the form
of a centrosymmetric racemic dihydrate. Heating the latter
produces a centrosymmetric racemic anhydrous structure,
which undergoes chiral separation upon further heating. The
analysis presented here helps to explain the significant batch-to-
batch variation in physical form reported for commercial
samples of zopiclone.9 Central to detailing the transformations
at molecular level was our requirement to produce a sharply
diffracting sample of form II and then solve its crystal structure.
In this regard the combination of the high instrumental
resolution and count rate offered by BM16, plus the efficient
global optimisation method, was ideally suited to the experi-
ment.

We thank Paul J. Harrison for providing the stimulus to study
zopiclone; Hendra for technical services; Olivier Masson for
setting up BM16; the EPSRC X-ray crystallography service at
the University of Southampton for absolute structure determina-
tions and Francisco Ros for helpful comments.
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Centre, Cambridge, UK, 2001.

6 CCDC 171568–171571. See http://www.rsc.org/suppdata/cc/b1/
b107075d/ for electronic files in .cif or other electronic format.

7 F. Ros and M. T. Molina, Eur. J. Org. Chem., 1999, 3179.
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Fig. 2 The conformation of zopiclone in the crystal structures of forms I, II
and III as determined directly from the XRPD data. The molecular
conformations in forms I and II are virtually superimposable, as
exemplified by the fact that the highlighted distances are approximately
equal. The conformation in form III is significantly different.

Fig. 3 Four unit cells of form II (left), plus four unit cells of form I (right),
viewed down the common b-axis. The two structures are shown overlaid on
their common packing motif to emphasise the high degree of correspon-
dence. Viewing left-to-right: (i) the first bilayer of zopiclone molecules in
form II; (ii) the second bilayer of form II overlaid by the first bilayer of form
I. It is almost impossible to distinguish the individual bilayers in this
region—the r.m.s. deviation between corresponding atoms is small (ca. 0.2
Å, with structures positioned on a single common atom and no least-squares
fitting employed); (iii) the next bilayer of form I, showing the dihydrate O-
atoms sandwiched between the bilayer sheets. When water is driven off, the
bilayers close-pack to reduce the unoccupied volume.
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Pentaporphyrin with flexible, chiral nucleosidic linkers: unexpected
duality of the physico-chemical properties of its core†

Nathalie Solladié,* Maurice Gross,* Jean-Paul Gisselbrecht and Chloé Sooambar

Laboratoire d’Electrochimie et de Chimie Physique du Corps Solide, Université Louis Pasteur et CNRS,
4 rue Blaise Pascal, 67000 Strasbourg, France.  E-mail: nsolladie@chimie.u-strasbg.fr,
gross@chimie.u-strasbg.fr 

Received (in Cambridge, UK) 17th July 2001, Accepted 29th August 2001
First published as an Advance Article on the web 11th October 2001

A new star-like pentaporphyrin, bearing nucleosidic linkers,
has been synthesized, and the unexpected duality of the
physico-chemical properties of its core is reported; beside the
quenching of the fluorescence of the peripheral porphyrins
by the central chromophore, this pentaporphyrin exhibits an
unexpected shielding of the redox capabilities of its central
core.

In photosynthetic systems the absorption of a photon by the
light harvesting antennas is followed with minimal loss by the
extremely fast migration of the excited state among the pool of
chlorophylls until the reaction center is reached in the cell
membrane.1

With the aim of mimicking these antenna complexes, multi-
porphyrinic dendrimers are attracting growing interest.2 In-
creasing the number of chromophores around one single energy
acceptor enhances the probability of capturing a photon and
thus transfering energy towards the central chromophore.

We now report the synthesis of the tetranucleosidic pentapor-
phyrin 1, and the interesting duality of the physico-chemical
properties of its core chromophore (Fig. 1).  This multi-

chromophore device is built on a free-base porphyrin sur-
rounded by four peripheral Zn(II) porphyrins. Beside the
expected— and actually observed—antenna effect, this penta-
porphyrin 1 also exhibits the characteristics which prevent
electron transfers with the central porphyrin, an unexpected
feature in a molecule whose arborescent shape resembles a first
generation dendrimer.

The synthetic strategy for obtaining 1 is based on the
functionalization of the nucleosidic linker 2 at the O-5A and C-5
positions. Compound 2 was prepared in five steps from the
commercially available uridine.3 The nucleoside–porphyrin
conjugate 44 was then obtained in 64% yield by esterification of
the carboxylic acid function of the A3B type Zn(II) porphyrin
derivative 3 with the alcohol 2 (Scheme 1).5 Preparation of
pentaporphyrin 1 was achieved by construction of the central
porphyrin under the conditions developed by Lindsey for the
synthesis of sterically hindered porphyrins (Scheme 1).6
Compound 1 was isolated with 35% yield after tedious
purification by successive column chromatography on silica
gel, followed by gel permeation chromatography (GPC) to
remove some low molecular weight impurities which couldn’t
be removed by classical chromatography. The purity of
pentaporphyrin 1 was then certified by analytical GPC. 1H-
NMR spectroscopy experiments were carried out at room
temperature and under heating, but only ill resolved spectra
were obtained. A fine structure emerged in the 1H NMR
spectrum recorded at 400 K, but it was not resolved enough to
allow clear interpretation of the spectrum. This result suggests
that compound 1 exists as a mixture of conformers. The

† Electronic supplementary information (ESI) available: spectroscopic data
for 4 and 1. See http://www.rsc.org/suppdata/cc/b1/b106337p/

Fig. 1 Tetranucleosidic pentaporphyrin 1.
Scheme 1 (a) DCC (1.4 eq.), DMAP (1.2 eq.), CH2Cl2, rt, 4 h, 64%; (b)
Pyrrole (1022 M), BF3·OEt2 cat., CHCl3, rt, 48 h, then p-chloranil (3 eq.),
reflux, 2 h, 35%.
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pentaporphyrin 1 was finally identified by FAB mass spectrom-
etry (6411.6, [M]+, calcd: 6411.3).

The UV-visible absorption spectrum of 1 is essentially the
addition of the spectra characterizing the individual free-base
and Zn(II) porphyrin components. The Soret band is however
slightly broadened (from 13 to 15 nm) if compared with the
distinct constituents.

Fluorescence measurements were carried out in CH2Cl2 on
pentaporphyrin 1 (605, 653, 718 nm; relative intensities 3/11/12
respectively) and on the precursors 5 (653, 719 nm; relative
intensities 10/2 respectively) and 6 (599, 649 nm; relative
intensities 3/2 respectively). Upon excitation at 420 nm, the
fluorescence spectrum of 1 is dominated by emission of the core
free-base porphyrin. The emission of the four peripheral Zn(II)
porphyrins is partially quenched: only a weak band is observed
at 605 nm. The assumption of an energy transfer from the
peripheral porphyrins to the free-base core was corroborated by
the excitation spectrum of pentaporphyrin 1, which matches the
absorption of the multicomponent system fairly well.

The redox properties of 1 were ascertained by steady state
and cyclic voltammetry experiments, carried out on a glassy
carbon electrode in CH2Cl2 + 0.1 M n-Bu4NPF6. Cyclic
voltammetry exhibited, for each of the precursors 5 and 6, two
reversible one-electron reductions as well as two reversible one-
electron oxidations, as expected for porphyrins (Table 1).7
Pentaporphyrin 1 gave a well resolved cyclic voltammogram,
where only two oxidation and two reduction steps can be
observed. The peak characteristics (DEp = 60 mV and peak
current corresponding to a four-electron transfer) are in
agreement with electron transfers on four independent redox
centers. The comparison of the redox characteristics of 1 with
the redox patterns of the reference compounds 5 and 6 suggests
that the four distinct electron transfers occur on the Zn(II)
porphyrin moieties. The potential difference between the first
oxidation and the first reduction steps in 1 and in the synthons
5 and 6 indicates that the HOMO–LUMO energy gap in the
Zn(II) porphyrins increases from 6 to 1, thus indicating that the
net effect of bonding 5 to 6 in the pentaporphyrin 1 is
tantamount to a slightly electron-donating effect on 6. This is
consistent with the measured shifts of the potentials from 6 to 1:
50 mV for the first oxidation and 2120 mV for the first
reduction (Table 1). It is worth noting that, unexpectedly, the
voltammogram of pentaporphyrin 1 does not reveal any
reduction or oxidation step which could correspond to the free-
base core, whose potentials (Table 1) are expected to be very
different to  those of the zinc porphyrin. Such observations are
known for bulky dendritic molecules, but is unprecedented in a
molecule similar to a first generation dendrimer.8 A tentative
explanation may be found in the flexible nucleosidic linkers.
Indeed, these linkers are flexible enough to allow the four arms
in 1 to fold up—or collapse—on its core. Such a constriction
could induce a shielding effect on the central free-base
porphyrin in 1, as it creates, both physically and in terms of
spatial dielectric characteristics inside 1, very unfavorable

conditions which could slow down any electron exchange
between the electrode surface and the central free-base
porphyrin. The signals would thus be broadened and ultimately
become undetectable on the voltammogram. Similar situations
have been observed up to now with bulky dendrimers only.8b–8d

The 1H-NMR results obtained on pentaporphyrin 1, which did
not produce any well resolved spectra, also find a reasonable
explanation in such a shrivelled conformation of the pentapor-
phyrin 1. Recent studies consistently support this inter-
pretation.8f,8i They make clear that, in a flexible molecule such
as pentaporphyrin 1, it may reasonably be expected that the
important decrease in the electron transfer rate on the porphyrin
core, i.e. the restricted accessibility to this core, is ascribable to
conformational effects rather than solely to steric factors.
Hence, the central free-base porphyrin behaves here as an
encapsulated electroactive molecule, which is masked for
electron transfer in the present experimental conditions.

Since the insertion of any energy transfer relay between the
core and the periphery would seriously decrease the rate of
energy transfer and favour a loss of energy, the elaboration of a
new family of arborescent molecules by directly attaching more
than four peripheral porphyrins to the free-base core is currently
under way. It is expected that such an arborescence will
significantly enhance the antenna effect while retaining a
shielded electroactive core. Beside the covalent approach
mentioned above, the possibility of taking advantage of the
nucleosidic linkers is also being explored. Indeed, it seems
likely that our pentaporphyrin 1 could self-assemble with
properly chosen complementary porphyrinic synthons to gen-
erate, through hydrogen bonds, more sophisticated archi-
tectures. Furthermore, the chiral nucleosidic linkers may play a
key role in inducing enantioselective energy transfers.

This work was supported by the C.N.R.S. C. Sooambar
thanks the Région Guyane for a fellowship.
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Table 1 Redox potential of the studied species (5, 6 and 1; 5 is the reference
free-base porphyrin synthesized by condensation of 7 with pyrrole)
observed in CH2Cl2 + 0.1 M n-Bu4NPF6 on a glassy carbon working
electrode

Reductiona Oxidationa

E/(V vs. Fc+/Fc) E/(V vs. Fc+/Fc)

Species Red2 Red1 Ox1 Ox2 Ox1 2 Red1/V

5 21.96 21.58 +0.61 +0.89 2.19
(1 e2) (1 e2) (1 e2) (1 e2)

6 22.18 21.76 +0.35 +6.0 2.11
(1 e2) (1 e2) (1 e2) (1 e2)

1 22.24 21.88 +0.30 +0.64 2.18
(4 e2) (4 e2) (4 e2) (4 e2)

a All potentials are given versus ferrocene used as internal standard.
Reversible electron transfer: E° = (Epc + Epa)/2.
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Tetramethylammonium auride, the first compound of neg-
atively charged gold with a non-metal cation, has been
synthesised by cation exchange in liquid ammonia; it is
isostructural to the corresponding bromide which further
illustrates the similarities between the halogens and gold.

Gold is unique among the transition metals in its ability to form
isolable non-metallic compounds that contain a monoatomic
anion. The binary alkali metal aurides RbAu and CsAu have
been known for about half a century,1 but the ternary auride
oxides M3AuO (M = K, Rb, Cs) and the aurideaurates
Rb5Au3O2, and M7Au5O2 (M = Rb, Cs)2 have only recently
been discovered.

To establish that gold in these compounds does indeed carry
a negative charge numerous experiments have been undertaken.
CsAu crystallises in the CsCl-structure,1 a typical structure to be
adopted by an ionic substance, and it is a semiconductor with a
band gap of 2.6(2) eV.3 CsAu liquifies at 590 °C to give a melt
that exhibits ionic conductivity.4 In addition, an ESCA study on
RbAu and CsAu,5 reveals the high value for the binding energy
of the CsAu molecule,6 and UV-photoemission experiments7 on
solid CsAu support the ionic interpretation. The anionic
character of the gold in RbAu and CsAu has also been studied
by 197Au Mössbauer spectroscopy.8 The ternary phases M3AuO
have been investigated by X-ray absorption spectroscopy.9

Furthermore, the auride ion is the only monoatomic metal
anion proposed to exist in liquid ammonia.10 Recently, it was
found that the golden-brown CsAu dissolves in liquid ammonia
forming colourless to pale yellow solutions, from which a
characteristically blue ammoniate can be isolated.11 The only
other known reaction is the formation of the cryptated alkali
metal aurides.8 The solubility of caesium auride in liquid
ammonia has prompted us to try to apply a method originally
developed for the synthesis of novel ionic ozonides and
superoxides to the chemistry of the auride ion.12

Using a macroreticular ion exchange resin with a high
affinity towards caesium ions in liquid ammonia, we have
managed to exchange caesium for tetramethylammonium, and
have obtained tetramethylammonium auride 1 as transparent
crystals.† Tetramethylammonium was chosen as the cation for
this experiment, because being a derivative of the ammonium
ion it behaves chemically much like an alkali metal. However,
it is less reactive than the ammonium ion, since it does not
contain any acidic hydrogen atoms. In addition, the positive
charge is stabilised by the presence of the methyl groups.

Recently, it has been shown that 1 can also be obtained
impure in a mixture with caesium chloride by a metathesis
reaction of tetramethylammonium chloride and caesium auride
in liquid ammonia.13 The auride 1 has to be handled very
carefully. It spontaneously ignites on contact with air and is very
sensitive to pressure. It slowly decomposes at room tem-
perature. Several powder X-ray patterns taken of the same
sample sealed in a capillary show that already overnight the
gold 111 reflection grows considerably in intensity, and after
two weeks the sample consists solely of gold and decomposition
products. Compound 1 can be stored for months without
noticeable decomposition at 255 °C.

The crystal structure determination‡ shows that in 1 each
gold atom is surrounded by eight tetramethylammonium ions
and vice versa (Fig. 1). The geometrical features of the
tetramethylammonium ion are as expected, with C–N bond
lengths of 1.481(6) Å and C–N–C angles of 109.1(5)° and
109.6(2)°. There are four short Au…H contacts of 2.92(10) Å,
eight longer ones of 3.30(4) Å and another eight of 3.35(6) Å
length. The closest Au…C distances are 4 3 3.663(1) Å and
4 3 3.849(1) Å. The closest Au…Au distances are 2 3 5.433(3)
Å and 4 3 5.568(1) Å. The nitrogen atoms form a lattice that is
almost perfectly cubic. Thus, the structure can be derived from
a caesium chloride type structure by displacing the anion from
the center of the parallelepiped formed by the nitrogen atoms, as
has been observed previously for other tetramethylammonium
salts.14,15 The displacement is due to four methyl groups
pointing towards the auride ion from one direction, thus pushing
it out of the center of the cuboid. In effect, this is the same
structure as found for tetramethylammonium bromide.15

Taking the shortest Au…H contact in 1 and subtracting the
van der Waals radius of 1 Å for the hydrogen atom, we can
estimate the radius of the auride ion to be 1.9 Å, which is very
similar to the bromide ion. These relatively short Au…H
contacts also might be interpreted as weak hydrogen bonds
between the auride ion and the tetramethylammonium ion,
especially in light of the fact that hydrogen bonds have been
detected in tetramethylammonium bromide,16 in which the
shortest Br…H distances are of a comparable length. The
coordination of the auride and bromide ion by hydrogen in the
two structures is identical and shown in Fig. 2.

Our findings correspond very well with earlier observations
that the auride anion behaves crystallographically like a halide
ion. Not only do RbAu and CsAu crystallise in the CsCl-
structure, but CsBr and CsAu are also completely miscible in
the liquid and solid state.17 The analogy between the auride, and
especially the bromide, is further supported by comparison of

Fig. 1 Crystal structure of tetramethylammonium auride 1 (70% thermal
ellipsoids, hydrogen atoms omitted). The caesium chloride type sub-cell is
indicated by thin lines.
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the crystal structures of the ternary auride oxides M3AuO and
the corresponding bromides and iodides.18

The presence of the auride ion in 1 is also confirmed by 197Au
Mössbauer spectroscopy.19 The isomer shift of 6.33(2) mm s21

relative to the source lies well within the range usually found for
gold(2I) ions. The resonance signal displays no quadrupole
splitting. Apparently, it is unaffected by the reduced symmetry
of the auride site in comparison to the cubic environment in the
CsCl-type structure.

The colourlessness of 1 seems to imply that the charge
separation between the cation and the auride is very large in the
sense that gold should have a filled 5d106s2 electron configura-
tion. However, the isomer shift is not quite as large as that found
for caesium auride [7.09(6) mm s21].8 The C–H…Au hydrogen
bonds discussed above would result in a reduction of charge at
the gold atom, but it seems unlikely that such a very weak
interaction would show this large an effect. The Mössbauer
isomer shift is sensitive to the electronic density at the nucleus.
It has been estimated that the addition of one 6s electron leads
to an isomer shift of +8 mm s21. The removal of one gold 5d
electron would lead to a shift of at least +1 mm s21, because a
lower 5d-electron density decreases the shielding of the 5s and
6s levels, in turn increasing their density at the nucleus.8 If back-
donation of 5d electron density from the gold to empty orbitals
on the alkali metal occured to some extent, then the measured
isomer shift for CsAu would be expected to be larger than the
isomer shift of the ‘free’ auride ion in compound 1. It would also
explain the observation that encapsulation of the alkali metal by
a cryptand, which increases the distance between cation and
anion and reduces the cation–anion interaction, leads to a
decrease in isomer shift. In fact, the isomer shift values of
M(2,2,2-crypt)Au (M = K, Rb, Cs) of 6.29(5), 6.08(4) and
6.08(5) mm s21, lie very close to our value.8

The authors wish to thank Dr Oliver Oeckler for the data
collection and Sanela Kevrić for assistance with the preparative
work.

Notes and references
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The acidic form of the ion exchange resin (type Amberlyst 15) was
charged with tetramethylammonium by reaction with a solution of

tetramethylammonium hydroxide in methanol over five days. It was washed
several times with methanol and thoroughly dried at 105 °C in vacuo.

In a typical experiment 1.5 g of ion exchange resin and 200 mg of CsAu
were put into one leg of an H-shaped reaction apparatus. The connection
between the legs was fitted with a glass sieve to allow filtration. Ammonia
was stored over potassium at 278 °C and condensed into the reaction
vessel. The colourless solution was left to stand for 4 h and then filtered to
separate it from the ion exchange resin. Upon slow removal of the ammonia
at 260 °C transparent crystals started to precipitate. The yield is typically
< 60 mg (37%), but more of the colourless crystalline substance can be seen
surrounding the ion exchange pellets.
‡ The crystals were immersed in perfluorinated polyether, selected under a
microscope and picked up with a nylon loop attached to the goniometer
head, transferred in liquid nitrogen to the diffractometer and mounted on the
diffractometer in a cooling stream.

Crystal data for 1: C4H12NAu, Mr = 271.11, tetragonal, space group
P4/nmm, a = 7.599(3), c = 5.433(3) Å, V = 313.7(2) Å3, Z = 2, Dc = 2.87
g cm23, T = 93 K, 7722 reflections measured belonging to two twin
domains, 296 unique reflexes, m(Ag-Ka) = 12.717 mm21, absorption
correction by multi-scan, R1 = 0.0436 [I > 2s(I)], wR2 = 0.1215 (all
data), goodness-of-fit 1.102. Data were collected on a Stoe-IPDS area
detector diffractometer. The SHELX-97 suite of programs for crystal
structure analysis was used for solution and refinement of the structure.20

CCDC reference number 170528. See http://www.rsc.org/suppdata/cc/
b1/b105648b/ for crystallographic data in CIF or other electronic format.
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Fig. 2 Close C–H…Au contacts in 1 (thin solid lines: < 3 Å, dashed lines:
3–3.5 Å).
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Multi-component assembly of the bicyclic core associated with the
tRNA synthetase inhibitors SB-203207 and SB-203208. Application to
the synthesis of biologically active analogues†
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The ketone (±)-5, which embodies the bicyclic core asso-
ciated with the title tRNA synthetase inhibitors 1 and 2, has
been prepared via a three-component coupling reaction
involving 2-(hydroxymethyl)cyclopent-2-enone (15), methy-
lamine (6) and propiolamide (10); straightforward elabora-
tion of the readily derived acetates (2)-21 and (+)-21 has
provided the biologically active analogues 23 and 24,
respectively, of the title compounds.

The emergence of ‘superbugs’ such as vancomycin-resistant
Staphylococcus aureus has prompted extensive efforts to
identify new anti-infective agents.1 High throughput screening
regimes have led to the discovery of a number of novel leads
including SB-203207 (1) and SB-203208 (2) which are potent
inhibitors of both bacterial and mammalian isoleucyl tRNA
synthetases.2 The structurally related natural product altemici-
din (3),3 a novel acaricidal and anti-tumour agent, has been the
subject of an elegant total synthesis.4 However, the methods4,5

currently available for construction of the hexahydroazaindene
core associated with such compounds are unlikely to be
practical in providing a broad range of analogues of 1 and 2 for
testing as anti-infective agents. On this basis we now describe a
multi-component and potentially highly flexible method for
construction of the azabicyclic ketones (±)-4 and (±)-5 as well
as conversion of the latter into biologically active analogues of
the title compounds.

In our initial approach to (±)-4 and (±)-5 we envisaged that
these might be constructed in a one-pot process from methyla-
mine (6), formaldehyde (7), cyclopent-2-enone (8) and the
appropriate propiolic acid derivative 9 or 10 (Fig. 1). In
particular, it seemed possible that in the presence of a suitable
catalyst the Schiff-base (imine) derived from condensation of 6
and 7 could participate in an ‘aza-Baylis–Hillman’ reaction6

with 8 to give N-methyl-2-(aminomethyl)cyclopent-2-enone

which would then react, through nitrogen in a hetero-Michael-
addition reaction, with 9 or 10. The enamine–cyclopentenone
conjugate thus formed might then be expected to undergo an
intra-molecular Michael-addition reaction,7 thereby providing
the target ketones (±)-4 and (±)-5. In the event, mixing the four
components 6–9 with DABCO, a proven catalyst for the Baylis–
Hillman reaction, in water at room temperature (CAUTION—
highly exothermic!) resulted in a complex mixture of products
from which the 1,5-diazacycloocta-2,6-diene 13 could be
isolated and the structure of which follows from spectroscopic
analysis. Clearly, 6, 7 and 9 but not 8 have been incorporated
into this product and further studies revealed that simply mixing
the former compounds in water (Scheme 1) provided diene 13
in 45% yield. Presumably, a key intermediate in this conversion

† Electronic supplementary information (ESI) available: spectral data for 5,
crystal data for (±)-21 (CCDC 165269), HPLC for (+)- and (2)-21. See
http://www.rsc.org/suppdata/cc/b1/b104890m/

Fig. 1

Scheme 1 Conditions: (i) H2O, DABCO (cat.), ca. 18 °C, 16 h.

This journal is © The Royal Society of Chemistry 2001
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is the enamine 118,9 (resulting from Michael addition of
methylamine to methyl propiolate) which condenses with 7 to
give the 1-aza-3-methoxycarbonylbuta-1,3-diene 12 that, in
turn, undergoes cyclodimerisation to the observed product. An
analogous sequence starting with amide 10, and which would
have been presumed to involve intermediate 14,8 failed to
deliver the bis(carboxamide) analogue of compound 13.

The above-mentioned and ready condensation of 7 with 11,
rather than its participation in an initial Baylis–Hillman reaction
with 8, clearly thwarted attempts to implement the proposed
four-component coupling approach to targets (±)-4 and (±)-5.
To circumvent such problems, 7 and 8 were subject to a
dedicated Baylis–Hillman reaction then an aqueous solution of
the resulting 2-(hydroxymethyl)cyclopent-2-enone (15)10

(Scheme 2) was treated with 6 and 9 in the presence of
stoichiometric amounts of DABCO. In this manner the unstable
ketone (±)-4 was eventually obtained (ca. 20% after ca. 5 days).
An analogous reaction using propiolamide 10 afforded the more
stable congener (±)-5 (ca. 20%). A superior method (40% yield
after ca. 15 h) for producing (±)-5 involved treating an ethanolic
solution of the acetate 16, derived from alcohol 15, with 148

(resulting from Michael addition of methylamine to propiola-
mide) in the presence of DABCO. Surprisingly, the same
reaction when carried out in the absence of DABCO afforded
the isomeric hexahydroazaindene (±)-17 (40%) as the major
product of reaction. Similarly, when a THF solution of 16 was
treated with 11 in the presence of (Ph3P)4Pd the structurally
related ester (±)-18 (ca. 20%) was obtained.

Diastereofacially selective reduction of ketone (±)-5 with
L-Selectride® yielded the alcohol (±)-20 (96%), the readily
available acetate derivative, (±)-21 (63%), of which proved
suitable for single-crystal X-ray analysis. Alcohol (±)-20 was
readily coupled with the acid chloride derived from 22 and the
resulting diastereomeric mixture of esters was subjected to
hydrogenolytic deprotection to produce an inseparable and ca.
1+1 mixture of 23 and 24. In an effort to obtain diastereomer-
ically pure samples of these materials several methods for
preparing the monochiral forms of ketone 5 were examined but
none of the several chiral catalysts that have been used to effect
asymmetric Baylis–Hillman reactions11 proved effective in
promoting the enantioselective coupling of 14 and 15. While
various chiral ester derivatives of 15 participated in reaction
with 14 to produce ketone 5 in acceptable chemical yield, the
observed diastereomeric excesses were disappointing ( < 17%).
As a consequence, the racemic acetate (±)-21 was resolved
using chiral HPLC techniques (see ESI†). Coupling of each of
the enantiopure alcohols with the acid chloride derivative of 22

gave, after hydrogenolytic deprotection, the target molecules 23
[from (2)-21] and 24 [from (+)-21]. Independent testing of 23
and 24 as inhibitors of S. aureus-derived IRS12 revealed that the
former compound shows an IC50 of 3.7 mM while the analogous
value for the ‘unnatural’ diastereoisomer 24 is 12.4 mM.
Interestingly, this difference in activity is even more pro-
nounced with S. aureus-derived LRS (0.42 mM vs. no inhibition
at 100 mM), S. aureus-derived VRS (6.35 mM vs. no inhibition
at 100 mM) and rat liver IRS (0.57 mM vs. 13.5 mM).

We thank GlaxoSmithKline (Australia) Pty Ltd for financial
support and Dr Brian Metcalf (formerly of SmithKline
Beecham US) for his encouragement and advice. Lucy M.
Mensah (GSK, Harlow) is thanked for carrying out the reported
enzyme inhibition assays.
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Scheme 2 Reagents and conditions: (i) DABCO (ca. 0.25 mol% wrt 8), aq. HCHO (1.5 mole equiv.), THF, 18 °C, 23 h; (ii) Ac2O (2 mole equiv.), Et3N (1.65
mole equiv.), DMAP (cat.), CH2Cl2; (iii) 6 (1.5 mole equiv.), 9 (1.5 mole equiv.), DABCO (1.25 mole equiv.), H2O, 18 °C, 5–7 days; (iv) 14 (1.6 mole equiv.),
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A new Pauson–Khand catalyst based on colloidal cobalt
nanoparticles has been developed; the catalyst is highly
effective for many intra- and inter-molecular Pauson–
Khand reactions and can be recycled and reused many times
without losing catalytic activity.

The development of uniform nanometer size particles has been
intensively pursued because of their technological and funda-
mental scientific interest.1 They have a characteristic high
surface-to-volume ratio, and consequently a large fraction of the
metal atoms are at the surface and hence are available for
catalysis.2 Many colloidal transition metal nanoparticles, espe-
cially noble metals, have been applied as catalysts for the
hydrogenation of olefins,3 for carbon–carbon coupling reac-
tions and for other reactions.4 However, colloidal nanoparticles
of first-row transition metals have seldom been applied as
catalysts. Here we present the application of colloidal cobalt
nanoparticles for catalytic Pauson–Khand reactions.

Pauson–Khand (P–K) reactions, the cycloaddition of alkynes
with alkenes and carbon monoxide to cyclopentenones, have
been recognized as one of the most important methodologies in
the synthesis of cyclopentenone derivatives.5 Several research
groups, including ourselves, have developed the catalytic
version of P–K reactions.6 Various catalysts applied in P–K
reactions include the most popular dicobalt octacarbonyl and
several other carbonyl-ligand containing organometallic com-
pounds. Very recently, we demonstrated the first heterogeneous
catalytic P–K reactions using metallic cobalt supported on
either mesoporous silica or charcoal.7 Even though these
heterogeneous metallic cobalt catalysts exhibit good perform-
ance for many intramolecular and intermolecular P–K reactions,
they require extreme reaction conditions of CO pressures > 20
atm and temperatures > 120 °C. For diverse applications of P–K
reactions, the development of recyclable heterogeneous cata-
lysts able to work in much milder conditions is desirable.

Several synthetic methods have been applied in the fabrica-
tion of colloidal cobalt nanoparticles, including the thermal and
sonochemical decomposition of organometallic compounds,8
and the reduction of metal salts.9 In this report, we have applied
a recently developed synthetic method to fabricate cobalt
nanoparticles. This method comprises the formation of seed
particles at low temperature and further aging at high tem-
perature. For the synthesis of cobalt nanoparticles, Co2(CO)8
(2.04 g, 6 mmol), oleic acid (1.68 g, 6 mmol), trioctylphosphine
(0.6 mL) and dioctyl ether (20 mL) were mixed with stirring at
room temperature. The mixture was heated slowly to reflux and
the refluxing was maintained for 30 min, after which the
reaction mixture was allowed to cool to room temperature. A
black precipitate was obtained by adding 50 mL of ethanol
followed by washing with 20 ml of acetone and drying in vacuo.

A transmission electron microscopic (TEM) image (see ESI†)
confirmed that the particles are well separated and that they are
nearly monodisperse, having a mean diameter of 8 nm.

The intramolecular P–K reaction of an enyne was investi-
gated as a test reaction [eqn. (1)]. Table 1 summarizes the results
of this reaction under various reaction conditions.

(1)

Entry 1 shows that colloidal cobalt is very active with an
isolated yield of product of 97% at 130 °C and a CO pressure of
5 atm. The colloidal cobalt catalyst is more active than
heterogeneous catalysts based on metallic cobalt supported on
mesoporous silica or charcoal.7 Using these heterogeneous
catalysts, a CO pressure of > 20 atm was required to achieve a
yield of > 95% under otherwise identical reaction conditions.
To check the recyclability, the catalyst was separated and reused
several times (entries 2–5). The results shown in Table 1
confirm that the catalyst maintained its high activity even after
five cycles of recycling and reuse. A TEM image of the catalyst
after running four reaction cycles showed that the particle size
of the cobalt nanoparticles was unchanged and confirmed that
no particle agglomeration was observed (ESI†). However, when
either the reaction temperature was decreased to 110 °C or the
CO pressure was lowered to 3 atm, the catalytic activity was
found to decrease significantly (entries 6–9). Thus, to preserve
a high catalytic activity, the reaction temperature and CO
pressure have to be maintained at a minimum of 130 °C and 5
atm of CO. Nevertheless, the colloidal cobalt catalyst still
sustained a degree of activity at 3 atm of CO pressure and
130 °C, with 45% yield of product being obtained.

† Electronic supplementary information (ESI) available: experimental
details for the catalytic Pauson–Khand reaction. Transmission electron
micrographs of colloidal cobalt nanoparticles before and after reaction. See
http://www.rsc.org/suppdata/cc/b1/b107577m/

Table 1 Intramolecular Pauson–Khand reactions under various con-
ditionsa

Entry Catalyst T/°C Pressure/atm Yieldb (%)

1 Colloidal cobalt 130 5 97
2 Recovered from #1 130 5 94c

3 Recovered from #2 130 5 94c

4 Recovered from #3 130 5 94c

5 Recovered from #4 130 5 95c

6 Colloidal cobalt 120 5 89
7 Colloidal cobalt 110 5 26
8 Colloidal cobalt 130 3 45
9 Colloidal cobalt 130 1 0
a Reaction conditions: colloidal cobalt (25 mg, 45 wt% cobalt), allyl-
propargyl diethylmalonate (0.42 mmol), THF, 12 h.b Isolated yield. c Yield
obtained from GC.

This journal is © The Royal Society of Chemistry 2001
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To demonstrate the versatility of the colloidal cobalt catalyst,
we applied various substrates for catalytic P–K reactions and
the results are shown in Table 2. While the general intra-
molecular P–K reactions proceeded smoothly at 5 atm (entries
1 and 2), heteroatom-bridged enynes (entries 3 and 4), which
contain either an oxa or aza functional group, required a higher
CO pressure of 10 atm. The catalyst was also tested for

intermolecular cycloaddition reactions (entries 5–7). Overall
the colloidal cobalt catalyst is very active for these reactions.
The reaction of norbornene or norbornadiene and phenyl-
acetylene (entries 5, 6) proceeded well. The reaction between
norbornadiene and alkyl-substituted acetylene also gave a good
yield (entry 7).

In conclusion, we present the development of a new Pauson–
Khand catalyst using colloidal cobalt nanoparticles. The
catalyst is more active than heterogeneous cobalt catalysts
supported on either mesoporous silica or charcoal. It can be
reused several times without particle agglomeration or loss of
activity. The catalyst systems are effective for many intra- and
inter-molecular Pauson–Khand reactions.
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Table 2 Pauson–Khand reactions with various substratesa

Entry Substrate Product Yieldb(%)

1 97

2 97

3c 90

4c 85

5 94

6 97

7 93

a Reaction conditions: colloidal cobalt nanoparticles (25 mg, 45 wt%
cobalt), substrate (0.42 mmol), CO (5 atm), THF, 130 °C, 12 h. b Isolated
yield. c 10 atm CO applied.
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Adsorbed vs. intercalated MCPA (4-chloro-2-methylphe-
noxyacetic acid) in highly hydrated clays taken as a soil
model were clearly distinguished by 1H HR MAS NMR;
adsorbed herbicide gave sharp signals indicating high
mobility while intercalated herbicide gave very wide un-
resolved spectra due to its strong interaction with the solid
matrix.

Adsorption is one of the key processes affecting the ultimate
fate of pesticides, or other xenobiotics, in the environment as it
controls transport, mobility and degradability in soils and
ground water. The adsorption–desorption mechanisms at the
interface between organic and inorganic soil colloids influence
movement of pesticides, and thus their availability for plant or
microbial uptake, or their transformation by abiotic or biotic
agents. However, the study of the biodegradation and fate of
organic pollutants in soils suffers of a lack of analytical methods
to follow in situ the biotransformation process. Direct analyses
of dry parts of soils have been reported using solid-state cross-
polarization magic angle spinning (CP-MAS) NMR spectros-
copy. For example, 13C CP-MAS NMR was used to character-
ize 13C-atrazine (entirely labelled) residues and to follow the
binding reactivity of organic matter after addition of fresh and
decomposed straw.1 These experiments, performed on dry
samples, do not give the real fingerprint of an environmental
material, which is usually highly hydrated with mobile pollutant
at its surface. Particularly, solid-state NMR, albeit very efficient
to provide structural information, cannot allow quantification of
the ‘bioavailability’ of the pollutant. This could be elucidated by
using liquid state high-resolution (HR) MAS NMR on hydrated

samples. Indeed, HR MAS allows the characterization by NMR
of inhomogeneous compounds with liquid-like dynamics.2 In
such systems with restricted or anisotropic motions, the effects
of dipolar coupling, CSA and inhomogeneous susceptibility on
resonance line widths are not averaged to zero in static
experiments but are dramatically decreased by MAS. In
environmental chemistry, only one example using 13C MAS
NMR has been described.3 However, this approach is limited
because it requires labelled xenobiotics, which are expensive
and difficult to synthesize. By contrast 1H NMR can be applied
to any class of xenobiotic, as shown by recent studies carried out
on liquid incubation media.4 1H HR MAS NMR spectroscopy is
increasingly used to study intact suspension cells or tissue
metabolite composition.5 It is also emerging as a new tool to
quantitatively monitor solid phase organic reactions in combi-
natorial chemistry and thus to analyse resin-bound structures
without any sample preparation.6

The purpose of the present study is to develop a method to
characterize the interactions between organic pollutants and a
model of soil, allowing direct analyses of contaminated soils,
without any sample preparation. In this paper, we present the
differentiation by 1H HR MAS NMR of mobile 4-chloro-
2-methylphenoxyacetate (MCPA), adsorbed at the surface of a
well defined synthetic hydrotalcite used as a soil model and
immobile MCPA intercalated in this bidimensional host
structure [Fig. 1(a)].

Layered double hydroxides (LDH) are natural minerals,
considered as the anti-type of 2+1 smectites and regarded as
anionic clays. They are lamellar compounds, built by a stacking
of positive [M2+

12xM3+
x(OH)2]x+ layers, separated by inter-

Fig. 1 (a) Structural model of the interaction of MCPA with HTLCs. (b) 13C CP MAS (wr/2p = 10 kHz) spectra of adsorbed and intercalated MCPA clay,
and free MCPA recorded at 75.46 MHz (recycle delay : 3 s; contact time : 1 ms; 2000 scans). The arrow indicates the presence of carbonates trapped in
exchanged clays during the storage and the preparation of the samples.

This journal is © The Royal Society of Chemistry 2001
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layer domains containing hydrated anions [Xm2
x/m·nH2O].7

Synthetic minerals are simple to prepare with tunable M2+ and
M3+ composition, layer charge density (0.20@x@0.33) and
intercalated anion Xm2.8 Their high anion exchange capacities
make them interesting materials for the elimination of eco-
logically undesirable organic anions such as pesticides9 from
contaminated water or waste. Sorption studies recently demon-
strated that pesticides of the chlorophenoxy carboxylate family
(2.4D, MCPA, 2.4.5T) display very strong affinities to LDHs.

Adsorbed and intercalated MCPA on Mg3.1Al-
(OH)8.2Cl·nH2O [Mg3AlCl] were prepared as previously de-
scribed.10 The adsorption proceeds in two steps as shown on the
adsorption isotherm (10 mg of solid, 50 ml of MCPA aqueous
solution, 25 °C, 24 h equilibrium time).10 The isotherm is
clearly a mixture of S-type at low Ce equilibrium concentration
( < 1.5 mmol l21) and L-type.11 The change from S- to L-type
within the same isotherm is likely to be due to changes from
external to interlayer adsorption. The sorption data, at low Ce,
were analysed according to the Freundlich equation: Q =
KfCe

1/n where Kf = 0.666 mmol g21 and n = 0.671 are
constants that give estimation of the adsorption capacity and
intensity, respectively. The maximum of adsorption is reached
for Ce = 0.50 mmol l21, i.e. 15% of the total exchange capacity
at a specific surface area of the solid = 44 m2 g21. Over this Ce
value, intercalation proceeds via an increase of the basal spacing
from 0.794 nm for [Mg3AlCl] to 2.21 nm for [Mg3Al(MCPA)]
as shown by powder X-ray diffraction.

This high basal spacing results from the formation of
intertwined double-layers of MCPA in the interlayer spaces, as
reported by Prevot et al.,12 with the anions hydrogen bonded to
the hydroxylated surfaces in a perpendicular orientation [Fig.
1(a)].

Solid state 1H MAS (wr/2p = 12 kHz) experiments carried
out on both adsorbed and intercalated MCPA clays show very
broad signals and do not allow the differentiation of both
populations of MCPA (not shown). 13C CP MAS spectra [Fig
1(b)] clearly show the presence of adsorbed and intercalated
MCPA in the clay samples. The different carbons of the MCPA
molecule were easily identified and their NMR signals were not
shifted compared to free MCPA. A slight difference of relative
CO2

2 and C1 signal intensities for the two populations
(adsorbed and intercalated) was due to a lower efficiency of the
CP technique at the surface. The better resolution of the
intercalated MCPA spectrum can be explained by the higher
structural order of this solid phase. To assess the mobility of
adsorbed vs. intercalated MCPA in anionic clays, the samples
(40 mg) were swollen with D2O (80 mL). The sample volume
was restricted to about 50 mL in the center of the rotor to
increase the r.f. field homogeneity. The 1H HR MAS NMR
spectra were acquired at 300.13 MHz with a double bearing 4
mm MAS probehead using a single pulse experiment (t90° = 6.2
ms) with presaturation during relaxation for water resonance
suppression. The samples were spun in a speed range of 1.33 to
1.80 kHz, sufficient for high resolution. Chemical shifts are
reported in ppm relative to TSP-d4 as external standard. The
number of transients was typically 256 to achieve good signal to
noise ratio.

Fig. 2(a) displays the 1H spectrum of the adsorbed MCPA
(0.49 mmol g21) clay hydrated with D2O. All protons of MCPA
are visible and chemical shifts are identical to those of the
solution state NMR spectrum, thus indicating an efficient
tumbling of the molecules at the surface. These sharp signals are

characteristic of weakly bounded compounds. The spectrum of
the MCPA intercalated ( > 4 mmol g21) compounds [Fig. 2(b)],
recorded under the same conditions, displays only residual
signals. In this sample the MCPA anions are tightly packed
either inside the structure or at the surface because of a high
packing of organic molecules which are not observed by HR
MAS. These small signals could be explained by the release of
a minor fraction of MCPA due to a slight hydrolysis of the
matrix. This is confirmed by the presence of two broad peaks at
0.85 and 1.25 ppm, identified as protons of metallic hydroxides
under colloidal form.

This communication demonstrates the potential of the 1H HR
MAS technique to study in situ interactions at the solid–aqueous
interface of a solid matrix. By using a well-characterized model
of soil it was possible to distinguish unambiguously the mobile
and immobile pesticide. Therefore the 1H HR MAS technique is
a promising approach to quantitatively evaluate the bioavailable
(mobile) fraction of a xenobiotic in such a solid matrix as it will
be the only one giving rise to sharp 1H NMR signals; any
pesticide fraction strongly interacting with the soil model will
not be detected. Although the detection limit of xenobiotic
concentration can be evaluated to 50 mM, the environmental
interactions in a whole soil will also be observable by this
technique since all the powerful and sensitive solution-state
experiments can be used.

We thank the CNRS (PEVS) for financial support.

Notes and references
1 P. Benoit and C. M. Preston, Eur. J. Soil Sci., 2000, 51, 43.
2 M. Piotto, M. Bourdonneau, J. Furrer, A. Bianco, J. Raya and K.

Elbayed, J. Magn. Reson., 2001, 149, 114.
3 G. W. Wagner and B. K. MacIver, Langmuir, 1998, 14, 6930.
4 A. M. Delort and B. Combourieu, NMR in Microbiology: Theory and

applications; microbial degradation of xenobiotics, ed. J. C. Portais and
J. N. Barbotin, Horizon Scientific, UK, 2000, p. 411.

5 S. Garrod, E. Humpher, S. C. Connor, J. C. Connelly, M. Spraul, J. K.
Nicholson and E. Holmes, Magn. Reson. Med., 2001, 45, 781.

6 R. Warrass and G. Lippens, J. Org. Chem., 2000, 65, 2946.
7 R. Allman, Acta Crystallogr., Sect. B, 1968, B24, 972.
8 A. Vaccari, Appl. Clay Sci., 1999 14, 161.
9 M. V. Villa, M. J. Sanchez-Martin and M. Sanchez-Camazano,

J. Environ. Sci. Health B, 1999, 34, 509.
10 J. Inacio, C. Taviot-Guého, C. Forano and J. P. Besse, Appl. Clay Sci.,

2001, 18, 255.
11 C. H. Giles, T. H. Mac Ewan, S. N. Nakhwa and P. Smith, J. Chem. Soc.,

1960, 3973.
12 V. Prevot, C. Forano and J. P. Besse, Appl. Clay Sci., 2001, 18, 3.

Fig. 2 1H HR MAS spectra of (a) adsorbed and (b) intercalated MCPA clay.
The asterisk in spectra indicates spinning sidebands.
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Mesoporous (MCM-41 type) silica containing surfactant-
embedded Congo Red has been prepared and tested against
gas phase HCl and ammonia, as well as solutions of ionic
species; it is shown that the hybrid (organic–inorganic)
material is permeable to both gases and ionic species, and
can act as a pH indicator and as a selective chelating
agent.

Since their discovery in 1992, ordered mesoporous silicas,
prepared by using surfactant molecules, have been much
studied. Most work has concerned materials freed from
surfactant either by calcination or extraction, those materials
being suitable for catalysis, adsorption and inclusion of
functional species.1 The hybrid surfactant–silica systems have
been investigated much less, and regarded usually as merely the
precursors to active materials. Hybrid MCM-41 systems have
been prepared with included paramagnetic molecules,2 the
motional freedom of which was measured by means of EPR
spectroscopy. Some authors solubilised dyes in the surfactant
solution in order to study formation of micelles and the growth
of ordered mesoporous silica films by means of fluorescence.3,4

Incorporation of dye-molecules in the micellar phase of
surfactant–silica mesophases has also been achieved,5 as dye-
modified ordered mesoporous silica and zeolites may find
applications in optical, optoelectronic and electrochromic
devices, and in chemical sensors.6–8

Details on the nature of organic mesophases is lacking.
Jaroniec and Antochshuck9 have shown that the surfactant–
MCM-41 hybrid material is somehow permeable to Me3SiCl,
which can diffuse and be grafted on the internal silica surface,
causing some surfactant displacement. Here, we report data on
the permeability of MCM-41 hybrid systems to acidic/basic
gases or to solutions, obtained by means of common pH
indicators embedded in the micelle. Congo Red (hereafter CR,
Scheme 1) was used: nearly identical results obtained with
Curcumin are not reported.

Both dye-free (MCM-41) and dye-containing (CR-MCM-41)
samples were prepared following ref. 10 using tetraethylorthosi-
licate (TEOS, Aldrich), distilled water, hexadecyltrimethyl-
ammonium bromide (CTAB, Aldrich), Congo Red (Merck) and
NaOH (Carlo Erba). 2.0 g of CTAB was added at room
temperature to a basic solution (0.96 g of NaOH in 475 ml of
water) under stirring. When the solution became homogenous,
CR was then added. 10 ml of TEOS was added, giving rise to a
coloured slurry. After 3 h the product was filtered off, washed
first with distilled water and then with ethanol, and dried at
40 °C. The composition of the synthesis mixture was
1 TEOS+0.125 CTABr+0.400 NaOH+0.01 dye+525 H2O.

Samples were stored before use in a P2O5 desiccator. IR spectra
showed the presence of negligible amounts of residual water.

No leaching of dye occurred when washing with either
ethanol or water; the CR-containing sample was bright red. For
comparison, two surfactant-free CR/SiO2 systems were pre-
pared, one by precipitating SiO2 from a basic solution of TEOS
in the presence of CR, and the other by impregnation of MCM-
41 (after calcination in flowing air at 773 K) with a CR solution.
It was found that in the surfactant-free sample washing with
water brought about dye leaching. Surfactant micelles are
effective in retaining the dye in the material. Indeed, ionic dyes,
such as CR, can be removed from aqueous solution by ionic
surfactants, which collect the dye in the froth, and have
themselves a tendency to form micelles.11

Fig. 1 shows the XRD patterns of MCM-41 and CR-MCM-41
with high amount of dye (Si/CR = 25). In both cases, the
hexagonal phase is present. A smaller d100 is observed for the
latter: the increase in size of the hexagonal cell (from 444 to 464
pm) indicates that the dye embedded in the micelles causes
some swelling. Sulfonate groups in CR probably interact with
the cationic heads of surfactant molecules, which in turn interact
with the negatively charged silica wall:12 the sulfonic groups of
CR are thus probably located at the surfactant–silica interface,
whereas the rest of the molecule, i.e. aromatic rings, amino and
azo groups, is embedded in the micelle.

Accessibility of the dye molecules to gases was investigated
by exposing the powder to vapours of HCl and NH3. Fig. 2
shows the diffuse-reflectance UV–VIS spectra of CR-MCM-41
before (curve 1) and after exposure to gases (curves 2–4). In
curve 1, the band at 500 nm is due to the p–p* transition of the
azo group,13 which is rather sensitive to protonation. The
shoulder at 530 nm could be due to some amount of ordered dye
aggregates, in a head-to-tail stacking arrangement.14

Scheme 1 The Congo Red molecule.
Fig. 1 XRD patterns of dye-free (MCM-41) and CR-containing (CR-MCM-
41) surfactant–silica hybrid MCM-41 materials.
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Exposure to HCl causes a colour change from red to blue, the
colour of the acidic form of CR (the same is observed with pure
CR): accordingly, the p–p* transition of the azo group shifts to
higher wavelength because of protonation (curve 2). Exposure
to ammonia restores immediately the spectrum of the as-
synthesised CR-MCM-41 (curve 3), since deprotonation of
Congo Red occurs with formation of ammonium ions, the
presence of which is revealed by IR spectroscopy. Subsequent
exposure to HCl restores spectrum 2 (curve 4). The IR spectrum
of CR-MCM-41 shows parallel changes after exposure to HCl
and NH3. More than 10 protonation–deprotonation cycles were
observed, i.e. the probable formation of ammonium chloride
within the solid does not prevent the permeation to gases.

The permeability of the hybrid material to species in solution
has been investigated as follows. In a first experiment, CR-
MCM-41 was contacted with an acidic solution at pH < 1, to
assess whether the dye molecules were reachable by H3O+

species and able to display their pH-sensing properties. A
change in colour from red to blue was observed immediately,
indicating that protonation of CR occurs and that the azo group
is accessible to H3O+ ions from aqueous solution. When the
acidic solution was diluted, the sample colour changed back to
red, indicating a reversible protonation of embedded CR. The
pH at which colour change takes place is lower than with CR in
aqueous solution: the same was observed for the dye in CTAB-
containing aqueous solutions. This lower pH value may be
accounted for considering a partition of H3O+ species between
the hydrophilic phase (water) and the hydrophobic phase
(micelles), causing a lower H3O+ concentration in the micelles

than in aqueous solution. In order to observe the colour change
of the micelle-embedded indicator, a higher H3O+ concentration
in the aqueous phase is required with respect to the value
observed for CR aqueous solution.

As CR may act as a sensitive photometric reagent toward
metal ions,15 such as Cu2+ (chelation involves both azo and
amino groups, causing a red shift of the p–p* transition), in a
second experiment CR-MCM-41 was stirred in a CuSO4
solution for 12 h, then filtered off and washed. Two solvents
have been considered, i.e. water and ethanol (95 wt%).

After contact with an aqueous Cu2+ solution no change
occurred in the UV–VIS spectrum of the material. However,
after contact with ethanol solution, a new absorption appears at
ca. 630 nm, ascribed to p–p* transition of molecules complex-
ing Cu2+ ions, in agreement with what is observed for other
metal ions complexed by CR linked to a polymeric matrix.15

Ethanol-solvated Cu2+ ions most probably have a higher
hydrophobicity, i.e. a larger affinity for the micellar phase, than
aquo-ions, so that the former diffuse inside the dye-containing
mesophases more easily than the latter.

In conclusion, the surfactant–silica hybrid material is perme-
able to both gases, even strongly polar such as HCl, and ionic
species. The micelle-embedded CR is readily accessible to such
species and still acts as a pH sensor, in that reversible
protonation–deprotonation occurs at the azo group. The em-
bedded molecules can still act as a chelating agent through the
azo and the amino groups towards Cu2+ ions.

We thank Professor M. Lucco Borlera (Politechnic of Turin)
and Professor G. Viscardi (University of Turin) for fruitful
discussions.
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Fig. 2 Electronic diffuse reflectance spectra of CR-MCM-41 as-synthesized
(curve 1), exposed to HCl (curve 2), exposed to NH3 after HCl (curve 3) and
re-exposed to HCl (curve 4).
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The combination of H3 + n[PMo122 nVnO 40]·aq (HPA-n, n =
3) and dioxygen provides a clean and regioselective reagent
for the homolytic cleavage of various representative a-
hydroxy ketones (primary to tertiary) and turns out to be as
efficient for the catalytic ring opening of chiral natural
products.

Keggin type mixed-addenda heteropolyanions such as
[PMo122 nVnO40](3 + n)2, denoted HPA-n (n = 1, 2, 3, etc.),
have found many applications in catalysis.1 Recently, their
variable redox and acid–base properties have been used for the
catalytic cleavage of different cycloalkanones by dioxygen.2,3

Carboxylic acids, including adipic acid were obtained with high
yields and selectivities. Early mechanistic studies showed
clearly that the a-ketol (a-hydroxy ketone) is not a major
intermediate during cyclohexanone oxidation. In fact, 2-hy-
droxycyclohexanone is converted to adipic acid with a better
yield.

The oxidative cleavage of carbon–carbon bonds in a-ketols is
widely used in organic synthesis. In many synthetic schemes,
including that of Taxol®, ring opening strategies are based on
prior formation of a-hydroxy ketones.4 Most of the published
procedures use stoichiometric reagents.5 Efforts have been
made to find dioxygen-based catalytic pathways running either
with Bi(0)/Bi(III) salts or moisture-sensitive dichloro(ethoxy)-
oxy vanadium complexes.6 In this communication, we report on
the synthetic utility of the reaction catalysed by robust
oxidation-resistant compounds like vanadium-based HPA and
present a general route for the selective homolytic carbon–
carbon bond cleavage of a-hydroxy ketones.

Using 2-hydroxycyclohexanone (1a) and H6[PV3Mo9O40]·aq
as the catalyst precursor, the reaction was carried out either in
methanol or in an acetic acid–water mixture at 65 °C. Dioxygen
consumption was monitored by a gas burette system. Colour
changes of the initial solutions from orange to blue-green and
finally orange-brown were observed in both cases. They are
consistent with the variation of the oxidation state of vanadium
[V(V)/V(IV)] and the overall reaction can be interpreted in terms
of a vanadium-catalysed process assisted by dioxygen. Under
dinitrogen the solution remained blue and there was no
significant reaction. The results are summarized in Table 1.

Regioselective cleavage of 1a gave adipic acid or its dimethyl
ester (Scheme 1) as the major products in acetic acid or
methanol, respectively (runs 1 and 2). As shown in a blank
experiment, adipic acid (2a) conversion to dimethyl adipate
(2b) was also catalysed by ‘HPA-3’† in methanol (100% yield
in 1.5 h).

The in situ esterification yield, as determined by comparison
of the diester (2b) amounts before and after addition of an
ethereal solution of diazomethane was about 85–90%. Very low
yields ( < 1%) of glutaric acid derivatives were obtained. In
methanol, the major by-products identified as methyl 6-oxohex-
anoate (2c) and methyl 6,6-dimethoxyhexanoate (2d) also arise
from the cleavage of the C(O)–CH(OH) bond.

The conversion of the 2-hydroxycyclohexanone dimer to the
monomer with accessible hydroxy and carbonyl groups proved
to be an important prerequesite for the exclusive scission of this
bond. Otherwise, significant amounts of 2-methoxybutane-
dioate were formed. In fact, the availability of both groups is not
necessary for the occurrence of the desired reaction in methanol,
as shown in Table 1 (runs 3 and 4). Comparison of the
conversion rates (not shown) of 2,2-dimethoxycyclohexanol, a
potential intermediate under acidic conditions, and 2-methoxy-
cyclohexanone showed clearly the negative effects of the OH
substituent. These results are consistent with a mechanism in
which there is substrate pre-coordination to [VO2]+ species.2,7

The use of ‘HPA-3’ as a catalyst for the aerobic C–C bond
cleavage of a-ketols was then applied successfully to a range of
representative substrates (Table 2). For all the benzoyl deriva-
tives (3a–d), the reactions could be carried out at room
temperature with completion of dioxygen uptake within 5 h.
Methyl benzoate and/or benzoic acid were formed with
90–100% selectivity. Quantitative yields of other benzoyl
derivatives or cyclohexanone are obtained with 3b or 3d
respectively. In accordance with published results,2,7 the
outcome with 2-hydroxy-2-phenylacetophenone (3b, benzoin)
was much more sensitive to the nature of the solvent.
Significant amounts of 1,2-diphenylethanedione (benzil) were
produced in AcOH–H2O, whereas only carbon–carbon bond
cleavage products (benzaldehyde and its dimethyl ketal) and
methyl benzoate were formed at room temperature in metha-
nol.

Table 1 Oxidation of 2-hydroxycyclohexanone (1a) or its derivatives with
dioxygen catalysed by ‘HPA-3’a

Run Substrate Solvent t/h
Conv.
(%)b Yield (%)b

1 2-Hydroxycyclohexanone MeOH 10 100 90 (2a + 2b)
2 2-Hydroxycyclohexanone AcOH–H2O 3.5 100 80 (2a)
3 2,2-Dimethoxycyclohexanol MeOH 7 100 83 (2a + 2b)
4 2-Methoxycyclohexanone MeOH 54 67 52 (2b)
a Reaction conditions: substrate (7.7 mmol), ‘HPA-3’ (0.078 mmol), MeOH
(7 ml) or AcOH–H2O (6.3+0.7 ml), dioxygen pressure (0.1 MPa),
temperature (65 °C) stirred at 1000 rpm; b Conversions (% of substrate
consumed) and yields [(mmol of product per mmol substrate) 3 100] were
determined by GC analysis (OV1701) after the addition of an ethereal
solution of diazomethane to the crude mixture using methyl heptanoate as
internal standard. Products were identified by GC-MS (RTX5-MS).

Scheme 1
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Clean oxidation of 3d to methyl benzoate or benzoic acid and
cyclohexanone was only possible at room temperature; other-
wise subsequent cleavage of the cycloalkanone becomes
significant.3 The oxygen consumed–substrate molar ratio was in
good agreement with the stoichiometric values (Table 2). The
dioxygen uptake for primary a-ketols (3a) was roughly twice
that for tertiary ones (3c,d) as expected for pure C–C bond
cleavage (runs 6, 10 and 12).

The same experimental procedure was successfully applied
to natural compounds. For example, the oxidative cleavage of
(1S,2S,5S)-2-hydroxypinan-3-one(4a) or its enantiomer (4b)
led to the diastereoselective formation of methyl esters‡ of the
corresponding cis-pinonic acids§ with 100% conversion
(Scheme 2).

The epimerization of the cyclobutane carbon atom (C3)
linked to the acyl group under acidic conditions is well-
documented8 but this competing reaction did not exceed 10% at
65 °C and did not occur at all at room temperature.

Cyclobutane-derived amino-acids and related peptides iso-
lated from natural sources display interesting biological proper-
ties, and methyl pinonates are very important chiral cyclobutane
synthons. However, stereoselective methodologies based usu-
ally on a-pinene oxidation are scant9 and our approach
corresponds to a convenient green alternative.

In conclusion, the present study has proved that the aerobic
oxidative cleavage of a-hydroxy ketones (or a-hydroxy ketals)
catalysed by ‘HPA-3’ could replace stoichiometric polluting
reagents either for large-scale products or for fine chemicals
synthesis. We are currently investigating the mechanism as well
as the supported counterpart of these catalysts.

Financial support by the Comité franco-marocain (AI
217/SM/00) is gratefully acknowledged.
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(molar ratio)

5 2-Hydroxyacetophenonec(3a) MeOH 100 PhCO2Me (97) 1.2
6 2-Hydroxyacetophenonec(3a) AcOH–H2O 100 PhCO2H (100) 1.05
7 2-Hydroxy-2-phenylacetophenone (3b) MeOH 100 PhCO2Me (110); PhCHO (45); PhCH(OMe)2 (45) 0.77
8 2-Hydroxy-2-phenylacetophenone (3b) AcOH–H2O 100 PhCO2H (81); PhCHO (1); PhCOCOPh (47) 0.75
9 2-Hydroxy-2-methylpropiophenonec(3c) MeOH 100 PhCO2Me (97) 0.70
10 2-Hydroxy-2-methylpropiophenonec(3c) AcOH–H2O 100 PhCO2H (100) 0.50
11 1-Hydroxycyclohexyl phenyl ketone (3d) MeOH 100 PhCO2Me (100); C6H10(†O) (100) 0.80
12 1-Hydroxycyclohexyl phenyl ketone (3d) AcOH–H2O 60 PhCO2H (54); C6H10(†O) (60) 0.35
a Reaction conditions: substrate (7.7 mmol), ‘HPA-3’ (0.078 mmol), MeOH (7 ml) or AcOH–H2O (6.3+0.7 ml), dioxygen pressure (0.1 MPa), room
temperature. b See Table 1. c Formaldehyde and acetone or their oxidized derivatives were not determined.

Scheme 2
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The p ring current in an even-electron monocycle is
dominated by the HOMO–LUMO transition, and hence
corresponds to circulation of four electrons in a diatropic (4n
+ 2)-electron, but two in a paratropic (4n)-electron cycle.

Ring currents are, according to one widely accepted approach,
the defining feature of aromatic systems.1,2 Calculation of
magnetic properties in finite basis sets is bedevilled by the
problem of spurious gauge dependence. Distributed-gauge
methods offer an alternative to brute-force saturation of the
basis, and the particular approach known by the acronym
CTOCD-DZ (continuous transformation of origin of current
density - diamagnetic zero3) has practical and conceptual
advantages. In CTOCD-DZ, when calculating the induced
current density at a given point, the point itself is taken as the
origin of vector potential. Current maps derived with this
‘ipsocentric’ choice of origin are physically realistic,4 and can
be expressed as sums of the simplest possible orbital contribu-
tions.5 This last property is used here to deduce a simple rule for
ring currents in p monocycles.

It will be shown that in Hückel theory: (i) the diatropic (i.e.
diamagnetic) ring current in aromatic (4n + 2)-electron systems
can be attributed to four electrons, those in the doubly
degenerate HOMO; whereas (ii) the paratropic (i.e. para-
magnetic) ring current in anti-aromatic 4n-electron systems
with bond alternation can be attributed to circulation of the two
electrons of the non-degenerate HOMO. The proof rests on a
specific decomposition3 of the current density, derived in detail
in Ref. 5. Within an ipsocentric formulation, the traditional
division of current density into ground-state diamagnetic and
excited-state paramagnetic terms is replaced by two excited-
state sums, each containing only transitions from occupied to
empty orbitals.5 In an independent-electron model, the first-
order change to an occupied orbital yn of an N-electron system
in an external magnetic field B can be expressed in terms of
unoccupied orbitals yp and their energies ep as (in atomic

units):where l and p are angular and linear momenta, and d is a
displacement which is set equal to the position of the electron in
the expression for the current density. In this partitioning, the
conventional paramagnetic current arises from yn

(p), its size
depending on accessibility of states via rotational transitions,
and the diamagnetic current from yn

(d), depending on transla-
tional transitions.

For the response of planar conjugated p systems to a
perpendicular magnetic field, the relevant operators are for
rotation about the field direction, R¡¡, and the two translations
within the molecular plane, T4. Orbital contributions to the
current density obey a symmetry-based selection rule. An
occupied-to-unoccupied transition yn ? yp gives a para-
magnetic contribution if the product of symmetries contains a

match to R¡¡, and a diamagnetic ring current contribution if it
contains a match to a translation T4. A transition may be
translationally and or rotationally active, or neither.

Using the Hückel approximations for a ring of N atoms with
equal coulomb parameter a connected by bonds of equal
resonance parameter b, the p molecular orbitals and their
energies are given by the Frost–Musulin6 construction, where
energies correspond to the vertices of an N-gon inscribed point-
down in a circle of radius 2b, and the orbitals are sine and cosine
combinations associated with an angular momentum quantum
number k = 0, 1, … (N/2) (N even), (N 2 1)/2 (N odd). Closed-
shell configurations occur at the aromatic counts of 2, 6, 10 …
p-electrons, and, in the same approximation, open shells with
two electrons in two degenerate orbitals at anti-aromatic counts
4, 8 … With this characterisation in terms of angular
momentum, the ring-current selection rules take on an espe-
cially simple form, independent of N and details of the point
group.

Fig. 1 Orbital energy scheme for (a) benzene (D6h) and (b) planar
cyclooctatetraene (D4h), showing symmetries, nodal characteristics, occu-
pancies and k values. Symmetry-allowed transitions are indicated by
straight (translational) and bent (rotational) arrows, with the dominant
HOMO–LUMO transition, responsible for the diatropic and paratropic p
ring currents observed in ab initio calculations (cf. Fig. 2), highlighted.

This journal is © The Royal Society of Chemistry 2001
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To deduce (i), note that, in a closed-shell configuration, either
all orbitals with given k are occupied, or all are empty. As R¡¡
mixes only orbitals of equal k, it cannot produce occupied-to-
virtual transitions, and gives no paramagnetic contribution from
any orbital. On the other hand, T4 operators mix orbitals that
differ by ±1 in k, i.e. on adjacent rungs of the energy ladder (Fig.
1a). The sole occupied-to-virtual translational transitions in the
system are therefore those from HOMO to LUMO. Hence in a
(4n + 2)-electron monocycle, the ring current is wholly
diamagnetic and attributable to the mobility of the HOMO
electrons. In all but two trivial cases, the HOMO is doubly
degenerate and the system has 4-electron diamagnetism. The
exceptions are CNHN

(N22)+, with 2-electron diamagnetism, and
CNHN

N2 anions which have full p systems and hence, in the
Hückel model, no available transitions (in practice, their
diamagnetism arises from orbitals above the Hückel manifold).
In a (4n + 2) system that supports bond alternation, such as
C10H10 constrained to the plane, the lowering of symmetry to
D(2n + 1)h allows further mixings, as pairs of levels with mirror-

image energies a ± lb become equi-symmetric. The relaxation
of symmetry allows new rotational transitions between these
pairs and translational transitions between levels differing by 3
in parent k value, but for modest degrees of alternation their
contributions remain low because of substantial cancellation in
the numerator, and any ring current remains diamagnetic and
HOMO–LUMO dominated as in (i).

Statement (ii) is deduced by considering the half-filling of the
p system for N = 4n. In full DNh symmetry, there are two non-
bonding orbitals and hence an open-shell configuration. The
system will distort to lift this degeneracy, as for example by
adopting a structure in which alternate bonds have resonance
parameters b ± d. In the reduced D(N/2)h symmetry the HOMO/
LUMO pair splits into two non-degenerate components, related
by a rotational transition with a small energy denominator and
large numerator in the sum over states (since R¡¡ transforms
HOMO to LUMO (Fig. 1b), thereby producing a strong
2-electron paramagnetic p ring current. The additional transi-
tions introduced by bond alternation are again reduced in
importance by poor overlap and large energy gaps. In systems
other than neutral half-filled p shells, the geometric distortion
that lifts the degeneracy may be different, but it will still split a
rotationally connected pair across a small energy gap, and give
rise to a dominant 2-electron paramagnetic current contribution.
Hence statement (ii) also holds for these other configurations.

The ab initio p current density maps† computed for the
optimum geometries of the 6-electron systems C5H5

2, C6H6,
C7H7

+, and the planar stationary points on the potential surfaces
of C10H10 and anti-aromatic C8H8 (Fig. 2) all closely match the
predictions made here on the basis of Huckel arguments. The
isolated C8H8 ring is in fact non-planar at equilibrium,8 but
when restricted to the plane or clamped by electronically
innocent functional groups9 it shows exactly the paratropicity
described here.10 Likewise, C10H10 has a nonplanar equilibrium
geometry but can be forced into planarity.11 In all cases, the
HOMO contribution to the map is almost indistinguishable from
the total p current. The present rules, exact within the context of
planar equilateral Hückel monocycles, serve in more sophisti-
cated treatments to rationalise the magnitude and sense of
computed currents and other magnetic measures of aromaticity,
such as the widely used NICS criterion,2 and give a key to
interpretation of a much wider range of systems, where it can
also be expected that p ring currents will be dominated by a
small number of electrons close to the HOMO–LUMO
frontier.5

Notes and references
† Maps were computed at 6-31G** level using SYSMO7 as in Ref. 4.

1 P. v. R. Schleyer and H. Jiao, Pure Appl. Chem., 1996, 68, 209.
2 P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and N. J. R. van

Eikema Hommes, J. Am. Chem. Soc., 1996, 118, 6317.
3 T. A. Keith and R. F. W. Bader, Chem. Phys. Lett., 1993, 210, 223; S.

Coriani, P. Lazzeretti, M. Malagoli and R. Zanasi, Theor. Chim. Acta,
1994, 89, 181.

4 E. Steiner, P. W. Fowler and L. W. Jenneskens, Angew. Chem., Int. Ed.,
2001, 40, 362 and references therein.

5 E. Steiner and P. W. Fowler, J. Phys. Chem., 2001, in the press.
6 A. A. Frost and B. J. Musulin, J. Chem. Phys., 1953, 21, 572.
7 P. Lazzeretti and R. Zanasi, SYSMO Package, University of Modena,

Italy, 1980. Mapping routines written in Exeter.
8 J. March, Advanced Organic Chemistry, John Wiley and Sons, New

York, 1986.
9 A. Matsuura and K. Komatsu, J. Am. Chem. Soc., 2001, 123, 1768.

10 P. W. Fowler, R. W. A. Havenith, L. W. Jenneskens, A. Soncini and E.
Steiner, to be published.

11 P. v. R. Schleyer, H. Jiao, H. M. Sulzbach and H. F. Schaefer III, J. Am.
Chem.. Soc., 1995, 118, 2093 and references therein.

Fig. 2 Computed p ring current maps† for (a) C5H5
2, (b) C6H6, (c) C7H7

+,
(d) planar C8H8, (e) planar C10H10. Left: contribution of all but the HOMO
p electrons. Right: contribution of the HOMO electrons.
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The development and potential of a catalytic enantio-
selective Henry reaction of nitromethane with various a-
keto esters catalyzed by chiral bisoxazoline–copper(II) com-
plexes are presented.

The reaction between a carbonyl and a nitro compound, known
as the Henry1 or nitroaldol reaction, constitutes a fundamental
carbon–carbon bond forming reaction in organic chemistry
which has been applied for the construction of numerous natural
products and other useful compounds.2

The catalytic asymmetric version of the Henry reaction has
been successfully carried out in only a very few cases; Shibasaki
et al. have in a series of papers shown that rare-earth–lithium–
BINOL complexes can be applied as catalysts for the enantiose-
lective reaction of aldehydes with nitroalkanes.3,4

This paper presents a new catalytic asymmetric Henry
reaction of a-keto esters 1 with nitromethane 2 in the presence
of easy-available chiral catalysts [eqn. (1)]. The present reaction
is an important new development of the Henry reaction as it
demonstrates (i) for the first time that ketones react in a catalytic
highly enantioselective fashion, (ii) the products formed contain
a chiral quaternary carbon center, the formation of which is a
particularly demanding task in organic synthesis,5 and (iii)
highly attractive functionalized optically active b-nitro a-
hydroxy esters 3 are formed.

(1)

Different chiral ligands, Lewis acids and bases have been tested
as catalyst for the enantioselective Henry reaction of ethyl
pyruvate 1a with nitromethane 2. The most promising results
were found when the chiral bisoxazoline ligands6 (S)-t-Bu-
BOX 4a, (R)-Ph-BOX 4b and (4R,5S)-DiPh-BOX 4c, were
used in combination with copper(II) as the Lewis acid.7 Table 1
presents some representative results from the screening.

Of the three chiral bisoxazoline–copper(II) catalysts pre-
sented for the reaction, the combination of (S)-t-Bu-BOX 4a as

ligand and Cu(OTf)2 as the Lewis acid gave the most promising
results with > 95% conversion and 92% ee of the Henry adduct
3a (entry 1) at rt, compared to > 95% conversion and 14% ee for
(R)-Ph-BOX–Cu(OTf)2 and 11% conversion and 18% ee for
(4R,5S)-DiPh-BOX–Cu(OTf)2 (entries 2, 3). Reduction of the
catalyst loading from 20 mol% to 10 mol% does not change the
conversion and enantioselectivity of the reaction significantly
when using (S)-t-Bu-BOX–Cu(OTf)2 as the catalyst (entry 4).
The conversion and enantioselectivity of the reaction of 1a with
2 is also dependent on the amount of base relative to the catalyst.
A reduction of the amount of Et3N to 10 mol%, or an increase
to 40 mol%, relative to the catalyst (20 mol%) gave a significant
reduction in conversion and enantioselectivity for the first
combination, and a high conversion and a racemic product 3a
for the latter combination (entries 5, 6). In the presence of NEt3
and no chiral Lewis acid the reaction proceeds with full
conversion (entry 7). The reaction also proceeds well in the
presence of (S)-t-Bu-BOX–Cu(SbF6)2 as the catalyst: > 95%
conversion is found and 3a is obtained with 81% ee (entry 8).
Changing the Lewis acid from copper(II) to zinc(II) [(S)-t-Bu-
BOX–Zn(OTf)2] leads to a reaction with only 16% ee of the
other enantiomer (entry 9).

The reaction of 1a with 2 catalyzed by (S)-t-Bu-BOX–
Cu(OTf)2 is base dependent. The results for some representative
bases are: Hünigs base 31% conversion, 69% ee; dimethylani-
line 14% conversion, 9% ee; N-methylmorpholine 65% conver-
sion, 83% ee; Bn3N 10% conversion, 14% ee, compared to
> 95% conversion and 92% ee applying Et3N. It should also be
noted that lowering the reaction temperature did not improve
the enantioselectivity (at 0 °C: full conversion, 89% ee).

The potential of the reaction is demonstrated for the reaction
of the a-keto esters 1a–f with 2 catalyzed by (S)-t-Bu–BOX–
Cu(OTf)2 as shown in Table 2.‡

Ethyl pyruvate 1a reacts with nitromethane 2 to give
2-hydroxy-2-methyl-3-nitropropanoic acid ethyl ester 3a in
95% yield and with 92% ee (Table 2, entry 1). The correspond-
ing ethyl analogue 1b reacts in a similar way to give the Henry

† Electronic supplementary information (ESI) available: spectroscopic and
analytical data. See http://www.rsc.org/suppdata/cc/b1/b105929g/

Table 1 Some representative results from the screening of reaction
conditions for the catalytic enantioselective Henry reaction of ethyl
pyruvate 1a with nitromethane 2 in the presence of Et3N as the base at room
temperature

Entry Catalyst

Catalyst
loading
(%)

Base
(%)

Conver-
sion
(%)a

Ee
of 3a
(%)b

1 (S)-t-Bu-BOX–Cu(OTf)2 20 20 > 95 92
2 (R)-Ph-BOX–Cu(OTf)2 20 20 > 95 14
3 (4R,5S)-DiPh-BOX–Cu(OTf)2 20 20 11 18
4 (S)-t-Bu-BOX–Cu(OTf)2 10 10 84 81
5 (S)-t-Bu-BOX–Cu(OTf)2 20 10 11 49
6 (S)-t-Bu-BOX–Cu(OTf)2 20 40 > 95 < 5
7 — — 20 > 95 —
8 (S)-t-Bu-BOX–Cu(SbF6)2 20 20 > 95 81
9 (S)-t-Bu-BOX–Zn(OTf)2 20 20 87 216
a Determined by 1H-NMR spectroscopy. b Determined by chiral GC using
a Chromopack CP-Chiracil (b-PM) column.

This journal is © The Royal Society of Chemistry 2001
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adduct 3b in 46% yield and 90% ee at rt (entry 2). The yield of
the Henry adduct is increased to 73% without significant loss in
enantioselectivity by heating the reaction mixture to 50 °C
(entry 3). In the same manner, the corresponding benzyl ester 1c
gives 69% yield of 3c with 87% ee (entry 4). The a-keto ester
1d reacts with 2 giving a moderate yield and enantioselectivty
(entry 5) compared to the other reactions presented. The
aromatic a-keto esters 1e,f react with 2 in the presence of (S)-t-
Bu-BOX–Cu(OTf)2 as the catalyst to give the optically active
Henry adducts in excellent yield and enantioselectivity as 81%
and 86% ee of 3e, and 99% yield and 93% ee of 3f, respectively,
are obtained (entries 6,7).

This new catalytic enantioselective Henry reaction leads to a
simple synthetic approach to attractive functionalized optically
active b-nitro a-hydroxy esters,2 while reduction of the nitro
functionality gives the corresponding optically active b-amino
a-hydroxy esters which are highly attractive compounds in
organic chemistry,8 e.g. the side chain in taxol.

In summary, the first catalytic enantioselective addition
reaction of a-keto esters with nitromethane has been developed.
This approach shows for the first time that ketones undergo
catalytic highly enantioselective Henry reactions giving attrac-
tive optically active b-nitro a-hydroxy esters having a chiral
quaternary carbon center. Further work is in progress to
develop, understand and apply this new type of catalytic
enantioselective Henry reaction.

We are indebted to The Danish National Research Founda-
tion for financial support.

Notes and references
‡ Representative experimental procedure. To a flame dried Schlenk tube
Cu(OTf)2 (36.2 mg, 0.100 mmol) and 2,2A-isopropylidenebis[(4S)-4-tert-
butyl-2-oxazoline] (30.9 mg, 0.105 mmol) were added. The mixture was
stirred under vacuum for 2 h and filled with N2. Dry freshly distilled MeNO2

(2 ml) was added and the solution was stirred for 1 h. Ethyl pyruvate 1a (56
ml, 0.50 mmol) was added followed by the addition of Et3N (14 ml, 0.1
mmol) and reacted for 16 h under N2 at rt. The reaction mixture was filtered
through a plug of silica with Et2O. The solvent was removed in vacuo and
the residue was purified by FC (silica: 10% Et2O in CH2Cl2) to yield
2-hydroxy-2-methyl-3-nitropropanoic acid ethyl ester 3a as a pale yellow
oil (84 mg, 0.475 mmol, 95%) with 92% ee detected by chiral GC using a
Chromopack CP-Chiracil (b-PM) column, t(minor) = 23.4 min, t(major) =
24.1 min, [a]23

D = +10.2° (c = 1.19 g per 100 ml in CH2Cl2). 1H NMR (400
MHz, CDCl3) d 4.83 (d, J = 14 Hz, 1H), 4.55 (d, J = 14 Hz, 1H), 4.34 (m,
2H), 3.71 (s, 1H), 1.45 (s, 3H), 1.33 (t, J = 7.2 Hz, 3H); 13C NMR (100
MHz, CDCl3) d 173.4, 80.9, 72.3, 62.9, 23.7, 13.8; HRMS [M + Na]+ calcd:
C6H11NO5, 200.0535; found: 200.0282.

1 L. C. Henry, R. Hebd. Seances Acad. Sci., 1895, 120, 1265.
2 See e.g.: D. Seebach, E. W. Lehr and T. Weller, Chemia, 1973, 33, 1; G.

Rosini, Comprehensive Organic Synthesis, ed. B. M. Trost and C. H.
Heathcook, Pergamon Press, Oxford, 1991, Vol. 2, p. 321; M. Shibasaki
and H. Gröger in Comprehensive Asymmetric Catalysis I-III, ed. E. N.
Jacobsen, A. Pfaltz and H. Yamamoto, Springer-Verlag, Berlin–
Heidelberg, 1999, Chapter 29.3; F. A. Luzzio, Tetrahedron, 2001, 57,
915.

3 See e.g.: H. Sasai, T. Suzuki, S. Arai, T. Arai and M. Shibasaki, J. Am.
Chem. Soc., 1992, 114, 4418; H. Sasai, T. Suzuki, N. Itoh and M.
Shibasaki, Tetrahedron Lett., 1993, 34, 851; H. Sasai, T. Tokunaga, S.
Watanabe, T. Suzuki, N. Itoh and M. Shibasaki, J. Org. Chem., 1995, 60,
7388; K. Iseki, S. Oishi, H. Sasai and M. Shibasaki, Tetrahedron Lett.,
1996, 37, 9081; T. Arai, Y. M. A. Yamada, N. Yamamoto, H. Sasai and
M. Shibasaki, Chem. Eur. J., 1996, 2, 1368.

4 See also: R. Chinchialla, C. Nájera and P. Sánches-Agulló, Tetrahedron:
Asymmetry, 1994, 5, 1393; A. P. Davis and K. J. Dempsey, Tetrahedron:
Asymmetry, 1995, 6, 2829.

5 For a review about the catalytic formation of molecules with quaternary
carbon centers: E. J. Corey and A. Guzman-Perez, Angew. Chem., Int.
Ed., 1998, 37, 388.

6 For recent reviews see: J. S. Johnson and D. A. Evans, Acc. Chem. Res.,
2000, 33, 325; K. A. Jørgensen, M. Johannsen, S. Yao, H. Audrain and J.
Thorhauge, Acc. Chem. Res., 1999, 32, 605; A. K. Ghosh, P. Mathivanan
and L. Cappiello, Tetrahedron: Asymmetry, 1998, 9, 1.

7 The chiral bisoxazoline–copper(II) complexes can also catalyze the
highly enantioselective addition of nitro compounds to imines: N.
Nishiwaki, K. R. Knudsen, K. V. Gothelf and K. A. Jørgensen, Angew.
Chem., Int. Ed., 2001, 40, 2992.

8 C. Cativiela, M. D. Diez-de-Villegas and J. A. Gálvez, Tetrahedron:
Asymmetry, 1996, 7, 529 and references therein.

Table 2 Catalytic enantioselective addition of nitromethane to various a-
keto esters catalyzed by (S)-t-Bu-BOX–Cu(OTf)2 in the presence of Et3N as
the base

Entry a-Keto ester Yield (%)a Ee (%)b

1c 1a 95 92
2c 1b 46 90
3d 1b 73 87
4d 1c 69 87
5d 1d 47 77
6c 1e 81 86
7c 1f 99 93

a Isolated yield. b Determined by chiral GC or HPLC. c Reaction performed
at rt. d Reaction performed at 50 °C.
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Unexpected solute aggregation in water on dilution
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Studies on cluster–cluster aggregation phenomena in aque-
ous solutions of fullerene–cyclodextrin conjugates, b-cyclo-
dextrin, sodium chloride, sodium guanosine monophos-
phate, and a DNA oligonucleotide revealed that there are
larger aggregates existent in dilute aqueous solutions than in
more concentrated solutions.

There has been recent interest in cluster studies in a variety of
compounds in solutions including those of functionalized
fullerenes in water. C60 functionalized with hydrophilic groups
and C60 inclusion complexes with g-cyclodextrin in aqueous
solution are known to form clusters and aggregates.1,2 Molec-
ular dynamics simulations3 followed by experiments4 proved
the existence of submicrometer-sized clusters in electrolyte
solutions. Cluster studies on polyelectrolytes,5 amphiphilic
heteropolymers,6 and other polymers7 have been reported.
While studying the particle size of water-soluble fullerene–
cyclodextrin conjugates by using laser light scattering (LLS)
and scanning electron microscopic (SEM) measurements, we
observed that the cluster size increased steadily with decreasing
concentration of the fullerene compound, in contrast to pristine
fullerenes in organic solvents.8 Interestingly, aqueous solutions
of unmodified b-cyclodextrin (CD) showed a similar behavior
on dilution. Then we measured the cluster size of sodium
chloride, guanosine monophosphate disodium salt (GMP), and
a DNA oligonucleotide in water at different concentrations.
Surprisingly, we found an inverse relationship between the
aggregate size and concentration confirmed for all these solutes.
This finding could be of general importance with profound
implications on the universal understanding of diverse phenom-
ena involving dilution and dilute solutions.

Recently we reported a new class of water-soluble fullerene–
cyclodextrins.9 Aqueous solutions of these fullerene derivatives
have characteristic UV-Vis spectra with a broad peak in the
visible region starting from ~ 400 nm, which was attributed to
aggregation of fullerenes in water, as reported for other water-
soluble fullerene derivatives.10 While exploring further the
aggregation phenomena in aqueous solutions of fullerene–
cyclodextrin conjugates by LLS measurements, we observed
clusters, as expected. When the particle size of these clusters
was measured† in solution by LLS, after each successive
dilution a steady increase in size was noticed. The results for
one of the fullerene derivatives, the mono-6-aza-6-deoxy-b-
cyclodextrin–[60]fullerene (C60 covalently bonded to b-cyclo-
dextrin via a bridging nitrogen atom, CDAzF) are presented in
Fig. 1. The average particle size (Zav values) increased from
0.55 to 3.255 mm with decreasing concentration of the solution
from 0.216 to 0.01 mM, respectively. At the highest concentra-
tion of 0.216 mM, the polydispersity was 0.086, which
increased to 0.425 when the solution was diluted to 0.043 mM.
For all other concentrations, the polydispersity was 1.000. The
cause of this unexpected growth of the cluster size on dilution
was quite intriguing, and we decided to look into it further.

The LLS studies were conducted for CD solutions of
concentrations 14.27 to 0.3524 mM, prepared by dissolving
appropriate quantities of the CD solid in water. Interestingly,
clusters were found for each solution, their size increasing from
0.393 to 3.12 mm with decreasing solute concentration. Two of

these solutions of initial concentrations 14.2 and 7.2 mM were
diluted successively with water and the particle size at each
dilution measured. For both the solutions the average particle
size increased, from 0.393 to 0.915 mm and 0.518 to 1.285 mm,
respectively. It could also be seen that the concentration vs.
particle size curves did not merge into one line and the extent of
particle size increase was higher for CD solutions of lower
starting concentration than for solutions of higher initial
concentration, indicating that the solution history is an im-
portant factor in the growth dynamics of the aggregates. Thus,
in the aggregation process of the cyclodextrin-appended
fullerene derivative, in addition to fullerenes, the macrocyclic
ring also plays a vital role.

To determine if this is a phenomenon quite specific for these
typical water-soluble fullerene derivatives and cyclodextrins, or
a more broad-based one, the effect of dilution on the particle
size of some other water-soluble compounds such as NaCl,
GMP, and a DNA oligonucleotide was studied. The reason for
the above choice of molecules emerged from recent experi-
mental reports of clusters in aqueous medium of a variety of
compound classes.4

The Zav data at different concentrations for NaCl and DNA
are given in Fig. 2. The concentrated aqueous solution of 5.5 M
NaCl was diluted with water in successive steps to 0.785 M. The
aggregate size was seen to rise from 1.491 to 4.95 mm. The
dilution of a 0.2 M GMP solution in water showed a similar rise
of aggregate size from 0.193 to 3.506 mm. For aqueous solutions
of a DNA oligonucleotide (Mn 9.745, Mw 13.205 kg mol21;
polydispersity 1.335) with an initial concentration of 2.5 g dL21

the average particle size increased from 0.196 to 0.512 mm on
dilution. The size did not increase significantly until a
concentration of about 0.45 g dL21, beyond which further
dilution led to a rapid growth of the aggregates.

Though the clusters were detected in solution, it would be
more conclusive to have visual evidence. Therefore we
examined the SEM scans (JEOL, JSM-5800) of Au-coated CD
films cast from diluted solutions. However, no spherical
particles could be identified. This was expected, as drying of the
solutions would result in CD molecules settling down to their

Fig. 1 Dynamic light scattering monomodal distribution plot showing
increasing particle size with decreasing mono-6-aza-6-deoxy-b-cyclodex-
trin–[60]fullerene (CDAzF) concentration.

This journal is © The Royal Society of Chemistry 2001
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well identified crystal lattice. We made a comparison of the X-
ray powder diffraction patterns of CD, C60, and CDAzF. While
both C60 and CD had a large number of reflections of strong
intensity, the macrofullerene CDAzF was identified as highly
amorphous with practically no peaks. Therefore, it was possible
that its solutions cast as films might show the clusters. Solutions
of the compound CDAzF at the same concentrations as for the
LLS studies were cast on clean glass substrates and dried at 60
°C for 12 h under vacuum. The SEM scans clearly showed the
clusters and their aggregates (Fig. 3). In the concentrated
solution (0.216 mM), the shapes of the particles were irregular.
However, on dilution, spherical clusters appeared, which were
seen to aggregate in steps resulting in a size increase with
decreasing concentration. Similarly, the SEM scans for the
DNA film cast from a solution of concentration 1.9 g L21 and
dried at room temperature under vacuum clearly showed
macroclusters ( ~ 0.5–1 mm), consisting of several spherical
clusters. Above this concentration, clusters were present, but no
cluster–cluster aggregation could be identified. By expecting
clusters and their aggregates in the SEM scans, it was implicitly
assumed that these aggregates are intrinsically stable in the
drying process, i.e., that the SEM pictures reflect the ‘original’
situation. This assumption is not without ground, as very stable
clusters have been reported recently,7b which, once formed
could not be destroyed later by dissolution in water or an
aqueous 0.2 M HCl solution at room temperature or by heating
under vacuum at high temperature (160 °C).11

It appears that there is an equilibrium in the solution between
clusters and aggregates of clusters, which is dynamic and
dependent on various factors such as concentration, solution
history, time, temperature, etc. That the steady increase in
cluster size was primarily a concentration-related phenomenon,
not time-dependent, was ascertained when we measured the
cluster size of these compounds in aqueous solutions over three
days. The increase in size with time was very small compared to
the large and almost instantaneous increase in size on
dilution.

Why are clusters formed in solution at all let alone their
subsequent aggregation? There are several reports of possible
mechanisms of cluster formation. To cite an example, from

molecular dynamics simulations it was found that non-neutral
ion pairs in a solution of NaCl are stabilized by at least one
counter ion, forming large ionic clusters that include the
hydration molecules.3 In spite of several theoretical explana-
tions, the exact nature of the interactions involved in cluster
formation is not clearly known.4 It could be attributed,
depending on the nature of the species involved (both solute and
solvent), to electrostatic, hydrophilic, or hydrophobic inter-
actions. Aggregation of clusters, leading to formation of
macroclusters, could be governed by similar interactions to
those responsible for the formation of the clusters. The well-
known Stokes–Einstein equation, D = kT (6phrs)21, (where k
is the Boltzmann constant, D is diffusivity, and rs, is the radius
of particles in a solution of dynamic viscosity h at temperature
T) provides the basic relationship that determines the diffusivity
of particles. Dilutions leading to decreases in viscosity would
apparently increase diffusivity of particles, facilitating the
interaction among the clusters leading to cluster–cluster
aggregation. On the other hand, this aggregation means an
increase in the radius of the particle and consequent decrease in
diffusivity. Obviously, the situation is more complex than can
be visualized from a simple interpretation of the above equation,
and apparently the unusual observation could have a bearing on
the dynamics of the process involving clusters and aggregates of
clusters. Future experimental and theoretical work would offer
suitable explanations for the underlying mechanism.

The authors express their gratitude to the Korean Federation
of Science and Technology and the Ministry of Education for
‘brain pool’ and ‘BK21’ projects that provided funding to carry
out this work.
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† Solutions of the compounds in high purity water (HPLC grade) were
filtered using a 0.8 mm syringe filter, and the particle dimensions in solution
were measured directly using quasi-elastic light scattering. Measurements
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England), equipped with an Ar+ laser operating at 700 mW power and 477
nm wavelength, and a computer-controlled correlator, at a 90° accumulation
angle. The solutions were thermostatted to 30.0 ± 0.1 °C before each
measurement in disposable polystyrene cuvettes. The data were processed
using S4700 version PCS v1.26 software, which gives directly the particle
size distribution, average particle size, and polydispersity.
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Fig. 2 Increasing Zav values with decreasing concentration for different
compound classes.

Fig. 3 SEM picture of mono-6-aza-6-deoxy-b-cyclodextrin–[60]fullerene
(CDAzF) films cast from aqueous solutions (300003 magnification).
[CDAzF] (mM): (a) 0.216, (b) 0.043, (c) 0.031, (d) 0.024, (e) 0.017, (f)
0.013.
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Porosity and acidity of molecular sieve Al-MCM-41 (ca. 30 Å
pore diameter) plays a crucial role in the synthesis of novel
calix(4)pyrroles; for the first time, Al-MCM-41 has been
used as a solid acid catalyst to produce a number of
calix(4)pyrroles with good selectivity and yields where
zeolite HY (ca. 7.6 Å pore diameter) yields mainly the linear
chain dimer and no cyclic products.

Calix(4)pyrroles, which are analogous to calix(4)arenes have
gained much attention because of their properties as binders of
anionic species, transition metals and neutral substrates.1–4

Selective synthesis of these calix(4)pyrroles 1, in high yields by
an environmentally clean process is of topical interest, so as to
meet the increasing demand of reducing the pollution hazards
caused by the usage of homogeneous acid catalysts,5 which
require acid neutralization and tedious work-up procedures.
This prompted us to study the macrocyclization reactions for the
first time over zeolites,6 as there are no reports wherein they
have been used as catalysts. However, owing to their smaller
pore size, they were of limited use in the synthesis of
macrocycles. Nevertheless, this objective could be achieved by
employing uni-dimensional molecular sieves, Al-MCM-41.7
Here, we report for the first time the selective synthesis of
various novel calix(4)pyrroles over a mesoporous Al-MCM-41
catalyst in an eco-friendly procedure.

An equimolar ratio of pyrrole and ketone was refluxed in
dichloromethane over Al-MCM-41§ (Table 1). When cyclohex-

anone condensed with pyrrole, tetraspirocyclohexyl calix-
(4)pyrrole 1a, was obtained with high yield and selectivity.
Along with 1a,  the acyclic oligomers, linear dimer, trimer and
tetramer (1b, 1c and 1d) were also observed. The higher
reactivity and selectivity of 1a (ca. 14.20 Å)8 in Al-MCM-41 is
attributed to the large pore size (ca. 30 Å) and high surface area
(980 m2 g21). In line with this, a very low yield and selectivity
were observed in HY, HZSM-5(30) and SAPO-5 zeolites as
they have smaller pore sizes than the product 1a, viz. 7.5, 5.6
and 7.3 Å, respectively (Scheme 1).

In the case of HY zeolite, 1b is the major product while some
amounts of 1c and 1d are also observed (Table 1). However, no
amount of cyclic 1a was observed. In the case of HZSM-5(30),
again 1b was the major product along with a minor component
of 1a and negligible amounts of 1c and 1d. It is believed that 1a
is formed due to a surface reaction. In fact, this was confirmed
by surface poisoning carried out in the form of silylation with
tetraethyl orthosilicate (TEOS) following the chemical vapour

† Electronic supplementary information (ESI) available: selected analytical
and spectral data for compounds 1–10. Table S1: results of Monte Carlo
simulations. Fig. S1: cross-sectional view of the supercell of Al-MCM-41
in which the relative orientations of 1a and other molecules are seen. See
http://www.rsc.org/suppdata/cc/b1/b105690p/
‡ IICT Communication No. 4641.

Table 1 Reaction conditions and percentage of yield of various calix(4)pyrroles over MCM-41 catalysts

Conversion Products yield (wt%)
of pyrrole

Catalyst Ketone Time/h (%) Cyclic tetramer Linear dimer Othersa

Al-MCM-41 Cyclohexanone 10 95.0 70.3 (1a) 12.3 (1b) 12.4
HY Cyclohexanone 10 87.9 — 62.7 (1b) 16.2
HZSM-5(30) Cyclohexanone 10 69.6 10.7 (1a) 53.0 (1b) 5.9
HZSM-5(30)b Cyclohexanone 10 82.3 — 61.2 (1b) 21.1
SAPO-5 Cyclohexanone 10 16.0 — 11.6 (1b) 4.4
Al-MCM-41c Cyclohexanone 10 93.0 64.7 7.5 20.8
Al-MCM-41 Cyclopentanone 20 74.3 62.7 (2a) 4.3 (2b) 7.3
Al-MCM-41 Cycloheptanone 72 69.8 26.7 (3a) 27.4 (3b) 15.7
Al-MCM-41 Cyclooctanone 120 78.0 8.3 (4a) 46.0 (4b) 23.7
Al-MCM-41 2-Methyl cyclohexanone 10 60.2 5.1 (5a) 33.8 (5b) 21.3
Al-MCM-41 Acetone 10 95.0 70.3 (7a) 12.3 (7b) 12.4
Al-MCM-41 Cyclohexanone + Acetone 10 92.7 8.0 (6a) 40.6 (6b) 6.9

21.9 (1a) 12.2 (7b)
3.1 (7a)

Al-MCM-41 Ethyl acetoacetate 72 — Trace (8a) — —

Standard reaction conditions include pyrrole+ketone (1+1 mole ratio) in dichloromethane solvent (20 ml). a Includes linear trimer and tetramer. b Catalyst
surface was poisoned by chemical vapour deposition with tetraethyl orthosilicate (TEOS). c Al-MCM-41 external surface was passivated using Ph2SiCl2

Scheme 1 Shape-selective synthesis of tetraspirocyclohexyl calix(4)pyrrole
over MCM-41 and HY catalysts.
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deposition method. However, in order to show that the
macrocyclization is actually taking place inside the large pores
of Al-MCM-41, the external surface of the mesoporous
framework was treated with Ph2SiCl2 under non-diffusive
conditions.9 Yields of the cyclized product were comparable to
those of the unpassivated Al-MCM-41. It is also interesting to
note that SAPO-5, a mild acidic catalyst having a similar pore
size as that of HY produced a lower conversion, indicating that
the stronger acidic medium facilitates the condensation reac-
tion. Other experiments involving Si/Al catalysts also resulted
in low yields as well as selectivity for 1a.

The selective syntheses of calixpyrroles over various molec-
ular sieves were also studied by molecular simulations and the
results are exactly comparable. The sorption studies10 involving
HY zeolite indicate very high loading for only 1b (Table S1)
indicating relatively free translation and rotational motion along
the channels of HY. In fact, higher oligomers were not loaded
during the entire length of the simulation. As expected, cyclic
1a could not be formed even inside the supercage as its
molecular size is larger than the reaction cavity size. For Al-
MCM-41, when 1a, 1b, 1c and 1d are considered as sorbents
along with the reactants pyrrole and cyclohexanone, the two
reactants constitute a major portion of the total sorbents and
decreasing concentrations of 1b, 1c, 1d and 1a were observed.
This is significant given that the average energy of 1a is much
lower than the other oligomers. The stabilization energy of 1a is
consistently lower than all other products and this stabilization
energy is equal to that of the single sorbent 1a simulation run.
In the presence of other oligomers and reactants, i.e. in the
initial stages of the reaction, a maximum amount of 1b is
formed. However, subsequent reactions produce linear trimer
and tetramers. These readily condense with another cyclohex-
anone to form highly stabilized cyclic 1a.

The synthesis of substituted calix(4)pyrroles was also
attempted by condensation of various cyclic ketones with
pyrrole over Al-MCM-41 and the results are shown in Table 1.
Higher and lower cylic ketones were used in the reaction with
pyrrole on Al-MCM-41 in dichloromethane solvent. With
cyclopentanone, tetraspirocyclopentyl calix(4)pyrrole 2a was
produced. When the ring size is increased further, the reactivity
and selectivity decrease. The increased ring size could have
some severe electronic and/or steric effects on the reactivity.
However, when cycloheptanone and cyclooctanone were used,
initially, dimers 3b and 4b were formed even after 10 h. When
the reaction was continued for over 3 and 5 days, the respective
cyclic tetramers tetraspirocycloheptyl calix(4)pyrrole 3a and
tetraspirocyclooctyl calix(4)pyrrole 4a were formed and when

2-methyl cyclohexannone was used, tetraspiro(2-methylcyclo-
hexyl) calix(4)pyrrole 5a was obtained. Incidentally, this is the
first report on the formation of a number of macrocyclic
compounds such as 3a, 4a, 5a and 7a. All the cyclic and acyclic
oligomers were fully characterized by MS, HR-MS, 1H and 13C
NMR spectroscopy.

In the case of acetone, octamethyl calix(4)pyrrole 7a was
produced in higher yields.11 Increasing the chain length of the
ketones on either or both sides, i.e. by taking methyl ethyl
ketone and pentan-3-one, tetramethyltetraethyl calix(4)pyrrole
9a and octaethyl calix(4)pyrrole 10a are observed after 3 and 5
days respectively. This could also be due to the same factors as
observed in cylic ketones of higher ring size.

A type of structural mimicry was attempted when pyrrole was
refluxed in dichloromethane with a 1+1 mixture of cyclohex-
anone and acetone. A minor component, cyclic tetramethyl
dicyclohexyl calix(4)pyrrole 6a, consisting of two acetone and
cyclohexanone units alternately, was formed along with major
1a and minor 7a products. Similarly, when a b-keto ester,
ethylacetoacetate was used only traces of functionalized
calixpyrrole 8a, which was confirmed by HR-MS, were
formed.

The regenerability and reusability studies of the catalyst have
shown that constant yields and selectivities can be obtained
even after as many as 5–6 cycles. The powder X-ray diffraction
patterns are very similar before and after the reaction, indicating
the robustness of the catalyst. The present investigations can be
extended in terms of varying the pore size and acidity in order
to optimize the yield and selectivity of calix(n ! 4)pyrroles of
definite size and shape. Further work along these lines is in
progress.

In conclusion, a versatile, novel, shape selective, eco-friendly
and simple protocol for the preparation of calix(4)pyrroles and
novel calix(4)pyrroles has been achieved using mesoporous
molecular sieves as catalysts.

M. R. K. is thankful to CSIR, India, for a Senior Research
Fellowship.

Notes and references
§ General procedure for the condensation reaction: equimolar (1+1)
amounts of pyrrole (7.2 mmol) and ketone were dissolved in 20 ml
dichloromethane taken in a 100 ml round bottomed flask. To this, 0.5 g of
the calcined and dried catalyst was added and the reaction mixture was
allowed to reflux for 10 h/days depending on the reaction. After the reaction
the catalyst was separated by filtration and washed thoroughly with 100 ml
dichloromethane (20 3 5). The solvent was then removed under reduced
pressure to give a viscous residue. Products were separated by column
chromatography using silica (100-200 mesh size) with n-hexane as eluent.
Quantification was done using the CAMAG HPTLC system and compared
with isolated yields.
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Ti-containing polysiloxane epoxidation catalysts have been
prepared by controlled hydrolysis of titanium- and alkylsi-
lane precursors. These polysiloxanes exhibit very high yields
to epoxides in the epoxidation reaction of primary alkenes
with organic hydroperoxides.

Epoxides, particularly propylene oxide, are a class of commod-
ity chemicals of enormous importance in the chemical industry.
The oxidation of alkenes to the corresponding epoxide in liquid
phase with organic hydroperoxides in the presence of a catalyst
is well known. Generally, hydrocarbon-soluble organometallic
compounds of transition metals can be employed as the
homogeneous catalyst. Examples are vanadium or molybdenum
compounds.1 Other alternatives include the use of heteroge-
neous catalysts such as a chemical combination of titania–
silica,2 titanium incorporated in a zeolite framework (i.e. Tib)3

or into the framework or grafted mesoporous silicas.4 Although
homogeneous titanium-containing epoxidation catalysts are
known,5 the selectivity to the alkene oxide obtained with such
catalysts is significantly lower than those obtained with the
above heterogeneous catalysts, some improvements having
been found with polyorganometallosiloxane synthesized in a
neutral solvent such as toluene. However, selectivity and
conversion are still lower than with heterogeneous catalysts6

and, despite more recent attempts with titano–silsesquioxanes,7
these compounds continue to be tedious, expensive and time-
consuming to prepare.

It is by now widely accepted that the active site for
epoxidation in titanium-containing materials is of tetrahedral
nature. This makes it very important to have a method for
preparing the catalysts that will avoid the formation of titanium
in octahedral coordination. In this report, we describe a new
method for the synthesis of a homogeneous catalyst for the
epoxidation of alkenes with a high yield of hydroperoxide to
epoxide.

The catalysts were prepared in the following manner: 1.25
mmol of titanium(IV) precursor (titanium isopropoxide or
titanium tetrachloride) was added to 100 ml of solvent (toluene
or THF) under a nitrogen atmosphere and the solution was
stirred for 15 min at rt. Then, 50 mmol of silicon precursor was
added. Following this, 6 ml of water was added dropwise for
2 h and a clear solution was obtained, when a halogenated
precursor was employed, 80 mmol of sodium carbonate was
added to neutralize the HCl byproduct and excess Na2CO3 was
removed by centrifugation at 6000 rpm for 20 min. The solvent
was removed at 363 K under reduced pressure. For comparative
purposes a polysiloxane was prepared without the addition of a
titanium precursor in toluene (called B). Samples were also
prepared in the presence of Hacac, which was added together
with a titanium precursor. The Ti-loading of the catalysts was
close to 1 wt % determinated by ICP-AES. The IR spectra of
these titanopolysiloxanes showed bands characteristic of the
aromatic ring as well as that of the Si–O bond. A clear band
located at 920 cm21, associated with Ti–O–Si8 linkages could
also be discerned. A broad band was observed between
3700–3200 cm21 with a shoulder at 3625 cm21, suggesting the

Fig. 1 Diffuse reflectance spectra (Kubelka–Munk–Schuster function) of
the catalysts recorded with a Shimadzu UV-2100 spectrometer without
pretreatment.

Fig. 2 O 1s core-level spectra of outgassed samples at rt acquired with a VG
Escalab 200R spectrometer. The binding energies (BE) were referenced to
the C 1s peak at 284.9 eV.

This journal is © The Royal Society of Chemistry 2001
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presence of phenyl-bonded silanol.9 Catalysts G-3 and G-6
exhibited additional weak bands in the region from 1600 to
1200 cm21 due to the presence of Hacac, which remains
strongly adsorbed on the Ti(IV) sites10 even after the titanopoly-
siloxane has been formed.

The electronic spectra (Fig. 1) of samples G-1, G-2, G-4 and
G-5 showed a band centred around 250 nm, typical of Ti(IV)
located in a slightly distorted tetrahedral environment,11

although the catalysts prepared without the coordinating agent
(G-1 and G-4) displayed a weak shift to higher wavelengths.
This was attributed to the formation of polymeric titanium
species. Despite this, the electronic spectra of samples G-3 and
G-6 proved to be different, showing an additional band at about
400 nm characteristic of Ti(IV) in an octahedral environment.11

The origin of the octahedral coordination lies in the fact that
Hacac binds to Ti(IV) sites, as already confirmed by IR
spectroscopy.

The photoelectron spectra of the Ti 2p core-level showed a
single component for the most intense Ti 2p3/2 peak at a binding
energy of 460.1 eV, corresponding—in accordance with the
electronic spectra—to Ti(IV) sites in tetrahedral coordination.12

No octahedrally coordinated Ti(IV) species (binding energy of
Ti 2p3/2 peak at around 459 eV11) were observed in samples G-3
and G-6. A tentative explanation for this is that under the
ultrahigh vacuum conditions required to pretreat the samples
prior to recording the photoelectron spectra, the Hacac ligands
of samples G-3 and G-6 bound to  the Ti(IV) site could be lost,
thus changing the original coordination Ti(IV)oct ? Ti(IV)tet.
However, significant differences were observed in the O 1s line
profiles (Fig. 2). This peak could be resolved into three
components: the first at 534.1 eV, typical of oxygen in
molecular water (H–O–H); a second at 533.0 eV, assigned to
oxygen in Si–O–Si bonds, and a third at 532.3 eV, which could
be ascribed to oxygen in terminal groups of the R–Si–O–H
phenyl-bonded or even Si-O-Ti type.13 The latter component
(532.3 eV) increases with the increase in Ti content (sample B
vs. sample G-1), and even more so in the catalysts prepared in
the presence of THF or Hacac. The intensity of the component
with a binding energy of 532.3 eV is higher than expected for
the formation of Ti–O–Si bonds exclusively. This effect
suggests that titanium incorporation into polysiloxane, with the
corresponding Ti–O–Si bond formation, modifies the structure
of polysiloxane, more OH groups being developed within the
polymer.9 This is in agreement with the electronic spectra of the
titanopolysiloxane samples G-1 and G-5, in which polymeric
titanium species (Ti–O–Ti–O–) were observed, with a sub-
sequent decrease in the formation of Ti–O–Si bonds.

In a typical epoxidation run, 45 g of oct-1-ene and 33 g of a
solution of 33 wt% of ethylbenzene hydroperoxide (EBHP) in
ethylbenzene were heated to the reaction temperature (393 K),
after which 0.30 g of catalyst was added, and was immediately
completely dissolved. The organic compounds were analyzed
on GC-FID equipment. Ethylbenzene hydroperoxide concentra-
tions were measured by standard iodometric titration. All the
catalysts afforded high conversions of ethylbenzene hydro-
peroxide (in most cases above 95%) (Table 1). However, the

compounds prepared from halogenated precursors exhibited
conversion levels of EBHP that were even higher than with the
alkoxide precursors (G-1 vs. G-4). The presence of compounds
that can coordinate with titanium during the preparation of
titanopolysiloxanes elicited an enhancement in the selectivity to
the epoxide (G-1 vs. G-2 and G-3, and G-4 vs. G-5 and G-6,
respectively). In the catalysts prepared in the presence of THF
or Hacac, titanium remained as isolated units in tetrahedral
coordination to oxygen, as already confirmed by the UV-visible
and photoelectron spectra, while those prepared in the absence
of these compounds (G-1 and G-4) exhibited polymeric
titanium species. The behavior of catalysts prepared with THF
or Hacac was different. Thus, the values of EBHP conversion
and selectivity to epoxide were found to be very high for the
catalysts prepared in the presence of ether (G-2 and G-5) and
somewhat lower for those prepared in the presence of Hacac (G-
3 and G-6), possibly because the Hacac molecule, still present
in the coordination sphere of Ti(IV)as confirmed by FTIR and
DRS UV-Vis spectra, hinders the adsorption of reactants
(hydroperoxide and alkene) on the active site and hence the
reaction rate decreases. It is remarkable that the G-2 catalyst
exhibited almost quantitative conversion of EBHP to epoxide.

Notes and references
1 H. Mimoun, M. Mignard, P. Brechotand and L. Saussine, J. Am. Chem.

Soc., 1986, 108, 3711; U. Masahiro and H. Yasuhiko, Atlantic Richfield
Co., US 4593012, 1986.

2 H. P. Wulf and F. Wattimena, Shell Oil Compamy, US 4367342, 1983;
R. A. Sheldom, J. Mol. Catal., 1980, 7, 107; M. Tamura, K. Yanmauchi
and K. Ichida, Sumitomo Chemical Company, EP 0734764, 1996.

3 M. A. Camblor, M. Constantini, A. Corma, L. Gilbert, P. Esteve, A.
Martinez and S. Valencia, Chem. Commun., 1996, 1339; R. Hutter, D.
C. M. Dutroit, T. Mallat, M. Schneider and A. Baiker, J. Chem. Soc.,
Chem. Commun., 1995, 163.

4 T. Blasco, A. Corma, M. T. Navarro and J. Perez-Pariente, J. Catal.,
1995, 156, 65; A. Baker, D. Dutoit and R. Hutter, Hoffman-La Roche
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Maschmeyer, J. M. Thomas and B. F. G. Johnson, Chem. Eur. J., 1995,
5(3), 1481.

8 A. Haoudi-Mazzah, P. Dhamelincourt, J. Gnado and A. Mazzah, J.
Raman Spectrosc., 1995, 26, 1027.

9 J. F. Brown, J. Am. Chem. Soc., 1965, 87, 4317.
10 K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordina-

tion Compounds, 5th Edition, John Wiley and Sons Inc., New York,
1997, p. 93, Part B.

11 F. Geobaldo, S. Bordiga, A. Zechina, E. Giamello, G. Leofanti and G.
Petrini, Catal. Lett., 1992, 16, 109.
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13 J. R. Sohn, H. J. Jang, M. Y. Park, E. H. Park and S. E. Park, J. Mol.
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Table 1 Catalysts prepared, titanium contents, reaction data in the epoxidation of oct-1-ene by ethylbenzene hydroperoxide (EBHP) at 393 K

Catalyst
Titanium
precursor

Silicon
precursor Solvent Ti/wt %

Reaction
time/min

% Conver-
sion of
EBHP

% Selectivity
to epoxidee

B — PhSiClc Toluene — — — —
G-1 TiCl4 PhSiClc Toluene 0.6 120 87 80
G-2 TiCl4 PhSiClc THF 0.9 60 100 97
G-3a TiCl4 PhSiClc Toluene 0.9 90 95 90
G-4 Ti(iPro)4

b PhSiMetd Toluene 1.1 90 100 83
G-5 Ti(iPro)4

b PhSiMetd THF 0.8 90 100 95
G-6a Ti(iPro)4

b PhSiMetd Toluene 1.1 60 100 91
a Hacac was added during the synthesis. b Ti(iPro)4: titanium isopropoxide. c PhSiCl: phenyltrichlorosilane. d PhSiMet: phenyltrimethoxysilane. e Based on
the EBHP consumed.

Chem. Commun., 2001, 2228–2229 2229



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Electrochemical evidence of H· produced by ultrasound
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Electrochemical evidence of H· produced by cavitation as
the result of ultrasonic irradiation of an aqueous solution is
presented.

The production of radical species1 through the generation of
high temperatures and pressure created in the interior of a
collapsing cavitation bubble is one of the fundamental pieces of
evidence for the phenomena classed as sonochemistry. These
high temperature and pressures (estimated† to be around 5000
K and 500 atm)2,3 are thought to break down the solvent matrix
according to reaction (1).

H2O ? OH· + H· (1)

The radical species generated, which have been detected in a
number of ways including spin trapping experiments performed
by Riesz and coworkers,1,4 have been suggested as possible
pollutant destruction agents owing to their extremely high redox
potential (e.g. OH· radicals,5 E° = +2.8 V). However, less
evidence is available for the use and detection of H· even though
in principle it is generated in equivalent quantities when
compared to OH· in the primary solvent degradation step [see
reaction (1)]. The chemical nature of these two radical species
is quite different.6–9 As an example, the OH· radical species is
known to initiate a number of different reactions within
solution10–12 while in contrast the H· atom can be rapidly
consumed directly by molecular oxygen.13 Indeed less attention
has been placed on H· perhaps due to these quenching
reactions.

Electrochemical evidence for the production of radical
species is limited. Compton and coworkers provided evidence
for OH· through a sono-EC’ reaction involving the electro-
chemical generation of a radical species (from the electroreduc-
tion of fluorescein) which in turn was re-oxidised by OH·
produced by ultrasound.14 However, to the knowledge of the
authors, no direct electrochemical evidence for H· appears in the
literature. We present here for the first time an electrochemical
method for the detection of H· produced by cavitation as the
result of ultrasonic irradiation of an aqueous electrolyte
solution.

Hart and Heinglein showed that it was possible to detect H·
production15 [measuring HO2·, see reaction (4)] using a system
containing Cu2+. In the electrochemical system reported here, a
Cu2+ solution is also employed. Reaction (2) is thought to be the
main process occurring as the H· diffuses into the liquid phase
of the mixture employed. The rate constant for the above
reaction was determined to be 9.1 3 107 dm3 mol21 s21.16

There are several competing reactions.3–7 Cu+ can also be
produced by reaction (4). However, the production of HO2· can
also be attributed to H· generation [see reaction (3)]. HO2· can
be generated from both products of reaction (1). However, in the
absence of a scavenger for OH·, reaction (6) dominates and the
geminate recombination product is preferentially formed.16 In
addition reaction (5) requires the presence of significant H2O2
concentrations and if this reaction was very important a non-
linear response in Fig. 1 would be expected. Also HO2· can be
consumed by reaction (7). Under these considerations it is

expected that the dominant reaction pathway leading to the
formation of Cu+ will involve the generation of H·.

Cu2+ + H·? Cu+ + H+ (2)

H· + O2? HO2· (3)

Cu2+ + HO2·? Cu+ + H+ + O2 (4)

OH· + H2O2? HO2· + H2O (5)

OH· + OH·? H2O2 (6)

HO2· + HO2·? H2O2 + O2 (7)

In order to stabilise the Cu+ species a solution containing a high
Cl2 concentration was employed. The complex that forms
(CuCl22) is stable and can be electrochemically detected as
shown in reaction (8) (Cu2+/CuCl22, E1/2 = +231 mV vs. SCE
as measured under similar conditions).

CuCl22 ? Cu2+ + 2Cl2 + e2 (8)

In order to detect the generated product (CuCl22) a pump was
used to remove small quantities of liquid from the reactor and
then pass this solution through a flow cell where electro-
chemical detection of the products could be achieved. This
method has a number of advantages when compared to
employing electrochemical detection of sonochemically gen-
erated products directly within the reactor. First, the mass
transfer characteristics of the flow cell can be well charac-
terised. Second, employing electrochemistry within an ultra-
sonic reactor, although producing efficient mass transfer close
to the cavitation phenomena, leads to non-steady state mass
transfer characteristics (particularly for microelectrodes) or
mass transfer characteristics that require careful calibration.
These two problems are avoided by employment of a flow
cell.

Fig. 1 Plot showing the current as a function of time for the electrochemical
detection of Cu+ produced by H· capture. The solution contained 10 mmol
dm23 CuSO4 in 1.5 mol dm23 NaCl. The experiment was performed under
aerobic conditions at 25 °C. The electrode (0.071 cm2) was held at +1 V vs.
SCE. The solution in the reactor was exposed to 125 kHz ultrasound. The
applied drive voltage amplitude was 100 V (corresponding to a measured
pressure amplitude of 421 kPa).‡ Ultrasonic irradiation of the liquid was
initiated at time t = 0 s, terminated at ‘A’ and re-started at ‘B’.

This journal is © The Royal Society of Chemistry 2001

2230 Chem. Commun., 2001, 2230–2231 DOI: 10.1039/b107617p



A 3 mm diameter glassy carbon electrode was held at +1 V vs.
SCE§ (a potential sufficient to oxidise any CuCl22 produced by
the reaction of H· with Cu2+ present within the solution). Fig. 1
shows the current time response for the glassy carbon electrode
employed within the flow cell. The solution contained Cu2+ in
a high [Cl2] media. Ultrasonic irradiation of the solution was
initiated at time t = 0. A ca. 25 s lag time was observed before
any CuCl22 was detected at the electrode. This corresponds to
the time taken for the solution to pass through the piping to the
flow cell. The current at t = 25 s is seen to deviate anodically
from its initial steady state condition. This is due to the
electrochemical oxidation of the CuCl22 produced by the
radical trap reaction. The gradient of the current time plot at this
point is constant indicating a steady production of CuCl22 and
therefore H· within the ultrasonic reactor. If the ultrasonic
irradiation of the solution was terminated (at time t = 100 s)
then, after the lag time produced by the piping, the current time
trace was observed to plateau out. This indicates that in the
absence of ultrasonic irradiation of the solution, no significant
background reactions could be observed. If the ultrasonic
irradiation of the solution was repeated (time t = 145 s) then the
current was observed to deviate anodically, indicating that it
was possible to produce further quantities of CuCl22 and hence
H· within the ultrasonic reactor. The gradients of the two
current–time anodic deviations were the same indicating that
the rate of Cu+ production was identical in both cases. It is
possible to determine the rate of CuCl22 production from the
slope of these current time transients.17 In the example shown in
Fig. 1 the rate of CuCl22 production was 320 nmol dm23 s21.
This procedure can be repeated under a variety of different
conditions. Fig. 2 shows how the rate of CuCl22 production can
vary as a function of CuSO4 concentration. Below ca. 20 mmol
dm23 CuSO4 it is apparent that the rate of production of CuCl22
is dependent on the concentration of Cu2+. Above 20 mmol
dm23 the rate of CuCl22 production appears to be independent
of Cu2+ concentration. This is consistent with other measure-
ments (e.g. the Fricke reaction, known to be sensitive to OH·
radical production, showed Fe3+ productions rates up to ca. 250

nmol dm23 s21) performed on other electrochemical trapping
systems.17

The results shown here demonstrate that it is possible to
detect the sonochemical production of H· electrochemically
using a coupled chemical reaction. The criteria for this detection
method are that the products of the trapping reaction are stable
over the experimental timescale (as ensured by the presence of
high [Cl2]) and that a product of the trapping reaction is
electrochemically active.

The sensitivity of the electrochemical flow system enables
very small quantities of sonochemically generated products to
be detected. This method enables electrochemically active
radical trap generation rates within the nmol dm23 s21 range to
be measured. This method can be extended to a number of
different products of sonochemical reactions.17

Notes and references
† The estimates of the conditions within the interior of a collapsing
cavitation bubble are a matter of some debate.18 The estimation presented
by Flint and Suslick relied on the measurement of sonoluminescent
emission from silicone oil. The spectra obtained were fitted to a rotation
vibration model for a C2 diatomic molecule.2 Other authors have assigned
differing single value temperatures to the interior of a sonoluminescing
bubble.19,20 However, if the collapse is sufficiently rapid, the pressure and
temperature within the bubble will be spatially non-uniform,21 in which
case assignment of a single value temperature is inappropriate.
‡ This pressure was measured with a Bruel & Kjaer 8103 hydrophone
placed within the cell. Note that, owing to the modal nature of the sound
field the pressure will vary throughout the cell depending on the particular
mode excited under the physical conditions within the system.
§ This high potential was employed as it avoided unwanted electrochemical
interference presumably from other sonochemical products.
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Fig. 2 Plot showing the variation in the rate of CuCl22 production as a
function of [CuSO4]. The irradiated solution contained 1.5 mol dm23 NaCl.
The ionic strength of the solution was maintained at 1.6 mol dm23 using
Na2SO4. The frequency was fixed at 125 KHz and the drive voltage
amplitude was 100 V. The aerobic solution was thermostated at 25 °C.
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Polymer 4 and its monomeric counterpart 3 exhibit electro-
chemically tuneable interactions with anthracene polymer 2
and a structurally similar monomer 1 as seen by the
variation of the oxidation waves of TTF groups and the
fluorescence of the anthracene.

The fabrication of nanostructured materials is a promising area
for the production of new molecular devices.1 One of the more
appealing approaches for the preparation of assemblies of this
size scale has relied upon the use of supramolecular polymer–
polymer interactions.2 The advantages of such assemblies over
their molecular brethren stems from the myriad of supramo-
lecular architectures which can be generated through intra- and
inter-polymer interactions, which can be fine-tuned by the
introduction of suitable functionalities. So far, the polymer–
polymer interactions approach has been limited to block
copolymers capable of forming nanotubes,3 templates for
nanolithography,4 mushrooms,5 or micelles.6 The development
of polymer systems whereby side chain functionality plays a
pivotal role is a complementary technique which allows higher
aggregates to form via interchain interactions. This technique
has been used recently for the elaboration of layer by layer
surface coatings,7 polymeric nanoparticles8 or giant vesicles.9

Despite the various examples of the use of polymers for the
fabrication of supramolecular assemblies, the introduction of
units allowing the reversible formation of new architectures by
an external physical stimuli has surprisingly received little
attention.10 Electrochemistry is rapidly emerging as an im-
portant tool for supramolecular assembly,11 and therefore,
should provide a versatile and convenient method of reversibly
modulating the structure and properties of electro-active
macromolecules in solution. Polymers incorporating the tetra-
thiafulvalene (TTF) moiety are particularly attractive materials
for fabricating electrochemically controlled architectures,
mainly due to this moieties ability to exist in three stable
oxidation states (TTF0, TTF·+ and TTF2+)12 which will allow
the formation of p-complexes with electron deficient polymers
in its neutral state13 and electron rich polymers in its electron
deficient states.14

Here, we describe the tuneable interactions between polysty-
rene derivatives 2 and 4 bearing anthracene and TTF electro-
active groups, respectively, in their side chains, which are
capable of reversibly forming polymer aggregates in solution
under electrochemical control. Polymer 2 has been shown to
exist as a folded structure in chloroform, due to aromatic–
aromatic interactions between the side chains.15 The weak
interactions between the electron rich anthracene side chains
provide the possibility of forming stronger complexes with
electrochemically generated electron-deficient moieties of suit-
ably functionalised polymers, thereby leading to control of
inter-polymer interactions in solution. Polymer 4 was targeted
as a suitable candidate for the latter, and was synthesised using
a similar approach to 2, by coupling a random 1+1 copolymer of
styrene and 4-aminomethylstyrene to 4-fluorocarbonyl-TTF.16

Our attempt to synthesise the fully substituted polymer gave a

material which proved insoluble in common organic solvents.
When only 25% of the amino sites were functionalised with
TTF, the polymer obtained was poorly soluble in dichloro-
methane (DCM), however, subsequent reaction with an excess
of acetic anhydride gave the soluble polymer 4. Monomeric
analogues 1 and 3 were synthesised analogously to 2 and 4 and
were used as reference compounds in our study.

The solution electrochemistry of polymer 4 in DCM displays
the two expected oxidation waves for the TTF unit at 487 and
866 mV, corresponding to the formation of the radical cationic
and dicationic states, respectively. These peaks are shifted to a
lower potential than those of 3 (499 and 981 mV, respectively),
presumably due to interactions between the TTF units and the
polymer backbone.

The solution electrochemistry of 3 and 4 were then
investigated in the presence of the electron rich anthracene
derivatives 1 and 2 (Table 1). It can be seen that the oxidation
of monomer 3 is barely affected by the presence of the
anthracene derivative 1. This result is expected for the two
monomers, where strong interactions are entropically unfavour-
able. However with polymer 2, the second oxidation potential of

Table 1 Variation in mV of the oxidation waves of the TTF units of 3 and
4 in the presence of anthracene 1 or 2a

1 2

3 22 and +1 22 and +10
4 210 and +24 226 and +24

a Square waves recorded in dry DCM under argon atmosphere; decame-
thylferocene was used as reference and NBun

4ClO4 as electrolyte (0.1 M).
The concentrations of 1, 2, 3 and 4 were adjusted to obtain an overall
concentration of 1024 M in anthracene and TTF.
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2232 Chem. Commun., 2001, 2232–2233 DOI: 10.1039/b106588m



3 is shifted to a higher potential. This can be explained by the
fact that the electron rich character of the anthracene side-chains
promotes the formation of complexes between the electron
deficient radical cation of the TTF and the polymer. Further
oxidation is therefore more difficult due to an encapsulation of
the radical cation by the polymer.

For polymer 4, however, the variations in solution electro-
chemistry are more pronounced upon the addition of 1 or 2.
Surprisingly, the first oxidation is made easier by the presence
of the anthracene. On the other hand, the dication formation is
less favourable. We determined, by GPC, that the TTF
substituted polymer 4 exists in solution as a rather extended
structure† allowing easy interactions between its side chains
and the monomeric anthracene 1. It is noteworthy that despite
the high electron density of both units, there are interactions
between them in the neutral state thus lowering the first
oxidation potential of the TTF. It is remarkable that this effect
is enhanced when both polymers are mixed. Such favourable
interactions between two p-rich units on a polymer is probably
due to their similar structure and electronic properties. The
interactions between the anthracene and the TTF radical cations
make the second oxidation harder to achieve, which is in
accordance with the data observed for the monomeric TTF 3
and the polymer 2. However, the complexes between the
polymeric species are stronger, as depicted by the greater shift
in the second oxidation waves.

The behaviour of the anthracene derivatives 1 and 2 in the
presence of the TTF systems were then studied by fluorescence
spectroscopy as it was expected that the interactions between
the two moieties would quench the emission of the anthracene.
The spectra of molecules 1 and 2 were recorded in the presence
of an increasing amount of 3 or 4 and their corresponding
radical cations which were electrochemically generated prior to
their addition to 1 or 2. A typical result is presented in Fig. 1 for
the polymer 2.

The fluorescence of 1 did not display any change when either
3 or 4 were added supporting the previous observations that
very weak, if any, interactions are taking place. On the other
hand, it is apparent from Fig. 1 that the fluorescence of the
polymer 2 is quenched with an increasing amount of TTF.
Moreover, this process is more efficient with the monomeric
TTF 3 than the polymer 4. This is due to the folded structure of
2 which can accommodate the incorporation of monomeric
species within its core but must undergo a large reorganisation
to interact efficiently with the polymer 4. Furthermore, this
curve could not be fitted to a simple 1:1 binding mode,

reflecting the multiple site aspect of polymer 2. It is remarkable
that the lower efficiency of the quenching when both polymers
are present does not reflect the larger change in the oxidation
waves. It can be inferred that despite the easier access of the
monomers to the core of polymer 2 leading to a greater
quenching, the formation of multiple interactions between two
polymer chains gives an assembly which is thermodynamically
more stable and probably give rise to the formation of discrete
aggregates in solution. When the radical cation of the TTF
moieties of 3 and 4 was generated prior to the addition to the
anthracene systems, a steep initial decrease in the fluorescence
intensity was observed, which is indicative of the much stronger
binding as expected between p-rich anthracene units and p-
deficient TTF·+ units.

In conclusion, we used two polymers with suitable side-
chains as good models for the study of redox-controlled
polymer–polymer interactions in solution. We have shown that
a ‘polymer effect’ can be detected where weak interactions are
established between the p-rich polymers 2 and 4 allowing a
lowering of the first oxidation of the TTF. These interactions are
enhanced upon oxidation of the TTF moiety of polymer 4,
thereby evoking strong donor–acceptor interactions between 2
and 4·+, respectively. It is anticipated that ordered aggregates
are formed via redox controlled polymer–polymer interactions
and will provide good models for the fabrication of novel
devices, and their exploitation as such will be reported in due
course.

Notes and references
† Polymer 4 presents a retention time which is consistent with its expected
molecular weight obtained for the original copolymer of p-chloromethyl-
styrene and styrene. A folded structure would have given a longer retention
time. For an example of the use of GPC for the determination of the size of
a polymer in solution see ref. 15.
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Fig. 1 Variation of the fluorescence of 2 in DCM upon addition of 3 (< ),
3·+ (8), 4 (:) and 4·+ (2). [anthracene] = 1024 M.
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Novel spermine-based cationic gemini surfactants for gene delivery
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Two types of spermine-based gemini surfactants have been
synthesised; structure–activity studies have shown one type
to be far superior in gene transection than the other.

Spermine-based cationic surfactants, such as dioctadecylamido-
glycylspermine-4 trifluoroacetic acid (DOGS)1 and 2,3-di-
oleoyloxy-N-[2-(sperminecarboxamido)ethyl]N,N-dimethyl-
propan-1-aminium trifluoroacetate (DOSPA)2 are commer-
cially available and are widely used for in vitro gene
transfection studies. The preparation of these surfactants
involves multi-step synthetic procedures. In both DOGS and
DOSPA the spermine moiety forms the head-group of these
surfactants and carries four positive charges. The presence of a
multivalent head-group has been reported to favour more
efficient gene transfection compared with the monovalent
analogues.2

As part of a programme3 aimed at the discovery and
development of more efficient tools for gene transfer, we now

report the synthesis and biological evaluation of novel sper-
mine-based cationic gemini surfactants. The structure of
spermine (1, R = RA = H) allows the synthesis of two isomeric
series of cationic gemini surfactants 1 and 2.

We have synthesised examples of both types of gemini
surfactants, varying the length of the hydrocarbon chain and the

Scheme 1 Reagents: i) N-ethylcarboxyphthalimide, CH2Cl2, rt, 2 h, quant.;
ii) oleoyl chloride, pyridine, THF, reflux, 18 h, 35%; iii) hydrazine hydrate,
THF–CH2Cl2, reflux, 5 h, 88%; iv) SuO-AA-(AA)n2 1Bocm, K2CO3, THF–
H2O 9 + 1, rt, 20 h, 84–95%; v) conc. HCl, MeOH, rt, 88–93%.

Scheme 2 Reagents: i) ethyl trifluoroacetate (4 eq.), H2O (2 eq.), MeOH,
reflux, 98%; ii) Boc2O, K2CO3, THF–H2O 9 + 1, rt, 20 h, 90%; iii) NH4OH,
MeOH, pH 11, rt, 3 days, 100%; iv) oleoyl succinimidate, Et3N, THF, TA,
20 h, 60%; v) TFA, CH2Cl2, rt, 1 h, 96%; vi) SuO-AA-(AA)n2 1Bocm,
K2CO3, THF–H2O 9 + 1, rt, 24 h, 67–87%; vii) conc. HCl, MeOH, TA, 1 h,
84–93%.

This journal is © The Royal Society of Chemistry 2001
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number of basic amino acid residues in the peptide head-group.4
The general syntheses of 1 and 2 are shown in Schemes 1 and
2. The reagents used in the preparation of these molecules are all
commercially available and yields of the various intermediates
and final products are generally high. The solubility of these
spermine-based detergents in water at neutral pH is better than
1 mg ml21, making them highly suitable for application to in
vitro gene delivery.

Mixtures of these dimeric cationic lipids and a luciferase
reporter gene were tested for their ability to transfect different
types of cells in culture. For the same peptide head-group
gemini surfactants of type 2 were found to be considerably
better non-viral vectors than type 1, and the oleoyl (C17

D9) chain
generally gave the most efficient transfection. Differences in the
transfection activity of the two series of isomers are best
demonstrated by comparing the isomeric pairs (3 and 4), and (5
and 6).

The transfection capabilities of these four gemini surfactants
were compared to that of Lipofectamine 2000, a potent
commercial cationic lipid formulation recently introduced by
Life Technologies. We used four types of mammalian cell,
CHO-DG44 (chinese hamster ovary), C2C12 (a mouse muscle
cell line), nonadherent MOPC315 (mouse tumour cell line) and
1321N1 (a neuronal cell line). These cell lines were expected to
give varying transfection efficiencies under culture conditions.
Specific transfection conditions (type and amount of DNA,
transfection time, presence and absence of serum) were varied
in preliminary experiments for all four different cell lines to
optimise transfection efficiency.

As expected, CHO cells were easiest to transfect, whereas the
neuronal cells showed the maximum resistance to transfection.
Results are shown in Fig. 1 A to D. Although transfection
efficacy is assumed to depend on the membrane components of
a cell, the lower efficacy of 1321N1 cell transfection could also
be partially explained by the shortened transfection time in the
absence of serum, compared to other cell lines such as CHO.

The potency of type 1 spermine-based gemini surfactants is
much lower than that of corresponding type 2 isomer for all cell
lines. Moreover, although surfactant 6 shows the better
transfection ability for three of the four cell lines, 4 which
contains more positive charges in its head-groups, is the
superior gene delivery vector in the case of C2C12 muscle cells.
It is also noteworthy that in all four cell lines pre-mixing DNA
with either 4 or 6 gave better transfection than the same
procedure using Lipofectamine 2000 (used at a concentration
recommended by the supplier). These results underline the need
to tailor the type of surfactant to the cell type targeted.

It is well known that the addition of polylysine to DNA can
enhance the ability of cationic surfactants to deliver genes
across cells.5,6 Fig. 1 E to H show how in some cell lines the
transfection activity of multi-valent gemini surfactant 4 in-
creased by a factor of 2 to 4 in the presence of poly(L-lysine),
whereas that of 6, containing only single lysines, was not
affected.

These experiments demonstrate the versatility of spermine-
based gemini surfactants for the transport of DNA into cells.

This work is a contribution from the European Network on
Gemini Surfactants, supported by the TMR Programme of the
European Commission.
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3 This work is a contribution from the European Network on Gemini
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4 Patent Application GB 9914045.1.
5 X. Gao and L. Huang, Biochem., 1996, 35, 1027.
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Chem. Soc., in the press.

Fig. 1 Structure–activity correlations in different cell lines. Cells were incubated with DNA and gemini surfactants 3–6 at either 4 mM (CHO-DG44, A), or
8 mM (MOPC-315, B; C2C12, C; 1321N1, D). Luciferase activity (in counts per second) was averaged over 4 measurements. As control, Lipofectamine
2000™ (Lp) (Life Technologies) was incubated with DNA (100 ng well21) and used for transfection. E,F,G and H show the effect of added polylysine on
the gene expression efficiency of gemini surfactants in CHO-DG44, MOPC-315, C2C12 and 1321N1 cell lines respectively. Conditions as for A–D, but the
luciferase gene was complexed with poly(L-lysine) at a ratio of 1 + 4 (lysine + DNA, w/w), prior to the addition of gemini.
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MoSe2 and WSe2 nanotubes are obtained by the reduction of
the corresponding triselenides in hydrogen or by the
decomposition of the ammonium selenometallates in a
hydrogen atmosphere.

Tenne and coworkers1,2 have demonstrated that the layered
metal disulfides, MoS2 and WS2, form fullerene-like nested
polyhedra as well as nanotube structures. Nanotubes of these
two sulfides have been prepared by treating the oxides, MoO3
and WO3, first with a mixture of 5% H2 + 95% N2 followed by
H2S around 900 °C.1–3 It is likely that amorphous trisulfides are
formed as intermediates in this process. Accordingly, by heating
amorphous MoS3 or WS3 or the ammonium thiometallate
precursors in hydrogen around 900 °C, we have been able to
directly obtain good yields of MoS2 and WS2 nanotubes.4
Fullerene-like structures of the layered Mo and W diselenides
have been prepared by the reaction of the oxides with H2Se and
H2 + N2 at high temperatures.2,5 In this communication, we
describe our preliminary results on the synthesis of nanotubes
and nanorods of MoSe2 and WSe2 by new routes. Considering
that the Mo and W trisulfides are intermediates in the formation
of the disulfide nanotubes, we conjectured that the correspond-
ing amorphous triselenides could act as intermediates in the
formation of the diselenide nanotubes. We have therefore,
examined the hydrogen reduction of amorphous WSe3 and
MoSe3, prepared by the standard procedures.6 Equally im-
portantly, we have carried out the decomposition of the

ammonium selenometallates in a hydrogen atmosphere to
obtain the diselenide nanostructures.

Reduction of MoSe3 in a stream of hydrogen (100 sccm) at
850 °C yields nanotubes as evidenced by the low-resolution
transmission electron microscope (TEM) images in Fig. 1(a)
and (b). Fig. 1(c) shows a TEM image of a nanorod, with a layer
separation of 0.64 nm. Hydrogen reduction of WSe3 at 750 °C
yields WSe2 nanotubes. High-resolution TEM images of some
of the nanotube-like structures are shown in Fig. 2(a), (b) and
(c), with the lattice fringes corresponding to the expected layer
spacing of 0.65 nm. The top image in Fig. 2(c) is that of a WSe2
nanorod emanating from a precursor particle, while the bottom
image in the figure appears to be due to a single-walled
nanotube, but the separation between the layers is 0.65 nm. The
nanorod shows lattice fringes corresponding to the (002) planes,
but the nanoparticle at the tip does not show any lattice planes.
Such nanoparticles can act as nucleation centres for the growth
of the nanorods or nanotubes. The growth of the nanorod or
nanotube starting from the inner core of a particle and
proceeding towards the outer edge, is different from that of the
carbon nanotubes where the layers grow from the outer edge of
the catalyst particle, encapsulating the metal catalyst particle.

The formation of the diselenide nanostructures from the
triselenides involves the simple reaction, MSe3 + H2?MSe2 +
H2Se (M = Mo or W). Since the triselenides are formed by the

Fig. 1 (a) and (b) TEM images of a MoSe2 nanotubes obtained from the
decomposition of MoSe3; (c) high-resolution TEM (HREM) image of a
MoSe2 nanorod.

Fig. 2 (a), (b) HREM images of WSe2 nanotubes obtained by decomposition
of amorphous WSe3 in a flow of H2; (c) TEM images of a WSe2 nanorod
emanating from the precursor particle (top), and a single-walled WSe2

nanotube (bottom).

This journal is © The Royal Society of Chemistry 2001

2236 Chem. Commun., 2001, 2236–2237 DOI: 10.1039/b107296j



thermal decomposition of ammonium selenometallates, we
have directly carried out the reduction of the selenometallates.
Fig. 3 shows the TEM images of MoSe2 nanotube structures
obtained by heating (NH4)2MoSe4 in a flow of H2 (500 sccm) at
900 °C. The low-resolution image in Fig. 3(a) shows a nanotube
closed at one end. The high-resolution images in Fig. 3(b), (c)
and (d) show the MoSe2 layers with a spacing of ~ 0.64 nm
corresponding to the (002) planes. Although there is a core in
the image in Fig. 3(b), the tube end has an unusual structure. The
images in Fig. 3(c) and (d) appear to show closed tips, but the
structure of the tip is not clearly evident. Fig. 4(a) and (b) show
low-resolution images of WSe2 nanotubes obtained by the
decomposition of (NH4)2WSe4 under a flow of H2 (100 sccm)
at 750 °C, the image in Fig. 4(b) showing closed tips. The image
in Fig. 4(c) appears to be an open nanotube.

Powder X-ray diffraction (XRD) patterns of the nanotubes
and nanorods of MoSe2 and WSe2 were characteristic of

hexagonal structures with a = 3.28, c = 12.82 Å and a = 3.29
and c = 12.99 Å, respectively. EDAX analysis of the nanotubes
showed the metal+selenium ratio to be close to 1+2. Selected
area electron diffraction patterns commonly showed Bragg
spots corresponding to the (002) and (100) planes, the (103)
reflection appearing in only few of them.7 Diffuse streaking was
observed along the rows in some of the patterns.

The present study demonstrates that hydrogen reduction of
the triselenides, and more significantly, of the ammonium
selenometallates provides a useful route for the synthesis of the
MoSe2 and WSe2 nanotubes. The reaction involved in the latter
method is, (NH4)2MSe4 + H2? MSe2 + 2H2Se + 2NH3 (M =
Mo, W). In the decomposition of the ammonium selenome-
tallates, the diselenide nanotubes are deposited a small distance
away from the location of the starting material indicating that
the amorphous triselenide may be acting as a vapor transport
agent as well. In conclusion, we have been able to obtain
nanotube-like structures of MoSe2 and WSe2 by the reduction of
the amorphous triselenides as well as of the ammonium
selenometallates. While we have been able to record a variety of
nanotube and nanorod structures, with the former often
exhibiting defective structures and variable wall thickness on
either side of the core,3 or loss of structure at the tip, we are
presently continuing our studies in an attempt to obtain better
images.
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Fig. 3 (a) TEM image of a MoSe2 nanotube obtained by the decomposition of (NH4)2MoSe4; (b)–(d), HREM images of MoSe2 nanotubes.

Fig. 4 (a), (b) TEM images of WSe2 nanotubes obtained by the
decomposition of (NH4)2WSe4 in a flow of H2. The nanotube in (a) shows
a flat tip. (c) HREM image of a WSe2 nanotube.
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Carbon dioxide is converted to urethanes (carbamic acid
derivatives) through reaction with amine and alcohol
catalyzed by tin complexes; the addition of acetals as a
dehydrating agent under high CO2 pressure is the key to
achieve high yields.

Polyurethane has many important industrial utilizations and the
worldwide production still continues to grow.1 Current com-
mercial processes for producing polyurethane are based on
isocyanate which is synthesized from a primary amine and
phosgene [eqn.(1)]. This procedure has the major drawbacks of

(1)

using highly toxic and corrosive phosgene, and the liberation of
hydrogen chloride as a co-product.

From the standpoint of ‘green chemistry’, significant efforts
have been made to find an alternative to the phosgene process.
A very attractive substitute for phosgene is carbon dioxide
because it is a typical renewable resource.2,3 In addition,
utilization of carbon dioxide is also very fascinating due to its
environmentally benign nature (nontoxic, noncorrosive, and
nonflammable). In particular, the application of dense carbon
dioxide to organic synthesis has recently attracted much
interest.4 Most of the approaches in this context rely on the
production of the carbamate anion via the reaction of carbon
dioxide and amines, followed by the reaction with electrophiles
[eqn.(2)].5–14 However, all these methods require an equimolar

(2)

amount of electrophiles, usually alkyl halides. In this paper, we
wish to report urethane synthesis by the reaction of dense

carbon dioxide with amines and alcohols [eqn.(3)]. This

(3)

procedure is not only phosgene-free but also completely
halogen-free.

Dialkyl carbonate synthesis from alcohol and CO2 is
catalyzed by metal complexes such as dialkyl(dimethoxy)tin,
dialkyl(oxo)tin, and zirconium oxide.15,16 However, the alcohol
conversion is very poor. Similarly, the straightforward reaction
of an amine, an alcohol, and carbon dioxide in the presence of
dialkyltin compounds produced urethane only in a poor yield
although the selectivity was satisfactory (Table 1, run 1).

The low conversion observed in run 1 is presumably
attributable to thermodynamic limitations and catalyst deactiva-
tion by co-produced water [eqn.(3)]. In order to overcome the
low conversion, we have devised a new reaction system
utilizing acetals as a chemical dehydrating agent. The idea is
schematically represented in Scheme 1; water is trapped by
acetal to regenerate alcohol. The conversion of amine was
clearly improved by this method without much decrease in the
selectivity (Table 1, runs 2 to 4). The larger acetal–amine ratio
further promoted the reaction. For example, the reaction of t-
BuNH2 and EtOH in the presence of two equivalents of
2,2-diethoxypropane led to a high conversion and selectivity,
100 and 84%, respectively (run 5). Since acetals are easily
regenerated from acetone, the net reaction can be regarded as an
urethane synthesis from CO2, an amine, and an alcohol. As for
the catalyst, dialkoxy(dialkyl)tin and its precursors such as
dialkyl(oxo)tin and dialkyl(dichloro)tin exhibited high catalytic
activities.16†

Table 1 Urethane synthesis from amine, alcohol, and CO2
a

Run Amine Alcohol Catalys Acetal Conversion (%) Selectivityb (%)

1 t-BuNH2 EtOH Bu2SnO None 16 89
2 t-BuNH2 EtOH Bu2SnO Me2C(OEt)2 59 90
3 CyNH2 EtOH Bu2SnO Me2C(OEt)2 89 64
4 t-BuNH2 MeOH Me2SnCl2 Me2C(OMe)2 74 88
5c t-BuNH2 EtOH Bu2SnO Me2C(OEt)2 100 84
6d t-BuNH2 MeOH Bu2SnO None 66 24

a Reaction conditions: amine (10 mmol), alcohol (100 mmol), acetal (10 mmol), catalyst (0.2 mmol), CO2 30 MPa, 200 °C, 24 h. b Selectivity = (yield of
urethane)/conversion 3 100. c tert-Butylamine (5 mmol), ethanol (50 mmol), 2,2-diethoxypropane (10 mmol). d Reaction conditions: amine (10 mmol),
methanol (100 mmol), dimethyl carbonate (10 mmol), catalyst (0.2 mmol), CO2 30 MPa, 200 °C, 24 h.

Scheme 1

This journal is © The Royal Society of Chemistry 2001
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In order to obtain urethane in good yields, dense phase CO2
under high pressure is necessary as shown in Fig. 1. The major
side reactions in Scheme 1 were (i) imine formation from
acetone and (ii) alkylation of amines by alcohols. The
improvement of the yield under a high pressure is assigned to
the depression of side reactions. Thus, high pressure promotes
carbamic acid formation (step a, Scheme 1). This will prevent
imine formation and amine alkylation resulting in improvement
of the urethane selectivity.

A possible mechanism for urethane formation is the reaction
of alcohols with isocyanates formed from CO2 and primary
amines [eqn.(4)].17 The inactivity of secondary amines is

(4)

consistent with this mechanism.18 In addition, a trace amount of
urea was detected in the reaction mixture indicating the
participation of isocyanates. On the other hand, the inter-
mediacy of dialkyl carbonate is not very likely because the
addition of dialkyl carbonate to the reaction mixture did not
improve the urethane yield (Table 1, run 6).

In conclusion, we have succeeded in the catalytic synthesis of
urethane directly from carbon dioxide, amines, and alcohols
through a halogen-free process. This demonstrates the potential
of carbon dioxide as an environmentally benign and easily
available phosgene alternative.

This study was supported by Industrial Technology Research
Grant Program in 2000 from the New Energy and Industrial
Technology Development Organization (NEDO) of Japan.
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Fig. 1 Pressure effect on the Bu2SnO-catalyzed urethane synthesis from
cyclohexylamine, methanol and 2,2-dimethoxypropane (200 °C, 24 h).
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N-Heterocyclic carbenes can coexist with alkenes and C–H acidic sites
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The isolation of compounds 3 and 7a,b proves that a singlet
carbene center can coexist with alkenes or C–H acidic sites in
proximity without spontaneous annihilation.

Among the nucleophilic carbenes that can be isolated in pure
form,1 N-heterocyclic carbenes (NHC’s) of the general structure
12 are rapidly gaining importance as electron-donating ligands

for transition metal centers in different oxidation states.3
Applications of NHC-complexes to catalysis have recently met
with considerable success, olefin metathesis4 and cross cou-
pling chemistry5 being the most convincing cases.6 Usually,
NHC ligands bearing simple alkyl or aryl substituents R on their
N-atoms are employed, although functionalized ones may be of
even greater preparative appeal. A pertinent example is the
ruthenium complex 5 which serves as a ‘designer’ catalyst for
olefin metathesis capable of regenerating itself once the
substrate is depleted.7 The reported synthesis of 5 involves the
in situ generation of carbene 3 as a transient species which is
immediately trapped by admixed (PCy3)2Cl2RuNCHPh8 to form
product 4; though easy to carry out, this in situ protocol turned
out to be rather low yielding (41%). Heating 4 in an inert solvent
then effects the intramolecular metathesis of the tethered olefin
to form the metallacyclic complex 5.

To improve the synthesis of this promising catalyst, we were
pursuing the isolation of compound 3 containing an alkene next
to the carbene center. Although cyclopropanation of olefins is a
prototype carbene reaction with low activation barrier,9–11 the
preparation of 3 is surprisingly simple. This compound is
obtained in essentially quantitative yield as a crystalline solid by
treatment of the imidazolium salt 2 with KOt-Bu in THF at 0 °C
followed by a standard work-up.12 The spectral data and the
molecular structure in the solid state (Fig. 1) show the presence
of a carbene center in proximity to the intact alkene group.†
Difference maps clearly reveal the location of all hydrogen
atoms; the volume element adjacent to the carbene C-atom has

no significant electron density. To the best of our knowledge,
this is the first example of an isolated carbene that coexists with
an olefin in its vicinity.

With 3 in hand, it was possible to improve the synthesis of the
targeted ruthenium complex 5 (Scheme 1). Thus, reaction of
(PCy3)2Cl2RuNCHPh with isolated 3 in toluene affords complex
4 in 86% yield which cyclizes upon heating to form the desired
product 5. The use of toluene instead of n-pentane in the latter
reaction is beneficial for solubility reasons and constitutes a
noteworthy improvement over our original procedure.7

Next, we investigated if other functional groups that are
generally believed to be incompatible with free carbenes can
similarly be incorporated into NHC’s. The insertion of carbenes
into acidic C–H bonds is known to be a facile process;9
therefore the preparation of compounds 7a,b bearing an ester or
a nitrile group seemed challenging, in particular since Ardu-
engo13 has previously reported that closely related dihydro-
imidazol-2-ylidenes rapidly insert into the acidic C–H bonds of
MeCN, MeSO2Ph, HCCl3 or HC·CH.14

Gratifyingly, however, carbenes 7a,b are obtained in ex-
cellent yields by deprotonation of the corresponding imidazol-
ium salts 6a,b (Scheme 2),† although they were found to
deteriorate within hours even at 0 °C. Reaction of (PCy3)2-
Cl2RuNCHPh8 with these functionalized carbenes in toluene at
ambient temperature provides the novel ruthenium complexes 8
(74%) and 9 (38%).§ The X-ray structure of 8 (Fig. 2) shows the
characteristic p–p stacking between the benzylidene ligand and
the mesityl group which was previously recognized as a highly

Fig. 1 Molecular structure of 3.‡ Anisotropic displacement parameters are
shown at 50% probability level. There are two independent molecules in the
asymmetric unit. The major difference is found in the conformation of the
alkyl chain. The torsion angle C6–C7–C8–C9 is 67.6(5)° compared to
177.1(4)° in the second molecule. The difference of the dihedral angles
formed between the mesityl and the NHC is 15.8°.

Scheme 1 Reagents and conditions: [a] KOt-Bu, THF, 0 °C, 98%; [b]
(PCy3)2Cl2RuNCHPh, toluene, 0 °C, 86%; [c] n-pentane (reflux) or toluene
(65 °C), 41–77%; Mes = 2,4,6-trimethylphenyl ( = mesityl).

Scheme 2 Reagents and conditions: [a] KOt-Bu, THF, 210 °C, 95% (7a),
89% (7b); Mes = 2,4,6-trimethylphenyl ( = mesityl).

This journal is © The Royal Society of Chemistry 2001
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conserved structural motif in unsymmetrical NHC-complexes
of this type.7 Moreover, the preliminary data displayed in Table
1 illustrate that complex 8 exhibits promising catalytic activity
in prototype metathesis reactions.

We are grateful to the DFG (Leibniz award to A. F.) and the
Fonds der Chemischen Industrie for generous financial sup-
port.

Notes and references
† Data for functionalized carbenes. 3: 1H NMR (d8-THF) d 7.09 (d, 1H, J
= 1.5 Hz), 6.90 (s, 2H), 6.83 (d, 1H, J = 1.5 Hz), 5.84 (ddt, 1H, J = 17.0,
10.3, 6.6 Hz), 5.03 (ddt, 1H, J = 17.1, 1.9, 1.6 Hz), 4.94 (ddt, 1H, J = 10.1,
2.1, 1.2 Hz), 4.08 (t, 2H, J = 6.9 Hz), 2.29 (s, 3H), 2.09 (m, 2H), 1.97 (s,
6H), 1.92 (m, 2H); 13C NMR (d8-THF) d 217.1, 139.9, 138.9, 137.5, 135.8,
129.5, 121.1, 119.4, 115.2, 50.8, 31.8, 31.6, 21.0, 18.0. 7a: 1H NMR (d8-
THF) d 7.25–7.00 (m, 3H), 6.95 (m, 2H), 4.08 (q, 2H, J = 7.1 Hz), 2.30 (s,

3H), 2.30 (br, 3H), 2.01 (s, 6H), 1.19 (t, 3H, J = 7.1 Hz); 13C NMR (d8-
THF) d 218.2, 138.4, 136.0, 129.5, 128.9, 121.1, 118.3, 59.8, 21.5, 21.1,
17.7, 15.2. 7b: 1H NMR (d8-THF) d 7.11 (d, 1H, J = 1.6 Hz), 6.91 (s, 2H),
6.85 (d, 1H, J = 1.6 Hz), 4.11 (t, 2H, J = 6.9 Hz), 2.35 (t, 2H, J = 6.9 Hz),
2.29 (s, 3H), 1.98 (s, 6H), 1.95–1.80 (m, 2H), 1.75–1.40 (m, 4H).
‡ Crystal data. 3: C17H22N2, M = 254.37 g mol21, colorless, crystal
dimensions 0.26 3 0.22 3 0.11 mm, monoclinic P21/n (no. 14), at 100 K a
= 9.5288(4), b = 29.1967(15), c = 11.0965(6) Å , b = 94.419(2)°, V =
3078.0(3) Å3, Z = 8, r = 1.098 Mg m23, m = 0.065 mm21, l = 0.71073
Å, 10536 reflections measured, 3885 unique (Rint = 0.148), final R =
0.078, wR(F2) = 0.209, CCDC 168097. 8: C42H61Cl2N2O2PRu, M =
828.87 g mol21, red–brown, crystal dimensions 0.18 3 0.12 3 0.02 mm,
monoclinic P21/c (no. 14), at 100 K a = 17.4060(2), b = 10.2810(1), c =
23.6677(3) Å, b = 96.673(1)°, V = 4206.67(8) Å3, Z = 4, r = 1.309 Mg
m23, m = 0.573 mm21, l = 0.71073 Å, 44732 reflections measured, 15979
unique (Rint = 0.075) final R = 0.049, wR(F2) = 0.113. CCDC 168098.
See http://www.rsc.org/suppdata/cc/b1/b107238b/ for crystallographic files
in CIF or other electronic format.
§ Data for ruthenium complexes. 8: 1H NMR (CD2Cl2) d 19.16 (s, 1H), 7.82
(br, 2H), 7.53 (m, 1H), 7.42 (m, 1H), 7.12 (t, 2H, J = 7.6 Hz), 6.87 (d, 1H,
J = 2.1 Hz), 6.30 (m, 2H), 5.96 (q, 1H, J = 7.4 Hz), 4.40–4.20 (m, 2H),
2.40–2.20 (m, 3H), 2.34 (s, 3H), 2.00–1.50 (m, 15H), 1.99 (d, 3H, J = 7.3
Hz), 1.93 (s, 6H), 1.45–1.00 (m, 15H), 1.33 (t, 3H, J = 7.2 Hz); 31P NMR
(CD2Cl2) d 35.6; C42H61Cl2N2O2PRu (915.86) calcd. C, 60.86; H, 7.42; N,
3.38; found C, 60.75; H, 7.38; N, 3.32%; 9: 1H NMR (C6D6) d 19.75 (s, 1H),
8.17 (br, 2H), 7.60–6.80 (m, 5H), 6.20 (s, 1H), 6.17 (d, 1H, J = 1.8 Hz),
4.54 (t, 2H, J = 7.2 Hz), 3.26 (m, 2H), 2.70–2.50 (m, 3H), 2.30–1.10 (m,
36H), 2.18 (s, 3H), 1.83 (s, 6H); 31P NMR (C6D6) d 34.2; C43H62Cl2N3PRu
(823.93) calcd. C, 62.68; H, 7.58; N, 5.10; found C, 62.70; H 7.49; N,
4.97%.
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Organometallics, 2000, 19, 3459; J. Louie and R. H. Grubbs, Chem.
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11 For a NHC’s with adjacent alkyne groups prepared by a different

method see: R. Faust and B. Göbelt, Chem. Commun., 2000, 919.
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Goerlich, R. Karfczyk, W. J. Warshall, M. Tamm and R. Schmutzler,
Helv. Chim. Acta, 1999, 82, 2348.

14 Note, however, that carbonyl-containing NHC’s have previously been
invoked as transient species in the preparation of metal complexes, cf.
D. S. McGuinness and K. J. Cavell, Organometallics, 2000, 19, 741; H.
Glas, E. Herdtweck, M. Spiegler, A.-K. Pleier and W. R. Thiel,
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Fig. 2 Molecular structure of complex 8.‡ Anisotropic displacement
parameters are shown at 50% probability level. Selected bond lengths [Å]
and angles [°]: Ru1–C9 1.839(2), Ru1–C1 2.066(2), Ru1–Cl2 2.3944(5),
Ru1–Cl1 2.4056(5), Ru1–P1 2.4156(6), Cl2–Ru1–Cl1 162.299(19), C1–
Ru1–P1 162.02(6).

Table 1 Ring closing metathesis reactions (RCM) using complex 8 as the
catalyst; E = COOEta

Substrate Product Yield

91%

69%

78%b

a All reactions were performed in toluene at 80 °C using 4–7 mol% of 8. b In
CH2Cl2 at 40 °C.
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In mechanical mixtures of H-ZSM-5 and In2O3 thermal
auto-reductive solid-state ion exchange (AR-SSIE) was
found to proceed upon treatment in high vacuum at 840 K
resulting in the incorporation of In+ ions into, and in an
increase of the thermal stability of, the zeolitic component.

Recently, zeolites containing cationic indium species have been
found to be active and selective catalysts for the reduction of
nitric oxides with hydrocarbons in the presence of oxygen.1
Among the methods for the incorporation of indium cations into
zeolites, ‘reductive solid-state ion exchange’ (R-SSIE) proved
to be especially appropriate. This process2 was found to proceed
in mechanical mixtures of crystalline In2O3 and H-zeolites in a
hydrogen atmosphere at 620–730 K, probably in two steps via
In2O, according to

In2O3 + 2H2 + 2H+Z2 ? 2In+Z2 + 3H2O (1)

where Z2 represents the fraction of the zeolite framework
bearing one negative charge. Also other reductants (e.g.
ammonia, CO and products formed by a non-oxidative thermal
decomposition of templates) induce partial or complete replace-
ment of protons of acidic OH in zeolites.3,4 It was evidenced
that In+, once incorporated into zeolites by R-SSIE, is oxidized
by O2 to InO+ which can again be reversibly reduced. Univalent
and trivalent indium cations in zeolites can be distinguished
from each other by typical IR bands of adsorbed pyridine.5

Ogura et al.6 found that in the IR spectra of ground mixtures
of In2O3 and H-zeolites the intensity of the bands typical of
bridging hydroxyls and pyridinium ions decreased upon
degassing at 850 K to a higher degree than observed in the case
of mere thermal dehydroxylation. They concluded that indium
cations were incorporated into the zeolite lattice by conven-
tional solid-state ion exchange (SSIE) according to

In2O3 + 2H+Z2 ? 2InO+Z2 + H2O (2)

However, these phenomena can be consistently interpreted also
in terms of an auto-reductive solid-state ion exchange, accord-
ing to which In2O3 is first converted to In(I) oxide by thermal
decomposition and then incorporated as the monovalent cation
into the zeolite lattice resulting in the overall reaction:

In2O3 + 2H+Z2 ? 2In+Z2 + H2O + O2 (3)

In the present study direct evidence is provided for the
incorporation of In+ cations according to eqn. (3) and the
formation of InO+ cations by subsequent oxidation with
oxygen.

The parent H-ZSM-5 was prepared according to procedure B
in ref. 7. Na and Al, determined by AAS after digestion with
hydrofluoric acid, were found to amount to 0.08 and 0.82 mmol
gcalc.

21, respectively. The amount of acidic bridging hydroxyls
(H) was assumed to equal the difference between molar Al and
Na content. The parent zeolite (Si/Al = 19.5) and In2O3 were
intensively ground in amounts corresponding to a molar Al/In
ratio of 1.

IR spectra were recorded using the wafer transmission
technique. Sample treatments were performed in high vacuum

(HV) of about 1023 Pa for 0.5 h between 670 and 840 K. In situ
oxidation and subsequent reduction of the cationic indium
species introduced by auto-reductive SSIE were carried out in
oxygen and hydrogen (200 mbar), respectively, for 0.5 h at
temperatures indicated in the text. The wafers were contacted in
situ with pyridine (Py) at 470 K (5.7 mbar) for 0.5 h and then
degassed in HV for 0.5 h at temperatures gradually increased
between 370 K and 720 K.

Fig. 1 shows the intensity decrease of the band at 3610 cm21,
typical of bridging hydroxyls, upon degassing of H-ZSM-5 with
and without In2O3 in HV at gradually increasing temperatures.
Dehydroxylation of the parent zeolite [Fig. 1, curve (A)] started
at about 750 K and approached the 50% level at about 840 K.
However, in the presence of In2O3 the intensity decrease of the
IR band set in at about 720 K, and continued in a more
pronounced fashion; by 840 K the degree of dehydroxylation
had already reached 70% [Fig. 1, curve (B)]. The additional
proton consumption in the presence of In2O3 must at least be
attributed to the partial replacement of lattice protons by
cationic indium species, but actually this process probably
proceeds to an even higher degree since incorporation of metal
cations into H-zeolites generally results in a greater resistance
of remaining bridged hydroxyls to thermal dehydroxylation.
Naturally, these results provide no information on whether the
replacement of protons proceeds according to eqn. (2) or eqn.
(3).

In Fig. 2 the IR spectra of Py adsorbed on H-ZSM-
5/In2O3 and, for comparison, the parent zeolites are presented.
As generally known, the band at 1547 cm21 and the broad
absorption zone between 1610 and 1640 cm21 (with maximum
absorption around 1635 cm21) are attributed to the NH
stretching and ring vibration mode of pyridinium ions and,
hence, are indicative of Brönsted acid sites. The spectra of Py on
H-ZSM-5 pretreated, prior to Py adsorption, at only 670 K
(spectrum Aa) also exhibited, besides these absorptions, less
intense bands at 1446 and 1455 cm21 assigned to the 19b ring
vibration of Py interacting with cationic extra-framework
aluminium (EF-Al) species and, superimposed on the broad

Fig. 1 Relative intensities of the hydroxyl stretching band at 3610 cm21 in
spectra of (A) H-ZSM-5 and (B) H-ZSM-5/In2O3(H/In = 1) vs. degassing
temperature.
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pyridinium absorption zone, an additional band at 1625 cm21

attributed to the respective 8a ring vibration mode. According to
expectation, the pyridinium bands decreased and the bands
typical of Py interacting with EF-Al species increased in
intensity upon thermal pretreatment at 840 K (spectrum Ab), i.e.
at a temperature at which dehydroxylation associated with the
release of aluminium from the framework already proceeds.
Even a new band appeared at 1615 cm21 which has not been
mentioned in earlier reports. It is obviously associated with EF-
Al located at a distinct crystallographic site of the ZSM-5
structure. In contrast, the drastic increase in the intensity of the
band at 1455 cm21 and the development of a new one at 1615
cm21 upon heat treatment at 840 K was not observed in the
spectrum of the H-ZSM-5/In2O3 mixture pretreated in the same
way, i.e. in HV at 840 K [Fig. 2, spectrum (Bb)]. Thus, thermal
dehydroxylation seems not to be significantly involved in the
process which, nevertheless, results in a considerable reduction
of the Brönsted acidity revealed by the intensity decrease of the
band at 1547 cm21 and, prior to Py adsorption, of the hydroxyl
stretching band at 3610 cm21 (see Fig. 1). In this context it is of
great importance that concomitantly with the elimination of
acidic hydroxyl groups, rather intense bands develop in the
spectrum of adsorbed Py at 1466 and 1600 cm21 (spectrum Bb
in Fig. 2) which could earlier5 be undoubtedly assigned to Py
interacting with In+ located on cation sites of zeolite structures.
Thus, the appearance of these bands strongly evidences the
incorporation of indium via AR-SSIE [eqn. (3)].

Thermal treatment of the H-ZSM-5/In2O3 mixture in the
presence of O2 after preceding AR-SSIE, i.e. after evacuation at
840 K (spectrum Bb in Fig. 2), resulted in Lewis acid sites of a
new type revealed by bands of adsorbed Py at 1455 and around
1615 cm21, while those typical of In+ cations disappeared (Fig.
2, spectrum Bc). In an earlier study,5 these new bands could be
assigned to Py interacting with InO+ ions.

The bands associated with InO+ appeared at practically the
same wavenumbers as those caused by EF-AL (e.g. AlO+).
Nonetheless, the distinction of the two different cation species
is easily possible by subsequent reduction with H2 at higher
temperature (770 K). According to expectation, such a reductive
treatment (and naturally also the preceding oxidation) did not
affect the spectra of pure H-ZSM-5, e.g. spectra Aa and Ab in
Fig. 2 (not illustrated by figures). On the other hand, the same
pretreatment procedure resulted in the reappearance of the two
bands associated with In+ cations at the expense of the InO+

bands in the spectrum of the H-ZSM-5/In2O3 mixture (cf.
spectra Bc and Bd in Fig. 2). Compared to the spectrum
monitored after AR-SSIE (Bb in Fig. 2) the bands at 1446 and
1600 cm21 even gained in intensity after the reduction with H2
pointing to an only partial conversion of the applied In2O3
during the preceding heat treatment at 840 K and the completion

of the incorporation process by conventional, i.e. hydrogen-
induced, R-SSIE. After such an oxidation/reduction cycle the
zeolitic phase contained only In+ as lattice cations and even
cationic EF-Al species detected in the parent zeolite seem to be
displaced by In+ from their original positions.

Monovalent cations, e.g. Na+, are known to be rather weak
Lewis acid sites from which coordinatively bound Py is released
at relatively low temperatures. Accordingly, the bands at 1446
and 1600 cm21, indicative of In+, practically disappeared upon
degassing at temperatures as low as 470 K (cf. spectra Bd1–Bd3
in Fig. 2). In contrast, InO+ proved to be a Lewis site of much
higher acid strength since adsorbed Py was fully retained at
degassing in HV at 470 K and gradually desorbed only in the
temperature range up to 720 K (cf. spectra Bc1–Bc5 in Fig.
2).

Interestingly, InO+-ZSM-5 underwent at least partial auto-
reduction when heated in HV at 840 K since after such a
treatment the bands typical of Py on In+ reappeared to some
degree at the expense of those attributed to Py on InO+ (not
shown in figures). Knowing this effect the idea may arise that
the formation of lattice-stabilized In+ upon heat treatment of H-
ZSM-5/In2O3 mixtures could be due to auto-reduction of InO+

cations previously incorporated into the zeolite structure by
conventional SSIE according to eqn. (2). It is evident that the
incorporation of indium into ZSM-5 should be unaffected by
oxygen if it proceeds according to eqn. (2), but repressed if
process (3) is correct. Experimentally it was found that in O2 (5
mbar), even at 840 K the incorporation of any form of cationic
indium ions is completely suppressed. This strongly evidences
that auto-reduction of In2O3 in the starting mixture is the initial
step in the mechanism of the ion-exchange process, and that the
reaction route according to eqn. (2) can be excluded.
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Fig. 2 IR spectra of adsorbed Py retained after degassing at 370 K on (A) H-ZSM-5 and (B) H-ZSM-5/In2O3 (H/In = 1) treated prior to Py adsorption in
HV (a) at 670 K, (b) at 840 K, (c) at 840 K and subsequently contacted with O2 at 720 K, and (d) reduced after pretreatment (c) with H2 at 770 K. Two wafers,
(Bc) and (Bd), were submitted to degassing procedures at 370 K (Bc1, Bd1), 470 K (Bc2, Bd2), 570 K (Bc3, Bd3), 670 K (Bc4) and 720 K (Bc5).
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Room-temperature ionic liquids: a novel versatile lubricant

Chengfeng Ye, Weimin Liu,* Yunxia Chen and Laigui Yu

State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences, Lanzhou 730000, China. E-mail: wmliu@ns.lzb.ac.cn

Received (in Cambridge, UK) 31st July 2001, Accepted 24th September 2001
First published as an Advance Article on the web 10th October 2001

Alkylimidazolium tetrafluoroborates are promising versatile
lubricants for the contact of steel/steel, steel/aluminium,
steel/copper, steel/SiO2, Si3N4/SiO2, steel/Si(100), steel/sialon
ceramics and Si3N4/sialon ceramics; they show excellent
friction reduction, antiwear performance and high load-
carrying capacity.

Room-temperature ionic liquids were initially developed by
electrochemists for use as electrolytes in batteries or for metal
electrodeposition. As a non-conventional class of novel sol-
vents, ionic liquids are becoming increasingly important and of
particular interest. This is because they have a number of
characteristics including negligible volatility, non-flammabil-
ity, high thermal stability, low melting point, broad liquid range,
and controlled miscibility with organic compounds, especially
some heterocycle compounds.1–4 Therefore they have attracted
enormous attention as media for green synthesis and been
successfully used to realize many important reactions.5–8

On the other hand, the above-mentioned properties of ionic
liquids make them potent excellent lubricants. The lubricants
currently used in industry are restricted in their application. For
instance, lubricants for steel/steel contact may be unsuitable for
aluminium/ceramics. For example, while alcohol has been
successfully used as a lubricant for ceramics and aluminium it
behaves poorly for steel. Clearly versatile lubricants would be
of great value for the industrial community.

Bearing this in mind and taking into consideration melting
point, thermal stability, hygroscopicity and viscosity, we chose
1-methyl-3-hexylimidazolium tetrafluoroborate (denoted
L106) and 1-ethyl-3-hexylimidazolium tetrafluoroborate
(L206) (see Fig. 1) to evaluate their tribological behavior using
an Optimol SRV (SRV is the abridged name for German
Schwingung, Reibung, Verschleiss) oscillating friction and
wear tester with ball-on-disc configuration.9

The SRV test results at a medium load are listed in Table 1.
It can be seen that the ionic liquid L106 exhibits excellent
tribological performance for steel (SAE-52100), aluminium
(Al2024), copper, single crystal SiO2, single crystal Si(100) and

sialon (Si–Al–O–N) ceramics.10 It exhibits the lowest friction
coefficients as compared with the two fluorine-containing
lubricants phosphazene (X-1P)11 and perfluoropolyether
(PFPE)12 which are widely used as lubricants for head/disk
interface or space applications. Thus it can be anticipated that
ionic liquids might be promising versatile lubricants.

Table 2 shows the SRV test results for the ionic liquid L206,
X-1P and PFPE under relatively high loads (4200 N). The
friction coefficient and wear volume loss of a steel disc
lubricated by L206 remains at a very low level with increasing
load, and the load-carrying capacity of L206 reaches up to 1000
N, much higher than that of X-1P (300 N) or PFPE (400 N).

The ionic liquids L106 and L206 are non-hygroscopic, are
air- and water-stable under ambient conditions, and slightly
soluble in water; the solubility of L106 in water is ca. 0.28 g l21

at 20 °C while L206 has a similar solubility. The solubility of
the ionic liquids in water has little effect on the tribological
behavior. Moreover, the addition of a small amount of water
(55 wt%) to the ionic liquids is helpful to improve the antiwear
ability for various frictional pairs (steel/steel, steel/aluminium
and steel/ceramic) but has little effect on the friction reduction
performance.

A question then arises: why do ionic liquids exhibit superior
tribological behavior? Noticing the unique dipolar structure, we
propose that ionic liquids can be easily adsorbed on the sliding
surface of frictional pairs. Subsequently an effective boundary
film would form so as to reduce friction and wear. Furthermore,
under severe friction conditions, the tetrafluoroborate anion will

Fig. 1 Molecular structures of the ionic liquids L106 and L206 and
traditional lubricants X-1P and PFPE.

Table 1 Friction coefficients for several frictional pairs lubricated with
various lubricants (SRV tester, load 50 N, frequency 25 Hz, amplitude 1
mm)

Friction coefficient

Frictional pair (ball/disk) L106 X-1P PFPE

Steel/steel 0.065 0.098 0.145
Steel/Al 0.040 0.128 —
Steel/Cu 0.025 0.117 0.145
Steel/SiO2 0.060 0.110 0.132
Si3N4/SiO2 0.083 0.115 0.132
Steel/Si(100) 0.050 0.102 0.145
Steel/sialon 0.065 0.100 0.120
Si3N4/sialon 0.065 0.105 0.130

Table 2 Tribological properties of ionic liquid L206, X-1P and PFPE for
steel/steel contact (SRV tester, load 50 N, frequency 25 Hz, amplitude 1
mm, duration 30 min)

Friction coefficient Wear volume/31024 mm3

Load/N L206 X-1P PFPE L206 X-1P PFPE

200 0.060 0.070 0.120 0.05 0.07 0.60
300 0.055 0.065 0.110 0.22 2.21 1.90
400 0.050 — 0.105 0.39 — 5.03
500 0.045 — — 0.45 — —
600 0.045 — — 0.53 — —

‘—’ lubrication failure.

This journal is © The Royal Society of Chemistry 2001
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decompose to form anti-scratch components such as fluoride,
B2O3 and BN. This is confirmed by the B 1s XPS spectra of
worn surfaces under different testing conditions (Fig. 2). Only
BN is detected in the sliding area of steel/sialon contact
lubricated with L106 under 300 N, while both B2O3 and BN are

detected in the sliding area of Si3N4/sialon ceramic contact
lubricated with L106 under 80 N.

In addition, ionic liquids L106 and L206 have pour points
below 255 °C and show no weight loss below 320 °C. Thus, the
prominent low temperature fluidity, high temperature stability,
low vapor pressure and excellent lubricity makes them an
attractive alternative to conventional liquid lubricants.

This work was financially supported by the National Natural
Science Foundation of China (Grant No. 59825116) and
Chinese Academy of Sciences.

Notes and references
1 T. Welton, Chem. Rev., 1999, 99, 2071.
2 M. J. Earle and K. R. Seddon, Pure Appl. Chem., 2000, 72, 1391.
3 H. Olivier, J. Mol. Catal. A: Chemical, 1999, 146, 285.
4 R. Hagiwara and Y. Ito, J. Fluorine Chem., 2000, 105, 221.
5 J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A E. Visser and R. D.

Rogers, Chem. Commun., 1998, 1765.
6 T. Fisher, A. Sethi and J. Woolf, Tetrahedron Lett., 1999, 40, 793.
7 M. Earle, P. B. McCormac and K. R. Seddon, Chem. Commun., 1998,

2245.
8 V. M. Kobryanskii and S. A. Arnautov, Chem. Commun., 1992, 727.
9 W. G. Zhang, W. M. Liu, H. W. Liu, L. G. Yu and Q. J. Xue, Wear,

1998, 223, 143.
10 C. Zhang, W. Y. Sun and D. S. Yan, J. Eur. Ceram. Soc., 1999, 19,

33.
11 B. S. Nader, K. K. Kar, T. D. Morgan, C. E. Pawloski and W. L. Dilling,

Tribol. Trans., 1992, 35, 37.
12 W. R. Jones, B. A. Shogrin and M. J. Jansen, Synth. Lubr., 2000,

109.
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Chem. Commun., 2001, 2244–2245 2245



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

[Ni(R2pipdt)2](BF4)2 (R2pipdt =
1,4-disubstituted-piperazine-3,2-dithione) as useful precursors of
mixed–ligand dithiolenes of interest for non-linear optics†‡
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A simple method to obtain in high yields mixed-ligand
nickel–dithiolene complexes, which show strong negative
solvatochromism and negative first molecular hyperpolariz-
ability, and the use of Raman spectroscopy to establish the
extent of electronic delocalisation in these complexes, are
reported. 

Metal–dithiolenes represent a class of compounds of interest in
several fields of materials chemistry.1 Symmetrical bis-dithio-
lene nickel complexes exhibit an intense electronic transition at
low energies assigned to a p ? p* transition between the
HOMO and the LUMO, delocalised over both the ligands (R =
RA, Scheme 1). This extensive electron-delocalization, while
making these complexes useful as near-infrared (NIR) dyes, is
irrelevant to intramolecular charge transfer, a crucial factor in
generating second order non-linear optical (NLO) properties. It
is known1c that donor substituents in the parent dithiolene
[Ni(edt)2] (edt = ethylenedithiolate) raise the energy of the
HOMO more than that of the LUMO, with a consequent shift of
the low-energy band to lower frequencies. However, very
strong donor substituents may also force the HOMO to become
antibonding and the loss of one or two electrons may be
observed, but examples of cations are extremely rare.1c On the
other hand, electron-withdrawing substituents lower the energy
both of the HOMO and the LUMO, and the latter MO may
become bonding, leading to the formation of anions, as
observed in several cases (mnt,2a tdas,2b qxd,2c dmit,2d dsit,2e

tkr2f derivatives, Scheme 2). When R ≠ RA (unsymmetrical
complexes) where R is an electron donating substituent and RA
an electron withdrawing substituent, the resonance form A
(Scheme 1) may dominate the ground state. In this case the
complexes can be described as dithione–dithiolate derivatives
with the RA containing ligand contributing more to the HOMO
and R containing one likewise to the LUMO. Thus the
electronic transition between the HOMO and the LUMO will
have intramolecular CT character, making unsymmetrical
complexes potential second-order NLO chromophores.3

However [Ni(R2C2S2)(RA2C2S2)] complexes are extremely
rare,4 mainly for the difficulties encountered in the synthetic
procedure and in their purification. Among them [Ni(R2-
pipdt)(RA2C2S2)] [R2C2S2 = 1,4-dialkylpiperazine-3,2-dithione

(R2pipdt); RA2C2S2 = maleonitriledithiolate (mnt) and tri-
fluoromethyldithiolate (tfd)] nickel complexes have been
prepared by reacting the free R2pipdt ligand with the neutral
complexes [Ni(mnt)(NH3)2] and [Ni(tfd)2], respectively. These
complexes show strong negative solvatochromism and negative
first molecular hyperpolarizability (b).5

We report here a simple method to prepare several complexes
belonging to this class of potential second-order NLO chromo-
phores, some of them not reported before, by reacting a salt of
a nickel–dithiolene dication [Ni(R2pipdt)2](BF4)2] 1 with a salt
of a nickel–dithiolene dianion (Bu4N)2[Ni(S2C2RA2)2] 2 as
shown in Scheme 2.

[Ni(Me2pipdt)2](BF4)2 (R = Me, 1A) has been characterized.
Structural data6 show that the most significant bond distances
and angles in the [Ni(Me2pipdt)2]2+ cation fall in the typical
range of square-planar nickel–dithiolene complexes (Fig. 1).

This cation has been briefly mentioned in the literature,1c but
data on its characterisation were missing.

The cyclic voltammogram of 1A is in agreement with a
dithiolene description of this cation, showing four reversible
redox steps which are ascribed to mono-electronic processes
leading 1A from the dicationic to the dianionic species.

All the obtained mixed-ligand compounds (3a–f) shown in
Scheme 2 have been characterized by analytical, spectroscopic
and electrochemical methods. [Ni(Me2pipdt)(mnt)] (R = Me,
3aA) has been also structurally characterised6 (Fig. 2). Com-
plexes 3aA–fA exhibit a low-frequency peak, which shows
negative solvatochromism, above 700 nm. Solvatochromic
measurements and dipole analysis have been performed on
[Ni(Pri

2pipdt)(dmit)] as described in ref. 5. In Table 1 a
comparison of these results with those of [Ni((EH)2-

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b1/b106064n/
‡ Dedicated to Prof. P. Cassoux, CNRS, Toulouse, for his 60th birthday.

Scheme 1

Scheme 2
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pipdt)(mnt)]5 and with those obtained on [Ni(Pri
2timdt)(mnt)] is

reported. [Ni(Pri
2timdt)(mnt)] belongs to a class (4) of appar-

ently similar mixed-ligand derivatives, recently prepared by
us,7 where the ligand containing the electron-donating sub-
stituent is Pri

2timdt (formally the monoanion of 1,3-diisopropy-
limidazolidine, whatever of R2pipdt. Both [Ni(Pri

2pipdt)(dmit)]
and [Ni((EH)2pipdt)(mnt)] show pronounced negative sol-
vatochromism as indicated by their large negative values of me
2 mg. The b0-value found for [Ni(Pri

2pipdt)(dmit)] is 33 that of
[Ni((EH)2pipdt)(mnt)] and it is mainly due to the larger
transition dipole moment and longer absorption wavelength. It
is reasonable that the direction of the LLCT of these complexes
is from the dithiolate-ligand to the dithione-ligand. Instead a b0-
value near to zero is found for [Ni(Pri

2timdt)(mnt)]. The
different behaviour of these apparently similar complexes is
related to the extent of the electronic delocalization in class 4
complexes. The low-energy band is thus assigned to a p?p*
transition in class 4 derivatives and to LLCT (dithiolate to
dithione) transition in class 3 ones. Accordingly the very similar
E1/2 values related to the reduction processes of class 3
complexes (Table 2) suggest a prevailing contribution of the
Me2pipdt ligand to the LUMO. By contrast, class 4 complexes
show corresponding E1/2 values at intermediate values between
those of the parent symmetrical complexes.7

Raman spectra are very diagnostic to distinguish the two
classes of complex. The CNC stretch shows a shift to higher
frequencies as the negative charge on the complex increases in
Ni(mnt)2-complexes.8a This peak is found at 1485 for
[Ni(mnt)2]22 and at 1435 cm21 for [Ni(mnt)2]2. [Ni(Me2-
pipdt)(mnt)] and [Ni(Pri

2timdt)(mnt)] exhibit a peak at 1492
and 1425 cm21, respectively thus suggesting that the mnt ligand
bears a 22 formal charge in [Ni(Me2pipdt)(mnt)] which is
significantly lowered in [Ni(Pri

2timdt)(mnt)]. Similarly, com-
paring the peaks assigned to the CNC stretch of the dmit ligand
in [Ni(Pri

2pipdt)(dmit)] (1445 cm21) and [Ni(Pri
2timdt)(dmit)]

(1388 cm21), the position of these bands is near to the frequency
of the CNC peaks, respectively, in the dianionic (1435 cm21)
and monoanionic (1390 cm21) [Ni(dmit)2]n2 complexes.8b

The CNR (Materiali Speciali per Tecnologie Avanzate II) is
acknowledged for financial support.
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Table 1

lmax
a/nm

1023 e/
M21 cm21 meg/D mg/D me2mg/D d/g ml21 a/Å me/D

10230

b0/esu Ref.

[Ni(Pri
2pipdt)(dmit)] 965 10.9 5.9 13 211 1.51 6.7 2 2130 This work

[Ni((EH)2pipdt)(mnt)] 829 9.8 3.7 16 210 1.23 7.3 6 237 5
[Ni(Pri

2timdt)(mnt)] 883 24.1 6.7 16 ~ 0 1.24 6.8 16 ~ 0 This work
a In chloroform; a = Onsager radius (taken as sum of spherical radius of solute and solvent; d = density; meg = transition dipole moment; mg = ground-state
dipole moment; me = excited-state dipole moment. Pri

2timdt = monoanion of 1,3-diisopropylimidazolidine-2,4,5-trithione;7 EH = 2-ethylhexyl.

Fig. 1 Molecular structure of the [Ni(Me2pipdt)2]2+ cation which shows a
crystallographic D2 symmetry. Selected bond distances (Å) and angles(°):
Ni–S 2.159(2), S–C(1) 1.688(8), C(1)–C(1A) 1.477(12); S–Ni–SB 92.08(8),
S–Ni–SAB 87.99(8), S–Ni–SAB 177.21(8) [A: x, 1/42y, 1/42z; '': 1⁄42x, y,
1⁄42z; AB: 1⁄42x, 1⁄42y, z].

Fig. 2 Molecular structure of 3aA lying on a two-fold axis. Selected bond
distances (Å) and angles (°): Ni–S(1) 2.162(2), Ni–S(2) 2.146(2), S(1)–C(1)
1.700(6), S(2)–C(4) 1.735(6), C(1)–C(1') 1.43(1), C(4)–C(4A) 1.32(1);
S(1)–Ni–S(1A) 91.6(1), S(2)–Ni–S(2A) 92.51(8), S(1)–Ni–S(2) 88.21(7),
S(1)–Ni–S(2A) 174.3(1)  [A 2x, y, 1⁄22z].

Table 2 Cyclic voltammetric dataa

Complex
Ea/V
(1 / 0)

E1
1/2/V

(0 " 21)
E2

1/2/V
(21 " 22)

3aA +0.900 20.530 20.970
3cA +0.812 20.595 21.033
3eAb +0.610 20.505 20.966
3fA +0.820 20.582 21.034

a Measured at Pt electrodes in MeCN (b in DMF), 0.1 M Bu4NPF6, scan rate
100 mV s21, reference electrode: Ag/AgCl.
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Specific molecular interactions in Pd(II) complexes identify a new
approach to the biaxial nematic phase
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Liquid-crystalline complexes of Pd(II) allow a new approach
to the realisation of the biaxial nematic phase.

In the uniaxial nematic phase (Nu) of liquid crystals, there is no
positional order and the unique axes of the molecules are
oriented about a director, n. In the biaxial nematic phase (Nb)
there is, additionally, a correlation of the other molecular axes
in a direction perpendicular to n and so whereas in the Nu phase
the physical properties in the plane perpendicular to n are angle-
independent, this is not the case in the Nb phase. Since Freiser’s1

prediction of the existence of an Nb phase, this topic has
attracted much interest. Yet despite experimentalists trying to
make these predictions come to life, the Nb phase in low-
molecular-mass thermotropic liquid crystals remains elusive.

Two main strategies have been developed in the search for
the phase. One is based on single-component systems where
‘shape biaxiality’ is optimised,2 while the other is suggests that
mixtures of two uniaxial nematic phases with non-coincident
directors, could lead to the formation of the Nb phase.3 The
latter approach is problematic as such mixtures phase-separate
into two uniaxial nematics.

In this communication, we propose a different approach
which exploits total molecular biaxiality, i.e. not simply a shape
biaxiality. Thus, we are seeking systems where possibilities for
biaxial intermolecular interactions can be built in that lead to the
realisation of long-range, orientational correlation in two
orthogonal directions.

Fluoro-substitution in thermotropic liquid crystals provides a
way of modifying their physical properties.4,5 Further, the ideas
of amphiphilicity and microphase separation are also well-
known in liquid crystals,6 where it is recognised that like parts
of a molecule prefer to associate. Indeed, the presence of
perfluorocarbon and hydrocarbon chains within the same
molecule produces micro-segregation at the molecular level.
We wished to use these ideas to design some organopalla-
dium(II) complexes which would, in addition to possessing
shape biaxiality, generate localised segregation, so promoting
correlations perpendicular to the main nematic director.

The complexes we chose for study are based on the well-
known ortho-palladated mesogens. We took as our starting
point a system described by Espinet and Buey7 in which dimer
1 is cleaved with the anion of a b-diketonate (Fig. 1). We used
trifluoroacetylacetonate (tfac) and obtained the target complex
2 as a 1+1 mixture of isomers as shown by the 1H NMR
spectrum.† We were able to obtain single crystals of the
dimethoxy derivative (R = RA = MeO) and found that a single
isomer crystallised.‡ However, when the solid-state packing of
the molecule was considered, we found that the fluorocarbon
parts of the complex remained together (Fig. 2), supporting the
approach we were taking.

While we have made several derivatives of 2, two are of
particular note, namely with R = RA = –OC6H13 (2a) and with
R = –OC6H13, RA = –C6H13 (2b). Both showed a monotropic
nematic phase [2a: Cr • (62.6 • N) • 91.6 • I; 2b: Cr • (11.7 • N)
• 67 • I; temp. in °C]; polarised optical microscopy showed each
to have an ill-defined, marbled texture. We then evaluated the
thermodynamics of the N–I transition as theory predicts8 the
Nb–I transition to be second order. The enthalpy changes were
small [DH(2a) = 0.20 kJ mol21; DH(2b) = 0.17 kJ mol21]
as were the corresponding entropy changes
[DS/R(2a) = 0.075; DS/R(2b) = 0.072]. It is instructive to
compare this behaviour with that of the non-fluorinated
analogue of 2a (i.e. prepared using acac) where the N–I
transition showed DH = 1.0 kJ mol21 and DS/R = 0.30. This
significant difference in the DS/R values shows that fluorination
causes the transition to become much less strongly first order,
providing further evidence supporting our approach.

Fig. 1 Synthesis of the target complexes.

Fig. 2 The packing of 2a in the solid state.
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However, with the biaxial nematic phase, it is character-
isation which is at the heart of the question9 and the one
technique which appears to offer unequivocal identification of
the Nb phase is 2H NMR spectroscopy.10 It was, therefore,
necessary to introduce deuterium into the complex which we
did at the position shown in Fig. 1. Thus, Na+tfac2 was
deuteriated by stirring in CD3OD–D2O at room temperature for
4 h before the solvents were removed in vacuo. After reaction
with 1, deuteriated 2a was obtained with 80% deuterium
incorporation.

The spectra were measured using a quadrupolar echo
sequence, and the sample was brought into the isotropic phase
and then cooled slowly; a strong singlet corresponding to the
isotropic phase was recorded. However the signal intensity
decreased with temperature and 90% of the magnetisation was
lost before the nematic phase was reached (Fig. 3). This
behaviour normally suggests that the compound is either
crystallising or decomposing in the probe, but after the
experiment, the sample was checked visually and then by
polarised optical microscopy and also by 1H NMR spectros-
copy, none of which suggested that either of the two processes
had occurred. No definite explanation has yet been given for this
experimental observation, although we cannot yet rule out
vitrification.

The sample was then further cooled and at the isotropic-to-
nematic transition a doublet was observed. The spectra (Fig. 4)
showed a small biphasic region and allowed the measurement of
the transitional quadrupolar splitting, Dn, even if the signal was
rather weak. From the quadrupolar splitting it is possible to
calculate S, the order parameter of the long molecular axis and
in so doing we made the assumption that the angle between the
molecular long axis and the C–D bond was 90°. On calculating
values of S, it was found that at the N–I transition, it had a value
of 0.105. This compares with typical transition values for a
uniaxial nematic phase of around 0.35. Note that S is expected

to start at zero for a biaxial nematic phase if the I ? Nb
transition is directly at the so-called Landau point. Our results
indicate, therefore, a very low order parameter for this nematic
phase consistent with the low transitional entropy (DS/R),
although we cannot say that the phase is biaxial.

By comparison, a very similar complex named ‘Azpac’ (as 2a
but containing an acac ligand and with the imine link replaced
by an azoxy function) was studied by 2H NMR spectroscopy
some years ago.11 The deuterons were introduced via the
aromatic rings of the ligand, here, the order parameter close to
the N–I transition was found to be ca. 0.4. These results provide
further evidence in support of our approach to the generation of
biaxial materials.

Further support for this strategy comes from recent results of
Monte Carlo simulations by Berardi and Zannoni12 in which
they employed a Gay–Berne potential, modified to enhance
side-to-side interactions of Gay–Berne particles. Using this
approach, they too were able to stabilise a biaxial nematic
phase, although interestingly, when face-to-face interactions
were enhanced, a biaxial smectic phase was found. The recent
identification13 of the biaxial SmA phase using such an
approach experimentally lends support to their simulations and
further lends support to the approach we have identified.

We thank the EU (contract ERBFMRXCT970121), NEDO
and the University of Exeter for support (L. O.) and Johnson
Matthey for generous loans of precious metal salts.

Notes and references
† All new complexes were satisfactorily characterised by spectroscopic
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monoclinic, space group P21/c, a = 12.8622(12), b = 17.3734(18), c =
8.6466(12) Å, U = 1924.4(4) Å3, Z = 4, Dc = 1.725 g cm23, m = 1.020
mm21, F(000) = 1000, crystal size 0.07 3 0.05 3 0.05 mm. Data were
collected at 150 K, on a Nonius Kappa CCD area detector diffractometer,14

at the window of a Nonius FR591 rotating anode (lMo-Ka = 0.71073 Å).
Combined o and w scans, frame increment of 2.0°, qmax = 24.00° (index
ranges 214 @ h @ 14, 219 @ k @ 18, 29 @ l @ 9). An absorption
correction was applied by comparison of multiple and symmetry equivalent
reflections, using the program SORTAV15 (transmission factors =
0.9508/0.9321). A solution was obtained via direct methods and refined16

by full-matrix least squares on F2, with hydrogens included in idealised
positions. 2857 Unique data were produced from 7543 measured reflections
(Rint = 0.1112). 202 parameters refined to R1 = 0.1235 and wR2 = 0.2278
[I > 2s(I)] (R1 = 0.1900 and wR2 = 0.2482 for all data), with residual
electron densities of 1.617 and 20.779 e Å23. CCDC reference number
170065. See http://www.rsc.org/suppdata/cc/b1/b107775a/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 3 1H NMR spectrum of 2a in the isotropic phase between 365 K (most
intense signal) and 335 K (least intense signal).

Fig. 4 1H NMR spectra in the nematic phase.
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polarisation contributions to axial ligation in a C4-symmetric chiral
europium complex†
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Measurements of the equilibrium constants for ligand
exchange (MeCN, 295 K) involving the axial donor in a C4-
symmetric, mono-capped, square antiprismatic cationic Eu
complex, supported by calculations based on an electrostatic
perturbation model, have been interpreted in terms of a
predominant ligand polarisation interaction defined by
observation of the hypersensitive DJ = 2 normalised
emission intensity, in association with measurements corre-
lating DJ = 1 band splitting and 1H NMR dipolar shifts that
vindicate Bleaney’s theory of magnetic anisotropy.

The correlation of optical and NMR spectral information with
the structure of lanthanide complexes in solution has often been
frustrated by the extreme sensitivity of the former to apparently
minor variations of complex structure.1,2 Such changes may
relate to perturbations in ligand constitution or conformation—
thereby defining the local site symmetry and ligand field—or be
associated with complex exchange dynamics involving either
inter- or intra-molecular processes. The advent of new series of
well-defined lanthanide complexes for which intramolecular
dynamics and solvent exchange processes are better understood,
has afforded an opportunity to clarify this situation.3 Of
particular interest are the series of nine-coordinate lanthanide
complexes involving the coordination of C4-symmetric octa-
dentate macrocyclic ligands, wherein a mono-capped, square
antiprismatic coordination environment is adopted. The ninth
'capping' ligand lies along the principal C4 axis and is
susceptible to exchange by other donor ligands.4 An example is
provided by the cationic europium complex (SSSS)-[Eu.1]3+ for

which dynamic NMR, X-ray analysis, CD and CPL spectros-
copy have revealed that a dominant species exists in solution, as
the D-(llll) isomer.5† The selection of Eu for study is
determined by its favourable spectroscopic characteristics: in
emission not only are the 7FJ/

5D0 spectra the simplest of the
paramagnetic lanthanides to interpret, but also the splitting of

the two magnetic dipole allowed DJ = 1 transitions, in C4
symmetry, is a direct measure of the second-order crystal field
parameter, Bo

2.6 This parameter also determines the dipolar
(pseudo-contact) NMR shift in Bleaney's theory of magnetic
anisotropy.7 In axial symmetry, eqn. (1) applies,
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where CJ = g2J(J + 1)(2J 2 1)(2J + 3) < J | a | JA > . For Eu,
analysis of shifted proton NMR resonances that are well-
removed from the paramagnetic centre obviates problems
associated with any contact shift contribution. Europium
emission spectra also provide information on the dipolar
polarisability of the ligand donors, by analysis of the hyper-
sensitive DJ = 2 and DJ = 4 transitions; the oscillator strength
of the 7F2 /

5D0 transition is very sensitive to the EuIII

coordination environment.8 However a systematic study of
controlled structural variation in a common site symmetry is
lacking. With these features in mind, we have measured the
equilibrium constant for axial donor exchange with [Eu.1]3+ in
acetonitrile, interpreted changes in the Eu emission and in 1H
NMR spectra (CD3CN, 295 K) and correlated these observa-
tions with a simple electrostatic perturbation model.

Addition of eight different oxygen (H2O, MeOH, MeNO2,
DMF, DMSO, pyridine N-oxide, HMPA, Ph3PO) and four
nitrogen donors (py, 4-NMe2py, 4-Mepy, benzylamine) to a
solution of [Eu.1](CF3SO3)3 in dry acetonitrile (1 mM, 295 K)
was monitored by emission spectroscopy. In each case, analysis
of the resultant binding isotherms was carried out by a simple
least-squares fitting procedure, monitoring changes in the
intensity of the DJ = 2 transition. This allowed an estimate of
the free energy change for the ligand exchange process to be
determined (Table 1).‡ In addition, 1H NMR spectra were
measured at the same concentration of [Eu.1]3+ (1 mM, 300
MHz, 295 K) adding a sufficient excess of the donor to reach the
saturation limit in the corresponding emission spectral analysis.
A comparison of 1H NMR hyperfine shifts, in each case,
suggested that the complex adopted the same overall structure:
the variation with added donor of the shifted ring ‘axial’,
equatorial and diastereotopic NCHHACO resonances revealed a
proportional change (ESI†). That this assumption was valid was
corroborated by plotting the chemical shift of the most shifted
ring axial proton vs. the splitting of the two DJ = 1 transitions,
observed in the corresponding emission spectra. The linearity of
this correlation confirms that the observed spectral variations
are consistent with an axial donor exchange process in which
the site symmetry and overall geometry is conserved. Moreover
this correlation vindicates Bleaney’s theory7 demonstrably (Fig.
1).

The ratio of the integrated emission intensities for the DJ =
2/DJ = 1 Eu spectral bands is regarded as a useful parameter
that may be used to assess changes in the Eu coordination
environment.1,2,8 The DJ = 1 transition is magnetic-dipole

† Electronic supplementary information available (ESI) space filling
images of [Eu1·H2O], Tables and plots of selected 1H NMR data, emission
spectra for [Eu.1]3+ and examples of least-squares fitting analysis for
selected binding isotherms. See http://www.rsc.org/suppdata/cc/b1/
b105006k/
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allowed and its oscillator strength is generally regarded as being
relatively independent of the ligand environment. Values of the
ratio are collated in Table 1, and for the oxygen donors in
particular, the increases in this ratio correlate quite well with the
order of binding affinities (R2 = 0.91). In the nitrogen donor
series, the scope of the analysis was limited by competitive
amide de-protonation in strong base, leading to a loss of C4
symmetry. Nevertheless within the pyridine series, the DJ =
2/DJ = 1 ratio fell in the order 4-NMe2py > > 4-Mepy > py
consistent with the measured change in binding affinity. In an
attempt to rationalise this behaviour, some calculations have
been performed using a simple electrostatic model, involving
the spatial partitioning of charges on each of the axial donor's
atoms. Kohn–Sham density functional theory calculations,
using the B97-111 exchange-correlation functional and DZP 12

basis set, were performed using the CADPAC13 program. To
reduce the basis set dependence of the calculated charges, each
molecule was partitioned into atom centred Voronoi poly-
hedra,14 and atomic charges were determined by integrating the
charge density within each polyhedron. Calculations were
performed at fixed geometries, corresponding to the theoret-
ically optimised structures in the absence of the point charge.

These values are given in Table 1 both for the charge on the
ligating O or N atom for the isolated molecule in the gas phase
(q) and in the presence of an arbitrary (polarising) single point
charge (q+) held 2.5 Å from the ligating donor. The donor atom
was oriented towards the putative charge along its stereoelec-
tronically preferred coordination vector. For the oxygen donors,
the variation of q+ followed the sequence of donor affinity (as
measured by DG for exchange of MeCN) quite closely (R2 =
0.93), whereas the correlation with q was significantly less good
(R2 = 0.8).

In conclusion, these measurements have allowed a unique
assessment of donor atom preference in binding to a typical
lanthanide ion. To the extent that the overall binding affinities
of the donors examined do not correlate with Gutmann's donor
number9 (based on an SbCl5 interaction) nor with Maria and
Gal's alternative parameter10 (based on donation to BF3), such
data could also be considered as the basis for an alternative
measure of Lewis basicity, in which there is a dominant
contribution from ligand polarisation. Indeed the experimental
DJ = 2/DJ = 1 intensity ratio in complexes of [Eu.1]3+ with
differing axial donors may serve as a useful basis for such an
analysis.

We thank EPSRC for support.
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‡ Donor exchange was reversible: the position of the equilibrium could be
shifted by adding increasing concentrations of more avid donors.
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Table 1 Effect of the axial donor on the difference in free energyad for
displacement of MeCN compared to the ratio of emission intensities (DJ =
2/DJ = 1)b for Eu emission and the charges on the donor heteroatom in the
absence, q, and presence, q+, of a point charge at 2.5 Åc

Axial donor
DG295/kJ
mol21

DJ = 2/
DJ = 1 q q+

MeNO2 < 5.5 0.95 0.04 0.16
MeOH 6.6 1.0 0.13 0.20
H2O 7.8 0.6 0.20 0.26
DMF 11.7 1.9 0.20 0.31
DMSO 14.3 2.8 0.27 0.41
HMPA 18.8 3.2 0.28 0.42
Pyridinee 10.7 1.8 0.08 0.23
4-NMe2py 15.7 3.5 0.11 0.26
4-Mepy 13.0 1.9 0.09 0.24
Pyridine N-oxidef 17.9 5.2 0.28 0.41
C7H7NH2 13.0 1.8 0.19 0.28
MeCN 0 1.1 0.12 0.28
a Estimated by iterative least-squares fitting of the variation of emission
intensity (lexc 616 nm) with the concentration of added donor for a solution
of [Eu.1](CF3SO3)3 in dry MeCN (1 mM, 295 K). b Calculated by
integrating the emission spectral intensity of [Eu.1] (295 K, lexc = 397 nm).
c For MeNO2, only unidentate coordination was considered. d It should be
appreciated that different entropic contributions to the DG values shown are
expected for each of the donors shown, as well as differential solvation
effects. e Sterically hindered pyridines, such as 2,5- and 2,6-lutidine did not
bind, nor did a representative simple imine, N-benzylidenemethylamine.
f For triphenylphosphine oxide: J ratio = 3.2 and DG = 20.1 kJ mol21.

Fig. 1 Correlation of the limiting 1H NMR shift of the most shifted ring axial
proton resonance in [Eu1]3+ (relative to ButOH) with the separation of the
A2 / A1 and E / A1 transitions in the DJ = 1 emission bands for eight
oxygen and five different nitrogen donors (293 K, MeCN).
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Studies on cobalt ethylene polymerisation catalysts bearing
bis(imino)pyridine ligands strongly indicate that the acti-
vated species is not the anticipated cobalt(II) alkyl cation.

In recent years there has been much interest in late transition
metal olefin polymerisation catalysts. Recently, Brookhart and
Bennett, and ourselves have independently reported highly
active polymerisation1 and oligomerisation2 catalysts based on
iron and cobalt bearing bis(imino)pyridyl ligands. The activity
of the cobalt polymerisation catalyst family, whilst approx-
imately an order of magnitude less than that for their iron
relatives, is nevertheless highly respectable for late transition
metal olefin polymerisation catalysts. However, the natures of
the active sites in both the iron and cobalt systems remain little
understood. Here, we report our preliminary findings on the
cobalt system.

The activation of the pre-catalyst [LCoCl2] 1 {L =
2,6-[CMeNN(2,6-C6H3Pri

2)]2C5H3N} with methylaluminoxane
(MAO) produces an initial colour change from yellow–brown to
claret, with a subsequent colour change to blue. Addition of
ethylene to this solution causes a colour change to aquamarine,
concomitant with the onset of polymerisation.1 An interesting
observation is that if the activation with MAO is performed
under an argon atmosphere as opposed to dinitrogen, the
resulting solution is purple. If this solution is degassed and
dinitrogen is then admitted the colour of the solution changes to
blue. Degassing returns the original purple colour. Thus the
activated species appears to be capable of reversibly binding
dinitrogen.

The well-established mode of activation of both early and late
transition metal systems [e.g. group 4 metallocenes and Ni(a-
diimine) catalysts] involves, via the action of MAO, the
transformation of a metal dihalide fragment LnMCl2 into an
alkyl cation [LnM–R]+. If this activation pathway is followed by
the cobalt catalyst family, a 15-electron cobalt alkyl cation of
the type [LCoMe]+ would be anticipated. Indeed, calculations
have been reported based on cationic alkyl species of this type
being the active centres.3 We attempted to synthesise the
dimethyl complex [LCoMe2] in order to access a well defined
analogue of this hypothesised cobalt(II) alkyl cation. However,
the reaction between 1 and methyl Grignard reagents (Scheme
1) affords the reduced species [LCoMe] 2.

This led us to investigate the reduction of 1 by other means.
Clean reduction to the cobalt(I) chloride [LCoCl] 3 is achieved
upon reaction of 1 with a suspension of zinc powder in toluene
at 50 °C. Both 2 and 3 are claret in colour, and, as with all other
cobalt(I) species reported in this study, are highly air- and
moisture-sensitive. They are readily oxidised by most chlorin-
ated solvents and other oxidising agents.

The activation of 2 or 3 with MAO affords a blue solution,
which also becomes aquamarine on the addition of ethylene to
the flask, colour changes that are similar to those observed upon
treatment of 1 with MAO. 1–3 all yield identical polyethylene

(mol. wt, PDI) when activated with MAO; the same active
species thus appears to be present in each case. These
observations lead us to conclude that the species produced upon
activation of these procatalysts with MAO is a cobalt(I) species
rather than cobalt(II).

The addition of ethylene to a sample of the cobalt(I) methyl
species 2 in toluene does not lead to the formation of polymer,
nor does its NMR spectrum change; 2 is, therefore, not a
polymerisation-active species.‡ The addition of Al2Me6 does
not activate 2 towards ethylene polymerisation, nor does it
cause any colour change, thus a stronger Lewis acid (e.g. MAO)
appears to be required for activation of the catalyst. As a
potential model for the activation process, 2 was treated with the
Lewis acid B(C6F5)3. This afforded a royal blue solution of
[LCo(N2)][MeB(C6F5)3] 4, thus providing a clue as to the
nature of the second colour change in the reaction of 1 with
MAO.

Molecular structures of the cobalt(I) species 3§ and 4§ have
been determined. They are closely related, having approximate
C2v symmetry about an axis passing through the pyridyl
nitrogen and the cobalt centre (complex 4 is depicted in Fig. 1).
In both structures the metal coordination plane extends to
include the ligand backbone [from C(11) through C(4) to
C(23)], the maximum deviation from planarity being 0.025 Å in
3 and 0.080 Å in 4. The 2,6-diisopropylphenyl ring systems are
in both complexes oriented approximately orthogonally to the
coordination plane (by between 82 and 88°). There are no
significant differences between the equivalent Co–N bonds to
the tridentate ligand in the two structures, or in the CNN double
bond lengths. To our knowledge there are no structurally
characterised square planar cobalt complexes bearing three
nitrogen donors with either a chloride or a dinitrogen ligand in
the fourth coordination site reported in the literature. The Co–

† Present address: BP Research Centre, Sunbury on Thames, Middlesex,
UK TW16 7LN.

Scheme 1 Reagents and conditions: i, 2.5 MeMgBr, Et2O, 278 °C, 18 h; ii,
B(C6F5)3, toluene; iii, Zn, toluene, 50 °C, 15 h; iv, C2H4, toluene.
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N2 bond length in 4 is comparable to those observed in
tetrahedral cobalt species. In 4 the shortest anion…cation
contact is an approximately orthogonal approach of 2.93 Å of
one of the pentafluorophenyl fluorine atoms to the pyridyl
nitrogen atom. The closest approach of a fluorine atom to the
cobalt centre is 3.5 Å.

The addition of ethylene to a toluene solution of 4 causes a
colour change to aquamarine, and polymer is formed, although
only with low activity (11 g mmol21bar21h21). The addition of
10 equiv. of Al2Me6 as co-catalyst increases the activity by an
order of magnitude (96 g mmol21 bar21 h21); the resultant
polyethylene is identical in molecular weight and molecular
weight distribution to that produced by the MAO activated
system.

An important question then concerns how the propagating
species is formed from 4. The diamagnetic nature of the
cobalt(I) bis(imino)pyridyl system makes it amenable to study
by NMR spectroscopy. One useful feature of the 1H NMR
spectra is that the chemical shifts of the ligand resonances vary
considerably depending on the nature of the substitution at the
cobalt centre. The ketimine methyl resonance is particularly
sensitive in this respect, with the singlet being observed at d
21.14 in 2, d 0.05 in 3 and d 1.11 in 4, a trend which appears
to correlate with the electrophilicity of the cobalt centre.

A study of the pre-catalyst 4 by 1H NMR spectroscopy
showed that addition of 1 equiv. of ethylene afforded a species
identifiable by its 1H NMR spectrum as the ethylene adduct
[LCo(h-C2H4)][MeB(C6F5)3] 5. The ketimine signal now
occurs at d 0.73, and a singlet resonance assignable to bound
ethylene is present at d 4.65 (cf. d 5.32 for free ethylene). The
ethylene is only weakly bound; if more ethylene is added to the
NMR tube then rapid exchange between free and bound
ethylene occurs, resulting in an averaged chemical shift for the
ethylene hydrogens. The ethylene can be seen to be consumed,
with polymer forming on the walls of the NMR tube. At the end
of the polymerisation, 5 remains.

There are several conclusions that can be drawn from these
observations. Firstly, the species that is initially formed upon
activation, and thus the species from which the initation of
polymerisation must occur, is a cobalt(I) cation, a species that
contains no cobalt–C(alkyl) bond. Secondly, the aluminium co-
catalyst appears to perform three functions: (i) to reduce the

cobalt(II) pre-catalyst to cobalt(I), (ii) to form the cobalt(I)
cation by chloride or methide group abstraction (MAO), and
(iii) to enhance the stability of the catalyst, and/or the rate of
polymerisation. The manner in which polymerisation is initi-
ated from the cobalt(I) cation is currently unclear. One
possibility is the reaction of a bound ethylene with a Lewis acid
{cf. the activation of [Cp2Zr(butadiene)] by B(C6F5)3

4} to give
a zwitterionic cobalt(III) complex. Another possibility is
oxidative coupling of two molecules of ethylene to afford a
cobaltacyclopentane species, analogous to the commonly
postulated active site of the Phillips chromium catalyst system.5
A third possibility is C–H s-bond activation of the bound
ethylene to afford a cobalt(III) vinyl hydride species, a reaction
which has precedence in the chemistry of the group 9 metals.6
For the first two possibilities it is less clear how 5 would be
regenerated during the polymerisation. A common outcome of
all of these processes, however, is the oxidation of the cobalt(I)
precursor to cobalt(III). Thus, in accord with findings on other
cobalt polymerisation systems,7 and the apparent inactivity of
LCo(I)R species, we err in favour of the active species being
cobalt(III). Investigations into these possibilities, and other
aspects of the chemistry of the cobalt system, will be reported in
due course.

BP Chemicals Ltd is thanked for financial support. Dr J.
Boyle and Dr G. Audley are thanked for NMR and GPC
measurements, respectively.

Notes and references
‡ The longer chain Co(I)–alkyl homologues of 2, LCoR (where R = Et, Prn

or Bun) have been synthesised and they too are inactive towards ethylene
polymerisation.
§ Crystal data: for 3: C33H43N3ClCo, M = 576.1, monoclinic, space group
P21/n (no. 14), a = 8.819(1), b = 23.121(2), c = 15.744(2) Å, b =
101.08(1)°, V = 3150.7(7) Å3, Z = 4, Dc = 1.214 g cm23, m(Mo-Ka) =
6.54 cm21, T = 293 K; 4635 independent measured reflections, F2

refinement, R1 = 0.046, wR2 = 0.100, 3253 independent observed
reflections [¡Fo¡ > 4s(¡Fo¡), 2q @ 47°], 343 parameters. For 4:
[C33H43N5Co][C19H3F15B], M = 1095.7, triclinic, space group P1̄ (no. 2),
a = 10.764(1), b = 15.797(1), c = 15.881(1) Å, a = 100.55(1), b =
102.86(1), g = 98.80(1)°, V = 2534.7(3) Å3, Z = 2, Dc = 1.436 g cm23,
m(Cu-Ka) = 35.1 cm21, T = 183 K; 8102 independent measured
reflections, F2 refinement, R1 = 0.055, wR2 = 0.128, 6057 independent
observed absorption corrected reflections [¡Fo¡ > 4s(¡Fo¡), 2q@ 126°], 668
parameters. CCDC reference numbers 169303 and 169304. See http:/
/www.rsc.org/suppdata/cc/b1/b107490c/ for crystallographic data in CIF or
other electronic format.
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Fig. 1 The molecular structure of 4. Selected bond lengths (Å) and angles (°)
for 4; Co–N(1) 1.812(3), Co–N(7) 1.915(3), Co–N(9) 1.908(3), Co–N(35)
1.841(3), C(7)–N(7) 1.303(5), C(9)–N(9) 1.303(5), N(35)–N(36) 1.112(6);
N(1)–Co–N(7) 81.67(12), N(1)–Co–N(9) 81.68(12), N(1)–Co–N(35)
178.3(2), N(7)–Co–N(9) 163.31(12), N(7)–Co–N(35) 98.23(14), N(9)–Co–
N(35) 98.44(14), Co–N(35)–N(36) 175.4(5). For 3; Co–Cl 2.1807(10), Co–
N(1) 1.797(3), Co–N(7) 1.916(3), Co–N(9) 1.912(3), C(7)–N(7) 1.317(5),
C(9)–N(9) 1.322(5); Cl–Co–N(1) 179.15(10), Cl–Co–N(7) 98.89(9), Cl–
Co–N(9) 98.17(9), N(1)–Co–N(7) 81.35(14), N(1)–Co–N(9) 81.58(14),
N(7)–Co–N(9) 162.92(12).
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The cross-coupling reaction of pentafluoropyridine with
tributyl(vinyl)tin affording 2-vinyltetrafluoropyridine by
activation of a carbon–fluorine bond is catalysed by [NiF(2-
C5NF4)(PEt3)2]; a similar reaction is observed with
2,3,5,6-tetrafluoropyridine.

A variety of methods of activating carbon–fluorine bonds by
transition metal centres have been established in the last two
decades.1 However, the formation of new organofluorine
compounds via C–F activation, followed by functionalisation
within the coordination sphere of the metal is still little
developed. Nevertheless, catalytic C–F activation has become a
reality.2 Catalytic cycles include the conversion of hexa-
fluorobenzene into pentafluorobenzene and the silylation of
pentafluoroacetophenone using rhodium catalysts.3,4 In the
zirconium-initiated oligomerisation of hexafluorobenzene new
C–C bonds are formed in addition to the cleavage of C–F
bonds.5 The nickel-mediated cross-coupling of fluorobenzene
with iPrMgCl has also been reported.6 In this communication
we present the first cross-coupling reactions that generate
polyfluorinated aromatic compounds by C–F activation. We
show that 2,3,5,6-tetrafluoropyridine and pentafluoropyridine
can be converted catalytically into the previously unknown
2-vinylfluoropyridine derivatives by cross-coupling reactions.
Fluorinated pyridines are of current interest as building blocks
in pharmaceuticals, agrochemicals and dyes.7

Reaction of Ni(cod)2 with PEt3 in the presence of penta-
fluoropyridine yields trans-[NiF(2-C5NF4)(PEt3)2 ] 1.8 Treat-
ment of a solution of 1 with Bu3SnCHNCH2 at room
temperature results in the slow formation of three products 2–4
identified by NMR spectroscopy including 1H–1H and 19F–19F
COSY measurements. The 31P NMR spectrum of [Ni{h2-
2-C5NF4(CHNCH2)}(PEt3)2] 2, the initial product, exhibits two
mutually coupled doublets (JPP = 34 Hz) as found for [Ni{h2-
C6F5(CHNCH2)}(PEt3)2].† 8 After 1 d of reaction, two further
compounds are observed. The 19F and 31P NMR data of these
compounds are compatible with their assignment as 3 and 4
(Scheme 1).‡ 8 The 19F NMR spectrum of 3 shows a triplet at d
2367.46 (JPF 47 Hz) characteristic of the metal-bound
fluorine.9 The fluorine ligand is also revealed by a doublet
resonance at d 13.6 (JPF 48 Hz) in the 31P NMR spectrum for the
two equivalent phosphorus nuclei. The assignment as a
2-pyridyl nickel derivative is based on the presence of three
additional fluorine signals in the 19F NMR spectrum at d
2129.88, 2159.78, 2163.34. The spectrum shows no signal at
ca. d 280, which would be indicative of a fluorine in the ortho
position to the nitrogen.8 The 31P NMR data of 4 resemble those
for 2. A 1H–31P COSY NMR spectrum measured at 233 K
shows a correlation between the resonance for the olefinic
proton at d 23.58 and the signal in the 31P spectrum at d 24.4.
Treatment of a reaction solution containing 2 as major product
with pentafluoropyridine 5 and PEt3 in the presence of Cs2CO3
affords small amounts of free 2-vinyltetrafluoropyridine 6,
which has not been described previously.§ Compound 6 was
removed by distillation in vacuo and reacted with Ni(cod)2–
PEt3 providing an alternative route to 2.

Encouraged by these observations and other stoichiometric
coupling reactions which we reported recently,10 we turned our
attention to catalytic cross-coupling methods for the synthesis
of 6 (Scheme 2).¶ The coupling of pentafluoropyridine 5 with
Bu3SnCHNCH2 in the presence of a nickel catalyst, phosphine
and Cs2CO3 was investigated. Representative results are
summarised in Table 1. The best result is obtained with 1–PEt3–
Cs2CO3 as the catalytic system giving a TON (turnover number)
of 4 based on the formation of 6. All the reactions gave the
coupling product 6 together with considerable amounts of
2,3,5,6-tetrafluoropyridine 7. According to the GC-MS, there
were also traces of 4-vinyltetrafluoropyridine, 2-vinyl-3,5,6-tri-
fluoropyridine 8 and 2,6-divinyltrifluoropyridine in the product
mixture. We did not observe any significant change in the
activity of the catalysts by altering the solvent (NMP, DME,
DMF, 1,4-dioxane, benzene) or base (Na2CO3, K3PO4). The
effect of cyclooctadiene or a weakly coordinating alkene such
as 3-trifluoromethylstyrene is also negligible. Base may be
needed to trap small amounts of HF, formed in side reactions.12

In a control experiment we discovered that 7 is also formed from
PEt3 and pentafluoropyridine without adding the catalyst and
Bu3SnCHNCH2. The concomitant generation of phosphoranes

Scheme 1 Reaction of 1 with Bu3SnCHNCH2.

Scheme 2 Catalytic conversion of fluorinated pyridines.
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indicates that formation of 7 might proceed via a phosphonium
salt.11

The formation of traces of 2-vinyl-3,5,6-trifluoropyridine 8
during the reaction suggested that a similar conversion could be
obtained by employing 7 as the starting fluoropyridine in place
of 5. In addition the reaction should be cleaner as competing
reactions in position 4 might be avoided. Indeed, 7 can be
converted selectively into its vinyl derivative 8 in the presence
of 1 as catalyst with a TON of 5.¶∑ There is no indication of the
formation of trifluoropyridines or of C–H activation, which
would lead to 4-vinyltetrafluoropyridine. However, there were
also traces of 2,6-divinyl-3,5-difluoropyridine and 2,6-divinyl-
trifluoropyridine in the product mixture. The generation of the
latter compound can be explained by the use of 1 as catalyst.

The formation of 6 is of special interest since it is very
difficult to prepare tetrafluoropyridines substituted in the
2-position.10,13 We believe that precoordination of penta-
fluoropyridine at the nickel centre is likely to be a crucial step
in the activation of the carbon–fluorine bond, controlling the
regioselectivity for attack at the 2-position.13,14

In conclusion, we have demonstrated the first catalytic C–C
coupling reactions involving C–F activation of a polyfluori-
nated molecule. While cross-coupling reactions of arylchlorides
have been studied extensively, no examples of cross-coupling
of polyfluorinated aromatics via C–F cleavage had been
described.15 We have shown that the scope of these reactions
can be expanded to the activation of a carbon–fluorine bond
using a nickel catalyst. The cross-coupling is likely to proceed
via the formation of 2–4 which were observed during stoichio-
metric reactions. Such a mechanism is fully consistent with the
intermediates observed by Espinet et al. in their recent study of
the mechanism of Stille coupling of C6F5OTf.16

We would like to acknowledge the EPSRC and the Deutsche
Forschungsgemeinschaft (grants BR-2065/1-1 and BR-
2065/1-2) for financial support. T. B. also thanks Professor P.
Jutzi for his generous support.

Notes and references
† Selected NMR spectroscopic data for 2: ([2H8]THF): 1H (500 MHz, 233
K): d 3.52, 2.11, 1.75 (h2-H2CNCH, all br). 31P (202.4 MHz, 300 K): d 24.9
(d, JPP 34 Hz), 17.1 (d, JPP 34 Hz). 19F (470.4 MHz, 300 K): d 285.75 (m,
1 F), 2145.54 (m, 1 F), 2153.79 (m, 1 F), 2172.75 (m, 1 F).

‡ Selected NMR spectroscopic data for 3 and 4: 3 ([2H8]THF, 300 K): 31P
(202.4 MHz): d 13.6 (d, JPF 48 Hz). 19F (470.4 MHz): d 2129.88 (m, 1 F),
2159.78 (m, 1 F), 2163.34 (m, 1 F), 2367.46 (t, JPF 47 Hz, 1 F). 4
([2H8]THF): 1H (500 MHz, 233 K): d 6.80, 6.23, 5.40 (H2CNCH, all br),
3.58, 2.30, 1.72 (h2-H2CNCH, all br). 31P (202.4 MHz, 300 K) d 24.4 (d, JPP

37 Hz), 17.4 (d, JPP 34 Hz). 19F (470.4 MHz, 300 K) d 2150.74 (m, 1 F),
2153.86 (m, 1 F), 2160.12 (d, JPF 17 Hz, 1 F). The signals at d 2153.86
and 2150.74 are partially obscured by resonances of 1 and 2, re-
spectively.
§ Spectroscopic data for 6: ([2H8]THF, 300K): 1H (500 MHz): d 6.90 (ddd,
JHH 17, JHH 11, JFH 1 Hz, 1 H, H1), 6.34 (dm, JHH 16 Hz, 1 H, H3), 5.69
(dm, JHH 11 Hz, 1 H, H2). 19F (470.4 MHz): d 282.32 (m, 1 F), 2139.53
(m, 1 F), 2148.30 (m, 1 F), 2157.80 (m, 1 F). Mass spectrum (EI) m/z 177
(M+, 100%).
¶ In a typical catalysis experiment, an NMR tube containing a capillary with
[2H8]THF and 4-fluorotoluene was charged with a solution of 1 in THF (1
mL, 0.03 mmol), pentafluoropyridine (0.31 mmol), Bu3SnCHNCH2 (0.31
mmol), phosphine (0.09 mmol), and Cs2CO3 (1 mg). The tube was sealed
and put in an oil bath at 50 °C. After 16 h the mixture was cooled to room
temperature and analysed by NMR spectroscopy. The solution was then
filtered over silica using THF as solvent and analyzed by GC.
∑ Spectroscopic data for 8: ([2H8]THF, 300K): 1H (500 MHz): d 7.88 (m, 1
H, aromatic CH), 6.87 (dd, JHH 17, JHH 11 Hz, 1 H, H1), 6.29 (d, JHH 17 Hz,
1 H, H3), 5.57 (d, JHH 11 Hz, 1 H, H2). 19F (470.4 MHz): d 291.02 (m, 1
F), 2128.12 (m, 1 F), 2138.55 (m, 1 F). Mass spectrum (EI) m/z 159 (M+,
100%).
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Table 1 Coupling of fluorinated pyridines with Bu3SnCHNCH2

Entry Substrate Catalyst Phosphine
Yield 6
(%) TONa6

Yield 7
(%)

1 5 1 PEt3 38 4 20
2 5 1 PEt3b 22 2 19
3 5 1 PtBu3 40 4 20
4 5 c PCy3 Traces — 50
5 5 Ni(cod)2 PEt3 18 2 41
6 5 Ni(cod)2 PCy3 — — —
7 5 Ni(cod)2 PtBu3 — — —
8 5 Ni(cod)2 Cy2PCH2PCy2 — — 4
a Determined by NMR with 4-fluorotoluene as external standard, based on
5. b With additive 3-trifluoromethylstyrene. c trans-[NiF(2-C5NF4)-
(PCy3)2 ].
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A coordination polymer with a novel structural motif
consisting of stacks of infinite ladders interpenetrated by
bundles of infinite chains is described; geometrical argu-
ments are made for the requirements that can lead to such
interpenetration as a function of ligand dimensions.

To date, a large number of one-, two- and three-dimensional
infinite frameworks, such as helical, brick wall, ladder,
honeycomb, square grid, parquet, diamondoid and more
complex 3D connectivities have been generated from tetra-
hedral, trigonal, and octahedral metal templates in combination
with linear and nonlinear bidentate spacers.1–3 Product topology
can often be influenced by selecting the coordination geometry
of the metals and the chemical nature of the organic ligands. In
particular, the T-joint building block, defined by the coordina-
tion of a metal center by three N,NA-bidentate ligands, has given
rise to several isomeric framework types via different orienta-
tion of the T-joints relative to one another.4–6

While different structural isomers can form from T-shaped
building blocks, and while it is not unusual to find multiple
structural isomers within the same batch of crystals,4,7 it is quite
rare to find two structural motifs within the same crystal
structure.8–11 The use of the long ligand 1,4-bis[(4A-pyr-
idylethynyl)benzene] (1)12 has led to the formation of a highly
unusual interpenetrated network in [Cu(1)(solv)(NO3)2] [Cu-
(1)1.5(NO3)2]·2solv (solv = solvent; EtOH for 2 and MeOH for
3) where two dissimilar motifs co-exist in the same structure:
stacks of infinite ladders of composition [Cu(1)1.5(NO3)2] are
interpenetrated by infinite chains of composition [Cu-
(1)(solv)(NO3)2].

A blue solution of Cu(NO3)2·3H2O (12.2 mg, 0.05 mmol) in
ethanol and/or methanol (3 mL) was carefully layered onto an
ethanol and/or methanol (3 mL) solution of 1,4-bis[(4A-
pyridylethynyl)benzene] (14.4 mg, 0.05 mmol). Light green
precipitates formed immediately. After two weeks, green
crystals of 2 and 3 grew at the interface of the two layers and
also at the top of the mixture. Single crystals suitable for X-ray
analysis were isolated and their structures determined.‡

The one-dimensional ladders are composed of T-shaped
building blocks with the copper center in a five-coordinate
trigonal bipyramidal environment (Fig. 1a) consisting of three
pyridyl nitrogen donors (two axial and one equatorial), one from
each of the three ligands, 1, and two equatorial oxygen donors
from two monodentate nitrate ions. The ladders stack in a
terraced fashion with an offset of 1/2 the ladder width along the
crystallographic a-axis and with a close intralayer separation of
6.1 Å.13 The one-dimensional chains (Fig. 1b) also feature five-
coordinate copper, but now in a square pyramidal coordination
environment, with the basal plane consisting of two pyridyl
nitrogen donors, from two trans ligands of 1, and two oxygen
donors from two monodentate nitrate ions. The apical site is
occupied by an oxygen donor from a coordinated ethanol (2) or
methanol (3) solvent molecule.

We can consider the ladder to be a ‘double-chain’, formed via
the crosslinking of two chains by the ligand, 1. The square
opening is divided into two infinite rectangular channels by the
ladders located above and below. These channels in turn are
occupied by the single-chains, as shown schematically in Fig. 2,
such that the chains fill the square openings in bundles of four.
Further supramolecular interactions exist between the two
structural motifs in the form of weak O–H…O hydrogen bonds
between the coordinated solvent in the chains and the nitrate
ions in the ladders (O–O distance = 2.72 Å for 2 and 2.75 Å for
3). The interpenetration of stacks of ladders by bundles of
chains together with the hydrogen bonding between the two
distinct one-dimensional structural motifs combine to form the
virtual three-dimensional frameworks of 2 and 3.

It is interesting to note that this structural motif has not
previously been observed, a fact that can be accounted for by the
geometrical requirement of this double motif. The square
openings between the rungs must be large enough to accom-
modate a bundle of four chains arranged in a 2 3 2 pattern. With
the proviso that both the ladder and the chains that fill the ladder
are constructed from the same ligand/metal pair, then the ligand
(plus metal bonds) length-to-diameter ratio must fall within a
fairly narrow size regime. A simple geometrical argument using
space-filling models indicates that a length-to-diameter ratio of
3+1 would allow 4 chains to exactly occupy the opening in the
ladder. Since in the structures of 2 and 3, the chains pass through
two ladders offset by 1/2, a ratio of 4+1 (a loose fit in the ladder

† On leave from Department of Applied Chemistry and Chemical
Technology, University of Dhaka, Dhaka-1000, Bangladesh.

Fig. 1 Perspective view (top) and schematic representation (bottom) of a
single (a) ladder motif and (b) chain motif in compounds 2 and 3.
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direction and an exact fit in the direction incident to the ladder)
is required to allow for the space blocked by the second ladder.
The experimentally determined ratio for both 2 and 3 is
approximately 4.2+1. (The Cu–Cu distance is 20.4 Å while the
approximate van der Waals diameter of the ligand (1) ranges
from 3.40 Å at the most narrow to 6.43 Å at the widest point–
yielding a crude ‘average’ vdW radius of 4.9 Å.)

Interestingly, one might have expected that shorter ligands
such as 4,4A-bipyridine, which have been used extensively in the
past, would have resulted in the discovery of a 1 3 1
pattern.8 This would necessarily consist of parallel stacks of
ladders without an offset. The fact that this has not been
observed suggests that such a structural motif may require some
hydrogen bonding between ladders for added stability. Offset
systems, as described in this paper, allow for a virtual three-
dimensional structure with, apparently, enhanced stability. By
extension, longer ligands might form ladders and/or square
grids that are interpenetrated by bundles of 9 or 16 chains in 3
3 3 or 4 3 4 patterns, respectively, with ladder offsets of 1/3
and 1/2 (or possibly 1/4). Such structures would require length-
to-diameter ratios of at least 6+1 and 8+1 for 3 3 3 and 4 3 4
patterns, respectively (Fig. 3). Assuming that the ‘average’ vdW
diameter of a typical unencumbered N,NA-bidentate ligand is
~ 5 Å, the lengths of the requisite ligands (assuming a 2 Å
nitrogen–metal distance) would have to be ~ 26 and ~ 36 Å,
respectively. (The fact that the rings in the ligand result in a
‘plank-like’ rather than a true ‘spherical’ shape should be an
advantage for this type of offset structure.)

It is likely that the driving force for the formation of this type
of interpenetration is the need to fill empty space in the
structure. Typically, as suggested by Batten and Robson,14

longer ligands will lead to more highly interpenetrated struc-

tures. The structural motif described in this communication
fulfils that suggestion, however, not by using a self-inter-
penetrated structure, but rather by using two different structures,
i.e. ladders and chains, that interpenetrate.

Financial support was provided in part by the National
Science Foundation through Grant DMR:9873570 and in part
by the South Carolina Commission for Higher Education
through Grant CHE:RU00-U25. The Bruker CCD Single
Crystal Diffractometer was purchased using funds provided by
the NSF Instrumentation for Materials Research Program
through Grant DMR:9975623.

Notes and references
‡ Crystal data for 2: C56H48Cu2N9O15, M = 1214.11, triclinic, space group
P1̄, a = 12.248(2), b = 13.771(3), c = 18.257(4) Å, a = 108.078(4), b =
97.890(4), g = 103.139(5)°, V = 2778.1(9) Å3, Z = 2, T = 293(2) K,
m(Mo-Ka) = 0.842 mm21, R1 = 0.052 and wR2 = 0.094 for 9758 data with
I > 2s(I). Crystal data for 3: C53H42Cu2N9O15, M = 1172.04, triclinic,
space group P1̄, a = 12.136(1), b = 13.738(2), c = 17.563(3) Å, a =
107.663(3), b = 94.805(4), g = 104.021(4)°, V = 2667.6(7) Å3, Z = 2, T
= 180(2) K, m(Mo-Ka) = 0.874 mm21, R1 = 0.050 and wR2 = 0.086 for
7669 data with I > 2s(I). X-Ray intensity data were measured on Bruker
SMART APEX CCD-based diffractometer system. Both structures were
solved by a combination of direct methods and difference Fourier syntheses,
and refined by full-matrix least-squares against F2, using the SHELXTL
software package. All non-hydrogen atoms were refined with anisotropic
displacement parameters; hydrogen atoms were placed in idealized
positions and refined using a riding model with the exception of the
coordinated solvent hydrogens, which were located and refined subject
to an O–H distance restraint of 0.9(1) Å and given a Ueq value 1.5 times
the parent atom. CCDC reference numbers 167941 and 167942. See http:
//www.rsc.org/suppdata/cc/b1/b106190a/ for crystallographic data in CIF
or other electronic format.

Yield for 2: 18% (crystals only) based on Cu(NO3)2·3H2O. Elemental
analysis (%): calc. C 55.54, H 3.96, N 10.38; found C 53.79, H 3.90, N
10.74. Yield for 3: 24% (crystals only) based on Cu(NO3)2·3H2O.
Elemental analysis (%): calc. C 54.36, H 3.59, N 10.77; found C 54.14, H
3.61, N 10.52.
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3 Y.-B. Dong, M. D. Smith and H.-C. zur Loye, Angew. Chem. Int. Ed.,
2000, 39, 4271. 

4 Y.-B. Dong, R. C. Layland, N. G. Pschirer, M. D. Smith, U. H. F. Bunz
and H.-C. zur Loye, Chem. Mater., 1999, 11, 1413.

5 Y.-B. Dong, M. D. Smith, R. C. Layland and H.-C. zur Loye, Chem.
Mater., 2000, 12, 1156. 

6 L. Carlucci, G. Ciani and D. M. Proserpio, J. Chem. Soc., Dalton Trans.,
1999, 1799.

7 M. B. Zaman, M. D. Smith and H.-C. zur Loye, Chem. Mater., in
press.

8 D. Hagrman, R. P. Hammond, R. Haushalter and J. Zubieta, Chem.
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Chem., Int. Ed., 2000, 39, 1506.
12 The N-to-N distance in 1,4-bis[(4A-pyridylethynyl)benzene] (1) is 16.5

Å, which is about 9.0 Å longer than 4,4A-bipyridine. The convenient
route for the synthesis of 1 is described in J. T. Lin, S.-S. Sun, J. J. Wu,
L. Lee, K.-J. Lin and Y. F. Huang, Inorg. Chem., 1995, 34, 2323. 

13 Most of the 4,4A-bipyridine and transition metal square grid architectures
have an interlayer separation of 6–8 Å: K. Biradha, K. V. Domasevitch,
B. Moulton, C. Seward and M. J. Zaworotko, Chem. Commun., 1999,
1327 and the references therein. The shortest interlayer separation of
4.5 Å is obtained from the longer ligand, 1,4-bis[(4A-pyridyl)biphenyl];
K. Biradha, Y. Hongo and M. Fujita, Angew. Chem., Int. Ed., 2000, 39,
3843.

14 S. R. Batten and R. Robson, Angew. Chem., Int. Ed., 1998, 37, 146.

Fig. 2 Schematic view of the terraced stacks of ladders offset by 1/2 relative
to each other along the crystallographic a-axis. The interpenetration by
bundles of chains through the square openings is shown. For clarity only six
chains in a square opening of a ladder are presented.

Fig. 3 Schematic representation of 3 3 3 and 4 3 4 bundles interpenetrating
a stacked ladder structure. Chains (shaded circles) are running through the
stacked ladders where dashed lines indicate the lateral offset of the ladders,
1/3 and 1/4, respectively.

Chem. Commun., 2001, 2256–2257 2257



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Inorganic–organic interpenetrating frameworks: 4,4A-bipyridine
N,NA-dioxide as a bridging hydrogen-bond acceptor
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4,4A-Bipyridine N,NA-dioxide (L) acts as a hydrogen-bond
acceptor in the compounds {[M(NO3)2(H2O)4]·L2} (M = Co,
Ni) to form doubly-interpenetrated framework materials
with sixfold topological connectivity.

Developments in inorganic crystal engineering strategies com-
prise two major themes, coordination polymer construction1,2

and the use of hydrogen-bonding between suitable building-
blocks.2,3 The employment of these approaches has led to the
development of many unusual materials with extraordinary
topological features such as interpenetration.4 Although these
themes can be viewed as quite distinct, they are highly
interdependent and should not be considered as distinct
approaches to crystal engineering. We have reported recently a
range of highly unusual lanthanide coordination polymers using
4,4A-bipyridine N,NA-dioxide (L) as a bridging ligand,5,6 and
have also demonstrated the versatility of this ligand with
d-block metal ions in which four distinct bridging modes,
including H-bonding, have been observed in a single frame-
work.7 L can act as a hydrogen-bond acceptor via the N-oxide
moiety and thus offers the potential to act as a H-bonding bridge
between two H-bond donor building-blocks.8 In this respect L
can be thought of as an antithetic building-block compared to
the 4,4A-bipyridinium cation which has been used so elegantly
by Orpen and coworkers9 to bridge halometallates by acting as
a H-bond donor (Scheme 1). We now report the use of L to
construct three-dimensional H-bonded arrays by linking simple
aquo–metal complexes.

Mixing of L with M(NO3)2 (M = Co, Ni) in aqueous solution
affords a single crystalline product following addition of EtOH
to the reaction mixture as an antisolvent after ca. 5 days.
Characterisation of this product confirms the 2+1 stoichiometric
co-crystallisation of L and the aquated metal ions to afford
species of formula {[M(NO3)2(H2O)4]·L2} (M = Co 1, Ni 2).
To fully understand the H-bonding role of L and the structural
topology of the products single-crystal X-ray structural determi-
nations were carried out for 1 and 2.† L acts as a H-bond
acceptor with eight molecules of L forming O–H…O[N(L)] H-
bonds with all eight H-atoms of the four metal-coordinated
water molecules (Fig. 1). However, each N-oxide unit acts as a
bifurcated acceptor adopting H-bonds to two different water

molecules coordinated to independent metal centres (Fig. 2).
This results in each [M(NO3)2(H2O)4] unit being bridged by
four molecules of L to a further metal-bearing fragment forming
a R4

4(16) H-bonded ring. Thus, each molecule of L bridges a
total of four different metal nodes10 via OH…O[N(L)] H-bonds
affording a structure of complex topology in which each
[M(NO3)2(H2O)4] moiety is linked via bridging molecules of L
to fourteen further metal-bearing units. This description does
not aid structural interpretation and we prefer a view of the
structure considering a virtual node positioned centrally
between metal centres linked via the R4

4(16) H-bonded ring
(Fig. 2). By using this virtual node the structure can be viewed
as a network in which (4,4) nets of H2O-linked L are pillared by
[M(NO3)2(H2O)4] units affording a 6-connected net of ReO3-
like topology. In 1 and 2 the large separation between metal
centres [13.65 1, 13.66 Å 2 (cis to bridging L), 15.24 1, 15.21 Å
2 (trans to L)] allows interpenetration to occur (Fig. 3) thus
affording a doubly interpenetrated framework. Six-connected
nets of ReO3 topology based upon coordinate bonds11 or a

Scheme 1 (a) The O–H…O[N(L)] synthon used by L to construct the H-
bonded frameworks 1 and 2 contrasting with (b) the N–H…Cl(M) synthon
observed for 4,4A-bipyridinium halometallate systems.9

Fig. 1 O–H…O[N(L)] H-bonding observed between each
[M(NO3)2(H2O)4] node and eight different molecules of L in 1 and 2.

Fig. 2 Bridging between [M(NO3)2(H2O)4] units by four molecules of L,
forming a R4

4(16) H-bonded ring. (L H-atoms and nitrate anions omitted for
clarity).
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combination of H-bonds and coordinate bonds12 have been
observed to exhibit double-interpenetration previously but in
only two previous examples has it been based exclusively on H-
bonding.13 The beauty of the current system is its simplicity and
the potential for application to a vast range of H-bonded
networks due to the large variety of metal–aquo complexes
available. 1 and 2 are isotopological and both compounds
crystallise in high symmetry (tetragonal) space groups.

The crystallisation conditions are crucial for the successful
preparation of the H-bonded frameworks in 1 and 2. By reacting
L with Co(NO3)2·6H2O in MeOH, L is sufficiently competitive
as a ligand for the metal centre, in the absence of a large excess
of water, such that no aquo ligands are coordinated to the metal
centre, but only N-oxide donors. Structural characterisation by
single crystal X-ray diffraction studies† reveals that the product
formed exists as a discrete molecular unit, [Co(L)6](NO3)2 3, in
which each metal centre is coordinated by six, independent
molecules of L. Each of these ligands coordinates via only one
of its N-oxide donors leaving the other end of each ligand to
engage in p–p interactions with other molecules of L in the
solid-state to afford a two-dimensional (3,6) net.7

We have shown that L can be used to construct H-bonded
frameworks by  co-crystallisation with metal–aquo complexes.
The large variety of metal–aquo complexes means that the H-
bonding synthon reported here has potential for the construction
of many new framework families such as that observed in 1 and
2. We have also demonstrated that by using a coordinating
NO3

2 anion we can control the connectivity at the metal-
containing H-bonding fragment, thus determining the frame-
work topology. We are currently exploring the variation in
anion and metal centre coordination geometries for the
construction of new families of H-bonded framework materi-
als.

This work was supported by the EPSRC (UK) and the
University of Nottingham.

Notes and references
† Crystal data: {[Co(NO3)2(H2O)4]·L2} 1: C20H24CoN6O14, M = 631.38,
tetragonal, space group I41/a (no. 88), pink block, a = 19.3309(10), c =
13.4691(7) Å, U = 5033.2(7) Å3, Z = 8, Dc = 1.666 g cm23, m(Mo-Ka)
= 0.767 mm21, T = 150(2) K. 3132 Unique reflections [Rint = 0.019]
[2374 with I > 2s(I)]. Final R = 0.0275, wR2 (all data) = 0.0896. {[Ni-
(NO3)2(H2O)4]·L2} 2: C20H24NiN6O14, M = 631.16, tetragonal, space
group I41cd (no. 110), pale green block, a = 19.3091(11), c = 13.4271(8)
Å, U = 5006.2(8) Å3, Z = 8, Dc = 1.675 g cm23, m(Mo-Ka) = 0.861
mm21, T = 150(2) K. 2454 Unique reflections [Rint = 0.018] [2259 with I
> 2s(I)]. Final R = 0.0245, wR2 (all data) = 0.0649. Flack parameter =
0.08(3). [Co(L)6](NO3)2 3: C60H48CoN14O18, M = 1312.05, triclinic, space
group P1̄ (no. 2), dark red tablet, a = 8.9447(8), b = 11.7160(11), c =
14.0734(13) Å, a = 104.712(3), b = 96.797(2), g = 98.233(2)o, U =
1393.2(2) Å3, Z = 1, Dc = 1.564 g cm23, m(Mo-Ka) = 0.401 mm21, T =
298(2) K. 6175 Unique reflections [Rint = 0.035] [5351 with I > 2s(I)].
Final R = 0.042, wR2 (all data) = 0.123. CCDC reference numbers
169145–169147. See http://www.rsc.org/suppdata/cc/b1/b106348k/ for
crystallographic data in CIF or other electronic format.
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Fig. 3 Double interpenetration of six-connected hydrogen-bonded frame-
works observed in 1 and 2.
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dye assemblies
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Combined interaction of triple hydrogen bonding, dipolar
p–p aggregation and micro-segregation in a melamine–
barbituric acid dye assembly leads to a columnar mesophase
which could be characterized by optical polarising micros-
copy, differential scanning calorimetry and X-ray diffrac-
tion.

The ditopic triple hydrogen bonding motif offered by N,NA-
dialkylmelamines has been applied for the construction of
numerous supramolecular architectures.1–10 Recently we
showed that complementary hydrogen bonding to dyes bearing
imide functional groups can lead to nano- and mesoscopic
assemblies which exhibit luminescence and chiroptical proper-
ties.9,10 In these systems long alkyl chains at the melamine
amino groups provide the capability to solubilise even little
soluble pigment dyes by means of directional hydrogen bonds
which are especially strong in low-polarity solvents. However,
upon heating, such weak complexes often disassemble leading
to precipitation of insoluble materials. In this communication
we introduce the new and easily accessible ditopic melamine 3
bearing a much higher amount of alkyl chains which proved to
be well-suited to induce stable thermotropic liquid-crystallinity
upon self-assembly with a barbituric acid merocyanine dye.

Melamine 3 is easily available according to Scheme 1 from
2-amino-4,6-dichlorotriazine 1 and tridodecyloxyaniline 2.†

If a stoichiometric mixture of 3 and merocyanine dye 4 is
dissolved in chloroform an amorphous solid is obtained after
evaporation (3·4). This solid melts at 164 °C. Upon cooling the
texture shown in Fig. 1 appears at 151 °C which remains
unchanged upon further cooling to room temperature, according
to optical polarising microscopy (OPM, Fig. 1).

Further heating–cooling cycles between 230 and 180 °C
(DSC, 10 K min21) showed exclusively the peaks correspond-
ing to the transition between the liquid crystalline and the
isotropic phase at 161 °C (DH = 4.2 J g21) upon heating and at
151 °C (DH = 24.0 J g21) upon cooling, confirming the
enantiotropic nature of the LC phase and its persistence even at
low temperature. XRD studies of the LC phase revealed three
Bragg reflections in the small angle region at 2q = 2.43, 3.61

and 5.02° (CuKa) corresponding to layer spacings of d = 36.3,
24.5 and 17.6 Å and a diffuse halo in the wide-angle region
corresponding to 4–5 Å arising from disordered alkyl chains.
The position of the small angle reflections exclude a smectic
layer structure. As there are no references to a hexagonal or
rectangular 2D lattice we evaluated the pattern under the
assumption of an oblique two-dimensional lattice, assigning the
observed reflections to (10), (01) and (11) and obtained the
lattice parameter a = 38 Å, c = 26 Å and b = 110°.

A hydrogen-bonded circular rosette-type assembly11 can
clearly be ruled out by the small lattice parameters, which are
not even sufficient to accommodate the aromatic part (diameter
44 Å) of such an extended architecture. On the other hand, the
formation of a columnar mesophase from triple hydrogen-
bonded tapes as suggested by Scheme 2 is fully consistent with
the X-ray data.

According to Scheme 2 triple hydrogen-bonding, dipolar
p–p aggregation and microphase separation (‘micro-segrega-
tion’)12 of the polar aromatic units and the unpolar alkyl chains
are the driving forces for the three-dimensional organisation of
3·4 in the bulk. Thus triple-hydrogen bonding between
melamines and barbituric acid dyes affords polymeric tapes
similar to related assemblies reported from the Whitesides
group in the crystalline state.1 The dimension of these tapes is in
good accordance with the largest lattice parameter of 38 Å
obtained by XRD. Typically, owing to the significant polarity
contrast between the aromatic and the aliphatic part such tapes
are supposed to aggregate giving extended sheets, which would
lead to a smectic phase.13 However, electrostatic and steric
considerations have to be taken into account for a reasonable
model for 3·4 self-assembly. Firstly, because of the parallel
alignment of highly dipolar merocyanine dyes within a
hydrogen-bonded tape neighbouring tapes will orient in an
antiparallel fashion14 which also provides more space to
accommodate the bulky alkyl chains. Nevertheless, molecular
modeling of the dimeric tape assembly shows that infinite
growth perpendicular to the tape direction is impossible due to
the significant sterical demand of the large number of alkyl
chains. The result is a superstructure in which infinite ribbons

Scheme 1 Reagents and conditions: i, NaHCO3, dioxane, reflux, 24 h.
Fig. 1 Optical texture observed between crossed polarisers at 25 °C for the
complex 3·4 as obtained upon cooling from the isotropic melt.
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consisting of 4–6 antiparallel tapes, arranged in a two-
dimensional lattice, are separated by the fluid alkyl chains.
Within the ribbons the tapes can be tilted as shown in Scheme
2, but also a non-tilted arrangement is possible. All dimensions
of the given arrangement are in good agreement with the
obtained lattice parameters.

To our knowledge this is the first example of a columnar
mesophase formed by hydrogen-bonded rigid tape assemblies.
Furthermore, in contrast to all other hydrogen-bonded columnar
liquid crystals15–17 the hydrogen bonds and the involved
aromatic cores are organised parallel to the column long axes.16

In this respect they represent counterparts to the columnar
phases formed by the stacking of disc-like supermolecules in
columns, where flat supermolecules are organised perpendicu-
lar to the column long axis.17

In conclusion thermotropic liquid-crystallinity has been
achieved for barbituric acid dye–melamine assemblies which
enlarges the set of architectures realised by organisation of these
complementary building blocks, i.e. interfacial monolayers,3–5

mesoscopic fibers6 and rosette assemblies.10 Current work in
our group is directed toward further applications of the new
amphiphilic melamine 3 for mesophase induction involving
other dye molecules.

The authors are grateful to the Deutsche Forschungsge-
meinschaft for financial support (grant Wu 317/1).

Notes and references
† Synthesis of 2-amino-4,6-bis[(3,4,5-tridodecyloxyphenyl)amino]-
1,3,5-triazine (3). Dichlorotriazine 1 (0.165 g, 1.0 mmol) and aniline 2 (1.42
g, 2.2 mmol) were mixed with NaHCO3 (0.193 g, 2.3 mmol) in 20 ml dry
dioxane. The mixture was heated at reflux for 24 h and the solvent was
evaporated under reduced pressure. To the residue, 50 ml water and 100 ml
CH2Cl2 were added and the water phase was extracted with another 100 ml
CH2Cl2. The combined organic phase was washed with 20 ml water and
dried. Evaporation of the solvent, column chromatography on silica with
toluene–ethyl acetate 1+1 and crystallisation from isopropyl alcohol
afforded 0.21 g (15%) of pure 3. Mp 135–136 °C, 1H NMR (400 MHz,
CDCl3) d: 6.93 (br, 2H, NH), 6.66 (s, 4H, Ph-H), 5.02 (br, 2H, NH), 3.83 (t,
J 6.6, 12H, OCH2), 1.67 (m, 12H, CH2), 1.37 (m, 12H, CH2), 0.91 (m, 96H,
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The 1,3,5-triarylpent-2-en-1,5-dione group selectively un-
dergoes cyclisation and changes its colour from yellow to
magenta upon coordination of Hg2+ on a remote site.

The development of sensing systems able to selectively trace
the presence of target substrates, is an area of interest, due to its
potential application in the development of new methodologies
for cation and anion determination.1 Among straightforward
methods for sensing target analytes, those involving colour
changes2 are especially interesting due to their simple use and
because they require less expensive equipment than closely
related methods involving fluorescence3 or electrochemical
changes.4 Colorimetric reagents would find direct application in
the development of optodes based on absorption changes or
disposable dip-stick rapid assays. Despite these attractive
features, colorimetric selective reagents for “naked-eye” detec-
tion in water are scarce for many cations5 and anions6 of
importance.

We have recently found that 1,3,5-triarylpent-2-en-1,5-dione
derivatives undergo cyclisation to give the 2,4,6-triphenylpy-
rylium cation upon protonation of the anylinium group or by
interaction with certain anions, and we have described a
selective ATP colorimetric sensor based on this system.7 To
study the possibility of using similar compounds as chromo-
genic reagents towards metal ions we have synthesised new
1,3,5-triaryl-2-en-1,5-dione derivatives bearing aza-oxa bind-
ing sites and have studied their interaction with metal cations.

Reaction of 2,6-diphenylpyrylium perchlorate with the
corresponding aryl aza-oxa derivative (see Scheme 1) gave,
after column chromatography on aluminium oxide, the corre-
sponding diketone derivatives L1 and L2 in a ca. 35% yield.8
The 1H NMR spectra of L1 and L2 present one characteristic
singlet at 4.8 ppm corresponding to the methylene attached
directly to one carbonyl and to the double bond. The most
characteristic signals in the 13C NMR spectra were two singlets
at 190.5 and 196.6 ppm ascribed to the two non-equivalent
carbonyl groups. The mass spectra gave molecular ions and
fragmentation patterns consistent with the proposed structures.
The UV–VIS spectra of L1 and L2 show bands in the 200–300
nm range, and a band centred at 380 nm responsible for the
yellow colour of the receptors.

The transformation of the penta-1,5-diones to the correspond-
ing pyrylium ions was studied in 1,4-dioxane–water (70+30 v/v)
mixtures (L1 and L2 are not water soluble). A simple method to
induce cyclisation is the addition of acid to protonate the amine.
Thus, addition of HCl solutions to L1 or L2 caused a very
significant colour change from yellow to magenta. This change
was reflected in the UV–VIS spectrum of the solution that
showed a new intense band centred at 550 nm, which was
attributed to the highly delocalised pyrylium ring formation.9
By fitting the plot of the absorption of the band at 550 nm as a
function of the pH for compound L1 (not shown), a logarithm of
the stability constant of 4.4 ± 0.2 is obtained for the process L1

+ H+ = [HL1(Cy)]2+ + OH2. This value is similar to that
reported for the protonation of aniline (log K = 4.6), reinforcing
the idea that protonation induces diketone-to-pyrylium trans-
formation.

It is known that the cyclisation occurs by electrophilic attack
of the C1 carbon to the lone pair of the hydroxylic oxygen of the
enol tautomer.10 The basic idea in this system is that the
electrophilic character of the C1 changes, depending on whether
the nitrogen atom is protonated or not. Thus, the formation of
the pyrylium cation, as described above, is triggered by a
protonation event in a remote site (the anilinium group). The
nitrogen atom, besides controlling cyclisation upon protonation,
is part of a binding site in receptors L1 and L2. In this respect, it
would also be possible that coordination of metal ions to the
nitrogen would also change the electrophilicity of C1. By
changing the nature of the binding sites it would be possible to
tune the coordination strength between the metal ion and the
nitrogen atom. Strong coordination with the amine will induce
cyclisation, whereas poor coordination will not. Consequently,
we have designed ligand L1 containing an open-chain binding
site and L2 incorporating a macrocycle, and have studied the
effect of metal ion addition on the colour of L1 and L2.

The nitrate or perchlorate salts of the cations Li+, Na+, K+,
Ba2+, Ca2+, Mg2+, Fe3+, Fe2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+,
Hg2+, Cd2+, Pb2+, Al3+, Cr3+ and Sb2+ were added to solutions
of L1 or L2 in dioxane–water (70+30 v/v) at pH 6 (pH was
buffered with HEPES at a concentration of 0.1 M). Solutions of
receptors were prepared in a 1024 M concentration. Very
remarkably, the colour change clearly depends on the nature of
the binding sites. For instance, Fig. 1(a) shows a photograph

Scheme 1
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with the colour transformation observed upon addition of
stoichiometric amounts of those cations to dioxane–water
solutions of L1. At this pH, a slight change in colour upon
addition of Fe3+ was found, but the really dramatic effect is
observed in the presence of Hg2+. The remaining cations do not
induce any significant colour change. This chromogenic
behaviour in the presence of Hg2+ contrasts with the unspecific
colour changes observed, under similar conditions, by using
receptor L2 [see Fig. 1(b)]. In this case, there is at least a partial
colour change in the presence of metal cations Mg2+, Fe3+, Fe2+,
Ni2+, Cu2+, Zn2+, Hg2+, Pb2+, Al3+ and Cr3+.

Ring closure in the presence of metal ions is most likely due
to the Lewis acid character of the metals that, when coordinated
to the nitrogen atom, might enhance the electrophilic character
of the C1 carbon. L2 probably forms stronger complexes
(macrocyclic effect) than L1, therefore favouring, for many
metals, an effective nitrogen–metal interaction. L1 would form
weaker complexes and give poorer nitrogen–metal interactions;
therefore, most of the metals do not induce cyclisation. The
colour change induced by mercury is not unexpected, bearing in
mind the strong complexes (compared with other metal ions)
that this cation forms with oxa-aza binding sites. L1 can be
considered as a chromogenic reagent for Hg2+ sensing.11

In order to appreciate the utility of this system, quantification
studies by means of extraction experiments of Hg2+ from water
using L1 as extractant in dichloromethane, were carried out.
Thus, in a typical experiment, 10 mL of dichloromethane
containing L1 (1 3 1023 M) were placed in a separatoty funnel
with 500 mL of water containing Hg2+ and the mixture was
shaken for 4 min. When the Hg2+ cation goes into the
dichloromethane, a colour change in this phase proportional to
the mercury concentration in water is observed. Fig. 2 shows the
absorbance of dichloromethane phases used to extract Hg2+

from aqueous solutions at neutral pH. A good linear range is
found with a remarkable detection limit for mercury determina-
tion in water of 5 3 1028 M (10 ppb). From some preliminary
fixed interference experiments with competing levels of other
cations, we found that only Fe3+ competes significantly in the
extraction experiments whereas other cations such as Cu2+ or
Pb2+ does not interfere in the mercury cation determination.

In conclusion, naked-eye sensing of Hg2+ has been achieved
by using ligands based on 1,3,5-triaryl-2-en-1,5-diones contain-
ing a suitable open-chain aza-oxa binding site. Simple extrac-
tion experiments allow tracing Hg2+ to concentrations that are
not far from the maximum contaminant level for mercury in
drinking water (2 ppb) set by the United States Environmental
Protection Agency (EPA).

We should like to thank the DGICYT (proyecto PB95-
1121-C02-02, 1FD97-0508-C03-01 and AMB99-0504-C02-
01) for support. F. S. also thanks the Ministerio de Educación y
Cultura for a Doctoral Fellowship.

Notes and references
1 A. P. De Silva, H. Q. N. Gunaratne, T. Gunnlaugsson, A. J. M. Huxley,

C. P. McCoy, J. T. Rademacher and T. E. Rice, Chem. Rev., 1997, 97,
1515; P. D. Beer and P. A. Gale, Angew. Chem., Int. Ed., 2001, 40,
486.

2 M. Takagi and K. Ueno, Top. Curr. Chem., 1984, 121, 39; H. G. Löhr
and F. Vögtle, Acc. Chem. Res., 1985, 18, 65.

3 For recent works on fluorescent sensing of metals, see: T. Hirano, K.
Kikuchi, T. Higuchi and T. Nagano, Angew. Chem., Int. Ed., 2000, 39,
1052; K. Rurack, M. Kollmannsberger, U. Resch-Genger and J. Daub,
J. Am. Chem. Soc., 2000, 122, 968; G. K. Walkup, S. C. Burdette, S. J.
Lippard and R. Y. Tsien, J. Am. Chem. Soc., 2000, 122, 5644; J. V.
Mello and N. S. Finney, Angew. Chem., Int. Ed., 2001, 40, 1536; Y. Al
Shihadeh, A. Benito, J. M. Lloris, R. Martínez-Máñez, T. Pardo, J. Soto
and M. D. Marcos, J. Chem. Soc., Dalton Trans., 2000, 1.

4 For recent works on electrochemical sensing of metals, see: J. M. Lloris,
R. Martínez-Máñez, J. Soto, T. Pardo, M. E. Padilla-Tosta, A. Benito
and M. D. Marcos, Polyhedron, 1999, 18, 3689; J. M. Lloris, R.
Martínez-Máñez, M. E. Padilla-Tosta, T. Pardo, J. Soto, P. D. Beer, J.
Cadman and D. K. Smith, J. Chem. Soc., Dalton Trans., 1999, 2359.

5 N. J. van der Veen, R. J. M. Egberink, J. F. J. Engbersen, F. J. C. M. van
Veggel and D. N. Reinhoudt, Chem. Commun., 1999, 681; N. Su, J. S.
Bradshaw, X. X. Zhang, H. Song, P. B. Savage, G. Xue, K. E.
Krakowiak and R. M. Izatt, J. Org. Chem., 1999, 64, 8855; R. Ibrahim,
S. Tsuchiya and S. Ogawa, J. Am. Chem. Soc., 2000, 122, 12174.

6 D. H. Lee, K. H. Lee and J. I. Hong, Org. Lett., 2001, 3, 5; H. Miyaji and
J. L. Sessler, Angew. Chem., Int. Ed., 2000, 41, 154; H. Miyaji, W. Sato,
J. L. Sessler and V. M. Lynch, Tetrahedron Lett., 2000, 41, 1369; H.
Miyaji, W. Sato and J. L. Sessler, Angew. Chem., Int. Ed., 2000, 39,
1777; C. B. Black, B. Andrioletti, A. C. Try, C. Ruiperez and J. L.
Sessler, J. Am. Chem. Soc., 1999, 121, 10438; P. A. Gale, L. J. Twyman,
C. I. Handlin and J. L. Sessler, Chem. Commun., 1999, 1851.

7 F. Sancenón, A. B. Descalzo, R. Martínez-Máñez, M. A. Miranda and J.
Soto, Angew. Chem., Int. Ed., 2001, 40, 2640.

8 K. E. Krakowiak, J. S. Bradshaw and D. J. Zamecka-Krakowiak, Chem.
Rev., 1989, 89, 929; D. Markovitsi, C. Jallabert, H. Strzelecka and M.
Veber, J. Chem. Soc., Faraday Trans., 1990, 86, 2819.

9 F. Pina, M. J. Melo, M. Maestri, P. Passaniti and V. Balzani, J. Am.
Chem. Soc., 2000, 122, 4496.

10 G. Schwarzenbach and K. Lutz, Helv. Chim. Acta, 1940, 23, 1147; E. N.
Marvell, G. Caple, T. A. Gosink and G. Zimmer, J. Am. Chem. Soc.,
1966, 88, 619.

11 For new recent colorimetric chemosensors for Hg2+ see: O. Brümmer, J.
J. La Clair and K. D. Janda, Org. Lett., 1999, 1, 415; F. Sancenón, R.
Martínez-Máñez and J. Soto, Tetrahedron Lett., 2001, 42, 4321; O.
Brümmer, J. J. LaClair and K. D. Janda, Bioorg. Med. Chem., 2001, 9,
1067.

Fig. 1 Colour changes induced on (a) L1 (1.0 3 1024 M) and (b) L2 (1.0 3
1024 M) at pH 6 (HEPES 0.1 M) in the presence of certain cations in
dioxane–water (70+30 v/v) solutions. From left to right and from top to
bottom: Li+, Na+, K+, Ba2+, Ca2+, Mg2+, Fe3+, Fe2+, Mn2+, Co2+, Ni2+, Cu2+,
Zn2+, Hg2+, Cd2+, Pb2+, Al3+, Cr3+, Sb2+ and no cation.

Fig. 2 Extraction experiments. Plot of the absorbance of the dichloro-
methane phase containing L1 as a function of the Hg2+ concentration in
water at neutral pH.
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Treatment of [Li2Te(NBut)3]2 with Sn(O3SCF3)2 or SnCl2 in
diethyl ether generates the stannanetellurone [ButNSn(m-
NBut)2TeNBut](m3-SnTe) involving four-coordinate tin with
d(SnNTe) = 2.589(1) Å; the two Sn and two Te atoms are in
different oxidation states (+II/+IV and +IV/2II, respec-
tively).

The chemistry of ‘heavy ketones’, a class of compound that
involves a double bond between heavier group 14 and 16
elements, has undergone remarkable development recently.1
Two methods have been exploited to stabilize these highly
reactive functionalities. For example, kinetic stabilization by
the use of bulky substituents on the Group 14 elements has been
applied successfully to the synthesis of germanetellurones
involving three-coordinate germanium.2 In an alternative
approach stabilization may be achieved by intramolecular
heteroatom coordination.3 Indeed the only known stannane-
tellurone involves five-coordinate tin;4a attempts to generate a
porphyrinatotin telluride were unsuccessful.4b In addition to the
fundamental interest in the bonding and reactions of these
multiply bonded species, tin–tellurium compounds are of
interest as potential precursors of the low band gap semi-
conductor SnTe,5 which has a variety of applications, e.g. as IR
detectors or in thermoelectric devices.6 In this communication
we describe the synthesis, spectroscopic characterization and X-
ray structure of [ButNSn(m-NBut)2TeNBut](m3-SnTe) 1, the
first stannanetellurone involving four-coordinate tin.

The reaction of [Li2Te(NBut)3]2
7 with Sn(SO3CF3)2 or

SnCl2 in diethyl ether produced 1 as orange, moisture-sensitive
crystals.† Yields of pure, crystalline material were only 10–20%
as a result of the thermal instability of 1 in solution. An X-ray
structure analysis of 1 revealed a tricyclic structure containing a
SnNTe functionality with four-coordinate tin (Fig. 1).‡ Complex
1 contains two tin atoms in different oxidation states, +II[Sn(2)]
and +IV[Sn(1)] and two tellurium atoms, also in different
oxidation states, 2II[Te(1)] and +IV[Te(2)]. The formation of 1
involves the redox process shown in eqn. (1) (XNCl, O3SCF3).

[Li2Te(NBut)3]2 + 2SnX2?

[ButNSn(m-NBut)2TeNBut](m3-SnTe) + ButNNNBut + 4LiX
1

(1)

In effect, 1 equivalent of the [Te(NBut)3]22 anion acts as a
bridging, tridentate ligand to the two tin centres while the
second equivalent serves as the source of tellurium for the
terminal telluride and provides a bridging NBut group with the
elimination of ButNNNBut (1H NMR). By contrast, no-sulfur-
containing products were identified from the reaction of SnCl2
with the congeneric [S(NBut)3]22 dianion.8

As expected the Sn–Te bond distance of 2.5918(3) Å in 1 is
significantly shorter than the value of 2.618(1) Å found for the
previously reported five-coordinate tin complex.4a The calcu-
lated value for the prototypical three-coordinate tin system
H2SnNTe is 2.543 Å.1a Typical Sn–Te single bond distances are
in the range 2.73–2.79 Å.4a,9 Thus the bond contraction in 1 is
ca. 6%. The geometry at the four-coordinate tin atom Sn(1) is
highly distorted tetrahedral with bond angles in the range
76.52(7)–127.51(6)° and the Sn(IV)–N bonds are expectedly ca.
0.08 Å shorter than the corresponding Sn(II)–N bonds. In

addition, the Te–N bond involving the four-coordinate nitrogen
atom N(1) is ca. 0.08 Å longer than the mean value of the Te–N
bonds involving the three-coordinate nitrogen atoms N(3) and
N(4). Taken together these data suggest approximately equal
contributions from the resonance forms A and B to the structure
of 1.

An additional structural feature of interest is the existence of
weak intermolecular interactions between the Te(2II) and
Sn(+II) centres, which gives rise to parallel polymeric strands in
the unit cell of 1 (Fig. 2). The Te…Sn distances of 4.5719(3)°,
although somewhat longer than the sum of the van der Waals
radii (ca. 4.2 Å),10 can be compared with Sn(+II)…Sn(+II)
contacts of 4.40–4.42 Å observed for the complex
[Sn{NDipp}2{Sn(m-NMe2)}2] (Dipp = 2,6-Pri

2C6H3).11

Fig. 1 Molecular structure of [ButNSn(m-NBut)2TeNBut](m3-SnTe) 1.
Thermal ellipsoids are drawn at the 30% probability level. Selected bond
distances (Å) and angles (°):  Sn(1)–N(1) 2.245(2), Sn(1)–N(2) 2.019(2),
Sn(1)–N(3) 2.114(2), Sn(2)–N(1) 2.326(2), Sn(2)–N(2) 2.103(2), Sn(2)–
N(4) 2.181(2), Sn(1)–Te(1) 2.5918(3), Te(2)–N(1) 2.043(2), Te(2)–N(3)
1.978(3), Te(2)–N(4) 1.951(2); N(4)–Te(2)–N(3) 104.72(9), N(4)–Te(2)–
N(1) 83.20(8), N(3)–Te(2)–N(1) 84.40(8), N(2)–Sn(2)–N(4) 96.87(8),
N(2)–Sn(2)–N(1) 78.45(8), N(4)–Sn(2)–N(1) 72.02(7), N(2)–Sn(1)–N(1)
82.11(8), N(2)–Sn(1)–N(3) 108.70(9), N(3)–Sn(1)–N(1) 76.52(7), N(1)–
Sn(1)–Te(1) 127.39(5), N(2)–Sn(1)–Te(1) 127.51(6), N(3)–Sn(1)–Te(1)
119.20(6).
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The 1H, 119Sn and 125Te NMR spectra in d8-thf indicate that
1 is fluxional in solution. The 1H NMR spectrum at 23 °C shows
two singlets in the ratio 1+3. The broad, more intense, signal is
resolved into two resonances with relative intensities 1+2 at
260 °C. In order to observe the expected resonances for
inequivalent tin and tellurium environments in 1 it was
necessary to record the 119Sn and 125Te NMR spectra at low
temperatures. The 119Sn NMR spectrum at 260 °C exhibits two
broad resonances at d2429.7 and +364.6 assigned to the Sn(IV)
and Sn(II) centres, respectively. The 125Te NMR spectrum at
260 °C also reveals two resonances at d +1891.3 and 2384.6.
The former resonance falls within the range of d 1500–1900
typical for the tris(tert-butylimido)tellurite ligand in metal
complexes.12 The resonance at d ca. 2385 is assigned to the
terminal telluride ligand. The 125Te NMR chemical shifts for
terminal tellurido complexes of p-block elements span a very
wide range: d +1000 to +1140 for three-coordinate germane-
tellurones,2 d22030 for a five-coordinate stannatellurone4a and
d 2840 to 2495 for R3PTe (R = alkyl, aryl, dialkylamino).13

The one-bond 119Sn–125Te NMR coupling could not be
resolved in either the 119Sn or 125Te NMR spectra even at
280 °C. These NMR data indicate the occurrence of a fluxional
process involving exchange of Te(1) between Sn(IV) and Sn(II)
sites. The line-widths of the 119Sn NMR resonances increase
from ca. 300 to ca. 2200 Hz when the concentration of a d8-thf
solution is increased fourfold, consistent with an intermolecular
process. A similar exchange process has been reported for
R3PTe (R = alkyl, aryl) in the presence of the corresponding
phosphine (R3P).13

A preliminary TGA experiment showed that 1 decomposes
with essentially quantitative formation of ButNNNBut in the
temperature range 180–400 °C. Investigations of related tert-
butylimidotin tellurides as potential single-source presursors of
SnTe are in progress.

We thank the NSERC (Canada) for financial support and Dr
R. MacDonald (University of Alberta) for help with the X-ray
structure determination of 1.
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thf, 260 °C) d 1.547 (9 H, But), 1.464 (9 H, But), 1.421 (18 H, But); 1H
NMR (d8-thf, 23 °C) d 1.490 (9 H, But), 1.475 (br, 27 H, But); 119Sn NMR
(d8-thf, 260 °C) d 2429.7(s), +364.6(s); 125Te NMR (d8-thf, 260 °C) d
2384.6 (s), +1891.3(s).
‡ Crystal data for 1: C16H36N4Sn2Te2, M = 777.07, monoclinic, space
group P21/n (no. 14), a = 10.2669(2), b = 16.4668(3), c = 14.9671(3) Å,
b = 94.6721(6)°, V = 2521.97(8) Å3, T = 173(2) K, space, Z = 4, m(Mo-
Ka) = 4.255 mm21. Crystal dimensions 0.18 3 0.18 3 0.10 mm. Data
were collected on a Nonius Kappa CCD 4-circle Kappa FR540C
diffractometer. Structure was solved by direct methods (SHELXS-97) and
refined by full-matrix least-squares methods on F2 with SHELXL97-2.
13494 reflections measured, 7314 unique (Rint = 0.0190), 6157 observed [I
! 2.00s (I)]. The final R1 and wR2 (all data) values were 0.0249 and 0.0528,
respectively.

CCDC reference number 171259. See http://www.rsc.org/suppdata/cc/
b1/b106867a/ for crystallographic data in CIF or other electronic format.
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Fig. 2 View of the unit cell of 1 looking down the a axis.
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The crystal stucture of acetal acid 5 reveals changes in
geometry representing progress along the reaction coor-
dinate for acetal cleavage.

We are interested in intramolecular general acid catalysis by the
COOH group (1), and have developed systems where this is

highly efficient.1,2 We believe that the key to high efficiency is
that proton transfer takes place within a strong hydrogen bond,
and have varied the geometry to try to optimise this feature.
However, we could never observe the geometry of the relevant
hydrogen bond in crystal structures because carboxylic acids
prefer to crystallise as the dimer 2, the double intermolecular H-
bond reinforcing the intrinsic preference for the Z-geometry.3
We report a first useful exception to this rule, an acetal with an
intramolecular hydrogen bond strong enough to reinforce the
anomeric effect, and to initiate the structural changes that will
lead to acetal cleavage.

We recently obtained the structure of the product anion (3) of
our most efficient such reaction to date, the hydrolysis of 4. As
expected it shows an almost linear intramolecular hydrogen
bond from the OH to the carboxylate as acceptor.2 We now
report the structure (Fig. 1) of the reactive acetal 5, closely
related to 4.4 This is the first example of a carboxylic acid that
makes an intramolecular hydrogen bond to an aliphatic oxygen
acceptor in the solid state. 5 Low-temperature single-crystal X-
ray diffraction of 5 allowed the location and free isotropic
refinement of the proton in the key hydrogen bond; the isotropic
displacement parameter of H(2O) refines to 0.078 Å2, compara-
ble to values for other hydrogen atoms in the molecule.

Acetal 5 has the same basic geometry as the methoxymethyl
acetal 4, but is expected to be a considerably stronger carboxylic
acid because of the electron-deficient nature of the isoxazole
ring.1 The intramolecular hydrogen bond is not precisely linear
(O(2)–O(4) = 2.625(3) Å, O(2)–H(2O) = 0.89(5) Å, O(2)–
H(2O)…O(4) = 162(4)°), primarily because the proton is
displaced significantly out of the mean plane of the O–C–C–C–
O system. 6 This may be a remnant of the stereoelectronic
preference for aliphatic oxygen to form H-bonds in the
tetrahedral direction:7 it is not obviously the result of crystal
packing.

The pattern of C–O bond lengths at the acetal group centre
shows that the CH2–O bond (C(11)–O(4), Fig. 1) to the eventual
leaving group, at 1.424(3) Å, is significantly longer than the
MeO–CH2 bond O(5)–C(11), (1.383(4) Å).8 Evidently the

hydrogen bond polarises the acetal group and thus enhances the
anomeric effect in the direction MeO+NCH2

2OR. Such
‘desymmetrisation’ of an acetal by H-bonding has not been
observed previously. (Potential effects of hydrogen bonding on
the anomeric effect have been discussed by Lemieux9 in the
context of the exo-anomeric effect of glycoside OH groups as
H-bond donors, but the only published example of which we are
aware in which the anomeric effect is reinforced by H-bond
donors is the observation by Alder et al. of systematic bond
length changes in two N–C–N systems.10)

The good correlation11 between the length of the CH2–OX
bond in methoxymethyl acetals MeOCH2–OX and the pKa of
HOX, the conjugate acid of the leaving group, allows us (not
without significant reservations8) to estimate an effective pKa of
10 for the leaving group oxygen. (The effective pKa of the
leaving group in the transition state for the hydrolysis of 4 is
about 4.2) The bond angle at the leaving group oxygen (C(11)–
O(4)–C(5), 118.6(2)°) is close to trigonal and the acetal torsion
angle around the stretched C–O bond is 88.0(3)°. (The other is
typically gauche, at 68.0(4°).) The leaving group oxygen may
be thought to be behaving more like a phenol12 than a tertiary
alcohol oxygen, with the third (hydrogen) bond causing the
trigonal geometry. In fact the near-trigonal bond angle at
oxygen is typical for methoxymethyl acetals of tertiary alcohols
(the 6 examples in the Cambridge Structural database have a
mean angle of 118.6 ± 0.7°), no doubt for steric reasons.

This system (5) displays significant progress along the
reaction coordinate of the reaction of interest, and offers the sort
of detailed structural information we need for analysis, and as a
basis for improving efficiency further—which means optimis-

Fig. 1 Molecular conformation of the acetal acid 5 showing displacement
ellipsoids at the 30% probability level.13

This journal is © The Royal Society of Chemistry 2001
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ing the hydrogen bond in the transition state. The intramolecular
hydrogen bond we see in the crystal may not make a major
contribution to the ground state in aqueous solution: in water,
hydrogen-bonding solvation disrupts all but the strongest
intramolecular hydrogen bonds. It is however, clearly the first
committed species on the reaction coordinate.

Notes and references
1 A. J. Kirby and A. Parkinson, J. Chem. Soc., Chem. Commun., 1994,

707.
2 E. Hartwell, D. R. W. Hodgson and A. J. Kirby, J. Am. Chem. Soc.,

2000, 122, 9326.
3 L. Eberson, in The Chemistry of Carboxylic Acids and Esters, ed. S.
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Novel polymer-supported 2-(diphenylmethylsilyl)ethoxymethyl
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A synthetic method to prepare a novel polymer-supported
2-(diphenylmethylsilyl)ethoxymethyl chloride (DSEM-Cl)
linker and its applications are described.

The selection of an appropriate linker is an important factor
when considering synthetic design on solid phase. Several
efforts to develop new solid supports and linkers have been
reported.1 In a previous communication, we reported synthetic
strategies for the preparation of polymer-supported 2-(trialk-
ylsilyl)ethanol linkers 1 and their functionalized silyl linkers
with an application to ketopiperazine synthesis.2 Herein we
wish to report a synthetic method to prepare a novel polymer-
supported 2-(diphenylmethylsilyl)ethoxymethyl chloride
(DSEM-Cl) linker 2c and its applications in our continuing
efforts to explore new silyl linkers.

2-(Trimethylsilyl)ethoxymethyl chloride (SEM-Cl) has fre-
quently been utilized in solution phase as a protection group for
amines, alcohols, phenols and carboxy groups.3 We considered
that it would be worthwhile to develop a supported SEM linker
based on the virtues of SEM-Cl. Our initial efforts were directed
towards the preparation of polymer-supported 2-(trialkylsilyl)-
ethoxymethyl chlorides 2 containing different alkyl substituents
and the investigation of their stability in a broad range of
chemistries (Scheme 1). After careful examination, we found
that a pre-mixture of paraformaldehyde and HCl(g) could be
employed as an efficient method for chloromethylation of 1.4
Three polymer-supported 2-(trialkylsilyl)ethoxymethyl chlo-
rides 2 were carefully synthesized to avoid protodesilation
during chloromethylation in acidic media.5 Dimethylphenyl-
substituted silyl linker 2a proved labile under acidic conditions,
yielding only a low loading (0.13 mmol g21). The diisopropyl-
phenyl functional group of 2b was observed to impede the
attachment of starting material to the solid support, necessitat-
ing harsh reaction conditions. Finally, 2-(diphenylmethylsil-
yl)ethoxymethyl chloride (DSEM-Cl) 2c showed good stability
and reactivity with optimal loading capacity (0.64–0.74 mmol
g21). The progress of the reaction was monitored by FT-IR

spectroscopy with the disappearance of the O–H stretch at 3428
cm21. In addition, the structure of polymer-supported DSEM-
Cl 2c was confirmed using HR-MAS (high resolution magic
angle spinning) 1H-NMR analysis, in which methylene protons
of O–CH2–Cl were observed at 5.60 ppm.6

We then examined the utility of immobilized DSEM linker 2c
for various functional groups (Table 1). Acid (entries 1 and 2),
alcohol (entries 3 and 4), phenol (entry 5), amine (entry 6 ) and
heterocyclic amide (entries 7 and 8) were successfully attached
onto 2c in good yields.7 The unreacted chloromethyl function-
ality on resin was capped with methanol to avoid undesired side
reactions. Acidic cleavage using a solution of TFA–CH2Cl2
proved efficient in providing the corresponding starting mate-
rial in good yield (entries 1–7). Interestingly, the removal of the
DSEM protecting group from the purine-supported linker (entry
8) showed strong stability in acetic acid, however 2-fluoro-
6-chloropurine started to be released from the solid support in
50% trifluoroacetic acid–CH2Cl2 with 66% purity.8 To improve
purity, microwave irradiation was employed, since we antici-
pated that using a high temperature for a short time period
would avoid other side reactions.9 The resin suspension in 50%
TFA–CH2Cl2 was irradiated for 3 min at 100 °C. As expected,
2-fluoro-6-chloropurine 3 was successfully recovered in quanti-
tative yield with 93% purity. This new DSEM linker is expected
to make up for the weak points of trityl and tetrahydropyranyl
(THP) linkers, which show thermal and acid sensitivity when
aromatic heterocycles are loaded onto the linker.

Polymeric DSEM-supported 2-fluoro-6-chloropurine 4 was
then utilized to synthesize a number of 2,6-disubstituted purines

† Electronic supplementary information (ESI) available: HR-MAS 1H-
NMR spectra of resins 1c and 2c; loading and cleavage of 2c on various
functional groups. See http://www.rsc.org/suppdata/cc/b1/b106767b/

Scheme 1 Reagents and conditions: i, HCl(g), paraformaldehyde, DME,
0 °C, 1 h.

Table 1 Loading and cleavage of 2c on various functional groups

Entry Starting material
Loading
yield (%)

Recovered
yield (%)

1 Fmoc-Ala-OH 64a 85d

2 Fmoc-Phe-OH 61a 86d

3 94a 70d

4 81b 93d

5 99b 93e

6 66a 99d

7 64a,b 92e

8 92a,c 99f

The loading yield was determined by a N-, b Br-, c F-analysis. Acidic
cleavage was performed in a solution of d 5% TFA–CH2Cl2, e 50% TFA–
CH2Cl2, f 50% TFA–CH2Cl2 with microwave irradiation for 3 min at
100 °C.

This journal is © The Royal Society of Chemistry 2001
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on solid phase (Scheme 2). Nucleophilic amination of 4 with
benzylamine or isobutylamine proceeded successfully under the
described conditions to provide 5. Subsequent amination at C2
has been reported to require longer reaction time and higher
temperature due to decreased reactivity at C2. Therefore, we
applied microwave-assisted heating to enhance reaction rates.
Several variations of solvents and irradiation times were
examined in a parallel format en route to 6 using a Smith
SynthesizerTM. Microwave irradiation in 1-methyl-2-pyrrolidi-
none at 180 °C followed by a sequential microwave-assisted
linker cleavage provided a good yield of 7 with high purity
(Table 2).

In conclusion, we have successfully synthesized a new
polymer-supported DSEM-Cl linker 2c. Protection and depro-
tection of the DSEM linker on various functional groups was
successful. Microwave-assisted linker cleavage proved to

enhance the cleavage process. In particular, sequential micro-
wave applications, utilized at the amination and linker cleavage
steps, greatly accelerated the 2,6-disubstititued purine synthe-
sis. The DSEM-Cl linker 2c is a promising new candidate for
the protection of hydroxy and nitrogen functional groups in
solid phase synthesis. In comparison with other acid-labile
linkers, we envision that the new silyl linker will offer several
advantages, such as stability in various reaction conditions
including basic and moderately acidic media as well as elevated
thermal conditions.10 Our efforts toward the development of
applications of support-bound DSEM linkers 2 are ongoing.

We are grateful to all combinatorial and NLCI group
members who made this work possible. We wish to thank Dr
Harald Schroeder of PRBT at Basel for providing HR-MAS
NMR spectra of 1c and 2c.
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diethyl ether and dried in vacuo to provide 2. The prepared silyl linkers
2 are stable in a refrigerator over 6 months.

6 The resins 1c and 2c were swollen in CDCl3. All experiments were
performed at 297 K on a DRX-400 Bruker 400 MHz spectrometer
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7 More details are available in electronic supplementary information
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microwave applications.
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corresponding support-bound 4a in 76% yield (loading 1.12 mmol g21).
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Scheme 2 Reagents and conditions: i, 2c, 2-tert-butylimino-2-diethyl-
amino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP), THF, 0 °C
to rt, 3 h, 92%; ii, R1NH2, diisopropylethyl amine, 1+1 n-butanol–DMSO,
50 °C, rt, overnight; iii, R2R3NH, DIPEA, 1-methyl-2-pyrrolidinone,
microwave irradiation; iv, 1+1 TFA–CH2Cl2, microwave irradiation, 3 min,
100 °C.

Table 2 2,6-disubstituted purine 7 synthesis on solid phase

R1 R2/R3
Microwave
conditiona Yb/Pc

Benzylamine Morpholine 180 °C, 10 min 70/90
N-Methylpiperazine 180 °C, 20 min 85/94
4-Fluorophenethylamine 180 °C, 40 min 80/92
3-Bromoaniline 200 °C, 40 min n.a.d

Isobutylamine Morpholine 180 °C, 10 min 74/95
N-Methylpiperazine 180 °C, 20 min 89/89
4-Fluorophenethylamine 180 °C, 40 min 82/89
3-Bromoaniline 200 °C, 40 min n.a.d

a Nucleophilic amination of 5 proceeded using microwave heating to
provide 6 under the described conditions. b Isolated yield was determined
after acidic cleavage of 6 based on loading capacity of 4 (0.74 mmol g21).
c Purity score was determined by LC/MS–ELSD. d Starting material
recovered.
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In supercritical water the rate of methanol oxidation was
controlled by ionic behavior as follows: the oxidation rate of
methanol decreased with increasing proton and hydroxide
ion concentration, possibly due to stabilization of the
reactant, while that of CO was suppressed by added protons
and enhanced by added hydroxide ions.

Supercritical water oxidation (SCWO) has been known to be a
promising method for complete decomposition of organic
compounds in water without emission of toxic pollutants.1,2

One of the reasons why SCWO is suitable as an oxidation
medium is that organic species and oxygen are completely
miscible in water above its critical point (647 K and 22.1
MPa).3,4 Another reason is that water reacts with O2 to generate
OH radicals at temperatures greater than 773 K,5 which is
highly active as an oxidant. On the other hand, around the
critical temperature of water, the rate of complete oxidation of
a hydrocarbon is suppressed with increasing water density and
the yields of partial oxidation products such as CO and aldehyde
increase with increasing water density.6 This phenomenon
cannot be explained solely by a free radical reaction mecha-
nism. Ionic reaction of an organic compound, such as
protonation and dehydration of some alcohols, proceeds in
supercritical water near its critical point, that is, around 673 K.7
Thus, the effect of ionic behaviour of an organic compound on
oxidation in supercritical water must be taken into considera-
tion. In this study, the effect of water density, acid, and base on
methanol oxidation was examined and a possible reaction
pathway of methanol oxidation in supercritical water near its
critical point was proposed.

Methanol (99.7%), 1 mol L21 of NaOH aqueous solution,
and 1 mol L21 of H2SO4 solution were purchased from Wako
Pure Chemical and used without further purification. Pure
water, which was distilled after deionization, had a conductivity
1 3 1025 S m21. The batch type reactor (SS316) used in this
study has been described previously.8 Briefly, 1.0–3.1 g water,
0.03 g of methanol, an amount of acid (H2SO4) solution or base
(NaOH) solution, and a given amount of O2 (molar ratio: O2–
methanol = 3+1) were loaded into a batch type reactor (internal
volume: 6 mL). Pressures (Pw) were calculated from the water
densities (rw) and steam tables.9 The reactor was immersed in a
fluidized sand bath (673 K) and the reaction was started. After
a given time, the reactor was taken out from the sand bath and
put into a water bath (room temperature), and then the reaction
was stopped. After cooling the reactor, a stop valve on the
reactor was connected with a gas sampling system and the
gaseous product was collected and analyzed by gas chromatog-
raphy with a thermal conductivity detector (GC-TCD) (Shi-
madzu GC-7A and Hitachi GC163). After gas sampling, an
amount of water was added into the reactor and the liquid
product was recovered and analyzed by gas chromatography
with a flame ionization detector (GC-FID) (HP 6890). For all
the experiments in this study, the detected products were H2,
CO, and CO2, in agreement with the results of Anitescu et al.10

The proton concentration ([H+]) and ion product (Kw) of pure

water was calculated by the method of Marshall and Franck.11

The proton concentration with acid and base was calculated
from the ion product of water,11 the equilibrium constant,12,13

and the activity coefficient.14

Corrections were applied for heat-up time and reactor dead
space. Heat-up time (ca. 1 min) was subtracted from the actual
run time. Corrections for dead space were estimated by using
separate runs at reaction times of 540 s. The amount of CO and
CO2 obtained at 540 s was used to estimate available reactants
at 120 s and 240 s.

Fig. 1 shows results at 673 K and 0.16 g cm23. In this figure,
the calculated results using the model proposed by Anitescu
et al.10 are also shown. As shown in Fig. 1, the agreement
between the experimental results and the model was good.
Table 1 summarizes the experimental conditions and yields.
Experiments were run for 120–540 s at a range of water
densities without catalysts and also with acid and base catalysts.
Methanol yield without catalyst increased with increasing water
density and rapidly decreased with time at all the water
densities. With acid or base catalyst, the methanol yield was
higher than that without catalyst at the same water density. CO
yield without catalyst decreased with reaction time but
increased in the presence of acid and decreased in the presence
of base. CO2 yield was relatively low in the presence of acid and
high in the presence of base. H2 yield at all the reaction times
increased with increasing water density without catalyst, while
acidic conditions gave more or less the same yields as neutral
conditions. H2 yield was highest under alkaline conditions.

To consider the effect of water density, acid, and alkali on the
methanol oxidation, the rate constants (k1 and k2) of eqn. (1)
were evaluated by fitting the data in a similar manner to that of
Anitescu et al.10

CH OH CO CO3 2
k k1 2 →  → (1)

Fig. 2 shows the rate constants as a function of proton
concentration. While the value of k1 exhibited a maximum with
proton concentration, k2 decreased linearly with increasing
proton concentration. As suggested by Antal et al.,7 alcohols
tend to be protonated in supercritical water. If the stability of
protonated alcohol for oxidation is higher that of a molecular
alcohol, the oxidation rate (k1) of the protonated alcohol is
expected to be lower than that of unprotonated alcohol. An

Fig. 1 Experimental results at 673 K and 0.16 g cm23.
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alcohol possibly dissociates into the alkoxide ion and a proton
in the presence of alkali in supercritical water because alcohols
are weak acids.15 Like the protonated alcohol, an alkoxide ion is
expected to be more stable than the molecular alcohol towards
oxidation. Thus the k1 value was also low at the lowest proton
concentration (in NaOH solution).

For the oxidation of CO into CO2 (for k2), there are two
pathways: one is direct oxidation and the other is the water gas
shift reaction (CO + H2O " CO2 + H2). As shown in Fig. 2, the
rate of conversion of CO to CO2 decreased with increasing
proton concentration. Analogously to methanol, CO oxidation
seemed to be suppressed by increased proton concentration.
Some ionic effects on the water gas shift in sub- and
supercritical water have been studied. Rice et al.16 and Sato
et al.17 examined the effect of water density (pressure) on the
rate of the water gas shift reaction. While Sato et al.17 reported
that the rate of water gas shift reaction was independent of
pressure up to 30 MPa and 673 K, Rice et al.16 reported that the
rate of the water gas shift reaction drastically increased with
increasing pressure above 30 MPa at 683 K. Ross et al.18 and
Elliott et al.19 suggested that the water gas shift reaction must be
promoted by alkali (that is, OH2 ion) in sub- and supercritical
water. The ion product of water increases drastically above 30
MPa both at 673 and 683 K.11 Thus the rate of the water gas shift
reaction is expected to depend on OH2 concentration. Fig. 3
shows the dependence of H2 yield on OH2 concentration. The
yield of H2 (540 s) increased with increasing OH2 concentra-
tion. If the formation of H2 were solely due to the water gas shift
reaction, then the H2 yield would be comparable with the CO2
yield. The high H2 yield indicates that the rate of the water gas

shift reaction is possibly enhanced by high water density and
added alkali.

Based on these results a mechanism for methanol oxidation in
supercritical water can be proposed as follows (Fig. 4).
Methanol is stabilized to some extent by ionic species that
promote its protonation or its dissociation. Then, after methanol
is oxidized to CO, the CO is stabilized by the presence of
protons. The CO is oxidized to CO2, however, hydroxide ions
promote conversion of CO to CO2 via the water gas shift
reaction. This shows that addition of ionic species in super-
critical water can have broad application in organic syntheses.
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Table 1 Summary of experimental conditions and data (673 K)

Pw/MPa rw/g cm23
log (Kw/mol2
L22) Catalyst

log ([H+]/
mol L21)

Reaction
time/s

CH3OH yield
(mol%)

CO yield
(mol%)

CO2 yield
(mol%)

H2 yield
(mol%)

25 0.16 221.00 None 210.50 120 17.7 38.8 43.5 2.5
240 0 25.3 76.2 7.5
540 0 21.0 79.3 5.5

30 0.35 215.85 None 27.93 120 23.6 49.6 26.8 4.1
240 0 40.3 63.9 13.3
540 0 35.2 64.8 9.4

40 0.52 213.90 None 26.55 120 43.3 32.1 24.6 15.8
240 0 21.9 42.5 25.3
540 0 29.4 70.6 22.6

30 0.35 215.85 0.08 mol L21 H2SO4 23.94 120 69.4 21.2 9.4 19.3
240 28.1 49.9 22.0 18.4
540 0 59.1 41.0 12.3

30 0.35 215.85 0.1 mol L21 NaOH 213.21 120 40.7 16.0 43.3 28.0
240 20.0 6.0 74.1 38.3
540 0 2.6 97.4 52.4

Fig. 2 Dependence of k1 and k2 on proton concentration.

Fig. 3 Dependence of H2 yield (540 s) on OH2 concentration.

Fig. 4 Proposed mechanism of methanol oxidation in supercritical water.
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Reversible trapping of acid and base vapours into an amphoteric
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Exposure of the solid zwitterion [CoIII(h5-C5H4CO2H)(h5-
C5H4CO2)] to hydrated vapours of volatile acids (HCl,
CF3CO2H, HBF4) or bases (NH3, NMe3, NH2Me) quantita-
tively produces the corresponding salts; the heterogeneous
reactions are fully reversible, as the acid or base molecules
can be removed by thermal treatment, regenerating the
starting material.

Crystal engineering with inorganic and organometallic building
blocks1–3 allows construction of robust crystal architectures.
Robustness is a prerequisite for the preparation of nanoporous
materials able to withstand removal of guest molecules.4
Zeolitic type materials are being extensively studied in the quest
for solid state sensors, reservoirs, filters and sieves to be used to
detect or trap small molecules.5–7 An alternative to nano-
porosity for controlled uptake and release of small molecules
could be afforded by heterogeneous gas–solid reactions.8 Solid-
state reactions, however, often imply profound transformations
in the chemical and physical nature of the solid material and
rarely are of practical use, unless fully reversible.

Here we report that the low-cost, water soluble and robust
organometallic zwitterion [CoIII(h5-C5H4CO2H)(h5-
C5H4CO2)], 1, undergoes fully reversible heterogeneous reac-
tions with the hydrated vapours of a variety of acids (e.g. HCl,
CF3CO2H, HBF4) and bases (e.g. NH3, NMe3, NH2Me), with
formation of the corresponding salts. The acid or base
molecules can be removed by mild thermal treatment, regen-
erating 1. Since no decomposition is observed after several
uptake/release cycles, the organometallic material behaves as a
reversible amphoteric trap towards both acid and base hydrated
vapours via the gas–solid reaction. The reaction of solid
carboxylic acids with ammonia and amines have been the
subject of elegant pioneering studies.9

The organometallic zwitterion 1 is easy to handle and is
thermally stable up to a temperature of 506 K.10 The
heterogeneous reactions of 1 with hydrated vapours of HCl or
NH3 to give the compounds 2 and 3 are depicted in Fig. 1.

Complete conversion of the neutral crystalline 1 (1–10 mg)
into the crystalline salt 2 is attained after 5 min of exposure to
vapours† of 36% aqueous HCl. Formation of 2 in the
heterogeneous reaction is easily assessed by comparison of the
observed X-ray powder diffraction pattern‡ with that calculated
on the basis of the single-crystal structure determined pre-
viously.11 The formation of 2 from 1 requires that the O–H…O
bonds involving the protonated –CO2H group and the deproto-
nated –CO2

2 of neighbouring zwitterion molecules are re-
placed, upon absorption of HCl, by +O–H…Cl2 interactions
between the –CO2H groups on the fully protonated organome-
tallic cation [CoIII(h5-C5H4CO2H)2]+ and the Cl2 anions.

Crystalline 2 can be converted back to 1 by heating the
sample for 1 h at 440 K in an oil-bath under low pressure (1022

mbar). A thermogravimetric analysis (TGA) shows that 2
releases one water molecule and one HCl molecule per

molecular unit at 394 and 498 K, respectively [see Fig. 2(a)].
The powder diffractogram of the final product corresponds

Fig. 1 Schematic representation of the uptake and release of hydrated
vapours of HCl and NH3 by crystalline [CoIII(h5-C5H4CO2H)(h5-
C5H4CO2)] 1. The different relative arrangement of the organometallic
moieties in the solid state is shown for 2 (a), 1 (b) and 3 (c). Hydrogen atoms
not shown. Experimental X-ray powder diffraction patterns for 2 (d), 1 (e)
and 3 (f), measured after each uptake–release cycle, are compared with the
powder patterns calculated on the basis of the single crystal structures.

Fig. 2 Thermogravimetric analyses (TGA) corresponding to the 2? 1 (a)
and 3? 1 (b) solid state processes. The loss in weight at 394 and 498 K in
the 2 ? 1 process corresponds to one water and one HCl molecules per
formula unit, respectively. The loss in weight at 293, 310 and 397 K in the
3? 1 process corresponds to a total of 3.5 water and one NH3 molecule per
molecular unit.

This journal is © The Royal Society of Chemistry 2001
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precisely to that of form 1. Crystalline 1 can be cycled through
several absorption and release processes of HCl without
decomposition or detectable formation of amorphous mate-
rial.

Incidentally, since compound 2 is the precursor for the
synthesis of 1,10 the solid state conversion 2? 1 represents an
alternative an more convenient way to obtain the anhydrous
zwitterion 1 directly from solid 2.

The behaviour of 1 towards NH3 is remarkably similar: 1
(1–10 mg) quantitatively transforms into the hydrated ammo-
nium salt 3 upon 5 min exposure to vapours† of 30% aqueous
ammonia. Single crystals of 3 for X-ray structure determina-
tion‡ can be obtained if the reaction of 1 with ammonia is
carried out in aqueous solution.

As in the case of 2, formation of 3 in the heterogeneous
reaction is assessed by comparison of the observed and
calculated (see caption to Fig. 1) X-ray powder patterns of 3.
The salt is characterized by the presence of charge-assisted +N–
H…O2 interactions between the ammonium cation and the
deprotonated –CO2

2 groups on the organometallic anion.
As in the case of the reaction with HCl, absorption of

ammonia is a fully reversible process: upon thermal treatment
(1 h at 373 K, ambient pressure) crystalline 3 converts
quantitatively into 1. Repeated thermogravimetric analyses
(TGA)§ show that 3 releases between 3 and 3.5 water molecules
and 1 molecule of NH3 per formula unit in the temperature
range 293–397 K [see Fig. 2(b)]. The slight excess of water is
probably due to humidity absorbed on the surface. All attempts
to remove the water in excess (under low pressure) also resulted
in a partial loss of the crystallization water. The powder
diffractogram of the product after thermal treatment corre-
sponds precisely to that of form 1.

IR spectroscopy can also be utilized to quickly detect
formation of the organometallic cation or anion when 1 is
reacted with volatile acids or bases, as spectra in KBr show
diagnostic bands for the CO stretching at 1733s and 1707s in 2,
and 1610s cm21 in 3 (see Table 1). In the release process, these
bands are replaced by the stretching at 1714s cm21 character-
istic of the zwitterionic form 1.

Heterogeneous acid–base reactions are, obviously, well
known. However, system 1 represents, to the best of our
knowledge, the first example of an organometallic solid that can
withstand both processes, behaving as a fully reversible
‘amphoteric trap’ towards a variety of hydrated vapours of acids
and bases. It is worth pointing out that the process relies on the
possibility of ‘switching’ between O–H…O hydrogen bonds in
neutral 1 and charge-assisted +O–H…X2 or O2…[H–NR3]+

hydrogen bonds.
The experiments with ammonia or hydrogen chloride have

been examined in depth. We are currently exploring the
reactivity of solid 1 towards other acid and basic vapours beside
those reported above. The dependence on the composition of the
vapour phase on the exposure time and on the surface area is
also being investigated.

The bottom-up construction of solid-state sensors, filters and
sieves for small molecules is an attractive prospective of crystal
engineering. While many nanoporous systems irreversibly
decompose upon removal of guest molecules because of loss of
stability,12 our gas–solid reaction exploits the reversible

interconversion between a molecular crystal and different
crystalline salts where 1 can convert into either a cation or an
anion, depending on the acid–base reaction. The control on
solid-state reactions that can be used to trap environmentally
dangerous or poisonous molecules is an attractive goal for solid-
state chemistry and crystal engineering.

We thank MURST (projects Supramolecular Devices and
Solid Supermolecule), the Universities of Bologna (project
Innovative Materials) and Sassari for financial support.
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Table 1 Reaction of 1 with hydrated acid and base vapours

Acida Exposure timeb nCO
c/cm21 Basea Exposure timeb nCO

c/cm21

HCl (37%) 5 min 1733s, 1707s NH3 (30%) 5 min 1610s
CF3CO2H (99%) 1 h 1723s, 1706s NH2Me (30%) 1 h 1610s
HBF4 (54%) 16 h 1736s, 1708s NMe3 (30%) 1 h 1612s

a Concentration of the solution given in parenthesis. b Uptake time for a complete conversion of 10 mg of 1, all processes are fully reversible. c Diagnostic
CO stretching frequencies (KBr) for reaction products; neutral 1 is characterized by a band at 1714s cm21.
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2-Pyridylmethylimidazolium salts and IrH5(PPh3)2 give an
[(N–C)IrH2(PPh3)2]+ species with the imidazole ring bound
in the ‘wrong way’: at C-5, not at the expected C-2.

N-Heterocyclic carbenes have adopted an increasing role as
ligands in homogeneous catalysis and organometallic chem-
istry.1–3 Previous examples have always shown C-2 metal
binding (1)—the same structure as in the free carbenes isolated
by Arduengo et al.4 C-4(5) binding as in 2 has not been
considered as a likely alternative because the free carbenes
always have a C-2 structure (3) and the adjacent nitrogens were
considered to strongly stabilize both the free carbene in 3 and
the M–C bond in 1 (Scheme 1).

In recent work, Sini, Eisenstein and Crabtree5 reported DFT
(B3PW91) calculations on 2- vs. 4(5)-binding of 1 and 2 (R =
H), where a much less stable C-bound isomer was shown to
result from metal binding to the 4(5) position as in 2. The free
‘carbene’ at C-4(5) was calculated to lie at +20.0 kcal mol21

above the C-2 carbene. With PtCl32 bound {1 or 2; MLn =
[PtCl3]2}, the C-4(5) complex was calculated to lie even higher,
+23.3 kcal mol21 above the C-2 complex.

Previous synthetic routes from the precursor imidazolium salt
most often include deprotonation to give the free carbene as
intermediate;1–3 since 3 is the stablest form of the carbene,4,5

this route is likely always to give the C-2 bound complex, 1.
Direct metallation of imidazolium salts has also previously
always occurred at the 2-position,6 including in our own prior
work.6c

In this communication, we report the facile reaction of the
imidazolium precursor salt with a metal hydride to give a
‘carbene’ of type 2 with the metal attached at the ‘wrong’
carbon, C-5 not C-2. 2 could also be regarded as a metallated
imidazolium salt.

IrH5(PPh3)2 4 is known7 to react with substituted pyridines
(LA) in refluxing C6H6 via loss of H2 to give the trihydrides
(LA)IrH3(PPh3)2 (5). Since the pyridine-substituted imidazolium
salts 6a,b are readily available8 from the N-alkylimidazole and
2-bromomethylpyridine, followed by Br/BF4 anion exchange,
we looked at their reaction with 4. This occurred readily under
similar conditions as before (refluxing THF, 2 h, recrystaliza-
tion from THF–pentane) but to give the chelating carbene
complex, 7 with the metal bound at C-5, not C-2 as expected
[eqn. (1)].†

(1)

The identity of the product 7a is suggested by the spectro-
scopic data (298 K), particularly 1H NMR spectroscopy in
CDCl3 where a low field signal of unit intensity (8.72 ppm) is
assigned to the imidazole 2 proton, while a signal at higher field

also of unit intensity (5.17 ppm) is assigned to the 4-proton. The
metal bound hydrides show very different shifts reflecting the
large differences of the trans ligands (210.83 ppm, tentatively7

assigned to be trans to the metal-bound carbon, and 221.49
ppm, trans to pyridine). The J(HHA) of 5 Hz is typical9 for a cis
MH2 arrangement, and the J(PH) of 18–20 Hz is typical of a cis
M(PR3)H arrangement. The presence of a metal bound carbene
follows from the 13C{1H} spectra where the C-5 carbon is low
field shifted (141.07 ppm compared to ca. 122 ppm in the
precursor imidazolium salt). Moreover, this resonance appears
as a triplet as a result of coupling to 31P [J(PC) 7.1 Hz]. In
contrast, the C-2 carbon underwent a high field shift to 129.55
ppm, which does not suggest metallation of this carbon. As
expected for equivalent phosphorus nuclei only one singlet
(21.4 ppm) is observed in the 31P{1H} NMR spectra. The
similarity of the NMR data of 7b with those of 7a leaves no
doubt that they have similar structures and all data are consistent
with structure 7.

The X-ray structure‡ (Fig. 1) defines the situation unambigu-
ously for 7a. The Ir is attached to the imidazole 5-carbon,
equivalent to C(7) in crystallographic numbering, as shown by
the locations of the benzylic and Pri ring substituents that define
the nitrogen positions; Pri is not adjacent to the M–C bond so the
complex is of non-Arduengo type. The C–C distances in the
ring are normal for an imidazolium and the Ir–C(7) bond
[2.100(6) Å] is essentially single, so there is little if any Ir–C p-
bonding. Other distances and angles are unremarkable.

The crystallographic data show that the molecule is chiral
owing to the non-planarity of the pyridine–carbene ligand. The
six- and five-membered rings of the chelate ligand are oriented
at a dihedral angle of 146°. The NMR spectra, however, are
consistent with a molecule with a plane of symmetry as
isopropyl methyl protons and the bridge methylene protons of
the ligand are equivalent; likewise there is also only a single 31P
resonance. This suggests a rapid interconversion on the NMR
timescale (at 298 K) that corresponds to racemization via a
boat–boat six-membered ring flip.

Complex 7 has so far shown no tendency to rearrange to the
2-isomer. Heating a DMSO solution of 7b to 100 °C for 1 h did
not show any change. At 160 °C, however, gradual decomposi-
tion of the material was observed without rearrangement of the
ligand binding mode. It is still unclear if 7 is a thermodynamic
or a kinetic product. The > 20 kcal mol21 energy favoring 2- vs.
5-binding [numbering as in eqn. (1)] found5 for the [PtCl3]2
derivative seems rather too large to be reversed by change of
metal and substituents and 7a,b seem most likely to be kinetic
products. If so, abnormal 4(5)-binding may only be a risk for
any path not involving deprotonation, such as direct metallation.

Scheme 1
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We cannot exclude 7a,b being thermodynamic products,
however, in which case other carbenes currently considered
Arduengo type may in fact be bound at C-4(5). Whatever the
origin of the effect, care must clearly be taken in future not to
assume 2-substitution always takes place in carbenes derived
from imidazolium salts.

We gratefully acknowledge financial support from the
Deutsche Akademie der Naturforscher Leopoldina (BMBF-
LPD 9901/8-37; S.G.), Swiss National Foundation (M. A.), and
the US DOE and NSF (R. H. C., J. W. F.).

Notes and references
† Typical synthesis: a mixture of 6b (BF4 salt, 54 mg, 0.18 mmol) and
IrH5(PPh3)2 (129 mg, 0.18 mmol) in THF (8 ml) was refluxed in air for 2.3
h. After 20 min a clear solution is obtained. After the reaction mixture had
cooled to room temperature it was layered with 10 ml heptane. Over a period
of 12 h, crystals of 7b formed which were filtered off and dried in vacuo.
Yield: 124 mg (68%). The complex can be recrystallized from THF/
pentane.

Spectroscopic data for 6a: 1H NMR (CDCl3, 298 K): d 9.17 (s, 1H,
NCHN), 8.55 (d, 3JHH 4.6 Hz, 1H, py-H), 7.77 (dt, 3JHH 7.7, 4JHH 1.7 Hz,
1H, py-H), 7.66 (d, 3JHH 7.9 Hz, 1H, py-H), 7.59 (s, 1H, imid-H), 7.31 (dd,
3JHH 7.6 , 3JHH 5.0 Hz, 1H, py-H), 7.25 (s, 1H, imid-H), 5.51 (s, 4H, CH2),
4.65 (septet, 3JHH 6.8 Hz, 1H, CH), 1.61 (t, 3JHH 6.8 Hz, 6H, CH3). 13C{1H}
NMR (CDCl3, 298 K): d 152.38 (Cpy), 149.90 (Cpy), 137.85 (Cpy), 135.08
(NCN), 124.05 (Cpy), 123.84 (Cpy), 123.04 (Cimid), 119.83 (Cimid), 54.17
(CH2), 53.56 (CPri), 22.68 (CPri).

For 6b: 1H NMR (CDCl3, 298 K): d 9.09 (s, 1H, NCHN), 8.51 (d, 3JHH

4.6 Hz, 1H, py-H), 7.73 (dt, 3JHH 7.7, 4JHH 1.8 Hz , 1H, py-H), 7.58 (d, 3JHH

7.8 Hz, 1H, py-H), 7.53 (s, 1H, imid-H), 7.32 (s, 1H, imid-H), 7.27 (dd, 3JHH

7.7, 3JHH 4.8 Hz, 1H, py-H), 5.49 (s, 4H, CH2), 4.19 (t, 3JHH 7.5 Hz, 2H, Bu-
H), 1.89–1.81 (m, 2H, Bu-H), 1.39–1.30 (m, 2H, Bu-H), 0.93 (t, 3JHH 7.5
Hz, 3H, Bu-H). 13C{1H} NMR (CDCl3, 298 K): d 152.25 (Cpy), 149.77
(Cpy), 137.86 (Cpy), 136.37 (NCN), 124.06 (Cpy), 123.80 (Cpy), 122.93
(Cimid), 121.75 (Cimid), 54.00 (CH2), 49.93 (CBu), 31.81 (CBu), 19.34 (CBu),
13.30 (CBu).

For 7a: 1H NMR (CDCl3, 298 K): d 8.72 (s, 1H, NCHN), 8.23 (d, 1H,
3JHH 5.5 Hz, py-H), 7.37–7.14 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 6.3 Hz,
py-H), 5.17 (s, 1H, imid-H), 4.70 (s, 2H, CH2), 4.25 (septet, 1H, 3JHH 6.5
Hz, CH), 1.19 (d, 6H, 3JHH 6.5 Hz, CH3), 210.83 (dt, 2JPH 19.6, 3JHH 4.9
Hz, Ir-H), 221.49 (dt, 2JPH 18.6, 3JHH 4.9 Hz, Ir–H). 13C{1H} NMR
(CDCl3, 298 K): d 161.78 (Cpy), 153.10 (Cpy), 141.07 (t, JPC 7.1 Hz,
Ccarbene), 137.04 (Cpy), 134.93 (t, JPC = 26.3 Hz, CPh), 133.55 (t, JPC 6.0 Hz,
CPh), 132.40 (CPh), 129.55 (NCN), 127.84 (t, JPC 5.8, CPh), 125.87 (Cimid),
124.15 (Cimid), 123.56 (Cpy), 55.03 (CH2), 50.47 (CPri), 22.94 (CPri).
31P{1H} NMR (CDCl3, 298 K): d 21.36.

For 7b: 1H NMR (CDCl3, 298 K): d 8.71 (s, 1H, NCHN), 8.19 (d, 3JHH

5.1 Hz, 1H, py-H), 7.37–7.15 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 5.9 Hz,
1H, py-H), 5.03 (s, 1H, imid-H), 4.72 (s, 2H, CH2), 3.63 (t, 3JHH 6.9 Hz, 1H,
CH2), 1.47 (m, 2H, CH2), 1.17 (m, 2H, CH2), 0.90 (t, 3JHH 7.7 Hz, CH3),
210.89 (dt, 2JPH 19.6, 3JHH 5.1 Hz, Ir-H), 219.61 (dt, 2JPH 18.4, 3JHH 5.1
Hz, Ir-H). 13C{1H} NMR (CDCl3, 298 K): d 161.77 (Cpy), 153.07 (Cpy),
141.30 (t, JPC 6.9 Hz, Ccarbene), 137.09 (Cpy), 134.96 (t, JPC = 26.3, CPh),
133.79 (CPh), 133.61 (t, JPC 6.0, CPh), 129.59 (NCN), 127.86 (t, JPC 4.7,
CPh), 126.13 (Cimid), 125.90 (Cpy), 124.18 (Cpy), 55.08 (CH2), 47.89 (CBu),
31.96 (CBu), 19.36 (CBu), 13.37 (CBu). 31P{1H} NMR (CDCl3, 298 K): d
21.39.
‡ Crystal data for 7a: C48H47BF4IrN3P2, M = 1006.89, colorless crystal,
primitive monoclinic cell with dimensions: a = 9.4493(2), b = 20.6687(6),
c = 22.0865(6) Å, b = 90.160(2)° and V = 4313.6(2) Å3; Z = 4; m(Mo–
Ka) = 3.223 mm21; Dc = 1.550 g cm23. The systematic absences of: h0l:
l ≠ ± 2n and 0k0: k ≠ ± 2n uniquely determine the space group to be P21/c
(no. 14). 38573 reflections measured (KappaCCD diffractometer, T = 183
K). The structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included at calculated positions (including the Ir hydrides),
but not refined. The final cycle of full-matrix least-squares refinement on F
was based on 4789 observed reflections [I > 3.00s(I)] and 532 variable
parameters and converged with unweighted and weighted agreement factors
of R = 0.033 and Rw = 0.035 (S = 0.905). CCDC reference number
171283. See http://www.rsc.org/suppdata/cc/b1/b107881j/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 1 Molecular structure of the cation of 7a showing 50% probability
thermal ellipsoids. Only the metal-bound hydrogens (calculated positions)
are shown. Selected distances (Å) and angles (°): Ir(1)–P(1) 2.287(2), Ir(1)–
P(2) 2.301(2), Ir(1)–N(3) 2.193(5), Ir(1)–C(7) 2.100(6), N(1)–C(6)
1.461(7), N(1)–C(7) 1.404(7), N(1)–C(9) 1.335(8), N(2)–C(8) 1.390(8),
N(2)–C(9) 1.327(8), N(2)–C(10) 1.459(8); N(3)–Ir(1)–C(7) 89.3(2), P(1)–
Ir(1)–P(2) 163.86(6).
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p-Sulfonatocalix[6]arene is shown to form insoluble com-
plexes with poly(allylamine hydrochloride) when the charge
balance between the negative calixarene sulfonate groups
matches the positive charge carried by the polyelectrolyte,
this makes this glycosylaminoglycan analog an interesting
candidate for controlled release systems in the case of
proteins encapsulated in mesoscopic complexes with poly-
electrolytes.

Calixarenes are one of the major classes of host molecules in
supramolecular chemistry, together with cyclodextrins and
crown ethers.1 The interest in these molecules is increasing in
view of the possibility of preparing water soluble derivatives.2
Among these are the p-sulfonatocalix[n]arenes, denoted 1n,
where n is the number of linked aromatic rings.3 These
molecules complex organic compounds as well as inorganic
ions in water4 and are possible candidates for heparin mimics,5
since as with heparin they display a high density of negatively
charged sulfonate groups and could hence possess an anti-
thrombotic activity.5 Moreover the synthetic pathway to these
compounds6 is rather simple when compared to that leading to
heparin and they display essentially no immune response.7 It is
well known that arginine and lysine play a key role in the
sequences present in heparin recognition sites.8 Recently, the
interactions between 14, 16, and 18 with these single amino
acids9 as well as with their small oligomers10 have been
investigated by means not only of NMR spectroscopy to
determine the stoichiometry as well as the localisation of the
amino acids within the hydrophobic cavity, but also by means of
isothermal microcalorimetry (ITC) to determine the standard
enthalpy and entropy variations associated with complex
formation. To our knowledge, the interactions between 1n and
large cationic homopolymers in solution have never been
investigated. This is of prime importance not only from a
fundamental point of view, to study the influence of the
correlation between the cationic groups on the complexation
process, but also from a more practical point of view for the
controlled release in protein–polyelectrolyte complexes.11,12 It
has been shown, that enzymes can be stabilised for long range
storage when wrapped in a polyelectrolyte network,12 but is it
possible to remove the polyelectrolyte around the protein
without denaturation of the enzyme? For this reason, we give
here our first results describing the interactions between 16 and
poly(allylamine hydrochloride), PAH, in a pH 7.4 Tris (10
mM)–NaCl 0.1 M buffer. Under these conditions we assume
that the phenolic groups on 16 are not ionised. Our results were
obtained by combining several physicochemical techniques
aimed to describe not only the structure of the obtained
mesoscopic complexes but also their formation mechanism. In
order to understand the influence of the chain length upon the
interactions with 16, two different molecular weight polymers
were used, PAHS, Mw = 15 kDa and PAHL, Mw = 70 kDa.†

At a constant PAH concentration of 2.2 3 1026 M for PAHL
and 4.3 3 1026 M for PAHS, the addition of 16,6 leads to a
progressive increase of the solution turbidity (Fig.1),‡ and
levelling off at a given mixing ratio r (defined as the number of
provided 16 to the number of initially present PAH molecules).
Simultaneously with the turbidity increase, the average size of
the (polydisperse) particles increases as determined by means of
dynamic light scattering (DLS): the initial PAHS and PAHL
have an hydrodynamic radius around 4 and 8.5 nm re-
spectively,‡ however at r = 37.3 for PAHL, the solution
contained particles of hydrodynamic radius around 10 and 99
nm which contribute to about 60% of the scattered intensity
(data not shown). For PAHS at r = 12.4, the solution contains
particles of the same size and also particles around 370 nm in
radius (12% of the scattered intensity). For PAHL and PAHS
the plateau of the turbidity isotherms are reached for r = (200
± 30) and r = (40 ± 10) respectively (Fig. 1).

Taking into account the presence of 6 negative charges from
the sulfonate groups on 16 and the DP of the two PAHs, these r
values correspond to the electrical neutralisation of the polymer
with a full release of the condensed chloride counter ions. This
assumption was furthermore checked by means of laser Doppler
electrophoresis (LDE),‡ operated under conditions of constant
current, 5 mA (Fig. 2): for low r values the z potential is positive
as expected in the presence of an excess of positively charged
PAH whereas for high r the negative z potential reflects mainly
the presence of a large excess of 16. The charge inversion occurs
again around r = 200 for PAHL and r = 40 for PAHS (Fig.
2).

At r values higher than this threshold, the obtained particles
sediment in about 10 to 15 min after their preparation. Hence,
these particles could not be characterised by means of DLS. At
lower r values, no sedimentation is observed even after a few
hours despite the particle size increase at least in the dilute
polyelectrolyte concentration regime: we are in presence of

Fig. 1 Evolution of the turbidity (at l = 500 nm) as a function of r for PAHL
(1) and PAHS (5) at constant PAH concentration.
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phase separation13 when neutral complexes are formed. The
used PAHL and PAHS display an average hydrodynamic radius
close to 8 and 4 nm, implying that the increase in size originates
from 16 induced intermolecular bridging. This is not unrealistic
on the basis of the preferential double partial cone conformation
of 16.14 The obtained mesoscopic complexes are irreversible not
only under dilution with Tris–NaCl buffer as displayed by a
linear decrease of the turbidity with the dilution ratio (data not
shown) but also by addition of either PAH or 16, when the
plateau level of the binding isotherm is reached. The irreversi-
bility of this process upon dilution was also checked by
centrifugation of the particles (prepared at r = 44.4 for PAHL),
removal of the supernatant, replacement by Millipore water and
redispersion of the particles. Three centrifugation, supernatant
removal, redispersion in water cycles were performed, the
particles were then dried for 28 h at 110° and analysed by means
of elemental analysis: they contained 33.2 C, 5.7 N, 5.0 H, 6.5
S and 13.47% Cl, whereas the initial PAH had 37.9% Cl and no
sulfur content. This implies that sulfonate molecules remain
bound to the PAH even after extensive rinsing and that a
significant number of Cl2 counter ions have been released.
Turbidity experiments performed in the absence of buffer but at
0.1 M NaCl and by varying the pH showed that the turbidity
became lower than 0.01 at pH higher than 11.5 with a gradual
decrease beginning after pH 9: hence the complexes are
dissociated by neutralisation of the primary amine groups of
PAH. These observations all point to strong interaction of
electrostatic nature taking place between 16 and PAH. This was
checked by means of 1H NMR spectroscopy‡ where it appears
that the signals due to 16 (at d = 7.37 and 3.86 ppm) practically
disappear and the peaks become broader when r is lower than
200 for PAHL and 30 for PAHS (data not shown). Hence only
the unbound 16 molecules are seen (at high enough r) and those
bound to PAH are not able to relax after radio frequency

excitation. ITC‡ revealed that the dilution heat of PAHL into
the Tris–NaCl buffer was slightly endothermic (DHdil, PAHL =
66.2 kJ mol21). The enthalpy variation associated with the
reaction is equal to (218100 ± 1500) kJ mol21, meaning that
the average enthalpy per 16 molecule amounts to 290.5 kJ
mol21. This value is 4 times larger than the binding enthalpy for
lysine–16 complex formation.10 Each 16 molecule interacts on
average with 6 monomer units (indeed the solution extracted
from the calorimeter cell displays strong turbidity, we are hence
in the plateau region of Fig. 1), the binding interaction per site
amounts hence to about 215 kJ mol21, which is only about 1.5
times smaller than for lysine–16 complexation. To conclude
whether this smaller enthalpy variation per interaction site
originates from intrinsic differences between the side chain of
PAH and lysine or from a contribution due to the constraints
imposed by the polymer chain, we will perform the same kind
of ITC experiments with poly(L-lysine hydrobromide). Note
that the interaction enthalpy is the same when PAHS is
employed instead of PAHL. Thus if any chain effect should
occur, it must take place for smaller degrees of polymerisation.
Hence we have demonstrated the occurrence of strong and
irreversible electrostatically driven interactions between PAH
and 16 at pH 7.4, leading to phase separation when the polymer
is neutralised by the appropriate number of 16 molecules. The
interactions between 16 and PAH may be used in order to
quantitatively release proteins bound inside protein–PAH
complexes11 as will be shown in a forthcoming study.
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Fig. 2 z potential of the PAH–16 complexes in Tris–NaCl buffer as a
function of r: PAHL (1) and PAHS (5), the dotted line corresponds to z =
0. The error bars correspond to the standard deviation of the mean (n =
10).
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The use of tetraalkylammonium salts or imidazolium ionic
liquids in catalytic oxidations of alcohols with tetra-N-
propylammonium perruthenate allows recovery and reuse of
the oxidant; this concept may find application in the
recovery of other homogenous catalysts.

The application of reagents in sub-stoichiometric quantities to
perform fundamental transformations is one of the cornerstones
upon which modern organic chemistry is constructed. This
approach, via either heterogeneous or homogeneous catalysis, is
environmentally and economically advantageous although there
are well-documented problems associated with the removal of
homogenous catalysts from reaction mixtures. Methods to
circumvent this issue generally rely on covalent attachment of
catalytic materials to polymeric backbones;1 this approach has
proven to be effective in certain cases but necessitates
modification of the catalyst structure and this can lead to a loss
of efficacy.2 Ionic liquids have been proposed as ‘green’
solvents for organic synthesis due to the ease with which they
can be recycled and reused whilst offering an inert, dipolar
media compatible with much of conventional chemistry.3 These
properties have been reflected in their use in a range of reactions

including Suzuki cross-couplings,4 Heck reactions,5,6 oxidation
processes7,8 and Diels–Alder reactions.9,10 Recent reports of
their utility in the immobilisation of transition metal catalysts11

prompted us to extend these investigations to encompass
reagents for the selective oxidation of alcohols. The use of tetra-
N-propylammonium perruthenate (TPAP) as a homogenous and
versatile reagent for the catalytic oxidation of alcohols has
previously been reported;12 in this communication we disclose
a system that permits recycling and reuse of TPAP. A recent
report describes attempts to develop a recyclable variant of
TPAP through its entrapment in a complex sol–gel matrix; this
method severely curtails the activity of the catalyst relative to
solution-phase TPAP.13 Our initial investigations centred on the
use of imidazolium ionic liquids to permit immobilisation of the
ruthenium catalyst, Table 1. TPAP oxidation (10 mol%) of
benzyl alcohol in CH2Cl2 in the presence of 1-ethyl-3-methyl-
1H-imidazolium hexafluorophosphate ([emim][PF6]) and pre-
dried N-methylmorpholine N-oxide (NMO) as co-oxidant
proceeded smoothly; when the reaction was deemed to be
complete (via TLC), diethyl ether was added to the solution
with stirring. The insolubility of solid [emim][PF6] in ethereal
solvents results in sequestration of the catalyst, observed as the

Table 1 Oxidation of alcohols with TPAP in the presence of [emim][PF6] or Et4NBr†

Substrate Run Method Reaction time
Conversiona

(isolated) Method Reaction time
Conversiona

(isolated)

1 A‡ 20 min > 95 (96) B§ 5 min > 95 (95) 
2 30 min > 95 (94) 30 min > 95 (96)
3 30 min > 95 (95) 30 min > 95 (93)
4 30 min > 95 (98) 30 min > 95 (97)
5 40 min > 95 (94) 50 min > 95 (93)

1 A‡ 1 h > 95 (95) B§ 30 min > 95 (95)
2 3 h > 95 (88) 3 h > 95 (95)
3 9 h > 95 (85) 12 h > 95 (95)
4 16 h 70 30 h 85
5 3 days 85 — —

1b A‡ 2.5 h > 95 (89) B§ 2 h > 95 (84)
2 24 h 40 3 h > 95 (87)
3 — — 3 days 66

1bc A‡ 15 min > 95 (94) B§ 1 h > 95 (96)
2 3 h > 95 (86) 3 h > 95 (93)
3 5 h > 95 (96) 24 h 68
4 24 h 54

1 B§ 20 min > 95 (96) C¶ 6 h > 95 (99)
2 1 h > 95 (94) 12 h > 95 (97)
3 7 h 82 16 h > 95 (98)
4 12 h 56 16 h 75
5 3 days 33 16 h 52
6 — — 2 days > 95 (96)

a Determined by 400 MHz 1H NMR spectroscopy.b In the presence of 4 Å sieve contained in an Irori MicroKan™ reactor.c Performed on a 1 mmol
scale.
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precipitation of a black–green suspension. The clear supernatant
liquid containing the oxidation products can be recovered by
simply decanting and the remaining solid containing the
ruthenium catalyst can be reused after drying. It was found that
reuse of the catalyst was viable when applied to the oxidation of
trivial substrates such as benzyl alcohol; the reaction was
repeated five times without significant loss of catalytic activity.
Similar results were obtained with cinnamyl alcohol but a
significant slowing of the reaction was observed during the
fourth recycling. Although these results were encouraging, the
high cost of this particular imidazolium species14 prompted us
to search for an alternative and it was reasoned that the use of
another weakly coordinating salt such as a tetraalkylammonium
halide could be appropriate. Tetraalkylammonium halides have
been utilized as molten salts at elevated temperatures (T >
150°C) in non-aqueous Heck reactions15 and are cheap and
readily available.16 Oxidation of benzyl alcohol with TPAP
under standard conditions (10 mol% catalyst, CH2Cl2, NMO,
RT) in the presence of tetraethylammonium bromide (prepared
by pre-drying under vacuum) afforded benzaldehyde in essen-
tially quantitative yield. Recovery and reuse of the catalyst was
found to be simple via the procedure described previously; the
catalyst could be reused five times for simple oxidations such as
this without any noticeable loss of activity. Oxidation of
cinnamyl alcohol proceeded smoothly in yields comparable to
those achieved with the imidazolium salt. After three recycles,
however, there was a noticeable loss of activity culminating in
only 85% conversion after 30 h reaction time.17 The reasons for
this loss of activity are not clear, although it has been postulated
that black insoluble material produced during these oxidations
could be colloidal ruthenium.18 In an attempt to ascertain the
scope and limitations of these conditions, the oxidation of a
non-activated secondary alcohol was also attempted. The
oxidation of menthol was rapid and high yielding for two
catalyst repetitions in the presence of Et4NBr but the reaction
slowed significantly afterwards with only 66% conversion
being observed after 3 days. This was still superior to the results
observed with the use of the imidazolium species. The
conversion of dihydrocholesterol to dihydrocholesterone was
also successful in the presence of both alkylammonium and
imidazolium salts. Similarly good results were obtained with
the oxidation of sec-phenethyl alcohol; the starting material was
rapidly and quantitatively oxidized to acetophenone, and the
procedure could be repeated without incident. Encouraged by
the outcome of these reactions, it was decided to examine the
aerobic co-oxidation of TPAP in an attempt to enable isolation
of the products without the need for separation from a co-
oxidant. Aerobic co-oxidation of ruthenium(VII) derivatives has
been reported in oxygenated toluene at 80°C.18–20 However,
these conditions were found to lead to catalyst decomposition
and hence incomplete oxidation. In contrast, performing the
reaction under moderate oxygen pressure (30–40 bar) in
dichloromethane at room temperature resulted in rapid, clean
oxidation of sec-phenethyl alcohol. Repetition of this process
could also be achieved, and three cycles were performed with
consistently good catalyst performance. The reaction was
stopped after 16 h to gauge the extent of reaction in both the
fourth and fifth recycles and showed that the activity of the
catalyst was declining over time. If extended reaction times
were employed, however, it was found that complete conver-
sion to the ketone was still attained.

In this paper it has been demonstrated that both Et4NBr and
[emim][PF6] may be used to enable the recovery and reuse of
tetra-N-propylammonium perruthenate. The ease with which

this procedure can be employed for oxidations with oxygen or
N-methylmorpholine N-oxide as co-oxidant augurs well for its
application in clean synthetic procedures.

We would like to thank Syngenta for a postdoctoral
fellowship (to CR), Pembroke College, Cambridge for a
fellowship (to MDS) and the Novartis Research fellowship (to
SVL).
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Et2O (40 mL) or petroleum ether (40 mL) was added and the mixture
vigorously stirred for 10 min. The mixture was allowed to stand for 5 min
when the clear supernatant liquid was decanted (through a filter paper),
concentrated and filtered through a plug of silica gel (10 mm 3 10 mm),
eluting with Et2O to afford the aldehyde or ketone. The catalyst mixture was
dried under vacuum before reuse.
§ Method B: representative procedure: as for method A but with tetra-N-
ethylammonium bromide in place of [emim][PF6].
¶ Method C: representative procedure: TPAP (0.25 mmol) was added
cautiously to a stirring solution of alcohol (2.5 mmol) and Et4NBr (0.5 g) in
CH2Cl2 (5 mL). The solution was stirred at RT under an atmosphere of
oxygen (40 Bar) until TLC indicated the completion of the reaction. Et2O
(40 mL) was added and the mixture vigorously stirred for 10 min. The
mixture was allowed to stand for 5 min when the clear supernatant liquid
was decanted (through a filter paper) and concentrated to afford the
aldehyde or ketone. The catalyst mixture was dried under vacuum before
reuse.
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The non-emissive platinum(II)–quaterpyridine complex
shows strong photoluminescence at room temperature upon
incorporation into Nafion membrane; this complex is
stabilized toward photochemical decomposition in Nafion
even in the presence of oxygen, and can be used as a
sensitizer to generate singlet oxygen to oxidize alkenes.

Luminescent square planar d8 platinum(II)–polypyridine com-
plexes may oligomerize in solution leading to supramolecular
architectures whose photophysical properties can be used to
elucidate ligand–ligand (p–p) and metal–metal interactions.1–4

However, in many cases they are weak emitters or even non-
emissive in fluid solution at room temperature.1–5 Thus, many
researchers have diverted their attention to exploit new
complexes which show strong luminescence at room tem-
perature.4–6 Here we report an approach to enhance the room-
temperature luminescence from Pt(II)–polypyridine complexes.
Our approach involves the use of Nafion membrane as the rigid
matrix. Upon incorporation into the membrane, the non-
emissive platinum(II)–quaterpyridine complex
[Pt(QP)](CF3SO3)2 (QP = 2,2A+6A,2B+6B,2BA-quaterpyridine)
exhibits strong photoluminescence at room temperature. Fur-
thermore, this complex in Nafion is stable and can be used as a
photosensitizer to generate singlet oxygen.

Nafion represents a family of polymers which consists of a
perfluorinated backbone and short pendant chains terminated by
sulfonic groups. When swollen in water, the structure of Nafion
is believed to resemble that of an inverse micelle.7 The water-
swollen Nafion can incorporate high concentrations of organic
and inorganic compounds, thus raising the possibility of
obtaining high local concentrations of substrates. The complex
[Pt(QP)](CF3SO3)2 was successfully incorporated into water-
swollen Nafion (in sodium form, Nafion-Na+) by immersing the
membrane samples in an aqueous suspension of the platinum
complex. The concentration of the platinum complex in the
membrane was measured by its absorption spectrum, assuming
that the absorption spectra obey Beer’s law in the concentration
range studied. Although this complex has a low solubility in
water, its concentration in the water-swollen Nafion-Na+ can be
rather high (ca. 2 3 1025 mol/g Nafion). It is likely that the
molecules of this complex are primarily solubilized in the
hydrophobic perfluorocarbon backbone region close to the
fluorocarbon/water interface.

The absorption spectrum of [Pt(QP)](CF3SO3)2 in acetoni-
trile has been described previously by one of the authors.8 This
complex shows intense absorption bands in the high-energy
region (l < 325 nm) which are assigned to intraligand 1IL(p,
p*) transitions, and moderately intense low-energy bands
ranging from 320 to 370 nm which can be assigned to spin-
allowed metal-to-ligand charge-transfer transitions (1MLCT)
involving a dp platinum orbital as the donor orbital and p*
quaterpyridine orbital as the acceptor orbital. Upon incorpora-
tion into Nafion membrane, all of the absorption bands are
slightly blue-shifted (ca. 2 nm) compared with those in

acetonitrile solution. Furthermore, weak absorption bands from
375 to 450 nm were observed at high complex loading level and
attributed to the absorption of oligomerized species based on the
fact that excitation with light in this wavelength region
exclusively leads to excimeric emission (see below).

At room temperature, a degassed acetonitrile solution of
[Pt(QP)](CF3SO3)2 shows no emission upon excitation at 358
nm due to molecular distortion which results in nonradiative
decay. This situation is quite different when the complex is
incorporated into Nafion membrane. In water-swollen Nafion
membrane and in a nitrogen atmosphere, this complex shows a
very weak emission. However, after removal of the absorbed
water by evaporation under vacuum, the dry complex–Nafion
sample exhibits a strong luminescence in a nitrogen atmos-
phere. Possibly, the rigid matrix in dry Nafion causes the
deactivation process via molecular distortion to be blocked. Fig.
1 shows the emission spectra of dry Nafion samples at room
temperature. At low complex loading (ca. 131027 mol/g
Nafion) the Nafion sample shows a structured emission with
lmax at 476, 513 and 544 nm. and lifetime of ca. 3.42 ms. The
long emission lifetime suggests that the transition involved is a
spin-forbidden process. The vibrational progression is ca. 1330
cm21, which corresponds to the CNC and CNN stretching
modes, the dominant high-frequency acceptor modes of LC
levels involving polypyridine-type ligands.5 Thus, this emission
is assigned to be associated to the 3IL (p, p*) state of the
coordinated quaterpyridine ligand. At high loading a broad
emission band centered at 600 nm (t = 2.58 ms) prevails in
addition to the structured 3IL emission (Fig. 1). The broad

Fig. 1 The normalized emission spectra of [Pt(QP)](CF3SO3)2 incorporated
in Nafion at different concentrations and excitation wavelength: (a) in
acetonitrile, 131025 M, lex = 358 nm; (b) in Nafion, 131027 mol/g
Nafion, lex = 358 nm; (c) in Nafion, 1.4 3 1025 mol/g Nafion, lex = 358
nm; (d) in Nafion, 1.4 3 1025 mol/g Nafion, lex = 410 nm.

This journal is © The Royal Society of Chemistry 2001

2280 Chem. Commun., 2001, 2280–2281 DOI: 10.1039/b105601h



emission overlaps on the 3IL emission when the complex is
excited with light of wavelength < 375 nm. However, the broad
emission becomes dominant at an excitation wavelength > 380
nm (Fig. 1). Since this broad emission occurs only at high
loading, it is attributed to excimeric species originating from p–
p interactions between the partially stacked quaterpyridine
ligands in the oligomers. In other words, the broad emission
originates from excitation of the oligomerized species, differ-
ently from the 3IL emission which originates from excitation of
the ‘isolated’ monomers. The oligomerization of square planar
d8 metal complexes has been well precedented.1–6

The rigid matrix of Nafion stabilizes the [Pt(QP)](CF3SO3)2
complex towards photochemical decomposition. At room
temperature in aerated acetonitrile solution, this complex is
photochemically unstable. For example, photoirradiation of the
solution within 2 h resulted in a significant decrease in
absorption. However, photolysis of the complex in dry Nafion
membrane immersed in acetonitrile led to no change in the
absorbance of [Pt(QP)](CF3SO3)2 over a period of 10 h. The
matrix-stabilized complex was used as a photosensitizer to
generate singlet oxygen and to oxidize alkenes such as trans-
stilbene, trans-1,2-dimethoxystilbene and cyclohexene. The
photosensitized oxidations were carried out in oxygen-saturated
solution of the substrate in acetonitrile in which
[Pt(QP)](CF3SO3)2 incorporated Nafion membranes were sus-
pended. Photoirradiation of the complex yields the photooxida-
tion products as shown in Table 1. All the products were
identified by GC–MS. Significantly, the platinum complex–
Nafion sample was easily separated from the solution, and could
be used for many cycles without loss of activity. We propose
that this photooxidation of alkenes proceeds via singlet oxygen
mechanism. Acetonitrile can moderately swell the complex–
incorporated Nafion membrane and thus enables oxygen to
diffuse into the membrane from the solvent. Interaction between
oxygen and the 3IL excited state of the complex results in
energy transfer to generate singlet oxygen, which diffuses back
to the solution to oxidize the alkenes. This proposal is supported
by EPR spectroscopy. It has been established that 2,2,6,6-tetra-
methylpiperidine (TMP) reacts with singlet oxygen to give the
stable free radical nitroxide, which can be readily detected by
EPR spectroscopy.9 Thus, we dissolved TMP in oxygen-

saturated acetonitrile, and immersed the complex-incorporated
Nafion membrane in the solution. Fig. 2 shows the EPR
spectrum obtained after 400 s irradiation of the solution and
clearly evidenced the nitroxide free radical. This obsevation
shows that singlet oxygen was generated in the Nafion
membrane and diffused into the solution to react with TMP to
give the nitroxide radical.

Financial support from the Ministry of Science and Technol-
ogy of China (grant No. G2000078104 and No. G2000077502)
and the National Nature Science Foundation of China are
gratefully acknowledged. We also acknowledge support from
the University of Hong Kong and the Hong Kong Research
Grants Council [HKU7298/99P].
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Table 1 Photooxidation of alkenes sensitized by Nafion-incorporated
[Pt(QP)](CF3SO3)2 (7.02 3 1026 mol/g Nafion) in acetonitrile solution.

Substrate
Photoirradiation
time/h Product Yield (%)c

a 5 PhCHO 100

a 2 PhCO2Me 100

b 5 18+82

a The concentration is 1022 M. b The concentration is 1021 M. c Yields
were calculated based on the consumption of the substrates.

Fig. 2 EPR spectrum of nitroxide radical generated by irradiation of the
Nafion-incorporated complex immersed in an oxygen-saturated acetonitrile
solution of TMP: (a) in the dark; (b) after the sample was irradiated for 400
s.
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Hybrid organo-silica materials possessing uniform nano-
scale porosity in the super-micropore size range (1.0–2.0 nm
diameter) have been prepared using neutral alkylamine and
non-ionic alkyl(phenyl)polyethylene oxide surfactants as
structure-directing agents.

The preparation of functionalized derivatives of surfactant-
assembled nanoporous silica (including MCM-41,1 HMS,2
MSU-X3,4 and SBA5) has been achieved by the incorporation of
various moieties inside the pore channels of these meso-
structures.6 Recently, the reported syntheses of new meso-
structures (designated HMM,7 UOFMN,8 PMO9,10 or BSQM11)
in which organic groups are integrated within the framework of
mesoporous materials has opened up new prospects for the
design of functional materials with uniform framework poros-
ity.7–13

Reported methods to prepare organic-integrated meso-
structures have thus far tended to produce materials with large
mesoscale pore channels ( > 2.0 nm). It has been suggested that
this pore size range may be too large to allow useful size- and
shape-based separation/catalytic applications, and that materi-
als possessing uniform-sized pores in the 1.0–2.0 nm size range
(the super-micropore regime) may be better suited for such
tasks.14 Unfortunately, relatively few materials with uniform
pore channels in this size domain have been described.14

Super-microporous hybrid organo-silica materials (hereafter
designated Laurentian University Organic-Integrated Silica, or
LUOIS) were synthesized using alkylamine surfactants2 and
bis(triethoxysilyl)ethane [(EtO)3Si–CH2CH2–Si(OEt)3, BTSE],
producing organo-silica analogs of HMS silica. One such
material, designated HMS-OIS-C8, was prepared by stirring
BTSE (6.6 mmol) in an aqueous solution of octylamine (2.9
mmol in 25 mL water) for 24 h. Another LUOIS, denoted HMS-
OIS-C12, was synthesized by stirring BTSE (7.6 mmol) in a
solution of dodecylamine (3.4 mmol in 45 mL water and 5 mL
ethanol) with trimethylbenzene (TMB, 3.4 mmol) for 24 h.
LUOIS materials were also prepared by non-ionic surfactant
assembly (i.e. N0I0),3,4 producing organo-silica analogs of
MSU-X silica. The first of these, hereafter designated MSU-
2-OIS(N), was prepared by stirring BTSE (2.7 mmol) in a
neutral pH solution of Triton-X100 non-ionic surfactant (0.68
mmol in 25 mL water) until a completely clear solution was
obtained (12–24 h), after which NaF (0.22 mmol) was added to
catalyze the silicate cross-linking and subsequent precipitation
of the final product. Two other materials, MSU-2-OIS(A) and
MSU-1-OIS(A), were prepared by stirring BTSE (2.7 mmol) in
aqueous solutions of Triton-X100 and Brij-76 non-ionic
surfactants (0.68 mmol in 25 mL water), respectively, to which
was added HCl (0.2 mol L21) until the final pH reached 4.0 and
5.0, respectively. After ageing for 4 h, NaF (0.22 mmol) was
added to form the solid product. For the purpose of comparison,
purely siliceous samples of HMS, MSU-1 and MSU-2 were also
prepared by replacing BTSE with a bimolar amount of TEOS in
each of the previously outlined synthesis procedures. The
LUOIS materials and their pure silica counterparts were washed

free of surfactant by Soxhlet extraction over ethanol, and then
characterized by powder X-ray diffraction (XRD), solid-state
29Si and 13C NMR spectroscopy, N2 sorptometry and transmis-
sion electron microscopy (TEM).

The XRD patterns of all the LUOIS materials featured single
diffraction peaks at low 2q diffraction angles (in the range
1.8–2.4°), suggestive of mesostructures with uniform worm-
hole-motif pore channels.2–4 29Si MAS NMR spectra of the
samples in all cases showed two signals at 263 and258 ppm
which can be assigned to T3 [i.e. –CH2–Si(OSi)3] and T2

[–CH2–Si(OSi)2OH] sites, respectively. This observation, in
addition to the absence of any Q4 [ca. –110 ppm, Si(OSi)4] and
Q3 signals [ca.2100 ppm, Si(OSi)3OH] in these spectra, attests
to the hydrolytic stability of the Si–C bonds under the synthesis
conditions used to prepare these materials. TEM images of the
LUOIS materials confirmed the wormhole-motif structure (Fig.
1), and showed that their pore channels were quite uniform in
size.

The pore diameters of the LUOIS materials were, however,
much smaller than those of purely siliceous mesostructures, in
the super-micropore size range (10–20 Å, Table 1, Fig. 2). The
pore structures and diameters of LUOIS materials distinguish
these structures from previously reported hybrid meso-
structures,7–13 which typically possess pore channels with
diameters similar to those of electrostatically-assembled meso-
structures such as MCM-41 (20–30 Å).7–13 Extensive TEM
investigation of the LUOIS materials verified that the porous
domains of the materials were extensive and that they contained
very little or no amorphous xerogel phases. The surface areas
and framework mesopore volumes of the LUOIS materials
(calculated from their N2 adsorption isotherms) were very high

Fig. 1 Representative transmission electron micrographs of a LUOIS hybrid
organo-silica mesostructure (HMS-OIS-C12). The white scale bar corre-
sponds to 30 nm.
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(Table 1), as is characteristic of most surfactant-assembled
mesostructures.1–14 The isotherms, however, do not usually
exhibit the sharp Type IV inflexion typically observed for pure
silica mesostructures. They instead exhibit Type I-like iso-
therms which are likely due to the microporous dimensions of
the pore channels ( < 20 Å) (Fig. 2). Despite having comparable
framework lattice spacings to those of their pure silica
counterparts (Table 1), the smaller pore diameters of the LUOIS
materials suggests that these mesostructures have considerably
thicker framework walls, lower surface areas and diminished
pore volumes than those of pure silica mesostructures (Table
1).

That the LUOIS materials have smaller pore channel
diameters than their electrostatically-assembled UOFMN/
HMM/PMO counterparts can be related to the different
assembly mechanisms involved in the formation of these
various materials. The framework-forming precursors of
UOFMN, HMM and PMO are expected to be negatively
charged (owing to the high assembly pH of their synthesis) and
thus strongly bound by electrostatic interaction with the cationic
head groups of the alkylammonium surfactant micelles (i.e.
S+I2 assembly). This leads to the formation of materials which
are structurally similar to pure silica mesostructures (e.g. MCM-
41) prepared under similar conditions. In contrast, the pre-
cursors of the LUOIS materials are likely to be mostly
uncharged under the synthesis conditions used, and are thus
weakly interacting with the head groups of the surfactants (viz.
by H-bonding) through S0I0 and N0I0 assembly interactions.2,3

Moreover, these BTSE-based precursors are much more
hydrophobic than the pure silica precursors involved in the
formation of pristine HMS and MSU-X materials. Hence, we
postulate that the combined effect of precursor hydrophobicity
and the weak interaction between the precursors and micelle
head groups results in the penetration of some of these
precursors within the hydrophobic core of the surfactant
micelles. Thus, materials with significantly reduced pore
diameters are produced upon final condensation of these
precursors.

The absence of any surfactant signal in the 13C NMR spectra
of the LUOIS materials demonstrates the ability of ethanol
extraction to remove all of the assembly surfactant from the as-
synthesized materials. In contrast, the acid extraction technique
used for the electrostatically-assembled UOFMN materials
failed to remove the surfactant entirely from the pore channels.8
The weak surfactant–framework interaction apparent in the
LUOIS materials is thus conducive for the preparation of
compositionally pure organic-integrated nanoporous silica.

The integration of functional groups within the frameworks
of mesostructured oxides can be useful for a wide variety of
potential applications (i.e., shape-selective adsorption and
catalysis). Non-electrostatic assembly methodologies provide
the required flexibility to prepare organic-integrated meso-
structures with controlled pore sizes in both the super-
micropore and mesopore size regimes, and may allow the
successful incorporation of functional groups (such as highly
electrophilic moieties) that may be unstable in the harsh, highly
basic/acidic conditions typically used in electrostatic organosi-
lica preparations.7–13
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Table 1 Physical and surface characteristics of silica mesostructures and their LUOIS analogs

Material Synthesis pH d-Spacinga/Å
BET surface area/m2

g21 Pore volume/cm3 g21 Pore diameterb/Å
Wall
thicknessc/Å

HMS-C8 ca. 10 30.9 1345 0.59 22 9
HMS-OIS-C8 ca. 10 36.4 926 0.46 (ca. 13) ca. 23
HMS-C12 ca. 8 42.8 964 0.87 34 9
HMS-OIS-C12 ca. 8 43.8 812 0.46 (ca. 17) ca. 27
MSU-2(N) 7.0 46.9 1089 0.56 29 18
MSU-2-OIS(N) 7.0 46.9 738 0.33 20 27
MSU-2(A) 4.0 42.0 1227 0.75 30 12
MSU-2-OIS(A) 4.0 39.4 1058 0.47 (ca. 10) ca. 29
MSU-1(A) 5.0 51.0 1225 0.77 32 19
MSU-1-OIS(A) 5.0 55.0 818 0.44 16 38
a d-Spacings = d100 (from XRD patterns).b Pore sizes were calculated using the Broekhoff–DeBoer pore size distribution model ( > 20 Å),15 or the BJH model
(520 Å). Pore diameters in parentheses were estimated from TEM micrographs of the samples.c Wall thickness = d-spacing 2 pore diameter.

Fig. 2 Nitrogen adsorption–desorption isotherm and pore size distribution
(inset) of a LUOIS material (MSU-1-OIS).
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A one-step TiCl4-mediated regiospecific synthesis of thiine
derivatives is effected in good yields by a tandem cyclisation-
fragmentation reaction.

In the last few years, thiine derivatives have received consider-
able attention as building blocks in organic synthesis, in
particular for the construction of natural product skeletons.1 The
synthesis of six-membered ring sulfur-containing heterocycles
may proceed through hetero Diels–Alder-type (HDA) reactions
involving either thioaldehydes or thioketones or their a,b-
unsaturated analogs, 1-thiabuta-1,3-dienes.2–4 However, in
contrast to the homologous oxygenated substrates, thioalde-
hydes and their derivatives (unless conveniently substituted by
electron-withdrawing substituents5–7) present very low stability
and tend to dimerise and polymerise easily.8 In most cases,
these highly reactive thio-compounds are not isolated but
generated and trapped in situ by the diene or the dienophile.9

We present here the use of a,b-unsaturated oxathiolanes as
precursors for unsaturated thioketone analogs (thienium cat-
ions), as heterodienes in Diels–Alder cycloadditions for the
construction of a,b-unsaturated thianes, as shown in Scheme 1.
To our knowledge, no report on the utilization of oxathiolanes
for hetero Diels–Alder reactions has been reported. The related
use of other heterocycles for HDA reaction has been recently
described.10

The reaction of the oxathiolane 111 in the presence of 1 equiv.
of TiCl4 in dichloromethane at 248 °C, followed by the
addition of styrene, afforded, after hydrolysis by aqueous KOH
and purification, 2,4-diphenyl-3,4-dihydro-2H-thiine, 3a, in
65% isolated yield. The cycloaddition was completely re-
gioselective and gave a mixture of two cis–trans stereoisomers
in a 1+1 ratio. The formation of the thiine derivative 3a occurred
with loss of the C2H4O fragment of the starting oxathiolane.

This cycloaddition–fragmentation process was extended to
several substituted styrene derivatives, and the results and
yields of the corresponding thiine derivatives 3 are presented in
Table 1.

A regiospecific reaction occurred in all the examples
examined; the aryl group of the styrene derivative always being
located at the 2-position of the cyclic sulfide.

A stereoselective cycloaddition was observed with b-
methylstyrene 2b (entry 2), for which the two phenyl groups of
3b are exclusively trans diequatorial. In contrast, a-methylstyr-
ene 2c (entry 3) afforded 3c in 76% yield as a 45+55 cis–trans
mixture. cis–trans ratios were calculated by 1H-NMR and by
GC. The diastereomeric assignments were based on the NOESY
1H-NMR correlations between H-2 and H-4 protons.

Electron-donating (entries 4, 5) as well as electron-deficient
substituents (entries 6, 7) on the para position of the aryl ring of
2 were compatible with the reaction conditions, and gave the
corresponding thiine derivatives 3 with stereoselectivities
generally in favor of the trans isomer. The p-methoxystyrene 2e
led to a poor yield due to its partial polymerisation. The
coordination of the methoxy group to Ti(IV) could explain the
change in reactivity. Indeed, the formation of 3 did not occur in
a coordinating solvent such as Et2O. It is interesting to note that
the presence of a p-chloro substituent in 2f (entry 6) reversed the
stereochemical outcome of the reaction.

The reaction of 1 with sterically hindered 1,1-diphenyl-
ethylene gave 3h in 69% isolated yield, after crystallisation in
ethanol. Thus, the cyclisation does not seem particularly
influenced by the steric hindrance of the substrates. However,
no reaction occurred between 1 and oct-1-ene under the reaction
conditions.

By the present procedure, 2,4-diaryl substituted dihy-
drothiapyrans 3 could be prepared for the first time.

The order of addition of the reactants was an important
feature of this reaction. When the styrene derivative was added
at the beginning of the reaction polymerisation occurred and
compound 3 was formed in low yields.

The addition of TiCl4 to 1 led to a poorly stable orange
precipitate in dichloromethane at low temperature, which was
attributed to the formation of a titanium(IV) alcoholate–
thienium cation intermediate of type A, presumably involving
the cleavage of the C–O bond of the heterocycle (Scheme 2).
Upon addition of the styrene derivative, the precipitate slowly
disappeared with the plausible formation of an intermediate of
type B. When the reaction was quenched by aqueous potassium

Scheme 1

Table 1 TiCl4-mediated cycloaddition–fragmentation reaction between
oxathiolane 1 and substituted styrene derivatives 212

Entry Olefin Time/h
Isolated
yield (%) of 3

Ratio
cis–trans

1 2a 2 65 50+50
2 2b 10 65 100+0
3 2c 0.5 76 45+55
4 2d 1.5 72 20+80
5 2e 2.5 29 36+64
6 2f 8 55 57+43
7 2g 1 43 44+56
8 2h 5 69 —

This journal is © The Royal Society of Chemistry 2001
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hydroxide (path a), thiine 3 was formed with fragmentation of
the C2H4O unit, presumably of ethylene oxide, via intermediate
C. However, upon hydrolysis by aqueous potassium bicarbon-
ate, the 4,5-unsaturated oxathiolane 4h could be isolated in 25%
yield in the case of 1,1-diphenylethylene as the dienophile, via
path b. To explain the formation of 4h the intermediate
formation of D can be proposed.

The in situ generation of a thienium salt A from stable
oxathiolanes in the presence of Lewis acids seems an interesting
alternative to 1-thiabuta-1,3-diene equivalents. The formation
of a thienium cation intermediate from a dimethyl-substituted
six-membered ring oxathiane has also been proposed.10

Work is in progress to further extend the cyclisation–
fragmentation process to other substrates and to get a better
understanding of the mechanism of the reaction.

Notes and references
1 P. Metzner, Top. Curr. Chem., 1999, 204, 127.
2 L. F. Tieze and G. Kettschau, Top. Curr. Chem., 1997, 189, 1.
3 T. Saito, M. Kawamura and J. Nishimura, Tetrahedron Lett., 1997, 38,

3231.
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6 I. L. Pinto, D. R. Buckle, H. K. Rami and D. G. Smith, Tetrahedron

Lett., 1992, 33, 7597.
7 A. Marchand, D. Mauger, A. Guingant and J. P. Pradère, Tetrahedron
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10 K. Nishide, S. Ohsugi and M. Node, Tetrahedron Lett., 2000, 41,
371.

11 Compound 1 was prepared by a method adapted from the synthesis of
G. H. Wilson, M. G. Huang and W. W. Schloman, Jr, J. Org. Chem.,
1968, 33, 2133.

12 Typical procedure for the synthesis of 3: to a vigorously stirred solution
of 1 (1.0 mmol) in dichloromethane (10 ml) at 248 °C under inert
atmosphere was added a CH2Cl2 solution of titanium tetrachloride (1.0
mmol). After formation of an orange precipitate, the styrene derivative
2 was added dropwise. After the complete disappearance of the
precipitate, the solution was quenched with an aqueous solution of
potassium hydroxide (1.0 M). The aqueous layer was extracted twice
with diethyl ether. The organic layers were dried over MgSO4, and the
solvent was removed in vacuo. The crude product was purified by silica
gel column chromatography with a mixture of hexane–diethyl ether
(99+1) as the eluent. In the case of 3b and 3h, the products were purified
by crystallisation in ethanol. The compounds were analysed by 1H and
13C-NMR, mass spectrometry and HRMS.

Scheme 2
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[(PPh3)Ag(CB11H6Y6)] (Y = H, Br): highly active, selective and
recyclable Lewis acids for a hetero-Diels–Alder reaction†
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The complex [(PPh3)Ag(CB11H6Br6)] 1 is an effective and
selective catalyst (0.1 mol% loading) for a hetero-Diels–
Alder reaction, which shows a marked dependence on the
presence of trace amounts of water, while addition of Ag[Y]
[Y = CB11H12, CB11H6Br6, O3SCF3] to a phosphine
functionalised support gives an efficient and recyclable
Lewis acid catalyst for this transformation.

Cationic silver(I)–phosphine complexes have been used as
effective promoters for a wide-range of organic transformations
including allylation, aldol, ene and glycosylation reactions,
asymmetric aldol reactions, Mukaiyama aldol reactions, asym-
metric allylations and hetero-Diels–Alder reactions.1 It is well
established that these reactions are accelerated by other Lewis
acids (for example; Ti, B, Al and Sn complexes). However,
many of these established catalysts are sensitive to air, water
and product inhibition and consequently are used in a low
substrate/catalyst ratio. The use of silver(I)–phosphine com-
plexes can provide a practical solution to this problem, as many
complexes are stable in air and retain activity in the presence of
reaction product. Nevertheless, the best examples from the
literature routinely employ high catalytic loadings (5–10 mol%)
to achieve competitive rates and product yields. We are
interested in developing silver(I) Lewis acids partnered with the
carborane anion [1-closo-CB11H12]2 and derivatives,2 in the
anticipation that the weakly coordinating nature of these anions
will reveal enhanced activity for these systems. As the hetero-
Diels–Alder reaction is one of the most useful methods for the
synthesis of bioactive heterocycles we chose to test the new
complexes in this challenging reaction.

We report here the synthesis of two new silver(I)–phosphine
complexes containing [CB11H12]2 and [CB11H6Br6]2 re-
spectively and their use as efficient catalysts at low loadings for
a hetero-Diels–Alder reaction. Additionally, we report that this
methodology may be transferred to a solid support with good
activity, low leaching and promising recycleability.

Addition of 1 equivalent of PPh3 to a CH2Cl2 solution of
Ag[CB11H6Br6] or Ag[CB11H12] affords the new complexes
(PPh3)Ag(CB11H6Br6) 1 and (PPh3)Ag(CB11H12) 2, respec-
tively, in good yields after recrystallisation from CH2Cl2–
hexanes. Both complexes have been fully characterised‡ by
multinuclear NMR spectroscopy, microanalysis and X-ray
crystallography. In solution the complexes display C5v sym-
metry in both the 11B and 1H{11B} NMR spectra, showing that
the {AgPPh3}+ fragment is fluxional over the cage surface, as
has been observed previously for other exo polyhedrally bound
{Ag(PPh3)} fragments.3 The 31P{1H} NMR spectra show a pair
of concentric doublets for both 1 and 2: J(AgPaverage) 715 Hz
and J(AgPaverage) 743 Hz, respectively. The solid state structure
of complex 1 is shown in Fig. 1.§ In the asymmetric unit, the
silver is ligated by one phosphine and the three bromine atoms

that radiate from the B(7)–B(8)–B(12) triangular face of the
cage. Bond lengths and angles are unremarkable, aside from the
fact that the silver centre appears to have a vacant site lying
roughly opposite to B(12). Examination of the supramolecular
structure revealed that this site is filled by a long Ag(1)–Br
interaction [Ag(1)–Br(11)A 3.4901(5) Å], affording a ribbon-
like structure in the lattice (ESI†). The asymmetric unit found
for 2 is grossly similar to 1, the {AgPPh3} fragment interacting
with the cage through three 3-centre–2-electron Ag–H–B,
interactions.

We have investigated the reaction between N-benzylidene
aniline I and Danishefsky’s diene II (Scheme 1) using as
catalysts the silver complexes 1, 2 and, for comparison,
(PPh3)Ag(OTf) (OTf = O3SCF3). In the absence of any catalyst
there was only a trace ( < 5%) of product after 24 h at room
temperature. On the bench (2 h, room temperature, 1 mol%
catalyst, CH2Cl2) both complexes 1 and 2 afforded essentially
quantitative ( > 99%) yields of III on workup, while (PPh3)Ag-
(OTf) gave III in 70% yield. However, it was only when
catalyst loadings were reduced to 0.1 mol% and the reactions
were monitored by NMR spectroscopy that the efficiency of
complex 1, in particular, for this transformation was revealed.

Fig. 2 shows a plot of time vs. reaction course for complexes
1, 2 and (PPh3)Ag(OTf). [(PPh3)Ag(ClO4) was also tested, not

† Electronic supplementary information (ESI) available: Fig. S1: extended
solid state structure apparent in 1. Figs. S2 and S3: bar charts showing
isolated yield of product III using supported catalysts 3–5 in the absence
and presence of water. See http:www/rsc.org/suppdata/cc/b1/b106719b/

Fig. 1 Solid state structure of complex 1. Ellipsoids are shown at the 50%
probability level. Selected bond lengths (Å) and angles (°): Ag(1)–Br(7)
2.8710(5), Ag(1)–Br(8) 2.6963(5), Ag(1)–Br(12) 3.0953(5), Ag(1)–P(1)
2.4032(10); P(1)–Ag(1)–Br(7) 117.44(3), P(1)–Ag(1)–Br(8) 155.55(3),
Br(8)–Ag(1)–Br(7) 87.471(14).

Scheme 1
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shown here, and showed a very similar time dependent profile
to (PPh3)Ag(OTf).] It is clear that complex 1 gives the fastest
rate of catalysis, the reaction being complete in ~ 15 min,
yielding a turnover frequency (TOF) of ca. 4000 h21. Complex
2 is slower than 1, with complete reaction effected after 50 min,
while (PPh3)Ag(OTf) does not attain 100% conversion, even
after 80 min. Although these results reflect the previously
enunciated relative weakly coordinating properties of carborane
anions,2 especially the halogenated examples,4 it is pleasing to
see that these ideas can be applied to a synthetically useful
transformation, using well defined catalysts.

Importantly, and somewhat surprisingly, we have found that
water plays an important role in this reaction. When these NMR
experiments are performed in rigorously dry solvent (CD2Cl2,
vacuum distilled from CaH2), no catalysis occurs (Fig. 2).
Addition of a substoichiometric (1 ml, 50 mol%, unoptimised)
amount of H2O to the sample immediately initiates catalysis.
While water-accelerated catalysis is becoming appreciated
more widely,5 we currently can only speculate as to its rôle in
this system. These results, however, implicate a polarised,
silver-bound water molecule in the catalytic process, with the
resulting Lewis-assisted Brønsted-acid similar to that pre-
viously reported in lanthanide catalysed aromatic electrophilic
substitutions6 and the catalytic role of coordinated water in
certain zeolites.7 Consonant with this idea, when the reaction
was repeated in the presence of the hindered base 2,6-di-tert-
butyl-4-methylpyridine no product was formed, while a control
experiment taking I and II with just 50 mol% water also resulted
in no product formation. On the bench, it is probably
adventitious water that is made available to the reaction.

Catalyst 1 is also selective for imines over aldehydes in this
reaction. A competition experiment demonstrated preferential
activation of imine I in the presence of an equimolar amount of
benzaldehyde. Thus, after 15 min at room temperature the
product arising from reaction with the imine was isolated in
70% yield whilst the aldehyde adduct was produced in only 5%
yield.

Polymer supported Lewis acids have been recently attracting
significant attention as they represent one method of generating
clean, efficient and re-usable catalysts.8 However, the in-
corporation of the Lewis acidic sites onto the polymer often
requires a multistep synthesis. Given that one of the most
popular supports is polymer bound triphenylphosphine,9 we
were interested to see if the high activity and efficiency shown
by complexes 1 and 2 could be transferred to this support.
Stirring a CH2Cl2 solution of Ag[Y][Y = CB11H12 3,
CB11H6Br6 4, OTf 5] with commercially available resin
(Fluka) afforded a material that was an efficient catalyst in all
three cases for the hetero-Diels–Alder reaction under investiga-
tion.¶ Moreover, all the resins were shown to be re-usable over
at least three catalyst runs ( > 95% isolated yield, vide infra). In
concert with this, low leaching levels (0.3% Ag, by AAS) where
also determined, while the supernatant from freshly prepared
and filtered supported catalyst afforded only trace product
( < 5%) when used in the reaction. These supported catalysts
also show a significant dependence on the presence of water. If

no water is added then catalyst performance drops off rapidly on
the second and third runs, however with 10 mol% water high
yields of > 95% are afforded over three consecutive cycles
(ESI†). At the relatively high catalyst loadings (10 mol%) used
in these preliminary experiments the counter ion effects
observed in the homogeneous system are not observed.

In conclusion, we have demonstrated that silver(I)–phosphine
complexes partnered by carborane anions based on [CB11H12]
are effective and active catalysts in a hetero-Diels–Alder
transformation, and that water dramatically effects the observed
rate of reaction. These catalysts may also be supported on
commercially available resin to give active and recyclable
Lewis acid catalysts. Full details of the synthesis, solution and
solid state structures of 1 and 2 along with comparisons of the
catalytic performance when other common anions are partnered
with silver(I)–phosphines will be reported in due course.10

A. S. W. thanks the Royal Society for a University Research
Fellowship. The EPSRC and JERI are thanked for providing
funds for the purchase of a diffractometer. The referees are
thanked for useful comments.

Notes and references
‡ NMR data (CD2Cl2 solutions, 22 °C, 300 MHz). Complex 1: 1H{11B}, d
7.52–7.22 (15H, m, C6H5), 2.73 (1H, s br, CHcage), 2.43 (5H, BH). 11B{1H},
d 22.09 (1B), 26.59 (5B), 216.88 (5B). 31P{1H}, d 16.52 [1P, d d,
J(Ag109P) 766, J(Ag107P) 664 Hz]. IR/cm21 (KBr): 2608vs (BH), 2593s
(BH). Calc. for C19H21B11AgPBr6: C, 23.1; H, 2.12. Found: C, 22.6; H
2.17%. Complex 2: H{11B}, d 7.52–7.29 (15H, m, C6H5), 2.55 (1H, s br,
CHcage), 2.25 (1H, s br, BH), 1.85 (10H, 5 + 5 coincidence, BH): 11B{1H}.
d210.27 (1B, s br), 211.18 (5 B), 212.02 (5 B). 31P{1H}, d 18.70 [1P, dd,
J(Ag109P) 795, J(Ag107P) 691 Hz]. IR/cm21 (KBr): 2565vs (BH), 2517s
(sh) (BH), 2372m (BH). Calc. for C19H27B11AgP: C, 44.5; H, 5.30. Found:
C, 44.3; H, 5.19%.
§ Crystallographic data: for 1: C19H21AgB11Br6P, M = 986.57, l =
0.71073 Å, monoclinic, space group P21/c, a = 8.8950(10), b =
24.4140(4), c = 14.4170(3) Å, b = 102.0720(10)°, U = 3061.60(9) Å3, Z
= 4, T = 150(2) K, Dc = 2.140 g cm23, m = 8.554 mm21, F(000) = 1848,
crystal: 0.10 3 0.10 3 0.05 mm, 7253 unique reflections (Rint = 0.0519),
R1 = 0.0358, wR2 = 0.0783 [I > 2s(I)]. For 2: C19H27AgB11P, M = 513.16,
l = 0.71073 Å, triclinic, space group P1̄, a = 10.282(2), b = 10.988(2), c
= 11.308(2) Å, a = 76.22(3), b = 75.25(3), g = 75.61(3)°, U =
1175.7(4) Å3, Z = 2, T = 150(2) K, Dc = 1.450 g cm23, m = 0.932 mm21,
F(000) = 516, crystal 0.20 3 0.20 3 0.10 mm, 5374 unique reflections (Rint

= 0.0387), R1 = 0.0316, wR2 = 0.0757 [I > 2s(I)].
CCDC reference numbers 171721 and 168828. See http://www.rsc.org/

suppdata/cc/b1/b106719b/ for crystallographic data in CIF or other
electronic format.
¶ General procedure: ~ 3 mmol g21 polymer-bound PPh3 (Fluka, 200–300
mesh) with a slight excess of Ag[Y] in CH2Cl2 was used to generate the
polymer bound catalyst. After washing with CH2Cl2 and drying in vacuo,
catalytic runs were performed using ca. 10 mol% catalyst and 10 mol% H2O
in CH2Cl2 (5 ml) (1 h, room temp.). The support was recycled by cannula
filtration of the supernatent under argon and drying in vacuo.
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Fig. 2 Relative rates of reaction CD2Cl2 solutions, 0.1 mol% 1, 2 and
(PPh3)Ag(OTf), 50 mol% added H2O. Also shown: 1 with no added
water.
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Oxidative addition of elemental sulfur and selenium to
cyclomonocarbatetraphosphines (PhP)4CR2 (R = H, Me)
afforded novel five- and four-membered heterocycles
PhP(E)CH2PhP(E)E2 (E = S, Se) and PhP(Se)CMe2-
PhP(Se)Se.

Although the chemistry of cyclophosphines (RAP)n (RA = alkyl,
aryl; n = 3–6) has been studied extensively, tetraphospholanes
(RAP)4CR2 have received less attention, despite their ease of
access from cyclophosphines.1 Due to the stability of the
endocyclic P–C bond they are a valuable source of PhPCR2PPh
moiety as shown herein for oxidative addition reactions with
elemental sulfur and selenium (Scheme 1). Four- and five-
membered heterocycles described here represent only the third
known heterocycle with the atomic sequence PCPSe (and the
first X-ray structure determination reported), whilst the hetero-
cyclic sequence PCPSeSe is the first example. The parallels in
S chemistry are also scarce; PCPS rings were prepared using
low-coordinate phosphorus starting compounds such as diphos-
phaallene,2 phosphanylidene3 and thioxophosphane with phos-
phonium ylide.4 The only known heterocyclic compound with
the PCPSS atomic sequence, 9, has been isolated in low yield as
a side product in the reaction of sulfur and diphosphaallene with
stabilizing bulky supermesityl side groups.2a Partially sulfur
oxidised derivatives (PhP)4CH2S and (PhP)4CH2S2 were ob-
tained from the reaction of (PhP)4CH2 with lower molar
amounts of sulfur.5

Our aim was to obtain thermodynamically stable products,
thus all the reactions were performed in refluxing toluene
(under N2). Treatment of (PhP)4CH2 with 8 equivalents of
sulfur and a catalytic amount of DBU, followed by fractional
crystallisation afforded colourless crystals of 1 in a moderate
yield (40%, Scheme 1).6

Crystallographic analysis of 1 (Fig. 1)7 reveals the formation
of a five–membered PCPSS heterocycle with a trans-geometry
of exocyclic phenyl and sulfur substituents. The central
heterocycle has an envelope shape, with S(2) atom lying 1.1 Å
out of the plane defined by the other ring atoms (mean deviation
of this plane is 0.04 Å), which is in contrast to the half-chair
conformation found in the only known PCPSS heterocycle 9.2a

The internal bond lengths in 1 are comparable to those in 9. The
envelope shape however accounts to significant changes in
internal bond angles, the P–C–P angle as well as PSSP dihedral
angle are substantially decreased in 1 [P–C–P angle in 1
114.47(9)°; 119.6(4)° in 9; PSSP dihedral angle in 1 49.48(3)°;
54.8(1)° in 9]. Also the S(3)–P(1)–C(2) and S(4)–P(2)–C(8)
angles of 115° are decreased due to lower steric hindrance of
phenyl vs. supermesityl substituent in 9 (corresponding angles
126°). The shortest intermolecular contacts in 1 are 3.47 Å
[S(2)…S(3)], which is less than twice the van der Waals radius
for sulfur (3.70 Å).

The 31P{1H} NMR spectrum of 1 (in CDCl3) shows a singlet
at d 80.3. A minor singlet (ca. 4% intensity) with a very similar
shift of d 80.9 has been also observed in the spectrum, belonging
to a less energetically favourable conformation or cis-isomer of
1. The 1H NMR spectrum of 1 contains multiplets for the phenyl
ring protons and a triplet for the CH2 group [d 3.9, 2J(HP) 9.9
Hz]. These spectral data are in a very good agreement with those
reported for 9 [dP 87.6, dH(CH2) 3.96, 2J(HP) 9.6 Hz].2a

Treatment of (PhP)4CH2 with 9 equivalents of grey selenium
in boiling toluene, hot filtration to remove insoluble 6 and
unreacted selenium, concentration of the filtrate in vacuo and
cooling afforded the orange crystalline solid 2 in 94% yield
(Scheme 1). The minor impurities, heterocycles 7 and 8, can be
removed by recrystallisation from hot toluene.8

Crystallographic analysis7 reveals 2 to be almost isostructural
with 1 (Fig. 1). The central heterocycle has again envelope

Scheme 1

Fig. 1 Molecular structure of 1 (E = S) and 2 (E = Se). H atoms omitted
for clarity. Selected bond lengths (Å) and angles (°) for 1 and 2 (values in
square brackets): P(1)–C(1) 1.839(2) [1.830(7)], P(2)–C(1) 1.839(2)
[1.839(6)], P(1)–E(1) 2.1160(7) [2.249(2)], P(2)–E(2) 2.1095(7) [2.247(2)],
E(1)–E(2) 2.0667(7) [2.338(1)], P(1)–C(2) 1.810(2) [1.809(7)], P(2)–C(8)
1.810(2) [1.828(8)], P(1)–E(3) 1.9394(7) [2.100(2)], P(2)–E(4) 1.9419(7)
[2.100(2)], P(1)–C(1)–P(2) 114.47(9) [116.7(4)], P(1)–E(1)–E(2) 97.07(3)
[93.40(6)], P(2)–E(2)–E(1) 95.73(3) [91.97(6)], E(1)–P(1)–C(1) 102.71(6)
[105.2(2)], E(2)–P(2)–C(1) 100.90(6) [102.7(2)], C(2)–P(1)–E(3)
114.86(6) [114.0(2)], C(8)–P(2)–E(4) 114.78(7) [114.0(2)], E(1)–P(1)–
E(3) 107.16(3) [106.82(9)], E(2)–P(2)–E(4) 107.77(3) [107.91(9)].
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conformation, with Se(2) lying 1.27 Å out of plane defined by
other ring atoms (mean deviation of this plane is 0.04 Å). The
PCP angle, P…P distance and PSeSeP torsion angle vary little
from the corresponding values in 1, as expected the ring
dimensions are increased due to larger radii of Se atoms (see e.g.
differences in Se–Se and S–S bond length for 2 and 1), however
Se(3)–P(1)–C(2) and Se(4)–P(2)–C(8) angles (114°) show no
significant change when compared with corresponding angles
in 1. The shortest intermolecular contacts in 2 are 3.48 Å
[Se(2)…Se(3)].

The 31P{1H} NMR spectrum of 2 comprises of a singlet (dP
43, in CDCl3) with symmetric sets of selenium satellites. The
satellite spectrum is generated mainly from two distinct
isotopomers with one 77Se atom in exo- or endo-positions of the
ring, both having an AXXA pattern (A = 77Se, X = P).
Simulation of the satellite spectra enabled determination of all
four P–Se coupling constants9 as well as a homonuclear P–P
coupling [2J(PP) ±34.1 Hz].

By the treatment of (PhP)4CMe2 with 9 equivalents of grey
selenium in the same manner as 2 (including work-up
procedures), orange crystalline 3 has been obtained in 68%
yield (Scheme 1).10 Crystallographic analysis of 3 (Fig. 2)7

reveals that oxidation of (PhP)4CMe2 proceeds surprisingly
with the formation of a four-membered PCPSe ring. The unit
cell contains two independent molecules, in both the central ring
is folded (17 and 28° along the Se…C diagonal) with phenyl
and exocyclic selenium substituents in trans configuration. No
X-ray structure determination of a PCPSe ring has been
reported up to date, the nearest parallels found are PCPS rings,
both thiadiphosphetanes with known X-ray data2b,4 show cis
configuration and folded geometry of the central ring (19.2 and
29.4° along C…S diagonal). Internal P–Se bond lengths in 3
[2.274(2)–2.283(2) Å] are slightly increased with respect to 2
[2.247(2) and 2.249(2) Å] however they are comparable with 6
[2.276(2) and 2.284(2) Å].11 In contrast, the internal P–Se–P
angles in 3 (77.7 and 76.0° for each molecule in the unit cell) are
substantially decreased when compared with corresponding
angle in the planar PSePSe heterocycle 6 (85.5°).11 The shortest
intermolecular contacts in 3 are 3.59 Å [Se(1)…Se(2)].

31P{1H} NMR examination of the mixture after the reaction
did not show any reasonably intense signals at lower field,
assignable to related five-membered heterocycle 10. The
31P{1H} NMR spectrum of 3 comprises of a singlet (dP 52, in
CDCl3) with two symmetric sets of selenium satellites of AXXA
(Seexo) and AX2 (Seendo) pattern (A = 77Se, X = P). The
simulation of the AXXA satellite subspectrum enabled determi-
nation of a homonuclear P–P coupling, whose magnitude is
surprisingly low [2J(PP) < ±2 Hz].12 The 1H NMR spectrum of
3 (CDCl3, 25 °C) shows a second-order A3B3XXA pattern (A, B

= CH3 protons, X, XA = P) at d 1.3, confirming magnetic
inequivalence of methyl groups protons as a consequence of the
folded geometry of the central heterocycle.

Studies to employ new soluble P–Se heterocycles in our
reagent program for CNO to CNSe transformations are now
underway.

We are grateful to the EPSRC for financial support.
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Dendrimer-encapsulated nanoparticles are shown to be
versatile catalysts for both the hydrogenation of styrene and
Heck heterocoupling of iodobenzene and methacrylate in
supercritical CO2 (scCO2).

Here we present the first examples of catalysis in pure liquid or
supercritical CO2 (scCO2) using soluble metal nanoparticles.
The catalysts are composites consisting of functionalized
poly(propylene imine) (PPI) dendrimers and Pd(0) nano-
particles. The perfluoropolyether-functionalized dendritic host
is responsible for solubilizing the 1–2 nm diameter catalytic
Pd(0) nanoparticles in scCO2. The versatility of these den-
drimer-encapsulated catalysts (DECs)1 is illustrated by per-
forming two very different chemical reactions. First, in the
presence of hydrogen, the catalyst is effective for the hydro-
genation of olefins, such as the reduction of styrene to
ethylbenzene. Second, iodobenzene can be coupled with
methylacrylate, which is a benchmark reaction for the synthet-
ically useful Heck coupling,2 to yield exclusively methyl
2-phenylacrylate 1 (Scheme 1). The selectivity for 1 is
remarkable when compared with standard palladium com-
plexes2 or colloidal nanoparticles3–6 used for Heck couplings in
organic solvents, which result in only cis- and/or trans-
cinnamate 2 (Scheme 1). When used in hydrocarbon/fluor-
ocarbon solvents the same Pd-based DECs yield only trans-
formylcinnamate.7

The use of liquid or scCO2 as an alternative to hydrocarbon
solvents is attractive because CO2 is both inexpensive and
environmentally benign.8 Additionally, by changing the den-
sity, and thus the ‘solvent power’ of scCO2, the reaction rates,
product distribution,9 and yields can be tuned,10–12 and
therefore there is intense interest in catalysts and chemical
processes that are compatible with this ‘green solvent’.13 There
are two approaches for the utilization of liquid and scCO2 as a
solvent for both hydrogenation14–19 and Heck20–22 reactions.
One of these involves the use of CO2-soluble coordination
complexes, and the other utilizes Pd metal on a solid substrate
such as carbon.

The DECs used for both the hydrogenation and Heck
chemistry described here consisted of Pd(0) nanoparticles
sequestered within fifth-generation poly(propylene imine) (PPI)
dendrimers having perfluoro-2,5,8,11-tetramethyl-3,6,9,12-
tetraoxapentadecanoyl perfluoropolyether chains covalently
attached to their periphery.23 The general method used to
prepare these materials has previously been reported and the
specific procedures used in this work are provided in the
ESI†.1,7 Importantly, the dark-brown DECs (dry) could be
easily solublized in liquid- and scCO2 (dull-orange solution),
and there were no obvious signs of aggregation or precipitation.
Note that we and others have recently prepared and charac-
terized Ag24,25 and CdS26 nanoparticles in H2O/scCO2 micro-
emulsions as well as in pure CO2 solvent27 utilizing per-
fluorinated surfactants as either the sole emulsifier or as a
co-surfactant.

Although synthetically trivial, the hydrogenation of styrene
to ethylbenzene is a convenient example for demonstrating the
catalytic activity of DECs.11 With the novel catalyst (1–2.6
mol% Pd), the progress of styrene reduction was followed by
capillary gas chromatography (GC) and shown to be complete
in under 4 h (Fig. 1). Evidence of catalyst decomposition, such
as Pd(0) precipitation, was not apparent at the end of the
reaction. The ethylbenzene could be recovered after depressur-
ization of the reaction vessel and was confirmed by NMR
spectroscopy to be the only product.

To demonstrate the versatility of scCO2-soluble DECs, the
same catalyst was shown to be active for a Heck-type coupling
reaction. In the presence of triethylamine (TEA) and the DEC
(1–2.6 mol% Pd), methylacrylate (MA) reacted with iodo-
benzene (PhI) at 75 °C and 5000 psi, forming methyl
2-phenylacrylate 1. The progress of the reaction was followed
by GC using n-decane as an internal reference (Fig. 2). The
DECs stopped producing 1 after about 24 h when 57% of the
iodobenzene was consumed. This corresponds to a turnover
number (TON) of ca. 22 (TON = mol of substrate/mol of Pd).

† Electronic supplementary information (ESI) available: DEC synthesis and
specific reaction conditions used for the hydrogenation and Heck reactions.
See http://www.rsc.org/suppdata/cc/b1/b106594g/

Scheme 1

Fig. 1 Gas chromatographic data showing the appearance of ethylbenzene
(EB) from the DEC catalyzed reduction of styrene in a supercritical H2/CO2

mixture with n-decane (C10H22) as an internal standard.
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Although this TON does not approach values obtained in other
solvent systems,28 it is comparable to previous reports of Heck
catalysis in scCO2 using both soluble complexes and heteroge-
neous catalysts.20–22

Importantly, even after 52 h the scCO2 Heck reaction solution
did not show evidence of Pd(0) precipitates or other catalyst
decomposition products. The DECs and product were recovered
by slowly venting the CO2 followed by washing the depres-
surized reaction vessel with 1,1,2-trichlorotrifluoroethane
(CFC-113). 1H NMR analysis of the extract revealed a mixture
of the n-decane internal GC reference, the starting materials
(PhI and MA), and methyl 2-phenylacrylate 1, but no evidence
of byproducts or other impurities29,30

Prior to drying and loading into the CO2 reactor, the CFC-113
DEC solution is dark-brown. However, the recovered CFC-113
solution was dull-orange in color, reminiscent of the color of the
Pd(II)-containing PPI dendrimers [from which the Pd(0)-
containing DECs were prepared].1 This color change suggests
that the Pd is oxidized from Pd(0) to Pd(II) during the course of
the Heck reaction. Indeed, upon treatment of the recovered
Pd(II)-containing DEC solution with an excess of NaBH4, the
solution turned dark-brown, UV-VIS spectroscopy indicated
the formation of intradendrimer nanoparticles, and the solution
remained precipitate free. We also noted that the Pd-containing
DEC can be subjected to the reaction conditions described
above, but in the absence of substrate, and then recovered
without signs of Pd(0) oxidation. These findings provide a
reasonable hypothesis for the cause of reaction termination and
the low TON.

It is widely accepted that the last step in the catalytic Heck
cycle involves the reductive elimination of the halide from the
Pd metal and neutralization of the resulting acid.31,32 Moreover,
the use of excess tertiary amine has led to rate enhancements for
a Heck-type coupling reaction resulting from both the neutral-
ization effect of the base and weak ligand–complex stabiliza-
tion.33 We propose that at the start of the reaction in scCO2, the
inherently more basic34 and proximal tertiary amines of the
dendrimer neutralize the eliminated acid more effectively than
the slightly less basic TEA. However, an equilibrium develops
in which the interior tertiary amine hydrogen iodide salt
disproportionates back to the free amine and acid, resulting in
Pd(0) oxidation and halting the catalytic cycle. In fact, past
studies have shown that stronger bases lead to increased rates
and completion of Heck reactions because dissociation to the
free base and acid is not a concern.32,35

To summarize, we have described the first example of
catalytically active nanoparticles solublized in environmentally
benign scCO2. This versatile catalyst is able to reduce styrene
exclusively to ethylbenzene and to catalyze the carbon–carbon
bond forming Heck reaction. Although the conditions have not
been optimized, it is clear that DECs can select for particular

products (e.g., methyl 2-phenylacrylate for the Heck reaction).
The high selectivity is due in part to the steric environment the
dendrimer template imposes on the reaction intermediates, but
primarily results from the scCO2 solvent in view of our recent
finding that the same DEC in an organic/fluorocarbon solvent
system yields exclusively the trans-coupled isomer.7

We gratefully acknowledge support from the Office of Naval
Research (R. M. C.) and the STC program of the NSF under
Agreement No. CHE-9876674 (K. P. J.). We also acknowledge
Prof. Victor Chechik (University of York) whose preliminary
work with DECs in scCO2 contributed greatly to our progress in
this area.

Notes and references
1 R. M. Crooks, M. Zhao, L. Sun, V. Chechik and L. K. Yeung, Acc.

Chem. Res., 2001, 34, 181, and references therein.
2 A. deMeijere and F. E. Meyer, Angew. Chem., Int. Ed. Engl., 1994, 33,

2379.
3 M. Beller, H. Fischer, K. Kuehlein, C. P. Reisinger and W. A.

Herrmann, J. Organomet. Chem., 1996, 520, 257.
4 M. T. Reetz and G. Lohmer, Chem. Commun., 1996, 1921.
5 M. T. Reetz and E. Westermann, Angew. Chem., Int. Ed., 2000, 39,

165.
6 S. Klingelhöfer, W. Heitz, A. Greiner, S. Oestreich, S. Förster and M.

Antonietti, J. Am. Chem. Soc., 1997, 119, 10116.
7 L. K. Yeung and R. M. Crooks, Nano Lett., 2001, 1, 14.
8 M. A. McHugh and V. J. Krukonis, Supercritical Fluids Extraction:

Principles and Practice, Butterworth-Heinmann, MA, 2nd edn., 1993.
9 W. Leitner, Top. Curr. Chem., 1999, 206, 107.

10 C. A. Eckert and K. Chandler, J. Supercrit. Fluids, 1998, 13, 187.
11 G. B. Jacobson, C. T. Lee Jr, K. P. Johnston and W. Tumas, J. Am.

Chem. Soc., 1999, 121, 11902.
12 A. A. Clifford, Chemical Sythesis in Supercritical Fluids, ed. W. Leitner

and P. G. Jessop, Wiley-VCH, Weinheim, 1999, p. 54.
13 P. G. Jessop, T. Ikariya and R. Noyori, Chem. Rev., 1999, 99, 475.
14 P. G. Jessop, T. Ikariya and R. Noyori, Nature, 1994, 368, 231.
15 S. Kainz, A. Brinkmann, W. Leitner and A. Pfaltz, J. Am. Chem. Soc.,

1999, 121, 6421.
16 S. Lange, A. Brinkman, P. Trautner, K. Woelk, J. Bargon and W.

Leitner, Chirality, 2000, 12, 450.
17 R. J. Bonilla, B. R. James and P. G. Jessop, Chem. Commun., 2000,

941.
18 L. Devetta, A. Giovanzana, P. Canu, A. Bertucco and B. J. Minder,

Catal. Today, 1999, 48, 337.
19 M. G. Hitzler and M. Poliakoff, Chem. Commun., 1997, 1667.
20 N. Shezad, R. S. Oakes, A. A. Clifford and C. M. Rayner, Tetrahedron

Lett., 1999, 40, 2221.
21 D. K. Morita, D. R. Pesiri, S. A. David, W. H. Glaze and W. Tumas,

Chem. Commun., 1998, 1397.
22 S. Cacchi, G. Fabrizi, F. Gasparrini and C. Villani, Synlett., 1999,

345.
23 A. I. Cooper, J. D. Londono, G. Wignall, J. B. McClain, E. T. Amulski,

J. S. Lin, A. Dobrynin, M. Rubinstein, A. L. C. Burke, J. M. J. Frechet
and J. M. DeSimone, Nature, 1997, 389, 368.

24 M. Ji, X. Chen, C. M. Wai and J. L. Fulton, J. Am. Chem. Soc., 1999,
121, 2631.

25 N. Kometani, Y. T. Toyoda, K. Asami and Y. Yonezawa, Chem. Lett.,
2000, 6, 682.

26 J. D. Holmes, P. A. Bhargava, B. A. Korgel and K. P. Johnston,
Langmuir, 1999, 15, 6613.

27 P. S. Shah, J. D. Holmes, R. C. Doty, K. P. Johnston and B. A. Korgel,
J. Am. Chem. Soc., 2000, 122, 4245.

28 I. P. Beletskaya and A. V. Cheprakov, Chem. Rev., 2000, 100, 3009.
29 M. B. Watson and G. W. Youngson, J. Chem. Soc., Perkin Trans. 1,

1972, 12, 1597.
30 1H NMR 200 MHz (CFC-113 with acetone-d6) d 3.71 (s, 3H), 5.81 (d,

1H, J 1.6 Hz), 6.32 (d, 1H, J 1.6 Hz), 7.13 (m, 2H), 7.32 (m, 1H), 7.70
(m, 2H).

31 W. Smadja, S. Czernecki, G. Ville and C. Georgoulis, Organometallics,
1987, 6, 166.

32 A. J. Chalk and S. A. Magennis, J. Org. Chem., 1976, 41, 273.
33 R. Benhaddou, S. Czernecki and G. Ville, Chem. Commun., 1988,

247.
34 R. C. Van Duijvenbode, M. Borkovec and G. J. M. Koper, Polymer,

1998, 39, 2657.
35 J. B. Melpolder and R. F. Heck, J. Org. Chem., 1976, 41, 265.

Fig. 2 Gas chromatography data showing the disappearance of the limiting
reagent (PhI) for the Heck reaction as a function of time. The two sets of
data correspond to independently run reactions using DECs prepared from
different molecular sources of palladium, Pd(OAc)2 and K2PdCl4.

Typeset and printed by Black Bear Press Limited, Cambridge, England

Chem. Commun., 2001, 2290–2291 2291



Feature A
rticle

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

The stabilisation and reactivity of indium trihydride complexes

Cameron Jones

Department of Chemistry, University of Wales, Cardiff, P.O. Box 912, Park Place, Cardiff,
UK CF10 3TB

Received (in Cambridge, UK) 10th August 2001, Accepted 4th September 2001
First published as an Advance Article on the web 3rd October 2001

Indium trihydride complexes were unknown prior to 1998. This
article focuses on the development of this field over the last 4
years. Emphasis is placed on strategies employed to stabilise
such complexes, their structure, properties and use in inorganic
and organic synthesis. Throughout, comparisons are drawn
with the chemistries of related lighter group 13 metal trihydride
complexes. A number of similarities and differences have been
observed in these comparisons which have been rationalised in
terms of the properties of the group 13 elements involved.

Introduction
The importance of boron trihydride complexes to organic1 and
inorganic2 synthesis is unquestionable and thoroughly docu-
mented. It was not really until the early seventies that the
chemistry of corresponding aluminium trihydride (alane) and
gallium trihydride (gallane) complexes received any significant
attention3 and even then this waned towards the end of that
decade. In the late 1980s a resurgence of interest in alane and
gallane coordination chemistry occurred, probably because of
an increased accessibility to routine X-ray crystallography
around that time. The resulting systematic study of these
compounds allowed an understanding of their properties that
was not previously possible. This area has been covered by
several reviews which revealed that major differences exist
between the coordination chemistry of alane and gallane.4–6

These differences revolve around the fact that, although of a
similar size, aluminium is more electropositive than gallium as
a result of a ‘d-block’ contraction of the electron cloud in the
latter (Table 1). Therefore, the AlH3 unit is more Lewis acidic
than the GaH3 unit and thus it prefers coordination numbers of
5 or 6 as opposed to 4, or in rare instances 5, for GaH3.
Correspondingly, the M–H bonds in gallane complexes are
more covalent (less hydridic) than in alane complexes. These
properties, and others, have been exploited in recent years to the
point where Lewis base adducts of alane and gallane are now
widely utilised in a variety of areas which include organic,

inorganic4–6 and materials chemistry. With regards to the latter,
the potential volatility and clean decomposition pathways of the
complexes have led to them becoming commercially available
as precursors to the pure group 13 metal or to 13/15
semiconductor materials (e.g. AlN). This area has been recently
reviewed.7

It seemed logical that if stable InH3 (indane) complexes could
be prepared they may find a range of applications similar to their
lighter group 13 congeners. Despite this and until our
involvement in the field no such complexes had been reported,
probably because of a general belief that they would not be
stable species under normal conditions, given the frailty of the
In–H bond (Table 1). This is at odds with early reports from
Wiberg et al. that indane and indeed thallane (TlH3) can exist at
room temperature, albeit in an associated form, [(MH3)n].8
However, based on theoretical studies9 which predict In2H6 to
be thermodynamically unstable in the gas and solid states, these
claims are thought to be doubtful. It is noteworthy that
monomeric indane has been synthesised in a solid argon matrix
and a number of its properties investigated.10 The results of this
study generally mirrored those predicted by earlier theoretical
work.

Although no well characterised indane complexes had been
reported prior to 1998, a handful of compounds containing In–H
bonds, 1–6, had been previously crystallographically charac-
terised.11–16 These are mentioned here for purposes of compar-
ison but also because they show that compounds containing In–
H bonds are not necessarily only low temperature stable species.
This point is perhaps best illustrated by the intramolecularly
base stabilised complex, 4, which is neutral and contains a
terminal In–H bond but still is stable in the solid state until
90 °C.14 Other compounds containing In–H bonds that have
been reported include MInH4, M = Li–Cs;17 Li[InH42nPhn], n
= 1 or 218 and [InCl2H(THF)]19,20 though the degree of
characterisation of these compounds is variable. In addition, in
the last two years the Downs and Himmel group at Oxford have
made major advances into the understanding of indium hydride
chemistry by preparing and studying a variety of unusual
organo-, chloro-, amido- and phosphido-complexes in solid
argon matrices.21–26

This review covers our efforts since 1997 to stabilise and
explore the reactivity of indium trihydride complexes. We
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Table 1 Some properties of the Group 13 elements

B Al Ga In Tl

Covalent radius/Åa 0.88 1.25 1.25 1.50 1.55
Electronegativity

Paulinga 2.04 1.61 1.81 1.78 2.04
Allred and Rochowa 2.01 1.47 1.82 1.49 1.44

Mean bond enthalpies
M–H/kJ mol21b 373 287 260 225 180
M–C/kJ mol21a 365 274 245 162 125

a Ref. 6. b Ref. 27.
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originally became interested in this area as we were intrigued by
what structural and reactivity differences these complexes
would show to their aluminium and gallium counterparts,
especially considering the larger covalent radius of indium and
its intermediate electronegativity (Table 1). Moreover, the
thermal stability of compounds such as 4 gave us encourage-
ment and it seemed that given the right ligand environment
some success could be had. This proved to be the case and what
we have found is that the coordination chemistry of indane can
be similar but also significantly different to that of alane and
gallane.

Stabilisation strategies
It is perhaps a misconception that the paucity of indium hydride
complexes is wholly due to the weakness of the In–H bond
(Table 1). This must be part of the reason but as pointed out by
Downs and Pullham, the In–H bond is actually stronger than the
In–C bond and indium trialkyls and their complexes are
common place and generally thermally stable.27 These authors
suggested that the facile decomposition of the heavier group 13
binary hydrides may be partly kinetic in origin in that M–H–M
bridges are easily formed, much more so than M–C–M bridges,
and that such intermolecular association could lower the energy
barrier to decomposition to M(s) and H2(g).

This argument could also be applied to indane complexes,
[L ? InH3], if comparisons are drawn with their alane
analogues, [L ? AlH3]. These are well known to associate
through hydride bridges4,5 and it is quite possible that such an
associative process could occur prior to ligand (L) loss which in
the case of indane complexes would invariably lead to
decomposition to indium metal and H2 gas. It has been
calculated that the strengths of the bonds between normal
donors (e.g. tertiary amines) and the InH3 unit should be weak
( < 100 kJ mol21) and certainly less than the strength of the In–
H bond.28 This situation would favour ligand loss in the
aforementioned associative decomposition mechanism but also
in a dissociative mechanism involving ligand loss from
monomeric [L ? InH3]. It seems likely that a dissociative
pathway is more likely given the relative instability of gallane
complexes [L ? GaH3] for which intermolecular hydride
bridges are not favoured.

It was thought logical that the formation of room-temperature
stable indane complexes would require the use of a ligand with
two major characteristics. Firstly, it would have to be a strong
Lewis base. This would allow the formation of a relatively
strong L–In bond, thus disfavouring ligand loss. This, in turn,
would help circumvent the formation of intermolecular hydride
bridges as the indium centre would be more electronically
satisfied. Secondly, the ligand would need to be sterically bulky.
This would help prevent the formation of intermolecular

hydride bridges while at the same time protecting the InH3 unit
from attack from oxygen and moisture.

Preparation and properties
Group 15 donor complexes

Our original strategy was to employ ligands that had been
successfully used to stabilise the AlH3 and GaH3 fragments, viz.
tertiary amines and phosphines. With regards to tertiary amines,
a theoretical study had suggested these would be far superior to
phosphines as ligands with respect to their binding energy to the
InH3 unit (e.g. [InH3(NH3)] 91 kJ mol21, [InH3(PH3)] 35
kJ mol21).28 Two synthetic routes to tertiary amine complexes
were employed which involved (i) salt elimination from the
reaction of LiInH4 with a trialkylammonium chloride or (ii)
ligand displacement from in-situ generated [InH3(NMe3)]. It is
noteworthy that in route (i) LiInH4 is generated in-situ (from the
reaction of InBr3 and LiH) and the by-product, LiBr, is soluble
in diethyl ether. These reactions do not appear to work when
NaH or KH are used, or if they are carried out in THF.

The only success achieved with tertiary amines was in the
preparation of complexes 7–9 (Scheme 1), none of which are

stable at room temperature. In fact 7 is only stable below
230 °C and in dilute solutions ( < 0.1 M) and so could not be
properly characterised.29,30 Compounds 8 and 9 are unstable
below ca. 0 °C in the solid state, decomposing to In metal, H2

gas and returning the free tertiary amine.31 This is perhaps
surprising considering the alane analogues of these compounds
are very thermally stable and do not decompose until 170 °C
(mp 110–112 °C)32 and > 200 °C respectively.33 Little data
could be obtained on either compound but their IR spectra
display very strong, broad In–H stretching absorptions at 1640
cm21 and 1650 cm21 which are at considerably lower
frequency than normally seen for tertiary amine–alane com-
plexes (ca. 1700–1800 cm21).4,5 This is in line with the relative
strengths of the M–H bonds. It is noteworthy that very stable
ionic aluminium hydride complexes, e.g. [AlH2(L)]+[AlH4]2, L
= tetramethylcyclam (decomp. 243–246 °C) or pmdeta
(decomp. 182 °C),34 can be formed from the reaction of
[AlH3(NMe3)] with polydentate tertiary amines. Interestingly, a
number of similar reactions have been carried out with
[InH3(NMe3)] but all led to decomposition below <215 °C.31

It is not known why this occurs but it is clear that indane is
different to alane in this respect.

Although tertiary phosphines are much poorer donors than
tertiary amines towards alane, both ligand types have a similar
donor ability toward gallane. Despite theoretical studies which
have predicted that tertiary phosphines would be poorer donors
than amines toward indane,28 the preparation of a series of
complexes was attempted (Scheme 2). It was found that both
1+1 and 2+1 complexes could be prepared using a ligand
displacement route but reactions of PR3/HCl with LiInH4

proved fruitless even though a similar route can be used to form
gallane complexes.35

In general, the phosphine–indane complexes possessed
remarkable thermal stability (cf. gallane chemistry) that

Scheme 1
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increased with the s-donating and steric properties of the
phosphine ligand. The 1+1 and 2+1 PCy3 adducts were the most
stable in the solid state (10 decomp. 50 °C and 13 decomp.
37 °C) though all complexes decomposed to indium, H2(g) and
the free phosphine.36 Remarkably, crystalline samples of 10
proved to be completely stable to the atmosphere at room
temperature over a 24 hour period. The apparently greater
stability of phosphine–indane adducts over their amine ana-
logues is probably due to a combination of factors. Firstly, the
phosphines that have been employed are much bulkier than the
amines used. Secondly, the electronegativity of In, intermediate
between that of Al and Ga, and its greater covalent radius might
make the InH3 unit a softer Lewis acid than alane and therefore
prefer phosphine coordination, as does gallane. However,
unlike gallane, indane appears to take on higher coordination
numbers, which is a well documented feature of alane
chemistry. Indeed, it appears that indane prefers even higher
coordination numbers than alane as the latter cannot form a 2+1
adduct with PCy3 (cf. 13). These trends were further examined
with the attempted preparation of an arsine–indane complex,
[InH3(AsCy3)], however, not surprisingly, no stable adduct
could be obtained.31

Both 10 and 13 have been crystallographically characterised
and in the case of 10 the hydride ligands were located. Although
not terribly accurate, the average In–H distance was found to be
1.68 Å which is significantly longer than M–H bonds in alane
and gallane adducts (e.g. [AlH3(PCy3)] 1.53 Å and
[GaH3(PCy3)] 1.48 Å).4 Most significantly, the geometry
around the indium centre is a flattened tetrahedron (av. P–In–H
101.4°; av. H–In–H 116.2°). Similar flattenings are common for
alane and gallane complexes and imply that the MH3 units are
relatively weak Lewis acids. In 13 the phosphine donors take up
the axial positions of a trigonal bipyramid and the In–P bond
lengths are some 0.34 Å longer than in 10. This significant
difference was put down to a combination of steric and
electronic factors.

All the phosphine–indane complexes mentioned here dis-
played strong In–H stretching absorptions in what is now
known to be the normal region for InH3 complexes (ca.
1630–1690 cm21). Of the data obtained so far there seems to be
an inverse correlation between the strength of the donor ligand
and the position of this band. In several cases the resonances for
the hydride ligands were observed in 1H NMR spectra of the
complexes though these were significantly broadened due to the
quadrupolar nature of the indium centre to which they are
bonded (115In 95%, I = 9/2; 113In 5%, I = 9/2). Again, a trend
is emerging which points to these resonances occurring at ca. 1
ppm to lower field than for corresponding Al and Ga complexes,
e.g. [MH3(PCy3)], M = Al d 4.32 ppm; Ga d 4.25 ppm; In d
5.61 ppm. At present there is no explanation for this
observation.

Carbene complexes

Although phosphine complexes such as 10 and 13 are stable at
room temperature in the solid state they are not in solution
which makes an investigation of their further chemistry
difficult. We began looking at the use of imidazol-2-ylidenes, or

‘Arduengo carbenes’ as they are sometimes known, for this
purpose. These room temperature stable carbenes were seen as
potentially ideal in that they are extremely nucleophilic, easy to
prepare, can incorporate bulky N-substituents and are known to
behave like classical Lewis bases in combination with main
group Lewis acids.37 These properties have led to their use in
the stabilisation of a variety of main group complexes including
[AlH3(IMes)], IMes = :CN(Mes)C2H2N(Mes), Mes = mesityl,
which melts at 246 °C.38 This is ca. 100–150 °C greater than the
decomposition temperatures of normal tertiary amine–alane
complexes.4,5 To predict if these carbenes would have a similar
stabilising effect toward the InH3 fragment DFT studies have
been carried out on the model carbene–indane adduct,
[InH3{CN(H)C2H2N(H)}], and have found the ligand binding
energy to be 110.8 kJ mol21 which can be compared to values
of 64.5 kJ mol21 and 58.2 kJ mol21 for [InH3(NMe3)] and
[InH3(PMe3)] respectively.39 Therefore it seemed likely that
carbene–indane adducts might well be more stable than either
tertiary amine or phosphine adducts.

Our initial approach was to carry out hydride/halide exchange
reactions on 1+1 and 2+1 carbene adducts of indium halides.
Several of these adducts, 15 and 16, were prepared and
structurally characterised40 but when treated with a variety of
hydride sources, e.g. LiH, LiInH4, LiAlH4 etc. no reaction was
observed (Scheme 3). More success was had when the same

carbene was treated with LiInH4 or [InH3(NMe3)] which
afforded the first carbene–indane adduct, 17.29,30 The latter
reaction was a simple ligand displacement but in the former a
thermally unstable by-product, thought to be a complex indium
hydride species, was formed. Despite the aforementioned
theoretical predictions, complex 17 proved to be disappoint-
ingly unstable in that it decomposed above 25 °C in the solid
state and 220 °C in solution. However, the decomposition
products did not include the free carbene, but a complex mixture
of products that contained organoindium species. Therefore it
was thought that in this case decomposition proceeded via
metallation of the carbene isopropyl substituents by the InH3

unit.
Accordingly the mesityl substituted carbene, IMes 18, was

employed in identical reactions as it was thought that it would
be sterically less viable for any formed adduct to decompose
via. metallation of the N-substituents. This indeed proved to be
the case and the reactions depicted in Scheme 4 yielded 19 in up
to a 86% yield.41 Interestingly in the reaction of 18 with LiInH4,

Scheme 2

Scheme 3

Scheme 4
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LiH was the by-product which contrasts with the previously
mentioned reaction. Moreover, when [InH3(NMe3)] was re-
acted with two equivalents of either IMes or :CN(Pri)C2H2N-
(Pri) only the 1+1 adducts were formed. This is perhaps not
surprising on steric grounds but contrasts with the formation of
the 2+1 indium halide adducts, 16, and is evidence for the
weaker Lewis acidity of the InH3 unit relative to InX3, X = Cl
or Br.

Complex 19 proved to be remarkably stable in that it
remained intact in the solid state up to 115 °C (cf. [AlH3(IMes)]
mp 246 °C,38 [GaH3(IMes)] 214 °C decomp.41) and can be
heated as a toluene solution for up to 2.5 hours before
decomposition is complete. The decomposition of 19 in solution
has been studied and in no case does this occur via metallation
reactions (cf. the facile decomposition of 17). In fact, this
decomposition is solvent dependent. For example, heating
toluene solutions of 19 afforded In metal, H2 gas and returned
the free ligand in a similar manner to the decomposition of
Lewis base adducts of alane and gallane.4,5 However, in THF
and in the presence of a catalytic amount of indium metal,
decomposition occurs via hydrogen transfer from the InH3 unit
to the carbene ligand to give indium metal and the dihy-
droimidazole, H2CN(Mes)C2H2N(Mes). More surprising is the
decomposition of 19 in CH2Cl2 which gives high yields of
[InCl3(IMes)] as a result of chloride abstraction from the
solvent.

The crystal structures of both 17 and 19 have been reported
though in both the hydride ligands were not located. Both are
monomeric with In–C bond lengths in the normal region for
indium alkyls. In each there is a degree of delocalisation over
the NCN fragment of the carbene ligands which is manifested
by an opening of this angle relative to that in the free carbene.
The NMR and IR data for the compounds confirmed the
presence of the hydride ligands and the latter revealed the In–H
stretching absorptions (17 1640 cm21; 19 1640 cm21) to be at
the low end of the normal range. This observation is in line with
the highly nucleophilic nature of the ligands which should
weaken the In–H bonds in the complexes relative to phosphine–
indane complexes for example. In addition, the deuteride
analogue of 19, [InD3(IMes)], has been prepared and its IR
spectrum shows a strong In–D stretch at 1180 cm21, which is
shifted by the expected amount from the corresponding In–H
stretch. Finally, if one of the hydride ligands of 19 is substituted
with a chloride, the resulting complex, 20 (Scheme 4), shows an
In–H stretch at a significantly higher frequency (1737 cm21)
which is no doubt a result of the chloride ligand drawing
electron density away from the In centre, thus strengthening the
two In–H bonds relative to those in 19.

Recently we have extended this work to investigate the
interaction of bidentate carbenes with indane. The rationale here
was that alane forms very stable ionic species of the type
[AlH2(L)]+[AlH4]2with polydentate donors34 and we thought a
similar outcome might result with indane. However, the
reaction of 21 with either [InH3(NMe3)] or LiInH4 only gave the
indane rich 2+1 adduct, 22 (Scheme 5) under any stoichiometry
of reactants.31 This is in line with our previous observation that
the InH3 fragment will only form four-coordinate adducts with
nucleophilic carbene ligands. By contrast, when the same
carbene is reacted with InBr3 in any stoichiometry it forms a
five-coordinate chelate complex, 23, which again implies that
InH3 is a weaker Lewis acid than indium trihalides.

Unfortunately, 22 did not prove to be very thermally stable as
it decomposes slowly above 0 °C. However, in its crystal
structure the hydride ligands were located for the first time in a
carbene–indane complex. As expected, the tetrahedral geome-
try about the In centres is much less flattened (C–In–H 105.7°
av., H–In–H 112.9° av.) than in the phosphine adduct, 10, which
gives evidence for the relative strength of the donors (carbene >
phosphine) in these complexes. The In–H distances (1.72 Å av.)
are close to those in 10.

Reactivity

Use in inorganic synthesis

Now that room temperature stable indane complexes have been
developed it is of great interest to investigate their further
reactivity and compare it to alane and gallane chemistry. To date
only preliminary and largely unconnected steps have been made
in this direction which, in the case of inorganic synthesis, are
summarised in Scheme 6. There is no doubt that a more
complete picture will soon emerge in this respect.

The in-situ generated indane complex, 7, reacts with LiPCy2

to give the trimeric phosphido–indium hydride complex, 24.36a

This proved to be moderately stable in the solid state (decomp.
64 °C) but did not decompose in solution as hoped to give InP
and cyclohexane but instead afforded In(s), H2 and PCy2H. X-
Ray crystallography confirmed its structure and the location of
the hydride ligands gave an average In–H bond length of 1.71 Å
for the complex. When NH3 was passed through an ethereal

Scheme 5

Scheme 6
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solution of 7 at 230 °C an amorphous white precipitate
immediately deposited which is thought to be some form of
imido–indane polymer, 25. This is stable at room temperature
but when heated at 300 °C yields relatively pure nanocrystalline
InN as determined by X-ray powder diffractometry.31 This
result mimics similar work with alane and gallane complexes7

and with development could offer a facile route into other group
13–15 materials, e.g. InP from the reaction of 7 with PH3.

One of the most interesting reactions we have encountered is
the controlled decomposition of [InH3(quinuclidine)] 8 at
230 °C in the presence of LiBr, the by-product in the synthesis
of the LiInH4 precursor to 8. At this temperature over 5 days the
solution slowly changes from colourless to deep orange and
orange diamagnetic crystals of 26 deposit in 15% yield. These
are unstable above 0 °C and probably form from a combination
of H2 elimination and H/Br exchange.31 The crystal structure
shows the anion to consist of a tetrahedron of 4 indium atoms
around a central In. Each of the outer indium atoms is
coordinated by two bromides and a quinuclidine giving an
average In oxidation state of 1.4. The cation consists of two
quinuclidine molecules coordinated to a proton in a linear
fashion. Interestingly, a neutral gallium relation of this
complex, [Ga5Cl7(OEt2)5], has been reported by Schnöeckel
and coworkers to have arisen from the controlled decomposi-
tion/redistribution of metastable [GaICl(OEt2)].42 There is no
precedent for the formation of 26 in alane or gallane chemistry
and it offers the exciting possibility of preparing sub-valent
indium hydride compounds via the controlled decomposition of
indane complexes.

Other reactions that have been investigated include the use of
the phosphine–indane complex, 10, in the formation of a series
of monomeric tris(chalcogenolato)indium complexes, 27, all of
which were crystallographically characterised.36a Finally, the
interaction of the carbene–indane complex, 19, with transition
metal complexes is being systematically examined in the hope
that low valent transition metal fragments can be oxidatively
inserted into the In–H bond. Although no indium containing
products have yet been obtained, a noteworthy result from this
study has come from the reaction of 19 with nickelocene.39 This
effected both a hydride and a carbene transfer to the nickel
centre with a concomitant loss of cyclopentadiene to form 28.

Use in organic synthesis

Boron and aluminium hydride complexes are invaluable
reducing agents in organic synthesis. Even gallium trihydride
complexes have found a niche as chemoselective reductants as
a result of the lesser polarity of the Ga–H bond relative to the
Al–H bond.43 It was of considerable interest to us to examine
the exploitation of indane complexes as selective reducing
agents given the chemical and physical differences they show to
their lighter group 13 analogues. This seemed especially timely
considering the recent emergence of indium and its complexes
as reagents in organic synthesis.6,44 Indeed, the selective
reducing abilities of several indium hydride complexes had
been previously confirmed though in these instances the active
species were invariably prepared in-situ, were not thermally
stable and were poorly characterised.18–20,45 It was apparent that
if easily prepared, room temperature stable indane complexes
did show selectivity in organic reductions they might be of real
use to organic chemists.

Indium has an electronegativity between that of Al and Ga.
Therefore it might be expected that the In–H bond has a polarity
between that of Al–H and Ga–H bonds. As a result, indane
complexes could display a degree of chemoselectivity in the
reduction of organic functionalities. This proved to be the case
as both 10 and 19 readily reduce ketones but showed no activity
towards a variety of ester functionalities that are readily reduced
by alane complexes.46 In addition, the debromination qualities
of 10 toward 2,4A-dibromoacetophenone (57% C–Br cleavage)

are mid way between those of alane complexes, which
quantitatively effect a C–Br cleavage, and gallane complexes
which show only minimal activity towards alkyl bromides. It is
noteworthy that [BH3(NMe3)] is completely inactive towards
this substrate. In addition, the reduction of styrene oxide by 10
highlights an intermediate regioselectivity of this reductant
(reduction product mixture: 56% 1-phenylethanol, 44% 2-phe-
nylethanol) over [GaH3(PCy3)] which gives 99% of the
secondary alcohol and [AlH3(quinuclidine)] which yields 37%
of the primary alcohol as a reduction product.

Indium has a greater covalent radius (1.50 Å) than either
aluminium or gallium (1.25 Å) which means that like alane but
unlike gallane, indane should form hypervalent complexes as
has been demonstrated with the preparation of 13. It was
thought this preference could lead to indane complexes showing
diastereoselectivity in the reduction of potentially chelating
bifunctional substrates. This has been confirmed with the
reductions of benzoin, benzil and benzoin methyl ether by 10,
all of which occur with > 99% disastereoselectivity. These
results suggest a chelation of the substrate to the indium centre
of the complex which allows a directed hydride delivery leading
to the observed result.46

Efforts have also been made to examine the enantioselectivity
of indane reductions using the in-situ generated complexes
[InH3{PPh2((+)-neomenthyl)}] and [InH3((2)-sparteine)]. Un-
fortunately, when a range of prochiral ketone substrates were
employed no significant enantiomeric excesses were ob-
served.31 This work is now moving towards the use of chiral
carbene–indane complexes for this purpose.

Outlook

In the past 4 years the stabilisation of indane complexes has
been achieved and their structure, bonding, properties and
reactivity have begun to be explored and understood. This work
has showed that indane complexes display many similarities to
their alane and gallane counterparts but also significant
differences which can often be accounted for by examining the
properties of the group 13 elements themselves. Now that
reasonably stable indane complexes have been developed their
further chemistry should be systematically explored. Areas in
which they might be especially useful include their employment
as precursors to sub-valent indium hydride complexes (cf. 26)
which are currently unknown. In addition, our preliminary work
suggests they might find valuable use as materials precursors, as
have alane and gallane complexes.

Of course the obvious question for the future is can stable
TlH3 (thallane) or other thallium hydride complexes be formed?
It would perhaps be thought that the weakness of the Tl–H bond
and the potential for thallane complexes to undergo reductive
elimination of hydrogen would argue against this. However, we
have recently prepared the first carbene–thallium complexes,
e.g. [TlCl3(IMes)] (decomp. 208 °C), which are remarkably
stable under normal conditions and show little desire to undergo
reductive decomposition processes.47 This again raises the
question, would a complex such as [TlH3(IMes)] be isolable
under normal conditions? Only time will tell.
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42 D. Loos, H. Schnöeckel and D. Fenske, Angew. Chem., Int. Ed. Engl.,

1993, 32, 1059.
43 C. L. Raston, A. F. H. Siu, C. J. Tranter and D. J. Young, Tetrahedron

Lett., 1994, 35, 5915.
44 M. R. Pitts, J. R. Harrison and C. J. Moody, J. Chem. Soc., Perkin Trans.

1, 2001, 955.
45 M. Yamada, T. Horie, M. Kawai, H. Yamamura and S. Araki,

Tetrahedron, 1997, 53, 15 685.
46 C. D. Abernethy, M. L. Cole, A. J. Davies and C. Jones, Tetrahedron

Lett., 2000, 41, 7567.
47 M. L. Cole, A. J. Davies and C. Jones, J. Chem. Soc., Dalton Trans.,

2001, 2451.

2298 Chem. Commun., 2001, 2293–2298



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Intramolecular electron conduction along DNA strands and their
temperature dependency in a DNA-aligned cast film

Hajime Nakayama,a Hiroyuki Ohnob and Yoshio Okahataa

a Department of Biomolecular Engineering, Tokyo Institute of Technology, Nagatsuda, Midori-ku,
Yokohama 226-8501, Japan. E-mail: yokahata@bio.titech.ac.jp

b Department of biotechnology, Tokyo University of Agriculture & Technology, Koganei, Tokyo,
184-8588, Japan

Received (in Cambridge, UK) 13th August 2001, Accepted 20th September 2001
First published as an Advance Article on the web 22nd October 2001

Electroconductivity along a long DNA strand (ca. 10 mm
length) in a DNA-aligned cast film of DNA–lipid complex
was measured on a comb-type electrode (5 mm distance), and
it could be reversibly regulated by temperatures across
70 °C.

DNA is interesting as a conducting molecule along double
strands. There have been many approaches to study the electric
conductivity along a DNA strand.1–9 Barton and co-workers
reported in pioneer work that photoinduced charge transfer
between donors and acceptors immobilized at both ends of
DNA strands could be observed in homogeneous aqueous
solution.1 Photoinduced or long range charge transfer along
DNA molecules has also been studied in aqueous solution.2,3

Conductivities of a DNA monolayer on Au electrode have been
studied by cyclic voltammogram4 or atomic force microscopy
(AFM)5 in aqueous solution. Fink and Schonenberger measured
directly the electrical conductivity of dry DNA fibers across two
electrodes separated by the very short distance of 8 nm.6
Recently, superconductivities of DNA fibers across a sub-
micronic slit on mica plate has been reported.7 The conductivity
values obtained in these studies are roughly in the wide range of
1–1025 S cm21 and are still a matter of controversy. This is due
to the widely spread measurement methods or media depending
on different sample preparations. We have reported that a large,
self-standing DNA film (10 3 10 cm, 20–100 mm thick), in
which DNA strands aligned in one direction, could be prepared
by casting from organic solution of DNA–cationic lipid
complexes.8 We observed high anisotropic conductivity along
the DNA strands in the film.9 The DNA-aligned film has many
advantages as an electric conducting material, being large,
flexible, self-standing and thermo-stable.

In this communication, we report molecular level evidence of
electron conductivity through DNA strands in the DNA-aligned
cast film prepared from two different length of DNAs (ca. 0.2
and 10 mm per molecule), by measuring direct or alternating
currents on a comb-type electrode plate (5 mm distance between
two electrodes) at different temperatures.

The DNA-aligned cast film was prepared as follows.8,9 Two
different lengths of DNA were extracted and purified from
salmon testes: ca. 0.2 mm length, average M 3 3 105, 500 bps
ca. 10 mm length, M 2 3 107, 30 000 bps. An aqueous solution
of DNAn2 nNa+ and an aqueous solution of 1.1 eq. mol of a
cationic amphiphile (1) were mixed at rt and the precipitated
DNA–lipid polyion complex (1+1 ratio of phosphate anion to
cationic lipid) was collected and solubilized in chloroform–
ethanol (4+1 v/v). The solution (40 mg mL21, 4 wt%) was cast
on a Teflon plate and the solvent was evaporated slowly under
saturated vapor at rt. The obtained self-standing film (ca. 60 mm
thick) was transparent, water-insoluble, and physically stable
below 150 °C. The DNA film could be stretched mechanically
3–5 times in length at rt. From X-ray diffraction, polarized
microscopy, and polarized absorption spectra measurements,
DNA strands were aligned with a distance of 41 Å along the
stretching direction as  shown schematically in Fig. 1.8 The

distance between stacked base pairs of DNAs in the film was 3.4
Å, similar to the native DNAs in aqueous solution. The
stretched film was still transparent and physically strong. The
orientation of DNA strands in the film disappeared on heating to
150 °C (glass transition temperature, Tg = 135 °C).

The stretched DNA film (5 3 5 mm, 20 ± 5 mm) was put on
a comb-type electrode plate, in which the distance between two
electrodes is 5 mm. The dc conductivity was measured using an
ammeter (R8340A, Advantest, Co., Tokyo) at 20 °C in a dry
box. Typical results are shown in Fig. 2. When the stretched
DNA film prepared from long DNA strands (10 mm length,
30,000 bps) was put on the comb-type electrodes with the DNA
strand axis aligned perpendicularly to the electrodes, large
ohmic currents (0–0.7 mA) were observed that increased
linearly with increasing applied voltage in the range of
20.5–+0.5 V. The conductivity was calculated from the slope to
be 5 3 1023 S cm21. The currents were constant during
measurements and did not decrease for at least 10 min. In
contrast, when the same film prepared from the long DNA was
placed with DNA strands aligned parallel to the two electrodes,
electric current was hardly observed even at voltages up to 100
mV (less than 0.001 mA or 1026 S cm21, data not shown).9
When the DNA-aligned film prepared from the short DNA
molecules (0.2 mm length, 500 bps) was put perpendicularly to
the electrodes, very small ohmic currents (0–1 mA, 1026 S
cm21) were observed depending on applied voltage, and the
current diminished within 5 s (Fig. 2B). The constant, large, and
ohmic currents along the long DNA strands indicate electron
conduction along DNA strands aligned in the film, since one 10
mm DNA molecule can be expected to bridge the distance of 5
mm between two electrodes in the film. In contrast, the short 0.2
mm DNA strands could not bridge two electrodes and only very
small and immediately-diminished currents were observed due
to the rate-limiting diffusion of impurity ions between inter-
molecular short DNA strands in the film.

Fig. 1 Schematic illustration of a DNA aligned film prepared from casting
organic soluble DNA–lipid (1) complex with subsequent uniaxial stretch-
ing.
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Fig. 3 shows temperature dependences of Cole–Cole plots of
DNA-aligned cast film with the DNA strands placed perpendic-
ularly to the two comb-type electrodes. Alternating currents
were measured by using a universal impedance analyzer (Model
53131A, Hewlett Packard, CO. Tokyo) by changing the
frequencies from 10 Hz to 10 MHz at 20–100 °C in a dry box.
With the film prepared from the long DNA (10 mm molecular
length), the apparent resistances at the zero imaginary of
impedance were constant at 400 W independent of temperature
from 25 to 60 °C (Fig. 3A). When the film prepared from the
short DNA (0.2 mm length) was employed, in which DNA
molecules cannot bridge two electrodes, the resistance was
greatly increased to 100–650 kW depending on temperature
(Fig. 3B). The conductance (s) obtained from the resistance is
plotted against temperature in Fig. 4. The conductance obtained
from the long DNA film was 1023 S cm21, consistent with that
obtained by direct current measurements (Fig. 2), and was
independent of temperature from 20 to 60 °C. In contrast, the
conductance of the short DNA film was very small and
increased linearly with increasing temperatures (1027 to 1025 S
cm21). Thus, the temperature-independent conductance of the
long DNA film again indicates electron conductance along
intramolecular DNA strands. The temperature-dependent con-
ductance of the short DNA film shows the small ionic
transportation between short DNA molecules.

When the film prepared from the long DNAs was heated
above 60 °C, the conductance decreased drastically to 1026 S
cm21, but reverted to the original value when the temperature
was decreased to below 60 °C (curve A in Fig. 4). When the film
was heated above 135 °C, the conductivity diminished and did
not revert to the original value, since the orientation of the DNA
strands in the film disappeared above Tg = 135 °C. This
indicates that the anisotropic conductivity along DNA strands
can be switched on and off reversibly depending on whether the
temperature is below or above 70 °C. Since the intermolecular
orientation of DNA strands in the film does not change below
135 °C, this reversible conductivity change can be explained by
reversible changes in intramolecular stacking of base pairs of
DNA strands aligned in the film.

In summary, we could directly observe the switchable
electron conduction along intramolecular DNA strands by using

DNA-aligned cast film on a comb-type electrode. This was
possible because of the large area and self-standing, physically
strong, and thermotropic liquid crystalline nature of the DNA-
aligned cast film.
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Fig. 2 Direct currents of DNA-aligned films (5 3 5 mm, thickness 20 ± 5
mm) on a comb-type electrode (distance between two electrodes: 5 mm) at
25 °C in a dry box. (A) The film prepared from long DNA strands (10 mm,
30 000 bps) and (B) from short DNA strands (0.2 mm, 500 bps). Both films
aligned perpendicularly to the two electrodes.

Fig. 3 Cole–Cole plots (10 Hz to 10 MHz frequencies) of alternating
currents of the DNA-aligned film placed perpendicularly to the comb-type
electrode (5 mm distance). (A) The film prepared from long DNA molecules
(10 mm, 30,000 bps) and (B) from short DNA molecules (0.2 mm, 500
bps).

Fig. 4 Temperature dependence of alternating conductivities of Fig. 3. (A)
The film prepared from long DNA molecules (10 mm, 30 000 bps) and (B)
from short DNA molecules (0.2 mm, 500 bps).
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Chiral TRISPHAT anions behave as efficient asymmetric
hosts controlling with high efficiency the configuration of a
cationic dicobalt(II) triple helicate—de up to 82%.

Helicate derivatives made by the self-assembly of polydentate
organic ligands and metal ions have received much attention
over the last two decades.1 They are chiral and the helical
enantiomers are characterized by their plus (P) or minus (M)
handedness. To obtain chiral helicates in a predominant P or M
configuration, the most common strategy, apart from resolution,
has been to add stereogenic elements to the backbone of the
ligands. Intramolecular diastereoselective interactions occur
between the enantiopure strands and lead to the preferred
formation of one diastereomer.2 To date, there are several
examples of high selectivity in the formation of double and
triple helicates, in which enantiopure ligands completely
control the configuration. The stereogenic elements are in-
troduced either on the coordinating units, on the bridging
elements or on a chiral template linking the strands together.3

An alternative strategy to control the configuration of the
charged chiral complexes is to consider their asymmetric ion
pairing with chiral counter-ions; intermolecular diastereose-
lective interactions controlling the stereoselectivity (Pfeiffer
effect). However this approach, although efficient, has been
essentially used with small molecules and simple coordination
complexes.4 Recently, Raymond et al. reported the asymmetric
induction of chiral pyridinium cations onto an anionic dinuclear
Ga(III) triple-stranded helicate, the extent of the diaster-
eoselectivity being determined by chiroptical measurement.5‡
Herein, we report that the asymmetric induction of chiral
counter-ions onto a triple helicate can be indeed an efficient
process, a good level of configurational ordering from TRI-
SPHAT 1 anions onto a cobalt(II) dinuclear triple helicate being
observed in solution (diastereomeric excess (de) 5 82%,
determined by 1H NMR).

Previously, we reported the synthesis and resolution of D3-
symmetric tris(tetrachlorobenzenediolato)phosphate(V) anion 1
or TRISPHAT.6 Associated with mononuclear ruthenium(II) or
iron(II) tris(diimine) complexes, it is an efficient NMR chiral
shift, resolving and asymmetric inducing agent.7 However, in
these studies, D3-symmetric mononuclear complexes were
used. It was then debatable whether 1 would behave as a good

asymmetric inducer for cationic polynuclear helicates of more
complex structure and geometry.

Chiral di- and polynuclear helicates of Fe(ii), Ni(ii) and Cu(i)
racemize more slowly (factor 1026) than their mononuclear
equivalents.8 Their association with chiral anions has therefore
led to their resolution into separated enantiomers rather than an
asymmetric induction from the anions.9 To perform our
projected study, we thus derived a known configurationally
stable helicate—Elliott’s dinuclear iron(II) derivative 2 (Fig. 2,
[Fe2(L)3]4+, L = 1,2-bis[4-(4A-methyl-2,2A-bipyridyl)]-
ethane)—into a configurationally labile dinuclear cobalt(II)
derivative (3, [Co2(L)3]4+).10

The synthesis of complexes [3][D-1]4 was achieved in a
single step as follows.† Treatment in hot water of CoSO4·7H2O
with 1.5 equiv. of ligand L afforded a yellow solution of
[3][SO4]2. Extraction of the cationic helicate 3 from the aqueous
layer into the organic layer [CH2Cl2–acetone (25+1)], using 2
equiv. of [cinchonidinium][D-1], gave the desired complex
[3][D-1]4 as the major product, which was further purified by
recrystallization.

The efficiency of anions 1 as chiral inducers was then simply
demonstrated by 1H NMR. Solutions of [3][D-1]4 (0.50 mM)
were prepared in mixtures of CDCl3 and [D6]-DMSO (100% to
20%) and analyzed. Due to the presence of the chiral
TRISPHAT anions, we were able to distinguish between the
diastereomeric pairs [P-3][D-1]4 and [M-3][D-1]4 as the spectra
showed partial or complete separation for the signals of the
chiral cation.§,¶ The diastereoselectivity of the asymmetric ion
pairing between [P-3][D-1]4 and [M-3][D-1]4 was then directly
calculated by the integration of the respective signals (Fig. 3).
Upon decreasing solvent polarity (lower % DMSO), one
diastereomer became predominant up to 82% de (diaster-
eomeric ratio 10.1+1 in 20% [D6]–DMSO–CDCl3, Table 1).
The study could not be performed in lower polar mixtures as
compound [3][D-1]4 precipitated in such solvent conditions.

So, with the decrease of the polarity of the solvent
combination, a highly asymmetric induction took place in
solution.∑ The equilibrium ([P-3][D-1]4 Ù [M-3][D-1]4) was

† Electronic supplementary information (ESI) available: synthesis and
analytical data for compounds [3][D-1]4 and [4][D-1]2. See http:/
/www.rsc.org/suppdata/cc/b1/b108110a/

Fig. 1

Fig. 2

This journal is © The Royal Society of Chemistry 2001

2302 Chem. Commun., 2001, 2302–2303 DOI: 10.1039/b108110a



consequently shifted towards the preferred diastereomer. The
increase in diastereoselectivity as the polarity decreases is
interpreted as the result of closer interactions between the
ions.11 Unfortunately, despite our efforts, we did not succeed in
obtaining reliable solution CD spectra of complex [3][D-1]4.††
Finally, to evaluate the efficiency of the chiral recognition of
dinuclear helicate 3 by TRISPHAT anions, we measured the
asymmetric induction of anions 1 onto mononuclear
[Co(dmbp)3]2+ equivalent (Fig. 2, 4, dmbp = 4,4A-dimethyl-
[2,2A]bipyridinyl). Association of 4 with TRISPHAT was
realized in a similar manner to 3.† 1H NMR analysis of salt
[4][D-1]2 in mixtures of [D6]-DMSO–CDCl3 revealed two sets
of signals and, as for helicate 3, a strong dependence of the
diastereoselectivity as a function of the polarity of the solvent
medium was observed (Table 1). In rather low-polar solvent
conditions (7.5% DMSO–CDCl3), only one of the two diaster-
eomers was observed by 1H-NMR (dr > 96%); its absolute
configuration being [D-4][D-1]2 as determined by CD analysis
(0.1% DMSO–CHCl3, 4.5 3 1026 M).

Although the comparison of the diastereoselectivity of the
association of TRISPHAT anions 1 and cations 3 and 4 was
limited to a rather small range of solvent polarity, interesting
observations could be made. In 20% [D6]-DMSO–CDCl3, a
higher selectivity for complex [3][D-1]2 (dr 10.1+1) than that
for [4][D-1]2 (dr 4.0+1) (Table 1) was determined. The stronger
electrostatic attraction, due to the higher charge of the helicate,
and the synergy resulting from mechanical coupling at both
metal centers, all contribute to a higher asymmetric induction.

In conclusion, we have shown that the association with chiral
triple helicate 3 and a stoichiometric amount of four chiral
counterions 1 is sufficient to lead to an efficient asymmetric
induction 1H NMR allowing an unambiguous determination of
the diastereoselectivity.

We thank the Swiss National Science Foundation, the Federal
Office for Education and Science (COST D11), the ‘Société
Académique de Genève’ for financial support, and more
particularly the ‘Fondation de Famille Sandoz’ for a pro-
fessorship.
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Fig.3 1H NMR spectra (d 44–27 ppm) of [3][D-1]4 in mixtures of
[D6]DMSO–CDCl3.

Table 1 Asymmetric induction (diastereoselectivity) from TRISPHAT
anions 1 onto dinuclear helicate 3 or mononuclear complex 4 as function of
the percentage of DMSO in chloroform

dr de (%)

% [D6]DMSO [3][D-1]2 [4][D-1]2 [3][D-1]2 [4][D-1]2

50 2.0+1 a 33 a

40 3.2+1 a 52 a

30 5.7+1 2.0+1 70 33
20 10.1+1 4.0+1 82 60
15 a 8.6+1 a 79
12.5 a 13.9+1 a 87
10 a 22.5+1 a 92
7.5 a > 49+1 a > 96
5 a > 49+1 a > 96
a Not measured.
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Compounds of type [(Ph3P)2AgIn(SC{O}R)4] (R = Me (1),
Ph (2)) are excellent single-source precursors for AgInS2
bulk materials by pyrolysis and AgIn5S8 films by aerosol
assisted chemical vapour deposition (AACVD).

In the past two decades chemists have been interested in
synthesizing effective molecular precursors for various metal
chalcogenides.1–4 However, the possibility of single-source
precursors for silver indium sulfide materials has been un-
explored. Both AgInS2 and AgIn5S8 are known to be semi-
conducting.5–8 AgInS2 finds applications as linear and non-
linear optical materials. The band gap of AgIn5S8 is 1.80 eV
(300 K) and has been identified as making it a suitable candidate
for photovoltaic solar cell applications.9 Thin films of these
sulfides have been obtained by spray pyrolysis10,11 which also
deposits Ag2S.10 Various metal monothiocarboxylates have
been used as single-source precursors for metal sulfides.12–14

Hence we attempted to synthesize bimetallic thiocarboxylate
compounds as single-source molecular precursors to silver
indium sulfides. Here we report the synthesis and character-
ization of compounds of the type [(Ph3P)2AgIn(SCOR)4] [R =
Me (1), Ph (2)] along with the results of AACVD experi-
ments.

The compounds were synthesized by reacting
[(Ph3P)2AgCl]2 and InCl3·4H2O with four molar equivalents of
Na+RC{O}S2.†  The structure of compound 2 (as its chloro-
form solvate) has been determined unequivocally by X-ray
crystallography.‡

A view of 2 is shown in Fig. 1. Compound 2 consists of
(Ph3P)2Ag and In(SC{O}Ph)2 units bridged by two PhC{O}S2

ligands through m-S bridging. The Ag(I) centre has distorted
tetrahedral geometry with a P2AgS2 core while In(III) adopts
distorted octahedral coordination geometry with two terminal
PhC{O}S2 anions chelating to In(III). The AgInS2 ring is
essentially planar with the two benzoyl groups attached to the S
atoms in anti fashion.

The residual weights observed for 1 and 2 in thermogravi-
metric analyses indicate the formation of AgInS2. The decom-
position occurs in unresolved multiple steps in the temperature
range 132–315 °C for 1 and 175–328 °C for 2. X-Ray powder
diffraction (XRPD) of the final residue obtained from pyrolysis
of compounds 1 and 2 indicated the formation of orthorhombic
AgInS2, JCPDS: 25-1328 (Fig. 2).§ I-III-VI2 materials are known
to prefer tetragonal structures and hence the formation of the
high temperature orthorhombic AgInS2 phase is interest-
ing.4,15

However, aerosol assisted chemical vapour deposition
(AACVD) of a THF solution of compound 1 yielded AgIn5S8.¶
Films on glass deposited at 400 and 450 °C from the precursor
were found to be transparent and adherent (Scotch tape test)
with a dark red colour.

XRPD analysis (step size; 0.04° per 2 s) confirmed that the
films were found to be cubic-AgIn5S8 (JCPDS 25-1329) with a
preferred orientation along (311) (Fig. 3). Scanning electron

Fig. 1 Molecular structure of compound 2. All hydrogen atoms and the
phenyl rings on the triphenylphosphine ligand have been deleted for clarity.
Selected bond distances (Å) and angles (°): Ag(1)–S(1), 2.7032(8); Ag(1)–
S(2), 2.7173(8); Ag(1)–P(1), 2.4649(8); Ag(1)–P(2), 2.4573(1); In(1)–S(1),
2.5421(8); In(1)–S(2), 2.5352(2); In(1)–S(3), 2.4594(9); In(1)–S(4),
2.4571(9); In(1)–O(3), 2.672(2); In(1)–O(4), 2.664(3); S(1)–Ag(1)–S(2),
87.20(2), P–Ag(1)–S, 104.47(3)–117.61(3); P(2)–Ag(1)–P(1), 122.44(3);
S(2)–In(1)–S(1), 87.20(2); S(3)–In(1)–S(1), 108.76(3); S(4)–In(1)–S(1),
101.05(3); S(3)–In(1)–S(2), 99.53(3); S(4)–In(1)–S(2), 111.23(3); S(4)–
In(1)–S(3), 134.75(3); S–In–O, 59.98(6)–170.67(6); In(1)–S(1)–Ag(1),
89.05(2); In(1)–S(2)–Ag(1), 88.88(2).

Fig. 2 X-Ray powder diffraction of AgInS2 formed by pyrolysis of
compounds (a) 1 and (b) 2.

Fig. 3 X-Ray powder diffraction of AgIn5S8 thin films formed from
compound 1.

This journal is © The Royal Society of Chemistry 2001
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microscopy (SEM) studies showed there is a dramatic change in
the morphologies of films grown at 400 and 450 °C. The
morphology of films grown at 450 °C consists of thin plate-like
particles, perpendicularly laid down onto the substrate with
random orientation. However, with decreasing growth tem-
perature from 450 to 400 °C, the morphology was dense and no
longer were plate-like particles formed (Fig. 4). Growth rate and
average particle size of the films grown at 400 °C were ca. 0.3
mm h21 and ca. 0.5 mm.

In conclusion, [(Ph3P)2Ag(m-SC{O}Me-S)2In(SC{O}Me)2]
(1) is shown to be a suitable single-source precursor for the
deposition of cubic AgIn5S8 films on glass substrates by
AACVD at 400 and 450 °C. The films grown at 400 °C were
dense on a glass substrate. Similar results have also been
obtained for 2.

The significance of the current study is two fold. First of all,
we have isolated and characterized bimetallic compounds
containing In(III) and Ag(I) for the first time. Secondly, their
potential use as single source precursors to silver indium sulfide
has been clearly demonstrated. To the best of our knowledge no
single-source precursors have been reported for silver indium
sulfides previously in the literature. Further studies of novel
single-source precursors for the growth of I–III–VI thin films are
in hand.

J. J. V. would like to thank the National University of
Singapore for a research grant (Grant No. R-143-000-084-112)
and P. O. B. thanks EPRSC, UK for support.

Notes and references
† Synthesis of 1 and 2: indium chloride tetrahydrate (0.10 g, 0.34 mmol)
dissolved in 12 mL MeOH was added to a CH2Cl2 solution (25 mL) of
{(PPh3)2AgCl}2 (0.23 g, 0.17 mmol). To this solution was added
NaSC{O}Me prepared in situ by mixing 97.5 mL (1.36 mmol) of
CH3{O}CSH and 0.031 g (1.36 mmol) of sodium in 15 mL of MeOH. The
solvents were removed by a flow of N2. The product was extracted into 20
mL of CH2Cl2, filtered immediately, layered with 40 mL of petroleum ether
(bp 35–60 °C) and allowed to stand at 5 °C overnight. The creamy
precipitate thus formed was filtered off and washed with petroleum ether
(bp 35–60 °C) and Et2O and dried under vacuum. Yield: 0.37 g (76%). Anal.
Calc. for C44H42O4S4P2AgIn (M 1047.71): C, 50.44; H, 4.02; S, 12.24.
Found: C, 50.52; H, 4.02; S, 12.79%. 1H NMR (CDCl3): d 2.24 (s, 12H,
CH3), 7.28–7.41 (m, 30H, (C6H5)3P). 13C NMR (CDCl3): d for thioacetato
ligand: 34.1 (CH3C{O}S), 206.8 (MeC{O}S); for the PPh3: 129.4 (C3,
3J(P–C) = 9.8 Hz), 130.8 (C4), 132.1 (C1, 1J(P–C) = 25.1 Hz), 134.1 (C2,
2J(P–C) = 16.3 Hz). 31P NMR: d 8.03. Compound 2 was also obtained by
a procedure similar to that described for 1 but PhC{O}SH was used instead
of MeC{O}SH. Yield: 79%. Anal. Calc. for C64H50O4S4P2AgIn (M
1296.0): C, 59.31; H, 3.89; S, 9.90. Found: C, 58.36; H, 3.80; S, 9.66%. 13C
NMR (CDCl3): d for thiobenzoato ligand: 127.8 (C2/6 or C3/5), 129.2 (C2/6

or C3/5), 132.8 (C4), 138.0 (C1); for the PPh3: 128.7 (C3, 3J(P–C) = 9.8 Hz),
129.9 (C4), 132.3 (C1, 1J(P–C) = 22.9), 133.7 (C2, 2J(P–C) = 16.3). 31P
NMR: d 7.28(s).
‡ Crystal data for 2·CHCl3: triclinic, P1̄; a = 12.7284(5); b = 14.3145(6);
c = 18.7071(7) Å; a = 90.716(1); b = 99.624(1); g = 110.728(1)°; V =
3133.4(2) Å3; Z = 2; Dc = 1.500 g cm23; R1 = 0.0486; wR2 = 0.0802.
CCDC reference number 169235. See http://www.rsc.org/suppdata/cc/b1/
b106923c/ for crystallographic data in CIF or other electronic format.
§ Pyrolysis experiments were performed in a quartz or Pyrex glass reactor
using a horizontal tube furnace. The samples were heated to 300 °C under
a dynamic vacuum of ca. 0.5 Torr.
¶ Thin films of silver indium sulfide were grown on borosilicate glass slides
by AACVD. The growth apparatus consisted of a flask containing the
solution with a pipette connected to an argon flow which was used as the
propellant and carrier gas. The flask was attached, via reinforced tubing, to
a silica tube containing the glass substrates, which were heated in a tube
furnace. [(Ph3P)2Ag(m-SCOMe)2In(SCOMe)2] (1) ( ~ 20 mg) was dissolved
in tetrahydrofuran (20 mL) at room temperature, and injected into the
growth apparatus, with the substrate at 400 or 450 °C. The system was
allowed to run for 1 h, with a constant argon flow rate of 140 sccm (carrying
the precursor from flask to substrate), at which point the substrates, thin
coatings, were collected.
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Fig. 4 SEM images of the film on glass grown at 400 °C from compound 1
(a): top view, (b): cross view.
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Mesoporous MCM-41 silica immobilized aluminium chlo-
ride shows high catalytic activity and selectivity in the
Friedel–Crafts alkylation of naphthalene with isopropanol.

Liquid phase Fridel–Crafts isopropylation of naphthalene over
AlCl3 catalysts is widely used in the chemical industry to
manufacture 2,6-diisopropylnaphthalene (2,6-DIPN), an im-
portant chemical intermediate for making monomers of ad-
vanced polymers.1 While AlCl3 is catalytically efficient and
readily available commercially, it has a number of drawbacks:
(1) AlCl3 catalyzes the formation of the desired 2,6-DIPN and
the undesired 2,7-diisopropylnaphthalene (2,7-DIPN) in a
thermodynamic ratio (2,6-+2,7-DIPN = 1+1), requiring a costly
separation step to isolate the 2,6 isomer; (2) significant
quantities of other isopropylated derivatives such as 2-iso-
propylnaphthalene (2-IPN) are formed, which must also be
separated and removed or recycled; (3) AlCl3 is a stoichiometric
reagent that cannot be regenerated and has to be hydrolyzed and
disposed of, resulting in a large volume of solid waste. As a
result, there has been an interest in finding environmentally
friendly alternative catalyst systems.1–3

Immobilization of aluminium chloride onto inorganic sup-
port materials has been studied previously.4–8 Of particular
interest is the observation that aluminium chlorides im-
mobilized on silica gel and on mesoporous HMS are highly
active in the liquid-phase alkylation of aromatic molecules
while the selectivity towards the formation of monoalkylates is
considerably better than under homogeneous conditions, and
the immobilized catalyst systems are recoverable and reus-
able.7,8 Therefore, we initiated our investigation on the
immobilization of aluminium chloride on mesoporous MCM-
419 for the liquid-phase alkylation of naphthalene.

The pure-silica MCM-41 support was prepared using cetyl-
trimethylammonium bromide† as the template according to the
method described by Beck et al.9 Two immobilized catalysts
designed as AlClx/MCM-41 and AlClx/MCM-41(ESM) (ESM
refers for external surface modification) respectively were
prepared. The preparation of AlClx/MCM-41 was similar to that
reported by Clark et al.8 The procedures of preparing catalyst

AlClx/MCM-41(ESM) are described as follows. The external
surface of the MCM-41 support was modified by silylation,
using trimethylchlorosilane. It was achieved by modifying the
as-synthesized MCM-41 sample before template removal (the
template acts as protecting species equivalent to the protecting
groups in the organic synthesis). The detailed modification
procedures have been described previously.10 After modifica-
tion of the external surface, the surfactant template was
removed by solvent extraction using 1 M HCl in ethanol at
50 °C under stirring (1 g of MCM-41 in 50 ml of solution),
followed by calcination at 450 °C to achieve the maximum
density of internal surface silanol groups11 while maintaining
the external surface-attached trimethylsilyl groups without
burning off (according to thermogravimetric analysis, the
thermal decomposition temperature of the trimethylsilyl species
is about 650 °C). Aluminium chloride was grafted onto the
internal surface of the MCM-41 support by refluxing benzene
(99.99%) containing anhydrous AlCl3 (BDH) and the support
(AlCl3+support+benzene = 2 g+5 g+100 ml) at room tem-
perature for 4 h. No reaction occurred on the external surface
because the silanol groups on the external surface had already
been poisoned during the silylation step. The solid was filtered
off, washed with benzene and dried at 110 °C. Other catalysts
involved in this study included H/MCM-41 (Si+Al = 15+1) and
H/Mordenite (Si+Al = 13+1).

The catalysts were characterized using the techniques of ICP-
AES (Spectroflame Model P), XPS (PHI Model 560 XPS/SAM/
SIMS I), XRD (PW 1050 diffractometer, Cu Ka radiation),
Nitrogen adsorption (NOVA 1200, Quanta Chrome), and solid-
state NMR (Bruker MSL 300 spectrometer). The properties of
the catalysts are shown in Table 1.

The isopropylation of naphthalene was carried out in a Parr
batch reactor equipped with a temperature controller. Naph-
thalene (0.02 mol), isopropanol (0.04 mol) and fresh catalyst
(1.5 g) were loaded in an autoclave containing 200 ml of
cyclohexane (solvent). The reaction temperature was 200 °C
and the pressure was autogenous. After 4 h, the reactor was
cooled to room temperature, and the liquid products were
analyzed using a GC-FID with a DB-17 column (30 m 3 0.25

Table 1 Physical and chemical properties of catalysts

Atomic ratioa

Sample Surface area/m2 g21 Pore volume/ml g21 Pore diameter/nm Al+SiBulk Al+SiXPS Cl+AlXPS

AlClx/MCM-41 723 0.67 2.3 0.019 0.023 1.56 
AlClx/MCM-41(ESM) 778 0.70 2.0 0.020 0.021 2.08
Parent MCM-41 1230 1.2 3.0 Nil Nil N/A
H/MCM-41 1040 1.1 3.0 0.058 0.064 0
H/Mordenite 444 0.32 0.65 3 0.7012 0.076 0.075 0
a The atomic ratio of Al+Si was measured using both ICP-AES (denoted Al+SiBulk) and XPS (denoted Al+SiXPS) while the atomic ratio of Cl+Al was
measured using XPS only.

This journal is © The Royal Society of Chemistry 2001
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mm). Product identification was carried out using a GC/MS
system. Comparisons of the catalytic performance of the
catalysts are summarized in Table 2.

Table 1 shows that both the pure-silica and the aluminosili-
cate MCM-41 materials are of high quality with a pore diameter
of 3.0 nm. As expected, immobilization of aluminium chloride
on MCM-41 silica resulted in a reduction of surface area, pore
volume, and pore diameter. The chemical analysis data further
prove the attachment of aluminium chloride on the surface of
the MCM-41 silica. The Al contents analyzed using ICP-AES
are consistent with that analyzed using XPS.

It can be seen from Table 2 that the highest activity was
observed on AlCl3 while the lowest activity was observed on H/
MCM-41. The two immobilized catalysts exhibit a reasonable
catalytic activity, similar to that of H/Mordenite. Despite a
slightly lower activity for catalysts AlClx/MCM-41 and AlClx/
MCM-41(ESM) compared to AlCl3, there are significant
differences in the yield and selectivity of products. With AlClx/
MCM-41 and AlClx/MCM-41(ESM) as the catalysts, DIPNs
were the major products, whereas the other catalysts produced
a large amount of other products. Very remarkably, AlClx/
MCM-41(ESM) catalyzed the formation of 72.3% DIPNs with
a selectivity of 2,6-DIPN of 60.9% while AlClx/MCM-41
produced 65.5% DIPNs with a selectivity of 2,6-DIPN of
41.0%. The significant enhancement of selectivity towards
2,6-DIPN after modification of the external surface of the
MCM-41 support is explicable only in terms of the differences
in the pore-opening size and the nature of the external surfaces
of the two catalysts. The selective modification of the external
surface of the MCM-41 support resulted in a reduction of the
pore-opening size (see Table 1) and the poisoning of the
external catalytically active sites. The former probably enabled
shape-selectivity while the latter led to the avoidance of the
catalytic reaction taking place on the external surface of the
AlClx/MCM-41(ESM) catalyst.

After the 4 h reaction, catalyst AlClx/MCM-41(ESM)† was
filtered off, washed with hot benzene and calcined at 450 °C for
2 h. Subsequent characterization using 27Al NMR and catalytic
tests were carried out. The chemical shifts of 27Al before and
after the 4 h reaction were found to be about 53.0 and 52.2 ppm,
respectively, indicating that the immobilized aluminium chlo-

ride species had hardly changed. It was also observed that both
the activity and selectivity towards 2,6-DIPN remained un-
changed.

Overall, the results discussed above demonstrate that im-
mobilization of aluminium chloride on mesoporous MCM-41
silica can create substantial density of acidic sites, which are
catalytically responsible for the liquid-phase isopropylation of
naphthalene. Most remarkably, a significant increase in se-
lectivity towards 2,6-DIPN can be achieved through the use of
external surface-silylated MCM-41 support. The immobilized
catalyst system is recyclable and reusable without observable
loss in activity and selectivity, demonstrating its promise as an
environmentally friendly alternative catalyst for the isopropyla-
tion of naphthalene.

We thank the University of Queensland for partial financial
support and the Australian Academy of Science for traveling
support (via the program Scientific Visit to North America for
Young Australian Scientists). X. S. Z. wishes to acknowledge
Ms Lim Hwee Ling for her help during manuscript revision.
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Table 2 Catalytic properties of catalysts

DIPN selectivity (mol%)

Catalyst Conv.a (mol%) DIPN yield (mol%) 2,6 2,6+2,7 Otherb Other productsc (mol%)

AlClx/MCM-41 88.5 65.5 41.0 2.20 40.4 34.3
AlClx/MCM-41(ESM) 85.2 72.3 60.9 2.82 17.5 27.7
AlCl3 96.4 56.3 36.7 0.986 26.1 43.7
H/MCM-41 60.4 38.4 38.6 1.64 37.9 61.6
H/Mordenite 84.8 44.5 44.3 2.00 33.6 55.4
a Conversion of naphthalene. b Other DIPN isomers. c Other products except DIPNs including MIPN, tri-, and tetra-IPNs, etc.
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The X-ray crystal structures of cationic, heptadentate
lanthanide complexes of holmium and ytterbium bound to
lactate are reported and the observed bidentate chelation in
the solid state is consistent with near-IR CD (Yb) and
solution NMR measurements; the complexes are shown to
act as aqueous chiral derivatising agents for a-hydroxy
acids.

In vivo detection of lactate is of prime importance in the
diagnosis, grading and therapeutic monitoring of diseases such
as cancer, stroke and heart disease.1 Magnetic resonance
spectroscopy (MRS) offers a non-invasive means of analysing
lactate concentration in vivo but suffers from limitations due to
insensitivity and the requirement of long acquisition times for a
good signal to noise ratio. Furthermore the lactate resonances
are often masked by overlapping lipid resonances for example,
which has severely limited the role of MRS in the clinic. In
order to improve the diagnostic potential of MRS it would be
highly advantageous to utilise the enhanced shifting and
relaxation properties of paramagnetic shift reagents, designed to
bind strongly and selectively to lactate, to effect spectral
resolution and also allow rapid acquisition times to be
implemented giving increased signal intensity.

Lanthanide complexes of heptadentate ligands e.g. 1, possess
two bound water molecules and have been reported to show
high affinity for oxy-anions, and in particular lactate.2

They form well-defined, relatively stable complexes in
aqueous solution, are amenable to NMR and luminescence
studies and are good candidates for assessment as MRS reagents
for lactate. With this model in mind we set out to examine the
shifting ability of a series of such lanthanide complexes. Herein
we report the crystal structures of the first examples of lactate-
bound lanthanide complexes and describe preliminary near-IR
CD and 1H NMR studies of [Yb.1]3+(CF3SO3

2)3.† 
There are only 13 examples of metal-containing lactate

species reported and none involves a rare earth ion.3 The
ytterbium complex of (RRR)-1 in the presence of lactate
crystallised in the P1 space group in the triclinic system with the
unit cell comprising of [Yb.1]3+, one lactate molecule, two
triflate counter ions and three water molecules. The complex
adopts a monocapped square antiprismatic geometry (twist
angle = 40°) with the tetraazacyclododecane ring in the usual
[3333] conformation in which the four nitrogen atoms are

roughly coplanar, directed towards the lanthanide ion and
occupy four coordination sites (average Ln–N 2.573 Å) (Fig.
1).

The oxygen atoms of the pendent arms lie approximately in
the same plane (average Yb–O 2.299 Å) and define three
coordination sites. The average values of the macrocyclic N–C–
C–N and the pendent arm N–C–C–O torsion angles are +57.6
and 226.4 respectively, showing the complex has crystallised
in the L(dddd) form. The lactate binds in a bidentate manner
with the hydroxyl oxygen occupying the axial position above
the lanthanide ion (Yb–O 2.461 Å)4 and one of the carboxylate
oxygens binding in the same plane as the O3 face (Yb–O 2.278
Å) completing the nine-coordinate sphere. The lactate bound
holmium complex was isostructural with lactate–[Yb.1]3+ with
Ho–O distances of 2.469 and 2.317 Å to the lactate OH and
carboxylate oxygens, respectively.

The local coordination environment about the lanthanide
centre may be probed by CD. Yb absorbs in the near-IR region
and exhibits sensitive CD bands centred around 980 nm due to
magnetically allowed 2F7/2 ?

2F5/2 transitions.5 The CD
spectrum of [Yb.1]3+ (20 mM, H2O) exhibited two peaks at
972.5 and 996.0 nm (Fig. 2). On the addition of ten equivalents
of sodium lactate (100 mM, H2O) the peak at 972.5 nm was
shifted to longer wavelength, increased in intensity by 80% and
was resolved into two peaks at 975.0 and 979.5 nm. The peak at
996.0 nm displayed a 40% increase in intensity and was shifted
to a shorter wavelength of 990.5 nm. Changing the nature of the
donor atom, on lactate addition, from a neutral water to a
charged carboxylate greatly affects the electronic properties of
the lanthanide ion resulting in modulation of the crystal field
splitting and hence the observed changes in CD.

Analysis of [Yb.1]3+ by 1H NMR spectroscopy (293 K, D2O,
200 MHz) revealed eight broadened singlet resonances to high
frequency corresponding to the four most shifted axial and

Fig. 1 Structure of [Yb.1]3+ showing bidentate chelation of (S)-lactate.
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equatorial ring protons [Fig. 3(a)]. On the addition of 0.25
equivalents of Na (S)-lactate to [Yb.1]3+ an additional set of
axial and equatorial ring resonances appeared which may be
attributed to the lactate bound species which is in slow exchange
on the NMR timescale with the free form [Fig. 3(b)].
Subsequent incremental additions of lactate resulted in an
increase in the bound to free ratio and after addition of 1.0
equivalent only the bound form was observed [Fig. 3(c)]. Two
additional singlet resonances were also evident at +58 ppm,
integrating to one proton and attributed to the CH of the bound
lactate, and at +20 ppm, integrating to three protons and
subsequently attributed to the methyl resonance of the bound
lactate.6 The expected Me doublet was not resolved due to the
broadening effect of the paramagnetic ion. The induced
paramagnetic shift, which for Yb is largely due to dipolar
contributions and can be approximated to having a (3 cos22 1)
r23 dependence, suggests the lactate CH lies closer to the
principal axis of the complex than the Me group. This is
consistent with the X-ray data.7

Following addition of 2.5 equivalents of racemic lactate to
[Yb.1]3+, a 1+1 mixture of diastereomeric complexes was
observed by 1H NMR [Fig. 3(d)], consistent with the very
similar formation constants measured for (R)- and (S)-lactate
with [Eu.1]3+.2 The CH and Me lactate resonances are clearly
resolved for the R and S diastereoisomers (DDd ~ 10 ppm) and

experienced large lanthanide induced shifts; the CH resonating
at +48 and +58 ppm (cf. +4.1 ppm in the free form) and the Me
resonating at +30 and +20 ppm for (R)- and (S)-lactate,
respectively (cf. +1.3 ppm in the free form). A lack of
enantioselectivity in complex formation was also observed
following addition of the sterically more demanding (R)- and
(S)-mandelic acid to [Yb.1]3+. Similar behaviour is exhibited
with related alkyl and aryl a-hydroxy acids. A difference of 16
ppm was observed for the mandelic ortho-phenyl ring protons
which appeared at +37.0 and +20.5 ppm for the R and S
complexes, respectively.6 The very large shifts and chemical
shift non-equivalence for this unique NMR ‘chiral derivatising
agent’ may be compared to the much smaller DDd values
reported for shift reagents which are generally around 1 ppm
and often < 0.1 ppm. Moreover there are very few examples of
water-soluble chiral shift reagents,8 the majority of studies
being performed in organic media and those reported are mainly
based around neutral and anionic systems. Sasaki and cowork-
ers, for example, has reported an aqueous cationic chiral
lanthanide shift reagent to separate enantiomeric signals based
upon bpba9 which exhibits DDd values of < 0.15 ppm.

In summary, the substituents alpha to the a-hydroxy acid in
the Ln-bound complex fall within the ‘McConnell’ cone and so
are susceptible to large dipolar shifts. The apparent absence of
kinetic resolution in complex formation with racemic a-
hydroxy acids substrates augurs well for the development of
such complexes as NMR chiral derivatising agents. By reducing
the effective charge demand at the Ln centre chiral shift
reagents (i.e. lower affinity and fast exchange on the NMR
timescale) may also be envisaged.

We thank the University of Durham for support, Prof. J. A. K.
Howard for use of crystallographic facilities and the Royal
Society for a Dorothy Hodgkin Fellowship (RSD).

Notes and references
† Crystal data for [Yb.1]3+: C44H64F6N7O15S2Yb; Mr = 1282.18; T =
100(2) K; triclinic, space group P1; a = 11.287(2), b = 11.9208(19), c =
12.407(3) Å, a = 64.712(16), ß = 77.152(19), g = 62.720(10)°, V =
1340.8(5) Å3; Dc = 1.597 Mg m23; Z = 1; m(Mo-Ka) = 1.913 mm21;
reflections collected/unique 15088/11065 [Rint = 0.0277]; final R indices [I
> 2s(I)]: R1 = 0.0321 and wR2 = 0.0760 [11036]; R indices (all data): R1

= 0.0325 and wR2 = 0.0761. For [Ho.1]3+: C44H64F6N7O15S2Ho; Mr =
1274.07; T = 100(2) K; triclinic, space group P1; a = 11.280(2), b =
11.950(4), c = 12.423(3) Å, a = 64.82(2), ß = 76.837(4), g = 62.38(2)°,
V = 1341.9(6) Å3; Dc = 1.577 Mg m23; Z = 1; m(Mo-Ka) = 1.643 mm21;
reflections collected/unique 14284/10965 [Rint = 0.0185]; final R indices [I
> 2s(I)]: R1 = 0.0239 and wR2 = 0.0640 [10951]; R indices (all data):
R1 = 0.0239 and wR2 = 0.0641. Data collected on a Bruker SMART CCD
1K area detector diffractometer. CCDC reference numbers 172449 and
172450. See http://www.rsc.org/suppdata/cc/b1/b106262j/ for crystallo-
graphic data in CIF or other electronic format. 
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CH: q = 25.62°, r = 3.929 Å, where q is the mean angle with respect to
the principal (zA) axis.
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K. Ogasawara, K. Omata, K. Kabuto, T. Hasegawa, Y. Kojima and Y.
Sasaki, Org. Lett., 2000, 2, 3543.

Fig. 2 Circular dichroism spectra of [Yb.1]3+ (diaqua species) and in the
presence of 10 equiv. (S)-lactate (bold).

Fig. 3 Partial 1H NMR spectra of (a) [Yb.1]3+ (diaqua species) showing four
axial and four equatorial ring protons; (b) in the presence of 0.25 equiv. (S)-
lactate [(*) (S)-lactate CH, (/) (S)-lactate CH3]; (c) 1 equiv. of (S)-lactate;
(d) 2.5 equiv. of racemic lactate [(**) (R)-lactate CH, (//) (R)-lactate
CH3].
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An exceptionally mild acetoxyallylation of aldehydes in
water promoted by zinc is reported, using 3-bromo-
1-acetoxyprop-1-ene as starting material; simple diaster-
eoselectivity mainly depends on the nature of the alde-
hyde.

In any synthetic plan, carbon–carbon bond forming reactions
are the most important and valuable transformations. If the
construction of a carbon–carbon bond is carried out in water at
ambient temperature, we also meet some basic requirements of
green chemistry,1 such as preventing hazardous waste (organic
solvents), optimising synthetic efficiency by reducing deriva-
tisation reactions (protection–deprotection etc.) and minimising
energy consumption. The Henry nitroaldol reaction2 has been
known for a long time as a prototype of these reactions,
allowing for example the direct use of unprotected aldoses,3 but
only in the 1980s did the use of water in organic chemistry enjoy
an outbreak in terms of studies and applications.4 A lot of
attention has been devoted to the allylation of carbonyl
compounds in water,5 by generating allylic organometallic
reagents, particularly tin, zinc, indium and even magnesium6

species, and reacting them with carbonyl compounds. Two
general protocols are available: the in situ Barbier procedure
where the allylic species is formed in the presence of the
carbonyl compound, or the stepwise Grignard procedure where
the organometallic compound is preformed and then added to
the aldehyde. Again, sugars may be used without derivatisation,
as demonstrated by the synthesis of higher sugars,7 sialic acid
derivatives,8 and C-branched sugars in water.9 To the best of our
knowledge, no report is available in the literature on Barbier
reactions in water using 3-halo-1-alkoxyprop-1-enes 1, which
could ensure a straightforward access to 3-alkoxy-1-en-4-ols
2,10 attractive building blocks for the synthesis of polyoxo
compounds [eqn. (1)].

(1)

A possible reason why chemists are discouraged from attempt-
ing this reaction could be based on the sensitivity towards acidic
conditions of the enol ether functionality in 1. In fact, both
Barbier protocols involving zinc and indium operate in acidic
media; zinc requires the NH4Cl–H2O system to give the best
results, while indium salts formed during the oxidative addition
undergo acidic hydrolysis which lowers the pH by up to 3.

Considering that enol esters are supposed to be somewhat
more stable than enol ethers under acidic conditions, we
envisaged 3-bromo-1-acetoxyprop-1-ene (3) as a promising
candidate for the acetoxyallylation of aldehydes. Preparation of
3 as a 35+65 E/Z isomer mixture,† was carried out by the
ZnCl2 catalysed 1,4-bromoacetylation of propenal with acetyl
bromide [eqn. (2)].11

(2)

We were delighted by the observation that 3 was compatible
with aq. ammonium chloride solutions and that the reaction of
3 with zinc was very rapid and exothermic. On this basis, a
simple, fast and environmentally benign Barbier protocol was
developed (Scheme 1);‡ preliminary results are collected in
Table 1.

As shown in the reaction mechanism, once 4 is formed in
water at pH = 5, a few reaction channels are possible: E/Z
metallotropic isomerisation, protonation, Wurtz-like dimerisa-
tion, addition to an electrophile, if present. In the presence of an
aldehyde, nucleophilic addition to the carbonyl group is faster
than protonation or dimerisation. Of course, in the absence of
the aldehyde, 4 completely decomposes within 30 min. Data
presented in Table 1 deserve a few comments: i) with reference
to the general economy criteria, the overall procedure is simple,
fast and makes use of inexpensive reagents; ii) the procedure is
based on 3, an easily available starting material obtained in 70%
yield in multigram scale, iii) side-products are limited to some
Wurtz coupling product ( < 10% based on 3), and iv) the product
is a selectively monoprotected diol, namely a 3-acetoxy-1-en-
4-ol 5, a straightforward precursor of the parent 1-en-3,4-diol by
simple hydrolysis (quantitative in 2 h using K2CO3 in MeOH–
H2O 9+1). All these features make 3 highly competitive with
alkoxylated organometallic derivatives 6a–f,12 whose forma-

Scheme 1

Table 1 Zinc-mediated acetoxyallylation of aldehydes under Barbier
conditions in aq. NH4Cl

Run Aldehyde T (°C)a 5 Yield (%) syn+anti

1 Benzaldehyde 22 90 (75)b
65+35
(70+30)b

2 2-Furaldehyde 2 81 80+20
3 p-Tolualdehyde 24 60c 60+40
4 p-Anisaldehyde 24 72c 70+30
5 (E)-PhCH = CHCHO 20 81 60+40
6 n-C6H13CHO 22 84 30+70
7 n-C11H23CHO 20 42 25+75
8 PhCH2CH2CHO 22 81 30+70
9 (CH3)2CHCH2CHO 22 76 30+70
10 c-C6H11CHO 22 83 10+90
11 Benzaldehyde 4 80 70+30
a External bath temperature ± 1 °C.b Reaction carried out with indium in
H2O; reaction time = 6 h.c Syn-5 partially undergoes acetyl transfer
( ~ 10%) to 4-acetoxy-1-en-3-ol.
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tion generally requires metalation of protected allyl ethers with
alkyllithiums followed by transmetalation.

Indium may replace zinc (Table 1, run 1) but the overall
process is slower and does not produce a significant improve-
ment both in terms of yield and selectivity. With indium a
Grignard protocol in THF seems to represent a more appropriate
reaction system and results will be published independently.

Even though the stereochemical outcome of these reactions,
in terms of simple diastereoselectivity, is not exceptional, an
interesting difference comes out with respect to the use of 6a–f.
In fact, all the 6a–f species are denoted by a remarkable syn-
selectivity, independent of the aldehyde used, with syn–anti
ratios in the 70+30–99+1 range. Invariably, the stereopreference
for the formation of the syn-adduct is discussed in terms of a
preferred formation of a Z-configurated organometallic species
6, stabilised by internal coordination, which adds to the
aldehyde following the classical chair-like Zimmerman-type
transition state.

Results reported in Table 1 show that, starting from 3, the
simple diastereopreference depends on the nature of the
aldehyde, saturated aldehydes mainly affording anti adducts
(runs 6–10), and aromatic or a,b-unsaturated aldehydes leading
to syn adducts (runs 1–5). No attempt was made to detect the
actual structure of the intermediate 4, anyway, in analogy to 6,
we believe that (Z)-4 should enjoy thermodynamic stabilisation
by zinc–oxygen coordination and should represent the most
abundant isomer in the reaction mixture. On a purely spec-
ulative basis, we believe that the most important contribution to
the observed diastereoselectivity is given by twist–boat transi-
tion states (TSs) A and B (Fig. 1) rather than by Zimmerman
chair-like TSs which could not enjoy the through space
stabilising O ? Zn interaction present in A and B. A holds the
sterically demanding R group in the anti position relative to the

acetoxy group, so leading to the anti adduct, while B eclipses
the unsaturated substituent with the acetoxy group with a likely
stabilisation by p–p stacking interaction.

In conclusion, a new promising route to monoacetylated
1-en-3,4-diols based on 3-bromo-1-acetoxyprop-1-ene (3) is
reported; this protocol joins an excellent efficiency in terms of
yield, cost and time, to the use of typical environmentally
benign conditions, such as the use of water as a solvent at room
temperature.

This work was supported by MURST-Rome (National
Project ‘Stereoselezione in Sintesi Organica. Metodologie e
Applicazioni’) and University of Bologna (funds for selected
topics).

Notes and references
† Anhydrous ZnCl2 (0.068 g, 0.5 mmol) was added at 220 °C to a solution
of freshly distilled propenal (3.32 mL, 50 mmol) and acetyl bromide (3.73
mL, 50 mmol) in anhydrous CH2Cl2 (40 mL). The reaction was stirred for
2 h at 0 °C and quenched at 0 °C by addition of aq. NaHCO3. After
extraction (CH2Cl2), 3-bromo-1-acetoxyprop-1-ene (3) was isolated by
distillation (bp = 69–71 °C/22 mmHg) as a 35+65 mixture of E/Z isomers
in 70% yield. (Z)-3. 1H NMR (300 MHz, CDCl3) d 2.22 (s, 3H), 4.09 (dd,
J = 0.3, 8.1 Hz, 2H), 5.24 (dt, J = 6.3, 8.1 Hz, 1H), 7.19 (dt, J = 0.3, 6.3
Hz, 1H); 13C NMR (75 MHz, CDCl3) d 20.5, 23.5, 109.3, 136.9, 166.9. (E)-
3. 1H NMR (300 MHz, CDCl3) d 2.16 (s, 3H), 3.99 (dd, J = 0.3, 8.1 Hz,
2H), 5.70 (dt, J = 8.1, 12.3 Hz, 1H), 7.19 (dt, J = 0.3, 12.3 Hz, 1H); 13C
NMR (75 MHz, CDCl3) d 20.5, 28.4, 111.1, 139.0, 167.2.
‡ In a typical experimental procedure, an aldehyde (1 mmol) and 3 (1.5
mmol) are added to a sat aq. solution of NH4Cl (5 ml). Zinc powder (1.5
mmol) is added and completely dissolves within 2 min. The reaction is
checked after 15 min and products are extracted with ether after 30 min. The
monoacetylated diol 5 is isolated by flash-chromatography in the 75–90%
yield range. All new compounds were fully characterised by 1H NMR, 13C
NMR and high resolution mass spectrometry; syn–anti stereorelationships
were assigned after hydrolysis to 1-en-3,4-diols (Ref. 12).
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Two types of multiporphyrin arrays, mediated by PdCl422

complex ions at the air–water interface, were alternately
transferred onto solid supports to form three-dimensional
organized multilayers by a layer-by-layer method.

The architecture of multiporphyrin arrays has attracted much
attention in the developing biomimetic chemistry of photo-
synthetic reaction centers, as well as in developing potential
materials for optical, photoelectrochemical and sensor applica-
tions.1,2 The methodology commonly used for preparing
multiporphyrin arrays is via linkages including ethyne-type
organic groups and transition metal ions between porphyrins
and/or metal ions.3,4 Recently, efforts have been made on the
preparation of three-dimensional (3D) organized multipor-
phyrin arrays. One interesting strategy by Sharma et al. was
using solvent molecule inclusion in crystals of multiporphyrin
arrays to control the interlayer separation of 2D layers.5
However, examples of 3D multiporphyrin arrays prepared and
characterized are much rarer.

In the present communication, a layer-by-layer (LBL)
technique, developed from the Langmuir–Blodgett (LB)
method, was used to build 3D multilayers of two types of
multiporphyrin arrays. The 2D multiporphyrin arrays were
prepared by using PdCl422 complex ions as linkages between
porphyrins at the air–water interface. Compared to synthesis in
solution, the present method is more rapid and efficient in
forming multiple porphyrins with network structure, and more
easily available and controllable in building 3D layered
multilayers.

The used porphyrins were 5,10,15,20-tetrakis(4-pyridyl)-
21H,23H-porphine (TPyP) and 5,10,15,20-tetrakis(4-carboxy-
methyloxyphenyl)-21H,23H-porphine (TCPP), as shown in
Fig. 1. Preparation of 2D multiporphyrin arrays and LBL
deposition were performed with the use of a KSV 5000
minitrough at 20 °C. Since the monolayer could not be
transferred by the vertically dipping method, we used a
horizontal lifting technique.6

Fig. 2 shows the p–A isotherms for TPyP and TCPP
monolayers on pure water and 0.3 mM K2PdCl4 subphase
surfaces. By extrapolating the tangent on the isotherms at a
fixed point (20 mN m21) to zero surface pressure (Ap?0), the

mean TPyP and TCPP molecular areas were obtained and are
summarized in Table 1. Based on single-crystal structures of
simple tetraarylporphyrins, the expected mean molecular areas
of Langmuir monolayers would be about 0.9 nm2 if the
porphyrin rings lie vertical to the aqueous surface, and about
2.25 nm2 if the porphyrin rings lie parallel.7 Here, the mean
TPyP and TCPP areas are about 0.55–0.65 nm2 on pure water
surface, smaller than 0.9 nm2, which may be ascribed to a tilted
and overlapped arrangement of the porphyrin rings.8 On the
other hand, the mean TPyP and TCPP areas are about 1.4–1.8
nm2 on the 0.3 mM K2PdCl4 subphase surfaces, a value between
0.9 and 2.25 nm2, which may be ascribed to the formation of
Pd–TPyP and Pd–TCPP multiporphyrin arrays.9 The Pd–TPyP
multiporphyrin array is based on a coordination of Pd to N
atoms of pyridyl groups of TPyP, and that of Pd–TCPP on
reaction of Pd with –CO2H groups of TCPP.10

Layer-by-layer deposition was performed by alternately
transferring monolayers of the Pd–TPyP and Pd–TCPP multi-
porphyrin arrays onto a hydrophobic glass substrate surface by
the horizontal lifting technique.6,11 Fig. 3 shows the absorption
spectra of 1–8 layers of the assembled 3D Pd–TPyP and Pd–
TCPP LBL multilayers. Each spectrum consists of a strong
Soret band (425–465 nm) together with several Q-bands
ranging from 500 to 700 nm. Table 1 summarizes the spectral
data. We have reported that the TPyP Soret band in dilute
solution appears at 417 nm, and that in its LB film transferred
from a pure water surface, it red shifts to 442 nm.9 Here, the
TPyP Soret band in the LBL multilayers of Pd–TPyP multi-
porphyrin arrays red shifts to 430 nm. That is, there is a smaller
red shift for the Pd-mediated multiporphyrin arrays than that for
the LB films from a pure water surface. Similar red shift results

Fig. 1 Molecular structure of porphyrins used in this study.

Fig. 2 p–A isotherms for TPyP and TCPP monolayers on pure water and
0.3 mM K2PdCl4 subphase surfaces. (a) TCPP, water; (b) TPyP, water; (c)
TCPP, K2PdCl4; and (d) TPyP, K2PdCl4.

Table 1 Mean molecular area (A), absorption characteristics and tilted angle
(q) of the porphyrins

Porphyrin Subphase A/nm2 Soret band/nm q/°

TPyP Water 0.65 442 30
K2PdCl4 1.75 430 42

TCCP Water 0.45 430 32
K2PdCl4 1.35 426, 462 51

This journal is © The Royal Society of Chemistry 2001
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are also observed from the absorption spectra of TCPP in
solution, LB film and Pd–TCPP LBL multilayers. It is clear that
the porphyrins exist in a monomer form in dilute solution and
that a peak shift of the Soret band corresponds to the formation
of aggregates, which can be explained by exciton theory.12 This
theory points out that the red shift of the Soret band relates to the
side-to-side electronic coupling between the respective por-
phyrins; the stronger the electronic coupling the larger the red
shift. Thus, the electronic coupling is weaker in the LBL
multilayers of the Pd–TPyP and Pd–TCPP multiporphyrin
arrays than that in the TPyP and TCPP LB films from a pure
water surface. This weakened electronic coupling is due to the
linkage of Py–Pd–Py or CO2–Pd–CO2 between two porphyrin
rings, which enlarges the porphyrin–porphyrin distance in the
Pd-mediated multiporphyrin arrays as indicated in their p–A
isotherms.

Close inspection of Fig. 3 reveals that there is a large increase
at 430 nm between each even layer due to the deposition of a
Pd–TPyP multiporphyrin array, and a large increase at 460 nm
between each odd layer due to the deposition of a Pd–TCPP
multiporphyrin array. The absorption at 460 nm corresponds to
protonated TCPP.13 If we define the absorption intensity at
430 nm, Asum = Ai + Ai+1 (number of layers, i = 1, 3, 5 and 7),
we observe a linear growth of Asum with increasing number (i +
1) of the deposited layers. Thus, we conclude that 3D
multiporphyrin arrays can be constructed by the LBL method.
Furthermore, the fact that spectral features of either Pd–TPyP or
Pd–TCPP multiporphyrin arrays are retained separately in their
LBL multilayers indicates that the electronic coupling among
the interlayers of Pd–TPyP and Pd–TCPP multiporphyrin arrays
is weak.

The orientation of TPyP and TCPP rings, commonly
expressed by the tilted angle, q, between the mean porphyrin
plane and the substrate surface, plays an important part in the
description of the organization of the LBL multilayers, and was
estimated by measuring polarized UV–VIS spectra of the
transferred monolayers at different incidence angles.14 Accord-
ing to the equation by Yoneyame et al.,14 we calculated that
qLBL was ca. 42 and 51° for TPyP and TCPP rings in the LBL
multiporphyrin multilayers and 30 and 32° for TPyP and TCPP
LB monolayers from a pure water interface, respectively. That
is, qLBL is larger than qLB, from which, if there were no linkage
between porphyrin rings, the mean porphyrin area in LBL
multilayers should be smaller than that in LB monolayers from
a pure water surface (cos qLBL < cosqLB). However, from the
p–A isotherms, quite large TPyP or TCPP areas are observed in
the LBL multilayers. Thus, we conclude that not the orientation
angle but the Py–Pd–Py or CO2–Pd–CO2 linkages dominate the
arrangement of TPyP or TCPP in the multiporphyrin arrays. On
the basis of the monolayer properties, spectral characteristics
and orientation angles, we propose a schematic organization of

the 3D LBL multilayers of multiporphyrin arrays (two layers) in
Fig. 4. Each Pd ion coordinates with two Py or CO2

2 from
different porphyrins, leading to the formation of Pd–TPyP or
Pd–TCPP multiporphyrin arrays with unlimited numbers of
porphyrin macrocycles.5,10,15 An electrostatic interaction be-
tween the layers of Pd–TPyP and Pd–TCPP might dominate the
formation of the 3D LBL multilayers of multiporphyrin
arrays.16

In summary, we have demonstrated a layer-by-layer method
to prepare 3D well-defined, organized multiporphyrin arrays
with virtually unlimited numbers of porphyrin macrocycles,
features that are relevant to the design of light harvesting model
systems and to the development of potential materials for
optical and photoelectrochemical applications.

This work was supported by Research and Development
Project for Environmental Monitoring Technologies under the
Agency of Industrial Science and Technology (AIST), Japan.
D.-J. Q. acknowledges the Industrial Technology Trainee
Fellowship Program sponsored by the New Energy and
Industrial Technology Development Organization (NEDO).
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The ionic liquid [bmim][PF6] was found to provide extra
stability to the air-sensitive chiral catalyst Rh–MeDuPHOS
in asymmetric hydrogenation of enamides.

One of the most versatile routes for preparing optically active
compounds is asymmetric synthesis, particularly by the use of
enantioselective catalysts.1 Various chiral catalysts including
biocatalysts (enzymes and/or microorganisms),2 chiral transi-
tion-metal complexes3,4 and heterogenized chiral catalysts have
been used for the conversion of a prochiral substrate into a chiral
product. The chiral complex Rh–DuPHOS5 has been found to
be particularly efficient as a homogeneous catalyst in the
asymmetric hydrogenation of enamides. However, as good as
its performance is, the rather expensive Rh–DuPHOS is very
sensitive to oxidation; hence, an inert atmosphere is required for
its preparation and handling, and separation of the complex
from reagents and products and recovery of the complex are not
easy.

Possible solutions to these drawbacks have focused on the
engineering of chiral ‘heterogenized’ catalysts. Heterogeniza-
tion of chiral complexes by immobilization in various organic
and inorganic supports has been successful, but leaching and
stability of the complex still remain severe problems.6 Another
approach was the use of two-phase systems, in which the phase
of preference of the complex differs from that of the substrate,7,8

but only limited success has been achieved.9,10 In most cases,
the activity and enantioselectivity of the chiral complexes are
lower than those of the identical homogeneous system as a
result of mass transfer limitations. The immobilization of chiral
metal complexes in molten salts (ionic liquids) has recently
been reported for some enantioselective hydrogenations10,11

and for the epoxidation of alkenes.12 Room-temperature ionic
liquids (RTIL) have gained increasing interest as ‘green’
solvents in organic syntheses.13,14 An ionic liquid such as
[bmim][PF6] (Fig. 1), which has poorly coordinating ions and
which is highly polar, nonvolatile, stable in air, and immiscible
with both water and nonpolar solvents can serve as a good and
environmentally friendly medium for asymmetric hydrogen-
ations. First earlier examples that have appeared in the literature
are the asymmetric-catalyzed hydrogenation of 2-phenylacrylic
acid in a [bmim][BF4]–iPrOH system10 and the Rh–DIOP-
catalyzed hydrogenation of a-acetamidocinnamic acid in
[bmim][SbF6] as an ionic liquid to produce (S)-phenylalanine
(64% ee).11

Our approach to performing hydrogenation reactions with the
unstable air-sensitive Rh–DuPHOS catalyst was based on
‘immobilizing’ the Rh–MeDuPHOS complex (Fig. 2) in the air-
stable molten salt [bmim][PF6] (Fig. 1). This ionic liquid was

not only a good host for the chiral catalyst, but it also protected
the complex from attack by atmospheric oxygen and facilitated
easy recycling. Hydrogenation of two model enamide com-
pounds to optically active a-amino acid derivatives was
performed in the biphasic system [bmim][PF6]–iPrOH (Scheme
1). The chiral complex was totally soluble in the ionic liquid
phase, and the products were easily recovered in the upper
iPrOH phase.†

Results of the asymmetric hydrogenations of methyl a-
acetamidoacrylate (1a) and of methyl a-acetamidocinnamate
(1b) with Rh–MeDuPHOS in the [bmim]PF6–iPrOH system are
presented in Table 1. In the first run (entry 3), the enantiose-
lectivities obtained for the two substrates in the ionic liquid
were high, the values being similar to those obtained in the
homogeneous reaction. Note that for the homogeneous reac-
tions, the transfer of the catalyst into the reactor without an inert
atmosphere brought about a significant decrease in the enantio-
selectivity of the hydrogenation of 1a (57% ee vs. 97% ee) and
the conversion dropped almost completely. Two cycles of
recycling of the catalyst were performed for both substrates
(entries 3 and 4), with the recycling procedure being continued
with substrate 1b for three further cycles (entries 5–7), since the
activity and enantioselectivity of the immobilized catalyst after
the second run were remarkable. Although the activity of the
catalyst decreased after the first cycle, it remained almost
constant upon successive cycles, without significant loss of
enantioselectivity, even though the fifth cycle was performed
after the heterogenized catalyst had been exposed to air for 24
h. It thus appears that the combination of the particularly
efficient chiral complex (Rh–MeDuPHOS)6 with the ionic
liquid system used in this study [(bmim)PF6–iPrOH] provides a
promising route to facile asymmetric hydrogenations.

In summary, as an extension of our ongoing efforts to
heterogenize chiral catalysts, this work focused on the perform-

Fig. 1 Butyl-3-methylimidazolium hexafluorophosphate [bmim][PF6].

Fig. 2 Rh–(R,R)-MeDuPHOS complex.

Scheme 1 Asymmetric hydrogenation of enamides catalyzed by Rh–
MeDuPHOS complex heterogenized in [bmim][PF6] ionic liquid.

This journal is © The Royal Society of Chemistry 2001
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ance of the ‘immobilized’ Rh-DuPHOS complex in an ionic
liquid such as [bmim][PF6] for the asymmetric hydrogenations
of enamides. Recycling of the catalyst was possible. Entrapment
of the air-sensitive complex in an ionic liquid facilitated its
handling without loss of enantioselectivity. At the end of the
reaction, the products were easily separated by decantation of
the upper iPrOH phase.

We thank the Magneton program for financial support.
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methylene chloride and dried over anhydrous MgSO4. After the methylene
chloride was evaporated off, the ionic liquid was characterized by 1H-NMR
spectroscopy.

The Rh–MeDuPHOS homogeneous catalyst was prepared as previously
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determined with a Hewlett Packard GC equipped with an Astec Chirasil-
Val-L capillary column. 
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Table 1 Asymmetric hydrogenation of enamides with Rh–MeDuPHOS in
[bmim][PF6]–iPrOH

1a 1b

Entry
Conversion
(%) % ee

Conversion
(%) % ee

1 Homogeneousa 100 97 (R) 100 99 (R)
2 Homogeneousb 5 57 (R) — —
3 Heterogeneous

First cycle 100 93 (R) 83 96 (R)
4 Heterogeneous

Second cycle 100 80 (R) 64 96 (R)
5 Heterogeneous

Third cycle 62 95 (R)
6 Heterogeneous

Fourth cycle 60 94 (R)
7 Heterogeneous

Fifth cyclec 58 94 (R)

Reaction conditions for homogeneous catalyst: 25 °C, 2 atm H2, 7 g iPrOH;
reaction time = 5 min. In the heterogeneous system, 5 g of ionic liquid was
added; reaction time = 20 min. a Preparation of the catalyst and of feeding
into the reactor were performed under nitrogen. b Catalyst prepared in an
inert atmosphere and exposed to air for a few minutes during feeding into
the reactor. For cycles 3–7, all manipulations were performed in air. c Left
to stand in air for 24 h.
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The efficient transmetalation from boron to rhodium is
exploited in a new synthesis of aryl and alkenyl ketones.

The rhodium catalysed addition of boronic acids to organic
electrophiles has recently emerged as an important tool for
organic synthesis.1 An efficient transmetalation between boron
and rhodium permits the addition of organoboronic acids to a
range of activated olefins.2 Significant advances have also been
made in the coupling of unactivated olefins in aqueous media.3
Further to this the addition of aryl boronic acids to aldehydes
and imines has been achieved.4 The mechanism of these
transformations is proposed to involve transmetalation between
the boronic acid and the rhodium(I) complex to afford an R–
Rh(I) species. The nucleophilic R group then adds to the
coordinated electrophile yielding either a Rh bound enolate or
alkoxide which is subsequently hydrolysed. As part of our
research programme developing catalysts for the functionalisa-
tion of aromatics, we were interested in the boron–rhodium
transmetalation process as a means to promote the equivalent of
a Friedel–Crafts acylation reaction of deactivated aryl deriva-
tives. This is a demanding transformation which is not readily
achieved by even the most effective Lewis acid catalysts.5 In
this communication we wish to report our development of an
efficient rhodium catalysed addition reaction that allows the
synthesis of ketones from boronic acids under mild condi-
tions.

To demonstrate this concept, initial experiments examined
the reaction of phenylboronic acid (1.6 equiv.) 1 with acetic
anhydride 2 in the presence of 5 mol% of various rhodium
complexes (Scheme 1).6 As summarised in Table 1, the
formation of acetophenone 3 is symptomatic of an effective
protocol for ketone synthesis.

The first point to note is that in the absence of catalyst no
product formation is observed. It was interesting to learn that the
Rh(acac) complexes favoured for addition to activated olefins,
were not particularly effective in this case (entries 2–7).
Similarly, the use of [Rh(OAc)2]2 and RhCl3·3H2O afforded
disappointing results (entries 10 and 11). Gratifyingly, the use
of [Rh(alkene)Cl]2 complexes showed more promise (entry 9)

Scheme 1 Rhodium catalysed acylation.

Table 1 Rhodium catalysed addition of 1 to acetic anhydride 2

Entry Catalyst Solvent (Temp./°C) Yield of 3 (%)

1 — Dioxane (100) 0
2 [Rh(acac)(ethylene)2] Dioxane (100) 0
3 [Rh(acac)(ethylene)2] DME–H2O (65) 0a

4 [Rh(acac)(cod)] Dioxane (100) 16
5 [Rh(acac)(cod)] DME–H2O (65) 18a

6 [Rh(acac)(nbd)] Dioxane (100) 27
7 [Rh(acac)(nbd)] DME–H2O (65) 29a

8 [Rh(nbd)Cl]2 Dioxane (100) 20
9 [Rh(cod)Cl]2 Dioxane (100) 57

10 [Rh(OAc)2]2 Dioxane (100) 27
11 RhCl3·3H2O Dioxane (100) 0
12 [Rh(ethylene)Cl]2 Dioxane (100) 83
13 [Rh(ethylene)Cl]2 DME–H2O (65) 84a

14 [Rh(ethylene)Cl]2 Toluene (100) 17
15 [Rh(ethylene)Cl]2 THF (65) 37
16 [Rh(ethylene)Cl]2 DME (65) 85b

17 [Rh(ethylene)Cl]2 DME (20) 76c

a DME–H2O (6+1). b Yield after 2 hours. c Yield after 16 hours.

Table 2 Rhodium catalysed synthesis of ketones

Entry Boronic acid Product Yield (%)

1 86

2 68

3 67

4 56

5 54

6 76

7 70

8 88

9 59

10 74

This journal is © The Royal Society of Chemistry 2001
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resulting in the formation of 3 in excellent overall yield in the
best case (entry 12). The choice of solvent had a clear effect on
the efficiency of the reaction (entries 12–16) with the reaction
proceeding smoothly in dioxane and 1,2-dimethoxyethane
(DME). The insensitivity of this protocol towards air and water
(entry 13) is extremely beneficial from a practical perspective.
At 65 °C in DME the reaction was complete within two hours,
whilst at room temperature the reaction required 24 hours to
afford comparable yields (entries 16 and 17). Furthermore, the
catalyst loading could be lowered to 1.5 mol% with the product
3 being obtained in an 87% yield after 16 hours. Upon lowering
to 0.1 mol% of catalyst, a modest 33% of 3 was isolated after the
same period of time.

Under the optimised conditions the reaction was examined
with respect to the scope of the boronic acid (Table 2).† An
attractive feature of this methodology is the commercial
availability of a wide range of boronic acids. An important point
to note about the presented reaction is the regiospecific
formation of product with the electrophile substituting the
boronic acid group. Therefore, whilst electronic effects (in-
ductive and resonance) may influence the rates of the reactions,
as a consequence of the nucleophilicity dictating the trans-
metalation and transfer processes, the composition of product is
unaffected by the nature and position of substituent in the
starting boronic acid. This offers a significant tactical advantage
over Lewis acid catalysed electrophilic substitution processes.
Thus, the reaction can be designed to mirror typical electro-
philic substitution reactions (Table 2, entry 3). Conversely, the
formation of meta- or para-substituted deactivated aromatics
can be achieved in excellent isolated yield (Table 2, entries 1, 2
and 4). The results also confirm the scope of the reaction with
the alternative electrophile, benzoic anhydride (Table 2, entries
6–10). Furthermore, the reaction can be extended to alke-
nylboronic acids with no significant loss in efficiency. At the
present time, difficulties have been encountered in extending
the methodology to acid chlorides.7 Further investigations are
directed towards accomplishing this and the addition of
organoboronic acids to other electrophiles.

In summary, a new rhodium catalysed addition of boronic
acids has been developed that allows the synthesis of ketones.

This transformation proceeds in good yield for a range of
boronic acids. Importantly, this new methodology offers
specific advantages over traditional Lewis acid catalysed
acylation reactions in that it allows the regiospecific functional-
isation of activated, unactivated and deactivated aromatics.

C. G. F. thanks Astra-Zeneca for a generous award from their
strategic research fund.
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† General experimental procedure: to a pressure tube charged with
[Rh(ethylene)Cl]2 (0.006 mmol, 1.5 mol%) was added 1,4-dioxane (4 ml),
boronic acid (0.56 mmol) and anydride (1 ml of 0.4 M solution). The tube
was sealed, placed in a cold oil bath which was then heated to the required
temperature and stirred for 16 hours. The mixture was allowed to cool to
room temperature then worked up by extracting with ethyl acetate, washing
with brine, drying over magnesium sulfate and concentrating in vacuo. The
crude product was then purified by flash chromatography (ethyl acetate–
hexane, 1+8 by volume). All the products have been satisfactorily
characterised by 1H NMR, 13C NMR and IR spectroscopy.
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Imino aldol reaction of ketene silyl acetals with imines
proceeds smoothly to give b-amino esters in good yields
under the influence of a cation-exchange resin in ethanol,
and the work-up of the reaction consists only of a simple
filtration followed by concentration of the crude mixture and
purification.

Cation-exchange resins have been found to be excellent
activators for imino aldol reaction of ketene silyl acetals with
imines in dichloromethane or in some cases in isopropyl
alcohol.1 Although a variety of activators for such transforma-
tions have been reported,2 polymer supported catalysts such as
ion-exchange resins have not received much attention for
promotion of imino aldol reaction until recently.3 Use of ion-
exchange resins offers several advantages in organic synthesis,4
e.g. simplification of reaction procedures, easy separation of
products without discharging harmful waste water, repeated
use, and so on. In our previous report, a cation-exchange resin,
in particular Amberlyst® 15 DRY, having a large surface area
(45 m2 g21), was found to be one of the most useful resins that
promoted aldol type reaction, where the addition reactions
proceeded with high chemoselectivity in the presence of two
kinds of imines and/or nucleophiles. From an environmental
point of view, however, this reaction needs modifications,
because it is carried out in dichloromethane as a solvent and an
equimolar amount of a cation-exchange resin is needed in most
cases. Recent papers describing imino aldol reaction carried out
in water or organic solvent–water as a convenient system5

prompted us to report our approach which reduces harmful
wastes such as waste water containing metal ions and organic
wastes. We wish to report herein a convenient imino aldol
reaction using a cation-exchange resin as a recyclable catalyst in
ethanol as a solvent.

First, reaction of the imine 2a and the ketene silyl acetal 1a
was chosen as a model for comparison of solvents, and the
results are shown in Table 1. Among the alcohols examined the
use of ethyl alcohol proved to be the most effective, whereas in
methyl alcohol the ketene silyl acetal 1a hydrolized to some
extent and in tert-butyl alcohol the desired reaction proceeded
very slowly.

Examples of the Amberlyst® 15 DRY catalyzed imino aldol
reactions of ketene silyl acetals with imines in ethyl alcohol are
shown in Table 2.† In the reactions of ketene silyl acetal 1a with
the imines derived from aromatic amines, the addition reaction
proceeded smoothly to afford b-amino esters 3 in moderate to
high yields. However, the imine derived from benzyl amine did
not give the addition product in good yield (entry 7). A
moderate diasteroselectivity was observed in the reaction of the
ketene silyl acetal 1b derived from propionate (entry 8). Ketene
silyl thioacetals also worked well to give the corresponding
adducts in good yields (entries 9 and 10).

The present reaction conditions were also effective for the
addition of ketene silyl acetal 1a to the imine equivalent 2h
derived from formaldehyde,6 and the b-amino ester was
obtained in 66% yield. As shown in Scheme 1, the in situ
preparation of a relatively unstable imine could be used for the
present addition, and the adduct was formed in good yield.

Furthermore, Amberlyst® 15 DRY was recovered by simple
filtration after the reaction, and could be reused at least four
times without loss of activity.‡ The results are shown in
Table 3.

Regarding the chemoselectivity, the ketene silyl acetal 1a
reacted with the anisyl imine 2a preferentially even in the
presence of benzaldehyde to give b-amino ester 3aa in 83%
yield, and none of the adduct 4 arising from benzaldehyde was
detected.7

Competition reactions between two kinds of imines were
examined next. Amberlyst® 15 DRY selectively promoted the

Table 1 Effects of solventa

Entry Solvent Time/h Yield (%)b

1 EtOH 10.5 99
2 i-PrOH 11.0 81
3c t-BuOH 11.5 30
4 MeOH 12.5 66

a The reaction was carried out according to the typical experimental
procedure. pAn = p-anisyl (p-methoxyphenyl). b Isolated yield. c Amber-
lyst® 15 DRY (0.2 eq.) was used.

Table 2 Imino aldol reaction promoted by Amberlyst® 15 DRY in
EtOHa

Entry 1 2 Time/h Yield (%)b

1 1a 2a 10.5 99
2 1a 2b 24.5 73
3 1a 2c 18.0 81
4 1a 2d 23.5 69
5 1a 2e 9.0 57
6 1a 2f 4.0 94
7 1a 2g 24.0 27
8 1b 2a 16.5 60c

9 1c 2a 9.0 96d

10 1d 2a 20.5 86
a The reaction was carried out according to the typical experimental
procedure. b Isolated yield. c syn+anti = 39+61. d syn+anti = 48+52.

This journal is © The Royal Society of Chemistry 2001
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addition to anisyl imine in the presence of the tosyl 2j or
ethoxycarbonyl imine 2k with an electron-withdrawing N-

substituent. One of the reasons for the chemoselectivity may be
due to the difference in the ability of the imino nitrogen to be
protonated by the catalyst. A better chemoselectivity between
the imines 2a and 2k was observed in the present case than that
in the previous report, showing that the present reaction
conditions are much milder than the previous ones.

In conclusion, we have developed a convenient imino aldol
reaction catalyzed by a cation-exchange resin. The present
reaction has the following several advantages. (1) The cation-
exchange resin was recovered by simple filtration without
discharging harmful waste water from the reaction medium and
it was used repeatedly without loss of activity. (2) The reaction
could be carried out in ethyl alcohol, which is a relatively safe
organic solvent. (3) High chemoselectivity was observed.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and
Culture, Japan, and a grant from the Nagase Science and
Technology Foundation.

Notes and references
† A typical experimental procedure is as follows: to a suspension of
Amberlyst® 15 DRY (4.3 mg, 0.02 mmol of the sulfonic acid portion,
washed with EtOH and dried in vacuo at 100 °C) and aldimine 2a (42.3 mg,
0.2 mmol) in EtOH (1.0 ml) was added a solution of ketene silyl acetal 1a
(45.2 mg, 0.24 mmol) in EtOH (1.0 ml) at room temperature under an argon
atmosphere. After being stirred at room temperature for 10.5 h, the
suspension was filtered through a Celite pad. The filtrate was concentrated
in vacuo to afford a crude oil. Purification on preparative silica gel TLC (n-
hexane–AcOEt = 10+1, as an eluent) gave the adduct 3aa (64.7 mg, 99%)
as a colorless oil.
‡ The sulfonic acid groups on the recovered resin are involved in the salt
formation with amine moieties,8 and therefore, such salts may be also
responsible for the present imino aldol reaction. We are currently
investigating such salt formation in more detail.
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Scheme 1

Table 3 Reuse of Amberlyst® 15 DRYa

Run

1st 2nd 3rd 4th

3aa (%)b 98 93 97 94
a The reaction was carried out according to the typical experimental
procedure. b Isolated yield.

Scheme 2
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The crystal structure of the coordination polymer
[Mn3(N3)2(nta)4(H2O)2]n (nta = nicotinate) consists of
trinuclear subunits bridged by mixed m-1,1-azide and m-
carboxylate-O,O groups, which are linked by m3-nta-N,O,O
ligands into a three-dimensional network exhibiting ferri-
magnetic-like ordering.

The family of azide-bridged transition metal complexes has
been investigated widely in the past decade due to its magnetic
properties and potential applications.1–3 A number of synthetic
strategies utilizing different organic spacers for propagating
new motifs have been used to produce a large number of azide-
bridged complexes.1–4 Among them the end-to-end (EE)
coordination mode affords antiferromagnetic exchange inter-
actions,2 the end-on (EO) coordination mode shows ferromag-
netic exchange interactions,3 and some alternating azide-
bridged modes give interesting magnetic properties.1 These
complexes include dinuclear,1a trinuclear4 and tetranuclear3a

species, as well as one-,1b two-1c,2a,3b–d and three-dimensional2b

coordination frameworks. So far no azide-bridged trinuclear
MnII complex has been documented; in contrast, carboxylate-
bridged trinuclear manganese complexes have been widely
investigated as models for a variety of metalloenzymes5 and
often show antiferromagnetic interactions.6 Meanwhile, very
few complexes containing mixed azide and carboxylate bridges
have been reported.7 In this communication, we report the
synthesis, crystal structure and magnetic properties of a unique
three-dimensional complex [Mn3(N3)2(nta)4(H2O)2]n (1)‡ fea-
turing mixed azide/carboxylate-bridged trinuclear MnII clusters
as subunits.

Single-crystal X-ray diffraction§ shows that 1 consists of a
three-dimensional covalent network constructed by linear MnII

3
subunits (Fig. 1), in which each MnII atom is coordinated in a
distorted octahedral geometry. The central Mn(1) atom, being
located at a crystallographic inversion centre, is coordinated by
two trans-related nitrogen atoms [Mn(1)–N(3) 2.184(2) Å]
from two azide groups and four carboxy oxygen atoms [Mn(1)–
O(2B) 2.212(2) Å and Mn(1)–O(4) 2.257(2) Å] from nta
groups. Each of the two terminal MnII atoms is coordinated by
a m-1,1-azide nitrogen atom [Mn(2)–N(3A) 2.233(2) Å], two
nitrogen atoms [Mn(2)–N(1C) 2.292(3), Mn(2)–N(2D)
2.321(2) Å] from two nta ligands, two oxygen atoms [Mn(2)–
O(1) 2.150(2), Mn(2)–O(3) 2.194(2) Å] from two other nta
ligands, and an aqua ligand [Mn(2)–O(1W) 2.206(2) Å]. The
central MnII atom is linked to each terminal MnII atom by a m-
azide and a syn-syn m-carboxylate bridge [Mn…Mn 3.861(1) Å,

Mn–N–Mn 118.6(1)°]. The aqua ligand is hydrogen bonded
[O(1W)…O(4) 2.772(3), O(1W)…O(1E) 3.003(3) Å] to two
oxygen atoms from adjacent nta ligands [O(1W)…O(4B)
2.772(3), O(1W)…O(1E) 3.003(3) Å]. The nta ligands act in
two kinds of tridentate-N,O,OA modes, either utilizing the
pyridyl nitrogen atom and the two carboxy oxygen atoms (syn-
anti) to bridge MnII atoms from adjacent trinuclear units to form
a two-dimensional sheet (Fig. 1S),† or using both carboxy
oxygen atoms (syn-syn) to bridge a pair of intracluster metal
atoms and the pyridyl nitrogen atom to link a metal atom from
an adjacent sheet, which link layers into a three-dimensional
network (Fig. 2). The shortest intercluster Mn…Mn distance is
6.771(1) Å.

The EPR spectrum of powdered 1 at room temperature shows
a broad isotropic signal at g = 2.018. The variable-temperature
magnetic susceptibility of 1 from 5 to 300 K was measured at 5
kOe, as shown in Fig. 3(a). The magnetic susceptibility above
18 K obeys the Curie–Weiss law with a Weiss constant, q =
219.26 K, and a Curie constant, C = 14.49 cm3 mol21 K. The
C value is slightly higher than the value (13.1 cm3 mol21 K) of
three non-interacting MnII ions with g = 2.0. The cmT
decreases continuously with decreasing temperature and
reaches a minimum of 6.64 cm3 mol21 K near 12 K. Upon a
further decrease of temperature, however, the cmT rises quickly.
This is a characteristic ferrimagnetic-like behavior. Usually the
EO azide bridge should promote ferromagnetic interaction for
an angle between 100 and 105°.1a In 1, however, the Mn–N–Mn
angle of the EO azide bridge is 118.63(9)°, which is much larger
than the above-mentioned range of bond angles, giving an
antiferromagnetic interaction within the trinuclear unit. In
addition, the anti-anti carboxylate bridges also promote an
antiferromagnetic interaction.5 Therefore, the ferrimagnetic-
like behavior ought to arise from competitions between intra-

† Electronic supplementary information (ESI) available: the theoretical
expressions of the intra-/inter-molecular magnetic interactions, two-
dimensional view of 1, temperature dependence of ac magnetic susceptibil-
ity and field dependence of magnetization at 1.97 K. See http:/
/www.rsc.org/suppdata/cc/b1/b106314f/

Fig. 1 Perspective view of the trinuclear unit in 1 projected approximately
along the a-axis.
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cluster antiferromagnetic and inter-cluster ferromagnetic in-
teractions.

To evaluate the intra- and inter-cluster super-exchange
coupling constants in 1, a trinuclear MnII model8 including a
mean field approximation term was used, with the J and JA
referring to the intra- and inter-cluster coupling constants,
respectively.† The experimental data fitted well [Fig. 3(a)], and
led to the following parameters: J/k = 22.20 K, JA/k = 0.326
K, g = 2.01 and R = 7.16 3 1024 (R = S[(cm)obs2 (cm)calc]2/
S[(cm)obs]2). The negative value of J and the small positive
value of JA imply that there is an antiferromagnetic exchange
interaction within the trimers and a ferromagnetic exchange
interaction among the trimers through nta bridges, respec-
tively.

The temperature dependence of the magnetization measured
in a low field of 100 Oe showed an abrupt increase in M at ca.
3.7 K, indicating a long-range magnetic ordering occurring
[Fig. 3(b)]. The temperature dependence of ac magnetic
susceptibilities verifies the magnetic phase transition at almost
the same temperature 3.7 K (Tc), defined as the point where non-
zero out of phase c appears distinctly. The field dependence of

the magnetization (0–70 kOe) measured at 1.97 K shows a rapid
increase of the magnetization, expected for a magnet, reaching
4.98 Nb per Mn3 at 25 kOe, very close to the expected value of
5 Nb for an anti-parallel alignment of three MnII magnetic
moments in a linear Mn3 cluster with ST = 5/2. The
magnetization increases further above 25 kOe as the spins begin
to deviate from antiferromagnetic coupling and align with the
applied field. No detected hysterestic loop was observed, typical
of a soft magnet.

In summary, weak ferrimagnetic interactions among the
antiferromagnetically correlated Mn3 clusters lead to a long-
range ferromagnetic-like ordering: this is essentially due to
increasing structural dimensions when going from an isolated
cluster to a supercluster.8

The authors gratefully acknowledge the NSFC (No.
29971033), State Key Project for Fundamental Research
(G1998061305), the Ministry of Education of China for support
of this work and the Chemistry Department of CUHK for
donation of the diffractometer.

Notes and references
‡ An aqueous solution (5 cm3) of Mn(NO3)2 (3.0 mmol) was added to an
ethanol solution (8 cm3) of ntaH (4.0 mmol). After mixing for 5 min, an
aqueous solution (2 cm3) of NaN3 (2.0 mmol) was slowly added. The
resulting mixture (pH ~ 7) was stirred for 10 min at room temperature and
then allowed to evaporate in air. Pale yellow crystals of 1 were obtained in
a week (58% yield). Calc. for C24H20Mn3N10O10 (1): C, 37.28, H, 2.61, N,
18.11; found: C, 37.30, H, 2.63, N, 18.09%. IR data (cm21): 3442m, 3327m,
3069w, 2069vs, 1613vs, 1563vs, 1393vs, 1286w, 1196w, 1158w, 1096w,
1044w, 841w, 760m, 697m, 637w, 557w, 439w. CAUTION. Metal azide
complexes are potentially explosive. Only a small amount of material
should be prepared and should be handled with caution.
§ Crystal data for 1: Mr = 773.32, triclinic, space group P1̄; a = 6.771(2),
b = 10.158(6), c = 11.635(4) Å; a = 73.210(3), b = 74.570(4), g =
87.800(2)°; V = 737.9(5) Å3 and Z = 1, Dc = 1.740 g cm23, m(Mo-Ka) =
1.338 mm21. The data collections were carried out on a Siemens R3m
diffractometer using graphite-monochromated Mo-Ka (l = 0.71073 Å)
radiation at 293(2) K. The structure solutions and full-matrix least-squares
refinements based on F2 were performed with the SHELX-97 program
package,9 giving a final R1 value of 0.0408 for 214 parameters and 3041
unique reflections with I ! 2s(I) and wR2 of 0.1162 for all 3553 reflections.
CCDC reference number 170949. See http://www.rsc.org/suppdata/cc/b1/
b106314f/ for crystallographic data in CIF or other electronic format.
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Fig. 2 Perspective view of the three-dimensional framework of 1 viewed
along the b-axis. The aromatic rings are simplified by sticks for clarity.

Fig. 3 Temperature dependence of the magnetic susceptibility of 1 (a)
measured at 5 kOe and of magnetization (b) of 1 measured at 100 Oe.
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Stereospecific oxidation by Compound I of Cytochrome P450 does not
proceed in a concerted synchronous manner
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Calculations show that the transition structure for the
synchronous oxygen transfer by Compound I is a second
order saddle point. The process is unlikely.

Cytochrome P450 specializes in vital oxygen transfer reactions
such as alkane hydroxylation and alkene epoxidation.1,2 One of
the attractive features of the enzyme is its overwhelmingly
stereospecific reactions. However, the stereospecifity is occa-
sionally incomplete resulting in some loss of stereochemical
integrity of the alkene or alkane.1 These findings led to the
formulation of mechanistic schemes that involve competing
concerted and stepwise monooxygenations mediated by the
primary active species of the enzyme, so called Compound I
(Cpd I),1,2 and/or by secondary oxidants, e.g. the iron-
hydroperoxo species.3 The concerted reactions are generally
described in terms of a synchronous oxygen insertion (Scheme
1, bottom), while the formation of an intermediate carbon
radical remains a controversial issue since the estimated lifetime
of the putative species is too short.1,4 Using alkene epoxidation
as an archetypal mechanism, this paper addresses the feasibility
of synchronous mono-oxygenations3 by Cpd I vis-à-vis the
alternative mechanistic hypothesis that invokes the existence of
radical species in the reaction process.

Cpd I is a high valent iron-oxo species that possesses three
unpaired electrons, coupled to closely lying quartet and doublet
spin states. The adjacency of the states renders Cpd I prone to
two state reactivity (TSR). Indeed, our recent study of ethene
epoxidation (Scheme 1),5 revealed TSR in which the two spin
states are close throughout the reaction path. The bond
activation was found to occur along an asynchronous trajectory
of oxygen insertion. On the quartet spin surface this trajectory
leads to a stable intermediate radical complex, in two different
oxidation states of iron; FeIV and FeIII (42-IV and 42-III). Ring
closure of these radical complexes to produce the epoxide
complex (43) proceeds with substantial barriers. These barriers,
especially for 42-III, endow the intermediates with a finite

lifetime, sufficient to undergo loss of stereochemistry of the
olefin and other side reactions.5 The doublet state reaction
proceeds along the same asynchronous trajectory, but exhibits
tiny barriers (if at all existent) for the ring closure step. As such,
it is essentially an ‘effectively concerted’ process, leading to
stereospecific epoxidation. The question now is whether there
exists a competitive concerted synchronous mechanism that can
also account for the observed stereospecifity? An answer to this
question can decide between the two alternative mechanistic
hypotheses and is expected to shed light on mechanistic puzzles
generated by use of radical clocks and mutant enzymes.1–4

To answer this question we performed density functional
calculations.6 We used both restricted and unrestricted B3LYP
hybrid density functional methods. The Los Alamos effective
core potential (ECP) was employed and coupled with the
double-z LACVP basis set for iron and an all-electron 6-31G
basis set for C, H, O and N.7 We also investigated the
availability of concerted oxygen insertion in CH4 hydroxyla-
tion,8 as well as in C2H4 epoxidation by dioxygen.

The transition state for the concerted ethene epoxidation
(4TS3) is depicted in Fig. 1. It was further ascertained that the
transition state 4TS3 is indeed connected to the ground states of
the reactants (41 + CH2NCH2) and product 43. Alongside we
show the corresponding transition states for the asynchronous
process (4,2TS1). Underneath the drawings we indicate the
corresponding barriers. The barrier for the synchronous reaction
is 7.2 kcal mol21 higher than the one for the asynchronous
process. Inclusion of zero point energy correction leads to a
difference of 4.1 kcal mol21, in favor of the asynchronous
reaction. The free energy barrier at 298 K is 3.6 kcal mol21 in

Scheme 1 Asynchronous and synchronous reaction paths. The barriers of
the transition states are written above the arrows in kcal mol21.

Fig. 1 Optimized geometries (Å and degrees) of 4,2TS1 and 4TS3 and
imaginary modes of 4TS3 (bottom). Group spin densities (r) of 4TS3 are
noted near the structure.

This journal is © The Royal Society of Chemistry 2001
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favor of the asynchronous processes. Thus, 4TS3 may become
accessible only at high temperatures (T > 600 K), certainly
unavailable in the enzymatic reaction. All attempts to locate
2TS3 failed, and upon removal of the synchronous constraints
the structure collapsed into 2TS1.

A frequency analysis on 4TS3 revealed two imaginary modes
(see Fig. 1) with magnitude i607 cm21 and i44 cm21. The first
mode is the motion that connects 4TS3 to the epoxide product
by a synchronous formation of two C–O bonds. The second one
is a cartwheel rotation of C2H4. This vector drives the system
towards the asynchronous 4TS1 transition state, and subse-
quently to the radical intermediate (42–IV/42-III, in Scheme 1)
in which only one C-O bond is formed. The instability of 4TS3
toward conversion to 4TS1 is apparent in fact from the
electronic structure. As shown in Fig. 1, even though the two C–
O bonds are identical (2.006 Å), nevertheless the radical
character on C(2) is larger than on C(1), in accord with the fate
of 4TS3 to collapse to the radical intermediate on C(2) (by C(1)–
O bond formation).

The epoxidation of C2H4 by dioxygen reveals clearly the
problem with the synchronous concerted mechanism. Two
synchronous pathways were explored in C2v symmetry; an in-
plane attack and a side-on attack, along with the asynchronous
path (see definitions given in Scheme 2 for Cpd I + C2H4). The
resulting two transition states for the synchronous paths were
found to be geometrically similar to the one found for Cpd I +
C2H4 (4TS3). More so, both exhibit the same types of imaginary
frequencies. Here too, the barrier for the asynchronous stepwise
mechanism is lower, by 11.3 and 10.7 kcal mol21, respectively,
than the barriers for the concerted attacks. In fact, this is a
general finding among analogous mono-oxygenation processes.
Thus, in water formation by the reactions of O2 with H2, and of
FeO+ with H2, the concerted oxygen insertion transition states
are second-order saddle points; one of their imaginary modes
leads to the stepwise asynchronous transition state.9 Notably, in
both reactions, the barrier for the asynchronous path is lower
than the corresponding barrier for the synchronous process by
15 and 2 kcal mol21.9 Finally, we explored the concerted
hydroxylation of CH4 by Cpd I. Here too, structures leading to
synchronous oxygen insertion into the C–H bond were
extremely high. They invariably collapsed onto the asynchro-
nous transition state for the hydrogen abstraction, reported
before,8 and were found to be analogous to Groves’ rebound
mechanism in its TSR formulation.

The existence of a second imaginary frequency in the
concerted transition states of such processes is rooted in
electronic structure. This instability derives from the fact that
the addition of O to C2H4 (or H2) is a forbidden process.10 Sevin
and Fontecave used molecular orbital arguments to show that
this ‘forbiddeness’ remains effective in the C2v reaction paths of

Cpd I with C2H4.11 Additional insight is provided by valence
bond (VB) arguments in Scheme 2. The FeNO bond of Cpd I
possesses the same bonding as the dioxygen molecule, with two
unpaired electrons in p* type orbitals made from dxz–px and dyz–
py overlaps.8 In each of the two major resonance structures, the
oxygen carries one electron in px and two in py or vice versa. In
addition, there is a lone pair along the FeO axis (z-axis). When
the alkene approaches the oxygen to make two bonds synchro-
nously as in a, the transition state will encounter a repulsive
4-electron interaction. In the side-on approach as in b the
concerted transition state encounters with either one of the two
resonance structures of FeO a repulsive 4-electron interaction
and an unfavorable 3-electron interaction. The latter shown in b
involves a 3-electron/3-center structure in a cyclic orbital array,
which is an unstable situation (recall the D3h form of H3 is on
top of a conical intersection and of high energy compared with
the linear structure). Faced with these two evils, the transition
state assumes the open structure c which resembles a radical
attack on the p-CC bond and is the TS1structure.5 There is then,
a fundamental reason why the concerted oxygen insertion
processes are less favorable than the stepwise mechanisms.

Since the synchronous pathway is unavailable, the ster-
eospecifity of P450 oxidations1–4 must originate in the effec-
tively concerted but asynchronous mechanism of the doublet
state (Scheme 1). Occasional loss of stereochemistry and side
products originate, in turn, in the asynchronous and stepwise
quartet state process. The interplay of the low-spin and high-
spin components of the TSR provide also a lucid rationale5,8 for
the ultrashort lifetime observed in radical probe experiments in
these mechanisms.1–4 Furthermore, the observed cis selectivity1

can also be accounted for by an asynchronous side-on transition
state, obtained from 2,4TS1 by a 90° rotation around C–O.

In conclusion, therefore, the computational results make a
choice between mechanistic alternatives and provide support
for the asynchronous nature of olefin epoxidation and the C–H
hydroxylation by the primary oxidant of P450 and generally by
Cpd I iron-oxo species.5,8

The research was supported by the Israel Science Foundation
(ISF) and the Ministry of Science, Culture and Sport. F. O.
thanks the European Union for a Marie Curie Fellowship.
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Regioselective cyclization of a,w-alkynoic acids catalysed by TpRu
complexes: synthesis of endocyclic enol lactones [Tp =
hydrotris(pyrazolyl)borate]†

Manuel Jiménez-Tenorio,a M. Carmen Puerta,a Pedro Valerga,*a F. Javier Moreno-Dorado,b
Francisco M. Guerrab and Guillermo M. Massanetb

a Departamento de Ciencia de Materiales e Ingeniería Metalúrgica y Química Inorgánica, Facultad de
Ciencias, Universidad de Cádiz, Apartado 40, 11510 Puerto Real, Cádiz, Spain.
E-mail: pedro.valerga@uca.es; Fax: 34 956 016288; Tel: 34 956 016340

b Departamento de Química Orgánica, Facultad de Ciencias, Universidad de Cádiz, Apartado 40, 11510
Puerto Real, Cádiz, Spain. Fax: 34 956 016288; Tel: 34 956 016374

Received (in Cambridge, UK) 24th July 2001, Accepted 27th September 2001
First published as an Advance Article on the web 25th October 2001

The s-enynyl complex [TpRu{C(Ph)NC(Ph)C·CPh}(P-
MeiPr2)] efficiently catalyses the regioselective cyclization of
a,w-alkynoic acids to yield endocyclic enol lactones having
ring size up to 12 atoms.

Enol lactones are present in a number of biologically active
natural products. Whereas some compounds contain the
exocyclic enol lactone substructure,1 other natural products
contain an endocyclic enol lactone ring, e.g. eresmofarfugin A,2
and all products containing the isocoumarin ring system.3,4

Endocyclic enol lactones are useful intermediates in the
synthesis of more complex natural products such as the alkaloid
(2)-aspidospermidine.5 The cyclization of a,w-acetylenic acid
precursor represents one effective synthetic approach to enol
lactone systems.6 Silver salts and mercuric salts have been used
as catalysts, but their utility suffers from limited scope, drastic
conditions and poor selectivity.7 Transition metal complexes
have shown to catalyse efficiently the cyclization of a,w-
alkynoic acids to give enol lactones of 5- and 6-member rings,
with variable degree of regio- and stereoselectivity depending
upon the catalyst used and the particular alkynoic acid [eqn.
(1)].8–11

(1)

In the case of terminal alkynoic acids (R = H), the metal-
catalysed cyclization reaction yields exclusively exocyclic enol
lactones. This can be interpreted in terms of the regioselective
Markovnikov addition of the carboxylic acid to the terminal
alkyne.12 Alternatively the anti-Markovnikov addition would
produce the corresponding endocyclic enol lactone. However,
anti-Markovnikov addition products have never been observed
to any significant extent, hence the use of this synthetic route for
the general preparation of enol lactones seems to be very
limited. We have recently reported the s-enynyl complexes
[TpRu{PhCNC(R)C·CPh}(PMeiPr2}] [R = Ph, H; Tp =
hydrotris(pyrazolyl)borate(12)] and their ability to catalyse the
dimerisation and even cross-coupling of alkynes.13 We have
now found that [TpRu{PhCNC(Ph)C·CPh)(PMeiPr2}] (1) ca-
talyses the regioselective cyclization of
HOOCCH2(CH2)nC·CH (n = 1, 2, 3, 7) to the corresponding
endocyclic enol lactones. Results are shown in Table 1 (entries
1–4).‡ The cyclization takes place smoothly in refluxing
toluene in 6 h, and 2% catalyst load. Analytical samples of the

lactones were isolated by solvent removal followed by pre-
parative HPLC. In the case of larger lactone rings, the catalyst
load and reaction time were increased to 10% and 24 h
respectively, diluting the substrate concentration to ca. 0.05 M
in order to prevent the formation of linear oligomers. As shown
in Table 1, endocyclic enol lactones were the only product
generated when catalyst 1 was used. So far, our catalyst has
proven to be able to cyclize ring systems of up to 12 atoms. This
constitutes an efficient method for the synthesis of macrocyclic
enol lactones, with the potential ability for accessing even larger
cyclic systems. In these cases, the cyclization is not ster-
eoselective, and mixtures of the endocyclic Z- and E-enol
lactones are obtained (entry 4).§ The complex [TpRuH(PPh3)2]
(2)14 can also cyclize alkynoic acids to enol lactones (Table 1,
entries 5–8). However, with pentynoic acid the only exception,
the cyclization is not regioselective, and mixtures of endocyclic
(anti-Markovnikov) and exocyclic (Markovnikov) enol lac-
tones are obtained. Detailed studies carried out on rhodium and
iridium complexes, supported by X-ray crystal structure
determinations of some iridium model catalytic intermediates,11

have led to a mechanistic proposal for the catalytic cyclization
of alkynoic acids leading to exocyclic enol lactones.10,11 Based
upon these observations, we can propose in our case a similar
catalytic cycle to account for the formation of exocyclic enol
lactones (Scheme 1, pathway A). Compound 2 dissociates one
PPh3 molecule followed by insertion of the alkynoic acid into
the Ru–H bond. The resulting alkenyl complex releases
alkenoic acid (10-undecenoic acid has been isolated from runs

† Electronic supplementary information available: selected spectral data for
enol lactone derivatives. See http://www.rsc.suppdata/cc/b1/b106647c/

Table 1 Catalysed cyclization of alkynoic acids to enol lactones

Entry Catalyst n
Product
ratio a+b

Total
yield (%)

1 1 1 0+100 97
2 1 2 0+100 95
3 1 3 0+100 45a

4 1 7 0+100b 84
5 2 1 0+100 98
6 2 2 47+53 95
7 2 3 32+68 50a

8 2 7 13+87c 79
a The remaining yield corresponds to 7-oxoheptanoic acid. b As a mixture of
Z/E isomers in the ratio 51+49. c As a mixture of Z/E isomers in the ratio
41+59.

This journal is © The Royal Society of Chemistry 2001
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involving undecynoic acid) upon reaction with another alkynoic
acid molecule, furnishing a coordinatively unsaturated carbox-
ylate complex which seems to be the actual catalytic species. An
alternative pathway must be figured out in order to explain the
regioselective formation of endocyclic enol lactones. Dixneuf
and co-workers have developed ruthenium-based catalysts
which can give either Markovnikov or anti-Markovnikov
addition of acids or other organic substrates to terminal alkynes
in a regioselective fashion.12 The anti-Markovnikov addition
takes place when the terminal carbon atom of the alkyne
becomes electrophilic, this being feasible if a ruthenium–
vinylidene intermediate species is generated at some stage
during the catalytic process.12 Therefore, we assume that in our
case, a fast alkyne to vinylidene rearrangement takes place,
most likely via a concerted 1,2-hydrogen shift (Scheme 1,
pathway B).15 In this fashion, the terminal carbon of the alkyne
becomes electrophilic, and hence the carboxylate group attacks
at this position. Ring closure yields an endocyclic alkenyl
complex. As in pathway A, reaction with another alkynoic acid
molecule releases the enol lactone and regenerates the coor-
dinatively unsaturated carboxylate complex. It appears that the
fast isomerization to vinylidene prior to carboxylate attack is the
key step in the regioselective formation of endocyclic enol
lactones. In the case of catalyst 1, the presence of highly basic
phosphine PMeiPr2 prompts the fast alkyne to vinylidene

tautomerisation. In fact, we have already observed that facile
alkyne to vinylidene rearrangement takes place at the
{[TpRuCl(PMeiPr2)]} moiety furnishing neutral vinylidene
complexes [TpRuNCNCHR(Cl)(PMeiPr2)] (R = Ph, But,
SiMe3).13 For catalysts 2, the alkyne to vinylidene rearrange-
ment possibly occurs at a slower rate, similar to that of the attack
of the carboxylate on the p-alkyne, so both pathways A and B
of Scheme 1 might operate simultaneously. Further investiga-
tions are currently in progress in order to expand the
applicability of these catalytic reactions, and in order to find
additional information in support of our proposal for the
reaction sequence in the catalytic cycle.

We thank the M.E.C./M.C.Y.T. of Spain (DGICYT, Projects
PB97-1357, PB97-1360) for financial support, and Johnson
Matthey plc for generous loans of ruthenium trichloride.

Notes and references
‡ General procedure. A round bottom flask fitted with a condenser was
loaded with 0.02 equiv. of the catalyst and dry toluene (5 mL), and the
mixture was heated at 100 °C under argon. Then, 1 equiv. of alkynoic acid
dissolved in dry toluene (2 mL) was added. The reaction mixture was
refluxed for 6 h and then allowed to cool to rt. Cyclohexane (5 mL) was
added and the solvent removed using reduced pressure. In the case of
octynoic and undecynoic acids, the catalyst load and reaction time were
increased to 10% and 24 h respectively, diluting the substrate concentration
to ca. 0.05 M in order to prevent the formation of linear oligomers. The ratio
of the different products present in the crude was established by integration
of the signals in the 1H NMR spectrum. Pure samples of the lactones were
obtained by preparative HPLC.
§ There is evidence for the formation of Z- and E-stereoisomers also in case
of the 8-membered lactone ring, but the E-stereoisomer is strained, and
tends to open up during the purification process yielding 7-oxoheptanoic
acid (Table 1, entry 3).
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Scheme 1 Proposed mechanism for the cyclization of alkynoic acids to
exocyclic enol lactones (pathway A) or endocyclic enol lactones (pathway
B) catalysed by the complexes 1 and 2.
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The tetramethylpiperidinyl-1-oxide anion (TMPO–) as a ligand in
lanthanide chemistry: synthesis of the per(TMPO2) complex
[(ONC5H6Me4)2Sm(m-ONC5H6Me4)]2
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(C5Me5)3Sm reacts with the free radical 2,2,6,6-tetra-
methylpiperidinyl-1-oxy (TMPO) to form (C5Me5)2 and the
per nitroxide [(h1-ONC5H6Me4)2Sm(m-h1+h2-ON-
C5H6Me4)]2

Recent studies of the chemistry of (C5Me5)3M complexes1 have
shown that these sterically crowded molecules can function as
reducing agents, even though the metal is not redox active. This
sterically induced reduction2 is likely to occur via a half reaction
like that shown in equation (1). For example, (C5Me5)3Sm
reduces C8H8 according to equation (2).3

(C5Me5)3M ? e2 + 1/2 (C5Me5)2 + [(C5Me5)2M]+ (1)

2(C5Me5)3Sm + C8H8? (C5Me5)Sm(C8H8) 
+ (C5Me5)2 + (C5Me5)3Sm (2)

To probe the mechanism of the Sm(III) reduction reaction and
to explore the possibility that radical intermediates are involved,
the reaction of (C5Me5)3Sm with the commonly-used free
radical trapping agent 2,2,6,6-tetramethylpiperidinyl-1-oxy
(TMPO)4–10 was studied. We report here the unexpected result
that TMPO can replace all of the C5Me5 groups in (C5Me5)3Sm
to form an unusual per(TMPO2) metal complex.

Reaction of ONC5H6Me4 with (C5Me5)3Sm in toluene gave
crystals of a yellow complex, 1.† Examination of the mother-
liquor by 1H NMR spectroscopy revealed the formation of the
reduction byproduct expected from equations (1) and (2),
namely, (C5Me5)2, but no signals were observed which could be
attributed to products such as (C5Me5)2Sm(ONC5H6Me4) or
(C5Me5)ONC5H6Me4. Instead, X-ray crystallography† re-
vealed that ONC5H6Me4 had been reduced with formation of a
bimetallic homoleptic samarium complex, [(h1-ONC5H6-
Me4)2Sm(m-h1+h2-ONC5H6Me4)]2 1, Fig. 1, in which TMPO2
anions were the sole ligands, equation (3). Although several
metal complexes of TMPO and TMPO2 have been reported in

the literature,5–11 to our knowledge this is the first example

2(C5Me5)3Sm + 6 ONC5H6Me4?

Sm2(ONC5H6Me4)6 + 3(C5Me5)2 (3)

of a per(TMPO2) metal complex and the first example in which
TMPO is a ligand for the large electropositive lanthanide
elements. The only homoleptic TMPO system we could find in
the literature is the boron system, B(ONC5H6Me4)3 .9

Complex 1, which has a center of inversion, has four terminal
TMPO2 ligands bound only through oxygen. Two bridging
TMPO2 units connect the two samarium centers via bridging
oxygen atoms and each also coordinates to one samarium with
its nitrogen atom. This gives each samarium a formal coordina-
tion number of 5. Both of these coordination modes are
precedented in ONC5H6Me4 metal chemistry.5–10 The overall
structure of 1 is reminiscent of bimetallic alkoxide-bridged
lanthanide and yttrium structures such as [(Ph3CO)2Ln(m-
OCPh3)]2, and [(Ph3SiO)2Ln(m-OSiPh3)]2.11 This comparison
indicates that the TMPO2 anion is comparable in steric bulk to
large alkoxide ligands. The 2.110(5) and 2.124(5) Å terminal
Sm–O (ONC5H6Me4) bond lengths are shorter than the 2.295(4)
and 2.354(4) Å bridging Sm–O distances as expected. The
2.537(6) Å Sm–N bond length is significantly longer than the
Sm–O bonds in 1 as expected for a Sm /NR3 donor bond. The
Sm–N bond is shorter than typical bonds of this type in
samarium metallocenes,12 which is consistent with the fact that
the formal coordination number of samarium in
Sm2(ONC5H6Me4)6 is much less than in the metallocenes. The
difference in length between the Sm–N bond and the bridging
Sm–O distances is similar to that observed in several high valent
transition metal complexes in which TMPO2 is bound side-
on.7,8,10 The three N–O bond lengths in 1 (1.434(7), 1.433(8),
and 1.427(8) Å) are similar and are nearly 0.15 Å longer than
the corresponding 1.283(9) Å bond length in the structure of the
isolated free radical,4 which is consistent with the formation of
TMPO2 anions.7,8

The isolation of 1 shows that ONC5H6Me4 readily replaces
C5Me5 in organolanthanide complexes and the reduced nitroxyl
can function as the sole ligand in lanthanide compounds.

We thank the National Science Foundation for funding.

Notes and references
† Synthesis of 1: under a N2 atmosphere, an H-shaped reaction vessel was
charged in one side-arm with (C5Me5)3Sm (42 mg, 0.075 mmol), dissolved
in 12 mL of toluene and with neat ONC5H6Me4 (71 mg, 0.45 mmol) in the
other. The H-tube was evacuated to the vapor pressure of the solvent and the
ONC5H6Me4 containing side-arm was placed in an 80 °C bath. (C5Me5)3Sm
reacted with the ONC5H6Me4 vapor over several days to form yellow
crystals (32 mg, 68% yield) and (C5Me5)2 (21 mg, 99%). Anal. Calcd. for
C27H54N3O3Sm: Sm, 24.29. Found: Sm, 25.10%. IR (thin film from
toluene, cm21): 2964m, 2930w, 2876w, 1544s, 1455m, 1413s, 1297w,
1262s, 1089s br, 1019s br, 803s, 741w, 699s.

Crystallographic data for 1: C27H54N3O3Sm, M = 619.08, triclinic, a =
10.3838(11), b = 11.9579(13), c = 12.8023(14) Å, a = 85.934(2), b =
83.450(2), g = 66.8500(10)°, V = 1451.5(3) Å3, T = 163(2) K, space group
P1̄, Z = 2, m(Mo-Ka) = 2.053 mm21, 15 802 reflections measured on a

Fig. 1 Thermal ellipsoid plot for [(h1-ONC5H6Me4)2Sm(m-h1:h2-
ONC5H6Me4)]2 , 1, with ellipsoids drawn at the 50% probability level (all
hydrogen atoms have been omitted for clarity).

This journal is © The Royal Society of Chemistry 2001
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Siemens CCD diffractometer, 6872 unique (Rint = 0.0366) which were used
in all calculations. The final R1 was 0.0591 (I > 2.0s(I)) and wR2 (all data)
was 0.1655. The SMART program package was used to determine the unit-
cell parameters and for data collection (30 s per frame counting time for a
sphere of diffraction data). The raw frame data were processed using SAINT
and SADABS to yield the reflection data file. Subsequent calculations were
carried out using the SHELXTL program. The structure was solved by
direct methods and refined on F2 by full-matrix least-squares techniques.
CCDC reference numbers 170799 and 170800. See http://www.rsc.org/
suppdata/cc/b1/b106869p/ for crystallographic data in CIF or other
electronic format.
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Novel photohydration of non-conjugated aryl/olefin bichromophores
within cyclodextrin cavities
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Cyclodextrin media are used to achieve photochemical
water addition to isolated, acyclic double bonds via intra-
molecular interaction with excited arenes.

Cyclodextrins (CD) are known to form inclusion complexes
with a variety of organic guests, whose chemical reactivity may
become significantly modified due to interaction with the CD
hosts. In particular, the photochemical properties of a number of
substrates are sensitive to the CD microenvironment. In this
context, the modified polarity inside the cavities and the
imposed steric constraints are among the main factors govern-
ing the photoreactivity of CD inclusion complexes.1,2

Most of the photochemical processes performed within the
CD microvessels involve formation of radicals or radical pairs.
These include the Norrish type I or type II photoreactions1,3,4

and the photo-Fries and photo-Claisen rearrangements.1,5,6

Inside CD, some of these processes appear to occur with
remarkable chemo- and/or regio-selectivity. The potential of
CD as chiral reaction media, to bring about enantioselective
photoreactions (albeit with modest ee) has also been ex-
plored.7,8

Photochemical processes involving generation of polar
intermediates inside CD (for instance, carbocations, radical
cations or zwitterions) are much less common. This is not
surprising, as the interior of CD cavities is markedly hydro-
phobic. Actually, when these charged intermediates are formed
in the CD microenvironment, their escape to the bulk of the
aqueous solution occurs in the nanosecond timescale.9

With this background, the purpose of the present work was to
investigate the photochemical behaviour of the CD complexes
of a series of arene/olefin bichromophoric compounds; their
structures are shown in Chart 1.

In organic solution, compounds 1a and 1c are known to
photocyclise to 5-membered ring products,10–13 while 1b
undergoes di-p-methane photorearrangement14 and compound
1d is essentially unreactive.15

By contrast, it will be shown that the photoreactivity of the b-
CD inclusion complexes of the allyl derivatives in aqueous
media is dramatically modified. Under these conditions, a novel
hydration of the acyclic olefin moiety is by far the predominat-
ing photoprocess.

Compound 1a was purchased from Merck, while 1b–d were
prepared by known procedures.13,16,17 Irradiation of 1a–d was
carried out using the quartz-filtered light of a medium pressure
mercury lamp for 1 h. Parallel experiments were performed in
homogeneous solution (hexane or acetonitrile, 5 mM) and in b-
cyclodextrin–water (ca. 1.5 mM 1a–d and 7 mM CD). The
results are shown in Table 1 and Chart 2.

Photolysis of 1a in hexane afforded dihydrobenzofuran 2a
(Table 1, entry 1).18 In acetonitrile (Table 1, entry 2), a 4+1
mixture of 2a and the cyclopropane 3a was obtained. Photo-
product 2a is known to arise via intramolecular proton
transfer,10,12 while 3a is the di-p-methane photorrearangement
product.19 Formation of 3a in acetonitrile is consistent with the
previously reported enhancement of the rearrangement in polar
solvents.20 Irradiation of 1a in b-CD–water resulted in a much
higher conversion, together with a dramatic change in the
product distribution (Table 1, entry 3). In this case, cyclisation
to 2a was totally suppressed, to the benefit of alcohols 4a and
5a, the hydration products of 3a and 1a, respectively. Lower
amounts of 3a were also obtained. The same trend was observed
with a and g-CD (Table 1, entries 4 and 5), although
photohydration was less efficient than with b-CD. Control
experiments were run leaving 1a–CD in the dark and irradiating
emulsions of 1a in water for 1 h. Under these conditions, 1a
remained unreacted.

Table 1 Photochemistry of compounds 1a–c

Product yield (%)b

Entry Substrate Conditionsa Conversion (%) 2 3 4 5 6 7

1 1a A 22 100 — — — — —
2 1a B 34 80 20 — — — —
3 1a C 95 — 11 20 69 — —
4 1a D 85 13 28 16 43 — —
5 1a E 56 24 37 4 35 — —
6 1b A 55 — 100 — — — —
7 1b B 42 — 100 — — — —
8 1b C 58 — 27 36 37 — —
9 1c A 54 53 — — — 47 —

10 1c B 57 81 — — — 19 —
11 1c C 94 33 — — 55 4 8

a A: Hexane, B: acetonitrile, C: b-CD–water, D: a-CD–water, E: g-CD–water. b The photoproducts were identified by comparison of the GC retention times
and MS spectra with those of authentic samples and quantitated by GC, using adequate standards.

Chart 1
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Photohydration of the allylic double bond is a remarkable
result. Monosubstituted, non-conjugated acyclic olefins are
unable to absorb light of l > 200 nm, employed under the usual
irradiation conditions. Neither direct nor sensitized irradiation
of acyclic or large ring cyclic alkenes results in addition of
protic solvents;21 the only reported process is E/Z isomerization,
which is a hidden non-observable process in the case of
monosubstituted olefins such as 1a–d. Only tri- or tetraalkyl
substituted olefins (through their Rydberg excited states),
medium-ring cycloalkenes and conjugated aryl olefins undergo
addition of nucleophilic solvents via photoprotonation.21–23

Obviously, although the reacting moiety involved in photo-
hydration is the isolated double bond, the phenolic substructure
is the only light-absorbing chromophore. On the other hand, the
phenolic singlet (ca. 103 kcal mol21) lies well below the lowest
olefin singlet.24 Thus, excitation of the allyl group by simple
singlet–singlet energy transfer is thermodynamically disfa-
voured.

A possible pathway leading to 5a could involve excited state
proton transfer from the phenolic hydroxy group to the allylic
double bond. The resulting zwitterion might undergo either
cyclisation to 2a or nucleophilic attack of water to the cationic
center. This is reasonable and would be closely related to the
behaviour of 1a in homogeneous solution. However, if this were
the only operating mechanism, methylation of the OH group
should result in the suppression of photoproduct 5a. In order to
check this possibility, the photochemistry of 1b was studied
under the same conditions. Irradiation of 1b in hexane and
acetonitrile (Table 1, entries 6 and 7 respectively) gave rise to
cyclopropane 3b as the only product. By contrast, in cyclodex-
trin media (Table 1, entry 8) the alcohols 4b (36%) and 5b
(37%) were obtained. These results indicate that in homoge-
neous solution the di-p-methane photorrearangement is the only
occurring process, while inside b-CD it has to compete with
photohydration. To make sure that 4b is formed by secondary
photohydration of 3b, this compound was irradiated in the
presence of b-CD. As a matter of fact, alcohol 4b was the only
product under these conditions.

A comparison between the results given in entries 3 and 8
(Table 1) clearly shows that excited state proton transfer is not
the only operating mechanism. As photohydration also occurs
in the case of the methylated derivative 1b there must be other
pathway(s) leading to 5. In this context, photohydration might
involve an intramolecular charge transfer exciplex. Although
such a species was not detected when recording the fluores-
cence spectra of 1b, intramolecular exciplex emission has been
observed in closely related systems.25 Moreover, it is generally
assumed that non-detectable intramolecular exciplexes are
involved in a variety of arene/alkene photoreactions.26

As allyl anilines undergo intramolecular electron transfer
(rather than proton transfer) in their excited states,13 1c was
selected as a probe to check whether this type of process also
contributes to photohydration. As expected,13 direct photolysis
of 1c in hexane (Table 1, entry 9) afforded indoline 2c, together
with its secondary oxidation product 6c. In acetonitrile (Table 1,
entry 10), the same two products were obtained, although in a
different ratio. However, when photolysis of 1c was carried out
in b-CD–water 5c was the major product. Lower amounts of 2c,

6c and the tetrahydroquinoline 7c were also obtained (Table 1,
entry 11). These results indicate that intramolecular excited
state electron transfer also contributes to photohydration,
although to a lesser extent than proton transfer.

Finally, to gain some insight into the influence of the
interchromophoric distance on the efficiency of photohydration,
the photochemistry of 1d was investigated in organic solution as
well as in aqueous medium, in the presence of b-CD. Under
these conditions, 1d was found to be photostable.27 This shows
that increasing the distance between the phenol and the allyl
moieties prevents the intramolecular excited state interaction
required for photohydration.

In summary, a novel photohydration of non-conjugated aryl/
olefin bichromophores has been observed in constrained media.
Intramolecular excited state interaction (most likely exciplex
formation) is responsible for activation of the otherwise
unreactive olefin. The occurrence of photohydration inside the
hydrophobic CD pockets might indicate that the olefin moiety is
directed towards the bulk of the solution, remaining accessible
to water. Current studies are aimed at disclosing this point, at
extending the reaction to other systems and to investigate a
possible stereoselectivity of CD-mediated photohydration.

We thank support from the Spanish DGES (PB97-0339).
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Poly-b-leucines have been evaluated as catalysts for the
Juliá–Colonna asymmetric epoxidation of enones; the b3-
isomer was found to be an effective catalyst for the
epoxidation of chalcone (70% ee) and some analogues.

Peptides, generated from a-amino acids, can adopt a number of
stable conformations such as the a-helix and b-sheet. In
combination these secondary structural units allow a protein to
adopt a defined tertiary structure, which can lead to catalytic
behaviour. Recent work by Seebach,1 Gellman2 and others,3 as
well as earlier studies,4 has shown that peptides generated from
b-amino acids (so called b-peptides) show similar secondary
structural characteristics to their natural counterparts. This
suggests that, in principle, the b-analogues of proteins may
exhibit related catalytic behaviour. It is notable that short b-
peptides show promise as therapeutic agents as they can exhibit
similar biological profiles to a-peptides with increased stability
to peptidases, leading to improved bioavailability.5 Careful
tuning of b-amino acid structure has allowed a wide range of
structural units to be reliably prepared using the b-peptide
backbone.

Work initiated by Juliá and Colonna6a has shown that
polyamino acids, typically containing 30 or more identical
residues of a-leucine or a-alanine, are capable of catalysing the
Weitz–Scheffer epoxidation of enones with remarkable levels
of asymmetric control.6 More recently, modifications have been
made to the original reaction conditions6b and as a result the
method is now applicable to a wide range of trans-enones.6c As
part of an ongoing program investigating and developing this
transformation, b-analogues of the Juliá–Colonna poly-a-
leucine catalysts have been prepared, in order to evaluate their
potential as asymmetric catalysts.

The addition of a methylene unit to an a-amino acid
generates two possible structurally-isomeric b-amino acids.
Seebach has termed these b2 and b3 depending on which carbon
bears the side chain.1 In order to prepare the two isomeric b-
leucine polymers, the monomer amino acids b2-(1) and b3-
leucine (2) were required in enantiomerically enriched form
(Fig. 1).

Following the method of Seebach, b2-leucine 1 was prepared
by amidomethylation of 3 with N-(chloromethyl)benzamide
using the Evans auxiliary to control the formation of the
stereocentre (Scheme 1).†7 The b3 isomers are generally
synthesised using an Arndt–Eistert homologation of the corre-
sponding a-amino acids.8 Thus, we were able to prepare
protected b3-leucines 6a and 6b from the corresponding a-
amino acids 5a and 5b. Compound 6a was then deprotected to

afford 2 {[a]22
D +35 (c 1.0, H2O) lit.9 +34.7 (c 1.0, H2O}

(Scheme 1).
Poly-a-amino acids are typically prepared from the corre-

sponding monomers by activation as the N-carboxyanhydride,
followed by polymerisation using a nucleophilic initiator.10

This approach is less effective in the case of b-amino acids10

and even employing recent synthetic improvements11 a pure
sample of the b3-leucine N-carboxyanhydride could not be
prepared.

We have shown that a 20-mer of poly-L-a-leucine, prepared
using solid phase synthesis, exhibits similar catalytic activity to
material generated by polymerisation of L-leucine NCA.12

Moreover, Seebach has shown that solid phase techniques can
be used to prepare b-peptides.8 Thus, solid phase automated
peptide synthesis was carried out using the two isomeric Fmoc
protected b-leucines† to afford two 20-mer peptides b2-Leu19-
a-Leu-R 7 and b3-Leu19-a-Leu-R 8.‡13

The polymers 7 and 8 were tested under two sets of reaction
conditions; first, a triphasic protocol, consisting of aqueous
NaOH and H2O2 and a solution of the substrate in toluene,6a and

Fig. 1 Isomeric b-leucine monomers.

Scheme 1 Synthesis of isomeric b-leucines. Reagents and conditions: (a)
TiCl4, TEA, ClCH2NHBz, DCM, –10 0C, 53%; (b) i. H2O2, LiOH, THF,
H2O, 0 0C, 82%; ii. aq. HCl, AcOH, 110 0C, 86%; (c) i. isobutyl-
chloroformate, TEA, THF, Et2O, 0 0C; ii. CH2N2, Et2O; iii. Na2CO3,
Na2S2O3, AgO2CCF3, dioxane, H2O, 53% over three steps where R =
Fmoc; (d) HBr, AcOH, 110 0C, 90% where R = Z.

Scheme 2 Epoxidations.
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secondly, biphasic conditions, employing urea–H2O2 and DBU
in THF.6b Like their a-analogues, the poly-b-leucines proved to
be insoluble in both organic and aqueous solvents.§

In the first instance, the poly-b-amino acids were tested as
catalysts for the epoxidation of chalcone (10a) (Scheme 2).
Under the biphasic conditions, with catalysis by a-Leu20-R, the
(2R,3S)-epoxide 11a was obtained (66% conversion, 89% ee)
after 1.5 hours (Table 1, entry 1). Catalysis using b2-Leu19-a-
Leu-R 7 afforded essentially racemic epoxide under the same
conditions; moreover, the rate of reaction was considerably
diminished (entry 2). On the other hand, the b3-Leu19-a-Leu-R
catalyst 8 gave a significant ee of (2R,3S)-11a under both
biphasic (23% ee) and triphasic (25% ee) reaction conditions,
albeit still with a decreased rate (entries 3 and 4 respectively).

Previous studies have shown that the activity of poly-a-
amino acid catalysts can be improved by various washing
procedures.14 Two such activations were investigated with the
catalyst 8 and a third 20-mer: b3-Leu20-R 9. In the first
procedure the catalyst was stirred for 70 hours in a mixture of 4
M aq. NaOH and toluene, before filtering, washing and
drying;14 in the second it was stirred with DBU in toluene for 16
hours before adding the reagents for epoxidation directly. Both
activation procedures significantly increased the enantiose-
lectivity of the catalysed epoxidation reaction. For example,
NaOH–PhMe-activated 8 catalysed the epoxidation of 10a with
92% conversion and 70% ee under the triphasic conditions
(entry 5).¶

The catalyst 9 was tested against a range of other substrates
10b–d. Using DBU–PhMe-activated 9 the ees for the epoxida-
tion of the b-ethyl enone 10b were somewhat lower than for
chalcone (entries 6, 8 and 9); under the biphasic conditions the
ethyl epoxide 11b had an ee of 28% (entry 9). On the other hand,
under similar conditions the tert-butyl ketone 10c was epoxi-
dised in a high ee (entry 10), however the reaction rate was
significantly retarded, with only 10% conversion to the epoxide
11c being obtained after 24 hours. The final substrate
investigated was 2-benzylidene-3,4-dihydronaphthalen-1(2H)-
one (10d). In this case the triphasic reaction conditions gave an
ee of 22%; however the reaction was again slow (entry 11).

In conclusion, peptides generated from b-amino acids exhibit
catalytic behaviour analogous to that shown by poly-a-amino
acids. Specifically, poly-b3-leucine catalyses the epoxidation of
(E)-a,b-enones with significant enantioselectivity. Although
this methodology is not competitive with the poly-a-amino acid
analogues it is possible that variation of the b-amino acid
monomer may lead to altered catalytic behaviour. Results of
such studies and approaches to preparing poly-b-amino acids
via polymerisation reactions will be reported in due course.

Notes and references
† Fmoc b2-leucine was prepared from 1 using FmocCl under standard
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resin.
§ The poly-b-amino acids remained attached to the support; the solubility of
the non-immobilised material was not investigated.
¶ Ees using activated b2-Leu19-a-Leu-R 7 remained below 10%.
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Table 1 Epoxidation of enones using poly-b-amino acid catalysts

Entry Substrate Catalyst Activation Conditions
Major
product Time/h

Conversion
(%)a

Ee
(%)b

1 10a a-Leu-R None Biphasicc 11a 1.5 66 89
2 10a b2-Leu19-a-Leu-R 7 None Biphasicc 11a 4 21 3
3 10a b3-Leu19-a-Leu-R 8 None Biphasicc 11a 1.5 20 23
4 10a b3-Leu19-a-Leu-R 8 None Triphasicd 11a 4 15 25
5 10a b3-Leu19-a-Leu-R 8 Aq. NaOH–PhMee Triphasicd 11a 24 92 70
6 10a b3-Leu20-R 9 DBU–PhMef Biphasicc 11a 24 96 39
7 10a b3-Leu20-R 9 Aq. NaOH–PhMee Biphasicc 11a 24 77 20
8 10b b3-Leu20-R 9 DBU–PhMef Triphasicd 11b 24 98 15
9 10b b3Leu20-R 9 DBU–PhMef Biphasicc 11b 24 98 28

10 10c b3-Leu20-R 9 DBU–PhMef Biphasicc 11c 24 10 85
11 10d b3-Leu20-R 9 DBU–PhMef Triphasicd 11d 24 25 22
12 10d b3-Leu20-R 9 DBU–PhMef Biphasicc 11d 24 35 9
a Determined by HPLC. b Determined by chiral HPLC, major enantiomer 11. c Substrate (0.24 mmol), urea–H2O2 (28 mg), DBU (56 ml), catalyst (100 mg)
in THF (1 ml). d Substrate (0.24 mmol), catalyst (100 mg), 30% aq. H2O2 (0.7 ml), 4 M aq. NaOH (0.5 ml) and PhMe (1 ml). e Catalyst (100 mg) stirred
with 4 M aq. NaOH (0.5 ml) and toluene (1 ml) for 70 hours, then filtered and dried. f Catalyst (100 mg) stirred with DBU (56 ml) in THF (1 ml) for 16 hours
then reagents for reaction added directly.
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Tris(benzene-1,2-dithiolate)molybdenum(VI) reacts rapidly
and quantitatively with tetrabutylammonium hydroxide to
yield the corresponding Mo(V) and Mo(IV) complexes and
hydrogen peroxide; the reaction has been executed in dry
tetrahydrofuran where the reaction rate shows a fair
dependence on complex and OH2 concentrations.

Tris(dithiolene) complexes of transition metals have been the
subject of considerable attention since they were first reported.1
While early interest focused primarily on the facile one-electron
redox reactions which these complexes undergo, more recently
the scope has expanded to areas ranging from bioinorganic
chemistry to materials science.2

Surprisingly little is known about the interaction of this class
of compounds with hydroxide ions. Kawashima et al.3 first
reported the reduction of neutral M(tdt)3 complexes (M = Re,
Mo, and W; tdt = toluene-3,4-dithiolate) dissolved in acetone
or THF by aqueous NaOH, but little more than the formation of
the corresponding one-electron reduced complex was de-
scribed. Confirmation of the occurrence of this reaction was
subsequently provided by Sellmann et al.4 who reacted
Mo(bdt)3 (bdt = benzene-1,2-dithiolate) with NaOH in metha-
nol. The reaction yields the [Mo(bdt)3]2 or [Mo(bdt)3]22

complex, depending upon the ratio in which NaOH and
Mo(bdt)3 are mixed, and it was thought to proceed by oxidation
of methanol to methanal, although this hypothesis has not been
tested.

We were surprised to find that addition of n-Bu4NOH to a
THF solution of neutral Mo(bdt)3 caused its conversion to the
monoanionic [Mo(bdt)3]2 complex and then to the dianionic

[Mo(bdt)3]22 complex. All these complexes have been thor-
oughly characterised elsewhere in solid5 and in solution.4
Because the whole reaction was complete in less than 20 s in
excess of base, both reduction processes have been studied by
stopped-flow spectrophotometry. A general treatment of spec-
trophotometric data has been used to investigate the kinetics of
the reaction. The solution absorption spectra of authenticated
Mo(VI), Mo(V), and Mo(IV) complexes were fitted to a Gaussian
function basis set within the 400–800 nm region.6 The
calculated optical densities ei(l) were used to analyse the
Mo(bdt)3–n-Bu4NOH system spectrum at each time and to
deduce the variation of molybdenum complex concentrations
with time.† In all cases the sums of the Mo complex
concentrations were equal to the initial Mo(bdt)3 concentration
and the resulting ci vs. time curves were subject to further
kinetic analysis by using a non-linear least-squares method.7

The monitoring of an equimolecular Mo(bdt)3–n-Bu4NOH
reaction system is presented in Fig. 1a. On the basis of
comparisons with authentic samples of Mo(bdt)3 and
[Mo(bdt)3]2, it was concluded that the latter complex is the only
molybdenum product formed. This was further supported by
HPLC which enabled the separation of Mo(bdt)3 from
[Mo(bdt)3]2 in a reaction mixture where no other peaks were
detected. Finally, GC–FID did not show peaks other than that
from the THF, indicating that this solvent is not involved in the
redox process.

All evidence indicates that no absorbing intermediates are
formed in appreciable quantities. First, as can be seen in Fig. 1,
repetitive UV–Vis scans show tight isosbestic behaviour.
Secondly, and more significantly, the kinetics treatment

Fig. 1 Repetitive diode-array UV-scans from reaction mixtures in dry THF containing: (a) Mo(bdt)3 3.38 3 1025 mol dm23 and n-Bu4NOH 3.38 3 1025

mol dm23 (spectra taken every 0.2 s, shown every 1 s, T = 300.2 K). (b) Mo(bdt)3
2 1.16 3 1025 mol dm23, n-Bu4NOH 3.28 3 1024 mol dm23 (spectra

taken every 0.5 s, shown every 10 s, T = 301.2 K).

This journal is © The Royal Society of Chemistry 2001
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described here is capable of reproducing any of these experi-
mental spectra satisfactorily by using only the component
Gaussian functions of the Mo(bdt)3 and Mo(bdt)3

2 spectra.
The kinetics of the Mo(VI)–Mo(V) transformation were

investigated with Bu4NOH–Mo(bdt)3 mole ratios of 0.4–1.3. At
higher ratios, a further reduction of the formed Mo(V) complex
with excess n-Bu4NOH led to the Mo(IV) complex. Because of
this limitation on the ratio of reactants, the kinetics data were
treated in complete form, fitting the Mo(VI) and Mo(V)
concentration vs. time curves to the integrated form of the
d[MoVI]/dt = 2 k[MoVI]p[OH2]q equation by using non-linear
regression methods. An excellent fit was obtained over a wide
range of conditions for p = 2, q = 1, and k = (5.0 ± 0.2) 3 108

s21 mol22 dm6 at 27 °C. Reaction orders were also corroborated
by applying the initial rate method.

The second-order dependence on [Mo(bdt)3] suggests a two-
electron reduction of hydroxide ions to hydroperoxide ions that
were actually identified in separate experiments [reaction (1)].

2 Mo(bdt)3 + 3 OH2 ? 2 Mo(bdt)3
2 + HO2

2 + H2O (1)

The experiments were performed in biphasic systems by
dissolving Mo(bdt)3 in the organic phase and extracting the
produced H2O2 as HO2

2 in the aqueous basic phase. Thus,
when a 2.0 3 1023 M solution of Mo(bdt)3 in THF–toluene
mixture (70+30) was added to a 0.1 M aqueous solution of
NaOH over a period of 4 h, H2O2 could be detected and
spectrophotometrically analysed by reacting an aliquot of the
aqueous phase with a solution of TiOSO4 in 25% H2SO4–H2O.
The transmittance at 405 nm due to the yellow peroxotitanyl
cation indicated the presence of H2O2 in yields of 80–90%
based on the initial Mo(bdt)3 concentration, while no formation
of H2O2 was detected in the absence of Mo(bdt)3.

The second-order dependence on [Mo(bdt)3] is consistent
with a mechanism having a bimolecular Mo complex inter-
action as the rate-limiting step. Taking into account that the
current spectrophotometric results do not show that OH2 binds
to Mo through the oxygen, we suggest as a reasonable pathway
the association of one hydroxide ion with two neutral Mo(bdt)3
molecules by hydrogen bonding to the co-ordinated sulfur
atoms of the ligands.‡1,2 The m-hydroxo Mo(bdt)3…HO2
…Mo(bdt)3 species thus formed may pass through a highly
concerted transition state in which the interaction with another
OH2 ion would lead to a polar group-transfer reaction,8
dominated by HO…OH bond making and metal reduction, to
yield the [Mo(bdt)3]2 radical ( < g > = 2.006; < A > (95,97Mo)
= 26.6 3 1024 cm21 ) and H2O2‡3 which in basic solution
forms the HO2

2 ion. An Eyring plot of the rate constant k
determined at a series of temperatures gives an excellent
straight line from which DH≠ = 37.9 ± 0.8 kJ mol21 and DS≠

= 2 39 ± 3 J K21 mol21 are deduced. The DS≠ value is
consistent with the proposed associative transition-state.

As estimated from standard reduction potential data, the
overall reaction (1) must be exergonic at least in acetonitrile
solution. In fact, the redox potential for the reduction of HO2

2

to OH2 ions has been reported to be 20.11 V vs. ENH, [1 M
(Bu4N)OH, pH 30.4],8 whereas the measured redox potential
for the Mo(bdt)3–Mo(bdt)3

2 pair was found to be +0.610 V by
cyclic voltammetry.5 Thus, reaction (1) lies indeed far to the
right.

However, the [Mo(bdt)3]12/22 reduction potential is con-
siderably more negative (20.040 V) than that of the
[Mo(bdt)3]0/12 couple, and thus the former reduction must have
a smaller driving force and a relatively slower reactivity. This
was confirmed by monitoring the reaction of (Bu4N)-
[(Mo(bdt)3] with Bu4NOH, which also proceeds cleanly with
well-defined isosbestic points upon addition of excess base
(Fig. 1b). By using the procedure indicated above, these spectra

were simulated and the concentration of each complex eval-
uated as a function of time. The disappearance rate of
[Mo(bdt)3]2 parallels the appearance rate of [Mo(bdt)3]22 for
all runs, but it should be noted that both rates become negligible
a few seconds after the reaction starts (ca. 15 s), and also that a
complete conversion does not take place even when an excess of
ca. 20 equivalents of base are initially present. These observa-
tions can be plausibly explained when the equilibrium shown in
reaction (2) is assumed.

2 Mo(bdt)3
2 + 3 OH2 " 2 Mo(bdt)3

22 + HO2
2 + H2O (2)

Support for the occurrence of this equilibrium comes from
the fact that final complex concentrations are dependent on the
initial Bu4NOH concentration (K = (1.2 ± 0.3) 3 103 mol21

dm3 at 298 K). A first analysis of the kinetic data seems to
indicate a reversible process in which the rate of [Mo(bdt)3]2
reduction is first-order in both [Mo(bdt)3]2 and [Mo(bdt)3]22

concentrations, being the rate constants dependent on the
concentration of base.

In summary, on the basis of this and other works,3,4 it should
no longer be considered unusual to react a higher valent
molybdenum tris(dithiolene) compound with hydroxide ions to
produce a lower valent molybdenum tris(dithiolene) compound.
Moreover, such electron-transfer processes have also been
observed to occur with tungsten, e.g. W(bdt)3, and this will be
the basis of a later publication. Further investigations of the
reactivity of Mo(bdt)3 and related compounds in solvents other
than THF may clarify whether the observed reactivity is
relevant to that of molybdenum cofactor (Moco).2

Notes and references
† The molybdenum complex concentrations were calculated by minimising
the following least-squares equation with respect to the concentration of the
Mo(VI–IV) complexes:
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where A(l) is the reaction mixture absorbance at wavelength l, l is the
optical pathway, and ei(l) and ci, i ñ {1…3}, are the optical densities and
concentrations of Mo(bdt)3 , Mo(bdt)3

-, and Mo(bdt)3
22 species. The

calculations were performed using the C++ Linux programs GssKin and
GssFit. Free copies of the program are supplied under request.
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(2) Mo(bdt)3…OH2 + Mo(bdt)3 Mo(bdt)3…OH2…Mo(bdt)3 (fast)

k3æ Ææ(3) Mo(bdt)3…OH2…Mo(bdt)3 + OH2 2Mo(bdt)3
2 + H2O2 (rls)
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Direct oxidation of sulfur-containing fuels in a solid oxide fuel cell
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Solid-oxide fuel cells with Cu–ceria anodes are shown to
provide stable power generation through the direct oxidation
of hydrocarbon fuels having sulfur levels similar to that in
gasoline and can be regenerated by steam after being
poisoned with higher sulfur levels.

The economical development of fuel cells for the near future
depends on the use of hydrocarbon fuels, usually through the
reforming of those fuels to hydrogen. However, most hydro-
carbon fuels available today contain significant levels of sulfur.
For example, approximately 10 ppm of sulfur-containing
compounds are added to natural gas as an odorant. In the case of
gasoline, regulations in most of the US allow 300 ppm of
sulfur.1 Even with new regulations to avoid poisoning the
automotive catalytic converter, gasoline will still contain at
least 20 ppm for the foreseeable future.1 For military applica-
tions, logistical fuels can be as high as 10 000 ppm S. This
sulfur represents a serious complication for fuel-cell developers,
since sulfur levels must be in the ppb range for a reasonable
lifetime in proton-exchange membrane (PEM) fuel cells and
< 1 ppm for many solid-oxide fuel cells (SOFC).2 Indeed, for
SOFC operation at 1023 K and lower, it is reported that the H2S
concentration must be below 0.05 ppm.3 Depending on the fuel,
removal of sulfur can require a complex hydrodesulfurization
reactor and always requires a trap that must be periodically
serviced.2

Direct, electrochemical oxidation of hydrocarbons, without
first reforming them to H2, is theoretically possible in an SOFC
because O22 is the species that diffuses through the electrolyte.
An SOFC generates electricity through the reduction of O2 to
O22 anions at the cathode, transfer of the anions through an
electrolyte that is an electronic insulator (usually yttria-
stabilized zirconia, YSZ), and finally the oxidation of the O22

anions by the fuel at the anode. The anode in conventional
designs is a ceramic–metallic (cermet) composite of Ni and
yttria-stabilized zirconia (YSZ) which is an electronic con-
ductor due to Ni and ionic conductor due to YSZ. However, Ni
catalyzes formation of graphite from hydrocarbons; and, except
for a narrow range of operating temperatures and only for
methane,4 carbon formation with Ni-based anodes is unavoida-
ble unless steam or oxygen is fed along with the hydrocarbon.

By substituting Ni with Cu, we were able to show that carbon
formation is essentially eliminated for hydrocarbon fuels,5,6

including fuels that are liquids at room temperature such as
n-decane, toluene and synthetic diesel.6 While Cu provides the
high electronic conductivity necessary for good anode perform-
ance, Cu–YSZ anodes are not active for the oxidation of
hydrocarbons.7 To provide activity for hydrocarbon oxidation,
we have found it necessary to add ceria to the anode.5–7 Ceria
appears to help catalyze the oxidation reactions.

The fuel cells used in this study were prepared by tape-
casting methods according to procedures described elsewhere.7
Briefly, a YSZ wafer was prepared having a dense layer, 60 mm
thick, supported by a porous layer, 400 mm thick. A 50+50
mixture of YSZ and LSM (La0.8Sr0.2MnO3, Praxair Surface
Technologies) powders was pasted onto the dense side of the
wafer to form the cathode. Cu and ceria were then added to the
porous side of the YSZ wafer, in separate steps, using wet
impregnation of aqueous nitrate solutions to a final concentra-

tion of 10 wt% ceria and 20 wt% Cu, followed by heating in air
at 750 K to form the oxides. Au was used to form the electrical
contacts at the anode so as to avoid questions about catalytic
activity. Finally, the cell with an active surface area of 0.25 cm2

was sealed onto a 1.2 cm alumina tube using a zirconia-based
adhesive.

As described in a previous paper, room-temperature liquids
were introduced into the anode compartment using a syringe
pump, and the liquids were vaporized in the oven used to
maintain the temperature of the cell at 973 K.6 The effect of fuel
concentration and hydrocarbon type on the curves of potential
vs. current are shown elsewhere.6 In order to simulate a realistic,
sulfur-containing fuel, this study used pure n-decane to which
thiophene was added to achieve the desired level of sulfur. The
sulfur contents are reported as the weight fraction of S in ppm.
Because of the low surface area of the anode, it was not possible
for us to reduce the flow rates to the point where fuel conversion
was high. In the experiments reported here, the liquid flow rate
was maintained at 1.0 ml h21, implying that the conversion to
CO2 and H2O was never higher than 3%. Analysis by gas
chromatography of the effluent from the cell showed that CO2
was formed in an amount equal to the O22 flux through the
electrolyte.5,6

To control the composition of the fuel in the anode
compartment and to maintain flow, dry N2 was introduced into
the anode compartment with the liquids. The fuel concentration
was either 50 mol% n-decane in N2 or 5 mol% n-decane. These
correspond to the n-decane concentrations that would be
obtained at 10 and 50% conversion if pure n-decane were fed to
the anode and only CO2 and H2O were formed by reaction.

The effect of sulfur on the Cu is shown in Fig. 1. Here, the
resistance between the two Au wires, pasted on opposite sides of
the Cu cermet, 0.5 cm apart, was measured as a function of time.
Initially, the resistance was high because the Cu was in the form
of an oxide. As the temperature of the cermet was ramped in
flowing H2, the resistance dropped to metallic levels. At 16 h,
while holding the sample at 973 K, the fuel was switched to 50
mol% n-decane (5000 ppm S), while the resistance was
measured for an additional 24 h. The results demonstrate that

Fig. 1 The resistance measured across 0.5 cm of the Cu–ceria–YSZ cermet
as a function of time. The feed to the anode was pure H2 for the first 16 h
and was then switched to 50 mol% n-decane containing 5000 ppm S.
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the presence of sulfur at these levels gave rise to no measurable
changes in the resistance, implying that the Cu was not strongly
affected. This result is not surprising, given that equilibrium
calculations demonstrate that Cu2S formation is not favorable
under these conditions. While surface sulfides are reported to be
more stable than bulk Cu2S,8 their presence would probably
have no effect on anode performance, since the role of Cu
appears to be only that of providing electronic conductivity.7 It
is also noteworthy that Cu has been added to the anodes of
molten-carbonate fuel cells to improve the sulfur tolerance.9

As discussed elsewhere, ceria is an important component in
the anode, probably because of its catalytic properties for
hydrocarbon oxidation, and is essential for achieving good
power densities for hydrocarbon fuels.7 Fig. 2 shows the
performance of the cell upon switching from 50 mol% n-decane
(0 ppm S) to 50 mol% n-decane (5000 ppm S), while holding the
cell potential at 0.5 V. The current density began to drop
dramatically upon the introduction of sulfur and could not be
restored by simply switching back to the sulfur-free fuel.
However, the cell could be completely restored to its original
performance level by introducing steam (50 mol% in N2) at 973
K. As shown in Fig. 2, the cell could be poisoned and restored,
repeatedly, using this procedure.

The phase diagram for ceria, calculated from the data of
Dwivedi and Kay and shown in Fig. 3,10 shows the likely cause
for the sulfur poisoning. To calculate the equilibrium O2
pressure at the anode, we used the equation for the complete
oxidation of n-decane to CO2 and H2O and the conversion
calculated from the current density, 1.5%. The equilibrium S2
pressure was determined from the reaction C4H4S + 2H2 = 1⁄2S
+ C4H4, using literature values for C4H4S.11 We further
assumed that P(H2) and P(C4H8) were present at the same

concentrations as n-decane. With these assumptions, P(O2) and
P(S2) would be 10225.5 and 10212.6 atm, respectively, and
cerium should exist as Ce2O2S, point 1 in Fig. 3. Heating
Ce2O2S in steam should remove sulfur and restore CeO2.

An obvious implication of the phase diagram is that a more
modest level of sulfur should not affect the ceria in the anode.
This is demonstrated in Fig. 4, which shows the cell perform-
ance in 5 mol% n-decane (100 ppm S). The calculated P(O2)
and P(S2) for this experiment (10226.6 and 10220.3 atm) are
shown in point 2 of Fig. 3. Holding the cell potential at 0.5 V,
Fig. 4 shows that the current density was slightly lower because
of the lower fuel concentration,6 but remained constant for 100
h in this fuel mixture. Even though the total exposure of the
ceria to sulfur over this period was significant, sulfur at this
concentration seems to have no effect on anode performance.

The results are extremely encouraging in that they demon-
strate that fuels with moderate levels of sulfur can be used in
SOFCs having anodes made from Cu and ceria. For applications
with natural gas and low-sulfur gasoline, it will probably not be
necessary to desulfurize or trap the sulfur before introducing it
to the anode. Even for high-sulfur, logistical fuels, it may be
necessary to remove only some of the sulfur. Furthermore, we
have shown that a cell which has been poisoned by sulfur-
containing fuels can be restored by passing steam over the
anode. The implications of this for distributed-power and
portable-power applications, where complex and bulky fuel-
processing equipment is difficult to incorporate, are enor-
mous.

We are grateful to the Office of Naval Research for
funding.
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Fig. 2 Single cell performance as a function of time at 973 K, holding the
cell potential at 0.5 V. The feed to the anode was: (A) 50 mol% n-decane in
N2; (B) 50 mol% n-decane, having 5000 ppm S; (C) 50 mol% H2O in
N2.

Fig. 3 The Ce–O–S phase diagram at 973 K. Points 1 and 2 correspond to
the experimental conditions described in the text.

Fig. 4 Single cell performance as a function of time at 973 K, holding the
cell potential at 0.5 V. The feed to the anode was 5 mol% n-decane
containing 100 ppm S.
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The reaction of 2,2A-bisdipyrrins 1, 2, and 3 with man-
ganese(II) acetate tetrahydrate and molecular dioxygen
yields the manganese(III)corroles 4, 5 and 6, which are
readily demetalated to the respective free-base corroles.

The chemistry of corrole, the one-carbon short analogue of
porphyrin, is currently one of the most flourishing fields in the
porphyrin area.1 Ever since the unexpected observation by
Vogel et al. in 1994, that this trisanionic ligand stabilises
unusually high oxidation states of transition metal centers like
Fe(IV), Cu(III), and Co(IV),2 the interest in this particular
macrocycle has continuously increased. The synthetic pathways
leading to corroles, however, are still rather small in number,
albeit a large body of work has been conducted in recent years
towards general approaches to differently substituted corroles,
mainly by the groups of Paolesse3 and Gross.4 Very recently,
the first applications of corroles as ligands in catalytically active
transition metal complexes have appeared in the literature,5 and
the first multi-macrocyclic architectures using corroles as
building blocks have also been achieved.6 Today, the major
methods used for the preparation of corroles are the oxidative
cyclization of a,w-didesoxybiladienes-a,c as described by
Murakami,7 and the strategy of Gross et al., who developed the
non-catalysed condensation of pyrrole and aromatic aldehydes
as a one step procedure.4 In the course of studies towards a
synthetic entry into the corrole and corrin field, Johnson et al.
attempted to cyclize 2,2A-bisdipyrrin complexes of Pd(II) as
early as 1960, but received a palladium(II)-10-oxacorrole
instead.8 Here we report, that by simply changing the metal ion
to manganese the desired formation of corroles from 2,2A-
bisdipyrrins9 can in fact be observed.

As 3,3A,4,4A,8,8A,9,9A-octaethyl-10,10A-dimethyl-2,2A-bisdi-
pyrrin 1 is treated with manganese(II) acetate tetrahydrate under
aerobic conditions in boiling DMF, varying amounts of 4 build
up over the course of several hours. Purging the hot reaction
mixture with dioxygen accelerates the reaction significantly, so
that within five minutes the cyclization is complete. After
chromatography and recrystallization from diethyl ether–n-
hexane, 4 is obtained as violet crystals in 23% yield (Scheme 1).
The material obtained this way is identical in every respect with
the manganese(III)octaethylcorrole reported earlier.10 When
applying the very same conditions to other a,w-dimethyl-2,2A-
bisdipyrrins,9 substituted manganese(III)corroles can be pre-
pared. For example, meso-diphenyl- and meso-di-p-tolyl-2,2A-
bisdipyrrins 2 and 3 are cyclized to the
manganese(III)-5,15-diarylcorroles 5 and 6 in 18 and 19% yield,
respectively.11,12

As we experienced at an initial stage of the project, the
manganese(III)corroles appear remarkably prone to oxidation by
chlorinated solvents (Scheme 2). Thus, simply performing the
chromatographic work-up of 4 on silica with a dichloro-
methane–methanol mixture as the eluent directly gave the
known chloro-manganese(IV) complex 71b as the only product,
albeit in diminished yield (17%). This observation provides yet
another example for the ease of stabilisation of high oxidation
states through the trisanionic corrole ligand.

Free base corroles are readily released from the manganese
complexes by simple acid induced demetallation. For example,
treatment of 4 with HBr in acetic acid yields the well-known

octaethylcorrole 8 quantitatively within 10 min (Scheme 3).7
This clean demetalation protocol makes the newly found
manganese induced cyclization a useful synthetic tool towards

Scheme 1

Scheme 2

Scheme 3
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substituted corrole ligands, some which are hardly or not at all
accessible by any other of the corrole forming reactions known
today.

Although the mechanistic details of the Mn(II)–O2 induced
cyclization of 2,2A-bisdipyrrins are still in question, the
formation of 4–6 points to an analogous oxidative transforma-
tion in the porphyrin field, namely the reaction of a,c-biladienes
9 with several metal salts or oxidants to yield porphyrins 10
(Scheme 4). This valuable transformation, initially found by
Johnson et al.,13 has been thoroughly investigated and mecha-
nistically explained by Smith.14 It appears highly probable, that
a related sequence of steps occurs also in the case of 2,2A-
bisdipyrrin cyclization. As a major difference to the macro-
cyclization of a,c-biladienes we believe, that in our case a
templating action of the metal ion—prior to or after partial
oxidation—is crucial to the reaction. Most probably, the 2,2A-
bisdipyrrin unit will not stabilise the tense, helical conformation
necessary for ring closure on its own, but rather retain the ability
of an almost free rotation around the central pyrrole–pyrrole
axis. Additionally, it is quite questionable, whether the terminal
methyl groups of a 2,2A-bisdipyrrin in a closed, quasi-
macrocyclic conformation would have sufficient overlap with-
out being forced by a central metal ion.

Further studies towards an understanding of the C1 extrusion,
the use of other metal ions and/or co-oxidants, and the
application of the new macrocyclization in the synthesis of
tailor-made and functionalized corroles and metallocorroles are
currently in progress.

This work was funded by the Deutsche Forschungsge-
meinschaft (Emmy-Noether-Programm) and the Fonds der
Chemischen Industrie. We thank Professor Helmut Werner for
his generous support.
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Novel dimeric fullerenes incorporated in a 2,3-diazabicy-
clo[2.2.2]oct-2-ene framework, with and without direct
inter-fullerene-cage bonds, were synthesized and fully char-
acterized spectroscopically; the electronic communication
between the two fullerene cages was clarified by differential
pulse voltammetry.

Dimeric fullerene compounds are attracting current interest not
only from the structural curiosity but also concerning their
electrochemical properties, as the partial structure of fullerene
polymers.1 In some of such compounds having direct C–C
bond(s) between the fullerene cages has been reported the
occurrence of electronic communication between the fullerene
units upon electroreduction.2,3 We recently reported electronic
communication in a dimeric compound without the direct C–C
bond between the fullerene cages.4 Herein we report the
synthesis and properties of new dimeric fullerenes incorporated
in a 2,3-diazabicyclo[2.2.2]oct-2-ene framework, with and
without the covalent bonds directly between the two cages.

The synthesis of dimeric compound 2 was conducted by the
solid-state reaction of fullerene C60 with 0.5 equiv. of di(2-
pyridyl)-1,2,4,5-tetrazine (Scheme 1). The key intermediate
14a,5 was found to be formed quantitatively under the high-
speed vibration milling (HSVM) conditions4,6 for 30 min. The
[4 + 2] cycloaddition of resultant 1 with C60 was achieved by
heating the solid mixture of 1 and C60 at 150 °C for 2 h. After
flash chromatography over SiO2, the dimeric compound 2†
without inter-cage bonds was obtained in 27% yield along with
40% of recovered C60. This dimeric compound 2 was obtained
only by the solid-state reaction, in which the highest concentra-
tion of the reactants without any solvation can cause the closest
contact of the reacting species. The reaction in solution has been
reported to result in only hydrogenation of 1.5,7

The structure of 2 was determined based on the following
spectral data.† The MALDI-TOF MS spectrum showed a
molecular ion peak at m/z 1649 with the isotopic distribution
pattern identical to the calculated one for C132H8N4 as shown in
Fig. 1. The 1H NMR exhibited only one type of 2-pyridyl group.
The 13C NMR showed 33 signals (one signal overlapped) in the

sp2 carbon region and 2 signals in the sp3 carbon region. These
data support the structure of 2 having C2v symmetry with two
C60 cages rigidly fixed in close proximity by incorporation in a
2,3-diazabicyclo[2.2.2]oct-2-ene framework. Although it was
expected that extrusion of a nitrogen molecule from 2 and the
addition of another molecule of C60 would give a C60 trimeric
compound, like triptycene having fullerene instead of benzene,
2 was found to be stable in the solid state at temperatures as high
as 250 °C. Such nitrogen extrusion was observed only under the
MALDI-TOF MS conditions as shown in Fig. 1.

When a solution of 2 in o-dichlorobenzene (ODCB) was
irradiated with room light for 3 h, a novel C60 dimer 3‡ with
direct inter-cage bonds was formed quantitatively by the
intramolecular [2 + 2] cycloaddition8 (Scheme 1). This reaction
was monitored by UV-vis spectra which displayed decreasing
absorption at 329 nm and increasing absorption at 441 nm with
isosbestic points at 312, 353, and 535 nm as shown in Fig. 2.
The 1H NMR spectrum of 3 showed two types of 2-pyridyl
groups and the 13C NMR spectrum exhibited 61 signals (five
signal overlapped) in the sp2 carbon region and 6 signals in the
sp3 carbon region. These data support the structure of 3 having

Scheme 1

Fig. 1 MALDI-TOF MS spectrum of 2 in a dithranol matrix (negative-ion
reflector mode); inset (a) molecular-ion region, (b) a theoretical isotropic
pattern for C132H8N4.

Fig. 2 Time-dependent UV-vis spectral changes observed upon irradiation
of 2 (in ODCB, 3.06 3 1025 M) with room light for 3 h.

This journal is © The Royal Society of Chemistry 2001
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Cs symmetry with two C60 cages directly connected by sharing
a newly formed cyclobutane ring. It was found that dimeric
compound 3 does not revert to 2 either under the thermal (in
ODCB, 100 °C, 2 h) or photochemical (visible light) conditions.
This observation was supported by theoretical calculations
which show that the relative energy of 3 is lower than that of 2
by 4.24 kcal mol21 at the B3LYP/3-21G level of theory.9

The redox properties of these dimeric compounds were
studied by differential pulse voltammetry in ODCB in order to
investigate the possible electronic communication between the
two fullerene cages closely located to each other.2–4 As shown
in Fig. 3, 2 displayed three sets of reduction peaks, each of
which consisted of two closely located reduction peaks (21.09,
21.15, 21.52, 21.58, 22.11, and 22.19 V vs. Fc/Fc+),
indicating that the reduction takes place stepwise on each
fullerene cage due to the small but clear electronic communica-
tion between two cages. However, 3 showed two sets of two
reduction peaks (21.11, 21.20,21.56, and 21.63 V) and then
two isolated reduction peaks at 22.03 and 22.32 V. The
difference in voltage between the fifth and sixth reduction peaks
for 3 is quite large, suggesting that the electronic interaction is
large after the fifth reduction because of the effects of
Coulombic repulsion between the negatively charged fullerene
cages. Although the reason for the close distance between the
third and fourth reduction peaks compared with that between
the first and second peaks is not clear, the overall reduction
profile of 3 is quite similar to that of C121 reported by
Dragoe.3

In summary, novel fullerene dimers 2 and 3 were synthesized
using a solid-state reaction as a key technique. The intra-
molecular [2 + 2] reaction in 2 forming a cyclobutane ring
readily took place photochemically to give 3. The newly formed
cyclobutane ring was found to be thermally and electro-
chemically stable, which is in sharp contrast to the ready
cleavage of the [2 + 2] bonds upon heating6c,8 or reduction4b,6c

in dimer C120 and in compounds with a related structure.
This work was supported by a Grant-in-Aid for COE

Research on Elements Science (No. 12CE2005) from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan.

Notes and references
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142.21, 141.92, 141.78, 141.45, 141.39, 141.07, 140.78, 140.72, 140.68,
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Fig. 3 Differential pulse voltammograms of 2 and 3 in ODCB solution (2 3
1024 M) containing 0.1 M Bu4NBF4; scan rate, 0.02 V s21.
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Incorporation of an alkoxide functional group into an N-
heterocyclic carbene (NHC) ligand allows the synthesis of
the first anionic NHC chelating ligands, which react to give
the first neutral, molecular silver(I) alkoxide carbene com-
plex, and a copper(I) derivative containing the first non-
macrocyclic, square planar Cu(I) centres.

The surge in recent research focused on stable N,NA-dialkylated
heterocyclic carbenes (NHC) has been fuelled in part by results
that show that these strong s-donor ligands can significantly
increase the reactivity of many homogeneous catalysts.1 The
straightforward synthesis of the imidazolium precursors has
pushed these phosphine replacements to the forefront of catalyst
design.

To date, almost all NHC ligand tuning has involved N-
functionalisation with chiral hydrocarbyl groups, or other
pendant neutral donor ligands (a second NHC or pyridyl,
phosphine, carbonyl or ether groups).2 These derivatives have
been used almost entirely to enhance the catalytic properties of
the platinum group metals. Surprisingly, only monodentate
NHC ‘solvated’ adducts of more electropositive metals have
been characterised.

We have targeted the first NHC-based chelate ligand that
incorporates a hard, anionic functional group, in this case an
alkoxide. Despite the calculated strength of the Cu(I)–carbene
bond (319 kJ mol21) and the involvement of the copper carbene
fragment in a number of important catalytic processes,3
remarkably few copper carbene complexes have been reported,
and their synthesis is not always trivial.4 We report herein a one-
pot synthesis of the imidazolium precursor to a mixed alkoxide/
carbene ligand, and the observation that the combination of the
anionic binding site with the NHC provides easy access to stable
silver and copper carbene complexes.

Simplicity and atom efficiency is achieved by using function-
alised epichlorohydrin as the source of the anionic alkoxide
binding site. The combination of an imidazolium and alcohol
group has been achieved in two previous instances, but neither
targeted a metal–alkoxide product.5 The zwitterionic diimida-
zolium salt 1 (the proligand) is accessible as a hygroscopic
cream-coloured powder from the one-pot reaction of two
equivalents of N-tert-butylimidazole with 2-chloromethyl-
2-phenyloxirane at 100 °C for 24 h, followed by washing with
dry THF, eqn. (1).‡ Recrystallisation from CH2Cl2–THF

(1)

produces colourless crystals of 1·HCl·3H2O, the structure of
which, as determined by X-ray crystallography, is shown in
Fig. 1.§

Ionic silver NHC adducts, already recognised as valuable
transmetallation reagents in NHC chemistry, may be directly

accessed by treating the imidazolium precursor salt with a basic
silver salt such as silver oxide.6 The diimidazolium 1 is readily
deprotonated upon treatment with Ag2O to afford the neutral
silver(I) alkoxide carbene 2 within 4 h at room temperature in
dichloromethane, if activated 4 Å molecular sieves are added,
Scheme 1.‡ Complex 2 is modestly light and air sensitive (t1/2
~ 12 h for a powdered sample on the bench).

The halide-free, neutral, silver alkoxy-carbene 2 Ag–NHC
complex should be an ideal vehicle for the transfer of the
alkoxide-functionalised carbene to other metals using the
driving force of silver halide precipitation. Noting the failure of
copper halides and simple derivatives to react with other ionic
Ag–NHC reagents,4 we looked to copper halides as a suitable
test for the transmetallation reactions of 2.

Accordingly, treatment of a concentrated dichloromethane
solution of 2 with one equivalent of copper iodide furnishes a
red solution from which, after filtration to remove silver iodide,
dark red crystals of the neutral copper alkoxide-carbene 3 may
be isolated in 85% yield, see Scheme 1.§ Upon deprotonation,
as expected, the chemical shift of the carbenoid C shifts to
higher frequency by about 40 ppm, to the characteristic Ccarbene
values of 179 (2) and 181 ppm (3). It is broadened in 2,
presumably due to coupling to the silver nuclei and non-rigidity
in the complex (the 1H NMR spectrum of 2 also shows
broadening of the shifts at 300 K).

A single crystal X-ray structure determination of the copper
complex 3 shows the dinuclear solid-state structure, Fig. 2, and
confirms that the copper centre is co-ordinated by both the
alkoxide and two carbene centres.

† Electronic supplementary information (ESI) available: spectroscopic data
for 1–3, cyclic voltammetry. See http://www.rsc.org/suppdata/cc/b1/
b107855k/

Fig. 1 Ellipsoid plot of the molecular structure of [1H]+Cl2, solvent H2O
and peripheral hydrogens omitted for clarity, 30% probability. Selected
distances (Å) and angles (°); O1–C10 1.433(8), N–C(2, 22) range 1.301(7)
to 1.338(7), N–C(2, 22)–N 109.4(5), 109.1(5).

Scheme 1 Synthesis of the copper carbene complex 3.

This journal is © The Royal Society of Chemistry 2001
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The most notable feature in the structure is that the Cu(I)
centres exhibit nearly square planar geometry, the angle
between the CuO2 and CuC2 planes is 14.0(2)°. We can find
only two four-co-ordinate Cu(I) complexes in the literature
which achieve this degree of planarity. Each is found as one
metal of an M2O2 core in the centre of a dinucleating
compartmental macrocycle; the analogous plane–plane angle in
each is 11.9°.7

The average Cu–Ccarbene distance of 1.963(4) Å is at the
upper end of the C(sp3)–Cu(I) bond distance range, confirming
the absence of p-character in the bond.8 In comparison to the
imidazolium geometries, each carbene ring displays a length-
ened Ccarbene–N bond and narrowed N–Ccarbene–N angle,
concomitant with the increase in p character of the N–C bond
after deprotonation.9

Since the Cu(I)–alkoxide bond is not regarded as particularly
stable, it is interesting that this tridentate ligand, which
combines hard alkoxide and soft NHC functionalities, is so
effective in stabilising the Cu(I) centres, and in such an
unexpected geometry. The near planarity of each Cu(I) centre
suggests the oxidation to Cu(II) might be accessible. The cyclic
voltammogram of a CH2Cl2 solution shows two irreversible
oxidations at +0.435 and +0.850 V vs. Fc+/Fc, whilst that in
acetonitrile shows a quasireversible first oxidation at +0.717 V,
and a second irreversible oxidation at 1.06 V vs. Fc/Fc+. The
proximity of the tert-butyl groups appears not to allow absolute
square planarity of a smaller Cu(II) ion, but how the peculiar
electronic structure of the carbenes influences the frontier MOs
of the complex 3 clearly needs to be addressed.

Importantly, deprotonation of the imidazolium protons in 1
with Ag2O is completely selective and does not require forcing
conditions. The use of silver carbenes instead of free NHCs is
becoming increasingly widespread, both as a method to avoid
unselective deprotonations of N-functionalised NHCs, and due
to the tolerance to air and moisture of both precursors and the
silver salts.10 The synthesis of 2 is driven by precipitation of
silver chloride which is readily removed. Thus this neutral silver
alkoxycarbene contrasts with previously reported silver–car-
bene salts (which tend to retain silver halide, forming
[NHCAg]+[AgHal2]2 ion pairs) and should provide access to a
range of alkoxide-supported NHC metal complexes.10

To conclude, we have described a one-pot reaction to
combine two imidazolium heterocyclic cations with an alkoxide
anion. Deprotonated, this forms the first chelating ligand to bind
to a metal through an anionic alkoxide bond as well as through
the N-heterocyclic carbene group. Structural studies have
shown an unusual near-planar conformation for the copper(I)
derivative—unprecedented in non-macrocyclic complexes.

We thank the EPSRC National Crystallography Service and
Dr E. S. Davies for advice on the cyclic voltammetry
experiments.

Notes and references
‡ Selected data for 1: hygroscopic cream-coloured powder, yield 70%, 1.86
g, mp 121–124 °C. dH (300 MHz, CDCl3): 9.83 (s, 1H, NCHN), 7.59 (s, 2H,
CHCH), 7.07 (s, 2H, CHCH), 7.55 (m, 5H, Ph), 5.38 (d, 2H, NCH2), 5.22
(d, 2H, NCHH), 1.62 (s, 18H, C(CH3)3). dC (75.5 MHz, CDCl3) 136.8
(C2,22H imz). IR (fluorocarbon mull) n/cm21 1548(m), 1466(w), 1375(m).
MS (ES): m/z 417 ([M 2 Cl]+, 59%), 381 ([M 2 Cl]+, 67%), 325 ([M 2 Cl
2 But + H]+, 25%), 257 ([M 2 Cl 2 ButC3H2N2]+, 100%). Anal. Calc. for
C23H34N4OCl2·2H2O: C, 56.44; H, 7.82. Found: C, 56.67; H, 7.59%.
Selected data for 2: white powder, yield 61%, 0.255 g. dH (300 MHz,
CDCl3): 7.45 (d, 2H), 7.31 (t, 1H), 7.26 (d, 2H, Ph), 7.30 (s, 2H), 6.93 (s,
2H, NCH), 4.77 (dd, 4H, NCH2), 1.56 (s, 18H, C(CH3)3). dC (75.5 MHz,
CDCl3) 180.5 (br, Ccarbene). IR (fc mull) n/cm21 1568(w), 1446(m),
1410(m), 1370(m). MS (ES): m/z 487 ([M]+, 2%), 269 ([M 2
But

2(CH)2Ph]+, 100%), 257 ([ButimCH2PhCOH]+, 97%). Anal. Calc. for
C23H31N4OAg·1.7CH2Cl2 : C, 46.96; H, 5.49. Found: C, 47.35; H, 5.31%.

Selected data for 3: dark red crystals, yield 85%, 97 mg. dH (300 MHz,
CD2Cl2): 7.27, 6.91 (br m, 9H, Ph, im), 4.80 (br m, 4H, CH2), 1.55 (s, 18H,
But). dC (75.5 MHz, CD2Cl2) 177 (br, Ccarbene). IR (fc mull) n/cm21

1562(w), 1446(m), 1384(m). MS (ES): m/z 443 ([M]+, 98%), 397 ([M 2
C3H2N2But + Ph]+, 100%), 257 ([M 2 CuC3H2N2But]+, 39%). Anal. Calc.
for C23H31N4OCu·CH2Cl2: C, 54.60; H, 6.30. Found: C, 54.91; H,
6.37%.
§ Crystal data for 1·HCl: C23H34N4OCl2·3H2O, M = 507.49, monoclinic,
space group Cc (no. 9), a = 20.5270(6), b = 11.3091(4), c = 13.0364(4)
Å, b = 110.933(2)°, U = 2826.6(2) Å3, T = 150(2) K, Z = 4, Dc = 1.193
g cm23, m(Mo-Ka) = 0.262 mm21, 10342 unique reflections (Rint 0.043)
used in all calculations. Final R1 [4294 F > 4s(F)] = 0.0747 and wR (all
F2) was 0.216. Crystal data for 3: C46H62N8O2Cu2, M = 886.12,
monoclinic, space group C2/c (no. 15), a = 21.330(2), b = 12.2341(13), c
= 25.177(3) Å, b = 112.38(2)°, U = 6075(2) Å3, T = 150(2) K, Z = 4,
Dc = 0.969 g cm23, m(Mo-Ka) = 0.734 mm21, 5347 unique reflections
(Rint 0.036) used in all calculations. Final R1 [3738 F > 4s(F)] = 0.0594
and wR (all F2) was 0.156. CCDC reference numbers 169965 and 169966.
See http://www.rsc.org/suppdata/cc/b1/b107855k/ for crystallographic data
in CIF or other electronic format.

1 s-bonding: J. C. Green, R. G. Scurr, P. L. Arnold and F. G. N. Cloke,
Chem. Commun., 1997, 1963; recent reviews: W. A. Herrmann and C.
Kocher, Angew. Chem., Int. Ed. Engl., 1997, 36, 2163; L. T. Li and S.
M. Ma, Chin. J. Org. Chem., 2001, 21, 75.

2 S. Lee and J. F. Hartwig, J. Org. Chem., 2001, 66, 3402; W. A.
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3 C. Boehme and G. Frenking, Organometallics, 1998, 17, 5801; M. P.
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U. Luning, Eur. J. Org. Chem., 2001, 2151; B. F. Straub and P.
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8 A Cu–Csp3 single bond distance (1.90–1.96 Å) is expected if the carbene
binds through a pure s-lone pair. The three structurally characterised
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Fig. 2 Ellipsoid plot of the molecular structure of 3, and side view of the Cu2

core, 30% probability. Selected distances (Å) and angles (°); Cu–Cu
3.1122(9), Cu–O 1.941(2), 1.959(2), Cu–C(2, 22) 1.960(4), 1.966(4), N–
C(2, 22) range 1.349(5) to 1.364(5), Cu–O–Cu 105.88(11), O–Cu–O
74.12(11), O(1A)–Cu–C(2) 87.88(14), O(1)–Cu–C(22) 89.40(15), C(2)–
Cu–C(22) 110.27(18), N–C(2, 22)–N 105.0(3), 106.2(4).
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A series of pharmaceutically active compounds including
diclofenac, gemfibrozil, ibuprofen, naproxen, 2-propylpen-
tanoic acid, 4-biphenylacetic acid and tolfenamic acid can be
reversibly intercalated into a layered double hydroxide,
initial studies suggest that these materials may have
application as the basis of a novel tuneable drug delivery
system.

In order for drug therapy to be most effective the desired
pharmacological response must be obtained at the target without
harmful interactions at other sites.1 This requires the correct
amount of drug to be absorbed into the body and transported to
the target with control of the drug rate input in order to produce
the correct dosage. Ideally the delivery of the drug to other
tissues should be minimised or prevented, however this is rarely
achieved owing to the complex nature of these processes.2
Modern controlled release systems are usually polymer based
with mechanisms of release regulated by diffusion, bioerosion,
degradation and swelling or the production of osmotic pressure.
Exposing the polymer–drug mixture to the gastrointestinal fluid
results in the diffusion of the drug from the tablet or capsule and
the polymers are excreted. Certain polymer–drug complexes
undergo bio-erosion or degradation when they pass through the
gastrointestinal tract. Swelling or the generation of osmotic
pressure occurs with other polymer–drug formulations upon
contact with gastrointestinal fluid resulting in the release or
expulsion of the drug.3

Controlled release systems have many advantages but also
have disadvantages. The main advantage is the decreased
fluctuation in drug concentration resulting in reduced toxicity.
In addition, the reduction in the number of doses may lead to
lower patient care time and also to the use of a smaller amount
of drug. However, disadvantages include the increased amount
of time required to achieve therapeutic blood concentrations,
dose dumping and usually an increase in the cost.3 Not all drugs
are suitable for controlled release systems—those not suitable
are drugs with very short or very long half lives, poor absorption
through the gastrointestinal tract and low solubility.4 Controlled
release systems are most useful for drugs that are taken on an
extended basis such as drugs used to treat cardiovascular
disorders and arthritis. Layered double hydroxides (LDHs)
represented by the general formula [MII

(12 x)MIII
x(OH)2]-

[An2
x/n]·zH2O or [MIMIII

2(OH)6][An2
1/n]·zH2O, where MI, MII

and MIII are mono-, di- and tri-valent metal cations, re-
spectively, are now well established as excellent anion-
exchange materials and their extensive intercalation chemistry
has widespread applications in areas such as heterogeneous
catalysis,5,6 optical materials,7,8 biomimetic catalysis,9,10 sepa-
ration science11,12 and as DNA reservoirs.13,14

Here we report the reversible intercalation of a number of
active cardiovascular and anti-inflammatory agents into a
layered double hydroxide and the results of an initial study into
the use of these drug–inorganic hybrid materials as a novel
tuneable drug delivery system.

As a number of well known cardiovascular, anti-inflamma-
tory and analgesic agents are either carboxylic acids or
carboxylic derivatives we were interested in investigating
whether these compounds could be ion-exchange intercalated in
a layered double hydroxide. [LiAl2(OH)6]Cl·H2O reacts with 2
equivalents of either the sodium salts of diclofenac, gemfibrozil,
ibuprofen, naproxen, 2-propylpentanoic acid, 4-biphenylacetic
acid or tolfenamic acid (Table 1) in H2O at 60 °C for 1–2 h to
give a LDH–drug intercalation compound. The solid products
are isolated by filtration and then washed with an excess of
deionised water and then acetone. In each case full anion
exchange of the interlayer Cl2 anions and intercalation of these
pharmaceutically active compounds has taken place. In each
case the products are first stage intercalation compounds and
they have all been fully characterised using X-ray powder
diffraction (XRD), elemental microanalysis, IR spectroscopy
and thermogravimetric analysis. The observed interlayer spac-
ings for the drug–LDH intercalates are shown in Table 1, the
values are consistent with the formation of bilayer arrangement
for all the drug molecules with the positively charged
[LiAl2(OH)6]+ layers of the host lattice. In all cases the
intercalated anions can be quantitatively recovered from the
host lattice by treatment of the intercalates with either an
aqueous solution of M2CO3 (M = Na or Li) or addition of dilute
HCl. In the case of treatment with an alkali metal carbonate, the
alkali metal salt of the organic guest ions goes into solution and

† Electronic supplementary information (ESI) available: Fig. S1: X-ray
diffraction patterns of (a) [LiAl2(OH)6]Cl·H2O and (b) LDH/Ibuprofen
intercalate. See http://www.rsc.org/suppdata/cc/b1/b106465g/ 

Fig. 1 Release profiles for (a) diclofenac at pH 4 and pH 7 and (b)
gemfibrozil at pH 4 and pH 7.
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the solid phase is quantitatively converted to [LiAl2(OH)6]-
(CO3)0.5·H2O as indicated by the XRD data which shows a
series of 00l reflections corresponding to an interlayer spacing
of 7.51 Å. Addition of dilute aqueous HCl solution to the LDH–
drug complex results in dissolution of the inorganic host and
precipitation of the neutral form of the guest acid.

Given that these ions could be recovered intact from the LDH
host we were interested to see if this could form the basis of a
drug reservoir and controlled release system. Therefore, we
performed a series of experiments in order to quantitatively
monitor the kinetics of release of the guest ions under conditions
which would resemble physiological conditions. Deintercala-
tion of the drugs from the LDH was performed by the addition
of the drug–LDH complex to 250 ml of phosphate buffer
solution at 37 °C of pH 7 or pH 4. A mass of 0.025 g of the
LDH–drug complex was used for 4-biphenylacetic acid,
diclofenac and tolfenamic acid and a larger amount of 0.1 g for
naproxen and gemfibrozil. Aliquots were removed from the
reaction mixture at regular intervals and solution UV–Vis
absorption spectroscopy was used to quantify the concentration
of the de-intercalated ions in the aqueous phase. Fig. 1 shows
release profile plots for the deintercalation of diclofenac and of
gemfibrozil on addition of phosphate buffer at pH 4 and pH 7.
At pH 4 the measured release of diclofenac and gemfibrozil is
very fast with almost full deintercalation observed in less than
10 min. Surprisingly, the release curve for gemfibrozil at pH 7
is almost identical to the profile recorded at pH 4. At pH 7 the
release of diclofenac is much slower and only after 28 min is
90% of the drug released into solution. Table 2 is a summary of
the release profiles for all the different guest ions that we have
intercalated in [LiAl2(OH)6]Cl·H2O.

In summary, the results show that the intercalation of
pharmaceutically active compounds that form stable anions is a
feasible approach for the storage then subsequent controlled
release of bioactive agents. We anticipate that there will be
tremendous scope for fine tuning the intercalation and de-
intercalation kinetics in these materials by employing different
LDHs with differing charge densities and basicities.
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Table 1 Summary of the guest molecule used and the analytical and structural data of the LDH–drug intercalation compounds

Guest Molecular structure of guesta
Interlayer
spacing/Åb Elemental analysis: found (calc.)c

4-Biphenylacetic acid
(C14H12O2)

20.4 C, 30.77 (30.77); H, 5.16 (5.20); x = 0.58, y = 2

Diclofenac
(C14H10Cl2NaNO2)

22.3 C, 30.91 (30.92); H, 4.12 (3.91); N, 2.60 (2.58); x = 0.72, y = 1

Gemfibrozil (C15H22O3) 23.2 C, 35.35 (35.36); H, 6.56 (6.65); x = 0.69, y = 1

Ibuprofen (C13H18O2) 22.7 C, 31.92 (31.98); H, 6.15 (5.99); x = 0.75, y = 3

Naproxen (C14H14O3) 21.5 C, 27.91 (28.08); H, 4.98 (4.99); x = 0.48, y = 1

2-Propylpentanoic acid
(C8H16O2)

18.7 C, 14.78 (14.82); H, 5.77 (6.04); x = 0.35, y = 1

Tolfenamic acid
(C14H12ClNO2)

21.9 C, 23.24 (23.18); H, 5.25 (5.29); N, 1.90 (1.93); x = 0.46, y = 3

a Neutral guest molecules were converted to the sodium salt prior to intercalation. b Based on hexagonal cell: a = b = 90, g = 120°, a = b = 5.1 Å and
c = 2 3 d(002)

c Based on the general formula LixAl2(OH)6[drug]x ·yH2O

Table 2 Release profile data

Release times/mina

pH 4 pH 7

Guest molecules t50
b t90

b t50
b t90

b

Diclofenac (lmax = 279 nm) 1 4 1 28
Naproxen (lmax = 317, 330 nm) 1 9 1 17
Gemfibrozil (lmax = 275 nm) 1 5 1 5
Tolfenamic acid (lmax = 290 nm) 1 21 1 23
4-Biphenylacetic acid (lmax = 290
nm) 1 2 1 35
a Release (%) = (It/Imax) 3 100, at lmax. b t50 and t90 are the times for 50
and 90% release, respectively.

Chem. Commun., 2001, 2342–2343 2343
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Unusual electronic absorption changes in the 800–2200 nm region by
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during storage in the dark
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Electronic absorption spectra were remarkably changed in
the broad near-infrared region for photoirradiated meso-
2,4-bis[4-(4A-nitrostyryl)pyridinium]pentane ditetraphenyl-
borates during storage in the dark, which was attributed to
conformational changes of the intramolecular dimer radical
cations between sandwich and partially overlapped types.

We have been studying absorption spectra changes in the visible
and near-infrared (NIR) regions due to photoinduced electron
transfer.1–12 We reported, for the first time, a charge resonance
(CR) band as a broad absorption with a peak in the NIR region
upon steady photolysis of 4-substituted styrylpyridinium tetra-
phenylborate (TPB2) in organic solutions at rt as a result of
electronic interaction between a photogenerated styrylpyridinyl
radical and a parent styrylpyridinium cation.4 The CR band
characterized by its absorption spectrum in the NIR region had
been known for dimer radical cations only between the neutral
aromatic compound and its oxidized form as a transient species
or a stable one at near 77 K, until we reported the CR band
between a substituted styrylpyridinium cation and its photo-
reduced form.

The peak wavelength of the CR band corresponding to twice
the stabilization energy of dimer radical cations is affected by
many factors such as the extent of overlapping of two
chromophores, the conformation, or the electronic distribution.
Intramolecular dimer radical cations are especially interesting
since it is possible to control the CR band by the structure of the
connecting unit. The intramolecular dimer radical cation is one
of the promising candidates for materials with large refractive
index and/or absorption changes in the 1300–1600 nm region
together with fast responses, which are greatly needed for near
future all-optical data processing.

Recently we reported the formation of intramolecular dimer
radical cations in 1,3-bis[4-(4A-nitrostyryl)pyridinium]propane
ditetraphenylborates (SPPr).7 Two types of intramolecular CR
bands, sandwich and partially overlapped, were observed in
SPPr upon steady photolysis. Two chromophores connected by
a trimethylene bridge in SPPr showed much more efficient
intramolecular CR interactions compared with those having
shorter or longer alkyl bridges, e.g., ethane, butane and
hexadecane.7,9 A shift of the peak wavelength was observed
from 1742 to 1505 nm in 3 h after steady photolysis of SPPr,
although the absorbance at each wavelength was very weak.7
Yamamoto et al. studied the intramolecular CR band for several
chromophores linked with a tri-methylene chain in organic
solutions at rt by ns laser photolysis.13–17 They observed
sandwich and partially-overlapped dimer radical cations for
carbazole, pyrene, naphthalene, anthracene and phenanthrene as
transient species with lifetimes of a few ms. Peak wavelengths
of the intramolecular CR band observed in these measurements
are between 1050 and about 2000 nm depending on chromo-
phores and the type of overlapping.13–17 No shift of the CR band

was, however, observed after flash photolysis to indicate any
change in conformation or overlapping of the two chromo-
phores.

We now report unusual absorption changes in 800–2200 nm
due to the intramolecular CR band of styrylpyridinyl radicals,
formed by steady photolysis of newly synthesized meso-
2,4-bis[4-(4A-nitrostyryl)pyridinium]pentane ditetraphenylbor-
ates (m-SPPe), during storage in the dark in solutions at rt,
clearly indicating a change in conformation and overlapping of
the two chromophores in dimer radical cations.

Synthesis of tetraphenylborate (TPB2) salts of m-SPPe will
be published elsewhere. The purity was confirmed by 300 MHz
NMR and HPLC. Absorption spectra were recorded on a
Hitachi U-3500 spectrophotometer upon irradiation in vacuo by
a Hamamatsu 150 W Hg-Xe lamp through a band pass filter (lex
= 405 nm) at rt. All absorption spectra reported were the
difference between those after and before irradiation. Fig. 1
shows absorption spectra just after irradiation of m-SPPe in
acetonitrile (ACN) at room temperature. The visible absorption
band was assigned to styrylpyridinyl radical formation3–8 by
photoinduced electron transfer from TPB2 which is known to
be decomposed after oxidation.4,10,11 Two bands at 920 and
1734 nm in the NIR region were attributed to a sandwich form
and a partially overlapped one of intramolecular dimer radical
cations, respectively, in comparison with those observed in
SPPr7 and from the fact that both of them disappeared upon
introduction of air. Two chromophores in the sandwich form I
and II as shown in Fig. 2 can interact with each other to give the
CR band at 920 nm. An example of the partially overlapped
form is shown in Fig. 2 III, which will give the CR band at 1734

Fig. 1 Difference absorption spectra in 400–2200 nm region after irradiating
m-SPPe in ACN solution (0.25 mM) through a band pass filter (405 nm) for
4 min. The inset shows the enlarged spectra in the 800–2200 nm region.

This journal is © The Royal Society of Chemistry 2001
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nm with a lower stabilization energy (34.4 kJ mol21) than the
sandwich form (64.8 kJ mol21). The overlap of p-orbitals of
both chromophores at the trimethylene bridge is maximized,
and known as Hirayama’s rule.18 The CR bands of m-SPPe are
stronger by a factor of 1.3 at 920 nm and of 2.1 at 1734 nm as
compared with those of SPPr studied under the same condi-
tions.7 These results clearly indicate that two additional methyl
groups in m-SPPe contributed to the conformational confine-
ment of both sandwich-type and partially overlapped intra-
molecular dimer radical cations formed just after irradiation.

Very interestingly, the absorption spectra of m-SPPe irra-
diated for 4 min changed dramatically during storage in the dark
at rt as shown in Fig. 3. The strong band at 920 nm decayed
monotonically and a very broad band with a peak at 1559 nm
and a shoulder at 1300 nm appeared concomitantly. The less
stabilized partially overlapped dimer radical cation with a peak
at 1734 nm, which is most probably caused by the excess energy
in photoreaction products, also seemed to shift to 1559 nm at the
initial stage of storage in the dark. The absorbance of the new
band increased gradually until 20 h at the expense mostly of the
band at 920 nm with an isosbestic point at 1060 nm for spectra
b–d. Then it decayed very slowly in the dark due to radical
reactions, surviving even after 100 h as shown in Fig. 3 (e). The
maximum absorbance of the newly observed CR band at 1559
nm was about 4.5 times larger than that at 1734 nm and
exceeded even the initial absorbance of the sandwich form at
920 nm. This broad band with a peak at 1559 nm can be
assigned to thermodynamically stabilized partially overlapped
dimer radical cations which were formed from both the non-
thermalized partially overlapped one and from the sandwich-
type formed just after photoinduced electron transfer. Such
change from the sandwich-type to the partially overlapped is
most probably due to electronic repulsion. These changes in the
NIR region during storage in the dark showed strong tem-

perature dependences. No changes were observed below 15 °C,
most probably because of a high energy barrier. Similar spectral
changes were observed in SPPr, but absorbance of the new band
at 1505 nm was smaller, about 80%, than the band at 1742 nm
and was less than a half of the sandwich form.7 The lifetime of
the new band in SPPr was much shorter.7 These results
confirmed again the remarkable effect of two methyl groups at
the 2- and 4-positions of m-SPPe on the conformational
confinement of two chromophores forming dimer radical
cations.

Unusual spectral changes in the NIR region were reproduci-
ble in successive cycles of photoexcitation at least several times,
because each photoreaction was limited to only a small
conversion of less than 10%. The change of a counter ion from
TPB2 to bromide, which shows reversible transient electron
transfer, will give a totally reversible system upon pulsed laser
excitation.

In conclusion, we have achieved unusual absorption changes
in the broad NIR region, which finally gave an absorption with
a peak at 1559 nm, by newly synthesized m-SPPe during storage
in the dark at rt. Two methyl groups at the 2- and 4-positions of
m-SPPe greatly contributed to the conformational confinement
of two chromophores in the intramolecular dimer radical cation
between a photogenerated styrylpyridinyl radical and a parent
styrylpyridinium cation. The absorbance and stability of the CR
band were remarkably increased as compared with the 1,3-pro-
pane derivative. Such strong absorption change in the NIR
region can be used to control the complex refractive index in the
molecular photonic device proposed by us19–23 at the wave-
length compatible with the present light communication.

This work was partly supported by the Grant-in-Aid for
Scientific Research on Priority Areas ‘Molecular Synchroniza-
tion for Design of New Materials System’ (No. 11167242,
13022230) from the Ministry of Education, Science, Sports and
Culture, Japan.
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Cu4{CH3C(OH)(PO3)2}2(C4H4N2)(H2O)4: a novel, three-dimensional
copper diphosphonate with metamagnetism†

Ping Yin,a Li-Min Zheng,*a Song Gaob and Xin-Quan Xina

a State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute, Nanjing University,
Nanjing 210093, P. R. China. E-mail: lmzheng@netra.nju.edu.cn

b State Key Laboratory of Rare Earth Materials and Applications, College of Chemistry and Molecular
Engineering, Peking University, Beijing 100871, P. R. China

Received (in Cambridge, UK) 26th July 2001, Accepted 4th October 2001
First published as an Advance Article on the web 26th October 2001

A novel, three-dimensional copper diphosphonate Cu4{CH3-
C(OH)(PO3)2}2(C4H4N2)(H2O)4 (1) incorporating an organic
pyrazine ligand has been hydrothermally synthesized, which
exhibits antiferromagnetic ordering below 4.2 K and met-
amagnetic behavior. 

Continuous attention has been paid to the porous materials
based on metal phosphonates owing to their potential applica-
tions in exchange, sorption and catalysis, etc.1 Several ap-
proaches, including the direct reaction between metal ions and
suitable mono- or di-phosphonic acids2–6 and the reaction
through template influences,7,8 have been employed to explore
novel phosphonate compounds with porous or open framework
structures. The approach using a second ligand, either inorganic
or organic, however, has not been well documented. Only a few
zirconium phosphonates have been prepared by introducing
small anions of phosphate (PO4

32) or phosphite (HPO3
22) into

the inorganic layers and thus creating large pore sizes.9,10 A
vanadium copper phosphonate containing a terminal organic
ligand (2,2A-bipyridine) has also been reported recently.11 Based
on 1-hydroxyethylidenediphosphonate [CH3C(OH)(PO3)2

42,
hedp42] and a pyrazine (pz) bridging ligand, herein we describe
the synthesis and crystal structure of a novel copper phospho-
nate compound Cu4{CH3C(OH)(PO3)2}2(C4H4N2)(H2O)4 (1)
with an open framework structure. The magnetic properties of
this compound have been investigated.

The hydrothermal reaction of Cu(NO3)2, 50% hedpH4,
pyrazine, NaOH and H2O in a molar ratio of 1+1.3+1+4+444
(pH ≈ 3) at 140 °C for 48 h afforded blue, needle-like crystals
of 1 as a single phase. Thermal analysis showed a one-step
weight loss (9.3%) below 230 °C, corresponding to the removal
of four water molecules (calc. 8.9%). Single crystal structural
determinations‡ reveals a three-dimensional open framework
structure composed of {Cu4(hedp)2(H2O)2}n layers connected
by pyrazine bridges (Fig. 1). The copper(II) phosphonate layer
consists of {Cu3(hedp)2(H2O)2} double chains linked by
{CuO4} units (Fig. 2). Within the double chain, two types of Cu
atoms are found. The Cu(1) atom, sitting on an inversion center,
is chelated by two equivalent hedp42 groups using two of its six
phosphonate oxygens [O(1) and O(4)]. Each hedp42 group
behaves as a bis(chelating) ligand to bridge Cu(1) and Cu(2)
atoms, forming {Cu3(hedp)2} trimer units. The neighboring
trimers are fused together by the coordination of the phospho-
nate oxygen O(3) to the equivalent Cu(2) atom, hence forming
an infinite chain along the [100] direction with a ladder-like
motif. The chain is reminiscent of that observed in (NH4)2Cu3-
(hedp)2(H2O)4.12 These chains are connected through
{Cu(3)O4} units by sharing the remaining phosphonate oxygen
[O(6)] of hedp. The remaining two sites of {Cu(3)O4} are filled
with two water molecules. The Cu(3) atom sits on an inversion

center. Consequently, a two-dimensional network structure of
copper phosphonate is constructed with zigzag fluctuation in the
ab plane (Fig. 2). The layers are linked by pyrazine bridging
ligands, leading to a three-dimensional open framework
structure (Fig. 1). All the Cu–O and Cu–N bond lengths are
normal, although the Cu(2)–O(1w) distance is longer than usual
[Cu(2)–O(1w) 2.368 Å].

The temperature dependent molar magnetic susceptibilities
of 1 are shown in Fig. 3. The observed cMT value per Cu4 unit
at 280 K is 1.8 cm3 K mol21, slightly higher than the value of

† Electronic supplementary information (ESI) available: views of structure
1, temperature dependence of ac magnetic susceptibility and field
dependence of magnetization of 1. See http://www.rsc.org/suppdata/cc/b1/
b106780j/

Fig. 1 Structure 1 viewed along the a-axis.

Fig. 2 One layer of copper phosphonate in structure 1. For clarity, the atoms
are shown with arbitrary radii and the C2, O7 and all H atoms are
omitted.
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1.5 expected for four spin-only Cu(II) ions with S = 1/2, g =
2.0, and correspond to g = 2.2. Upon cooling down, the cMT
decreases regularly and reaches a minimum of 1.14 cm3 K
mol21 at 17.7 K. This is characteristic of a dominant
ferrimagnetic behavior. Below 17.7 K, a sharp maximum of
1.48 cm3 K mol21 is found at 4.2 K followed by a drop to 1.1
cm3 K mol21 at 2 K, suggesting a magnetic phase transition. As
shown in the inset of Fig. 3, there appears a shoulder peak
around 4.5 K in the cM vs. T curve measured at low field (500
Oe) while without any anomaly at high field (10 kOe, line),
which indicates the antiferromagnetic (AF) ordering at low
field. The AF transition is further evidenced by the in phase of
zero-field ac magnetic susceptibility cMA(T), which has a peak at
ca. 4.2 K under Hac = 5 Oe and frequencies of 111, 199, 355,
633 and 1111 Hz. No detected out-of-phase signal and
frequency dependence were observed, excluding any ferromag-
netic phase and glassy behavior.

Low-dimensional ferrimagnetism is generally related to
uncompensated sublattices giving a net magnetic moment in the
ground state. Although more common in bimetallic systems,
ferrimagnetic behavior has also been observed in homometallic
chain systems containing discrete species with an odd number
of interacting metal ions or complicated alternating sequences
of ferro-/antiferro-magnetic interactions.13,14 With regard to
structure 1, the Cu…Cu distance over the pyrazine bridge (6.8
Å) is much longer than that over the O–P–O bridges (ca. 4.7 Å).
The magnetic behavior of 1 is mainly attributed to the
phosphonate layer which is composed of {Cu3(hedp)2(H2O)2}
double chains linked by {Cu(3)O4} units. The saturation
magnetization of 1 at 1.93 K is 2.3 Nb per Cu4 unit, far from the
value of 4.4 Nb anticipated for four independent S = 1/2 spins
with g = 2.2, but close to the value of 2.2 Nb based on the
assumption that the exchange within the {Cu3(hedp)2(H2O)2}
double chain is antiferromagnetic and the exchange between the
chain and the Cu(3) atom is ferromagnetic (Fig. 2). At very low
temperature, the inter-layer antiferromagnetic couplings
through the pyrazine bridge and/or the space must be con-
sidered. It is this interaction that yields a weak, three-
dimensional AF ordering state below 4.2 K. By carefully
looking at the M vs. H curve in the low field range, a
metamagnetic behavior was observed with a critical field of ca.
2–3 kOe at 1.93 K. Compound 1 switches from an AF ground
state to a ferrimagnetic-like state when a field is larger than the
critical field.

The authors thank the National Natural Science Foundation
of China (No. 29901003, 29823001) and State Key Project for
Fundamental Research (G1998061305) for financial support,
and Mr Yong-Jiang Liu for crystal data collection.
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catalyzed by rhodium in air and water
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ArSiCl3 and Ar2SiCl2, believed to be unstable in aqueous
media, reacted efficiently with a,b-unsaturated ketones and
esters in air and water (in the presence of sodium fluoride
and a rhodium catalyst), giving good to excellent yields of
the desired conjugate addition products.

Currently, there is a wide interest in searching for alternative
media and processes for chemical and organic synthesis. As a
result of the natural abundance of water as well as the inherent
advantages of using water as a solvent, interest has been
growing in studying organic reactions in water.1 Recently, in
our ongoing ‘green’ chemistry research program, namely, the
use of environmentally friendly reagents, solvents, and proc-
esses for organic reactions, we have been interested in
developing transition-metal catalyzed carbon–carbon bond
formations under the quasi-natural conditions of air and water.2
Such reactions have the advantages of simplifying protection–
deprotection steps, easy recycling of the catalyst solution, and
convenient conducting of the reaction. A general requirement
for performing such reactions is that the reagent is air- and
water-stable, readily available, and less toxic (nontoxic if
possible).

Conjugate addition of organometallic reagents to a,b-
unsaturated carbonyl compounds is an important means for C–C
bond formation in organic synthesis.3 This reaction was once
limited to organocopper chemistry but now is possible with
other organometallic compounds through the use of transition
metal catalysts.4 Recently we found that, in the presence of a
rhodium catalyst, a,b-unsaturated esters and ketones reacted
with arylbismuth, aryltin (and vinyltin), and aryllead reagents in
aqueous media to give the corresponding conjugate addition
products in an air atmosphere.5 The method has been used in
synthesizing natural and unnatural a-amino acids.6 However,
organotin, organolead, and organobismuth reagents are rather
toxic in spite of the fact that they are very efficient in the quasi-
natural conditions of water and air. Therefore we felt it was
highly desirable to search for the less toxic reagents instead of
tin, lead, or bismuth.

Silicon has drawn the attention of chemists for many years
due to its low cost, large abundance, and nontoxic properties.
The application of silicon and organic silicon compounds for
synthetic purposes has been growing in scope due to their
relatively high stability and the ability to tailor chemo-, regio-,
and stereoselectivities by combining these reagents with
appropriate catalysts. Widely recognized reactions attributed to
the use of silicon include organosilane based reduction
chemistry,7 cross-coupling reactions,8 allylsilanes chemistry,9
as protecting groups,10 and the chemistry of silyl enolates.11

Recently, transition-metal catalyzed conjugate additions in-
volving allylsilanes were studied under an inert gas atmosphere
and anhydrous conditions.12 However, conjugate addition with
arylsilicon compounds has not been reported due to their lower
reactivity, especially in the presence of air and water. Herein we
wish to report a highly efficient conjugate addition reaction with
arylsilanes in air and water in the presence of sodium fluoride
and catalyzed by rhodium catalysts (eqn. 1).

(1)

Initially, phenyltrimethylsilane was chosen to react with
2-cyclohexen-1-one in the presence of a catalytic amount of
(COD)2RhBF4 in water because of its high stability in aqueous
media. However no reaction was observed, even after refluxing
for several days in the presence of sodium fluoride. Knowing
that arylsilyl halides undergo transmetalation with palladium
complexes with the aid of fluoride ions via five-coordinate
silicates in the cross-coupling reaction with aryl- or alkenylha-
lides,13 we selected phenyltrichlorosilane as a phenylating
reagent despite the fact that phenyltrichlorosilane was thought
to be unstable in water. Subsequently, it was discovered that,
when cyclohex-2-en-1-one was stirred with phenyltrichloro-
silane and a catalytic amount of (COD)2RhBF4 in the presence
of an excess amount of NaF at refluxing conditions overnight in
water, a smooth reaction occurred to give the conjugate addition
product in 54% isolated yield. Unlike the triphenylbismuth
reaction, virtually no biphenyl product was observed with the
silicon reagent. No reaction was observed without the catalyst
or fluoride. At room temperature the reaction also ceased to
proceed completely. Interestingly, the use of different fluoride
salts also affected the reaction progress. Fluoride salts such as
lithium fluoride, sodium fluoride and potassium fluoride were
tested, and sodium fluoride appeared to be the most effective for
this reaction. Among the rhodium catalysts screened,
(COD)2RhBF4 and (COD)2RhCl were effective while others
such as [(CO)2RhCl]2, (PPh3)3RhCl, and (C2H4)2Rh(acac) were
not. It is noteworthy that the yield of this reaction was
dramatically improved to almost 100% when (4 equivalents)
Ph2SiCl2 was used instead of PhSiCl3 (Table 1). The use of 1
equivalent of the silicon reagent decreased the yield somewhat
(67%). It is noteworthy that essentially identical results were
obtained with either Ph2SiCl2 or Ph2Si(OH)2 as the phenylating
reagent, which implies that hydrolysis of the silyl chloride does

Table 1 Effects of reagents and catalyst on conjugated addition of cyclohex-
2-en-1-one

ArMRn Conditions Yield (%)

PhSiCl3 H2O/reflux/(COD)2RhBF4/NaF 54
Ph2SiCl2 H2O/reflux/(COD)2RhBF4/NaF 97
PhMeSiCl2 H2O/reflux/(COD)2RhBF4/NaF 95
PhSiMe3 H2O/reflux/(COD)2RhBF4/NaF 0
Ph2GeCl2 H2O/reflux/(COD)2RhBF4/NaF 0
PhGeCl3 H2O/reflux/(COD)2RhBF4/NaF 0
PhSiCl3 H2O/reflux/(COD)2RhBF4/KF 48
PhSiCl3 H2O/reflux/(COD)2RhBF4/LiF Trace
PhSiCl3 H2O/reflux/(COD)2RhBF4/NaOH < 10
PhSiCl3 H2O/reflux/(COD)2RhBF4 0
Ph2SiCl2 H2O/rt/(COD)2RhBF4/NaF Trace
Ph2SiCl2 H2O/reflux/[(CO)2RhCl]2/NaF 0
Ph2SiCl2 H2O/reflux/(CH2NCH2)2 Rhacac/NaF 0
Ph2SiCl2 H2O/reflux/(PPh3)3RhCl/NaF 0
Ph2SiCl2 H2O/reflux/NaF 0

This journal is © The Royal Society of Chemistry 2001
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not affect the reaction. Under the same reaction conditions, no
reaction was observed with analogous germanium compounds.
With the optimal reaction conditions in hand, several a,b-
unsaturated carbonyl compounds were examined with Ph2SiCl2
(or TolSiCl3 for entry 11) under these conditions (Table 2). Both
ketones (linear and cyclic) and esters were effective as the
electron-withdrawing functional groups. Compounds bearing a
hydroxy group reacted as expected without the need of
protection.

The following procedure is representative. A mixture of
cyclohex-2-en-1-one (0.25 mmol), diphenyldichlorosilane (253
mg, 1.0 mmol), NaF (210 mg, 5.0 mmol) and (COD)2RhBF4
(5.6 mg, 0.013 mmol) in 5 mL of water was stirred at 100 °C for
12 h under an air atmosphere. The reaction mixture was
extracted with ethyl acetate. After the combined solvent was
dried and concentrated in vacuo, the residue was purified by
silica gel chromatography eluting with hexanes–ethyl acetate
(5 + 1) to give 42.2 mg (97%) of the desired product.

In conclusion, a highly effective conjugate addition of
diphenyldichlorosilane to a,b-unsaturated ketones and esters
was achieved by using a rhodium catalyst in the presence of
sodium fluoride in air and water. The scope (such as asymmetric
synthesis), mechanism, and synthetic applications of this
reaction are currently under investigation.

We are grateful to the NSF (CAREER) and the NSF-EPA
Joint Program for a Sustainable Environment for partial support
of this research.
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Table 2 Conjugated addition with arylsilanes in air and watera

Entry Carbonyl derivative Silane Product
Yield
(%)

1 Ph2SiCl2 97

2 Ph2SiCl2 81

3 Ph2SiCl2 95

4 Ph2SiCl2 34

5 Ph2SiCl2 87

6 Ph2SiCl2 96

7 Ph2SiCl2 71

8 Ph2SiCl2 61

9 Ph2SiCl2 85

10 Ph2SiCl2 94

11 47

12 Ph2SiCl2 61

a All reactions were carried out at refluxing conditions with isolated yields
after column chromatography on silica gel.
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Enantioenriched selenonium ylides have been generated by
addition of benzyl bromide to C2 symmetric (2R,5R)-
2,5-dimethylselenolane in the presence of NaOH, and
subsequently reacted with a variety of aldehydes to give
oxiranes with excellent enantiomeric excesses (a catalytic
version has been achieved); also, an aliphatic cyclic hyper-
valent dibromoselenurane structure has been demonstrated
by X-ray analysis.

The reaction of selenium ylides with carbonyl compounds
provides epoxides.1,2 Since the initial report by Krief and his
group3 in 1974, it has rarely been exploited4,5 and, to our
knowledge, no asymmetric version is available. We wished to
introduce a chiral selenide for the conversion of aldehydes into
oxiranes with absolute stereocontrol. This raises several
challenges. Few enantioenriched selenides have been synthe-
sized so far.6 An interesting question is the stereochemical
course: will it differ, due to the possible [2 + 2]cycloaddition for
the key step, leading to 4-membered ring intermediates with a
hypervalent selenium atom (oxaselenetanes),7 or will it be
similar to that of the sulfur analogue,8 with classical betaines as
intermediates?9,10

We anticipated favourable kinetics of the epoxidation
sequence as compared to the sulfur series. For the first step, a
high nucleophilicity of selenides towards benzyl halides has
been reported.11 Deprotonation of the selenonium salt will
probably be facilitated,12 as a result of the higher polarizability
of selenium. For the third step, addition of the ylide to the
carbonyl group, we found no accurate data in the literature, but
a fair reactivity was hoped for in relation to polarizability, bond
lengths and dissociation energies.

Our study has been based on our results13,14 with C2
symmetric sulfur ylides, prepared from (+)-(2R,5R)-2,5-dime-
thylthiolane and possible comparisons. Therefore we embarked
on the synthesis of the selenium analogue and its use for the
epoxidation reaction.

Enantiopure selenolane 1 has been prepared in two easy steps
from commercially available (2S,5S)-hexanediol.† Activation
of both hydroxy groups into mesylates and subsequent double
nucleophilic substitution with lithium selenide15,16 (generated
in situ from selenium and LiBEt3H) provided the crude
selenolane quantitatively. Isolation of 1 proved problematic in
relation to volatility and azeotrope formation with solvents. We
converted 1 by addition of bromine into a stable crystalline
‘dibromide’17,18 2 (Scheme 1). A selenurane structure was
suggested by the single NMR signal observed for the two
methyl groups. We were able to grow single crystals (mp:
93.5–94.5 °C) and the X-ray analysis demonstrated the SeIV

hypervalent19 arrangement (Fig. 1). A trigonal bipyramid20 was

observed with the two electron withdrawing groups (bromine
atoms) in apical positions, a reduced C–Se–C angle21,22 of 89.9°
and the lone pair in equatorial position. To our knowledge, this
is the first structural determination of an aliphatic cyclic
dibromoselenurane.

Selenolane 1 was regenerated by reaction with aqueous
sodium hydrogensulfite in 70% overall yield.

The expoxidation reaction was carried out in a very simple,
one pot procedure. Selenolane 1, benzyl bromide, an aldehyde,
and sodium hydroxide were reacted at ambient temperature in a
9+1 mixture of ButOH and water as solvent (Scheme 2).‡ With
a stoichiometric amount of selenide (Table 1), the reaction time
is shorter than for the corresponding sulfide: after 2 h, a 51%
yield of stilbene oxide was isolated. After 24 h, oxiranes were
obtained in 71–97% yields (Table 1, entries 2–4). Excellent
enantiomeric excesses were attained: 92–93%.

Scheme 1

Fig. 1 X-Ray crystal structure of selenurane 2.§ Selected interatomic
distances (Å), bond angles (°) and torsion angles (°): Br–Se(1) 2.570(1),
Se(1)–C(2) 2.013(7), C(2)–C(3) 1.53(1); Br–Se(1)–Br 176.4, Br–Se(1)–
C(2) 93.4, Br–Se(1)–C(2) 89.2, C(2)–Se(1)–C(2) 89.9(4), Se(1)–C(2)–C(3)
103.0(5), C(2)–C(3)–C(3) 109.3(6).

Scheme 2

Table 1 Asymmetric synthesis of epoxides from aldehydesa

Entry Aldehyde Conditions
Yield
(%)

dr trans
(%)

ee
(S,S)
(%)

1 Benzaldehyde 2 h 51 1+1.4 92
2 Benzaldehyde 24 h 71 1+2 92
3 4-Tolualdehyde 24 h 86 1+1.4 93
4 2-Naphthaldehyde 24 h 97 1+1 92
a All reactions were performed with selenolane 1 (0.20 mmol), benzyl
bromide (0.40 mmol), aldehyde (0.20 mmol) and NaOH (0.40 mmol).
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These results led us to achieve a catalytic procedure.23–25

Using 0.2 equivalent of selenolane 1 and eight aldehydes, at
ambient temperature for a maximum of 7 days, good to
excellent yields of oxiranes (65–97%) were obtained (Table 2).
For the more reactive heteroaromatic aldehydes (entries 8, 10)
the reaction time could be optimized to 4 h. Enantiomeric
excesses were 91–94% (entries 1–3, 6–10), except for alde-
hydes bearing electron-withdrawing groups (entries 4, 5).

As compared to the sulfur analogues,13,14 this series leads to
enhanced reactivity and higher asymmetric induction, with the
same absolute configuration.

Another feature is the diastereoselectivity,26 which has
almost not been addressed so far in the selenium series.1,2 Under
stoichiometric conditions, the trans oxirane was the major
isomer but to a much lesser extent than with sulfides (for the
example of benzaldehyde: excess of 18–34% instead of 86%).
The catalytic series provides an equal abundance of trans and
cis oxiranes, for most cases. This trend towards the cis isomer is
reminiscent of the reaction of unstabilized sulfur ylides with
aliphatic aldehydes, and of the Wittig reaction of unstabilized
phosphoranes with aldehydes. The higher reactivity observed
here with selenonium ylides leads us to propose early transition
states, and possible hypervalent oxaselenetane intermedi-
ates.7,27

In conclusion this first report of chiral selenium ylides
demonstrates that they can provide efficient asymmetric
induction for the synthesis of epoxides. They exhibit marked
differences with sulfur ylides. The catalytic version is com-
petitive with previous methods in the sulfur series.23–25,28–30

We thank CNRS and PunchOrga (‘Réseau inter-régional du
Pôle Universitaire Normand de Chimie Organique’) for sup-
port.

Notes and references
† Experimental data for 1: pale yellow oil; dH (250 MHz, CDCl3) 1.45 (6H,
d, J 6.6 Hz, 2 Me), 1.57–1.63 (2H, m), 2.25–2.30 (2H, m), 3.77–3.85 (2H,
m, 2 CH); dC (62.9 MHz, CDCl3) 21.3, 38.2, 39.3; nmax (NaCl)/cm21 2966,
2950, 2920, 1090, 1046, 1030, 1000, 990, 802; [a]22

D +166 (c 1.31 in
CHCl3); HRMS (EI) m/z calcd. 164.0104, found 164.0131. 2: yellow
needles; mp 93.5–94.5 °C; dH (250 MHz, CDCl3) 1.83 (6H, d, J 6.9 Hz, 2
Me), 2.29–2.36 (m, 2H), 2.67–2.76 (m, 2H), 4.85–4.93 (m, 2H); dH (250
MHz, C6D6) 1.49 (6H, d, J = 6.6 Hz, 2 Me), 1.65–1.71 (m, 2H), 1.96–2.04
(m, 2H), 4.40–4.47 (m, 2H); dC (62.9 MHz, CDCl3) 20.1, 39.4, 78.7; dC

(62.9 MHz, C6D6) 18.7, 39.8, 79.1; nmax (KBr)/cm21 2920, 1440, 1370,
1090, 1046, 1030, 1000, 990, 802; [a]22

D +64.4 (c 0.41 in CHCl3); HRMS
(EI) m/z calcd. (M+ 2 Br) 242.9287, found 242.9241.
‡ Representative experimental procedure: to a solution of selenolane 1
(0.020 mmol) in a 9+1 mixture of ButOH and water (0.80 mL) were added
benzyl bromide (48 mL, 0.40 mmol), benzaldehyde (20 mL, 0.20 mmol) and
powdered NaOH (16 mg, 0.40 mmol). The reaction mixture was stirred at
room temperature for 24 h then water was added. The aqueous phase was
extracted with CH2Cl2. The combined organic layers were dried over
MgSO4 and then concentrated to dryness. Purification by silica gel column
chromatography (eluent diethyl ether–ethyl acetate) gave the expected
oxirane. The ee was determined by HPLC analysis on a Daicel Chiralpak
AD column (9+1 n-hexane–propan-2-ol).
§ Crystal data for 2: C3H6BrSe0.5. M = 161.46, tetragonal, space group
P43212, at 293.2 K, a = 9.009(3), b = 9.009(3), c = 12.21(1) Å, V =
991.0(7) Å 3 , Z = 8, F(000) = 608.00, m(MoKa) = 0.7107 cm21, Dcalc

= 2.164 g cm23, final R values R1 = 0.0452 (all data), wR2 = 0.0358.
CCDC 167809. See http://www.rsc.org/suppdata/cc/b1/b106063p/ for elec-
tronic files in .cif or other electronic format.
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Table 2 Catalytic asymmetric benzylidenation of various aldehydesa

Entry Aldehyde
Yield
(%)

dr trans
(%)

eeb

(S,S)
(%)

1 Benzaldehyde 91 1+1 91
2 4-Tolualdehyde 97 1+1 92
3 2-Naphthaldehyde 97 1+1 92
4 4-Chlorobenzaldehyde 97 1+1 76
5 4-Trifluoromethylbenzaldehyde 76 1+1 83
6 (E)-Cinnamaldehyde 66 1+1 94
7 2-Furaldehyde 67 1+1 93
8 65c 1+1 92
9 2-Thiophenecarboxaldehyde 72 1+1 94

10 86c 1+1 94
a All reactions were performed with selenolane 1 (0.020 mmol, 20 mol% to
aldehyde), benzyl bromide (0.40 mmol), aldehyde (0.20 mmol) and NaOH
(0.40 mmol) at rt for 7 days. b Enantiomeric excesses were determined by
chiral HPLC using a Daicel AD column. c Reaction time: 4 h.
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Hydroacylation of simple alkenes with aldehydes via a
radical process was successfully achieved by the use of N-
hydroxyphthalimide (NHPI) as a polarity-reversal catalyst.
Thus, 5-tridecanone was obtained by the reaction of oct-
1-ene with pentanal in the presence of small amounts of
NHPI and dibenzoyl peroxide (BPO).

Intermolecular radical-chain addition of aldehydes to alkenes is
the simplest methodology for the synthesis of long-chain
unsymmetrical ketones, but employment of this method is
usually difficult for the synthesis of simple aliphatic ketones.1–3

The hydroacylation between alkenes and aldehydes via a radical
process involves the following reaction sequences: (i) hydrogen
abstraction from an aldehyde by a radical initiator to form an
acyl radical (A), (ii) addition of the acyl radical to alkene
leading to a b-oxocarbon radical (B), and (iii) abstraction of the
aldehydic hydrogen atom from another aldehyde by B,
generating ketone and acyl radical A (Scheme 1).

In this radical-chain reaction, if the RA is an alkyl or an
electron-donating group (EDG), step (iii) becomes a sluggish
process, since the abstraction of the aldehydic hydrogen atom
by nucleophilic radical B (Nu·) proceeds with difficulty. In
contrast, if the RA is an electron-withdrawing group (EWG), this
step proceeds smoothly because of the ease of aldehydic
hydrogen abstraction by an electrophilic radical B (El·).2 Acyl
radicals, which are nucleophilic in nature, are known to add
more easily to electron-deficient alkenes than normal alkenes.3
As a result, the hydroacylation of simple alkenes with aldehydes
via a radical process proceeds with difficulty. Recently, the
hydroacylation of alkenes, particularly electron-rich alkenes,
with aldehydes has been reported to be achieved by the use of
methyl thioglycolate (HSCH2CO2Me) which acts as a polarity-
reversal catalyst. For instance, the addition of butanal to
isopropenyl acetate using di-tert-butyl hyponitrite (TBHN) as
an initiator and methyl thioglycolate as the polarity-reversal
catalyst at 60 °C produces 1-acetoxyhexan-3-one in good
yield.4,5

In a previous paper, we reported that NHPI under dioxygen
serves as an efficient carbon radical generation catalyst from

alkanes. In this reaction, we found that the hydrogen atom
attached to the hydroxyimide moiety of NHPI is easily
abstracted by a radical species to generate phthalimide N-oxyl
(PINO) which abstracts the hydrogen atom from alkanes to give
alkyl radicals.6 Therefore, if the adduct radical B in Scheme 1
can abstract the hydrogen atom from NHPI, NHPI is expected to
serve as a polarity-reversal catalyst in analogy with methyl
thioglycolate. The hydrogen atom of the hydroxylimide moiety
adjacent to two carbonyl groups may be easily abstracted by a
nucleophilic radical rather than an electrophilic one, and the
resulting PINO would behave as an electrophilic radical that can
efficiently abstract the aldehydric hydrogen atom. In this paper,
we wish to report the radical-chain hydroacylation of simple
alkenes with aldehydes assisted by NHPI [eqn. (1)].

(1)

A solution in dry toluene (0.5 mL) containing pentanal (1a)
(6 mmol), oct-1-ene (2a) (2 mmol), NHPI (0.2 mmol) and
dibenzoyl peroxide (BPO) (0.1 mmol) was stirred at 80 °C
under argon. After 12 h, additional BPO (0.1 mmol) in toluene
(0.5 mL) was added to the reaction system and the mixture was
allowed to react at that temperature for 12 h.† The reaction gave
tridecan-5-one (3aa) in 78% yield at 77% conversion (Table 1,
Run 1). In the absence of NHPI, the reaction gave 3aa in lower
conversion and yield (Run 2). This indicates that the NHPI
enhances the chain transfer reaction of step (iii) shown in
Scheme 1.

Scheme 1

Table 1 Reaction of pentanal (1a) with oct-1-ene (2a) using various
catalysts in toluene at 80 °C in the presence of BPOa

Run Catalyst Conv. (%) Yield (%)b

1 NHPI 77 78
2 — 63 48
3 3F-NHPIc 79 80
4 4Cl-NHPId 72 78
5 NHSIe 78 65
6f NHPI 67 75
7g NHPI 72 88
8g — 53 58

a Reaction was run as described text. b Based on 1a reacted. c 3F-NHPI =
3-fluoro-N-hydroxyphthalimide. d 4Cl-NHPI = 4-chloro-N-hydroxyphtha-
limide. e NHSI = N-hydroxysuccinimide. f BPO (0.2 mmol) was added at
once at the start of the reaction. g BPO (0.2 mmol) was added over 18 h
using a syringe pump.
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Several NHPI derivatives and N-hydroxysuccinimide (NHSI)
were examined as catalysts (Runs 3 to 5). Among them,
3-fluoro- N-hydroxyphthalimide (3F-NHPI) gave the best result
(Run 3). When the radical initiator BPO (0.2 mmol) was added
in one portion, 3aa was formed in slightly lower yield (Run 6).
It was found that the gradual addition of BPO (0.2 mmol) in
toluene (0.5 mL) using a syringe-pump over a period of 18 h
afforded 3ab in higher yield (88%) in 72% conversion (Run
7).

On the basis of these results, the reactions of various
aldehydes with alkenes were run under the same conditions as
Run 1 in Table 1 (Table 2). Diethyl allylmalonate (2b) and
norbornene (2c) were reacted with 1a giving the corresponding
adducts, 3ab and 3ac, respectively, in good yields (Runs 1–3).
a,b-Unsaturated ketone, 2d, afforded the 1,4-adduct 3ad in
slightly lower yield.‡ 5-Norbornene-2,3-dicarboxylic anhy-
dride (2e) resulted in adduct 3ae in high selectivity (Run 5).§
The reaction of benzaldehyde (1c) with 2a produced 1-phenyl-
octan-2-one (3ca) in high selectivity, although the conversion
was not high (30%) (Run 7). Treatment of 2-methylpentanal
(1d) with 2a catalyzed by NHPI gave the corresponding
coupling product 3da (8%) and 4-methyldodecane (4) (42%)
[eqn. (2)]. It is reported that the isoamylacyl radical was easily
decarbonylated to an isoamyl radical and CO.7 Therefore, 4
would be produced by the addition of an isoamyl radical, which
is generated by decarbonylation of 1c, to 2a.

(2)

A possible reaction path for the NHPI-catalyzed hydro-
acylation of alkenes with aldehydes is shown in Scheme 2. The
reaction may be initiated by the hydrogen atom abstraction from
aldehyde by the radical initiator (In·), giving an acyl radical C
which then adds to an alkene to afford a b-oxocarbon radical D.
The resulting radical D having a nucleophilic character abstracts
the hydrogen atom from NHPI leading to ketone and PINO. The
abstraction of the hydrogen atom from aldehyde by the PINO
forms the acyl radical C and NHPI. An alternative formation of
PINO from NHPI and radical initiator (In·) may also be
possible.

In conclusion, we have developed a facile catalytic method
for hydroacylation of alkenes using NHPI which acts as a
polarity-reversal catalyst. Further extension of this method is
now underway.

This work was partly supported by a Grant-in-Aid for
Scientific Research (S) (No. 13853008) from Japan Society for
the Promotion of Science (JSPS).

Notes and references
† A typical procedure for reaction of pentanal 1a with oct-1-ene 2a. To a
solution in dry toluene (0.5 mL) containing pentanal (1a) (6 mmol) were
added oct-1-ene (2a) (2 mmol), NHPI (0.2 mmol) and dibenzoyl peroxide
(BPO) (0.1 mmol) and the reaction mixture was stirred at 80 °C under argon.
After 6 h, additional BPO (0.1 mmol) in toluene (0.5 mL) was added to the
reaction system and allowed to react under stirring at that temperature for
12 h. The reaction was quenched with wet diethyl ether, and products were
isolated by column chromatography on silica gel (n-hexane–AcOEt = 7+1)
affording tridecan-5-one (3aa) (238 mg, 60% yield) as a colorless liquid.
‡ Spectral data for 3ad. 1H NMR d 3.34–3.22 (m, 1H), 2.69–1.93 (m, 8H),
1.64–1.53 (m, 2H), 1.39–1.26 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H); 13C NMR
d 216.6, 210.7, 47.4, 41.1, 39.9, 37.3, 25.8, 25.4, 22.1, 13.6.
§ Spectral data for 3ae. 1H NMR d 4.09–3.41 (m, 2H), 2.99–2.87 (m, 2H),
2.62–2.39 (m, 4H), 2.07–2.02 (m, 1H), 1.74–1.48 (m, 4H), 1.36–1.23 (m,
2H), 0.90 (t, J = 7.3 Hz, 3H); 13C NMR d 209.1, 171.6, 171.4, 49.3, 49.1,
48.1, 42.6, 41.0, 39.8, 39.6, 27.6, 25.6, 22.1, 13.6.
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Table 2 Hydroacylation of alkenes with aldehydes catalyzed by NHPIa

Run Aldehyde Alkene Conv. (%) Product Yield (%)

1 1a 2b 91 3ab 67
2b 1a 2b 91 3ab 80
3 1a 2c 90 3ac 73
4 1a 2d > 99 3ad 53
5 1a 2e > 99 3ae 92
6 1b 2a 58 3ba 73
7 1c 2a 30 3ca 90
8c 1c 2a 33 3ca 83
a See Table 1a. b Chlorobenzene was used as a solvent. c Reaction condition
was 90 °C.

Scheme 2
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The reaction of triphenylbismuth and tert-butylphosphonic
acid gives the bismuth phosphonate phase (ButPO3H)3Bi
and the first bismuth phosphonate cluster [(ButPO3)10(But-
PO3H)2Bi14O10·3C6H6·4H2O].

In the past three decades phosphate and phosphonate ligands
have been widely used to prepare polynuclear oxo anions such
as vanadates and molybdates.1 A fascinating example of this
class of compounds is the cluster [V18O25(H2O)2(Ph-
PO3)20Cl4]42.2 In addition to the soluble metallaoxo anions,
poorly soluble oxo–vanadium phosphonates such as [VO(Ph-
PO3)·H2O]n have also been reported.3 The latter phosphonate
forms a layered structure with well-defined internal void spaces
and coordination sites which are accessible for organic
molecules such as alcohols. Similarly, zirconium phosphates
and phosphonates are composed of two-dimensional layered
structures and show properties which make them useful as ion
exchangers, sorbents, sensors, proton conductors, non-linear
optical materials, photochemically active materials, catalysts,
and hosts for the intercalation of a broad spectrum of guests.4
Several other metal phosphonates which exhibit two- and three-
dimensional structures in the solid state have been reported,
including recent examples of Al, Zn, Cu, and Ga, among
others.4,5 The only bismuth phosphonate characterised by a
single crystal X-ray structure analysis is Bi(O3PC2H4CO2)·H2O
which has a two-dimensional layered structure.6 The chemistry
of uncharged organophosphonate clusters which are soluble in
common organic solvents and serve as molecular models for
phosphate and phosphonate based materials is more recent.7,8

Herein we report our results on the reaction of BiPh3 with
ButPO3H2 which was undertaken initially in order to obtain
soluble organobismuth phosphonate compounds via the elim-
ination of benzene. A 1+1 mixture of BiPh3 and ButPO3H2 was
heated at 50 °C for three days in THF to give a suspension. The
solid material was filtered off and the solvent removed in vacuo.
The residue was dissolved in CHCl3/benzene and by slow
evaporation of the solvent colourless single crystals of [(ButP-
O3)10(ButPO3H)2Bi14O10·3C6H6·4H2O]‡ (1) were obtained in
low yield. The major product was identified as (ButPO3H)3Bi
(2) which can be prepared almost quantitatively by choosing the
appropriate stoichiometry. EDX analysis of analytically pure 2
shows a phosphorus-to-bismuth ratio of approximately 3+1 and
in the 31P MAS NMR only one signal at d 36.0 is observed. The
IR spectrum of 2 shows a broad absorption (3100 cm21) in the
n(P–OH) region. In the PO3 vibration domain three strong
absorption bands at 1066, 1017 and 934 cm21 are observed. The
absorption band at 1192 cm21 is indicative for a PNO group.
The TGA shows a weight loss of 4.7% in the temperature range
230–320 °C as a result of a condensation reaction of the
ButPO3H moieties (weight loss calc. for 1.5 H2O 4.6%). In the
range 400–470 °C cleavage of the C–P bonds occurs (weight
loss 27.9%; calc. for three But groups 27.6%). Additional
weight loss in the temperature range 320–400 °C (1.8%) and
480–550 °C (2.7%) was observed giving a ceramic yield at 550

°C of 62.9% which is lower than the calculated ceramic yield for
Bi(PO3)3 of 71.9%. The X-ray powder diffraction data show
broad diffraction peaks which are indicative for the bismuth
phosphonate phase 2 to be amorphous.

The single crystal X-ray structure analysis of 1§ revealed the
formation of a bismuth phosphonate oxo cluster containing 14
bismuth atoms and 12 tert-butylphosphonate groups (Fig. 1). In
the crystal structure of 1 (space group Immm with Z = 2) the
cluster, the water and the benzene molecules show mmm
symmetry.

Two of the phosphonate groups are not fully deprotonated
and give two ButPO3H units which form strong hydrogen bonds
to adjacent ButPO3 groups with O(2’)–O(2’E) and O(2’A)–
O(2’D) distances of 2.327 Å. The molecular formulation
[(ButPO3)10(ButPO3H)2Bi14O10·3C6H6·4H2O] (1) was con-
firmed by elemental analysis. The 10 m3-oxygen atoms are most
likely the result of partial hydrolysis of BiPh3 caused by residual
water present in ButPO3H2. The difficulty to obtain water-free
ButPO3H2 was previously noticed in context with the synthesis
of tert-butylphosphonate clusters of titanium.8,9 Cluster 1 shows
D2h symmetry which results in the observation of only two
crystallographically independent phosphonate groups, four
independent bismuth atoms, Bi(1)–Bi(4), and three independent
m3-oxygen atoms, O(3)–O(5). The m3-oxygens O(3)–O(5) are
incorporated inside the cluster and show Bi–O distances in the
range 2.093(16)–2.237(9) Å. The oxygen O(3) is trigonal planar
coordinated which is indicated by the sum of the O–Bi–O angles
S 360.0°, whereas the m3-oxygens O(4) and O(5) show sums of
the O–Bi–O angles of S 342.7 and 339.2°, respectively. The
coordination geometry both at Bi(2) and Bi(4) is best described
as a square pyramid with four phosphorus-bonded oxygen

† Electronic supplementary information (ESI) available: Fig. S1: XRD
pattern for 2. See http://www.rsc.org/suppdata/cc/b1/b107220j/ 

Fig. 1 General view of 1 showing the molecular structure and the atom
numbering scheme (symmetry transformations used to generate equivalent
atoms: a = x, y, 2z + 1; b = 2x, y, 2z + 1; c = x, 2y, z; d = x, 2y, 2z
+ 1; e = 2x, 2y, z; f = 2x, y, z; g = 1 2 x, 2y, z).
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atoms occupying the corners of the base. The corresponding
bond distances Bi(2)–O(P) and Bi(4)–O(P) are in the range
2.212(11)–2.439(11) Å. The apex of each of the pyramids is
occupied by an oxygen atom with Bi(2)–O(3) and Bi(4)–O(5)
bond distances of 2.093(16) and 2.119(12) Å, respectively. In
addition, both Bi(2) and Bi(4) are each coordinated to a benzene
molecule with Bi–C distances in the range 3.428–3.459 and
3.376–3.564 Å, respectively, which is comparable with the
bismuth–benzene coordination in BiCl3·C6H6 with Bi–C dis-
tances in the range 3.219–3.621 Å.10 The benzene molecules
coordinated to Bi(2) link adjacent clusters to give a linear
polymeric arrangement with a Bi–benzenecentroid distance of
3.194 Å. A similar polymeric structure with collinear bismuth
atoms and arene centers was recently reported for [Bi2(O2-
CCF3)4](C6Me6).11 The benzene molecules coordinated to
Bi(4), Bi(4A), Bi(4B) and Bi(4C) and having an occupancy of
0.5 occupy a void built up by four chains of the bismuth clusters.
The coordination geometry at Bi(1) is best described as that of
a strongly distorted square pyramid with four phosphorus-
bonded oxygen atoms occupying the corners of the base (Bi–
O(P) 2.237(9)–2.577(10) Å). The O(1)–Bi(1)–O(1A) angle of
147.8(5)° deviates strongly from the ideal value of 90°
indicating a stereochemically active lone pair. The apex of the
pyramid is occupied by a m3-oxygen with a Bi(1)–O(3) distance
of 2.228(6) Å. In addition, a water molecule is weakly
coordinated to Bi(1) with a Bi(1)–O(31) distance of 3.066 Å.
The coordination environment of Bi(3) consists of four
phosphonate-oxygens and three m3-oxygens. The Bi–O(P)
distances are in the range 2.555(10)–2.664(10) Å and the Bi–O
distances amount to 2.208(13)–2.231(7) Å. In the crystal lattice
huge voids extend along the a-axis at (0,0,0) and (0,1/2,1/2)
which are partially filled with water molecules (Fig. 2). The IR
spectrum of 1 shows a broad absorption band in the region
3000–3500 cm21 which is indicative for OH vibrations in
agreement with the single crystal X-ray structure analysis. Only
two strong and relatively broad absorption bands are observed
at 1059 and 970 cm21, which are assigned with caution to n(P–
O–Bi) vibrations. A n(PNO) absorption band is observed at
1190 cm21.

In conclusion, the single crystal X-ray structure analysis of
the first bismuth phosphonate cluster 1 is reported which, to the
best of our knowledge, is the largest bismuth containing cluster
reported so far and a rare example of a linear p-coordination
copolymer of a main group metal cluster and an arene molecule.
We have shown that novel hybrid organic–inorganic bismuth
compounds are easily accessible under mild reaction conditions
starting from a commercially available organobismuth com-
pound and phosphonic acids.

We are grateful to Professor Dr K. Jurkschat (Universität
Dortmund, Lehrstuhl für Anorganische Chemie II) for his
generous support.

Notes and references
‡ Synthesis of [(ButPO)3)10(ButPO3H)2Bi14O10·3C6H6·4H2O (1) and (But-
PO3H)3Bi (2): to a solution of BiPh3 (900 mg, 2.04 mmol) in 20 mL of THF
was added ButPO3H2 (282 mg, 2.04 mmol). The reaction mixture was
stirred at 50 °C for three days to give a cloudy solution. The precipitate was
isolated by filtration and dried in vacuo to give 280 mg (66%) of 2 as a
colourless solid. The solvent was removed to give a slightly yellow oil
which was dissolved in a CHCl3/benzene mixture. Slow evaporation of the
solvent afforded colourless crystals of analytically pure 1 (20 mg). A second
crop of crystals (25 mg) contained small amounts of the starting material
BiPh3 as impurity. 1: Decomp. > 200 °C. IR (KBr) n/cm21: 3400br,
2950m, 2903w, 2867w, 1643w, 1479m, 1403w, 1362w, 1190m, 1059s,
970s, 831w, 656m, 498s, 331w. Anal. Found: C, 15.9; H, 2.7. Calc. C, 15.8;
H, 2.7%. 2: Decomp. > 150 °C. IR (KBr) n/cm21: 3100br, 2970m, 2906w,
2870w, 1479m, 1395w, 1365w, 1192m, 1066s, 1017s, 934s, 830w, 729w,
694w, 657m, 507m, 331w. 31P MAS NMR (161.98 MHz): d 36.0. Anal.
Found: C, 23.3; H, 4.7. Calc. C, 23.2; H, 4.9%.
§ Crystal data for 1: C66H136Bi14O50P12, M = 5027.11, crystal size 0.05 3
0.03 3 0.03 mm3, orthorhombic, space group Immm, Z = 2, a = 15.628(1),
b = 17.977(2), c = 30.189(3), V = 8481.4(13) Å3, Dc = 1.968 g cm23,
F(000) = 4548, m(Mo-Ka) = 0.7107 mm21, T = 171(1) K, 3.31 @ 2q @
25.35, Completeness to 2q: 99.2%, max./min. residual electron density:
1.516/21.244 e Å23. Data were collected on a Nonius Kappa CCD
diffractometer. Of a total of 18370 reflections collected, 4236 reflections
were independent (Rint = 0.098). The structure was solved by direct
methods (SHELXS97)12 and successive difference Fourier syntheses.
Refinement applied full-matrix least-squares methods SHELX97.13 Final
R1 = 0.054 (for 4236 reflections I > 2s(I)) and wR2 = 0.130 (all data).
The H atoms were placed in geometrically calculated positions using a
riding model with Uiso constrained at 1.2 for non-methyl groups and 1.5 for
methyl groups times Ueq of the carrier C atom. Disordered solvent
molecules of benzene and water were found with occupancies of 0.25
(O(21)) and of 0.5 (C(41), C(42), C(43)), whereas all solvent molecules,
except O(31), were refined isotropically. CCDC 162527. See http:/
/www.rsc.org/suppdata/cc/b1/b107220j/ for crystallographic data in CIF or
other electronic format.
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Sodium may be topotactically inserted into the perovskite
layers (under thermodynamic control) or the rock-salt layers
(under kinetic control) of the cation-deficient n = 2
Ruddlesden–Popper oxysulfides Ln2Ti2O5S2 with concomi-
tant reduction of TiIV.

Intercalation is important in the modification of materials
properties. Reductive topotactic insertion of alkali metals into
transition metal oxides1 and sulfides2 is central to battery
technology.3 Layered sulfides and oxyhalides,2,4 and layered
oxides such as Ruddlesden–Popper (R–P) phases consisting of
perovskite slabs separated by rock-salt layers, accept non-redox
intercalants to increase the separation of the slabs5 or exfoliate
them.6 Some R–P phases, such as Sr3Ru2O7,7 undergo topo-
tactic oxidative intercalation of fluorine into the rock-salt
layers.

Oxysulfides contain anions with different sizes and chemical
requirements which order crystallographically, often resulting
in layered structures. Two groups8,9 have reported the cation-
defective n = 2 R–P oxysulfides Ln2Ti2O5S2 (Ln = Pr–Er, Y).
These contain vacant sites 12-coordinated by oxygen in
perovskite slabs, which are separated by LnS rock-salt layers
(1). Here we show that lithium and sodium intercalate into the
vacant sites in the perovskite slabs with reduction of TiIV. While
reductive intercalation of alkali metals into partially filled rock-
salt layers of R–P oxides is known,10 we show here that
reductive intercalation of sodium into new sites in filled rock-
salt layers is also possible in the oxysulfides. The synthetic
conditions determine the destination of the Na intercalants:
thermodynamic control favours insertion into the perovskite
slab, whereas kinetic control favours insertion into the rock-salt
layers.

All manipulations were carried out in an argon-filled dry box
or under nitrogen using Schlenk techniques. The brown
oxysulfides were prepared† on the 5 g scale for Ln = Nd, Y by
reacting stoichiometric amounts of Ln2O3, TiO2 and TiS2 in
evacuated silica tubes at 1100 °C. Lithium intercalation was
carried out by reacting the powders with excess n-BuLi (2.5 M
in hexane) or lithium naphthalide (0.05 M in THF) at between
20 and 50 °C for 0.5–11 days. Sodium intercalation was carried
out either by exposing the oxysulfide to excess sodium vapour
at 600 °C in a sealed nickel container for 4–10 days, or by
reacting the powder with excess sodium naphthalide (0.05 M in
THF) at 50 °C for 3–7 days. The products were black or blue-
black powders and were analysed chemically† and using
powder X-ray diffraction (PXRD) and powder neutron diffrac-
tion (PND).‡ Magnetic susceptibility measurements§ were
carried out on the products of intercalation into diamagnetic
Y2Ti2O5S2, 1 (Fig. 1).

The PXRD patterns of the Na intercalates and the products of
Li intercalation at 50 °C were indexed on the tetragonal unit cell
of the starting material in space group I4/mmm suggesting that
intercalation is topotactic. The products of lower temperature Li
intercalation were less Li-rich and were orthorhombic (Immm);
lattice parameters and compositions are given in Table 1. In the
products of reaction with n-BuLi or Na vapour, the a parameter
increases by 2–3 % whereas the c parameter decreases by 1–2

%, consistent with reduction of TiIV and insertion into the
perovskite slabs (2). The products of Na intercalation using Na
naphthalide (3) are dramatically different: the a-axis decreases
by 1% and the c-axis increases by 25% (6 Å). The only
topotactic change which can give rise to this involves insertion
into the rock-salt layers.7 The products of Li intercalation using
Li naphthalide or n-BuLi were indistinguishable from one
another. This suggests that Na is too large to intercalate into the
perovskite blocks under mild conditions to give the thermody-
namic product; the product of Na naphthalide intercalation may
be converted into a product indistinguishable from the product
of Na vapour intercalation by annealing for 6 days at 600 °C in
an evacuated silica tube. The Li intercalates are the most air
sensitive, and the brown colour of the starting material was
apparent after a few seconds’ exposure to air. Decomposition of
the Na naphthalide intercalate was apparent after a few minutes,
and the product had a PXRD pattern characteristic of
Ln2Ti2O5S2, but enhanced 00l reflection intensities with the
sample mounted in flat plate geometry showed that deintercala-
tion exfoliates the crystallites. The products of Na vapour
intercalation are air stable for many days.

Rietveld refinements against PND data of the structures of
the NaxY2Ti2O5S2 phases 2 and 3 are shown in Fig. 2. The
structures‡ are compared in Fig. 1 with that of the parent
Y2Ti2O5S2, 1. Insertion into the perovskite slabs to produce 2
was predicted9 based on the reactivity of TiIV and other early
transition metal oxides. Reductive intercalation into completely
new sites to produce 3 is, to our knowledge, unprecedented, and
is surprising as it involves a change in the Y3+ ion coordination
from 9 [4 3 S at 2.8048(2) Å, 1 3 S at 2.9395(6) Å and 4 3 O
at 2.4277(2) Å] to 8 [4 3 S at 2.9404(7) Å and 4 3 O at
2.3008(5) Å] with cleavage of the longest Y–S bond. The Ti
coordination also changes substantially: in 1, Ti can be
considered 6-coordinate [4 3 O at 1.9427(1) Å, 1 3 O at
1.7941(4) Å and 1 3 S at 2.8741(6) Å]. The long axial Ti–S
bond is broken completely on intercalation of sodium into the
rock-salt layers, increasing to 3.312(1) Å, and in 3 Ti is
unambiguously in square pyramidal coordination by O [4 3 O
at 1.9814(6) Å and 1 3O at 1.809(1) Å]. On intercalation of Na
into the perovskite slabs (2), the Ti–O bonds lengthen [4 3 O at

Fig. 1 Structures of Y2Ti2O5S2, 1, and its sodium intercalates.
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1.9699(4) Å, 1 3 O at 1.883(2) Å] and the Ti–S bond shortens
to 2.732(3) Å. In 2 Na is surrounded by four O atoms at
2.7282(1) Å in the ab plane; the eight more distant O atoms in
the TiO2 sheets were best modelled as a split site such that on
average four would be located 2.772(1) Å from Na. In the Na
naphthalide intercalate, 3, Na is tetrahedrally coordinated by
four S atoms at 2.796(1) Å. Refinement of the Na occupancy for
2 indicated a composition of Na1.04(1)Y2Ti2O5S2 with the vacant
site in the perovskite slab fully occupied. The composition of 3
refined to Na1.02(1)Y2Ti2O5S2 with the tetrahedral site 50%
occupied by Na so that short Na–Na contacts of 2.64 Å across
shared tetrahedral edges are avoided. Compound 3 is poorer in
Na than suggested by chemical analysis (Table 1). This
discrepancy is under investigation: while no additional crystal-
line phases were observed in diffraction studies of 3, the sloping
background in Fig. 2(b) shows that an H-containing species
remains after washing with THF. Rietveld refinement showed
that the site in the perovskite blocks was 4(1)% occupied in
3.

Compounds 2 and 3 both have Ti in a formal oxidation state
of +3.5. The main contribution to both magnetic susceptibil-
ities§ (Fig. 3) is a temperature-independent term comparable in
magnitude to that of reduced metallic titanates that lie close to
the metal–insulator boundary, such as LaTiO3.11

Compound 3 bears some similarity to the oxysulfides
prepared by Zhu and et al.12 in which transition metal-

containing perovskite slabs are separated by Cu2S2 layers. We
are currently investigating further the synthesis, properties and
ion-exchange chemistry of the intercalates described here.

We thank the UK EPSRC (grant GR/N18758) for funding
and access to ISIS. S. J. C. thanks the Royal Society and the
Nuffield Foundation for further financial support.

Notes and references
† Y2O3 (Aldrich 99.99%), Nd2O3 (ALFA 99.99%), TiO2 (Aldrich 99.9+%);
TiS2 was prepared by reacting Ti (ALFA 99.99%) with S (ALFA
99.9995%) at 600 °C for 3–4 days in evacuated silica tubes. Analysis for
lithium and sodium (Table 1) was carried out using a Thermo Elemental
Atomscan 16 ICP analyser. The alkali metal ions were leached out by
boiling the materials in 20% nitric acid solution.
‡ PXRD data were collected using a Siemens D5000 diffractometer
operating with CuKa radiation in Debye–Scherrer geometry and the sample
sealed in a glass capillary. PND data were collected using the Polaris
diffractometer at ISIS, UK; 0.25–2 g samples were sealed in vanadium
containers. Rietveld refinement was carried out against neutron data
collected at 35, 90 and 145° 2q (0.5 < d < 8 Å) using GSAS: A. Larson and
R. B. von Dreele, The General Structure Analysis System, Los Alamos
National Laboratory, Los Alamos, NM, 1985. Crystal data: for Y2Ti2O5S2

1: T = 25 °C, tetragonal, space group I4/mmm (no. 139), a = 3.76956(1)
Å, c = 22.80557(9) Å, Z = 2; Y (0 0 0.333589(9)), Ti (0 0 0.07867(2)), O1
(0 0.5 0.099313(8)), O2 (0 0 0), S (0 0 0.20469(2)). For NaY2Ti2O5S2 2 (Na
vapour): T = 25 °C, tetragonal, space group I4/mmm (no. 139), a =
3.85823(8) Å, c = 22.5926(6) Å, Z = 2; Y (0 0 0.33258(4)), Ti (0 0
0.08335(8)), O1 (0 0.4371(3) 0.40264(5)) (50% occupied split site), O2 (0
0 0), S (0 0 0.20429(8)), Na (0 0 0.5). For NaY2Ti2O5S2 3 (Na naphthalide):
T = 25 °C, tetragonal, space group I4/mmm (no. 139), a = 3.73088(5) Å,
c = 28.8193(5) Å, Z = 2; Y (0 0 0.36732(2)), Ti (0 0 0.06278(5)), O1 (0
0.5 0.08596(3)), O2 (0 0 0), S (0 0 0.17774(5)), Na (0 0.5 0.25) (occupancy
0.509(5)).
§ Magnetic susceptibility data were measured using a Quantum Design
MPMS2 SQUID magnetometer. The susceptibility of 2 was determined
from the differences in moments measured at 4.5 and 5.0 T due to the
presence of 4 mol% of ferromagnetic YTiO3

13 impurity. Compound 3
contained a small Ni impurity and was measured at 2.0 and 3.0 T.
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Fig. 2 Rietveld refinements against powder neutron diffraction data (2q =
145°) for: (a) 2 (Na vapour): c2 = 1.62, wRp = 0.018, R(F2) = 0.055; tick
marks are for NaY2Ti2O5S2 (bottom-most), and impurities Y2Ti2O7,
vanadium sample holder, and poorly crystalline YTiO3 and NaYS2

(topmost); (b) 3 (Na naphthalide): c2 = 1.31, wRp = 0.007, R(F2) =
0.086.

Fig. 3 Magnetic susceptibility of 2 (Na vapour intercalation) (2) and 3 (Na
naphthalide intercalation) (5). The fit is to c = c0 + C/T with c0 = 2.2(1)
3 1024 emu mol21 and a Curie constant corresponding to 5% of Ti ions
behaving as S = 1⁄2 moments. The anomaly in the susceptibility of 2 is an
artefact of the correction§ for the YTiO3 impurity.

Table 1 Lattice parameters and compositions from chemical analysis† for
tetragonal (I4/mmm) or orthorhombic (Immm) intercalates

Compound x a/Å b/Å c/Å

Nd2Ti2O5S2 — 3.84906(1) 23.0005(1)
LixNd2Ti2O5S2

a 0.72(3) 3.98956(8) 3.89125(8) 22.5217(6)
LixNd2Ti2O5S2

a 0.94(3) 3.98855(9) 3.93880(8) 22.4003(6)
LixNd2Ti2O5S2

a 1.38(4) 3.98263(2) 22.3066(2)
NaxNd2Ti2O5S2

b 0.92(4) 3.93112(2) 22.7024(2)
NaxNd2Ti2O5S2

c 1.46(5) 3.81337(2) 28.8881(3)
Y2Ti2O5S2 1 — 3.76956(1) 22.80557(9)
NaxY2Ti2O5S2 2b 1.00(5) 3.85823(8) 22.5926(6)
NaxY2Ti2O5S2 3c 1.43(5) 3.73088(5) 28.8193(5)

Synthetic methods: a n-BuLi in hexane.b Na vapour.c Na naphthalide in
THF.
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NH3-treated mesoporous silica (FSM-16) contains SiNH2
sites which exhibit basic catalytic activity for Knoevenagel
condensation; SiNH2 and SiOH pair sites formed at lower
NH3-treatment temperatures exhibit higher turnover fre-
quencies (TFs) in comparison with SiNH2 single sites.

The development of solid base catalysts is now becoming
active1–5 to replace liquid bases for the production of fine
chemicals in industrial processes, since solid bases are easy to
recycle and are environment friendly.6

Mesoporous silica materials such as FSM-167 and MCM-418

developed in the last decade have high surface area (ca. 1000 m2

g21) and regular nanometer size pores (2–10 nm), and thus
provide suitable fields for functional guest components and
large reaction spaces. It was reported that amino functionalised
MCM-41 obtained by silylation catalysed the Knoevenagel
condensation,1 a typical base catalysed reaction.1–6 However,
this method requires complicated manipulation, and produces a
waste solution. In order to obtain basic catalysts, simple routes
have been reported e.g., thermal treatments at above 1023 K for
amorphous aluminophosphates2 or zeolites3 in a flow of NH3,
leading to the formation of –NH2 and/or –NH– sites. We report
here a new simple method to obtain basic mesoporous silica
catalysts through NH3 adsorption on evacuated silica surfaces.
The present method can lead to pair sites of SiNH2 and SiOH,
which exhibit higher TFs in comparison with SiNH2 single
sites.

Siliceous mesoporous silica (Si/Al > 5000), FSM-16, was
prepared in the same manner as in previous reports,9 and the
structure was confirmed by its XRD pattern and N2 adsorption
isotherm; the BET surface area was 850 m2 g21.

FSM-16 was treated in O2 (100 Torr, 1 Torr = 133 Pa) at a
given temperature for 1 h and evacuated for 1 h at the same
temperature (pre-evacuation). Then NH3-treatment was carried
out; evacuated FSM-16 was exposed to 30 Torr gaseous NH3
for 30 min at 473 or 923 K in a closed system, and evacuated for

30 min at the same temperature. The sample after NH3-
treatment is denoted as FSMN. FSMN samples showed almost
the same clear XRD pattern as that of FSM-16.

For the measurement of FTIR spectra, sample powders were
pressed (30 kg cm22) into self-supported disks of 5–10 mg
cm22. Temperature programmed desorption (TPD) was carried
out for FSMN at a rate of 5 K min21 in a flow of He (60 ml
min21).

The Knoevenagel condensation [eqn. (1)] was carried out as
follows. The powder catalyst was added to a toluene (2.5 ml)

(1)

solution of benzaldehyde (0.7 mmol) and ethyl cyanoacetate
(0.5 mmol), then the reaction mixture was stirred at 323 K.
Products were analyzed by gas chromatography (GC) employ-
ing dodecane as an internal standard.

Table 1 shows the results of the Knoevenagel condensation.
The reaction occurred on all FSMN samples (entries 1–6), while
reaction did not occur over unmodified FSM-16 (entry 7). 1H
NMR and GC did not detect any by-products, confirming the
progress of the selective reaction. Moreover, basic species did
not elute during the reaction, since the filtrate after the reaction
over the active catalyst did not exhibit any activity (entry 8).
These results indicate that NH3 molecules are stabilised on
FSM-16 to function as base catalytic sites.

The catalytic activity of FSMN increased with increasing the
pre-evacuation temperature for FSM-16 prior to NH3-treatment
at 473 K (entries 1–3). Increase of the pre-evacuation
temperature from 923 K (entry 4) to 1073 K (entry 5) prior to
NH3-treatment at 923 K also enhanced the activity. These
results suggest that the sites on which NH3 molecules are
stabilised would be generated by evacuation at higher tem-
perature. NH3-treatment temperature also influenced the cata-
lytic activity. Increase of the treatment temperature from 473 K

Table 1 Results of the Knoevenagel condensationa

Sample Reaction

Entry Name Weight/g
Pre-evacuation
temperature/K

NH3-treatment
temperature/K Time/h Yield (%)

SiNH2
b/mmol

g21 TF/h21

1 FSMN-1 0.1 673 473 0.5 4.0 1.06 283e

2 FSMN-2 0.1 873 473 0.5 12 15.3 78.6
3 FSMN-3 0.1 1073 473 0.5 16 21.2 75.5
4 FSMN-4 0.1 923 923 0.5 30 124 24.1
5 FSMN-5 0.1 1073 923 0.5 35 140 25.0
6 FSMN-5c 0.05 1073 923 0.5 19 140 27.1
7 FSM-16 0.1 1073 — 18 0.0 0.0 0.0
8 filtrated — — — 72 0.0 — 0.0
a The reaction mixture (2.5 ml toluene as solvent, 0.7 mmol benzaldehyde, 0.5 mmol ethyl cyanoacetate and 100 mg powdered catalyst as standard) was
stirred at 323 K. b Values were estimated by using the absorption coefficient of the SiNH2 band at 1553 cm21. The coefficient was calculated in terms of
molar amount of desorbed NH3 in NH3-TPD above 923 K per decreased amount of the integrated intensity of the SiNH2 band for FSM-16N-5 above 923
K. c This sample was the same as that in entry 5 but the sample weight used for the reaction was halved (50 mg). d The filtrate was isolated from the mixture
after the reaction for 30 h over FSM-16N-5. e Very high TF would be due to the underestimation of the SiNH2 band.
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(entries 1–3) to 923 K (entries 4 and 5) enhanced the activity
significantly. When a half amount of the sample of FSMN-5
(entry 5) was used, about half activity was observed (entry 6).

Fig. 1 shows the FTIR spectra of FSM-16. Evacuation at high
temperature such as 1073 K gave rise to the absorption band at
891 cm21 with a small band at 910 cm21 (Fig. 1Aa). These
bands were assigned to the strained siloxane bridge formed by
dehydroxylation of the isolated hydroxy groups [eqn. (2)].10

(2)

Intensities of the strained siloxane bands increased with
increasing the evacuation temperature above 673 K. After NH3-
treatment at 473 K, the strained siloxane bands at 891 and 910
cm21 completely disappeared (Fig. 1Ab), and new absorption
bands were generated at 1553 and 3444 cm21 with a very weak
band at 3525 cm21 (Fig. 1Bb). These new bands could be
assigned to bending, symmetric stretching and asymmetric
stretching vibrations of SiNH2, formed by dissociative chem-
isorption of NH3 on the strained siloxane bridges [eqn. (3)].10

(3)

At the same time, the intensity of the SiOH band at 3740 cm21

increased (Fig. 1Bb) upon NH3-treatment, indicating that the
reaction of eqn. (3) occurred during NH3-treatment at 473 K.
We confirmed that the reaction of eqn. (3) occurs even at r.t. as
reported previously.10 In the present study, NH3-treatment was
performed at 473 K to exclude physisorption of NH3. No N–H
bands other than the SiNH2 bands were observed.

Higher temperature NH3-treatment at 923 K resulted in
generation of three intense bands at 3540, 3452 and 1553 cm21

(Fig. 1Bc). These could be also assigned to SiNH2 bands.10 Also
the Si–N stretching of SiNH2 was observed at 932 cm21 (Fig.
1Ac). Morrow et al. proposed that reaction can occur to form
SiNH2 [eqn. (4)] at high temperatures such as 923 K.10 In the
present case, much stronger SiNH2 bands were formed (Fig.
1Bc) than at 473 K (Fig. 1Bb). However, the SiOH band
intensity did not increase so much (Fig. 1Bc), and the strained
siloxane band at 891 cm21 decreased only partially (Fig. 1Ac).
These results suggest that the reaction of eqn. (4) should mainly
occur at 923 K rather than that of eqn. (3).

(4)

The amounts of SiNH2 sites were estimated by using NH3-
TPD (see footnote b in Table 1) and are listed in Table 1. The
yield in the Knoevenagel condensation increased with increas-
ing the amount of SiNH2 sites (Table 1), suggesting that SiNH2
sites are the basic active sites catalysing this reaction.

Fig. 2 shows a plot of the product yield in the Knoevenagel
condensation vs. the amount of SiNH2. It is noteworthy that the

plot gives two straight lines (Fig. 2) the slopes of which are
dependent upon the NH3-treatment temperature. A steep slope
was obtained by NH3-treatment at 473 K (entries 1–3), while the
less steep slope was obtained at 923 K (entries 4–6). The
activity per amount of SiNH2 (TF) was three times higher for
the former than for the latter as shown in Table 1.

As mentioned above, pair sites of SiNH2 and SiOH were
formed at 473 K (Fig. 1Bb), while SiNH2 sites with only few
SiOH were formed at 923 K (Fig. 1Bc). Angeletti et al.
proposed that the Knoevenagel condensation over propylamine
catalyst bound on a silica surface was promoted by participation
of residual surface silanols.4 Therefore, in the present study,
higher TFs for FSMN treated at 473 K (entries 1–3) would be
attributed to the presence of SiOH with neighbouring SiNH2
basic sites.

It can be concluded that NH3-grafted mesoporous silica,
FSMN, exhibits base catalytic activity for Knoevenagel con-
densation. The active basic site is SiNH2 and higher pre-
evacuation temperature and higher NH3-treatment temperature
are effective to form larger amounts of SiNH2. Higher TFs were
obtained for the FSMN on which pair sites of SiNH2 and SiOH
were formed by low temperature NH3-treatment [eqn. (3)] in
comparison with that for SiNH2 single sites formed by high
temperature NH3-treatment [eqn. (4)].
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Fig. 1 (A) FTIR spectra of FSM-16 after evacuation at 1073 K (a), followed
by NH3-treatment at 473 K (b) and 923 K (c). (B) Difference spectra (b) and
(c) obtained by subtraction of the spectrum (Aa) from (Ab) and (Ac),
respectively. The intensity was normalised by the sample weight.

Fig. 2 Product yield for Knoevenagel condensation vs. the amount of SiNH2

sites. The numbers in the plots correspond to the entry number in Table
1.
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Chiral ruthenium(II) complexes, RuCl2(PPh3)(oxazolinyl-
ferrocenylphosphine), have been found to be effective
catalysts for asymmetric hydrosilylation of ketoximes to give
the corresponding primary amines in good yields with high
enantioselectivities (up to 89% ee) after acid hydrolysis.

Optically active primary amines are one of the most useful
synthetic intermediates of natural compounds and pharmaceuti-
cal drugs.1 However, the direct enantioselective synthesis of
optically active primary amines with high enantioselectivities is
limited only to the hydroboration of ketoxime ethers2 and the
kinetic resolution of racemic primary amines.3 A catalytic
hydrogenation of ketoximes producing directly the chiral
primary amines has been reported by several groups, but no
sufficient results have been achieved until now.4 This is in sharp
contrast to the enantioselective hydrogenation and transfer
hydrogenation of imines catalysed by transition metal com-
plexes with chiral ligands to afford the corresponding secondary
amines with high enantioselectivities.5,6 As an alternative direct
enantioselective synthesis of chiral primary amines, Brunner
and co-workers developed the rhodium-catalysed asymmetric
hydrosilylation of ketoximes using DIOP (2,3-O-isopropyli-
dene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane) as a
chiral ligand, but enantioselectivities of the produced primary
amines were moderate (up to 36% ee).7 On the other hand, we
have recently disclosed that the ruthenium(II)- and iridium(I)-
catalysed asymmetric hydrosilylation of imines by using
oxazolinylferrocenylphosphines8 (1) as chiral ligands gave the
corresponding secondary amines with high enantioselectivities
after acid hydrolysis (up to 89% ee).9 As an extension of our
studies, we have now investigated the ruthenium(II)-catalysed
asymmetric hydrosilylation of ketoximes by using 1 as chiral
ligands and have found that the corresponding chiral primary
amines were produced successfully. Preliminary results are
described here.

Treatment of 1-tetralone oxime10 (3a) with 3 equiv. of
diphenylsilane in THF in the presence of [RuCl2(PPh3)·1a] (2a)
(1 mol%) at rt for 24 h afforded 1,2,3,4-tetrahydro-1-naph-
thylamine (4a) in 46% GLC yield with 74% ee (R) after acid
hydrolysis (Scheme 1; Table 1, run 1).11 The ee value of 4a was
determined by GLC analysis of the corresponding trifluor-
oacetamide. The relatively low yield of 4a to the high
conversion of 3a is considered to be due to the formation of
unidentified side products together with 1-tetralone, which was
probably formed after the hydrolysis of some intermediates.
The addition of AgOTf (1 mol%; OTf = OSO2CF3) to the
reaction system slightly increased the yield of 4a (Table 1, run
2). The use of 2b, bearing i-Pr substituted oxazoline, in place of
2a caused a decrease of the catalytic activity (Table 1, run 3).
The ruthenium complex having an oxazolinylphenylphos-
phine12 (1c) without planar chirality showed a quite low

enantioselectivity (Table 1, run 4), compared with that having
an oxazolinylferrocenylphosphine (1a and 1b). Reaction in the
presence of 2 mol% of 2a and AgOTf in DME (1,2-dimethoxy-
ethane) gave the best enantioselectivity (up to 83% ee) (Table 1,
runs 5 and 6). It is noteworthy that none of the ox-
azolinylphosphines (1a, 1b, and 1c) worked effectively as chiral
ligands for the rhodium- and iridium-catalysed asymmetric
hydrosilylation of ketoximes. For example, the ee values of 4a
obtained by using rhodium and iridium catalysts having 1a were
only 8% (S) and 5% (R), respectively. Furthermore, no reaction
occurred when the ruthenium complex with DIOP was
employed under the same reaction conditions, in contrast to
Brunner’s results7 described above (Rh-catalysed: up to 36%
ee).

Asymmetric hydrosilylation of other ketoximes with di-
phenylsilane was investigated in the presence of 2 and
AgOTf.13 Typical results are summarised in Table 2. Reactions
of 1-indanone oxime (3b) and 1-benzosuberon oxime (3c)
proceeded smoothly, but only moderate enantioselectivities
were obtained (Table 2, runs 3–5). In the case of acetophenone

Scheme 1 Asymmetric hydrosilylation of ketoximes.

Table 1 Ruthenium-catalysed asymmetric hydrosilylation of 1-tetralone
oxime (3a)a

Run
Catalyst/
mol%

Additive/
mol%

Reaction
time/h

Conv. of
3a (%)

Yield of
4a (%)b

ee of 4a
(%)c

1 2a (1) — 24 > 95 46 74 (R)
2 2a (1) AgOTf(1) 18 > 95 50 78 (R)
3 2b (1) AgOTf(1) 80 > 95 45 74 (R)
4 2c (1) AgOTf(1) 40 77 44 23 (R)
5 2a (2) AgOTf(2) 15 > 95 71 79 (R)
6d 2a (2) AgOTf(2) 24 > 95 65 83 (R)
a All reactions were carried out in the presence of a catalyst and an additive
using ketoxime 3a (1.0 mmol) and Ph2SiH2 (3.0 mmol) in THF (5 ml) at
rt.b GLC yield.c Determined by GLC analysis of the corresponding
trifluoroacetamide.d DME was used in place of THF.
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oxime (3d),14 the best enantioselectivity of 89% ee was
achieved (Table 2, run 7). Introduction of a p-halogeno or p-
methyl substituent to the aromatic ring of acetophenone oxime
slightly decreased the enantioselectivity (Table 2, runs 8–10).
When 2b was used in place of 2a as catalyst, a slightly better
enantioselectivity was obtained in several cases (Table 2, runs
7–10). Dialkyl ketoxime (3h) was also converted into the
corresponding dialkyl amine, but unfortunately in low yield
with low enantioselectivity (Table 2, run 11).

In summary, we have developed the highly enantioselective
ruthenium(II)-catalysed hydrosilylation of ketoximes to give the
corresponding primary amines with high enantioselectivities
(up to 89% ee) after hydrolysis. This may provide a versatile
method for the straightforward synthesis of chiral primary
amines because of the ready accessibility of ketoximes by
reaction of ketones with hydroxylamine. Further work is
currently in progress aiming at the elucidation of the reaction
mechanism and broadening the scope of this asymmetric
hydrosilylation.

This work was supported by Grant-in-Aid for Scientific
Research (Nos. 09102004 and 12750747) from the Ministry of
Education, Culture, Sports, Science and Technology, Japan.
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3 3b 2a DME 40 > 95 26 18 (R)
4 3b 2b DME 40 > 95 10 35 (R)
5 3c 2a THF 90 > 95 45 60 (R)
6 3d 2a THF 20 > 95 5 58 (R)
7 3d 2b THF 40 > 95 21 89 (R)
8 3e 2b THF 25 > 95 22 61 (R)
9 3f 2b THF 25 70 26 74 (R)

10 3g 2b DME 40 > 95 15 69 (R)
11 3h 2a THF 90 > 95 6 12 (R)
a All reactions were carried out in the presence of catalyst (0.010 mmol) and
AgOTf (0.010 mmol) using ketoxime 3 (0.50 mmol) and Ph2SiH2 (2.0
mmol) in solvent (5 ml) at rt.b GLC yield.c Determined by GLC analysis of
the corresponding trifluoroacetamide.
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Multi-component coupling reactions: synthesis of a guanidine
containing analog of the hexahydropyrrolo[3,2-c]quinoline alkaloid
martinelline
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A multi-component coupling reaction is used to synthesize a
highly functionalized guanidine containing pyrroloquinoline
analog of martinelline that displays bradykinin B2 receptor
antagonist activity.

The martinelline alkaloids 11 (Fig. 1) have attracted a
considerable amount of interest from the synthetic commu-
nity,2–4 much of which stems from the unique biological activity
and unprecedented (in nature) hexahydropyrrolo[3,2-c]quino-
line core of these natural products. Martinelline was the first
naturally occurring, non-peptidic bradykinin receptor antago-
nist to be identified and antagonists of the bradykinin B2
receptor have been implicated as potential therapeutics for pain,
rhinitis, shock and asthma.5 Hence martinelline and derivatives
thereof offer significant potential as novel pharmaceutical
agents. Despite considerable work towards the synthesis of the
tricyclic core,2 only recently has a 29 step total synthesis of
(2)-martinellic acid 1b been achieved.3 Furthermore, there are
no reported structure–activity relationship studies on synthetic
analogs of 1a and 1b.

We recently reported a one pot protocol towards the
hexahydropyrrolo[3,2-c]quinoline core of martinelline utilizing
a lanthanide triflate6,7 catalyzed formal hetero Diels–Alder
reaction (Povarov reaction)8 between an aniline, aldehyde and a
protected endocyclic enamine component (N-CBz 2-pyrro-
line).4 In all cases an approximate 1+1 mixture of endo+exo
diastereomers9 was observed using Dy(OTf)3 in MeCN.
Moreover, conversion of the deprotected pyrrolidine nitrogen to
a trisubstitued guanidine proved to be problematic. An
alternative strategy to introduce the N-1 guanidine from an
appropriately functionalized 2-pyrroline was thus required. We
now report the first use of a synthetic equivalent to a
2-pyrroline, which employs an N-thiocarbamoyl group to
improve the exo-selectivity of the hetero Diels–Alder reaction
and provides a means to introduce the challenging N-1
trisubstituted guanidine functionality. A simplified analogue of
1a which displays similar biological activity to the natural
product is synthesized using this strategy.

One approach to improve the diastereoselectivity of the key
3-component Povarov reaction is to modify the N-substituent on
the 2-pyrroline component. This approach initially appears to be
problematic, as the synthesis and isolation of the requisite N-
substituted-2-pyrrolines by dehydration of the corresponding
hemiaminals requires harsh conditions (acid catalysis with
reflux) and often proceeds in low yields. We considered that
cyclic hemiaminals could however serve as in situ equivalents

of N-substituted-2-pyrrolines under the mildy Lewis acidic
conditions employed for the 3-component coupling reaction.
Since thioureas are useful guanidine precursors, a N-thiocarba-
moyl group was considered an ideal choice for this purpose.
Synthesis of the pyrrolidine carbothioic acids (Scheme 1) was
accomplished through reaction of the sodium anion of 2-pyrroli-
dinone with benzylisothiocyanate. The resulting lactam was
reduced with 1.5 equiv. of DIBAL-H in CH2Cl2 at 278 °C to
furnish the lactamol 2. Lactamol 2 was found to be unstable
when stored for extended periods of time and was converted to
the methyl ether 3, which could be stored for up to 8 months at
room temperature without significant decomposition.

As desired, both 2 and 3 serve as endocyclic enamine
equivalents in the lanthanide triflate catalyzed Povarov reaction.
Lewis acid promoted loss of water from 2 or MeOH from 3
generates in situ N-substituted-2-pyrroline which reacts with the
2-azadiene, generated in situ from the aldehyde and aniline
components, affording pyrroloquinoline 4 as a 7+3 mixture of
exo+endo diastereomers (Table 1). This is the first example, to
our knowledge, of the use of N-protected hemiaminals as
dienophile precursors in hetero Diels–Alder reactions of this
type and offers a significant improvement in both the range of
protected endocyclic enamines and facility with which they can
be employed as dienophiles.10 This observation is of potential
importance for combinatorial applications of such 3-component
coupling reactions.

We envisioned the conversion of thiourea 4 to the trisub-
stituted guanidine through a modified Rathke procedure.
Accordingly, 3-component coupling product exo-4b was ethy-

Fig. 1 Martinelline alkaloids (IUPAC numbering).

Scheme 1 Reagents and conditions: (a) i) NaH, THF, 0 °C, 20 min., ii)
BnNCS, 278 °C to 25 °C 16 h; (b) DIBAL-H, 278 °C, 2 h; (c) HC(OMe)3,
PPTS (cat.), MeOH, rt, 4 h.

4 R1 R2 Yield (%)a drb (exo+endo)

a H 3,4-Cl 74 76+24
b MeOOC 3,4-Cl 80 70+30
c MeOOC H 81 70+30
d Teocc 3,4-Cl 64 72+28
a Yield based on 2, within ± 5% of the yields based on 3. b dr determined
by 1H NMR of the crude reaction mixture. c Teoc = (CH3)3SiCH-
2CH2OOC–.
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lated with 1.0 equiv. of triethyloxonium tetrafluoroborate11 and
the crude mixture refluxed with benzylamine in MeCN for 20 h
to afford guanidinium salt 5 in 80% yield (Scheme 2).
Debenzylation of the guanidine was accomplished through a
modification of a procedure first outlined by Isobe.12 First the
guanidine and aniline nitrogens were acylated with Boc2O
under basic conditions. The benzyl groups were then removed
sequentially with hydrogenation over Pearlman’s catalyst.
Treatment with catalytic Pd(OH)2 and Et3N in MeOH gave the
monodebenzylated guanidine 6 in quantitative yield. Perhaps
not surprisingly, the aryl chloride was also reduced under these
conditions. Acylation of the guanidine at the more nucleophilic
nitrogen gave 7, which on hydrogenation gave the fully
protected guanidine compound 8. The isoprenyl side chain was
installed through nucleophilic displacement of bromide from
4-bromo-2-methylbutene under basic conditions. Finally, the
methyl ester 9 was hydrolyzed with t-BuOK–H2O in THF13 to
afford carboxylic acid 10 in 67% yield.

The side chain 11 was installed through Mitsunobu coupling
with acid 10 to give ester 12 which was deprotected with TFA–
CH2Cl2 to yield the highly functionalized model compound 13
as its TFA salt (Scheme 3).14 The binding affinities of (±)-13
against human bradykinin B1 and human and rat B2 receptors
were determined with IC50 values of > 10 mm, 1.7 mm and 2.4
mm respectively. Similar selectivity for the B2 over the B1
receptors is shown for (±)-13 and martinelline.1 The B2 binding
affinity of (±)-13 is between that of martinelline and martinellic
acid, suggesting that the guanidine containing C-8 ester side
chain is of greater importance for B2 receptor antagonist
activity than the C-4 aliphatic guanidine side chain.

In conclusion, these model studies have demonstrated the
convergent synthesis of a highly functionalized derivative of
martinelline containing 2 of the 3 guanidine side chains and a
phenyl group in place of the C-4 aliphatic guanidine side chain.
In addition, the first biological studies reported on a synthetic
analog of martinelline are presented. Further application of this
methodology towards the synthesis of martinelline, martinellic
acid and analogs thereof will be reported in due course.

We thank Paul D. Simoncic for preliminary studies and the
synthesis of 11 and Joanne Butterworth at AstraZeneca for
ligand binding studies on 13. We also thank Dr A. B. Young for
mass spectrometric analyses and Dr T. Burrow for NMR
analysis of 13. AstraZeneca, the Natural Science and Engineer-
ing Research Council (NSERC) of Canada and the Ontario
Research and Development Challenge Fund supported this
work. D.A.P. thanks AstraZeneca and NSERC for an Industrial
Postgraduate Scholarship.
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The activation energy for hydrogen abstraction from imid-
azolium-based ionic liquids is significantly higher than that
observed in conventional solvents.

The photochemistry of benzophenone (Bp) has been widely
investigated over the past 50 years. Its ability in its excited state
to act as an energy transfer donor, electron acceptor or hydrogen
atom abstracting agent has been exploited in numerous studies.1
As part of a continuing study of the influence of ionic liquids2

on photochemical processes,3 we now report our initial results
on hydrogen abstraction from these solvents by triplet excited
state benzophenone (3Bp*). Although ionic liquids are finding
increasing use in a wide range of applications, there have been
only a few reports on the behaviour of excited state species or
reactive intermediates in these media.3,4 Furthermore, only a
handful of photochemical systems have been studied in ionic
liquids to date, often with results that are quite different from
those observed in conventional solvents.5

The ionic liquids used in this study were based on the cations
1-butyl-3-methylimidazolium ([bmim]+), 1-methyl-3-octylimi-
dazolium ([omim]+) and 1-butyl-2,3-dimethylimidazolium
([bmmim]+), combined with the anions [PF6]2 and [Tf2N]2 (Tf
= CF3SO2), chosen to give a moderate degree of structural
variation. All are immiscible with water, facilitating their
preparation in a ‘spectroscopically pure’ form.‡ Hydrogen
abstraction was studied in five different ionic liquids and three
conventional solvents using laser flash photolysis methods.§
Laser excitation (lex = 355 nm) of N2-saturated 5 mM
solutions of Bp gave rise to a broad feature with a maximum at
l = ca. 525 nm, entirely typical of 3Bp*.6 This species decayed
via first order kinetics over several microseconds forming a
second, long-lived species that exhibited a slight solvent
dependence in its absorption maximum (lmax = 530–550 nm),
suggesting formation of the hydrogen abstraction product
benzophenone ketyl radical (KR). An example of the spectra
obtained is given in the ESI†. The short–lived component
formed initially was quenched by naphthalene at a diffusion
controlled rate,7 forming triplet excited state naphthalene (lmax
= 425 nm). The decay rate of both components was strongly
dependent on oxygen concentration. We are therefore very
confident of the assignment of both species (see Scheme 1). The
hydrogen abstraction product, benzophenone ketyl radical (KR)
is known to exhibit a lmax value around 540 nm (±10 nm),
depending on the solvent.8 The lifetime of KR was orders of
magnitude longer than that of 3Bp*.

It is clear that the values of the first order decay rate constant
of 3Bp*, kobs, determined in ionic liquids are an order of
magnitude lower than those observed in the conventional
solvents (see Table 1) despite the clear availability of abstract-

able alkyl hydrogen atoms on the cation substituents. In
cyclohexane, toluene and butan-1-ol, we found that the relative
amplitudes of absorbances from KR relative to those of 3Bp*
were independent of temperature, indicating that 3Bp* decays
entirely via the hydrogen abstraction process in these solvents.
However, the amplitude of the KR signals increased relative to
those of 3Bp* with increasing temperature in the ionic liquids.
This indicates that not all 3Bp* species decayed via a single
process in these media. There are two possible mecanisms
responsible for this temperature dependence of KR quantum
yield: competing decay pathways of the 3Bp* or geminate
recombination of the KR and solvent radicals competing with
cage escape. The latter seems unlikely despite the high
viscosities of the ILs because there is no correlation between the
yield of KR and solvent viscosity, h. Consequently it seems
more likely that the former mechanism is responsible for the
yield effects.

As Scheme 1 shows, 3Bp* can decay via two competing
processes: H-atom abstraction from the solvent (rate constant
kH) to form KR, and intersystem crossing (ISC, rate constant kT)
giving the ground state. The observed first order rate constant is
the sum of these two rate constants (i.e., kobs = kH + kT). Based
on the assumption that the absorbance measured directly after
the laser pulse arises entirely from 3Bp*, while the absorbance
after several ms arises from KR only, it is possible to calculate
the values of kH and kT from the intensities of the transient
absorption bands for 3Bp* and KR. Values of kH were then
calculated using eqn. (1) where DAH and DAT are the
absorbance signals at 530 nm due to KR and 3Bp*, respectively,
and eT/eH is the ratio of the molar absorptivities of 3Bp*:KR at
530 nm. The value of eT/eH was taken as 2.4 in all cases.9

kH = kobs(DAH/DAT)(eT/eH) (1)

The values of kobs (and thus kH) were recorded over the
temperature range 3–70 °C in each solvent, and the Arrhenius
parameters for H-abstraction were determined. The results are
summarised in Table 1.¶

The kT values listed for the ionic liquids are comparable to
that observed in benzene (ca. 1.7 3 105 s21 at 298 K), an
electrophilic solvent in which no hydrogen abstraction occurs.
The cationic components of the ILs are also of course
electrophilic, suggesting that similar solvation effects are
responsible for controlling 3Bp* deactivation in both solvent
types. The Arrhenius data for hydrogen abstraction clearly show
that the low kobs values in ionic liquids arise from the lower
values of kH in these solvents compared with conventional
solvents. It is also clear that there is a significant difference in
Ea values between the ionic liquids and those in conventional

† Electronic supplementary information (ESI) available: transient spectra of
3Bp* and KR in [omim][Tf2N]. Purification of starting materials for ionic
liquids. Arrhenius plots obtained for H-abstraction by 3Bp* ionic liquids.
UV–VIS spectra of Bp in ionic liquids. See http://www.rsc.org/suppdata/cc/
b1/b107730a/ Scheme 1
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solvents (ca. 25 and 15 kJ mol21 respectively). Despite the
uncertainty in eT/eH, our results indicate that the uniformly low
kH values in ionic liquids arise as a consequence of uniquely
high Ea values in these solvents rather than systematic variation
in AH values. The similarities in AH values suggest that the
transition state geometries for H-abstraction are similar in all
the solvents in this study.∑ The results show that the activation
parameters for H abstraction in the ionic liquids are essentially
independent of the anionic component and the availability of the
hydrogen atom at the 2-position on the imidazolium ring. Also,
the values of kH are larger for the [omim]+ salts than those with
[bmim]+ or [bmmim]+ cations. We therefore conclude that it is
more likely that an alkyl chain H atom is being abstracted in the
ionic liquids, but cannot currently discriminate its precise
location. It should be noted that abstraction of a benzylic H atom
would result in the formation of a resonance stabilised radical
cation.

Several factors are known to influence the rate constant for H
abstraction by aromatic ketone excited states. Firstly, the np* or
pp* character of the ketone excited state can be influenced by
solvent polarity. UV–VIS spectra suggest that no unique
interactions are observed in ionic liquids compared with the
conventional solvents (see ESI†). Furthermore, there is no
evidence that the differences in Ea can be attributed to
differences in bond strength of the C–H bonds involved in the
abstraction process as has been noted previously.10 IR and 1H
NMR spectra suggest that alkyl CH bonds in the 1,3-dialkyl-
imidazolium salts display essentially the same properties as
alkanes, with the exception of the CH2 group bonded directly to
the ring. Finally, there is no evidence for the influence of a
charge transfer interaction in the excited state, as the spectra of
3Bp* and KR are essentially identical to those in conventional
solvents.

Thus, there is no spectroscopic evidence for uniquely strong
interactions between the ILs and Bp or 3Bp*. The similarity in
pre-exponential factors for H-abstraction in all solvents sug-
gests that the transition state structure is solvent independent. It
is possible that electrostatic interactions between the solvent
ions must be broken or disrupted in order to arrive at the
common transition state geometry. Small movements of either
ion could then result in significant energy costs resulting in the
raising of the transition state energy and thereby Ea.

Finally, these results show that the effect of an ionic liquid on
a relatively well understood chemical reaction involving low
polarity reactants and transition states may be very significant
and yet have a subtle origin. We have observed that significant
lowering of rate constants for hydrogen abstraction from the
solvent can occur despite the absence of any direct solvation
effects on reactants. These results also show, however, that
ionic liquids cannot be regarded as entirely ‘innocent’ solvents
in the presence of reactive species.

We would like to thank the EPSRC (Grant No. GR/M56852)
for financial support and the award of a studentship (M. J. M.),

the Royal Society of Edinburgh for the award of a BP Research
Fellowship (C. M. G.), and 3M (Minneapolis, MN) for a gift of
Li(Tf2N).
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Table 1 Arrhenius data obtained for the abstraction of hydrogen from 3Bp* in a range of solvents

Solvent ha/cP kobs
bc/s21 Fb kT

b/s21 kH
b/s21 ln AH Ea/kJ mol21

[bmim][PF6] 330 3.6 3 105 0.57 1.6 3 105 2.0 3 105 22.5 (± 1.1) 25.4 (± 2.5)
[omim][PF6] 940 4.8 3 105 0.72 1.4 3 105 3.4 3 105 21.7 (± 0.9) 22.2 (± 2.2)
[bmim][Tf2N] 61 3.2 3 105 0.46 1.8 3 105 1.4 3 105 20.7 (± 1.1) 21.9 (± 2.2)
[bmmim][Tf2N] 113 7.3 3 105 0.23 5.6 3 105 1.7 3 105 23.1 (± 1.1) 27.3 (± 2.7)
[omim][Tf2N] 118 1.3 3 106 0.76 5.7 3 105 7.3 3 105 22.3 (± 0.9) 21.6 (± 2.2)
Toluene 0.59 3.1 3 106 1.0 — 2.7 3 106 20.7 (± 0.8) 14.5 (± 2.0)
Cyclohexane 1.0217 4.9 3 106 1.0 — 4.9 3 106 21.0 (± 0.7) 13.7 (± 1.7)
Butan-1-ol 2.95 1.1 3 107 1.0 — 1.1 3 107 21.6 (± 0.8) 13.3 (± 2.0)
a At 20 °C except where noted. b At 23.5 °C. c Errors within 5%.
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The TIPS derivatives of alcohols are contaminated with
more or less of the diisopropyl(n-propyl)silyl derivative,
which can be a major product when a bad batch of reagent is
used, a large excess of reagent is used, and/or the reaction is
not taken to completion.

We reported elsewhere a half-expected problem that we met
when using the triisopropylsilyl (TIPS) protecting group—the
alcohol 1 gave the ortho esters 2 and 3 on attempted silylation.1
We had expected that acyl migration might be a problem, but we
had not expected that it would be the most hindered of the
possible alcohol components in equilibrium with each other that
would be selected, although there had been two precedents in
the silylation of the tetrahedral intermediate produced by
intramolecular attack of a secondary alcohol on the carbonyl
group of a cyclic imide.2 The problem was easily overcome in
our case by using the pivalate (±)-4 instead of the acetate, when
we obtained cleanly the derivative (±)-5 with the pivalate on the
primary alcohol and the TIPS on the secondary. We now report
an entirely different and more general problem when using the
TIPS protecting group.

The reactions in Scheme 1 were carried out with racemic
material. More recently we have repeated the sequence3 with
enantiomerically enriched material. All the intermediates in the
synthetic sequence up to and including the alcohol (+)-4 were
identical (1H-NMR, 13C-NMR, IR, TLC) to the samples
prepared earlier, except of course for their optical rotation. We
were dismayed, however, when its TIPS derivative gave 1H-
NMR and 13C-NMR spectra that were slightly different from
those we had measured before. Careful inspection of the 1H-
NMR spectrum revealed, downfield of the diagnostic signal
from the C-3 proton, a similar signal from a minor component
corresponding exactly to the compound (±)-5 observed in the
racemic series. This meant that there was a new product 6 in
addition to a little of the right compound (Scheme 2), and that
the anomalous spectra were not caused by some unlikely
association phenomenon that might have made the enantiomer-
ically enriched materials give different NMR spectra from their
racemic counterparts. Furthermore, the next two intermediates
in our synthetic sequence also had spectra with the same
features—a major product and a slightly different minor product
matching the corresponding intermediates in the racemic
series.

The presence of a new product might have meant that our
enantiomerically enriched material was a diastereoisomer of the
alcohol (+)-4, with the difference showing up only after TIPS
protection; it might have meant that the TIPS and pivalate had
exchanged places in this work, even though we knew they had
not in the earlier work; finally, it might have meant that there
was something wrong with the TIPS reagent. We have now
found that it is the last of these explanations—we were the
victims of an unfortunate batch of contaminated TIPS triflate.4
When we repeated the TIPS protection with a different batch of
TIPS triflate, the product (+)-5 now had NMR spectra that were
identical to those in the racemic series, and the merest trace of
the byproduct was all that we could detect. Order was
restored.

We might have left the problem there, but we have noticed
that all batches of TIPS triflate that we have been able to test
have the same problem, usually to a lower extent, making it less
noticeable. It is, however, unlikely that we will be the last
people to meet this problem, and so we have investigated its
nature.

We used 2,4-dimethylpentan-3-ol 7 as a test compound—a
secondary alcohol with a similar degree of steric hindrance to
that of the alcohol 1. It too gave two products with the
contaminated batch of TIPS triflate, but essentially only one 8
with a good batch of TIPS triflate.5 The two products could
easily be detected in their 1H-NMR spectra by the carbinol
proton on C-3, the triplet from the TIPS derivative was at d3.47
and that from the byproduct at d3.33. GC-MS showed that the
two compounds were isomers. The next clue about what might
be wrong came when we found that we could easily control the
proportions of the two products by varying the molar propor-
tions of the alcohol 7 and the TIPS triflate reagent. If the
contaminated triflate was used in ever larger excess, the amount
of byproduct 9 went up proportionately (Scheme 3). We
estimate, using the proportion 4:96 of 8:9 from the run with the

Scheme 1 Reagents and conditions: i, Pri
3SiOTf, 2,6-lutidine, CH2Cl2, rt,

30 min.

Scheme 2 Reagents and conditions: i, 1.25 equiv ‘Pri
3SiOTf’, 2,6-lutidine,

CH2Cl2, rt, 6 h.

Scheme 3 Reagents and conditions: i, Pri
3SiOTf + Pri

2PrnSiOTf (92:8),
2,6-lutidine, CH2Cl2, rt, 30 min.
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largest excess of triflate reagent, that the contaminant was
reacting nearly 300 times faster than the TIPS triflate.6
Evidently it was a less hindered silylating agent, and it seemed
plausible that it would prove to have a n-propyl group in place
of one or more of the isopropyl groups.

We confirmed this supposition from the 1H-NMR and 13C-
NMR spectra of the silyl ether 9 prepared using the highest ratio
of TIPS triflate to alcohol 7.7 The 13C-NMR spectrum using the
attached proton test showed two methylene signals at d 15.3 and
17.3 and one methyl signal at d19.0 from C-1A, C-2A and C-3A, in
addition to the methines and methyls of the isopropyl groups
and the carbinol carbon. The 1H-NMR spectrum showed a clear
but imperfectly resolved 3-proton triplet at d0.98 from the 3A
protons of the n-propyl group. In addition there was a 2-proton
multiplet at d 1.42 from the 2A protons, and a 2-proton multiplet
at d 0.66 from the 1A protons, neither of which was first-order.
An HMQC spectrum showed that the signals assigned to the
protons and the carbons of the n-propyl group were correlated.
None of these signals was present in the spectrum of the pure
TIPS derivative 8. The integrals in the 1H-NMR spectrum
showed that there was one n-propyl group and not two, a
conclusion that was supported by the 13C-NMR spectrum,
which showed two signals for the methyl groups in the isopropyl
groups on silicon, which can only be diastereotopic if there are
two isopropyl groups.

When we used an excess (1.5+1) of the alcohol 7, instead of
an excess of triflate, the ratio of 8+9 was 92+8, indicating that
our batch of TIPS triflate had been contaminated with about 8%
of diisopropyl(n-propyl)silyl triflate. A similar experiment with
the better reagent indicated that it contained 4% of the impurity,
but when this reagent was used in tenfold excess, the ratio of
8+9 was a noticeable 42+58. It is obviously unwise ever to use
an excess of the TIPS reagent. Our original problem with the
alcohol (+)-4 arose, not because we had used a notably large
excess of silyl triflate, but because we had failed to allow the
reaction to go to completion, another pitfall. We also tested a
primary alcohol, 2-methylbutanol, and found that it too gave
both silyl ethers. With a tenfold excess of the bad batch, the ratio
of TIPS ether to diisopropyl(n-propyl)silyl ether was 70+30,
significantly better than the corresponding ratio 13+87 found for
the secondary alcohol 7, as might be expected for a less
hindered and therefore less selective nucleophile.

We have been unable to find out how the reagent is made,
having been informed only that the method is ‘proprietary’.
Corey made TIPS triflate by treating triisopropylsilane with
triflic acid.8 The triisopropylsilane had in turn been made by
Cunico and Bedell from trichlorosilane and isopropylmagne-
sium chloride.9 It seems likely that the alkyl halide used to make
the Grignard reagent (or whatever is used commercially) might
not always be purely isopropyl. It is also conceivable that the
isopropyl Grignard might slowly rearrange to give some n-
propyl Grignard, and that old batches of Grignard reagent might
not reflect the alkyl halide composition that went into them.
Furthermore, there is a multiplying factor that makes 1% of the
n-propyl contaminant in the Grignard reagent lead statistically
to 3% of the n-propyl impurity in TIPS triflate. It might well be
worse than that if there is any selective reactivity in favour of
the primary Grignard reagent.

In conclusion, you are likely to find a byproduct whenever
you use TIPS protection. The problem is worst when (a) an

inferior batch of reagent is used, (b) a large excess of reagent is
used, (c) the reaction is not taken to completion (d) the alcohol
is relatively hindered, and presumably, although we have not
tested this, (e) the alcohol is added to the triflate instead of the
triflate being added to the alcohol. In our experience, the
diisopropyl(n-propyl)silyl derivatives have the carbinol proton
between 0.05 and 0.14 ppm upfield of the signal from the
corresponding signal in the TIPS derivative, and there is always
a characteristic multiplet, which is not a first-order triplet, close
to d0.66 from the SiCH2 protons.
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1 I. Fleming and A. K. Mandal, J. Indian Chem. Soc., 2000, 77, 593.
2 W. J. Vloon, J. C. van den Bos, N. P. Willard, G.-J. Koomen and U. K.

Pandit, Recl. Trav. Chim. Pays-Bas, 1989, 108, 393; P. A. Grieco, K. J.
Henry, J. J. Nunes and J. E. Matt, Jr., J. Chem. Soc., Chem. Commun.,
1992, 368.
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Spin unrestricted DFT calculations on Cr3(dpa)4Cl2 (dpa =
dipyridylamide) suggest that the linear (Cr3)6+ metal frame-
work could adopt either a symmetric conformation, or a
strongly nonsymmetric one, depending on the nature of the
spin coupling between the localized metal electrons.

In a series of recent articles, Cotton, Murillo and co-workers
have shown that the linear trimetallic framework of complexes
belonging to the M3(dipyridylamide)4L2 family (Fig. 1) exhibits
an unprecedented structural variability when the metal is
CoII,1,2 or CrII.3 The case of cobalt complexes, and more
especially Co3(dpa)4Cl2, has been most extensively docu-
mented. It was proved that the same compound can exist with
either a symmetrical (s) Co3 chain, or an unsymmetrical (u) one,
solely depending on the crystal form in which it is found.1 The
structural behavior of the chromium complexes Cr3(dpa)4L2
and Cr3(dpa)4LLA presents strong analogies, and some differ-
ences. Complexes with identical axial ligands, including
Cr3(dpa)4Cl2 (1), show a clear preference for the s conforma-
tion, even though two types of moderately unsymmetrical
arrangements (DdCr–Cr = 0.064 Å and 0.118 Å at 260 °C)
reminiscent of the u conformation of (Co3)6+ complexes, were
observed in one of the reported crystal structures.3 However, the
two Cr3(dpa)4LLA compounds with different ligands in axial
position (L = Cl; LA = BF4

2, PF6
2) exhibit extremely

unsymmetrical arrangements, with Cr–Cr distances of the order
of 2.00 Å and 2.62 Å, respectively. Magnetic measurements
confirm that the ground state should be a quintet (S = 2),
whether the complex is completely symmetrical or extremely
unsymmetrical.3

M3(dpa)4L2 molecules synthesized with other metals (M =
Ni, Cu, Ru, Rh) have been structurally characterized in the
symmetrical form only.3 The structural documentation pres-
ently available on this family of complexes therefore raises the
hypothesis of a common electronic origin to the structural
versatility observed for the linear frameworks of (Co3)6+ and
(Cr3)6+. Spin unrestricted DFT calculations have therefore been
carried out on Cr3(dpa)4Cl2 using the ADF program with the
BP86 functional and Slater basis sets of triple-z plus polariza-

tion quality for the valence shells.4 The obtained results have
been compared with those of similar calculations previously
reported on the cobalt complexes.5

As for the homologous complex of cobalt, the ground state
conformation of an isolated molecule of Cr3(dpa)4Cl2 was
found to be symmetric (D4 point group), with optimized
structural parameters (Cr–Cr = 2.350 Å; Cr–Cl = 2.560 Å;
Crterm–N = 2.094 Å; Crcentral–N = 2.010 Å) very close to the
distances observed in the s conformations. A schematic
representation of the metal orbitals obtained in the s form of the
(Co3)6+ and (Cr3)6+ complexes, with their relative ordering,
their occupancies and the spin orientation of the d electrons, is
displayed in Fig. 2.6 In both systems, a covalent s linkage is
delocalized over the whole metallic framework by means of a
three-electron three-center bond involving an all-bonding,
doubly occupied s orbital (sb), and a singly occupied
nonbonding orbital (snb) (Fig. 2). This type of bonding is
reminiscent of the p system of the allyl radical and generally
yields a delicate balance between symmetry and distortion for
the nuclear framework.5b,7 The overlap between the 3d p and d
orbitals at a distance of 2.350 Å is not sufficient to induce a clear
separation between the bonding, nonbonding and antibonding
MOs of these types. The six p and the three d levels8 are
therefore clustered between the sb and the snb levels. In the
cobalt complex, these nine levels are all equally occupied with
two electrons, which implies a localization of these 18 d
electrons on the metal atoms. In the chromium complex, the
nine non-s d electrons are also equally distributed among the p
and d orbitals, but the occupancy is now one electron per MO

Fig. 1 Schematic representation of Cr3(dpa)4Cl2 in the symmetric
conformation (D4 point group).

Fig. 2 M3(dpa)4Cl2 (M = Co, Cr); symmetric form: sequence of the metal
orbitals and their occupancies.6 Scheme of the doubly occupied, s-bonding
MO and of the singly occupied, s-nonbonding MO.

This journal is © The Royal Society of Chemistry 2001
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(Fig. 2). These nine localized electrons—and the unpaired s
electron—are spin-coupled. The most favorable coupling is
antiferromagnetic, with 3.5 electrons with a spin on each
terminal chromium atom and three electrons with b spin
localized on the central chromium (Table 1, coupling type a).
The resulting molecular spin state is a quintet (S = 2) in
agreement with the magnetic measurements. The energetic
stabilization due to the antiferromagnetic coupling was esti-
mated by computing the energy associated with the electronic
configuration of maximum spin (S = 5) assuming the same
symmetric structure as optimized for the quintet ground state.
The high spin state is destabilized by 30.8 kcal mol21 (Table 1,
coupling type c).

As for the cobalt complex,5 the ground state potential energy
curve has been calculated with respect to an imposed distortion
of the metallic framework by constraining the metal–metal
distances to keep fixed, nonsymmetric values, while optimizing
all other geometric parameters. The molecule in the distorted
conformation belongs to the C4 point group, and the calcula-
tions have been carried out with the C2 constraints. The obtained
curve is very shallow: the destabilization is less than 1 kcal
mol21 when DdCr–Cr is equal to 0.106 Å and reaches 4.25 kcal
mol21 only when the extreme framework distortion observed in
Cr3(dpa)4LLA complexes is imposed to Cr3(dpa)4Cl2. In the
latter case, the spin populations assigned to the atoms involved
in the ‘supershort’ Cr–Cr linkage (2.27b and 2.50a for Crcentral
and for Crterm, respectively) evolve toward values typical of a
quadruple bond between two chromium atoms, calculated in the
broken symmetry formalism (Table 1). The potential energy
curve calculated for Cr3(dpa)4Cl2 is practically the same as that
calculated in the same conditions for the equivalent complex of
cobalt.5 This should be traced to the identity in both complexes
of the driving force to covalent bonding, namely the three-
electron three-center linkage. It should therefore be assumed
that the strength of the antiferromagnetic interaction, super-
imposed to the s bond in the chromium system, is not
significantly modified by a distortion of the metal framework.

A different spin arrangement of the unpaired electrons was
also found when the observed structure of Cr3(dpa)4Cl(BF4)
was taken as an initial guess for the geometry of Cr3(dpa)4Cl2
(Table 1, coupling type b). The molecular electronic state
remains a quintet and the calculated spin density distribution
appears quite consistent with the electronic structure proposed
by Clérac, Cotton and co-workers for the strongly distorted
systems: a metal–metal quadruple bond flanked with an isolated
chromium atom accommodating four unpaired spins.3 At
variance with the antiferromagnetic—type a—coupling, how-
ever, this arrangement of spins is basically nonsymmetric and
should favor a distorted structure. In fact, a geometry optimiza-
tion of Cr3(dpa)4Cl2 assuming this electronic configuration
resulted in a conformation very close to that reported for
Cr3(dpa)4Cl(BF4).3 The calculated geometrical parameters are

as follows: Cr1–Cr2 = 2.671 Å; Cr1–Cr3 = 1.992 Å; Cr2–Cl
= 2.526 Å; Cr3–Cl = 2.574 Å; Cr2–N = 2.111 Å; Cr3–N =
2.097 Å; Cr1–N = 2.006 Å. From the energetic viewpoint, the
type b coupling corresponds to a low-lying excited state for
Cr3(dpa)4Cl2: at its optimal distorted geometry, this electronic
configuration is destabilized by 10.1 kcal mol21 with respect to
the symmetric ground state. It is still higher by 5.9 kcal mol21

than the symmetric coupling at the distorted geometry (Table 1),
which means that the potential energy surface (PES) of the
quintet ground state only displays a single minimum, corre-
sponding to the symmetric conformation.

Calculations on Cr3(dpa)4Cl(BF4) are in progress to confirm
that the change in axial coordination modifies the energy
ordering of the two electronic configurations. It is not excluded
in this case that both configurations appear as separate minima
on the ground state PES. The structural behavior of the complex
would therefore be relevant to the much debated issue of bond-
stretch isomerism.9

Calculations have been carried out in part at the Centre
Universitaire et Régional de Ressources Informatiques
(CURRI, Université Louis Pasteur, Strasbourg, France) and in
part at the IDRIS computer center (CNRS, Orsay, France). We
are pleased to thank Professor F. A. Cotton and C. A. Murillo
for stimulating discussions and for communicating their most
recent results and structures.
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Table 1 Spin-coupling scheme, atomic spin populations and relative energies (kcal mol21) for various electronic configurations calculated for the symmetric
ground state (DdCr–Cr = 0); for a slightly distorted form (DdCr–Cr = 0.106 Å) and for the highly distorted structure (optimized geometry; DdCr–Cr = 0.679
Å)

Structure S value
Spin coupling
Atomic spin populations

Relative
energies

Electronic
configuration

Symmetric 2 0.0 Type a
DdCr–Cr = 0 3.52 23.00 3.52
Nonsymmetric 2 +0.97 Type a
DdCr–Cr = 0.106 3.60 23.00 3.44
Nonsymmetric 2 +4.25 Type a
DdCr–Cr = 0.679 3.79 22.27 2.50
Nonsymmetric 2 +10.12 Type b
DdCr–Cr = 0.679 3.84 2.17 22.09
Symmetric 5 +30.8 Type c
DdCr–Cr = 0 3.50 2.93 3.50

The total molecular spin S is defined as 0.5[n(a)2n(b)], where n(a) and n(b) represent the number of electrons with a and b spin, respectively.
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Direct electrochemistry of pentachlorophenol hydroxylase
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The direct electrochemistry of the flavin-containing mono-
oxygenase, pentachlorophenol hydroxylase (PCPH), at an
edge plane graphite electrode was observed and a catalytic
response, linear with concentration, was found with the
substrate pentachlorophenol (PCP).

Pentachlorophenol hydroxylase (PCPH) isolated from Sphingo-
monas chlorophenolica strain ATCC 53874 is a flavin contain-
ing monooxygenase.1–5 The monomeric enzyme possesses one
FAD prosthetic group, and converts pentachlorophenol (PCP)
to 2,3,5,6-tetrachlorohydroquinone (TeCH). The enzymatic
reaction requires two equivalents of NADPH and one molecule
of dioxygen to hydroxylate one molecule of PCP [eqn. (1)].

2NADPH + H+ + O2 + PCP ?
2NADP+ + H2O + Cl2 + TeCH (1)

Herein we describe the direct electrochemistry of PCPH. We
hope that the exploitation of PCPH using electrochemical
techniques can be used in sensing PCP or converting the
pollutant to a less, or non-toxic, substance.

Cyclic voltammetry was performed in a two-compartment
electrochemical cell with a working volume of 0.5 ml. The
working compartment accommodated the platinum gauze
counter electrode in addition to the edge plane pyrolytic
graphite working electrode (diameter = 5 mm). A saturated
calomel electrode (SCE) was used as a reference in a sidearm,
which connected to the working compartment via a Luggin
capillary. An Autolab PG STAT10 potentiostat (Eco Chemie
B.V.) was used to record and control the potential of the
working electrode.

The cyclic voltammogram of PCPH in Tris buffer is shown in
Fig. 1(a). A redox couple with Epc at 2536 mV and Epa at 2487
mV (E1/2 = 2512 mV) is observed. The peak current increases
linearly with the square root of the scan rate indicating a
diffusion controlled process. A diffusion coefficient of 5.4 3
1027 cm2 s21 for PCPH was estimated, which is similar to
values observed for other proteins (1.1 3 1027 cm2 s21 for p-

cresolmethylhydroxylase,6 and 4.5 3 1027 cm2 s21 for spinach
[2Fe–2S] ferredoxin7). The k0 calculated for the electron
transfer between PCPH and the EPG electrode was 7.2 3 1024

cm s21 which is in the rate constant region for a quasi-reversible
process (1021 > k0 > 1025 cm s21).8 In order to be sure that the
electrochemical response observed from the enzyme solution
was not due to the dissociated coenzyme, the electrochemistry
of free FAD was also examined under identical experimental
conditions. The cyclic voltammogram [Fig. 1(b)] of free FAD
shows two redox couples at 2501 and 2639 mV. The peak
current of the first couple is proportional to the square root of
the scan rate only up to 20 mV s21. A diffusion coefficient
estimated from the linear part was 7.1 3 1026 cm2 s21, near the
literature values of 4.5 3 1026 cm2 s21 9 and 3.8 3 1026 cm2

s21.10,11 This value is an order of magnitude larger than that
calculated for PCPH. The heterogeneous rate constant k0 is ca.
8.3 3 1023 cm s21, which broadly agrees with the literature
values of 1.6 3 1023 cm s21 11 and 2.0 3 1023 cm s21.12 The
peak current of the second couple has a linear relationship with
the potential scan rate, indicating that it is likely an adsorption
process. The different electrochemical behaviour between
PCPH and free FAD therefore suggests that the direct
electrochemistry of PCPH observed at the bare EPG electrode
was not due to the dissociated coenzyme, FAD.

Electrochemistry of PCPH in the presence of substrate PCP
was performed with the enzyme immobilised on the electrode
surface. The EPG electrode was protected by a dialysis
membrane (MW cut-off 3500 Da) which was fixed on the
electrode by an ‘O’ ring. Modification the electrode was
performed by depositing 4 mL (2 mL each time) of the
concentrated PCPH ( > 80 mM) on to the top of the electrode.
The enzyme layer was allowed to slightly dry at room
temperature, then covered by the membrane. The electrode was
then dipped into a solution containing PCP. Cyclic voltammo-
grams were recorded in the presence of the substrate at a scan
rate of 10 mV s21. As shown in Fig. 2, a catalytic response is

Fig. 1 Cyclic voltammograms recorded at a bare EPG electrode with a scan
rate of 20 mV s21 in 50 mM Tris buffer, pH 8.0: (a) 10 mM PCPH, (b) 10
mM FAD.

Fig. 2 Cyclic voltammograms of PCPH (4 ml of 200 mM PCP immobilized
at an EPG electrode with dialysis membrane (MW cut-off 3500 Da)
recorded at a scan rate of 10 mV s21: (a) in absence of PCP, (b) in the
presence of 5 mM PCP; the PCP concentration dependence curve is shown
in the inset.
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observed and the catalytic current increases with the increase of
the concentration of PCP. Cyclic voltammetry carried out at a
FAD modified electrode, which was constructed in the same
manner as used in the enzyme experiment, showed that the
reduction current decreased when PCP was added into the
solution. This suggested that free FAD alone could not take part
in a catalytic reaction with PCP. The addition of PCP into a
deoxygenated enzyme solution did not stimulate a catalytic
reaction, while in the present of dioxygen, the addition of PCP
aroused a catalytic response, thereby demonstrating the mono-
oxygenase function of PCPH.

The electrochemical conversion of PCPH was performed
using a 5 mm diameter EPG electrode in a 50 mM Tris buffer
solution containing 45 mM PCPH and 80 mM PCP. Prior to

electrolysis, the enzyme solution was deoxygenated using Ar.
During the reduction, the flow of Ar was stopped, enabling
dioxygen to diffuse gradually into the electrochemical cell. The
potential of the working electrode was fixed at 2800 mV vs.
SCE for 2 h and the cyclic voltammogram was recorded every
30 min. The measured cyclic voltammogram showed a new
redox couple with a mid-point potential of 60 mV after the
electrolysis. The peak current of this couple increased slightly
when the electrolysis time was prolonged. In order to identify
this response, cyclic voltammetry of a 0.1 mM TeCH solution
(in 50 mM Tris buffer at pH 7.0) was recorded at the EPG
electrode with a scan rate of 20 mV s21. The response of TeCH
is identical to that obtained in the electrolysis experiment (Fig.
3) suggesting that the oxidised product of the reaction is formed.
The observation of hydroxylation product at the electrode
shows the possibility of designing a bioreactor, which could
make use of this electroenzymological process to drive the
conversion of PCP.

The author thanks the K. C. Wong Foundation for a
Scholarship.
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Fig. 3 Cyclic voltammograms recorded at an EPG electrode in 50 mM Tris
buffer, pH 7.0, at a scan rate of 20 mV s21: (1) CV (–·–) was recorded in 45
mM PCPH solution prior to electrolysis, (2) CV (—) was recorded in
solution (1) after the electrolysis had been carried out for 120 min, (3) CV
(·····) was recorded in 0.1 mM of TeCH solution.
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In contrast to the N-heterocyclic carbene (NHC) 1, the
homologous N-heterocyclic silylene (NHS) 4 acts as a
bridging ligand to Pd(0), giving rise to the dinuclear complex
5 which is catalytically active in Suzuki reactions.

Applications of transition metal complexes bearing N-hetero-
cyclic carbene (NHC) ligands to catalysis have recently met
with considerable success,1,2 with olefin metathesis3 and cross
coupling chemistry being the most pertinent examples.4,5

Thereby the strong s-donor properties of the NHC account for
the observed gain in activity and stability, while the fact that
many catalysts can be conveniently prepared in situ from
readily accessible precursors renders the procedures partic-
ularly user-friendly. Some of the resulting complexes, however,
have also been isolated and structurally characterized. Thus, it
has been shown that the sterically hindered NHC 1 readily
displaces PAr3 from Pd(0), leading to the formation of the
homoleptic, mononuclear 14-electron complex 2 which is
catalytically competent for Suzuki cross-coupling reactions
(Scheme 1).6

As part of our project aiming at the design of novel metal
catalysts and their applications to advanced organic synthesis,7
we became interested in the properties of the homologeous N-
heterocyclic silylenes (NHS)8 as ancillary ligands. Although
they promise to exhibit a similarly favorable profile, the
catalytic performance of transition metal–NHS complexes is as
yet largely unexplored. Outlined below is an exploratory study
into palladium chemistry which resulted in the discovery that
NHS 4 leads to an entirely different structural motif than its
NHC-analogue 1, without compromising the catalytic activity
of the resulting Pd(0) template.

For the preparation of the required NHS, the procedure
described by West et al. has been modified.9 Rather than
refluxing the dichlorosilane 3 in THF with a large excess of
potassium chunks for extended periods of time, its treatment
with C8K10,11 in THF at ambient temperature turned out highly
beneficial (Scheme 2).† Not only does this method lead to the

formation of 4 in high yield, but also gives much better
reproducible results and requires neither large excess of the
reducing agent nor the monitoring of the reaction progress by
NMR as recommended in the original publication.9

Having secured good access to multigram amounts of 4, this
ligand was reacted with Pd(PPh3)4 in THF at ambient
temperature. 31P NMR spectroscopy revealed the rapid release
of PPh3 accompanied by the virtually quantitative formation of
a single new product which was isolated as dark red, air-
sensitive crystals in 50% yield (Scheme 2).‡ Its structure in
solution can be deduced from the spectroscopic and analytical
data. Particularly diagnostic is the 29Si NMR signal which
appears as a triplet at d = 109.5 ppm (JP,Si = 21.5 Hz)
indicating a highly symmetrical structure containing two PPh3
ligands at degenerate positions. MS indicates the presence of a
dimeric species which was unambiguously identified by X-ray
crystallography. Fig. 1 depicts the molecular structure of 5 in
the solid state, showing that the silylene moieties act as bridging
ligands between two 14-electron Pd(0) centers.§

The dimer is situated upon a crystallographic inversion
center. The distance between the Pd atoms (2.65005(17) Å) is
shorter than that of Pd(0) in the bulk metal (2.7511 Å), but
slightly longer than the distances observed in structurally
related, bridged dinuclear Pd(I)-complexes with a linear R3P–
Pd–Pd–PR3 entity.12 The co-ordination of the Pd atoms is
planar, the sum of the Pd bond angles is 359.8°. The 1,3-diaza-
2-silacyclopentene is also essentially planar (with a mean
deviation of 0.005 Å) and is oriented perpendicular to the Pd1,
Si1, Pd1*, Si1* plane (interplanar angle 94.1°). Its geometry
reflects the silylene character of this ligand, with the N–Si–N

Scheme 1 Preparation of a homoleptic Pd(0)–NHC complex.6a

Scheme 2 Reagents and conditions: [a] C8K (2.2 equiv.), THF, rt, 18 h,
67%; [b] Pd(PPh3)4, rt, 1 h, 50%.

Fig 1 Molecular structure of 5. Anisotropic displacement parameters are
shown at 50% probability level, hydrogen atoms have been omitted for
clarity. Selected bond lengths [Å] and angles [°]: Pd1–P1 2.2706(3), Pd1–
Si1 2.4154(4), Pd1–Si1* 2.3996(3), Pd1–Pd1* 2.65005(17), Si1–N1
1.7582(11), Si1–N2 1.7630(12), N1–C1 1.3930(17), N2–C2 1.3938(16),
C1–C2 1.344(2), Pd1*–Si1–Pd1 66.784(10), Si1*–Pd1-Si1 113.217(10),
N1–Si1–N2 88.80(5), C1–N1–Si1 111.97(9), C2–N2–Si1 111.87(9), C2–
C1–N1 113.75(12), C1–C2–N2 113.60(12), symmetry transformation used
to generate equivalent atoms: * 2x + 1, 2y, 2z
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angle being even more acute than in dicarbonyl-bis(1,3-diaza-
2-silacyclopentene)nickel13 and the Si–N distances being also
slightly longer.

Although the propensity of silylenes to act as bridging
ligands in a variety of stable binuclear complexes is well
established,14 we are not aware of any precedence involving
Pd(0). Moreover, the synthesis of 5 favorably compares with
that of most other silylene bridged metal(0) complexes¶ which
are usually prepared by less convenient indirect routes. Finally,
complex 5 seems to be the first case of a NHS–metal complex
used as catalyst in organic synthesis. Specifically, it was found
to effect Suzuki reactions15 of aryl boronic acids with
bromoarenes in high yield. Two representative examples are
depicted in Scheme 3.

Generous financial support by the Deutsche Forschungs-
gemeinschaft (Leibniz award program) and the Fonds der
Chemischen Industrie is gratefully acknowledged. We thank
Professor K. Pörschke for a valuable discussion.
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80 °C.
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A kinetically stable, dimeric capsule is formed by tetra-
hydroxyresorcinarene in methanol; it encapsulates tropy-
lium and tetramethylammonium cations.

Molecular capsules held together by hydrogen bonds are stable
in organic solvents that do not compete well for donors and
acceptors.1 Ordinarily, the addition of small amounts of highly
polar solvents disrupts these capsular hosts and releases their
guests. A few monomeric cavitands are able to form inclusion
complexes in methanol and in water,2 and a number of well-
defined molecular capsules involving metal co-ordination are
stable in alcohols and water.3 But the presence – even
requirement – of water in the assemblies of resorcinarene 1a4 is
anomalous. Water is an integral part of its hexameric capsules in
the solid state, and in wet organic solvents large, polar guests
can be encapsulated. 5 Enough additional space is available to
co-encapsulate sizable, neutral molecules (Fig. 1). A similar
hexameric structure is reported for 1b6 in the solid state. Its
additional hydroxy groups offer greater possibilities for self-
assembly in competitive media and we describe here the
behavior of the closely related 1c in protic solvent mixtures. We
have found that 1c forms dimeric capsules in solution and in the
solid state.

Compound 1c is insoluble in water or dry acetonitrile, but
readily dissolves in wet acetonitrile (10–20% water), in
methanol, or in mixtures of acetonitrile and methanol. Colorless
crystals were grown from aqueous acetonitrile. These were
unstable without the mother liquor but were, nonetheless,
suitable for single crystal X-ray analysis.†

The molecule adopts a slightly distorted cone conformation,
stabilized by intramolecular hydrogen bonds. Two molecules of
1c form a centrosymmetric dimer linked through no less than 16
hydrogen-bonded water molecules (Fig. 2). The overall struc-

ture resembles the dimeric capsular assembly known for
resorcinarene 1e,7 and encapsulates four acetonitrile molecules.
Two of them are positioned to engage in CH–p interactions with
the aromatic rings; the remaining two are nearly parallel to the
plane of bridging carbon atoms and are disordered over two
positions. The dipoles of the two ordered acetonitrile molecules
are antiparallel and their intermolecular distances are consistent
with dipole–dipole interactions. The distances between nitrogen
atoms of acetonitrile molecules and selected oxygens of 1c
indicate host–guest hydrogen bonding.

Solution studies were undertaken in methanol and aqueous
acetonitrile. The 1H NMR spectrum of 1c in methanol-d4
measured at 295 K contains one singlet for the C–H protons of
the aromatic rings and one triplet for the methine protons of the
bridges. These features are characteristic of the C4v-symmetric
cone conformation. The addition of tropylium tetrafluoroborate
2a+BF4

2 to the solution of 1c in methanol-d4 resulted in an
intense red color, suggesting a charge-transfer interaction of the
tropylium ion with the electron-rich pyrrogallol rings.8 The UV
spectrum showed a charge-transfer absorption maximum at l =
407 nm. The NMR spectrum gives rise to a broad singlet for the
tropylium ion, and its chemical shift depends on the ratio
between the host and guest. The complexation equilibrium is
fast on the NMR timescale at 295 K but becomes slow at 233 K.
At host+guest ratios larger than 2 the 1H NMR spectrum
contains two signals for the protons of the bridges in the
complexed and free 1c [Fig. 3(a)]. The ratio between these
signals depends on the amount of tropylium cation so that only
the complex is detected at [1c]/[2a+BF4

2] = 2 [Fig. 3(b)]. A
singlet at 5.2 ppm corresponds to the protons of the tropylium
ion, shifted 4.3 ppm upfield by the shielding of the pyrogallol
rings. Integration revealed that two molecules of 1c complex
one 2a+.9 The slow exchange of the guest and the large upfield
shifts of its resonances are typical for capsular assemblies.10

Further addition of 2a+BF4
2 results in a new set of signals for

the protons of 1c which grows at the expense of the set of the
2+1 complex [Fig. 3(c)]. After 4 equivalents of the salt were
added, no dimeric complex remained. Remarkably, no signals

Fig. 1 Line drawings of the resorcinarenes and their guests. The specific
complex shown has tetrabutylammonium bromide and p-phenyltoluene
inside.

Fig. 2 X-Ray structure of 1c·3MeCN·5H2O. Symmetry-related water
molecules are shown. Hydrogen atoms are omitted for clarity, heteroatoms
are darkened and hydrogen bonds are indicated with dashed lines. Only one
position of the encapsulated, disordered acetonitriles is indicated, while
acetonitriles outside the cavity are not shown.
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for the free tropylium cation were detected at host+guest ratios
smaller than 2. Instead, the broad resonance emerged, whose
chemical shift depended on the concentration of the tropylium
salt [Fig. 3(c)]. This suggests that the new set of signals
corresponds to an open, perhaps 1+1, complex between the
tropylium cation and 1c, which is in fast exchange with its
components. The ESI mass spectrum showed peaks at m/z 722,
812 and 1533, corresponding to 1c, 1c·2a and 21c·2a. The same
behavior was observed in wet acetonitrile-d3 (10% of D2O)
although the low temperature NMR studies were somewhat
hampered by ice crystallization. The high stability of the dimer
and its complicated behavior in the presence of excess 2a+BF4

2

prevented the reliable determination of its stability constant.
The 1H NMR spectrum of the more lipophilic resorcinarene

1d in CDCl3 shows sharp signals and contains one singlet for
the aromatic rings and one triplet for the methine protons of the
bridges. The addition of solid 2a+BF4

2 does not lead to the
formation of a lipophilic charge-transfer complex. Neither the
color of the solution nor the 1H NMR spectrum of 1d changes.
This is in sharp contrast to the behavior of resorcinarene
tetrabenzoates, where encapsulation and charge-transfer take
place.9 However, the addition of methanol-d4 (20%) results,
again, in an intense red color of the solution which is a visual
indication of a charge-transfer host–guest interaction. The NMR
dilution experiments at 233 K revealed the same characteristics
seen for 1c in pure methanol-d4. These results strongly suggest
that a 2+1 complex forms between 1c, 1d and 2a+BF4

2; in
methanol-d4, in wet acetonitrile-d3 or in mixtures of CDCl3 and
methanol-d4, the complex has a capsular structure – the
methanol or water molecules act as linkers between two
resorcinarene molecules in solution, as they do in the solid state
(Fig 2).

Finally, the addition of the tetramethylammonium cation 2b+

gives a kinetically stable (i.e. slow exchange on the NMR
timescale) 1+2 complex with 1c at 233 K. The NMR signals of
the guest’s methyl groups are shifted upfield by 3.8 ppm, typical
for an encapsulation complex. The octols 1a, 1e fail to show a

kinetically stable complex with tropylium and tetramethyl-
ammonium cations under these conditions. 11 Apparently, the
p-basicity and the expanded hydrogen bonding patterns availa-
ble to the pyrogallol contribute to its more facile capsule
formation.

In conclusion, the readily available tetrahydroxyresorcinar-
enes provide easy access to new molecular capsules, stable in
protic solutions.12 The repertoire of encapsulation complexes
assembled from these molecules will be reported in the
sequel.

We are grateful for support from the Skaggs Foundation and
the National Institute of Health. A. S. is a Skaggs Postdoctoal
Fellow.

Notes and references
† X-Ray analysis: data were recorded with Bruker Smart diffractometer
equipped with a CCD-detector, using graphite monochromatized MoKa
radiation [l(MoKa) = 0.71073 Å] at 173 K. The crystal was covered by
inert FOMBLIN® oil and mounted in the nylon loop. The structure was
solved by direct methods [SHELXS-97 (G. M. Sheldrick, Acta Crystallogr.,
Sect. A, 1990, 46, 467)] and refinement, based on F2, was made by full-
matrix, least squares techniques [SHELXL-97 (G. M. Sheldrick, SHELXL-
97, A program for crystal structure refinement, University of Göttingen,
Germany, 1997)].

Crystal data for 1a: 3MeCN·5H2O: M = 925.96, crystal size 0.4 3 0.3
3 0.3 mm, triclinic, space group P1̄, a = 11.455(1), b = 11.627(1), c =
18.662(2) Å, a = 102.785(2), b = 90.042(2), g = 102.881(2)°, V =
2360.0(4) Å3, T = 173(2) K, Z = 2, Dc = 1.303 g cm23, 2qmax = 56.12°,
m = 0.1 mm21, F(000) = 984, 639 parameters, R1 = 0.0620, wR2 =
0.1786 [for 7603 reflections I > 2s(I)], R1 = 0.0909, wR2 = 0.2055 (for
11 082 unique reflections), S = 1.057 , Dr(min./max.)/e Å23 =
20.62/0.56.

CCDC reference number 170259. See http://www.rsc.org/suppdata/cc/
b1/b106793c/ for crystallographic data in CIF or other electronic format.

1 For a review on reversible molecular encapsulation see: M. M. Conn and
J. Rebek, Jr., Chem. Rev., 1997, 97, 1647; J. Rebek, Jr., Chem.
Commun., 2000, 637; L. R. MacGillivray and J. L. Atwood, Angew.
Chem., Int. Ed., 1999, 38, 1018.

2 T. Haino, D. M. Rudkevich, A. Shivanyuk, K. Rissanen and J. Rebek,
Jr., Chem. Eur. J., 2000, 6, 3797.

3 M. Fujita, K. Umemoto, M. Yoshizawa, N. Fujita, T. Kusukawa and K.
Biradha, Chem. Commun., 2001, 509; D. Caulder, R. E. Powers, T.
Parac and K. Raymond, Angew. Chem., Int. Ed., 1998, 37, 1840.

4 L. R. MacGillivray and J. L. Atwood, Nature, 1997, 389, 469.
5 A. Shivanyuk and J. Rebek, Jr., Proc. Natl. Acad. Sci., 2001, 98,

7662.
6 T. Gerkensmeier, W. Iwanek, C. Agena, R. Frölich, S. Kotila, C. Näther

and J. Mattay, Eur. J. Org. Chem., 1999, 2257.
7 K. Murayama and K. Aoki, Chem. Commun., 1998, 607; A. Shivanyuk,

K. Rissanen and E. Kolehmainen, Chem. Commun., 2000, 1107; K. N.
Rose, L. J. Barbour, G. W. Orr and J. L. Atwood, Chem. Commun.,
1998, 407.

8 See, for example: M. Lämsä, J. Pursiainen, K. Rissanen and J.
Huuskonen, Acta Chem. Scand., 1998, 52, 563.

9 A. Shivanyuk, E. F. Paulus and V. Böhmer, Angew. Chem., Int. Ed.,
1999, 38, 2906.

10 In the course of dilution experiments only one signal was observed in the
19F NMR spectrum suggesting that the BF4

2 anion is not encapsulated.
See, for example: F. Fochi, P. Jacopozzi, E. Wegelius, K. Rissanen, P.
Cozzini, E. Marastoni, E. Fisicaro, P. Manini, R. Fokkens and E.
Dalcanale, J. Am. Chem. Soc., 2001, 123, 7539.

11 The larger tetraethylammonium cation 2c+ does not form kinetically
stable complexes with 1a, 1c or 1e in methanol-d4.

12 For a timely review, see: L. J. Prins, D. N. Reinhoudt and P.
Timmerman, Angew. Chem., Int. Ed., 2001, 40, 2382.

Fig. 3 1H NMR spectra at 233 K (methanol-d4, 600 MHz, [1c]total = 10
mM): (a) 3 1c + C7H7

+BF4
2; (b) 2 1c + C7H7

+BF4
2; (c) 1c + C7H7

+BF4
2;

(*) tropylium cation; (-) free 1c; (5) 1c in a 2+1 complex; (!) 1c in an
open complex; (3) products of methanolysis of the tropylium cation
(established by control experiments with C7H7

+BF4
2 in methanol-d4).
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Hydrogen-bonded molecular capsules are stable in polar media
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Robust, very large hydrogen-bonded capsules which are
even stable in 50+50 water–acetone mixtures have been
characterized both in solution and in the solid state.

For the spherical enclosure of space by means of hydrogen-
bonded organic frameworks, two general approaches have
emerged: covalent synthesis1 and synthesis via self-assembly.2
From our viewpoint, self-assembly has provided an attractive
means for constructing large, highly organized chemical
entities.3–5 However, self-assembled capsules based on hydro-
gen bonding have not previously afforded robust structures,
particularly in highly polar solvents. Here, we reveal spherical
molecular capsules with outstanding stability in such media.

The synthesis of pyrogallol[4]arenes from the acid-catalyzed
condensation of pyrogallol and aldehydes has recently been
reported.6,7 Mattay and co-workers noted that these entities
typically crystallize as wave-like 2D polymeric structures held
together by hydrogen bonds.7 Of great interest was the
revelation that C-isobutylpyrogallol[4]arene, 1a, formed a
spherical hexamer, 2a, on one occasion. However, all attempts
to form the hexamer a second time apparently failed.7 This was
attributed to an inherent instability of hexamer 2a compared
with [(C-methylresorcin[4]arene)6(H2O)8], 3, a very large
synthetic molecular capsule.3 This instability in solvents such as
nitrobenzene or acetonitrile was especially noteworthy in view
of the comment that hexamer 2 is stabilized by 72 hydrogen
bonds.7 A detailed inspection of 2a shows that the hexamer,
comprised of six molecular building blocks, is held together by
48 intermolecular hydrogen bonds, or by eight hydrogen bonds
per molecule. For comparison, 3, comprised of 14 entities (six
resorcin[4]arenes and eight water molecules) is held together by
36 intermolecular hydrogen bonds, or 2.6 hydrogen bonds per
molecule. The Rebek tennis balls, softballs, and related capsules
are comprised of two identical molecules held together by eight
hydrogen bonds, or four hydrogen bonds per molecule.8 Thus,
it seems to us that 2 should in fact be highly stable in solvents
such as acetonitrile or nitrobenzene. We anticipate that
conditions might be found such that hexamer 2 can enjoy a
useful existence even in highly polar media. Surprisingly, even
these high expectations for the stability of 2 have been
exceeded.

The acid-catalyzed condensation of pyrogallol and iso-
valeraldehyde proceeded smoothly in 95% ethanol, as re-
ported,7 and, after stirring for 24 h, a precipitate consisting of
ca. 25% yield of pure 1 was obtained. No evidence of any
hexamer 2 was found in this material. Indeed, it is our view that

the initial precipitate is comprised exclusively of the wave-like
hydrogen-bonded polymer reported by Mattay.7 It is possible to
convert this material to hexamer 2 by dissolving the initial
precipitate in Et2O, acetone or methanol, with a few drops of
nitrobenzene or o-dichlorobenzene added, followed by crystal-
lization upon slow evaporation. The hexamer may also be
obtained by thermal treatment of either the initial precipitate or
the initial filtrate. The latter contains ca. 1–5% hexamer as
determined by NMR analysis. The product in the initial filtrate
may be converted to hexamer by extraction with Et2O, followed
by evaporation to dryness with subsequent dissolution in
methanol. The methanol solution is then heated in a sealed tube
to 120–150 °C for at least 12 hours. Methanol may be removed
under vacuum to yield a red–brown solid. Colorless hexameric
spherical capsules have been obtained utilizing the crystalliza-
tion procedure described for the initial precipitate.

Conclusive proof for the existence of the hexamer in solution
was obtained from an NMR spectroscopic investigation. A
representative experiment afforded the 1H NMR spectrum of
the hexamer (thermally treated with methanol as described
above) in deuterochloroform, which is shown in Fig. 1. For the
purpose of this discussion, the most important features in the
spectrum are the two methanol peaks labeled b and c, where b
is the methyl proton resonance for methanol trapped within the
hexameric sphere, and c is the methyl proton resonance for
methanol in the bulk solvent. The identity of these peaks was
proved by a spiking experiment in which additional methanol
added to the NMR tube had the effect of increasing the intensity
of peak c. Similar results were obtained in d6-acetone, d6-
DMSO and d8-toluene. It should also be noted that NMR spectra
for hexamer 2 synthesized in ethanol or isopropanol also
showed two sets of resonances for each inequivalent proton in
the ethanol or isopropanol molecules. Indeed, in a pressurized
NMR sample tube we observed no change in the intensities of
peaks b and c at 150 °C. These results clearly demonstrate that

Fig. 1 1H NMR spectrum of C-tridecylpyrogallol[4]arene at room
temperature in CDCl3 with TMS. The region of the spectrum displaying the
methanol resonances is enlarged in the inset. Peak assignments: a, diaryl
C–H; b, CH3 of guest methanol; c, CH3 of methanol in the bulk solvent; d,
CH2 adjacent to CH in bridging group; e, remaining CH2 groups; f, terminal
CH3 on R; g, TMS internal standard.

This journal is © The Royal Society of Chemistry 2001
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(1) methanol molecules within the hexameric sphere do not
exchange with methanol in the bulk solvent, or with bulk
solvent itself, and (2) the hexameric sphere is stable with
methanol as a guest up to at least 150 °C in d6-acetone.

Using the techniques described above, stable hexameric
spheres have been obtained for R = n-propyl up to n-tridecyl,
whereas for R = methyl or ethyl there is no evidence for the
existence of hexameric spheres. The solubility of C-alkylpy-
rogallol[4]arenes is low in apolar solvents when the C-alkyl
group is a short chain (i.e. C3, C4). Similarly, low solubility
occurs in polar solvents when the C-alkyl chain is long (i.e. C10,
C13). It is therefore possible, with the appropriate choice of R-
group, to have stable hexameric spheres in polar or apolar
solvents. Remarkably, these hexameric spheres are also stable
in mixtures of acetone and water to the limit of their solubility.
For example, the hexameric sphere for R = n-pentyl is stable in
a 50% v/v mixture of d6-acetone and D2O (precipitation without
decomposition occurs with a higher percentage of water). These
results show the extraordinary stability of these hydrogen-
bonded hexameric spheres in highly polar media. We refer here
to the stability of the capsule both with regard to the structural
integrity imparted by the hydrogen bonding arrangement, as
well as to the failure of the entrapped methanol to exchange with
the bulk solvent.

Thus far we have obtained and crystallographically charac-
terized hexameric molecular capsules for R = n-propyl, n-
butyl, isobutyl and n-pentyl. In the structure of the C-
isobutylpyrogallol[4]arene capsule, 2a,† the capsule completely
encloses the space, Fig. 2. The interior volume9 of the capsule
is 1510 Å3 and can be regarded as the total space available to the
guest molecules. Indeed, the X-ray crystal structures reveal
nothing more than smears of electron density within the
cavity.

The hexameric structure 2 is the only type of capsule that we
have observed in the solid state. Furthermore, the NMR
experiments reveal that a capsule exists in solution and
integration of the methyl proton signal b and the diaryl C–H
signal a are consistent with the enclosure of ca. 18 methanol
molecules. The free volume of 1510 Å3, calculated from the

solid-state structure, provides enough space for ca. 23 methanol
molecules. This is based on a van der Waals volume of 36 Å3 for
a single molecule of methanol, and 55% guest-occupancy was
recently put forward by Rebek and Mecozzi.10 This clearly
demonstrates that the capsule in solution encloses a comparable
amount of space as the solid-state hexameric capsule. There-
fore, the only reasonable interpretation is that the solid-state
structure 2 is maintained in solution. The only other type of non-
porous structure with precedent in this area of chemistry is a
dimer.5,11 While the dimer [C-alkylpyrogallol[4]arene]2 has not
been observed in the solid state, we modeled and calculated the
volume that such a dimer would enclose, should it exist (ca. 140
Å3). This is enough space to enclose two methanol molecules to
give a 1+1 host+guest ratio, as opposed to the 1+4 ratio expected
for the hexamer. The 1+3 ratio observed in the NMR
experiments rules out any structure which provides less
available space, such as the dimer. While 23 molecules provide
23/6 or a 1+4 host+guest ratio, the observed 18 methanol
molecules (1+3 host+guest ratio) is quite reasonable, since other
unaccounted guests may also be present (e.g. non-hexameric 1,
unreacted starting material, colored reaction by-products, other
solvents, all in low concentration).

In summary, very large spherical capsules with outstanding
stability in highly polar media have been synthesized and
characterized reproducibly.

Notes and references
† Crystal data for C-isobutylpyrogallol[4]arene: M = 905.06, rhombohe-
dral, space group R3̄ (the space group for the hexameric capsule reported by
Mattay7 was P1̄), a = b = 34.84(2), c = 24.04(3) Å, V = 25268(4) Å3, Z
= 18, m (Mo-Ka) = 0.066 mm21. A colorless crystal of dimensions 0.35
3 0.30 3 0.20 mm was used. Intensity data were collected at 173 K on a
Bruker SMART CDD diffractometer. Owing to extensive disorder of the
contents of the supramolecular cavity as well as the nitrobenzene molecules
embedded in the propyl chains, the structure is very poorly resolved. Final
refinement converged with R1 = 0.1482 for 6890 unique reflections [I
> 2s(I), 2qmax = 46°]. CCDC reference number 167522. See http:/
/www.rsc.org/suppdata/cc/b1/b106250f/ for crystallographic data in CIF or
other electronic format.
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Fig. 2 Stick-bond representation of hexameric capsule with the enclosed
space represented in green. Hydrogen bonds are shown as broken yellow
cylinders. Orientation is the same as that shown in 2.
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[(C2H5)2NH2]2[(UO2)5(PO4)4] was prepared from U3O8,
HONEt2 and phosphoric acid under hydrothermal condi-
tions (180 °C, 5 days) and represents the first three-
dimensional open-framework uranium phosphate prepared
to date.

Microporous phosphates are an important class of materials that
are well studied for their use in catalysis and their ability to
selectively sorb guest molecules.1,2 Interest in the preparation of
open-framework and porous transition metal phosphates, in
particular, has heightened in recent years.1,3–8 These materials
can provide many of the same benefits as traditional zeolites
such as accessible internal micropores, size and shape selectiv-
ity, rigid frameworks and chemical/thermal stability, and in
addition, incorporate potentially catalytically active sites.
Uranium phosphates are of interest in areas such as ion
exchange9,10 and protonic conduction.11,12 Uranium-containing
materials, such as uranium oxides, are also known to be
effective catalysts.13,14 The synthesis of 3-D open-framework
uranium phosphates is a desirable goal in this regard but there
are currently no examples of such materials. Uranyl (UO2

2+)
phosphates tend to form 2-D layered structures in both mineral
phases and synthetic compounds.

The pentagonal bipyramidal (PBP) geometry common to the
uranyl complexes could be combined with the tetrahedral
phosphate ion to form a new class of PBP-tetrahedral frame-
work structures. Recent studies have yielded new uranium-(IV)
and -(VI) compounds of variable dimensions containing phos-
phate,15 molybdate16 and fluoride;17–21 including the first two
organically templated layered uranyl phosphate compounds.15

These two-dimensional structures form with charge-balancing
organic cations interacting through hydrogen bonds between the
layers. Clearfield and co-workers have been investigating the

formation of uranium-containing molecular solids incorporat-
ing phenylphosphonates and phenylphosphinates to produce
linear, layered and tunnel-type frameworks.22,23 The three-
dimensional inorganic uranium frameworks prepared to date are
limited to uranium(IV) fluorides.17–21

As part of a systematic search for novel uranium phosphate
phases, we have employed hydrothermal methods to prepare an
organically templated three-dimensional open-framework ura-
nium phosphate. We report here the synthesis and structural
characterization of the first example in this class:
[(C2H5)2NH2]2[(UO2)5(PO4)4] (1). In a concurrent study,
O’Hare and coworkers have prepared the first organically
templated 3-D uranium phosphite.24

The title compound was prepared† from U3O8, HONEt2 and
phosphoric acid under hydrothermal conditions (180 °C, 5 days,
autogenous pressure). The reaction produced a large amount of
brown powder and a small amount of tiny, translucent gold-
colored crystals of 1. X-Ray powder diffraction showed the
brown powder to be a mixture of U3O8 and other unidentified
components. The largest of the plate-like crystals measured 0.02
3 0.04 3 0.08 mm3. The compound is air-stable and has been
characterized by single crystal X-ray diffraction.‡ The small
size of the crystals and the low crystalline yield of the reaction
have hindered further characterization.

[(C2H5)2NH2]2[(UO2)5(PO4)4] is monoclinic, space group
I2/m, and contains a 3-D network of U(VI) distorted octahedra,
U(VI) PBPs and phosphate tetrahedra. These vertices form an
open-framework structure (Fig. 1) in which the channels are
filled with Et2NH2

+ cations. The structure contains parallel
chains of edge-shared PBPs (containing U(1)) that are linked
into UO2PO4

2 sheets in the xz plane by virtue of bridging
phosphates (Fig. 1). The PBP is defined by two axial uranyl
oxygen atoms (U(1)–O = 1.76(1), 1.74(1) Å) and five

Fig. 1 The 3-D structure of [(C2H5)2NH2]2[(UO2)5(PO4)4] as viewed down (A) the crystallographic b axis, (B) the crystallographic c axis, and (C) the
crystallographic a axis. Only nitrogen atoms of [(C2H5)2NH2]+ are shown for clarity. The yellow polyhedra represent the uranyl distorted octahedra and PBPs.
The blue tetrahedra represent phosphate groups and the light blue balls the nitrogen atoms.

This journal is © The Royal Society of Chemistry 2001
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equatorial phosphate oxygens that form the pentagonal plane
(Fig. 2B). These five uranium–oxygen bonds are formed by
sharing corners with three phosphate tetrahedra and an edge
with a fourth tetrahedron. Each PO4 tetrahedron shares corners
with four uranyls and an edge with a fifth.

The UO2PO4
2 sheets stack along the y-axis and are linked

into a rigid 3-D structure by the bridging U(2) distorted
octahedra (Fig. 1B). The distorted octahedra (Fig. 2A) are
defined by two axial uranyl oxygens and four phosphate
oxygens from two adjacent UO2PO4

2 layers. The U(2)–O
uranyl distance of 1.72(2) Å is typical of distorted U(VI)
octahedra of this type. The U(2) distorted octahedra create a
pillaring effect with intersecting tunnels that run along the
crystallographic a and c axes. The 3-D [(UO2)5(PO4)4]22 uranyl
phosphate framework is charge balanced through inclusion of
two Et2NH2

+ cations per formula unit that reside in the tunnels
(see Fig. 1B and 1C). 

The UO2PO4
2 sheets of 1 are similar to those of the mineral

b-uranophane, Ca(UO2)2(SiO3OH)2·5H2O.25 In this layered
structure, chains of uranyl PBPs are linked into sheets by
SiO3OH32 tetrahedra. The silicate oxygens that are not
involved in bonding within the sheet are all protonated and on
one side of the sheet whereas the corresponding phosphate
oxygens of 1 alternate, pointing above and below the sheet, and
are not protonated. The layers of b-uranophane are intercalated
with Ca2+ ions in contrast to the rigid 3-D framework structure
of 1. The layers of 1 are reminiscent of those in the 2-D uranyl
phosphates prepared by O’Hare and co-workers15 and a-
uranophane.26 The presence and mode of connectivity of the
inter-layer uranyl octahedra in 1 also appear in phosphuranylite,
KCa(H3O)3(UO2)7(PO4)4O4·8H2O.27 However, the sheet por-
tion of this mineral contains hexagonal bipyramids and PBPs
and is very different from that in 1.

The formation of the Et2NH2
+ cations from Et2NOH

presumably occurs through a redox process involving U3O8.
The use of Et2NH instead of Et2NOH in the synthesis of 1 under
identical conditions results in smaller crystallites that are not
suitable for single-crystal studies by conventional methods.

This work was supported by the LDRD program at Los
Alamos National Laboratory.

Notes and references
† Hydrothermal reactions were carried out in Teflon lined 23 mL stainless
steel, commercially purchased Parr brand pressure autoclaves. Water was
purified in a Millipore MilliQ Ultra-pure water system. U3O8, phosphoric

acid (85%), diethylhydroxyamine and deionized water were combined in
the mol ratio of 1.0+8.0+4.0+496 and reacted under autogenous pressure at
180 °C for 5 days, then ramp cooled at the rate of 5 °C h21. Single crystals
were manually isolated for analysis.
‡ Crystal data for [(C2H5)2NH2]2[(UO2)5(PO4)4]: C8H24N2O26P4U5, M =
3748.58, monoclinic, I2/m, a = 9.4442(17), b = 15.449(3), c = 9.5719(17)
Å, b = 93.268(3)°, V = 1394.3(4) Å3, Z = 2, Dc = 4.464 g cm21, l =
0.71073 Å, T = 193 K, 5 < 2q < 50°, R (Rw) = 0.0619 (0.1133) for
refinement on F2 using all 1243 unique reflections. The structure was solved
and refined using the SHELXTL software package.28 All atoms were
refined anisotropically except for the N and C atoms of the Et2NH2

+ cation,
which were refined isotropically. Hydrogen atoms were placed in idealized
positions. There was large thermal motion but no apparent disorder
associated with the Et groups.

CCDC reference number 171758. See http://www.rsc.org/suppdata/cc/
b1/b106916k/ for crystallographic data in CIF or other electronic format.
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Fig. 2 Ball-and-stick drawings of (A) the distorted octahedron, U(2), and
(B) the pentagonal bipyramid, U(1). Selected bond distances (Å): U(1)–
O(1) 1.756(14), U(1)–O(2) 1.736(13), U(1)–O(3) 2.348(10), U(1)–O(3)A
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2.225(12), U(2)–O(6) 1.72(2), U(2)–O(7) 2.266(13).
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The reaction of equimolar amounts of Cu(NO3)2 and bdc-
5-OH (bdc-5-OH = benzene-1,3-dicarboxylate-5-hydroxy)
affords hydroxylated nanoballs with high solubility and an
ability to form microcrystals on surfaces.

The design and generation of nanoscale polyhedral structures
via self-assembly represents an approach to synthesis that offers
new horizons in the context of synthetic chemistry and its
possible impact upon nanotechnology.1–9 In this context, we
have recently reported a design strategy for the one-step
synthesis of nanoscale molecules10 and frameworks11,12 that are
based upon self-assembly of structure building units (SBUs),13

M2(O2CR)4 molecular squares, at their vertices. The discrete
structures, which we have termed ‘nanoballs’, are molecular
versions of faceted polyhedra,14 namely small rhombihexahe-
dra, and are depicted schematically in Fig. 1. The key to
obtaining ‘nanoballs’ cleanly and in high yield is that the square
SBUs are linked at a 120° angle using the angular bifunctional
ligand benzene-1,3-dicarboxylate, bdc. They are distinguished
by their nanoscale size, their facile synthesis and the potential
for functionalisation at multiple sites: the inner or outer metal
centres, the interior cavity, or the bridging ligand. In this
contribution we report the first example of a small rhombihex-
ahedron that is functionalised at the bridging ligand, bdc-5-OH
serving as the ligand.

The small rhombihexahedron [(DMSO)(MeOH)Cu2(bdc-
5-OH)2]12, 1, formed spontaneously upon the addition of
2,6-dimethylpyridine (2 equivalents) to a methanolic solution of
Cu(NO3)2 (1 equivalent) and H2bdc-5-OH (1 equivalent).
Addition of diethyl ether precipitated a crude product, re-
crystallization of which from DMSO afforded single crystals of
1 suitable for X-ray crystallography.† The crystal structure of 1
is illustrated in Fig. 2. 1 has DMSO ligands axially bonded to
the metal ions that lie at the exterior surface of the nanoball, and
MeOH ligands axially bonded to the metal ions that lie at the
interior surface of the ball. It has a molecular volume, including
solvent sphere, > 17 nm3 and a molecular weight of 7.43 kDa.
The internal cavity has a volume of ca. 1 nm3. Crystals of 1
appear to be stable indefinitely if in contact with the mother-
liquor but are highly deliquescent if removed from mother-
liquor.

The presence of 24 hydroxy groups on the surface of the
nanoball predictably alters the chemical and physical properties

when compared to the unsubstituted analogues. For example, 1
is readily soluble in a variety of organic solvents, including
methanol, ethanol, iso-propyl alcohol, DMF and hot acetoni-
trile. This has allowed us to grow microcrystals of 1 on mica or
glass, via evaporation of methanol solutions of 1.

Atomic force microscopy (AFM) has become one of the most
widely used tools for the study of crystal growth and behaviour
on surfaces,15–20 examples include size control of nano-crystals
on Langmuir–Blodgett films,15 protein crystal growth,16 molec-
ular and nanotribology,17 statistical analysis of 2-D crystal
sizes,18 dopant effects on crystal growth19 and annealing effects
on crystallisation.20 AFM studies‡ revealed that the micro-
crystals of 1 are of quite uniform dimensions and that they are
stable even after mild heating.

The images obtained on a mica surface, without thermal
treatment, show increasing density of microcrystals with
increasing concentration. The micocrystals have an average
height of 140 nm with a variation of 30 nm; the roughness
(RMS) is 56 nm. The average size is 1.3 mm with a variation of
0.4 mm. In the case of the films prepared on glass, observation
on samples not thermally treated gave poor image quality even
in the non-contact mode due to the presence of residual solvent
forming a strongly bound contamination film. This contamina-
tion layer can be removed by heating to 37 or 75 °C during 24
h. The corresponding images are shown in Fig. 3(a) and (b),
respectively; the roughness (RMS) is 236 nm and 261 nm.
Image analysis shows an average size of 1.4 mm for the sample
annealed at 37 °C and again 1.4 mm for that annealed at 75 °C,
the variance is 0.4 mm. It is interesting that there is no apparent
difference in the crystal sizes either on different substrates or
under different thermal treatment. The average heights are 500
and 600 nm, respectively. For the sample treated at 37 °C the
height values are randomly distributed about this average.
However, for the sample treated at 75 °C there is a clear
statistical distribution of heights at 300, 600 and 900 nm. Whilst
it is apparent that annealing at higher temperature leads to a
higher density of crystals, it is of interest that there is apparently
non-crystalline material present between the microcrystals in
Fig. 3(a). This situation is analogous to that observed for
thermally treated thin films of tert-butylcalix[4]arene.21 It
would appear that annealing at the higher temperature gives rise

Fig. 1 Schematic representations of the small rhombihexahedra that exist for
[(MeOH)2Cu2(bdc)2]12, a, and [(Py)(MeOH)Cu2(bdc)2]12, b. The two
polyhedra differ in the connectivity of the SBUs.

Fig. 2 Crystal structure of [(DMSO)(MeOH)Cu2(bdc-5-OH)2]12 1. The
connectivity of the SBUs in 1 is the same as in b.

This journal is © The Royal Society of Chemistry 2001
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to a complete crystallisation of the film and that there is a
definite self-organisation producing structures for which the
heights are multiples of 300 nm. The existence of nanoscale
channels in the crystal structure of 1 is a consequence of the
inability of spheres to close-pack efficiently and the inherent
open structure that must occur for a faceted polyhedron. We are
therefore evaluating 1 for possible use in sensors.

We gratefully acknowledge the financial support of UCBL1
(M. Z.), NSF (DMR 0101641, M. Z.) and CNRS and FRM
(A. W. C.).
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hydrogen atoms were refined anisotropically and hydrogen atoms were
placed in geometrically calculated positions and refined with temperature
factors 1.2 times those of their bonded atoms. The calculated density is very
low and a reflection of the large amounts of space in the unit cell that are
occupied by disordered solvent molecules.

Crystal data for 1: tetragonal, space group I4/mmm, a = b = 31.111(4),
c = 35.999(6) Å, V = 34844(8) Å3, Z = 2, Dc = 0.708 g cm23, m = 0.778
mm21, F(000) = 7366, 2qmax = 42.08° (230 @ h @ 31, 231 @ k @ 31,
236 @ l @ 21). Final residuals (for 296 parameters) were R1 = 0.1531 for
5170 reflections with I > 2s(I), and R1 = 0.2128, wR2 = 0.4702, GOF =
1.679 for all 49928 data. Residual electron density was 1.051 and 20.592
e Å23.

CCDC reference number 169279. See http://www.rsc.org/suppdata/cc/
b1/b106592k/ for crystallographic data in CIF or other electronic format.
‡ Atomic force microscopy data: films of 1 were prepared by deposition of
20 mL of a solution of 1 in methanol, at varying concentrations, onto either
freshly cleaved mica or freshly cleaned glass slides. Images of deposited
films of 1 on mica or glass were collected using a Thermomicroscopes
Explorer AFM. Scan sizes from 80 to 5 mm were collected in amplitude
detection in the non-contact mode. Cantilevers were HRF with a resonance
frequency of 270 kHz, scan rates were 1 Hz. Image resolution was 500 3
500. Images are unfiltered.
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Fig. 3 (a) Non-contact mode AFM image of microcrystals of 1 on glass after
annealing at 37 °C for 24 h. (b) Non-contact mode AFM image of
microcrystals of 1 on glass after annealing at 75 °C for 24 h.

Chem. Commun., 2001, 2380–2381 2381



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

M2 d-to-oxalate p* conjugation in oxalate-bridged complexes
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The electronic structures of oxalate-bridged, quadruply-
bonded dimolybdenum and ditungsten compounds have
been investigated by a variety of computational methods
employing density function theory (gradient corrected and
time-dependent) which reveal the consequences of strong
mixing of M2 d and oxalate p orbitals within extended chains
and cyclic structures.

Recently, Cotton and others have reported the solid-state and
molecular structures of a wide variety of dinuclear complexes
linked by dicarboxylate groups, including dimers, cyclotrimers
and cyclotetramers.1–10 Lehn and coworkers have also reported
alkynyl-linked tetranuclear complexes incorporating Ru2
units.11 In our earlier work, we have prepared several linked
dimolybdenum and ditungsten complexes supported by pivalate
ligands and noted the strong electronic communication between
the metal centres that arises for oxalate-bridged complexes of
the type (ButCO2)3M2(m-O2CCO2)M2(O2CBut)3, where M =
Mo and W.12 We have now investigated the electronic
communication in these complexes. These investigations have
involved electronic structure calculations employing density
functional theory (DFT) using both the Gaussian 98 and the
ADF 2000 packages, and use has been made of the rapidly
emerging time-dependent density functional theory (TDDFT)
method to predict excitation energies for both the cyclic and
linear forms. We report here the highlights of these findings.

When two quadruply-bonded M–M groups are linked by a
bridging oxalate ligand, the primary interactions between the
metals and dicarboxylate unit (aside from the formation of the
M–O s bonds) involve the filled d orbitals and two of the
oxalate p orbitals. There is a filled–filled interaction between
the M2 d orbitals and one of the filled oxalate p orbitals, shown
in A, and a donation from the M2 d orbital to one of the empty
p* orbitals of oxalate, shown in B.

The calculated molecular structures of the compound
(HCO2)3Mo2(m-O2CCO2)Mo2(O2CH)3, which we have thus far
used to model the previously reported hexa-pivalate complexes,
are shown in Fig. 1.

For this work, molecular and electronic structure determina-
tions were performed under either rigid D2, D2h or D4h
symmetry using both the Gaussian 98 and ADF 2000.01
programs, which gave comparable results.13 It is notable that the
oxalate ligand is essentially planar even though the symmetry of
the molecule was relaxed to allow twisting about the oxalate C–

C bond; and furthermore, the oxalate ligand has a relatively
short C–C distance (1.50 Å) compared with 1.57 Å as seen in
K2C2O4·H2O.14,15 Based on the oxalate-based LUMO being C–
C p bonding, the planar D2h structure is favoured by the back-
bonding that results from the orbital interaction shown in B. The
geometrical parameters shown in Fig. 1 for the central Mo2(m-
O2CCO2)Mo2 core compare well with those recently reported
by Cotton and Murillo for formamidinate-supported, oxalate-
bridged complexes of Mo2 and Rh2.1,2 The calculations also
predict that the ‘twisted’ D2d structure is not much higher in
energy than the D2h form, with an energy difference calculated
to be 3.0 (Gaussian 98) and 3.7 (ADF 2000) kcal mol21.
Slightly larger (6–8 kcal mol21) D2h–D2d energy differences are
found in preliminary calculations for the analogous tungsten
systems. The small conformational differences seem to corre-
late well with the observed thermochromism of the low-energy
electronic transitions of the oxalate-bridged molecules. The
energy of the transition from the b2g HOMO to the b3u oxalate
p* orbital will be particularly sensitive to small changes in the
C–C torsional angle that can be induced upon cooling. (These
symmetry labels refer to D2h symmetry. Under D2 symmetry,
b2g transforms as b2, and similarly, b3u transforms as b3.) The
calculated energy of that vertical transition for (HCO2)3Mo2(m-
O2CCO2)Mo2(O2CH)3 using TDDFT13 is 2.76 eV (449 nm) and
2.41 eV (515 nm) as determined by Gaussian 98 and ADF 2000,
respectively, which compares reasonably well to the lmax
observed for the pivalate complex (ButCO2)3Mo2(m-O2CCO2)-
Mo2(O2CBut)3, namely 2.70 eV (460 nm) at room tem-
perature.12

In reactions employing M2(O2CBut)4 (M = Mo or W) with
one equivalent of free oxalic acid, replacement of two pivalate
ligands per dinuclear unit occurs leading to higher oligomers,
which have yet to be structurally characterized. If substitution
proceeds to give trans products, a series of compounds can be
anticipated which may be conveniently represented as
[M2]n(OXA)n2 1, whereas if substitution proceeds in a cis
manner, as recently seen in the substitution reactions of
Rh2(O2CMe)4 with a dicarboxylic acid,4 then molecular squares
[M2]4(OXA)4 could result. Indeed, Cotton and Murillo, who
have employed formamidinate ligands, have shown that
squares, cyclotetramers, as well as cyclotrimers can be
formed.2,5–9 There, the cis-disposition of the ligands around the

† Electronic supplementary information (ESI) available: Table of irreduci-
ble representations for [M2]n(OXA)n2 1 for all values of n. Fig. S1: plots of
the frontier molecular orbitals of the D2h linear [Mo2]4(OXA)3 system and
the D4h square [Mo2]4(OXA)4 system. See http://www.rsc.org/suppdata/cc/
b1/b103898m/
‡ Dedicated to Professor Ernest R. Davidson on the occasion of his 65th
birthday.

Fig. 1 View of the D2h [Mo2]2(OXA) system with selected geometrical data
(Å). The Gaussian results are in red and the ADF data are in blue.
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M2 core may be anticipated based on the trans-influence order
N > O. Irrespective of the substitution pattern, the important
electronic and structural features of the resulting compounds
arise from extensions of the key orbital interactions shown in A
and B. For D2h planar [M2]n(OXA)n2 1 systems, if n is even the
M2 d orbitals transform as n/2 b2g and n/2 b3u, and by contrast,
when n is odd they transform as (n + 1)/2 b2g and (n2 1)/2 b3u.
The filled and empty oxalate p orbitals also transform as b2g and
b3u, which allows for the formation of a filled d band and a
vacant oxalate p* band. Irreducible representations spanned by
the d and oxalate orbitals are given in Table 1 (ESI†) for all
values of n. On the other hand, for a D4h square [M2]4(OXA)4
system, the M2 d orbitals transform as a1g, b2g and eu, and the
filled and empty oxalate p orbitals transform as a2g b2g eg and
a1g b1g eu, respectively.

In order to investigate the growth of the band structure in the
linear compounds, we examined the electronic structure of the
model compound [Mo2]4(OXA)3 supported by formate ligands,
and also, for comparison, that of the formate-supported cyclic
tetramer, [Mo2]4(OXA)4. The calculated optimised geometries
of the model systems are illustrated in Figs. 2 and 3,
respectively, and a comparative description is given in the
frontier molecular orbital energy level diagram, Fig. 4.

For both D2h [Mo2]4(OXA)3 and D4h [Mo2]4(OXA)4, the
HOMO is a b2g d-based orbital, which is raised in energy by
interaction with the filled b2g oxalate p orbital. The LUMO for
[Mo2]4(OXA)3 has b3u symmetry, and that for [Mo2]4(OXA)4
has b1g symmetry, and in each case is an oxalate-localised p*
orbital which is totally uninvolved with the metal atoms.
Throughout, the M2 d*, p and s orbitals are largely unperturbed
by the oxalate ligands. Plots of the key frontier molecular
orbitals for the linear [Mo2]4(OXA)3 and the square
[Mo2]4(OXA)4 system are given as ESI in Fig. S1.†

The lowest energy electronic bands of M2(O2CR)4 ‘mono-
mers’ are due to metal-localised d ? d* transitions. The
presence of the oxalate ligands in [M2]n(OXA)n2 1 chains and
[M2]4(OXA)4 squares provides a significant electronic pertur-

bation and hence the electronic transitions in these systems will
be dominated by M2 d ? oxalate p* MLCT transitions. In the
linear chains, there is a low-energy allowed b2g? b3u or b3u?

b2g transition for all values of n. By contrast, the highly
symmetric square [M2]4(OXA)4 system has a smaller number of
allowed, low-energy transitions. The lowest energy MLCT
transition (b2g ? b1g) is rigorously forbidden, but the next
lowest transitions are expected to be intense MLCT transitions.
The bonding in the formamidinate square [(HNCHNH)2M2(m-
O2CCO2)]4 is qualitatively very similar, underlining the
importance of the oxalate ligands in determining the ultimate
electronic structure of these systems.

From the above example of perpendicularly linked M–M
quadruple bonds, the qualitative features of conjugation involv-
ing M2 d orbitals and vacant ligand p* orbitals can be
anticipated. By contrast, for an axially aligned linear arrange-
ment ~ (M2–bridge–M2) ~ , such as found in Lehn’s acetylene
linked diruthenium chains,11 the primary conjugation involves
the metal p or p* orbitals except when the bridge spans the M2
unit as in 2,7-dioxynaphthyridine or 1,8-anthracenyldicarbox-
ylate. Thus, investigations of these complexes should also prove
most fascinating.

We thank the National Science Foundation for financial
support and the Ohio Supercomputing Center for computational
resources.
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Fig. 2 View of the D2h linear [Mo2]4(OXA)3 system with selected
geometrical data (Å). The Gaussian results are in red and the ADF data are
in blue.

Fig. 3 View of the D4h square [Mo2]4(OXA)4 system with selected
geometrical data (Å). The Gaussian results are in red and the ADF data are
in blue.

Fig. 4 Qualitative schematic frontier molecular orbital energy level splitting
diagram for the D2h linear [Mo2]4(OXA)3 system (left), and the D4h square
[Mo2]4(OXA)4 system (right).
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Utilization of double aromatic p-stacking interactions on a
2,3-diaminobutane framework provides a new motif for
structurally rigid C2-symmetrical propeller-shaped chiral
1,2-diamines.

Catalytic asymmetric carbon–carbon bond forming reactions
have emerged as one of the most active areas of research in
organic synthesis.1 In this field, standard reactions such as the
addition of diethylzinc to benzaldehyde are investigated as
benchmarks upon which to evaluate the relative efficiency of
different ligands. Chiral, C2-symmetrical 1,2-diamines are
valuable scaffolds both as auxiliaries and ligands in catalytic
asymmetric reactions.1,2 In particular, sulfonamide derivatives
of the ligands 1,2-diaminocyclohexane 1 and 1,2-diamino-
1,2-diphenylethane 2 (Fig. 1) have been utilized extensively
over the last few years in a large variety of catalytic asymmetric
processes.1

Kobayashi et al. have demonstrated that derivatives of 1 are
highly efficient (maximum 99% yield and 99% ee) in promoting
the addition of diethylzinc to benzaldehyde.3 However, applica-
tions to other systems involving functionalized aldehydes and/
or functionalized organozincs are generally not as efficient. For
example, Marshall reported an elegant approach to annonaceous

acetogenins employing the addition of a functionalized organo-
zinc reagent to an aliphatic aldehyde, using the Kobayashi
catalyst, in 90% ee4 This result appears to be quite general for
functionalized variants of the reaction5 highlighting the need for
the design of new types of chiral ligand incorporating new
defined structural motifs.

A central theme of our research is the investigation of novel
scaffolds for chiral ligand design.6 This led us to the concept of
developing a new class of chiral ligand having a C2-symmetrical
1,2-diamine core encompassed within a 2-bladed propeller-
shaped architecture exemplified by the 2,2A-bipyrrolidine 3.
Such a structure has analogy with axially chiral 1,4-bidentate
ligands (e.g. BINAP, BINOL) but is connected via sp3

hybridized atoms and has the stereogenic centre in closer
proximity to a coordinated metal. Propeller7 and helical8 shaped
motifs have found application as ligands in the area of
asymmetric catalysis.1 Current difficulties with the incorpora-
tion of a propeller motif into ligand design centre on devising a
molecular assembly which will retain a rigid propeller shaped
conformation.

We considered that two important factors in the design of
such a ligand would be the chemical nature and the control of
conformational mobility of the ‘blades’ of the ligand. One
possible molecular assembly which emerged from modelling
studies‡ consisted of the incorporation of two different aromatic
rings on each ‘blade’ of the propeller, conformationally
restrained by utilization of double intramolecular p-stacking
secondary orbital interactions (4, Fig. 1). These studies
indicated that an arylsulfonamide moiety (ArA) on each nitrogen
would be correctly positioned for donor–acceptor interactions
with a second aryl residue (Ar) on the diamine core provided
that a methylene spacer was positioned between. Under these
constraints, the two Ar residues of 4 could be envisioned to form
a p-stack with each arylsulfonamide having an approximate
interplanar separation of about 3.5 Å. Complexes of such a
ligand 5 would result in the desired conformationally rigid
propeller structural motif.9,10 We chose the electron-rich
heterocycle indole as the Ar-substituent at the 1,4-positions in
this model study. It was considered advantageous to install the
bis-N-sulfonamide late in the synthesis allowing for steric or
electronic manipulation of the ArA p-acceptor and for the
introduction of diversity within the ligand set. We now report
the synthesis and characterization of ligand 12 from tartaric acid
(Scheme 1), confirming the rigid double p-stack both in
solution and in the solid state, as well as preliminary application
of 12 and analogs 13 and 14 as promoters for the addition of
diethylzinc to benzaldehyde. Tartaric acid 6 was converted to
the bis-mesylate 7 following literature protocols.11 Inter-
estingly, substitution using the lithium salt of indole proceeded
in refluxing THF to provide only the monosubstituted product
while the use of THF–HMPA 4 + 1 gave the desired bis-N-
alkylated product 8 in high yield. The acetonide was cleaved
and the resulting 2,3-diol converted to the bis-mesylate
derivative 9. Conversion to the 2,3-bis-azide was achieved
following the protocol of Mosset et al.,11b reduction of which,
using Adam’s catalyst, provided the key diamine 11. Standard

† Electronic supplementary data (ESI) available: colour figure showing p-
stacking in compound 12. See http://www.rsc.org/suppdata/cc/b1/
b106641b/

Fig. 1 Design of propeller shaped catalyst 5 as the minimized ZnCl2 com-
plex of ligand 4.
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sulfonylation of the diamine using 4-nitrobenzenesulfonyl
chloride gave ligand 12.

The UV spectra of ligand 12 in CH3CN exhibited both a
bathochromic as well as a significant hyperchromic shift in
comparison to indole and 4-nitrobenzenesulfonyl chromo-
phores attributable to a charge-transfer interaction in solution.12

Further evidence for the p-stacking in solution was provided by
the 1H-NMR spectrum. For example, the average chemical shift
of the indole C-2 proton of 8–11 was d 6.55 ppm in sharp
contrast to that of 12 (d 6.23 ppm). This shielding is ascribed to
the neighbouring ring current anisotropy exerted by the
nitrosulfonamide on the stacked indole.13

Crystals of 12 suitable for X-ray diffraction were grown from
MeOH,§ the molecular structure is shown in Fig. 2. The unit cell
consists of two molecules of 12 each of which are doubly
intramolecularly p-stacked with an interplanar separation of
approximately 3.5Å. The two molecules of 12 are bonded
through a rarely observed intermolecular hydrogen bond
between the oxygen lone pairs of a nitro substituent and a
sulfonamide NH on the other ligand.

Other sulfonamide derivatives such as 13 (4-FC6H4-) and 14
(4-MeC6H4-) were also readily obtainable from diamine 11. The
addition of diethylzinc to benzaldehyde was investigated in
toluene under conditions similar to Kobayashi using these
ligands.3 The adduct (S)-1-phenylpropan-1-ol was obtained in
ee’s of 99% (12), 71% (13) and 31% (14) respectively.
Consumption of benzaldehyde was generally complete, how-
ever in all cases 5–15% of benzyl alcohol was also produced
through competitive b-hydride reduction which may be attrib-
uted to steric crowding in the catalysts derived from 12–14.

In conclusion, we have experimentally confirmed the struc-
ture of the double p-stacked chiral 1,2-diamine ligand 12 as a
model system for obtaining the C2-symmetrical propeller motif
as well as the preparation of propeller shaped catalysts. An
inspiring agreement between the molecular modelling studies‡
and eventual structure of ligand 12 was observed. Preliminary
investigations have demonstrated the viability of this structural
motif in asymmetric catalysis. Further modifications to the
ligand structure based on models 3 and 4 incorporating various
donor–acceptor partners as well as applications to function-
alized variants of the reaction are in progress.

Financial support of this work by the Natural Sciences and
Engineering Research Council of Canada, Research Corpora-
tion (Cottrell Scholar Science Award to J. McN) and the Canada
Foundation for Innovation is gratefully acknowledged.
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1 (a) I. Ojima, Catalytic Asymmetric Synthesis, Wiley-VCH Inc., New
York , 2nd edn., 2000; (b)  H. Tye, J. Chem. Soc., Perkin Trans. 1, 2000,
275 and prior reviews in this series.

2 (a) A. Alexakis, I. Aujard, T. Kanger and P. Mangeney, Org. Synth.,
1998, 76, 23; (b) J. F. Larrow and E. N. Jacobsen, Org. Synth., 1997, 75,
1.

3 H. Takahashi, T. Kawakita, M. Ohno, M. Yoshioka and S. Kobayashi,
Tetrahedron, 1992, 48, 5691.

4 J. A. Marshall and H. Jiang, J. Org. Chem., 1998, 63, 7066.
5 For examples using functionalized reagents see: (a) C. Lutz and P.

Knochel, J. Org. Chem., 1997, 62, 7895; (b) S. Nowotny, S. Vettel and
P. Knochel, Tetrahedron Lett., 1994, 35, 4539.

6 (a) J. McNulty, M. J. Millar, G. Bernardinelli and C. W. Jefford, J. Org.
Chem., 1999, 64, 5312; (b) A. Robertson, C. Bradaric, C. S. Frampton,
J. McNulty and A. Capretta, Tetrahedron Lett., 2001, 42, 2609.

7 (a) M. T. Powell, A. M. Porte and K. Burgess, Chem. Commun., 1998,
2161; (b) C. Moberg, Angew. Chem., Int. Ed., 1998, 37, 249.

8 S. D. Dreher, T. J. Latz, K. C Lam and A. L. Rheingold, J. Org. Chem.,
2000, 65, 815.

9 For general discussions on the nature of p–p interactions, see (a) C. A.
Hunter and J. K. M. Sanders, J. Am. Chem. Soc., 1990, 112, 5525; (b) C.
A. Hunter, Angew. Chem., Int. Ed., 1993, 32, 1584.

10 For a general review on the use of p-stacking effects in asymmetric
synthesis, see G. B. Jones and B. J. Chapman, Synthesis, 1995, 475.

11 (a) E. A. Mash, K. A. Nelson, S. Van Deusen and S. B. Hemperley, Org.
Synth., 1989, 68, 92; (b) A. Scheurer, P. Mosset and R. W. Saalfrank,
Tetrahedron: Asymmetry, 1997, 8, 1243.

12 N. Kaneta, F. Mitamura, M. Uemura, Y. Murata and K. Komatsu,
Tetrahedron Lett., 1996, 37, 5385.

13 The upfield shift of heterobase protons in oligonucleotides is a well
known phenomenon and is a result of the stacking of aromatic bases. For
examples, see: (a) C. H. Lee, F. S. Ezra, N. S. Kondo, R. H. Sarma and
S. S. Danyluk, Biochemistry, 1976, 15, 3627; (b) R. A. Bell, J. R.
Everett, D. W. Hughes, J. M. Coddington, D. Alkema, P. A. Hader and
T. Neilson, J. Biomol. Struct. Dynamics, 1985, 2, 693; (c) R. A. Bell, J.
R. Everett, D. W. Hughes, J. M. Coddington, D. Alkema, P. A. Hader
and T. Neilson, J. Biomol. Struct. Dynamics, 1985, 2, 693.

Scheme 1 Synthesis of ligands 12–14. Reagents and conditions: (i) indole,
LiHMDS, THF–HMPA 4 + 1, 278 °C, 2 h then to 22 °C, 6 h, 81% (ii)
MeOH–THF 2 + 1, 0.1 N HCl, 68 °C, 1 h, 86%. (iii) MsCl, Et3N, CH2Cl2,
0 °C, 5 h, 90%. (iv) NaN3, DMSO, 80 °C, 24 h, 89%. (v) MeOH–H2O 3 +
2, PtO2, 1 atm H2, 22 °C, 8 h, > 99%. (vi) ArSO2Cl, Et3N, CH2Cl2, 0 °C,
6 h, 62%. Note: Ind = 1A-indolyl.

Fig. 2 ORTEP diagram of one molecule of 12 verifying the double
intramolecular p-stacking.
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Direct visualisation of induced current density in clamped
benzenes 1–4 distinguishes between saturated clamping
groups, for which the central benzene ring retains a
conventional diamagnetic ring current, and strongly inter-
acting, unsaturated clamps, for which the central ring
supports only the localised circulations expected of a
1,3,5-cyclohexatriene with fully fixed double bonds.

Synthetic chemists have been tantalised for many years by the
target of a molecular realisation of 1,3,5-cyclohexatriene
(CHT). A popular strategy for conversion of benzene to CHT
has been to attempt to tilt the energy balance in favour of the
localised form by imposition of geometric constraints.1 Annela-
tion with rigid clamping groups has produced rings having
various degrees of bond alternation, DR. If bond equalisation is
the signature of aromaticity, then structures such as tris(bicyclo-
[2.1.1]hexano)benzene (1) and tris(benzocyclobutadieno)ben-
zene (2), with DR(1) = 0.089 Å and DR(2) = 0.154 Å (X-ray1),
are de facto non-aromatic forms of benzene and hence
realisations of CHT.1 If, on the other hand, magnetic criteria for
aromaticity2 are used, the conclusion is different. From IGLO
calculations, it is known that the benzene ring can tolerate a
wide range of geometric distortion (e.g.DR 5 0.165 Å2a) whilst
maintaining exaltation of diamagnetisability. We will show
here by direct visualisation of the current density maps that 1
retains the ring current of benzene, whereas 2 has the localised
magnetic character expected of a CHT ring with fixed double
bonds. It will be seen that the same dichotomy in magnetic
response is exhibited by simpler model systems3 tris(cyclobute-
no)benzene (3, de-localised) and tris(cyclobutadieno)benzene
(4, localised), and we will give a systematic explanation in
terms of an orbital model4 for sizes and signs of ring
currents.

A distributed-origin, coupled Hartree–Fock method such as
CTOCD-DZ (continuous transformation of origin of current
density, diamagnetic zero5) is particularly suited to visualisation
and interpretation of ring currents.6 As the current density at any
point is calculated with that point as the origin of vector
potential, this ipsocentric formulation gives numerically well
converged results5 and lends itself to physically based analy-
sis.4

Optimised geometries (RHF/6-31G**) show bond alterna-
tions of DR(1) = 0.096 Å, DR(2) = 0.152 Å, DR(3) = 0.015
Å and DR(4) = 0.182 Å. The SYSMO program7 was used to
calculate current densities (Fig. 1) as in ref 6. In all plots,
diamagnetic circulation is shown anti-clockwise.

The computed map (Fig. 1a) for the p current density in 1
exhibits a strong central diamagnetic current in the benzene
ring. Despite significant bond alternation imposed by clamping,
the D3h benzene moiety of 1 retains the classical p ring current.
In contrast, the central ring of 2, also of D3h symmetry, has only
localised p currents (Fig. 1b). Thus, attachment of the
unsaturated benzocyclobutadieno clamps to the benzene ring
has completely destroyed its delocalised character, and hence

on magnetic criteria, removed its aromaticity. Compound 2 does
have delocalised currents (p diamagnetic in outer benzene
rings, s paramagnetic6a in square rings) but no central ring
current.

As Figs. 1c and d show, retention and destruction of a central
p ring current can be reproduced in simpler model systems, 3
and 4. To explain the opposite effects of saturated and
unsaturated clamping groups, it is useful to consider orbital
contributions to the current density maps. In an ipsocentric
formulation, the total current density is partitioned into
paramagnetic and diamagnetic orbital contributions, that de-
pend on accessibility of excited states via rotational and
translational transitions,4 respectively. In the Hückel picture of
the benzene ring, the sole active transition is that from HOMO
(e1g) to LUMO (e2u), which is translationally allowed and
produces four-electron diamagnetism.4b In a full, ab initio
treatment this transition remains overwhelmingly dominant in
the diamagnetic p ring current.4a

Fig. 2 illustrates the p orbital systems of the molecules 3 and
4, and reveals the essential difference between the two.
Clamping of the benzene ring with saturated groups as in 1 and
3, imposes a purely geometric constraint, producing bond
alternation and lowering the molecular symmetry. The HOMO–
LUMO transition is then formally both translationally and
rotationally allowed, but as the changes to the orbitals are first-
order in DR, the transition moments are hardly changed, so that
the pattern of currents remains essentially that of free ben-
zene.

On the other hand, an unsaturated clamping group introduces
an extra set of p orbitals around the Fermi level. In 4 the
interaction between central and perimeter p systems leads to a
manifold of 5 orbitals in which significant but cancelling
current density in the central ring arises from a mixture of
translational and rotational p?p* transitions. The 2eB HOMO
pair gives a strong paramagnetic circulation in the central ring,
the 2a2BHOMO-1 gives con-rotating paramagnetic circulations
in all three four-membered rings, and the 1eB HOMO-2 gives a
diamagnetic circulation outside the central ring. The result is the
island pattern of circulation on formal double bonds seen in the
p map (Fig. 1d), dominated by 10 of the 12 p electrons.

A similar interaction diagram can be constructed for the
benzene-annelated derivative 2. The 2eB set corresponding to
the HOMO of benzene contributes a diamagnetic current that is
quenched by the paramagnetic contribution from 3eB. A further
8 p electrons in the highest lying occupied orbitals (4eB, 3a2B,
1a1B) account for the discrete diamagnetic circulation on the
outer benzene rings.

Orbital analyses also account for the different nucleus-
independent chemical shifts2b in 1 (28.0 ppm (0.0 Å)8 and 2
(21.1 ppm (1.0 Å)).9 The strongly diatropic value for 1 and the
equivocally diatropic value for the central ring of 2 arise from
integrations over distinctly different patterns of total current.

Two general comments can be made. The first concerns bond
alternation, used as an indication of benzenoid character of a
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clamped ring. It is clear from the orbital picture that the
electronic effect of the clamping groups rather than their rôle as
geometrical constraints determines whether the central current
will be quenched. Strong bond alternation may be a symptom of
either a rigid saturated clamp without significant effect on ring
current, or of a strongly interacting unsaturated clamp which, by
pushing HOMO and LUMO apart, quenches the current. The
(benzo)cyclobutadieno clamp belongs to this latter class,
whereas, for example, a set of 3,4-dimethylenecyclobuteno

clamps,3a with localised p bonds exo to the four-membered
rings, would be expected not to affect the central benzene
current. Calculated maps (not shown here) confirm this
expectation.

The second comment is that the orbital picture gives a unified
account of both diatropic and paratropic central rings. For
example, annelation8 of cyclooctatetraene (COT) either retains
or quenches the central paratropic current,10 accordingly as the
clamps do or do not push apart the closely separated HOMO–
LUMO pair of the COT subunit.
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Fig. 1 Maps of p current density in (a) tris(bicyclo[2.1.1]hexeno)benzene (1), (b) tris(benzocyclobutadieno)benzene (2), (c) tris(cyclobuteno)benzene (3) and
(d) tris(cyclobutadieno)benzene (4). Nuclear positions are projected into the plotting plane, 1a0 above molecular plane.

Fig. 2 Highest occupied and lowest unoccupied p molecular orbitals of 3
and 4, with energies (au) and symmetries. In D3h, translational (diamag-
netic) p-p* transitions are a1B ? eB, a2B ? eB, eB ? (a1B, a2B, eB) and
rotational (paramagnetic) transitions a1B? a2B, a2B? a1B, eB? eB.
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Two molecules of S-2-pyridylmethylidene-1-(2-pyridyl)-
ethylamine coordinated to an iron(II) undergo successive
transiminations yielding bis[1-(2-pyridyl)ethylidene-2-pyr-
idylmethylamine]iron(II) in acetonitrile.

Biochemical transformations such as transamination and race-
mization of a-amino acid are mediated by pyridoxal (vitamin
B6).1 Pyridoxal converts one amino compound to an aldimine
by providing aldehyde followed by transimination of the
aldimine to a ketimine, a precursor of a keto acid. Metal ions
assist these reactions, though the details of their participation in
vivo is a matter of controversy.1 2-Pyridinecarbaldehyde has
been reported to promote the transimination by forming an
imine bond with aliphatic a-amino acids in the presence of ZnII

and CuII.2
Imines, on the other hand, are useful functional groups for the

construction of metal chelates because imines are easily derived
from carbonyl groups (aldehyde or ketone) and primary
amines.3 Although much attention has been paid to the
mechanism for the formation of imine bonds in the presence of
metal ions,3,4 less is known about the conversion of imines thus
formed.5 A translocation of the imine bond in a macrocyclic
tetraimine coordinated to FeII has been described but the nature
of the reaction remains ambiguous.6

Here, we describe the occurrence and kinetics of a smooth
transimination on a low-spin iron(II) with S-2-pyridylmethyl-
idene-1-(2-pyridyl)ethylamine, S-PMPE. The bis(S-PMPE)FeII

perchlorate was isolated as a diastereomeric mixture.‡ The
UV–Vis spectrum of CD3CN solution is almost identical to
{Fe[1-(2-pyridyl)ethylidene-2-pyridylmethylamine]2}2+ , [Fe-
(PEPM)2]2+, but a significant negative Cotton effect at 550 nm
and positive-to-negative exciton band around 330 nm were
observed in CD spectroscopy. The Cotton effects are in
agreement with the L-[Fe(phen)3]2+ or L-[Fe(bpy)3]2+.7 (The
assignment of the absolute configuration is based on the
chirality of two 1,2-diimine chromophores of the tridentate
ligands.) From the 1H NMR spectrum the ratio of the amount of
the two diastereomers is 1.0 to 0.8. Based on these, the major
and minor compounds are tentatively assigned to the L-mer-
and D-mer- isomers respectively.

Changes on the 1H NMR spectrum of [Fe(S-PMPE)2]2+ in
CD3CN at 45 °C are shown in Fig. 1. At first, the spectra (Fig.
1(a)) are composed of two sets of signals because [Fe(S-
PMPE)2]2+ is a mixture of two diastereomers, each of which has
C2 symmetry. In the early reaction stage, the magnitudes of two
doublet methyls at d = 2.42 (peak 1) and 2.57 (peak 4) and two
azomethine signals at d = 10.32 (peak 11) and 10.39 (peak 14)
decreased, while those of the two new doublet methyls at d =
2.44 (peak 2) and 2.48 (peak 3) and azomethine signals at d =
10.33 (peak 12) and 10.34 (peak 13) increased along with new
singlet methyls at d = 3.40 (peak 6) and 3.43 (peak 7) and AB
pattern signals at ca. 6.43–6.30 ppm. In the successive stage, the

magnitudes of the new signals diminished after reaching
maxima and new signals followed, in which only one methyl
signal at d = 3.37 (peak 5) emerged and an AB pattern centered
at d = 6.37 (peak 8) appeared. The final spectrum coincided
with that of [Fe(PEPM)2](ClO4)2.8 These changes are ac-
counted for by consecutive reactions shown in Fig. 2. There are
two tridentate ligands, S-PMPE, co-ordinated to FeII. The
transimination on one of the ligands of L-[Fe(S-PMPE)2]2+ (1)
and D-[Fe(S-PMPE)2]2+ (2) yields intermediates, D-[Fe(S-
PMPE)(PEPM)]2+ (3) and L-[Fe(S-PMPE)(PEPM)]2+ (4) re-
spectively. In the successive transimination, the remaining S-
PMPE is converted to PEPM thus forming L- and

† A JSPS Foreign Researcher Postdoctoral Fellow from Nov 1997 to Nov
1999. Present Address, University of Puerto Rico, Mayaguez Campus,
Department of Chemistry, P.O.Box 9019, Mayaguez, PR 00681. 

Fig. 1 1H NMR change of [Fe(S-PMPE)2](ClO4)2 in CD3CN.

Fig. 2 Pathway of transimination of L- and D-[Fe(S-PMPE)2]2+ as detected
by NMR and CD spectra in CD3CN and proton labels.

This journal is © The Royal Society of Chemistry 2001
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D-[Fe(PEPM)2]2+ (5 and 6) which are enantiomers to each other
and indistinguishable by NMR spectroscopy.

The CD spectrum of the final stage showed Cotton effects
which are very similar to those of [Fe(S-PMPE)2]2+. This
finding supports that the optical activity stems from the
configurational effect of two 1,2-diimine chromophores co-
ordinated to FeII because the asymmetric centres in the ligands
were lost in the final product and that this reaction proceeds
without disruption of the Fe–N bonds.

This conversion was slow in CD3CN, and the presence of
water accelerated the reaction. The reaction was investigated
with varying solvents, i.e. 90% CD3CN–H2O, 90% CD3CN–
D2O. In the presence of D2O, however, the intensity of the AB
signals (peak 8) due to –CH2 diminished. These findings
support that the product [Fe(PEPM)2]2+, undergoes a facile H–
D exchange at the methylene hydrogen in the presence of
D2O.

The reaction was accelerated by the presence of organic base.
The time course of the reaction was followed by 1H NMR
measurements with CD3CN solution of 2,6-dimethylpyridine
and an example is shown in Fig. 3, the curves are drawn based
on the first-order consecutive reactions using rate constants
derived from a non-linear least-squares method. Increase in the
concentration of 2,6-dimethylpyridine resulted in the increase
of the rate constant as shown in the inset of Fig. 3. The abscissa,
k0, obs, for each reaction can be ascribed to a small amount of
water in the solvent. From the slope of the lines in the inset,
second order rate constants are derived: k11 = 41.7 ± 0.1; k12 =
24.1 ± 0.1; k12 = 10.7 ± 0.1; k22 = 10.1± 0.1 M21 min21 at
45 °C.

The driving force of this transimination will be the difference
in the enthalpy between N(py)†C–CH†N–CH(CH3)–CH(py)
and N(py)†C–CH2–N†C(CH3)–C†N(py) co-ordinated to
Fe(II). This reaction could occur via H+ dissociation by a base
yielding a 1,3-diiminate intermediate, N(py)†C–
CH†N(FeII)2†C(CH 3)–CH(py), followed by reprotonation
from the conjugated acid of the base to the 1,3-diiminate
because the rate of each step is proportional to the base. It is
noteworthy that the doublet methyls did not show any indication
of singlet formation in 10% D2O–CD3CN solution due to an H–

D exchange at the –CH(CH3)– site. This will be the con-
sequence of the unidirectional nature of this reaction, i.e.
reprotonation to the deprotonated species occurs exclusively at
the ethylidene site.

These observations led us to measure the rate of H–D
exchange in {Fe[pyridylmethylidene-1-(2-pyridyl)methyl-
amine]2}2+. This compound has been known for several decades
but there seems no report on the H–D exchange on the ligand.9
In a 10% D2O–CD3CN solvent, the H–D exchange occurred at
the methylene and azomethine in the presence of 5 mM
2,6-dimethylpyridine at 45 °C. The H–D exchange at the
methylene followed successive first-order consecutive reactions
(exchange of one of the methylene hydrogens in the initial stage
followed by exchange of the remaining hydrogen) with the rate
constants of 0.04 min21 and 0.025 min21. The decay of the
azomethine signal occurred more slowly and did not follow
simple first-order rate law. The decay was described by two-
phase first-order reactions as rate = A1exp(2k1t) +
A2exp(2k2t), with k1 = 0.014 min21 and k2 = 0.0015 min21.
These results are in accordance with the reaction paths where
the H+ is removed from the methylene (or deuterated methy-
lene) solely and reprotonation occurs to a 1,3-diiminate
intermediate.

Notes and references
‡ Experimental procedure: S-2-(1-ethyl)pyridine was synthesized as de-
scribed in the literature.10L- and D-[Fe(S-PMPE)2](ClO4)2. An acetonitrile
solution of Fe(ClO4)2·6H2O (0.5 g, 1.4 mmol) in 50 cm3 was mixed with 3
cm3 of acetonitrile containing 0.29 g (2.7 mmol) of pyridine-2-aldehyde
under argon. After 10 minutes, 0.33 g (2.7 mmol) of S-2-(1-ethyl)pyridine
in 5 cm3 of acetonitrile was added dropwise. The mixture was warmed at 60
°C for 10 minutes followed by cooling; addition of 15 cm3 of diethyl ether
yielded violet microcrystals. Yield 0.89g (96.7%). Anal. Calc. for
C26H26N6FeCl2O8: C, 46.1; H, 3.8; N, 12.4. Found: C, 46.7; H, 3.8; N,
12.1%. FAB-mass m/z: C13H13N3FeClO4

+ requires 366.5; found: 366.5.
The signals of the 1H NMR spectrum were assigned as indicated in Fig. 1a
on the basis of 1H–1H COSY, 1H–13C HMQC, and 1H–13C HMBC spectra.
For the 2,6-dimethylpyridine accelerated reactions, the iron complex was
weighed into 2 mm f NMR tubes and air was eliminated by argon flow
through a serum cap. The CD3CN solution of 2,6-dimethylpyridine was
added with a syringe through the serum cap. The sample was mounted to an
NMR probe and the measurement was started immediately at 45 °C. The
isolated peaks were chosen to measure the peak areas; peak 4 as 1, peak 14
as 2, peaks 6, 7, 5 as intermediates and the final product. The relative
concentration of each species was calculated based on the area. 

1 (a) E. C. Constable, Metals and Ligand Reactivity, VCH, Weinheim,
1996, p. 116–119; (b) A. E. Martell, Acc. Chem. Res., 1989, 22,
115–124; (c) Y. Nagata, R. Yoda and U. Matsushima, Chem. Pharm.
Bull., 1998, 46, 1849; (d) R. F. Zabinski and M. D. Toney, J. Am. Chem.
Soc., 2001, 123, 193.

2 L. Casella and M. Gullotti, Inorg. Chem., 1983, 22, 2259.
3 (a) T. E. Chavez-Gil, D. L. A. de Faria and H. E. Toma, Vib. Spectr.,

1998, 16, 89; (b) J. deO. Cabral, M. F. Cabral, M. G. B. Drew, F. S.
Escho, O. Haas and S. M. Nelson, J. Chem. Soc., Chem. Commun.,
1982, 1068.

4 D. S. C. Black, in Comprehensive Coordination Chemistry, Vol. 1, ed.
G. Wilkinson, R. D. Gillard and J. A. McCleverty, Pergamon, Oxford,
1984, pp. 415.

5 M. Goto, Y. Ishikawa, T. Ishihara, C. Nakatake, T. Higuchi, H.
Kurosaki and V. L. Goedken, J. Chem. Soc., Dalton Trans., 1998,
1213.

6 J. C. Dabrowiak, F. V. Lovecchio, V. L. Goedken and D. H. Busch, J.
Am. Chem. Soc., 1972, 94, 5503.

7 S. F. Mason and B. J. Norman, J. Chem. Soc. (A), 1969, 1442.
8 The final 1H NMR coincided with the authentic sample which was

prepared from Fe(ClO4)2·6H2O, 2-aminomethylpyridine, and 2-acet-
ylpyridine.

9 (a) F. Lions and K. V. Martin, J. Am. Chem. Soc., 1957, 79, 2733; (b)
P. Krumholz, Inorg. Chem., 1965, 4, 757; (c) S. M. Nelson and J.
Rodgers, J. Chem. Soc., (A), 1968, 272; (d) E. Baggio-Saitovitch and M.
A. de Paoli, Inorg. Chim. Acta, 1978, 27, 15.

10 J. W. Canary, C. S. Allen, J. M. Castagnetto and Y. Wang, J. Am. Chem.
Soc., 1995, 117, 8484.

Fig. 3 Time course of transimination of L- and D-[Fe(S-PMPE)2]2+ in 1.0
mM 2,6-dimethylpyridine CD3CN solution at 45 °C: 1, 1; 7, 2; ., 3; 3, 4;
5, 5 + 6. Inset shows the dependency of first-order rate constants on the
concentration of 2,6-dimethylpyridine: 1, k11; 7, k21., k12; 3, k22.
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The reversible formation of a coordinative bond between a
polymer-bound Lewis-acidic metal complex and a flavin
imide moiety allows complete extraction of riboflavin from
aqueous solution at physiological pH and its quantitative
release at pH 5.

Vitamin B2 (riboflavin) is an important biological redox
cofactor and essential for human and animal health. Riboflavin
is produced biotechnologically and used in vitamin enriched
food and food supplements. This calls for methods that allow
the quantitative and selective isolation of riboflavin from
aqueous solutions. We report here the synthesis and the
properties of a functionalized polymer which reversibly and
selectively binds flavins at physiological pH in aqueous
solution.1

From the work of Kimura2,3 and others4 the ability of Lewis-
acidic zinc(II)–cyclen complexes to reversibly coordinate imide
moieties with high binding strengths is well documented. The
binding motif has been used in artificial receptors for barbitu-
rates,5 thymine6 and flavins.4 To immobilize zinc(II)–cyclen as
a binding site on a polymer surface we have reacted the
protected cyclen derivative 17 with Fractogel® EMD epoxy, a
tentagel phase which is derivatized with epoxy groups.8
Remaining epoxide groups on the polymer were deactivated
with excess glycine, the BOC protecting groups of the
azamacrocycle were removed by standard methods with
trifluoroacetic acid (TFA) and treatment with aqueous zinc(II)
perchlorate solution gave the target material, as a stable, white
powder (Scheme 1). A loading of 15 mmol of zinc(II) complex
per gram of the polymeric material was determined by
elemental analysis.‡

Due to the large number of binding sites, high affinity of the
polymer to imide-containing molecules was expected even in
water. A simple experiment revealed the predicted properties.
Buffered aqueous solution of riboflavin (c = 4.9 3
1025 mol L21) was passed through a column which was filled
with the polymer material. For comparison an identical second
column was filled with Fractogel® EMD epoxy, which was
derivatized with glycine only. As easily observed by the naked
eye the flavin was fully retained on the material with zinc(II)–
cyclen binding sites (see supporting information† Fig. 3b, left
column), while no retention is observed on the reference
polymer (Fig. 3b, right column). The flavin is retained on the
polymer upon washing with aqueous buffer pH 7.4, but is
quantitatively released with aqueous buffer at pH 5.4 (Fig. 3c,
left column). Fig. 1 shows the UV spectra of the solutions before
and after passage through the column.

Apoproteins of riboflavin-binding proteins, e.g. the ribo-
flavin-binding protein of egg white, have been used to
determine the amount of riboflavin in mixtures with other
compounds.9 Such proteins show up to nanomolar affinities for
the analyte and distinguish between flavin derivatives.10

† Electronic supplementary information (ESI) available: selective binding
and reversible release of riboflavin, Figs. 3 and 4. See http://www.rsc.org/
suppdata/cc/b1/b107605a/

Scheme 1 Synthesis of a zinc(II)–cyclen loaded polymer 2 and binding
equilibrium with riboflavin (R = ribityl) or its tetraacetate [R =
CH2CH(OAc)CH(OAc)CH(OAc)CH2OAc].

Fig. 1 Absorption spectra of a buffered aqueous solution (pH = 7.4; Tris–
HCl) of riboflavin (c = 4,9 3 1025 mol L21) before passage through the
column filled with 2 (––––); absorption spectra of the eluate after passage
through the column (– – –); absorption spectra of the buffered aqueous
solution (pH 4.4; acetate buffer) used to wash the column (· · ·). Solutions
to load and to wash the column have the same volume.

This journal is © The Royal Society of Chemistry 2001
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Polymer 2 shows an apparent binding constant to riboflavin in
the millimolar range at pH 7.4 and its selectivity is restricted to
imide recognition.§ However, for many practical purposes this
might be sufficient to replace an apoprotein. To demonstrate the
ability of 2 to remove riboflavin selectively and quantitatively
from a mixture of compounds, the polymer was treated with a
solution of a commercial vitamin dietary supplement.11 The
tablets, which have to be dissolved in water to prepare a vitamin
drink, contain vitamins B1, B2, B6, B12, C, E, folic acid, biotin,
pantothenic acid and nicotinamide in amounts corresponding to
the recommended daily amount (RDA) for adults. Additional
ingredients are citric acid, sodium bicarbonate, fructose, colour
from beetroot, starch, sodium cyclamate and sodium saccharine.
The composition of ingredients of this product is typical for
similar dietary supplements of this kind. Passage through the
column filled with 2 removes riboflavin, as indicated by the
disappearance of the typical absorptions in the UV spectra of the
filtrate (Fig. 2). Elution of the column with aqueous buffer at pH
4.4 gave a solution of pure riboflavin in the concentration
exactly corresponding to the total amount of riboflavin the
mixture (tablet) had contained.12 As verification, 0.21 mg of
riboflavin were added to the filtrate which had passed the
column and the resulting solution was passed through a second
column filled with 2. The retained riboflavin was eluted with
aqueous buffer pH 4.4. From the absorption an overall isolated
amount of 0.20 mg was determined, showing within the
experimental error a quantitative reisolation.

The functionalized polymer 2 introduced in this paper
facilitates the isolation of riboflavin from natural sources13 and

its analytical determination in mixtures.9 Moreover, it is another
example of selective binding of a biological important com-
pound under physiological conditions using artificial receptors
within the concept of polyvalence binding sites.

Notes and references
‡ Preparation of zinc(II)–cyclen loaded Fractogel® EMD epoxy polymer.
Fractogel® EMD epoxy (4.0 g) and 1 (600 mg, 1.27 mmol) were suspended
in 80 mL of water buffered to pH 10 with carbonate, and mechanically
stirred for 4 d at 40 °C. The polymer was collected by filtration, suspended
in 40 mL of aqueous Tris–HCl buffer (pH 8) which contains 0.2 mol L21

glycine and stirred for 2 h at 40 °C. The material was collected by filtration,
treated with 20 mL of trifluoroacetic acid for 10 min at rt, filtered and
washed with aqueous NaOH (2 M, 50 mL) and water (100 mL) to yield 4.01
g cyclen-loaded polymer. Elemental analysis (C: 53.32, H: 8.02, N: 0.80%)
corresponds to 0.14 mmol cyclen for 1 g of material.

A suspension of Zn(ClO4)·6H2O (1.34 g, 3.6 mmol) and the prepared
polymer (2.02 g) in 10 mL of water was heated to 80 °C for 3 h, the polymer
was collected by filtration and was washed with water and methanol to yield
after drying 1.9 g of zinc(II)–cyclen-loaded polymer. Elemental analysis (C:
51.45, H: 7.6, N: 0.85%) corresponds to a polymer loading of 0.15 mmol
zinc–cyclen complex for 1 g of polymeric material.
§ The binding constant was determined from the UV absorption of a
buffered aqueous solution of riboflavin (c = 1025 mol L21) after incubating
it with a specific amount of 2 for 30 min at room temperature. Kapp = 1.2
3 1023 mol L21 (average of several measurements).

1 The use of reversible coordinative bonds for the binding of substrates to
polymeric support has very recently been reported by Ley et al. in the
context of organic synthesis. S. V. Ley, A. Massi, F. Rodriguez, D. C.
Horwell, R. A. Lewthaite, M. C. Pritchard and A. M. Reid, Angew.
Chem., 2001, 113, 1088; Angew. Chem., Int. Ed., 2001, 40, 1053.

2 M. Shionoya, E. Kimura and M. Shiro, J. Am. Chem. Soc., 1993, 115,
6730.

3 E. Kimura and T. Koike, Chem. Commun., 1998, 1495.
4 B. König, M. Pelka, H. Zieg, T. Ritter, H. Bouas-Laurent, R. Bonneau

and J.-P. Desvergne, J. Am. Chem. Soc., 1999, 121, 1681.
5 T. Koike, M. Takashige, E. Kimura, H. Fujioka and M. Shiro, Chem.

Eur. J., 1996, 2, 617.
6 E. Kimura, M. Murata, N. Katsube, T. Koike and E. Kikuta, J. Am.

Chem. Soc., 1999, 121, 5426 and cited references.
7 S. Brandes, C. Gros, F. Denat, P. Pullumbi and R. Guilard, Bull. Soc.

Chim. Fr., 1996, 133, 65.
8 Fractogel®EMD is an activated tentagel phase produced by Merck KG,

Darmstadt, and designed for the immobilization of proteins.
9 For a fluorometric apoprotein titration of urinary riboflavin, see: J. A.

Tillotson and M. M. Bashor, Anal. Biochem., 1980, 107, 214.
10 J. Becvar and G. Palmer, J. Biol. Chem., 1982, 257, 5607.
11 Multivitamin tablets, orange taste, Krüger GmbH, Germany. See

supporting information for a detailed list of ingredients. The aqueous
solution of the vitamin drink was adjusted to pH 8 by addition of NaOH
before separation on 2.

12 In several experiments the determined amount of riboflavin varied less
than 5% from the analysis of the supplier.

13 For an aqueous isolation and purification process for riboflavin, see:
J. Grimmer, H. C. Horn (BASF AG), DE 3421714, 985.

Fig. 2 UV spectra of vitamin drink: (––––) before passage through a column
filled with 2; (– – –) filtrate after passage; (· · ·) eluted with aqueous buffer
pH 4.4.

Chem. Commun., 2001, 2390–2391 2391



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Inclusion adducts of 4,4-bis(4A-biphenylyl)cyclohexa-2,5-dienone: a clay
mimic organic host
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In the lamellar architecture of the title crystal structure
mediated by C–H…O hydrogen bonds, 1,2-dimethoxyethane
and n-hexane are included in the hydrophobic galleries;
isostructurality of these clathrates is a unique case of guest
mimicry.

Host–guest inclusion compounds provide opportunities for the
design of novel open architectures for diverse applications such
as chemical separation, reactions and catalysis in a microcavity,
and for electrooptic, nonlinear and magnetic materials.1 Crystal
engineering of 2D and 3D robust metal–organic and soft
molecular open frameworks offer the promise of tailoring
specific structures, functions and properties through function-
alised organic molecules.2 For example, 4-tritylbenzoic acid
crystallises via a carboxylic acid dimer (O–H…O hydrogen
bond) with wheel–axle topology, 4-halophenoxy triazines self-
assemble through triangulo halogen synthons (Cl…Cl, Br…Br
interaction) as hexagonal channel hosts, and ligands such as
1,3,5-benzenetricarboxylic acid, 4-aminopyridine and 4,4A-
bipyridine continue to be exploited in coordination polymer
networks.3 We report herein the construction of a lamellar, C–
H…O hydrogen bonded host lattice which includes guest
species in the interlayer region, thereby expanding the family of
newly emerging neutral, organic clay mimics.4

Molecule 1† 5 (Scheme 1) was designed as a tecton6 with
hydrogen bonding donor–acceptor groups in the quinone ring
and biphenyl spacers oriented in the third dimension. It was
expected that tecton 1 will self-assemble in a layer motif via C–
H…O hydrogen bonded tape 2 and the biphenyl groups will
constitute the pillars in the resulting 3D open framework. While
implementing this molecule ? crystal synthetic strategy for a
potential host, we are aware that interpenetration7 competes
with guest inclusion during crystallisation and that the latter
phenomenon (the goal of this study) occurs in only ca. 15%
cases.8 Recrystallisation of 1 from various solvents afforded
diffraction quality crystals from 1,2-dimethoxyethane (DME).
The X-ray structure of 1·DME (2+1 stoichiometry, C2/c space
group)‡ contains a C–H…O hydrogen bond chain along [001]
(H…O 2.66 Å, C–H…O 160.6°; C–H distance neutron-
normalised to 1.083 Å). The second C–H…O bond of the tape
is long (3.05 Å, 175.6°) but at the accepted distance limit
advocated by Desiraju and Steiner.9 What is significant from a
crystal engineering objective is that the target synthon 2 has

been obtained (Fig. 1). The biphenyl groups do not engage in the
usual herringbone T-motif or p–p stacking interactions,10

possibilities that would have resulted in a self-inclusion crystal
through interdigitation. Instead, inversion-related biphenyl
groups form parallelepiped channels of 8 3 5 Å down the c-axis
which are occupied by ordered DME guest species (Fig. 2).
Host–host and host–guest (Ph)C–H…O hydrogen bonds (2.71,
137.2; 2.57 Å, 159.5) further stabilise the ordered supramo-
lecular structure of 1·DME. The advantage of building host
networks with weak interactions was highlighted in a recent
paper on 14 inclusion compounds of tetrakis(4-nitrophenyl)-
methane.11 Open architectures assembled with C–H…O hydro-
gen bonds have a degree of both stability and flexibility, a
combination that results in adaptability and versatility towards
guest inclusion.

Continuing further, 1 was recrystallised from n-hexane, a
solvent isosteric with DME but devoid of hydrogen bonding
groups. The crystal structure of 1·n-hexane (2+1) is iso-

Scheme 1

Fig. 1 Crystal structure of 1·DME (2+1) in the bc-plane to show the tape
synthon 2. Guest molecules are not shown for clarity. Notice that the
biphenyl groups project in the third dimension.

Fig. 2 Crystal structure of 1·DME (2+1) down the c-axis. The network of
host–host and host–guest C–H…O hydrogen bonds stabilise the ordered
superstructure.

This journal is © The Royal Society of Chemistry 2001
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morphous‡ with identical arrangement of host atoms in the
crystal. The metrics of quinone tape C–H…O bonds are 2.67,
161.9 and 2.99 Å, 175.1°; the (Ph)C–H…O is 2.71 Å, 137.2°. In
the channel, n-hexane is disordered over two orientations with
55% and 45% occupancy (Fig. 3). The slightly elongated
displacement ellipsoid of the C33 atom in a low temperature
crystal structure implies that there are other minor conforma-
tions that contribute to guest disorder, but it is difficult to assign
their exact position because of very low electron density. Using
our refinement model, the structure converges (R factor 0.0675)
with site occupancy factor (sof) of 0.55 and 0.45 for C33 and
C34 guest atoms. Notably, neither of the conformations of n-
hexane trapped in the microcavity correspond to the one in the
crystal structure of pure solvent.12 Superposition of the two
conformers (Fig. 3c) suggests that host 1 may be able to separate
a mixture of cis- and trans-1,4-dimethylcyclohexane.§ The
guest is present in folded conformations because dimensions of
the host cavity (8 3 5 Å) force it to adopt a compact shape.13

The end-to-end C…C distance in the folded conformations of n-
hexane is 5.5 Å (5.3 Å in DME) while it is 6.4 Å in the extended
zigzag conformation.12 Energy of the three conformations of n-
hexane (RHF-631G*)¶ is 2235.2718 au (55% population),
2235.2933 au (45% population) and 2235.3678 au (zigzag). A
survey of the Cambridge Structural Database14 (version 5.21,
April 2001 update) shows that this is the first example of
structural mimicry between DME and n-hexane in a host
channel. The host cavity of 1, which also includes 1,4-di-
bromobutane,∑ is highly selective towards these guest species.
Co-solvents such as EtOAc, Et2O, CHCl3, CH2Cl2 are not
included, even when present in large excess.

Finally, we note that while polymorphs of phenyl benzoqui-
none 3 were found to have divergent, even abstruse, crystal
packing in P1̄ (Z = 8) and P21 (Z = 2) space groups,15

pseudopolymorphs of biphenyl analogue 1 are isostructural.
Therefore replacement of geminal phenyl group with biphenyl
steers crystal packing towards a recurring (robust) supramo-
lecular synthon16 and yields a novel, organic host material with
clay-like properties. Metric engineering2 of the lamellar–pillar
molecular framework of 1 is a current goal in our studies.

We thank Professor W. T. Robinson and Dr R. Kadirvelraj
(University of Canterbury, New Zealand) for X-ray data
collection on a Bruker SMART diffractometer. Financial
assistance from the DST in the form of a research project (SP/
S1/G29/98) and for supporting the Enraf-Nonius X-ray dif-

fractometer facility is acknowledged. VSSK thanks the CSIR
for fellowship.

Notes and references
† 1 was synthesised from 4,4A-diphenylbenzophenone using standard
reagents and reaction conditions. FT-IR: 1668, 763 cm21. 1H NMR: d 6.45
(d, J 10 Hz, 2 H), 7.20–7.50 (m, 12 H), 7.50–7.70 (m, 8 H). For synthesis
of 3, see ref. 5. 
‡ Crystal data: (1)·(CH3OCH2CH2OCH3)0.5: (C30H22O)·(C4H10O2)0.5, C2/
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Fig. 3 Displacement ellipsoids at 50% probability of n-hexane in 1·n-hexane
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55% occupancy of C33, (c) superposition of both conformers to show the
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X-Ray crystallographic analyses of fluorocyanides anti-1
and 2 revealed a novel intramolecular through-space inter-
action between F and CN in an acyclic system, which was
applied to a stereoselective protonation of acyclic fluoro-
cyanides 2 having flexible conformation.

The discovery of interactions between functional groups, such
as hydrogen-bonding, p–p stacking, and CH–p interactions, is
a pivotal area of investigation in organic and bioorganic
chemistry. In organic synthesis, these interactions have con-
trolled the stereochemistry in Diels–Alder and ene reactions.1
Based on theoretical studies of the ‘Bürgi–Dunitz trajectory’ in
nucleophilic additions to carbonyl groups,2 Dunitz et al.,
discovered in 1978 the interaction between the ethereal oxygen
and the carbonyl group in 8-methoxy-1-naphthyl methyl
ketones.3a The newly coined ‘nucleophilic–electrophilic inter-
action’ was also found between the nitrogen and the carbonyl
carbon and between the oxygen and the cyanide carbon.3
Recently, intramolecular nonbonded interactions between oxy-
gen and sulfur or selenium in heterocycles have also been
observed.4 Because of their unique characteristics of metabolic
inhibition and high lipophilicity, organofluorine compounds are
widely used in pharmaco- and agrochemistry. However despite
their extensive use, the interaction of fluoride with organofunc-
tional groups has remained virtually unexplored,5 whereas
interactions between fluoride and metals6 and hydrogen-
bonding interactions with fluoride7 are often observed. We
report herein the discovery of a novel through-space interaction
between F and CN, which serves as a conformational regulation
of a flexible acyclic carbon chain.

A molecule having two functional groups with large dipole
moments in an acyclic system usually adopts a stable conformer
in which the dipole moments oppose each other. However, we
have observed the unusual phenomenon in which two functional
groups in an acyclic system align to give the maximum dipole
moment. Namely, during studies on ferroelectronic crystals,8 a
large spontaneous polarization was observed in liquid crystals
doped with optically active 3-fluorocyanide derivatives. It is
possible that in this case the two functional groups with large
dipole moments aligned in the same direction to make a large
spontaneous polarization; therefore, we postulated the existence
of a novel through-space interaction between F and CN, as
depicted in Fig. 1. In order to prove this hypothesis, we carried
out X-ray crystallographic analyses of the crystalline fluoro-
cyanides 1 and 2.

The crystallographic analysis9 (see ESI†) of optically active
anti-1, which was prepared from 4-methoxyphenylacetonitrile
and (R)-epoxyoctane,10 is shown in Fig. 2. The distance
between F and C(1) was found to be 2.890 Å, which is 0.28 Å

shorter than the sum (3.17 Å) of their van der Waals radii. The
angle between these atoms when projected in the C2–C4 plane
was 8.6°. These two functional groups formed an envelope-
shaped pseudo five-membered ring which includes the three
carbons C2–C4. The F moiety of the pseudo five-membered
ring was distorted toward the CN group. Among the angles
concerned with the pseudo ring, q1 and q2 were shorter than a
right angle, and q4 was found to be less than 180°, unlike the
usual cyanide having the linear sp configuration. These data
suggest that the lone pair of the fluorine (nF) is being donated to
the p* orbital on the cyanide carbon (p*CN).

Unlike the anti-1, the crystallographic analysis11 (see ESI†)
of the other diastereomer syn-1 has revealed that the angle
between these atoms when projected in the C1–C3 plane is
2118.6°. Instead of a through-space interaction, an inter-
molecular hydrogen-bonding between phenolic hydrogen and
cyano nitrogen was observed in the packing structure. This
suggests that the observed through-space interaction between F
and CN is weaker than the hydrogen-bonding interaction. Since
the phenol moiety of the syn- and anti-1 had drastically affected
their conformation through the hydrogen-bonding interaction,
we next decided to investigate the conformation of their methyl
ethers syn- and anti-2.

The crystallographic analysis12 (see ESI†) of anti-2 has
shown that the distance between F and C(9) is 2.872 Å, which
is 0.30 Å shorter than the sum of their van der Waals radii. The
conformation of anti-2 was found to be almost the same as that
of anti-1; therefore, the novel through-space interaction was

† Electronic supplementary information (ESI) available: experimental
procedure for the syntheses of syn- and anti-1 and 2, spectroscopic data for
all compounds, a procedure for the stereoselective protonation of 2, full
crystallographic data of syn- and anti-1 and anti-2. See http://www.rsc.org/
suppdata/cc/b1/b107213g/

Fig. 1 Novel through-space nF ? p*CN interaction to freeze the
conformation in an acyclic system.

Fig. 2 Crystal structure of anti-1.
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proved to be independent of the intermolecular hydrogen-
bonding of the phenol moiety. However, conformational data on
syn-2 in solid state could not be obtained because it is an oil.

Since the through-space interaction between F and CN had
been established in the crystal, we turned our attention to the
existence of this new interaction in solution. The 1H-NMR
signals of the methylene protons (ABXXA type) in syn-1 were
observed at 1.98 and 2.34 ppm in CDCl3, whereas those of anti-
1 were at 1.94–2.13 (2H). These chemical shift values and the
coupling patterns in syn- and anti-1 were very similar to those
of the corresponding cis-g-lactone (1.99 and 2.72) and the
trans-g-lactone (2.35 and 2.46), respectively.8a,b This observa-
tion suggests that the through-space interaction also occurs via
a pseudo five-membered ring in both the syn and anti-
fluorocyanides 1 in solution. To demonstrate the conforma-
tional control of an acyclic system utilizing this interaction, we
investigated the stereoselective protonation of the a-anion of
the cyanide derived from an equimolar mixture of syn- and anti-
2. Our working hypothesis is that the diastereoselective
protonation of the naked anion intermediate13 with a bulky
proton source would give syn-2 preferentially by 1,3-asym-
metric induction, based on a chiral carbon bearing a fluorine
atom, if the through-space interaction between F and CN existed
in the naked anionic molecule in solution. Our results are
summarized in Table 1. Bulky phenols as proton sources gave
products with higher diastereoselectivity than benzoic acid
derivatives. 2,5-Dichlorobenzoic acid gave a product with
lower selectivity than did benzoic acid, probably due to its
higher acidity. The major diastereomer obtained was syn-2, with
a very significant diastereoselectivity (5.3+1). We interpret this
result as follows: the 1,3-asymmetric induction would arise
from the pseudo five-membered ring intermediate formed by
the through-space interaction between a lone pair of F and an sp-
carbon of the naked a-anion of the cyanide, as in the control
experiment under the same reaction conditions using an
equimolar mixture of the corresponding cis- and trans-g-
lactones to give predominantly the cis-g-lactone (94% yield,
cis+trans = 10.6+1). From the above experiments, this through-
space interaction, even in a solution containing the carbanion, is
able to affect the conformational regulation of an acyclic carbon
chain, but the ring formed by the interaction is not completely
fixed as in the g-lactone. However, this novel conformational
regulation in an acyclic compound is valuable because of (1) the
diastereoselective reaction of the a-anion of the 3-fluoro-
cyanide and (2) the stereochemical prediction of the product,
both of which are usually difficult in acyclic systems.

In conclusion, we have observed for the first time a novel
intramolecular through-space interaction between F and CN by
X-ray crystallographic analyses of the 1,3-fluorocyanides anti-1
and 2. Although this through-space interaction is weaker than
the hydrogen-bonding interaction, acyclic compounds having
flexible conformations were conformationally controlled by
this interaction to form the distorted pseudo five-membered
ring. However, it is particularly noteworthy that the existence of
this novel interaction can not be predicted by the semiemperical

PM3 calculation of anti-1, and by ab initio MP2 6-31G* and
density functional df 6-31G* calculations of the simplified
model compound of anti-1.14 We also demonstrated the utility
of the through-space interaction by a stereoselective protonation
of an anion in solution. Further studies on through-space
interactions between the functional groups are underway in our
laboratory.
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from the Ministry of Education, Science, Sports and Culture of
Japan, in partial financial support of this research. We are also
grateful to Professor Tamejiro Hiyama, Kyoto University, for
helpful discussions at Sagami Chemical Research Center. We
also thank the Japan Energy Corporation, Toda, Saitama, Japan,
for its kind gift of (R)-epoxyoctane.
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Table 1 Stereoselective protonation of the naked a-anion of cyanidea

Run H+ syn+antib Yield (%)c

1 Benzoic acid 3.5+1 100
2 2,5-Dichlorobenzoic acid 1.9+1 90
3 2,6-Diphenylphenol 4.4+1 87
4 2,6-Di-tert-butyl-p-cresol 5.3+1 91
a syn+anti = 1.2+1. b Determined by 1H-NMR of the crude products.
c Isolated yield.
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The synthesis and crystallographic characterization of a new
(N2S)zinc–alkyl complex and (N2S)zinc–formate complex is
described; the bonding mode of the formate complex has
implications for the mechanism of action of the enzyme
peptide deformylase.

The zinc ion is the active metal in a considerable number of
metalloenzymes, and the details of its catalytic function are of
great interest to a continually expanding audience.1,2 In many of
these enzymes (e.g. carbonic anhydrase, thermolysin, carboxy-
peptidase A), a tetrahedral zinc(II) center is bound by an NxOy
ligand set and a fourth catalytically active H2O/OH2 ligand.2
Much less commonly found, however, is the presence of a
cysteinate sulfur ligand as part of a mixed N,S environment.
One example of this uncommon coordination environment
comes from the bacterial enzyme peptide deformylase (PDF),
which has a [(His2Cys)MII(OH2)] active site.3 Intriguingly,
PDF is the first example of a metallopeptidase that utilizes an
iron(II) ion in vivo,4 although its structural and functional
characteristics indicate that it rightfully belongs in the mono-
nuclear zinc(II) enzyme family.5 Even more interestingly, the
Zn(II) form of the enzyme is remarkably less active (kcat/Km ~
102 smaller for the same substrate) than the Fe(II) form.6

Through a synthetic analogue approach, we intend to address
the underlying principles that may be responsible for the
unusual selection of iron(II) by PDF and the low reactivity found
for Zn(II)–PDF. Also of interest is the role that the unusual
thiolate donor plays. The effect of a thiolate donor on the
structure and reactivity of model compounds capable of
hydrolysis7 is essentially unknown because of a dearth of well-
defined NxSy-M(II)X (X ≠ N,S) complexes.8 Herein is
described the synthesis and structural characterization of a new
reactive N2S(alkythiolate)zinc(II)–alkyl complex [(PATH)-
Zn(CH3)] 1 (PATH = 2-methyl-1-[methyl-(2-pyridin-2-yl-
ethyl)amino]propane-2-thiolate)8 which serves as a useful
synthon for the preparation of the carboxylate complexes
[(PATH)Zn(O2CH)] 2 and [(PATH)Zn(O2CCH3)] 3. Complex
2 represents the best model to date of a PDF–formate species,
which may be an important intermediate in the mechanism of
deformylation.3 Also, to our knowledge 2 is the first crystallo-
graphically characterized four-coordinate zinc(II)–formate
complex. Intriguingly, the bonding mode of the formate ligand
in 2 provides a plausible rationale for the strikingly low
reactivity of the Zn(II) form of PDF.‡

As shown in Scheme 1, the synthesis of the zinc alkyl
complex 1 proceeds smoothly by the addition of Zn(CH3)2 to
PATH-H (thiol form) in toluene. Recrystallization of 1 from
toluene at 220 °C resulted in X-ray quality crystals,§ and the
molecular structure is shown in Fig. 1. Compound 1 is a discrete
zinc–alkyl species with the zinc bound in a distorted tetrahedral
geometry. The PATH–Zn(II) bond distances and angles in 1 are

similar to those previously observed in [(PATH)ZnBr] and
[(PATH)Zn(NCS)].8 A search of the Cambridge Crystallo-
graphic Database shows that 1 is the first reported structure of
an (N2S)zinc–alkyl complex.9 The Zn–C bond length of
1.987(2) Å for 1 is not much different from that observed for the
four-coordinate (N3)Zn–CH3 compounds [N3 = substituted
tris(pyrazolyl)borate, TpR], e.g. d(Zn–C) = 1.971(4) Å in
[(Tpt-Bu)Zn(CH3)]10 and 1.981(8) Å in [(TpMe,Me)Zn(CH3)],10

or the NS2 complex [(pzBmMe)Zn(CH3)], [pzBmMe = bis(mer-
captoimidazolyl)(pyrazolyl)hydroborato] with d(Zn–C) =
1.988(4) Å.11 Thus the Zn–C distance appears to be insensitive
to the other ligands in the coordination sphere.

One might expect the thiolate donor of PATH to make the
zinc(II) ion more electron-rich as compared to an N3 donor
ligand. Although this effect is not reflected in a comparison of
Zn–C bond lengths, an examination of the 1H NMR data is

† Electronic supplementary information (ESI) available: synthesis and
characterisation of compounds 1–3. See http://www.rsc.org/suppdata/cc/
b1/b106865m/

Scheme 1

Fig. 1 (a) Thermal ellipsoid plot of [(PATH)Zn(CH3)] showing 50%
probability level. Hydrogen atoms have been omitted for clarity. (b)
Thermal ellipsoid plot of [(PATH)Zn(O2CH)] showing 50% probability
level. Hydrogen atoms have been omitted for clarity.
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enlightening. The 1H NMR spectrum of 1 reveals an upfield
shift of d 20.19 in C6D6 (d 20.82 in CDCl3) for the Zn–CH3
group, as compared to [(TpMe,Me)Zn(CH3)] [d +0.28 (C6D6)], or
[(Tpt-Bu)Zn(CH3)] [d +0.54 (C6D6)].10 These data are in line
with 1 having a more electron-rich zinc(II) ion than the
analogous N3 complexes. In addition, the Zn–CH3 peak of 1 is
significantly further upfield in comparison to the only other
(N2S)zinc(II) alkyl complex, [(L3S)Zn(CH3)] [d 20.55
(CDCl3)],9 or even the (NS2) complex [(pzBmMe)Zn(CH3)] [d
20.63 (CDCl3)].11

Addition of 1 equivalent of either formic or acetic acid to 1 in
CH2Cl2 gives the formate complex 2 and the acetate complex 3,
respectively, via protonolysis of the terminal methyl ligand. The
1H NMR spectrum of 2 in CDCl3 reveals a downfield singlet at
d 8.44 for the formate ligand, and that of 3 shows an O2CCH3
resonance at d 2.02. Peaks due to the PATH ligand in 2 and 3
retain the diastereotopic pattern seen for 1 as well as for other
[(PATH)ZnX] (X = Br, NCS) complexes,8 indicative of a
monomeric complex with a pseudo-tetrahedral zinc center.
Recrystallization of 2 from CH2Cl2–hexanes led to the X-ray
structure shown in Fig. 1, which reveals the expected mono-
meric zinc structure.§ Although a crystal structure of 3 has yet
to be obtained, the NMR data suggest it has the same
monomeric structure as 2. It is clear that the PATH ligand has
a remarkable ability to favor the formation of biologically
relevant, monomeric zinc model complexes without the steric
encumbrance or constrained tripodal platform of other ‘tetra-
hedral enforcer’ ligands.1

The most interesting feature of the structure of 2 is revealed
in an examination of the bonding mode of the formate ligand,
which can be classified as bidentate (or more strictly anisobi-
dentate), as opposed to monodentate, based on the differences in
the Zn–O distances (Dd = 0.605 Å) and the M–O–C(13) angles
(Dq = 27.8°).12 In contrast, the related N2S complex
[(L3S)Zn(O2CCH3)], which has recently been prepared,9
contains an O2CCH3 ligand which is bonded in a monodentate
fashion (Dd = 0.947 Å, Dq = 44.2°). The N2S ligand in
[(L3S)Zn(O2CCH3)] provides more steric encumberance near
the zinc ion than does the PATH ligand, and therefore steric
constraints may be the cause of the monodentate bonding in
[(L3S)Zn(O2CCH3)].13,14

The enzyme carbonic anhydrase (CA) contains a (His)3-
Zn(II)(OH2) site, and the reactivity of metal-substituted deriva-
tives follows the order: Zn > Co > > Cu ~ Cd ~ Hg.15 Data
from biochemical16 and model compound studies15 indicate that
the low reactivity of the latter metals correlates with a bidentate
bonding mode of the product molecule (HCO3

2 anion).
Bidentate bonding likely makes the displacement of HCO3

2 by
H2O in the final step of the mechanism of action of CA more
difficult when compared to a monodentate-bound species. It
was suggested that the presence of the thiolate ligand in
[(L3S)Zn(O2CCH3)] favors monodentate coordination, and
hence a cysteinate-containing CA may be inherently more
reactive.9 The bidentate structure of 2 clearly conflicts with
these findings.

Importantly, the bidentate motif of 2 correlates nicely with
the low reactivity of Zn(II)-PDF. Based on the electron-rich
nature of the zinc ion in 1 as indicated by the 1H NMR data, one
might expect that 2 would exhibit a monodentate bonding mode.
However, the structure of 2 suggests that the inherent (i.e.
purely electronic) preference of an N2S(alkylthiolate)–zinc(II)
center is to coordinate a carboxylate ligand via a more bidentate
mode. In analogy with CA, it may be more difficult for an
incoming water molecule to displace a bidentate-bound formate
ligand in Zn(II)–PDF, resulting in the inhibition of the
mechanism of action of the enzyme. In fact, the existence of a
PDF–formate complex was implicated in the mechanism of
PDF and experimental evidence for it has been described.3

In conclusion, we have prepared the new (N2S)zinc alkyl
compound 1 as a useful synthetic precursor to other N2S–Zn(II)

complexes. A good model of an enzyme-formate complex has
been prepared, and the X-ray structure reveals a rather
unexpected anisobidentate bonding mode for the formate
ligand. These results imply that this bonding mode may be
operative in Zn(II)–PDF, providing a possible explanation for its
low reactivity. Further model studies to address this point,
including the synthesis of an analogous (N2S)iron(II)–formate
complex, are warranted.
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gratefully acknowledged.
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The chemical industry is under considerable pressure to replace
many of the volatile organic compounds (VOCs) that are
currently used as solvents in organic synthesis. The toxic and/or
hazardous properties of many solvents, notably chlorinated
hydrocarbons, combined with serious environmental issues,
such as atmospheric emissions and contamination of aqueous
effluents is making their use prohibitive. This is an important
driving force in the quest for novel reaction media. Curzons and
coworkers,1 for example, recently noted that rigorous manage-
ment of solvent use is likely to result in the greatest improve-
ment towards greener processes for the manufacture of
pharmaceutical intermediates. The current emphasis on novel
reaction media is also motivated by the need for efficient
methods for recycling homogeneous catalysts. The key to waste
minimisation in chemicals manufacture is the widespread
substitution of classical ‘stoichiometric’ syntheses by atom
efficient, catalytic alternatives.2 In the context of homogeneous
catalysis, efficient recycling of the catalyst is a conditio sine qua
non for economically and environmentally attractive processes.
Motivated by one or both of the above issues much attention has
been devoted to homogeneous catalysis in aqueous biphasic3,4

and fluorous biphasic5 systems as well as in supercritical carbon
dioxide.6 Similarly, the use of ionic liquids as novel reaction
media may offer a convenient solution to both the solvent
emission and the catalyst recycling problem.7,8

Historical development
What are ionic liquids? Quite simply, they are liquids that are
composed entirely of ions. Molten sodium chloride, for
example, is an ionic liquid but a solution of sodium chloride in
water is an ionic solution. The term molten salts, which was

previously used to describe such materials, evokes an image of
high-temperature, viscous and highly corrosive media. The term
ionic liquid, in contrast, implies a material that is fluid at (or
close to) ambient temperature, is colourless, has a low viscosity
and is easily handled, i.e. a material with attractive properties
for a solvent. Room temperature ionic liquids are generally salts
of organic cations, e.g. tetraalkylammonium, tetraalkylphos-
phonium, N-alkylpyridinium, 1,3-dialkylimidazolium and
trialkylsulfonium cations (Fig. 1).

In order to be liquid at room temperature, the cation should
preferably be unsymmetrical, e.g. R1 and R2 should be different
alkyl groups in the dialkylimidazolium cation. The melting
point is also influenced by the nature of the anion (see
Table 1).

Room temperature ionic liquids are not new. Ethylammon-
ium nitrate, which is liquid at room temperature (but usually
contains 200–600 ppm water) was first described in 1914.9 In
the late 1940s, N-alkylpyridinium chloroaluminates were
studied as electrolytes for electroplating aluminium. These
systems were reanimated by the groups of Hussey,10 Oster-
young11 and Wilkes12 in the late 1970s. The first examples of
ionic liquids based on dialkylimidazolium cations were reported
in the early 1980s by Wilkes and coworkers.12 They contained
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Fig. 1 Structures of ionic liquids.

Table 1 Melting points of some dialkylimidazolium salts

R X mp/°C

Me Cl 125
Et Cl 87
n-Bu Cl 65
Et NO3 38
Et AlCl4 7
Et BF4 6
Et CF3SO3 29
Et (CF3SO3)2N 23
Et CF3CO2 214
n-Bu CF3SO3 16
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chloroaluminate anions (AlCl42 or Al2Cl72) and proved to be
useful catalysts/solvents for Friedel–Crafts acylations.13 How-
ever, a serious obstacle for widespread use of these ionic liquids
is the high reactivity of the chloroaluminate anion towards
water.

The first example of the new ionic liquids, that currently are
receiving so much attention as novel media for homogeneous
catalysis, ethylmethylimidazolium tetrafluoroborate
(emimBF4)† was reported by Wilkes et al. in 1992.14 The
synthesis of the corresponding hexafluorophosphate followed
shortly thereafter.15 In contrast to the chloroaluminate salts the
fluoroborates and hexafluorophosphates are stable towards
hydrolysis. Subsequently, 1,3-dialkylimidazolium salts con-
taining a wide variety of anions, e.g. CF3SO3

2, [CF3SO2]2N2,
CF3CO2

2, CH3CO2
2, PhSO3

2 and many more have been
prepared.16

Ionic liquids can be prepared by direct quaternisation of the
appropriate amine or phosphine. Different anions can subse-
quently be introduced by anion exchange. It is beyond the scope
of this review to discuss in detail the synthesis of ionic liquids
and the reader is referred to excellent reviews for many
details.17–20 It is important to note, however, that ionic liquids,
owing to their non-volatile nature, cannot be purified by
distillation. Consequently, they should be produced in high
purity. For example, if synthesis involves exchange of chloride
ions it is important that no chloride ions remain in the product
as they may seriously impede catalysis by strongly coordinating
to low valent transition metal complexes.

The hydrophilicity/lipophilicity of an ionic liquid can be
modified by a suitable choice of anion, e.g. bmimBF4 is
completely miscible with water while the PF6 salt is largely
immiscible with water. The lipophilicity of dialkylimidazolium
salts, or other ionic liquids, can also be increased by increasing
the chain length of the alkyl groups.21

Ionic liquids containing ‘fluorous ponytails’ have even been
described.22 When these are added to conventional ionic liquids
they facilitate emulsification with perfluorocarbons. This
provides the possibility of performing (catalytic) reactions in
ionic liquids/perfluorocarbon biphasic systems.

Catalysis in ionic liquids: general considerations
Room temperature ionic liquids exhibit many properties which
make them potentially attractive media for homogeneous
catalysis:

4 They have essentially no vapour pressure, i.e. they do not
evaporate and are easy to contain.

4 They generally have reasonable thermal stability. While
tetraalkylammonium salts have limited thermal stability,
owing to decomposition via the Hoffmann elimination,
emimBF4 is reportedly stable up to 300 °C and emim-
(CF3SO2)2N up to 400 °C.16a In other words many ionic
liquids have liquid ranges of more than 300 °C, compared to
the 100 °C liquid range of water.

4 They are able to dissolve a wide range of organic, inorganic
and organometallic compounds.

4 The solubility of gases, e.g. H2, CO and O2, is generally good
which makes them attractive solvents for catalytic hydro-
genations, carbonylations, hydroformylations, and aerobic
oxidations.

4 They are immiscible with some organic solvents, e.g.
alkanes, and, hence, can be used in two-phase systems.
Similarly, lipophilic ionic liquids can be used in aqueous
biphasic systems.

4 Polarity and hydrophilicity/lipophilicity can be readily
adjusted by a suitable choice of cation/anion (see earlier) and
ionic liquids have been referred to as ‘designer solvents’.7

4 They are often composed of weakly coordinating anions, e.g.
BF4

2 and PF6
2 and, hence, have the potential to be highly

polar yet non-coordinating solvents. They can be expected,
therefore, to have a strong rate-enhancing effect on reactions
involving cationic intermediates.

4 Ionic liquids containing chloroaluminate ions are strong
Lewis, Franklin and Brønsted acids. Protons present in
emimAlCl4 have been shown to be superacidic with
Hammett acidities up to 218.23 Such highly acidic ionic
liquids are, nonetheless, easily handled and offer potential as
non-volatile replacements for hazardous acids such as HF in
several acid-catalysed reactions.

Faced with these numerous potential benefits one may
wonder if ionic liquids have any problems associated with their
use. Atmospheric emissions may not be an issue but, when used
on an industrial scale, small amounts of ionic liquids will
inevitably find their way into the environment via the proverbial
‘mechanical losses’. So, what is known about their potential
environmental impact? A cursory examination of the literature
reveals a dearth of information regarding the biodegradability
and toxicity of ionic liquids. A prerequisite for industrial use is,
therefore, the generation of appropriate data to enable the
assessment of the potential environmental impact of ionic
liquids.

Another question which arises in any discussion of ionic
liquids as reaction media pertains to the isolation of soluble
reaction products. Volatile products can be separated by
distillation. Non-volatile products, on the other hand, can be
separated by solvent extraction. Although this seems para-
doxical—using an ionic liquid to avoid atmospheric emissions
and subsequently using a volatile organic solvent to extract the
product—it could have environmental benefits. For example,
substituting an environmentally unacceptable solvent by an
ionic liquid as the reaction medium, followed by extraction with
a more benign organic solvent would constitute an environ-
mental benefit. In this context it is worth noting the use of
supercritical carbon dioxide to extract products from ionic
liquids, which is currently the focus of attention.24 Quite
remarkably, scCO2 is highly soluble (up to 60 mol%) in
bmimPF6 while the latter is insoluble in scCO2. Naphthalene,
for example, was recovered quantitatively from bmimPF6 by
scCO2 extraction, without any contamination of the extract by
the ionic liquid.

One can envisage various scenarios for catalysis in and/or by
ionic liquids:

4 Monophasic systems in which the catalyst and substrate are
dissolved in the ionic liquid.

4 Monophasic systems in which the ionic liquid acts as both
the solvent and the catalyst, e.g. dialkylimidazolium chloro-
aluminates as Friedel–Crafts catalysts (see later).

4 Biphasic systems in which the catalyst resides in the ionic
liquid and the substrate/product in the second phase or vice
versa.

4 Mono- or biphasic systems in which the anion of the ionic
liquid acts as a ligand for the homogeneous catalyst, e.g. a
sulfonated phosphine ligand (see later).

4 Triphasic systems comprising, for example, an ionic liquid,
water and an organic phase in which the catalyst resides in
the ionic liquid, the substrate and product in the organic
phase and salts formed in the reaction are extracted into the
aqueous phase, e.g. in Heck reactions (see later).

The first example of homogeneous transition metal catalysis
in an ionic liquid is the platinum catalysed hydroformylation of
ethene in tetraethylammonium trichlorostannate, described by
Parshall in 1972.25 This ionic liquid (referred to as a molten salt
back in those days) has a melting point of 78 °C. These results
were largely ignored for two decades. The potential of ionic
liquids as novel media for homogeneous catalysis became more
widely appreciated largely due to the pioneering studies and
extensive promotion of the groups of Seddon17 and Chauvin and
Olivier-Bourbigou18 and, more recently, the groups of Welton19
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and Keim and Wasserscheid.20 In the last five years their use as
novel media for, inter alia, catalytic hydrogenations, hydro-
formylations, isomerisations, olefin dimerisations, oligomerisa-
tions and polymerisations and Heck couplings, has been rapidly
expanding. The salient features of these studies will be reviewed
in the ensuing discussion, with emphasis on their potential as
clean synthetic methodologies.

Hydrogenation
The first example of catalytic hydrogenation in an ionic liquid
was reported by Chauvin et al. in 1995.26 A solution of the
cationic [Rh nbd(Ph3P)2]PF6 complex [nbd = norbornadiene
(bicyclo[2.2.1]hepta-2,5-diene)] in bmimPF6 or bmimSbF6 was
shown to be an effective catalyst for the biphasic hydrogenation
of pent-1-ene. Reaction rates were up to five times higher than
in acetone as solvent which was attributed to the formation of an
unsolvated cationic rhodium(III) dihydride complex with two
free coordination sites in the nonsolvating ionic liquid. In
contrast, poor results were obtained with bmimBF4 which was
ascribed to the presence of trace amounts of strongly coordinat-
ing chloride ions in their sample of this ionic liquid. The catalyst
solution in the ionic liquid could be reused with rhodium losses
below the detection limit of 0.02%.

Similarly, advantage was taken of the biphasic system to
perform the selective hydrogenation of cyclohexadiene. The
solubility of cyclohexadiene in bmimSbF6 is about five times
that of cyclohexene and, hence, the latter was obtained in 98%
selectivity at 96% conversion.

Dupont and coworkers27 performed the biphasic hydro-
genation of cyclohexene with Rh(cod)2BF4 (cod = cycloocta-
1,5-diene) in ionic liquids. They observed roughly equal rates
(turnover frequencies of ca. 50 h21) in bmimBF4 and bmimPF6

(presumably their bmimBF4 was chloride-free).
The same group showed that RuCl2(Ph3P)3 in bmimBF4 is an

effective catalyst for the biphasic hydrogenation of olefins, with
turnover frequencies up to 540 h21.28 Similarly, (bmim)3-
Co(CN)5 dissolved in bmimBF4 catalysed the hydrogenation of
butadiene to but-1-ene, in 100% selectivity at complete
conversion.28

More recently, the ruthenium-catalysed hydrogenation of
sorbic acid to cis-hex-3-enoic acid (Reaction 1) was achieved in
a biphasic bmimPF6–methyl tert-butyl ether system.29

(1)

The ruthenium cluster, [H4Ru(h6-C6H6)4] [BF4]2 in
bmimBF4 was shown to be an effective catalyst for the
hydrogenation of arenes, to the corresponding cycloalkanes, at
90 °C and 60 bar.30 The cycloalkane product formed a separate
phase which was decanted and the ionic liquid phase, containing
the catalyst, could be repeatedly recycled.

Enantioselective hydrogenation in ionic liquids is of partic-
ular interest as it could provide a means for facile recycling of
metal complexes of expensive chiral ligands. In their original
study Chauvin et al.26 reported that [Rh(cod)(2)-(diop)]PF6

catalysed the enantioselective hydrogenation of a-acetamido-
cinnamic acid to (S)-phenylalanine, in 64% ee, in a biphasic
bmimSbF6–isopropyl alcohol (Reaction 2). The observed

(2)

enantioselectivity is what one would expect with diop which is
not a particularly good ligand for this reaction. The product,
contained in the isopropyl alcohol, could be separated quantita-
tively and the recovered ionic liquid, containing the catalyst,
reused.

Similarly, Dupont and coworkers31 extended their studies of
ruthenium-catalysed hydrogenations in ionic liquids to enantio-
selective reactions. The chiral [RuCl2(S)-BINAP]2NEt3 com-
plex was shown to catalyse the asymmetric hydrogenation of
2-phenylacrylic acid and 2-(6-methoxy-2-naphthyl)acrylic acid
in bmimBF4–isopropyl alcohol. The latter afforded the anti-
inflammatory drug, (S)-naproxen, in 80% ee (Reaction 3). The

(3)

product could be quantitatively separated and the recovered
ionic liquid catalyst solution recycled several times without any
significant change in activity or selectivity.

An interesting recent development is the use of a biphasic
ionic liquid–supercritical CO2 for catalytic hydrogenation32,33

and other processes (see later). Tumas and coworkers32 showed
that the catalytic hydrogenation of olefins could be conducted in
a biphasic bmimPF6–scCO2 system. The ionic liquid phase
containing the catalyst was separated by decantation and reused
in up to four consecutive batches.

Jessop and coworkers33 extended this concept to the
asymmetric hydrogenation of tiglic acid (Reaction 4) and the
precursor of the antiinflammatory drug ibuprofen (Reaction 5)
using Ru(OAc)2(tolBINAP) as the catalyst.

(4)

(5)

They found that Reaction 4 was more selective in a
bmimPF6–water biphasic mixture while Reaction 5 gave poor
enantioselectivities in the wet ionic liquid. In this case the best
result (85% ee) was obtained using methanol as cosolvent at 100
bar H2 pressure. In both cases the product was separated by
scCO2 extraction when the reaction was complete. The different
solvent effects observed with the two substrates was assumed to
be due to the solubility of H2 in the reaction mixture. The
hydrogen concentration dependence of asymmetric catalytic
hydrogenation with ruthenium BINAP complexes is known to
be dependent on the substrate.34 Class I substrates such as the
ibuprofen precursor give higher enantioselectivities at high H2

concentration while class II substrates, exemplified by tiglic
acid, give higher enantioselectivities at low H2 concentra-
tions.

Hydroformylation
Hydroformylation of propene in an aqueous biphasic system,
using a water-soluble rhodium complex of the sodium salt of
trisulfonated triphenylphosphine (tppts) forms the basis of the
Ruhr Chemie Rhone Poulenc process for the manufacture of
butanal.35 Unfortunately this process is limited to C2 to C5

olefins owing to the very low solubility of higher olefins in
water. Hence, one can envisage that the use of an appropriate
ionic liquid could provide the basis for biphasic hydro-
formylation of higher olefins.
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As noted earlier, Parshall showed, in 1972, that platinum-
catalysed hydroformylations could be performed in tetra-
ethylammonium trichlorostannate melts.25 More recently, Waf-
fenschmidt and Wasserscheid36 studied the platinum-catalysed
hydroformylation of oct-1-ene in bmimSnCl3 (Reaction 6)

(6)

which is liquid at room temperature. Despite the limited
solubility of oct-1-ene in the ionic liquid, high activities (TOF =
126 h21) were observed together with a remarkably high
regioselectivity (n/iso = 19). The product was recovered by
phase separation and no leaching of platinum was observed.

The ruthenium- and cobalt-catalysed hydroformylation of
internal and terminal olefins in molten tetra-n-butylphosphon-
ium bromide was reported by Knifton in 1987.37 More recently,
the rhodium-catalysed hydroformylation of hex-1-ene was
conducted in molten phosphonium tosylates, e.g. Bu3PEt+TsO2
and Ph3PEt+TsO2 having melting points of 81–83 °C and
94–95 °C, respectively, at 120 °C and 40 bar.38 Advantage was
taken of the higher melting points of these 'ionic liquids' to
decant the product from the solid catalyst medium at room
temperature.

Chauvin and coworkers26 investigated the rhodium-catalysed
biphasic hydroformylation of pen-1-tene in bmimPF6. High
activities (TOF = 333 h21 compared with 297 h21 in toluene)
were observed with the neutral Rh(CO)2(acac)–Ph3P as the
catalyst precursor but some leaching of the catalyst into the
organic phase occurred. This could be avoided by using
Rh(CO)2acac with tppts or tppms (monosulfonated triphenyl-
phosphine) as the catalyst precursor, albeit at the expense of rate
(TOF = 59 h21 with tppms). Higher activities (TOF = 810
h21) and high regioselectivity (n/iso = 16) were observed in the
biphasic hydroformylation of oct-1-ene in bmimPF6 using
cationic cobaltocenium diphosphine ligands but some catalyst
leaching ( < 0.5%) was observed.39

Better results were obtained with cationic guanidine-mod-
ified diphosphine ligands containing a xanthene backbone.40

Xanthene-based diphosphine ligands with large bite angles (P–
metal–P ~ 110°) are known to give high selectivities (!98%)
towards the linear aldehyde.41 Biphasic hydroformylation of
oct-1-ene, using rhodium complexes of these ligands in
bmimPF6 (Reaction 7), afforded high regioselectivities (ca. 20)

(7)

and the catalyst could be recycled ten times (resulting in an
overall turnover number of 3500) without detectable ( < 0.07%)
leaching of Rh to the organic phase.

The group of Olivier-Bourbignou42 has recently explored the
use of a wide range of ionic liquids, based on imidazolium and
pyrrolidinium cations and weakly coordinating anions, for the
biphasic hydroformylation of hex-1-ene catalysed by rhodium
complexes of modified phosphine and phosphite ligands. The
latter are, in contrast, unstable in aqueous biphasic media. The
rate and regioselectivity could be optimized by choosing a
suitable combination of cation, anion and phosphine or
phosphite ligand. Rhodium leaching was minimised by mod-
ification of the ligands with cationic (guanidinium or pyr-
idinium) or anionic (sulfonate) groups.

Another interesting recent development is the rhodium-
catalysd biphasic hydroformylation of oct-1-ene in bmimPF6–

scCO2 in a continuous flow process.43 Because of the low
solubility of Rh–tppms and Rh–tppts complexes in the ionic
liquid, [pmim]+Ph2PC6H4SO3

2 (pmim = 1-propyl-3-methyl-
imidazolium) was synthesised and used together with
Rh2(OAc)4 as the catalyst precursor. Aldehydes were produced
at a constant rate for 72 h albeit with moderate regioselectivity
(n/iso = 3.8). Analysis of recovered products revealed that < 1
ppm Rh is leached into the organic phase.

The monophasic hydroformylation of methylpent-3-enoate in
bmimPF6 has been reported.44 The linear aldehyde product
(Reaction 8) is a precursor of adipic acid in an alternative

(8)

butadiene-based route. The product was removed by distillation
(0.2 mbar/110 °C) and the ionic liquid recycled ten times
without significant loss in activity.

Alkoxycarbonylation
Much less attention has been focused on carbonylation reactions
in ionic liquids. The biphasic palladium-catalysed alkoxy-
carbonylation of styrene (Reaction 9) in bmimBF4–cyclohex-

(9)

ane has been reported.45 Very high regioselectivities (!99.5%
iso) were obtained, using PdCl2(PhCN)2 in combination with
(+)-neomenthyldiphenylphosphine and toluene-p-sulfonic acid,
under mild conditions (70 °C and 10 bar).

More recently, the palladium-catalysed alkoxycarbonylation
and amidocarbonylation of aryl bromides and iodides in
bmimBF4 and bmimPF6 has been described.46 Enhanced
reactivities were observed compared to conventional media and
the ionic liquid–catalyst could be recycled.

Olefin dimerisation and oligomerisation
The nickel-catalysed dimerisation of lower olefins in ionic
liquids containing chloroaluminate anions is probably the most
investigated reaction in ionic liquids.18,26,47–49 As early as 1990
the group of Chauvin at the Institut Francais du Petrole (IFP)
reported the nickel-catalysed dimerisation of propene in
bmimAlCl4.47 The catalyst precursor consisted of L2NiCl2 (L =
Ph3P or pyridine) in combination with EtAlCl2 (bmimCl–
AlCl3–EtAlCl2 = 1+1.2+0.25). The active catalyst is a cationic
nickel(II) complex, [LNiCH2CH3]+AlCl42, formed by reaction
of L2NiCl2 with EtAlCl2. Since ionic liquids promote the
dissociation of ionic metal complexes it was envisaged that they
would have a beneficial effect on this reaction.18

This proved to be the case: at 5 °C and atmospheric pressure
productivities ( > 250 kg dimers per g Ni) much higher than
those observed in organic solvents were achieved.18,47,48 The
mixture of dimers obtained, containing 2,3-dimethylbutene as
the major component (83%), has commercial importance as the
precursor of octane boosters for reformulated gasoline. It has
been produced since the mid-seventies by the IFP ‘Dimersol’
process (25 units worldwide with a production of 3.4 3 106 tons
per annum) in a single-phase solvent-free medium.

The methodology was subsequently extended to the dimer-
isation of butenes. The isooctene product constitutes the
feedstock for the manufacture of isononanols (plasticizers) by
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hydroformylation. A productivity of > 100 kg dimers per g Ni
was obtained at 10 °C.

Conducting these dimerisations as biphasic reactions in ionic
liquids affords several benefits:18 a better selectivity to dimers
(owing to their low solubility in the ionic liquid), a better use of
the catalyst components and, hence, reduced disposal costs,
substantially reduced reactor size, no corrosion and broader
scope (to less reactive, higher olefins).

The nickel-catalysed biphasic dimerisation of olefins in ionic
liquids is being offered for licensing by IFP under the acronym
‘Difasol process’ and is likely to be the first large scale
application of biphasic catalysis in ionic liquids.

Wasserscheid and Keim20,50 have developed alternative,
alkylaluminium-free nickel catalysts for the linear dimerisation
of but-1-ene. A turnover frequency of 1240 h21 and a dimer
selectivity of 98% (64% linearity) was observed at 25 °C. More
recently, the same group reported51 the use of cationic nickel
complexes for the biphasic oligomerisation of ethene to higher
a-olefins in bmimPF6 (Reaction 10). The products separated as

(10)

a clear and colourless layer and the catalyst-containing ionic
liquid could be recycled with leaching below the detection limit
(0.1%).

The palladium-catalysed dimerisation of butadiene to octa-
1,3,6-triene and octa-1,3,7-triene is industrially important as the
products have a wide range of applications, e.g. as comonomers
and in the synthesis of plasticizers, adhesives and fragrances.
Since these octatrienes rapidly polymerise in the presence of air,
separation of the product from the homogeneous catalyst, e.g.
by distillation, presents a serious problem. This would seem,
therefore, to be an attractive target for biphasic catalysis in an
ionic liquid.

Dupont and coworkers52 have reported that PdCl2–Ph3P (1:4)
catalyses the biphasic dimerisation of butadiene (Reaction 11)

(11)

in bmimX (X = BF4, PF6 or CF3SO3) at 70 °C, affording octa-
1,3,6-triene in 100% selectivity.

The same group reported53 that when the reaction is
performed with (bmim)2PdCl4 in bmimBF4–H2O (roughly 1+1
v/v) selective telomerisation resulted to afford octa-2,7-dien-
1-ol (Reaction 12). As is also observed in other mono- and

(12)

biphasic telomerisations of butadiene, the presence of carbon
dioxide was essential for high activity. Using 5 bar CO2 a
turnover frequency of 204 h21 and a selectivity of 89% (11%
octa-1,3,6-triene) at 49% conversion was observed at 70 °C.
Interestingly, the reaction is monophasic under the reaction
conditions but cooling the mixture to 5 °C produces two phases
and the ionic liquid phase can be separated and recycled. This
methodology is a potentially attractive alternative to the
aqueous biphasic telomerisation of butadiene developed by
Kuraray.3,4

Heck reactions
The Heck and related C–C coupling reactions are of major
importance in organic synthesis and are finding wide applica-
tion in the manufacture of fine chemicals.54 The first example of
a Heck coupling in an ionic liquid was reported by Kaufmann et
al. in 1996.55 Butyl trans-cinnamate was produced in high yield
by reaction of bromobenzene with butyl acrylate in molten
tetraalkylammonium and tetraalkylphosphonium bromide salts
(Reaction 13). No formation of palladium metal was observed

(13)

and the product was isolated by distillation from the ionic
liquid.

Herrmann and Böhm56 subsequently showed that molten
Bu4NBr (mp 103 °C) is a particularly suitable reaction medium
for Heck reactions, affording superior results compared with
commonly used organic solvents such as DMF. For example, in
the reaction of bromobenzene with styrene, using diiodobis(1,3-
dimethylimidazolin-2-ylidine)palladium(II) as the catalyst, the
yield of stilbene was increased from 20% in DMF to 99% in
Bu4NBr under otherwise identical conditions. The product was
separated by distillation and the catalyst containing ionic liquid
recycled up to 13 times without significant loss of activity.

Seddon and coworkers57 performed Heck couplings in
bmimPF6 or n-hexylpyridinium PF6 using PdCl2 or Pd(OAc)2–
Ar3P as the catalyst and Et3N or NaHCO3 as the base.

For example, Pd(OAc)2–Ph3P-catalysed coupling of 4-bro-
moanisole with ethyl acrylate (Reaction 14) in bmimPF6 at
140 °C, afforded ethyl 4-methoxycinnamate in 98% yield.

(14)

The high solubility of the catalyst in the ionic liquid allows
for product isolation by extraction into a hydrocarbon, e.g.
hexane or toluene. Furthermore, if water is added a triphasic
system is obtained in which the salt formed in the reaction,
Et3NHBr, is extracted into the aqueous phase.

It was also noted that palladium complexes of imidazolyli-
dene carbenes, formed by reaction of the base with the
imidazolium cation, may be implicated in these reactions.57

This was later confirmed by Xiao and coworkers58 who
observed a significantly enhanced rate of the Heck coupling in
bmimBr compared to the same reaction in bmimBF4. This
difference could be explained by the formation of the corre-
sponding palladium–carbene complexes (which were isolated
and characterised) in the former but not in the latter. The
isolated carbene complexes were shown to be active catalysts
when redissolved in bmimBr. Presumably, the formation of the
carbene in bmimBr can be attributed to the stronger basicity of
bromide compared to tetrafluoroborate.

The Heck arylation of electron-rich enol ethers generally
leads to a mixture of regio isomers owing to competition
between cationic and neutral pathways, leading to a- and b-
arylation, respectively (Reaction 15). The ionic pathway is
favoured with aryl triflates but these are less available and much
more expensive than the corresponding chlorides and bromides.
The ionic pathway would also be expected to be favoured by
conducting the reaction in an ionic liquid and this proved to be
the case. Thus, Xiao and coworkers59 achieved > 99% selectiv-
ity to the a-arylation product in the Heck coupling of
1-bromonaphthalene to butyl vinyl ether in bmimBF4 (Reaction
15). In contrast, the same reaction in toluene, acetonitrile, DMF
or DMSO afforded mixtures of the a- and b-regio isomers. A
range of 4-substituted bromobenzenes were similarly shown to
give a-/b-regioselectivities of > 99%.
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(15)

Similarly, palladium-catalysed Stille60a and Negishi60b cou-
plings and nickel-catalysed coupling of aryl halides61 in
bmimBF4 and bmimPF6, respectively, have also been de-
scribed.

Palladium-catalysed allylic substitution
Palladium-catalysed allylic substitution by carbon nucleophiles
constitutes another synthetically useful method for the genera-
tion of C–C bonds. These reactions have also been performed in
ionic liquids, both in a mono- and biphasic system, using
Pd(OAc)2–Ph3P (with K2CO3 as base) in bmimBF4 (Reaction
16)62 and PdCl2–tppts in bmimCl–methylcyclohexane (Reac-
tion 17),63 respectively. In the latter case distinct advantages

(16)

(17)

compared to the corresponding aqueous biphasic system were
noted: an order of magnitude higher activity and improved
selectivity owing to suppression of the competing reaction with
water as a nucleophile and a much decreased phosphonium salt
formation (by reaction of tppts with the Pd–allyl complex).

Reaction (16) has also been performed using chiral ferroce-
nylphosphine complexes of palladium, in bmimPF6.64 The
product was obtained in moderate enantioselectivity (62–74%
ee), which was higher than that observed in conventional
solvents.

Catalytic oxidations
Considering the commercial importance of catalytic oxidations,
and the fact that ionic liquids are expected to be relatively inert
towards autoxidation with O2, surprisingly little attention has
been devoted to performing such reactions in ionic liquids. The
Ni(acac)2-catalysed aerobic oxidation of aromatic aldehydes, to
the corresponding carboxylic acids, in bmimPF6 has been
described.65 However, rather high (3 mol%) catalyst loadings
were used and this can hardly be considered a challenging
oxidation.

The methyltrioxorhenium (MTO)-catalysed epoxidation of
olefins with the urea–H2O2 adduct (UHP) in emimBF4 has been
reported.66 Both the UHP and the MTO are soluble in emimBF4

and the medium remains homogeneous throughout the reaction.
It should be noted, however, that the substrates were generally

highly reactive olefins and when the more challenging dec-
1-ene was used, a long reaction time (72 h) was needed for
moderate conversion (46%) using 2 equivalents of oxidant.
When 30% aq. H2O2 was used as the oxidant this led to ring
opening of sensitive epoxides.

Asymmetric Jacobsen-Katsuki epoxidation, with NaOCl
catalysed by a chiral Mn Schiff’s base complex has been
conducted in bmimPF6.67 However, dichloromethane was
required as a cosolvent, as the ionic liquid solidifies at the
reaction temperature (0 °C), which nullifies one of the primary
incentives for using an ionic liquid. The ionic liquid, containing
the catalyst, could be recovered and recycled 4 times albeit with
a significant loss in yield.

A more recent, and very exciting development, is the
electroassisted biomimetic activation of molecular oxygen by a
chiral Mn Schiff's base complex in bmimPF6 described by
Gaillon and Bedioui.68 Evidence was provided for the formation
of the highly reactive oxomanganese(V) intermediate that could
transfer its oxygen to an olefin. This would appear to offer
potential for clean, electrocatalytic oxidations with molecular
oxygen in ionic liquid media.

Lewis and Brønsted acid catalysis in ionic liquids
Ionic liquids containing chloroaluminate (AlCl42, Al2Cl72)
anions are strong Lewis acids and if protons are present they are
superacidic (see earlier). Coupled with the fact that they are
relatively easy to handle this makes these materials attractive
non-volatile alternatives for standard Lewis acid catalysts, such
as AlCl3, and hazardous Brønsted acids such as HF. The ionic
liquid can function as both a catalyst and a solvent for acid
catalysed processes. Since Lewis and Brønsted acid-mediated
processes generally involve cationic intermediates, e.g. carben-
ium and acylium ions, one would also expect to see substantial
rate enhancements in ionic liquids. Indeed, some of the first
reactions to be studied in ionic liquids were Friedel–Crafts
alkylations and acylations. Wilkes and coworkers69 showed that
ionic liquids derived from the reaction of emimCl with AlCl3
exhibit a wide range of Lewis acidity depending on the molar
ratio of reactants. A 1+1 mixture affords the tetrachloro-
aluminate, emimAlCl4, which is referred to as being neutral and
is not active as a Friedel–Crafts catalyst. In contrast, the 2+1
adduct, emimAl2Cl7 is strongly acidic and was shown to be very
active in Friedel–Crafts alkylations and acylations.69 For
example, a mixture of benzene, acetyl chloride and emimAl2Cl7
in the molar ratio 1.1+1.0+0.5 (i.e. less than a stoichiometric
amount of the ionic liquid) afforded complete conversion to
acetophenone in less than 5 minutes at room temperature.
Spectral evidence suggested the formation of the free acylium
cation, CH3CO+, in the ionic liquid medium.

The Friedel–Crafts alkylation of benzene with long chain a-
olefins is used industrially for the manufacture of more than two
million tons of linear alkylbenzenes worldwide. The products
are the precursors of the corresponding alkylbenzene sulfonates
which are widely used as surfactants. Traditionally the reaction
is performed using liquid HF or AlCl3 as the catalyst. The
production of linear alkylbenzenes using chloroaluminate ionic
liquids has been described.17a The potential to retrofit existing
installations with the ionic liquid catalyst offers enormous
benefits with regard to reduced catalyst consumption, ease of
product separation and elimination of caustic quenching
associated with catalyst leaching. Chloroaluminate ionic liquids
modified with HCl were recently shown70 to give higher rates
and more favourable product distributions in Friedel–Crafts
alkylations, which was attributed to the superacidities of these
media. In this context it is also worth mentioning the work of
Hölderich et al.71 who showed that ionic liquids immobilised on
inorganic supports (SiO2, Al2O3, TiO2, ZrO2) are effective
catalysts for Friedel–Crafts alkylation of aromatics. Activities
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were higher than those observed with a conventional zeolite
catalyst and no leaching of the ionic liquid from the surface was
observed. Reactions were performed in batch, continuous
liquid-phase and continuous gas-phase operation. For example,
alkylation of benzene with dodecene afforded the mono-
alkylated product in 98% selectivity at 99% conversion at
80 °C.

Seddon and coworkers72 studied the Friedel–Crafts acylation
of toluene, chlorobenzene and anisole with acetyl chloride in
emimAl2Cl7 and obtained excellent regioselectivities to the
para isomer (Reaction 18). Similarly, the fragrance chemical,
traseolide, was obtained in 99% yield as a single isomer
(Reaction 19). It should be noted, however, that the question of

(18)

(19)

product recovery from the reaction medium still needs to be
addressed in these systems. As in conventional AlCl3-promoted
acylations the ketone product forms a strong complex with the
chloroaluminate ionic liquid.

Lanthanide triflates, in particular Sc(OTf)3, have been widely
studied as water-tolerant Lewis acids in a variety of transforma-
tions, including Friedel–Crafts alkylations and acylations.73

Song and coworkers74 have recently shown that Sc(OTf)3

catalyses the Friedel–Crafts alkylation of aromatics with olefins
in hydrophobic ionic liquids, e.g. bmimPF6 and bmimSbF6. In
contrast, no reaction was observed in common organic solvents,
water or hydrophilic ionic liquids such as bmimBF4 or
bmimOTf. For example, reaction of benzene with cyclohexene
(Reaction 20) afforded cyclohexylbenzene in 92% yield at

(20)

> 99% cyclohexene conversion in bmimSbF6 at 20 °C for 12 h.
The product formed a separate layer and, after phase separation,
the ionic liquid phase, containing the catalyst, was recycled to
afford 92% yield of cyclohexylbenzene at > 99% conversion.
Although high catalyst loadings (20 mol%) were used the ease
of separation and recycling of the catalyst offers potential
environmental and economic benefits.

The same group has recently reported75 that Sc(OTf)3

catalyses Diels–Alder reactions in bmimX (X = BF4, SbF6 or
OTf), in this case at much lower catalyst loadings (0.2 m%). In
contrast to the Friedel–Crafts alkylation (see above) the product
did not form a separate phase and was recovered by extraction
with ether. It was shown, however, that the ionic liquid
containing the catalyst could be recycled eleven times without

loss of activity (Reaction 21). Furthermore, improved endo/exo
selectivities were observed with cyclic dienes.

(21)

Another reaction catalysed by Lewis acids is the cycloaddi-
tion of carbon dioxide to epoxides, affording cyclic carbonates.
It was recently reported that this reaction is catalysed by
bmimBF4.76 When propene oxide was allowed to react with
CO2 (2.5 MPa) at 110 °C for 6 h in the presence of bmimBF4

(2.5 mol%), propene carbonate was obtained in 100% yield
(Reaction 22).

(22)

The propene carbonate was distilled from the reaction
mixture and the ionic liquid catalyst recycled four times with
only a minor loss in activity.

Protons in acidic ionic liquids have acidities greater than
those of H2SO4 or liquid HF.8,17,18 They are, for example, able
to protonate benzene to the cyclohexadienyl cation. The acidic
ionic liquid, bmimAl2Cl7, catalyses the alkylation of ethene
with isobutane18 whereas neither HF nor H2SO4 is effective for
this reaction. The major product is 2,3-dimethylbutane
(75–86%) which has a higher octane number than the products
of alkylation of higher olefins. The product forms a separate
upper phase and the ionic liquid is readily recycled.

Olefin oligomerisation and polymerisation is also promoted
by these strongly acidic ionic liquids, e.g. high molecular
weight polyisobutene is readily obtained from isobutene.17 The
catalytic activity and degree of polymerisation is determined by
the chain length of the alkyl group in the 1-alkyl-3-methylimi-
dazolium or N-alkylpyridinium cation which provides a con-
venient mechanism for controlling the product distribution.
Polyisobutene is a commercially important lubricant and the
ionic liquid process has several advantages compared with the
conventional process which employs a supported or dissolved
AlCl3 catalyst. The polymer forms a separate phase and is
readily separated and reused which obviates the need for an
aqueous wash and, hence, reduces waste and costs. Moreover,
the process can be easily retrofitted into existing production
facilities.

The electrophilic nitration of aromatics, using a variety of
nitrating agents, has also been investigated in ionic liquid
solvents.77 It was noted that nitration in ionic liquids constitutes
a useful alternative to classical methods owing to easier product
isolation and recovery of the ionic liquid and avoidance of
problems associated with the neutralisation of large quantitities
of acid.

Many synthetically important rearrangement reactions are
catalysed by Brønsted or Lewis acids and, hence, may benefit
from using acidic ionic liquids as solvents and/or catalysts. For
example, the Beckmann rearrangement of ketoximes in ionic
liquids, in the presence of catalytic amounts (20 mol%) of
phosphorus compounds (e.g. P2O5) was recently reported.78

The ionic liquid tributylhexylammonium bis(trifluorome-
thylsulfonyl) amide was shown79 to be a useful solvent for the
acid-catalysed cyclotrimerisation of veratryl alcohol. The
methodology obviates the need for large quantities of organic
solvent and strongly dehydrating acids and provides the
cyclotriveratrylene (CTV) in high yield and purity. CTV is of
interest as a supramolecular host compound that complexes a
variety of guest molecules.

Chem. Commun., 2001, 2399–2407 2405



Biocatalysis in ionic liquids
Attention has recently been focused on the use of enzymes in
ionic liquids. It was already noted in 198480 that the enzyme
alkaline phosphatase is relatively stable in a 4+1 (v/v) mixture
of triethylammonium nitrate and water. More recently, Lye and
coworkers81 reported a two-phase biotransformation in which
bmimPF6 acts as a reservoir for the substrate while the
biocatalyst—whole cells of Rhodococcus R312—is present in
the aqueous phase. Shortly thereafter two reports of enzymatic
conversions in an ionic liquid medium appeared.82,83

Erbeldinger et al.82 reported the thermolysin-catalysed
synthesis of Z-aspartame (Reaction 23) in bmimPF6 containing

(23)

5% (v/v) water. The enzyme displayed excellent stability when
suspended in the ionic liquid and the activity was equal to that
observed in ethyl acetate–water. A small amount of the enzyme
( < 3.2 mg mL21) which dissolved in the ionic liquid was
completely inactive.

We showed83 that Candida antarctica lipase is able to
catalyse a variety of transformations—transesterification, am-
moniolysis and perhydrolysis—in bmimBF4 or bmimPF6 in the
absence of water. Reactions were performed with the free
(NOVO SP525) or immobilized enzyme (Novozyme 435).
Reaction rates were comparable with or better than those
observed in conventional organic media. For example, the
reaction of octanoic acid with ammonia, in bmimBF4 at 40 °C,
gave complete conversion to octanamide in 4 days compared to
17 days for the same conversion using ammonium carbamate in
methyl isobutyl ketone.84

The epoxidation of cyclohexene by peroxyoctanoic acid,
generated in situ by Novozyme 435-catalysed reaction of
octanoic acid with 60% aqueous H2O2, proceeded smoothly in
bmimBF4 (Reaction 24).

(24)

Subsequently, other groups have reported on lipase-catalysed
enantioselective transesterification of chiral alcohols (Reaction
25) in ionic liquids.85–87 Kragl and coworkers85 investigated the

(25)

kinetic resolution of 1-phenylethanol with nine different lipases
in ten different ionic liquids. Good activities and, in many cases,
improved enantioselectivities were observed compared with the
same reaction in MTBE (methyl tert-butyl ether). Rates and/or
enantioselectivities were dependent on the anion as was also

observed by Itoh and coworkers.86 It was also shown that the
product could be extracted with ether and the ionic liquid
(bmimPF6), containing the suspended enzyme, could be
recycled.86 Similarly, Kim and coworkers87 observed markedly
enhanced enantioselectivities in Candida antarctica and Pseu-
domonas cepacia lipase-catalysed transesterifications of chiral
alcohols in bmimBF4 and bmimPF6.

Based on these initial studies the use of enzymes in ionic
liquids would appear to open up a new field of nonaqueous
enzymology. Ionic liquids could have added benefits for
performing biotransformations with highly polar substrates, e.g.
carbohydrates and amino acids, which are sparingly soluble in
common organic solvents. We are currently investigating the
scope with regard to type of enzyme, transformation and the
effect of the structure of the ionic liquid.

Concluding remarks
Catalysis in ionic liquids is an exciting and burgeoning area of
research (many of the references in this review are from 2000
and 2001) which holds considerable potential for industrial
application. The use of ionic liquids as reaction media for
catalytic transformations or, in some cases, as the catalyst itself
can have a profound effect on activities and selectivities.
Furthermore, precision tuning of reactions can be achieved by a
suitable combination of cation and anion, i.e. they are truly
‘designer solvents’. In the majority of cases studied the ionic
liquid, containing the catalyst could be readily recycled. They
provide a medium for performing clean reactions with mini-
mum waste generation. As was remarked by Seddon8 they
could, quite literally, revolutionise the methodology of syn-
thetic organic chemistry.
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In the presence of new air-stable triarylphosphine 2,
palladium-catalyzed Suzuki reactions of a wide array of aryl
chlorides can be accomplished in uniformly good yield,
including couplings of very sterically demanding and
electronically deactivated substrates; activated aryl chlo-
rides can be coupled at room temperature. In terms of scope
and mildness, Pd–2 compares well with other catalyst
systems that have been described for Suzuki reactions of aryl
chlorides, thereby establishing that triarylphosphines should
be regarded as fertile ground for future ligand-design efforts
for palladium-catalyzed couplings of aryl chlorides.

The palladium-catalyzed cross-coupling of organic halides/
triflates with organoboron reagents [Suzuki reaction; e.g., eqn.
(1)] is a powerful and widely used method for carbon–carbon

(1)

bond formation.1 Until recently, aryl chlorides, an attractive
class of substrates due to their low cost and ready availability,2
were generally not suitable coupling partners in palladium-
catalyzed Suzuki reactions.3 However, during the past few years
this deficiency has been remedied through the use of ligands
such as electron-rich, sterically hindered phosphines4 and
carbenes.5,6

The low reactivity of aryl chlorides in palladium-catalyzed
coupling reactions is often ascribed to their reluctance to
oxidatively add to palladium, and the unusual effectiveness of
strongly electron-donating ligands in achieving Suzuki cross-
couplings of aryl chlorides is consistent with this hypothesis.
Thus, at the time that we initiated our studies, there were no
examples of Suzuki reactions of unactivated aryl chlorides by
palladium catalysts that bear triarylphosphines,7,8 which are
generally significantly less electron-rich than trialkylphos-
phines.

In this communication, we describe our discovery that a wide
array of palladium-catalyzed Suzuki reactions of aryl chlorides
can be achieved through the use of a new ferrocene-derived
triarylphosphine (2). In the presence of this air-stable, sterically
demanding ligand, we can effect the Suzuki cross-coupling of
activated aryl chlorides at rt, and we can accomplish reactions of
unactivated aryl chlorides, including sterically hindered and
electron-rich substrates, at 70 °C.

Phosphine 1, previously reported by Price and Simpkins,9
serves as a moderately efficient ligand for the palladium-
catalyzed coupling of p-chlorotoluene with o-tolylboronic acid
(37% yield by GC after 24 h at 70 °C; Table 1, entry 1). An
increase in the steric demand of the bottom ring of the ligand
(Cp ? Cp*; 2) leads to a substantial increase in reactivity (entry
2 vs. entry 1).10 The TMS group is an important contributor to

the unusual reactivity of 2, as demonstrated by the slow
coupling that we observe when we employ the corresponding
non-silylated ligand (3; entry 3). Entry 4 establishes that PPh3 is
not useful under these conditions.

New triarylphosphine 2, which is air- and moisture-stable
both in the solid state and in solution, serves as a remarkably
versatile ligand for Suzuki cross-couplings of aryl chlorides. As
shown in Table 2, a variety of chlorides, including hindered
(entries 2–5) and electronically deactivated (entry 6) ones, react
with a range of boronic acids in very good yield. The sterically
demanding coupling that is illustrated in entry 5, which
furnishes a tri-ortho-substituted biaryl in 93% yield, is espe-
cially worthy of note.11,12

We have determined that, in the presence of triarylphosphine
2, Suzuki cross-couplings of activated aryl chlorides can be
accomplished at rt. To date, only a few other ligands have
achieved this objective.13 For room-temperature couplings, use
of Pd(OAc)2 as the palladium source and an ~ 1+1 ratio of
Pd+ligand provide the highest reactivity among the conditions
that we have examined. With these conditions, we can effect
Suzuki cross-couplings of a range of activated aryl chlorides,
including heteroaryl (entry 2) and ortho-substituted (entry 3)
substrates, with arylboronic acids in excellent yield (Table 3).

In summary, we have prepared a new, air-stable triaryl-
phosphine (2), and we have established that it serves as an

† Electronic supplementary information (ESI) available: experimental
procedures and compound characterization data. See http://www.rsc.org/
suppdata/cc/b1/b107888g/

Table 1 Suzuki reaction of an unactivated aryl chloride: triarylphosphines
as ligands

Entry Ligand % Yield by GC after 24 ha

1 1 37
2 2 87
3 3 8
4 PPh3 < 2

a Average of two runs.
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effective ligand in palladium-catalyzed Suzuki couplings of aryl
chlorides. In the presence of Pd–2, a diverse array of substrates,

including hindered, heteroaryl, and electronically deactivated
chlorides, react in uniformly good yield. The ability of this
system to achieve cross-couplings of activated aryl chlorides at
rt is particularly noteworthy. Because 2 is a triarylphosphine,
the high reactivity of Pd–2 (in terms of scope and mildness,
comparable to sterically demanding trialkylphosphines and
greater than carbene ligands) is unexpected. In view of the ease
with which the structure of 2 can be modified, we anticipate that
further enhancements in reactivity will be possible, as well as
the design of effective ligands for asymmetric catalysis.
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a Average of two runs.
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Flow linear dichroism is shown to be able to detect single
base mismatches in a polymerase chain reaction (PCR)
amplimers from exon 10 of the human b-glucocerebrosidase
gene (associated with Gaucher disease) over a kilobase long
with no post PCR manipulation.

The need to detect sequence variations in human genes has
increased with the continuing identification of disease-causing
mutations and the use of DNA polymorphisms, especially
single nucleotide polymorphisms (SNPs), to assist genetic
mapping strategies.1 Despite improvements in technologies
available for detecting and identifying SNPs, all suffer from
either expense (reagents and time) or low sensitivity/accu-
racy.2–6 We aimed to identify an inherent optical signal from
DNA that is sensitive to distortions in DNA structure, and to
demonstrate that this signal can be used to detect point
mutations in PCR products. Existing absorbance (on thermal
denaturation) and circular dichroism methods are of value for
oligonucleotides,7,8 but not for polynucleotides (100’s of
bases). Here we present data describing the use of flow linear
dichroism8,9 (LD) to detect structural distortions caused by
mismatching of base pairs in DNA helices.

An LD signal is produced by measuring the difference in
absorbance of light linearly polarised parallel and perpendicular
to an orientation direction. LD signals are positive for
transitions whose polarization is along the direction of orienta-
tion and negative for those perpendicular to it. In this case, the
dichroic signal is generated by aligning DNA fragments in
solution by induced laminar flow. The signal from the p–p*
transitions of the DNA bases is expected to be negative as the
bases lie more perpendicular than parallel to the DNA helix axis
which is also the orientation axis. However, an additional factor
that must be considered when analysing the data below is that all
absorbance spectroscopic measurements involve measuring
what light the sample causes not to reach the photomultiplier
tube. These are a combination of true absorbance and apparent
absorbance—scattering. In most cases the true absorbance
dominates the scattering effects as is the case for calf thymus
DNA linear dichroism. However, with the PCR products that
form the subject of this paper, the total LD signal is three orders
of magnitude smaller than with the calf thymus DNA so the
scattering effect dominates. With flow LD the scattering effect
is always positive.10

In this study we have used two mutations within the human
gene b-glucocerebrosidase that are associated with Gaucher
disease. These mutations were found in 32/92 and 15/92 alleles
respectively from UK patients diagnosed with Gaucher dis-
ease.11 This large, clinically relevant, gene spans 7 kilo bases of
genomic DNA and is comprised of 11 exons. At least 138
different types of mutation have been found to be associated
with Gaucher disease, and the UK population is particularly
heterogeneous for these. DNA-based diagnosis and family

screening for this disease is currently limited by available
methodology.

Genomic DNA was prepared from peripheral leucocytes of
patients previously confirmed to be a compound heterozygote
(h1/h2) for the L444P and R463C point mutations (A to C and
G to T, see Fig. S1 ESI for full details) in the b-glucocer-
ebrosidase gene (Entrez AF023268), from patients hetero-
zygous for each mutation (h1/wt and h2/wt), and a control
without either mutation (wt/wt), using conventional methods.12

A 1353 bp amplimer encompassing these mutations was
generated by PCR. Mutations were confirmed using restriction
digestion and cycle sequencing (ABI big dye cycle sequencing
reagents and an ABI 310 capillary zone sequencer) using the
previously published primers and methods.11

Heteroduplexes were generated by re-heating each PCR
reaction to 95 °C for 5 min, incubating at 72 °C for 20 min and
allowing to cool to 25 °C over 3 h. As the patients were
heterozygous for these mutations heteroduplices of each mutant
(h1/wt and h2/wt) with the normal sequence were produced
from the single heterozygous patients and a heteroduplex
containing two mismatches (h1/h2) from the compound hetero-
zygous patient.

The LD spectra of the samples were measured using a
JASCO J-715 spectropolarimeter. The sample was aligned
within the light beam using a custom made stirred cell.13 The
stirred cell consists of a cylindrical cross section stainless steel
sleeve with opposing quartz apertures embedded in the cylinder
walls. A cylinder of quartz is mounted centrally (with a 0.5 mm
annular gap) with respect to its circular face on a rotating
spindle within the sleeve. The speed of rotation of the spindle
and hence the quartz cylinder is controlled electronically to
allow the sample solution to be maintained with the highest
possible degree of alignment without inducing turbulent flow.
LD measurements were made directly in PCR buffer. The
signals derived from the PCR amplimers are corrected for
concentration, as determined by PICO green binding (Molec-
ular Probes, Oregon), and are directly comparable (50 mg
mL21); the calf thymus DNA (Sigma) was at a concentration of
300 mM (determined using the extinction coefficient at 258 nm
of 6600 cm21 mol21 dm3).

LD spectra of wt/wt, h1/wt, h2/wt and h1/h2 are shown in
Fig. 1a. All 4 samples showed a negative maximum of similar
magnitude at 260 nm that is characteristic of the signal from the
lowest energy p–p* transitions of the DNA bases when the
bases are oriented approximately perpendicular14 to the DNA
helix axis. The spectra of the short PCR amplimers also show
positive maxima at 230 nm that is of a greater magnitude
relative to the 260 nm band and of a different sign from the LD
signal of the much larger DNA fragments obtained from calf
thymus (Fig. 1b). The amplitudes of the 230 nm peak observed
from the PCR derived amplimers show a trend related to the
number of mismatched base pairs in each sample, h1/h2 having
the lowest amplitude. Upon addition of 50% glycerol to the
DNAs to increase the sample viscosity, the flow orientation
increases the true absorbance LD signal by an order of

† Electronic supplementary information (ESI) available: Figures S1–S4.
See http://www.rsc.org/suppdata/cc/b1/b107830p/
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magnitude making LD absorbance signal dominant over the
scattering signal (see Fig. S2 ESI). Residual primers have no LD
signal and the starting genomic DNA sequence has an
incredibly small (2–3 orders of magnitude smaller than the PCR
products) signal (data not shown). The effect of flow rate is
given in Figs. S3 and S4 of the ESI.

The effect of single base pair mismatches on the conforma-
tion of linear sections of DNA is most likely due to induced
local flexibility around the mismatched region. Existing
techniques for detecting single mutations such as Differential
Gradient Gel Electophoresis3 and denaturing HPLC4 rely on the
fact that the local disruption in structure is propagated through
the DNA molecule and effects hydrodynamic behaviour. The
limitation of these techniques is that as the length of the DNA
molecule increases the difference in behaviour of the mis-
matched and complementary DNA is reduced. By way of
contrast our data show that linear dichroism relies on changes in
hydrodynamic properties having an effect on the spectroscopy
of the DNA itself. We have demonstrated that, although the 260
nm minimum is essentially unaffected by base pair mismatches,
the amplitude of the maximum at 230 nm is sensitive to such
changes and these can be detected in a DNA amplimer of greater
than a kilobase in length. This exceeds the length at which
previous techniques have been shown to be effective.

As 230 nm corresponds to an absorbance minimum for DNA
and we see a positive maximum in the LD signal, these
observations imply that light scattering is dominating the 230
nm signal whereas at 260 nm the intrinsic LD signal dominates
the scattering. The intensity of the 230 nm signals is therefore
dominated by the volume of the DNA. wt/wt is largest and h1/
h2 the smallest. If the 230 nm signals are normalised by dividing
by the 260 nm signal we have:

LD230 nm: wt/wt > h1/wt > h2/wt > h1/h2

The h1 mutation involves replacing an A:T base pair with C:T
which could retain two hydrogen bonds if the helix were pulled
in. The h2 mutation can retain at most one hydrogen bond and
needs to accommodate an extra N–H bond within the base-
pairing region. These differences presumably result in h1/wt
being stiffer than h2/wt (so having a larger intrinsic LD) and less
bent (so having a larger scattering term).

Increasing the viscosity of the sample also has the effect of
increasing alignment of the DNA molecules, so increasing the
intrinsic LD signal. The heteroduplex and homoduplex DNA
appear equivalent in glycerol, the increased viscosity over-
riding the differences in flexibility seen in less viscous solutions
and the larger LD signal swamps the scattering effects.

These data provide evidence for the exciting prospect that LD
spectroscopy may be a powerful tool for use as a pre-screen to
detect base pair mis-matches, and even distinguishing different
mismatches, in comparatively long pieces of DNA. The major
advantage of this technique is that it exploits an inherent optical
property in combination with the hydrodynamic properties of
the DNA helix. This allows the information derived from LD
spectra to be less dependent on the length of the DNA (and may
even be enhanced for longer DNAs in contrast to other
techniques) and hence allows the possibility that the technique
will be applicable to whole gene searches. These experiments
were deliberately designed to use PCR products directly
demonstrating that no post-amplification modification is neces-
sary. For these particular mutations no other technique can
distinguish between these disease-causing mutations so effi-
ciently. How widely applicable this technique is to other
mutations awaits the results of further studies.
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Fig. 1 (a) Flow LD spectra of wt/wt (thick solid line), h1/wt (thin solid line),
h2/wt (thin dashed line), and h1/h2 (thick dashed line) at 50 mg mL21 in
Bio-extract PCR buffer at 1750 rpm. The maximum at 230 nm changes in
intensity with respect to the number of mis-matches present. (b) Flow LD
spectra of Calf thymus DNA. Corrected LD denotes the signal is corrected
for concentration differences. The units for the LD are the absorbance
readings directly from the instrument. Pathlength is 1 mm.
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Highly dispersed chromate species on silica catalyse the
selective epoxidation of propene to propene oxide (PO) by
molecular oxygen under visible light irradiation with the
same quantum yield as that under UV light irradiation.

Currently propene epoxidation is performed by two liquid phase
processes: the chlorohydrin process and the hydroperoxide
process.1 These processes have some problems of by-products,
wastes, etc. The direct gas phase epoxidation of propene by
molecular oxygen, which is the most simple process without
these problems, is desirable. Recently some workers reported
new approaches for propene epoxidation using O2 and H2.2
However, it is evident that using only O2 is more advantageous,
and many researchers have attempted epoxidation of propene
using only O2.3

On the other hand, ‘photoepoxidation’ of propene using only
O2 over TiO2,4 Ba-Y type zeolite,5 Nb2O5/SiO2,6 MgO/SiO2
and SiO2

7 has been reported. However, these activities were low
and it was not clear whether the reaction proceeded catalyt-
ically. We have found that isolated tetrahedral Ti species on
titania–silica catalytically promoted the selective photoepoxida-
tion of propene by molecular oxygen.8 However, the isolated
tetrahedral Ti species absorb only UV light (l < 250 nm), and
the reaction proceeded only under UV irradiation. Artificial UV
light sources tend to be expensive, and the UV light component
in sunlight reaching the surface of the earth is relatively small.
Thus, it is significant to develop a visible light-driven
photocatalyst for epoxidation of propene. It is known that Cr
species have LMCT absorption in the visible light region, and
recently NO decomposition and propane oxidation over Cr-
containing mesoporous silica molecular sieves (Cr-HMS) under
visible light irradiation have been reported.9,10 In our previous
screening study of silica-supported metal oxide catalysts for
propene photoepoxidation, CrOx/SiO2 (1.5 mol% as Cr) showed
high propene conversion, but low selectivity for PO.11

In the present study, we prepared chromia–silica catalysts
containing a very small amount (0.1 mol%) of Cr by the sol–gel
method or impregnation method, and examined the propene
photoepoxidation activity and the dependence of the activity on
the wavelength of photoirradiation.

CrOx–SiO2 binary oxide was prepared by hydrolysis of a
mixed solution of Si(OC2H5)4 and Cr(NO3)3·9H2O dissolved in
ethylene glycol followed by calcination at 773 K in flowing air
for 5 h.12 CrOx/SiO2 supported oxides were prepared by
impregnation method with amorphous silica and
Cr(NO3)3·9H2O aqueous solution, followed by calcination in
the same way.11 CrOx–SiO2 and CrOx/SiO2 are denoted as Cr–
Si(x) and Cr/Si(x) respectively, where x is mol% of Cr; nCr/(nCr
+ nSi) 3 100. Prior to each reaction test and spectroscopic
measurement, the sample was treated with 100 Torr oxygen at
773 K for 1 h, followed by evacuation at 673 K for 1 h. The
photoepoxidation of propene was performed with a conven-
tional closed system (123 cm3) and 200 W Xe lamp in the same
manner as previously reported.8The wavelength of photo-
irradiation light was limited by using TOSHIBA UV-cut glass
filters: UV-31 and Y-43, which allow the transmission of light
with l > 310 nm and 430 nm, respectively. The distribution of

the intensity of light from the Xe lamp was measured using a
Hamamatsu Photonic Multi-Channel Analyzer C7473 with a
CCD sensor. Diffuse reflectance UV-vis spectra of the
pretreated samples were measured in vacuo on a JASCO V-570
spectrophotometer at room temperature.

Fig. 1 shows diffuse reflectance UV-vis spectra of Cr/Si(0.1),
Cr–Si(0.1) and Cr/Si(1.5). All samples showed three absorption
bands centred around 245, 330 and 460 nm, which were
assigned to the LMCT (from O22 to Cr6+ charge transfer)
transitions of chromate species.9 Cr/Si(1.5) and Cr–Si(0.1)
showed an additional absorption band in the 580–800 nm region
assigned to the d–d transition of octahedral Cr3+ in Cr2O3
clusters.9 Weckhuysen et al. reported that monochromate and
dichromate species existed over Cr/SiO2 0.2 wt% (0.23 mol%),
and, with increasing Cr loading, additional polychromate
(trichromate, tetrachromate, etc.) species and Cr2O3 clusters
were formed.13 Since Cr/Si(0.1) contained 0.09 wt% of Cr and
exhibited a spectrum without an absorption band at 580–800
nm, Cr/Si(0.1) would have dispersed chromate species (mono-
chromate and/or dichromate) most abundantly. The additional
very weak absorption band at 580–800 nm in the spectrum of
Cr–Si(0.1) indicates that a very small amount of polychromate
species and Cr2O3 clusters would also be formed on Cr–Si(0.1).
Over Cr/Si(1.5), larger amounts of polychromate species and
Cr2O3 clusters would exist, illustrated by the stronger band at
580–800 nm in the spectrum.

Table 1 shows the results of photooxidation of propene over
chromia–silica catalysts. The major products were propene
oxide (PO), ethanal, CO and CO2. Small amounts of propanal,
acetone, acrolein, 2-propanol, ethene and butene were also
observed. Cr/Si(1.5) showed very high selectivity for COx and
low selectivity for PO (run 1) as previously reported.11 Cr/
Si(0.1) and Cr–Si(0.1) showed much higher selectivity for PO
than Cr/Si(1.5) when they were compared at similar conversion
(runs 2 and 3). This indicates that chromia–silica catalysts
containing a very small amount (0.1 mol%) of Cr were efficient
for the photoepoxidation of propene. Cr–Si(0.1) showed
slightly lower selectivity for PO and higher selectivity for
ethanal than Cr/Si(0.1). These results on the photoreaction and
the UV-vis spectra indicate that dispersed chromate species on
SiO2 should be effective in the photoepoxidation of propene,
while polychromate species and Cr2O3 clusters should promote

Fig. 1 Diffuse reflectance UV-vis spectra of chromia–silica catalysts. (a) Cr/
Si(0.1), (b) Cr–Si(0.1) (broken line) and (c) Cr/Si(1.5). The samples were
evacuated at 673 K.
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the oxidation of propene to by-products such as ethanal and
COx. In addition, the turnover number, TON = (the amount of
produced PO) / (the amount of Cr on sample), exceeded 2 after
12 h irradiation over Cr–Si(0.1) (Fig. 2), which indicated that
this reaction proceeded catalytically.

The effective wavelength for photoepoxidation of propene
over the Cr–Si(0.1) catalyst was examined using UV cut-off
filters (Table 1, runs 4 and 5). Even under visible light (l > 430
nm) irradiation (run 5), the conversion and PO yield almost
reached half of the run without  the filter (run 3). This means that
visible light is sufficient to promote photoepoxidation of
propene over chromia–silica catalysts. By using the UV cut-off
filters, selectivity for PO was not significantly changed, but
ethanal selectivity increased and COx selectivity decreased. As
shown in Fig. 2, in the range of conversion 7–18% (1–4 h)
ethanal selectivity decreased and COx selectivity increased with
increasing conversion, but selectivity to PO was not so affected
by the conversion. The differences in ethanal and COx
selectivity among runs 3–5 can be attributed to the difference in
conversion, not in the wavelength of light. In other words, the
product distribution would not be affected by the wavelength of
light, which suggests that the chromate species excited by UV or
visible light catalyse the photoepoxidation of propene via the
same mechanism, regardless of the absorbed wavelength. The
relative amount of photons absorbed by Cr–Si(0.1) was
estimated from summing the products of absorption intensity of

Cr–Si(0.1) and light intensity irradiated from the Xe lamp
through UV cut-off filters at each wavelength. With increasing
the relative amount of photons absorbed by Cr–Si(0.1), the
conversion and PO yield increased linearly (Fig. 3). This result
means that chromate species excited by UV or visible light
would be equally efficient in the photoepoxidation of propene;
that is, the quantum yield of photoepoxidation under visible
light would be equal to that under UV light. Thus, exclusion of
UV light changed neither the selectivity nor the quantum yield
of propene photoepoxidation over chromate species. Therefore,
it is suggested that chromate species excited by UV or visible
light identically catalyse the photoepoxidation of propene,
although the energy of photons was different at each wave-
length. This should mean that the energy of visible light is
sufficient to promote photoepoxidation of propene, that is, to
activate oxygen and/or propene on the catalyst.

In conclusion, highly dispersed chromate species on SiO2
were found to catalyse propene epoxidation by molecular
oxygen under photoirradiation, and even under visible light
irradiation. Chromate species excited by visible light would
promote propene epoxidation identically to those excited by UV
light.

This work was partly supported by a Grant-in-Aid for
Encouragement of Young Scientists from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT),
Japan.
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Table 1 Results of the photooxidation of propene over the chromia–silica catalysta

Selectivityf (C%)e

Run Catalyst
SAb/
m2 g21 Filter Timec/h

Conv.d
(C%)

PO yield
(C%) PO Propanal Acetone Acrolein Ethanal HC COx

1 Cr/Si(1.5)g 573 no 1 16.9 0.6 3.7 1.7 1.9 4.8 15.2 8.9 61.5
2 Cr/Si(0.1) 537 no 2 16.7 7.3 44.0 2.7 5.8 4.3 17.9 3.7 19.6
3 Cr–Si(0.1) 382 no 2 17.8 5.7 32.0 4.6 5.3 4.8 22.2 5.2 19.5
4 Cr–Si(0.1) 382 UV-31 2 12.5 4.2 33.9 9.2 3.5 5.0 30.7 2.4 14.8
5 Cr–Si(0.1) 382 Y-43 2 7.7 2.5 31.8 9.2 3.0 5.8 30.8 3.3 15.7
a Catalyst 0.2 g, propene 100 mmol, O2 200 mmol, reaction time 2 h. b BET surface area. c Reaction time. d Conversion. e Based on introduced propene. f PO,
propene oxide; HC, ethene + butenes; COx, CO + CO2. A very small amount of 2-propanol was also observed, but is not shown here. g From ref. 11.

Fig. 2 Time course of photooxidation of propene over Cr–Si(0.1).
Conversion (Ω), PO yield (2), and selectivity to propene oxide (5), ethanal
(!) and CO + CO2 (-).

Fig. 3 The plot of conversion (5) and PO yield (2) in photooxidation of
propene over Cr–Si(0.1) against the relative amount of photons absorbed by
Cr–Si(0.1).
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The reaction of di-2-pyridyl ketone, (2-py)2CO, with
Ni(O2CMe)2·4H2O yields the cage [Ni9(OH)2(O2CMe)8{(2-
py)2CO2}4], which reacts further with N3

2 ions to give the
structurally similar cluster [Ni9(N3)2(O2CMe)8{(2-
py)2CO2}4] containing extremely rare h1,m4-N3

2 groups;
magnetic studies reveal that the spin ground state of the
latter is nine times the ground state of the former.

The study of molecules with unusually large numbers of
unpaired electrons has taken on added impetus in the last five
years,1–3 since it has been realised that a fairly large ground-
state S value is one of the necessary requirements for molecules
to be able to function as magnetizable magnets (single-molecule
magnets, SMMs) below a critical temperature.4 In most
polynuclear clusters, magnetic exchange interactions are mainly
propagated by bridging OH2, O22, RO2 or RCO2

2 ligands, or
a combination of two or more of these groups.4 These ligands
often cause antiferromagnetic interactions and, thus, it is
necessary to arrange the metal ions and the bridging groups in
an appropriate manner so that they can give a high-spin ground
state for the system.4 No systematic attempts have been made to
replace the above mentioned bridging ligands in a known
cluster with other groups that are more prone to ferromagnetic
coupling, for example end-on N3

2, and, in general, the
reactivity chemistry of polynuclear 3d-metal complexes is
practically unexplored. We herein describe a novel OH2-
bridged, nonanuclear nickel(II) cluster with an S = 1 ground
state and its reaction with azide ions, which leads to substitution
of the m4-OH2 ligands and yields a structurally similar cluster
with an S = 9 ground state.

Reaction of di-2-pyridyl ketone, (2-py)2CO, with 2 equiva-
lents of Ni(O2CMe)2·4H2O in DMF under reflux resulted in a
green solution from which [Ni9(OH)2(O2CMe)8{(2-py)2-
CO2}4]·19H2O 1† precipitated within 4 days in ca. 60% yield.
The double deprotonation of the gem-diol form of di-2-pyridyl
ketone (formed in situ in the presence of the metal ions) is a
consequence of the high MeCO2

2 to (2-py)2C(OH)2 ratio (4+1)
used in the reaction. The RCO2

2/(2-py)2CO2
22 ligand ‘blend’

has resulted in a variety of high-nuclearity species in cobalt(II)5

and copper(II)6 chemistry.
Complex 1‡ (Fig. 1) has a fourfold axis passing through

Ni(1). The nine NiII atoms adopt the topology of two square
pyramids sharing a common apex at Ni(1) and are held together
by four h1+h3+h3+h1+m5 (A) (2-py)2CO2

22 ligands. Each
Ni…Ni edge of the bases of the pyramids is further bridged by
one syn, syn h1+h1+m2 acetate. The four acetate ligands create a
concave cavity in each pyramid’s base, into which a very rare
m4-OH2 is effectively trapped capping the square base. A

salient feature of the structure is the coordination number eight
(square antiprismatic geometry) around Ni(1).

The dc cMT product of 1 shows a continuous decrease from
the room temperature value of 11.47 cm3 K mol21 down to 0.40
cm3 K mol21 at 2 K (Fig. 2), indicating a dominant
antiferromagnetic superexchange pattern. A first approach to
quantify the magnetic exchange interactions in 1 has been
performed by means of the full-matrix diagonalisation program
CLUMAG,7 applying the Hamiltonian (1):

H = 2J1(S1S2 + S1S3 + S1S4 + S1S5 + S1S6 + S1S7 + S1S8 + S1S9)
2 J2(S2S3 + S3S4 + S4S5 + S5S2 + S6S7 + S7S8 + S8S9 + S9S6) 2
J3(S2S4 + S3S5 + S6S8 + S7S9) (1)

in which S1 corresponds to the central metal site [Ni(1)], and S2,
S3, S4, S5 and S6, S7, S8, S9 correspond to the NiII atoms placed
at the two square bases [Ni(2), Ni(2b), Ni(2c), Ni(2d) and Ni(3),
Ni(3b), Ni(3c), Ni(3d), respectively]. In this scheme (B), J1

relates the central with the peripheral spins, whereas J2 and J3

relate the neighboring and the opposite spins, respectively, in
each base. To reduce the deviation of the data due to the zero
field splitting effect, the fit was performed in the 300–12 K
temperature range. The best fit parameters obtained are J1 = 6.0
cm21, J2 = 18.0 cm21 and J3 = 257.0 cm21 for a g value of
2.30. The strong antiferromagnetic interaction J3 is consistent
with the large Ni–O–Ni angles of ca. 140°, whereas the weak to
moderate ferromagnetic interactions J1 and J2 were expected for
the observed Ni–O–Ni angles that are slightly larger than 90°.8
The ground state of 1, obtained from the low temperature data
and magnetization measurements (M/Nb value of 1.05 under an
external field of 5 T at 2 K) is S = 1.

We have wondered whether the end-on azido ligand, a well
known ferromagnetic coupler, would be incorporated into the

This journal is © The Royal Society of Chemistry 2001
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Ni9 cage skeleton replacing the hydroxo ligands, which cause
the strong antiferromagnetic interaction J3 (see B). This has,
indeed, turned out to be the case. Reaction of 1 with 2–3
equivalents of NaN3 in DMF–MeOH (2+1 v/v) gave green
crystals of [Ni9(N3)2(O2CMe)8{(2-py)2CO2}4]·4DMF·4.5H2O
2† in 80% yield.

Complex 2‡ (Fig. 3), which also has a fourfold axis passing
through Ni(1), bears striking structural similarity to 1, the main
difference being the replacement of the m4-OH2 ligands of the
latter by the h1,m4-N3

2 ligands in the former. Such h1,m4 azido
ligands had been totally unknown and were first observed in the
recently reported9 nonanuclear cage [Co9(N3)2(O2CMe)8{(2-
py)2CO2}4] 3.

Complexes 1 and 2 join a handful of structurally charac-
terized discrete, non-organometallic nonanuclear NiII com-
plexes with O,N-ligation.10–13

The dc cMT product of 2 increases from the room temperature
value of 10.87 cm3 K mol21 to a maximum of 13.88 cm3 K
mol21 at 24 K, and then decreases continuously down to 2 K
(Fig. 2). This behaviour is compatible with a moderate
ferromagnetic coupling; the low-temperature decrease of the
magnetic moment is associated with the anisotropy of the NiII
ions. Magnetization data collected for 2 show a rapid increase of
M/Nb upon increasing the external field, reaching a value of
9.59 at 5 T. Thus, the magnetic data for 2 should be associated
with ferromagnetic coupling mediated by the h1, m4-N3

2 ligand
(giving a total S value of nine times the local spin), assuming
ferromagnetic coupling between the central and the peripheral
NiII ions (as in 1); this assumption is reasonable because the
structural parameters of complexes 1 and 2 do not differ much.
The low temperature fall in cMT might be very exciting and the
study of the relaxation behaviour of 2 is in progress.

In conclusion, the structures of both 1 and 2 feature very rare
characteristics, such as the coordination number 8 for the central
NiII ion, the m5 coordination mode of (py)2CO2

22, and the h1,m4
coordination mode of both the hydroxo and azido ligands.
However, the most remarkable result of this work is the fact that
rational reactivity chemistry of a polynuclear complex results in
a new cluster of the same nuclearity, which retains the structural
identity of and has much more attractive magnetic properties
than the starting material. The described N3

2 for OH2
substitution has the potential for general application in the area
of high-spin molecules.

This work was supported by CICYT (Grant BP96/0163) and
the Research Committee of the University of Patras (C.
Caratheodory Programme, No 1941).
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electronic format.
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Fig. 1 ORTEP representation of complex 1 at the 20% probability level.
Letters b, c and d refer to equivalent positions. b: x, 2 y + 1/2, z. c: 2x + 1/2,
2y + 1/2, z. d: 2x +1/2, y, z.

Fig. 2 Plots of cMT vs. T for complexes 1 (left y axis, open circles) and 2
(right y axis, solid circles). The solid line is a fit of the data to the appropriate
theoretical expression; see text for fitting parameters.

Fig. 3 The molecular structure of complex 2. For clarity, only the NiII atoms,
nitrogen atoms of the azido ligands and triply bridging oxygen atoms of
(2-py)2CO2

22 are shown. Symmetry transformations used to generate
equivalent atoms: b: x, 2y + 1/2, z. c: 2x + 1/2, 2y + 1/2, z. d: 2x + 1/2,
y, z.
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Stoichiometric water splitting into H2 and O2 using a mixture of two
different photocatalysts and an IO32/I2 shuttle redox mediator under
visible light irradiation
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The stoichiometric splitting of water into H2 and O2 (H2/O2
= 2) under visible light irradiation (l > 420 nm) took place
for the first time using a mixture of Pt-WO3 and Pt-SrTiO3
(Cr–Ta-doped) photocatalysts and an IO3

2/I2 shuttle redox
mediator.

The construction of an efficient artificial photosynthesis system
for solar energy conversion and storage is one of the fascinating
goals to solve the global energy problem. The splitting of water
into H2 and O2 stoichiometrically (H2/O2 = 2) is the most
fundamental and important reaction in artificial photosynthesis.
So far, many semiconductor photocatalysts such as Pt-TiO2
have been reported for water splitting under UV light irradia-
tion.1,2 However, development of a photocatalyst system
working under visible light irradiation (l > 400 nm) is
indispensable from the viewpoint of efficient solar energy
utilization. Unfortunately, such a reliable and reproducible
photocatalyst system has not been established yet.

Recently, we reported a unique synergy effect of two
different TiO2 photocatalysts suspended in NaI aqueous
solution for the water splitting reaction under UV light in a one-
pot cell.3 In this system, H2 was formed on Pt-TiO2(anatase)
accompanied by the oxidation of I2 to IO3

2, and O2 was formed
on TiO2(rutile) accompanied by the reduction of IO3

2 to I2,
therefore, I2 and IO3

2 ions acted as electron carrier shuttles
between two photoexcitation systems, as shown in the follow-
ing equations:

6H+ + 6e2 ? 3H2 (conduction band of Pt-TiO2(anatase)) (1)

I2 + 6OH2 + 6h+? IO3
2 + 3H2O

(valence band of Pt-TiO2(anatase)) (2)

IO3
2 + 3H2O + 6e2 ? I2 + 6OH2

(conduction band of TiO2(rutile)) (3)

6OH2 + 6h+? 3/2O2 + 3H2O
(valence band of TiO2(rutile)) (4)

Here, we report the first stoichiometric decomposition of water
into H2 and O2 under only visible light (l > 420 nm) using a
mixture of two different photocatalysts, Pt-WO3 and Pt-
SrTiO3(Cr–Ta-doped) in NaI aqueous solution.

Commercial WO3 powder (99.999% purity), supplied from
Kojundo Chemical Co., was used as one of the photocatalysts.
SrTiO3 powder doped with Cr and Ta ions was prepared by the
calcination of a mixture of Cr2O3 (Cr: 1 mol% of Ti), Ta2O5
(Ta: 1 mol% of Ti), SrCO3 and TiO2 at 1100 °C in air.4 Pt-
loaded catalyst was prepared by the photodeposition of H2PtCl6
on the catalysts in aqueous solution. The photocatalytic reaction
was performed in a one-pot Pyrex glass cell connected to a
closed gas-circulating system. A suspension of catalyst powder
(0.2 g) in NaI (100 mmol l21) or NaIO3 (4 mmol l21) aqueous
solution (250 ml) in the cell was degassed completely. The
visible light irradiation was performed using a Xe lamp (300 W,

CERMAX-LX-300) through a 420 nm cutoff filter (HOYA
Glass Co.). The evolution of H2 and O2 was detected by on-line
gas chromatography (TCD, molecular sieve 5A, argon carrier).
The I2, IO3

2 and I3
2 ions were analyzed by ion-chromatog-

raphy and UV-vis spectroscopy.
There are some reports on unique mixed-oxide semi-

conductor photocatalysts that could produce H2 under visible
light irradiation using methanol as a sacrificial reagent,4–6

suggesting a negative conduction band potential compared to
the H+ reduction potential to H2. First, we investigated these
mixed-oxide semiconductors such as SrTiO3(Cr–Ta-doped),4
In2Zn9O12,5 InNbO4,6 etc. for H2 formation using I2 ion as a
reversible electron donor. Pt-loaded SrTiO3(Cr–Ta-doped)
showed catalytic activity, with H2 evolution from NaI aqueous
solution. The initial rate of H2 evolution was 0.8 mmol h21, but
the evolution rate decreased gradually and stopped after 20 h
from the start of irradiation, as shown in Fig. 1(a). No H2
evolution was observed without NaI. In the case of Pt-
TiO2(anatase), the IO3

2 ion was mainly produced by the
oxidation of I2.3 The IO3

2 ion was also observed in solution
after the photoreaction on Pt-SrTiO3(Cr–Ta-doped). O2 evolu-
tion was not detected. This catalyst had a broad absorption band
in the visible light region and the absorption edge extended to
more than 700 nm. H2 evolution was observed under visible
light even through a 500 nm cutoff filter. The catalyst itself was
stable after a long reaction time, and the activity of the used
catalyst was recovered by replacing the reaction solution with a
new NaI aqueous solution. The H2 formation was significantly
suppressed ( < 0.1 mmol h21) when a small amount of NaIO3
(0.1 mmol l21) was added to the initial NaI reaction solution
(100 mmol l21). Therefore, it is speculated that the decrease in

Fig. 1 Reaction time course of the photocatalytic splitting of water into H2

and O2 under visible light (l > 420 nm, 3.1 W, window area: 16 cm2). (a)
0.2 g of Pt(0.3 wt%)-SrTiO3 doped with Cr and Ta (both 1 mol% of Ti) was
suspended in the NaI aqueous reaction solution (100 mmol l21, 250 ml, pH
= 7.0). (b) Both 0.2 g of Pt(0.3 wt%)-SrTiO3 doped with Cr and Ta (both
1 mol% of Ti) and 0.2 g of Pt(1 wt%)-WO3 were suspended in the NaI
aqueous reaction solution (100 mmol l21, 250 ml, pH = 7.0). The magnetic
stirring was continued during the light irradiation and in the dark.
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H2 evolution rate was caused by the accumulation of IO3
2. By

analogy with the mixed system of Pt-TiO2(anatase) and
TiO2(rutile) described in reference 3, we added TiO2(rutile)
powder as an O2 evolution photocatalyst into the Pt-SrTiO3(Cr–
Ta-doped) suspension in NaI aqueous solution. TiO2(rutile) had
the ability to reduce IO3

2 to I2, resulting in O2 evolution. After
TiO2(rutile) addition it was found that both H2 and O2 gases
were evolved (H2: 3.1 mmol h21, O2: 1.5 mmol h21) under UV
irradiation for a long time.

Next, in order to utilize visible light for photocatalytic O2
evolution, we investigated various kinds of narrow bandgap
semiconductor photocatalysts (WO3, In2O3, Bi2O3, Fe2O3,
BiVO4, CuWO4, NiWO4, SrWO4 etc.) instead of TiO2(rutile),
using the IO3

2 ion as an electron acceptor. It was found that the
Pt-loaded WO3 catalyst showed the best activity for O2
evolution under visible light irradiation in NaIO3 aqueous
solution. No H2 gas evolution was observed. The initial O2
evolution rate was very high (84 mmol h21), and the rate
decreased gradually with decreasing levels of the IO3

2 ion and
with increasing I2 ions. More than 96% of the IO3

2 ions were
reduced to I2, accompanied by O2 evolution, after a reaction
time of 70 h. The O2 evolution continued until most of the IO3

2

ions were consumed even if an excess of I2 was present in the
solution during the reaction. Therefore, it is considered that the
undesirable backward reaction, oxidation of I2 to IO3

2 by holes
in the valence band, was very slow on this catalyst under these
reaction conditions compared to the oxidation of water to O2.
The band gap of the WO3 was ca. 2.7 eV, and the catalyst
absorbed visible light up to 460 nm. O2 gas was evolved under
visible light even through a 440 nm cutoff filter but was
negligible through a 460 nm cutoff filter, suggesting that the
dependence of the activity on the wavelength of the incident
light was in accord with the absorption spectrum.

Finally, we added the Pt-WO3 photocatalyst into the Pt-
SrTiO3(Cr–Ta-doped) suspension in NaI aqueous solution. It
was found that both H2 and O2 gases evolved under visible light,
as shown in Fig. 1(b). The stoichiometric ratio of evolved H2
and O2 (2 + 1) was constant from the start of irradiation to more
than 250 h. For the mixed catalysts, the H2 evolution rate over
Pt-SrTiO3(Cr–Ta-doped) (1.8 mmol h21) was higher than that
over Pt-SrTiO3(Cr–Ta-doped) alone (0.8 mmol h21), suggesting
that the added Pt-WO3 effectively eliminated the IO3

2 ion from
the solution by reduction to I2. Both H2 and O2 gases were
evolved using a 440 nm cutoff filter, but only H2 evolution was
observed using a 460 nm cutoff filter because the Pt-WO3
catalyst could not work at l > 460 nm. The concentration of
introduced I2 ion (100 mmol l21) did not change, and formation
of the IO3

2 ion was negligible during the reaction. For the first
time, stoichiometric water splitting has taken place over oxide
semiconductor photocatalysts under visible light irradiation,
and the presence of three components, Pt-SrTiO3(Cr–Ta-

doped), Pt-WO3 and NaI, was essential. The rates of H2 and O2
evolution under monochromatic light through a bandpass filter
(420.7 nm, 57 mW) were 0.21 and 0.11 mmol h21, respectively.
Therefore, the quantum efficiency was estimated to be ca. 0.1%
at 420.7 nm.

Fig. 2 shows the speculated reaction mechanism. By analogy
with the Pt-TiO2–NaI system described in reference 3, it is
considered that the IO3

2/I2 redox pair may act as an electron
carrier between two photocatalysts because it has an appropriate
redox potential (0.67 V (vs. NHE, pH = 7)). The conduction
band potential of WO3 is +0.09 V (vs. NHE, pH = 7),7 and the
redox potential of H+/H2 is 20.41 V (vs. NHE, pH = 7).
Therefore, the electron in the conduction band of WO3 has the
ability to reduce IO3

2 to I2, but it cannot reduce H+ to H2.
Though the I3

2/I2 redox pair also seemed to be suitable as an
electron carrier from its redox potential, it did not contribute to
this reaction because any gas evolution on Pt-WO3 or on Pt-
SrTiO3(Cr–Ta-doped) did not take place in I3

2 aqueous
solution. The details of the band structure of Pt-SrTiO3(Cr–Ta-
doped) and the reaction mechanism are under investigation by
means of photoelectrochemical measurement.
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Fig. 2 Speculated reaction mechanism for the water splitting using a mixture
of Pt-SrTiO3, Pt-WO3 and NaI aqueous solution.
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A mesoporous carbon molecular sieve with a hexagonal
framework structure (denoted C-MSU-H) has been pre-
pared using a MSU-H silica template that can be assembled
from a low cost soluble silicate precursor at near-neutral pH
conditions.

Porous carbons with high surface areas, large pore volumes, and
chemical inertness are useful in many materials application
areas, including water and air purification, adsorption, catalysis,
and energy storage.1,2 It has been recently demonstrated that a
new class of carbon molecular sieves can be prepared through
the use of mesostructured silica3 as a host to template the carbon
structure. The subsequent removal of the silica host by
dissolution methods allowed the carbon replica to be recovered
intact. A number of carbons with hexagonal,4 cubic,5 worm-
hole6 and foam-like7 framework mesostructures have now been
reported. Zeolites also have been used to form microstructured
carbon replicas.8 Among these templated carbons, the CMK-3
materials4 templated in the mesopores of hexagonal SBA-15
silicas9 are especially attractive for catalytic and adsorption
applications, in part, because they possess very large meso-
pores, thick framework walls and an interconnected channel
structure. Although SBA-15 can be assembled using readily
available and biodegradable tri-block copolymers of propylene
oxide and ethylene oxide as the structure director, the structure
is formed under strongly acidic conditions from cost intensive
silicon alkoxides as the silica precursor. Since the silica
mesostructure is destroyed in the preparation of a templated
carbon, it is desirable to develop more efficient synthetic routes
to the mesostructured silica templates.

In an effort to replace the silicon alkoxides with low-cost
sodium silicate for the synthesis of SBA-15, we recently
achieved the high-yield synthesis of highly ordered mesoporous
silica molecular sieves (denoted MSU-H) with large framework
mesopores (7.6–11.9 nm) under near neutral pH conditions
using sodium silicate as the silica precursor.10 MSU-H
mesostructures are isostructural with SBA-15, although the
fundamental particle size of MSU-H (300–500 nm) is somewhat
small in comparison to SBA-15 ( > 1.0 mm). Also, we have
shown that the framework pore size, intraparticle textural
porosity, and interconnected channel size of MSU-H silicas can
be tailored by a favorable choice of the initial synthesis
temperature and post-synthesis hydrothermal treatment meth-
ods.11

In the present work we demonstrate the preparation of a
mesostructured carbon molecular sieve (denoted C-MSU-H)
using MSU-H silica as the nanoscale template. For comparison
purposes, we compare the textural properties of the C-MSU-H
carbon with those of CMK-3 templated by SBA-15.

MSU-H and SBA-15 silicas were synthesized as reported
previously.9,10 MSU-H was prepared at 60 °C from Pluronic
P123 surfactant and sodium silicate (27% SiO2, 14% NaOH)
using a reaction stoichiometry of 1 SiO2+0.016 P123+0.8
CH3COOH+0.76 NaOH+230 H2O and a reaction time of 20 h.
SBA-15 was assembled under acidic conditions and a reaction
stoichiometry of 1.00 TEOS+0.017 P123+6.0 HCl+195 H2O.
The mixture was allowed to react at 35 °C for 20 h, then at 100
°C for 24 h. The surfactants were removed from the as-made
MSU-H and SBA-15 mesostructures by calcination at 600 °C

for 4 h and 500 °C for 6 h, respectively. Carbon replication of
the MSU-H mesostructure was performed at 900 °C using
sucrose in the presence of sulfuric acid as the carbon source, as
described by Ryoo and coworkers.4,5b The carbon/silica
composites were washed twice with 5 wt% hydrofluoric acid at
room temperature to remove the silica templates. Elemental
analysis of C-MSU-H and CMK-3 gave C/H molar ratio of 7.9
and 6.8, respectively.

Fig. 1 illustrates the powder X-ray diffraction patterns of
calcined MSU-H and SBA-15 silicas and the corresponding C-
MSU-H and CMK-3 carbon replicas. The calcined MSU-H and
SBA-15 silicas exhibited resolved hkl reflections consistent
with two-dimensional hexagonal symmetry and unit cell
dimensions of 122 and 116 Å, respectively. The C-MSU-H and
CMK-3 carbons also exhibited hexagonal structural order and
unit cell dimensions of 109 and 100 Å, respectively. Inter-
estingly, the structural shrinkage experienced in the replication
of a mesostructured silica into a mesostructured carbon is
somewhat smaller for the MSU-H system ( ~ 10% shrinkage)
than for the SBA-15 system ( ~ 13% shrinkage).

Fig. 2 illustrates the N2 adsorption–desorption isotherms and
BJH pore size distribution plots (insert) determined from the
adsorption branch of the N2 isotherms for the calcined silicas
and carbon replicas. The values of the BET surface area, total
pore volume, pore diameter, and wall thickness are listed in
Table 1. The adsorption–desorption isotherm for the C-MSU-H
carbon is similar to that of CMK-3 carbon. The pore volume is
1.26 cm3 g21 and the BET surface area is 1228 m2 g21 for the
C-MSU-H carbon. The values are a little higher than a pore
volume of 1.10 cm3 g21 and a BET surface area of 1190 m2 g21

for CMK-3 using SBA-15. The pore size distribution obtained
for the C-MSU-H carbon from N2 adsorption is compared with
that for CMK-3. The result indicates that the C-MSU-H is
mesoporous with a quite narrow pore size distribution centered
at 39 Å, while the distribution for CMK-3 is centered at 35
Å.

Thermogravimetric weight changes were recorded to deter-
mine the thermal stability and phase purity of the meso-
structured carbons in air. As can be seen in Fig. 3, the C-MSU-H
and CMK-3 carbons exhibited nearly identical weight change

Fig. 1 XRD patterns of (a) MSU-H silica and the C-MSU-H carbon replica
and (b) SBA-15 silica and the CMK-3 carbon replica.
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profiles. A significant loss in weight loss corresponding to the
oxidation of the carbon occurred in a narrow temperature range
between 550 and 650 °C. Thus, the oxidation temperatures for
these carbons are significantly higher than the reported burning
temperature of C60 (425 °C), but lower than those of
multiwalled carbon nanotubes (700 °C) and highly graphitized
carbon fibers (up to 800 °C).12

In summary, a new route to templated carbon molecular
sieves (C-MSU-H) has been developed using MSU-H silica as
the template without compromising the textural properties of
the carbon replica. Thus, C-MSU-H carbons should be
considerably more cost-efficient to prepare on an industrial
scale in comparison to CMK-3 carbons, because the silica
template is easily assembled from readily available sodium
silicate.

The support of this research by NIEHS grant ESO 4911C is
gratefully acknowledged. Support of the National Science
Foundation in the form of equipment purchased under NSF-
CRG grant CHE-9903706 also is gratefully acknowledged.
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Fig. 2 N2 adsorption–desorption isotherms for (a) MSU-H silica and C-
MSU-H carbon replica and (b) SBA-15 silica and CMK-3 carbon replica.
The insert provides the BJH pore size distribution calculated from the
adsorption branch of the N2 isotherm.

Table 1 Structural properties of MSU-H and SBA-15 silica templates and
the corresponding mesostructured C-MSU-H and CMK-3 carbon replicas

Sample
d Spacing/
nm

Pore sizea/
nm

Wall
thicknessb/
nm

SBET/m2

g21

Total pore
volume/
cm3 g21

MSU-H 10.6 9.3 2.9 625 0.97
SAB-15 10.0 8.7 2.8 718 0.93
C-MSU-H 9.5 3.9 7.1 1228 1.26
CMK-3 8.7 3.5 6.5 1190 1.10
a Calculated from the adsorption branch of the N2 isotherm. b Determined
from the difference between the unit cell parameter (a0 = 2d100/A3) and
the framework pore size. 

Fig. 3 Thermogravimetric curves for the calcination of C-MSU-H and
CMK-3 carbons in air. The heating rate was 5.0 °C min21.
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Highly efficient Rh-recovery from different adsorption
media has been effected with silica-based (chelating) ion
exchangers containing (poly) amine functionalities; recov-
eries have been found to correlate well with the stability of
the metal-to-ligand complexes.

Rh-containing homogeneous catalysts play an important role in
the improvement of many important industrial processes, such
as hydroformylation and hydrogenation reactions.1 As these
catalysts are widely used and since Rh is a very scarce element,
the efficient separation of the used metal-containing catalyst
from product streams is of paramount importance. However, the
complete recovery of the often very low concentration of
catalyst is a difficult task. A highly efficient technique for the
recovery of low concentrations of metal ions is ion exchange,
due to the ease of separation of the adsorbed metal ions from the
product stream. Earlier findings indicated that silica is a very
suitable backbone, due to its high chemical and thermodynam-
ical stability and fast recovery kinetics.2

One of the difficulties is to find optimal binding. This means,
the ligandsA binding capacity should be sufficiently strong. On
the other hand, if the coordination is too strong, the desorption
becomes very difficult, as previous studies on the recovery of
two Rh-containing model catalyst with ion exchangers that
possessed ligands with both N and S donor atoms already
pointed out.3

Amine ligands are known to coordinate well to platinum
group metals and a number of studies have focussed on their
application, mainly as anionic extractants for hydrometallur-
gical purposes.4,5 The efficient recovery of Rh almost always
proved to be the bottleneck, though. The Rh extraction is
complicated due to its chemical behaviour in chloride media,
and desorption of the loaded ion exchangers is often incomplete
or only possible under very harsh elution conditions.6,7

This communication describes our first investigations on the
tuning of the recovery of RhCl3, which is both used as a catalyst
precursor and as a real catalyst,8–11 with silica-based ion
exchangers containing (poly) amine functionalities.

The ion exchangers used for this investigation contain a
monoamine (1), ethylenediamine (2), diethylenetriamine (3)12

and propylenediamine (4) functionalities (Table 1).†
In order to gain insight into the stability of the binding of the

different ligands with the Rh metal-ions, distribution coeffi-
cients have been measured at different pH values (Fig. 1).3
Clearly, the log D values of ion exchangers 1 and 4 are much
lower than of 2 and 3. The stability of Rh-complexes with the

latter two ion exchangers proved to be some 3–10 times higher
over the entire tested pH range (Fig. 1).

An explanation for the observed behaviour lies in the ability
of 2 and 3 to form highly stable chelate rings with Rh, whereas
1 can only coordinate in a monodentate fashion. Another
striking feature is the observed log D difference between 2 and
4. The experiment clearly demonstrates, that the complex
formation of ligands that contain five-membered chelate rings
with Rh metal-ions is favoured over those forming six-
membered rings. This is in agreement with previous findings on
metal ion selectivity, that already indicated the preference of
relatively large metal ions to coordinate with chelating ligands
via five-membered rings whereas relatively small transition
metals prefer larger, six-membered rings.13

At low pH ( < 2), the amines are protonated14 and binding
will probably proceed via an ion association way, with
positively charged amine ligands binding in an ionic fashion to
a negatively charged Rh complex of the type
[RhCl62 n(H2O)n](32 n)2 (with n generally 0–2).6 The some-
what lower log D values at pH 1–2, are caused by the presence
of Cl2 ions from the HCl/NaCl buffers which compete with the
metal ions for binding to the ion exchangers. At higher pH,
HOAc/NaOAc buffers have been used, and these coordinate
less strongly to the Rh metal-ions. Still, the acetate ions, present
in increasing amounts with increasing pH, also compete when
the ligand to metal complexes are weaker (Fig. 1, 1 and 4).

For the recovery of Rh, ion exchangers 1–4 were added to a
fresh solution of RhCl3·3H2O‡ in water, 1 M HCl or EtOH
(absolute), to study the effect of the adsorption medium on the
stripping possibility. The desorption was done in 2 M HNO3, as
it proved to be the most effective stripping agent. The results are
depicted in Fig. 2. Since the ligand concentrations vary
significantly between the different ion exchangers (see Table 1)
it is more correct to not only look at the uptake capacity (C,
mmol g21) but to compare the ligand occupation (L, %) as well.
This value is defined in the following way: L (%) = [uptake
capacity (C) for Mn+ (mmol g21)]/[ligand concentration (mmol/
g silica)].

The maximum ligand capacities have been found to increase
with increasing ligand concentration. A maximum of over 0.5
mmol g21 ion exchanger could be extracted ( > 50 mg Rh/g ion
exchanger). The extraction percentage is clearly very dependent
on the adsorption medium; the Rh adsorption in water and
ethanol proved to be much more efficient (about 40–70%) than

Table 1 Ion exchanger characteristics

Ion
exchanger Grafted group

Ligand conc./
mmol g21a

1 –(CH2)3NH2 1.14
2 –(CH2)3NHCH2CH2NH2 1.02
3 –(CH2)3NH(CH2CH2NH)2H 0.63
4 –(CH2)3NH2CH2CH2CH2NH2 0.68

a Based on the N content.

Fig. 1 The distribution coefficients for Rh3+ uptake using ion exchangers
1–4. D = (mmol Mn+/g of dry ion exchanger)/(mmol Mn+/ml of solution).
The ligand to metal ratio is 5+1.

This journal is © The Royal Society of Chemistry 2001
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in 1 M HCl (maximum 25%). The difference can be explained
by a different extraction mechanism under the adsorption
conditions, as discussed above. The large amounts of chloride
ions strongly compete with the metal ions for the positively
charged binding sites. The possible coordination of more than
one ligand to a single Rh metal-ion might be an explanation for
the inability of any of the ion exchangers to attain a 100% ligand
occupancy.

The desorption possibility (Fig. 2, right bars), after Rh
adsorption in water, increased in the following way: 3 í 2 í
4 = 1

The stripping percentages range from 45% when the
diethylenetriamine ion exchanger 3 is used to > 90% for the
monoamine ion exchanger 1. Evidently, the formation of five-
membered chelate rings has a strongly negative effect on the
desorption. This effect already becomes clear with ethylenedi-
amine but is more strongly displayed when multiple chelate
rings are formed. Apparently, the six-membered chelate rings,
that ion exchanger 4 forms with the metal ions, are stable
enough for good adsorption (64%), but not too stable, to prevent
easy desorption.

These desorption differences are absent when the adsorption
was performed in 1 M HCl, demonstrating the absence of
binding in a chelate fashion under these conditions. Although
the adsorptions were much lower, a good desorption was
obtained with all the ion exchangers ( > 80%).

The desorption, after adsorption in ethanol, proved to be very
difficult for all the ion exchangers used. This has most probably
to do with partial reduction of the Rh metal ions in this solvent,
as reported by Hernan et al.15 and Kriek et al.16

In conclusion, it is shown that very efficient recovery of Rh3+

has been achieved with amine-containing ion exchangers that
form complexes with log D values lying roughly between 2.0
and 2.5. Both the ligand capacity and the elution percentage of
the metal ion have proven to be very dependent on the
adsorption conditions.

The work is currently being extended to the possible
application in a continuous system. This implies that important
factors such as adsorption and desorption kinetics, successive
recovery and the use of other Rh-containing catalysts will be
investigated.
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nology/Heavy Metals cluster Separation, project number
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The first use of silicon-29 diffusion-ordered NMR spectros-
copy (DOSY) is reported, in a study of the speciation of
aqueous silicates.

Aqueous silicate solutions are extensively used in industry, with
applications in the preparation of detergents, adhesives and
coatings. The diversity of silicate chemistry familiar from the
solid phase extends also to solution, with alkaline solutions of
silica forming a wide range of species from the silicate
monomer through small oligomers up to colloids.1 Silicon-29
NMR is a useful tool in the study of such species,2–6 although
the modest (negative) magnetogyric ratio, low natural abun-
dance (4.7%) and long spin–lattice relaxation times of this spin-
1/2 nucleus pose some experimental obstacles. At natural
abundance of 29Si, there are difficulties also in attempting to
link together different signals for the same species. The
dependence of the rate of self-diffusion on molecular size, shape
and solvation makes high-resolution diffusion-ordered NMR
spectroscopy (DOSY),7–9 in which pulsed field gradient spin–
echo experiments are used to construct a two-dimensional plot
of signal strength as a function of chemical shift and of diffusion
coefficient, a natural candidate as a method of studying silicate
speciation.

Experiments were carried out at room temperature (21 °C)
and 99.34 MHz using a 5 mm broadband probe (Nalorac
Corporation) equipped with a 0.6 T m21 actively shielded
gradient coil in a 500 MHz Varian Unity spectrometer. To
enable field-frequency locking, solutions were made up in
H2O–D2O mixtures; samples were stored in plastic vials to
avoid contamination with ions leached from glassware. Spectra
were measured using the bipolar pulse pair stimulated echo
(BPPSTE) pulse sequence,9 with a 90° pulse duration of 20
ms.

Fig. 1 shows the DOSY spectrum of a sample of 0.5 mol kg21

29Si enriched silicate in 1 mol kg21 aqueous (90% H2O/10%
D2O) tetramethylammonium hydroxide (TMAOH), prepared
by dissolving enriched silica (29SiO2, 99.35%, Cambridge
Isotope Laboratories, Inc.) in TMAOH (Aldrich) at 70 °C
overnight. Two-parameter exponential fitting of peak height as
a function of gradient strength squared was used to extract a
diffusion coefficient D for each detected peak. The DOSY
spectrum was then constructed by taking the NMR lineshape
from the lowest gradient spectrum in the NMR (horizontal)
dimension for each peak and giving it a Gaussian shape, with a
width determined by the estimated standard error in D, centred
on the fitted diffusion coefficient D in the diffusion (vertical)
dimension.

The result is clear resolution of the four principal species
found in this system, the monomeric silicate unit 1 (the Q0

species, where the superscript indicates the number of siloxane
bridges to a given silicon centre), the cyclic trimer 3 (Q2), the
prismatic hexamer 7 (Q3) and the cubic octamer 8 (Q3). As

expected, the diffusion coefficients decrease as the number of
silicate units in the species increases, with the cubic octamer
having the slowest diffusion of these species. Magnetic
equivalence causes each of the species to display a single line,
making their signals the most prominent in the spectrum. The
dimer 2 and cyclic tetramer 6 are also seen, at lower
concentration, as are signals from several species displaying
multiplet structure due to scalar (Si,Si) coupling. Here the
ability of the DOSY technique to identify signals from the same
species is apparent, all three signals from species 5 appearing, as
expected, at similar positions in the diffusion domain. Similarly,
the two signals marked ‘9’ in Fig. 1 appear at the same diffusion
coefficient, and at the chemical shifts tentatively assigned in ref.
5 to the pentacyclic heptamer 9 (though the Q2 signal cannot be
identified). One limitation of the technique is illustrated by the
remaining peak, from the inner silicate units of linear oligomers
4, where a number of signals from different species coincide in
the NMR dimension and hence show an averaged diffusion
coefficient (the terminal silicate signals of the linear oligomers
are obscured by the terminal silicate signal of 5).

Fig. 1 99.34 MHz 29Si DOSY spectrum of 0.5 mol kg21 29Si-enriched
silicate in 1 mol kg21 aqueous tetramethylammonium hydroxide, measured
as described in the text, with (top) the normal 29Si spectrum and (side) the
integral projection onto the diffusion axis. 10 BPPSTE spectra of 320
transients each were measured in a total time of 7 h, using gradient pulses
of duration 1.5 ms and amplitude from 0.1 to 0.6 T m21, and a diffusion time
D of 0.5 s. Chemical shifts are referenced to the Q0 signal at 0 ppm.
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Fig. 2 shows the DOSY spectrum at natural abundance of a
sample containing 13 mol kg21 silicate (34% SiO2 by weight)
and 13 mol kg21 NaOH (Aldrich) in HDO, again prepared by
dissolution of silica (produced by hydrolysis of silicon tetra-
chloride (99.8% purity; Janssen Chemical Co.) using doubly
distilled water) in alkaline solution at 70 °C overnight. Here,
once again, well-resolved signals are seen, but without multiplet
structure, and at diffusion coefficients almost two orders of
magnitude lower. The spectrum is dominated by low coordina-
tion species (Q0, Q1 and Q2), and signal intensities are broadly
consistent with the known silica content, suggesting that most if
not all of the silicate species are NMR visible. The chemical
shifts and DOSY correlations are consistent with a mixture of
species 1, 2, 3, 4 and 5; such assignments could be tested by
homonuclear correlation on an enriched sample. The sharp lines
suggest short rotational correlation times, whereas such slow
diffusion is normally associated with large (colloidal) particles.
In practice Stokes’ law, which represents the solution as a

continuous medium and from which size estimates are generally
derived via the Stokes–Einstein relation, is not applicable to
such concentrated solutions of strongly interacting particles, in
which obstruction effects outweigh viscous drag. The unrealis-
tic radii which this relation produces for species in concentrated
sodium silicate solutions have been noted previously.6

29Si DOSY is potentially a highly effective tool for studying
speciation in silicate solutions, where sensitivity permits,
allowing the separation of signals of different species and the
estimation of their relative sizes. The principal limitations of the
technique are the difficulty of extracting useful diffusion data
for strongly overlapping NMR signals, the limited receptivity of
the 29Si nucleus, and the complications (line broadening,
diffusional averaging) caused by chemical exchange. As
comparison between Figs. 1 and 2 shows, a wide range of
different sizes of aggregate is accessible to study.

G. A. M. thanks the EPSRC for grant GR/M16863 and N. A.
is grateful to the Iranian Ministry of Education for a Scholar-
ship. We thank Dr A. M. Kenwright for helpful discussions.
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Fig. 2 99.34 MHz 29Si DOSY spectrum of 13 mol kg21 natural abundance
silicate in 13 mol kg21 aqueous NaOH. 10 BPPSTE spectra of 480
transients each were measured in a total time of 10 h, using gradient pulses
of duration 5.8 ms and amplitude from 0.1 to 0.6 T m21, and a diffusion time
D of 1.3 s.
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resorcinarene hosts

Alexander Shivanyuk and Julius Rebek, Jr*

The Skaggs Institute for Chemical Biology and The Department of Chemistry, The Scripps Research
Institute, MB-26, 10550 North Torrey Pines Rd., La Jolla, CA 92037 USA. E-mail: jrebek@scripps.edu

Received (in Columbia, MO, USA) 6th August 2001, Accepted 2nd October 2001
First published as an Advance Article on the web 8th November 2001

A variety of aromatic guest molecules are co-encapsulated
with Bu4SbBr in an assembly of six resorcinarene subunits.

Resorcinarenes are known to form huge, hexameric hydrogen
bonded capsules in the crystalline state.1 The hexamer of 1a
reported by MacGillivray and Atwood1a resembles a cube with
six resorcinarenes as its sides and eight water molecules at its
‘corners’ (Fig. 1). Through NMR studies in water-saturated
CDCl3, we recently showed that six molecules of 1b assemble
to encapsulate appropriately sized tetraalkylammonium or
phosphonium salts.2 Here we report that covalent antimony(V)
bromides 23 also induce capsule formation and leave enough
room inside to reversibly co-encapsulate various aromatic
guests.

The 1H NMR spectrum of resorcinarene 1b in water-
saturated CDCl3 is shown in Fig. 2A. The expected sets of
signals for the protons of resorcinol rings, methine bridges,
hydroxy groups and water (at 3.0 ppm) are present.4 Addition of
Bu4SbBr results in the formation of a complex having high
kinetic stability (Fig. 2B): separate signals for bound and free
guest are present and the exchange rates are slow on the NMR
timescale (600 MHz, 313 K). The large upfield shifts of the
guest signals are the earmarks of encapsulation. Integration of
the appropriate signals at different host–guest ratios clearly
shows that one molecule of 2a is complexed by six(!) molecules

of 1b. The broadened resonance of water is found at 3.0 ppm
and indicates that it, too, is an integral component of the
assembly.5 A similar complex is formed between 1b and the
tetraphenyl derivative 2b, but the less polar Bu4Si and Bu4Ge
are not encapsulated within 1b.

Reversible encapsulation in the liquid state occurs optimally
when ~ 55% of the space in the host is occupied by guests.6 One
molecule of Bu4SbBr (V = 314 Å3) or Ph4SbBr (V = 340 Å3)
leaves enough space in the cavity of 61a·8H2O (V = 1375 Å3)
for occupancy by appropriate smaller guest molecules. This co-
encapsulation was confirmed by NMR spectroscopy.

The addition of benzene to the complex resulted in splitting
of the signals for the methylene protons of encapsulated
Bu4SbBr and the appearance of a broadened singlet at 5.9 ppm
(Fig. 3A). The 1D-GOESY experiment established that the
latter peak corresponds to the protons of encapsulated benzene
molecules (Fig. 3B). The relatively small upfield shift of 21.2
ppm suggests that, on average, the benzene molecule(s) are
situated at some distance from the magnetically anisotropic
regions of the hexameric capsule.7 At higher concentrations of
benzene the protons of encapsulated Bu4SbBr emerge as three
sets of signals (Fig. 3C).8 The set c appears at the expense of the
set b and the original set a. Analogous behavior was observed
on the addition of toluene and p-xylene. No encapsulation of
benzene, toluene or p-xylene could be detected in absence of
Bu4SbBr; the principal guest determines the properties of the
inner space of the capsule.

Fig. 1 Resorcinarenes, their guests and the crystal structure of the hexameric
capsule 61a·8 H2O.1a

Fig. 2 The 1H-NMR spectra in CDCl3 saturated with H2O (600 MHz, 313
K): A) 1b; B) 1b + Bu4SbBr. The signals of encapsulated Bu4SbBr are
marked with an asterisk (methyl groups) and solid square and circle
(methylene groups).
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Addition of 4-phenyltoluene to the complex 61b·Bu4SbBr
gives rise to an additional set of signals for the methylene
groups of encapsulated Bu4SbBr (Fig. 3D). Further addition of
4-phenyltoluene increases the new set of signals at the expense
of the original set (Fig. 3E). Through 1D-GOESY-experiments
it was shown that the singlet at 20.75 ppm corresponds to the
methyl protons of encapsulated 4-phenyltoluene Dd = 23.05
ppm.

To probe the dimensions and the character of the remaining
space in the Bu4SbBr complex, a range of guests were added.
Amongst those also encapsulated were ethylbenzene, p-xylene,
propylbenzene, amylbenzene, nitrobenzene, 4-nitrotoluene,
2,6-dinitrotoluene, naphthalene, biphenyl, anthracene and azu-
lene. Those not encapsulated include heptylbenzene, 1,4-dime-
thyl-2,6-dinitrobenzene, hexamethylbenzene, trans-stilbene,
azobenzene, p-terphenyl. The longest guest co-encapsulated
with Bu4SbBr appears to be 4-phenyltoluene, since the slightly
longer 4,4A-dimethylbiphenyl was not encapsulated under the
same conditions. Hexafluorobenzene, cyclohexane and pentane
were also not encapsulated suggesting that not only the size and
shape of the aromatic guest but also its polarity and polariz-
ability determines its co-inclusion with Bu4SbBr.

Hexameric capsule encapsulating tetraphenylantimony bro-
mide 2b is also able to include benzene, toluene, p-xylene,

however no encapsulation of p-phenyltoluene occurred. This
difference in binding properties of 6+1 complexes of 2b and 2a
is caused most probably by a larger volume of 2b which does
not leave enough space for the co-encapsulation of p-
phenyltoluene.

The resorcinarenes hold a special place among modules for
molecular recognition: their chemical modifications provided
the first cavitands,9 then carcerands10 and hydrogen bonded
capsules.11 More than a decade ago Aoyama and co-workers12

described the formation of stoichiometric (1+1) complexes of
1b (Fig. 1) with dicarboxylic acids, sugars and even steroids in
CDCl3 solution. We now see that the resorcinarene 1b is
capable of hexameric assembly and encapsulates sizable
molecules, independent of their hydrogen bonding abilities but
dependent on the presence of water. The principal guest 2 fine
tunes the binding properties of the hexameric cavity, and is
essential for further encapsulation of smaller, aromatic guests.

We are grateful to the Skaggs Research Foundation and The
National Institutes of Health for financial support. A. S. is a
Skaggs Postdoctoral Fellow.
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The first unsymmetrically substituted polyfluorene bearing
a bulky poly(benzyl ether) dendron and less bulky 3,6-diox-
aoctyl groups in the 9-position was designed and synthe-
sized, which gives almost a pure bluish photoluminescence
with negligible weak greenish excimer emission around 520
nm even in a thermally annealed thin solid film.

Recently, p-conjugated polyfluorene (PF) has been attracting
intensive interest due to its bluish photo/electro-luminescence
properties with high quantum yield.1 However, greenish
excimer emission and significant fluorescence quenching
generally occur for this blue light emitter in a solid film.2
Among the methods to avoid the detrimental p-aggregation
behavior,3 much effort has been made to introduce bulky
dendrons like poly(benzyl ether) (Fréchet-type) or poly-
phenylene into the conjugated polymer backbone, i.e., end-
capping of poly[2,7-(9,9-di-n-hexyl)fluorene]4 and symmet-
rically 9,9-bis-substituting PFs.5 The resulting PFs have been
found to significantly suppress the excimer emission even in
their thermally annealed solid films. In addition to these
symmetrically 9,9-bis-substituted PFs, the unsymmetrically
substituted PF having two different side groups in the 9-position
has also attracted much attention.6 As an example, a PF bearing
two different methyl and 4-cyanobutyl groups in the 9-position
was designed and synthesized towards water-soluble conju-
gated polymer.6b Based on the assumption that a regio-random
PF bearing two different substituents in the 9-position may
significantly suppress the p-aggregation in a solid film to
decrease the greenish excimer emission and the combination of
bulky dendrons with less bulky groups will increase the
luminophore density, thereby producing a strong luminescence,
we have designed and synthesized a new unsymmetrically
substituted PF 4 (Scheme 1) bearing semiflexible bulky
poly(benzyl ether) dendrons and linear 3,6-dioxaoctyl groups in
the 9-position. We now report that 4 emits almost a pure blue
color photoluminescence even in a thermally annealed thin solid
film, while the greenish excimer emission was drastically
suppressed even compared to the corresponding 9,9-bis-
dendron-substituted 5.

The synthetic procedures are outlined in Scheme 1. The
resulting 2,7-dibromo-9-lithiofluorene from 2,7-dibromofluor-
ene (1) (Aldrich) and 2-fold lithium diisopropylamide (LDA)
(Aldrich) was reacted with an equivalent amount of 1-bromo-
3,6-dioxaoctane (Lancaster) at 260 to 25 °C in THF, yielding
2,7-dibromo-9-(3,6-dioxaoctyl)fluorene (2).7 Using the phase
transfer catalyst, triethylbenzyl ammonium chloride (Kanto),
the monomer 3 was synthesized from 2 and 3,5-bis[3,5-
bis(benzyloxy)benzyloxy]benzyl bromide (R-Br) (TCI). The
conversion was almost quantitative, which was evidenced by
the complete disappearance of the triplet signal of 9-H at 4.10

ppm in the 1H NMR spectrum. Polymerization was carried out
using the zero-valent nickel reagent, bis(1,5-cyclooctadiene)-
nickel(0) (Ni(COD)2) (Kanto), and the end-termination was
accomplished using 2-bromofluorene (Acros).8 For a compar-
ison of the photophysical properties with 4, the two correspond-
ing symmetrically 9,9-bis-substituted 5 and 6 were also
synthesized using previouly reported method.8 The structures of
all the synthesized monomers and PFs were confirmed by NMR
and elemental analysis.† 

PF 4 as well as 5 is highly soluble in common organic
solvents, e.g., THF, toluene and chloroform, but 6 has limited
solubility in THF and toluene although it is readily soluble in
chloroform. The molecular weights of 4, 5 and 6 (soluble part in
THF) estimated by gel permeation chromatography (GPC)
versus the polystyrene standards in THF at 30 °C are Mw =
26,300 (Mw/Mn, 2.0), Mw = 32,700 (Mw/Mn, 1.7), and Mw =
381,300 (Mw/Mn, 2.6), respectively. Differential scanning
calorimetry (DSC) (heating at 10 °C min21 at the second run)
revealed that 4 and 5 have softening points at around 58 °C and
62 °C, respectively, evidenced by the endothermic peaks, while
6 exhibits a melting point of 182 °C.

As shown in Fig. 1, the UV-vis spectrum of 4 in THF solution
exhibits two absorption bands at 386.0 nm (e = 3.1 3
104 (fluorene-repeating-unit)21 dm3 cm21) and 284.0 nm (e =
1.1 3 104 (fluorene-repeating-unit)21 dm3 cm 21), probably
ascribed to the p–p* transition of the conjugated polymer
backbone and the phenylene in the side dendrons, respectively.
The lmax,abs of 4 exhibits only a slight red shift of 2 nm
compared to that of 5 (lmax,abs, 384.0 nm), implying that the
number of bulky dendron side chains does not affect the torsion
angle in the conjugated polymer backbone, but shows a large
blue shift of 8.5 nm compared to that of 6 (lmax,abs, 394.5 nm),
probably due to the larger steric hindrance impacted by the
bulky dendrons than the two less bulky 3,6-dioxaoctyl groups.
The photoluminescence (PL) spectrum of 4 in THF solution
exhibits the two characteristic sharp peaks at 415.0 and 437.0
nm and a low energy shoulder near 470.0 nm, almost identical
to those of the corresponding 5 (lmax,emi, 414.0 nm, excited at
384.0 nm) and 6 (lmax,emi, 417.0 nm, excited at 394.5 nm). The
quantum yield of 4 in THF is estimated to be 58%, comparable
to 54% of 5 and 53% of 6.† 

Fig. 2 compares the UV-vis and PL spectra of 4–6 in the
thermally annealed thin solid films. The UV-vis spectrum of 4
in the film exhibits no absorption band broadening except for
the lmax,abs showing a minute red shift of 2.5 nm in comparison
to that in THF solution. This is similar to 5 in the film and THF
solution. On the other hand, 6 in the solid film gave a UV-vis
spectrum with a significantly broadened absorption band and a
new absorption peak around 399 nm compared to that in THF
solution, indicating that a specific intensive aggregation
formed. The PL spectrum of 4 in the film shows two
characteristic lmax,emis at 423.0 and 447.5 nm and a tail in the
range 500 to 700 nm. On the other hand, 5 gave a PL spectrum
with a featureless long wavelength emission (excimer emission)

† Electronic supplementary information (ESI) available: characterization
data for 2, 3, and 4, and measurement details of the quantum yield in THF
solution. See http://www.rsc.org/suppdata/cc/b1/b108097k/
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band around 520 nm, which is much weaker than that for 6,
indicating that the steric impact of the dendritic substituents
significantly suppresses the intermolecular p-stacking of the
polymer backbone. The weak excimer emission for 5 could be
due to the liquid crystalline property already reported for the
poly(phenylenevinylene)s having poly(benzyl ether) dendron
side chains.9 The almost negligible weak excimer emission for
4 in the film might result from an amorphous structure caused
by the regio-random backbone structure, which is possibly
related to the lower softening point than that of 5. Thus, the
replacement of one dendron with a less bulky substituent in the
9-position enables almost pure blue photoluminescence.

In conclusion, the first well-defined unsymmetrical-substi-
tuted 4 bearing bulky poly(benzyl ether) dendron and less bulky
3,6-dioxaoctyl substituents in the 9-position gave almost a pure

bluish photoluminescence with negligible weak greenish ex-
cimer emission around 520 nm even in the thermally annealed
thin solid film, showing the great potential for the construction
of large-area blue light emitters.

We gratefully thank Dr Hideaki Takayanagi for his continu-
ing support. CREST-JST is acknowledged for funding at
NTT.
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Scheme 1 Reagents and conditions: i, 2-equimolar LDA, THF, 1-bromo-
3,6-dioxaoctane, 260 to 25 °C, 3 h, 60%; ii, R-Br, 50% aq. NaOH, DMSO,
triethylbenzyl ammonium chloride, 25 °C, overnight, ~ 100%; iii,
Ni(COD)2–1,1A-bipyridyl (1+1, mol/mol), COD, DMF–toluene (1+4, v/v),
80 °C, 4 d; 2-bromofluorene in toluene, 4 h, 80%.

Fig. 1 UV-vis absorption (3.0 3 1025 mol L21 of the fluorene-repeating-
unit) and PL (1.4 3 1026 mol L21 of the fluorene-repeating-unit) spectra of
4 (excited at 386.0 nm) in THF solution at 25 °C.

Fig. 2 Normalized UV-vis absorption and PL spectra of 4 (excited at 388.5
nm), 5 (excited at 384.5 nm) and 6 (excited at 399.0 nm) in thin solid films
prepared by the spin-coating method from chloroform solution ( ~ 1022 mol
L21 of the fluorene-repeating-unit) on a quartz substrate upon annealing at
200 °C for 3 h in vacuo followed by slow cooling to 25 °C.
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A general, efficient approach for the synthesis of fluoro-
carbon iodides and di-iodides bearing hydrocarbon groups is
described and the synthetic utility of these new systems is
demonstrated in reactions with thiols.

Perfluorocarbon iodides (RFI) have been important for many
years as ‘building blocks’ for the synthesis of various organic
compounds containing fluorine.1–3 For example, they are
crucial components in the synthesis of highly efficient surfac-
tants on the industrial scale.4 Here, we report an approach to the
synthesis of fluorocarbon iodides that bear hydrocarbon end-
groups and demonstrate the potential of these systems for
further synthesis of fluorinated derivatives.

We are exploring the use of the carbon–hydrogen bond as a
functional group in efficient free radical chain reactions with
fluorinated alkenes,5 e.g. formation of 1 and 2 from cyclohex-
ane,‡ and have begun to explore the chemistry of the resultant
fluorinated adducts. It has been demonstrated that stereospecific
elimination of hydrogen fluoride5 from 1 and 2 leads to
unsaturated derivatives 3 and 4 respectively. We now find that
alkene derivatives 3 and 4 react with a stoichiometric mixture of
iodine pentafluoride and iodine, that corresponds to iodine
monofluoride, giving fluorinated iodide 5 and di-iodide 6
respectively in efficient processes (Scheme 1).

The mechanism of iodine monofluoride addition is of interest
because the process is regiospecific, to the limits of detection by
19F NMR. In principle, we could envisage two possible
mechanisms for addition of I–F to 3 (Scheme 2). Route B
involves first addition of iodine to the double bond, but the next
step would then require selective replacement of iodine at the
R–CFI site by fluorine and we see no convincing reason for this
to occur. Furthermore, we have been unable to add iodine to 3
to give a di-iodide. In contrast, we find that other additions to 3
involving bromine, iodine monochloride and iodine mono-
bromide are efficient processes and moreover, additions

involving ICl and IBr are regiospecific. It is surprising that these
electrophilic additions proceed so readily with electron defi-
cient double bonds but the regioselectivity is entirely consistent
with an electrophilic process. The developing carbocationic site
in intermediate 7a is stabilised by cyclohexyl and by fluorine,
whereas 7b would be strongly destabilised by the attached
trifluoromethyl group and so, consequently, we favour Route
A.

Novel iodides 5 and 6 react with thiols and di-thiols, most
likely via an SRN1 mechanism,6 giving thioethers 8a–d7 and di-
thioethers 9, mostly in high yields (Scheme 3) and oxidation of
the thioether products to the corresponding sulphones was
possible using chromium trioxide in acetic acid.

These preliminary results demonstrate that these unusual
fluorocarbon iodide ‘building blocks’ could be used for
approaches to a variety of new systems containing fluorinated
groups.

We thank EPSRC and the University of Durham (Studentship
to E. C.) and the Royal Society (University Research Fellow-
ship to G. S.).
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† Electronic supplementary information (ESI) available: characterisation of
new fluorocarbon iodides 5–9. See http://www.rsc.org/suppdata/cc/b1/
b107565a/

Scheme 1 Reagents and conditions: i, CF2NCF–CF3, (t-BuO)2, 140 °C; ii, t-
BuOK, 0 °C; iii, I2, IF5, 0 °C.

Scheme 2
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Scheme 3 Reagents and conditions: i, PhSNa, DMF, rt; ii, C8H17SNa, DMF, rt; iii, NaS–C8H16–SNa, DMF, rt; iv, NaS–C2H4–SNa, DMF, rt; v, CrO3,
CH3COOH, reflux, 3 h.

Chem. Commun., 2001, 2428–2429 2429



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Synthesis of a highly thermally stable octupolar polyimide for
nonlinear optics†

Thomas Le Bouder,a Olivier Maury,a Hubert Le Bozec,*a Isabelle Ledouxb and Joseph Zyssb

a Laboratoire de Chimie de Coordination et Catalyse, UMR 6509 CNRS-Université Rennes 1, Institut de
Chimie, Campus de Beaulieu 35042. Rennes Cedex, France. E-mail: lebozec@univ-rennes1.fr

b Laboratoire de Physique Quantique Moléculaire, ENS Cachan, 61 avenue du président Wilson 94235.
Cachan, France

Received (in Cambridge, UK) 6th September 2001, Accepted 10th October 2001
First published as an Advance Article on the web 30th October 2001

A new polyimide with covalently incorporated 4,4A-bis-
(dialkylaminostyryl)-2,2A-bipyridine chromophores is de-
scribed which allows the synthesis of the corresponding NLO
octupolar metallo-polymer.

Polymers featuring nonlinear optical (NLO) chromophores are
of particular interest due to potential applications in electro-
optic devices.1 A current approach for the design of NLO
materials is the covalent attachment of NLO-phores to a
polymer backbone, and increasing numbers of side-chain, main-
chain and cross-linked polymers have been recently designed.2
Among them, aromatic polyimides appear to be very promising
materials due to their high thermal stabilities and high glass
transition temperatures.3

Beyond the dipolar approach, recognition in the early nineties
of the enlarged potential for nonlinear optics of octupolar
chromophores has opened a new field of research.4 Metal
bipyridyl complexes offer many possibilities for the design of
non-centrosymmetric octupolar molecules.5 For instance, large
nonlinearities have been demonstrated for octahedral metal
complexes6 and tetrahedral copper(I) complexes7 possessing
4,4A-bis(dialkylaminostyryl)-2,2A-bipyridines. Despite their in-
teresting properties, so far only the third-order optical nonlinear
properties of one polymer containing a substituted 1,3,5-triazine
octupole has been reported.8 We now describe the synthesis,
characterisation and preliminary solution NLO activity of the
first polyimide functionalised by an octupolar ruthenium
trisbipyridyl complex.

To achieve the synthesis of the desired polymer, the
preparation of the proper monomer was required. Our approach
began with the synthesis of dihydroxy-substituted 4,4A-bis-
(dialkylaminostyryl)-2,2A-bipyridine 1a (x = 1).9 In order to get
more soluble polymers, 1b (x = 2) was prepared in 74% yield
by the same route, i.e. from 4,4A-dimethyl-2,2A-bipyridine and p-
(N-butyl-N-tetrahydropyranyloxybutyl)aminobenzaldehyde b
(Scheme 1).10 NLO polyimides are generally prepared via the
condensation of a diamino functionalised chromophore with
dianhydrides. Therefore, the bis-diamino substituted 4,4A-
bis(dialkylaminostyryl)-2,2A-bipyridines 2a and 2b were readily
prepared (81 and 74% yield, respectively) from 1a and 1b using
the Mitsunobu reaction and followed by the cleavage of the
phthalimido protecting groups with hydrazine. The diamine
derivatives were then reacted with hexafluoroisopropylidene
diphthalic anhydride (6FDA) in NMP at 25 °C, followed by
chemical imidization with Ac2O–pyridine,11 to yield the
expected polyimides 3a and 3b. It is worth noting that the
presence of butyl end groups and C4 linkers in 3b leads to
enhanced solubility in organic solvents (NMP, THF and
dichloromethane), as compared to the poor solubility of 3a in
the same solvents. The structure of 3a and 3b was confirmed by
IR, UV-visible and NMR (1H, 19F) spectroscopies.† In the IR

spectra, the polyimides display characteristic absorptions at ca.
1780, 1720 and 740 cm21, attributed to the imide rings, and all
the resonance peaks in the 1H NMR spectra can be assigned to
the protons of the bipyridine moieties and polymer backbone.
Their UV-visible spectra are characterised by a broad intra-
molecular charge-transfer absorption band at ca. 400 nm,
comparable to that of the monomer precursors (Table 1). Gel
permeation chromatography gave relatively low molecular
weights [Mw (3a, 9300; 3b, 19300 Da); Mn (3a, 6600; 3b, 14100
Da)] indicating an average of ca. 7 and 14 bipyridine units in 3a
and 3b, respectively. These polyimides possess excellent
thermal stability, with 5% weight losses (Td5 determined by
TGA) occurring above 370 °C. Thermal analysis by DSC also
shows that the glass transition temperature (Tg) of 3b is
significantly lower (ΩTg = 45 °C) than that of 3a, in agreement
with the more flexible structure of 3b (Table 1). The metallo-
polyimide 4b was obtained in 92% yield by refluxing 3b and
(DBAS-bpy)2RuCl2 (DBAS-bpy = 4A4A-bis(dibutylamino-
styryl)-2,2A-bipyridine) in DMF, followed by an exchange of the

† Electronic supplementary information (ESI) available: detailed synthetic
procedures and complete spectroscopic characterisations of compounds
1–4. See: http://www.rsc.org/suppdata/cc/b1/b108099g/

Scheme 1 Reagents and conditions (for the synthesis of 1b–3b): i, LDA (2
eq.), THF, 278 °C, 1 h; ii, b (2 eq.), THF, 278 °C ? rt, 12 h; iii, H2O, rt,
1 h; iv, PPTS (0.1 eq.), toluene, reflux, 6 h; HCl 6 N (0.5 eq.), EtOH–H2O,
80 °C, 15 h; vi, PPh3 (2 eq.), DEAD (2 eq.), THF, rt, 15 h; vii, H2NNH2 (10
eq.), THF, reflux, 15 h; viii, 6FDA (1 eq.), NMP, 0 °C ? rt, 48 h; ix,
pyridine (16 eq.), (CH3CO)2O (36 eq.), 60 °C, 15 h.

This journal is © The Royal Society of Chemistry 2001
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chloride counterions with tris(tetrachlorobenzenediolato)phos-
phate (TRISPHAT) anions and precipitation in Et2O (Scheme
2). The use of this anion was found to greatly enhance the
solubility of the resulting polymer in solvents such as THF and
dichloromethane.12 The complete coordination of all bipyridine
units was confirmed by 1H NMR, which showed an upfield shift
of the H6 protons by ca. 1 ppm upon complexation.12 The UV-
visible spectrum is similar to that of the Ru(DBAS-bpy)3

2+

monomer with two maxima at 445 and 513 nm due to the
overlapping metal to ligand (MLCT) and intra-ligand (ILCT)
charge-transfer transitions. This new polymer also displays high
thermal stability (Td5 = 358 °C).

The molecular hyperpolarisability b of the metallo-polyimide
4b was measured by means of the harmonic light scattering
technique (HLS).13 To circumvent the problems associated with
reabsorption of the second harmonic and enhancement of b by
two-photon absorption fluorescence, the experiment was per-
formed at a fundamental wavelength of 1.91 mm in dichloro-
methane.14 The b value of 4b is 1300 3 10230 esu, which is
approximately 4 times larger than that of the parent octupolar

monomer Ru(DBAS-bpy)3
2+ [b(monomer) = 320 3 10230

esu].15 According to the HLS principle, the number N of
individual monomers in 4b can be inferred from the following
relationship < b2(polymer) > = N < b2(monomer) > . Thus, a
number of ca. 16 ruthenium trisbipyridine monomers can be
deduced, and it worth noting that this value fits almost perfectly
with the average number of 14 obtained from the GPC analysis
of 3b.

In conclusion, we have reported an efficient synthesis of a
highly thermally stable octupolar NLO polyimide which
exhibits large solution second-order nonlinearity. The designed
approach described here also opens the way for the preparation
of new push–pull polyimides featuring dipolar chromophores
upon complexation of the bipyridyl-polymer ligands to metal
complexes.16 We are continuing to explore the second- and
third-order NLO bulk susceptibilities on thin films.

The authors thank the CNET (France-Telecom) and the
Conseil Régional de Bretagne for financial support.
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Table 1 Optical and thermal properties

Compound lmax (nm)/e (L mol21 cm21)a Td5 (°C)b Tg (°C)c

1a 387 (56000) 338 —
1b 398 (54000) 356 —
2a 384 (43000) —
2b 400 (38000) —
3a 388 374 210
3b 401 398 165
4b 445–513 358 —d

a Measured in dichloromethane.b Decomposition temperature at 5% weight
loss determined by TGA.c Determined by DSC.d Not observed.

Scheme 2
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A ferrocene-linked bis(spiropyridopyran) was designed and
synthesized, that recognized guanine–guanine dinucleoside
derivatives via complementary hydrogen bonds in CH2Cl2,
resulting in the isomerization of the colorless spiropyr-
idopyran as self-indicating receptors.

The recognition and selective binding of nucleobases play
essential roles in entire living systems. For example, com-
plementary hydrogen bonds arise in a very specific fashion
between purine and pyrimidine bases of the two strands of
double-helical DNA in order to store genetic information.1
Thus, the synthetic models that recognize specific nucleobases
and that read-out the recognition event are attracting much
attention from the viewpoint of their uses in biological
sciences.2 In this connection, we have reported spiropyridopyr-
ans 1,3 isomerization of which to the colored merocyanines 1A
was induced by recognition of guanosine derivatives.4 To
extend this approach to more challenging projects, we focused
on the recognition of oligonucleotides. Here we describe the
molecular recognition ability and its recognition-induced color-
ation of a ferrocene-modified bis(spiropyridopyran) 2 for
guanine–guanine dinucleosides (Scheme 1).

The choice of ferrocene as a linker was based on the inter-ring
spacing of the two Cp rings (0.33 nm),5 which is near to the
spacing between the stacked base pairs.6 Another advantageous
point of the ferrocene skeleton is its restricted conformational
flexibility. This may result in the decrease of the entropy loss of
2 upon complexation with dinucleotides.7 To evaluate the
recognition abilities of 2 for dinucleotides in less-polar solvents,
lipophilic dinucleoside derivatives were chosen (Fig. 1b). The
bulky silyl groups at the 5A and 3A ends and the di-n-
hexylsilylene internucleoside linkage make the dinucleoside
soluble in such solvents and prevent their deoxyribofuranoside
residues from interacting with the hydrogen-bonding motif of 2.
The decision for utilizing the silylene linkage was based on the
similarity of covalent bond radius of tetrahedral silicon (0.117
nm) to that of tetrahedral phosphorus (0.110 nm).8

The 3H-indole derivative bearing ethynyl groups at the 5
position was prepared from 4-bromophenylhydrazine by using
the Fischer-indole synthesis followed by Sonogashira reaction.9
Further Sonogashira reaction of the indole with 1,1A-diiodo-
ferrocene10 gave ferrocene-linked bis(3H-indole),7c which was
methylated at the nitrogen and condensed with 6-acetamido-
2-pyridone-3-carbaldehyde4a to yield desired bis(spiropyr-
idopyran) 2 (Scheme 2).† The lipophilic dinucleoside deriva-
tives were prepared according to a literature procedure.8

The ferrocene-linked bis(spiropyridopyran) 2 showed wine-
red color in CH2Cl2, indicating that it exists at least partly as the
open merocyanine form. This was demonstrated by the 1H
NMR spectrum of 2, in which 10% or less of 2 is present as 2A
on the basis of the integration of the spectrum.‡ Futhermore, the
UV-vis spectrum of 2 revealed an absorption maximum around
580 nm (e = 6.9 3 103) that is unambiguously attributed to the
merocyanine chromophore (Fig. 1a; a line of ‘none’).4a In
CH2Cl2, addition of the guanine–guanine dinucleoside deriva-
tive GG (10 equiv.) to 2 produced changes in the absorption
spectra, and strong absorption bands appeared (lmax = 575 nm,
e = 3.8 3 104). The change was clearly seen visually, as the
wine-red color of 2 dramatically darkened. Unfortunately, the
1H NMR spectrum of the mixture of 2 and GG in CDCl3 gave
no useful information for the increment of the merocyanine

Scheme 1

Fig. 1 (a) Electronic absorption spectra of 2 (3.0 3 1022 mM) in the
presence of the lipophilic nucleoside derivatives (3.0 3 1021 mM) in
CH2Cl2 at 25 °C. (b) The structures of the dinucleoside derivatives. The
guanine–guanine dinucleoside (GG) was used as a mixture with 3A–3A and
5A–5A homo-coupling dimers. The guanine mononucleoside (G) is 3A,5A-bis-
O-(tert-butyldimethylsilyl)deoxyguanosine.

This journal is © The Royal Society of Chemistry 2001
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form 2A because of much overlap of the peaks between 2A and
GG. The guanine mononucleoside G resulted in similar
changes to the absorption spectrum, while other mononucleo-
side (A, T, C) and dinucleoside (AA and TT) derivatives had
absolutely no influence on it (Fig. 1a). These findings indicated
that the complementary triple hydrogen bond between the
acetamidopyridone anion part of 2A and guanine bases is critical
for selective coloration.

The binding constants were estimated by UV titration at 25
°C using an iterative least-squares curve-fitting with weighting
of data points according to the error analysis of Deranleau.11

The absorbances of the merocyanine forms (575 nm) were
monitored as a function of the concentration of guanosine
derivatives assuming that all the complexed-spiropyrans exist
as merocyanine forms. The association constant between 1A and
G displayed 2.4 3 104 M21 (2DG298 = 25.0 kJ mol21), while
that of 2A and GG was 4.2 3 105 M21 (2DG298 = 32.0 kJ
mol21). The increment of the binding energy was lower than
that predicted by the doubled recognition sites; this may partly
result from the electrostatic repulsion between the two zwitter-
ionic merocyanines.

In summary, a ferrocene-modified bis(spiropyridopyran) was
developed as a synthetic signaling receptor for guanine–guanine
dinucleoside derivatives. The high selectivity for the coloration
of the receptor is governed by the hydrogen-bonding com-
plementarity between them. In the future, design and synthesis
of the receptors that bind native nucleotides will be expected to
show significant practical value.

Notes and references
† 2: 1H NMR (400 MHz, CDCl3, TMS): d 1.18 (s, 6 H, C(CH3)2), 1.33 (s,
6 H, C(CH3)2), 2.12 (s, 6 H, COCH3), 2.77 (s, 6 H, NCH3), 4.31 (s, 4 H, Cp-
CH), 4.53 (s, 4 H, Cp-CH), 5.67 (d, J = 10.0 Hz, 2 H, pyrane-CH), 6.45 (d,
J = 8.0 Hz, 2 H, benzene-CH), 6.83 (d, J = 10.0 Hz, 2 H, pyrane-CH), 7.18
(s, 2 H, benzene-CH), 7.30 (d, J = 8.0 Hz, 2 H, benzene-CH), 7.41 (d, J =
8.0 Hz, 2 H, pyridine-CH), 7.71 (br s, 2 H, NH), 7.72 (d, J = 8.0 Hz, 2 H,
pyridine-CH).
‡ 2A (diagnostic peaks in 1H NMR): 1.73 (s, C(CH3)2), 2.31 (s, COCH3),
3.62 (s, N+CH3). Assignments of the peaks of 2 and 2A were based on those
for 1 and 1A.4a
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Scheme 2 Reagents: (a) butan-2-one, AcOH; (b) 2-methylbut-3-yn-2-ol,
(Ph3P)2PdCl2, CuI, Et2NH; (c) NaOH, toluene; (d) 1,1A-diiodoferrocene,10

(Ph3P)2PdCl2, Cu(OAc)2, i-Pr2NH; (e) MeI, MeCN, then NaOH, H2O; (f)
6-acetamido-2-pyridone-3-carbaldehyde,4a EtOH.
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Gelator–catalyst interactions allow the transcription of the
organogel structure of methyl-4,6-O-(p-nitrobenzylidene)-a-
D-glucopyranoside (1) into its silica analogue, even in the
absence of positive charges or H-bonding sites on the gelator
molecule which, until now, were considered indispensable.

Inorganic materials can be shaped into a variety of structures
using organic, supramolecular assemblies as templates.1 Vesi-
cles,2 organic crystals3 and phospholipid fibers4 are just some of
the organic templates that have successfully been employed to
create interesting silica constructs. In addition, we have found
that superstructures formed by organogelators act as excellent
templates because of their stable, ‘solid-like’ aggregation
behavior. The growth of helical silica is one of the most striking
examples of what can be achieved by using organogel fibers as
the template for sol–gel polycondensation of tetraethylorthosili-
cate (TEOS).5 It has, however, been shown that the presence of
some attractive force between the superstructures and TEOS is
indispensable for efficent sol–gel transcription. Therefore, up
till now, transcription into silica via TEOS polycondensation
has been limited to superstructures of molecules that possess a
cationic charge in the form of a quaternary ammonium moiety6

or a metal cation,5,7 and molecules that possess a H-bonding site
in the form of primary amines or combinations of primary and
secondary amines.2,8 The design of new gelators for organogel
transcription into silica has, therefore, been strongly limited to
molecules containing either positive charges or amino groups.8
In this paper we show the first example of an organogel that can
be successfully transcribed into silica although it does not
possess either a positive charge or a H-bonding amino group.
We have found that the catalyst for silica formation, i.e.
benzylamine, can interact with the molecular aggregates of 19 in

the gel fibers, thus providing the driving force necessary for the
transcription process. Clear evidence for the gelator–catalyst
interaction has been obtained from transmission electron
microscopy (TEM), circular dichroism (CD), 1H NMR and FT-
IR spectroscopy measurements.

In water, gelator 1 forms a clear gel consisting of a three-
dimensional network of curved fibers9 (Fig. 1a). An aqueous
solution containing 1 (0.5 wt%) and benzylamine (ba) in a 1+1
ratio also yields a clear gel. However, this particular gel consists

of a network of much straighter fibers (Fig. 1b) than those
observed for the gel of 1 without benzylamine. The structure of
the organogel of 1 is, therefore, altered, to some degree, by the
interaction with benzylamine. To transcribe this organic
superstructure into silica, polycondensation of TEOS was
carried out using an aqueous solution of 1 + ba.10 After
calcination of the sample,11 TEM images (Fig. 1c and d) showed
tubular structures of similar diameter (50–100 nm) and
appearance to those observed in the gel samples of 1 + ba,
indicating that the transcription was successful. In a sample
containing only 1 and TEOS, i.e. no catalyst, no silica formation
was observed even after several weeks. Apparently, benzyl-
amine can interact with the molecules of 1 in the gel fibers, most
likely via hydrophobic and/or p–p stacking interactions,
making transcription of the organogel possible.

To elucidate the gelation process of 1 with benzylamine,
experiments were carried out replacing benzylamine with
different catalysts: hydrazine and 3,5-dimethoxybenzylamine.
Although an aqueous solution of 1 (0.5 wt%) and hydrazine (in
a 1+1 ratio) did form a gel, the transcription experiment carried
out by adding TEOS to this system yielded only granular silica
particles. This result indicates that there is no particular
interaction between 1 and hydrazine which can lead to the
transcription of the organogel. This observation is in accordance
with the assumption that hydrophobic and/or p–p stacking
interactions between benzylamine and 1 play a key role in the

† Electronic supplementary information (ESI) available: CD, FT-IR and
temperature dependent 1H NMR spectra. See http://www.rsc.org/suppdata/
cc/b1/b108148a/

Fig. 1 TEM images of (a) the gel of 1 (scale bar = 0.75 mm), (b) the gel of
1 + ba, (c) the xerogel of 1 + ba + TEOS and (d) the xerogel after calcination
(scale bars = 1.50 mm ).

This journal is © The Royal Society of Chemistry 2001
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transcription process. The structure of 3,5-dimethoxybenzyl-
amine is similar to that of benzylamine, however, its bulky
methoxy substituents should disturb the stacking of 1 and,
therefore, prevent organogel formation. Indeed, an aqueous
solution of 1 (0.5 wt%) and 3,5-dimethoxybenzylamine (in a
1+1 ratio) did not form a gel upon cooling, but a precipitate and,
thus, could not be transcribed. These results strongly indicate
that benzylamine interacts with 1 via aromatic p–p stacking,
without considerable disruption of the gel structure. Such
interactions bring a number of amino moieties (from the
benzylamine) onto the gel fiber surface thereby providing the
stimulus for organogel transcription.

CD spectra of a gel of 1 and of a gel of 1 + ba show slight
differences which can be attributed to interactions of the
catalyst with 1. The decrease in spectral intensity for the gel of
1 + ba implies that the chiral superstructure originating from the
H-bonding interactions among the sugar moieties of 1 is
partially destroyed by bound benzylamine molecules. Fur-
thermore, the appearance of a shoulder (215 nm) on the peak at
212 nm suggests the presence of benzylamine in proximity of,
or perhaps even intercalated in the gel fibers.

Additional evidence for the interaction of benzylamine with
the gel fibers of 1 was obtained from FT-IR measurements (KBr
pellet) of the xerogel of 1 and the xerogel of 1 + ba. The
spectrum of the xerogel of 1 shows only a rather broad peak
(3750–3100 cm21) corresponding to H-bonded OH and NH
moieties. However, more signals can be distinguished in the
spectrum of 1 + ba, i.e. shoulders at 3482 cm21 and 3254 cm21,
in comparison with the spectrum of the xerogel of 1 alone.
These signals most likely arise from the partial disruption of the
H-bonding network of the OH groups in the gel fibers by the
interaction of the amino moieties of the catalyst with the gelator
molecules within or between the fibers.

To obtain a more detailed picture of the gel of 1 + ba in water,
temperature-dependent 1H NMR spectroscopy was performed.
The peaks of the gelator and of the benzylamine appear
broadened in the spectrum of the gel at 298 K. This line-
broadening effect for the gelator molecules is typical of
organogel samples due to the restricted molecular motion in the
gel state with respect to the solution state.12 Moreover,
broadening of the benzylamine peak can be attributed to a
decreased mobility of some of the benzylamine molecules,
deriving from their intercalation in the gel fibers of 1.13

However, the integrals for the peaks of the benzylamine and the
gelator protons show a 1+1 ratio of both components only in the
solution state (343 K), while in the gel state (298 K) the amount
of benzylamine appears to be approximately 3 times larger than
the amount of 1. This shows that in the gel, the benzylamine
molecules are, on average, more mobile than the molecules of 1
and, therefore, only some are incorporated in the gel fibers,
while most are probably situated between the fibers. To
determine the actual amount of benzylamine trapped in the gel
fibers of 1, xerogels of 1 + ba were prepared by freeze drying the
aqueous samples for 8, 14, 18, 24 and 36 h. The samples were
then dissolved in CD2Cl2 and the ratio of benzylamine to gelator
was determined by measuring the integrals of the corresponding
aromatic proton peaks in the NMR spectra. The amount of
benzylamine in the samples decreased with freeze drying time,
to reach a steady value of 10–20% after approximately 14 h
(Fig. 2). No further decrease was observed even after freeze
drying for 36 h. As a reference, a sample containing only
benzylamine and water, but no gelator, was subjected to the
same treatment and after 24 h no benzylamine could be detected
by NMR spectroscopy. Therefore, the amount of benzylamine
intercalated/trapped in the gel fibers of 1 seems to be
approximately 10–20% of the total number of gelator mole-
cules. These results are in agreement with the temperature-
dependence NMR experiments, which showed only a partial

broadening of the signals of the benzylamine protons in the gel
state, as well as an increase in the integral ratio of benzylamine
to gelator.

In conclusion, we have shown that the organogel of a
compound which does not contain a positive charge or an amino
group can still be transcribed into a silica structure, as long as
the catalyst for the polycondensation process can interact with
the gelator molecules. Preliminary results using other gelators
that do not contain positive charges or amino groups either,14

indicate that this phenomenon is of a general nature. As a
consequence, the transcription of a much broader range of
organic superstructures, such as proteins, neutral vesicular
aggregates or polysaccharides, via the polycondensation of
TEOS can now be taken into consideration. Being able to
transcribe such entities will undoubtedly lead to a greater
variety of inorganic materials with interesting new shapes and
properties.
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Fig. 2 Percentage of benzylamine in samples of 1 + ba as a function of freeze
drying time (---- line to guide the eye).
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The substitution of hexabromomethylbenzene with 1-ada-
mantyl carboxylate quantitatively leads to the correspond-
ing hexacyl derivative via anchimeric assistance by the
alkylcarboxy substituents.

Currently, considerable effort is being devoted to the synthesis
of hexasubstituted benzene derivatives with a 1,3,5-, 2,4,6-
substitution pattern, leading to characteristically preorganized
systems.1 Based on this type of scaffold, we recently presented
various receptor molecules for the recognition of small,
biologically relevant anions.2 Such preorganized systems are
also useful in the synthesis of macrocycles. By virtue of the
alignment of functional groups of a reactant, the closure to the
desired ring is facilitated.3

Lately, we have been exploring the substitution of the
halogen atoms of hexabromomethyl benzene (1)4 in order to
create molecules with alternating groups on the phenyl ring. By
reacting 1 with equimolar amounts of a bulky, weak nucleo-
phile, we expected to obtain in a first step the respective,
monosubstituted pentabromomethyl benzene and/or statistical
mixtures of other substitution products.

To our surprise, the reaction of 1-adamantylcarboxylic acid
(1-adca) with 1 in a 1+1 stoichiometry using caesium carbonate
as the base, gave the hexa(alkylcarboxy)benzene 2 in a
quantitative yield (Scheme 1), along with the recovery of 1.5
There are several effects to explain this result. The use of
potassium carbonate instead of caesium carbonate as the base
did not significantly affect the yield of the product. Accord-
ingly, we can exclude a caesium induced effect, by which the
caesium cation templates a benzene intermediate and brings a
carboxylate reactant in proximity to the reaction center.6
Further, there is no obvious inductive effect that can be invoked
as a reason for this results. Therefore, we sought a different
explanation.

Hexasubstituted benzenes have been studied extensively,
with particular attention having been paid to their distinct
conformations, i.e. the orientation of the substituents around the
benzene core.7 It was found by X-ray and NMR investigations
that the alternation of substituents at the phenyl ring is
thermodynamically favoured in persubstituted benzenes, with
significant energetic barriers for the rotation of a substituent
around the respective C(aryl)–C(methylene) bond.8

As determined for 2 by X-ray crystallography, the molecule
lies on a crystallographic inversion center at 1⁄2, 1⁄2, 1⁄2 (Fig. 1).‡

Three molecules of benzene solvate co-crystallize along with 2.
Each molecule of benzene is also situated around a different
crystallographic inversion center located at the center of the
aromatic ring in the ab plane. As can be seen in the figure, the
six bulky substituents alternate above and below the plane of the
central benzene ring.

The stoichiometry used in the reaction, the mass balance of
the products, as well as the identity of the product itself dictates
kinetic control of the substitution reaction. The most apparent
explanation is anchimeric assistance. Anchimeric assistance by
acetoxy groups is a known and well-investigated phenomenon
in substitution reactions, involving cyclic dioxonium inter-
mediates,9 but has so far been disregarded in the syntheses of
hexasubstituted benzene derivatives.10

Although most commonly 5- or 6-membered rings are
invoked in anchimeric assistance reactions, the formation of
7-membered heterocyclic intermediates has been reported.11

In our case, we propose that the introduction of a first
adamantylcarboxy substituent leads to the monosubstituted
adduct, which due to the alternation of the groups around the
benzene ring is perfectly poised for an SN2 displacement of a
neigbouring bromide. This forms a 1,3-cycloheptadienium ring,
which should be relatively free of ring strain due to the ring size
and the cis-orientation at the benzene double bond and that of
the carboxy group.12 The attack of each additional carboxy
nucleophile is thereby accelerated. Each neighbour group effect
is ‘handed over’ from one carboxy group to the next one
(Scheme 2).

However, Siegel has found SN2 mechanisms are operative in
similar systems,13 and also at this stage we cannot rule out the
formation of other intermediates, such as a cyclic bromonium
cation.

As a control experiment, trisbromomethyl benzene 3,14

which does not allow the formation of the proposed 7-mem-
bered ring was subjected to the same reaction as 1. After 3 h the
reaction was still incomplete, i.e. starting material was still
present, and the main product was identified as the mono-

† Electronic supplementary data (ESI) available: general methods, materi-
als and X-ray data. See http://www.rsc.org/suppdata/cc/b1/b105569k/

Scheme 1
Fig. 1 Displacement ellipsoid (scaled to the 30% probability level)
representation of 2. Most hydrogen atoms have been removed for clarity.
The oxygen atoms are shown without shaded segments.
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adamantylcarboxy-derivative with traces of bis-substituted
product being present in the reaction mixture (Scheme 3). After
a further 5 h of heating, a complex mixture of the expected
products was found.

The results reported herein support the necessity of adjacent
bromomethyl functions to be present in the starting material,
and therefore substantiate a mechanism involving the formation
of cyclic intermediates, controlled by anchimeric assistance.
Also, the clean and quantitative reaction of 1 giving 2 as the
only detectable product points to a mechanism that involves an
initial, rate determining step, and the subsequent fast conversion

of the remaining bromomethyl groups as with energetically less
demanding reactions.

We gratefully acknowledge the financial support by from the
Beckman and Welch Foundation.

Notes and references
‡ Crystallographic summary for 2. Very long, colourless lathes were grown
by slow cooling from benzene, triclinic, P-1 (No. 2), Z = 1 in a cell of
dimensions: a = 10.5161(5), b = 11.3542(7), c = 18.823(2) Å, a =
82.191(4), b = 79.886(3), g = 63.025(2)°, V = 1967.8(3) Å3, rcalc = 1.24
g cm23, F(000) = 792. A total of 11370 reflections were measured, 7389
unique (Rint = 0.078), Nonus Kappa CCD using graphite monochromatized
Mo-Ka radiation (l = 0.71073 Å) at 2120 °C. The structure was refined
on F2 to an Rw = 0.233, with a conventional R = 0.109 (3523 reflections
with F0 > 4[s(F0)]), and a goodness of fit = 1.101 for 488 refined
parameters. CCDC 166842. See http://www.rsc.org/suppdata/cc/b1/
b105569k/ for crystallographic data in .cif or other electronic format.
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The one-pot cyclocondensation of 2,6-diaminopyrimidin-
4-one, an aromatic or aliphatic aldehyde and a b-ketoester in
acetic acid, or dimethyl sulfoxide in the presence of zinc(II)
bromide, under thermal conditions provided dihydropyr-
ido[2,3-d]pyrimidin-4(3H)-ones in good yield and with total
regiocontrol.

Since the isolation and characterisation of wing pigments of
European butterflies at the end of the nineteenth century, the
pterins have distinguished themselves as heterocycles of
profound chemical and biological significance.1 The discovery
that the pyrazino[2,3-d]pyrimidine core of the pterin pigments
was shared by the vitamin folic acid2 caused a dramatic increase

in interest in this heterocycle in an effort to understand its role
in the prevention of disease.3 Structurally-related folate antago-
nists4 have been shown to possess a diverse range of biological
properties and they elicit highly species-specific responses as
antitumour,5 antibacterial,6 anti-inflammatory,7 and antifungal
agents.8

Uracil derivatives have been reported in the literature to be
versatile building blocks for the synthesis of a wide range of
heterocyclic motifs,9 including pyrazolopyridines,10 pyrimido-
and pyridopyrimidines11 and pyrazolopyrimidines.12 Kajino
has reported the synthesis of dihydropyrido[2,3-d]pyrimidines
using 6-aminouracils, but as a one-pot three-component cyclo-
condensation reaction this procedure suffered from very poor
yields and limited substrate tolerance.13 Since our own studies
on this topic, Quiroga revealed the successful three-component
cyclocondensation of a 6-aminouracil derivative, benzoylaceto-
nitrile and aldehyde, but this process was only reported for
aromatic aldehydes and required microwave irradiation as
thermal conditions gave only a poor yield of the pyridopyr-
imidine product.14

As part of our interest in the synthesis of simple nitrogen-
containing heterocycles15 we established a new approach
towards the 5-deaza-7-folate heterocycle 1,16 based upon a

modification of the Bohlmann–Rahtz pyridine synthesis,17 for
the rapid assembly of a targeted library of folate antagonists

from uracil derivatives. This communication describes a
complementary approach towards the 5-deaza-6-folate motif 2
using a new three-component condensation reaction of an
aldehyde, b-ketoester and 2,6-diaminopyrimidin-4-one 3. This
novel process prepares the target heterocycle with total
regiocontrol, is successful for both aromatic and aliphatic
aldehydes, utilises simple experimental conditions and incorpo-
rates a number of points of diversity for application in the
synthesis of antifolate combinatorial libraries.

A mixture of 2,6-diaminopyrimidin-4-one 3, benzaldehyde
4a and ethyl acetoacetate 5 or ethyl benzoylacetate 6 was heated
to 110 °C in dimethyl sulfoxide (DMSO) in the presence of
zinc(II) bromide. After 72 hours, water was added and the
precipitated solid was filtered to give dihydropyrido[2,3-
d]pyrimidine 9 or 10 in 65 or 53% yield, respectively, as the
only isolated reaction product.

In an effort to optimise this process, a range of different
temperatures, solvents and acid catalysts were investigated. The
choice of solvent for this reaction was limited by the solubility
of diaminopyrimidinone 3 but reactions conducted in ethanol or
DMSO at room temperature in the absence of a Lewis acid
failed completely and gave only unreacted starting material 3.
Other Lewis acids, such as ytterbium(III) trifluoromethanesulfo-
nate or scandium(III) trifluoromethanesulfonate were found
generally not to be as efficient in this reaction. However, when
a mixture of pyrimidinone 3, benzaldehyde 4a and ethyl
acetoacetate 5 was stirred in acetic acid at 110 °C 5-deaza-
5,8-dihydropterin 9† was generated in 86% yield (Scheme 1).

Evidence on the mechanistic course of this reaction was
obtained by the isolation of intermediate 7, from a three-
component reaction conducted in acetic acid at room tem-
perature, that when stirred with ethyl acetoacetate 5 in acetic
acid at 110 °C gave the same product 9, albeit in only 43% yield.
These findings indicated that initial addition to aldehyde 4a was
followed by acetoacetate 8 cyclodehydration in what appeared
to be a totally regioselective process. The product 9 or 10,
obtained as a single regioisomer, was identified by 1H and 13C
NMR spectroscopic techniques, the former of which clearly

Scheme 1 The three-component cyclocondensation reaction.
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indicated the presence of the NH (position 8) and deshielded
methine (position 5) protons.

In order to examine the scope of this new three-component
cyclocondensation reaction, 2,6-diaminopyrimidin-4-one 3, a
range of aromatic and aliphatic aldehydes 4 and ethyl
acetoacetate 5 or ethyl benzoylacetate 6 was stirred at room
temperature or heated to 110 °C in DMSO with zinc(II) bromide
or in acetic acid for 72 hours to give dihydropyrido[2,3-
d]pyrimidine 9–20, usually in good to excellent yield (Scheme
2, Table 1). Although aromatic aldehydes gave slightly
disappointing results in DMSO, it was found that conducting
these reactions in acetic acid or in the presence of zinc(II)
bromide usually improved the reaction and gave yields
routinely in excess of 70%. Aliphatic aldehydes proved the most
predictable, generating the product in reasonable yield as a
single regioisomer after 72 hours at 110 °C in DMSO.

This new one-pot three-component cyclocondensation reac-
tion generated 5-deaza-5,8-dihydropterins, bearing a range of
different functional groups, under thermal and, where neces-
sary, Lewis acid catalysed conditions. Efforts are now under-
way to apply this new procedure, that is simple, appropriate for
combinatorial methodology and avoids the use of microwave
irradiation, to the synthesis of deazapterin libraries and other
targeted libraries of inhibitors of folate-dependent enzymes.

Notes and references
† General experimental procedure for the 3-component cyclo-condensation
reaction. A mixture of 1,3-diaminopyrimidin-4-one 3 (0.20 g, 1.6 mmol),
benzaldehyde 4a (0.15 g, 1.5 mmol) and ethyl acetoacetate 5 (0.18 g, 1.5
mmol) in glacial acetic acid (5 mL) was stirred at 110 °C for 72 h. The
mixture was allowed to cool, water (15 mL) was added and the solution was
left to stand for 5 h. The precipitate that formed was filtered to give pure
5-deaza-5,8-dihydropterin 9 (0.41 g, 86%) as a pale yellow solid.
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Scheme 2 Three-component cyclocondensation of 2,6-diaminopyrimidin-4-one 3, aldehyde 4 and b-ketoester 5 or 6.

Table 1 Examining the scope of the three-component cyclocondensation reaction 

Entry R1 R2 Solvent Lewis acid Temperature/°C Product Yielda(%)

1 Ph Me DMSO Yb(OTf)3 110 9 74
2 Ph Ph DMSO ZnBr2 110 10 53
3 4-MeOC6H4 Me AcOH None 110 11 77
4 4-MeOC6H4 Me DMSO ZnBr2 110 11 68
5 4-ClC6H4 Me DMSO ZnBr2 110 12 85
6 4-ClC6H4 Me DMSO ZnBr2 110 12 63
7 2-NO2C6H4 Me AcOH None RT 13 41b

8 2-NO2C6H4 Me DMSO None 110 13 66
9 2-NO2C6H4 Me DMSO ZnBr2 110 13 64

10 3,4-(MeO)2C6H3 Me DMSO ZnBr2 110 14 45
11 3,5-Me2C6H3 Me DMSO ZnBr2 110 15 66
12 3,5-Me2C6H3 Me AcOH None 110 15 73b

13 cyclopropyl Me DMSO None 110 16 78
14 Et Me DMSO None 110 17 80
15 PhCH2 Me DMSO None 110 18 65
16 Me Me DMSO None 110 19 60
17 MeCH2CH2 Me DMSO Nonec RT 20 40
18 MeCH2CH2 Me DMSO None 110 20 94
a Yield of pure isolated product. b Some impurities were evident. c The use of a Lewis acid did not improve the yield of reactions conducted at RT.
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Catalytic asymmetric synthesis of cyclopentenones from propargyl
malonates and allylic acetate by successive action of homogeneous
palladium(II) and cobalt on charcoal catalysts in a one-pot reaction†
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The tandem action of a homogeneous chiral Pd(II) catalyst
and a heterogeneous Co/C catalyst leads to a two-step one-
pot highly enantioselective Pauson–Khand-type reaction.

Much success has been achieved in the field of transition-metal-
mediated (or catalyzed) synthesis of cyclopentenones from
readily available substrates;1 however, catalytic asymmetric
synthesis is still surprisingly underdeveloped. The use of a
chiral titanocene complex (EBTHI)Ti(CO)2 (EBTHI = ethyl-
ene-1,2-bis(h5-4,5,6,7-tetrahydroinden-1-yl)2 and Co,3 Rh,4
and Ir5 complexes with chiral diphosphines have been recently
reported. Demand for the development of a catalytic and
enantioselective Pauson–Khand type reaction remains high.

Recently, the tandem use of two kinds of homogeneous
catalyst in a one-pot multistep transformation of substrates to
products has been reported.6 The report by Jeong’s group has
attracted our attention. They used a combination of Pd and Rh
catalysts in the preparation of bicyclopentenones from propa-
rgyl malonates. The use of Pd-catalyzed asymmetric allylic
alkylation7 to generate enantioselective enynes appears to be
quite promising. However, the use of in situ generated
enantiomerically enriched enynes as substrates in the Pauson–
Khand reaction has not been reported even though increasing
efforts are being devoted to the development of practical
enantioselective versions of the Pauson–Khand reaction.8

In this connection, we decided to use the Pd(II)-catalyzed
asymmetric allylic alkylation in the synthesis of enantiomer-
ically pure enynes. We report herein that the tandem action of
homogeneous chiral Pd(II) catalyst and heterogeneous catalyst
Co/C9 leads to a ‘two-step one-pot’ highly enantioselective
Pauson–Khand-type reaction. The efficiency of this two-step
one-pot reaction was studied for 3(Me) as shown in Scheme 1.
Thus, we screened several chiral ligands (Chart 1) to find the
best chiral ligand (Table 1).10 The same reaction was conducted
in the presence of dppe to obtain racemic products. All the chiral

ligands were effective for Pd-catalyzed asymmetric allylic
alkylation. The ee values of 4(Me) ranged from 83 to 95% at
room temperature. As expected, the best ligand was phosphino-
oxazoline ligand b. The best ee value of 96% was obtained
when the reaction was conducted at 0 °C in the presence of b
(entry 3 in Table 1). The absolute configuration of 3(Me) was
easily established by comparison of the observed [a] values
with those of the known reactions. The absolute configuration
(3R,4S,5R) of the bicyclic enone 4(Me) was determined by an
NMR study. When the reaction in Scheme 1 was carried out
stepwise to determine whether the ee value was changed during
the carbonylative cyclization, the ee value of the final product
was the same as that of the first step and no other diastereomer
was found in the second step. Thus, the ee value of the first
asymmetric allylic alkylation reaction was maintained during
the second cycloaddition reaction. This suggests that the first
step is a stereoselective reaction and the second a stereospecific
one. The enantioselectivity of this tandem cycloaddition was
absolutely dependent on the Pd-catalyzed asymmetric allylic
alkylation. This could be a good advantage of this combination
of catalysts because the palladium-catalyzed allylic alkylation is
one of the most thoroughly and intensively studied catalytic
transformations. High yields were observed for all reactions.
The yield of the second step was always quantitative. Thus, the
turnover number was completely dependent upon the Pd-
catalyzed allylic alkylation. For convenience, we used 2.5
mol% of Pd(II) catalyst for studying the reactions.

The success of this tandem catalytic reaction is primarily due
to the use of Co/C. In the Pd(II)-catalyzed allylic alkylation
reaction, acetic acid was generated. The acid would interact
with cobalt species in the solution. When Co2(CO)8 (20 mol%)
instead of Co/C was used as a catalyst, only 2% of the product

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b106836a/

Scheme 1

Chart 1

Table 1 Asymmetric one-pot synthesis of bicyclopentenonea

Entry Chiral ligand Time/hb Yield (%)c Ee (%)d

1 a 10 74 —
2 b 4 81 95
3e b 18 95 96
4f b 4 2 —
5 c 12 81 83
a 1a and 2a used as substrates. Conditions for the 2nd step: 130 °C, 18 h, 30
atm. CO.b Reaction time of the first step at rt.c Isolated yield.d Diacel OD
column was used.e Reaction temperature of the first step is 0 °C.f 20 mol%
Co2(CO)8 was used instead of Co/C.
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was isolated (entry 4 in Table 1). However, the Co/C was found
to be insensitive to acid or base. Generally, for good
enantioinduction, low temperatures are required. However, our
reaction conditions in the second step seem to be quite harsh,
nevertheless no racemization occurred under these reaction
conditions. We also examined the catalytic asymmetric carbo-
nylative cyclization of 3(R) (R = Ph, n-Bu) (entries 2 and 3 in
Table 2). Under our reaction conditions, 4(R) were obtained in
high yields (84–95%) with high ee values (84–95%). The
usefulness of this combination catalyst is highlighted by the

synthesis of various tricyclic enones 6(n) (n = 1–3) (Scheme 2
and entries 4–6 in Table 2).

The intramolecular Pauson–Khand reaction of cyclic enynes
having cyclopentenes or cyclohexenes with pendant alkynes has
been well studied.11 Chiral ligand d developed by Trost12 was
selected since it is one of the best ligands in the Pd(II)-catalyzed
asymmetric reaction of 2-cyclopentenyl, -hexenyl, or -hepenyl
acetate with the anion of dimethyl malonate.13 The reaction was
quite sensitive to the base and the solvent used. The best results
were obtained when Cs2CO3 and dichloromethane were used as
a base and a solvent, respectively.13 Interestingly, substrates
5(2) and 5(3) were known not to be cyclized with (EBTHI)-
Ti(CO)2.1 However, fairly high yields (89–97%) were obtained
in our case. In the cyclization of 5(1), the reduced 7 was
obtained as a byproduct provided the generated acetic acid was
not removed. In contrast to the high yields, the ee values
(31–94%) were quite sensitive to the ring size. As the ring size
increases, the ee values decrease. A fairly high ee value of 94%
was obtained for 6(1). The absolute configuration (3R,4R,5S) of
the tricyclic enone 6(n) was determined by comparison with the
known reactions.13 The fused tricyclic systems such as 6(1) and
6(2) had been used in the synthesis of natural products.14

In summary, we have demonstrated that the tandem action of
a homogeneous chiral Pd(II) catalyst and a heterogeneous Co/C
catalyst leads to a two-step one-pot highly enantioselective
Pauson–Khand-type reaction. The enantiomeric purity of the
product depends upon the optical purity of the in situ generated
enyne. Further synthetic applications of the tandem action of
two different catalysts in other reactions are now in progress.
This work supported by the Korea Science and Engineering
Foundation (KOSEF) (1999-1-122-001-5), and the KOSEF
through the Center for Molecular Catalysis. SUS, KHP, and HS
acknowledge receipt of the BK21 fellowship.
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Table 2 Asymmetric one-pot synthesis of various cyclopentenonesa

Substrates Product L* Base
Time/
hb

Yield
(%)c

Ee
(%)d

1 1a 2a b BSA 4 81 95

2 1b 2a b BSA 6 95 84

3 1c 2a b BSA 4 84 93

4 1a 2b a BSA 10 95 —
d BSA 24 85 33
d CS2CO3

e 12 92 94

5 1a 2c a BSA 10 95 —
d BSA 24 90 36
d Cs2CO3

e 12 90 72

6 1a 2d a BSA 10 89 —
d BSA 24 93 4
d Cs2CO3

e 12 97 31

a Reaction conditions: 6.0 mol% L* , 2.5 mol% [(h3allyl)PdCl]2, 0.2 g Co/
C, and THF. Condtions for the 2nd step: 130 °C, 18 h, and 30 atm
CO.b Reaction time of the first step at rt.c Isolated yield.d Diacel OD column
was used.e CH2Cl2 as a solvent.

Scheme 2
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A synthetic unsymmetrical 1-galactosamide bolaamphiphile
self-assembles in methanol to form a multilayer structure
comprising unsymmetrical monolayer lipid membranes
linked via a sugar–carboxylic acid H-bonding interface.

Bolaamphiphiles having a hydrophilic group at each end are
able to form monolayer lipid membrane (MLM) structures.1,2

When the bolaamphiphiles are unsymmetrical with two head-
groups of different sizes, the resulting MLMs are classified into
two categories, ‘unsymmetrical’ and ‘symmetrical’, depending
on a parallel or antiparallel molecular packing within the layer
as shown in Fig. 1. In multilayer structures (such as in the
crystalline state), a further two kinds of membrane stacking
motifs can be defined depending on the interface between the
two surfaces termed ‘head-to-head’ or ‘head-to-tail’ (with the
larger of the two hydrophilic groups termed the ‘head’). Since
the dipole moment and spatial void arising from the bulky
headgroup are best compensated by an antiparallel packing
motif, most synthetic bolaamphiphiles exhibit this kind of
packing in the solid phase3 or (excepting a few examples)4 form
MLMs with random molecular orientation in the disperse
phase.1,5 Even in those cases where unsymmetrical MLMs are
formed,6 each membrane stacks with the head-to-head interface
to give the multilayer structures for the same reason. Some
attempts have been made to combat this tendency to form
unsymmetrical MLMs by the introduction of the multiple H-
bonding functional groups into both ends of an unsymmetrical
bolaamphiphile.7

Recently, we have found that the bolaamphiphilic 1-glucos-
amide 2 or 1-galactosamide 3 self-assembled to form MLM-
based structures in the crystal lattice via the formation of
multiple sugar and amide H-bond networks,8,9 with the
stereochemistry of the sugar headgroups strongly affecting the
intra- and interlayer H-bonding scheme. Our results suggested
that similar unsymmetrical sugar-based bolaamphiphiles might

be able to self-assemble to form an unsymmetrical MLM with
a head-to-tail interface, forming multiple H-bonds between
hetero surfaces. In this communication we report the crystal
structure obtained from the synthetic unsymmetrical bolaam-
phiphile 1 having a 1-galactosamide headgroup at one end and
a carboxylic acid group at the other (Scheme 1). This
bolaamphiphile self-assembled in methanol to form an un-
symmetrical MLM-based structure with the formation of
intralayer H-bonds between the sugar headgroups and between
amide groups. In addition, these MLMs stacked together with a
head-to-tail interface directed via the formation of interlayer H-
bonds between the 1-galactosamide hydroxy and carboxylic
acid groups. To the best of our knowledge, only three crystal
structures have so far been reported for unsymmetrical
bolaamphiphiles with spacers longer than a decamethylene
chain3,6 and only one6 forms an unsymmetrical MLMs-based
structure with a head-to-head interface.

Single crystals of the unsymmetrical bolaamphiphile 1
suitable for X-ray measurements† were obtained on cooling of
a hot methanolic solution (6.1 g ml21 at 40 °C) and the crystal
structure is shown in Fig. 2. The bolaamphiphile 1 packed in the
parallel arrangement to form the unsymmetrical MLM-based
structure in the crystal, with the 1-galactosamide headgroups
adopting the same 4C1 chair conformation as reported pre-
viously for the symmetrical analogue 3.9 The alkylene chain
adopts an all-trans zigzag conformation which has an inclina-
tion of 52° with respect to the normal to the layer plane, again
in a similar fashion to that previously reported for the
1-glucosamide 2 and 1-galactosamide 3 bolaamphiphiles.8,9

The two hydrophilic surfaces of the each unsymmetrical MLM
arising from this parallel orientation, one comprising sugar and
the other carboxylic acid groups, come into contact and form a
complementary H-bonded interface along the ac plane.

Among the eleven H-bonds per molecule in crystals,
intralayer H-bonds between the sugars and amides stabilize the
parallel molecular arrangement within the unsymmetrical MLM
structure, whilst interlayer H-bonds between the sugar hydroxy
and the carboxylic acid groups stabilize the head-to-tail

Fig. 1 Monolayer lipid membrane (MLM) formation from unsymmetrical
bolaamphiphiles and resultant multilayer structures formed by the stacking
of the MLMs.

Scheme 1
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membrane interface as shown in Fig. 3. The intralayer H-
bonding scheme of 1 exhibited ‘N’-type H-bonds (O-4…H–(O-
6)…O-3…O-5) and amide H-bonds (O-2–H…O-7…H–N-1)
similar to those characteristic of the pyranose headgroup with
1-amide group found in 2.8 The carboxylic and sugar hydroxy
groups form interlayer H-bond arrays of O-8…H-O-4 and O-
9-H…O-6 resulting in a finite H-bonded chain (O-8…H–O-

4…H–O-6…H–O-9) which stabilizes the stacking of un-
symmetrical MLMs at the head-to-tail interface. In general,
carboxylic acids tend to form cyclic dimers with bifurcated H-
bonds2 and there have been so far very few examples of sugar–
carboxylic acid H-bonds except for a carbohydrate-binding
protein.10 Since the axial O-4 hydroxy group seems to be buried
under the hydrophilic surface, it forms H-bonds with the less
bulky carboxylic acid to form a head-to-tail interface rather than
the hydroxy groups of the 1-galactosamide which would give a
head-to-head interface. This can be supported by the existence
of clathrated water around the O-4 axial group for the head-to-
head interface of the symmetrical 1-galactosamide 3.9 In
contrast, no clathrated water can be found in the solid state
structure of the 1-glucosamide 2.8 These results indicate that the
predominant driving forces for the unsymmetrical MLM
structure are the side-by-side aggregation of the 1-galactos-
amide headgroups via H-bond formation between the hydroxy
groups and amides and a hydrophobic interaction between
tetradecane spacers. The resultant unsymmetrical MLMs stack
with a head-to-tail interface, forming H-bonding arrays between
residual hydroxy groups of the 1-galactosamide and carboxylic
acid groups.

Notes and references
† Crystal data for 1: C22H44N1O8, M = 450.59, monoclinic P21, a =
4.90(1) Å, b = 40.139(1) Å, c = 6.289(1) Å, b = 106.48(1)°, V =
1187.3(3) Å3, Z = 2, Dc = 1.260 g cm23, m = 7.79 cm21, 2038 reflections
(qmax = 119.9°) were collected using a Rigaku AFC7R automatic four-
circle diffractomater (Cu-Ka radiation, l = 1.54178 Å, graphite mono-
choromator) at measured T = 302 K. 1936 unique (Rint = 0.014) which
were used in all calculations. Refinement using the SHELXS 97 on all data
converged at R = 0.031, Rw = 0.047, GOF = 1.27. The covalent O–H and
N–H bond lengths were normalized to 0.97 and 1.03 Å respectively. The H-
bonds between O–H…O and N–H…O are estimated by the distance
between hydrogen and acceptor shorter than 2.33 Å [(O)–H…O] and 2.32
Å [(N)–H…O].11 The absolute configuration of the molecules is uniquely
determined by the known chirality of the D-galactopyranose rings. CCDC
166281. See http://www.rsc.org/suppdata/cc/b1/b106581p/ for crystallo-
graphic files in .cif or other electronic format.
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Fig. 2 Molecular packing of 1, viewed along (a) the a axis and (b) the c axis.
Hydrogen atoms have been omitted for clarity.

Fig. 3 Three-dimensional H-bond networks formed between b-D-galactosa-
mide and carboxylic acid of 1, viewed along the a direction.
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Uniform thin films of poly-3,4-ethylenedioxythiophene (PEDOT)
prepared by in-situ deposition
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In-situ deposited thin films of the conducting polymer poly-
3,4-ethylenedioxythiophene (PEDOT) have been prepared
on hydrophilic and hydrophobic substrates and charac-
terized by UV–Vis spectroscopy, atomic force microscopy
and resistivity measurements.

Conducting polymers have been widely discussed for their
potential applications in molecular electronics. The recent
development of the highly conductive, stable, and transparent
polythiophene derivative poly-3,4-ethylenedioxythiophene
(PEDOT) by Jonas et al.1 and its commercialization by Bayer
Corp. (‘Baytron M, C, P’, Bayer Corp.) has resulted in multiple
patents, suggesting a new era of electronics based on this class
of organic compounds and their derivatives.2 Even though thin
films of various conducting polymers have been extensively
studied, the reliable deposition of such films on different
surfaces is a continuing challenge due to the poor solubility of
many of these polymers in common solvents.3

Recently, high quality thin films of conducting polymers
have been prepared on substrates by in-situ deposition of the
polymer from a polymerizing solution of the monomer and an
oxidant.4,5 In-situ deposited films of polyaniline and poly-
pyrrole have been shown to be applicable for electronic devices,
e.g. liquid crystal displays5 and capacitors.6 Given the limited
solubility of PEDOT, the in-situ deposition method would seem
to provide an effective means of preparing high quality thin
films of this new material. The enhanced transparency of
PEDOT to visible wavelengths could lead to new transparent
electronic and photonic devices.

Here we report the first example of PEDOT thin films in-situ
deposited from an acetonitrile solution of the ethylenedioxy-
thiophene (EDOT) monomer and iron(III) chloride oxidant. The
PEDOT films, deposited on hydrophilic and hydrophobic
substrates, are characterized by UV–Vis–NIR spectroscopy,
surface resistivity and atomic force microscopy (AFM).7

Commercially available glass microscope slides were rinsed
with deionized water and then dipped into a mixture of 100 ml
concentrated sulfuric acid and 50 ml 30% hydrogen peroxide
(‘piranha solution’) for 2 h. The fresh hydrophilic surfaces were
thoroughly rinsed with deionized water, dried and stored under
vacuum. Hydrophobic glass surfaces were obtained by immers-
ing piranha solution-cleaned substrates in a 0.1 wt% solution of
dodecyltrichlorosilane in hexane for 5 s, drying and storing
under vacuum. Hydrophilic slides were then coated with a
composition of 1 ml ethylene glycol and 6 ml 1.3 wt% water
dispersion of poly-3,4-ethylenedioxythiophene–polystyrene-
sulfonic acid (PEDOT–PSS, ‘Baytron P’, Bayer Corp.) by a
single roller application wetted by the PEDOT–PSS. The slides
were then dried in a stream of hot air for 2 min to obtain
PEDOT–PSS pre-coated substrates. Pieces of a polyethylene-
terephtalate (PET) transparency film (Nashua xf-20, Nashua
Corp., NH) were cut to the same size as the glass slides and used
as substrates without further treatment.

Separate solutions of 0.1 M EDOT (‘Baytron M’, Bayer
Corp.) and 0.2 M iron(III) chloride·6H2O, were prepared in
acetonitrile and stirred for at least 20 min until completely clear.
In most solvents, EDOT does not polymerize or does so very

slowly (e.g. water or tetrahydrofuran). Acetonitrile was found to
be the only highly polar solvent allowing fast reaction.8 Each of
the four substrates (hydrophilic glass, hydrophobic glass,
PEDOT–PSS pre-coated glass, and PET) was suspended in a
beaker with 125 ml of the stirred EDOT solution. At room
temperature, 125 ml of the FeCl3 solution was added with gentle
stirring. The clear solution darkened rapidly ( < 20 s) as the
oxidative polymerization began, Scheme 1. After 2, 5, 10, 15
and 20 min, one substrate of each type was removed from the
polymerizing solution and immersed in de-ionized water for 30
min to stop polymerization and remove residual reactants and
un-bound oligomers. These PEDOT covered substrates were
dried under air at room temperature for 30 min.

The characteristic electronic transitions for PEDOT on the
four different substrates after a 15 min in-situ deposition are
shown in Fig. 1. Regardless of the substrate, all UV-Vis-NIR
absorption spectra exhibit the same general shape with
relatively sharp absorptions in the UV at 300–450 nm and an
intense, broad absorption at longer wavelengths. The higher
energy transitions can be assigned to n–p* transitions in the
polymer backbone. The band starting at 700 nm has been
described as the free carrier tail.10 In general, the absorbance of
the film increases as a function of the deposition time,
indicating continuous growth of the film. This has also been
observed for polypyrrole and polyaniline films where maximum
absorbances were observed at deposition times of 10–20
min.5

Scheme 1 Oxidative polymerization of EDOT to PEDOT with subsequent
doping of the PEDOT polymer.

Fig. 1 UV–Vis–NIR absorption spectra of in-situ deposited films of PEDOT
after 15 min on (A) hydrophilic glass, (B) hydrophobic glass, (C) PET9 and
D) PEDOT–PSS pre-coated glass. Substrates prior to in-situ deposition
were used as a reference for each spectrum.

This journal is © The Royal Society of Chemistry 2001
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Although there is no significant shift in the spectra as a
function of the substrate, there is a large difference in intensity.
PEDOT on hydrophilic glass (A) shows the weakest absorption,
suggesting the thinnest films, relative to the other three
substrates. This result is consistent with the highly polar surface
of the glass, which would be expected to interact weakly with
the PEDOT polymer during deposition. In fact, following 20
min deposition cycles, the polymer was found to ‘flake off’ the
surface. The three hydrophobic surfaces should facilitate
deposition of a thicker, more uniform film, consistent with the
absorption spectra (Fig. 1).

Shown in Table 1 are the resistivity values for each film–
substrate combination obtained with a Pt ‘four-in-line’ probe
with a constant current source and digital voltmeter.11 In some
cases insufficient surface coverage by PEDOT prevented
resistivity determination. The lowest resistivity values were
obtained for the PEDOT films in-situ deposited on PEDOT–
PSS glass slides. A steady decrease of resistivity with increasing
deposition time was observed on both PET and PEDOT–PSS
pre-coated substrates, indicating continuous and stable film
growth. This result is consistent with the stronger UV–Vis
absorption for films grown on the pre-coated substrate.

Atomic Force Microscopy (AFM) in ‘tapping mode’ was
used to analyze the surface morphology and film thickness of
the in-situ deposited PEDOT thin films. Fig. 2 shows the
different substrates after a 15 min in-situ deposition.

Deposition on hydrophilic glass (A) leads to islands of
PEDOT, with only ~ 50% coverage of the glass surface. The
average film thickness, determined by scoring the film with a
razor to expose the underlying substrate, was found to be 50 ±
22 nm. In contrast, PEDOT on hydrophobic glass (B) exhibits
larger grains, with film thickness of 118 nm ± 36 nm. The
particulate nature of these in-situ deposited films contrasts with
the successful 4-probe measurements on these two samples.

While it is possible that a very thin ( < 25 nm) surface layer of
PEDOT exists, it is more likely that connectivity occurs through
adjacent grains on the surface.

The deposition of PEDOT on PET (C) and PEDOT–PSS pre-
coated glass (D) leads to uniform films of similar quality, as can
be seen in Fig. 2. The thickness of the films deposited on pre-
coated glass (D) was 228 ± 32 nm, whereas the thickness of the
film on PET (C) could not be measured due to the softness of the
plastic substrate. By comparison to the UV–Vis absorption
spectra, both films are expected to be nearly the same thickness.
PEDOT films on PET and on pre-coated glass showed moderate
adhesion with respect to a ‘Scotch-tape’ test. Surface roughness
of both films, calculated as the average variation in height
across each sample, was ~ 60 nm.

In conclusion, we have successfully prepared thin, conduct-
ing films of PEDOT by the in-situ deposition method, bypassing
common application problems associated with low polymer
solubility. By varying the substrate on which the deposition
occurs, we have identified the importance of surface hydro-
phobicity in obtaining uniform, highly conducting thin films. A
simple and inexpensive method has been developed to repro-
ducibly deposit highly conducting films of PEDOT with
uniform thickness on organic substrates such as PET. Further it
was observed that pre-coating insulating glass substrates with
PEDOT–PSS resulted in highly conducting and uniform, ~ 230
nm thick films after only 15 min of deposition.

This work was financed jointly by the Office of Naval
Research, the Army Resarch Office under the Multidisciplinary
University Research Institute (MURI) program, and the Na-
tional Institute of Health (Grant No. 1RI5ES10106-0).
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Table 1 Surface resistivity in kW cm22 of in-situ deposited PEDOT films as a function of substrate type and deposition time

Deposition time [minutes]

2 5 10 15 20

Hydrophilic glass —a —a 4.95 ± 3.6 18.0 ± 4.5b 1.8 ± 1.0b

Hydrophobic glass —a —a —a 90.0 ± 4.5b 4.5 ± 1.35
PET —a 9000 ± 2250 8.1 ± 1.35 1.35 ± 0.18 0.945 ± 0.135
Pre-coated glass 18.0 ± 9.0c 1.8 ± 0.45 0.765 ± 0.135 0.585 ± 0.225 0.405 ± 0.045

a Measurement out of range ( > 13,000 kW cm22 ).b Resistivity measured on extended spots (islands); the majority of the slide showed no measurable
resistivity.c Initial value of the PEDOT–PSS coating.

Fig. 2 Amplitude images of the surface morphology of PEDOT films on (A)
hydrophilic, (B) hydrophobic, (C) PET, and (D) pre-coated glass substrates
after 15 min in-situ deposition.
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Radical chain transfer to bonded thiol groups and surface re-
initiated polymerization resulted in ultra-thin polymer
films.

In-situ grafting polymer films through surface initiated polym-
erization (SIP) from inorganic substrates are gaining increasing
interest in recent years.1 The key step is to introduce initiating
points on substrates surfaces, which can be carried out through
the assembly of self-assembly-initiators or the in-situ modifica-
tion of end group functionalized surfaces by using self-
assembling techniques.2 Therefore, most polymerization tech-
niques including conventional free radical polymerization,3
‘living’ radical polymerization based on ‘iniferter’,4 ‘TEMPO’5

and ‘ATRP’,6 ionic polymerization,7 ROMP,8 etc. have been
realized on surfaces. However, most of these SIPs require the
synthesis of self-assembly-initiator molecules with complex
structures. Thus, the formation of initiating points on surfaces
often involves many reaction steps. Radical chain-transfer
reaction is widely used in molecular weight control, synthesis of
end group functionalized polymers and macromonomers, etc.9
and has once been used for the modification of solid substrates
via the so-called radical transfer addition of olefin derivatives.10

Here we report that it may also serve as the intermediate
reaction for surface induced polymerization to fabricate cova-
lently attached polymer films with the emphasis on planar
substrates.

Surface bonded thiol groups were used as the radical chain
transfer agents because of their relative high chain transfer
constant. A widely used silane coupling reagent, mercaptopro-
pyltrimethoxylsilane (MPS), was used to prepare thiol-termi-
nated silica or silicon wafer (denoted as HS–silica and HS–
silicon) according to the corresponding published procedures11

using toluene as the solvent. The grafting amount of MPS on
silica surface (SBET, 250 m2 g21) was about 0.9 mmol g21 from
elemental analysis. HS–silicon had a water contact angle of 70°,
which indicated a complete coverage of thiol-terminated
monolayer. In-situ polymerization was carried out in a 20 ml
mixture of methyl methacrylate (MMA), azodiisobutylnitrile
(AIBN) as the initiator and toluene at 60 °C for a certain time in
the presence of HS–silica or HS–silicon. The molar ratio of
MMA+AIBN (100+1) and the volume ratio of MMA+toluene
(1+2) were kept constant. The thiol terminated silica or silicon
wafers and the polymer film modified silica/silicon (denoted as
polymer-silica or polymer-silicon) were extracted with CH2Cl2
to ensure the removal of all unbonded species. The basic
strategy of this novel process is depicted in Scheme 1.

The obvious Raman shift at 2577 cm21 for HS–silica was
attributed to the stretching vibration of S–H (Fig. 1a). After
polymerization, its intensity decreased dramatically but still
could be detected, indicating that radical chain transfer to (a part
of, but not all) thiol groups occurred. The other absorbance
bands characteristic of PMMA proved that MMA was grafted
onto silica surface. The normalized transmittance FTIR of HS–
silicon, PMMA–silicon and spin-cast PMMA film as a control
for the selected region between 3200 and 1500cm21 also

indicated that a layer of PMMA was formed on silicon wafer
(Fig. 1b).

The role of silica-carried thiol groups as the potential chain-
transfer agents was verified by measuring the molecular weight
of the free polymers formed simultaneously in the bulk solution.
As is shown in Fig. 2, increasing the amount of HS–silica

Scheme 1 Reaction procedures of in-situ grafting polymer film through
radical chain transfer reaction.

Fig. 1 (a) Raman spectra of HS–silica, PMMA–silica and (b) normalized
transmittance FTIR of HS–silicon, PMMA–silicon as well as spin-cast
PMMA film.

Fig. 2 Weight average molecular weight ($) of free PMMA and the
grafting amount (5) of PMMA versus the dose of HS–silica.
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reduced the weight-average molecular weight of the free
polymer. The results confirmed that silica-carried thiol groups
played a similar role as the other thiol compounds, of being
effective chain-transfer agents in polymerization. The grafting
amount12 of polymer also decreased with increasing the dose of
HS–silica, closely resembling the variation of the molecular
weight of the free polymer.

Our hypothesized reaction procedures were also confirmed
by XPS. After polymerization of MMA for 24 h on silicon
wafers, no peaks characteristic of Si2p and S2p were detected.
This indicated that the substrate was completely covered by a
polymer layer of at least 5 nm. (In fact, the film thickness was
about 27 nm.) But this is not the case with the silica surface. The
evaluation13 of the film thickness from the attenuation of Si2p of
PMMA–silica (even the sample having the maximum grafting
amount in Fig. 2) showed a very thin polymer film of less than
2 nm. We attributed the ineffectiveness of the method on silica
surfaces, against that on silicon wafers, to the different rate of
termination. Propagating chains on silica surfaces were easily
formed and simultaneously terminated by the chain transfer
reaction because of the relatively high contents of thiol groups
in polymerization systems and also the mobility of silica-carried
thiol groups. But on planar substrates, the possibility of radical
chain transfer could be reduced because of the two-dimension
restriction of thiol groups and also the absence of effective chain
transfer agents in bulk solution, which made the propagating
chains on planar substrates less likely to be terminated.

Grafting polymerization on silicon wafers was found to occur
during the first two hours, resulting in more than 90% of the
thickness obtained with 24 h of polymerization time. The
contact mode AFM topography of a 27 nm thick PMMA film
revealed a homogeneous and smooth polymer film with an rms
roughness of 0.207 nm.

The advantage of this method was its capability to realize
polymerization of a wide range of monomers in both non-
aqueous and aqueous solutions. Table 1 lists several examples
of the obtained polymer films and the corresponding contact
angles and film thicknesses. We aimed to fabricate surfaces
with different lypohydrophilic characters by co-polymerization
of monomer pairs using different molar ratios. Fig. 3 shows that
the method was effective. By simply varying the composition of
the monomer pairs, the wetting behavior of the resulting
copolymer films could be changed in a highly controlled
fashion. Therefore, radical chain transfer reaction and surface
re-initiated polymerization provides a means to control the
physical properties of polymer films.

In conclusion, we have demonstrated for the first time that (1)
radical chain transfer to thiol-terminated self-assembled mono-

layer and (2) surface re-initiated radical polymerization on both
silica surface and silicon wafers truly occurred and ultra-thin
polymer films with nanometer dimensions resulted. The method
is a new addition to SIP, applicable to the polymerization of a
wide range of monomers (especially functionalized monomers)
and workable in situations where other SIPs are inconvenient to
use. The method has potential applications in tailoring the
chromatographic properties of solid supports, enhancing the
biocompatibility of substrate surfaces, lubricating microelec-
tromechanical systems (MEMS), the chemical modification of
electrodes, etc.

The research was supported by Natural Science Foundation
of China (Grants No. 59825116).
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Table 1 The static contact angles of water and thicknesses of the obtained
polymer films

Film Solvent Contact angle Thickness (Å)

PMMA Toluene 70 274
PSt Toluene 90 225
PTDMA Toluene 94 62
PBuA Toluene 96 134
PAN THF 40 1356
PAA THF 27 135

Water 16 295
PAn Water 46 125

DMF 47 145

Time: 24 h; Temperature: 60 °C. For the polymerization in water
(NH4)2S2O8 was used as the initiator. PMMA: poly(methyl methacrylate);
PSt: polystyrene; PTDMA; poly(tetradecanyl methacrylate); PAN: poly-
acrylonitrile; PAA: poly(acrylic acid); PBuA: poly(butyl acrylate); PAN:
polyacrylanitrile; THF: tetrahydrofuran; DMF: N,NA-dimethylformamide.

Fig. 3 The contact angle of copolymer film as a function of the molar
percentage ( f ) of AA in AA–MMA pair (5) and of St in St–MMA pair
($).
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Dissociative cycloelimination, a new selenium based pericyclic reaction
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The stereospecific oxidation of hydrazine into cis-diimide
and the catalytic disproportionation of hydrogen peroxide
effected by selenoxides are suggested to involve a dis-
sociative cycloelimination from an intermediary selenur-
ane.

One consequence of the high polarizability of the selenium
nucleus is the occurrence under mild conditions of pericyclic
reactions involving selenium. Three reactions of this type, i.e.
the [2,3]-sigmatropic shift,1 the ene-reaction2 and the cycloeli-
mination,3 were described shortly after the recognition of the
concept of pericyclic reactions. More recently4 we have found
evidence for a dissociative analogue of the ene-reaction
(Scheme 1) in the ortho-specific substitution in phenols effected
by neutral benzeneselenenic acid (while more reactive phenyl-
selenenium ion equivalents attacks a variety of donor-activated
aromats with high para-selectivity).5 In consequence, a dis-
sociative analogue of the cycloelimination reaction might also
be feasible. The selenuranes formed from a selenoxide and a
nucleophile having a labile hydrogen atom in a vicinal position,
e.g. hydrogen peroxide, hydrazines and hydroxylamines, are the
most obvious substrates for this type of reaction (Scheme 2). In
fact, all three types of compound react with selenoxides at
ambient temperature. The present paper discusses the evidence
for a dissociative cycloelimination step in the reactions of
phenyl methyl selenoxide (1a) and phenyl anisyl selenoxide
(1b)6 with hydrazine and hydrogen peroxide as substrates.

The reaction of hydrazine with a variety of oxidants has been
shown to proceed via diimide (2) which exists in cis and trans
isomeric forms with a high barrier for interconversion. Only the
thermodynamically less stable cis-2 can transfer a pair of
hydrogen atoms to a double bond through a pericyclic transition
state. Therefore exhaustive alkene hydrogenation with 2
normally requires a large excess of hydrazine and oxidant. (See
ref. 7 for a review of diimide chemistry.) Only one previous
example of the specific generation of cis-2 has appeared.8

Since the dissociative cycloelimination path (Scheme 2, Y =
Z = NH) predicts a stereospecific formation of cis-2, the
hydrazine oxidation furnishes a test of our hypothesis. We
found that the reaction of 1a with hydrazine in methanol
(Scheme 3) produced 1 mol of N2 per 2 moles of selenoxide
(path a) while the same reaction in the presence of an excess of
alkene (prop-2-en-1-ol) gave 1 mol of N2 per mol of selenoxide

(path b). The observed quantitative transfer of hydrogen to the
alkene shows that cis-2 is produced specifically. The rate of
evolution of nitrogen does not follow a simple reaction order but
is approximately constant during the first 60% of the reaction
indicating the presence of an intermediate, presumably 2, at a
steady-state concentration. Plots of the reaction fraction against
time for cases a and b are almost superimposable, showing that
the bimolecular disporportionation of 2 into hydrazine and
dinitrogen is fast even at a very low concentration.

The preparative use of cis-2 generated by the hydrazine–
selenoxide reaction is illustrated by the examples shown in
Scheme 4. The reaction of 1a (2.3 mmol) and hydrazine hydrate
(5 mmol) with azobenzene (3) (2.1 mmol) in ethanol (3 ml) at
300 K gave complete decolourisation in 14 min. 1,2-Diph-
enylhydrazine (4) (93%) was isolated from the reaction mixture.
This result confirms the specific formation of cis-2. It further
demonstrates that a nucleophilic addition to the selenoxide
precedes the elimination step. While 4 is very readily oxidized
and is, in fact, slowly converted into 3 by selenoxides it is not
sufficiently nucleophilic to compete with hydrazine in the initial
addition step. The conversion of 3-(2-furyl)propenoic acid (5)
into 3-(2-furyl)propanoic acid (6) with 1 and 5 in the molar ratio
1+1 is included as a model for the reduction of a less reactive
hydrogen acceptor. In this case the reduction yields increase
with an increasing reaction period (Table 1) in accord with a
disproportionation (second order in 2) competing with the
hydrogen transfer to the alkene (first order in 2). The rate of
diimide generation qualitatively displays the same dependence

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Table 1 Yield versus reaction period in the conversion of 5 into 6

Selenoxide Conditions
Reaction
time/h

Reduction/
%a

1b 5, MeOH 0.8 38
1a 5, Na-salt, 67% aq. MeOH 2.0 63
1b 5, Na-salt, MeOH 2.5 71
1b 5, Na-salt, 67% aq. MeOH 48 92 (77)b

a Calculated from the molar ratio, N2/1. b Isolated, pure compound.
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upon the identity of 1 and the solvent composition as found in
the hydrogen peroxide reaction (see later). It may thus be
regulated by varying the identity of the selenoxide and/or
changing the composition of the medium to suit the hydro-
genation of alkenes with varying reactivities.

Since the kinetics of the hydrazine oxidation are not simple
we turned to the reaction of 1 with hydrogen peroxide in order
to obtain additional information on the medium dependence of
the addition–cycloelimination sequence. It has been reported9

that hydrogen peroxide is disproportionated into water and
dioxygen with selenoxides as catalysts. We suggest that the
catalytic cycle involves a reversible addition of hydrogen
peroxide to 1 with formation of selenurane (7), a cycloelimina-
tion giving dioxygen and selenide (8) and a reoxidation step
(Scheme 5). This sequence is supported by the observation10

that tert-butyl hydroperoxide lacking the vicinal hydrogen atom
necessary for the elimination does not give a similar reaction
and by our observation that 8 is present in the reaction mixtures
at steady-state concentrations depending on the identity of the
medium. The rate of oxygen evolution is first order in hydrogen
peroxide with an apparent rate constant proportional to the
concentration of the selenoxide. Some representative second
order rate constants are given in Table 2. This type of kinetics
can be reconciled with either of three situations: (i) rate
determining addition to give 7 (k1); (ii) rate determining
elimination to give 8 (k2) preceded by the formation of 7 in a
rapid equilibrium, (iii) rate determining reoxidation to 1 (k3).
The three steps appear to have comparable rates and depending
upon the medium either one may be rate determining. The
concentration of 8 is very low in neutral or acidic methanol
showing that k3 cannot be rate determining. Addition of
triethylamine gives an unchanged initial rate which subse-

quently falls off to about one third. At the latter stage 77Se NMR
shows 8 and 1 in the approximate ratio 2+1 thus indicating a
slow reoxidation. The reaction of 1b in methanol is acid
catalysed while that of 1a is not. This indicates a rate
determining addition step for 1b, at least in the absence of acid,
in accord with the report that the racemization of optically
active 1b, assumed to occur by reversible selenurane formation,
requires acid catalysis6 while 1a is racemized by water
alone.11,12

In THF the reactions of both 1a and 1b are acid catalysed.
This is hardly surprising. The formation of 7 is not an
elementary process but also involves a proton transfer step
which requires a proton donating component in the medium.
Two observations suggest that the elimination step may be rate
determining at high reaction rates. The reactions of 1a in neutral
and 1a and 1b in acidic methanol are more strongly inhibited by
water than the reactions of 1b in neutral methanol and 1a in
THF. Moreover, the order of reactivities 1a+1b is reversed in
acidic 94% methanol.

While the three-stage mechanism of hydrogen peroxide
decomposition seems established it cannot in the absence of
stereochemical information be finally shown that the elimina-
tion step is pericyclic. However, the observation that triethyl-
amine does not increase the initial rate in the reaction of 1a is a
strong argument against an acyclic, base or solvent assisted
reaction. The dissociative cycloelimination step calls for the
oxygen molecule to be produced in the singlet state. We were
unable to detect oxygen consumption by singlet oxygen
acceptors such as furanes. However, this cannot be taken as an
argument against the pericyclic reaction. The oxygen molecule
is generated in a solvent cage together with a molecule of 8
which, in analogy with diethyl sulfide13 is expected to be a
powerful quenching agent for singlet oxygen.

In conclusion, a dissociative cycloelimination reaction is
indicated by the stereospecific oxidation of hydrazine with 1 to
give cis-2. The same mechanism is compatible with the features
of the selenoxide (or selenide) catalysed disproportionation of
hydrogen peroxide in which case the disproportionation
releases no reactive intermediates into the reaction medium, a
feature of possible interest in selenium biochemistry.
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Scheme 5

Table 2 Second order rate constantsa (102 k/s21 M21 = 102 kobs [1]21) for
the selenoxide catalyzed decomposition of hydrogen peroxide at 300 K

Selenoxide 1a 1b

Conditions Neutral 4M AcOH Neutral 4M AcOH

Solvent:
94% MeOH 3.7 3.7 0.60 5.2
80% MeOH 1.5 1.7 0.43 1.5
60% MeOH 0.5 0.5 0.18 0.55

96% THF 2.0 5.8 0.36 0.95
90% THF 2.0 4.2 0.50
84% THF 2.0 3.2
a Reproducibility ± 20%.
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Regiochemistry in the deprotonation of bromopyridines was
found to be greatly influenced by the choice of metal amide
base, and DA-zincate and TMP-zincate turned out to be
excellent complementary practical agents for regioselective
metalation of bromopyridines.

Deprotonative metalation has been widely used as a facile
method for regioselective functionalization of various aromatic
compounds.1 Regioselective metalation has also been important
in pyridine chemistry and pyridine derivatives have been
employed as attractive functional molecules for supramolecular
chemistry.2 Much work has been done on selective lithiation
using lithium diisopropylamide (LDA) and other bases,3
including investigations by Effenberger and co-workers who
reported that the lithiation of 2-bromopyridine proceeds mainly
at the 3-position together with partial lithiation at the 4-position
using LDA in THF at 278 °C. These lithiospecies were trapped
by trimethylsilyl chloride using an in situ method (Scheme
1).4

In order to investigate regiochemistry in the deprotonative
metalation of pyridine, we screened metalating agents and
solvents in the lithiation of 2-bromopyridine. To our surprise,
when we carried out the reaction of 2-bromopyridine (1) with
LTMP and TMSCl using an in situ method at 278 °C in Et2O,
the 6-TMS derivative (4) was obtained exclusively in 65% yield
(Scheme 2). Related to this unique regioselectivity, Fort and co-
workers recently reported a unique selective lithiation at the
6-position of 2-chloropyridine or 2-methoxypyridine using a n-
BuLi and lithium dimethylaminoethoxide mixed reagent in
hexane;5 however their method is considered to be difficult to
apply to the lithiation of 2-bromopyridine due to the likely
competition with the bromine–lithium exchange reaction. To
the best of our knowledge, the reaction described above is the
first example of the regioselective deprotonative-lithiation of
2-bromopyridine at the 6-position. This complete reversal of the

regioselectivity by changing only the amide base and solvent
(LDA in THF vs. LTMP in Et2O) is noteworthy.

In some cases, pyridinyllithiums with a bromo substituent are
known to be unstable due to the formation of pyridyne,4b,6

lithium migration7 and so on. In order to overcome these side
reactions, the in situ method is effective by the existence of an
electrophile in the metalation process, but the range of
electrophiles has been limited. We therefore focused our
interest on the use of organozincate chemistry in the metalation
of bromopyridines, seeking a wider scope of direct functional-
ization. We recently disclosed that TMP-zincate is a highly
chemoselective base for aromatic metalation in the presence of
electrophilic substituents such as alkoxycarbonyl or cyano
groups and that it has also been found to be effective for a-
metalation of N-heteroaromatics8 in connection with our recent
studies on selective aromatic metalation.9

Intrigued by the above result on regioselective lithiation, we
turned our interest to the selective zincation of bromopyridines
using TMP-zincate (lithium di-tert-butyltetramethylpiperidino-
zincate) and DA-zincate (lithium di-tert-butyldiisopropylami-
nozincate). The reaction of 2-bromopyridine (1) with TMP-
zincate in Et2O proceeded at room temperature and treatment
with I2 gave 2-bromo-6-iodopyridine (6) in 86% yield together
with a trace amount of 2-bromo-3-iodopyridine (8). In contrast,
when DA-zincate was employed as a metalating agent and the
reaction was carried out at 220 °C, the metalation proceeded at
the 3-position preferentially and 2-bromo-3-iodopyridine (8)
was obtained in 72% avoiding the formation of 2,3-pyridyne
(Scheme 3). The intermediary bromopyridinylzincates 5 and 7
are relatively stable under those reaction conditions, and thus
the selective conversion without side reactions to the corre-
sponding bromoiodides was achieved.

The zincation of 3-bromopyridine was also examined and it
was found that TMP-zincate and DA-zincate show completely
different regioselectivity (Scheme 4). Namely, the reaction of
3-bromopyridine (9) with TMP-zincate in THF at room
temperature proceeded at the 2-position exclusively and
treatment with I2 gave 3-bromo-2-iodopyridine (11) in 68%
yield, whereas the zincation of 9 with DA-zincate occurred
predominantly at the 4-position and treatment with I2 gave
3-bromo- 4-iodopyridine (13) in 66% yield together with a trace
amount of 11. It is noteworthy that these results suggest that the
pyridinylzincates 10 and 12 cause no formation of pyridyne4b,6

throughout the reactions, even at room temperature.
Limited examples of the preparation of these bromoiodopyr-

idines using conventional methods are known but they some-
times require tricky steps or multi steps and particularly no
report on the preparation of 2-bromo-6-iodopyridine from
2-bromopyridine has appeared so far.10 The present re-
gioselective zincation is considered to provide a new effective
direct methodology.

In summary, regiocontrolled deprotonative metalation of
pyridine was achieved with excellent regioselectivity by
choosing one of the tunable aminozincates, and highly re-
gioselective transformation of bromopyridines was accom-
plished. Further studies are underway for understanding the
origin of the regioselectivity by the change of amide bases11 and

Scheme 1

Scheme 2
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also for applying the methodology for the preparation of unique
functional molecules using new carbon–carbon bond forming
reactions.
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An ionophore assisted metal-ion transport across block
copolymer membranes has been used to control the local
Ca2+ concentration during precipitation of calcium phos-
phate in giant block copolymer vesicles.

The controlled formation of inorganic minerals within organic
or polymeric matrices is successfully used by nature to design
biological composite materials such as bone or teeth.1 Many of
the mineralized tissues formed by organisms have superior
mechanical properties. Therefore it has been tempting for a long
time to mimic their design principles during fabrication of
synthetic (so-called AbiomimeticA) materials. Although the
detailed mechanisms of biomineralization are still not clarified
various models have been suggested that increase our under-
standing of these biological processes.2 A key step in the control
of mineralization employed by almost all organisms is an initial
allotment of space. This is usually achieved by cellular
membranes, predeposited macromolecular matrix frameworks
or vesicles. Subsequently minerals are precipitated under
controlled conditions within the individual compartments.
Vesicular structures are one of the most investigated in vitro
templates in biomimetic mineralization. Furthermore they also
play a crucial role in biological processes such as epiphyseal
cartilage or embryonic bone growth.1 Phospholipid vesicles
have been successfully used to mineralize and precipitate
inorganic solids, such as e.g. calcium phosphate3 or iron oxide4

within their interior.
Ion transport across the membranes of lipid vesicles can be

controlled by lipophilic ion carriers. This allows control of the
local ion concentration inside the vesicles during mineral-
ization.5 Similar to biological systems, also during biomimetic
mineralization, specific interactions between the matrix form-
ing material and the crystal planes of the growing nuclei are of
crucial importance6 for the structure and morphology of the
newly formed minerals. The high diversity of block copolymer
chemistry (i.e., the ease to modify their chemical constitution or
attach certain functionalities) makes the self assembled super-
structures of amphiphilic block copolymers ideally suited as
templates for biomimetic mineralization.7 Recently we could
show that even membrane proteins can be functionally
reconstituted in block copolymer membranes.8 Similar to
nature, such membrane proteins could potentially be used to
tune, for example, the interactions between the matrix and
minerals or to control the local ion concentration during
precipitation in block copolymer vesicles. The latter could be
achieved by incorporating ion carriers or specific ion channels
or pumps into the membrane. As a preliminary example of
this, we report here on ion carrier-assisted precipitation of
calcium phosphate in giant poly(2-methyloxazoline)–poly(di-
methylsiloxane)–poly(2-methyloxazoline) (PMOXA–PDMS–
PMOXA)9 triblock copolymer vesicles. In this work, phosphate
anions are encapsulated within the vesicles during their
formation. Since the Ca2+ ions from the external solution are not
able to permeate the triblock copolymer membranes, precipita-
tion of calcium phosphate in the vesicle interior requires a

transport system (see Fig. 1 for a schematic representation). As
representative model systems we used three different iono-
phores that should enable selective or unselective calcium
transport from the bulk medium into the intravesicular space.
Lasalocid A (X537A, from Fluka)10 and N,N-dicyclohexyl-
NA,NA-dioctadecyl-3-oxapentane-1,5-diamide (ETH5234, from
Buchs)11 transport cations via a carrier mechanism, where the
former shows no specific selectivity and the latter is highly
selective for calcium ions. Alamethicin (U22324, from
Sigma)12 is a channel forming peptide that transports cations
and anions unselectively.

To facilitate observation of the precipitated calcium phophate
we used giant unilamellar PMOXA–PDMS–PMOXA triblock
copolymer vesicles prepared by electro-formation. Here, usu-
ally a thin film of polymer is phoresed from conductive glasses
or adjactent platinum electrodes by an alternating current into
the aqueous solution.13 To obtain giant vesicles in higher yields
we used a slightly modified set-up based on a two-electrode cell
that had originally been designed for EPR studies.14 The cell
consists of a helically wound (0.5 mm diameter) gold wire
electrode and a 0.5 mm diameter straight platinum wire
supported by two Teflon holders. 2 ml (concentration: 10 g L21

polymer) of a chloroformic PMOXA–PDMS–PMOXA solution
was sprayed onto the gold electrode and the polymer formed a
thin film which was dried by blowing a stream of nitrogen over
the wire for about 1 min. Afterwards the electrodes were
immersed in 2.2 ml phosphate buffer (50 mM K3PO4, 10 mM
Hepes, 10 mM KCl; pH adjusted to 7.4 with KOH). Giant
vesicles were prepared by applying an ac voltage of 5 V at a
frequency of 10 Hz for 2 h followed by 30 min at 5 V and 5 Hz.
Phase contrast microscopy investigations indicated that the
resulting dispersion contained giant vesicles with diameters
between 1 and 2 mm in a very high density. Subsequently non-
encapsulated phosphate ions can be removed by dialysis against
buffer solution (10 mM Hepes, 110 mM KCl, pH = 7.4). After
addition of 2 ml of a calcium chloride solution (50 mM CaCl2,
10 mM Hepes, 35 mM KCl; pH adjusted to 7.4 with KOH) the
sample was divided into four aliquots of 1 ml. The first aliquot
was mixed with 18 ml of a U22324 solution (1.28 mM in
ethanol), the second with 18 ml of an X537A solution (0.44 mM
in ethanol) and the third with 18 ml of an ETH5234 solution
(0.41 mM in ethanol). As a control experiment we added 18 ml

Fig. 1 Schematic representation of ion-carrier controlled precipitation of
calcium phosphate in block copolymer vesicles.
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of pure ethanol to the fourth aliquot. All samples were incubated
at 4 °C and investigated after 1 and 24 h by transmission
electron microscopy. To avoid rupturing of the vesicles the
samples were kept in a hydrated state during the preparation
procedure. In the control experiment without ionophore no
precipitation of calcium phosphate occurred. This is in contrast
to observations with any of the three used ionophores in which
formation of crystals could be observed within the vesicular
structures. This clearly shows that the ionophores play a crucial
role for the transport of Ca2+ ions across the polymer
membranes. Fig. 2 shows a representative transmission electron
micrograph of phosphate containing triblock copolymer vesi-
cles after 1 and 24 h of incubation with CaCl2-solution in the
presence of U22324. As can directly be seen already after only
1 h calcium phosphate crystals start to grow at the inner surface
of the polymer membrane. After 24 h a considerable fraction of
the vesicle interior is filled with needle-like calcium phosphate
crystals. Longer incubation times did not lead any detectable
further growth of the crystals. Obviously after 24 h the
encapsulated phosphate ions have already been consumed. This
is also reflected by the fact that the volume of the minerals was
always in reasonable agreement with the starting concentration
of phosphate in the vesicle. Moreover, the inorganic crystals are
clearly confined to the inner cavity of the vesicles thus
indicating that crystal growth is limited by the shells of the
block copolymer vesicles.

In conclusion, we have successfully applied ionophores to
control ion concentration within ABA triblock copolymer
vesicles during mineralization of calcium phosphate. Although
the ionophores are still rather simple AvehiclesA to transport ions
across polymer membranes we believe that the concept of
combining artificial block copolymer membranes with natural
membrane proteins holds great potential for biomimetic
mineralization.

The possibility to incorporate additional design criteria to the
block copolymers is straightforward, e.g., functional groups that
lead to special surface characteristics of the resulting vesicles

which could be used to control the morphology of the resulting
minerals. In this context it is also interesting to note that nature
provides many more specific, unspecific and ligand gated
channels or pumps (that can additionally be genetically
modified!) which can be reconstituted in block copolymer
superstructures thus providing a unique tool to control the
permeation of ions across polymer membranes. Moreover, the
resulting combination of the enormous mechanical stability of
block copolymer aggregates with the specifity and efficiency of
naturally occurring membrane proteins could even be a helpful
tool to get a closer insight into the principles of bio-
mineralization.

Financial support from the Swiss National Science founda-
tion is gratefully acknowledged.
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A composite catalyst comprising a physical mixture of a
zeolite and a cobalt/manganese oxide Fischer–Tropsch
catalyst decreases the formation of methane in the hydro-
genation of carbon monoxide without significantly affecting
conversion.

The Fischer–Tropsch synthesis, in which carbon monoxide is
hydrogenated to linear C2+ hydrocarbons, continues to attract
considerable research attention.1,2 Part of this revival in interest
has been due to the commercialisation of the Shell Middle
Distillate Synthesis in Malaysia in 1993,3 as well as the recent
interest in the use of air blown methane partial oxidation
technology which eliminates the requirement for pure oxygen in
the overall process.4 However, the main interest concerns the
utilisation of remote natural gas reserves using the Fischer–
Tropsch synthesis as a liquefaction process. In this process,
methane is partially oxidised to CO + H2 which is then
converted to liquid hydrocarbons.1,2 It is essential that the yield
of methane, which can be a significant by-product in the
Fischer–Tropsch synthesis, is minimised. Previously, catalysts
that favour carbon–carbon bond formation have been preferred
for minimisation of methane, but the products produced are
typically waxes which require further processing.1–3 Use of
chain limiting Fischer–Tropsch catalysts,1,5,6 e.g. Fe/MnO or
Co/MnO, can produce liquid hydrocarbons with decreased
methane formation and, in particular, the Co/MnO catalyst
gives propene as the major product. Previously, many stud-
ies7–10 have attempted to modify the product distribution of
Fischer–Tropsch catalysts by supporting them on zeolites, but
this approach did not lead to a marked decrease in methane
yields, and most emphasis has concerned the synthesis of C6+
products. In these earlier studies, the catalysts were typically
prepared by impregnation of the zeolite and the use of a
composite of the zeolite with a chain limiting Fischer–Tropsch
catalyst as a simple physical mixture has been largely neglected.
We have now addressed this type of catalyst and, surprisingly,
we have observed that methane formation is significantly
decreased with the composite catalyst Co/MnO:H-ZSM-5.
Furthermore, we show the active sites present in the composite
catalyst can be formed reversibly, indicating that new catalyst

sites are formed at the interface between the zeolite and Co/
MnO particles.

Carbon monoxide hydrogenation (CO:H2 = 1+1 mol ratio)
was investigated using a Co/MnO catalyst (Co+Mn = 1+1,
prepared by coprecipitation5) physically mixed with boron
nitride (Co/MnO+BN = 1+1 by wt) using a standard laboratory
microreactor operating at atmospheric pressure. Under these
reaction conditions (Table 1, experiment 1) the formation of
methane as a by-product is the preferred reaction. No reaction
was observed for CO hydrogenation over boron nitride or H-
ZSM-5 in the absence of Co/MnO. The catalyst performance
was found to be stable for 4100 h time-on-stream. In a
subsequent experiment (Table 1, experiment 2), a physical
mixture of pellets (600–1000 mm) of Co/MnO and zeolite H-
ZSM-5 (Si+Al ratio = 80) was tested under identical reaction
conditions and it is apparent that the selectivity of methane is
decreased by a factor of 2, without any significant effect on
conversion being observed. Use of the sodium-exchanged form
of zeolite (Table 1, experiment 3) also decreased the selectivity
to methane but, in this case, the conversion of carbon monoxide
was significantly decreased. Use of zeolite H-ZSM-5 with a
higher concentration of acid sites (Si:Al = 30) also showed
decreased methane formation (Table 1, experiment 4). Inter-
estingly, a physical mixture of Co/MnO with silicalite (the
aluminium-free form of ZSM-5) did not give any marked
reduction in the formation of methane (Table 1, experiment 5).
This indicates that the acidity of the zeolite is an important
factor with respect to the reduction in methane formation.
Similar effects of decreased methane formation were observed
when the Co/MnO catalyst was mixed as a physical mixture
with zeolite b and, to a lesser extent, with zeolite Y (Table 1,
experiments 6 and 7). This indicates the effect can be observed
with several zeolites.

In a subsequent set of experiments, we demonstrate that the
active sites responsible for the decreased methane formation can
be produced reversibly. In this experiment, a physical mixture
of pellets of the Co/MnO catalyst (600–1000 mm) with zeolite
H-ZSM-5 powder (Si/Al = 80) were reacted for ca. 100 h and
the product selectivities by carbon number are given in Fig. 1.
Following reaction, the catalyst was cooled in dry N2 and the

Table 1 CO hydrogenation over Co/MnO : zeolite composite catalystsa

CO con- Product selectivity (wt%)
Expt. version
no. Catalystb (%) CH4 C2H4 C2H6 C3H6 C3H8 C4H8 C4H10 C5H10 C5H12 C6+ Ethanal Propanal Butanal

1 Co/MnO+BN 14.8 38.7 2.5 3.7 12.8 2.8 13.6 1.0 6.5 9.3 9.0 trc tr 0
2 Co/MnO+H-ZSM-5(80) 15.6 19.2 5.6 3.1 6.5 6.6 20.4 8.2 10.8 15.3 3.8 0 0.5 0
3 Co/MnO+Na-ZSM-5(80) 1.0 24.9 8.9 tr 9.8 13.3 2.2 27.9 12.2 tr tr 0.4 1.7 1.0
4 Co/MnO+H-ZSM-5(30) 8.1 18.2 8.1 3.1 9.3 7.9 15.8 13.4 7.0 13.1 4.8 0. 0.1 0
5 Co/MnO+silicalite 9.4 34.6 3.5 4.3 13.3 3.4 5.7 12.1 1.8 12.6 8.7 0 0.1 0
6 Co/MnO+zeolite Y 13.4 32.6 2.2 4.1 12.6 3.7 2.4 12.7 0.7 17.9 10.6 0 0.2 0.4
7 Co/MnO+zeolite b 3.4 22.3 3.3 1.7 2.6 1.6 39.4 2.4 24.8 1.8 0.1 0 tr tr
a Reaction conditions: 206 °C, CO:H2 = 1+1 mol ratio, GHSV = 200 h21, P = 101 kPa. Data recorded at ca. 100 h time-on-stream. b All catalysts physical
mixtures (1+1 by wt) of pellets of the individual components (600–1000 mm), zeolites obtained commercially from PQ Corporation, zeolite Y (Si/Al ratio
= 4.3), zeolite b (Si/Al ratio = 2.5). c tr = trace.
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Co/MnO catalyst was separated by sieving from the H-ZSM-5
and the catalyst was tested again for CO hydrogenation
following mixing with boron nitride powder (1+1 physical
mixture) and it is clear that, in the absence of the zeolite, the
methane selectivity is significantly enhanced and is similar to
that observed for the fresh Co/MnO:BN catalyst mixture (Fig.
1). It is, of course, possible that not all the H-ZSM-5 has been
removed by the sieving procedure and this may account for the
small differences observed. After reaction for a further 100 h,
the Co/MnO catalyst was cooled in dry N2 and was again
separated by sieving and it was then mixed with fresh zeolite H-
ZSM-5 (Si/Al = 80) in a simple physical mixture (Co/MnO:H-
ZSM-5 = 1+1 by wt). The results (Fig. 1) clearly show that the
methane selectivity is significantly decreased and the higher
hydrocarbons, particularly C3, are enhanced.

The effect was also observed when the catalysts were tested
at a higher pressure using the same contact time (Table 2). At
the higher pressure, methane formation is much lower when the
Co/MnO catalyst is tested alone (Table 2, experiment 1). This is

because carbon–carbon bond formation is favoured as the
reaction pressure is increased.1,2 However, the methane se-
lectivity is still decreased when zeolite H-ZSM-5 (Si/Al = 80)
is physically mixed with the Co/MnO catalyst. Although the
effect is much less marked, it was observed over extended
catalyst testing for periods of up to 1000 h.

It is interesting to consider the origin of this effect. We
consider that the physical interaction of the Co/MnO and the
zeolite particles creates new active sites at the interface. These
sites comprise a combination of a strong acid together with a CO
hydrogenation catalyst. The origin of the effect may be similar
to the reduction in methane formation that is observed when
ethene is added to CO hydrogenation when Co/MnO is used as
catalyst11 and may involve the activation of the C–H bonds of
hydrocarbon, including methane, by polarisation at the interface
between the zeolite and the Co/MnO.

We thank Dr S. Jones for useful discussions and Advantica
Technologies Ltd. and the EPSRC for financial support.
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Table 2 CO hydrogenation over Co/MnO:H-ZSM-5 composite catalystsa

Time CO con- Product selectivity (wt%)
Expt. on version
no. Catalyst line/h (%) CH4 C2H4 C2H6 C3H6 C3H8 C4H8 C4H10 C5H10 C5H12 C6+ Ethanal Propanal Butanal

1 Co/MnO+BN 178 8.6 13.9 11.9 3.5 21.8 8.8 10.6 5.4 6.9 4.7 7.9 1.1 1.6 3.9
2 Co/MnO+BN 396 12.4 12.2 8.8 3.2 22.6 9.1 11.8 6.1 9.3 5.8 10.7 0.9 2.4 1.2
3 Co/MnO+BN 461 11.4 11.2 8.8 3.3 23.1 9.0 12.2 6.5 10.7 6.3 7.9 0.8 2.2 1.4
4 Co/MnO+H-ZSM-5(80) 178 16.0 8.8 13.6 3.2 24.9 10.8 9.4 7.5 5.4 6.4 6.2 1.0 0.8 2.1
5 Co/MnO+H-ZSM-5(80) 410 11.0 9.7 9.2 4.1 24.2 9.6 11.6 9.1 7.5 4.9 6.6 1.0 0.8 2.1
a Reaction conditions: 206 °C, CO+H2 = 1+1 mol ratio, GHSV = 4400 h21, P = 2.2 MPa. 

Fig. 1 Selectivity for C1 –C6+ hydrocarbons for the hydrogenation of CO. (a)
Co/MnO+BN (1+1 by wt) physical mixture, (b) Co/MnO:H-ZSM-5 (Si/Al
= 80, 1+1 by wt) physical mixture, (c) Co/MnO recovered by sieving
following experiment (b) mixed with fresh boron nitride as physical mixture
(1+1 by wt), (d) Co/MnO recovered by sieving following experiment (c)
mixed with fresh H-ZSM-5 (Si/Al = 80) as physical mixture (1+1 by wt).
Reaction conditions: 206 °C, CO = H2 = 1+1 mol ratio, GHSV = 200 h21,
101 kPa.
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Easily prepared and air-stable methylidynetricobalt nona-
carbonyl could be used as a catalyst for the intramolecular
[2+2+1]-cocyclization of diynes and carbon monoxide pro-
ducing cyclopentadienones.

Cyclopentadienones are anticipated versatile building blocks in
synthetic organic chemistry due to the formal ease in introduc-
tion of a variety of functionalities at all positions on the ring.1,2

Since the compounds have anti-aromatic nature, availability
would seem to be troublesome. The assistance of transition
metal complexes in the [2+2+1]-cocyclization of alkynes and
carbon monoxide appears as a promising method to prepare
cyclopentadienones.3 In most cases, however, a stoichiometric
amount of complex is required, since the newly formed
cyclopentadienone tends to remain coordinated onto the
metal.4,5 Unexpectedly we were led to discover that the
cocyclization of alkynes and carbon monoxide can be catalysed
by certain polynuclear cobalt carbonyl complexes.

At first, we chose 1 as a substrate and investigated the
cyclization catalyzed by polynuclear cobalt carbonyl complexes
under various conditions. The results are shown in Table 1.

Since some alkylidynetricobalt nonacarbonyls6 4 were
known to catalyze the Pauson-Khand reaction without any
additive,7,8 we first chose these clusters as catalysts for the
cyclization. When the structurally simplest methylidynetrico-
balt nonacarbonyl (4a) was used, the desired 29 was produced in
24% yield along with 3 even under an argon atmosphere (Entry
1). More than half of the carbon monoxide in the cluster was
incorporated into the products. Whereas the catalytic activity
was not increased dramatically under 1 atm pressure of carbon
monoxide (Entry 2), the reaction under 20 atm of carbon
monoxide proceeded in a good yield (Entry 3). It should be
mentioned that 4a was also recovered in 70% yield by silica gel
column chromatography (Entry 3). Since the reaction of 1 in the
presence of 0.01 equiv. of 4a produced 2 in 32% yield, a certain
amount of 4a was required to complete the reaction and 4a was
recyclable under these conditions. Among the solvents investi-

gated (such as THF, DME, CH2Cl2, MeCN, DMF, and EtOH)
toluene seemed to be the best for this reaction in terms of the
yield of 2 and the recovery of 4a. When the reaction was carried
out at 120 °C for 48 h, only 3 was obtained and 4a was not
recovered at all (Entry 4). The prolonged reaction time at higher
temperature brought about the decomposition of the cluster,
which might have promoted isomerization of one of the alkenes
to produce 3. A variety of clusters was also investigated.
Whereas the thermally stable clusters, such as 4b–e, did not
catalyze the cyclization (Entries 5–8), ones having hydrogen
and bromine brought about fruitful results (Entries 3 and 9).
While it is known that treatment of 4f in refluxing toluene gave
4g, 4g itself also catalyzed the cyclization but the yield was
lower than the case of 4f (Entry 10). Finally, dicobalt
octacarbonyl 5 and tetracobalt dodecacarbonyl 6 also catalyzed
the cyclization (Entries 11 and 12), although the catalytic
activity was less than 4a. The difference of reactivity between
4a, 5, and 6 was also observed in the cyclization of 7 (Scheme
1). When 4a was used as a catalyst, the desired 8 was produced
in 48% yield along with the recovery of 7, whereas the reaction
with 5 or 6 was not fruitful. Since the cluster is more stable
against auto-oxidation than the binary cobalt carbonyl com-
plexes such as 5 and 6, placing one carbon unit in the core brings
stability and reactivity. Methylidynetricobalt nonacarbonyl
showed the best catalytic activity in the cyclization.

The conditions for the catalytic synthesis of cyclopentadie-
nones were fixed and were applied for various substrates. The
intermolecular cyclization of diphenylacetylene, 1-phenyl-
2-triethylsilylacetylene, bis(trimethylsilyl)acetylene, and bis-

Table 1 Cyclization of 1 catalyzed by cobalt complexesa

Atmosphere Temp. Time Yield (%)
Entry Catalyst (atm) (°C) (h) 2 3 1

1 4ab Ar(1) reflux 10 24 5 51
2 4ab CO(1) reflux 10 32 4 45
3 4ac CO(20) 95 10 96 — —
4 4a CO(20) 120 48 — 89 —
5 4b CO(20) 95 10 — — 99
6 4c CO(20) 95 10 — — 100
7 4d CO(20) 95 10 — — 98
8 4e CO(20) 95 10 — — 98
9 4f CO(20) 95 10 80 2 11
10 4g CO(20) 95 10 53 4 42
11 5 CO(20) 95 10 73 5 15
12 6 CO(20) 95 10 55 8 36
a A 0.125 M solution of 1 and 0.015 equiv. of the catalyst was stirred.b A
0.05 equiv. of the catalyst was used.c 4a was recovered in 70% yield.

Scheme 1
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(triphenylsily)acetylene did not produce the cyclopentadie-
nones and recovered the starting alkynes and 4a. When
oct-4-yne was treated under the same conditions, hexa(n-
propyl)benzene was produced in 99% yield.10 The cyclization
could proceed only when the diynes with three or four atoms’

tether had an aromatic or silyl group on both termini of the
alkynes (Table 2). In all cases shown in Table 2, the desired
cyclopentadienones9 were produced in good yields.

In conclusion, we have developed a method for catalytic
synthesis of cyclopentadienones by methylidynetricobalt nona-
carbonyl. The cluster combines the advantages of being both
easy to handle and catalytically active.

This work is supported in part by grants from the Asahi Glass
Foundation and the Ministry of Education, Science, Sports, and
Culture, Japan. TS gratefully thanks Professor Masahiko
Yamaguchi at the Graduate School of Pharmaceutical Sciences,
Tohoku University, Japan for his helpful discussion.
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Table 2 The cyclization of diynes catalyzed by methylidynetricobalt
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4a Yield Recovery of
Entry S.M. (mol%) Product (%) S. M. (%)

1 9 1.5 10 70 15
2 9 3.0 10 92 —
3 11 1.5 12 92 —
4 13 1.5 14 90 —
5 15 1.5 16 62 29
6 17 1.5 18 85 8
7 19 1.5 20 45 34
8 21 1.5 22 88 —
9 23 3.0 24 72 —

10 25 3.0 26 70 —
11 27 3.0 28 83 —
12 29 3.0 30 84 —
13 31 3.0 32 35 60
a All reactions were carried out in a 0.125 M solution of toluene at 95 °C
under 20 atm of carbon monoxide in the presence of 4a.
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Variable temperature NMR and EPR spectroscopic studies
provide rates and activation parameters for alkyne rotation
and oscillation, respectively, in the fluxional redox pair
[Mo{P(OMe)3}2(MeC·CMe)Cp][BF4] (diamagnetic) and
[Mo{P(OMe)3}2(MeC·CMe)Cp] (paramagnetic).

Although ‘piano-stool’ alkyne complexes of molybdenum1–4

were first formulated as 16-electron species, with the alkyne
acting as a two-electron donor, it was soon recognised that this
ligand could act as a four-electron donor, thus bringing the
formal electron count to 18.5 The crystal structures of
[Mo{P(OMe)3}2(h2-HC·CBut)Cp]+ 6 and [Mo{(MeO)2PO-
BF2OP(OMe)2}(h2-PhC·CPh)Cp]+ 7 show the alkyne aligned
parallel to one of the metal–phosphorus bonds, as in iso-
electronic tungsten and vanadium species.8,9

If maintained in solution this geometry would lead to
different environments for RA and RB in an alkyne RAC·CRB
and, therefore, separate signals in the 1H NMR spectrum even
when RA = RB. At room temperature, however, only one signal
is often observed due to a propeller-like rotation [Fig. 1(a)] of
the alkyne ligand rendering RA and RB equivalent. In some cases
this rotation process is frozen out at low temperature, and an
activation energy, DG‡, can be estimated from the coalescence
temperature of the appropriate signals in the 1H NMR spectrum,
e.g. ca. 60 and 47 kJ mol21 for [Mo(dppe)(h2-MeC·C-
Me)Cp][PF6]1 and [Mo(dmpe)(h2-MeC·CMe)Cp][BF4],4 re-
spectively.

We have recently described the effects of electron-transfer on
the structures of metal–alkyne complexes via single crystal X-

ray diffraction studies of the redox pairs [Cr(CO)2(h-
PhC·CPh)(h-C6Me6)]z, [Mo(CO)2(h-PhC·CPh)TpA]z 10 and
[WX(CO)(MeC·CMe)TpA]z (X = Cl and Br; z = 0 or 1).11 This
communication reports the solution behaviour of the redox pair
[Mo{P(OMe)3}2(h2-MeC·CMe)Cp][BF4], 1+[BF4]2, and [Mo-
{P(OMe)3}2(h2-MeC·CMe)Cp], 1 (and related complexes)
where NMR and EPR spectroscopic studies allow the fluxional
behaviour of the diamagnetic and paramagnetic species re-
spectively to be quantified and compared.

Variable temperature 1H NMR spectroscopic studies of
1+[BF4]2 in CD3OD show that the room temperature singlet (d
3.03) attributable to the alkyne methyl groups becomes two
signals (d 2.93, 3.11) below about 200 K. Line shape analysis12

of spectra recorded at 2 K intervals between 208 and 188 K
gives DH‡ = 40.9(2) kJ mol21 and DS‡ = 9(1) J mol21 K21,
and (at 298 K) a rate constant, k, of 1.2 3 106 s21 for the
propeller-like rotation. Similar values in CD2Cl2 show that there
is relatively little solvent effect on this intramolecular process
(Table 1).

These results do not, however, show that the alkyne is
stationary at 188 K as the 1H NMR spectrum still shows the two
P(OMe)3 ligands to be equivalent; a stationary alkyne aligned
with one of the M–P bonds, as in the crystal structures noted
above6,7 would create different environments for the two
phosphite ligands, as well as for RA and RB. Thus, a second
fluxional process, namely an oscillation of the alkyne [Fig. 1(b)]
which renders the two phosphite ligands magnetically equiva-
lent while RA and RB remain inequivalent, still operates at this
temperature.

Cyclic voltammetry shows that 1+[BF4]2 undergoes reversi-
ble reduction at 21.25 V vs. SCE at a platinum electrode in
dichloromethane. Accordingly, complex 1 was generated by
adding solid [Co(h-C5Me5)2] (EoA = 21.48 V)13 to a frozen
solution of 1+[BF4]2 in a 2+1 mixture of thf–CH2Cl2 and
allowing the mixture to thaw slowly. Surprisingly, the EPR
spectra of the resulting solution of 1 are similar to the NMR
spectra of 1+[BF4]2 in that they too reveal a temperature-
dependent fluxional process. (The observation of fluxional
behaviour for paramagnetic organometallic complexes on the
EPR timescale is very unusual.14,15)

At 280 K the EPR spectrum of 1 [Fig. 2(a)] shows a triplet
( < A31P > = 11.25 G), resulting from coupling of the unpaired
electron to two equivalent phosphorus nuclei and arising from
either alkyne oscillation or rotation. As the temperature is
lowered to 160 K the triplet gradually becomes a doublet due to

Fig. 1 (a) Propeller-like rotation, and (b) oscillation, of the coordinated
alkyne of [ML2(RAC·CRB)Cp] (L = PR3). The horizontal line denotes the
Cp ligand.

Table 1 Activation parameters for, and rates of, fluxional processes for metal–alkyne complexes

Complex DH‡/kJ mol21 DS‡/mol21 K21 k/s21a

[Mo{P(OMe)3}2(h2-MeC·CMe)Cp]+, 1+b 40.9(2) 9(1) 1.2 3 106

[Mo{P(OMe)3}2(h2-MeC·CMe)Cp]+, 1+c 39.5(4) 22(2) 6.0 3 105

[Mo{P(OMe)3}2(h2-MeC·CMe)Cp] 1 13.2(3) 214(2) 1.0 3 109

[Mo{P(OMe)3}2(h2-PhC·CPh)Cp] 21.6(4) 24(2) 1.3 3 109

[Mo{P(OMe)3}2(h2-DC·CBut)Cp] 24.7(7) 25(3) 3.2 3 108

a At 298 K.b In CD3OD.c In CD2Cl2
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coupling to only one phosphorus nucleus ( < A31P > = 18.8 G)
[Fig. 2(b)], now implying a stationary alkyne ligand. Line shape
analysis14 of spectra recorded at 10 K intervals from 240 to 160
K gives values for the fluxional process of DH‡ = 13.2(3) kJ
mol21 and DS‡ = 214(2) J mol21 K21, and a rate constant k (at
298 K) of 1.0 3 109 s21. {Similar results were obtained for
[Mo{P(OMe)3}2(h2-PhC·CPh)Cp] and [Mo{P(OMe)3}2(h2-
DC·CBut)Cp] (in toluene) (Table 1)}.

Given that EHMO calculations, based on the crystal structure
of [Mo{P(OMe)3}2(h2-HC·CBut)Cp]+, show that the barrier to
alkyne oscillation is significantly lower than the barrier to
rotation we conclude that the fluxional process observed for 1
involves alkyne oscillation. It is therefore apparent that the
fluxional behaviour involving the metal–alkyne units of 1+ and
1 involve different processes, i.e. alkyne rotation in the
monocation and a much faster oscillation process in the neutral
species.

The EHMO calculations also indicate that although the
SOMO of 1 is based largely on the metal, there is a significant
amount of unpaired electron density on the alkyne. In
agreement, coupling to the alkyne H atom ( < A1H > = 4.2 G
between 210 and 310 K) as well as to the phosphorus atoms

( < A31P > ca. 18.4 G at lower temperatures, for the single P
coupling) is observed in the EPR spectrum of [Mo{P(O-
Me)3}2(h2-HC·CBut)Cp]. Thus, C-based radical-like behav-
iour is anticipated for 1 and related paramagnetic alkyne
complexes.

We thank the EPSRC for a Postdoctoral Research Associate-
ship (to C. J. A.).
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A variety of cyclic and acyclic allylic alcohols undergo
efficient chemo-, regio- and/or stereoselective epoxidations
in neutral aqueous solutions of amphiphilic carbohydrates
(sucrose, L-arabinose, methyl or ethyl b-D-fructopyranoside)
by using dilute hydrogen peroxide in the presence of
molybdic or tungstic salts.

Epoxides are versatile building blocks for organic synthesis,
because the epoxide group can be readily opened to produce
vicinal functionalities. Chemo-, regio-, diastereo- and enantio-
selective processes have therefore been developed over the last
decades for the synthesis of oxiranes.1 Traditionally, the
conversion of an alkene into an epoxide is performed by using
peroxycarboxylic acids or tert-butyl hydroperoxide in conjunc-
tion with transition metal catalysts in organic solvents.1
Nevertheless the need for reducing the amounts of toxic waste
from chemical processes requires the use of environmentally
friendly solvents and reagents. In this context, intensive efforts
have been developed in the field of organic synthesis in water.2,3

In this communication, we report a novel and very simple route
for epoxidation of allylic alcohols by aqueous hydrogen
peroxide4 in the presence of molybdic or tungstic salts5 in
neutral aqueous solutions of non surfactant amphiphilic car-
bohydrates.

Reactions were carried out in water solutions of selected
carbohydrates, e.g. sucrose 1, a-L-arabinopyranose 2 and
methyl or ethyl b-D-fructopyranoside 3a,b (Fig. 1). Recent
reinvestigation of sucrose conformation in water reveals the
existence of an interresidue water-bridge.6 This conformation
resembles that found in the crystal7 and in polar aprotic
solvents.8 Applying the Oxford Molecular MAD program9 to
that conformation of sucrose revealed the outside section of the
fructose moiety to be hydrophobic in type.10

The composition of an equilibrated mixture of L-arabinose 2
in water greatly favours pyranoses (60% a, 35% b) over
furanoses (3% a, 2% b) at 25 °C.11 In the most abundant a-
pyranose form, L-arabinose 2a is characterised by an arrange-
ment of hydroxy, methine and methylene groups which divides
the molecule into hydrophobic and hydrophilic surfaces. This
expectation is clearly corroborated by computation of the
hydrophilicity potential. Moreover, we have synthesised methyl
and ethyl b-D-fructopyranosides 3a and 3b, respectively,
according to a procedure recently developed in our laboratory.12

Carbohydrates 1–3a,b display therefore facial amphiphilicity
and apolar organic compounds are expected to interact in
aqueous media with the hydrophobic regions of these sugars in
order to minimise unfavourable interactions with water. Aque-
ous solutions of amphiphilic carbohydrates are therefore
expected i) to enhance the solubility of allylic alcohols and ii) to
localise and to orientate the organic substrates.

Epoxidations of allylic alcohols (Fig. 2, 1 mmol) were
performed with 30% hydrogen peroxide (10 mmol) in the
presence of molybdic acid or sodium tungstate (0.1 mmol) in
aqueous buffered solutions (20 mL, pH7, phosphate buffer)

containing 20 mmol (molar solutions) of sugar additives. Indeed
epoxidations were therefore carried out in dilute ~ 2% aqueous
hydrogen peroxide. The reactions were stirred for 12–72 h
(Table 1) at +2 °C and the products were then easily extracted
with diethyl ether and their purity was determined by capillary
GLC analysis. To compare our system with previously
described aqueous solutions of surfactants,13 some epoxidations
were carried out under the same conditions without any
amphiphilic carbohydrate.

Results of the epoxidation of a number of acyclic and cyclic
allylic alcohols are reported in Table 1. Simple allylic alcohols
4–8 (entries 1–6) afforded the corresponding epoxides in high
conversion yields when reactions were performed in the
presence of carbohydrates 1 or 2. It is noteworthy that no enone
formation was observed14 (see for example entry 2) and that
conversion of the less reactive terminal olefin 51 was dramat-
ically enhanced in the presence of sucrose additive (entries 2, 3).
Moreover, under the present conditions, no triol, resulting from
oxirane opening, could be detected.

In order to extend our investigation on the regioselectivity of
the reaction, geraniol 9 and nerol 10 were chosen as typical
polyolefinic substrates that are sparingly soluble in pure waterFig. 1 Structure and hydrophobic areas of amphiphilic carbohydrates 1–3.

Fig. 2 Selected allylic alcohols 4–13.
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but highly soluble in 1 M sucrose solutions. A site-selective
epoxidation occurred at the least electron-rich allylic double
bond and pure 2,3-epoxy-geraniol and -nerol were isolated in
high yields (entries 7, 8). Unfortunately, epoxidation of geraniol
9 in the presence of sucrose gave 2,3-epoxygeraniol with
modest enantioselectivity (ee = 10% determined by polari-
metry). Our results obtained in neutral media therefore compare
favourably with previous work performed with peracids in
strongly alkaline media13 or with transition metal catalysed
epoxidations in organic solvents.15,16

Oxidations of six-membered cyclic substrates (Table 1,
entries 9–15) indicated that enone formation competed with
epoxidation. The ratio of oxirane to ketone showed a pro-
nounced dependence on both substrates and reaction conditions
as exemplified by entries 14 and 15. The best chemoselectivities
were attained by using tungsten(VI) catalyst in the presence of
sugar additives. Moreover, it is important to mention that
solutions containing fructosides and catalyst could be recycled
for further experiments without loss of conversion yield,
chemoselectivity and stereoselectivity (entry 12).

The results presented here suggest OH-assisted epoxidation
of allylic alcohols, presumably related to the formation of an
intermediate in which the olefinic alcohol is most likely
coordinated to the metal via the hydroxy group. Such an
intermediate was previously suggested for tungsten catalysed
epoxidations in protic media.16,17 The next step was therefore to
ascertain whether sugar–substrate and/or intermediate inter-
actions were strong enough to promote stereodiscrimination in

the epoxidation reaction. Some significant results for the
epoxidation of representative cyclic and acyclic allylic alcohols
are listed in Table 2. The data indicate that acyclic alcohols 4–8
gave mixtures of erythro/threo epoxides. Nevertheless, epox-
idation in glycosidic aqueous media generates stereoselectively
erythro enriched epoxy alcohols. This outcome is the same as
for metal catalysed systems in organic solvents but is opposite
to that obtained using peroxyacids in organic media.16

In the case of cyclohex-2-enols 11–13 the epoxidation was
highly stereoselective when compared with the results obtained
by a peracid epoxidation (Table 2). In particular, allylic alcohols
11–12 gave exclusively the product where epoxide and OH
functions are cis to each other when the reactions were
performed in aqueous solutions of D-fructose derivatives 3a or
3b in the presence of Mo+6 or W+6 catalyst. Once again,
comparison of cis+trans ratio underlines the role played by
arabinose as additive (entries 7 and 8).

The predictable sense of the addition to cyclic olefins can be
rationalised by means of a model where hydrophobic inter-
actions are probably involved between the most hydrophobic
face of the cyclic alcohol and that of sugar additive. These
interactions may account for the enhanced stereoselective
hydroxy directed epoxidation of cyclic allylic alcohols observed
herein.

In conclusion, it was shown that dilute hydrogen peroxide
together with molybdenum(VI) or tungsten(VI) salts is an
efficient system for the chemo-, regio- and stereoselective
epoxidation of allylic alcohols in aqueous solutions of carbohy-
drates characterised by a facial amphiphilicity.
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Table 1 Epoxidation of allylic alcohols with H2O2–metal catalyst in
aqueous neutral solutions of glycosidic additives at + 2 °C

Entry Alcohol Additive
Metal
catalyst

Reaction
time (h)

Con-
version
(%)

Epoxide:
ketone
ratio

Isolated
yield
(%)

1 4 1 Mo+6 24 100 > 99+1 75
2 5 1 Mo+6 72 78 > 99+1a 72
3 5 — Mo+6 72 30 > 99+1 28
4 6 1 W+6 24 100 95+5 83
5 7 1 Mo+6 72 92 > 99+1 83
6 8 2 Mo+6 72 97 > 99+1 88
7 9 1 Mo+6 48 94 > 99+1 92
8 10 1 Mo+6 48 98 > 99+1 92
9 11 2 Mo+6 24 97 90+10 80

10 11 3a W+6 48 100 97+3 86
11 11 3b W+6 48 100 97+3 85
12b 11 3b W+6 48 100 98+2 84
13 12 1 W+6 72 100 83+17 80
14 13 2 Mo+6 24 70 87+13 66
15 13 — Mo+6 48 72 60+40 68
16 13 3a Mo+6 24 70 85+15 67
a Oxirane oxidation in CH2Cl2 gave 51+49.14b Recycled aqueous solution
from entry 11.

Table 2 Diastereoselective epoxidations of allylic alcohols in aqueous
neutral solutions of carbohydrates 1–3

Entry Substrate Additive
Metal
catalyst

dra

erythro+threo
(cis+trans)

mCPBA or
analogues
(lit.)

1 4 1 Mo+6 68+32 30+7013

2 5 1 Mo+6 68+32 38+6214

3 8 1 Mo+6 62+38 36+6414

4 11 2 Mo+6 (99+1) (95+5)18

11 3a or 3b W+6 ( > 99+1) (95+5)18

5 12 1 W+6 (95+5)
6 12 3a or 3b W+6 ( > 99+1)
7 13 2 Mo+6 (94+6) (90+10)
8 13 — Mo+6 (89+11)
a dr: diastereoisomeric ratio were determined by GLC. erythro/threo refers
to acyclic substrates whereas cis/trans to cyclic products.

Chem. Commun., 2001, 2460–2461 2461



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Exploiting modularity in template-controlled synthesis: a new linear
template to direct reactivity within discrete hydrogen-bonded
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Co-crystallization of 1,8-naphthalenedicarboxylic acid
(1,8-nap) with trans-1,2-bis(n-pyridyl)ethylene (n,nA-bpe) (n
= 2 or 4) yields a discrete four-component molecular
assembly, 2(n,nA-bpe)·2(1,8-nap) 1, that is held together by
four O–H…N hydrogen bonds where the dicarboxylic acid,
serving as a linear template, directs alignment of olefins in
the solid state for [2 + 2] photoreaction.

Molecules that function as linear templates1,2 are emerging as
tools for applying principles of molecular recognition,3 supra-
molecular chemistry,4 and self-assembly5 for the control of
covalent-bond-making processes that lead to the design of
molecules,6 oligomers,7 and polymers8 in solution6a,d,7 and the
solid state.6b,c,8 In addition to facilitating stereo- and regio-
controlled positioning of reactive sites with atomic-level
precision, linear templates are promising tools for gaining
control of reactivity that approaches the nanometer-scale level,
and beyond (i.e. > 10 Å),9 owing to an ability of such molecules
to enforce predetermined topologies upon reactants, circum-
venting problems of molecular entanglement10 that can lead to
poor selectivities and product yields. Indeed, to extend linear
templates beyond the reach of current synthetic methodologies,1
it will be necessary to exploit the inherent modularity of such a
template approach9 by devising templates, reactants, and
reactions that may be readily interchanged. Moreover, by
establishing such synthetic flexibilities, ready access to mole-
cules and materials not accessible using traditional approaches
to synthesis may be realized.6–8

We are utilizing linear templates to control reactivity in
molecular solids.6b In particular, we have revealed the ability of
resorcinol, and derivatives, to function as linear templates in the
solid-state by organizing, by way of hydrogen bonds, olefins
attached to symmetrically substituted bipyridines in position for
[2+2] photoreaction.11 By enforcing reaction to occur within a
discrete molecular assembly,5 this approach eliminates many
vexatious problems of intermolecular forces that have made
such topochemical designs unreliable,11 providing a reliable
means to make covalent bonds in solids. Such an ability to
deliberately control chemical reactivity offers a prospect of
eliminating waste organic solvent in molecular synthesis (i.e.
green chemistry)12 and gaining access to molecules less
obtainable, or completely inaccessible, in solution.

We are currently identifying molecules that function as linear
templates. Owing to the modularity of the approach, we
reasoned that it should be possible to engineer molecules that
possess structures largely preorganized,13 in a similar way to
resorcinol, to align olefins within discrete assemblies, giving
rise to template libraries.8 Here, we reveal the ability of
1,8-naphthalenedicarboxylic acid (1,8-nap), in 2(4,4A-
bpe)·2(1,8-nap) 1a and 2(2,2A-bpe)·2(1,8-nap) 1b (where 4,4A-
bpe = trans-1,2-bis(4-pyridyl)ethylene, 2,2A-bpe = trans-
1,2-bis(2-pyridyl)ethylene), to function, in a similar way to
resorcinol, as a linear hydrogen bond donor template. Following
work of Feldman and Campbell,14 we anticipated that co-
crystallization of 1,8-nap with either 4,4A-bpe or 2,2A-bpe would
yield a four-component molecular assembly held together by

four O–H…N hydrogen bonds (Scheme 1) where 1,8-nap,
owing to the proximity of the carboxylic acid groups along the
naphthalene scaffold,14 would juxtapose two bipyridines in the
solid for [2 + 2] photoreaction. To our knowledge, 1,8-nap
represents the second example of a molecule that functions as a
linear template by controlling reactivity within a discrete
hydrogen-bonded molecular assembly in the solid-state.6b† In
addition to increasing the synthetic flexibility of this approach,
such observations provide structure criteria for controlling
reactivity that approaches the nanometer-scale level,6–8 which
is of growing interest.

Addition of 1,8-nap (0.017 g) to methanol (2 mL) in the
presence of either 4,4A-bpe (0.015 g) or 2,2A-bpe (0.015 g)
yielded, upon slow cooling, colorless crystals of 1a and 1b,
respectively, suitable for X-ray analysis. The formulations of 1a
and 1b were confirmed by 1H NMR spectroscopy and single-
crystal X-ray diffraction.‡

ORTEP perspectives of 1a and 1b are shown in Fig. 1. The
components of 1a and 1b have assembled, in a similar way to
2(4,4A-bpe)·2(resorcinol) and 2(2,2A-bpe)·2(resorcinol),6b to
form discrete molecular assemblies, of dimensions ~ 5.5 3 6.4
3 26.3 and 5.5 3 11.1 3 19.3 Å, respectively, held together by
four O–H…N hydrogen bonds. In addition to a primary O–
H…N interaction, each carboxylic acid group, each of which is
twisted out of the plane of the naphthalene unit, participates in
a C–H…O hydrogen bond with each pyridyl ring.15,16 In this
arrangement, two molecules of 4,4A-bpe and 2,2A-bpe lie stacked
adjacent to 1,8-nap where the olefins of each complex are
separated by 3.73 and 3.91 Å, respectively. These separations

Scheme 1

Fig. 1 ORTEP perspectives of molecular assemblies: (a) 1a and (b) 1b.
Selected interatomic distances (Å) for 1a: O(1)…N(1) 2.598(4),
O(3)…N(2) 2.612(4), C(13)…O(2) 3.497(5), C(24)…O(4) 3.562(4); for
1b: O(1)…N(1) 2.658(2), O(3)…N(2) 2.601(2), C(18)…O(2) 3.396(2),
C(19)…O(4) 3.287(2). Twist angles of carboxylic acid groups (°): 1a, 51.2
(C11), 50.9 (C12); 1b, 53.0 (C11), 52.2 (C12).
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are within the distance criterion of Schmidt for [2 + 2]
photoreaction.11 Notably, in the case of 1a, the olefins are
disordered across two sites (occupancies: 70+30) while the
olefins of 1b are ordered and parallel. Olefins of nearest-
neighbor molecular assemblies of 1a and 1b are offset and
separated by 4.81 and 4.09 Å, respectively. Indeed, UV
irradiation of powdered crystalline samples of 1a and 1b, each
for a period of 7 h (Rayonet reactor, 300 nm Hg lamp),
produces, stereospecifically (100% yield), rctt-tetrakis(4-pyr-
idyl)cyclobutane (4,4A-tpcb) and rctt-tetrakis(2-pyridyl)cyclo-
butane (2,2A-tpcb), respectively, as determined by 1H NMR
spectroscopy.

To confirm the structure of each product, a portion of each
photolyzed solid (0.0010 g) was dissolved in methanol (5 mL)
and single crystals of (4,4A-tpcb)·2(1,8-nap) 2a and (2,2A-
tpcb)·2(1,8-nap) 2b were grown, after a period of approximately
three days, by way of slow solvent evaporation. The formula-
tions of 2a and 2b were confirmed by 1H NMR spectroscopy
and single-crystal X-ray diffraction.‡

ORTEP perspectives of 2a and 2b are shown in Fig. 2. As in
the case of 1a and 1b, the components of 2a and 2b assemble by
way of O–H…N and C–H…O hydrogen bonds, the carboxylic
acid groups being twisted out of the plane of the naphthalene
unit. For 2a, one carboxylic acid group participates in an O–
H…O hydrogen bond, in the form of a carboxylic acid dimer,
with a neighboring diacid. As a consequence of these forces, the
components of 2a, in contrast to 1a, assemble to form a one-
dimensional hydrogen-bonded polymer along the crystallo-
graphic a-axis. This contrasts (4,4A-tpcb)·2(resorcinol)6b where
the template, owing to the flexibility of the hydroxy groups,
forms a discrete assembly with 4,4A-tpcb. We attribute the
formation of the polymer 2a to the rigidity of the diacid which,
presumably, is less able to participate, in a similar way to (4,4A-
tpcb)·2(resorcinol), in two O–H…N interactions with two cis-
pyridyl groups of the product. In the case of 2b, the components
assemble, in a similar way to 1b, to form a discrete molecular
assembly held together by four O–H…N and four C–H…O
hydrogen bonds where the O–H…N forces involve, in contrast
to 1b, two trans-pyridyl groups of the photoproduct.§

In this report, we have identified the ability of 1,8-nap to
function as a linear template in the solid state, controlling

reactivity within a discrete molecular assembly held together by
hydrogen bonds. With these observations realized, we are
currently utilizing the molecule as a template for conducting
solid-state synthesis by design.6b With a library of linear
templates now emerging,8 it may be possible to utilize this
approach for the designed synthesis of molecules of increasing
complexity (e.g. nanosystems).7 In the case of the solid state,
our observations suggest an ability to organize molecules with
precision and flexibility that rivals the liquid phase, providing
routine access to molecular species less available in solution.9

We are grateful for financial support from the University of
Iowa. We thank Dr Michael J. Zaworotko (University of South
Florida) for collection of the X-ray data for 2a.

Notes and references
† A conceptually similar approach has been described that has involved
infinite assemblies (see ref. 6c).
‡ Crystal data: for 1a: monoclinic, space group P21/c, a = 7.599(2), b =
29.271(6), c = 9.106(2) Å, b = 106.611(4)°, U = 1941.0(8) Å3, Dc = 1.36
g cm23, Mo-Ka radiation (l = 0.71070 Å) for Z = 4. Least-squares
refinement based on 1412 reflections with Inet > 2.0s(Inet) (out of 2539
unique reflections) led to a final value of R = 0.053. For 1b: monoclinic,
space group P21/c, a = 7.303(1), b = 23.187(3), c = 11.425(1) Å, b =
98.070(3)°, U = 1915.4(4) Å3, Dc = 1.38 g cm23, Mo-Ka radiation (l =
0.71070 Å) for Z = 4. Least-squares refinement based on 2325 reflections
with Inet > 2.0s(Inet) (out of 2500 unique reflections) led to a final value of
R = 0.031. For 2a: triclinic, space group P1̄, a = 8.377(2), b = 11.294(2),
c = 11.685(2) Å, a = 99.45(3), b = 105.12(3), g = 109.73(3)°, U =
965.1(3) Å3, Dc = 1.37 g cm23, Mo-Ka radiation (l = 0.71070 Å) for Z
= 1. Least-squares refinement based on 2182 reflections with Inet >
2.0s(Inet) (out of 2509 unique reflections) led to a final value of R = 0.049.
For 2b: monoclinic, P21/n, a = 10.059(2), b = 15.456(3), c = 12.414(3)
Å, b = 97.39(3)°, U = 1914.0(7) Å3, Dc = 1.38 g cm23, Mo-Ka radiation
(l = 0.71070 Å) for Z = 2. Least-squares refinement based on 2405
reflections with Inet > 2.0s(Inet) (out of 2493 unique reflections) led to a
final value of R = 0.043. CCDC reference numbers 172617–172620. See
http://www.rsc.org/suppdata/cc/b1/b106584j/ for crystallographic data in
CIF or other electronic format.
§ The photoproduct of 2b adopts a conformation where the nitrogen atoms
of cis-pyridyl groups point in opposite directions which, in addition to the
rigidity of 1,8-nap, may account for the discrete assembly.
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Fig. 2 ORTEP perspectives of the photoproducts: (a) 2a and (b) 2b. Selected
interatomic distances (Å) for 2a: O(1)…N(1) 2.607(3), O(3)…O(4)
2.619(3), C(13)…O(2) 3.474(4); for 2b: O(1)…N(1) 2.651(2), O(3)…N(2)
2.667(2), C(21)…O(2) 3.196(3), C(16)…O(4) 3.722(3). Twist angles of
carboxylic acid groups (°): 2a, 48.5 (C11), 50.2 (C12); 2b, 41.0 (C11), 48.8
(C12).
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The first examples of platinum(II)–amine complexes con-
taining a dicarba-closo-dodecaborane(12) (carborane) moi-
ety are described; preliminary in vitro DNA-binding experi-
ments indicate that the complexes are capable of targetting
plasmid DNA.

Boron Neutron Capture Therapy (BNCT) is a bimodal cancer
treatment that is currently undergoing clinical trials in several
countries, including the US, Japan, Sweden, The Netherlands
and Finland.1 The therapy makes use of thermal neutrons of low
kinetic energy ( < 0.025 eV) and 10B-containing drugs, and it
exploits the unusual capacity of the 10B nucleus (natural
abundance = 19.8%) to undergo neutron capture (NC)
reactions as a consequence of its extremely large effective
nuclear cross-section (3837 barns). The immense amount of
kinetic energy (ca. 2.4 MeV) that accompanies the primary
fission products (7Li3+ and 4He2+) is dissipated in a very small
volume, and the potential application of the NC reaction to the
selective destruction of cancer cells is the subject of intensive
research. Previous studies have demonstrated that if 10B-
compounds are localized near the nucleus of a cell, then cellular
damage is maximized.2 To date, a number of organic com-
pounds tethered to boron-rich moieties such as dicarba-closo-
dodecaboranes(12) (carboranes), e.g. alkylating agents,3 bi-
benzimidazole groove binders,4 acridine dyes,5 and
polyamines,5a,6 are known to target DNA, but their success in
BNCT has yet to be demonstrated.1a To our knowledge, the use
of boron-containing metal complexes as potential DNA-
targetting agents in BNCT is without any precedent. Herein we
describe the synthesis and DNA-binding properties of novel,
dinuclear platinum(II)–amine complexes of 1,7-carborane that
are related to the DNA cross-linking agents reported by Farrell
and co-workers.7

The synthetic methodology employed in the preparation of
the bridging 1,7-bis(3-aminopropyl)-1,7-carborane ligand and
its platinum(II) derivatives 6 and 7 is presented in Scheme 1.
The protocol for the ligand synthesis was based upon that
reported by Sjöberg and coworkers for the preparation of
1,12-bis(3-aminopropyl)-1,12-carborane.8 The reaction of
nBuLi with 1,7-carborane in THF solution at 278 °C, followed
by the addition of oxetane and subsequent hydrolysis with
HCl(aq), afforded the dipropanol 1 in 62% yield. Bromination of
1 using CBr4 and PPh3 in CH2Cl2 solution at 0 °C gave the
dibromo compound 2 (86%), which was readily converted to the
diiodo species 3 (92%) by means of a metathesis reaction
employing NaI in acetone solution. Alkylation of di-tert-
butyliminodicarboxylate, HN(BOC)2, with 3 was carried out
under basic phase-transfer conditions and afforded the di-
substituted, BOC-protected amine 4 (75%). Treatment of 4 with
3 M HCl in ethyl acetate solution gave the amine 5·2HCl as a
white crystalline solid in 69% yield. Addition of K2CO3(aq) to
5·2HCl afforded the free amine 5 as a slightly unstable, white
solid (76%). All compounds were fully characterised by 1H,
13C{1H} and 11B{1H} NMR spectroscopy and microanalysis.

Treatment of 5 with two equivalents of the labile precursor
complex trans-[PtCl(dmf)(NH3)2]OTf led to the formation of 6
as an off-white solid.‡ Alternatively, use of the mixed-halogeno
species cis-[PtCl2I(NH3)]2, formed in situ from the reaction of
[PtCl3(NH3)]2 and KI in aqueous solution,9 afforded the
chloro–iodo analogue of 7.‡ Subsequent treatment of this

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b1/b108081d/

Scheme 1 Reagents: (i) nBuLi, oxetane, H3O+; (ii) CBr4, PPh3; (iii) NaI; (iv)
HN(BOC)2, NaOH, Bu4NHSO4; (v) 3 M HCl in EtOAc; (vi) K2CO3(aq),
trans-[PtCl(dmf)(NH3)2]OTf; (vii) K2CO3(aq), cis-[PtCl2I(NH3)]2, AgNO3,
HCl(aq).
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complex with AgNO3 in DMF solution, followed by the
addition of HCl(aq) to the resulting tetra(nitrato) species gave the
target complex 7 as a bright-yellow solid. The new complexes
were fully characterised by 1H, 13C{1H} and 11B{1H} NMR
spectroscopy and microanalysis. Furthermore, 6 and 7 exhibited
singlet 195Pt{1H} NMR resonances that lie in the range
observed for complexes with a PtN2Cl2 and PtN3Cl coordina-
tion sphere, respectively.10§

In order to assess the DNA-binding characteristics of 6 and 7,
preliminary plasmid DNA-binding experiments were conducted
using a well-established Eco RI restriction endonuclease assay
that monitored platinum binding at (or near) its unique
restriction site in linearized pBR322 DNA.11 For comparative
purposes, we also investigated the DNA-binding characteristics
of the archetypal, cross-linking agent cis-[PtCl2(NH3)2]. These
experiments confirm that 6 (Fig. 1) and 7 are capable of
targetting plasmid DNA. The concentration of platinum com-
plex required to achieve 20% inhibition of DNA cleavage by the
enzyme is 3, 14 and 49 mM for 6, cis-[PtCl2(NH3)2], and 7,
respectively. The inhibition of Eco RI activity by 6 at a
concentration that is considerably less than cis-[PtCl2(NH3)2]
and 7 is most likely the result of its rapid kinetics of DNA-
binding. Similar effects have been reported previously with
dinuclear platinum(II) complexes bridged by a,w-diaminoalk-
ane ligands.12 At platinum concentrations greater than ca. 3.3
mM for 6, considerable streaking of the DNA is observed (Fig.
1). This effect is also consistent with the rapid and effective
(covalent¶) binding by the dicationic complex to the poly-
anionic DNA molecule, resulting in extensive charge neutral-
ization. Further work to elucidate the nature of the Pt–DNA
adduct(s) formed by 6 and 7, including their quantification, is in
progress.

In conclusion, 6 and 7 are the first examples of platinum(II)–
amine complexes containing a carborane moiety, and they
represent a new class of boron-containing DNA-binding agents
for potential application in BNCT. The NC properties and
biological studies involving selected platinum complexes will
be reported in due course.

We thank Mr D. Sykiotis (The University of Adelaide) for
assistance with the DNA-binding studies, Dr N. E. Dixon
(Australian National University) for advice regarding the DNA-
binding experiments, Prof. N. P. Farrell (Virginia Com-

monwealth University, US) for advice regarding the synthesis
of 7 and DNA-binding studies, Prof. S. Sjöberg (Uppsala
University, Sweden) for advice regarding the ligand synthesis,
and Prof. B. J. Allen (Cancer Care Centre, Sydney, Australia)
for many useful discussions. We are grateful to Johnson
Matthey for the generous loan of K2[PtCl4]. We also thank the
Australian Research Council and the Anti-Cancer Foundation
of South Australia for financial support.

Notes and references
‡ Note that the use of the isomeric 1,2-carborane derivative in the
complexation reactions with platinum(II) precursors resulted in extensive
decomposition accompanied by the formation of platinum metal. We are
now in the process of investigating the various factors that may contribute
to the reduction process, and the results of this study will be reported in due
course.
§ 195Pt{1H} NMR data (d7-DMF): d 22410 and 22156 for 6 and 7,
respectively.
¶ Note that electrostatic interactions alone are unlikely to account for the
strong binding of 6 to DNA. These would be reversed with the high NaCl
concentrations used in the quenching of the Pt–DNA reactions, and under
the conditions of the gel electrophoresis experiment.
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and R. Weinreich, Elsevier, Amsterdam, The Netherlands, 1997, vol. II,
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Fig. 1 Gel electrophoresis experiment. Lanes correspond to linear pBR322
DNA samples that were incubated with increasing concentrations of 6 (0,
1.2, 1.6, 2.3, 3.3 and 4.0 mM) for 2 h at 37 ± 0.1 °C, followed by spin dialysis
and treatment with Eco RI restriction endonuclease.
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How van der Waals bonds orient molecules in zeolites
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We show that weak bonds are responsible for the way a
molecule is held in a zeolite, and for its reactivity.

How is a guest molecule held in a zeolite cage? What is the
bonding? How does this affect the reactivity of the guest? To
answer these questions in a coherent manner we must examine
the topology of electron density between the host and the guest,
and then reconsider what we mean by ‘bonding’. Using the
approach pioneered by Bader,1 we reveal only weak H-bonds
and even weaker van der Waals bonds between the host and the
guest. Yet the reactivity of the guest (ferrocene in the present
case) is dramatically increased when it is in the zeolite.2,3 The
popular concept is that the increased reactivity of the guest
arises from changes in its electronic structure is incorrect in the
present case, and it is the orientation in which the guest
ferrocene molecule is held that renders it vulnerable to attack.
Analyses of this type in which we separate the electronic and
steric effects may have a general impact on the study of catalytic
systems. In the current study the guest molecule is ferrocene,
Fe(C5H5)2, (an iron atom ‘sandwiched’ by two identical parallel
cyclopentadienyl C5H5 rings) held within the host lattice of
NaY zeolite, Nax(AlO2)x(SiO2)1922x. The original interest in
this system stems from its use as a preparative route by which
iron may be included in the zeolite. The ferrocene molecules
occupy ‘supercages’ (shown in Fig. 1) in the zeolite which have
a diameter of about 12 Å, and each of these contains four
sodium ions on its walls (see Fig. 1). We have recently
determined the position of the ferrocene molecule in the
supercage of NaY zeolite to be 0.87 Å above a line joining two
sodium ions, using powder X-ray and neutron diffraction4 (see
Fig. 1). The question immediately arises as to why the ferrocene
molecule does not lie on the line joining two sodium ions since
then it would optimize the Coulombic interaction between the

p-systems of the aromatic rings and the sodium ions. Such a
position would also lead to considerably shorter hydrogen
bonds between the cyclopentadienyl hydrogen atoms and the
oxygen atoms of the zeolite. Where is the energy-gain in leaving
the ferrocene molecule almost 1 Å above the Na+–Na+ vector,
and how can we quantify this? One possibility would be to map
out the potential-energy hypersurface of the ferrocene along its
normal-mode vectors. A subsequent examination of this map
for all atom pairs would reveal the origin of the observed
ferrocene position. A far more convenient approach is a direct
examination of the electron density for evidence of bonds
between the ferrocene molecule and the zeolite cage. An
analysis of the electron density should be able to account for the
observed location of the ferrocene molecule, and more
important, the increased reactivity with respect to the pure
compound.

The first step in the analysis is to ensure that the atomic
positions derived from crystallography do indeed correspond to
the energy minimum, and that there is consistency between
observation and calculation. We achieve this by modelling a
realistic fraction of the zeolite containing the ferrocene (Fig. 2).
Various constraints are possible which would allow relaxation
in the immediate environment around the ferrocene molecule.
For convenience we chose the outer H-atoms (which had been
introduced artificially) as a rigid container for the model. The
energy of the system is then minimised with respect to the
ferrocene position using ab initio density functional theory
(Dmol3 within the suite Cerius2).5 We use the local density
approximation, Perdew Wang functionals, the DND basis set,5
and an atomic cutoff radius of 5.5 Å. After optimization of the
geometry we find that there is no significant difference in the
atomic positions from diffraction experiments and DFT calcu-
lations.

The DFT calculations also provide the total electron density
r(r) map for the model, which we use to perform a topological
analysis, and hence obtain a straightforward definition of bonds
between atoms. We start by locating the critical points in the
electron density, that is, where the gradient of the electron
density ∂r(r) vanishes. In addition to the maxima associated
with atom positions, there are also saddle points where the
curvature is positive in one direction and negative in the two

Fig. 1 Location and orientation of a ferrocene molecule (bold) inside a NaY
zeolite supercage. The four spheres show the positions of the sodium ions
on the walls of the zeolite supercage.

Fig. 2 Illustration of the zeolite fragment consisting of oxygen (red) and
silicon (grey) atoms and the ferrocene molecule as used for DFT
calculations. Sodium ions are represented by purple spheres. The oxygen
atoms adjacent to the zeolite framework have been replaced by hydrogen
atoms (white).

This journal is © The Royal Society of Chemistry 2001
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others. Saddle points are located somewhere in between the
nuclei and are usually termed ‘bond critical points’. The next
step is to identify ‘gradient paths’, i.e. curves such that the
gradient vector ∂r(r) is tangent to it in every point. These paths
are roughly analogous to ridges in a mountainous landscape.
Some of these originate at a bond critical point and lead to atoms
(peaks, in our analogy), and these correspond to bonds. We
perform this topological analysis on the electron density with
the program FAST,6 the results for the bond critical points and
paths for the model being shown in Fig. 3.

All of the bonds that one normally would expect in the zeolite
framework and in the ferrocene molecule, are found as
expected, but what is of interest here are the bonds that we find
between the ferrocene and the zeolite framework. These go via
the cyclopentadienyl rings. There are four connecting each
cyclopentadienyl ring of the ferrocene molecule and the zeolite
framework (see Fig. 3). Two of these are between a hydrogen
atom of the ring and an oxygen atom of the framework, and
these correspond to weak hydrogen bonds. The other two paths
are somewhat unusual, and to our knowledge, unique. Essen-
tially, these join both a sodium ion and an oxygen atom of the
zeolite to the same point, that point being the center of a bond
between two carbon atoms. These bonds lie in a mirror plane of
the system, and if this symmetry is broken the van der Waals
bonds go to one of the carbon atoms, and the real situation at
room temperature corresponds to fluxionality of bonding to the
alternative carbon atoms. These bonds are not artefacts of the
basis set in that although the details of the density maps vary
with the level of calculation, even the most basic calculations
still show the van der Waals bonds.

It seems clear that the unexpected position of the ferrocene
molecule arises from an interaction of the carbon atoms of the
ferrocene with the sodium ions and the oxygen atoms of the
zeolite. It should be emphasised that many gradient paths in the
electron density eventually flatten out, and hence disappear, but
in the present case they actually continue as bond-paths. This
makes it possible to express these arguments in more chemical
terms. The energy associated with the formation of these new
bonds more than compensates for the weakening of the
hydrogen bond and the weaker interaction of the aromatic p-
system with the sodium ion. The length of these bonds and the
charge density in the bond critical points are collected in Table

1, and these allow a quantitative comparison of the different
types of bond. For example, the electron density at the critical
point of the strong covalent bond between two carbon atoms in
benzene amounts to 0.33 e/a0

3, and of the bond between oxygen
and hydrogen in a water molecule 0.39 e/a0

3.1 An ionic bond has
a rather lower value, for example 0.036 e/a0

3 in case of NaCl,1
whilst hydrogen bonds normally have a values for the electron
density between 0.001–0.035 e/a0

3.7 In the present case the
hydrogen bond between the ferrocene hydrogen and the zeolite
oxygen is also within this range, 0.0081 e/a0

3, and further, the
C…O distance is comparable with that found in C–H…O
hydrogen bonds.7 Similar values for the electron density at bond
critical points are found in van der Waals molecules, for
example 0.0077 e/a0

3 between Ar and HF and 0.0099 e/a0
3

between Ne and HF. These are comparable with the values we
find for the interaction between the sodium and oxygen and the
center of the C–C bond of 0.0057 e/a0

3. However, we find
distances that are > 3 Å, which is somewhat longer than the
corresponding distances in Ne/HF (2.11 Å) and Ar/HF (2.56
Å).

Bonds between p-bondings and positive ions have been
observed before,8 and a Bader analysis has been reported for
hydrogen bonds with a p-bond.9 However, to our knowledge the
binding between the p-cloud of an aromatic ring and an ion
always involves the centre of the ring. In the present case the
iron atom may well distort the p-cloud in such a way that two
edge-bonds plus the involvement of an extra oxygen atom is
energetically more favourable. We stress that these novel bonds
should not be thought of as the primary interaction between the
ferrocene and the zeolite. They are secondary to the main
Coulomb and hydrogen bond interactions, which play the
primary role in holding the ferrocene molecule in its place. It
follows that rather long weak bonds are responsible for the
displacement of the ferrocene molecule from the expected
position. All bonds between the ferrocene and the zeolite are
weak and the bonding within the ferrocene itself is virtually
unchanged from that of the isolated molecule. Inspection of Fig.
1 reveals a large ‘free volume’ on the side of the ferrocene
molecule furthest from the cage fragment as shown in Fig. 2,
which is an attractive site for any potential reactants. It is even
conceivable that without the van der Waals bonds, the ferrocene
would be held deeper in the zeolite cage where it would be less
accessible to attack, and in this way very weak bonds could play
a crucial role in catalysis.

Notes and references
1 R. F. W. Bader, Atoms in Molecules. A Quantum Theory, Clarendon

Press, Oxford, 1990.
2 G. A. Ozin and J. Godber, J. Phys. Chem., 1989, 93, 878.
3 A. R. Overweg et al., J. Phys. Chem. B, 1999, 103, 4298.
4 E. Kemner et al., submitted.
5 B. Delley, J. Chem. Phys., 1995, 92, 508.
6 http://www.nas.nasa.gov/Software/FAST/
7 U. Koch and P. L. A. Popelier, J. Phys. Chem., 1995, 99, 9747.
8 J. C. Ma and D. A. Dougherty, Chem. Rev., 1997, 97, 1303.
9 I. Rozas, I. Alkorta and J. Elguero, J. Phys. Chem. A, 1997, 101, 945.

Fig. 3 Interaction paths between a ferrocene-C5H5 ring and atoms in the
zeolite framework. We find two paths from a hydrogen atom (black) of the
ring to an oxygen atom (red) of the framework. There are also two paths
from a sodium ion (purple) and an oxygen atom to the centre of a carbon-
carbon bond in the ring (yellow).

Table 1 Pathlength and electron density r at the bond critical points for the
interaction lines between a cyclopentadienyl ring and the zeolite frame-
work

Pathlength/Å
r (e/a0

3) at bond
critical point

H–O 2.63 0.0081
Ring–O 3.49 0.0057
Ring–Na 3.15 0.0057
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Silver(I) carboxylates: versatile inorganic analogs of carboxylic acids
for supramolecular network formation†
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Dimeric motifs formed by silver(I) carboxylates, illustrated
here by the unit Ag2(CF3CO2)2, resemble the well known
dimerization of carboxylic acids, i.e. ‘H2(RCO2)2’, but
exhibit greater flexibility, while permitting further elabora-
tion into neutral coordination networks through linkage of
the silver centres via ditopic ligands.

The molecular level design of new materials, synthetic
receptors and biomimetic systems has proceeded apace in the
past decade under the banner of the multidisciplinary fields of
supramolecular chemistry1 and crystal engineering.2 Funda-
mental to such an approach is the need for interactions between
molecular building blocks that are sufficiently reliable to permit
some degree of predictability and control over the formation of
supramolecular assemblies and networks.3 To convey this idea
Desiraju has introduced the term supramolecular synthon,4
often applied to structural units comprising weaker, and thus
inherently flexible, non-covalent linkages. The carboxylic acid
dimer, the archetypal synthon, illustrated as I in its symmetric

form, is a mainstay of organic crystal engineering2a and is
beginning to see some applications in organometallic sys-
tems.2b,5 A related concept conveyed by Yaghi is that of the
secondary building unit (SBU),6 as exemplified by the square
4-connected unit II. SBU II is known for a variety of divalent
transition metals, MII, and has been applied to the synthesis of
rigid metal–organic frameworks.6

In this report, we highlight a middle ground in the form of a
versatile inorganic analog of synthon I in which the hydrogen-
bonded protons that link the two carboxylate groups are
replaced by Ag+ ions, an idealised symmetric example of which
is shown as III. However, in contrast to protons, the

coordination sphere of the Ag+ ions is not satisfied by the two
oxygen atoms, and additional bridging by the oxygen atoms
typically leads to polymeric or oligomeric structures for simple

silver(I) carboxylates.7 Thus, we surmised that the silver
carboxylate dimers might serve as a useful new building block
through occupation of these additional coordination sites at each
silver center by neutral polytopic ligands (IV). Here we
illustrate the case where L is a ditopic ligand capable of forming
a linear linkage between two metal centers. This leads to a new
SBU (V) with approximately square connectivity about the
central Ag2(RCO2)2 unit, self-assembly of which generates a
2D-network (VI).

The three examples presented herein, Ag(O2CCF3)L [L =
1,4-diazabicyclooctane (DABCO) 1, tetramethylpyrazine
(TMP) 2, pyrazine (pyraz) 3] (ESI†),8 are archetypes for this
approach using a small carboxylate anion. In each compound,
pairs of silver centers are linked via carboxylate bridges. Each
silver ion is further coordinated by two neutral ditopic ligands
that provide linkages to two further silver centers resulting in
assembly of the SBUs into a 2D grid of tiled rhomboids with an
Ag2 dimer at each node [Fig. 1(a)–(c)]. The structures of 1 and
2 adopt a staggered arrangement of layers [Fig. 1(d) and (e)] in
which the anions occupy the interlayer space with each CF3
group oriented toward the center of a rhomboid in an adjacent
layer. The pairs of silver ions in 1 and 2 are bridged by a slipped
version of the idealised synthon III, employing only one oxygen
atom from each carboxylate anion. The structure of 3 differs in
that the layers are now aligned to give a channel structure. This
alignment appears to be permitted due to the stacking of the
planar pyrazine ligands (face-to-face separation 4.34 Å). The
versatility of the silver carboxylate bridge is further illustrated
in 3 by its adaptation from the discrete linkage seen in 1 and 2
to an infinite linkage that lies mid-way between the ring [R2

2(8)]
and chain [C(4)] arrangements9 well known for the (organic)
carboxylic acid analog. This permits cross-linking of the 2D
network [Fig. 1(c)] into a 3D network [Fig. 1(f)]. In contrast to
1 and 2, the anions in 3 are oriented parallel to the layers.

Importantly, it is apparent that the integrity of the silver(I)
carboxylate dimer, and thus its structure-directing role, can be
maintained within a variety of related bridging carboxylate
coordination modes.10 This offers the prospect of both control
and reliability of the overall structural arrangement while
maintaining some flexibility. These traits are often cited as
being advantages offered by hydrogen bonds rather than by
coordination bonds in supramolecular chemistry.11 It should
also be emphasized that the approach described here differs
from the predominant approach to coordination networks,
especially those involving silver(I) ions.12 Rather than using

† Electronic supplementary information (ESI) available: synthesis, charac-
terization and crystal data for 1–3; displacement ellipsoid plots; figures
showing carboxylate coordination modes. See http://www.rsc.org/
suppdata/cc/b1/b108448h/
‡ Current address: Department of Chemistry, University of Sheffield,
Sheffield, UK S3 7HF. E-mail: lee.brammer@sheffield.ac.uk
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weakly coordinating anions to avoid disruption of a cationic
network formed from Ag+ centers and neutral polytopic ligand
connectors, as is the common practice, here we have deliber-
ately used the anions as an integral part of the final neutral
network.13 Therein, this approach provides a new avenue to the
construction of neutral frameworks that complements the recent
approaches of the groups of Yaghi6 and Cotton14 in linking pairs
of divalent transition metal ions via polycarboxylate units to
yield a variety of networks, polygons and polyhedra. Thus, this
approach utilizes what might be considered a ‘soft’ or adaptable
SBU (V) that appears to offer reliable 2D network formation
coupled with flexibility of the silver(I) carboxylate linkage,
permitting accommodation of the specific packing demands of
the network for a given ditopic ligand, L.

We are currently exploring a variety of extensions of this
approach including changing the length of the linkages, the use
of polytopic connectors, and the provision of additional network
links through use of polycarboxylate anions, with a view to
developing adaptable cavity and channel-containing network
solids.

Support for this work from the NSF (CHE-9988184) is
gratefully acknowledged.
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Fig. 1 View of a single layer: (a) 1, (b) 2, (c) 3 (Ag: black, anions: red, ligands: blue). Stacking of two adjacent layers (anions omitted): (d) 1, (e) 2, (f) 3.
Methyl hydrogen atoms not shown for 2. Dimensions: Ag–Ag (bridged), vertical (Ag…Ag) and horizontal (Ag2…Ag2) dimensions of rhomboids, and
interlayer separation, respectively. 1: 3.75, 10.63, 12.58, 6.20 Å; 2: 3.82, 10.83, 13.02, 6.47 Å; 3: 4.00, 8.95, 13.22, 7.01 Å.
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p-Benzylcalix[4]arene is formed in good yield by a direct
“one pot” reaction involving p-benzylphenol and formal-
dehyde, selectively converted to the corresponding chloro-
sulfonyl and sulfonate analogues.

There is a growing interest in cyclooligomeric compounds
called calix[n]arenes.1 These bowl shaped (usually n = 4, 5) or
more flexible (n ! 6) macrocycles can form a diverse range of
molecular assemblies. The synthesis of calixarenes has been
widely investigated by Gutsche et al. and others, leading to
well-established procedures for their preparation in reasonable
yields.2,8 However, these focus mainly on p-tBu- calix[n]arenes
derived from base or acid catalysed condensation of p-tBu-
phenol and formaldehyde, leading to the major calixarenes (n =
4, 5, 6, and 8) and other higher calixarenes.2,3 In contrast, the
direct syntheses of calixarenes derived from other p-alkylphe-
nols are not extensively investigated and are generally formed
in low yields;6 this is an impediment to developing their
chemistry. Base catalysed condensation of p-benzylphenol and
formaldehyde, for example, leads to a mixture of p-benzylcalix-
[5,6,8]arenes in 33%, 16% and 12% yields respectively,5–7 as
well as p-benzylcalix[7 and 10]arenes,4,9,10 with no evidence for
the formation of the p-benzylcalix[4]arene. Herein we report the
synthesis of p-benzylcalix[4]arene as the first ‘major’ calixar-
ene of the p-benzylcalix[n]arene family now available in good
yield. The calix[4]arene is new and its availability offers scope
for further elaboration such as O-alkylation, aromatic substitu-
tion of the benzyl groups, and as a receptor molecule, both
aspects being established herein with the synthesis of the water
soluble sulfonated p-benzylcalix[4]arene and the formation of a
discrete 1+1 complex of the calixarene with C60 (Scheme 1).

The rigid cone structure of the phenolic-containing array with
the flexibility of the benzyl moieties, offers scope for complexa-
tion of a range of substrates, of varying shape and electronic
characteristics.

The base induced condensation reaction of p-benzylphenol
and formaldehyde, proceeds smoothly and quickly relative to
the similar condensation of its p-tBu-phenol analogue.2 Oligo-
merization of p-benzylphenol formed at 120 °C using aqueous
formaldehyde as the reaction medium with a catalytic amount of
sodium hydroxide, affording a clear beige glass, consisting
exclusively of p-benzylcalix[8]arene as the sole calixarene
formed (TLC, NMR), with the consumption of all the starting
phenol. Other products presumably are linear oligomers, noting
that corresponding oligomers are formed in the condensation of
p-tBu-phenol. Upon addition of diphenyl ether to this material
and increasing the temperature quickly to 260 °C over half-an-
hour and holding the temperature at reflux for 3 hours affords p-
benzylcalix[4]arene, 1 in 60% isolated yield.†

It is noteworthy that the outcome of the reaction changes
dramatically when either the ramping period or the reflux
temperature is altered. For instance when the ramping is over
one hour instead of half-an-hour and the reflux temperature is
220 °C instead of 260 °C and even over an extended period of
reflux (10 h) the conversion to p-benzylcalix[4]arene accounts
for only 16% of the starting material.

The organic free solvent condensation to give the p-
benzylcalix[8]arene also depends on the reaction conditions,
notably, the molar ratio of the base to p-benzylphenol and the
amount of formaldehyde used. Interestingly, this reaction
always gives p-benzylcalix[8]arene in varying amounts which
is easily separated, precipitating from the reaction mixture upon
addition of acetonitrile. The mother liquor contains a mixture of
p-benzylcalix[4,5,6,7]arenes which can be recycled and, if
desired, separated (Table 1).

The ready availability of compound 1 allowed the preparation
of the water soluble sulfonated derivative. This adds a novel
lipophilic and highly charged calixarene to the expanding

Scheme 1 Reagents and conditions: (i) Ph2O, NaOH, H2CO, 260 °C, 3 h; (ii)
Anh. DCM, ClSO3H, rt, 5 h, Argon; (iii) Py–H2O, NaHCO3, 100 °C; (iv)
NaOH; (v) C60, Tol.

Table 1 Product distribution of solvent free base induced condensation of p-
benzylphenol (10 g) and formaldehyde (15 ml) using different molar ratios
of base to p-benzylphenol at 110 °C

Molar ratio p-Benzylcalix[n]arene distributions

0.045 NaOH n = 8, 30%a

0.045 KOH n = 8, 30%a

0.26 NaOH n = 8 > 6 > 4 > 7
0.26 KOH n = 8 > 7 > 4
0.34 NaOH n = 8 > 5 > 4
0.34 KOH n = 6 > 5 > 8

a Isolated yield, no other calixarenes present.
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chemistry of the water soluble calixarenes. The sulfonated p-
benzylcalix[4]arene was prepared using the chlorosulfonation
approach, isolated either in 60% yield as the sulfonic acid 3,
which slowly absorbs moisture as a deliquescent solid or as the
sodium salt 4. The chlorosulfonyl analogue, 2 can be inter-
cepted and isolated in 30% yield (this yield can be improved
under dry forcing reaction condition).†

The structure of p-benzylcalix[4]arene (Fig. 1) was estab-
lished using diffraction data,‡ and shown to be an inclusion
complex with water sandwiched between calixarenes in a
columnar array, Fig. 1. The water resides deep in the cavity of
the cone conformation, hydrogen bonded to the lower rim
hydroxy groups. This is different to the water inclusion complex
of sulfonated calix[4]arene with water in the cavity whereby the
O–H groups are H-bonded (H…p) to adjacent aromatic
rings.11,12 Another structural feature is the columnar p-stacking
of the 1+1 supermolecules.

The C60 inclusion complex of 1 was prepared by slow
evaporation of an equimolar toluene solution of both compo-
nents. While crystals suitable for X-ray-diffraction studies were
available, solution of the structure has proved elusive. Never-
theless, the structure is likely to be similar to those reported by
Atwood et al.13,14 where the fullerenes form columnar arrays.
Indeed the cell dimensions are remarkably similar for the 1+1
complex of C60 with C-ethylphenylcalix[4]resorcinarene (tetra-
gonal, a = b = 18.9296(7), c = 27.2702(13) Å,13 and
tetragonal, a = b = 19.2183(3), c = 27.7911(6) Å for 1.C60).
Moreover, the similarity of the two cells supports the assign-
ment of the 1+1 ratio of the two components.

In conclusion, we have demonstrated the accessibility of p-
benzylcalix[4]arene in good yield and its water soluble
sulfonated derivatives, opening the challenge to expand and
diversify the chemistry. Moreover, the results give insight into
the advantage of organic solvent free oligomerisation reac-
tions.15,16

We are grateful to the Australian Research Council for
support of this work.

Notes and references
† Synthesis of compound 1. p-Benzylcalix[4]arene was prepared by an
adapted method described in ref. 2. A mixture of p-benzylphenol (20.1 g,
0.109 mol), 13 ml of formaldehyde solution and (0.19 g, 0.0049 mol) of 10
M sodium hydroxide was stirred and heated at 120 °C for ca. 2 h forming
a gummy beige material. 165 ml of warm diphenyl ether was added and the
contents were heated first for 2 h at 120 °C, before ramping the temperature
to 260 °C over half-an-hour. Refluxing at 260 °C was maintained for 3 h
forming a dark amber solution, and the mixture then allowed to cool to rt.
Diphenyl ether was evaporated and the viscous material obtained was
washed and dried in vacuo affording an amber oil which crystallized slowly
on standing, and upon addition of acetone (150 ml), p-benzylcalix[4]arene,

1 was obtained as a micro-crystalline white powder. Yield 60%, mp
204.5–205.6 °C, MS (ESI+): m/z 807.34 [M.Na+], 844.44 [M(H2O).K+],
C56H48O4 (784.34). 1H NMR (CDCl3, 300 MHz) d 3.39 (d, 4H, Ar-CH2-
Ar), 3.76 (s, 8H, Ar-CH2-Ph), 4.18 (d, 4H, Ar-CH2-Ar), 6.78 (s, 8H; Ar-H),
7.11–7.30 (m, 20H, Ph), 10.13 (s, 4H, OH), 13C NMR: (CDCl3, 300 MHz)
d 32.1 (Ar-CH2-Ar), 41.3 (ArCH2-Ph), 126.2 (Ar), 128.4 (Ar), 128.6 (Ar),
129.0 (Ar) 129.5 (Ar), 134.7 (Ar), 141.3 (Ar), 147.2 (Ar-OH). Synthesis of
compounds 2 and 3. To a solution of p-benzylcalix[4]arene (0.4 g, 0.51
mmol) dissolved in 20 ml of dry dichloromethane, 1 ml of chlorosulfonic
acid was added dropwise. The biphasic mixture was stirred at rt for ca. 5 h
with formation of a viscous amber coloured material. The reaction mixture
was poured over ice, and the organic phase was separated, treated
successively with 1 M sodium bicarbonate (3 2), brine solution (3 2), water
and dried (MgSO4) affording the tetrachlorosulfonyl of p-benzylcalix[4]ar-
ene, 2. Yield 56%, decomp. 180–195 °C, MS (ESI+): m/z 1201.9 [M.Na+],
1218.1 [M.K+], C56H44O12S4Cl4 (1179.01). 1H NMR (CDCl3, 300 MHz) d
3.45 (d, 4H, Ar-CH2-Ar, JAB 13.2 Hz), 3.87 (s, 8H, Ar-CH2-Ph), 4.24 (d,
4H, Ar-CH2-Ar), 6.79 (s, 8H, Ar-H), 7.36 (AAAXXA, 8H, Ph-H), 7.94
(AAAXXA, 8H, Ph-H), 10.15 (s, 4H; OH), 13C NMR (CDCl3, 300 MHz) d
32.1 (Ar-CH2-Ar), 41.3 (ArCH2-Ph), 127.4 (Ar), 128.7 (Ar), 129.8 (Ar),
130.1 (Ar) 132.7 (Ar), 142.4 (Ar), 147.9 (Ar), 149.7 (Ar-OH). The aqueous
phase was filtered and treated with activated charcoal (3 2) leaving a clear
light amber solution. Water was evaporated affording a deliquescent light
gray solid, which crystallized from acetone to afford the sulfonic acid of p-
benzylcalix[4]arene, 3. Yield 80% decomp. 166–170 °C, MS (ESI+): m/z
1105.2 [M.H+], 1127.2 [M.Na+], C56H48S4O16 (1104.2). 1H NMR (d6-
DMSO, 300 MHz) d 3.68 (s, 8H; Ar-CH2-Ph), 4.08 (br s, 8H, Ar-CH2-Ar),
6.25 (br s, COH/SOH, shifts downfield with increasing [H2SO4]), 6.88 (s,
8H, Ar-H), 7.15 (AAAXXA, 8H, Ph-H), 7.53 (AAAXXA, 8H, Ph-H), 13C NMR
(d6-DMSO, 300 MHz) d 49.2 (Ar-CH2-Ar), 49.5 (ArCH2-Ph), 126.2 (Ar),
128.7 (Ar), 129.1 (Ar), 129.7 (Ar) 134.2 (Ar), 143.2 (Ar), 145.3 (Ar), 148.2
(Ar-OH). Compound 4 was prepared by titration of compound 3 with 1 M
sodium hydroxide to neutral pH. Treatment with methanol afforded sodium
sulfonates of p-benzylcalix[4]arene, 4, decomp. 200–210 °C. 1H NMR
(CD3OD, 300 MHz) d 3.65–3.95 (m, 8H, Ar-CH2-Ar), 3.81 (s, 8H, Ar-CH2-
Ph), 4.82 (s, 4H, COH ), 6.90 (s, 8H, Ar-H), 7.22 (AAAXXA, 8H, Ph-H), 7.73
(AAAXXA, 8H, Ph-H).
‡ Crystal data. Crystals of 1 for X-ray structural determination were grown
from a moist acetone–propan-2-ol solution of p-benzylcalix[4]arene
affording [p-benzylcalix[4]arene]·[H2O]0.5: C56H48O4.5, space group P4/n,
a = b = 19.0703(3), c = 5.6631(11) Å, V = 2059.4(6) Å3, T = 173(2) K,
rcalc. = 1.279 g cm23, m = 0.080 cm21 (no correction), Z = 2, Mo-Ka
radiation, 2qmax = 50° (1484 observed, I > 2s(I), 139 parameters, no
restraints, R1 = 0.0455, wR2 = 0.1245 (all data), Data were collected at
173(1) K on an Enraf-Nonius Kappa CCD diffractometer. The structure was
solved by direct methods (SHELXS-97) and refined with a full matrix least-
squares refinement on F2 (SHELXL-97), hydrogens included at calculated
positions, S = 1.079. CCDC 172616. See http://www.rsc.org/suppdata/cc/
b1/b106161p/ for crystallographic data in .cif or other electronic format.

1 C. D. Gutsche, Calixarenes Revisited, Royal Society of Chemistry,
Cambridge, 1998; V. Bohmer, Angew. Chem., Int. Ed. Engl., 1995, 34,
713.

2 C. D. Gutsche and M. Iqbal, Org. Synth., 1990, 68, 234.
3 D. R. Stewart and C. D. Gutsche, J. Am. Chem. Soc., 1999, 121,

4136.
4 J. L. Atwood, M. J. Hardie, C. L. Raston and C. A. Sandoval, Org. Lett.,

1999, 1, 1523.
5 J. L. Atwood, L. J. Barbour, C. L. Raston and C. A. Sandoval, Chem.

Eur. J., 1999, 5, 990.
6 B. Souley, Z. Asfari and J. Vicens, Polish. J. Chem., 1992, 66, 959.
7 P. J. Nichols, C. L. Raston, C. A. Sandoval and D. J. Young, Chem.

Commun., 1997, 1839.
8 D. R. Stewart and C. D. Gutsche, OPPI BRIEFS, 1993, 25, 137.
9 (a) Z. Asfari and J. Vicens, Makromol Chem. Rapid Commun., 1989, 10,

181; (b) Y. Nakamoto and S. Ishida, Makromol Chem. Rapid Commun.,
1982, 3, 705.

10 I. E. Lubitov, E. A. Shokova and V. V. Kovalev, Synlett, 1993, 647.
11 J. L. Atwood, F. Hamada, K. D. Robinson, G. W Orr and R. L. Vincent,

Nature (London), 1991, 349, 683.
12 A. Drljaca, M. J. Hardie and C. L. Raston, J. Chem. Soc., Dalton Trans.,

1999, 3639.
13 K. N. Rose, L. J. Barbour, G. W. Orr and J. L. Atwood, Chem. Commun.,

1998, 407.
14 L. J. Barbour, G. W. Orr and J. L. Atwood, J. Chem. Soc., Chem.

Commun., 1997, 1439.
15 G. Rothenberg, A. P. Downie, C. L. Raston and J. L. Scott, J. Am. Chem.

Soc., 2001, 123, 8701.
16 B. A. Roberts, G. W. V. Cave, C. L. Raston and J. L. Scott, Green

Chem., in press.

Fig. 1 Molecular structure of p-benzylcalix[4]arene showing the inclusion
of water (space filling) within a self inclusion leading to a columnar array
(hydrogen atoms have been removed for clarity).
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An extended chain structure formed by covalently linking
polyoxovanadate cages with tetrahedral six rings
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The compound Cs10.5[(V16O40)(Si4.5V1.5O10)]·3.5H2O is the
first example of an extended structure in which a poly-
oxometallate anion is linked by an extended tetrahedral
unit.

A promising approach to the synthesis of new microporous
compounds is to connect nanoscale ‘cores’ with extended
linking groups via covalent bonds. Yaghi and coworkers have
used this concept in the synthesis of a number of microporous
phases in which metal–oxo cores have been connected with
multifunctional organic linking groups. The compound (ben-
zenedicaboxylate)3Zn4O is a recent example.1 We have ex-
plored a similar approach using preformed vanadium bor-
ophosphate anions linked by metal cations into
three-dimensional structures.2 Others have synthesized com-
pounds where polyoxovanadate ions are linked in a similar
way.3–5 A combination of both approaches in which poly-
oxoanion clusters are covalently linked to form stable micro-
porous structures would be of special interest since poly-
oxovanadates are known to adopt a wide variety of structures
with shapes ranging from cages to bowls, baskets, and belts.6–8

A great diversity of framework topologies is therefore possible.
Precedents for this strategy are found in the known compounds
based on Mo4O4

4+ and V5O9
2+ ‘cores’ linked by single

phosphate anions9,10 and in the related structures of the minerals
pharmacosiderite11 and phosphovanadylite.12 Here, we report
the first example (to our knowledge) of an extended structure in
which a polyoxovanadate ion is linked covalently by an
extended tetrahedral linking unit. We note that chains of
oxobridged cluster units have been previously reported.13,14

The compound Cs10.5[(V16O40)(Si4.5V1.5O10)]·3.5H2O 1 con-
tains a linear chain of V16O40

162 anion shells linked by
(Si4.5V1.5O10)5.5+ six-rings and represents a first step towards
the synthesis of three-dimensional expanded structures based on
polyoxoanions.

In a typical synthesis of compound 1, a mixture was prepared
by mixing 0.14 g fumed silica, 0.26 g VOSO4·3H2O and 1 ml
H2O. The mixture was then sealed together with 0.5 ml CsOH
50 wt% aqueous solution in a flexible Teflon bag in air. The bag
was subsequently sealed in a steel reaction vessel filled with
water to about 60% volume, and heated at 240 °C for 3 days.
After cooling to room temperature over 3 h, the products were
filtered off, washed with water, and dried in air. Dark-brown
plate-like crystals of 1 were recovered as a minor phase together
with blue crystals of Cs2(VSi4O11)·3H2O (VSH-2),15 and were
characterized with electron microprobe analysis, IR spectra†
and single crystal X-ray diffraction.‡

In the crystal structure of 1, two eight-membered rings of
VO5 tetragonal pyramids that share basal edges are fused
together perpendicularly to form a cage. Two opposite windows
of the cage are each capped by an additional VO5 pyramid
forming a spherical shell of composition [V16O40] (Fig. 1).

The shell can be considered as a derivative of the a-Keggin
cluster shell [V12O36]. The six square windows of the a-Keggin
shell can be capped by VNO groups to form a [V18O42] shell.16

Substitution of two VO5 pyramids of the [V18O42] shell by
Si2O7 dimers leads to the [V16Si4O46] unit of 1. The spherical

shell [V16Si4O46] in 1 has the symmetry 2/m and has a water
molecule located at the shell center. The shortest distances from
the water oxygen to the shell oxygen and vanadium atoms are
3.52 and 3.57 Å, respectively. Neighboring [V16Si4O46] shells
are linked together by (V1.5Si0.5)O4 tetrahedra to form infinite
chains running along [001]. The (V1.5Si0.5)O4 tetrahedra share
corners with the SiO4 tetrahedra of the shells to form a six-
membered ring that has the symmetry 2/m (Fig. 2). Alter-
natively the chain may be described as made up of [V16O40]
cluster anions that are linked by single six-rings of composition
[Si4.5V1.5O10]. Efforts to solve the V,Si cation disorder in the
(V1.5Si0.5)O4 tetrahedra by refinements in lower symmetry
space groups were unsuccessful. Caesium cations and water
molecules occupy the space between the chains.

The SiO4 tetrahedron in 1 has regular Si–O bond lengths
1.604–1.630 Å and O–Si–O angles 105.8–112.3°. The
(V1.5Si0.5)O4 tetrahedron has an average V–O bond length of
1.69 Å and a bond valence sum (bvs) of 5.45 v.u. calculated
using bond valence parameters for V5+–O bonds.17 The high
bvs value is a result of the partial substitution of Si4+ for V5+.
The chemical composition was confirmed by electron micro-
probe analysis and is consistent with the occupancies refined

Fig. 1 The spherical shell [V16Si4O46] in 1. Empty circles are oxygen atoms.
The two eight-rings of square pyramids (vertical and horizontal) are plotted
with black solid bonds.

Fig. 2 The one-dimensional chain in 1; (V1.5Si0.5)O4 tetrahedra are
hatched.
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from the X-ray data. The VO5 pyramids have apical VNO bond
lengths 1.602–1.633 Å and basal V–O bond lengths
1.908–2.017 Å. Bond valence sums calculated for the V atoms
of the pyramids are in the range 4.03–4.20 v.u., in agreement
with their V4+ characters.

The [V16Si4O46] unit of 1 has four silicate tetrahedral corners
available for further covalent bonding, and therefore, can
readily be linked into a chain. In contrast, in the related Keggin
cluster derivatives [AsIII

2nVIV
182nO42]42, n = 3, 4 where n

VO5 pyramids of a [V18O42] shell are replaced by As2O5
trigonal pyramid dimers, the clusters cannot link because of the
presence of the electron lone pairs on As(III).18,19 The
tetrahedral configuration of the four As2O5 groups in [AsIII

8-
VIV

18O42]42, however, points to possibilities for similar
substitution by Si2O7 groups to form, for example, clusters of
composition [Si8V14O50]. Such clusters could favor formation
of three-dimensional framework structures in which each
cluster functions as a super-tetrahedron.

In summary, we have synthesized hydrothermally a novel
one-dimensional silicovanadate that demonstrates the possibil-
ity of decorating cage-like polyvanadate clusters with silicate
tetrahedra and linking them covalently into extended structures.
This example suggests a synthetic route to novel microporous
materials by using polymetalate nanoclusters as building
units.

We thank the National Science Foundation (DMR9805881),
the R. A. Welch Foundation for financial support. This work
made use of MRSEC/TCSUH Shared Experimental Facilities
supported by the National Science Foundation under Award
Number DMR-9632667 and the Texas Center for Super-
conductivity at the University of Houston.

Notes and references
† Electron mocroprobe analysis was carried out with a JEOL 8600 electron
microprobe operating at 15 keV with a 10 mm beam diameter and a beam
current of 30 nA. Observed atomic ratios (based on V = 17.5): Cs : Si : V =
10.20 : 4.52 : 17.5. Infrared data (cm21): 629(w), 702(s), 945(s), 980(vs),
1020(s), 1633(m), 3462(m).
‡ Crystal data for 1: M = 3276.4, orthorhomic, space group Pnnm, a
= 19.351(2), b = 12.803(1), c = 13.189(1) Å. Dark-brown plate, crystal
size 0.11 3 0.07 3 0.02 mm. Mo-Ka radiation (l = 0.71073 Å), m = 8.32
mm21, 2qmax = 57°, R(F) = 0.055/0.143 for 1911/3964 observed (I >
2s(I))/all unique reflections and 269 variables.

Intensities were measured on a SMART platform diffractometer
equipped with a 1K CCD area detector using graphite-monochromatized

Mo-Ka radiation at 20 °C. Absorption correction was made using the
program SADABS. The structure was solved with direct methods and
refined using SHELXTL.20–22

CCDC reference number 171147.
See http://www.rsc.org/suppdata/cc/b1/b108303a/ for crystallographic

data in CIF or other electronic format.
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Protein–calixarene interactions: complexation of Bovine Serum
Albumin by sulfonatocalix[n]arenes
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The complexation of Bovine Serum Albumin with sulfonato-
calix[n]arenes has been demonstrated by means of electro-
spray mass spectrometry, dynamic light scattering and
atomic force microscopy; with sulfonatocalix[4]arene one
strong and two weaker binding sites are detected; the effects
on the structure of thin films formed by surface deposition of
BSA show that the sulfonatocalix[n]arenes act to reticulate
the films and produce essentially planar systems.

During the last few years there has been a rising interest in the
application of p-sulfonatocalix[n]arenes as bioactive molecules,
reports on the action of these molecules include chloride ion-
channel blocking,1 anti-thrombotic2 and anti-viral effects,3 the
lack of cell cytotoxicity4 and the inhibition of enzymatic activity
of lysyl-oxidase.5 These effects have been measured in vitro or
on the pure proteins themselves. However in order to cross over
to in vivo activity one interesting experiment remains; do these
molecules interact with the most common of the physiological
proteins, the Serum Albumins? The Serum Albumins are a class
of globular circulating proteins with a molecular mass of 67 kDa
and molecular size of 4 3 4 3 14 nm.6 A major role of these
proteins is their adhesion at surfaces forming anchors for
subsequent formation of protein films. In addition it has been
demonstrated that the Serum Albumins possess a wide number
of different binding sites for cations and anions. In the case of
anion binding three strong binding sites for fatty acids are
located at Arg117, Lys351 and Lys475,7 three weaker anion
binding sites have also been identified, these may include the
salicylate binding sites, Lys199 and Arg 222.8 We have
previously studied the formation of films at surfaces by the
Serum Albumins and have demonstrated that molecular recog-
nition of cations plays a determinant role in the structuring of
such films.9 In this communication we report on the complexa-
tion of Bovine Serum Albumin by the sulfonatocalix[n]-
arenes.

Fig. 1 shows the mass spectrum† of BSA in the presence of
sulfonatocalix[4]arene 1 at a molar ratio of 1+4. The observed
molecular mass of BSA at 66.5 kDa is in agreement with
literature.6 Additional peaks showing specific complexation10

and corresponding to the 1+1 (67.2 kDa), 1+2 (68.1 kDa)
complexes and a very weak peak due to a 1+3 (68.8 kDa)
complex are observed, the intensity of the 1+1 being the
greatest. For 2 (not shown) with BSA only a weak signal for the
1:1 complex is observed and for 3 no complexation is observed
by ES–MS. The steric hindrance for 2 and 3 reduces their access
to the anion binding sites and inhibits complexation, in contrast
to 1 for which one strong binding site is sterically available.

Surface plasmon resonance studies show that the complexa-
tion of BSA with 2 has no effect on the adhesion properties of
the protein (data not shown).‡

Sulfonatocalixarenes 1, 2 and 3 in aqueous solution cause
precipitation of BSA at 2.36 mM concentration with molar
rations above 1+6, 1+4 and 1+3 respectively, in the presence of

a Tris buffer at 10 mM, pH 7.4 and 150 mM NaCl such
precipitation is not observed. Indeed dialysis§ showed com-
plexation of 36 molecules of 2 (5.0 mL at 9.1 3 1024 mol L21)
to BSA (1.0 mL at 2.9 3 1025 mol21, and hence 2/BSA = 157).
This higher number of molecules of 2 bound to BSA in
comparison with the distribution found by ES–MS shows either
the occurrence of additional non-specific complexation which
cannot be detected by mass spectrometry or an effect due to the
variation in ionic strength. Microcalorimetry§ titration of BSA
with 2 shows an exothermic interaction with a standard enthalpy
of interaction equal to (28600 ± 200) kJ mol21 at 304 K in the
presence of 10 mM Tris and NaCl 150 mM at pH 7.4 indicating
an average enthalpy of 2239 kJ mol21 per bound 2. The
measurement of the titration curve of BSA by 2 is in
progress.

The results of studies using photon correlation spectroscopy¶
are given in Fig. 2(a) and (b).

Fig. 1 ES–MS spectrum of the BSA–1 complexes at a molar ratio of 1+4.

Fig. 2 PCS titration curves for BSA:1, (a) in buffer (4) and (b) in the
absence of buffer (:).

This journal is © The Royal Society of Chemistry 2001
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It appears clearly that the average size reaches a maximum at
a 2/BSA ratio of about 3 in the presence of water and that the
Tris–NaCl buffer delays the occurrence of strong aggregation.
However, at high 2/BSA ratios in the presence of tris–NaCl, a
large increase in size is also observed in possible correlation
with the high number of bound 2 and the high observed
exothermicity observed under these conditions. Hence the Cl2
counter ions delay the complexation. In pure water a specific
binding of three calixarenes per BSA is hence detected both by
ESMS and PCS, however higher 2/BSA ratios also induce non-
specific binding and finally protein precipitation. This sug-
gested that mixtures of 2 and BSA dissolved in water should be
contacted with mica surfaces after drying of the solutions. The
effect of 2 on the structure of films prepared by deposition of a
1+1 solution on mica were studied by non-contact mode AFM.∑
The images for BSA alone and in the presence of 2 are shown
in Fig. 3(a) and (b), respectively. For BSA alone a highly
irregular cracked surface with large linear structures is observed
with an rms roughness of 1236 nm. In the presence of 2 a planar
unfractured film with rms roughness of 2.8 mn is observed.

Optical measurements have shown that the films are typically
4–6 mm in thickness.

From the above it has been shown that BSA complexes with
sulfonatocalix[n]arenes; this involving multiple binding for
sulfonatocalix[4]arene, complexation of which leads to ag-
gregation of the protein and in the case of film formation to
stabilisation of the film. We plan also to study the structure of
films like those shown in Fig. 3 by means of small angle X-ray
scattering. Indeed, it cannot be totally excluded that the
sulfonatocalix[n]arenes induce some crystallisation of the
proteins since high concentrations of sodium sulfate are used to
crystallise a number of proteins with acidic isoelectric points,
such as albumins.11

We thank the Fondation pour la Recherche Medicale for
support for the AFM.

Notes and references
† Electrospray mass spectrometry was carried out on a Sciex API 165
spectrometer, the solvent was H2O–MeOH–HCO2H (50+50+0.1), with a
BSA concentration of 10 pmol ml21. The spectra were deconvoluted to
obtain the molecular masses.
‡ Surface plasmon resonance was carried on a Texas Instruments
SPREETA 256 channel system at 20 °C using a flow cell.
§ Non-contact mode imaging was performed using a Themomicroscopes
Explorer system; using a 11 m linearised scanner, Si cantilevers with
resonant frequencies of 159 kHz were used, the scan rate was 1.2 Hz.
¶ Photon correlation spectroscopy was carried out on a Malvern 4700C
spectrometer equipped with a Siemens 40mW laser at 633 nm, values were
measured at 90 °C in 10 mm cells using a thermostated bath at 25 °C.
∑ Equilibrium dialysis experiments were performed at 298 K with Spectra R
Cellulose Ester membranes (cut off: 10000 Da) for a duration of 45 h.
Unbound 2 was quantified by UV spectroscopy at l = 300 nm.

The microcalorimetry experiments (Microcal Omega MC-2, Microcal)
were performed in presence of a huge excess of 2 (3.3 mM) in the cell so
allowing the assumption that all the added protein is bound to 2. The small
dilution heat of BSA (220 kJ mol21) is taken into account in the quoted
reaction enthalpy.
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1993, 64, 17; J. L. Atwood, R. J. Bridges, R. K. Juneja and A. K. Singh,
US Pat., 5 489 612, 1996.

2 K. M. Hwang, Y. M. Qi, S. Y. Liu, T. C. Lee, W. Choy and J. Chen, US
Pat., 5 409 959. 1995.

3 K. M. Hwang, Y. M. Qi, S. Y. Liu, T. C. Lee, W. Choy and J. Chen, US
Pat., 5 196 452, 1991.

4 F. Perret, P. Shahgaldian, M. Mazorana and A. W. Coleman, Abstracts,
IISC-10, Fukuoka, Japan, July 2000.

5 D. J. S. Hulmes, E. Aubert-Foucher and A. W. Coleman, Fr. Pat., FR
98.10074, 1998.

6 T. Peters, Jr., All about Albumin, Academic Press, San Diego, CA,
1996.

7 G. V. Richieri, A. Anel and A. M. Kleinfeld, Biochemistry, 1993, 32,
7574.

8 G. Sudlow, D. J. Birkett and D. N. Wade, Mol. Pharmacol., 1976, 12,
1052.

9 C. C. Annarelli, L. Reyes, J. Fornazero, J. Bert, R. Cohen and A. W.
Coleman, Cryst. Eng, 2000, 3, 173.

10 J. A. Loo, Mass Spectrom. Rev., 1997, 16, 1.
11 M. G. Cacace, E. M. Landau and J. J. Ramsden, Q. Rev. Biophys., 1997,

30, 241.
Fig. 3 (a) AFM image of a film of BSA at 50 mm scan range and (b) AFM
image of a BSA–sulfonatocalix[4]arene film at 50 mm scan range.
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Formation of a novel porphyrin–gold nanoparticle network film
induced by IR light irradiation
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IR light irradiation of a mixed toluene solution of ammo-
nium salt-stabilized gold nanoparticles with 3.8 ± 0.8 nm
core diameter and a porphyrin thioacetate derivative affords
a thin photoactive film of the cluster–porphyrin network.

Many attempts to construct 2D/3D structures of nanometer-
scale metal particles1 have been made in order to attain more
advanced properties brought about by collective interaction
among the assembled metal particles for use in electronic and
photochemical devices.2 Current research is moving into a new
stage of functionalization by introducing redox and photoactive
species into metal nanoparticle arrays so that the specific
properties of metal nanoparticles associated with the electronic
state of surrounding functional molecules are changeable upon
an applied potential3 or light.4 From this viewpoint, we
previously reported on an electrochemical procedure effective
in fabricating redox-active gold1e,5 and palladium6 nanoparticle
films.

In this report, we present a new approach by which a
photofunctional nanoparticle film is constructed. The system
consists of a combination of an octylammonium bromide-
covered gold nanoparticle (1) and a new porphyrin derivative,
mesotetra(5-thioacetylpentyl)porphyrin, with four alkyl chains
terminated with a thioacetate group (2) (Scheme 1). It is
expected that heat activation can produce aggregation of 1
bridged by 2 based on the fact that the adsorption force of the
ammonium salt on the gold nanoparticle surface is weaker than
that of thiolate. Heating a toluene solution of the mixture caused
substantial coagulation, and resulted in precipitation at the
bottom of the vessel. In this study, we successfully introduced
an extra perturbation of ‘light irradiation’ in addition to heating,
in order to control the cohesion process of the nanoparticles to
form a film on a specific part of the substrate. The film
formation process, along with the morphological and photo-
chemical properties of the constructed film, is reported.

A toluene solution of 1 was prepared by use of the single-
phase method employed in our previous report.6 In brief, AuCl3
(29 mg, 0.097 mmol) dissolved in a micelle solution of
tetraoctylammonium bromide (0.53 g, 0.97 mmol) in degassed
toluene (90 cm3) was reduced by 1.0 mol dm23 lithium
triethylborohydride (0.73 mmol) in THF (0.73 cm3), and stirred
for 2 h. The mixture was diluted with 150 cm3 toluene and then
dried with a requisite amount of Na2SO4 to give a dark red
solution of 1, which was used without isolation, in order to

avoid irreversible aggregation, for further experiments. The
core diameter of the particles determined by transmission
electron micrograph (TEM) images was 3.8 ± 0.8 nm. The core
size was sensitive to the total concentration used in the synthetic
procedure; e.g. it was diminished to 2.9 ± 0.8 nm in a ten times
more dilute solution with the same mol ratio of the starting
materials. The solution was stable for a few weeks in the
absence of air, water and light. The porphyrin derivative 27

equipped with four adsorptive units around a rigid planar
porphyrin moiety to generate a chemically tight combination
with 1, was synthesized by a nucleophilic substitution reaction
between potassium thioacetate and mesotetra(5-chloro-
pentyl)porphyrin8 in a yield of 87%.

Fig. 1A displays time-resolved UV–VIS spectra of a mixed
solution of 1 (15 cm3) and 2 in toluene (38 mmol dm23/5 cm3)
with incident light of D2 + W lamps for 2 h with simultaneous
heating at 50 °C.9 The formation of a purple thin film on the
inner wall of the UV quartz cell was observed, and corre-
sponded to a gradual increase of the absorption in the range of
500–900 nm (Fig. 1A). A film is formed in a circle where the
irradiated light strikes indicating that the irradiation process is
essential for formation of this film. The thus prepared film
exhibits a red-shifted surface plasmon band of assembled 1 at
576 nm, and a sharp Soret band due to the porphyrin moiety of
2 at 420 nm (emax = 2.4 3 105 dm3 mol21 cm21), confirming
that the film is essentially composed of porphyrin-bridged gold
nanoparticles (Fig. 1A inset). Assuming that the molar absorp-

Scheme 1

Fig. 1 (A) UV–VIS spectral changes of a mixture of 1 and 2 with incident
light at every 20 min intervals for 2 h with simultaneous heating at 50 °C
(from bottom to top). (Inset) The UV–VIS spectrum of the prepared film
after the measurement. (B) UV–VIS spectrum of the porphyrin-bridged
gold nanoparticle film on the wall of the UV cell prepared using an a Xe
lamp (from bottom to top for 20, 40, 60, 80 and 100 min) with simultaneous
heating at 50 °C in a mixture of 1 and 2. (Inset) Correlation between the
absorption intensity at 420 nm of the film and the irradiation time.

This journal is © The Royal Society of Chemistry 2001

2476 Chem. Commun., 2001, 2476–2477 DOI: 10.1039/b106682j



tion coefficient of the synthesized gold nanoparticles, emax, is
ca. 1.2 3 107 dm3 mol21 cm21,10 the molar ratio of 1 to 2 in the
film is calculated to be 1+19. The coverage of 1 is 1.6 3 10211

mol cm22, corresponding to 4 layers having a total thickness of
25 nm based on an inter-particle spacing of 6.2 nm, as estimated
from scanning tunneling microscopy (STM) (vide infra).

Fig. 1B shows the UV–VIS spectra of the films stuck on the
inside of the cell prepared using an Xe lamp with different
irradiation times.11 The spectra present two bands, derived from
1 and 2, respectively, similar to those shown in Fig. 1A, and the
intensity of the absorption bands grows almost linearly with
increase in irradiation time (Fig. 1B inset). The molar ratio of 1
to 2 is 1+7.5, indicating that the film contains fewer porphyrin
moieties than that prepared using the D2 + W lamps, as noted
above, and in addition the film formation process depends on
the light source.

Additional experiments were carried out for a detailed
elucidation of the mechanism of film formation, and the
following results were obtained: (i) the film cannot be
constructed without a binding ligand of 2, and insoluble black
precipitates were collected at the bottom of the cell; (ii) there is
no dependence of film formation on the wavelength of
irradiated light between 360 and 840 nm; and (iii) light blocked
by an infrared cut filter cannot produce a film. These results
indicate that the main factor involved in film formation is ‘the
thermal energy of molecular vibration’ in the quartz of the UV
cell provided by IR light irradiation, which generates a
specifically heated area of the inner wall. Consequently, the
isolated and/or partially gathered nanoparticles are stuck on the
irradiated spot, connected by a thioacetate group of porphyrin
ligands, and the nanoparticle networks grow gradually in a
three-dimensional direction.

The top of Fig. 2 shows an STM image of the porphyrin-
bridged gold nanoparticle film prepared by photoirradiation
with an Xe lamp for 1 h. It can be seen that many spherical
particles are closely packed to cover the HOPG surface over an
area ca. 100 nm2. The average inter-particle distance shown in
Fig. 2 (bottom) is 6.2 nm, which is reasonable compared with
the expected value (6.0 nm) when 1 is bridged with 2 (the core
diameter of the nanoparticle is 3.8 nm and the porphyrin linker
length is 2.2 nm). This finding proves that the gold nano-

particles exist individually in the film without decomposition or
flocculation by light irradiation.

Film formation also occurs for larger gold nanoparticles with
a 5.6 nm core diameter prepared by the method of Fink et al.12

This demonstrates that this technique is possibly useful for film
formation in a designated area. We also examined the
photochemical properties of the film using an interdigitated
array microelectrode,13 which shows that the photocurrent
response is switchable by light irradiation, and involves a
reliable increase of conductivity in 30%. It can be deduced that
the excited electrons of the porphyrin units induce faster
electron transfer through the film.

In conclusion, we have synthesized a new porphyrin
thioacetate derivative that can connect to ammonium salt-
covered gold nanoparticles. The porphyrin-bridged gold nano-
particle films were formed on the substrate in a mixed toluene
solution of the porphyrin and nanoparticles, and formation was
induced by IR light irradiation.

This work was supported by Grants-in-Aid for Scientific
Research (Nos. 11309003 and 12874085) from the Ministry of
Culture, Education, Science, Sports, and Technology, Japan,
and the Tokyo Ohka Foundation.
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Fig. 2 STM image of a multilayer porphyrin-bridged gold nanoparticle film
on HOPG (top), and a cross-sectional profile of the film (bottom). The
image was taken at a current of 0.3 nA and a bias of 0.5 V with a Pt/Ir
tip.
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Si-BEZA – catalytic pyridinium triflate: a mild and powerful agent for
the silylation of alcohols
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A highly efficient method of silylation using a novel agent,
Si-BEZA (silylbenzamide), together with a pyridinium
triflate catalyst was developed, wherein a variety of silyl
groups can be introduced into sterically crowded alcohols
under mild conditions.

The silylation of alcohols is indispensable for organic syntheses
as the most reliable protective method.1–3 Despite the well-
established method, there still remains a strong need for
improved efficiency. In view of the restrictions involved during
elaborate syntheses of complex compounds, the development of
mild and efficient silylation methods has become increasingly
important for: (1) smooth silylation against sterically crowded
and functionalized alcohols under mild conditions, (2) introduc-
tion of bulky silyl groups into unreactive alcohols, and (3) mild
alternatives to some bulky-sized silyl triflates, one of the most
powerful agents, because the preparation of silyl triflates
sometimes requires tedious procedures.

Thus, we were prompted to explore a more efficient system.
Consistent with the interest in the mild and effective silyla-
tions,4,5 we wish to introduce here a novel, efficient, and
powerful silylation agent, Si-BEZA [1, O-(trisubstituted si-
lyl)benzamide] together with catalytic PyH+·OTf2 (2, pyr-

idinium triflate). The present method is of general interest,
because it covers several types of silylations [TMS, TES,
TBMDS, TIPS (triisopropylsilyl), and TBDPS (tert-butyldiphe-
nylsilyl)] against sterically crowded, functionalized, aliphatic,
allylic, and phenolic hydroxy groups under mild conditions.

Preparation and handling of both Si-BEZA (1a–e) and
PyH+·OTf2 (2) are quite easy (Table 1).† Compared with the

Table 2 Silylation of alcohols using Si-BEZA with PyH+·OTf2 catalysta

Alcohol Si-BEZA (1)
cat. PyH+·OTf2
(equiv.) Solv. Temp./°C Time/min Yieldb (%)

1a (TMS) 0.05 THF 25 5 95
1b (TES) 0.1 THF 25 10 99
1c (TBDMS) 0.2 THF 50 150 96

1c 0.2 THF 25 30 99
1d (TIPS) 0.2 THF 50 840 97

1a 0.05 BTFc 25 5 99
1b 0.1 BTFc 25 10 99
1c 0.2 BTFc 50 60 99
1c 0.2 THF 50 60 10 ~ 20
1e (TBDPS) 0.1 THF 25 30 98

1e 0.1 THF 25 30 99

1e 0.1 THF 25 60 90

1e 0.2 THF 50 1200 23
1e 0.4 THF Reflux 2400 83d

a Molar ratio; alcohol+1 = 1.0+1.5.b Isolated.c Benzotrifluoride.d 5.0 equiv. of 1e was used.

Table 1 Preparation of Si-BEZAa

Si-BEZA (1) Yield (%) Purification

TMS- (1a) 54 Distillationb

TES- (1b) 48 Distillationb

TBDMS- (1c) 83 Recrystallizationc

TIPS- (1d) 74 Chromatographyd

TBDPS- (1e) 74 Chromatographyd

a In MeCN at 20 to 25 °C for 10 h. Molar ratio; benzamide+SiCl+NaH =
1.0+1.0+1.0.b By Kügelrohr.c From hexane.d Use of neutral alumina.
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corresponding silyl triflates (especially, TBDMS, TIPS, and
TBDPS), 1c–e are considerably moisture-insensitive. Without
catalyst 2, the reaction did not proceed. Namely, Si-BEZA (1),
itself, is adequately stable and 2 acts as a useful trigger. An
analogous pyridinium salt, PPTS did not promote the silylation.
Diphenylammonium triflate6 is also a good catalyst, we chose 2
due to its convenience. Careful NMR experiments of 1c
revealed that the structure was not an N-TBDMS amide but a O-
TBDMS imidate. The high silylation potential originated from
the strong driving force of the reactive O-silyl imidate
transformed into thermodynamically stable benzamide with the
release of the silyl moiety. Table 2 lists the results of the
silylation of sterically crowded (silylation-resistant) and/or
functionalized alcohols.‡ Indeed, silylation-resistant terpinen-
4-ol (3), linalool (4), and 2,4-di-tert-butylphenol (5) were
successfully silylated in excellent yield under mild conditions.
In the case of 5, BTF solvent was more suitable than THF.
Several functionalized alcohols, i.e., allylic 4, tetrahydropyr-
anyl 6, ester 7 and aldol 8 tolerated the present conditions. To
our knowledge, this is the first example of the bulky TBDPS
group being practically introduced into a tertiary alcohol 9.7

The present method has another practical merit of easy work-
up procedure. After the reaction was completed, solid benzani-
lide was easily filtered from the mixture containing the desired
silyl ester and/or separated by standard column chromatog-
raphy. Two parallel experiments for silylations using TIPS-
BEZA (1d) with linalool (4) and o-cresol (10) demonstrate that
the ability of 1d is considered to rival or surpass the most
powerful method using SiOTfs–2,6-lutidine8 under standard
conditions (Figs. 1 and 2). Small amounts of polymerization

was found to occur, when linalool (4) was subjected to silylation
using TIPSOTf–2,6-lutidine (Fig. 1).

In conclusion, this original reagent, Si-BEZA (1), with
catalytic PyH+·OTf2 (2) is structurally simple, yet, exhibits
powerful and highly efficient silylations.

This research was partially supported by a Grant-in-Aid for
Scientific Research on Priority Areas (A) ‘Exploitation of
Multi-Element Cyclic Molecules’ and on Basic Areas (C) from
the Ministry of Education, Culture, Sports, Science and
Technology, Japan.

Notes and references
† Benzanilide was added to a stirred suspension of NaH (1.0 equiv.) in
MeCN (ca. 0.5 M) at 0–5 °C and stirred at rt for 1 h. To the mixture was
added silyl chloride (1.0 equiv.) at 0–5 °C, followed by stirring at room
temp. for 2–10 h. After evaporation of MeCN, the residue was extracted
with hexane, and NaCl and the small amount of benzanilide remaining were
removed. Hexane was evaporated to give crude Si-BEZA (1a–e), which was
purified by distillation (TMS, TES), recrystallization from hexane
(TBDMS), or neutral alumina column chromatography with hexane–ether
(ca. 20+1) (TIPS, TBDPS). TfOH was added to a stirred solution of pyridine
(1.0 equiv.) in toluene at 0–5 °C and stirred at rt for 15 min. Toluene was
evaporated to give the crude solid, which was washed with ether to give pure
PyH·OTf2. TMS-BEZA (1a); yellow oil; 190 °C (oven temp.) at 0.2
mmHg; 1H NMR (300 MHz, CDCl3) d 20.26–0.69 (9H, br s), 6.62–8.16
(10H, m); 13C NMR (75 MHz, CDCl3) d 0.22, 120.21—123.89 (br),
126.98—131.48 (br), 148.01. TES-BEZA (1b); yellow oil; 200 °C (oven
temp.) at 0.2 mmHg; 1H NMR (300 MHz, CDCl3) d 0.07–1.41 (15H, m),
6.50–8.12 (10H, m); 13C NMR (75 MHz, CDCl3) d 5.01, 6.56,
120.17–131.78 (br), 148.00. TBDMS-BEZA (1c); Colorless crystals; mp
73–74 °C; 1H NMR (300 MHz, 240 °C, CDCl3) d 20.29 (3.7H, s), 0.39
(2.3H, s), 0.79 (5.6H, s), 0.99 (3.4H, s), 6.68–7.99 (10H, m); (20 °C, CDCl3)
d 20.52–1.57 (15H, m), 6.53–8.36 (10H, m); (140 °C, d7-DMF) 0.16 (6H,
s), 0.94 (9H, s), 6.78–6.86 (2H, m), 6.91–6.99 (1H, m), 7.15–7.24 (2H, m),
7.27–7.40 (3H, m), 7.54–7.65 (2H, m). 13C NMR (100 MHz; 240 °C,
CDCl3) d 24.89, 24.23, 17.87, 18.19, 25.36, 25.73, 120.88, 122.14,
122.51, 123.34, 127.62, 128.00, 128.26, 128.33, 128.89, 129.56, 129.77,
130.74, 131.51, 135.16, 146.95, 148.29, 154.28, 156.40; (20 °C, CDCl3) d
24.28, 18.26, 25.79, 120.18–123.72 (br), 126.61–130.79 (br), 147.87 (not
amide but imidate). 29Si NMR (80 MHz; 240 °C, TMS) d 23.10, 23.25.
15N-enriched TBDMS-BEZA (1c) was prepared from 15N-aniline ( > 99%
purity). 15N NMR of this sample (40 MHz; 240 °C, CH3NO2) d 2123.43,
2123.29. TIPS-BEZA (1d); pale yellow oil; 1H NMR (300 MHz, CDCl3) d
0.84–1.61 (21H, m), 6.63–7.62 (10H, m); 13C NMR (75 MHz, CDCl3) d
12.43, 18.16, 120.73–122.81 (br), 127.80, 128.90, 129.46, 129.81, 148.47.
TBDPS-BEZA (1e); pale yellow viscous oil; 1H NMR (300 MHz, CDCl3)
d 0.83–1.46 (9H, m), 6.24–7.90 (20H, m); 13C NMR (75 MHz, CDCl3) d
19.59, 27.30, 120.78, 122.49, 127.39, 127.86, 128.70, 129.40, 129.51,
130.01, 133.08, 135.17, 135.54, 147.60, 154.76.
‡ A typical procedure. TBDMS-BEZA (1c; 476 mg, 1.5 mmol) was added
to a stirred solution of terpinen-4-ol (3; 154 mg, 1.0 mmol) and PyH·OTf2
(46 mg, 0.2 mmol) in THF (2.0 cm3) at 20–25 °C. After stirring at 50 °C for
2.5 h, the mixture was quenched with water and extracted twice with ether.
The combined organic phase was washed with water, brine, dried (Na2SO4)
and concentrated. The obtained crude oil was purified by SiO2-column
chromatography (hexane) to give 1-(tert-butyldimethylsiloxy)-1-isopropyl-
4-methyl-3-cyclohexene (257 mg, 96%). Colorless oil. 1H NMR (300 MHz,
CDCl3) d 0.03 (3H, s), 0.06 (3H, s), 0.87 (9H, s), 0.88 (3H, d, J 6.7 Hz), 0.89
(3H, d, J 6.7 Hz), 1.61–2.30 (10H, m), 5.20–5.25 (1H, m). 13C NMR (75
MHz, CDCl3) d 22.33, 22.04, 17.06, 17.15, 18.65, 23.07, 26.00, 28.78,
32.23, 33.79, 35.92, 75.72, 119.40, 133.49.

1 T. W. Green and P. G. M. Wuts, Protective Groups in Organic Synthesis,
3rd. edn., Wiley, New York, 1999, pp. 113–148.

2 P. Kocienski, Protecting Groups, Thieme, Stuttgart, 1994, p. 28.
3 B. A. DASa and J. G. Verkade, J. Am. Chem. Soc., 1996, 118, 12832.
4 Y. Tanabe, M. Murakami, K. Kitaichi and Y. Yoshida, Tetrahedron Lett.,

1994, 35, 8409; Y. Tanabe, H. Okumura, A. Maeda and M. Murakami,
Tetrahedron Lett., 1994, 35, 8413.

5 D. A. Johnson and L. M. Taubner, Tetrahedron Lett., 1996, 37, 605.
6 K. Wakasugi, T. Misaki, K. Yamada and Y. Tanabe, Tetrahedron Lett.,

2000, 41, 5249; J. Otera, Angew. Chem., Int. Ed., 2001, 40, 2044.
7 Fluka Fine Chemical Co. Ltd., Chemika, Silylating Agents, 1995.
8 E. J. Corey, H. Cho, C. Rücker and D. H. Hua, Tetrahedron Lett., 1981,

22, 3455.

Fig. 1 Comparable experiments of triisopropylsilylation of linalool (4)
conversion (GC%) -: TIPS-BEZA (1d; 1.5 equiv.)–PyH+·OTf2 (2; 0.2
equiv.)–THF, 50 °C. :: TIPSOTf (1.5 equiv.)–2,6-lutidine (2.5 equiv.)–
DMF, 50 °C.

Fig. 2 Comparable experiments of triisopropylsilylation of o-cresol (10)
conversion (GC%) -: TIPS-BEZA (1d; 1.5 equiv.)–PyH+·OTf2 (2; 0.2
equiv.)–BTF, 25 °C. :: TIPSOTf (1.5 equiv.)–2,6-lutidine (2.5 equiv.)–
CH2Cl2, 25 °C
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The first example of a diazaarsolyl anion: structure and coordination
polymerisation of the aromatic metallacycle benzo[1,3,2]diazaarsolyl
lithium·2THF
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The first example of an aromatic diazaarsolyl anion 1 has
been synthesised and structurally characterised; the X-ray
crystal structure of 1 exhibits planar metallacyclic fragments
which link together to generate a coordination polymer via
bridging lithium cations.

Over the past few years the chemistry of metal–imido species
and anionic ligand systems based on p block element imido
frameworks have received much attention.1,2 As part of our
recent research into the reactivities of distibine-dimethylamido
derivatives we reported the synthesis and structural character-
isation of 1,3-[(RNLi)Sb]2(m-NR)(CH2)3·RNHLi, a chiral bi-
metallic imido-/amido-bridged cage structure of interlocking
six-membered rings, incorporating the co-complexation of
primary lithium amide.3 In relation to this work we have also
investigated the chemistry of (Me2N)2AsCH2As(NMe2)2. In
contrast to the iminophosphanes, compounds containing an As–
N double bond are very rare.4–7 The first stable compound
containing an AsIIIN double bond to be structurally charac-
terised was reported by Lappert, Hitchcock and coworkers,
namely As(NNAr)(NHAr) where Ar = C6H2

tBu3-2,4,6. In this
case the As–N pp–pp bond is stabilised by both steric bulk and
electronic factors.5 Subsequently, Roesky and coworkers re-
ported bis[2,4,6-tris(trifluoromethyl)phenyl]iminoarsane which
is only kinetically stabilised by bulky groups,6 as is the very
recently reported (2,4,6-tBu3C6H2)NNAs–N(SiMe3)2.7

Here we report the unexpected outcome of the reaction
between (Me2N)2AsCH2As(NMe2)2 and 1,2-H2N(C6H4)NHLi
(1+4 equiv.) which instead of generating the expected diarsine-
based polyimido anion, yields the aromatic metallacycle,
benzo[1,3,2]diazaarsolyllithium·2THF, [C6H4N2As·
Li(THF)2]H 1 (Scheme 1).†

Clearly the reaction involves cleavage of the bridging
methylene group, the by-product presumably being an, as yet
unidentified, methyl arsine species. Attempts to prepare 1 by an
alternative route, namely the reaction of As(NMe2)3 with
1,2-H2N(C6H4)NHLi (1+1 equiv.), have failed indicating that
the methylene bridged diarsine plays an important role with a
differing pattern of reactivity to its mononuclear counterpart.
Previous studies indicate that the reactivity of As(NMe2)3
towards primary lithium amides differs markedly from that of
Sb(NMe2)3, requiring acid catalysis from an excess of
primary amine in order to react, e.g., in the synthesis of
{As(NtBu)3}2Li6.8 However, all attempts to prepare 1 utilising

various stoichiometries of lithium amide and free amine have
also failed.‡

The X-ray structure of 1 reveals planar anionic C6H4N2As
metallacycles that are linked together via bridging Li(THF)2

+

units to form a two-dimensional coordination polymer (see Fig.
1). This is the first example of an aromatic diazaarsolyl anion to
be structurally characterised. The neutral phosphorus analogue
of 1, 1H-benzo[1,3,2]diazaphosphole, has been reported, but
readily oligomerises to a tetrameric form requiring Lewis acid
stabilisation or thermolysis to retain the monomeric unit.9 As a
result of a direct synthesis of the (more synthetically useful)
anion, we believe that the aromatic nature of 1, leads to its
inherent stability with respect to oligomerisation without the
need for any steric protection.

Unlike As(NNAr)(NHAr) (Ar = C6H2
tBu3-2,4,6)5 and

(2,4,6-tBu3C6H2)NNAs–N(SiMe3)2
7 [AsNN 1.714(7), 1.708(3);

As–N 1.745(7), 1.822(2) Å, respectively] where there are clear
distinctions between the arsenic–nitrogen single and double
bonds (even though some conjugation is evident), in 1 the As–N
bonds are virtually identical [As(1)–N(1) 1.786(3), As(1)–N(2)
1.789(3) Å]. Thus there is complete delocalisation within the
N2As unit, with the bond order being intermediate between
single (calculated at 1.87 Å10) and double bond character {av.
1.71(1) Å for the previous two compounds, cf. 1.73 Å11 in
[(Me3SiO)2AsN]3}. The sum of the angles about N(1) and N(2)
(av. 359.7(5)°) are also consistent with the planar nature of the
metallacycle, indicating a sp2 hybridisation. Within this ring the
C–N distances (av. 1.36 Å) are also consistent with comparable
literature aromatic systems.12 The angle about As [93.87(12)°]
indicating predominant use of p-orbitals in bonding, is in line
with those found in arsole derivatives, e.g., 86.96° in h5-
(Me4C4As)Li·TMEDA.13

The coordination polymerisation of 1, caused by N–Li–N
bridging of Li(THF)2

+ units with neighbouring metallacyclic
anions is comparable to that seen in the anionic phosphorus
cyclen complex, [(C8H16P)(Li.THF)]H.14 The Li–N distances

Scheme 1

Fig. 1 Selected bond lengths (Å) and angles (°) for compound 1. Hydrogen
atoms have been omitted for clarity: As(1)–N(1) 1.786(3), As(1)–N(2)
1.789(3), C(1)–N(1) 1.364(4), C(6)–N(2) 1.363(4), Li(1)–N(1) 2.003(6),
Li(1)–N(2) 2.043(6), Li(1)–O(1) 1.992(6), Li(1)–O(2) 1.974(5); N(1)–
As(1)-N(2) 93.87(12), N(1)–C(1)-C(6) 115.6(3), N(2)–C(6)–C(1) 115.6(3),
C(1)–N(1)–As(1) 107.4(2), C(6)–N(2)–As(1) 107.4(2), O(2)–Li(1)–O(1)
97.1(2), O(2)–Li(1)–N(1) 108.3(2), O(1)–Li(1)-N(1) 112.8(3), O(2)–Li(1)–
N(2) 112.3(3), N(1)–Li(1)–N(2) 121.3(3).

This journal is © The Royal Society of Chemistry 2001
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[range 2.003(6)–2.043(6) Å] are within the expected values.15

The preparation of 1 via such a pathway to directly generate a
stable anion may allow the syntheses of heavier metal
homologues, which would otherwise be unstable with respect to
oligomerisation in the protonated form. Additionally, the ligand
chemistry of 1 is currently being investigated with a range of
metal centres.

We thank the EPSRC for a project studentship (J. S. J) and the
National X-ray Crystallographic Service (M. B. H and Dr S.
Coles).

Notes and references
† Crystal data for C28H40As2Li2N4O4 1: Mr = 660.36, orthorhombic space
group Pna21, a = 11.830(2), b = 8.6933(17), c = 14.914(3) Å, U =
1533.8(5) Å3, Z = 2, m = 2.217 mm21, crystal size 0.18 3 0.16 3 0.10 mm,
T = 150(2) K; refinement of 3225 unique reflections (2q @ 27.48°, Rint =
0.0454) against 182 parameters gave R1 = 0.0328 and wR2 = 0.0699 [I >
2s(I)] (R1 = 0.0454 and wR2 = 0.0747 for all data).

Data were collected on a Nonius KappaCCD area detector diffractometer,
at the window of a Nonius FR591 rotating anode [l (Mo-Ka) = 0.71073
Å]. Corrections were applied to account for absorption effects by means of
comparing multiple and equivalent reflections. Solutions were obtained via
direct methods and refined by full-matrix least-squares on Fo

2, with
hydrogens included in idealised positions and refined using the Riding
model.

CCDC reference number 173021.
See http://www.rsc.org/suppdata/cc/b1/b108593j/ for crystallographic

data in CIF or other electronic format.
‡ Synthesis of 1: all manipulations were undertaken under an inert nitrogen
atmosphere. 1,2-Diaminobenzene (0.43 g, 4 mmol) was dissolved in dry
toluene and nBuLi (4 mmol) added to give a white precipitate which was
stirred, with gentle warming, for ca. 30 min. Subsequently (Me2N)2-
AsCH2As(NMe2)2 (0.34 g, 1 mmol) was added and the mixture stirred at
100 °C for 2 h to yield a pale green precipitate. The toluene was removed
in vacuo and the mixture dissolved in 30 cm3 of THF to yield a blue
solution. Reduction to ca. 15 ml and storage at 5 °C overnight yielded a crop
of colourless plates of 1 in 30% yield (relative to 1,2-diaminobenzene, 1st

batch). 1H NMR (300 MHz; DMSO-d6; 25 °C) d 7.51–6.85 (m, 4H, ArH),
3.61 (m, 8H, –CH2CH2O–), 1.75 (m., 8H, –CH2CH2O–); 13C NMR (75
MHz; DMSO–d6; 25 °C) d 114.6–135.1 (Ar), 67.1 (–CH2CH2O–), 25.2
(–CH2CH2O–). Satisfactory analyses (C, H, N) were obtained for all
samples of 1.
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373.
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Bis[hydrotris(pyrazol-1-yl)borato]titanium(II): a stable Tp2M complex
of singular reactivity†

Ajay Kayal, Joshi Kuncheria and Sonny C. Lee*

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, USA.
E-mail: sclee@princeton.edu

Received (in Purdue, IN, USA) 10th September 2001, Accepted 22nd October 2001
First published as an Advance Article on the web 15th November 2001

Tp2Ti [Tp = hydrotris(pyrazol-1-yl)borate] is a stable hard
donor complex of divalent titanium that shows controlled
reaction chemistry with simple chalcogen oxidants.

The homoleptic bis-complexes of hydrotris(pyrazol-1-yl)borate
([Tp2M]0,+) are founding compounds in the expansive metal
chemistry of polypyrazolylborate ligands.1 The first of these
simple, symmetric species date back to Trofimenko’s disclosure
of the ligand class,2 and neutral Tp2M complexes of divalent
metal ions (or equivalently substituted pyrazole homologues)
are now known for almost all of the 3d (V to Zn) and three 4, 5d
elements (Ru, Cd, Hg), as well as for a number of alkaline earths
(Be–Ba), rare earths (Sm, Eu, Yb) and metalloids (Sn, Pb).1,3

We report here the extension of this chemical series to the
uncommon, reactive divalent oxidation state of titanium.†

The reaction of TiCl2(TMEDA)2
4 with 2 equivalents of

potassium hydrotris(pyrazol-1-yl)borate (KTp) in benzene
immediately affords a deep red solution from which Tp2Ti (1)
can be isolated as a dark red, analytically pure, microcrystalline
solid in excellent ( > 90%) yield (Scheme 1). A crystal structure

analysis‡ reveals the expected bis(k3-Tp) structure, with
approximate molecular D3d symmetry and octahedral micro-
symmetry about the Ti(II) center; the average Ti–N bond
distances§ are comparable to values previously observed for
Ti(II)–N(aromatic) contacts.5–7 Compound 1 is paramagnetic
and, as a polycrystalline solid, obeys the Curie–Weiss law
(30–300 K) for an S = 1 state (meff = 2.62 mB). Under
rigorously anaerobic, aprotic conditions, the complex is soluble,
stable, and well-defined in a variety of solvents. The 1H NMR
spectrum of 1 consists of four paramagnetically shifted signals
(C6D6: d 243.1 (6H), 1.2 (6H), 13.1 (2H), 16.1 (6H)), as
expected for a D3d symmetric structure, that can be fully
assigned to corresponding hydrogens through 1H{11B} NOE
difference spectroscopy. The intense purple–red color of the
complex arises from broad charge-transfer bands in the near UV
and visible regions of its electronic absorption spectrum
(CH2Cl2: lmax = 256, 390 (sh), 513, 590 (sh) nm, with eM =
7400, 1650, 3170, 1610 dm3 mol21 cm21 respectively).
Complex 1 exhibits two reversible electrochemical oxidations
at 21.28 and +1.20 V vs. SCE (MeCN, 0.1 M (n-Bu4N)ClO4).
Oxidation with AgPF6 in CH2Cl2 allows chemical access to the
trivalent state as crystalline, transparent yellow [Tp2Ti](PF6) (2)
(Scheme 1). The cyclic voltammogram of the oxidized complex

† Electronic supplementary information (ESI) available: synthetic details
for compounds 1–5. See http://www.rsc.org/suppdata/cc/b1/b108115b/

Scheme 1
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shows one reversible reduction and one reversible oxidation at
potentials matching those of the two oxidative couples meas-
ured for 1; this allows definite assignment of the lower potential
as the Ti(II)/Ti(III) couple. We are aware of only one other report
of a reversible Ti(II)/Ti(III) couple, measured for Ti(OAr)2-
(bipy)2 (Ar = 2,6-diisopropylphenyl) in THF at 20.86 V vs.
SCE.7,8 Although a precise comparison is not possible due to the
use of different electrochemical solvents, the aryloxide complex
appears to have a moderately higher oxidation potential,8
perhaps as a result of p-acidity in its bipyridyl ligands.

Stable, isolable complexes of divalent titanium typically
require the presence of p-acceptors and/or soft donor ligands to
support the reduced metal ion;9 Ti(II) centers ligated solely by
hard donors (as in 1) are rare4–7 and often undergo progressive,
spontaneous decomposition in solution.4 We ascribe the
exceptional stability of complex 1, which remains unchanged in
toluene solution even after prolonged heating (90 °C, 1 week,
dinitrogen atmosphere), to the effectiveness of the bis(k3-Tp)
ligation in maintaining a coordinatively saturated metal center.
This intrinsic stability of the bis-chelate structure might be
expected to preclude further chemistry, and indeed, we know of
no documented reactivity in transition metal Tp2M complexes
other than electron transfer.10 Studies with simple chalcogen
reagents, however, establish the Tp2Ti environment as an
effective platform for metal-centered chemistry.†

Exposure of 1 in benzene solution to atmospheric dioxygen
results in an immediate color change and eventual separation of
oxo-bridged Ti(III) dimer [(k2-Tp)(k3-Tp)Ti]2(m-O) (3) as light
orange crystals (Scheme 1). The same product can be obtained
by treatment of 1 with 0.5 equivalents of pyridine N-oxide in
benzene; excess pyridine N-oxide (to 6 equivalents) has no
effect on the reaction outcome. Analogous oxidations with
elemental sulfur and selenium are marked by more varied,
stoichiometry-dependent behavior. Complex 1 reacts with 0.5
equivalents of yellow sulfur or gray selenium to form as yet
unidentified but homologous paramagnetic species.11 At 1
equivalent of sulfur, a rapid (minutes) reaction yields the
terminal sulfido Ti(IV) monomer (k2-Tp)(k3-Tp)TiNS (4-S)
along with limited amounts of the disulfido Ti(IV) complex (k2-
Tp)(k3-Tp)Ti(k2-S2) (5); although the two products co-crystal-
lize inseparably, crystal structure and NMR analyses allow
unambiguous identification of the individual components. The
use of excess sulfur (12 equivalents) also generates a mixture of
4-S and 5 at first, but in this case the terminal sulfide ligand
slowly (hours) transforms to disulfide, allowing isolation of
pure 5 (Scheme 1). Finally, reactions of 1 with 1–20 equivalents
of selenium lead exclusively to the selenium homologue of 4-S,
(k2-Tp)(k3-Tp)TiNSe (4-Se) (Scheme 1). The reaction chem-
istry of complex 1 is well-behaved, with spectroscopically clean
conversions and high isolated yields (60–80%) of pure
crystalline products.

In solution, the terminal chalcogenido complexes 4-S and
4-Se present nearly identical 1H{11B} NMR spectra with 2 B–H
and 12 sharp, well-resolved pyrazole-H resonances in a
2+2+1+1 pyrazole ratio; this signal pattern is consistent with the
Cs symmetric structures found in the solid state (vide infra). The
spectra also display weak, broad features ( < 5% of the total
signal intensity) that have been linked through variable-
temperature EXSY experiments to intermediates in dynamic
processes which exchange all pyrazole positions of the parent
structure. The room-temperature NMR spectra of the other
reaction products are also characteristic, but less interpretable
due to line broadening from paramagnetism (Ti(III) dimer 3) and
pronounced fluxionality (disulfido complex 5).

Despite differences in their solution NMR spectra, the solid-
state structures of the chalcogen reaction products all share the
same distinctive (k2-Tp)(k3-Tp)TiL architecture, where bi-
dentate binding of one Tp chelate allows incorporation of the
entering ligand within an octahedral coordination sphere. (For
comparative purposes, the k2-S2 fragment of seven-coordinate 5
is regarded as one ligand of a six-coordinate metal center.) The

unbound pyrazole arm and the chalcogen ligand are trans-
oriented in the (k2-Tp)Ti metallocycle, indicating that the
change in Tp binding mode is not a simple substitution of one
donor for another, but reflects a more substantive rearrangement
of the coordination sphere. The trans-influences of bridging oxo
and terminal selenido ligands give rise to long Ti–N(trans)
bonds in complexes 3 and 4-Se; increased Ti–N distances are
also evident for the three meridional pyrazole donors coplanar
with the k2-disulfido ligand of complex 5, due presumably to
non-orthogonal, ‘trans-like’ orbital interactions as well as steric
effects that exist when five ligands occupy the same coordina-
tion plane. The structural metrics of these complexes are
otherwise typical for their respective donor sets.‡§

In conclusion, the venerable Tp2M structure type offers new,
extensible chemistry as a stabilizing yet reactive coordination
environment for divalent titanium.

We thank Drs A. K. Verma and I. Pelczer for experimental
assistance and helpful discussions, and the Arnold and Mabel
Beckman Foundation (Beckman Young Investigator Award)
and the NSF (CAREER CHE-9984645) for their generous
support.

Notes and references
‡ Crystal data: CCDC reference numbers 172870–172874. See http://
www.rsc.org/suppdata/cc/b1/b108115b/ for crystallograpic data in CIF or
other electronic format.
§ Selected structural metrics (Å or °, averaged for equivalent sites). 1: Ti–N
2.216(2). 2: Ti–N 2.114(3). 3: Ti–N(cis) 2.171(3), Ti–N(trans) 2.257(3),
Ti–O 1.811(3); Ti1–O–Ti2 167.4(1). 4-Se: Ti–N(cis) 2.146(4), Ti–N(trans)
2.278(4), TiNSe 2.255(1). 5: Ti–N(axial) 2.143(3), Ti–N(meridional)
2.230(3), Ti–S 2.32(2), S–S 2.011(1).
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The first examples of Room Temperature Ionic Liquids
(RTIL) containing fused polycyclic N-alkylisoquinolinium
cations ([Cnisoq]+) in combination with the bis(perfluoro-
ethylsulfonyl)imide anion ([BETI]2) have been synthesized,
characterized, and utilized in liquid–liquid partitioning from
water; these salts have unexpectedly low melting points and
give high distribution ratios for aromatic solutes, especially
chlorobenzenes, between the RTIL and water.

The growth in recent attention given to Room Temperature
Ionic Liquids (RTIL) stems from the unique properties inherent
to this new class of solvents and their potential to replace
volatile organic solvents. RTIL may exhibit miniscule vapor
pressure, high thermal stability, unique miscibilities,1 and a
wide temperature range for the liquid phase. In addition, the
composite RTIL cations and anions significantly affect the IL
miscibility with other solvents (e.g., water), and also the
solubility of these solvents in the IL.2 For aqueous–organic
separations, relatively hydrophobic RTIL can be considered as
replacements for traditional VOCs while maintaining the basis
for biphasic separation.3–8 Solute partitioning studies indicate
that organic solutes have an affinity for the RTIL phase,
correlating with their octan-1-ol–water log P values,2,5 or
hydrophobicity.

The range of hydrophobic RTIL has, until recently, been
limited and largely focused on systems containing imidazolium
and pyridinium cations,9 imidazolium cations have exceptional
advantages for electrochemical applications.10 The number of
available RTIL systems has increased due to the incorporation
of a large range of different weakly coordinating anions.11,12

Using perfluorinated anions has led to ionic liquids with
attractive properties (hydrophobicity and low viscosity) for
applications beyond electrochemistry.13 Clearly, however, new
classes of RTIL are needed, both to further our understanding of
RTIL in general and also to find the appropriate combination of
physical properties and performance geared towards industrial
application.

In this work, a homologous series of N-alkylisoquinolinium
salts containing linear alkyl substituents from butyl to octadecyl
were prepared with the bis(perfluoroethylsulfonyl)imide
([BETI]2) anion. It was hoped that the extended aromatic
system present in these RTIL would lead to specific interactions
with other aromatic species that could improve specific
separations, e.g. in the removal of aromatics from hydrocarbon
feedstocks.1

The salts were prepared by metathesis from the correspond-
ing chloride salts and were isolated as colorless liquids that
separated from aqueous solution. The physical properties for the
[Cnisoq][BETI] RTIL are summarized in Table 1. The thermal
properties are of particular interest. TGA results show the onset
of thermal decomposition begins around 400 °C from where
they decompose in the liquid state with a single continuous
weight loss with little variation with increasing alkyl chain
length. The salts displayed DSC cooling and heating profiles
typical for ionic liquids14 showing a glass transition on cooling
and an exothermic transition on heating (corresponding to
crystallization) followed by a sharp melting transition of the

crystalline phase. The variation in glass transitions and melting
point with chain length and anion are shown graphically in Fig.
1. Glass transition temperatures generally increase progres-
sively with increasing alkyl-chain length (n) owing, perhaps, to
the additional energy required to reorient larger cations in the
glassy state.

For the series [Cnisoq][BETI], melting points are affected by
the alkyl chain length and decrease from n = 4 to 6. This
observation may be associated with a possible destabilization of
the crystalline state. With further lengthening of the alkyl chain,
the melting point increases monotonically, associated with the
increasing stability of the crystal state through alkyl–alkyl
interactions.

The observed decrease in melting points with increasing alkyl
chain length to a minimum for the C6-derivatives and then
increasing melting point for longer alkyl chain derivatives has
been observed as a general feature of organic salts containing an
alkyl-chain substituent.15 The reasons behind this trend are not
well understood but it is believed to be a combination of
competing factors which influences the stability of the crystal
lattice and therefore the melting point; destabilization of cation
packing on increasing chain length, and increased chain–chain
packing stabilization through microphase separation.

All the [Cnisoq][BETI] RTIL prepared were relatively
hydrophobic and separated from water upon metathesis from
the Li[BETI] salt as colorless liquids containing around 1%

Table 1 Characterization of the [Cnisoq][BETI] RTILa

n

Water
content
(wt%)

Mole
fraction
water

Melting point
(Tg/°C)

Glass transition
(Tg/°C)

Density/
g cm23

4 1.77 0.36 262.0 285.2 1.23
6 1.62 0.35 277.3 284.0 1.20
8 1.49 0.35 268.1 279.4 1.17
10 0.69 0.20 259.3 277.8 1.09
12 0.66 0.20 251.0 275.4 1.08
14 0.61 0.20 249.7 266.7 1.07
16 0.47 0.16 248.6 261.8 1.05
18 0.41 0.15 247.2 259.3 1.05
a Data measured for RTIL equilibrated against water.

Fig. 1 Glass transition temperatures (2) and melting points (5), for
[Cnisoq][BETI] RTIL determined on cooling and heating cycles re-
spectively, by differential scanning calorimetry.
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(wt.) of water. The water content of the RTILs corresponds to
approximately 0.35–0.15 mole fraction. With increasing chain
length, the salts become less dense and increasingly hydro-
phobic (see Table 1) as the contribution from the alkyl-chain to
the liquid structure increases.

The octyl- and tetradecyl-substituted RTIL were used in
liquid–liquid separation for a series of aromatic solutes and the
results are compared to [C4mim][PF6]–water systems in Fig. 2.
As the solute hydrophobicity increases (as noted by the octan-
1-ol–water partition coefficient, log P), the general trend is for
an increase in the distribution ratios for the organic solutes.
Using log P provides at best only a general parameter for
comparing solute partitioning behavior in these systems since,
the environment in an ionic liquid is clearly different from that
in octan-1-ol. Certain solutes, (e.g., benzoic and salicylic acids)
may interact via hydrogen bonding and partition as complex
species, hence the break in the trend for those solutes.

The data in Table 1 indicate that the [C14isoq][BETI] RTIL is
the most hydrophobic and, in fact, the data in Fig. 2 show a
slight increase in the distribution ratios for most hydrophobic
solutes in liquid–liquid systems with that RTIL. It is of
particular interest to note that the distribution ratios for
substituted aromatics with the isoquinolinium systems are
higher than with [C4mim][PF6] as the extracting phase.2 With
[C14isoq][BETI], the distribution ratio for 1,2,4-trichloro-
benzene is 1280 compared to 524 with [C4mim][PF6].2 For the
series of solutes (e.g., carboxylic acids or substituted aromatics)
examined here, the slope of the carboxylic acid partitioning data
(0.44) is approximately half that of the aromatic hydrocarbons
and halogenated aromatic solutes (0.89), as shown in Fig. 3. It
is not yet clear whether the enhanced distribution ratios,
particularly for aromatic species, are due to the hydrophobicity
in the isoquinolinium RTIL or to increased aromatic inter-
actions.

This series of new, hydrophobic ionic liquids based on the N-
alkylisoquinolinium† cation and the [BETI]2 anion has been
characterized and the thermal properties of the salts have been
described. All the salts are hydrophobic and are liquids at room
temperature, prompting the investigation of their use as a
component for aqueous-IL two-phase separation systems. The
availability of ionic liquids containing a conjugated aromatic
core in particular, offers significant potential opportunities for
the separation of aromatic compounds from aqueous or
hydrocarbon sources.

This research has been supported by the U. S. Environmental
Protection Agency’s STAR program through grant number R-
82825701-0. Additional support was provided from the PG
Research Foundation.
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Fig. 3 Linear regression of the distribution ratios from Fig. 2 for the sets of
acid (lower points 1–3) and aromatic (upper points 4–8) solutes partitioned
between [C8isoq][BETI]–water (5) or [C14isoq][BETI]–water (2).
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Hollandite with Cr(III) in both tunnel and framework sites
has been prepared hydrothermally from layered manganese
oxide precursors.

Hollandite-type manganese oxides are one-dimensional tun-
neled materials that consist of 2 3 2 arrangements of edge-
shared MnO6 octahedra with cations occupying the interstitial
voids. They have been widely studied for potential applications
in catalysis, cation sorption, chemical sensing, and rechargeable
battery technology.1,2 By far, the most common and easily
prepared member of this class is cryptomelane, a specific
hollandite with K+ in the tunnels. The prevalence of cryptome-
lane can be attributed to the widespread use of potassium salts
in manganese oxide syntheses and stabilization from an
excellent fit of K+ in the 2 3 2 tunnels.3 Hollandite-type
manganese oxides have been prepared with other alkali and
alkaline earth cations in the tunnels,4,5 but similar routes have
not been developed for hollandites with interstitial transition
metal cations. Here we report the hydrothermal synthesis of the
transition-metal-containing Cr-hollandite from a layered man-
ganese oxide precursor. The formation of the 2 3 2 hollandite
material is unusual because previous studies have found this
route to yield the related 3 3 3 tunneled manganese oxide,
todorokite.6–8

The overall synthetic scheme for Cr-hollandite is shown in
Fig. 1. A 1.69 g (10.0 mmol) sample of MnSO4·H2O was
dissolved in 20 mL of water in a plastic bottle and treated with
30 mL of aqueous 6 M NaOH to produce tan-colored Mn(OH)2.
A solid mixture of 1.89 g (7.0 mmol) K2S2O8 and 0.38 g (1.4
mmol) pulverized CrCl3·6H2O was then added very slowly with
stirring over a 45 min period. The resulting grey–black slurry of
Cr-doped Na-birnessite was aged for two days before being
isolated by filtration and washed three times with water. The
Na-birnessite was then immediately slurried with 100 mL of
0.25 M Cr(NO3)3 and stirred overnight to yield Cr-buserite,
which was isolated in a very slow filtration step. Hydrothermal

treatment of Cr-buserite at 160 °C for 24 h ultimately led to the
transformation into Cr-hollandite, of which ca. 0.8 g (ca. 70%
based on Mn) could be isolated.

The structures of Na-birnessite and Cr-buserite were con-
firmed by powder X-ray diffraction data collected on a Scintag
PDS 2000 diffractometer using Cu-Ka radiation. The diffrac-
tion pattern for Na-birnessite displayed characteristic peaks at
7.14 and 3.57 Å, which correspond to the interlayer spacing. In
the pattern of Cr-buserite, peaks were observed at 9.63, 4.81 and
3.21 Å due to interlayer expansion from a second layer of water
molecules being established in the gallery region. Scanning
electron microscopy images reveal plate-like morphologies for
both Na-birnessite and Cr-buserite, which are typical of these
layered materials.

The Cr3+ ion was introduced in the synthesis of Na-birnessite
as an isomorphous dopant in the manganese oxide framework.
Similar modifications with other transition metal cations have
been applied to birnessite and buserite materials to promote the
formation of 3 3 3 tunneled todorokite materials.6–8 Elemental
analysis of the Cr-doped Na-birnessite revealed a Cr/Mn ratio of
0.13, which compared favorably to the 0.14 ratio used in the
reactants and was taken to indicate that most of the Cr3+ became
incorporated in the manganese oxide structure. After ion
exchange, a Cr/Mn ratio of 0.32 was determined for Cr-buserite.
No soluble Mn was detected from the reaction, which suggested
that the ion exchange process occurred topotactically without
contributions from redox reactions involving the manganese
oxide framework.3,9 From the Cr+Mn ratios in Cr-doped Na-
birnessite and Cr-buserite, it was determined that 44% of the
total Cr3+ was doped into the manganese oxide framework
while 56% was contained between the layers.

Hydrothermal treatment of Cr-buserite resulted in the
collapse of the layered framework and formation of tunneled
Cr-hollandite. The hollandite-type manganese oxide structure
was confirmed by X-ray diffraction, Fig. 2. The peaks were
indexed to a tetragonal structure, which is analogous to the
observed patterns for cryptomelane (K-hollandite).4 Scanning
electron microscopy revealed needle-like formations of Cr-
hollandite with thickness in the range 100–400 nm. By
comparison, cryptomelane also has a fibrous morphology, but
with thinner particles that are much less than 100 nm.10,11 A
thermogravimetric profile showed essentially no weight loss
( < 0.5%) up to 300 °C, indicating a lack of interstitial water. A
weight loss of 7% from 400 to 620 °C was assigned to the
formation of M2O3 while a further weight loss of 4% from 620
to 800 °C was due to the appearance of Mn3O4.

The chemical formula of Cr0.30MnO2.41 was determined for
Cr-hollandite using data from elemental analysis (14.4% Cr,
50.3% Mn) and the thermogravimetric results which showed the
absence of water. There was no detectable Na in the material.
The 0.30 Cr/Mn ratio indicated some loss of interstitial
chromium during the hydrothermal treatment of Cr-buserite
(Cr/Mn = 0.32). This was verified by an observed light yellow
color in the Cr-holladite filtrate and detection of soluble Cr by
atomic absorption spectroscopy. There was no detectable Mn inFig. 1 Synthetic scheme for Cr-hollandite.
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the filtrate, indicating that Cr3+ was expelled from the
interstitial region rather than from the manganese oxide
framework. Thus, the Cr-hollandite formula can be expressed as
Cr0.16(Cr0.14Mn)O2.41 to show the distribution of chromium
between tunnel and framework sites. Difficulties in sample
preparation prevented a standard analysis of the average Mn
oxidation state, but a value of 3.9 could be obtained indirectly
from the chemical formula determined for Cr-hollandite.
Cryptomelane samples have similar oxidation states. Consider-
ing the presence of Cr(III) in the Cr0.14Mn composition of the
tunneled framework, the average oxidation state on each metal
center in the framework is 3.8.

The synthesis of Cr-doped Na-birnessite is the key step in the
overall preparative scheme for Cr-hollandite. The degree of
crystallinity in Na-birnessite, as determined by X-ray diffrac-
tion peak intensities, correlates well with the crystallinities of
buserite and hollandite obtained in subsequent steps. Slow
addition of the K2S2O8/CrCl3·6H2O oxidant/dopant mixture is
critical to achieving high quality Na-birnessite, as rapid addition
produced amorphous manganese oxide. In related birnessite
syntheses, rapid addition of K2S2O8 and divalent cation dopants
(Mg2+, Co2+, Ni2+, Cu2+) resulted in the formation of feitknech-
tite, a layered MnOOH material.8 A number of other oxidants
have been used to prepare Na-birnessite and these can
presumably be substituted for K2S2O8 in this synthesis.1
CrCl3·6H2O was chosen as the other solid reagent with K2S2O8
because it was less hygroscopic than other water-soluble Cr(III)
salts. The effect of aging on Cr-doped Na-birnessite was
interesting, since aging has been typically used to promote
greater crystallinity in birnessites.12,13 However, in this case the
most crystalline birnessites were obtained when aging was
carried out between zero and three days, with the optimum time
being about two days. Prolonged aging yielded birnessite with
poorly crystallinity or amorphous manganese oxide.

Successful syntheses of Cr-hollandite were dependent on
having Cr3+ both as an isomorphous framework dopant and a
gallery cation in the birnessite and buserite precursors. Na-
birnessite with Cr3+ as a framework dopant could be ion
exchanged with divalent cations such as Mg2+, Co2+, Ni2+ and
Cu2+. However, the resulting buserites were converted to
feitknechtite (layered MnOOH) upon hydrothermal treatment,
as determined by the appearance of a prominent X-ray
diffraction peak at 4.70 Å.8,12,13 Similar results were obtained
when divalent cations were doped in the manganese oxide
framework and Cr3+ was exchanged into the interlayer gallery.
Interestingly, there was no evidence of the 3 3 3 tunneled
todorokite phase from the hydrothermal reaction, even though

this phase is favored when the divalent cations occupy both
framework and interlayer sites in buserite.8 Attempts were also
made to prepare Cr-hollandite in the absence of framework
dopants. In these cases, some conversion of undoped Cr-
buserite to Cr-hollandite was observed, but the process was
slow and incomplete.

In addition to presenting the first example of a Cr-containing
hollandite, the hydrothermal synthesis also provides a route to 2
3 2 tunneled manganese oxides that contain a high level of
framework dopant. The cryptomelane framework has been
doped with a variety of foreign cations, but the amounts are
typically low (0.01–0.5% substitution of total manganese) using
redox precipitation methods.11 Significant improvement of up
to 16% has been reported for Fe3+ in cryptomelane through
calcination of Fe-doped K-birnessite.14 The framework doping
of Cr3+ in Cr-hollandite represents a 12% substitution of total
manganese.

Overall, the hydrothermal synthesis of Cr-hollandite from
Cr-buserite is very unusual, especially given all the precedents
that show buserite acting as a precursor to todorokite.
Hydrothermal routes to todorokite are known with a variety of
tunnel cations, including alkali metals (Li+, Na+),15 alkaline
earth metals (Mg2+, Ca2+, Sr2+, Ba2+),15 transition metals
(Mn2+, Co2+, Ni2+, Cu2+, Zn2+),6–8,15 and even lanthanides
(Eu3+, Tb3+).15 It is not yet clear why Cr3+ is able to direct this
reaction toward the hollandite structure, but such information
would undoubtedly be valuable in designing syntheses of
tunneled manganese oxides.

This research was supported by the Research Corporation and
the donors of the Petroleum Research Fund, administered by the
American Chemical Society. The Keck Foundation is also
acknowledged for providing summer stipends for P. F. D., K. S.
K, and M. R. M.
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Fig. 2 Powder X-ray diffraction pattern for Cr-hollandite. The d-spacings in
Å and indices (hkl) are provided: 6.95 (110), 4.92 (200), 3.48 (220), 3.12
(310), 2.46 (400), 2.42 (211), 2.32 (330), 2.20 (420), 2.17 (301), 1.93 (510),
1.84 (411), 1.64 (600), 1.63 (431), 1.54 (521), 1.44 (002), 1.36 (640).

Fig. 3 Scanning electron microscope image of Cr-hollandite.
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Non-centrosymmetric structures are promoted through the
use of perfluoroaromatics containing structure-directing
CN…X (X = Br, I) supramolecular synthons.

There has been considerable interest over a number of years in
the design of organic molecules for non-linear optic (NLO)
applications, particularly frequency doubling through second
harmonic generation (SHG).1 For materials to exhibit SHG a
(macroscopically) non-centrosymmetric crystal is required.1
Considerable efforts in crystal engineering have led to the
design of well defined polar molecular chains2 but the
antiparallel alignment of these supramolecular dipoles tends to
generate centrosymmetric structures.3 An approach to favour
the co-parallel alignment of molecular chains is inclusion into
channel-like hosts such as PHTP.4 In this case molecules in
separate channels are essentially non-interacting and crystal
polarity evolves through a stochastic process (Markov the-
ory).3,4 A natural development of this concept is the design of
molecular chains bearing lateral substituents which minimise
interactions between chains, favouring co-parallel or non-
centrosymmetric structures.3 Here we report the structures of p-
XC6F4CN (X = Cl, Br, I) in which the CN…X interaction is
utilised as a structure-directing synthon5 and the fluorinated
substituents reduce inter-chain interactions.

The nitrile p-BrC6F4CN is commercially available (Lancas-
ter). The related nitriles, p-ClC6F4CN and p-IC6F4CN were
prepared according to literature methods.6 C6F5CN is a liquid at
room temperature and its low-temperature crystal structure has
been reported recently.7 The other halo-derivatives are solids
and were crystallised by slow sublimation (1 atm, 45–28 °C).

The CN…X interaction (X = Br, I) is a well characterised
supramolecular synthon5 but is less structure-directing for the
less polarisable more electronegative halogens (F, Cl). The
structures of p-BrC6F4CN and p-IC6F4CN are isomorphous
(space group Pna21) and exhibited some tendency for racemic
twinning. Amongst the samples, single crystals of both
compounds were found which did not exhibit twinning (on the
basis of their Flack parameter). Both p-BrC6F4CN and p-
IC6F4CN contain a single molecule in the asymmetric unit of
unexceptional geometry.‡ The solid state structures of both
derivatives exhibit characteristic chain motifs, with molecules
linked via CN…X interactions [dN…X = 3.157(7) and 3.128(7)
Å for Br and I analogues]. Within error (3 esd’s), these are close
to the sum of the van der Waals radii (3.14–3.44 Å in the case
of p-BrC6F4CN and 3.36–3.73 Å for the iodo derivative). The
chain-like motif for p-BrC6F4CN is illustrated in Fig. 1. There
appear to be no significant directional intermolecular inter-
actions between molecules in different chains, with N…F, F…F
and C…F contacts all greater than the sum of the van der Waals
radii. The shortest of the intermolecular Br…F contacts [at
3.413(5) Å] and the corresponding I…F contacts [at 3.521(5) Å]

falls beyond or at the longer end of the range expected for an
X…F non-bonded contact (2.84–3.22 Å for Br…F and
3.06–3.51Å for I…F).

The chains run co-parallel across the unit cell diagonal and lie
approximately in the bc plane, with Br…N–C angles of 164.8°.
A second set of co-parallel chains run across the unit cell
diagonal, approximately bisecting the b and c cell edges (Fig. 2).
These two planes form acute angles of 75.9° and 73.4° for p-

† Electronic supplementary data (ESI) available: the crystal structure of p-
BrC6F4CN in .pdb format. See http://www.rsc.org/suppdata/cc/b1/
b107665p/

Fig. 1 Crystal structure of p-BrC6F4CN viewed in the bc plane. Top: the
asymmetric unit with atom labelling.
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BrC6F4CN and p-IC6F4CN respectively, generating a macro-
scopically polar structure. This is in marked contrast to the
hydrogenated analogue, p-IC6H4CN which crystallises in the
centrosymmetric space group I2/a [p-BrC6H4CN crystallises in
the non-centrosymmetric space group Am, but exhibits some
structural disorder].5

In contrast to the bromo and iodo derivatives, the fluoro7 and
chloro analogues adopt rather different structures, consistent
with the less structure-directing nature of the CN…X inter-
action for the lighter halogens. In both these cases the cyanide
prefers close contacts with the p system of the aromatic ring
rather than the polarisable electron density of the heavier
halogens (Fig. 3). The CN…centroid contacts in p-FC6F4CN
and p-ClC6F4CN are 3.071 and 3.110 Å respectively.

For the current series of derivatives, p-XC6F4CN (X = F, Cl,
Br, I), the structures of the heavier halogens are dictated by
CN…X interactions similar to those reported elsewhere,5
whereas for the lighter halogens a tendency for CN…p type
interactions are observed. The structure-directing CN…X

interactions generate polar chains in both bromo and iodo
derivatives. The inclusion of the perfluorinated aromatic
substituent leads to minimal inter-chain interactions (as exem-
plified by all major interchain interactions greater than or equal
to the sum of the van der Waals radii). The CN…X interaction
(X = Br, I) faciliates a co-parallel alignment of chains forming
polar molecular sheets. In the current systems, the sheets do not
align co-parallel but are oriented at approximately 75° with
respect to each other but, nevertheless, render the structures
non-centrosymmetric and macroscopically polar.

Confirmation of acentric packing in p-BrC6F4CN was
obtained from an SHG test using a Continuum SLI-10
nanosecond pulsed Nd:YAG laser (1064 nm). The qualitative
measurement of frequency doubling utilised single crystals,
crushed between two glass slides at a peak power of 30 MW
cm22. Previous studies have indicated that there is no clear
trend in the molecular second order susceptibility, b, on
perfluorination of the aromatic ring.8 Further experiments are
underway to characterise fully the NLO activity of these
materials.

The present studies indicate that perfluorinated aromatics
containing structure-directing CN…X synthons can be utilised
to generate macroscopically polar structures which we have
shown to be SHG active. The current series of molecules are not
particularly rod-like in nature and perfect co-parallel alignment
of molecular chains is not observed. We are currently persuing
perfluorobiphenyl derivatives and related systems in which the
co-parallel alignment of molecular chains should be preferred.

We thank the EPSRC for financial support (A. D. B., J.
G.).

Notes and references
‡ Crystal data for ClC6F4CN: C7ClF4N, M = 209.53, orthorhombic, space
group Pca21, a = 11.7854(9), b = 6.2300(4), c = 10.0333(4) Å, U =
736.68(8) Å3, T = 180(2) K, Z = 4, Dc = 1.889 g cm23, m(Mo-Ka) =
0.534 mm21. Of 3607 reflections measured, 1464 were unique (Rint =
0.0444) and were used in all calculations. The final wR2 = 0.0980 (all data),
R1 [F2 > 2s(F2)] = 0.0349. Absolute structure (Flack) parameter =
0.04(9). CCDC 170505. Crystal data for BrC6F4CN: C7BrF4N, M =
253.99, orthorhombic, space group Pna21, a = 14.6736(12), b =
8.2804(5), c = 6.1368(5)Å, U = 745.64(10)Å3, T = 180(2) K, Z = 4, Dc

= 2.263 g cm23, m(Mo-Ka) = 5.529 mm21. Of 4047 reflections measured,
1647 were unique (Rint = 0.0679) and were used in all calculations. The
final wR2 = 0.1002 (all data), R1 [F2 > 2s(F2)] = 0.0447. Absolute
structure (Flack) parameter = 0.05(2). CCDC 170504. Crystal data for
IC6F4CN: C7IF4N, M = 300.98, orthorhombic, space group Pna21, a =
15.252(2), b = 8.5160(6), c = 6.1817(7) Å, U = 802.92(15)Å3, T = 180(2)
K, Z = 4, Dc = 2.490 g cm23, m(Mo-Ka) = 4.003 mm21. Of 4924
reflections measured, 1699 were unique (Rint = 0.0499) and were used in all
calculations. The final wR2 = 0.1051 (all data), R1 [F2 > 2s(F2)] =
0.0417. Absolute structure (Flack) parameter = 0.05(5). CCDC 170503.
See http://www.rsc.org/suppdata/cc/b1/b107665p/ for crystallographic files
in .cif or other electronic format.
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Fig. 2 View of p-IC6F4CN viewed in the bc plane, illustrating the non-
colinear alignment of molecular chains.

Fig. 3 Crystal structure of p-ClC6F4CN, illustrating the CN…p inter-
action.
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Synthesis and characterisation of organochalcogens has
demonstrated a high correlation between their electro-
chemical oxidation potential on the glassy carbon electrode,
their activity in bioassays and an unprecedented antioxidant
activity in neuronal cell culture (EC50 ~ 20 nM) making
electrochemical methodology a valuable tool in drug design
for Alzheimer’s and related diseases.

Oxidative stress is a biochemical condition present in several
human disorders, including Alzheimer’s disease.1 It is the
manifestation of an imbalance in an organism’s biochemical
redox-processes that results in the production of high concentra-
tions of reactive oxygen (ROS), nitrogen and sulfur species.
Various antioxidant strategies are used to treat oxidative stress
related disorders, e.g. by supplementation with artificial ‘one
shot’ antioxidants (vitamin C, penicillamine) that react stoi-
chiometrically with stressors to form non-toxic species.2 Recent
studies have indicated that catalytic antioxidants that mimic the
action of the selenium enzyme glutathione peroxidase (GPx) are
considerably more effective. GPx catalyses the reaction of toxic
peroxides with glutathione (GSH) to form oxidised glutathione
(GSSG) and water. Most synthetic GPx mimics incorporate a Se
or Te atom within an organic framework and their catalytic
redox cycle consists of the initial oxidation of a chalcogen atom,
in the process reducing peroxide to water, followed by
regeneration of the catalyst via reduction with two equivalents
of thiols.3–5

Only a few attempts have so far been made to link the
electrochemical redox potentials of these agents with anti-
oxidant activity, among them cyclic voltammetry (CV) to
characterise tellurides and selenides in organic solvents and
polarography of diselenides on mercury electrodes.6,7 A fast,
widely applicable and reliable method to predict biochemical
and biological activity is, however, still lacking and a
requirement for an accurate prediction is that antioxidants are
compared under conditions closely resembling a biological
environment. The results presented in this communication show
that oxidation potentials can be obtained in aqueous media on
the glassy carbon graphite electrode (GE) for both mono- and
di-chalcogens and that there is a good correlation between these
potentials and biochemical activity in oxidation assays. This
data can be used to predict antioxidant activity in cell culture
experiments indicative of Alzheimer’s disease.

The redox-behaviour of a number of structurally related
mono- and di-chalcogens has been investigated (Table 1).
Compounds 1 and 2 were purchased from Aldrich and 3–6 and
10 were synthesised according to established procedures.8 7 and
9 were synthesised by the reduction of 6 with sodium
borohydride followed by the addition of either a stoichiometric
amount of 1,3-dibromopropane (7) or an excess of the reagent
(9). Compound 8 was synthesised by stirring 10 in excess acetic
anhydride over 20 h. Cyclic voltammograms of organochalco-
gens (50 mM) were recorded in 50 mM potassium phosphate
buffer (pH 7.4) containing 30% methanol (due to the limited
solubility of the organochalcogens in aqueous media) using a

standard Ag/AgCl reference electrode, a Pt counter electrode
and a GE (BAS) that was thoroughly cleaned and polished
(Al2O3) after each scan.

Most chalcogen compounds studied displayed only one
irreversible oxidation peak between 0 and +1200 mV vs. Ag/
AgCl (Table 1) with the exception of 10, which also exhibited
a reduction peak at +270 mV and a second oxidation peak at
+820 mV. The value for the first oxidation potential (Epa)
ranged from +300 to +1400 mV with a clearly observable trend,
the tellurides having the lowest potential averaging around +400
mV, increasing to approximately +900 mV for the selenides and
+1200 mV for the sulfides. Interestingly, both mono- and di-
chalcogens displayed an oxidation peak, allowing comparison
of the two species. In aqueous solution anodic oxidation of these
chalcogens is an irreversible process that involves the formation
of the intermediate radical species rapidly followed by reaction
with water to form the chalcogen- or dichalcogen oxide.4,9 The
formation of such species (e.g. disulfide S-oxides, selenoxides)
is frequently observed in biochemical studies3 and has been
implicated in catalytic antioxidation (e.g. oxidative activation of
ditellurides, selenylsulfides).4 On the assumption that the ease
of radical formation correlates with the ease of oxidation of the

Table 1 Correlation between Epa and the biochemical activity of
compounds 1–10. Cyclic voltammograms were recorded at a scan rate of
200 mV s21. MT (0.5 mM) was incubated with t-BuOOH (500 mM) and
catalyst (200 nM, 100 nM for 7 to allow for the presence of two tellurium
catalytic sites) in the presence of PAR (100 mM) in 20 mM HEPES-Na+, pH
7.5 at 25 °C (N2 purged). The reaction was continuously monitored for 60
min at 500 nm (Cary50/Varian). Initial rates (r) were calculated between 0
and 10 min

Comp. X n Y Epa/mV
r
3 10210 M s21

1 S 1 H +1366 1.0
2 S 2 OCH3 +1176 1.3
3 Se 1 OCH3 +753 0.1
4 Se 2 OCH3 +1000 3.8
5 Te 1 OCH3 +368 4.3
6 Te 2 OCH3 +578 9.3
7 Te 1 a +527 11.6
8 Te 1 O(O)CCH3 +448 5.5
9 Te 1 a +694 6.7

10 Te 1 OH +299 14.1

Exp. error 10%. a Structures for 7 and 9 given below.
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chalcogen in vivo Epa has the potential to be used as a predictor
of biological activity.

Organochalcogens were evaluated for GPx-like activity via
their ability to catalyse the reaction of tert-butyl hydrogen
peroxide (t-BuOOH) with the thiol protein metallothionein
(MT) (this redox assay is increasingly used since it provides
excellent reproducibility).10,11 Zinc release from MT occurs
upon oxidation of the thiol ligands and is detected spec-
trophotometrically in the presence of the chromophoric dye
4-(2-pyridylazo)resorcinol (PAR). Agents catalysing this proc-
ess can be evaluated according to both the initial rate and the
total extent of zinc release. Maximum zinc release from 0.5 mM
MT was calculated by incubation with 10 mM ebselen
(2-phenyl-1,2-benzisoselenazol-3[2H]-one) and the amount of
zinc release for different antioxidants compared to this
theoretical maximum.11 Table 1 and Fig. 1 indicate that Epa
correlated well with the activity in the bioassay, with the lowest
potentials associated with the highest activity. A similar
correlation was observed in a standard GPx assay monitoring
thiophenol oxidation by hydrogen peroxide in methanol (data
not shown).12 Among the agents tested, 10 had the lowest Epa
and also one of the highest activities. It was therefore tested in
PC12 cell culture indicative of Alzheimer’s disease and
compared with other antioxidants.

PC12 cells were cultured as previously described.13,14 24 h
prior to study aliquots were exposed to 100 nM amyloid beta
peptide (residues 1–40) (AbP(1–40)) and varying concentrations
of antioxidants. AbP(1–40) causes dramatic and selective en-
hancement of Ca2+ channel activity in these cells via a
mechanism which involves increased production of ROS.13,14

Ca2+ channel currents were recorded using the whole-cell patch
clamp technique, with 20 mM Ba2+ as charge carrier. Currents
were evoked by applying 200 ms ramps (2100 mV to +100mV,
0.2 Hz) from 280 mV holding potential, measured at the peak
of the current–voltage relationship (+20 mV) and corrected for
cell size to yield current densities (pA/pF, means ± sem).14 Cell
viability was determined using a standard 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
at this dose of AbP(1–40) does not result in cell kill. The
antioxidants tested reversed the current augmentation induced
by AbP(1–40) without any detectable loss of cell viability (Fig.
2). The naturally occurring antioxidant melatonin exhibited the
least potency (EC50 ~ 30 mM), whereas the commonly used
selenium based anti-inflammatory agent ebselen (Epa deter-
mined as +1044 mV) showed increased potency (EC50 ~ 1 mM).
In line with a variation in Epa of approximately 700 mV,
compound 10 by far exceeded the activity of ebselen and,
astonishingly, was active in nanomolar concentrations (EC50

~ 20 nM). The diselenide 4 was also found to be highly active
in cell culture, albeit considerably less active than 10, in line
with its higher oxidation potential (+ 1000 mV) and lower
bioassay activity (EC50 ~ 160 nM). In accordance with a high
oxidation potential (Epa = +1155 mV) the commonly studied
Se-compound selenocystamine proved rather inactive (EC50
~ 10 mM).

These experiments have demonstrated that antioxidants
selected on the basis of electrochemical redox-behaviour and
their activity in bioassays are also likely to be highly active in
cell cultures. Compound 10 exhibited the lowest Epa and the
most promising antioxidant activity in the in vitro bioassays. It
also showed a remarkable activity when compared to ebselen
and melatonin in cell culture while showing little cell toxicity,
demonstrating that this compound is among the best anti-
oxidants available to date in cultured cells mimicking Alzhei-
mer’s disease. It is expected that this combination of chalcogen-
electrochemistry with organoselenide and organotelluride
catalysts will provide a new methodology for innovative
antioxidant research in Alzheimer’s disease.

This work was financially supported by the EPSRC (GR/
N22007), the MRC, an Alzheimer’s Society Innovation Grant,
the Wellcome Trust, the Royal Society and the University of
Exeter.
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Fig. 1 Correlation between Epa and % zinc transfer from MT (experimental
details given in legend of Table 1). A value for the maximum zinc release
was obtained by incubation with 10 mM ebselen. The value for zinc release
after 60 min was expressed as a percentage of the maximum zinc release and
plotted as a function of the catalyst’s (separately determined) oxidation
potential. Experiments were repeated (N = 3) and error bars (SD) applied
for zinc release as well as Epa.

Fig. 2 Effect of antioxidant concentration on current augmentation of PC12
cells with AbP(1–40). The plot shows the preventive effect of different
concentrations of antioxidants. The lower dashed line indicates current
density in control cells, whilst the upper dashed line represents currents
observed following 24 h incubation with 100 nM AbP(1–40).
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Novel mixed catalysts systems have been developed using a
platinum tetraammine complex with a cobalt or nickel
quinolyldiamine complex supported on graphite powder and
heat treated at 600 °C in argon atmosphere, for the methanol
oxidation reaction in direct methanol fuel cells.

The methanol oxidation reaction (MOR) is of great techno-
logical interest because of its potential application to direct
methanol fuel cells (DMFCs).1 DMFCs have an advantage over
polymer electrolyte fuel cells utilizing hydrogen gas generated
through a methanol reformer, because the system can be made
much simpler. However, in order to accomplish the DMFC
reaction, the methanol fuel should undergo the six-electron
oxidation process on the electrode catalyst given by eqn. (1).

CH3OH + H2O ? CO2 + 6H+ + 6e2 (1)

This is extremely difficult to control, and therefore leads to a
high overpotential. Moreover, the reaction is strongly hindered
by adsorbed CO, which occurs on the catalyst surface when Pt
based catalysts are used.2,3 Electrode catalysts free from CO
poisoning are thus desired in order to realize high conversion
efficiency in the DMFC.

Several types of MOR electrocatalysts have been proposed
including platinum based alloy catalysts4,5 or platinum finely
dispersed on oxides such as TiO2, MoO2, WO3, etc.6 New base
catalysts have also been proposed, e.g. mixtures of nickel–
tungsten alloy and WC prepared from nickel tungstate.7 The
best catalyst known so far is Pt–Ru alloy (50/50), the function
of Ru being as sites of oxygen containing species, and capable
of CO elimination by oxidation.8–11 However, a low natural
abundance of Ru is a drawback of this catalyst for practical
uses.

Here, the possibility of constituting a new class of catalysts is
pursued using new components that may possess novel
functions. We select organic metal complexes as candidates,
because these could provide the possibility to generate new
functions such as CO removal by selective oxidation or strong
coordination, compared to metal alloy catalysts etc., by
manipulating molecular structures.

An aqueous mixture of 8-hydroxyquinoline (2.90 g, 0.02
mol), o-phenylenediamine (1.08 g, 0.01 mol) and sodium
disulfate (3.08 g, 0.02 mol) was refluxed for a week at 110 °C.
Recrystalization from methanol gave N-8-quinolyl-o-pheny-
lenediamine (mqph) as an amber colored crystals (ESI†).
Equimolar amounts of mqph and cobalt acetate tetrahydrate
were added at room temperature in ethanol under nitrogen
atmosphere in a glass flask, and the resulting solution was
concentrated and refrigerated to obtain cobalt N-8-quinolyl-o-

phenylenediamine diacetate [Co(mqph)] as a claret or reddish
purple powder.

Mixed catalysts were prepared from the platinum precursor,
platinum tetraammine chloride Pt(NH3)4Cl2·xH2O, and the
cobalt complex Co(mqph) in various mixing ratios. Mixing
ratios used were Pt(NH3)4Cl2·xH2O/Co(mqph) = 100/0, 80/20,
60/40, 50/50, 40/60, 20/80 and 0/100 (on a weight basis). 10 mg
of the mixed catalyst and 40 mg of graphite powder (1–2 mm,
Aldrich) were mixed in 0.5 cm3 of ethanol in a mortar, dried in
air at 80 °C for 60 min and then heat-treated in Ar atmosphere
at 600 °C for 2 h in a furnace. 5 mg of the powder thus obtained
(denoted  Pt–Co(mqph)/C] was mixed with 100 mg of 5%
Nafion solution (Aldrich) together with 0.1 cm3 of ethanol, to
obtain an ink of the mixture. 0.01 cm3 of this mixture was
transferred to the disk electrode [6 mm diameter, basal plane of
high-density pyrolytic graphite (BHPG)]. The overall loading
of the mixed catalyst was 1.8 3 1024 g cm22, for the apparent
electrode area of BHPG.

Electrochemical measurements were conducted in a glass cell
consisting of a three-electrode system in 1 mol dm23 CH3OH–
0.05 mol dm23 H2SO4 at 25 °C, in deaerated conditions under
N2.  The working electrode was the catalyst supported BHPG
disk, the counter electrode was a platinum plate and a saturated
calomel electrode (SCE) was used as the reference electrode.
The electrode was pretreated by cyclic potential scanning
between 2300 and 1200 mV vs. SCE (+316 mV on the RHE
scale) at 100 mV s21. Potentials were scanned in the anodic
direction at a scan rate of 1 mV s21 for the polarization
measurement in the potential range 2200 to 1000 mV.

Fig. 1 shows the polarization curves of MOR for mixed
catalysts Pt–Co(mqph)/C of various mixing ratios. The total
catalyst amount corresponds to 12% Pt/C in the case of 100/0
mixing ratio. The polarization curves were reproducible to
within 10%. Compared with Pt/C or Co(mqph)/C alone, 40/60
? 60/40 mixtures revealed extraordinarily high MOR current
density indicating cooperative phenomena between two com-
ponents.

On the other hand, using the organic complex Co(NH3)6Cl3
in place of Co(mqph) as a precursor material led to no MOR
activity. In this system, the activity did not exceed that of pure
Pt. The initial structure of the complex thus clearly affects the
catalytic function after the heat treatment.

XRD showed evidence of inter-metallic compounds between
Pt and Co for the mixed system of Pt and Co(NH3)6Cl3 after
heat treatment, but not for the mixed system of Pt and
Co(mqph). According to X-ray photoelectron spectroscopy
(XPS), Co 2p and N 1s peaks for Pt–Co(mqph)/C mixed
catalysts were identified as Co coordinated by N ligands. As
anticipated from the temperature of heat treatment of the
catalyst, only a small extent of demetallation of the Co complex
was observed after the heat treatment, but major peaks indicated
coordinated states between Co and N. The particle size of the

† Electronic supplementary information (ESI) available: reaction scheme
for the preparation of mqph and spectroscopic data. See http://www.rsc.org/
suppdata/cc/b1/b10/b107132g/
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mixed catalysts tended to be smaller than for  pure Pt/C after the
heat treatment, but did not solely account for the difference in
observed MOR activity. The role of the graphite supporting
material may be important for the stability of complexes at high
temperature.

In Fig. 2, MOR performances are compared for several types
of mixed catalysts of platinum and M(mqph) (M = Fe3+, Co2+

and Ni2+) complexes. Results for 10% Pt/C (Aldrich), 10% Pt–
Ru/C (Shinshu University) and 20% Pt–Ru/C (E-TEK) are also
included. The amount of mixed catalyst corresponds to 10% on
C. Among the three central metals of the M(mqph) complex
prepared as precursors, Ni showed the best MOR activity. The
MOR activity of Pt-Ni(mqph)/C of 50/50 ratio is very
promising far exceeding the performance of Pt–Ru in terms of
current density.

To our knowledge, there have been no reports concerning
methanol oxidation utilizing organic metal complexes in acidic
media. Only methanol oxidation on a nickel porphyrin complex
has been reported in basic media for methanol sensors, with
polymerized nickel porphyrin functioning as 3-D Ni(II)/Ni(III)
redox centers.12 It is discovered for the first time that mixed
catalysts of platinum and organic metal complexes exhibit very
high catalytic ability for MOR, which could have very high
potential considering the wide variety and applicability of such
organic complexes. The function and mechanism of the organic
complex in promoting the reaction is not clear at this stage, but

some concerted process is likely. Further study on the detailed
mechanism, the longevity of the catalysts and search for other
combinations of platinum (or other metals) and organic
complex mixed catalysts is now under progress.

We thank Professor Yoshio Takasu of Shinshu University for
supplying Pt–Ru/C catalysts.
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Fig. 1 Polarization curves of methanol oxidation on mixed catalysts Pt–
Co(mqph)/C with various mixing ratios. Solution: 1 mol dm23 CH3OH–
0.05 mol dm23 H2SO4 at 25 °C, under deaerated conditions (N2).
Pt(NH3)4Cl2·xH2O/Co(mqph) ratios: (5) 100/0, (3) 80/20, («) 60/40, (8).
50/50, (2): 40/60,  (.) 20/80, (——) 0/100.

Fig. 2 Comparison of performances of methanol oxidation electrocatalysts:
(8) 50/50 Pt–Co(mqph)/C, (.) 50/50 Pt–Ni(mqph)/C, («) 50/50 Pt–
Fe(mqph)/C, (:) 50/50 Pt–Co(NH3)6Cl3/C, (5) 10% Pt/C (Aldrich), (2)
10% Pt–Ru/C (Shinshu Univ.), (3) 20% Pt–Ru/C (E-TEK).

Chem. Commun., 2001, 2492–2493 2493



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Deep desulfurization of diesel fuel by extraction with ionic liquids
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A new approach for the deep desulfurization of diesel fuels
by extraction with ionic liquids is described.

In recent years deep desulfurization of diesel fuel has attracted
much attention due to the gradual reduction of the statutory
sulfur content in most western countries. In 2005 the max. S-
content will be limited down to 10–50 ppm compared to today’s
value of 500 ppm S. These efforts aim to limit SO2 emission
from diesel engines and to protect equipment from corrosion.
Moreover, lower sulfur content of diesel fuels would allow the
use of other catalysts for the reduction of NOx emissions.

In industry, desulfurization of diesel is actually carried out by
hydrotreating. Generally, this allows the elimination of aliphatic
and alicyclic sulfur compounds.1 However, dibenzothiophene
(DBT) and especially 4,6-alkyl-substituted DBTs are difficult
to convert into H2S due to the sterically hindered adsorption of
these compounds on the catalyst surface.2–4 The expenses
(hydrogen pressure, reactor size) to meet future legal specifica-
tions with classical hydrotreating processes are therefore high.
Thus, alternative ways for the production of low or even ultra-
low sulfur contents in diesel oil are attractive.

In the present paper, the use of ionic liquids (ILs) for the
selective extraction of sulfur compounds from diesel fuel is
described for the first time. ILs are low melting ( < 100 °C) salts
which represent a new class of non-molecular, ionic solvents.5,6

Up to now, ILs have been mainly studied with respect to
biphasic homogeneous catalysed processes. The range of
known and available ILs has been expanded so that many
different candidates are accessible today.7,8

In a first set of experiments, the desulfurization of a model
diesel oil obtained by dissolving 500 ppm DBT in n-dodecane
was investigated. Based on the initial idea to extract the sulfur
compound by chemical interaction, the extraction with Lewis-
and Brønsted-acidic ILs was studied. As Lewis-acidic ILs,
acidic mixtures of 1-n-butyl-3-methylimidazolium ([BMIM])
chloride and 1-ethyl-3-methylimidazolium ([EMIM]) chloride8

with AlCl3 (molar ratio [cation]Cl/AlCl3 = 0.35/0.65) were
investigated. A 1+1 (mol/mol) mixture of two trialkylammon-
ium methanesulfonate salts was tested as Brønsted-acidic ILs.
All ILs formed a biphasic system with the model oil at room
temperature. Application of the methanesulfonate melt had the
additional advantage of having an easy analytical control of IL
leaching into the (for this specific experiment S-free) oil,
although this was never observed.

For the extraction experiments, the IL was added to an excess
of model oil in a mass ratio of 1/5. The obtained biphasic
mixture was then stirred at room temperature. Samples were
taken every 5 min. However, it was found that the extraction
process proceeded quickly. Consequently, the final sulfur
concentration was reached after 5 min and longer stirring did
not result in lower sulfur contents. All sulfur contents presented
were determined with an Antek Pyroreactor 771, which was
equipped with an Antek UV-sulfur-detector 714. Repeated
measurements indicated an average error of this method of
± 5 ppm.

The results of a single extraction step with selected Lewis-
and Brønsted-acidic ILs are presented in Table 1. All ILs under
investigaton showed good properties to extract DBT out of the
model oil. The comparison of the extraction experiments with

the two different chloroaluminate melts suggests a certain
influence of the ionic liquid’s cation (compare entries a and b in
Table 1). The relatively good extraction properties of the
Brønsted-acidic methanesulfonate mixture indicates both good
extraction power for DBT and no (or at least not measurable)
leaching of the ionic liquid into the model oil. The solubility of
hydrocarbons in ILs compared to S-compounds is very low.

In order to understand in more detail the observed DBT
extraction, the extraction with the neutral methanesulfonate
mixture [N(C6H11)Et2Me][CH3SO3]/[NBu3Me][CH3SO3] =
1/1 (C6H11 = cyclohexyl) under otherwise identical conditions
was investigated. The latter was obtained in a simple manner by
mixing equimolar amounts of N(C6H11)Et2 and NBu3 with a
stoichiometric amount of methanesulfonic acid methylester.
Surprisingly, the sulfur content of the model oil was found to be
as low as 300 ppm after a single extraction step. This
demonstrates—at least for the methanesulfonate melts under
investigation—that the ionic liquid’s extraction power for DBT
is not uniquely based on chemical interactions involving the
acid proton.

Encouraged by these results, different cation/anion combina-
tions of neutral ILs in the extraction of DBT were tested.
Selected results of an anion variation with ILs of the general
type [BMIM][anion] are given in Table 2.

The data indicate that the desulfurization is hardly affected by
the chemical nature of the anion. Only the IL with the somewhat
bigger octylsulfate ion showed significantly better extraction
properties. From these results it can be concluded that the size
of the ions is rather important for the extraction effect. This

Table 1 Desulfurization of model diesel fuel (500 ppm sulfur in n-
dodecane) by extraction with Lewis- and Brønsted-acidic ionic liquidsa

Entry Ionic liquid

Sulfur
content/
ppm

a [BMIM]Cl/AlCl3 = 0.35/0.65b 275
b [EMIM]Cl/AlCl3 = 0.35/0.65 335
c [HN(C6H11)Et2][CH3SO3]/[HNBu3][CH3SO3] = 1/1 310
a General conditions: room temperature, mass ratio model oil/IL = 5/1,
extraction time: 15 min, initial sulfur content 500 ppm. b Mol/mol.

Table 2 Comparison of different anions in the desulfurization process of a
model diesel oil (500 ppm sulfur in n-dodecane) by extraction with neutral
ionic liquids of the general type [BMIM][anion]a

Entry Anion
Sulfur
content/ppm

a [PF6]2 440
b [CF3SO3]2 430
c [BF4]2 420
d Cl2 410
e [MeSO4]2 410
f [MeSO3]2 410
g [OcSO4]2 350

a General conditions: 60 °C (except entry d: 80 °C), mass ratio model oil/
IL = 5/1, reaction time 15 min, initial sulfur content: 500 ppm.

This journal is © The Royal Society of Chemistry 2001
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assumption was further supported by extraction experiments
with different tetrafluoroborate salts (Table 3).

In this context, it is important to note that the comparison of
different ILs in Tables 2 and 3 is based on equal mass ratio
model oil/IL. A comparison on the base of equal molar levels
would show an even more pronounced effect of the cation’s/
anion’s size on the extraction power of the ILs. A possible
explanation for this behaviour may be that the physical
solubility of DBT in the IL is dependent on steric factors in the
IL.

In order to check the feasibility of our concept for a deep
desulfurization process, we tried to reach very low sulfur levels
by application of a multistage extraction process (mixer–settler-
system). For these experiments the best IL candidate
[BMIM]Cl/AlCl3: 0.35/0.65 was chosen as extraction medium.
The desulfurized model oil from the first extraction step was
again treated with fresh ionic liquid. This process was repeated
up to four times. The results with different mass ratios model
oil/IL are presented in Fig. 1.

As expected, Fig. 1 shows that a lower mass ratio of model oil
to ionic liquid results in lower sulfur contents. However, sulfur
contents below 50 ppm can be reached for all mass ratios if the
number of extraction steps is high enough. The almost linear
relationship of log(S-content) vs. the number of extraction steps
indicates that the extraction can be formally described by a
partition coefficient according to Nernst’s law. This is con-
firmed by re-extraction experiments (mixture of IL with
extracted S-compound and S-free n-dodecane): The same
distribution of sulfur (ratio of concentration in IL to concentra-
tion in n-dodecane) is obtained, which was tested by the re-
extraction of DBT from the loaded ionic liquid
[HN(C6H11)Et2][CH3SO3]/[HNBu3][CH3SO3] = 1/1 with in
this case S-free n-dodecane. In this context NMR measurements
of the used ILs confirm also that the extracted DBT remains
unreacted. Thus regeneration of the ILs should be generally
achievable, although more systematic experiments are
needed.

In a technical extraction process, the IL, which has been
loaded with organic sulfur components in the extraction column
(or mixer–settler-system), would be continuously regenerated
in a second column, and then pumped back into the extraction
unit. Thus the potential to regenerate the IL is an important
aspect. Interesting re-extraction media are probably light

alkanes (C2–C5) or supercritical CO2, as these solvents can be
easily recovered and separated from the higher boiling sulfur
compounds by evaporation. The organic sulfur would than be
converted into elemental sulfur by the common Claus-proc-
ess.

Subsequently, the new desulfurization concept was tested by
additional experiments with a ‘real’ predesulfurised diesel oil
(without additives, sulfur content: 375 ppm). As expected, the
extraction of real diesel oil is much more complicated due to its
complex chemical composition including many different sulfur
compounds and other impurities like organic nitrogen and
oxygen compounds.

Nevertheless, the results of experiments with predesulfurized
diesel are also promising. As shown in Table 4, the Lewis-acidic
ionic liquid [BMIM]Cl/AlCl3: 0.35/0.65 showed much higher
efficiency in the sulfur extraction from real diesel in comparison
to the methanesulfonate and octylsulfate melts.

This indicates that Lewis acid–base interactions enhance the
extraction power of the IL here. Nevertheless, the extraction
power of the neutral methanesulfonate and octylsulfate melts is
still remarkable. However, more extraction steps are necessary
in case of ‘real’ diesel oil to reach future technical sulfur content
specifications ( < 50 ppm). The use of AlCl3-free ILs is
particularly promising as the use of AlCl3 in desulfurization is
probably unlikely to be accepted by refiners.

In conclusion, the presented results show a new approach for
the deep desulfurization of diesel oil, especially with regard to
those sulfur compounds that are very difficult to remove by
common hydrodesulfurization techniques. Traces of such sulfur
compounds could easily be removed. The new method is based
on the extraction of the sulfur compounds with ILs. The
application of very mild process conditions (low pressure and
temperature) is an additional advantage of this new approach in
comparison to traditional HDS.

Generally the extraction of polarizeable compounds by ionic
liquids may be a possibility to isolate valued products which
reside in complex mixtures of a multitude of different organic
substances as is likely to occur in aromas and scents.

Present work is directed towards a deeper understanding of
the extraction properties of ILs, and to identify inexpensive,
unchlorinated IL systems with enhanced extraction power.

The authors acknowledge Miro refinery/Karlsruhe, Germany
for the donation of the predesulfurized diesel oil.
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Table 3 Comparison of different cations in the extraction of DBT from n-
dodecane with different tetrafluoroborate ionic liquidsa

Cation
Sulfur
content/ppm

[EMIM] 450
[BMIM] 420
[OMIM] 380

a General conditions: 50 °C, mass ratio model oil/IL = 5/1, reaction time 15
min, initial sulfur concentration 500 ppm; [OMIM] = 1-methyl-3-n-
octylimidazolium.

Fig. 1 Multistage desulfurization of model diesel oil (500 ppm sulfur in
ndodecane) by the IL [BMIM]Cl/AlCl3 (0.35/0.65; different mass ratios oil/
IL) at room temperature.

Table 4 Multistage desulfurization of predesulfurized (real) diesel oila

Stage [BMIM]Cl/AlCl3

[HN(C6H11)Et2]-
[CH3SO3]/[HNBu3]-
[CH3SO3] = 1/1

[BMIM]-
[octylsulfate]

1 375 375 375
2 220 330 320
3 160 300 280
4 130 270 260
5 75 240 235
a 60 °C, mass ratio diesel oil/IL = 5/1, reaction time: 15 min.
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Alginate-based microcapsules are coated with silica, provid-
ing enhanced mechanical resistance, protein diffusion and
allowing enzyme immobilization.

The design of microcapsules for cell encapsulation is a major
challenge for tissue transplantation.1 The most popular device is
based on alginic acid, a copolymer of guluronic and mannuronic
acids, that can be prepared as gel beads in the presence of
divalent metals such as Ca2+.2 Additional coating with poly(L-
lysine) and liquefaction of the inner-core alginate by complex-
ing Ca2+ (i.e. with citrate) leads to the formation of hollow
capsules with a semi-permeable membrane.3 The strengthening
of this membrane is made possible by using other polycationic
systems4 or adding a second alginate layer.5

The possibility to coat alginate/poly-lysine capsules with
silica was studied in order to improve their mechanical
properties. This strategy was based on our recent work showing
that poly-lysine is able to favor the condensation of silica.6

The principle of preparation of the microcapsules is illus-
trated in Scheme 1. Ca2+/alginate beads, ca. 4 mm in diameter,
were prepared by the dropwise addition of an aqueous solution
of alginic acid (1.5 wt%) to a solution of CaCl2 (0.1 M). Beads
were then placed into a solution of poly-lysine, alginate or silica
(0.1 w/v%) with a Tris·HCl buffer (0.05 M, pH = 7.2) and
citrate (0.05 M).

Alginate/poly-lysine coated with alginate (APA), with so-
dium silicate (APS) and colloidal silica (APC) were prepared.†
The sodium silicate concentration was limited to 30 mM to
avoid solution gelation during the coating process. APC beads
could be prepared with a concentration up to 60 mM from
Ludox sols (Aldrich). The contact time between the poly-lysine/
alginate beads and silica solutions was optimized at 2 h in order
to obtain a complete and homogeneous coating.

The presence of silica was ascertained by IR spectroscopy
showing the appearance of a band at 1100 cm21, corresponding
to the stretching vibration mode of [SiO4] tetrahedra, and
confirmed by energy dispersive X-ray analysis.

Scanning electron micrographs of dried APA, APS ([Si] =
30 mM) and APC ([Si] = 60 mM) are shown in Fig. 1. Sodium
silicate condensation leads to a smooth coating whereas silica
particles lead to a more granular surface. Fig. 1 also shows the
homogeneous 10 mm thick membrane of APS.

The mechanical strength of the hollow capsules was
investigated by stirring 100 beads at 300 rpm in 50 mL Tris·HCl
buffer and counting fractured capsules at selected intervals of
time. As shown in Fig. 2, sodium silicate coating enhances
membrane resistance when compared to alginate whereas
colloidal silica does not appear to be suitable for long-term use.
This is consistent with SEM studies and suggests that sodium

silicate is highly condensed at the poly-lysine interface whereas
the colloid coating consists of silica particles adsorbed on the
polyamine chain with only weak interparticle bonding.

The existence of a molecular weight cut-off for diffusion
through the membrane is a key feature for cell transplantation
since small substrates or products should be able to diffuse
through the membrane, whereas larger molecules such as
antibodies should not be able to interact with the immobilized
species.1 The diffusion of myoglobin ( ≈ 20 kDa) in the beads
was followed by the intensity decrease of its absorption band at
l = 409 nm. Fig. 2 shows that protein diffusion is easier in
silica coated beads. In contrast, following the same procedure,
no diffusion of a larger protein, Bovine Serum Albumin ( ≈ 70
kDa) could be observed after 2 h.‡ Differences in diffusion
properties arise from the porosity of the external coating. Silica
gels obtained from sodium silicate or Ludox have been shown
to be in the mesoporous range (50–100 Å).7 Layer-by-layer
coating by polyelectrolytes of opposite charge can lead to dense
membranes if the charge density of both polymers is opti-
mized.8 This is the case at pH 7 where carboxylate groups from

Scheme 1 Schematic representation of the step-by-step formation of hollow
beads.

Fig. 1 Scanning electron micrographs of (top left) APA, (top right) APS,
(bottom left) APC surfaces and (bottom right) APS membrane (bar = 10
mm).

Fig. 2 Comparison of (left) mechanical resistance and (right) myoglobin
diffusion for APA (-), APS (5) and APC (:) empty beads.

This journal is © The Royal Society of Chemistry 2001
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alginic acid (pKa ≈ 5) and amino groups from the poly-lysine
side chains (pKa ≈ 9) are mostly ionised.

The final issue to be raised is the biocompatibility of these
materials. Sol–gel silica has already been demonstrated to be
suitable for cell encapsulation.9 We have recently reported that
encapsulation of E. coli bacteria within sol–gel matrices
obtained from sodium silicate and Ludox precursors led to a
limited lysis of the cell membrane.10 This effect was assigned to
the confinement of the cell within the silica network rather than
to the reaction conditions which were very similar to those used
in this work (pH ≈ 7, ionic strength < 0.2 M, room temp., low
silica content). As a first step, we have studied the encapsulation
of b-galactosidase in APS beads. The catalytic activity of this
enzyme can be measured via the hydrolysis of 4-nitrophenyl-b-
D-galactopyranoside that yields the formation of p-nitrophenol,
a yellow compound that can be easily titrated by UV–VIS
spectroscopy.10 Moreover, the enzyme should be too large
( ≈ 135 kDa) to be leached out of the beads. The enzyme was
introduced in the initial alginate solution before the formation of
Ca2+/alginate beads. The enzymatic activity§ of b-galactosidase
in filled and empty APS beads was found to be 1.2 ± 0.2 U mg21

and 1.0 ± 0.2 U mg21, respectively. A comparison with the
activity of a solution of b-galactosidase in Tris·HCl buffer (1.8
± 0.2 U mg21) shows that enzymes are not severely denaturated
during the entrapment process. After rinsing the beads, they
could be re-used, leading to similar enzymatic activities,
therefore demonstrating that no leaching occurs during the
activity measurements. Therefore, it suggests that partial
leaching of b-galactosidase took place during the gelation of
alginate droplets in aqueous CaCl2. Moreover, it was observed
that adding b-galactosidase leads to weakening of the mem-
brane. Beads could be partially damaged during the citrate
treatment, a fact that could account for the difference between
filled and empty capsules.

Such an association of mineral and bioorganic components,
mimicking Nature’s strategy to design composite materials,11

appears therefore very promising. Further work will now focus
on size reduction of capsules and cytocompatibility investiga-
tions.

Notes and references
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A novel asymmetric synthesis of highly enantioenriched
homotaurine precursors has been developed via diastereo-
selective Michael addition of lithiated enantiopure sulfo-
nates to nitroalkenes by using 1,2+5,6-di-O-isopropylidene-
a-D-allofuranose as chiral auxiliary.

Recently, we have reported a highly efficient asymmetric
synthesis of a-substituted methyl sulfonates by a-alkylation of
lithiated enantiopure sulfonates using 1,2:5,6-di-O-isopropyli-
dene-a-D-allofuranose as easily available chiral auxiliary.1 We
have now extended this new methodology to asymmetric
Michael additions using nitroalkenes as acceptors leading to
a,b-disubstituted g-nitro methyl sulfonates.

Homotaurine (3-aminopropanesulfonic acid) is the sulfonic
acid equivalent of g-aminobutyric acid (GABA), which is of
great importance in the regulation of neurological disorders.2
Consequently, homotaurine possesses many pharmacological
effects, increasing for example the synthesis of dopamine in the
brain.3 Furthermore, the g-aminosulfonic acids can provide
interesting applications in the area of peptide mimetics. We
envisioned to gain access to g-aminosulfonic acid precursors via
an asymmetric Michael reaction to nitroalkenes. In recent years,
a great variety of asymmetric Michael additions have been
developed,4 including nitroalkenes as excellent acceptors,
which are easily obtained via the Henry reaction5 and
subsequent dehydration. In addition to being very reactive, the
nitro group can be converted into a broad range of functional-
ities such as the amino group.6 Although several reports of
enantioselective Michael additions to nitroalkenes do exist,7 no
asymmetric 1,4-additions of metalated sulfonates bearing a
chiral auxiliary have been reported so far.

As is depicted in Scheme 1, the enantiopure sulfonates 11

were metalated with n-butyllithium in tetrahydrofuran and
allowed to react with nitroalkenes8,9 at 2(90–95) °C to obtain
the highest diastereoselectivity. In addition, any side reactions
are minimized by using low temperatures, mainly the attack of
n-butyllithium on the sulfonate moiety. For this reason, exactly
one equivalent of base must be utilized. After the reaction is
quenched, the aqueous phase must be extracted several times
with dichloromethane (TLC control) to ensure high yield, as
some of the Michael adducts have a solubility in water. The
Michael adducts 2 were obtained in very good to excellent
yields (84–99%) and high diastereoselectivities of 80–88%
(Table 1). Only three of the possible four diastereoisomers
could be detected. In the case of 2a, for example, a ratio of
88.5+7.5+4 was obtained. Further increase in diastereoselectiv-
ity could be achieved either via preparative HPLC or re-
crystallization (ds = 84–! 99%). In the case of compound 2d,
preparative HPLC purification resulted in a mixture of the two
major diastereomers. If the two diastereomers would remain as
such rather than enantiomers after the cleavage of the auxiliary,
then a possible separation at a later stage would still provide
enantiomerically pure products (vide infra).

Originally, the removal of the chiral auxiliary to form the
corresponding sulfonic acids 3 was achieved by refluxing the
Michael adducts in an EtOH–H2O solution containing 20 mol%
Pd(OAc)2 for 12 h. In contrast to the alkylation products,1 care
must be taken when the reaction is performed. The liberated
sulfonic acid can cause a Meyer reaction10 to occur, which
converts the primary nitro group into a carboxylic acid. The
yields could be significantly increased if additional H2O was
added to the reaction. This reduces the side reactions allowing
an increase of reaction time which results in higher yields
(Table 2). In analogy, it has been reported that additional H2O
slows the related Nef-reaction.11 Also elementary Pd0 can be
used to achieve cleavage of the auxiliary indicating that

† Dedicated to Professor Helmut Zahn on the occasion of his 85th
birthday.

Scheme 1

Table 1 Asymmetric Michael addition of sulfonates 1 to nitroalkenes to
afford the 1,4-adducts 2

Product 2 R1 R2
Yield
(%) ds (%)a

[a]D (c,
CHCl3)b

a H Et 88 88 (!99)c +86.2 (0.98)
b H n-Pr 90 86 (!99)c +81.2 (0.82)
c H i-Pr 84 86 (!99)d,e +101.0 (1.15)
d H Ph(CH2)2 99 80 (84)f +75.0 (1.10)
e t-Bu Et 91 87 (!98)d +80.7 (0.94)
a In brackets after HPLC. b All optical rotations were measured in Uvasol
grade CHCl3 at rt. c Determined by HPLC using a chiral stationary phase
(Daicel AD, n-heptane/isopropyl alcohol 95+5). d Determined by 13C NMR.
e After recrystallization. f Estimated by 1H NMR and 13C NMR.
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elementary palladium may be required for the reaction. To
obtain the final product in a more accessible form, the sulfonic
acids 3 were converted with diazomethane to the corresponding
methyl sulfonates 4. The methyl groups can be considered as
suitable ‘protecting groups’ due to their ability to be easily
cleaved under mild conditions. The title methyl sulfonates 4
were obtained in moderate to good yields and as virtually pure
stereoisomers (Table 2).

NOE-studies of the products revealed that the protons at the
a and b positions are anti to each other. The absolute
configuration of the newly formed stereogenic centers was
established unambiguously as R,R by X-ray crystallography.‡
The stereochemistry of the major diastereomer of other Michael
adducts is expected to be also R,R and is based on the
assumption of an uniform mechanism operating in the addition
to nitroalkenes. Further evidence is obtained for this assumption
by the fact that the related electrophilic substitution under a-
alkylation1 shows the same relative topicity.

To confirm that the cleavage of the auxiliary occurs in the
presence of a nitro group without epimerization of the a-
position of the sulfonyl group, compound 2d, which consists of
only the two major diastereomers in a ratio of 84+16, was
chosen as a case study. If the reaction is truly epimerization free,
then the ratio should be identical after the cleavage reaction.
After treatment with Pd(OAc)2 and diazomethane the ratio
remained the same. Indeed, the result is in accordance with the
reported racemization-free cleavage of the auxiliary in the case
of the alkylated products.1 This also proves that the two major
diastereomers of the Michael addition are in an anti and syn
relation to each other. The diastereomeric ratio could be easily

increased to 97+3 via recrystallization from an ether–pentane
mixture.

In conclusion, the described asymmetric Michael addition
provides an efficient route to optically active a,b-disubstituted
g-nitro methyl sulfonates in good overall yields as well as
excellent diastereomeric and enantiomeric excesses. The title
compounds are valuable bifunctional building blocks and
constitute highly enantioenriched precursors of pharmaco-
logically interesting homotaurine derivatives.

This work was supported by the Deutsche Forschungsge-
meinschaft (SFB 380) and the Fonds der Chemischen Industrie.
We thank Degussa AG, BASF AG, Bayer AG and Aventis for
the donation of chemicals. The NOE-measurements by Dr J.
Runsink are gratefully acknowledged.

Notes and references
‡ Crystal data for 2c: single crystals were obtained by recrystallization from
a diethyl ether–petrol ether mixture (6+4). The substance (C24H35NO10S Mr

= 529.59) crystallized in the orthorhombic space group P212121, a =
9.7493(9), b = 15.7940(15), c = 17.251(2) Å, V = 2656.4(5) Å3, Z = 4,
rcalcd = 1.324 g cm23, F(000) = 1128, T = 143(2) K. Data collection: A
single crystal (colorless transparent block with dimensions 0.32 3 0.40 3
0.60 mm) was measured on a SIEMENS SMART diffractometer at a
temperature of about 2130 °C. Repeatedly measured reflections remained
stable. An empirical absorption correction was made using the program
SADABS. The correction factor ranged from 0.973 to 1.000. Equivalent
reflections were averaged. Friedel opposites were not averaged. R(I)internal
= 0.040. The structure was determined by direct methods using the
program SHELXS. The H atoms were placed at calculated positions and
were treated as riding atoms. The segment containing atoms O9, C22, C23
and C24 was found to be disordered over two possible conformations.
Atoms in this group were refined with a split atom model. The occupancy
factor of atoms O9, C22, C23 and C24 refined to 0.644(4). The occupancy
factor of atoms O9A, C22A, C23A and C24A was 0.356(4). The structure was
refined on F2 values using the program SHELXL97. The final difference
density was between 20.34 and +0.54 e Å23. The absolute configuration of
the structure was confirmed by the value of the Flack x-parameter (x =
0.04(5)). CCDC 167504. See http://www.rsc.org/suppdata/cc/b1/
b108567k/ for crystallographic files in .cif or other electronic format.
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Table 2 Removal of the chiral auxiliary to form the title methyl
sulfonates

Product
4 R1 R2

Yield
(%)a ds (%)b ee (%)c

[a]D (c,
CHCl3)d

a H Et 53 (71) !98 !98 +33.1 (0.72)
b H n-Pr 56 (70) !98 !98 +25.3 (1.15)
c H i-Pr 49 !98 !98 +49.6 (0.73)
d H Ph(CH2)2 58 68 (93)e !98 +24.4 (0.62)
e t-Bu Et 51 (63) !98 !96 +27.6 (0.81)
a Yields in paranthesis are obtained by using an EtOH–H2O-solution as
solvent. b Measured by 1H NMR and 13C NMR. c Based on de values of the
Michael adducts. d All optical rotations were measured in Uvasol grade
CHCl3 at rt. e After recrystallization.

Fig. 1 X-Ray crystal structure of 2c.‡
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FRET probes to monitor phospholipase A2 activity
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Phosphatidylethanolamine and -choline derivatives
equipped with fluorescent donor–acceptor pairs of dyes
connected to the tips of the fatty acids were synthesised and
shown to be suitable substrates for phospholipase A2.

Phospholipase A2 is a central enzyme in intracellular signal
transduction and digestion and a major constituent of various
venoms.1 The Ca2+-dependent cytosolic phospholipases A2
(cPLA2) regulate the biosynthesis of eicosanoides by specifi-
cally cleaving off arachidonic acid from the sn-2 position.2
Because of the involvement of both cytosolic and secretory
isoenzymes in diseases like inflammation and allergies,3 the
monitoring of PLA2 enzyme activity is crucial for the
development of PLA2 inhibitors as drug candidates. We aim
towards the preparation of probes that allow real-time monitor-
ing, that are concentration-independent due to ratio measure-
ments of two emission wavelengths, and which exhibit
significant specificity in favour of PLA2 over other phospholi-
pases. We therefore looked for a pair of matching fluorophores
that would allow fluorescence resonance energy transfer
(FRET) with an excitation wavelength close to common laser
bands, a large difference in emission wavelengths and a good
match of the donor emission and the acceptor excitation spectra.
We chose the pair consisting of 7-nitrobenz-2-oxa-1,3-diazole
amine (NBD-amine) and Nile red, because NBD can be excited
with the 458 or 488 nm argon-ion laser lines and the membrane
stain Nile red emits above 600 nm in lipophilic environment and
is more lipophilic than other red dyes like rhodamine. The fatty
acid of the sn-1 position was altered to an ether to avoid PLA1
substrate properties. The fatty acid chain length was held above
C10 for favorable substrate properties when treated with
secretory PLA2.4 Previously published probes relied on interdye
quenching or excimer formation. A choline compound had two
identical BODIPY® dyes attached as esters and served to
monitor cPLA2 activity during zebra fish development.5 A
similar probe relied on the excimer formation of two pyrene
dyes. After separation of the dyes due to enzymatic ester
hydrolysis, the pyrenes emit at much shorter wavelengths.6
However, the short excitation wavelength required is often not
favourable in microscope applications.

In order to synthesize phospholipid derivatives equipped with
two matching dyes we started from the commercially available
2,3-isopropylidene-sn-glycerol 1 which was treated with so-
dium hydride in DMF and subsequently alkylated with
1,12-dibromododecane. After acidic hydrolysis of the acetonide
the Nile red 2-O- or 3-O-hydroxy derivative7 was coupled to the
alkyl chain, respectively, to give the diol 2 in an overall yield of
58%. Regioselective tert-butyldimethylsilyl (TBDMS) protec-
tion of the primary hydroxy group of 2 was achieved in
moderate yield. 11-NBD-aminoundecanoic acid was linked
with the help of triisopropylphenylsulfonyl nitrotriazole
(TPSNT)† and three equiv. of methylimidazole in dichloro-
methane to give the fully protected glycerol derivative 3 in
excellent yield (86%).8 For this reaction the method appears to
be clearly superior to esterifications with carbodiimides like
DCC or DIC (35–75% yield). Deprotection of the sn-3 position
was achieved best with 10% aq. HCl in a dichloromethane–
ethanol mixture at rt (78% yield plus 12% recovery of 3).9
Under these conditions acyl migration could be limited to a

minimum (Scheme 1). Several attempts to introduce ethanola-
mino phosphate or choline phosphate headgroups via phosphor-
ous(V) reagents failed probably due to the sensititvity of the
dyes under the reaction conditions. We then employed several
ethanolamine-containing phosphorous(III) reagents which re-
quired intermediate protection of the latter negatively charged
phosphate oxygen and the amino group. An approach with an

Scheme 1 Reagents and conditions (rt unless otherwise stated): (a) (i) NaH,
DMF, then 1,12-dibromododecane, 1 d, (ii) TFA, MeOH, 72% from 1; (b),
2-hydroxy Nile red, DMF, K2CO3, 65 °C, 3 h, 81%; (c) TBDMS-Cl,
imidazole, DMF, 12 h, 66%; (d) 11-NBD-aminoundecanoic acid, 1.5 eq.
TPSNT, 3 eq. methylimidazole, CH2Cl2, 7 h, 86%; (e) 10% aq. HCl,
CH2Cl2–EtOH 1+1 (v/v), 3 h, 78%; (f) (i) 7, tetrazole, DMF, 12 h; (ii) tert-
BuOOH, 0.5 h; (g) 5% TFA, CH2Cl2, 0.5 h, 55% from 4. The synthesis of
the 2-O-linked derivative 6a is shown.

This journal is © The Royal Society of Chemistry 2001
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allyl group on the phosphate and Fmoc protection of the amino
group failed, because under deprotecting conditions (piperidine,
followed by palladium(0)), the ethylamino group was pre-
sumably lost. More successful was the use of a novel reagent:
tert-butyl tert-butyloxycarbonylaminoethyl N,N-diisopropyl
phosphoramidite (7) which was prepared for the first time from
the commercially available tert-butyl N,N,NA,NA-diisopropyl
phosphordiamidite and Boc-protected ethanolamine in the
presence of 1⁄2 equiv. diisopropyl ammonium tetrazolide.10 The
phosphitylation with 7 and subsequent oxidation with t-BuOOH
was successful, but due to some instability of the protected
phospholipid 5 on silica we decided to remove the protecting
groups without further purification. A sample of 5 was purified
for analysis. The final phosphatidyl ethanolamines 6a and 6b
were generated after treatment with TFA in dichloromethane
and purification on silica (DCM–MeOH–H2O, 80+20+1.5, v/v/
v). In order to introduce the choline phosphate head group, we
prepared tert-butyl trimethylammomiumethyl N,N-diisopropyl
phosphoramidite as its tosylate (8). Phosphitylation and oxida-

tion proceeded as described above and the tert-butyl protecting
group was removed instantly to give the phosphatidylcholine
(9a) and (9b), respectively. Purification on silica (DCM–
MeOH–H2O, 65+35+3, v/v/v) was successful to give homoge-
nous 9 in 40% yield.

The ethanolamine and choline derivatives 6 and 9, each with
the 2- (a) and 3-O-linkage (b) of the Nile red dye, respectively,
were dispersed with the help of micelles from Triton X-100 in
the presence of calcium chloride (100 mM) and the mixture was
buffered with Tris–HCl to pH 7.5 at 37 °C. Addition of one unit
of PLA2 from honey bee venom led to a rapid increase in NBD
fluorescence at 520 nm and a decrease of the Nile red
fluorescence at 600 or 610 nm (Fig. 1, 2-O-linked 6a shown),
respectively. After about 20 min no further change was
monitored, indicating that the hydrolysis was complete. Conse-
quently, TLC analysis showed NBD fluorescence only for the
NBD-labelled undecanoic acid. The overall change in the
emission ratio 520/620 nm was 20- to 30-fold (Fig. 2),

depending on the dye linkage (2-O-linkage gave slightly better
separated emission maxima and hence larger ratio changes).

Equimolar concentrations (1 mM) of the competitive PLA2
inhibitor MJ33 (ref. 11) reduced the hydrolysis rate by about
40% (data not shown) indicating that inhibitor and fluorescent
probe bound to the enzyme with similar kinetics.

In conclusion, the PLA2 probes presented here fulfil all
criteria of a true FRET probe for real-time monitoring. Future
experiments in vesicles and living cells and particularly the use
of a membrane-permeable derivative to non-disruptively load
the dye into cells will allow interesting experiments for drug
searches, including high throughput screening in living cells.

We thank the Deutsche Forschungsgemeinschaft (Schu
943/3-1) and the Fonds der Chemischen Industrie for financial
support.

Notes and references
† Mesitylene sulfonyl nitrotriazole (MSNT) was used for attaching amino
acids or dicarboxylic acids to Wang resin.8 The bulky triisopropylphe-
nylsulfonyl nitrotriazole (TPSNT) was usually preferred for condensation
reactions on phosphates.12

1 E. A. Dennis, J. Biol. Chem., 1994, 269, 13057; E. A. Dennis, Trends
Biochem. Sci., 1997, 22, 1.

2 C. C. Leslie, J. Biol. Chem., 1997, 272, 16709.
3 S. Yedgar, D. Lichtenberg and E. Schnitzer, Biochim. Biophys. Acta,

2000, 1488, 182.
4 L. Yu and E. A. Dennis, J. Am. Chem. Soc., 1992, 114, 8757.
5 S. A. Farber, E. S. Olson, J. D. Clark and M. E. Halpern, J. Biol. Chem.,

1999, 274, 19338.
6 M. S. Fernández and J. A. Juárez, Biochim. Biophys. Acta, 1994, 1192,

132; W. R. Burack, Q. Yuan and R. L. Biltonen, Biochemistry, 1993, 32,
583.

7 For the synthesis of Nile red dyes see: N. N. Alekseev, V. S.
Bezborodov, A. Y. Gorolenko, L. S. Novikov and N. P. Shcors, J. Org.
Chem. USSR, 1986, 21, 2047; M. S. Briggs, I. Bruce, J. N. Miller, C. J.
Moody, A. C. Simmonds and E. Swann, J. Chem. Soc., Perkin Trans. 1,
1997, 1051.

8 B. Blankemeyer-Menge, M. Nimtz and R. Frank, Tetrahedron Lett.,
1990, 31, 1701.

9 L. W. Leung, C. Vichèze and R. Bittman, Tetrahedron Lett., 1998, 39,
2921.

10 W. Bannwarth and A. Trzeciak, Helv. Chim. Acta, 1989, 70, 175.
11 M. K. Jian, W. Tao, J. Rogers, C. Arenson, H. Eibl and B.-Z. Yu,

Biochemistry, 1991, 30, 10256.
12 M. J. Gait and S. G. Popov, Tetrahedron Lett., 1980, 21, 2841; J. A. J.

den Hartog, R. A. Wijnands, J. H. van Boom and R. Crea, J. Org. Chem.,
1981, 46, 2242.

Fig. 1 Rapid change in the emission spectra of probe 6a after the addition
of honey bee PLA2.

Fig. 2 Emission ratio change 510/620 nm over time, depicted for the four
probes 6a (solid line) and 6b (dot dash line), as well as 9a (dotted line) and
9b (dashed line). (n = 3 for each trace).
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A new polymer-supported chromium porphyrin has been
prepared and fully characterised; its catalytic activity and
recyclability were investigated for the ring-opening copoly-
merisation of 1,2-cyclohexene oxide (CHO) and carbon
dioxide (CO2).

The synthesis of polycarbonates by copolymerisation of carbon
dioxide and epoxides, was first reported in 1969 by Inoue et al.1
More recently, Darensbourg et al.2 synthesised these polymers
using supercritical carbon dioxide (scCO2) as both a solvent and
a reactant, thereby eliminating the need for toxic volatile
organic solvents in this process. Beckman and colleagues3,4

have also prepared polycarbonates, including products that were
found to be soluble in scCO2. The physical properties of
compressed carbon dioxide make it an attractive alternative
solvent and reagent for application in polymer synthesis owing
to its high diffusivity, low viscosity and readily attainable
supercritical region (Tc of 31 °C, Pc of 73 atm).5 The
plasticisation effects of CO2 on polymeric materials also make
it an interesting choice as a solvent for polymer supported
reactions.6 The use of supported catalysts in supercritical CO2 is
an emerging field.7,8

In recent years, many supported catalysts have been devel-
oped for use in organic synthesis9 and for polymer-assisted
solution-phase parallel synthesis.10 Furthermore, in the drive
towards the development of more environmentally friendly or
Green Chemistry,11 supported transition metal catalysts offer
many advantages over their homogeneous counterparts. Herein
we report the synthesis of an Argogel® supported chromium
porphyrin 2b and the study of its catalytic activity in the
copolymerisation of 1,2-cyclohexene oxide (CHO) 1 and CO2
(Scheme 1) and compare our results with previously investi-
gated systems.12

The attachment of the porphyrin onto Argogel chloride
beads, via an ether linkage, was achieved in 75% yield,
following three treatments of the beads with a phenol-
functionalised porphyrin 2a.13 (using potassium carbonate as
base and catalytic potassium iodide in DMF, at 80 °C for 3

days). The metallation using chromium(II) chloride (in DMF, at
45 °C for 3 days) proceeded in 67–78% yield to give the new
polymer-bound chromium porphyrin catalyst 2b.

Before testing this catalyst, control experiments were carried
out (in the absence of catalyst), using Argogel chloride beads, to
probe for any unexpected activity of the blank resin. The beads
were therefore exposed to reaction conditions in scCO2 (90 °C,
200 bar, 72 h) analogous to those to be used for the
polymerisations. These control experiments were carried out
with and without stirring using 100 mg of the polymer support.
The beads were analysed by Scanning Electron Microscopy
(SEM), which showed that they remained intact except when
stirring was applied. A breakdown of the spherical morphology
of the particles was observed due to stirring. Further control
experiments determined that the presence of both the supported
catalyst 2b and 4-dimethylaminopyridine (DMAP 3) was
essential for polymerisation (Table 1, entries 1–3).

After these control experiments were completed, the ring
opening copolymerisation of 1,2-cyclohexene oxide (CHO) 1
and CO2 to form the copolymer poly(cyclohexene carbonate-
co-cyclohexene ether) 4 was investigated using catalyst 2b
under various reaction conditions (Table 1).

The number average molecular weight (Mn) (determined by
conventional polystyrene-calibrated gel permeation chromatog-
raphy (GPC) in chloroform) and the yield of the polymer varied
greatly according to the conditions applied. It appeared that the
polymerisation was near to completion after 24 hours as
indicated by both the Mn and the yield (even though an
improvement to 78% was observed after 120 h; Table 1, Entry
8). In addition, it was observed that increasing the temperature
and the pressure of the CO2 led to greater molecular weights and
higher yields. This is probably due to the fact that, although a
constant volume of CHO 1 and a constant amount of the
catalysts 2b and 3 were used in all cases, the effective mole
fraction of CHO 1 decreased, since more moles of CO2 were
present in reactions at elevated pressures.

Variation of the reaction conditions appeared to have little
effect on the percentage of CO2 incorporated into the polymer
backbone (determined by the ratio of H1 to H2 using 1H NMR
spectroscopy) which always remained m > 90 % (Scheme 1, 4).
Very low polydispersities (determined by GPC) were observed,
ranging between 1.2 and 1.7. However, there was no obvious
trend observed relating to the increase of the temperature,
pressure and the reaction time. Average molecular weights and
yields varied according to the batch of beads used for
polymerisation (Table 1, entries 11 and 16). This can be
attributed to the variable loading of the porphyrin attachment
onto the polymer support as well as the variation of the amount
of chromium introduced during metallation, which was deter-
mined by microanalysis.

Experiments were also carried out in order to investigate the
recyclability of the solid supported chromium porphyrin
catalyst 2b (Table 2, entries 1–6). After a reaction,† the polymer

Scheme 1 Copolymerisation of CHO 1 and scCO2 using the supported
chromium porphyrin catalyst 2b and DMAP 3.

This journal is © The Royal Society of Chemistry 2001
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4 was solubilised in acetone allowing the beads to be filtered,
washed and dried for re-use.

Polymerisations were also carried out using an Irori Kan™
reactor14 to encapsulate the porphyrin beads (Table 2, entries
7–10). This not only allowed the use of a stirrer bar, thereby
preventing damage to the beads, but also facilitated their
recovery.

Table 2 shows that the chromium porphyrin beads 2b can
successfully be recycled, although a decrease in molecular
weight and yield is observed. This may be due to leaching of the
metal from the porphyrin or decomposition of the beads leading
to loss of porphyrin. Mild colouration of the polycarbonate also
suggested minor leaching of the chromium metal. However, the
solid supported catalyst appeared to prevent the polymer
products becoming intensely green as was observed when the
soluble chromium perfluorinated porphyrin was used.12 The use
of an Irori Kan™ reactor14 to encapsulate the beads appeared to
result in higher molecular weights and yields of the poly-
carbonate. This is likely to be due to thorough mixing of the
reagent in the vessel.

In summary, we have presented a new supported chromium
porphyrin 2b as a catalyst in the ring opening copolymerisation
of 1,2-cyclohexene oxide 1 and CO2. The results are compara-
ble to those reported for a CO2-soluble tetra(pentafluoro-
phenyl)chromium porphyrin catalyst. However, as well as being

recyclable, the supported catalyst showed efficiencies of up to
5.5 kg of polymer/1 g of chromium, thus demonstrating this new
system to be superior to those previously reported.12

We thank AstraZeneca (L. Stamp), DERA (S. Mang), King’s
College London (K. Knights), the Royal Society (Dorothy
Hodgkin Fellowship to Y. de Miguel), EPSRC (Swansea Mass
Spectrometry Service) and the Commission of the EU (Brite-
Euram BRRT-CT98-5089 ‘RUCADI’) for generous funding.
We are also grateful to Professor J. K. M. Sanders, Dr A. I.
Cooper and Dr M. Eamon Colclough for their interest in this
work.

Notes and references
† In a typical experiment a 10 cm3 stainless steel reactor was charged with
CHO 1 (2.4 g), DMAP 3 (5 mg) and supported catalyst 2b (100 mg). The
reactor was filled to capacity with liquid CO2 and heated to the desired
temperature. Then the reaction mixture was pressurised with further CO2.
After the allotted time the reaction was allowed to cool and then vented into
acetone (50 cm3). The remaining contents of the reactor were added to this
solution and the beads were collected by filtration. The polymer solution
was concentrated to 10 cm3 and precipitated into hexane, filtered and dried
to constant weight. The polymeric products were characterised by 1H NMR
spectroscopy and GPC.
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Table 1 Preliminary studies of the copolymerisation of cyclohexene oxide 1 and scCO2
a

Entry Time/h Temp/°C P/bar m (%) Mn
b/g mol21 (Mw/Mn) Yield (%) Comments

1 24 90 170 c 2b, no Cr
2 24 90 170 c Without 2b
3 24 90 170 c Without 3
4 8 90 170 96 4400 1.3 38 d

5 24 90 170 97 7100 1.7 62 d

6 48 90 170 99 5300 1.7 60 d

7 72 90 170 97 5800 1.3 69 d

8 120 90 170 96 6500 1.7 78 d

9 24 60 170 96 4000 1.5 26 d

10 24 70 170 96 4700 1.4 37 d

11 24 90 170 97 7100 1.7 62 d

12 24 100 170 93 3300 1.3 72 d

13 24 90 35 91 2200 1.2 5 e

14 24 90 85 95 2800 1.2 13 e

15 24 90 140 93 3300 1.2 17 e

16 24 90 170 92 2700 1.3 21 e

17 24 90 210 94 3400 1.2 32 e

a Conditions: c(CHO) (volume fraction of monomer) = 25 %w/v, Ncat (amount of catalyst) = 100 mg (average loading = 0.14 mmol g21). b Relative to
polystyrene (PS) standards. c Recovered monomer. d Chromium porphyrin beads (batch 1, loading 0.14 mmol g21). e Chromium porphyrin beads (batch 2,
loading 0.06 mmol g21).

Table 2 Recyclability experiments of the polymer-supported catalyst 2b for
the copolymerisation of CHO 1 and CO2

a

Entry Cycle m (%) Mn
b/g mol21 (Mw/Mn) Yield (%)

1 1 95 3600 1.3 56
2 2 94 3000 1.4 40
3 3 93 2300 1.1 25
4 1 94 4000 1.4 55
5 2 94 3500 1.2 50
6 3 89 1500 1.3 6
7 1 95 5000 1.2 64
8 2 95 3700 1.1 64
9 3 93 2000 1.1 47

10 4 88 1400 1.1 7
a Conditions: P = 170 bar, Temp = 90 °C, c(CHO) (volume fraction of
monomer) = 25 %w/v, Ncat (amount of catalyst) = 100 mg (batch 3,
loading = 0.18 mmol g21). b Relative to PS standards.
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Intramolecular addition of acyl radicals to a-substituted vinylogous
carbonates: demonstrating the effect of ring size on acyclic
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The level of stereocontrol obtained in the reduction of the
free radical derived from the intramolecular addition of an
acyl radical to an a-branched vinylogous carbonate is
dependent upon the ring-size of the cyclic ether.

The stereoselective construction of cyclic ethers remains an
important area of interest due to the ubiquity of this structural
motif in biologically significant natural and unnatural mole-
cules.1 In the course of our studies focused on the intra-
molecular addition of acyl radicals2 to vinylogous carbonates3,4

and sulfonates,5 we anticipated that we could expand the
synthetic utility of the former through the examination of a-
branched derivatives, which should provide access to an
additional stereogenic center.6,7 The ability to control the
relative and absolute configuration of acyclic stereogenic
centers in free radical addition reactions represents an important
method in asymmetric synthesis.8 Herein, we report that the
level of stereocontrol in the intramolecular addition of acyl
radicals, derived from the selenoesters 1a–c (n = 0–2), to a-
substituted vinylogous carbonates, is directly dependent upon
the ring size of the resulting cyclic ether 2/3a–c (eqn. 1).

(1)

Table 1 outlines the results for the preliminary study.
Treatment of 1a–c with tris(trimethylsilyl)silane9 and tri-
ethylborane in the presence of air, furnished the cyclic ethers
2/3a–c in excellent yield. Interestingly, the tetrahydrofuran-
3-one 2a/3a and tetrahydrooxepin-3-one 2c/3c were furnished
with only modest diastereocontrol irrespective of reaction
temperature (Entries 1/2 and 5/6). This trend in selectivity was
somewhat surprising given the precedent for this type of free

radical reduction in tetrahydrofuran derivatives.5–7 Conversely,
the tetrahydropyran-3-ones 2b/3b were afforded with excellent
diastereoselectivity, favoring the syn-isomer 2b (Entry 3).
Furthermore, the diastereoselectivity could be further improved
by lowering the reaction temperature (220 °C), which is in
sharp contrast to the tetrahydrofuran-3-one 2a/3a and tetra-
hydrooxepin-3-one 2c/3c derivatives (Entry 4 vs 2/6).§ The
origin of the stereoselectivity may be rationalized using the
static model for allylic strain,7 in which the ketone is
responsible for promoting re-face reduction of the radical (Fig.
1). The difference in selectivity between the various ring sizes
may be attributed to conformation, which presumably alters the
relative orientation of the carbonyl relative to the incipient
radical. This observation is likely to provide a useful guide in
understanding the factors that influence stereocontrol in acyclic
radical reductions involving the intramolecular addition of acyl
radicals.

The ability to undertake the stereoselective synthesis of
tetrahydropyran-3-ones in this manner prompted the extension
of this study as outlined in Scheme 2. The benzylidene acetal 8
was expected to promote the formation of cis-2,6-disubstituted
tetrahydropyran-3-one 9a in accord with previous studies and
thus determine whether the more conformationally rigid system
would deviate from the excellent stereoselectivity obtained in
the simple acyclic radical reduction in eqn. 1.

The acyl selenide 8 required for this study was prepared from
the secondary alcohol 4 derived from deoxy-D-ribose (Scheme
1).10 Ozonolysis of the a,b-unsaturated ester 4 followed by in
situ reductive work-up furnished the diol, which was selectively

† Electronic supplementary information (ESI) available: spectral data (IR,
1H and 13C NMR) and high resolution MS for 1/2a-c, 7–10. See http://www/
rsc.org/suppdata/cc/b1/b106766b/ 
‡ Current Address: Indiana University. 

Table 1 Intramolecular additions of acyl radical to a-substituted vinylogous
carbonates† 

Entry
Acyl
selenide 1a n = Temp./°C Conc./M

Ratio of
2 + 3b

Yield
(%)c

1 a 0 22 0.02 3 + 1 84
2 B B 220 B 4 + 1 76

3 b 1 22 0.01 21 + 1 80
4 B B 220 B 46 + 1 82

5 c 2 22 0.005 7 + 1 81
6 B B 220 B 8 + 1 37
a All reactions carried out in hexane on a 0.5 mmol reaction scale. b Ratios
of diastereoisomers determined by capilliary GLC. c Isolated yields.

Fig. 1

Scheme 1

This journal is © The Royal Society of Chemistry 2001
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protected as the primary tert-butyldimethylsilyl ether 5 in
65–75% overall yield from 4. Treatment of 5 with potassium
hexamethyldisilazide followed by the b-bromomethacrylate 6,
furnished the vinylogous carbonate 7 in 83–86% yield.
Oxidation of the primary tert-butyldimethylsilyl ether 7 with
Jones reagent afforded the carboxylic acid,11 which was then
converted to the acyl selenide 8, using the Crich protocol in 77%
yield from 7.12 The chemoselectivity of the oxidation is
pertinent given that the benzylidene acetal and vinylogous
carbonate are susceptible to acid-catalyzed hydrolysis.

The acyl selenide 8 was then subjected to the optimized
cyclization conditions, as outlined in Scheme 2. Treatment of
the acyl selenide 8 in an analogous manner to 1b, at 220 °C,
furnished the cyclic ethers 9a/b in 90–96% yield, with 33+1
diastereoselectivity (by HPLC) at C-3A favoring 9a. The
stereochemical outcome is consistent with the model outlined in
Fig. 1.

The relative configuration of the radical cyclization–reduc-
tion was proven unequivocally through X-ray crystallography
of the tricyclic lactone 10 (Fig. 2).¶ Reduction of the cyclic
ketone 9a with K-Selectride at 278 °C resulted in an in situ
lactonization, to afford 10 in 90% yield with !19 + 1
diastereoselectivity for the cis-lactone (eqn. 2).

(2)

In conclusion, we have demonstrated that the level of
stereocontrol in the reduction of the insipient radical derived
from the intramolecular addition of an acyl radical to a a-
substituted vinylogous carbonate is dependent on the relative
ring-size of the cyclic ether. The ability to achieve excellent
acyclic stereocontrol in 6-exo acyl radical addition reactions is
likely to have considerable synthetic utility, particularly for the
construction of C-glycosides.

We sincerely thank the National Institutes of Health
(GM58877) for generous financial support. We also thank
Zeneca Pharmaceuticals for an Excellence in Chemistry Award,

Eli Lilly for a Young Faculty Grantee Award, GlaxoWellcome
for a Chemistry Scholar Award and Novartis Pharmaceuticals
for an Academic Achievement Award. The Camille and Henry
Dreyfus Foundation is also thanked for a Camille Dreyfus
Teacher-Scholar Award (PAE).

Notes and references
§ The relative configuration of the major diastereoisomer 2a–c was
confirmed by NMR after conversion to the corresponding cis-lactone in an
analogous manner to that described in eqn. 2. 
¶ Correspondence regarding the X-ray crystallography should be addressed
to: Arnold L. Rheingold, Department of Chemistry and Biochemistry,
University of Delaware, Newark, DE 19716, USA. 
∑ Crystal structure data for 10, (C16H18O5): monoclinic, P21, a =
8.4891(2), b = 17.5380(3), c = 14.1931(2) Å, b = 93.9331(7), V =
2108.09(6), Z = 6, ZA = 3, T = 198(2) K, Dcalc = 1.372 g cm21, colorless
plate, GOF = 0.904, R(F) = 0.058 for 6032 observed independent
reflections (2.9° @ 2q @ 56.9°). CCDC 172435. See http://www.rsc.org/
suppdata/cc/b1/b10676b/ for crystallographic data in .cif or other electronic
format.
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Scheme 2

Fig. 2 Thermal ellipsoid plot of 10 (50% probability thermal ellipsoids).∑
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The promotion of hydrolysis of acetylsalicylic acid in
AOT/near-critical propane microemulsion
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A significant acceleration of the hydrolysis of acetylsalicylic
acid was accomplished by the introduction of an AOT/near-
critical propane microemulsion at lower W0 values; the rate
constant at W0 = 1 was found to be 54 times that in aqueous
buffer medium in the presence of imidazole catalyst.

In recent years, high pressure microemulsions prepared in near-
critical and supercritical hydrocarbons or carbon dioxide have
been applied to various fields such as organic synthetic
reactions1,2 and synthesis of nanometer-sized metal and metal
oxide particles3,4 from industrial and scientific points of view. It
is well known that the advantages of near-critical (NC) and
supercritical fluids (SCFs) as the dispersed phase for micro-
emulsion preparation are their higher diffusivities and lower
viscosities compared to conventional solvents.5 In addition,
their physical properties such as density,6,7 viscosity,8 diffusiv-
ity and dielectric constant9 can be varied widely by simply
changing the temperature and pressure of the system. In this
communication we demonstrate for the first time that the
introduction of a sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) microemulsion into near-critical propane leads to a
significant acceleration of hydrolysis even at low W0 compared
with aqueous buffer solution in the presence of catalyst.† In situ
UV-vis was employed for the determination of the rate constant
of the reaction as a function of the water content of the
microemulsion at a fixed temperature and pressure of 310 K and
25 MPa, respectively. The appearance of a band at 298.6 nm has
been assigned to the expected hydrolysis product salicylic acid
and the absorbance of this band was followed as a function of
time for kinetics measurement, with spectra being recorded at
different reaction times, for the determination of the degree of
conversion.

Fig. 1 shows the pseudo first-order rate constant (k) of
hydrolysis of acetylsalicylic acid carried out in various reaction
media. A dramatic enhancement in the rate constant is observed
in an AOT/NC propane microemulsion containing imidazole
compared to a micoemulsion without imidazole or an aqueous

buffer media. The reaction in the microemulsion containing
imidazole at W0 = 1 is 54 times faster than in aqueous buffer.
The rate constant in aqueous buffer remains unchanged on
addition of imidazole catalyst, whereas in the microemulsion
system it greatly increased in the presence of catalyst. In a
separate experiment monitoring percentage conversion vs.
reaction time, it was noticed that the conversion of acetylsali-
cylic acid into salicylic acid in the microemulsion at W0 = 1
reached 100% after 33 min while in aqueous buffer it took 61 h
for 100% conversion in the presence of imidazole catalyst. The
W0 dependence of the rate constant shows that the reaction is
significantly accelerated (Fig. 2) by decreasing the W0 value in
the microemulsion system, especially in the region below W0 =
4, which is contrary to the W0 dependence on the reaction rate
for enzyme catalyzed hydrolysis or esterifications.10,11 In the
AOT/propane microemulsion medium in the presence of
imidazole, a considerably higher reaction rate was observed at
low water content (W0 = 1) since the small water soluble
imidazole and acetylsalicylic acid molecules can be solubilized
inside the smaller cores of microemulsion droplets consisting of
a small amount of water W0 = 1. As the water content is
increased in the microemulsion, the concentration of imidazole
and acetylsalicylic acid is decreased and therefore the rate of
reaction decreases. The higher values of the rate constant
observed in the microemulsion compared to that in aqueous
solution is attributed to the compartmentalization of water
soluble imidazole and acetylsalicylic acid in the aqueous core of
the microemulsion droplets as a result of which the local
concentration of reactants is increased compared to that in neat
aqueous medium. The enhancement of the reaction rate due to
compartmentalization of imidazole catalyst and substrate ace-
tylsalicylic acid was confirmed after conducting the concentra-
tion dependent hydrolysis reaction in AOT/propane micro-
emulsion and aqueous buffer media. In both media, the rate
constant increased with increasing the concentration of imida-
zole and acetylsalicylic acid (Fig. 3). This shows that the
compartmentalization of solutes in the core of microemulsion
droplets is responsible for the higher reaction rate and decreased
reaction time. The mechanism of the hydrolysis reaction using

Fig. 1 Pseudo first-order rate constant (k/s21) of hydrolysis of acetylsali-
cylic acid in aqueous buffer and in AOT/propane microemulsion (25 MPa)
at 310 K.

Fig. 2 W0 dependence of the rate constsnt of hydrolysis of acetylsalicylic
acid in AOT/NC propane microemulsion at 25 MPa and 310 K.

This journal is © The Royal Society of Chemistry 2001
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imidazole catalyst has been proposed to be a general acid–base
catalysis reaction involving the transferral of a proton in the
transition state.

Fig. 4 compares the rate constants of the hydrolysis of
acetylsalicylic acid in AOT/NC propane and AOT/hexane
microemulsions. The rate constant in the propane system is
higher than in hexane. This can be be attributed to the decrease
in the microviscosity of the water/AOT interface in the NC
propane system similar to the reduced microviscosity observed
in a perfluoropolyether ammonium carboxylate (PFPE-
CO2

2NH4
+)/carbon dioxide microemulsion.12

In conclusion, high pressure microemulsion systems can be
used as reaction media for hydrolysis reactions leading to the

enhancement of catalytic activity as compared to aqueous
buffers and normal microemulsion systems. The water content
of the microemulsion has a strong influence on the hydrolysis of
acetylsalicylic acid in presence of imidazole catalyst. The
reaction is faster in low water containing microemulsions than
in microemulsions of larger water content. The promotion of the
hydrolysis in the microemulsion has been proved to be due to
the compartmentalization of the water soluble catalyst and
substrate in the cores of microemulsion droplets which also
explains the dependence of the rate constant on the water
content of the system. Increasing the amount of water in the
microemulsion dilutes the reactants so lowering the rate
constant and slowing the reaction.

Notes and references
† Experimental procedure: a high pressure UV cell of 2.2 ml volume fitted
with a pair of sapphire windows was used as the reactor. After adding AOT,
acetylsalicylic acid, imidazole and water the high pressure cell was closed
and propane at 25 MPa was pressurized inside the cell. The concentrations
of AOT, acetylsalicylic acid and imidazole was estimated as 0.1, 2.5 3 1024

and 2.5 3 1022 M, respectively. The temperature of the reaction was
controlled within ±0.2 °C with a temperature controller attached to the cell.
The reaction mixture was stirred continuously during the measurement by a
Teflon-coated bar driven by an outside magnet. A schematic diagram of the
high pressure cell used as the reactor has been given elsewhere.13 The
increase in the absorbance was recorded vs. the reaction time with a Jasco
V-570 spectrometer. The percentage conversion was determined by the
intensity of 298.6 nm band. W0 represents the water content of the
microemulsion and is the molar ratio of water to AOT. 100 mM phosphate
buffer was used to adjust the water content of the microemulsion and also
as the aqueous reaction medium. The reactions in aqueous buffer and in
AOT/hexane microemulsions were carried at 310 K and at ambient
pressure.
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Fig. 3 Rate constant (k/s21) vs. fold increase in the concentration of
acetylsalicylic acid and imidazole in AOT/NC propane microemulsion (W0

= 12, P = 39.2 MPa) and in aqueous buffer at 310 K.

Fig. 4 A comparison of pseudo-first order rate constant (k/s21) of hydrolysis
of acetylsalicylic acid in the presence of imidazole in AOT/hexane and
AOT/propane (25 MPa) systems at 310 K.
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Bimetallic-induced tail-to-tail dimerization and C–H activation of
methyl acrylate†‡
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An organometallic complex resulting from tail-to-tail dimer-
ization and C–H activation of methyl acrylate (MA),
[Mo(CO)2Cp{h3-(MeO2C)CHÌCHÌCHCH2(CO2Me)] 2,
has been fully characterized from the reaction of the
heterobimetallic complex [Cp*NiNMo(m-CO)(CO)2Cp] with
MA and an exclusively h3-allyl bonding mode of the coupled
ligand was established for the first time by X-ray diffraction;
formation of 2 is accompanied by that of the m3-alkylidyne-
capped cluster [NiMo2(m3-CCH2CO2Me)(CO)4Cp*Cp2] 3
which results from a double C–H activation of the CH2
group of MA; none of these reactions occur with the
corresponding homodinuclear complexes.

Methyl acrylate (CH2NCHC(O)OMe = MA) plays an increas-
ingly important role in the copolymerization of olefins1 and its
catalytic tail-to-tail dimerization represents an attractive alter-
native route to adipic acid from C3 feedstocks. Its activation by
metal complexes is therefore of significant current interest.

Reaction of the paramagnetic heterobimetallic complex
[Cp*NiNMo(m-CO)(CO)2Cp] 1 (Cp = h-C5H5, Cp* = h-
C5Me5)2 with an excess of MA (THF, reflux) afforded the new
compounds 2 (20% yield) and 3 (18% yield based on Ni)
(Scheme 1).†

The structure of 2 (Fig. 1)§ revealed that the organic ligand
MeOC(O)CHÌCHÌCHCH2C(O)OMe (i) has formed by C–C
coupling and C–H bond activation of two methyl acrylate
moieties leading to their tail-to-tail dimerization and (ii) that it
is only h3-allylically exo-bound to a CpMo(CO)2 fragment. The
methoxycarbonyl group bonded to the sp2-hybridized carbon is
essentially coplanar with the allylic carbon atoms while the
other is perpendicular. One H is lost from one molecule of MA
and a formal 1,2-hydrogen migration takes place in the other.
The H atom is likely eliminated with a Cp* ligand to form
isolated Cp*H.

The other complex isolated (Scheme 1)† is the m3-alkylidyne
capped mixed-metal cluster [NiMo2(m3-CCH2CO2Me)-
(CO)4Cp*Cp2] 3 (Fig. 2).§ In this 48e cluster, each Mo atom is
bonded to a Cp ligand and to two CO ligands, and the Ni to its
Cp* ligand. The cluster has no (C1) symmetry. The Ni–Mo
bonds (2.63 Å, av.) and the Mo–Mo bond (2.9343(4) Å) are in
the range for normal single bonds between these metals. As in
2, the C(O)OMe group in 3 is not involved in any bonding
interaction with any metal. The asymmetry observed in the
solid-state for 3 is maintained in solution, as is reflected in the
NMR spectra.†

The organic ligand in 3 is derived from MA by activation of
both CH2 protons: again 1,2-migration of one H and loss of the
other have occurred, generating the triply-bridging
·CCH2C(O)OMe fragment. There appears to be no precedent in
the literature for such activation of MA to afford structures like
those of 2 and 3.

MA dimerization has been observed with complexes of Ni,3
Pd,4 Rh,5 Ru6–8 and Sm,9 but few organometallic intermediates
have been isolated. An Rh(III) complex which contains a
dimerized MA ligand was characterized but both an allylic
interaction and chelation via a carbonyl function were noted; the
latter was thought to be responsible for its inactivity towards
excess MA.5c Carbon–carbon bond formation at polynuclear
metal centers has been much investigated but fewer studies have
targeted alkenes as compared to alkynes10 and we are not aware
of any complexes similar to 2 that were isolated from such
reactions. The potential of multicenter activation of organic
substrates is further illustrated by the recent thermal cleavage
(in contrast to our case of C–C coupling) of the CNC double

† Electronic supplementary information (ESI) available: preparation and
selected data for 2 and 3. See http://www.rsc.org/suppdata/cc/b1/b107827p/
‡ Dedicated to Prof. C. Moïse (Dijon) on the occasion of his 60th birthday,
with warmest wishes.

Scheme 1
Fig. 1 Crystalmaker® plot of the structure of the allylic complex
[Mo(CO)2(h3-MeOC(O)CHÌCHÌCHCH2C(O)OMe)Cp] 2 (covalent
radii for all atoms except for H). Cp hydrogen atoms are not shown; selected
bond lengths (Å) and angles (°): Mo–C(3) 2.328(2), Mo–C(4) 2.238(2),
Mo–C(5) 2.379(2), C(3)–C(4) 1.419(3), C(4)–C(5) 1.406(3), C(5)–C(6)
1.510(3); C(3)–C(4)–C(5) 118.6(2), C(9)–Mo–C(10) 78.75(9).
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bond of methyl acrylate mediated by a triruthenium pentahy-
dride cluster which afforded a m3-alkyne, m3-methylidyne
cluster.11

To address the need for a heterometallic species, we
examined the reactivity of MA separately with each of the
closely related metal–metal bonded homodinuclear complexes
[Cp*Ni(m-CO)]2 and [CpMo(CO)3]2 and with the triply bonded,
unsaturated complex [Cp(OC)2Mo·Mo(CO)2Cp] under similar
reaction conditions. In all cases the metal complexes and ligand
were recovered essentially unchanged. Since the reaction of
Scheme 1 occurs under thermal conditions, we do not believe
that the paramagnetic nature of 1 is responsible for its reactivity.
Furthermore, the multiple metal–metal bond character of 1
alone is not sufficient, as shown by the lack of reaction of the
Mo·Mo complex. The coordinatively saturated complex
[Cp*(OC)Ni–Mo(CO)3Cp] was not investigated as it de-
carbonylates under these thermal reaction conditions to gen-
erate 1.

Although the detailed reaction mechanism leading to the C–H
activations of MA and C–C bond formation observed here
remains unknown, the reactions observed here could occur at
the heterometallic core or, alternatively, fragmentation of the
Ni–Mo multiple bond could generate reactive species not
readily acccessible from the Ni2 or Mo2 complexes. Never-
theless, pure 1 is thermally stable in refluxing THF. This study
represents a clear example of a heterobimetallic complex
showing enhanced reactivity as compared to that of its
homodinuclear congeners.12

This work was supported by the CNRS and the Ministère de
la Recherche (also via an associate research position to M. J. C.)
and we are also grateful to the COST D-17 programme of the
European Commission (DG-XII).
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§ Crystal data for 2: C15H11MoO6, M = 383.18, monoclinic, space group
P21/c, a = 11.0224(2), b = 18.5428(4), c = 7.93560(10) Å, b =
106.7923(10)°, V = 1552.77(5) Å3, Z = 4, Dc = 1.639 g cm23, m = 0.869
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The heterogeneous catalytic systems realized by alkaline
earth oxides are successfully applicable to the highly
efficient intramolecular Tishchenko lactonization of o-
phthalaldehyde to phthalide.

The heterogeneous catalytic Tishchenko reaction using solid
bases involves the dimerizarion of aldehydes yielding the
corresponding esters initiated by the interactions of polarized
carbonyl groups of aldehydes with surface acidic and basic sites
of solid bases. The adaptability of solid base catalysts to the
Tishchenko reaction has been demonstrated in several in-
vestigations.1 Most of previous development of efficient
catalysis for Tishchenko reaction, however, has been confined
to homogeneous catalytic systems. Recent articles dealing with
homogeneous catalyses have reported considerable improve-
ments in activities for the dimerization of aldehydes in
comparison with traditional aluminium alkoxides catalysts.2,3

Solid base catalysts, unlike these homogeneous catalysts, can be
easily separated from the reaction mixture after carrying out the
reaction, and are inexpensive and environmentally benign.
These excellent properties emphasize the importance of the
replacement of homogeneous catalyses with heterogeneous
ones both in the laboratory and in industrial processes utilizing
Tishchenko esterification.

Although several studies have been conducted on the
intermolecular Tishchenko reaction over solid base catalysts as
mentioned above, there have been no reports of the intra-
molecular Tishchenko reaction which results in cyclization.2,4

In addition, to our knowledge, in the field of heterogeneous
basic catalysis, there has been only one report dealing with
intramolecular cyclization (dehydration of monoethanolamine
to ethylenimine).5 Here we report the intramolecular Ti-
shchenko reaction of o-phthalaldehyde to phthalide using
alkaline earth oxides as powerful and highly selective heteroge-
neous catalysts. The general reaction equation is shown in
Scheme 1.

Experimental procedures are as follows: MgO, CaO, SrO and
BaO were prepared from Mg(OH)2, Ca(OH)2, SrCO3 and
BaCO3, respectively, by thermal decomposition at elevated
temperatures in vacuo. The pretreatment temperatures and
surface areas of the catalysts examined are listed in Table 1. To
a Schlenk tube containing the alkaline earth oxide pretreated (10

or 50 mg) was added a benzene (1 mL) solution of o-
phthalaldehyde (1 mmol) under N2 at room temperature. Then
the reaction mixture was warmed to 313 K and stirred for a
prescribed reaction time. The resulting solution, after alkaline
earth oxide was separated, was analyzed by GC equipped with
a DB-1 column (total length: 60 m; diameter: 0.25 mm) to
determine the yield (%) of phthalide. The product was identified
by 1H NMR and GC–MS analysis.

The catalytic activities of alkaline earth oxides for the
intramolecular Tishchenko reaction of o-phthalaldehyde to
phthalide are given in Table 1. To compare the activities of
alkaline earth oxides, o-phthalaldehyde was treated with 10 mg
of each alkaline earth oxide at 313 K for 60 min (entries 1, 3, 5
and 7). Barium oxide did not furnish the corresponding lactone
at all (entry 7). Magnesium oxide and SrO showed almost equal
moderate activities (entries 1 and 5). In contrast, however, CaO
exhibited an excellent activity (entry 3). It should be empha-
sized that MgO, CaO and SrO yielded phthalide selectively
(intermolecular Tishchenko dimerization products were not
observed by GC–MS analysis). In an attempt to attain a
synthetically satisfactory level of yield, the amount of MgO,
CaO, and SrO was increased without changing the reaction
temperature. Thus, when the reaction was carried out at 313 K
with 50 mg of CaO, the reaction proceeded instantaneously, and
phthalide was obtained quantitatively in a short time of 15 min
(entry 4). Under the same conditions, MgO and SrO also
furnished pthalide in excellent yields of 91 and 86%, re-
spectively (entries 2 and 6).

In summary we have shown that efficient heterogeneous
catalytic lactonization of dialdehydes can be realized by using
alkaline earth oxides through the intramolecular Tishchenko
reaction of o-phthalaldehyde to phthalide.

Table 1 Activities of alkaline earth oxides for the intramolecular Tishchenko reaction of o-phthalaldehyde to phthalidea

Entry Catalyst
Catalyst
weight/mg

Pretreatment
temperature/K

Surface
areab/m2 g21

Reaction
time/min

Reaction
temp./K Yieldc (%)

1 MgO 10 873 267 60 313 15
2 MgO 50 873 267 15 313 91
3 CaO 10 873 48 60 313 59
4 CaO 50 873 48 15 313 Quantitative
5 SrO 10 1273 12 60 313 15
6 SrO 50 1273 12 15 313 86
7 BaO 10 1273 2 60 313 0

a Reactant: 1 mmol of o-phthalaldehyde; solvent, 1 mL of benzene. All reactions were carried out under N2. b Surface areas were determined by the BET
method. c Yield was determined by the GC analysis of the resulting solution and was calculated by the equation: yield (%) = {(mol% of phthaide)/[(mol%
of o-phthalaldehyde) + (mol% of phthalide)]} 3 100.

Scheme 1 Heterogeneous catalytic intramolecular Tishchenko reaction of
o-phthalaldehyde to phthalide with alkaline earth oxides.

This journal is © The Royal Society of Chemistry 2001
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Thermal stability of an SiO2-coated Rh catalyst and catalytic activity
in NO reduction by CO

Masanori Ikeda,* Teruoki Tago, Masahiro Kishida and Katsuhiko Wakabayashi

Department of Materials Process Engineering, Graduate School of Engineering, Kyushu University,
6-10-1 Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan. E-mail: mikeda@chem-eng.kyushu-u.ac.jp

Received (in Cambridge, UK) 1st August 2001, Accepted 25th August 2001
First published as an Advance Article on the web

An SiO2-coated Rh catalyst with SiO2 thickness of 13 nm has
much higher stability against sintering of Rh and SiO2 than
sol–gel and impregnation Rh/SiO2 catalysts; it exhibits the
highest activity in the NO–CO reaction among these
catalysts after thermal treatment.

The efficiency and life-time of a supported metal catalyst is
influenced by the thermal stability of the metal particles. At
high temperatures, sintering of metal particles causes deactiva-
tion of the catalyst. Sintering is a serious problem especially for
automotive catalysts because they are exposed to exhaust gases
at high temperatures. There is no method that completely
inhibits sintering. However, it is considered that physical
prevention of the migration of metal particles can effectively
restrain sintering. For instance, sol–gel catalysts are known to
have high resistance to the sintering of metal particles.1–3 Such
catalysts have metal particles that are incorporated into the
framework of the support or partially embedded in the
support.1,2 Such a structure restrains the migration of metal
particles, leading to inhibition of sintering.

We developed a preparation method for supported metal
catalysts using a water-in-oil microemulsion (ME method) and
reported that Rh particles of an Rh/SiO2 catalyst prepared by
this method were partially embedded into SiO2 supports.4
Furthermore, we successfully synthesized Rh nanoparticles
wholly coated by a nanometer-scale SiO2 layer using a specific
microemulsion system.5 It is expected that such a structure
results in high resistance to sintering since the migration of the
Rh particles is prevented by the SiO2 layer. In the present study,
we compared the sintering behaviors of SiO2-coated Rh
particles (SC) with catalysts prepared by the microemulsion
(ME) method, sol–gel (SG) method and the impregnation (IMP)
method. In addition, the catalytic activities of the particles in
NO reduction by CO were also compared with those of the other
catalysts before and after thermal treatment. It has been reported
that similar silica-coated metal particles have been synthe-
sized,6–8 but the present report is the first to describe SC
particles used as a catalyst.

The starting materials for Rh and SiO2 were RhCl3·3H2O and
tetraethyl orthosilicate (TEOS), respectively for all the cata-
lysts. The SC and ME catalysts were prepared using the same
procedure as reported previously.4,5 A microemulsion system of
polyoxyethylene (n = 15) cetyl ether (226 g, 0.5 M)/
cyclohexane and polyoxyethylene (n = 5)–p-nonylphenyl ether
(22 g, 0.5 M)/hexan-1-ol were used for the preparation of the SC
and ME catalysts, respectively. The molar ratios of surfactant to
water (for hydrolysis of TEOS) were 3 and 6 for the SC and ME
catalysts, respectively.

The SG catalyst was prepared using the following procedure.
A mixture of TEOS (37 g) and ethanol (20 ml) were stirred at
70 °C for 10 min. A solution of NH3·H2O (1 ml) and distilled
water (20 ml) were added to the mixture and stirred at 70 °C for
30 min. An aqueous RhCl3 solution (0.38 M, 2.6 ml) was added
to the mixture and stirred at 70 °C for 1 h to obtain a gel
containing the Rh precursor. The gel was then dried at 70 °C for
12 h. The IMP catalyst was prepared by the usual procedure.
The SiO2 support was prepared using the ME method

employing a microemulsion system of polyoxyethylene (n =
15) cetyl ether/cyclohexane.

In all methods, the dried samples were calcined under an air
flow at 500 °C for 2 h and reduced at 450 °C for 1 h. The Rh
loading was 1 wt% for the ME SG and IMP catalysts and 10
wt% for the SC catalyst. For the NO–CO reaction, the SC
catalyst was mixed with silica (the same silica as the support of
the IMP catalyst) to 1 wt% Rh content.

To investigate the thermal stability of Rh particles against
sintering, air calcination of all the catalysts was conducted at
900 °C for 12 h under air flow. The mean Rh particle size of the
Rh/SiO2 catalysts was determined by powder X-ray diffraction
(XRD) using a Rigaku RINT 2500 instrument. BET surface
areas were measured by nitrogen adsorption at 2196 °C using
a Shimadzu Tristar 3000 instrument at 55 °C. The amount of CO
uptake by the Rh particles was measured by CO chemisorption.
Transmission electron microscopy (TEM) images of the
catalysts were taken with a JOEL JEM 2000FX.

Catalytic activity was measured using a quartz tubular
reactor. The reactant gas mixture was composed of 10 000 ppm
NO, 10 000 ppm CO and He as a balance, while the gas-flow
rate was 100 ml min21 (SV = 30000 ml g-cat21 h21). The
effluent gas was directly routed to a gas chromatograph
(Shimadzu GC-8A) for on-line analysis.

Table 1 shows the Rh particle sizes determined by XRD
before and after thermal treatment. Both the Rh particle size
after the thermal treatment and the difference in the Rh particle
size before and after the thermal treatment, ΩD, could be ranked
in the following order according to size: SC < ME < SG <
IMP. Fig. 1 shows TEM photographs of these catalysts after
thermal treatment. The sequence of mean Rh particle sizes
determined by TEM photographs was the same as that
determined by XRD. In the IMP catalyst [Fig. 1(a)], several Rh
particles of size > 20 nm were observed. In the SG catalyst,
most Rh particles remained small (ca. 5 nm) after thermal
treatment, which indicates that the SG catalyst has a higher
resistance to sintering than does the IMP catalyst, although
some Rh particles were as large as those of the IMP catalyst. In
the ME catalyst [Fig. 1(c)], most of Rh particles remained small
(ca. 4 nm) after thermal treatment while a few Rh particles of
size ca. 15 nm were observed. Therefore, the ME catalyst has a
higher resistance to the sintering than does the SG catalyst. In

Table 1 Rh particle sizes and BET surface areas of catalysts prepared via
different routes

Rh particle size/nm BET surface area/m2 g21

Cat. Beforea Afterb DDc/nm Beforea Afterb

SC 3.4 5.7 2.3 246 170
ME 3.8 6.8 3.0 24 18
SG 6.8 10.1 3.3 231 34
IMP 6.6 11.0 4.4 73 51
a Value before thermal treatment. b Value after thermal treatment at 900 °C
for 12 h. c The difference in Rh particle sizes before and after thermal
treatment.

This journal is © The Royal Society of Chemistry 2001
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the SC catalyst [Fig. 1(d)], however, all the Rh particles were
covered by the SiO2 layer and remained small even after the
thermal treatment. It is concluded that migration of Rh particles
of the SC catalyst was restrained by the SiO2 layer, resulting in
the highest resistance to sintering.

Fig. 2 shows the temperatures for 50% NO conversion in NO
reduction by CO, T50, before and after thermal treatment. The
sequence of relative activity before thermal treatment was IMP
< SC < ME < SG. It was noted that the SC catalyst showed
an activity as high as that of the IMP catalyst although the Rh
particles of the SC catalyst were fully covered by the SiO2 layer.
This result indicates that the reactant gases were accessible to
the Rh particles. The amount of CO uptake of the SC catalyst
(13.9 mmol g21) was of the same order as found for the IMP
catalyst (16.5 mmo g21).

The IMP catalyst was considerably deactivated by the
thermal treatment as can be seen from Fig. 2. The main reason
for the deactivation is due to the sintering of the Rh particles as
shown in Table 1. T50 of the ME and SG catalysts also
considerably increased despite their high resistance to sintering.
In contrast to these catalysts, T50 of the SC catalyst having the
highest resistance to sintering increased only slightly and was
the lowest after the thermal treatment. Accordingly, the SC

catalyst had the highest activity of these catalysts after the
thermal treatment. As to the difference in activity between the
three types of catalysts, this is difficult to explain in terms of Rh
particle size since the difference is attributable to changes in
several physical and physico-chemical factors. One of the most
important factors may be metal–support interactions. It was
reported that sol–gel catalysts with metal particles embedded in
silica supports showed stronger metal–support interaction than
impregnation catalysts,9 leading to the existence of Md+ species
in the catalyst. In another report, it was shown that the presence
of Rhd+ in the catalyst improved catalytic activity in the NO–CO
reaction.10 Rh–SiO2 interactions might differ between the
catalysts causing the differences in catalytic activity.

In addition, we considered that the thermal stability of the
SiO2 support might affect the catalytic activity since the reactant
gases are accessed on the Rh surface through the SiO2 pores.
The BET surface areas of these catalysts are given in Table 1.
For the SG catalyst, the area was drastically decreased upon
thermal treatment while for the ME catalyst the initial low
surface area was further lowered upon thermal treatment. On the
other hand, the area of the SC catalyst after thermal treatment
was still substantial. The CO uptake of these catalysts were 3.1,
0.2 and 0.2 mmol g21 for the SC, ME and SG catalysts,
respectively. These results suggest that the SiO2 pores of the
ME and SG catalysts are decreased upon thermal treatment
while the pores are less affected in the SC catalyst. It is clear that
the SC catalyst has a high SiO2 thermal stability. The reason for
this is not clear, but such high thermal stability may be derived
from the thin SiO2 layer. The thickness of SiO2 layer of the SC
catalyst used in the reactions is ca. 13 nm [Fig. 1(d)]. The BET
surface area of this SC catalyst decreased upon thermal
treatment from 246 to 170 m2 g21 (Table 1). On another SC
catalyst with an SiO2 thickness of 22 nm, however, the BET
surface area drastically decreased upon thermal treatment from
91 to 3 m2 g21. The difference suggests that the thinner SiO2
layer shows a higher resistance to blockage of silica pores upon
thermal treatment. Such high thermal stability of SiO2 in the SC
catalyst as well as high resistance to sintering of Rh particles led
to high activity after thermal treatment.

In conclusion, the SiO2-coated Rh catalyst with SiO2
thickness of 13 nm showed a much higher stability against
sintering of Rh and SiO2 than sol–gel and impregnation Rh/
SiO2 catalysts. As a result, this catalyst had the highest activity
in NO reduction by CO after thermal treatment at 900 °C for
12 h.
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Fig. 1 TEM photographs of the Rh/SiO2 catalysts after thermal treatment at
900 °C for 12 h: (a) IMP, (b) SG, (c) ME, (d) SC.

Fig. 2 T50 values in the NO–CO reaction over the Rh/SiO2 catalysts.
a Values before thermal treatment; b Value after thermal treatment at 900 °C
for 12 h.
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A new, highly fluorescent terpyridine which responds to zinc ions with
a large red-shift in emission†
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A sequence of three metal-catalysed aryl coupling reactions
leads to the new ligand 4A-(4-N,N-diphenylaminophenyl)-
2,2A+6A,2B-terpyridine, the intense ICT emission of which
undergoes a large red-shift upon binding of zinc ions,
providing a unique response over other common metal
ions.

Sensitive and selective fluorescent probes for metal ions are
important in clinical analyses, including the study of the
physiological roles of metal ions.1 With a large number of
cellular functions having been identified for zinc over the past
decade, probes of cellular Zn2+ concentration are of increasing
interest.2 The luminescence of some transition metal complexes
of terpyridines is well established including applications to
chemical sensing (e.g. for pH, halide and metal ions3,4). On the
other hand, terpyridine ligands themselves have generally not
been considered for use as fluorescent sensors, possibly owing
to an expected lack of selectivity (given the diverse range of
metal ions they are able to bind) and perhaps also to the fact that
few terpyridines are strongly emissive at wavelengths other than
in the UV, with short-wavelength excitation being required. We
report here on the use of palladium-catalysed cross-couplings of
aryl boronates with 4A-bromoterpyridine, to construct novel, 4A-
substituted terpyridines in high yield.5 In particular, this
methodology has been used to prepare the compound 4A-(4-N,N-
diphenylaminophenyl)-2,2A+6A,2B-terpyridine, a highly fluores-
cent new ligand whose emission is affected very distinctively
upon binding of zinc ions.

4-Bromo-N,N-diphenylaniline was prepared by a copper(I)-
catalysed Ullmann coupling of diphenylamine with 4-bromo-
iodobenzene in the presence of 1,10-phenanthroline (Scheme 1,
ESI†). Under these conditions, substitution occurs specifically
at the iodine atom. Conversion to the neopentyl boronate was
accomplished by a palladium-catalysed reaction with bis(neo-
pentyl glycolato)diboron. Finally, a Suzuki-type coupling of the
boronate with 4A-bromoterpyridine, (readily accessible in multi-
gram quantities†), led to the desired compound in 66% yield.
The use of cross-coupling reactions in this way offers an
attractive, divergent route to new 4A-aryl-substituted terpyr-
idines and, indeed, the N,N-dimethyl analogue (designated L2)
was prepared similarly from 4A-triflate-terpyridine upon reac-
tion with commercially available 4-(dimethylamino)benzene-
boronic acid.

The lowest energy absorbance maxima of the two compounds
in solution (Table 1) display a very small red-shift with
increasing solvent polarity. In contrast, the fluorescence
maxima undergo very large shifts to longer wavelengths. Such
behaviour is strongly indicative of intramolecular charge
transfer (ICT) character in the emissive excited states of these
compounds. The fluorescence of L2 and its non-methylated
(–NH2) analogue has been interpreted in this way in a

contemporary report, where a semi-empirical MO calculation
revealed that the amino substituent raises the energy level of the
pendent phenyl to such an extent that the lowest energy excited
state corresponds to an ICT (pPh–p*tpy) transition, as opposed
to the locally excited states (ptpy–p*tpy) of other 4A-aryl-
substituted terpyridines.6 The present results indicate that the
diphenylamino substituent has a similar effect, with comparable
emission wavelength maxima in each solvent. However,
whereas the emission intensity of L2 is greatly reduced in polar
solvents such as ethanol, L1 is strongly fluorescent in all
solvents investigated. This difference is strikingly clear upon
comparing the fluorescence quantum yields in ethanol: 0.009
and 0.25, respectively. Given that the fluorescence lifetimes of
the two compounds in this solvent are the same within
experimental error (Table 1), the much smaller quantum yield of
L2 is most likely due to a reduction in the efficiency of
formation of the emissive ICT state in L2, following excitation
to the initially populated excited state, rather than enhanced
non-radiative deactivation. It is well-established that ICT
emission from dialkylamino-substituted aromatics of the ‘push–
pull’ type (for example, the classic compound dimethylamino-
benzonitrile), requires a dynamic relaxation of the initially
populated state through twisting of the dialkylamino group,
coupled with electron transfer from the amino nitrogen to the
remote p* orbital of the acceptor moiety. In alcohol solutions
which can hydrogen bond to the N atom of the donor, it has been
shown that the twisting process may be partially inhibited
owing to the requirement for simultaneous breakage of such a
hydrogen bond.7 Given the basicity of dimethylaniline com-
pared to non-basic triphenylamine (pKa values of the conjugate
acids are 5.15 and ca. 25 respectively), such hydrogen bonding
is to be expected in L2 but may be absent (or only very weak) in

† Electronic supplementary information (ESI) available: details of synthetic
details and characterisation and plots of: (i) the decrease in fluorescence as
a function of pH for the two ligands L1 and L2, and (ii) the increase in the
intensity of fluorescence of L1 at 620 nm as a function of added zinc,
including the method used for determination of Kass. See http://
www.rsc.org/suppdata/cc/b1/b108408a/

Table 1 Photophysical properties of ligands L1 and L2 in solvents of varying
polarity

Cyclohexane THF DCM EtOH

L1

lmax
a/nm (absorbance) 356 360 361 362

lmax
b/nm (emission) 392 (414 sh) 453 472 513

tfc/ns 1.2 3.4 4.0 2.5
ff

d 0.36 0.51 0.58 0.25
L2

lmax
a/nm (absorbance) 337 346 348 348

lmax
b/nm (emission) 369 (385 sh) 469 470 531

tfc/ns 1.7 5.2 5.2 2.6
ff

d 0.31e 0.22 0.27 0.009
a Absorbance of longest wavelength absorption band. b Upon excitation into
the lowest energy absorption band. c Fluorescence lifetimes were measured
in the frequency domain using an Instruments S.A. Flurolog t-3 instrument;
estimated uncertainty ± 0.2 ns. d Fluorescence quantum yields were
measured using an Instruments S.A. Fluoromax, with an excitation
wavelength of 350 nm and excitation and emission band-passes set to 2.5
nm in each case; quinine sulfate was used as the standard (f = 0.546 in 1 M
H2SO4

11); estimated uncertainty ±20%. e Measured using an excitation
wavelength of 340 nm: a steeply decreasing absorbance profile at 350 nm in
cyclohexane prohibits the reliable use of this wavelength.

This journal is © The Royal Society of Chemistry 2001
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L1, such that formation of the ICT state may be inhibited in the
former but not in the latter.

Acidification of an ethanolic solution of L1 led to a change
from colourless to yellow, with a substantial hypochromic shift
in the longest wavelength absorption band to 430 nm (Fig. 1).
The fluorescence emission band underwent a comparable red-
shift (from 513 to 642 nm, Fig. 2), but the integrated emission
intensity was enormously decreased, by a factor of > 200 when
excited at the isosbestic point (387 nm). The red-shift in
emission may be attributed to the stabilisation of the charge-
transfer state which is expected to occur upon protonation of the
terpyridine, as the electron acceptor properties of the latter are
enhanced. Monitoring of the emission intensity at 513 nm in the
presence of increasing concentrations of trifluoroacetic acid led
to a pH profile with a single inflection point at 3.3, probably
associated with diprotonation of the terpyridine. Ligand L2

behaved similarly, but with a smaller change in intensity and
with a subtle displacement of the profile to higher pH.†

Addition of zinc(II) ions (as zinc triflate) to a solution of L1 in
ethanol–water (9/1) led to an effect on the absorbance and
emission maxima comparable to that of acid, namely a large
shift to longer wavelengths (Figs. 1 and 2). In this case,
however, the fluorescence intensity was not reduced to the same
extent. Terpyridines are well-known to possess quite high
affinity for Zn2+, although the 2+1 complexes they form are
kinetically more labile than those of transition metal ions with
partially-filled d sub-shells such as iron(II). That the binding of
zinc to L1 leads to red-shifts similar to those induced by
protonation is not surprising, since the positive charge on the
metal ion will similarly promote the ICT process from pendent
amine to terpyridine. On the other hand, the markedly higher
emission intensity of the zinc complex is intriguing (Fig. 2). It
is likely that this is due to the greater rigidity of the zinc
complex, compared to the diprotonated terpyridine, which will

serve to reduce the efficacy with which C–C stretching
vibrations are able to act as energy accepting modes for
deactivation of the excited state.8 Although fluorophores with
ICT excited states have been considered previously for pH and
metal ion sensing,9 the system described here is very unusual in
that the proton or metal ion binds to the moiety which acts as the
acceptor (rather than the donor) in the charge transfer
process.

The fluorescence responds sensitively to zinc ions; prelimi-
nary estimates indicate an apparent 2+1 (ligand+Zn2+) associa-
tion constant of (4.3 ± 0.6) 3 109 dm6 mol22.† However,
although the emission profile changes dramatically (Fig. 2),
excitation at the isosbestic point actually leads to a net decrease
in the intensity at the new maximum (630 nm), owing to the
higher emissivity of the ligand and the broadness of its
fluorescence band. On the other hand, the changes in the
absorption spectra which accompany formation of the zinc
complex are synergistic, such that excitation at 415 nm (close to
the absorbance maximum of the zinc complex) allows a 5-fold
increase in the emission intensity at 630 nm to be achieved. The
ratio of the emission intensity at 630 nm to that at 513 nm
increases by a factor of 12 under these conditions; such
ratiometric fluorimetry, where the ratio of signals at two
emission or excitation wavelengths is monitored, is highly
desirable in practical sensors, in order to cancel out variations in
intensity arising from background changes in the analytical
environment.1

The response to zinc is unique among the metal ions
investigated (with the single exception of Cd2+).‡ The addition
of calcium and magnesium ions (competing ions when zinc
sensors are used in physiological studies2) gave no change in the
fluorescence of L1, probably owing to the low affinity of these
metal ions for terpyridines. On the other hand, paramagnetic
transition metal ions such as Fe2+, Ni2+ and Cu2+, led to
quenching of the fluorescence of both bands, as did the heavy
metal ion Pb2+. Thus, ligand L1 offers a set of responses which
render it encouraging for study as a potential sensory system for
zinc, although a water-soluble analogue would be required in
order to allow use in physiological studies.

We thank the University of Durham, EPSRC and the Royal
Society for support.
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‡ The effect of other metal ions was tested at concentrations equal to that
required to bring about the maximum response for zinc(II). Cd2+ induced
similar changes to that of Zn2+, binding significantly more strongly.
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Fig. 1 UV–VIS absorbance spectra of L1 (——); L1 after addition of
trifluoroacetic acid to pH 0.7 (— — ); after addition of Zn2+ (5 equivalents
of zinc triflate) (- - -). [L1] = 6.7 mM in ethanol.

Fig. 2 Fluorescence emission spectra of L1 (——), L1 in the presence of H+

(— — ) (310), and L1 in the presence of Zn2+ (- - -) (310) at the
concentrations in ethanol given in the caption to Fig. 1. Samples were
excited at the isosbestic point (387 nm) with excitation and emission band-
passes set to 2.5 nm. Spectra shown are corrected for the wavelength
dependence of the photomultipler tube.
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Bond covers based on substructures can be used to guide
retrosynthetic analysis and give greater insight into the
principle of convergence.

Topology is of growing interest in chemistry.1 It has been
proposed that molecular topology might have a significant
effect on chemical synthesis;2,3 thus, Corey and Cheng posited,
‘The existence of alternative paths through a molecular skeleton
as a consequence of the presence of cyclic subunits gives rise to
a topological complexity which is proportional to the degree of
internal connectivity.’4 The concept of topological complexity
has been generalized to include all the structural features that
contribute to skeletal complexity, e.g. multiple bonds and
branching in addition to rings.5 Herein we address the problem
of finding a measure of topological complexity by introducing
an approach to chemical topology based on mathematical
entities known as edge covers.6–8 For chemical applications we
call them bond covers.

A substructure of a molecule is a structure that has all its
atoms and bonds in the molecule. For our applications the
substructures are connected, meaning all pairs of atoms are the
termini of at least one path. (The methane subgraph is trivially
connected to itself by a path of length 0.6) We follow the
precedent of Gordon and Kennedy,9 who named substructures
after the molecules they become when any incomplete valences
are satisfied by hydrogen. For example, butane has four
methane substructures, three ethane, two propane and one
butane. (It follows from the above definition that a molecule is
a substructure of itself.) We also adopt the common practice of
representing molecules and substructures as hydrogen-sup-
pressed structural formulas,5 in which hydrogen atoms and the
bonds to them are omitted.

We define a bond cover of a molecule as a set of substructures
such that every bond in the molecule is in at least one of the
substructures. In a minimal bond cover (or simply minimal
cover) each substructure is essential, i.e. the removal of any
substructure results in a set that no longer contains all the bonds
in the molecule. A special case of minimal cover is a partition,
in which each bond in the molecule is in exactly one of the
substructures, so that no two substructures have a bond in
common. The total number of covers KT, minimal covers KT

min

and partitions PT follow the order, KT > KT
min > PT, except for

ethane (KT = KT
min = PT = 1) and propane (KT = 5, KT

min =
PT = 2). The corresponding numbers of kinds of covers are KS,
KS

min and PS, respectively.
These definitions are illustrated for cyclopropane 1 with the

aid of Fig. 1. The minimal bond covers are 1{3 ethane},
3{propane + ethane}, 3{2 propane} and 1{cyclopropane},
where the coefficient of a pair of braces gives the number of
covers of that kind. (Henceforth, a 1 will not be shown
explicitly.) Bond covers are the same kind when they contain
the same substructures in equal numbers; they do not have to be
isomorphic.5–8 In this example KS

min = 4 and KT
min = 8. They

are all partitions except 3{2 propane}, which have overlapping
bonds; consequently, PS = 3 and PT = 5. An example of a bond
cover of 1 that is not minimal is {cyclopropane + ethane}, since

the ethane substructure can be removed and {cyclopropane} is
also a cover. As far as all possible covers are concerned, KS =
28 and KT = 109 (cf. ESI†).

The values of KT, KT
min and PT increase monotonically with

the numbers of atoms, bonds, rings and branches, e.g. KT
min

(PT) = 1 (1) for ethane, 2 (2) for propane, 5 (4) for butane, 13
(8) for pentane and 34 (16) for hexane, members of the
homologous series of n-alkanes; 8 (5) for cyclopropane 1, 30
(12) for cyclobutane 2, 97 (27) for cyclopentane and 285 (58)
for cyclohexane, members of a homologous series (cycloalk-
anes) which have an additional bond and ring compared to the
corresponding n-alkanes; and 8 (5) for 2-methylpropane, 49
(15) for 2,2-dimethylpropane and 522 (52) for K1,5 (the graph in
which one point is joined to five other points, i.e. the
hypothetical ‘2,2,2-trimethylpropane’), members of a homolo-
gous series (stars) where branching is greater than in the
corresponding n-alkanes (except for methane, ethane and
propane, which are n-alkanes and stars). Also, it can be shown
that these indices increase with the introduction of multiple
bonds; therefore, they are general indices of topological
complexity. As a more sophisticated example, the [2]catenane
of 1 has KT

min = 8 3 8 = 64 and PT = 5 3 5 = 25, compared
to KT

min = 8 + 8 = 16 and PT = 5 + 5 = 10 for two isolated
molecules of 1. Minimal covers grow in number much less
rapidly than covers, and partitions are particularly easy to
enumerate.

Indices based on bond covers can be used to infer that
topology has a significant role in synthesis, e.g. in the case of
strategic bond disconnections. Strategic bonds are those that
give a significant simplification when disconnected in the
retrosynthetic (antithetic) direction.4,10,11 When chosen on the
basis of experience, they are heuristic strategic bonds, and
when identified by using mathematical methods like the ones
discussed here, they are topological strategic bonds. The
question is, to what extent are they the same? According to
Corey et al.,10 ‘the most desirable bond disconnections in the
antithetic manipulation of structure are those in which the
following structural features are minimized: (i) appendages, (ii)
appendages carrying chiral centers, (iii) rings of medium or
large size, and (iv) bridged rings.’

For any complexity index C, a change in complexity DC is
calculated as the sum of index values for the products minus the
sum for the starting materials, DC(reaction) = SC(products) 2
SC(starting materials). A negative value indicates overall
simplification in a reaction or disconnection. Construction
reactions are characterized by significant increases in complex-
ity,12 and their retrosynthetic transforms and disconnections by
significant decreases. Several transforms can have the same

† Electronic supplementary information (ESI) available: all possible covers
for cyclopropane and 2-methylpropane. See http://www.rsc.org/suppdata/
cc/b1/b107339g/.

Fig. 1 Minimal bond covers of cyclopropane 1: (a) {3 ethane}, (b) {propane
+ ethane}, (c) {2 propane}, and (d) {cyclopropane}.

This journal is © The Royal Society of Chemistry 2001

2516 Chem. Commun., 2001, 2516–2517 DOI: 10.1039/b107339g



disconnection, and the advantage of the latter is functional
groups do not have to be included explicitly, unless they contain
bonds that are made or broken. Thus, disconnections most
clearly reveal topological changes. (We follow Corey et al.,4,10

and differentiate ‘transform’ and ‘disconnection’; some authors
use them synonymously.)

Cyclobutane 2 (PT = 12, KT
min = 30) and methylcyclopro-

pane 3 (PT = 13, KT
min = 39) are the results of the two possible

1-bond disconnections of bicyclobutane 4 (PT = 43, KT
min(4)).

(Cf. Fig. 2.) For 4 » 2, which breaks the fusion bond,
DPT(fusion) = DPT(4 » 2) = PT(2) 2 PT(4) = 231, and for
4 » 3, which breaks one of the four equivalent ‘exendo’4 bonds,
DPT(exendo) = DPT(4 » 3) = PT(3) 2 PT(4) = 230.
(Whereas DDPT = DPT(4 » 2) 2DPT(4 » 3) = –1 is small,
DDKT

min = [30 – KT
min(4)] 2 [39 2 KT

min(4)] = 29 is
substantial.) We conclude that the fusion bond is the topological
strategic bond, as it gives the larger simplification. It was
eliminated as the heuristic strategic bond in the general case,
owing to the difficulty of forming the synthetic precursors when
they are medium or large rings (vide supra iii, cf. rule 2A).10

The changes in the indices for the 1-bond and 2-bond
disconnections of 3 are summarized in Table 1 (cf. Fig. 3). Since
all the disconnections proceed from the same molecule, they are
named according to the result, e.g. (a) stands for 3» butane. Of
the 1-bond disconnections (a)–(c), the one (a) that breaks the
bond adjacent to the methyl substituent to afford butane gives
the greatest simplification (DPT = 29, DKT

min = 234).
Disconnection (b) to 2-methylpropane does not minimize
appendages (vide supra i), and it gives less simplification (DPT
= 28, DKT

min = 231).‡ The 2-bond disconnections (d) and
(e) cannot be ranked by minimal covers, since the resulting
systems have the same number of them (DPT = 211, DKT

min

= 237); nevertheless, (d) and (e) are more efficient than the
1-bond disconnection (c) into two pieces (DPT = 28, DKT

min

= 231).‡ The tie between (d) and (e) can be broken by
considering the total number of covers KT for the disconnected
products. For propane they are {2 ethane}, {propane}, 2{pro-
pane + ethane} and {propane + 2 ethane}, and KT = 5. For
ethane KT = 1, and for methane KT = 0.§ Both disconnections
have the same starting material 3; thus, for (d) DKT = 5 2
KT(3) and for (e) DKT = 2 – KT(3). Since KT(3) > KT

min(3) =
39, the latter is the negative number with the larger absolute
value, indicating greater simplification (DDKT = 23). There-
fore, the disconnection that results in two pieces of equal

complexity is the most efficient. This is the topological basis for
the heuristic of convergence.11,12 Overall, the order of simplifi-
cation is (e) > (d) > (a) > (b) > (c).¶

For large molecules it is very difficult to determine all
possible covers or even all possible minimal covers. For-
tunately, there are subsets of all possible substructures that can
be used to construct novel covers. For example, Bone and
Villar13 limited substructures to maximal ones (cf. induced
subgraphs6), i.e. two atoms are bonded in a substructure
whenever they are bonded in the structure. Another approach is
to use substructures that are cliques or bicliques.8 In a clique
each atom is bonded to every other atom. In a biclique the atoms
can be labeled with an asterisk or left unlabeled (cf. alternant
hydrocarbons5) in such a way that each labeled atom is bonded
to every unlabeled atom, and vice versa.

Bertz and Sommer proposed the number of kinds of
subgraphs (substructures) of the molecular graph (structure) as
a measure of diversity,2 and Bone and Villar used the number of
kinds of maximal substructures.13 The number of kinds of
covers or partitions might also be useful in this regard.

The author thanks C. Zamfirescu (CUNY) for assistance with
checking the calculations, T. Sommer (Brandeis) for helpful
discussions and W. F. Wright for valuable literature searches.
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Fig. 2 The 1-bond retrosynthetic disconnections of bicyclobutane 4 to
cyclobutane 2 and methylcyclopropane 3.

Table 1 Index values for the molecules of Fig. 3a

System PT KT
min KT

3 (methylcyclopropane) 13 39 KT(3)
Butane (a) 4 (29) 5 (234) 46 (46 2 KT(3))
2-Methylpropane (b) 5 (28) 8 (231) 109 (109 2 KT(3))
1 + methaneb (c) 5 (28) 8 (231) 109 (109 2 KT(3))
Propane + methaneb (d) 2 (211) 2 (237) 5 (5 2 KT(3))
2 Ethane (e) 2 (211) 2 (237) 2 (2 2 KT(3))
a The values in parentheses are the changes in the indices for the
disconnections (a)–(e) of 3 into the other systems. b For methane every
index is 0.§

Fig. 3 The 1-bond (a)–(c) and 2-bond (d)–(e) retrosynthetic disconnections
of methylcyclopropane 3: (a) butane, (b) 2-methylpropane, (c) cyclopro-
pane + methane, (d) propane + methane, and (e) 2 ethane.
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fibroin bioconjugate by the protein in situ redox technique at room
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A novel core–shell gold colloid–silk fibroin (SF) bioconjugate
was prepared by the protein in situ redox technique at room
temperature, in which the tyrosine (Tyr) residue of the SF,
having strong electron donating properties, in situ reduced
Au(III) ions to Au colloids showing a stable and highly
monodispersed nature.

Recently, the immobilization of proteins and enzymes on
nanocolloidal substrates has received much attention in bio-
technology, biochemistry and medicine. The general route to
protein–metal colloid conjugates involves a simple solution-
mixing process of proteins with metal colloidal sols formed
prior to the mixing.4 The thiol or amine functional groups in the
protein bind with the metal nanoparticle surface, leading to the
formation of the bioconjugate. However, due to the inhomoge-
neous dispersion between the protein and the metal colloid, the
resulting conjugates always show large aggregated structures
either in solution or in dried state, which is not a promising
indication for the application of such bioconjugates. To the best
of our knowledge, until now, no definite core–shell nano-
structured metal colloid–protein bioconjugates have, as yet,
been reported.

Here, we report, for the first time, the preparation of a novel
core–shell nanostructured gold colloid–silk fibroin (SF) bio-
conjugate by the protein in situ redox technique at room
temperature. The tyrosine residue (Tyr) component in the SF,
having strong electron donating properties, in situ reduced
Au(III) ions to Au colloids displaying a stable and highly
monodispersed nature. The SF is secreted from the silk gland of
the silkworm Bombyx mori. The SF possesses many special
properties that are desirable for food, cosmetics, medical and
biological materials, which attracts the wide interest of
scientists in many disciplines including biology, polymer
materials, iatrology, the chemical industry etc., and has led to a
recent upsurge in researching SF.5 With the incorporation of
colloidal gold nanoparticles, the present SF will be expected to
exhibit new bioactivity and applications in biotechnology.

In a typical preparation of the core–shell nanostructured gold
colloid–SF bioconjugate by the protein in situ redox technique,
5 ml of an SF aqueous solution (10 mg ml21) (ESI†) was added
dropwise to 5 ml of an aqueous solution of HAuCl4 (2 mmol
l21). The pH of the mixture solution was adjusted to 9–10 with
KOH to prevent cross-linked aggregation of the SF [the
isoelectric point (pI) of the SF is ca. 4.58–5.00].5 The solution
was stirred for 6 h at room temperature and the reaction mixture
changed gradually from yellow to purple with stirring, indicat-
ing the formation of the gold colloid via oxidation of the SF. The

resulting aqueous solution of the Au colloid–SF bioconjugate
was stable with no precipitation being observed for more than
three months at room temperature under air. A similar SF
aqueous solution in the absence of AuCl42was allowed to stand
at room temperature under air and flocculent precipitates
appeared in the solution after a week. This result indicates that
the presence of a large number of in situ produced Au colloids
rendered high stability of the protein against aggregation.

Fig. 1 shows a typical transmission electron microscopy
(TEM) image of the core–shell nanostructured Au colloid–SF
bioconjugate produced by the present protein in situ redox
technique at room temperature. It is evident that the gold
nanoparticles are evenly coated with the SF to form core–shell
nanostructrured bioconjugates. The spherical core–shell Au–SF
nanostructures of 45 nm average size were essentially mono-
dispersed. No large aggregation structure of the protein was
observed in the present Au colloid–SF bioconjugate. The
nanostructured bioconjugate particles were in contact with each
other, a consequence of the solvent evaporation process
required for TEM analysis, and not due to performed aggrega-
tion in solution. The gold nanoparticle cores of 15 nm average
size with a narrow size distribution are well separated from each
other via the coating of the SF. The thickness of the SF was ca.

† Electronic supplementary information (ESI) available: contents of various
amino acid residues in the SFP, UV–VIS absorption spectra, and
preparation of the SF solution. See http://www.rsc.org/suppdata/cc/b1/
b108013j/

Fig. 1 Typical transmission electron microscopy (TEM) image of the core–
shell nanostructured Au colloid–SF bioconjugate produced by the present
protein in situ redox technique at room temperature.

This journal is © The Royal Society of Chemistry 2001
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15 nm. The oxidized SF stabilized the gold nanoparticles and
prevented the close approach of the particles via both steric and
electrostatic stabilization mechanisms.6 Mulvaney and cowork-
ers have also reported similar interesting core–shell nano-
structures of silica-coated gold particles.7

It has been reported that three conformations occur for silk
fibroin: random coil, a-helix form (silk fibroin I) and b-sheet
form (silk fibrion II).5 The a-helix form is a crankshaft pleated
structure while the b-sheet form is an antiparallel pleated sheet
structure. Previous atomic force microscopy (AFM) measure-
ments revealed that a single SF molecule is rod shaped with
length 60 nm, width 15 nm and height 0.3 nm with long smaller
chains extending from the ends.8 The rod shape can be ascribed
to the a-helix form of the SF. The SF molecule with a random-
coil conformation has a hydrodynamic radius of ca. 20 nm.9
Many factors can induce the transformation of the SF
conformation. Bhat et al.10a and Tsukada et al.10b investigated
the conformation transition induced by solvents and other
treatments via infrared (IR) spectroscopy and X-ray dif-
fractometry. Yu and Li studied the conformation change of a
single silk fiber in different parts of silkgland under stress and
provided a relevant model.11 They found that under stretching,
the a-helix form can be completely destroyed and partially
turned into a random coil conformation. In the present reaction
system, the TEM image demonstrates that the SF employed
displayed a rod shape, which may be associated with the a-helix
fibroin conformation. During the formation of the core–shell
Au–SF nanostructured bioconjugate, the oxidation of the SF
may promote the transformation of the SF conformation from
the a-helix form to the random-coil form. The random-coil form
is expected to facilitate the attachment of the SF molecular
chain onto the gold nanoparticle to form the core–shell
nanostructure. Based on the thickness of the SF of ca. 15 nm, it
is deduced that one shell may be constructed by one SF
molecular chain; this requires clarification by AFM measure-
ments.

The SF is composed of 18 types of amino acid residues,
which arrange in a specific sequence in the SF molecular chain.5
The total content of glycine (Gly, 44.60 mol%), alanine (Ala,
29.40 mol%), serine (Ser, 12.10 mol%) and tyrosine (Tyr, 5.17
mol%) comprised more than 90 mol% of the whole composition
of the SF (ESI†).12 In the preparation of the present core–shell
nanostructured Au colloid–SF bioconjugate at room tem-
perature, according to the molecular structures and contents of
various amino residues in the SF, the most probable amino acid
residue which contributed to the reduction of AuCl42 is
believed to be the Tyr residue. It is well known that the cresol
component of the Tyr residue is very easily oxidized into the
quinone in air, displaying strong electron donating properties. In
addition, in the present solution of pH 9–10, the cresol
components may be transformed partially to phenoxide anions,
increasing the electron density in the p–p* transition of the Tyr
residues, favorable for electron transfer from Tyr to Au(III).
Although the Ser residue contains a methanol group, widely
used as a reducing agent for the preparation of metal
nanoparticles, this reduction process proceeds only at elevated
temperatures. To confirm our assumption, two model com-
pounds, p-cresol and methanol, were added to two similar
AuCl42 solutions in the absence of the SF. The results show that
the p-cresol can reduce AuCl42 ions into gold nanoparticles
very quickly within 30 s at room temperature while methanol
did not. As a result, it can be concluded that the Tyr residue in
the SF molecular chain was responsible for the reduction of the
AuCl42 in the preparation of the present core–shell nano-
structured Au colloid–SF bioconjugate.

For further corroboration of the role of the Tyr residue in
reduction of Au(III), UV–VIS absorption spectra (ESI†) were
measured. The UV–VIS absorption spectra of an aqueous
solution of pure SF displayed a strong absorption band at ca.

276 nm, assigned mainly to the p–p* transition of the Tyr
residue in the SF molecular chain.13 This band strongly red
shifted to 288 nm with the reduction of the AuCl42 and
formation of the core–shell nanostructured Au colloid–SF
bioconjugate. Further results demonstrate that the partial
conversion of the cresol components of the Tyr to phenoxide
anions at pH 9–10 did not induce the red shift. Therefore, the
most probable reason for the red shift would be electron transfer
from the residue to the Au(III) ions. A similar red shift, from 258
to 269 nm, was also observed in the UV–VIS absorption spectra
of p-cresol (as a model compound) before and after the
reduction of Au(III) ions. The strong absorption band at 521 nm
in the core–shell nanostructred Au colloid–SF bioconjugate can
be assigned to the surface plasmon resonance of the produced
gold colloid. The absorption band maximum of the present Au
colloid in the bioconjugate is well consistent with results for Au
sols of 3–20 nm in size.14 It has been demonstrated that
adsorbate-induced aggregation of metal colloids leads to
increased absorption at longer wavelengths and broadening of
the primary absorption band, and often to the appearance of a
secondary absorption peak that is red-shifted relative to the
primary absorption band.15 In the present study, no absorption
at longer wavelength was observed, and the absorption band
was symmetrical. The absorption spectrum of the Au colloid–
SF bioconjugate did not change in shape, absorption maximum
or intensity even after three months, indicative of the high
stability of the gold nanoparticle in the bioconjugate.

In summary, a novel core–shell nanostructured gold colloid–
silk fibroin (SF) bioconjugate has been prepared by the protein
in situ redox technique at room temperature. The tyrosine (Tyr)
residue in the SF in situ reduced AuCl42 to Au colloids showing
a stable and highly monodispersed nature. Simultaneously, the
oxidized SF molecular chain attached to the surface of the Au
nanoparticle forms the core–shell nanostructured bioconjugate.
The present protein in situ redox technique may be extended to
prepare other core–shell nanostructured metal colloid–SF
bioconjugates.

We thank Professor T. Fukuda and Dr M. Tsujii (Kyoto
University) for the TEM measurements.
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Lanthanide ions and complexes occupy a special position in
developing synthetic nucleases capable of catalyzing the hydro-
lytic cleavage of RNA or DNA. Stimulated by a number of
serendipitous lanthanide complexes that feature the common
active-site structure of dinuclear metallo-phosphodiesterases,
rational design and synthesis of polynuclear lanthanide–
hydroxo species via ligand-controlled hydrolysis of the lantha-
nide ions were attempted. The efforts yielded a series of highly
sophisticated yet structurally well-defined lanthanide–hydroxo
complexes. These materials are potentially applicable to the
study of biomimetic catalysis of phosphate diester cleavage.
Research highlights are described in this Feature Article.

Introduction
Polynuclear metal complexes exhibit a fascinating variety of
unusual symmetries and structural patterns.1 The biological
relevance of some of these compounds and their potentially
important applications as advanced materials add to their
interest and significance.2,3 Ligand-controlled hydrolysis is a
time-honored approach to these unique chemical entities.4 In
this method, auxiliary ligands occupy part of the metal
coordination sphere, thereby reducing the number of sites
available for water coordination and preventing extensive
hydrolysis from occurring. As a result, finite-size polynuclear
complexes rather than intractable metal hydroxides and/or
oxides can be crystallized and structurally characterized.
Several classes of ligands have been utilized in this capacity,
among which carboxylates, polyketonates, polyamines, polyols,
pyridonate and alkoxides are prominent.5–10 Spectacular exam-
ples in transition metal chemistry, such as molecular cages and
wheels, have been reported.11,12 These novel complexes exhibit
rather interesting magnetic properties owing to the presence of
a large number of unpaired electrons.3–12

Despite the impressive progress in the preparation of
polynuclear complexes of the d-block elements, the number of
large, polynuclear lanthanide complexes is still rather lim-
ited.13,14 Lanthanide elements, bearing special electronic and

spectroscopic properties mainly associated with their 4f elec-
tronic configurations, represent a unique series of metals in the
Periodic Table. The position of mononuclear lanthanide
complexes in a number of important areas has been firmly
established,15 but polynuclear lanthanide complexes are ex-
pected to find such niche applications as precursors in sol–gel
technology,16 new radiographic agents,17 and metalloenzyme
mimics.18 Great prospects notwithstanding, the high expecta-
tions have been compromised by our current limited synthetic
ability; the formation of polynuclear lanthanide complexes
cannot yet be controlled and is frequently characterized by
random self-organization.13,14,19

The story begins
Our efforts to create structurally well-defined polynuclear
lanthanide complexes were stimulated by the potential to
develop synthetic nucleases that are capable of hydrolyzing
RNA or DNA through the cleavage of the phosphate diester
bonds.20 X-Ray analysis of many phosphodiesterases indicates
that these important metalloenzymes possess two or three
divalent metal ions, such as ZnII, in the active site.20 It is
generally agreed that the catalysis occurs via substrate activa-
tion by the electropositive metal ions, followed by nucleophilic
attack by the activated hydroxo ligands (Fig. 1). Numerous

synthetic models have appeared in the literature in mimicking
the dinuclear structural motif, most of which utilize transition
metal ions, most notably ZnII, CuII and CoIII, to activate the
substrate.21 Trivalent lanthanide ions (LnIII) are expected to be
more effective in this capacity due to their strong Lewis acidity
and the kinetic lability of their complexes. Elegant studies in
this vein have been carried out by Chin, Schneider, Martell and
others.18 However, the ease of lanthanide ion hydrolysis and the
propensity for lanthanide–hydroxo species to form polynuclear
aggregates in solution render unambiguous identification of the
catalytically active species extremely difficult, if at all possible.
There exist, nevertheless, a number of structurally characterized
dinuclear22 and tetranuclear23 lanthanide–hydroxo complexes

Zhiping Zheng received his B.S. (1987) and M.S. (1990) in
Chemistry from Peking University, Beijing, China. He obtained
his Ph.D. from UCLA (1995) with Professor M. Frederick
Hawthorne. After conducting postdoctoral research with Pro-
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faculty of The University of Arizona in 1997. His current
research is focused on supramolecular inorganic chemistry and
its materials applications, which involves the elaboration of
polynuclear lanthanide complexes, transition metal clusters,
dendrimers, and nanocrystallites.

Fig. 1 A possible activation mechanism of a phosphate diester substrate by
the dinuclear active site of a metallo-phosphodiesterase.
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whose core components (Fig. 2) feature the desired diamond-
shaped dinuclear lanthanide–hydroxo motif. However, these
species were either synthetic serendipity or accidents, and
general synthetic guidelines are lacking, and not surprisingly,
there were no studies of their catalytic potentials.

Toward the ultimate goal of achieving non-enzymatic
hydrolysis of phosphate diesters using structurally well-defined
lanthanide catalysts, we have recently embarked on a design and
synthesis tour of lanthanide–hydroxo complexes whose core
structure resembles that of the active site of phosphodiesterases.
We were particularly interested in the tetranuclear species
whose constituent lanthanide ions and triply bridging hydroxo
groups occupy the alternate vertices of a distorted cube.
Structurally, it may be viewed as the dimeric form of the
dinuclear species. More importantly, a complex featuring this
core may be catalytically more potent on per molecule basis due
to the extra Lewis acidic metal ions. The three seemingly
unrelated literature precedents23 further stimulated our interest.
That distinctly different routes yielded the common structural
motif led to our suspicion that the cubane-like core may actually
be a standard feature of this type of chemistry, analogous to its
extensively studied d-block counterparts.24

The presence of the hydroxo ligands suggests that these
tetranuclear clusters may be synthesized via hydrolytic reac-
tions of the lanthanide ions. However, hydrolysis of the
lanthanide ions is commonly perceived as rather limited and
unpredictable with intractable precipitates of lanthanide hy-
droxides and/or oxohydroxides as the end products.25 Probably
due to this very concern of extensive and uncontrollable
hydrolysis, aqueous lanthanide coordination with organic
ligands have been carried out almost exclusively under acidic
conditions, typically below pH 5.26 However, in light of the
increasing number of unexpected and structurally characterized
polynuclear lanthanide–oxo/hydroxo species,13,14a,19,22,23 we
deemed a systematic investigation of the hydrolytic reactions of
these unique metal ions to be not only worthwhile, but also
important.

Providing further inspiration for this endeavor is the great
success of creating polynuclear transition metal complexes
using the hydrolytic approach.4 In such an approach, certain
types of supporting ligands are necessary to control the
hydrolysis in order to avoid the possible formation of intractable
products. It is the subtle balance between the hydrolysis of a
transition metal ion and its coordination with a chelating ligand
that affords the novel high-nuclearity complexes. We submit
that an analogous ligand-controlled hydrolytic approach
should be applicable to the lanthanide ions, provided that
suitable supporting ligands are identified. Our efforts have been
concentrated on utilizing a-amino acids as auxiliary ligands to
control the hydrolysis.27 This exploratory synthesis has pro-
duced a number of spectacular and unprecedented polynuclear
lanthanide–hydroxo complexes which may find important
applications in biotechnology and chemotherapy. Research
highlights are summarized in this Feature Article.

The story of a-amino acids – self-assembly of
complexes featuring the [Ln4(m3-OH)4] core
The specific choice of a-amino acids as hydrolysis-limiting
auxiliary ligands is mainly based on their biological relevance.
It is reasonable to hypothesize that the metal coordination
environment of the native enzyme can be better modeled by
using such biological building blocks. In addition, lanthanide
coordination with a-amino acids has been extensively investi-
gated.28 These studies have been conducted almost exclusively
under low-pH (below 5) conditions. Typically, only the
carboxylate group coordinates the lanthanide ion, as shown by
more than 50 crystal structures of such complexes.28a The great
variety of a-amino acids due to the presence of different side-
group(s), some of which being potentially lanthanide-coordinat-

ing, is especially beneficial for systematic studies of lanthanide
complexation with this unique class of ligands.

The validity of this ligand-controlled hydrolytic approach
was tested in a series of proof-of-concept syntheses, using a
variety of a-amino acids, including glycine, alanine, valine,
phenylalanine, tyrosine, proline, glutamic acid and aspartic acid
as the supporting ligands.29–34 The zwitterionic structures of
these amino acids are shown in Fig. 3.

In a representative synthesis, a lanthanide chloride or
perchlorate is mixed with an a-amino acid in aqueous solution.
The mixture is subjected to hydrolysis with dilute NaOH. The
end point of the reaction is indicated by the formation of an
incipient but permanent precipitate, presumably of lanthanide
hydroxide and/or oxohydroxide. Although the addition of base
is seemingly arbitrary, lanthanide–amino acid (other than
tyrosine) complexes composed of a cubane-like [Ln4(m3-
OH)4]8+ core have invariably been obtained as crystalline solids
upon slow concentration of the supernatant at room tem-
perature. The ORTEP drawing of the cationic complex35

formed by Yb(ClO4)3 and phenylalanine (Phe), representative
of all the single-cubane complexes, is depicted in Fig. 4.†

The cluster core is ‘camouflaged’ by six phenylalanine
ligands through bridging carboxylate groups, and the metal
coordination sphere is completed by aqua ligands. The amino
groups remain protonated, presumably affecting lanthanide
complexation via electrostatic and steric effects. Because the
amino groups do not participate in direct coordination with the
lanthanide ion, the interaction of an a-amino acid with a
lanthanide ion is structurally reminiscent of that of a carboxylic
acid.36 However, with carboxylic acids as supporting ligands,
lanthanide acetates are typically obtained. These well-studied
lanthanide materials exist in polymeric forms in the solid state,
often featuring carboxylate-bridged dinuclear lanthanide units
as the fundamental building blocks.36 It is thus of interest to note
that finite-size cluster-type polynuclear lanthanide–hydroxo
complexes are generally isolated with the use of N-containing
supporting ligands,37 including a-amino acids. It is reasonable
to assume that the higher water-solubility of lanthanide
complexes with such ligands is due to possible hydrogen
bonding interactions involving the N atom(s). In the case of a-
amino acids, the zwitterionic character of these unique ligands

Fig. 2 Core components of crystallographically characterized dinuclear (a)
and tetranuclear (b) lanthanide–hydroxo species.

Fig. 3 Zwitterionic structures of the a-amino acids discussed in this
article.
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is expected to further contribute to the better water solubility of
their complexes. As a result, a lanthanide complex with such
ligands remains soluble in solution instead of precipitating out
as less soluble coordination polymers. Addition of base to such
a solution is expected to deprotonate the aqua ligands.
Condensation of the lanthanide–hydroxo species thus generated
eventually leads to the formation of the cluster-type lanthanide–
hydroxo complexes.

The story of the networking glutamic acid
Having established that the cuboid [Ln4(m3–OH)4]8+ cluster is a
common structural motif in lanthanide complexes, we enter-
tained the idea of using this motif as a secondary building unit38

for the creation of supramolecular assemblies with porosity.
The practice of constructing such open framework structures is
stimulated by the hope that these porous materials will display
a range of molecular sieve, ion exchange and catalytic
properties that are comparable to (or perhaps more extensive
than) those observed in zeolites. As compared with the large
amount of work concerning the construction of coordination
networks of d-block metal ions with polydentate ligands, crystal
engineering involving lanthanide ions remains relatively un-
explored at the present time,39 and the use of lanthanide clusters
as building blocks is unknown. Nevertheless, by employing
appropriate supporting ligands, it may be possible to assemble
the [Ln4(m3-OH)4]8+ cluster units into zeolite-like polymeric
forms, whereby the high coordination requirement and Lewis
acidity of the lanthanide ions may be of important use for both
laboratory research and industrial processes.

In this effort, an a-amino acid with more than one
carboxylate group is necessary in order to support the hydrolytic
formation of the [Ln4(m3-OH)4]8+ cluster and to bridge
individual cluster units. A three-dimensional (3-D) network
may be anticipated from such extended interactions between the
carboxylate ligands and the lanthanide–hydroxo cluster core. As
expected, by treating a mixture of Er(ClO4)3 and L-glutamic
acid with aqueous NaOH to the point of incipient precipitation,
a 3-D porous network comprised of discrete [Er4(m3-OH)4]8+

units and cluster-linking glutamate ligands, [Er4(m3-OH)4-
(Glu)3(H2O)8][ClO4]5 (Glu = glutamate), was obtained.30 The
structure of the complex was determined by single-crystal X-ray
diffraction, and the elementary constituent of the open frame-
work is depicted in Fig. 5. The cubane-like [Er4(m3-OH)4]8+

building block is apparent, resembling its previously reported
analogues. The six carboxylate groups ligating a particular cube
are of two different types, one being a and the other (of the side

chain) being g to the amino moiety; each glutamate ligand
contributes one carboxylate group for the coordination of one
[Er4(m3-OH)4]8+ cluster while using the remaining one to
coordinate an adjacent lanthanide cluster cube. The 3-D open
framework exhibits nearly parallelogram-shaped pore apertures
with approximate dimensions of 4.4 3 9.1 Å for channels in the
c direction (Fig. 6). Although the network structure is the result

of self-assembly, the [Er4(m3-OH)4]8+ core may be formally
considered as a prefabricated and transferable building block
for the assembly of the extended structure. An analogous
extended channel structure has also been obtained by the
hydrolytic reaction of Dy(ClO4)3 using L-aspartic acid as
supporting ligand,34 which further supports our synthetic design
in using the cubane-like units as building blocks for the
extended solid state materials.

The unique story of tyrosine – anion-templated
self-assembly of multi-cubane complexes
Using lanthanide perchlorates, analogous hydrolytic reactions
with tyrosine as the supporting ligand were carried out in an
effort to evaluate the possible effect(s) of the side-group of an a-
amino acid has on the metal coordination.29,32 To our great
surprise, complexes featuring a single lanthanide–hydroxo

Fig. 4 An ORTEP representation of the cationic complex [Yb4(m3-
OH)4(Phe)6(H2O)7]8+. The cubane-like tetranuclear YbIII-hydroxo core is
apparent.†

Fig. 5 An ORTEP drawing of the elementary building unit of [Er4(m3-
OH)4(Glu)3(H2O)8]5+. Three symmetry-related glutamic acid "arms" are
included to complete the coordination of the cuboid [Er4(m3-OH)4]8+core.

Fig. 6 3-D porous framework structure of [Er4(m3-OH)4(Glu)3(H2O)8]5+,
shown along the c axis. The channel dimensions are approximately 4.4 3
9.1 Å.
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cluster core were not obtained. Instead, the reactions produced
a series of pentadecanuclear lanthanide–hydroxo complexes.

As a representative of these pentadecanuclear complexes, the
sophisticated structure of an EuIII complex is described in detail
below. As shown in Fig. 7, the complex, containing 15 EuIII ions

and 10 tyrosinato ligands in addition to the hydroxo and aqua
ligands associated with the hydrolysis, crystallizes as discrete
barrel-shaped molecular units with space between these barrels
filled with solvent water. The core component of the complex,
formulated as [Eu15(m3-OH)20(m5-Cl)]24+, consists of five
vertex-sharing [Eu4(m3-OH)4]8+ cubane units centered on a m5-
Cl2 ‘axle’ (Fig. 8). The metal ions are assembled into a layered

arrangement; each of the three parallel layers contains five EuIII

ions that occupy the vertices of a nearly perfect pentagon. The
average Eu–Eu separation within the two outer layers is 6.331
Å, while that in the middle layer is 3.896 Å. The average Eu–Cl
distance of 3.314 Å is significantly longer than the sum of the
van der Waals radii of Cl2 (1.81 Å)40 and EuIII (0.95 Å),40b

reflecting the primarily ionic interactions between the halide
and the lanthanide ions. The coordination sphere of the EuIII ion
is completed by hydroxo and aqua ligands. Thus, each of the 10
EuIII ions in the outer layers has a coordination number (CN) of
nine, and the coordination polyhedra can be best described as
monocapped square antiprismatic, while the inner-layer EuIII

centers also have a CN of nine, forming irregular square
antiprisms monocapped by the central chloride ion.

The tyrosinato ligands can be divided into two equivalent
groups, each of which extends their 4-hydroxybenzyl side-

chains in the direction perpendicular to the crystallographically
imposed C2 axis. The side-chains do not participate in the
coordination. The coordination mode of the tyrosinato ligand
with EuIII is significant: each acts as a tridentate ligand by
utilizing both its amino and carboxylate groups. The ligand can
be described as a m3+h1+h2+h1 anion (Fig. 9), not only linking

two neighboring EuIII within the same (outer) layer, but also
coordinating a third EuIII ion in the middle layer through one of
the carboxylate oxygen atoms. Such a mode has not been
observed prior to our work.

The formation of the pentadecanuclear complex was unex-
pected, as only complexes containing discrete cubane unit(s)
were obtained with other supporting a-amino acids,30,33–35

including the closely related phenylalanine.35 It is not yet
understood why tyrosine is so unique in this capacity, but work
is in progress to elucidate the possible causes. The incorporation
of a m5-Cl2 ion was even more surprising because no Cl2 was
utilized in the original synthesis which involved only
Ln(ClO4)3, tyrosine and NaOH. A possible source of the
mystifying Cl2 was an impurity present in the perchloric acid
used for the digestion of lanthanide oxides. Template effects
exerted by Cl2, presumably in minute amount in the original
synthesis, were thus suspected, and subsequently corroborated
by the improved synthesis, in both product yield and purity,
with the presence of added Cl2. Thus, the formation of the
pentadecanuclear complex may be best understood as chloride-
templated self-assembly of the lanthanide ions with the
assistance of tyrosinato ligands.

Stimulated by these findings, the potential roles of other
anionic species in promoting the assembly of similar or distinct
complexes were explored.32 It has since been found that the
composition of the resulting complex is profoundly affected by
the anionic species present in the reaction mixture, but is
independent of the lanthanide ions. For example, analogous
pentadecanuclear complexes featuring a m5-Br2 were obtained
when Br2was involved. Except for the substitution of Br2 (van
der Waals radius, 1.96 Å)40 for Cl2, the cationic complexes are
isostructural to their Cl2-containing cognates. The Br2 simulta-
neously coordinates the five inner-layer LnIII ions in a perfectly
planar and previously unknown fashion (Fig. 10). The Ln–Br
distances are also significantly longer than the corresponding
sum of the van der Waals radii.

Fig. 7 A perspective view of the pentadecanuclear EuIII–hydroxo complex
with tyrosinato ligands. The cationic complex is formulated as [Eu15(m3-
OH)20(m5-Cl)(m3-Tyr)10(OH)2(m-H2O)5(H2O)18]12+ (Tyr = tyrosinato li-
gand). Color legend: chlorine (purple).

Fig. 8 An ORTEP drawing of the wheel-like core structure showing five
vertex-sharing cuboid [Eu4(m3-OH)4]8+ units centered on a m5-Cl2 ion.

Fig. 9 Comparison of the lanthanide-coordination modes of tyrosine-based
ligands under different pH conditions.
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When I2 was employed, however, dodecanuclear complexes
were isolated; the surprising product featured a cyclic core
composed of four vertex-sharing [Ln4(m3-OH)4]8+ cubanes and
two I2 guests (Fig. 11). In contrast to the single Cl2 or Br2 that

was situated in the center of the five-cubane wheel, the I2 ions
were located on both sides of wheel plane formed by the
lanthanide ions. The distances between the iodide ion and the
hydrogen atoms of the m3-OH groups are almost the same as the
corresponding sum of the van der Waals radii, indicating a very
compact core structure and likely a hitherto unknown supramo-
lecular motif. Eight tyrosinato ligands cap the wheel structure,
four on each side (Fig. 12). The coordination mode of the
tyrosinato ligands is identical to that in the Cl2 and Br2-
containing complexes. Although the formation of a smaller
cubane-wheel is counterintuitive, this observation may be
understood in terms of the energetically insurmountable
constraints between adjacent cubane units if a larger wheel were
formed.

The identity of the multi-cubane complex is clearly depend-
ent on the nature of the halide ion utilized. However, the
templating roles of these spherical anions in establishing the
wheel-like complexes remain to be confirmed because the key
criterion of a legitimate template is the influence of both of its
size and shape on the product distribution.41 Specifically, can
one expect a different product with the presence of a non-
spherical anion? Further, what outcome may one anticipate
when two different types of anions coexist in the reaction
mixture? To answer these questions, a reaction with the trigonal
planar NO3

2 (1.79 Å),40 which is of similar size to Cl2, was
executed.32,42 The analogous hydrolytic reaction using
Er(NO3)3 and tyrosine produced a known and structurally
characterized, tyrosine-free cationic complex [Er6(m6-O)(m3-
OH)8(NO3)6(H2O)12]2+ (Fig. 13) which was obtained pre-

viously by the thermal decomposition of hydrated Er(NO3)3

followed by hydrolysis of the decomposition products.43 The
core component of this compound is a face-capped octahedral
[Er6(m6-O)(m3-OH)8]8+ unit with an interstitial m6-oxo group. Its
assembly is presumably templated by the m6-oxo group whose
origin is unclear, but is probably from hydroxide or water.
These results clearly indicate the general importance of
spherical anionic species in governing the formation of
polynuclear lanthanide complexes.13,14a

The most convincing evidence supporting the halide template
effects was provided by the tyrosine-limited hydrolytic reaction
of Gd(NO3)3 in the presence of competitive Cl2: Structural
determination by X-ray crystallography established that the
pentadecanuclear Cl2-containing complex was the sole product
with non-coordinating NO3

2 as counter ions. This finding,
coupled with the inability to produce a multi-cubane complex in
the absence of a halide ion suggests that the halide ion must be

Fig. 10 An ORTEP drawing of the wheel-like core structure of the
pentadecanuclear PrIII–hydroxo complex showing five vertex-sharing
[Pr4(m3-OH)4]8+ units centered on a m5-Br2 ion. Color legend: bromine
(purple).

Fig. 11 An ORTEP representation of the core component of the
dodecanuclear DyIII–hydroxo complex showing four vertex-sharing
[Dy4(m3-OH)4]8+ units in a square-shaped arrangement. Two I2 ions are
found in the complex, one on each side of the square and interacting with the
m3-OH groups in a m4-I2 fashion. Color legend: iodine (purple).

Fig. 12 A perspective view of the cationic dodecanuclear DyIII–hydroxo
complex, [Dy12(m3-OH)16(I)2(m3-Tyr)8(H2O)20]10+.

Fig. 13 An ORTEP representation of the cationic complex [Er6(m6-O)(m3-
OH)8(NO3)6(H2O)12]2+.
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a stabilizing factor along the reaction coordinate to the ‘wheel’-
structured complexes, and hence, a kinetic template.41

It has long been recognized in the chemistry of lanthanide
alkoxides that the presence of a ‘central spherical negative
charge density’ accounts for the driving force for product
formation.13 However, the exact roles played by these anionic
species have not yet been investigated. We have discovered
several lines of evidence that point convergently to the superior
ability of halide ions in templating the formation of unprece-
dented lanthanide–hydroxo complexes. Our work thus provides
a stimulating demonstration of the under-appreciated templat-
ing roles of anions in self-assembly processes,44 and should aid
in future work in assembling novel lanthanide complexes by
utilizing templating anions of different size and geometry.

Controlled or not? Direct hydrolysis of lanthanide
nitrates and perchlorates
The isolation of polynuclear complexes containing the cubane-
like [Ln4(m3-OH)4]8+ unit firmly establishes the critical im-
portance of the organic ligands in controlling the hydrolysis of
the lanthanide ions. However, the isolation of the tyrosine-free
complex, [Er6(m6-O)(m3-OH)8(NO3)6(H2O)12](NO3)2, from a
hydrolytic reaction involving Er(NO3)3, tyrosine and NaOH
was unexpected and intriguing. Admittedly, this and related
hexanuclear complexes43,45 are structurally drastically different
from the cubane-like tetranuclear species. But are tyrosine or
any organic ligands really necessary in controlling the hydroly-
sis of the lanthanide ions? Is the equivalent polyoxometalate
chemistry46 of the lanthanide ions a reasonable conceptual
stretch? If so, how extensive is this chemistry?

The answers to these interesting questions were provided by
the isolation of the same hexanuclear complex from the direct
hydrolysis of Er(NO3)3 [eqn. (1)]:42

Er(NO3)3 + NaOH(aq) ?
[Er6(m6-O)(m3-OH)8(NO3)6(H2O)12](NO3)2 (1)

Insolubility of this and analogous nitrate-containing com-
plexes43 in organic solvents and the strong coordination of
nitrato ligands to the lanthanide ions preclude the potential use
of these clusters in further research. Our efforts have therefore
concentrated on the direct hydrolysis of lanthanide perchlorates.
Although these starting materials are potentially explosive, they
have been utilized extensively in lanthanide research because of
their water solubility and the weakly coordinating nature of
ClO4

2. The latter is essential for the preparation of novel oxo–
hydroxo lanthanide precursors for future work.

Indeed, the direct hydrolysis of Nd(ClO4)3 and Gd(ClO4)3

afforded two new molecular oxo–hydroxo clusters.42 Shown in
Fig. 14 is the structure of the cationic cluster complex obtained
from the reaction of Nd(ClO4)3 with aqueous NaOH. Estab-
lished by X-ray diffraction, the cationic cluster core, formulated
as [Nd6(m6-O)(m3-OH)8(H2O)24]8+, is comprised of an octahe-
dron of NdIII centered on a m6-oxo ligand. Each of the triangular
metal faces is capped by a m3-OH ligand. The metal coordina-
tion sphere is completed with four aqua ligands. Thus, each
NdIII is coordinated to nine oxygen atoms: one interstitial oxo
unit, four face-capping hydroxo groups, and four terminal aqua
ligands. Overall, the complex is structurally similar to the
Lindquist-type hexametalates of transition elements with the
distinction of having eight face-capping hydroxo groups instead
of 12 edge-bridging oxo ligands. To the best of our knowledge,
this is the first molecular lanthanide cluster with only co-
existing oxo, hydroxo and aqua ligands. Such hydrous species
are the simplest and most fundamental forms of [Ln6(m6-O)(m3-
OH)8]8+ core-containing clusters and may be useful precursors
for various substituted clusters in future work, including the
construction of open framework structures using the octahedral
clusters as building blocks. In fact, the octahedral core appears
to be another common structural motif in lanthanide oxo-

hydroxides, as demonstrated by our group42 and others.43,45 Its
presence has also been recognized in a polymeric cyanide-
bridged lanthanide-transition metal complex reported by Shore
and coworkers.47

In stark contrast to the extensive chemistry of the closely
related lanthanide oxo–alkoxides,16a,48 the closely related
chemistry of lanthanide oxo–hydroxides has essentially been
unexplored. Thus, our demonstration of the direct hydrolysis of
the lanthanide ions leading to hexanuclear lanthanide oxo–
hydroxo complexes is significant. The structural integrity, the
highly ordered arrangement of paramagnetic centers and the
anticipated substitutional lability of the cluster terminal aqua
ligands portend their applications as structural and functional
building blocks for a variety of lanthanide-containing materi-
als.

New tricks for an old dog – unusual
lanthanide–EDTA coordination under high-pH
conditions
Prompted by the close relationship between polyaminopoly-
carboxylic acids (PAPCs) and a-amino acids, we set out to re-
evaluate, under much higher pH conditions however, the
classical coordination chemistry of the lanthanide ions with
PAPCs. If the solution pH condition can have such significant
influence on the outcome of the well-established lanthanide–
amino acid coordination chemistry, one should not be surprised
if some new but admittedly hard-to-predict results are to be
obtained with this venerable class of ligands49 under similarly
altered pH conditions.50 In this section, we illustrate how the
otherwise well-established chemistry can be profoundly af-
fected by simply increasing the pH of the reaction mixture.

Our initial foray has been focused on ethylenediamine-
N,N,NA,NA-tetraacetic acid (H4EDTA), one of the most studied
PAPCs. Lanthanide–EDTA complexes, represented by the
general chemical formula M[Ln(EDTA)(H2O)m]·nH2O (M =
an alkali metal ion), have invariable 1+1 (EDTA+Ln) composi-
tion.51 Structural analyses always reveal a hexadentate EDTA
ligand with two coordinating nitrogen atoms and four oxygens
of the unidentate carboxylate groups (A, Fig. 15). The O(aqua)–
Ln–O(aqua) bond angles range from 70.0 to 83.3°, which are
very close to the corresponding O(m3–OH)–Ln–O(m3–OH)
angles (ranging from 68.1 to 76.8°) in the [Ln4(m3–OH)4]8+ unit.
An intriguing question then arises: Can a cubane-like tetra-
nuclear lanthanide–hydroxo cluster be assembled from a
mononuclear trisaqua lanthanide complex with EDTA?

Fig. 14 An ORTEP drawing of [Nd6(m6-O)(m3-OH)8(H2O)24]8+, a cationic
complex featuring a face-capped hexanuclear cluster core and containing
only water-based ligands.
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It seemed plausible that if the pH of a lanthanide-EDTA
reaction mixture is raised, the aqua ligand(s) of the initially
formed nine-coordinate complex would be deprotonated, giving
rise to a hydroxo complex of lanthanide with EDTA (B, Fig.
15). Bimolecular reactions of species B leads to the formation of
the m2-OH bridged, diamond-shaped intermediate (C, Fig. 15),
for which a number of literature precedents exist.22 Subsequent
condensation of two of such dinuclear units would afford a
tetranuclear lanthanide cluster, bearing the familiar cuboid
[Ln4(m3–OH)4]8+ unit whose metal centers are capped by EDTA
ligands (D, Fig. 15).

This hypothesis was validated: The LaIII–EDTA complex,
formulated as Na10[La4(m3–OH)4(EDTA)4](ClO4)2, was ob-
tained by mixing La(ClO4)3 and Na2H2EDTA·2H2O in an
aqueous solution and subsequently adjusting the pH of the
reaction mixture to about 13 with dilute aqueous NaOH.31 The
molecular structure of the anionic cluster was established by X-
ray diffraction and is shown in Fig. 16, wherein the presence of

a cubane-like [La4(m3–OH)4]8+ core is quite clear. Each metal
vertex is capped by an EDTA ligand whose coordination mode
is unusual: the EDTA ligand is hexadentate (a, Fig. 17), but with
one of its four coordinating oxygen atoms bridging a second
LaIII ion. The two non-bridged LaIII pairs (La1–La4 and La2–
La3) correspond to a metal–metal separation of 4.278 Å, which
is significantly longer than the other four (3.975 Å). Each LaIII

ion has a CN = 10, and its coordination polyhedron may
be best described as a bicapped square antiprism. Although the

complex is not exactly the one originally targeted, its formation
can be readily rationalized based on the proposed condensation
mechanism. An isostructural tetranuclear hydroxo complex of
PrIII with EDTA has been obtained;52 the PrIII ion in this
complex is also 10-coordinate.

Since one EDTA ligand contributes six coordinating atoms,
only two aqua ligands would be possible for a lanthanide ion
that prefers a coordination number of eight. A complex
featuring the diamond-shaped lanthanide–hydroxo core would
be the expected product, and the reaction would terminate at the
stage of C upon increasing the pH of the reaction mixture.
Indeed, a dinuclear ErIII–hydroxo complex was isolated from a
reaction mixture of Na[Er(EDTA)(H2O)2] (formed at pH 6)
with KOH at pH 13–14.52 The structure of the complex,
formulated as K4[(EDTA)Er(m-OH)2Er(EDTA)], has been
determined by X-ray diffraction, and that of the anionic core
component is depicted in Fig. 18.

The observation of ten-coordinate LaIII and PrIII in both of the
tetranuclear complexes merits further discussion. While the
high coordination number is not so unusual for LaIII, ten-
coordinate PrIII is rather rare. It appears that the previously
unknown bridging interaction by one of the EDTA carboxylato
oxygens is a prerequisite for the formation of the cubane-like
structure. What can one anticipate when a lanthanide ion
preferring a CN = 9 is utilized in an analogous reaction? On the
one hand, since a CN = 10 is very unlikely, it is a reasonable
assessment that the tetranuclear complex will not form. On the
other hand, since such a lanthanide ion may not be satisfied with
a CN = 8, one may expect a coordination environment different
from that of the dinuclear ErIII complex (Fig. 18). Once again,
our efforts to seek answer to this question yielded pleasantly
surprising results. A dodecanuclear complex composed of four
vertex-sharing [Nd4(m3–OH)4]8+ cubanes and eight EDTA

Fig. 15 A proposed mechanism for the self-assembly of a tetranuclear
lanthanide–hydroxo complex with EDTA from its corresponding mono-
nuclear aqua complex.

Fig. 16 An ORTEP representation of the anionic complex [La4(m3-
OH)4(EDTA)4]82 featuring the familiar cubane-like [La4(m3-OH)4]8+

core.

Fig. 17 The well-known hexadentate mode of an EDTA ligand to Ln1 with
the unprecedented bridging modes to additional lanthanide ions (Ln2 and
Ln3).

Fig. 18 An ORTEP representation of the diamond-shaped dinuclear ErIII–
hydroxo complex with EDTA, [(EDTA)Er(m-OH)2Er(EDTA)]42.
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ligands was isolated from an aqueous mixture of EDTA and
Nd(ClO4)3 at pH 14.27,31

The crystal structure of the anionic cluster complex,
formulated as {[Na(H2O)2]4[Nd12(m3–OH)16(EDTA)8]}82, is
shown in Fig. 19. Its skeletal structure is identical to those of the

diiodide complexes obtained from the tyrosine-supported
hydrolytic reaction of Ln(ClO4)3 (Ln = DyIII, ErIII) with
templating I2.32 The EDTA ligands occupy the vertices of a
perfect tetragon, each capping one of the eight non-shared NdIII.
One may alternatively view the structure as a sandwich made
with a four-cubane ‘patty’ and two slices of EDTA ‘bread’. The
coordination mode of EDTA ligands in this complex is
significant: each EDTA molecule acts as a heptadentate ligand
(b, Fig. 17) as opposed to the well-known hexadentate one. One
of the carboxylate groups together with the nitrogen atom to
which it is bound can be described as m3+h1+h2+h1, a
coordination mode first observed in the aforementioned lantha-
nide-tyrosine complexes,29,32 but unprecedented for EDTA.
Hydroxo ligands complete the NdIII coordination sphere. Thus,
each inner-layer NdIII ion has a CN of 8, forming an irregular
square antiprism, while each outer layer NdIII ion has a CN of
10, and its coordination polyhedron may be best described as a
bicapped square antiprism. Both eight- and ten-coordinate NdIII

are uncommon; the metal ion is predominantly nine-coordinate
with tricapped trigonal prism being the most frequently
observed structure. Even more intriguing are the unprecedented
co-existence of these rare coordination numbers and the
accompanying absence of the commonly observed nine-
coordination.

The square opening, clearly shown in Fig. 19, could
potentially permit entry by a guest molecule or ion. The strong
preference of NdIII for nine-coordinate geometry coupled with
the high affinity of a lanthanide ion for F2 suggests that a
fluoride-containing complex with the anionic guest species
sitting in the square-shaped opening is possible.53

What the story tells us
The research described here was initially stimulated by the
observation of several aesthetically pleasing polynuclear lan-
thanide–hydroxo complexes that were characterized as syn-
thetic serendipity or accidents. The ultimate goal of making
high-nuclearity lanthanide complexes aimed at potential appli-
cations in biomedical science and advanced technologies drove

us to study the lanthanide coordination with biologically
relevant ligands under near physiological and even high pH
conditions. A variety of novel lanthanide–hydroxo complexes
have been isolated and structurally characterized. The results
clearly illustrate that otherwise well-established chemistry can
be profoundly affected by simply altering the reaction pH.

The following are the principal results and conclusions from
the research described above.
1. Ligand-controlled hydrolysis of the lanthanide ions is a new
avenue in lanthanide coordination chemistry. It is a valid and
highly efficient approach to the assembly of finite-size
polynuclear lanthanide–hydroxo complexes.
2. a-Amino acids are a novel class of supporting ligands for
controlling the hydrolysis of the lanthanide ions. Under near
physiological pH conditions, lanthanide complexation with
amino acids may be achieved via only the carboxylate group or
simultaneous coordination by both the carboxylate and amino
moieties.
3. Lanthanide–amino acid complexes generated under near
neutral conditions typically exist as discrete polynuclear
lanthanide–hydroxo clusters, whereas their low-pH counter-
parts are in mononuclear, dinuclear or noncluster polynuclear
forms. It is the high-pH conditions that promote the formation
of the large molecular clusters. These complexes may be viewed
as the precursors to stepwise, controllable sol–gel materials
syntheses.
4. The cuboid [Ln4(m3-OH)4]8+ cluster, complementing its d-
block counterparts, is a common structural motif in lanthanide
coordination compounds. Extended supramolecular structures
can be assembled by using the [Ln4(m3-OH)4]8+ cluster cores as
building blocks.
5. Octahedral [Ln6(m6-O)(m3-OH)8]8+ core-containing clusters
with an interstitial m6-O ligand can be assembled via direct
hydrolysis of lanthanide nitrates and perchlorates in the absence
of any organic supporting ligands.
6. Spherical anionic species are important in templating the
formation of wheel-like lanthanide cluster complexes.
7. pH conditions exert a strong and general influence on the
outcome of lanthanide coordination chemistry, as demonstrated
by the isolation of unprecedented EDTA–lanthanide complexes
from otherwise well-established chemistry.

The story continues with an open end
The results detailed above suggest extensive and promising
coordination chemistry of the lanthanide ions under physio-
logical or higher pH conditions. Many important questions, both
fundamental and practical, remain to be answered. For example,
why is tyrosine so unique in that it uses both amino and
carboxylate groups for simultaneous lanthanide coordination?
Why are pentadecanuclear or dodecanuclear complexes com-
posed of corner-sharing cuboid [Ln4(m3-OH)4]8+ cluster units
formed with tyrosine ligands while monocluster complexes are
generated with carboxylate-only coordination when other
amino acids are utilized? Although the steric effect due to the
side group of the amino acid may play an important role,
answers to these questions are not yet available. Further, how
extensively applicable to other metals and ligands is the
hydrolytic approach to polynuclear complexes? What proper-
ties may be expected of these novel lanthanide-containing
materials? From the work discussed herein, it is clear that
‘high’-pH lanthanide coordination chemistry represents a rich
field of research that can be exploited to create novel
lanthanide-containing materials with desirable properties.
There are ample opportunities for investigation and high
expectation for a broad range of applications of these novel
polynuclear lanthanide complexes, including the well-charac-
terized structural platform for potential development of lantha-
nide-based synthetic phosphodiesterases.

Fig. 19 An ORTEP representation of the dodecanuclear NdIII–hydroxo
complex featuring four vertex-sharing [Nd4(m3-OH)4]8+ units in a square-
shaped arrangement. The anionic complex is formulated as {[Na-
(H2O)2]4[Nd12(m3–OH)16(EDTA)8]}82. Color legend: sodium (purple).
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A hierarchically structured composite ion conductor film
(AgI nanorod/g-Al2O3) was chemically prepared using
nanoporous anodic aluminium oxide (AAO) as a template,
where ion conducting AgI nanorods (av. diameter = 75 nm)
are periodically aligned within a hexagonally organized
insulating Al2O3 matrix.

Composite solid electrolytes, where ion conducting solids (such
as AgI, AgCl, AgBr, LiI, CuCl, etc.) are heterogeneously mixed
with an insulating solid dispersant (such as g-Al2O3, SiO2,
MgO, etc.), have attracted much research attention due to their
markedly enhanced conductivity with respect to pristine ion
conducting solids themselves.1–3 Among many composite ion
conductor systems, AgI/g-Al2O3 composite solid electrolytes
have been extensively studied and impedance measurements
revealed a maximum conductivity enhancement by a factor of
103–104, even at room temperature, compared with pristine b-
AgI.3 It is generally accepted that interface interactions between
the ionic conductor (AgI) and insulator (g-Al2O3) play a key
role in governing the transport behaviour.2 Although it has been
suggested quite recently that such an enhanced conductivity is a
consequence of the formation of an interfacial conducting phase
(e.g., 7H polytype of AgI with stacking fault arrangement), the
microscopic mechanism or the origin of the enhancement in
ionic conductivity is, as yet, not clear.4 The interfacial
interaction between particles could be maximized by reducing
the size of particles down to 140 nm, since the surface of fine
particles with high specific surface area are not only structurally
unsaturated but also chemically labile and so can be easily
converted to metastable phases. Previously, the fabrication of
such composite ion conductors have been simply achieved by
mechanically mixing and grinding the constituent materials (i.e.
AgI and g-Al2O3) and then hydrostatically pressing the
resulting solid mixture, which does not, however, ensure
homogeneous mixing of the components.4,5

Herein we report the synthesis and characterization of a
hierarchically structured composite ion conductor film (AgI
nanorod/Al2O3), where ion conducting AgI nanorods are
homogeneously and periodically aligned within an insulating
Al2O3 matrix with hexagonally organized configuration. A
novel composite conductor was realized using porous anodic
aluminium oxide (AAO) as a template, the structure of which is
characterized by a closely packed regular array of hexagonal
columnar cells with uniform nanoholes each of which contains

a long cylindrical nanochannel.6 The synthetic procedure for the
preparation of the AgI nanorod/AAO composite is schemat-
ically presented in Fig. 1.

The nanoporous anodic aluminium oxide (AAO) template
was prepared by a two-step anodization technique as described
previously.7 A field emission scanning electron microscopic
(FE-SEM; Hitachi S-4300) image of the as-prepared AAO
indicated that the template contained a well-organized hexago-
nal array of cylindrical pores with an average pore diameter of
75 nm and a pore density of 1 3 1010 cm22 (Fig. 2(a)).
According to XRD (Philips PW3710) pattern of the as-prepared
AAO, the nanoporous AAO turned out to be X-ray amorphous,
showing a broad spectral feature over the 2q range 15–35°.
However, the corresponding FT-IR (Bomem DA 8) spectrum
showed a characteristic Al–O vibration of g-Al2O3 with a
shoulder at ca. 1180 cm21 and strong absorption bands at
600–900 cm21.8

The Ag nanorod/AAO composites were fabricated via the
electrodeposition of silver within the pores of the alumina
template. A through-hole AAO membrane was used in the
preparation of the Ag nanorod array. Initially, a layer (ca. 120
nm thick) of Ag was thermally evaporated onto one side of
membrane to make the surface electrically conductive. This

Fig. 1 Scheme for the fabrication of the AgI nanorod/AAO composite.

Fig. 2 FE-SEM images of (a) AAO template, (b) Ag nanorods after
removing the AAO template, (c) cross-sectional image of AgI nanorod/
AAO, and (d) AgI nanorods after removing the AAO template.
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conducting layer functions as the working electrode in the
electrodeposition of silver. After this, Ag was electroplated
using a commercial plating solution (Technic silver 1025A and
B) at room temperature. Electrodeposition of silver on the
nanoporous AAO membrane produced large arrays of silver
nanowires with a uniform diameter and a very large aspect ratio.
As evidenced by FE-SEM investigation, the average diameter
of the resulting metal nanowires is highly consistent with the
average pore diameter (75 nm) of the alumina template used in
the electrodeposition (Fig. 2(b)).

Fabrication of the silver iodide nanorod array was readily
achieved by utilizing the solid–gas reaction between metallic
silver nanorods and gaseous iodine. This reaction is known as
iodization or iodination of silver;9 a typical metal oxidation
process where iodine serves as an oxidant. The net reaction can
be expressed by eqn. (1):

2 Ag(s) + I2(g) ? 2 AgI(s) (1)

Typically, iodination was carried out by heating a vacuum
sealed Pyrex tube containing 2 g of elemental iodine and a piece
(0.5 3 1 cm2) of Ag nanorod/AAO composite film in a constant
temperature furnace (150 °C) for 24 h. After completion of the
reaction, the resulting AgI nanorod/AAO composite was
isolated after subliming the excess iodine, thoroughly washing
with acetone and water to remove the residual elemental iodine,
and finally drying under vacuum.

A representative cross-sectional FE-SEM image of the AgI
nanorod/AAO is shown in Fig. 2(c). Some of the nanochannels
(white triangle marks in Fig. 2(c)) of AAO were not filled with
AgI nanorods probably due to the mechanical force applied to
the film in order to obtain the cross-sectional image of the AgI
nanorod/AAO composite film. An FE-SEM image of AgI
nanorods freed from alumina by dissolving the oxide matrix
with 0.5 M NaOH solution is shown in Fig. 2(d). Unlike the
image of Ag nanorods in Fig. 2(b), the direction of the rod axis
of individual AgI nanorods is rather arbitrary and the length of
each nanorod is relatively short. Such morphological evolution
can be attributed to the brittle nature of ionic AgI nanorods
compared to metallic Ag nanorods and to the external stress
exerted during the processes of eliminating the alumina matrix
and drying the resulting AgI nanorods. Each of AgI nanorods in
the nanochannels of the AAO matrix, however, is expected to
have a high aspect ratio aligning its rod axis perfectly
orthogonally with respect to the surface of AAO.

The phase of the synthesized nanorods was checked by TEM
and X-ray diffraction (XRD). A selected area electron diffrac-
tion (SAED) pattern of the present AgI nanorods indicated that
the sample is polycrystalline showing diffuse ring patterns.
According to the estimated lattice spacings from the diffraction
rings, the sample is mainly composed of a hexagonal wurtzite
type b-AgI and this assignment was confirmed by XRD.
Typical XRD spectra of Ag nanorod/AAO and AgI nanorod/
AAO composites are presented in Fig. 3, together with the
spectrum of commercial AgI for comparison. Broad spectral
features in the 2q range 15–35° were observed for the Ag
nanorod/AAO and AgI nanorod/AAO composite samples,
which originated from amorphous alumina (Al2O3). The XRD
spectrum of the Ag nanowire/AAO composite showed well
defined (111), (200) and (220) lines at 2q = 38.8, 44.1 and
64.7°, respectively, revealing pure metallic silver (JCPDS code
# 03-0931). On the other hand, it is evident from the present
XRD patterns that the iodination reaction on the Ag nanorod/
AAO composite gives rise to significant changes in the
diffraction patterns. According to our XRD analysis, the
observed diffraction peaks in the AgI nanorod/AAO composite
could be indexed to the b-AgI structure with lattice parameters
a = 4.6 Å and c = 7.5 Å (JCPDS code # 09-0374), consistent
with the analytical result of the SAED pattern.

Our preliminary results on ionic conductivity measurements
revealed that the present AgI nanorod/AAO composite showed
a three orders of magnitude enhanced ionic conductivity
(s(28 °C) = (1.67 ± 0.03) 3 1023 W21 cm21) compared with
pristine b-AgI, which is comparable with the previously
reported maximum values in physically prepared AgI/Al2O3
composite ion conductors.3

It has been pointed out that the interfacial effect together with
size and texture are responsible for conductivity enhancement in
composite ion conductors. Unlike the inhomogeneous structure
of physically prepared conventional composite ion conductors,
the present sample has a novel geometric structure, where ion
conducting nanorods with high aspect ratio are periodically
embedded in the nanochannels of porous anodic aluminium
oxide (AAO). Moreover, the interfaces formed by the AgI
nanorods and the walls of cylindrical nanochannels of AAO are
expected to act as well defined, isolated, and discrete conduc-
tion channels, leading to a markedly enhanced ionic con-
ductivity. Therefore, the present AgI nanorods/AAO composite
film might provide a good model system for elucidating the
origin of the conductivity enhancement as well as the mecha-
nism governing the transport behaviour in composite con-
ductors.

We are quite certain that our underlying concept to develop
novel nanostructured composite ion conductors can be readily
extended to other solid electrolyte systems such as LiI and
CuCl. We are at present investigating the transport properties of
the present composite conductor with variation of the physical
dimensions of the AgI nanorods, such as rod diameter and
length.
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of the KOSEF. W. Lee is grateful for the award of a BK21
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The square grid structure of MOF-2, constructed from
paddle-wheel units of Zn(II) and 1,4-benzenedicarboxylate
(BDC) links, persists for 2-amino-1,4-benzenedicarboxylate
(ABDC) links but not for the sterically demanding
2,3,5,6-tetramethyl-1,4-benzenedicarboxylate (TBDC); the
dihedral angle between planes of the benzene and carbox-
ylate groups play a determining role in the formation of the
paddle-wheel motif.

Extensive progress has been achieved in the synthesis of metal–
organic frameworks (MOFs).1–6 In particular MOFs of carbox-
ylates have been designed to have permanent porosity in the
absence of guests.7–10 The first such material was constructed
from paddle-wheel secondary building units (SBUs) and ditopic
benzene links.7a Namely, Zn(BDC)·(DMF)(H2O) (termed
MOF-2) in which the benzene ring of BDC (1,4-benzenedi-
carboxylate) (Fig. 1a) is essentially in the same plane as the
carboxylates (dihedral angle, Q = 5.5°), a feature that allows
the formation of a porous 44 square network with one
dimensional channels of 7.8 Å cross-section (Fig. 1a–c). Our
interest in design of MOFs led us to consider whether other
derivatives of BDC can form this structural motif. In particular
we focused on 2-amino-1,4-benzenedicarboxylate (ABDC) and
2,3,5,6-tetramethyl-1,4-benzenedicarboxylate (TBDC), since

the substituents on benzene were expected to result in rotation
of the carboxylates out of the plane containing the benzene ring
to give larger Q. In this report, we show that the size of
substituents, and Q are critical parameters in the formation of
paddle-wheel units and ultimately their reticulated MOFs.

The ABDC and TBDC compounds were prepared using
identical procedures: slow diffusion of a mixture containing
chlorobenzene–trimethylamine (700+1 v/v) into an N,NA-
dimethylformamide (DMF)–chlorobezene (5/5 mL) solvent
mixture containing Zn(NO3)2·6H2O (55 mg, 0.185 mmol) and
H2ABDC (1 equiv.) or H2TBDC (1 equiv.) at room temperature
results after 4–7 days in the formation of Zn(ABDC)(DMF)·
(C6H5Cl)0.25 (MOF-46) or Zn2(TBDC)2(H2O)1.5(DMF)0.5·
(DMF)(H2O), (MOF-47). These compounds were formulated
and characterized by elemental microanalysis† and single
crystal X-ray diffraction.‡

To fully appreciate the structures of MOF-46 and -47, it is
important to consider first the structure of MOF-2 in which the
paddle-wheel M–O–C core cluster is considered a square SBU
(Fig. 1b) that is polymerized into square grids by benzene
ditopic links (Fig. 1c). We sought to learn whether the paddle-
wheel and thus the square grid can be produced from other BDC
derivatives. Our approach required relating the dihedral angle,
Q of the benzene ring of the ligand to the distance, d between the

Fig. 1 The assembly of Zn(II) with BDC derivatives having a dihedral angle Q to produce MOF-2 (a–c), MOF-46 (d–f) and MOF-47 (g–i). Zn(II) (blue) is
connected to carboxylate O (red) with carboxylate C (gray) forming square (MOF-46) and tetrahedral (MOF-47) SBUs, which are linked by functionalized
benzene units (N, light blue in d–f). All hydrogen atoms have been omitted for clarity.
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substituent groups (g1 and g2) of contiguous BDC units of the
same paddle-wheel. This is illustrated below and d is derived
accordingly.

The general equation for d can be obtained by using d = {(x1
2 x2)2 + (y12 y2)2 + (z12 z2)2}1/2 with the limiting condition,
{l(1 + tan15°)}/2 ! R. In case when g1 and g2 are the same
functional groups and (180° 2 Q1) = Q2, this equation is
simplified to d = [2(l2 (r + s)/2 2 {31/2(r + s)/2}sinQ1)2 + 3(r
+ s)2cos2Q1]1/2.

Here l = the distance between the center of the SBU and the
center of the benzene ring, R = the radius of the trajectory of the
circle generated by rotating the substituent group along the x- or
y-axis by the dihedral angle, Q. Thus to obtain a square grid
structures as in MOF-2, functionalization of BDC should use
groups that do not allow d to have value less than the summation
of the van der Waals radii of g1 and g2.

For ABDC, Q1 = 25°, Q2 = (180 2 25)°, l = 5.495 Å, r =
1.342 Å and s = 1.40 Å result in d = 6.17 Å which is enough
to accommodate the 2NH2 groups. Then in principle, a paddle-
wheel and an MOF-2 type structure can form. Reactions that are
known to yield the paddle-wheel were utilized to make MOF-
46. Indeed, the single crystal structure of the amino-benzene
allows the formation of the expected motif (Fig. 1d–f), where
the square layers are stacked along the c-axis, and DMF axial
ligands fill the space in between adjacent layers. Due to the
larger size of DMF relative to water (present in MOF-2 as an
axial ligand), the (CH3)2N– groups pertrude into the channels of
MOF-46. In this way, the pores have periodic arrays of
(CH3)2N– and –NH2 functionalities decorating the internal
walls.

On the other hand, for TBDC, Q1 = 84°, Q2 = (180 2 84)°,
l = 5.309 Å, r = 1.398 Å and s = 1.50 Å result in d = 2.00 Å
which is smaller than twice the van der Waals radii of the –CH3
groups, 4.0 Å. Therefore it is not possible to produce an
analogous framework. This is essentially a consequence of
having methyl groups on both ortho-C atoms which inhibit the
formation of the paddle-wheel structure at such a large dihedral
angle. In fact, the van der Waals distance across the pores is
8.076–6.771 Å in MOF-2; well below that needed (9.329 Å) for
TBDC units to replace BDC in that structure. Instead, MOF-47
is constructed from tetrahedral SBUs (Fig. 1g–i), a geometry
known to be best in spacing apart sterically demanding
groups.

Three carboxylate groups from three TBDC units are bound
in a dimonodentate fashion to two Zn centers. One zinc center
is also bound to a terminal water molecule, while the other is
linked by an additional carboxylate in a monodentate fashion.
Following the SBU structure analysis scheme, the carboxylate
C atoms in the M–O–C cluster of MOF-47 forms a tetrahedral
SBU. A closely related SBU is known in molecular complexes
and other MOFs.11,12 However, in this case, where it is expected
that a tetrahedral SBU leads to the formation of a tetrahedral
4-connected 3-D network such as diamond, we find that the
structure forms a double layer motif. Two TBDC units are
bound entirely through dimonodentate coordination to Zn
centers, and the remaining two units are each bound to Zn in

both dimonodentate and monodentate fashion. One water and
one DMF molecule per formula unit fill the space between the
layers.

Thermogravimetric analysis on MOF-46 and -47 show that
the DMF ligands in MOF-46, and the guests in MOF-47 can be
removed upon heating to > 50 °C: a weight loss of 41% was
observed for MOF-46 in the range 50–310 °C corresponding to
the loss of one DMF and 0.25 C6H5Cl (Calc.: 41%), and a
sharper weight loss of 21% was measured for MOF-47 in the
range 50–90 °C, which is attributed to the loss of 1.5 DMF and
one water (Calc.: 21%). Both frameworks completely decom-
pose above 350 °C.

This study demonstrates that the pores in MOFs can be
functionalized with potentially reactive groups (–NH2) without
changing the SBU or the underlying framework topology
(MOF-46). It is clear from the structure of MOF-47 that TBDC
is too bulky to have the paddle-wheel arrangement or the square
grid structure observed in MOF-2.

Notes and references
† Elemental microanalyses: MOF-46: Anal. Calc. for Zn(C8H5O4N)-
(DMF)(ClC6H5)0.25: C, 39.2; H, 4.15; N, 8.71. Found: C, 39.36, H, 4.24, N,
8.83. MOF-47: Anal. Calc. for Zn2(C12H12O4)2(H2O)1.5(DMF)0.5·
(DMF)(H2O): C, 47.10; H, 5.44; N, 2.89. Found: C, 47.49; H, 5.11, N,
2.54%.
‡ Crystallographic data: MOF-46: monoclinic, C2/m, a = 11.2043(9), b =
15.0516(12), c = 8.0275(7) Å, b = 111.706(1)°, U = 1257.79(18) Å3, Z =
4, Rint = 0.0278, Dc = 1.762 g cm23, m(Mo-Ka) = 1.977 mm21, R1 (I >
2s(I)) = 0.0433, wR2 (all data) = 0.1227.

MOF-47: monoclinic, P21/c, a = 11.3033(7), b = 16.0291(10), c =
17.5346(11) Å, b = 92.546(1)°, U = 3173.8(3) Å3, Z = 4, Rint = 0.0719,
Dc = 1.519 g cm23, m(Mo-Ka) = 1.574 mm21, R1 (I > 2s(I)) = 0.0554,
wR2 (all data) = 0.1544.
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data in CIF or other electronic format.
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Two crystalline metal–organic frameworks formulated as
Zn6(NDC)5(OH)2(DMF)2·4DMF, MOF-48, and Zn7(m-
BDC)6(OH)4(H2O)2·6DMF·4H2O, MOF-49, (NDC =
1,4-naphthalenedicarboxylate; m-BDC = 1,3-benzenedicar-
boxylate) have been synthesized and fully characterized by
single crystal X-ray diffraction studies, which reveal that the
frameworks are constructed from pentagonal antiprismatic
(MOF-48) and cuboctahedral (MOF-49) secondary building
units respectively, however, both are reticulated into 3-D
structures having the B network of CaB6.

In the chemistry of metal–organic frameworks (MOFs), espe-
cially where metal ions have been joined by polytopic
carboxylate links, M–O–C clusters generally result in which the
carboxylate C atoms define the shape of what is referred to as a
secondary building unit (SBU).1–4 Such entities have been
recognized and used as tools for simplifying complex struc-
tures,5 and in cases where reaction conditions can be directed to
give specific SBU geometries; they have the potential to allow
for the assembly of MOFs by design.6–8 Furthermore, the size of
SBU constructs is directly related to achieving optimal porosity
and rigidity of MOFs including the design of periodic arrays of
open metal sites within their voids.6–10 With the long-term goal
of understanding the factors affecting the composition, topol-
ogy, shape and size of SBUs, we have begun to explore
synthetic routes that may lead to new SBUs. Here we report two
3-D metal carboxylate frameworks prepared by linking Zn(II)
with 1,4-naphthalenedicarboxylate (NDC), and m-benzenedi-
carboxylate (m-BDC) to give MOF-48 and MOF-49, re-
spectively. We find that these MOFs are constructed from
pentagonal antiprismatic and cuboctahedral SBUs; however,
both form 6-connected CaB6 type networks rather than 10- and
12-connected networks that one might expect to find based on
the geometry of their respective SBUs. We show that pairwise
connections between SBUs in MOF-48 and 49 provide the
means for these frameworks to adopt networks of lower
connectivity.

Vapour diffusion from a mixture of H2O2 (0.40 mL, 40% in
water) and chlorobenzene–triethylamine (20 mL/1 mL) into a
clear solution of N,NA-dimethylformamide (DMF)/chloroben-
zene (5 mL/5 mL) containing Zn(NO3)2·6H2O (0.029 g, 0.097
mmol) and NDC acid (0.015 g, 0.069 mmol) gives, after 7 d,
cube-like crystals of MOF-48 in 33% yield (based on NDC
acid). MOF-49 was prepared by dissolving ZnCl2 (0.060 g, 0.44
mmol) and m-BDC acid (0.040 g, 0.261 mmol), in that order, in
DMF (5 mL). This solution was subjected to dropwise addition
of a mixture of 0.6 M aqueous methylamine–acetonitrile (2 mL/
5 mL). The resulting clear solution was left undisturbed for
three days at room temperature to give hexagonal shape crystals
in 27% yield (based on m-BDC acid). MOF-48 and 49 were
formulated and characterized by elemental microanalysis† and
X-ray single crystal diffraction studies.‡

MOF-48, Zn6(NDC)5(OH)2(DMF)2·4DMF, is constructed
from hexameric units composed of four tetrahedral and two
octahedral Zn(II) centres, where a total of ten NDC links doubly
bridge the zinc atoms in a dimonodentate fashion (Fig. 1a). Each
cluster has an inversion centre, which relates two zinc trimer

units in which the zinc centres are further joined by a triply
bridging m3–OH group. One terminal DMF ligand is bound to
each of the octahedral zinc centres. The assignment of m3-OH
was based on the near tetrahedral angles around the central O
(110.8(6), 114.0(4), 114.0(4)°), which are in the range of those
found in molecular complexes.11

It is useful to connect the points-of-extension (the carbox-
ylate C atoms) in the hexameric units, a process that leads to
SBUs having pentagonal antiprismatic geometry (Fig. 1b). Each
SBU is connected to six other SBUs to give a 3-D framework
having 6.2 Å diameter12 1-D channels where four DMF guests
per formula unit reside (Fig. 1c). It is important to note that in
addition to two single NDC connections along [001] between
SBUs, there are eight pairwise connections (Fig. 1c). Here each
pair of NDC links connecting two SBUs can be considered
topologically as a single ditopic link, in essence a doubly
reinforced link. Since each SBU acts as a six connector, the
structure of MOF-48 has the topology of a decorated B network
of CaB6.13

The crystal structure of MOF-49, Zn7(m-BDC)6(OH)4-
(H2O)2·6DMF·4H2O, is constructed from a unit composed of
four tetrahedral and three octahedral Zn(II) centres in which two
identical units, each composed of two tetrahedra and one
octahedron, are joined together by an octahedron (Fig. 2a).
Within each such unit, the carboxylates of four m-BDC links
bridge the zinc centres in a dimonodentate fashion, and an
additional two links bind as monodentate to the tetrahedral zinc

Fig. 1 MOF-48: (a) Zn6(NDC)5(OH)2(DMF)2 unit showing the coordina-
tion around four tetrahedral and two octahedral zinc atoms. (b) A pentagonal
antiprism SBU is shown in orange. (c) Extended structure shown along
[001], DMF guests and all hydrogen atoms have been omitted for clarity.
(colour scheme: C, grey; O, red; Zn, blue in polyhedral form).
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centres. Each unit also contains two m3-OH groups (their
identity was confirmed as in MOF-48) and only one terminal
water ligand bound to each octahedral centre.

In the crystal structure of MOF-49, a total of twelve
carboxylates per formula unit in which carboxylate C atoms are
found to lie on the vertices of a large, distorted cuboctahedral
SBU (Fig. 2b). Here each SBU is bridged to six others
exclusively through pairwise connections resulting in an
extended framework having a topology similar to MOF-48, in
that it is also related to the B network of CaB6. MOF-49
contains a 3-D porous system with 3.5–5.5 Å diameter voids,
where six DMF and four water molecules per formula unit
reside as guests.

It is instructive to note that although the SBUs observed in
MOF-48 and -49 have overall geometries generally associated
with higher coordination (10 and 12), their large size combined
with the short link do not allow for high coordination of the
SBU in the solid state, as that would be sterically disfavoured.
Instead the SBUs are reticulated into frameworks having six-
coordination around each SBU; this made possible by the
pairwise binding of links. Another factor that may be operating
here was revealed upon close examination of distances between
benzene rings of pair members: distances in the ranges
3.246–3.634 Å (MOF-48) and 3.315–3.725 Å (MOF-49) were
found—values that indicate strong p–p intermolecular forces,
and point to the possibility of their relevance in achieving lower
coordination SBUs. It will be necessary to use branched links in
order to attain SBUs with higher coordination as recently
demonstrated for seven coordinated SBUs in MODF-1.14

Calculations of the space occupied by guests in MOF-48 and
-49 indicate that it represents 50% of the crystal volume. The
mobility of guests within their frameworks was assessed by
thermal gravimetric studies: Here, 8.711 mg (MOF-48) and
17.23 mg (MOF-49) were heated over a range of 30–400 and

30–650 °C, respectively. For MOF-48, 25.8% weight loss was
observed in the range 50–380 °C, which is equivalent to the loss
of six DMF molecules per formula unit (calc.: 22.6%)
representing four DMF guests and two DMF ligands. While for
MOF-49, 16.95% weight loss was observed in the range 30–140
°C, which is equivalent to the loss of 3.5 DMF guests and four
water guests per formula unit (calc.: 17.34%) representing the
3.5 DMF guest molecules and four water guest molecules found
in the air-dried samples subjected to elemental microanalysis.†
Experimentation is currently underway to examine whether the
evacuated forms of MOF-48 and -49 can maintain their porosity
in the absence of guests.

This study has prompted us to focus on examining the role of
intermolecular forces and the geometry of the link on the
symmetry, size and coordination number of SBUs, aspects
central to design of MOFs.

We acknowledge support of this work by the National
Science Foundation.

Notes and references
† Elemental microanalysis: MOF-48. Calc. for Zn6(C12H6O4)5(OH)2-
(DMF)2·4DMF: C, 48.40; H, 3.85; N, 4.34. Found: C, 48.52; H, 3.74; N,
4.46%. MOF-49. Calc. for Zn7(m-BDC)6(OH)4(H2O)2·3.5DMF·4H2O: C,
32.40; H, 3.70; N, 2.62. Found: C, 32.65; H, 3.72; N, 2.63%.
‡ Crystallographic data: MOF-48: Zn6(C12H6O4)5(OH)2(DMF)2·4DMF, M
= 1935.65, monoclinic, space group C2/m, a = 19.5043(16), b =
16.4817(14), c = 14.6396(12) Å, b = 95.902(2)°, U = 4681.2(7) Å3, Z =
2, m(Mo-Ka) = 1.586 mm21, Dc = 1.373 g cm23, T = 173(2) K R1 (I >
2s(I)) = 0.0939 and wR2 (all data) = 0.2546.

MOF-49: Zn7(m-BDC)6(OH)4(H2O)2·6DMF·4H2O, M = 2013.43,
monoclinic, space group P2/c, a = 13.509(2) Å, b = 11.9838(19, c =
27.039(4) Å, b = 93.459(3)°, U = 4369.4(12) Å3, Z = 2, m(Mo-Ka) =
1.977 mm21, Dc = 1.530 g cm23, T = 153(2) K, R1 (I > 2s(I)) = 0.0983,
wR2 (all data) = 0.2720.

CCDC reference numbers 171766 and 171767.
See http://www.rsc.org/suppdata/cc/b1/b108684g/ for crystallographic

data in CIF or other electronic format.
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Fig. 2 MOF-49: (a) Zn7(m-BDC)6(OH)4(H2O)2 unit showing the coordina-
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Macroporous a-Al2O3 hollow fibers are used as supports for
thin dense Pd membranes; these membranes show a high
and stable H2 flux in permeance studies.

The increasing demand for H2 as an energy carrier or chemical
in the petroleum industry has promoted research interest in H2

production, purification and utilization all over the world.1 As
an advanced technology with a compact apparatus and high
efficiency, metallic Pd-based membranes have occasionally
been applied to separate and purify H2 for electronic, metal-
lurgic and fine chemical applications.2 However, the commer-
cialization of Pd-based technology on a large scale does not
appear to be likely in the near future, although this technology
has been shown to have great potential3–5 in last four decades.
The high cost of membranes, still too low permeability and
long-term stability and low separation area/volume ratios are
some of most important obstacles6,7 to wide acceptance in
industry.

Hollow fibers (HFs) are known for their much higher
separation area/volume ratios, in comparison to other geome-
tries such as plates, discs, tubes and multichannels.8 The
objective of this work was to deposit ultrathin dense Pd
membranes on macroporous a-Al2O3 HFs since thin mem-
branes can reduce the cost and improve H2 permeability.
a-Al2O3 HFs are produced by a spinning-extrusion tech-

nique.9 Typical HFs have an outer diameter of 700–800 mm, an
inner diameter of 500–600 mm and an average pore size of 0.2
mm. Boehmite sol was modified with palladium complexes.10 A
modified sol prepared in this manner was coated on HF surfaces
by a dip-coating process, based on capillary forces of the
support pores,11 while applying a vacuum on the inner side of
the HFs. The particle size of the sol was 60–100 nm, which was
smaller than the size of support pores. Therefore with the aid of
the vacuum on the inner side of the HFs, there was some
penetration of sol particles into the pores, which improved the
adhesion between the top layer and the support. After
calcination at 750 °C in static air, the average pore size of Pd/g-
Al2O3 was determined by the N2 adsorption–desorption tech-
nique to be around 5.7 nm. SEM micrographs of these porous
Pd/g-Al2O3 membranes showed a very smooth surface. No
defects or pinholes were observed in the scanned area. Both the
narrow pore size distribution and smooth surface of the
substrate make it possible to deposit ultrathin Pd membranes
without defects.12 After reduction in flowing H2 at 200 °C,
substrates with palladium species uniformly distributed in g-
Al2O3 were used for electroless plating.

The electroless plating process was developed by Rhoda,13

which is based on an autocatalytic reaction between
[Pd(EDTA)]22 and hydrazine. The palladium seeds introduced
during modification of the boehmite sol act as catalysts for the
chemical reaction and as nuclei for deposition and growth of Pd
membranes. Fig. 1 shows SEM micrographs of a thin dense Pd
membrane supported on a porous Pd/g-Al2O3/a-Al2O3 HF. The
surface of the porous substrate was fully covered by a
continuous Pd membrane, which grew by nucleation at and
growth of the small palladium crystals. No defects or pinholes

were observed on the surface. The Pd membrane was around 0.6
mm thick after 1 h deposition, as can be seen from Fig. 1(b).

Gas permeation through dense Pd/ceramic HFs were meas-
ured at 335–400 °C with the permeate side set at atmospheric
pressure. These membranes are composed of a 2–3 mm thick Pd
membrane and a porous substrate, comprising of a mesoporous
Pd/g-Al2O3 layer (3–4 mm thick) supported on a-Al2O3. Each
layer contributes some resistance to gas transport, which is
defined as the reciprocal of H2 permeance. The substrate has an
H2 permeance of 170–200 m3 m22 h21 bar21 while that of the
dense Pd membrane is 8.8 m3 m22 h21 bar21 at 400 °C.
Therefore the resistance of the substrates can be neglected, since
it represents only 5% of the total resistance. H2 transport
through the composite membranes can thus be essentially
discussed in terms of the Pd membrane itself.

H2 transport through a Pd membrane follows a solution–
diffusion mechanism, which involves several steps: (1) reversi-
ble dissociative adsorption of H2 on the membrane surface; (2)
diffusion of atomic hydrogen in the bulk metal under the driving
force of concentration gradients; (3) recombination of hydrogen
atoms to molecules on the opposite surface and desorption into
the gas phase. The H2 flux can be described by the integration
of Fick’s law [eqn. (1)]:

J = (D/l)(Ph
n 2 Pl

n) (1)

where D is the diffusion coefficient, l is the membrane
thickness, Ph and Pl are the pressures on each side of membrane

Fig. 1 SEM micrographs of a dense Pd membrane on a ceramic hollow fiber:
(a) surface view; (b) cross-sectional view.
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and n is the pressure exponent, which reflects the mechanism of
H2 transport. In thick membranes, the surface process of H2

adsorption and desorption is very fast compared to the bulk
diffusion and H2 transport is often controlled by the bulk
diffusion. In this case, n = 0.5, so that H2 permeance is
proportional to the square root of H2 pressures on either side of
the membrane.3 With a decrease of membrane thickness, the
resistance of the bulk diffusion reduces, so that the resistance of
the surface process becomes increasingly significant. When
both the surface process and bulk diffusion control H2 transport,
0.5 < n < 1. With a further decrease of membrane thickness,
the surface process dominates, and n tends to unity.

As seen in Fig. 2(a), the H2 permeance shows a linear
relationship with the pressure difference across the membranes
in the temperature range 335–400 °C, indicating that n = 1.
This implies that the reaction of hydrogen with the Pd surface is
the rate-determining step rather than bulk diffusion.14 The thin
Pd membrane (2–3 mm) reduces the resistance of bulk diffusion
of hydrogen in the metal, so that the surface process becomes
the rate-determining step. Moreover, Fig. 2(a) shows that the H2
permeance increases with temperature: from 6.5 m3 m22 h21

bar21 at 335 °C to 8.8 m3 m22 h21 bar21 at 400 °C. These
membranes have a fairly high permance compared to thick

membranes previously investigated.15,16 Fig. 2(b) shows the
Arrhenius relation of H2 permeance as a function of the
temperature in the range 335–400 °C. The activation energy for
H2 transport was calculated to be 15.8 kJ mol21, similar to a
recently reported value.17

For applications in industry, membranes should have a good
long-term stability, which was tested here for H2 permeation at
430 °C for 660 h. Before applying high temperatures, no He flux
was detected at a pressure difference of 1.2 bar at room
temperature. This implies that these membranes are fairly gas-
tight. At 430 °C, N2 permeance was detected as 0.019 m3 m22

h21 bar21. This might be attributed to some leakage through the
sealing at high temperatures or formation of defects during
heating. There is probably some stress in the ultrathin Pd layer
after the electroless deposition which may be released during
heating, which might cause small defects. Either possible
defects or possible leakage through the sealing will lead to
transport of inert gases. After 660 h H2 permeation, there was
only a slight decrease in H2 permeance, which remained > 11
m3 m22 h21 bar21 . The ideal separation factor a(H2/N2)
(defined as the ratio of permeances of pure H2 to pure N2) was
> 1000. Such membranes are applicable in catalytic reactions to
enhance conversions and/or selectivities.18

In conclusion, ultrathin dense Pd membranes have been
successfully deposited on hollow fiber substrates. The resulting
composite membranes not only provide high separation area/
volume ratios, but also reduce the cost and improve the
permeability with a high separation factor. These membranes
show a good durability in H2 permeation, which is important for
industrial applications in H2 separation and membrane cataly-
sis.

We gratefully acknowledge Mr N. Specognia for SEM
measurements and Dr A. Goldbach for many discussions and
constructive suggestions in this work.
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Fig. 2 H2 transport through ultrathin Pd/ceramic hollow fiber membranes:
(a) influence of the temperature and pressure difference; (b) Arrhenius
relation between the H2 permeance and temperature in the range 335–400
°C.
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The title charge-transfer (CT) salt exhibits metallic conduct-
ing behavior with a metal-to-insulator (MI) transition at 113
K, and its magnetic properties reveal that it is an anti-
ferromagnet below the Néel temperature, TN = 8.5 K.

Recent studies on the development of molecular magnetic
conductors by combining organic p-electron donors and
inorganic magnetic anions have resulted in a new class of CT
salts with multifunctional properties such as antiferro- and
ferro-magnetic organic metallic behavior,1,2 and antiferromag-
netic organic metals exhibiting superconductivity.3 However,
these CT salts, in which magnetic order and metallic con-
ductivity coexist, are derived from tetrachalcogenafulvalene
(TCF) donors. Meanwhile, the successful formation of metallic
or superconducting CT materials consisting of non-TCF donors
and magnetic anions remains as a challenging subject in this
research area.4 The Fe-containing BDA-TTP salts in this regard
would be promising candidates, because we have already found
that BDA-TTP, a sulfur-based p-donor containing no TTF
functionalities, produces superconducting salts with relatively
large anions, such as SbF6

2, AsF6
2, and PF6

2.5 In this paper we
report on the preparation and crystal structure of b-(BDA-
TTP)2FeCl4 and also on its electrical conducting and magnetic
properties.

Electrocrystallization of BDA-TTP (0.08 mmol) with Et4N-
FeCl4 (0.43 mmol) in 5% EtOH–PhCl (60 mL) by the
controlled-current method6 gave two types of crystals; prelimi-
nary X-ray analyses revealed that the black plate crystals had a
b-type structure [designated as b-(BDA-TTP)2FeCl4] while the
more pale black plate-like crystals are solvated with composi-
tion (BDA-TTP)3FeCl4·PhCl.†

Fig. 1(a) shows the crystal structure of b-(BDA-TTP)2FeCl4,
which consists of one FeCl42 anion and two crystallo-
graphically independent BDA-TTP molecules. In this salt, the
BDA-TTP molecules and the FeCl42 anions are arranged in
alternating layers along the b axis, so that the Fe···Fe distance
between the most adjacent anions along the b axis [19.535(6) Å]
is significantly longer than those along the a and c axes
[6.227(3) and 7.731(4) Å]. Two independent BDA-TTP
molecules have similar molecular structures, in both of which
the two outer dithiane rings adopt nonequivalent chair con-
formations: their respective dihedral angles around the intra-
molecular sulfur-to-sulfur axis in one BDA-TTP molecule are
38.6 and 13.0°, and the corresponding angles in the other are
39.1 and 13.0° (Fig. 2). Thus one dithiane ring of each
independent BDA-TTP molecule is much flatter than that of
each BDA-TTP molecule in the superconducting BDA-TTP
salts.5 The BDA-TTP molecules form slipped stacks along the

c axis with some dimerization (average interplanar distances of
3.56 and 3.89 Å), so as to avoid the steric hindrance of the less
flat dithiane ring. There is only one S···S contact shorter than the
sum of van der Waals radii (3.70 Å) within the stack, while
several short intermolecular S···S contacts exist between stacks
(Fig. 1(b)). These S···S contacts, however, do not always reflect
the magnitude of the intermolecular overlap integrals, calcu-
lated on the donor layer in the ac plane by the extended Hückel
method.7 It is noteworthy that the largest overlap integral (14.4
3 1023) is almost equal to those found in the superconducting

Fig. 1 (a) Crystal structure of b-(BDA-TTP)2FeCl4 viewed down the a axis;
open circles indicate the back molecules. (b) Donor arrangement of b-
(BDA-TTP)2FeCl4. Hydrogen atoms are omitted for clarity. The interplanar
distances of the BDA-TTP column are 3.56 (d1) and 3.89 (d2) Å.
Intermolecular S···S contacts ( < 3.70 Å) are drawn by broken lines. The
values of intermolecular overlap integrals (3 1023) c1, c2, p1, p2, p3, q1,
q2 and q3 are 14.4, 13.5, 1.88, 27.34, 3.44, 6.99, 25.62 and 5.49,
respectively.

Fig. 2 Molecular structure of one BDA-TTP unit in b-(BDA-TTP)2FeCl4.
The dihedral angles f1 and f2 are 38.6 and 13.0°, whereas the
corresponding angles in the other BDA-TTP are 39.1 and 13.0°.
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BDA-TTP salts,5 suggesting that the BDA-TTP molecules in
this salt are also packed loosely.

The four-probe resistivity of b-(BDA-TTP)2FeCl4 as a
function of temperature indicated that this salt, with a room-
temperature conductivity (srt) of 9.4 S cm21, is metallic from
room temperature down to 113 K, at which temperature it
undergoes a sharp MI transition (Fig. 3). Although the reason of
this MI transition is not clear, the charge separation between two
independent donors in the column may be considered as a cause.
Fig. 4 shows the temperature dependence of the magnetic
susceptibility of this salt measured by using a SQUID
magnetometer at 1000 Oe from 300 to 2 K. The susceptibility
can be well fitted to the Curie–Weiss law over the whole
temperature range 40–300 K, and the values of the Curie and
Weiss constants are 4.48 emu K mol21 and 215.1 K,
respectively. The fitted Curie constant is close to the value of
4.38 emu K mol21 calculated for a high-spin Fe3+ ion (S = 5/2,
g = 2.0), so that the Fe in the anion certainly dominates the
measured magnetization. Below 40 K, the susceptibility
increased to a maximum near 8.5 K, after which it decreased
rapidly. As shown in the inset of Fig. 4, the susceptibilities,
which were measured under magnetic fields (1000 Oe) applied
along the directions approximately parallel to the a, b and c
axes, were anisotropic below near 8.5 K, indicating anti-

ferromagnetic ordering with TN of near 8.5 K. Below TN, the
easy spin axis seems to lie close to the intrastacking c-direction
of the donor molecules. So, considering that the shortest Fe…Fe
distance along the c axis is longer than 6 Å, the donor molecules
could mediate the observed antiferromagnetic order between
the Fe3+ ions.8

On the other hand, the solvated (BDA-TTP)3FeCl4·PhCl salt
is a semiconductor with a thermal activation energy of 0.11 eV
(srt = 2.0 3 1022 S cm21) and exhibited Curie–Weiss behavior
from 300 to 2 K. The fitted Curie constant is 4.42 emu K mol21

and the Weiss constant is –0.35 K, suggesting very weak
antiferromagnetic interaction between the Fe moments. The
structural characteristics of this salt will be report elsewhere.

In conclusion, following the discovery of superconducting
BDA-TTP salts, we found a new BDA-TTP salt that displays
metallic conductivity as well as antiferromagnetism. To search
for a new system capable of enhancing further the interaction
between conduction p-electrons of donors and localized d-spins
of anions, the preparation of CT salts composed of BDA-TTP or
related p-donors and other magnetic anions is currently
underway.

Notes and references
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Fig. 3 Temperature dependence of the resistance of b-(BDA-TTP)2FeCl4.

Fig. 4 Temperature dependence of the susceptibility of b-(BDA-
TTP)2FeCl4. The dashed line is a Curie–Weiss fit (see text). The inset shows
magnetic anisotropies in magnetic fields approximately parallel to the a, b
and c axes (H//a, H//b, and H//c).
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A new chloro-bridged single-helical chain has been con-
structed from a ferrocenyl-containing tetranuclear double-
helical architecture via self-assembly

Helical complexes have elegantly illustrated how the specific
formation of architecturally complex assemblies are directed by
the interplay between relatively simple parameters such as the
stereoelectronic preference of the metal and the disposition of
the binding sites of the helicands (helicating ligands).1 While
the basic features of the design necessary to assemble a double
helix are now fairly well established,2 the design and control of
assembly of the helical unit into a multi-helical array represents
a considerable synthetic challenge.3,4 Sophisticated supramo-
lecular targets will require the ability to assemble small
molecular units which may be further aggregated in a controlled
fashion. To achieve this, a five-coordinated copper(II) ion is
chosen to build the unsaturated double helicate, which contains
binding sites on its interior. It is suggested that the five-
coordinate geometry of the copper(II) ion may prevent the
formation of a triple helicate and that the metal centers
incorporated into the helicate framework will not use all of their
coordination sites in the construction process. We reasoned that
these unused coordinated sites might then be bound by
additional mono- or bi-dentate coordinated ligands such as
bridging groups or anions. Here we report what we believe to be
a unique helical structure motif in inorganic supramolecular
architectures through self-assembly, where single-helical 1D
chains are constructed from double-helicates via chloro-
bridging.

The chosen ligand designed here is an easy-to-prepare
ferrocenyl-containing imine-based bis-bidentate system. The
introduction5 of a ferrocenediyl unit as a spacer to separate the
two metal binding sites is chosen not only because such a spacer
is suitable to assemble double-helices, but also because
molecules containing metallocene units can retain a particular
metal ion at its coordination site whilst undergoing a concurrent
redox change.

An ethanol solution of CuCl2·2H2O was added to a mixture of
diacetylferrocene and 2-hydrazinopyridine in absolute metha-
nol followed by addition of NH4BF4; after 24 h, dark-red
crystals of 1 were obtained.† In the electronspray mass
spectrum of 1, a peak at m/z 1066.5, corresponding to the
[Cu2(L 2 H)2Cl]+ cation, in which one of the hydrogen atoms
attached to the imine nitrogen atom in each ligand is lost,
indicates the formation of a 2+2 (ligand+metal) coordination
stoichiometry. An X-ray crystallographic study‡ has unequivo-
cally confirmed the existence of a tetranuclear cationic
unsaturated double helicate.

Fig. 1 shows one of the two enantionmers of the double
helicate. Each ligand wraps around the two copper(II) cations
with a copper–copper separation of 8.4 Å and the two iron
centers are separated by a distance of 6.4 Å. The four metal
centers are co-planar and form a slightly distorted rhombus with
sides of 5.2 and 5.3 Å. Each copper center is coordinated to two

pyridyl imine units, one from each ligand, to form the
unsaturated double helicate while the fifth coordination site is
occupied by a chloride ion. The value of the topological
parameter6 t of ca. 0.6 indicates an intermediate structure
between square pyramidal and trigonal bipyramidal for copper
but more towards the trigonal bipyramidal limit. The EPR
spectrum of the complex also indicates a trigonal bipyramidal
stereochemistry.7 The pyridines are twisted by ca. 39° from the
Cp rings to which they are attached with dihedral angles
between the two pyridine rings in each ligand being ca. 38° on
average. It is interesting that the helicate is also stabilized by
intramolecular p–p stacking interactions between the pyridine
rings of one ligand and the Cp rings of the other. The dihedral
angles of the stacked pairs lie in the range 17.4–33.5° with
center-to-center separations of the stacked pairs in the range
3.47–3.81 Å.

The most distinctive structural feature of the complex in the
solid state is that each enantiomer of the double helicate links to
its symmetry-related equivalents to form an infinite mono-
chiral helical polymer (Fig. 2) via single chloro-bridges. The
bridging chloride coordinates to two copper centers with a Cu–
Cl–Cu angle of 124.6(1)° and Cu···Cu separation of ca. 4.29 Å.
It is particularly striking that the helices in one chain are all of
a single enantiomer. Each chain exhibits a crystallographic
21 single helix with a pitch twice that of the crystal cell b axis.
The chains lie parallel to each other and align themselves along

Fig. 1 Molecular structure of the double helicate with hydrogen atoms
omitted for clarity. Selected bond lengths (Å) and angles (°): Cu(1)–N(1)
1.921(8), Cu(1)–N(7) 1.959(9), Cu(1)–N(3) 2.079(8), Cu(1)–N(9) 2.130(8),
Cu(1)–Cl(1A) 2.443(3), Cu(2)–N(6) 1.936(9), Cu(2)–N(12) 1.940(8),
Cu(2)–N(4) 2.099(8), Cu(2)–N(10) 2.196(9), Cu(2)–Cl(1) 2.404(3); N(1)–
Cu(1)–N(7) 173.0(3), N(1)–Cu(1)–N(3) 79.8(4), N(7)–Cu(1)–N(3)
105.1(4), N(1)–Cu(1)–N(9) 102.6(3), N(7)–Cu(1)–N(9) 79.6(4), N(3)–
Cu(1)–N(9) 118.3(3), N(1)–Cu(1)–Cl(1A) 89.9(3), N(7)–Cu(1)–Cl(1A)
83.2(2), N(3)–Cu(1)–Cl(1A) 136.8(2), N(9)–Cu(1)–Cl(1A) 104.8(2), N(6)–
Cu(2)–N(12) 173.3(4), N(6)–Cu(2)–N(4) 79.1(4), N(12)–Cu(2)–N(4)
101.9(3), N(6)–Cu(2)–N(10) 106.5(4), N(12)–Cu(2)–N(10) 78.9(4), N(4)–
Cu(2)–N(10) 118.3(3), N(6)–Cu(2)–Cl(1) 89.7(3), N(12)–Cu(2)–Cl(1)
85.1(2), N(4)–Cu(2)–Cl(1) 138.6(2). (Symmetry code A: 2x, 20.5 + y, 0.5
2 z).
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the (0,1,0) direction. It is interesting that the pyridine ring
containing nitrogen atom N(1) is almost parallel to the related
pyridine ring containing nitrogen atom N(6A) (symmetry code
A: 2x, 20.5 + y, 0.5 2 z) of an adjacent double-helicate in an
adjacent chain (dihedral angle between the two planes is ca.
6.4°) with a close intermolecular separation between the stacked
pair of ca. 3.5 Å. Although these stacking interactions are weak
compared to the metal–nitrogen and metal–chlorine coordina-
tion bonds,8 such interactions may well be important in the
molecular assembly of double helicates and mono-helical
chains.

Bridged biferrocenes have been proven to be good candidates
for mixed-valence compounds. Differential pulse voltammetry
of 1 (Fig. 3) shows two peaks with half-wave potentials (E1/2) at
0.75 and 0.58 V, respectively, corresponding to the two single-
electron oxidations of the ferrocene moieties. The DE value of
ca. 0.17 V indicates strong interactions between two ferrocene
moieties. A similar separation DE has also been found for the
two single electron reductions (CuII/CuI) with two peaks at 0.29
and 0.14 V, respectively.

The assembly of helical units into a multi-helical array is
interesting in terms of controlled aggregation of helices. The
generation of a helical motif derived from an inexpensive and

readily prepared ferrocene containing ligand enables extension
of self-assembly through the use of helicates as building blocks
by judicious design and control. The development of new ligand
systems containing functional ferrocene groups and the applica-
tion to aggregation of small supramolecular units into large
multi-helical arrays are in progress.

This work is supported by the National Natural Science
Foundation of China.

Notes and references
† Preparation of [Cu2L2Cl][BF4]3·H2O 1: an ethanol solution (10 ml) of
CuCl2·2H2O (0.17 g, 1 mmol) was added to a mixture of diacetylferrocene
(0.13 g, 0.5 mmol) and 2-hydrazinopyridine (0.11 g, 1 mmol) in 15 mL
absolute methanol after refluxing for 2 h. After further refluxing for 1 h,
NH4BF4 was added and reflux continued for a further 1 h. The reactant
solution was allowed to stand overnight, after which dark-red crystals
suitable for structural studies were obtained and dried under vacuum. Calc.
for C48H50B3ClCu2F12Fe2N12O: C, 42.8; H, 3.8; N, 12.5. Found: C, 42.6; H,
4.3; N, 12.5%.
‡ Crystal data: C48H50B3ClCu2F12Fe2N12O, monoclinic, space group
P21/c, a = 23.443(5), b = 24.577(5), c = 21.329(4) Å, b = 115.80(4), U
= 11064(4) Å3, Z = 8, Dc = 1.616 Mg m23, F(000) = 5440, m = 1.410
mm21. 14212 independent reflections measured, 7597 observed [F
> 4s(F)]. Final refinement converged at R1 = 0.0704, wR2 = 0.1420,
respectively. Intensities were collected on an Enraf-Nonius CCD system9

with graphite-monochromated Mo-Ka radiation (l = 0.71073 Å). Data
were reduced using HKL Denzo and maXus programs and a semi-empirical
absorption correction from y-scans was applied. The structure was solved
by direct methods and refined on F2 by full-matrix least-squares methods
using SHELXTL version 5.0.10 Anisotropic thermal parameters were
refined for non-hydrogen atoms. BF4

2 anions and lattice water molecules
were refined assuming disordered contributions. CCDC reference number
164148. See http://www.rsc.org/suppdata/cc/b1/b108206j/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 2 Molecular packing along the b–c plane showing the one-dimensional
mono-helical chains; solvent molecules, hydrogen atoms and anions are
omitted for clarity.

Fig. 3 Differential pulse voltammetry for the complex (1.0 3 1023 M) in
DMF containing n-Bu4NClO4 (0.1 M) (ferrocene as external standard, vs.
AgCl/Ag).
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The 1+1 reaction of the symmetrical dimers [ClP(m-NtBu)]2
1 and [H2NP(m-NtBu)]2 2 in thf–Et3N gives the tetrameric
macrocycle [{P(m-NtBu)}2NH]4 3 (67%); consisting of four
P2(m-NtBu)2 rings linked by endo N–H groups.

Although the study of macrocyclic organic ligands, such as
crown ethers, calixarenes and cyclophanes,1 is an ever-growing
field of research, in comparison there are very few counterparts
based on frameworks other than those of carbon. A major
problem in such inorganic systems is establishing general and
selective synthetic strategies to cyclic inorganic frameworks
that avoid polymerisation or other undesired modes of aggrega-
tion. Mercuracarborands2 and cyclic s-block amides3 are two
recently explored classes of inorganic ligands that behave as
Lewis acids in their coordination of various anions. Particularly
rare, however, are inorganic macrocycles which have the ability
to act as Lewis bases; for example certain cyclophospha(V)-
zenes, such as [P(NMe2)2N]6,4 and Si/N macrocyles of the type
[(R2Si)NH]4.5 In earlier work we characterised the neutral
Group 15 macrocycle [{Sb(m-NR)}2(m-NR)]6 (R =
2-MeOC6H4), composed of six [Sb(m-NR)]2 rings linked into a
cyclic structure by m-NR groups.6 Owing to the more robust
nature of P–N bonds compared to other Group 15 element–
nitrogen bonds, we have more recently begun to extend studies
in this area to related cyclophospha(III)zanes,7,8 with the aim of
producing more generally useful and (possibly) air-stable ligand
arrangements. We report here the selective, high yielding
synthesis of a neutral cyclophospha(III)zane macrocycle [{P(m-
NtBu)}2NH]4 3, via the reaction of [ClP(m-NtBu)]2 1 with
[NH2P(m-NtBu)]2 2 (Scheme 1).

The dimer [ClP(m-NtBu)]2 1 is readily prepared by the 1+3
stoichiometric reaction of PCl3 with tBuNH2 in thf (67%).† This
method is different from that reported in the literature, involving
the reaction of tBuNH2, PCl3 and Et3N (3+2+3 equivalents,
respectively).8 However, very little of the monochloride
[tBuNHP(m-NtBu)PCl]7,8 is isolated after distillation of 1 from
the reaction, despite the use of excess of tBuNH2. The slow
addition of 1 to a saturated solution of NH3 in thf–Et3N at
278 °C produces [NH2P(m-NtBu)]2 2.† Very few impurities are
present in the 1H and 31P NMR spectra of the crude product
(obtained in 48% yield), which can be used without further
purification. The 1+1 stoichiometric reaction of 1 with 2 in thf–
Et3N was followed by variable-temperature 1H and 31P NMR

spectroscopy. This study showed that the conversion to the
macrocyle [{P(m-NtBu)}2NH]4 3 is ca. 100% efficient (with
only minor traces of other products being generated). The
selectivity of this reaction and the almost quantitative formation
of 3 can be attributed to the known preference for the
phosphazane dimers [XP(m-NR)]2 to adopt the cis isomer in
solution and in the solid state,8,9 i.e. pre-organisation of the
precursors. Indeed, the cis isomer of 1 has previously been
shown to be preferred10 and, although the structure of 2 is not
known at this stage, the relatively low 31P chemical shift
observed (d 100.2) is strongly indicative of a cis conformation
(normally in the range d 96–108; cf. d 166–185 for trans
isomers).11 Subsequent scaling up of the reaction allows 3 to be
obtained in 67% (crude) yield (the overall conversion of PCl3
and tBuNH2 to 3 being ca. 30%).† Again, 1H and 31P NMR
studies reveal that the crude product is extremely pure
(estimated 95–100%, over several reactions). The 31P NMR
spectrum of 3 shows that a single species exists in solution, with
a singlet resonance being observed at d 129.5 over a wide
temperature range. This chemical shift compares to d 117.2 for
the related dimer [{P(m-NtBu)}2NtBu]2.12 Compound 3 is
relatively air-stable, air-exposure for greater than ca. 6 h leading
only to slight decomposition, with the appearance of minor new
resonances in both the 31P and 1H NMR spectra.

The low-temperature X-ray structure of 3 shows that its
macrocyclic backbone arises from cyclic tetramerisation of four
[{P(m-NtBu)}2NH] units [Fig. 1(a)].‡ Although these units are
crystallographically independent, the pattern of bond lengths
and angles in 3 is very regular. As a result, the twelve atoms of
the (P…P–N)4 fragment defining the macrocycle deviate by
only ca. 0.07 Å from their mean plane, and the transannular
N…N separation between opposite pairs of N centres differ by
only ca. 0.067 Å (mean 5.221 Å). The planes of the four [P(m-
NtBu)]2 rings are aligned almost exactly perpendicular to the
macrocyclic plane (the associated dihedral angles with respect
to the macrocyclic plane being in the range 87.0–93.2°), giving
the ligand periphery of 3 an overall torus-shape. The only
noticeable distortion in the structure of 3 arises from the steric
crowding of the tBu groups above and below the macrocycle. As
a consequence, two of the four tBu groups on either side
[attached to N(1) and N(5), and N(4) and N(8)] are forced out of
the planes of their P2N2 rings. However, this distortion has only
a marginal effect on the P–N bonding within the P2N2 ring units;
resulting in small variations in the associated P–(m-N) bond
lengths (by ca. 0.03 Å) and P–N–P angles (by ca. 2°).

The closest relatives to 3 are cyclophosphazanes of the type
[{P(m-NR)}2NR]2, consisting of two P2(m-NR)2 rings linked
into a cyclic arrangement by bridging NR groups.12,13 The
formation of a tetrameric macrocyle for 3 (as opposed to a cyclic
dimer, [{P(m-NtBu)}2NH]2) primarily results from the presence
of sterically undemanding NH groups linking the [P(m-NtBu)]2
units; this allows the cis conformation of the constituent units to
be retained in 3, without producing steric congestion at the
centre of the macrocylic cavity. It is interesting in this regard
that the increased steric effects associated with the NR groups
linking the [Sb(m-NR)]2 units in [{Sb(m-NR)}2(m-NR)]6

6 (R =
2-MeOC6H4, Ph) results in the adoption of a trans conformationScheme 1
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for these constituents. This trans conformation provides the
most probable reason for the greater size of the macrocyles
obtained in these cases, since the formation of a smaller ring
composed of trans constituents would be more strained.

The presence of four N–H protons within the macrocyclic
structure of 3 is reminiscent of a tetraazacyclotetradecane (i.e.
based on [CH2CH2NH]4),14 while the molecules possess a
ligand periphery that is analogous (spatially) to calixarenes.1
Although the macrocyclic cavity of 3 is apparently sterically
crowded [Fig. 1(b)], the rearrangement of the ligand framework
to accommodate metal centres (upon deprotonation) may well
be anticipated. This is suggested by the observed flexibility of
the m-NtBu groups within 3. Studies of the coordination
behaviour of 3 and of related P/N ligands are underway.

We gratefully acknowledge the EPSRC for financial sup-
port.

Notes and references
† Syntheses: 1: to a solution of freshly distilled PCl3 (16.6 ml, 0.190 mol)
in thf (300 ml) at 278 °C was added dropwise tBuNH2 (60 ml, 0.571 mmol)
(the addition taking ca. 1 h). The mixture was stirred for a further 4 h at this
temperature, then allowed to stir at room temperature for 12 h. The solvent
was removed under vacuum and the colourless, crystalline mass formed was
carefully distilled through a 10 cm Vigreaux column under vacuum (since
the product rapidly solidifies, the condenser should not be cooled). The
major fraction (86 °C, 2.0 mmHg) was collected (the minor 96 °C fraction
is [tBuNHP(m-NtBu)]2). Yield 17.6 g (67%, based on P supplied). 1H NMR
(d6-benzene, +25 °C, 400.16 MHz), d 1.25 (s, tBuN). 31P NMR (d6-benzene,
+25 °C, 161.98 MHz), d 207.6 (s).

2: A concentrated solution of NH3 in thf–Et3N was produced by
condensing NH3 gas into a mixture of thf (450 ml) and Et3N (40 ml) at 25 °C
for ca. 40 min. To this solution (at 278 °C) was added a solution of 1 (10.0
g, 36.4 mmol) in thf (250 ml) at 278 °C. After stirring at this temperature
(3 h), the mixture was allowed to warm to room temperature and stirring was
continued (12 h). The solvent was removed under vacuum and to the dried

solid was added n-pentane (400 ml). The insoluble ammonium salts were
removed by filtration and the filtrate reduced under vacuum to ca. 120 ml,
whereupon precipitation of 2 occurred. This first batch was filtered off and
dried under vacuum. A second batch was obtained by further reduction of
the solvent to ca. 50 ml. Total yield 4.15 g (48%). Mp 110–115 °C. IR
(Nujol, NaCl), n/cm21 3402 (doublet, m), 3291 (doublet, m) (N–H str.). 1H
NMR (d6-benzene, +25 °C, 400.16 MHz), d 2.41 (d, 2J31P–H 7.9 Hz, 2H,
NH2), 1.46 (s, 9H, tBuN). 31P NMR (d6-benzene, +25 °C, 161.98 MHz), d
100.2 (s). 13C NMR (100.1 MHz, d8-toluene, rel. 80% H3PO4–D2O), d
51.33 (t, 1JC–31P 13.3 Hz, Ca of tBu), 31.17 (t, 2JC–31P 6.8 Hz, Me of tBu).
Found C 40.1, H 9.2, P 25.5, Cl 0.2; Calc. C 40.8, H 9.3, P 26.3, Cl 0.0%
(satisfactory N analysis could not be obtained, despite repeated attempts).
The crude reaction product is of high purity and can be used in further
reactions without purification.

3: A solution of 1 (0.50 g, 2.12 mmol) in thf (20 ml) was added dropwise
to a solution of 2 (0.58 g, 2.12 mmol) in thf (100 ml) and Et3N (1 ml) at 278
°C. The mixture was stirred for 3 h at this temperature and allowed to warm
to room temperature before being stirred further (12 h). The solvent was
removed under vacuum and the solid extracted with n-pentane (100 ml) and
filtered. The filtrate was reduced to dryness under vacuum to give 3 as a
white powder (0.62 g, 67%). Crystals of 3 were obtained from n-pentane–
thf at 25 °C. The following data refer to the crude material. Partial melting
ca. 130 °C, decomp. ca. 170 °C. IR (Nujol, NaCl), n/cm21 3582 (sharp, w)
(N–H str.). 1H NMR (d6-benzene, +25 °C, 400.16 MHz), d 4.86 (s, 1H, N–
H), 1.54 (s, 18H, tBuN). 31P NMR (d6-benzene, +25 °C, 161.98 MHz), d
129.5 (s) (minor impurities may be seen at ca. d 120, 75 and 0). Electrospray
MS (+ve ion), m/z = 877.4 (tetramerH+) (dominant), 658.4 (trimerH+)
(minor) (no dimerH+). Satisfactory C, H and P analysis were obtained. 1H
and 31P NMR spectroscopy indicate that the crude product obtained from
the reaction without further purification is ca. 95–100% pure.
‡ Crystal data for 3: C32H76N12P8, M = 876.81, orthorhombic, space group
P212121, Z = 4, a = 13.3936(2), b = 17.1372(4), c = 21.7137(5) Å, V =
4983.92(18) Å3, m(Mo–Ka) = 0.315 mm21, T = 180(2) K. Data were
collected on a Nonius Kappa CCD diffractometer. Of a total of 25299
reflections collected, 8699 were independent (Rint = 0.040). The structure
was solved by direct methods and refined by full-matrix least squares on
F2.15 Final R1 = 0.036 [I > 2s(I)] and wR 2 = 0.079 (all data).

CCDC reference number 172095.
See http://www.rsc.org/suppdata/cc/b1/b107650g/ for crystallographic

data in CIF or other electronic format.
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Fig. 1 (a) Structure of [{P(m-NtBu)}2NH]4 1 (side view). Key bond lengths
(Å) and angles (°); P–N(9–12) mean 1.703 [range 1.697(2)–1.709(2)], ring
P–N mean 1.725 [range 1.710(2)–1.740(2)], N(9)…N(11) 5.255(4),
N(10)…N(12) 5.188(4), P–N(9,10,11,12)–P mean 127.8, endocyclic N–
P(1–8)–N mean 81.4, exocyclic N–P(1–8)–N mean 103.5, P–{m–N(1–
8)}–P mean [range 97.6(1)–99.6(1)]; (b) Space-filling diagram (top
view).
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MA-Aib6 forms discrete stacks with sandwiched water,
sodium and nitrate ions, presenting a novel profile, where
nine out of the 12 binding sites, of the six amides present, are
involved in bonding with water, sodium and nitrate ions,
with no inter-amide hydrogen bonding. This is the first
example of the stacking of a benzenehexacarboxylic acid
core.

The design and synthesis of conformationally constrained
organic scaffoldings/templates that can potentiate controlled
growth to protein secondary structure motifs, is of current
interest.1 Such structural mimics are important for the design of
simple, low molecular weight pharmaceutical agents.2 The
present communication reports the synthesis of benzenehex-
acarboxylic acid a-aminomethyl isobutyrate amide (MA-Aib6,
C6[CONHC(CH3)2COOMe]6 (1) and the determination of its
structure by X-ray crystallography. The choice of a-aminome-
thyl isobutyrate as the first spacer was logical because of the
known ability of the Aib residue to control the growth of
secondary structures.3

The tertiary carbon center present in Aib resisted the
introduction of all the six units in a single step. The best
conditions afforded only MA-Aib5 mono imide (2), which, on in
situ treatment with further Aib gave 1. Thus, the reaction of
hexamellitoyl chloride4 with Aib-OMe under carefully defined
conditions followed by chromatography on silica gel column
and elution with ethylacetate–hexane afforded nearly pure MA-
Aib6 in 41% yield.5 Re-chromatography under the same
conditions afforded fine needles, mp 256–258 °C, that separated
from the eluent (Fig. 1).

The crystal structure6 of MA-Aib6 (1) (Fig. 2) shows its
assembly to layered stacks along a two-fold screw axis where
molecules of MA-Aib6 on the one hand and water and sodium
nitrate on the other, form alternate layers (Fig. 2). The ester
groups, projected vertically, do not participate in the assembly.
The twelve a-methyl groups from each molecule form a neat
ring around the stack. The pattern of the stack is repeated every

14.3 Å. Each stack is quite independent of the others and there
are no hydrogen bonds between stacks or any interdigitation.

In the stack, shown with a central MA-Aib6 flanked by two
neighbors as presented in Fig. 2, the aromatic rings are tilted
slightly along the two-fold screw axis by 2.9°. The sodium ion
is penta-coordinated to two proximate carbonyls of the upper
layer (Na…O30, 2.472 Å; Na…O40, 2.488 Å) and a single
carbonyl from the middle layer (Na…O0, 2.255 Å), as well as
to both water molecules (Na…W3, 2.463 Å, Na…W4, 2.415
Å). The short Na…O0 distance of 2.255 Å is found in penta-
coordinated Na+ complexes7 but not for tetra- or hexa-
complexes. The water molecules are, in addition, bonded to
carbonyls from the middle layer (W3…O10, 2.872 Å;
W4…O50, 2.813 Å), the NH of the upper layer (W3…N21,
3.011 Å; W4…N51, 2.996 Å) and the nitrate ion (W3…O1S,
3.102 Å; W4…O2s, 2.824 Å). In turn, the nitrate ion is an
acceptor for the NH of the middle layer (N31…O1s, 2.984 Å)
and NH in the upper layer (N1…O2S, 2.805 Å). Thus, of the
twelve binding sites available in the hexa-amide 1, five carbonyl
groups and four NH units are used in a unique manner; while
N11 and N41 do not participate in any manner. The absence of
any inter amide hydrogen bonding and the strong involvement
of the nitrate counter ion in the assembly are particularly
noteworthy.

A schematic profile of the stacking is presented in Fig. 3.

† Respectfully dedicated to Darshan Ranganathan, who passed away on
June 4, 2001, her sixtieth brithday.

Fig. 1 Structure of 1 and 2. Fig. 2 The crystal structure of 1. A Na+ ion, NO3
2 ion and two water

molecules (W3 and W4) are also indicated. The columnar stacking of
molecules 1 alternating with Na+ and NO3

2 ions and two water molecules.
The dashed lines indicate the five ligands to Na+ and hydrogen bonds
between water molecules, the NO3

2 ion and 1.

This journal is © The Royal Society of Chemistry 2001

2544 Chem. Commun., 2001, 2544–2545 DOI: 10.1039/b109465n



Using a sample of the crystal, the presence of sodium nitrate
was confirmed by using positive and negative ion mass
spectrometry. By negative ion mass spectrometry, the source of
sodium nitrate was traced to the silica gel used for chromatog-
raphy.8 Chromatographically pure MA-Aib6, freed of nitrate9

when allowed to stand in ethyl acetate with dissolved sodium
nitrate, deposited needles identical to that used for crystallo-
graphic studies.10

Futher experiments have shown that in the complexation of 1,
the nature of the metal ion is important. Thus, under identical
conditions lithium nitrate formed the complex whereas po-
tassium nitrate did not.11 However it is very likely that in the
assembly of 1 the nitrate ion, being large and with dispersed
charge, plays a controlling role to the extent that the expected
hydrogen bonding involving the amide bonds is not seen.

To the best of our knowledge, this is the first report of
achieving the stacking of a benzenehexacarboxylic acid core.
Crystallographic data currently available relating to mellitic
acid, its esters and metal salts are unexceptional.12

Financial support was provided by the National Institutes of
Health Grant GM-30902, the Office of Naval Research and the
Department of Science and Technology, New Delhi.
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Fig. 3 Schematic drawing of the layered structure in a stack.
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A periodic structured organosilica solid of the MCM-41 type
containing 4,4A-bipyridinium presumably inserted on the
walls that is stable after surfactant removal has been
prepared; the ability of bipyridinium units to act as electron
acceptor termini has been demonstrated by observation of
the radical cation in the photochemical and thermal
activation of the as-synthesized material.

Since the first report describing the preparation of periodic
mesoporous silica of the MCM-41 type1 there has been
considerable amount of work aimed at exploiting the possibil-
ities of these materials to host organic guests. The target was to
produce hybrid solids with functional properties derived from
the response of the organic guest confined in a regular
compartmentalised space provided by the MCM-41 silicate. In
this regard, recent reports have described the preparation of
periodic mesoporous organosilica (PMO) in which the organic
component occupies framework positions in the walls rather
than in the empty voids of the hexagonal channels.2–5 This
paves the way for the preparation of a new type of innovative
organic–inorganic hybrid materials for which a vast potential
can be foreseen. In the present communication we describe a
new PMO incorporating 4,4A-bipyridinium units that imple-
mented the solid with unique electron acceptor ability as well as
photo- and thermo-chromic responses characteristic of viologen
derivatives.6

Viologens are the most widely used electron acceptor units in
a variety of charge transfer complexes and electron transfer
processes. The corresponding radical cations are very well
documented and have as the most characteristic properties a
relatively high stability and an intense blue–green colour.7

The preparation of the solid of the MCM-41 type incorporat-
ing 4,4A-bipyridinium units (BPªPMO) was accomplished
following basically the same procedure described in the
literature for similar solids having methylene groups covalently
linked to the walls.5

Our strategy to attempt the covalent binding of viologen to
the silica walls consisted in the attachment of trimethox-
ysilylpropyl groups to the nitrogen atoms of 4,4A-bipyridine by
nucleophilic substitution as indicated in Scheme 1.† Subse-
quently, the silyilated viologen precursor (BP) was used in
combination with TEOS in the synthesis of the BPªPMO,
using cetyltrimethylammonium bromide (CTABr) as the struc-
ture directing agent. The molar proportions of the precursor gels
used in a preferred preparation are: 1.00 Si: 114 H2O: 8.0 NH3
(20 wt%): 0.12 CTABr. TEOS as the silica source and BP were
used in the following mol ratios: 0.85+0.15, 0.95+0.5 and
0.99+0.01. The formation of the solid was carried out at 80 °C
in a closed 25 ml polyethylene container.

Thermogravimetric analysis coupled with differential scan-
ning calorimetry conducted in air shows three distinctive peaks.
The first between 150 and 250 °C corresponding to a loss of
30% in weight was attributed to the decomposition of the
CTABr surfactant based on the reports on analogous PMO
materials.8 A second exothermic jump between 250 and 450 °C
(11.5% weight, for the BPªPMO with the maximum BP
content) probably corresponds to the concurrent loss of residual

surfactant and viologen. The final peak in the thermogravimetry
(4% weight) is most probably due to desorption of water
generated by condensation of silanol groups.

The presence of viologen in BPªPMO is clearly revealed in
the IR spectrum of the solid (Fig. 1). The strongest band
characteristic of BP appears at 1650 cm21. Its intensity remains
unaltered upon outgassing at 200 °C under 1022 Pa for 1 h,
conditions under which a large part of the template has been
desorbed [see Fig. 1(b)]. Other characteristic bands of weak to
medium intensity also appear in the aromatic region of the IR
spectrum corresponding to BP.9

Scheme 1

Fig. 1 FT-IR spectra of as-synthesised BPªPMO (TEOS+BP 0.85+0.15)
recorded at r.t. (a) and after outgassing at 200 °C for 1 h at 1022 Pa (b). The
decrease in the intensity of the 1470 cm21 band corresponds to the
desorption of the structure directing agent. The inset shows the powder X-
ray diffraction spectrum of as-synthesized BPªPMO.

This journal is © The Royal Society of Chemistry 2001

2546 Chem. Commun., 2001, 2546–2547 DOI: 10.1039/b108964c



The periodic structure of the as-synthesized BPªPMO was
assessed by powder X-ray diffraction wherein a sharp peak
appearing at 2q = 3° characteristic of the d100 reflection is
clearly observed8 (inset of Fig. 1). Removal of the structure
directing agent was accomplished by solid–liquid extraction
using dilute acid in ethanol. The resulting solid exhibits the
same characteristic X-ray diffraction peak as the as-synthesised
powder and a BET surface area of 930 m2 g1 having a
mononodal pore distribution around 3.8 nm and a total pore
volume of 0.88 ml g21. These values are within the expected
range for a typical MCM-41 solid. The fact that BP is not
removed in the extraction treatment that removes CTA+ and the
ordering evidenced by X-ray diffractogram indicates that BP is
strongly bound to the solid walls.

Of note in the observation in the UV–VIS spectrum of as-
synthesised BPªPMO, together with a sharp peak at 280 nm
due to the pyridinium rings, was the presence of a featureless,
broad band lmax = 400 nm. This weak, broad band is
characteristic of the formation of a charge transfer (CT)
complex between the bipyridinium units and accompanyging
halide as electron acceptor and donor components, respectively.
This type of CT complex between viologen and halides has been
reported in the literature7 and evidences the ability of this new
BPªPMO material to promote the formation of CTC com-
plexes.10

The novel opportunities of our BPªPMO can be exemplified
considering the efficiency of the generation of the BP·+ radical
cation. Thus 308 nm laser excitation of powdered BPªPMO in
a sealed cell gives rise to the formation of the corresponding
radical cation as assessed by diffuse reflectance UV–VIS
spectroscopy (Fig. 2). The intensity of the band grows gradually
upon irradiation until a maximum is reached. An estimation of
the maximum percentage of radical ion generation can be
obtained by comparing the intensity of the reflectance corre-
sponding to the residual neutral viologen precursor at 280 nm
with that of 600 nm characteristic of the radical ion, both
corrected by the relative extinction coefficient of the bands.
From this data it can be concluded that the transformation of the
neutral BP into BP·+ radical cation is in practice complete [(I280/
e280)/(I600/e600)] < 0.1. Concerning the nature of the electron
donor site, we can conclusively rule out I2 as the electron
donor, since none of the corresponding oxidised I2 and I2·2
species were observed in the optical spectrum.11 In this context,
the fact that a silicate framework can provide an electron to the
excited state of viologens is not without precedent.12 Im-
portantly, not only has such high efficiency of BP·+ generation
in aluminosilicates not been reported previously, but also the
BP·+ does not significantly decay even one month after
generation.

The other unprecedented observation, that can give an idea of
the potential of our BPªPMO material, derived from its ability
to stabilize BP·+, is thermal generation of the viologen radical
cation. As far as we are aware, the only related precedent
claiming the thermal generation of a viologen radical cation
included in a porous aluminosilicate was published by Yoon as
a note in his review on CT complexes in zeolites, which
appeared in 1993.7 No later confirmation of this interesting
observation has been ever reported. In our case, just the simple
outgassing of the BPªPMO at room temperature develops a
slight blue tint visually indicating the spontaneous generation of
some BP·+. Upon heating at increasing temperatures
(25–150 °C) under an Ar stream the intensity of the color
increases and the diffuse reflectance UV–VIS spectrum pro-
vides evidence for the formation of the radical ion together with
an enhancement of the CT complex. Upon cooling at room
temperature apparently the radical cation decays but an
enhanced concentration of CT complexes remains. This cycling
can be repeated without noticeable loss in the ability to generate
BP·+ radical cations.

In summary, our contribution derives from the seminal
reports on PMO2–5 that we have shown it can be applicable to
covalently insert viologen in MCM-41 walls. While we describe
the synthesis of the BPªPMO and some properties of the as-
synthesised material concerning its ability to stabilise radical
cations, it is obvious that a range of further possibilities will be
available after removal of the surfactant, emptying the channels
of BPªPMO. Preliminary experiments have shown that the
template can be extracted from the solid without removing
BP++, as expected according to its covalent bonding. The empty
voids of this BPªPMO material could then be used to assemble
different types of CT complexes having viologen imprinted in
the walls as the acceptor unit.

Financial support by the Spanish CICYT (H. G., M. A. T.
2000, 1768-002-01) is gratefully acknowledged. B. F.  thanks
the Spanish Ministry of Education for a scholarship.
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Fig. 2 Diffuse reflectance UV–VIS spectra of as-synthesized BPªPMO
(TEOS+BP 0.85+0.15) in a sealed cell before (a) and after 10 min (b) 308
nm laser irradiation. The sharp band at 290 nm is characteristic of BP while
the broad band in the region 500–800 nm is due to the corresponding radical
cation. Note that the increase of the latter upon irradiation is accompanied
by a decrease of the 290 nm band.
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Ge16O32(OH)2(C6H12N2H)+(C6H12N2)·1.125H2O results
from a simultaneous cation and anion templating effect
during the zeotype formation; the structure shows a linear
arrangement of the organic species along the channels as
well as the existence of Ge4O8 tetramers with confined OH2
anions in the middle of large germanium cages.

The possibility of designing new open frameworks increases
greatly for germanium zeotypes. The co-existence of different
coordination polyhedra around the Ge atom (tetrahedron,
octahedron and trigonal bipyramid) implies different charged
frameworks.1–8 The hydroxy group is involved in the formation
of some new germanium zeotypes but not much attention has
been paid to its role. In the previously reported ICMM37 the
OH2 group was confined inside a six germanium cage, and the
templating effect of this group was suggested.

The use of (DABCO)+(C6H13N2) and DABCO derivatives as
structure-directing agents (SDA) for zeolite synthesis has
resulted in many high-silica products. The occurrence of a
polymerization process has also been shown in solutions of
DABCO at temperatures ! ca. 170 °C in the presence of an
‘initiator’, for instance ammonium salts.9 In the synthesis of the
beta zeolite a similar process has been suggested.10 High-
germanium compounds, zeotypes such as ASU-9,2 or ICMM411

have been obtained by using DABCO as an SDA. In these
compounds DABCO molecules or dabconium cations are
isolated without any evidence of polymerization processes.
Following our studies on this subject, we focus our attention on
the effect of both OH2 and dabconium ions in zeolite formation,
as well as on the acid–base bifunctional character that these
templates confer to the zeotype.

ICMM5 was synthesized hydrothermally, and variations in
the procedure were explored especially to avoid the presence of
ASU-92 and ICMM411 the synthesis of which also involves
DABCO (Table 1). Finally, by tuning the amount of water as a
reactant and optimizing the reaction conditions ICMM5 was
obtained as the sole product of the reaction. The purity of the
resulting solid product was confirmed by PXRD.

TGA–DTA in N2 atmosphere (50 ml min21) shows that the
compound is stable up to 250 °C. A progressive weight loss of
12.5%, was then observed between 250 and 600 °C accom-
panied by an endothermic effect corresponding to the loss of
both DABCO molecules, the OH group and water molecules, to
give crystalline GeO2 at 600 °C. PXRD and IR spectra show
that the structure is maintained after heating to 400 °C for 1 h in

air and collapses into amorphous GeO2, after prolonged
heating.

Upon determining the crystal structure,† the composition was
found to be Ge16O32(OH)2(C6H12N2H)+(C6H12N2)·1.125H2O
[ICMM5]. In ICMM5 there are nine unique Ge sites, all
exhibiting tetrahedral coordination [Ge–O
1.715(9)–1.784(8) Å; O–Ge–O 99.2(4)–119.9(4)° Ge–O–Ge
123.4(4)–147.0(6)°]. Connections among tetrahedra give rise to
cages formed by 24 Ge atoms. The cages are made up of three
different kind of rings (eight 6R, eight 5R and three R4).
Linkages among cages along the a and b directions produce
cubane 4–4 units which are displaced relative to each other in
the c direction as required by the I41/amd spatial group
symmetry. The zeolite framework can be thought to consist of
a combination of 5–3 + 4–4 SBUs that gives rise to a 3-D system
of 12R intersecting tunnels (Fig. 1).

Inside each cage, one O atom is situated on a twofold axis,
and corresponds to a confined OH2 anion (H atom located by
difference Fourier synthesis. The O weakly interacts with the
four Ge atoms of the central 4R of the cage at distances of
2.32(1) and 2.52(1) Å (rGe + rO = 1.9 Å).

This framework, that has been also described10 for (Me3-
N)6[Ge32O64]·4.5H2O (FOS-5), is very similar to that of beta
zeolite, both showing tetragonal symmetry, with 5–3 and single
4R SBUs and a 3-D system of 12R channels. Nevertheless, there
are some important differences: (1) besides the 5–3 and 4R,
ICMM5 bears double 4–4 cubane units. (2) Due probably to the
templating effect of the OH2 anion,7 cages of 24 Ge atoms,
which do not exist in beta zeolite, are formed. (3) In ICMM5 the
12R channels are circular and equally sized in the three
directions, while in beta zeolite, they are smaller in the [001]
than in the [100] direction.

It is important to note the role of the OH2 anion on these new
germanium cages. During the zeotype formation, some GeO5

Table 1 Variation in gel composition and obtained products; Temp. =
150 °C and time = 5 days; EG = ethylene glycol

GeO2 DABCO H2O PrNH2 EG pH Products

1 2.8 112 — 14 8.5 ASU-92

1 2.8 112 — — 9.5 ASU-9 + ICMM4
1 2.8 112 1.3 — 11 ICMM411

1 2.8 2.9 25 — 12 ICMM5
1 2.8 0.14 25 — 12.6 GeO2

1 2.8 — 25 — — GeO2

Fig. 1 View of the structure of Ge16O32(OH)2(C6H12N2H)+(C6H12-
N2)·1.125H2O [ICMM5] along the [010] direction, where the Ge4O8

tetramers and confined OH2 anions in the middle of the cages as well as the
rows of DABCO molecules and dabconium cations, are in black. Thin lines
do not indicate an actual bond but the shorter OH2–Ge distances.
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pentacoordinate species are formed, in which the fifth coordina-
tion position is occupied by an OH2 anion. In some cases this
OH2 is only bonded to one Ge atom, usually giving laminar
structures as in ICMM4 where the OH2 clearly forms part of a
charged framework. Frequently hydroxy groups interact with
more than one Ge, creating around it clusters of GeO4 tetrahedra
that give rise to new cages. When the zeotype is built up these
OH2 anions remain confined inside the cages. Depending on
the distances between the oxygen atom and the surrounding Ge
atoms the tetrahedra become distorted to a greater or lesser
degree, distortion ranging from the nearly regular tetrahedra as
in the current ICMM5, to what can be considered trigonal
bypiramids when including the fifth Ge–O interaction.7,11 It
seems quite probable that the presence of these hydroxy groups
stabilizes the formation of new cages in gemanium zeotypes,
but the point is to know to what extent they are either mere
templates or anions belonging to the framework and thus, giving
charged structures. Anyway, their existence implies the pres-
ence of cations, in this case, protonated molecules of
DABCO.

Probably due to the difficulty of obtaining this compound
free of ASU-9, in FOS-5, no total characterization of the
material is reported. It could be that in that compound, the
oxygen atoms inside the cages belong to OH2 anions instead of
water molecules. ICMM5 was finally obtained as the sole
product of the reaction. The presence of both OH2 anions and
dabconium cations are clearly observed in the IR spectrum.
Besides the characteristic C–N, C–C and C–H bands, it exhibits
a very sharp peak at 3580 cm21 and a band at ~ 2700 assigned
to the stretching vibrations of the OH groups and to the
characteristic N–H vibrations of an amine in its protonated
form, respectively (Fig. 2); d(NH+) at ~ 1530 cm21 is also
observed.

We propose that in the reaction mixture for preparing
ICMM5 the DABCO molecule might behave as in the beta
zeolite synthesis.10

In fact in the single crystal structure solution of ICMM5 we
have found, apart from the thermal some positional disorder
around these molecule (Scheme 1). This model of disorder
assumes the coexistence of both dabconium cations and
polyethylene piperazine and does not allow a determination of
the number of polymerized monomers in the crystal.

Although propylamine is probably involved in the polymeri-
zation process, perhaps as the ‘initiator’, its role is not fully
clear. The arrangement of the DABCO molecules (Fig. 3) is in
accord with a certain degree of polymerization and indicates
clearly the directing effect of these molecules in the formation
of the 3-D system of straight large rings.

The acid–base bifunctional character of ICMM5 has been
tested in reactions catalyzed by basic sites (Michael addition)
and acid sites (isomerization of epoxides). ICMM5 catalyzes
the Michael addition of acrolein or methyl vinyl ketone and
nitroethane at 313 K, in toluene yielding, after 20 h reaction,
62–54% Michael adduct. The rearrangement of styrene oxide

over ICMM5, in acetone at 313 K was successful, giving 50%
of phenylacetaldehyde after 20 h. XRPD spectra of the material
after the catalytic tests, show in both cases that the structure
remains unchanged.

If abstraction of the nearest environment of the OH2 (black
part in Fig. 1), and of the deformation that it provokes in the
framework is made, the result is a more symmetric zeolite with
double the amount of equivalent 12R channels along the [100]
and [010] directions. The a and b cell parameters would be one
half of their value, as occurs in beta zeolite. In the actual
ICMM5, rows of dabconium cations run along one half of these
channels and the other half is occupied by the Ge4O8(OH)2
tetramers giving rise to the 24 Ge cages. The result can be
considered a 2 3 2 superstructure derived from the beta zeolite.

In view of this, we conclude that in the initial steps of the
zeotype constitution, the hydroxy group induces Ge4O8(OH)2
tetramer formation, which could take part in an anion
templating effect, similar to that of the organic cations
(dabconium cations in ICMM5) in the structural building
formation.

This work was supported by the Spanish CICYT MAT1999-
0892. M. E. M. thanks the MCYT for her grant.
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Fig. 2 Infrared spectrum of ICMM5.

Scheme 1

Fig. 3 View of the templates along [001] showing the disposition of the
DABCO molecules and dabconium cations along the channels. Black and
grey circles are the OH2 anions and water molecules respectively.
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Two pyrimidine (6-4) pyrimidone photoproduct derivatives,
highly valuable to probe the substituent influence during
polymerase replicative bypass, were prepared; one (1a) by
diastereoselective Raney nickel reductive desulfurization of
the s5(6-4) adduct of TpT (3) and the other (1b) by alkaline
treatment of 1a.

Pyrimidine (6-4) pyrimidone photoproducts are one of the
major mutagenic UV-induced DNA damage produced at
adjacent pyrimidine sites.1 These photoproducts are formed by
a [2 + 2] cycloaddition between the 5,6-double bond of the 5A-
pyrimidine and the carbonyl (thymine) or imine (cytosine) of
the 3A-pyrimidine yielding an unstable four membered hetero-
cycle (oxetane or azetidine) that spontaneously rearranges to
transfer the heteroatom onto the C5 position of the 5A-
pyrimidine base (Scheme 1). Among the four possible bipyr-
imidine sites, 5A-thymine-containing-sequences (TC and TT)
are the most reactive.2 Comparison of the mutagenic properties
of (6-4) adducts produced at these sites, when embedded in a
same sequence context, allowed some insights into structure–
mutagenicity relationships.3,4 It appeared that the 5A-pyrimidine
base retained its coding properties (95% A insertion) whereas
incorporation of G opposite the 3A-pyrimidone was favoured
(89% for the TT (6-4) adduct, and 71% for the TC (6-4)).
However, the 18% variation could not be attributed to any
substituent since photoproduct structures differed at more than
one position (X2 at C5 of the saturated thymine and R2 at C5 of
the pyrimidone) (Scheme 1). Thus, neither the influence of the
5A-pyrimidine C5 substituent, and a fortiori nor its ster-
eochemistry, on nucleotide insertion during trans-lesion synthe-
sis (TLS) could be established from these experiments.

Analogues of the (6-4) photoproducts, differently substituted
at the C5 position of the saturated thymine base portion, when

incorporated into oligonucleotides, would be highly valuable to
study in detail structure–mutagenicity relationships. In a first
approach, we considered that analogues of the (6-4) TpT adduct
bearing an hydrogen atom instead of the hydroxy group at the
dihydropyrimidine 5-position (1a or 1b) would be very useful to
study the impact of this latter group during TLS. We envisaged
that such analogues could be obtained by reductive desulfuriza-
tion of the known s5(6-4) adduct of TpT (3).5

Raney nickel is a reagent of choice to reduce sulfur
compounds.6 Thus, treatment of a methanolic solution of the
thietane 4,5 in equilibrium with its opened form 3, with Raney
nickel led rapidly to the formation of a major product (1a)
together with a minor compound (1b) (Scheme 2) in a ca. 9+1
ratio as judged by 1H NMR and HPLC analysis.7 1H NMR
signals of 1a were strictly superimposable to those of the
product that we previously obtained upon 254 nm irradiation of
the s5Dewar photoproduct 2.8 The tentatively assigned R
stereochemistry at C5 of 1a was herein confirmed from a set of
NMR data. The configuration of Tp C6 is retained since H6
gives an NOE with Tp H3A. It is known that dihydropyrimidines
adopt half chair conformations, N1–C2–N3–C4 atoms in the
plane and the C5 and the C6 atoms on each side of the plane
(Fig. 1).9 The 7 Hz coupling constant between H6 and H5, a
value typical of an ax/eq coupling, could accommodate only
with a C5 R configuration. NOEs between the two methyl
groups and between Tp H6 and pT CH3 showed the conforma-
tion of the 5A-thymine ring to be in an half chair with C5 atom
above and C6 atom below the N1-C4 mean plane (Fig. 1, B). It
is worth mentioning that this conformation is the same as the
one recently observed by X-ray crystallography of the (6-4)
adduct of TpT10 and obtained by molecular modelling.11 The
13C NMR spectrum of 1a, compared to the one of the natural
(6-4) photoproduct of TpT,12 ascertained the proposed structure
and its stereochemistry at C5. All the 13C NMR chemical shifts
matched those of the (6-4) TpT adduct except C5, C6 and the
methyl of the Tp part. In particular, carbon C5 (40 ppm)
experienced a shielding of 34 ppm in agreement with removal of
the a-effect produced by C5 hydroxy substitution in 5,6-dihy-
dropyrimidine derivatives.13 The methyl (d 10.5 ppm) was also
shielded compared to the corresponding one of the TpT (6-4)
adduct (d 26.4 ppm). This difference cannot be attributed solely
to the removal of a b-effect due to OH substitution which is
around 9 ppm (comparison between 5-hydroxy-5,6-dihydropyr-
imidine and 5,6-dihydropyrimidine) but is due to a gauche
relationship with the bulky pyrimidone C6 substituent, confirm-
ing a cis relationship between the Tp methyl and the
pyrimidone.13 Carbon C6 (d 53.3 ppm) experienced a 5.8 ppm
shielding when compared to the corresponding one in the (6-4)
adduct of TpT, a b-effect magnitude in agreement with that
observed between 5-hydroxy-5,6-dihydrothymidine and 5,6-di-
hydrothymidine.13 Interestingly, upon storage in D2O, the H-5
atom of 1a experienced an isotopic exchange that occurred with
retention of configuration.Scheme 1
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Compound 1b also belongs to the pyrimidone type as attested
by its UV chromophore (absorption at 322 nm). Its 1H NMR
spectrum displayed two methyl signals at 2.23 and 1.51 ppm,
one of which being a doublet, evidencing that this compound
was either a conformer or a diastereoisomer of 1a. Its saturated
H6 proton (5.02 ppm) appeared as a singlet indicating an eq/eq
relationship between H6 and H5, fitting the half chair B with
methyl in b position and ruling out 1a in the half chair A
conformation. Finally, deshielding of the 13C NMR methyl
signal (17.7 ppm) compared to the corresponding one of 1a
confirmed the trans substitution and hence that 1b is the C5
diastereoisomer of 1a.

The reductive desulfurization step proceeded not only in high
yield (73%) but also with an excellent diastereoselectivity.
Attempts to fully explain the observed diastereoselectivity are,
at this stage, premature since the stereochemical course of
desulfurization, in cyclic systems, using Raney nickel is not
fully understood14 and would require additional experiments
which are beyond the scope of this work. Moreover, our case is
particularly complex for the reduction occurs at a potentially
isomerizable center. However we propose, to interpret the
observed diastereoselectivity, that the major C5 R diastereoi-
somer 1a could result from a stereoselective hydrogen atom
transfer on the less hindered face of the C5 radical (Scheme
2).

Raney nickel desulfurization of 3 yielded 1a in good yield,
we then attempted to define conditions affording 1b on a
preparative scale. Since it is known that 5,6-dihydrothymine
derivatives isomerize at C5 under alkaline conditions,15 we
thought that 1a could be converted into 1b at high pH.
Treatment of the water solution of the 1a–1b 9+1 mixture with
K2CO3 (0.15 M) at rt indeed led to the full conversion of 1a into
1b. C5 epimerization of 1a is likely to proceed through an enol
intermediate (Scheme 2). Our results seem to indicate that at
neutral pH, this enol preferentially equilibrates with its kinetic
form 1a (protonation on the less hindered side of the
dihydropyrimidine) whereas at basic pH, the thermodynamic
species (1b) is highly favoured. This hypothesis could explain
the 10% formation of 1b since the desulfurization reaction was
achieved using crude Raney nickel reagent.

In conclusion, we have developed a straightforward method
to prepare either the C5 R or S h5(6-4) photoproduct of TpT sites
at the dinucleotide level. This result is extremely important
since 1b, when incorporated into oligonucleotides, could
directly probe the impact of the C5 hydroxy group of the (6-4)
dithymine lesion on its mutagenic properties. Oligonucleotides
containing 1a16 would be also very important to examine the
stereochemical effect of the methyl group on mutagenesis. We
are confident that these (6-4) analogues will find a number of
other applications in the biophysical and biological fields of
(6-4) photolesions.

We thank CONACYT (Mexico) for a doctoral fellowship to
S. K. A. M.

Notes and references
1 E. C. Friedberg, G. C. Walker and W. Siede, in DNA Repair and

Mutagenesis, ASM Press, Washington, D. C., 1995, p. 24.
2 T. Douki and J. Cadet, Biochemistry, 2001, 40, 2495.
3 J. E. LeClerc, A. Borden and C. W. Lawrence, Proc. Natl. Acad. Sci.

USA, 1991, 88, 9685.
4 M. J. Horsfall and C. W. Lawrence, J. Biol. Chem., 1994, 235, 465.
5 P. Clivio, J.-L. Fourrey, J. Gasche and A. Favre, J. Am. Chem. Soc.,

1991, 113, 5481.
6 G. R. Pettit and E. E. van Tamelen, in Organic Reactions, ed. A. C.

Cope, J. Wiley & Sons, Inc., New York, 1962, Vol. 12, p. 356; H.
Hauptmann and W. F. Walter, Chem. Rev., 1962, 62, 347.

7 HPLC conditions: 4 3 250 mm, 5m, Kromasile C18 column, 0 to 10%
acetonitrile in 0.05 M ammonium acetate in 15 min, rt of 1a: 17.1 min;
rt of 1b: 16.6 min.

8 P. Clivio and J.-L. Fourrey, Chem. Commun., 1996, 2203.
9 J. Cadet, L. Voituriez, F. E. Hruska, L.-S. Kan, F. A. A. M. De Leeuw

and C. Altona, Can. J. Chem., 1985, 63, 2861 and references cited.
10 H. Yokoyama, R. Mizutani, Y. Satow, Y. Komatsu, E. Ohtsuka and O.

Nikaido, J. Mol. Biol., 2000, 299, 711.
11 J.-S. Taylor, D. S. Garrett and M. J. Wang, Biopolymers, 1988, 27,

1571.
12 R. E. Rycyna and J. L. Alderfer, Nucleic Acids Res., 1985, 13, 5949.
13 M. Berger, J. Cadet and J. Ulrich, Can. J. Chem., 1985, 62, 6.
14 W. A. Bonner and R. A. Grimm, in The Chemistry of Organic Sulfur

Compounds, ed. N. Kharasch and C. Y. Meyers, Pergamon Press, New
York, 1966, Vol. 2, p. 35.

15 V. Skaric and J. Matulic-Adamic, Helv. Chim. Acta, 1983, 66, 687.
16 For the incorporation of 1a into oligonucleotides the synthesis should be

accomplished using non-alkaline protocols.

Scheme 2

Fig. 1

Chem. Commun., 2001, 2250–2251 2551



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Mesoporous VOx–SbOx/SBA-15 synthesized by a two-stage grafting
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Bi-metallic VOx–SbOx/SBA-15, which may be used as a site-
isolated model catalyst, is successfully prepared by a two-
stage grafting method using a vanadium matallocene and
SbCl5 as precursors.

SBA-151,2 is a purely siliceous mesoporous molecular sieve
with high thermal and hydrothermal stabilities and is a potential
support in catalysis. Grafting methods are widely used to
prepare catalysts on supporting materials. The catalysts pre-
pared in this way are often highly active and selective. In
mesoporous molecular sieves the active metal species are
dispersed evenly on the inner walls of the pores and appear to be
less likely to form large clusters at reaction temperatures as they
are usually bonded with the surface silanols. Although single
metals are relatively easy to graft on the support, there are only
a few reports on grafting bimetallic clusters as they are difficult
to prepare.3–6 V–Sb mixed oxide catalysts have been ex-
tensively studied for their activities of propane ammoxidation to
acrylonitrile. However, the surface areas of these materials are
still no more than 21 m2 g21.7 Mixed-oxide catalysts have been
rationalized in terms of the site isolation theory, i.e. the isolation
of active V moieties in the structure is a key factor for obtaining
a catalyst with high selectivity.8 Here we present a two-stage
grafting method to prepare V–Sb bimetallic oxide on the
support of mesoporous SBA-15 with isolated V and Sb active
centers. Our aim is to obtain a new type of catalyst to further
study its catalytical activities and reaction mechanisms in
comparison with conventional mixed-oxide catalysts.

The synthesis of SBA-15 was carried out using the literature
method.1–2 Prior to grafting, SBA-15 was calcined to remove
the surfactant, resulting in ca. 15% Si atoms remaining as
silanols as detected by 29Si MAS NMR spectroscopy. The
amount of the two precursors, bis(cyclopentadienyl)vanadium
dichloride and SbCl5 was calculated according to the molar ratio
of SiOH+V+Sb = 5+1+1, i.e. utilizing all silanols (Scheme 1).
The grafting process was conducted in a similar method as used
by Maschmeyer et. al.9 and Kang et al.10 for grafting Ti and V,
respectively, on other mesoporous silicates. SBA-15 was
dehydrated at 423 K for 2 h under vacuum and then added to
chloroform containing 10 wt% bis(cyclopentadienyl)vanadium
dichloride under dry nitrogen. The sample was kept in

chloroform solution for 2 h under stirring to enable the V
species to diffuse into the SBA-15 pores. Triethylamine was
then added to activate the grafting reaction. After 3 h, a 10 wt%
SbCl5 chloroform solution was added to the now brown mixture
and allowed to react for 3 h. The grafted sample was washed
with chloroform and filtered off, and then washed with water to
hydrolyse and to remove HCl. The sample was finally dried and
calcined in air at 773 K for 3 h, to form VOx–SbOx/SBA-15
(Scheme 1). SbOx/SBA-15 and VOx/SBA-15 were prepared in
a similar manner.

XRD patterns of all grafted SBA-15 samples (Fig. 1) show
well-resolved patterns with a prominent peak at ca. 1.0° and two
weak peaks at ca. 1.6 and 1.7°, confirming that the SBA-15
structure was maintained.

The N2 adsorption isotherms of all materials (Fig. 2) give
typical type IV adsorption isotherms with a H1 hysteresible

Scheme 1

Fig. 1 X-Ray powder diffraction patterns for SBA-15, SbOx/SBA-15, VOx/
SBA-15 and VOx–SbOx/SBA-15.

Fig. 2 N2 adsorption isotherms for SBA-15, SbOx/SBA-15, VOx/SBA-15
and VOx–SbOx/SBA-15.
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loop. The BET surface area of SBA-15 was 706 m2 g21, and
decreased to 512, 548 and 520 m2 g21 for the samples SbOx/
SBA-15, VOx/SBA-15 and VOx–SbOx/SBA-15, respectively
(Table 1). This decreasing trend is also shown by the mesopore
surface areas (ABJH). Such a trend can be explained by two
factors: the addition of the metals increases the density of the
samples and decreases the pore size, as shown by the decreasing
trend of VBJH and DBJH. The BJH pore size distribution is
narrow, indicating that the pore structure remains regular and
unchanged after the grafting process. The elemental content of
each sample was determined by ICP (Table 1). The values of Si/
metal indicate that in all three grafted samples not all of the
precursor molecules reacted with the available silanols.

Fig. 3 shows the UV Raman spectra of the four samples. The
bands at ca. 490 cm21 are assigned to three Si siloxane rings.11

For both VOx–SbOx/SBA-15 and VOx/SBA-15 the bands at ca.
1035 cm21 arise from the (support–Si–O–)3VNO species11

illustrated in the final product (Scheme 1). Bands at 930 cm21

assignable to dinuclear vanadium complexes12 were not
observed, since the cyclopentadienyl ring prevents vanadium
from bonding with other metal centers. The XPS binding
energies of Sb 3d3/2 for SbOx/SBA-15 and VOx–SbOx/SBA-15
are 540.0 and 540.5 eV, respectively. The former is the same as
that reported previously by Benvenutti et al.,13 for the Sb
structure is shown in the final product (Scheme 1). The latter is
slightly higher which may be caused by the weak interaction
between the V and Sb species.

VOx–SbOx/SBA-15 was also studied by elemental mapping.
Fig. 4 shows that the grafted metals are evenly spread in the
support. In the preparation of VOx–SbOx/SBA-15 the amount of
two precursors was calculated to react with all silanols.
However, the ICP analysis shows that V and Sb had not reacted
completely. Therefore, all these results indicate that the metal
species do not associate together during the calcination process
at 773 K and confirm our expectation of isolated metal centers
in the grafted samples (Scheme 1).

In conclusion, bimetallic VOx–SbOx/SBA-15 has been
successfully prepared by a two-stage grafting method using the
vanadium matallocene and SbCl5 as precursors. SbOx/SBA-15
and VOx/SBA-15 were also synthesised and characterized for
comparison. The structure of SBA-15 is retained after the
grafting and calcination processes. The material may be used as
a site-isolated model catalyst, e.g. for the ammoxidation of
propane.

We acknowledge the Li Ka Shing Foundation for the Cheung
Kong Scholars Programme, National Natural Sciences Founda-
tion Committee of China for the National Science Fund for
Distinguished Young Scholars (grant No. 20005310) and
financial support from the Ministry of Education of China.
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Table 1 Pore structural parameters of SBA-15, SbOx/SBA-15, VOx/SBA-
15 and VOx–SbOx/SBA-15 calculated from the desorption branch of the
nitrogen adsorption isotherms and the molar compositions by ICP

Sample
ABET/
m2 g21

ABJH/
m2 g21

VBJH/
cm3 g21

DBJH/
Å Si/metal

SBA-15 706 716 1.10 61.3
SbOx/SBA-15 512 578 0.81 56.0 15.3
VOx/SBA-15 548 600 0.89 59.4 21.9
VOx–SbOx/SBA-15 520 584 0.81 55.6 53.6(V) 44.1(Sb)

Fig. 3 UV Raman spectra for SBA-15, SbOx/SBA-15, VOx/SBA-15, and
VOx–SbOx/SBA-15.

Fig. 4 Elemental mapping images of VOx–SbOx/SBA-15; left: Sb, right
V.
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Metallo-phosphorylation of olefins: reaction of diethyl
chlorophosphate with zirconocene–ethylene complex†
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Zirconocene–ethylene complex Cp2Zr (CH2 = CH2) reacted
with chlorophosphate to form zircono-ethylphosphonate,
which could be converted into various functionalized
ethylphosphonates.

Introduction of a heteroatom to multiple carbon–carbon bonds
is attractive from the synthetic viewpoint.1 In this regard, a
particularly attractive and interesting subject is the simultane-
ous introduction of a metal and another heteroatom to multiple
carbon–carbon bonds, since it is a more versatile and elegant
synthetic elaboration. While the related carbometallation of
multiple carbon–carbon bonds has been extensively studied,2
only a few reactions for the preparation of such a complex,
which contains a metal and a heteroatom to a carbon–carbon
bond, have been studied. In this paper, we would like to report
a novel reaction of zirconocene–ethylene complex
Cp2Zr(CH2 = CH2) with chlorophosphate to form zircono-
ethylphosphonate (1) (Scheme 1), which can be converted into
various functionalized ethylphosphonates.

A typical experiment was carried out as follows. To a solution
of zirconocene–ethylene complex Cp2Zr(CH2 = CH2),3 gen-
erated by the reaction of Cp2ZrCl2 with 2 equiv. of EtMgBr in
THF, was added one equiv. of diethyl chlorophosphate. The
reaction mixture was kept at room temperature for 24 hours, and
then it was quenched with 2M HCl. Purification of crude
product was carried out by column chromatography on silica gel
(ethyl acetate–petroleum ether = 2+1). Ethylphosphonate (2a)
was obtained in 87% yield.

The product ethylphosphonate did not come from the reaction
of EtMgBr with chlorophosphate: hydrolysis was replaced by
iodination of the reaction mixture and 2-iodoethylphosphonate
(2b) was obtained in 85% yield, which suggested that the
intermediate of the reaction of zirconocene–ethylene complex
with chlorophosphate contains a Zr–C bond before hydroly-
sis.

Zircono-ethylphosphonate could be converted into function-
alized ethylphosphonate by coupling with various electrophiles
such as I2, NBS, acyl chloride and allyl bromide. The various
reactions are summarized in Table 1. The reaction of zircono-
ethylphosphonate with I2 or NBS gave 2-iodoethylphosphonate
or 2-bromoethylphosphonate (2c) in 85% and 73% yields,
respectively. Moreover, treatment of zircono-ethylphosphonate
with allyl bromide obtained (2d) in 77% yield, in which the new
carbon–carbon bond was formed. It is noteworthy that without
CuCl the reaction of zircono-ethylphosphonate with acyl

chloride did not proceed. The zircono-ethylphosphonate re-
quires initial reaction with CuCl to give the alkylcopper
reagent,4 which then undergoes smooth reaction with acyl
chloride to give (2e). This is due to the different reactivity of the
carbon attached to zirconium in the zircono-ethylphospho-
nate.

The reaction of zirconocene–ethylene complex Cp2Zr
(CH2 = CH2) with various unsaturated compounds such as
alkynes,5 alkenes,3 ketone, and nitriles,6 in which the reactions
afforded five-membered zirconacycles was investigated. To
elucidate the intermediate of this reaction, the reaction of
Cp2Zr(CH2 = CH2) with chlorophosphate was followed by 31P
NMR spectroscopy. Immediately following the addition of
chlorophosphate at 278 °C, the reaction mixture was analysed
by 31P NMR. The 31P NMR spectrum showed only one peak at
3.2 ppm, which was confirmed to be due to the phosphorus of
the chlorophosphate. Then, the reaction mixture was stirred for
10 minutes from 278 °C to room temperature. Three peaks
appeared in the 31P NMR spectrum. One appeared at 3.2 ppm
and another at 23.8 ppm. The latter signal is consistent with
phosphorus of coordination number five.7 The third signal was
at 33.7 ppm and was assigned to the phosphorus of zircono-
ethylphosphonate (1). Following continuous stirring of the
reaction mixture for 30 minutes at room temperature, the peak
at 3.2 ppm completely disappeared and the peak at 33.7 ppm
increased. Finally, the peak at 23.8 ppm disappeared after the
reaction mixture was stirred for 24 hours at room tem-
perature.

Based on the above results, a proposed reaction mechanism is
shown in Scheme 2. The reaction of Cp2ZrCl2 with 2 equiv. of
EtMgBr gives Cp2ZrEt2, which smoothly decomposes at 0 °C to
give resonance hybrids Cp2Zr-ethylene and zirconacyclopro-
pane (3).3 The Zr–C bond of zirconacyclopropane (3) reacts
with chlorophosphate to form five-membered zirconacycle (4).
Then, elimination of chloride from zirconacycle (4) takes place
to form zircono-ethylphosphonate.

† Electronic supplementary data available: experimental procedure and
NMR data. See http://www.rsc.org/suppdata/cc/b1/b107755d/

Scheme 1

Table 1 Reaction of a mixture of Cp2ZrEt2 and chlorophosphate with
electrophiles

Entry Electrophile T/°C Time/h Product Yield (%)a

1 HCl rt 1 87 (63)

2 I2 rt 3 85 (60)

3 NBS rt 3 73 (49)

4 rt 6 77 (56)

5b MeCOCl 50 6 64 (45)

a GC yields. Isolated yields are given in parentheses;b CuCl (1 equiv.) was
added.

This journal is © The Royal Society of Chemistry 2001

2554 Chem. Commun., 2001, 2554–2555 DOI: 10.1039/b107755d



To further explore this reaction, other olefins were used.
During the course of our study, we found that styrene also
reacted with chlorophosphate in the presence of zirconocene
species. When Cp2ZrBu2 (Negishi reagent) was treated with 2
equiv. of styrene and chlorophosphate successively, 2-phenyl-
ethylphosphonate was observed in 43% yield. In this case, the
reaction proceeded via the b, bA carbon–carbon bond cleavage
of the zirconacyclopentane.8

Further investigations are still in progress in this area.
We are grateful to the National Natural Sciences Foundation

of China (20172032) and Tsinghua University for financial
support.
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We demonstrate for the first time that the charge neutral
anthracene based fluorescent sensors 1a–c, having an
aromatic or aliphatic thiourea moiety as an anion receptor,
show ideal PET sensor behaviour where the anthracene
fluorescence emission is selectively quenched upon titration
with AcO2, H2PO4

2 and F2 but not by Cl2 and Br2 in
DMSO.

There is great interest in the design and synthesis of luminescent
based chemosensors for on-line and real time detection of
physiologically important ions and molecules,1 and for environ-
mental monitoring of harmful pollutants.2 While numerous
fluorescent and metal based delayed luminescent sensors for
cations and organic molecules have emerged from the fields of
supramolecular and coordination chemistry,3 sensors for se-
lective detection of anions are still relatively rare, despite the
fact that several elegant examples of anion receptors have been
reported over the years.4 These, however, often involve the
synthesis of complex and challenging organic hosts from
scaffolds such as cholic acid,5 calixarenes and peptides.6
Luminescent anion sensing has recently been achieved4 through
the use of anion receptors composed, for example, from metal
based Lewis acid centres,7 calix[4]pyrroles,8 thiouronium9 and
protonated quinoxaline,10 amine11 or polyamine moieties,12 but
the use of simple and easily synthesised electroneutral anion
receptors for such sensing has been less investigated.13

Intrigued by this fact, we set out to develop the charge neutral
chemosensors 1a–c, employing the criteria of PET sensing
using the fluorophore–spacer–receptor model developed by de
Silva for the detection of cations.14 A few research groups have
attempted to develop PET anion sensors.11–13,15 But, to the best
of our knowledge no such systems, employing neutral anion
receptors, have yet been reported that show ideal PET
behaviour, i.e. (i) only the quantum yield (intensity) and lifetime
of the fluorescence emission should be modulated upon ion
recognition due to (ii) changes in the free energy of electron
transfer (DGPET) between the excited state of the fluorophore
and the receptor upon ion recognition, and (iii) no changes
should be observed in the absorption spectra of the fluor-
ophore.14

The three PET chemosensors 1a–c, were easily made in good
yield from readily available starting materials, Scheme 1. The
9-aminomethyl anthracene 2, synthesised by reducing 9-cya-
noanthracene using B2H6 in THF, was reacted in dry CH2Cl2 at
room temperature, under an inert atmosphere with an equimolar
amount of 4-(trifluoromethyl)phenyl-, phenyl- and methyl
isothiocyanate respectively, 3a–c, yielding 1a–c as off-white
solids that were purified by crystallisation from CH2Cl2. For
comparable UV-Vis binding studies, the thiourea receptor 4 was
prepared in an analogous way from ethylamine. All products
were analysed by conventional methods.† The three different
isothiocyanates 3a–c, were chosen with the aim of being able to

modulate or tune the acidity of the thiourea receptor moiety,
which would lead to different receptor–analyte complex
stability and hence different binding constants. Of the three
chemosensors, 1a was expected to show the strongest binding
due to this effect, and 1c the least. We initially investigated the
binding of 1a using (C4H9)4N(O2CCH3), since AcO2 is known
to form strong directional hydrogen bonding with thiourea, as
well as having a functional group of great biological rele-
vance.16 The 1H NMR of 1a in DMSO-d6, showed two sharp
signals at 9.62 ppm and 8.36 ppm for the thiourea hydrogens.
These were substantially shifted downfield upon addition of
0.1 ? 2 equivalents of (C4H9)4N(O2CCH3) (Dd = 1.92 and
1.66 ppm respectively after 1 eq.) signifying the formation of a
1+1 binding through hydrogen bonding with a log b = 3.2.†

The fluorescence emission spectra of 1a when titrated with
AcO2 in DMSO displayed typical PET behaviour. In the
absence of AcO2 the fluorescence emission spectra consisted of
three sharp bands at 443, 419 and 397 nm, with a shoulder at 473
nm, when excited at 370 nm with FF = 0.1037.‡ Upon addition
of the AcO2 (0 ? 32 mM), the intensity of these bands
gradually decreased with no other spectral changes being
observed (i.e. no spectral shifts or formation of new emission
bands), Fig. 1a. Using PET nomenclature, the emission can be
said to being ca. 70% (at 443 nm) ‘switched off’, with FF =
0.0070. Concurrently, the absorption spectra of 1a, consisting of
bands at 390, 370, 352 and 336 nm, was hardly affected by the
addition of AcO2.† This confirms the insulating role of the
methylene spacer, which minimises any ground state inter-
actions between the fluorophore and the anion receptor. Similar
emission and absorption effects were observed for 1b and 1c.
When the fluorescence titrations of 1a–c were carried out in
CH3CN, CH3CO2Et or THF, the emission was also quenched
upon addition of AcO2 but the degree of quenching was
somewhat smaller. In EtOH, which is a highly competitive
hydrogen bonding solvent, no binding was observed between 1a
and AcO2. Furthermore, no exciplex emission was observed in
any of these solvents; in contrast, Teramae et al. have recently
shown that a pyrene analogue of 1c, is a ratiometric anion

† Electronic supplementary data (ESI) available: 1H, 13C NMR for 1a–c and
UV-Vis and NMR titration results for 1a are available as electronic
supplementary information (ESI). See http://www.rsc.org/suppdata/cc/b1/
b107608f/ Scheme 1 The synthesis of 1a–c. 4 was made in a similar way.
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indicator based on the control of intramolecular exciplex
emission.13

To investigate the selectivity and the sensitivity of the sensor
towards biologically important anions, we carried out a series of
titrations using N(C4H9)4

+ salts of F2, Cl2, Br2 and H2PO4
2 in

DMSO. In the case of H2PO4
2 and F2 the fluorescence

emission was quenched by ca. 50 (FF = 0.0156) and 90% FF =
0.0011) respectively (at 443 nm), but only minor quenching
( < 7%) was observed when titrated with Cl2 (FF = 0.108) or
Br2 (FF = 0.088), ruling out a quenching by heavy atom effect.
We propose that the quenching is likely to be due to the
modulations of DGPET upon anion sensing. This can be
regarded as an enhancement in the rate of electron transfer from
the HOMO of the thiourea–anion complex to the anthracene
excited state, upon anion recognition i.e, the reduction potential
of the thiourea is increased causing PET to become com-
petitively more viable, which causes the fluorescence emission
to be quenched or ‘switched off’.§ Plotting the fluorescence
intensity changes (at 443 nm) as a function of log [anion] further
supports this view. Fig. 1b, shows several features commonly
seen for PET cation sensors e.g. the profiles for AcO2, H2PO4

2

and F2 are all sigmoidal, the quenching occurs over two log
concentration units, which is consistent with 1+1 binding and
simple equilibrium. From these changes the binding constant
log b for 1a was measured to be 3.35 (±0.05) for F2, 2.55
(±0.05) for AcO2 and 2.05 (±0.05) for H2PO4

2.‡ Similar
binding constants were found for 4a by measuring the changes
in its absorption spectra at 286 nm. Importantly, 1a shows good
anion selectivity with AcO2 being recognised over H2PO4

2,
but both represent families of biological important anions. The
fact that 1a shows higher affinity and more efficient quenching
for F2 than AcO2 is not surprising, since its high charge density
and small size enables it to form strong hydrogen bonding with

the thiourea receptor. Measurements using 1b and 1c and the
same anions showed similar results. For 1b, the same selectivity
trend was observed as for 1a, with smaller binding constants due
to the reduced acidity of the thiourea protons. For 1c the order
of selectivity and the sensitivity was somewhat different with
H2PO4

2 (log b = 2.05 (±0.05)) being selectively detected over
AcO2 (log b = 1.75 (±0.05)). These results show that the anion
sensor’s affinity can be controlled by simple design.16

In conclusion, the simple fluorescent PET anion chem-
osensors 1a–c show ideal PET sensing behaviour upon ion
recognition, e.g. only the fluorescence emission is ‘switched off‘
in the presence of AcO2, H2PO4

2 and F2. 1a–c are a very
important contribution to the fast growing field of supramo-
lecular anion recognition and sensing.

We thank Enterprise Ireland, Kinerton Ltd, and TCD for
financial support, Dr Hazel M. Moncrieff for helpful discussion
and Dr John E. O’Brien for NMR.
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Fig. 1 (a) The changes in the fluorescence spectra of 1a in DMSO upon
addition of acetate. From top: [AcO2] = 0, 92 µM, 550 µM, 1.8 mM, 8.9
mM, 26 mM, 32 mM. (b) Titration profile for 1a showing the changes in the
fluorescence emission as a function of added anion: . = F2, 5 = AcO2,
3 = H2PO4

2, 8 = Cl2, $ = Br2, when measured at 443 nm. All
titrations were repeated two to three times to ensure reproducibility.
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1,4-dicarbonyls†

Michael C. Willis* and Selma Sapmaz

Department of Chemistry, University of Bath, Bath, UK BA2 7AY. E-mail: m.c.willis@bath.ac.uk;
Fax: (+44) (0)1225 826231; Tel: (+44) (0)1225 826568

Received (in Cambridge, UK) 31st August 2001, Accepted 15th October 2001
First published as an Advance Article on the web 22nd November 2001

1,4-Dicarbonyl compounds can be prepared using a Rh(I)
mediated hydroacylation reaction between
(2-aminopicolyl)imines and acrylate esters followed by acid
hydrolysis.

The transition metal catalysed hydroacylation reaction in which
an aldehyde and an alkene are combined to generate a ketone is
a relatively unexplored process. The main limitation of this
reaction is the instability of the proposed acyl-metal inter-
mediates and the resulting competitive decarbonylation path-
way.1 Intramolecular variants of the process utilising pent-4-en-
1-als as substrates, leading to cyclopentanones as products, have
been extensively studied,2 however reports leading to larger
ring sizes3 or intermolecular examples are scarce.4 Recently the
Jun group have reported the use of a reaction system employing
Wilkinson’s complex and 2-aminopicoline as catalysts that
allows intermolecular hydroacylation to proceed.5 The success
of the Jun system is attributed to the intermediacy of a
picolylimine capable of forming a chelate stabilised acylrho-
dium species.6 The majority of hydroacylation reactions
reported to date utilise unfunctionalised alkenes as substrates
thus generating simple ketones as products. We speculated that
the use of alkenes substituted directly with either an ester or
ketone group would provide direct access to the synthetically
challenging 1,4-dicarbonyl array (Scheme 1). These 1,4-di-
functionalised motifs are synthetically useful intermediates for
the preparation of substituted furans,7 butyrolactones8 and
succinate derivatives.9 Such 1,4-dicarbonyl systems are not
straightforward to prepare and the approach presented here can
be considered as the equivalent of an acyl-anion addition to an
enoate.10 The related hydroformylation reaction has been
reported although in these cases, by definition, only a single
carbon unit corresponding to the CO molecule is introduced.11

Using variously substituted and functionalised aldehydes in the
corresponding hydroacylation reaction would allow the addi-
tion of functionalised carbon chains.12 In this communication
we report our progress towards this goal.

To assess the feasibility of the process we elected to study the
reactions of imine 1 as an aldehyde equivalent and thus limit
decarbonylation. The reaction of 1 with methyl acrylate under a
variety of reaction conditions is summarised in Table 1.
Reactions were conducted in a sealed tube using Wilkinson’s
complex as the catalyst. Upon completion the reaction mixtures
were treated directly with 1.0 M HCl to liberate the required
1,4-dicarbonyl adducts. Optimal conditions involved heating a
THF solution of the substrates at 135 °C for 6 hours with 10
mol% catalyst (entry 1). Under these conditions the desired

product was isolated in 73% yield as a single regioisomer.
Lowering the catalyst loading or reaction temperature or
decreasing the reaction time resulted in less efficient processes
(entries 2–4). The reaction also proceeds if toluene is employed
as solvent although a more complex reaction mixture is
produced resulting in lower yields (entry 5). Chlorobenzene was
also evaluated but resulted in only low conversion to product.
The use of 1,4-dioxane allowed a reasonable yield of the desired
product to be isolated however solubilty problems were
encountered that were not observed with THF.

In order to probe the generality of the process a range of
substituted enoates were evaluated in the reaction with imine 1
(Table 2). Variation in the ester group is tolerated well, with Me
and tBu esters both delivering the expected adducts in good
yields (entries 1 and 2).13 Entry 3 demonstrates the tolerance
towards amides with N,N-dimethylacrylamide generating the
corresponding product in 74% yield. The introduction of
substituents to the b-position of the alkene significantly reduces
the reaction efficiency with methyl crotonate and cinnamate
delivering the desired adducts in 24% and 10% yield re-
spectively (entries 4 and 5). Substitution at the a-position has a
similar effect on the reaction efficiency with methyl methacry-
late yielding 16% of the requisite product (entry 6). A b-
substituent could be successfully introduced if it was suffi-
ciently activating, thus the use of N-methyl maleimide as the
alkene component generated the desired hydroacylation product
in 81% yield (entry 7).

The generality with respect to the imine component was next
explored; we were particularly interested in assessing the
influence of electron withdrawing and donating substituents on
the aryl ring. A selection of 2-amino-3-methylpyridylimines
bearing a range of substituents were readily prepared and
evaluated in the reaction with methyl acrylate (Table 3).
Electron withdrawing groups such as -NO2 and -CN had a
beneficial effect on the rate of the reaction with good yields of
the desired products being obtained in only 20 and 80 min
respectively (entries 2 and 3). Electron donating substituents

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b107852f/

Scheme 1

Table 1 Reaction of imine 1 with methyl acrylatea

Entry Temp./°C Solvent Time/h Yield (%)

1 135 THF 6 73
2b 135 THF 6 47
3 70 THF 7 48
4 135 THF 4 59
5 135 PhMe 6 56
a Conditions: imine 1 (1.0 eq.), methyl acrylate (2.0 eq), sealed tube,
RhCl(PPh3)3 (10 mol%) followed by HCl (1.0 M). b RhCl(PPh3)3 (5
mol%).
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had a smaller influence on the rate of reaction; a -OMe
substituent had minimal effect compared to the parent phenyl
system with an 83% yield being achieved after 6 h (entry 4).
para-Methyl and -bromo groups are also well tolerated
delivering the corresponding 1,4-dicarbonyls in 98% and 85%
yield respectively (entries 5 and 6). Exchange of a phenyl for the
more electron rich naphthyl derived imine again showed little
difference with the naphthyl derived adduct being obtained in
86% yield after 6 h reaction (entry 7).

The reason for the rate accelerations observed with the nitro-
and cyano-substituted imines is unclear although destabilisation
of the chelated intermediate is a possibility. Given these rate
accelerations we were interested to see if these more reactive
imines would allow a- and b-substituted acrylate esters to be
employed as substrates. Unfortunately, although a rate accelera-
tion was observed little difference in yield was obtained, with
the nitro-substituted imine delivering products from reaction
with methyl crotonate and methyl methacrylate in only 22% and
14% yield respectively.

The use of diimine 2, prepared in good yield from benzene-
1,4-dicarboxaldehyde, offers a potential starting point for two
directional synthesis14 and allowed a double hydroacylation to

be attempted. Pleasingly, the required tetracarbonyl product 3
was isolated in 76% yield after 6 hours reaction.15

In conclusion, we have demonstrated the general viability of
the intermolecular hydroacylation of acrylate esters as a new
regioselective route to 1,4-dicarbonyl systems. The imine
component of the reaction can tolerate a range of substituents
including electron donating and electron withdrawing groups.
The enoate component can contain a variety of ester groups as
well as amide functionalities with little effect on yield, however,
introduction of simple a- or -substituents reduces the efficiency
of the reactions. Efforts to expand the substrate tolerance, to
identify more efficient catalyst systems and to develop a process
that can utilise aldehydes directly are underway in our
laboratory and will be reported in due course.

The EPSRC are thanked for financial support of this project.
We also thank the EPSRC Mass Spectrometry service at the
University of Wales, Swansea, for analyses and Johnson
Matthey PLC for the loan of rhodium salts.
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2 (282 mg, 1.79 mmol) in THF (1 mL) was added to a solution of
RhCl(PPh3)3 (167 mg, 10 mol %) in THF (1 mL) at room temperature
and stirred for 1 h. Methyl acrylate (480 mL, 5.37 mmol) in THF (2 mL)
was added and the reaction vessel flushed with argon. The reaction tube
was sealed and then heated at 135 °C for 6 h. The reaction was cooled
to room temperature, diluted with EtOAc (20 mL), poured into aqueous
HCl (1 M, 20 mL) and extracted with EtOAc (3 3 20 mL). The organic
portions were washed with brine (20 mL), dried (MgSO4) and
evaporated in vacuo. The residue was purified by flash chromatography
(SiO2, 25% EtOAc–petrol) to give 3 (212 mg, 76%) as pale yellow
plates.

Table 2 Reaction between 1 and various alkenes using RhCl(PPh3)3
a

Entry Alkene Product Time/h
Yield
(%)

1 X = OMe R1 = R2 = H 6 73
2 X = OtBu R1 = R2 = H 6 71
3 X = NMe2 R1 = R2 = H 6 74

4
R1 = Me, R2 = H
X = OMe 18 24

5
R1 = Ph, R2 = H
X = OMe 12 10

6
R1 = H, R2 = Me
X = OMe 12 16

7b 6 81

a Conditions: imine 1 (1.0 eq.), alkene (2.0 eq), THF, 135 °C, sealed tube,
RhCl(PPh3)3 (10 mol%) followed by HCl (1.0 M). b Product isolated as
enamine. pic = 3-picolin-2-yl.

Table 3 Variation in imine substituenta

Entry R Time/h Yield (%)

1 X = H 6 h 73
2 X = NO2 20 min 80
3 X = CN 80 min 80
4 X = OMe 6 h 83
5 X = Me 6 h 98
6 X = Br 6 h 85
7 6 h 86

a Conditions: imine (1.0 eq.), methyl acrylate (2.0 eq), THF, 135 °C, sealed
tube, RhCl(PPh3)3 (10 mol%) followed by HCl (1.0 M).
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Facile enantioselective synthesis of a key homoallylic alcohol building
block for polyketide synthesis: TiF4–BINOL catalyzed allylsilylation
with allyl trimethylsilane
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The titanium fluoride–BINOL catalyzed asymmetric allylsi-
lylation of a,a-disubstituted aldehydes provides facile access
to highly functionalized, chiral building blocks, which
following simple recrystallization affords a key versatile
starting material for polyketide synthesis in 96% ee.

Polyketides constitute a large class of naturally occurring
structures with diverse, biological activities of importance to
human medicine. As a consequence of the common biosynthetic
pathways through which these structures are assembled there
are often a number of recurring structural patterns in the form of
1,3-dicarbonyls, 1,3-hydroxy carbonyls, and 1,3-diols derived
from acetate, propionate, or isobutyrate. Access to fragments
that function as building blocks for the synthesis of these
structures has resulted in many useful asymmetric synthetic
enantioselective and diastereoselective methods.1 The majority
of these address the construction of acetate and propionate
derived subunits, while many fewer are available for the
preparation of isobutyrate derived subunits. We have recently
reported the enantioselective TiF4–BINOL catalyzed allyl-
silylation of aldehydes employing allyltrimethylsilane to afford
adducts in useful selectivities and yields.2 In our initial
communication, the catalytic, enantioselective allylsilation of
iPr3Si-protected 2,2-dimethyl-3-hydroxypropanal furnished the
adduct in 93% yield, albeit in only 84% ee. The importance of
such building blocks led us to initiate a program of study aimed
at developing methods that would provide for their ready
access. Herein we report investigations of this process furnish-
ing fragments possesing the isobutyrate structural motif found
in polyketide-derived natural products (eqn. 1). Importantly,

(1)

the approach described herein furnishes optically active,
crystalline adducts from commercially available reagents, and
as such should find use in the ongoing studies towards the
development of efficient routes and strategies to polyketide-
derived natural products, such as aplasmomycin3 byrostatins4

epothilones,5 mycalamides,6 and boromycin.7
Among the critical advantages offered by the allylation

reaction we have developed are: (1) the commercial availability
of the ligand ((R)- or (S)- BINOL), metal (TiF4), and allyl-
trimethylsilane; (2) the single step, in situ, preparation of the
active catalyst from BINOL, TiF4; (3) the low toxicity of allyl-
silane as compared to the alternative and often utilized allyl-
stannane reagents; and (4) the volumetric efficiency of the
process. In our preliminary laboratory screening of substrate
scope for this transformation it was noted that the method was
particularly effective for the enantioselective allylation of
hindered, aliphatic non-enolizable aldehydes, affording adducts
consistently in useful levels of enantiopurity.

The specific use of protected 2,2-dimethyl-3-hydroxypropio-
naldehyde in the allylation reaction provides access to the

recurring structural isobutyrate motif found in polyketide-
derived natural products. In an effort to identify the appropriate
protecting group strategy that would provide crystalline mate-
rial in high optical purity, we prepared a number of aldehyde
substrates possessing a variety of protecting groups. Preparation
of the necessary aldehydes was readily achieved by monop-
rotection of the 2,2-dimethypropane-1,3-diol, an inexpensive
commodity chemical, followed by oxidation with either cata-
lytic TEMPO8 or catalytic TPAP.9

The allylation reaction of these substrates afforded adducts in
55–97% yield and 84–91% ee as shown in eqn. (2) and Table
1.10,11 It is interesting to note that O-silyl, O-benzyl, and ester
protecting groups all proved to be stable to and compatible with
the allylation reaction. Also noteworthy is the ability to utilize
both acetate (entry 6) and nitro (entry 5) moieties without
complication by potentially competing reactions. Of the various
adducts isolated, the 2-naphthoate protected adduct 5g was
isolated as a white crystalline solid in 91% ee and in 97% yield,
following desilylation of the adduct. Importantly, after simple
recrystallization, product was isolated enriched to 96% ee, as
determined by chiral HPLC analysis. Additionally, the same
reaction could be carried out with 5 mol% of the titanium
catalyst on an 80 mmol scale, with the product isolated in 92%
ee and in 72% yield.

(2)

In an effort to demonstrate the versatility of these adducts, we
have carried out a number of facile, high yielding transforma-
tions. Hydrolysis of the naphthoate esters with potassium
carbonate in methanol led to diol 6, which following protection

Table 1 TiF4–BINOL catalyzed allyl silylation of 5a–g

Entry Substrate Product % ee Yield

1 R = iPr3Si
4a

5a 84%a 93%

2 R = tBuMe2Si
4b

5b 86%a 48%

3 R = PhCH2

4c
5c 89%b 55%

4 R = PhCO
4d

5d 88%a 85%

5 R = p-NO2C6H4CH2

4e
5e 88%c 69%

6 R = MeCO
4f

5f 90%c 85%

7 R = 2-Naphthoyl
4g

5g 91%c (96%)d 97%

a Determined by GC analysis of the Mosher ester. b Determined by 1H NMR
analysis of the Mosher ester. c Determined by chiral HPLC analysis
(Chiradex OD). d Following recrystallization.
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as the corresponding acetonide and ozonolytic cleavage of the
olefin afforded chiral aldehyde 7 in 80% overall yield (Scheme
1). Alternatively, ozonolysis could be performed directly on the
allyl adduct and the resulting aldehyde protected in situ as
dioxolane 8 in 80% yield. Following saponification and
selective oxidation of the primary hydroxy moiety, aldehyde 9
was obtained in 80% yield (Scheme 2).

In summary, the TiF4–BINOL catalyzed allylsilylation of
protected aldehydes provides facile access to highly function-
alized building blocks in high enantiopurity. These results
demonstrate the possibility of employing this reaction for the
preparation of significant quantities of chiral starting materials
and attests to the tolerance of this catalyst towards a number of
potentially reactive functionalities. Importantly, the synthesis
study described herein furnishes optically active, crystalline
adducts from commercially available reagents, and as such
should find applications in the development of increasingly
efficient strategies to polyketide-derived natural products.

Support has been provided by generous funds from the ETH,
the Kontaktgruppe für Forschungsfragen (KGF), Hoffmann-La
Roche, and Merck. J. W. B. is grateful to the National Science
Foundation (USA) for a predoctoral fellowship.
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D (c 0.950, CHCl3) = +11.9;
mp 46.5 °C; 1H NMR (300 MHz, CDCl3) d 8.61 (s, 1H), 8.06 (dd, J =
8.7, 1.6, 1 H), 7.97 (d, J = 7.78, 1 H), 7.92 (d, J = 8.7, 1 H), 7.60–7.53
(m, 2 H), 5.97-5.83 (m, 1 H), 5.19 (d, J = 8.6, 1 H), 5.14 (s, 1 H), 4.48
(d, J = 10.9, 1 H), 4.13 (d, J = 10.9, 1 H), 3.59 (td, J = 8.4, 3.4, 1 H),
2.45–2.39 (m, 1 H), 2.20 (d, J = 3.4, 1 H), 2.17–2.12 (m, 1 H), 1.10 (s,
3H), 1.07 (s, 3H); 13C NMR (75 MHz, CDCl3): 167.0, 136.1, 135.6,
132.5, 131.1, 129.4, 128.3, 128.2, 127.8, 127.5, 126.7, 125.2, 118.0,
74.1, 71.2, 38.7, 36.2, 21.8, 19.4; IR (KBr) 3493, 3068, 2971, 2892,
1683, 1475, 1373, 1274, 1230, 1198, 905, 776; EI-MS: 298.1 (M)+;
Anal. Calcd. for (C19H22O3) C, 76.48; H, 7.43%; found, C, 76.64; H,
7.26%.

11 At the current level of development the process works optimally with
non-enolizable aldehydes. Enolizable aldehydes furnish adducts, albeit
in reduced yields and selectivities.

Scheme 1 Elaboration of adduct 6g to diol 7.

Scheme 2 Elaboration of adduct 6g to aldehyde 10.
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A new ‘hybrid’ molecular square composed of alternating 
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The incorporation of both dinuclear (M2) and mononuclear
(MA) units into molecular squares has been achieved by
reacting a triply bonded Re2(II,II) complex that possesses two
cis isonicotinate donor ligands with Pt(II) molecules that
contain substitutionally labile cis triflate groups.

The use of dicarboxylate bridging ligands to link quadruply
bonded dimetal complexes into open-chain oligomers and
polymers was first reported by Chisholm and coworkers over
ten years ago.1 Recently, several other research groups have
demonstrated that cyclic architectures with M2

n+ units located at
the vertices are also accessible from this chemistry.2 The use of
dimetal units in addition to square-planar3 and octahedral4
mononuclear building blocks in the design of metallocyclo-
phanes, such as triangles and squares, opens up new prospects
for research in this area including the possibility of incorporat-
ing mixed-nuclearity precursors into the same molecule. Herein
we report the structure of a ‘hybrid’ molecular square from
geometrically designed Re2(II,II) and Pt(II) starting materials,
the first such molecule of its kind to be reported.

In considering the goal of connecting M2 and MA units, one
approach that occurred to us is to use a ligand such as
isonicotinate that can bind to three metal atoms as depicted in
Scheme 1. We reasoned that if a suitable dimetal complex with
two cis isonicotinate ligands could be prepared, then the
dangling pyridine groups would be available for further
coordination to a square-planar metal center. In this vein, the
new compound cis-Re2Cl2(m-dppm)2(m-O2CC5H4N)2 (1) was
synthesized from cis-Re2Cl2(m-dppm)2(m-O2CCH3)2

5 [dppm =
bis(diphenylphosphino)methane] and isonicotinic acid in etha-
nol and characterized by NMR spectroscopy, electrochemistry†
and X-ray crystallography.‡ As shown in Fig. 1, the cis
conformation of the parent acetate complex is retained in
complex 1, the result of which is the presence of two orthogonal,
uncoordinated pyridine groups of the isonicotinate ligands.

Compound 1 was reacted in a 1:1 ratio with the mononuclear
complexes cis-Pt[P(C2H5)3]2(O3SCF3)2

6 and
Pt(dbbpy)(O3SCF3)2

7 (dbbpy = 4,4A-di-tert-butyl-2,2A-bipy-
ridine), both of which contain cis, labile triflate ligands, to yield
complexes 2§ and 3,¶ respectively. The 1H NMR spectra of
these products established that the Re2Cl2(m-dppm)2(m-
O2CC5H4N)2 and PtL2 units (where L2 is [P(C2H5)3]2 or dbbpy)
are present in a 1+1 ratio. Crystals of [cis-Re2(O3SCF3)2(m-
dppm)2(m-O2CC5H4N)2Pt(dbbpy)]2[O3SCF3]4 (3),‡ obtained
as a CH2Cl2–H2O solvate, revealed that the structure of the
cation is a molecular square consisting of alternating
[(dppm)2ReII

2] and [(dbbpy)PtII] units at the vertices and
isonicotinate ligands along the edges (Fig. 2). This is the first
example of a ‘hybrid’ molecular square involving multiply
bonded dimetal units in combination with mononuclear units.

The molecule, which resides on a crystallographic inversion
center, is considerably distorted from ideality as clearly
illustrated by various metrical parameters within the molecule.
For example, the Pt1–Pt1A diagonal is 11.97 Å whereas the
diagonal defined by the midpoints of the two Re2 units is 13.26
Å. The vertex angles subtended by the Re2 units are less than the
ideal value of 90° [O(1)–Re(2)–O(4) 80.9(7), O(2)–Re(1)–O(3)
79.8(7)°], a situation that leads to a bending of the isonicotinate
ligands to accommodate ring closure.

Cyclic voltammetric studies in 0.1 M nBu4NPF6–CH2Cl2
solutions of the new molecular squares revealed that both
compounds exhibit two reversible one-electron oxidations;
these are located at E1/2 = +0.67 and +0.80 V for 2 (Fig. 3) and
at E1/2 = +0.54 and +0.67 V for 3. The parent compound 1
exhibits a single one-electron oxidation at E1/2 = +0.45 V (DEp
= 60 mV) under the same conditions. The fact that the
molecular squares exhibit two closely spaced oxidation proc-
esses (DE1⁄2 = 130 mV for both 2 and 3) is an indication of weak
electronic coupling (comproportionation constant8 Kc = 158)
of the ReII

2 units through the PtII centers.
The results of this study demonstrate the feasibility of

preparing novel types of cyclic molecules based on the self-
assembly of multiply bonded dimetal units with mononuclear
building blocks. Further prospects for incorporating electron-
rich metal–metal bonded complexes into cyclic architectures
that contain a second type of reactive metal site are attractive
ones that are being actively pursued in our laboratories.

K. R. D. gratefully acknowledges the National Science
Foundation (PI grant, NSF CHE-99O6583; CCD diffract-

Scheme 1

Fig. 1 ORTEP representation of the structure of 1 with important atoms
labeled. The thermal ellipsoids are drawn at the 50% level. Some important
bond distances (Å) and angles (°): Re–ReA 2.3271(4), Re–O(11) 2.145(4),
Re–O(10) 2.173(4), Re–P(1) 2.3958(16), Re–P(2) 2.4001(16), Re–Cl
2.5170(16), O(10)–Re–O(11) 82.43(17).
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ometer, CHE-9807975) as well as the Welch Foundation (A-
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Notes and references
† Synthesis of cis-Re2Cl2(m-dppm)2(m-O2CC5H4N)2 1: a mixture of cis-
Re2Cl2(m-dppm)2(m-O2CCH3)2 (0.103 g, 0.08 mmol) and isonicotinic acid
(0.037 g, 0.30 mmol) was refluxed in ethanol for two days. The red crystals
obtained were filtered off and washed with ethanol (3 3 5 mL) and diethyl
ether (3 3 5 mL). Yield: 108 mg (87%). Anal. Calc. for C66H64Cl2N2-
O6P4Re2 (1•2C2H5OH): C, 51.16; H, 4.17; N, 1.81. Found: C, 50.84; H,
4.10; N, 1.50%. 1H NMR (in CD2Cl2): d 5.05 and 6.51 (m, 4H, –CH2– of
dppm); 6.9–7.2, 7.46, 7.63 (m, 40H, Ph of dppm); 7.82 and 8.74 (m, 8H,
isonicotinate), 1.25 (t, 6H, –CH3, EtOH), 3.70 (q, 4H, –CH2–, EtOH).
31P{1H} NMR (CD2Cl2): d 29.36.
‡ Crystal data: for 1•2C2H5OH: C66H64Cl2N2O6P4Re2, M = 1548.46,
monoclinic, space group C2/c (no. 15), a = 28.2880(16), b = 10.1028(3),
c = 23.7579(13) Å, b = 114.1577(18)°, V = 6195.1(10) Å3, Z = 4, T =
295 ± 1 K, Dc = 1.660 g cm23, m = 4.198 mm21, 22927 reflections (7023
unique, Rint = 0.063) with 2q = 55.0°, 372 variables, R = 0.050 [6642 data,
I > 2s(I)], wR(Fo

2) = 0.120, GoF = 1.008. Routine experimental details
on data collection, solution and refinement procedures are reported
elsewhere.9

For 3•2.37(CH2Cl2)•1.18(H2O): C170.36H156.72Cl4.74F24N8O33.18P8-
Pt2Re4S8, M = 5110.00, monoclinic, space group P21/c (no. 14), a =
20.218(4), b = 28.529(6), c = 20.218(4) Å, b = 98.78(3)°, V = 11525(4)
Å3, Z = 2, T = 110 ± 2 K, Dc = 1.473 g cm23, m = 3.562 mm21, 70586
reflections (19136 unique Rint = 0.2771) with 2q = 55.0°, 1138 variables,
R = 0.094 [5748 data, I > 2s(I)], wR(Fo

2) = 0.2230, GoF = 0.870. The

data were collected on a Siemens SMART CCD diffractometer with
graphite monochromated Mo-Ka (l = 0.71073 Å) radiation. The data were
corrected for Lorentz and polarization effects. The frames were integrated
with the Siemens SAINT software package,10 and the data were corrected
for absorption using the SADABS program.11 The structure was solved by
direct methods and refined using the program in the Bruker SHELXTL v5.1
software package.12 Hydrogen atoms were placed in calculated positions
and constrained with isotropic thermal parameters. The minimal electron
density in the cavity of the square was assigned as a partially occupied H2O.
The partially occupied dichloromethane and water molecules sites and one
carbon atom of a phenyl group were refined isotropically.

CCDC reference numbers 166127 and 166128. See http://
www.rsc.org/suppdata/cc/b1/b106600p/ for crystallographic data in CIF or
other electronic format.
§ Synthesis of [cis-Re2Cl2(m-dppm)2(m-O2CC5H4N)2{Pt(P(C2H5)3}2]2-
[O3SCF3]4 2: a mixture of 1 (0.095 g, 0.07 mmol) and
Pt{P(C2H5)3}2(O3SCF3)2 (0.052 g, 0.07 mmol) was stirred in CH2Cl2 for
8–10 h. The red solution was concentrated and treated with diethyl ether to
yield a solid that was collected by filtration, washed with fresh diethyl ether
(3 3 5 mL) and recrystallized from CH2Cl2–diethyl ether: Yield: 140 mg
(92%). Anal. Calc. for C152H164Cl4F12N4O20P12Pt2Re4S4: C, 41.76; H,
3.78; N; 1.28. Found: C, 42.18; H, 3.81; N, 1.89%. 1H NMR (CD2Cl2): d
5.05 and 6.43 (m, 4H, –CH2– of dppm); 6.8–7.2, 7.41, 7.59 (m, 40H, Ph of
dppm); 7.91 and 8.76 (m, 8H, isonicotinate), 1.20 (m, 18H, –CH3 of PEt3)
and 2.18 (m, 12H, –CH2– of PEt3). 31P{1H} NMR (CD2Cl2): d 210.07,
+18.12.
¶ Synthesis of [cis-Re2(O3SCF3)2(m-dppm)2(m-O2CC5H4N)2Pt(dbb-
py)]2[O3SCF3]4 3: a procedure similar to that described for 2 was employed
using 0.095 g (0.07 mmol) of 1 and 0.052 g (0.07 mmol) of
Pt(dbbpy)(O3SCF3)2. Single crystals were grown by slow diffusion of Et2O
into a solution of 3 in CH2Cl2. Yield of isolated crystals is 42%. 1H NMR
(CDCl3): d 5.05 and 6.50 (m, 4H, –CH2– of dppm); 6.8–7.2, 7.42, 7.60 (m,
40H, Ph of dppm); 8.01 and 8.80 (m, 8H, isonicotinate), 8.19, 8.28, 9.42 (m,
6H, aromatic, dbbpy), 1.45 (m, 18H, CH3 of dbbpy) 31P{1H} NMR
(CDCl3): d 29.88.

1 R. H. Cayton, M. H. Chisholm, J. C. Huffman and E. B. Lobkovsky,
J. Am. Chem. Soc., 1991, 113, 8709; for recent works on dicarboxylate
bridged M2

n+ complexes, see: F. A. Cotton, C. Lin and C. A. Murillo,
J. Chem. Soc., Dalton Trans., 1998, 3151; F. A. Cotton, L. M. Daniels,
C. Lin and C. A. Murillo, Chem. Commun., 1999, 841; F. A. Cotton, C.
Lin and C. A. Murillo, Inorg. Chem., 2001, 40, 472; F. A. Cotton, J. P.
Donahue, C. Lin and C. A. Murillo, Inorg. Chem., 2001, 40, 1234; F. A.
Cotton, C. Lin and C. A. Murillo, Chem. Commun., 2001, 11.

2 F. A. Cotton, L. M. Daniels, C. Lin and C. A. Murillo, J. Am. Chem.
Soc., 1999, 121, 4538; R. P. Bonar-Law, T. D. McGrath, N. Singh, J. F.
Bickley and A. Steiner, Chem. Commun., 1999, 2457; J. F. Bickley,
R. P. Bonar-Law, C. Femoni, E. J. MacLean, A. Steiner and S. J. Teat,
J. Chem. Soc., Dalton Trans., 2000, 4025; J. K. Bera, P. Angaridis, F. A.
Cotton, M. A. Petrukhina, P. E. Fanwick and R. A. Walton, J. Am.
Chem. Soc., 2001, 123, 1515; F. A. Cotton, C. Lin and C. A. Murillo, 
Inorg. Chem., 2001, 40, 478; F. A. Cotton, L. M. Daniels, C. Lin, C. A.
Murillo and S. Y. Yu, J. Chem. Soc., Dalton Trans., 2001, 502; F. A.
Cotton, C. Lin and C. A. Murillo, Inorg. Chem., 2001, 40, 575.

3 M. Fujita, Chem. Soc. Rev., 1998, 27, 417; S. Leininger, B. Olenyuk and
P. J. Stang, Chem. Rev., 2000, 100, 853; P. J. Stang and B. Olenyuk, Acc.
Chem. Res., 1997, 30, 502. See also references therein.

4 R. V. Slone, J. T. Hupp, C. L. Stern and T. E. Albrecht-Schmitt, Inorg.
Chem., 1996, 35, 4096; S. Bélanger, J. T. Hupp, C. L. Stern, R. V. Slone,
D. F. Watson and T. G. Carrell, J. Am. Chem. Soc., 1999, 121, 557; C. S.
Campos-Fernandez, R. Clérac and K. R. Dunbar, Angew. Chem., Int.
Ed., 1999, 38, 3477 and reference therein; X. H. Bu, H. Morishita, K.
Tanaka, K. Biradha, S. Furusho and M. Shionoya, Chem. Commun.,
2000, 971; J. R. Galán-Mascarós and K. R. Dunbar, Chem. Commun.,
2001, 217.

5 A. R. Cutler, D. R. Derringer, P. E. Fanwick and R. A. Walton, J. Am.
Chem. Soc., 1988, 110, 5024.

6 P. J. Stang, K. Chen and A. M. Arif, J. Am. Chem. Soc., 1995, 117,
8793.

7 G. S. Hill, L. M. Rendina and R. J. Puddephatt, J. Chem. Soc., Dalton
Trans., 1996, 1809.

8 D. E. Richardson and H. Taube, Inorg. Chem., 1981, 20, 1278.
9 J. K. Bera, S. S. Lau, P. E. Fanwick and R. A. Walton, J. Chem. Soc.,

Dalton Trans., 2000, 4277.
10 SAINT, Program for area detector absorption correction, Siemens

Analytical X-Ray Instruments Inc., Madison, WI, USA, 1994–1996.
11 G. M. Sheldrick, SADABS, Program for Siemens area detector

absorption correction, University of Göttingen, Germany, 1996.
12 G. M. Sheldrick, SHELXTL, An integrated system for solving, refining

and displaying crystal structures from diffraction data (Revision 5.1),
University of Göttingen, Germany, 1985.

Fig. 2 Thermal ellipsoid plot of the cationic unit of 3 with important atoms
labeled. The thermal ellipsoids are drawn at the 50% level except for the
carbon atoms which are represented as circles of arbitrary radius. The C, O,
F and S atoms of the triflate anions were removed for the sake of clarity.
Selected bond distances (Å) and bond angles (°): Re(1)–Re(2) 2.2839(15),
Pt(1)–N(2) 1.96(2), Pt(1)–N(1) 1.99(2), Pt(1)–N(4) 2.00(2), Pt(1)–N(3)
2.01(2), Re(1)–O(2) 2.086(17), Re(1)–O(3) 2.099(17), Re(2)–O(1)
2.109(17), Re(2)–O(4) 2.122(16), N(1)–Pt(1)–N(4) 89.0(9), O(2)–Re(1)–
O(3) 80.9(7), O(1)–Re(2)–O(4) 79.8(7).

Fig. 3 Cyclic voltammogram of 2 recorded at a scan rate of 100 mV s21 in
0.1 M nBu4NPF6–CH2Cl2 solution on a CHI Electrochemical Workstation
with a Pt disk working electrode, Pt-wire auxiliary electrode and a Ag/AgCl
reference electrode.
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Synthesis of dinucleoside pyridylphosphonates involving
palladium(0)-catalysed phosphorus–carbon bond formation as a key
step
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Dinucleoside 3-pyridylphosphonates, as well as their 2- and
4-pyridyl positional isomers, have been synthesised using a
palladium(0)-catalysed cross coupling strategy.

A pyridine ring is found in many natural products, e.g. in
pyridine alkaloids, vitamins (niacin, pyridoxal), nicotinamide
adenine dinucleotide phosphate (NADP), and constitutes a
functionality often present in drugs (e.g. isoniazid—anti-
tubercular activity; sulfapyridine—antibacterial and antiviral
properties; pyrilamine—antihistaminic drug).1

These prompted us to develop a synthetic method for
incorporation of a pyridine moiety in the form of pyr-
idylphosphonate functionality (Chart 1) into natural product
derivatives. Since the position of the phosphonyl group on the
pyridine ring may be important for biological activity, all three
isomeric compounds of type 1, 2, and 3 should be accessible for
chemical and biological studies.

Recently, we have developed efficient and general protocols
for the preparation of dinucleoside 2-pyridyl-2 and 4-pyr-
idylphosphonates3 but, unfortunately, 3-pyridylphosphonates
of type 3 cannot be prepared by these methods.

Introduction of a phosphonyl group into the 3-position of a
pyridine ring is rather difficult and the few methods available
for this purpose are usually low yielding.4 Encouraged by the
promising results of Hirao et al.5 in the synthesis of diethyl
3-pyridylphosphonate 3, we have embarked on a more detailed
investigation of chemistry and stereochemistry of this palla-
dium(0)-catalysed reaction, as a viable way for preparing
dinucleoside pyridylphosphonates 6–8.

We set out to prepare dinucleoside 3-pyridylphosphonates 6,
for which there was no synthetic method available. This
required considerable experimentation to develop the best
conditions of solvents and reagents, as well as the nature and
quantity of the catalyst. Eventually, the use of equimolar
amounts of dinucleoside H-phosphonate 4 and 3-bromopyridine
5a in the presence of 0.2 equiv. of Pd(PPh3)4, and 1.2 equiv. of
triethylamine (TEA) under reflux in THF, was found to serve
most needs.† Using these conditions, a cross coupling of
dinucleoside H-phosphonate 4 with 3-bromopyridine 5a
(Scheme 2) in the presence of a base (TEA) catalysed by the
added Pd(PPh3)4 proceeded quantitatively (31P NMR) and
afforded the desired 3-pyridylphosphonate derivatives 6 in ca. 
85% yield.

A palladium(0) catalytic cycle6 expected for this type of
reaction and supported by 31P NMR experiments, is depicted in
Scheme 1. It seemed that the most energy demanding step in this
cycle was the ligand substitution, i.e. the formation of a trans-
adduct B via nucleophilic attack of a phosphorus nucleophile on
the initial intermediate, trans-adduct A. Since the only inter-
mediate observed by 31P NMR spectroscopy during the course
of the reaction was that of trans-adduct A [dP = 24.2 ppm], the
two consecutive steps in which B collapsed to the pyr-
idylphosphonate products (see Scheme 1), both had to be
fast.‡

To investigate the stereochemical outcome of this palla-
dium(0)-catalysed cross coupling, separate diastereomers of
dinucleoside H-phosphonate 4 were subjected to the reaction
with 3-bromopyridine 5a (Scheme 2). We found that the P–C
bond formation was completely stereospecific as the RP
diastereomer 4a, (dP = 6.9 ppm) afforded exclusively the
diastereomer 6a, (dP = 16.3 ppm), while the SP diastereomer 4b
(dP = 8.6 ppm) produced the other diastereomer of 3-pyr-
idylphosphonate 6b (dP = 17.2 ppm).

To find out if the formation of the P–C bond in this reaction
occurred with retention or with inversion of configuration at the
phosphorus center in 4, we decided to synthesise separate
diastereomers of dinucleoside 2-pyridylphosphonates 7 and
4-pyridylphosphonates 8 using palladium(0) chemistry and
compare them with the same compounds obtained in another
way.2,3

Dinucleoside 4-pyridylphosphonates 8 were prepared using
the protocol developed for 3-pyridylphosphonate 6, by reacting
separate diastereomers of dinucleoside H-phosphonate 4 with

Chart 1

Scheme 1
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4-bromopyridine 5c in the presence of Pd(PPh3)4. The reactions
were stereospecific and afforded products 8§ with the same
stereochemistry as those formed in the reaction of H-phospho-
nates 4 with the pyridine–trityl chloride–DBU reagent system.3
Since the latter provided products 8 most likely with retention of
configuration at the phosphorus center,3 we could tentatively
conclude that the palladium(0)-catalysed cross coupling of H-
phosphonate 4 with 4-bromopyridine 5c, and probably also that
with 3-bromopyridine 5a, occurred with the same ster-
eochemistry, i.e. with retention of configuration of the phospho-
rus center of 4.

Attempted preparation of dinucleoside 2-pyridylphosphonate
7 by a palladium(0)-catalysed coupling of H-phosphonate 4 with
2-bromopyridine 5b, turned out to be a more difficult task as the
protocol developed for the 3-pyridyl isomer 6 afforded the
desired product in less than 30% (31P NMR analysis).

Inspired by the recent findings of Hartwig et al.7 that
chelating, sterically hindered phosphines are superior (in terms
of yields and kinetics) ligands in palladium(0)-catalysed N-
arylation of amines, we replaced in our catalytic system
triphenylphosphine by 1,1A-bis(diphenylphosphino)ferrocene
(DPPF). With this modification, the efficiency of 2-pyr-
idylphosphonates 7 formation increased to ca 80% (31P NMR
analysis) and 7a and 7b were isolated in > 50% yield.¶∑ By
comparing the stereochemistry of 2-pyridylphosphonates 7
formed in this and in a DBU-catalysed reaction,2 we conclude
that both of them provided products with the same ster-
eochemistry at the phosphorus centre. Thus, palladium(0)-
catalysed formation of the P–C bond in this instance also most
likely occurred with retention of configuration as was found for
3- and 4-pyridylphosphonates 6 and 8.

It is worth noting that using DPPF in the synthesis of
3-pyridylphosphonates 6 shortened the reaction time from 4 to
2 h.†† Unfortunately, due to separation problems, yields of the
isolated products 6 were lower (ca. 55%) than those where
triphenylphosphine acted as a ligand.

In conclusion, we have developed a new method for the
preparation of dinucleoside pyridylphosphonates 6–8 based on
a palladium(0)-catalysed cross coupling of the corresponding H-
phosphonate diesters 4 and halopyridines 5. The reaction is
stereospecific, occurring most likely with retention of config-
uration and can be considered as a general entry to isomeric
pyridylphosphonate derivatives.

We are indebted to Professor P. J. Garegg for his interest in
this work. Financial support from the Swedish Natural Science
Research Council and the Swedish Foundation for Strategic
Research is gratefully acknowledged

Notes and references
† Typical protocol for the preparation of dinucleoside 3-pyridylphospho-
nates 6. Dry, degassed (argon) THF was used throughout and the reactions
were carried out under an atmosphere of argon. A separate diastereomer 4a
or 4b, (0.529 mmol), Pd(PPh3)4 (0.20 equiv.), triethylamine (1.2 equiv.) and
3-bromopyridine (1.0–1.2 equiv.) in freshly distilled and degassed THF (10
mL) was refluxed for 4–5 h. After concentration and partition of the reaction
mixture between sat. aq. NaHCO3 and CH2Cl2, the product was purified by
silica gel column chromatography using a stepwise gradient of methanol
(0.5–5%) in CH2Cl2 containing 0.1% TEA. White solids, purity > 98% (1H
NMR). 6a (85% from 4a, probably RP diastereomer). HRMS [M + H]+,
found 1212.4376. C67H67N5O15P requires 1212.4371. 6b (80% from 4b,
probably SP diastereomer). HRMS [M + H]+, found 1212.4373.
C67H67N5O15P requires 1212.4371. Some diagnostic spectral data (in
CDCl3) [compound, dP; dH(H-2 py); dH1A; dC(C-3 py) (JCP)]: 6a, 16.3 ppm;
8.42–8.75 ppm (with pyr-H6, 2H); 6.38 (1H) & 6.26 (1H) ppm; 123.68 ppm
(190 Hz). 6b, 17.2 ppm; 8.86 ppm (1H); 6.39 (1H) & 6.20 (1H) ppm; 123.61
ppm (189 Hz).
‡ The same course of the reaction was observed when H-phosphonate 4 was
allowed to react with a separately prepared intermediate A8 in THF under
reflux in the presence of TEA.
§ Compounds 8a (from 4a, 66% yield) and 8b (from 4b, 69% yield) were
identical to those obtained in another way.3 White solids, purity > 98% (1H
NMR).
¶ The reaction was carried out as described above for 3-pyridylphospho-
nates 6, with the exception that Pd(PPh3)4 was replaced by 0.2 equiv. of
Pd(OAc)2 and 0.4 equiv. of DPPF. Compounds 7a (from 4a, 54% yield) and
7b (from 4b, 51% yield) were identical to those obtained in another
way.2
∑ The stereochemical course of the reaction was the same as that with
Pd(PPh3)4. In contradistinction to DPPF, conformationally more flexible
1,3-bis(diphenylphosphino)propane (DPPP) was found to be unreactive,
which may indicate the importance of rigidity of the ligand in this
reaction.
†† With chelating ligands such as DPPF, oxidative addition (Scheme 1)
results in the formation of cis- rather than trans-adducts (of type A). This
may change geometry and electron distribution in the adduct and facilitate
substitution of bromide by a phosphorus nucleophile, which was assumed to
be the rate-determining step for the catalytic cycle.

1 The Merck Index, Merck & Co, Inc., Rahway, NJ, 1989.
2 T. Johansson, A. Kers and J. Stawinski, Tetrahedron Lett., 2001, 42,

2217.
3 A. Kers and J. Stawinski, Tetrahedron Lett., 1999, 40, 4263.
4 R. D. Bennett, A. Burger and W. A. Volk, J. Org. Chem., 1958, 23,

940.
5 T. Hirao, T. Masunaga, Y. Ohshiro and T. Agawa, Synthesis, 1981, 56.
6 C. Amatore and A. Jutand, Acc. Chem. Res., 2000, 33, 314.
7 M. S. Driver and J. F. Hartwig, J. Am. Chem. Soc., 1996, 118, 7217.
8 P. Fitton and E. A. Rick, J. Organomet. Chem., 1971, 28, 287.
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Novel and catalytic oxidation of internal epoxides to a-diketones
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A catalytic system based on Bi(0)–Cu(OTf)2 is efficient for
the selective one-pot oxidation of 1,2-disubstituted epoxides
to a-diketones under molecular oxygen and DMSO.

The ring opening of epoxides,1 including stereo-, regio- and
enantioselective aspects, has been widely reported for the
functionalization of organic compounds. However, the oxida-
tive ring opening of oxiranes has been poorly explored, the
oxirane ring being difficult to oxidize selectively. Within
epoxide oxidations, the formation of a-hydroxy ketones in the
presence of dimethyl sulfoxide and an activating agent has been
reported to occur in moderate yields.2 The oxidative cleavage of
the C–C bond of oxiranes can lead to aldehydes or to carboxylic
acids, by a Ce(IV)-mediated reaction3 or by a Bi(III)-catalysed
process,4 respectively. To our knowledge, no report in the
literature deals with the direct and catalytic transformation of
epoxides to a-diketones.5

We recently reported the use of Bi(0) under oxidative
conditions for the synthesis of carboxylic acids from a-hydroxy
acids or terminal aryl epoxides involving the oxidative cleavage
of the terminal C–C bond.6 However, the reaction conditions
were not well adapted to disubstituted epoxides.

We describe here a novel and simple methodology based on
the use of catalytic amounts of Bi(0) and Cu(OTf)2 (or TfOH),
able to oxidize internal epoxides to a-diketones in one step,
under relatively mild conditions, using molecular oxygen–
DMSO according to Scheme 1.

This reaction involves Bi(III)/Bi(0) as the catalytic system; the
possibility of using commercially available Bi(0) powder is

interesting, due to its availability, its low cost and its low
toxicity.7

The results of the oxidation of several 1,2-disubstituted
epoxides are presented in Table 1. The reactions are carried out
in DMSO at 100 °C and under an oxygen pressure of 1 atm in
the presence of 5–10 mol% of Bi(0) powder and 2.5–20 mol%
of Cu(Otf)2 or TfOH as the additives. Interestingly, the black
Bi(0) powder is dissolved in the organic medium containing the
epoxide, affording a light yellow homogeneous solution,
provided that the reaction is run under oxygen.

Cyclic, as well as linear 1,2-disubstituted epoxides led to the
corresponding 1,2-diketones in good yields. For five and six-
membered ring epoxides (entries 1–3, 6), the use of Cu(OTf)2
(2.5–8 mol%) as the additive afforded the best results as
compared to the use of other Lewis acids, such as BiCl3,
Li(NTf2) or TfOH. Thus, epoxide 1a afforded 74% isolated
yield of cyclohexane-1,2-dione 1b, whereas the same epoxide
led to partial polymerisation in the presence of TfOH or
Li(NTf2) as the additives. On the other hand, for larger cycles (n
= 12, 5a) or linear epoxides such as 4a, with less ring strain, the
use of TfOH instead of Cu(OTf)2 resulted in the best yields
(entries 4, 5). The main by-products in the oxidation of 4a and
5a were the corresponding ketones (5–10% to 29% re-

Table 1 Bi-catalysed oxidation of epoxides under O2 (1 atm) in DMSO at 100 °C

Entry Epoxide Bi(0) (equiv.)
Additive
(equiv.) Time (h) Product Yield

1 0.08
Cu(OTf)2

(0.025) 2 74%

2 0.05
Cu(OTf)2

(0.08) 1.3 77%

3 0.08
Cu(OTf)2

(0.06) 2.3 48%

4 0.10
TfOH
(0.2) 2.3 83%

5 0.06
TfOH
(0.09) 7.0 70%

6 0.06
Cu(OTf)2

(0.07) 2 52%

Scheme 1
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spectively), issued from the epoxide isomerisation in acidic
medium.8 No other by-products were detected.

The oxidation of unsaturated epoxides 2a and 3a indicated
that olefin functions were not modified by the catalytic
system.

The a-diketones in five or six-membered rings were mainly
found in their enol form according to 1H-NMR analysis (in
CDCl3 at 20 °C). Particularly in the case of entry 3, only the
1,2-dihydroxybenzene form was observed. However, diketones
4b and 5b were present with low enolisation (respectively 36
and 30%) under the same analytical conditions.

When a terminal epoxide such as 1-octene oxide was treated
under the Bi(0)–Cu(OTf)2 oxidation conditions (as for entry 1),
the expected a-keto aldehyde underwent further C–C cleavage
leading to a mixture of heptanal and heptanoic acid in 80%
overall yield. This result was consistent with our previous
observations on the reactivity of terminal epoxides.6

The presence of Bi(0) was essential for the preparation of the
a-diketone. In the absence of bismuth, 1a did not lead to 1b but
afforded 2-hydroxycyclohexanone in 55% yield. On the other
hand, no diketone was obtained in the absence of O2 (reactions
under N2) or in the absence of DMSO (reactions in DMF). This
result indicates that DMSO would act as the oxygen transfer
agent to the epoxide. Accordingly, dimethyl sulfide is evolved
in the oxidation process. It was also shown that without any
additive, the epoxide was unreactive.

In order to check if Bi(III) species were involved in the
catalytic cycle, the reaction of 1a was carried out in the presence
of Bi(III)-mandelate,9 replacing Bi(0) (conditions of entry 1).
The reaction also afforded 1b, but in low yield (10%). This
result was taken to indicate that the reaction could proceed
through a Bi(0)/Bi(III) redox couple, in agreement with recent
results.6 We observed that the Bi(0) oxidative dissolution
(presumably to Bi(III)) needed molecular oxygen as well as the
presence of the epoxide and the additive. Under nitrogen, the
black Bi(0) precipitate persisted, and the epoxide oxidation to
the a-diketone did not take place.

For the reaction mechanism, still under investigation, we
propose the initial oxidative oxirane ring opening to an a-
hydroxy ketone intermediate catalysed by the system Cu(OTf)2
[or TfOH]–DMSO. The presence of a strong acid (Lewis or
protic one) to activate the oxirane ring seems an important
feature of this process. The presence of weakly coordinating
triflate species could also have an important role in the reaction.
DMSO, in association to the acid, effects the oxidative ring
opening.

In a second step, in the presence of Bi(III), presumably issued
from Bi(0) oxidative dissolution, a redox reaction affords the a-
diketone by oxidation of the ketol. The reduced bismuth species
are reoxidized to Bi(III) under molecular oxygen. The use of

oxygen at the pressure of 1 atm as the oxidant in this step is an
interesting aspect of the process. Recently, another Bi(III)–O2
system has proven its efficiency in the deprotection of S,S-
acetals.10

In conclusion, a new synthetic transformation is described,
involving the oxidative ring opening of epoxides to a-
diketones, in a combined Bi(0)–Cu(OTf)2 catalytic system
under O2–DMSO. The process uses commercially available
reagents in a one-pot reaction under relatively mild condi-
tions.

S. A. thanks the French Ministry of Research for a doctoral
fellowship.

Notes and references
General procedure for epoxide oxidation. A mixture of bismuth(0) (0.5
mmol) and the additive (0.5 mmol) in DMSO (15 ml) is heated at 100 °C
under O2 (1 atm). The epoxide (5mmol) in DMSO (5 ml) is then introduced
through a serum cap and the mixture is stirred at this temperature until
complete consumption of the epoxide (monitored by GC). The reaction
mixture is hydrolysed with brine (50 ml) and extracted with diethyl ether (3
3 50 ml). The combined organic layers are dried over MgSO4 and
evaporated. The product is purified by column chromatography over silica
gel with dichloromethane as the eluent. The products are identified by 1H
and 13C NMR and mass spectroscopy, and compared with authentic
commercial samples or literature data.

1 (a) S. Rampalli, S. S. Chaudhari and K. G. Akamanchi, Synthesis, 2000,
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Periodic large mesopore organosilicas have been obtained
for the first time using bridged silsesquioxane (RO)3-
SiCH2CH2Si(OR)3 precursors and triblock copolymers as
structure-directing species in acid media.

Recently, beneficial properties of ordered mesoporous materials
and hybrid organic–inorganic frameworks have been combined
in an interesting class of materials possessing organic fragments
fused ‘within’ the mesoporous framework, denoted periodic
mesoporous organosilicas (PMO) through the surfactant-tem-
plated condensation of bifunctional organosiloxane presursors
(RAO)3SiRSi(ORA)3.1–5 The development of PMOs offers an
opportunity for fine-tuning porous structure, surface and
framework characteristics by the judicious choice of the organic
groups incorporated, and the synthesis conditions employed,
and their properties may open new opportunities in catalysis,
separations and advanced materials design. To date, the pore
diameters of all reported PMOs are in the range of 2–4 nm,1–4

however PMOs with larger pores are desirable for a variety of
possible applications such as hosts for chemical reactions, uses
in separations, immobilisation or encapsulation involving large
molecules etc. Usually, ordered mesoporous silica phases with
large pores are synthesised by using triblock copolymers as
templates in strong acid (2 M HCl).6 The charge density on
organosilicate species formed by hydrolysis and oligomerisa-
tion of organosiloxanes under strong acid conditions is lower
than that on the silicate species formed from tetraethoxysilane
(TEOS),1 and at low surfactant concentrations, no inorganic–
organic interaction-induced long-range ordering of block poly-
mers into templates occurs to help organise inorganic polymer-
ising species. Thus the organosiloxane precursors are
hydrolysed, and polymerised disordered structures and scat-
tered pore-size distributions are obtained in such experimental
conditions. An alternative route towards ordered mesoporous
ceramic nanostructures is the utilisation of reformed lyotropic
liquid crystal phases as structure-directing media.7–11 For direct
liquid crystal templating, surfactant concentrations are high
enough to form long-range ordered assemblies even in the
absence of silica–surfactant interactions. Thus, it is not
necessary to create strong interactions between surfactant arrays
and inorganic species because such interactions may disrupt the
already existing long-range ordering of surfactant arrays.9 Non-
ionic block copolymers are very suitable for use in preparing
ordered PMO materials by direct liquid crystal templating.7,9

Feng et al. have reported large mesopore silicas using non-ionic
Pluronic surfactants as templates in the triblock copolymer–
alcohol–water ternary system.9 In this communication, we
report the synthesis of PMO systems with large tunable
mesopores and a narrow pore size distribution using pre-
existing polymeric liquid crystal phases as templates in the
binary triblock copolymer–water system.

In a typical synthesis, colloidal ethanesilica was prepared by
mixing an aqueous dilute HCl solution (pH 2) with

bis(triethoxysilyl)ethane (BTE). Pluronic P123 (Mav = 5800),
EO20PO70EO20 was then added to the mixture, and the ethanol
from the hydrolysis of BTE was removed under vacuum. The
mass ratio was H2O/HCl (1.0)+P123 (0.8)+BTE (3.2). As
expected, the use of lyotropic polymer templates for the
synthesis of nanocomposites has the advantage that macro-
scopic, optically transparent monoliths are obtainable, and
crack-free monoliths can be obtained in considerable size. They
are stable in air and due to their low-k dielectric and transparent
properties, may have possible use in optical, electronic or other
advanced applications.5,12 The mesoporous ethanesilica mater-
ials were investigated by powder X-ray diffraction (PXRD), as
shown in Fig. 1. After hydrothermal treatment and extraction of
surfactant,9 the long-range ordering of the sample is improved.
The presence of (100), (110) and (200) peaks in the diffraction
patterns is characteristic of well-ordered, 2-D hexagonal
mesoporous monolithic materials. The 29Si MAS NMR spec-
trum (see ESI†) of the hybrid mesoporous materials shows a
broad 29Si resonance at 256.5 ppm and a shoulder at 264.2
ppm, corresponding to trifunctional (256.5 ppm, RSiO2(OH);
264.2 ppm, RSiO3) silicon.1–5 There was no evidence of
tetrafunctional Q silicons between 290 and 2120 ppm, and the
absence of SiO4 species such as Si(OH)(OSi)3 and Si(OSi)4
confirms that no cleavage of the carbon–silicon bond of the
BTE starting organosilane compound has occurred during
hydrolysis and polymerisation. The presence of T2 Si atoms was
indicative of incomplete condensation of the organosilane
precursor, unreacted silanol groups still being present. On the
other hand, a high concentration of silanol may be desirable for
post-synthesis functionalisation of the mesoporous wall struc-
ture.9 FT-IR spectroscopy† also supported this result, showing
the appearance of absorption bands assigned to C–Si streching
modes (n(C–Si), 1273 cm21), while the broad absorption band
at 1000–1200 cm21 (n(Si–O–Si)) indicates the formation of

† Electronic supplementary information (ESI) available: TEM image, MAS
NMR and FT-IR spectra, and BJH pore size distribution for PMO materials.
See http://www.rsc.org/suppdata/cc/b1/b106938c/

Fig. 1 Powder X-ray diffraction patterns of as-synthesised and surfactant-
extracted hexagonal mesophases prepared from a P123/water system (51
wt%). (a) As-synthesised organosilica–surfactant mesophase before hydro-
thermal treatment; (b) as (a), hydrothermally treated at 100 °C for 24 h; (c)
as (b), hydrothermally treated at 100 °C for 24 h, and then solvent
extracted.
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siloxane bonds. Residual silanol groups are evidenced by the
n(Si–OH) streching vibration at 900 cm21.13 It is important to
note that all silicon atoms are covalently connected to carbon
atoms. Powder X-ray diffraction and TEM images of the
materials showed that the structural integrity and order of the
material is well maintained. In acid media, a slow and moderate
condensation of organosilica units probably facilitates the
ordering of the organic fragments due to a rigidity of the
siloxane network that is lower when it consists of T2

substructures than when it contains fully condensed T3

substructures. In silica–block copolymer systems, hydrothermal
treatment can lead to an enhancement of mesoscopic ordering
and a reduction in shrinkage after removing surfactants. In the
present case, after hydrothermal treatment at 100 °C for 24 h
and solvent extraction, the materials showed an intensity
enhanced diffraction pattern. TEM investigation of PMOs
confirmed that they were well organised and have a 2-D P6mm
hexagonal structure (Fig. 2). In the hexagonal range of the
surfactant/water binary system,14 an increase in surfactant
concentration leads to an expansion in the mesopore size. With
a ratio of PO/EO > 1, the increase in the hydrophobic volume
exceeds the increase in hydrophilic volume, and the pore size
can be tuned in the range of 5.8–7.7 nm through changing the
concentration of the block copolymers. The N2 adsorption
isotherms at 77 K of the materials show a typical type IV
isotherm with a clear H1-type hysteresis loop at high relative
pressures and a vertical capillary condensation step at about
P/P0 = 0.75 (Fig. 3), suggesting that the materials have very

regular mesoporous channels despite their large pore size.
Quantitative analysis shows that the Brunauer–Emmett–Teller
(BET) surface area is 957 m2 g21, the total pore volume 1.37
cm3 g21, and the most probable pore diameter 7.7 nm (BJH
model). In conjunction with the unit cell dimension of 9.3 nm
estimated from PXRD and TEM, this provides a wall thickness
of ca. 1.6 nm. The wall thickness is in agreement with results on
related systems.2,15

Thermogravimetric analysis of surfactant–organosilica
mesophases shows a weight loss at 35–80 °C corresponding to
the removal of physically adsorbed water and a weight loss at
150–250 °C corresponding to the elimination of surfactant.
TGA data for solvent-extracted PMOs show a major weight loss
at 200–300 °C corresponding to the decomposition and release
of ethane fragments from the hybrid framework. This suggests
that the thermal decomposition of surfactants may have a
detrimental effect on organic groups in the PMO frame-
work.15

In conclusion, a novel large pore size highly ordered PMO
material has been synthesised for the first time, and is being
investigated for the possible applications in immobilisation and
encapsulation of large molecules.

H. Z. thanks the French government for a post-doctoral
award.

Notes and references
1 S. Inagaki, S. Guan, Y. Fukushima, T. Ohsuna and O. Terasaki, J. Am.

Chem. Soc., 2000, 122, 823.
2 B. J. Melde, B. T. Hollande, C. F. Blanford and A. Stein, Chem. Mater.,

1999, 11, 3302.
3 (a) T. Asefa, M. J. MacLachlan, N. Coombs and G. A. Ozin, Nature,

1999, 402, 867; (b) M. J. MacLachlan, T. Asefa and G. A. Ozin, Chem.
Eur. J., 2000, 6, 2507; (c) T. Asefa, M. J. MacLachlan, H. Gondley, N.
Coombs and G. A. Ozin, Angew. Chem., Int. Ed., 2000, 39, 1808.

4 A. Sayari, S. Hamoudi, Y. Yang, J. L. Moudrakovski and J. R.
Ripmeester, Chem. Mater., 2000, 12, 3857.

5 Y. Lu, H. Fan, N. Doke, D. A. Loy, R. A. Assink, D. A. LaVan and C.
J. Brinker, J. Am. Chem. Soc., 2000, 122, 5258.

6 D. Zhao, Q. Huo, J. Feng, B. F. Chmelka and G. D. Stucky, J. Am. Chem.
Soc., 1998, 120, 6024.

7 (a) G. S. Attard, J. C. Glyde and C. G. Göltner, Nature, 1995, 378, 366;
(b) C. G. Göltner, S. Henke, M. C. Weissenberger and M. Antonietti,
Angew. Chem., Int. Ed., 1998, 37, 613.

8 P. V. Braun, P. Osenar and S. I. Stupp, Nature, 1996, 380, 325.
9 (a) P. Feng, X. Bu, G. D. Stucky and D. J. Pine, J. Am. Chem. Soc., 2000,

122, 994; (b) P. Feng, X. Bu and D. J. Pine, Langmuir, 2000, 16,
5304.

10 (a) N. A. Melosh, P. Davidson and B. F. Chmelka, J. Am. Chem. Soc.,
2000, 122, 823; (b) N. A. Melosh, P. Lipic, F. S. Bates, F. Wudl, G. D.
Stucky, G. H. Fredrickson and B. F. Chmelka, Macromolecules, 1999,
32, 4332.

11 (a) P. Yang, D. Zhao, D. I. Margolese, B. F. Chmelka and G. D. Stucky,
Nature, 1998, 396, 152; (b)  J. Rozière, M. Jacquin, M. Brandhorst, R.
Dutartre, D. J. Jones and J. Zajac, J. Mater. Chem., 2001, 11, 3262.

12 B. Lebeau, C. E. Fowler, S. R. Hall and S. Mann, J. Mater. Chem., 1999,
9, 2279.

13 A. C. Franville, D. Zambon, R. Mahiou and Y. Troin, Chem. Mater.,
2000, 12, 428.

14 B. Chu and Z. Zhou, in Nonionic Surfactant: Polyoxyalkylene Block
Copolymer, ed. V. M. Nace, Surface Science Series Vol. 60, Marcel
Dekker, New York, 1996.

15 M. Kruk, M. Jaroniec, S. Guan and S. Inagaki, J. Phys. Chem. B, 2001,
105, 681.

Fig. 2 Transmission electron micrograph of mesoporous organosilica after
surfactant extraction.

Fig. 3 Nitrogen adsorption–desorption isotherms at 77 K and (inset) BJH
pore-size distribution plot for the mesoporous organosilica.
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[46]paracyclophanedodecayne derivative 1 having a novel
belt-shaped fully conjugated p-system was photochemically
generated from the corresponding hexakis(Dewar benzene)
precursor 7 as a highly strained but isolable compound.

Recently much attention has been focused on the design and
construction of novel carbon-rich materials with unusual
structural, electronic and optical properties.1 Despite the
fascinating structural features, however, p-conjugated carbon-
rich macrocycles with a cylindrical structure still remain as a
synthetic challenge, although several attempts to prepare related
belt-shaped molecules such as cyclacenes,2 cyclic parapheny-
lenes3 and [8.8]paracyclophaneoctayne4 have been reported.
Remarkable examples are cyclic paraphenylacetylenes prepared
by Kawase and Oda.5 The generation of cyclo[n]carbons6 and
related polyyne-bridged cyclophanes7 under mass spectro-
scopic conditions have also been proposed. In this communica-
tion we report the synthesis and characterization of the first
[46]paracyclophanedodecayne derivative 1b, in which six p-
phenylene and butadiyne units are alternately connected to form
a highly unsaturated cylindrical p-conjugated system. A key
feature in the present approach is exploitation of a Dewar
benzene as an angular p-phenylene synthon.8 Thus, macrocycle
1b was photochemically generated from the corresponding
hexakis(Dewar benzene) compound 7 as a highly strained but
isolable compound.

Synthesis of the precursor 7, which also represents a rare
example of oligo(Dewar benzene)s,8,9 was achieved by using
Dewar benzene building block 28 as outlined in Scheme 1.
Successive Pd-catalyzed couplings of 2 with TMS–acetylene
and TIPS–acetylene gave unsymmetrical monomer unit 3,

Scheme 1 Reagents and conditions: (a) (i) Me3SiCCH, Pd(PPh3)4, CuI,
Et3N, rt; (ii) (i-Pr)3SiCCH, Pd(PPh3)4, CuI, Et3N, rt, 54% (two steps); (b)
Cu(OAc)2, CuCl, Py, rt, 85%; (c) Bu4NF, THF, 0 °C; (d) Cu(OAc)2, CuCl,
Py, 60 °C, syringe-pump, 15% (two steps); (e) (i) 1 N HCl, THF, rt, (ii)
CF3SO3SiMe2(t-Bu), Et3N, rt, 69% (two steps); (f) hn, benzene, 12 °C,
100%. Although compounds 4–7 are inseparable mixtures of diastereomers,
only those with the highest symmetry are illustrated for clarity.

This journal is © The Royal Society of Chemistry 2001

2570 Chem. Commun., 2001, 2570–2571 DOI: 10.1039/b108253c



which was converted to dimer unit 4 by an in situ selective
deprotection–oxidative coupling sequence.10 After the removal
of the TIPS groups, 5 was subjected to the modified Eglinton
coupling10 under pseudo-high-dilution conditions to afford
cyclic hexamer 6 in 15% yield as a mixture of diastereomers
after purification by preparative GPC. In this macrocylization, a
larger cyclic oligomer, to be assigned as octamer, was also
formed as a minor product (5–8% yield). Acid hydrolysis of 6
followed by silylation of the resulting polyol afforded hex-
akis(Dewar benzene) derivative 7.

Aromatization of 7 was found to proceed smoothly and
cleanly under photochemical conditions to afford 1b.† Thus, 1H
NMR monitoring of the photolysis showed that irradiation of 7
in CDCl3 with a high-pressure mercury lamp through Pyrex at
ambient temperature led to the formation of a single product in
a nearly quantitative yield. The marked down-field shift
observed for the resonance signals due to the olefinic protons (d
6.80–6.83) and the CH2OTBS methylene protons (d 4.00) to d
7.58 and d 4.80, respectively, are consistent with the aromatiza-
tion of the Dewar benzene units. The UV-vis spectral changes
recorded during the photolysis of 7 in benzene are shown in Fig.
1; the isosbestic point observed is also indicative of the clean
conversion of 7 into 1b.‡ Macrocycle 1b was isolated as a rather
air-sensitive pale yellow solid which decomposed gradually
within several days upon standing in solution or in the solid state
under air at room temperature. Although attempts to determine
the molecular mass of 1b by mass spectroscopy with routine
ionization methods (EI, FD, FAB) failed, it was successfully
determined by ESI-MS as a complex with Na+. Compound 1b
exhibits simple 1H and 13C NMR spectra in CDCl3 at 25 °C,
four singlets in the former and nine lines in the latter, suggesting
fast rotation of the p-phenylene units on the NMR time scale at

this temperature.§ Since to date we have been unable to obtain
single crystals of 1b suitable for X-ray diffraction study, we
carried out semiempirical PM3 calculations for model com-
pound 1a to gain structural information about 1b. As shown in
Fig. 2, the optimized structure of 1a adopts a cylindrical
conformation possessing a well-defined cavity of about 15 Å
diameter. The strained nature of 1a is mainly reflected in the
deviation of the acetylene moieties from linearity and the
calculated C·C–C(sp2) and C·C–C(sp) bond angles are 170.8°
and 171.2°, respectively.

In conclusion, we have successfully synthesized and charac-
terized [46]paracyclophanedodecayne derivative 1b, possessing
the most unsaturated cylindrical p-conjugated system ever
isolated. The present results clearly demonstrate the high
synthetic potential of our Dewar benzene building block
approach for the construction of strained phenylene macro-
cycles that are difficult to prepare from planar benzene
derivatives.

This work was supported by Grants-in-Aid for Scientific
Research (No. 09640620 and 12640508) from the Ministry of
Education, Science, Sports and Culture of Japan.
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Fig. 1 UV-vis spectral changes observed upon irradiation of 7 in benzene
through Pyrex at 30 s intervals.

Fig. 2 PM3 optimized structure of 1a.
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b-(3,4-Dimethoxyphenyl)serine methyl ester was obtained in
high diastereomeric and enantiomeric excesses under trans-
fer hydrogenation using chiral Ru(h6-arene)-N-perfluor-
osulfonyl-1,2-diamine catalysts.

Catalytic transfer hydrogenation using propan-2-ol or formic
acid as hydrogen source has become one of the most significant
tools for asymmetric reduction of ketones.1,2 This method is a
powerful alternative to asymmetric hydrogenation using molec-
ular hydrogen with chiral Ru(II)-bisphosphane catalysts3 due to
its practical simplicity and the possibility of using easily
accessible and less sensitive ligands. Applications include the
asymmetric reduction of aromatic4 or a,b-acetylenic ketones5

and, more recently, transfer hydrogenation of benzils into chiral
hydrobenzoins via a dynamic kinetic resolution.6 Most of these
articles deal with Noyori’s chiral catalyst Ru(II)-TsDPEN7

(TsDPEN = N-tosyl-1,2-diphenylethylenediamine). However,
although very efficient, this catalyst suffers from long reaction
time and general low activity.

In an attempt to improve the performance of this catalytic
system, we thought to modify the diamine ligand by introducing
electron-withdrawing fluorosulfonyl groups, despite some dis-
couraging results reported on the use of triflate substituted
ligand 4d.4

In order to evaluate the performance of our catalysts we
investigated the transfer hydrogenation of the racemic threo-b-
hydroxy-a-amino acids 18 for the synthesis of the threo-2
isomer9 via a dynamic kinetic resolution (Scheme 1).

Several ligands (S,S)-4a–e and (S,S)-5a–e were prepared
starting from homochiral 1,2-diphenylethylenediamine and

trans-1,2-diaminocyclohexane, respectively. The b-keto-a-
amino ester 1 was subjected to transfer hydrogenation in the
presence of the reference Ru(II)-TsDPEN catalyst4 in a 5+2
formic acid–triethylamine azeotrope yielding threo-2 in 94% ee
and with high 95+5 threo/erythro ratio. Curiously, the catalyst
prepared in situ by heating TsDPEN ligand 4a and [RuCl2(p-
cymene)]2 in propan-2-ol in the presence of triethylamine,4b led
to only 20% conversion compared with 80% for the catalyst
prepared without a base (Table 1, entry 1). Changing the
arylsulfonyl group in the diamine ligand from toluene-p-
sulfonyl to a more electron-withdrawing p-trifluoromethylben-

Scheme 1

Table 1 Stereoselective transfer hydrogenation of b-keto-a-methylamino
acid ester 1 by chiral Ru(h6-arene)-N-perfluorosulfonyl-1,2-diamine cata-
lysts

Ru-catalyst Product 2

Entry Ligand h6-arene Time (h)
Conv.a
(%)

threo/
erythrob

Eec

(%)

1 4a p-Cymene 72 80 95/5 94
2 4b p-Cymene 72 100 95/5 90
3 4c p-Cymene 72 90 95/5 94
4 4c Benzene 72 95 78/22 50
5 4d p-Cymene 35 100 95/5 98
6 4e p-Cymene 27 100 95/5 > 99
7 5a p-Cymene 95 50 95/5 88
8 5b p-Cymene 95 65 95/5 88
9 5d p-Cymene 72 95 95/5 97

10 5d benzene 72 100 88/12 86
11 5e p-Cymene 40 100 95/5 > 99
12 5e Benzene 40 100 84/16 90
13 5e p-Cymene 40 100 95/5 99d

a Reactions were carried out at 45 °C with S/C (substrate/catalyst) =
40.b Conversion and threo/erythro ratio were determined by 1H NMR
spectroscopy.c Enantiomeric purity of threo-2 was determined by HPLC
(Daicel Chiralpack AD) of the Z-deprotected compound 3.d S/C = 100.

This journal is © The Royal Society of Chemistry 2001
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zenesulfonyl resulted in a remarkable improvement of activity
leading to 100% conversion, but with 90% ee (entry 2).

The catalyst prepared from the pentafluorobenzenesulfona-
mide ligand 4c and [RuCl2(p-cymene)] gave 94% ee of threo-2
(entry 3), but it was less reactive than the catalyst prepared from
4b. Changing the h6-arene ligand from p-cymene to benzene
slightly increased the catalyst activity, while stereoselectivity
dropped significantly (entries 3, 4). Using the triflate substituted
ligand 4d in combination with h6-p-cymene, led to total
conversion of 1 in 35 h yielding threo-2 in 98% ee (entry 5). The
nonaflate-substituted ligand 4e, despite its higher steric bulki-
ness with respect to 4d, gave practically enantiomerically pure
threo-2 in only 27 h (entry 6).

The cyclohexyldiamine ligand series 5a–e led to similar
stereoselectivities compared with the diphenylethylenediamine
ligands 4a–e, but necessitated longer reaction times (entries
7–11). The most active catalyst was prepared with the nonaflate
substituted ligand 5e and h6-p-cymene leading to 100%
conversion in 40 h with > 99% ee (entry 11).

These results show that the stereoselectivity and the catalyst
activity are very much influenced by the sulfonamide group and
by the h6-arene of the catalyst. Moreover, the h6-arene has a
profound influence on the diastereoselectivity (e.g. entries 3, 4).
In an attempt to rationalize our results we determined pKa
values of the diamine ligands10 (Table 2).

We found that the sulfonyl function does not only affect the
acidity of the sulfonamide NH group, but also affects the
basicity of NH2. As expected, the sulfonamide groups display
large pKa variations from 7.4 to 4.5 for ligands 4a–e and from
8.4 to 3.0 for ligands 5a–e. The pKa values of NH2 range from
11.1 to 8.3 and from 9.4 to 5.7 for 4a–e and 5a–e, respectively.
Correlation of these pKa’s and the catalysis results revealed that
the activity of the catalyst is improved by a decrease of the pKa
of the sulfonamide group and by a decrease of the basicity of the
NH2. For example, the most active catalyst in the cyclohex-
anediamine series (100% conversion in 40 h with > 99% ee)
was prepared from the mono nonaflate ligand 5e which showed
the lowest pKa1 = 3.0 and pKa2 = 5.7 values. The poorest
catalyst in this series (50% conversion in 95 h with 88% ee) was
prepared from the ligand 5a showing the highest pKa1 = 8.4 and
pKa2 = 9.4 values. The catalyst prepared from ligands showing
intermediate pKa values (e.g. 5.6 and 6.5 for 5d) proved to have
an intermediate reactivity (95% conversion in 72 h with 97%
ee). The same correlation is observed in the diphenylethylendia-
mine series.

Although these preliminary results have to be extended to
other families of ligands and catalytic systems, pKa measure-
ments might become a useful tool for ligand design and
mechanistic investigations.

In summary, in this work we show that introducing a better
electron-withdrawing group on the NoyoriAs TsDPEN ligand
strongly improves the catalyst activity and stereoselectivity in
transfer hydrogenation of a b-keto-a-amino acid 1 via dynamic
kinetic resolution. In particular, the catalyst prepared from the
nonaflate ligand 4e proved to be much more active than the
TsDPEN ligand and gave > 99% ee. Moreover, the activity and
enantioselectivity were found to be influenced by the ligandAs
pKa values.

Notes and references
1 For reviews, see:G. Zassinovich, G. Mestroni and S. Gladiali, Chem.

Rev., 1992, 92, 1051; M. Willis and H. Tye, J. Chem. Soc. Perkin Trans.
1, 1999, 1109; M. J. Palmer and M. Wills, Tetrahedron: Asymmetry,
1999, 10, 2045.

2 L. Schwink, T. Ireland, K. Püntener and P. Knochel, Tetrahedron:
Asymmetry, 1998, 9, 1143; Y. Jiang, Q. Jiang and X. Zhang, J. Am.
Chem. Soc., 1998, 120, 3817; C. Frost and P. Mendonça, Tetrahedron:
Asymmetry, 1999, 10, 1813; K. Murata and T. Ikariya, J. Org. Chem.,
1999, 64, 2186; A. Aitali, S. Allaoud, A. Karim, C. Meliet and A.
Mortreux, Tetrahedron: Asymmetry, 2000, 11, 1367; C. G. Frost and P.
Medonça, Tetrahedron: Asymmetry, 2000, 11, 1845; D. Maillard, C.
Nguefack, G. Pozzi, S. Quici, B. Valadé and D. Sinou, Tetrahedron:
Asymmetry, 2000, 11, 2881; R. Noyori and T. Ohkuma, Angew. Chem.,
Int. Ed., 2001, 40, 40.

3 T. Naota, H. Takaya and S.-J. Murahashi, Chem. Rev., 1998, 98,
2599.

4 S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya and R. Noyori, J. Am.
Chem. Soc., 1995, 117, 7562; A. Fujii, S. Hashiguchi, N. Uematsu, T.
Ikariya and R. Noyori, J. Am. Chem. Soc., 1996, 118, 2521; R. Noyori
and S. Hashiguchi, Acc. Chem. Res., 1997, 30, 97; K. Everaere, J.-F.
Carpentier, A. Mortreux and M. Bulliard, Tetrahedron: Asymmetry,
1998, 9, 2971.

5 K. Matsumura, S. Hashiguchi, T. Ikariya and R. Noyori, J. Am. Chem.
Soc., 1997, 119, 8738.

6 K. Murata, K. Okano, M. Miyagi, H. Iwane, R. Noyori and T. Ikariya,
Org. Lett., 1999, 1, 1119.

7 The catalyst precursor, the catalyst, and its reactive species have been
identified and their structures were confirmed by X-ray crystal analysis.
See: K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya and R. Noyori,
Angew. Chem. Int. Ed. Engl., 1997, 36, 285.

8 L-threo-b-(3,4-Dihydroxyphenyl)-N-methyl serine and its methyl ester
were found to be antiparkinsonian and antidepressive agents. See: EP
218,440; EP 112,606. For hypoglycemic action, see:Y. Hioki, A.
Nakajima, T. Fukuroda, H. Ohasi and M. Yano, Jpn. J. Pharmacol.,
1995, 69, 251. ; For other activities, see: M. A. Blaskovich, G. Evindar,
N. G. W. Rose, S. Wilkinson, Y. Luo and G. A. Lajoie, J. Org. Chem.,
1998, 63, 3631 and references cited therein.

9 Catalytic hydrogenation of the related methyl 2-(benzyloxycarbonyla-
mino)-3-(3,4-methylenedioxyphenyl)-3-oxopropanoate was conducted
with [RuBr2(R)-BINAP] under 100 atm of hydrogen to give a 99+1
diastereomeric ratio and 92% ee of the corresponding threo compound.
See: R. Noyori, T. Ikeda, T. Ohkuma, M. Widhalm, M. Kitamura, H.
Takaya, S. Akutagawa, N. Sayo, T. Saito, T. Taketomi and H.
Kumobayashi, J. Am. Chem. Soc., 1989, 111, 9134.

10 Two pKa’s were determined: pKa1 corresponds to deprotonation of the
sulfonamide group, since it is similar to pKa’s of trifluoromethanesulfo-
namides (ca. 5.8); pKa2 is comparable with the pKa2 value of
1,2-diamine salt (ca. 9.9).

Table 2 pKa values of ligands 4,5-a,b,d,ea

Ligand a b d e

4 pKa1 7.4 —b 4.5 4.5
pKa2 11.1 — 8.3 8.5
5 pKa1 8.4 8.3 5.6 3.0
pKa2 9.4 9.3 6.5 5.7
a pKa values were determined potentiometrically.b The ligand was not
soluble under titration conditions.
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One-step syntheses of very large cage-type molecules from aromatic
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Polycondensation of a trifunctional, ketone-activated fluor-
oarene with bis- or tris-phenoxides under pseudo-high
dilution conditions affords a series of very large macro-
polycyclic aromatic ether ketones; isolation and character-
isation of these materials by NMR, MALDI-TOF MS and,
for one example (after reduction of the carbonyl groups to
methylene linkages) by X-ray crystallography, confirms that
polycondensations which would normally lead to highly
branched or cross-linked polymers can also give rise to large,
closed-network molecules.

The synthetic and structural relationships between linear
aromatic polymers and their macrocyclic homologues have
been intensively investigated over the past decade,1 work
focusing mainly on the potential of macrocyclic ring-opening
polymerisation for reactive fabrication of linear polymers. The
reverse reaction—ring closing depolymerisation—has however
also been explored for application in the recovery and recycling

of high-value condensation polymers.2 Macrocyclic aromatic
oligo-amides are, in addition, of considerable value for the
generation of novel supramolecular architectures including

catenanes,3 rotaxanes,4 and knots.5 We now describe some
preliminary experiments which demonstrate that the ring–chain
relationship can be extended to a third dimension. Thus,
polycondensations involving trifunctional monomers, which
would normally afford highly branched or even fully cross-
linked polymers, are here shown also to give, under pseudo-
high dilution conditions, a series of very large aromatic cage-
type molecules.6

Reaction of 4,4A-hexafluoroisopropylidenediphenol (1) with
1,3,5-tris(4-fluorobenzoyl)benzene (2) was carried out by slow
addition of a solution of the two monomers (3+2 mole ratio) in
dimethylacetamide (DMAc) to potassium carbonate in reflux-
ing DMAc–toluene, with continuous azeotropic removal of
water (Scheme 1). A complex mixture of oligomeric and
polymeric materials was obtained but the macrobicyclic cage-
compound 3 (mp 450 °C) could be isolated straightforwardly
from this mixture, albeit in low yield ( ~ 5%) , by column
chromatography.

Spectroscopic analyses of 3 by MALDI-TOF MS and by 1H
and 13C NMR were entirely consistent with the structure shown
in Scheme 1, but efforts to obtain single crystals suitable for X-
ray analysis were unsuccessful. However, reduction of the
carbonyl groups in 3 to methylene linkages using triethylsilane
and trifluoroacetic acid (Scheme 1)7 afforded the fully-reduced
cage-compound 4 (42% yield), together with a compound (5) in
21% yield in which one ketone group remains unreduced.†
Compounds 4 and 5 were readily separated by column
chromatography, and 4 eventually yielded crystals suitable for
X-ray analysis.‡ Its structure is shown in Fig. 1, from which it
is evident that the composition and topology proposed for this
compound (and thus by inference for 3) are correct.

The molecule adopts a semi-collapsed and flattened con-
formation with no obvious intramolecular interactions other
than a weak p-stacking arrangement between a pair of aromatic
ether-containing ring systems in the two adjacent arms of the

† Electronic supplementary data (ESI) available: analytical and spectro-
scopic data for compounds 3–5 and 8. See http://www.rsc.org/suppdata/cc/
b1/b108124c/

Scheme 1
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macrocycle. The hexafluoroisopropylidene-linked aromatic res-
idues here display a consistently skewed conformation, but the
diarylene-ether units have geometries that range from symmet-
rically-skewed to near-orthogonal.

An analogous polycondensation between the trifluoro-com-
pound 2 and tris-phenol 6 (derived from 2 by hydrolysis with
potassium hydroxide in DMSO) afforded not the expected cage-
compound 7—a direct analogue of 3—but its macrotricyclic
dimer 8 (Scheme 2). This compound was isolated in pure form
by column chromatography (4% yield) and characterised in
detail.† It shows a sharp, clearly-defined melting point by DSC
at the astonishingly high temperature of 556 °C, reflecting both
extreme rigidity of the molecular structure and a quite
remarkable thermal stability. The MALDI-TOF spectrum of the
original product mixture showed a strong [M + Na]+ peak for
compound 8, but gave no evidence for the monomeric cage 7.
The MALDI-TOF analysis did however indicate the presence of
higher polycyclic oligomers of 7, including the macro-
polycyclic trimer and tetramer. Evidence to date, mainly from
the 1H NMR spectra of partially-resolved chromatographic
fractions, suggests that the higher-order polycyclic oligomers of
7 comprise increasing numbers of the structural repeat (a six-
ring macrocycle with a two-ring linking umit) found in
oligomer 8.

This approach to large, closed-network molecules is clearly
not restricted to the aromatic polyetherketone systems described
here, but should be generally applicable to any type of
branching polycondensation, including esterification, amida-
tion and imidation. Such possibilities are currently under
investigation, as are the potential applications of these mole-
cules in supramolecular assembly and in cage-opening poly-
merisation.

We thank Professor F. H. Kohnke of the University of
Messina for stimulating discussions.

Notes and references
‡ Crystal data for 4: C99H66F18O6.0.75 CH2Cl2, Mr = 1757.21, triclinic,
P1̄, a = 14.291(3), b = 17.673(4), c = 20.181(3) Å, a = 97.04(2), b =
109.61(1), g = 112.31(2)°.V = 4255(1) Å3, T = 293 K, Z = 2, Dc 1.371
g cm23, m (Cu-Ka) = 1.371 mm21, F (000) = 1803. Independent measured
reflections 11444. R1 = 0.077, wR2 = 0.166 for 5472 independent observed
reflections [2q5 115°, I > 2s(I)]. CCDC 171849. See http://www.rsc.org/
suppdata/cc/b1/b108124c/ for crystallographic files in .cif format.
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Fig. 1 Molecular structure of the reduced cage-compound 4 (hydrogen
atoms are omitted for clarity).

Scheme 2
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2-Aminobenzyl alcohol is oxidatively cyclised with an array
of ketones in dioxane at 80 °C in the presence of a catalytic
amount of a ruthenium catalyst and KOH to afford the
corresponding quinolines in high yields.

Many synthetic routes are well documented for the formation of
quinolines since the quinoline nucleus plays an important role
as an intermediate for the design of many pharmacologically
active compounds.1,2 Besides conventional named methods
such as Skraup, Döbner-von Miller, Conrad-Limpach, Frie-
dlaender and Pfitzinger syntheses,1 homogeneous transition
metal-catalysed synthetic methods have been attempted be-
cause of the wide availability of substrate.3 We have also
reported on the formation of quinolines via a ruthenium-
catalysed alkyl group transfer from alkylamines to the nitrogen
atom of anilines (amine exchange reaction).4 During the course
of our ongoing studies on ruthenium catalysis,5,6 in connection
with this report, we recently found an unusual type of
ruthenium-catalysed transfer hydrogenation of ketones by
alcohols under the molar ratio of alcohol + ketone = 3 (Scheme
1).7 It was suggested that the reaction proceeds via a sequence
involving oxidation of alcohol to aldehyde and cross aldol
reaction of aldehyde with ketone to form an a,b-unsaturated
ketone which is subsequently hydrogenated to the product by a
dihydridoruthenium (RuH2) generated by the initial oxidation
of the starting alcohol. Prompted by these findings and intrigued
by the diverse reactivities of ruthenium catalysts, we have

directed our attention to the application of this methodology to
the synthesis of N-heterocycles. Herein we report a modified
Friedlaender quinoline synthesis via a ruthenium-catalysed
oxidative cyclisation of 2-aminobenzyl alcohol with ketones.8

The results of several attempted oxidative cyclisations of
2-aminobenzyl alcohol (1) with acetophenone (2) are listed in
Table 1. Typically, 1 was subjected to react with 2 in the

Scheme 1

Table 1 Ruthenium-catalysed oxidative cyclisation of 1 with 2 under
various ruthenium catalystsa

Run Ruthenium catalysts T/°C
GLC yield
(%)b

1 RuCl2(PPh3)3 25 40
2 RuCl2(PPh3)3 50 63
3 RuCl2(PPh3)3 80 94
4c RuCl2(PPh3)3 80 73
5 RuCl3·nH2O–3PPh3 80 85
6 RuCl3·nH2O–1.5 dppm 80 50
7 RuH2(PPh3)4 80 91
8 Ru3(CO)12 80 34
9 Cp*RuCl2(CO)d 80 29

10 Cp*RuCl(CO)(PPh3)d 80 65
11 RuCl2(NCHPh)(PCy3)2 80 99
a Reaction conditions: 1 (1 mmol), 2 (2 mmol), ruthenium catalyst (1 mol%
based on 1), KOH (1 mmol), for 1 h, under argon.b Based on 1.c [2] + [1] =
1.d Cp* = h5-C5Me5

Table 2 Ruthenium-catalysed synthesis of quinolines from 1 and keto-
nesa

Ketones Quinolines Yield (%)b

R = Ph R = Ph 97
R = 2-MeC6H4 R = 2-MeC6H4 94
R = 3-MeC6H4 R = 3-MeC6H4 96
R = 4-MeC6H4 R = 4-MeC6H4 96
R = 4-MeOC6H4 R = 4-MeOC6H4 94
R = 4-FC6H4 R = 4-FC6H4 97
R = 3-CF3C6H4 R = 3-CF3C6H4 98
R = 4-NO2C6H4 R = 4-NO2C6H4 40
R = 2-HOC6H4 R = 2-HOC6H4 50c

R = 4-CNC6H4 R = 4-CNC6H4 70
R = 2-naphthyl R = 2-naphthyl 99
R = 2-furanyl R = 2-furanyl 94
R = 2-thiophenyl R = 2-thiophenyl 78
R = 2-pyridyl R = 2-pyridyl 89
R = Me R = Me 76d

R = pentyl R = pentyl 69e

R = phenethyl R = phenethyl 79f

R = i-Pr R = i-Pr 72

86

R = H R = H 66
R = Ph R = Ph 97

74

90

86

a Reaction conditions: 1 (1 mmol), ketone (2 mmol),
RuCl2(NCHPh)(PCy3)2 (0.01 mmol), KOH (1 mmol), 80 °C, for 1 h, under
argon.b Isolated yield based on 1.c For 15 h.d [Acetone] + 1 = 5.e 3-Butyl-
2-methylquinoline was also formed in 30% yield.f 3-Benzyl-2-methylqui-
noline was also formed in 20% yield.

This journal is © The Royal Society of Chemistry 2001
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presence of a catalytic amount of a ruthenium catalyst (1 mol%
based on 1) and KOH to afford 2-phenylquinoline (3). The
reaction was monitored until 1 had disappeared on TLC, which
occurred within 1 h. The product yield increased with increase
in reaction temperature up to 80 °C (runs 1–3). Tuning the molar
ratio of 2 to 1 was critical for the effective formation of 3. Upon
using equimolar amounts of 1 and 2, the yield of 3 was lower
than that when the molar ratio of 2 was used (run 4). This could
be due to partial consumption of 2 leading to 1-phenylethanol
by transfer hydrogenation of 2 by 1. Of various ruthenium
catalysts employed, RuCl2(NCHPh)(PCy3)2 is the choice of
preference for the effective formation of 3 (runs 5–11). In all
cases, 3 was formed in moderate to high yields with concomi-
tant formation of 1-phenylethanol by transfer hydrogenation of
2 by 1 ranging from 5–12%.† 9

Given suitable reaction conditions, a series of ketones were
screened in order to scrutinise the reaction scope, and several
representative results are summarised in Table 2. Alkyl aryl
ketones were readily cyclised with 1 irrespective of the
examined functional groups on the aromatic ring to afford the
corresponding 2-arylquinolines in excellent to good yields. The
quinoline yield was not greatly affected by the position of the
substituent on the aromatic ring of ketones, whereas the
electronic nature of that had some relevance to the product
yield. Lower reaction rate and yield were observed with
acetophenones having nitro, hydroxy and cyano functional
groups on the aromatic ring. With alkyl heteroaryl ketones, the
corresponding quinolines were also formed in high yields. In the
reaction of dialkylketones, the corresponding quinolines were
obtained as a regioisomeric mixture, favoring cyclisation at
less-hindered position over a-methylene.6,7,10 An array of alkyl
aryl, cyclic and benzo-fused cyclic ketones having only the
methylene reaction site also afforded the corresponding prod-
ucts ranging from 66–97%.

As to the reaction pathway, this seems to proceed via an
initial oxidative addition of ruthenium to O–H bond of 1
followed by b-hydrogen elimination to give 2-aminobenzalde-
hyde. The precedents of such an oxidative addition have been
well documented in several transfer hydrogenation reactions.9

In summary, we have demonstrated that 2-aminobenzyl
alcohol can be oxidatively cyclised with an array of ketones in
the presence of a ruthenium catalyst to give quinolines in high

yields. The present reaction is a novel transition metal-catalysed
Friedlaender quinoline synthesis.

The present work was supported by the Basic Research
Program of the Korea Science and Engineering Foundation
(R01-2000-00044). C.S.C. gratefully acknowledges a MOE-
KRF Research Professor Program (2001-050-D00015).

Notes and references
† General experimental procedure: a mixture of 2-aminobenzyl alcohol (1
mmol), ketone (2 mmol), RuCl2(NCHPh)(PCy3)2 (0.01 mmol) and KOH (1
mmol) in dioxane (3 ml) was placed in a 5 ml screw-capped vial. The system
was flushed with argon and allowed to react at 80 °C for 1 h. The reaction
mixture was filtered through a short silica gel column (ethyl acetate),
washed with brine and dried over Na2SO4. Removal of the solvent left a
crude mixture, which was separated by column chromatography (silica gel,
ethyl acetate–hexane mixture) to give quinolines.
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Synthesis of bicyclo[2.2.2]octenones 4a–d, 9 and their Cope
rearrangement to substituted cis-decalins 3a–d, 12, is
described.

Recently, several diterpene alkaloids such as 1, 2 were isolated
from marine sponges of the genus Agelas.1–3 Some members of
this family exhibit interesting biological activities such as
cytotoxicity, antimicrobial activity and inhibition of Na, K-
ATPase.2a,c,4 Interestingly, these alkaloids contain a cis-decalin
framework similar to cis-cleoradanes.5 In view of the isolation
of these interesting diterpenes and cleoradanes5 which have a
cis-decalin skeleton containing contiguous stereocentres, there
has been a growing interest in the development of new
stereoselective methods for the synthesis of substituted cis-
decalins.6–10

We thought to develop a general and flexible route to cis-
decalins of type 3 having stereochemically defined substituents,
olefinic linkages and a carbonyl group. It was considered that
cis-decalins such as 3 could be directly obtained via a Cope
rearrangement of an appropriately designed bicyclo[2.2.2]octe-
none system of type 4 with an endo vinyl moiety and other
substituents, in a highly stereocontrolled fashion (Scheme 1). It
may be worth mentioning that, while there are no routes to
advanced bicyclo[2.2.2]octenones of type 4, synthesis of even
simpler bicyclic precursors involves cycloaddition of ketene
equivalents with dienes followed by addition of a vinyl
group.9b,c

In this communication, we wish to report a new method for
the synthesis of bicyclo[2.2.2]octenones of type 4 that directly
introduces a vinyl group on to the bicyclic frame and also
permits introduction of methyl and other alkyl substituents, and
their Cope rearrangement leading to a general, flexible and
stereoselective route to highly substituted cis-decalins.

Conceptually, the desired bicyclooctenones of type 4 should
be available via inverse electron demand cycloaddition of
cyclohexa-2,4-dienones of type 5 with acyclic 1,3-dienes.
Though, there are some methods for preparation of 6,6-dis-
ubstituted cyclohexadienones of type 5 viz., the alkylation11a of

o-substituted phenols and rearrangement of epoxyfulvene,11b

these methods are not easily adaptable. We therefore, developed
an indirect route to the bicyclic systems of type 4 by in-situ
generation of cyclohexa-2,4-dienone 6 and butadiene, their
cycloaddition, and manipulation of the resulting adduct.

Thus, the addition of sulfolene 8 to a solution of the readily
available12 dimer 7a in o-dichlorobenzene at 140 °C followed
by chromatography of the reaction mixture gave the adduct 9a
as a major product. The structure of the adduct was deduced
from its spectroscopic and analytical data.† While, the endo-
stereochemistry of the adduct 9a was proved through its Cope
rearrangement (vide infra), orientation of the chloromethyl and
hydroxy group was suggested on the basis of general tendency
of cyclohexa-2,4-dienones during their cycloaddition and
comparison with analogous compounds.13 Although yield of the
above cycloaddition is moderate, the generation of molecular
complexity in a single step is noteworthy.

Manipulation of the functional groups of 9a enabled the
stereoselective introduction of alkyl substituents at the carbon
bearing hydroxy and chloromethyl groups. Thus, the adduct 9a
was easily converted into epoxyketone 10a in a quantitative
fashion. Treatment of 10a with zinc in dry dioxane containing
ammonium chloride gave the compound 11a as a result of
deoxygenation of the oxirane ring.14

Alkylation of 11a with allyl bromide in the presence of NaH–
THF gave a mixture of syn–anti (85+15) isomers from which
the syn isomer 4a was isolated in major amounts. Such type of
stereoselectivity in alkylation has been also observed by Stork
and Paquette.15 Alkylation of 11a with propargyl bromide also
gave the propargyl analogue 4c in a selective fashion, which
was converted into the dione 4d by hydration of the acetylene
moiety (Scheme 2). Similarly, more substituted bicyclic
precursor 4b with a methyl group at C-8, and an allyl and a
methyl group at C6 was synthesized from the dimer 7b (Scheme
2). Thus, the present methodology provides a novel and
stereoselective route to bicyclic frameworks with an endo vinyl
moiety, stereochemically defined substituents and a carbonyl
group.

Next 3,3-sigmatropic rearrangement of 9a, and 4a–d was
examined. Thus, a solution of 9a in o-dichlorobenzene was
heated at ~ 170 °C which smoothly furnished the bicyclic enone
12 in quantitative yield. Similarly, other bicyclic compounds
4a–d also underwent 3,3-sigmatropic shifts to give the highly
substituted cis-decalins 3a–d (Scheme 3). The structures of all
the products were clearly revealed from their spectral data.†

In summary, we have described a new and efficient synthesis
of bicyclooctenones of type 4a–d, 9 with vinyl, methyl and
other alkyl substituents and their Cope rearrangement leading to
a stereoselective route to substituted cis-decalins (3a–3d, 12).
This strategy is flexible and adaptable since it permits
incorporation of a methyl group at the ring junctions in theScheme 1
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decalin framework by appropriate selection of the starting
precursors of type 7.

We are grateful to Department of Science and Technology,
New Delhi for financial support. We also thank RSIC, IIT
Bombay for spectral data.

Notes and references
† All the compounds were thoroughly characterized with the help of
spectral and analytical data. Selected data for 4b: nmax/cm21 1719,1657;
dH(300 MHz, CDCl3) 5.90–5.69 (m, 3H), 5.12–4.80 (m, 4H), 2.97(dd, J 7
& 3, 1H), 2.54–2.44 (m, 2H), 2.24 (d of part of an AB system, JAB 14 & J
8, 1H), 2.07 (d of part of an AB system, JAB 14 & J 8, 1H), 1.90 (d, J 1.5,
3H), 1.82–1.69 (m, 2H), 1.02 (s, 3H); dC(75 MHz, CDCl3) 216.45, 147.12,
140.55, 134.03, 120.54, 118.17, 115.11, 54.32, 47.31, 46.46, 43.16, 42.05,
26.60, 21.33, 19.46; m/z 216(M+). 4d: nmax/ cm21 1715; dH(300 MHz,
CDCl3) 6.50 (superimposed dd, J 7.2, 1H, g H of b, g-enone group), 6.04
(superimposed dd, J 7.2, 1H, b H of b, g-enone moiety), 5.58–5.46 (m, 1H,
olefinic proton), 4.98 (d, J 16.5, 1H, olefinic proton), 4.92 (d, J 10.8, 1H,

olefinic proton), 3.28 (m, 1H), 3.08 (d, J 6.6, 1H), 2.65 (part of an AB
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H), 2.38 (part of an AB system, JAB 16.5, 1H, methylene), 2.25–2.22 (m,
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CH3 and methine); dC(75 MHz, CDCl3+CCl4) 213.50 (CO), 206.23 (CO),
140.73, 138.93, 125.13, 114.49 (olefinic carbons), 54.50, 50.29, 45.30,
40.02, 38.38, 31.89, 28.33, 20.94; m/z 218 (M+). 3b: nmax/cm21 1670;
dH(400 MHz, CDCl3) 6.73 (d, J 10, 1H, b H of a, b-enone group), 5.89 (d,
J 10, 1H, a H of a, b-enone moiety), 5.80–5.74 (m, 1H, olefinic proton),
5.70–5.63 (m, 1H, olefinic proton), 5.60–5.48 (m, 1H, olefinic proton),
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(m, 1H), 2.20–2.02 (overlapped m, 4H), 1.99–1.90 (m, 1H), 1.15 (s, 3H,
CH3), 1.01 (s, 3H, CH3); dC(100 MHz, CDCl3) 203.90, 159.16, 135.09,
126.03, 125.78, 123.25, 117.54, 48.88, 41.83, 38.71, 34.89, 34.27, 28.82,
22.20, 20.71; m/z 216 (M+). 3d: mp. 71–72 °C. nmax/cm21 1713, 1675;
dH(300 MHz, CDCl3) 6.65 (m of d, J 10.2, 1H, b H of a, b-enone group),
5.95 (dd, J 10.2 and ~ 2.5, 1H, a H of a, b-enone moiety), 5.80–5.72 (m,
1H, olefinic proton), 5.68–5.60 (m, 1H, olefinic proton), 3.02 (br m, 1H),
2.74 (part of an AB system, JAB 15, 1H, methylene), 2.62–2.40 (m merged
with a part of an AB system, JAB 15, total 3H), 2.22–2.04 (s merged with a
m, total 5H), 1.78–1.60 (m merged with the signal due to H2O present in
CDCl3, 1H), 1.2 (s, 3H, CH3); dC(75 MHz, CDCl3) 206.82, 202.41 (CO),
153.82, 128.60, 126.78, 125.10 (olefinic carbons), 48.92, 47.68, 37.96,
32.37,31.99, 30.97, 23.73, 18.72. Mass (m/z): 218 (M+).
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Scheme 2 Reagents/conditions: i, 140 °C, o-dichlorobenzene; ii, KOH,
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Oligo(benzoate) derivatives of cis- and trans-
(RO)2[14]aneS4, trans-(RO)2[16]aneS4, and their corre-
sponding Pd(II) complexes reveal metal-induced meso-
morphic behaviour which can be rationalised by
conformational locking of the ligand on complexation.

The formation of mesogenic materials from functionalised
macrocyclic ligands is the subject of considerable current
interest.1–8 Examples have been reported using N-function-
alised aza crowns which afford columnar mesophases,2–6

although these systems tend to use the aza crown as a central
building core for attachment of peripheral groups and the amide
nitrogen atoms are generally poor donors to metal ions. Metal
ion binding can, however, be facilitated by reduction of the
amide linkers of the ligand to tertiary amines. In this way, for
example, Lattermann and coworkers have reported7 the forma-
tion of columnar rectangular phases for the octahedral com-
plexes [M(CO)3(R3[9]aneN3)] (R = alkoxybenzyl; M NCr, Mo,
W), while the symmetric functionalisation of polyaza macro-
cycles to give a range of columnar mesophases has also been
reported by the groups of Latterman, Ringsdorf and Goodby.8

We were interested in developing functionalised thioether S-
donor crowns as potential mesogenic materials. Unlike the N-
donor systems, these have to be functionalised on the C-
backbone, and although this is not always synthetically
straightforward, it affords the polythioether donor core intact
and available for metal complexation. A direct comparison can,
therefore, also be made between the mesogenic mesomorphic
properties of metal-free and metal-complexed materials. Fur-
thermore, the ability of thioether macrocycles to coordinate to a
wide variety of metal ions has been demonstrated,9 and
functionalisation of the periphery of the ligand does not appear
to alter significantly the complexation properties of the resultant
thioether crown.10 Very little work has been reported on the
synthesis of mesomorphic thioether crowns,1,11,12 and we report
herein the synthesis and thermal behaviour of a range of ligands
and Pd(II) complexes of oligo(benzoate) ester derivatives.

Compounds 1–9 (Scheme 1) were prepared from the
corresponding pure cis and trans dialcohols13 via esterification
with the appropriate carboxylic acid, acid chloride or acid
anhydride. The reaction of equimolar amounts of
[Pd(MeCN)4](BF4)2 and each of 1–9 in MeCN–CH2Cl2 gave
yellow solids which afforded yellow crystals upon crystallisa-
tion from MeCN–Et2O. The purity of both the macrocyclic
ligand and the corresponding Pd(II) complex was confirmed by
1H and 13C NMR spectroscopy, mass spectrometry (EI, FAB,
ES) and by elemental analysis after consecutive recrystallisa-

tions. The thermal behaviour of the ligands and their Pd(II)
complexes was studied by polarised optical microscopy. None
of the ligands showed any mesomorphism, all simply melting
directly to the isotropic phase. However, on complexation to
Pd(II), the thermal behaviour changed markedly. Thus, while all
the complexes of the cis-ligands and the two complexes of the
trans-functionalised ligand with methoxy chains (1 and 7) were
non-mesomorphic, the remaining complexes were indeed found
to be mesomorphic (Table 1), showing monotropic nematic or
SmC phases. These phases can be observed clearly by polarised
optical microscopy, although decomposition does occur when
samples are kept at elevated temperatures for prolonged
periods.

On complexation to Pd(II), the macrocyclic ring becomes
conformationally locked and acts as a rigid spacer which
couples the terminal mesogenic groups together. Thus, for
[Pd(3)](BF4)2 all four terminal phenyl groups are now part of
the same anisotropic unit connected via the central complexed
crown. The overall anisotropy is now sufficiently high to allow
mesomorphism, and a monotropic nematic phase is observed,
whereas the metal free ligand simply melts. Furthermore,
[Pd(2)](BF4)2 is also mesomorphic giving a monotropic smectic
SmC phase confirming that only two phenyl ester functions are
required for mesomorphism. Interestingly, [Pd(3)](BF4)2 and

† Electronic supplementary information (ESI) available: Figs. 1–3 with full
captions, Fig. 4: view of the packing of [Pd(7)][BF4]2. Fig. 5: schematic of
undulating layers in [Pd(7)][BF4]2. See http://www.rsc.org/suppdata/cc/b1/
b107027b/

Scheme 1

Table 1 Summary of polarising microscopic data for polyphenylester
derivatives of trans- and cis-(HO)2[14]aneS4 and trans-(HO)2[16]aneS4

1 Cryst · 169 · I [Pd(1)](BF4)2 Cryst · 273(decomp)
2 Cryst · 117 · I [Pd(2)](BF4)2 Cryst · 222 · I · (164) · (Sc)
3 Cryst · 192 · I [Pd(3)](BF4)2 Cryst · 280 · I · (242) · (N)
4 Cryst · 162 · I [Pd(4)](BF4)2 Cryst · 242(decomp)
4 Cryst · 108 · I [Pd(4)](BF4)2 Cryst · 242(decomp)
6 Cryst · 192 · I [Pd(6)](BF4)2 Cryst · 244 · I(decomp)
7 Cryst · 144 · I [Pd(7)](BF4)2 Cryst · 269(decomp)
8 Cryst · 101 · I [Pd(8)](BF4)2 Cryst · 244 · I · (144) · (Sc)
9 Cryst · 171 · I [Pd(9)](BF4)2 Cryst · 260 · I · (238) · (N)
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[Pd(9)](BF4)2 are very rare examples of ionic species showing
a thermotropic nematic phase.14

Further support for the above arguments comes from crystal
structure determinations on model anisate derivatives
[Pd(1)](BF4)2, [Pd(4)](BF4)2 and [Pd(7)](BF4)2.‡ The structure
of [Pd(1)](BF4)2 shows an S-shaped conformation for the
complexed trans-ligand (Fig. 1). A zigzag arrangement of
cations in the packing diagram is observed as a consequence of
the trans configuration of the functionalised macrocycle which
adopts a [3434] conformation. The Pd(II) cation occupies a
crystallographic inversion centre and therefore lies precisely in
the S4 mean plane. No aromatic p–p stacking is observed,
although such interactions have been observed for the free
ligand 1 where the macrocycle also adopts a [3434] configura-
tion.1 In contrast, the structure determination of cis-
[Pd(4)](BF4)2 reveals a U-shaped cation with the phenyl groups
pointing away from the macrocycle which adopts a [3434]
conformation (Fig. 2) as for [Pd(1)]2+. The Pd(II) ion exhibits a
square planar geometry and is displaced out of the S4 mean
plane by 0.0365 Å. The dihedral angle between the mean plane
of the phenyl rings and the S4 mean plane is 82.6(2)° (C1P–
C6P) and 41.5(2)° (C1PA–C6PA), with a dihedral angle between
the two phenyl rings of 77.5(2)°. This results in the observed
twisted U-shaped conformation for the complexed ligand. As in
[Pd(1)]2+, there are no aromatic p–p interactions between the
phenyl groups in [Pd(4)](BF4)2 (Fig. 4, ESI†), although this is
observed for the metal-free ligand which adopts a [223223]
conformation.1

There is clearly, therefore, a direct conformational and
configurational difference between the cis and trans isomers,
which is reflected in mesophase formation. It is of course
dangerous to attempt to correlate directly solid-state effects and
potential structural features in the mesophase itself, particularly
since monotropic behaviour is observed in each case. However,
it is tempting to suggest that trans-isomers are more favorably
disposed towards the formation of nematic mesophases. This is
supported further by the results of a structure determination of
[Pd(7)](BF4)2 which shows (Fig. 3) a similar S-shaped
configuration to that of trans-[Pd(1)](BF4)2. The central Pd(II)
cation occupies a crystallographic inversion centre and there-
fore lies precisely in the S4 plane The central Pd(II) cation lies

in the mean S4 plane of the macrocycle which adopts a [5353]
conformation. Interestingly, however, the packing diagram of
[Pd(7)](BF4)2 shows undulating layers of cations via p–p
interactions of 3.326 Å with an offset angle of some 64.1° (Fig.
5, ESI†). This confirms that there are clear structural differences
between 14- and 16-membered ring systems.

In conclusion, we have demonstrated the ability of a metal ion
to induce mesomorphism in non-mesomorphic ligands, defining
a sensing function for the ligands. Further, while both cis and
trans isomers of related highly anisotropic macrocycles have
been shown previously to be mesomorphic,1 the conformational
locking of the macrocycle resulting from complexation now
discriminates between the isomers leading to mesomorphic
complexes of trans-ligands, and non-mesomorphic complexes
of cis-ligands.

This work was supported by the EPSRC and by the
University of Nottingham.
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‡ CCDC reference numbers 145062–145064. See http://www.rsc.org/
suppdata/cc/b1/b107027b/ for crystallographic data in CIF or other
electronic format.
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Fig. 1 View of the structure of [Pd(1)]2+ with numbering scheme
adopted.

Fig. 2 View of the structure of [Pd(4)]2+ with numbering scheme
adopted.

Fig. 3 View of the structure of [Pd(7)]2+ with numbering scheme
adopted.
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A new cofacial binucleating macropolycycle combining, for
the first time, the distinctive coordination properties of
[9]aneN3 (1,4,7-triazacyclononane) with those of phenol-
based compartmental macrocycles is reported together with
binuclear CdII and YIII complexes, which show segregated
and encapsulated complexation, respectively.

The design and synthesis of phenol-based binucleating com-
partmental macrocycles and the preparation of their homo- and
hetero-dinuclear complexes incorporating bridging phenolate
donors have important applications in several fields of chemical
research.1 In particular, binuclear complexes with transition
metal ions in close proximity can show fascinating magnetic
properties2 and can serve as synthetic analogues of bimetallic
biosites.3 Furthermore, homo- and hetero-dinuclear lanthanide
complexes with phenol-based compartmental macrocycles have
proved to be useful models in studying the nature and
applications of such compounds in lasers,4 phosphors,5 tunable
photonic devices,6 and in molecular recognition processes
which govern LnIII cation pairing events.7 Variation of the
building blocks1,8 has afforded compartmental ligands incorpo-
rating lateral chains such as 2,2A-bipyridyl,9 triethylenete-
traamine10 or 1,8-diamino-3,6-dioxaoctane.11 Interestingly,
there are no reports of pre-formed macrocycles being in-
troduced as part of the lateral chains bridging the two phenolic
units to give binucleating compartmental or cofacial macro-
polycycles.

We report herein the synthesis of H2L and its coordination to
CdII and YIII. H2L represents a new cofacial binucleating
macropolycycle in which, for the first time, the particular
coordination properties of [9]aneN3 are combined with those of
phenol-based compartmental macrocycles. Thus, direct [2 + 2]
Schiff-base condensation of one mol equivalent of 1,4-bis(2-
aminoethyl)-1,4,7-triazacyclononane, 3, with one mol equiva-
lent of 2,6-diformyl-4-methylphenol in MeOH gives, after
partial removal of the solvent and addition of light petroleum,
the cofacial macropolycycle H2L in 78% yield as confirmed by
1H, 13C NMR spectroscopy, FAB mass spectrometry and
analytical data† (Scheme 1). 3 was synthesised in overall 88%
yield by reaction of 1-(p-tolylsulfonyl)-1,4,7-triazacyclononane
1 with two equivalents of N-tosylaziridine and subsequent
detosylation of 2 with concentrated sulfuric acid. The ligand 3
has been reported previously,12 but only as a by-product of the
synthesis of the tris-pendant arm-species 1,4,7-tris(2-aminoe-
thyl)-1,4,7-triazacyclononane. Our synthesis of 3 represents a
selective and efficient methodology to the synthesis of asym-
metric amine-functionalised [9]aneN3 derivatives.

H2L is characterised by two large adjacent chambers each
with potential N5O2 donacity capable of accommodating metal
ions with large ionic radii. We sought to determine whether H2L
behaves as a compartmental macrocycle encapsulating and

bringing together two metal ions in close proximity, or as a
segregated system leaving the metal ions separated within two
independent N5O-donating sites.

Reaction of H2L with two mol equivalents of both
Cd(NO3)2·4H2O and Me4NOH in MeOH–CHCl3 (2+1 v/v)
under reflux gives yellow plate crystals on partial removal of
solvent and diffusion of Et2O vapour into the remaining
solution. The single crystal X-ray structure of [Cd2(L)](NO3)2·
2MeOH confirms‡ the formation of a binuclear complex lying
on a two-fold rotation axis with each six coordinate CdII ion
bound to an N5O donor set within a distorted octahedral
environment (Fig. 1). Each CdII is coordinated to three N-
donors of the triaza ring [Cd–N 2.342(3)–2.511(3) Å], to two
imine nitrogen atoms [Cd–N(13) 2.293(3) and Cd–N(43)
2.313(3) Å] and to one phenolate oxygen [Cd–O(17) 2.283(2)
Å]. The two N5O-donating chambers of the macropolycycle act,
therefore, as isolated donor sets and the phenolate oxygens do
not bridge the metal ions. However, the phenolate O-donors are
involved in a strong hydrogen-bond with a methanol molecule
[H(1M)…O(17) 1.70 Å, O(1M)–H(1M)…O(17) 172°] which is
also hydrogen-bonded to the secondary N–H of the triazacyclo-
nonane ring [H(7)…O(1M) 2.34 Å, N(7)–H(7)…O(1M) 139°]
to form a six-membered ring including the CdII ion. Sig-
nificantly, the two aromatic rings of the macropolycycle are
stacked with a perpendicular distance of 3.342(4) Å between the
mean planes of the rings and a distance of 3.428(4) Å between
the centres of the rings (Fig. 1). This face-to-face p–p
interaction and additional hydrogen-bonding force the donor
atoms of the anionic ligand L22 to assume a peculiar disposition
with the phenolate oxygens twisted in opposite directions [twist
angle 81.1(3)°] and each pointing towards an individual metal
ion. As a result, the phenolate O-donors cannot bridge the CdII

† Electronic supplementary information (ESI) available: spectroscopic and
crystallographic data. See http://www.rsc.org/suppdata/cc/b1/b108549m/

Scheme 1 Reagents and conditions: i, TsN(CH2)2, CH3CN, reflux 3 h, 96%
yield, ii, conc. H2SO4, 110 °C, 72 h; iii, Amberlite IRA-416, 93% overall
yield from 2; iv, 4-methyl-2,6-diformylphenol, MeOH, reflux 2 h, 78%
yield.
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centres, which are, therefore, segregated each within its own
N5O-donor chamber [Cd…Cd distance 7.017(1) Å].

Reaction of H2L with Y(NO3)3·6H2O in a 1+2 molar ratio
under the same conditions as above afforded yellow crystals.
The single crystal X-ray structure of [Y2(L)(OH)][Y(NO3)4-
(MeOH)2](NO3)2·2MeOH shows‡ the complex cation lying
across a two-fold rotation axis with [Y(NO3)4(MeOH)2]2 and
two nitrate counter-anions (Fig. 2). The two YIII centres in the
cation lie within the two N5O donating chambers of L22 and are
bridged not only by the phenolate oxygen atoms but also by a
hydroxy group. To our knowledge the cation [Y2(L)(OH)]3+

represents one of the few structurally characterised homo-
binuclear lanthanide complexes with phenol-based compart-
mental macrocycles.9,10 Each YIII ion in [Y2(L)(OH)]3+ is eight
coordinate and bound to three N-donors from the triazacyclono-
none framework [Y(1)–N 2.436(9)–2.655(7) Å], two azome-
thine nitrogen atoms [Y(1)–N(13) 2.418(8) and Y(1)–N(24)
2.472(8) Å], two phenolate oxygens [Y(1)–O(21) 2.391(6) and
Y(1)–O(21i) 2.322(6) Å] and a hydroxy O-donor [Y(1)–O(1)
2.277(7) Å]. This coordination mode is similar to that observed
for the binuclear LuIII and DyIII complexes with the iminophe-
nolate cryptate obtained by the template Schiff-base condensa-
tion of tris(2-aminoethyl)amine and 4-methyl-2,6-diformylphe-
nol, where three phenolate oxygens bridge a pair of adjacent
lanthanide ions [Lu…Lu 3.447(1) Å, Dy…Dy 3.4840(4) Å].13

In the case of the binuclear PrIII, GdIII and LaIII complexes of
phenol-based compartmental macrocycles with 1,8-diamino-
3,6-dioxaoctane11 and 2,2A-bipyridine9 as lateral chains, the two
metal centres are bridged only by the two phenolate oxygen
atoms, with nitrate and acetate anions completing the coordina-
tion sphere. The Pr…Pr, Gd…Gd and La…La distances are
4.05, 3.97 and 4.135(12) Å, respectively, whereas in
[Y2(L)(OH)]3+ the Y…Y distance is significantly shorter at

3.4295(19) Å, which is considerably shorter than distances
reported for binuclear lanthanide complexes.13 The three
bridging oxygen atoms in [Y2(L)(OH)]3+ form an almost
equilateral triangle [O(21)…O(21i) 2.747(13) Å and
O(21)…O(1) 2.721(12) Å, O(1)–O(21)–O(21i) 59.7(2)° and
O(21)–O(1)–O(21i) 60.6(4)°], and the two YIII ions lie 1.716(5)
Å out of this O3 plane. Therefore, the coordination polyhedron
at each metal ion can best be described as monocapped distorted
dodecahedral (Fig. 3).

The work described herein represents the first example of a
phenol-based compartmental system incorporating [9]aneN3 to
afford a large cofacial macropolycycle capable of forming
binuclear complexes in which the two metal centres can be
segregated or encapsulated. Furthermore, since H2L can be
synthesised directly without using templating metal ions,
heterodinuclear complexes may be targeted, and this is
currently under investigation.

We thank the EPSRC and University of Nottingham for
support.

Notes and references
‡ CCDC reference numbers 171456 and 171457. See http://www.rsc.org/
suppdata/cc/b1/b108549m/ for crystallographic data in cif or other
electronic format.
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Fig. 1 Structure of [Cd2(L)](NO3)2·2MeOH with numbering scheme
adopted. Nitrate anions and hydrogen atoms on carbon atoms have been
omitted for clarity. Hydrogen bonds and the face to face p–p interaction are
drawn as single and double dashed lines, respectively. Displacement
ellipsoids are drawn at 50% probability. Symmetry operation: i = 2x + 1,
y, 2z + 1/2.

Fig. 2 Structure of [Y2(L)(OH)]3+ with numbering scheme adopted.
Hydrogen atoms have been omitted for clarity. Symmetry operation: i = 2x
+ 1, y, 2z + 3/2.

Fig. 3 View of the coordination polyhedra in [Y2(L)(OH)]3+.
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A novel method for kinetic resolution of racemic secondary
alcohols via their enantioselective benzoylation (up to 48%
ee) has been explored using CO, Ph3Bi(OAc)2, a catalytic
amount of chiral Pd(II)-complex and AgOAc.

Kinetic resolution of secondary alcohols through enantiose-
lective acylation is one of the most valuable methods for
obtaining optically active alcohols and their derivatives in
organic synthesis. In this field, enzymatic methods have widely
been used to synthesise several natural products and bio-active
compounds.1 However, structural variations of substrates are
limited because of high substrate specificity in enzymatic
reactions. Recently, non-enzymatic methods using effective
chiral catalysts for asymmetric acylation of alcohols have also
been studied intensively.2

The carbonylative acylation of alcohols using carbon mon-
oxide (CO) is an alternative tool for the preparation of esters and
the various methods catalysed by transition metals have been
reported.3 However, the application of carbonylative acylation
to kinetic resolution of racemic alcohols has not yet been
reported so far, to the best of our knowledge.4 We have
previously reported transition metal-catalysed carbonylative
benzoylation of methanol with phenyl-heteroatom compounds
under an atmospheric pressure of carbon monoxide.5 These
findings led us to apply this catalytic system to asymmetric
reactions. We have now investigated Pd(II)-complex-catalysed
kinetic resolution of secondary alcohols6 with phenyl-heteroa-
tom compounds using optically active oxazolynylferrocenyl
phosphine L as a chiral ligand [eqn. (1)].7 Preliminary results
are reported here.

(1)

At first, we examined phenyl-heteroatom compounds such as
PhB(OH)2 and PhSnMe3 which have been used as phenylating
reagents in some asymmetric reactions by other groups.8
However, these compounds were not effective for the enantio-
selective carbonylative acylation. Eventually it was disclosed
that organobismuth(V) compound Ph3Bi(OAc)2 was quite
useful for this purpose. Thus, the reaction of secondary alcohols
1 with Ph3Bi(OAc)2 in the presence of PdCl2L catalyst under
CO atmosphere proceeded smoothly to give the enantio-
enriched benzoyl esters 2 [eqn. (1)].† Typical results are shown
in Table 1. Treatment of 1-phenylethanol (1a) with
Ph3Bi(OAc)2 (0.6 equiv.) in tetrahydrofuran (THF) under CO (5
atm) in the presence of AgOAc and a catalytic amount of
PdCl2L afforded 1-phenylethyl benzoate (2a) in 34% yield with
19% ee. The unreacted alcohol 1a was recovered in 52% yield

with low enantioselectivity (8% ee). Other solvents such as
CH2Cl2, Et2O and CH3CN and reoxidants such as CuCl2

Table 1 Palladium-catalysed kinetic resolution of sec-alcoholsa

2 1

sec-Alcohol (1) Yield (%)b Ee (%)c Yield (%)b Ee (%)c

34 19d 52 8e

29 25 43 13

30 18 70 11

20 19 67 13

37 28 36 11

29 38 32 18

32 39h 46 23i

21 48 45 5

a Reaction conditions: 1 (0.50 mmol), Ph3Bi(OAc)2 (0.30 mmol), PdCl2L
(0.050 mmol), AgOAc (1.5 mmol), THF (25 mL) at 30 °C under CO
atmosphere (5 atm) for 48 h. b Isolated yield. c Determined by HPLC or
GLC analysis using suitable chiral columns. d Absolute configuration is R.
e Absolute configuration is S. f THF (10 mL) was used. g THF (5 mL) was
used. h Absolute configuration is 1R, 2S. i Absolute configuration is 1S,
2R.
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Cu(OAc)2 and ammonium cerium(IV) nitrate were not effective.
The reaction of 1a using the bidentate phosphine ligands such as
(R)-(+)-2,2A-bis(diphenylphosphino)-1,1A-binaphthyl (BINAP)
hardly proceeded and only a trace amount of 2a was obtained.
When other benzylic alcohols 1b–d were used as substrates, the
corresponding esters (2b–d) were obtained with similar en-
antioselectivities (19–25% ee). The reaction of cyclic alcohols
such as 1e–h proceeded slower than that of benzylic alcohols
and it was necessary to carry out in a slightly higher
concentration of 1 to obtain moderate enantioselectivies. In this
reaction system, planar chirality of L might have some effect on
enantioselectivity, and actually the reaction of 1g using LA9 in
place of L gave 2g in 38% yield with 16% ee. The best
enantioselectivity was achieved when 1h was treated with
Ph3Bi(OAc)2 under similar conditions (up to 48% ee of 2h in
21% yield; s = 3.210).

A plausible reaction pathway is shown in Scheme 1. The
reaction of the Pd(II) complex (I) with Ph3Bi(OAc)2 (PhM)
affords the phenylpalladium species (II) via transmetallation
followed by migratory insertion of CO to give the benzoyl-
palladium species (III). The attack of 1 to III results in the
formation of the enantio-enriched 2 together with the Pd(0)
species. The Pd(0) species is reoxidized to I by AgOAc.

In summary, we have demonstrated the Pd(II)-catalysed
kinetic resolution of racemic secondary alcohols using CO and
organobismuth(V) compound. Although the enantioselectivity
is not yet satisfactory, our catalytic system may provide a novel
methodology for kinetic resolution of racemic alcohols. Moreo-
ver, only a few example are known to use organobismuth
compounds in asymmetric reaction11 and so the reaction
presented here might also be interesting from the viewpoint of
organobismuth chemistry. Further work is now in progress
aiming to construct a more effective chiral environment for
enantioselective carbonylative acylation.

Notes and references
† General procedure for enantioselective benzoylation of secondary
alcohols: To a solution of PdCl2L (32.9 mg) and AgOAc (250.4 mg) in THF
were added secondary alcohol 1 (0.50 mmol) and Ph3Bi(OAc)2 (167.5 mg,

1.50 mmol), and then the mixture was transferred into a 50 mL stainless-
steel autoclave. Carbon monoxide (5 atm) was charged and the solution was
stirred at 30 °C for 48 h. The resulting mixture was filtered through Florisil
and Celite and the filtrate was concentrated under reduced pressure.
Purification of the residue by column chromatography gave the benzoyl
ester 2 and the unreacted 1. Enantiomeric excess was determined by GLC or
HPLC analysis using suitable chiral columns.
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Two 2D coordination polymers [M(NCS)2(pzdo)2] (M =
Mn, Co; pzdo = pyrazine dioxide) bridged by pzdo ligand
are synthesized, which are found to exhibit antiferromag-
netic ordering below 8.4 and 11.2 K, respectively.

The construction of molecule-based magnets through a coor-
dination polymer approach is a particular area of contemporary
materials research. Judicious choice of bridges is a crucial factor
to generate fascinating structures and unusual magnetic proper-
ties. Cyano, azido, oxalato and recently emerging dicyanamide
ligands have been demonstrated to transmit magnetic inter-
actions efficiently as bridges, and among their coordination
polymers, numerous long-range ordering magnetic molecular
materials were obtained.1 Although pyrazine (pyz) and 4,4A-
bipyridine have been widely used to build multi-dimensional
network, fewer complexes with magnetic ordering have been
afforded. In a recent communication the 3D Mn(N3)2(pzdo),2 in
which pzdo supports the azide layer in the third direction, has
been reported to display a spin-flop state and a higher
antiferromagnetic ordering temperature (TN = 62 K), which is
remarkably higher than that for the well separated 2D quadratic
azide sheet [Mn(minc)2(N3)2]n

3 (minc = methyl isonicotinate)
and is comparable with that of the azide-bridged exclusively 3D
compound [N(CH3)4][Mn(N3)3].4 By contrast, in a 2D analo-
gous Mn(N3)2(pyz) constructed via m-1,1-N3 and m-pyz ligands,
a lower magnetic ordering temperature (TN = 2 K) was
observed.5 This signifies that pzdo might have better capability
of tuning magnetic coupling than pyz. In order to elucidate the
role of the pzdo ligand in mediating magnetic interplay, the 2D
coordination polymers [M(NCS)2(pzdo)2] (M = Mn 1, Co 2)
were prepared‡ and their magnetic properties investigated.

X-Ray diffraction analysis§ revealed that 1 and 2 are
isomorphous and consist of a 2D quadratic network (Fig. 1).
Each metal ion is located at an inversion center and coordinated
with four O atoms from bridging pzdo ligands and two terminal
NCS2 groups, forming a compressed octahedral environment in
which two N atoms lie in axial positions. The NCS2 group is
almost linear with an N–C–S angle of 178.8° and bound to metal
ion in a bent fashion with C–N–M angles of 161.1–162.1°. The
bridging pzdo ligands adopt a trans mode similar to 4,4A-
bipyridine dioxide in ref. 6(a), and extends the structure into a
layer with M…M separations being within the range
8.257–8.604 and 8.107–8.461 Å for 1 and 2, respectively. The
2D grid is similar to that found in M(NCS)2(pyz)2 (M = Mn,
Co, Fe, Ni),7 in which the pyz connects the metal ions to give a
square lattice (intra-sheet M…M distance is ca. 7.3 Å).

As demonstrated previously, a striking feature of O,O-
bifunctional ligands is their strong capability of forming
hydrogen bonds compared with the corresponding N,N-

ligands.6 In both 1 and 2, the O atom of pzdo not only
coordinates with the metal ion, but forms weak hydrogen bonds
with hydrogens of pzdo molecules from an adjacent layer
[O2…H2a 2.564 Å, C2a–H2a…O2 159.3°; O1…H4b 2.355 Å,
C4b–H4b…O1 144.21°: a = 2x + 1, 2y, 2z, b = 2x, 2y, 2z].
Whereas in the corresponding pyz complexes7 this feature is
pronouncedly absent, its presence here links the 2D sheets into
a 3D network with the nearest interlayer M…M separation
being 6.940 and 6.892 Å for 1 and 2, respectively.

The variable-temperature magnetic susceptibility cM for a
collection of small crystals of 1 and 2 was measured in the
temperature range 1.8–300 K (Fig. 2). At room temperature, the
cMT values of 1 and 2 are 4.34 and 2.73 cm3 mol21 K, well
consistent with the values of 4.38 and ca. 3.0 cm3 mol21 K
expected for an uncoupled Mn2+ ion, and an octahedral high-
spin Co2+ ion,8 respectively. The value of cM increases as the
temperature is lowered, reaching a maximum at ca. 12.9 and

† Electronic supplementary information (ESI) available: Fig. S1: two types
of coordination mode for pzdo. Fig. S2: perspective view of compound 2
along the [010] direction. See http://www.rsc.org/suppdata/cc/b1/
b107334f/

Fig. 1 Two-dimensional grid for 2. Selected bond distances (Å) and angles
(°): Mn(1)–N(3) 2.114(4), Mn(1)–O(1) 2.208(3), Mn(1)–O(2) 2.226(3). For
2: Co(1)–N(3) 2.045(2), Co(1)–O(1) 2.1116(15), Co(1)–O(2) 2.1315(16).

Fig. 2 Temperature dependence of magnetic susceptibility for 1 (8), and 2
(2). Solid lines correspond to calculated curves based on the Lines’ model.
Inset: d(cMT)/dT vs. T for 1 and 2.
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17.2 K, for 1 and 2, respectively, indicative of antiferromagnetic
interactions between metal ions. The Neel temperatures, TN, of
1 and 2 were determined from the sharp peak of d(cMT)/dT at
8.4 and 11.2 K, respectively, shown in the inset of Fig. 2.9 The
higher TN of 2 may be related to the single-ion anisotropy of
Co(II) ion. The best fitting of the magnetic data above 7 and 10
K using the Lines’ model10 for a quadratic layer gave the
following results: for 1 (Mn), J = 21.063(3) cm21, g =
2.033(2) with R = 1.9 3 1024; for 2 (Co), J = 23.34(3) cm21,
g = 2.35(1) with R = 2.8 3 1023 {R = S[(cM)obs 2

(cM)calcd]2/S(cM)obs
2}. Although M(NCS)2(pyz)2 (M = Mn,

Co) have 2D grids similar to 1 and 2, no maximum was
observed in their cM–T plots.7b

The field dependence of the magnetization for 1 at different
temperatures below TN (8.4 K) shows a pronounced sigmodial
shape, especially at lower temperature (Fig. 3). The behavior is
due to a spin-flop transition as observed in ref. 2. The
magnetization below TN increases very slowly with increasing
field due to antiferromagnetic ordering, and then increases
quickly for a transition from an antiferromagnet to a spin-flop
state at a transition field around 30–35 kOe, which is also
determined by the maximum of the ac susceptibilty cA (inset of
Fig. 3). The magnetization is only 1.6 Nb at 70 kOe, far from the
saturation value of 5 Nb for the Mn2+ ion, suggesting an
antiferromagnetic ordering again. In contrast to 1, the field
dependence of the magnetization for 2 at different temperatures
below and around TN (11.2 K) all show a linear slow increase,
as shown in Fig. 4, and no spin flop state was observed. The
magnetization under 70 kOe at 1.8 K is only 0.52 Nb, also far
from the saturation value of ca. 2.5 Nb expected for a Co2+ with
Seff = 1/2, and g = 5.0,8b this being further evidence supporting
the antiferromagnetic ordering of 2.

It was well documented that the ordering temperature of a 3D
antiferromagnet is slightly lower than T(cmax).11 Although the
hydrogen bonding between layers in 1 and 2 could have a
crucial contribution to the magnetic ordering, the antiferro-
magnets possess obviously 2D characteristics, as the ratio of TN/
T(cmax), 0.646 and 0.649 for 1 and 2, respectively, is quite low.
In summary, compared with corresponding 2D pyz-bridged

paramagnetic complexes, the title 2D quadratic networks
constructed by pzdo exhibit antiferromagnetic ordering.

This work was partly supported by the State Key Project of
Fundamental Research (G1998061305), the National Science
Fund for Distinguished Young Scholars.

Notes and references
‡ Syntheses: Mn(NCS)2(pzdo)2 1: this was carried out by mixing an
aqueous solution of MnCl2·4H2O (0.5 mmol, 12.5 ml) with a aqueous
solution of NaNCS (2.5 mmol, 12.5 ml). After stirring for 1 h at ca. 80 °C
an aqueous solution of pzdo (0.50 mmol, 10 ml) was added. The resulting
solution was allowed to stand at room temperature after stirring for 0.5 h.
After two weeks, a prismatic, purple, X-ray quality single crystal was
obtained (yield 60%) (Calc.: C, 30.08; H, 2.02, N, 21.05. Found: C, 30.12;
H, 2.16; N, 20.09%).

Co(NCS)2(pzdo)2 2: this was obtained by mixing an aqueous solution of
Co(NCS)2 (0.25 mmol, 2.85 ml), with an aqueous solution of pzdo (0.50
mmol, 10 ml). The resulting solution was allowed to stand at room
temperature after stirring for 0.5 h. After several days red prismatic crystals
appeared (yield, 70%) (Calc.: C, 30.39; H, 2.04; N, 21.26. Found: C, 30.47;
H, 2.117; N, 20.45%).
§ Crystal data: compound 1: C10H8MnN6O4S2, M = 395.28, triclinic,
space group P1̄, a = 6.9405(2), b = 7.1938(3), c = 8.2566(4) Å, a =
82.237(3), b = 66.892(3), g = 74.971(3)°, U = 365.94(3) Å3, Z = 1, Dc

= 1.794 Mg m23, m(Mo-Ka) = 1.216 mm21, F(000) = 199, GoF = 1.219.
A total of 6971 reflections were collected and 1662 are unique (Rint =
0.0353). R1 and wR2 are 0.0443 and 0.1209, respectively, for 107
parameters and 1518 reflections [I > 2s(I)].

Compound 2: C10H8CoN6O4S2, M = 399.27, triclinic, space group P1̄, a
= 6.8922(14), b = 7.1528(14), c = 8.1074(16) Å, a = 82.49(3) b =
67.26(3)°, g = 74.06(3)°, U = 354.31(12) Å3, Z = 1, Dc = 1.871, m =
1.536 mm21, F(000) = 201, GoF = 0.999. A total of 7110 reflections were
collected and 1664 are unique (Rint = 0.040). R1 and wR2 are 0.0306 and
0.0722, respectively, for 107 parameters and 1406 reflections [I >
2s(I)].

The data were collected on a Nonius Kappa CCD with Mo-Ka radiation
(l = 0.71073 Å) at 293 K. The structures were solved by direct methods
and refined by a full matrix least squares technique based on F2 using the
SHELXL 97 program.

CCDC reference numbers 169675 and 16976.
See http://www.rsc.org/suppdata/cc/b1/b107334f/ for crystallographic

data in CIF or other electronic format.
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Fig. 3 Field dependence of magnetization and ac magnetic susceptibility at
different temperatures for 1.

Fig. 4 Field dependence of magnetization at different temperatures for 2.
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Molecular imprinting can be used to prepare heterogeneous
catalysts which mimic their homogeneous counterparts.

Synthetic organic chemistry is now so far advanced that reagent
combinations are available to perform a huge spectrum of
transformations. Transition metal catalysis features heavily in
this arsenal.1 Homogeneous reactions are often preferred for
laboratory scale preparations and the majority of mechanistic
elucidations and optimisation studies have been carried out in
solution phase. Frequently, however, problems are encountered
when taking an optimised laboratory procedure and scaling it
up. To take advantage of precedent knowledge, there is a
tendency to carry out reactions in homogeneous solution
enabling reaction products, yields, rates and safety to be easily
predicted. This approach is extremely successful in terms of the
synthetic transformation. However, the use of expensive and
toxic (e.g. palladium) homogeneous catalysts suffers from
prohibitive drawbacks. The most important of these, on an
industrial scale, is contamination of the final product by trace
quantities of the metal. An obvious alternative is the use of
heterogeneous catalysis where a polymeric ligand is em-
ployed.2,3 Such catalysts have clear advantages over their
homogeneous counterparts. The catalyst is easily separated
from the reaction medium, and leaching into the medium (and
hence product) is often reduced. Current polymeric ligand/
catalyst assemblies are, however, often unsuitable because it is
impossible to translate optimised reaction conditions from
homogeneous to heterogeneous systems. In homogeneous
systems the catalyst/ligand stoichiometry and geometry are
uniform across each ‘active site’ (for a particular intermediate
or transition state). Current commercial systems present ligands
in non-uniform spatial disposition. This random geometry
influences the reaction profile of each active site leading to
catalyst inefficiency and unpredictability. The alternative
approach has been to attach multidentate ligands to solid
supports. These systems, however, have rigid coordination
geometry and transfer of the reactions from homogeneous
conditions to the solid phase is often not straightforward.

The accepted catalytic cycle for a palladium catalysed cross-
coupling reaction is shown in Fig. 1.4 It is clear that

homogeneous reaction protocols have inbuilt flexibility. Ligand
stoichiometry and geometry are dynamic throughout the
catalytic cycle. A number of features should be noted; (i) Pd(0)
complexes favour tetrahedral geometry whereas Pd(II) com-
plexes favour square-planar geometry. (ii) Oxidative addition to
Pd(0) complexes bound to four phosphine ligands is slow. (iii)
Reductive elimination to yield product takes place from the cis
complex. It is surprising, perhaps, that these combined factors
have not been examined before in the design of efficient
polymeric ligand assemblies.

We reasoned that an ideal solid catalyst could be realised by
preassembly of the ligand around the metal followed by
polymerisation (molecular imprinting5,6). In this way the
preferred ligand geometry can be tailored depending on the
reaction to be catalysed (the rate limiting step can be
accelerated). We chose to investigate palladium-catalysed
cross- coupling reactions and aimed to assemble (two) phos-
phine ligands in a ‘cis square-planar’ geometry in order to
accelerate reductive elimination (often the rate limiting step)
and minimise competing pathways leading to sideproducts.

The catalysts were prepared as outlined in Schemes 1–3. We
selected a simple, polymerisable phosphine ligand (1) for
investigation because we expected its synthesis to be relatively
straightforward and it is closely related to triphenylphosphine
(which is perhaps the most widely used ligand in coupling
reactions and whose complexation chemistry is well-docu-
mented). Synthesis of 17 was achieved by reaction of the
Grignard reagent from 4-chlorostyrene with chlorodiphenyl-
phosphine. This reaction was complicated by polymerisation of
starting material and product due to the exothermic nature of
both the Grignard reagent formation and its addition to the
chlorophosphine. In practice, formation of the Grignard reagent
stops below ca. 30 °C, and polymerisation becomes a problem
above 40 °C. Nevertheless, under carefully controlled condi-
tions a yield of around 60% could be achieved.

2+1 Complexes of the polymerisable phosphine ligand to
palladium(II) were synthesised following modifications to the
procedures reported for the simple triphenylphosphine com-
plexes.8 These latter procedures, which use high temperatures,
had to be modified to prevent premature polymerisation of the
ligand/complex. Consequently, 1 was stirred in warm (40 °C)
ethanol. K2PdCl4 (in minimum water) was added and the
mixture stirred for 3 h. The precipitate which formed was
filtered off and purified by careful recrystallisation to give the
pure bis-(1)–palladium dichloride which was fully charac-
terised. Our strategy relied on the incorporation of the bis-
(1)–palladium complex into the polymer matrix in its cis-form.
The dichloride was therefore converted to its catecholate salt 2
by treatment with catechol/KOH in a mixed solvent system. The
pure product precipitated from the mixture and was stored in the
dark (Scheme 1).

The final polymers were designed to be rigid (preventing
relaxation of the imprinted site) so a high proportion of
crosslinker was employed in the polymer synthesis. Initial
experiments employed methylmethacrylate as monomer (ca.Fig. 1 Catalytic cycles for a cross-coupling reaction.
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25%), ethylene glycol dimethacrylate as crosslinker (ca. 25%)
and butanol as porogenic solvent (50%). To this mixture was
added palladium complex 2 (initially 0.5% Pd by weight) and
the mixture polymerised (AIBN initiation) at ~ 60 °C for 6 h.
Polymerisation proceeded smoothly but it was evident that 2
was not homogeneously distributed throughout the polymer
(some precipitation and sedimentation of the complex oc-
curred). Use of trichloroethane as solvent enabled a homoge-
neous solution to be obtained at the polymerisation temperature.
However, polymerisation led to a homogeneous ‘gel’ (rather
than a macroporous network polymer). These transparent
polymers were not investigated further because we envisaged a
macroporous structure being crucial to achieve efficient
delivery and removal of reactants/products to and from the
catalytic site.

A second series of polymers was prepared employing styrene
(25%), divinyl benzene (25%) and butanol (50%). Addition of
0.5% 2 followed by polymerisation led to a macroporous
polymer in which the complex was clearly distributed through-
out. However, there was still some evidence of poor solubility
(precipitation) of the complex when higher Pd loadings were
attempted. Switching to cyclohexanol as porogen enabled
polymers to be prepared in which the palladium loading could
be increased (we chose 5% as maximum). The initial polymer
blocks were crushed and washed (to remove porogen and any
unbound species) to produce the catalysts as yellow/green
powders (Scheme 2).

The Suzuki reaction4 between p-bromoanisole and phenyl
boronic acid was chosen as a model reaction (Scheme 3). The
standard reaction conditions were as follows: a mixture of p-
bromoanisole, phenyl boronic acid (1.2 equivalents), palladium
catalyst (3 mol% Pd) and sodium carbonate were stirred in

refluxing DME–water (4+1) for 3 h. The mixture was allowed to
cool and filtered to re-isolate the catalyst. The product was
isolated either by precipitation (addition of water) or by
extraction (dichloromethane) and column chromatography.

Under these conditions the catalyst prepared from commer-
cial ligand† led to yields of 46–56%. Re-use of the catalyst led
to a slight reduction in the isolated yield (56 ? 45%). The
catalysts prepared by molecularly imprinting 2 led to con-
sistently higher yields (76–81%). Furthermore, the reaction
yield was essentially unaffected by repeated use (catalyst was
re-used five times in one series of experiments, giving 80%
yield in the fifth experiment) and catalyst loading (0.5 and 5%
gave very similar high yields). It is particularly noteworthy that
control homogeneous experiments (using PdCl2 and PPh3) gave
yields comparable with the commercial ligand (i.e. ~ 55%,
much lower than with the molecularly imprinted polymer). The
crude reaction mixture (after filtration) was analysed and found
to contain only 1 ppm Pd (0.1 ppm on reuse).

A similar improved performance was observed with 4-nitro-
bromobenzene and the results were even more impressive with
2-bromoanisole which gave 47% yield (not optimised) with the
imprinted catalyst but less than 10% when the commercial
ligand was employed under identical conditions. Stille9 reac-
tions using the same bromides with tributylphenyltin gave only
trace quantities of coupled product with the catalyst prepared
from commercial ligand. Under identical conditions, both the
molecularly imprinted catalyst 2 and homogeneous catalyst
gave similarly high yields (65–95%).

In conclusion, we have demonstrated that catalysts prepared
by molecular imprinting are clearly far superior to those
prepared from traditional polymeric ligands. Their performance
is comparable, and often superior, to related homogeneous
catalysts. Although it is quite early to draw conclusions it seems
likely that the semi-rigid ligand geometry is responsible for the
improved performance. Complex 2 is incorporated into the
polymer matrix in its square-planar geometry [Pd(II)]. The
catalytically active Pd0 species is therefore slightly strained
(tetrahedral). It seems reasonable to suggest that the rate of
oxidative addition (the slow step in some cases10) is thereby
accelerated (having only two phospines per site also serves to
increase this rate). Similarly, enforced cis-geometry is likely to
increase the rate of reductive elimination and minimise side-
reactions. The molecularly imprinted catalyst efficiently retains
the metal and catalyst efficiency is retained after continual use.
This combination of properties makes this new generation of
heterogeneous catalysts extremely attractive.

Notes and references
† Commercial polymer bound triphenylphosphine (Aldrich) was treated
with K2PdCl4 and washed exhaustively to give an orange–yellow solid
(12.5% Pd by weight).
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The synthesis of a tetraethynylated, CpCo-stabilized cyclo-
butadiene complex via a metalation/carbonylation/alkynyla-
tion route is reported; this synthetic sequence allows, for the
first time, the solution phase synthesis of a tetraethynylcy-
clobutadiene(cyclopentadienyl)cobalt derivative, and sorts
the four alkyne substituents into two para-related groups.

We have a long-standing commitment in carbon rich organome-
tallics,1 concentrating our efforts on synthesis, reactions, and
properties of multiply alkynylated cyclobutadiene complexes as
building blocks for nano-scale carbon-rich2 objects. Tetra-
ethynylcyclobutadiene(cyclopentadienyl)cobalt complexes3–7

are valuable due to their robustness, ease of handling and their
potential to form super-polycyclic3,8 organometallic materials.
However, the synthesis of these complexes is tedious, requiring
a gas-phase flash vacuum pyrolysis step that bottlenecks the
amount of tetraethynyl available.3 These species invariably
display a ortho,ortho-substituent pattern of their four sub-
stituents, a witness to their genesis by a Bergman-type
rearrangement. To expand the chemistry of tetraethynylcyclo-
butadiene(cyclopentadienyl)cobalt complexes, a solution-phase
synthesis with control of their regiochemistry would be
advantageous.9

Reaction of the ethynylated dioxane 1 with CpCo(CO)2
followed by desilylation furnishes a mixture of the two isomeric
acetals 2a and 2b in a 3.5+1 ratio in a combined yield of 95%
(Scheme 1).9 BuLi cleanly metalates 2b at the cyclobutadiene
ring and leaves the Cp-ring intact. We attribute the facile

† Electronic supplementary information (ESI) available: experimental,
including details of preparation and spectroscopic characterization of all
new compounds. See http://www.rsc.org/suppdata/cc/b1/b109848a/

Scheme 1
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metalation of the four-ring to the enhanced s-character of the C–
H-bonds and the ortho-metalating power of the two acetal
groups, that drive this deprotonation reaction selectively.10

Workup of the formed anion with DMF provided the
complex 3 in 78% yield after chromatography. Ohira’s
reagent11 converts the aldehyde group of 3 into an alkyne that is
further protected by lithiation and reaction with triethyl-
chlorosilane to give 4. Repetition of the metalation/carbonyla-
tion/alkynylation process with 4 as substrate furnishes the para-
diyne 5, in which the protecting group is lost during the
K2CO3-promoted Ohira reaction. Pd-catalyzed arylation trans-
forms 5 into 6 (80% yield). In the last steps of the reaction
sequence, the acetal groups are cleaved off 6, and a double
Ohira reaction converts the intermediate dialdehyde into the
title compound 7 in 54% yield.

As a proof of this concept we explored the chemistry of the
major isomer 2a and have transformed it in an analogous
reaction sequence into complex 9, in which two free alkyne
groups and two free aldehyde functionalities reside on the
cyclobutadiene complex. This material is surprisingly stable
and can be manipulated in air at ambient temperature. The
dialdehyde 9 is an attractive building block for further
elaboration of linear, cyclic and star-shaped organometallic
cyclobutadiene architectures.

The tetrayne 7 is stable and can be handled under ambient
laboratory conditions without decomposition. Due to the
unusual tetragonal symmetry of the ligand we performed a
single crystal X-ray structure determination. Suitable needle-
shaped specimen were grown from dichloromethane.‡ Fig. 1
shows the ORTEP of 7; bond lengths and bond angles are in
excellent agreement with literature reported values for alkyny-
lated cyclobutadiene complexes.1,3,4 The four-membered ring is
square with angles in the range of 89–91°, and, typical for
cyclobutadiene complexes, the alkyne groups are bent away on
average by 10° from the side of the cyclopentadienylcobalt

fragment. This feature is observed in other tetraalkynylated
cyclobutadiene complexes and is attributed to electronic
effects.4

In conclusion, we have developed a solution-phase route to
tetraethynylated, CpCo-stabilized cyclobutadiene complexes.
We have executed a stepwise solution-phase synthesis for the
hitherto unknown para-substituted complex 7, and could show
with the transformation of 2a into 9 that it will work similarly in
the case of the corresponding ortho-substituted substrate 2a.
With this methodology, almost complete control over the
regiochemistry of the substitution of cyclopentadienylcobalt-
stabilized cyclobutadiene complexes is achieved. In future we
will report upon the use of these building blocks for novel
organometallic oligomers, polymers, cycles and polycycles.

U. H. F. B. and M. L. thank the National Science Foundation
(CAREER CHE 9981765, 2000–2003). U. H. F. B. is a Camille
Dreyfus Teacher–Scholar (2000–2004).
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A new type of organic–inorganic semiconductor hetero-
structure has been successfully fabricated by incorporating a
polydiacetylene backbone into layered perovskite com-
pounds by solid-state polymerization.

Much attention has been paid recently to the synthesis and
characterization of organic–inorganic layered perovskites be-
cause of their exceptional properties and the tunability of their
structure.1–3 Layered perovskites with the general formula
(RNH3)2PbBr4 (R; CnH2n +1) naturally form a quantum-well
structure consisting of a lead bromide semiconductor sheet
sandwiched between organic insulator layers as shown in Fig.
1(a). The layered structure is self-organized through the
neutralization of [PbBr6]42 with organic ammonium in an
orientation determined by the hydrogen bonds, and by a van der
Waals interaction between adjacent organic ammoniums.
Because the insulating organic layers have a wide band gap,
excitons are confined in the inorganic [PbBr6]42 layer; these
provide strong photoluminescence with high optical non-
linearity, characteristics with potential applications in optical
devices.4–8 Organic–inorganic perovskites have a wide variety
of possible combinations of inorganic and organic parts.
Organic materials with specific functionality are combined on a
molecular scale with an inorganic matrix with other target
properties, creating an organic–inorganic composite with either
a combination of the useful properties or one in which new
phenomena arise from the interaction between the organic and
inorganic components.9 In this study, we tried to incorporate

polydiacetylene systems into the organic–inorganic perov-
skites. The incorporation of diacetylenic species into the layered
perovskites provides the potential for solid-state polymerization
through the activation of the materials by an external energy
source, as shown in Fig. 1(b). In a one-dimensional conjugated
polymer, a Frenkel exciton is produced by optical excitation,
whereas Wannier–Mott excitons can be formed under the same
conditions in 2D inorganic perovskite quantum wells. The
fabrication of such organic-inorganic heterostructures has been
long anticipated, ever since Agranovich et al. reported the
possibility of the existence of a new excitonic state, denoted a
hybrid exciton.10 It is thought that the hybrid exciton can be
formed at the interface in organic–inorganic semiconductor
heterostructures by the resonant mixing of Frenkel and Wannier
exciton states, providing the features of both excitons, and
exhibiting a strong nonlinear phenomenon at resonance.
However, although hybrid excitons have been investigated
theoretically, there are, as yet, no reports on the actual creation
of hybrid excitons because of the difficulty in sample prepara-
tion. Herein, we report the novel preparation method of
organic–inorganic semiconductor heterostructures by topo-
chemical polymerization of polydiacetylenes into layered
perovskites.

Organic–inorganic perovskites (CH3(CH2)nC·CC·C-
(CH2)mNH3)2PbBr4 [abbreviated DAPbBr(n–m)], which con-
tain aminodiacetylene organic moieties, were employed as
monomer samples. As carefully designed reactant crystal
structures are required for topochemical polymerization, we
examined the incorporation of various diacetylenic amines into
the layered perovskite structure. The diacetylenic amines were
synthesized according to the method of Tsibouklis et al.11

DAPbBr(n–m) were successfully obtained as both powders and
thin films by reacting the corresponding alkylammonium
bromides CH3(CH2)nC·CC·C(CH2)mNH3Br with a stoichio-
metric amount of PbBr2 in N,N-dimethylformamide (DMF).
Powder samples were obtained as precipitates by pouring the
reaction solutions into acetone. Films were spin-coated onto
SiO2 from DMF solutions. Solid-state polymerization was
carried out using a 60Co g-source (dose rate 22.3 kGy h21) at
room temperature. Specimens were placed in a glass tube,
which was evacuated to 1025 Torr in order to avoid oxidation
during g-irradiation. Polymerizability was monitored by UV–
VIS spectra and X-ray diffraction. The DAPbBr(n–m) films
exhibited a clear characteristic X-ray diffraction pattern indica-
tive of a layered perovskite structure consisting of inorganic
semiconductor layers of lead bromide and organic insulating
layers of diacetylenic ammonium CH3(CH2)n-
C·CC·C(CH2)mNH3

+. In order to investigate the ability of the
diacetylenic ammonium in the perovskites to polymerize, the
spin-coated films were irradiated with g-rays. The polymeriza-
tion behavior of diacetylenes in DAPbBr(n–m) was found to be
dependent on the alkyl chain length and the position of the
diacetylenic unit in the hydrocarbon chains. The results of the

Fig. 1 Model of solid state polymerization performed in layered perovskites
(CH3(CH2)nC·CC·C(CH2)NH3)2PbBr4, DAPbBr(n–1), catalyzed by g-
irradiation.
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solid state polymerization of CH3(CH2)nC·CC·C(CH2)mNH3
+

are given in Table 1 together with the d-spacing of layered
perovskites, as determined by powder X-ray diffraction, for the
spin-coated films of both monomer and polymer forms.

In the m = 1 compounds, aminodiacetylenes with longer
alkyl groups (carbon number n ! 13) undergo polymerization
under g-irradiation. Colorless and transparent spin-coated films
of DAPbBr(13–1) in monomer form turned red after g-
irradiation. The optical absorption spectra of DAPbBr(13–1)
spin-coated film at 19 Mrad irradiation are shown in Fig. 2. The
monomer sample exhibited a sharp exciton peak at 378 nm,
attributed to the two-dimensional quantum-well structure based
on PbBr. After g-irradiation, a broad peak due to p–p*
transitions of polydiacetylene also appeared at around 550 nm,
along with the persistent initial exciton peak of perovskite. This
implies that a p-conjugated system was successfully incorpo-
rated into the quantum-well layered perovskite structure.
Exarhos et al. and other researchers have reported a method of
estimating conjugation length by correlating the observed solid
state absorption peak of the p–p* transition.12,13 By fitting the
absorption data obtained for DAPbBr(13–1) to their model, we
estimate the conjugation length of polydiacetylene introduced
into the perovskite structures to be 22 monomer units. Fig. 3
shows the X-ray diffraction patterns of DAPbBr(13–1) in the
monomer and polymerized form. Each spin-coated film pro-

duces a series of (00l) diffraction patterns, evidence that the
layered structure of alkylammonium cations and lead bromide
layers remains intact after topochemical polymerization. The
powder X-ray diffraction patterns of the polymerized
DAPbBr(13–1) exhibit peaks at 2.60° with d = 33.4 Å;
however, no peak attributable to the monomer structure was
observed. The d-spacing increment of 2.7 Å observed after
polymerization occurs as a result of conformation changes such
as changes in the tilt angle of alkyl groups and the extent of their
interdigitation. The polymerizability of DAPbBr(n–1) with a
shorter alkyl chain was dramatically lower than that with the
long alkyl chain (Table 1). DAPbBr(2–1) produced a weak
absorbance at shorter wavelengths in addition to an initial
exciton peak from the quantum well after g-irradiation, due to
the formation of oligomers rather than a polymer backbone. In
the case of DAPbBr(1–1) with short alkylammonium groups,
the layered structure was not maintained during the polymeric
reaction because of the weak interaction between alkyl chains.
The development of polymerization behavior that is dependent
on the length of alkyl chains connected to the diacetylene unit is
controlled by the presence or absence of favorable orientation
for the polymerization via 1,4-addition. Layered structures of
DAPbBr(13–1) and DAPbBr(15–1) are well-arranged for
polymerization because of the strong self-organization proper-
ties of long alkyl chains. In other words, longer alkyl chains
favor a molecular arrangement appropriate for topochemical
polymerization.

We compared the polymerizability between DAPbBr(13–1)
and DAPbBr(11–3), which have the same total alkyl chain
length (i.e. n + m = 14). Polymerizability is dependent on the
spacer length between the butadiyne unit and ammonium
groups. DAPbBr(11–3) exhibited no change in the lamellar
structure or spectrum after g-irradiation, indicating that polym-
erization does not proceed in DAPbBr(11–3). As there are no
prominent differences in molecular arrangement between
DAPbBr(11–3) and DAPbBr(13–1), the difference in polymer-
izability is thought to be derived from the packing and
flexibility of the diacetylenic ammoniums. Molecules in
DAPbBr(13–1) have more freedom to pack in a favorable
manner for the reaction, allowing a higher degree of reorganiza-
tion during the polymerization process.

In summary, we have described a novel method of preparing
organic–inorganic semiconductor structures based on layered
perovskites. We have successfully incorporated p-conjugated
systems using the architecture of diacetylenic ammoniums. We
have recently extended this achievement to the production of a
hybrid exciton feature, the report on which shall be presented in
the near future.
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Table 1 Polymerizability of layered perovskites containing aminodiacety-
lenes DAPbBr(n–m) catalyzed by g-irradiation

After g-irradiation

Monomer Polymerizability
n–m d-Spacing/Å d-Spacing/Å (conjugation length)

1–1 17.3 Collapse —
2–1 18.4 16.7 —

13–1 30.7 33.4 2(22 units)
15–1 37.7 38.1 2(27 units)
11–3 31.1 Same as monomer —

Fig. 2 UV–VIS spectra of spin-coated layered perovskite DAPbBr(13–1)
films of monomer and polymerized form (after 19 Mrad g-irradiation).

Fig. 3 X-Ray diffraction patterns of DAPbBr(13–1) spin-coated films of
monomer and polymerized form.
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The discovery of a new solid-supported ligand 5 for the
catalytic asymmetric oxidation of aryl alkyl sulfides in up to
72% ee using Ti(OiPr)4 and aqueous H2O2 is reported.

The asymmetric synthesis of alkyl aryl sulfoxides has been the
subject of much investigation, following the initial reports by
Kagan1 and Modena2 on the use of a modified Sharpless reagent
for the oxidation of alkyl aryl sulfides using alkyl hydro-
peroxides. More recent work has focussed on the use of H2O2 as
the oxidant, with the first successful catalytic system discovered
by Bolm using the combination of the amino alcohol-derived
Schiff base 1 with vanadium.3,4 An oxidation catalyst that

combines high catalytic efficiency and high enantiomeric
excess remains an important goal.5 The recent development of
combinatorial methods for the discovery of new asymmetric
catalysts offers a potential solution.6 The great success that has
been achieved by Hoveyda and Snapper in various asymmetric
C–C bond forming processes by parallel synthesis of peptide–
Schiff base libraries7 suggested that an optimisation of the Bolm
system using these techniques might be possible.

The apparent requirement for a hydroxy group in the ligand
(presumably to coordinate to vanadium) suggested structure 2
as an appropriate generic ligand, which would be amenable to
solid phase synthesis by standard coupling techniques. We
planned on exploring five variables in this modular catalyst
design, namely the solid support, amino acid 1, hydroxy amino
acid 2, the salicylaldehyde and the choice of metal, with
vanadium as the obvious starting point. Our initial library fixed
the solid support as Wang, screened a series of L-amino acids
(Gly, Ala, Val, Leu, Ile, Phe) as amino acid 1, serine and
threonine as amino acid 2, and a series of salicylaldehyde
derivatives [3,5-dibromosalicylaldehyde, 2-hydroxynaphthal-
dehyde, 3,5-di-tert-butylsalicylaldehyde (DtBS), 3,5-dichloro-
salicylaldehyde, 5-nitrosalicylaldehyde and 3,5-dinitrosalicyl-
aldehyde]. All the ligands were prepared in parallel using
standard techniques. The library of 72 ligands was tested in the
vanadium-catalysed oxidation of methyl phenyl sulfide 3a
using hydrogen peroxide. We employed two different reaction

protocols; in the first, 1 equiv. of VO(acac)2 was simply added
to a suspension of the ligand in CH2Cl2, followed by addition of
H2O2 and methyl phenyl sulfide 3a (Scheme 1); in the second,
the ligand was preincubated with a solution of VO(acac)2, and
the resin was then filtered and added to the reaction mixture.‡
The latter protocol gave results that were as good as, or better
than, the first protocol, so the latter protocol was used in all
subsequent experiments.

The results from this initial screening indicated that all the
ligands were good catalysts for the oxidation, with conversions
to the sulfoxide 4 ranging from 56 to 93%, but with the best ee
a modest 11% (Wang-Phe-Ser-DtBS). The corresponding
threonine derivative (Wang-Phe-Thr-DtBS) gave racemic sulf-
oxide 4. As a final check, we also prepared the allo-threonine
derivative (Wang-Phe-Thr*-DtBS),§ which gave excellent
conversion to the sulfoxide, with an improved ee of 17%. Since
these results were a substantial improvement on either threonine
or serine, we felt that we had identified the optimum amino acid
AA2. We now attempted to optimise this ligand by use of the
positional scanning method of Hoveyda and Snapper.7 A library
of 18 salicylaldehyde derivatives was screened, and the results
unfortunately confirmed that we had already identified the best
component. Finally, we prepared another library (Wang-AA1-
Thr*-DtBS) in which 19 different D- and L-amino acids were
used as AA1, including those with and without functionality.
This resulted in the discovery that the use of D-Phe gave a much
improved ee of 23%, at a conversion of 89%. Thus, the
optimised structure for the asymmetric oxidation of methyl
phenyl sulfide 3a had the structure Wang-D-Phe-Thr*-DtBS 5.
Although this ligand had the advantage that it could be rapidly
assembled, and easily removed from the reaction mixture
allowing straightforward product isolation, the ee was simply
far too low to be useful.

At this stage, we felt it appropriate to explore whether metal
ions other than vanadium might be more effective. We therefore
screened a series of metals for their ability to catalyse the
oxidation of methyl phenyl sulfide by aqueous hydrogen
peroxide in the absence of added ligand, and unsurprisingly
Mo(VI), W(VI), V(IV) and Ti(IV) all proved effective (with Ti(IV)
interestingly being the least effective). When the ligand that had
been optimised for the vanadium-catalysed oxidation was tested
with these metals, it immediately became clear that the
combination of Wang-D-Phe-Thr*-DtBS and Ti(Oi-Pr)4 was a
much more effective asymmetric catalyst, giving a reproducible
ee of between 62 and 64% (R-isomer in excess), with high

† Electronic supplementary information (ESI) available: HPLC conditions.
See http://www.rsc.org/suppdata/cc/b1/b108487a/

Scheme 1 Asymmetric oxidation of methyl phenyl sulfide.
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conversion. Clearly the low rate of the background reaction is
important. Schiff-base titanium complexes are effective for
sulfur oxidation,8–10 and very recently it has been reported that
Ti(salen) complexes can be very effective in the same process
using hydrogen peroxide as the oxidant.11

Since the behaviour of solid-supported ligands and their
solution phase counterparts can differ, we converted the
optimum ligand into the corresponding methyl ester 6 by
treatment with NEt3 in DMF–MeOH. Use of this solution phase
ligand gave an identical 64% ee in the oxidation of methyl
phenyl sulfide 3a to the solid phase analogue (which is therefore
a superior catalyst from a practical point of view).

Rather than screening all our previous libraries in the
titanium-catalysed oxidation reaction, we tested the correspond-
ing serine, threonine and O-tert-butyl threonine derivatives,
Wang-D-Phe-Ser-DtBS (27% ee), Wang-D-Phe-Thr-DtBS
(23% ee) and Wang-D-Phe-Thr(t-Bu)-DtBS (0% ee) in the
titanium-catalysed oxidation of methyl phenyl sulfide 3a. These
results confirm both the importance of the free hydroxyl group
and the influence of the stereogenic centre at C-3 of the allo-
threonine residue.

In order to establish how strongly the titanium was com-
plexed to the solid phase ligand, we incubated a solution of
Ti(Oi-Pr)4 in CH2Cl2 with the ligand 5. The resin was then
washed 5 times, and the titanium concentration in each of the
washings was measured by ICP-AES. While some residual
titanium was detectable in the first washing, in all the four
subsequent washings the titanium concentration was below the
background level ( < 1 ppm). This suggested that leaching of
titanium from the resin was minimal, and that as a consequence
the catalyst combination of ligand 5 and Ti might be reusable.

Provided the resin was not allowed to dry out, the catalyst could
be reused without erosion of conversion or ee (first run, 62% ee,
second run, 64% ee), although the ee did degrade with
subsequent runs with the same sample of catalyst.

The ee of our catalyst system was comparable with the
original results reported by Bolm, so we decided to investigate
its scope in the oxidation of a variety of other alkyl aryl sulfides
(Scheme 2), and our results are reported in Table 1. The ee
values are remarkably consistent, and indicate the utility of the
catalyst. Some overoxidation to the sulfone was observed in the
case of 3d (13%) and 3g (22%), but in all other cases the amount
of sulfone was less than 5%.

We thank EPSRC for the award of a research grant (GR/
M13633), GlaxoSmithKline and the EPSRC for an Industrial
CASE studentship (S. D. G.), and the Commission of the
European Union (IHP Network HPRN-CT-2000-00014) for
support of a studentship (C. M.).
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Scheme 2 Asymmetric oxidation of alkyl aryl sulfides.

Table 1 Asymmetric oxidation of alkyl aryl sulfides

Sulfide R1 R2 Sulfoxide Conversiona ee (%)a

3a Ph CH3 4a 100% 64
3b Ph Et 4b 96% 64
3c Ph Pr 4c 90% 57
3d 4-CH3OC6H4 CH3 4d 85% 63
3e 4-ClC6H4 CH3 4e 90% 58
3f 4-BrC6H4 CH3 4f 70% 53
3g 4-O2NC6H4 CH3 4g 61% 64
3h 4-NCC6H4 CH3 4h 90% 45
3i 2-Naphthyl CH3 4i 87% 72
a Conversions and ee values were measured using chiral phase HPLC.
HPLC conditions are provided in the supplementary material.
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Octaalkynyltetra[6,7]quinoxalinoporphyrazines: a new class of
photosensitisers with potential for photodynamic therapy
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Acetylene-substituted tetra[6,7]quinoxalinoporphyrazines,
obtained in two steps from dialkynyl-1,2-diones and 1,2-dia-
mino-4,5-dicyanobenzene, show intense absorptions in the
near infrared and have photooxidising properties that make
them promising candidates as agents active in photo-
dynamic therapy.

Photodynamic therapy (PDT) is an increasingly valuable
method for the treatment of a variety of conditions, among them
various forms of cancer, age-related macular degeneration, and,
most recently, atherosclerosis.1–4 At the core of PDT lies the
generation of reactive oxygen species by energy transfer from a
photosensitiser embedded in the malignant tissue which is
irradiated with external light of appropriate wavelength. The
reactive oxygen species in turn cause significant cellular
damage and thereby ultimately lead to the eradication of the
pathogenic tissue. Sensitisers suitable for biomedical applica-
tions of this type must meet the minimum requirements of
accessibility by light in a biological matrix and of efficient
induction of photooxidation. These requirements lead to the
definition of a therapeutic window of ca. 650–800 nm in the
absorption of practical PDT agents. Current applications largely
exploit the photosensitising action of functionalised porphyrins
such as a mixture of haematoporphyrin derivatives HpD, which
is marketed under the tradename Photofrin®.5 Despite the
success of this drug in PDT, efforts are continuing to devise
photosensitisers with an improved photochemical profile with
respect to that of Photofrin®,6 whose role in PDT is somewhat
limited, among other things, by its low-intensity absorption
around 630 nm.

We wish to present here octaalkynyltetra[6,7]quinoxalino-
porphyrazines 1a–c as a new class of photosensitisers which, by
virtue of their concise and flexible synthesis and their
(photo)chemical properties, are promising candidates as effec-
tive PDT agents. As such, 1a–c represent viable alternatives to
some of the phthalo- and naphthalocyanines that are currently
being investigated as second generation sensitisers for PDT6,7

and are a significant advancement over the corresponding
octaalkynylphthalocyanines8,9 and tetrapyrazinoporphyrazines
previously reported.10

The syntheses of the quinoxalinoporphyrazines 1 are sum-
marised in Scheme 1 and follow a route similar to the one
outlined for the related octaalkynyltetrapyrazinoporphyra-
zines.10 Key step in the preparation of the new acetylenic
chromophores is the condensation of the dialkynyl-1,2-diones
4a–c11 with 1,2-diamino-4,5-dicyanobenzene 3 followed by a
base-induced cyclotetramerisation of the intermediate quinoxa-
lines to the porphyrazine framework. The alkyl-substituted
derivative was prepared for comparison.† The new chromo-
phores are deep blue (1a, 1d) or green (1b, 1c) solids that show
good solubility in common organic solvents (CH2Cl2, THF).

The electron absorption spectra of compounds 1a–d in THF
are dominated by two transitions, namely the higher-energy B-
band and the lower-energy Q-band, that in case of 1a–c
stretches into the near infrared (Fig. 1). The influence of
peripheral substituents on the appearance of the UV–Vis–NIR

spectra of the tetra[6,7]quinoxalinoporphyrazines is quite
remarkable. Whereas non-acetylenic 1d shows a B-band at 364
nm (e = 132 000 M21 cm21) and a Q-band at 735 nm (e =
431 000 M21 cm21), the corresponding maxima of acetylenic
compound 1a (M = Mg, B-band: 388 nm, e = 288 000
M21 cm21; Q-band at 770 nm, e = 512 000 M21 cm21) are
significantly batho- and hyperchromically shifted. This in-
dicates that the p-system of the main chromophore of 1a
extends beyond the periphery of the polyazamacrocycle and
includes the acetylene substituents. However, an extension of
the p-system of 1a by the appendage of terminal aryl groups to
the acetylene units as, for example, in 1b (B-band: 394 nm, e =
306 000 M21 cm21; Q-band: 770 nm, e = 517 000 M21 cm21,
THF) does not result in a further bathochromic shift of the Q-
band. In comparison to octaalkynyltetrapyrazinoporphyra-
zines10 and 2phthalocyanines,8,9 whose Q-band absorption

Scheme 1 Reagents and conditions: i, CuCN, DMF, 140 °C, 15 h, 25%; ii,
AcOH, rt., 20 min, 66–80%; iii, Mg(OBu)2, BuOH, reflux, 1 h, 22–41%; iv,
LiOPent, PentOH, reflux, 1 h, then Zn(OAc)2, PentOH, reflux, 3 h, 44%.

This journal is © The Royal Society of Chemistry 2001
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maxima centre around 670 nm and 720 nm, respectively, the
significantly red-shifted absorption of 1a–c will allow the use of
more deeply penetrating light for the excitation of 1a–c in
biological tissue. In addition, the high molar extinction
coefficients associated with their NIR absorptions suggest a
more detailed exploration of their suitability for PDT applica-
tions. Furthermore, the photostability of the compounds is
satisfactory. Their aerated solutions in hexanol show very little
degradation upon irradiation with light at a fluence rate of 50
mW cm22 for several hours (e.g. 92% of the initial absorption
of 1a (M = Zn) at longest wavelength maximum still present
after 4h irradiation). In light of the fluorescence at 790 nm that
the alkynyl-substituted compounds 1a–c exhibit upon irradia-
tion at either their respective B- or Q-bands (Fig. 1), usage of
this class of compounds as fluorescent probes in biological
tissue or diagnostic tools in PDT can also be envisioned.

A qualitative evaluation of the photooxidising ability of 1a
(M = Zn) was performed using the singlet oxygen quencher
1,3-diphenylisobenzofuran (DPBF).12 Hence, an aerated solu-
tion of 1a (M = Zn) and DPBF (120-fold molar excess) in
hexan-1-ol was exposed to filtered light (cut-off < 550 nm) of
a slide projector lamp while monitoring the 413 nm absorption
of DPBF (Fig. 2). No or little photooxidation of DPBF is
observed in the absence of either light, 1a (M = Zn) or oxygen
(traces a–c, Fig. 2). However, significant photodegradation of
DPBF occured in the presence of 1a (M = Zn) and oxygen

(trace d, Fig. 2), clearly demonstrating the photooxidising
ability of the zinc quinoxalinoporphyrazine. The corresponding
magnesium derivative 1a (M = Mg) shows a markedly reduced
photosensitising effect.

As shown in Table 1, these qualitative findings are further
substantiated by the photophysical data obtained for compounds
1a (M = Mg, Zn) and 1d (M = Mg). Whereas the magnesium
porphyrazinato complexes are strong fluorophores with only
limited singlet oxygen producing capacity, the corresponding
zinc complex 1a (M = Zn) is a very efficient singlet oxygen
sensitiser with a singlet oxygen quantum yield of FD = 0.56. In
fact, this value is comparable with that determined for photofrin
(FD = 0.57 in benzene)1 and significantly exceeds that
determined for silicon naphthalocyanine (FD = 0.35 in
benzene),1 an analogue of 1 that has been investigated in the
context of PDT applications.

The short and flexible synthesis of alkynyl-substituted
quinoxalinoporphyrazines coupled with their high intensity
absorption and their emission in the near infrared make them
interesting candidates for future PDT applications. While the
lipophilicity of the prototypical compounds presented here will
require an administration via, for example, liposomal formula-
tions, further adaptations of the chromophores to the require-
ments set by biological environments can be easily achieved by
exploiting, for example, the chemistry of the protected phenol
functionality in 1c. Work along these lines is currently under
way.

We wish to acknowledge University College London for the
provision of a Provost Studentship to F. M. and the EPSRC for
a studentship to S. F. We thank Dr A. J. MacRobert for helpful
discussions.
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analytical data. Detailed procedures for their syntheses will be reported
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Fig. 1 Electronic absorption spectra of 1a (a) and 1d (b) in THF at 298 K.
The inset shows the fluorescence spectrum of 1a in THF at 298K upon
irradiation at 388 nm.

Fig. 2 Photooxidation of 1,3-diphenylisobenzofuran (DPBF) with 1a (M =
Zn) in hexanol at 298 K; co(DPBF) = 4.5 3 1025 mol l21, co (1a) = 4.0
3 1027 mol l21, light source: slide projector lamp (24 V, 250 W), cut-off
filter < 550 nm. The absorption at 413 nm was monitored in an aerated
solution of 1a (M = Zn) and DPBF upon irradiation (trace d); trace a, in the
absence of light; trace b, in the absence of 1a (M = Zn); trace c, in the
absence of oxygen.

Table 1 Fluorescence lifetimes tf, fluorescence quantum yields Ff and
singlet oxygen quantum yields FD for selected tetra[6,7]quinoxalinopor-
phyrazinesa

Compound tf/ns Ff
b FDc

1a (M = Mg) 4.3 ± 0.1 0.46 0.19
1a (M = Zn) 2.4 ± 0.1 0.25 0.56
1d (M = Mg) 5.3 ± 0.1 0.59 0.15
a All measurements were performed in aerated THF at 298 K. b Absolute
values (±10%) relative to cresyl violet in MeOH (Ff = 0.54) and
disulfonated aluminium phthalocyanine in H2O (Ff = 0.40) standards.
c Obtained by time-resolved phosphorescence measurements using excita-
tion at lex = 355 nm. Values are relative to perinaphthenone (FD = 0.97)
and have an error of ±10%.
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New nucleoside based solid supports. Synthesis of 5A,3A-derivatized
thymidine analogues†
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Two new thymidine based polymeric supports, in which the
nucleosides have been anchored through the thymine moiety
to a b-hydroxy thioether functionalized resin via a Mitsu-
nobu reaction, have been prepared. A simple and efficient
solid-phase synthesis of 5A,3A-bis-derivatized thymidine ana-
logues has so been developed, following methodologies well
established in peptide and oligonucleotide chemistry and is
here proposed for the preparation of a variety of different
nucleoside conjugate products.

Combinatorial chemistry allows the study of the properties of
many classes of compounds much faster than a classical serial
analysis. The combinatorial approach to the simultaneous
polymer-supported synthesis of chemical compounds has
allowed the rapid screening of a plethora of different substrates,
speeding up lead identification and optimisation, and resulting
in fundamental developments in biomedicinal chemistry.1
Combinatorial syntheses are often carried out as sequential,
high fidelity condensation and addition reactions on solid-phase
linked scaffolds which are typically polyfunctional molecules.2
In this frame nucleosides can be regarded as very useful
scaffolds to be incorporated into polymeric supports for
combinatorial libraries3 since they contain functional groups
which can be differently manipulated and stereogenic centres
useful for a defined spatial presentation of the various
substituents. In addition, the biomedical potential of nucleoside
derivatives is well known. Therefore nucleosides are partic-
ularly attractive as platforms for the design of primary screening
libraries. Aiming at the synthesis of new functionalized solid
supports for combinatorial libraries of chimeric biomolecules
incorporating nucleoside moieties (e.g. nucleoside analogues,
conjugates or other hybrids), we turned our attention to ad hoc
modified polymeric supports linking suitably protected nucleo-
side derivatives in which the ribosidic functions are susceptible
of further modifications. In order to attach to polymeric
supports nucleosides through the base, we have investigated the
possibility of immobilizing thymidine derivatives in the solid
phase by reacting the imino function of the thymine moiety. For
this purpose, the Mitsunobu reaction4 of aliphatic alcohols with
amidic or imidic species may be particularly useful for an
efficient N-alkylation of pyrimidine nucleoside derivatives; this
approach has been also successfully exploited by us in order to
glycosylate the N-3 position of uridine derivatives.5 Starting
from our previous experiments, we first tested the solid phase
Mitsunobu condensation between sugar protected thymidine 3
and a commercially available hydroxy Tentagel® resin (0.24
meq g21, 1, Scheme 1), a polymeric support largely employed
in peptide and oligonucleotide synthesis. Such reaction gave
satisfactory incorporation yields of the thymidine residue (80%
yields by DMT test) but did not result in a practically feasible

route, since no mild reaction conditions were found for the final
detachment of the intact nucleoside from the solid phase.

Therefore we have devised an alternative synthetic scheme
involving the Mitsunobu reaction of b-hydroxyethylthioether
Tentagel resin 2‡ with thymidine derivatives 3 and 4 (Scheme
1) to yield nucleoside derivatized supports 5 and 6, respectively.
Such supports have been designed to allow a simple and
efficient release of the nucleosidic material via a b-elimination
reaction by mild alkaline treatment on the alkylthioethyl
function in 5 or 6, once oxidized to sulfone. We report herein a
general synthetic strategy to obtain a variety of thymidine-
containing hybrid molecules by exploiting supports 5 and 6
which can form phosphoester or glycosidic linkages using the
OH functions, and amide or phosphoramidate bonds exploiting
the N3 group, previously reduced to amine.

Thymidine derivatives 3 and 4 were loaded onto resin 2 in the
presence of PPh3 and DEAD in THF–DCM to produce supports
5 and 6. The DMT test showed in both cases a typical loading
of 0.17 meq g21 (90% yield). To transiently mask the 3A-
hydroxy moiety in support 5 (Scheme 1), the tert-butyldime-
thylsilyl (TBDMS) group was employed in view of its well
established orthogonality to DMT and its stability under both
acidic and mild basic conditions as well as during the steps
involved in the glycosidic6 and phosphotriester7 linkage
formation. The best results in the removal of TBDMS were
obtained under treatment with Et3N·3HF (overnight, rt) as
verified by coupling the 3A-OH with 2A-deoxycytidine phosphor-
amidite building block by standard automated phosphoramidite
protocol7 (Scheme 2). The coupling yield was almost quantita-
tive (98%) as checked by DMT cation quantitation on 7 and in
no case loss of nucleosidic material was observed. Then the
thioether function of the support was oxidized with a mClPBA
solution8 (0.5 M in DCM, 1 h, rt) and, after detritylation of the
5A-OH groups, complete detachment from the support was
achieved by treatment with conc. aq. ammonia solution (18 h,
60 °C) giving the desired 3A–3A phosphodiester linked dinucleo-
tide 8. The crude detached material was purified by reverse
phase HPLC and the identity of isolated 8 was ascertained by
1H, 31P NMR and MS data.

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b107200p/ Scheme 1 Solid support functionalization by the Mitsunobu approach.
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To test the efficiency of support 6 in the synthesis of 3A-amino
derivatized thymidine analogues, we first prepared two different
thymidine hybrids, 10a and 10b (Scheme 3), incorporating at
the generated 3A-amino group an aminoacid or a PNA residue,
respectively. To this purpose, the 3A-azido function in 6 was
reduced to amine and directly coupled in a one pot reaction9

with Fmoc-Leu-OH (83% yield) or Fmoc-T(PNA)-OH (84%
yield) in the presence of DIC–HOBt and PBu3 in DMF, leading
to supports 9a and 9b, respectively. After capping with Ac2O
and Fmoc removal on a weighed sample of the supports, the
coupling yield was measured by the Kaiser test.10 Acetylation
of the amino functions was followed by thioether oxidation,
DMT and Fmoc removal and detachment from supports 9a and
9b, which gave 10a and 10b, respectively, whose structures
have been confirmed by 1H NMR and MS data.

In order to test the compatibility of the synthesized supports
with both peptide and oligonucleotide solid phase synthetic
strategies, support 9a was then employed in the synthesis of 11
(Scheme 4), a hybrid dinucleotide having a classical 3A–5A
phosphodiester linkage, by reaction with 2A-deoxyadenosine
phosphoramidite building block. Once both DMT and Fmoc
protecting groups had been removed by standard methods,
acetylation of the support, followed by the above described
procedures for the detachment and deprotection, produced 12
(81% yield). On another batch of functionalized support 11,
after amino function deprotection, coupling with Fmoc-Phe-OH
was carried out in the presence of DCCI–HOBt in DMF–DCM
following a standard Fmoc protocol. DMT and Fmoc removal,
followed by acetylation and detachment from the solid support,
produced hybrid 13 (73% yield). After HPLC purification, 12
and 13 were characterized by 1H, 31P NMR and MS data.

In conclusion we have reported the synthesis of two new
thymidine based solid supports (5 and 6) in which the
nucleosides are anchored to the solid support through the base,
so that both the 5A and 3A functions are available for further
manipulation. A convenient b-hydroxyethyl-thioether 2 was

synthesized and inserted in the solid phase allowing a high yield
incorporation of the protected thymidine building blocks by
Mitsunobu reaction and, after the desired derivatization at the 3A
and/or 5A functions, the total release of the nucleosidic material
by a classical ammonia treatment. Starting from these supports
we have devised a versatile synthetic strategy to obtain a variety
of thymidine hybrids following well established peptide and
oligonucleotide chemistry. In principle this methodology can be
easily exploited to link any other amido or imino-functionalized
heterocycle to a solid support.

Further studies are currently in progress to extend the
Mitsunobu reaction to anchor other nucleosides on polymeric
supports.

We acknowledge MURST, CNR and Regione Campania for
grants in support of this investigation and C.I.M.C.F., Uni-
versità degli Studi di Napoli ‘Federico II’, for the NMR
facilities.
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Scheme 2 a: Et3N·3HF, THF, overnight, rt; b: coupling with dC
phosphoramidite building block; 0.1 M tetrazole; I2–THF–H2O; c: 0.5 M
mClPBA in DCM, 1 h, rt; d: 1% DCA in DCM; e: NH4OH, 18 h, 60 °C.

Scheme 3 a: FmocNH–amino acid or Fmoc-T(PNA)-OH, DIC, HOBt,
nBu3P; b: Ac2O–Py (1+1, v/v); c: 0.5 M mClPBA in DCM, 1 h, rt; d: 1%
DCA in DCM; e: 20% piperidine in DMF; f: NH4OH, 18 h, 60 °C.

Scheme 4 a: 1% DCA in DCM; b: coupling with dA phosphoramidite
building block; 0.1 M tetrazole; I2–THF–H2O; c: Ac2O–Py (1+1, v/v); d:
20% piperidine in DMF; e: NH4OH, 18 h, 60 °C; f: Fmoc-Phe-OH, DCCI,
HOBt, 6 h, rt.
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Reaction of the Me2Si bridged bis(6,6-dimethylcyclohex-
adienyl) dianion with FeCl2·1.5THF gives mono-, di- and
tetrametallic complexes; {[Me2Si(DMCh)2]Fe}4 is the first
crystallographically characterised [14]metallocenophane.

[1n]Metallocenophanes, molecules consisting of n metallocene
units joined by single atom bridges,1 are of interest for several
reasons. For example, it is now well established that strained,
ring-tilted, [11]ferrocenophanes (ansa-bridged ferrocenes) un-
dergo thermal, anionic and metal-catalysed ring-opening poly-
merisation (ROP),2,3 yielding well-defined, high molecular
weight, soluble metal-containing polymers. Oligomeric [1n]fer-
rocenophanes are also of considerable interest due to, for
example, their novel structural properties and the possibility of
metal–metal interactions.1,4 To date, polymerisation reactions
have been limited to metallocenophanes containing cyclopenta-
dienyl rings. We are interested in developing new ligand
systems that could offer more flexibility and diverse substitu-
tion patterns in order to extend this chemistry.

As part of this research, we have studied metal complexes of
the 6,6-dimethylcyclohexadienyl anion (DMCh),5 which are
related to ‘open metallocenes’6 as the ligand can bind to the
metal centre though an h5-pentadienyl moiety. The dimethylcy-
clohexadienyl ferrocene analogue, (DMCh)2Fe, has been re-
ported;5 however, metallocenophanes with bridged cyclohex-
adienyl ligands are unknown, although recently titanium
complexes of the ‘constrained geometry’ ligand Me2Si-
(ButN)DMCh have been reported.7

A silicon-bridged bis-dimethylcyclohexadienyl ligand was
synthesized according to Scheme 1. Thus, addition of 2 equiv.
of the potassium salt K+(DMCh)2 5,8 to Me2SiCl2 gave
dimethylbis(dimethylcyclohexadienyl)silane, the NMR spec-
trum of which (ESI†) is consistent with a C2v symmetric
1,4-diene, indicating reaction has taken place exclusively at the

3-position of the cyclohexadienyl rings. The ligand could be
deprotonated with 2 equiv. ButLi to yield Me2Si(DMChLi)2.
Reaction of this dianion with FeCl2·1.5THF in THF gives a
complex mixture, presumably containing products due to
reduction by the DMCh anion5 as well as insoluble polymeric
material. Three products, however, could be isolated: the
[1]ferrocenophane analogue, [Me2Si(DMCh)2]Fe 1 as well as
dimeric and tetrameric species.

The three products could be separated by virtue of their
differing solubilities, and have been characterised by X-ray
crystallography‡ in addition to NMR, and microanalysis
(ESI†). The monomer 1 is highly soluble in pentane. Its
structure (Fig. 1) reveals it to be analogous to a ring-tilted ansa-
bridged ferrocene. As an indication of the strain in 1, the value
of a, the angle between the average planes defined by the
pentadienyl carbons, is 14.5°. For comparison, an angle of 20.8°
was observed between the Cp rings in the analogous [Me2-
Si(C5H4)2]Fe.9 Thus, on this basis, the replacement of Cp rings
with DMCh would appear to have reduced the strain somewhat.
Conversely however, the average value of b, the angle between
each plane and the bridging atom–bridgehead bond, is slightly
greater for [Me2Si(DMCh)2]Fe (40.0°) than [Me2Si(C5H4)2]Fe
(37.0°). This deviation from planarity of the sp2 bridgehead
atom of 1 is also reflected in its 13C NMR resonance, which is
found at d 47.4, an upfield shift relative to unbridged
compounds. For comparison, the corresponding value for
(DMCh)2Fe is d 77.9.5 It should also be noted that, in general,
bis-pentadienyl iron complexes prefer to adopt a gauche
eclipsed conformation, in which the pentadienyl units are
rotated relative to each other by a conformation angle c of ca.
60°.6 While the structure of (DMCh)2Fe has not been reported,
the related 6-tert-butylcyclohexadienylferrocene analogue ex-
hibits such a conformation.10 In contrast, the silicon bridge of
[Me2Si(DMCh)2]Fe constrains the DMCh rings to be syn-
eclipsed (c ≈ 0), thus representing a potential additional source
of strain in this molecule.

† Electronic supplementary information (ESI) available: experimental
details and NMR spectroscopic data. See http://www.rsc.org/suppdata/cc/
b1/b107874g/

Scheme 1
Fig. 1 Molecular structure of [Me2Si(DMCh)2]Fe 1. Selected bond lengths
(Å): Fe–C11 2.038(2), Fe–C12 2.052(2), Fe–C13 2.166(2), Fe–C15
2.131(2), Fe–C16 2.038(2), Fe–C21 2.037(2), Fe–C22 2.042(2), Fe–C23
2.149(2), Fe–C25 2.152(2), Fe–C26 2.045(2), Si–C11 1.902(2), Si–C21
1.897(2).

This journal is © The Royal Society of Chemistry 2001

2600 Chem. Commun., 2001, 2600–2601 DOI: 10.1039/b107874g



In addition to the monomer 1, air stable dimeric and
tetrameric species are also obtained in low but reproducible
yields. The oligomers are much less soluble in hydrocarbon
solvents, and can be separated by fractional crystallisation from
CH2Cl2. The structure of the dimer {[Me2Si(DMCh)2]Fe}2 2
(Fig. 2),‡ reveals a molecule on an inversion centre, in which
the two halves of the dimer are crystallographically equivalent.
The formation of 2 allows significant relief of the strain
observed in the ansa-bridged species 1, as demonstrated by an
angle a of 5.4°, and an average value of b of 6.5°. The silicon
bridged cyclopentadienyl [12]ferrocenophane, {[Me2-
Si(C5H4)2]Fe}2, which was reported simultaneously by three
groups,11–13 has a similar ring tilt [a = 4.9(3)°].12 In both cases,
the ring tilt is opposite to that of the monomeric species; the
greatest inter-ring separation is observed at the silicon-bridged
end of the ring. Furthermore, {[Me2Si(DMCh)2]Fe}2 is able to
adopt the preferred gauche eclipsed conformation with an angle
c of 50.7°. Such a conformation is presumably also favoured to
reduce steric interactions between the Me2Si groups; indeed a
similar conformation is observed in the structure of {[Me2-
Si(C5H4)2]Fe}2. The Fe…Fe separation in {[Me2-
Si(DMCh)2]Fe}2 is 5.496(1) Å, which is greater than in the
cyclopentadienyl analogue (ca. 5.17 Å).11,12

The third product that can be isolated is the silicon-bridged
cyclic tetramer {[Me2Si(DMCh)2]Fe}4 3 which is unprece-
dented in cyclopentadienyl chemistry. The CH2-bridged parent
[14]ferrocenophane has been reported,14,15 and we have re-
ported the synthesis of a partially methylated analogue,16 but, to
our knowledge, there are no examples of structurally charac-
terized [14]metallocenophanes.§ The structure of {[Me2-
Si(DMCh)2]Fe}4 is shown in Fig. 3.‡ It crystallises in the
tetragonal space group P4/n and lies on a crystallographic
4-fold axis. Thus, as with the dimer, the asymmetric unit of
{[Me2Si(DMCh)2]Fe}4 is a single (DMCh)2Fe unit. The four
iron atoms are by necessity coplanar, and the overall shape of
the molecule resembles a square. The angle between the planes
(a) for each unit is 8.75°, perhaps indicating slightly more strain
than in the dimer, while the average b is 5.1°. The Fe…Fe
distance between neighbouring iron centres is 6.320(1) Å, a
greater separation than in the dimer, while the The Fe…Fe
separation across the ring is 8.938(1) Å. Interestingly, while the
1H NMR spectrum of the [14]ferrocenophane
{[CH2(C5H4)2]Fe}4 shows only one peak due to the Cp
protons,14,15 the pentadienyl protons of {[Me2Si(DMCh)2]Fe}4
3 are observed as eight separate resonances, varying con-
siderably in chemical shift from d 1.24 to d 5.35 (C6D6).
Presumably the upfield-shifted resonances correspond to the
protons which are located toward the interior of the cavity, in
analogy to the NMR spectra of cyclophanes. The fact that all of
the ring protons in {[Me2Si(DMCh)2]Fe}4 are chemically
inequivalent at room temperature suggests the molecule is
conformationally rigid, which could perhaps explain why
replacement of Cp with DMCh groups has facilitated crystal-
lisation of a [14]metallocenophane analogue.

We thank Dr Steve Barlow for many helpful discussions, and
the EPSRC for financial support and the award of a studentship
(M. J. D).

Notes and references
‡ Crystal data: for [Me2Si(DMCh)2]Fe 1: C18H26SiFe, monoclinic, space
group P21/c, a = 12.5115(3), b = 8.2107(2), c = 16.9607(4) Å, b =
103.003(1)°, V = 1697.7(1) Å3, 150 K, Z = 4, Dc = 1.277 g cm23, m(Mo-
Ka) = 0.948 mm21, 6818 total (3853 independent) reflections, R = 0.0302
and Rw = 0.0795 for 3422 reflections with I > 4s(I).

For [Me2Si(DMCh)2]Fe2 2: C36H52Si2Fe2, monoclinic, space group P21/
n, a = 9.597(1), b = 15.977(1), c = 11.106(1) Å, b = 105.185(1)° V =
1643.4(2) Å3, 150 K, Z = 2, Dc = 1.319 g cm23, m(Mo-Ka) = 0.979
mm21, 6425 total (3749 independent) reflections, R = 0.0355 and Rw =
0.0858 for 3359 reflections with I > 4s(I).

For [Me2Si(DMCh)2]Fe4: C72H104Si4Fe4, tetragonal, space group P4/n, a
= 19.243(1), c = 9.649(1) Å, V = 3573.0(5) Å3, 150 K, Z = 2, Dc = 1.213
g cm23, m(Mo-Ka) = 0.901 mm21, 4072 total, independent reflections, R
= 0.0355 and Rw = 0.0787 for 2998 reflections with I > 4s(I).

CCDC reference number 170500–170502.
See http://www.rsc.org/suppdata/cc/b1/b107874g/ for crystallographic

data in CIF or other electronic format.
§ The existence of a crystal structure of a mixed iron–cobalt [14]metal-
locenophane has been mentioned in a review, but apparently has not been
published; see ref. 1.
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Fig. 2 Molecular structure of {[Me2Si(DMCh)2]Fe}2 2. Labelling scheme
for pentadienyl carbons is analogous to that in Fig. 1. Primed atoms are
generated by symmetry. Selected bond lengths (Å): Fe–C11 2.094(2), Fe–
C12 2.051(2), Fe–C13 2.117(2), Fe–C15 2.133(2), Fe–C16 2.056(2), Fe–
C21 2.108(2), Fe–C22 2.056(2), Fe–C23 2.115(2), Fe–C25 2.125(2), Fe–
C26 2.057(2), Si–C11 1.876(2), Si–C21A 1.876(2). Fig. 3 Molecular structure of {[Me2Si(DMCh)2]Fe}4 3. Labelling scheme

for pentadienyl carbons is analogous to that in Fig. 1. Primed atoms are
generated by symmetry. Selected bond lengths (Å): Fe–C11 2.090(2),
Fe–C12 2.057(2), Fe–C13 2.132(2), Fe–C15 2.131(2), Fe–C16 2.051(2),
Fe–C21 2.092(2), Fe–C22 2.057(2), Fe–C23 2.139(2), Fe–C25 2.121(2),
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Seven membered rings via intramolecular Pauson–Khand reactions†
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Seven membered rings are obtained with good yields by
intramolecular Pauson–Khand reactions of some aromatic
compounds.

The intramolecular Pauson–Khand reaction is becoming an
important tool for the synthesis of natural products.1 Short-
comings such as low conversions, limited scope and lack of
efficient catalytic versions are currently being circumvented by
the use of new promotion methods and catalytic conditions.
Efforts in this field are directed to achieve efficient catalytic
versions of this reaction,2 and to widen the reaction scope.3 In
the intermolecular version of this reaction, only five and six
membered rings annulated to the cyclopentenone ring can be
obtained with good conversions. Only very recent examples
show the formation, although in very low yields, of some
medium sized rings.4,5 In our ongoing program devoted to
extend the use of the intramolecular Pauson–Khand reaction to
aromatic substrates, we have introduced benzenes6 and in-
doles7as part of the enyne skeleton. With these substrates we
have obtained polycyclic aromatic systems where the Pauson–
Khand reaction formed a five or six membered ring annulated to
the cyclopentenone ring. However, many aromatic natural
products bear seven membered rings in their structures,
examples being the indole alkaloids shown in Fig. 1.

The difficulty in achieving medium sized rings via Pauson–
Khand reactions seems to be related to the low population of the
reactive conformation. The planarity of the aromatic rings may
have a decisive influence on the reactivity of enynes connected
through them. Furthermore, the new way of promotion of the
Pauson–Khand reaction introduced by us, based on the addition
of molecular sieves to the reaction medium, is probably based
on the adsorption of the substrate favouring the preorganisation
of the alkene and alkyne moieties for cyclization.8 We believed
then that it was worth trying to form seven membered rings in
these systems and in this paper we show the first results of these
attempts.

A group of enynoindoles were obtained starting from methyl
2-indolocarboxylate. The synthesis of these substrates was
carried out following our previous work with similar com-
pounds.7 These compounds were submitted to Pauson–Khand
reactions under three different conditions: cooperative trime-
thylamine N-oxide (TMANO)–molecular sieves promotion at
room temperature (A), molecular sieves in refluxing toluene
(B), and thermal promotion in refluxing toluene (C). The results
are summarised in Table 1.

The results show the first case described of the formation of
a seven membered ring via intramolecular Pauson–Khand
reaction with good yield. That is the conversion of 2 into 6.9
Compound 2 appears to have several structural features that
favour the cyclization process. Not only the planarity of the
indole nucleus, but also the nitrogen and the buttressing effect of
the OTBS group, are probably responsible for this result.10

Compounds 1 and 3, with groups different from the OTBS
present in 2, do react although with moderate conversions,
whereas compound 4 reacts slightly better. Comparing the three
reaction conditions used, the positive effect of the molecular
sieves is clear and conditions B (cooperative thermal–molecular
sieves promotion) are best.

In all the examples in Table 1 only one stereoisomer was
obtained. The stereochemistries of compounds 5–7 were
determined by NOE experiments.11

In view of this results we prepared a series of aromatic enynes
structurally related to compound 2. The compounds, depicted in
Fig. 2, were reacted under conditions A and B. Only compound
9, the one most closely related to compound 2 , reacted with a
good yield (80%) to give 10, as an only diastereoisomer.

Compounds 11–13 decomposed after few hours of reaction.
The cobalt–hexacarbonyl complex was not detected in the
reaction of compound 14, probably due to the basic nitrogen in
the imidazole. Compound 15 gave small amounts (ca. 10%) of

† Electronic supplementary data (ESI) available: spectroscopic and analyt-
ical characterization of compounds 5–8 and 10. See http://www.rsc.org/
suppdata/cc/b1/b108134a/

Table 1 Pauson–Khand reaction of enynoindoles. Formation of seven
membered rings

Yields (%)a

Substrateb Product A B C

20 10 —

65 75 40

10 30 —

15 40 10

a In pure product after purification by column chromatography with correct
spectroscopic data (1H, 13C NMR, IR).b Phth = Phthalimido

This journal is © The Royal Society of Chemistry 2001
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a mixture of isomers that may correspond to the expected seven
membered ring diastereomeric compounds, or to related bridged
compounds similar to those recently described by Lovely.12

Finally in compound 16 a competitive Nicholas-type reaction
took place allowing the recovery of the corresponding phenol.

In summary, herein we describe the first examples of the
obtention of seven membered rings via intramolecular Pauson–
Khand reactions with good yields and total diastereoselectivity.
We are actually trying to understand the structural requirements
of the substrates that favour this cyclization. A number of
aromatic substrates have been tested and reactions observed in
a few of them. We are currently trying to increase the scope of
this synthesis so that interesting applications to the synthesis of
natural products can be devised.

The authors are grateful to the DGES (MEC Spain, PB98-
0053) and the Universidad San Pablo-CEU (2/99) for financial
support. A predoctoral fellowship from the Universidad San
Pablo-CEU is gratefully acknowledged by L. P.-S.
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KOD Dash DNA polymerase can accept triphosphates of
new deoxyuridine derivatives bearing a C5-substituent
group via an a-methylene linker as a substrate in the
polymerase chain reaction (PCR) yielding the corresponding
functionalized DNA effectively, while other conventional
DNA polymerases cannot tolerate the modification of the
substrate.

Modified oligonucleotides with a thymidine analogue bearing a
functional group at the C5 position are important tools for
biological and biochemical studies.1–5 If modified DNA can be
prepared by PCR from the substrate analogue using DNA
polymerase, the resulting modified DNA could be used as a
DNA probe by attachment of a reporter group, and as a DNA
catalyst or as a DNA aptamer by in vitro selection. However,
examples of functionalized DNA prepared from modified
deoxynucleotides are limited, because DNA polymerases
accept a limited range of molecular structures as substrate.
Some DNA polymerases can use 5A-triphosphates of modified
2A-deoxyuridines with a C5-side chain carrying a propenyl or
propynyl group.6-13 Reduction of the double or triple bond of
the C5 propenyl or alkynyl substituted 2A-deoxyuridines
completely inhibits their function as a substrate.12 These results
indicate that an sp or sp2 hybridized carbon at the a-position of
the C5-substituted 2A-deoxyuridine is required as a substrate for
DNA polymerases.6–13 The differences in reactivity of C5-
substituted 2A-deoxyuridine triphosphates as substrates may be
due to the steric effect of a large side-group, or to the ionic effect
of a substituting group. The substrate activity may also depend
on the kind of DNA polymerase.

Previously, we reported the synthesis of thymidine analogues
bearing an sp3-hybridized carbon at the C5 a-position with an
amino-linker arm, and their introduction into oligodeoxyr-
ibonucleotides using a DNA synthesizer.14,15 Very recently, we
found that triphosphates of the thymidine analogues could be
accepted by KOD Dash DNA polymerase as a substrate in the
primer-extension reaction. The enzyme is a hyperthermophilic
DNA polymerase, originally isolated from the extremely
thermophilic archaeum, Pyrococcus kodakaraensis.16 Here we
present studies of modified DNA synthesis by PCR from the
thymidine analogues and their substrate efficiency during PCR
using KOD Dash and some other thermostable DNA poly-
merases. The C5-substituted 2A-deoxyuridine derivatives bear-
ing several functional groups were prepared easily from
5-methoxycarbonylmethyl-2A-deoxyuridine.14 Hexamethylene-
diamine, ethylenediamine, tris(2-aminoethyl)amine or hista-
mine was introduced at the C5 position by an ester–amide
exchange reaction with 5-methoxycarbonylmethyl-2A-deoxyur-
idine, and the terminal amino group was blocked by a
trifluoroacetyl group.15 The 5A-triphosphates of the analogues

were synthesized by a one-pot method described by Ludwig.17

The terminal amino-protecting group, CF3CO, was removed by
treatment with concentrated aqueous ammonia quantitatively at
low temperature. The resulting terminal amino group was
further modified by reaction with a functional molecule such as
a biotin-succinimide ester. The nucleotides were confirmed by
ESI-Mass spectrum, 1H and 31P NMR spectra. The amino group
is largely in the protonated state at neutral pH, and could
contribute to interaction of the anionic-charged backbone of
nucleic acids and may function as a general acid catalyst in the
DNA catalyst. Hydrolysis of the 5A-triphosphate of 5-methox-
ycarbonylmethyl-2A-deoxyuridine with sodium hydroxide gave
the 5A-triphosphate of 5-carboxylmethyl-2A-deoxyuridine. The
carboxylic acid has a negative charge under neutral conditions
and could enhance the interaction with a cationic-charged
molecule.

We examined the incorporation of the modified thymidine
triphosphates in place of TTP during the PCR using four
thermostable DNA polymerases, KOD Dash, Taq, Tth, and
Vent DNA polymerases. pUC18 plasmid DNA, and DNA A, 5A-
GGAAACAGCTATGACCATGATTAC-3A and DNA B, 5A-
CGACGTTGTAAAACGACGGCCAGT-3A were used as a
template and primers, respectively, for the PCR assay. The PCR
with the natural substrate demonstrated formation of the 108
base pair DNA product when using any DNA polymerase, as
expected (Fig. 1). The formation of full-length plasmid DNA
(2686 bp) was also observed under high enzyme concentration
or prolonged reaction time, under which the polymerization
could go over the primer yielding the full-length one. Vent DNA
polymerase yielded only a small amount of the DNA product
because it hydrolyzed the DNA with its strong exonuclease
activity. The modified substrates, 1 and 2, worked as a substrate
in the PCR forming the 108mer DNA when using KOD DNA
polymerase, although a large quantity of the enzyme was

† Electronic supplementary information (ESI) available: sequencing of the
PCR products (108mer DNA) from substrates 1 and 2. See http:/
/www.rsc.org/suppdata/cc/b1/b107838k/
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required for synthesis of the modified DNA compared with the
unmodified one. However, the other widely-used DNA poly-
merases could not accept these modified substrates and no
108mer modified DNA was obtained. Successful PCR with this
template and primers requires the incorporation of 49 modified
substrates with a single stretch of four successive thymidine
residues. PCR products were obtained on a large scale from the
modified substrates, 1 and 2, and sequenced using a Thermo
sequenase radiolabelled terminator-sequencing kit in the usual
manner. We confirmed that the sequence of the modified DNAs
was the same as that of the template DNA and no mutation took
place during the PCR.

Further studies with the modified substrates, 3–8, were
carried out using the KOD Dash DNA polymerase to assess the
structural feature that can be accepted as a substrate in the PCR.
Fig. 2 shows the results of PCR with the modified substrate
along with the control reactions with the natural substrate in the
presence or absence of the template. The PCR product DNA
108mer was obtained from the modified substrate with a neutral
methoxy group (1), a terminal protected amine (5), or a cationic
terminal amine (2 and 4). The compound 2 bears a long linker
while the compound 4 has a short linker. DNA 108mer with a
negative-charged carboxylate at the C5 position of the thymi-
dine residue was also formed from the substrate 3, although less
efficiently under the same condition. However, KOD Dash
DNA polymerase could not allow the incorporation of the
modified substrate with histamine (6) or multi-charged tris(ami-
noethyl)amine (7), probably because of a bulky group with a
short linker. The thymidine derivative with biotin at the C5
position via a long linker (8) was accepted by the enzyme
forming the corresponding 108mer DNA. The modified DNA
products showed mobility shift on electrophoresis depending on
the mass increase and the charge associated with the modified
bases.

In conclusion, we found that several new thymidine ana-
logues bearing an sp3 hybridized carbon at the a-position of the
C5-sidearm were good substrates for KOD Dash DNA
polymerase yielding the corresponding PCR products. The

thymidine analogues bear various functional groups with a
positively charged terminal amino group, negatively charged
carboxy group, or neutral ester and amide groups. In contrast to
KOD Dash DNA polymerases, conventional DNA polymerases
used in this study gave no PCR product from the thymidine
analogues. The finding that KOD Dash DNA polymerase
tolerates the modification of the substrates could expand the
variety of nucleotide analogues that may be used for the
synthesis of modified DNA libraries, which will be useful for in
vitro selection of the functionalized DNA.
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Fig. 1 PCR assays of TTP and its analogs with several DNA polymerases.
The mixture (20 ml) for PCR contained 0.5 ng DNA template (pUC18
2686bp), 0.2 mM of each primer, natural dNTPs or modified dNTP mix (0.2
mM of each nucleotide) and 0.5 or 0.05 unit of DNA polymerase in the
buffer supplied by the maker for the DNA polymerase reaction. PCR assays
were carried out at 94 °C for 1 min, 30 cycles of 94 °C for 30 s–52 °C for
30 sec–74 °C for 1 min, and 74 °C for 5 min for KOD Dash and Vent DNA
polymerases; 94 °C for 1 min, 30 cycles of 94 °C for 30 s–52 °C for 30 s–74
°C for 2 min, and 74 °C for 5 min for Taq and Tth DNA polymerases. The
reaction mixture was quenched by addition of formamide-dye solution and
PCR products were analyzed by 2% agarose gel electrophoresis and
visualized by staining with ethidium bromide. 0.5 unit of DNA polymerase
was used for the PCR assays except for lanes3, 7, 11 and 15 where 0.05 unit
of DNA polymerase was used. Lane 1: Marker DNA (100–1200 bp); lane
2–5: KOD dash DNA polymerase; lane 6–9: Taq DNA polymerase: lane
10–13, Tth DNA polymerase; lane14–17, Vent DNA polymerase. Lanes 2,
3, 6, 7, 10, 11, 14 and 15: TTP + dATP + dCTP + dGTP; lanes 4, 8, 12 and
16: 1 + dATP + dCTP + dGTP; lanes 5, 9, 13 and 17: 2 + dATP + dCTP +
dGTP.

Fig. 2 PCR assays of several TTP analogs using KOD Dash DNA
polymerase. PCR assays were carried out in the same way as those in Fig.
1 at 94 °C for 1 min, 30 cycles of 94 °C for 30 s–52 °C for 30 s–74 °C for
1 min, and 74 °C for 5 min for the modified TTP; 94 °C for 1 min, 30 cycles
of 94 °C for 30 s–52 °C for 5 s–74 °C for 5 s, and 74 °C for 5 min for the
natural TTP. Lane 1: Marker DNA (100–1200 bp); lane 2: negative control
without template: TTP + dNTP; lane 3: negative control without TTP:
dNTP; lane 4: positive control: TTP + dNTP ; lane 5: 1 + dNTP lane 6: 2
+ dNTP: lane 7: 3+dNTP; lane 8: 4 + dNTP ; lane 9: 5 + NTP; lane 10: 6
+ dNTP; lane 11: 7 + dNTP; lane 12: 8 + dNTP (dNTP: dATP + dCTP +
dGTP).

Chem. Commun., 2001, 2604–2605 2605



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Unprecedented catalytic enantioselective trapping of arene oxides with
dialkylzinc reagents†

Fabio Bertozzi,a Paolo Crotti,a Federica Del Moro,a Ben L. Feringa,*b Franco Macchiaa and
Mauro Pineschi*a

a Dipartimento di Chimica Bioorganica e Biofarmacia, Università di Pisa, Via Bonanno 33, 56126, Pisa,
Italy. E-mail: pineschi@farm.unipi.it; Fax: +3905043321

b Department of Organic and Molecular Inorganic Chemistry, Stratingh Institute, University of
Groningen, Nijenborgh 4, NL9747, AG Groningen, The Netherlands

Received (in Cambridge, UK) 24th September 2001, Accepted 30th October 2001
First published as an Advance Article on the web 15th November 2001

The first catalytic enantioselective trapping of symmetrical
and racemic arene oxides with organometallic reagents is
reported.

Arene oxide has been subjected to several studies since the
demonstration that this class of compounds is formed from
aromatic hydrocarbons by the microsomial enzyme fraction
from mammalian liver.1 Much interest, therefore, has been
generated concerning the solution chemistry of arene oxide. The
nucleophiles utilized in these studies were in most cases
heteronucleophiles such as water, alcohols, thiols and amines.2
There are only few reports dealing with ring-opening reactions
of arene oxide carried out with organometallic reagents.2a,3

Moreover, none of these procedures employing organometallic
reagents are catalytic or enantioselective.

We have recently reported a new kinetic resolution of cyclic
vinyl oxiranes,4 a desymmetrization of symmetrical methyli-
dene cycloalkene oxides5 and a new catalytic regiodivergent
kinetic resolution (RKR)6 based on dialkylzinc reagents and
chiral copper complexes of phosporamidite ligands.7 In the
RKR, a single chiral catalyst induces the formation of a distinct
regioisomer from each substrate enantiomer with a high ee. The
procedure was useful to gain insight into the reaction mecha-
nism of this particular kind of copper-catalyzed allylic alkyla-
tion, pointing to reductive elimination as the regio- and stereo-
determining step of the addition reaction.

We herein report an unprecedented catalytic and enantiose-
lective desymmetrization of symmetrical arene oxides 1a,b
with hard alkylmetal, and a new, highly enantioselective RKR
starting from the racemic arene oxide 8 (Schemes 1, 2 and 3).

Benzene oxide (1a) and indan-8,9-oxide (1b) were examined
as symmetrical arene-oxide substrates (Schemes 1 and 2).
Benzene oxide is known to exist in equilibrium with its
tautomeric valence structure, the oxepin 1aA. This compound
exists mainly as oxepin at room temperature, even if the oxide

component 1a determines the reactions of the system with most
agents.3

Epoxide 1a was allowed to react at 278 °C (1 h, 95%
conversion) with Me2Zn (1.5 equiv.) in the presence of a
catalytic amount of Cu(OTf)2 (0.015 equiv.) and the chiral
ligand (R,R,R)-2 (0.030 equiv.) to give a crude reaction mixture
consisting of the not previously synthesized regioisomeric
dienols (1S,6S)-3a (a-adduct) and 5a (g-adduct) (entry 1, Table
1).8 The reaction with Et2Zn gave a slightly different result, with
a predominance of the achiral g-adduct 6a (entry 2, Table 1).9
The substituted enantioenriched dihydroaromatic a-adducts
(1S,6S)-3a (93% ee) and (1S,6S)-4a (64% ee) were obtained
with a complete anti stereoselectivity.10

Indan 8,9-oxide (1b), containing a tetrasubstituted epoxide is
known to exist only in the oxide form. The copper-phosphor-
amidite catalyzed addition of R2Zn at 278 °C to 1b (3 h, 95%
conversion) gave a ca. 80:20 mixture of the corresponding a-
and g-adducts 3b+5b (R = Me) and 4b+6b (R = Et) (Scheme
2).11

It is remarkable that the a-adducts 3b (495% ee) and 4b
exclusively derive from an anti-stereoselective 1,6-addition
pathway (and therefore more appropriately called e-adducts,
Scheme 2). This unexpected regiochemical behavior could be of
interest to gain further insight into the interconversion between
the regioisomeric (s-allyl)copper(III) complexes of type 7A–C
that are formed during the oxidative step.12 Considering the
conjugate nature of the starting epoxide, this interconversion
between the regioisomeric (s-allyl)copper(III) complexes of
type 7A–C probably occurs by means of an intermediate
delocalized (p-allyl)copper(III) species of type 7D.13 In this
biased framework the attack at the tertiary carbon terminus
atom of 7D to give 7B is not favourable for steric reasons, while
the attack at the secondary terminus of 7D to give the (s-
allyl)copper(III) complex 7C could be highly favoured. The
subsequent rate limiting reductive elimination step on 7C
affords the e-adducts 3b,4b (1,6-addition products), as ob-
served.

Naphthalene 1,2-oxide (8) seems to exist only in the oxide
form and it is very prone to spontaneous epoxide ring-opening
and aromatization. Despite its extreme chemical reactivity, the
addition of Et2Zn (1.5 equiv.) to racemic 8 in the presence of
Cu(OTf)2 (0.015 equiv.) and chiral ligand (R,R,R)-2 (0.030

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b108541g/

Scheme 1

Table 1 Enantioselective trapping-ring-opening of benzene oxide 1a with
R2Zna

Entry Substrate R Ratio a:g Yield (%)b ee (%)c

1 1a Me 69+31 85 93
2 1a Et 38+62 88 64
a Conditions: all reactions were run in accordance with the typical
procedure (see ref. 8).b Yields are determined on the basis of weight, 1H
NMR and GC analysis of the crude reaction mixture.c Determined by GC on
CSP.
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equiv.) proceeded very cleanly to afford a 66+34 mixture of
regioisomeric dihydronaphthols 9 (g-adduct) and 10 (a-adduct),
the latter with a remarkable enantioselectivity ( > 98% ee)
(Scheme 3).11,14 On the other hand, the addition of Et2Zn to
racemic 8 catalyzed by a copper complex with the racemic
ligand (S,S,S)(R,R,R)-2 afforded with almost complete ( > 96%)
regioselectivity the racemic g-adduct 9. A complete examina-
tion of these results clearly indicates that also arene oxide rac-8
exhibits a complementary enantiomer-dependent regioselectiv-
ity typical of a RKR process, in which the a-adduct 10 is
obtained from the less reactive enantiomer (1S,2R)-8 of the
racemic substrate, while the g-adduct derives from the more
reactive (1R,2S)-8.6,14

In summary, the present work describes an unprecedented
catalytic and enantioselective trapping of symmetrical and
racemic arene oxides. This method offers a new route to
enantioenriched dihydroaromatic alcohols, not easily accessible
by means of other synthetic methods. An examination of the
regiochemical outcome indicated that a 1,6-addition mode may

be operative in a biased system such as indan 8,9-oxide for this
particular kind of allylic alkylation.

We gratefully acknowledge funding by the MURST (Rome),
the University of Pisa, and Merck (2000 ADP Chemistry Award
to P. C.).
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A silicalite membrane has been used to separate a homoge-
neous catalyst from its mixture with solvent and product of
the Heck reaction.

Square-planar complexes of Pd(II) play a central role in many
catalyzed C–C bond coupling reactions.1 Research on the Heck
arylation of olefins catalyzed by Pd(II) complexes has devel-
oped intensely in recent years2 mainly due to the use of C,P-3

and C,N-orthometallated Pd(II) derivatives,4 which provide
very high turnover rates. The main problem remains the
recovery of the catalyst, which is required for economic reasons
(high cost of noble-metal catalysts), and for obvious process and
environmental considerations. One of the ideas put forward to
facilitate the separation of solvent and reaction products from
the catalysts is catalyst heterogenization, which involves some
form of attachment of the catalyst to a solid support. However,
although some interesting results have been reported,2,5 hetero-
genization is difficult to achieve, and it is often detrimental to
catalytic performance.

As an alternative, the use of membranes capable of retaining
the homogeneous catalyst has been proposed. Giffels et al.6
used solvent-resistant polymeric membranes to retain homoge-
neous catalysts (oxazaborolidines). However, in order to have
the catalyst rejected by the membrane, molecule enlargement by
derivatisation was necessary. De Smet et al.,7 used the same
membranes under optimum conditions and were able to retain
Ru–BINAP and Rh–EtDUPHOS catalysts without the need for
derivatisation. However, optimum membrane use was strongly
limited in terms of temperature (below 40 °C), which restricts
the range of possible applications, considering not only reaction
temperature, but also membrane regeneration treatments.
Clearly, it would be highly desirable to retain homogeneous
catalysts with a membrane that is both solvent and temperature
resistant.

In this work, we have used zeolite membranes to separate
homogeneous catalysts from liquid solutions. Zeolites are
hydrated aluminosilicates with a framework structure. A variety
of zeolites have been synthesized as membranes, with pore sizes
in the 0.3 to 0.8 nm range.8 Silicalite was chosen as the zeolite
material for this work, in view of its pores of 0.55 nm, well
below the size of usual homogeneous catalysts, but still able to
permeate many of the usual solvents and products.

The membranes were grown on the inner side of 11 mm
internal diameter porous stainless steel tubular supports. The
synthesis procedure was as described in a previous work9 except
for the fact that Ludox AS400 was used as the Si source and the
molar proportions in the synthesis gel were 280 H2O+10
SiO2+0.22 NaOH+0.5 TPABr, where TPABr represents the
template (tetrapropylammonium bromide). After synthesis the
template was removed by heating the membrane at 460 °C for
8 h using a 1 °C min21 heating rate. The membranes were
characterized by measuring N2 and SF6 permeances, as the N2/
SF6 ideal selectivity (ratio of permeances) is customarily used
as an indication of membrane quality. X-Ray diffraction
(Rigaku/Max System) revealed that silicalite was the only
crystalline material formed on the membrane. Scanning electron

microscopy analysis (JEOL JSM 6400) and Si concentration
profiling by electron-probe microanalysis (EPMA), indicated
that the thickness of the zeolite layer was between 10 and 20
mm, depending on the preparation procedure and the number of
synthesis. Table 1 gives the characteristics of the two mem-
branes used in this work. Membrane 1 is a lower quality
membrane, as ascertained from its much higher permeance (in
spite of a higher zeolite loading), and from the notably lower
value of the ideal N2/SF6 selectivity. Thus, a considerable
number of inter-crystalline defects can be expected on mem-
brane 1. On the other hand, the ideal N2/SF6 selectivity of
membrane 2 was 26, which for MFI membranes on stainless
steel supports, indicates a low concentration of inter-crystalline
defects.

To carry out separation experiments, the liquid mixture
containing the catalyst was loaded at the inner side of the tubular
support, i.e. in contact with the zeolite layer. The feed pressure
was then increased to a value between 2 and 2.3 bar, while
keeping the outer side at atmospheric pressure. The system
temperature was maintained at 22 °C, to minimize evaporation
of the permeated liquid during the experiment (which typically
lasted 24–36 h). The initial liquid mixture, the liquid remaining
on the feed side of the membrane after permeation (retentate)
and the liquid collected at the permeate side were analyzed by
V-UV spectrophotometry. The detection limit for the Pd
complex with this procedure corresponded to a concentration of
1027 M.

In this work, reaction experiments have not been carried out.
Instead, the zeolite membrane was used to separate Pd
complexes in mixtures representing possible post-Heck reaction
scenarios (Pd complex plus solvent, plus a possible reaction
product). From the huge variety of possible Pd catalysts and
solvents,2 we have chosen as an example the Heck reaction of
4-bromobenzonitrile with methyl acrylate [eqn. (1)]:

(1)

Typical conditions are reported in the literature (e.g. 0.02% mol
catalyst/mol sustrate, dimethylacetamide (DMA) as a solvent,
and > 99% yield after 1 h at 135 °C).3d Our choice of [Pd(m-
Cl)(PPh3)2]2(BF4)2 as a catalyst was based on the well known
ability of bis-phosphine derivatives of PdII to catalyse this

Table 1 Some characteristics of the membranes used in this work

Membrane

Zeolite weight gain
after synthesis
(mg/g of
membrane)

N2 permeance/
mol min21 m22

bar21
N2/SF6 ideal
selectivity

1 19 1.37 3 1026 10.1
2 11 1.53 3 1027 26.2

This journal is © The Royal Society of Chemistry 2001
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reaction and on the minimum molecular diameter (calculated
using CONQUEST™ software across three different perpendic-
ular planes from its X-ray data in the Cambridge Crystallo-
graphic Data Centre)10 which was 1.22 nm, i.e. considerably
larger than the zeolite pores. On the other hand, the molecular
dimensions of the resulting product (4-cyanomethylcinnamate),
calculated between the meta H atoms are approximately 0.42
nm, and therefore this molecule is able to transit the zeolite pore
network. Similarly, the solvents used (DMA and dichloro-
methane) have kinetic diameters smaller than the zeolite
pores.

The first mixture used (Pd complex, DMA, product)
corresponds to usual post-reaction conditions: a solid
[HNEt3]Br phase, and a liquid containing a typical solvent
(DMA) and the catalyst (and almost nothing else, given the high
yields achieved). The second mixture used (Pd complex,
dichloromethane, product) contained dichloromethane instead
of DMA. While dichlorometane could also be used as a
solvent,2 it is more frequently employed in the post-reaction
workup: after vacuum evaporation of the solvent (e.g. DMA),
water and dichloromethane are used as extractants to obtain,
respectively, an aqueous phase with [HNEt3]Br and an organic
phase containing the product and Pd complex in dichloro-
methane. This organic phase was the second feed mixture used
in this work.

Separation experiments using the first mixture as feed were
unsuccessful. Permeation rates were extremely low, and the
concentration of Pd complex in the permeate was similar to that
in the feed solution. This suggests that the DMA solvent was
strongly adsorbed in the zeolite pores, blocking them for the
permeation of catalyst and product; that permeation took place
mainly through non-selective intercrystalline voids. By con-
trast, good separation was obtained in experiments where
dichloromethane was used as a solvent. Binary solvent/catalyst
mixtures were readily separated, even at catalyst concentrations
much higher than those usually employed for reaction (experi-
ment 1, Table 2). Although the concentration of [Pd(m-
Cl)(PPh3)2]2(BF4)2 increased three-fold as a consequence of
solvent permeation through the membrane, complete catalyst
retention was observed, within the limits of detection of the V-
UV analyser. A separate experiment was performed using
ternary mixtures, with concentrations of catalyst and product at
typical end-of-reaction levels. The initial pale-yellow feed
solution was separated into a strongly coloured retentate and a
transparent permeate. The V-UV analysis (experiment 2, Table
2) confirmed the complete retention of the Pd complex, the
concentration of which increased seven-fold in the retentate.
The retention of Pd occurred simultaneously with the permea-
tion of both solvent and product. Again, the product concentra-
tion in the retentate was higher than in the permeate due to the
faster solvent permeation. In spite of the small pressure drop
across the membrane (ca. 1 bar) high permeation fluxes were
obtained (average values of 1.6 kg m22 h21). Finally, as

expected, the results of the separation experiment with the
defective membrane 1 (not shown) were unsuccessful, demon-
strating that this membrane was unable to retain the catalyst.

In conclusion, given suitable conditions, zeolite membranes
can separate homogeneous catalysts from their mixtures with
solvents and products. A membrane quality above a certain
threshold is required, and also suitable membrane character-
istics (pore size, absence of undesired adsorption). We believe
that this concept can be applied to a variety of systems, both as
a post-reaction separation step and also in a continuous
reaction-separation scenario.
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Table 2 Results of permeation experiments with membrane 2. Concentration of catalyst {[Pd(m-Cl)(PPh3)2]2(BF4)2} and product (4-cyanomethylcinnamate)
in the feed to the membrane separator and on the retentate and permeate liquids after permeation. The solvent was dichloromethane in both experiments

Feed Retentate Permeate

Experiment
Catalyst
conc./M

Product
conc./M

Catalyst
conc./M

Product
conc./M

Catalyst
conc./M

Product
conc./M

1 3.2 3 1025 — 9.5 3 1025 — < 1027 —
2 1.1 3 1025 5.9 3 1023 7.9 3 1025 7.9 3 1023 < 1027 3.6 3 1023
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The first organically templated cadmium sulfates, [C4N2-
H12][CdCl2SO4]·H2O and [C4N2H12]4[Cd3Cl10(SO4)2-
(H2O)]·3H2O, consisting of infinite linear chains and a quasi-
2D layer formed by strip-like units respectively, have been
synthesized and characterized. 

Amongst the variety of open-framework inorganic materials,
the metal phosphates constitute one of the largest families.1 In
these materials, the phosphate tetrahedra share corners with the
metal–oxygen polyhedra to build networks. Besides the phos-
phates, open framework 3D metal arsenates,2 phosphites3 and
germanates4 have been reported in the literature. Recently, an
organically templated zinc selenite with a layered structure has
also been reported.5 One would expect the sulfate tetrahedra to
be able to play a role similar to the phosphate tetrahedra, but no
open-framework sulfates are known hitherto. We were, there-
fore, interested in exploring whether open-framework metal
sulfates can be synthesized by employing an appropriate
strategy. Since the reactions carried out under standard
hydrothermal conditions in the presence of amines were not
effective, we attempted to synthesize sulfate-based networks by
reacting organoammonium sulfates with metal ions. In adopting
this approach, we were guided by the significant success
achieved in the synthesis of open-framework metal phos-
phates6,7 and oxalates8 by the reaction of metal ions with
organoammonium phosphates and oxalates, respectively. In this
communication, we report the first success we have had in
synthesising two cadmium sulfates, with chain and layer
structures, by the reaction of piperazinium sulfate with
cadmium chloride. The results suggest that it may indeed be
possible to obtain sulfate-based open-framework structures by
this route.

Piperazine sulfate, [H2N(CH2)4NH2]SO4·H2O (PIPS), pre-
pared by the reaction of the amine with H2SO4,† was
characterized by IR spectroscopy and single crystal X-ray
diffraction. The structure of PIPS can be described as a 3-D
supramolecular network formed by strong N–H…O, O–H…O
and C–H…O hydrogen bonds between the diprotonated
piperazine, SO4

22 anion and water molecules. Compounds
[C4N2H12][CdCl2SO4]·H2O I and [C4N2H12]4[Cd3Cl10(SO-
4)2(H2O)]·3H2O II, synthesized by the reaction of PIPS with
Cd2+ ions in butan-2-ol–water under hydrothermal conditions,†
were characterized by single-crystal X-ray diffraction,‡ powder
X-ray diffraction (PXRD), thermogravimetric analysis (TGA),
IR spectroscopy and CHN analysis.

The asymmetric unit of I contains 15 non-hydrogen atoms
with one crystallographically distinct Cd and S atom each in the
asymmetric unit. The Cd atom is six-coordinated by four Cl and
two O neighbors, the structure being built up of isolated infinite
chains of [CdCl2SO4]22

n running along the b-axis. In the
[CdCl2SO4]22chain, CdCl4O2 octahedra share edges in trans-
fashion via their Cl atoms, and the SO4 tetrahedra are grafted on
to the chain in a symmetrical bridge. The two Cd–m-Cl–Cd
linkages between the adjacent Cd atoms lead to infinite linear
chains of trans-edge-sharing CdCl4O2 octahedra. The trans
orientation of the bridging Cl atom creates a zigzag {–Cd–m-Cl–

Cd–m-Cl–Cd–} backbone to the linear chain of CdCl2O4
octahedra. The pairwise canting of the Cd–O bonds gives rise to
a helical arrangement responsible for the chirality of the
structure. Two of the sulfate oxygens bond to two adjacent Cd
sites of the edge-shared CdCl4O2 in the common symmetrical
bridging mode as shown in Fig. 1(a), thus forming a synthetic
analogue of the linarite chain.11 The 1-D chains along the b-axis
are arranged parallel to one another in the bc-plane to form a
layer-like arrangement. Such layers are stacked one over the
other along the a-axis, with the diprotonated amine molecules
and the water molecules located in the inter-layer space. The
amine and water molecules interact strongly with the inorganic
framework through N–H…O and O–H…O hydrogen bonding
to stabilize the 3-D structure shown in Fig. 1(b).

The asymmetric unit of II contains 33 non-hydrogen atoms
with four amine fragments, each corresponding to half-units of
piperazine and three water molecules as extra-framework
moieties. Two of the four amine fragments and one water
molecule are disordered. The structure can be visualized as two
parallel chains made up of CdCl3O3, CdCl3O2 and SO4 units,
running along the [010] direction. These chains are connected
by CdCl6 octahedra, giving rise to an anionic quasi 2-D layer.
The structure contains three crystallographically distinct cad-
mium atoms and one sulfur atom. Cd(1) exists as CdCl3O3,
Cd(2) is penta-coordinated as CdCl3O2 and Cd(3) is hexa-
coordinated as CdCl6. Cd(1) forms two Cd–O–S, and two Cd–
Cl bonds besides one Cd–Cl–Cd bond with the neighboring S(1)
and Cd(3) atoms. Hexa-coordination is satisfied by bonding to
a H2O molecule. Cd(2) forms a similar connectivity with the

Fig. 1 (a) The inorganic part of I, [CdCl2SO4]22
n showing the linarite-type

chain along the b-axis. (b) Illustration of the chain arrangement and the
amine molecules along the c-axis in I. Dotted lines represent hydrogen
bonding.
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neighbouring Cd(3) and S(1) but has a distorted trigonal
bipyramidal coordination due to absence of a water molecule.
Cd(3) on the other hand forms two Cd–Cl–Cd bonds with the
two cis Cl atoms neighbouring Cd(1) and Cd(2) in addition to
four Cd–Cl terminal bonds. The connectivity between
Cd(1)Cl3O2(H2O) and Cd(2)Cl3O2 polyhedra is brought about
by the SO4 tetrahedron via corner sharing to form a chain along
the b-axis. Two such chains are linked by Cd(3)Cl6 octahedron
via corner sharing between Cd(1)Cl3O2(H2O) and Cd(2)Cl3O-
2 polyhedra to form a strip-like quasi 2-D layer. Since the two Cl
atoms of the bridging Cd(3)Cl6 octahedra connecting the two
chains are in cis orientation, the Cd(3)Cl6 octahedra project
themselves above and below the plane of the two chains
alternately. Such a linkage creates eight-membered apertures
within the strip in which heavily disordered piperazine moieties
reside as shown in Fig. 2(a). These strips are held together by
N–H…O and C–H…O hydrogen bonds in the bc-plane to form
a layer-like arrangement. Protonated piperazine and water
molecules present between the layers stabilise the 3-D structure
[Fig. 2(b)].

To our knowledge the linarite-type chain I and the strip-like
quasi-2D layer II, are the first members of the organically
templated open-framework metal sulfate family. While there
are a few piperazinium templated inorganic hosts, there is only
one report of piperazine templated sulfate, comprising a dimer
of VO6 octahedra and SO4 tetrahedra but this compound does
not possess an extended structure.11 Infinite chains of
[M(Tf4)f2] stoichiometry in the linarite group minerals12 are
rather rare and generally occur in layered structures such as in
iron phosphates13 and gallium phosphates14 and in the minerals
tsumcorite and bermanite. Such a chain, not known in the metal
phosphates, could act as the building block to form higher
dimensional structures. It has been shown recently15,16 that 1-D
zinc phosphate ladders and 1-D tancoite type gallium phosphate
chains undergo facile transformations to form 3-D open-
framework structures. The strip structure of the compound
formed in II, forming a quasi 2-D layer is unusual and has been
found in a open-framework cobalt phosphate.7

Notes and references
† Synthesis: [H2N(CH2)4NH2]SO4·H2O (PIPS), was prepared by mixing a 1
M aqueous solution of piperazine with 1 M H2SO4. (CCDC reference
number 170834).

In order to synthesize I, 0.1835 g of CdCl2·H2O was dissolved in a butan-
2-ol-H2O mixture (2.5 ml/0.49 ml) under constant stirring. To this solution
was added 0.5031 g of PIPS and the stirring continued for several hours to
obtain a homogeneous mixture. The final mixture with a molar ratio of 1
CdCl2·H2O+2.73 PIPS+30 butan-2-ol+30 H2O was transferred into a 7-ml
PTFE-lined acid digestion bomb and heated at 423 K for 48 h. II was
synthesized at a slightly higher temperature (453 K) starting with a reaction
mixture of the composition 1 CdCl2·H2O+2.75 PIPS+28.32 butan-2-ol): 36
H2O. The products contained colorless rod-shaped crystals, suitable for
single crystal X-ray diffraction. TGA revealed that both I and II lose the
water molecules in the range 100–150 °C range, with a sharp weight loss
around 300° C due to the loss of amine molecules and HCl (calc. 41.25%,
obs. 47.58% for I; calc. 48.64%, obs. 42.52% for II). The dense cadmium
sulfate in the case of I and chlorosulfate for II decompose to CdO at 600 °C.
CHN analysis confirmed the amount of organic amine present in both the
compounds (Found: C, 12.93; H, 3.79; N, 7.54. Calc.: C, 12.46; H, 3.66; N,
7.26% for I. Found: C, 14.72; H, 4.36; N, 8.62%. Calc.: C, 14.68; H, 4.31;
N, 8.56% for II).
‡ Crystal data: [C4N2H12][CdCl2SO4]·H2O I: Mr = 385.54, monoclinic,
space group P21 (no. 4), a = 9.3500(4), b = 7.4689(3), c = 9.4289(4) Å,
b = 116.134(10)°, V = 591.14(4) Å3, Z = 4, m = 2.478 mm21, Dc = 2.166
g cm23. A total of 2509 reflections were collected in the q range 2.41–23.24
and merged to give 1582 unique data (Rint = 0.021) of which 1539 with
I > 2s(I) were considered to be observed. Final R = 0.022, Rw = 0.054 and
S = 1.06 were obtained for 144 parameters.

[C4N2H12]4[Cd3Cl10(SO4)2(H2O)]·3H2O, II: Mr = 1308.54, monoclinic,
space group P21/m (no.11), a = 12.578(2), b = 13.093(4), c = 13.006(3)
Å, b = 94.58(2)°, V = 2135.0(9) Å3, Z = 4, m = 2.261 mm21, Dc = 1.995
g cm23. A total of 8916 reflections were collected in the q range 1.57–23.28
and merged to give 3216 unique data (Rint = 0.052) of which 2467 with
I > 2s(I) were considered to be observed. Final R = 0.058, Rw = 0.095 and
S = 1.05 were obtained for 246 parameters.

The structures were solved by direct methods using SHELXS-869 and
full-matrix-least-squares structure refinement against |F2| was carried out
using SHELXTL-PLUS10 package of programs. Two amine molecules and
one water molecule in II being disordered were refined isotropically. CCDC
reference numbers 171678 and 171679. See http://www.rsc.org/suppdata/
cc/b1/b107820h/ for crystallographic data in CIF or other electronic
format.
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Fig. 2 (a) The quasi 2-D layer of [C4N2H12]4[Cd3Cl10(SO4)2(H2O)]·3H2O,
II with the amine molecules sitting in the middle of the eight-membered
aperture. (b) The arrangement of strips in II viewed along the b-axis. 
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combination of dimer formation of isonicotinic acid and coordination
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A new inclusion compound host [Ni(SCN)2(isoH)2], whose
cavity is suitable to include large aromatic guests, has been
synthesized by a method of combining the dimer formation
of isonicotinic acid by double hydrogen bonds with a 1D Ni
thiocyanato complex.

Hydrogen bonding has been widely used in the preparation of
supramolecular compounds because of its flexibility and
availability.1 However, there are two drawbacks which need to
be considered: its weak bonding force and difficulty in
predicting the bonding scheme which is easily affected by the
surroundings. These are serious problems in designing hosts for
a target guest. A method of solving these problems is to use
multiple hydrogen bonds. As such a candidate, a dimer structure
of two carboxylic acids connected by two hydrogen bonds
might be promising and the key compound reported in this
paper is isonicotinic acid (isoH, 4-pyridinecarboxylic acid). In
recent studies for building multi-dimensional polymeric metal
complexes, nicotinic acid and its derivatives have been
sometimes used as building blocks because of their versatile
coordination behavior and ability to form hydrogen bonds.2,3 In
the case of isoH, as shown in Fig. 1, double hydrogen bonds
connect two isoH molecules to make a long flat building block
with two coordination sites. If these building blocks can be
arrayed at appropriate intervals then large spaces can be formed
between the blocks. To make such a structure, we considered a
combination of the isoH dimer and a 1D complex of
[M(SCN)2].4 In the 1D complex, all equatorial sites of a divalent
octahedral metal ion (M) are occupied by SCN2 ambidentate
ligands which link adjacent M ions to make an infinite 1D
double chain structure, and the axial sites of M are available for
bonding isoH dimers. An assembly of the isoH dimers and the
1D complexes generates a 2D network host complex with
rectangular grids as shown in Fig. 2. Considering the dimen-
sions of the grid, which has a large height (ca. 16.5 Å) and a
narrow width (ca. 5.5 Å), the host is expected to be suitable for
including large aromatic molecules. The narrow width of the
grid also has an additional significance since its narrowness
prevents formation of an interpenetrating structure for the 2D
network complex. It is well known that the formation of an
interpenetrating structure of networks with large grids fills up
space that could have been available for a guest so that the
networks can no longer function as a host.5

In our preparative experiments using Ni, Cu and Cd as
divalent metal ions,3,6 a series of targeted inclusion compounds
[Ni(SCN)2(isoH)2]·1/2G was obtained, where G is a guest such
as anthracene, naphthalene, pyrene, perylene, biphenyl, styrene,
anthraquinone, azobenzene, etc.† As an example, the crystal
structure of an anthracene inclusion compound [Ni(SCN)2-
(isoH)2]·1/2C14H10 (1), whose space group is P1̄, is shown in

Fig. 3.‡ The host of 1 has the same structural framework shown
in Fig. 2. There are two types of Ni ions, Ni(1) and Ni(2), which
lie on independent inversion centers of the crystal. Both Ni ions
have an octahedral coordination structure coordinated by four
SCN2 ligands at the equatorial sites and two isoH molecules at
the axial sites. Each SCN2 ligand makes a bridge between Ni(1)
and Ni(2). A bent bridge structure of the SCN2 ligand forms the
doubly bridged chain structure of a 1D [Ni(SCN)2] complex
running along the b axis of the crystal (Fig. 3(a)). The 1D
[Ni(SCN)2] complexes are linked by isoH dimer blocks which
are formed by double hydrogen bonds as shown in Fig. 2. This
linkage is formed between Ni(1) and Ni(2) in independent 1D
[Ni(SCN)2] complexes and runs along the [0 1 2] direction of
the crystal. As a result, a 2D network complex extending over
the bc plane is built up. Fig. 3(a) shows the structure of the 2D
network. The distance between two Ni ions in the linkage is
16.239(2) Å, and the span between adjacent Ni ions in the 1D
[Ni(SCN)2] complex is 5.506(1) Å. The whole crystal structure
is a layered structure of the 2D network complexes stacked
along the a axis as shown in Fig. 3(b). This layered structure
leads to channel-like cavities parallel to the a axis delineated by
the rectangular grids of the 2D networks. Anthracene mole-
cules, the centers of which lie at different independent inversion
centers of the crystal, are arrayed in the channel-like cavities, in
which each anthracene molecule is sandwiched between isoH
dimer blocks.

Our preparative strategy is considered to be applicable to
other isoH derivatives. To confirm this, we prepared a pyrene
inclusion compound [Ni(SCN)2(acrylH)2]·1/2C16H10 (2) using
3-(4-pyridinyl)-2-propenoic acid (acrylH) instead of isoH.Fig. 1 An isonicotinic acid dimer as a building block.

Fig. 2 A 2D network host complex formed by combination of the
isonicotinic acid dimers and 1D [M(SCN)2] complexes.

This journal is © The Royal Society of Chemistry 2001
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Fig. 4 shows the crystal structure of 2.‡ The host structures of 2
and 1 are closely structurally related. The distance between two
Ni ions linked by the acrylH dimer is 20.928(1) Å, so that the
host of 2 has a potential for including larger aromatics.

In conclusion, by means of dimer formation of isoH
molecules, a long flat building block that acts as a bidentate
ligand has been generated. By assembly of this building block
and a 1D [Ni(SCN)2] complex, a new type of host has been
prepared. This preparative strategy is applicable to other isoH
derivatives. As an example, a host with an acrylH dimer
building block has been prepared. Moreover, another type of
structural development, where a molecule with two carboxylic
acids is inserted into the isoH dimer building block, is possible.
This type of host will be reported elsewhere.

Support of this work by a Grant-in-Aid for Scientific
Research(A) Project No. 12354008 from Japan Society for the
Promotion of Science is gratefully acknowledged.

Notes and references
† Preparation: to 100 mL of acetonitrile suspended with NiCl2·6H2O (1.50
g, 6.3 mmol), KSCN (1.52 g, 15.6 mmol) was added with vigorous stirring.
After refluxing the solution for 1 h, precipitated KCl was filtered off and
then isoH (1.30 g) and a guest were added to the solution. Crystals of the
inclusion compounds were obtained after slow evaporation of the solvent
over a period of a few weeks at room temperature.
‡ Crystal data for [Ni(SCN)2(isoH)2]·1/2C14H10 1: C21H15N4NiO4S2, M =
510.2, triclinic, space group P1̄ (no.2), a = 7.2337(7), b = 11.013(1), c =
16.727(2) Å, a = 104.590(3), b = 54.736(5), g = 97.602(8)°, U =
1052.7(2) Å3, T = 293 K, Z = 2, m(Mo-Ka) = 1.16 mm21, 9235
reflections measured, 4652 unique (Rint = 0.030) which were used in all
calculations. The final wR(F2) = 0.1408 (all data). In the other guest
inclusion compounds described in the text, isostructural hosts were
confirmed by X-ray diffraction the structures of which will be reported
elsewhere. For [Ni(SCN)2(acrylH)2]·1/2C16H10 2: C26H19N4NiO4S2, M =
574.28, triclinic, space group P1̄ (no.2), a = 8.9991(8), b = 11.0440(6), c
= 21.322(1) Å, a = 101.551(2), b = 37.779(2), g = 99.392(1)°, U =
1271.9(2) Å3, T = 293 K, Z = 2, m(Mo-Ka) = 0.968 mm21, 12148
reflections measured, 5772 unique (Rint = 0.032) which were used in all
calculations. The final wR(F2) = 0.113 (all data). CCDC reference numbers
171788 and 171789. See http://www.rsc.org/suppdata/cc/b1/b108458e/ for
crystallographic data in CIF or other electronic format.
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Fig. 3 Crystal structure of [Ni(SCN)2(isoH)2]·1/2C14H10 1. (a) A view along
the a axis showing the structure of a 2D network complex extending over
the bc plane. 1D [Ni(SCN)2] complexes and –Ni(1)–(isoH dimer)–Ni(2)–
linkages run along the b axis and the [0 1 2] direction, respectively. (b) A
view along the b axis. The 2D network complexes are stacked along the a
axis. The lengths of the double hydrogen bonds indicated by dashed lines
are 2.569(4) and 2.639(4) Å.

Fig. 4 (a) 3-(4-Pyridinyl)-2-propenoic acid (acrylH). (b) Crystal structure of
[Ni(SCN)2(acrylH)2]·1/2C16H10 2 viewed along the b axis. The lengths of
the double hydrogen bonds indicated by dashed lines are 2.610(4) and
2.636(4) Å.
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Reaction of (NH4)2[WS4], [Ag(MeCN)4](PF6) and dppm
(molar ratio = 1+2+4) in the solid state at 110 °C followed by
extraction with CH2Cl2 yielded a hexanuclear neutral
cluster [(WS4)2Ag4(dppm)3] 1, while the same materials
when mixed directly in CH2Cl2 produced a tetranuclear
cluster salt [WS4Ag3(dppm)4](PF6) 2; both compounds
showed modest third-order optical nonlinearities.

Over the last three decades, the chemistry of group 6 and 11
mixed-metal sulfide clusters has been attractive due to their
potential applications in industrial catalytic systems, bio-
chemical systems, and new materials.1–9 Many of these clusters
are usually synthesized from common solution reactions.
However, some others could be prepared by a method denoted
‘low heating temperature solid state reaction’.9a In this method,
(NH4)2[MS4] (M = Mo, W) is allowed to react with copper(I)
or sliver(I) salts and other organic ligands at low temperatures
( ~ 100 °C). The resulting solid state products are extracted
using certain solvents (e.g. CH2Cl2) to isolate Mo(W)/Cu(Ag)/S
clusters. However, this procedure always invoked a question
whether the final products are really generated from the solid
state reactions. The problem may be tackled by running
reactions with the same components both in the solid state and
in solution. So far, only a few reactions have been explored to
yield positive results.9b Herein we report another example of the
distinct formation of two W/Ag/S clusters,
[(WS4)2Ag4(dppm)3] (1) and [WS4Ag3(dppm)4](PF6) (2),
which were isolated from reactions of (NH4)2[WS4] with
[Ag(MeCN)4](PF6) and dppm in the solid state and in CH2Cl2,
respectively, along with their crystal structures and third-order
NLO properties in solution.

The solid state reaction of (NH4)2[WS4], [Ag(MeCN)4](PF6)
and dppm in the molar ratio of 1+2 +4 was carried out in an open
Pyrex tube at 110 °C. During these reactions, an argon stream
was introduced in to the tube to remove the NH3, H2S and
MeCN gases evolved. The reaction mixture gradually became
partly molten and its brown yellow color deepened in 1 d. After
it was cooled to room temperature, the sintered solid was
extracted with CH2Cl2 and filtered. Layering Et2O onto the
filtrate led to the formation of the hexanuclear brown yellow
cluster 1 in 22% yield.‡ As shown in Fig. 1, the structure of 1
consists of two WS4Ag2 cluster fragments and three dppm
ligands.§ One dppm links Ag(1) and Ag(2) within a WS4Ag2
fragment while the other two interconnect Ag atoms between
two WS4Ag2 fragments. Such a cluster framework is unprece-
dented in thiometallates. In the structures of the two WS4Ag2

fragments, each WS4 unit acts as a tridentate ligand, coordinate
two Ag atoms while one WNS unit remains intact. The average
W–m2-S bond length is 0.06 Å longer than the WNS bond, but is
0.07 Å shorter than the W–m3-S bond. The two planar WS2Ag
rhombs in each cluster fragment are folded with a dihedral angle
of 74–76°. The WS4Ag2 core structure is rare. There are only
two examples with Cu found in [WS4Cu2(dppm)3]9b and
[ReS4(CuNCS)2]2.10 The Ag atoms of the two WS4Ag2
fragments show different coordination geometries. In the
fragment containing W(1), each Ag adopts a distorted tetra-
hedral coordination geometry with two P (dppm), a m2-S and a
m3-S atom. However, the two Ag atoms in the fragment
containing W(2) are coordinated by a P (dppm), a m2-S and a m3-
S atom to form an approximately trigonal planar geometry.
Because of the different coordination geometries of the Ag
atoms, the W(1)–Ag(1) and W(1)–Ag(2) distances in one
fragment are slightly longer than those of the W(2)–Ag(3) and
W(2)–Ag(4) bonds in the other fragment. The mean W–Ag
length (3.0406 Å) of 1 is longer than that observed in
[(WS4)2Ag4(PPh3)4]. 11 The average Ag–S and Ag–P lengths in
the fragment containing W(1) are 0.13 and 0.08 Å longer than
those of the corresponding bonds in the fragment containing
W(2).

On the other hand, upon stirring a mixture of (NH4)2[WS4],
[Ag(MeCN)4](PF6) and dppm (molar ratio = 1+2+4) in CH2Cl2

† Electronic supplementary information (ESI) available: experimental:
general comments, synthesis of complexes, third-order NLO measurements,
time response spectra. See http://www.rsc.org/suppdata/cc/b1/b107251j/

Fig. 1 Molecular structure of the neutral cluster 1, with labelling scheme and
50% thermal ellipsoids. All phenyl groups are represented by their pivotal
C atoms for clarity. Selected bond lengths (Å): W(1)–Ag(1) 3.1500(6),
W(1)–Ag(2) 3.1179(5), W(2)–Ag(3) 2.9422(6), W(2)–Ag(4) 2.9523(5),
W–St(av.) 2.136, W–m2-S(av.) 2.197, W–m3-S(av.) 2.264, Ag–S(av.) 2.595,
Ag–S(av.) 2.438.
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at room temperature for 1 d, there still remained some unreacted
(NH4)2[WS4], which was filtered off. Concentration of the
filtrate followed by layering with Et2O on to the solution gave
rise to a tetranuclear yellow complex 2 in 52% yield.‡ An X-ray
analysis§ revealed that three Ag atoms of the [WS4Ag3-
(dppm)4]+ cation of 2 are bound to a tetrahedral WS4 unit at
three S–S edges (Fig. 2). The resulting WAg3 skeleton is
approximately T-shaped with an Ag(2)–W–Ag(3) angle of
159.90(2)°. Although such a WS4Ag3 core structure has not
been observed previously, it is similar to those of analogous Cu
clusters such as [WS4Cu3(dppm)2Br2]9b and
[WS4(CuNCS)3]22.12 In the structure of [WS4Ag3(dppm)4]+,
the two of the four S atoms are doubly bridging, and the other
two are triply bridging. Two of the four dppm ligands are
bidentate while the other two are monodentate. The h1-
coordination of dppm is not especially rare, and is found in
some dppm-containing complexes.9b,13 The average W–Ag
(3.0873 Å), Ag–S (2.625 Å) and Ag–P (2.281 Å) bond distances
are close to those of the corresponding bonds of 1.

A preliminary study on the third-order NLO properties of 1
and 2 was carried out by a three-dimensional degenerate four-
wave mixing (3D DFWM) technique, using a pulsed laser beam
(l = 532 nm) from a frequncy-doubled picosecond pulse mode-
locked Nd+YAG laser. The third-order NLO susceptibility c(3)

was obtained by comparing the measured signals for solutions
of 1 and 2 with that for CS2 as a reference, under the same
experimental conditions. The c(3) values for 1 (1.0 3 1023 M)
in CHCl3 and 2 (1.0 3 1023 M) in MeCN, are 2.259 3 10214

and 5.611 3 10215 esu, respectively. Although these low
concentration solution c(3) values are not larger than that
reported for [MoOS3(CuNCS)3]22,14 it is expected that higher
c(3) values could be attained if the clusters could be deposited as

thin films via CVD techniques. Research into this aspect is
currently under way.

This work is supported by the Key Laboratory of Organic
Chemistry of Jiangsu Province at Suzhou University.

Notes and references
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and 2.
§ Crystal data: for 1·CH2Cl2: C76H68Ag4Cl2P6S8W2, M = 2293.77,
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parameters of the F atoms of the PF6

2 anion indicated signs of disorder.
However attempts to refine this disorder failed to improve the R values.
CCDC reference numbers 169233 and 169234. See http://www.rsc.org/
suppdata/cc/b1/b107251j/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 Structure and labelling of the cluster cation of 2. Thermal ellipsoids
are drawn at the 50% probability level. All phenyl groups are represented by
their pivotal C atoms for clarity. Selected bond lengths (Å) and angles (°):
W–Ag(av.) 3.0873, W–m2-S(av.) 2.188, W–m3-S(av.) 2.233, Ag–S(av.)
2.625, Ag–S(av.) 2.281; Ag(2)–W–Ag(3) 159.90(2).
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A process has been developed for the formation of titania
whiskers and nanotubes with the assistance of sonication;
titanate whiskers are obtained as a slender sheet with a
length of about 1 mm and a width of 60 nm; arrays of titania
whiskers with a diameter of 5 nm are prepared from the
titanate whiskers; titania nanotubes with a diameter of about
5 nm, and a length of 200–300 nm are also synthesized.

Nanostructured materials have received much attention because
of their novel properties which differ from those of bulk
materials. Recently, there has been great interest in controlling
the shapes of materials and in finding novel properties. One-
dimensional (1D) materials are an important category of
nanostructured materials and have been widely researched
yielding various special structures such as nanotubes, nanorods,
nanowires and nanobelts etc.1–5 The materials in nanotube form
include carbon, NbS2, TaS2, NB, MoS2, SiO2, Al2O3, MoO3,
WO3, ZrO2 and TiO2. Many other materials can be prepared in
the form of rods or wires such as MgO, Fe2O3, CaO, MgO, ZnO,
GaN and CdSe, of which titania is one of the most extensively
researched materials.

Titania, as a semiconductor, shows high photocatalytic
activity and is widely used as a catalyst and carrier of catalysts.6
In addition, titania finds applications in the fields of sensors,
new types of solar cells, electrochromic devices, and antifog-
ging and self-cleaning devices.7–9 The performance of titania in
its various applications depends on its crystalline phase state,
dimensions and morphology.10 Many attempts have been made
to control the structure of titania. The methods to prepare 1D-
structured titania include mainly template synthesis,11,12 supra-
molecular assembles,13 hydrothermal synthesis14 and inductive
synthesis.15

In the current paper, both titania whiskers and nanotubes have
been synthesized by sonicating titania particles in NaOH
aqueous solution followed by washing with deionized water and
dilute HNO3 aqueous solution. This process is more convenient
than template methods in which special templates are required
which then have to be removed. In addition, the products
obtained using template and supramolecular assembly methods
have thick walls (40–150 nm) and large diameters (150–600
nm), while the nanotubes obtained in our process have a
diameter of 5 nm and a wall thickness of ca. 1.3 nm. As is well
known, small dimensions are very important for nanostructured
materials. Hydrothermal methods can prepare nanotubes with
thin walls and small diameters, but take a long time to do so. The
current process can prepare titanate whiskers that are an
important precursor for other titanates16 and titania whiskers are
obtained from the titanate. Particularly, this process can shape
the products as whiskers or nanotubes, or a mixture of whiskers
and nanotubes by controlling the operation process. The
samples are characterized by X-ray diffraction (XRD) using Co-
Ka radiation, transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), and
energy-dispersive X-ray spectra (EDS).

The precursors for the preparation of titania whiskers and
nonotubes are titania particles with an average diameter of

about 20 nm, which are prepared by the hydrolysis of titanium
butoxide and heat-treatment at 650 °C for 1 h. The X-ray
diffraction analysis in Fig. 1(a) shows that the raw titania
powder is a mixture of 17% anatase and 83% rutile, estimated
according to the formula XA = [1 + 1.26 (IR/IA)]21.17

In a typical synthesis, 150 mg titania powder with diameter
20 nm and 30 mL of 10 M NaOH aqueous solution were placed
in a Teflon vessel. The mixture was sonicated by the direct
immersion of a 560 W titanium horn for 80 min to prepare
titania whiskers. The temperature during sonolysis was about
80 °C. The precipitate was washed with 0.1 M HNO3 aqueous
solution and deionized water. To prepare titania tubes, the
mixture was sonicated at 280 W for 60 min. The sonicated
solution in the teflon vessel was then placed in an oil-bath and
maintained at 110 °C for 4 h. The precipitate was separated by
centrifugation and washed with a 0.1 M HNO3 aqueous solution
and deionized water. The product was further dried under
vacuum for 12 h.

Fig. 2(a) shows TEM images of the as-prepared whiskers,
which are obtained by washing the sonication product with 0.1
M HNO3 aqueous solution for 2 h and deionized water for 6 h.
The as-prepared product has a slender sheet structure with a
length of about 1 mm and a width of 60 nm. HRTEM analysis
shows that the product has a layered crystal structure. The
stoichiometry of the product is estimated to be H3Ti3O7.5
according to elemental analysis. The IR spectrum shows a
stretching vibration of O–H around 3400 cm21 and a bending
vibration of H–O–H around 1630 cm21, which imply the
presence of water. The total weight loss from TGA agrees well
with the estimated stoichiometry but the weight loss steps are
not very well resolved. XRD analysis [Fig. 1(c)] shows broad
reflections at 7.64, 5.43, 3.50, 3.02, 2.56, 2.23 and 1.86 Å. The
diffraction pattern is close to that of H2Ti3O7.16 The product
may be assigned as H2Ti3O7·0.5H2O according to the foregoing
results. When the product is further washed with water for 8 h,
arrays of whiskers with a diameter of 5 nm are obtained as

Fig. 1 XRD patterns of as-prepared samples: (a) titania particles, (b) titania
whiskers, (c) H2Ti8O17 whiskers, (d) nanotubes.

This journal is © The Royal Society of Chemistry 2001
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shown in Fig. 2(b). XRD analysis [Fig. 1(b)] shows that the
product is TiO2 (B) as discovered by Marchand et al.18

The powders shown in Fig. 3(a) are prepared by sonicating
the mixture for 60 min, heat-treating it at 110 °C for 4 h and then
washing the product with 0.1 M HNO3 aqueous solution for 2 h
and deionized water for 14 h. The products contain open-ended
tubular structures with a diameter of about 5 nm and a length
between 200 and 300 nm. XRD analyses show that the phase of
the nanotubes is intermediate between H2Ti3O7·0.5H2O and
TiO2 (B). The energy-dispersive X-ray spectra (EDS) indicate
that the sample consists of Ti and O in a ratio of 1+2 and that Na
is absent from the sample.

The processes of formation of titania whiskers and tubes are
proposed as follows. When the raw material of titania particles
reacts with the NaOH aqueous solution under sonication, some
of the Ti–O–Ti bonds are broken and layered titanates are
formed, in which titanium–oxygen octahedra form layered
lattices and the interlayered regions are occupied by alkali metal
ions.19 When the titanates react with 0.1 M HNO3 aqueous
solution and deionized water, ion exchange and dehydration
reactions take place, leading to the formation of the compound
H2Ti3O7·0.5H2O as shown in Fig. 1(c).16 When the products are
further dehydrated, titania is formed as proved in Fig. 1(b).18

The role of sonication is not only to accelerate the reaction
between the raw material and the NaOH aqueous solution but
also leads to the oriented growth of titanate due to the extreme
conditions.20 It is found that no titanate whiskers can be
obtained without sonication.

When the raw material of titania particles is sonicated with
the NaOH aqueous solution under conditions of low power, thin
small titanate sheets are formed. When the products are heated
at 110 °C for 4 h, the small titanate sheets increase in size. The
titanate sheets are exfoliated into nanosheets and the nanosheets
roll into nanotubes when they are washed with water. The
layered structure of the titanate sheets and nanotubes formed at
the edge of the sheet are shown in Fig. 3(b). It is assumed that
residual electrostatic repulsion due to Ti–O–Na bonds may lead
to connection between the ends of the sheets and thus to the
formation of a tube structure.14 The process takes a shorter
reaction time and produces longer nanotubes compared to the
hydrothermal method for which 20 h are required to prepare
titania nanotubes.

Preliminary results show that an effective process has been
developed for the preparation of titania whiskers and nanotubes
with the assistance of sonication. Further study is being
performed to clarify the effect of different experimental
parameters on the formation of titania whiskers and nano-
tubes.

Y. Z. thanks the Fred and Barbara Kort Sino–Israel
Postdoctoral Fellowship Foundation for financial support and
the China Scholarship Council for its support. A. G. thanks the
German Ministry of Science for the support of this work
through the Deutsche–Israeli DIP program.
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Fig. 2 TEM images of (a) titanate and (b) TiO2 whiskers.

Fig. 3 TEM images of (a) titania nanotubes, (b) powders obtained by heat-
treating sonicated products for 4 h at 110 °C followed by washing with
water for 5 min.
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The radical addition of various xanthates to allyl or vinyl
boronates occurs smoothly in the presence of a small amount
of lauroyl peroxide as initiator to give good yields of usefully
functionalised boronates.

The emergence of the poweful palladium induced coupling of
boronates with halides, the Suzuki–Miyaura reaction, has
caused a renewed interest in the chemistry of boronic acid
derivatives.1 Access to boronates has so far relied heavily on
ionic and organometallic processes, with radical reactions
playing only a very minor part.2 The Kharasch addition of
halides to vinyl boronates was reported by Matteson some years
ago and has been used occasionally since.3 In one, more recent
work, simple radicals generated using stannane chemistry or
through the Barton decarboxylation were found to add to vinyl
boronates.4 Ring-closures of radicals a-to the boron atom have
also been described.5 Recent theoretical studies seem to indicate
that boronates have a much lower stabilising influence on an
adjacent radical, in comparison to boron groups with less
donating substituents.6 In the present communication, we
describe a flexible approach to functionalised boronates by
application of the xanthate transfer radical addition7 to both
allyl and vinyl boronates.

The radical addition sequence is summarised in Scheme 1 for
the case of allyl boronate 2. Thus, radical R·, generated from
xanthate 1 by the action of the initiator, undergoes addition to
the least hindered end of the terminal olefin to give a new
radical 3, which then engages in a reversible addition–
fragmentation process leading to adduct 4 with the concomitant
regeneration of radical R· to propagate the chain. Addition to
the unactivated olefinic bond is possible because R· is not
competitively consumed by reaction with xanthate 1 (this
reaction is both reversible and degenerate) and its effective
lifetime in the medium is therefore significantly increased.
Fragmentation of intermediate adduct radical 3 to give olefin 5
and high energy boryl radical 6 did not seem likely in the light
of a recent ESR study of radicals adjacent to boronates.6

Indeed, when a small amount of lauroyl peroxide was added
portion-wise to a refluxing, concentrated solution of xanthate 1a
(1 M) and a 1.5 to 2-fold excess of allyl boronate 2 in

1,2-dichloroethane, a smooth reaction occured to produce
adduct 4a in high yield (Table 1).† The same transformation
could be accomplished with a number of other xanthates
containing various functional groups, including ketones, esters,
nitriles, and even heterocyclic rings, as shown by the varied
examples compiled in the Table 1. The yields have not been
optimised but nevertheless are generally quite good.

The xanthate group in the adduct can be efficiently reduced
off either by treatment with a stoichiometric amount of lauroyl
peroxide in isopropanol,8 as illustrated by the conversion of 4e
into 7e, or by using the more traditional tributyltin hydride as in
the reduction of 4a into 7a (Scheme 2). The former, tin-free
procedure is more convenient for large scale work or for
producing samples destined for biological testing. The presence
of the xanthate group can alternatively be exploited to create
another carbon–carbon bond, for example through a ring
closure onto an aromatic ring.9 For instance, addition over a
period of one hour of a stoichiometric quantity of lauroyl
peroxide to a refluxing solution of adducts 4a or 4b in
chlorobenzene resulted in the formation of tetralones 8a and 8b
in 35 and 42% yield respectively.

Finally, by performing the first radical addition on a vinyl
boronate such as 9, the relative position of the various functions
present in the initial xanthate with respect to the boronate group
can be easily and conveniently modified. The synthesis of
compounds 10a and 10b (Scheme 3) provides two examples
where the xanthate and the boronate groups are now in a
geminal disposition.

Scheme 1

Table 1 Synthesis of boronates 4

Xanthate 1 Boronate 4 Yield (%)

4a (94)
4b (78)
4c (78)

(63)

(85)

(68)

(70)

This journal is © The Royal Society of Chemistry 2001
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The present approach to boronates is simple, yet efficient and
flexible. A broad variety of densely functionalised, otherwise
inaccessible boronates can be rapidly prepared using cheap and
readily available starting materials and reagents.

Notes and references
† General procedure for the radical addition to allyl and vinyl boronates 2
and 9. A solution of xanthate 1 (1 mmol) and ally or vinyl boronate 2 or 9
(1.5 mmol) in 1,2-dichloroethane (ca. 1 mL) was heated to reflux for 15
min. Lauroyl peroxide (10 mmol%) was then added every 1 h until almost
complete consumption of the xanthate. The solvent was removed under
reduced pressure and the residue purified by chromatography on silica to
give the corresponding adduct 4 or 10.

Representative spectral and analytical data. (4a): 1H NMR (300 MHz,
CDCl3): 7.95 (d, J = 6.6 Hz, 2H, H arom), 7.52 (m, 1H, H arom), 7.45 (m,

2H, H arom), 4.62 (m, 2H, OCH2CH3), 4.03 (m, 1H, CHS), 3.13 (m, 2H,
CH2CH2), 2.27–2.10 (m, 2H, CH2CH2), 1.39 (t, J = 7.2 Hz, 3H,
OCH2CH3), 1.37 (d, J = 8.1 Hz, 2H, CH2B), 1.24 ( 12H, 4CH3). 13C NMR
(75 MHz, CDCl3): 214.3, 199.4, 136.9, 133.1, 128.6, 128.2, 83.7, 69.7, 47.5,
36.2, 30.7, 24.9, 13.8. IR (cm21) n: 1686 (CNO). Anal. Calc. for
C20H29BO4S2: C, 58.82; H, 7.16. Found: C, 58.85, H, 7.16%.

(4e): 1H NMR (300 MHz, CDCl3): 4.67 (q, J = 7.2 Hz, 2H, OCH2CH3),
3.99 (m, 1H, CHS), 2.18 (t, J = 7.6 Hz, 2H, NCCH2), 2.12 (m, 2H, NCCH2

CH2), 1.43 (t, J = 7.2 Hz, 3H, OCH2CH3), 1.32 (d, J = 7.5 Hz, 2H, CH2B),
1.25 (bs, 12H, 4CH3). 13C NMR (75 MHz, CDCl3): 188.0, 119.4, 83.9, 70.1,
46.4, 32.2, 24.8, 15.1, 13.8. IR (cm21) n: 2247. Anal. Calc. for
C14H24BNO3S2: C, 51.07; H, 7.35. Found: C, 51.33, H, 7.47%.

(10b): 1H NMR (300 MHz, CDCl3): 7.95-8.10 (m, 2H, H arom), 7.1–7.25
(m, 2H, H arom), 4.55–4.70 (3H, OCH2CH3, CHS), 3.18, (t, J = 6.0 Hz, 2H,
CH2CH2), 2.15–2.37 (m, 2H, CH2CH2), 1.4 (t, J = 7.5 Hz, 3H, OCH2CH3),
1.28 (bs, 12H, 4CH3). 13C NMR (75 MHz, CDCl3): 199.5, 179.3, 136.9,
133.1, 128.6, 128.1, 84.4, 70.13, 37.3, 29.6, 24.9, 14.18. IR (cm21) n: 1684,
1598, 1226, 1050. Anal. Calc. for C19H26BFO4S2: C, 55.34; H, 6.36. Found:
C, 55.83, H, 6.07.

(7e) A solution of xanthate adduct 4e (0.23 mmol) in propan-2-ol (1 mL)
was heated to reflux for 15 min. Lauroyl peroxide (10 mol%) was then
added every 1 h until almost complete consumption of the xanthate
(100–110 mol%). The solvent was removed under reduced pressure and the
product isolated by chromatography over silica gel with heptane–ethyl
acetate (9+1). 1H NMR (300 MHz, CDCl3): 7.97 (d, J = 7.2 Hz, 1H, H
arom), 7.82 (d, J = 8.1 Hz, 1H, H arom), 7.47 (m, 1H, H arom), 7.33 (m,
1H, H arom), 3.12 (t, J = 7.5 Hz, 2H, CH2), 1.80 (m, 2H, CH2 ), 1.63 (m,
2H, BCH2), 1.26 (s, 12H, CH3) 0.90 (m, 2H, CH2). 13C NMR (75 MHz,
CDCl3): 179.0,172.7, 153.0, 125.8, 124.6, 122.4, 121.4, 83.0, 34.1, 31.9,
29.6, 24.8. Anal. Calc. for C17H24BNO2S: C, 64.36; H, 7.63. Found: C,
64.35, H, 8.21%.

1 (a) N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457; (b) A. Suzuki,
J. Organomet. Chem., 1999, 576, 147.

2 (a) D. S. Matteson, Stereodirected Synthesis with Organoboranes,
Springer, Berlin, 1995; (b) D. S. Matteson, J. Organomet. Chem., 1999,
581, 51; M. Nakamura, K. Hara, T. Hatakeyama and E. Nakamura, Org.
Lett., 2001, 3, 3137 and references there cited.

3 (a) D. S. Matteson, J. Am. Chem. Soc., 1959, 81, 5004; D. S. Matteson,
J. Am. Chem. Soc., 1960, 82, 4228; (b) D. S. Matteson and J. D. Liedtke,
J. Org. Chem., 1963, 28, 1924; (c) M. Vaultier, A. El Louzi, S. Lafquih-
Titouani and M. Soufiaoui, Synlett, 1991, 267; N. Guennouni, C. Rasset-
Deloge, B. Carboni and M. Vaultier, Synlett, 1992, 581; (d) F. Lhermite
and B. Carboni, Synlett, 1996, 377.

4 N. Guennouni, F. Lhermite, S. Cochard and B. Carboni, Tetrahedron,
1995, 51, 6999.

5 (a) R. A. Batey, B. Pedram, K. Yong and G. Baquer, Tetrahedron Lett.,
1996, 37, 6847; (b) R. A. Batey and D. V. Smil, Angew. Chem., Int. Ed.,
1999, 38, 1798.

6 J. C. Walton, A. J. McCarroll, Q. Chen, B. Carboni and R. Nziengui, J.
Am. Chem. Soc., 2000, 122, 5455 and references there cited.

7 (a) S. Z. Zard, Angew. Chem., Int. Ed. Eng., 1997, 36, 672; (b) B. Quiclet-
Sire and S. Z. Zard, Phosphorus, Sulfur Silicon, 1999, 153–154, 137.

8 A. Liard, B. Quiclet-Sire and S. Z. Zard, Tetrahedron Lett., 1996, 37,
5877.

9 A. Liard, B. Quiclet-Sire, R. N. Saicic and S. Z. Zard, Tetrahedron Lett.,
1997, 38, 1759.

Scheme 2 Reagents: (i) lauroyl peroxide (100–110 mol%) propan-2-ol,
reflux; (ii) Bu3SnH, toluene, reflux; (iii) lauroyl peroxide (100–110 mol%),
chlorobenzene, reflux.

Scheme 3
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A simple and efficient methodology to prepare carbamates
has been demonstrated for the first time from symmetrical
ureas and organic carbonates in the presence of solid base
catalysts.

Carbamates are compounds of growing interest because of their
applications in the agrochemicals industry as herbicides,
fungicides and pesticides, in the pharmaceuticals industry as
drug intermediates and in the polymer industry, in the synthesis
of polyurethane. The commercial production of urethane is
almost exclusively based on phosgene technology, however,
due to worldwide awareness of pollution hazards of phosgene
and pollution prevention laws adopted by Governmental
agencies it is most essential to substitute it by environmentally
benign routes. Efforts have continuously been made for the
replacement of the phosgene route with routes such as reductive
carbonylation of nitro aromatics and oxidative carbonylation of
amines which have shown some promise. However, the former
route will suffer from a lack of economical viability in the near
future1 while the latter suffers from hazards in handling of
carbon monoxide and oxygen under high pressures. Carbamate
synthesis has also been accomplished by several-pot reaction
methods such as Hofmann rearrangement from amides,2 by
reaction of chloroformates and amines catalyzed by zinc,3 and
from alcohols to unsubstituted carbamates by treatment with
trichloroacetyl isocyanate, followed by hydrolysis on Al2O3.4
Recently, the use of carbon dioxide to replace phosgene has
been attracting attention of research workers mainly due to its
non-hazardous nature and safety in handling under pressure.
Usually powerful organic bases5 (e.g. N-cyclohexyl-
NA,NA,NB,NB-tetramethylguanidine etc.) or additives such as
crown ethers6 are required to stabilize carbamate anion
generated during amine and CO2 reaction. This difficulty was
partly overcome by using tetraethylammonium hydrogen car-
bonates (TEAHC),7 and a combination of potassium carbonate
and onium salts8 as catalysts for the synthesis of carbamates
from alkyl halides and amines. However, these methods at
present are not attractive for bulk production of carbamates as
they utilize only stoichiometric quantities of reagents and
generate salts as by-products, which are not easy to dispose.

Recently, two industrially very important methods have been
reported for the synthesis of carbamates viz., alcoholysis of
ureas9 and carboxylation of amines.10 We were interested in
developing methods for the synthesis of carbamates utilizing
solid catalysts, as they are industrially important due to their
potential in replacing conventional acid/base catalysts. The use
of solid acid/base catalysts for synthesizing organic inter-
mediates and fine chemicals is gaining increasing awareness
and is a field of intense research activity.11 While, working on
reactions of alcoholysis of urea (i) and carboxylation of amines
(ii) to carbamic acid esters (Scheme 1), we realized that,
reactions (i) and (ii) both show poor atom economy and in each
case alcohol or amine is produced as a byproduct reducing the
functional group efficiency of the reagent. One way of
improving the atom economy in reactions (i) and (ii) is to
eliminate the use of alcohols and amines. Therefore, we were
interested in effecting the conversion of disubstituted ureas and

carbonates to carbamates utilizing the total functionality of both
the urea and the carbonate. In this communication, we report for
the first time, a new methodology for the synthesis of
carbamates from substituted ureas and organic carbonates using
a highly efficient and simple catalyst system [Scheme 1, eqn.
(iii)].† This novel protocol has 100% atom economy while
using an environmentally benign reactant source.

Surprisingly, the reaction between aromatic ureas and
carbonates has not been studied12 previously. A non-catalytic
reaction between N,NA-diphenylurea and diphenyl carbonate
gave only traces of N-phenyl phenyl carbamate after 24 h at
150 °C (see Table 1, entry 1). During the course of our
investigations for screening of catalysts it was observed that
basic catalysts such as triphenyl phosphine, sodium phenolate
etc. were more effective than classical acid catalysts such as
Lewis acids (FeCl3, AlCl3 etc.) and solid acid catalysts such as
acidic Al2O3 (entry 4). However, heterogeneous basic catalysts
e.g. Mg–Al hydrotalcite, Li–MgO, PbZrO3, the Na form of
zeolite ZSM-5 and amorphous catalyst grade silica gel were
found to give excellent results amongst the catalysts examined,
which are summarized in Table 1. Most of the catalyst screening
and recycling of catalyst studies were carried out aiming for
industrially important phenyl N-phenyl carbamate (PPC) as the
product and for this purpose N,NA-diphenyl urea (DPU) and
diphenyl carbonate (DPC) were chosen as model substrates
(entries 2–9). From the catalysts screened, amorphous silica gel
was found to be the most suitable catalyst because of its
commercial availability, low cost and ease in recycling.
Therefore, further studies were carried out using silica gel
catalyst. The generalized applicability of the method is also
verified and is evident from the range of carbamates synthesized
from different ureas and carbonates (Table 1). Aromatic
substituted ureas were also found to react smoothly with DPC
giving the corresponding carbamates in excellent to high yields
(entries 10–14). However, reaction between DPU and dimethyl
carbonate (DMC) gave only a poor yield of N-phenyl methyl
carbamate (entry 15). Interestingly, industrially important N-
methyl methyl carbamate is produced in excellent yield from
dimethyl urea and DMC (entry 16), while dimethyl urea and
dibutyl carbonate require highly basic potassium supported
silica gel catalyst for excellent yields of carbamate (entry 17). In
general it was observed from screening of the substrates that,
excellent yields of carbamates are obtained, when an aromatic
urea was reacted with an aromatic carbonate and likewise for
aliphatic derivatives. Catalyst screening experiments indicated
that the basicity of the catalysts plays a vital role in their

Scheme 1 Carbamate synthesis from urea and carbonate.
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activity. Also, from the earlier literature, it is known that basic
catalysts are highly efficient for reactions involving carbonates
(e.g. carbomethoxylation, trans-esterification and methyla-
tion).13 The solid-base catalysts tested were all found to give
excellent yields of carbamates, however, we believe that for
exceptional activity, dual acid/base sites on the solid support are
necessary. For catalysts having only basic sites (e.g. PPh3,
K2CO3, NaOH) only moderate yields of carbamates could be
realised.14 The activity of silica gel catalyst can be attributed to
the interactions of organic urea and carbonate with silanol
groups on the silica gel surface.15 The variation in activity of
silica gel catalysts procured from two different sources viz.
W.R.Grace & Co., and Davisil (entries 2 and 3 of Table 1) is
thought to be due to the difference in distribution of silanol
groups in these two silica gels. Na-ZSM-5 catalysts with Si/Al
ratio of 130 essentially behaved like SiO2 since at these high
ratios of Si/Al, Al atoms no longer contribute to a major extent
to the framework structure of the zeolite. The activity in these
zeolites is likely to be due to basic sites created by oxygen atoms
while Al contributes to the Lewis acid sites.16 Common urea
and N-methyl urea were also examined for carbamate synthesis
from DPC, however, the carbamates formed were unstable and
at the end of the reaction ill characterized white solids could
only be isolated.

The reusability of catalysts was tested for silica gel and Na-
ZSM-5 catalyst and the results are shown in Fig. 1. The results

show excellent reusability of both the catalysts for up to five
recycles. Calcination for silica gel considerably improves the
catalyst activity over simply drying and recycling of the
catalyst.

In summary the protocol presented here is environmentally
benign, simple and involves inexpensive reagents and can be
effectively applied to large-scale synthesis of carbamates in
high yield.

Notes and references
† Experimental procedure: A symmetrical urea (3.16 mmol), aromatic
dicarbonate (155.6 mmol) and W.R.Grace silica gel catalyst (200 mg) were
added to a well flushed and dried reaction vessel (50 cm3) equipped with a
stirrer and reflux condenser. The contents were heated under stirring up to
150 °C and kept for 8 h while an inert atmosphere was maintained. After
cooling to room temperature, the solid mass was dissolved in acetone,
filtered to separate the catalyst and the carbamate isolated in pure form by
column chromatography (silica gel, ethyl acetate–chloroform 0.2+9.8). All
the products were fully characterized by elemental analysis, 1H NMR, 13C
NMR, IR, GC–IR and comparison with authentic samples whenever
possible. Recycling of catalyst was carried out by filtration of catalyst from
the crude reaction mixture in acetone followed by drying of catalyst and
calcination 500 °C for 3 h.

1 F. Paul, Coord. Chem. Rev., 2000, 203, 310.
2 Y. Matsumura, T. Maki and Y. Satoh, Tetrahedron Lett., 1997, 38,

8879.
3 J. Yadav, G. Reddy, M. Reddy and H. Meshram, Tetrahedron Lett.,

1998, 39, 3259.
4 P. Kocovsky, Tetrahedron Lett., 1986, 27, 5521.
5 W. D. McGhee, Y. Pan and D. P. Riley, J. Chem. Soc., Chem. Commun.,

1994, 699.
6 M. Aresta and E. Quaranta, Tetrahedron, 1992, 48, 1515.
7 A. Inesi, V. Mucciante and L. Rossi, J. Org. Chem., 1998, 63, 1337.
8 M. Yoshida, N. Hara and S. Okuyama, J. Chem. Soc., Chem. Commun.,

2000, 151.
9 K. Kongen, C. Arihito, S. Kashun and R. Akyasu, Jpn. Kokai Tokkyo

Koho, JP 08198815 A2 6th Aug, 1996.
10 A. E. Gurgiolo, US Pat., 4 268 683, 1981; Z. H. Fu and Y. Ono, J. Mol.

Catal., 1994, 91, 399; I. Vauthey, F. Valot, C. Gozzi and M. Lemaire,
Tetrahedron Lett., 2000, 41, 6347.

11 K. Tanabe and W. F. Holderich, Appl.Catal. A, 1999, 181, 399.
12 P. Molina and A. Tarraga, Comprehensive Organic Functional Group

Transformations, Pergamon Press, Oxford, 1997, vol. 5, p. 981.
13 Y. Ono, App.Catal. A, 1997, 155, 133.
14 These catalysts gave a PPC yield of 25–30% under the experimental

conditions employed in this work.
15 T. Suzuki, H. Tomon and M. Okazaki, Chem. Lett., 1994, 2151.
16 D. Barthomeuf, J. Phys. Chem, 1984, 88, 42; M. Selva, P. Undo and A.

Perosa, J. Org. Chem., 2001, 66, 677.

Table 1 Solid base catalysed carbamate synthesis from ureas and carbonatesa

Entry R1 (urea) R2 (carbonate) Catalyst Time/h Yieldb (%)

1 C6H5 C6H5 None 24 Trace
2 C6H5 C6H5 Silica gelc 3

8
81
96

3 C6H5 C6H5 Silica geld 3 23
4 C6H5 C6H5 Al2O3 (acidic)e 3 0
5 C6H5 C6H5 5% Pb on silica gelc 3 18
6 C6H5 C6H5 PbZrO3

f 3 92
7 C6H5 C6H5 Mg–Al hydrotalciteg,h 3 95
8 C6H5 C6H5 Na-ZSM-5 (Si/Al = 130)h 4 79
9 C6H5 C6H5 Li–MgOi 3 90

10 4-CH3C6H4 C6H5 Silica gelc 8 89
11 2-ClC6H4 C6H5 Silica gelc 8 73
12 3-ClC6H4 C6H5 Silica gelc 8 79
13 4-ClC6H4 C6H5 Silica gelc 8 89
14 4-NO2C6H4 C6H5 Silica gelc 8 91
15 C6H5 CH3

j Silica gelc 8 18
16 CH3 CH3

j Silica gelc 8 81
17 CH3 C4H9 5%K-Silica gelc,k 8 80

a Reaction conditions: urea: 3.16 mmol; carbonate: 15.4 mmol; catalyst: 200 mg; solvent: carbonate; temperature: 150 °C; agitation: 1000 rpm. b Isolated.
c Silica gel from W.R.Grace, USA. d Silica gel from Davisil, Aldrich. e Activated, Brockmann-1, Aldrich. f 0.9 mmol. g Mg/Al ratio: 3+1. h Synthesized in
our laboratory using a standard procedure. i Prepared by wet impregnation of lithium acetate on magnesium acetate followed by calcination in air at 750 °C
(Li/Mg = 0.1). j A 50 cm3 autoclave was used with 30 bar nitrogen pressure and 15 cm3 of dimethyl carbonate. k Wet impregnation of K2CO3 on silica gel
followed by calcinations in air at 500 °C.

Fig. 1 Catalyst recycle runs.
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Sequential immobilization of single stranded DNA and
complementary PNA molecules in thermally evaporated
fatty amine films is demonstrated and evidence for their in-
situ hybridization is presented.

In a pioneering report, Nielsen and co-workers demonstrated
that the entire sugar-phosphate backbone in DNA could be
replaced by an N-(2-aminoethyl)glycine based polyamide
structure and that the DNA bases could be attached to the
peptide backbone yielding a class of molecules known as
peptide nucleic acids (PNA).1 Since the discovery of this DNA
mimic and subsequent demonstration that PNA molecules obey
the Watson–Crick base pairing rules2 and that they bind with
higher affinity to complementary oligonucleotides, PNA has
emerged as one of the most suitable candidates for DNA
diagnostic3 and therapeutic applications.4,5 In this communica-
tion, we show for the first time that PNA may be immobilized
in thermally evaporated lipid films by simple immersion of the
lipid film in the PNA solution and furthermore, that this may be
extended to a sequential PNA–DNA immobilization strategy
for DNA detection.

Oligonucleotides corresponding to the sequence AGTGATC-
TAC (1) and AGTGATCCAC (2) were synthesized as de-
scribed elsewhere.6 The PNA oligomer H-GTAGATCACT-
NH(CH2)2-COOH was synthesized manually.7 1 is
complementary to the PNA sequence while 2 is a single
mismatch sequence to the PNA sequence. Pre-formed DNA–
PNA solutions were obtained by mixing equimolar quantities of
1 and PNA solution under standard hybridization conditions.
250 Å thick octadecylamine (ODA, Aldrich) films were
thermally evaporated onto gold-coated 6 MHz AT-cut quartz
crystals, and quartz substrates for quartz crystal micro-
gravimetry (QCM) and UV-melting measurements respec-
tively.8 The thickness of the films was cross-checked using
ellipsometry.

UV-melting experiments on the ODA–DNA/PNA conjugate
films were carried out as a test of hybridization. Unlike in the
case of hybridization of complementary DNA strands where
fluorescent intercalators such as ethidium bromide are routinely
used,6 reports on the use of intercalators for the detection of
PNA–DNA hybrids are relatively scarce.9 Fig. 1A shows plots
of the UV-melting data recorded from ODA films in which
preformed PNA–DNA duplexes were entrapped (triangles); an
ODA film with sequential immobilization of 1 and PNA
(squares); an ODA film with 2 and PNA intercalated sequen-
tially (circles) and an ODA film first immersed in PNA
followed by 1 (diamonds).10 The specificity of base-pairing in
the DNA–PNA complexes within the ODA matrix is reflected
in the lowering of Tm in the case of single base pair mismatch
DNA (2) with PNA which is much lower (49 °C) than the Tm of
complementary DNA (1) with PNA (59 °C). Introduction of a
single base pair mismatch in the DNA sequence leads to
destabilization of the DNA–PNA complex with a lowering of
the melting transition temperature. An interesting result of the
investigation is the fact that the melting transition of DNA
(1)–PNA hybrids in the lipid matrix (66 °C, squares) is much

higher than the Tm of the ODA film in which preformed DNA–
PNA duplexes were incorporated (59 °C, triangles). Another
important observation is that the order of immobilization of
PNA and DNA in the ODA matrix is not of much consequence
(Tm of PNA–DNA hybrids formed by first entrapping PNA and
then DNA = 68 °C, diamonds) in the extent of hybridization.
The increased stability of the PNA–DNA hybrids formed in the
ODA bilayers vis-à-vis the duplexes formed in solution and then
entrapped within the lipid may be due to the following reason.
During sequential immobilisation of DNA followed by PNA (or
vice-versa), electrostatic attachment of DNA to the ODA
monolayer would leave free and exposed the bases on the DNA
molecules. Fig. 1B shows a schematic of the expected
molecular structure of the ODA–DNA monolayer within the
bilayer assemblies after entrapment of PNA. This mode of
organization would then enable facile hydrogen bonding of the
complementary PNA molecules with the immobilized DNA
(Fig. 1B), a process not so easily done in solution. It is also
possible that entrapment of pre-formed PNA–DNA complexes
would lead to some orientational disorder within the ODA
matrix and therefore reduced binding with the lipid. This would
be reflected in terms of a lowering of the melting transition
temperature as observed in this study. The UV-melting
measurements clearly demonstrate that PNA–DNA immobili-
zation and hybridization occurs within the confines of ODA
bilayer stacks and furthermore, that it is sensitive to single base
mismatches in the DNA sequence.

Fig. 2 presents quartz crystal microgravimetry (QCM) data of
the diffusion of the DNA and PNA molecules into the fatty
amine films during immersion of the ODA-coated QCM
crystals in 1 mM aqueous solutions of 1 followed by PNA
(triangles); 2 followed by PNA (squares) and preformed PNA–
DNA complexes (circles).11 In all cases, it is observed that there
is extremely rapid diffusion of the DNA and PNA molecules
into the lipid matrix. While the diffusion of DNA molecules
(both 1 and 2) into the ODA film is not surprising and may be
explained in terms of attractive electrostatic interaction between

Fig. 1 A) UV melting data for 250 Å thick ODA films on quartz after
immersion in 1 mm solutions of 2 followed by PNA (circles); preformed
PNA–DNA complexes (triangles); 1 followed by PNA (squares) and PNA
followed by 1 (diamonds). The solid lines are sigmoidal fits to the data. B)
Schematic showing possible microscopic structure of DNA–ODA compos-
ite monolayer binding with complementary PNA.
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the negatively charged DNA phosphate groups and protonated
amine groups in the lipid matrix,12 the significant intake of the
extremely weakly charged PNA is clearly due to other
interactions. The large PNA uptake is all the more interesting
since the presence of DNA molecules 1 and 2 in the ODA
matrix should effectively block binding sites with the ODA
molecules. It is tempting to attribute the PNA diffusion into the
ODA matrix to interactions arising from hybridization of the
PNA molecules with the already immobilized DNA. However,
a comparison of the QCM curves from the sequential immersion
of the ODA films in 1 and 2 followed by immersion in PNA
solution (triangles and squares respectively, Fig. 2) reveals that
the mass uptake due to PNA alone (the mass increase in the
second part of the QCM mass uptake curves) is similar in both
cases. This clearly shows that hybridization alone cannot
account for the diffusion of PNA into the DNA–ODA films and
entropic factors/other interactions drive the diffusion of PNA
into the lipid matrix. Indeed, immersion of the ODA films first
into PNA solution followed by DNA (data not shown) resulted
in significant PNA entrapment further attesting to the above
fact. Even though QCM may be used to determine the presence
of DNA and PNA molecules in the ODA matrix, it is clearly
insufficient in determining whether hybridization had occurred
between the entrapped PNA and DNA molecules. Equilibration
of the number density of preformed PNA–DNA complexes in
the ODA matrix (circles) occurs on time-scales similar to that
observed for the single-stranded DNA molecules 1 and 2 as well
as PNA. The lower mass uptake in this case (preformed PNA–
DNA complexes) may be due to duplex structure preventing
complete neutralization of the negative charge on the DNA by
the positively charged ODA matrix. Further experiments are
required to clarify this point. From the QCM measurements
presented in Fig. 2, optimum times of immersion of the ODA
films in the different DNA and PNA solutions were determined
and used in the preparation of ODA–DNA/PNA composite
films for UV melting measurements (Fig. 1A).

To conclude, it has been demonstrated that DNA and PNA
molecules may be entrapped in thermally evaporated fatty
amine films thus leading to a potentially exciting and novel
protocol for the entrapment of oligonucleotides and their

analogues. This strategy has been shown to lead to the
hybridization of complementary PNA–DNA sequences in the
lipid matrix in a sequential immobilization experiment. The
specificity of hybridization within the lipid matrix is good and
may be easily detected by UV-melting measurements. The
possibility of depositing patterned lipid films and entrapping
different PNA sequences in the different elements makes this
approach promising for gene sequencing by hybridization
techniques. A highlight of this approach is that it is both PNA
and DNA friendly — no (fairly complicated) thiolation of these
molecules needs be done, as is required in other gold film-based
immobilization strategies.3b

V. R. thanks the Council of Scientific and Industrial Research
(CSIR), Government of India for financial support.
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ODA films in 1 mm solutions of preformed PNA–DNA complexes (circles);
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The ruthenium cluster moiety [Ru6C(CO)17] has been
attached to ArgoGel polymer beads using supported phos-
phine ligands and crown ether interactions with ammonium
salt functionalities; these show promising results as hydro-
genation catalysts for clean chemical conversions.

The immobilisation of catalysts on solid supports represents a
major step in the development of cleaner chemical conver-
sions.1,2 Active materials thus prepared are considerably easier
to handle, retrieve and recycle than their homogeneous
counterparts. In addition, they may also exhibit improved
activities and selectivities over those found for their homoge-
neous analogues.3 An approach used frequently in the develop-
ment of novel heterogeneous catalysts is the chemical linking of
the active moiety to the available functional groups of polymer
beads. The choice of support plays an important role in the
‘tunability’ of such heterogenised catalysts to a particular
process. For example, some catalytic processes have been
performed using rigid polymer backbones4a which barely swell
in solvents whereas others require more flexibility in the
support.4b Amphiphilic polystyrene based resins containing
polyethylene glycol (PEG) grafts show great potential as
supports for metal cluster based catalytic systems. The PEG
component provides the vital flexibility needed to minimise
steric congestion of the metals as well as the ability to swell in
a variety of solvents, thus enabling maximum access to catalytic
sites. Metal clusters and their nanoparticle equivalents are
known to possess good catalytic properties in a variety of
hydrogenation processes and, in general, their activity is well
documented and moderately well understood.5 In this commu-
nication we report the functionalisation of ArgoGel (AG) resins
by three different methods and subsequent treatment with the
[Ru6C(CO)17] moiety. Initial studies into their catalytic poten-
tial are also described.

Previous research has shown that the cluster [Ru6C(CO)17]
can be coordinated to benzo-18-crown-6 and the well-known
host properties of the crown can be used to connect the cluster
moiety [Ru6C(CO)14(h6-C16H24O6)] 1 to an ammonium func-
tionalised chain.6 This strategy has enabled the site-directed
deposition of clusters onto mesoporous silica (MCM-41)
containing ammonium bearing tethers.7 Building on these
observations, we treated the ArgoGel amine resin with acid to
generate terminal ammonium groups to act as sites onto which
1 could be attached.

Protonation of ArgoGel amine was achieved by treating the
beads with an excess of HCl (12 M in water) or HBF4·OEt2 to
yield the ammonium bearing beads 2 and 3 (see Scheme 1)
respectively in quantitative yield as shown by single bead FTIR,
gel-phase 1H HR-MAS NMR and microanalysis (see ESI‡).

The colourless beads 2 and 3 were treated with 1 (1.5
equivalents) to give the dark red beads 4 and 5. The IR spectra
of the single bead materials showed sharp resonances at 2079,
1978 and 1833 cm21 (for 4) and 2044, 2009 and 1805 cm21 (for
5), indicating the presence of carbonyl groups of the attached
ruthenium cluster. The presence of ruthenium was confirmed by
X-EDS and ICP-AES analysis. This showed the mass percent-
age of ruthenium on the beads to be 2.96% (0.049 mmol g21)
for 4 and 1.72% (0.028 mmol g21) for 5, which corresponds to
a 14% site coverage of 1 on resin 4 and an 8% site coverage of
1 on resin 5.

A preliminary test of the performance of resin 4 in the
catalytic hydrogenation of cyclohexene to cyclohexane resulted
in exceptionally high turnovers (TOF = 6520 h21) and high
selectivities for cyclohexane ( > 99%). The catalytic potential of
this material was further investigated in the transfer hydro-
genation of ketones (cyclohexanone and benzophenone). It is
noteworthy to mention here that these reactions were carried out
without the aid of conventionally used external reducing agents
or hydrogen sources such as propan-2–ol or formic acid.8
Remarkably high turnovers were also observed for the hydro-
genation of cyclohexanone and benzophenone (3846 and 3191
h21 respectively) and exceedingly high selectivities ( > 99%)
for cyclohexanol and diphenylmethanol respectively (see ESI
for reaction conditions§). This indicates good site isolation and
accessibility of the ruthenium complexes in the porous organic
matrix. The re-use of resin 4 in the above-mentioned hydro-
genations did not result in appreciable loss in catalytic activity
or selectivity. Further, to rule out the possibility of leaching, in
a typical experiment using benzophenone as the substrate, the
solid catalyst was filtered off from the reaction mixture after 8
h while hot (373 K) and the reaction was continued with the
resulting filtrate for a further 12 h. The kinetics revealed no
change in conversion or product selectivity and the resulting
filtrate (at the end of the reaction, 20 h) was independently

† Electronic supplementary information (ESI) available: footnotes to the
text. See http://www.rsc.org/suppdata/cc/b1/b106336g/

Scheme 1 Preparation of 4 and 5: Reagents and conditions: i, THF,
overnight; ii, CH2Cl2, room temp., 48 h, N2.

This journal is © The Royal Society of Chemistry 2001

2624 Chem. Commun., 2001, 2624–2625 DOI: 10.1039/b106336g



analysed by ICP-AAS for the presence of free ruthenium. Only
trace amounts ( < 3 ppb) were detected. Moreover, a comparison
of the SEM images of the beads before and after catalysis
showed no change in the spherical morphology.

The next stage in our bead functionalisation strategy was to
increase the loading and strength of binding of the ruthenium
cluster to the bead. Conversion of each of the available NH2
sites on the ArgoGel amine resin to two phosphine groups can
effectively double the number of coordination sites available for
metal binding and thereby should increase the loading and
catalytic activity. In the case of [Ru6C(CO)17] the stronger
bidentate coordination is expected.9 Diphenylphosphine was
treated with paraformaldehyde according to a literature proce-
dure10 and the phosphido-Mannich intermediate thus formed
was added to ArgoGel amine to give the supported phosphine
ligand 6 (Scheme 2). The peaks in the 31P NMR spectrum at d
226 and 227 indicated formation of the supported phosphine
ligand. The appearance of two signals was believed to
correspond to the bidentate phosphine 6 and some monodentate
–NHCH2PPh2 sites (see ESI¶). Gel-phase 1H HR-MAS NMR
spectroscopy showed the presence of phenyl protons at d 7.48
and 7.82 and a doublet at d 3.53 (J = 11.5 Hz) which confirmed
the presence of the NCH2PPh2 species. Microanalysis showed
the amounts of N and P to be 0.76 and 2.10%, respectively. This
corresponds to 0.54 mmol/g N and 0.68 mmol/g P; a N:P ratio
of 1+1.3 showing that not all N–H sites were completely
converted. This is in good agreement with the 31P NMR
results.

An excess of [Ru6C(CO)17] was added to a swirled
suspension of 6, resulting in the formation of the dark red beads
7. NMR, IR and X-EDS all gave evidence that the desired
product had formed (see ESI∑). The 31P NMR spectrum showed
no peaks at d 226 and 227 , indicating that all available
phosphine sites had coordinated. The new peaks at d 16 and 24
ppm assigned to different coordination modes of the cluster to
the phosphine ligand. ICP-AES analysis showed the beads to be
7.43% by mass ruthenium (0.12 mmol g21), which corresponds
to a site coverage of cluster (assuming bidentate coordination)
of 41%.

Since the phosphine bearing beads improved the amount of
deposition of ruthenium cluster, an alternative route starting
from ArgoGel chloride beads was proposed. In the synthetic
procedure, KPPh2 was freshly prepared11 (from KH and HPPh2)
and was added to a suspension of ArgoGel chloride to give the
phosphine derivatised beads 8 (Scheme 3). The 31P NMR
spectrum showed a peak at d 221 , indicating the presence of
the uncoordinated phosphine functionality (see ESI††). The gel-
phase 1H HR-MAS NMR spectra clearly showed the phospho-
rus bound phenyl groups at d 7.47 and 7.75 and peaks for the
–OCH2CH2PPh2 and –CH2PPh2 protons at d 3.64 and 2.48,
respectively. Microanalysis showed the mass percentage of
phosphorus to be 1.25 (0.40 mmol g21).

Treatment of 8 with an excess of [Ru6C(CO)17] yielded the
desired dark red product 9 which was characterised by IR,
NMR, microanalysis and X-EDS. ICP-AES showed a larger
mass percent of ruthenium on the bead (14.8%, 0.24 mmol g21)
compared with the ArgoGel amine systems, which corresponds
to a site coverage of 82%. This was reinforced by X-EDS
analysis and the results from microanalysis imply that only one
phosphine coordinates per cluster (see ESI‡‡). The 31P NMR
spectrum showed no peak at d 221, indicating that all free
phosphine sites had coordinated, giving rise to the new signal at
d 15. The IR spectrum showed the ruthenium carbonyl peaks at
the lower wavenumbers of 1965 and 1789 cm21.

In summary, we have shown the successful derivatisation of
two types of commercially available polymer resins which can
be used as substrates in heterogeneous catalysis and have
demonstrated how the method of functionalisation affects the
loading of cluster. Resin 4 exhibits remarkably high activities
and selectivities for the hydrogenation of olefins and for the
transfer hydrogenation of ketones, without the need for external
reducing agents. Further work is in progress to evaluate the
catalytic potential of 5, 7 and 9 as hydrogenation catalysts for a
number of diverse organic chemical transformations.
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(C. M. G. J.), King’s College London (K. A. K.) and the Royal
Society for a Dorothy Hodgkin Fellowship (Y. D. M). We
gratefully acknowledge the assistance of Dr T. Brain (SEM, X-
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Reaction of 2 equivalents of 1,4-bis(p-tolylethynyl)buta-
1,3-diyne with [(PMe3)4Rh(–C·CSiMe3)] gives the unusual,
highly luminescent mer,cis-[tris(trimethylphosphine)trime-
thylsilylethynyl-2,5-bis(p-tolylethynyl)-3,4-bis(p-tolyl)rho-
dacyclopenta-2,4-diene] 5 in quantitative yield which has
been fully characterised by 1H and 31P{1H} NMR, IR, UV–
VIS and luminescence spectroscopies, elemental analysis
and single crystal X-ray diffraction.

Rigid rod conjugated systems, such as 1,4-bis(phenylethy-
nyl)benzenes,1–12 9,10-bis(phenylethynyl)anthracenes13,14 and
2,5-bis(phenylethynyl)thiophenes,2 display interesting struc-
tural, electronic, non-linear optical and luminescent properties.
The same can be expected from structurally similar 2,5-
bis(phenylethynyl)metallacyclopentadienyl derivatives 2A
(Scheme 1), which can be prepared by a reductive coupling of

two diarylbuta-1,3-diyne molecules 1 on a transition metal
centre.15–22 However, in the few reported syntheses of such
compounds, various products are formed, including two other
isomers of 2 (B and C), and the yields of the desired isomer 2A
are small: 1.5–4% in the reaction of diphenylbuta-1,3-diyne 1a
with [Ru3(CO)10(NCMe)2] in the presence of Me3NO {[M] =
Ru(NMe3)(CO)3} and 2% in the reaction of 1a with
[CpCo(PPh3)2] at 60 °C {[M] = CoCp(PPh3)}, although the
reaction of the latter with hexa-2,4-diyne yields 32% of 2A. The
only other analogous monometallic compounds of which we are
aware23 are those containing titanium and zirconium for which
isomer 2A is not observed.21,22 In the course of our work on
rhodium alkynyl complexes,24–29 we developed a high-yield
one-pot synthesis of a luminescent complex 5 via the reaction
sequence in Scheme 2.

Reaction of [(PMe3)4RhMe] 330 (20 mg, 4.74 3 1025 mol)
with HC·CSiMe3 (6.7 ml, 4.74 3 1025 mol) in THF (1 ml), gave
the alkynyl complex 4 in quantitative yield with loss of
methane.25,26,29 To this, a solution of two equivalents (21.8 mg)
of 1,4-bis(p-tolyl)buta-1,3-diyne 1b in THF (2 ml) was added.
The reaction was monitored in situ by 31P{1H} NMR spectros-
copy, which showed a partial conversion into a new (PMe3)3-
RhIII complex 5. After stirring for 2 min, all solvent was
removed in vacuo and the residue was redissolved in THF (3
ml), thus facilitating the reaction by removing the liberated,
volatile PMe3. This cycle was repeated five times, until the
NMR spectra showed the conversion to be complete. Bright
yellow product 5 was isolated in 95% yield (40 mg) after
recrystallisation from THF–hexane.‡

An X-ray diffraction study of 5§ revealed a distorted
octahedral coordination of the Rh atom (Fig. 1) with a
meridonal disposition of the three phosphine ligands. The
rhodacyclopentadiene ring is nearly planar: the Rh atom
deviates by 0.13 Å from the C(15)C(16)C(17)C(18) plane.

† Electronic supplementary information (ESI) available: absorption, emis-
sion and luminescence spectra for 5. See http://www.rsc.org/suppdata/cc/
b1/b108625a/

Scheme 1

Scheme 2

Fig. 1 Molecular structure of 5 showing 50% thermal ellipsoids. The
rotational disorder of P(1)Me3 and SiMe3 groups is not shown (H atoms are
omitted). Selected bond lengths (Å) and angles (°): Rh–P(1) 2.322(2), Rh–
P(2) 2.325(1), Rh–P(3) 2.372(1), Rh–C(1) 2.068(6), Rh–C(15) 2.087(5),
Rh–C(18) 2.110(5), C(2)–Si 1.848(7), C(20)–C(21) 1.426(7), C(43)–C(44)
1.432(7); P(1)–Rh-P(2) 168.39(5), C(1)–Rh–C(18) 173.5(2), C(15)–Rh–
P(3) 173.9(2), C(1)–Rh–P(2) 85.3(1), P(1)–Rh–P(3) 96.67(5), C(15)–Rh–
C(18) 78.8(2).
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Benzene rings iii and iv, immediately attached to the metal-
lacycle, are inclined to the latter plane by 50 and 66° (due to
steric overcrowding), while rings ii and v are inclined by only 10
and 22°, permitting p-electron conjugation along the ‘rod’.
Thus, in the metallacycle, the formally double bonds
C(15)NC(16) [1.382(6) Å] and C(17)NC(18) [1.389(6) Å] are
longer than in cyclopentadiene31 (1.344 Å) and its derivatives32

(average 1.341 Å). The C(16)–C(17) bond [1.465(6) Å] is
relatively short compared with non-conjugated, i.e. non-planar,
butadiene moieties32 (1.478 Å). The C(15)–C(19) and C(18)–
C(42) bonds [av. 1.415(7) Å] are short for a C(sp)–C(sp2)
bond32 (1.431 Å). The alkyne bonds C(19)·C(20) and
C(42)·C(43) [av. 1.214(7) Å] are longer than the standard
value32 (1.181 Å) as well as the non-conjugated C(1)·C(2) bond
[1.167(7) Å]. Although each of these differences is on the
margin of statistical significance, they are all consistent with the
model of conjugation. The alkynyl ligand lies close to the
rhodacyclopentadiene plane, trans to the Rh–C(18) bond, which
is longer [2.110(5) Å] than the Rh–C(15) bond [2.087(5) Å] due
to the trans-influence. The SiMe3 group and the P(1)Me3 ligand
are rotationally disordered, each between two orientations in
1+1 and 3+1 ratios, respectively.

The 31P{1H} NMR spectrum† of 5 displays a doublet of
doublets and a doublet of triplets consistent with a meridonal
(PMe3)3RhIII coordination, where the unique phosphine is trans
to a Rh–C s-bond (1JRhP 82 Hz). The 1H NMR spectrum
indicated four non-equivalents p-tolyl groups, three meridonal
PMe3 ligands and a SiMe3 group. Thus, the solution NMR data
is entirely consistent with the solid-state structure.

The bright yellow compound 5 displays several intense
absorptions in the UV–VIS spectrum with peaks at 480 (e
36 000), 452 (e = 43 000), 434 (e = 31 000), 333 (e = 36 000)
and 312 nm (e = 55 000 dm3 mol21 cm21). We noted that NMR
samples of 5 in benzene or THF emitted green light when
exposed to ordinary fluorescent room lighting. An examination
of the luminescence spectra revealed that excitation at 452 nm
gave rise to emission bands at 500 and 532 nm (green), whereas
excitation at 333 nm showed these two bands as well as stronger
emissions at 366 and 384 nm. The absorption spectrum and the
emission spectrum resulting from 452 nm excitation are
remarkably similar in wavelength and extinction coefficients to
those observed previously for 9,10-bis(4-MeSC6H4C·C)an-
thracene.13 This is an exciting finding in light of the consider-
able current interest in luminescent organometallics,2,33,34

which may have applications as the emissive material in
OLEDs. Further photophysical studies on this and related
compounds are underway in order to elucidate the nature of the
states giving rise to the absorption and emission in 5.

We have prepared a rare example of a 2,5-bis(arylethy-
nyl)metallacyclopentadiene via the regiospecific reductive
coupling of two butadiynes at a rhodium centre. The highly
luminescent compound is formed in quantitative yield in
minutes at room temperature. Solid samples of 5 appear
relatively stable to the atmosphere, making this an attractive
system for further study and possible applications. The
compound offers exciting opportunities for functionalisation at
the metal bound alkynyl ligand, the phosphines, and the starting
diyne 1, as well as the possibility of changing the metal centre
from Rh to Co or Ir, all of which should allow tuning of the
luminescent properties of the system.

J. A. K. H. thanks EPSRC for a Senior Research Fellowship.
We thank Mr Simon FitzGerald and Dr Andrew Beeby for
assistance with the luminescence specta, Mrs J. Dostal for the
elemental analysis, Dr Dmitri S. Yufit for assistance with the
structural analysis and Dr Paul J. Low for many helpful
discussions and a preprint of ref. 23.
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‡ NMR data: dP (80.96 MHz, C6D6) 28.81 (2P, dd, 1JRhP 99, 2JPP 30 Hz),
223.22 (1P, dt, 1JRhP 82, 2JPP 30 Hz). dH (200.1 MHz, C6D6): 7.74 [2H,
(AB)A, Ar], 7.43 [2H, (AB)A, Ar], 7.34 [2H, (AB)A, Ar], 7.23 [2H, (AB)A, Ar],
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H, 7.26%. IR (solid-state): n(C·C) 2160, 2128, 2021 cm21.
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1 P. Nguyen, Z. Yuan, L. Agocs, G. Lesley and T. B. Marder, Inorg.
Chim. Acta, 1994, 220, 289.

2 M. S. Khan, A. K. Kakkar, N. J. Long, J. Lewis, P. Raithby, P. Nguyen,
T. B. Marder, F. Whittmann and R. H. Friend, J. Mater. Chem., 1994, 4,
1227.

3 P. Nguyen, G. Lesley, T. B. Marder, I. Ledoux and J. Zyss, Chem.
Mater., 1997, 9, 406.

4 C. Dai, P. Nguyen, T. B. Marder, A. J. Scott, W. Clegg and C. Viney,
Chem. Commun., 1999, 2493.

5 U. H. F. Bunz, Chem. Rev., 2000, 100, 1605.
6 Z. L. Donhauser, B. A. Mantooth, K. F. Kelly, L. A. Bumm, J. D.

Monnell, J. J. Stapleton, D. W. Price, A. M. Rawlett, D. L. Allara, J. M.
Tour and P. S. Weiss, Science, 2001, 292, 2303.

7 S. M. Dirk, D. W. Price, S. Chanteau, D. V. Kosynkin and J. M. Tour,
Tetrahedron, 2001, 57, 5109.

8 J. Kim and T. M. Swager, Nature, 2001, 411, 1030.
9 C. Schmitz, P. Posch, M. Thelakkat, H. W. Schmidt, A. Montak, K.

Feldman, P. Smith and C. Weder, Adv. Funct. Mater., 2001, 11, 41.
10 S. Lahiri, J. L. Thompson and J. S. Moore, J. Am. Chem. Soc., 2000, 122,

11315.
11 M. Levitus, K. Schmieder, H. Ricks, K. D. Shimizu, U. H. F. Bunz and

M. A. Grace-Garibay, J. Am. Chem. Soc., 2001, 123, 4259.
12 H. Li, D. R. Powell, T. K. Firman and R. West, Macromolecules, 1998,

31, 1093.
13 P. Nguyen, S. Todd, D. v. d. Biggelaar, N. J. Taylor, T. B. Marder, F.

Wittmann and R. H. Friend, Synlett., 1994, 299.
14 T. Kawai, T. Saski and M. Irie, Chem. Commun., 2001, 711.
15 T. Shimura, A. Ohkubo, K. Aramaki, H. Uekusa, T. Fujita, S. Ohba and

H. Nishihara, Inorg. Chim. Acta, 1995, 230, 215.
16 T. Fujita, H. Uekusa, A. Ohkubo, T. Shimura, K. Aramaki, H. Nisihara

and S. Ohba, Acta Crystallogr., Sect. C, 1995, 51, 2265.
17 M. I. Bruce, N. N. Zaitseva, B. W. Skelton and A. H. White, Inorg.

Chim. Acta, 1996, 250, 129.
18 M. I. Bruce, B. W. Skelton, A. H. White and N. N. Zaitseva, J.

Organomet. Chem., 1998, 558, 197.
19 S. P. Tunik, E. V. Grachova, U. R. Denisov, G. L. Starova, A. B.

Nikol’skii, F. M. Dolgushin, A. I. Yanovsky and Y. T. Struchkov, J.
Organomet. Chem., 1997, 536, 339.

20 A. A. Koridze, U. I. Zdanovich, N. V. Andrievskaga, Y. Siromakhova,
P. V. Petrovski, M. G. Ezernitskaya, F. M. Dolgushin, A. I. Yanovsky
and Y. T. Struchkov, Russ. Chem. Bull., 1996, 45, 1200.

21 U. Rosenthal, P.-M. Pellny, F. G. Kirchbauer and V. V. Burlakov, Acc.
Chem. Res., 2000, 33, 119.

22 D. P. Hsu, W. M. Davis and S. L. Buchwald, J. Am. Chem. Soc., 1993,
115, 10394.

23 P. J. Low and M. I. Bruce, Adv. Organomet. Chem., 2001, 48, 71.
24 T. B. Marder, D. Zargarian, J. C. Calabrese, T. Herskovitz and D.

Milstein, Chem. Commun., 1987, 1484.
25 D. Zargarian, P. Chow, N. J. Taylor and T. B. Marder, J. Chem. Soc.,

Chem. Commun., 1989, 540.
26 P. Chow, D. Zargarian, N. J. Taylor and T. B. Marder, J. Chem. Soc.,

Chem. Commun., 1989, 1545.
27 H. B. Fyfe, M. Mlekuz, D. Zargarian, N. J. Taylor and T. B. Marder, J.

Chem. Soc., Chem. Commun., 1991, 188.
28 J. P. Rourke, D. W. Bruce and T. B. Marder, J. Chem. Soc., Dalton

Trans., 1995, 317.
29 J. P. Rourke, G. Stringer, P. Chow, R. J. Deeth, D. S. Yufit, J. A. K.

Howard and T. B. Marder, Organometallics, 2001, in press.
30 D. L. Thorn, Organometallics, 1985, 4, 192.
31 T. Haumann, J. Benet-Buchholz and R. Boese, J. Mol. Struct., 1996,

374, 299.
32 F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen and

R. Taylor, J. Chem. Soc., Perkin Trans. 2, 1987, S1.
33 V. W.-W. Yam, Chem. Commun., 2001, 789.
34 S. Lamansky, P. J. Djurovish, D. Murphy, F. Abdel-Razzaq, H. E. Lee,

C. Adachi, P. E. Burrows, S. R. Forrest and M. E. Thompson, J. Am.
Chem. Soc., 2001, 123, 4304.

Chem. Commun., 2001, 2626–2627 2627



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M
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A pH-responsive electrode may be formed by covalent
modification of glassy carbon by reduction of a diazonium
salt hydroquinone precursor, followed by chemical deme-
thylation.

Early methods for chemically modifying carbon surfaces
involved vigorous oxidation processes1–3 leading to the forma-
tion of superficial oxygenated functional groups.4 These
functionalities were then reacted further to effect attachment of
the target molecule. The exact nature and number of oxygenated
functional groups formed by this method was difficult to
control, and corrosion of the carbon surface was often
observed.5 An alternative reductive strategy for electrochem-
ically modifying carbon surfaces has been developed by Pinson
et al.6,7 This method makes it possible to graft a wide variety of
functionalised aryl groups onto carbon surfaces, which allows
the attachment of a broad spectrum of substances and shows
great promise for a variety of applications.8,9

Here, we report the first synthesis of trans-2A,5A-dimethoxyl-
stilbene-4-diazonium tetrafluoroborate 3 (Scheme 1), followed
by the electrochemical reduction of 3 on the glassy carbon
surface to form a monolayer. Chemical demethylation forms a
hydroquinone-substituted stilbene-grafted glassy carbon (GC)
electrode that is pH-responsive (Scheme 2).

The synthetic route to 3 is shown in Scheme 1. The
compounds 1 and 2 were prepared as described previously.10,11

The diazonium salt 3 was prepared using standard chem-
istry.†

Fig. 1 shows voltammograms recorded at a GC electrode for
a 0.1 M solution of Bu4NBF4 in acetonitrile (curve a) and for the
first cycle in the presence of 5 mM 3 (Curve b). A broad
(500 mV at half height) and irreversible reduction peak located
at 500 mV vs. Ag/AgCl is observed in a similar manner to those
reported previously for other diazonium compounds.7–9 This
corresponds to the one electron reduction of the diazonium
functionality. When further cyclic voltammograms are recorded
this peak diminishes markedly. Grafting was performed over 20
min on a freshly polished GC electrode at a potential of 20.7 V
vs. Ag/AgCl to form a complete layer on the GC surface. The
broad reduction wave in Fig. 1 is not observed in cyclic
voltammograms recorded directly after this potentiostatic
grafting process.

Fig. 2 shows a series of cyclic voltammograms in an aqueous
buffer over a range of sweep rates for a grafted GC electrode
after demethylation to give the hydroquinone 5. The anodic and
cathodic peak potentials (226 mV and 2156 mV vs. Ag/AgCl
respectively) are independent of sweep rate. It is noted that
redox activity is not observed for the GC-grafted dimethoxy
derivative 4. Furthermore, the anodic and cathodic peak
currents are directly proportional to sweep rate, and integration
of the peak areas (after background subtraction) yields a
constant charge density of 3.1 + 0.1 C m22 (3.0 to 3.3 C m22 for
three replicate electrodes). These observations are consistent
with a fixed quantity of 5 adhered to the electrode surface and

Scheme 1 Reagents and conditions: i, piperidine, reflux; ii, FeSO4; iii,
HBF4, NaNO2.

Scheme 2 Reagents and conditions: i, CH3CN, 20.7 V vs. Ag/AgCl; ii,
CH2Cl2, BBr3, then H2O.

Fig. 1 Cyclic voltammograms in absence (curve a) and presence (curve b)
of 5 mM 3 on a freshly polished glassy carbon electrode in a 0.1 M solution
of Bu4NBF4 in acetonitrile. v = 200 mV s21.

This journal is © The Royal Society of Chemistry 2001
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indicate a coverage of 1.6 3 1029 mol cm22 for the grafted
hydroquinone based on a 2 electron redox process. This is
consistent with the coverage found by Pinson et al. for the
formation of a close pack layer of grafted 4-nitrophenyl groups
on glassy carbon (G = 1.4 3 1029 mol cm22).6

The effects of solution hydrodynamics on a grafted hydro-
quinone GC rotating disc electrode were examined. Here, the
charge associated with the anodic and cathodic peaks does not
vary with electrode rotation rate. This is consistent with the
redox process being attributable to a firmly tethered surface
species rather than a solution species.

Fig. 3 shows cyclic voltammograms for the grafted electrode
in a range of aqueous 0.1 M phosphate buffers. Again, the
charge associated with the anodic and cathodic peaks does not
vary with alteration of solution conditions. There is a pro-
gressive cathodic shift in the anodic and cathodic peaks with
increase in pH (48.8 and 51.8 mV decade21 respectively).
These shifts do not agree well with the expected 58.15 mV
decade21 at 20 °C and show poor linearity. However, the open
circuit potential of the grafted electrode in these buffers shows
good agreement with a slope of 56.18 mV decade21 and good
linearity (r2 = 0.997). In comparison, freshly polished bare GC
electrodes show only small slopes of ca. 10 mV decade21.
Consequently, we attribute the pH-sensing utility to the grafted
hydroquinone.

In conclusion, we have directly tethered a novel pH-sensing
hydroquinone moiety to glassy carbon. The hydroquinone
entity is formed after the diazonium grafting reaction from a
dimethoxystilbene residue so that the hydroquinone does not
impede the coupling process. A Nernstian response for the
grafted hydroquinone is found indicating that direct attachment
does not alter the hydroquinone couple. Future exploitation of
this effect by grafting 3 on other carbon materials such as

graphite and carbon could lead to the development of a pH-
sensor.

The authors wish to acknowledge the Massey University
Research Fund (1998) for financial support of Xinhao Yang.
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† Selected data for 3: IR: (KBr): nN·N 2212 cm21, nCNC 1622 cm21. 1H
NMR (DMSO-d6, TMS) d: 8.62 (d, 2H, ArH), 7.13 (d, 2H, ArH), 7.93–7.53
(app q, AB system, 2H, HCNCH), 7.31 (d, 1H, ArAH), 7.05–7.00 (m, 2H,
ArAH), 3.85 (s, 3H, OCH3) and 3.78 (s, 3H, OCH3). Analysis calculated for
C16H15N2O2BF4: C 54.24, H 4.24, N 7.91; found: C 54.29, H 4.31, N
7.82.
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Fig. 2 Cyclic voltammograms for a glassy carbon electrode grafted with 5
in 0.1 M Bu4NBF4 in acetonitrile for a series of potential sweep rates: 10,
50, 100, 200, 500 and 1000 mV s21.

Fig. 3 Cyclic voltammograms for a glassy carbon electrode grafted with 5
in a range of 0.1 M phosphate buffers with pH: 2.65, 4.40, 4.41, 5.25, 6.00,
7.21, 8.16, 9.35 and 10.11. 0.1 M v = 200 mV s21.

Chem. Commun., 2001, 2628–2629 2629



      

C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

New cyclodextrin dimer and trimer: formation of biphenyl excimer
and their molecular recognition
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New cyclodextrin oligomers bridged with biphenyl moieties
are synthesized, among which only the doubly bridged dimer
shows excimer formation behaviour in an aqueous solu-
tion.

Oligomeric cyclodextrins are one of the most attractive host
molecules to provide expanded binding sites showing character-
istic specificity. Among possible cyclodextrin oligomers, the
dimers have been most extensively investigated.1 Another
interesting aspects of these cyclodextrin oligomers may be
potential activities to control the recognition specificity by
using conformational change of the relatively large recognition
space of the host. The variety of linker moieties connecting the
cyclodextrin recognition sites make it possible to create unique
specificity and functions compared with rather monotonous
recognition abilities of original cyclodextrins. Here we report
new types of dimeric and trimeric cyclodextrins bridged with
biphenyl moieties which are soluble both in water and various
types of organic solvents. The dimer shows unique conforma-
tional change which is accompanied by excimer formation
between two biphenyl moieties.

The cyclodextrin used in this work is per-O-methyl-6A,6D-
diamino-b-cyclodextrin (1) which is known to be soluble not
only in aqueous solution but also in various types of organic
solvents.2 The new doubly bridged cyclodextrin oligomers, 2
and 3, were obtained from the reaction of 1 with 4,4A-
biphenyldicarbonyl chloride in THF in 30% and 9% yields
respectively (Scheme 1). The single bridged dimer 4 is also
prepared by a similar reaction to the reference compound. One
of the great advantages of permethylated cyclodextrin in these
syntheses is that the preliminary purification of these products
may be performed on a normal silica-gel column which is able
to manage relatively large-scale reaction products. The 1H
NMR and mass spectra of these compounds show satisfactory
agreement with the expected structures.† The electronic spectra
of these oligomeric cyclodextrins show quite a normal absorp-
tion of the biphenyl moiety at 282 nm in water, of which molar
absorption coefficients are roughly proportional to the number
of chromophors in the molecule, i.e. log e of 2, 3 and 4 are 4.70,
4.88 and 4.49 respectively (Fig. 1a). In contrast, an interesting

Scheme 1 Cyclodextrin oligomers and substrate.

Fig. 1 a) Electronic spectra of cyclodextrin oligomers 2, 3 and 4 in H2O. b)
Fluorescence spectra of cyclodextrin oligomers 2, 3 and 4 in H2O
(lex = 282nm). [2] = [3] = [4] = 3.4 3 1026 M.

This journal is © The Royal Society of Chemistry 2001
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difference is observed in the fluorescence spectra of these
compounds. As shown in Fig. 1b, the shapes of the fluorescence
spectra of 3 and 4 are essentially identical but that of 2 is quite
different from others. The red shifted and broadening spectrum
of 2 is similar to that of the recently reported biphenyl excimer
adsorbed on clay.3 Since 3 and 4 show no such behaviour, only
the closed structure of 2 may assist to associate two biphenyl
groups in the parallel mode to generate the excimer emission. It
is interesting to understand whether such modified emission of
2 comes from a rigid conformation similar to that of biphenyl
molecules strongly adsorbed on clay or from rather simple
equilibrium between flexible conformations of 2. In order to
clarify the origin of the driving force of the excimer formation,
the fluorescence spectra in different solvents were compared.
Interestingly, the fluorescence of 2 in MeOH and CHCl3
becomes the same as that of the monomeric biphenyl group. The
observation is quite different from that reported for the
1,3-bis(biphenyl)propane system, where the excimer formation
is controlled by the solvent microviscosities.4 The results
indicate that the present cyclodextrin dimer 2 has at least two
conformers, the stacked form and the separate form, and the
major driving force to control the equilibrium between these
two forms is expected to be hydrophobic character (see Scheme
2). This conformational change is also confirmed by measure-
ment of the variable temperature fluorescence spectra in the
aqueous solution. The spectra show successive changes from an
excimer fluorescence to a monomeric one during temperature
change between 273 K and 348 K. The intensities of the spectra
at 348 K are ca. 1/10 of that at 273 K and the processes are
completely reversible. The preliminary analyses of these
temperature dependent spectral changes assuming the two-state
equilibrium give 28 ± 2 kcal mol21 and 226 ± 5 e.u. for DH
and DS for the present conformational change. The observed
entropy change shows rather negative values, which is in
contrast to the positive one sometimes observed for the typical
hydrophobic processes.4 The result indicates that the contacting
surface of the biphenyl groups may not be wide enough to get
large entropy gain during the association process. The thermo-
dynamic parameters also show that ca. 50% of 2 in aqueous
solution takes the stacked form at room temperature.‡

Finally the molecular recognition of the present new
cyclodextrin oligomers is investigated by using the anthracence
derivative 5 having two hydrophobic alkyl chains. The
association constants for 2, 3 and 4 determined by spectroscopic
titration were 5200 ± 500, 27000 ± 2000 and 8600 ± 500 M21,
respectively. Although the electronic spectra of an anthracene
unit at 350–400 nm show slight red shifts with clear isosbestic

points on addition of these oligomeric cyclodextrins, simple
permethylcyclodextrin results in practically no appreciable
spectral change of the present anthracene absorption. In spite of
the fact that 5 is not necessarily optimised as the best substrate
for the present new host molecules, the observed recognition
shows interesting behaviour. The largest binding of 3 may
suggest that the effects of the statistical enhancement of binding
are due to three cyclodextrin units in the molecule and entropic
advantage due to two-points fixation of the cyclodextrins at
A,D-positions. In contrast, the similar or rather smaller
association constants of 2 compared with non-cyclic dimer host
4 may indicates that the entropic advantage is largely cancelled
by the extra energy for opening the stacked form of 2 during the
association processes.§

Thus the present results show the unique properties of the
present new cyclodextrin oligomers and interesting possibilities
for controlling the conformations of these cyclodextrin oligo-
mers. Further investigations of the detailed thermodynamic
properties of these systems are now under way in our
laboratory.

Notes and references
† The products are mixtures of the possible isomers which have different
combinations of the positions bridged with the biphenyl moieties (bp), i.e.
(A-bp-D)2 and (A-bp-A)(D-bp-D) for 2 and (A-bp-D)3 and (A-bp-A)(D-bp-
D)(A-bp-D) for 3. In the present stage the isomers are not separated even by
using HPLC. Spectroscopic data of the mixtures, 2: 1H NMR (500 MHz.
CDCl3) d 7.89–7.51 (16H, m, biphenyl), 5.32–4.98 (14H, m, C1-H),
4.60–2.75 (199H, m, other cyclodextrin H), HRMS(FAB) m/z calcd for
C150H232O70N4 3209.4717, found 3209.4680 (D = 21.2ppm), 3: 1H NMR
(500 MHz. CDCl3) d 7.95–7.63 (24H, m, biphenyl), 5.35–5.02 (21H, m,
C1-H), 4.50–2.90 (300H, m, other cyclodextrin H), HRMS(FAB) m/z calcd
for C225H348O105N6 4816.2142, found 4816.2158 (D = +0.3ppm).
‡ The fluorescence of 2 in H2O at room temperature may contain the
excimer fluorescence and the monomeric one which originates from not
only the separate form but also the stacked one in a hydrophobic
environment.6
§ The fluorescence of the anthracene moiety in 5 increases in intensity by
30–50% on addition of the present hosts, indicating some energy transfer
from the biphenyl moieties to the guest molecule.

1 For the first example of cyclodextrin dimer, see: I. Tabushi, Y.  Kuroda
and K. Shimokawa, J. Am. Chem. Soc., 1979, 101, 1614; For recent
examples, see the following articles and references cited therein, R.
Breslow, S. Halfon and B. Zhang, Tetrahedron, 1995, 51, 377; Y. Okabe,
H. Yamamura, K. Obe, K. Ohta, M. Kawai and K. Fujita, J. Chem. Soc.,
Chem. Commun., 1995, 581; F. Veneam, A. E. Rowan and R. J. M. Nolte,
J. Am. Chem. Soc., 1996, 118, 257; C. A. Haskard, B. L. May, T.
Kurucsev, S. F. Lincoln and C. J. Easton, J. Chem. Soc., Faraday Trans.,
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Zn nanobelts: a new quasi one-dimensional metal nanostructure
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A large quantity of metal Zn nanobelts have been synthe-
sized by a simple approach, which involves thermal decom-
position of ZnS powder, followed by Zn deposition.

Low dimensional systems represent one of the most important
frontiers in advanced materials research.1–3 Quasi one-dimen-
sional (1D) nanostructured materials, such as nanowires and / or
nanotubes, have been successfully synthesized and have
received much attention due to their peculiar optical, electrical,
thermoelectric properties and potential applications in nano-
devices.4–7 Recently, semiconducting oxide nanobelts, a new
group of 1D nanomaterials with a rectangular cross section,
have been synthesized, and their morphology is distinctly
different from those of nanowires and nanotubes.8 The
nanobelts could be an ideal system for fully understanding
dimensionally confined transport phenomena in functional
oxides. Through confinement of metals to quasi one-dimension,
a variety of changes in their characteristics are induced.9
Therefore, to fully study the fundamental physical and chemical
properties of quasi-1D metal systems, the synthesis of metal
nanostructures including nanowires, nanotubes and nanobelts
are very important. Up to now, considerable effort has been
focused on the synthesis of metal nanowires and nanotubes.9–14

However, there have been no reports about metal nanobelt
synthesis. In this communication, we describe the fabrication of
a new quasi-1D metal nanostructure: Zn nanobelts. Successful
synthesis of Zn nanobelts will open up the possibility of fully
studying physical and chemical properties of quasi-1D metal
nanomaterial systems.

A silicon wafer (5 3 10 mm) was used as a substrate for the
growth of Zn nanobelts. The substrate was cleaned by a standard
treatment in piranha solution (30% H2O2–20% H2SO4) and
rinsed with de-ionized water. Yumoto et al. have used pure Zn
metal bars as raw materials to fabricate Zn crystals.15 This
method, however, can not produce quasi-one-dimensional Zn
crystals such as ribbons or whiskers owing to the fast production
of Zn vapor. The produced rate of Zn vapor formed from pure
ZnS powder decomposition by thermal evaporation is much
slower than the rate of Zn vapor from Zn powder.16 In order to
control the produced rate of Zn vapor, pure ZnS and C powders
were used as raw materials in our experiment to synthesize Zn
nanobelts. The ZnS was mixed with graphite powder (mass ratio
about 1+1) and placed in the middle of an alumina boat, and the
cleaned Si substrate was placed next to the mixed starting raw
powder along the downstream side of flowing argon. The
alumina boat, covered with a quartz plate to maintain a higher
vapor pressure, was placed in the center of a quartz tube that was
inserted in a horizontal tube furnace. Prior to heating, the system
was flushed with high purity Ar for 1 h to eliminate O2, and
pumped down to 5 3 1025 Torr. Then, under a constant flow of
high purity Ar gas (100 sccm), the furnace was rapidly heated to
1000 °C (about 5 min) and held at this temperature for 120 min,
and subsequently cooled to room temperature. It was observed
that white sponge-like products appeared on the surface of the
Si substrate.

The synthesized products were characterized using scanning
electron microscopy [(SEM) JEOL JSM-6300], X-ray diffrac-
tion diffractmetry [(XRD) MXP18AHF], high-magnification
TEM [(HRTEM) JEOL-2010] and energy-dispersed X-ray

spectrometry (EDS). For HRTEM observation, the products
were ultrasonically dispersed in ethanol and a drop of this
solution was then placed on a Cu grid coated with a holey
carbon film.

SEM observation (Fig. 1a) revealed that the product
consisted of a large quantity of wirelike nanostructures. XRD
measurement (Fig. 1b) shows that the product is hexagonal
structured Zn with lattice constants of a = 0.2655 nm and c =
0.4928 nm, consistent with the standard values for bulk Zn.17 It
should be noted that no diffraction peaks from ZnO or other
impurities have been found in our samples. The morphology,
structure and composition of the synthesized products have
been characterized in detail using SEM, HRTEM, selected area
electron diffraction (SAED) and EDS. A low-magnification
SEM image (Fig. 2a) of the synthesized products shows that the
wirelike nanostructures have typical lengths in the range of
several to several tens of micrometers. A representative high-
magnification SEM image (Fig. 2b) of a Zn wirelike nano-
structure reveals that its geometrical shape is beltlike, distinct
from previously reported nanowires and nanotubes, and its
thickness is about 20 nm. It can be seen (Fig. 3a and b) that each
nanobelt has a uniform width along its entire length, and the
typical widths of the nanobelts are in the range 40–200 nm. No
nanoparticles were observed at the ends of the nanobelts. The
SAED pattern and HRTEM image (Fig. 3c) reveal that the Zn
nanobelts are structurally uniform and single crystalline. The
SAED pattern (Fig. 3c, inset) recorded perpendicular to the
nanobelt long axis could be indexed for the [010] zone axis of

Fig. 1 (a) A typical SEM image of bulk of Zn nanobelts. A large amount of
the nanobelts are distributed homogeneously on the Si substrate. (b) XRD
pattern taken on the bulk of the Zn nanobelts. The numbers above the peaks
correspond to the (hkl) values of the hexagonal structure.
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single crystalline Zn and suggests that the nanobelt growth
occurs along the < 100 > direction. In addition, Fig. 3c also
shows a lattice-resolved HRTEM image of a Zn nanobelt with
a width of ca. 100 nm; this image clearly reveals the (001) and
(101) atomic planes with separations of 0.4894and 0.2099 nm,
respectively. We have also used EDS to address the composi-
tion of the nanobelts. EDS analysis (Fig. 4) demonstrates that
the nanobelts contain only Zn, and no any other element is
found. The Cu peaks are generated by the copper grid.

The question arises as to how the Zn nanobelts are formed.
There exist several models to explain the growth for crystalline
whiskers including dislocation and vapor–liquid–solid (VLS)
mechanisms.18–21 In the present case, however, none of the
above mechanisms seem suitable to account for the growth of
the Zn nanobelts. This is because first, no evidence of
dislocations was found in our analysis, and second, there were
no nanoparticles observed on any ends of the Zn nanobelts. In
addition, the only source material used in our experiment is pure
ZnS and graphite powder. Therefore, it is likely that the Zn
nanobelts follow a growth mechanism similar to the vapor–solid

(VS) mechanism8–22 First, the unidirectional motion of the Zn
atom cloud driven by the carrying gas is a key factor in the
preferational 1D growth of the Zn nanobelts. Secondly, the
relatively high-saturated vapor pressure of Zn guarantees the
concentration of this element necessary for the further growth of
the Zn nanobelts. The Zn vapor is generated by the reaction of
eqn. (1) at high temperature (1000 °C):

ZnS (s) ? Zn (g) + S (g) (1)

C (s) + 2S (g) ? CS2 (g) (2)

The Zn vapor is transported to, and deposited on, the surface of
Si substrate in the relatively low temperature zone to form
nanobelts due to the epitaxial growth of crystals. Meanwhile,
the CS2 vapor [eqn. (2)] is carried away from the furnace by the
flowing Ar.

In conclusion, vapor transport has been employed to
synthesize single crystalline Zn nanobelts with well-defined
morphology distinct from those of metal nanowires and
nanotubes. The synthesis of those single crystalline metal
nanobelts may open up new possibilities for experimental and
theoretical understanding of dimensionally confined transport
phenomena of quasi-1D metal nanomaterials.
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Fig. 2 SEM images of the Zn nanobelts showing their geometrical shapes
and thickness. (a) a low-magnification SEM image of the synthesized Zn
nanobelts. (b) a high-magnification SEM image of a Zn nanobelt, revealing
the shape characteristics of the belt.

Fig. 3 TEM and HRTEM images of the Zn nanobelts: (a and b) images of
several straight and twisted Zn nanobelts. (c) HRTEM image of a Zn
nanobelt which shows that the nanobelts are single crystalline and free from
dislocation and defects. (Inset) The corresponding electron diffraction
pattern recorded with the electron beam perpendicular to the long axis of a
belt, showing the growth direction to be < 100 > .

Fig. 4 EDX spectra recorded at the position of the white dot in Fig. 3b.
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A new tetranuclear heterometallic complex carrying six
pyrenyl chromophores at the periphery has been prepared:
this species is an example of a new class of light-harvesting
metal dendrimer, in which multinuclear metal dendrimers
are surrounded by additional purely organic chromo-
phores.

Dendrimers based on Ru(II) and Os(II) polypyridine complexes
have recently attracted a great deal of interest because they can
play the role of light-harvesting antenna systems in artificial
solar energy conversion schemes.1–4 Most of the light-
harvesting metal-based dendrimers reported so far essentially
belong to two general categories: (i) species in which the metal-
based chromophores are present in all the positions of the
dendrimeric array1,5 and (ii) species in which a single metal-
based chromophore is located at the core of the dendrimer,
surrounded by purely organic wedges bearing chromophores at
the periphery (Fig. 1).2,5 In the latter case (ii), the light energy
absorbed by the peripheral organic chromophores is transferred
to the central metal-based chromophore by energy transfer
processes which can be mediated either (a) by the organic
dendritic framework by superexchange pathways or (b) by
direct coulombic interactions allowed via dendritic folding. In
the former case (i), both center-to-periphery or periphery-to-
center energy transfer processes have been reported, the
efficiency of which depends on the energy gradient within the

dendritic metal branches. In both cases, strict requirements must
be fulfilled for efficient energy transfer, for example the correct
energy gradient within the multimetal array [for (i)-type
dendrimers] or suitable distance and nature of the dendritic
framework [for (ii)-type dendrimers].

Here we report the synthesis and the absorption spectra and
luminescence properties of a new tetranuclear mixed-metal
dendrimeric complex 1 bearing six pyrenyl chromophores at the
periphery (Fig. 2). Compound 1 belongs to the first-generation
of a large class of luminescent and redox-active metal
dendrimers based on the 2,3-dpp bridging ligand [2,3-dpp =
2,3-bis(2A-pyridyl)pyrazine],1,5,6 and can also be regarded as a
new type of light-harvesting dendrimer [(iii) in Fig. 1], coupling
some properties of the two types of dendrimers (i) and (ii)
discussed above. The four metal-based subunits constitute a (i)-
type dendrimer, and the six appended pyrenyl chromophores
resemble the peripheral subunits of (ii)-type dendrimers. This
new approach allows us to obtain a dendrimer containing three
‘layers’ of chromophores (from the outer layer to the inner one:
six pyrenyl units, three Ru-based chromophores and one Os-
based one) in fewer synthetic steps.6

The synthesis of 1 is an application of the ‘complexes as
ligands/complexes as metals’ synthetic approach.7 The proce-
dure is identical to that used for the synthesis of [Os{(m-
2,3-dpp)Ru(bpy)2}3]8+ 2 (bpy = 2,2A-bipyridine).8 Apparently,
the presence of the pyrenyl subunits does not affect the
reactivity of the complex-metal species, giving similar yields
under analogous reaction conditions.

The absorption spectrum of 1 is shown in Fig. 3, where the
spectrum of 2 is also reported for comparison purposes. As
expected, at longer wavelengths than 550 nm the spectra of 1
and 2 are almost coincident, with the absorption feature at about
550 nm receiving contributions from spin-allowed metal-to-
ligand charge-transfer (MLCT) transitions (namely, Ru?m-
2,3-dpp and Os?m-2,3-dpp CT) and the long tail which extends
towards the IR region assigned to spin-forbidden MLCT
transitions involving the Os(II) chromophore.1,8 In 1, the intense

† Electronic supplementary information (ESI) available: synthesis of
4-methyl-4A-[2-(1-pyrenyl)ethyl]-2,2A-bipyridine and synthetic scheme for
1. See http://www.rsc.org/suppdata/cc/b1/b109068b

Fig. 1 Representation of metal-based light-harvesting dendrimers.

Fig. 2 Structural formula of 1 and of the tetranuclear compound 2, used as
a reference. For simplicity, the charges of the complexes are omitted.
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and structured absorption peaks in the 310–350 nm region and
at 239 nm can be mainly assigned to pyrene-centered transi-
tions, 1La and 1Bb, respectively.9,10 The broad absorption band
around 320 nm which is present in 2, assigned to 2,3-dpp
centered (p–p*) transitions1,8 is obscured in 1 by the more
intense pyrene-centered 1La bands. Finally, the band peaking at
279 nm in 1 receives contributions from both the peripheral
pyrenyl chromophores and the four metal subunits of the
tetranuclear structure, containing the bpy-centered p–p* ab-
sorption feature, already present in 2.6,8

From the above discussion it appears that 1 significantly
absorbs more than 2 in the UV region, confirming our
expectations. However, Fig. 3 also shows that 1 absorbs
significantly more than 2 in the region 400–550 nm. Indeed the
absorption spectrum of 1 exhibits an intense broad band in that
region (molar absorption of the band maximum, 8 3 104 M21

cm21), which includes the Ru?bpy charge-transfer (CT) band
peaking at 420 nm in 2, but that clearly receives additional
contributions from other transitions. To rationalize this be-
havior it should be considered that the pyrene subunits of 1 are
good electron donor groups, in that they can be oxidized at
about +1.2 V vs. SCE,11 whereas the polypyridine ligand bpy
and expecially the bridged 2,3-dpp are very good electron
acceptors (reversible reduction process for 2,3-dpp is around
20.60 V vs. SCE).6,8 The ethylene chains connecting bpy and
pyrenyl subunits are flexible enough to allow direct interactions
between the pyrenyl subunits with bpy and 2,3-dpp (for 2,3-dpp,
CPK models suggest that conformations in which this latter
ligand and pyrene can lie in almost parallel planes separated by
< 360 pm are possible12). Therefore, intramolecular pyrene-to-
bpy and/or pyrene-to-m-2,3-dpp CT transitions (with the latter at
lower energy) are possible. The intensity of such transitions can
be relatively high: for example, CT transitions in [3,3]para-
cyclophane–quinhydrones lead to a molar absorbance of
between 103 and 104 M21 cm21 depending on solvent
polarity.13 Significant charge transfer transitions from pyrenyl
subunits to polypyridine ligands coordinated to Pt(II) have been
recently reported, although in this latter case the pyrene and the
polypyridine ligands were directly connected.14 Similar transi-
tions were also found in the adducts of dibenzyl ether
dendrimers with fullerenes.15 Since the number of such CT
transitions in 1 can be high, the relatively intense broad band in
the 400–550 nm region is tentatively assigned to these type of
transitions (together with contributions from Ru?bpy CT
transitions). This somewhat unexpected result is very inter-
esting: the light-harvesting properties of 1 compared to 2 are
improved by the presence of the additional peripheral chromo-
phores much more than initially foreseen, due to the coming
into play of visible absorption bands which arise from new
intercomponent (supramolecular) CT transitions.

The luminescence properties of 1 (deoxygenated acetonitrile
at room temperature: lmax = 860 nm; t = 16 ns; F = 5 3
1024. The uncorrected luminescence spectrum is shown in the
inset of Fig. 3) are practically identical to those of 2 (lmax = 860

nm; t = 18 ns; F = 5 3 1024).8 Therefore, the emission of 1
is assigned to the same excited state responsible for emission of
2, that is the triplet Os?m-2,3-dpp CT level.8 The constancy of
the luminescence lifetime and quantum yield on passing from 2
to 1 indicates that the pyrenyl subunits do not affect the
luminescence properties of the Os core. Interestingly, the
excitation spectrum closely matches the absorption spectrum,
demonstrating that the light energy absorbed by the Ru-based
chromophores and the peripheral pyrene subunits is quantita-
tively channelled to the Os core, which plays the role of the
energy trap. Taken together, the absorption properties and the
energy transfer processes occurring in 1 and the comparison of
these data with those of the parent complex 2, it appears that the
presence of suitable peripheral organic chromophores can lead
to metal dendrimers which would be better artificial antenna
systems compared to the species reported so far.

In conclusion, we have prepared a new type of light-
harvesting metal dendrimer, 1, which couples the structural
properties of former studied metal dendrimers. The new
compound 1 exhibits better properties compared to the species
previously reported, as far as the antenna properties are
concerned, owing to the absorption of the additional organic
chromophores and also to new absorption features originating
from the interaction of the pyrene peripheral subunits with the
tetranuclear metal-based core. Work is in progress to study in
further detail the photophysical processes and to prepare larger
and more complex systems of this type.

We thank MIUR (Project: Fotosintesi artificiale. Processi
elementari in sistemi antenna e per separazione di carica), the
CNR and the European Community (TMR on Network on
nanometer size metal complexes) for financial support. F. L.
also thanks the Marie Curie fellowships program.
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The carbonyl of the ketene ligand in manganese complexes
of the type RCp(CO)2Mn[h2-RA(Ph)CNCNO] exchanges rap-
idly (NMR time-scale) with the CO ligands though a process
that involves scrambling of a carbene moiety over the three
carbonyl environments.

The formation of a ketene upon CO-insertion into a metal–
carbene bond is considered as the key step in several useful
synthetic reactions, such as Dötz’s benzannulation reaction or
the Hegedus b-lactam synthesis.1 Though the formation of
ketene complexes by coupling of CO and carbene ligands on a
single metal centre is now well documented,2,3 it is only
recently that the reverse reaction—splitting of a ketene into
carbene and CO ligands—has been explicitly observed.3

Our current studies on the reactivity of manganese alkynyl–
carbene complexes4 led us to investigate the structures of Mn
ketene complexes. The present communication provides new
insights into the dynamics of the latter species in solution.

The alkynylcarbene complex RCp(CO)2MnNC(Ph)C·CPh
(1) was reacted with Co2(CO)8 and, after chromatographic
workup, two new species were isolated (Scheme 1). The major

product emerged as the cluster RCpMnCo2(CO)6[m3-h4-CC(Ph)
NC(Ph)C(O)] (3), whose structure† exactly parallels that the
known CrCo2(CO)9[m3-h4-CC(Ph)NC(OEt)C(O)], resulting
from thermolysis of the parent group 6 alkynylcarbene complex
(CO)5Cr[m3-h3- = C(OEt)C·CPh]Co2(CO)6.5 This strongly
suggests that 3 forms via the intermediacy of RCp(CO)2Mn[m3-
h3- = C(Ph)C·CPh]Co2(CO)6 [2].

The structure of the minor product, 4, was established by X-
ray diffraction for R = Me (Fig. 1),§ which revealed it to be a
Mn–ketene complex whereby the ketene ligand bears a phenyl
substituent and also a phenylalkynyl fragment bonded to a
Co2(CO)6 unit. Without presupposing a mechanism for its
formation, which is still to be established,¶ 4 derives from 1 by
coordination of the alkyne moiety to a Co2(CO)6 unit and
insertion of a carbonyl into the MnNC linkage. The ketene
adopts the so-called horizontal coordination mode,6 as expected
on electronic grounds.7 This is evidenced by a value of 68.6°
(ideal 90°) for the torsion angle {Cp-centroid}–{Mn}–{middle
of C3–C10 vector}–{O3}. Metrical features around the Mn in
4a are similar to those found in other RCp(CO)2Mn(ketene)
complexes.2c,8

Unexpectedly, the room temp. 13C NMR spectrum of 4
recorded at 100 MHz showed only one signal in the region
where carbonyls—in the broad sense of the term—are usually
observed. This signal, observed at d ca. 200, was characteristic
only for the CO ligands attached to cobalt, and prompted us to
investigate further the structure of 4 in solution. This was
conveniently conducted on a 13C-enriched sample of 4b (R =
H), synthesised from Cp(13CO)2MnN13C(Ph)C·CPh and
Co2(CO)8. At 183 K, two additional sets of CO resonances
become clearly observable (Fig. 2). The first set, centred at d
228, is made up of two pairs of signals, C1A and C2A, and C1B
and C2B, in a 58+42 ratio. The second set of signals, centred at
d 249 consists of two singlets, C3A and C3B, also in a ratio of
~ 58+42. As the temperature is raised, coalescence of C3A and
C3B, C1A and C2B, and C2A and C1B is observed. The C1A and
C2A, and C3A signals can be attributed to the CO ligands, and to
the carbonyl of the ketene ligand, respectively, within one
diastereomer of 4b. The double-primed signals are assigned to
the corresponding carbon atoms of the other diastereomer. The
fluxional process that permutes C3Awith C3B, C1Awith C2B, and

† Electronic supplementary information (ESI) available: details of synthe-
ses and spectral characterisation of the new complexes. See http://
www.rsc.org/suppdata/cc/b1/b109218a
‡ On sabbatical leave from: Department of Chemistry, McMaster Uni-
versity, Hamilton, Ont., Canada L8S 4M1.

Scheme 1

Fig. 1 A perspective view of the complex MeCp(CO)2Mn[m3-h4-
ONCNC(Ph)C·CPh]Co2(CO)6 (4a).
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C2A with C1B can thus be interpreted in terms of a rapid rotation
(NMR time-scale) of the ketene around an axis joining the Mn
to the middle of C3–C10 bond. The coalescence behaviour of
the C3A/C3B resonances (and also of the Cp rings within the two
diastereomers) led to an energy activation barrier of approx-
imately 10 kcal mol21 for this rotation process. At this stage, it
is worth noting that the relative intensity of the C3 signal vs. the
C1/C2 resonances clearly indicates that 13C has been incorpo-
rated into the carbonyl function of the ketene. Above 253 K, the
C1, C2 and C3 signals rapidly collapse to give an extremely
broad signal located at  d ca. 236 ppm at 308 K,∑ suggesting a
second type of dynamic exchange now involving the CO
ligands attached to Mn and the carbonyl of the ketene ligand.
This was clearly authenticated by spin saturation transfer
experiments between the C1/C2 site and the C3 site.

Suspecting that the above process was more general, we
reinvestigated the structure of a 13C-enriched sample of
Cp(13CO)2Mn(ON13CNCPh2) (5-13C)8a,9 in solution. Clearly,
the variable-temperature 13C NMR spectra show initial coales-
cence of the CO ligands (C1 and C2) attributable to the rapid
ketene rotation, and subsequent coalescence of the CO ligands
and the ketene carbonyl (C3) (Fig. 2). The barriers were
evaluated as 8.3 kcal mol21 for the ketene rotation, and 12.2
kcal mol21 for the second process. In addition, the JCC value
between C3 and the adjacent atom, C10, was found in 5 to be 52
± 2 Hz at 203 K and 15 ± 2 Hz at 303 K; these data clearly
establish the strictly intramolecular nature of the overall
exchange process.

Many years ago, Redhouse and Herrmann8a did detect a
dynamic phenomenon within complex 5 but, with the low-field
NMR instrumentation then available, they were unable to
observe a limiting low-temperature spectrum. Nor could they
detect the ketene carbonyl at d 254.5 which, unbeknownst to
them, was also participating in a fluxional process.

The observation of a dynamic exchange process between the
CO ligands and the carbonyl of the ketene in complexes 4 and
5 can be interpreted in terms of rapid transfer (NMR time-scale)
of the carbene fragment CPh(RA), where RA =
C·CPh[Co2(CO)6] (4) or Ph (5), over the carbonyl ligands.
Scheme 2 intends to illustrate, in a sequential manner, how
combinations of ketene rotations and carbene transfers would
indeed allow all three carbonyls to exchange. Interestingly, we
note that for 4b, when the temperature is raised, the C1 and C2
sites broaden at different rates (see for example Fig. 2, 253 K
spectrum). This is likely a consequence of a slight difference in

the rate of carbene transfer within each of the diastereomers of
4b (1 Û 2 vs. 2 Û 3 in Scheme 2, for instance).

The carbene transfer could proceed via (reversible) cleavage
of the ketene into carbene and CO ligands on the Mn centre, as
in Grotjahn’s Ir system.3 However, the intramolecular character
of the current process would imply the formation of a
20-electron transient species. Alternatively, we suggest that the
carbene migration could occur via the intermediacy of a
16-electron metallocyclobutan-1,3-dione.

In conclusion, the present observations bring further support
to the view of manganese carbonyl ketene complexes as highly
fluxional molecules. They are engaged in two independent
dynamic processes, which result in the scrambling of the
carbene moiety over the three carbonyl ligands.

Notes and references
§ Crystal data for 4a: C30H17Co2MnO9, M = 694.24, triclinic, space group
P1̄ a = 9.464(2), b = 10.214(1), c = 14.691(2) Å, a = 81.41(1)°, b =
90.00(1)°, g = 82.70(1)°, U = 1392.6(8) Å3, T = 298 K, Z = 2, m(Mo-Ka)
= 1.68 mm21, 4596 reflections measured, 3863 unique (Rint = 0.019). The
final wR(F2) was 0.0565 (all data). CCDC reference numbers 172720 and
172721. See http://www.rsc.org/suppdata/cc/b1/b109218a/ for crystallo-
graphic data in CIF or other electronic format.
¶ Complex 4 can be regarded as the result of the insertion of CO into the
MnNC bond of [2]. Yet, when 1a was reacted with Co2(CO)8 under CO (4
bars, no significant change in the yield of 4a was observed. Alternatively,
carbene transfer from [2] to traces of MeCpMn(CO)3 could also have
resulted in the formation of 4a. Such a mechanism has been demonstrated
in a specific case,8b but does not apply here since treatment of 1a by
Co2(CO)8 in the presence of Cp(CO)3Mn produced exclusively 4a, with no
trace of 4b. At present, we incline to the view that CO insertion proceeds
intramolecularly following the initial replacement of a carbonyl ligand in
Co2(CO)8 by the alkynyl unit in 1. Thus, formation of [2] (and then 3) may
in fact compete with that of 4.
∑ Attempts to record data at higher temperature (in toluene-d8) became
problematic because of partial decomposition during acquisition.
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Fig. 2 Selected sections of the 13C NMR spectra (CD2Cl2, 100 MHz) of 13C-
enriched samples of complexes 4b-13C (bottom) and 5-13C (top).

Scheme 2
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(Bromocarbonyl)sulfenyl bromide, BrC(O)SBr: a novel carbonyl
sulfenyl compound formed by the photochemical reaction between Br2

and OCS isolated together in an Ar matrix
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The novel (bromocarbonyl)sulfenyl bromide, BrC(O)SBr, is
formed by the photochemical reaction between Br2 and OCS
isolated together in an Ar matrix at 15 K.

In the interpretation of the IR spectra of argon matrices
containing syn-(chlorocarbonyl)sulfenyl bromide, ClC(O)SBr,1
we proposed several pathways to explain the rich photo-
chemistry of this compound. The photodecomposition of the
compound follows apparently two distinct reaction channels,
one leading to CO and BrSCl, and the other to OCS and BrCl.
One of the ensuing pathways we proposed involves the addition
of the interhalogen product BrCl to the OCS molecule either to
regenerate ClC(O)SBr or to form the constitutional isomer
BrC(O)SCl. To test this proposed mechanism, the following
general matrix reaction is currently under investigation [eqn.
(1)].

(1)

In the case of X = Y = Br, the hypothetical product,
BrC(O)SBr, is hitherto unknown. Attempts to prepare it by
chemical reactions in different conditions, including low
temperatures and from different precursors, failed. This route
appears then as a useful way of preparing novel species, and
especially those that are short-lived under normal conditions.

In the experiments described here, we have explored the
photochemically induced matrix reaction between Br2 and
OCS. Different proportions of gaseous Br2 and OCS were
mixed with an excess of Ar by standard manometric techniques.
The gas mixtures were deposited on a cooled CsI window using
the pulsed deposition technique,2,3 and irradiated with broad-
band UV-visible light. The reaction was followed by analysis of
the FTIR spectrum of the matrix. The experimental arrange-
ments are described elsewhere.1

Before irradiation of the matrix, only signals corresponding
to the OCS molecule are present in the IR spectrum. These are
entirely consistent with results reported previously.4 Photolysis
of the matrix using broad-band UV-visible radiation (200 5 l
5 800 nm) was observed to produce a decay of the bands
associated with the OCS, accompanied by the simultaneous
appearance and growth of new absorptions near 2138, 1800,
758, 555, 528, 433, and 418 cm21. The band near 2138 cm21 is
readily identifiable with the formation of free CO,5 in

accordance with the photochemical behavior found previously
for OCS under UV light [eqn. (2)]:4

(2)

It was suggested in the study of the matrix photochemistry of
ClC(O)SBr that the S atoms in the excited 1D state react with
BrCl to form BrSCl. So, too, in the present study, we note the
formation of the SBr2 molecule, identifiable by its IR band near
418 cm21,6 and formed presumably via eqn. (3):

(3)

We can then assign the other four bands that appeared after
broad-band UV-visible irradiation of the matrix to the hitherto
unknown compound (bromocarbonyl)sulfenyl bromide,
BrC(O)SBr, formed in accordance with the general reaction (1),
or more specifically in this case with eqn. (4):

(4)

Thus, the strong absorption near 1800 cm21 is most plausibly
identified with a n(CNO) fundamental of such a compound, and
the weaker absorption near 434 cm21 shows a closely spaced
doublet pattern highly suggestive of a n(S–Br) fundamental.1

The identity of the new molecule has been confirmed (i) by
comparison with the results of density functional theory (DFT)
calculations, (ii) by the isotopic shifts due to the naturally
occurring atomic pair 79Br/81Br, and (iii) by reference to the
properties of related molecules.1

The theoretical calculations were performed using the
GAUSSIAN 98 program package7 under the LINDA parallel
execution environment. First, the relative stabilities of the two
possible conformational isomers of the BrC(O)SBr molecule,
syn and anti, were investigated. The structures of these two
planar forms were fully optimized using different theoretical
methods (MP2 and B3LYP) with the 6-31+G* basis set. Both
models predict the syn form to be more stable than the anti one,
in agreement with all the available experimental and theoretical
evidence regarding the conformational properties of the car-
bonyl sulfenyl compounds.1,8–11

The IR spectra for both conformers of BrC(O)SBr were
simulated by the different methods. By comparison of the
experimental spectrum with those predicted for the two
conformers, we are left in no doubt that the matrix reaction
produces not the anti but only the syn form. Table 1 lists the

† Member of the Carrera del Investigador Científico del Consejo Nacional
de Investigaciones Científicas y Técnicas, Argentina.
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experimental wavenumbers and intensities of the product
formed after 6 h of broad-band UV-visible irradiation of the Ar-
matrix formed by co-deposition of a gaseous mixture of Br2,
OCS and Ar (10+5+1000), together with the calculated values
obtained with the density functional theory method B3LYP/
6-31+G*. The assignment of the vibrational modes is also
included in the Table.

The excellent agreement between the experimental and
simulated spectra thus enables us to confirm the identity of the
product. Fig. 1 shows the FTIR spectra of the matrix before and
after photolysis in the region where the most intense bands of
BrC(O)SBr appeared. The experimental isotopic shift of 1.1
cm21 for the n(S–Br) band (Fig. 2) is also matched exactly by
the predicted one.

Hence the present work confirms that dihalogen molecules
react with OCS under matrix conditions [eqn. (1)] as first
proposed to account for the matrix photochemistry of
ClC(O)SBr, and introduces a novel route to carbonyl sulfenyl
compounds.
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Table 1 Experimental IR wavenumbers and intensities for the syn-BrC(O)SBr molecule isolated in an Ar matrix and theoretical results obtained with the
B3LYP/6-31+G* approximation

Experimental B3LYP/6-31+G*

IR Intensity IR Intensity Assignment

1801.0, 1799.4 0.163 (100%) 1860.8 310 (100%) n(CNO)
758.2 0.151 (93%) 763.5 294 (95%) nas(Br–C–S)
555.4 0.010 (5%) 550.5 14 (5%) ns(Br–C–S)
528.3 0.002 (1%) 548.8 2 (1%) d(CNO) oop
433.8, 432.7 0.025 (13%) 428.7, 427.6 40 (13%) n(S–79,81Br)

336.8 d(S–CNO)
170.8 d(S–C–Br)
113.0 d(C–S–Br)

95.0 t

Fig. 1 FTIR spectra of an Ar matrix formed by co-deposition of a gaseous
mixture of Br2, OCS and Ar (10+5+1000) before (bottom) and after (top)
photolysis with broad-band UV-visible light (200 5 l 5 800) for 6 h. The
arrows mark bands due to BrC(O)SBr.

Fig. 2 FTIR spectrum of an Ar matrix formed by co-deposition of a gaseous
mixture of Br2, OCS and Ar (10+5+1000) after photolysis with broad-band
UV-visible light (200 5 l 5 800) for 6 h.
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Gold nanoparticles covered with a liquid-crystalline com-
pound were successfully prepared, exhibiting characteristic
double-melting behaviour.

Liquid crystals are attractive materials, since they show unique
properties, such as long-range order, cooperative effects and an
anisotropic nature in optical and electronic properties, based on
a self-organizing nature in a certain temperature range with
fluidity.1 Furthermore, their phase structures and molecular
orientations can be controlled easily and quickly by means of
various external stimuli.

These dynamic properties of liquid crystals enable us to apply
liquid crystals not only to liquid crystal displays but also to
various applications. For example, liquid-crystalline materials
containing photocromic moieties are employed in photonic
applications,2 such as optical switching and optical storage
based on photochemical phase transitions of liquid crystals.3
Furthermore, by using the self-organizing nature of liquid
crystals, highly ordered structures that are difficult to prepare by
other methods are constructed. For example, tetraalkylonium
salts [(CnH2n+1)2(CH3)2HetCl] (n = 10, 14, 18; Het = N, P)4

and their metal complex salts5 [(C18H37)2(CH3)2N]2[MCl4] (M
= Co, Ni, Cu, Zn, Cd) that exhibit thermotropic liquid-
crystalline behaviour, were confirmed to form a layered self-
assembly built up from alternating layers of various ions and
alkyl segments in a smectic phase.

Recently, metal nanoclusters have attracted a great deal of
interest since they show unusual properties compared to the
bulk metals.6 Especially, alkanethiolate-protected metal clus-
ters (MPCs)7 are promising materials, since they can be handled
in a similar manner as general organic compounds due to their
high stability to light and air, and solubility in conventional
organic solvents. Until now, various types of MPCs have been
reported and their potential as functional materials have been
studied.8 On the other hand, since the properties of metal
nanocluster aggregates is affected by their morphology, various
attempts to control their morphology have been performed by
means of physical9 and chemical10 processes. Now, a control
method with reversible and simple processes is desired.

By providing metal nanoclusters with liquid-crystalline
properties, we could introduce the self-assembling ability and
the reversible control of morphology of their aggregates by
external stimuli, as well as the control of their properties by a
simple and solvent-free method. The reversible control of the
properties of metal nanocluster aggregates will cultivate their
potential as functional nanomaterials. In this communication, as
a first step, we report the preparation of gold nanoparticles
covered with a liquid-crystalline compound via a strong gold–
sulfur chemical bond, and its characteristic thermodynamic
behaviour. The thiol derivative, 10-[(trans-(4-pentylcyclohex-
yl)phenoxy)] decane-1-thiol (5CP10SH, Fig. 1) was synthe-
sized from p-trans-(pentylcyclohexyl)phenol (Kanto Chemical

Co., Inc. Tokyo, Japan).† 5CP10SH exhibited monotropic
liquid-crystalline behaviour showing a nematic phase (43–34
°C) and a smectic phase (34–21 °C) on cooling.  Gold
nanoparticles covered with 5CP10SH (5CP10MPC) were
prepared in toluene by a two-phase reaction analogous to that
reported by Brust et al.7 Tetra-n-octylammonium bromide was
used as a phase transfer reagent, and tetrachloroaurate(III) ion
was reduced to Au(0) with sodium borohydride in the presence
of 5CP10SH in toluene (feed mole ratio, AuCl42+5CP10SH =
1+1). 5CP10MPC was washed with ethanol and acetone several
times and dried in vacuo. 5CP10MPC was obtained as a black
powder, and could be redispersed readily in nonpolar solvents
such as chloroform, benzene and hexane. The reduction of
tetrachloroaurate(III) ion to Au(0) was confirmed by the
appearance of a surface plasmon absorption band at around 510
nm in a UV–VIS absorption spectrum measured in chloro-
form.

The purity of the gold nanoparticles were confirmed by 1H
NMR and thin-layer chromatography (TLC: silica gel plate,
mobile phase: chloroform). Fig. 2 shows the 1H NMR spectra of
5CP10SH (a) and 5CP10MPC (b) in CDCl3.

In Fig. 1(b), a proton signal around 2.6 ppm, which can be
assigned to a-protons (CH2SH), disappeared and the broad-
ening of all proton signals was observed. The disappearance of
a-protons indicates the formation of a gold–sulfur bonds, and
the broadening of the proton signals demonstrates that all
5CP10SH molecules are covalently linked to the gold surface,11

i.e. there are no parent 5CP10SH molecules remaining in
5CP10MPC; TLC supported this result.

The mean diameter of 5CP10MPC was determined to be ca.
3 nm by TEM (JOEL JEM-2010F) measurement. Elemental
analysis of 5CP10MPC gave C: 29.6%, H: 4.3%, S: 2.9%, Au:
66.3%. The content of gold was estimated from that of the ash.
From the elemental analysis result, the composition ratio of
5CP10MPC was estimated as Au : 5CP10S– = 3.4+1. To
evaluate the mean composition of the gold nanoparticle, we
assumed a model with a 3.0 nm diameter for the gold

Fig. 1 Chemical structure of 5CP10SH. Fig. 2 1H NMR spectrum of (a) 5CP10SH and (b) 5CP10MPC in CDCl3.
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nanosphere. Taking the gold core as a sphere with density rAu
(58.01 atoms nm23)12 covered with an outermost layer of
hexagonally close-packed gold atoms (13.89 atoms nm22)12

with a radius of RCORE 2 RAu (RAu = 0.145 nm), the model
predicts that the core contains about 920 Au atoms, of which
320 atoms lie on the surface. Furthermore, from the result of the
elemental analysis, there are 270 of 5CP10S– moieties at the
surface of the 3.0 nm gold sphere (Au920(5CP10S–)270). From
this result, 5CP10S– moieties are very closely packed and form
a highly ordered monolayer at the surface of 5CP10MPC.

Next, we examined the thermodynamic behaviour of
5CP10MPC by differential scanning calorimetry (DSC; Seiko
I&E SSC-5200 and DSC220C). Fig. 3 shows DSC thermograms
of bulk 5CP10SH (a) and 5CP10MPC (b). 5CP10MPC
exhibited double phase transition behaviour on heating (74 and
114 °C) and cooling (77 and 110 °C) and showed a mesoscopic
phase. The thermodynamic behaviour of 5CP10MPC was quite
different from that of bulk 5CP10SH. The phase transition
temperatures of 5CP10MPC were high and the mesomorphic
phase temperature regions were wide compared with those of
5CP10SH. Since this phase transition behaviour occurred
reversibly, we judged these exo- and endo-thermic responses as
not due to thermal decomposition of 5CP10MPC (for example,
cleavage of the S–Au bond), but to a phase transition of the
5CP10S– moieties at the gold nanoparticle surface. As a
reference, we performed DSC measurement of a bare gold
nanoparticle.‡ The bare gold nanoparticle exhibited no exo- or
endo-thermic response within this temperature region. Badia
et al. reported thermodynamic behaviour of gold nanoparticles
covered with various length alkanethiols (C12, C14, C16, C18,
C20).13 All gold nanoparticles exhibited single phase transition
behaviour assigned as an order to disorder phase transition of
the alkanethiolate monolayer at the gold nanoparticle surfaces.
Furthermore, the 5CP10MPC showed fluidity at the mesophase
and optically isotropic state as evidenced by polarizing
microscopy.

The mesomorphic behaviour of the gold nanoparticle in-
dicates the appearance of interaction (cooperative motion)
between mesogens at the surface of different gold nanoparticles.
By using the mesomorphic behaviour of gold nanoparticles, it
might be possible to induce morphological change (interparticle
separate, lattice structure etc.) of their aggregates. Further
detailed studies on the phase transition mechanism of mesogens
at the surface of gold nanoparticles and morphological changes
of the gold nanoparticle aggregates are in progress.

We thank Professor T. Shiono, Professor H. Kitano and Dr A.
Shishido for their useful suggestions and discussions.
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A new delaminated zeolitic material ITQ-18 has been
obtained by expanding and exfoliating a laminar precursor
of NU-6 (2); while NU-6 (2) has an N2 surface area of 35
m2 g21 and contains bridging hydroxy groups which are in
accessible to pyridine, the ITQ-18 sample prepared has an a
external surface area of 588 m2 g21 with all bridging hydroxy
groups being acidic and accessible to pyridine.

One of the most interesting features of zeolites as catalysts is the
control of selectivity due to the regular dimensions of the pores
and cavities of the structure that introduces the well known
shape selectivity effects. However, there are a large number of
potential applications that involve the conversion of molecules
with a kinetic diameter much larger than the pore dimensions of
current zeolites. Thus, in catalytic reactions such as, for
instance, hydrocracking of vacuum gas-oil or waxes, the pores
of the zeolite catalysts introduce an undesirable shape selectiv-
ity effect that directs towards naphtha and gases instead  of to
diesel and lubes that would be the preferred product. In the field
of fine chemicals, products much bulkier than reactants are
formed and, in some cases, they remain occluded in the zeolite,
blocking the pores and deactivating the catalyst. In the cases
described above one can minimize the diffusion limitations by
increasing the ratio of the external to the internal surface of the
catalyst. This can be done with zeolites by synthesizing small
crystallites1 in which the number of external active sites
accessible to large molecules is increased and the activity for the
above mentioned reactions is enhanced.2 Advances have been
made in the last decade to produce zeolite crystals of < 10 nm
size3,4 but, up to now, this has been achieved only in a limited
number of structures and, in most cases, the yields of the
synthesis is low.

A second option for reacting large molecules would involve
the preparation of mesoporous molecular sieves, with pore
diameters in the range 3–10 nm, which allow the diffusion of
bulky reactants and products in and out of the pores. A certain
success has been attained for acid and redox catalysis by
working with MS-14 materials of which MCM-41 is an
example. However, these materials do not show short–range
order and, consequently, from the point of view of the stability
and catalytic behaviour, they are closer to amorphous than to
zeolitic materials. More specifically, the MCM-41 aluminosili-
cates prepared for acid catalysis show similar catalytic behav-
iour to amorphous silica-alumina owing to the weak Brönsted
acidities generated.5

It would be thus of fundamental and practical interest to
synthesize zeolitic materials with strong acid sites, allowing the
access of large molecules with fast desorption and diffusion of
the products to the gas stream. These types of materials should
combine the good thermal and hydrothermal stability of zeolites
with active sites of zeolitic nature easily accessible to reactants.
With these objectives in mind we have developed a series of
zeolitic materials the preparation of which involves the
delamination of lamellar precursors of zeolites. By this
preparation procedure one can obtain, at the limit, single
crystalline sheets of zeolitic nature in where all the catalytic
active sites are accessible through the external surface.6 In this
way, two new materials ITQ-27 and ITQ-68 have so far been
obtained from lamellar precursors of MCM-22 and ferrierite

structures, respectively. These materials showed external sur-
face areas above 600 m2 g21 with strong acid sites of zeolitic
nature that were active for catalysing reactions9 for which the
corresponding zeolites were strongly limited by the pore
dimensions.

Here we report on a new delaminated material denoted ITQ-
18 the structure of which is still unknown but which presents a
very large external surfaces area with accessible Brönsted acid
sites of zeolitic nature.

It has been reported10 that the synthesis of Nu-6(2) zeolite
occurred by calcination of a lamellar precursor [Nu-6(1)], that
could also be pillared.11 The structure of Nu-6(2) is still
unknown but the BET area of this zeolite is 79 m2 g21 indicating
that either the diameter of the pores is very small or the channels
are partially blocked, making this zeolite of no use for practical
applications. However, if the structure could be delaminated,
then the active sites would be made accessible to reactants
making this zeolite useful as a catalyst.

The lamellar precursor Nu-6(1) was synthesized as follows:
(a) 1.82 g of 4,4A-bipyridine (Fluka, 98% purity) were dissolved
in 10.08 g of ethanol (J.T.Baker) to give solution A; (b) 20.06 g

Fig. 1 X-Ray diffraction patterns of (a) as synthesized Nu-6(1), (b)
expanded material (CTMA+), (c) expanded material (DTMA+), (d)
collapsed material [Nu-6(2)] and (e) ITQ-18.

Fig. 2 IR spectra of Nu-6(2) and ITQ-18 in the framework range.
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of sodium silicate (Merck, 8.02% Na2O, 24.92% SiO2, 67.05%
H2O) were diluted with 13.38 g of MiliQ deionized water to
give solution B; (c) 0.62 g of aluminium sulfate [Merck, 51.34%
Al2(SO4)3, 48.66% H2O] and 1.52 g of sulfuric acid (Ridel den
Häggen, 98% purity) were dissolved in 22.78 g of MiliQ
deionized water to give solution C. Then solution B was stirred
into solution A followed by solution C. The mixture was reacted
in a stirred stainless steel autoclave for 3 days at 135 °C. The
resulting product was filtered off and washed three times with
distilled water.

Before drying, the lamellar precursor was expanded using a
quaternary alkylammonium hydroxide at pH = 12. The X-ray
diffraction pattern of the starting material as well as those of the
expanded materials are given in Fig. 1 (a), (b) and (c). It can be
seen that cetyltrimethylammonium (CTMA+) was incorporated
between the layers giving a new diffraction peak at 2q =
2.3°corresponding to a basal spacing of the swelled zeolite of
ca. 4.0 nm [Fig. 1(b)]. Since the basal spacing of the collapsed
material [Nu-6(2)] is 0.84 nm [Fig. 1(d)] we could assume that
the individual sheets of the zeolite should be ca. 0.8–0.9 nm
thick and, if this is so, then the interlaminar space of the
expanded material should be 3.0 nm which roughly corresponds
to two layers of CTMAOH. When this molecule was used as
swelling agent, not all layers were expanded as can be deduced
from the peak appearing at 2q = 6.5° in Fig. 1(b). However,
when decyltrimethylammonium (DTMA+) cation was ex-
changed all the peaks associated with the non-expanded
material disappeared and the basal spacing of the swollen
zeolite was 2.85 nm indicating that the DTMA+ has intercalated
all the layers [Fig. 1(c)].

The expanded material was then washed thoroughly with
water and a suspension with an excess of water was sonicated
(50 W, 40 KHz) for 1 h until delamination of the zeolite
occured. Finally, calcination at 853 K gave ITQ-18 the XRD
pattern of which is shown in Fig. 1(e).

From the results presented so far, and taking into account the
fact that the structure of Nu-6 zeolite is unknown and the
expected poor quality of XRD spectra of a delaminated
material,6 it is necessary to confirm the delaminated character of
ITQ-18 from other physicochemical properties.

Assuming that ITQ-18 is formed mainly by individual sheets
of Nu6 zeolite, this should present a high number of terminal
silanol groups. Thus, the 29Si NMR spectrum should show an
evident increase of the Q3/Q4 ratio corresponding to Si(3SiOH)
and Si(4Si) units, respectively. This was indeed observed and
also confirmed by IR spectroscopy. Fig. 2, which compares the
spectra of ITQ-18 and Nu6(2) in the framework region, shows
a large increase of the band at 960 cm21 ascribed to terminal
·SiO2 groups, formed upon delamination. It is noted that the
ITQ-18 retains the IR bands at 540 and 580 cm21 characteristic
of the zeolitic structure, which is consistent with the presence of
single sheets in which short range order is retained.

As an important consequence of delamination one should
expect a very large increase of external surface area accom-
panied by a strong decrease in microporosity. Indeed, N2
isotherms show (see Table 1) that while the external surface
area of the zeolite Nu6(2) prepared here is only 35 m2 g21, that
of the delaminated ITQ-18 material is 588 m2 g21, which is
about 16 times larger. Meanwhile, the microporosity of ITQ-18
is practically negligible.

Summarizing, we can conclude that all the results from
physicochemical characterization are in accord with the as-
sumed structure of ITQ-18 being formed by individual sheets of
zeolite.

In order to obtain acid catalysts, the precursor Nu6(1) was
synthesized in the form of aluminosilicate with Si/Al ratio of 45.

The 27Al MAS NMR spectrum (spectrum not shown) shows the
presence of AlIV indicating that, indeed, aluminium was
incorporated into the framework of the precursor. After
delamination and calcination Al remains in the framework
leading to Brönsted acid sites, and the IR spectra in the hydroxy
region (Fig. 3) shows a band at 3610 cm21 in both ITQ-18
[Fig.3 (a1)] and, Nu6(2) [Fig.3 (b1)] which corresponds to
bridging hydroxy groups that should be acidic. To confirm this
assumption pyridine was adsorbed on both materials and it was
found that while a negligible amount of the bridging OH groups
in Nu6(2) [Fig. 3(b2)] interacted with the probe molecule,
confirming the inaccessibility of the micropores of this zeolite,
all bridging OH groups in ITQ-18 are accessible to pyridine
[Fig. 3(a2)]. In summary, by performing the delamination of a
laminar precursor of the Nu-6(2) zeolite, ITQ-18 was obtained
which is stable upon calcination, has a very large external
surface area, and has an substantial quantity of strong Brönsted
acid sites all of which are accessible to pyridine. We should
expect ITQ-18 to be active for carrying out acid catalysed
reactions.

Financial support by the Spanish MAT2000-1392 is grate-
fully acknowledged while U. D. thanks the M.E.C. for a
doctoral fellowship.
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Table 1 Textural characteristics

Sample SBET/m2 g21 SMIC/m2 g21 SEXT/m2 g21 VTOT/cm3 g21 VMIC/cm3 g21 VBJH/cm3 g21

Nu-6(2) 79 44 35 0.1116 0.0220 0.0232
ITQ-18 611 23 588 0.5818 0.0120 0.4147

Fig. 3 IR spectra in the OH range for (a) ITQ-18 and (b) Nu-6, before (1) and
after (2) pyridine adsorption.
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Solventothermal reactions of nickel acetate tetrahydrate
with 1,2-dicyanobenzene in methanol and ethanol yield
novel complexes in which nickel atoms are coordinated by
modified phthalocyanine ligands with inner rings bearing
methoxy and ethoxy substituents, respectively.

Phthalocyanine compounds and related derivatives have long
defined an area of great interest, owing in large part to
technological applications deriving from their unique optical,
electronic, photochemical, and magnetic properties.1 Although
a large number of metal–phthalocyanine complexes have been
synthesized and studied, reports of substituted phthalocyanines
that have been fully structurally characterized by X-ray methods
have remained relatively scarce.2–14 To our knowledge, only
four examples of structurally characterized phthalocyanine
complexes in which the inner ring of the ligand has been
modified from the parent phthalocyanine have been re-
ported.3,6,7,12

We now report the syntheses and X-ray crystal structures of
two new nickel phthalocyanine derivatives in which the ligands
have been modified by incorporation of alkoxy groups into the
inner ring. The syntheses of these products have been
accomplished through adaptation of a standard metal–phthalo-
cyanine synthetic procedure that involves reaction of a metal
source with phthalodinitrile (1,2-dicyanobenzene) or a deriva-
tive thereof. Specifically, we have carried out reactions of
nickel acetate tetrahydrate and 1,2-dicyanobenzene in alcohols
under very mild solventothermal conditions, resulting in
moderate yields of red-orange block-shaped crystals. The
reaction in methanol for 6.5 days at 70 °C affords a 36% yield
(based upon starting nickel acetate tetrahydrate) of {14,
28-(CH3O)2Pc}Ni·CH3OH 1.† Reaction in ethanol for four
days at 90 °C results in a 27% yield (based upon starting nickel
acetate tetrahydrate) of {14, 28-(CH3CH2O)2Pc}Ni 2.† These
reactions are represented in Scheme 1. In both cases, byproducts
include unmodified PcNi, identified on the basis of its IR
spectrum, and other unidentified materials. Compound 1 is
sparingly soluble in methanol and soluble in toluene, while 2 is
very sparingly soluble in ethanol, and moderately soluble in
toluene.

Attempts to increase the yield of 1 or 2 by either running the
reaction at a higher temperature or for a longer period of time
result instead in the formation of increased amounts of the

unmodified phthalocyaninato nickel complex. We have ob-
served that the heating of authentic samples of 1 or 2 under
conditions similar to those at which they are synthesized (70 °C
for 1 and 90 °C for 2) for periods of time similar to those
employed in their syntheses results in partial decomposition of
the modified complexes to the blue unmodified complex. This
suggests to us that that the formation of the unmodified complex
during the syntheses of 1 and 2 probably occurs via decomposi-
tion of the modified complexes, rather than by a separate
competing reaction pathway. Based upon this result, and upon
the separate observation that no reaction is apparent upon
heating of unsubstituted (phthalocyaninato)nickel(II) in metha-
nol or ethanol at temperatures equivalent to or in excess of those
employed in the synthesis of 1 and 2, we conclude that
modification of the phthalocyanine ligands in these species
occurs as they form, rather than following the formation of an
unsubstituted phthalocyanine. The observation that both 1 and 2
can be isolated and then partially converted to unmodified
phthalocyaninato nickel(II) amounts to the first definitive
structural characterization of isolable intermediates in the
preparative reaction of the unmodified complex in the presence
of alcohol solvent. The mechanism(s) of this process have been
an important issue in the literature for several decades.15 Studies
aimed at determining the time and temperature required for
complete conversion of 1 and 2 to unmodified phthalocyaninato
nickel(II) are ongoing.

Compounds 1 and 2 are isostructural and crystallize as large
red–orange triclinic blocks.‡ The salient feature in the molec-
ular structures of both 1 and 2 is the presence of alkoxy groups
on the 14 and 28 positions on the phthalocyanine macrocycles.
As a result, two sp3-hybridized carbon atoms are present in the
ligands and the planarity seen in unmodified Pc is removed.
These compounds are the first characterized examples with this
structural motif. Fig. 1 shows the crystallographic numbering
system employed for both compounds. Thermal ellipsoid plots
of 1 and 2 are shown in Figs. 2 and 3, respectively. Fig. 2 shows
a ‘top view’ of 1, while Fig. 3 is a ‘side view’ of 2, highlighting
the saddle shape of the ligand.

The saddle shape seen in both modified Pc ligands is more
pronounced in 2, almost certainly owing to the increased steric

† Electronic supplementary information (ESI) available: synthesis and
spectroscopic characterization of 1 and 2. See http://www.rsc.org/suppdata/
cc/b1/b109481p/

Scheme 1

Fig. 1 Line drawing showing the crystallographic numbering system used in
1 and 2 and the positions of the alkoxy groups in both compounds.
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bulk of the ethoxy group. We are unsure of the reason 1 and 2
adopt this structure instead of other possibilities that would also
serve to accommodate the two alkoxy groups and sp3-
hybridized carbon atoms of the macrocycle. Syntheses of a
series of similar compounds and determination of their
structures will likely help to answer this question. It is
conceivable that other structural motifs may be seen in
analogues of 1 and 2.

The outer rings of the ligands in 1 and 2 show no remarkable
features other than the aforementioned overall deviation of the
entire ligand from planarity. The bond lengths and angles
around the alkoxy-substituted carbon atoms in 1 and 2 are as
would be expected for single bonds and sp3 hybridization of
these atoms. All other carbon and nitrogen atoms in 1 and 2,
excepting those in the alkoxy groups, exhibit bond lengths and

angles indicative of conjugated double bonds and sp2 hybrid-
ization. The nickel atoms in both 1 and 2 are coordinated in a
nearly square planar fashion by four nitrogen atoms. In both
cases, two of the Ni–N bonds, on opposite sides of the Ni atom,
are longer than the other two Ni–N bonds. In the crystal
structure of 1, one methanol solvate donates a hydrogen bond to
a peripheral nitrogen atom in each molecule of the complex,
while 2 is free of solvation.

It appears that the reaction conditions employed in the
synthesis of 1 and 2 are general for primary alcohols, and they
lead to the formation of large single crystals that will be
amenable to conductivity and optical studies. We believe that
this method of synthesis will lead to the discovery of several
new phthalocyanine compounds, containing different metals
and bearing different alkoxy groups on their ligands.

Acknowledgement is made to the donors of The Petroleum
Research Fund, administered by the ACS, for partial support of
this research. We further acknowledge the Faculty Research
Committee and the College of Science and Allied Health at the
University of Wisconsin-La Crosse for additional support.
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structure, refined on F2, converged for 5587 reflections (5199 unique, Rint

= 0.1106) to give R1 = 0.0509 and wR2 = 0.1285 for all reflections for
which I > 2s(I) and goodness-of-fit = 1.018.

CCDC reference numbers 174008 and 174009.
See http://www.rsc.org/suppdata/cc/b1/b109481p/ for crystallographic

data in CIF or other electronic format.
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Fig. 2 The crystallographically determined structure, excluding hydrogen
atoms and solvated methanol, for 1. Ellipsoids are drawn at the 50%
probability level. Selected bond lengths (Å) and angles (°): Ni(1)–N(1)
1.845(4), Ni(1)–N(2) 1.867(4), Ni(1)–N(3) 1.836(4), Ni(1)–N(4) 1.862(4),
C(1)–O(2) 1.418(7), C(1)–C(2) 1.518(8), C(1)–N(8) 1.466(7), C(1)–N(1)
1.472(7), C(17)–O(1) 1.426(7), C(17)–C(18) 1.507(8), C(17)–N(3)
1.479(7), C(17)–N(6) 1.444(7), N(1)–C(8) 1.307(7), N(3)–C(24) 1.309(6);
N(1)–Ni(1)–N(2) 89.9(2), N(2)–Ni(1)–N(3) 90.8(2), N(3)–Ni(1)–N(4)
90.5(2), N(4)–Ni(1)–N(1) 90.4(2), C(2)–C(1)–N(8) 112.1(5), C(2)–C(1)–
N(1) 103.2(5), N(1)–C(1)–N(8) 112.6(5), N(1)–C(1)–O(2) 111.1(5), C(2)–
C(1)–O(2) 114.3(5), N(8)–C(1)–O(2) 103.8(4), N(3)–C(17)–C(18)
103.2(4), N(6)–C(17)–C(18) 112.9(4), N(6)–C(17)–N(3) 114.5(4), O(1)–
C(17)–C(18) 114.2(4), O(1)–C(17)–N(3) 102.6(4), O(1)–C(17)–N(6)
109.1(4).

Fig. 3 The crystallographically determined structure, excluding hydrogen
atoms, for 2. Ellipsoids are drawn at the 35% probability level. Selected
bond lengths (Å) and angles (°): Ni(1)–N(1) 1.831(4), Ni(1)–N(2) 1.854(4),
Ni(1)–N(3) 1.838(4), Ni(1)–N(4) 1.862(4), C(1)–O(1) 1.425(5), C(1)–C(2)
1.517(6), C(1)–N(8) 1.449(6), C(1)–N(1) 1.469(6), C(17)–O(2) 1.414(6),
C(17)–C(18) 1.519(6), C(17)–N(3) 1.478(6), C(17)–N(6) 1.452(6), N(1)–
C(8) 1.323(6), N(3)–C(24) 1.306(6), N(1)–Ni(1)–N(2) 90.5(2), N(2)–
Ni(1)–N(3) 90.8(2), N(3)–Ni(1)–N(4) 90.2(2), N(4)–Ni(1)–N(1) 90.3(2),
C(2)–C(1)–N(8) 112.3(4), C(2)–C(1)–N(1) 103.2(4), N(1)–C(1)–N(8)
113.5(4), N(1)–C(1)–O(1) 110.7(4), C(2)–C(1)–O(1) 113.7(4), N(8)–C(1)
–O(1) 103.8(3), N(3)–C(17)–C(18) 103.0(4), N(6)–C(17)–C(18) 111.8(4),
N(6)–C(17)–N(3) 113.1(4), O(2)–C(17)–C(18) 113.6(4), O(2)–C(17)–N(3)
111.8(4), O(2)–C(17)–N(6) 103.8(4).
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b,bA-Fused metallocenoporphyrins†
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The syntheses of a b,bA-fused ruthenocenoporphyrin (9) and
a ferrocenoporphyrin dimer (11) are described.

Molecular systems incorporating porphyrins and metallocenes
have great potential as catalysts, chemical sensors, and in
porphyrin-assisted electron-transfer processes.1,2 In recent
years, molecules containing both porphyrin and ferrocene
fragments have emerged as candidates for self-assembled
monolayers in light energy conversion systems.3 In most of
these cases, the metallocene fragment is linked to the porphyrin
meso- or b-positions through various spacers,2–4 or directly to a
central metal ion.5 Direct linkages through a single C–C bond at
the meso-positions have been reported6 and it has also been
shown that metalloporphyrins can form h5-pyrrolyl–p-metal
complexes with ruthenocyl moieties.7 Our goal was to synthe-
size metallocenoporphyrins fused through the porphyrin b-
positions, in order to enhance intramolecular electronic inter-
actions in these systems.

In order to incorporate a five-membered ring (precursor of
Cp2) onto the porphyrin periphery, we investigated novel
functionalizations of readily available 2-nitro-tetraarylporphyr-
ins.8 The remarkable ability of the nitro group to activate
tetraarylporphyrins towards [3 + 2] cycloaddition reactions and
its propensity to subsequently act as a leaving group was
demonstrated by our synthesis of pyrroloporphyrins.9 We now
report two novel b,bA-fused metallocenoporphyrins (9 and 11)
prepared via a key palladium(0)-catalyzed [3 + 2] cycloaddition
reaction, previously applied to 1-nitronaphthalene.10

Using strict air-free conditions, nickel(II) 2-nitroporphyrins 1
and 211 were treated with 2-[(trimethylsilyl)methyl]-2-propen-

1-yl acetate for two days at 90 °C in the presence of an in situ
prepared palladium(0) catalyst, to form nitrochlorins 3 and 4,
respectively (as shown by the appearance of an intense Q
absorption band at 602 nm). Further heating of the reaction
mixture at 100 °C for two days gave, upon elimination of nitrous
acid, porphyrins 5 and 6 in 80–88% yields. While the
cycloaddition reaction took place smoothly also on the copper
complexes, the corresponding zinc(II) complexes required
harsher reaction conditions and gave low yields (5%) of the
b,bA-fused cyclopentenylporphyrins. Acid-catalyzed double
bond migration on 5 and 6 afforded, respectively, porphyrins 7
and 8. Addition of LDA to a solution of 8 in THF caused a color
change from red to green which strongly suggested that two of
the porphyrin p-electrons are delocalized into the aromatic

† Electronic supplementary information (ESI) available: molecular struc-
ture of 10. See http://www.rsc.org/suppdata/cc/b1/b107732e/

Fig. 1 The molecular structure of 9; hydrogens have been omitted for
clarity.

This journal is © The Royal Society of Chemistry 2001
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system of the newly formed cyclopentadienide anion. Deproto-
nated 8 reacted with Cp*RuCl2 at room temperature for 2–5
days to give air-stable ruthenocenoporphyrin 9 in 25% yield.12

The formation of 9 was confirmed by LDI–ToF mass spectrom-
etry (m/z = 1408.0) and by 1H NMR spectroscopy (which
showed a characteristic singlet at 3.90 ppm corresponding to the
fused cyclopentadienide protons).

The molecular structure of 9 was determined by X-ray
crystallography (Fig. 1).§ The porphyrin macrocycle was
lightly saddled13 with a MDPMP (macrocyclic atom mean
deviation from the porphyrin mean plane) of 0.108 Å. The Ni–N
bond lengths averaged 1.965[9] Å, which is longer than in most
reported nickel(II) porphyrin crystal structures.14 The rutheno-
cenyl rings were aligned in an eclipsed orientation, as is
typically observed for this moiety.14 A porphyrin dimer (10)
was also isolated (in 15% yield) along with ruthenocenopor-
phyrin 9 and its structure confirmed by X-ray crystallography
(Fig. 2).¶ The use of a ruthenium(III) complex may account for
the oxidative dimerization leading to the formation of 10.
Similar dimerizations using FeCl3 as the oxidant have been
reported for substituted cyclopentadienides.15 Both macro-
cycles in dimer 10 displayed saddle/ruffle hybrid non-planar
distortions,13 had MDPMPs of 0.375 and 0.315 Å, and average
Ni–N bond lengths of 1.915[13] and 1.913[6] Å.

Deprotonation of 8 at 0 °C using LDA followed by addition
of FeCl2 did not produce the desired bisporphyrinatoferrocene,
probably due to the bulkiness of the meso-substituents.
However under the same conditions, 7 produced the air-stable
bisporphyrinatoferrocene 1116 in 30% yield. While the UV–
visible spectrum of 9 displayed a split Soret band and relatively
intense Q bands, that of 11 showed a broad Soret band and no
well-defined Q bands. Using variable temperature 1H NMR
spectroscopy, two distinct conformational processes could be
observed for 11, arising from hindered adjacent meso-phenyls
and ferrocene rotations. The b- and cyclopentadienide protons
of 11 were found upfield-shifted by 0.5–1 ppm relative to those
of 9. The methyl protons on the fused cyclopentadienide ring of
11 appeared at 1.82 ppm, while the methyl protons on the Cp*
ring of ruthenocene 9 gave a singlet at 0.91 ppm. This suggests
a partial overlap of the two porphyrin macrocycles with
staggered meso-phenyl rings.

This work was supported by grant CHE-99-04076 from the
US National Science Foundation and grant HL-22252 from the
US National Institutes of Health.
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The highly active catalyst 2 was used in tandem RCM to
make molecules with various ring systems containing a,b-
unsaturated carbonyl compounds.

Tandem cyclization reactions build up molecular complexity
rapidly from relatively simple starting substrates.1 Complicated
molecules were synthesized in a single step by carbanion,2
carbocation,3 free radical,4 and Pd coupling reaction5 whose
novelty and efficiency were demonstrated by total syntheses of
many natural products. Olefin metathesis has become a useful
reaction in organic synthesis,6 and our group recently demon-
strated the viability of tandem ring closing metathesis reactions

using catalyst 1.7 Unfortunately, catalyst 1 could not incorpo-
rate more synthetically valuable functionalized olefins such as
a,b-unsaturated carbonyl compounds. However, with the
development of the more active catalyst 2,8 containing a N-
heterocyclic ligand, functionalized olefins could participate in
RCM and cross metathesis reactions.9 Herein, we report tandem
RCM reactions by using catalyst 2, to make synthetically useful
a,b-unsaturated lactones and enones.

Various substrates containing different olefin arrays were
examined for the tandem cyclization and were found to give
moderate to excellent yields (Table 1). Entries 1 through 4
demonstrate the viability of tandem ring-opening/ring-closing

Table 1 Tandem RCM to install functionalized olefinsa

Entry Substrate Concentration Product Yield

1 0.05 M 3: 81%

2 0.05 M 4: 89%

3 0.005 M 5: 45%

4 0.005 M 6: 47%

5 0.03 M 7: 95%

6 0.03 M 8: 86%

7 0.03 M 9: 72%

8 0.015 M 10: 68%

9 0.03 M 11: 100%

10 0.06 M 12: 74%

a 5 mol% catalyst 2 at 40 °C in CH2Cl2 for 6–12 h.

This journal is © The Royal Society of Chemistry 2001
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metathesis. In the case of entries 1 and 2, catalyst 2 reacts with
more reactive terminal olefin and the resulting alkylidene opens
the 5-membered ring. The sequence of tandem events is
completed by ring closing onto the a,b-unsaturated carbonyl
olefin (Scheme 1). Fused tricyclic compounds were also
synthesized from the highly strained norbonene moiety, but the
yields were lower due to competing polymerization (entries 3
and 4).

Another variant of tandem RCM is demonstrated by enyne
tandem ring closing metathesis to form fused bicyclic ring
systems (entries 5 to 10). In these cases, catalyst 2 also reacts
with the terminal olefins preferentially and undergoes rapid
intermolecular enyne metathesis to form the first ring, then
reacts with the a,b-unsaturated carbonyl olefin to close the final
ring (Scheme 2). The fact that 7-membered lactone A is never
observed, implies that during the first RCM event, the newly

formed alkylidene B exclusively reacts with acetylenes over
acrylates. The more challenging trisubstituted a,b-unsaturated
carbonyl olefins were also successfully cyclized (entries 6 and
7). However, an attempt to make a tetrasubstituted a,b-
unsaturated carbonyl olefin afforded less than 10% yield of the
bicycle with the remainder being monocyclized product. This
suggests that disubstituted carbene is formed just as in entry 7,
but preferentially reacts with the terminal olefins of the starting
molecule over the sterically and electronically demanding a-
disubstitued a,b-unsaturated carbonyl olefin. 7,6-Fused bi-
cyclic compounds are available in moderate yield by this
method, (entry 8). Lastly, tandem RCM to make 6,5,6- and
6,6,6-fused tricyclic compounds are shown in entries 9 and 10
which demonstrates that this method has potential applications
in the synthesis of complex natural products.

The highly active catalyst 2 was used in tandem RCM to
make molecules with various ring system. The ability to
incorporate a,b-unsaturated carbonyl olefins makes the tandem
RCM synthetically more valuable since further manipulations
are possible.

The authors would like to thank the NIH for generous support
of this research, and Dr M. Scholl, Dr C. W. Lee, Dr S. D.
Goldberg, Dr F. D. Toste and A.K. Chatterjee for helpful
discussions.
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Scheme 1 Ring-opening/Ring-closing tandem RCM.

Scheme 2 Eyn-tandem RCM.
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Efficient mass transfer enhancements as the result of
acoustically oscillated gas bubbles are detected using a
microelectrode positioned at variable distances from the gas/
liquid interface.

The enhancement in mass transfer as the result of bubble motion
is extremely important in many industrial scale electrochemical
processes.1 It is thought to be the result of a number of different
mechanisms associated with electrochemical bubble growth,
detachment and motion under buoyancy forces away from the
solid/liquid interface of an electrode.2 These mechanisms have
been investigated by a number of authors. The work by Whitney
and Tobias is particularly noteworthy.3 These authors studied
bubble motion using arrays of microelectrodes produced
through photolithographic processing. The individual contribu-
tion of single bubbles could be detected from a generator
microelectrode. However, in all of these studies the enhance-
ment in mass transfer has involved the motion of bubbles under
buoyancy forces alone.

Bubbles are also known to be extremely active acoustically,
with the sound of running water (e.g. in a small waterfall)
largely attributed to bubble entrapment. The subsequent bubble
pulsation gives the characteristic ‘noise’, which is observed.4 In
turn gas bubbles within a liquid interact strongly with incident
sound waves. If the sound wave is of the correct frequency and
pressure amplitude, then a number of different oscillations of a
bubble can be induced. These fall broadly into two classes: a
breathing mode (or ‘pulsation’) where the whole bubble
expands and contracts with spherical symmetry about the
bubble centre; and a second class which lack spherical
symmetry. The shape oscillations called Faraday waves5 are
members of this second class. In the steady state the breathing
mode occurs at the frequency of the driving sound field, but in
contrast Faraday waves occur at half this frequency. Whilst a
breathing mode is always excited, generation of Faraday waves
requires the driving field to exceed a threshold amplitude.6 Both
the breathing mode and surface waves move the liquid phase of
the media to a greater or lesser extent. Fig. 1 shows a
photograph of a gas bubble driven into oscillation by irradiation
with sound. The distortions in the surface of the bubble can be
clearly seen.

However, the contribution to mass transfer of these modes
within the liquid phase has not been reported. Here a
microelectrode is used to characterise the mass transfer
enhancements produced by an oscillating gas bubble. Micro-
electrodes were chosen for a number of reasons. These included
their ability to operate under steady state conditions, their
relatively fast response time and their size.7,8 In the experiments
reported here a microelectrode was positioned close to the gas/
liquid interface of an air bubble trapped by buoyancy forces
under a solid surface. The liquid phase consists of an aqueous
solution9 of 5 mmol dm23 [Fe(CN)6]23 in 0.2 mol dm23

Sr(NO3)2. The microelectrode was positioned close to the gas/
liquid interface using an X, Y, Z micrometer and stage. The
position of the microelectrode with respect to the gas/liquid
interface was verified by monitoring the steady state current
recorded in the absence of bubble oscillation. When the

electrode (a 25 mm diameter Pt microdisc) was < 125 mm away
from the nearest point on the stationary bubble wall, the
presence of the gas/liquid interface could be detected as a
reduction in the steady state current recorded at the micro-
electrode.10–12 This was due to hindered diffusion (negative
feedback) as a result of the blocking nature of the gas/liquid
interface under the conditions stated. Irradiation of the bubble
with sound of the appropriate frequency and amplitude results
in oscillation of the bubble surface. This oscillation can be
electrochemically detected by the microelectrode positioned
close to the gas/liquid interface. The motion of the bubble wall
will be detected as an enhancement in mass transfer to the
microelectrode as a result of the forced convection of the liquid
produced by the oscillation of the bubble wall. Fig. 2 shows the
enhancement in mass transfer detected as a function of distance
away from the gas/liquid interface. In this case, the bubble was
driven into oscillation at a pressure sufficient to generate
surface waves on the gas/liquid interface. This was observed in
two ways. First, the presence of surface waves on the bubble
wall was observed optically as a ‘shimmer’. Second, when the
microelectrode was positioned close to the bubble wall (ca.
5–10 mm) the motion of the bubble wall can be resolved
electrochemically. This is shown as an insert on Fig. 2. The
insert shows the current and pressure† time traces for a bubble
driven to oscillate with surface motion. This clearly shows that
the current time trace has a component at 0.5f (where f
represents the drive frequency, in this case 1.46 kHz). This is
characteristic of Faraday waves on the surface of the bubble
wall, and is confirmed by the photograph of a bubble under
similar conditions shown in Fig. 1. Fig. 2 shows that within the
first ca. 100 mm, the mass transfer enhancement remains
approximately constant. Fig. 2 also shows that the current falls
as the distance between the microelectrode and the gas/liquid
interface of the bubble increases. However, the perturbation in

Fig. 1 Photograph taken from below a tethered bubble held by buoyancy
forces on the end of a glass rod. The scale bar represents 3 mm. The surface
waves can be clearly seen around the perimeter of the gas/liquid
interface.
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the mass transfer coefficient can be detected at extended
distances away form the gas/liquid interface. A significant
enhancement in the time averaged steady state mass transfer to
the microelectrode was observed up to distances of ca. 2500
mm. This is particularly significant considering that the mass
transfer coefficient of the 25 mm diameter platinum micro-
electrode is already high in stagnant solution (0.008 cm s21). It
is interesting to note that the enhancement in mass transfer as a
result of the bubble motion exceeds this value (up to 0.0477 cm
s21) but is brought about by a relatively small pressure
amplitude ( < 100 Pa). This is a significant point as it clearly
demonstrates that enhancing the mass transfer of material to an
electrode in this manner would be a significantly more efficient
way when compared to the employment of ultrasound to induce
cavitation and other high energy phenomena.

Previous studies have shown that ultrasound can enhance
mass transfer significantly.13–15 However, the magnitude of the
pressure field required to achieve inertial (transient) cavitation
is considerably high. As an example, to generate cavitation in
water under standard conditions requires a pressure amplitude
in excess of ca. 1 atmosphere (101 000 Pa).4 This is a factor of
1000 higher than the pressures (and in turn a factor of 106 in
intensity) employed here. Clearly the generation of mass
transfer enhancements using acoustically oscillated bubbles,
rather than inertial cavitation, would be significantly more
efficient. This increase in efficiency is due to the differing
mechanisms responsible for the forced convection enhance-
ments observed. The process of inertial cavitation requires that
small (e.g. of order micron radius) bubbles expand against
atmospheric pressure and surface tension forces to a critical
radius, before collapsing. However, exciting a large bubble (e.g.
mm radius) at resonance takes advantage of their exceptionally
good acoustic coupling.4 In turn, the pressure amplitude
required to generate surface waves in this case is small, but the
enhancement in forced convection is relatively large. As an
example, mass transfer coefficients reported from cavitation are

on the order13–15 of 0.1–1 cm s21. The mass transfer coefficient
recorded here is only a factor of 10 less, while the applied
pressure is a factor of 1000 less. This is because the excitation
of a surface wave does not require a large overall volume
change of the bubble, compared to the generation of inertial
cavitation.

Notes and references
† Note that the absolute pressure will not be the same as that shown in the
insert of Fig. 2 as the presence of the oscillating bubble will alter the
measured pressure. The absolute pressure can only be measured when the
bubble has been removed from the glass support.
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Fig. 2 Plot showing the average current (5) and associated mass transfer coefficient for a single air bubble driven into oscillation by a sound field operating
at 1.46 kHz. The solution contained 5 mmol dm23 [Fe(CN)6]32 in 0.2 mol dm23 Sr(NO3)2. The error bars show the 95% confidence interval. The insert shows
the oscillation in the current (solid line) and pressure† (faint line) as a function of time employing high temporal resolution equipment. The experiment was
performed at ca. 20–23 °C under aerobic conditions. The solid horizontal line represents the steady state current or mass transfer coefficient for the
microelectrode in a stagnant solution.
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A novel highly symmetrical cube-shaped trication
[C36H75N16]3+ with 16-nitrogen donors is achieved via self-
assembly in which two water molecules were clathrated
within the cavity of the framework.

Highly symmetrical cage-like molecules containing macro-
cyclic skeleton have always been fascinating targets for
synthetic chemists and play an important role in host–guest
chemistry.1 Such frameworks possess cavities capable of
entrapping atomic and/or molecular sized guest and have
applications of chemistry, biology and materials sciences.2,3 It
has also been postulated that the interior of cage-like molecules
can be considered to provide a new phase of matter in which it
becomes possible to stabilize reactive intermediates and to
observe new forms of stereoisomer.4 However, for cavities
tailored around spherical or globular targets, positioning of
binding sites requires the controlled formation of a number of
covalent bonds in long, often impractical multi-step syntheses.5
As an alternative, self-assembly, a special type of synthetic
procedure in which several reactions between several reagents
occur in one experimental operation to yield the final covalent
structure, was used to construct smaller, simpler fragments with
enough molecular information to spontaneously reassemble
into the desired cavity.6

In this paper, we introduce a large spherical cube-shaped host
moleculear cation [H3L]3+ ( L = C36H72N16) (Scheme 1), by
way of a self-assembly process in which there appears to be two
molecular guests, in the form of two water molecules, within the
cavity of the framework. Compound L has a Td-symmetric
urotropin-like structure and also somewhat resembles structur-
ally Lehn’s sophisticated tricyclic cryptand7 known as the

‘soccer ball molecule’ on account of its spherical three-
dimensional skeleton. Whereas most of the tricyclic tetraamines
such as hexaethylenetetramine8 and related large tricyclic and
cage-like compounds reported by Takemura9 and Lehn were
synthesized by low-yield, long and multi-step methods, com-
pound L like that of urotropin forms easily upon mixing of
tris(2-ethylamino)amine and formalin† ESI-MS (electrospray
ionization mass spectroscopy) in water–methanol solution (in
the presence of HClO4) and reveals the presence of a main peak
at m/z 593, corresponding to the most abundant ion
{[H6L7(H2O)2][H2O][ClO4]4}2+ and confirming the existence
of self-assembled cage.

The most definitive proof for the formation of the Td-
symmetric cage comes from the X-ray crystallographic analy-
sis.‡ One protonated cubed-shaped trication, two guest water
molecules as well as three perchlorate anions were found in an
asymmetric unit. The cage is slightly deformed from expected
Td symmetry (Fig. 1) with four bridge head nitrogen atoms of
tris(2-aminoethyl)amine [N(1), N(11), N(12), and N(13) ] and
four six-membered [N(CH2)]3 rings occupying the vertex
positions, and the twelve CH2CH2 chains along the edges. In
addition to its chemical interest, such a host has aesthetic
appeal. The edge of the cubic cage is ca. 4.3 Å in length (from
the head nitrogen atom to the center of the six-membered ring).
Among the sixteen nitrogen atoms, three of them, N(2), N(6)
and N(13) are protonated with the hydrogen atoms oriented
towards the inside of cavity (endo), four of them, one from each
of the [N(CH2)]3 six-membered rings, respectively N(7), N(8),

Scheme 1

Fig. 1 Molecular structure of the host, showing the Td-symmetric
hexahedral cage. The four bridge head nitrogen atoms of tris(2-amino-
ethyl)amine and the centers of the six-membered [N(CH2)]3 rings occupy
the vertex positions with the twelve CH2CH2 chains forming the edges.

This journal is © The Royal Society of Chemistry 2001
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N(3) and N(14), are exo with the lone pairs pointing away from
the cavity, whereas the others are oriented towards the inside of
the cavity. The twelve endo nitrogen bridgeheads delineate the
intramolecular cavity. The distances from the center (M) of the
cavity to the endo nitrogen atoms are in the range of 3.66–3.91
Å, with an average M–N distance of about 3.88 Å. Considering
the thickness of each face of the cage, the outer space volume is
ca. 200 Å3, while the inner space is just about 50 Å3. This cavity
should be able to form complexes with neutral molecules and
anions of appropriate size.

The most interesting structural feature is that there are two
water molecules within the cavity of the framework (Fig. 2).
The two water molecules lie in the pseudo C4 axis, which
reduces the symmetry of the hexahedral host from Td to S4, the
O…O separation is ca. 2.80 Å with O(1W)–H(1WB)…O(2W)
ca. 167°, indicating strong H-bonding. An even greater
dispersion is observed for the N…O distance range of the
twelve endo nitrogen atoms from 2.82 to 3.22 Å, with an
average N…O separation of about 3.0 Å. These separations are
comparable to those found for the N…O hydrogen bonds
present in the crystal structure of the NH4

+ complexes of
macrotetrolide antibiotics (2.83–2.93 Å),10 18-crown-6
(2.86–2.88 Å),11 and some H3O+ complexes of nitrogen-
containing crypts,12 indicating potential hydrogen bonding
between the nitrogen atoms of the host and the included water
molecules. Since the host is a protonated ion, and the angles of
N(5)–H(5C)…O(1W), N(11)–H(11C)…O(1W) and N(13)–
(H13C)…O(2W) are 149°, 175° and 173°, respectively, it is
suggested that the host participates in N–H…O hydrogen
bonding with the included water molecules. The angles of
O(1W)–H(1WA)…N(2), O(2W)–H(2WA)…N(15) and
O(2W)–H(2WB)…N(9) are 178°, 167° and 166°, indicating
typical O–H…N hydrogen bonding of the water molecules and
substantial contact with the host. From the description men-
tioned above concerning the nature of the hydrogen bonding in
the cavity, it is reasonable to speculate that the water molecules
may serve as templates; such phenomena involving molecules
as templates is not well-established.

Metal template condensation reactions of formaldehyde and
amines provide simple, elective, and inexpensive routes to the
macrocyclic complexes that have been studied;13 however, no
water molecule or neutral molecule template condensation
reactions of formaldehyde and amines have been postulated. In
our synthesis of the cryptand, a substantial and aesthetically
appealing structure is assembled with modest efficiency from
trivial building blocks and eighteen components just using
HCHO and tris(2-aminoethyl)amine as starting materials and
water molecule as template. This kind of self-assembly is quite

interesting for the large cage with high symmetry and falls very
nicely into the category of self-assembly and supramolecular
chemistry. The hexahedral host reported here is exciting and
will be of interest to a wide audience.

This work was supported by the National Natural Science
Foundation of China.

Notes and references
† Preparations. To 100 mL stirred acetonitrile containing perchloric acid
(0.5 mL) and sodium acetate (1.2 g, 15 mmol), tris(2-aminoethyl)amine
(1.46 g, 10 mmol) in 200 ml dichloromethane and HCHO (2.5 g, 36%, 30
mmol) in 200 ml acetontrile were added drop-wise, respectively. After
finishing the addition, the solution was stirred for 4 h and allowed to stand
for one week. White solid formed and was removed by filtration, the filtrate
was allowed to stand for another week and then the precipitate formed was
filtered off and washed with water (3 3 20 mL) and acetone (3 3 30 mL),
respectively. Yield 0.35 g (15%) of the compound [H3L7(H2O)2][ClO4]3.
Anal. calcd. for (C36H75N16)(H2O)2(ClO4)3: C, 40.6; H, 7.5; N, 21.0;
Found: C, 40.4; H, 7.5; N, 20.6%. Pale-yellow crystals suitable for X-ray
structure analysis were collected directly.
‡ Crystal data. Monoclinic, P21, molecular formula,
C36H75N16(ClO4)3(H2O)2, formula weight, 1066.50, pale-yellow, 0.40 3
0.30 3 0.30 mm, a = 11.483(2), b = 16.512(3), c = 13.051(3) Å, b =
94.82(3)°, V = 2465.8(9) Å3, Z = 2, T = 293 K, Dc = 1.436 g cm23.
Intensity data were collected on an Enraf-Nonius CCD system. 49970
reflections measured of which 11638 (Rint = 0.053) were independent
reflection and all were included in the refinement. The structure was solved
by direct methods. The oxygen atoms of the perchlorate anions were refined
disordered. Non-hydrogen atoms were refined anisotropically, hydrogen
atoms attached to the water oxygen atoms and protonated nitrogen atoms
were found from difference fourier map, other hydrogen atoms were
positioned in their calculated positions. All hydrogen atoms were refined
using riding model. Computations were carried on a PC-586 computer using
SHELXTL-PC program package. For 705 parameters based on 5921
observed reflections [I > 2s(I)] gave the final refined circle R = 0.074,
wR2 = 0.190 (for all data). CCDC 161379. See http://www.rsc.org/
suppdata/cc/b1/b109206p/ for crystallographic files in .cif or other
electronic format.
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Fig. 2 Perspective view of the host–water complex, showing potential
hydrogen bonds. Selected N…O separations (Å). O(1W)…N(2), 2.996(6);
O(1W)…N(5), 2.841(6); O(1W)…N(11), 2.994(6); O(2W)…N(9),
2.808(6); O(2W)…N(13), 3.116(6); O(2W)…N(15), 2.958(6).
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The reaction of molybdenum complexes [Mo-
H3{E(Ph)[Ph2PCH2CH2P(Ph)C6H4-o]2}] (E = Si or Ge)
with carboxylic acids gave carboxylato complexes where the
carboxylato ligand coordinates to the metal in a unidentate
mode; the formato complex was found to be an effective
catalyst for carbon dioxide fixation.

Since the first preparation of the transition-metal silyl deriva-
tive, CpFe(CO)2SiMe3 (Cp = h5-C5H5), by Wilkinson and
coworkers in 1956,1 numerous relevant examples have been
reported.2 We previously reported the unexpected formation of
a novel molybdenum–silyl complex, [MoH3{Si(Ph)-
[Ph2PCH2CH2P(Ph)C6H4-o]2}] 1a, which is obtained by the
thermal reaction of [MoH4(dppe)2] 2, (dppe =
Ph2PCH2CH2PPh2) with PhSiH3 and possesses an unusual
quadruply chelated ligand.3 Recently this methodology has
been extended to the reaction of 2 with PhGeH3, which is a
higher homologue of PhSiH3, and have obtained the same type
of complex 1b having a Mo–Ge bond.4 Complexes in which two
metal atoms of very different character are held in close
proximity seem to offer fascinating opportunities to achieve
novel types of reaction. We have studied the reactivity of these
complexes and a series of new complexes with this quinqui-
dentate ligand has been synthesized from 1. For example, 1a
reacted with a dialkyl malonate or gaseous dioxygen to afford
an h1-O-enolato type complex or a peroxo type h2-O2 complex
3, respectively.5,6 Herein we report the synthesis and some
reactions of dihydrido(carboxylato)molybdenum complexes.

Treatment of 1 with two equiv. of carboxylic acids such as
formic acid, acetic acid or benzoic acid in THF at room
temperature readily led to the formation of monocarboxylato
molybdenum complexes (4, E = Si; 5, E = Ge) in good yields
(70–90%, Scheme 1).† In these reactions, the evolution of
hydrogen gas was qualitatively confirmed by GLC analysis. In
the 1H NMR spectra of the complexes 4, hydrido signals
appeared at around d 27.9 as a triplet of triplets corresponding

to an A2K2X spin system. The 31P{H} NMR spectra of
complexes 4 contain two resonances at around d 87 (br d, JPP
122 Hz) and 58 (br d, JPP 122 Hz) in a 1+1 ratio. The presence
of only two resonances indicates that the molecule 4 has an
effective mirror plane which contains the Mo–Si bond. The IR
spectra of complexes 4 showed n(Mo–H) at 1816–1819 cm21

and two n(OCO) stretching vibrations (asym and sym) at
1609–1618 cm21 and 1326–1360 cm21, respectively. The fairly
large values of Dn [n(OCO)asym2n(OCO)sym] ranging from
248 to 272 cm21 suggest that the carboxylato ligands in the
complexes coordinate to the metal in a unidentate fashion as
shown in Scheme 1.7 The molybdenum–germyl complexes 5
have very similar IR and NMR spectra to 4, implying that 4 and
5 are isostructural.

The basic features of the structure of these complexes
deduced from the spectra were fully confirmed by single crystal
X-ray diffraction on 4b. A view of the molecule is shown in Fig.
1 with selected bond distances and angles.8 As expected from
the IR and NMR results, this complex contains a quinquidentate
P2SiP2 ligand and a unidentate acetato ligand occupying the
axial site. The structure can be compared with that of the above-
mentioned peroxo complex, [MoH{Si(Ph)[Ph2-
PCH2CH2P(Ph)C6H4-o]2}(h2-O2)] 3.5 The Mo–Si distance of

Scheme 1

Fig. 1 Thermal ellipsoid plot (30% probability level) for 4b. Selected bond
lengths (Å) and angles (°): Mo1–Si1 2.515(2), Mo1–P1 2.485(2), Mo1–P2
2.507(2), Mo1–P3 2.496(2), Mo1–P4 2.466(2), Si1–C47 1.887(7), Mo1–O1
2.174(5); P1–Mo1–P2 80.31(6), P2–Mo1–P3 96.32(6), Si1–Mo1–O1
143.7(1).

This journal is © The Royal Society of Chemistry 2001
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2.515(2) Å in 4b is slightly shorter than that of 2.554(5) Å in 3.
On the other hand, the mean Mo–P distance of 2.489 Å in 4b is
a little longer than that found in 3 (2.462 Å).

The parent complex 2 is known to react with carboxylic acids
or allyl carboxylates to give cationic and neutral carboxylato
complexes, respectively, where the carboxylato ligand coor-
dinates to the metal in a bidentate mode.9,10 The unusual
unidentate coordination of acetate of 4b may be ascribed to the
stability of the P2SiP2 coordination.

A toluene solution of complex 1a was allowed to react under
CO2 pressure (17 atm) at room temperature and 4a was isolated
in 82% yield from the reaction mixture (Scheme 2). Inter-
estingly, 4a reverted to 1a quantitatively with accompanying
evolution of one mol of CO2, when warmed in benzene. The
reversible insertion reaction of CO2 into the Mo–H bond under
mild conditions is an outstanding feature exhibited by complex
1a since the parent complex 2 does not react with CO2 at room
temperature although irradiation of a benzene solution of 2
under CO2 atmosphere yielded a chelated formato-O,O’
complex.11 We thought that the high reactivity of 1a is due to
the strong trans-influence of the Si fragment since it has been
pointed out that the R3Si group has a strong s-donor ability and
may labilize the ligand in the position trans to it.12 Yet, to date
there have been few reports concerning the influence of silyl
ligands on the reactivity of transition-metal complexes.13

Subsequently, we explored the catalytic activity of 1a
towards carbon dioxide fixation [eqn. (1)]. A toluene solution of

(1)

complex 1a was allowed to react under CO2/H2 (25/35 atm)
pressure in the presence of dimethylamine at 110 °C affording
115 equivalents of N,N-dimethylformamide with respect to the
complex. In this process, formato complex 4a was also found to
be an efficient catalyst. Presumably, the first step in the catalytic
cycle using 1a may be the formation of 4a. Neither 2 nor 1b
catalyzed this process suggesting both the Mo–Si linkage and
the P2SiP2 girdle in 1a play an important role.

Catalytic carbon dioxide fixation has attracted considerable
interest. Most of the reported studies deal with iridium,
palladium and ruthenium complexes14 and reports of catalysis

using Group 6 metals are rare.15 To our knowledge, complex 1a
is the first molybdenum compound which can catalyze the
transformation of carbon dioxide into dialkylformamide ef-
fectively.

This work was supported by a Grant-in-Aid for Scientific
Research (B) No. 10450340 and a Grant-in-Aid for Scientific
Research on Priority Areas (No. 11120217) from the Ministry
of Education, Science, Sports and Culture of Japan.
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argon. The resultant solution was stirred for 3 h at ambient temperature.
After removal of the solvent under reduced pressure, the residue was
washed with diethyl ether and hexane. Recrystallization from THF–hexane
gave 4b (0.255g, 90%). Complex 4b: 1H NMR (benzene-d6, 25 °C, 270
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Intramolecular aromatic 1,5-hydrogen transfer in preparation of
oxacyclic naphthalic anhydride via unusual Pschorr cyclisation
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Unusual Pschorr cyclisation via naphthyl radical-induced
intramolecular aromatic 1,5-hydrogen transfer using the
corresponding diazonium salts as starting materials gave
five- and six-membered oxacyclic-fused naphthalic anhy-
dride isomers.

Pschorr cyclisation has been widely used in the preparation of
polycyclic compounds1 for over a century.2 Many applications
of this reaction can be found in the pharmaceutical and dye
industries. Normally, the reaction was accomplished in a three-
step mechanism, namely, the diazotization of an o-amino group
to a diazonium salt; the dediazoniation of the diazonium salt to
a radical intermediate; and the closing of the ring. The
rearrangements via radical-induced aromatic hydrogen migra-
tion to produce isomers are rarely found in Pschorr cyclisation
because aromatic compounds are usually poor hydrogen donors.
In contrast, radical-induced hydrogen migration is commonly
seen when the migrating hydrogen originates from an aliphatic
carbon or from a heteroatom.3,4 After a century of diazonium
chemistry, phenyl radical-induced aromatic 1,5-hydrogen mi-
gration of the benzophenone derivatives was the only example
of such isomerization through Pschorr cyclisation (giving two
five-membered ring isomers) and Sandmeyer reaction.5,6 De-
spite the lack of reports for similar isomerizations, it has been
speculated that aromatic 1,5-hydrogen transfer might be a
general phenomenon in aromatic radical transformations.
Recently, we found five- and six-membered oxacyclic isomers
during preparation of benzoxanthene derivatives used as
fluorescent probes. We report herein the naphthyl radical-
induced aromatic 1,5-hydrogen transfer in Pschorr cyclisation
of the corresponding diazonium salts.

The diazonium salts 1 and 2 were prepared from 4-bromo-
1,8-naphthalic anhydride according to the procedure published
earlier7 and all intermediates were characterized by 1H-NMR,
MS, IR and elemental analysis.

Pschorr cyclisation of 1 initiated by CuSO4, CuO, or
ferrocene produced two isomeric fluorescent compounds 3 and
4 in over 9+1 ratio (Table 1, entry 1–3). The most plausible
explanation for the 9+1 ratio of the isomers is that the initially
formed radical A rearranged itself to radical B by 1,5-hydrogen
transfer and that these two radicals in some equilibrium were
then converted to the products 3 and 4 (Scheme 1). It has been
demonstrated that Pschorr cyclisation and Sandmeyer iodode-
diazoniation of benzophenone derivatives gave cyclized iso-
mers in nearly equal amounts and some iodonized isomers,
respectively.5 However, in our case, the ratio of the cyclized
isomers was far from 1+1 and the iodonized isomers were
hardly found. The iododediazoniation of diazonium salts 1 and
2 gave only iodonized compounds 5 and 6, respectively (entry
6 and 7). It seems that the 1,5-hydrogen transfer rate between A
and B is slower than that between benzophenone radicals
according to the literature.5 Under similar reaction conditions to
entry 1, diazonium salt 2 gave also 3 and 4 in the ratio of 7+93
(entry 5). This suggests that radical B could be also rearranged
into radical A and the rate of formation of B from A is faster
than that of A from B. This indicates that radical B is more
stable than radical A. Even so, the structure of major product
and the ratio of isomers still mainly depended on the starting
compounds, as the rate of cyclisation to five- and six-membered
rings is obviously faster than that of hydrogen transfer. Beyond
what we expected, the mode of radical generation had obvious
effects on hydrogen transfer, as various initiation methods

Scheme 1
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produced a different ratio of isomers (entries 1–4). It suggests
that the rate of 1,5-hydrogen transfer between A and B is
sensitive to the environment and can be enhanced (the ratio of
3 and 4 is 83+17) under the conditions of entry 4. This is
different from the case of benzophenone derivatives,5 where
solvent showed no effect on the rate of hydrogen transfer.

Molecular modeling using Pcmodel 6.0 showed some
differences in their conformations between these 4-phenoxyna-
phthalic anhydride radicals and the benzophenone radicals,
although they were in an aromatic conjugated system. Two
aromatic rings next to ether O atom for radicals A and B were
not in the same plane, while for the benzophenone radicals, the
carbonyl and two aromatic rings were in the same plane. These
conformational differences can be used to explain their
differences in the efficiency of radical-induced 1,5-hydrogen
transfer, the ratio of isomers, and the solvent effects.

In conclusion, our investigation not only provided the first
example of isomerization via naphthyl radical-induced aromatic
1,5-hydrogen transfer in naphthalene derivatives during Pschorr
cyclisation, but also implied that radical induced-aromatic
hydrogen transfer possibly was more common than previously
thought in many other aromatic free radical reactions.

Financial support by National Natural Science Foundation of
China and The Ministry of Education of China is greatly
appreciated.
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Table 1 Pschorr cyclisation and Sandmeyer iododediazoniation of diazonium salts

Entry Substrate Reaction Products Ratioa Yieldb (%)

1 1 CuSO4, AcOH, H2O, reflux 3+4 90+10 90c

2 1 Ferrocene, acetone, rt 3+4 94+6 75c

3 1 CuO, H2SO4, rt 3+4 92+8 80c

4 1 CuSO4, AcOH, rt 3+4 83+17 85c

5 2 CuSO4, AcOH, H2O, reflux 3+4 7+93 86c

6 1 KI, I2, H2O, rt 5 73
7 2 KI, I2, H2O, rt 6 88

a The ratio was determined by HPLC/MS (Hypersil DDS2 column, H2O + MeOH + AcOH eluent, retention time: 3, 32 min, 4, 29 min).b The yield was based
on the corresponding amino compounds.c The yield was obtained in 3 + 4 mixture.
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Direct detection of the bound sodium ions in self-assembled 5A-GMP
gels: a solid-state 23Na NMR approach†
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We report an unambiguous solid-state 23Na NMR character-
ization of the surface and channel sodium ions in self-
assembled guanosine-5A-monophosphate (5A-GMP) gels.

Guanosine-5A-monophosphate (5A-GMP) is known to form
viscous gels in the presence of alkali metal ions in water.1 Early
X-ray fiber diffraction studies2,3 have established that the 5A-
GMP gel structure consists of a tetrameric arrangement of
guanine bases (known as the G-quartet) that are stacked on top
of one another forming a right-handed helix with 30° rotation
and 3.4 Å advance between adjacent G-quartets; see Scheme 1.
Although the presence of alkali metal ions is essential for 5A-
GMP gel formation, little is known about the location and
stoichiometry of metal ions in this class of self-assembled gel
systems. Recently, single crystal X-ray studies revealed that the
K+ and Na+ ions are located between two G-quartets in
d(G4T4G4) and d(TG4T).4,5 The mode of ion binding in 5A-GMP
gels may be similar to that found in the G-rich DNA sequences,
but direct detection of alkali metal ions in 5A-GMP gels has not
been reported. It should be noted that solution alkali metal NMR
has been used to study the self-association of 5A-GMP;6
however, the traditional alkali metal NMR method cannot yield
site-specific information due to rapid ion exchange in solu-
tions.7 Recent advances in solid-state NMR methodology in
dealing with half-integer quadrupolar nuclei have offered new
possibilities for alkali metal NMR to be used as a probe to ion
binding in biomolecular systems.8 For example, Rovnyak et al.9
successfully observed solid-state 23Na NMR signals from the
Na+ ions bound to a DNA quadruplex, [d(TG4T)]4. However,
our recent 23Na NMR results for Na-ionophore complexes10 did
not support the spectral assignment for [d(TG4T)]4. In this study

we apply 23Na magic-angle spinning (MAS) and multiple
quantum magic-angle spinning (MQMAS)11 techniques to
various types of 5A-GMP gels and report an unambiguous
assignment for the surface and channel Na+ ions bound to G-
quadruplex systems.

Fig. 1A shows the 23Na MAS NMR spectrum of a 5A-GMP
gel sample prepared by adding 1.7 mL of 4.0 M NaCl (aq.) to a
solution of 320 mg hydrated Na2(5A-GMP) in 3.4 mL water at rt.
In this study, this sample will be referred to as the Na gel sample
(1). As seen in Fig. 1A, three peaks are observed. The sharp
peak centered at d = 7 ppm is attributed to the presence of
excessive NaCl salt in the gel sample. This was confirmed by
the fact that this peak can be readily removed by gentle washing
the gel sample with 2-methylpentane-2,4-diol (MPD) aqueous
solution (40% V/V). The broad signal at d = 21 ppm is
assigned to the Na+ ions bound to the phosphate groups and
water molecules (denoted as the surface Na+ ions in this study).
The weak signal centered at d = 219 ppm is assigned to the
Na+ ions residing inside the G-quartet channel (denoted as the
channel Na+ ions). The assignment for the channel Na+ ions is
supported by our recent observation that the 23Na NMR signal
from Na(Nonactin)SCN appears at d = 216 ppm.10 In this
complex, the Na+ ion is coordinated by 8 oxygen atoms from the
nonactin molecule,12 in a cubic fashion very similar to that
between two G-quartets.

To confirm the above spectral assignment, we prepared two
additional 5A-GMP gel samples. The Cs–Na gel sample (2) was
prepared by adding 1.0 mL of 3.5 M CsCl (aq.) to an aqueous

† Electronic supplementary information (ESI) available: 31P CPMAS
spectra of Na gel, Cs–Na gel and Na2(5A-GMP)·7H2O. See http://
www.rsc.org/suppdata/cc/b1/b107353m/

Scheme 1 Fig. 1 Solid-state 23Na MAS spectra of 5A-GMP samples. (A) Na gel sample,
1. (B) Cs–Na gel sample, 2. (C) K–Na gel sample, 3. (D) Polycrystalline
Na2(5A-GMP)·7H2O, 4. All NMR spectra were recorded on a Bruker
Avance-500 spectrometer operating at 500.13 and 132.29 MHz for 1H and
23Na nuclei, respectively. The sample spinning frequency was 8000 ± 2 Hz.
The RF field strength at the 23Na frequency was approximately 90 kHz.
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solution containing 175 mg of Na2(5A-GMP), followed by
recrystallization three times from 40% (V/V) MPD–H2O. The
K–Na gel (3) was prepared using KCl (aq.) in a similar
procedure as that for 2. As seen in Fig. 1B, the signal intensity
for the surface Na+ ions is significantly reduced for the Cs–Na
gel compared with that for the Na gel sample. This suggests that
the Cs+ ions do not enter the central cavity formed by stacking
G-quartets but replace partially the surface Na+ ions. The
observation of a signal at 219 ppm in Fig. 1B indicates that the
G-quartet structures are intact in the Cs–Na gel. On the other
hand, K+ ions are preferred over Na+ ions to occupy at the sites
between the G-quartets. Consequently, for the K–Na gel
sample, the 23Na NMR signal associated with the channel Na+

ions disappears completely in Fig. 1C. To make further
comparison, we also obtained solid-state 23Na NMR spectra for
a polycrystalline sample of Na2(5A-GMP)·7H2O (4). Because
the Na+ ions in the crystal lattice of 4 are hexacoordinate,13 the
main features of the 23Na MAS spectrum (Fig. 1D) appear
between 22 and 210 ppm.

In contrast to the aforementioned low-resolution 1D MAS
spectra, the 2D 23Na MQMAS spectra shown in Fig. 2 exhibit
significantly improved resolution. For the Na gel sample, the
2D spectrum reveals the presence of two groups of signals
originating from the channel Na+ ions. Careful examination
indicates that one of the two spectral regions (labeled as Na2) is
severely tilted from the horizontal axis, as illustrated in Fig. 2A.
The tilting is a consequence of a distribution of chemical shifts
and quadrupole coupling constants, often resulting from the
presence of multiple Na+ sites. From Fig. 2A, the following
parameters can be estimated for the Na gel sample: surface Na+

ions, CQ = e2qzzQ/h ≈ 1.6 MHz, h = (qxx2 qyy)/qzz ≈ 1, d ≈
3 ppm; channel Na+ ions, CQ ≈ 1.1 MHz, h ≈ 1, d ≈ 218 ppm.
Similarly, the signal for the channel Na+ ions in the Cs–Na gel
sample (Fig. 2B) is also tilted, but does not show resolved
signals. This can be explained by a lower ordering of the helices
in the Cs–Na gel sample. To further confirm the ordering of
helices in gel samples, we obtained 31P CP/MAS NMR spectra
(see ESI†). The 31P CP/MAS spectrum of the Na gel exhibits
two sharp peaks at 5.0 and 3.8 ppm each with a line width of 200
Hz. On the contrary, the 31P spectrum of the Cs–Na gel shows
only a very broad peak at 5.0 ppm of a line width of more than
1000 Hz. The lack of ordering in the Cs–Na gel sample is also
reflected from the 23Na MQMAS signal for surface Na+ ions.

By combining 1D MAS and 2D MQMAS data, we were able
to obtain the following parameters for each of the four Na sites
in Na2(5A-GMP)·7H2O: Na1, CQ = 1.30 MHz, hQ = 0.7, d =
24.5 ppm; Na2, CQ = 1.85 MHz, hQ = 0.5, d = 22.0 ppm;
Na3, CQ = 1.85 MHz, hQ = 0.6, d = 22.0 ppm; Na4, CQ =
2.30 MHz, hQ = 0.7, d = 25.5 ppm. Based on a simple
correlation between CQ and ion-binding geometry, tentative
assignments were made as follows. Na1 can be assigned to the
Na site with 4 water molecules and two hydroxy groups from
the ribose groups. Na2 and Na3 correspond to the two fully
hydrated Na sites. Na4 is due to the site that is coordinated to
four water molecules and two N7 nitrogen atoms from the
pyrimidine moieties.

Finally, we should point out that the solid-state 23Na NMR
spectra for 5A-GMP gels are very similar to those reported for
[d(TG4T)]4.9 Based on the evidence presented in this study, we
conclude that the previous 23Na NMR spectral assignment for
[d(TG4T)]4 was erroneous. In particular, the 23Na NMR signal
at 6.8 ppm was incorrectly assigned to channel-bound Na+ ions.
We believe that solid-state 23Na NMR will be a useful technique
for detecting Na+ ions in other metal-directed self-assembly
systems as well as in nucleic acids.

G. W. thanks NSERC of Canada for research grants, Queen’s
University for a Chancellor’s Research Award (2000-05) and
the Ontario Government for a Premier’s Research Excellence
Award (2000-05). A. W. thanks Queen’s University for an R. S.
McLaughlin Fellowship (2000-02). We are also grateful to
Chris Freure for assistance at the early stage of this work.
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Fig. 2 Contour plot of 2D sheared 23Na MQMAS spectra. (A) Na gel
sample, 1 and (B) Cs–Na gel sample, 2. (C) Polycrystalline Na2(5'-
GMP)·7H2O, 4. In (A) and (B), 480 scans were collected for each of the 60
t1 increments with a recycle delay of 1 s. The sample spinning frequency
was 5000 ± 2 Hz. In (C), 48 scans were collected for each of the 128 t1
increments with a recycle time of 2 s. The sample spinning frequency was
8000 ± 2 Hz.
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A five-stranded b-sheet bearing two histidine residues as
part of a metal-binding site has been designed, synthesised
and characterised using NMR and electrospray ionization
mass spectrometry techniques.

Construction of well-defined structural elements such as
isolated helices,1,2 helical bundles,3,4 b-turns and hairpins,5,6

mixed a/b structures7 and b-sheets6,8 have employed common
design principles such as (a) incorporation of residues with
appropriate secondary structural propensities,1 (b) utilisation of
sequence motifs observed in protein three-dimensional struc-
tures as structural templates4,9 or (c) nucleation of specific
conformations by sterically constrained non-protein amino
acids.5,10 Indeed, the use of both normal as well as unusual
amino acids that nucleate turns with requisite stereochemistry
(type I’ and type II’) have been responsible for the successful
design of b-hairpins and small sheets that are stable in
aqueous6,8,11 and organic solvents.5,12 Attempts at the construc-
tion of large multistranded sheets as precursors for the rational
design of b-sandwiches and b-barrels have been plagued by
problems of solubility and difficulty in characterising the
designed structures.13

We demonstrate in this communication, the construction of a
five stranded b-sheet, whose stable, extended backbone can be
further utilised as a template onto which a metal-binding site
can be grafted.† The designed 34-residue peptide, B5
[RGIKVDPGETNTDPSVQFHTIDPGYKTLHEDPARIVLK],
has four DPro-Xxx segments designed to nucleate type II’/I’ b-
turns (Fig. 1). b-branched residues such as Val/Ile/Thr, which
are known to promote b-sheet conformation have been
appropriately positioned in the strands. A large number of
positively charged residues (Arg/Lys) have been included in the
designed sequence to enhance solubility and discourage
aggregation.

The design of metal binding sites has often stressed the
HisxCysx motif as appropriate ligands for the chelation of
transition metals.14 We have chosen to position two histidine
residues (His 17 and His 26) on adjacent (third and fourth)
strands of the five-stranded b-sheet towards the construction of
a minimal metal-binding motif. Folding of the B5 peptide
sequence into the target structure would bring the two His
residues into the required structural juxtaposition for metal-ion
chelation. In addition, the Glu8-His17 pair may also serve as a
metal binding site. Tridentate coordination involving Glu8,
His17 and His26 is impossible if the constraints of the b-sheet
are maintained.

The structure of the B5 peptide was characterized in detail
using high-resolution NMR techniques in methanol, as CD
studies indicated the peptide to be poorly structured in water.
TOCSY and NOESY experiments permitted complete se-
quence-specific assignments for B5. Spectra derived from
NOESY experiments revealed various features consistent with
b-sheet structure, such as significantly more intense Ci

aHNi+1H
(daN) NOEs as compared to the corresponding intraresidue
NiHCi

aH (dNa) NOEs. The folding of B5 into b-sheet
conformation with the desired strand registry was corroborated

by the presence of several key, long-range NH/NH NOEs and
medium intensity, cross-strand CaH/ CaH NOEs (Fig. 1, 2)
between residues E8/H17, N10/Q15, F16/L25, T18/K23 and
H26/I31. The observation of sequential dNN NOEs between
residues G7/E8, S13/V14, G21/Y22 and A29/R30 served to
confirm the position of the turns. H/D exchange experiments

Fig. 1 Schematic representation of the target structure for B5. Important
long range NOEs observed are indicated by arrows (darker arrows denote
medium NOEs and lighter arrows represent weak NOEs).

Fig. 2 Partial expansion of the NOESY spectrum of B5 in CD3OD at 300 K,
indicating long range CaH/ CaH NOEs.
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performed on the B5 peptide in CD3OD revealed the presence
of some slow exchanging amide protons corresponding to
residues involved in hydrogen bonding in the b-strands (I3, V5,
T9, T11, V14, F16, I19, Y22, T24, R30 and V32).

Structure calculations were performed using DYANA15 and
a total of 228 distance constraints (114 upper and 114 lower),
derived from 90 NOEs and H/D experiments. A superposition
of ten best structures is shown in Fig. 3a, with a mean RMSD of
1.04 Å for all back bone atoms. Fig. 3b is a ribbon diagram of
the mean structure for B5, illustrating probable orientations of
His17 and His26, the components of the designed metal binding
site.

The ability of the peptide to bind a single nickel ion between
the two imidazole groups of His17 and His26 was demonstrated
by electrospray ionization mass spectrometry (ESIMS) in
methanol. Fig. 4 is the ESI mass spectrum of the free peptide
and B5 bound to Ni2+. The mass of the free peptide as revealed
by ESIMS is 3785 (Calc. mass = 3785.4). The mass observed
for B5 treated with nickel acetate is 3842, which corresponds to
the mass of the peptide + the average mass of Ni2+2 2 [3785.4
+ 58.5 2 2; the two most abundant isotopes of nickel are of
mass 57.94 (68%) and 59.93 (26.2%)]. The observation of the
complex [peptide + Ni2+ 2 2H] demonstrates simultaneous
interaction of the metal ion with two deprotonated imidazole
groups. It should be noted that under our conditions of
electrospray, coordinated solvent molecules are stripped off the
metal ion. Also, attempts to detect sandwich complexes
containing a ratio of 2[peptide]+1 Ni2+ were unsuccessful.

Similar results were observed in experiments done with Zn2+

ions (data not shown). It is worthy of remark that B5 has yet

another group capable of chelating metal ions, namely Glu8.16

Indeed, the Glu8/His17 pair could function as a metal ion
binding site in a manner analogous to the His17/His26 pair,
yielding the observed mass in ESIMS experiments. But B5 has
an overall positive charge of +5 [2 His, 3 Lys, 2 Arg, 1 free
amino terminus, 2 Glu and 1 free carboxy terminus], which is
reflected in the charge state distribution observed in the ESI
mass spectrum of the free peptide (Fig. 4, top); where the +5
charge state is the most abundant. Chelation of a metal ion
(M2+) contributes two positive charges to the peptide–metal ion
complex, and should have resulted in a shift in the charge
envelope of the complex (Fig. 4, bottom). The continued
observation of the +5 charge state as the most abundant suggests
that two negative charges have been acquired by the complex.
This is consistent with the loss of two protons by the imidazole
groups of His17 and His26 (resulting in two negative charges),
rendering the charge of the [His2-M2+] moiety zero, and
maintaining the overall charge of the complex at +5. Involve-
ment of one His and one Glu residue in metal binding would
have resulted in the creation of only one new negative charge;
in this case the charge state distribution might be expected to be
different, with the +6 state being most abundant. CD spectra of
peptide–metal complexes closely resembled the parent spec-
trum, suggesting no major conformational change on metal ion
binding, supporting the existence of a preformed template and
further indicating the absence of tridentate coordination.

The present design strategy has successfully resulted in the
characterisation of a five-stranded b-sheet capable of metal ion
coordination. In principle, a metal ion template can be used to
assemble individual b-sheet structures to form b-sandwiches
and closed b-barrels.

Notes and references
† The B5 peptide was synthesised by standard solid-phase methods using
Fmoc chemistry and purified by reverse phase HPLC (C18, 10m) on
acetonitrile–water–0.1% TFA gradients. The peptide was characterised by
electrospray mass spectrometry and complete NMR analysis on a Bruker
500 MHz spectrometer. Mass spectrometric experiments were carried out
on a Hewlett Packard series 1100MSD mass spectrometer.
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Fig. 3 (a) Superposition of 10 best structures of B5 obtained from NMR
restraints. (b) Ribbon diagram of mean structure illustrating the position of
His17 and His26 (side chain positions modeled).

Fig. 4 ESI mass spectra of B5 (top) and its metallated (Ni2+) form (bottom)
illustrating the various charged states observed. Insets show the mass of the
two peptide species after deconvolution. Mass spectra were recorded with
methanol as the eluting solvent.
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The large specific interfacial areas and short molecular
diffusion distances provided by glass microchips play
important roles not only for effective phase-transfer syn-
thetic reaction, but also for avoiding an undesirable side
reaction.

Recent microchip technology has opened various application
fields in chemistry.1 In particular, applications in analytical
chemistry, called ‘Micro Total Analysis Systems (m-TAS)’,
have been established as one of the largest research fields.2 On
the other hand, growing interest has also focused on applica-
tions in synthetic organic chemistry.3

As we have pointed out elsewhere, a liquid microspace such
as a microchannel or microwell fabricated on a glass microchip
provides interesting characteristics such as short molecular
diffusion distance, large specific interfacial area (liquid–liquid
or liquid–solid), and small heat capacity, all of which can be
expected to promote highly effective chemical reactions in the
microchip. By exploiting these characteristics, we have demon-
strated general chemical reactions.4

The microfabricated device also allows us to exploit
characteristics of microfluidics such as formation of laminar
multi-phase flow. Laminar flow formed by the same solvents
(e.g. aq.–aq., or org.–org. two phases) has been exploited for
analytical purposes and fabrication purposes such as position-
selective etching.5,6 On the other hand, we have been focusing
on the laminar flow formed by different solvents such as
aqueous–organic multi phase flow.7 When the organic and
aqueous phases were introduced through the two inlets of the
microchannel by syringe pumps, a stable liquid–liquid interface
formed as seen in the photographs of Fig. 1. In this case, a large
specific interfacial area could be obtained without any stirring.
By exploiting the large specific interfacial area provided by
organic and aqueous phases, demonstration of a fast and high
conversion synthesis involving phase transfer should be
possible. In addition, stable two-phase flow also allows us easy
separation of two phases inside the microchannel under
continuous flow conditions by splitting the reaction channel into
two channels at its end. We have already succeeded in phase

separation inside the microchannel in analytical applications.8
Thus we chose the phase transfer reaction as the model synthetic
reaction to be demonstrated under two-phase laminar flow.

Recent research related to organic synthesis using a micro-
space has been reported in the field of microreactors.9 However,
no paper has emphasized the liquid–liquid interface as the novel
reaction field although it has a possibility to realize both
efficient synthesis and phase separation.

In order to realize our concept in an actual experiment, we
carried out a preliminary investigation of a phase transfer
diazocoupling reaction as one simple example (Fig. 2).
Diazocoupling reactions in microchips have been successfully
demonstrated for synthesizing small amounts of azobenzene for
the purpose of combinatorial synthesis.10 In contrast, our
system based on continuous multiphase flow is expected to
synthesize large amounts of chemicals with high conversion. In
our case, rapid phase transfer of starting material and the
produced chemical species across the liquid–liquid interface
play important roles to realize both the fast chemical reaction
and isolation of the produced chemical species.

Here we compare the reaction efficiency of microscale and
macroscale reaction conditions. The microscale reaction was
performed by introducing ethyl acetate containing 5-methylre-
sorcinol (1023 M) and an aqueous phase containing 4-ni-
trobenzene diazonium tetrafluoroborate (1024 M) through the
two-inlets of the microchip under continuous flow conditions.
Volume flow rates of organic and aqueous phases were fixed at
10 ml min21 each. In this case, linear flow rate was estimated to
be 1.3 cm s21. When the organic phase made contact with the
aqueous phase, distribution of the resorcinol derivative started
in the latter phase, and then, it reacted with the diazonium salt.
The resulting main product was electrically neutral and it was
re-distributed into the organic phase. In the case of macroscale
reactions, 10 ml each of the reagent solutions (organic and
aqueous solutions) were poured into a glass vessel (3.5 cm
diameter) and stirred. In this case, stirring conditions were
varied to evaluate the effect of mixing and specific interfacial
area on reaction time and conversion. The experimental
conditions are shown in Fig. 3. Letting the reaction mixture
stand without stirring gave a long molecular diffusion distance
and a small specific interfacial area. The weak stirring

Fig. 1 Photographs showing glass microchip and liquid–liquid interface
formed inside the microchannel. Fig. 2 Phase transfer diazocoupling reaction.
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conditions provided effective molecular diffusion conditions,
but almost the same specific interfacial area as that without
stirring. The strong stirring conditions provided the most
effective reaction conditions.

For all the experimental conditions, conversion of the
diazonium salt was evaluated by standard reversed phase HPLC
using an ODS column. In this case, methanol was used as an
eluent at a flow rate of 1 ml min21. For the microscale reaction,
simple introduction of organic and aqueous phases into the
microchannel provided a stable liquid–liquid interface, and the
specific interfacial area had a larger value than those of the
strong stirring and no stirring conditions for the macroscale
reaction. In our experimental conditions, the specific interfacial
area (surface to volume ratio: S/V) provided by a microchannel
250 mm wide, 100 mm deep and 3 cm in length was calculated
to be 80 cm21.11

Fig. 3 also shows reaction profiles and specific interfacial
area dependence of conversion for the reaction conditions. For
macroscale conditions, increasing the stirring speed gave a fast
and high conversion as expected. However, concerning the
microscale condition, conversion was higher than for any
macroscale conditions studied in this work, although the
residence time of starting matrices in the microchannel was only
2.3 seconds. Under macroscale reaction conditions, insoluble
precipitate species of a side product were visually observed, the
amount of which depended on the mixing conditions (without
stirring > weak stirring > strong stirring). In contrast, the
microscale reaction conditions gave no precipitate species and
the conversion was close to 100%.

For the diazocoupling reaction, an undesirable side reaction
of main product and a second diazonium salt to form a bisazo
product is known.12 Thus in our case, the large specific
interfacial area and short molecular diffusion distance played
important roles in removing the main product from the aqueous
phase to the organic phase, which allowed the undesirable side
reaction to be avoided. In other words, the microchip condition
provided a novel methodology for avoiding a side reaction in a
phase transfer synthesis.

Although the amount of starting material of 5-methylresorci-
nol was in excess compared to that of the diazonium salt, so that
the organic phase still included residual material, a conversion
of close to 100% was successfully achieved.

This is the first use of the novel synthetic methodology using
a microchip, which provides fast and high conversion organic
synthesis using the stable liquid–liquid interface formed in the
microchannel. The large specific interfacial area and short
molecular diffusion distance play important roles not only for
effective phase transfer of starting material and produced

chemical species, but also for avoiding an undesirable side
reaction.

Recent advances in microchip technology have expanded not
only for analytical or fabrication purposes but also for
proteomics or understanding fundamental fluidic processes.
Among them, we have focused on the characteristics provided
by a liquid microspace and microfluidics, and demonstrated an
attractive application example of microchip technology to
synthetic chemistry.

This work was partially supported by Grants for Scientific
Research from the Ministry of Education, Science, and Culture,
Japan.
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Fig. 3 Reaction conditions and results obtained with phase transfer diazocoupling reaction under microscale and macroscale conditions.

Chem. Commun., 2001, 2662–2663 2663



 

C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Complete reversal of enantioselectivity of an enzyme-catalyzed
reaction by directed evolution

Dongxing Zha,a Stephanie Wilensek,a Markus Hermes,a Karl-Erich-Jaegerb and Manfred T.
Reetz*a

a Max-Planck-Institut für Kohlenforschung, D-45470 Mülheim/Ruhr, Germany.
E-mail: reetz@mpi-muelheim.mpg.de; Fax: +49 208 306 2985

b Ruhr-Universität Bochum, Lehrstuhl der Mikroorganismen, D-44780 Bochum, Germany

Received (in Cambridge, UK) 30th October 2001, Accepted 15th November 2001
First published as an Advance Article on the web 6th December 2001

The combination of error prone PCR at high mutation rate
and DNA shuffling can be used to invert the direction of
enantioselectivity of a lipase-catalyzed hydrolytic kinetic
resolution involving a chiral ester.

We have previously demonstrated that the methods of directed
evolution1–3 can be applied successfully in the quest to create
enantioselective enzymes for use in organic chemistry.4,5 The
basic strategy involves repeating cycles of gene-mutagenesis
and expression coupled with high-throughput screening for
enantioselectivity. Specifically, the wild-type lipase from
Pseudomonas aeruginosa, which catalyzes the hydrolytic
kinetic resolution of ester 1 with slight preference for the S-acid
2 (selectivity factor E = 1.1), was converted into an enzyme-

variant showing high S-preference.4 The selectivity factor E,
which reflects the relative reaction rate of the two enantiomers,
turned out to be 26. This was accomplished by four cycles of
random mutagenesis using error prone polymerase chain
reaction (epPCR) at low mutation rate corresponding to an
average of one amino acid substitution per enzyme molecule,
followed by saturation mutagenesis at sensitive positions (hot
spots) in the protein. The wild-type lipase consists of 285 amino
acids, a number that needs to be considered when calculating the
theoretical protein sequence space.6 By modifying the so-called
combinatorial multiple cassette mutagenesis as originally
described by Stemmer,7 enantioselectivity was recently doubled
(E = 51).8 We now show that the direction of enantioselectivity
can be reversed completely by a combination of high error rate
epPCR and DNA shuffling.3 Previously we observed only a
small degree of inversion of enantioselectivity on the basis of
epPCR alone.5 Recently Arnold used epPCR and saturation
mutagenesis to convert a D-selective hydantoinase into an L-
selective variant (ee = 20%).9 No other cases of reversal of
enantioselectivity by directed evolution have been reported to
date.

The original library of enzyme variants produced by applying
epPCR at low mutation rate to the wild-type gene of the lipase
from Pseudomona aeruginosa contained only S-selective
enzymes.4,5 We therefore carried out the same experiment at a
relatively high mutation rate corresponding to about 2–3 amino
acid substitutions per enzyme molecule.6 Upon screening an
enzyme library of 15 000 clones,10 several S-selective variants
were identified,8 but also two R-selective enzymes 18F9 and
12G12, characterized by a single mutation (V232I) and four
mutations (S112P, S147N, T150A and T226A), respectively.
The E-values were found to be 2.0 and 1.1, respectively. In
addition, enzyme 47E6 (with D113G, I142T, S218L and

S268N) was identified, showing no preference for either of the
two enantiomers (E = 1.0).

Gene 18F9 served as the basis for another cycle of epPCR
under otherwise identical conditions. As a result of screening
5000 clones, R-selective enzyme-variants 18F9E1 (with M16L,
A34T and V232I) and OE7 (with V55A, P86L, D113G and
V232I) were discovered, displaying E-values of 3.7 and 3.0,
respectively. In a similar third cycle of epPCR using gene OE7,
enzyme-variant 3B6 (with V55A, P86L, D113G, V232I, S237T
and Q275L) was generated, resulting in even higher R-
selectivity (E = 7.0). However, further rounds of epPCR-based
mutagenesis failed to produce positive results.

Although DNA shuffling has been shown to be effective in
the alteration of such functional properties of enzymes as
stability and activity,3 these efforts did not include the evolution
of enantioselectivity.11 In an initial attempt we shuffled genes
18F9, 12G12 and 47E6, hoping that possible non-productive
mutations would be eliminated. However, this turned out not to
be the case, because no improvements were detected. Conse-
quently, we increased the size of the gene pool and subjected
genes 12G12, 47E6, 18F9, 3B6 and OE7 to DNA shuffling.
Although no shift to significantly higher enantioselectivity
resulted, three R-selective enzyme-variants of comparable
enantioselectivity were in fact found, namely 14A5 (with
V55A, P86L, D113G, S147N, T150A, V232I, S237T and
Q275L), 11C8 (with V55A, P86L, A102V, D113G, V232I and
S237T) and 16A7 (with V55A, P86L, S71G, D113G, V232I,
S237T and S268C), the E-values amounting to 6.7, 6.5 and 7.0,
respectively.

Since initial attempts to apply saturation mutagenesis at
selected hot spots failed to increase enantioselectivity markedly,
we reconsidered DNA shuffling. Hoping to increase diversity,
gene 18F9E1, which we had generated earlier but neglected to
utilize in further experiments, was shuffled with gene 14A5.
Upon inspecting a library of 5000 clones, several R-selective
variants were found, the best one 1G10 (with M16L, A34T,
P86L, D113G, S147N, T150A, V232I and S237T) displaying a
selectivity factor of E = 20 in the model reaction.

By comparing the mutations present in 18F9E1 and 14A5
with those of the new variant 1G10, it becomes clear that
mutations V55A and Q275L have been eliminated by the
process of DNA shuffling. Obviously, these two mutations exert
a negative effect, which means that in the present case DNA
shuffling plays the role of ‘correcting’ non-productive muta-
tional changes brought about earlier. New mutations were not
introduced. Finally, a single round of epPCR on top of this
(using gene 1G10 at high mutation rate) resulted in yet another
substantial improvement, enantioselectivity in favor of R-2
reaching E = 30. In this case the enzyme (15B10) has 11 amino
acid substitutions (M16L, A34T, P86L, T87S, V94A, D113G,
S147N, T150A, L208H, V232I and S237T). Relative to variant
1G10 three new mutations (T87S, V94A and L208H) have been
introduced.

It appears that the evolution of pronounced R-selectivity
requires greater structural change than in the case of S-
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selectivity, which seems to be reflected in the comparatively
high number of amino acid exchanges. It is also interesting to
note that the amino acid substitutions described herein occur at
positions which are quite different from the hot spots that were
uncovered in the case of the S-selective counterparts.4,5

Although we do not yet have crystallographic data of any of the
S- or R-selective mutants, the X-ray structural analysis of the
wild-type lipase from Pseudomonas aeruginosa was recently
reported by Dijkstra.12 Of the 11 mutations that we have
identified in the R-selective enzyme 15B10, some are near the
active site, while others occur at remote positions (Fig. 1). It is
likely that the enzyme folds in a slightly different way.4b

In summary, we have shown that the appropriate combination
of epPCR at high error rate and DNA shuffling can be used to
invert the enantioselectivity of an enzyme-catalyzed reaction to
a synthetically useful level. Accordingly, the generation of S-
selective (E = 51) and R-selective (E = 30) enzymes is
possible on an optional basis. The appropriate evolutionary
pressure is exerted in each case by screening for the desired
enantiomer (S or R). Whereas knowledge of the structure of the
enzyme or of its mechanism of action is not required, a limited
amount of navigation in protein sequence space is necessary. In
doing so less than a total of 45000 clones were screened.10 Work
is in progress to illuminate the source of S- and R-selectivity.

We are also applying DNA shuffling3 as a tool in the in vitro
evolution of other enantioselective enzymes for application in
synthetic organic chemistry.
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Fig. 1 Structure12 of the wild-type lipase from Pseudomonas aeruginosa
showing the active site S82 and the 11 mutations of variant 15B10.
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A cyclic dodecanuclear nickel complex is the first single
molecule magnet based on nickel(II) centres; the material is
also the highest spin molecule to show resonant quantum
tunnelling of magnetisation.

It is eight years since the first report of ‘single molecule
magnetism’,1 i.e. the observation that some complexes with
high spin ground states show hysteresis in magnetisation vs.
field. This phenomenon is of great interest, as it offers the
promise of enormous technological advances—the storage of
magnetic information in individual molecules—and has al-
lowed studies of fundamental processes such as quantum
tunnelling.2 The latter observation has also led some to propose
that single molecule magnets (SMMs) could be used in quantum
computing.3

The original SMMs were a family of dodecanuclear mixed-
valent manganese cages, and since that time other SMMs have
been reported. The majority have featured manganese4 or iron,5
with one report of a vanadium-based SMM.6 Here we report the
first nickel SMM, and a preliminary account of low temperature
studies of its magnetic behaviour.

[Ni12(chp)12(O2CMe)12(H2O)6(THF)6] 1 (chp = 6-chloro-
2-pyridonate)7 is cyclic, containing twelve Ni(II) centres
bridged by pyridonate and acetate ligands (Fig. 1). It has
crystallographic S6 symmetry and all rings within the structure

pack parallel to each other, and perpendicular to the crystallo-
graphic c-axis in the space group R3̄c.

Isothermal magnetisation studies on powdered samples‡ at
150 mK saturates at 25.5 mB, which confirms a S = 12 ground
state and gives a g-value of 2.13. The curve can be fitted with
these parameters and a D/k-value of 20.07 K (D = axial zero-
field splitting parameter, k = the Boltzmann constant). When
measurements are performed on single crystals with the field
parallel to the c-axis, hysteresis is seen in magnetisation vs. field
measurements at sweep rates of 0.035 T s21, and at tem-
peratures of 0.4 K and lower (Fig. 2: note: Ms, was measured at
1.4 T, i.e. a much higher field than shown in Fig. 2). The
hysteresis becomes more pronounced as the temperature is
lowered and, at 0.2 K and colder, steps become resolved due to
resonant quantum tunnelling of magnetisation. These steps,
which are most clear at 0.1 and 0.04 K and occur at ca. 0, ±0.047
and ±0.094 T (Fig. 2), are due to sudden loss of magnetisation
as ms levels within the S = 12 spin ground state manifold come
into resonance with ms levels on the other side of the energy
barrier, which allows tunnelling of the magnetisation through
this barrier. The levels cross when moHz = nD/gmB (where n =
an integer). Here the field between two resonances is 0.047 T
and g = 2.13, therefore we can calculated D/k = 20.067 K.
The energy barrier for reorientation of magnetisation is given by
Ea = DS2, therefore here Ea/k = 9.6 K.

Studies of magnetic susceptibility‡ in an alternating field
show the frequency (u) dependent peak in the out-of-phase
susceptibility (cB), characteristic of SMMs (Fig. 3, inset). The
maximum moves from ca. 0.25 K at 0.001 Hz to ca. 0.55 K at
the fastest frequency (511 Hz). An Arrhenius treatment of this
data gives a second measurement of the energy barrier for
reorientation of magnetisation, which is the slope for ln t vs. 1/T
(t = 1/2pu), and is found to be between 9 and 10 K, which is
in good agreement with resonant tunnelling.

† Electronic supplementary information (ESI) available: saturation magne-
tisation at 150 mK; 1/cA vs. T. See http://www.rsc.org/suppdata/cc/b1/
b108894g/

Fig. 1 The structure of 1 (Ni, light blue; O, red; N, blue; Cl, purple; C,
black).

Fig. 2 Magnetisation against field for 1, showing steps due to tunnelling.

This journal is © The Royal Society of Chemistry 2001
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The exact value for Ea is imprecise, as below 0.2 K saturation
is seen similar to that observed in other SMMs. This is because
the relaxation rate no longer follows the Arrhenius law as non-
thermal pathways become important. Relaxation measurements
at below 0.2 K confirm the onset of saturation (Fig. 3).

An unexpected observation is that a plot of 1/cA vs. T from 0.4
to 1.2 K gives a straight line, and extrapolation gives a Weiss
constant of +0.25 K, indicating ferromagnetic interactions. At
below 1.2 K the cage is predominantly in an S = 12 state,
therefore intramolecular interactions are less important, which
implies the positive intercept is due to intermolecular exchange.
The shortest Ni…Ni contact in 1 between Ni centres in different
rings is 10.7 Å, while the distance between ring-centroids is
16.9 Å. This separation and absence of a pathway disfavour an
explanation based on super-exchange. Dipolar exchange would
give approximately the correct magnitude for this interaction,10

but would not account for the interaction being ferromagnetic.
While intermolecular dipolar exchange has been mentioned in
studies of clusters,9,11 it is neglected in the majority of cases.

Resonant tunnelling of the magnetisation has been observed
in molecules where S = 10 or lower,2,5,12 but never in
molecules with spin ground states as high as that found for 1. In
other very high spin cages that show slow relaxation of
magnetisation, e.g. {Fe19} cages,13 intermolecular interactions
quench tunnelling effects. The observation of tunnelling in 1 is
surprising given both the small anisotropy, approximately one-
tenth of that found in {Mn12} SMMs,1 and the evidence of
significant coupling between molecules of 1. These preliminary
results require many further experiments for full understanding.
Given the apparent value of the intermolecular exchange we
may be near a ferromagnetic phase transition. The magnitude of
cB has an anomalous frequency dependence, which requires
further study.

This work was supported by the EPSRC and a TMR network
on ‘Molecules as Nanomagnets’ (HPRN-CT-1999-0012).
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Fig. 3 Main: t vs. 1/T measured from ac susceptibility (red circles) or relaxation (green triangles); inset: cB of 1 vs. T at 10 frequencies.
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The generation and silylation of bridgehead enolates has
been accomplished in high enantiomeric excess using a
chiral lithium amide base.

The anti-Bredt nature of bridgehead enolates (more accurately
described as a-keto carbanions) derived from ketones having
small bridges is expected to make their generation difficult or
impossible.1,2 However in certain cases reactive a-keto carban-
ions have been formed at bridgehead positions, despite the lack
of true enolate character. In these situations the intermediate
anion appears highly reactive and displays chemistry that is
difficult to control. An example is the metallation of (2)-cam-
phenilone 1 with lithium tetramethylpiperidide (LiTMP).3 Even
in the presence of in situ trapping agents, such as Me3SiCl, the
presumed intermediate 2 could not be intercepted and only the
aldol product 3 was obtained (Scheme 1).†

Feldman and coworkers reported that bicyclo[4.2.1]nona-
2,4,7-trien-9-one 4 exhibited a similar tendency towards self-
addition when treated with potassium hexamethyldisilazide
(KHMDS), to give aldol product 5 in 23% yield (Scheme 2).4

As part of our programme of research aimed at exploring the
applications of chiral lithium amide bases we became interested
in the types of bridgehead enolate presumed to be intermediates
in the above Schemes. Herein we describe our preliminary
investigations in this area, which show that chiral lithium amide
bases allow unprecedented enantioselective access to the
products of bridgehead substitution in compounds such as 4.

Initial studies with ketone 4 demonstrated that external
quench protocols were ineffective in trapping the carbanion,

leading only to the addition product 5, albeit in an improved
yield of 66%. Instead we turned our attention to deprotonation
under in situ quench conditions with LDA–LiCl in the presence
of Me3SiCl, a method which we have employed in the past with
success.5 Thus addition of ketone 4 to an excess of LDA–LiCl
in the presence of Me3SiCl (method A, see later) at 2105 °C led
to the formation of an inseperable mixture of bis silylated
ketones 6 and 7 in a 4+1 ratio and in a combined yield of 63%
(Scheme 3).

The formation of the tetracyclic ketone 6 was unexpected and
was confirmed following a single crystal X-ray structure
determination.‡ This product is the result of double bridgehead
substitution followed by a transannular Diels–Alder reaction,
the latter process being precedented for this system.6 We
observed no partially silylated ketones corresponding to 6,
which points to its formation purely via 7. An alternative
mechanism involving anion initiated cycloaddition of 4 fol-
lowed by bis-silylation appears to be ruled out following further
experiments described below.

By changing the mode of deprotonation to addition of the
base to a mixture of ketone and Me3SiCl (inverse addition) we
hoped to minimise formation of the unwanted bis-silyl com-
pounds 6 and 7. Selected results using this method (method B)
are highlighted in Table 1, along with comparison data using
method A. We discovered that upon addition of LDA–LiCl to a
solution of ketone 4 and Me3SiCl at 2105 °C, the mono
silylated ketone 8 was obtained in 38% yield, accompanied by
a mixture of 6 and 7 in 17% yield (entry 2).

Next we attempted the asymmetric deprotonation of 4 by
employing chiral base (R,R)-9.7 By using the inverse addition
protocol with (R,R)-9 at 2105 °C we obtained mono silylated
ketone (2)-8 in 76% yield and with an excellent ee of > 96% in
addition to bis silylated ketones 6/7 in 23% yield (entry 3).§
Conducting the reaction at 278 °C led to a lower yield and
slightly lower enantiomeric excess (entry 4). The absolute
configuration of (2)-8 was determined by single crystal X-ray
structure determination (Fig. 1).¶

Scheme 1

Scheme 2

Scheme 3

Table 1 Bridgehead deprotonation of ketone 4 in the presence of Me3SiCl
under in situ quench conditions

Entry
Lithium
amide base T/°C Methoda

Yield
of 6/7
(%)

Yield
of 8
(%)

Ee of
8 (%)

1 LDA/LiCl 2105 A 39 0 —
2 LDA/LiCl 2105 B 17 38 —
3 (R,R)-9/LiCl 2105 B 23 76 > 96
4 (R,R)-9/LiCl 278 B 12 46 92
a A—ketone–Me3SiCl added to base. B—base added to ketone–Me3SiCl.

This journal is © The Royal Society of Chemistry 2001
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We found no trace of a cyclised isomer of 8 corresponding to
6, and attempts to induce the internal cycloaddition of 8 by
heating led only to decomposition. It therefore appears that
disilylation of 4 facilitates the cyclisation to give 6.

The remarkable and unprecedented asymmetric substitution
of ketone 4 prompted us to examine similar bridgehead
metallations with the saturated ketone 10, available from 4 by
hydrogenation. Treatment of a mixture of ketone 10 and
Me3SiCl with (R,R)-9 gave (2)-11 in 53% yield and 92%
optical purity (Scheme 4). The stereochemical configuration
and optical purity were assigned by correlation with our earlier
results, following hydrogenation of (2)-8 to give (2)-11.

Unfortunately the in situ quench approach is incompatible
with most electrophiles and we found that inclusion of
electrophiles such as methyl iodide, allyl bromide and benzalde-
hyde gave none of the desired products. However, indirect
access to products having alternative types of substituent was
found to be possible by fluoride mediated silyl exchange
reactions of (2)-8, using tetrabutylammonium triphenyldi-
fluorosilicate (TBAT), Table 2.8

We expect that substitution occurs without erosion of
enantiomeric purity, although this has only been established for
entry 5 so far.

Similarly, treatment of (2)-11 in the presence of PhCHO
with TBAT in refluxing THF gave the aldol product as a
mixture of diastereoisomers (3+2) in 93% yield.

The remarkable enantioselective substitution of ketones 4
and 10 described above may pave the way for successful
bridgehead metallation of many other types of bridged carbonyl
compounds. Efforts to determine the scope of this chemistry are
underway.

We are grateful to the University of Nottingham and
GlaxoSmithKline for support of D. T. K. under the CASE
scheme.

Notes and references
† Our efforts to control the metallation of 1 were unsuccessful leading only
to aldol product 3.
‡ Crystal data for compound 6. C15H24OSi2, M = 276.52, orthorhombic, a
= 12.4355(7), b = 13.6661(8), c = 9.8989(6) Å, U = 1682.3(2) Å3, T =
150 K, space group Pna21, Z = 4, m(Mo-Ka) = 0.200 mm21, 10738
reflections measured, 3797 unique (Rint = 0.042) which were used in all
calculations. The final wR(F) = 0.0353, wR(F2) = 0.0820 (all data). Flack
parameter refined to 20.04(9).
§ Preparation of (2)-8 (Method B): A solution of chiral lithium amide base
9 (3.05 mmol), cooled to ca. 2105 °C (internal temperature) was added
dropwise via cannula, over 45 min, to a solution of ketone 4 (396 mg, 3
mmol) and Me3SiCl (1.2 ml, 9 mmol) in THF (30 ml), maintained at that
temperature. The resulting solution was allowed to warm slowly to rt over
3 h, quenched with saturated aqueous NH4Cl (20 ml), and worked up in the
usual way.

Purification by flash column chromatography on silica gel (4% Et2O in
light petroleum 40–60 °C as eluent) gave the title compound 8 as a white
solid (464 mg, 76%); [a]D

26 2182 (c 0.99 in CHCl3) mp 87–89 °C.
(C12H16OSi: Calc: C, 70.55; H, 7.90. Found: C, 70.52; H, 7.79%). dH(400
MHz, CDCl3) 0.15 (s, 9H), 3.14 (dd, J 2, 7.5 Hz, 1H), 5.62–5.66 (m, 2H),
5.69–5.71 (dd, J 2.3, 6.8 Hz, 1H), 5.84–5.97 (m, 3H). dC(125 MHz, CDCl3)
23.7 (Me3Si), 51.6 (C), 54.6 (CH), 122.2 (NCH), 124.6 (NCH), 125.7
(NCH), 127.0 (NCH), 129.3 (NCH), 130.5 (NCH), 218.3 (CNO). HRMS (EI)
C12H16OSi requires 204.097. Found 204.0984 (25%), 73.0474 (100,
SiMe3). Enantiomeric excess values were established by HPLC (UV
detection at 205 and 215 nm) using hexane as eluent and a Chiralcel OD
column.
¶ Crystal data for compound 8. C12H16OSi, M = 204.34, monoclinic, a =
6.1568(6), b = 7.4191(7), c = 12.9873(12) Å, b = 101.996(2)°, U =
580.3(2) Å3, T = 150 K, space group P21, Z = 2, m(Mo-Ka) = 0.169
mm21, 4890 reflections measured, 2562 unique (Rint = 0.023). The final
wR(F) = 0.0276, wR(F2) = 0.0719 (2552 data). Flack parameter refined to
0.00(8). CCDC 172469 and 172470. See http://www.rsc.org/suppdata/cc/
b1/b108986m/ for crystallographic data in CIF or other electronic format.
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Fig. 1 X-Ray structure of (2)-8. Displacement ellipsoids are drawn at the
50% probability level.

Scheme 4

Table 2 TBAT mediated silyl exchange in the presence of electrophiles

Entry Electrophile, E Yield (%)

1 MeI 42
2 AllylBr 29
3 BnBr 28
4 c-hexylCHOa 78
5 PhCHOb 72

a Obtained with diastereoisomeric ratio (dr) 4+1 b Obtained with dr 3+2.
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A new synthesis method is presented to prepare multi-
structured porous materials through a fully chemical route
that allows control of the smaller and larger mesopore sizes
independently.

A well-defined pore size distribution at various scales is
desirable for a variety of applications.1 Experiments and
simulations have shown that a hierarchical combination of
independently controlled, well-connected smaller and larger
mesopores2 reduces transport limitations in catalysis, resulting
in higher activities and better controlled selectivities.3

Since the first reported syntheses of MCM-41, there has been
intense research activity in designing and synthesizing struc-
tured mesoporous solids with controlled pore sizes.4 Recently,
using a variety of techniques, physical templating methods were
proposed to create large meso- or macropores.5 However, scale-
up of these approaches may not be easy or cheap, prompting for
the development of alternative chemical templating methods by
which larger mesopores (!10 nm) could be produced in a
controlled way.

Here, we present such a method by means of which particles
of a primary mesoporous material, e.g. MCM-41, are cross-
linked using triblock copolymer assemblies as templating
agents to form a material with a secondary bimodal pore
distribution. By varying the synthesis conditions in the second
step, it is possible to synthesize a broad class of such
hierarchically structured silicas (Table 1).

In the first step tetraethylorthosilicate, the template cetyl-
trimethylammonium bromide (CTAB), water and ammonia
were mixed at room temperature in a ratio of 1+0.2+160+1.5.
This ‘primary product’ was filtered off and repeatedly washed
with distilled water. After drying and calcination, the structure
of the ‘primary product’ was confirmed by XRD (Fig. 1) and
nitrogen adsorption, as MCM-41.6 Its isotherm (sample 1) is
consistent with a narrow pore size distribution around 2.6 nm
(Fig. 2), as expected for MCM-41.† In the second step, prior to
drying, part of the filtered ‘primary product’ was immersed in a

basic (pH ~ 10) 5 wt% solution of a tri-block copolymer
surfactant (e.g., P-123) in a solvent (e.g., ethanol). After aging
the gel for 2 d in an autoclave at 100 °C, the ‘secondary product’
was filtered off, repeatedly washed with distilled water, dried at
120 °C for 3 h and calcined at 500 °C for 6 h in air. The
formation of novel structures within the secondary product can
be deduced from the N2 adsorption–desorption isotherms of the
calcined samples.

The isotherms of all secondary products (samples 2–8),
exhibit two inflections (Fig. 2). The first of these (a flat
hysteresis loop at 0.4 < P/P0 < 0.55) is shifted to a higher
relative pressure compared to that of the primary product, and
corresponds to a mean pore size of around 3.0–3.3 nm.
Meanwhile, the XRD patterns of the secondary products show
that the order of the pores has decreased somewhat, while the
(100) peak is slightly shifted to lower angles (corresponding to
a d-spacing of ~ 4.2 nm), due to the small primary pore size
increase (Fig. 1). This results from solvent penetration in the
second step into the hydrophobic core of the liquid crystalline
template formed by CTAB.7 The second inflection (a type IV-A
hysteresis loop at 0.8 < P/P0 < 0.98) indicates the presence of
a significant amount of secondary mesopores, with a synthesis
dependent pore size distribution at scales > 10 nm (Fig. 2 and

Table 1 Texture properties of the samples

db/nm

Sample SFa Solvent Prim. Sec.
PVc/cm3

g21
SAd/m2

g21

1 2.6 0.7 1100
2 Ethanol 3.1 16 1.8 1070
3 P-123e Ethanol 3.3 25 2.6 960
4 P-123 Benzene 5.4 16 2.8 980
5 P-123 Water 3.2 54 2.8 950
6 L-61f Ethanol 3.3 36 3.5 990
7 P-64g Ethanol 3.0 25 2.9 990
8 F-68h Ethanol 3.1 22 2.4 1020
a Surfactant. b Mean pore diameter. Calculated on the basis of the BJH
model for the desorption branch of nitrogen adsorption isotherms.
c Pore volume. d Surface area. e HO(CH2CH2O)20(CH2CH2CH2O)70(CH2-
CH2O)20H. f HO(CH2CH2O)2(CH2CH2CH2O)31(CH2CH2O)2H. g HO-
(CH2CH2O)13(CH2CH2CH2O)30(CH2CH2O)13H. h HO(CH2CH2O)76-
(CH2CH2CH2O)29(CH2CH2O)76H.

Fig. 1 XRD patterns of samples 1 and 3.

Fig. 2 Nitrogen adsorption–desorption isotherms of the samples (inset:
corresponding pore size distributions). Subsequent isotherms are offset by
200 cm3 g21.
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Table 1). The shape of this hysteresis loop is quite different in
its width from the secondary loop of the primary product in the
same region and suggests tubular pores instead of interparticle,
textural mesoporosity.8 At the low surfactant concentrations
used here, the micelles do not form a liquid crystal phase, but
disordered spherical to flexible rod- or worm-like micelles.9

During the initial stage of the secondary product synthesis,
the primary MCM-41 gel particles are still soft and deformable;
surface silanol groups exposed to the micelles form hydrogen
bonds with their hydrophilic heads, while silanol groups of
adjoining particles condense around the micelles at the higher
temperatures in the autoclave. This view is supported by an
examination of 29Si magic-angle spinning nuclear magnetic
resonance (MAS-NMR) spectra of the secondary materials
which show for, e.g., sample 3, three broad peaks at 91 (Q2), 101
(Q3) and 109 ppm (Q4). The ratio of the peak areas is Q2+Q3+Q4

= 0.03+0.34+1, whereas for the primary material (sample 1) it
is 0.2+0.46+1. This suggests that the secondary materials are
somewhat more condensed as would be expected as a result of
covalent cross-linking.10

The conditions during the first step are kept constant,
resulting in primary gel particles that are reproducibly within
the same size range ~ 20 nm and the pore size distribution of
which centers around 3.1 nm. Mainly by using different solvent
and/or surfactant compositions during the second synthesis
step, the pore size distribution of the secondary material can be
controlled without appreciably modifying the pore size distribu-
tion of the primary product.

Two experiments show the role P-123 plays during the
formation of secondary product. In a “blank” experiment (not
using any micelle-forming P-123 in the second synthesis step,
sample 2) a secondary product was obtained, the isotherm of
which is consistent with a pore size of 16 nm with a 10 nm
width, indicating textural mesoporosity. In a second experi-
ment, using non-polar benzene instead of ethanol as solvent
with 5 wt% P-123 (sample 4), the peak of the primary product
pore size distribution shifts from 3 to 5.4 nm, because benzene
is able to considerably swell CTAB aggregates/micelles located
inside the primary product pores. The average secondary pore
size is the same as that when no P-123 is used (i.e. 16 nm with
a width of 10 nm). Benzene, being a better organic solvent than
ethanol, dissolves P-123 completely without leading to micelle
formation,11 thus resulting in the same secondary pore size as
obtained in the absence of copolymer (sample 2). Therefore,
only in the presence of P-123 and under conditions where it can
form micelles do we observe mesopores larger than 20 nm (viz.
Table 1) of tubular type. The secondary pore size of sample 1
( > 100 nm) is even larger due to textural interparticle meso/
macroporosity.

These data are consistent with our postulate that the two pore
systems are formed in independent processes. The mechanism
for the formation of MCM-41 is well established,4a,6 but for the
generation of the larger mesopores in the secondary product, it
is suggested that in ethanol the surfactants form micelles around
which the soft particles of the primary product cross-link by
condensation of the surface hydroxy groups of adjoining
particles. This is schematically shown in Fig. 3. The size of the
micelles, and, therefore, of the so-generated larger secondary
pores, depends on the synthesis conditions [e.g., surfactant
composition (compare samples 6, 7 and 8), solvent polarity
(compare samples 4, 3 and 5), and amount of surfactant]. A
similar route to fabricate nanotubes has recently been re-
ported.12

Transmission electron microscopy (TEM) images are also
consistent with a bimodal pore system, showing regions of less
ordered, worm-like, small mesopore channels with a diameter
of 3 nm, as well as tubular, rounded, large mesopores with a
diameter around 40 nm for, e.g., sample 6, consistent with the

N2 adsorption results. It should be noted that the contrast
obtainable for amorphous siliceous materials is always inferior
to that of ordered materials. Scanning electron microscopy
(SEM) images show a smoother morphology for the secondary
product compared to the particulate morphology of the primary
product.

The method presented here provides a general means to
synthesize multi-structured materials with a controlled pore
structure over a range of scales. An efficient, hierarchical “road
network” can, thus, be designed in a purely chemical way,
leading to the desirable structure for a particular application.

We thank Dr P. J. Kooyman for the TEM and P. Boeser for
measurement of the adsorption isotherms.
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Fig. 3 Schematic representation of bimodal pore formation in the second
step.
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Two trianions of 1,3,5-tris(sulfomethyl)benzene each form
six hydrogen bonds to the water molecules of octahedral
[M(H2O)6]3+ cations to completely encapsulate the metal
complexes via second sphere coordination.

In general, second sphere coordination refers to any inter-
molecular interactions with the ligands directly bound to a metal
center, i.e. the primary coordination sphere. These interactions
are typically weak but can have significant effects on the
physical properties of the complex. A number of excellent
reviews of second sphere complexes, in general, have recently
appeared,1 as well as more specific examinations of second
sphere coordination effects on stability and solubility,2 transport
properties,3 and even effects on relaxivity of Gd3+ ions for MRI
applications.4 Second sphere coordination is also of major
importance in biological systems, owing to the ubiquitous
nature of transition metal ions and the fact that most of these
centers experience at least partial hydration.5 Several examples
exist of second sphere complexes with aquo6 and ammine7

coordination compounds, however, the second sphere inter-
actions are only with a fraction of the primary coordination
sphere. Herein, we present the complete encapsulation of
hexaaquo metal ions via twelve hydrogen bonds to a second
sphere comprised of two trisulfonated ligands. TGA data show
the enhanced stability of the primary hydration sphere.
Significantly, this phenomenon appears to be general for
trivalent hexaaquo metal cations.

Fe(NO3)3 was complexed to the sodium salt of the trianion of
1,3,5-tris(sulfomethyl)benzene, Na3L,8 in an aqueous solution.
Diffusion of methanol into this solution yielded yellow crystals
of {Fe(H2O)6}[Fe(H2O)6(L)2]·6MeOH 1, suitable for an X-ray
analysis.† The structure is highly symmetrical with an asym-
metric unit consisting of one-third of a molecule of L, one
methanol molecule, one-sixth of each Fe center and two water
molecules, one coordinated to each Fe. The crystal structure
shows two types of hexaaquo Fe3+ centers in the complex. The
first center is completely encapsulated by two molecules of L
through twelve hydrogen bonds, six to each molecule of L (Fig.
1a) forming an overall trianionic complex. The methylsulfonate
groups on each molecule of L adopt a cis-cis-cis orientation (i.e.
they are all on the same side of the benzene core) and cap one

of the triangular faces of the octahedral hexaaquo Fe1 center.
All six water molecules of Fe1 are crystallographically
equivalent (Fe1–O1 1.996(2) Å). Both H atoms of the
coordinated water molecule form hydrogen bonds to two
sulfonate oxygen atoms from two different sulfonate groups
(O1…O4 2.632(2) Å, O1…O5 2.639(2) Å). Thus, each
triangular triaquo face of the Fe complex is staggered with
respect to the 1,3,5-substitution pattern of L (Fig. 1b).

The hexaaquo Fe2 center is not encapsulated by L but rather
is interspersed between the trianionic second sphere complexes
in an efficient charge-compensating manner. It also contains
only a single crystallographic type of water molecule (Fe2–O2
1.986(2) Å). Down the c-axis, the second sphere complexes
alternate in a column with the ‘naked’ hexaaquo Fe2 centers.
Separating these two moieties is a layer of three MeOH
molecules. This packing is shown in Fig. 2. There are H-bonds
between the coordinated water molecules on Fe2 and O3, the
sulfonate oxygen atom not involved in H-bonding to the water
molecules of Fe1 (O2…O3 2.644(3) Å). The methanol
molecule is also involved in hydrogen bonding to the water
molecule coordinated to Fe2 (O6…O2 2.563(3) Å) as well as to
one of the sulfonate oxygen atoms already forming a H-bond to
the water coordinated to Fe1 (O6…O5 2.769(3) Å). Adjacent
columns along the c-axis are offset by 7.954(2) Å, correspond-
ing to a third the length of the c-axis. Thus, a fourth column
added to Fig. 2 would align laterally with the first.

Single crystals were also obtained from separate aqueous
complexations of Na3L with CrCl3·6H2O and AlCl3·6H2O,
again via a methanol diffusion, and these were found to be
isostructural with complex 1.9 Thermogravimetric analyses
(TGA) were performed on all three complexes and similar

Fig. 1 Two views of the trianionic second sphere moiety of complex 1. (a)
Left, showing the doubly capping mode of L with [Fe(H2O)6]3+. (b) Right,
showing the six hydrogen bonds formed between L and the triangular
triaquo faces of Fe(H2O)6]3+.

Fig. 2 View of 1 perpendicular to the c-axis, showing the offset column
arrangement along the c-axis and the placement of the MeOH molecules.
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trends were observed in the mass losses.10 Specifically for 1,
loss of the guest MeOH molecules was rapid, beginning at room
temperature to ~ 110 °C (15.57% calc., 15.88% obs.). This
merges with a second mass loss of six water molecules (8.75%
calc., 8.95% obs.) up to ~ 160 °C. Continuing, to ~ 265 °C, six
water molecules (8.75% calc., 8.99% obs.) are lost to fully
desolvate the complex. The final mass loss, above 300 °C,
corresponds to decomposition of L. The TGA data of all three
complexes are shown in Fig. 3 for comparison.

Typically, aquo ions in transition metal complexes are lost at
temperatures below 150 °C.11 This correlates very well with the
first loss of water observed in 1, to be assigned to the ‘naked’
metal cation. The temperature of the second mass loss then
shows that the aquo ligands of the encapsulated metal center
have been stabilized by > 100 °C through the secondary
coordination sphere, a very significant value given that only
weak interactions are involved.

Notably, isolation of complexes of L with divalent hexaaquo
metal cations was not as facile as isolation of their trivalent
counterparts. This is not unexpected as, for an analogous
encapsulated 2+1 ligand to metal complex, there would only be
two-thirds of the positive charge within the capsule to attract the
two anionic ligands. As an illustration, a competitive crystal-
lization was performed where equimolar amounts of Na3L,
Fe(NO3)2 and Zn(NO3)2 were combined in aqueous solution.
Diffusion of methanol into this mixture afforded only yellow
crystals of 1, as confirmed by a partial X-ray data collection. All
the Zn2+ ions remained in solution.

Sulfonate anions are typically regarded as weakly coordinat-
ing ligands.12 Indeed, most examples of transition metal
sulfonate complexes prepared in aqueous media show partial to
complete hydration of the metal center.13,14 While the current
results are in keeping with this trend, they also show that, with
a sufficient degree of preorganization, sulfonate anions may still
have a pronounced effect on the metal center. In addition to
showing the stabilization possible with second sphere coordina-
tion, in a more general sense, the present study illustrates one of
the hallmark principles of supramolecular chemistry,15 that is,
the effects of cooperative binding between multiple weak
interactions in a preorganized fashion. Ongoing work concerns
elucidating the structural features of the divalent hexaaquo
complexes with L as well as hexaammine complexes.

We thank NSERC of Canada and the University of Calgary
for financial support of this research.
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† Crystal data for [(Fe(H2O)6)[Fe(H2O)6(L)2]·6MeOH, 1:
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13.979(2) , c = 23.869(3) Å, a = b = 90, g = 120°, V = 4039.4(8) Å3,
Z = 12, Dc = 1.523 g cm23, m(Mo-Ka) = 0.866 mm21, crystal size 0.50
3 0.42 3 0.22 mm. Data for 1 were collected on a Rigaku AFC6S
diffractometer using the w–2q scan mode (3 < 2q < 50.1°) and solved using
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Reaction of the new ligand 1,2-dimethoxy-4,5-bis(2-py-
ridylethynyl)benzene with different metal centers under
similar reaction conditions led to three distinct structure
formation processes: molecular ring closure, dimerization,
and polymer formation.

In synthetic, covalent organic chemistry the notion of con-
formers, oligomers and polymers are distinctly separated and
irreconcilable. In supramolecular synthesis on the other hand
this conception is less stringent. The utilized building blocks
and the variety of binding forces that hold supramolecular
assemblies together by arranging organic modules in the solid
state makes the border of the very notions of conformers, cycles,
and polymers more permeable. Here we wish to demonstrate
that one organic module 1,2-dimethoxy-4,5-bis(2-pyridylethy-
nyl)benzene 11 can form a supramolecular cycle, a dimer and
polymer utilizing different inorganic connectors Cu(OAc)2,
CoCl2 and [Rh(OAc)2]2.

Single crystals suitable for X-ray diffraction† of Cu(1)-
(OAc)2·CH3OH 2 were obtained by layering a methanol
solution (1 mL) of Cu(OAc)2·H2O (2.0 mg, 0.01 mmol) over a
dichloromethane solution (1 mL) of 1 (6.7 mg, 0.02 mmol), with
a layer of pure methanol separating them (20% yield). Crystals
of [Co(1)Cl2]2 3 were prepared similarly, substituting
CoCl2·6H2O for Cu(OAc)2·H2O and ethanol for methanol (68%
yield).‡ Crystals of catena-poly{[Rh(OAc)2]21·CH2Cl2} 4
were prepared similarly to 2 except that [Rh(OAc)2]2 was
substituted for Cu(OAc)2·H2O (maintaining the ligand to metal
ratio) and ethanol was substituted for methanol (40% yield).
These three systems each form a distinctly different structure
and between them, demonstrate the importance of the free
rotation of the pyridyl rings around the carbon–carbon bonds for
facilitating the formation of the three structure types.

Compound 2 demonstrates the preference of Cu2+ for square
planar coordination with copper positioned snugly between the
two pyridyl rings. The resulting N–Cu–N (Cu–N 2.01 Å, N–
Cu–N 172.98°) bonds close an eleven membered, triangular
ring (Fig. 1), which is nearly identical to the structures reported
by Bosch and Barnes for 1,2-bis(2-pyridylethynyl)benzene.2
The square planar coordination of copper is completed by two
trans oxygens from separate acetate groups.

Compound 3 contains Co2+, which is found in typical
tetrahedral coordination.3 This tetrahedral preference, appar-
ently, cannot be conveniently satisfied through a ring closure
that would require a rotation of the pyridyl rings away from the
180° angle found in the copper complex. The result of such a
rotation would be an elongated Co–N bond. Instead, the pyridyl
rings rotate away from each other by 128° and bind to separate
cobalt atoms with bond lengths of 2.03 Å, which is typical for
Co–N bonds. The tetrahedral coordination in each case is
completed by two chlorine atoms. The overall structure (Fig. 2)
consists of two molecules of 1 bridging two cobalt atoms. An
inversion center is located in the middle of the dimer.

The polymeric structure of 4 (Fig. 3) results from the linear
coordination preference of [Rh(OAc)2]2. The structure consists

Fig. 1 A single molecule of 2. The hydrogen atoms and methanol group
have been omitted for clarity.

Fig. 2 Hydrogen atoms have been omitted for clarity. (a) a view of 3 from
above showing the tetrahedral coordination of cobalt; (b) a view of 3 from
the side showing the opposing orientations of 1 and the rotation of the
pyridyl rings.
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of two acetate-bridged rhodium atoms that connect to the
pyridyl rings of two separate molecules of 1 and mimics a
conjugated organic polymer. The rhodium is six-coordinate
with four equatorial oxygens from the acetate groups, one axial
rhodium from the other half of the dimer and one nitrogen
belonging to the pyridyl group on the ligand.

Tetrakis(carboxylato)rhodium compounds were first dis-
covered in 1960,4 but it was not until 1981 that the first
polymeric species containing such a rhodium dimer was
synthesized.5 A survey of the CSD indicates that 1 is the largest
ligand yet used in such a polymeric species. The polymeric
structure is charge balanced, eliminating the need for counter
ions competing for binding sites. This leads to higher site
symmetry and makes such rhodium dimers attractive building
blocks for coordination polymers.6 Because of its length, the
dirhodium moiety cannot fit between the pyridyl rings and
achieve ring closure, as in 2, despite the favorable linear
arrangement of the binding sites. Consequently, the pyridyl
rings rotate outward by 180° to form a polymer chain with the
rhodium dimer bridging adjacent ligands in a zig-zag fashion.
This polymer is a supramolecular analogue of the hitherto
unknown ortho-PPE7 and as such is a fascinating structure. The
Rh–N distance within the polymer is 2.25 Å, typical for Rh–N
bonds in such systems.5,8–10

One interesting aspect of these structures are the carbon–
carbon separations between the alkyne groups on the ligand 1
which, if close enough, could potentially be crosslinked in a
Bergman reaction.11 In 2, the closed ring conformation results
in a C6…C17 separation of 4.089 Å. This is almost the same as
the C6…C6 distance of 4.100 Å in 4, which should represent an
unstrained system. By comparison, in 3, the C6…C17 distance
within the same molecule of 1 is 3.886 Å, while the alkyl groups
on separate ligands are only 3.548 Å apart (within the range for
p–p interactions). This suggests that the copper cation fits
between the pyridyl rings without inducing any strain, while in
3, the dimer formation strains the ligand, bending the pyridyl
ligands towards one another, which effects a shorter C6…C17
distance.

These three structures demonstrate the diversity, which can
be achieved using 1 that is made possible by the ability of the
ligand to distort itself to the preferred coordination environment
of the metal center. While one may expect a slight bending of
the pyridylethynyl legs either towards or away from each other,
these three structures show that rotation of the pyridyl ring
around the ethynyl linkage seems more favorable.

Financial support was provided in part by the National
Science Foundation through Grants DMR:9873570 and
CHE:9814118 and in part by the South Carolina Commission
on Higher Education through Grant CHE:R00-U25. The Bruker
CCD Single Crystal Diffractometer was purchased using funds

provided by the NSF Instrumentation for Materials Research
Program through Grant DMR:9975623.

Notes and references
† Synthesis of the ligand 1: under nitrogen, 1,2-dimethoxy-4,5-diiodo-
benzene (2.00 g, 5.28 mmol),12 2-ethynylpyridine (1.09 g, 10.6 mmol),13

(Ph3P)2PdCl2 (50 mg, 71 mmol), CuI (50 mg, 263 mmol) and piperidine (15
mL) are placed in a Schlenk flask and stirred for 24 h at ambient
temperature. Aqueous workup followed by chromatography with EtOAc–
hexanes (1:9) furnishes the ligand in 22% yield (395 mg) as a colorless
powder (mp 154 °C). Spectroscopic data: IR, n/cm21 2200 (m), 1590 (w),
1570 (s), 1550 (w), 1510 (s), 1460 (m), 1450 (m), 1435 (w), 1425 (w) 1415
(w), 1360 (s) . 1H NMR (CD3CN), d 3.90 (s, 6H, OCH3), 7.24 (s, 2H, aryl-
H), 7.38 (ddd, 2H, pyridyl-H), 7.77 (dt, 2H, pyridyl-H), 7.82 (td, 2H,
pyridyl-H), 8.65 (d, 2H, pyridyl-H). 13C NMR (CDCl3), d 150.28, 149.812,
143.83, 136.38, 127.54, 122.92, 118.65, 114.67, 91.94, 88. 33, 56.34. MS
EI, m/z 340 (100%, M+), 341 (25%, M+), 342 (5%, M+), 325 (M+ 2 CH3,
15%,) 309 (M+ 2 OCH3, 4%), 263 (M+ 2 pyridine, 97%).
‡ Crystal data for 2: C27H26CuN2O7, M = 554.04, triclinic, space group P1̄,
a = 8.2357(4), b = 12.5088(6), c = 13.3128(6) Å, a = 78.3000(10)°, b =
72.1170(10)°, g = 76.6810(10)°, U = 1257.12(10) Å3, T = 293(2) K, Z =
2, l = 0.71073 Å, 11656 reflections measured, 5144 unique (Rint = 0.0199)
which were used in all calculations. R1 = 0.0374 and wR2 = 0.0922. For
3: C44H32Cl4Co2N4O4, M = 940.40, monoclinic, space group P21/n, a =
8.5272(6), b = 18.3653(13), c = 13.3493(9) Å, b = 103.574(2)°, U =
2032.2(2) Å3, T = 190(2) K, Z = 2, l = 0.71073 Å, 13541 reflections
measured, 4156 unique (Rint = 0.0347) which were used in all calculations.
R1 = 0.0504 and wR2 = 0.1107. For 4: C31H30Cl2N2O10Rh2, M = 867.29,
monoclinic, space group C2/c, a = 21.5985(13), b = 20.2480(12), c =
8.0207(5) Å, b = 103.2650(10)°, U = 3414.1(4) Å3, T = 190(2) K, Z =
4, l = 0.71073 Å, 15208 reflections measured, 3504 unique (Rint = 0.0545)
which were used in all calculations. R1 = 0.0613 and wR2 = 0.1222.
CCDC reference numbers 173558–173560. See http://www.rsc.org/supp-
data/cc/b1/b109849g/ for crystallographic data in CIF or other electronic
format.
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13 D. E. Ames, D. Bull and C. Takundwa, Synthesis, 1981, 364.

Fig. 3 A view of 4 showing the connectivity of 1 and the rhodium dimer. Hydrogens have been omitted for clarity.
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The combination of the cis-blocked platinum(II) unit (bu2-
bipy)Pt2+ with the unsymmetrical bis(pyridine) ligand
4-NC5H4C(NO)NH-4-C5H4N gives the molecular triangle
complex [{Pt(bu2bipy)(m-4-NC5H4C(NO)NH-4-C5H4N)}3]6+,
which forms stacked pairs in the solid state through
intertriangle NH…OC hydrogen bonds and Pt…OC secon-
dary bonds.

There has been much interest in molecular triangles, assembled
through coordination chemistry, some of which stack to form
materials, A, with nanometre sized channels.1 However, the
stacking has usually been unpredictable, and so the discovery of
stacked triangles in these systems has often been serendipi-
tous.1,2 On the other hand, cyclic oligopeptides have amide
groups oriented perpendicular to the ring and they stack in a
predictable way through inter-ring NH…OC hydrogen bonding,
to give dimers, B, that model protein b-sheet structures or to
give ‘protein nanotubes’.3

The inorganic molecular triangles have often been prepared
using roughly linear, symmetrical bis(pyridine) bridging li-
gands in combination with a cis oriented palladium(II) or
platinum(II) unit. Typically, there are no functional groups
perpendicular to the triangle to provide orientation through
secondary bonding effects,1,2 and the nature of the stacking,
when determined, is often controlled by anion or solvent effects
that are difficult to predict. This paper reports a new molecular
triangle complex in which a roughly linear bis(pyridine) ligand
4-NC5H4C(NO)NH-4-C5H4N, 1, is designed to have amide
groups between the pyridyl donors4 that can control the
intertriangle stacking.

The reaction of the ligand 14 with [Pd(bu2bipy)(thf)2][BF4]2
or [Pt(bu2bipy)(O3SCF3)2], bu2bipy = 4,4A-di-tert-butyl-2,2A-
bipyridine, occurred by 3 + 3 self-assembly to give the
complexes [M3(bu2bipy)3(m-1)3]X6 (2a, M = Pd, X = BF4; 2b,
M = Pt, X = CF3SO3) which were isolated as colorless solids.†
These complexes had similar NMR spectra, suggesting similar
structures, but the NMR spectra were deceptively simple and
did not define the nuclearity of the complexes or the molecular
symmetry. The trimeric structure of 2b was established by an X-
ray structure determination (Fig. 1).‡

The cation [Pt3(bu2bipy)3(m-1)3]6+ forms a triangular triplati-
num unit with each pair of platinum atoms bridged by a slightly
bowed ligand 1. There are two potential isomers with an
unsymmetrical ligand such as 1, containing NHC5H4N (pya)
and C(O)C5H4N (pyb) pyridyl donors. The more symmetrical Fig. 1 A view of the cation 2b with encapsulated triflate anion.
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isomer has symmetry C3h, when each platinum has Pt(pya)(pyb)
coordination, and the less symmetrical isomer has symmetry Cs,
when the three platinum atoms have Pt(pya)2, Pt(pyb)2 and
Pt(pya)(pyb) coordination (assumes free rotation of ligands 1 to
give maximum possible symmetry). Complex 2b has the less
symmetrical structure (roughly Cs) with Pt(3), Pt(1) and Pt(2)
having Pt(pya)2, Pt(pyb)2 and Pt(pya)(pyb) coordination, re-
spectively (Fig. 1). The three Pt atoms form an approximately
equilateral triangle with Pt…Pt distances of 13.1 Å, and the
three PtN4 coordination planes are roughly coplanar. However,
each pyridyl group of the three bis(pyridyl) ligands is oriented
out of the molecular plane so that a large interior cavity is
formed. One of the triflate anions is encapsulated in the center
of this cavity (Fig. 1). There are relatively short contacts
N(127)…O(608) 3.13 and N(149)…O(606) 3.19 Å but the
orientation is not appropriate for hydrogen bonding and it is
likely that this simply represents a close fit of the triflate ion in
the cavity.

The amide groups are oriented roughly perpendicular to the
molecular triangle and an interesting supramolecular associa-
tion occurs between pairs of triangular cations, that are
separated by about 5.1 Å and related by a centre of symmetry,
as illustrated in Fig. 2. The association occurs primarily through
pairwise intertriangle NH…ONC hydrogen bonding between
amide groups, with N(107)…O(148A) = N(107A)…O(148) =
2.92 Å. These attractions are supported by two long CNO…Pt
contacts with O(129)…Pt(1A) = O(129A)…Pt(1) = 3.36 Å,
that probably represent weak electrostatic attractions. The NH
groups that are not involved in intertriangle hydrogen bonding
take part in hydrogen bonding either with a triflate anion
[N(149)…O(206) 2.81 Å] or with a water molecule

[N(127)…O(801) 2.90 Å]. The carbonyl groups C(128)O(129)
and C(108)O(109) are not involved in hydrogen bonding. The
‘dimer of trimer’ cations contain two triflate ions in their
cavities (Fig. 1) and are surrounded by further disordered triflate
ions, as well as by water and acetone solvate molecules.
However, there is no further intercation bridging between
adjacent ‘dimers of trimers’.

The packing motif is thus different from that of a related
triangular hexacation in which all triangles are separated by the
same distance and connected by a channel of counter ions and
water molecules.2d It is possible that the unsymmetrical ring
structure found in the structure of 2b is favored over the more
symmetrical one, 2bA, as a result of the favorable supramo-
lecular association since there is no obvious reason why it
would be favored for a simple ring structure. Indeed it should be
noted that there is no direct proof that triangles, rather than the
more common squares, are present in the solution phase. The
complex cation 2b appears to be the first example of a cyclic
coordination compound that forms a dimer architecture similar
to that formed by cyclic peptides, and it suggests that the
biomimetic approach to organization of molecular triangles and
other macrocyclic structures has considerable promise.3

We thank the NSERC (Canada) for financial support. R. J. P.
thanks the Government of Canada for a Canada Research
Chair.

Notes and references
† [{(bu2bipy)Pt(m-NC5H4-4-CONH-4-C5H4N)}3](CF3SO3)6 2b. To a solu-
tion of N-(pyridin-4-yl)isonicotinamide (0.020 g, 0.100 mmol) in THF (10
mL) was added a filtered solution of [(bu2bipy)Pt(OTf)2] generated in situ
from [(bu2bipy)PtCl2] (0.053 g, 0.100 mmol) and AgOTf (0.052 g, 0.200
mmol) in CH2Cl2–THF (10/10 mL). The white precipitate was collected by
filtration, washed with diethyl ether and dried under vacuo. Yield: 68%.
Anal. Calc. for C93H99F18N15O21Pt3S6.3H2O: C, 38.04; H, 3.60; N, 7.15.
Found: C, 38.08; H, 3.30; N, 6.84. 1H NMR (acetone-d6): d 11.0 (s, 1H,
CONH); 9.60 (s, 2H, H2,6); 9.25 (s, 2H, H2A,6A); 8.82 (s, 2H, H6,6A bu2bipy);
7.65–8.30 (m, 8H, H3,5,3A5A + H3,5,3A,5A bu2bipy); 1.45 (s, 18H, Bu). The
spectrum was very similar at 280 °C; mp 242 °C.
‡ Crystal data for 2b. Me2CO·3H2O: C96H105F18N15O25Pt3S6, M =
2988.58, Nonius Kappa-CCD diffractometer, T = 200(2) K, l = 0.71073
Å, space group P1̄, a = 15.2398(9), b = 18.154(1), c = 23.461(1) Å, a =
79.115(3), b = 84.232(3), g = 77.554(3)°, V = 6212.2(6) Å3, Z = 2, Dc =
1.598 g cm23, m = 3.567 mm21, F(000) = 2956, reflection collected
43817, unique reflns 15006, R1 = 0.0960, wR2 = 0.2620 [I > 2s(I)]. The
cation was well-defined but there was much disorder of the anions and
solvent molecules, leading to large residuals. Only the platinum atom and
two anions were refined anisotropically. CCDC reference number 173466.
See http://www.rsc.org/suppdata/cc/b1/b109784a/ for crystallographic data
in CIF or other electronic format.

1 Recent reviews: (a) M. Fujita, K. Umemoto, M. Yoshizawa, N. Fujita, T.
Kusukawa and K. Biradha, Chem. Commun., 2001, 509; (b) B. J.
Holliday and C. A. Mirkin, Angew. Chem., Int. Ed., 2001, 40, 2022; (c)
S. Leininger, B. Olenyuk and P. J. Stang, Chem. Rev., 2000, 100, 853; (d)
F. A. Cotton, C. Lin and C. A. Murillo, Acc. Chem. Res., 2001, in
press.

2 (a) F. A. Cotton, C. Lin and C. A. Murillo, Inorg. Chem., 2001, 40, 575;
(b) A. Sautter, D. G. Schmid, G. Jung and F. Wurthner, J. Am. Chem.
Soc., 2001, 123, 5424; (c) R.-D. Schnebeck, E. Freisinger, F. Glahe and
B. Lippert, J. Am. Chem. Soc., 2000, 122, 1381; (d) R.-D. Schnebeck, E.
Freisinger and B. Lippert, Chem. Commun., 1999, 675; (e) J. Hall, S. J.
Loeb, G. K. H. Shimizu and G. P. A. Yap, Angew. Chem., Int. Ed., 1998,
37, 121.

3 (a) J. D. Hartgerink, T. D. Clark and M. R. Ghadiri, Chem. Eur. J., 1998,
4, 1367; (b) M. R. Ghadiri, K. Kobayashi, J. R. Granja, R. K. Chadha and
D. E. McRee, Angew. Chem., Int. Ed. Engl., 1995, 34, 93.

4 (a) T. S. Gardner, E. Wenis and J. Lee, J. Org. Chem., 1954, 19, 753; (b)
M. Kondo, T. Okubo, A. Asami, S.-I. Noro, T. Yoshitomi, S. Kitagawa,
T. Ishii, H. Mazsuzaka and K. Seki, Angew. Chem., Int. Ed., 1999, 38,
140; (c) M. Kondo, A. Asami, H.-C. Chang and S. Kitagawa, Cryst. Eng.,
1999, 2, 115.

Fig. 2 Side (a) and top (b) views of the dimer of triangles formed via
hydrogen bonding and weak CNO…Pt interactions between units of 2b. The
triflate anions are omitted for clarity and in (a) only the core atoms of the
bu2bipy ligands are shown.
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The synthesis and complexation of two heteroditopic lariat
azathioether macrocycles L1 and L2 incorporating acylurea
functionalised pendant arms are described; L1 and L2 are
capable of simultaneously binding both the cationic and
anionic moieties of a metal salt as confirmed by the
structures of [PdCl2(L1)], [CuCl(L2)]2CuCl4 and
[Ag(NO3)(L2)] and by 1H NMR studies in solution on
[Ag(NO3)(L2)].

Interest in the design and synthesis of heteroditopic receptors
that can simultaneously bind both cationic and anionic moieties
of a metal salt stems from the anticipation that such compounds
may act as potent ionophores for the selective extraction and
transport of base, toxic and/or precious metal salts from process
streams.1–3 A common approach has been to combine cation
complexing agents such as crown O-ethers and calixarenes with
proven anion receptors,1–6 facilitating the tandem complexation
of Group 1 halides, pseudo-halides and hydrogen phosphates.
However, this choice of cation receptor precludes the simulta-
neous complexation of softer transition metal salts. Indeed,
general ditopic receptors for transiton metal salts are exceed-
ingly rare,7,8 Thioether crowns represent powerful ligands for
binding transition metal cations, even under low pH conditions
where aza ligands are simply protonated and are no longer able
to function as cation receptors.9 We report herein definitive
structural evidence for three systems that show simultaneous
cation and anion binding.

Reaction of PdCl2 with the new lariat azathiocrown L1 in
boiling MeCN results in the formation of 1 as a yellow powder
(Scheme 1).†‡ Binding of Cl2 in solution by NMR methods
could not be probed since 1 is soluble only in protic solvents

where H-exchange occurs. The structure of 1§ confirms the
Pd(II) centre ligated in a square-planar geometry to the four S-
donors resulting in an overall ‘chair’ conformation of the ligand.
A Pd…Cl contact of 3.364(2) Å is observed at both axial sites
of the Pd(II) ion and is indicative of weak electrostatic
interactions between these centres. However, when viewing the
extended molecular structure of 1, it becomes apparent that the
inner urea N atom N(2) is involved in H-bonding to the Cl2
anion of a second, approximately perpendicular molecule
[N(2)…Cl(AA) 3.332(5) Å] (Fig. 1). The outer urea N atom
N(3) is found to be H-bonding to the acyl oxygen O(1) of the
same arm [N(3)…O(1) 2.689(7) Å] so constricting the libra-
tional freedom of the anion host. As expected, the symmetry-
related equivalent N(2A) is H-bonded to the Cl2 ClD of a third
[PdCl2(L1)] molecule [N(2A)…ClD 3.331(5) Å] resulting in
supramolecular aggregation via a zigzag chain. It is therefore
apparent that ligand L1 is capable of binding not only the PdII

cation within the macrocyclic sulfur array, but also the
associated Cl2 anions by concerted intermolecular H-bonding
and metal–anion electrostatic interactions with the pendant
arm.

The reaction between CuCl2 and L2 in MeOH (Scheme 1)
affords dark green 2.†‡ The molecular structure of 2 (Fig. 2)§
confirms that the asymmetric unit comprises two [CuCl(L2)]+

cations and a [CuCl4]22 dianion. In each cation, the Cu(II)
centre is coordinated octahedrally with the inner acyl oxygen of
the pendant arm occupying an equatorial site.10 The cations are
organized such that the pendant arms assume a ‘parallel’
arrangement to each other; this position is presumably dictated
by the presence of the [CuCl4]22 anion, which is H-bonded to
the inner urea N–H of each arm [N(2)…Cl(6) 3.29(2),
N(5)…Cl(5) 3.27(2) Å]. The observed distorted tetrahedral
geometry of [CuCl4]22 is typical for this dianion.11 As with L1,
the monobrachial azathioether L2 is therefore able to simultane-
ously bind cationic and anionic halo-metal fragments; this
system formally represents a methodology for the extraction
and transport of CuCl2.

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b1/b109486f/

Scheme 1 Synthesis and complexation reactions of the heteroditopic
ligands L1 and L2.

Fig. 1 View of structure of [PdCl2(L1)].
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Neither 1 or 2 allow for NMR studies on solution complexa-
tion. However, the reaction between AgNO3 and L2 yields
[Ag(NO)3(L2)], 3,†‡ which is soluble in CD3CN. The solid state
structure of  3§ confirms that the Ag(I) cation is complexed by
the azathiocrown with the anion receptor arm extending radially
(Fig. 3). Inspection of the extended structure reveals a bond
between Ag(I) and a S-donor of a second cation [Ag–S(4A)
2.496(2) Å], so completing a five-coordinate, square pyramidal
geometry at Ag(I) and affording an overall two-dimensional
step-polymeric motif. Although displaying two-fold rotational
disorder, the NO3

2 anion is clearly H-bonded to the pendant
arm via the urea N(15), interacting in varying degrees with
O(2), O(2A) and O(1) [N(15)–O(2) 3.27(3), N(15)–O(2A)
2.50(2), N(15)–O(1) 3.43(3) Å].

Addition of AgNO3 to a solution of L2 in MeCN leads
initially to an upfield shift for the N(15)–H proton from dH 9.01
in L2 to 8.65 on addition of 0.4 equivalents of AgNO3. This
upfield shift reflects the breaking of the internal H-bonding in
free L2 (confirmed by structural studies) on complexation to
Ag(I) (Scheme 2). On further addition of AgNO3, this resonance
shows the expected downfield shift to dH 8.85 for 3 reflecting H-
bonding of the acylurea arm to the nitrate anion as confirmed by
the crystal structure of 3. Addition of [nBu4N][NO3] to 3 leads

to further downfield shifts for the N(15)–H resonance (to dH
9.39, 9.55 and 9.65 on addition of 1, 2 and 3 equivalents of
nBu4NNO3, respectively) consistent with anion binding in
solution. Significantly, addition of [nBu4N][NO3] to L2 does not
shift the N(15)–H resonance; therefore, anion binding to L2 can
only occur once cation binding within the macrocyclic cavity
and concomitant cleavage of the internal H-bonding takes place,
thus affording an element of cooperativity to this system.
Compound 4 has also been prepared and characterised.†‡

In conclusion, we have confirmed that the combination of
thioether macrocycles with functionalised acylurea lariat arms
affords heteroditopic receptors that have a wide applicability for
the complexation of transition metal salts. These results have
important implications for the extraction and transport of
transition metal salts, especially at low pH where thioether
crowns can still function as avid metal cation receptors.

This work was supported by the EPSRC (UK) and Avecia
plc.
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Fig. 2 View of structure of [CuCl(L2)]2CuCl4.

Fig. 3 View of structure of [Ag(NO3)(L2)].

Scheme 2 Cleavage of internal H-bonding in L2 on binding to AgNO3.
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Simple water soluble cavitands were prepared and the
thermodynamics of their binding with neutral guests in
water is reported.

Host–guest chemistry has had an interesting history regarding
studies in aqueous versus organic solvents. In the prehistoric
era, BC (before crowns), there was complexation of apolar
molecules by cyclodextrins in water; the main driving force for
binding was the hydrophobic effect. With the emergence of
crowns, cryptands, spherands, and their relatives, the guests
became ions, and water was avoided to reduce the competition
of hydration of the ions. As chemists became more bold and
host designs became more sophisticated, binding of apolar
molecules in organic solvents was explored, as pioneered by
Cram using the newly created cavitands as hosts.1 Soon after,
Diederich reported his seminal work on the use of cyclophanes
to bind apolar guests in solvents ranging from water to CCl4.2
Interest has continued in binding of apolar molecules in water,3
but cavitands have only occasionally been used in such studies.
Deshayes has reported the thermodynamics of complexation of
neutral molecules in water using a hemicarcerand-like cage host
composed of two cavitands.4 Rebek has fashioned cavitands
with deep cavities and has reported complexation studies in
aqueous media.5 Deep cavity cavitands have been used to
extract pollutants from wastewater.6 Positive charges have been
incorporated into the upper rim of cavitands7,8 and binding of
polar (mostly anionic) guests has been reported in water.8 Yet
binding of apolar molecules in water by simple cavitands (i.e.,
with underivatized rims) has received little attention. Here we
report the incorporation of water solubilizing groups into the
feet of simple cavitands, which allows the exploration of the
intrinsic binding affinity of the cavitand moiety in water without
the interfering effect of charges or other groups in the rims. The
thermodynamic values obtained suggest, as in Diederich’s case,
that binding is enthalpy driven, which is somewhat at odds with
the simple hydrophobic effect.

We recently reported the incorporation of phosphate groups
into the feet of cavitands in the synthesis of de novo proteins.9
Starting from cavitand 1,9 the synthesis of water soluble
cavitand 2 was accomplished in a similar manner, as shown in
Scheme 1.10 Binding studies using cavitand 2 and a variety of
guests were performed using the common methods for systems
whose binding constants are in the 10–103 range and undergo
fast exchange on the 1H NMR timescale: solutions with fixed
guest concentrations and varying host concentrations in D2O
(50 mM (NH4)2CO3, pD = 9.4) were prepared, 1H NMR

spectra were obtained, and the chemical shift of the guest
protons was recorded.11 Job plots of these data gave an
indication of 1+1 binding stoichiometry, and linear plots of the
binding isotherms were generated for verification of stoichio-
metry.12 For guests that bound in a 1+1 stoichiometry, Benesi–
Hildebrand plots were generated to give an initial estimation of
binding constants and Dmax (dcomplex 2 dfree).12 Non-linear
regression of these data gave the final Ka and Dmax,12 which are
reported in Table 1. Guests that did not show evidence for
binding include methanol, ethanol, t-butanol, phenol, THF,
pyrrole, and N-methylpyridinium iodide. Guests that bind to 2,
but do not yield 1+1 binding stoichiometry include dichloro-
methane and dimethyl carbonate. Enthalpies and entropies for
complexation between cavitand 2 and the three best guests were
generated via van’t Hoff plots;13 the ensuing results are given in
Table 2.

The Dmax values can indicate the binding geometry of the
complexes. For example, the large Dmax for the acetyl methyl of
ethyl acetate suggests that it is bound deeply within the
shielding region of the cavitand. Its methylene is clearly further
from the cavity. The alkyl methyl group is closer to the cavity
than the methylene. At first this may seem impossible, but it is
clear that different binding modes are possible. For ethyl
acetate, the predominant binding mode is acetyl methyl in the
cavity, yet the alkyl methyl can also bind in the cavity, but only
a small percent of the time: whereas the obtained association
constants represent the sum of the association constants for all

Scheme 1 (i) Diphenyl-N,N-diethylphosphoramidite, tetrazole, THF, rt; (ii)
30% H2O2, 278 °C, 65%. (iii) H2/Pd/C, rt, 86%. (iv) 0.1 M (NH4)2CO3,
100%.

Table 1 Dmax and Ka for cavitand 2 with guests

Guest Proton Dmax Ka (M21)

(CH3)2CO –CH3 2.25 ± 0.10 19 ± 1
CH3CN –CH3 3.00 ± 0.18 42 ± 3
Toluene –Hp 1.06 ± 0.05 32 ± 2

–Hm 0.91 ± 0.14 26 ± 4
–Ho 0.93 ± 0.08 36 ± 4
–CH3 2.65 ± 0.23 30 ± 3

Benzene ArH 0.58 ± 0.12 55 ± 16
CHCl3 –CH 1.07 ± 0.02 120 ± 4
CH3CH2CO2CH3

a b c
–Ha 2.11 ± 0.11 64 ± 5

–Hb 1.22 ± 0.04 94 ± 4
–Hc 3.45 ± 0.05 210 ± 6

CH3CO2CH2CH3

a b c
–Ha 3.52 ± 0.04 230 ± 8

–Hb 0.74 ± 0.01 180 ± 14
–Hc 0.93 ± 0.01 170 ± 6

CH3CO2CH3

a b
–Ha 2.19 ± 0.03 270 ± 21

–Hb 2.01 ± 0.02 270 ± 19

Table 2 Thermodynamic values for cavitand 2·guest at 298K

Guest
DG°
kcal mol21

DH°
kcal mol21

DS°
cal mol21 K

TDS°
kcal mol21

CH3CO2CH3 23.4 25.2 ± 0.1 26.2 ± 0.2 21.8
CH3CO2CH2CH3 23.2 24.2 ± 0.2 23.4 ± 0.9 21.0
CH3CH2CO2CH3 23.1 25.1 ± 0.3 26.6 ± 1.1 22.1

This journal is © The Royal Society of Chemistry 2001
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binding modes, the Dmax for a particular proton is the weighted
average of the Dmax for this proton in different binding
modes.14

As has been observed even in the very early binding studies
of cavitands in organic solvents, the cavity is complementary to
and has an affinity for methyl groups.15 This is consistent with
work on carceplexes and hemicarceplexes, which often show
high Dd for methyl groups.16 As the present system is in water,
additional factors come into play such as removing apolar
groups from the hydration sphere.17 Guests such as phenol,
pyrrole, and THF are well solvated by water and do not contain
methyl groups; thus they do not bind at all to cavitand 2 in
water. Methanol, ethanol, t-butanol, and N-methyl pyridinium
iodide contain methyl groups, but they are too hydrophilic for
cavitand 2 to compete with water. Acetonitrile has an
electropositive methyl group, but it is also well solvated by
water, so it binds weakly. Toluene is far too big to fit completely
in the cavity, but it can fit its methyl group in and bury some of
its hydrophobic bulk. However, binding of toluene is weak, as
much of the apolar molecule must remain in water. The esters
are all good binders, as they can readily provide electron
deficient methyl groups for the cavity. Note that methyl
propionate binds predominantly OMe into the cavity, and ethyl
acetate binds predominantly acetyl methyl into the p-electron-
rich cavity. In each case the more electron poor methyl dictates
the preferred binding mode. Methyl acetate appears to bind with
each methyl group equally strongly into the cavity (Dmax =
2.19 and 2.01 ppm; since these are weighted averages of the two
binding modes, the methyls likely stick well into the cavity in
each mode).

The thermodynamic measurements reveal that binding of
neutral guests to simple cavitands in water is enthalpy driven.
The common hydrophobic effect, where water is freed up to go
into the bulk, is normally entropically favored. Our case is like
Diederich’s2 and others’4,18 where the entropic release of water
may indeed be at play, but the overall combination of factors
renders complexation entropically unfavored. Somewhat unex-
pected is that the guest (ethyl acetate) that appears to have the
greatest modal preference (it prefers to bind acetyl methyl into
the cavity) has the least unfavorable entropy of binding. Clearly
the entropic factors, both the costly (e.g., reduction in
molecularity and conformational freedom) and the empowering
(e.g., freeing up water), are complex.18 Water is nevertheless
required for binding.17 Just as in Diederich’s case, a simple way
to view this is that the freeing up of water to bulk is necessary
to sufficiently reduce the entropic costs of complexation to see
binding. Another way to put this is the obvious general situation
in any type of complexation: to observe binding, the solvent
must be a very poor competitor for the cavity.

We thank NSERC of Canada for financial support.
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Cis and trans influences are of similar magnitude in
octahedral complexes of SnIV and SbV while the trans
influence is dominant in square planar PtII (d8) and d6-ML6
cases.

The concept of trans influence, and the related trans effect are
central to modern molecular inorganic chemistry.1,2 The trans
influence, also termed the structural trans effect,3 concerns the
ability of a ligand to weaken (and lengthen) the bond trans to it
in preference to those that are cis. Much of the best evidence for
this ground-state structural phenomenon and the kinetic trans
effect is drawn from PtII chemistry4 although a substantial
literature exists for octahedral transition metal chemistry5 as
recently discussed by Coe and Glenwright.3 Trans influence is
also of importance in p-block metal chemistry and some notable
examples are cited in refs. 6–9. Theoretical and computational
treatments of trans influence include the work of Burdett and
Albright, Mingos and others.10,11 While the evidence for trans
influence in the d-block and especially for d6 and d8 metals is
well established, the question arises as to its generality. Here we
present evidence that at least in p block metal chemistry, cis
influence can be of similar magnitude to trans influence.
Further, we offer a qualitative model affording understanding of
the relative magnitudes of cis and trans influences in various
electronic circumstances.

Coe and Glenwright3 pointed out that the mutual effect of
ligands is important in determining the extent of trans influence
and notes that the electron configuration of the metal can also be
significant (see pp. 22 and 38 in ref. 3). Indeed in tin(IV)
chemistry, Aslanov and coworkers have observed an inverse
trans influence (see ref. 9 and work cited therein). Here we
study the consequences of metal electron configuration by
comparing the behaviour of d- and p-block metals with formal
valence electron configurations dnsk (n = 0, 6, 8, 10; k = 0 and
n = 10, k = 0, 2). We approach this problem by seeking
appropriate crystal structure data. In a square planar or
octahedral complex of the types shown in Scheme 1 we study
the effect of a probe ligand L attached to a MLAn (n = 3 or 5; LA

= Lc = Lt = Cl, CO or NH3) fragment on the metal–ligand
bond lengths trans and cis to it. Since the cis and trans ligands
are identical, if the trans influence is dominant the M–Lt length
should change as the M–L bond varies while the M–Lc distance
(or its average < M–Lc > ) should be relatively invariant. Put in
quantitative terms, we can identify three alternative patterns of
correlation between M–Lt and < M–Lc > : (i) if the cis influence
is zero and trans influence is completely dominant there should
be no correlation (nor would there be if trans influence were
zero and cis influence were not); (ii) if cis and trans influences
are equal then M–Lt should equal < M–Lc > within experi-
mental uncertainty; (iii) between these extreme cases inter-
mediate degrees of correlation would be expected. In this paper
we use three measures of this correlation: the Pearson
correlation coefficient (R), the regression line formula and,
more crudely, the ratio, S, between the ranges in trans and cis
bond lengths.† We note that R2 indicates the presence of
correlation rather than covariance and so gives no direct
information on the relative magnitudes of cis and trans
influence, and S is inevitably not a robust statistic since it
depends on extreme values. Therefore the regression line
gradient (m in y = mx + c, where y = < M–Lc > and x = M–Lt)
is perhaps the more helpful statistic in distinguishing between
cases (i), (ii) and (iii). Ideally in case (i) m ≈ 0, for (ii) m ≈ 1.0
and for (iii) 0 < < m < < 1.

Data were taken from the Cambridge Structural Database11

for square planar and octahedral metal complexes of the forms:
[PtIICl3L], [W0(CO)5L], [CoIII(NH3)5L], [TeIVCl5L],
[BiIIICl5L], [SnIVCl5L], [SbVCl5L] and [WVICl5L] (L = two-
electron donor ligand).† The variation of the metal–ligand
distances and derived statistics (R2, m, c, S) are summarised in
Table 1. Fig. 1 shows plots of the trans length (M–Lt) vs. the
mean cis length ( < M–Lc > ) for the cases (a) [PtIICl3L], (b)
[W0(CO)5L], (c) [TeIVCl5L], (d) [SbVCl5L] and (e)
[WVICl5L].

These plots [Fig. 1(a)–(e)] and the data in Table 1 show
varying forms of correlation which depend on the electron
configuration of the metal. The d8 case [PtII, Fig. 1(a)] has a
larger variation in trans distance than cis (by a factor, S, of 2.4),
and shows a corresponding low value of m (0.18). The d6 cases
{[W0(CO)5L], Fig. 1(b), and [CoIII(NH3)5L]} are similar to
each other (m ca. 0.12, S = 2.2–3.1) and to the d8 case, showing,
if anything, slightly more dominance of trans influence. The
d10s2 cases {[TeIVCl5L], Fig. 1(c) [BiIIICl5L]} show almost
perfectly dominant trans influence7 with values of m close toScheme 1

Table 1 Bond length data and derived statistics

System
Structures/
fragments Range of M–Lt/Å Range of M–Lc/Å R2

Regression line†
y = mx + c S

PtIICl3L 67/73 2.262–2.389 2.276–2.333 0.204 0.183x + 1.875 2.40
W0(CO)5L 322/372 1.836–2.088 1.963–2.075 0.082 0.134x + 1.768 2.25
CoIII(NH3)5L 28/35 1.940–2.105 1.947–2.001 0.092 0.113x + 1.743 3.0
SnIVCl5L 57/57 2.355–2.488 2.383–2.492 0.404 0.444x + 1.342 1.35
SbVCl5L 112/141 2.271–2.437 2.291–2.411 0.432 0.453x + 1.290 1.38
WVICl5L 13/17 2.299–2.493 2.288–2.358 0.580 0.273x + 1.665 2.78
TeIVCl5L 21/22 2.390–2.560 2.521–2.543 0.017 20.013x + 2.563 7.8
BiIIICl5L 15/20 2.533–3.007 2.686–2.757 0.023 20.021x + 2.764 6.8
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zero and large S (ca. 7). In marked contrast, the d10s0 cases
{[SnIVCl5L] and [SbVCl5L], Fig.1 (d)} show higher values of m
(ca. 0.45) and smaller ratio of variation in trans and cis
distances (S = 1.2–1.4). Finally the d0 case {[WVICl5L], Fig.
1(e)} shows intermediate behaviour with m = 0.27 and S =
2.8.

Thus in all cases there is some lengthening of cis bond lengths
as the trans bond is lengthened (except for the d10s2 cases for
which the cis bond lengths are essentially invariant). In none of
these cases is there convincing evidence for cis bonds being
strengthened (and shortened) as trans bonds are weakened, as
some versions of trans influence theory would predict (see
discussion in refs. 3 and 10). In their theory of trans influence10

Burdett and Albright indicated that more than one effect may be
at work (including competition between ligands for the same
metal orbital and polarisation of metal–ligand bond orbitals by
low-lying empty orbitals). While this is probably the case, on
the basis of our observations we can advance a qualitative
orbital model as to relative magnitudes of the trans and cis
influences in d- and p-block metals for differing metal electron
configurations. Large cis influence [i.e. type (ii) behaviour, as
seen in the d10s0 cases] implies the importance of a non-
directional (s) valence orbital at the metal regardless of which
mechanism10 of trans influence is at work. The participation of
the s orbital requires that trans and cis ligands feel equally the
(s bonding) effects of perturbation of the M–L bond. Complete
absence of cis influence [type (i) behaviour] implies there is no
s (or d) orbital involvement with trans influence being
transmitted through a p orbital which can not overlap with cis
ligand s donor orbitals. Intermediate cases may be taken to
imply some d (or s) orbital involvement at the metal.

To first order we can then identify three patterns of orbital
occupancy and the cis and trans influence behaviour that

follows: (a) if the M–L bond contains substantial M s orbital
character, cis influence is relatively large [see (a) in Scheme 2]
as in the d10s0 cases; (b) if the M–L bond has substantial M p
orbital character but no s or d character [see Scheme 2(b)] as in
the d10s2 cases, trans influence is high and cis influence is near
zero and is shut down by virtue of the s and d orbitals being
occupied; (c) if the M–L bond has substantial M d and relatively
little M s orbital character [see Scheme 2 (c) and (d)] as in the
d8, d6 and d0 cases, then the cis influence is small compared to
the trans influence but not zero, and their relative magnitudes
may depend on electron configuration.

This model implicitly omits treatment of p effects which
must be significant at least for the carbonyl species. A more
complete model would also provide (semi-)quantitative esti-
mates of the relative importance of p vs. s or d orbital
contributions to the M–L bond or perhaps to the LUMO of the
fragment to which L is bound. Development of such a model
and its computational testing is in hand.

In summary, the classic trans-influence model based on PtII
chemistry is to be used with some caution. While it works well
for much of d-block chemistry, in some areas of the periodic
table (notably the d10s0 chemistry of SbV, SnIV etc.) it does not
hold well, and in others (d0 chemistry) it applies but less
powerfully than is often assumed.

We thank Jeremy Harvey for useful discussions and the
University of Bristol for financial support (K. M. A.).

Notes and references
† Good quality data {R < 0.07 and < 0.05 for [W0(CO)5L] species, no
errors} were retrieved from the CSD using CCDC software.12 Ligands L
included both neutral and anionic species. Oxidation states and coordination
geometries were checked and ambiguous cases eliminated. The mean M–L
bond length cis to the L ligand ( < M–Lc > ), the M–Lt and M–L bond lengths
were recorded for each appropriate fragment in the structures retrieved.
Regression lines were computed with x = M–Lt, y = < M–Lc > . When L =
Lc ( = Lt), e.g. as in [PtCl4]22, L and Lt were defined by taking the longest
bond as M–L. The uncertainties in the individual bond lengths used in this
work may be assumed to be on the order of 0.01 Å (see ref. 13).

1 C. E. Housecroft and A. G. Sharpe, Inorganic Chemistry, Pearson
Educational, Harlow, 2001, p. 574.

2 N. N. Greenwood and A. Earnshaw, Chemistry of the Elements,
Butterworth Heinemann, Oxford, 2nd edn., 1997, pp. 1164–1165.

3 B. J. Coe and S. J. Glenwright, Coord. Chem. Rev., 2000, 203, 5.
4 T. G. Appleton, H. C. Clark and L. E. Manzer, Coord. Chem. Rev., 1973,

10, 335; T. G. Appleton, J. R. Hall and S. F. Ralph, Inorg. Chem., 1985,
24, 4685; see, also: M. H. Johansson, Å. Oskarsson, K. Lövqvist, F.
Kiriakidou and P. Kapoor, Acta Crystallogr., Sect. C, 2001, 57, 1053
and references therein.

5 E. M. Shustorovich, M. A. Porai-Koshits and Yu. A. Buslaev, Coord.
Chem. Rev., 1975, 17, 1.
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2574.
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Polyhedron, 1997, 16, 4005.
9 K. A. Paseshnitchenko, L. A. Aslanov, A. V. Jatsenko and S. V.

Medvedev, J. Organomet. Chem., 1985, 287, 187.
10 J. K. Burdett and T. A. Albright, Inorg. Chem., 1979, 18, 2112.
11 P. D. Lyne and D. M. P. Mingos, J. Organomet. Chem., 1994, 478, 141;

P. D. Lyne and D. M. P. Mingos, J. Chem. Soc., Dalton Trans., 1995,
1635; R. J. Deeth, J. Chem. Soc., Dalton Trans., 1993, 3711; N.
Kaltsoyannis and P. Mountford, J. Chem. Soc., Dalton Trans., 1999,
781.

12 F. H. Allen and O. Kennard, Chem. Des. Autom. News, 1993, 8, 1; F. H.
Allen and O. Kennard, Chem. Des. Atom. News, 1993, 8, 31.

13 A. G. Orpen and M. J. Quayle, J. Chem. Soc., Dalton Trans., 2001,
1601.

Fig. 1 Scatterplots of M–Lt vs. < M–Lc > bond lengths (Å) for (a)
[PtIICl3L], (b) [W0(CO)5L], (c) [TeIVCl5L], (d) [SbVCl5L] and (e)
[WVICl5L] complexes from the CSD.11 Regression lines are shown (see
Table 1).

Scheme 2
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Parallel kinetic resolution of racemic amines using
3-N,N-diacylaminoquinazolin-4(3H)-ones
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The two pseudoenantiotopic N-acyl groups of enantiopure
3-[N-(3-m-acetoxyphenylpropanoyl)-N-(3-phenylpropanoy-
l)amine]-2-isopropylquinazolin-4(3H)-one 7 each react with
a different enantiomer of 2-methylpiperidine giving rise to
efficient parallel kinetic resolution (ee > 95%).

In a normal kinetic resolution (KR) the enantiopure reagent
reacts preferentially with one enantiomer of the racemic
substrate. Under conditions of stoichiometry (2 eq. amine: 1 eq.
reagent) this enantiopreference of the reagent must accom-
modate the diminishing concentration of the more reactive to
the less reactive enantiomer as the reaction proceeds. Although
high ees are possible under these conditions using enzymes1 or
chemzymes,2 more often in practice the substrate is used in
excess and only the derivatised enantiomer is isolated.

Vedejs has shown that different enantiomers of a racemic
substrate can each be reacted at the same rate with pseudoe-
nantiomeric reagents, designed to allow separation of the two
derivatised products (parallel kinetic resolution, PKR).3 The ees
of both these derivatives (88% and 95%) are raised because the
concentrations of both unreacted enantiomers decline at the
same rate throughout the reaction.

We have shown previously that 3-N,N-diacylaminoquinazo-
linones (DAQs) e.g. 1 bearing a chiral centre and different N-
acyl groups are separable into diastereoisomers because the N–
N bond is a chiral axis.4 DAQ1 1 (Scheme 1) was obtained by
reaction of 3-N-benzoylamino-quinazolinone (MAQ1) 4 with
2-methylpropanoyl chloride–pyridine and the oily and crystal-
line diastereoisomers separated by chromatography.5

Both these enantiopure diastereoisomers of DAQ 1 react
chemospecifically with 2-methylpiperidine to give the N-
benzoylamide 3; both also react enantioselectively with this
amine even under conditions of stoichiometry (1 eq. DAQ: 2 eq.
amine). Since the oily and crystalline diastereoisomers differ in
configuration at their N–N axis and produce (R)-amide 3 (95%
ee) and (S)-amide 3 (82% ee), respectively, it is the configura-
tion of the N–N axis which controls the sense of enantiose-
lectivity.

The corresponding DAQ1 5 was obtained completely diaster-
eoselectively by reaction of MAQ1 4 with acetyl chloride-
pyridine.† 2-Methylpiperidine reacts with DAQ1 5 at both the
benzoyl and acetyl groups (ratio 2.5+1); from the high ee of the
(S)-3 amide and from the low specific rotation of the unreacted
2-methylpiperidine recovered, it appeared that the two amine
enantiomers were each reacting preferentially with different N-

acyl groups6 i.e. the two N-acyl groups in DAQ1 5 were playing
the rôle of the two pseudoenantiomeric reagents in a PKR (see
above).3

To maximise the opportunity for PKR to be obtained in these
amine acylations, we elected to use enantiopure DAQ1 7 which
contains the N–N axis as the only chiral element. The
isoenergetic transition states (TSs) in which each amine
enantiomer reacts with its respective pseudoenantiotopic N–
acyl group can be represented as in Scheme 2(a) and (b).

Although the sites occupied by S, M and L (small, medium,
large) groups of the amine are arbitrarily assigned, Scheme 2
incorporates the expected exo/endo"endo/exo conformational
equilibrium for the imide moiety of DAQ1 74 and our
conclusion is that attack of the amine takes place on the face of
the exo-oriented imide carbonyl group syn to the quinazolinone
carbonyl group (exo+cis to Q).7 Clearly it is important for the
success of the PKR that the ratio of these two imide
conformations present is 1+1 and remains so throughout the
reaction.

The synthesis of DAQ1 7 as a single enantiomer was
accomplished as in Scheme 3.

DAQ2 6 is chemospecifically attacked by amines at the
cinnamoyl carbonyl group.‡ After two kinetic resolutions using
(R)-2-methylpiperidine (2 eq. DAQ: 1 eq. amine), the recovered
DAQ2 6 had [a]D 102 (c = 1, CH2Cl2) and showed a single
peak on a Chiralcel column under conditions where racemic
material showed two peaks. Catalytic hydrogenation gave a
sample of DAQ 7 of unknown configuration [a]D 1 (c = 1.0)
but believed to be enantiopure.

Reaction of DAQ2 7 (1 eq.) with racemic 2-methylpiperidine
(1 eq.) was carried out at 5 °C for 48 h. Separation of the crude
amide 8 and MAQ2 9 which both contain the phenyl ring from
their m-acetoxyphenyl ring-containing analogues 10 and 11
(Scheme 4) was accomplished by chromatography.

Efficient separation of the amides 8 and 10 from each of their
respective MAQ2s was then accomplished by trituration with

Scheme 1

Scheme 2

Scheme 3 Reagents and conditions: i, PhCHNCHCOCl, pyr. (81%); ii, m-
acetoxyphenylpropanoylchloride, CH2Cl2, pyr. DMF (40%); iii, 6 (2 eq.),
(R)-2-methylpiperidine (1 eq.), 215 °C, 24 h (KR); repeat; iv, Pd/C, H2,
EtOAc (90%).
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light petroleum taking advantage of the insolubility of the
crystalline MAQ2s 9 and 11. The enantiopurities of amides 8
and 10 recovered by this means were indishinguishable, based
on their optical rotations, from authentic samples prepared from
enantiopure (R)- and (S)-2-methylpiperidine respectively and
their ees are therefore > 95%.

The importance of maintaining strict pseudoenantiotopicity
for the two DAQ N-acyl groups for PKR was shown using
DAQ1 13, prepared by a route analogous to that in Scheme 3
except that the two diastereoisomers of DAQ1 12 were
separated by chromatography and one of them was hydro-
genated to DAQ1 13 (Scheme 3).

Reaction of DAQ1 13 (1 eq.) with racemic 2-methylpiper-
idine (1 eq.) proceeded at significantly different rates on the two
N-acyl groups. After 36 h at 5 °C, the reaction was worked up
and after chromatography, amide 10 was obtained in 60%
yield§ with a rotation again indistinguishable from a sample
prepared by acylation of enantiopure (S)-2-methylpiperidine
with the appropriate acid chloride. Less than 10% of (impure)
amide 8 was isolated in this chromatography.

Not only are the two N-acyl groups of DAQ1 13 pseudodias-
tereotopic but the exo/endo"endo/exo ratio can no longer be
assumed to be 1+1 and both these factors lead presumably
cooperatively to KR rather than PKR. The dual enantio-
complementarity present in these reactions—the preference for
reaction of each of the amine enantiomers with their respective
pseudoenantiotopic N-acyl group—will carry over to the

reactions of enantiopure DAQs in which the N-acyl groups are
pseudodiastereotopic (as in DAQ1 13) or heterotopic (as in
DAQ1 5) and greatly affect the chemoselectivity of attack on the
two N-acyl groups.¶

The advantage of reagents such as DAQ 7 for PKR is that
their design will be easier than that of pseudoenantiomeric
reagents for which identity of reaction rates must be arrived at
by empirical means.

We thank the EPSRC and the Ministry of Education (Saudi
Arabia) for funding.

Notes and references
† The relative configuration of DAQ1 5 corresponds to that of the crystalline
diastereoisomer of DAQ1 1 from comparison of their X-ray crystal
structures (see ref. 6).
‡ From its relatively easy racemisation, DAQ2 6 is believed to have an exo/
exo conformation for its imide as for DAQ1s 1 and 5 (see ref. 6).
§ Yield based on only 50% of the amine used reacting and on unreacted
DAQ2 13 (28%) recovered.
¶ Not surprisingly, similar results to those using DAQ1 13 are obtained with
the analogous DAQ1 having both N-acyl groups as 3-phenylpropanoyl (for
which separation of diastereoisomers is not required). The crude amide
recovered in this case was of 60% ee; attack on the two diastereotopic N-
acyl groups in this case delivers enantiomeric products.

1 C. H. Wang and G. M. Whitesides, Enzymes in Synthetic Organic
Chemistry, Pergamon Press, Oxford, 1994.

2 For references to non-enzymic enantioselective acylation of alcohols, see
A. C. Spivey, T. Fekner and S. E. Spey, J. Org. Chem., 2000, 65, 3154
and refs. therein.

3 C. Vedejs and X. Chen, J. Am. Chem. Soc., 1997, 119, 2584.
4 A. G. Al-Sehemi, R. S. Atkinson, J. Fawcett and D. R. Russell, J. Chem.

Soc., Perkin Trans. 1, 2000, 4413.
5 A. G. Al-Sehemi, R. S. Atkinson, J. Fawcett and D. R. Russell,

Tetrahedron Lett., 2000, 41, 2239.
6 A. G. Al-Sehemi, R. S. Atkinson and J. Fawcett, J. Chem. Soc., Perkin

Trans. 1, submitted for publication.
7 R. S. Atkinson, E. Barker and M. J. Sutcliffe, Chem. Commun., 1996,
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Strong s and p donation from the oxygen atoms of 3,6-di-
tert-butylcatechol contributes to the formation of an ox-
omolybdenum(VI) complex with an unusually basic oxo
ligand.

Metal-catalyzed oxidation reactions that formally involve
transfer of an oxygen atom occur as important industrial and
biological processes. Molybdenum is the metal at the active site
of the oxotransferase enzymes,1 and it has been used in the
commercial production of propylene oxide by the Halcon or
Oxirane processes.2 Both processes are thought to involve oxo
transfer from an oxomolybdenum(VI) center, and coligand
bonding effects are important in destabilizing strongly bound
terminal oxo ligands. The cis-dioxomolybdenum(VI) structural
unit is one of the earliest and most common features of
molybdenum(VI) coordination chemistry. Complexes of Mo(VI)
that contain a single oxo, or are without oxo ligands, are unusual
and are considered to be oxo deficient. Coligands that are strong
s and p donors give oxo-deficient complexes, and ligands of
this type appear coordinated to the catalytic molybdenum
centers. For the oxotransferase enzymes this is an enedithiolate
ligand.1 The Mo(VI) ions associated with commercial oxidation
reactions are thought to contain alkoxo ligands, and transfer of
an alkyl hydroperoxide proton to the basic metal oxo ligand
initiates oxygen transfer to the olefin substrate.2

The coordination chemistry of Mo(VI) with catecholate
ligands has shown an interesting dependence upon ligand
substituents. The tetrachlorocatecholate (Cl4cat) ligand reacts
with Mo(CO)6 to give dimeric [MoVI(Cl4cat)3]2.3 Reduction of
the dimer in the presence of an oxygen atom donor leads to the
[cis-MoVIO2(Cl4cat)2]22 dianion. Several other [cis-MoVIO-
2(cat)2]22 dianions have been reported with unsubstituted and
tethered catecholate ligands.4 However, the coordination chem-
istry of molybdenum complexes prepared with catecholate
ligands containing electron-releasing tert-butyl substituents
appears to favor formation of oxo-deficient molybdenum(VI)
species. The reaction between 3,5-di-tert-butyl-1,2-benzoqui-
none (3,5-dbbq) and Mo(CO)6 has been observed to form
[Mo(3,5-dbcat)3] as the initial product.5 Further reaction with
trace quantities of dioxygen led to the air-stable [MoO(3,5-
dbcat)2]2 dimer.6 Structural characterization on the dimer
showed that adjacent metal centers were linked by bridging
catecholate oxygens (I).

Recent work with 3,6-dbbq has shown that tert-butyl groups
at ring sites adjacent to both oxygen atoms block bridging of the
type found for [MoO(3,5-dbcat)2]2.7 The reaction between
Mo(CO)6 and 3,6-dbbq has been used to form the ox-
omolybdenum(VI) product [MoO(3,6-dbcat)2] in dilute solu-
tion. Condensation of [MoO(3,6-dbcat)2] monomers in concen-
trated solution leads to formation of the chiral tetramer
[Mo(m-O)(3,6-dbcat)2]4‡ shown in Fig. 1. Each Mo center of
the square is of the same chirality, LLLL or DDDD, resulting

in right- and left-handed four-membered rings alternating in the
crystal structure.§ In this respect, the tetramer stands as a unique
example of chiral self-assembly.4a,8 Along edges, the Mo–O
lengths are short (1.8761(4) Å), but of values that are typical for
bridging oxo ligands. Corner O–Mo–O bond angles of 93.5(2)°
and edge Mo–O–Mo angles of 176.5(2)° show that the Mo4O4
core of the tetramer closely resembles a regular square.

Freshly prepared solutions of [MoO(3,6-dbcat)2] react im-
mediately at room temperature with weak donor ligands (e.g.
dmso, pyridine N-oxide, OAsPh3) to give monomeric
[MoO(3,6-dbcat)2(L)] products. Addition reactions to the
tetramer occur more slowly or require elevated temperatures.

† Present address: Organic Solids Laboratory, Center for Molecular
Science, Institute of Chemistry, Chinese Academy of Sciences, Beijing
100080, P. R. China.

Fig. 1 View of the chiral square LLLL-[Mo(m-O)(3,6-dbcat)2]4. Selected
bond distances (Å) and angles (°) Mo–OOxo 1.8761(4) Å; Mo–OCat

1.929(3), 1.993 (3); C–OCat 1.347(5), 1.344(5); Ooxo–Mo–OOxo 93.5(2);
Mo–OOxo–Mo 176.5(2).

This journal is © The Royal Society of Chemistry 2001
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DMSO has been added to [MoO(3,6-dbcat)2] to give a complex
that might potentially be relevant to the chemistry of DMSO
reductase.9 1H NMR spectra recorded on the product of DMSO
addition (in CDCl3) show sharp single resonances for ring and
tert-butyl protons of the 3,6-dbcat ligands at 6.58 and 1.22 ppm
and a resonance for the coordinated dmso ligand at 2.93 ppm.¶
Crystallographic characterization of [MoO(dmso)(3,6-dbcat)2],
shown in Fig. 2, has revealed that DMSO addition occurs at a
site cis to the oxo ligand.§ Consequently, the room-temperature
NMR spectrum results from rapid ligand site exchange. Spectra
obtained at 298 °C are consistent with the low-symmetry
structure found in the solid state. At this temperature four ring
proton resonances appear (6.62, 6.59, 6.54 and 6.45 ppm), and
tert-butyl resonances appear at 0.99, 0.83 ppm, with two
overlapped resonances at 1.29 ppm. Proton resonances for the
dmso ligand appear at 3.05 and 2.81 ppm showing that rotation
about the dmso Mo–O bond is resolved. Room-temperature
spectra recorded on solutions of [MoO(dmso)(3,6-dbcat)2]
containing additional DMSO show sharp separate resonances
for free and complexed dmso molecules indicating that site
exchange is either non-dissociative or dissociative by a process
that is slow on the NMR time scale. Structural characterization
on the pyridine N-oxide and triphenylarsine oxide addition
products has also provided cis addition products pointing to a
preference for cis coordination by these oxo-donor substrate
molecules.10

The unusual basicity of the oxo ligand of [MoO(3,6-dbcat)2]
results in an apparent dehydration reaction upon treatment with
alcohols. In toluene solutions containing isopropyl alcohol, the
purple cis-diisopropoxide complex, [cis-Mo(3,6-dbcat)2-
(PriO)2],∑ is formed with elimination of water. This reaction

normally would be expected to proceed in the reverse direction.
Structural characterization of this product has shown that the
inner coordination geometry of the Mo (Fig. 3) is similar to that
of the tetramer.§ In this case the Mo–O length to the
isopropoxide ligands is slightly shorter (1.848(1) Å) than
lengths to the bridging oxo ligands. Catecholate substituent
effects have been shown to be important in defining charge
distribution within complexes containing redox-active metal
ions.11 For the complexes of molybdenum(VI), substituents are
responsible for marked differences in the reactivity of co-
ordinated oxo coligands.

Research at Lund University was supported by the Swedish
Natural Science Research Council (NFR). Research at the
University of Colorado was supported by the National Science
Foundation. C. G. P. would like to thank The Swedish
Foundation for International Cooperation in Research and
Higher Education (STINT) for a research fellowship.

Notes and references
‡ [MoO(3,6-dbcat)2]4: 1H NMR (300 MHz, C6D6, ppm): 6.493 (2, Hring),
1.290 (9, HBu), 1.206 (9, HBu); UV–VIS (C6H6, lmax/nm): 280 (e = 16.6 3
103 M21 cm21), 320 (14.3 3 103 M21 cm21), 470 (sh), 625 (14.1 3
103 M21 cm21); IR (KBr, cm21): 1728 (m), 1626 (w), 1581 (m), 1482 (w),
1461 (m), 1360 (m), 1338 (m), 1261 (s), 1200 (m), 1096 (s), 1024 (s), 990
(w), 948 (m), 802 (s), 757 (s); FAB+-MS m/z: 2210 (M+), 554 [MoO(3,6-
dbcat)2

+].
§ Crystal data: for [MoO(3,6-dbcat)2]4: tetragonal, P4/nnc, a = 22.568(2),
c = 13.0099(12) Å, V = 6626.1(9) Å3, Z = 16, R(F) = 0.058, Rw(F2) =
0.188. For MoO(3,6-dbcat)2(dmso): triclinic, P1̄, a = 12.2701(5), b =
16.7146(7), c = 18.4327(6) Å, a = 92.217(1), b = 90.072(1), g =
93.114(1)°, V = 3771.9(3) Å3, Z = 4, R(F) = 0.065, Rw(F2) = 0.188.

For Mo(3,6-dbcat)2(OPri)2: monoclinic, C2/c, a = 11.1595(2), b =
29.0306(6), c = 11.8944(2) Å, b = 116.703(1)°, V = 3442.4(1) Å3, Z = 4,
R(F) = 0.032, Rw(F2) = 0.087. CCDC reference numbers 173929–173931.
See http://www.rsc.org/suppdata/cc/b1/b108220e/ for crystallographic data
in CIF or other electronic format.
¶ MoO(3,6-dbcat)2(dmso): 1H NMR (300 MHz, CDCl3, 18 °C, ppm): 6.58
(4, Hring), 2.925 (6, HDMSO), 1.215 (36, HBu); 1H NMR (300 MHz, CD2Cl2,
298 °C, ppm): 6.62 (1, Hring), 6.59 (1, Hring), 6.54 (1, Hring), 6.45 (1, Hring),
3.05 (3, HDMSO), 2.81 (3, HDMSO), 1.29 (18, HBu), 0.99 (9, HBu), ).83 (9,
HBu); UV–VIS (CHCl3, lmax/nm): 275 (15.8 3 103 M21 cm21), 456 (6.5 3
103), 625 (sh); IR (KBr, cm21): 1630 (m), 1575 (m), 1482 (m), 1467 (w),
1392 (m), 1358 (m), 1273 (w), 1241 (w), 1200 (s), 1179 (w), 1125 (m), 1028
(s), 984 (s), 952 (m), 925 (s), 812 (w), 802 (w), 716 (s); FAB+-MS: m/z
632(M+), 554 [MoO(3,6-dbcat)2

+].
∑Mo(3,6-dbcat)2(OPri)2: 1H NMR (300 MHz, CDCl3, ppm): 6.59 (2, Hring),
5.733 (1, HiPrO), 1.474 (9, HBu), 1.454 (9, HBu), 1.199 (6, HiPrO). UV–VIS
(CHCl3, lmax/nm): 273 (17.9 3 103 M21 cm21), 443 (8.52 3 103), 616
(6.33 3 103); IR (KBr, cm21): 1591 (w), 1487 (m), 1441 (w), 1385 (s), 1357
(m), 1331 (w),1316 (m), 1287 (w), 1202 (w), 1165 (w), 1127 (w), 1109 (s),
1100 (s), 1031 (w), 977 (vs), 964 (vs), 856 (2), 814 (m), 807 (m), 705 (s);
FAB+-MS: m/z 656 (M+), 554 [MoO(3,6-dbcat)2

+].
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Fig. 2 View of cis-MoO(3,6-dbcat)2(dmso). Selected bond distances (Å)
and angles (°): Mo–OOxo 1.690(5); Mo–ODMSO 2.092 (5); OOxo–Mo–
ODMSO 88.1(3).

Fig. 3 View of cis-Mo(3,6-dbcat)2(OPri)2. Selected bond distances (Å):
Mo–OCat 1.955(1), 1.968(1); Mo–OO–Pri 1.848(1).
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Nickel-catalysed hydroarylation of alkynes using arylboron
compounds: selective synthesis of multisubstituted arylalkenes and
aryldienes
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Bis(1,5-cyclooctadiene)nickel was found to be an effective
catalyst for the addition of the aryl group of arylboron
compounds to alkynes in the presence of a proton source,
which gives various multisubstituted alkenylarenes or dieny-
larenes selectively.

Recently much attention has been paid to synthesis of
arylalkenes using transition metal catalysts. The reported
methods, however, have the following drawbacks. The Heck
reaction, one of the most popular reactions leading to arylalk-
enes, is not so effective for synthesis of multisubstituted
arylethenes because multisubstituted ethenes are usually re-
luctant to participate in the reaction.1 The addition of a carbon–
hydrogen bond of arenes to internal alkynes in the presence of
a transition metal catalyst2 or an acid catalyst,3 which is an
excellent route for multisubstituted arylethenes from the
standpoint of atom economy, can be utilized only for rather
electron-rich arenes, where the control of the regiochemistry on
arenes, in particular monosubstituted benzenes, is difficult. The
similar drawbacks hold true also for the transition metal-
catalysed oxidative coupling of arenes with alkenes.4 The
nickel-catalysed reaction of arylmagnesium compounds with
alkynes gives arylethenes only in low yields, being incompat-
ible with labile functional groups.5 Furthermore, there has been
no convenient way to synthesize aryldienes from alkynes.
Herein we report that a nickel complex catalyses the addition of
the aryl group of arylboron compounds to alkynes in the
presence of a proton source to give hydroarylation products of
alkynes, where multisubstituted arylethenes or 1-aryl-1,3-buta-
dienes can be selectively obtained by properly choosing an
arylboron compound, a ligand and a proton source.6

We first examined the reaction of 2-phenyl-1,3,2-dioxabor-
inane (1a) with 4-octyne (2a) in the presence of 5 mol% of
bis(1,5-cyclooctadiene)nickel, Ni(cod)2, in dibutyl ether and
found that a certain amount of a hydroarylation product of the
alkyne, (E)-4-phenyl-4-octene (3a), was produced (Scheme 1).
We considered that the generation of 3a could occur as shown
in Cycle A of Scheme 2. Thus, oxidative addition of the carbon–
boron bond of 1a to the nickel(0) complex followed by insertion
of 2a to the carbon–nickel bond of resulting complex 5 gives
alkenylnickel 6. A small amount of water in the reaction media
reacts with complex 6 to afford, through s-bond metathesis as
shown in 7, Ni–H complex 8, which undergoes reductive
elimination, providing hydroarylation product 3a and regenerat-
ing the nickel(0) complex. Consequently, we expected that
addition of a stoichiometric amount of water as a proton source
would increase the yield of 3a, accelerating the s-bond

metathesis. The reaction in the presence of 1 mol amount of
water actually proceeded at 80 °C for 5 h to give a 80+20
mixture of 3a and (4Z,6E)-4-phenyl-5,6-dipropyl-4,6-dec-
adiene (4a) in 98% yield (entry 1 of Table 1).7 Dimerization–
hydroarylation product 4a should be produced by insertion of
another molecule of 4a into the carbon–nickel bond of 6 to give
complex 9, followed by s-bond metathesis and reductive
elimination (Cycle B in Scheme 2). The reaction was applied to
other arylboronates, giving 1+1 adducts as major products
(Table 1). The reaction with p- or m-methoxyphenylboronate
proceeded in a similar manner to 1a, whereas the substitution at
an ortho position lowered the yield (entries 2–4). An electron-
withdrawing substituent decreased the selectivity for 3 over 4
(entry 5). Diphenylethyne also participated in the reaction with
1a to give a 1+1 adduct exclusively.

Triphenylborane (11) as an arylboron compound in combina-
tion with triphenylphosphine ligand was also found effective,
giving a 264% yield of addition products, where all of the
phenyl groups on the boron atom were transferred to alkyne

Scheme 1

Scheme 2

Table 1 Nickel-catalysed hydroarylation of alkynes with 2-aryl-1,3,2-di-
oxaborinanesa

Entry Ar R Time (h) Yield (%)b 3+4

1 Ph Pr 5 98c 80+20c

2 4-MeO-C6H4 Pr 5 70 79+21
3 3-MeO-C6H4 Pr 24 62 87+13
4 2-MeO-C6H4 Pr 24 31 85+15
5 4-CF3-C6H4 Pr 5 54 54+46
6 Ph Ph 24 44 > 99+1
a The reaction was carried out in dibutyl ether (0.34 mL) at 80 °C using a
2-aryl-1,3,2-dioxaborinane (0.25 mmol), an alkyne (0.75 mmol), H2O (0.25
mmol) and Ni(cod)2 (1.3 mmol). b Isolated yield based on 2-aryl-
1,3,2-dioxaborinane. c Determined by GC.
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carbons (Scheme 3). Use of 1,1A-bis(diphenylphosphino)ferro-
cene (DPPF) as a ligand in conjunction with phenol as a proton
source increased the selectivity of 3a.

One of the most striking features in the nickel-catalysed
hydroarylation of alkynes is the selective formation of 1+2
adducts between an aryl group and an alkyne, brought about by
the introduction of arylboronic acids into the reaction. Thus,
treatment of arylboronic acids and alkynes with H2O in the
presence of 10 mol% of Ni(cod)2–PPh3 (1+4) provided 1+2
adducts 4 selectively (Scheme 4). Various aryl- and hetero-
arylboronic acids can participate in the reaction to give aryl- and
heteroaryldienes as major products (Table 2).8 Phenylboronic

acid reacted also with diphenylethyne, albeit the selectivity for
4 decreased. To the best of our knowledge, this is the first
example of the transition metal-catalysed dimerization–hydro-
arylation of alkynes.

In conclusion, we have demonstrated that the nickel-
catalysed hydroarylation of alkynes provides arylalkenes or
aryldienes selectively. Studies on details of the mechanism as
well as application of the reaction to other substrates are in
progress.

Notes and references
1 (a) R. F. Heck, in Comprehensive Organic Synthesis, ed. B. M. Trost, I.

Fleming and M. F. Semmelhack, Pergamon Press, New York, 1991, vol.
4, ch. 4.3, p. 833; (b) A. de Meijere and F. E. Meyer, Angew. Chem., Int.
Ed. Engl., 1994, 33, 2379; (c) S. Bräse and A. de Meijere, in Metal-
Catalyzed Cross-Coupling Reactions, ed. F. Diederich and P. J. Stang,
Wiley-VCH, Weinheim, 1998, ch. 3, p. 99.
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diminished during purification with silica gel chromatography. Only 82%
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column.

8 All the dimerization–hydroarylation products 4 in Table 2 consist of
stereoisomers. The ratio of stereoisomers ranges from 2+1 to > 9+1. For
example, the reaction of phenylboronic acid with 2a (entry 1 of Table 2)
gave a 70+30 mixture of (4Z,6E)-4-phenyl-5,6-dipropyl-4,6-decadiene
(4a) and the (4Z,6Z)-isomer, where configuration of the isomers was
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Scheme 3

Scheme 4

Table 2 Nickel-catalysed reaction of alkynes with arylboronic acidsa

Entry Ar R Yield (%)b 3+4

1 Ph Pr 77 < 1+99
2 4-MeO-C6H4 Pr 78 8+92
3 2-naphthyl Pr 73 16+84
4 3-NH2-C6H4 Pr 61 13+87
5 3-thiophenyl Pr 55 19+81
6c Ph Ph 72 58+42
a The reaction was carried out in NMP (0.34 mL) at 80 °C using an
arylboronic acid (0.25 mmol), an alkyne (1.0 mmol), H2O (0.25 mmol),
Ni(cod)2 (2.6 mmol), and PPh3 (10 mmol). b Isolated yield based on
arylboronic acid. c The reaction was carried out for 24 h.
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A high-resolution 21.15 Tesla magnet (900 MHz for 1H
NMR) along with a home-built CP/MAS NMR probe is
employed to succesfully resolve three different 27Al reso-
nances in AlVO4, allowing a precise determination of their
quadrupole coupling parameters and isotropic chemical
shifts.

The recent technological advancement with the successful
construction of a persistent high-resolution superconducting
21.15 T magnet at Oxford Instruments, UK will greatly assist
solving one of the most challenging problems encountered in
solid-state magic-angle spinning (MAS) NMR studies of half-
integer quadrupolar nuclei. This originates from the second-
order quadrupolar line-broadening which may give rise to
severe overlap of heavily broadened resonances for the central
transitions in case of multiple sites. Obviously, this can
significantly hamper the characterization and assignment of the
resonances for the individual sites. These difficulties may be
overcome by performing MAS NMR experiments at the highest
possible magnetic field (or at several magnetic field strengths),
thereby taking advantage of the inverse proportionality of the
second-order quadrupole interaction with the magnetic field and
also of the increase in chemical shift dispersion.1–7 Other
techniques aiming at resolving overlapping resonances for half-
integer quadrupolar nuclei include the methods of dynamic-
angle spinning (DAS),8,9 double rotation (DOR),8,10 and
multiple-quantum (MQ) MAS11 NMR spectroscopy. In this
communication we demonstrate that the intriguing problem of
fully understanding and analyzing 27Al MAS NMR spectra of
AlVO4, recorded at several intermediate magnetic field
strengths, is most easily achieved from a 27Al MAS NMR
spectrum recorded at 21.15 T using a home-built 4 mm 900
MHz CP/MAS NMR probe.12 This 27Al MAS NMR spectrum
represents one of the first solid-state NMR spectra recorded on
the 21.15 T Oxford magnet.

27Al MAS NMR spectra of the central transition for AlVO4,
a model compound for V2O5/Al2O3-based heterogeneous
catalysts, obtained at the moderate magnetic field strengths of
7.05 and 9.39 T are illustrated in Fig. 1(a) and (b). Both spectra
are dominated by a quite narrow peak (resonance position d ≈
210 ppm) superimposed on a broader resonance constituting
two or more overlapping 27Al quadrupolar lineshapes. Clearly a
straightforward analysis of these spectra in terms of quadrupole
coupling parameters (CQ, hQ) and isotropic chemical shifts
(diso) is not possible except for the narrow resonance (d ≈ 210
ppm). Along with the manifold of spinning sidebands (ssbs) for
the satellite transitions (not shown) of this resonance, the 27Al
spectrum for the narrow peak, i.e. the Al(1) site, can be fully
analyzed. At 14.09 T the spectrum in Fig. 1(c) shows that one
second-order quadrupolar broadened resonance separates out
(in the region 5–30 ppm) from the other resonances, while the
narrow peak at d ≈ 210 ppm remains superimposed on a
somewhat narrower second (i.e. number two) quadrupolar
broadened resonance, however, almost fully hidden by max-
imum overlap with the narrow peak. 27Al MAS NMR spectra
recorded at 14.09 T have actually been used to determine

precise values for CQ, hQ and diso by analysis of the manifold of
ssbs originating from the satellite transitions for the narrow

Fig. 1 Experimental 27Al MAS NMR spectra of AlVO4 recorded at (a) 7.05
T (78.1 MHz), (b) 9.39 T (104.2 MHz), (c) 14.09 T (156.3 MHz), and (d)
21.15 T (234.5 MHz) on Varian INOVA-300, -400, -600, and  -900 NMR
spectrometers, respectively, using home-built 4- and 5-mm CP/MAS NMR
probes. The asterisk (*) in spectrum (d) indicate a broad impurity resonance.
All experiments employed single-pulse excitation (0.5 ms pulse width, gB1/
2p ≈ 55 kHz), spinning speeds in the range 12–15 kHz, and exact magic-
angle setting. Simulated 27Al MAS NMR spectra for AlVO4 are shown on
the right-hand side of the experimental spectra, i.e. for 7.05 T (e), 9.39 T (f),
14.09 T (g), and 21.15 T (h) using the 27Al NMR parameters (Table 1)
determined from the 21.15 and 14.09 T spectra (see text). All spectra are
expanded to the same width on a Hz scale.
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peak (Al(1) site) using the STARS program.13 Furthermore,
quite precise values have also been determined from lineshape
analysis for the second-order quadrupolar lineshape (Al(3) site)
shifted to the region d 5–30 ppm in the 14.09 T spectrum of Fig.
1(c). We should note that the increased resolution and shift of
resonances in Fig. 1(c) are related to the reduced effects of the
second-order quadrupolar interaction combined with the in-
crease in chemical shift dispersion. A further and dramatic
increase in the spectral resolution is observed when recording
the 27Al MAS NMR spectrum at 21.15 T as illustrated in Fig.
1(d). At this magnetic field strength the two 27Al resonances,
Al(1) and Al(2), which overlap heavily in the region at d ≈ –10
ppm in the 14.09 T spectrum of Fig. 1(c), become almost
completely resolved. Furthermore, for the present sample the
spectrum in Fig. 1(d) clearly discloses the presence of a broad
27Al impurity resonance (indicated by an asterisk at d ≈ 10
ppm) from an octahedral 27Al impurity not easily discernible in
the lower field spectra. The appearance of this Al impurity
(most likely amorphous) came as somewhat of a surprise since
no such impurity for the present sample could be detected by
powder XRD. Anyway, the 21.15 T spectrum in Fig. 1(d) allows
a straightforward lineshape analysis of the two second-order
broadened resonances, Al(2) and Al(3), clearly resolved from
the narrow Al(1) resonance and the impurity peak, respectively.
The resulting CQ, hQ and diso parameters for these two
resonances, along with the Al(1) data derived from a 14.09 T
spectrum of the satellite transitions, are considered the opti-
mized parameters for the three Al sites observed for AlVO4 and
are summarized in Table 1. The data in Table 1 are used for
simulations of the 27Al MAS NMR spectra obtained at the four
magnetic field strengths in Fig. 1 and are shown in the right-
hand column next to the experimental spectra (Fig. 1(e)–(h)).
Excellent agreements are observed between the experimental
and simulated spectra for all magnetic field strengths. The
minor intensity differences between parts of the experimental
and simulated spectra at 7.05, 9.39, and 14.09 T can be ascribed
to distortions caused by the broad impurity resonance at d ≈ 10
ppm.

Considering the fact that the crystal structure of AlVO4 is
unknown, the present 21.15 T 27Al MAS NMR results (Table 1)
for AlVO4 show the presence of two octahedral Al sites (Al(1)
and Al(2)) with quite different quadrupole coupling parameters
and one penta-coordinated Al site (Al(3)) in the asymmetric unit
of its crystal structure.

In conclusion, 27Al MAS NMR at 21.15 T successfully
resolves three 27Al sites in AlVO4, allowing a straightforward

analysis and characterization of these sites. As an additional
benefit, an impurity, unknown to be present beforehand and
slightly distorting the spectral intensities at lower magnetic
fields, is also resolved at 21.15 T. MQMAS NMR11 combined
with high magnetic fields may be considered an alternative
approach to achieve spectral separation of multiple 27Al sites as
recently demonstrated in the characterization of USY zeolites.14

We should note that generally high spinning speeds may be
required at 21.15 T because of the increase in chemical shift
dispersion. To keep the first-order ssbs outside the 27Al
chemical shift range ( ≈ 100 ppm) spinning speeds of about 23
kHz is needed, however, such speeds are easily obtained using
small rotors. It is also of interest to point out that at the magnetic
field of 21.15 T and employing a spinning speed of 50 kHz,
recently achieved by Samoson et al.,15 an undistorted 27Al MAS
NMR spectrum of the central transition for a single 27Al site
with CQ as large as 26–30 MHz may be obtained (i.e. CQ(1+hQ/
6) @ 30.2 MHz).7

Claus J. H. Jacobsen, Haldor Topsøe A/S, Denmark kindly
provided the AlVO4 sample. Varian Inc. and Oxford Instru-
ments are acknowledged for access to the 900 MHz NMR
Facility at Oxford Instruments, Eynsham, UK. The use of the
facilities at the Instrument Centre for Solid-State NMR
Spectroscopy, University of Arhus, sponsored by the Danish
Natural Science Research Council, the Danish Technical
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thanks the Danish Natural Science Research Council for
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Table 1 27Al quadrupole coupling parameters (CQ, hQ) and isotropic
chemical shifts (diso) for AlVO4

CQ
a/MHz hQ

b diso
c/ppm

Al(1) 1.64 ± 0.10 0.30 ± 0.04 28.9 ± 0.5
Al(2) 5.88 ± 0.10 0.58 ± 0.03 21.1 ± 1.0
Al(3) 6.73 ± 0.10 0.42 ± 0.02 27.2 ± 0.6
a CQ = eQVzz/h. b hQ = (Vyy 2 Vxx)/Vzz

c Isotropic chemical shifts are
relative to a 1 M solution of AlCl3.
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Incorporated into chiral phosphatidylcholine (PC) vesicles,
[5]thiaheterohelicene with a labile helix that functioned as a
probe, developed induced CD absorptions which manifested
alterations in Cotton effects and intensities by chirality of
PC applied, temperature variations, and coexistence of
cholesterol or its 5a-epimer.

Phosphatidylcholine (PC) molecules1 possess a chiral center at
the position of the sn-2 carbon of the glycerol backbone. An
ethanol solution of monomeric D-DPPC (R configuration)
shows a positive Cotton effect around 220 nm, whereas an
aqueous solution of aggregated D-DPPC demonstrates the
opposite Cotton effect around 225 nm due to the formation of
vesicles.2 Achiral 1,6-diphenylhexa-1,3,5-triene (DPH) em-
bedded in the D-DPPC vesicles, induces chirality to develop
weak CD absorptions, due to anisotropic circumstances.2 This
induced CD, however, disappears above 40 °C and the
conformation of DPH is not disclosed. This paper describes
chiral recognition of single bilayered PC vesicles using
2-hydroxymethylthieno[3,2-e+4,5-eA]di[1]benzothiophene
(5HM) as a probe. Although 5HM has a helical shape arising

from steric repulsion between the terminal hydrogen atoms in
the molecule,3 the helix of 5HM readily undergoes inversion in
a solution because of the weakness of the repulsion, causing a
rapid racemizarion. However, in chiral environments such as
micelles,4 crystal fields5 and several species of serum albumin,6
5HM develops induced CD because of a shift in the equilibrium
between right-handed (P) and left-handed (M) enantiomers,
either of which can easily be determined by the sign of the
Cotton effect of the CD absorptions. Furthermore, the induced
CD of 5HM is fairly intense and appears in the longer
wavelength region, characteristic of its widely conjugated
aromatic chromophore.

Incorporation of water-insoluble 5HM into the PC vesicles7

yielded transparent solutions which manifested intense CD
absorptions. Fig. 1 shows the CD spectra of 5HM embedded in
the D-DPPC (Fig. 1c) and L-DPPC (Fig. 1f) vesicles together
with the spectra of an ethanol solution of monomeric D-DPPC
(Fig. 1a) and an aqueous solution of aggregated D-DPPC (Fig.
1b). Characteristic bands of 5HM in the vesicles were observed
in the range of 250–380 nm. The Cotton effects of these bands
were opposite for the L- and D-DPPC vesicles, presumably
because of the influence of the reversed twisting of the bilayers
on each other. This fact implies that for both vesicles the
equilibrium of 5HM was displaced between the P and M
enantiomers in the opposite directions to each other. Compar-
ison of Fig. 1c and f with the CD spectra of 5HM in BSA and
chiral micelles clearly indicates that racemic 5HM was

converted into a P e.e. in the D-DPPC vesicles and into an M e.e.
in the L-DPPC vesicles. From the value of the apparent
molecular ellipticity, the extent of the P e.e. in the D-DPPC
vesicles was estimated to be approximately 6%. Furthermore,
an ethanol solution of D-DPPC containing the same concentra-
tions of 5HM demonstrated no induced CD absorptions.

With a rise in temperature, the UV spectra of 5HM in the L-
DPPC vesicles displayed obvious hypsochromic shifts at the
absorption maximum near 350 nm with the isosbestic points at
286.2 and 302.8 nm (Fig. 2a). This phenomenon can be
explained by the assumption that the elevation of temperature
brought about an increase in the fluidity of the vesicles along
with an increase in the mobility of the 5HM molecules. The
plots of the absorbance of that peak against temperature showed
the maximum around 40 °C (Fig. 3a), corresponding to the main
phase transition temperature (Tc) of 41.5 °C, as determined by
the DSC method.8 This trend in the temperature dependence of
the absorbance was found for other PCs (DMPC, DSPC and
DOPC), and this method is thought to be useful for predicting
the Tc of vesicles.9 On the other hand, the intensities of the
induced CD decreased rapidly with a rise in temperature (Fig.
2b). This decrease may be attributed to the increasing fluidity of
the vesicles, which reduced the fixation of the mobile helixes (P
and M) of the 5HM molecules. In contrast to the case of DPH,
it is intriguing that the induced CD of 5HM did not disappear
over 40 °C, but merely weakened. The plots of temperature
dependence of the CD intensities demonstrated a discontinuous

Fig. 1 CD spectra of D-DPPC: (a) in ethanol and (b) in water, CD spectra
of 5HM in D-DPPC vesicles: (c) no additives, (d) with Cho and (e) Epi, and
CD spectra of 5HM in L-DPPC vesicles: (f) no additives, (g) with Cho and
(h) Epi. [D- or L-DPPC] = 5 3 1024 M, [5HM] = 9 3 1025 M, [Cho] =
[Epi] = 4 3 1025 M.
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line with two flection points (Fig. 3b). The higher point on the
line was at approximately 40 °C which was coincident with the
value of the Tc obtained from the maximum of the absorbance
plots. The meaning of the lower point is entirely obscure, but it
might be correlated to the pretransition of the bilayered phase.
In any event, it is evident that the 5HM in the chiral vesicles
provides information on not only chiral recognition, but also on
the phase transition of the vesicles.

Next, we examined the effect of the coexistence of choles-
terol (Cho) and its epimeric isomer, 5a-epicholesterol (Epi), on
the chiral recognition of the DPPC vesicles. Fig. 1c–h exhibits
the induced CD spectra of 5HM in the L- and D-DPPC vesicles
containing Cho or Epi with 0.44 times concentration of 5HM at
10 °C. In the D-DPPC vesicles, the absorptional intensity
around 350 nm increased with the addition of Cho, while the
addition of Epi reduced its intensity in comparison to the case
with no additives. In marked contrast, the situation was the
inverse of the L-DPPC vesicles: Cho reduced the intensity,
while Epi slightly enhanced it. These effects suggest that the
configuration of the hydroxy groups of Cho and Epi played an
important role in the chiral recognition of the DPPC vesicles.
Regarding the Cho molecules in the L-PC vesicles, it has been
reported that the hydroxy groups exist in the vicinity of the ester
carbonyl groups of the PC molecules without hydrogen bonds
with the surroundings, and the hydrophobic portions are
juxtaposed to the alkyl chains of the PC molecules.10 Thus, Cho
perturbs the orientation of the PC molecules in the gel phase
under a temperature of Tc. These facts may lead to the
explanation that the presence of Cho brought about the
reduction of the CD intensity in the L-DPPC vesicles because of
the decrease in fixation of the 5HM helixes. On the other hand,
Epi only slightly affected the increase in the CD intensity. In D-
DPPC vesicles, the situations for Cho and Epi seem to be
chiroptically opposite to the case in L-DPPC vesicles. These
observations imply that the inverse functions of Cho and Epi in
the vesicles were revealed by the application of 5HM from the
standpoint of chiroptical properties.

Notes and references
1 The following abbreviations are used for phospholipids: DMPC,
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line; DSPC, distealoyl phosphatidylcholine; DOPC, dioleoyl phospha-
tidylcholine.

2 P. Walde, E. Blöchliger and K. Morigaki, Langmuir, 1999, 15, 2346; P.
Walde and E. Blöchliger, Langmuir, 1997, 13, 1668.

3 H. Nakagawa, K. Yamada, H. Kawazura and H. Miyamae, Acta
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4 K. Yamada, Y. Kobori and H. Nakagawa, Chem. Commun., 2000, 97; H.
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Cortijo, A. Alonso, J. C. Gomez-Fernandez and D. Chapman, J. Mol.
Biol., 1982, 157, 597.

Fig. 2 Temperature dependence of 5HM in L-DPPC vesicles at 5 to 70 °C:
(a) UV spectra and (b) CD spectra. [D- or L-DPPC] = 5 3 1024 M and
[5HM] = 9 3 1025 M.

Fig. 3 Plots of temperature dependence of 5HM in L-DPPC vesicles: (a)
absorbance at the peak around 350 nm (left axis) and (b) molecular
ellipticity ([q]284 2 [q]354) (right axis).
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Determination of the absolute configurations of a-amino esters from
the 19F NMR chemical shifts of their CFTA amide diastereomers
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The CFTA method has proved to be useful for assigning
absolute configuration of a-amino esters by 19F NMR.

One of the most convenient and reliable methods for determina-
tion of both absolute configuration and enantiomeric excess (ee)
of chiral molecules is 1H NMR analyses of the diastereomers
formed by reaction of these molecules with chiral derivatizing
agents (CDAs).1 Among various CDAs developed so far,
fluorine-containing CDAs have the advantage of allowing 19F
NMR to be used as an additional analytical tool.2 The greater
chemical shift differences of 19F signals compared to 1H signals
and the simplicity of 19F NMR spectra add greatly to the value
of this approach.3 However, there have been no reliable
methods reported for assigning absolute configuration by 19F
NMR that are based on a theoretical and predictable explanation
of the source of chemical shift differences.4

We previously reported the synthesis of a-cyano-a-fluoro-p-
tolylacetic acid (CFTA). This reagent proved to be an excellent
CDA for determination of ee by 19F NMR5 and for determina-
tion of absolute configuration by 1H NMR.6 As part of our
continuing study of the CFTA agent we now report a consistent
relationship between the 19F NMR chemical shifts (dF) of
diastereomeric CFTA amides of a-amino esters and their
absolute configurations. Molecular orbital calculations were
used to estimate the conformational equilibria of the similar a-
cyano-a-fluorophenylacetic acid (CFPA)3 amides and these
equilibria were used to develop a correlation model based on the
chemical shift nonequivalence in the 1H NMR of CFTA
amides.

We examined a series of CFTA amides of common a-amino
esters (1–13) to obtain the chemical shift differences (DdF)
between the diastereomers. The 19F NMR spectrum of the
CFTA amide of Gly-OMe (14) was used as reference (Table 1).7
The fluorine signals of (R,S)-isomers (dRS) always resonated at
2 to 6 ppm higher field compared to those of the corresponding
(S,S) isomers (dSS), thus giving consistently minus DdF values.
For comparison, DdF values for MTPA8 amides of the same a-
amino esters were also examined. These also gave consistently
minus DdF signs, although the magnitudes were considerably
smaller than those observed for CFTA amides.

The large DdF values and the consistent relationship between
the signs and absolute configurations for diastereomeric CFTA
amides combine to make the CFTA amide method very reliable
for assigning absolute configuration of a-amino esters using 19F
NMR.

The DdF values for diastereomeric CFTA amides can be
attributed to different biases in the conformational equilibria
between the ap and the sp conformers shown in Fig. 1, as was
previously discussed for the CFTA esters.6 In the former, the F–
Ca bond is anti-periplanar (ap) to the C = O bond, while in the
latter, this bond is syn-periplanar (sp), respectively. The
presence of these two conformers in each CFTA amide
diastereomer was supported by molecular orbital calculations
on the ground state geometry and energies using the quite
similar molecules (R,S)-15 and (S,S)-15, i.e., two diaster-
eomeric CFPA amides of Val-OMe.9 The calculations predicted
the preference of the ap conformer over the sp conformer in
accord with the conformation deduced from the sense of

Table 1 19F chemical shifts of diastereomeric CFTA and MTPA amidesa

CFTA amide MTPA amide

R Compound dRS (or SR)/ppm dSS (or RR)/ppm DdF
b/ppm DdF

b/ppm

-Me 1 2143.163 2140.729 22.434 20.386
-Et 2 2143.839 2140.843 22.996 20.369
-iPr 3 2144.578 2140.948 23.630 20.327
-tBu 4 2145.750 2141.676 24.074 20.171
-iBu 5 2143.761 2140.061 23.700 20.373
-CH(OBn)CH3 6 2144.633 2138.670 25.963 20.379
-CH2CH2SCH3 7 2145.146 2141.151 23.995 20.363
-CH2CO2CH3 8 2143.763 2140.842 22.921 20.407
-CH2CO2Bn 9 2143.344 2140.824 22.520 20.325
-CH2CH2CO2Et 10 2144.771 2140.507 24.264 20.389
-CH2CH2CH2CH2NHZ 11c 2144.398 2140.267 24.131 20.449
-Bn 12 2145.004 2141.424 23.580 20.033
-(3-Indolylmethyl) 13 2144.798 2140.398 24.400 20.044
-H 14 (2142.152)d

a Chemical shifts in CDCl3 were determined at 254 MHz for 1, 3, 7, 8, 12 and at 376 MHz for others. CFCl3 was used as an internal standard.b dRS (or SR) 2

dSS (or RR).c Benzyl ester was used.d Chemical shift of the racemic CFTA amide.
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chemical shift nonequivalence of the protons in the R and the
ester groups between the (R,S)- and (S,S)-CFTA diastereomers
1–13.10

In the fast equilibrium between ap and sp conformers for each
CFTA amide, the observed dF value must be a weighted mean
of the chemical shift for each conformer on their populations.
Calculation of the dF values for (R,S)-15 and (S,S)-15 predicted
that the resonance of the ap conformer occurs at higher field
than the resonance of the sp conformer.11 The predicted
chemical shift differences between ap and sp conformers ( ~ 18
ppm) for both diastereomers were considerably greater than that
between the diastereomeric two ap conformers ( ~ 1.7 ppm) or
the diastereomeric two sp conformers ( ~ 1.5 ppm). From this,
we conclude that the observed higher field resonance of the
(R,S)-CFTA isomer compared to the (S,S)-isomer is attributable
to a larger population of the ap conformer in the (R,S)-isomer
compared to the population of this conformer in the (S,S)-
isomer. In addition, these conformational preferences appear to
hold for all the diastereomeric amides 1–13.12 These conforma-
tional preferences can be explained by invoking attractive
interactions between the eclipsed tolyl and R groups in the
(R,S)-CFTA amide structures. The same interactions would be
possible in the sp conformer of (S,S)-amides, but in this case
these interactions would increase the population of the sp
conformer, and hence would shift the 19F signal to lower
field.

In order to confirm the presence of attractive interactions, we
compared the dF values for both (R,S)- and (S,S)-diastereomers
of 1–13 with the dF value of racemic 14 (2142.152 ppm),
wherein comparable attractive interactions are absent. The signs
of the chemical shift differences (DdF

Rel) of 1–13 relative to 14,
i.e., dRS 2 (2142.152) for the (R,S)-isomers and dSS 2

(2142.152) for the (S,S)-isomers, were found to be consistently
minus for the (R,S)-isomers and plus for the (S,S)-isomers.
These results suggest that the ap conformer is more populated in
the (R,S)-isomers and less populated in the (S,S)-isomers, when
compared with that of 14. This strongly supports the presence of
attractive interactions proposed above for the amides 1–13.

It should be noted that the regularity observed for the sign of
DdF

Rel values necessarily provides a simple method for
assigning absolute stereochemistry of a-amino esters by using
either one of the two CFTA diastereomers. Further investiga-

tions to extend the applications and reliability of the CFTA
method based on both 1H and 19F NMR are currently under-
way.

This work was supported by a Grants-in Aid for Scientific
Research from the Ministry of Education, Science, Sports and
Culture, Japan and by a grant from The Mitsubishi Founda-
tion.
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Fig. 1 Conformational equilibria of CFPA (Ar = Ph) and CFTA (Ar = p-
Tol) amides.
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Synthesis of a gable bis-porphyrin linked with a
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A soluble porphyrin dimer linked with bicyclo[2.2.2]octa-
diene was converted in to insoluble conjugated porphyrin
dimer by heating at 200 °C, this provides a new strategy for
the process control of conjugated porphyrins.

†The preparation of well defined arrays of porphyrins is a
popular area of research, not only for its possible application to
the elucidation of natural photosynthesis mechanism, but also
for functional molecular devices, e.g. molecular scale wires,
switches and catalysis for the direct four-electron reduction of
oxygen to water.1 Porphyrins can be directly connected with
covalent bonds or assembled with hydrogen bonds or transition
metals. Porphyrin dimers or oligomers with no significant p-
overlap between the neighboring porphyrins were first studied,
and highly conjugated porphyrin dimers or oligomers have
attracted much interest in recent years. For example, gable
porphyrins developed by Tabushi et al.2 contain clefts for
molecular recognition. Meso–meso linked porphyrin dimers
developed by Osuka et al.,3 where the porphyrins lie approx-
imately orthogonal to each other, exhibit strong electronic
communication in their excited states to provide a useful basic
structure for molecular photonic wires. On the other hand, the
group of Arnold has developed conjugated porphyrin dimers,
where porphyrins are linked with conjugated triple bonds.4 The
groups of Crossley and Smith have reported further enhanced
conjugated porphyrins, namely, edge-fused porphyrin oligo-
mers.5 The groups of Osuka and Sugiura have reported
conversions of non-conjugated b-meso linked porphyrin dimers
into conjugated fused porphyrin dimers via oxidation.6 The
unusual electronic behavior of such porphyrin arrays due to
strong ground state conjugation makes them attractive candi-
dates for real molecular wires. Although conjugated porphyrin
oligomers constitute an active area of research, only a few
structural types have been explored.4–6 Here we present a new
strategy for preparing a conjugated porphyrin dimer 6 from a

non-conjugated porphyrin dimer 5. This new method is based
on the retro-Diels–Alder reaction. In previous papers we
reported that soluble porphyrins fused with bicyclo[2.2.2]octa-
diene were converted into insoluble benzoporphyrins via the
retro-Diels–Alder reaction by heating at 200 °C.7 As the thermal
process does not require any reagents or purification steps, it is
ideal for the preparation of conjugated porphyrins.

Dipyrrole 2 linked by bicyclo[2.2.2]octadiene was prepared
from ethyl 4,7-dihydro-4,7-ethano-2H-isoindole-2-carboxylate
1 in four steps as already reported.8 De-ethoxycarbonylation of
2 with KOH in ethylene glycol at 170 °C gave 3. Bis-porphyrin
5 fused with bicyclo[2.2.2]octadiene was prepared by the 3 + 1
approach.9 The reaction of 2.0 equivalents of tripyrranedi-
carbaldehyde 4 with 1.0 equivalent of dipyrrole 3, followed by
oxidation with dichlorodicyano-p-benzoquinone (DDQ) and
metallation with Zn(OAc)2 gave Zn-5 in 13% overall yield. The
requisite tripyrrane dicarbaldehyde 4 was prepared by the
reaction of 3,4-diethylpyrrole with 2.0 equivalents of benzyl
5-acetoxymethyl-4-butyl-3-methyl-1H-pyrrole-2-carboxylate
in AcOH–EtOH, followed by debenzylation and formylation
with methyl orthoformate and CF3CO2H.

The retro-Diels–Alder reaction of Zn-5 was carried out by
heating at 200 °C under vacuum (10 mm Hg) for 2 h to give a
planar bisporphyrin Zn-6 in quantitative yield (Scheme 1). As
this conversion proceeds very cleanly, pure Zn-6 (estimated by
NMR) was isolated without purification. As mentioned in
previous papers,7 porphyrins fused with bicyclo[2.2.2]octa-
diene rings are generally soluble in organic solvents, where p–
p-stacking is inhibited. Planar porphyrins formed via the retro-
Diels–Alder reaction are insoluble due to the strong
p–p-stacking. This retro-Diels–Alder process provides a pow-
erful strategy for the fabrication of electronic devices from p-
extended compounds. Expensive and tedious vacuum deposi-
tion techniques for the preparation of electronic devices from
insoluble materials are exempted by using soluble precursors.

Scheme 1 Reagents and conditions: i, KOH, HO(CH2)2OH, 170 °C, 2 h; ii, CHCl3, TFA, Et3N, DDQ, iii, CHCl3, Zn(OAc)2·2H2O, iv, 200 °C, 2 h.
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As bis-porphyrin 5 is soluble in organic solvents, various metals
are also easily introduced into 5 by the reaction with metal salts
in organic solvents. Subsequent heating of such metal com-
plexes of 5 gives the metal complexes of 6, which are difficult
to prepare by the reaction of 6 with metal salts. Zn-5 is soluble
in various organic solvents, such as toluene or CHCl3 whereas
Zn-6 is insoluble in toluene or CHCl3.

Absorption spectra of bis-porphyrins Zn-5 and Zn-6 were
measured in CHCl3 or 5% pyridine–CHCl3, respectively (Fig.
1). The splitting of Soret band (400, 415 nm) was observed in
Zn-5. The exciton splitting energy in the Soret band is similar to
those for the reported gable porphyrins of Tabushi et al..2 Thus,
the dihedral angle and the distance between porphyrins in 5 are
estimated to be similar to those of Tabushi’s gable porphyrins.
As the bicyclo[2.2.2]octane ring is a more rigid spacer than
phenylene, porphyrin rings in Zn-5 are fixed more rigidly than
those of other systems. Bis-porphyrin Zn-5 may be useful as a
host for various compounds such as fullerene. In fact, the
absorption spectra of Zn-5 is gradually changed to a broad Soret
band at 400 nm by addition of a solution of fullerene, and the
splitting of Soret band disappears. Absorption spectra after
heating Zn-5 at 200 °C are shown in Fig. 1. The new absorption
spectra can be assigned to be those of Zn-6. The red-shift of
absorption spectra and the intense Q band are typical for
conjugated porphyrin dimers.5,6 Mass spectra of Zn-5 and Zn-6
are identical, since ethylene is eliminated during ionization of
Zn-5. NMR data support the structure of Zn-6.

In conclusion, we have succeeded in the preparation of novel
bis-porphyrins 5 and 6, where the two porphyrin rings are fixed
at angles of 120 and 180°, respectively. They provide new
models to evaluate intramolecular interaction (singlet or triplet
energy transfer or electron transfer) of porphyrin dimers in the
excited states or in ground states.1,4,10

The work was supported by Grant-in-aid for Scientific
Research from the Ministry of Education, Science, Sports and
Culture, Japan.
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(6 H, s), 4.0–4.1 (8 H, m), 7.88 (2 H, m), 10.01 ( 2 H, s), 10.83 (2 H, s); dC

(CDCl3) 12.2, 14.2, 18.5, 19.8, 23.1, 26.3, 31.8, 35.4, 36.5, 97.1, 98.6,
136.6, 141.5, 142.1, 142.3, 147.5, 148.3, 148.5, 151; lmax (CHCl3)/nm
[relative intensity]: 399 [0.98], 415 [1.00], 533 [0.10], 575 [0.11]; m/z
(FAB) 1162 (M+ 2 C2H4). For Zn-6: green powder, mp > 250 °C, dH

(CDCl3–C5D5N) 1.19 (12 H, t, J 7.32), 1.85 (8 H, m), 1.96 (12 H, t, J 7.32),
2.37 (8 H, m), 3.97 (12 H, s), 4.12–4.22 (16 H, m), 10.15 (4 H, s), 10.99 (4
H, s), 11.48 (2 H, s); lmax (5% pyridine–CHCl3)/nm [relative intensity]: 334
[0.21], 391 [0.39], 414 [0.35], 445 [0.31], 474 [1.00], 579 [0.11], 620 [0.25],
636 [0.75] .

1 Some recent reviews: N. Aratani and A. Osuka, Bull. Chem. Soc. Jpn.,
2001, 74, 1361; M. Graca, H. Vicente, L. Jaquinond and K. M. Smith,
Chem. Commun., 1999, 1771; A. K. Burrell and D. J. Officer, Synlett,
1998, 1297; J. P. Collman, P. S. Wagenknechet and J. E. Hutchinson,
Angew. Chem., Int. Ed. Engl., 1994, 33, 1537; D. P. Arnold, Synlett.,
2001, 296.

2 I. Tabushi and T. Sasaki, J. Am. Chem. Soc., 1983, 105, 2694; I. Tabushi
and S. Kugimiya, J. Am. Chem. Soc., 1986, 108, 6926; H. Meier, Y.
Kobuke and S. Kugimiya, J. Chem. Soc., Chem. Commun., 1989,
923.

3 A. Osuka and H. Simidzu, Angew. Chem., Int. Ed. Engl., 1997, 36, 135;
Y. H. Kim, D. H. Jeong, D. Kim, S. C. Jeoung, H. S. Cho, S. K. Kim,
N. Aratani and A. Osuka, J. Am. Chem. Soc., 2001, 123, 76.

4 H. L. Anderson, Chem. Commun., 1999, 2323 and references therein.
5 M. J. Crossley, L. J. Govenlock and J. K. Praskar, Chem. Commun.,

1995, 2379; L. Jaquinod, O. Siri, R. G. Khoury, M. M. Olmstead and K.
M. Smith, Chem. Commun., 1998, 1261; M. G. H. Vincente, M. T.
Cancilla, C. B. Lebrilla and K. M. Smith, Chem. Commun., 1998,
2355.

6 K. Sugiura, T. Matsumoto, S. Ohkouchi, Y. Naitoh, T. Kawai, Y. Takai,
K. Ushiroda and Y. Sakata, Chem. Commun., 1999, 1957; A. Tsuda, A.
Nakano, H. Furuta, H. Yamochi and A. Osuka, Angew. Chem., Int. Ed.,
2000, 39, 558.

7 S. Ito, T. Murashima, H. Uno and N. Ono, Chem. Commun., 1998, 1661;
S. Ito, N. Ochi, H. Uno, T. Murashima and N. Ono, Chem. Commun.,
2000, 893.

8 H. Uno, S. Ito, M. Wada, H. Watanabe, M. Nagai, A. Hayashi, T.
Murashima and N. Ono, J. Chem. Soc., Perkin Trans. 1, 2000, 4347 and
references therein.

9 A. Bondif and M. Momenteau, J. Chem. Soc., Chem. Commun., 1994,
2096; J. L. Sessler, J. W. Genge, A. Urbach and P. Sanson, Synlett, 1996,
187; T. D. Lash, Chem. Eur. J., 1996, 2, 1197 and references therein.

10 K. Ishii, N. Kobayashi, Y. Higashi, T. Osa, D. Lelievre, J. Simons and
S. Yamaguchi, Chem. Commun., 1999, 969; J. Andreasson, J. Kajanus,
J. Martensson and B. Albinsson, J. Am. Chem. Soc., 2000, 122, 9844; J.
J. Piet, P. N. Taylor, H. L. Anderson, A. Osuka and J. M. Warman,

J. Am. Chem. Soc., 2000, 122, 1749.

Fig. 1 UV–VIS spectra of bisporphyrins Zn-5 and Zn-6.
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Enantio- and diastereoselective synthesis of threo 2 and
erythro 3 was accomplished by the conversion of 1 with
aldehydes promoted by chiral borane 10; enantioselctivities
range from 45–95% ee, while diastereoselectivities vary from
4.3–49+1 with 8 different aldehydes.

The availability of efficient synthetic methods for achieving
absolute stereocontrol via a catalytic process in the construction
of acyclic systems is of considerable current interest in synthetic
chemistry.1 During the past decades, substantial progress has
been made, and as a result, many enantioselective synthetic
routes have been extensively explored.2 Nonetheless, only a few
methods exist to establish all stereoisomers selectively, despite
their plentiful synthetic potential.3 Recently we have disclosed
novel synthetic methods for the synthesis of both diastereomers
2 and 3 in high levels of stereoselectivity from the ketene ortho
ester 1 with an aldehyde mediated by a Lewis acid catalyst
(Scheme 1). This highly stereocontrolled transformation for the
synthesis of 2 involves the diastereoselective generation of a
carbon–carbon bond to form 4 and introduction of ester
functionality from hydrolysis of the ortho ester intermediate 4.4
A reversal of diastereoselectivity to obtain 3 was realized by an
epimerization of intermediate 4 under basic conditions.5

The general feature of this transformation is the synthesis of
highly functionalized compounds from simple starting materi-
als in high diastereoselectivity. The characteristic feature of this
chemical transformation process has encouraged us to carry out
further investigation concerning absolute stereoselection to
establish all four stereoisomers. This research led to the
discovery of efficient enantioselective routes in forming threo 2
and erythro 3 with high levels of diastereoselectivity and
moderate to excellent enantioselectivity. In the course of this
study, the absolute configuration of the major component was
unambiguously established by comparison with a synthetic
sample.

From the mechanistic perspective, major functions for the
stereoselectivity are immediately discernable in the catalytic

process. Although the exact mechanistic aspects of this
transformation have not been rigorously elucidated, the follow-
ing pathway could be a probable stereochemical route on the
basis of product population. We reasoned that if 5 could be a
stereochemical model, then it might be possible to control facial
selectivity by a chiral catalyst in a predictable fashion.
Preliminary investigations for the stereochemical transforma-
tion of 1 with aldehyde indicated that the conversion to the
corresponding 2 could not be satisfied with a variety of chiral
Lewis acids including BINOL–Ti(IV), and bisoxazoline com-
plexes with Cu, Sc, Zn mainly due to a lack of reactivity.6
However, bisoxazoline–Sn(OTf)2 complex 67 and chiral borane
78 could be a chiral promoter for the enantioselective conver-
sion. Initial attempts to convert 1 to 2 with benzaldehyde in the
presence of 6 (20 mol%) at 220 °C in CH2Cl2 were met with
limited success, providing moderate enantioselectivity with
poor diastereoselectivity (47% yield, 76% ee, 2+1 dr). A survey
of modifications of ligands provided no significant advantages
in terms of reactivity and stereoselectivity. On the other hand,
reaction of 1 with benzaldehyde in the presence of 7 occurred
readily at 278 °C; this chiral Lewis acid was generally superior
and chosen for systematic studies.

Reaction of 1 (RA = Et) with benzaldehyde in the presence of
20 mol% of 7 for 24 h afforded 2 and 3 in 57% isolated yield in
a ratio of 72+28 with 77% ee. The lack of diastereoselectivity
was attributed to acidic media in the reaction mixture causing
epimerization of reaction intermediate 4 for long reaction times.
Thus, diastereoselectivity was enhanced by the use of 1 eq. of 7
within 2 h, providing 78% yield in 91+9 dr with 83% ee (278
°C for 2 h in CH2Cl2). After surveying numerous modifications
of N-sulfonylamino acids, the remarkable observation has been
made that the use of 10 as a chiral promoter led to the best
results in terms of chemical yields and stereoselectivities
(PhCHO, 95% yield, 2+3 = 97+3, 93% ee): (a) chiral Lewis
acid 10 was prepared from the reaction of 8 with 99 at 23 °C for
2 h;10 (Scheme 2) (b) reaction at 278 °C for 30 min in CH2Cl2
were the optimal conditions, while with longer reaction times,
especially more than 2 h, diminished diastereoselectivity was
observed; (c) R1 = Et in 1 was generally superior to others such
as Me and Pri in terms of chemical availability and efficacy. It
is worthy of note that efficient recovery of the chiral ligand 8
was made after work up procedure.

Under optimal conditions, the reaction was performed by the
addition of 1 (R1 = Et) to a solution of benzaldehyde and 10 in
CH2Cl2 at 278 °C. After stirring for 30 min, the reaction
mixture was quenched with 2 N aqueous HCl followed by work
up and silica gel chromatography to afford threo 2a with erythro
3a in a ratio of 97+3 as judged by 500 MHz 1H NMR of crude
products. With the notion that this protocol might lead to a
general and efficient method for the synthesis of multifunctionalScheme 1

This journal is © The Royal Society of Chemistry 2001

2698 Chem. Commun., 2001, 2698–2699 DOI: 10.1039/b107454g



substances, we set out to determine the scope of reaction with
various aldehydes. Indeed, the method is successful with a
variety of aldehydes and affords products of high diaster-
eomeric purity with moderate to good enantioselectivies as
summarized in Table 1. The ee values were determined by 500
MHz 1H NMR of the corresponding (+)-MTPA ester and/or
HPLC or GC analysis using a chiral column as indicated in
Table 1.

With our research scope of the asymmetric synthesis of threo
2, we turned our attention next to examine possibility of this
approach for a reversal of diastereoselectivity.5 Under optimal
conditions, the reaction was performed by addition of 1 to 10
and benzaldehyde in CH2Cl2 at 278 °C. After 2 h at 278 °C,
freshly distilled pyridine (20 eq.) and DBU (10 eq.) was added
during which time a white precipitate was formed. After stirring
for 30 min at 278 °C, the cooling bath was removed and the
temperature was allowed to rise to 23 °C for 24 h.† After
cooling to 0 °C, the reaction mixture was quenched with 2 N
aqueous HCl in EtOH followed by work up and silica gel
chromatography to afford erythro 3a along with threo 2a in a
ratio of 95+5 as judged by 500 MHz NMR of crude products
with virtually identical enantiomeric purity compared to that of
2a in Table 1. In addition, parallel experiments were performed
with a variety of aldehydes and the results are summarized in
Table 2.

Absolute configuration of 3a was unambiguously established
by a comparison of synthetic samples as illustrated in Fig. 1.‡

In summary, this paper describes methodologies for the
enantioselective and diastereoselective synthesis of 2 and 3 in a
general and efficient way as a result of the present investigation
because of the simplicity of the reaction and the ready
availability and efficient recovery of the chiral ligand, and also,
absolute configurations of products were unambiguously con-
firmed by the experiments.

Generous financial support by grants from the Center for
Molecular Design and Synthesis (CMDS: KOSEF SRC) at
KAIST and the Ministry of Science and Technology through the
National Research Laboratory program is gratefully acknowl-
edged.

Notes and references
† It is important to report that the higher temperature especially over 50 °C
for the epimerization of intermediate 4 resulted in seriously diminished
chemical yields.
‡ Evans aldol product 11 (9+1 dr)11 was converted to 12 by 3 steps [i,
LiAlH4, 278 °C–0 °C, THF; ii, MeC(OMe)2Me, pTsOH (5 mol%),
CH2Cl2; iii, 9-BBN, 0–23 °C THF, then NaOH, H2O, 40% overall].
Compound 3a was also transformed to 12 [i, LiAlH4, 278 °C–0 °C, THF;
iii, MeC(OMe)2Me, pTsOH (5 mol%), CH2Cl2, 67% overall]. Both
synthetic 12 from 11 and 3a has not only the same specific rotation sign but
also the identical NMR spectra of (+)-MTPA ester derivatives.

1 For general discussions, see: (a) A. H. Hoveyda, D. A. Evans and G. C.
Fu, Chem. Rev., 1993, 93, 1307; (b) D. J. Ager and M. B. East,
Asymmetric Synthetic Methodology, CRC Press, New York, 1996.

2 For examples, see: (a) Catalytic Asymmetric Synthesis, ed. I. Ojima,
Wiley-VCH, New York, 2000; (b) Comprehensive Asymmetric Cataly-
sis I–III, eds. E. N. Jacobsen, A. Pfaltz and H. Yamamoto, Springer-
Verlag, Berlin, 1999; (c) Lewis Acids in Organic Synthesis Vol. 1, 2, ed.
H. Yamamoto, Wiley-VCH, Weinheim, 2000.

3 For examples, the aldol processes, see: (a) R. Mahrwald, Chem. Rev.,
1999, 99, 1095–1120; (b) S. G. Nelson, Tetrahedron: Asymmetry, 1998,
9, 357–389.

4 (a) C.-M. Yu, H.-S. Choi, J.-K. Lee and S.-K. Yoon, J. Org. Chem.,
1997, 62, 6687–6689; (b) C.-M. Yu, W.-H. Jung, H.-S. Choi, J. Lee and
J.-K. Lee, Tetrahedron Lett., 1995, 36, 8255–8258.

5 C.-M. Yu, J. Lee, K. Chun, J. Lee and Y. Lee, J. Chem. Soc., Perkin
Trans 1, 2000, 3622–3626.

6 General discussion, see: J. Seyden-Penne, Chiral Auxiliaries and
Ligands in Asymmetric Synthesis, John Wiley & Sons, New York,
1995.

7 Reviews, see: (a) A. K. Ghosh, P. Mathinanan and J. Cappiello,
Tetrahedron: Asymmetry, 1998, 9, 1–45; (b) A. Pfaltz, Acc. Chem. Res.,
1993, 26, 339–345.

8 K. Ishihara and H. Yanamoto, in Advances in Catalytic Process, ed. M.
P. Doyle, JAI, Greenwich, 1995, pp. 29–59.

9 Compound 9 was prepared according to the established procedure and
used for next operation without further purification, see: H. C. Brown,
N. Ravindran and S. U. Kulkarni, J. Org. Chem., 1980, 45, 384–389.

10 M. Kinugasa, T. Harada, T. Egusa, K. Fujita and A. Oku, Bull. Chem.
Soc. Jpn., 1996, 69, 3639–3650.

11 D. A. Evans, J. Bartroli and T. L. Shih, J. Am. Chem. Soc., 1981, 103,
2127–2128.

Scheme 2 Reagents and conditions: i, 10, 278 °C, 30 min, CH2Cl2; ii, 10,
278 °C , 2 h, CH2Cl2, then DBU, pyridine, 278 °C–23 °C, 24 h.

Table 1 Diastereo- and enantioselective synthesis of 2a

Entry RCHO Product dr (2+3)b Ee (%)c
Yield
(%)d

1 Ph a 97+3 93 95
2 4-Br-Ph b 95+5 95 88
3 CH3 c 92+8 91 78
4 PhCH2 d 95+5 88 77
5 PhCH2CH2 e 94+4 90 83
6 C6H13 f 92+8 84 77
7 PhCHNCH g 81+19 74 79
8 Me2CH h 88+12 45 61
a Reactions were carried out in CH2Cl2 at 278 °C for 30 min.b Diaster-
eomeric ratio was determined by the analysis of 500 MHz 1H NMR spectra
of crude products (all entries) and by GC analysis using HP21 (Hewlett-
Packard, cross linked methyl siloxane, 25 m 3 0.32 mm 3 0.52 mm, entries
3, 4, 6, 8).c Ees were determined by preparation of (+)-MTPA ester
derivatives, analysis by 500 MHz 1H NMR spectra (entries 1,2,3,4,8) and by
HPLC analysis using chiral column (Chiracel OD-H, 3–5% PriOH in
hexanes, entries 1,2,5,7) and by GC (FID, Chiral Dex-30, G-TA, gamma-
cyclodextrin Trifluoroacetyl, 30 m 3 0.32 mm, entries 3,6,8).d Yields refer
to isolated and purified products.

Table 2 Diastereo- and enantioselective synthesis of 3a

Entry RCHO Product dr (3+2) Ee (%)
Yield
(%)

1 Ph a 95+5 92 88
2 4-Br-Ph b 96+4 95 73
3 CH3 c 91+9 90 75
4 PhCH2 d 94+6 86 81
5 PhCH2CH2 e 98+2 91 88
6 C6H13 f 95+5 81 74
7 PhCHNCH g 91+9 71 68
8 Me2CH h 93+7 48 53
a Conditions for analysis of diastereo- and enatioselectivities were identical
with Table 1.

Fig. 1 Determination of absolute configuration.
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Acylative kinetic resolution of racemic cyclic cis-amino
alcohol derivatives with a chiral nucleophilic catalyst
proceeds enantioselectively (s = 10–21) at ambient tem-
perature to give enantiopure recovered materials, and the %
conversion of the acylation can be readily controlled by the
amount of acid anhydride.

b-Amino alcohol functionality is found in many biologically
active compounds and is therefore considered an important
pharmacophore.1 The asymmetric synthesis of b-amino alco-
hols has been extensively studied.2 Kinetic resolution3 is
another method of choice, and the enzymatic4,5 and non-
enzymatic6,7 kinetic resolution of racemic amino alcohol
derivatives has been reported. Since the theoretical maximum
yield is only 50%, kinetic resolution is worthwhile when it is
possible to prepare compounds with extremely high enantio-
meric purity, which would otherwise be unattainable by
asymmetric synthesis. To obtain enantiopure compounds by the
kinetic resolution of racemates, high selectivity factor3 (s) as
well as control of the % conversion of the reaction are
indispensable. We report here the preparation of nearly
enantiopure (!99% ee) cyclic cis-amino alcohol derivatives via
acylative kinetic resolution with a chiral nucleophilic catalyst.
Practically useful levels of enantioselectivity (s = 10–21) were
observed in reactions at ambient temperature and the %
conversion was readily controlled by the amount of the
acylating agent.

Kinetic resolution via enantioselective acylation of racemic
alcohols by artificial organic molecules has been a focus of
current synthetic attention.6,8,9 We have shown that chiral
nucleophilic catalyst 1 could effectively catalyze the acylative
kinetic resolution of racemic diol derivatives.10 Since acylation
of an amino group of amino alcohols readily takes place in the
absence of catalyst,11 the amino group was protected and the
effect of the protective group on kinetic resolution was
examined (Table 1). Racemic-2 with typical carbamate-pro-

tective groups such as Boc and Cbz was resolved with moderate
enantioselectivity (s = 4.0–4.5) via acylation with 1 (entries 1
and 2). However, 2 with amide-protective groups showed better
selectivity (s = 8.7– > 13, entries 3–5). Enantiomers of a
substrate with a p-(dimethylamino)benzoyl group were again10

found to be most effectively differentiated by 1 (s = > 13, entry
5). The effects of the acylating agents on the efficiency of
kinetic resolution were re-investigated with the racemic-2
(PNCOC6H4-p-NMe2) under the conditions similar to those in
Table 1. The selected results are as follows: Ac2O (s = 12), (i-
PrCO)2O (s = 17), (t-BuCO)2O (s = 6.2), Bz2O (s = 6.5), i-
PrCO-OC6F5 (s = 17), (2-MeO-C6H4CO)2O (s = 14),
(2,4,6-F3-C6H2CO)2O (s = 19). Among commercial acid
anhydrides, isobutyric anhydride gave the highest selectivity, as
previously observed.10 Although the use of the corresponding
pentafluorophenyl ester gave selectivity comparable to that with
isobutyric anhydride, it was much less effective in kinetic
resolution due to its low reactivity (25% conversion after 2
days). 2,4,6-Trifluorobenzoic anhydride gave the highest se-
lectivity, however, we decided to use isobutyric anhydride for
further investigation due to its ready availability.

The results of the kinetic resolution of several cyclic amino
alcohol derivatives 2a–6 are shown in Table 2. Treatment of
racemic-2a with 60 mol% of isobutyric anhydride in the
presence of 5 mol% of 1 at 20 °C led to the recovery of (1R, 2S)-
2a in 93% ee at 58% conversion (entry 1). Enantiopure 2a was
obtained with a minimum loss of chemical yield by increasing
the amount of acid anhydride to 65 mol% (entry 2). Even with
0.5 mol% of the catalyst (catalyst–substrate = 0.9 mg+131 mg),
the acid anhydride was almost completely consumed within 24
h and enantiopure 2a was recovered (entry 4). Addition of a
stoichiometric amount of collidine does not affect the efficiency

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b108753c/

Table 1 Effects of protective group P on the kinetic resolution of racemic-2 with 1

Entry P Solvent Reaction time/h Conversiona (%)
Ee of recovered 2
(%) Ee of 3 (%) Sb

1 CO2t-Bu CHCl3 24 69 72c 33 4.0
2 CO2CH2Ph CH2Cl2 5 68d 76c — 4.5
3 COCH3 CH2Cl2 20 69 96 43 8.7
4 COPh CH2Cl2 20 70 98 42 9.4
5 COC6H4-p-NMe2 CHCl3 20 68 > 99c 47 > 13

a Conversion was determined by the following equation; conversion (%) = ee (recovered 2)/ee (recovered 2) + ee (3).b S = k (fast-reacting enantiomer)/k
(slow-reacting enantiomer), see ref. 3.c Absolute congfiguration is (1R, 2S).d Conversion was determined from the ratio of 3 to recovered 2.

This journal is © The Royal Society of Chemistry 2001
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of the kinetic resolution with 5 mol% of 1 (entries 3 vs. 5), while
it does affect the efficiency with 0.5 mol% of 1 (entries 4 vs. 6).
Enantiopure amino alcohol derivatives 3–6 were also recovered
at 64–73% conversion by similar treatment of the racemates (s
= 10–21, entries, 7, 9, 10, and 12). In each case, an alcohol with
S configuration preferentially underwent acylation. The amide-
protective group of (1S, 2R)-5 was removed by treatment with
6 M HCl to give (1S, 2R)-1-aminoindan-2-ol (68% yield),
which is the key component of the orally active HIV protease
inhibitor indinavir.12,13 In these acylations with 1, the %
conversion could be simply controlled by the amount of acid
anhydride so that enantiopure compounds were readily obtained
without careful monitoring of the progress of the reaction. This
is in contrast to enzymatic acylative kinetic resolution where
excess acylating agent is used.5,14 Even in the case of non-
enzymatic acylative kinetic resolution, acylating agents are not
always consumed completely within a reasonable reaction
time.9

The protocol for kinetic resolution was applied to acyclic
amino alcohol derivatives. Acylation of an anti-amino alcohol
derivative, racemic-7, under the standard conditions (Table 2,
footnote a) gave recovered 7 with 93% ee at 70% conversion (s
= 7.1), while the corresponding syn-derivative 8 showed
negligible selectivity (s = 1.0). Kinetic resolution of 9 with a
primary hydroxy group progressed with a selectivity factor of
6.8. Another syn-amino alcohol derivative 10 (taxol side-chain)
was poorly resolved with 1 (28% ee at 71% conversion, s =
1.6). Thus, the relative configuration of the b-hydroxyamine
critically affects the enantioselectivity of the kinetic resolution
promoted by 1.

In summary, acylative kinetic resolution of several cyclic cis-
amino alcohol derivatives with 1 proceeds enantioselectively at
ambient temperature to give enantiopure unreacted materials
under proper control of the % conversion of the acylation.
Complete consumption of acid anhydrides at low catalyst
loading indicates that 1 has high catalytic activity. Kinetic and
mechanistic investigations are now under way.

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Areas (No. 706 : Dynamic Control of
Stereochemistry) from the Ministry of Education (Monbusho),
Japan.
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Table 2 Kinetic resolution of racemic amino alcohol derivatives 2a–6 with 1a

Entry Substrate 1/mol% (i-PrCO)2O/mol%
Reaction
time/h Conversionb (%)

Ee of
recovered
substratec

(%)

Ee of
acylated
product (%) S

1 2a 5 60 9 58 93 68 17 (54)h

2d 2a 5 65 44 63 > 99 59 > 18
3 2a 5 70 9 68 > 99 48 > 14
4 2a 0.5 70 24 66 > 99 52 > 15
5e 2a 5 70 9 67 > 99 48 > 14
6e 2a 0.5 70 24 60 89 59 11
7 3 5 70 9 69 > 99 44 > 12
8f 4 5 60 24 59 97 67 21
9f 4 5 70 24 68 > 99 46 > 13
10g 5 5 70 3 64 99 56 17
11 6 5 70 9 69 97 46 10
12 6 5 75 9 73 99 37 10

a A 0.17 M solution of substrate (0.5 mmol) in CHCl3 was treated with isobutyric anhydride at 20 °C in the presence of a catalytic amount of 1 and 100 mol%
of collidine, unless otherwise stated.b See footnote a in Table 1.c Absolute configuration of 2a, 3, 4, and 6 is (1R, 2S) in each case and that of 5 is (1S,
2R).d Run in 0.05 M solution of substrate.e Run in the absence of collidinef Run in 0.03 M solution of substrate.g Run in CH2Cl2.h S value of the kinetic
resolution at 240 °C with 0.01 M solution of substrate.
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A series of novel phosphite–phosphoroamidite ligands,
derived from readily available D-xylose, has been used for
the first time in the asymmetric Rh-catalyzed hydrogenation
of a series of a,b-unsaturated carboxylic acid derivatives
with excellent enantioselectivity (ee up to > 99%).

Many chiral phosphorus compounds have been synthesized as
ligands for enantioselective metal-catalyzed hydrogenation.1
Most of them are homodonor ligands, mainly diphosphines1,2

and diphosphinites.3 However, the combination of different
functionalities in a ligand has already proved beneficial in
enantiodiscrimination.4 In this context, we have recently
reported the successful application of mixed phosphine–
phosphite ligands in asymmetric hydrogenation.5

In the last few years, a group of less electron-rich phosphorus
compounds—phosphite6 and phosphoroamidite7 ligands—have
also demonstrated their potential utility in asymmetric hydro-
genation. Therefore we here report the development of a new
class of chiral phosphite–phosphoroamidite ligands (1–4),
which have the advantages of both types of ligands for
asymmetric hydrogenation (Fig. 1). These ligands are derived
from natural D-xylose so they also have the advantages of
carbohydrates, such as availability at low price and facile
modular construction, which makes tedious optical resolution
procedures unnecessary and facilitates regio- and stereose-
lective introduction of different functionalities.8 To the best of
our knowledge this is the first example of phosphite–phosphor-
oamidite ligands applied to hydrogenation.9

Ligands 1–410 incorporate a chiral furanoside backbone,
which determines their underlying structure, and one amino
group at the C5 position. The amino furanosides 511 (Scheme 1)
serve as basic frameworks to which several phosphoric acid
biphenol esters 612 are attached.

The modular nature of these sugar ligands allows a facile
systematic variation in the configuration of the stereocenter at
carbon atom C-3 at the ligand bridge and in the biphenyl
substituents, so the optimum configuration for maximum
stereoselectivity can be determined. Thus, we investigated how
the different groups attached to the para positions of the
bisphenol moieties affected enantioselectivity using ligands 1
and 2, which have the same configuration on the carbon atom C-
3. We also investigated the influence of the stereogenic
carbonatom C-3 by comparing diastereomeric ligands 3 and 4
with ligands 1 and 2, which have the opposite configuration at
C-3 and the same substituents in the biphenyl moieties.

In the first set of experiments, we used the rhodium-catalyzed
hydrogenation of 7 to scope the potential of ligands 1–4. The
reaction proceeded smoothly at room temperature. The catalysts
were prepared in situ by adding the corresponding phosphite–
phosphoroamidite ligands to [Rh(cod)2]BF4 as a catalyst
precursor.13 The results are given in Table 1.

Interestingly, both enantioselectivity and activity notably
improved when the hydrogen pressure was raised from 1 bar to
2.5 bar (entry 1 vs. 2). However, further increasing the hydrogen
pressure had a positive effect on the activity, while the
enantioselectivity remained the same (entries 3 and 5). This
contrasts with the decrease in enantioselectivity usually ob-
served with bidentate ligands when the hydrogen pressure is
raised.1a,7a,14 This allowed us to perform the reaction at lower
catalyst concentration without loss in enantioselectivity and
good activity (entry 6).

The addition of one fold excess of ligand did not affect the
outcome of the reaction (entry 4). An increase in enantiose-
lectivity ( > 99%, entry 7) combined with good activity was
found by lowering the reaction temperature. There were no
changes in the enantioselectivities over time, which indicates
that no decomposition of the catalyst took place.

Fig. 1 Phosphite–phosphoroamidite ligands 1–4.

Scheme 1 Synthesis of ligands 1–4.

Table 1 Asymmetric hydrogenation of 7 with [Rh(cod)2]BF4/1–4a

Entry Ligand PH2/bar % Conv. (t/h)b % eec

1 1 1 100 (20) 65 (R)
2 1 2.5 45 (8) 97 (R)
3 1 5 100 (8) 96 (R)
4d 1 5 100 (8) 96 (R)
5 1 30 100 (1.5) 97 (R)
6e 1 30 100 (10) 97 (R)
7f 1 30 100 (12) > 99 (R)
8 2 5 86 (8) 86 (R)
9 3 5 46 (8) 34 (R)

10 4 5 40 (8) 30 (R)
a [Rh(cod)2]BF4 = 0.01 mmol. Ligand/Rh = 1.1. Substrate/Rh = 100.
CH2Cl2 = 6 mL. T = 25 °C. b % Conversion measured by GC. c %
Enantiomeric excess measured by GC using a Chiraldex G-TA column.
d Ligand/Rh = 2. e Substrate/Rh = 1000. f At 5 °C.
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The rest of the ligands were compared under ‘standard’
conditions i.e. dichloromethane as a solvent, 5 bar of hydrogen
pressure, a ligand-to-rhodium ratio of 1 and at room tem-
perature. Using ligand 2, with methoxy groups instead of the
tert-butyl groups in para positions of the biphenol moieties,
resulted in slightly lower activity and enantioselectivity (entry 3
vs. 8). Ligands 3 and 4 whose configuration of carbon atom C-3
is opposite to those of ligands 1 and 2, respectively, produced a
lower reaction rate and enantioselectivity (entry 3 and 8 vs. 9
and 10).

The results clearly show that the enantiomeric excesses and
activities depend strongly on the absolute configuration of the
C3 stereocenter of the carbohydrate backbone and the sub-
stituents in the biphenyl moities. Therefore, enantioselectivities
and activities were best using ligand 1 with a S configuration at
C-3 and tert-butyl groups in the ortho- and para-positions of the
biphenyl moieties.

We subsequently applied these new highly efficient phos-
phite–phosphoroamidite ligands 1–4 in the Rh-catalyzed hydro-
genation of other benchmark dehydroaminoacid derivatives
(Table 2). The results followed the same trend as for substrate 7.
The absolute configuration of the hydrogenated products 10 and
12 is opposite that of the hydrogenated product 8, but they have
the same spatial arrangement.15 The catalyst precursor with
ligand 1 produced the highest enantiomeric excess (98%, entries
5 and 10).

It is remarkable that these phosphite–phosphoroamidite
ligands showed a much higher degree of enantioselectivity and
higher reaction rates than their corresponding diphosphite
analogues under similar reaction conditions (entries 1–4 vs. 11
and 12).13,16

In summary, we have described the first application of
phosphite–phosphoroamite ligands in the asymmetric hydro-
genation reaction. These ligands can be easily prepared in a few
steps from commercial D-(+)-xylose as an inexpensive natural
chiral source. Regarding both good activity and the excellent
enantioselectivity (up to > 99% ee) obtained in simple un-
optimised asymmetric hydrogenation of a series of a,b-
unsaturated carboxylic acid derivatives, we feel that a promis-
ing new class of ligands—the phosphite–phosphoro-
amidite—has been disclosed for enantioselective Rh-catalyzed
asymmetric hydrogenation. Moreover, because of the modular
construction of these phosphite–phosphoroamidite ligands,

further structural diversity is easy to achieve, so enantioselectiv-
ity and catalyst performance can be maximized for each new
substrate as required. Studies of this kind, as well as mechanistic
studies, are currently under way.

We thank the Spanish Ministerio de Educación, Cultura y
Deporte and the Generalitat de Catalunya (CIRIT) for their
financial support (PB97-0407-CO5-01).
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Table 2 Asymmetric hydrogenation of methyl N-acetylaminoacrylate 9 and
methyl (Z)-N-acetylaminocinnamate 11 with [Rh(cod)2]BF4/1–4a

Entry Substrate Ligand PH2/bar % Conv. (t/h)b % eec

1 9 1 5 100 (8) 92 (S)
2 9 2 5 71 (8) 82 (S)
3 9 3 5 46 (8) 15 (S)
4 9 4 5 33 (8) 12 (S)
5d 9 1 30 100 (12) 98 (S)
6 10 1 5 77 (8) 94 (S)
7 10 2 5 53 (8) 85 (S)
8 10 3 5 29 (8) 18 (S)
9 10 4 5 35 (8) 17 (S)

10d 10 1 30 72 (12) 98 (S)
11 9 13 5 94 (20) 33 (S)
12 9 14 5 56 (20) 4 (R)
a [Rh(cod)2]BF4 = 0.01 mmol. Ligand/Rh = 1.1. Substrate/Rh = 100.
CH2Cl2 = 6 mL. T = 25 °C. b % Conversion measured by GC. c % ee
measured by GC using a Permabond L-Chirasil-Val column. d At 5 °C.
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One-pot conversion of aryl halides into aryl acetates was
achieved by the palladium catalyzed arylation of malonate
accompanying in situ dealkoxycarbonylation of aryl mal-
onates using Cs2CO3 as a base and as a catalyst.

Introduction of an sp3 carbon side chain into an aromatic ring is
one of the important process in organic synthesis and many
works have been done using palladium catalyzed reactions.1
Various approaches have been studied for the synthesis of aryl
acetates using coupling reactions2–4 and very recently sig-
nificant progress has been made for direct introduction of an
acetic acid ester moiety into aromatic rings using palladium
catalyzed reactions.5 On the other hand, introduction of active
methylenes into aromatic rings has also been an important
subject6 and Hartwig et al. recently succeeded in the arylation of
malonate, however a strong base such as NaOtBu has been
used.7 In connection with our recent studies on chemoselective
transformation of functionalized aromatic compounds,8 we
became interested in the introduction of an acetic acid moiety
under mild reaction conditions using a weaker base. During the
course of our recent studies on the coupling reaction of aryl
halides with diethyl malonate, it was found that diethyl
phenylmalonate undergoes a dealkoxycarbonylation reaction in
the presence of a weak inorganic base. Namely, when we
carried out the cross coupling reaction of iodobenzene with
diethyl malonate in the presence of Pd2(dba)3, tBu3P using
Cs2CO3 as a base in dimethoxyethane at 80 °C for 68 h, diethyl
phenylmalonate was obtained in 71% yield together with the
dealkoxycarbonylated product, ethyl phenylacetate in 11%
yield (Scheme 1).

We focused our interest in this interesting dealkoxycarbony-
lation and diethyl phenylmalonate was treated with various
bases in dimethoxyethane at elevated temperatures. As shown
in Table 1, Cs2CO3 was found to be the most effective catalyst
for the decarbonylative conversion. In order to complete the

dealkoxycarbonylation during the cross coupling reaction, the
reaction of iodobenzene with diethyl malonate was carried out
at an elevated temperature such as 120 °C using 10 equiv. of
Cs2CO3 for 65 h, and ethyl phenylacetate was obtained in 87%
yield exclusively. Similarly, iodoanisole was reacted with the
malonate under the same reaction conditions, and 4-methox-
yphenyl acetate was obtained in 70% yield. Ethyl 4-iodo-
benzoate was also successfully reacted with the malonate under
the same reaction conditions, and the coupling–dealkoxy-
carbonylation proceeded smoothly to give the aryl acetate in
61% yield without forming any side reaction products. Aryl
bromides were also employed as substrates for this process. The
reaction of bromobenzene and 3-bromopyridine gave the
corresponding aryl acetates in 78% and 75% yields respectively
(Table 2).

A simple and chemoselective introduction of an acetic acid
moiety was accomplished by using the present Pd coupling–
dealkoxycarbonylation process and further applications of this
method for the facile functionalization of biologically active
molecules are underway.

This work was partly supported by the Grant-in Aid for
Scientific Research (No. 12672047 and No. 12557198) from the
Ministry of Education, Culture, Sports, Science, and Technol-
ogy, Japan.
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Scheme 1

Table 1

Base Conditions Yield (%)

Cs2CO3 80 °C, 66 h 15 (78)a

Cs2CO3 120 °C, 70 h 83 (3)a

K2CO3 120 °C, 67 h 62 (8)a

NaH 120 °C, 70 h 0 (99)a

a Recovery yields in parentheses.

Table 2

X Y Z Time/h Yield (%)

I CH H 65 87
I CH OMe 74 70
I CH COOEt 76 61
Br CH H 70 78
Br N H 45 75
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A novel concept has been established for making hetero-
disubstituted cyclodextrin derivatives. Upon treatment with
imidazole, 6A,6B-mesitylenedisulfonyl-capped b-cyclodex-
trin 1 demonstrated a reactivity about 10 times higher at the
6B position than at the 6A position, leading to the selective
formation of hetero-disubstituted cyclodextrins 3.

Cyclodextrin derivatives bearing two different sorts of func-
tional groups turn out to be interesting candidates in developing
artificial receptors and enzyme-like catalysts.1 The hetero-
bifunctional CDs were not only postulated to effect a three-
point recognition of asymmetric species,2 but also demonstrated
to have strong asymmetric induction in catalyzing the chemical
transformations such as transamination reactions.3 However,
these hetero-bifunctional CDs are very difficult to access.4 The
routine method includes stepwise substitution of 6A,6B-diiodo-
b-CD with different nucleophiles.3 An alternative method
included the sulfonylation of mono-substituted CDs.5 In either
case, the reaction is rather a random one and subjected to the
competition of over-substitution, giving a mixture of hetero-
disubstituted regio-isomers in a comparable ratio together with
over-substituted products and starting materials. The separation
of desired products is an extremely tedious task, and several
reports used the isomeric mixtures in binding and catalysis
without separating them from each other.6

In principle, as soon as b-CD is modified, the C7 symmetry is
destroyed and all the seven glucose residues become different
from each other unless they are all equally modified. That is, a
bifunctional b-CD would show different reactivity at its two
modified positions. However, this difference is usually trivial as
it is observed in the reactions of 6A,6B-diiodo-b-CD and can
hardly be applied in the selective hetero-bifunctionalization. We
reason that any two methylene groups of b-CD, when bridged
together by a rigid cap, would have a somewhat fixed
conformation since their rotation around the C5–C6 single bond
would be greatly confined. If the cap can serve as leaving group
in a SN2 reaction, it may provide a possibility to protect one of
the capped methylene residues from the attack of the nucleo-
phile while leaving the other easily accessible to the nucleophile
(Scheme 1), that is, to amplify the difference in reactivity
between those two modified positions. Herein we describe that
the mesitylenedisulfonyl-capped b-CD indeed undergoes a
selective ring-opening reaction, and directs imidazole to the 6B

position, offering a promising method to access the hetero-
bifunctional CDs.

Mesitylenedisulfonyl chloride was reacted with b-CD in dry
pyridine affording the capped CD in ca. 20% yield. The capped
positions were determined to be 6A and 6B by converting the
capped CD to bis(phenylthio) species followed by HPLC
comparison with authentic samples prepared according to a
literature method.7 The two sulfonated glucosides of 1 are found
to be magnetically very different from each other. The geminal
protons of one sulfonated methylene group resonate at the
magnetic field ca. 0.4 ppm higher than those of the other one,8
implying that the benzene ring is located closer to and thus
exercises a stronger shielding effect on one of the two modified

methylene residues. This shielded methylene group seems to
correspond to glucoside A since the other modified unit
demonstrated ca. 0.5 ppm upfield shift for its H1, indicating that
this H1 is likely to be situated somewhere within the region of
ring current effect of the cap, close to the shielded methylene
protons.

On treatment with imidazole in DMF, 1 undergoes a ring-
opening reaction leading to the formation of two hetero-
disubstituted CDs which were isolated in 4% and 42% yields,
respectively. FAB-MS and NMR spectra show that the two
products are regio-isomers containing one imidazolyl group and
one mesitylene residue.9 The result clearly demonstrates that
the mesitylene cap does significantly amplify the difference in
reactivity between the 6A and 6B positions. We also noted that
as long as the cap is opened, i.e. one sulfonate group is
displaced, another sulfonate group becomes much more resis-
tant to the attack of a second molecule of imidazole and
therefore remains unaffected till the complete conversion of the
starting material (Scheme 2).

In order to find out whether 6A or 6B is more accessible to
imidazole, we need to clarify the regio-chemistry of the
products. NMR spectra afforded important information. In the
1H NMR (in D2O, CH3CN as internal standard: d = 1.98 ppm)
spectrum of the minor product, one of the unmodified
methylene groups was observed at 2.94 and 3.19 ppm, the
sulfonated one at 4.48 ppm, the imidazole-bearing one at 4.36
and 4.21 ppm, and the other methylene groups in the normal
range of 3.65–3.85 ppm. It is documented in literature that an
imidazole group attached to a methylene carbon of CDs
exercises a strong shielding effect on the subunit linked to the
anomeric carbon of the 6-imidazolyl glucoside while it does not
significantly influence the one on the other side.10 The upfield
shifted unmodified methylene group can be therefore assigned
to that of the sugar clockwise to the 6-imidazolyl glucoside
(view from the secondary side), i.e. the minor product has the
structure of compound 2, and the major product should be
compound 3. In agreement with this assignment, the major

Scheme 1 Illustration for a possible control of reaction selectivity in hetero-
bifuctionalization by a suitable cap.
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product demonstrated no significant upfield shifts for any
unmodified methylene groups, whereas the sulfonated methy-
lene group was observed at 3.93 and 3.83 ppm, about 0.5 ppm
upfield shifted to that of the minor product.

The above structural assignment was confirmed by enzyme
degradation of 3 followed by MS fragmentation analysis of the
degradation product (Scheme 3). The sulfonate group of 3 was
replaced by PhCH2S and the resulting compound 4 was

degradated to maltotriose 5 by Taka amylase A,11 an a-amylase
that catalyzes the hydrolysis of the a-1,4-glucoside bond of
unmodified a-1,4-glucans but usually leaves that of the
modified ones unaffected. The sugar sequence of the malto-
triose was analysed by MS after it was subjected to further
reduction and per-acetylation. As depicted in Scheme 3, the EI
MS of 6 demonstrated strong peaks at m/z 355 (base peak) and
339 (28%) which correspond to the fragmentation between the
two modified glucoside residues of 6, whereas the fragments at
m/z 395 (or 687) and 411 (or 671) expected for the alternative
arrangement of Im and PhCH2S groups were not observed.

In conclusion, the present research postulated to amplify the
difference in reactivity between the two modified methylene
groups of b-CD by a rigid cap; and proved it practicable by
taking mesitylenedisulfonyl capped b-CD as an example,
offering a promising approach to access the hetero-bifunctional
CDs.

Notes and references
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11 K. Fujita, A. Matsunaga, Y. Ikeda and T. Imoto, Tetrahedron Lett.,
1985, 26, 6439; K. Fujita, T. Tahara, S. Nagamura, T. Imoto and T.
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Scheme 2 Synthesis and selective ring-opening of the mesitylenedisulfonyl-
capped b-CD. a) Mesitylenedisulfonyl chloride–dry pyridine, 40 °C, 2.5 h;
b) imidazole–DMF, 80 °C, 3 h.

Scheme 3 Enzymatic transformation of 3 incorporated with MS fragmenta-
tion analysis. The data denote the mass units expected from the
fragmentation between the two modified sugar residues and the enclosed
ones were actually observed in the EI-MS spectrum. a) PhCH2SH–Cs2CO3–
DMF; b) Taka amylase A–10% DMSO-phosphate buffer; c) NaBH4–80%
ethanol; d) acetic anhydride.
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Proteins from cisplatin treated bacterial cells were partially
separated by 1D polyacrylamide gel electrophoresis and
analysed by laser ablation inductively coupled plasma mass
spectrometry; using peptide fingerprinting methods central
to proteomics, the band containing the highest levels of
platinum was found to contain outer membrane protein A,
which may be involved in cisplatin uptake.

The highly successful anticancer drug cisplatin was originally
observed to prevent the division of E. coli cells,1 and
subsequently, it was found that cisplatin forms adducts with
DNA, which inhibit protein synthesis and DNA replication.2
The interaction between DNA and cisplatin has been structur-
ally and kinetically characterised3 whereas the ways in which
cisplatin interacts with other biomolecules are less well
understood. Cisplatin binding to proteins in the cell membrane
is observed to be favoured over binding to the phospholipids,4
resulting in alterations to the structure and properties of the
membrane, such as permeability.5 Membrane permeability can
affect the toxicity of the compound, with reduced uptake and
accelerated efflux mechanisms being involved in some mecha-
nisms of cisplatin resistance in cancer cell lines.6 A map of
cisplatin metabolism in the cell, in which the key proteins
involved in the mechanisms of uptake and drug resistance are
identified, would be invaluable in order to understand the
features that make cisplatin such an effective anticancer drug,
and ultimately facilitate the design of improved anticancer
therapies.

With current methods, including proteomics, identifying
metal–protein complexes from whole cell systems is a mam-
moth task that depends on detecting subtle differences in, for
example, the migration of the metal–protein species during gel
electrophoresis. However, it has been shown that it is possible
to rapidly detect metal–protein complexes immobilised in gels
by laser ablation ICP-MS.7 In this communication we extend
this approach by combining the laser ablation ICP-MS analysis
of protein gels with peptide fingerprinting methods, which are
routinely applied in proteomics to identify proteins of interest,
to enable metal-bound proteins from whole cell extracts to be
rapidly identified.

The proteins from E. coli cells, which had been incubated
with cisplatin, were partially separated by non-reducing gel
electrophoresis.8 The gel lanes were then analysed by laser
ablation inductively coupled plasma mass spectrometry (ICP-
MS)9 and the m/z of platinum was detected across the gel (see
Fig. 1) that were not observed in the control. The distribution of
platinum through the gel was not proportional to the distribution
of protein, estimated from a densitometry scan of the gel,
suggesting platinum has, to some extent, specific protein targets
within the cell. The band with the highest ICP-MS response for

the m/z of platinum relative to the amount of protein present was
selected for peptide fingerprinting by electrospray mass spec-
trometry. The band was excised from the gel, digested with
trypsin and the resultant peptides extracted and analysed by
electrospray mass spectrometry and MS/MS, typical of pro-
teomics methods.10 The masses and sequences of these peptides
were combined to produce a peptide fingerprint that indicated a
single protein was present in the gel fragment and allowed ca.
23% of the total protein sequence11 to be mapped, unambigu-
ously identifying the protein as Outer Membrane Protein A
(OmpA).

OmpA is a ubiquitous, porin-like protein12 that transverses
the outer membrane13 acting as an ion channel with a low
permeability to allow the slow penetration of small solutes.14

These solutes could include cisplatin, as, although the crystal
structure implies that the centre of the b-barrel that traverses the
membrane would not carry an ion, there are three flexible
extracellular loops that may be involved in a conformational
change to allow ion uptake.15 In addition to its porin function,
OmpA is involved in the maintenance of cell shape,16 hence the
cisplatin–OmpA interaction could explain the altered mem-
brane permeability and structure of bacterial membranes after
incubation with cisplatin.

OmpA has clinical interest as it is involved in bacterial
induced toxicity17,18 and the mechanism of E. coli infectivity, in
particular the invasion of macrovascular cells enabling the
bacteria to cross the blood brain barrier.19 OmpA is also
secreted into the plasma in a complex with two other proteins,
peptidoglycan associated protein and murein lipoprotein, by
Gram negative bacteria incubated in human serum, and this
complex is bound by immunoglobulin G.18 Thus, further
characterisation of the OmpA–cisplatin interaction may provide

† Electronic supplementary information (ESI) available: full details of laser
ablation ICP-MS and QTOF operating conditions, further experimental
details for peptide separation and peptide sequencing maps for OmpA. See
http://www.rsc.org/suppdata/cc/b1/b108418f/

Fig. 1 Non-reducing polyacrylamide gel electrophoresis results for the
separation of SDS-denatured proteins from whole bacterial cells after
incubation with cisplatin; (top) the ICP-MS trace showing the amount of
platinum as a percentage of the maximum reading (6.19 3 104 counts) with
distance along the gel and (bottom) a photograph of the gel aligned with the
ICP-MS trace. The arrow indicates the region with highest ICP-MS
response for the m/z for platinum, which was used to identify the gel bands
for further analysis.
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a foundation for drug design against bacterial infections, such as
bacterial meningitis.

We are currently conducting further experiments to elucidate
the role of OmpA in the uptake and mechanism of cisplatin
cytotoxicity. For example, identifying other proteins containing
high amounts of platinum immobilised in other areas of the gel
to provide a more detailed list of the proteins that are involved
in these first stages of the cisplatin interaction with bacterial
cells and exploring the effect of incubation time on the
cisplatin–protein interactions.

The combination of ICP-MS and protein fingerprinting
methods enables proteins tagged with specific elements or
isotopes to be rapidly identified. We have also started to use the
technique to investigate a new potential ruthenium anticancer
drug20 that shows more specific binding to proteins than
cisplatin and these studies will be reported in due course.
Furthermore, it may even be possible to extend the technique
from cells grown in culture to biopsy material providing a
powerful tool for investigating drug metabolism in vivo. This
combined ICP-MS-protein fingerprinting approach overcomes
some of the current limitations of proteomics methods for the
investigation of interactions of proteins with small molecules,
giving information regarding metal loading of proteins in
diseased states as well as identifying drug targets, enabling the
rapid characterisation of the molecular basis of disease and
therapy.
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A facile microwave-assisted synthesis of a series of cationic
cyclophanes, viz. benzimidazolophanes 3a–3f, benzotriazo-
lophanes 3g–3j, through efficient double quaternization of
the corresponding precyclophanes 1a–1j with appropriate
dibromides 2a–2d in solid phase medium, is described.

Cyclophanes with a heterocyclic ring system possesses a
favorable binding site for metal ions1 and hence can have
promising properties2 as molecular hosts. m-Terphenyl based
benzimidazolophanes3 and benzotriazolophanes4 have been
reported from our laboratory. The dicationic benzimidazolo-
phanes 3a–3f and benzotriazolophanes 3g–3j could be a
potential precursor for the synthesis of [2]catenanes.† In view of
the emerging importance of the cationic cyclophanes 3a–3j,
attention has been focused on rapid synthesis of such cyclo-
phanes using sodium sulfate as the solid support under
microwave irradiation.

An expeditious solvent-free route to the synthesis of ionic
liquids, 1-alkyl-3-methylimidazolium (AMIM) halides, under
microwave conditions was reported by Varma et al.5 Recently,
solvent free synthesis of metallophthalocyanines under micro-
wave irradiation has been reported by Villemin et al.6 However
adopting such solvent free conditions for the synthesis of
cyclophanes based on benzimidazole and benzotriazole leads to
polymerization. It is well known that for such macrocyclization
a high dilution technique is essential. The use of a large excess
of conventional volatile solvents like benzene or ethanol for
macrocyclization7 is of ecological and economic concern.
Though use of various solid supports like SiO2, Al2O3, Na2SO4
for microwave assisted reactions are known,8 such conditions
are seldom used for the synthesis of cyclophanes. Hence we
report herewith microwave assisted macrocyclization with solid
supports like SiO2, Al2O3 and Na2SO4 through a high dilution
technique.

For the current investigation we have used a recently
introduced (Kenstar, India) modified household microwave
oven which has the provision of a wave reflector system for
even and uniform heating and a dual wave emission system for
rapid heating. The microwave oven was also equipped with a
temperature monitoring system with variable Watt power,
which helps to control the microwave power to a desirable
level.

Cationic cyclophanes 3a–3j have poor solubility in common
organic solvents and hence desorption of the cyclophane from
the solid support, like silica or alumina, could not be achieved.
Reaction of precyclophanes 1a–1j3,4 with the corresponding m-
terphenyl dibromide 2a–2d7 under microwave irradiation
condition for 15 min using Na2SO4 as solid support afforded the
cyclophanes 3a–3j as shown in Scheme 1.

The cyclophanes thus obtained were characterized by 1H
NMR and 13C NMR as reported earlier from our laboratory.3,4

The following tabular column shows a comparison of yield and
reaction time by the conventional method viz. refluxing with
CH3CN for 5 d and microwave assisted synthesis.

From Table 1, it is evident that microwave assisted reactions
resulted in a comparable yield of cyclophanes 3a–3j with that of
the conventional method. Benzimidazolophanes were obtained

in moderate yield but benzotriazolophanes were obtained in
relatively lower yields, which is probably due to the decompos-
ing nature of benzotriazole under microwave conditions.
However, the method that we report here is definitely superior
to the existing conventional method.3,4 The reaction time is
dramatically decreased from 5 d to 15 min. The solid support
viz. Na2SO4 used for high dilution purposes can be easily
removed by washing with water. Scaling up of the reaction is
feasible, as it needs only less expensive and non-polluting
Na2SO4.

In order to test the role of thermal catalysation during the
course of the reaction, the precyclophane 1a and the dibromide
2a were adsorbed on Na2SO4 solid support and the reaction
mixture was thermolysed under identical conditions. The

Scheme 1

Table 1 Comparison of yields of cyclophane by microwave method over
conventional method

Conventional method3,4 Microwave method

Cyclophane 3 Yield (%)
Reaction
time Yield (%)

Reaction
time

a 70 5 d 60 15 min
b 60 5 d 54 14 min
c 50 5 d 40 15 min
d 45 5 d 42 13 min
e 50 5 d 45 14 min
f 55 5 d 40 13 min
g 60 5 d 40 15 min
h 57 5 d 35 13 min
i 40 5 d 30 14 min
j 43 5 d 34 15 min

This journal is © The Royal Society of Chemistry 2001
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microwave oven indicated the temperatures as 50 °C, 60 °C and
70 °C after 5, 10 and 15 min respectively. Hence the reaction
mixture was thermolysed from 50 °C to 70 °C during a time
interval of 15 min. Starting materials were recovered which
clearly indicated the microwave protocol and hence necessitates
the use of microwaves for macrocyclization.

In conclusion, a solid phase mediated microwave assisted
protocol has been developed for the synthesis of various
cationic cyclophanes 3a–3j. The use of a water-soluble solid
support (Na2SO4) for microwave-assisted reactions would gain
popularity in the area of synthesis of supramolecules.

V. M. thanks C.S.I.R., New Delhi for financial assistance and
the authors thank UGC-SAP for financial assistance to the
department.
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obtained was washed again with chloroform (100 mL) to remove unreacted
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precyclophanes and the dibromides.
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Simple aliphatic enones can be converted into the corre-
sponding epoxides in 71–93% ee using tert-butylhydroper-
oxide in the presence of a catalyst derived from dibu-
tylmagnesium and di-tert-butyl tartrate.

The asymmetric epoxidation of electron-deficient alkenes,
especially enones, is currently the focus of much activity, and
advances in this area have been recently reviewed.1 As this
review makes clear, while there are many effective methods for
the asymmetric epoxidation of enones bearing aryl-substituents
1 (R1 and/or R2 = Ar),2–6 it appears at present that the only
method which is generally applicable to the epoxidation of
easily enolisable purely aliphatic enones involves the use of the
La–BINOL catalysts developed by Shibasaki.7 Recent optimi-
sation of this system by the addition of Ph3AsNO has resulted in
an effective catalytic system using 5 mol% of the La–BINOL
complex,8 with good yields and enantiomeric excesses up to
99%, although 95% ee is a more typical outcome.

We reported earlier that simple chalcone derivatives 1 (R1

and R2 = Ar) could be converted into the corresponding
epoxides with good to excellent ee using a much less expensive
catalyst, prepared from diethyl tartrate and dibutylmagnesium.9
However, this system was not especially effective for the
epoxidation of aliphatic enones, resulting in very poor conver-
sions, although with promising ees around 80%. In this
communication, we report how we have been able to modify our
original procedure so that it is effective for the asymmetric
epoxidation of simple aliphatic enones with high ee.‡

As a model system, we investigated the epoxidation of non-
3-en-2-one 1b. Our first breakthrough came when we estab-

lished that the addition of 4 Å molecular sieves allowed
reasonable conversion into the corresponding epoxide 2b
(Scheme 1). As a further modification, we established that it
was possible to prepare the presumed catalyst precursor 3,
simply by addition of L-(+)-diethyl tartrate to a solution of
dibutylmagnesium in heptane, followed by removal of the
solvent and drying. Characterisation of this amorphous material
confirmed that it possessed the molecular composition expected
for an oligomer of the species 3, and the IR spectrum revealed
the presence of two carbonyl bands (1741 and 1689 cm21),
clearly indicative of at least one ester group coordinating to the
magnesium in a way that is very reminiscent of the analogous
titanium–tartrate complex characterised by Sharpless.10 The
material was insoluble in all solvents tested, and it was therefore
not possible to obtain an NMR spectrum.

This amorphous material proved to be an effective catalyst
for the epoxidation of aliphatic enones using tert-butyl

† Electronic supplementary information (ESI) available: conditions for
enantiomeric purity determination for epoxyketones derived by di-tert-
butyl tartrate mediated epoxidation. See http://www.rsc.org/suppdata/cc/
b1/b109421a/

Table 1 Asymmetric epoxidation of aliphatic enones 1 using preformed catalyst 3

Enone R1 R2 Time/h Epoxide Conversiona (yield, %) Ee (%)a

1a C4H9 CH3 120 2a 89% (54) 75
1b C5H11 CH3 120 2b 81% (54) 79
1b C5H11 CH3 24b 2b 82% (nd) 82
1c C6H13 CH3 120 2c 86% (52) 71
1d CH3 Et 144 2d 94% (40) 67
1e 3,5-Di-Br-C6H3 CH3 72 2e 88% (47) 65

a Conversions and ee values were measured using chiral phase HPLC or GC. Conditions are provided in the ESI.† Isolated yields refer to homogeneous
material purified by flash chromatography.b After an initial 10 mol% of the catalyst 3, additional portions were added after 4 h (5 mol%) and after a further
4 h (10 mol%).

Scheme 1 Asymmetric epoxidation of aliphatic enones using preformed
catalyst 3.

Table 2 Asymmetric epoxidation of non-3-en-2-one 1b using dialkyl
tartrate esters

R Conversion (%)a Ee (%)a

Me 6 63
C2H5 21–31 80–85
Bn 23 85
c-C12H23 88 90–93
c-C5H9 80 92–93
c-C6H11 70 92
t-Bu 96 93–95

a Conversions and ee values were measured using chiral phase GC

This journal is © The Royal Society of Chemistry 2001
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hydroperoxide in the presence of 4 Å molecular sieves. The only
drawback was that the conversion to epoxide, whilst initially
fast, rapidly slowed down, presumably as a result of catalyst
inactivation. However, good conversions could be achieved by
portionwise addition of further solid catalyst 3 (total of 25
mol%), which was a straightforward solution to the problem.
Addition of 25 mol% catalyst initially resulted in very poor
conversion. Although in our early experiments we added the
catalyst 3 over a period of 3–5 d, it subsequently became clear
that the additional catalyst could be added much more quickly,
and good conversions could be achieved by addition of a total of
25 mol% catalyst over a period of 24 h. Our results are
summarised in Table 1.

While these results were encouraging, the enantiomeric
excesses that we obtained were lower than those obtained by
Shibasaki. Although in our initial screening of ligands for the
epoxidation of chalcone derivatives we had identified diethyl
tartrate as the optimum choice, the most profitable approach to
the optimisation of our catalyst now appeared to be a re-
appraisal of other related ligands under the new optimised
conditions for epoxidation of aliphatic enones. We therefore
screened a series of tartrate esters, in which the catalyst was
simply prepared in situ.

Thus, tert-butyl hydroperoxide was dried over 4 Å molecular
sieves, Bu2Mg was then added, followed by addition of the
ligand and finally non-3-en-2-one. These conditions were very
closely related to our original conditions for the epoxidation of
chalcone derivatives, with the use of 4 Å molecular sieves as the
only significant alteration to this earlier procedure. Our results
are reported in Table 2, and two striking features are evident.
Firstly the use of tartrate esters derived from secondary or
tertiary alcohols gave much higher conversions with only 10
mol% catalyst, and secondly the observed ee’s were now over
90%.

From these results, the optimum ligand appears to be
commercially available di-tert-butyl tartrate, but the more easily
prepared and cheaper dicycloalkyl tartrates all give good
results. Use of L-(+)-di-tert-butyl tartrate for the epoxidation of
a range of other aliphatic enones resulted in equally good results
for the long chain aliphatic enones, Scheme 2, although the
challenging substrate 1d still falls short of a usable level of
enantiomeric excess. Our results are reported in Table 3.

The higher enantiomeric excesses obtained using the bulkier
ester derivatives may be rationalised on simple steric grounds,
but the apparently higher catalytic activity of the corresponding
magnesium tartrate derivatives of these bulkier tartrate esters is
not so immediately explained. The most probable explanation is
that the magnesium catalysts formed from the bulkier tartrate
esters are simply less prone to hydrolysis, and hence to
inactivation.

The magnesium tartrate system appears to offer the prospect
of an alternative to the excellent La–BINOL system in which

although the amount of catalyst required is higher (typically 10
mol% for the Mg system, compared with 1–5 mol.% for the La–
BINOL system), the cost of the catalyst precursors is several
orders of magnitude less.

We thank EPSRC for the award of a research grant (GR/
M13633), Rhodia Chirex for studentship support (SJR), and
Professor A. McKillop and Dr S. Bone (formerly Rhodia
Chirex) for helpful discussions.

Notes and references
‡ General procedure for the asymmetric epoxidation of aliphatic
enones using di-tert-butyl tartrate: tert-butyl hydroperoxide (3.7 M in
toluene, 1.1 mmol, 1.1 eq.) was dried over activated powdered 4 Å
molecular sieves (200 mg, activated for 4 h at 200 °C) for 2 h. Bu2Mg (1 M
in heptane, 0.1 mmol, 0.1 eq.) was added. After stirring for 30 min, L-(+)-di-
tert-butyl tartrate (0.11 mmol, 0.11 equiv.) was added. After an additional
period of 30 min stirring, the aliphatic enone (1 mmol) was added, and the
mixture was stirred for 24 h. The conversion and enantiomeric excess were
checked either by chiral phase GC or HPLC. We have observed that best
results are obtained with solutions of tert-butyl hydroperoxide that have
been stored over 4 Å molecular sieves for an extended period.

1 M. J. Porter and J. Skidmore, Chem. Commun., 2000, 1215.
2 D. Enders, J. Zhu and G. Raabe, Angew. Chem., Int. Ed. Engl., 1996, 35,

1725; D. Enders, J. Q. Zhu and L. Kramps, Liebigs Ann.-Recl., 1997,
1101.

3 B. Lygo and P. G. Wainwright, Tetrahedron, 1999, 55, 6289.
4 E. J. Corey and F.-Y. Zhang, Org. Lett., 1999, 1, 1287.
5 R. W. Flood, T. P. Geller, S. A. Petty, S. M. Roberts, J. Skidmore and

M. Volk, Org. Lett., 2001, 3, 683, and references therein.
6 Z.-X. Wang, S. M. Miller, O. P. Anderson and Y. Shi, J. Org. Chem.,

1999, 64, 6443.
7 M. Bougauchi, S. Watanabe, T. Arai, H. Sasai and M. Shibasaki, J. Am.

Chem. Soc., 1997, 119, 2329.
8 T. Nemoto, T. Ohshima, K. Yamaguchi and M. Shibasaki, J. Am. Chem.

Soc., 2001, 123, 2725.
9 C. L. Elston, R. F. W. Jackson, S. J. F. MacDonald and P. J. Murray,

Angew. Chem., Int. Ed. Engl., 1997, 36, 410.
10 M. G. Finn and K. B. Sharpless, J. Am. Chem. Soc., 1991, 113, 113.

Table 3 Asymmetric epoxidation of aliphatic enones 1 using di-tert-butyl tartrate as ligand

Enone R1 R2 Time/h Epoxide Conversiona (yield, %) Ee (%)a

1a C4H9 CH3 24 2a 92% (53) 91
1b C5H11 CH3 24 2b 96% (59) 93
1c C6H13 CH3 24 2c 92% (63) 92
1d CH3 Et 24 ent-2d 95% (67) 71b

1e 3,5-Di-Br-C6H3 CH3 24 2e Nd (62) 81
a Conversions and ee values were measured using chiral phase HPLC or GC. Conditions are provided in the supplementary material. Isolated yields refer
to homogeneous material purified by flash chromatography.b L-(2)-di-tert-butyl tartrate was used.

Scheme 2 Asymmetric epoxidation of aliphatic enones using in situ
generated catalyst.

Chem. Commun., 2001, 2712–2713 2713



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

1,2,9,10,17,18,25,26,27,28,35,36,37,38,39,40-Hexadecasila[28](1,2,4,5)-
cyclo-phane and its open-chain homologs
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The metathesis of the Si–Si bonds of benzo[1,2+4,5]-
bis(1,1,2,2-tetramethyl-1,2-disilacyclobut-3-ene) with
Pd(PPh3)4 gave 1,2,9,10,17,18,25,26,27,28,35,36,37,38,39,40-
hexadecasila[28](1,2,4,5)cyclophane and its open-chain
homologs, in which the s–p conjugation is extended all over
the molecule.

The chemistry of cyclophanes with three or more benzene rings
has been studied extensively from the viewpoint of conforma-
tional analysis and the formation of inclusion compounds.1 For
example, [23](1,4)cyclophane (p-prismand)2–4 and
[26](1,2,4,5)cyclophane (deltaphane)3 have been reported to be
effective complexing agents with silver ion. The construction of
silicon-bridged cyclophanes seems interesting because the
silicon bridges would affect the electron states and the
structures of cyclophanes.5,6 Recently we reported the first
synthesis of benzo[1,2:4,5]bis(1,1,2,2-tetraisopropyl-1,2-di-
silacyclobut-3-ene) (1)7 as part of our study on organosilanes
with aromatic rings.8 We report herein that the methyl
analog of 1 can serve as a precursor of
1,2,9,10,17,18,25,26,27,28,35,36,37,38,39,40-hexadecasila-
[28](1,2,4,5)cyclophane (9). We also describe the structures and
properties of 9 and its open-chain homologs.

Benzo[1,2:4,5]bis(1,1,2,2-tetramethyl-1,2-disilacyclobut-
3-ene) (4) was prepared according to the same procedure for 1:7
the chlorination of 29 and the intramolecular coupling of the

resulting chlorosilane 3 with sodium gave 4. The intermolecular
coupling products such as 5–9 were not formed under the
conditions used. As the Si–Si bonds of 4 are easily oxidized in
the air, 4 was immediately used in the next step without
isolation. The metathesis of the Si–Si bonds of 4 with
Pd(PPh3)4

10 gave linear oligomers 5–8 and a cyclic oligomer 9
together with a large amount of polymers at room temperature

(Fig. 1).† The metathesis of 1 with Pd(PPh3)4 did not take place
at 150 °C because of the steric hindrance of the isopropyl
groups.

The structures of the linear oligomers 5–8 were determined
by spectroscopic data. For example, 1H, 13C and 29Si NMR
spectra of the trimer 6 show the presence of three kinds of
silicon atoms, three kinds of methyl groups, five kinds of
benzene carbons and two kinds of benzene protons. In each
oligomer, the terminal Si–Si bonds are oxidized to give Si–O–Si
bonds in the air.

The cyclophane 9 was obtained as colorless crystals which is
highly insoluble in most organic solvents. The structure of 9
was determined by X-ray crystallography (Fig. 2).‡ This
molecule has a rhombic structure consisting of four planar
1,2,4,5-tetrasilylbenzene moieties. The distance between two
opposite benzene rings is 7.3 Å. The crystals were obtained by
recrystallization from a toluene solution, but no solvent
molecule is included in the cavity. The four benzene rings are
tilted alternately upward and downward from the cavity. The
C(sp2)–Si–Si–C(sp2) moieties adopt nearly gauche conforma-
tions with the average torsion angle of 54.8°.

The UV spectra of 5–7 and 9 are shown in Fig. 3. As the
number of repeating units increases, the absorption shifts to the
longer wavelength region, and the extinction coefficient
becomes far larger than the value expected from the number of
repeating units. No significant difference was observed between
the linear tetramer 7 and the cyclic tetramer 9. The bath-
ochromic shift and the increment of extinction coefficients are
explained by the s–p conjugation:11 p orbitals of a benzene ring
are conjugated with four Si–Si s orbitals, and the four Si–Si s
orbitals are conjugated with the p orbitals of the adjacent
benzene rings. Therefore, these compounds are unique systems,
in which the s–p conjugation is extended all over the molecule.
Further experiments into the properties of these potentially
intriguing compounds are currently under investigation.

Fig. 1 HPLC analysis of 5–9 (ODS, methanol–THF (7+3)).

This journal is © The Royal Society of Chemistry 2001
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Notes and references
† Chlorine was bubbled into a solution of 2 (1.00 g, 3.22 mmol) in carbon
tetrachloride (4 ml) at room temperature. When 2 was completely converted
into 3, the solvent was removed under reduced pressure. Compound 3 was
obtained almost quantitatively. A solution of 3 in toluene (8 ml) was added
dropwise to a refluxing mixture of sodium (1.74 g, 75.7 mmol) and toluene
(30 ml), and the reaction mixture was refluxed for 12 h to give 4. After the
solvent was removed under reduced pressure, Pd(PPh3)4 (0.570 g, 0.493
mmol) and benzene (30 ml) were added to 4, and the mixture was stirred for
3 h at room temperature. Insoluble materials were removed by filtration and
centrifugation. The solvent was evaporated, and the residue was separated

by HPLC (ODS, methanol–THF (6+4)) to give 5 (8.5 mg, 0.8% from 2), 6
(6.2 mg, 0.6%), 7 (5.3 mg, 0.5%), 8 (2.5 mg, 0.2%) and 9 (0.9 mg,
0.1%).

3: 1H NMR (C6D6) d 0.66 (s, 24H), 8.51 (s, 2H); 13C NMR (C6D6) d 4.8,
141.8, 143.1; 29Si NMR (C6D6) d 213.0; MS m/z (%) 446 (M+(35Cl4), 1),
433 (35Cl337Cl, 100), 93 (37), 73 (29).

4: MS m/z (%) 306 (M+, 22), 291 (100), 73 (34). This compound is
characterized by converting into benzo[1,2:4,5]bis(1,1,3,3-tetramethyl-
2-oxa-1,3-disilacyclopent-4-ene)9 in the air.

5: 1H NMR (C6D6) d 0.27 (s, 24H), 0.55 (s, 24H), 7.98 (s, 4H); 13C NMR
(C6D6) d 1.0, 1.1, 136.8, 146.0, 147.9; 29Si NMR (C6D6) d219.0, 14.9; IR
(KBr, cm21) 2920, 1240, 1120, 940, 780; MS m/z (%) 644 (M+, 3), 513 (44),
116 (100), 73 (53); UV (lmax in Et2O) 283 nm (sh, e 2400), 291 nm (sh, e
1800).

6: 1H NMR (C6D6) d 0.28 (s, 24H), 0.47 (s, 24H), 0.49 (s, 24H), 7.948 (s,
4H), 7.953 (s, 2H); 13C NMR (C6D6) d 0.8, 1.01, 1.02, 136.8, 140.2, 144.4,
146.2, 147.8; 29Si NMR (C6D6) d 219.2, 218.8, 14.9; IR (KBr, cm21)
2950, 1240, 1130, 930, 780; MS m/z (%) 950 (M+, 3), 819 (70), 731 (30),
116 (100), 73 (52); UV (lmax in Et2O) 289 nm (sh, e 5000), 299 nm (sh, e
3500).

7: 1H NMR (C6D6) d 0.28 (s, 24H), 0.42 (s, 24H), 0.47 (s, 24H), 0.49 (s,
24H), 7.94 (s, 4H), 7.95 (s, 4H); 13C NMR (C6D6) d 0.7, 0.8, 1.0, 136.8,
140.2, 144.4, 144.6, 146.3, 147.9; 29Si NMR (C6D6) d 219.2, 218.9,
218.8, 14.7; IR (KBr, cm21) 2960, 1250, 1140, 930, 790; MS m/z (%) 1256
(M+, 5), 1126 (100), 116 (92); UV (lmax in Et2O) 289 nm (sh, e 11500), 299
nm (sh, e 9000).

8: 1H NMR (C6D6) d 0.28 (s, 24H), 0.42 (s, 48H), 0.47 (s, 24H), 0.49 (s,
24H), 7.92 (s, 2H), 7.93 (s, 4H), 7.95 (s, 4H); 13C NMR (C6D6) d 0.7, 0.8,
1.0, 136.8, 140.2, 142.7, 144.3, 144.5, 144.6, 146.3, 147.9; 29Si NMR
(C6D6) d219.2, 218.9, 218.8, 14.7; MS m/z (%) 1563 (M+, 1), 1433 (92),
116 (100).

9: 1H NMR (C6D6) d 0.44 (s, 48H), 0.47 (s, 48H), 7.81 (s, 8H); 13C NMR
(C6D6) d 20.5, 2.1, 139.9, 143.9; 29Si NMR (C6D6) d 218.7; IR (KBr,
cm21) 2920, 2850, 1260, 1170, 800; FD-MS m/z (%) 1227 (MH++2, 100),
1225 (MH+, 72); UV (lmax in THF) 288 nm (e 11600), 297 nm (e
10200).
‡ Crystal data for 9: C56H104Si16, Fw = 1226.79, monoclinic, space group
C2/c, a = 10.317(2), b = 48.495(5), c = 15.523(3) Å, b = 105.28(2)°, V
= 7492(2) Å3, T = 93 K, Z = 4, Dc = 1.088 g cm23, R = 0.077, Rw =
0.094 (w = 1/s2(Fo)) for 3643 observed reflections. CCDC 171906. See
http://www.rsc.org/suppdata/cc/b1/b107706f/ for crystallographic data in
CIF or other electronic format.
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1981, 103, 2986.

3 H. C. Kang, A. W. Hanson, B. Eaton and V. Boekelheide, J. Am. Chem.
Soc., 1985, 107, 1979.
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tallics, 2000, 19, 2346.
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Lett., 1986, 1781; A. Sekiguchi, T. Yatabe, C. Kabuto and H. Sakurai,
Angew. Chem., Int. Ed. Engl., 1989, 28, 757.
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1994, 473, 19; S. Kyushin, M. Ikarugi, K. Takatsuna, M. Goto and H.
Matsumoto, J. Organomet. Chem., 1996, 510, 121; S. Kyushin, M.
Ikarugi, M. Goto, H. Hiratsuka and H. Matsumoto, Organometallics,
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Organometallics, 1997, 16, 3800.
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Fig. 2 Molecular structure of 9. The molecule lies about a 2-fold
crystallographic axis. The Si(4) atom and two methyl groups on it are
disordered, and only the major positions with the occupancy of 0.815 are
shown for clarity. Hydrogen atoms are omitted for clarity. Thermal
ellipsoids are drawn at the 30% probability level. Selected bond lengths (Å):
Si(1)–Si(2) 2.389(3), Si(3)–Si(4) 2.426(4), Si(6)–Si(7) 2.367(3), Si(8)–
Si(9) 2.379(3).

Fig. 3 UV spectra of 5–7 in diethyl ether and 9 in THF at room
temperature.
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Use of tributylphosphate, an organophosphate, as the
phosphorus source in place of phosphoric acid, has enabled
the synthesis of several new open-framework zinc(II) and
cobalt(II) phosphates, under solvothermal conditions.

Amongst the many inorganic open-framework structures
known to-date, the metal phosphates constitute a large family.1,2

The synthesis of these compounds is generally carried out under
hydrothermal conditions by taking a metal salt and phosphoric
acid in the presence of an organic amine, which may act as a
template or structure-directing agent. Other strategies include
the use of amine phosphates.3 We have examined whether the
use of an organic phosphorus source in place of H3PO4 would
provide a new way to synthesize these fascinating compounds.
This is of interest because the formation of open-framework
structures is kinetically controlled and can be highly sensitive to
the reaction conditions. In addition, the use of an organic source
of phosphorus enables one to employ non-aqueous media for
the synthesis. We have carried out several reactions of metal
ions with tributylphosphate, both in alcohol and aqueous media,
and obtained several open-framework cobalt, zinc and iron
phosphates possessing different architectures. In this commu-
nication we report this new route for the synthesis of open-
framework phosphates.

In a typical synthesis, zinc(II) chloride was dissolved in a
butan-2-ol–water mixture. Tributylphosphate was added to the
solution followed by an organic amine under constant stirring.
The homogenized gel was sealed in a Parr autoclave and heated
at 180 °C for 60 h. With different amines (N-(2-aminoethyl)-
1,3-propanediamine in I, 4-(aminomethyl)piperidine in II and
piperazine in III) the reactions yielded three-dimensional
phosphates of the following compositions: [C5N3H18]-
[Zn3(HPO4)3(PO4)] I, [C4N2H14]4[Zn5(PO4)4]4·5H2O, II and
[C4N2H12][Zn2(PO4)(H2PO4)2] III. While I and II, which
possess channels are new, III has been reported in the
literature.3

The structure of I is based on a three-dimensional network
involving ZnO4, PO4 and HPO4 tetrahedra with all the zinc
atoms being linked to P atoms via oxygen. There are no Zn–O–
Zn linkages present in the structure, hence no three-ring features
are observed. The structure of I is built up of a stack of parallel
layers linked by the corner-shared (CS) 4-ring chains embedded
in the interlayer space (Fig. 1a). The layer in turn is made up of
zigzag ladders consisting of 8-ring apertures as shown in Fig.
1b. The oxygens of the phosphate of the CS chains link on either
side to the zinc tetrahedra of the layers. Such linkages between
layers and CS chains result in 16-ring apertures along the c-axis,
into which the terminal hydroxy groups project.

The framework of II is built up from layers and 4-ring
ladders. The layers are made up of three types of chains (A, B
and C) as can be visualized in Fig. 1c. The phosphate tetrahedra
on the chains of type A and B add on to another set of
ZnO4 tetrahedra to form the ‘tubule’ like feature, whereas the
phosphate tetrahedra common to these chains and the oxygens
of the newly added ZnO4 tetrahedra connect to the oxygens of
the 4-ring ladder to form the three-dimensional architecture

with 12- and 6-ring channels along the a-axis (Fig. 1d). The
protonated amine molecule (4-(aminomethyl)piperidine de-
composes to give 1,4-diaminobutane) sits in the cavities and
interacts with the framework via hydrogen bonding.

For the synthesis of cobalt(II) phosphates, a known amount of
CoCl2·6H2O was dissolved in butan-2-ol and tributyl phosphate
added to the solution under stirring. The amine (piperazine in
IV, V and diethylentriamine in VI) was added after a few
minutes and the mixture stirred until it became homogeneous.
The gels were sealed in Parr autoclaves at 180 °C for 60 h. By

Fig. 1 (a) Polyhedral view of I, showing the 16-membered channels along
the a-axis. Also marked are the CS chain and the layer forming the 16-ring
channels and the pendant hydroxy groups protruding into the cavity. (b) A
section of I showing the zigzag layer containing 8-ring apertures. (c) A
section of II showing the layer formed of chains A, B and C. Also shown
by dotted lines is the ZnO4 tetrahedron connecting to the oxygen atoms of
the phosphate groups of chains (type A and B) to form the tubule. (d) Ball
and stick view of 6- and 12-ring cavities of II along the a-axis.

This journal is © The Royal Society of Chemistry 2001

2716 Chem. Commun., 2001, 2716–2717 DOI: 10.1039/b107898b



such reactions, we obtained three new open-framework cobalt
phosphates [C4N2H11][Co2(PO4)(H2PO4)2] IV,
[C4N2H12][Co2(PO4)2] V and [C6N4H22][Co7(PO4)6] VI. Of
these, IV and VI possess three-dimensional frameworks and V
has a layered architecture. Although these cobalt phosphate are
new, their zinc phosphate analogues are known in the
literature.3–5 We have also synthesized a known mixed valence
iron phosphate6 by this route.

Framework IV is isostructural with the zinc phosphate III
and has a three-dimensional structure built up of infinite CS
chains containing 4-rings running perpendicular to each other
and connected at various junctions.3 Four such junctions form a
16-membered clover-shaped aperture, with the pendant hy-
droxyl groups from the phosphorus projecting in the cavities.
The protonated piperazinium cations occupy the 4-ring win-
dows (Fig. 2a). Framework V has a layered topology made up
of 3- and 4-membered rings formed by vertex linkage between

CoO4 and PO4 tetrahedral units. The anionic layer is built up of
two kinds of chains, D and E, made from 3- and 4-rings (Fig.
2b). The presence of a 3-ring chain results in a step-like feature
in the layer due to the strain involved in accommodating it and
also gives rise to an infinite one-dimensional Co–O–Co
chain.

Compound VI possesses a three-dimensional architecture
and is made of CoO6, CoO4 and PO4 polyhedra, which connect
to give rise to a Co7O6 cluster. The cobalt octahedron is
surrounded by six cobalt tetrahedra to form the Co7 cluster.
Such clusters are linked via six PO4 tetrahedra to other clusters
to form the structure. The clusters are arranged in such a manner
that each cluster is displaced by half the length of the c-axis
from its neighbour, forming a honeycomb layer. The next layer
of clusters is identical to the first but is displaced along the a-
axis by half the unit cell so that the honeycomb channels are
capped. This type of three-dimensional AB type stacking results
in the formation of 8-membered channels at an angle to the c-
axis (Fig. 2c).

The various structures obtained by using tributylphosphate as
the phosphorylating agent confirm that we have found a new
route for the formation of open-framework phosphates. The use
of the phosphate ester enables us to carry out the reactions under
non-aqueous conditions and to isolate new framework struc-
tures. It may be noted that pure open-framework Co(II)
phosphates have been considered difficult to prepare. The use of
the phosphate ester influences the release of phosphate ions in
the solution, thereby affecting the course of the reaction and the
products formed. The method can be readily extended to
phosphonates, carboxylates and other systems.

We thank Unilever plc for their generous support of this
work.
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frames with w scans (width 0.30° and exposure time of 10–20 s per
frame). The structure was solved by direct methods using SHELX-97 and
difference Fourier syntheses. Full matrix least-squares refinement against
|F2| was carried out using the SHELXTL-PLUS package of programs.
Unit cell parameters: for I: space group P1̄ (no. 2), a = 8.4408(13), b =
9.2630(16), c = 13.8427(20) Å, a = 81.119(15), b = 83.643(12), g =
72.647(11)°, R = 0.037. For II: space group P21/n (no. 14), a =
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0.054. For VI: space group R3̄ (no. 148), a = 13.4892(18), b =
13.4892(18), c = 14.9839(30) Å, g = 120°, R = 0.066.

CCDC reference numbers 168260–168264 for I, II, IV, V and VI
respectively.

See http://www.rsc.org/suppdata/cc/b1/b107898b/ for crystallographic
data in CIF or other electronic format.

Fig. 2 (a) Structure of IV showing clover-shaped 16-ring channels. Also
seen are the piperazinium molecules in the 4-ring windows. (b) Structure of
V showing a single layer. Note the presence of two types of chains D and E
and the infinite Co–O–Co chains. (d) Structure of VI showing the
8-membered channels at an angle to the c-axis formed by the linkage of
Co7O6 clusters.

Chem. Commun., 2001, 2716–2717 2717



C
om

m
unication

w
w

w
.rsc.org/chem

com
m

C
H

EM
CO

M
M

Visible light-activated nanosized doped-TiO2 photocatalysts

A. Fuerte, M. D. Hernández-Alonso, A. J. Maira, A. Martínez-Arias, M. Fernández-García,* J. C.
Conesa and J. Soria

Instituto de Catálisis y Petroleoquímica (CSIC), Campus Cantoblanco, 28049-Madrid, Spain.
E-mail: m.fernandez@icp.csic.es

Received (in Cambridge, UK) 15th August 2001, Accepted 13th November 2001
First published as an Advance Article on the web 6th December 2001

The report shows that highly doped anatase-like binary
mixed oxides constitute a route to improve the performance
of nanosized titania photocatalysts under sunlight excita-
tion.

Photocatalytic destruction of organic pollutants in the presence
of TiO2 appears to be a viable decontamination process of
widespread application, no matter the state (gas or liquid) or
chemical nature of the process target.1 However, its techno-
logical application seems limited for several reasons, among
which the most restrictive one is the need to use an ultraviolet
(UV) excitation source. The efficient use of sunlight may then
appear as an appealing challenge for developing the future
generation of photocatalytic materials working with non-
polluting energy sources.

In order to explore the photocatalytic behavior of highly
doped anatase-like binary mixed oxide systems, we have tried to
synthesize substitutional mixed oxides including typical accep-
tors (like Cr, Ni), donors (like V or Mn), cations with both
properties (like Fe) or with intrinsic photocatalytic properties
(like Ce, Mo or W), up to a total of 9 different metals. For a
random distribution of substitutional acceptor/donor of charge
dopants, a gaussian-like density of states appears at the lower/
upper part of the conduction/valence band.2 The corresponding
density of states is directly proportional to the dopant concentra-
tion, thus giving a clear tool to manage visible light absorption.
Nevertheless, a high doping concentration may have detri-
mental effects because the photocatalytic rate constant typically
decreases with a growing level of dopant.3

A microemulsion preparation method was used as it facili-
tates, as much as possible, the homogeneity of chemical
composition at a nanoscale level as well as the production of
particles with a narrow size distribution.4 Ti(IV) isopropoxide
was added to an inverse emulsion containing an aqueous
solution (0.5 M) of precursors salts dispersed in n-heptane using
Triton X-100 (Aldrich) as surfactant and hexanol as co-
surfactant. The resulting mixture was stirred for 24 h,
centrifuged, decanted, rinsed with methanol and calcined at 723
K for 2 h.

In Table 1, we report the materials synthesized; in the best
cases, up to ca. 25 at.% is successfully introduced in the titania

structure. Fe, Mn, Ni and Ce-containing mixed oxides have
small (maximum) dopant concentrations, expected at least in
the first case. The microemulsion method is able to obtain
mixed oxides with surface area in the 35–145 m2 g21 interval
with (primary) particle size ranging from 5 to 13 nm. X-Ray
diffraction (data not shown) and Raman spectroscopy (see
below) of the systems give evidence that all samples have an
anatase-type structure, except the Ti–Cr case, where XRD
allows us to roughly estimate a 55+45 anatase+rutile mixture.
The absence of well-developed, bulk-like dopant-atom single
oxide phases was confirmed using both techniques.

Photocatalytic activities of the highly doped Ti–M mixed
oxides in the gas phase toluene mineralization are presented in
Table 2. The photocatalytic reactor was made of two concentric
Pyrex tubes. The catalyst (100 mg) was coated onto the central
section (150 mm) of the inner tube (16 mm o.d.). The reacting
mixture (100 ml min21) was prepared by injecting toluene (ca.
1000 ppmv) into a wet oxygen flow before entering the
photoreactor. After flowing the mixture for 1 h in the dark
(control test), four fluorescent day-light lamps (6W, Sylvania
F6W/D, irradiation range 360–750 nm, UV content of 3%) were
switched on. Gas composition outlet was analyzed using an on-
line gas chromatograph equipped with a capillary column and
an electron ionization detector. Toluene photo-oxidation was
chosen to test activity as it is a large component of environ-
mental aromatic hydrocarbons and is thought to be an important
constituent of anthropogenic emissions in urban atmospheres.
In addition, its photo-oxidation is a demanding reaction.
Included in Table 2 is the activity of some single oxides
prepared by microemulsion and the commercial (anatase +
rutile) P25 (Degussa) material. Samples with Fe, Mn, Ni and Ce
are not active and were not included in the table.

Among the catalysts tested, those containing W appear to
have the highest activity although with a moderate selectivity to
benzaldehyde, somewhat paralleling the selectivity of the pure
WO3 oxide. The Ti–W, Ti–Mo and Ti–Nb series present
activity while Ti–V and Ti–Cr series do not display detectable
photocatalytic activity. It is important to note that these samples

Table 1 Main characterization results of Ti–M mixed oxides

Sample
M atom content
(%)a SBET/m2 g21

Anatase crystal
size/nmb

TiO2 — 106 8.5

Ti–V 18 33 13
Ti–Cr 16 100 8
Ti–Nb 20/10 42/125 9/11
Ti–Mo 26/12 77/144 6/7
Ti–W 19/14 122/108 5/7.5
Ti–Mn 3 76 11
Ti–Fe 6 90 9
Ti–Ni 3 85 10
Ti–Ce 7 127 9
a Measured by AA/ICP. b Measured by XRD/TEM.

Table 2 Reaction rate and selectivity of catalysts for gas-phase toluene
photo-mineralization with sun light-type radiation

Catalysta
1010 Rate/
mol s21 m22

108 Rate/
mol s21 g21

Selectivity
(%)b

TiO2 1.0 1.0 5
TiO2 P25 0.65 0.35 14
WO3 4.6 0.1 100
MoO3 Not active
Nb2O5 Not active

W 19 3.3 4.0 13
W 14 1.7 1.9 16

Mo 26 1.9 1.4 5
Mo 12 1.0 1.4 4

Nb 20 0.4 0.2 25
Nb 10 0.4 0.5 18
a Ti–M samples are described by the dopant-atom content. b To benzalde-
hyde (other detectable products; CO2).

This journal is © The Royal Society of Chemistry 2001
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always display lower activity than the home-made titania
reference if UV rather than visible light is used. It should be also
mentioned that the WO3 oxide is active although its small
surface area leads to a very low reaction rate per gram.

UV-visible spectra suggest that V and Cr containing samples
do not present a simple band gap as occurs with titania (Fig. 1).
In the visible region of the spectrum, V displays d–d charge
localized transitions (for V5+/V4+ in the 400–600/600–800 nm
region)5 while Cr has several (O to Cr) charge transfer bands.6
The electronic modifications induced in the anatase-like oxides
with respect to titania evidence the main reason for the failure of
the Ti–V and Ti–Cr catalysts. On the other hand, it can be noted
that, in agreement with a previous report,7 the decrease of the V
content of the mixed oxide yields active materials when the
dopant-atom is below 6 at.% (data not shown).

Samples containing maximum quantities of Nb, Mo and W
display (Fig. 1) UV-visible spectra typical of semiconductor
materials with estimated band gap absorption onset at 395, 465
and 420 nm, which can be compared with the ca. 380 nm
characteristic of our nanosized titania specimen. These active
samples, as well as the home-made titania reference, have
particle sizes in the 5 to 9 nm range, where only moderate size
dependency of activity is expected.8 Comparison with titania
references (Table 2) suggests that our samples present up to a
four-fold increase with respect to nanosized titania samples,
having an activity enhancement with the level of doping for W
and a less concentration-dependent behavior for Mo and Nb.

Raman analysis of these three series may allow us to
rationalize these results. The spectra of pre-reaction (calcined)
materials with varying Ti–M atomic ratios are shown in Fig. 2.

The analysis of Raman bands suggests that all active materials
having a 20–25 at.% level of doping have a surface partially
covered by hetero-atom moieties; bands at 975 cm21 for W9 and
971 cm21 for Mo10 correspond to WNO and MoNO bond
stretchings, while the 636 cm21 frequency band has a
contribution from a Nb–O–Nb deformation.11 A broad band
appears on the Mo spectra in the 690–935 cm21 range.10,11 All
the mentioned bands are characteristic of surface MOx entities
supported on titania, without having any evidence of bulk single
oxide formation,9–11 in agreement with XRD. However, W and
Nb materials with lower (ca. 10–15 at.%) dopant-atom
quantities hardly display discernible Raman bands associated
with (single) hetero-atom moieties, while the Mo specimen
shows less distorted (frequency/intensity) anatase bands and a
decreased intensity for bands ascribed to surface Mo species
(Fig. 2), both facts in agreement with the presence of a
decreasing amount of Mo species on the titania surface.10

The comparison of characterization results with catalytic
behavior under solar-type (Table 2) and UV lights suggests that
highly doped materials with anatase structure can have
significant activity in VOCs elimination under visible light
excitation. However, the percentage of hetero-atom present in
the catalyst seems to have little relevance for Mo and Nb
systems and a significant importance in the case of W. For W,
the presence of dopant-atom ad-species on the surface may have
catalytic consequences; however, a catalyst produced by
deposition of a 4 wt.% WOx on the anatase synthesized by a
two-step microemulsion method displays null activity enhance-
ment over the parent, home-made TiO2 reference.

It therefore appears that, apart from the impurity derived
change in the absorption threshold energy, dependence on the
dopant-atom nature seems to have a strong correlation with the
main d-electron configuration, as has been already observed by
others using UV light.12–15 In the case of solar light, our study
indicates that the heavier elements of group VI are the best
dopants for yielding efficient photocatalytic degradation of
toluene using highly doped titania samples. This behavior
contrasts with that observed for low dopant level samples under
UV excitation, which present activity for group V and VI
dopant-atoms.1

The authors thank the ‘Ayuntamiento de Coslada’ for partial
support of this work.
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Fig. 1 UV-visible reflectance spectra of Ti–M samples with the highest
dopant-atom content.

Fig. 2 Raman spectra of Ti–W, Ti–Mo and Ti–Nb specimens.
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cobaltocene and the triphosphole P3C2But
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The novel cage compounds [Co(h5-C5H5)(h4-
C4H4CHCHP6C4But

4)] and P6C4But
4CH(SiMe3) are formed

from the reaction between cobaltocene and the triphosphole
P3C2But

2CH(SiMe3)2.

Organophosphorus cage compounds are of considerable current
interest and synthetic routes usually involve cyclooligomerisa-
tion of phospha-alkynes (sometimes metal mediated) or cou-
pling of polyphospholyl anions.1–4 Recently we described a
series of cages containing an additional heteroatom P6C4But

4E
1 (E = S, Se, Te and GeI2). The chalcogen containing
compounds were obtained by an unprecedented reaction
involving the facile specific insertion reaction into a P–P bond
of the hexaphospha-prismane, P6C4But

4.5,6

We and others,7 in unpublished work, have noted that in
alkylation reactions of the P3C2But

2 anion with BrCH(SiMe3)2
which afforded the first known 1,2,4-triphosphole,
P3C2But

2CH(SiMe3)2 28 on occasions also gave two isomeric

organophosphorus cage compounds, P6C4But
4CHSiMe3, albeit

in low yield. Since a light-induced radical coupling reaction
(with partial elimination of the CH(SiMe3) side-chain), might
be responsible, we have studied the reaction between 2 and the
stable organometallic radical cobaltocene.

Thus, treatment of [Co(h5-C5H5)2] with the triphosphole
P3C2But

2CH(SiMe3)2 2 in refluxing toluene for 4 h, afforded an
approximately equimolar mixture of two novel organophos-
phorus cage compounds; (i) the colourless P6C4But

4CH(SiMe3)
3 (6.4%) and (ii) the remarkable red 18e diamagnetic cobalt(I)

complex [Co(h5-C5H5)(h4-C4H4CHCHP6C4But
4)] 4 (5.8%).

Both compounds exhibited parent ions in their mass spectra‡
and were fully structurally characterised by single crystal X-ray
diffraction methods.§ (Figs. 1 and 2). The organosilanes which
are lost from the triphosphole side-chain during the reaction,

(most likely a CH(SiMe3)3/Si2Me6 mixture), were not iso-
lated.

Compound 3 exhibits the expected 31P{1H} NMR spectrum,‡
consisting of six distinct resonances whose chemical shifts are
all typical for saturated phosphorus atoms in cage structures. Of
special structural significance are the signals at 197.5 and 178.8
ppm, which both show only small further P–P couplings, and
can be easily assigned to the two cage phosphorus atoms which
are bonded solely to carbon, whereas the other four resonances,
each involving large doublet patterns, (1JP(1)P(2) 238.1 and
1JP(4)P(5) 226.5 Hz) arise from the two sets of phosphorus atoms
directly bonded to each other.

The molecular structure of 3, (Fig. 1), represents an addition
to the P6C4But

4E family of cages, being derived from the hexa-
phosphapentaprismane P6C4But

4 by a CHSiMe3 bridge linking
the two five-membered P3C2But

2 rings. The C–C, C–P and P–P
bond lengths in 3 all lie in the expected single bond range.

The cobalt complex 4, which is also a P6C4But
4E cage family

member, shows a similar pattern of lines in its 31P{1H} NMR
spectrum to 3. It clearly results from the conversion of one of the

† Present address: Department of Chemistry, Faculty of Arts and Science,
Gaziosmanpaa University, Tokat, Turkey.

Fig. 1 Molecular structure of 3 Selected bond lengths (Å): P(1)–C(1)
1.8735(17), P(1)–C(4) 1.9078(16), P(1)–P(2) 2.1913(6), P(2)–C(5)
1.8600(17), P(2)–C(2) 1.8675(17), P(3)–C(1) 1.8807(17), P(3)–C(2)
1.8871(18), P(3)–C(3) 1.9029(16), P(4)–C(3) 1.8716(18), P(4)–C(2)
1.9107(16), P(4)–P(5) 2.2042(6), P(5)–C(5) 1.8707(17), P(5)–C(4)
1.8761(17), P(6)–C(3) 1.8724(18), P(6)–C(4) 1.8930(18), P(6)–C(1)
1.9014(16).

This journal is © The Royal Society of Chemistry 2001
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original h5-ligated C5H5 rings of cobaltocene into an h4-bonded
C4H4CH–fragment of a substituted cyclopentadiene ring, linked
to the newly generated P6C4But

4CH-cage fragment. The overall
geometry of the organophosphorus cage in 4, (Fig. 2), is little
different from that observed in 3, and the bent (C4H4CH)–ring
fragment and the very similar C(6)–C(7)–C(8)–C(9) bond
distances (averaging 1.412(8) Å) suggest electron delocalisa-
tion within the h4-cyclopentadiene–cobalt moeity.

We thank the British Council for financial support (to N. S.
and J. F. N.) for part of this work.

Notes and references
‡ 3: 31P{1H} NMR (161.97 MHz, CDCl3, 25 °C) (numbering scheme as in
crystal structure) d 197.5 (P(6), m, 2JP(6)P(5) 30.3, 2JP(6)P(4) 23.0, 2JP(6)P(1)

11.6 Hz), d 178.8 (P(3), m, 2JP(3)P(2) 26.0, 2JP(3)P(1) 20.9, 2JP(3)P(5) 8.8 Hz),
149.7 (P(4), dm, 1JP(4)P(5) 226.5, 2JP(4)P(6) 23.0, 2JP(4)P(2) 19.3, 2JP(4)P(3) 8.6
Hz), 140.5 (P(1), dm, 1JP(1)P(2) 238.1, 2JP(1)P(3) 20.9, 2JP(1)P(6) 11.6 Hz),
123.0 (P(5), dm, 1JP(5)P(4) 226.5, 2JP(5)P(6) 30.3, 2JP(5)P(2) = 19.3, 2JP(5)P(3)

8.6 Hz), 119.0 (P(2), dm, 1JP(2)P(1) 238.1, 2JP(2)P(3) 26.0, 2JP(2)P(5) = 19.3,
2JP(2)P(6) 8.2 Hz). 1H NMR (400.13 MHz, CDCl3): d 1.62 (m, CH), 1.27 (s,
9H, But), 1.23 (s, 9H, But), 1.17 (s, 9H, But), 1.16 (s, 9H, But), 0.26 (s, 9H,
SiMe3). 13C{1H} NMR (100.61 MHz, CDCl3, 25 °C): d 41.5 (s, But), 41.1
(s, 2(But)), 40.6 (s, But), 37.1 (m, CBut), 35.1 (m, CBut), 30.3 (m, CBut),
29.0 (m, CBut), 26.7 (m, CSiMe3), 1.1 (s, Me).

EI-MS: m/z 548 [P6C4But
4CHSiMe3]+, 491 [P6C4But

3CHSiMe3]+, 169
[CBut]+, 73 [SiMe3]+.

4: 31P{1H} NMR (161.97 MHz, CDCl3, 25 °C) (numbering scheme as in
crystal structure): d 200.0 (P(3), 2JP(3)P(1) 30.3, 2JP(3)P(5) 7.9, 2JP(3)P(2) 25.0
Hz), 191.1 (P(6), 2JP(6)P(4) 35.4, 2JP(6)P(5) 22.7, 2JP(6)P(2) 7.6 Hz), 149.0

(P(1), 1JP(1)P(2) 242.6, 2JP(1)P(3) 30.3 Hz), 137.5 (P(4), 1JP(4)P(5) 236.2,
2JP(4)P(6) 35.4 Hz), 108.2 (P(5), 1JP(5)P(4) 236.2, 2JP(5)P(6) 22.7, 2JP(5)P(2)

19.3, 2JP(5)P(3) 7.9 Hz), 105.1 (P(2), 1JP(2)P(1) 242.6, 2JP(2)P(3) 25.0, 2JP(2)P(5)

16.3, 2JP(2)P(6) 7.6 Hz).
EI-MS: m/z 664 [CoC5H5C4H4CHCHP6C4But

4CHSiMe3]+, 540
[C4H4CHCHP6C4But

4CHSiMe3]+, 476 [P6C5But
4H2]+, 419

[P6C4But
3CH2]+, 355 [P4C5But

3]+, 281 [P2C4But
3]+, 69 [CBut]+.

§ Crystal data: for 3: C24H46P6Si, M = 548.52, triclinic, space group P1̄
(no. 2), a = 10.2274(2), b = 12.3429(4), c = 12.7112(4) Å, a =
100.210(2), b = 97.134(2), g = 102.000(2)°, V = 1522.92(7) Å3, T =
293(2) K, Z = 2, Dc 1.20 Mg m23, m = 0.40 mm21, l = 0.71073 Å, F(000)
= 588, crystal size 0.2 3 0.2 3 0.1 mm, 18033 measured reflections, 7193
independent reflections (Rint = 0.0311), 5978 reflections with I > 2s(I).
Final indices R1 = 0.036, wR2 = 0.091 for I > 2s(I); R1 = 0.047, wR2 =
0.098 for all data, Data collection: Nonius Kappa CCD Refinement using
SHELXL-97. Program package WinGX.

For 4: C31H47CoP6, M = 664.44, monoclinic, space group P21/c (no. 14),
a = 9.634(3), b = 32.706(7), c = 10.510(2) Å, b = 98.16(2)°, V =
3278.1(14) Å3, T = 173(2) K, Z = 4, Dc 1.35 Mg m23, m = 0.84 mm21,
l = 0.71073 Å, F(000) = 1400, crystal size 0.3 3 0.3 3 0.1 mm3, 6120
measured reflections, 5769 independent reflections (Rint = 0.0377), 3897
reflections with I > 2s(I), Final indices R1 = 0.056, wR2 = 0.119 for I >
2s (I), R1 = 0.102, wR2 = 0.155 for all data, Data collection: Enraf Nonius
CAD4 Structure solution SHELXS-86. Refinement using SHELXL-93.

CCDC reference numbers 172126 and 172127. See http://www.rsc.org/
suppdata/cc/b1/b108125j/ for crystallographic data in CIF or other
electronic format.
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radical cations and TTF derived anions
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Electrooxidation of tetrathiafulvalene (TTF) carried out in
the presence of (Bu4N)2TTF(CO2H)2(CO2)2 as supporting
electrolyte affords wholly TTF organic materials in which
TTF cations are associated with TTF(CO2H)2(CO2

2)2 as
counteranions. 

The electronic properties of radical cation salts of the TTF series
strongly depend on the way in which donor p-orbitals overlap in
the solid state.1 This is the consequence of the crystal packing
which is itself the result of several intermolecular interactions
involving both donors and anions such as hydrogen bonds or
van der Waals dispersion forces. In this context, the design of
organic anions which can be easily chemically tuned is
becoming a main trend.2 We recently focused on anions derived
from carboxylic acids which display a variety of shapes and
symmetries and are also likely to build polymeric anionic
networks by hydrogen bonds.3

We now report the synthesis and characterizations of TTF
salts based on the TTF(CO2H)2(CO2

2)2 dianion. The synthesis
of a p-donor TTF bearing an anionic group has been previously
investigated in order to further form upon electrooxidation the
corresponding neutral zwitterionic p-radical.4 In contrast, our
approach consists here of using the tetrabutylammonium salt
2Bu4N+,TTF(CO2H)2(CO2

2)2 (1)† (synthesized from
TTF(CO2H)4

5 and (Bu4N)OH as starting materials) as support-
ing electrolyte in the electrooxidation of a donor (TTF itself for
example) more easily oxidisable than the TTF core of the
anion.

From cyclic voltammetry (Fig. 1), it appears that, as expected
from the electron withdrawing character of carboxylic acid
groups, the first oxidation potential of TTF(CO2H)4 (0.57 V vs.
Ag/AgCl) is clearly greater compared to that of TTF (0.38 V vs.
Ag/AgCl). The transformation of two –CO2H groups in two
–CO2

2 carboxylate groups, leading to salt (1), induces a
lowering of the first oxidation potential of 0.09 V (0.48 V vs.
Ag/AgCl) which nevertheless remains greater than that of
TTF.

This result outlines, a priori, that only the oxidation of TTF
must occur in electrocrystallization experiments when

(Bu4N)2TTF(CO2H)2(CO2)2 is used as supporting electrolyte,
TTF(CO2H)2(CO2

2)2 acting only as a counterion. The electro-
crystallization experiments were carried out typically as
follows: 20 mL of solution of (1) (0.02 mol.L21 in a 90+10
CH2Cl2–EtOH mixture) were charged in a H-shaped cell, 15 mg
of TTF were introduced in the anodic arm and a constant current
(I = 2 mA) was applied for twenty days. This led to black single
crystals that were formulated as (TTF)2[TTF(CO2H)2(CO2)2]
(2) thanks to their X-ray crystal structure.

Compound (2) crystallizes in the centrosymmetrical triclinic
space group. The asymmetric unit consists of one TTF·+ radical
cation and half TTF(CO2H)2(CO2

2)2 anion. This anion is
centrosymmetric and fully planar and its nature is unambigu-
ously deduced from the analysis of the bond lengths which
appear very close at hand from those encountered in starting salt
(1); furthermore, a symmetrical intramolecular hydrogen bond
situation, also previously described in hydrogenomaleate
anion,6 is observed for both salts (Fig. 2). This shows that TTF
cores of TTF(CO2H)2(CO2

2)2 anions remain neutral. As a
consequence, all unsubstituted TTF molecules are at the +I
oxidation state, which is in good accordance with the observed
bond lenghts (e.g. an increase of the central C…C bond together
with a lowering of the S…C bonds, compared to neutral
unsubstituted TTF molecules7).

In the crystal structure, TTF units of the anions and
TTF·+ radical cations are piled up in stacks with the alternance
TTF·+/TTF·+/TTF(CO2H)2(CO2

2)2. These stacks, shifted one
from each other, form b-type like sheets, giving rise to six
relative situations between molecules (numbers 1–6 in Fig. 3).
In the stacks, a bond over cycle overlap occurs between the TTF
core of the anion and a TTF·+ radical cation (interaction 1).
However, no S…S distance lower than the sum of van der
Waals radii of two sulfur atoms is observed. On the contrary, the
strong interaction 4 between two TTF·+ species, where a bond
over bond overlap situation and four short S…S distances (d =
3.388(5) Å and d = 3.405(5) Å) are present, leads to well
defined (TTF·+)2 dimers. With regard to adjacent interactions, a

Fig. 1 Cyclic voltammograms of TTF (A), (Bu4N)2TTF(CO2H)2(CO2)2 (the
second wave is not reversible) (B) and TTF(CO2H)4 (C) (solvent:
acetonitrile; supporting electrolyte: Bu4NPF6; v = 0.5 V s21; reference: Ag/
AgCl).

Fig. 2 Ortep views with the numbering scheme and bond lengths (in Å) of
TTF(CO2H)2(CO2

2)2 anion in (1) (top) and (2) (bottom). Bold values are
related to O…H…O hydrogen bond lengths; hydrogen atoms have not been
located. Ellipsoids are drawn at 50% probability.
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few S…S contacts are also encountered, implying in particular
two TTF·+ cations (d = 3.537(4) Å and d = 3.560(6) Å for
situation 6; d = 3.586(5) Å and d = 3.661(5) Å  for situations
2 and 3, respectively).

Of particular interest also are the interactions between
neighbouring sheets in the plane denoted A in Fig. 3, where C–
H…O interactions are involved (Fig. 4). Such bonds implying
hydrogen atoms, either from TTF core in salts based on EDT–
TTFCONH2

8 or from ethylene groups of BEDT–TTF mole-
cules,2b,9 play an important role in the packing of organic
conducting salts and consequently in the electronic collective
properties.

The original structural feature is that, in a way, the anionic
sheets do not exist, allowing a connection of the b-type sheets
formed by the TTF units via rather strong C–H…O type
hydrogen bonds (H(4)…O(4) 2.260(3) Å; H(1)…O(2)
2.356(3) Å).10 A hydrogen bond network, also including intra-
sheet C–H…O interactions (H(1)…O(1); H(3)…O(4)), thus
appears (Fig. 4) with cyclic motifs as the one showed in Fig. 4,
denoted R2

4(8) in Etter’s notation.11

As expected from structural considerations discussed above,
(2) exhibits a (TTF·+)2 dimer absorption band12 at l = 750 nm
(Fig. 5), and a semiconducting behaviour (Ea = 0.10 eV) with

a weak room temperature conductivity (s = 1025 S cm21). A
mixed valence situation would a priori lead to a better
conductivity. In fact, this situation is encountered in another
compound (3), a dark brown powder obtained as a minor
product in some of the electrocrystallization experiments: (3)
presents a broad mixed valence absorption band12 around 2500
nm (Fig. 5). Moreover, from EDX microanalysis,13 (3) can be
tentatively formulated as (TTF)3[TTF(CO2H)2(CO2)2], i.e. the
association of two TTF·+ cations and one neutral TTF molecule
with one TTF(CO2H)2(CO2

2)2 anion. Efforts are under way to
obtain single crystals of (3).

In conclusion, we have succeeded in the synthesis of wholly
TTF salts. This unprecedented concept where TTF-derived
anions are incorporated in the donor slabs due to the inter-
affinity of the TTF cores, suppressing the classical anion layers,
can be extended to various mono, di and polycarboxylic acids
derived from TTF. Studies on these promising full organic
materials are in progress.

Notes and references
† Crystal data for 1 : C42H74N2O8S4, M = 863.3, triclinic, a = 9.442(2), b
= 10.209(1), c = 12.792(2) Å, a = 96.77(1), b = 98.63(1), g = 97.72(1),
V = 1196.0(7) Å3, space group P-1, Z = 1, calculated density 1.2 (lMoKa

= 0.71069). 4195 reflections collected in the 2.5–25° q range, 253
parameters from 2778 reflections with I/s(I) > 3 converged to R = 0.046,
RW = 0.070. CCDC 172112.

Crystal data for 2 : C22H10O8S12, M = 786.9, triclinic, a = 8.143(1), b
= 8.203(1), c = 10.519(2) Å, a = 85.04(1), b = 82.87(1), g = 84.00(1),
V = 691.5(3) Å3, space group P-1, Z = 1, calculated density 1.89 (lMoKa

= 0.71069). 2622 reflections collected in the 2.5–25° q range, 190
parameters from 1604 reflections with I/s(I) > 3 converged to R = 0.036,
RW = 0.054. CCDC 172113. See http://www.rsc.org/suppdata/cc/b1/
b108888b/ for crystallographic data in CIF or other electronic format.
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Fig. 3 b-Type like sheet in (TTF)2[TTF(CO2H)2(CO2)2] (2), including both
TTF·+ radical cations and TTF(CO2H)2(CO2

2)2 anions.

Fig. 4 C–H…O hydrogen bonds network in a A type plane of (2). Bond
distances (in Å) : H(4)…O(4) 2.260(3); H(1)…O(2) 2.356(3); H(2)…O(3)
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Fig. 5 Optical spectra of (TTF)2[TTF(CO2H)2(CO2)2] (2) and
(TTF)3[TTF(CO2H)2(CO2)2] (3).
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recovery of ZnS nanoparticles synthesized in reverse micelles by
compressed CO2
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Zinc sulfide nanoparitcles synthesized in AOT reverse
micelles can be recovered by compressed CO2; more
dispersed and uniform nanoparticles can be obtained.

Surfactants can form reverse micelles in non-polar solvents
under suitable conditions. Water is readily solubilized in the
polar core, forming a so-called water pool. The use of micellar
water droplets as a novel environment for nanoparticle synthesis
has attracted much attention due to its potential advantages
compared with the traditional nanoparticle synthesis meth-
ods.1–5 Since the reaction is restricted in the water core, the
diameter of the obtained product particles can be controlled by
the size of the water core which is related to the water-to-
surfactant ratio (w). Recovery of the particles from the reverse
micelles is one of the main steps in this method, and some
techniques have been used to recover the particles, such as
super-rate centrifugation and filtration. In these methods
surfactant is usually precipitated together with the nano-
particles. It is often an exhaustive procedure to remove the
surfactant completely and the obtained product particles are
always embeded in the surfactant.6 Ideally the synthesized
nanoparticles should be precipitated while the surfactant should
remain in the solution.

It is known that a compressed gas can dissolve in an organic
solvent and change its properties.7 The properties of the solvent
can be tuned continuously by the pressure of the gas because the
solubility of the gas is a function of the pressure. Generally, the
properties of a reverse micellar solution vary with the property
of the solvent. Thus, the product nanoparticles in reverse
micelles may be recovered by dissolving a gas into the solution
at suitable conditions. In this work, we used compressed CO2 to
recover the ZnS nanoparticles synthesized in reverse micelles.
To our knowledge, similar work has not been reported in the
literature, although compressed CO2 has been used in extraction
and fractionation, fine particle generation and recrystalliza-
tion.8–11

In this work isooctane was used as the solvent in which the
surfactant AOT can form reverse micelles.† The micellar
solution was expanded after CO2 is dissolved. The volume
expansion coefficient a = (V2V0)/V0 (V0 and V are the
volumes of the solution before and after adding CO2) and cloud
point pressure (Pc) at which AOT begins to precipitate were
required for our experiments. These parameters were deter-
mined in this work by using the apparatus reported pre-
viously.12

Na2S and ZnSO4 can be solubilized in the water pool of the
reverse micelles. The synthesis of ZnS nanoparticles in the
reverse micelles was similar to that reported by other au-
thors.13‡ ZnS particles were formed rapidly in the reverse
micelles due to the high rate of the droplet-exchange proc-
ess.14

The existence and concentration of ZnS nanoparticles in the
reverse micelles at different CO2 pressures can be studied by
UV spectroscopy.13§ The temperature-controlled high-pressure
sample cell used was the same as that used previously.15 As
examples, Fig. 1 shows the UV spectra of reverse micellar

solutions (w = 15) containing ZnS and Na2SO4 at 308.15 K and
different CO2 pressures. For each experiment, the UV cell
contained 0.28 mg ZnS and 0.039 g AOT, and the cell was full
of solution after expansion with CO2. Thus, the concentration of
ZnS and AOT in the solution are 0.16 mg mL21 and 50 mmol
L21 if precipitation does not occur. The absorbances at 271 nm
and 220 nm are attributed to ZnS nanoparticles and AOT,
respectively.13 The absorbance of ZnS decreases with increas-
ing pressure, which indicates precipitation of ZnS particles. Our
experiments using CO2-free solutions showed that the ab-
sorbance at 271 nm increased linearly with the concentration of
ZnS in the concentration range 0–0.5 mg mL21. Thus, the
precipitation percentage of ZnS can be calculated from the
absorbance. Fig. 2 shows the dependence of the precipitation
percentage of ZnS (PZnS%) with CO2 pressure under different
conditions. Fig. 2 illustrates that more ZnS particles are
precipitated at higher pressures, and less ZnS particles are
precipitated at lower w. About 93% ZnS particles can be
precipitated at 5.50 MPa for w 15. However, the precipitation of
AOT is not considerable at this pressure, as can be seen from
Fig. 1. This was further confirmed by an experiment using an
optical high-pressure autoclave,12 which indicated that the

Fig. 1 UV spectra of ZnS in reverse micelles (w = 15, [AOT] = 50 mmol
L21) at 308.15 K and different pressures.

Fig. 2 Precipitation percentage of ZnS (PZnS%) from reverse micelles
([AOT] = 50 mmol L21) at 308.15 K.
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cloud point pressure at which AOT begins to precipitate was
5.61 MPa.

On the basis of the investigation above, we could select
suitable conditions to prepare and recover ZnS nanoparticles
using a larger stainless steel cell of volume 32.60 mL containing
a stirrer.¶ To obtain the largest recovery of ZnS without
precipitation of AOT, we selected w = 15, and recovered the
ZnS from the reverse micelles at 5.50 MPa. The particle size of
ZnS was determined by transmission electron microscopy
(TEM),∑ and photographs are shown in Fig. 3(a) and (b). The
mean particle sizes are of the order of 3–8 nm (stiring rate = 100
rpm) and 1–3 nm (stiring rate = 400 rpm), respectively. The
considerable effect of stirring rate on the particle size is due to
the enhanced degree of molecular mobility at higher stirring
rates. In order to study the effects of operating conditions i.e. the
value of w, concentration of the surfactant, pressure and

temperature on the particle size and size distribution, the
particles were also prepared and recovered under other
conditions; all the photographs show that small and dispersed
particles can be obtained by this method.

This work is supported by the National Natural Science
Foundation of China (20133030), Ministry of Science and
Technology of China (G20000781), and UK/China R & D
Project. We are very grateful to Professor Martyn Poliakoff and
Mr Adam O’Neil for their valuable suggestions and advice.

Notes and references
† Materials: CO2 ( > 99.995% purity) was provided by Beijing Analytical
Instrument Factory. The surfactant AOT was obtained from Sigma with a
purity of 99%. The isooctane, Na2S, ZnSO4 and BaCl2 supplied by Beijing
Chemical Plant were all A. R. grade. Double distilled water was used.
‡ Typical experimental procedure for synthesis of ZnS particles in reverse
micelles: two micellar solutions containing, respectively, Na2S and ZnSO4

at the same molar concentration were mixed at constant temperature. The
concentration of AOT, w (molar ratio of water to AOT), and the volume of
the two solutions were also the same.
§ Typical experimental procedure for UV spectra: a spectrophotometer
(Model TU-1201, Beijing General Instrument Company) was used to
monitor the precipitation of ZnS particles in the reverse micelles at different
CO2 pressures. The path length and the inner volume of the cell are 1.32 cm
and 1.74 cm3, respectively. In a typical experiment, a predetermined amount
of micellar solution containing ZnS was loaded into the sample cell. CO2

was charged until the desired pressure was reached and the system was
stabilized at this pressure. The UV spectrum was recorded after equilibrium
was reached.
¶ Typical experimental procedure for recovery of ZnS particles from
reverse micelles: ZnS particles synthesized in the reverse micellar solution
were precipitated by CO2 and deposited at the bottom of the cell. Then CO2

and the solution were released. IR and a BaCl2 titration experiment
indicated that Na2SO4 precipitated together with ZnS. Thus, the precipitated
sample was washed with water to remove the Na2SO4 and then dried in
vacuum at 308.15 K for 4 h.
∑ The maximum resolution of the Hitachi H-600A electron microscope was
0.5 nm. A drop of a dispersed solution of particles in ethanol was placed
onto a carbon-coated copper grid. After evaporation of the solvent under
vacuum electron micrographs were recorded.
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Fig. 3 TEM photographs of ZnS particles obtained from reverse micelles
([AOT] = 50 mmol L21, w = 15, [Na2S] = [ZnSO4] = 8.14 mmol L21)
at 308.15 K and 5.50 MPa; (a) with a stirring rate of 100 rpm, magnification
100 K (1 mm = 10 nm) and (b) with a stirring rate of 400 rpm,
magnification 200 K (1 mm = 5 nm).
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The use of inorganic salts during the synthesis of mesopor-
ous materials with block copolymers can dramatically widen
the syntheses domain (in temperature, surfactant concentra-
tion, etc.) and broaden the range of surfactants that can be
utilized to produce highly ordered mesostructures.

Mesoporous materials with controlled morphology have poten-
tial uses in catalysis, separation, chromatography and large
molecular release systems.1 Recently, highly ordered mesopor-
ous silica SBA-152 synthesized by commercial amphiphilic
block copolymer surfactants has attracted much attention.3–5 It
is noteworthy that in all the reported synthesis methods for
SBA-15 the temperature is optimally controlled at 35–40 °C in
order to obtain high ordering of the mesostructures. Moreover,
compared to the large number of available block copolymers,
only a fraction of these surfactants has been utilized to produce
highly ordered mesostructures.

Inorganic salts have been used to control the morphology and
porosity of SBA materials.6 In non-ionic surfactant templating
systems, the effect of ionic strength has also been studied.7,8

Generally, specific interactions are emphasized in these reports,
which lead to better order either in mesostructure or morphol-
ogy.

In this communication we report the synthesis of highly
ordered mesoporous silica materials through the use of
inorganic salts at low temperatures. The salt effect described
here dramatically increases the range of the synthesis parame-
ters that can be used to obtain highly ordered mesostructures as
well as the number of block copolymer surfactants that can be
used.

Two block copolymers, P123 and B20-5000,9 are used as the
structure-directing agents. The syntheses were carried out
according to previous reports,2,10 except that different amounts
of inorganic salts were used at controlled temperatures. In a
typical synthesis, 2.0 g of P123 and 8.8 g of potassium chloride
were dissolved in 60 mL of 2.0 M HCl at 15 °C. To this solution,
4.2 g tetraethyl orthosilicate (TEOS) were added under vigorous
stirring. The final reactant molar composition was 0.02 P123+6
KCl+6 HCl+166 H2O+1 TEOS. After stirring at the same
temperature for 1 day, the mixture was transferred into an
autoclave and heated at 100 °C for another 24 h. The solid
products were collected by filtration and dried at room
temperature in air. The resulting powders were calcined at
550 °C for 4 h to remove the templates.

Powder X-ray diffraction (XRD) patterns of as-synthesized
and calcined SBA-15 synthesized with P123 and 2 M KCl at
15 °C are shown in Fig. 1(a). Both patterns show well-resolved
XRD peaks, which can be assigned to the (100), (110) and (200)
reflections of the 2-D hexagonal space group (p6mm). The cell
parameters are 11.9 and 9.1 nm for as-synthesized and calcined
SBA-15 synthesized with salt at 15 °C, respectively. The
nitrogen sorption isotherm of the calcined sample is type IV
with type H1 hysteresis loops typical of mesoporous materials
with 1-D cylindrical channels (Fig. 2). SBA-15 synthesized at
15 °C has a pore size of 5.9 nm (calculated from both the

adsorption and desorption branch by BdB model11), a BET
surface area of 610 m2 g21 and a pore volume of 0.83 cm3 g21.
These data are similar to those from previous reports.2,6 The
relatively smaller cell parameter and pore size can be attributed
to the salt effect (see discussion below). Transmission electron
microscopy (TEM) studies have further corroborated the highly
ordered hexagonal structures (data not shown).

This is the first report that highly ordered mesoporous SBA
material can be synthesized at low temperature. By using the
same reactants at 15 °C but without salt, no precipitation can be
obtained. This is believed to be related to the specific nature of
PEO and PPO segments in water. Both PEO and PPO are more

Fig. 1 XRD patterns of as-synthesized and calcined mesoporous silica
prepared using (a) P123 at 15 °C with 2.0 M KCl and (b) B20-5000 at 40 °C
with 1.0 M KCl. X-Ray data were collected with a Cu-Ka radiation source
using a Scintag X2 diffractometer.

Fig. 2 Nitrogen adsorption–desorption isotherm plots and pore size
distribution curve (inset) of calcined mesoporous silica synthesized by P123
and B20-5000 with inorganic salts. N2 adsorption measurements were
performed at 77 K using a Micromeritics ASAP2000 analyzer.

This journal is © The Royal Society of Chemistry 2001
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soluble in water at low temperatures, thus the hydrophilicity/
hydrophobicity volume ratio is greater than at high tem-
perature.12 The formation of the ordered mesostructure precip-
itate is dependent on the the free energy of formation of the solid
mesostructured phase and the free energy of the interface
interactions of the silica species and solvent as well as the free
energy of organization of the block copolymer as it associates
with the species in solution. For the latter contribution, it is
interesting to note that at 17 °C the critical micelle concentration
(CMC) of P123 is 4.5 wt%,13 while in a typical synthesis
condition of SBA-15 the concentration of P123 in starting
reactants is ~ 3.0 wt%. The decreasing ability to obtain
composite phase separation at low temperature parallels the
CMC dependence on temperature, making it a useful approx-
imation to the collective free energies of interaction of all the
inorganic, solvent, and organic species in solution. Increasing
temperature is a convenient method to decrease the CMC by
increasing the hydrophobicity of PEO blocks and reducing the
hydrophilicity of PPO blocks. On the other hand, the addition of
inorganic salts has the same effect as an increase in tem-
perature.14 For example, the CMC and critical micelle tem-
perature (CMT) of Pluronic P6515 and F12716 show a marked
decrease in the presence of added sodium chloride. This salt
effect also lowers the thermodynamic radius of micelles,14 and
this is in accordance with the decrease in cell parameter and
pore size decreasing observed in our experiments. The success-
ful synthesis of highly ordered SBA-15 at low temperature
confirms that using inorganic salts is an alternative to increasing
temperatures.

The synthesis temperature of highly ordered SBA-15 can be
lowered to 10 °C when the concentration of KCl is 2.5 M. On
the other hand, at relatively higher temperatures such as 38 °C,
the concentration of P123 in starting reactants can be lowered to
1 wt% with 1 M KCl. Other inorganic salts such as NaCl,
Na2SO4 and K2SO4 can also be used to synthesize highly
ordered SBA-15 at low temperatures.

It might be argued that during the synthesis of SBA-15
materials, using relatively high temperature is much more
convenient than using high concentration of inorganic salts.
However this is not necessarily the case, as evident in the uses
of the salt effect in the synthesis with another block copolymer
B20-5000. It is reported that only disordered mesoporous silica
can be obtained with this block copolymer, even at high
temperature.17 By using 1 M KCl at 40 °C, a well-ordered cubic
silica structure can be synthesized with a molar reactant
composition of 0.01 B20-5000+3 KCl+1.5 HCl+167 H2O+1
TEOS. XRD patterns of as-synthesized material show the first
peak at 2q = 1.36; after calcination at least two peaks are
observed (2q = 1.51, 2.09, Fig. 1(b)). Combined with TEM
results, these peaks can be indexed to the (110), (200)
reflections of an I type cubic structure. The cell parameters are
9.2 and 8.3 nm for as-synthesized and calcined sample,
respectively. TEM images (Fig. 3) also confirm this cubic
structure, the cell parameter of calcined sample measured from
TEM is 8.0 nm, in good accordance with XRD results. The
nitrogen sorption isotherm of the calcined sample is type IV
with a slight hysteresis (Fig. 2). The calcined cubic silica
structure synthesized by B20-5000 at 40 °C with 1.0 M KCl has
a small pore size of 2.4 nm (calculated by the BJH model), a
BET surface area of 485 m2 g21 and a pore volume of 0.28 cm3

g21. We have synthesized large cubic silica mesostructures
SBA-1610 and FDU-118 and, in view of the large headgroup
ratio of B20-5000, we propose that this cubic structure is similar
to that of SBA-16.10

In general, the use of inorganic salts in the synthesis of
mesoporous materials can give highly ordered structures under
very mild conditions. The salt effect provides an alternative and
sometimes a required methodology for the synthesis of highly
ordered mesoporous materials with certain surfactants that have
high CMC values, or in syntheses for which a high temperature
is not favored. Using this method, other highly ordered

mesoporous materials have been obtained using B40-2500, F98,
F108 and F127 as templates. Detailed work will be reported in
the future.
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96-34396) and the MRL Program of the National Science
Foundation (Award DMR 00-80034). C. Y. thanks Professor
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The reactivity of cyclam towards different aldehydes is
discussed and the new tricyclic bisaminal derivatives thus
obtained are characterized by X-ray crystallography; a new
synthesis of trans-dibenzylcyclam is also reported.

The design and the synthesis of tetraazacycloalkane derivatives
have been the subject of growing interest during the past years
owing to the ability of such macrocycles to coordinate various
metal cations.1 Among them, cyclam (1,4,8,11-tetraazacyclote-
tradecane) has been extensively studied. The presence of four
secondary amine functions allows unlimited derivatisation of
the macrocycle. However, the selective N-functionalisation of
cyclic polyamines is not obvious and still represents a
challenge.2 For example, the reaction of cyclam with two
equivalents of an alkyl or aryl halide yields a mixture of mono-,
di-, tri- and even tetrasubstituted macrocycles. Moreover, in the
cyclam series, three N,NA-disubstituted isomers exist, depending
on the relative positions of the pendant arms, i.e. two different
cis-disubstituted derivatives and the [1,8] isomer also called
trans-disubstituted cyclam. The trans-disubstituted cyclams are
of special interest since they can lead to hexacoordinated
complexes when the substituents are coordinating arms. trans-
N,NA-diprotected cyclams are also convenient precursors for the
synthesis of three-dimensional systems such as cyclam based
cryptands.3 In order to overcome the tedious work-up necessary
to isolate the aimed isomer, we have used the trans ‘autopro-
tected’ cyclam 1,4,8,11-tetraazacyclotetradecane-5,12-dione
for the synthesis of several macropolycycles.4 However, the
substituents which can be introduced on the two remaining
amine functions are limited to those surviving the conditions
required for the reduction of the amide groups. We have
recently reported powerful syntheses of trans-disubstituted
cyclams involving a tricyclic intermediate obtained by refluxing
cyclam with a 30% NaOH solution in dichloromethane.5,6 This
bisaminal cyclam can also be obtained by action of aqueous
formaldehyde on cyclam.7,8

In this paper, we describe the reactivity of cyclam with
various aldehydes. The formaldehyde reacts readily at room
temperature and yields the most stable macrotricycle 1
containing two six-membered rings (Scheme 1). Surprisingly,
no reaction is observed using benzaldehyde instead of formal-
dehyde under the same conditions. However, refluxing cyclam

with three equivalents of benzaldehyde in THF over one week,
gives the unexpected bisaminal derivative 2A containing two
five-membered rings as the major product while 2 is the minor
derivative.† The two isomers 2 and 2A are obtained in a 1+2 ratio
as determined from the 1H NMR spectrum. In these conditions,
2-pyridinecarboxaldehyde (R = 2-Pyr) gives mainly the
compound 3. From these results, it clearly appears that the
formation and the structure of the bisaminal compounds are
strongly dependent on the nature of the aldehyde as well as on
the reaction conditions. We have studied the influence of
temperature on the reactivity of cyclam towards 2-pyr-
idinecarboxaldehyde. Ethanol has been chosen as a solvent and
the reaction time has been fixed at 24 h. The relative amount of
3 increases with temperature from 50% at 0 °C up to 90% in
refluxing ethanol, showing that the macrotricycle containing
two six-membered rings is logically the thermodynamic
product, while the kinetic product is the isomer containing two
five-membered rings 3A. Consequently, with formaldehyde,
which is the most reactive aldehyde among the three tested ones,
the compound 1A should be observable at low temperature.
Indeed, cooling down the reaction of cyclam with formaldehyde
to 220 °C gives the isomer 1A in 30% yield, as evidenced by
NMR. Compound 1A readily isomerises into 1 when increasing
the temperature. A comparable behaviour of the product of the
reaction of glyoxal with triethylenediamine has been ob-
served.9

The macrotricycles 15,16-diphenyl-1,5,8,12-tetraazatricy-
clo[10,2,1,15,8]hexadecane 2A and 15,16-dipyridin-2-yl-
1,4,8,11-tetraazatricyclo[9,3,1,14,8]hexadecane 3 have been
fully characterized by spectroscopic methods, including 2D
NMR experiments, and satisfactory elemental analyses have
been obtained. The structures of 2A and 3 have been established
unequivocally by single-crystal X-ray analyses (Figs. 1 and 2).‡
These compounds crystallise with two half molecules belonging
to their respective asymmetric unit. In both structures, the two
aminal bridges naturally adopt a trans conformation. The
structure of 3, in which the two hexahydropyrimidine six-
membered rings are in a chair conformation, can be compared to
those of 1 or protonated forms of 1 which have been previously
reported.5,7,10 In the solid state, 3 adopts a eq,ax-eq,ax-[2323]
conformation like 1.8 For steric reasons, the pyridine moieties
are in axial positions while the hydrogen atom on each of the
two aminal units is equatorial to the six-membered ring.Scheme 1

Fig. 1 ORTEP14 view of 2A. Ellipsoids are at the 50% probability level. Two
half molecules belong to the asymmetric unit.
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However, the equatorial aminal hydrogen atom is sterically
compressed with the lone pair of one nitrogen atom belonging
to the other six-membered ring, as discussed previously for
compound 1.8 The distance between these two atoms in 3 is
similar to that reported for 1 (2.26 Å). Consequently, the
chemical shift of the equatorial hydrogen atom at rt in CDCl3 is
remarkably high (d = 6.29 ppm) (Table 1). The two phenyl
groups in 2A are also in axial positions and the hydrogen atoms
are equatorial to the five-membered rings. The distance between
the equatorial hydrogen atom and the closest nitrogen atom is
higher than in 3 (2.37 Å) and the equatorial aminal protons in 2A
resonate as a singlet at higher field (d = 5.23 ppm). It is
noteworthy that unlike the protons, the aminal carbon atoms are
more deshielded in 2A and 3A than in 2 and 3. To our knowledge,
the structure of 2A gives the first crystallographic evidence of the
formation of a cyclam derivative containing two imidazolidine
five-membered rings.

Bisaminal derivatives of cyclam are known as convenient
precursors for the synthesis of disubstituted cyclams. Indeed,
quaternization of two non-adjacent nitrogen atoms of the
1,4,8,11-tetraazatricyclo[9,3,1,14,8]hexadecane 1 with a suita-
ble alkylating reagent, followed by cleavage of the two aminal
bridges with a 3 M NaOH aqueous solution, yields the aimed
trans-difunctionalised cyclam.5,6 In particular, Kaden has
shown that reductive cleavage of the bisaminal 1 with Raney-Ni
in liquid NH3 yields a mixture of trans and cis dimethylcy-
clam.11 We have studied the reduction of the new bisaminal
cyclams with NaBH4. For instance, the treatment of the crude
mixture of the isomers 2 and 2A with a large excess of NaBH4 in
refluxing EtOH, gives the trans-dibenzylcyclam 4 in 38% yield.
Thus, the 1,8-dibenzylcyclam is obtained in a reasonable overall
yield (31%). This trans diprotected cyclam might be used as a
precursor for various trans difunctionalised cyclams, since
many functional groups can survive the mild conditions
required for the removal of the benzyl moieties. This approach
represents an alternative route to the known methods.2

The results reported herein show how the cyclic structure of
cyclam might confer to this tetraamine a peculiar behaviour

towards different aldehydes. For the first time, cyclam bisami-
nal type compounds containing a priori unfavourable five-
membered imidazolidine rings have been obtained. In order to
further study the effects governing the formation of the
bisaminal derivatives, and also to extend the scope of this
reaction to the preparation of new ligands, the reactivity of other
aldehydes towards cyclam is now under investigation.

Notes and references
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Fig. 2 ORTEP14 view of 3. Ellipsoids are at the 50% probability level. Two
half molecules belong to the asymmetric unit.

Table 1 Selected 1H and 13C NMR chemical shiftsa

d N–CHR–N

Compound R ax eq d N–C–N

1 H 2.90b 5.45b 68.4
1A n.d.c n.dc 88.8
2 Ph — 6.23 71.9
2A — 5.23 83.3
3 2-Pyr — 6.29 72.5
3A — 5.12 84.4
a CDCl3 solvent. b Ref. 8. c Not determined.
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Reduction of 2,4,6-tricyano-1,3,5-triazine (1) and 1,3,5-tri-
cyanobenzene (2) leads to dianionic dimers with long, ~ 1.57
Å, central C–C bonds. In contrast to 1, which dimerizes at
the nitrile substituted carbon, 2 has a different motif as it
dimerizes at the hydrogen substituted carbon.

Polynitrile substituted organic molecules are strong electron
acceptors that have enabled the development of molecule-based
conductors1 and magnets.2 For the latter, reduced radical-
anionic nitriles can coordinate to metal centers to build
covalently bonded extended structures in 1-, 2-, and 3-D.2 New,
reduced polynitrile acceptors may lead to new structure types
and new properties. The 2,4,6-tricyano-1,3,5-triazine (1) and
1,3,5-tricyanobenzene (2) polynitriles have not received much
attention. Their D3h symmetry presents the opportunity for
building extended 2- and 3-D network structures. Furthermore,
upon reduction the radical anion may lead to new magnetic
materials, including interesting ferrimagnetic and spin-frus-
trated systems if all three nitriles (or triazine nitrogens)
coordinate to a spin-bearing metal center.

A previous attempt to form 1·2 by reduction with sodium and
potassium led to the speculation that 3·2 was formed through
rearrangement of the radical anion 1·25 based upon the 14N
splitting in the EPR spectra suggesting a set of 4 equivalent
nitrogens and a second set of two equivalent nitrogens, which is
consistent with 3·2 and not 1·2. Expecting that 3·2was unlikely
based upon mechanistic considerations, we sought 1·2 or its
ensuing species via electron transfer reactions under milder
reduction conditions.

The electrochemistry of 1 shows a cathodic peak at 20.39 V,
which shows no reversibility at scan rates from 5–2000 mV s21.
Additionally, an irreversible anodic oxidation is seen at +0.70
V, but appears only after the first pass through the reduction.

Unable to isolate any species via electrochemical methods, 1
was reacted with the strong electron donor Cro(1,3,5-
C6H3Me3)2, Cr(Mes)2, [E°

1/2 = 20.92 V vs. SCE],4 which led to
the formation of [Cr(Mes)2]212‡ composition, whose structure§
consists of the s-dimer of 1·2, b-[C12N12]22, 12

22 (Fig. 1). This
is an isomer of {(1,1,2,2-tetracyano-1,2-ethanediyl)bis[imino-
(cyanomethylene)]}bis[cyanamide] ion(22) 422, a-
[C12N12]22, a linear form of [C12N12]22 previously reported.5
The central C39–C40 bond of 12

22 is 1.57 Å. Albeit slightly
longer than a typical C–C s bond it is in excellent agreement
with 1.58 Å observed for the central C–C bond in a-
[C12N12]22.5 Examples of bond lengths within the ring are
1.463 Å for C39–N2, 1.467 Å for C39–N3, 1.285 Å for C37–
N3, 1.348 Å for C37–N1, 1.350 Å for C38–N1, and 1.289 Å for
C38–N2. The longer bond lengths to C39/C40 and shorter
bonds to N3/N5 indicate that the anionic charge is localized on
the outer half of the ring. However, the rings maintain their
planarity, and the ring bond angles around central CAs (C39 and
C40) range from 106 to 118.5° indicating that they still maintain
some sp2 character. The two rings are twisted 67° about the
C39–C40 bond, as defined by the C45–C39–C40–C46 torsion
angle.

The uC·N absorptions in 1° are at 2302w, 2276m, 2255s
cm21, but occur only as a very weak peak at ~ 2245 cm21 in
12

22. The ring CNN aromatic stretch occurs at ~ 1520 cm21 for
1° that increases to ~ 1590 cm21 upon reduction and dimeriza-
tion. The minimal change in the uC·N frequency and 70 cm21

shift in the uCNN also indicate that the anionic charge is localized
within the ring.

EPR studies of {[Cr(mes)2]+}2[1]2
22 show only an absorp-

tion at g = 1.990, characteristic of bis(aryl)chromium(I)
cations, e.g. g = 1.9859 for [CrI(C6H6)2]·+.6 The temperature
dependence of the magnetic susceptibility, c, shows typical
Curie-Weiss behavior, c ª (T 2 q)21, with an effective

† Dedicated to Michael Hanack on the occasion of the 70th birthday.

Fig. 1 ORTEP drawing (50%) of, 12
22 in {[Cr(mes)2]+}212

22. Bond
lengths are 1.463(3) Å for C39–N2, 1.467(3) Å for C39–N3, 1.285(3) Å for
C37–N3, 1.348(3) Å for C37–N1, 1.350(3) Å for C38–N1, and 1.289(3) Å
for C38–N2.
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moment of 2.40 mB between 20 and 300 K, and a q value of 28
K. This is consistent with two independent S = 1/2 spins arising
from the two CrI centers per formula unit, with a g-value of
1.990, which would have the expected room temperature
effective moment of 2.43 mB.

The previously reported electrochemical reduction of
1,3,5-triazine results in this same dimerization7 producing the
C–C s-dimer, [C6H6N6]22, which could be isolated after proton
abstraction from an aqueous solution, and characterized by
NMR.

Similar irreversible electrochemical behavior was reported
for 2,8 which exhibits an irreversible reduction at 21.35 V vs.
SCE in MeCN, and an anodic irreversible oxidation at 20.03
V.8 It was speculated that 2 was reduced to the dianion, 222,
which then reacts with a second 2° to form 522, which would be
isostructural with the previously discussed 12

22.
However, reduction of 2 with CoIICp*2¶ (Cp* = pentame-

thylcyclopentadienide), [E°
1/2 = 21.47 V],4 led to the isolation

of [CoIIICp*2]2, whose crystal structure∑ reveals the formation
of the s-dimer of 2·2 involving the unsubstituted ring carbons,
[C18H6N6]22, 22

22 (Fig. 2), with the central C50–C50A distance
at 1.56 Å, comparable to 12

22. The C50 carbons are sp3

hybridized with all bond angles averaging 109.4°. Bond lengths
within the benzene rings are C50–C51 1.509 Å, C51–C52 1.362
Å, C52–C53 1.424 Å, C53–C54 1.405 Å, C54–C55 1.364 Å,
and C55–C50 1.523 Å.

Dimerization of 1·2 occurs at the substituted ring-C rather
than at the ring-N, most likely due to formation of the more
energetically stable C–C bond (ca. 200 kJ mol21) with respect
to an N–N bond.9 However, 2·2 dimerizes at the unsubstituted
ring carbon, analogous to the radical cation of tris(dimethylami-
no)benzene, which also forms dimers at the unsubstituted
carbon.10 Studies of the reaction of the 2·2, via photoinduced
electron transfer (in situ production of 2·2), with benzyl11 and
alkyl12 neutral radicals yielded major products of the benzyl/
alkyl substituted 1 at the unsubstituted carbon as well. In both
cases, the reactivity of 2·2 at the unsubstituted carbon was
attributed to the spin density being highest at those carbons,
hence dimerization of the radical anion at these carbons as well.
This behavior is similar to that of the 1,3,5-tripyrrolidino-
benzene, which also dimerizes upon reduction at the un-
substituted carbon.13

The {[CoIIICp*2]+}222
22 is EPR silent at room temperature,

and is diamagnetic at 20 and 300 K consistent with S = 0 CoIII

and S = 0 dimerized organic radicals.
Analogous to the 12

22 and 22
22, similar types of s-dimers

have been reported for TCNE14 and TCNQ15 radical anions. In
both cases, the s-bond can undergo hemolytic cleavage by
thermolysis yielding the original individual radical
anions.14–16

The isolated electron transfer complexes suggest that the
formation of a stable radical anion of 1·2 and 2·2 is not
favorable, as they undergo dimerization to produce the closed-
shell dianions, 12

22 and 22
22, respectively. Although 1·2 was

not isolated, these results suggest that some type of molecular
rearrangement or reaction, possibly through an intermediate
similar to the isolated 12

22, is responsible for the unexpected
EPR signal seen in the reduction of 1 by Carrington and
coworkers.3

The authors gratefully acknowledge the support from the
NSF (Grant No. CHE9320478) and the DOE (Grant No. DE FG
03-93ER45504).

Notes and references
‡ {[Cr(mes)2]+}2[1]2

22 was prepared from the reaction of Cr(mes)2 and 1.
umax (Nujol)/cm21 2250vw, 159vs, 1327vs, 1150w, 1127w, 910w, 514d.
§ Crystal data for {[Cr(mes)2]+}2[1]2

22·2MeCN: C50H51Cr2N13, M =
938.042, triclinic, space group P1̄, a = 13.2998(4), b = 13.3683(3), c =
15.7869(4) Å, a = 65.2084(16)°, b = 79.8988(17)°, g = 76.4268(16)°, V
= 2467.55(11) Å3, Z = 2, rcalc = 1.263 Mg m23, absorption coefficient
0.488 mm21, F (000) = 980, reflections collected 16356, independent
reflections 10914 [R(int) = 0.0313], GOF = 1.018, R = 0.0504, wR2 =
0.1129. CCDC 163649.
¶ {[CoIIICp*2]+}222

22 was prepared from the reaction of CoIICp*2 with 2.
umax (Nujol)/cm21 2166s, 2160s, 1582s, 1499s, 1359m, 1310m, 1103m,
1023m, 877m, 632w.
∑ Crystal data for {[CoIIICp*2]+}222

22·2MeCN: C60H69Co2N7, M =
1006.13, triclinic, space group P1̄, a = 12.4960(3), b = 15.2636(4), c =
16.2297(4) Å, a = 76.7828(14)°, b = 67.4061(12)°, g = 70.5232(12)°, V
= 2467.55(11) Å3, Z = 2, rcalc = 1.248 Mg m23, absorption coefficient
0.664 mm21, F(000) = 1064, reflections collected 18947, independent
reflections 12130 [R(int) = 0.0344], GOF = 1.020, R = 0.0505, wR2 =
0.1008. In the unit cell there are two halves (C9H3N3

2) of the 2 dimers
asymmetrically oriented within the cell. In this case, C50 and C41 are in the
unit cell, and C50A and C41A are visualized by expansion of the asymmetric
unit (Fig. 2). CCDC 163650.

See http://www.rsc.org/suppdata/cc/b1/b108297n/ for crystallographic
data in CIF or other electronic format.
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A novel and economical route to (±)-horsfiline using an aryl iodoazide
tandem radical cyclisation strategy
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(±)-Horsfiline has been synthesised using a tandem radical
cyclisation as the key step.

The spiropyrrolidinyloxindole nucleus is found in a number of
natural products of diverse origin. However, despite their
attraction as synthetic targets, the biological profile of these
compounds was not exciting—until recently. The recent
discovery of more members of this family such as spiro-
tryprostatin A (1) and spirotryprostatin B (2) caused an
increased interest, because they showed mild activity as cell-
cycle inhibitors,1 since cell-cycle inhibition frequently equates
with in vitro anti-cancer activity. However, the crucial discov-
ery was in 1999, when Danishefsky et al. showed2 that
unnatural analogues (3–5), synthesised in the laboratory, were
truly potent inhibitors of at least one human breast cancer cell
line [more than four orders of magnitude more powerful than
spirotryprostatin A itself].

With this as background, we set ourselves the task of finding
a new and flexible approach to the synthesis of the spir-
opyrrolidinyloxindole nucleus, and now present our route,
which features a tandem radical cyclisation approach as the key
step, in the synthesis of one member of the natural spir-
opyrrolidinyloxindoles, horsfiline (6). Horsfiline3 has been
synthesised by a number of research groups4–9 using diverse
methodologies; the synthesis of Jones and Wilkinson4 deserves

particular mention here since it also used a radical cyclisation
approach, although very different from our own. Specifically,
our approach features the aryl iodoazide10 tandem radical
cyclisation strategy, which we have recently used to prepare the
complex alkaloid, (±)-aspidospermidine.11

The starting materials for our synthesis are the commercially
available and economical compounds, itaconic acid and p-
anisidine. Double deprotonation of tBoc-protected p-anisidine 7
(prepared in 91% yield from p-anisidine) with t-BuLi and
reaction with 1,2-diiodoethane afforded the iodide 8 (86%).12

Deprotection of the t-Boc group (89%) and reductive amination
with benzaldehyde yielded the required N-benzyl derivative 10
(95%). Meanwhile, selective esterification of itaconic acid13

(82%) and then conversion to the acid chloride 11, was followed
by coupling to the amine 10, affording amide 12 in 94% yield
from the mono-acid. The plan was now to convert this
compound to the corresponding azide 18. Direct reduction of 12
with DIBAL-H yielded alcohol 13; however, this appeared to be
contaminated by, and was inseparable from, the methyl
derivative 14 that would result from conjugate addition of
DIBAL-H at the a,b-unsaturated amide group. This complica-
tion was avoided by protecting the alkene in 12 by conjugate
addition of thiophenol. The resulting sulfide 16 (96%) was then
reduced to afford the alcohol 17 (55%). [Unexpectedly, this
reaction also produced a small amount of amine 15.] Oxidation
of the sulfide and thermal elimination of the resulting sulfoxide
yielded the desired alcohol 13 (72%), which was smoothly
converted to the azide 18 (68%) with diphenylphosphoryl
azide.14 Cyclisation with tris(trimethylsilyl)silane (TTMSS)
followed by in situ methylation afforded15 the tricycle 20 (60%
over 2 steps). Finally, this was debenzylated7,9 to afford
horsfiline 6 (87%).

This simple approach to horsfiline illustrates that the aryl
iodoazide tandem radical cyclisation strategy11 is a powerful
methodology for accessing the important spiropyrrolidinylox-
indole nucleus.

We thank the EPSRC Mass Spectrometry Service Centre,
Swansea, for mass spectra, the University of Strathclyde for
University studentships (D. L. and R. T.) and the Royal Society
for a Leverhulme Senior Research Fellowship (JAM).
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(silox)3RePMe3 (silox = tBu3SiO) is carbonylated to the double
insertion product (silox)(Me3P){cis-(CO)2}Re{trans-(CO2SitBu3)2}
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A rare example of the migratory insertion of a O-bound
ligand, OSitBu3, to a carbonyl occurred in the carbonylation
of (silox)3RePMe3 to afford the double insertion product
(silox)(Me3P){cis-(CO)2}Re{trans-(CO2SitBu3)2}.

Investigations of low coordinate, low valent monomeric and
dimeric early transtion metal complexes have been aided by the
use of the bulky ancillary siloxide ligand, tBu3SiO (silox).1,2

During nearly 20 years of study, in only one case has silox
directly participated in the observed chemistry, shuttling from
one tungsten to the other in the conversion of [(silox)2W(CO)]2
to (silox)3WW(silox)(CO)2.3 During the course of carbonylat-
ing a rhenium siloxide derivative, evidence of two formal CO
insertions into Re–OSitBu3 bonds was obtained. The insertion
of CO into any metal–heteroatom bond is unusual, and the
modest number of LnMCO2R isolated,4–10 observed,11 or
inferred12,13 from carbonylation reactions are mostly late
transition metal compounds;4–11 double insertions have not
been discovered.

Reduction of (silox)3ReCl2 114 by Na/Hg in neat PMe3
afforded (silox)3RePMe3 2 in 57% yield upon crystallization
from hexanes [eqn. (1)]. Green 2 is diamagnetic, as expected for

(silox) ReCl (silox) RePMe3 2
Na/Hg, PMe

 NaCl 3 3
3æ Æææææ-2

         
  1                                               2 (1)

a C3v (e4, 1A1) molecule, and exhibited resonances at d 1.22 and
1.38 (JPH 10.4 Hz) in its 1H NMR spectrum corresponding to the
silox and PMe3 protons, respectively.†

As shown in Scheme 1, within 10 min carbonylation of
(silox)3RePMe3 2 generated free PMe3 and a mixture of silox–
carbonyl complexes, (silox)3Re(CO)x. One strong IR absorption
at 1851 cm21 was observed accompanied by several weaker
absorptions at 2018, 1932, 1881 and 1807 cm21; all shift to
1805 cm21, and 1960, 1891, 1836 and 1770 cm21 when 13CO
was employed. Crystallization from hexanes afforded dark
green (silox)3ReCO 3, [n(CO) 1851 cm21, 13C{1H} NMR, d
195.37] in 79% yield. An X-ray crystal structure determination
of 3 confirmed its C3v, monocarbonyl structure (Fig. 1), but the
data quality only permitted isotropic refinement.‡ Normal

distances [d(ReO) = 1.852(14) Å (av.), d(SiO) = 1.676(10) Å
(av.), d(ReC) = 1.842(17) Å, d(CO) = 1.21(2) Å] are observed,
but the angles [•(O–Re–O) = 117.2(15)° (av.), •(O–Re–C) =
99.7(29)° (av.)] reflect a distortion toward trigonal monopyr-
amidal (tmp) coordination from tetrahedral. While intersilox
repulsions are the probable cause, there is also a subtle
electronic advantage to the tmp geometry derived from p-
bonding. The remaining IR bands in the original mixture are
considered to belong to the carbonyls of (silox)3Re(CO)n 4 (n >
1). It is probable that 3 and free CO are in equilibrium with 4,
since a single broad resonance is observed for the silox ligand in
the 1H NMR spectrum of the mixture, and (silox)3Re13CO
(3-13C) rapidly exchanges with CO.

Continued monitoring of the solution containing (silox)3-
RePMe3 2 and CO revealed the growth of a new compound 5 at
the expense of (silox)3ReCO 3 and (silox)3Re(CO)n 4. A 2+1
ratio (d 1.29: d 1.41) of siloxides was determined by 1H NMR
spectroscopy, and a new PMe3 resonance was observed at d
1.22 (JPH 9.2 Hz). Interestingly, the IR spectrum of 5 revealed
three CO absorptions at 2024, 1935 and 1631 cm21. Clearly a
type of acyl was present in 5, and the higher terminal CO
frequencies indicated significant competition for p-electron
density on Re. The 13C{1H} NMR spectrum of 5 corroborated
the inequivalent siloxides, and revealed three additional reso-
nances at d 183.85 (JPC 4.6 Hz), 188.45 (JPC 100.7 Hz) and
198.80 (JPC 8.3 Hz). The large JPC and low frequency CO
absorption forced consideration of a phosphaacyl, –COPMe3,
but a search of the Cambridge Crystallographic Database
revealed no analogous compounds, and it seemed unlikely that
carbonyls on a tris-silox rhenium(III) fragment would be
sufficiently electrophilic to incur formation of a zwitterionic
phosphaacyl complex. In addition, the 31P{1H} NMR spectrum
of 5 revealed a d 25.58 resonance consistent with a Re–PMe3
bond.

Scheme 1

Fig. 1 Molecular view of (silox)3ReCO 3. Selected (see text) interatomic
distances (Å) and angles (°): Re–O1 1.844(10), Re–O2 1.844(9), Re–O3
1.868(8), Si1–O1 1.669(10), Si2–O2 1.687(9), Si3–O3 1.671(9); O1–Re–
C1 96.5(6), O2–Re–C1 102.2(6), O3–Re–C1 100.3(6), O1–Re–O2
116.1(4), O2–Re–O3 116.7(4), O1–Re–O3 118.9(4), Re–C1–O4 178.1(15),
Re–O1–Si1 172.8(6), Re–O2–Si2 162.6(6), Re–O3–Si3 161.4(6).
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Since the JPC 100 Hz could be assigned to a large trans-P–
Re–13CO coupling, a CO insertion to form a siloxy–acyl ligand,
CO2SitBu3, was considered. An X-ray structural study of
(silox)(Me3P){cis-(CO)2}Re{trans-(CO2SitBu3)2} 5 corrobo-
rated this possibility, and proved fully consistent with the
spectral data.†‡ As Fig. 2 reveals, 5 possesses trans-siloxyacyl
ligands and cis-CO ligands, one trans to a PMe3 and one trans
to the remaining siloxide. The environment is pseudo-octahe-
dral, with •(O3–Re–CO) = 94.6(3), 171.5(3)°, •(OC–Re–
CO) = 93.7(3)°, •(P–Re–CO) = 84.8(2), 176.8(2)°, and •(P–
Re–O3 = 86.9(2)°. The silacarboxylates are tipped away from
the bulky siloxide [•(O3–Re–C3) = 104.0(2)°, •(O3–Re–
C16) = 107.9(2), •(C3–Re–C1) = 76.0(2)°, •(C16–Re–C1)
= 74.8(3)°] and PMe3 [•(P–Re–C3) = 101.2(2)°, •(P–Re–
C16) = 95.7(2)°, •(C3–Re–C2) = 81.1(3)°, •(C16–Re–C2)
= 81.2(2)°] ligands. From the perspective of covalent radii, the
rhenium–silacarboxylate distances are somewhat long [d(Re–
Cac) = 2.077(6), 2.078(5) Å], belying the acyl CO stretch that
suggests significant p-back-bonding into this unique ligand.

The remaining distances are rather normal, although the
d(Re–O) of 2.032(5) Å is long when compared to systems that
favor O(pp)?M(dp) interactions.1–3,14 Clearly the d4 rhenium
mitigates the usual strong p-donor tendencies of the siloxide.
Taking the Re–O3 bond as the z axis, and Re–P in the xz plane,
it is likely that dxy and dxz are filled, leaving dyz as the lone
receptor orbital for p-donation from the siloxide. Sterics must
also play a role in limiting the interaction, as the bulk of the
silox is clearly tipped away [•(Re–O3–Si3) = 157.4(3)°] from
the PMe3 and into the space above the acyl oxygens and a
carbonyl. Back-bonding into the silacarboxylates and CO by the
filled dxy, and into the two carbonyls by dxz, provides the
competition for electron density that renders the CO stretches
relatively high. When exposed to 13CO, the CO opposite the
PMe3 ligand was identified as the most labile.

Presumably the weakening of D(M–OR) in moving to the late
metals enables CO insertion to be favorable, because there is no
kinetic reasoning that suggests it is intrinsically slow. Con-
sistent with the thermodynamic reasoning is the observation of
H(silox) loss from (silox)3RePMe3 2 upon hydrogenation. The
mechanism of CO insertion, whether internal4–7 or external9,11

[i.e. Ln(silox)Re + CO ? {LnReCO]+[OSitBu3]2 ? LnRe-
CO2SitBu3], is currently unknown, but it is likely that the
unfavorable sterics of a (silox)3Re(CO)x(PMe3)y (x + y = 2–4)
carbonyl derivative would favor insertion to relieve strain about
the Re core.

The US National Science Foundation is gratefully acknowl-
edged for financial support.

Notes and references
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H, d, PMe3, JPH 10.4 Hz); dC 25.32 (CMe3), 31.84 [C(CH3)3], 56.85 [d,
P(CH3)3, JPC 36.7 Hz]; Anal. Calc. for C39H90O3Si3PRe: C, 51.6, H, 10.0.
Found: C, 50.1; H, 9.4% (EA consistently low in carbon). 3: NMR (C6D6),
dH 1.24 (81 H, s, tBu); dC 23.81 (CMe3), 31.00 [C(CH3)3], 195.37 (CO);
Anal. calc. for C37H81O4Si3Re: C, 51.6, H, 9.5%. Found: C, 49.6; H, 9.5%
(EA consistently low in carbon). 5: NMR (C6D6), dH 1.22 (9 H, d, PMe3, JPH

9.2 Hz), 1.29 (54 H, s, tBu), 1.41 (27 H, s, tBu); dC 13.47 [d, P(CH3)3, JPC

27.5 Hz], 23.75 (CO2SiC), 23.94 (ReOSiC), 29.84 [CO2SiC(CH3)3], 31.53
[ReOSiC(CH3)3], 183.85 (d, CO2Si, JPC 4.6 Hz), 188.45 (d, CO, JPC 100.7
Hz), 198.80 (d, CO, JPC = 8.3 Hz); dP 25.58 (ref. H3PO4); IR (Nujol,
cm21) 2024 (vs), 1935 (s), 1631 (s); Anal. Calc. for C43H90O7Si3PRe: C,
50.6, H, 8.9. Found: C, 50.6; H, 8.9%.
‡ Crystallographic data: 3: C37H81O4Si3Re, M = 860.49, monoclinic,
P21/n, a = 8.7010(17), b = 21.072(4), c = 24.334(5) Å, b = 93.89(3)°, U
= 4451.3(15) Å3, T = 173(2) K, Z = 4, m(synchrotron, l = 0.90000 Å) =
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116.971(1)°, U = 2639.1(2) Å3, T = 173(2) K, Z = 2, m(Mo-Ka) = 2.442
mm21, 6387 (Rint = 0.0274) independent reflections, R1 (2s) = 0.0495.

CCDC reference numbers 173800 and 173801. See http://www.rsc.org/
suppdata/cc/b1/b107884b/ for crystallographic data in CIF or other
electronic format.
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Fig. 2 Molecular view of (silox)(Me3P){cis-(CO)2}Re{trans-(CO2-
SitBu3)2} 5. Selected (see text) interatomic distances (Å) and angles (°): Re–
C1 1.934(11), Re–C2 1.965(10), Re–P 2.486(3), Si1–O5 1.698(4), Si2–O7
1.691(4), Si3–O3 1.637(5), C1–O1 1.150(9), C2–O2 1.141(8), C3–O4
1.215(7), C3–O5 1.339(9), C16–O6 1.214(8), C16–O7 1.314(8); C3–Re–
C16 144.5(3), Re–C3–O4 108.8(5), Re–C16–O6 111.2(4), Re–C3–O5
125.4(4), Re–C16–O7 123.7(4), C3–O5–Si1 134.1(3), C16–O7–Si2
137.3(4).
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The longest wave absorption band of the tetramethylthio-
tetrathiafulvalene cation radical, which is usually inter-
preted as a p-dimer band, is shown to be the intrinsic cation
radical absorption, all studied cation radicals in solution at
room temperature exist as paramagnetic monomers and
only tetrathiafulvelene and tetramethyltetrathiafulvalene
cation radicals undergo p-dimerization at low tempera-
tures.

Currently, the alleged ability of stoichiometric cation-radical
salts derived from tetrathio substituted tetrathiafulvalene (TTF)
to form p-dimers at room temperature is widely viewed as a
proof of the presence of significant intramolecular interactions
between the oxidized TTF moieties within a number of
supramolecular structures.1–3 Although NIR absorption bands
of a number of tetrachalcogeno TTF cation radicals were
ascribed to intrinsic absorptions,4 the band at ca. 850 nm
observed in solutions of tetramethylthiotetrathiafulvalene
(TMT-TTF) cation radicals is interpreted as the ‘p-dimer
signature’ and, moreover, it has even been claimed that in
solution, cation radicals exist only in dimerized diamagnetic
form.5 Here we present the results of our studies unequivocally
demonstrating that the above interpretation, based exclusively
on analogies is doubtful and that the cation radicals derived
from TTF, tetramethyl TTF (TMTTF), TMT-TTF and bis(ethy-
leneditio) TTF (ET) exist in monomeric paramagnetic form, at
least at room temperature.

Formation of p-dimers from ion radicals can easily be
monitored by appearance of a new long-wave absorption band
(red-shifted from the longest-wave absorption band of the ion-
radical) and deviation of the EPR signal intensity from the Curie
Law with eventual disappearance of the EPR signal. For TTF
derivatives, appearance of a long-wave band in the absorption
spectrum of 3,9(10)-dimethyldibenzo TTF·+ upon increasing
the concentration or decreasing the temperature in acetonitrile,
was interpreted as formation of p-dimers.6 However, no
dimerization has been observed for the cation radicals of TTF
itself and dibenzo TTF in acetonitrile when cooled to the point
when crystallization occurred. The complete change in absorp-
tion spectra for TTF·+ in ethanol was observed only at 225 K
(1023 M solution)7 and 77 K (1025 M solution)8 and, although
no EPR studies have been made in this case, the interpretation
was confirmed by comparison with the solid state spectra. At
room temperature, no dimers in 1023 M solutions of TTF·+ were
present.8 The above examples of two derivatives differing only
by the presence of two methyl groups, dibenzo TTF·+ (which
does not undergo dimerization) and 3,9(10)-dimethyldibenzo
TTF·+ (which dimerizes at temperatures close to the room
temperature) show that the ability of cation radicals to form p-
dimers can depend on quite minor structural changes and,

probably, reflects the propensity of a cation radical to form
dimers in the solid state.

Unfortunately in the case of TMT-TTF·+, an obviously
erroneous absorption spectrum has been reported in the paper
describing its first synthesis: 461 nm was given as a longest
wave absorption maximum.9 This paper and the misleading
analogy with TTF+·, became a source of numerous mis-
interpretations,1–3,5,10 whereas the later paper with the correct
data11 (850 nm) remained unnoticed.

The non-stoichiometric salts of TTF are usually less soluble
than the stoichiometric ones and often precipitate upon
chemical or electrochemical oxidation of the TTF derivatives, a
fact that makes the isolation of the pure stoichiometric salts
difficult. Recently, we developed an efficient and convenient
synthetic procedure for preparation of TTF derived cation
radicals involving oxidation by iodobenzene diacetate and a
strong acid.12 This enabled us to reinvestigate the spectroscopic
solution behavior of TTF derived cation radicals.

Let us first consider the electronic absorption spectra. UV/
Vis/NIR spectra recorded at room temperature for solutions of
cation radicals in acetonitrile, methylene chloride and ethanol at
various concentrations (1023–1025 M) in the range of
250–2000 nm are in accord with the published data.4a,6,7,8,11

Interestingly, the spectra are practically concentration and
counter-anion independent (Cl, BF4, tosylate and CF3SO3
anions have been checked so far) and only small shifts of
absorption maxima (about 2–5 nm) have been observed in
acetonitrile, methylene chloride and ethanol, whereas the
general shape of absorption bands remains virtually the same.
All spectra are also temperature independent within the
experimental error. Considerable bathochromic shifts of the
longest-wave absorption bands are observed in the series TTF·+,
TMTTF·+, TMT-TTF·+, ET·+ (Table 1). This phenomenon is
predictable: an energy change diagram showed that even a
single alkylthio substituent attached to the TTF moiety interacts

† Electronic supplementary information (ESI) available: electronic absorp-
tion and EPR spectra. See http://www.rsc.org/suppdata/cc/b1/b104934h/

Table 1 Calculated (TD B3LYP/6-31G**//HF/6-31G**) and experimental
longest wave absorption maxima for the cation radicals of TTF, TMTTF,
TMT-TTF and ET

Cation radical
Calculated lmax/nm
(oscillator strength)

Calculated lmax

(nm) (oscillator
strength)a

Experimental
lmax/nm (e)b

TTF·+ 509 (0.070) 556 (0.05) 580 (4,200)
(TTF2)2+ 753 (0.280) — 714 (EtOH)7

TMTTF·+ 567 (0.123) — 652 (7,400)
MeSTTF·+ 729 (0.083) — 78513

TMT-TTF·+ 711 (0.043) — 843 (9,700)
ET·+ 956 (0.185) 867 (0.28) 954 (10,500)
a From ref. 4a, calculated by the LNDO/S PERTCI method using the
experimental geometry (TTF) and HF/6-31G** geometry (ET). b In
acetonitrile, room temperature.

This journal is © The Royal Society of Chemistry 2001
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mostly with the HOMO21 and not with the HOMO14 (in the
LCBO-MO approximation) and, since the long wave absorption
band of TTF cation radical is mainly a HOMO–SOMO
transition, a strong bathochromic shift for the alkylthio
substituted TTF cation radicals is anticipated. This simplified
consideration is fully confirmed by higher-level calculations.15

Geometries of the cation radicals have been optimized on the
Hartree–Fock level using the 6-31G** basis set, which has been
shown to reproduce the experimental geometry of ET·+ within
0.02 Å error.16 We found that the geometries of other
derivatives are reproduced at this level within the same error,
whereas the DFT method gave poor results. Noteworthy,
geometry optimization of (TTF2)2+ gave the energy minimum at
the distance of 3.5 Å between the planes of the slightly distorted
TTF molecules, i.e., close to the experimental in solid state,
whereas optimization failed for (TMT-TTF2)2+. The absorption
spectra (Table 1) have been calculated using time-dependent
density functional theory (TDDFT), which has been demon-
strated to afford accurate predictions for neutral molecules and
radicals‡ (see ref. 17 and refs. therein). The low energy
absorption of methylthio TTF+· (MeSTTF+·) is predicted at 729
nm in a reasonable agreement with the experimental value of
785 nm for the dihydrothieno-fused analog.13 Noteworthy, this
band was also ascribed to the p-dimer solely on the grounds of
concentration dependence that might stem from any other kind
of intermolecular interaction rather than from p-dimerization,
as soon as no temperature/concentration anomalies of the EPR
signal and appearance of the new p-dimer absorption bands
were reported.

Concentrated solutions ( > 1023 M) of the cation radicals
exhibit features of aggregation (intensities of additional absorp-
tion bands are counteranion and concentration dependent).
Spectroscopic features of such solutions will be discussed
elsewhere.

Although the theoretical considerations and UV/VIS/NIR
spectroscopy results discussed above mean that the probability
of cation radical dimerization at room temperature is very small,
the direct proof can only be provided by EPR measurements at
different temperatures. Our experiments show that all studied
cation radicals exhibit strong EPR signals (1 spin per molecule
within ca. 30% of the experimental error) at room temperature
in concentrated (ca. 5 3 1024) solutions in acetonitrile and
ethanol. The g-factors of 2.0080, 2.0078 and 2.0075 were found
for the cation radicals of TTF, TMT-TTF and ET, correspond-
ingly, in ethanol at 300 K.§ The coupling constant of 33S (0.380
mT, 4S) determined for TMT-TTF·+ is close to the value
(0.370)18 found for ET·+.

The temperature dependence of the EPR signals was studied
for the TTF and TMT-TTF cation radicals in ethanol. The
intensity of the EPR signal from TTF·+ obeyed the Curie Law up
to 265 K and disappearance of the signal at 220 K together with
the reported changes in absorption7 can be safely interpreted as
proof for the formation of p-dimers (Fig. 1). Essentially the
same trend was observed in methylene chloride and acetonitrile,
although the lower solubility in the former and relatively high
melting point of the latter make these solvents less suitable.

Owing to a sharper dependence of TMT-TTF·+ solubility on
temperature, this salt crystallized out of the solution (1024 M)
already at ca. 280 K, however, above this temperature the Curie
Law was obeyed. In more dilute solution (1025 M), crystalliza-
tion occurred at ca. 230 K and at 190 K the signal was still
present (Fig. 1). Crystallization of TMT-TTF·+ during measure-
ments is also confirmed by the strong temperature hysteresis
that was practically absent in the case of TTF·+. No other signals
in the region of g ~ 2 and g ~ 4 were detected.

In conclusion, we find that all studied cation radicals in
solution at room temperature exist as paramagnetic monomers.
The assertion is based on electronic absorption spectra, which
are concentration independent in a wide range of concentrations
and the presence of a strong EPR signal. The EPR measure-
ments at different temperatures confirm formation of p-dimers
for TTF·+ below 265 K. No dimerization for TMT-TTF·+ was

observed up to crystallization at 280 K and 230 K, depending on
the concentration. In this case, the paramagnetic monomers
were present even at 190 K. Although p-dimerization could be
favored in linked analogs,1–3,5 the reported spectral features
fully correspond to those expected for the free cation radicals.

The authors thank the Ministry of Science, Israel, for partial
financial support.
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ethanol. Arrows point out the beginning of the Curie Law region.
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The three closely-related compounds [Ti-
(NiPr)Cl2(NHMe2)2] 1, [Ti(NC6H5)Cl2(NHMe2)2] 2 and
[Ti(NC6F5)Cl2(NHMe2)2] 3 all crystallize in the space group
C2/c with the titanium atoms lying on two-fold axes at (0, y,
1/4); in compounds 1 and 2 the molecules are linked in one-
dimensional infinite chains by intermolecular Ti–Cl…H–N
hydrogen bonds along the direction of the crystallographic c
axis, whereas in 3 offset face-to-face interactions between the
C6F5 rings break down the hydrogen bonded chains.

The importance of non-covalent interactions between hydro-
gen-substituted arene rings in supramolecular chemistry is now
well-recognised.1 Arene–perfluoroarene interactions represent
a special case and are, for instance, responsible for the 24 °C
melting point of the 1+1 benzene–perfluorobenzene complex
(while those of neat benzene and perfluorobenzene are 5.5 and
4 °C, respectively).2 Such mixed arene–perfluoroarene inter-
actions have recently attracted renewed attention in a range of
supramolecular contexts.3 More recently, reports of the possible
importance of supramolecular interactions between pairs of
perfluoroarene rings in organic and inorganic/organometallic
contexts have appeared.4 Hunter and Sanders were the first to
propose a simple model for the interpretation of intermolecular
p-interactions between aromatic molecules.5 Also recently,
Dance and coworkers6 reported density funtional calculations
on the gas-phase dimers (C6H6)2 and (C6F6)2 and concluded that
(i) intermolecular interactions between perfluorinated aromatic
rings are slightly more attractive than those of the hydro
analogues (due mainly to an increased van der Waals compo-
nent); (ii) calculated intermolecular potentials for offset face-to-
face (off) interactions between pairs of C6F6 rings are twice as
favourable as edge-to-face or vertex-to-face interactions; and
that (iii) there are no major differences between the supramo-
lecular embraces adopted by poly-phenyl and poly-fluoro-
phenyl systems. Despite these recent, promising indicators of
such supramolecular interactions, no clear-cut, ‘head-to-head’
study has been reported showing the relative importance of
fluoroarene–fluoroarene interactions in comparison with possi-
ble arene–arene or other (e.g. hydrogen bonded) supramolecular
motifs. Here we report the molecular and supramolecular
structures of a series of closely related compounds that further
demonstrate the importance of fluoroarene–fluoroarene inter-
actions in crystal engineering.

As part of our research programme in transition metal imido
chemistry7 we found that the reaction of a very wide range of
primary amines RNH2 (R = alkyl or aryl) with [TiCl2(NMe2)2]
in benzene leads to the highly air- and moisture-sensitive imido-
bis(dimethylamino) titanium complexes [Ti(NR)Cl2(NHMe2)2]
in good to excellent yields.8 In this communication we
focus on the molecular and supramolecular structures of three of

these compounds, namely where R = iPr 1, C6H5 2 or C6F5 3.†‡
The solid state molecular structures are fully consistent with the
solution 1H and 13C-{1H} NMR and solid state IR (Nujol mull)
spectra given as ESI.†

The molecular structures of [Ti(NR)Cl2(NHMe2)2] (R = iPr
1, C6H5 2 or C6F5 3) are presented in Fig. 1.‡ All adopt
approximately trigonal bipyramidal geometries (equatorial NR
and Cl groups) with linear or near-linear TiNN–R linkages; the
intramolecular distances and angles in 1–3 are unexceptional in
comparison with other titanium imido complexes.9 Hydrogens
were placed in calculated positions (N–H 0.87 Å, C–H 1.00 Å).
The structures are approximately isomorphous, with all three
compounds crystallizing in the space group C2/c and the Ti
atoms lying on crystallograhpic two-fold axes (passing through
the TiNN bond) at (0, y, 1/4) or a symmetry-equivalent position.
While the molecular structures of 1, 2 and 3 are very similar,
their supramolecular structures differ significantly.

Molecules of [Ti(NiPr)Cl2(NHMe2)2] 1 form hydrogen
bonded chains in the solid state as shown in Fig. 2(a). Hydrogen
bonds form between the N–H groups of NHMe2 ligands and Ti–
Cl group hydrogen bond acceptors on neighbouring titanium
complexes, and propagate in the direction of the crystallo-
graphic c axis. The Ti–Cl…H–N contacts of 2.51 Å may within
error be considered ‘short’ according to Brammer and Orpen’s
classification10 based on a detailed analysis of crystallographic
data.9 Moving on to the phenylimido system
[Ti(NC6H5)Cl2(NHMe2)2] 2 [Fig. 2(b)] we encouter the same
hydrogen-bonded supramolecular arrangement with experi-
mentally comparable Ti–Cl…H–N contacts of 2.46 Å and
Cl…H–N angles (158° in 2 vs. 160° in 1). There are single C–
Harene…C pairwise contacts (C–H…C = 3.17 Å) between rings
of one hydrogen-bonded chain of 2 and the neighbouring one.
However, these are considered to be secondary consequences of
the favoured Ti–Cl…H–N hydrogen bonded arrangement
established for 1 (where no arene–arene interactions are
possible). The a [16.913(1) vs. 16.260(1) Å] and c [12.044(1)
vs. 11.935(1)] unit cell lengths for 1 and 2 are fairly similar
while the b unit cell dimensions of 9.101(1) and 10.303(1) Å,

† Electronic supplementary information (ESI) available: characterisation
and crystal data for compounds 1–3. See http://www.rsc.org/suppdata/cc/
b1/b109251k/

Fig. 1 Structures of [Ti(NR)Cl2(NHMe2)2] [ (a) R = iPr 1; (b) R = C6H5

2 and (c) R = C6F5 3]. C-bound H atoms omitted; displacement ellipoids
drawn at the 25% probablility level; H atoms drawn as spheres of arbitrary
radius.
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respectively, show the greatest difference (being the direction in
which the larger imido substitutent, iPr vs. C6H5, is oriented).

Turning now to the perfluorophenylimido complex
[Ti(NC6F5)Cl2(NHMe2)2] 3 [Fig. 3(a)] we see immediately that
the unit cell has considerably distorted to disrupt the hydrogen
bonded chain and arrange the neighbouring perfluorophenyl
rings in a close, offset face-to-face (off) arrangement. The Ti–
Cl…H–N distances of 2.93 Å (associated C…H–N angles =
136°) may now be classified10 as ‘long’, and are approximately
equal to the sum of the van der Waals radii for H (1.2 Å) and Cl

(1.75 Å).11 The solid state (Nujol mull) IR spectra of 1, 2 and 3
feature NHMe2 ligand n(N–H) stretches of 3228, 3220 and 3275
cm21, respectively, consistent with the variations in Cl…H–N
interactions determined by X-ray diffraction. While the unit cell
a length [15.696(3) Å] in 3 is comparable to those in 1 and 2
(unsurpringly since it is perpendicular to the direction of
propagation of the (formerly) hydrogen-bonded chain), there is
a substantial expansion in the b direction [unit cell length =
15.569(1) Å] and a concomitant large contraction in the c unit
cell length [6.7371(9) Å]. The separation between neighbouring
titanium centres is c/2 = 3.365 Å which is just slightly larger
than the interplanar separation of 3.23 Å between neighbouring
C6F5 rings.

Fig. 3(b) shows in projection the off arrangement of two
adjacent C6F5 rings. Each of the rings shown is involved in four
close contacts to the neighbouring ring, namely two with C…C
3.264(3) Å and two with F…C 3.256(4) Å. In the p-stacked
motif in crystals of 3 this gives each ring eight contacts in total
(four with each of its two neigbours). The C…C and C…F
contacts can be favourably compared to Dance and coworkers’
calculated values of 3.19 and 3.14 Å, respectively, for gas-phase
off-(C6F6)2 (being the most stable supramolecular arrangement
for this dimer).6

In summary, the crystal structures of the three compounds
1–3, when taken together, provide further evidence for the
comparatively strong driving force of supramolecular
C6F5…C6F5 p-stacking interactions in the solid state. Such
interactions appear to be at least as strong as other, well-
documented examples such as M–Cl…H–N–M hydrogen
bonding.10 We are continuing to investigate the supramolecular
and crystal engineering roles of these types of interactions
between C6F5 rings for both imido and non-imido systems.

This work was supported by the EPSRC, DSM Research and
Millenium Pharmaceuticals Ltd. We thank Professor Ian Dance
for disclosing some additional computational results.
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‡ CCDC reference numbers 172499–172501. See http://www.rsc.org/
suppdata/cc/b1/b109251k/ for crystallographic data in CIF or other
electronic format.
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Fig. 3 (a) Portion of the p-stacked chains of [Ti(NC6F5)Cl2(NHMe2)2] 3
with carbon-bound H atoms omitted. Intermolecular Ti–Cl…H–N distances
= 2.93 Å and Cl…H–N angle = 136°. (b) Relationship between the C6F5

groups bonded to N(1) and N(1C). Projected strictly onto the
{C(1),C(2),C(3),C(4),C(2B),C(3B)} least-squares plane. Separation be-
tween C6F5 planes = 3.23 Å.
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Monophenyl and diphenyl pseudoxazolone derivatives of
glycine and alanine were prepared and found to be time-
dependent inhibitors of hepatitis A virus (HAV) 3C and
human rhinovirus (HRV) 3C proteinases with IC50 values in
the micromolar range.

Cysteine proteinases have attracted much attention as ther-
apeutic targets because of their implication in many diseases
such as osteoporosis, Alzheimer’s, and arthritis.1 As part of our
ongoing effort on the inhibition of hepatitis A virus (HAV) and
human rhinovirus (HRV) 3C cysteine proteinases, we have
explored pseudoxazolones as a new motif for inhibition of these
enzymes.

HAV causes an acute infection of the liver whereas HRV is
the major causative agent for the common cold in humans.2 Like
other picornaviruses, the HAV and HRV genome consists of a
small positive strand RNA, which upon translation produces a
single polyprotein precursor. This polyprotein undergoes multi-
ple proteolytic cleavages by the 2A and/or 3C proteinases to
produce the structural and nonstructural viral components.3 In
HAV, these cleavages are mediated solely by the 3C enzyme, a
cysteine proteinase present in all picornaviruses.4 Crystal
structures of HAV 3C5 and HRV 3C6 have revealed that these
enzymes are distinct from the papain cysteine proteinases and
have folds that closely resemble the chymotrypsin serine
proteinases.

Several potent inhibitors of HAV 3C and HRV 3C protei-
nases have been reported by our group7 and by others.8 The
ability of pseudoxazolones to react with thiols at the imine9

position suggests that these compounds can be used to inhibit
thiol containing enzymes (Fig. 1). We first explored the
diphenyl pseudoxazolone analogue of glycine 1 and alanine 2.
These compounds are readily prepared using a modified
literature procedure.10 Condensation of glycine 3 or alanine 4
with 2-chloro-2,2-diphenylacetyl chloride (Scheme 1) gives the
corresponding halo adducts, which upon reaction with acetic
anhydride–pyridine or DCC undergo cyclization followed by
elimination of HCl to afford the desired compounds 1 and 2.
Testing of these compounds against HAV 3C C24S mutant§
indicates that 1 is a time dependent inhibitor with an IC50 of 33
mM (Table 1). However, the alanine derivative 2 was found to

be less active with an IC50 > 100 mM, possibly because the
methyl group in 2 offers some steric interaction to the
nucleophilic thiol of the enzyme. Our next approach was to
prepare the monophenyl pseudoxazolone analogues of glycine
5a,b and alanine 6a,b. These compounds can be synthesised as
depicted in Scheme 2.10b,c Although these pseudoxazolones
have previously been reported as a mixture of E and Z isomers,
we were able to separate each isomer by flash column
chromatography for full characterisation. The E and Z config-
urations were assigned based on the proton (1H) chemical shift
of the olefinic hydrogen. The E isomer has its olefinic proton

† Canada Research Chair in Bioorganic and Medicinal Chemistry.
‡ Canada Research Chair in Protein Structure and Function.

Fig. 1 Possible mode of inactivation by cysteine proteinase.

Scheme 1 Reagents and conditions: (i) 2-chloro-2,2-diphenylacetyl chlo-
ride, propylene oxide, ethyl acetate, D (ii) DCC, propylene oxide, CH3CN,
80% over 2 steps. (iii) Ac2O, pyridine, 68% over 2 steps.

Table 1 Inhibition data for HAV 3C and HRV 3C proteinases

Compound HAV 3C IC50 (mM)a HRV 3C IC50 (mM)b

1 33 38
2 > 100 > 100
5a 6 16
5b 4 17
6a 26 43
6b > 100 > 100
a Fluorometric assay conditions: 0.1 mM HAV 3C, 10 mM Dabcyl-
GLRTQSFS-Edans, 2 mM EDTA, 0.1 mg/mL BSA, 100 mM KH2PO4–
K2HPO4, 1% DMF, pH 7.5, 5 min pre-incubation of the enzyme with
inhibitor. b Continuous UV assay conditions: 0.4 mM HRV 3C, 250 mM
EALFQ-pNA, 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% DMF, pH
7.5, 5 min pre-incubation of the enzyme with inhibitor.

Scheme 2 Reagents and conditions: (i) DL-2-chloro-2-phenylacetyl chlo-
ride, NaOH, H2O, 0–5 °C; (ii) Ac2O, pyridine, the yields reported are over
two steps.
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aligned with the oxazolone ring oxygen and is more deshielded
(Fig. 2) compared to the Z isomer which is aligned with the
imine nitrogen. These observations were further supported by
two X-ray crystal structures of 5b and 6a¶ (Fig. 3). Although
interconversion of the E and Z double bond is possible, this was
not observed for the monophenyl pseudoxazolones. Assay of 5a
and 5b against HAV 3C proteinase gives time dependent
inhibition with IC50 of 6 mM and 4 mM, respectively. However,
compounds 6a and 6b display different levels of inhibition. The
E isomer 6a is a time dependent inhibitor with an IC50 of 26 mM.
However, the Z isomer 6b displays weaker inhibition, with an
IC50 > 100 mM, indicating that the enzyme has a selectivity for
the E over the Z isomer when there is substitution at the imine
carbon. Other derivatives with different substitution at the imine
position (data not shown) display the same type of behaviour.
This is possibly due to some unfavourable electronic interaction
of the phenyl group of 6b in the active site of the enzyme.

Assays of these pseudoxazolones against HRV 3C proteinase
(Table 1) also show the same pattern of inhibition as that
observed for the HAV 3C enzyme. Although the inhibition
levels are weaker for the HRV 3C proteinase, it should be noted
that the amount of enzyme used in the HRV assay (0.4 mM) is
more than that for HAV (0.1 mM) because of the limitations of
the UV assay used for the former.

In summary, we have shown that pseudoxazolones are potent
inhibitors of HAV and HRV 3C enzymes with micromolar IC50
values in the range. Although the monophenyl pseudoxazolones
of glycine 5a and 5b show comparable inhibition, this is not the
case with the alanine derivatives, indicating that the enzymes
have selectivity for the E 6a over the Z isomer 6b. X-Ray crystal
structures of 5b and 6a have helped to assign the geometrical
configuration of the monophenyl pseudoxazolone analogues.
The inhibition data and mass spectrometry suggest that the
enzyme forms a covalent bond with the inhibitors. Further
mechanistic studies involving 13C labelled analogues and
pseudoxazolones with other substitution patterns are in pro-
gress. The use of pseudoxazolones for inhibition of other
cysteine proteinases is also being explored.

We thank Drs Bruce Malcolm (Schering Plough), Ernst
Bergmann and Craig Garen (Biochemistry Department, Uni-

versity of Alberta) for enzyme preparation and helpful sugges-
tions. We are grateful to Dr Robert McDonald for crystallo-
graphic analyses. These investigations were supported by the
Natural Sciences and Engineering Research Council of Canada
(scholarship to N. I. M.; summer studentship to L. S.) and the
Alberta Heritage Foundation for Medical Research (scholarship
to Y. K. R.).
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pH 7.5.4 HRV 3C assays used the 3C proteinase from serotype 14.7a

¶ Crystal data for 5b: C10H7NO2: M = 173.17, triclinic, a = 5.5390(6), b
= 7.2645(8), c = 10.4291(11) Å, a = 83.673(2), b = 83.789(2), g =
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b109095j/ for crystallographic data in CIF or other electronic format.
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Fig. 2 1H Chemical shift of the glycine pseudoxazolone olefinic proton in
acetone-d6 (300 MHz).

Fig. 3 Crystal structure of 5b (top) and 6a (bottom).
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The high relaxivity of [GdaDO3A]32 (r1p = 12.3 mM21 s21,
20 MHz, 298 K, tm = 30 ns) in water is maintained in serum
solution because the binding of protein and endogeneous
anions, e.g. HCO3

2/CO3
22 is suppressed by electrostatic

repulsion.

All of the gadolinium complexes used currently as contrast
agents in magnetic resonance imaging are mono-aqua spe-
cies.1,2 Complexes which possess two bound water molecules
have not been used despite the large increase in relaxivity
expected from the enhanced paramagnetic contribution, (r1p in
eqn. (1), where c is complex concentration, q is the number of

r
cq

T1p
m m

=
+

È

Î
Í

˘

˚
˙55 6

1

1. t (1)

inner sphere waters, tm is the water exchange lifetime and T1m

is the longitudinal water proton relaxation time). The failure to
develop such q = 2 systems has arisen for several different
reasons. They may possess insufficient kinetic or thermody-
namic stability with respect to acid or cation mediated
dissociation to allow their safe use in vivo.1–3 In other cases the
complexes tend to bind endogeneous anions in serum—such as
phosphate, carbonate or lactate—displacing one or both of the
inner sphere waters in the ternary complexes and lowering the
relaxivity.4 Occasionally the water exchange lifetime, tm is
rather long, limiting the relaxivity. Finally, in the presence of a
protein such as serum albumin, aided by the interaction of, for
example, side chain carboxylates in Glu or Asp residues, the
inner sphere waters again may be displaced.5 Thus although
several promising q = 2 gadolinium complexes have been
defined,6 none has been shown to overcome simultaneously
each of these constraints.

The complex [GdDO3MA] has been shown to possess
sufficiently high stability7 to allow its safe use in vivo. Using
this as a starting point, we have examined the behaviour of the
derivatives [GdgDO3A]32 2 and [GdaDO3A]32 3, based on the
hypothesis that their anionic side chains would inhibit the
encounter with negatively charge species. For purposes of
comparison, we have contrasted their behaviour to the related
series of tetra-substituted complexes 4a–c, derived from the
archetypal lanthanide ligand, DOTA (DOTA = 1,4,7,10-tetra-
azacyclododecane tetraacetate).

The ligands and their Eu and Gd complexes were prepared as
stereoisomeric mixtures by reported methods8 and gave sat-
isfactory 1H NMR and high resolution ESMS data. The number
of bound water molecules in aqueous solution at pH 7 was
measured for the series of Eu complexes (Table 1), and revealed
that [EuaDO3A]32 possessed two bound waters, whereas in
[EugDO3A]32 the Eu ion only bound one. The form of their

europium emission spectra also differed significantly in the
hypersensitive DJ = 2 and 4 manifolds and in the observation
of only two distinct transitions in the DJ = 1 region for
[EugDO3A]32, and three for [EuaDO3A]32. The total emission
spectrum of the latter closely resembled that of [EuDO3A].
Emission spectra were also examined in the presence of a
simulated extracellular ionic background (30 mM NaHCO3,
100 mM NaCl, 0.9 mM KH2PO4, 2.3 mM/0.13 mM potassium
lactate/citrate), and in the presence of each anion separately—
over the pH range 3.5–10.5. Spectra obtained† revealed that
carbonate was bound preferentially in each case. However, the
onset of this effect shifted from around pH 7.5 for [Eu-

† Electronic supplementary information (ESI) available: pH dependence of
europium emission spectra, stability screening details and relaxivity/pH
plots for selected Gd complexes. See http://www.rsc.org/suppdata/cc/b1/
b108294a/

Table 1 Selected relaxivity data, hydration numbers and correlation times
for gadolinium complexes (298 K, 20 MHz)

Complex r1p
a/mM21 s21 tm/ns tr/ns qb (±0.2)

[GdaDO3A]32 12.3 (13.8) 30 130 2.2
[GdgDO3A]32 5.4 (6.2) 230 130 1.2
[GdDO3A]d 6.0 160 66 1.8
[GdaDOTA]32 7.6 (8.9) 200 154 1.0
(RRRR)-[GdgDOTA]32 7.3 (9.0) 68c 116 1.1
[GdDOTA]2 4.2 224 73 1.0
a Values in parenthesis refer to relaxivities in water (pH 7.2) at 65.3 MHz
and 293 K. b Derived from measurements in H2O and D2O of the radiative
rate constants for depopulation of the Ln excited state in the corresponding
Eu complex9 (295 K, pH 7.2, I = 0.1 M NaCl, lex = 397 nm). c Mean tm
values of 140 and 270 ns were measured for the RRRS and RSRS isomers
containing more of the slower exchanging square antiprismatic isomer.8
d For (RRR)-[GdDO3MA], a relaxivity of 4.4 mM21 s21 (20 MHz, 313 K)
was reported,7 with qTb = 1.4.
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aDO3A]32 to ca. pH 8 for [EugDO3A]32. Taken together, these
luminescence studies suggested that intramolecular (seven-
ring) carboxylate ligation occurred for [EugDO3A]32, displac-
ing one of the bound waters and slightly suppressing com-
petitive carbonate binding at higher pH (Scheme 1). Different
behaviour was exhibited by [EuaDO3A]32, which remained a
diaqua species at ambient pH; presumably eight-ring chelate
formation is too strained.

Relaxivity measurements were made for each complex as a
function of pH and magnetic field (NMRD profile). Data are
collated in Table 1, together with measurements of water-
exchange lifetimes, tm, using VT-17O NMR methods1,2 and
estimates of rotational correlation times, tr, derived from
iterative fitting of NMRD profiles. Most striking is the high
relaxivity and the short water exchange lifetime of [Gd-
aDO3A]32, in comparison to both [GdgDO3A]32 (q = 1, long
tm) and [GdDO3A] (q = 1.8 but rather long tm and shorter tr).
The comparative NMRD profiles (298 K) highlight these
differences (Fig. 1). The fast water exchange rate (tm = 30 ns,
298 K) for [GdaDO3A]32 is intriguing; it may be a consequence
of the structuring effect of the pendant carboxylate groups on
the nature of the second sphere of hydration.

The pH dependence of relaxivity for [GdaDO3A]32 was
examined at 65.3 MHz in serum and in a simulated extracellular
anionic background. At high pH, carbonate ions chelate to the
lanthanide centre displacing both water molecules. Limiting
maximal relaxivity values were reached at pH 7.3 and 7.0 in the
anionic (r1p = 10.1 mM21 s21, 293 K) and serum (12.3 mM21

s21) backgrounds respectively, consistent with the pH-depend-
ence of Eu emission intensity discussed above. Polyanionic
lanthanide complexes are susceptible to proton and cation-
mediated dissociation pathways.3b,10,11

A useful empirical method assessing kinetic and equilibrium
lability has been reported recently. Relaxivity measurements
(pH 7 phosphate buffer) are taken as a function of time (0 ?125
h) in the presence of endogeneous cations (e.g. Zn2+) that may
promote dissociation of the free Gd3+ ion, which is then trapped
as its insoluble phosphate,12 reducing the observed relaxivity. In
this empirical ‘screen’, [GdaDO3A]32 was ten times more
kinetically inert than [GdDTPA]22 (Magnevist) which has been
used clinically since 1988.

In summary, [GdaDO3A]22 is the first q = 2 complex that
has been shown to be suitable as the basis of an MRI contrast
agent. The fast water exchange rate, and minimisation of anion/
protein binding suggests it may be a particularly attractive
candidate as the basis for higher MW conjugates as needed in
MR angiography studies, for example.1,2

This work was supported by the EPSRC and Guerbet s.a.
(Paris) and was carried out under the EC COST Action D-18,
‘Lanthanide Chemistry for Diagnosis and Therapy’.
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Scheme 1

Fig. 1 NMRD profiles for [GdaDO3A]32 (5) and [GdgDO3a]32 (2) (298
K). Best fitting parameters included D2 = 2.75 (3.14) 3 10219 s21, and tr
= 130 (130) ps.
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NMR observation of a new lignin structure, a spiro-dienone†
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A spiro-dienone structure (b-1/a-O-a) has been observed as
one of the important structures present in spruce and aspen
lignins, with abundance as high as 3% in spruce lignin.

Lignin macromolecules consist of phenylpropanoid units that
are linked to each other by various types of ether and carbon–
carbon bonds. Opinions on the occurrence and frequency of the
b-1 linkage in lignin have been quite divergent among wood
chemists. The abundance of the b-1 structure has been estimated
to range from 1% to 15% in spruce lignin,1–3 depending on the
analytical method applied. The b-1 structure has been observed
to be one of the major type of lignin inter-unit linkages by
studies using mild hydrolysis4,5 and thioacidolysis.6 On the
other hand, efforts to detect the b-1 structure in milled wood
lignin (MWL) by using 1H NMR,1 2D HMQC NMR7,8 or

ozonation2 have not been very successful, suggesting that this
structure might only be a minor constituent in milled wood
lignin.

To explain the discrepancies in the applied analytical
methods, it has been suggested that a precursor of the b-1
structure, a dienone structure (I in Scheme 1) might be present
in native lignin.9 On acid hydrolysis, the dienone structure
would be converted to the b-1 structure (II in Scheme 1).

There have been several reports in the literature showing
supporting evidence for the presence of such a precursor in
lignin. We have observed previously that mild acid hydrolysis
of spruce wood meal, pre-methylated with diazomethane,
resulted in the release of lignin b-1 dimers predominantly
carrying a free phenolic hydroxy group on ring B.6 This
observation suggested that the ring B originally was present in
the form of a dienone structure. More evidence supporting the
existence of the dienone structures in lignin includes the recent
isolation of the sesquineolignan woorenol,10 the synthesis of
spirocyclohexadienone structure by radical coupling of lignin-
like model compounds11 and the isolation of an isochroman
structure among the lignin degradation products after a DFRC
treatment12 as well as some 3D NMR evidence.13 In the present
communication, we present direct observations of the spiro-
dienone structures of type I in spruce and aspen MWLs by NMR
techniques.

Two spruce MWL samples and one aspen MWL were
prepared. One of the spruce lignin samples (MWL1) was
prepared from freshly cut spruce wood by milling with steel-
balls for 3 days.14 The other spruce lignin sample (MWL2) was
prepared from an aged spruce wood log by milling with
porcelain balls for 14 days.15 The spiro-dienone structure was

† Electronic supplementary information (ESI) available: 13C, QUAT,
HMBC and HSQC NMR spectra. See http://www.rsc.org/suppdata/cc/b1/
b108285j/

Scheme 1

Fig. 1 Signals for the spiro-dienone structure (b-1/a-O-a) were observed and assigned in the HSQC spectrum of an acetylated spruce milled wood lignin
(MWL1 acetate in acetone-d6).
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observed in both spruce and aspen lignins using NMR analyses.
In the quantitative 13C NMR spectrum, the signal at 180.7 ppm
was assigned to the carbonyl group at position B4. According to
the quantitative 13C NMR analyses, the abundance of the
dienone structure was estimated to be more than 3% in MWL1,
1.5% in MWL2 and about 1.8% in the aspen lignin.

In the HSQC spectra (Fig. 1) of the two acetylated spruce
lignin samples, signals for Aa, Ab, Ag, B2, B5, B6 and B-
OCH3 were assigned. The quaternary carbon B1 was observed
at 55.5 ppm by a QUAT spectrum. The connections between
Aa, Ab and Ag and those between B5 and B6 were observed by
HSQC-TOCSY experiments. The long-range connections be-
tween H-B5/C-B1, H-B5/C-B3, H-B2/C-B4, H-B2/C-B6 and
H-B6/C-B4 were established by HMBC experiment.

According to the HSQC spectrum (Fig. 1), there are two
isomeric forms of the spiro-dienone structure (I) in MWL1. In
MWL2, on the other hand, only one of the isomers could be
observed. Furthermore, the MWL1 sample contained only a tiny
amount of the b-1 structure (II) whereas MWL2 had a high
content of the b-1 structure (II) in the erythro conformation.
The signal for the a-CH of the threo form of the b-1 structure
(II) appears at 76.6/6.02 ppm, whereas the same signal for the
erythro b-1 structure (II) appears at 75.8/6.13 ppm, very close
to the predominant signal for the a-CH of the b-O-4 structures
(75.4/6.11 ppm). Possibly, one of the spiro-dienone isomers was
less stable and was converted to the erythro b-1 structure (II)
either during storage of the wood or during the extended period
of milling. In aspen milled wood lignin, the content of I was also
found to be higher than the b-1 structure (II) according to the
intensity of their respective NMR signals. Therefore, the spiro-

dienone structure I can actually be the predominant form of the
b-1 structures present in both soft- and hardwood native
lignins.
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Greatly improved activity in ruthenium catalysed butanone synthesis
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In situ mixing of ruthenium trichloride with one equivalent
of 1,10-phenanthroline yields a highly active catalyst for
synthesis of butanone from buta-1,3-diene.

Butanone is an industrial solvent, nowadays produced on a
Mton scale per year.1 It is presently prepared from butenes in a
three-step process according to eqn. (1).2 The use of large

(1)

quantities of concentrated sulfuric acid, which need to be
reconcentrated after the second step, make this process in
principle less desirable from an environmental and an economi-
cal point of view. Therefore, new synthetic strategies have been
developed in recent years.

Butadiene is readily obtained from naphtha cracker C4-
streams and its two double bonds make it susceptible towards
electrophilic addition. Routes to butanal using butadiene via
addition of amines3 or alcohols,4 followed by isomerisation of
the allylic double bond and hydrolysis, have been patented.
Acid-catalysed hydration of butadiene gives rise to two regio-
isomeric alcohols [eqn. (2)], but-3-en-2-ol and but-2-en-1-ol, in

(2)

an equilibrium that lies heavily on the left-hand side. The former
alcohol can be isomerised to butanone [eqn. (3)].5 In a one-pot

(3)

synthesis, the thermodynamically favourable formation of
butanone avoids an extensive (and thus costly) butadiene
recycle. Unfortunately, almost all catalysts capable of allylic
alcohol isomerisation are strongly poisoned by butadiene.

In the early 1990s, the synthesis of butanone from butadiene
catalysed by a mixture of [Ru(acac)3] (Hacac = pentane-
2,4-dione), 1,10-phenanthroline (phen) and a Brønsted acid in
water was published.6 However, the reported cumulative turn
over number (TON) of 1200 in 32 h is not sufficiently high to
be economically interesting. The limited TON is due to catalyst
deactivation via two pathways: ligand redistribution and metal
reduction, which result in inactive [Ru(phen)2(S)2]2+ (S =
solvent) and [Ru(phen)3]2+ species [eqn. (4)].6,7 Yet, despite

(4)

considerable effort,8 until now no catalyst was found to be more
active.

Strongly coordinating anions like chlorides were originally
thought6 to hamper catalysis by blocking vital coordination
sites. In fact, [RuCl3·xH2O] in combination with two equiva-
lents of 2,2A-bipyridine (bpy) gave only low activity. However,
during the course of our studies,7 it was found that the presence

of chloride ions in some cases had a promoting effect. Here, we
report the reinvestigation of RuCl3 as catalyst precursor in the
synthesis of butanone from butadiene.

The results of in situ experiments for the direct conversion of
butadiene to butanone are shown in Table 1.† The blank
experiments shown in entries 1 and 2 confirm the need for both
ruthenium and phenanthroline. Especially the amount of ligand
is crucial. Whereas RuCl3 with two equivalents of phen (entry
5) gives only moderate activity that is comparable to previous
results (entry 3), RuCl3 with one equivalent phen is by far
superior as is shown in entry 4. This result demonstrates clearly
that with a chloride-containing precursor high activity can be
obtained, contrary to earlier ideas. Mixed with one equivalent of
bipyridine, RuCl3 is only as active as Ru(acac)3 with one phen
(entry 6).

Not only are initial rates higher, the RuCl3–phen system
surpasses the Ru(acac)3–phen system if TONs are considered as
well. After a mere two hours, 1400 turnovers can be attained.
Importantly, the RuCl3–phen system is exceedingly selective.
The most important side products in this reaction are the Diels–
Alder dimer of butadiene (vinyl cyclohexene) and butenes
together with methyl vinyl ketone, but their formation can be
reduced to less than 1% with a suitably low initial butadiene
loading of the autoclave. Thus, high TONs can be reached with
a minimum amount of side products. This is demonstrated by an
experiment in which the amount of butadiene is fed into the
autoclave in two consecutive portions. A cumulative TON of
2750 in less than 10 h was obtained. It is to be foreseen that an
even higher TON can be reached, since no serious catalyst
deactivation occurred over the two runs.

The unexpected high activity of the RuCl3–phen system may
be explained by the role the chloride anion plays in preventing
the ligand redistribution reaction shown in eqn. (4). Its strong
coordination may prevent extensive formation of inactive bis-
and tris-phenanthroline complexes, thereby increasing the

Table 1 Synthesis of butanone from butadiene, catalysed by in situ
generated ruthenium complexesa

Entry Catalyst precursorb TOF/h21c k/h21d

1 — 0 0
2 RuCl3 2.5e N.d.f
3 Ru(acac)3 + 1 eq. phen 230 0.11
4 RuCl3 + 1 eq. phen 960 0.67
5 RuCl3 + 2 eq. phen 230 0.19
6 RuCl3 + 1 eq. bpy 250 0.22
7 RuCl3 + 1 eq. phen + 3 eq. AgOTs 34e 0.64
8 RuCl3 + 1 eq. pheng 700 0.41
a Reactions were performed in a 250 ml Hastelloy C autoclave at 145 °C for
10 h. Substrate: 10 ml butadiene. Acid: 3.5 mmol toluene-p-sulfonic acid
(HOTs). Solvent: diglyme–water 70+30. b 0.09 mmol of metal complex was
mixed in situ with the appropriate amount of ligand. c Initial turn over
frequency (TOF) calculated with first order rate equations. Turnovers are
determined with GLC. Selectivity to butanone: > 95%. d Determined by
fitting first order curves to autoclave pressure vs. time plots. e Average value
over 10 h. f N.d. = not determined. g Acid: 1.75 mmol HCl
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concentration of catalytically active mono-phenanthroline ru-
thenium complexes. To verify this hypothesis, several samples
taken during the reaction were analysed with mass spectrometry
(MS). In the early stages of the reaction, Ru(III)- and Ru(II)-
complexes with one phenanthroline, such as [Ru(phen)Cl2]+

and [Ru(phen)(S)Cl]+ are dominant. This is the first time that
ruthenium complexes containing only one phenanthroline
ligand could be identified in this reaction.6 Two other species
are present in minor amounts: [Ru(phen)2Cl2]+ and its Ru(II)
analogue. Most noteworthy is the complete absence of com-
plexes with three phenanthroline ligands. During the reaction,
mono-phenanthroline complexes are converted to complexes
with two phenanthroline ligands, but not with three. At the end
of the 10 h reaction, complexes with only one phenanthroline
ligand can still be detected. These results from MS prove that
chloride ions indeed coordinate strongly to the ruthenium centre
and prevent the formation of [Ru(phen)3]n+. In the Ru(acac)3–
phen system, between 20 and 40% of the ruthenium was present
as [Ru(phen)3]2+.6

The present RuCl3–phen system is much more sensitive to the
ligand to metal ratio than the Ru(acac)3–phen system. When
two equivalents of phenanthroline are added to RuCl3, the
strong chloride coordination becomes a problem. [Ru-
(phen)2Cl2]+ is formed instantly and chloride dissociation is
slow.9 With Ru(acac)3, initial dissociation of acac is rate
limiting and the influence of phenanthroline concentration is
therefore much smaller.

The greater basicity and flexibility of bipyridine compared to
phenanthroline render its coordination more reversible and this
in turn makes ligand redistribution more prominent. Hence, the
lower activity of RuCl3 with one equivalent bpy can be
explained by the increased formation of [Ru(bpy)2Cl2]+, which
is confirmed with MS on a spent catalyst.

Complete removal of chloride ions by silver(I) salts,
replacing them with the non-coordinating anions toluene-p-
sulfonate or trifluoromethane sulfonate, makes the catalyst
much less stable. After an induction period, the reaction starts
with a comparable rate (k = 0.64 h21; Table 1, entry 7), but a
TON of only 340 is reached after 10 h. These results underline
the role of the chloride ion. Removal of chlorides increases
ligand redistribution considerably, thereby reducing catalyst
lifetime and overall product yield. On the other hand, increasing
the chloride concentration by addition of NaCl or using HCl
instead of toluene-p-sulfonic acid (Table 1, entry 8), decreases
reaction rate and TON only slightly. This evidently shows that
the hitherto found low activity of RuCl3–phen systems was due
to the amount of ligand and not to the presence of coordinating
chloride anions.

In conclusion, an improved catalyst system has been found
for direct synthesis of butanone from butadiene. RuCl3 in situ
combined with one equivalent of phenanthroline catalyses this
conversion with an initial TOF of 960 h21 and a cumulative

TON of at least 2750 after 10 h. This superior result compared
to previously reported systems emphasises the need for catalysts
that prevent ligand redistribution. The possible use of relatively
cheap RuCl3 and HCl brings an industrial process for the direct
synthesis of butanone from butadiene within reach. Future
studies are aimed at further minimising ligand redistribution,
optimisation of the reaction conditions as well as addressing the
intriguing question on the valency of Ru in the active complex
under butadiene hydration conditions and better understanding
of deactivation reactions.
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Nitration of aromatic compounds using a zeolite catalyst
and a combination of dinitrogen tetroxide and air in a sealed
system leads to high yields and para-selectivities in a clean,
solvent-free process.

Electrophilic aromatic substitution reactions are of considerable
importance in the production of fine chemicals. However, many
traditional processes suffer serious disadvantages, including
low selectivity for the desired product and the requirement for
large quantities of mineral or Lewis acids as activators. Such
acids cause corrosion and generate large volumes of spent
reagents. Major efforts are therefore being made to develop
processes with lower environmental impact.

Inorganic solids offer significant benefits by providing
effective catalysis and, in some cases, enhanced selectivity.1
For example, in our own research we have utilised zeolites to
enhance the para-selectivity in chlorination,2 bromination,3
acylation4 and methanesulfonylation5 reactions of simple
aromatic substrates. In addition, such solids are easily re-
cycled.

Aromatic nitration is particularly important since nitro
compounds are versatile feedstocks for a range of industrial
products, including pharmaceuticals, agrochemicals, dyestuffs,
and explosives. Traditional nitration with a mixture of nitric and
sulfuric acids6 is notoriously unselective for nitration of
substituted compounds, and disposal of the spent liquors
presents a serious environmental concern.7 Consequently,
several alternative methods for aromatic nitrations have been
developed.8–15

At present, the best combination of high yield, high para-
selectivity and low solvent use is nitric acid, zeolite HBEA (Hb)
and acetic anhydride (for moderately active aromatics)12 or
trifluoroacetic anhydride (for deactivated aromatics).13 Even
these systems, however, produce carboxylic acid as by-
product.

An alternative approach to clean nitration, pioneered by
Suzuki et al., involves dinitrogen tetroxide and ozone,16 or
dinitrogen tetroxide with oxygen and a catalyst.17 The use of
oxygen rather than ozone was appealing and we demonstrated
that use of zeolite Hß as catalyst provided improved para-
selectivity and easier catalyst recovery.18 However, the method
still employed a large excess of dinitrogen tetroxide, a
halogenated solvent, cooling and a reaction time of two days.
Therefore, we continue to study the reaction in order to find
ways of overcoming the remaining disadvantages. A recent
publication from Suzuki et al. reveals that his group is also
trying to perfect this zeolite-catalysed approach,19 and we now
therefore disclose our own further findings.

Our initial objective was to improve our previous procedure18

by avoiding the need for cooling, decreasing the excess of
dinitrogen tetroxide used and eliminating the solvent. These
features were dictated by the volatility of dinitrogen tetroxide
(bp 21 °C). Simply using an autoclave pressurised to 200 psi
with oxygen allowed a reaction with the desirable features to
proceed quickly and in high yield. Furthermore, when oxygen
was replaced by air the reaction was still efficient. With air it
required about 12 h to go to completion, still quicker than under

the previous conditions.18 By contrast, when the pressurising
gas was nitrogen, virtually no nitration occurred, demonstrating
the involvement of oxygen in the reaction.

It was not known whether the by-product was water, nitric
acid or a mixture of the two. Eqn. (1) (n = 0–6) covers the
various possible stoichiometries.
24 ArH + (12 + 2n) N2O4 + (6 + n) O2 = 24 ArNO2 + 4n HNO3

+ (12 2 2n) H2O (1)
A series of reactions involving different proportions of

chlorobenzene to dinitrogen tetroxide was allowed to react to
completion (2 days). The results suggested that 3 mol of ArH
react with 2 mol of N2O4 to give 3 mol of nitro product and 1
mol of HNO3 (eqn. (2), i.e. n = 2 in eqn. (1)).

3 ArH + 2 N2O4 + O2 = 3 ArNO2 + HNO3 + H2O (2)
Various zeolites, with different pore structures, counter-

cations and Si:Al ratios, were examined under the new
conditions. All zeolites tested catalysed the reaction and
provided a modest increase in para-selectivity compared to
reaction in the absence of catalyst. Zeolite Hß was somewhat
faster and gave greater para-selectivity than the others, but the
differences were not major.

Zeolite Hß was tested with a range of other substrates (Table
1). All substrates tested gave good yields of nitration products,
with modest increases in the amounts of para-isomer in
comparison with traditional methods. The relative reactivities
did not appear to be consistent with a normal electrophilic
aromatic substitution mechanism.

In an attempt to obtain further information about the system,
we investigated the simple adsorption of N2O4 on zeolite Hß as
a function of temperature. The amount adsorbed dropped
steadily as the temperature was increased, but there was still
some adsorption even at 80 °C and the amount adsorbed at 20
°C was in the region of 1.53 mmol N2O4 per gram of zeolite. By
employing excess zeolite we were able to conduct a reaction in
ordinary glassware at 20 °C and near-atmospheric pressure,
which enabled direct observation of the reaction mixture.
Adsorption of N2O4 alone onto the zeolite imparted a pale
brown hue to the solid. However, when benzene was allowed
into the system, the colour of the adsorbed material immediately
became much darker. Following admission of oxygen the
reaction proceeded slowly to give nitrated product.

We speculate that the dark colour is indicative of an adsorbed
intermediate formed by interaction of the substrate with N2O4,

Table 1 Nitration of various substrates with N2O4, zeolite Hb and aira

Substrate Yieldb (%) p/o ratio

Toluene 76 0.9
Benzene 97 —
Fluorobenzene 95 10.1
Chlorobenzene 97 5.6
Bromobenzene 90 4.2
a Reactions were carried out with zeolite (3.0 g), substrate (33.0 mmol), and
N2O4 (1.4 ml, ca. 23 mmol), under 200 psi air pressure at room
temperature.b Calculated by quantitative GC.
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and that its conversion into product requires another reactive
species to be formed more slowly between oxygen and the
excess N2O4. The relative reactivities of different substrates and
the small differences observed between the catalytic activities
of proton and sodium forms of the same zeolites do not seem to
be in line with an acid-catalysed electrophilic substitution
reaction under these conditions. We therefore suspect that the
reaction is radical in nature. Scheme 1 gives a tentative
mechanism that is consistent with the stoichiometry. A similar
overall result would be produced if NO2 radicals were to
abstract the first hydrogen atoms and the HNO2 produced were
then to react with oxygen to give HOONO2. However, in that
event nitration would be expected in the absence of oxygen.

In previous reports of nitrations of aromatic compounds using
dinitrogen tetroxide and zeolites in the absence of solvent, the
reactions have been conducted at elevated temperatures in the
gas phase.20,21 It was assumed that the stoichiometry was as
shown in eqn. (3) (c.f. eqn. (1) with n = 0). If that were correct,
it is likely that some of the product was formed by the action of
nitric acid on the substrate at the elevated temperatures.
Therefore, the reactions were likely to be complex and
conclusions about the mechanisms based on the overall results
need to be treated with caution.

4 ArH + 2 N2O4 + O2 = 4 ArNO2 + 2 H2O (3)

In the recent work of the Suzuki group, superior selectivities
for production of para-isomers were achieved at low conversion
using H-ZSM-5 as the zeolite and the substrate as its own
solvent in the liquid phase.19 In the present work we have shown
how it is possible to carry out the reaction to give high yields,
with modest para-selectivities, without solvent, with only the
stoichiometric quantity of dinitrogen tetroxide, using air instead
of oxygen, and under mild conditions (ambient temperature and
a modest pressure). Under these conditions the reaction is rather
slow, but simply raising the temperature to 30–40 °C in the
sealed system can reduce the required reaction period dramat-

ically. Therefore, only two remaining obstacles prevent this
reaction from fulfilling all the desired criteria. One is the
relatively low para-selectivity (though already better than for
traditional methods). The other is the production of a modest
amount of nitric acid as by-product, which can deactivate the
zeolite by adsorption or reaction, limits the efficiency of usage
of the dinitrogen tetroxide feed and could lead to plant
corrosion. We continue to search for ways to overcome these
remaining disadvantages.

The reaction of chlorobenzene illustrates the general proce-
dure for the nitration process. The zeolite (3 g) was placed in a
450 ml autoclave, followed by chlorobenzene (3.71 g, 33
mmol). Liquid dinitrogen tetroxide (ca. 1.4 ml, ca. 23 mmol)
was added quickly to the mixture, the autoclave was sealed and
pressurised to 200 psi with air, and the mixture was stirred at
room temperature for 14 h. The autoclave was then opened and
the product was extracted with dichloromethane (200 ml). The
extract was washed with water (50 ml), dried (MgSO4) and
concentrated under reduced pressure to give the product, which
was analysed by GC (hexadecane was added as internal
standard).

We thank Zeolyst International for gifts of zeolites and S. A.
thanks the Government of Qatar for a studentship.
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